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CHAPTER I
INTRODUCTION

1.1 Introduction

Organometallic compounds_zgeg e compounds containing chemical bonds

between a carbon and metal. C _ pounds have practical uses in many
industries. In the old dayz m}""as mixed with gasoline to help
reduce knocking in autorr P th w1 lead, it is no longer used and
' 2aunds such as ferrocene or
USEPA, 1999). The spillage

of highly toxic organ- gt , 4 \\ curs during the production,

has been replaced by
methylcyclopentadienv!

transportation, use, 4 :s re soil and groundwater

. %N
contamination.

e that had been used as an

additive in gasoline to ra g rafince it can cause severe health
effects, especially to child dev 7% @ited States Environmental Protection

Agency (US EPA' b : 5Us substance since 1973.
However, the soil “"" TEL production plants
remain contaminated [}3 EPA, Soomsmmme Tl (ainirdl hin old TEL production plant
of the DuPont Companygnas used in a casgstudy of this type of contamination. TEL

a1 v 481 I 1§ BTG i o0 rooroms

Nowadays, mam' pumping wells S}l” remain |n operatlon to prevent that harmful

organow ﬁrﬂ: WT?TTI qﬂrﬂated area. This
type of gntamination shows Up I many types o s stich as abandon gas stations

and storage sites, where an effective remediation technique needs to be applied. Even
TEL could be degraded chemically and biologically, the degradation via
microorganism seems to be limited on the triethyl lead (Gallert et al., 2002 and 2004).
The chemical oxidation was also studied (Andreottola et al., 2008) however, it seems
not be suitable for the in-situ remediation. Thus, the removal of organometallic
compounds such as TEL from the subsurface is a challenge approach.



Surfactant enhanced aquifer remediation (SEAR) using a microemulsion
technique has been applied to remediate organic contamination over the past decade
(Shiau et al., 1996; Dwarakanath et al., 1999; Sabatini et al., 2000; Wu et al., 2000,
2001; Childs et al., 2004). To investigate the remediation of TEL from a contaminated
site using microemulsion, a TEL surrogate is needed because TEL is troublesome to
handle.

The first part of the study

4oiify
TEL. Three criteria were s S /

number (EACN), andy B

Organotin co™pe
industries, and wood ##Cs e 4 F 0 4 \ cides and antifouling paints
for ship hulls. Dibut\ 4 ) ‘ 2 compound, is a promising

I_’s, along with its lower cost

a surrogate to be used in place of
2 intrinsic properties of TEL: (1)

nilar equivalent alkane carbon

cawalysts, stabilizers in plastic

availability in market, thi L AGE IR N\ work with and easier to obtain
than TEL. DBT is an orge g ‘ ' a stabilizer in polyvinyl chloride
(PVC) products such as packe S, bottles, pipes, and mouldings; in
manufacturing procegses; engical reactions. From widely
use in industries j’;‘.l §¥] and contaminated in the

environment (RPA, 2( ]I }). .";'
i¥ |

The second part of this work demonstrates the surfactant’s ability to form
microemulsio ilization behavior of
DBT. Four suﬂvmﬂ G; ?‘lﬂnﬁw ﬂj‘rﬂj: solution with the oil
surrog rﬁ) tlé/ contaminated
aquifeﬁsﬁ)joaﬁeﬁ ﬁwmmﬁ mgjﬁ H surrogate oil,
the moblllzatlon of the surrogate oil, and the solubilization in the effluent solution
were investigated to evaluate the removal efficiency of the treatment system. Finally,
the pH was altered to minimize the adsorption of DBT to the sand surface.

To summarize an overall work, a surrogate for TEL was investigated based on
the three intrinsic properties of TEL. Then, the surfactant solutions capable of forming

microemulsions with the TEL surrogate were investigated and tested to determine
their efficiency in column experiment simulations. The ultimate objectives of this



work are to identify the best approach and for cleaning out contaminated soil by
SEAR using solubilization mechanism.

CHAPTER 1l of this thesis is the theoretical backgrounds required to
understand the content in following chapters. The CHAPTER Il summarizes all
chemical and materials applied in this study. The overall methods used in the
experiment were included in this chapter. For CHAPTER IV, V, VI, and VII, they had
been written as manuscript fo .
introduction, materials, met: : éch chapter. CHAPTER VIl is the

overall conclusion of thi s rec nmdr future work.

experimental part which included

The primary o' gt = i\ .' “3lean up the organometallic
compound (in case or Ty 3 . \ surfactant enhanced aquifer
remediation technique (3 1I5'n. The trapped compound in
the subsurface must be : A (C%the surfactant solution, which

can be extracted to the tréat J’&

follows: L ,w

gréund. The sub-objectives are as
1. To identify tZ=" =<iiminary study based on it
being an orgars#netallic compound with a simil&=ACN and similar density.
2. Toide Ej ct cr st the presence of each
R A O T WO TS
3. To observe the effects of angorganometallig compound oggolubilization by a
ARAMIIURRINEIGE
TH remove the TEL’s surrogate using microemulsion in the column study.

5. To investigate the effects of the gradient approach on TEL’s surrogate

removal.



1.3 Hypotheses

Suitable surfactant microemulsion solutions can release the trapped
organometallic compound (TEL’s surrogate) and its metabolites from soil pores and

enabling them to be solubilized into the surfactant micelles.

1.4 Scope of study

The overall work can be s

Due to TEL is , 7_ A\ :\. ~d provision and difficult to
, of e ‘_.7 % "N Nstead of TEL. This first phase
of the investigation aims [ el ca%for TEL in order to investigate
the solubilization potenti S A iori Wenavior of the organometallic
compound. The metal atom corite
effect on its solukilizaté ,{ﬁ,l';'_l‘,{ alles, and since organometallic

L.

viecule of the contaminant may have an
compounds general .n‘:ld' in the study should be an
organometallic comp | InG: par] '1eter indicating the oil’s

hydrophobicity. It is very |mportant that a compound posses the same EACN usually
able to form nt system. Therefore,
having an equﬁ ﬂﬂ?ﬂﬂmm mmportant parameters in
order per syrf m 5 réfEEmulsions with
TEL. ﬁ %ﬁnﬁﬁﬁi ﬁ%ﬁ MHFT ted site is the

density of the contaminant. The density of the surrogate should, therefore, be similar
to that of TEL to imitate the vertical migration problem in the column experiment.
Thus, the threefold criterion was used for selecting the surrogate: (1) being
organometallic, (2) being DNAPL, and (3) having a similar EACN as TEL.

The EACN of TEL and the surrogate was determined by a method proposed
by Salager et al. (1979). Four known ACN hydrocarbon compounds (pentane, hexane,

octane, and decane) were used to establish the empirical relation between the EACN



and S* of the surfactant system following Salager’s equation. From this empirical
relation along with the S* of the TEL mixture, the EACN of TEL can be calculated.
Based on the first criteria, DBT was selected for this study as a surrogate since
it is an organometallic compound and DNAPL; it is also widely used and less toxic
compared to TEL. However, because DBT is solid at room temperature and has a
very low EACN, thus, it had to be mixed with another oil to increase the EACN to be
close to that of TEL. Therefore %

WY xad with another oil to obtain the other
appropriate properties acco: _-.f_'f iy é)emg used as a TEL surrogate. In
case, PCE and decane Wi 1 wttd“lbmg in CHAPTER Il1I.

"\:\' 2d on organic contaminants
but it is rare to find on 1l 5 AN .\ The phase behavior study of
the microemulsion was r f | : ehavior of the surfactant with
the surrogate oil. The desir

11 microemulsion (middle pha fLtical standpoint, it is most important
=l AJ

roemulsion (oil in water) to type

that the system musthe oS into the water phase. Type |1

also could be appli€] ;, g ] lered.
..I

1.4.3 Solublllzat‘qn study

e MR A DN NRIDT, e e
Ok kKT tib ek i) AR

each compound was discussed. Our preliminary study showed that the phase behavior
remained the same between days 2 to 4, after that, such behavior changed and it was
irreversible, which may had been caused by degradation. Thus, to prevent this type of

uncertainly, the solubilization of the system was evaluated after 2 days.



1.4.4 Column experimental study

This phase of the study simulated a lab-scale treatment to observe the
performance of the selected surfactant solution. The column experiments were simply
performed by flooding the surfactant solution through the packed media, which was
contaminated with the surrogate oil. Ottawa sand (20-30 mesh) was applied as the

packed media. The TEL surrguas

saturation condition. Every su s 7 / #1g the same packing procedure to
obtain an analogue pack Th aquztant solution was then flooded
through the column & / J oS collected and analyzed for
solubilized contamindiis 4. \ ' also applied to measure the
improvement. : \

1.4.5 Study on *

The pH of the surfe
system. HCI was used for pH d

! to improve the efficiency of the
" not precipitate with tin, and chloride
ions also appeared ig thequiii === @0 of.salt. NaOH was applied to
adjust pH to a basr : ..*:" to investigate the phase
behavior, solubilizati -! o1 o8 "'t t of the treatment efficiency

in the column experlment A pH of 1 was de5|gned to prove the assumption that at
this pH the ad H on-living organisms
could be igno;ﬂD H»ﬂj ﬁﬂm nﬂmg ected to be present in
the aq m (ﬁg W idic and basic
condltﬁ ﬁﬁﬁﬁh}ﬁv ﬁﬁ ﬂﬁro rﬁ Thus, pH was

adjusted to the most useful range for practical applications.



CHAPTER Il
THEORETICAL BACKGROUNDS
AND LITERATURE REVIEWS

2.1 Tetraethyl lead

Tetraethyl lead ' é&metallic compound which was

vini l%‘-ﬁfral motor (GM) corporation

researcher. It is an ofgw " Chwas used as an additive in

gasoline to raise the™ort 4 \ \__\ cad from road vehicles was

Y

accumulated in the e Ve Y \ r,.:tly expose causing severe

health effect especia ) e"ited States Environmental
Protection Agency (U-S o 0 " IS poisonous substance since
1973. Nowadays s y countries. However, some
businesses are allowed (0 gt &l < W1 as in aviation gasoline, racing
gasoline, and recreational marife— "ie largest use of alkyl-lead occurs in

aviation gasoline fog,gens & airgraft. In 1998, the aviation

industry used app '..‘:"J ‘aded gasoline, which is
estimated to contain 9 ™ FOSTIPA, 1999a). TEL emissions

containing lead are stm fé)und on airport fuel terminals, oulk plants-aviation gasoline,
bulk plants-le and spills from fuel
loading, translfi yﬂ ?mﬂmgwxj TIJr;FEL production plants
have ?ﬁ 5 éd ter (US EPA,
1999)ﬁ ﬁiaﬁwﬁrﬁa rﬁiﬁh Mﬁ!’giv ﬁource of TEL
contamlnatlon in every countries used leaded gasoline which became a point of
concerned in Canada (Patriarche and Campbell, 1999). More evidences of contamination
were found in refinery sites such as in Louisiana (US EPA, 2000), New York (US
EPA, 2002), and Oklahoma (Department of Environmental Quality, 2005) and in air
force base like in Alaska (US EPA, 1999b).

TEL possesses very high dangerous potential, resulting from lead element
containing in the molecule. Generally, lead in metallic forms gets into human body



via ingestion or inhalation of particles borne lead. Importantly, TEL and other alkyl-
lead are easily absorbed through the skin (US EPA, 1999). Direct contact with TEL
can be resulted in irritating to the eyes, the skin and the respiratory tract which may be
fatal if contacting at high level. Once lead entering the body, it interferes the function
of normal cell and a number of physiologic processes. It primarily affects the
peripheral and central nervous systems, the blood cells, and metabolism of vitamin D

and calcium. The toxicity on r4 <tem also occurs. Initial symptoms of

memory. In case of y : i=Ticalth effects include mania,
g n

convulsions, deliriumie (ridren are at a higher risk of

lead poisoning thar=#d:, Lioiaa ', weights and developing
neurological systems gfce 4. st L\ Cci% premature births, reduced
birth weight, decreaser’ ;ﬁf A xing difficulties, and reduced

. the ingestion or inhalation of
inorganic lead compounas . #Foi i ach iwidely recognized public health
problem (US EPA, 1999). Th = very toxic to aquatic organisms. The
@fic_anvironment (ICSC, 2003;
Sigma-Aldrich, ;———IF

substance may causa long

Tichemically and biologically
u«

in the environment (b‘gdd et al., 1993) ~TEL is a non-persistent compound.
Nevertheless, of organolead which
are much moﬂ”};ﬂq ﬂﬂnmmﬂj lead. In an aquatic
enviro as efﬂ a ﬁ ich was in turn
degrad @mﬁ(ﬁdﬁyﬁ Wjﬁ/ wg’lﬁ g] 1992). The

degradatlon of TEL in soil was observed by Ou et al. (1994). The degraded products

X '
~

The organome .I [1IC%8

of TEL are still toxic to human and environment.

TEL is a hydrophobic compound with very low water solubility of 0.2 to 0.3
mg/L at 0 to 38 °C (Feldhake and Stevens, 1963) making it trend to be adsorbed on
soil material, but is highly soluble in hydrophobic solvents such as gasoline, benzene,
and hexane. On the other hand, ionic ethyl-lead species, such as triethyl lead, diethyl
lead, including many decomposed products, are not soluble in hydrophobic solvents



but highly soluble in water (Feldhake and Stevens, 1963). The metabolite of TEL is
also toxic and quite persistent making it possible to be carried long distances in
ground water. Solid inorganic leads are stable and insoluble and thus, not easily to be
leached to ground water. However, the leaching may occur under acidic conditions or
when lead concentrations are extremely high let it may not be accepted if it settle near
the aquifer.

The treatment of TEL hy% ion seem to be limited on the triethyl

lead (Gallert et al., 2002 'éical oxidation was also studied

(Andreottola et al., 200 : it s'-#fin-situ remediation. Thus, the

removal of organometaiiv . Ty W et onl the subsurface is a challenge
approach. The surfall@i: . LNgalion (SEAR) is a promising
Ui sO®silization of organometallic
compounds and its I ; i\ ates as demonstrated high

efficiency on remediati VA _. aded gasoline (Ouyang et al.,

To investi B jcontaminated site using
microemulsion techni T v . m' ind used instead of TEL due

to its troublesome handlg Organometallic compounds of tin were interested as they
are in the sam MJ nﬂmMjﬂjonsmerate its toxicity,
density, and tﬂ[w Er!re s's but has high toxicity
similar ’r—é( uble in water.
Tributﬂ ﬁl’;}’é ﬁ)ﬁ tﬁmﬂ ﬁﬁ%ﬁtﬁ Ej dibutyltin was

come in to consideration. The dibutyltin dichloride (DBT) shows high potential to be
used as TEL surrogate. Regarding to being organometallic compound of tin which is
in the same group with lead, and has high density, toxicity which DBT is less than
TEL, the availability in market with lower cost, thus much safer to work with and
easier to obtain than TEL (Thongkorn, 2007). The TEL and DBT properties are
showed in Table 2.1.
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About 350 ton of trialkyl-tin compounds are used annually as pesticides,
biocides, and systhesis process, whilst about 18,000 ton of mono and dialkyl-tin
compounds (including DBT) are used annually as stabilizers for polyvinyl chloride
(PVC), catalysts for various products and in glass coating resulting in an extensive
distribution in the environment (RPA, 2003).

Table 2.1 Properties of TEL an

Properties Dibuthyltin dichloride

IUPAC name

dibutyl(dichloro)stannane

Physical form Colorless solid

Formula ClI,Sn(C4Hy),
ructur 3 AN\ N
; cl” “cli
Molecular weight (g/mole, 303.83
Density (g/mL at 25°C) 1.360
Water solubility{ (i { 36
Toxicity LDs, (oral 1 44 ‘é‘i‘ ‘ 50

Source: Physical properf{}s obtaiice
Aldrich, 2007)

AU INININYINT

DBT is¥armful for eyes, mgestlon and inhalation system and able to be
SRR I T
target o ervous system,

resplratory system, eyes, immune system, reproductive system, and skin. It can be

medtich miffrial safety data sheet (Sigma-

accumulated in the food chain and pose potential effects on human health (Dopp et
al., 2007). Organotin compounds are amongst the most toxic anthropogenic agents
that have been released into the environment (Gibb et al., 1988). Even at 1-2 ng/L,
tributyltin (TBT) causes both chronic and acute toxic effects in sensitive aquatic
organisms, such as algae, zooplankton, molluscs and the larval stage of some fishes
(Gibb and Bryan. 1996). Out of concern for the marine environment, the use of
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organotin compounds was prohibited in all marine antifouling paints in the EU
beginning 1 July 2003.

Organotin compounds are also found in landfill leachates. Pinel-Raffaitin
reported that up to nine organotin compounds (i.e. methyltin, ethyltin, butyltin and
mixed methyl-ethyltins) were detected in landfill leachates at concentrations ranging

from 0.01 to 6.5 mg(Sn)/L, which were 1-38% of the total tin concentration in landfill

(Pinel-Raffaitin et al., 2008) % atzner (2004) detected organotin

compounds and metabolitesg s éLehStenbach catchment (German
. . P - - d d + . .

Fichtelgebirge Mountair - | de=mmssst0 methyltin and butyltin was

slow (half-lives from 7% | _ S tiae the soil degradation rates of
mono-/di- substituted™Sir , Sassuustituted organotin. Stepwise
' -‘ hrganotin, but only in some
N o)

The widely dirsf' ' LSS resulting in more challenge

dealkylation was obs#

cases of tri-substitutec

clean-up technique requir g JF @< "= Nas TEL surrogate, not only give
us a benefit for achieve 7 2 it Bf, but also provides a tendency
success for TEL remediation to& ‘ﬁ

LRI T

2.3 Non aqueous =

‘J

Non aqueous , |ase liquid (NAPL) refers to * . contaminants that remain

undiluted wit ﬁ ubsurface such as the
spilled oil. It |%1L ﬁ% Hﬂ{ﬂ ﬂ’agfiﬁsubsurface containing
residual oil and pooled oil is refafred as the ggurce zone. Gggundwater flowing
oo WG IAFEU A I 8 R Boos prose
plumes 3f.cdntarminati6n‘ hydraulically down-gradientr from the source zone. Some
NAPL compounds are resistant to biodegradation and less adsorbed therefore,
becoming substantial aqueous phase plumes. Other NAPL compounds are relatively
immobile in groundwater which is highly retarded relative to the rate of groundwater

flow. However, some NAPLs are highly toxic at even very low concentration in
groundwater possessing an unacceptable risk to human health and the environment. In
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unsaturated zone, the NAPLs with high volatility can cause vaporized NAPL
contamination.

The density of oil is a major parameter which is easy to quantify but important
for site remediation approach. The oils which have higher density than water are
called the dense non aqueous phase liquids (DNAPLs). The fact that DNAPLSs are

denser than water allowing them to migrate downward to the significant depths below

the water table through the uncaraes )Sits and the fractured bedrock until it

,éf impermeable layer (Taylor et al.,
. ghtéus phase liquids (LNAPL) are

in contrast that lighter®<a: | @ Liiate at the surface of ground

finally accumulates as DN/Asg e

water. Furthermore, C'NF N\  SSiic in water, but toxic, making
DNAPL source zone«#ar £ £ £ [ g .Qnobilization as DNAPL oil

was a major concern f . e N

hed'as oil hydrophobicity of linear n-
i(i.e., ACN of hexane = 6). For the

non-alkane oils sugg S = O/ designated so-called the
3 N,

The alkane carbon \-..um

alkane with correspondence L2424

equivalent alkane carts
‘H

The oil EACN conce ‘ was initiated by Wade et al. (1 7) where the EACN of the

non-alkane ﬁg QJ%W ’i mum microemulsion
formulation at % rf'jw of n-alkanes. Baran et
(1994) demonstrated the method to detgamine the EAEN of chlorinated

WU BNEL BT Ty T

Howeve‘ﬂ, the EACN discovery for organometallic compound (i.e., TEL) is rare at the

—SPlicable in surfactant work.

moment. Understanding the oil EACN is useful for designing surfactant systems that
suit for solubilizing that oil (Wu et al., 2000; 2001). Consequently, this research is one
of the very first works determining the EACN of organometallic compound.

When there are more than one oil in the mixture, the EACN of oil mixture can
be determining based on pseudocomponent assumption (Baran et al., 1994). Based on

this assumption, the composition of solubilized oil are equal to the composition of the
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excess oil. The EACNpix of the oil mixture is computed by linear mixing rule,

Equation 2.1.

EACN,, =) x-EACN, 2.1)

where EACNpix is EACN of oil mixture; EACN; is EACN of component i in the oil

mixture; y; IS mole fraction of cor ¥ J#he oil mixture. However, when the very

difference polarity oil are n -'.' _' W 17 & EACN tends to deviate from the

line produced by this linGmm

2.5 Surfactants

Surfactants are CWsist of a polar or hydrophilic
portion (known as surtar SN ydrophobic portion (known
as surfactant’s tail) (R&5er 4 7 “Wuptinteracts strongly with water
molecules by dipole-dip ion 422 _, ract Ws®These interactions result in the
hydrophilic behavior of thef5ur f.é@ poir tail group interacts weakly with
the water molecules in an aguseah .e us, the interaction between water
molecules tends to. i+ Sdwater region due to their
hydrophobic behav . M‘- WS accumulate at various
interfaces rather that il nssolve freely In aqueous sold J on (Schramm et al., 2003;
Tadros, 2005).

sUrfacﬂuﬂZ]f?m DA Tt s v st

molecule in order to permit expansign of the surfgge by movemeng nto it of molecule
from tﬂ pﬁeﬂnﬂh&ﬂtﬁﬂﬁﬂu&i %ﬂh’e]s@a#]o&lwfe]fﬂ &lthe liquid have
potentiaﬂehefgiés gkeat“er‘ than thé molecule in the infekior of the liquid due to the
different attractive interaction energy between molecule at the interface with the
interior of it bulk phase and molecule at the interface with another bulk phase. When a
water soluble surfactant add into a system of water and oil, the surfactants molecules
adsorb at the interface thus replace the water molecule at the interface, the interaction
across the interface is now between hydrophilic group of that surfactant and water

molecules on a side of the interface and between hydrophobic group of surfactant and
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oil molecules on another side of the interface. These interactions are now much
stronger and less different. As the result, the interfacial tension of the system is
decreased. The surface and interfacial tension decrease as the surface concentration of
surfactant increase until the surface concentration reach the maximum value.

At high concentration of surfactant, the surfactant molecules are aggregated

into the cluster called micelle. The concentration which the first micelle formed called

critical micelle concentration (C.J&
result of both the tendencywa S o/ / avoid energetically unfavorable
the je_‘ hydrophilic parts to maintain

' #rmation of micelles is recognized as a

contact with the aqueCtS - . j W Ticelles (see Figure 2.1), each
monomer orients i : wih aqueous phase and its
hydrophobic part in 08, Mer the point of CMC, the

surface tension and iligible decreased. But the

1. on surface of micelle

Organic~ =~ i} 2. between surfactant head

Solubilized organic -|- rjalisade layer
- - -

Surfactant head -4 V AY |

s+ beyond the palisade layer
\J iy

e e

Surfactant tail

AU 7
Four 1 bveh ALY nmuma NYNa Y

At the surfactant concentration lower than CMC, the IFT decrease with
increase of surfactant concentration until reach the CMC while the solubilization is
negligible. And after the CMC the IFT is quite constant while the solubilization was
increase as the surfactant increase as a result of formed micelles (see Figure 2.2).

Solubilization is an important property of surfactant which is the result from
partitioning of the contaminant into the oil like core of the micelle formed in the
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water. The solubilization occur at a number of different location in micelle: 1) on the
surface of micelle, 2) between the hydrophilic head group, 3) palisade layer between
hydrophilic head group and first few carbon atom, 4) more deeply beyond the palisade
layer and 5) in the core of micelle (see Figure 2.1). The solubilization region depends
on the interaction between surfactant and solubilizate (Rosen, 2004). Thus, the
surfactant can mix water-insoluble compounds with water forming an emulsion

solution (Schramm et al., 2003; T %

%

©

a

N

%

2 CMC

G /

=

=3

C

1S

<

Concentr Log Concentration of surfactant
. . abde 2 N :
Figure 2.2 The relation of CM(, olubilization of organic compound

e
(adapted from Roser, 2004 =LA

The locus of sq | biis in the manner of depth, from

surface to core of mlce‘le solubilization reglon in mlcelles seem to related to the
polarity of oil solubilized inside the
surfactant m.cﬂ;uﬂﬁl ﬂﬁmjmm d"groups) 2.) palisade layer
(betwe tajls ﬂ/ 3 ons, non-polar
oils aﬁsﬁﬁﬁﬁﬁﬁc cﬁiﬁ;‘l Wﬂ)j ﬁ(gand polar oils
preferably solubilized at the palisade and surface regions, respectively (Szekeres et
al., 2005).

Under the suitable condition, i.e., surfactant and salt concentration, the size of
formed micelles is about < 0.1 um producing the stable micelles solution so called
microemulsion. The microemulsion is thermodynamically stable and the formation of

micelle is spontaneous (Sabatini et al., 2000). The difference between emulsion and
microemulsion are their particle size and stability (Paul and Moulik, 2001).
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Increasing Salinity------>

=
2E
e
— Type Il s 2
L = E
©
Y (38
Mo
Figure 2.3 Winsor phase et al. (2000)

The microemi Y J A T \ W interface area, capacity to
solubilize both aqueo '7 ' (Paul and Moulik, 2001).
Normally, there are three gy JIF 8= a ed in Figure 2.3. Type | (oil in
water): the surfactant shov. h 5 ohc or. Micelles form in water phase
thus oil is emulsified into walte=—————==%ater in oil): the surfactant shows the
o . : =N . o
lipophilic behavior. Adica L S tergs emulsified into oil. Type

I (optimum condi| V = ..*:‘ ite from both phases and
%isi Tl are benefit on the surfactant

i

Ji

form its own middle ] ! se.

base remediation of organlc contamlnatlon which is performed by many studies
(Dwarakanath 2000). Hydrophilic
surfactant tren pro p?‘ ﬂ ﬂhe hydl‘C()EIWJObIC onegend to product type 11
that al ﬁ) aﬁ riven from I to
Il anﬂmaﬁﬂﬁmgiﬁﬁ ?IEICZT gjby the mixing

between hydrophilic and hydrophobic surfactant and the increasing of salinity in the
ionic surfactant system.

The microemulsion phase transition from type | to Il is governed by the
hydrophilicity and lipophilicity of the system as described by R ratio and the
molecular interaction (per unit interfacial area) (Bourrel and Schechter, 1998) which
is the interaction between surfactant, oil and water molecules in the system as show in

Equation 2.2.
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R - _fco—P oo — AL
Acw —Avw — Al

(2.2)

where Aco is the interaction between the surfactant and the oil, Acw is the interaction

dase, AL and Apn are self-interaction

' édrophlllc head of the surfactant,

respectively. The paramiss - W0 ==mmmeraction in the water phase and

between the surfactant and the s

between their lipophilic taig

oil phase, respectively.®%ic a4 arrepresents the net interaction of
the lipophilic portio® | ariace, while the denominator
represents the hydrop® ®ad Schechter also indicated
that the optimum fo; 4 , 7_ ' 2 equal to 1, or when the
‘ Ny ' S\ in balance. For R<<1, the
interface becomes more ' § v il asle lution or O/W microemulsions
exists. At R>>1, invers gmi ‘ ¢ Wthe solution becomes a W/O

microemulsion.

2.6 Surfactant enh 17

The SEAR is ger}erally applied to contamlnated S|tes at the source zone. The
source zone is w by sheet pile. Then
the SEAR is pﬁﬁﬂq‘ ﬂ (gmf?aﬂam? ugh the injection well
and pymp, a solution flows
throu Iﬁ ﬁp“ aﬁﬁ%m:ﬂﬁﬁ] ﬁﬂj inant via the

mechanlsms informed previously. The surfactant solution containing NAPL extracted

from aquifer is then subsequently treated by the treatment plant.

In the remediation by pump and treat, the contaminant aqueous capacity
depends on the aqueous solubility of the contaminant. When surfactant is added to the
aqueous phase, the micelles are formed; the solution capacity is enhanced by the
solubilization mechanism which is partitioning of organic contaminant into micelles.
Apparent aqueous solubility is enhanced, the actual aqueous solubility unchanged, the
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increased solubility is the portion that is in micelles (West and Harwell, 1992; Childs
et al., 2006). Rosen provide a good defined of the solubilization: the spontaneous
dissolving of a substance which is solid, liquid, or gas by reversible interaction with
the micelles of a surfactant in a solvent to form a thermodynamically stable isotropic
solution with reduce thermodynamic activity of the solubilized material (Rosen,
2004). Both soluble and insoluble substances are dissolved by the solubilization

anon is that it makes the insoluble

The efficiency o "‘\ express in many ways. The
enhance solubility of ' % \\ ®/Sw that is the ratio of the
appearance agqueous < Y 4 . ay e ity (Kile and Chiou, 1989);
this parameter includr it onomer and micelles form.

Solubilization Parameter PRdo; | inant volume and surfactant

i 1°%?). The solubilization capacity of

middle phase microemulsion iSs—— solubilization parameters as Equation
L bIA T

2.3 and 2.4 (Healy and Reggtt = ===

(2.3)

T
qudngniwens @
v ARANIE S T TR AN oer

respecti\’ely; and M is the total mass of surfactant(s) present, excluding the mass of

and

alcohol (if used).

Mobilization is the movement that the non-aqueous phase liquid (NAPL)
moves as its own phase. In the residual zone, the force that traps the NAPL is
capillary force which is proportional to the IFT at the oil/water interface and the force
that pushes it from the pore is the result of pressure drop per unit distance (AP/L). The
energy require to form the increased interfacial area is the IFT multiply by the
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increasing area. Thus, if the IFT is very low, the mobilization can occur at low AP/L
(West and Harwell, 1992). In the surfactant base remediation, the surfactant is added
into mixture of oil and water and accumulates at the oil/water interface, it product the
lower interfacial tension between oil/water interface and resulting in the mobilization
(Sabatini et al., 2000). In case of Type Il microemulsion, it products very low
oil/water interfacial tension and ultra high contaminant solubilization; the very low
IFT in this region tend to mobili: | oil (West and Harwell, 1992; Sabatini
etal., 2000). = ’

For the contamiry =y i theé’x, mobilization is highly more
effective than solubiliZ&&5: N OO o9, Shiau et al., 2000). But the
mobilization of DNAME 1~ g® N .42 "Uf the DNAPL that promotes

the movement of co®ni g £ £ L o hieproduct the new and more
—. »",(, ance of mobilization is very
- Vertical migration is a very
concern for the subsurf gt g2 %\ for DNAPL, the downward
migration may create a ne g S8l 1o W rea which make the remediation
are not succeeded and also t =

DNAPL may be mgyved "9" -'g; ale layer and accumulate as the
DNAPL pool. Thel.
First is the mobilizatT nI o

complicate problem. The mobilized

E' ed into two mechanisms.
I
*eL th major influence in vertical

migration and be concerned by many researchers Slnce the interfacial tension is
responsible fo ction in IFT promotes
an easy releasﬂu}tjrjm ﬂﬂ?ﬂﬂ?ﬂj ign a SEAR technique
forac te ﬂ ﬁ ted.
ﬁaﬁﬁ a q}ﬁ ﬁ uﬁbﬂi ﬁﬂﬁgﬂﬁ comparison to

moblllzatlon it has low potential to create the vertical migration. So, the
solubilization is the preferable mechanism for the SEAR process.

Huh (1979) establish the Chun-Huh relationship that is S* « 1/IFT. Since the
IFT decrease continuously from type | to type Il region, from the Chun-Hun
relationship solubilization potential increase continuously from type | to type Il

region until reach the optimum point. So, in the surfactant mixture, when the mixture
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is design for increase the solubilization capacity, the mobilization potential is also
increase too.

Due to the most significant induce mechanism is the IFT; the mechanism of
oil removal can be adjusted simply for ionic surfactant by shifting the salinity of the
surfactant mixture. The salinity can be changing continuously and economically in the
field which is an advantage of using ionic surfactant over nonionic surfactant
(Dwarakanath et al., 1999). ! .

To control the ver;r

L édeas were proposed. The initial

principle to prevent Mok : X a\/éype Il on flushing condition
(West and Harwell, 19527 ol e Douween surfactant solution and
oil. It is also importa..(r'” ] 1 \._\ wie contaminant is solubilized
into aqueous phase. .

A numeric m¢ USmobilization is the trapping
| \u et al., 1996). The model
describes the relation bet gt 2 = 24 L f oil in the soil column and the
IFT, density of trapped o1l J& e ocit Wf flushing solution. Sabatini and

coworker suggest that surfactais Je formulated to obtain the maximum

(RN

solubilization of @il [RgEEE === oyt forming a middle phase
microemulsion, ; 7.-‘:“ batini et al., 2000). This
region located near thf | )OU b Til o prevent the mobilization,

Sabatini and coworker (Sabatlnl et al., 2000) mtroouced gradient concept that

sequentially a terfacial tension value

from high to | ﬁ”‘ﬂ'g ?‘cﬂ m/j’ﬂ \gjﬁneitlon and still maintain

RTINS AN Y
JUNNT

2.7 Surfactant selection

Surfactant is the basic chemical in the mixture used to increase contaminant
aqueous solubility and modify oil/water interface to improve efficiency. So, the
surfactant selection is very important. Surfactant mixture should have similar HLB
values to that of the oils in order to achieve maximum stabilization (Wu et al., 2001;
Acosta et al., 2003; Rosen, 2004). That is more hydrophobic oil can form better
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emulsion by lower HLB surfactant. This proper surfactant require less electrolyte,
higher solubilization capacity, and faster coalescence, lower viscosity, thus it is more
economical (Acosta et al., 2003). This study show that if selected surfactant too much
different HLB from the oil, the mixture require more additive such as electrolyte and
linker and also product lower quality emulsion too.

In addition, the use of high dosae of NaCl is not an amenable approach to

subsurface remediation (Shiau at % ' Jraditional cosurfactant such as medium

chain length alcohol utilizesa i 44 ﬁion of liquid crystal may not be
. .. ‘,-_-_' 4

Microemulsioy, I . \ pd-error process. Empirical
“%ess. For systems containing
hydrocarbon, anionic su g JF eSS ity; the following relationship

named Salager equation (E: t :ﬁ-" ":: : be valid (Salager et al., 1979):

where S* is the op IU ' cemyision system; EACN is an

equivalent alkane caroon number of oil; f(A) is a Tunctlon of alcohol type and

concentration; ar;rﬂ w ij t of surfactant; ar is a
coefficient accﬂvuzjte perdt ﬁmj ﬁiﬁﬁ

ok bR 131 1L WION [131VS1 W
the sys m Si ctant type and

concentratlon without alcohol addition.

where ¢ = a constant value which can be obtained from the plot between In S* vs
EACN and then used in the study.
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2.9 Literature Review

Feldhake and Stevens (1963) observed for the solubility of TEL in water.
They extracted TEL from their degradation products using pentane. No degradation
products of TEL were detected in pentane phase. The TEL solubility was 0.2-0.3
mg/L at 0-38 °C.

Ou et al (1994) obseryc i\

F
tetraethyllead in soil. Theysg o gon of TEL to ionic forms in soil

_.d

ogical and chemical degradation of

lead and diethyl lead.™Viv N . Son was a microbially mediated

L S&satioi, no TEL could be detected
N o wyllead species were present

Ilegradation products, ionic
- istribution of individual ionic
ethyllead species.

Ouyang et al. (199 #Fstu al 1-“5 nov %) of TEL from the contaminated

: . . F e
soil by microemulsion. The cole—=

G A

readed gasoline initially 30% residual
aline solution (0.01 M NaCl) and

surfactant solution 'j;; Y] n-pentanol), respectively.

saturation. The flooging u
The 1.6 pore volume nI Sciis e 711 % of total applied gasoline;

leave 59% as residual g%sﬂne. The first result agrees ith the expected result from
capillary numjgef. ] ' volume of surfactant
solution whicﬂaﬂwﬁgmrﬂrmiﬁﬂjﬂgewlt, 95% of residual
gasoling.apd90% of residua m remQV ﬁ als rﬁ#ﬁthe TEL is not
stable?awﬁijrﬁﬁﬁ ﬁl ) Mﬁﬂ ﬁﬁnﬁ hédolumn.

9
Pennell et al. (1994) studied on PCE recovery by using four column

experiments to determine the recovery ability of surfactant solution. The first two
column were flushed by 4% polyoxyethylene (POE) (20) sorbitan monooleate
(Tween80), resulting in the removal of 90% and 97% of the residual PCE from 20-30
and 40-120 mesh Ottawa sand, respectively. Micellar solubilization was the main
mechanism which observed to be rate limited base on: (a) the disparity between initial
steady-state concentrations of PCE in the column effluent and equilibrium value
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measured in batch experiments; and (b) the increase in effluent concentrations of PCE
following periods of flow interruption. In the following two experiments, surfactant
mixtures of sodium sulfosuccinates show the removed > 99% of the residual PCE
from soil columns packed with 40-270-mesh Ottawa sand. The mobilization was the
dominated (80%) removal mechanism, the interfacial tension between surfactant
solution and PCE were 0.09 dyn/cm in the system of 1:1 sodium diamyl/dioctyl
4 ' dihexyl/dioctyl sulfosiccinate. The
S e }/3 0.00l dyn/cm) are not required
to achieve significant PG tiol _vhe—d‘_/ forces are important.
iowilization of the DNAPL using

sulfosiccinate and 0.57 dyn/cm, gt

results indicated that ultra-isge®

Pennell e al. (13555
PCE. The mobilizatidi

number was establis®®d -

470 to 0.09 dyn/cm. Trapping
USyancy, and capillary force
dhe critical trapping number
to 5x10°, and the complete
displacement of PCE car J: pPs 3 N . The interplay of viscous and

buoyancy force were shov. g i S8 (%mn experiment. PCE saturation

r‘ré # ‘.l ".
curves were expressed as a funls

) v trapping number (N1) for four ranges
LB

of Ottawa sand. Thig stug uding buoyancy force to PCE
¥ oilization of DNAPL.

The study of '| Ao cdr! J’ out using a variety column

mobilization and pr

for selecting and evaluat .Jng the suitable surfactant for subsurface remediation. The

contaminant i roethylene (TCE), jet

fuel, and dens’ﬂ)ﬁm nﬂ wmmﬂjo Force Base, UT. Both
Ottaw. \rﬂ 5 }ﬁfﬁctams selected
for coﬁnﬁﬁ&ﬁiﬁﬁ mljs %’E]'i alescence, and
absence of liquid crystal phase or gel during the phase behavior experiment. The
objectives of experiments were to recovers more than 99% of contaminant, low
adsorption of surfactant, and little or no lost of hydraulic conductivity. The result
from the mobilization experiment show 80% of contaminant was recovered as free
phase. The peak of contaminant aqueous concentration were observed at about 1 pore

volume, follow by rapid decline to low concentration within 3 pore volume. The
mobilization was prevented in solubilization experiment by trapping number concept.
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The effluent contaminant concentration reach a high value and keep quite constant
observed as a plateau concentration until 5 to 10 pore volume, following by a decline
to low value. The increasing of viscosity by adding little polymer in surfactant
solution resulting in the longer plateau of high effluent concentration duration that
lead the system require less pore volume of remedial solution in treatment. For the

mobilization study, the hydraulic gradient was observed increase until the oil bank

reaches the outflow end piece of '/wing by the decline to lower value. The

o é)served as the same trend to the
mobilization experime i - 'Jc ﬁ"ncrease until the surfactant
breakthrough and follCW*=: Creasing viscosity increased the
hydraulic gradient. Ti%C\2 -
the mixture of 1.4%«#80: 40 A4 L3~ 5" g S), 0.6% sodium dihexyl
sulfosuccinate (SDH< g w 4 | )\ A%oisaing experiment found the

Ril pore. Another column test

auic gradient was observed in

using SDOS also found A G N\ Nty even the water flood was
performed. The addition o LEEET VNG butyl alcohol) to SDOS mixture

ft‘:{ o e ! ..
can be used to reduce this plugd: of this study indicated that SDHS was
aatment with no significant loss

. ,u

a preferred surfactant,w LI
of permeability ev .,‘; ‘ption loss and also show
asfindicated that the recovery

Jﬁ

mechanism could be conducted by simply adjust the salinity which can be adjusted

o YA
AN S T A

of caplllary curve to optimize the contaminant solubility while minimize the

99.9% removal of ¢ .I ale

mobilization. Finally, they exhibited the gradient approach which increases
solubilization potential without mobilization. Gradient technique is the idea to remove
the oil fraction that most readily to be mobilized first and remove the other fraction
subsequently. The contaminated packed column was flooded by the surfactant system
which product not too low IFT to prevent mobilization of oil while solubilize a
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fraction of residual oil, then switch to more robust surfactant system producing lower
IFT and higher solubilization in step by step.

Taylor et al. (2001) conducted the batch, column, and two-dimensional box
experiment to investigate the effect of rate-limited solubilization and low permeability
lenses in the surfactant flushing. The surfactant used in the study is Tween80. Batch

experiment was carried out to determine the solubilization capacity, density, viscosity

and the interfacial tension. T! column experiment shows that the

solubilization of PCE was g8 vt ¢/ of 0.8 to 8.2 cm/hr and high up

during period of flow ‘== T¥: c==mssssscentration data were used to
determine the effectivy »” LC15nows the dependent on Darcy
velocity. The 2-D box™W>: 't RN INER0SSS of low permeability soil to

investigate the effect«=# h g€ J N \ .i The result show rate limit
— th&w permeability layer which

% column study. This study
demonstrated the potent ey Y sfer limitation and subsurface
Lee et al. (2001) per" =
e 'é g2. The result show the optimum
condition of 4% j,;:——l;-‘ oH of 10, temperature of
20°C, and 4 mL/min -1| TIce

the un-adjusted conditln of 6-19%.
o _ .

Galler uﬁﬁﬂ)ﬂm EL from highly TEL
contaminated Sg{jd ro r 1 p ﬁ:cx samples were supplied with
microb 3 ﬁra n.MN rignellitionl 0BT m nated soil was
carried out using glass columns using oxygen-saturated water. They found that TEL

amn tests to examine the effect of
surfactant solution cgnditia

movagivas 95% which higher than

|
iF |

was completely eluted from the sandy soil within 260 days that converted to
triethyllead by chemical or microbiological reaction. The triethlylead was 60-80% of
the maximal amount that could be formed from TEL by a single dealkylation. This
indicated that about 20-40% of the triethyllead were apparently further degraded. A
little diethlylead were found in water. This triethyllead concentration was observed
highly toxic for non-adapted microorganisms. Only little alkyllead degradation
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occurred even a readily degradable carbon source was added while the fast growth of
bacteria observed.

Tongcumpou et al. (2003) investigated the relationship between
microemulsion phase behavior and detergency for oily soils. Surfactant phase
behavior was evaluated for hexadecane and motor oil which large hydrophobic
character. Three surfactants with a wide range of hydrophilic/lipophilic character

were used: alkyl diphenyl oxid highly hydrophilic), dioctyl sodium

sorbitan monooleate (highly
water and the oil phay . isions which product substantial
solubilization and ultf=ic #* 5 NN icioemulsion phases could be

\ il using the salinity of 0 to
ISaIst to temperature (20 to 60

¥lization region promotes high

observed for both sy
25%. The mixture of

solubilization parameter ! | ad& g ) /as not low as the middle phase
region. The interfacial tens? ala? n 11 9ows the Chun-Huh equation.

The study of Childs et ai® = - 2 extension of the Sabatini et al (2000).
TN

The goal of the gradiant he <glubilization capacity of the

contaminant by the ,; : .,‘; ng the mobilization. They

establish the gradient T | v 'rapping and capillary curve.

Jﬁ

Gradient curve is the present of DNAPL residual saturation as the function of
interfacial te also showed that the
addition of grm mmm;ﬂﬂﬂ ginthe dramatlcally reduce
of mo

tﬁ mﬁ/ﬂenﬂgmum'] gaﬂdﬂ)’] a m compounds to

inorganlc lead in contaminated soil. They found that tetraalkyllead contaminated in

soil could be eliminated by elution with oxygenated water as ionic tri- and dialkyllead
species into the circulating water in the soil columns or the groundwater at the
contaminated site. Trialkyllead degradation rates at high (7 mg/L) and low
concentrations (1.5 mg/L) were in the same range. However, dialkyllead species were
formed more than could be degraded at the higher trialkyllead concentrations. About

54% of the lead was converted to inorganic lead after 2 years of elution with
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oxygenated water. If a triethyllead-elimination rate of about 125 mg/L.d would also
apply for in situ conditions, the contaminated soil could be remediated in about
19 years.

Childs et al. (2006) reported a PCE removal by surfactant solution from a
control test cell at Dover National Test Site. The surfactant formulation was SDHS,

isopropanol and calcium chloride. The flushing promotes a high concentration of PCE

nration. The flushing were operated in

' étions. The 68% of overall PCE

o T saturation was reduced from

>
0.7% to 0.2%, PCE CV 1 ms reduce from 37-190 mg/I to

7.3 mg/l. The recycle®Si ¢ e required mass of surfactant

(supersolubilization) without ver

by 90%. In the upwa=#ve 4T & F 5!« s ‘_ PCE removal was obtain in
5 pore volume. The n 4# ph % RSO trapped oil was localized in
swer PCE concentration in the

groundwater.

Pabute et al. (2007 #Fpp! i ‘_7_-,.,
f ";' ""-'i.l -;'.

375 78 _ -
' —’y‘ 'é ant for anionic surfactant system

and temperature iy.‘- f¢ ] the column experiment,
PCFIPPDS) and SDHSwas using

iF |

E can be removed more than

a

oach system for PCE surfactant
flushing. The gradient using mation of interfacial tension between

surfactant solution agd cqa

mixture of monoalkyl: 1 aips

to form microemulsio; with gradient system, the PC
. L e gy .

99% without (ﬂﬂ , mmﬂeﬁmnl remove decane and

hexadecane f Qg emperature g 30"t °C. The n-dodecyl

better t IIn. shin® &t Acbristd ;ilt . ! |

Zhao et al. (2005) presented the solubilization of phenanthrene and the
extraction of it from spiked soil by sodium castor sulfate (SCOS) which is the
surfactant from castor oil producing from reproducible resource. The experiment
compare with the commercial surfactants: Triton X-100, Tween 80, Brij35, sodium
dodecylbenzene sulfonate and sodium dodecyl sulfate. SCOS forms stable
microemulsion and behave like a separate bulk phase in concentrating organic solute.
The solubility enhancement of phenanthrene increase as the concentration of SCOS
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increase. In contrast with the effect of conventional surfactant, a sharp inflection of
surface tension in the CMC study did not show but decrease continuously. SCOS
show largest mass solubilization ratio among the surfactant in the study in both soil-
free and soil-water experiment. The partitioning coefficients of phenanthrene between
emulsified phase and aqueous phase is slightly larger than those between the micellar
pseudo phase and the aqueous phase. The extraction experiment show high and fast
desorption of phenanthrene perha h solubilization capacity.

Zhou et al. (2004)

gration of pyrene by four anionic-

Brij35, Brij58, and Trit®% ~ WV, ey 1 he molar solubilization ratio
(MSR) of pyrene in Mxo g 4700 JehN 0 wiat those predicted by ideal
mixing rule. The eff«#0r, L WheWder of SDS-TX405> SDS-
Brij35> SDS-Brij58> r J . i = B it increase in the HLB value
of nonionic surfactant G _' v £ the SDS-TX405 was greater
than the ideal value but t #F. gl N SDS-TX100 were smaller. The
he

i0or pyrene can be attributed to the

b ‘f"_J ; Yeal CMC of mixed system. The
mixing effect of mixed surfales—
reduction of CMC ang thade® 2T g

Zhao et al. l|zation of trichloroethene
(TCE), perchloroethe .I (PO = 'CE) by mixed nonionic and

anionic surfactant, Trltc.)p X-100 (TX100) and sodlum dodecylbenzene sulfonate
(SDBS) in nonionic surfactants
have mteractuﬂvmvgm iﬂﬂjﬁﬁ)m system by partition
to org tﬁ 5 E—-PCE phases
were gﬁam ﬁ;ﬂauﬁ ﬂ]ﬁﬁs ﬁﬂmse were much

less, Whl|e no partitioning of SDBS into DNAPLSs was observed. In mixed surfactant
systems, SDBS decreased greatly the partition loss of TX100 into DNAPLs. The
extent of TX100 partition decreased with the amount of SDBS increasing and the
polarity of DNAPL decreasing. TX100 and SDBS formed mixed micelles in the
solution phase. The inability of SDBS to partition into DNAPLs and the mutual
affinity of SDBS and TX100 in the mixed micelle controlled the partitioning of
TX100 into DNAPL phase. The solubilization of TX100-SDBS solution was greater
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than the individual SDBS system (equal total surfactant concentration). The work
presented here demonstrates that mixed nonionic—anionic surfactants may be probably
potentially better systems than the corresponding single ones.

Thongkorn et al. (2007) studied on the remediation of soil contaminated by
organometallic compound. The TEL was concerned contaminant but the surrogate

was used in their experiments due to toxicity of TEL. Their study established a linear

equation between optimum sali J\L by using linear alkanes in the phase

scan experiment for the opt éation in order to determine EACN
of TEL which would b ite ==————Cting the TEL surrogate. Two
linear equations derive®™ 7 b S solution of 2 wt.% SDHS 2
wt.% Tween80 and STit' g Gk X\ ' 7u SDOS. Consequently, the
Wtc™e solution at 6.04 and 7.68.
The other two criterie y 06y —ore |\ S 1anometallic compound and

nd possessed all those three

properties and having lo: #¢ - A e | \ roduced and mixed with oil to
make it has properties simi Jf to 2= Gl | : were mixed with DBT to obtain
the designed EACN. As the reSs—— e mixture was found to have similar

) J‘;ﬁr:- 5’
EACN (7.2) to TEL.gnd thggi ==&

solubilization mea.u

hea the study on phase study,
iv ]S carried out for some

surfactant solution.

ﬂUEJ’J‘ﬂEJVI‘ﬁWEJ’Iﬂi
ﬂﬁ’]aﬂﬂ‘imﬂﬁﬂﬂmﬁﬂ



CHAPTER Il
MATERIALS AND METHODOLOGY

3.1 Materials

3.1.1 Organic compound

Analytical grade : \:éiased from Sigma-Aldrich Co.
Perchloroetylene (PCE, ; jochem. The n-alkane series
including pentane (Fl.g rlo Erba), and decane (from
petween S* and oil’s ACN.
aner of PCE.

re used as surrogate of TEL as

Fluka) were used to ¢
Decane also used as the 4

DBT-PCE mixtury
described the criteria . ‘I'iiey were prepared and stored

no longer than one week

Table 3.1 Organometallic cQraieaitzis =4

Properies - ) Dibutyltin dichloride
| L}

Physical Colorless solid

Formula= Pb(CoHs)s CIL,SN(CaHo)z
i 5 303.83

1.360

FRREE

Source: ahysical properties obtained from Sigma-Aldrich material safety data sheet

3.1.2 Surfactants

The anionic surfactants consisted of monoalkyldiphenyloxide disulfonates
(C16DPDS, trade name of Dowfax8390 with 36% active) was supplied by Dow
Chemical Co., sodium dihexyl sulfosuccinate (SDHS, trade name of AMA with 80%
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active) and sodium dioctyl sulfosuccinate (SDOS, trade name of AOT with 100%

active) are purchased from Fluka Co. The nonionic surfactant, sorbitan monooleate

with 20 ethoxy groups (trade name of Tween80 with 100% active) was purchased

from BDH Co. The IUPAC name, CAS number, and chemical formulas were

supplied below and in Table 3.2. All surfactant solutions applied in the experiment

were prepared freshly before used.

Table 3.2 Properties of surfac

Surfactants

Monoalkyl,
diphenyloxide
disulfonates
(C16DPDS)

MW

(g/mol)

HLB

Sodium
dihexyl
sulfosuccinate
(SDHS)

anionic

Sodium
dioctyl
sulfosuccinate
(SDOS)

Sorbi
monooleate
(20 ethoxy

groups)
(Tween80)

qu

nonionic

642

71.5*

SO5Na*

388.45

16.6*

¢ 7/\/\)\0 I
- L
W%@

¢ o 'y

\_\_\_\M ” O) -
= o o
OH

444.57

10.2*

‘h-

1308

15.0**

Note: * HLB value for anionic surfactants were calculated based on Davies method.
** HLB value for nonionic was developed by Griffin (Tadros, 2005).
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C16DPDS, Chemical Formula: CogHsoNa>0O;S,
IUPAC name: disodium 2-hexadecyl-3-(2-sulfonatophenoxy)benzenesulfonate
CAS Number: 65996-95-4

SDHS, Chemical Formula: C1gH29NaO-,S
IUPAC name: sodium 1,4-dihexoxy-1,4-dioxobutane-2-sulfonate
CAS Number: 3006-15-3 |

IUPAC name: 2 4 Sy \ "Wolan-2-yl]-2-(2-

LT
3.1.3 Electrojyte S

Ly .*" P
Analytical grag ! SOu Tind calcium chloride (CaCly,

100%) were purchaseo .;om LabScan. Analytlcal grae calcium nitrate (Ca(NOs3),,

g TEINYTIINEINT
ﬁlﬁ‘*ﬁmﬁimumwmaﬂ

The 20-30 mesh Ottawa sand (Fisher Scientific) was applied as the soil media
in the column experiment. It was washed by DI water and dry before packed into
column. The aquifer soil was derived from a site at Rayong supplied by Department
of Groundwater Resources. It was washed by tap water until the washing water was
clear after left to precipitate in 10 minute and wash again by DI water, it was dried at
100 °C, then sieved to 20-30 mesh in order to comparison. The organic matter was
0.07%, measured by soil-fertilizer-environment scientific development project,
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Kasetsart University. Zeta potential of Ottawa sand was measured by electrophoretic
apparatus (zeta-meter system 3.0%, zeta-meter Inc.) to quantify the point of zero
charge (PZC). However, we could know only that the PZC of Ottawa sand and sieved
aquifer soil was lower than 3. However, the PZC of Ottawa sand from a literature was
about 1.5 (Railsback, 2006).

3.2 Methodology ]

Overall experimGm dsee t’é"l this section. Details in each
ormnied in that such chapter. Here
is the core of the exp@ir ¢ N wor CHAPTER 1V, V, VI, and

VII.
3.2.1 Create thr
The criteria whicii t;

ve were being the organometallic

compound, similar EACN, an §. Thus, the EACN of TEL, focused

organometallic com un ot atified primary. Salager’s relation
was applied for QUc V
(Equation 2.6).

Equation 2.6 is lne relation between EACN (or ACN for alkane oil) of oil and
optimum sali iﬂ e (ACN = 6), octane
(ACN = 8), a :ﬂig:u gjﬂ] Emjﬂﬁent Equal volume of
oil and actant w. ﬁ ith stopper. The
surfact ﬁﬁéﬁﬂ% ﬂ ﬁtﬁﬁ/mﬂv’i% concentration

of NaCI Were added into the tubes, and then equal volume of a n-alkane was added

}-‘, linear empirical equation
J

it
1‘

into the tubes. The tubes were immediately sealed, gently shook for 1 min, and
equilibrated for 1 day. Solubilization parameter (SP, Equation 2.3 and 2.4) was
quantified by measuring the change of the volume of oil phase and aqueous phase as
indicated by a changing of solution height using the digimatic height gages (Model
series 192, Mitutoyo). The graphs between SP, and wt.% NaCl, and between SP,, and
wt.% NaCl were plotted on the same chart and the S* was then determined as an
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intercept of these two plots. The same procedures were done with other n-alkanes in
the series. The empirical relationship between S* and alkane oils’ ACN was
established. The mixture of TEL and hexane in a mole fraction ratio of 0.2:0.8 was
prepared and used for investigating the EACN of TEL. The experiments needed to be
set up in a hood under a nitrogen atmosphere glove bag purchased from Sigma-

Aldrich (Germany) in order to prevent TEL degradation and a direct contact to air.

The same procedure was appliag factant systems: 2 wt.% SDOS and 2
wt.% SDHS.

Then, after the Essmm L shs (/_ﬁnumber of solutions containing
organotin (DBT) mixed v - "Toie fraction ratios of DBT in
solvent(s) (such as heXdii~, \ sxed vils were tested by the same
procedure with surfe _ ‘ " yield the same S* which
responded to EACN L= &k »"'\‘\' p TEL surrogate for further
study. ' |

The part is tg fing = bich could form microemulsion

thus the criteria tc\ f¥ Jit the system giving the

transition phase form ;I NooNg
i i¥
Some surfactants ‘(C16DPDS, SDHS, SDOS, ana Tween80) were prepared at

4 wt.% total t] ~ 3 [ f » igry ad some mixed couple
surfactant ratiﬂ MOﬂmat rmﬂj/m Q!rjlducted in 1 mL tubes
with equal peof surfact jﬁ i nﬁ il syr rﬁ ese tubes were
then ir;ﬁeﬁ:ﬁ alﬁ ﬁhﬁl ﬂﬁm S y‘lﬂ [:nT i’i

q
Initially, the phase formation was observed every day for several day and

T s10N.

found that the phase keep steady during after 1 day to 4 day and disappear
subsequently which could not reversible. Thus, the samples were selected to stand for
2 days at 25 °C.
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3.2.3 Solubilization study

This study was done to observe the solubilization capacity of contaminants
into surfactant solution. In CHAPTER V, it was done by mixed 5 mL of surfactant
solution at various salinity and oil together. , gently shook to mix, and let it stand for 2

day, then separated aqueous for measurement. However, in CHAPTER VII, the

, /ifvn, thus, derived more accurate result.
The 25 mL of selected Sug ~ -'/inities were prepared in 50 mL

it stand for 2 day. The*au:: eSS then separated from the oil
phase. It is very impSii-: 4 : SN,V Uiume of surfactant solution,
o, "™Nid not allow any oil drop
. }n “aille phase appeared, it was
- s mixed solution.

The solubilized ‘g L@ o\ Nured by gas chromatography

(Clarus 500, PerkinElmer) . ﬁr 1-‘—5 son %eted with headspace auto sampler
(Turbomatrix 40, Perkin Elmer% — " was used as carrier gas. The sample

G A

volume of 100 pL was egig 0 sampler using the temperature

of 80 °C for 30 'j;l; f¥]- The column flow was

controlled by pressure b » ﬂt,‘ 140 °C isotopic system.

DBT was measured s o‘t(ﬁl tin in the solution. Tsamples were digested by
microwave dlﬂ:u(\grgpv E!:?[?J ﬁ:ﬂﬁfﬂrﬁ for tin by ICP-OES
system (Vista- , variar). " The-diQestion ur s adapted from digestion
metho ibed eaye (ﬁ e eal v (ﬁﬂt[)f sample was
mixedﬁiﬁﬁﬁﬂﬁﬁﬂiﬂﬁﬁn ﬂ(ﬂi ckatid (37%) and

q
temperature program started with the increasing of temperature to 175 °C within 13

min and the holding at 175 °C for another 10 minutes. It should be noted that even
nitric acid is a better one for digestion of organic compounds, tin could be precipitated
with nitrate. Therefore Hargreaves et al. (2004) developed this method to prevent
that problem. However, in this experiment, very tiny floating oil slough was observed
in the digested solution but it did not affect the calibrated curve. Thus, some samples
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which were suspected had high organic content was reduced the sample to 250 pL to

ensure the digestion procedure.
3.2.4 Column study

Column packing and residual oil preparation procedure was adapted from
Childs et al. (2004) and Acosta. (%

' # The column and pumping system is in

- : éw joints and valves of the system
. — - E -_ A § d _

are made from stainless: iNgsyst == connected to the effluent end

of column and then th&%V=: ki S eeair in the pumping pipe line.

After that the water W&S Ui water equals to the bottom

filter. f 7' 3 \\.

of water and 200 g of Ottawa

M packing technique to avoid

\ with beaker. The water was

gradually filled into colum 4 N o mnd filled each time was about 2
hﬂ

cm. The water at surface level # about 4 cm above the sand surface.

g A

The sand was stirredsand s a4l to dispel all air bubbles. When

the sand was pack g ] was drained out, which
was collected, until th | ure #eacihe top surface of sand. Then

the remaining water Was then weighted agaln (with |ts oeaker) to calculate the pore
volume of pa i\ r the experiment with
aquer soil. Cﬁuﬂ ﬂﬂ?ﬁgﬂﬁ kj ﬂ ja ater in beaker before
(Wor) M tﬁt ao'aﬂ (Dw) as show

(W )
\v/p — WlDW W2 (31)

The sand was also weighted to know the mass of sand in the column. Then,
when the sand was saturated with water, the influent pumping system (B) with flow
adapter was fitted to the top of column. The water was then flushed from the effluent
in up flow direction to dispel the air at the top of column and influent pipe line. Then,
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when there was no air in every part of column system, the flow was stopped and the
pumping system at the effluent was removed. Now the column was packed and ready
to use. Then, 10 pore volumes of degassed water containing 0.01 M Ca(NO3),, which
functioned as the synthetic groundwater, was pumped to influent line at the pore
velocity of 2 cm/min.

Residual saturation was established by replace the water in the column by

DBT-PCE mixture using the he: J>chnique in up-flow direction. The oil

e és cm. Then, 10 pore volumes of
d theétity of 2 cm/min. (ten time of

‘\‘-_
.

was filled to the column é&s
synthetic ground water *

surfactant flushing) to iTost

Vent pipe / v

Piston pump

, VL
1 v J— Vent pipe
XX

ek T T

ARAANDIUIAIAN AR L o o

volume}rom a mass balance of the oil before and after the contamination procedure.
The volume of retained oil (Vi) can be calculated from the weight of oil with the
container before (W,ii1) and after (W,i2) saturation procedure and the oil density (Do)

(see Equation 3.2).

V, = (\NoillD_ Wi 2) (3.2)

oil
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The residual saturation was calculated as the volume of retained oil divide by
pore volume of the saturated area. Then, this prepared column was flowed by 1 PV of
DI water and follow by flooding with the surfactant solution at the pore velocity of
0.2 cm/min (adopted from Childs et al., 2004) to observe the solubilized contaminant
in the effluent and the treatment efficiency. The pore velocity relates to the
mobilization potential. Flow rate of 0.38 mL/min was used for the column calculating

column diameter. The effluent were

from this pore velocity, poresi

collected by fraction collect / ¢ Biotech), 20 min per sample. The
surfactant flooding was ne was absent. Mobilized oil

fraction was removed &Sic: “"‘l oy weight. Then sample was

keep to measure for sCiun,

AULINENINYINS
PRI TUAMINYAE



CHAPTER IV
THE EACN AND THE SURROGATE OIL

The study in this part was carried out together with Prangtong Thongkorn
(Thongkorn, 2007), a master student, to establish the linear empirical relations using

Salager’s relation concept. Fro

t ,of the experiment (3.2.1), two linear
v ' system. The EACN of TEL was
10 o . O — I*iailed results were supplied in
af TEL was contributed to the

empirical relations derived i
determined which was a™
APPENDIX A. Only th
manuscript. After the
identified by Thongk
octane, decane, and do< g = i\ “ding to the finding that it can
rise the EACN to the de, ; .

solution in the proced¢

the surrogate oil was then

dqure Among some alkane:

phase with the surfactant
\~ vasult showed that mixture of
DBT and decane at mols ®.CN similar to TEL (EACN =
7.2), decane was a light oil®ia J’& 46%/mL. Thus, the mixture of DBT-
PCE at the same mole ratiQa=—it: AJ ed as another surrogate in further
experiment. The ng A 22| rises the density up to
1.587 g/mL and beé ; '\ the EACN of the mixture
to be at 0.3. ) )

s vapes ofl um‘wﬂmw BInN3
IRIIATAHBAR R Do

Phase Behavior of Organometallic Mixtures”. The contributed authors were
Prangthong Thongkorn, Seelawut Damrongsiri, Punjaporn Weschayanwiwat, Chantra

Tongcumpou, and David A. Sabatini.
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4.2 Abstract and key words

Surfactant enhanced solubilization was evaluated for organometallic
compound removal from contaminated sand using the conducted. Tetraethyl lead
(TEL) has been implicated as a cause of contamination worldwide. Due to the

toxicity and difficulty in the handling of TEL, this work aimed to explore a new

substance for use as a TEL surr irch and to investigate the capability of

surfactant microemulsion S

The criteria for TEL Sem we 2leOn 'é]lated. Salager’s concept was
applied to determine "t | S0 0y equivalent alkane carbon
number, EACN) of 7Z e \ si'tyidn dichloride (DBT) mixed
with decane at a mo'® o £ F Fi0= N\ » be the most suitable TEL

l Mo that of TEL (EACNwg. =
A% odium dihexyl sulfosuccinate
s investigated for solubilization
of the surrogate oil andap: J#& ‘ anc. Wlumn contaminated by such oil.

The results indicate that the surfe ve solubilized into surfactant solution

g A

as expected. Nevegthelas 8o column experiment behaved

differently as the ;, §¥ | surfactant solution. Both

organic and inorganic hav wcC Tq on treatment.

i¥

o v QAN TG A i s

carbon number gEACN); mlcroemulsmn surfactant

- AN TNNNINGA Y

Tetraethyl lead (TEL) - an organometallic compound - was extensively used
as an anti-knock additive in gasoline beginning in the 1920s (Rhue et al., 1992). It is
considered a toxic substance due to its harmful effects on humans and the
environment. The use of TEL in gasoline for automobiles was banned by the United
States Environmental Protection Agency (USEPA) in 1973. As a consequence,
leaded gasoline production and consumption declined. However, TEL production
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over a long period resulted in widespread contamination. At present, the addition of
TEL in fuel is limited to airplanes and racing cars (Ouyang et al., 1996; Unob et al.,
2003).

Some study to solve this problem was done using several methods. The
degradation of TEL in soil was observed by Ou et al. (1994). In an aquatic
environment, TEL was firstly degraded to mono-ionic triethyl lead, which was in turn
to Pb* (Rhue et al., 1992). The

organometallic compoundsg N J' mlcally and b|olog|cally in the

degraded to di-ionic diethyl !2 8

column by biodegradatieh ' . .L..cchyl lead (Gallert et al., 2002
and 2004). The chenTCa' #® . \~ndreottola et al., 2008) but
' (s ™ non-persistent compound.
» 1" other forms of organolead
¢ stable inorganic lead. The
degraded products of TE! 2l f % Nenvironment.
TEL is a hydropfiot f cots& <=8 el Wow water solubility of 0.2 to 0.3
mg/L at 0 to 38 °C (Feldhake & G
1‘9 T

soil material, but is kigh gibabatany pente.such as gasoline, benzene,

- -

3) making it trend to be adsorbed on

and hexane. On th' £% ]:h as triethyl lead, diethyl

lead, including many 7 | CO goscgible in hydrophobic solvents
but highly soluble in wa}er (Feldhake and Stevens 1965) The metabolite of TEL is

also toxic an ied long distances in
ground waterﬂ:ﬂ ﬂﬁm ﬂ?ﬂﬁﬂﬂaﬁd thus, not easily to be
leache ﬁr &/ ﬁf c conditions or
when aﬁﬂﬁﬁﬁ ﬁ iﬁﬁpl ﬂﬂﬁ El settle near the
aqUIfer '

Thus, the removal of TEL from the subsurface is a challenge approach. A
robust remedial technique known as the surfactant enhanced aquifer remediation
(SEAR) has been found to be a promising method to mitigate contamination of
organic compounds (Shiau et al., 1996; Dwarakanath et al., 1999; Harwell et al.,

1999; Sabatini et al., 2000; Uchiyanma et al., 2000; Wu et al., 2000, 2001; Acosta et
al., 2003; Child et al., 2004). The removal of leaded gasoline from a packed soil
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column using surfactant solution was investigated by Ouyang et al. (1996) and the
washing of TEL from soil and equipment was also studied by Laser and Wingrave.
(2000). Thus, surfactant-enhanced solubilization may be a potential technique to
remove the organometallic compound from contaminated areas rather than using a
degradation approach which leaves the derivatives of heavy metal in place.

In order to investigate the approach for TEL removal, surrogates which are

less toxic were needed to be sela i\ 4 research was primarily aimed to find a

surrogate oil to be used fong g’ TEL, owing to the fact the TEL

in the experiment witl™3G 1 . varent alkane carbon number or
“EACN”. The organif®o?, { N\ NS ACN tends to be able to form
the same type of miserdhd £ Lt ma L\ Nt ™hture in the same range of
HLB. For example, tt v 4 — yUisgorm type Il microemulsion

Il (not type | or type II)

microemulsion with lime one is about 6, Szekeres et al,

2007).

)

o el
- ,

G A

F iz
The alkane carbon num ‘ﬁ Piined as the degree of hydrophobicity

of linear linear alkapg with aon number (i.e., ACN of hexane

=6). For the nolin: #% ] 0 compare with ACN, the
*N’'m/as defined. The oil EACN

concept was initiated o¥ Syias and co-v‘v'(}rkers (Cas et al., 1976), where the
EACN of the ineg QeS| i : paring the optimum
microemuIsioﬂ%ﬂoﬁ'ﬂg‘\mhéiﬁﬂg aﬂment as that of linear
alkane standi _ ﬁtf of Lol i 39 L sﬁf the surfactant
systemahﬂﬁaﬁﬁi iﬁ)ﬁfﬁ&t imﬂt‘j, (EIZOOD.

When there are more than one types of oil in the mixture, the EACN of oil

term the equivalent al nI ne's

mixture can be determined based on pseudocomponent assumption (Baran et al.,
1994). By this assumption, the compositions of solubilized oil are equal to the
compositions of the excess oil. The EACNpix of the oil mixture is computed by linear

mixing rule, Equation 4.1.

EACN,,, =) x-EACN, (4.1)
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where EACNpix is EACN of oil mixture; EACN; is EACN of component i in the oil
mixture; y; IS mole fraction of component i in the oil mixture.

To determine the EACN of oils, the surfactant microemulsion formation
coupled with Salager’s Equation was used as shown in several studies (Wu et al.,
2000; Baran et al., 1994). Salager found that the optimum salinity (S*), which is the

point at which equal volume y Iy 0|I solubilized into middle phase

microemulsion (Winsor typ ! the following empirical equation

(Salager et al., 1979):
(4.2)
where S* is optimum Nvalue specific to the alcohol
utilized, and  is a char g W his equation can be modified
into a reduced form as ¢ system is applied at the same
temperature using the sam J pe concentration without alcohol

addition.
5" | (4.3)

where ¢ = a constant va utge thus, easier to establish and used in the study. Thus,

B ﬁ“ﬂ?ﬂ%ﬁﬁ 1k

& K(EACN ;) +0 (4.4)

s meamm;u RN LNLLE o,

the solublllzatlon capacity (SP) is the expedient parameter. The solubilization
capacity of middle phase microemulsion is defined by the SP (Healy and Reed, 1977)
as

SP, = V/Vs (4.4)
and

SPy = VlVs (4.5)
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where SP, and SP,, are solubilization parameters for oil and water, respectively; V,
and V,, are volumes of oil and water solubilized in the surfactant solution,
respectively; and Vs is the volume of surfactant(s) present, excluding the alcohol
volume (if used).

4.4 Materials and methods

4.4.1 Materials

as contaminants. TITC ' o A% Sy pentane  (Fluka), hexane
: ; Were used to establish the

empirical relationshir, 4 _ - = ' ,""»M N (Salager’s Equation). The
' .\ sulfosuccinate (SDHS, trade
dioctyl sulfosuccinate (SDOS,
purchased from Fluka Co; and a

sorbitan monooleate with 20 rade name of Tween80 with 100%

(TR

active) was purchaged hloride (analytical grade) was

purchased from V g | nemicals in this research

were used as received 1 thcs
!

¥

TN NGNS
e TSI A TIELT S oo

tube (0.5 mL each) with stopper. The aqueous phase contained a mixture of 2 wt.%
SDOS, 2 wt.% Tween80 and sodium chloride at various concentrations. The tubes
were immediately sealed, gently shaken for 1 minute and equilibrated for 1 day. The
S* of each linear alkane oil could be obtained based on the solubilization parameter
(SP) method. SP was quantified by measuring the change of the volume of the oil and

aqueous phases as indicated by changing solution height as shown in Equations (4.4)
and (4.5). The graph of values for SP for oil and aqueous phases (SP, and SPy,
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respectively) and concentration of NaCl of each linear alkane system was plotted. The
S* was indicated by the intersection of SP, and SP,,. By the same manner, the mixture
of TEL and hexane in a mole ratio of 0.2:0.8 was prepared and used for investigating
the EACN of TEL. The same method was applied to another surfactant system: 2
wt.% SDOS and 2 wt.% SDHS. Next, a number of solutions containing DBT mixed
with solvent(s) with various molar ratios of DBT in solvent(s) were prepared.
Microemulsions were formed

above. The mixed oils yieisg i éz to that of TEL were used as the
TEL surrogate for furthe ———

4 ed oils using the procedure discussed

4.5 Results and discUssir #

\ SDOS/SDHS, were able to
"= 5 (pentane) to ACN = 10
ulated with 3 linear alkanes

Both surfactar
form microemulsion w#f
(decane). The system ¢

including hexane (ACN = 1d decane. The volume of phase

change and phase transition cCe—— 4 in each system. The S* of each oil
: A TN
could be obtained fggm th

3

wt.% NaCl. From tllv

afs between SP,, and SP, versus

- .J es could be obtained. The

results were show in ! JUIe
‘ ¥
determined as 2.04, 2.54 ‘anrd 3.76, respectively. For a system of SDOS/SDHS, the S*

N 12121F3 1 11261
RIAINTUNRINEIAY

eTine, octane and decane were
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A SPw
1.0 1 B SPo

25 3.0 3.5 40 45
NaCl (wt.%)

(€
Figure 4.1 Plot of SP,, and SP, with NaCl and the optimum salinity in solution of 2
wt.% SDOS and 2 wt.% Tween80 (a) hexane (b) octane (c) decane
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Figure 4.2 Plot of SP,, and SP, with NaCl and the optimum salinity in solution of 2
wt.% SDOS and 2 wt.% SDHS (a) pentane (b) hexane (c) octane
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The natural logarithm of S* was plotted against the oils’ EACN as shown in
Figure 4.3. Thus, the empirical equation between InS* and EACN for SDOS/Tween80
system was InS* = 0.1529 EACN - 0.1959 and for SDOS/SDHS system was InS* =
0.2273 EACN - 0.7419. The coefficient of determination from both systems were
higher than 99% (R-square > 0.99).

1.4 LA 00 -

0.1959
9978

In S8*
o
o
-

10 11
. . W ez .
Figure 4.3 Linear relation betse—— " logarithm of S* and EACN by the
- L BIA T
surfactant solution of 2 w4 TN 22080 and 2 wt.% SDOS 2 wt.%

SDHS — >
v X

To quantify the 'ACN of TEL, hlgh purity TELE was mixed with hexane at a
mole ratio of 30 microemulsion with
both surfactarﬂﬁrzf q)ﬁﬂ_ﬁ lﬁﬂ”tmvﬁﬂ% system and from
SDOS/SDHS system 6 an ond_to N of 6.008 and
e AR AT AL

found to be 6.04 and 7.68, via system of SDOS/Tween80 and SDOS/SDHS,

respectively.
4.6 Conclusions

The microemulsion formation between surfactant and mixed oils was applied

to investigate the EACN of TEL and its surrogate using Salager’s Equation and a
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linear mixing rule. The surfactant solution of SDOS/Tween80 found to be form
middle phase with of hexane, octane and decane while the surfactant solution of
SDOS/SDHS could be formed with pentane, hexane, and octane. The linear relation
between In S* and EACN was established with high coefficient of determination. The
EACN of TEL was found to be 6.04 and 7.68 by SDOS/Tween80 and SDOS/SDHS,

respectively.

AU ININTNEINS
IR TN TN



CHAPTER V
SOLUBILIZATION CAPACITY AND SOLUBILIZATION
BEHAVIOR OF OIL SURROGATE

From CHAPTER IV as we propose an oil surrogate that was mixture of DBT

and decane at molar ratio ¢ which has the properties of being

pit the density was different, it was

light oil. It is must men Id éhe oil surrogate which has all

three properties as desigric: , B \~PTER, another oil surrogate
was then proposed thet : \ = at the same molar ratio in
order to represent th N isR!l®end has similar density (but

different EACN) thatdft 4 £ £ = N\ N\ NEHAPTER VI and VII. The

same ratio was designer; Do S U "% mixtures were applied in this
study. ‘

This is the result fr¢ = dy %.2.3). Some surfactant mentioned
in CHAPTER I was tried to % = sion with this surrogate oil. But only

_ ﬁ‘f A
the solution of 3.6 *% P o

S with CaCl, showed the phase
transition from tyf] V — .5:‘ solubilization study. The
solubilization result \F > o #0712 the following paper. The

¥
detailed results were prowded in APPENDIX B.

5.1 Manuscrlﬂ H gjnﬂ nﬂﬂjw EJ’] ﬂ j'
%ﬁ&&ﬂﬂiﬂm BAANYAD B i

surfactant solutions in single and mixed oil systems” The contributed authors were
Seelawut Damrongsiri, Chantra Tongcumpou, Punjaporn Weschayanwiwat, and
David A. Sabatini. This paper was already published in Journal of Hazardous
Materials (2010), volume 181, page 1109-1114.
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5.2 Abstract and key words

The harmful effects of organometallic compounds and their metabolites on the
environment and human health require the development of more effective remediation
methods. Surfactant enhanced remediation has been considered as a potential method

for the removal of organometallic compounds; however, additional understanding is

needed about the solubilizatiouae® of these compounds. The surfactant

enhanced solubilization of _ Vot 'ﬁT) an organometallic compound,
was the focus of thio v 3 ad(-# synergistic effects of DBT
solubilization in perchitor |- e nixtures were evaluated. The
results indicate that PE® ; \__\ liwu the core of these surfactant
\SinsOMbilization was limited when
\ pature of the solubilization

micelles in both sing+
DBT alone was preg
| sur near the micelle surface in
a single oil system. DBTA fli el A% increase when present in the
PCE and decane oil mixtut ﬁr o Mhave facilitated the solubilization
of DBT because they were soluhﬁ — ncelle core. From this study, it may be
concluded that the D T hoiso: =2 "‘ dodacanol, having properties of

a polar organic 'V;" R )

g | i
‘ |
g

Key words: Organometal D|butylt|n dlchlorlde Perchloroethylene Solubilization

QUEJ’J VIEJVITWEJ’]ﬂﬁ
Y LLEN mm URAD I AR s seer

carbon and a metal) have been employed in numerous applications. For example, they

5.3 Introduct

have been used as catalysts, stabilizers in plastic industries, wood preservatives,
agricultural biocides, and antifouling paints made for ship hulls. Tetraethyl lead and
tetramethyl lead, in particular, have been combined with gasoline as an antiknock
agent. The spillage of these highly toxic organometallic compounds during their
production, transport, and/or blending has caused severe soil and groundwater
contamination problems (USEPA, 1999).
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Organotin compounds have also been used in a range of applications. Tetra-
substituted compounds have been used as intermediates in the synthesis of other
organic chemicals (RPA, 3003). Tri-substituted organotins are used as biocides,
pesticides, antifouling boat paints, and intermediates in the production of other
chemicals (RPA, 2003). Mono- and di-substituted organotins are generally grouped

together and used as polyvinyl chloride (PVC) stabilizers, as catalysts, and in glass

coating. About 18,000 tons per.\ A /nd dialkyl-tin compounds, were sold

/‘)ution in the environment (RPA,
“in )m[h"__end on the numberof organic

groups that are bon(y rfn M ganotins have been shown to

accumulate in the foda " S sk W human health (Cao et al.,
‘ leachates. Pinel-Raffaitin

TiSaVItin, ethyltin, butyltin, and
4! leachates at concentrations
totaled 1-38 wt.% of the tin

concentration in the lanaril gPineisecas a0y 008). Huang and Matzner (2004)

i e “;".-J
detected organotin compounds™=: =

—= %3 in a forest soils showing that the

degradation rates of.eth vith half-lives from 0.5 years to

15 years). 'j,;-_ - ' .,‘;
Unlike other -]I rgas Sengiliation cannot sufficiently
i JJJ

eliminate the risks aso‘giz;t?d with organometallic compounds since the resulting
heavy metal -3 (€t . j t tamination site. Thus,
the removal nﬁﬂaﬂﬂgm ﬂnmmﬂtﬂ ﬁtﬁrface is a preferable
approagh. tapt e e iterr iati i ising method for
increa%ﬁﬁaﬁﬁiﬁﬂrﬂﬁiﬁﬁjm metabolites in

soil and aquifers contaminated with leaded gasoline and other organic solvents
(Ouyang et al. 1996; Leser and Wingrave, 2000). However, when a metal is present in
the organic structure of a surfactant solution, it may alter its solubilization behavior;
thus, a better understanding of the solubilization behavior of organometallic
compounds is required.

Surfactants are amphipathic molecules consisting of a hydrophilic region (the
head) and hydrophobic region (the tail). The polar head group of a surfactant interacts
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strongly with water molecules, resulting in the surfactant’s hydrophilic behavior. In
contrast, the hydrophobic tail groups dislike water. Thus, when a surfactant’s critical
micelle concentration (CMC) is surpassed, the surfactant forms colloidal aggregates
called micelles with tail groups clustered together in the interior and shielded from
water by the hydrophilic heads (Rosen, 2004). In the presence of salt, the size of a

thermodynamically stable micelle can increase from several nanometers to hundreds

ML &ubilize oil they are known as

microemulsions, Which G “>ntshd 'ﬂ"’_lneously (Sabatini et al. 2000).

of nanometers.
When these nanoSigg
The main difference GE& 2.6, a macroemulsion) is that

only microemulsion p855¢; auic property (Paul and Moulik,

2001). In addition, m«#0ey Lici A ®w interfacial tension (IFT)

; — I"S@uble compounds. There are
Water) microemulsions form in
the water phase with oil g f.AGE a4 icelles. Type Il (water in oil)
form in the oil phase, wher. 147 d 1 % tne reverse micelles. In Type I1I

Sy
(intermediate between Type | afe—

Zioemulsion, the surfactant aggregated
micelles separate freg bg ghermadynamically stable middle
phase. The type of 5 ;———IF ' on the properties of both
the oil and surfactant(F | nwe 7itants tend to produce Type |

microemulsions, Whlle i]ydrophoblc surfactants produce Type 1l microemulsions.
Microemulsio nd then Type Il when
the hydrophllﬂl{?ﬂ?rﬁgm)mﬂ/rjmjduced the surfactant
syste re ﬁI piﬁ ﬁ’ increasing the
sallnlnﬁ ﬁﬁ:’aﬂ}j ib ﬁﬁﬁ ﬂ(ﬂfv %rfactants. Type
I and Type Il microemulsions have been used in surfactant-based remediation of
organic contamination (Sabatini et al. 2000; Paul and Moulik, 2001; Dwarakanath et
al., 1999).

Theoretically, the structure of the oil or solubilizate determines its locus of
solubilization in a micelle (Rosen, 2004). The location of oil solubilization in a

micelle can be (1) on the surface of a micelle, (2) within the hydrophilic head group,
(3) on the palisade layer between the hydrophilic head group and first few carbon
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atoms, (4) beyond the palisade layer, and (5) at the core of the micelle (Schramm et
al., 2003; Tadros, 2005). This work aims to better understand the solubilization
behavior of organometallic compounds by investigating the solubilization of
dibutyltin dichloride in surfactant solutions. Dibutyltin dichloride (DBT) was selected
for this study as a surrogate for tetraethyl lead (TEL) because DBT is less toxic and is

thus much safer to work with and easier to obtain than TEL. DBT was selected due to

the fact that it is also an organouy ound. However, since DBT is solid at

room temperature, PCE ane NN WY é obtain a mixture of non-aqueous
phase liquids (DNAPL), —ic. !serd"ometalllc contaminants found
in groundwater. The erifiaii 700 1N S Ui ue solubilization of organotin

compounds will helF™ 1 g% : N sssuiiactant system to enhance

5.4.1 Materials

A ‘ ) )
Analytical ade =AY b, fra Sigma—Aldrich  Co.,

3

perchloroethylene ;, g¥jem, and analytical grade

decane was purchase I TON mic i factants were studied: C16

diphenyloxide dlsulfona}e (C16DPDS), Wlth the traue name Dowfax8390, was
supplied by ﬁg?ﬂﬂﬁ?mﬂ Iﬁjmate (SDHS), known
as AMA, was cium chloride (CacCl,)
e A KFAP 1B 1h N i1 N W
scans in c@ived purification.
5.4.2 Methods
5.4.2.1 Preparation of the mixed oil

DBT-PCE and DBT-decane, the mixed oils used in this study, were combined
at the molar ratio of 0.038:0.962. This ratio was adapted from a study by Thongkorn
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et al. (2008), that investigated the removal of tetraethyl lead (TEL) using an oil
surrogate with similar properties to TEL (an organometallic compound) and a similar
equivalent alkane carbon number (EACN). In their study, a DBT—decane mixture
with amolar ratio of 0.038:0.962 was selected as the TEL surrogate. At this molar
ratio, the mixed oil surrogate (DBT—decane) was a light non-aqueous phase liquid

(LNAPL). Thus, since TEL is denser than water, the selected liquid for mixing with

DBT as the surrogate is the densues < ohase liquid (DNAPL). This DNAPL
TEL surrogate was prepareCygs aIn %h both PCE and decane. The same
molar ratio of DBT aiwmms= Of ¥ .0-==smwwssecd in the previous work by

Thongkorn et al. Wasu/ A rouse of comparison. DBT was
it he ; i AR NS its lower toxicity than TEL,

selected because it haSpr- :
'V‘I, these factors made it an
NN

5422 Ph i 24 ECERA N\ Nion studies

its availability in thes®

attractive TEL surrogs

Single surfactant systeriiss "and SDHS at various salinities were

L7

mixed with the surzogats nd RCE at the molar ratio of
0.038:0.962). The ,;

weight ratios from O tq | ace

.,‘; d with SDHS at varying
W0 tall). This was also carried out

Jﬁ

with the surrogate to o‘pserve its phase behaV|or The samples were mixed and
equilibrated f mples were placed at
room tempera ﬂuzj ::J ﬁﬂﬁkﬂ:ﬂ ﬂtﬂ?dr The system selected
from t w ﬁﬁ mulsion to the
Type | tﬂﬁﬂﬁﬁ ﬁ Mﬁﬁ ﬁﬂ;ﬁﬁ in the batch
study to mvestlgate the solubilization. The same procedure was also performed using
the DBT-decane mixture. The solubilization of the oil surrogate in surfactant
solutions was carried out by preparing equal volumes of the oil surrogate and the
selected surfactant solution in 10 mL screw cap tubes (5 mL each) of oil and water.
The samples were mixed and equilibrated at 25 °C for two day. The aqueous phase

samples were measured to determine their solubilized tin values and PCE or decane
values. Meanwhile, solubilization experiments for individual PCE, decane, and solid
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DBT in the same surfactant solutions were also conducted. Each sample received 0.05
g of DBT in solid form.

5.4.2.3 Measurement of PCE, decane, and tin

The solubilized PCE and decane values were measured by a gas

chromatography (Clarus 500, Pe

connected to a headspace a ;
was used as a carrier G ' NP VO =t 0 1L Was equilibrated by the
headspace auto sampi®™ e 7 ‘ T"* SSYore being injected to the gas
chromatography (GCj was 140 °C for the isotopic
system in which a pes Wi "™ute and that of decane was
observed at 3.18 mir, N al tin in the solution. The
X% pro, Milestone) before being
measured for their tin c g BEE upled plasma-optical emission
spectroscopy (ICP-OES) (\ ' : digestion procedure was adapted

et
from the method described by Fi = \2004).

EE L

5.5 Results and di<] V Y]

In order to achle‘ye a middle- phase (i.e., Type |II) microemulsion, a proper
microemulsio losest to that of the oil
to be formulaﬂwﬂj nﬂ Mdl)nﬁ uently, microemulsion
format Salt oi nrﬁ() ulsion (Acosta
etal., ﬁ ﬁﬁjm iﬁ\lmﬁ ﬁﬂﬁl IE]S was selected

to form the microemulsions.
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5.5.1 Phase study
5.5.1.1 Phase behavior of DBT-PCE

When the single surfactant systems were evaluated, 4 wt.% C16DPDS was

found to form a Type | microemulsion. This result was expected for CL6DPDS since

it is rather hydrophilic and therag¥
microemulsion by itself wil' v ‘ 4 éas co-surfactant or alcohol. In the
system with 4 wt.% SD s « 1118 |icr'-#’_4‘was observed without any salt
because the HLB of (T~ Dl . miTthan that of C16DPDS. This
enabled it to be well S8 2 with the target oil. C16DPDS

2 report that it can form a Type Il

was then mixed withe#OL A 4 Lo Ao IMAC16DPDS system, and the

To mixtures of (f Jraag&i | ious weight ratios, we added
varying concentration of ﬁr 4= tC Woserve their microemulsion phase
transitions. This is referred to dom——— ' ne results show that only the systems

- e lIA
containing a C16DPRS L=
Type | to Type I1I. ,;
SDHS and C16DPDST 1B SIS and 0.4 wt.% C16DPDS).

The phase transition was observed at 3 wt. % NaCl for tne system with NaCl scan and

at 0.3 wt.% fo

The ph ﬂﬂsﬂr’aw@tm” (EL’J ‘ﬂljthat a lower amount of
CaCl, to .achie ﬁj/ ea EEI transition as
compagi ﬁﬁj aﬁuﬁ i ﬂoﬁ ﬁw % ﬂ?@j the study of
Cheng and Sabatini (2001). Furthermore, Cheng and Sabatini (2002) explained that

polyvalent cations (Ca’* and AI**) have much higher surface charge densities and

0 1 exhibited the transition from

: F-" er experiments contained
]

associate more strongly with the micelles of anionic surfactants than monovalent
cations and, thus, are much more effective in decreasing the system HLB to promote
the formation of a middle-phase microemulsion. Based on these results, the surfactant
mixture comprised of 3.6 wt.% SDHS and 0.4 wt.% C16DPDS with CaCl, was
selected for the solubilization study.
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5.5.1.2 Phase behavior of DBT—decane

The EACN of the DBT—decane mixture is much higher than that of the DBT—
PCE mixture due to the fact that the alkane carbon number (ACN) of decane (10) is
much higher than the EACN of PCE (2.9) (Baran et al., 1994). Thus, it can be
presumed that the very hydrophilic (high _HLB) C16DPDS would be able to form an

o/w emulsion with the DBT-dex > The same mixed surfactant system

containing 3.6 Wt.% SDHSym LB #'S was put through salinity scans,
with both NaCl and Cas w CITSNE d“-‘s on the mixed DBT—decane

surrogate oil. Unlike tiie™sy “p Lo < Ohdse transition was not clearly

observed with NaCl. W51 g# AR aulna when the NaCl content was
greater than 5 wt.% «#xp g F i = \ L"und phase transition in the
range of 0.1-1.0 wt.%, 4 _ . = » }"\"“- did not occur in the CaCl,
system. Therefore, sin< C o A\ use phase separation it was

5.5.2 Solubilization stu :
oy x

In order to ;, ..Q:'J‘ three oils (DBT, PCE,

and decane), each oil 7 I S S incgroil) and in the two mixtures

\

(DBT-decane and Db PCE) were solublllzed in the surfactant mixture selected
from the pha % C16DPDS). The
solubilization@ﬁoﬁlo’ﬁ nﬂn? ﬂ ﬂ:‘jm?t\ binary mixtures are
RN SHRTIE A

5.5.2.1 Solubilization of individual oil in the surfactant mixture

In the systems of single oil (DBT or PCE or decane), only PCE was found to
dramatically increase in aqueous concentrations as the CaCl, concentration increased.
The solubilization of decane increased by about 0.46 mM and that of PCE by 5.1 mM
for ever 1.0 mM increase of the salt, respectively (see slopes of the equations in



59

Figure 5.1. and 5.2). In contrast, DBT solubilization remained virtually constant (see

the equation in Figure 5.1 and 5.2 for DBT-single).

450 25
A Y(rcE, sings) =512X+12.23 A
400 4| & Yirce, mosus = 3.69X + 139.3 3
350 - . i $ 20
300 A iy =
145 =
15 E
|_
[
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0043X +3.01
079X +14.24 | |
80 90
Figure 5.1 Solubilizator o =) N containing 3.6 wt.% SDHS

and 0.4 wt.% C16DF# \ adons with individual oil and

DBT-PCE mixture.
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12 %
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7 n & Y osrmowre) = -O&X +17.13 (Y,
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q 0 T T T

T T T T T T T 0
0 10 20 30 40 50 60 70 80 90
caCl, (mM)

Figure 5.2 Solubilization of decane and DBT in the system containing 3.6 wt.%
SDHS and 0.4 wt.% C16DPDS at various CaCl, concentrations with individual oil

and DBT—decane mixture.
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To help to understand the impact of salt addition on solubilization it is helpful
to consider the effect of increasing salt on the surfactant itself. The addition of salt to
the anionic surfactant solution decreased the repulsion occurring between head groups
within the anionic surfactant head group, and resulted in the closer packing of the
surfactant head group as the aggregation numbers increased and the curvature

decreased.

Consequently, the space il 41 yer was limited due to the occupancy
of salt, while the space L / yer and the inner core, which
» 7 e s—# tails, expanded. Based on the
rule of thumb that the SSIGT" e ) - rovilizates corresponded to their

locus of solubilizatio® 2005, solubilization PCE that is

Y

. t Mhe expansion of both inner

\:' non-polar and hydrophobic
2 microemulsion. Thus, the

hydrophobic and slig#®

core and palisade la:

solubilization results indi g Jla@& = N:"\ere solubilized into the core of
the micelles as the salinity, N C %, the highest polar among these
three oils, which by, its highlySs—— xpected to solubilized the near head
group region, was cgnseq Ava ant or.even slightly decreased in
solubilization by an ; g |ntly negative for the DBT

equation in Figure 5.1 =

|
W

U SRR 1123 L R\ T2
ane B ii“i SRRV Jala 1oV

CaCl, concentratlons The results shown in Figure 5.1 compare the solubilization of

i¥

each single oil and each oil when present in the binary mixture. When CaCl, was
increased from 0 mM to 90 mM, the solubilization of DBT behaved synergistically.
The solubilization of DBT increased by around 0.08 mM for every 1.0 mM addition
of CaCl,, yet no increase was observed in the absence of PCE. Furthermore, even at
zero CaCly, solubilization increased from 3 mM with DBT alone to 14 mM with DBT
in PCE.
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These results suggest the occurrence of the co-solvent effect from DBT and
PCE, which may have heightened DBT solubilization as the amount of mixed oil was
increased. DBT was likely solubilized at the palisade layer and may have partitioned
in the outer layer of the core by solubilizing with PCE. Subsequently, at high salt
contents where space for DBT is even more limited, DBT prefers to partition into

PCE and hence reduces the concentration of solubilized PCE in the micelle.

#ncement of PCE in the individual oil
- P 'éem: 51 mM and 37 mM for the
individual oil system ancusm vsy; ;m,'-__i'_f;y. In addition, our preliminary

Therefore, the ratio of the solubu

experiments confirmed™ . g 7 svent effect between PCE and
DBT; the water solubiv ¢ , \__\ W vl to 1.81 mM in the system

The solubilization | f S DB Ydecane mixture using the same
surfactant solution (3.6 wt.% Si= ——— "% C16DPDS) showed a similar trend

to solubilization of B¢ Howayer, and in contrast to the

results for DBT-P{] ;

increased when DBT 7 |

7y | case decreased as CaCl,
'WUTL5.2). It may be assumed that

the close packing effect ‘Irom the salt addltlon had a stronger influence than the co-

ol NUNTNYINT
amé@ﬁﬂ‘ﬂwmﬂmaﬂ

The increased solubilization of both PCE and decane in the surfactant solution
results is consistent with the behavior reported in a study on the effects of a lipophilic
linker (Uchiyama et al, 2000). The lipophilic linker in a system has been shown to
enhance the solubilization capacity of the anionic surfactant (Acosta et al., 2003;
Uchiyama et al, 2000). In this present study, DBT is believed to play a role as a
lipophilic linker and hence is what enhanced solubilization in the system. Acosta et al.
(Acosta et al., 2003) reported that lipophilic linker molecules modify the equilibrium
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interfacial properties that serve as a link between oil molecules and the surfactant
tails. This explanation also applies to lipophilic linker behavior when the linker
partitions into the organic phase, and the partitioning into the oil phase is higher when
that oil is a polar oil (Sabatini et al, 2003). As described above, DBT performed in a
manner similar to that of a lipophilic linker (like dodecanol), which may be due to the

DBT’s asymmetric molecular structure, caused by the hydrophobic part of its alkyl

aqueous-based surfactaie - i S Thevsalt concentrations increased

(see Figure 5.3).

Molar solubilizatior

=

¥

v 74§80 920

¥

el m (13 b 10T
AR AN TN U INYNA Y

This solubilization phenomenon agrees with the preferential solubilization
behavior of polar oil in mixed organics (Graciaa et al., 1993), in which the solubilized
polar to non-polar oil molar ratio is higher than that of the excess phase and decreases
as the salinity increases. In the case of the DBT—PCE oil mixture, even though it may
be considered as polar oil, DBT can be assumed to have higher polarity due to its
lower EACN. Based on this assumption, the oil molar ratio’s effect on solubilization

in this present study is consistent with the behavior reported by Szekeres et al. (2005).
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5.5.2.5 Loci of DBT, PCE, and decane in the micelle

From the pseudo-component assumption, it is well known that oils are
solubilized in different locations in micelles depending on their molecular structure
and polarity (Szekeres et al., 2005). The three solubilization locations in a micelle

(Rosen, 2004) may be summarized as follows: the polar surface region, the palisade

polar oil in the micellE5 o 4# C 4 non-polar organic as it is able
; bf solubilized oil in the core

"'\._,

' .‘ 4. Whereas the polar surface

MiN! (see Figure 5.4). Increasing
salinity makes the mice p f il asle 2 %he hydrophobic core, causing
solubilization in micelles | {45 e janced in the core. As a result,

: : . e
increasing salinity can cause 0%

g A

"I ratio to approach the excess phase
value (Uchiyama et 2L, 2086
\7

Surface region 'I
\A i‘

Palisade region m
Core region % ‘
RIRINTARRINYAS
.X:Z= a polar organic compound @ - a non-polar organic compound

Figure 5.4 Loci of polar and non-polar solubilizates in a micelle (adapted from
Tadros, 2005). (A) surfactant micelle, (B) solubilization region of polar organic
compound, (C) solubilization region of non-polar organic compound, (D)
solubilization region of mixture of non-polar and polar organic compound.
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A different situation was observed when two oils with similar polarity values
were solubilized. Zhao et al. (2007) studied the solubilization of trichloroethylene
(TCE, EACN = -3.8), PCE, and a TCE-PCE mixture (1:1, by volume). The
solubilization values of individual TCE and PCE by 1 wt.% sodium dodecyl benzene
sulfonate were about 43 mM and 14 mM, respectively, while TCE and PCE with the
TCE-PCE mixture were 19 mM and 13 mM (totaling 32 mM).

As can be seen from thags total solubilization values are greatly

' ‘ ..’/"zed. The amount of solubilization

increased in CONjUNCLION wm— 2ty 4 P(==smm-—PCE mixture, and individual

TCE. This finding heifs: 4 el solubilization mechanisms
observed in our study® . NSGE may solubilize in the same
micelle region, result«® ‘ i D™kation when they are mixed
>’) " behaves like a polar oil, not
- to the polar oil dodecanol,
which has been used in st 2l f W\ Ncosta et al., 2003;, Uchiyama et
al. 2000; Sabatini et al, Z0¢ g an-Ald&= == ti' o1 mixed polar and nonpolar oils

- -

f
(Graciaa et al., 1993; Szekeres , .

5.6 Conclusion

: :

Organometallic cgmpounds can be solublllzed |nt0 surfactant micelles. Their
solubilization molecular structure,
and the size oﬂeuﬁ?:m}ﬂm Hdlmll?:tlon behavior of DBT
was i ar m 3 aé e to that of a
I|pophﬁ Wﬂ‘agﬁﬁ Mﬁﬁ( ﬁﬂﬁ }Ei(hlbited Type |

to Type 11l microemulsion phase transitions, which are expected to provide the

highest solubilization due to the swelling of micelles close to the phase transition. The
solubilization behavior of the organometallic compounds maybe similar to that of
general organic compounds in that the location of the solubilization region depends on
the polarity of the chemical. The discussion here is based on the assumption that DBT
is a polar organic compound, and this general rule of thumb was used to describe the
solubilization trend. The increase in the aggregation number obtained from increasing
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salinity enhanced the solubilization of non-polar compounds in the core and decreased
the solubilization of polar organic compounds in the palisade layer region.
Understanding of the solubilization behavior of organometallic compounds is
crucial to the design of efficient surfactant enhanced remediation systems. The
similarity of the organometallic solubilization behavior observed in this research to
that of non-metallic organic oils, for which there is previous research on, indicates

that the well established soluld ncepts of non-metallic oils may be

applicable to organometall: M ’/) in soil treatment practices, the
sorption of organomet - - their degradation should be

studied, as they may h& - N iormation, solubilization, and

treatment efficiency.
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CHAPTER VI
COLUMN EXPERIMENT

This chapter was focusing on the results obtained from the column experiment
(3.2.4). Both oil surrogates (mixtures of DBT-decane and DBT-PCE) were used in the
) media. The surfactant solution applied in

. solubilization study (CHAPTER V)
% ‘%D.éﬁ wt.% C16DPDS with CaCl,.

ding were carried out. The

study. The Ottawa sand was used 2.y

the study was the same formss
which were the solution s
Single surfactant floogg

detailed results were &
6.1 Paper’s title and 2

The title of thi#in: Jtyltin dichloride mixture by

anionic surfactant soluti#: PR DI"Wibuted authors were Seelawut

. Y - -
Damrongsiri, Chantra Ton¢ & : .. oubatini.

6.2 Abstract and ke

s:'d‘

Surfactant enr ‘ 'ced remediation has been co Jered as a potential method

for the remo &T s, The preyious study show that
solubilizationﬁ ﬁ ﬁ%ﬁﬁgﬁﬂﬁﬂ ﬁoo the polar organic
compound. The column experimentwas carried gyt to observe g occurring during
s ARG TORENAARTERIA Qs row v
obtainedq |n th>e éxpér‘irﬁent ihdicated' byr tracrer> rstudyl Mixture of DBT-
perchloroetylene (DBT-PCE) and DBT-decane were applied as the contaminant.
Solubilization tendency of PCE and decane in every experiment were similar to the
general organic compound found in some literatures that governed by rate limited
mechanism. Solubilization of DBT was obstructed. The concentration of DBT was
just a slice of its solubilization capacity even most of DBT was still trapped in the

packed sand column. The gradient surfactant flooding could not drive the
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solubilization of DBT. The adsorption of DBT was suspected to be the cause of
problem. The result indicated that DBT may show the properties of both organic and
inorganic compound, it could be solubilized by solvent and surfactant and may also
able to be absorbed on sand.

Key words: organometallic compound; dibutyltin dichloride (DBT); surfactant;

column experiment; solubilizatiquaey

Organometalli€ o7 AR \__\ ds™containing bonds between
carbon and a metal) e e A AL Rig ) a,,ications. For example, they
— R stries, wood preservatives,
\ ip hulls. Tetraethyl lead and
tetramethyl lead, in part g ff 2 el N Nwith gasoline as an antiknock
agent. The spillage of the A gal Wetallic compounds during their
production, transport, and/or &=

o AT T .
contamination problams — A be study on TEL remediation in
1

aused severe soil and groundwater
laboratory was ; '..‘:"J 1s organolead including it
degradation products. 'I ‘he™s ' rganometal remediation by

surfactant should be awareness The experlments turn to start on lower risk compound

o 8 AN NI WD s o
e AN S TS ﬁﬁﬂe;;::;:izz

used as polyvmyl chloride (PVC) stabilizers, as catalysts, and in glass coating. About
18,000 tons per year of mono- and dialkyl-tin compounds, were sold in EU in 2002,
resulting in their extensive distribution in the environment (RPA, 2003). Organotins
have been shown to accumulate in the food chain and pose a potential risk to human
health (Cao et al., 2009). Organotin compounds are also found in landfill leachates.

Pinel-Raffaitin reports that up to nine organotin compounds (e.g., methyltin, ethyltin,
butyltin, and mixed methy-ethyltins) have been detected in landfill leachates at
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concentrations ranging from 0.01 mg tin/L to 6.5 mg tin/L, which totaled 1-38 wt.%

of the tin concentration in the landfill (Pinel-Raffaitin et al., 2008). Huang and

Matzner (2004) detected organotin compounds and metabolites in a forest soils

showing that the degradation rates of methyltin and butyltin are slow (with half-lives
from 0.5 years to 15 years).

Unlike other organic contaminants, bioremediation cannot sufficiently

efallic compounds since the resulting

ot %n at the contamination site. Thus,

the removal of OrganCoss M UN(==—————c subsurface is a preferable

eliminate the risks associated

approach. Surfactant e 3 . SCAR) is a promising method for
"u..ds and their metabolites in
soil and aquifers cce#an \ dnd other organic solvents
(Ouyang et al., 1996; ' ; . 4 N
: ; Aty - treatment aided from flow of
water. The surfactant so! gesizh _ %' %o and treat method via release
and solubilize the contarnit gt i a5 ic inCreases the treatment efficiency

SN
called surfactant enhanced aquite ‘ﬁ SEAR).

The mechanigms ag ace splubilization by the micelles

and the mobilizatio #% Jnsion. When surfactant is
added into mixture of | | aine omTJ accumulates at the oil/water

interface that lower tne |nterfaC|aI ten3|on between on/water interface, by greatly

;e;douoc)tlon of IF‘ ﬂ Ejppadﬂ ijljwm ﬂdj' 1996; Sabatini et al.,
(pennﬁw'smﬁmﬁ A o

cause of vertical migration, movement of contaminant to the deeper zone, of the
DNAPL that product the new and more complicate contamination problem.
Solubilization is an important property of surfactant which is the result from
partitioning of the contaminant into the oil like core of the micelle formed in the
water. A major practical important is the formation of products containing water-
insoluble ingredients which can replace the use of organic solvent. The capacity of
treating solution is enhanced by the solubilization mechanism which is partitioning of
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organic contaminant into micelles. Apparent aqueous solubility is enhanced, the
actual aqueous solubility unchanged, the increased solubility is the portion that is in
micelles (West and Harwell., 1992; Childs et al., 2006). Even the solubilization is
quite low recovery efficiency in comparison to mobilization, but it has low potential
to create the vertical migration. So, the solubilization is the preferable mechanism for
the SEAR.

Hun, 1979 establish the Cas¥ § tionship that is the relation between S?

is designed for increase o~ iie mobilization potential is also

increase t00. Due to tiTT i 4 1 S aelisin s the IFT; the mechanism
‘,t by shifting the salinity of
. atinuously and economically

i-tant over nonionic surfactant

of oil removal can b
the surfactant mixture

in the field which is ar

To prevent the mob gFati ‘ al’ -‘OUO) introduced gradient concept

that sequentially adjusts the '3 = -

T . .
”y" As.the idea, DNAPL will be

- —

removed by solub- g jaction first. The system

won which can prevent the vertical
migration and still xgai

performs by flushing nI CON St .";' from high IFT to minimize

iF |

the mobilization of trap.gt‘jnoiil then when tgg residual saturation decrease, the system
was shift to lggfeq IF{ ] ayt not too low IFT to
increase solubmamﬂgtnﬂﬂﬁzmﬁﬂngtion. Thus, lower IFT
and highe ilizatign ﬁj I Iushi 0 achieved with
minimﬁwﬁ:ﬁlﬁﬁ.ﬁaﬁ[ b ’ﬁiﬁg‘iaﬂ Eig-i é{ﬁ

9

The dibutyltin dichloride (DBT), an organotin compound, was an attractive
TEL surrogate option (Thongkorn et al., 2008) because it is a organometallic
compound which has less toxic and is thus much safer to work with and easier to
obtain than TEL. It was mixed with decane at the mole ratio of 0.038:0.962 to make
the resulted mixed oil has similar Equivalent Alkane Carbon Number (EACN) to TEL
(Thongkorn et al., 2008). The EACN of DBT-decane mixture is 7.2 while the EACN
of TEL is between 6.04 to 7.68 (Thongkorn et al., 2007 and 2008). However, mixture
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of DBT-decane is a light oil with the density of 0.748 g/mL). Thus, the DBT was
coupled with PCE at the same ratio, 0.038:0.962, in order to comparison, was used as
an mixture of organometallic compound which has high density similar to TEL
(Damrongsiri et al., 2010). The DBT-PCE mixture has the density of 1.587 g/mL with
EACN of 0.3. The solubilization of DBT and mixture of DBT as TEL surrogate were

carried out in previous study (Damrongsiri et al., 2010). It was indicated that DBT

4 with polar organic compound which

o émented surfactant solution. In this

study those 0il Was app s -0|(N e t0 simulate for treatment of a

was able to be solubilized in the s

contaminated aquifer.

6.4 Materials and

Analytical ~grace #OBT chi®d from Sigma-Aldrich Co.

f
Perchloroetylene (PCE) was

» ,t:'f 4 : .
decane was purchasad fram™ '{9’ BV gic suefactants consisted of C16

* Ajax Finechem. Analytical grade
diphenyloxide disu v 1<8390, and were supplied
by Dow Chemical CqJ | 500 e ;DHS) known as AMA was

purchased from Fluka C Analytlcal grade calcium cnlorlde was purchased from
LabScan. An m nd calcium chloride
(CaCl,, 100%%H ﬂd?:l]ﬂ wa I grade calcium nitrate

aﬁwﬁvﬁ&ﬁ ﬂ%’}j ﬂa@rﬁi ithout further

purlflcatlon The surfactant solution using in the experiment was the mixture of 3.6
wt.% SDHS and 0.4 wt.% C16DPDS. This surfactant system was applied in previous
work (Damrongsiri et al., 2010). The 20-30 mesh Ottawa sand (Fisher Scientific) was
applied as the soil media in the experiment. It was washed by DI water and dry before
packed into column.
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6.4.2 Methods
6.4.2.1 Column packing procedure

Column packing and residual oil preparation procedure was adapted from
Childs et al. and Acosta et al. (Childs et al., 2004; Acosta et al., 2003). The column
1) ing systems were prepared, the joints

3 é The pumping system (A) was
d

connected to the effluenmmm ndWater was pumped to displace

and pumping system is in Figura
and valves of the system

air in the pumping pipe i/ s5'aiained out until the surface of

\— " Influent

T

3 UEL;JT[I/‘V]‘E i

F.gurealmzmﬂfsfmummm Y

The 20-30 mesh Ottawa sand was washed by de-ionized water, dried, and

J— Vent pipe

A Lo

packed into column by wet packing technique to avoid the air bubbles retain in the
sand column. About 50 mL of water and 200 g of Ottawa sand were prepared in each
beaker and weighted with beaker. The water was gradually filled into column, where
the height of sand filled each time was about 2 cm. The water at surface level was
maintaining about 4 cm above the sand surface. The sand was stirred and packed
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every time after filled to dispel all air bubbles. When the sand was packed to reach the
height of 16 cm, the water was drained out, which was collected, until the surface of
water in column reach the top surface of sand. Then the remaining water was then
weighted again (with its beaker) to calculate the pore volume of packed column.

The pore volume (V) was the different weight of water in beaker before
(Ww1) and after packed the sand (W,y,) divided by the density of water (D) as show
in Equation 6.1. \ .

(6.1)

The sand was r 7 J e _ *u' L sand in the column. Then,
| (S%mping system (B) with flow
adapter was fitted to the i & ‘ & then flushed from the effluent
in up flow direction todis #F -~ \ rn and influent pipe line. Then,
when there was no air ir & e n sy e, the flow was stopped and the
pumping system at the effluen f-ﬂ
to use. Then, 10 pore voluma= 27 A

functioned as the %=

ow wne column was packed and ready
antaining 0.01 M Ca(NOs),, which

influent line at the pore

J Y

velocity of 2 cm/mi ':. ~

Residual saturm.on was established by replace & “e water in the column using
the head di ﬁ % y of oil. The up-flow
replacement \Aq[ﬁz, ﬂﬂm ﬁﬂ own -flow replacement
was aphed for LNAPL (DBT- -decafie mixture )‘tbt for LNAPL @@ need to invert the

W fla Gl dbly %ﬂt&lm&..wasf...ed o

the colu#m at the height of about 16 cm. Then, 10 pore volumes of synthetic ground

colum

water were injected at the pore velocity of 2 cm/min. (ten time of surfactant flushing)
to flush the free phase oil out.

The amount of entrapped oil was quantified, in the same manner of pore
volume, from a mass balance of the oil before and after the contamination procedure.

The volume of retained oil (Vi) can be calculated from the weight of oil with the
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container before (Woin) and after (Woi) saturation procedure and the oil density
(Dyir). (see Equation 6.2).

_ (\Noill W, 2) (6.2)

Voil
D

oil

The residual saturation was calculated as the volume of retained oil divide by

pore volume of the saturated arez . nrepared column was flooding with the
surfactant solution at the py N L //min (adopted from Childs et al.,
¢ COMM == e effluent and the treatment
efficiency. The pore v&itt o '_ Sscauon potential. Flow rate for the
column was calculatel™ 1" ## F sy, and the column diameter.
The effluent were cos®Cto g F Fic gt § \ \ "e0™ac, Pharmacia Biotech), 20

™ Wen the PCE or decane was

absent.

The tracer test and calculalii ==& " lahobzaoglous et al., 2003. Tracer
study was done to ;, ..*:“ column. The column
was packed in the T tm p i The tracer was bromide.

Theoretically, tracer |s mtroduced into the influent enu of the reactor with a pulse
injection but t ur flow was very low
and the efflueﬂl{ﬂ-‘ ? j‘[m mm H?';on we want to know
the ap w ﬁ gﬁacked column
until ﬁﬁe"iﬁ %ﬁi M w#' Wiﬁwﬁ n was packed
already, 10 mg/L of bromide solution was replaced the water reservoir and flow
continuously. The effluent was collect by fraction collector by every 10 min. Bromide
concentration was plotted versus pore volume to make a response curve. The curve is
in a form of cumulative curve so, it was calculated by reveres the method showing in

Tchobanoglous et al., (2003) to turn to normal distribution curve to compute the column

characteristic.



74

6.4.2.3 PCE and decane measurement

The solubilized PCE and decane was measured by gas chromatography
(Clarus 500, PerkinElmer) with FID detector connected with headspace auto sampler
(Turbomatrix 40, Perkin Elmer). Nirogen gas was used as carrier gas. The sample
volume of 100 pL was equilibrated by headspace auto sampler using the temperature

of 80 °C for 30 min before ;s #GC system. The column flow was

#- as 140 °C isotopic system.

DBT was measurgfod £ 47 \
. *,

)

Imie samples were digested by
microwave digester 4 - S “ = vy ; sured for tin by ICP-OES
‘ : AN ywas adapted from digestion
ST 2004), 500 pL of sample was
mixed with 9 mL 65 wt.% ani® mL of 35 wt.% nitric acid and
temperature program started wi : - q of temperature to 175 °C within 13
5 Itgghould be note that general

min and the holdin
By Jitation of tin.

digestion using onl 'y_‘.
] |

6.4.25 E)gt‘r&:tlon Y

AUEINUNINEINT

There w@e three steps. 1) After the surfactant flooding was stopped, sand was
then tr _ H AUt ﬁ’ by fill 100 mL
of surfa mmﬁmgmmwm toﬂract surfactant
solution soluble of remaining mixed oil, then separate the surfactant solution out and
wash with DI water, collect those surfactant solution and washing water, and adjusted
the volume to 250 mL by volume metric flask to measure the PCE or decane and
DBT. 2) Then fill 100 mL of 12.5 wt.% HCI solution in to bottle and shake for
another one day to extract the fraction that may solubilize in acid condition, then

separate the acid solution and wash with DI water, collect those solutions and adjust
the volume to 250 mL to measure for DBT (HCI concentration became 5 wt.%). 3)
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Finally dry the sand and weight 5 g of sand (triplicates) to perform the same DBT
digestion procedure with sample to extract the possibly adsorbed DBT in any forms

from sand.

6.4.2.6 Result analysis

The result was divided tg 4 < 1) mobilized fraction, 2) solubilized
fraction, 3) extracted by sui éicted by acid, and 5) extract from
easi"_‘he mass from fraction 1 and 2
was considered as treatcd ' . R ‘ L wu 5 were the amount of PCE,
decane and DBT Wi ¢ i N acii. The total mass was the
accumulation of tho«# £ treatment efficiency was

calculated as the treatc

s
6.5.1 Packed column piSe———
Lo KA

The propert.‘v ‘ ent were demonstrated in
Table 6.1. The same ! Cou Ne cking of column in order to

make every column were ‘most analogous The flow Was calculated base on the
desired pore ed column which the
calculated floﬂu &ﬁﬂﬂ ?I::m ﬁmjwns the actual flow used in
the ex m ﬁ (ﬁl f pore velocity
(pore ﬁ ’ﬁsﬁaﬁgﬁﬁ ﬂﬁﬁ mﬁﬁ tEI of 7912 min.
ReSIduaI saturation (Rs) is the amount of oil that remains in the sand pore in percent
unit (100% mean oil replace entire sand pore in column). The amount of surfactant

solution to be used in the flushing were normalized by calculated to pore volume unit
(PV) to exclude the effect of different pore volume size of each column.
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Table 6.1 The properties of packed columns in the experiment

Pore Porosity | Retention time Rs
Surfactant system / mixed oil Volume (min) (%)

(mL)
0.0 wt.% CaCl, / DBT-PCE 30.46 0.376 80 12.9
0.2 wt.% CaCl, / DBT-PCE 31.11 0.384 82 14.6
0.4 wt.% CaCl,/ DBT-PCE 29.60 0.365 78 17.7
0.4 wt.% CaCl, / DBT-decane R Y% 0.377 80 18.1
0.8 wt.% CaCl, / DBT-decane 3 79 22.2
Gradient CaCl,/ DBT-PCE 75 17.4

6.5.2 Tracer st.'=

The resident ti* wlated from the difference of

the time water flowed f: ssumn (68.1 min) and from the
reservoir out as effluent \ |Ie the retention time obtained
by the calculation fror#a\ 4 Nrand actual flow was 79 min.
These two values were # F e
volume and flow measur: 1e A¥:ording to Tchobanoglous et al

(2003) reported that a reactorZE28%/4 2 /4

g% hat the quantification of pore

gorsion index (MDI) of equal or less

than 2 can be con -;L— S ur packed column which
had MDI of 1.25 (se , S piug flow.

i¥

“”ﬁf'ﬁ“ﬁ"fﬁ”ﬁ’ﬁ%ﬂ N

Figures %’.2 and 6.3 show thegplots of the gglumn experimgpjs as solubilization
o QAR IVT O RATIRHAR Bt 7
surfactarft applied in the study with DBT-PCE mixture were 3.6 wt.% SDHS 0.4 wt.%
C16DPDS without CaCl, (Solution A), with 0.2% CaCl, (Solution B), and with 0.4
wt.% CaCl, (Solution C). For the column of DBT-decane mixture, the surfactant
solutions were 3.6 wt.% SDHS 0.4 wt.% C16DPDS with 0.4 wt.% CaCl, (Solution
C), and 0.8 wt.% CacCl; (Solution D),. The maximum value of Y axis is set to the
equilibrium solubilization for the expedient consideration.
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6.5.3.1 Mobilization

The DBT-PCE mixture was removed from the column via mobilization only
by the Solution C at around 75% while the DBT-decane mixture was mobilized by
Solution C and Solution D at around 40% and 50% respectively. Mobilized oil
fraction was observed before solubilization occurred. These results follow the general
' Jr et al., 1999; Sabatini et al., 2000;
between two different phases is

trend as reported by other stuclisd
Childs et al., 2004) indicaugs

to mobilization of a cSrwr . W . anu once micelles were formed

solubilization was the™® . \__\ Ur surfactant stream come with
low surfactant cone#or O£ £ £~ -' W with design surfactant

' as higher than its CMC, oil
e

ot decrease any more.

6.5.3.2 SOIU;

The maximug sokaglT =5 olumn experiments were 5,100,
11,000, and 20,00 7..‘:" ution A, Solution B and

Solution C, respectiv: 'I . ' ’n solubilization capacity of

PCE obtained from tne solublllzatlon study with the same surfactant solution as
shown in Ta W ation of PCE in the
column exper ﬂy\ﬂ P;Em ﬁmi 5% oﬁl Tnh?zllzatlon capacity. The
similar M i %mlxture. The
maxmﬁ:ﬁeﬁ ﬁdﬁﬁ ﬁ' ﬁj ﬁﬂ’! ﬁ Ei 00 and 4,300

mg/L for the surfactant systems of Solution C and Solution D, respectively, which
were only 50% and 70% of their solubilization capacity in batch experiment.
However, one can observe from Table 6.2 that DBT has much lower solubilization
than PCE and decane in the column experiment. This indicated that ratio of DBT and
PCE (or decane) in the trapped sand of the column have been changed once they were

solubilized in the surfactant solution (effluent from the columns).
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Figure 6.2 Effluent result of column experiment with DBT-PCE mixture by single
surfactant flooding, (a) 3.6 wt.% SDHS 0.4 wt.% C16DPDS without CaCl, (Solution
A), (b) 3.6 wt.% SDHS 0.4 wt.% C16DPDS with 0.2% CaCl, (Solution B), and (c)
3.6 wt.% SDHS 0.4 wt.% C16DPDS with 0.4 wt.% CaCl, (Solution C)
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Figure 6.3 Effluent /t=4 ¢ "= 1 -decane mixture by single

3.6 wt.% SDHS 0.4 wt.% C1#DPDS with 0.4 wt.% CaCl,

(Solutlon C), ﬁ @uﬁvﬁ nggn %ﬁwﬁﬂrﬁmf 8% CaCl, (Solution
ARANIATHURITNY VY s

fraction %f the solubilization capacity. Since the solubilization is the rate limited

surfactant flooding, (:

mechanism, the shorter contact time in the column experiment may be the possibly
cause that lower solubilization (Pennell et al., 1994; Taylor et al., 2001). The retention
times in every column were similar, however, higher percentage of solubilization
capacity was observed in the system with higher salinity. Thus the different
percentage of solubilization capacity was respond to the shorter equilibrium time of
system located close to middle phase (higher salinity) (Dwarakanath et al., 1999).
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Table 6.2 Solubilization of contaminant in solubilization study (Damrongsiri et al.,
2010)

Solubilization capacity

Surfactant system / mixture oil mg/L

PCE DBT
22,000 1,600
34,000 1,800

ZI 44:000

O wt.% Ca/DBT-PCE
0.2 wt% Ca/DBT-2hk

0.4 wt.% Ca/ DE 2,100
DBT
0.4 wt.% Ca /g 1,860
1,680

0.8 wt.% Ca /g

The PCE (af \ effluent was dramatically

increased within the fi#

of o “" ) flushing until reach plateau
and then declined gradi ' n"8ee Figures 6.2 and 6.3). The
volume of surfactant solut# ie We entire PCE in the column was
different depending on solubiZ7ss ‘;_

& such surfactant system and initial
residual PCE. In ciz4
first 5 PV with verg v

sixth PV of surfactz ;‘! flushing, oot Vvas tound $1ost none in the effluent.

.Jvas removed only in the

£ ._' and decane and after the

However, it did not meafi gamplete removaloccur. So, it can be expected that DBT

it o] S &1 VI VFY WEIMTH sncain

packed column needed to be ungerstood. So, the further exg;rlment had been
C°“d“®m°ﬂ~?fﬁﬁﬂie&m@€m By eson

6.5.4 Gradient surfactant system

From the problem of DBT limited solubilization, this gradient was proposed to
improve the DBT solubilization. The salinity and pore volume of each shifting step
was estimated from previous single flushing experimental result. The gradient system
was ideal to first remove the residual oil which most readily fraction to be mobilized
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using not too low IFT resulting by a surfactant system and following by the more
robust system sequentially (Sabatini et al., 2000; Childs et al., 2004). One pore
volume of water was flow through the column before follow by surfactant solution.
The surfactant solution used in this gradient study was the 3.6 wt.% SDHS and 0.4
wt.% C16DPDS with different CaCl, concentration. Initial residual oil was 20%. The

effluent results were plotted as in Figure 6.4.

400 - 2,000

350 40,000 1,800
2 30| < 35,000 1,6002;
> 250 - E 30,000 g £
3 W 25,000 i
E 200 - & 0,000 1,000
= 150 8 - 800 A
= N 15,000 -
2 100 3§ o0 B
b3 3 10,000 a0 g

30 5,000 200 3

25

The flushing-yas 9 ikl ™ ystam without CaCl, follow by
4.5 PV of surfactan‘ ;urfactant system with 0.4
wt.% CaCl,), and surf I tarives . i until finished the flooding.

The mobilization was no}observed for the flrst gradlent of 4 PV of surfactant solution
without CaCl \ﬁ?blllzed (15% of total
trapped oil) oﬂ(ﬂ Xt pomzxithant sm with'increasing salinities to

%y [8SP W ﬁf result seemed
dlffereq mﬁﬁﬁﬂﬁmﬂ ﬁ‘:\j ﬂpi ﬂn of 3.6 wt.%

SDHS, 0 4 wt.% C16DPDS and 0.2 wt.% CaCl, that mobilized fraction just in the
negligible amount. The explanation is that the surfactant with 0.2 wt.% CaCl, was
flow into the column when the remaining Rs was about 15.7%, while in single
flushing experiment with the same salt has the Rs only 12%.

The mobilization occurred during the salinity of surfactant was changed
indicating that too much residual oil still remain when the shifted the salinity that thus
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induce the mobilization by the lower IFT. This could be prevented by increase the
pore volume of each salinity used to additional reducing of Rs.

Solubilization of PCE increased with increasing salinity sequentially before
fall down when have no more residual oil remain. At 25 PV, completely removal was
observed for PCE (15% by mobilization and 85% by solubilization). About 40% of
DBT was removed (60% remain) that 15% by mobilization and 25% by

By the colume®ox . £ £ L cip | Natare®ent flooding, percentage of
. S h&®lubilization of The highest
e experiment with DBT-PCE

mixture which just about PR %\ solubilization capacity. Due to
the totally difference for tr & N PUR and decane, it indicated that the
limitation of contact time and“Ss— ay not be a parameter to govern this

G A

phenomena. The adsgrptig a/as suspected to be the cause of

this problem. 1 ;::7 Y
At the end of 1 1Cl ®C anll decane was removed out,

while a fraction of DB ¥v‘a=s.still remaining in the colu. For system without CaCl,,
almost PCE wygstr ] oyt i \ayas still remained, even
the percent reﬂﬁﬂﬁﬂhﬂcx]j ﬂﬁmﬁi this due to the large
volume.o t soluti ﬁ\ a _cql 5 periment with
surfac@(ﬁ?jﬁh\i.ﬂﬁ) 'Iﬁﬁﬁs Wp]yﬁi t 20 PV while
80% oquBT was still remained. For system with 0.4 wt.% CaCl, which the
mobilization occurred, 70% of residual oil was unstrapped out off the column by
mobilization. PCE removal was done at only 8 PV and 80% of DBT was removed,
but in those DBT removal, 70% of them was removed via mobilization thus only 10%

of DBT was solubilized. This result showing that we could not remove DBT by
solubilization efficiently. In the decane experiments, 55% and 75% of DBT was
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removed at the end of the study by surfactant system with 0.4 and 0.8 wt.% CaCl,,

respectively, however, 40% and 50% of that resulted from mobilization.
6.5.6 Extraction result

In order to prove if DBT (or its metabolite) was adsorbed on sand in the

packed column the extraction s ' J to determine the amount of remaining

solution. The solubilizS8F " e ¥ s var less than the solubilization
capacity ( 37 mg tin/L® o L \__\ iav DBT could not be desorbed
from sand by surfa« 71T\ \ \ W DBT was seemed to be
extracted in the secon gfie 4 & F - ' drochloric acid. The forms

pwn. However, the remaining
tin on sand may be in the g f 2 el N2 %oe degraded to some metabolite
or even in inorganic form gvhi ‘ ad. Wbed on sand. Most of DBT was

W e ; .
extracted from sand in this secCes—— " extracted from third step was absent

. - g1l
or in a negligible amgun — BTN
1

6.6 Conclusion '-pl
W

The s G Zpg ‘o i filrent was related to the
value derivedﬁnj‘g)ﬂiﬁ;agfr ﬂpmmtﬂ::]ni;:lained by rate limited
mechapi ethele _ mi atiqn.o Iﬁ n riment was very
low anﬁqw’ﬁsljﬁ ﬁﬁrﬁo tﬂiﬁcﬁs ﬂvﬂﬁﬁﬂe contact time

and contact area was not only limited mechanism for solubilization of DBT.
Completely removal of PCE and decane could be achieved reasonable but did not for
DBT which the maximum solubilization in column experiments were not more than
4% of their solubilization capacity. The gradient approach which shift the surfactant
system to high salinity was found unable to induce the higher the solubilization of

DBT in column effluent. The result indicated that the surfactant flushing either single
solution or gradient approach are not appropriate procedures for DBT removal in
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contaminated soil. However, the finding from this study indicates clearly that
mobilization was a key mechanism to remove DBT; however, the vertical migration
has to be concern.

As we have known that the components in the solubilization study and the
column study were different due to there was no solid phase (sand) in the
solubilization study. So the sorption of DBT on the sand packed in the column can be

expected to be occurred since it ¢ ic moiety part. As a consequence, the

sorption behavior of DBT si .minate this problem.

AuEINENINEINS
ARIAINTANMINGAE



CHAPTER VII
EFFECT OF pH ON DBT REMOVAL

From CHAPTER VI, we found that the DBT could be removed from packed
sand column. An altering form of DBT and surface charge of packed media has a
potential to minimize the adsorptt

), Thus, the experiments were carried out

again including the phase stucss 'ion study (3.2.3), and column study

(3.2.4) to investigate the ¢ — .'"' ._ .__ﬂlit solution on the DBT removal.
Both Ottawa sand and tudy. A manuscript has been
written based on thi N, ™lts were presented in the
APPENDIX D \

The title of thi i ‘ fect DH on removal of dibutyltin
dichloride by anionic sur;,.ct' cChitributed authors were Seelawut
Damrongsiri, Chantra Tonggiuse44 .e Sabatini.

i
7.2 Abstract and kt . £

it
1‘

The pr gj Itin dichloride (DBT)
in the anionlc?iu ﬁ% ﬁj‘iﬁgﬁﬂ:ﬁ(ﬁ] ﬁr organic compound.
However, the so ublllzatlon of DB¥ from packegysand column ygs impeded due to
the adewq asﬂ/ﬂ ﬁw Mwao’rgcﬁrﬂ ofr](a\eﬁlagatlve surface
charge o’ éand. 'i'he }adjiJs‘trﬁent of‘pH to alter the forrm>orf DBT and surface charge of
sand to minimize the problem was then studied. The result showed that the adsorption
of DBT could be prevented when the pH of system was adjusted to 1, where DBT
remained the cationic form and the surface charge of sand became positive. The pH 4
where DBT was in cationic form and pH 9 where DBT possessed a neutral form were
studied. It was found that the adsorption of DBT was still significant at both pHs.
However, too low pH will affect the properties of an aquifer and the living organism
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in that soil. Thus, the pH adjustment was not suit to be used to lessen the adsorption
of DBT onto the negatively surface charge, such as sand and silicon oxide, in order to
promote the removal of DBT from contaminated aquifer by solubilization. On the
other hand, another mechanism — mobilization may need to be considered.

Key words: organometallic compound; dibutyltin dichloride; surfactant; pH;

adsorption; solubilization

7.3 Introduction

Organometalli® AR ARG containing bonds between
carbon and metal) hae® el £ 4 L na N\ Sota®cations, for example, being
—. }/v | preservatives, agricultural
- | lead (TEL) and tetramethyl
lead, in particular, have # JFad f "N %ne as an anti-knock agent. A
spillage of these highly t: ) pounds during their production,
transport, and/or blending has
problems (USEPA 1992 7 VA

concerned regardi #¥ Jproducts. However, the

soil and groundwater contamination
amegdiation in laboratory was
fundamental knowled | O ey =0 ] Tl urfactant solution should be

carried out. The experlmental procedure then started W|th organometal compound

wsomg g8 nﬂmmm D% s s
e AR Al ST éifzi?;o;::;:'zzz

used as polyvmyl chloride (PVC) stabilizers, as catalysts, and used in glass coating.
About 18,000 tons per year of mono- and dialkyl-tin compounds, were sold in EU in
2002, resulting in their extensive distribution in the environment (RPA, 2003).
Organotins have been shown to accumulate in the food chain and pose a potential risk
to human health (Cao et al., 2009). Organotin compounds are also found in landfill

leachates. Pinel-Raffaitin and his group reports that up to nine organotin compounds
(e.g., methyltin, ethyltin, butyltin, and mixed methy-ethyltins) have been detected in
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landfill leachates at concentrations ranging from 0.01 mg tin/L to 6.5 mg tin/L, which
was accounted as 1-38 wt.% of the tin concentration in the landfill (Pinel-Raffaitin et
al., 2008). Huang and Matzner (2004) detected the organotin compounds and their
metabolites in a forest soils showing that the degradation rates of methyltin and
butyltin are slow with half-lives from 0.5 to 15 years.

Unlike other organic contaminants, bioremediation cannot sufficiently

eliminate the risks associated v efallic compounds since the resulting

approach. Surfactant e . StAR) is a promising method for
increasing the solubi®Zar: it u..ds and their metabolites in

soil and aquifers con'«#ir 4 Y \ ._r organic solvents (Ouyang

Atreatment aided from the flow
of water. The modified p: S I N Nactant solution called surfactant

enhanced aquifer remeaial = LS8 e R0 be more effective, where the
. . . ! ifabdsis < 12
contaminant is solubilized and I"&

LM T A )
PR are snlibilization of contaminant

-—_—

by the surfactant jy-_ gy minant by the very low

surfactant solution.

The mechanigms a4

aqged into a mixture of oil and
iF |

water, surfactant mon?(l accumulates %.ti the oil/water interface that lower the
interfacial teng el QLR f eduction of IFT, the
trapped oil |srﬂ:ngjzgomm gﬂ!\ﬂﬂﬂﬁs vastly effective than
solubiljzatio, far gil remaya ufﬁ ( aa 1 . 1999%hiau et al., 2000).
Howe\g: ﬁf:iia ﬁ’:ﬁtﬁw Nﬁi‘lr mzlaﬁnaglt of DNAPL

contaminant to the deeper zone that generates a new and more complicate

oil/water interfacial t‘ Tl

contamination problem. Solubilization is an important property of surfactant which is
a result of contaminant’s partitioning into the oil-like core of the surfactant micelles
formed in the water. Therefore, the water-insoluble ingredients can be soluble in
aqueous phase without the use of the organic solvent. Although the solubilization

possesses quite low recovery efficiency in comparison to mobilization, it has low
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potential to create the vertical migration thus make it become the preferable
mechanism for DNAPL treatment by SEAR.

The dibutyltin dichloride (DBT), an organotin compound, was selected to be
studied here because it has properties similar to that of TEL. It has a lower toxicity
than TEL and is available in the market with lower cost resulted in an attraction to be
used as the TEL surrogate (Thongkorn et al., 2008). It was mixed with decane at the
molar ratio of 0.038:0.962 to mal

ixed oil having similar properties to
LY /:ilar Equivalent Alkane Carbon

: ) —_—

the same ratio, 0.038y Ay Ornparison (being organometallic

compound with simil&™ue 4# L L al., 2010). The solubilization

of DBT in surfactant«®5i1 48 4 F o -5 iat ‘ kious study (Damrongsiri et
— onllubilized at the outer part of

%wind. The remediation of the

mixed decane; was conauc g i ‘ fuQ’ ' The result revealed that PCE and
decane were removed in the T — like several organic oils while the
removal of DBT was ' DRT was extremely limited,
which the  solubilfiz $Zind only 1-4% of the
“ac(gioncentration level. Most of

Jﬁ

DBT still remained in th‘§: column while the solubilizea decane and PCE were about
30-50% of the ?ﬁﬁm? ﬂmmjon rate (Pennell et al.,
1994; Dwarabﬂ(ﬂﬁl co used to explain the
solubilj rw ﬁ ﬁ of DBT onto
medla ﬁg":alz ﬁﬁﬁx ;Iﬁ’ﬁ ﬁ(ﬁjbﬁ Ef

The sorption of DBT in clay-rich sediments was studied by Hoch et al. (2003)

solubilization capacm .I tpr

as a function of pH (4-8) in a wide salinity range. The total organic carbon (TOC) of
these sediments was low. The maximum sorption was found at zero salinity and pH 6.
The sorption trend could be expected as showed in Figure 7.1 that the sorption was
reduced when pH deviates from pH 6. The mechanism of sorption was discussed by
extrapolated from some sorption studies of tributyltin (TBT) and monobutyltin
(MBT). DBT was anticipated to have the pH dependent dissociation reaction in the
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same manner as TBT and MBT. When pH is higher than its pk,, DBT was expected to
be in a neutral form as DBT-OH, and at pH lower than its pk; being in a cationic form
as DBT-OH" or DBT%". The driving force of DBT sorption occurring between pH 4-7
was an electrostatic interaction between anionic clay surface and cationic form of
DBT.

High

negative charge potential of sediment

cationic potential of DBT
adsorption potential

Low

of sediment

Figure 7.1 Sorption as grfunction of pH (rebuild

from Hoch et al., 2 ‘ ;r

'I! [ A1
i i

The pH affected p both surface pro&srtles of media and aquatic chemistry of

DBT. The Pzﬂougﬂwq tﬂﬁﬂeﬂe@ﬂ\ﬂ"(ﬂ ﬁ'The pk. of DBT was

expected to beqgbout 7 (Hoch et aI 2003). Thus, the negative surface charge of

QY 01Tl 16010 (1915 M

form, while the negative surface charge of clay deceases. In the contrary, when the pH
increases, the negative surface charge of clay increases while DBT become neutral
form. Thus, either way the adsorption reduced.

The hypothesis was raised that the pH adjustment may improve the efficiency
of DBT solubilization by surfactant in the column experiment. If we adjust the system
to lower the pH, DBT will be in a cationic form and the negative surface charge of

sand will also decrease. The electrostatic force will reduce thus the sorption will be
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declined and the solubilization of tin in inorganic form will be. In the contrary at
higher pH, DBT will be in a neutral form that may hinder the sorption and enhance

solubilization of neutral form DBT into surfactant micelles.

7.4 Materials and methods

7.4.1 Material

(PCE) was purchasec#®ur, 42 AR msurfactant consisted of C16
diphenyloxide disulfc - “: name of Dowfax8390 was

ONoate (SDHS) known as AMA
chloride and sodium chloride

were purchased from Lal 0 (HCI) and sodium hydroxide
(NaOH) were purchased from™ = wd used to adjust the pH. Nitric acid

LA
(HNO3) purchased from

All chemicals in th|'

wApPkied in digestion procedure.
.J further purification.

The surfactant ! 11 wiengii/as the mixture of 3.6 wt.%
SDHS and 0.4 wt.% x,l‘6DPDS which Was the same system used in the previous

work (Damro

The Dﬁkﬂlmm ﬂng w(ﬂﬂ)@ j/as used to investigate
the sol ?ﬁl a ﬁjl et al. (2010).
DBT- ﬁ ﬁvﬁﬁﬁﬁﬁ rﬁﬂﬁg %’l&fﬁf r properties to
TEL |nclud|ng being an organometallic compound and having a similar EACN. The

DBT-PCE mixture at the same molar ratio was also applied to represent the

organometallic mixture which has similar density to TEL.
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7.4.1.2 Ottawa sand and aquifer soil

The Ottawa sand supplied from Fisher Scientific at 20-30 mesh was applied as
the soil media in the experiment. It was washed by DI water and dried prior to
packing in the column. The aquifer soil was obtained from a site of department of
groundwater resources at Rayong Province, Thailand. It was washed by a tap water

until the washing water was clax ng for precipitation for 5 minutes and

- v #0 °C in the oven and sieved to 20-
30 mesh similar to Ottavi — b the‘éze effect in comparative study.
The organic matter was v N — ordlizer-environment scientific
development project;™ i~ g# A\ NN\ sowcitial of Ottawa sand was
measured by electro# ‘ \

investigate the PZC. F,

®n 3.0" (zeta-meter Inc.) to
"Nho e PZCs of Ottawa sand and

sieved aquifer soil we ' o % W% PZC of Ottawa sand from

To adjust the srfactant solution to aC|d|c condmon the HCI was selected to
be used in thi After the acidic pH
was adjusted \ﬂﬁ ﬁf ?watlmp?vﬁ mn It 3 days and tested if
the pH,til %ﬂ ﬁ: sﬁ€ ution for basic
condltﬂ ﬁ:‘ﬁﬁﬁﬁ pﬁaﬁ}i ﬁﬂd}l El) the solution,
which WI|| decrease the pH after the solution was left for a while (surfactant itself also
affects the pH). Thus, certain amount of NaOH was added to adjust the pH of
surfactant solution to have an equilibrium pH at pH 9 in the present of carbon dioxide.

As the result, 20 mM of NaOH was added and the pH 9 was obtained after three day
and maintained at pH 9+0.2 at least another 3 days.
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7.4.2.2 PCE and decane measurement

The solubilized PCE and decane were measured by gas chromatography
(Clarus 500, PerkinElmer) with FID detector connected with headspace auto sampler
(Turbomatrix 40, Perkin Elmer). Nitrogen gas was used as a carrier gas. The sample

volume of 100 uL was equilibrated in the chamber of headspace auto sampler using at

80 °C for 30 min before injected 1% J . The column flow was controlled at

constant pressure at 6 psi. T4 R W'/ , kept constant at 140 °C.

DBT was mewie g 4 4 fir = \ 5, 2 samples were digested by
; 7 \ 2"\ was measured by ICP-OES
system (Vista-MPX, ‘V e . “ % Neie was adapted from method
described by Hargreaves g JF g st o “Wwhere 500 pL of sample was
mixed with 9 mL HCI (€ §Fo ‘ F %Dz (37%). The temperature was

programmed to reach 175 °C wits and hold there for 10 minutes.

g A

7405 — ol

it
1‘

The phase study \yas observed by mlxmg 0.5 mL of surfactant solution and 0.5
mL of DBT- and equilibrated for 2
days at contrﬁjx< ﬁ‘; trﬂ mmmq?ﬁjdltion applied in the
prellm ‘Dﬂ ﬁi t in the same
manner. ﬁ\/ﬁsﬁt}ﬁ ﬁ%‘m ﬁaﬁjﬁ/ma\m:i ﬂl

The solubilization study was carried out in 50 mL separatory funnel. The 25
mL of surfactant solution of which pH was already adjusted, at each salinity was
inserted into the funnel followed by 2 mL of mixed oil. The solution was shaken
gently until it well mixed prior to settling by nature. The equilibrium was reached
within 2 days. Then, the separated phase of surfactant solution was taken out to

measure for the concentration of PCE, decane and DBT (as total tin).
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7.4.2.5 Column packing procedure and experiment

Column packing and residual oil preparation procedures were adapted from
Childs et al. (2004) and Acosta et al. (2003). The column and pumping system were
shown in Figure 7.2. Two pumping systems were prepared. The joints and valves of
the flowing system were made from stainless steel. The pumping system (A) was

‘hen the water was pumped to displace

é' was drained out until the surface

connected to the effluent end of

the air in the pumping pipe %

The Ottawa SariG v . ‘ o vy the wet packing technique to
avoid the air bubbles Tt~ o <4 \\ u( 50 mL of water and 200 g

of Ottawa sand wer AN aIiveighted the whole beaker.
_ : \ n in an alternate fashion,
where the height of san 4 v 7 It "f'x- . The water at surface level

e ' e sand was packed and stirred

Influent

%

Vent pipe W adanter

B
Piston pﬁ!’ﬁvﬂﬁw Eﬂ ' |
AMIANN TR

Effluent —

Figure 7.2 Experimental setup for column experiments.

When the sand was packed to reach the height of 16 cm, the water was drained
out and collected, until the surface of water in the column reach the top surface of
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sand. Then the collected water was then weighted again together with its beaker to
quantify the pore volume of packed column. The same procedure was also applied to
the column packed with aquifer soil. The pore volume (V) was the different weight
of water in beaker before (W) and after packed the sand (W) divided by the

density of water (D) as shown in Equation 7.1.

(7.1)

The sand was mass of sand packed in the

column. When the sce® wfluent pumping system (B)

with flow adapter wi##it 4 4 = N IlEhe water was then flushed
from the effluent in upgfw ' _ - - : ‘\ top of column and influent
pipe line. When there v [ , }l\\ e flow was stopped and the
pumping system at the'ef g JF s _ )i s point, the column was packed

! gussed water containing 0.01 M
Ca(NOg3),, which was funcuon
the influent line at the pore -&*‘ - -*‘

The conditi&s=

'C groundwater, was pumped through

;‘ by replacing the water in

the column by DB| - T ¥ ierent technique in upflow

direction. The oil mix® e was filled to the column at thé%eight of about 16 cm. Then,
10 pore volu uﬂhﬁw ﬂﬁfﬁ gs[znayj\e pore velocity of 2
cm/min, Whlcﬁ gﬁl lush the free phase oil
out

 ARAAIASUUNAAZNGVR B ot o

vqume,?rom a mass balance of the oil before and after the contamination procedure.
The volume of retained oil (V) can be calculated from the weight of oil within the
container before (W,ii1) and after (W,i2) saturation procedure and the oil density (Doir)
(see Equation 7.2).

vV _ (VVOill _Woil 2) (7.2)

oil D

oil



95

The residual saturation was calculated as the volume of retained oil divide by
pore volume of the saturated area. Then, this prepared column was flowed by 1 PV of
DI water followed by surfactant solution flushing at the pore velocity of 0.2 cm/min
(adopted from Childs et al., 2004) to observe the solubilized contaminant in the
effluent. The removal efficiency of contaminant by the surfactant solution can be

evaluated. The pore velocity relates to the mobilization potential. Flow rate of

solution fed into the column wa

column. The effluents wersp WL/ é‘ﬂ collector (RediFrac, Pharmacia
- w— SULK ¢cte'-—‘—_; was stopped when the PCE or

= velocity, porosity, and the diameter of

decane was absent in T L u il fraction was removed and

measured by its weigiTt | g n B oy measure for the solubilization

' \\ "

eli%ent at pH 1, 7, 9 using

The experiment in par o investigate if pH affects the DBT

sorption. The desired.n

L.

L ingarder to change the surface
charge of the Otta
(Railsback, 2006) Wi * e
solution was composmg‘of 3.6 wt.% SDHS 0.4 wt.% L16DPDS and used CacCl; as

RN L IFN 1031 (V21 A
IS i I o VY

sand was applled in this experiment.

.n‘:ld' silica oxide is around 2
mas at pH 9. The surfactant

7.4.2.7 Detailed Method part 2: experiment at pH 4, 7, 9 using
NaCl as electrolyte

The experiment in part 2 was aimed to adjust the surfactant to more
applicable. The same surfactant was used while NaCl was applied rather than CaCl, to
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avoid the precipitation at basic pH. The pHs in the experiments were 4, 7, and 9. Only
DBT-PCE mixture was applied in this part. The phase study and solubilization study
were carried out in the same manner as the first part. Both Ottawa sand and sieved

aquifer soil were used in the column experiment.

7.4.2.8 Extraction

When the experimug &2 extraction was carried out to
S il ;he'éwere were three steps; 1) After
| uansferred into 250 mL glass
bottle with cap. The eXti>g# | \ SOl il of surfactant solution into
the bottle and shaking#®r A4 Lae/ o\ \ 5/ in™8 mixed oil, which is soluble
T ' Sithdrawn and the sand was
N/osing water were collected and
adjusted the volume to 27 f [ 2dGr - "%k to measure the concentration
of PCE and DBT. 2) A 10 ‘ C Jolution was filled in a bottle and

shaken for one day to extrale
A

ant fraction that is soluble in acid
condition. The acid.CIu ig and in bottle was washed by DI
water. Those solu1 §% Jlume to 250 mL prior to
measuring for the DBT; | 200 eratiJgl became 5 wt.%). 3) Finally

the sand was dried and 5 g of sand Wlth three repllcates were subjected to the

ZLiiTL'.Z”DTﬁHH’J Tlﬂﬂjﬂﬁ LLEr A
q W’lﬁﬂeﬂtﬁus&lﬁﬂ NYNa Y

The samples were divided to five fractions: 1) mobilized fraction, 2)
solubilized fraction, 3) extracted by surfactant solution, 4) extracted by acid, and 5)
extract from sand. The mass of contaminant derived from fraction 1 and 2 were
considered as treated fraction, while ones from fraction 3, 4, and 5 were the amount of

remaining contaminant after treatment. The total mass was the accumulation of those
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five fractions. The percentage of treatment efficiency was calculated as the treated

fraction divided by total mass.
7.5 Results and discussion

7.5.1 Packed column properties |

L, éxperiment were demonstrated in

Table 7.1. The same pre = Lire ===m———med to ensure the consistency
of columns’ property. . B L ict T based on the constant pore
velocity of 0.2 cm/mifif B\ urosity of the packed column

resulting in s slightly \ ae™ packed column. Therefore,

the actual flow rate ; _ — AR 50.38 mL/min. The retention

time, thus, was differen’ \ “‘x le 7.1). All experiments with

Ottawa sand have simile # periments with sieved aquifer

soil has 20 min longer ret: ﬁr, al S fration (Rs) is the amount of oil
that remains in the sand pore ¥ —_— 100% means oil replaced entire sand
Lo KA

pore in column). The am men tobe used for flushing was

A
volume size of each ¢ T e
W

normalized in term} .J e effect of different pore

i

ﬁuﬁﬁﬂ HYTTNR ARG = oeoroe
o TR AL AT AR

were excluded because the precipitation of CaCl, was occurred. The pH of surfactant
solution without adjustment was about 7+0.04. It was found that the boundary of
Winsor type /11l at pH1 was shifted to 0.2 wt.% CaCl, as compared to 0.4 wt.%

CaCl, at pH 7. This might be the effect of high ionic strength in the aqueous solution
similar to the effect of electrolyte addition.
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Table 7.1 Properties of packed columns.

Column Pore Volume Porosity Retention time Rs
(mL) (min) (%)

Part 1

20-30 mesh Ottawa sand with surfactant solution of
3.6 wt.% SDHS 0.4 wt.% C16DPDS without electrolyte

pH 7 30.5 0.38 80 13.8
pH 1 30.7 1 0.38 81 15.5
20-30 mesh C& v urfactant solution of
3.6 Wt.% SDhngy , vith 0.2 wt.% CaCl,
pH 7 , 78 17.2
pH 1 80 18.4
20-30 Mg & N _aiant solution of
3.6 Wt ST 8 ot AR . wt.% NaCI
pH 4 = 15.5
pH 7 77 18.7
pH 9 | | : 81 11.3
20-30 m, T \ -"- nt solution of
3.6 wt.% > 0. 4005 CSSBDPI Y aid 1 wt.% NaCl
pH 4 s fxﬂﬁ doa 2k 99 9.8
pH 9 O : i 102 9.8

Z Y
R ratio and the 'I 10IcCs mel &fil Schechter, 1998) is a good

approach to describe hydéophIhCIty and I|p0ph|I|C|ty of tne surfactant system. It is the

e R UT N IR e

Equation 7.3.

(7.3)

where Aco is the interaction between the surfactant and the oil, Acw is the interaction
between the surfactant and the aqueous phase, A and Any are self-interaction
between their lipophilic tail and between their hydrophilic head of the surfactant,
respectively. The parameters Aww and Aoo are self-interaction in the water phase and
oil phase, respectively. The numerator of the equation represents the net interaction of
the lipophilic portion of the surfactant at the interface, while the denominator
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represents the hydrophilic part of the interface. Bourrel and Schechter also indicated
that the optimum formulation corresponds to R values equal to 1, or when the
interactions of the lipophilic and hydrophilic regions are in balance. For R<<1, the
interface becomes more hydrophilic, and a micellar solution or O/W microemulsions
exists. High ionic strength reduces the repulsion between ionic head group of
surfactant that promote the interaction among those surfactant head group (An,) and

possibly the activity between siiran ater (Acw) resulting in the increase of R

value (Rosen, 2004). Howe s v
The solubilized Comm ast D»d‘-‘_"}ntified using two oil mixtures:

DBT-decane and DBT® v ~ - nount of solubilized decane and

PCE in systems at pH*™< - g® AR 501 OBT was observed to be pH
dependent for the s ' : » ‘\ ®bilized DBT at pH 1 was
lower. The acidic env’ g# Neprs »"'\\' to these surfactants as their
head group was sulfate gfe o o A\ .\\ studies on a surfactant which

The column experi; sut “Wng the surfactant solution of 3.6
wt.% SDHS 0.4 wt.% C16DP l‘ﬁ #, and with 0.2 wt.% CaCl; in order to

(b A

compare the result with prs RRT-PCE mixture was selected to

be used as the cont\ olumns were comparable.
;
The concentrations oF I

shown in Figure 7.4 an‘Z 5. About 55% and 75% of treated oil were mobilized at pH
1 by the systeﬂ\uﬂci: rq ?Nmﬁ?' tively. Large amount
of mobilized T of an at pH 7. The lower
IFT m ﬁi ? ﬁ! between ionic
surfacn ﬁﬁlﬁ ﬁﬂ% mli % Ej:ljt Eio the interface

(Rosen, 2004)

Tihe effluent were plotted as
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.4 wt.% C16DPDS using

Figure 7.3 Batch sqithiki
iX' J and (b) DBT-decane

CaCl; as electrolyted 2

mixture. |

¥

o) R VTR

agreed well witllresults observed b\‘l, other studies (Pennell et al., 394; Dwarakanath
=

et al., ﬁ@ﬁf@ﬁﬂ?m HW@I}?W the surfactant
solution gvas entered the column, solubilization inCreased Sharply then remained there

at plateau region until most of the trapped organic was depleted from column. The
solubilization then decreased gradually until zero. The solubilization observed in this
study could be described by the rate limited solubilization (Pennell et al., 1994;
Dwarakanath et al., 1999; Taylor, 2001). The DBT solubilization of DBT at pH 7 was
found to be quite low although most of DBT still presented in the column, which
complied will with result found from previous study. Surprisingly, the trend of DBT

solubilization at pH 1 was similar to general oil. This was better than expected.
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Table 7.2 Solubilization study and plateau value from column experiment.

Surfactant Solubilization Column (at plateau)
with capacity
mg/L mg/L % of capacity
wt.% CaCl, PCE \ DBT (as tin) PCE \ DBT (as tin) PCE \ DBT (as tin)
pH 7
Without CaCl, 22,000 1,600 5,100 np* 23 -
0.2wt.% CaCl, | 34,000 ‘ np 32 -
Without CaCl, 850 80 53
0.2 wt.% CaCl, 760 59 42
* np mean plateau regiory,
1,600
20,000 - e PCE - 1,400 &
% ~-#-—DBTastin | 1,200 ‘i
£ 15,000 - £
ui - 1,000 2
O
a g0 &
® 10,000 - o
= r Le00 8
3 F = 3
8 5,000 - Mgt ada M RS - 400 —3
an L200 @
H "I-l‘ll--l-'."-"
(R St e 0
0 5 40 45 50
2,500 1 20,000 1,600
18,0 * PCE - 1,400%
2,000 <L 16,0 _ =
-#--DBT as tin - 1,200 o
gi E 14,001 " E~
= 1,500 4 U 12 OOO d ‘ M0b|IIZed B 1,000 E
LA AN imummmaﬂ
L]
S 1,000 oo | F 600 =
3 6,000 - . I 3
s 500 1 @ 4,000 - ! bl ]
2,000 + ) ‘\.‘ . . - 200
g4 O b ‘a i i - eyl

Figure 7.4 Effluent result for system of 3.6 wt.% SDHS 0.4 wt.% C16DPDS without
CaCl; at (a) pH7 and (b) pH 1.
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¥

Figure 7.5 Effluent re I T
Wt.% CaCl, at (a) pH7%and (b) pH 1.

e SUSINHNINEIDT . v s
L BRI GIETE piab T g

important to note that the maximum solubilization of DBT at pH 1 was high up to
50% of their solubilization capacity. This proved that the sorption of DBT was the
cause of limited solubilization and the altering of DBT’s form and sand surface
charge by adjusting pH could help preventing the problem. Under this situation, DBT

could be removed in the same manner with general organic oil. The extraction result

show that there was not DBT left in the packed column after surfactant flushing.



103

7.5.3 Result part 2: experiment at pH 4, 7, 9 using NaCl as electrolyte

To prevent the precipitation of CaCl,, the NaCl was applied with the same
surfactant solution of 3.6 wt.% and SDHS 0.4 wt.% C16DPDS with three pHs at 4, 7
and 9. The pH of surfactant solution without adjustment was about 6.9£0.03 while the
adjusted pHs were 4+0.07 and 9+0.07. The observation after 2 days revealed that the
boundaries of Winsor type /111 a |

4! at these 3 pHs were the same.

60,000
50,000 | id
_, 40,000 | -
] =
£ 30,000 -
w
g &
20,000 -
& & ODBT pH7
10,000 | & O DBT pH4
A DBT pH9
0 ’—l% W \ T T T 1
0 0.5 - I ' 0.5 1 15 2
@ o NaCl %
9,000 2 ["ODET pH7 |
8,000 d ODBT pH4
= A DBT pH9
7,000 L
= 6,000
E 5,000
o =]
< 3,000 & i m A i I
2,000 A “ & Odecane pH7
OdecandpH4
ﬁo ' A
0
’ 5 1 . 0.5 1 15 2
9q Nacl % Nacl %

(b)
Figure 7.6 Batch solubilization result of 3.6 wt.% SDHS 0.4 wt.% C16DPDS using
NaCl as electrolyte at pH 4, 7, and 9 for (a) DBT-PCE mixture and (b) DBT-decane
mixture.
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The solubilized decane, PCE, and DBT were investigated and shown in Figure
7.6a and 7.6b. The different solubilization capacity at various salinities was already
discussed in Damrongsiri et al. (2010). Solubilization trend of systems at pH 4 and 7
were similar that at pH 1. It was quite clear that adjusting pH to acidic condition did
not affect the solubilization of this surfactant system. However, solubilization at pH 9
was observed to be reduced. In fact, both phase study and solubilization study were

expected that the boundary of Wi ' #'_may shift to lower salinity at pH 9 and

the solubilization should besg S WY/ v # al pH due to the effect of sodium

ion from NaOH
The column stulies /i S ~*Cltawa sand and sieved aquifer
soil. The column palrer 4% N 2a> a higher pore volume and

porosity (see Table «# % time for 20 minutes. The

.‘\'- -y - -y -
wbilization and solubilization

\ ~\"‘x wa sand and in Figure 7.8 for

effluent streams were

column packed with sie Vs : LI ization of PCE in the effluent
form all experiments were Jfila====c Y ization steeply increased prior to
reaching a plateau, decllnlng t'ﬁ rds until only a trace amount of oil

L,

being observed with.respag st ofthe trapped oil had already

been removed. ;, ..*:"‘ similar as discussed
previously for the sy n o Ti plateau was between 50 to

60% of their solublllzauon capauty (see Table 7.3) for tne experiment at pH 4 and 7.
The system a e which high up to 90
% of its solub@ unaazybﬂﬁvg ﬂ-‘g‘t!m]ln\jilower than acidic and
Y NP1 P Y (T
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Figure 7.7 Effluent result from packed column of Ottawa sand which residual DBT-
PCE mixture flooded with 3.6%SDHS 0.4C16DPDS 1% NaCl at (a) pH4, (b) pH 7
and (c) pH 9.
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Figure 7.8 Effluent result from packed column of 20-30 mesh aquifer soil which
residual DBT-PCE mixture flooded with 3.6%SDHS 0.4C16DPDS 1% NacCl at (a)
pH 4, (b) pH 7 and (c) pH 9.
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Solubilization trend (see Table 7.3) of DBT at pH 4 and 9 were indifferent
from that at pH 7 that were very limited. To be focused on solubilization of DBT, the
fraction of DBT removed by solubilization was considered only. As the result, 24, 21,
and 22 mg of DBT (as total tin) were removed by 33 PV (990 mL) of surfactant
solution at pH 4, 7, and 9, respectively, from the column packed by Ottawa sand,
while 24, 27, and 17 mg of DBT (as total tin) were removed by 26 PV (990 mL) of
surfactant solution at pH 4, 7, an.x '

4cly, from the column packed by sieved

; é}fferent. The altering of pH to be
_d

pH 4 or pH 9 could not — | thi=sss of DBT from the media used

aquifer soil. Those results sa®

in this study. The extralau: most of DBT still remain in the

packed column.

Table 7.3 Solubilizati

from column experimer

Solubilization c7 mn (at plateau)

pH ma/L eres % of solubi_lization

Synad : capacity
PCE | DBT (as tinime=———= DBT (as tin) PCE DBT (as tin)

- fﬁf‘" '*‘ 3 sand

4 24300 A . 56 -

7 25300 |L 7 Y ) 60 -

9 14700 | T 7P 86 :

# Experiment with sieved aquife®oil

4 24300 ¢ 2900 14,2080 np | 52 -

e AR RN :

9 14'7@ =4 Usdol| = 138 = Ipl ¥ o -

* np mean plateau region can not begbbserved

ammmmwm Y18 Y

7.6 Con usion

The limited solubilization of DBT was caused by the adsorption of DBT onto
the sand packed in the column. It was the resulting of electrostatic interaction between
DBT and negative surface charge of sand. The effect of pH on the solubilization of
surfactant solution was observed. Solubilization of PCE, decane and DBT was not

affected by acidic pH irrespective to the type of electrolyte presented as show in
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Figure 7.3 and 7.5. However, at pH 9, the basic condition reduce the solubilization of
all experimented organic.

The altering of pH of surfactant solution could lessen the adsorption of DBT
onto the surface as observed in the column study at pH 1. However, it was found that
pH 4 was not sufficient to prevent the adsorption because the surface charge of sand
was still negative while DBT was in a positive form. The column study at pH 1
indicated the lower IFT between s 70 tion and oil, which may be due to the
' ) 'éucing the repulsion among ionic
e -d‘-_ surfactant to the interface. In
addition, the changed &% » < 0y adjusting the system to pH 9

could not help improvitic! g® : revent the adsorption of DBT
onto sand, a modifi«® J N * ! the surface of sand to a

condition could affect t Y [ i 0% We\as the living organism in that

to pH 1. Too strong acidic

soil. However, a slight * | P S - 5 2 to prevent the adsorption of
DBT. Therefore, it was cor s ~ sti' 1t was not appropriate to be done
to prevent the adsorption of wequence, the removal of DBT-PCE
mixture by solubili .io e ad if the media naturally possess
negative surface ;,— g ] se the adsorption of the
cationic form of orgarg | ne 72ly charge surface could not

be avoided. It would Iessen the removal eff|C|ency, cause a very long treatment time
and require la n the other hand, the
experimental ﬂﬂﬂ? ﬂﬂn wmﬂﬁie removed easily by
mobili % revious study
(Damr %ﬁ:ﬁb ﬁm im\/ﬁy\&i ﬁﬂﬁw even ex-situ

remediation may be a better choice to solve the organometallic contamination
problem.



CHAPTER VIII
CONCLUSIONS

8.1 The EACN and the surrogate

Although the study aimed, ty

put tetraethyl lead (TEL) from the source
zone, the surrogate oil was ansESESs __in the initial study to minimize the
experimenter’s health riskw .'"' __‘ .__ﬂlierties considered for finding an
appropriate oil SUrT0gale , an organometallic compound
because a study on tkh ' LS ™sllic compound was rare; (2)
have a similar EACN _ v b=Fu. Ny i9as a similar EACN normally
produces similar phase ‘ e surfactant system; and (3)
have a similar density *
mobilization. The EASN 4
(Salager et al., 1979) w!

surrogate that had all three abbrts i es.

ldy its vertical migration and
ing" Salager’s relation technique

3™ However, we could not find a

Dibutyltin dichloride =282/t =4 . as the most match, as it is an
organometallic corygZE R St s less toxic and more

'\

economically fea3|b. ' I. ‘ermore, the contamination

of organotin |nclud|nL ‘ BT has been concerned (RPA; J 1003; Dopp et al., 2007; Cao

et al., 2009). ﬁ li to be mixed with an
organic qumdﬁj ii Tﬁ Hﬂmﬁmﬁ 6-7 and to give it a
similar den5|ty 0 that of TEL. Thedfesulting DB& mixture, howguer, possessed only
wo o QIRARIRTE U H DA B o mcwre o
DBT ana deéané at }monla‘r ratio of‘ 0.038:0.962. It was>ah orgénometallic compound,
and had a similar EACN to that of TEL. A mixture of DBT and PCE at the same
molar ratio was also used in order to study the vertical migration and compare the

results. The mixture of DBT and PCE was an organometallic compound with a similar
density (but different EACN). Thus, there were two oil surrogates used in this study.



110

8.2 Solubilization behavior

The experiment began with the phase study to observe the phase behavior in
order to select the system for the solubilization study. The selected surfactant system
was the combination of 3.6 wt.% SDHS 0.4 wt% C16DPDS with CaCl,. Thongkorn
(2007) also used this surfactant mixture in her study.

4 decane, and DBT, and the DBT-PCE

The solubilization of ing s
and DBT-decane mixtures sy s ‘
indicate that the solubilism = BToNd =ssesicr Organometallic compounds
was similar to that of - 1. o SOiubilization regions dependent

upon their polarity.
8.3 Column experim;

f both PCE and decane oil
mixtures were harmoniou Jvi foree N co.amn experimental results of the
i al., 2004). They related to the value
.be exolained by the rate limited
IE"' et al., 1999; Taylor et

The solubilizatio g

: . W s
previous studies (Sabatini et al;
iliz

lubilization mect'=z
solubilization mec L7

derived from the sol

., 2001). Conversel t o i trace concentrations even

though a large amount of DBT still remained in the packed column. The improper
removal of um nﬂnﬁz Ellmmihe extremely limited
solubilization. also showed that the
it DTS PRETIOVON (L] 0¥ g
mob|I| rgj t together with
its solvent; however, vertical migration remains a concern.
8.4 Effect of pH on DBT removal

DBT likely has a dissociation reaction, so the forms of DBT are depended

upon pH. DBT is in cationic form at pH lower than 7 that tend to be adsorbed by the
negative charge of sand surface (Hoch et al., 2003). The adsorption of DBT could be
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prevented if this electrostatic interaction can be minimized. The experimental results
show that very low pH (i.e., pH 1) the adsorption of DBT to the sand surface was then
minimized.

Thus the removal of DBT-PCE and DBT-decane mixtures by solubilization
was poor as sand (silicon oxide) naturally has a negative surface charge. The

adsorption of the cationic form of organometallic compounds could not be avoided.

This part aims twe- : ?oncfic: = omsive of this technique focusing
on cost of the treatre B\ NN ®method used for a similar
contaminant. Howe\ 4 Nl ED D! et and expense as an in situ
' W rmation. As a consequence,
\ ive of in-situ site treatment by
some methods publistied Fid 10 leral Remediation Technologies
' l' ImRoscd here is only to compare the
pump and treat method \nllth ‘on “flushing which is the proposed
technique. The expense is _-'9,,. . ":‘" taformation from the column study.

J.

As mention§ 5 study was to investigate

the approach for 1 Eedl 10 : m at DuPont Company in
Delaware, USA. The \,ase study was the old DuPont’ FEL production plan which
now a day cl ﬁ f ite. The contaminated
area has been@}ﬁ\ﬂ %ﬂ)ﬁ ﬁﬂmﬁnaﬁon. The TEL and
its solvent were contaminated to th€ co xes &yuifer as DNARWS. The excavation
on this tm’]raﬂ ﬂ (ﬁemu %rﬂaa ﬂrﬂ qeasﬁl treatment was
only app’oach for remedy this contamination site.

The goal of treatment was to remove the source of contaminant. According to
the case studies published by FRTR in the website (www.frtr.gov) reveal that the goal
for contaminant source removal could not be achieved by using pump and treat
methods. The source of NAPLs which still remains in the aquifer caused the reborn of

contaminant concentration in groundwater after the remediation.


http://www.frtr.gov/
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Even the biological degradation which is considered to be a good approach for
remediate the plume of contaminant, it seems to be improper for this case as almost
microorganism in soil could not survive in the condition of high concentration of
toxic compound contaminated in aquifer. Some cases using chemical oxidation such
as permanganate showed insignificantly different from pump and treat method since
the reaction occur only with dissolved contaminant in soil water and once r the

wcentration was reborn if the source of

chemical injection stopped, the coat
DNAPLSs still remain.

compare the cost estifi | OO 1l method and our surfactant
solution flushing whi€ i W SiEd pump and treat known as
SEAR approach. Thef® o £ L 75N\ N ns®ction, remedial system, and
— 1 et pile, injection well and
- ed solution. One addition for
SEAR is the surfactant sc g Jf# gesizh N system which also the addition
capital cost. However, the I g ‘ 1-‘—5 in BAR resulting in shorter operation

time which reduces the operatic \ce Cost.

TN T . . .
The actual cgst fome® =2 W posticaated as mentioned earlier.
Thus the comparis, .,‘: On column experiment by
considering the packe nI ZOres sonighinated aquifer. The packed

column has pore volume‘pf 30 mL and the retentlon of 8u minute. The trapped PCE is
about 7,000 ethod, assuming that
the solubilltyﬁmﬂiﬂﬁ/ﬁgm@ﬂﬁﬂmd DBT are 50 mg/L
(stead m ?ﬂ eér pped PCE and
DBT ;ﬁ ﬁﬁrﬂl@ﬁﬁ Wﬁl née EIp‘i Il contaminant
in this packed column responding to total time of 6,140 hrs (> 8 months with the flow
rate of 0.38 mL/min).

If the SEAR is applied, the addition capital cost relies on storage, and injection
system that may double cost of old style pump and treat. The amount of surfactant

depends on volume of solution used entire flushing (if the solution is not regenerated).
Another addition cost is also from surfactant used in the flushing solution which may
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be considered double cost on treatment. However, the shorter time and less flushing
solution of the treatment may compensate the higher cost from surfactant addition.

If consider the formulation obtained from this study: 3.6 wt.% SDHS 0.4 wt.%
C16DPDS without CaCl,, the estimated surfactant solution require to remove all PCE
was 55 PV but for DBT was 110 PV as adsorption occurred. The 110 PV is 3.3 L

responding to time of 144 hrs at the same flow rate. Compare to pump and treat

method, the surfactant solution f )ed the operation time from 8 months

. éhe solution at pH 1 was applied
(mobilization occurred e ctu b‘dH) only 16 PV of surfactant
solution is required for*CSit ] v and reduce the operation time
to be 21 hrs or less thdiv e 4 ‘ :

In conclusion##e & J BT \ 'ﬁ about twice as compare to
pump and treat methe y 4 { — 0\ St period for more than forty

Rflect the operation cost i.e.,

equipment replacement, f AR N " Nis may need for some sites that
require short operation time = tme 01 contaminant and surfactant, or
regeneration of surfactant is anCe——— we concerned.

8.6 Overall COhClL - .‘:‘
1 1l

From this stuy usmg DBT as a representatlve ol organometalllc compound, it
can conclude r to normal organic
compound thﬂau ﬂglﬁ ﬂmlﬂﬂw[hﬂ’-xarity Meanwhile the
colum 0 ihni | le t e an inorganic
compo hﬁﬁﬁ &ﬁ% %ig ﬁ Ejﬁﬁeéidmg on their
dlssouated forms. From these two properties in one molecule of organometallic
compound led to a more complication technique needed for the remediation.

The study demonstrates that if the electrostatic interaction was stronger than
the micelle partition, the solubilization by surfactant will be obstructed, thus the target
compound will adsorb on media while this mechanism is not a concern for general

organic compound remediation. This problem is able to take place as long as the

organometallic compounds are in cationic form and the aquifer media has negative
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surface charge, which it is usually found in natural condition. The PZC of soil media
was needed to concern to apply the surfactant solubilization on the removal of
organometallic compound which able to form to ionic forms. The cationic forms of
organometallic compounds may cause a serious removal efficiency problem, requiring
an unacceptably long treatment time and large volume of the treatment solution.
Nevertheless, our result also indicated that mobilization of DBT together with

their solvent flushing was @ thod to remove this organometallic

The overall pror #% AR LGV ¢ compound is to remove the

trapped contaminant fron gesizh % \ect it for further treatment. The
key to remove the contami & WSS % Contaminant from soil pore and
solubilized it into surfactant 1% ®\ addition factor for organometallic

compound is to prevent th nic forms of it. The adsorption

via electrostatic ; E' ometallic compound and
i |3
surface charge of sa nI Co8 Mo 1qiffective. Silicon oxide and

kaolinite have negatlve surface charge at neutral pH whlle aluminum oxide and
magnesium o ms of organometallic
compound suﬁyymxnﬂm Wﬂjngms or cationic forms
that m ﬂ cﬁ

ﬁm a &?ﬁ%’ ﬁﬁﬁat ﬁgkﬂﬁrﬂcompounds by

EACN or HLB concept, the adsorption due to electrostatic interaction must be
concern. The forms of organometallic compounds caused by dissociation reaction, or
the degradation must be identified. While the PZC of soil material is also must be
known to avoid the ineffective treatment during the operation.

The extracted contaminant is then go to the separation process to recovery the
surfactant and the contaminant was then treated by oxidation process or by
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biodegradation if low concentration of contaminant or even incineration process. The
remaining inorganic residual in case of lead also require further treatment.

The SEAR is normally designed only for source zone. The contaminated area
beyond the source zone usually appears in the large scale with low concentration of

contaminant. This may deal with biodegradation or the active barrier.

8.8 Recommendations for Futw

As mentioned inw etter procedure to remove an
organometallic compoGia 7/ Lo 1‘9! ion. However, since most of
organometallic comp® y than flushing solution, the
vertical migration wis void this problem, further
work should be conc N ing additive compound to

lower density of the bu!" Saminated soil.
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APPENDIX A
Experimental result for CHAPTER
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Table A.1 Solubilization parameter (SP) of system of hexane in 2 wt.% SDOS 2 wt.%

Tween80 solution

NaCl Parameter for oil (SP,)

wt.% repl Avg SD %RSD
1.8 0.443 . — 0.012 2.71
1.9 0.494 | ] 0. 0 494 0.002 0.31
2.0 0.502 0.023 4.34
2.3 0.712 0.026 3.46

NaCl (SPw)

wt.% repl SD %RSD
1.8 0.998 0.021 2.09
1.9 0.716 Jq47 0.031 4.15
2.0 0.537 0.024 4.17
2.3 0.387 0.016 3.89

amammum'mma@

0.8¢ e

ﬂ%&l_’mﬂﬂ

S*-204'

1.5 1.7 1.9 2.1 2.3
NaCl (wt.%)

2.5

Figure A.1 Plot of SP,, and SP, with NaCl and the optimum salinity of hexane in 2
wt.% SDOS 2 wt.% Tween80 solution
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Table A.2 Solubilization parameter (SP) of system of octane in 2 wt.% SDOS 2 wt.%

Tween80 solution

NaCl Solubilization Parameter for oil (SP0)

wt.% repl rep 2 rep 3 Avg SD %RSD
2.4 0.325 0.35 0.347 0.341 0.014 4.01
25 0.367 0.33 0.336 0.344 0.020 5.77
2.6 0.374 0.384 ! 0.385 0.011 2.86
2.7 0.411 0.397 0.013 3.25
3.0 0.484 = (0.482 0.003 0.72

NaCl = water (SPw)

wt.% repl SD %RSD
2.4 0.756 0.004 0.48
25 0.627 0.018 2.83
2.6 0.556 0.006 1.10
2.7 0.488 0.017 3.29
3.0 0.399 0.009 2.25

914

— 05,
£

0.2 A

-

FIEEIAY

na

o

4N HNATNYAY

2.5

: 3.5
NaCl (wt.%)

Figure A.2 Plot of SP,, and SP, with NaCl and the optimum salinity of octane in 2
wt.% SDOS 2 wt.% Tween80 solution
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Table A.3 Solubilization parameter (SP) of system of decane in 2 wt.% SDOS 2 wt.%

Tween80 solution

NaCl Solubilization Parameter for oil (SPo)

wt.% repl rep 2 rep 3 Avg SD %RSD
2.9 0.239 0.228 0.222 0.230 0.009 3.75
3.0 0.209 0.218 0.259 0.229 0.027 11.66
35 0.248 0.29 0.258 0.028 10.83
3.8 0.32 / 0.321 0.030 9.34

NaCl 7ation éfor water (SPw)

wt.% rep 1 : SD %RSD
2.9 0.721 0.006 0.82
3.0 0.637 0.015 2.45
35 0.404 0.010 2.42
3.8 0.318 0.017 5.77

’JVIElﬂﬁﬂﬂ’lﬂ‘i

am mmmwmmw of

Figure A.3 Plot of SP,, and SP, with NaCl and the optimum salinity of decane in 2
wt.% SDOS 2 wt.% Tween80 solution
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Table A.4 Solubilization parameter (SP) of system of pentane in 2 wt.% SDOS 2
wt.% SDHS solution

NaCl Solubilization Parameter for oil (SP0)

wt.% repl rep 2 rep 3 Avg SD %RSD
1.2 0.287 0.298 na 0.293 0.008 2.66
1.4 0.334 0.317 0.329 0.327 0.009 2.67
15 0.386 0.387 0.387 0.001 0.18
16 0.342 v , 0.354 0.015 4.27
18 0.42 - _4 0.432 0.017 3.93
2.0 0.592 - 2599 0.010 1.65

NaCl (SPw)

wt.% repl SD %RSD
1.2 0.703 0.016 2.25
1.4 0.387 0.007 1.89
15 0.34 0.004 1.03
1.6 0.27 0.001 0.21
18 0.191 0.186 0.008 419
2.0 0.185 0.001 0.38

1.5 2.0
NaCl (wt.%)

2.5

Figure A.4 Plot of SP,, and SP, with NaCl and the optimum salinity of pentane in 2
wt.% SDOS 2 wt.% SDHS solution
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Table A.5 Solubilization parameter (SP) of system of hexane in 2 wt.% SDOS 2 wt.%

SDHS solution

NaCl Solubilization Parameter for oil (SPo)
wt.% repl rep 2 rep 3 Avg SD %RSD
1.4 0.288 0.289 0.291 0.289 0.002 0.53
1.5 0.265 0.277 0.262 0.268 0.008 2.96
2 0.33€ 0.338 0.002 0.62
25 0.003 0.44
NaCl (SPw)
wt.% SD %RSD
1.4 0.003 0.29
15 0.003 0.54
2 0.001 0.46
25 0.002 0.93

am aﬂﬂ‘iﬂﬂmmMﬂW Y

Figure A.5 Plot of SP,, and SP, with NaCl and the optimum salinity of hexane in 2

wt.% SDOS 2 wt.% SDHS solution
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Table A.6 Solubilization parameter (SP) of system of octane in 2 wt.% SDOS 2 wt.%
SDHS solution

NaCl Solubilization Parameter for oil (SP0)
wt.% repl rep 2 rep 3 Avg SD %RSD
1.9 0.182 0.183 0.186 0.184 0.002 1.13
2 0.162 0.166 0.161 0.163 0.003 1.62
25 0.181 0.182 0.003 1.76
34 0.293 _ / 0.296 0.003 0.85
3.8 0.308 o.é 0.305 0.007 2.41

NaCl = water (SPw)
wt.% repl SD %RSD
1.9 0.441 0.002 0.47
2 0.401 0.001 0.25
25 0.29 0.006 1.98
34 0.188 0.004 2.13
3.8 0.158 0.004 2.57

FHEANYYINY
RAYNIUARIANLIAE

1.5 2 2.5 3 3.5 4
NaCl (wt.%)

Figure A.6 Plot of SP,, and SP, with NaCl and the optimum salinity of octane in 2
wt.% SDOS 2 wt.% SDHS solution



Table A.7 Relationship between In S* and EACN of two surfactant systems
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Surfactant system
Alkane oil EACN 2 wt.% SDOS 2 wt.% Tween80 2 wt.% SDOS 2 wt.% SDHS
S* In S* S* In S*
pentane 5 1.49 0.40
hexane 6 2.04 0.71 1.85 0.62
octane 2.94 1.08
decane 10

In S*
o
0]

# SDOS/SDHS
2 SDOS/Tween80

—_—]

) 10 11

dF

Figure A.7 Linear relati@gh&gtween the natyggl logarithm of S* and EACN by the

s o YR GIEATHE AR o so0s v
ARIANTUININGIAY
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Table A.8 Solubilization parameter (SP) of system of TEL-hexane mixture at molar
ratio of 0.2:0.8 in 2 wt.% SDOS 2 wt.% Tween80 solution

NaCl SP, SPy

wt.% cm cm
1.8 0.484 0.956
1.9 0.416 0.791
2.0 0.560 0.619
2.1 > 0.516
2.2 0.536
0.428

SP (cm)
o
(e}

02 NS . A SPW
m SPo

2.5 2.7

l“-"

Figure A.8 Plot of SFZ =i salinity of TEL-hexane

mixture in 2 wt.% SD:+

Then the EAcﬁL?HEEI’Jdmm INEANT

InS* = EACN) +C

a«ma«ammum'mmaﬂ

EICN = (In2.06 + 0.1959) / 0.1529
EACN =6.008

And from Equation 2.1, EACN of TEL-hexane mixture was 6.008, thus EACN of
TEL was 6.04.
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Table A.9 Solubilization parameter (SP) of system of TEL-hexane mixture at molar

ratio of 0.2:0.8 in 2 wt.% SDOS 2 wt.% SDHS solution

Figure A.9 Plot of SP 3; nG
mixture in 2 wt.% SDU 2 vvt % SDHS solutlon

SP (cm)

NaCl SPo SPw

wt.% cm cm

15 0.105 0.548

1.7 0.229 0.405

2.0 0.270 0.271

2.2 0.216

0.162
06 —

0.4

0.2 -

A SPw

B SPo

28 3 32

EAC@‘UEEL'} mm MIIp

m%@mmumwmaﬂ

EACN (In2.01 + 0.7419) / 0.2273

EACN =6.34

mm salinity of TEL-hexane

And from Equation 2.1, EACN of TEL-hexane mixture was 6.34, thus EACN of TEL

was 7.68.



APPENDIX B

Experimental result for CHAPTER V
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Table B.1 Solubilization result of PCE in 3.6 wt.% SDHS 0.4 wt.% C16DPDS using
CacCl; as electrolyte.

wt.% in mM
C&Clz C&Clz aVZCE sD
0 0 23.97 | 1.24
0.2 18 90.85 | 4.63
0.4 36 188.87 | 7.14
0.6 54 298.86 | 7.30
0.8 72 384.53 | 7.66
1 90 42551 | 0.48
Table B.2 Solubilizati 5 wt.% SDHS 0.4 wt.%
C16DPDS using CaCl, a:
wt.% in g/ in mM
cacCl, Decan 9 cacCl, Decane
rep 2 | rau Ly avg | SD
0 (L 0 464 | 0.22
0.2 L8 18 14.75 | 0.80
0.4 4,09 ! b 36 28.22 | 0.55
0.6 4986+ 4392 | 4763 | 323 54 | 3348 | 2.27
0.8 72 41.78 | 1.02
1 7958\ QiR | €348/ 4% AN R|T g 90 | 45.35 | 3.16
. g
Table B3 Salyhilizti indiyi [ 9 w4 Wt.%
cioA kv e ol 71 1d T18) TOV &
9
wt.% in mg/L in mM
cacl, Decane %RSD cacCl, Decane
repl | rep2 | rep3 | avg SD avg | SD
0 307 459 337 368 81 21.9 0 3.10 | 0.68
0.2 330 397 289 339 55 16.1 18 2.85 | 0.46
0.4 343 304 361 336 29 8.7 36 2.83 | 0.25
0.6 343 271 343 319 41 13.0 54 2.68 | 0.35
0.8 322 354 340 339 16 4.8 72 2.85 | 0.14
1 318 294 311 308 12 3.9 90 2.59 | 0.10




Table B.4 Solubilization result of decane using DBT-decane mixture in 3.6 wt.%

SDHS 0.4 wt.% C16DPDS using CacCl, as electrolyte.
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wt.% in mg/L in mM
CacCl, Decane %RSD cacCl, Decane
repl | rep2 | rep3 | avg SD avg | SD
0 3,447 | 3,753 | 3,984 | 3,728 | 269 7.2 0 26.20 | 1.89
0.2 4,672 | 4599 | 4,225 | 4,499 | 240 5.3 18 31.62 | 1.69
0.4 4,581 | 5151 | 5,265 7.3 36 35.13 | 2.57
0.6 5500 | 5833 | 517 6.0 54 38.67 | 2.31
0.8 6,077 | 5536 72 42.05 | 2.88
1 6,667 | 6,151 90 44.10 | 2.44

Table B.5 Solubilizat?

0.4 wt.% C16DPDS us?
wt.%
CaCl, rep 1
0 2,118
0.2 1,786
0.4 1,668 | 1,655
0.6 1,449 ,
0.8 1,421
1 1,371

» mixture in 3.6 wt.% SDHS

inmM
CaCl, DBT

avg | SD
0 18.03 | 0.27
18 15.65 | 0.63
36 14.14 | 0.26
54 12.67 | 0.46
72 12.91 | 0.91
920 11.71 | 0.14

-
-

\,
)

Table B.6 Solubilizat“ resull Ui eeeeng op | -PC , lixture in 3.6 wt.% SDHS
0.4 wt.% C16DPDS using CaCl; as eIectron:(;.
P-3

wt.% in mM
PCE
CaCl; S’y_lz avg | SD
0 0’ 137.00 | 5.14
0.2 . g~ | 212.77 | 16.14
0.4 | 43,072 | 44,930 | 44,299 | 44,100 | 945 2.1 36 | 265.94 | 5.70
0.6 | 56,924 | 56,243 | 56,534 | 56,567 | 342 0.6 54 | 341.11 | 2.06
0.8 | 58,727 | 55,529 | 57,550 | 57,269 | 1,617 2.8 72 | 34535 | 9.75
1 59,144 | 58,050 | 57,736 | 58,310 | 739 1.3 90 | 351.62 | 4.46
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Table B.7 Solubilization result of DBT using DBT-PCE mixture in 3.6 wt.% SDHS
0.4 wt.% C16DPDS using CaCl2 as electrolyte.

wt.% in mg/L in mM
cacl, DBT %RSD cacl, DBT
repl | rep2 | rep3 | avg SD avg | SD
0 1,686 | 1,599 | 1,631 | 1,639 44 2.7 0 13.80 | 0.37
0.2 1,916 | 1,919 | 1,709 | 1,848 | 120 6.5 18 15.56 | 1.01
0.4 2,129 | 2,113 | 2,076 1.3 36 17.74 | 0.23
0.6 2,211 | 2,259 | 2,23 1.1 54 18.81 | 0.21
0.8 2,405 | 2,455 72 20.35 | 0.30
1 2,476 | 2,536 90 20.80 | 0.59

Table B.8 Molar soluks
in 3.6 wt.% SDHS 0.4

CaC|2

mM

18

36

54

72

90

DBT-decane mixture

Decane
0.408 0.592
0.331 0.669
0.287 0.713
0.247 0.753
- 0.235 0.765
0.210 0.790

AULINENINYINS

PRI TUAMINYAE
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APPENDIX C
Experimental result for CHAPTER VI

C.1 Tracer study

The same pumping system was applied for tracer study. The bromide solution

Ti =D\ [-Ti) | DECXT; | ESTIXC
Sample Time
number -
min A N\
1 30 N ©.0000 0.00 0.00
2 40 i .0042 0.17 6.64
3 50 0813 4.06 203.23
41 60 , 55 [ 5N N N 03482 20.89 | 125356
5 70 . ' 204 3 L 0.3567 24.97 1748.03
6 80 . % o 0.1539 12.31 984.83
7 90 | 1.12 .8814 s 4 |7 0.0439 3.95 355.67
8 100 | 1.25 ' 0.1 i . 0.0191 1.91 191.30
9 110 | 1.37 10.1 7 0.0085 0.94 103.21
10| 120 150] : 27 ~0,0000 0.00 0.00
102 69.21 4846.46

Mean resident time |

Table C.2 Bromide con(‘@ntratlon at the eff&ynt end of column.

9 ’ mw Ejﬂrﬂ ﬁ D=CxT; | E=TXC
Sample
number L
g
- P .—. Q " 00 0.00
0 .07 | f.do7 00 107.42
3§ 130 | 162 |  1.3628 129 ©01288| 16.75 2177.06
4| 1401 1.75 45178 3.16 0.3155 44.17 6183.80
5| 150 | 1.87 7.7966 3.28 0.3279 49.18 7377.30
6| 160 | 2.00 9.5174 1.72 0.1721 27.53 4405.25
71 170 | 212 10.0168 0.50 0.0499 8.49 1443.27
8| 180 2.25 10.1457 0.13 0.0129 2.32 417.64
9| 190 2.37 10.2881 0.14 0.0142 2.71 514.06
10 | 200 | 2.50 10.3413 0.05 0.0053 1.06 212.80
11| 210 2.62 10.2016 0.0000 0.00 0.00
sum 1.03 153.11 | 22838.60

Mean resident time (R;) = Dsym/Csum = 148.05 min



Table C.3 Calculated number for the Morrill dispersion index

cumulative percentage a¢

cumulative percentage at %0

ey gl

percentage increased by 165 = 2

at 150 + 10/16.64* (=

vi'
Thus, MDI ="1=4 .

!

Time Conc Cumulative Cumulative
min mg/L mg/L | percentage
A Bi= Ai+Bi.1 | Ci= Bi/Bsum
110 0.0000
120 0.0075 0.0075 0.72
130 0.1288 0.13628 13.18
140 0.3155 | 0.4518 43.69
150 75.39
160 92.03
170 96.86
98.11
99.49
100.00

-
-

Bv=as MDI of 1. Plug flow

138

Sive percentage at 90 / time at
“-..\ Moe at 10 was between 120 to
"\Q y 12.46 in 10 minute. The
16%(10-0.72) = 127.4 minute. The
to 160 minute. In this range, the

mulative percentage at 10 should

reactor has MDI less t#%in 2.0 or equal (U.S. EPA, 1986™ited in Tchobanoglous et al.

BV ) () 1
RIAIATAUUMTY

s
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C.2 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS without CacCl,

The packed column properties:
Pore volume = 31.16 mL
Porosity = 0.376
Trapped oil =6.68 g (13.£

~Z.

Table C.4 Results for thimm Ih [~ ixture flushing with surfactant

mixture of 3.6 wt.% SITHe 770 e Haccacl,

un Mobilized oil
PV umulative cumulative
mg mg
0.25 -
0.50 0.23 ] -
0.75 0.50 | -
1.00 0.78 | -
1.25 1.06 | -
1.50 163 | -
1.75 2.69 | -
2.00 432 ] -
2.25 6.22 | -
2.49 7.76 | -
2.74 na. | -
2.99 9.88 | -
3.24 =) v ., s N | -
3.49 Pls TN IWE T e
3.74 9J5,047 328 “na.|  na|-
399 4,948 368 w7l 128 -
4.24M ] 1" bVl ¥
449 q " " "s027 ("] s R Ol il A
4.74 4,963 479 na. na. | -
4.99 5,368 518 63.78 14.81 | -
5.49 4,632 594 60.41 15.75 | -
5.99 5,031 667 62.39 16.68 | -
6.49 5,365 746 64.78 17.65 | -
6.99 5,093 826 65.20 18.64 | -
7.48 5,357 905 68.24 19.65 | -
8.73 5,061 1,103 74.56 2237 | -
9.98 5,025 1,295 78.29 25.27 | -
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Table C.4 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative | concentration | cumulative cumulative

mg/L mg mg/L mg mg
11.23 5,666 1,498 79.90 28.28
12.47 5,093 1,702 80.83 31.33
13.72 5,117 1,896 74.63 34.28
14.97 4,664 2,082 76.22 37.15
16.22 4,596 71.81 39.96
17.46 4,333 /"’3.23 42.72
18.71 4,234 0] 45.44
19.96 -/li' 47.99
21.21 ' 50.60
22.45 53.45
23.70 56.34
24.95 59.00
27.44 na.
29.94 67.29
32.43 na.
34.93 72.85
37.42 na.
39.92 77.29
42.41 na.
44.90 80.25
47.40 na.
49.89 81.68

AULINENINYINS

PRI TUAMINYAE




Result and calculation for PCE

Initial trapped PCE
PCE dissolved during replacement
Trapped result

6,228 mg a
406 mg b

Mobilized PCE = 0 mg d
Solubilized PCE = 4,110 mg e
Extract by surfactant solution = 28 mg f
Extract by HCI solution 0 mg g
Extract from sand 0 mg h

Total mass measured .
Total treate
Total remair g

% PCE removal
Mass balance
Result and calculation f :
Initial trapped DBT as Tin SRk L 76 mg as tin
DBT dissolved during rep! v'% 21 mgastin
Trapped result BTN T 155 mgas t?n
\ i ag as tin
Mobilized DBT  — aJas tin
Solubilized DBT &t E g as tin
Extract by surfactant filutics }ymg as tin
Extract by HCI solutid! | 14 mg as t|n

Extract from sand

e NG INENINGI

Totdl treated 82 mgast

ammmummm&u

% DB emoval =
Mass balance = 63 %

5,822 mg c=ab

mg i = d+e+f+g+h
mg  j=d+e
mg k = f+g+h

i/j*100
i/c*100

141
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C.3 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 0.2 wt.% CacCl,

The packed column properties:
Pore volume = 30.94mL
Porosity = 0.363
Trapped oil =7.04 g (15.C

Table C.5 Results for thm 1t veh [sssssmixture flushing with surfactant
mixture of 3.6 wt.% SO -70 CaCl,

.75 Lin Mobilized oil

PV | cumulative cumulative
mg mg

0.26 0
0.52 0.45 0
0.77 0.01 0
1.03 133 0
1.29 1.90 348
155 2.83 348
1.81 3.48 348
2.06 3.64 348
2.32 3.92 348
258 4.19 348
2.84 4.62 348
3.10 5.27 348
3.35 , 5.84 348
3.61 Pl1 J 633 348
3.87 "q 6.78 348
413 47 348
4.390]_]&:' "1 pNoF 348
464 |g " " 8T 348
4.90 8.04 348
5.16 8.28 348
5.68 8.28 348
6.19 8.28 348
6.45 9.43 348
6.71 9.43 348
7.22 . 9.43 348
7.74 7,522 1,858 16.13 10.19 348
8.26 11,335 2,001 na. 10.19 348
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Table C.5 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative | concentration | cumulative cumulative
mg/L mg mg/L mg mg

8.77 11,540 2,175 na. 10.19 348
9.03 na. 2,175 13.38 10.76 348
9.29 11,846 2,352 na. 10.76 348
9.80 11,921 2,533 na. 10.76 348
10.32 9,814 10.99 11.22 348
11.35 8,686 11.22 348
11.61 na. 11.61 348
11.87 8,674 11.61 348
12.64 6,302 11.61 348
12.90 11.94 348
13.16 11.94 348
14.19 12.23 348
14.45 12.23 348
14.70 12.34 348
14.96 12.38 348
15.22 12.47 348
15.48 12.66 348
15.74 12.66 348
15.99 12.95 348
16.25 12.95 348
16.51 12.95 348
16.77 13.08 348
18.06 13.33 348
18.83 13.33 348
19.09 13.33 348
19.35 e 13.57 348
19.61 ﬁ 1357 348
19.86 13,57 348
20.64 308 4,293 469 | 1844 348
20.9 | 1% 7% 348
21.93 60" " ¥ 1718 ' 340"~ 85 348
23.22 69 4,220 2.66 14.01 348
24.51 10 4,222 2.88 14.11 348
25.80 0 4,222 1.64 14.20 348




Result and calculation for PCE

Initial trapped PCE = 6,567 mg
PCE dissolved during replacement = 151 mg
Trapped result = 6,416 mg
Mobilized PCE = 325 mg
Solubilized PCE = 4,222 mg
Extract by surfactant solution = 0 mg

Extract by HCI solution
Extract from sand

Total mass measured
Total remair

PCE removal
Mass balance

Result and calculation f

Initial trapped DBT as Tin =St = 86 mg as tin
DBT dissolved during rep: .'% 34 mgastin
Trapped result T ;5, mg as tin

Mobilized DBT Sem———— 924 as tin
Solubilized DBT %8 s g as tin
Extract by surfactant filutics i mg as tin
Extract by HCI soluti& I 6 g% mg as t|n
Extract from sand

e NG INENINGI AL

Totdl treated 23 mgast

QW""I‘W‘ifuuﬁﬁ’mmﬂﬂ

DBT re oval =
Mass balance = 72 %

144
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C.4 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 0.4 wt.% CacCl,

The packed column properties:
Pore volume = 33.27 mL
Porosity = 0.365
Trapped oil =8.33 g (17.7

Table C.6 Results for the élpixture flushing with surfactant
) : % CaCl,

' 2T 3s tin Mobilized oil

PV ' v A\ . | cumulative | cumulative
- , | mg mg

0.25 = AN 0
0.50 0.68 0
0.75 1.22 0
1.00 1.72 0
1.25 2.23 194
1.50 2,51 1,765
1.75 2.62 5,156
2.00 3.27 5,232
2.25 4.06 5,232
2.50 4.48 5,232
2.75 4.88 5,232
3.00 5.49 5,232
3.25 ] 6.14 5,232
3.50 21690  g45] @ g301 6.69 5,232
400 ol ‘I%% ﬂ%ﬁgjﬂ%n ﬁ 7.80 5,232
450 | "qy 10, 37 " 074" 7 845 5,232
5.00 4,534 1685 £10.06 @9.68 5,232
sglﬁ | A 5 4 B2 5,232
6.01g " ' g3d|! V VIR ' 60" g'e? 5,232
6.26 734 1,562 8.52 8.99 5,232
751 191 1,579 9.03 9.31 5,232
8.76 59 1,583 7.20 9.61 5,232
10.01 27 1,585 8.55 9.90 5,232
11.26 0 1,585 7.39 10.20 5,232
12,51 0 1,585 7.12 10.47 5,232
15.01 0 1,585 6.09 10.96 5,232
17.52 0 1,585 11.45 11.61 5,232
20.02 0 1,585 6.11 12.25 5,232




Result and calculation for PCE

Initial trapped PCE = 7,763 mg
PCE dissolved during replacement = na. mg
Trapped result = 7,763 mg
Mobilized PCE = 4,879 mg
Solubilized PCE = 1,585 mg
Extract by surfactant solution = 0 mg

Extract by HCI solution
Extract from sand

Total mass measured
Total remair g

PCE removal
Mass balance

Result and calculation f

Initial trapped DBT as Tin =St = mg as tin
DBT dissolved during rep: .'% mg as tin
Trapped result T ;5, mg as tin

Mobilized DBT Sem———— 924 as tin
Solubilized DBT %8 W4 as tin
Extract by surfactant § I lution iy mg as tin
Extract by HCI soluti& I mg as t|n
Extract from sand

e NG INENINGIL

Totdl treated 150 mgast

1'

QW""I‘W‘ifuuﬁﬁ’mmﬂﬂ

DBT re oval =
Mass balance = 82 %
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C.5 Result for column experiment with DBT-decane mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 0.4 wt.% CacCl,

The packed column properties:
Pore volume = 30.54 mL
Porosity = 0.377
Trapped oil =4.25 g (18 €

~Z.

Table C.7 Results for

IMGE. Viemesmlccane  mixture flushing with

surfactant mixture of 3°¥ . oR S S 0.4 wt.% CaCl,
545 Uin Mobilized oil
PV cumulative cumulative
mg mg
0
0.81 0
1.66 0
2.44 0
3.41 0
3.94 0
4.37 1,315
4.60 1,335
4.69 1,397
476 1,397
4.82 1,397
4.88 1,397
. 4.94 1,397
4 5.00 1,397
5.06 1,397
4 1,397
i zi 1,397
37 1,397
5.42 1,397
5.51 1,397
5.58 1,397
5.73 1,397
5.85 1,397
5.96 1,397
6.06 1,397
6.14 1,397
6.24 1,397
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Table C.7 (continue)

decane DBT astin Mobilized oil

PV concentration | cumulative | concentration | cumulative cumulative
mg/L mg mg/L mg mg

16.18 2,426 956 3.85 6.37 1,397
17.42 2,402 1,047 3.24 6.51 1,397
18.66 2,487 1,140 3.49 6.63 1,397
19.91 2,675 1,238 3.08 6.76 1,397
21.15 2,701 2.61 6.87 1,397
22.40 2,364 2.72 6.97 1,397
23.64 1,944 ‘ 7.07 1,397
24.89 1,559 7.17 1,397
27.37 1,458 7.37 1,397
29.86 7.59 1,397
32.35 7.78 1,397
34.84 7.96 1,397
37.33 8.12 1,397
39.82 8.36 1,397
42.30 8.58 1,397
44.79 8.73 1,397
47.28 8.88 1,397
49.77 8.98 1,397

PRI TUAMINYAE

AULINENINYINS




Result and calculation for decane

Initial trapped decane = 3,921 mg
Decane dissolved during replacement = 66 mg
Trapped result = 3,855 mg
Mobilized decane = 1,288 mg
Solubilized decane = 1,848 mg
Extract by surfactant solution = 2 mg

Extract by HCI solution
Extract from sand

0 mg
0 mg

Total mass measured g mg
Total treatr mg
Total remair g mg

Decane removal
Mass balance

Result and calculation f #fi 4 _.ﬁ
) 72
Initial trapped DBT as tin = °9 mg as tin
DBT dissolved during rep! v'ﬁ 21 mgastin
Trapped result AT 108 mg as tin

Mobilized DBT Sem———— - as tin
Solubilized DBT %4 B as tin
Extract by surfactant filutics Hing as tin

Extract by HCI soluti& I 2 ='ng as tin

Extract from sand mg as tin

mqum N Elm'w 13,
Total treated a5l mgastin,

Q‘Wﬂﬂ@ﬂ‘ifuuﬁﬂﬂﬂﬁtﬂﬂ

DBT re oval =
Mass balance = 93 %
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C.6 Result for column experiment with DBT-decane mixture flushing with

surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 0.8 wt.% CacCl,

The packed column properties:
Pore volume = 30.01 mL
Porosity = 0.370
Trapped oil =4.98 g (22.1

Table C.8 Results for thss

surfactant mixture of 37

1t vilth Eé mixture flushing with

oS 0.8 wt.% CaCl,

.45 tin Mobilized oil

PV ' cumulative cumulative
mg mg

0.25 0.00 0
0.76 0.84 0
1.27 1.79 0
1.77 3.37 0
2.28 4.14 0
253 4.49 1,399
2.79 5.05 1,878
3.04 5.59 1,978
3.29 5.84 1,978
3.55 6.10 1,978
3.80 6.33 1,978
4.05 6.57 1,978
431 Rl = , 6.81 1,978
4.56 | % P 8 .33 1 7.05 1,978
4.81 Q) 3,547 291 3220 729 1,978
507 374 fg| 636 3 1,978
6.08|q " o727 " ! -t 270 8.197 1,978
6.59 4,005 494 30.31 8.63 1,978
7.09 4,098 555 28.21 9.07 1,978
7.60 4,406 620 27.72 9.50 1,978
8.86 4,489 789 20.53 10.41 1,978
10.13 4,390 958 11.08 11.01 1,978
11.40 4,715 1,131 17.95 11.57 1,978
12.66 4,799 1,311 18.53 12.26 1,978
13.93 4472 1,488 20.99 13.01 1,978
15.20 3,223 1,634 19.78 13.78 1,978
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Table C.8 (continue)

decane DBT astin Mobilized oil

PV concentration | cumulative | concentration | cumulative cumulative
mg/L mg mg/L mg mg

16.46 1,830 1,730 24.38 14.62 1,978
17.73 800 1,780 26.19 15.58 1,978
19.00 257 1,800 26.53 16.59 1,978
20.26 92 na. 16.59 1,978
21.53 12 26.40 18.60 1,978
22.79 24.32 19.56 1,978
24.06 20.50 1,978
25.33 21.50 1,978
27.86 23.59 1,978
30.39 25.65 1,978
32.93 27.53 1,978
35.46 29.17 1,978
37.99 30.64 1,978
40.52 31.76 1,978
43.06 32.56 1,978
45.59 33.23 1,978
48.12 33.63 1,978
50.65 33.96 1,978

AULINENINYINS
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Result and calculation for decane

Initial trapped decane = 4,590 mg
Decane dissolved during replacement = 103 mg
Trapped result = 4,487 mg
Mobilized decane = 1,824 mg
Solubilized decane = 1,810 mg
Extract by surfactant solution = 0 mg

Extract by HCI solution
Extract from sand

0 mg
0 mg

Total mass measured g mg
Total treatr mg
Total remair g mg

Decane removal
Mass balance

Result and calculation \
.!
Initial trapped DBT as uin E_-~- 1 mgastin
DBT dissolved during rep: v'ﬁ 31 mgastin
Trapped result T ;5, T 120 mg as tin

Mobilized DBT Sem———— - as tin
Solubilized DBT %4 B as tin
Extract by surfactant filutics Hing as tin

Extract by HCI soluti& I 0 ='ng as tin

Extract from sand mg as tin

mqum N Elm'w alie A
Total treated = =94 mgastin,

ammmmum'mmfw

DBT re oval
Mass balance

105 %
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C.7 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS with gradient CaCl,

The packed column properties:

Table C.9 Results for thisss
mixture of 3.6 wt.% ST

Pore volume = 28.67 mL

Porosity = 0.349

Trapped oil = 8.33 g (12 2%

o gradient CaCl,

CaCl, 21 as tin Mobilized oil
PV | cumulative cumulative

wt.% mg mg
0.27 W 0
0.53 w 0.31 0
0.80 w 0.69 0
1.06 w 1.07 0
1.33 w 1.62 0
159 w 2.49 0
1.86 w 3.65 0
2.12 w 5.0 0
2.39 w 6.46 0
2.65 0 7.13 0
2.92 0 8.41 0
3.18 0 . 10.99 0
3.45 0 - 6 27d . 1337 0
3.98 0 265 |} _H Fu | 1.f 1 16.25 0
451 0 4,684 237 151.03 18.24 0
504 5,318 € 313 £n 7758 24,98 0
5.57 Q_ﬁ “TYWES]" | pli%s 0
6.10 | g '1953 439 ¥ 1660 180 0
6.63 0 2,904 476 49.53 22.53 0
6.89 0.2 7,162 514 128.43 23.21 232
7.16 0.2 13,310 592 246.76 24.63 366
7.42 0.2 11,058 684 276.22 26.62 389
7.69 0.2 10,623 767 44.31 27.84 410
8.22 0.2 10,802 929 20.94 28.33 426
8.75 0.2 11,608 1,100 14.92 28.61 442
9.28 0.2 11,651 1,277 11.76 28.81 442
9.81 0.2 11,451 1,452 6.41 28.95 442
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Table C.9 (continue)

CaCl, PCE DBT as tin Mobilized oil
PV concentration | cumulative | concentration | cumulative cumulative
wt.% mg/L mg mg/L mg mg
10.34 0.2 11,778 1,629 4.07 29.03 442
10.87 0.2 7,301 1,774 4,92 29.10 442
11.40 0.2 11,551 1,917 4.43 29.17 457
11.66 0.4 12,970 1.95 29.19 528
11.93 0.4 20,028 29.24 872
12.20 0.4 29.37 1,037
12.46 0.4 29.57 1,061
12.99 0.4 30.02 1,061
13.52 0.4 30.47 1,061
14.58 0.4 31.37 1,061
15.64 0.4 32.22 1,061
15.91 0.6 32.41 1,061
16.17 0.6 32.63 1,061
16.44 0.6 33.09 1,061
16.70 0.6 33.68 1,061
17.23 0.6 34.48 1,061
17.76 0.6 34.90 1,061
18.82 0.6 35.61 1,061
19.88 0.6 36.33 1,061
21.21 0.6 37.10 1,061
22.53 0.6 37.82 1,061
23.86 0.6 38.49 1,061
25.19 0.6 39.09 1,061
* w = water

AULINENINYINS
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Result and calculation for PCE

Initial trapped PCE = 7,765 mg
PCE dissolved during replacement = 363 mg
Trapped result = 7,402 mg
Mobilized PCE = 990 mg
Solubilized PCE = 5,863 mg
Extract by surfactant solution = 0 mg

Extract by HCI solution
Extract from sand

Total mass measured .
Total treate” -
Total remair-x

PCE removal
Mass balance

Result and calculation f

Initial trapped DBT as Tin =St = mg as tin
DBT dissolved during rep: .'% mg as tin
Trapped result T ;5, mg as tin

Mobilized DBT Sem———— S/ as tin
Solubilized DBT %4 B as tin
Extract by surfactant gijlutics I|ng as tin
Extract by HCI solutieh) ing as tin

ijﬁ;‘;‘il‘;”;@ﬂgq NININEAAS,

Total treated 2067 mgastin,

95

ammmmum'}ﬂmﬁﬂ

DBT re oval =
Mass balance = 84 %
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APPENDIX D
Experimental result for CHAPTER VII

D.1 Result for solubilization experiment of surfactant mixture of 3.6 wt.% SDHS
0.4 wt.% C16DPDS using CaCl, as electrolyte at pH1 (Table D.1 to D.4)

Table D.1 Solubilization result 3 T-PCE in 3.6 wt.% SDHS 0.4 wt.%

CaCl,
SD | RSD
wt.% mg/L %
0 164 | 0.83
0.2 1,425 | 4.09
0.4 461 | 1.08
0.6 2,409 | 4.99
0.8 1,371 | 2.87
1 1,064 | 2.27

Table D.2 Solubilization resiZdezas

C16DPDS using Cdg=
Y

&.PCE in 3.6 wt.% SDHS 0.4 wt.%

caCl, ——1
rep 1= rep 2 ~ SD | RSD
wt.% mg/L | ¢ 200/l Mok mg/L mg/L %
0 - 3 ) [o P S 164 | 083
0.2 Y425 4.09
_ 464 | 1.08
Bb§ v ’"@eﬂ 4.99
: © R 287
1 45,857 46,620 47,958 46,811 1,064 | 2.27
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Table D.3 Solubilization result of decane from DBT-decane in 3.6 wt.% SDHS 0.4
wt.% C16DPDS using CaCly as electrolyte at pH 1.

cacCl, Decane
repl rep 2 rep 3 avg SD | RSD
wt.% mg/L mg/L mg/L mg/L mg/L %
0 3,007 3,003 2,912 2,974 53| 1.80
0.2 4,255 4,343 4,269 69| 1.62
0.4 5,145 5,30 118 | 2.24
0.6 6,120 535 | 9.20
0.8 6,215 138 | 2.27
1 7,147 67| 0.95
Table D.4 Solubilizat? in 3.6 wt.% SDHS 0.4
wt.% C16DPDS using
CaCl2 ———
repl SD | RSD
wt.% mg/L mg/L %
0 1,214 36| 2.96
0.2 1,193 14| 1.18
0.4 1,123 19| 1.66
0.6 1,002% 20| 1.86
0.8 9l 16 | 1.65
1 1,034 45| 4.47

PRI TUAMINYAE
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D.2 Result for solubilization experiment of surfactant mixture of 3.6 wt.% SDHS
0.4 wt.% C16DPDS using NaCl as electrolyte at pH 4, 7 and 9 (Table D.5 to
D.16).

Table D.5 Solubilization result of PCE from DBT-PCE in 3.6 wt.% SDHS 0.4 wt.%

C16DPDS using NaCl as electrolyte at pH 4.

NaCl
pH SD | RSD
wt.% mg/L %
0 3.91 260 | 2.01
05 | 4.08 224 | 1.13
1 4.03 171 | 0.63
2 4.05 407 | 0.89

NaCl
pH rep 1 SD| %RSD
wt.% mg/L mg/L %
0 |391| A382 25 1.87
0.5 | 4.08 e 21 1.86
1 | 403 | &0 18 1.69
2 | 4.05 1P | 33 2.17

ravie07 sof R4 ’ﬂnﬁ&ﬂ%ﬁlﬁﬂ’]rﬁ@t%swsmm%

C16DPDS usm&NaCl as electrolyte‘at pH 7.

RSD

wt.% mg/L mg/L mg/L mg/L mg/L %
0 6.92 13,681 13,469 13,115 13,422 286 | 2.13
05 | 6.85 17,758 18,699 18,636 18,365 526 | 2.87
1 6.91 25,185 25,437 28,714 26,445 1969 | 7.44

2 6.89 51,664 51,109 51,239 51,337 290 | 0.57




159

Table D.8 Solubilization result of DBT from DBT-PCE in 3.6 wt.% SDHS 0.4 wt.%

C16DPDS using NaCl as electrolyte at pH 7.

DBT as tin

NaCl
pH rep 1 rep 2 rep 3 avg SD| 9%RSD
wt.% mg/L mg/L mg/L mg/L mg/L %
0 6.92 1,318 1,242 1,282 1,281 38 2.95
05 | 6.85 1,035 1,060 1,044 1,046 13 1.24
1 6.91 1,030 r 1,019 11 1.08
2 6.89 1,524 24 1.53

3.6 wt.% SDHS 0.4 wt.%

NacCl

pH SD| RSD

wt.% mg/L %
0 | 9.05 - 132 | 1.63

05 | 8.89 | 10,772 f 1ot 10,673 87| 0.81
1 | 894 | 14,607 —ﬁ 14,791 260 | 1.76

2 | 8.99 20478 | 2265| 7.68

31,680 | 277\

Gy’

.ll i

Table D.10 Solublllzatlo.u result of DBT fr DBT-PCE in 3.6 wt.% SDHS 0.4 wt.%

C160PDS “Sﬂ“‘ﬁ Hﬁ“ﬂ@l"ﬂ*‘% WEN3I

DBT as tin

NaCl
ﬁ,—. "y I ~Zp | %RSD
Wt.% _ hod l [ | bl d ﬁil iIC %
0 [99.05 540 525 538 535 8 1.49
0.5 8.89 323 336 333 331 7 2.08
1 8.94 363 355 384 367 15 4.07
2 8.99 688 712 696 699 12 1.75




160

Table D.11 Solubilization result of decane from DBT-decane in 3.6 wt.% SDHS 0.4
wt.% C16DPDS using NaCl as electrolyte at pH 4.

decane
NaCl
pH rep 1l rep 2 rep 3 avg SD| %RSD
wt.% mg/L mg/L mg/L mg/L mg/L %
0 3.91 3,010 3,086 3,029 3,042 40 1.30
05 | 4.08 3,522 3,582 ', 3. 3,565 38 1.06
1 4.03 4,615 f / 4,738 116 2.44

2 |a05| 7174 7,166 22 0.31

Table D.12 Solubiliza* g NN Se in 3.6 wt.% SDHS 0.4
Wt.% C16DPDS using N f1= |

NaCl

pH W SD| 9%RSD

wt.% g/L mg/L %

0 |301 1,941 18 0.91

05 | 4.08 1,303 24 1.83

1 | 403 e 018 21 2.25

2 |a05| ¢ r 9 1.00

‘a
Table D.13 Sqisbigizag . dw 3.6 Wt.% SDHS 0.4
Wt.% cmmﬁj‘{ﬂiﬂﬁmmﬂiﬂﬂ
in ‘ H GRCANEN N B 1 A o
o ANRIN IRARTINIIRS e

wt.% |9 mg/L mg/L mg/L mg/L mg/L %
0 6.92 3,109 3,127 3,062 3,099 34 1.08
05 | 6.85 3,289 3,324 3,284 3,299 22 0.66
1 6.91 4,225 4,257 4,238 4,240 16 0.39

2 6.89 7,916 7,662 7,772 7,783 127 1.63
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Table D.14 Solubilization result of DBT from DBT-decane in 3.6 wt.% SDHS 0.4
wt.% C16DPDS using NaCl as electrolyte at pH 7.

DBT as tin

NaCl
pH rep 1l rep 2 rep 3 avg SD| %RSD
wt.% mg/L mg/L mg/L mg/L mg/L %
0 6.92 2,127 2,103 2,109 2,113 12 0.59
05 | 6.85 1,278 1,265 1.293 1,278 14 1.11
1 6.91 948 933 15 1.64
2 6.89 969 982 11 1.17

NacCl oH
wt.% >
0 |9.05 , -
0.5 | 8.89 2,481 i
1 | 894 3,095 ™)

2 | 8.99

Table D.16

wane in 3.6 wt.% SDHS 0.4

Wy SD| %RSD
g/L mg/L %
1,850 41 2.21

. 12415 57 2.37
3,088 16 0.53

" 4 57 1.02

Wt.% 016Dpﬁﬁﬂinﬂmmﬂﬂ’fﬂ ﬂj .6 Wt.% SDHS 0.4

; | ‘
oQ ANARN IR ST T NN 8 s
wt.% |9 mg/L mg/L mg/L mg/L mg/L %
0 9.05 1,058 1,087 1,095 1,080 20 1.82
0.5 | 8.89 355 346 345 349 6 1.58
1 8.94 199 199 201 200 1 0.63
2 8.99 230 248 224 234 13 5.48
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D.3 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS without CaCl, at pH 1
and use Ottawa sand as the media.

The packed column properties:

Pore volume = 30.71 mL
Porosity = 0.379
Trapped oil = 7.56 g

-

caperiment with DBT-PCE
. 1S 0.4 wt.% C16DPDS

W tin Mobilized oil

PV concentratior cumulative | cumulative
mg mg

0.25 0
0.74 1.13 0
1.24 213 0
173 3.47 0
2.23 5.07 399
2.47 558 1,660
272 g 7.57 3,658
2.97 1108.44 13.63 3,658
3.22 18,115q o 333| g, 1100.05 22.02 3,658
3.46 ﬂ%qmmm = 2077 3,658
3.71 14 7 5, d 3636 3,658
3.96 Y 14,026 »1 £687.10 §2.00 3,658
4.2 A A ANS AN909 IW 211 Aed 3,658
4.455! N | azﬂ LdbkueN VI | goldol) Ibk3 3,658
470 |° 16,224 1,031 706.50 58.69 3,658
4.95 15,049 1,150 444.24 63.07 3,658
5.44 12,699 1,361 126.10 67.40 3,658
5.94 10,698 1,538 15.11 68.48 3,658
6.43 9,411 1,691 5,94 68.64 3,658
6.93 9,155 1,832 4.84 68.72 3,658
7.42 8,546 1,967 2.97 68.78 3,658
8.66 6,280 2,249 1.90 68.87 3,658
9.90 3,086 2,444 0.00 68.91 3,658
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Table D.17 (continue)

PCE DBT as tin Mobilized oil
PV concentration | cumulative concentration | cumulative | cumulative
mg/L mg mg/L mg mg
11.14 2,026 2,558 0.73 68.92 3,658
12.37 1,061 2,617 7.56 69.08 3,658
13.61 655 2,649 0.00 69.22 3,658
14.85 471 0.00 69.22 3,658
16.09 0 0.00 69.22 3,658
Result and calculation f:
Initial trapped PCE mg a
PCE dissolved during r, mg
Trapped result mg c=ab
Mobilized PCE mg d
Solubilized PCE mg e
Extract by surfactant so' g mg f
Extract by HCI solutio 0 mg ¢
Extract from sand I 0 mg h
Total mass measured YT 6,090 mg i=d+e+f+g+h
Total treate_d 42 E;-" 6,090 mg j=d+e
Total remgainag . mg k=f+g+h
PCE removal ‘ v, % i/j*100
Mass balance - % i/c*100

Result and calculat|0|. for DBT

E‘S?'dﬁiiﬂﬁ’iﬁﬁuﬁfmﬁl W ‘ﬁN BT e

Trapped result¥ 177

mg 3 f tin

oo maﬁﬂimuma ‘ﬂmﬁﬂ

Solubil

Extract by surfactant solution mg as tin

Extract by HCI solution = 0 mg as tin

Extract from sand = 0 mgastin

Total mass measured = 166 mg as tin
Total treated 165 mgas tin
Total remained = 1 mgastin

DBT removal = 9 %

Mass balance = 94 %
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D.4 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 0.2 wt.% CaCl, at pH 1

and use Ottawa sand as the media.

The packed column properties:

Pore volume = 30.57 mL
Porosity = 0.377

Trapped oil = 8.94 gw

=

- s

caperiment with DBT-PCE

Mobilized oil

PV concentratio cumulative cumulative
' mg mg

0.25 0
0.75 1.03 0
1.24 1.95 0
1.74 3.37 0
2.24 3.37 1,687
2.49 5.08 3,307
2.73 N A= 5.33 5,451
2.98 | It 8.44 5,451
3.23 16,44%_‘. 269 o 710.55 14.08 5,451
3.48 @9 v ’ £ 19.86 5,451
ma “ﬂs“ 5 “ EjG%i d 26.16 5,451

2.49 5,451

801 5,451

151 5,451

49.96 5,451

52.62 5,451

55.03 5,451

55.70 5,451

55.87 5,451

55.98 5,451

56.04 5,451

56.18 5,451

56.35 5,451
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Table D.18 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative concentration | cumulative cumulative

mg/L mg mg/L mg mg

11.19 0 1,654 11.68 56.64 5,451

12.43 0 1,654 1.56 56.89 5,451

Result and calculation for PCE

Initial trapped PCE ~ mg
PCE dissolved during rep!2™ssss mg
Trapped result mg

Mobilized PCE

Solubilized PCE
Extract by surfactants#®
Extract by HCI solutic g
Extract from sand

Total mass measured
Total treated
Total remairi

PCE removal
Mass balance

Result and calcula S48 A

Initial trapped DBT -!i tin - 236 J ng as tin
DBT dissolved during rgpl icement ey, 40 mgas tin

e “"S”ﬁ 8N EW]?W g3

Mobilized DB 144 mg as t|n

TR0 AN 7] ek

Extract®y HCI solution mg as tin
Extract from sand = mg as tin
Total mass measured = 202 mgas tin
Total treated = 201 mgastin
Total remained = 1 mgastin
DBT removal = 100 %

Mass balance = 103 %
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D.5 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NacCl at pH 4

and use Ottawa sand as the media.

The packed column properties:

Pore volume = 29.62 mL
Porosity = 0.365
Trapped oil =7.3 g &

-

caperiment with DBT-PCE
. 1S 0.4 wt.% C16DPDS 1

Mobilized oil

PV concentration cumulative cumulative
' mg mg

0.26 0
1.03 1.40 0
1.54 2.37 0
2.05 3.80 0
2.31 na. 0
2.57 6.63 0
2.82 = 8.58 384
3.08 170.844 10.21 384
3.34 14,984 ' 254 P 92.24 11.21 384
3.59 X5, PAY gy £ 11.96 384
3.85 ﬂﬁ% 3 “&“ 5 “ E!.sd d 1264 384
411 ql15,746 6}7 39.97 .08 384
4.36 | 7 . 384
4.88 16,063 979 18.58 13.71 384
5.13 15,938 1,101 17.65 13.85 384
5.65 15,969 1,343 15.05 14.10 384
6.16 16,076 1,587 13.78 14.32 384
6.67 16,240 1,832 13.72 14.53 384
7.18 14,702 2,068 13.47 14.73 384
7.70 15,383 2,296 15.29 14.95 384
8.98 15,289 2,879 16.71 15.56 384
10.26 13,539 3,427 23.49 16.32 384
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Table D.19 (continue)
PCE DBT as tin Mobilized oil
PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg
11.55 13,852 3,947 25.74 17.26 384
12.83 11,949 4,437 33.08 18.38 384
14.11 10,450 4,863 22.03 19.42 384
15.40 7,833 17.54 20.17 384
16.68 5,163 14.20 20.78 384
17.96 3,279 21.23 384
19.25 1,560 21.58 384
20.53 21.85 384
21.81 22.06 384
23.09 22.26 384
24.38 22.44 384
25.66 22.63 384
28.23 22.99 384
30.79 23.29 384
33.36 23.61 384

AULINENINYINS
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Result and calculation for PCE

Initial trapped PCE = 6,810 mg
PCE dissolved during replacement = 121 mg
Trapped result = 6,689 mg
Mobilized PCE = 358 mg
Solubilized PCE = 5,794 mg

Extract by surfactant solution
Extract by HCI solution
Extract from sand

0 mg
0 mg

PCE removal
Mass balance

v \ ,"“
| Pedey 3\
et )3

Result and calculation -

Initial trapped DBT as tir# % mg as tin
DBT dissolved during replacer 29 mgastin

Trapped result A 2 astin

Mobilized DBT W s tin
Solubilized DBT || il§ng as tin

Extract by surfactant solution 74 mg astin

Exvac ?éﬁﬁMj M gm;jw [0 Fi5n

T°‘a'ﬁasi§‘ai‘ié@ﬂ UM IR

al remained

23 %
91 %

DBT removal
Mass balance

168
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D.6 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NacCl at pH 7

and use Ottawa sand as the media.

The packed column properties:
Pore volume =29.13 mL
Porosity = 0.364
Trapped oil = 8.64 g

-

caperiment with DBT-PCE
. 1S 0.4 wt.% C16DPDS 1

Mobilized oil

! cumulative cumulative
mg mg

0

1.71 0
3.40 0
4.89 0

na. 0

6.67 1,399
8.48 1,878
10.35 1,978
11.46 1,978
£ 12.07 1,978
d 1251 1,978
1%.30 1,978

2 1,978
13.66 1,978
13.85 1,978
14.17 1,978
14.44 1,978
14.68 1,978
14.89 1,978
15.12 1,978
15.64 1,978
16.02 1,978
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Table D.20 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg

11.74 15,426 4,128 7.31 16.33 1,978
13.05 13,972 4,686 7.30 16.61 1,978
14.35 12,023 5,180 26.29 17.25 1,978
15.65 8,680 5,574 24.19 18.21 1,978
16.96 5,083 18.95 1,978
18.26 3,264 19.44 1,978
19.57 1,569 19.75 1,978
20.87 492 | 19.93 1,978
22.18 20.16 1,978
23.48 20.38 1,978
24.79 20.50 1,978
26.09 20.61 1,978
28.70 20.83 1,978
31.31 21.05 1,978
33.92 21.24 1,978

IR TN TN
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Result and calculation for PCE

Initial trapped PCE = 8,057 mg
PCE dissolved during replacement = 229 mg
Trapped result = 7,828 mg
Mobilized PCE = 1,844 mg

Solubilized PCE = 6,151 mg
Extract by surfactant solution =
Extract by HCI solution
Extract from sand

PCE removal
Mass balance

Result and calculation -

Initial trapped DBT as tir
DBT dissolved during replacer
Trapped result

mg as tin
mg as tin
r#d as tin

Mobilized DBT W s tin
Solubilized DBT || il§ng as tin

Extract by surfactant solution 39 mg as tin

xac ?éﬁﬁmj M gm;jw e[ Fi5n

T°‘a'ﬁaﬁ§ﬁ@ﬂimuﬁnmﬁ““

remained 114

DBT removal = 39 %
Mass balance = 95 %
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D.7 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NacCl at pH 9

and use Ottawa sand as the media.

The packed column properties:

Pore volume = 30.66 mL
Porosity = 0.378
Trapped oil = 5.49 gw

NS onperiment with DBT-PCE
“\ 1S 0.4 wt.% C16DPDS 1

\".

Mobilized oil

PV concentration cumulative cumulative
' mg mg

0.25 0.00 0
0.99 1.28 0
1.49 2.27 0
1.98 3.72 0
2.23 na. 0
2.48 5.57 133
2.73 6.72 133
2.97 | 7.95 133
3.22 8,803 ¢ o 123 o 106.25 8.91 133
3.47 @, v £ 9.73 133
3.72 ﬂﬁﬁ% 3 “Egs“ 5 “ Eisai d 10.51 133
3.97 ql11,416 3p8 76.55 13.3,7 133
421 F— 8 133
4.71 13,464 641 54.14 12.96 133
4.96 13,569 744 49.12 13.35 133
5.45 13,845 952 30.17 13.95 133
5.95 13,086 1,157 24.12 14.36 133
6.44 13,291 1,357 24.12 14.73 133
6.94 12,972 1,557 19.23 15.06 133
7.44 12,922 1,754 19.87 15.36 133
8.68 12,391 2,235 11.78 15.96 133
9.91 11,704 2,693 10.64 16.38 133
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Table D.21 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg

11.15 10,489 3,114 9.87 16.77 133
12.39 8,332 3,472 9.32 17.14 133
13.63 4,516 3,716 9.45 17.49 133
14.87 1,526 3,831 10.28 17.87 133
16.11 538 10.67 18.27 133
17.35 154 / 2 06 18.68 133
18.59 / 19.10 133
19.83 19.51 133
21.07 19.84 133
22.31 20.11 133
23.55 20.37 133
24.79 20.63 133
27.27 21.16 133
29.74 21.69 133
32.22 22.21 133
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Result and calculation for PCE

Initial trapped PCE = 5,121 mg
PCE dissolved during replacement = 186 mg
Trapped result = 4,935 mg
Mobilized PCE = 124 mg
Solubilized PCE = 3,891 mg

Extract by surfactant solution
Extract by HCI solution
Extract from sand

PCE removal
Mass balance

Result and calculation foi#D %

Initial trapped DBT as tin __zi—ak .1.-' 145 mg as tin
DBT dissolved ¢ £ as tin
Trapped result yif = iy ) as tin

Mobilized DBT J ing as tin
Solubilized DBT 22 mg as tin
Extract by s m m

Extract by H ﬂ ﬂw Hﬂjw ﬂqmﬁtm
Extract from s#Md 0 mgas t|n

ro AL AN 1] 0 11111'1’&3(] 824 8

Total treated mg as tin
Total remained = 75 mg as tin
DBT removal = 26 %

Mass balance = 81 %
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D.8 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NacCl at pH 4

and use sieved aquifer soil as the media.

The packed column properties:

Pore volume = 37.7 mL
Porosity = 0.465
Trapped oil = 5.87 gw

‘\‘_

=

caperiment with DBT-PCE

Mobilized oil

PV concentration cumulative cumulative
' mg mg

0.20 0
0.81 2.60 0
1.21 4.43 0
1.61 5.94 0
181 na. 0
2.02 7.04 7
2.22 7.41 14
2.42 | ) 7.82 22
2.62 10,318 ¢ o 174 o 111.14 8.53 31
2.82 @, v 10Ny €y & 9.13 40
3.02 ﬂ%%ﬁ%s 11 d 949 49
3.23 ql12,118 42} 2.51 @6 59
3.43¢# L <! . 69
3.83 12,916 703 45.41 10.90 91
4.03 13,171 802 41.27 11.23 102
4.44 13,738 1,006 38.86 11.84 114
4.84 13,292 1,212 45.04 12.48 126
5.24 13,691 1,417 37.50 13.10 140
5.65 15,416 1,638 45.64 13.74 153
6.05 14,388 1,864 45.77 14.43 168
7.06 15,536 2,433 32.45 15.92 184
8.06 15,859 3,029 27.63 17.06 201
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Table D.22 (continue)
PCE DBT as tin Mobilized oil
PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg
9.07 14,003 3,597 33.56 18.22 219
10.08 10,272 4,058 53.72 19.88 239
11.09 3,057 4,311 27.07 21.41 260
12.10 585 14.27 22.20 282
13.11 22.58 305
14.11 22.77 328
15.12 22.95 351
16.13 23.13 374
17.14 23.29 397
18.15 23.44 421
19.15 23.58 444
20.16 23.70 468
22.18 23.94 492
24.19 24.20 516
26.21 24.46 540

AULINENINYINS
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Result and calculation for PCE

Initial trapped PCE = 5,472 mg
PCE dissolved during replacement = 95 mg
Trapped result = 5,377 mg
Mobilized PCE = 573 mg
Solubilized PCE = 4,403 mg
Extract by surfactant solution = 0 mg
Extract by HCI solution 0 mg
Extract from sand 0

PCE removal
Mass balance

Result and calculation -

Initial trapped DBT as tir# mg as tin
DBT dissolved during repIaC(ar mg as tin
Trapped result ‘ v/ 2. # astin

Mobilized DBT % W as tin
Solubilized DBT || il§ng as tin
Extract by surfactant solution 30 mg as tin

Exvac ?éﬁﬁmj M gm;jw ef Fi5n

ﬁi@ﬁ fanIniumTnEsRy

al remained

35 %
83 %

DBT removal
Mass balance

177



178

D.9 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NacCl at pH 7

and use sieved aquifer soil as the media.

The packed column properties:

Pore volume = 39.49 mL
Porosity = 0.487
Trapped oil =6.21 g

‘\‘_

=

caperiment with DBT-PCE

Mobilized oil

PV concentration cumulative cumulative
' mg mg

0.19 0
0.77 2.53 0
1.15 3.92 0
1.54 5.17 0
1.73 na. 0
1.92 5.99 1,145
2.12 6.77 1,145
2.31 | 8.04 1,145
2.50 13,062 ¢ o 275 o 121.07 9.11 1,145
2.69 13, v P&y €y £ 9.96 1,145
2.89 Fﬁﬁ%%e Il d1067 1,145
3.08 11,422 55 78.70 11.30 1,145
3.27;a 1qq ﬂg ﬂ % ﬁga |1qq%ﬁ£ a% 1,145
3.46 I 1B | A BAE X tm 1,145
3.66 13,916 853 98.86 13.46 1,145
3.85 14,130 959 84.19 14.15 1,145
4.23 14,446 1,177 92.95 15.50 1,145
4.62 14,776 1,399 78.60 16.80 1,145
5.00 17,131 1,641 100.47 18.16 1,145
5.39 15,808 1,891 70.00 19.46 1,145
5.77 15,860 2,132 57.61 20.43 1,145
6.74 15,650 2,731 35.92 22.20 1,145
7.70 13,213 3,279 22.80 23.32 1,145
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Table D.23 (continue)
PCE DBT as tin Mobilized oil
PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg
8.66 7,680 3,676 12.95 24.00 1,145
9.62 3,104 3,881 5.25 24.34 1,145
10.59 1,109 3,961 2.97 24.50 1,145
11.55 404 2.99 24.61 1,145
12.51 156 24.72 1,145
13.47 24.83 1,145
14.44 24.95 1,145
15.40 25.07 1,145
16.36 25.25 1,145
17.32 25.43 1,145
18.28 25.58 1,145
19.25 25.73 1,145
21.17 26.04 1,145
23.10 26.36 1,145
25.02 26.72 1,145
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Result and calculation for PCE

Initial trapped PCE = 5,792 mg
PCE dissolved during replacement = 125 mg
Trapped result = 5,667 mg
Mobilized PCE = 1,068 mg
Solubilized PCE = 4,017 mg
Extract by surfactant solution = 0 mg
Extract by HCI solution 0 mg
Extract from sand 0

PCE removal
Mass balance

Result and calculation -

Initial trapped DBT as tir
DBT dissolved during replacer
Trapped result

mg as tin
mg as tin
r#d as tin

Mobilized DBT W s tin
Solubilized DBT || il§ng as tin

Extract by surfactant sol tlon 26 mg as tin

xac ?%3%?3“ 539 gm;jw e Fi5n

ﬁi@ﬁ B0 umINEsRY

al remained

48 %
78 %

DBT removal
Mass balance
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D.10 Result for column experiment with DBT-PCE mixture flushing with
surfactant mixture of 3.6 wt.% SDHS 0.4 wt.% C16DPDS 1 wt.% NaCl at pH 9

and use sieved aquifer soil as the media.

The packed column properties:

Pore volume = 38.77 mL
Porosity = 0.478
Trapped oil = 6.01 gw

‘\‘_

=

caperiment with DBT-PCE

Mobilized oil

PV concentration cumulative cumulative
' mg mg

0.20 0.00 0
0.78 3.48 0
1.18 5.58 0
1.57 7.28 0
1.76 na. 0
1.96 8.37 0
2.16 8.81 435
2.35 | 9.30 435
2.55 13,809 ¢ o 204 o 39.36 9.69 435
2.74 13, v Py €y £ 9.98 435
2.94 ﬂﬁ%%? 11 d1020 435
3.14 ql11,654 49} 2.16 1&5}7 435
3.33¢ £ £58 . 435
3.72 12,127 766 15.17 10.77 435
3.92 12,665 861 13.74 10.88 435
4.31 13,233 1,058 22.24 11.15 435
4.71 14,437 1,268 14.17 11.43 435
5.10 13,537 1,480 14.14 11.65 435
5.49 14,811 1,696 16.31 11.88 435
5.88 15,189 1,924 16.51 12.13 435
6.86 14,685 2,491 9.36 12.62 435
7.84 14,793 3,052 7.68 12.94 435




182

Table D.24 (continue)

PCE DBT as tin Mobilized oil

PV concentration | cumulative concentration | cumulative cumulative
mg/L mg mg/L mg mg

8.82 13,279 3,585 8.46 13.25 435
9.80 9,863 4,025 8.20 13.57 435
10.78 2,931 4,268 6.18 13.84 435
11.76 557 5.79 14.07 435
12.74 216 5.18 14.27 435
13.72 47 14.47 435
14.70 14.67 435
15.68 14.88 435
16.66 15.08 435
17.64 15.25 435
18.62 15.44 435
19.60 15.64 435
21.56 16.02 435
23.53 16.45 435
25.49 16.91 435

AULINENINYINS
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Result and calculation for PCE

Initial trapped PCE = 5,607 mg
PCE dissolved during replacement = 232 mg
Trapped result = 5,375 mg
Mobilized PCE = 406 mg
Solubilized PCE = 4,369 mg
Extract by surfactant solution = 0 mg
Extract by HCI solution 0 mg
Extract from sand 0

PCE removal
Mass balance

Result and calculation -

Initial trapped DBT as tir
DBT dissolved during replacer
Trapped result

mg as tin
mg as tin
g2 as tin

Mobilized DBT B 2 tin
Solubilized DBT || il|hg as tin

Extract by surfactant solution 21 mg as tin

Eiiiiiiféﬁﬁm'mﬂmw Hab R

ﬁi@ﬁ B0 umINEERy

al remained

DBT removal 29 %
Mass balance = 72 %
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