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ABSTRACT
Surfactant Enhanced Mobilisation of Non-Aqueous Phase Liquids
Andrew Duffield

The remediation of non-aqueous phase liquid (NAPL) using conventional aquifer
treatment technologies is limited by the low solubility of NAPLs. Surfactants can promote
the enhanced removal of NAPL through mobilisation, a mechanism that relies on the
reduction of interfacial tension (IFT) at the flushing solution / NAPL interface. The
conditions governing mobilisation can be represented by the total trapping number (Ny), a
dimensionless quantity relating viscous and buoyancy forces to the capillary forces trapping
the NAPL residual.

A highly reliable experimental apparatus and procedure were developed to study the effect
of flow rate and surfactant concentration on the removal of a residual NAPL. Column
studies were conducted to investigate the relative flushing efficiencies of very dilute Triton
X-100 solutions delivered through Ottawa sand spiked with light white mineral oil. At the
higher flow rate, the surfactant solutions yielded Nt values greater than the critical Ny,
promoting greater NAPL recovery as [FT dropped. While NAPL removal at the lower flow
rate should not be enhanced because the critical Nt was not surpassed, variations in
mineral oil recovery during flushing clearly indicate a surfactant effect. At the lower flow
rate, the surfactant-induced enhancement and retardation of NAPL removal both highlight
the limitations of the Nt approach. For more realistic systems where free product NAPL is
present, the total trapping number approach requires further study to define its

applicability as an indicator for NAPL mobilisation.
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1 INTRODUCTION & BACKGROUND
1.1 SOURCES AND NATURE OF CONTAMINATION

The widespread contamination of the subsurface by non-aqueous phase liquid
(NAPL), such as organic solvents and other hydrocarbons, presents a significant health risk
due to the potential exposure to contaminated ground water. Conventional pump and
treat technologies have proven to be an ineffective and costly means of aquifer restoration.
To overcome these limitations, mobilisation of residual NAPL has been proposed as both a

promising and cost effective alternative.

1.1.1 NAPL contamination

NAPL in the subsurface presents a potential longterm source of contamination.
Despite the low solubility of NAPL, contaminants such as chlorinated solvents will often
be present at levels exceeding the specified maximum for potable water, which are usually
in the low parts per billion range (Brandes & Farley 1993). Small amounts of NAPL are
therefore capable of contaminating large aquifer volumes. The low solubility of NAPL,
however, requires large volumes of water for removal by conventional means. Even with
the highest practical hydraulic gradients, the large capillary forces found in the subsurface

immobilise the majority of the NAPL trapped in porous media.
1.2 DEVELOPMENT OF NAPL REMEDIATION

1.2.1 Enhanced oil recovery
Research on enhanced oil recovery has provided the basis for NAPL remediation

through the introduction of surface-active agents (surfactants). The study of petroleum

recovery in porous media indicates that dilute stable emulsions, formed through the use of



surfactants, can be employed as mobility control agents (Ouyang et al. 1995a). The
principles involved in enhanced oil recovery can be applied to aquifer remediation. There
are significant differences, however, in the conditions, criteria for success, and costs

between these applications.

1.2.2 Remediation mechanisms

Surfactant enhanced remediation has been proposed as an alternative method for
recovering contaminants such as residual NAPL from contaminated aquifers. A dramatic
improvement in NAPL recovery can be realised through the use of aqueous surfactant
solutions in a conventional pump and treat remediation framework. The enhanced
removal of residual NAPL is recognised to occur via two general mechanisms:
solubilisation and mobilisation. Solubilisation improves NAPL recovery by increasing the
aqueous solubility of NAPL, which relies on high surfactant concentrations to provide
adequate contaminant recovery. Mobilisation can significantly enhance NAPL removal by
reducing the interfacial tension (IFT) at the flushing solution / NAPL interface. Because
minimum IFT occurs at very low surfactant concentrations, mobilisation offers a means to
promote NAPL removal with low resource requirements. Given the ability to provide mass
displacement of residual NAPL when the required remediation conditions are met,
mobilisation offers greater potential than solubilisation as a more costeffective removal

mechanism.
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2 THEORETICAL CONSIDERATIONS

To design a system to provide effective NAPL recovery by mobilisation, the trapping
mechanisms and forces acting on NAPL trapped within porous media must be examined.
The fundamental parameters affecting the mobilisation of residual NAPL can then be

incorporated into working models to aid practical application.

2.1 POROUS MEDIA PROPERTIES
2.1.1 Trapping mechanisms

Due to spills or releases from disposal sites, NAPL can enter the subsurface and
become subject to the forces associated with a specific subsurface environment. NAPLs
that have densities greater than that of water are termed dense non-aqueous phase liquids
(DNAPLs). In the saturated zone below the water table, capillary forces will oppose
DNAPL migration. Globules of residual DNAPL, known as ganglia, will then become
trapped in the interstitial pore space, as represented in Figure 1 (Brandes & Farley 1993).

When two immiscible phases such as oil and water flow through a soil system, two
major mechanisms result in the entrapment of oil within the soil pores: snap-off, and
bypassing (Ouyang et al. 1995b). The snap-off mechanism, shown in Figure 2A,
demonstrates that initially some NAPL, represented by the black body, will be displaced as
water flows into the pores. At the pore throats, represented by the pore constrictions,
capillary pressure will be highest. If the capillary pressure becomes high enough, the NAPL
will be snapped off leaving behind disconnected globules within the pores of the flow path,

as illustrated in Figure 2A.



; é hazardous waste site

capillary fring_e
water table

residual
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dissolved
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saturation

Figure 1: Schematic of an aquifer with residual DNAPL (Brandes & Farley 1993)



The entrapment mechanism termed bypassing is illustrated on a microscopic scale by
a model consisting of a tube that splits into two pores of different diameter, as depicted in
Figure 2B. The capillary pressure is considerably greater in the smaller diameter pore
causing the water to move more rapidly, as shown in the upper branch of step 2 (OQuyang et
al. 1995b). The NAPL in the larger diameter pore is thus trapped and isolated from
potential displacement as illustrated in step 3. Both models illustrate the entrapment of
NAPL, which can be mobilised only by overcoming the forces retaining the residual within

the pore.

PORE BODY COLLAR OF WATER

Y l
/e (am\ /e
— - 00090 —

A. SNAP-OFF

STEP 1 STEP 2 STEP 3

O o o
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Figure 2: Capillary-trapping mechanisms in water saturated soil (Ouyang et al. 1995b)



2.1.2  Forces on NAPL residual

An examination of the forces acting on a single NAPL globule will permit a better
understanding of the factors governing NAPL mobilisation. The globule, as illustrated in
Figure 2A of the snap-off model, is depicted. in Figure 3 within a single pore under water
wet conditions. The trapped residual is subject to a gravity force component and the
applied pressure gradient, acting to mobilise the globule, whereas capillary forces act to
retain the NAPL globule. If the NAPL of Figure 3 is lighter than water (LNAPL), the
capillary forces retaining the globule must oppose both viscous pressure and buoyancy
forces to prevent mobilisation, given the posre flow direction. The conditions for which
mobilisation and retention forces are in equilibrium are designated as the critical

conditions for mobilisation (Pennel et al. 199%6).
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Figure 3: Schematic of the pore en_trapment model (Pennel et al. 1996)
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2.1.3 Mobilisation expressions

The relative importance of viscous and buoyancy forces acting to mobilise NAPL can
be represented by the capillary and Bond numbers. Using the terms viscosity of the
aqueous phase (u,), Darcy velocity of the aqueous phase (q,), interfacial tension between
the aqueous and non-aqueous phases (Yay), the capillary number (No), a dimensionless
quantity representing the ratio of viscous to capillary forces, can be expressed as (Morrow et

al. 1988):

= Ha94 (1]
Van

Nec

In a system where both aqueous and non-aqueous liquids are present, the effective
aqueous permeability is defined in terms of the intrinsic permeability of the porous
medium (k), as well as the relative permeability to the aqueous phase (k.4), or k. = k k.4 -
An equivalent expression for N, in column experiments for example, is defined in terms
of k,, the pressure change across the column (AP), the column length (L), and Y. (Morrow
et al. 1988):

AP
ke . [2]
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Using the terms difference in phase densities (Ap), acceleration due to gravity (g), k.,
and Yan, the Bond number (Np), another dimensionless quantity representing the ratio of

buoyancy to capillary forces, can be defined as (Pennel et al. 1996):

Apgk
- 8pPgk. (3]
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As demonstrated by experimental trials, both viscous and buoyancy forces must be
considered to evaluate the potential of NAPL mobilisation for a given system (Pennel et al.
1996). The Bond and capillary numbers can be incorporated to establish an integral
means to evaluate mobilisation potential. When N¢ and Nj are defined as above, the

dimensionless total trapping number (N;) can be expressed as (Pennel et al. 1996):

Nr=yJN&+2NcNssina+NZ. [4]

For one dimensional column experiments and ideal conditions in the field, when
flow is vertical (o¢ = 90°) in the direction of the buoyancy force, equation [4] reduces to the
following expression:

Nr =[N+ Ngl. [5]

Column experiments have demonstrated that a critical value of Ny, symbolised as
N+*, signals the onset of NAPL mobilisation. Where the pore velocity is limited by the
fluid and pore media interaction and where the fluid density difference is fixed, attempts
to promote mobilisation must therefore concentrate on reducing the interfacial tension to

permit the system specific Nt* to be attained.

2.2 FLUSHING SOLUTION PROPERTIES
2.2.1 Surfactants

The critical conditions for mobilisation can be achieved through the introduction of
surfactants to conventional pump and treat remediation systems. Surfactants, or surface-
active agents, function as wetting, cleaning, and emulsifying agents. The formation of
stable solid-liquid suspensions or liquidliquid emulsions is facilitated by the unique

qualities of a surfactant molecule. Surfactants are strongly amphiphilic molecules with a



polar (hydrophilic) head and non-polar (hydrophobic or lipophilic) tail. For systems
containing an aqueous surfactant solution and NAPL, as depicted in Figure 4, the
amphiphilic surfactant molecules (monomers) will diffuse from the bulk solution to the
interface between the aqueous (A) and non-aqueous (N) phases. The adsorption of a
surfactant at the interface is achieved through a diffusion step followed by a transfer step
(Wang 1997). As new interface is formed, surfactant molecules in the bulk phase will first
diffuse to the subsurface layer. The surfactant monomers will then undergo a transfer step
from a dissolved to an adsorbed state at the A/N interface, with the hydrophobic tails
oriented towards the NAPL. At bulk solution concentrations greater than a specific
threshold value, defined as the critical micelle concentration (CMC), surfactant molecules

aggregate together as micelles with hydrophobic interiors.
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Adsorption
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of monomers
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kinetics

Figure 4: Schematic of the surfactant adsorption process (Wang 1997)
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2.2.2  Emulsion formation

Surfactant monomers adsorbed at an A/N interface lower the energy of a two-phase
system. The work required to generate new interfacial area is thus reduced, which in turn
facilitates the preparation of emulsified systems (Myers 1988). Within a flow field, the
mixing of the constituents, such as the surfactant solution and NAPL, causes one of the
liquids to be dispersed as droplets in the other, which produces an emulsion. Emulsions
for the purposes of aquifer remediation fall into two groups: macro-emulsions and micro-
emulsions (Ouyang et al. 1995b). A macroemulsion behaves more like a dispersion, with
droplet sizes ranging from 1 to 10 pum, which can be unstable. A micro-emulsion is more
like a molecular solution with droplet size ranges between 0.01 and 0.1 pm and is more
thermodynamically stable. In comparison, porous media such as soil has pore sizes ranging
from macro-pores with a diameter greater than 100 pm, to micro-pores that can have a
diameter less than that of macroemulsion droplets. Droplet size depends on a number of
factors such as the NAPL type, interfacial properties of the A/N system, flow velocity, and
the nature of porous materials of the contaminated aquifer (Ouyang et al. 1995a).

The nature of the emulsion produced will thus have a bearing on the removal
efficiency of residual NAPL. The formation of macro-emulsions may cause pore clogging
and promote the entrapment of NAPL due to the mechanisms of snap-off and bypassing.
The major differences between immiscible flow as separate phases and miscible flow as an

emulsion are illustrated in Table 1:
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Table 1: Comparison of immiscible and miscible flow properties (Ouyang et al. 1995a).

Immiscible flow: A & N as separate phases | Miscible flow: N emulsified within A phase

e A and N compete for flow path e Aand N in same flow channel
e Low N flow velocity e Similar flow velocity for A and N
e Droplets trapped by snap-off e Droplets trapped by filtration

Disadvantages such as pore clogging and non-uniform flow for a given aquifer system
demonstrate that macro-emulsions, formed with the aid of surfactants, must be avoided for

NAPL remediation strategies relying on mobilisation.

2.3  MOBILISATION
2.3.1 Swfactant induction

Mobilisation occurs when viscous and gravitational forces acting on the NAPL
exceed the capillary forces responsible for immobilising the residual (Okuda et al. 1996).
Where the interfacial tension (IFT) between the aqueous and non-aqueous phases is high,
as encountered in a contaminated aquifer, a correspondingly high hydraulic gradient is
required to push residual NAPL droplet from its confining pore space. Surfactants can
promote the enhanced mobilisation of NAPL by preferentially adsorbing at the A/N
interface, which causes a corresponding reduction the interfacial tension (IFT). This
reduction in IFT causes the trapped oil globules to become elongated, thus making them
easier to be displaced through pore constrictions under normal flow regimes. Where
surfactant properties are carefully matched to the target NAPL, ultra low IFT can be
achieved through the formation of a middle phase micro-emulsion between the aqueous
and non-aqueous phases. The ability to attain ultralow IFT facilitating the induction of

mobilisation is greatly enhanced by the incorporation of co-surfactants.

11



2.3.2 Coswrfactant induction

The addition of cosolvents, such as alcohols, and brine to promote the formation of
the middle phase micro-emulsion has been investigated by the petroleum industry (Pope &
Wade 1995). Subsequent research in aquifer remediation has shown that the combination
of a surfactant and a co-surfactant is more effective in recovery of NAPL than the use of
alcohols or surfactants separately (Ouyang et al. 1995a). The addition of co-surfactants will
reduce the potential formation of macro-emulsions which could lead to pore clogging and
consequently low remedial efficiencies.

Alcohols enhance DNAPL mobility through both IFT reductions and DNAPL
swelling. Alcohols preferentially partition into the DNAPL phase and cause swelling of the
trapped DNAPL globules (Brandes & Farley 1993). Swollen, mobilised droplets may form
a region of continuous DNAPL, which more readily displaces residual droplets than
aqueous phase flow alone (Imhoff et al. 1995). In addition, gravity forces that cause
downward mobilisation of DNAPL droplets may be decreased because the partitioning of
alcohol into the DNAPL reduces the density difference between the DNAPL and the
aqueous phase (Imhoff et al. 1995). The risk of uncontrolled downward migration of
mobilised DNAPL can thus be minimised to an extent.

The condition of the contaminated aquifer will have a bearing on the choice of
surfactant and co-surfactant, and will influence ultimate removal efficiencies. System
conditions such as lower temperatures and the presence of metallic ions, as found with
ground water, will require additional co-surfactant to maintain the surfactant balance and
microemulsion stability (Ouyang et al. 1995a). The design of a surfactant system must

therefore account for surfactant structure, the nature of residual NAPL, the composition of
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ground water, and the temperature of the aquifer to permit the significant IFT reductions

required to induce mobilisation.

2.4 SYSTEM OPTIMISATION

The stability and efficiency of the system chosen to remediate residual NAPL hinges
on several parameters to attain the required IFT reductions. To help determine the
suitable types, concentrations, and mixtures of surfactants and co-surfactants for a given
aquifer, three methods exist to aid in the design: the total trapping number, the

hydrophilic / lipophilic balance, and Winsor systems.

2.4.1 Total trapping number

The total trapping number provides a useful measure to describe the onset and
extent of NAPL mobilisation. As described in section 2.1.3, the capillary and Bond
numbers offer a quantitative means to evaluate the effects of viscous and buoyancy forces,
respectively, on the residual saturation of NAPL in porous media. Previous studies have
neglected the effect of buoyancy forces on mobilisation (Pennel et al. 1996). Where the
density difference between the aqueous and non-aqueous phases is appreciable, the Bond
number (Ng) will have a significant effect on the total trapping number. Column studies
on PCE, conducted at relatively low flow rates, have generated correspondingly low values
of the system capillary number (No). The complete displacement of residual PCE observed
in these experiments indicates that the increase in Ny due to buoyancy forces provided the
necessary conditions for mobilisation. The capillary number approach cannot therefore be

used alone to predict NAPL mobilisation when buoyancy forces are significant.
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The relationship between residual NAPL saturation and the total trapping number
(ND can provide an indication of the critical Nt value required to induce mobilisation.
The correlation between residual NAPL saturation and the total trapping number,
depicted in Figure 5, illustrates the concept of the critical trapping number (Nt*). The
vertical axis represents the ratio of NAPL saturation after flushing (Sy) to NAPL residual
saturation present before flushing (Sy,). With increasing Ny, reduction in the NAPL
saturation ratio (Sy / Sw.) begins only when a critical value of Ny (or Nt*) is reached,
signalling the onset of mobilisation. A subsequent increase in Nt results in a drastic

reduction of the NAPL saturation.

SN / SN.r

I\ N,
Figure 5: Correlation of residual NAPL saturation with Ny (West & Harwell 1992)
The value of N{* appears, however, to be constant for a given system, irrespective of
whether the critical value is attained by increasing N and Ny individually, or through a
combined increase of these dimensionless numbers (West & Harwell 1992). The total
trapping number thus illustrates the importance of considering the contribution of both

viscous and buoyancy forces when assessing the potential for NAPL mobilisation.
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The parameters affecting the capillary and Bond numbers determine the remediation
conditions required to induce mobilisation. By inspection of the capillary number
expression, an increase in the flushing solution's Darcy velocity or a decrease in the IFT at
the A/N interface will both help to increase the capillary number. Similarly, a reduction in
interfacial tension will result in an increase in Bond number. Where the relevant
mobilisation parameters can be obtained from previous research, or can be established
from experiments on the specific system, the remediation design can be tailored to foster
mobilisation. Once the required hydraulic gradient for remediation of a given soil-
contaminant system is established, the critical trapping number can be attained by selecting
a surfactant that achieves the required [FT reduction for the target NAPL. The following
sections present methods to select a surfactant with the necessary interfacial properties to
promote mobilisation.

2.4.2  Hydrophilic /' Lipophilic balance

As illustrated previously, surfactants possess hydrophilic and lipophilic regions. The
balance of the head (hydrophilic) group and carbon (lipophilic) tail, termed the hydrophilic
/ lipophilic balance (HLB), determines the phase that the surfactant molecule will dissolve
into more easily (Quyang et al. 1995a). The surfactants chosen for aquifer remediation
possess a HLB number that promotes the formation of NAPL emulsions. Under these
conditions, the NAPL will be pulled into solution as droplets encased in a shell of
surfactant molecules (Ouyang et al. 1995a).

Each surfactant has a HLB number indicative of the types of NAPL it can emulsify.

The HLB requirements of an organic chemical are directly related to its hydrophobicity.
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More watersoluble chemicals, such as alcohols, have higher HLB requirements. The
surfactant chosen must therefore possess a HLB number that reflects the HLB
requirements of the target contaminant (West & Harwell 1992). Efforts to produce
minimum [FT must concentrate on the surfactantNAPL system design that maximises the
interfacial concentration of adsorbed surfactant molecules. Maximum adsorption at the
interface is seen to occur when the surfactant is equally soluble in the NAPL and aqueous
phases (Ouyang et al. 1995a).

The surfactant structure will determine the HLB at the interface, and influence the
degree of IFT reduction possible. Unlike solubilisation which depends only the
concentration and stability of surfactant micelles in the aqueous phase, mobilisation relies
on specific interfacial requirements (West & Harwell 1992). Solubilisation can only occur,
however, within a small range of HLB values from 15 to 18, whereas NAPL emulsions are
possible within a broader HLB range from 8 to 18 (Myers 1988). Emulsion mediated
remediation therefore can be applied to a wider group of contaminated aquifer systems.
The HLB method, however, does not incorporate the effects of temperature and electrolyte
concentration, which are important considerations for field scale applications.

The HLB method provides a quantitative means of correlating the chemical structure
of surfactant molecules to surface activity, thereby facilitating the choice of a surfactant or
surfactant mixture for a given system. By selecting a surfactant with a HLB number
meeting the minimum HLB requirement of the target contaminant, an initial choice for

surfactant type can be made (Myers 1988).
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Blends of anionic and non-ionic surfactants have been used successfully to enhance
petroleum production. The HLB of a mixture is assumed to be an algebraic mean of the

respective HLB values for each of the components: HLBn.=f ,-HLB«+(1-f,) - HLBs ,

where f, is the weight fraction of surfactant “A” in the mixture (Myers 1988). If, for
example, the surfactants chosen for the mixture are sorbitan monooleate (Span 80) and
sodium dodecyl sulphate (SDS), their corresponding values are HLB, = 4.3 and HLB; =
38.7, respectively (Myers 1988). By substituting in the above formula the HLB
requirement for benzene as HLB_, = 15, the mixture will require 69% Span 80 and 31%
SDS. The simple relation described above, however, assumes a linear relationship where
each surfactant is able to act independently of the other.

In mixtures of aqueous and non-aqueous soluble surfactants, the possibility of the
formation of co-operative complexes at the A/N interface may also result in a net
synergistic effect exceeding the weighted, linear relationship described above (Myers 1988).
Due to the absence of considerations for a surfactant's effects on the interfacial properties
of the continuous phase, the HLB method can only provide a simple technique for the

initial choice of a suitable surfactant type.

2.4.3 Winsor systems

The Winsor method involves choosing and altering the system parameters to
promote the formation of a middle phase micro-emulsion between the aqueous surfactant
and non-aqueous phases. Figure 6 illustrates the relationship between IFT (symbolised by y
on the y-axis) and phase behaviour. The surfactant in a Winsor Type [ system is too water

soluble, whereas in a Winsor Type II system the surfactant is too oil soluble. Both systems
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provide less than optimum I[FT. The Winsor Type III system, where the phases are
delicately balanced by a surfactant that is partly soluble in both phases, produces the lowest
IFT (West & Harwell 1992). As indicated on the x-axis of the figure, the formation of the
desired middle phase micro-emulsion, exhibiting low interfacial tension, is influenced by
effects that depend on the surfactant type. Non-ionic surfactants are subject to the effects
of temperature, anionic surfactants are subject to the effects of salinity, and all surfactants
subject to the effects related to water solubilityy. ~When temperature and salinity
requirements are met, surfactants that have equal affinity for both the aqueous and non-

aqueous phases will provide the lowest IFT (West & Harwell 1992).
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Figure 6: Relationship between phase behaviour and IFT (West & Harwell 1992)

The formation of middle phase micro-emulsions within a Winsor Type III system
will ensure that removal efficiencies are not lowered due to possible pore clogging by NAPL
droplets. By ensuring that the head measured across the columns remains at levels
consistent with micro-emulsion transport, favourable flow characteristics can be

maintained.
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3 RESEARCH FOCUS
3.1 CONTEMPORARY RESEARCH

The formation of micro-emulsions, observed in Winsor Type III systems, can provide
significantly greater NAPL removal rates than those produced using solubilisatio-n (Shiau et
al. 1995). The high surfactant doses required for remediation by solubilisatiosn can also
have inhibitory effects on biodegradation due to the preferential use of surfactant
molecules as a substrate or due to interference with microbial metabolic activicy (Longino
& Kueper 1995). The influence of surfactant concentration on [FT and NAPL solubility is
illustrated in Figure 7. Increasing surfactant concentrations, and thus costs, are xequired to
promote higher degrees of NAPL solubility above the CMC. For NAPL mobilisation,
however, the minimum IFT is achieved at the surfactant CMC, typically at only 0.5% to
1% solutions. Systems that rely on mobilisation induction alone therefore wequire far

lower surfactant doses.
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Figure 7: Parameter relationships in surfactant systems (Longino & Kuepex 1995)
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In experiments designed to study mobilisation, less than two pore volumes of
aqueous surfactant were flushed through soil columns to minimise the removal of residual
NAPL by micellar solubilisation. Column studies performed on tetrachloroethylene (PCE)
produced a N.* falling in the range from 2 x 10° to 5 x 10”, corresponding to an IFT range
from 4.3 to 1.7 mN " m™ (Pennel et al. 1996). The PCE trials succeeded in displacing 95%
of the residual DNAPL as a separate phase. Experiments with dodecane entrapped in a
soil column provided an estimate for Nt* varying between 4.5 x 10° and 4.7 x 10° to
induce mobilisation (Pennell et al. 1993).

These experiments with PCE demonstrated that the formation of middle phase
microemulsions, exhibiting ultralow IFT (< 0.001 mN - m™), was not required to induce
mobilisation. The column studies also revealed that with only 1.5 pore volumes of injected
surfactant solution, mobilisation proved far more efficient than solubilisation which
required 10 to 20 pore volumes of flushing solution to achieve similar removal levels
(Pennell et al. 1993). Another column experiment with Ottawa sand succeeded in
mobilising most of the residual PCE even though the phase behaviour was Winsor Type |
and the IFT was 0.09 mN - m", a value clearly in excess of the IFT associated with Winsor

Type 111 systems (Pope & Wade 1995).

3.2 THESIS OBJECTIVES

As a removal mechanism, mobilisation offers distinct advantages for the
implementation of remediation systems for light NAPL (LNAPL). Within contaminated
porous media, the seasonal fluctuation of the water table can produce zones of residual

LNAPL under saturated aquifer conditions. Under such circumstances, the displacement
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of residual LNAPL through surfactant enhanced mobilisation would enable the trapped
globules to rise to the top of the water table where removal would be further simplified.
The experimental conditions for this thesis were designed to investigate the potential
that mobilisation offers for improved contaminant recovery with lower resource
requirements. Prior column studies have focused either on solubilisation using high
surfactant concentrations (Martel & Gélinas 1996), or on flushing with low flow rates
(Pennel et al. 1996). To minimise recovery through solubilisation in the present study,
flushing solutions were prepared with very low concentrations about the surfactant’'s CMC.
Flow rates for the flushing solutions were chosen to compare remediation efficiency under
different flow regimes with respect to LNAPL mobilisation. The research objectives of this
thesis can be summarised as follows:
> to design a soil flushing apparatus and procedure capable of ensuring a high
degree reproducibility across trials as well as providing a quality assessment of the

experimental data;

> to examine the effects of surfactant concentration and flow rate on the
mobilisation of a LNAPL;
> to evaluate the total trapping number approach as a means to characterise the

critical conditions required to induce NAPL mobilisation in a soilsurfactant

system.



4 EXPERIMENTAL DESIGN

The system design for the experimental apparatus must consider the following
factors: initial NAPL residual concentration, potential surfactant loss mechanisms and
sites, volume and flow direction of surfactant solution, injection and pumping systems, as

well as a means to monitor and control the system accurately.

4.1 MEDIA CHARACTERISTICS

Ottawa sand was selected as the porous media based on its uniform mineral
composition, low particle porosity, and its extremely low content of fractional organic
carbon (Pennell et al. 1993, Martel & Gélinas 1996). The sand was supplied by Geneq of
Montréal with a particle size from 0.55 mm (mesh no. 20) to 0.85 mm (mesh no. 30).
Prior to use, the sand was further sieved using mesh sizes 20 to 30. The sand was then
thoroughly washed five times to remove colloidal material, and oven dried at 105 °C for 24
hrs, and finally allowed to cool to room temperature prior to packing. Previous column
studies investigating the removal of NAPL from porous media have demonstrated that
Ottawa sand permits uniform column packs and good experimental reproducibility

(Pennell et al. 1993, Martel & Gélinas 1996, Oliviera et al. 1996).

4.2 CONTAMINANT CHARACTERISTICS

The model NAPL chosen for the trials was light white mineral oil, the primary
component of some common aquifer pollutants (Abdul et al. 1990). The oil was employed
as received from Sigma Chemical. The density and dynamic viscosity of the mineral oil was
determined to be, respectively, 862 kg - m”> and 22.7 mN s m? at 21 £ 1 °C (Wang 1997).

The HLB requirement reported for light white mineral oil has a value of 12 (Myers 1988).
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Mineral oil was selected because it was expected to exhibit low sorption to the porous
medium chosen. The low water solubility, low volatility, and low toxicity of this colourless
fluid permitted safe laboratory work without the need for a fume hood or a respirator

during the column experiments (Mace & Wilson 1992).

4.3 SURFACTANT CHARACTERISTICS

The surfactant Triton X-100 was selected due to the low observed sorption to the
sand medium used, and because of the extensive research conducted with this non-ionic
surfactant (Okuda et al. 1996, Adeel & Luthy 1995, Sun et al. 1995, Yeom et al. 1996).
The surfactant was employed as received from Sigma Chemical. The critical micelle
concentration (CMC) of the Triton X-100, used to prepare the flushing solutions, was
determined by a previous study to be 0.165 mM (Wang 1997). This value for CMC agrees
very closely with the values determined by previous studies with Triton X-100 (Adeel &
Luthy 1995, Yeom et al. 1996). The calculated HLB value for Triton X-100 is 13.5 (Sigma
1999). Batch studies with the chosen media, conducted using the range of surfactant
solutions employed in the column studies, indicate that little surfactant is lost due to
adsorption to Ottawa sand (Wang 1997). Given that the adsorption of non-ionic
surfactants on silicon oxide surfaces decreases with increasing surfactant water solubility
(West & Harwell 1992), the highly watersoluble nature of Triton X-100 supports the

results of the batch trials.
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4.4 COLUMN DESIGN CRITERIA
4.4.1 Column diameter

To ensure uniform fluid flow, the column diameter was chosen to limit channelling
along the column wall. The term “wall effect” refers to a sharp rise in voids observed along
the walls of packed columns. Preferential channelling due to the wall effect has for some
studies been ignored for experimental designs exhibiting aspect ratios (column diameter to
particle diameter) greater than 20. The influence of channelling, however, has been
observed for columns with aspect ratios up to 40 (Niu et al 1996). To ensure statistical
uniformity of porosity, the aspect ratio must exceed 50 (Martel & Gélinas 1996). For the
Ottawa sand particles used, ranging in diameter from 0.55 to 0.85 mm, the mean particle
diameter (d,) is 0.70 mm. With an internal diameter of 3.90 cm, the experimental column

yields an aspect ratio of 56.

4.4.2 Column length

The wall effect can also be reduced by increasing the ratio of column length to
column diameter. Previous studies, however, have indicated that it is difficult to produce
uniform and reproducible packing densities between trials for columns that exceed 36 cm
in length (Oliviera et al. 1996). A column length twice the diameter was judged sufficient
to minimise wall effects (Martel & Gélinas 1996). With a packed bed length of 25.3 cm

and diameter of 3.90 cm, the column apparatus provides a length to diameter ratio of 6.5.

4.4.3 Column filters

The column was also equipped at either end with porous stone discs to contain the

porous media. With a pore size of 2 um, the porous stones filtered out any residual fines
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that may remain after the media washing technique described in section 4.1. The porous
stones also allow injected fluid to spread radially and evenly before entering the column,

thereby promoting uniform fluid delivery.

4.5 PACKING CRITERIA
4.5.1 Compaction studies

For packed column beds, non-uniform lateral porosity, due to particle segregation,
can seriously effect transport properties such as hydrodynamic dispersion and moisture
content relationships (Oliviera et al. 1996). Studies on the packing of homogeneous
porous media indicate that a standardised packing procedure, with sand compacted in thin
layers by a metal pestle, is recommended for trials calling for an initially dry column
(Oliviera et al. 1996). This procedure produces the best reproducibility in packing
characteristics for dry sand columns, without the lateral segregation that is observed for
packing using vibration.
4.5.2  Packing procedure

The column was packed using a standardised procedure by dropping a metal weight
10 times, from a controlled height of 10 cm, onto a metal plunger positioned on the sand.
Because the packing uniformity increases with layer thinness and pestle weight, thin 5mm
layers and a relatively heavy 600 g compaction weight were employed. Packing uniformity
was also verified with visual tests using UV sensitive thodamine dye to eliminate the
possibility of fingering along the column wall. The bulk density, porosity (n), and pore
volume (Vp) produced using this procedure are presented for each trial in Table 2 and

discussed in section 4.8.1.
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4.6 EXPERIMENTAL CONTROL

To limit the investigation to NAPL removal by mobilisation, flushing solutions with
low surfactant concentrations were delivered over few pore volumes to discourage micellar
solubilisation. Water and surfactant solutions were injected from separate reservoirs with a
peristaltic pump, as used for previous studies of this nature (Martel & Gélinas 1996). A

schematic of the experimental apparatus is provided in Figure 8.
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Figure 8: Schematic of the experimental apparatus

4.6.1 Flow rate
Constant flow rates for fluid delivery, from the reservoirs, were established and

maintained by means of a Gilmont rotometer (flow meter), with an accuracy of * 5%,

equipped with a needle valve. In this manner, the initial column water saturation could be
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maintained at a constant low flow rate. A Harvard Apparatus syringe pump provided
uniform delivery of mineral oil into the column, prior to the introduction of the surfactant
solutions. The valvecontrolled rotometer also permitted the flushing solutions to be
delivered from the surfactant reservoir at a constant flow rate during the course of each

trial.

4.6.2  Pressure drop

The pressure drop across the column (AP) during operation was monitored with the
aid of pressure gauges, measuring mm of mercury, fitted to the column inlet and outlet.
The pressure drop across the column at a given instance was determined by subtracting the
pressure measured at the inlet from that measured at the outlet. Readings were taken at
15-second intervals to track the formation of obstructions in the flow field of the soil pack.

The effectiveness of surfactant enhanced mobilisation of the LNAPL could thus be

observed throughout the entirety of the flushing cycle.

4.6.3 Sample collection

Column effluent samples were collected into test tubes with a Spectrum fraction
collector at constant time intervals. The constant flow rate, maintained by the rotometer
needle valve, permitted a near uniform volume collection by each successive test tube.
Immediately following collection, each test tube was sealed with a threaded cap fitted with

a Teflon liner to ensure that no NAPL was lost due to evaporation.
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4.7 FLOW CONDITIONS
4.7.1 Water saturation

The column was initially saturated with 10 pore volumes of distilled water, in an
upward flow. This quantity of water was injected at the low flow rate of 2.5 mL min™ to

provide complete saturation and to ensure the thorough removal of air from the column

(Pennell et al. 1993).

4.7.2 Residual LNAPL saturation

Mineral oil was injected in a downward flow, against buoyancy forces, to promote
uniform LNAPL delivery and to achieve a stable displacement of water from the saturated
column. A flow rate of 2.5 mL min" was selected for oil delivery by the syringe pump
(Dawson & Roberts 1997). Oil injection continued at this constant flow rate until 75 % of
the column pore volume was occupied, similar to that used for previous studies (Pennel et
al. 1996). Attempts to inject oil to a saturation greater than 75 % resulted in the
appearance of oil at the column end before the entire target volume was injected. The
value achieved for initial oil saturation is consistent with the range in saturation values
observed for continuous, free product NAPL in water saturated systems (Bedient et al
1994).

The digital volume meter of the syringe pump, precise to 0.1 mlL, enabled the
accurate determination of oil volume injected. Distilled water was then reintroduced in a
upflow mode from the column base, at 2.5 mL min" over 1 pore volume, to displace the
free product mineral oil. The oil discharged by the water was collected in a graduated

cylinder. The volume discharged (Vo 4) was measured and subtracted from the volume
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initially injected (Vo;) to determine the volume of residual oil remaining (Vy,). This
procedure was employed as a reproducible means to establish the residual LNAPL
saturation prior to introduction of the flushing solutions (Pennel et al. 1996). The residual
LNAPL saturation established for each trial using this procedure is presented in Table 2,

displayed as a percentage of pore volume, and discussed in section 4.8.1.

4.7.3 Swfactant delivery

Aqueous surfactant solutions were introduced over two pore volumes in an upward
flow. As demonstrated in the literature, 1.5 pore volumes of the flushing solutions were
sufficient to induce NAPL removal by mobilisation, while limiting the removal of residual
NAPL due to micellar solubilisation (Pennel et al. 1996). Because flow of the low
concentration surfactant solutions is in the same direction as buoyancy and the imposed

viscous forces, mobilisation is expected to govern mineral oil recovery.

4.8 EXPERIMENTAL PARAMETERS

The uniform material characteristics, apparatus design, and experimental procedure
ensure a high degree of reproducibility across the trials conducted, thereby permitting a
meaningful comparison of the data results. From the data tables found in Appendix A, a

summary of the column parameters for each of the final trials is provided in Table 2.
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Table 2: Experimental soil column parameters

Trial Craiton Flow Rate Bulk density Porosity Ve Residual oil
No. (CMCQC) (mL min™) {kg'm”) (mlL) (% Vp)
1 0 5.0 1749 0.340 102.7 25.8
2 0 5.0 1752 0.339 102.3 24.4
3 0 50.0 1743 0.342 103.3 25.2
4 0 50.0 1754 0.338 102.0 243
5 1 5.0 1750 0.340 102.5 24.5
6 1 5.0 1748 0.340 102.8 253
7 1 50.0 1751 0.339 102.4 25.0
8 1 50.0 1752 0.339 102.3 25.7
9 0.5 5.0 1760 0.336 101.4 24.6
10 0.5 50.0 1753 0.339 102.2 259
11 2 5.0 1755 0.338 102.0 255
12 2 50.0 1752 0.339 102.3 25.2

4.8.1 Fixed variables

The bulk soil density, porosity (n), and pore volume (V;) were established and
accurately reproduced with the packing procedure described in section 4.5. The
compaction technique described in section 4.5 produced a pore volume of 102.4 +£ 0.9 mL,
and a porosity of 0.339 + 0.003, determined as described in section 5.1.1. It has been
previously determined that a pack density of 1700 kg " m” prevents fluid short circuiting
and fingering (Martel & Gélinas 1996). The experimentally determined dry density of
1751 + 8 kg - m? thus indicates that uniformity is likely to have been achieved both
longitudinally and laterally.

The flow conditions detailed in section 4.7.2 were chosen to ensure that residual
LNAPL saturation was equivalent across all trials. All trials were conducted at 21 * 1°C.
The non-aqueous phase residual saturation (Sy,) was determined as 25.1 £ 0.8 % of the
column pore volume. A residual NAPL saturation representing 25% of the column pore
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volume falls within the range observed for saturated media (Bedient et al. 1994). Residual
saturation is also very sensitive to soil properties and heterogeneities (Bedient et al. 1994).
The level of reproducibility achieved for the experimental values of residual saturation
attests to the uniformity of the media characteristics over the trials conducted. The system
design and experimental parameters were selected to provide reproducible column
porosity, residual oil saturation, and total flushing volumes across all trials, as well as

uniform flow rates during trials.

4.8.2 Manipulated variables

To examine the onset of LNAPL remediation due to mobilisation, surfactant
solution concentrations were chosen close to the CMC of Triton X-100. By limiting the
effects of solubilisation, removal efficiencies can thus be related to the mechanism of
mobilisation alone. The flushing solutions were prepared with distilled water and
surfactant to provide aqueous Triton X-100 concentrations (Cryon) of 0, 0.5, 1, and 2 times
the CMC. The preparation of surfactant solutions below, at, and above the CMC will
permit an investigation of mobilisation at the onset of micelle formation.

To study the effect of surfactant delivery on LNAPL remediation, trials were also
conducted at different flow rates. The flow rates (Q) employed for each of the surfactant
solutions were 5 and 50 mL min®. By imposing flow rates that differ by an order of
magnitude, remediation efficiency under different flow regimes can thus be evaluated with

respect to LNAPL mobilisation.
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5 DATA COLLECTION
5.1 PORE VOLUME
5.1.1 Column determination

The dimensions of the column provide the necessary values to calculate the total
sealed volume of the column apparatus (Vo). Given the density of the Ottawa sand
particles (ps) and the sand mass (Ms) packed into the column, the volume occupied by only
the sand particles (Vs = Ms /ps ) within the column can be calculated. The net difference
between V. and Vg represents the total pore volume (Vp) occupied by the voids in the
packed column (Corey 1990). The porosity (n) of the media packed within the
experimental column is the ratio of V; to Ve All fluid delivery to the soil column and

effluent collection is expressed in units of Vp.

5.1.2 Cumulative volume

To evaluate the phenomena influencing LNAPL recovery, total pore volume serves as
a common variable for comparison of the trials at differing surfactant concentrations over
the imposed flow rates. While the total volume of effluent collected (flushing solution and
mineral oil) can vary slightly with each trial and even with each test tube within a trial, the
total pore volume provides a means to standardise dependent variables against a common
independent variable. Effective comparison of parameters such as surface tension, column
pressure drop, and contaminant recovery will offer insight to the conditions affecting

NAPL mobilisation.
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5.2 CONTAMINANT RECOVERY

Similar column experiments, performing effluent collection using a fraction
collector, determined NAPL recovery volumetrically using test tubes graduated to 0.1 mL
(Pennel et al. 1996). For the present study, the quantity of mineral oil collected with the
flushing solution in each of the test tubes was far from sufficient to permit an accurate
volume reading of NAPL eluted. A liquid-liquid extraction technique was therefore
developed to determine the mass of mineral oil collected per pore volume fraction of

effluent collected with each test tube.

5.2.1 Extraction procedure

The solvent chosen for the mineral oil extraction was HPLC grade hexane. Hexane
is a commonly used solvent for liquid-liquid extractions of organic liquids that exhibit a
low volatility, such as mineral oil (Wilson & Clarke 1994). Given its high volatility,
hexane will completely evaporate over a 48 hours period. The following procedure
describes the mineral oil extraction method in detail:
i Effluent samples are collected into test tubes by a Spectrum fraction collector.

ii. To each numbered test tube, 2 mL of HPLC grade hexane (V,.,.) is added using a
digital micro pipette (“Nichipet” manufactured by Nichiryo), whereupon the tube is
immediately sealed by a cap faced with inert Teflon lining.

iii. The contents of each test tube are then thoroughly mixed by a vortexometer
(“Vortex Genie” manufactured by Scientific Industries) for one minute at high

speed, thereby dissolving the collected mineral oil completely within the hexane.
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iv. To break the emulsion formed between the surfactant and lipophilic mixture
(hexane and mineral oil), the test tubes are placed in a centrifuge (“HN-SII”
manufactured by Damon / IEC) for 30 minutes at 4000 rpm.

V. Once the emulsion is broken, 1 mL of the lipophilic mixture is extracted (Vi =
Viexe ¥ Vo) from each test tube with the digital micro pipette.

vi. The extracted fluid is then deposited on pre-weighed aluminium pans (M,,,),
numbered to reflect the test tube order. Stored within a fume hood, the hexane is
allowed to evaporate at room temperature.

vii. After 48 hours of evaporation, each pan is weighed (Mo.,,) by means of an
analytical balance, precise to 1 x 10* g. The mass of mineral oil extracted Mo.)
within the 1 mL lipophilic mixture can then be calculated by net difference,

expressed as follows: Mg, = Mo e — Mo

5.2.2 NAPL mass determination

The mass of mineral oil within the original test tube (Mg,) is determined using the

following relationships:

M, =M, -V_ AV

hex.t hex,e

)

O.c

V..=V_ . -V, =1mL-M__/p,

hex

M, =(M,_)-(2mL hexane) /(1- M__ / 0.862)

M

Q

L =2-M_ /(1-1.16-M_ )
The details of the hexane extraction trials for this procedure, demonstrating an

accuracy of 2.4%, are presented in Appendix B.
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5.3 SURFACE TENSION

The rate of NAPL removal from the column is governed by the concentration of
surfactant present at the interface between the trapped residual and the flushing solution.
For the different experimental parameters manipulated, surface tension measurement

provides a means to measure the effect of surfactant delivery on remediation efficiency.

5.3.1 Measurement

A DuNuoy ring apparatus has been used by previous studies to measure the surface
tension of bulk non-ionic surfactant solutions for both aqueous and soil/aqueous solutions
(Edwards et al. 1992). To monitor surfactant delivery, the flushing solution surface tension
was measured in each test tube, for each pore volume fraction of effluent collected.
Approximately 5 mL of aqueous solution was extracted with a syringe from each test tube
and placed one at a time into a cleaned sampling reservoir. The reservoir was then placed
in a calibrated DuNuoy ring apparatus to determine the sample’s suzface tension (o),
recorded in units of mN-m™”. In the data tables of Appendix A, the surface tension of the

influent flushing solution is represented by the symbol &..

5.3.2  Surfactant concentration

The surface tension of the surfactant solution is inversely related to the surfactant
concentration of the aqueous solution. By measuring the change in effluent surface
tension over the course of a flushing trial, the behaviour of the leading surfactant front
within the aqueous flushing solution can be monitored. The effect of surfactant flushing

on NAPL recovery can then be examined under different flow regimes.
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6 RESULTS

The data tables compiled for the mobilisation trials are located in Appendix A. The
figures referred to below are found at the end of this section. Replicate trials were
conducted for aqueous flushing solutions with surfactant concentrations of 0 CMC and 1
CMC. The curves representing the average plots of the replicate trials, with the error bars
displayed, serve as the reference for the comparative evaluation of flushing over the range

of surfactant concentrations examined.

6.1 SURFACTANT FRONT

For each of the flow rates considered, Figure 9 and Figure 10 depict the change in
surface tension of the flushing solution over the course of each trial. Breakthrough (V}) is
defined as the pore volume at which the surface tension of the flushing solution, collected
at the column outlet, begins to drop. The values of V,, as determined for each of the trials,
are in turn indicated for each of the corresponding curves for contaminant recovery, as
well as that for column pressure drop. For both of the flow rates examined, the surface
tension for each trial approaches a constant value, once two pore volumes of the flushing

solution have passed through the column.

6.1.1 Low flow rate

For each of the flushing solutions delivered at 5 mL- min”, breakthrough occurs after
1 pore volume of flushing solution has passed through the column. For the solution
concentrations of 0.5, 1(avg.), and 2 CMC, breakthrough occurs at 1.36, 1.18, and 1.06,
respectively. Breakthrough therefore approaches 1 pore volume with increasing surfactant

concentration of the solutions employed. At trial termination, the apparent surface
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tension for the 0.5, l(avg.), and 2 CMC solutions is 47.5, 43.5, and 40.8 mN - m",

respectively.

6.1.2 High flow rate

For each of the flushing solutions delivered at 50 mL min", breakthrough occurs
before 1 pore volume of flushing solution has passed through the column. For the
solution concentrations of 0.5, 1(avg.), and 2 CMC, breakthrough occurs at 0.95, 0.88,
and 0.80, respectively. Higher surfactant concentrations therefore permit breakthrough to
occur increasingly before 1 pore volume has passed through the column. At trial
termination, the apparent surface tension for the 0.5, 1(avg.), and 2 CMC solutions is
47.5, 43.3, and 40.6 mN - m", respectively. While the higher flow rate causes breakthrough
for a given solution concentration to occur sooner, the apparent surface tension at trial

termination for each of the solutions is virtually the same for both flow rates investigated.

6.2 PRESSURE VARIATION

Pressure drop across the column during the course of each trial was determined
using the procedure described in section 4.6.2. The pressure gauges were not sensitive
enough to record the pressure drop for experiments conducted at 5 mL'min®. Pressure
drop across the column during flushing at 50 mL min" is depicted in Figure 11. Solution
breakthrough is again depicted to permit an analysis of changes in flow continuity at the

onset of mobilisation.

6.2.1 Initial pressure drop

The initial pressure observed across the column varied noticeably for the different

flushing solutions. Solutions with a concentration at or above the CMC produced
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markedly higher initial pressure drop than that produced by solutions with a concentration
below the CMC. For the 2 CMC and 1(avg.) CMC solutions, the pressure drop observed
at 0.12 pore volumes was 50.0 and 48.5 mm Hg, respectively. Conversely, the initial
pressure drop for the 0 CMC (avg.) solution was 42.5 mm Hg, and that for the 0.5 CMC
solution was lower still at 40.0 mm Hg.

For the solutions at and above the CMC, pressure drop fell abruptly over 0.73 pore
volumes to about 41 mm Hg, the same value as that for water alone at the same pore
volume. The 0.5 CMC solution produced a more gradual change over the same wash
volume, exhibiting a pressure drop of 38.0 mm Hg at over 0.73 pore volumes. For the
O(avg.), 0.5, 1(avg.), and 2 CMC solutions, the change in pressure drop over the initial 0.73

pore volumes was 2.3, 2.0, 7.3, and 9.0 mm Hg, respectively.

6.2.2  Breakthrough point

Breakthrough for each of the surfactant solutions preceded a second abrupt change
in column pressure drop. Immediately after breakthrough for each case, the change
pressure drop between readings was 2, 3, and 4.5 mm Hg for the 0.5, 1(avg.), and 2 CMC
solutions, respectively. From each of their respective breakthrough points to trial
termination, the change in pressure drop for the 0.5, 1(avg.), and 2 CMC solutions was
5.7, 10.3, and 10.8 mm Hg, respectively. Conversely, from 1 to 2 pore volumes, the

change in pressure drop for the water alone was only 3.1 mm Hg.

6.2.3 Final pressure drop

At trial termination, the final pressure drop observed was similar for the three

surfactant solutions, with an average value of 31.4 mm Hg. For water alone, the final
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pressure drop of 36.6 mm Hg was significantly more elevated. For the O(avg.), 0.5, 1, and 2
CMC solutions, the change in pressure drop over the entirety of each trial was 5.9, 8.5,

18.5, and 20.5 mm Hg, respectively.

6.3 CONTAMINANT RECOVERY

The technique employed to establish a reproducible, residual non-aqueous saturation
(S..), described in section 4.7.2, was not designed to produce a reduced residual value.
Residual saturation established for the present trials, and observed for other studies
(Morrow et al. 1988, Corey 1990, Wardlaw & McKellar 1985), reflects the saturation
present after a normal waterflood. As evident from the curves depicted in Figure 16 and
Figure 17, contaminant recovery will therefore be possible even for the 0 CMC case, where

no surfactant is present.

6.3.1 Replicate trials

Mobilisation experiments were first conducted with flushing solutions consisting
only of distilled water to establish a baseline. Trials were conducted for Triton
concentrations of 0 CMC at both flow rates investigated. The replicate runs depicted in
Figure 12 and Figure 13 served to illustrate the experimental reproducibility and establish
an average baseline curve. Replicate trials were also conducted with 1 CMC flushing
solution, at both flow rates, as depicted in Figure 14 and Figure 15, to provide a reference
for contaminant recovery when surfactant is present. The replicate curves were then used
to establish average curves, and the corresponding error bars, to compare oil recovery over

the range of surfactant concentrations examined.
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6.3.2 Low flow rate

The graph illustrated in Figure 16 depicts cumulative contaminant recovery at a flow
rate of 5 mL min", with average curves and error bars for the 0 and 1 CMC cases. Prior to
breakthrough, surfactant flushing solutions demonstrate a greater rate of oil recovery than
that for the water solution, with the 1 CMC case only marginally exceeding the 0 CMC
case.

After breakthrough, the rate of oil recovery falls off noticeably for each of the 0.5, 1,
and 2 CMC cases. In fact for the 0.5 and 1 CMC cases, cumulative oil recovery
approaches or is even surpassed by the 0 CMC case at breakthrough. Beyond
breakthrough, the 1 CMC solution is markedly less efficient for oil recovery than the other
solutions. At trial termination, the error bars of the 0 CMC case indicate that there is little
difference in the total oil recovery between the 0, 0.5, and 2 CMC cases. For these cases,
the cumulative mass recovered approaches 6 g of mineral oil, for two pore volumes of

solution pumped at 5 mL min™.

6.3.3 High flow rate

Similarly, Figure 17 shows contaminant recovery at 50 mL min", with average curves
and error bars displayed for the 0 and 1 CMC cases. Prior to and after breakthrough, the
flushing solutions with surfactant all clearly exhibit a rate of oil recovery that is greater than
that for the water solution.

The error bars displayed for the 1 CMC case indicate that there is no meaningful
difference in oil recovery between 0.5 and 1 CMC solutions throughout the trial duration.

For each of the surfactant solutions employed, the rate of oil recovery tails off slightly after
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breakthrough, with respect to the 0 CMC case. While the surfactant solutions
demonstrate a greater total oil recovery than the 0 CMC case at trial termination, the
margin of recovery is less evident than that observed at breakthrough. For the surfactant
solutions, the cumulative mass recovered approaches 4 g of mineral oil, for two pore

volumes of solution pumped at 50 mL min™.
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7 ANALYSIS OF RESULTS
7.1 PARAMETER RELATIONSHIPS

An analysis of the relationships between the fixed and manipulated parameters
provides insight into the factors governing the mobilisation of entrapped NAPL. The fixed
experimental parameters relevant to the following analysis are summarised in Table 3.
Given the very weak surfactant solution concentrations employed (0.005 to 0.02 % v/v), as
well as the low aqueous solubility of mineral oil, the presence of the surfactant and non-
aqueous species will have a negligible effect on the density and viscosity of the aqueous
phase (Pennell et al. 1993). The aqueous density and viscosity are reported for the trial
mean temperature (Reynolds & Richards 1996). The values provided in Table 3 are for

21°C.

Table 3: Parameters for the analysis of mobilisation conditions

Parameter Symbol Value Units Section
Non-aqueous phase density Pn 862 kg -m’ 42
Aqueous phase density Pa 998 kg - m’>

Aqueous dynamic viscosity Ha 0.984 mN s m>
Acceleration of gravity g 9.806 ms*

Column cross sectional area Ac 1.20x 10? m> 44.1
Column length L 0.253 m 442
Mean particle diameter d, 7.0x 10* m 44.1
Mean Porosity n 0.339 48.1
Mean residual NAPL saturation S 0.251 48.1

The following dimensionless quantities derived from these parameters offer a means to
characterise the experimental conditions affecting the observed removal rates. Samples of

the calculations performed in this section are provided in Appendix C.
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7.1.1  Reynolds number

The expressions developed in the following sections are valid only for laminar flow.
Darcy’s law and calculations using Darcy velocity are valid for Reynolds numbers (Ng) less
than 1 (Bedient et al. 1994). Darcy velocity (q,) is defined here as the flow rate through the
column cross section, which is expressed as: q, = Q / Ac. For flow in porous media, the

dimensionless Reynolds number can be expressed as follows (Weber & DiGiano 1996):

d
N, =L291% [6]
Hy

Darcy’s law is valid for most ground water systems. However, the Reynolds number
should be calculated for at least the highest flow rate (Q) of 50 mL - min™ used to deliver
some of the aqueous flushing solutions. Using the information provided in Table 3, Ng at
50 mL . min" is equal to 0.50. Laminar flow must therefore prevail across all flushing
trials, and dimensionless quantities expressed in terms of Darcy velocity can be considered

valid.

7.1.2  Peclet number

Mass transport in porous media is governed by hydrodynamic dispersion, comprised
of both mechanical dispersion and diffusion. The Peclet number provides a means to
evaluate the relative contribution of mnechanical dispersion and diffusion to the mass
transport of surfactant flushing solutions. Where some of the pore fraction is occupied by
NAPL residual (Sy,), the effective porosity (n,) can be expressed as follows (Pennell et al.
1993): n, = n (1 - Sy,). The average Linear aqueous phase velocity (v4) is a function of
Darcy velocity and the effective porosity available to the flushing solution, which is

determined as follows (Fetter 1993): v, = q,/ n.. Using v, mean particle diameter (d,),
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and the molecular diffusion coefficient of the surfactant in solution (Dg), the
dimensionless Peclet number (Np) in column studies can be defined as the transport ratio

of advection to molecular diffusion (Fetter 1993):

~. (7]

Under most aquifer conditions diffusion is insignificant, and bulk phase transport
due to molecular diffusion is often neglected (Pennell et al 1993, Fetter 1993). To
illustrate the use of empirical correlations, the Peclet number for surfactant delivery will be
calculated for the lower flow rate of 5 mL - min'. Values for D, for the 0.5 and 1 CMC
Triton X-100 solutions were determined by a previous study to be 2.24 x 10" and 2.02 X
10" m® - 5", respectively (Wang 1997). Using the information provided in Table 3, Np
equals 860 for the conditions of 5 mL min™ and 0.5 CMC, the lowest value of N for the
trials performed.

Tracer experiments for sand columns have produced curves plotting the ratio of the
longitudinal hydrodynamic dispersion coefficient (D) to Dy versus Np as defined above
(Logan 1999). For N, values greater than 6, advection dispersion controls (Fetter 1993).
While the Peclet number determination comes to the anticipated conclusion that
surfactant transport is dominated by mechanical dispersion, these dispersion curves offer
an empirical means to determine D;. For N values approaching 10° and above, the ratio
of Dy to Dy equals 1.8 N,. Using this empirical relationship with the Np value calculated
above, the hydrodynamic dispersion coefficient (D, = 1.8 N D) for transport of the 0.5

CMC solution at 5 mL min™ can be estimated as 3.5 x 107 m* - s™.
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7.1.3  Capillary number

The capillary number (N, as defined by equation [1] of section 2.1.3, can be readily
determined using the information provided in Table 3. For the mineral oil and the
surfactant solutions employed, the equilibrium IFT values for the 0, 0.5, and 1 CMC
solutions were determined by a previous study to be 47.7, 13.0, and 9.5 mN " m",
respectively (Wang 1997). While an IFT value for the 2 CMC solution was not
determined, Figure 7 of section 3.1 clearly illustrates that I[FT remains essentally constant
for solution concentrations greater than CMC. The dimensionless quantities N¢, Nj, and

N, as shown in Table 4, will therefore be determined only for the O, 0.5, and 1 CMC

cases.

7.1.4 Bond number

To calculate the Bond number (Ng) as defined by equation [3] of section 2.1.3 the
effective permeability (k,) must be determined. For well-sorted packings of uniform sand,
the intrinsic permeability (k) is related to the soil porosity (n) and particle diameter (d,) by

the semi-empirical Kozeny-Carmen equation (Logan 1999):

d:n’
- 180(;—n)2 ' o
Using the values provided in Table 3, k for all the column trials is estimated as 2.4 x

10%° m®.
Given that relative permeability relationships are rarely developed from individual
field studies (Bedient et al. 1994), the relative permeability to the aqueous phase (k) can

be determined from empirical relationships. In twophase flow, relative permeability is

dependent in part on the effective aqueous saturation of the porous media. For purposes
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of the present study, the effective saturation (S) is defined in terms of the residual aqueous
saturation (S,,) at maximum NAPL saturation, as well as the aqueous saturation (S,) at
residual NAPL saturation, prior to the introduction of the flushing solution. Using these

terms, effective saturation can be expressed as the following (Corey 1990):
[9]

Using the value of Sy, from Table 3, the value of S, is determined as 0.749, given
that the Sy, + Sp = 1. Because NAPL saturation reached a maximum at 75 % of the pore
volume, as explained in section 4.7.2, the value of Sy, can be taken as 0.25. The residual
aqueous saturation can be related to the minimum volumetric water content (6,) using the
following expression (Corey 1990): 6, = n S,,. The value determined for S,, corresponds
to a 0, value of 0.09, which agrees reasonably with a 0, value of 0.1 reported for well sorted
soil (Fetter 1993).

The relative permeability to the aqueous phase is related to effective saturation by the
following semi-empirical expression, where € and A are empirical indices of the pore size
distribution (Corey 1990):

k,, =SZ, where E=(Q2+34)/ 1. [10]

For experiments conducted with sands of uniform grain size, A approaches oo, which
reduces the exponent, €, to 3 (Corey £990). Using the information provided in Table 3,

k_, is estimated as 0.295. This value compares favourably with a k4 of 0.3 at a S, of 0.75

determined from relative permeability curves for a very similar uniform sand, possessing a

20-30 mesh size and a k of 2.47 x 10" m? (Demond & Roberts 1987). The effective
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permeability (k,) is simply the quotient of the intrinsic and relative permeabilities, as
discussed in section 2.1.3, and here k, is estimated as 7.1 x 10" m®. Using the values of
IFT given in section 7.1.3 as well as those from Table 3, the values of Bond number (Nj),
calculated from equation [3] for the different experimental conditions, are presented in

Table 4.

7.1.5 Total trapping number (N7)

The aqueous surfactant solutions were pumped upwards through the column spiked
with a light NAPL. The flushing trials were therefore conducted in the direction of the
buoyancy force acting on the trapped residual. For this flushing orientation, the total
trapping number (N;) as defined by equation [5] of section 2.1.3 is simply the arithmetic
sum of N and Nj. Samples of the calculations employed to determine N¢, Nj, and Ny are
provided in Appendix C. The values determined for these dimensionless quantities,

offering an evaluation of the potential for NAPL mobilisation, are summarised in Table 4.

Table 4: Dimensionless quantities characterising column experiments

Triton Conc. | Flow Rate da Yan Nc Ng Nt
(CMC) (mL'min® | (cm'h?) | mN'm?) | (x10?) x10°) | (x107)

0 5.0 25.1 41.7 0.14 0.20 0.34

0.5 5.0 25.1 13.0 0.53 0.73 1.3

1 5.0 25.1 9.5 0.72 1.0 1.7

50.0 251 47.7 1.4 0.20 1.6

0.5 50.0 251 13.0 53 0.73 6.0

1 50.0 251 9.5 7.2 1.0 8.2

7.1.6  Critical Nt

In previous studies, the conditions required to induce mobilisation were represented

by a critical value of capillary number alone (OQuyang et al. 1995b, West & Harwell 1992,
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Wardlaw & McKellar 1985, Patel & Greaves 1987). Where the density difference between
the aqueous and non-aqueous phases is appreciable, as observed in aquifer remediadon,
buoyancy forces may significantly affect flushing conditions. In flushing experiments
conducted at low flow rates, yielding low values of N¢, mobilisation occurred at Nj values
significantly greater than the corresponding N¢ values (Pennel et al. 1996, Morrow &
Songkran 1981). Efforts to quantify the onset of mobilisation must therefore consider the
relative contribution of both viscous and buoyancy forces in overcoming the capillary
forces that retain the trapped residual.

Different mobilisation expressions have been developed to incorporate the effects of
both viscous and buoyancy forces (Pennel et al. 1996, Dawson & Roberts 1997, Morrow &
Songkran 1981). When flushing conditions are represented by Nt as defined by equation
(5], the onset of mobilisation can be described by a critical value (N*), determined by
experiments designed to produce a range of N values. Column experiments with uniform
glass beads and a LNAPL revealed that residual saturation remained constant when the
sum of N¢ and Ny was approximately 2 x 10° (Morrow & Songkran 1981). For
experiments using the same media and particle size fraction as that for the present study,
N_* was estimated between 4.5 x 10° and 4.7 x 10” for a LNAPL (Pennell et al. 1993), and
observed within the range of 2 x 10° to 5 x 10° for a DNAPL (Pennel et al. 1996). Given
that the model contaminant for the present study is an LNAPL, the value of Nt* used for

the following comparative analysis will be taken as 5 x 10°.
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7.2 ERRORANALYSIS
7.2.1 Interfacial tension

The IFT values used were determined in the absence of solid substrate. Given that
the surfactant used exhibits high water solubility, the adsorption onto silicon oxide surfaces
should be low (West & Harwell 1992). The sorption of Triton X-100, however, onto
Lincoln fine sand, with a fractional organic carbon content of 0.05%, was observed to be
dependent on the influent surfactant concentration (Adeel & Luthy 1995). In the present
column trials, solutions with low surfactant concentrations were flushed through Ottawa
sand exhibiting little or no fractional organic carbon. While some surfactant monomers
and micelles will be adsorbed to the porous media, the bulk aqueous surfactant
concentration, and thus the IFT, will be only marginally affected, especially given the short

residence times observed for the column trials.

7.2.2 Capillary number

Aqueous phase viscosity and the IFT are both established by the physical and
chemical properties of the two fluids present in the soil matrix. Errors in the
determination of capillary number will most likely stem from the Darcy velocity term.
While constant flow rate was controlled by the needle valve of the rotometer, the peristaltic
pump causes small fluctuations in fluid delivery rates. Variations in flow rate were slightly
more pronounced at the higher flow rate. Given that the small fluctuations were similar
across all trials at a given flow rate, little systematic error should be introduced to the

determination of capillary number values.
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7.2.3 Intrinsic permeability

Direct measurement of k provides the most accurate means to determine the column
permeability. The estimated k value of 2.4 x 10"® m?, however, compares reasonably with a
value of 1.86 x 10" m?, determined experimentally (Pennell et al. 1993) from columns
packed with the same sand and size fraction, with a similar porosity (Ottawa sand, d, =
0.71lmm, n = 0.326). Given that the porosity indicated in Table 3 (n = 0.339) is slightly
higher, one should expect a slightly higher intrinsic permeability.

Using the values of n and d, given for the column study referred to above (Pennell et
al. 1993), equation [8] yields a k value of 2.1 x 10" m?, compared to the experimental value
1.86 x 10" m*. This value suggests that, for wellsorted uniform sands, the Kozeny-Carmen

equation slightly overestimates intrinsic permeability.

7.2.4  Effective permeability

Like intrinsic permeability, once residual NAPL saturation is established in the
column, effective permeability is most accurately determined from direct measurement.
Relative permeability is dependent on several factors: intrinsic permeability, pore-size
distribution, ratio of fluid viscosities, interfacial tension, and wettability (Domenico &
Schwartz 1990). Any estimation using empirical expressions for relative permeability is
therefore limited by their inability to incorporate these system specific parameters.

For the column study used for comparison in section 7.2.3 (Pennell et al. 1993),
injection of an LNAPL, dodecane, was stopped at an initial NAPL saturation of 0.7. Given
that the porous medium and particle size is the same, with a similar porosity, the maximum

saturation for this LNAPL will likely be similar to that used in the present research. Using
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the reported aqueous saturation (S,) value of 0.842, as well as the same assumptions stated
in section 7.1.4, equation [10] yields a relative permeability of 0.49. This estimated value
compares well with the reported value of 0.5 for the relative permeability to the aqueous
phase (k). For these imposed conditions of these studies, good experimental agreement
for k., is achieved with equation [10]. Given that k is overestimated by equation [8] for
wellsorted uniform sands, the value for effective permeability determined in section 7.1.4

is likely overestimated.

7.2.5 Total trapping number

The use of equilibrium values of IFT determined in the absence of a soil matrix is
likely to yield underestimates of IFT (Wang, 1997). Given that IFT figures in the
denominator of the expressions for both N and Np, use of equilibrium IFT values yields a
slight overestimation of the capillary and Bond numbers. Given that k. appears in the
numerator of the expression for Nj, the empirical determination of effective permeability is
liable to produce an overestimate of the Bond number. The values of total trapping
number presented in Table 4 therefore represent a small overestimation of the actual
mobilisation conditions characterising the experimental trials.

The value for the critical trapping number, presented in section 7.1.6, was not
determined specifically for the present trial conditions. The critical Ny is system specific
and depends upon the experimental design as well as the properties of the NAPL and
porous medium (Abriola et al. 1995). While the adopted critical value was established
from studies with different target NAPLs, the studies employed nearly identical flushing

procedures for the same media with a similar permeability. Mobilisation experiments with
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Ottawa sand yielded a range of critical Nt from 2 x 10° to 5 x 10” that remained the same
regardless of grain size, permeability, or residual non-aqueous saturation (Pennel et al.

1996). This observation provides further support for the critical Ny value of 5 x 107
adopted in the present study.
7.3 FLOWRATE
7.3.1 Low flow rate

With reference to Table 4 at the lower flow rate, the values determined for Ny are
not only on the same order but exceed the corresponding values for Nc. Where there is an
appreciable density difference between the aqueous and non-aqueous phases, the
contribution of buoyancy forces to NAPL mobilisation must therefore be considered, as
observed by previous studies (Pennel et al. 1996, Dawson & Roberts 1997, Morrow &
Songkran 1981). The greatest value of Nt determined at the lower flow rate is 1.7 x 10°,
compared with a N¢* value of 5 x 10°. For the 2 CMC case to achieve this value of N*,
the IFT value would have to be less than 3.3 mN - m™, which is not possible for this
surfactant concentration. The error analysis of total trapping number in section 7.2.5
indicates that the N values of Table 4 are if anything slightly overestimated. Using the Ny
approach alone, the trial conditions at 5 mL - min" would not be adequate to induce
mobilisation. Given that contaminant recovery after two pore volumes of flushing is
similar for the 0, 0.5, and 2 CMC solutions, failure to reach the critical N* would support
the conclusion that NAPL removal by mobilisation does not occur. The inability to
account for the variations in recovery rate observed during the course of the trial, however,

highlights the limitations of the Nt approach, which is further elaborated in section 7.5.2.
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7.3.2 High flow rate

In contrast to the low flow rate trials, flushing solutions delivered at 50 mL - min™
vield Nt values that exceed 5 x 10° for all but the 0 CMC case. The curves for
contaminant recovery demonstrate that, at the higher flow rate, NAPL removal improves as
the concentration of the surfactant solution increases. As demonstrated by previous
studies (Pennel et al 1996, Wardlaw & McKellar 1985, Patel & Greaves 1987),
contaminant recovery is enhanced by higher values of Nt or N¢.

As explained in section 6.3, the total mass of mineral collected at 50 mL - min™
approaches 4 g versus a cumulative mass of 6 g for trials at 5 mL " min". This finding
demonstrates that while the critical conditions for mobilisation were not achieved at the
lower flow rate, total contaminant removal was poorer at 50 mL min®. This result is due
to flushing inefficiencies caused in part by viscous fingering, which is amplified by the
higher flow rate.

High mobility fluids, such as flushing solutions, move at a greater pore velocity than
displaced fluids, such as a viscous NAPL. Instabilities can arise when a less viscous fluid
displaces a more viscous fluid, which can lead to viscous fingering Morrow & Hornof
1987). Given that the aqueous to non-aqueous viscosity is greater than 20 for the present
study, viscous fingering may significantly reduce the flushing efficiency. Aqueous channels
can then form within the porous media that, once established between the column inlet
and outlet, provide the primary flow paths for the flushing solutions.

Given that the flushing solution will not pass through a portion of the column pore
volume, the surfactant will not reach all of the residual mineral oil. The remediation

inefficiencies caused by flushing at the higher flow rate will therefore limit the ability of the
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surfactant to reduce [FT over the entirety of the trapped NAPL. Flow bypassing causing
the development of preferential flow paths was observed for column experiments with a
DNAPL (Imhoff et al. 1995). Because IFT is seen to increase as the pressure increases
(Ouyang et al. 1995a), the higher pressure gradient imposed at 50 mL "min" will also limit
contaminant recovery that relies on IFT reduction. Coupled with the reduction in column

residence time, overall removal efficiency is thus reduced at the higher flow rate.

7.4 PRESSURE DROP

Pressure drop across the column can be used as a means to track the possibility of
pore clogging by NAPL ganglia (Ouyang et al. 1995b). The curves depicted in Figure 11
demonstrate that surfactant solution concentrations at or above CMC produce a high
column pressure drop at the start of flushing. Previous column studies also demonstrated
that pressure increased with an increase in surfactant concentration (Roy et al. 1997). At
the start of solution flushing, the applied energy is driven not towards fluid flow but
towards the formation of the emulsion. Consequently, mineral oil droplets of a sufficient
size will block some soil pores, resulting in the development of a high column pressure.
The solubilisation of NAPL within the micelles present in solutions above the CMC will
quickly reach a maximum given the low surfactant concentrations. The pressure drop then
begins to fall rapidly as the IFT at the A/N interface reduces and the applied pressure
gradient displaces the trapped NAPL.

With few micelles present in the 0.5 CMC solution, the applied energy is directed
primarily towards displacement of the NAPL, increasingly liberated from the pores as IFT

is reduced. Flushing with the 0.5 CMC solution therefore causes the fewest pore

63



blockages, which in turn produces the lowest initial pressure drop. From each of their
respective breakthrough points to trial termination, the 2 CMC solution achieves the
greatest change in pressure drop and the lowest final value as more NAPL is displaced.
The corresponding reduction in IFT for the 2 CMC case therefore results in the greatest

NAPL displacement at 50 mL min”, as confirmed by the recovery curves of Figure 17.

7.5 SURFACTANT CONCENTRATION
7.5.1 Surfactant breakthrough

As shown in Figure 9 and Figure 10, increasing surfactant concentration results in
breakthrough occurring at a lower pore volume. This shift in breakthrough volume (V,)
with increasing surfactant concentration is due to a corresponding decrease in apparent
surfactant retardation (Pennell et al. 1993, Adeel & Luthy 1995). Where retardation is due
to surfactant sorption, the quantity sorbed for higher concentrations constitutes a smaller
fraction of the total resident surfactant mass, therefore permitting breakthrough to occur
earlier.

At the lower flow rate, V, is seen to approach one pore volume with increasing
surfactant concentration. For a Lincoln fine sand at an equivalent porosity (n = 0.34),
surfactant breakthrough was observed at slightly more than one pore volume for surfactant
solutions delivered at a Darcy velocity of 0.47 cm " h' (Adeel & Luthy 1995). At the higher
flow rate for the present study, a similar shift in V,, occurs but at values all below one pore
volume. The solution channelling and fracturing at 50 mL - min", described in section

7.3.2, causes the surfactant solutions to bypass a portion of the total pore volume, and

therefore allows breakthrough to occur well before one pore volume. This early
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breakthrough is further evidence of the flushing inefficiencies responsible for the lower

NAPL removal rates observed at the higher flow rate.

7.5.2 Contaminant removal

As depicted by Figure 16, the total mineral oil collected at 5 mL -min" differs little
between the 0, 0.5, and 2 CMC cases, despite the reductions in I[FT achieved by the
surfactant solutions. Similar column flushing experiments (Pennel et al. 1996), conducted
at N values less than 2 x 10°, demonstrated that surfactant solutions producing an IFT as
low as 5 mN "m" also yielded NAPL removal that was equivalent to those for water alone.
Unlike trials for the present study, Pennel et al. and other researchers flushed surfactant
solutions through a soil column prepared with a reduced residual, where little or no free
product NAPL is present, which does not reflect NAPL saturation for typical field
conditions (Bedient et al. 1994). Pennel et al. employed the N approach to compare only
the total NAPL recovery at trial end. No comparison was offered between the different
trials for contaminant removal during the course of flushing.

While N* was not attained at 5 mL - min”, contaminant removal by the 0.5 and 2
CMC solutions was clearly superior, and marginally so for the 1| CMC solution, to that
achieved by the 0 CMC solution over the first pore volume of flushing solution. At 0.5
CMC, NAPL removal by solubilisation is not possible, therefore the enhanced mineral oil
recovery observed must be due to mobilisation. The presence of surfactant in the flushing
solutions therefore provides some degree of enhancement in NAPL recovery, through IFT

reduction, contrary to the conclusions offered by the Nt approach.
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For flushing volumes greater than one pore volume, the rate of mineral oil removal
by the surfactant solutions is reduced relative to the removal rate for water alone. This
retardation effect observed at higher flushing volumes suggests that the surfactant solutions
can induce flushing inefficiencies, even at low flow rates, as more surfactant enters the flow
field. A third mechanism of surfactant enhanced removal of NAPL has been proposed
that involves the transport of macro-emulsions, where small droplets of the NAPL are
suspended in the aqueous phase (Okuda et al. 1996). As opposed to carefully designed
mixtures, single surfactant solutions can produce unfavourable phase behaviour, such as
the formation of macro-emulsions, that can result in pore clogging and significantly reduce
removal efficiency (Ouyang et al. 1995b).

Contaminant recovery for all the surfactant solutions flushed at 5 mL - min® dips
perceptibly at their respective breakthrough points. Most notably, the mineral oil removal
after breakthrough for 1 CMC solution is more significantly retarded with respect to the
other solutions. For solutions at and below the CMC, the 1 CMC solution likely produces
more stable macroemulsions capable of clogging more pores, thereby causing a more
pronounced retardation. For solutions above the CMC, the formation of macro-emulsions
reduces with increasing surfactant concentration (Okuda et al. 1996). Coupled with the
possibility that some the mineral oil is removed by solubilisation, the retardation observed
for the 2 CMC solution is less pronounced. The enhancement and retardation effects
induced by the surfactant solutions clearly highlight the limitations of the Nt approach

when applied to systems where free product NAPL is present.
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As shown in Figure 17 for the higher flow rate, no reduction in removal efficiency
was observed for the 1 CMC case, relative to the other solutions. The higher pressure
gradient imposed at 50 mL-min™ is likely capable of flushing any possible macro-emulsions
that could further limit the available flow paths. While the pressure drop profiles
described for the 0.5 and 1 CMC solutions at 50 mL - min" are not similar, there is little
difference between their respective recovery curves.

Under the dynamic conditions present at the higher flow rate, the surfactant
concentration at the A/N interface will be governed by the interfacial adsorption kinetics
of the surfactant. A previous study of the adsorption kinetics at the interface between
aqueous Triton X-100 and light white mineral oil has demonstrated that the interfacial
surfactant concentration is diffusion limited (Wang 1997). The IFT reduction possible in
a system where new interface is continually being formed, such as flushing experiments,
will therefore be controlled by diffusion of the surfactant. Because the diffusion
coefficients of Triton X-100, reported in section 7.1.2, are very close in value for the 0.5
and 1 CMC solutions, recovery based on IFT reduction will be very similar.

Previous studies have demonstrated that, at the onset of mobilisation, capillary forces
are more important than viscous forces in determining the extent of NAPL mobilisation
(Patel & Greaves 1987). This conclusion is especially pertinent given the remediation
inefficiencies observed in the present study for flushing at a high flow rate. The design of
remediation systems relying on mobilisation as a NAPL removal mechanism should
therefore concentrate on achieving the critical total trapping number through IFT

reduction rather than through increase in flushing rate.

67



8 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
8.1 SUMMARY & CONCLUSIONS
The column studies conducted to examine the phenomena influencing surfactant
enhanced NAPL mobilisation demanded highly reproducible experimental conditions.
The experimental design developed for the present study represented an integral part of
this thesis, providing the necessary conditions for a comparative analysis of surfactant
enhanced remediation. The conclusions of the present study with respect to the research
objectives can be summarised as follows:
> the experimental apparatus and design procedures achieved reproducible residual
NAPL saturations, as well as provided a means to assess the quality of the data;
> the solution concentrations and flow rates chosen for the experiments produced
results that permitted a meaningful examination of the effects of surfactants on
the mobilisation of a LNAPL;
> the total trapping number approach demonstrated limitations as a means to
evaluate the potential for NAPL mobilisation when free product residual is
present.
The significance of these findings with respect to surfactant enhanced mobilisation of
NAPL are elaborated in greater detail below.
The similar porosity and bulk density achieved across all trials validates the packing
procedure as a design providing both uniform and reproducible soil properties. Given that
residual saturation is very sensitive to soil heterogeneity, the level of reproducibility attests

to the uniformity of the media characteristics achieved over the trials conducted.

68



The trapping number provided a means to quantify the relative contribution of both
viscous and buoyancy forces in overcoming the capillary forces that retain the trapped
NAPL residual. At the higher flow rate, the critical trapping number approach effectively
characterised the mineral oil recovery that increased with higher surfactant concentration.
Surfactant breakthrough curves, however, demonstrated that flushing inefficiencies were
induced by delivery at the higher flow rate. The total mineral oil removal was as a
consequence lower than that observed at the lower flow rate, highlighting the importance
of ensuring uniform flushing solution delivery.

When applied to flushing conditions at the lower flow rate, the trapping number
approach indicates that mobilisation will not enhance NAPL recovery. Variations in
contaminant recovery observed during flushing, however, indicate that NAPL removal was
influenced by the presence of surfactants. The enhancement and retardation effects
induced by the surfactant solutions clearly highlight the limitations of the Nt approach.
The present research also reveals the shortcoming of previous studies that employ reduced
residual saturations of NAPL. For real systems containing free product NAPL, the
formation and transport of macro-emulsions will hinder the ability of a surfactant - soil

system to promote NAPL recovery through mobilisation.
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8.2 RECOMMENDATIONS

The success of surfactant enhanced remediation of NAPL at the field scale will be
largely dependent on the ability to provide a costeffective alternative to conventional
technologies. Whether systems rely on the mechanisms of solubilisation or mobilisation,
non-uniform delivery and flushing inefficiencies will have a profound effect on
remediation efficiency. Given the uncertainties associated with heterogeneous media
properties and surfactant-NAPL interactions in the subsurface, future research should
concentrate on remediation technologies with lower resource requirements. Because the
minimum [FT is achieved at the surfactant CMC, mobilisation offers greater promise as a
remediation mechanism with far lower resource costs than solubilisation.

Where flushing rates are limited by aquifer conditions, the design of remediation
systems relying on mobilisation must provide surfactant solutions capable of producing the
required reduction in [FT. For design purposes, the total trapping number approach has
demonstrated some limitations, especially for systems where free product NAPL is present.
This rule of thumb approach should therefore be further investigated for more realistic
systems to determine its applicability as an indicator for NAPL mobilisation. The
apparatus and procedure developed for the present research offer an experimental
framework for future study of the mobilisation potential for various surfactant /soil/NAPL

systems.
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 1 Rate(mi/min)= 50 T(C)=21.0

Surfactant Crriton (CMC) = 0.00 ai (MN/m) = N/A
Pore Volume M;(g)= 886.66 M (g)= 358.83 Ms(g)= 527.83

Ve(ml) =Vc-[Mslpsl= 102.7  Voi(ml)=0.75(Vp) = 77.0
Vor(Mml)=Vg;i-Vog = 26.5 Vogq (ml)= 50.5

Oil Recovery Mo_e=Mo+pan - Mpan Mo't=2MO'eI[1 - 1 .1 6Mo'e]

Z
o

.| V(mi) o i/ | Man [Mospan [Mos(@)| ZVe | ZMo,:

5.2 n/a na |1.3412|1.3530|0.0239| 0.05 |0.0239
5.6 n/a na |1.3417(1.4257|0.1861| 0.11 |0.2101
57 n/a n/a |1.3521|1.4751/0.2869| 0.16 |0.4970
5.8 n/a nfa |{1.3457|1.4436/0.2209| 0.22 |0.7179
54 n/a n/a |1.3152|1.4336|0.2745| 0.27 |0.9924
5.6 n/a n/a |1.3453|1.4501|0.2386| 0.32 |1.2310
5.7 n/a n‘a |1.3423|1.4433|0.2288| 0.38 | 1.4598
5.6 n/a n/a |1.3456|1.4365|0.2032| 0.43 |1.6631
5.4 n/a n/a |(1.3448)1.4412|0.2171( 0.49 |1.8801
10| 5.6 n/a na |1.3123|1.4268|0.2641| 0.54 |2.1442
11| 65 n/a na |1.3474|1.4147|0.1460| 0.60 |2.2902
12| 54 n/a n/a |1.3228|1.4198/0.2186| 0.65 |2.5088
13 ] 6.7 n/a n/a |1.3216]|1.4349/0.2609| 0.70 |2.7697
14| 5.7 n/a nfa }1.3279|1.4076|0.1756| 0.76 |2.9453
16| 6.7 n/a n/a |1.3214]1.3867|0.1413| 0.81 |3.0866
16| 5.6 n/a n/a |1.3231]1.4277|0.2381| 0.87 |3.3247
17| 5.6 n/a na |1.3233]1.3669|0.0918| 0.92 |3.4166
18| 5.9 n/a na [1.3243}1.4013|0.1691| 0.98 | 3.5857
19| 6.8 n/a na [1.3351|1.4018|0.1446| 1.04 |3.7303
20| 56 n/a n/a {1.3180]|1.391010.1595| 1.09 |3.8898
21| 58 n/a na }1.3385|1.409210.1540| 1.15 |4.0438
22| 56 n/a nfa |1.3375|1.415710.1720| 1.20 |4.2158
23| 59 n/a n/a |1.3426|1.3977{0.1177| 1.26 (4.3335
24| 43 n/a n/a |1.3416|1.4037|0.1338| 1.30 |4.4674
25| 5.7 n/a n/a |[1.3152|1.3994|0.1866} 1.36 |4.6540
26| 5.7 nfa n/a [1.3360(1.3813|0.0956| 1.41 |4.7496
27 | 5.7 n/a nfa |1.3375|1.4090|0.1559| 1.47 |4.9056
28| 56 n/a n/a [1.3129}1.3843|0.1557( 1.52 |5.0613
29 | 6.7 n/a n/a |[1.3241|1.3709(0.0990( 1.58 |5.1602
30| 54 n/a na |1.3233}1.3716|0.1023| 1.63 |5.2626
31| 5.9 n/a n/a |1.3291|1.4236|0.2123| 1.69 |5.4748
32| 56 n/a n/a |1.3154|1.3610|0.0963| 1.74 |5.5711
33| 5.8 n/a n/a |1.3417|1.3816|0.0837( 1.80 |5.6548
34| 5.7 n/a n/a |1.3399|1.4017{0.1331| 1.86 |5.7880
35| 5.8 n/a n/a |1.3423]|1.3807|0.0804( 1.91 |5.8683

O oO~NOOODLEWN
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 2 Rate(mV/min)= 5.0 T(C)=20.5

Surfactant Criiton (CMC) = 0.00 ai (MN/m) = N/A
Pore Volume M;(g)= 883.20 M¢(g)= 354.46 Ms (g)= 528.74

Vp(ml) =V -[Ms/ps] = 102.3  Vo;(ml) =0.75(Vp) = 76.8
VO,r (ml) = Vo'i - VO,d =250 VO,d (ml) =518

Oil Recovery Mo'e=Mo+pan - Mpan Mo't=2M0.e/[1 - 1 .1 GMO.e]

No. | V(ml) (o} Gi/c | Moan |Mospan Mo: (@) =ZVe | ZMo,:
1 5.8 n/a n/a |1.0100|1.0208|0.0219| 0.06 [ 0.0219
2 53 n/a n/a |1.0080|1.0705|0.1348| 0.11 | 0.1566
3 5.7 n/a nfa |1.0113|1.1342|0.2867| 0.16 |0.4433
4 5.3 n/a nfa |1.0098]1.1432|0.3156 0.22 | 0.7590
5 6.1 n/a n/a {1.0084]1.12370.2662| 0.28 | 1.0252
6 54 n/a n‘a {1.0163]1.1477|0.3101| 0.33 | 1.3352
7 5.7 n/a n/a [0.9918]|1.0967|0.2389| 0.38 | 1.5741
8 59 n/a n/a [0.9936|1.0773|0.1854| 0.44 | 1.7595
9 6.0 n/a nfa |0.9960|1.1073|0.2556| 0.50 |2.0151

10| 6.1 n/a nfa |0.9961|1.09560.2250| 0.56 |2.2401
11} 5.5 n/a n/a |0.9990|1.0757|0.1684| 0.61 | 2.4085
12| 5.9 n/a nfa |0.9947|1.0772|0.1825| 0.67 | 2.5909
13| 5.9 n/a nfa |[0.99411.0448|0.1077| 0.73 |2.6987
14 | 6.2 n/a n/a |0.9923]1.0879|0.2151| 0.79 | 2.9137
15| 5.8 n/a n/a |0.9905]1.0587|0.1481| 0.85 |3.0618
16| 5.6 n/a n/a |0.9938]1.0457|0.1105| 0.90 |3.1723
17 { 5.5 n/a n/a |0.9976|1.0848|0.1940| 0.95 | 3.3663
18 | 5.9 n/a nfa |0.9967|1.0704|0.1612| 1.01 | 3.5275
19| 5.8 n/a n/a |1.0054]1.0805|0.1645| 1.07 | 3.6920

20| 6.0 n/a n‘a |1.0040]1.0758|0.1566| 1.13 | 3.8487

21 | 6.1 n/a nfa |1.0045|1.0725|0.1476| 1.19 | 3.9963

22| 6.2 n/a n/a |1.0090|1.0498|0.0857| 1.25 |4.0820

23| 6.3 n/a nfa }1.0120]1.1067|0.2128| 1.31 | 4.2948

24} 6.0 n/a nfa |1.0151|1.0867|0.1562| 1.37 |4.4509

25| 6.0 n/a nfa |[1.0151]1.0825|0.1462| 1.43 |4.5972

26 | 6.1 n/a n/a |1.0136(1.0535|0.0837| 1.49 |4.6808

27 | 6.3 n/a na {1.0141]1.1106|0.2173| 1.55 | 4.8982

28 | 5.7 n/a n/a |1.0129]1.0238|0.0221| 1.60 | 4.9202

29 | 5.6 n/a nfa [1.0131]1.0723|0.1271| 1.66 |5.0474

30| 5.9 n/a na {1.0137|1.0778/0.1385| 1.72 |5.1859
31} 58 n/a n‘a |1.0174]1.0648|0.1003| 1.77 |5.2862
32 59 n/a nfa [1.0161]1.0594|0.0912| 1.83 |5.3774
331 67 n/a n/a |1.0197(1.0552]|0.0740| 1.89 |5.4514
34| 57 n/a nfa |1.0192(1.0875]|0.1484| 1.94 |5.5998
35| 5.8 n/a n‘a |1.0164|1.0459|0.0611| 2.00 | 5.6609
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COLUMN DATA SHEET (@abbrevations as defined by sections 4.7 & 5)

Trial No.: 3
Surfactant

Rate(m/min)= 50.0 T(C)= 21.0
Crriton (CMC) = 0.00

o (MN/m) = n/a

Pore Volume M;(g) = 885.41 M;(g) = 359.19 Ms(g)= 526.22

Ve (ml) = Ve - [Ms/ps] = 103.3

Voi(ml) =0.75(Vp) = 77.5

Vor(ml) =Voi-Vog= 26.0 Vod(ml) = 515
Oil Recovery Moe=Moipan-Mpan Mo=2Mo/[1 - 1.16Mo] Pressure
No. | V(ml) o Gi/G Mpan Mo-pan | Mot (9) ZVe [ ZMoy ZVpore AP(Hg)
1] 562 | n/a na [1.3246(1.4421{0.2721| 0.05 |0.2721] | 0.12 | 43.0
2| 57 | na n/a {1.3431(1.4014|0.1251| 0.11 |0.3971| | 0.24 | 42.0
3|57 | na n/a |1.3376|1.3859|0.1023( 0.16 |0.4995| | 0.36 | 41.0
4 | 58 | n/a n/a |1.3435[1.3952|0.1100{ 0.22 |0.6095| | 0.48 | 40.5
5| 57 | na n/a |1.3444|1.3907/0.0979| 0.27 |0.7073| | 0.61 | 40.0
6 | 56 | n/a na |1.3193(1.3618|0.0894| 0.33 |0.7967] | 0.73 | 395
7| 55 | na na |1.3137|1.3550}0.0868| 0.38 |0.8835| | 0.85 | 39.0
8| 57 | n/a nfa |1.3411(1.3844|0.0912| 0.43 |0.9747| | 097 | 39.0
9| 56 | na n/a |1.3415(1.3859(0.0936| 0.49 |1.0683| | 1.09 | 385
10| 56 | n/a n/a |1.3390(1.3789|0.0837| 0.54 |1.1520| | 1.21 | 38.5
11| 55 | n/a n/a |1.3426(1.3782|0.0743| 0.60 |1.2262| | 1.33 | 38.0
12| 56 | n/a n/a |1.3266(1.3694(0.0901| 0.65 |1.3163| | 1.45 | 37.0
13| 54 | n/a n/a |1.3269(1.3635|0.0764| 0.70 |1.3928| | 1.57 | 36.5
14| 36 | n/a n/a |1.3158(1.3549(0.0819| 0.74 |1.4747| | 169 | 36.0
15| 57 | n/a n/a |1.3455(1.3900|0.0938| 0.79 |1.5685| | 1.82 | 355
16| 56 | n/a n/a |1.3478(1.3952|0.1003| 0.85 |1.6688] | 1.94 | 355
17| 58 | n/a n/a |1.3418(1.3867|0.0947| 0.90 |1.7636
18| 58 | n/a n/a |1.3200(1.3629|0.0903{ 0.96 |1.8539
19| 53 | n/a n/a |1.3150(1.3620|0.0994( 1.01 |1.9533
20| 56 | n/a n/a |{1.3457|1.3823|0.0764| 1.06 |2.0297
21| 56 | n/a n/a |1.3195|1.3661|0.0985| 1.12 |2.1283
22| 56 | n/a n/a |1.3170(1.3642(0.0999| 1.17 |2.2281
23| 58 | n/a n/a |1.3459|1.3856|0.0832| 1.23 |2.3114
24| 57 | n/a n/a {1.3486]1.3990|0.1071| 1.28 |2.4184
25| 53 | n/a n/a |1.3452(1.3872/0.0883| 1.34 |2.5067
26| 56 | n/a n/a |1.3459|1.3918|0.0970| 1.39 |2.6037
27| 57 | n/a n/a |{1.3451|1.3870/0.0881| 1.45 |2.6918
28| 42 | n/a n/a |1.3229(1.3669|0.0927| 1.49 |2.7845
29| 57 | n/a na |1.3263|1.3706|0.0934| 1.54 |2.8779
30| 56 | n/a n/a |1.3160|1.3609|0.0947| 1.60 |2.9726
31| 56 | n/a n/a |1.31991.3633|0.0914| 1.65 |3.0640
32| 56 | n/a n/a |0.9996 | 1.0426|0.0905| 1.70 |3.1546
33| 58 | n/a n/a |1.0176(1.0585(0.0859| 1.76 |3.2404
34| 56 | n/a n/a |1.0197|1.0649|0.0954| 1.81 |3.3358
35| 58 | n/a n/a |1.0140|1.0513|0.0780| 1.87 |3.4138
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)

Trial No.: 4
Surfactant

Rate(m/min)= 50.0 T(C)= 21.5
CTriton (CMC) = 0.00

ai (MN/m) = n/a
Pore Volume M;(g) = 886.61 M;(g) = 357.03 Mg (g)= 529.58
Vp (ml) = V¢ - [Ms/ps] = 102.0

Vo;(ml) =0.75(Vs) = 76.5

Vo',— (ml) =V0,i'VO,d =248 VO.d (mI) =517

Oil Recovery Mge=Mospan-Mpan Mo =2Moe/[1 - 1.16Mo,] Pressure

No. V(ml) [e) c/oc Mpan M0+pan MO.t (g) Z:VF' 2:MO.tt vaore AP(HQ)
1| 64 | ma | nia [1.0070]1.1275/0.2802| 0.06 {0.2802| | 0.12 | 42.0
2| 57 | na | nfa [1.0101}1.0900(0.1761{ 0.12 [0.4563] | 0.25 | 41.0
3| 59 | nla | na [1.0128]1.0639/0.1086| 0.18 |0.5649} | 0.37 | 41.0
4 | 58 | nfa | na |0.9959|1.0411]|0.0954| 0.23 |0.6603]| | 0.49 | 41.0
5| 58 | na | nfa {1.0119}1.0489/0.0773| 0.29 (0.7377} | 0.61 | 41.0
6| 59 | nla | nfa |0.9901|1.0275/0.0782| 0.35 [0.8158| | 0.74 | 41.0
7| 56 | nfa | na |0.9891|1.0239|0.0725| 0.40 |0.8884) | 0.86 | 40.5
8 | 59 | n/a | n/a {1.0047|1.0407|0.0751| 0.46 |0.9635{ | 0.98 | 40.5
9 | 6.1 nfa | n/a |1.0058|1.0409{0.0732] 0.52 [1.0367] | 1.10 | 40.0
10| 60 | na | na |0.9902|1.0306(0.0848| 0.58 |1.1215| | 1.23 | 40.0
11| 58 | na | n/a |0.9879}1.0247(0.0769| 0.64 [1.1983| | 1.35 | 395
12| 6.0 | n/a | n/a |0.9906|1.0338(0.0910| 0.69 |1.2893| | 1.47 | 395
13| 56 | n/a | n/a |1.0003|1.0421(0.0879! 0.75 [1.3772]| | 1.59 | 39.0
14| 59 | na | n/a |1.0116|1.0513(0.0832| 0.81 |1.4604| | 1.72 | 38.0
15| 569 | n/a | na |1.0114(1.0513(0.0837| 0.87 |1.5441| | 1.84 | 38.0
16| 59 | na | n/a [0.9910|1.0320(0.0861| 0.92 |1.6302| | 1.96 | 37.5
17| 59 | n/a | n/a [0.9922|1.0349(0.0899| 0.98 |1.7200

18| 6.0 | n/a | n/a [0.9941|1.0322|0.0797| 1.04 }|1.7997

19| 57 | nfa | n/a [0.9944|1.0352(0.0857| 1.10 |1.8854

20| 58 | nfa | n/fa |0.9882]|1.0249|0.0767| 1.15 |1.9621

21| 59 | n/a | n/fa |0.9862]1.0233|0.0775| 1.21 |2.0396

22| 60 | n/a | nfa |0.9895|1.0309/0.0870| 1.27 |2.1266

23| 59 | nfa | n/a |1.0077|1.0445{0.0769| 1.33 |2.2035

24| 59 | n/a | nfa |1.0012|1.0401/0.0815] 1.38 |2.2849

25| 56 | nla | n/a |0.9883|1.0257|0.0782| 1.44 |2.3631

26| 59 | nfa | n/a |0.9872|1.0259/0.0810| 1.50 |2.4442

27| 59 | n/a | n/a |0.9935|1.0326|0.0819| 1.56 |2.5261

28| 43 | n/a | nfa |0.9942|1.0324|0.0799| 1.60 |2.6060

29| 59 | nfa | nfa |0.9848|1.0198|0.0730| 1.66 |2.6790

30| 59 | n/a | n/a |0.5358]1.0265|0.0788| 1.71 |2.7578

31| 56 | n/a | na |1.0092]1.0419|0.0680| 1.77 |2.8258

32| 53 | nfa | nfa |1.0061{1.0415{0.0738| 1.82 |2.8996

33| 50 | nfa | n/a |0.9877|1.0239/0.0756| 1.87 |2.9752

34| 60 | n/a | n/a |1.0161(1.0515/0.0738| 1.93 |3.0490

35| 60 | /a | n/a |0.9900|1.0252|0.0734| 1.99 |3.1224
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COLUMN DATA SHEET (abbrevations as defined by sections 4.7 & 5)
Trial No.: 5 Rate(ml/min)= 50 T(°C)= 205

Surfactant Criton (CMC) = 1.00 oi (MN/m) = 37.5
Pore Volume M;(g) = 885.97 M;(g) = 357.71 Ms(g)= 528.26

Vep(ml) =Vc-[Ms/ps] = 1025  Voi(ml) =0.75(Ve) = 76.9
Vor(Mml)=Vp;i-Voq= 25.1 Voq(ml)= 518

Oil ReCO Ve’y Mo.e=MO+pan = Mpan Mo't=2Mo'e/[1 = 1 .1 6Mo'e]

pd
o

MM 6 | gi/c| Man |Mowpan [Mor(@)] ZVe | ZMo,

6.1 | 752 | 0.50 [1.0121|1.0771{0.1406| 0.06 |0.1406
6.2 | 749 | 0.50 |0.9915]|1.1356/0.3460} 0.12 (0.4867
58 | 75.0 | 0.50 | 1.0100|1.0977|0.1953| 0.18 |0.6819
6.2 | 748 | 0.50 | 1.0116|1.1426|0.3090| 0.24 |0.9909
59 | 747 | 0.50 | 0.9892|1.0739{0.1879| 0.29 (1.1787
59 | 749 | 0.50 | 1.0093|1.1215/0.2580| 0.35 |1.4367
6.0 | 753 | 0.50 | 0.9893|1.1309/0.3389| 0.41 (1.7756
57 | 752 | 0.50 | 0.9689|1.0391|0.1528| 0.47 |1.9284
6.0 | 749 | 0.50 | 0.9897|1.0736|0.1859| 0.52 |2.1143
10| 6.1 | 748 | 0.50 (0.9919|1.0853(0.2095| 0.58 |2.3238
11| 6.0 | 747 | 0.50 (0.9897|1.0871(0.2196{ 0.64 |2.5434
12| 6.0 | 74.7 | 0.50 [0.9907|1.0903(0.2252| 0.70 |2.7687
13| 58 | 746 | 0.50 [ 1.0067|1.0882(0.1800| 0.76 |2.9487
14| 59 | 748 | 0.50 | 1.0053|1.0428(0.0784| 0.82 |3.0271
15| 6.0 | 749 | 050 [1.0106|1.0927(0.1815| 0.87 |3.2086
16 | 6.0 | 747 | 0.50 {0.9958]1.0208|0.0515| 0.93 |3.2601
17| 58 | 748 | 0.50 [ 1.0033|1.0916]0.1968| 0.99 |3.4568
18 | 58 | 75.0 | 0.50 |0.9916|1.0604|0.1495| 1.05 |3.6064
19| 6.0 | 748 | 0.50 | 1.0175|1.0436|0.0538| 1.10 |3.6602
20| 6.0 | 747 | 0.50 | 0.9928|1.0446|0.1102| 1.16 |3.7704
21| 6.1 | 746 | 0.50 | 0.9691|1.0235|0.1161| 1.22 |3.8865
22| 59 | 605 | 0.62 |1.0120{1.0595|0.1005| 1.28 |3.9871
23| 58 | 53.8 | 0.70 [1.0031{1.0258|0.0466| 1.34 |4.0337
24| 56 | 523 | 0.72 |{1.0023|1.0030|0.0014| 1.39 |4.0351
25| 5.6 | 499 | 0.75 | 1.0054|1.0577|0.1114| 1.45 |4.1465
26| 6.0 | 479 | 0.78 [ 1.0054(1.0312|0.0532| 1.50 |4.1997
27| 58 | 46.5 | 0.81 [ 1.0101}1.0222| 0.0245| 1.56 |4.2242
28| 59 | 453 | 0.83 | 1.0024|1.0174| 0.0305| 1.62 |4.2547
29 | 56 | 445 | 0.84 |0.9943|1.0201|0.0532} 1.67 |4.3079
30| 5.7 | 445 | 0.84 |1.0118]1.0384|0.0549| 1.73 |4.3628
31| 56 | 439 | 0.85 | 0.9929|1.01280.0407]| 1.78 | 4.4036
32| 59 | 43.8 | 0.86 {0.9989(1.0317|0.0682| 1.84 |4.4717
33| 58 | 441 | 0.85 |1.0162(1.0379]/0.0445| 1.90 (4.5163
34| 59 | 436 | 0.86 | 1.0064| 1.0333{0.0555| 1.95 |4.5718
35| 58 | 43.8 | 0.86 [1.0179{1.0349]|0.0347| 2.01 |4.6065
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 6 Rate(mimin)}= 50 T(C)=22.0

Surfactant Criton (CMC) = 1.00 o (MN/m) = 37.5
Pore Volume M;(g) = 887.45 M;(g) = 359.84 Ms (g)= 527.61

Ve (mi) = Ve - [Ms/ps] = 102.8 Vo (ml) =0.75(Vp) = 77.1
Vor (ml) = Vo, - Voa = 26.0 Voa (ml) = 51.1

Oi’ ReCOVGIY Mo'e=MO+pan = Mpan Mo_t=2Mo_el[1 - 1 .1 6Mo_e]

- V(m’) (o3 /o IVIpan M0+pan MO.t (g) ZVp Z"MO,t
59 | 749 | 0.50 | 1.0205|1.0460|0.0526| 0.06 | 0.0526
6.1 | 748 | 0.50 |0.9875|1.1387/0.3667| 0.12 |0.4193
59 | 74.7 | 0.50 |0.9888|1.1259]0.3261| 0.17 |0.7453
6.0 | 748 | 0.50 |1.0057|1.1266|0.2812| 0.23 | 1.0266
57 | 749 | 0.50 |0.9959]|1.0904|0.2123| 0.29 |1.2389
6.0 | 74.8 | 0.50 [0.9875|1.1161/0.3023| 0.35 | 1.5412
59 | 747 | 0.50 | 1.0142]1.1232|0.2496| 0.40 | 1.7907
58 | 746 | 0.50 [0.9936|1.0652}0.1562| 0.46 | 1.9469
59 | 747 | 0.50 |0.9911]1.1108|0.2780| 0.52 | 2.2249
10| 59 | 74.8 | 0.50 | 1.0027|1.1039]|0.2293| 0.58 | 2.4542
11| 58 | 746 | 0.50 |1.0133|1.0816|C.1484| 0.63 | 2.6026
12| 59 | 747 | 0.50 |1.0121|1.1006|0.1973| 0.69 |2.7998
13| 5.7 | 746 | 0.50 |0.9957|1.0983|0.2329| 0.74 |3.0327
14 | 5.7 | 746 | 0.50 |0.9977|1.0596|0.1334| 0.80 |3.1661
15| 6.0 | 745 | 0.50 |0.9931|1.0581|0.1406] 0.86 |3.3067
16 | 58 | 746 | 0.50 |1.0113]|1.0951|0.1856| 0.91 |3.4924
17 | 61 747 | 0.50 |0.9996|1.0698(0.1528| 0.97 | 3.6452
18| 6.0 | 746 | 0.50 [1.0034|1.0711|0.1469| 1.03 [3.7922
19| 57 | 745 | 0.50 |1.01181.0801{0.1484| 1.09 | 3.9405
20| 6.0 | 746 | 0.50 {0.9864|1.0199]|0.0697| 1.15 (4.0102
21| 59 | 62.1 | 0.60 |0.9996|1.0165]|0.0345| 1.20 |4.0447
22| 59 | 548 | 0.68 {1.0081(1.0437|0.0743| 1.26 |4.1190
23| 59 | 51.0 | 0.74 [1.0090(1.0421|0.0688| 1.32 |4.1878
24 | 58 | 49.1 0.76 |1.0069|1.04940.0894| 1.37 |4.2772
25| 5.7 | 474 | 0.79 |0.9885|0.9929|0.0088| 1.43 |4.2861
26| 6.0 | 46.3 | 0.81 [1.0131]1.0211}0.0161| 1.49 |4.3022
27| 59 | 453 | 0.83 [0.9878|0.9943|0.0131| 1.55 |4.3153
28| 59 | 448 | 0.84 [1.0121]1.0692}0.1223| 1.60 |4.4376
29| 6.0 | 443 | 0.85 |0.9882|1.0111]0.0470]| 1.66 |4.4847
30| 59 | 439 | 0.85 [1.0030|1.0499|0.0992{ 1.72 |4.5839
31| 6.0 | 43.7 | 0.86 |0.9904|1.0080|0.0359| 1.78 |4.6198
32| 58 | 435 | 0.86 |1.0064|1.0278}0.0439| 1.83 |4.6637
33| 59 | 434 | 0.86 |1.0040(1.0393|0.0736| 1.89 |4.7373
34| 58 | 43.3 | 0.87 |1.0044(1.0326|0.0583| 1.95 |4.7956
35| 60 | 43.3 | 0.87 |1.0168(1.0791(0.1343| 2.01 |4.9299
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 7

Surfactant

Rate(m/min)= 50.0 T(°C)= 20.3
CTriton (CMC) = 1.00

oi (MN/m) = 37.5
Pore Volume M;(g) = 886.72 M; (g) = 358.20 Mg (g)= 528.52
Vp(ml) = V¢ - [Ms/ps] = 102.4

VO,i (ml) =0.75(Vp) = 76.8

Vo_.— (ml) =V0.i"VO.d = 256 VO,d (ml) =512

Oil Recovery Moe=Mospan-Mpan Mo =2Moe/[1 - 1.16Mo.] Pressure

No. V(ml) (o3 07/0' Mpan N'O+pan MO.t (Q) z:VP XMO.t zvpore AP(HQ)
1] 81 | 746 | 0.50 [1.0156| 1.1837{0.4176| 0.08 |0.4176| | 0.12 | 49.0
2 | 54 | 745 | 050 [1.0092| 1.0801|0.1545| 0.13 |0.5722} | 0.24 | 450
3| 57 | 746 | 050 |1.0079|1.0819/0.1619| 0.19 |0.7341| | 0.37 | 43.0
4 | 58 | 744 | 050 {1.0099|1.0777|0.1472| 0.24 |0.8812| | 0.49 | 42.0
5| 52 | 742 | 051 |1.0118/1.0650/0.1134| 0.29 |0.9946]| | 061 | 415
6 | 57 | 746 | 050 [1.0089|1.0645/0.1189| 0.35 |1.1135| | 0.73 | 41.0
7 | 58 | 745 | 050 |1.0100| 1.0607|0.1077| 0.41 |[1.2212| | 0.85 | 40.5
8 | 54 | 747 | 050 |1.0100]|1.0618|0.1102| 0.46 |1.3315| | 0.98 | 39.5
g9 | 57 | 748 | 0.50 |1.0120| 1.06660.1166| 0.52 |1.4480] | 1.10 | 37.0
10| 56 | 746 | 0.50 [1.0134]1.0647|0.1091| 0.57 |1.5571| | 1.22 | 355
11| 56 | 745 | 0.50 |1.0168|1.0666|0.1057| 0.62 |1.6628] | 1.34 | 34.0
12| 56 | 747 | 0.50 |1.0141|1.0653|0.1089| 0.68 |1.7717| | 1.46 | 33.0
13| 58 | 74.3 | 0.50 |1.0139|1.0639}|0.1062]| 0.74 |1.8779| | 1.59 | 320
14| 54 | 74.4 | 0.50 {1.0128|1.0625{0.1055| 0.79 |1.9833| | 1.71 | 315
15| 57 | 745 | 0.50 |1.0122|1.0652|0.1129| 0.84 |2.0963| | 1.83 | 315
16| 56 | 67.3 | 0.56 |1.0126|1.0634{0.1080| 0.90 |2.2043| | 1.95 | 31.0
17 | 57 | 63.2 | 0.59 |1.0104|1.0633/0.1127| 0.95 |2.3170

18 | 58 | 59.8 | 0.63 {1.0121]1.0673/0.1180| 1.01 |2.4349

19| 57 | 572 | 0.66 {1.0147|1.0711|0.1207| 1.07 |2.5556

20| 54 | 54.1 | 0.69 |1.0128(1.0618(0.1039| 1.12 [2.6595

21| 55 | 51.3 | 0.73 |1.0104|1.0596|0.1044| 1.17 |2.7639

22| 57 | 48.9 | 0.77 |1.0110|1.0581/0.0996| 1.23 |2.8635

23| 58 | 475 | 0.79 | 1.0144| 1.0558|0.0870| 1.29 |2.9505

24 | 57 | 46.5 | 0.81 |1.0139|1.0542|0.0846| 1.34 |3.0351

25| 56 | 46.0 | 0.82 |1.0157|1.0543|0.0808 1.40 |3.1159

26 | 53 | 45.5 | 0.82 |1.0136|1.0500(0.0760| 1.45 |3.1919

27| 57 | 451 | 0.83 |1.0113}|1.0493|0.0795| 1.50 |3.2714

28 | 56 | 44.2 | 0.85 |1.0126]|1.0505/0.0793| 1.56 |3.3507

29| 57 | 43.8 | 0.86 |1.0108| 1.0461]0.0736| 1.61 |3.4243

30| 55 | 43.8 | 0.86 |1.0100|1.0468|0.0769| 1.67 |3.5012

31| 58 | 43.7 | 0.86 |1.0084|1.0426|0.0712| 1.72 |3.5724

32 | 53 | 43.5 | 0.86 | 1.0108|1.0446(0.0704| 1.78 |3.6428

33| 58 | 43.3 | 0.87 |1.0082|1.0432(0.0730| 1.83 |3.7157

34| 56 | 43.2 | 0.87 |1.0051|1.0400(0.0727| 1.89 |3.7885

35| 58 | 43.1 | 0.87 |1.0016|1.0367{0.0732| 1.94 |3.8616
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 8

Surfactant

Rate(ml/min)= 50.0 T(°C)= 20.0
Crriton (CMC) = 1.00

oi (MN/m) = 37.5
Pore Volume M;(g) = 886.80 M;(g) = 358.05 Ms (g)= 528.75
Ve (ml) =V - [Ms/ps] = 102.3

Vo,i(mi) = 0.75(Vp) = 76.8

Vor(mb) =Vg;i-Vog = 26.3 Vo4 (ml) = 50.5

Qil Recovery Moe=Moupan-Mpan Mo=2Moe/[1-1.16Mo.] Pressure
No. V(ml) 03 /o Mpan M0+pan MO.t (g) 2:VP zMO.t zVpore AP(HQ)
1| 54 | 742 | 051 [0.9931|1.1446|0.3676| 0.05 [0.3676] | 0.12 | 48.0
2 | 48 | 73.7 | 051 [0.9889|1.0454|0.1209| 0.10 [0.4885] | 0.24 | 445
3| 56 | 735 | 0.51 |1.0198|1.0687|0.1037| 0.15 [0.5922| | 0.37 | 44.0
4 | 57 | 745 | 050 |1.0212{1.0702|0.1039| 0.21 {0.6961| | 049 | 43.0
5| 56 | 748 | 050 |1.0176]|1.0670|/0.1048| 0.26 {0.8009} | 0.61 | 42.0
6 | 57 | 735 | 0.51 [1.0146]1.0669|0.1114| 0.32 |0.9123} | 0.73 | 415
71| 54 | 738 | 051 [1.0121{1.0709|0.1262| 0.37 |[1.0385} | 0.86 | 40.5
8 | 44 | 743 | 050 |1.0116]1.0672{0.1189| 0.42 |1.1574} | 0.98 | 40.0
9| 56 | 746 | 050 |1.0176]|1.0662|0.1030| 0.47 |1.2604} | 1.10 | 36.5
10| 5.7 | 748 | 050 {1.0163|1.0678|0.1095| 0.53 |1.3699] | 1.22 | 345
11| 56 | 747 | 050 [1.0143|1.0666|0.1114| 0.58 |1.4813] | 1.34 | 33.0
12| 57 | 745 | 050 |1.0158]|1.0653|0.1050| 0.64 |1.5863| | 1.47 | 32.0
13} 53 | 742 | 0.51 |1.0144|1.0612|0.0990| 0.69 |1.6853} | 1.59 | 31.0
14| 56 | 741 | 0.51 |1.0135|1.0604|0.0992| 0.74 |1.7845] | 1.71 | 30.5
15| 5.7 | 743 | 050 |1.0096|1.0550|0.0958| 0.80 |1.8803} | 1.83 | 30.0
16 | 5.7 | 740 | 051 |1.0065]1.0541}{0.1008] 0.86 |1.9811] | 1.95 | 295
17 | 58 | 742 | 0.51 |1.0038|1.0464|0.0896| 0.91 |2.0707

18| 59 | 66.5 | 0.56 |1.0053|1.0509|0.0963| 0.97 |2.1670

19| 53 | 61.8 | 0.61 |1.0092]1.0485}0.0824| 1.02 |2.2494

20| 44 | 587 | 0.64 |1.0032|1.0428|0.0830| 1.06 |2.3324

21| 36 | 564 | 0.66 |0.9970|1.0366|0.0830| 1.10 |2.4154

22| 56 | 53.3 | 0.70 |0.9965|1.0354(0.0815! 1.15 |2.4969

23| 58 | 512 | 0.73 |0.9957|1.0360(0.0846| 1.21 |2.5814

24| 57 | 494 | 0.76 |1.0166|1.0583(0.0876| 1.27 |2.6691

25| 53 | 481 | 0.78 |1.0109|1.0499(0.0817| 1.32 |2.7508

26| 56 | 47.0 | 0.80 | 1.0105|1.0497|0.0821| 1.37 |2.8329

27| 57 | 464 | 0.81 | 1.0129|1.0519(0.0817| 1.43 |2.9146

28 | 5.3 | 456 | 0.82 |1.01541.0529(0.0784| 1.48 |2.9930

29 | 57 | 45.0 | 0.83 |1.0128{1.0494|0.0764| 1.54 |3.0694

30| 56 | 446 | 0.84 |1.0133]1.0497|0.0760| 1.59 |3.1455

31) 55 | 444 | 0.84 {1.0137]|1.0488|0.0732| 1.64 |3.2186

32| 56 | 442 | 0.85 |1.0144(1.0498|0.0738| 1.70 |3.2925

33| 58 | 440 | 0.85 | 1.0169|1.0532|0.0758( 1.76 |3.3683

34| 56 | 438 | 0.86 |1.0181(1.0556|0.0784| 1.81 |3.4467

35| 57 | 436 | 0.86 |1.0163|1.0493|0.0686| 1.87 |3.5153
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COLUMN DATA SHEET (abbreviations as defined by sections 48.7 & 5)
Trial No.: 9 Rate(ml/min)j= 50 T(°C)= 20.5

Surfactant Crriton (CMC) = 0.50 o (MN/m) =415
Pore Volume M;(g) = 887.33 M¢(g) = 356.15 Ms(g)= 531.188

Ve(ml) =Vc-[Mslps]= 1014 Vgo;i(ml)=0.75(Vp) = 76.1
VO.r (mI) = VO,i - VO,d =250 VO,d (ml) =511

Oil Recovery MO.e=MO+pan -Mgpan Mo =2Mg o/[1 - 1.16Mgp =]

No. | V(mi) C a/c Mpan M0+pan MO.t (@} ZVe |ZMo,:
1 6.0 | 748 | 0.55 |0.9923|1.04870.1207| 0.06 |0.120%7
2 | 59 | 747 | 0.56 |0.9927]|1.1767|0.4679| 0.12 | 0.5886
3| 59 | 748 | 055 |0.9934!1.1614|0.4173( 0.18 | 1.0059
4 | 6.2 | 749 | 0.55 |0.9979|1.1109(0.2601| 0.24 |1.266
5] 58 | 748 | 0.55 [0.9887|1.1185{0.3056| 0.29 (1.5716
6 | 6.1 747 | 0.56 |0.9941|1.1141{0.2788| 0.35 | 1.85044
7| 59 | 746 | 0.56 |0.9846|1.10840.2891| 0.41 |2.1396
8 | 61 74.7 | 0.56 [0.9921(1.1187[0.2968| 0.47 | 2.4363
9 | 59 | 748 | 0.55 [0.9949|1.0949|0.2262| 0.53 |2.6626
10| 59 | 746 | 0.56 |0.9934|1.0981(0.2384| 0.59 |2.9009
11| 5.8 | 74.7 | 0.56 | 0.9928|1.0869|0.2113( 0.65 |3.11222
12| 6.1 746 | 0.56 [0.9929)|1.0692|0.1674( 0.71 | 3.2796
13| 6.1 746 | 0.56 |0.9878|1.0862|0.2222| 0.77 |3.5018
14| 6.1 745 | 0.56 [0.9909|1.0675}0.1681| 0.83 | 3.6699
16| 6.2 | 74.6 | 0.56 |0.9895|1.0422|0.1123} 0.89 |3.78222
16| 6.1 747 | 0.56 |{0.9878|1.0877|0.2260| 0.95 |4.008=
17| 6.3 | 746 | 0.56 |0.9858|1.0570|0.1552| 1.01 |4.16341
18| 59 | 74.5 | 0.56 |0.9860|1.0280|0.0883; 1.07 |4.251«
19} 5.7 | 746 | 0.56 {0.9908|1.0410{0.1066 1.12 | 4.3583
20| 5.8 | 747 | 0.56 |0.9870|1.0399|0.1127| 1.18 |4.4710
21| 59 | 746 | 0.56 |0.9820|1.0486|0.1444| 1.24 | 4.6154
22| 6.0 | 745 | 0.56 |0.981711.0212|0.0828( 1.30 |4.698
23| 6.1 746 | 0.56 [0.9846|1.0214(0.0769| 1.36 |4.775M
24 | 5.7 | 66.5 | 0.62 [0.9862]1.0058|0.0401| 1.41 |4.81522
25| 57 | 60.0 | 0.69 |0.9863]|1.0054|0.0391| 1.47 |4.85422
26| 59 | 56.5 | 0.73 [ 0.9859]|1.0403|0.1161| 1.53 |4.9704
27| 54 | 54.2 | 0.77 |0.9866]|1.0013|0.0299| 1.58 |5.0003
28| 59 | 52.8 | 0.79 |0.9887|1.0040(0.0312| 1.64 |5.0314
29| 59 | 514 | 0.81 |0.994411.0262|0.0660| 1.70 |5.0975
30| 57 | 50.0 | 0.83 |0.9891|1.0206|0.0654| 1.76 |5.1629
31| 6.0 | 49.1 | 0.85 |0.9915{1.0398|0.1023| 1.81 |5.265%
32| 57 | 483 | 0.86 [0.9916]|1.0598|0.1481| 1.87 |5.4133
33| 6.0 | 479 | 0.87 [0.9896|1.0231|0.0697| 1.93 |5.4830
34| 6.0 | 475 | 0.87 [0.9924|1.0580|0.1420| 1.99 |5.6250
35| 6.0 | 47.3 | 0.88 | 1.0000|1.0299|0.0619| 2.05 |5.6870
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 10

Surfactant

Rate(mbmin)= 50.0 T(C)= 20.5
Crriton (CMC) = 0.50

o (mMN/m) =415
Pore Volume M;(g) = 884.64 M;(g) = 355.52 Mg (g)= 529.12
Ve (ml) = V¢ - [Ms/ps] = 102.2

Vo;(ml) =0.75(Vp) = 76.6

Vor (ml)=Vo;i-Vog= 26.4 Vog(ml) = 50.2

Qil Recovery Mge=Moipan-Mpan Mo=2Mo /1 -1.16Moe] Pressure

No. V(ml) o) ai/c Mpan MO+pan MO.! (g) EVp zMO.t vaore AP(Hg)
1| 6.5 | 747 | 0.56 |0.9878| 1.1446|0.3833| 0.06 |0.3833| | 0.12 | 40.0
2 | 59 | 748 | 055 |0.9891|1.0691/0.1764| 0.12 |0.5597| | 0.24 | 39.0
3| 56 | 745 | 056 |0.9917(1.0435|0.1102| 0.18 {0.6699] | 0.37 | 39.0
4 | 57 | 746 | 0.56 |0.9941|1.0405/0.0981| 0.23 |0.7680| | 0.49 | 39.0
5| 56 | 746 | 0.56 [0.9920|1.0416]/0.1053| 0.29 |0.8733| | 0.61 | 39.0
6 | 56 | 745 | 0.56 (0.9897|1.0423|0.1120| 0.24 |0.9853] | 0.73 | 38.0
7 | 58 | 748 | 055 (0.9877|1.0405]0.1125| 0.40 |{1.0978] | 0.86 | 37.5
8 | 54 | 747 | 056 |0.9865|1.0359|0.1048| 0.45 |1.2026] | 0.98 | 37.0
9 | 56 | 746 | 0.56 |[0.9876(1.0373{0.1055| 0.51 [1.3081) | 1.10 | 365
10| 5.7 | 746 | 0.56 [0.9889|1.0434|0.1164| 0.56 |1.4244| | 1.22 | 345
11| 56 | 747 | 0.56 {0.9871|1.0398|0.1123| 0.62 |1.5367| | 1.35 | 335
12| 56 | 748 | 055 [0.9853|1.0355/0.1066| 0.67 |1.6433| | 1.47 | 33.0
13| 5.7 | 747 | 056 [0.9870|1.0392|0.1111| 0.73 |1.7544| | 1.59 | 325
14| 5.3 | 748 | 0.55 [0.9860|1.0310{0.0950| 0.78 |1.8494| | 1.71 | 32.0
15| 5.7 | 748 | 0.55 [0.9906|1.0410|0.1071| 0.83 |1.9564| | 1.83 | 315
16| 5.5 | 747 | 056 [0.9909|1.0373]0.0981| 0.89 |2.0545| | 1.96 | 31.5
17 | 58 | 748 | 0.55 [0.9930|1.0445|0.1095| 0.95 |2.1641

18 | 58 | 70.0 | 0.59 [0.9933|1.0404|0.0996| 1.00 |2.2637

19| 56 | 656 | 0.63 [0.9946|1.0447|0.1064| 1.06 |2.3701

20| 5.3 | 62.0 | 0.67 |0.9951|1.0410/0.0970| 1.11 |2.4671

21| 56 | 58.9 | 0.70 |0.9954|1.0413|0.0970| 1.16 |2.5640

22| 56 | 56.0 | 0.74 |0.9934|1.0380|0.0941| 1.22 |2.6581

23| 58 | 545 | 0.76 |0.9908| 1.0348|0.0927| 1.27 |2.7508

24| 56 | 53.3 | 0.78 |0.9899| 1.0311{0.0865| 1.33 |2.8374

25| 56 | 523 | 0.79 |0.9909] 1.0335{0.0896 | 1.38 |2.9270

26| 5.3 | 50.7 | 0.82 |0.9880|1.0271|0.0819| 1.44 |3.0089

27| 5.7 | 49.3 | 0.84 |0.9888]1.0298{0.0861| 1.49 |3.0950

28| 56 | 488 | 0.85 |0.9903|1.0296|0.0824| 1.55 |3.1774

29| 57 | 485 | 0.86 [0.9913{1.0291{0.0791| 1.60 |3.2564

30| 56 | 484 | 0.86 |0.9907|1.0294|0.0810| 1.66 |3.3375

31| 58 | 482 | 0.86 |0.9897|1.0264|0.0767| 1.71 |3.4141

32| 5.3 | 480 | 0.86 |0.9900|1.0250(0.0730| 1.77 |3.4871

33| 58 | 47.9 | 0.87 |0.9890(1.0280(0.0817| 1.82 |3.5688

34| 56 | 47.7 | 0.87 |0.9883|1.0232(0.0727| 1.88 |3.6415

35| 5.8 | 47.5 | 0.87 |0.9890|1.0250|0.0751| 1.93 |3.7167
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 11  Rate(miVmin)= 50 T(°C)= 20.0

Surfactant Criton (CMC) = 2.00 oi (MN/m) = 33.5
Pore Volume M;(g) = 884.59 M (g) = 354.82 Mg (g)= 529.77

Ve (mi) =Vc - [Ms/ps] = 102.0 Voi(ml) =0.75(Vp) = 76.5
VOJ— (ml) = VO.i - VO,d = 26.0 VO.d (ml) = 50.5

Oi/ ReCO Vely Mo_e=Mo+pan ind Mpan Mo't=2Mo_e/[1 = 1 .1 6Mo'e]

No. V(ml) g a/o NIIpan M0+pan MO.t (g) Z:VF’ 2MO,it
1 59 | 748 | 045 | 1.0055]1.0740|0.1488| 0.06 | 0.1488
2 | 54 | 746 | 045 |1.0064(1.1919]|0.4727| 0.11 | 0.6216
3 6.1 74.3 | 0.45 |1.0049|1.1996(0.5030{ 0.17 |1.1246
4 58 | 745 | 0.45 | 1.0036|1.1744( 0.4260| 0.23 | 1.5506
5 53 | 747 | 0.45 |1.0035|1.1447|0.3377} 0.28 | 1.8883
6 58 | 75.0 | 0.45 |1.0025|1.1265}0.2897 0.34 |2.1780
7 58 | 746 | 045 |1.0087|1.1478|0.3317 0.39 | 2.5097
8 55 | 748 | 0.45 {1.0084|1.1100}0.2304| 0.45 |2.7401
9 38 | 749 | 045 | 1.0076|1.1208|0.2606| 0.48 | 3.0007

10| 53 | 75.0 | 0.45 [ 1.0074]1.1230{0.2670| 0.54 | 3.2677
11| 69 | 749 | 0.45 {1.0064|1.0993{0.2082| 0.59 | 3.4759
12| 66 | 75.2 | 0.45 |1.0075(1.1142(0.2435| 0.66 |3.7195
13| 66 | 749 | 0.45 | 1.0053|1.0792(0.1617] 0.71 | 3.8811
14| 54 | 751 | 0.45 |1.0078(1.0920(0.1866| 0.77 |4.0678
16| 6.1 | 751 | 0.45 | 1.0104|1.1000(0.2000| 0.83 | 4.2678
16| 69 | 746 | 0.45 (1.0147(1.0969(0.1817; 0.88 | 4.4495
17| 57 | 748 | 045 | 1.0140]1.0772| 0.1364} 0.94 | 4.5859
18| 69 | 75.0 | 0.45 (1.0119]1.0525(0.0852| 1.00 | 4.6711
19| 69 | 744 | 0.45 (1.0095]1.0492(0.0832] 1.06 |4.7543
20 59 | 63.3 | 0.53 | 1.0115]1.0565|0.0950( 1.11 |4.8493
21 59 | 546 | 0.61 |1.0131|1.03880.0530( 1.17 |4.9023
22| 57 | 505 | 0.66 | 1.0119| 1.0562| 0.0934( 1.23 | 4.9957
23| 59 | 478 | 0.70 [ 1.0092]| 1.0992|0.2010( 1.29 |5.1967
24 | 58 | 453 | 0.74 | 1.0054| 1.0315|0.0538( 1.34 |5.2505
25| 59 | 440 | 0.76 | 1.0062{1.0779|0.1564( 1.40 |5.4069
26 | 6.0 | 43.2 | 0.78 |1.0071{1.0609|0.1148( 1.46 |5.5217
27| 6.0 | 426 | 0.79 [1.0073{1.0371|0.0617| 1.52 |5.5834
28 6.0 | 421 | 0.80 | 1.0051{1.0308|0.0530| 1.58 |5.6364
29| 59 | 41.7 | 0.80 |1.0035(1.0221|0.0380| 1.64 |5.6744
30| 6.0 | 414 | 0.81 [ 1.0068(1.0392|0.0673| 1.69 |5.7417
31| 6.1 | 412 | 0.81 |1.0032}1.0172]|0.0285| 1.75 |5.7702
32| 59 | 411 | 0.82 |1.0024|1.0342|0.0660| 1.81 |5.8362
33| 6.0 | 410 | 0.82 | 1.0057|1.0360|{0.0628| 1.87 |5.8990
34| 58 | 40.9 | 0.82 |1.0075|1.0295]|0.0452| 1.93 |5.9442
35| 569 | 40.8 | 0.82 |1.0010]| 1.0224|0.0439) 1.99 | 5.9881
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COLUMN DATA SHEET (abbreviations as defined by sections 4.7 & 5)
Trial No.: 12

Surfactant
Pore Volume M;(g) = 883.57 M;(g) = 354.84 Mg (g)= 528.73

Ve (ml) =V - Mg/ps] = 102.3

Rate(ml/min)= 50.0 T(°C)= 202
Criiton (CMC) = 2.00

o (IMN/m) = 33.5

Voi (ml)=0.75(Vp) = 76.8

Vor(ml) =Vei-Vog = 25.8 Vogq (ml) = 51.0
Oil Recovery Moe=Morpan-Mpan Mo =2Mo/[1-1.16Mo.] Pressure
No.|V(ml)| o | 6i/o | Mpan | Mowpan |Mos(g)| Ve [ ZMog| [EVpore [AP(HO)

1 ] 80 | 747 | 0.45 [1.0048| 1.2094]0.5366| 0.08 [0.5366] [ 0.12 | 50.0
2 | 56 | 745 | 045 |1.0056( 1.1044|0.2232| 0.13 |0.7597] | 0.24 | 47.0
3| 58 | 753 | 044 |1.0660| 1.0875/0.0441| 0.19 |0.8038| | 0.37 | 47.0
4 | 58 | 748 | 045 {1.0139| 1.0717|0.1239| 0.25 |0.9277] | 0.49 | 440
5 | 57 | 747 | 045 |1.0083/| 1.0853(0.1691| 0.30 |1.0968| | 0.61 | 42.0
6 | 58 | 746 | 0.45 |1.0038] 1.0811(0.1698| 0.36 |1.2667| | 0.73 | 41.0
7 | 59 | 747 | 0.45 |1.0044| 1.0756(0.1552| 0.42 |1.4219] | 0.85 | 39.5
8 | 55 | 748 | 0.45 |1.0070| 1.0748(0.1472| 0.47 [1.5691| | 0.98 | 35.0
9 | 51 | 747 | 045 |[1.0071] 1.0710(0.1380| 0.52 [1.7071| | 1.10 | 33.0
10| 5.8 | 749 | 0.45 [1.0051| 1.0707|0.1420] 0.58 |1.8491| | 1.22 | 325
11| 57 | 751 | 0.45 |1.0044| 1.0688(0.1392| 0.63 |1.9883| | 1.34 | 32.0
12| 56 | 75.1 | 0.45 |1.0046( 1.0620(0.1230| 0.69 |2.1113| | 147 | 31.0
13| 57 | 748 | 0.45 |1.0046( 1.0662(0.1327| 0.74 |2.2440] | 1.59 | 30.5
14 | 55 | 747 | 0.45 |1.0043| 1.0605|0.1202| 0.80 |2.3642| | 1.71 | 30.0
15| 58 | 68.3 | 0.49 |1.0024| 1.0594(0.1221| 0.85 |2.4863| | 1.83 | 29.5
16 | 5.7 | 60.1 | 0.56 |1.0031| 1.0651|0.1336| 0.91 |2.6199] | 1.95 | 29.5
17 | 59 | 56.5 | 0.59 [0.9951| 1.0559|0.1308| 0.97 |2.7507
18| 6.0 | 51.6 | 0.65 [0.9951| 1.0521{0.1221| 1.02 |2.8728
19| 57 | 488 | 0.69 [0.9995| 1.0531{0.1143| 1.08 |2.9871
20| 54 | 469 | 0.71 |1.0019| 1.0446{0.0899| 1.13 |3.0770
21| 56 | 453 | 0.74 | 1.0051| 1.0458|0.0854| 1.19 |3.1624
22| 57 | 440 | 0.76 |1.0046| 1.0439|0.0824| 1.24 |3.2448
23| 59 | 433 | 0.77 |1.0106| 1.0488|0.0799| 1.30 |3.3247
24| 57 | 42,7 | 0.78 |1.0073| 1.0453|0.0795| 1.36 |3.4042
25| 56 | 422 | 0.79 |1.0090| 1.0476|0.0808| 1.41 |3.4850
26| 54 | 418 | 0.80 |1.0144| 1.0481|0.0701| 1.46 |3.5552
27| 58 | 415 | 0.81 |[1.0146| 1.0533|0.0810| 1.52 |3.6362
28| 57 | 41.3 | 0.81 |1.0153| 1.0493|0.0708| 1.58 |3.7070
29| 57 | 411 | 0.82 [1.0121| 1.0467|0.0721| 1.63 |3.7791
30| 56 | 41.0 | 0.82 | 1.0119| 1.0486|0.0767| 1.69 |3.8558
31| 31 | 409 | 0.82 |1.0142| 1.0376|0.0481| 1.72 |3.9039
32| 54 | 40.8 | 0.82 |1.0129| 1.0470}0.0710| 1.77 |3.9749
33| 5.8 | 40.7 | 0.82 | 1.0127| 1.0488|0.0754| 1.83 |4.0502
34| 57 | 406 | 0.83 |1.0148| 1.0496|0.0725| 1.88 |4.1227
35| 58 | 406 | 0.83 |1.0165| 1.0508|0.0714| 1.94 |4.1942
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HEXANE EXTRACTION TRIALS

{(abbreviations as defined in section 5.2)

Evaporation Period: 18 hours

Mass check for constant volume of mineral oil added to test tubes using pipette

Pan no. Mpan M0+pan M0+pan (18 hrs) Mplpette
1 1.3154 1.3877 1.3871 0.0717

2 1.3128 1.3878 1.3865 0.0737

3 1.3150 1.3894 1.3886 0.0736

4 1.3165 1.3941 1.3930 0.0765
Average (g) 0.0739

Mass of mineral oil determined from hexane extraction procedure

Note: - | mL lipophilic phase (oil & hexane) used for extractions
- Qil concentration of lipophilc extraction is Mg . per mL of hexane

- Mass oil originally in tube: Mg =2 "Mge/ (1-1.16 -Mg)

Replicate | Crriton (CMC) Mpan Mo+pan Mo,e Mo,
1 0 1.3184 1.3529 0.0345 0.0719
2 0 1.3177 1.3504 0.0327 0.0748
3 0 1.3150 1.3504 0.0354 0.0738
4 0 1.3118 1.3473 0.0355 0.0740
5 0.5 1.3192 1.3563 0.0371 0.0775
6 0.5 1.3191 1.35635 0.0344 0.0717
7 0.5 1.3150 1.3516 0.0366 0.0764
8 0.5 1.3141 1.3503 0.0362 0.0756
9 1 1.3129 1.3521 0.0392 0.0821

10 1 1.3118 1.3480 0.0362 0.0756
11 1 1.3138 1.3493 0.0355 0.0740
12 1 1.3158 1.3517 0.0359 0.0749
13 2 1.3137 1.3538 0.0401 0.0841
14 2 1.3186 1.3572 0.0386 0.0808
15 2 1.3122 1.3496 0.0374 0.0782
16 2 1.3139 1.3518 0.0379 0.0793
Calculated average mass oil originally in test tube (g): 0.0766
Percent difference from mass oil originally added to test tube: 3.6%
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HEXANE EXTRACTION TRIALS

(abbreviations as defined in section 5.2)

Evaporation Period: 24 hours

Mass check for constant volume of mineral oil added to test tubes using pipetie

Pan no. Mpan Mo+pan Mo.pan (18 hrs) Mpigette
1 1.3154 1.3877 1.3869 0.0715

2 1.3128 1.3878 1.3861 0.0733

3 1.3150 1.3894 1.3881 0.0731

4 1.3165 1.3941 1.3926 0.0761
Average (g) 0.0735

Mass of mineral oil determined from hexane extraction procedure

Note: - | mL lipophilic phase (oil & hexane) used for extractions
- Qil concentration of lipophilc extraction is Mg . per mL of hexane

- Mass oil originally in tube: Mg =2 Mg/ (1-1.16 -Mg_,)

Replicate Crriton (CMC) Mpan M0+pan Mo,e Mo,¢
1 0 1.3184 1.3525 0.0341 0.0710
2 0 1.3177 1.3500 0.0323 0.0738
3 0 1.3150 1.3499 0.0349 0.0727
4 0 1.3118 1.3470 0.0352 0.0734
5 0.5 1.3192 1.3558 0.0366 0.0764
6 0.5 1.3191 1.3533 0.0342 0.0712
7 0.5 1.3150 1.3514 0.0364 0.0760
8 0.5 1.3141 1.3500 0.0359 0.0749
9 1 1.3129 1.3518 0.0389 0.0815

10 1 1.3118 1.3477 0.0359 0.0748
11 1 1.3138 1.3491 0.0353 0.0736
12 1 1.3158 1.3515 0.0357 0.0745
13 2 1.3137 1.3536 0.0399 0.0837
14 2 1.3186 1.3568 0.0382 0.0799
15 2 1.3122 1.3493 0.0371 0.0775
16 2 1.3139 1.3517 0.0378 0.0791
Calculated average mass o0il originally in test tube (g): 0.0759
Percent difference from mass oil originally added to test tube: 3.3%
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HEXANE EXTRACTION TRIALS

(abbreviations as defined in section 5.2)

Evaporation Period: 42 hours

Mass check for constant volume of mineral oil added fo test tubes using pipette

Pan no. Mgan Mo+pan Mo.pan (18 hrs) Mgipette
1 1.3154 1.3877 1.3863 0.0709

2 1.3128 1.3878 1.3858 0.0730

3 1.3150 1.3894 1.3875 0.0725

4 1.3165 1.3941 1.3920 0.0755
Average (g) 0.0730

Mass of mineral oil determined from hexane extraction procedure

Note: - I mL lipophilic phase (oil & hexane) used for extractions
- Oil concentration of lipophilc extraction is Mg . per mL of hexane

- Mass oil originally in tube: Mg =2 Mg/ (1-1.16 -Mg,)

Replicate Crriton (CMC) Mopan Mo+pan Mo, Mo,
1 0 1.3184 1.3520 0.0336 0.0699
2 0 1.3177 1.3494 0.0317 0.0724
3 0 1.3150 1.3495 0.0345 0.0719
4 0 1.3118 1.3466 0.0348 0.0725
5 0.5 1.3192 1.3554 0.0362 0.0756
6 0.5 1.3191 1.3529 0.0338 0.0704
7 0.5 1.3150 1.3511 0.0361 0.0754
8 0.5 1.3141 1.3496 0.0355 0.0740
9 1 1.3129 1.3511 0.0382 0.0799

10 1 1.3118 1.3471 0.0353 0.0736
11 1 1.3138 1.3486 0.0348 0.0725
12 1 1.3158 1.3511 0.0353 0.0736
13 2 1.3137 1.3530 0.0393 0.0824
14 2 1.3186 1.3565 0.0379 0.0793
15 2 1.3122 1.3491 0.0369 0.0771
16 2 1.3139 1.3512 0.0373 0.0780
Calculated average mass oil originally in test tube (g): 0.0749
Percent difference from mass oil originally added to test tube: 2.6%
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HEXANE EXTRACTION TRIALS

(abbreviations as defined in section 5.2)

Evaporation Period: 48 hours

Mass check for constant volume of mineral oil added to test tubes using pipette

Pan no. Mpan MO#pan Mo+pan (18 hrs) MP‘PGﬁB
1 1.3154 1.3877 1.3861 0.0707

2 1.3128 1.3878 1.3856 0.0728

3 1.3150 1.3894 1.3873 0.0723

4 1.3165 1.3941 1.3918 0.0753
Average (g) 0.0728

Mass of mineral oil determined from hexane extraction procedure

Note: - | mL lipophilic phase (oil & hexane) used for extractions
- Oil concentration of fipophilc extraction is Mg . per mL of hexane

- Mass oil originally in tube: Mg (=2 Mg/ (1-1.16 -Mg)

Replicate | Crriton (CMC) Moan Mo+pan Mo.e Mo,
1 0 1.3184 1.3518 0.0334 0.0695
2 0 1.3177 1.3494 0.0317 0.0724
3 0 1.3150 1.3493 0.0343 0.0714
4 0 1.3118 1.3464 0.0346 0.0721
5 0.5 1.3192 1.3552 0.0360 0.0751
6 0.5 1.3191 1.3527 0.0336 0.0699
7 0.5 1.3150 1.3509 0.0359 0.0749
8 0.5 1.3141 1.3494 0.0353 0.0736
9 1 1.3129 1.3509 0.0380 0.0795
10 1 1.3118 1.3469 0.0351 0.0732
11 1 1.3138 1.3484 0.0346 0.0721
12 1 1.3158 1.3511 0.0353 0.0736
13 2 1.3137 1.3528 0.0391 0.0819
14 2 1.3186 1.3562 0.0376 0.0786
15 2 1.3122 1.3489 0.0367 0.0767
16 2 1.3139 1.3509 0.0370 0.0773

Calculated average mass oil originally in test tube (g): 0.0745
Percent difference from mass oil originally added to test tube: 2.4%
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SAMPLE CALCULATIONS (Heading numbers correspond with those of thesis)

All sample calculations are performed for the 0 CMC solution delivered at 50 mL - min’,
other than for section 7.1.2. In section 7.1.2, the 0.5 CMC solution delivered at 5 mL -
min™ is used to calculate the lowest Peclet Number (Np) for all the trial conducted, as well
as for the corresponding longitudinal hydrodynamic dispersion coefficient (D).

All symbols are as defined in the thesis text.

7.1.1  Reynolds number (Ng)
qa = Q/Ac=[(50 x 10° m* min™) (min / 605s)] /[1.20x 10° m*] = 6.98 x 10* m s™

Ni = [pa aa d] /pa = [(998 kg m?)(6.98 x 10*m "s")(7.0 x 10*m)]/(0.984 mN s ‘m?) =0.50

7.1.2  Peclet Number (N;)

s =Q/Ac=[(5x10° m* min™) (min/ 605s)] /[1.20x 10° m*] = 6.98 x 10° m s
n.=n(l -Sy)=(0.339) (1 - 0.251] = 0.254

Va=qs/n.=(698x10°ms") /(0.254) = 2.75 x 10* m 5™

Np = [va d,] /D, =[(2.75 x 10* ms")(7.0 x 10*m)] /(2.24 x 10" m*"s™) = 860

D;=1.8N,;D,;=1.8(860)(2.24x 10" m* s =3.5x10" m*'s"

7.1.3 Capillary number (Np)

Ne¢ = [pa gal /Yan = [(0.984 mN s m>)(6.98 x 10*m s")] /(47.7 mN 'm™) = 1.4 x 10°
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7.14  Bond number (Np)

k={d,? n’] / [180(1 - n)}] = [(7.0 x 10*m)?(0.339)°] / [180(1 - 0.339)*] = 2.4 x 10"° m*
S. =[Sa - Sa. / [1 - S,,]1 =[0.749 - 0.25] / [1-0.25] = 0.665

k. =S.> = (0665)° =0.295

k.=kak=(0.295 24x10°m?) =7.1x 10" m*

N; = [Ap g kJ/Vax = [(998-862) kg m>(9.806 m-s?)(7.1x10"'m?)/(47.7 mN ‘m™)= 2.0 x 10°

7.1.5 Total trapping number (N7)

Nr=Nc+Np=14x10°+2.0x10%=1.6x10°
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