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CHAPTERI

INTRODUCTION

As a result of industrial accidents (spills, leaks, and leaking underground
storage tanks) hydrophobic organic contaminants (HOCs) frequently enter the
subsurface. These chemicals represent a long-term source for soil and aquifer
contamination (Lee et al., 2001). Over one million underground storage tanks were
identified to leak. In soil, a concentration-of gasoline, diesel, and lubricating oil
between 100 and 200 mg/L were introduced into the soil by leaking storage tanks
(Rauckyte et al., 2005).

Nowadays, these has'been an iﬁ_creasing interest in the use of ferrocene in
gasoline and diesel. Fwol different g&ditives, namely methylcyclopentadienyl
manganese (MMT) and ferrogene have bégn‘proposed, although it appears that neither
is as effective as lead in raising the Reseér__qh__.Octane Number (RON); thus, metallic
additives might also require refineryy upgrading. The depth of analysis and availability
of public data however is much'less than th'gt for methylcyclopentadienyl manganese
(MMT). Octel, the manufacturer-of ferroceﬂ_g‘,;;llas not reported octane-boosting data
for ferrocene or recommended treatment rates (Graboski, 2003). Moreover, potential
health effects of ferrocene have not been thoroughly investigated including

toxicological information (MSDS No.C7046).

The contaminated Site ‘can‘be remediated by flushing the soil with water in a
conventional pump-and-treat system (Palmer, 1992). Due to the limitations of pump-
and treat systems, researchyhas- focused on developingrnew techmiques for expediting
subsurface " remediation, "namely ‘surfactant enhanced pump-and-treat remediation
(Nivas et al., 1995). Therefore, the surfactant enhanced aquifer remediation (SEAR)
using microemulsion technique has been applied over the past decade (Ouyang et al.,
1996; Shiau et al., 1996; Dwarakanath et al., 1999; Harwell et al., 1999; Ouyang et
al., 2000; Sabatini et al., 2000; Uchiyama et al., 2000; Wu et al., 2000; Wu et al.,
2001; Acosta et al., 2003; Childs et al., 2004; Szekeres et al., 2005; Szekeres et al.,
2006).



Even though the toxicity of ferrocene does not affect the human health and the
environment, it might have an effect to remediate site by surfactant enhanced aquifer
remediation (SEAR). Due to the fact that, criteria of the internal property of substance
which is the equivalent alkane carbon number (EACN) as the equivalent alkyl carbon
number changes, the behavior or solubilization of substance in micellar by
microemulsion technique is different. The EACN is the amount of carbon atoms of
the alkanes present in crude oil (Wade et al, 1977). Crude oil (gasoline) is a
multicomponent hydrocarbon mixture and . anEACN value is assigned to every
hydrocarbon. Therefore, the EACN of the hydrocarbons can help to clarify the role of
the molecular weight andthe stiuCture of the surfactants in forming a microemulsion

system with oil.

In this study, ferrocene was mixed with alkanes at a similar ratio as found in
gasoline (50, 100 mg/L) to compare the'f effects of ferrocene on solubilization and

mobilization by using microémulsion technique.

#

1.1  Objectives of the study 2/

The three main objectives-ofthis study fi}ere

1. To investigate: whether surfactant systems are able to form microemulsions

with alkanes-and with and without ferrocene addition.

2. To evaluate the effects of ferrocene on the solubilization of alkanes in

microemulsionsystems;

3. To studythe removal efficiency of alkanes in the presence of ferrocene using

the microetanlsiontechnique in column studies.

1.2 Hypotheses

Addition of ferrocene in alkanes affect the Equivalent Alkane Carbon Number
(EACN) and hence the phase behavior, solubilization, and treatment efficiency of

microemulsion systems.



1.3 Scope of the study

The overall work can be categorized into four parts as presented in the

following sections.

1.3.1 Alkanes

Alkanes are the major components of gasoline, which can contain 500
different hydrocarbons consisting of 3 to 12 carbons. Ferrocene is mostly added to
gasoline in order to increase the octane mumber; therefore, a mixture of decane,
isooctane, and also of hexane s used, as they-are-the main components in gasoline, in
order to investigate the solubilization behavior of a.microemulsion system with and
without ferrocene additien. Additionally, the ferrocene concentration was varied from
50 to 100 ppm and alsosthe sodinm chlofjde (NaCl) concentration to study the Winsor
type of the microemulsion In" order to;;imulate the composition of gasoline the

alkanes hexane, octane, and décane were used at varying concentrations.

1.3.2  Phase behavior study

#

A phase behavior study of the micr(;_;a—rl%gglsion was performed to determine the
EACN of ferrocene and to understand the _p_h_as_c? behavior of surfactants and alkanes

with and without ferrocene addition.

A suitable surfactant system for determining the EACN of ferrocene was
selected considering the hydrophile-lipophile balance (HLB). The viscosity of the
surfactant solutionswassacceptable andsno preeipitation-was, observed. In this part, the
Winsor type’ of " the= microemulsion’ was "Winsor " type III (middle phase
microemulsion). The EACN of ferrocene was studied using different solubilization
parameters. and| the Salager’s hequation’ by lusing benzene, s EACN=0; toluene,
EACN=1; and xylene, EACN=2.

In order to understand the phase behavior of surfactants and alkanes with and
without ferrocene addition, every Winsor type of the microemulsion was studied. The
microemulsion should follow Winsor type I (O/W,, microemulsion or oil in water)
and Winsor type III (middle phase microemulsion) in order to identify the

supersolubilization region, which is closely located to the phase boundary between



type I and type III. Another possible phase is Winsor type II, which is a W,/O or
water in oil microemulsion. According to the HLB and EACN of the alkanes a
suitable surfactant system for the studied substances with and without ferrocene
addition was determined. The surfactant systems able to form microemulsions were
used to determine the supersolubilization and optimum salinity (S°). For both studies

(Investigation EACN of ferrocene and phas behavior study) only anionic surfactant

(Dowfax 8390, AMA, and AOT) were used.

1.3.3.  Solubilization study

A solubilization studywas conducted usinga solubilized bath experiment. The
conditions of the experiment were similar the phase behavior study. The solubilization

study was done undesWinsor type I supersolubilization, and Winsor type III

microemulsion conditions. -

134  Columu'study

The surfactant systems Sbtained frqm the solubilization and phase behavior
study were applied to flush a column contai-;ii;ig,alkanes with and without ferrocene at
similar electrolyte concentratlon A column experlment was performed using Ottawa
sand as soil to evaluate the removal of organometalhc oil in a contaminated aquifer.
The aqueous surfactant solution was flushed through the column, and the effluent was
collected and analyzed. The percentage of alkanes and ferrocene removal, efficiency
removal, and mass balance.was investigated. In this part only isooctane and decane

were used as héxane is'a volatile substance.



CHAPTER I

THEORETICAL BACKGROUND AND
LITERATURE REVIEWS

2.1. Ferrocene

Nowadays, unleaded gasoline is becoming popular fuel in industrial and
sold in general vehicle using. Lead is toxXic-Substance, however it can have been
composed of organometallic additive such as tetraethyl lead (TEL). It was used
extensively to prevent knocking«in fitel engine (gasoline) and increase the fuel’s octane
number. The other additives have been invented to increase octane number but not many

additives can raise octane numberas/such high level as TEL.

Ferrocene 1s another metallic é.dditive in gasoline and diesel that can have
been used to boost octane. It i§ a coor_dmatié;l;_.cqmpound of iron and two molecules of
cyclopentadiene as shown m Figure, 2:1. Thé’.main utility of ferrocene is as a diesel
additive for improving combustion and suppésfs’;fng smoke (Environmental Australia
department environmental and heritago, 2000).—,N6£1e-of the studies identified differences
in the toxicity of the exhausts derived from fuels with ferrocene addition of 30 ppm and
without ferrocene. From an environmental perspective, iron-oxide emissions are expected
to be in the range of a normal engine wear, and ferrocene used at the recommended levels
may not add significantly, to’the. total levels.of iron emitted (Graboski, 2003). Some

properties of ferrocenelare'shown in Table 3.1.

Figure 2.1 Structure ferrocene (http://en.wikipedia.org/wiki/Ferrocene, 2007).


http://en.wikipedia.org/wiki/Ferrocene

2.2. Gasoline

Gasoline is made from crude oil. The crude oil pumped out of the ground
is a black liquid called petroleum. This liquid contains hydrocarbons, and the carbon
atoms in crude oil link together in chains of different lengths. The smaller molecule
hydrocarbons that are usually a liquid at ambient temperatures are pentane, hexane,
heptanes, octane, decane, and dodecane. When these six liquid hydrocarbons are put into
a mixture together, the mixture is called gasoline. Some of the lighter liquids are
chemically reformed to make «them more stitable as a car fuel (from

http://science.howstuffworks.com/gaselnel .htm, 2010).

2.3. Equivalent alkane carbonnumber (EACN)

The alkanes carbom number: (ACN) is defined as oil hydrophobicity of
linear n-alkanes with correspondence to its carboﬁ number (i.e., ACN of hexane = 6). The
mixture of different alkanes numbers (ACN) can be found to follow simple mole fraction

averaging rules for microemulsion stability. For the non-alkanes such as benzene, a new

Term was introduced, ‘namely the éd&ivalent alkane carbon number or
“EACN”, which is applicable for studies using suf%aéiants. The o1l EACN concept was
initiated by Wade et al. (1977), where the EACN of the non-alkane was determined by
comparing the optimum microemulsion formulation at the same physicochemical
environment to those of n-alkanes. Equation for averaging” EACN can have been
expanded to any number of components and a general relationship base on mole fraction

as equation 1:

EACN, €= ) MACN, el)

2.4. Salager’s equation

Microemulsion formulation is largely a trial-and-error process. Empirical
models can help to expedite this trial-and-error process. For systems containing
hydrocarbons, anionic surfactants, alcohols, and salinity the following relationship named

Salager equation (Equation 2) has been proven to be valid (Salager et al., 1979):


http://science.howstuffworks.com/oil-drilling.htm
http://science.howstuffworks.com/gasoline1.htm

nS* =K(EACN)+ f(A)—c+a,(T-25) ()

Where S* is the optimum salinity of the microemulsion system, EACN is

] an equivalent alkane carbon number of oil, f(4) is a function of alcohol type and
concentration, ¢ is the parameter indicating the characteristic of surfactant, ar is a
coefficient accounted for temperature effect. This equation can have been modified into a
reduced form as shown in equation 3 if the system is applied at the same temperature

using the same the surfactant type and concentration without alcohol addition.

InS* =K(EACN)+¢ (3)

2.5. Surfactants

Surfactants arg surface active molecules that accumulate at interfaces.
They are a substance consisting of a hydrophilic (water-loving) head and a hydrophobic
(water-hating) tail in its moleculg structure. Th_é;y_ ére used into various products such as a
motor oils, pharmaceuticals, detergents. and including to be an application in high-
technology as electronic printing,  magnetic r?ggrding. They able to act to reduce
interfacial free energy. When placed into a water-oil or water-air systems, surfactants
accumulate at the interface with their water-like moiety in the“directed to the polar water
phase and the oil-like moiety directed to the non-polar oil o less polar air phase (Rosen,
1989). Due to its amphiphilic structure, a surfaétant can greatly reduce interfacial tension
between water and 0il, even theugh ifjpresent at very low concentration only (Harwell et
al., 1999). Surfactants are classified acecording to the nature of the hydrophilic portion of

the molecule as following:

1. Anionic surfactant is surface-active portion of the molecule bears a

negative charge such as RCOONa" (soap), RCsH4SO3Na' (alkylbenzene sulfonate).

2. Cationic surfactant is surface-active portion bears a positive charge

such as RNH; CI (salt of a long-chain amine), RN(CH3); CI” (long-chain amino acid).



3. Zwitterionic surfactant is both positive and negative charges may
be present in the surface-active portion such as RN"H,CH,COO" (long-chain amino acid),

RN"(CH;),CH,CH,SO5 (sulfobetaine).

4. Nonionic surfactant is surface-active portion bears no apparent
ionic charge such as RCOOCH,CHOHCH,OH (monoglyceride of long-chain fatty acid),
RCcH4(OC,H4)<OH (polyoxyethylenated alkylphenol) (Rosen, 1989).

2.6. Micelles

At concentrations..above  the - critical “micelle concentration (CMC),
surfactants form colloidal aggiegates called micelles; this point is designated at the
transition of region 2 to region'3 presented inlﬁgure 2.2 (Rosen, 2004). It is generally
accepted that this rapid change in'thg property/céi}éentration curve is due to the formation
of aggregates of amphiphiles or micelles in soh'-llltion. The particular arrangement of the
amphiphilic compounds in a micelle is to be visué;jl_izqd as being such that the hydrophiles
are in contact with water, whereas the lipophiles ar'g;_ c_;éllected together within the interiors
of micelles to create small regions frona which Wa'télif is essentially excluded (Bourrel,

1988).
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Figure 2.2 Critical micelle concentration (CMC) (Yeh et al., 2002).

Mixed micelle formation in mixtures of two surfactants is used to improve
some properties of the system. CMC of surfactants mixture (CV},) always change to be

intermediate in value between those of the two components (C™- C™,). If they interact
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together, CM}, is less than either CV'| or C™, which is called in synergism in mixed
micelle formation. In case, C™, is larger than either C™, or CV, is called antagonism
(negative synergism) in mixed micelle formation. The CMC of the mixture is given as

equation 4:

| 4 -«

= -+
Cy fCY AG

Where a is the mole fraction of surfactant I in the solution phase on a surfactant only

(4)

basis (i.e., the mole fraction of surfactant 2 inthe mixture is 1- o) and fj, f; are the
activity coefficients of surfactants 1 and 2, respectively, in the mixed micelle. When the

mixture surfactants are notinteraction together (f; = £5, =1), equation become:

I . & l-«
£ NN

The CMC value of any mixture can thenbe céioulated at any value of a directly from the

CMC values of the individual surfactants as equation 5:

A4

= 7 (6)
1 P

2.7. Solubilization

Solubilization may have been defined as the spontaneous dissolving of a
substance (solidsliquids, gas) by reversible, interaction-with, the micelles of a surfactant in
a solvent to' form “a’ thermodynamically “stable “isotropic solution with reduced
thermodynamic activity of the solubilized material. The solubility of a normally solvent-
insoluble material is plotted against the concentration of the surfactant solution that is
solubilizing it. The solubility increases approximately linearly with the concentration of
the surfactant. The critical concentration is the CMC of the surfactant as shown in figure
2.2 (Rosen, 2004). Solubilization occurs in such a way that contaminant droplets tend to

be encased in surfactant micelles as shown in figure 2.4 (Ouyang et al., 1996).
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Factors determining the extent of solubilization are the factors of the
solubilization capacity or solubilizing power of the micelle. The extent that substance can
have been solubilized into a particular micelle depends upon the portion of the micelle

that is the locus of the solubilization. The volume of that portion depends upon the shape
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of the micelle. Therefore, the amount solubilized in any location will also increase with

increase in the volume of the micelle, and factors to determine it as follow:
2.7.1. Structure of the surfactant

The solubilization capacity for hydrocarbons in the interior of the micelle
in aqueous media can have been increased by increasing dissimilar between solvent and
surfactant which is an increased in the chain length of the hydrophobic portion of the

surfactant.
2.7.2. Structure of the solubilizate

Normally erystallincsolids show less solubility in micelles than do liquids
of similar structure. The extent. 01 solubilization for aliphatie and alkylaryl hydrocarbons
appeared to decrease with increased in the clia.in length and to increase with unsaturation
or cyclization if only one ring was formed: T he extent of solubilization for condensed
aromatic hydrocarbons appeared to ,decrea;c- with increase in the molecular size.
Branched-chain compounds appeared.to have approximately the same solubility as their
normal chain isomers. Short-chain alkylaryl H;;éciil'-i')carbons may have been solubilized
both at the micelle-water interface and in thé-"éére, with the proportion in the core

increasing with increase in.the concentration.of the solubilizate:
2.7.3. Effect of electrolyte

Theeffect ¢f neutral electrolyteraddition ontheioniic surfactant solution is
to decrease the repulsion between the similarly charged ionic surfactant head groups,
thereby decreasing.the. CMC and.increasing the aggregation number and, volume of the
micelles. The increase! in aggregation‘number of the'micelles presumably results in an
increase in hydrocarbon solubilization in the inner core of the micelle. However, this may
cause closer packing of the surfactant molecules in the palisade layer and a resulting
decrease in the volume available there for solubilization of polar compounds. Therefore,
this may be reasons for the observed reduction in the extent of solubilization of some

polar compounds.
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2.7.4. Effect of monomeric organic additives

The swell micelle from the solubilized hydrocarbon may have made it
possible for the micelle to incorporate more polar material in the palisade layer. In
opposite the solubilization of such polar material as long-chain alcohols, amines,
mercaptans, and fatty acids into the micelles of a surfactant appeared to increase their
solubilization of hydrocarbons. Therefore, the longer chain length of the polar compound

and less hydrogen bonding appeared to increase the solubilization of hydrocarbons.
2.7.5. Mixed anionic-nonionic micelles

The solubilization gfsubstance can have been increased by mixed micelles
of anionic and nonionic surfactaat as/Yellow OB and POE. The interaction between the
POE chain and the benzene sulfonate/groups increased rather than the phenyl or sulfonate

groups alone.

2.7.6. Effect of temperature

The increasing temperature for ionic*sl_.}__rfactants results in an increase in
the extent of solubilization for both polar and n_bh_p’_qlar solubilizates. Due to, it can
increase thermal agitation increases the space availébl_é for solubilization in the micelle.
In the other hand, the effect of increasing temperature for nonionic surfactant appears to
depend on the nature of the solubilizate. Nonpolar materials, are solubilized in the inner

core of the micelle, appear to shew-increased solubility as the temperature is raised.
2.7.7. Hydrotropy

When therewwas strong Chain-chain and head-héad interactions between
surfactant molecules, either insoluble crystal formation or liquid-crystal formation may
have occurred. From the rigid liquid-crystal structures is less space solubilization than
flexible type micelle. The addition of certain nonsurfactant organic additives, which is

called Hydrotropy, can reduce the tendency to form crystalline structures.
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2.8. Microemulsion

Microemulsions are transparent dispersions containing two immiscible
liquids with particles of 10-100 nm (0.01-0.1 pm) in diameter that are generally obtained
upon mixing the ingredients gently. They differ markedly from both macro- and
miniemulsions in this respect (Rosen, 2004). Figure 2.5 shows aqueous micelles at lower
salt concentrations (as shown in number 1) and oil-phase inverse micelles at higher salt
concentrations. If we change the salt concentration, the hydrophobic-lipophobic balance
(HLB) of an ionic surfactant system will change./An.increase in salt concentration in an
ionic surfactant solution will.eventually eause the susfactants to partition into the oil
phase is shown in figure 2.5 (type L) (Sabatini, 2000). The multiphase microemulsion-
containing systems are first deseribed by Winsor. There are three possibilities for the type
of phases depending on the compesifigns, temperature, and salinity. Two-phase systems,
called Winsor I and Winsor I, correspond;‘to an o/w._mieroemulsion coexisting with
excess water, respectively. A" winsor 111 sysf'grﬁ, as shown in figure 2.5 (number 2), is
formed when the surfactant is €oneeitrated in a riddle phase, which coexists with oil and

water (Watarai, 1997). —

Figure 2.5 Winsor phase diagram (Sabatini et al., 2000)
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2.9. Literature Reviews:

Edwards et al. (1991) investigated the solubilization of PAH in nonionic
surfactant solution and determined the mole fraction micelle-phase/aqueous-phase
partition coefficients. They reported that the partitioning of organic compounds between
surfactant micelles and aqueous solution was characterized by a mole fraction with a

linear function of log Km plotted against log Kow from the surfactant solution.

Baran, et al. (1994) found the behaviorof chlorocarbons was parallels the
ideal mixing rules for hydrocarbons; therefore, they studied and compared the optimum
salinity of chlorocarbons. They investigated the polarity of chlorocarbon hydrocarbons as
equivalent alkane carbon number(EAEN) by plotting InS* against EACN to obtain the

salager’s equation.

Walter et al. (1998) reported that _ﬂie use of ferrocene as an additive at an
amount of 1 to 100 ppm. Ferrocegne has reduced the carbonaceous deposits resulting from
combustion of heavy residual fuel oils ina low-épeed, high compression, spontaneous-
ignition internal combustion engine having a spee'ef of 900 to 50 revolutions per minute.

They suggested that an any additive content in exceés (;f 100 ppm has reached a limit.

Dwarakanath et al. (1999) studied soil column experiments and found an
anionic surfactants recovery-sate of at least 99%. Firstly, they screened surfactant systems
by using phase behavior experiments. Secondly, they selected the suitable surfactant
system for subsequent column €xperiments. In summary, they recommended that good
surfactants should possess.a high. contaminant solubilization, fast,coalescence times,
absence of liquid crystal phases and gels, and during column experiments, they should not

have a too high hydraulic gradient during and after surfactant flood.

Sabatini et al. (2000) illustrated the importance of system solubility
enhancement, interfacial tension, viscosity and density in selecting a surfactant system for
surfactant-enhanced remediation of contaminants. They recommended that the interfacial
tension (IFT) should be 4 dyn/cm for avoiding mobilization, vertical migration, and
surfactant gradient approach in column test that used increasing salt concentration to

enhance the supersolubilization potential for decreasing vertical migration.



15

Wu et al. (2001) demonstrated that the more hydrophobic of oil has
achieved desirable phase behavior with the more hydrophobic of surfactant system. They
demonstrated that the surfactant systems like SDBS/IPA, AMA/IPA, and AOT/TWEEN
80 are able to effectively remediate these hydrophobic oils (EACN of 10-20). Highly
hydrophobic oils (e.g., EACN>20) and highly viscous oil require combination approaches

(surfactant plus alcohol/solvents and temperature) to achieve the desired phase behavior.

AULINENINYINS
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CHAPTER III

METHODOLOGY

3.1. Materials

3.1.1. Ferrocene contaminants and alkanes

Ferrocene (98%) was purchased from Sigma-Aldrich Co. (Germany).
Nalkanes (hexane, C-6, Unilab; octane, €-8;*Univar; and decane, C-10) were
purchased from Fluka were used as ref)"resentative of gasoline. Benzene (Carlo Erba
reagent), toluene (Carlo Esba seagent), and xylene (Scharlau Chemi) was used to
determine the EACN offfemrogene. Sl'pme properties of alkanes, ferrocene, and
aromatic hydrocarbons were shown in Table 3.1.

- —
i

Table 3.1 Alkanes properties and ferrocli'{er;é

Parameter Decane Hexane Octane 'J_F errocene Benzene Toluene Xylene
_.- .-_ ;llj‘;‘
ACN/EACN 10 6 8 — ;ND 0 1 2
MW(g/mol) 142.28 4 86.1766 114.23 186.4 7811 92.13 106.16
Density e Haurt
(g/em’) 0.73 0.664 0.7028 2.69 0.877 0.87 0.87
6.18 at
Log K,y 6 3.9 0 3.28 1.95-2.15 2.1-3
22 °C
Very
Solubility ! X slightl)./ ) Emulsion' | Emulsion | Emulsion
(mg/L) soluble.in in.water in water in water
cold
water
Boiling point
0) 174.5 69 125.6 249 80 110.6 138-142

Note: N means

sheet (MSDS): science lab.com

insoluble. ND means information.(cited from material safety data
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3.1.2. Surfactants

Anionic surfactants were used in this research; sodium dihexyl
sulfoscuccinate (trade name of Aerosal MA or in short AMA with 80% active) and
sodium dioctyl sulfosuccinate (trade name of Aerosal OT or in short AOT with 100%
activity) were purchased from BDH Company (UK). Some properties of these

surfactants were shown in Table 3.2.

Table 3.2 Surfactants propert

MW
(g/mol)

Surfactants HLB

Monoalkyl,
diphenyloxide
disulfonates
(Dowfax
8390)

642 71.5

Sodium

dihexyl

i 388.45 16.6
sulfosuccinate

(AMA)

Sodium

%119

SOsNa* 444 57 10.2
sulfosuccinate

i 1 INENA

Note: HLB values for anionic surfactants were calculated based on the Davies method
(Davies, 1959).

dioctyl
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3.1.3. Electrolyte

NaCl with 99% purity purchased from Lab-Scan Ltd. (Ireland) was

used for the salinity scan conducted in this research.
3.1.4. Synthetic soil

Ottawa sand or silica sand (20-30 mesh) with low an iron content was
used as synthetic soil in this study and was ptizehased from Fisher Scientific Co., Ltd.

(UK).
3.2. Methods
3.2.1. Characterization of the hydrophobicity of ferrocene

Ferrocen€ 1s/an organomeéallic compound consisting of a central iron
atom and two cyclopentadiene fings. It C(:)';I_lt:lins carbon in its aromatic structure. The
hydrophobicity of ferrocene can'be quanﬁﬁed as the EACN. The aim of this study
was to investigate the EACN of ferrocene 'tt:’)jse_lect a suitable surfactant system in the

@ ]

phase behavior study. =

Equal-volumes of alkanes and aqueous surfactants were added into 1
mL tubes (0.5 mL each) possessing a cap. Firstly, in a tube containing the aqueous
surfactant phase (containing a mixture of 3.6%wt AMA; 0.4%wt Dowfax 8390, and
sodium chloride at varieus concentratiéns) equal volumes of n-hydrocarbons
(benzene, toluene, .and xylene) were added. The tubes were immediately sealed,
gently shaken for 1 min, and equilibrated for 24 h at 25 °C. The experiment was
performed m triplicates. The (solubilization | parameter | (SP) ‘was quantified by
measuring the change of the volume of the oil and aqueous phase, which is indicated
by changes of the solution height using a digimatic height gages (Model series 192,
Mitutoyo). The SP of water (SPy) and oil (SPp) was plotted against %wt NaCl, and
the $* was determined by the intercept. The same procedure was performed for all n-
hydrocarbons. Then, the empirical linear relationship between S$* and EACN was

established. The EACN of the mixture for individual linear alkanes was quantified by
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using the Salager’s linear relation (Baran et. al., 1994). Ferrocene and benzene were

mixed at a mole ratio 0f 0.2:0.8 and used for determining the EACN of ferrocene.

3.2.2. Phase behavior study

The phase behavior of microemulsions was studied by observing the
transition from Winsor type I microemulsion (oil in water) to Winsor type III
microemulsion (middle phase) to compare the behavior of alkanes with and without

ferrocene addition. In this study, two systers of surfactants were considered:
o Mixed 2AMA :1AOT at4%wt

° Miaxed FAMA :1AOT at 4%wt

The microemulsion formation phase study was conducted in 1 mL
tubes with equal volumes/of an aqueou‘_s surfactant solution and alkanes (hexane,
octane, and decane) with and without ferr&eene addition. A salinity scan using sodium
chloride (NaCl) as electrolyte was perforﬁiea to myestigate the phase transition of the
microemulsion systems. These tubes were sealed and gently shaken for 1 min. The
samples were allowed to stand for 48 h at_ZS °C to ensure that the solutions reach
equilibrium. All experlmental samples were performed in triplicates. The optimum
salinity (S*) was deférmined from the plot of the solibilization parameter plotted

against the NaCl concentration.
3.2.3. Selubilization study

The solubilization capacity of a suitable surfactant system for alkanes
with ahd without ‘icrrocéne ‘addition ‘was: studied at supersolubilization and Winsor

type III ¢onditions.
3.2.3.1. Standard curve determination

The results of the phase behavior study were used to prepare a
calibration curve for the mixed alkanes (octane and decane) and hexane over a
concentration range of 50 to 2000 ppm in a mixed surfactants solution. Each sample

was performed in duplicates and 0.1 mL sample solution was injected into a GC
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equipped with a headspace auto sampler (Clarus 500, PerkinElmer Ltd.) at the
following conditions: injector temperature was 200 'C, a column type HP-5 with 30 m
x 0.32 mm ID was used with a film thickness of 0.25 pm, an oven temperature of
100-140 °C was applied, a flame ionization detector at 250 °C was used, and a flow
rate of 14 psi utilized. The GC was coupled to a PerkinElmer Turbomatrix 40
headspace (HS) autosampler (Turbomatrix 40, PerkinElmer, PerkinElmer Ltd.) at the
following conditions: a thermostating time of 30 min was used, an oven temperature
of 80 °C was applied, the needle tempesature was 100 °C, the transfer line
temperature was 90 °C, a GC cyele time_ of 6-mingan injection time of 0.04 min, and

withdrawal time of 0.2 min was applied.r
3.2.3.2. Solubilization measurement

The solubilization @ability _of alkanes with and without ferrocene at a
concentration of 100 ppm was investigaté;d by using 4 %wt mixed surfactants under
Winsor type I, supersolubilization, and Wiii_g_o_r_. type III conditions. 2 mL of the alkane
solution, 8 mL aqueous strfactant solution was added into a 50 mL separatory funnel.
The funnel was immediately seafed and géﬁtlji-" shaken for 1 min. Each sample was
performed in duplicates. The vials were-"-j_all:,owed to stand for 48 h to obtain
equilibrium. 0.1 ml of the aqueous surfactant solution was collected and transferred
into a Perkin vial, while 0.5 mL was transferred into vessel for digestion. The alkane
concentration was measured with a GC-HS-FID undereonditions similar to those of
the standard curve determination. Ferrocene (organometallic_compound mixed with

alkanes) was determinéd byiatomic absorption spectroscopy: (AAS).
3.2:40 ColmmExperiment

Column studies were conducted to compare the solubilization and

mobility of alkanes with and without ferrocene Ottawa sand addition.
3.2.4.1. Soil column preparation

Column experiments were conducted with wet packed silica sand in
glass columns (2.5 cm inner diameter) equipped with an adjustable flow adapter

purchased from KONTES (Chromatography columns, KONTES CHROMAFLEX™).
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The pore volume was evaluated by determining the volume of water replaced in the
sand pores packed in the column. The initial volume of water was held in a separate
container to be measured first. Then, a small amount of water and sand was gradually
added into the column until the desired level of wet sand was reached. After packing
the column, the volume of the remained water in the container was continuously
measured in order to quantify the volume that is used, which represents the pore
volume of the column. Degassed water was pumped upward into the column using a
piston pump (Model QG6, Fluid Metering dne’).at a flow rate of 0.40 mL/min (4.77
cm/h). The column was then flushed with=20 pere volumes of degassed water
containing 0.01 Mol Ca(NQOgsj)sat a flow: rrate 0f0:40 mL/min in an upward direction to
imitate groundwater conditions priot column soil contamination with alkanes and with

and without ferrocene addition (adapted from Child et al., 2004).

3.2.4.2. Alkane removal frbl_l_l column with and without ferrocene

addition

The selected surfactant system obtained from the phase behavior study
was flushed into the column idividually 1p an upward mode at a flow rate of 0.4
mL/min. A fraction collector(Medel Frac 92Q, Amersham Bioscience) was used to
collect the elution from the column every 0.25 pore volumes. Then, the removed
alkanes (ferrocene mixed with alkanes) were determined solely analyzing the total
iron (Fer) concentration with an AAS. The characteristics of the effluent were
observed to determine the Fér solubilizationand the free phase oil as oil mobilization.
The alkane removal éfficiency fiom soiliwas |calculated [based on the amount of

ferrocene solubilized and mobilizeddn the flushing,solution.
3.2.4.3.  Alkane and ferrocene analysis
3.2.4.3.1. Total iron determination

Iron (Fe) concentration was measured based on the total concentration
of Fe that can have been solubilized into the surfactant micelles. Firstly, samples were
digested in an Ethos Plus microwave system with high-pressure teflon vessels.

Approximately 1 mL of samples was pipetted directly into the teflon vessel, and then
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7 mL nitric acid and 1 mL hydrogen peroxide was added and homogenously mixed.
In a three-step program the solution was heated within 10 min up to 220 °C (1000 W)
and the temperature was hold for 13 min. After that, the vessels were vent for 30 min
to cool down. The digested samples were measured for total iron concentration by

AAS. All experiments were performed in duplicate.

3.2.4.2.2. Alkane determination

Alkanes (octa ved in a surfactant solution were
quantified using a similar this of the standard curve
determination. The a \ HS equipped with a similar

.\-v

headspace auto sampl _ \ ermination.
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CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of the hydrophobicity of ferrocene

As described in Chapter I, in order to determine EACN of ferrocene,
the EACN curve is needed to be constructed by using Salager equation for the known
alkane carbon number (ACN) oils. For this‘seetion, a mixture of AMA and Dowfax
8390 at a ratio of 3.6:0.4 by weight and a total concentration of 4%wt was used to
form microemulsion with*benzene (EACN=0), toluene (EACN=1), and xylene
(EACN=2) (Ysambertt ct#al.; /1997 'Sumit et al.; 2009, Cayias et al.; 1976) to obtain
the S* of each oil as showh in Eigtire 4.1-4.3. The optimum salinity (S*) values were
obtained from the plot'of the $Pw and SP-C; against the NaCl concentrations. Whereas
SPw and SPo were calculated by Volumes of the phase change and the phase
transition, respectively (see Append1x A) The S* values of benzene, toluene, and
xylene were quantified as 3.38,4.095, and 5 -4 %wt respectively. Regarding to the S*
values of the three hydrocarbons the hlghest_ EACN the oil possess the highest the S*,
this agreed to the rule of thumb that hlgher hydrophoblc oil desires higher salt

concentration for phase transition (Rosen, 2004).
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Figure 4.1 The optimum salinity(S*) of benzene in AMA/Dowfax 8390 surfactant

system.
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system.
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The natural logarithm of §* was plotted against the oils’ EACN as
shown in Figure. 4.4. Thus, the empirical equation between In $* and EACN was

obtained as:

Ins*=0.234EACN +1.2038

Nl
> §

d_
&
16 - N
12 4 L 72 A% 0.2343x+1.2038
o =g \N 2=0.9892
= | : )
0.8 - e U
04 -
0 :
0 25

Figure 4.4 The empirical relationship between InS* and the oils’ EACNG.
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3.6:0.4). The microemulsion and phase transition were observed and volume change

measured in order to determine S* of the systems with ferrocene. From the S* value
as shown in Figure 4.5, the EACN of ferrocene can thus be calculated by mixing rule

and found to be 8.386.
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Figure 4.5 The S* of ferrocene mixed in benzene at a molar ratio of 0.2:0.8 in an

AMA/Dowfax 8390 system

4.2. Phase behavior study

")

F i

In this section airm s to invéﬁtigate the suitable surfactant systems to
form microemulsion with alkanes with and;-Tv_&{ithut ferrocene (50 and 100 ppm) and
understand their performance in bath experiment. Two  surfactant systems were
selected to investigaté the suitable system based on their"HLB of the system which
can be indicated oil 'soluble surfactant. Surfactants can have been performed

microemulsion with hexaney.octane, and décane (Anuradee Witthayapanyanon et al.,

2008).

Preliminary-experiments ywere-performedsand, the, mixture of AMA-
AOT was found'to be capable’ of forming a' microemulsion (Winsor-type 1) with our
studied oils. The suitable ratio of AMA-AOT was 2:2 by weight and a total
concentration of 4%wt resulted in an oil-in-water microemulsion, whereas the
formation of a microemulsion using an AMA-AOT ratio of 2:1 by weight and a total
concentration of 4%wt could not be observed. Therefore, the system of AMA-AOT
of 2:2 was selected for further study.
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The suitable surfactant system for this study is ratio of AMA-AOT of
2:2 systems. Table 4.1 summarizes the phase behavior of the AOT-AMA system with
three different alkanes both with and without ferrocene. Even though the ratio of
ferrocene (50 and 100 ppm) mixed to the alkanes may not significantly alter EACN
values of the mixed oil based on mixing rule calculation, the results shows obviously
that the hydrophobicity of ferrocene affects the phase behavior of the system. The
ACN of hexane is 6 and that of octane is 8, which are lower than the EACN of
ferrocene of 8.386, so in accordance with the mixing rule, when ferrocene was added
to these oils, it increased.  their AQN valucs.+As a result, higher ferrocene
concentrations produced higher S* Valu:as in the systems containing hexane or octane.
On the other hand, sincesdecane possesses an ACN of 10, the addition of ferrocene
decreased the ACN of the new mixed Ioil; thus, lower S* values were observed at

higher ferrocene concentations.

The current study found that S* in each alkanes with and without
ferrocene relation with their own phase behéii/fbr. Supersolubilization and Winsor type
IIT of decane with and without feirocene fé:aii;ired the highest electrolyte than octane
and hexane respectively. It relateé with vamsfor diagram (Figure 2.5) that type of
microemulsion (phase) change with increaéi;ﬁ;g*-él‘ectrolyte and relates with their own

EACN (see AppendixB).
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Table 4.1 Phase behavior and the optimum salinity (S*) of the AMA-AOT at
4%wt (ratio 2:2) surfactant system with each alkane both with and without

ferrocene at different salinities

Phase behavior of the microemulsion

NaCl (Y%owt)
0il S*
1.2 1.3 1.5 1.6 1.7 1.8 2.0 2.2 2.6 3.0
Hexane SPS 111 juii 11 11T 111 111 N N N 2.03
Hexane +

ferrocene 50 ppm | SPS 1 1T 1 it nr I N N N 2.30

Hexane +
ferrocene 100 ppm 1 SPS 1L I 111 TIL 111 111 111 111 2.34

Octane N N )t SPS 11T 1 11 I I I 2.78

Octane + ferrocene

50 ppm N N F4oSseS | M ) omo{L o | m | om| I | 293

Octane + ferrocene

100 ppm N N I 1 SPS.| I I I I I 3.07

#
z

Decane N N N N SPS I I 5.00

Decane + ferrocene

50 ppm NJ N N N N N SPS I I I 4.89

Decane + ferrocene

100 ppm N N N N N N SPS I I I 4.82

Note: S* is the optimum salinity; Ivand III refer,to the type of microemulsion; SPS
refers 10, supersolubilization, where the microemulsion oceurs atithe point close to the
transition from Type I to Type III; and N is an appearance that cannot be defined as

microemulsion.
4.3 Solubilization study

Solubilization study was carried out to evaluate the solubilization
capacity in each alkane with and without ferrocene. They were performed covered the

range of salinities that Winsor type I to III were generated Excess amount of alkanes
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with and without ferrocene were mixed with suitable surfactant solution (from
previous study). After equilibrium of solution was reached, the supernatant solution
was analyzed for alkane and total Fe. The results are as shown in Figures 4.6 and 4.7
for the concentration of alkanes in the system of with and without ferrocene; and
comparison of alkanes and ferrocene concentration as Fe in system of various salinity,

respectively (see Appendix C).

From Figure 4.6, the results/show the same trend for all cases (all
alkanes concentration in the systems of witheand without ferrocene) that the
increasing salinity of the systems; the solubilizationof the alkanes increase. However,
only hexane solubilization that fetind to be decreased when ferrocene is added to the
system while an increasingsoT octane and decane solubilization occur in the system of
mixing with ferrocene. In€ach supersolubilization condition of alkane (at NaCl 1.2
%wt, hexane; 1.6 %wit, octang; 2 %wt, clfecJa_me), the highest solubilization of octane
was found for both the systems- with ﬁnd without ferrocene while hexane with
ferrocene was found lowest. Forthe Wins'éi' type HI eondition (1.4, 1.9, and 2.3 %wt
NaCl for hexane, octane, and decane, resﬁéféﬁyely.), hexane was found to solubilized
highest while the lowest solubiljizat:ion wasiéégne. Among the 3 alkanes, hexane has
shortened ACN, implied to be —1'6\'7vér hydroﬁgliz)ﬁi_c‘ity. It can probably be expected that
the system of 2 %wt-of AMA and 2" %Wt of AOT is more suitable to form middle
phase with hexane ra:th'er than higher hydrophobic oil like decane. This is confirmed
by the result that oncenrferrocene was added, EACN of mixed decane and ferrocene
was reduced, hence ‘the 'solubilization of‘decane (was décteased. It is interesting to
point here that for the case of octane that having the ACN closest to those of ferrocene
(8 and,8,386.for, octane and ferrocene, respectively),, the-solubilization show slightly

increasing.
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Figure 4.7 Solubilization of alkanes and ferrocene (as Fe) in the systems of

without and with ferrocene at 100 ppm at various salinity
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Another important finding was that the solubilization of total iron (Fe)
correspond the solubilization of alkanes which increased with increase electrolyte and
changed type of microemulsion (see Figure 4.7). It was also shown that ferrocene can
solubilized in micellar. In addition, the same trend of solubilization of alkanes and
ferrocene (as Fe) are found in all cases. This may indirectly indicate that ferrocene is
miscible well the three alkanes and ratio of solubilization of solubilized mixture oil
still similar to the initial ratio. From this result, it can be expected that the flushing
surfactant solution for remediation contaminated alkane will remove contaminated
ferrocene in the same time.  The column study.in the next part will evaluate this

expectation.
4.4. Column study

The column study was c;(:).—:nducted to imitate the actual subsurface
remediation. The selected surfactant system (2AMA: 2AO0T at 4 %wt) from
solubilization study at the formula s,uperso'h__lbizlization (1.6 and 2.0 % NaCl for octane
and decane, respectively) were used m the column experiments with decane and
octane with and without ferrocene: In additibjl;-‘fhe formulation of the same surfactant
at 1.6% NaCl was flushed the columnssétmated with octane with and without
ferrocene were also.study for comparison. Ottawa sand was used as media for packing
columns. Each of contaminated oil was saturated in the packed column. Then, the
surfactant solution was flushed to remove the contaminated oil. The effectiveness of
removal were analyzed as“téotal, solubilized,”mobilized, and mass balance of alkanes

and total Fe as summarized in Tables 4.2:4 .3 ('see Appendix D).
4,41 Removal alkanes

The result shows that by flushing surfactant solution, alkanes can be
removed in the range of 85 to 92%. As a consequent, the surfactant flushing approach
can be considered to be a procedure for remediate the contaminant containing

organometallic (alkanes mixed with ferrocene).

Figures 4.8-4.13 show the solubilization and mobilization of alkanes as

linear line and dashed line respectively. As expected, the surfactant solution initially
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mobilized a portion of the trapped alkanes which migrated vertically downward
through the column. The maximum solubilized of alkanes occurred after mobilized.
The effectiveness of oil removal by surfactant solution is primarily attributable to a
high ability of the solution to dramatically lower the interfacial tension between
alkanes (for both system with and without ferrocene) with water, creating oil-
surfactant-water micelles, and producing oil-in-water microemulsion (Ouyang et al.,

1996).

The solubilized at 2 %wt NaCl.as supersolubilization condition of
decane for both systemsof with and without ferrocene were found to be slightly
different that mobilization ofithe.decane without ferrocene (Figure 4.8) the mobilized
oil came out in the first PV while those of the system of decane with ferrocene the
mobilized oil came out from the columniafter sccond PV of flushing and slightly
lower than the system without ferrocene J_(Figure 4.8). These differences can be
explained in part by the proximity of theif:_ EACN. On the other hand, the solubilized
and mobilized of octane with ferrocene b}-i"tﬁe surfactant solution at 1.6 %wt NaCl
(supersolubilization condition) was found -ﬁ’igh_er than those of the with octane only.
However, both octane and decane from the T;ollumn experiment were agreed with the
results of the solubilization study. Morec-)':\./'é_r',—j for the column of octane with and
without ferrocene flushing with the surfactant at 2 %wt-NaCl (formulation formimg
Winsor type III microemulsion) showed that almost oil removal, higher than 95% of
the total were from mobilization (see Figures 4.13-4.14 and Table 4.3). It is not
surprising becausé middle’phase provides“vety low interfacial tension, hence the oil
mobilize was spontaneously occur before the oil will be solubilize in micelle. As a
consequenceys several studies-suggest-that middle, phasesmieroemulsion recommend
avoiding because ‘of vertical “migration’ (high mobilizatien) (Sabatini et al., 2000).
However, in this present study, since the mixture oils, octane and decane with
ferrocene, at the low proportion of ferrocene (100 ppm), the oils are still LNAPL, thus
vertical migration may not be crucial concern. From results of this study confirm the
previous works that The supersolubilization condition as Winsor type I was increasing

the solubilization and reducing mobilization in the same time (James et al., 1998)
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Table 4.2 Column flushing test alkanes results in 2AMA:2AOT at 4 %wt

surfactant system

surfactant system

alkanes
octane+ octane+ decane+
octane @ decane @
Parameter ferrocene @ octane @ ferrocene ferrocene
NaCl NaCl
NaCl NaCl 2%wt @ NaCl @ NaCl
1.6%wt 2%wt
1.6%wt 2%wt 2%wt
Pore
32.77 32.98 29.01 30.21 31.46 31.52
volume(mL)
Residual
) 16.54 15.79 1584 15.83 19.64 22.12
saturation (%) 2
Removal
efficiency (%)
- solubilization 7.9 8.4 -'1 0.01 0.02 9.07 9
- mobilization 78:38 82463, « 84.76 87.15 83.73 76.56
Total removal —
86.28 9104 | 84.77 8717 92.8 85.56
(%) / =
Mass balance ’ -
%) 86.28 PLo7id 84.77 87.36 92.92 90.5
() ? )

. _— Total Fe __ y
I octane+ octane+
Parameter | decane+ ferrocene @
- ferrocene @ ferrocene @
NaCl 2%wt
NaCl 1.6%wt NaCl 2%wt
Poré volume(niL) 32.98 30.21 31.52
Initial total Fe(ppb) 519.72 477.12 666.263
Residial saturation (%) 0.0006395 0.0005378 0.0607847
Removal efficiency (%) 8.05 0.47 823
-solubilization
- mobilization 85.27 85.59 68.972
Total removal (%) 93.32 86.07 77.2
Mass balance (%) 101.3759 107.5883 97.49




2400

2000

1600 -

Mobilized decane (mg)

2500 +

2000 -

1500 -

1000 -

mobilized decane (mg)

0

1200

800 -

400 -

solubilized decane (mg)

ecane(mg)

51Wﬁé

B

160 { i
140 - J
120
wo{ i
30

60

40
20

34

—— Solubilized

....Q).... mﬂb]lﬂ.e'd

26

100

gam%ﬂawna
@umawmaﬂ

L 2

10 12 14 16 18
PV(mL)

Figure 4.9 Mass of solubilization and mobilization decane removal by pore

volume (mL) of 2AMA:2AOT at 4 %wt surfactant system at NaCl 2 %wt

flushing through the column contaminated with decane and ferrocene



1800 - 250

1600 -

1400 - 200
-
glcm— Em_
i)

800 |
% glm-
Z 60 =

m_

Sﬂ_

m_

=
=

volume (mL) of
flushing through
2500 -
2000 -
1500 -
w@
£ 1000
P 1
= 500 -
U
9

2

the v

35

—#— Solubilized

saasyacas mobilized

20,0

ion octane removal by pore

system at NaCl 1.6 %wt

—4— Solubilized

....{).... mﬂbilized

mg)

ﬁuhiliz ed()
e

|
—

B S

Figure 4.11 Mass of solubilization and mobilization decane removal by pore

volume (mL) of 2AMA:2AOT at 4 %wt surfactant system at NaCl 1.6 %wt

flushing through the column contaminated with octane and ferrocene



2000

1800 -

1600 -

1400 -

1200 -

1000 -

300 -

Mobilized octane (mg)

600

400 -

200 -

volume (mL) of 2A
flushing through the co

200 -

800

700 -

600 -

500 -

400 -

Mobilized octante{mg)

300 -

36

¥
14 - i —+— Solubilized
%
12 T ----0--" mobihe_d
ERUE
T
g 3
=]
=
=
é 6
=
z 4
w
2
0
25

system at NaCl 2.0 %wt

| octane only

YNINYINT

¢

URIANYIAY

Figure 4.13 Mass of solubilization and mobilization octane removal by pore

volume (mL) of 2AMA:2AOT at 4 %wt surfactant system at NaCl 2.0 %wt

flushing through the column contaminated with octane and ferrocene



37

4.4.2 Removal of ferocene

In the same column experiments described in 4.4.2, ferrocene removal
by the surfaactant solution was evaluated by analysis of total Fe to indicate the
ferrocene removal as shown in Figure 4.14-4.16 and Table 4.3. It should be noted
here that in this study, mobilized oil is assume to have same proportion of ferrocene
as an initial (100 ppm of ferrocene, thus the different efficiency of alkanes and
ferrocene removal was based on solubilization phenomena of the two compounds.
From Figures 4.14 to 4.16, the results show.obviously that for the system of octane
with ferrocene either flusing-at 1.6 or2.0 %Na€Cl;ferrocene solubilized along with
octane in the first 1 to 3 PVs while the case of decane, ferrocene was found to be
solubilzed less than decan€ and used surfactant up to almost 20 PVs to complete
performance. As compared the solubilization between alkanes (octane and decane)
and ferrocene (as totaldFe),the same trend was for all cases that the system of octane
with ferrocene flushing by the sﬁrfactarﬁ_ solution with 2% NaCl yield the lowest

solubilization for both ogtane and ferrocene. The observation corresponse to the

results found in the slubilization stidy.

S F

Conclusively, th_c-experiment_al_ result suggesting that the presence of
ferrocene in octane and decane affect total oil removal/ efficiency depending on
EACN of the alkane” as well as the surfactant use for flushing. In addition, both
solubilization and column study indicate that ferrocene can be removed by the
technique of surfactant flushing for alkane removal, As consequent, ferrocene may

not be major concern as contaminats as compared to other organometallic compounds.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

As described in Chapter I1I, in order to determine EACN of ferrocene,
the EACN curve is needed to be constructed:by using Seleger equation for the known
alkane carbon number (ACN) oils. For this-§cetion, a mixture of AMA and Dowfax
8390 at a ratio of 3.6:0.4 by weight and a total concentration of 4%wt was used to
form microemulsion withebenzene (EACN=0), toluene (EACN=I1), and xylene
(EACN=2) (Ysambertt etsal.; 1997 Sumit et al.; 2009, Cayias et al.; 1976) to obtain
the S* of each oil as shown 1 Figuie 4.1-4.3. The optimum salinity (S*) values were
obtained from the plotof the SPw and SPo against the NaCl concentrations. Whereas
SPw and SPo were calculated by Volu'!n_les of the phase change and the phase
transition, respectively (seée Appendix A)."_;Tii-e S* values of benzene, toluene, and
xylene were quantified as 3:38..4.095, and-_é___.zl,_l%wt respectively. Regarding to the S*
values of the three hydrocarbons, the highest EACN the oil possess the highest the S*,
this agreed to the rule of thumb that hi;g;hé:; ‘hydrophobic oil desires higher salt
concentration for phase transition (Rosen, 2004).

The ferrocene addition found affect on optimum salinity and
solubilization. Since EACN of ferrocene is,8.386, the optimum salinity of hexane and
octane found increased once ferrocene addition is-increased. |On the other hand for

denane, the oppesite trend found since decane has higher ACN (10).

For-solubilizationyof alkanes in the same surfactant/solution, hexane
and decane show opposite result while octane found insignificant different for the
system with or without ferrocene.  In addition, another finding on solubilization is
that ferrocene (as total Fe) solubilization found to be the same trend as alkanes. This
indicates that to remove contaminated alkanes in the presence of ferrocene, ferrocene
will also be removed as well. Final part of this work is column experiments; only
octane and decane with and without ferrocene were selected for the study. The

formulation of surfactant used for column study was at supersolubilization (1.6% and
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2% NaCl for octane and decane, respectively). In addition, for octane the formulation
at 2% NaCl (type III microemulsion) was also carried out for comparison study. In
case of octane, both formulation at 1.6% and 2% NaCl in the surfactant solution,
addition of ferrocene increased solubilization of octane while in case of decane,
addition of ferrocene decrease decane solubilization. For ferrocene solubilization, the
system at SPS (1.6% NaCl) of octane yield the highest solubilization of ferrocene
(93.32 % removal) while the system with decane, solubilization of ferrocene found to
be the lowest (77.2 % removal). In summary. the surfactant solubilization capacity of
alkanes with and without ferrocene occurred different on phase behavior,
solubilization, and column study: Theyf;were shown that ferrocene affect alkanes on

solubilization by microemulSion‘technique.

5.2 Recommendations

In recent years, surfactant has been used in cooperation pump and
treats to removal NAPL, which gontamiﬁé{t_e in subsurface. The surfactant flooding
after prior pump and treat i to help thé__%rldbilization and solubilization chemical
trapped in aquifer (Intera Inc. and Naval Faéil'it,i_es Engineering Service Center, 2003).

The microemulsion formation .is applicatio_t_l_,_.(_)_g surfactant and its formation depends

on property of substance (EACN).

Gasoline which is mixture of hydrocarbon with various additives as
organometallic should find the suitable surfactant system before apply to use in
remediation. The findinigs of this study/are-confirtned that ferrocene (additive) effect

to solubilizatiomof alkanes (represent in gasoline) by microemulsion technique.

Furthermore, the! other additive mixed with alkanes| and ferrocene
mixed in'gasoline or diesel should be further studied for their effect on solubilization

by microemulsion technique.
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APPENDIX A

Experiment data of section 4.1 characterization of the

hydrophobicity of ferrocene

Table A-1 Solubilization parameter (SP) of benzene with ferrocene 20 %wt in

9AMA: 1Dowfax surfactant sy -._:_-.  at ,f"

SPW1 SPWZ SPW3 %; — oaverage SD SPwaverage SD

2.96 3.9 3.2 0.74 %( ‘\ oy 0.49 3.35 0.41

1.77 | 3.09 | 2.44 0.66 243 0.55

1.75 1.25 0.57 1.80 0.45

1.35 1.77 0.48 1.81 0.40

1.13 1.07 0.25 1.24 0.25

1.11 1.25 0.07 1.18 0.09
: :

1.02 1.05 1.04 2 15 | 1.81 2.02 0.02 1.04 0.18

A ‘IJ&I'WIEJ'VI'EW 1173
awwaﬂﬂimum'zwmaa
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Table A-2 Solubilization parameter (SP) of benzene in 9AMA: 1Dowfax

surfactant system at 20 %wt

NaCl
SPw, | SPw, | SPw; | SPo, | SPo, | SPo, SPOueraze | SD | SPWaverage | SD
(%owt)
1927 | 232 | 21 | 1523 | 184 | 1.81 3 172 | 020| 212 |o018
2097 | 228 | 1.73 | 1.813 | 1.85 [, 22501, 35 197 | 028 | 204 |o024
1777 | 1.86 | 1.8 | 1.833%p.225 | 2.19478% 200 |004| 18 | 023
-
0857 | 1.02 | 2.16 | 2.7834=3:03 | 1.86 4 256 | 0.71 135 | 0.62
1337 | 16 | 133 [F7330 2097 308 |\ 42 268 | 015 | 142 | 037
1317 | 117 | 08 |3.288 B0 34500 44 324 | 027 ] 110 | 022
0837 | 1.87 | 097 | 2583 1047 31400 " 46 254 | 056 | 123 | 0.60
Table A-3 Solubilization ‘parameter (SP) of toluene in 9AMA: 1Dowfax
bk ol

surfactant system at 20 %wt -

SPw, | SPw, | SPwi"| SPo, __§i¥62—: SPo; SP0.(iruse | SD | SPWaverage | SD
y S — 7
3487 | - - 73| c 3 92-52 - 1.16 -
2327 | 3.14 (5358 [G1lof3)| W1 2| G814 B3 0.98) “f 055 | 295 | 0.5
2327 | 21| 282 |1.853 | 1.81 1 1.19 | 3.8 162 | 037 242 | 037
1327 | 2.07 | 254 | 2303 | 1.78 | 136 | 4 181 | 061| 198 |047
1447 | 2.06 | 172 | 2.303 | 159 | 1.95 | 42 195 | 031 174 |036
0957 | 1.69 | 0.87 | 2713 | 1.86 | 1.94 | 4.4 217 | 045| 117 | 047
1.007 | 158 | 1.52 | 2.653 | 226 | 224 | 46 238 | 031] 137 |023
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Table A-4 Solubilization parameter (SP) of xylene in 9AMA: 1Dowfax surfactant
system at 20 %wt

SPw; | SPw, | SPw; | SPo; | SPo, | SPo; Nacl SPO,verage | SD | SPWayerage | SD
(Yowt)

3.027 - - 1.593 - 0.89 3.8 0.83 - 1.01 0.80

2737 | 3.25 | 3.58 | 1.523 07 4 1.19 0.42 3.19 0.40

2207 | 2.83 | 3.15 | 1453413 | 1.3 ‘é 1.38 0.48 2.73 0.08

-~ T =
1.957 | 2.29 | 2.83 1.84 4. .62 0.44 2.36 0.19
Z T ﬁ; . —

[
1.477 | 1.84 2.7 y ; 18 1.83 0.63 2.01 0.37
ally 40
1.923 | 2.303 | 2.063 4 b= Sl 0.19 2.10 0.51
NG
.;E::,’ \
0 A 1
Table A-5 Relationship between = s of two surfactant systems
AT A
St 4 4
i P . -
be : 3.38
I 1
toluene: o 1 P 1.4098 4.095
U

P AT TINE Ta &
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Experiment data of section 4.2 phase behavior study

Table B-1 Solubilization parameter (SP) of hexane only in AOT/AMA surfactant

system at 4 %wt

SPW] SPWz SPW3 D ) T SPWaverage SD Sp Oayerage SD
g \
6.78 : ﬁ ] 6.845 | 009 | 1505 | 0.22
TERN
| LY
327 | 379 / ) h& 3647 | 033 | 2004 | 033
2707 | 2.55 . Aol 3 2616 | 008 | 2491 | 0.13
i — i 7 &. 3‘
1.907 | 2.23 . 35 F 2a&-)2 2139 | 020 | 2694 | 0.14
2.007 | 2.19 . 968 | 219 ' 2052 | 012 | 3248 | 063
225 001 | 274 | 0.20

AULINENTNEINS
RINNIUUNIININY
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¢ SPwaverage 0 SPoaverage

— Expon. (SPwaverage) — Expon. (SPoaverage)

8
=7 .
=}
Z 6
=]
£ 5
E 4
ot O
= 3 _,—/_/—/D
Ay
LZI |
0 ; ; ; |
2.2 24
Figure B-1 The S* of ctant system at 4 %wt

in AOT/AMA surfactant

SPw; | SPw, ; R0yt Yo Wel S PWatrite | SD | SPOuyerage | SD
7.447 0.71 1.544 | 0.32
3.317 1.32 1.378 0.58
2.467 1.72 1.421 0.93
1.087 7 1%" 2191 | 170

J

1.857 0.58 | 2.324 1.56

- 2.55 2.5

1
—_
[\)
~
p—
[\)
NN
N
N
N
W
[\®)
W
(]
o
S

1.240 0.00

- 2.05 | 2.31 - 1.6 1.24 2.6 2.180 0.18 1.420 0.25
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0 SPoaverage € SPwaverage

— Expon. (SPoaverage) — Expon. (SPwaverage)

o 10

Z s

2 N

= 0

Z

@ 4

]

Z 2

20

12 3

Figure B-2 The S* ‘mixedwith ferrocene 50 ppm in AOT/AMA

surfactant system at 4

Table B-3 Solubilizati - 7 ane mixed with ferrocene 100

ppm in AOT/AMA surfa

SPw, | SPw, SD | SPoyeraee | SD
6.517 | 5.86 033 | 1.051 | 0.50
4157 | 5.73 097 | 1498 | 0.91
2.497 | 6.76 [213 | 1454 | 020
2707 | 4.04 | Bl52 | 4.133 | 0.86 ;1.(')7 2 342 | 067 | 2021 | 1.83
22371 3%"1@ mmq w "']oa Elz.sos 1.57

C %3 303 - | 138 |06 | 24 | 2665 |052| 1000 | 054

2 197 | - |13 159 | 26 1985 | 0.02 | 1560 | 0.04
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¢ SPwaverage 0 SPoaverage

10
" — Expon. (SPwaverage) ——Expon. (SPoaverage)
*5 8
g
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Z
b
3 4
g <:<
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0 | | |

12 24 26

& =
iﬂ—'; R .
4 el
Pdo”
atielys
T e

Figure B-3 The S* of hex:

surfactant system at 4 %wt

Table B-4 Solubilization par ": ér (SP)- octane only in AOT/AMA surfactant

system at 4 %wt

SPWl SPW2 SPW3 E’Ol [ ] gl o W1 SD SPOaverage SD

4.417 | 4.803 2

#.29 1.196 0.27

3.197 | 3.263 | 3993 0.14 1.482 | 0.09
NANA Lﬁﬂ
2.947 q' 241 ’ 1742 0.07

2.507 | 2.243 | 2.053 | 1.023 | 1.757 | 1.757 2.6 2.268 0.23 1.512 0.42

2.333 | 1.653 | 1.853 | 1.447 | 2.467 | 1.967 2.8 1.946 0.35 1.960 0.51
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¢ SPwaverage O SPoaverage

— Expon. (SPwaverage) —Expon. (SPoaverage)

w 0

-

=5

5 4

‘é 3

3 1

é 0 : : : |

A

w 18 28 3
Figure B-4 The S* of oct factant system at 4 %wt
Table B-5 Solubilization e mixed with ferrocene 50 ppm
in AOT/AMA surfactant syst;ﬂlﬂ oW

SPw; | SPw, | SPw SD | SPO.yerage SD

4.317 | 4.333 | 4.203 0.07 1.189 0.22

?.30 1.439 0.33
()

3.147 | 3.483 ﬁS?
|

2.667 | 2.703 | 8703 | 0.903 | 1.597 J247| 24 | 2691 |002]| 1249 | 035
o
7 ! ' { #
RS SRR B NR Bl | oo
2243 [ 2253 | 1.903 | 1377 | 1.637 | 2.107 | 2.8 2133 | 020 | 1707 | 0.37
1723 | 1903 | 1233 | 1.897 | 1907 | 2777 | 3 1620 | 035 | 2194 | 051
1723 | 1563 | 1.653 | 2.087 | 2.267 | 2.157 | 32 1646 | 008 | 2.170 | 0.09
~ 1831503 | - 2907|2397 3.4 1343 | 023 | 2652 | 0.36
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¢ SPwaverage 0 SPoaverage
— Expon. (SPwaverage) — Expon. (SPoaverage)
45

4.0
3.5

*

SP (mL/g) surfactants

Table B-6 Solubilization pa m*ef,‘ : 1
PRI
in AOT/AMA surfactant s tgnﬂlifiﬁ :

T

Cl

SPw; | SPw, SP0;verage SD
3.537 | 3.873 1.496 0.18
3.487 | 2.833 1.399 0.28
1.587 | 2.833 1.956 0.62
2.627 | 2.313 1.566 0.58
295 Aver A q o) 5 0 f'n71 nh}EL o eI A o * | 0%
25 Pl | 115 Nsh | s [t 11 1 4 Tabia) [Idh [rmr | oo
1.603 1..673 1.593 | 2.127 | 2.067 | 2.027 32 1.623 0.04 2.074 0.05

- 1.913 | 1.893 - 1.957 | 2.257 34 1.903 0.01 2.107 0.21
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¢ SPwaverage 0 SPoaverage

Expon. (SPoaverage)

— Expon. (SPwaverage)

e e
N D D D
*

SP (mL/g) surfactants
_—— 2 2 W

=
n

0.0 T g e+ +———+———1+—

1.6 1.8 y, 22 2¥ 2'6 2.3 3 32 34 3.0

N;l__Cl (% wt) concentrations

— it

Figure B-6 The S* of octane mixed fwith ferrocene 100 ppm in AOT/AMA

surfactant system at 4 %wt
‘ “
il - I

Table B-7 Solubilization parameter (SP)i’d]ecane only in AOT/AMA surfactant

system at 4 %wt el -
~ NaCl ,

SPw, | SPw, | SPw; | SPo; | SPo; | SPos | (%WT) | SPWarerege | SD | SPoserage | SD
2.187 | 431 | 485 |1.153 | 054 | 0.86 22 3.782 1.41 0.851 0.31
3.187 | 2.85 | 2840|0017 142) P 1586 2.4 21950 020 | 0999 | 0.85
2897 | 2.4 | 199 |0.743 | 1.14 | 1.52 2.6 2.429 0.45 1.134 | 0.39
1.46 | U819 12450 1215]) 0855 1156 34 1.570 0.21 1207 | 0.36
143 | 127 | 146 | 125 | 1.19 | 1.12 4 1.387 0.10 1.187 | 0.07
15 | 089 | 093 | 086 | 1.6 | 1.66 5 1.107 0.34 1.373 0.45
091 | 1.15 | 156 | 1.83 | 1.78 | 1.11 5.5 1.207 0.33 1.573 0.40
1.35 1 095 | 1.27 | 1.66 | 1.87 6 1.100 0.22 1.600 | 0.30
1.03 | 0.89 | 1.59 | 1.95 | 1.95 | 0.94 6.2 1.170 0.37 1.613 0.58
124 | 1.32 - 1.78 | 1.63 - 6.4 1.280 0.06 1.705 0.11
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¢ SPwaverage 0O SPoaverage

— Expon. (SPwaverage) — Expon. (SPoaverage)

SP (mL/g) surfactants
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Table B-8 Solubilization parameter (SP) of decane mixed with ferrocene 50 ppm

in AOT/AMA surfactant system at 4 %wt

NaCl
SPw; | SPw; | SPw; | SPo; | SPo, | SPo3 | (%WT) | SPWaverage | SD | SP0Oayerage | SD
6.307 | 4.72 | 4.25 | 0.033 | 1.11 1.45 2.2 5.092 1.08 0.864 0.74
3.257 | 3.12 | 3.12 [ 0.573 | 1.49 | 145 2.4 3.166 0.08 1.171 0.52
3.087 | 2.08 | 3.07 | 0.063 | 1.35 | 0.44 246 2.746 0.58 0.618 0.66
144 | 1.72 | 1.39 | 1.32 121 1‘43 3.4 1.517 0.18 1.320 0.11
1.12 | 1.52 | 1.21 | 36" 0.94 4 1.24 4 1.283 0.21 1.180 0.22
0.82 | 0.94 | 098 | 1.71 L@ 5N 5 0.913 0.08 1.610 0.09
0.64 | 0.73 | 1.52 1.8 Fof J 412148 6.5 0.963 0.48 1.660 0.40
——
0.62 | 0.9 1.66 [F2.128 QI 4. 121N 46 1.060 0.54 1.733 0.47
L
1.04 | 1.56 | 0.78 | T.654F K14 1.1.95 !'_:__i6!._.2 1.127 0.40 1.580 0.41
, )
0.88 | 1.07 - 2.02 1.8 Al b 4 0.975 0.13 1.910 0.16
* :,S:Pwaverage o SPoa\;él‘::!;ge
. — Expon. {SPwaverage) — Expon.' (SPoaverage)
D ¥ »
g5 | ¢
=
£
2 4
€
Z 3
.
- 5
é =3
71

35

4

4.5

NaCl (% wt) concentrations

[V
h |

Figure B-8 The S* of decane mixed with ferrocene 50 ppm in AOT/AMA

surfactant system at 4 %wt
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Table B-9 Solubilization parameter (SP) of decane mixed with ferrocene 100

ppm in AOT/AMA surfactant system at 4 %owt

NaCl
SPw; | SPw, | SPw; | SPo; | SPo, | SPo; | (%WT) | SPWayerage | SD | SPOuyerage | SD
4627 | 415 | 57 |1203] 145 | 1.19 | 22 4826 | 079 | 1281 | 0.15
3227 3.1 | 3.09 [ 0703 | 1.23 | 1.21 2.4 3.139 | 0.08 | 1.048 | 0.30
2.887 | 1.87 | 2.86 | 0.823 | 1.68 | 0.71 2.6 2539 | 058 | 1.071 | 0.53
176 | 1.09 | 1.71 | 095 ["1.73 | 1.16 | 34 1520 | 037 | 1.280 | 0.40
- |
176 | 1.49 | 1.41 | 0.79 | L9 | 1.14 4 1.553 | 0.18 | 1.040 | 0.22
1.14 | 1.09 | 1.64 | L& 107} 1.1 5 1290 | 030 | 1363 | 0.23
T
1.16 | 1.01 | 1.14 | w65 M e4f1/165 | 55 1103 | 008 | 1.647 | 0.01
1.07 | 1 154 | 147 &2 24l 6 1203 | 029 | 1610 | 0.32
0.57 | 067 | 1.48 | 24" [f2.09 | ¥227 62 0907 | 050 | 1.803 | 0.51
0.56 | 0.82 | 1.31 | 2.14F #o2" 112 B+ 64 0.897 | 038 | 1727 | 0.54
j Ydia
* SPan:el:ﬁ-ge : o WSP;oavel‘age
T=—Expon-tSPwaveragey——Expom(SPoaverage)

50 ¢ =
» 45
E 4
£ 3s
T 3
2 25
I
2 1S
= o
2 05

0 |

2 25 3 35 4 45 5 55 6 6.5

NaCl (% wt) concentrations

Figure B-9 The S* of decane mixed with ferrocene 100 ppm in AOT/AMA

surfactant system at 4 %wt



APPENDIX C
Experiment data of section 4.3 solubilization study

Table C-1 Standard curve of hexane measured by GC-HS

concentration
(me'L) SD average
10000 35847 | 5328212
1000 3399 | 234771.7
500 1662 116085
100 1049 18966.67
>0 1361 10096.67
10 13 7134
12000 -
] i
10000 y=0.0018x + 185.55

R*=10.9971

A UHINENTNE
RIAINTUURTINYAY

exane (mg/L)

a:i%h

= 4000

=

s

=

S 2000
0 1 1 1 1 1
0 1000000 2000000 3000000 4000000 5000000 6000000

Area

Figure C-1 Standard curve of hexane measured by GC-HS



Table C-2 Standard curve of octane measured by GC-HS

Concentration Area
(ppm) 1 2 average SD
3000 2518311.40 |21484524 .38 | 2501417.89 | 23891
2000 17259 ” 1675768.18 | 71008.7
\f.s /
1000 3 - 807358.46 | 15259.6
500 R* 50211.65 | 2955.39
100 ‘m x 7609.34 | 509.011
50 9502.16 | 1200.91
10 : -_?835.26 396.298
5 ‘ 4461.00 -
3 2772.61 312.025
1 1499.85 29.3449
y i
g 3500, ¢ e Y =0.0012x +23.197
: «SIUEINTNTINY
= 2500 o - -
g 5
< 2000 s
N O] TNEIN
A ) tI1aE
=0
Pt 500
=1
8 0 T T T T 1

500000 1000000 1500000 2000000 2500000 3000000

Area

Figure C-2 Standard curve of octane measured by GC-HS
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Table C-3 Standard curve of decane measured by GC-HS

Concentration area
(ppm) 1 2 Average | SD
3000 2718772.62 | 2660796.60 | 2689784.61 | 40995.2
2000 1869524.31 | 1762145.53 | 1815834.92 | 75928.3
1000 869676.57 | '897164.53 | 883420.55 | 19436.9
500 41880254 | 41012575+ | 414464.15 | 6135.42
100 3883776 | 39980.14 - 39408.95 | 807.785
50 1893872, 18119 18528.86 579.63
10 3901485, |2 8852.55 3877.20 | 34.8604
5 3267434 -. \ 3267.34 -
3 2605.65 I.‘2__87,.1-03 2738.34 | 187.652
1 - 1102.52 1102.52 -

3500 -
3000
2500
2000
1500
1060
300

g Ad

y=0.0011x + 18.105
R?=0.9996

concentration decane (ppm)

0 500000

Area

1000000 1500000 2000000 2500000

Figure C-2 Standard curve of decane measured by GC-HS

3000000
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Table C-3 Solubilization capacity for alkanes and Fe (total iron) at the AMA-

AOT at 4% wt (ratio 2:2) surfactant system in various concentration electrolytes

(NaCl)

Solubilization
Alkanes system NaCl (%wt) Type
ojem Alkane Total Fe

J (ppm) (ppb)
Hexane 1 1 I 15549.15 N
Hexane 2 Il \ sps 29543 .4 N
Hexane 3 2 = Sps 33043.7 N
Hexane 4 1.4 =~ [ 73493.83 N
Hexane mixed F100ppm 1 e } I 14025.27 1600
Hexane mixed F100ppm 2 : 17.1 |  sps 15924.3 3775
Hexane mixed F100ppm 3 475 5, sps 16004.7 3675
Hexane mixed F100ppm 4 14 __—IIII 33757.33 4175
Octane 1 =¥ 7 T 30416.5 N
Octane 2 14 | 45753 .83 N
Octane 3 1.6 sps | T 61620.75 N
Octane 4 1.9 I 64219.5 N

Note: 1 and III refer to the type of microemulsion; SPS refers tossupersolubilization,

where the microemulsion occurs at the point close to the transition- from Type I to

Type IlI;'and N is an appearance that did not analyzed.
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Table C-3 (continue) Solubilization capacity for alkanes and Fe (total iron) at the

AMA-AOT at 4%wt (ratio 2:2) surfactant system in various concentration

electrolytes (NaCl)

Solubilization
Alkanes system NaCl (%wt) Type
gyjtem Alkane Total Fe
2 (ppm) (ppb)

Octane mixed F100ppm.i 1.2 % 39169.8 2613.96
Octane mixed F100ppm2 4 1 45780.25 3603.95
Octane mixed F100ppm 3 1.6 4_ sps 64290 4198.95
Octane mixed F100ppm'4 i;.9 ; 11 69336 5073.96
Decane 1 =10 T,; I 20065.88 N
Decane 2 LS b4 s | 2169161 N
Decane 3 L2 Al sps 23985.7 N
Decane 4 SRR - iy 25705.8 N
Decane mixed F100ppm 1 =226 : -I 385335 4416.45
Decane mixed F100ppin.2 1.8 Sps < 47718.45 3616.45
Decane mixed F100ppm 3 2 sps” |— 51401.75 6271.45
Decane mixed F100ppm 4 2.3 11 "~ 53048.96 6208.95

Note: 1 and III refer to the type of microemulsion; SPS refers to_supersolubilization,

where ‘the ‘riictroetiilsion oceurs at the point close ‘to the transition. from Type I to

Type IlIsjand N is an appearance that did not analyzed.
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APPENDIX D

Experimental Data of Section 4.4 Column study

Terms Notification

(i) The volume o

A

where A = Volume 0{

x = Volume 1nat10n procedure (total oil

introduced to the col % E)

il 4
y = Volume of "i":""‘ “the ¢ontamination procedure (exiting column
ARl | \
during alkanes flooding) ( Lo

by bk a'—:?' :
z = Volume of the fiee %;,
flushing (mL) Lo EN——

leaving the column during water

-

y

ﬁ”ﬁ%ﬁ‘"ﬁﬂ‘ﬂ“’ﬁ NYNT

Sy~ (A/B) x 100

A BN UANINE A

B = Volume of pore space (mL)




(iii) %kEfficiency
Efficiency = (S+M) x 100
where S = mass solubilization of alkanes (mg)

M = mass mobilization of alkanes (mg)

(iv)  %Mass balance
where S = mass solubilization
M = mass mobili
E = mass extractio

A = mass of residual all

' %
]

AULINENINYINS
ARIANTAUNNING 1A Y
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Table D-1 decane only concentration and weight at different pore volumes of

column study flushing with 4 wt% of AMA/AOT and 2 wt% NaCl

No. PV Solubilization of decane Mobilize
mg/L mg Accumulate mass (mg)
No.1 0.25 15128 | 121 0 .
No.2 0.51 0 0.00 0.61 ;
No.3 0.76 0 0.00 0.61 ;
No.4 1.02 0 0.004 0.61 ;
No.5 127 0 0.00 0.61 ;
No.6 1.53 0 0001 0.61 -
No.7 178 | ulagb A firas=]" 9.34 *
No.8 2.03 1383.45 ) 10,67 ,'3 ‘-' 23.42 *
No.9 229 | 1707.9% [ 1322 * . 35.86 .
No.10 254 | 1737224 133.08 !J 112.46 -
No.11 28 | 1970347 157,63 | b 26077 -
No.12 3.05 214463 | 17.16 ’%4%:1-6 -
No.13 331 [T452174 | 417 98 82 -
No.14 356 | 4243 | 339 362.61 -
No.15 331 171431 222 365.42 -
No.16 4.07 20172 | L6l 367.33 -
No.17 432 150043 | 1120 36874 -
No.18 4.58 11639 | 0.93 369.81 -
No.19 4.83 98.36 | 0.79 370.67 -
No.20 5.09 7484 | 0.60 37136 -
No.25 6.36 4877 | 039 373.83 -
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Table D-1 (continue) decane only concentration and weight at different pore

volumes of column study flushing with 4 wt% of AMA/AOT and 2 wt% NaCl

Solubilization of decane
No. PV Mobilize
mg/L mg Accumulate mass (mg)
No.30 7.63 38.11 | 0.30 375.57 -
No.35 8.9 3048 | 0 376.94 -
No.36 9.15 /= 377.18 -
No.37 9.41 b 4 ———'7 4 -
No.38 9.66 \‘:u 37765 -
No.39 9.92 ' 377:8 -
No.40 10.17 -
No.45 11.44 -
No.50 12.71 -
No.55 13.99 -
No.60 15.26 -
No.65 16.53 _ -
e )
No.70 17.8° _1 86 | 0 . -
| r

No.75 1907 2100 | 017 384{'1.‘!!3 -
No.80 -4

0. | -

IR PEIN S WEFTAS
11 Vo (1) 2111 o

No.85 21161 20.45 | 0.16 386.10 -

AMANIUIMINGIAY
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Table D-2 decane mixed with ferrocene 100 ppm concentration and weight at

different pore volumes of column study flushing with 4 wt% of AMA/AOT and 2

wt% NaCl
Solubilized decane
No. Mobilized
PV mg/L mg Accumulate mass (mg)
No.1 025 | 113860 | 9.1 0 -
No2 | 051 0 0.00 4554 -
No3 | 0.76 0 0.00 4554 -
No4 1.02 0 0.00 4554 -
No.5 127 0 0.00 | 4554 -
No.6 152 | 465733 5726 23.184 -
No.7 178 0 0/00 | 41813 -
Nos | 2.03 0 0.00- 4 & AT813 i
No9 | 228 | 128884 [ 0991 | 91,767 *
Nol0 | 254 | 1041090 78336 40 183.4 *
Noal | 279 | 177936 | 14235 | b4 206.253 *
Nod2 | 3.05 | 1050430 [ 841 | .. 371.633 -
Nol3 | 330 | 45996 1368 | B = 377679 -
Noi4 | 355 | 44134 | 353 | . 381284 -
Nois | 381 | 83105 | 265 | 384573 -
Nol6 | 406 |. 23994 | 102 3861657 i
Nol7 | 431 | 196.29 157 388401 -
No18 | 457 | 168,06 1.34 389.858 -
No.19 | 482 4 | 146.28 17 391116 -
No20 | 5.08 | 12456 100 392199 -
No25 | 635 64.01 051 395.97 -
No.300, | /.61 44.08 0.35 398,132 -
No35 1| 888 33.15 0.27 399.677 -
No40 | 10.15 | 2925 0.23 400.925 -
No4s | 1142 | 2581 021 402.026 -
Nos0 | 12.69 | 23.52 0.19 403.013 -
No55 | 1396 | 22.00 0.18 403.923 -
No.60 | 1523 | 21.33 0.17 404.79 -
No.65 | 1650 | 2071 0.17 405.631 -
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Table D-3 ferrocene mixed in decane concentration and weight at different pore

volumes of column study flushing with 4 wt% of AMA/AOT and 2 wt% NaCl

Solubilized ferrocene

No. Mobilized
PV ug/L pug Accumulate mass (ug)
No.1 0.25 4.05 0.0324 0 -
No.2 0.51 21.55 0.1724 0.10 -
No.3 0.76 57.2 0.4576 0.42 -
No.4 1.02 1.85 0.0148 065 -
No.5 1.27 149.45 1.1956 196 -
No.6 1.52 10.4 0.0832 1.90 -
No.7 1.78 51.45 04116 215 -
No.8 2.03 14.2 0136 \ 241 -
No.9 2.28 258.826 2.0ZQ§ 4 350 *
No.10 2.54 182.6 1.Ai6(18 T ) 597 *
No.11 2.79 285825 8| )2.2826 } . 714 *
No.12 3.05 203.2 ,:1__.6;2:56 7 4 9.09 -
No.13 3.30 2264725 1.8138 r.:'ﬁ__!. 10.81 -
No.14 3.55 136.525" |/41.0922 iy A 1226 -
No.15 3.81 348.075 . 7‘_2_7.7_.846 ﬁﬂ_‘ 14.20 -
No.16 4.06 | "90:775 0.7262 15-96— __ -
No.17 431 .‘_;I‘,i158.6 1.2688 16.93-—' -
No.18 4.57 17.625 0.1410 17;6'6 -
No.19 4.82 147.275 1.1782 18.32 -
No.20 5.08 183:975 1.4718 9165 -
No.25 6.35 62.35 0.4988 2457 -
No.30 7.61 210.2 1.6816 30.02 -
No.35 8.88 1117 0.8936 36,46 -
No.40 10.15 84.25 0.6740 4038 -
No.45 11.42 91 0.7280 43.88 -
No.50 12.69 105.425 | 0.8434 4781 -
No.55 13.96 20.15 0.1612 50.32 -
No.60 15.23 44.05 0.3524 5161 -
No.65 16.50 65.1 0.5208 5379 -
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Table D-4 octane only concentration and weight at different pore volumes of

column study flushing with 4 wt% of AMA/AOT and 1.6 wt% NaCl

Solubilized octane
No. Mobilized
PV mg/L mg Accumulate mass (mg)
No.1 0.24 40.95 0.33 0 i
No.2 0.49 0 0 0.1638 )
No.3 0.73 0 0 0.1638 ]
No.4 0.98 0 0 0.1638 .
No.5 1.22 0 0 a 0.1638 ]
No.6 1.46 0 0 0.1638 ]
No.7 1.71 0 0 01638 ]
No8 | 195 0 P 01638 i
No9 | 220 0 D & 0,1638 i
No.l0 | 2.44 | 201039 {6h08 b T *
No.ll | 2.69 | 1677.14 —137.,42 s s s *
Noi2 7293 | BRIAG R 23T LN 0 s 7404 i
No.13 3.17 398348 | 319 1:'1{_;_ 265.4282 ]
Nol4 | 342 | 23068 AZcERS Al )67 9441 ]
Nols | 366 | 18752 |50 IR 56 6168 -
Nol6 | 391 | 150.93 121 270.9706 ]
No.17 4.15 | ~7I20:58 0.96 272 0567 i
No.I8 | 439 }_08.53 0.87 272;9731 -
No.l9 | 464 | 103.75 0.83 273.8222 ]
No20 | 488 96.88 0.78 b ks -
No25 | 6.10 96.68 0.77 b -
No30 | 7.32 77.34 0462 5819763 -
No35 ' 854 4371 0.3 284.3973 )
No40, | 9.77 36.42 0.29 285.9998 ]
Nod5 | 1099 | 33.77 0.27 287.4034 ]
No.s0 | 1221 | 3534 0.28 288.7856 ]
No.55 | 1343 | 28.62 0.23 200.0650 -
No.60 | 14.65 | 28.65 0.23 2012105 -
No.65 | 1587 | 2742 0.22 292.3320 ]
No.70 | 17.09 | 26.70 0.21 293.4143 -
No.74 | 1831 | 2648 0.21 294.4779 ]
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Table D-5 octane mixed with ferrocene 100 ppm concentration and weight at
different pore volumes of column study flushing with 4 wt% of AMA/AOT and
1.6 wt% NaCl

Solubilized octane
No. Mobilized
PV mg/L mg Accumulate mass (mg)
No.1 0.24 | 32.0158 0.2561 0 -
No.2 0.49 0 0 -
0.1281
No.3 0.73 0 0 -
- 0.1281
No.4 0.97 0 0 -
0.1281
No.5 1.21 0 oF -
v ) 0:1281
No.6 1.46 | 840.2974 61224 74 |é -
' al 3.4893
No.7 1.70 | 495.853 3.9668 || -
- 4 8.8339
No.8 1.94 0 0.0000 |+ -
o 10.8173
No.9 2.18 18190 14545200 4 4 *
i dia 83.5773
No.10 | 243 | 247.738" |ie819- [+ 1) *
=l 157.3282
No.11 2.67 | 1415813 4" 413:2650 [/ *
Y 214.9517
No.12 291 | T3506:47 4.0494 ~ 4 3
273.6089
No.13 3.15 | 4204798 3.3638 ' 3
271.3155
No.14 3.40 | 326.3362 2.6107 3
280.3027
No.15 3.64 || 227959 1.8237 3
282.5199
No.16 3.88°| 173.6386 1.3891 3
284.1263
No.17 4.12! |164.5906 13167 3
285.4792
No.18 437 | 134.1946 1.0736 3
286.6744
No.19 4.61 117.307 0.9385 3
287.6804
No.20 485 | 99.9454 0.7996 3
288.5494
No.25 6.06 | 66.6262 0.5330 -
291.8808
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Table D-5 (continue) octane mixed with ferrocene 100 ppm concentration and

weight at different pore volumes of column study flushing with 4 wt% of
AMA/AOT and 1.6 wt% NaCl

Solubilized octane

No. Mobilized
PV mg/L mg Accumulate mass (mg)

No30 | 7.8 | 473098 | 03783 -
294.1595

No35 | 849 | 39.4834 \“ I / ]
05.8954

Nod0 | 970 | 354 j )

Nod5 | 1092 | 31. -

ﬁﬂﬁ\\\

No.50 | 12.13 {//g '\\\\\* ]

No.55 | 1334 | 28 l l 29,1__ ]
4 808

No.60 | 14.55 | 285824 "a 22@”', | & ]
T 0\ 3023250

No.65 | 1577 | 27.6274 /| 0.2 gg,,;' . \ ]
Pigrets ) 03.4492

No.70 | 16.98 | 27.1594 ]
304.5450

No.75 | 18.19 -

No77 | 18.68 |l o7 T654 02T ]

’QW']@NT]‘EEN UANAINYA Y

ﬂUH’J‘l’IEJ‘VlﬁWEJ']ﬂ‘i
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Table D-6 ferrocene mixed in octane concentration and weight at different pore

volumes of column study flushing with 4 wt% of AMA/AOT and 1.6 wt% NaCl

Solubilized ferrocene

No. Mobilized
PV ng/L ng Accumulate mass (ug)
No.1 024 | 7048 | 0.56 0 ]
No.2 049 | 5678 | 045 0.5090 _
No.3 0.73 | 53.65 | 043 0.9507 _
Nod | 097 | 2073024 | 10842 _
No.5 121 | 204301 016 -1 Tagas ]
No.6 1.46 4738 0433 l 1.7561 _
No7 | 170 | 3975 0.3; Z 2,1046 _
No.8 1.94 41.18 0:33 J, : 2.4281 _
No9 | 218 | 991308 793 ; * 65578 *
No.l0 | 243 | 77025 e _J 13.6040 *
No.11 2.67 ?58.00 __6:8_6-: _ . -.20.1170 *
No.12 | 791 -0 0.00 23 5495; _
No3 | 315 | 7480 | 0.57 23.836:'; _
No.l4 | 340 | 9875 | 0.79 24.51;;4 _
No.15 3.64 54.93 0.44 25.1331 _
No.16 3.88 79.43 0.64 25.6705 -
No.17 4.12 60.83 0.49 26,2315 -
No.18 437 37.00 0.30 26.6228 -
No.19 4.61 43.75 0.35 26.9458 -
No.20 4.85 46.98 0.38 27.3087 i
No25 | 606 | 4948 | 0.40 29.2377 -
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Table D-6 (continue) ferrocene mixed in octane concentration and weight at
different pore volumes of column study flushing with 4 wt% of AMA/AOT and
1.6 wt% NaCl

Solubilized ferrocene

No. Mobilized
PV png/L ug Accumulate mass (ng)

No.30 -
7281 0 302272

No.35 -
8.49 1959

E—
No.40 9.70 0,38 —— -

No.50 1213 | -

No35 | 1334 -

No.60 14.55 ; -

No.65 1577 o. 0.00° %‘ -

No.75 18. 19

ﬂ‘lJEJ’JVIEJ'ﬂ‘ﬁWEJ’]ﬂ‘i
QW’]@NﬂiﬂJ UA1AINYAY
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Table D-7 octane only concentration and weight at different pore volumes of

column study flushing with 4 wt% of AMA/AOT and 2 wt% NaCl

Solubilized octane
No. Mobilized
PV mg/L mg Accumulate mass (mg)
No.1 0.28 0 0 0 ]
No.2 0.55 0 0 0 ]
No.3 0.83 0 0 0 ]
No.4 1.10 0 0 0 ]
No.5 1.38 0 o | 0 ]
No.6 1.65 322707 | .2.58 0.0103 i
No.7 1.93 32203258 1 | 0.0309 -
No.8 221 424 .46 340 |\ 0.0548 )
No.9 248 | “774.01 049 1% 4 0,093 )
No.10 2.76 13726 1._.10_ > 0.1233 i
No.11 3.03 | 1600.39 12.870 ,; . 0.1779 i
No.12 3.31 160.30° 4128 ; 0.2343 ]
Noa3 | 3.58 | 1LS7TH OSFVAR 802430 ]
No.14 | 3.86 83.0f" |, 0.67 02492 )
No.15 4.14 6596 1 033 ﬁﬂ_ 0.2540 i
No.16 441 [, 5732 0.46 0.2575. -
No.17 4.69 | AT 0.38 0-26_1_‘_3__. .
No.18 4.96 53_5.54 0.28 026 3 0 -
No.19 5.24 54.19 0.43 0.2668 i
No.20 552 48.09 038 05701 i
No.25 6.89 33.96 027 0.2832 i
No.30 8.27 29.68 0.24 0.2934 il
No.35 9.65 28172 0.23 03027 -
No40, | 11.03 | 2823 | 023 03118 ]
No.45 | 1241 27.87 0.22 0.3208 il
No.50 | 13.79 | 27.41 0.22 0.3297 il
No.55 | 1517 | 28.46 0.23 0.3386 il
No.60 | 1655 | 2659 | 021 0.3474 ]
No.65 | 17.92 | 2584 0.21 0.3558 il
No.70 | 1930 | 25.42 0.20 0.3640 il
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Table D-8 octane mixed with ferrocene 100 ppm concentration and weight at

different pore volumes of column study flushing with 4 wt% of AMA/AOT and 2

wt% NaCl
Solubilized octane
No. Moblilized
PV mg/L mg Accumulate mass (mg)
No.l | 026 0 0 0 -
No2 | 0.3 0 0 0 -
No3 | 0.79 0 0 0 -
No4 | 1.06 0 0 0 -
No.5 132 0 0 0 -
No.6 159 | 78.730" 0,63 0.0025 -
No.7 185 | 63138 40305 || 0.0252 *
No8 | 212 | #1715 4 6d7 | +4 0.0701 *
No9 | 238 | a7 | 462+ ; 0.1133 *
Nol0 | 265 | 292947 | o344 | 02256 *
Noal | 291 | 120322 | 963 | . hd | 03578 -
No.12 | 3.8 | 3360560 2,69 | /. 0.4071 -
No.13 | 344 | 69937 | /549 O 0.4402 -
Nold | 371 | 35452 | 2.84 . 047 -
No15 | 397 | 23504 | 1.88 04938 _7 -
No.l6 | 424 |L 46008 | 129 0.5055 | :
No.l7 | 450 | 1195 | 0.96 0.5145 -
No18 | 477 | 915778 | 0.73 0.5212 -
No.19 | 503 o | 502+ & /0:60 0.5265 -
No20 | 530 [V 67.479 | 0554 0.5311 -
No25 | 662 | 4089 | 0.33 0.5484 -
No30| |/\7.94 [\ 3502 | 028 05606 -
No357 | 927 | 3094 | 025 0.5711 -
Nod0 | 1059 | 3064 | 025 0.5810 -
Nod5 | 1192 | 2993 | 024 0.5907 -
No.50 | 1324 | 4726 | 038 0.6030 -
No.55 | 1456 | 2775 | 022 0.6150 -
No.60 | 1589 | 27.69 | 022 0.6239 -
No.65 | 1721 | 27.05 | 022 0.6327 -
No.70 | 1859 | 264 0.21 0.6412 -
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Table D-9 ferrocene mixed in octane concentration and weight at different pore

volumes of column study flushing with 4 wt% of AMA/AOT and 2 wt% NaCl

Solubilized octane
No. Moblilized
PV ug/L ug Accumulate mass (ng)
No.1 0.26 0 0 0 -
No.2 0.53 0 0 0.00 -
No.3 079 | 725 | 5.8 0.02 -
No.4 1.06 | 675 | 54 0.07 -
No.5 132 | 900 | 7.2 0.12 -
No6 | 159 | 13501 108 | = 0.19 -
No.7 1.85 | 3075 4+7%6 0.33 *
No.8 212 | 32004 266 "1 0.53 *
No.9 238 | 1754 334 s 4 0.77 *
No.10 | 2.65 | 4250 | 34 -9 1.04 *
No.11 291 0 " Kz ,, ~ 1.17 -
No.2 | 318 | 252501 202 | ~ b 4\ 6 -
No.I3 | 3.44 | 4025 32;2i _: ff;f—-! 1.46 -
No.l4 | 371 | 4425 7] 354 2 W74 -
No.I5 | 3.97 0 0 * 1.88 -
No.l6 | 424 [1,1025 82 g J -
No.l7 | 450 [“150 | 12 1.95 — -
Nois | 477 | 0 0 TosT ;
No.19 | 503 | 225 | 1.8 1.96 -
N0.20 | 5304 | 450 A2 1.97 -
No.25 | 6.62 0 0 2.00 -
No30 | 794 | 175 | 14 2.02 -
No35 [119.27 0 0 205 -
No.40, | 1059 | 150 | 1.2 2.08 -
No45 | 11.92 0 0 2.10 -
No.50 | 1324 | 75 | 0.6 2.11 -
No.55 | 14.56 0 0 2.12 -
No.60 | 15.89 0 0 2.12 -
No.65 | 1721 | 125 1 2.14 -
No.70 | 1833 | 150 | 12 2.19 -




BIOGRAPHY

Name: Ms.Saravanee Singtong

Date of Birth: January 16, 1986

Nationality: Thai

University Education: 2004-200 glor Degree of Science in Environmental

Presentation:

Saravanee Singtong id A. Sabatini. Effects of

ferrocene on the phash ‘ semulsion system. Proceedings

of 2010 International &on I"x ¢ ing and Applications (CCEA

2010), Singapore. 26-28F; anized by IACSIT Applied Chemical

;".
Engineering Society. Singapo i ,ﬂu

; =

..i
s

¥

ﬂ'lJEl’JVIEWIﬁWEI’]ﬂ’i
’Qﬁﬂﬁﬂﬂ‘iﬁuuﬁﬂﬂmﬁﬂ



	Cover (Thai) 
	Cover (English) 
	Accepted 
	Abstract (Thai)
	Abstract (English) 
	Acknowledgements 
	Contents 
	CHAPTERS I INTRIDUCTION
	1.1 Objectives of the study
	1.2 Hypotheses
	1.3 Scope of the study

	CHAPTER II THEORETICAL BACKGROUND AND LITERATUREREVIEWS
	2.1 Ferrocene
	2.2 Gasoline
	2.3 Equivalent alkane carbon number (EACN)
	2.4 Salager’s equation
	2.5 Surfactants
	2.6 Micelles
	2.7 Solubilization
	2.8 Microemulsion
	2.9 Literature Reviews

	CHAPTER III METHODOLOGY
	3.1 Materials
	3.2 Methods

	CHAPTER IV RESULTS AND DISCUSSION
	4.1 Characterization of the hydrophobicity of ferrocene
	4.2 Phase behavior study
	4.3 Solubilization study
	4.4 Column study

	CHAPTER V CONCLUSIONS AND RECOMMENDATIONS
	5.1 Conclusion
	5.2 Recommendations

	References 
	Appendix 
	Vita



