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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
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B. BY-PASSING

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]
7’ANL

Nc =

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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T B
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Diffusion e 2 _________ - 2
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Micelle
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.
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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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