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ABSTRACT

The recalcitrance of hydrophobic organic compounds (HOCs) soil pollutants requires the
development of cost-effective in-situ soil remediation treatments. A biopolymer/surfactant
(bP/S) CO, foam and a self-assembly bP/B-Cyclodextrin/S CO. foam system were
evaluated for the removal of a model HOC from high permeability sandy soils. The effect
of the type of biopolymer/surfactant and brine salinity on the performance of the CO, foam
systems were investigated.

The maximum HOC removal percentage (99.1%) was obtained by the bP/B-Cyclodextrin
/S-2.1wt% CO, foam system, followed by bP/S-2.1wt% with a removal of 91.6%, bP/BCD
/S-8.4wt% with a removal of 80%, and the bP/S-8.4wt% with a removal of 78.4%. It was
also determined that the HOC removal efficiency decreases with increasing the ionic
strength of the brine. The self-assembly bP/B-Cyclodextrin/S-2.1wt% proved to be efficient
in rendering the formation of an enhanced CO> foam system with superior performance as
in-situ soil remediation treatment relative to conventional polymer/surfactant CO, foam

systems.
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Chapter # 1: Introduction

1.1. Research Background

Soil contamination by hydrophobic organic compounds (HOCs) such as polycyclic
aromatic hydrocarbons (PAHSs), polychlorobiphenyls (PCBs), and general petroleum
hydrocarbons have caused major concerns ! because these pollutants are highly toxic to
organisms including humans 2. The recalcitrance of HOCs in the environments is due to
their low water solubility ! that would result in enhanced adsorption onto the organic
matter of soil surfaces ™. Common sources of HOCs pollution are crude oil leakage from
storage tanks, pipelines, transportation systems, accidental oil spills, and from the
discharge and burning of fossil fuels 1,

Due to the severe toxicity and recalcitrance of HOCs, it has become vital to develop
effective methods for the removal of these pollutants from contaminated soils. In-situ soil
remediation processes include “physical, chemical, thermal or biological remediation,
surfactant-enhanced remediation (SER), phytoremediation, and hybrid technologies™ [,
All conventional in-situ remediation methods have advantages and disadvantages. Some
of the disadvantages include low effectiveness due to poor pollutant selectivity and
removal and high in-situ remediation treatment costs ["l. Therefore, it is important to
carefully select the most appropriate in-situ remediation process for the treatment of a
specific site.

Favorable non-thermal methods for in-situ remediation of hydrocarbon contaminated soils
are polymer and polymer-foam flooding (e.g., flushing) systems. Water-soluble polymers

are used to increase the viscosity of the “cleaning” solution that ensures the formation of a
1



stable displacement front increasing the sweeping and/or removal of hydrocarbon
contaminants from the porous media (€. Polymer and polymer-foam flooding are matured
technologies commonly applied in the oil and gas industry for enhanced oil recovery. The
assessment of polymer and polymer-foams flow performance through porous media is
conducted though displacement tests under simulated field conditions. The effectiveness
of polymer flooding through porous media is usually evaluated by the Resistance Factor,
RF, and the Residual Resistance Factor, RRF. The RF is an indicator of the effective or
“apparent” viscosity developed by the polymer solution during flow through porous media.
Consequently, RF reveals the ability of the driving fluid (e.g., polymer solution) to control
the mobility of the “cleaning” solution to maximize the contact between the cleaning
solution and the hydrocarbon contaminants. The RRF is another important parameter that
provides information on the adsorption of polymer onto the porous media during the
flooding process. Thus, RRF is also an indicator of permeability reduction . The
“cleaning” and/or “flushing” solutions normally contain surfactants or foaming agents,
which are amphiphilic organic compounds that reduce the interfacial tension between the
driving fluid and the HOCs promoting the detachment and mobilization of the pollutant
from the porous media. In the case of polymer foams, surfactants are necessary to stabilize
the foam by affecting the interfacial forces between liquid-gas and the capillary pressure
€1

The key purpose of this research was to determine the effectiveness of a self-assembly
biopolymer/p-Cyclodextrin/surfactant (bP/BCD/S) CO. foam system in removing a
paraffinic hydrocarbon pollutant from unconsolidated sand. Similarly, it was essential to

establish the performance of the bP/BCD/S CO; foam system as in-situ soil remediation
2



treatment relative to the performance of a conventional biopolymer/surfactant (bP/S) CO>

foam system.

1.2. Research Problem and Hypothesis

It is well established that the presence of hydrocarbon contaminants in soils causes severe
environmental and health issues. Therefore, the development of technical and cost-
effective in-situ remediation methods is vital.

This thesis evaluated the effectiveness of both biopolymer/surfactant (bP/S) and self-
assembly polymer/BCD/surfactant (bP/BCD/S) CO, foam systems for applications as in-
situ soil remediation technologies. In these systems, xanthan gum was used as the
biopolymer, B-Cyclodextrin or BCD was employed as the complexation agent between the
biopolymer and the surfactant through BCD host-guest non-covalent interactions. The
surfactant used was dodecyltrimethylammonium chloride or DTAC.

In this study, it was hypothesized that a more effective soil remediation process could be
achieved by the application of the bP/BCD/S CO, foam systems, in which the highly
structured biopolymer/surfactant network was self-assembly via BCD host-guest
complexations, rather than through the application of the conventional
biopolymer/surfactant CO. foam system. Self-associating systems through host-guest
interactions render polymeric/surfactant systems displaying superior foam stability,
mechanical strength, and salinity and hardness tolerance 1021,

To test this hypothesis, conventional displacement tests were carried out to evaluate the
flow performance of bP/S and bP/BCD/S CO, foam systems through unconsolidated

sandpacks. The key dynamic properties assessed during CO2 foam flow through porous



media were CO; foam stability, foam propagation through the porous media, mobility
control, and biopolymer retention in porous media.

This study is significant because it provides new insights on the performance and
applicability of a new process based on a self-assembling biopolymeric/BCD/surfactant
(bP/BCD/S) CO, foam system for the remediation of sand contaminated with an
isoparaffinic hydrocarbon solvent. The research outcomes are key to improving the
practical use of foam technology for in-situ soil remediation following the pump-and-treat
method and to optimizing the flooding sequence and volumes of fluid required to ensure

the sustainability of the remediation process.

1.3. Materials and Methods

This section covers an overview of the methods used in conducting this research.

1.3.1. Porous Media Preparation

The sand used to prepare the unconsolidated and high permeability porous media (e.qg.,

sandpacks) was Playsand (QUIKRETE™ Playsand # 1113). The sand was sieved

®
employing a shaker (RX-29 model, W.S. Tyler Incorporated Ro-Tap ) and sieves trays #
60 and 80 mesh. The sand retained between these sieves trays was collected and used for

packing the cells.

1.3.2. Fluids Density and Biopolymer/Surfactant Blends Rheology
The density of the synthetic brines (e.g., 2.1wt% and 8.4wt%) and of the
biopolymer/surfactant systems were determined using a pycnometer at 25°C. The

rheological evaluation of the bP/S and bP/BCD/S systems were conducted employing a

4



Bohlin Gemini HR 150 Nano Rheometer (Malvern Instruments Ltd., UK) equipped with
parallel plate geometry (60 mm) maintaining a gap between the plates of 1 mm. The

rheological analysis was conducted through oscillatory rheology at 25°C.

1.3.3. Bulk Stability of Biopolymer/Surfactant CO, Foam Systems

The stability of the bP/S and bP/BCD/S CO, foam systems was determined following the
test method proposed in reference [ with some modifications. This procedure establishes
the stability of the foam through the determination of the R: parameter, which is the ratio
of the volume of the foam at time t after foam generation to the initial volume of the foam

right after foam generation at t = 0.

1.3.4. Flow Performance of the bP/S and bp/pCD/S CO, Foam Systems in Porous

Media

Conventional sandpacks displacement tests were conducted to evaluate the performance of
the bP/S and bp/BCD/S free-foam and CO> foam systems through unconsolidated porous
media. Each test was conducted in triplicate and a fresh sand pack was prepared for each
test. Sandpacks were first characterized for pore volume (PV), porosity (¢), and
permeability (k). The assessment of the flow performance through porous media was
carried out by conducting pre-established flooding sequences including brine flooding,
foam-free biopolymer/surfactant flooding, and biopolymer/surfactant CO, foams flooding
at 25°C. The effect of synthetic brine salinity and hardness (e.g., 2.1wt% and 8.4 wt%) on
the flow performance of the biopolymeric/surfactant systems was established. The flow
performance indicators employed in this study were the pressure difference profile across

the sandpacks, the resistance factor (RF), and the residual resistance factor (RRF).



The assessment of flow performance through unconsolidated porous media was first
conducted in pollutant-free sandpacks systems to establish the baseline behavior of the
foam-free biopolymeric/surfactant formulations and the corresponding CO2 foam systems
in clean sands. Subsequently, the bP/S and bP/BCD/S CO, foam systems were applied for
the in-situ remediation of soil contaminated with a paraffinic hydrocarbon solvent
following the pump-and-treat method. Finally, the effectiveness of the systems under
evaluation as in-situ soil remediation treatments were determined by calculating the % of

hydrocarbon contaminant removal through material balance.

1.4. Research Scope and Limitations

This research was limited to the evaluation of the flow performance in unconsolidated
porous media of biopolymeric/surfactant systems consisted of a blend of xanthan gum,
BCD, and dodecyltrimethylammonium chloride (DTAC) in accordance with a formulation
previously developed in our research group as per reference 4, Therefore, this study aimed
to establish the effectiveness of this formulation in conjunction with CO2 to produce a foam
system for the in-situ remediation of soil contaminated with a paraffinic hydrocarbon
solvent.

Soltrol® 130 Isoparaffin solvent (Chevron Phillips Chemical Company LP, TX, USA)
was the aliphatic hydrocarbon used in this study. This study was also limited to the
evaluation of the effect of a low salinity brine (e.g., 2.1wt%) and a high salinity brine (e.g.,
8.4wt%) on the flow performance of the biopolymeric/surfactant foam-free and CO, foam
systems. All the tests were conducted in triplicate at room temperature, at a constant CO»

flow rate of 10.5 ml/min, and 0.555 ml/min for the liquid phase.



1.5. Outline of the Thesis

This thesis is structured in 6 chapters. It starts with this introductory chapter or Chapter 1.
Chapter 2 provides a brief literature review on foam generation mechanisms and properties.
This chapter discusses in detailed the mechanisms of foam flooding in porous media
borrowed from the application of foams for enhanced oil recovery that are applicable to
the in-situ remediation of soil contaminated with hydrocarbon derived components.
Chapter 3 is dedicated to a succinct but relevant literature review of self-assembling
polymeric/surfactant systems and their practical applications. Chapter 4 entitled
“Effectiveness of a Self-assembly Biopolymer/BCD/Surfactant CO, Foam System for In-
Situ Soil Remediation. Part I: Flow Performance in Pollutant-Free Porous Media” was
written as Part | of a technical paper for possible publication in the Journal of Hazardous
Materials. This paper summarizes the experimental findings related to the stability of the
bP/S and bP/BCD/S CO, foam systems in bulk as a function of brine salinity at 25°C.
Furthermore, the flow performance of foam-free and CO, foam systems of the bP/S and
bP/BCD/S blends in pollutant-free unconsolidated porous media is discussed in detailed.
This paper was co-authored by myself as the MScE candidate and by my MScE Academic
Advisor Dr. Romero-Zeron. As per the authorship contribution, I as the MScE candidate
conducted the implementation the experimental test, data collection, data analysis, writing
of the first draft of the paper, and incorporation of the suggestions and corrections provided
by my academic supervisor. Dr. Romero-Zeron’s contributions include experimental
design, technical supervision of the experimental runs, data verification, review of the

experimental data analysis, review, and editing of the original draft of the paper.



Chapter 5 is entitled “Effectiveness of a Self-assembly Biopolymer/BCD/Surfactant CO-
Foam System for In-Situ Soil Remediation. Part 1I: Removal of a model Hydrophobic
Organic Compound (HOC) from Sandy Soil”. This chapter was also written as a technical
paper for possible publication in the Journal of Hazardous Materials. This technical paper
is the continuation and/or Part 11 of the previous experimental research phase that focuses
on the evaluation of the flow performance and effectiveness of the bP/S and bP/BCD/S CO-
foam systems as in-situ soil remediation treatments for the removal of an aliphatic
hydrocarbon contaminant from unconsolidated sandy soils. The experimental findings are
discussed in detail. This paper was co-authored by me as the MScE candidate and by my
MScE academic advisor Dr. Romero-Zeron. In terms of the authorship contributions to this
technical paper, | implemented the experimental runs, experimental data collection, and
the analysis of the experimental data. | also wrote the first draft of this technical paper and
implemented the corrections and suggestions provided by my academic advisor.
Contributions of my academic advisor. Dr. Romero-Zerdn, involved the experimental
design, technical supervision and guidance during the experimental runs, review of data
and data analysis, review and editing of my first draft of the paper.

The final chapter or Chapter 6 provides the concluding remarks of the experimental

findings and postulates suggestions for future research work.

1.6. Research Findings

The main findings derived from this MScE research work are as follows.
e The rheological measurements showed that brine salinity notably affects the properties

of the bP/S and bP/BCD/S systems as demonstrated by the behavior of the elastic (G’)



and viscous (G”) moduli, the loss factor (G”/G’) curves, and the dynamic viscosity (7”)
behavior. In particular, this rheological evaluation demonstrated the superior structural
strength of the bP/BCD/S self-assembled system as the brine salinity concentration
increases from 2.1wt% to 8.4wt%, due to enhanced BCD host-guest hydrophobic
interactions.

The foam bulk stability tests demonstrated that the bP/S and bP/BCD/S CO, foam
systems are affected by increasing the ionic strength of the synthetic brine during the
preparation of the biopolymer/surfactant solution blends. The bP/S and bP/BCD/S CO-
systems prepared in 2.1wt% brines displayed R: values > 95%, while the foam systems
prepared in 8.4wt% brine exhibited R: values ranging between 84% to 86%. The
detrimental effect of increasing brine salinity on the stability behavior of the CO, foam
systems is attributed to a lower surfactant adsorption at the gas-liquid interface and to a
reduce repulsion between the gas bubble and the bulk gas-liquid interface that promotes
liquid drainage through the foam lamella. Nevertheless, foams exhibiting Rt > 50% are
generally considered metastable.

The flow performance of the bP/S and bP/BCD/S CO, foam systems in pollutant-free
unconsolidated sandy soils demonstrated that the self-assembley bP/BCD/S CO; foam
prepared in 2.1wt% brine displayed the best performance in terms of foam stability,
propagation, and mobility control (e.g., higher resistance factor, RF, values) in porous
media. These results confirm that within the CO, foam system, the bP/BCD/S-2.1wt%
blend, exhibited a superior structural strength (e.g., self-assembled Network), thus

offering a better resistance factors (e.g., mobility control) during flow in porous media



making it an effective driving fluid for mobility control from the flow behavior
standpoint.

Furthermore, a higher adsorption onto porous media was observed for this bP/BCD/S-
2.1wt% blend. It is postulated, that due to the intrinsic structural strength of this self-
assembled network system, it is more difficult to flush it out from the porous media even
after the injection of several pore volumes of brine into the sandpacks cells. However,
xanthan gum is a food grade biodegradable polymer, therefore, its higher adsorption
onto the pores wall during flow through porous media will not cause any detrimental
effect to the terrestrial ecosystem.

The in-situ soil remediation tests demonstrated that the bP/BCD/S-2.1wt% CO, foam
system is highly effective in detaching, mobilizing, and removing (~ 99%) the paraffinic
hydrocarbon contaminant from sandy soil; followed by the bP/S-2.1wt% (~ 92%
removal), bP/BCD/S-8.4wt% (~80% removal), and bP/S-8.4wt% (~ 78% removal).
These experimental results supported the research hypothesis that the self-assembly
bP/BCD/S-2.1wt% CO, foam system shows superior performance due to its enhanced
structural strength as in-situ soil remediation treatment than the conventional bP/S-2.1

wt% CO, foam system.

1.7. Research Implications

Practical implications of these research findings include a better understanding of the flow

performance of polymer/surfactant CO> foams through unconsolidated porous media for

applications as effective treatments for the in-situ remediation of soil contaminated with

hydrophobic organic pollutants. As well as the potential use of biopolymer/BCD/surfactant

10



self-assembled CO> foam systems as effective driving fluids (e.g., flushing fluids) for in-
situ soil remediation applications due to their superior structural strength, flow stability in
porous media, and efficient removal of hydrocarbon derived contaminants from sandy

soils.
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Chapter # 2: Foam Systems for Enhanced Oil Recovery Applications

Literature Review

2.1. Introduction

Foams are liquid-gas dispersions commonly used by the oil industry in different
applications including drilling fluids, fracturing fluids, and for enhanced oil recovery
(EORY). In the application of foams for EOR, it is common to add polymers to raise the
mechanical stability and effectiveness of the foam as a driving fluid for mobility control
(11, The generation of foams requires the addition of the proper volume of gas and volume
of surfactant solution (e.g., liquid phase) under some degree of agitation (e.g., mechanical
energy) to promote the foaming process [>®l. Foams as liquid/gas dispersions consist of gas
bubbles that are packed in a liquid carrier matrix “®l. Foam systems exhibit numerous
complex and useful properties such as augmented viscosity compared with the viscosity of
the separated gas and liquid phases, thermal properties, strong light scatter, etc. [). The
rheological properties of liquid foams depend on the foam generation process so that foam
could be produced to perform as elastic or plastic solids or even as viscous liquids. As a
result, liquid foams have various industrial applications besides the oil industry including
cosmetic and laundry applications, foam fractionation, and production of solid foams

among many other industrial applications "1,
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During enhanced oil recovery (EOR) applications, the Oil Industry uses “chemicals,
miscible gases, and thermal energy to recover additional oil” ], Therefore, EOR processes
are aimed to increase the recovery of residual oil left behind in the reservoir after
conventional secondary oil recovery processes (e.g., waterflooding and gas flooding) .
Therefore, sophisticated EOR techniques have been developed to effectively improve oil
recovery by changing the properties of the crude oil, by enhancing the properties of the
driving fluids, and/or by altering the interactions between the crude oil-brine-rock system
properties 1191,

Enhanced oil recovery (EOR) processes increase oil recovery through the following
mechanisms: improved sweep efficiency and enhanced crude oil displacement efficiency.
Sweep efficiency is related to the fraction of the reservoir contacted by the injected and/or
driving fluids; while displacement efficiency relates to the effective detachment,
mobilization, and reduction of the residual crude oil saturation towards the production
wells 1, In this context, CO2 or N, foam systems are injected into reservoirs to decrease
the mobility of the gas phase. Foaming immobilizes the gas phase within the foam bubbles
that in turns decreases in a significant manner its mobility (Figure 2-1), which promotes a
better sweep efficiency within the porous media. Simultaneously, the viscosity of the foam
system noticeably increases relative to the viscosity of the individual gas and liquid phases

that improves the displacement efficiency within the reservoir [12-151,

14



Figure 2-1. Free Flowing Gas and Gas Trapped in a Foam System [,

2.2. Basics of Foams

2.2.1. Types of Foams

In EOR applications three classes of foams are commonly used: in-depth mobility control
foam (MCF), blocking and diverting foam (BDF), and gas oil ratio (GOR) control foams
[8], The selection of the specific type of foam depends on the particular EOR application.
For instance, if the objective is to temporarily block the favorable gas paths at the
production wells, GOR control foams are applied as a production well treatment and one
of the other two types of foams could be applied simultaneously at the injection wells.
Blocking and diverting foams or BDFs are generally used in small volumes to plug high
permeability channels with no crossflow at injection wells to modify the injectivity profile.
In-depth mobility control foams or MCFs are applied in large volumes because the foam

must effectively propagate from the injector to the producer well without decaying ™61,
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2.2.2. Foam Generation and Modes of Foam Injection into Porous Media

Foam generation requires energy. Thus, different techniques of foaming have been
developed based on the energy applied for the foaming process. Table 2-1 outlines different
foaming techniques, foaming mechanisms, and examples of these processes 7). As
indicated in Table 2-1, physical means of foam generation are based on mechanical action
such as whipping and phase transition such as boiling; while in chemical methods, bubbles

are created by electrolysis or gas-releasing chemicals 1.

Table 2-1. Classification of different foaming techniques B,

Foaming Sub-mechanism of
Example of Foaming Process
Mechanism Foaming
Mechanical Sparging, wave breaking, Kitchen blender, bubbling
Physical
Phase transition Beer, extrusion, shaving foam
Chemical reaction Baking powder, polyurethane foaming
Chemical
Electro-chemical reaction Microflotation
Biological Yeast Baking

All of these techniques generate foam in a one-step or two-step process. In one-step
processes, a foam with a well-defined gas fraction is generated directly from bubbles. In
two-step process two types of foam could be produced: the first foam type is generated by
free bubbles produced in the liquid phase by methods such as gravity; and the second foam

type is produced from the breaking of large bubbles of a previously produced coarse foam

[
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The injection of foam into porous media for enhanced oil recovery applications depends
on the process used to generate the foam. The most common injection modes are the
injection of pre-formed foam, co-injection of foam, and the alternate injection of surfactant
solution and gas injection or SAG foam. In the pre-formed foam injection mode, the foam
is generated outside the porous medium before entering the target oil recovery zone. In this
injection mode, foam can be generated at different locations at the injection site as follows:
at the surface using a foam generator (Figure 2-2), during the downward flow through the
tubing, and at the perforations before entering the formation or the reservoir (e.g.,
perforations generated foam- PGF). In this case, two strings of tubing are needed, one for

gas injection and the other for the injection of surfactant solution 151,

'L
Capillary tube

Drawn 2 <—Liquid phase

Tip —p°

<— Gas phase

Figure 2-2. Schematic of foam generator [8],

In the co-injection foam mode, the foam is formed at the first entrance section of the porous
medium where the surfactant solution and gas phase are co-injected. Alternatively, foam
can be also formed where the surfactant solution could be injected continually or semi-
continually, which means that the surfactant solution can be injected along with the gas
phase and water. Continuous foam injection can be applied if the foam is produced near
the well region or if is necessary to verify that the “gas and liquid enter the same zones in

a heterogeneous reservoir” [, Continuous foam injection requires a constant injection rate
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to increase the well pressure and to enhance the sweep efficiency by expanding the foam
to the target zone within the reservoir 1319,

SAG foam is generated through the alternate injection of surfactant solution and gas phase.
This is also called “drainage foam” because the foam is injected in the reservoir while gas
is displacing the surfactant solution 8. The “SAG processes [might be] preferred to
minimize corrosion to surface facilities and piping” !, Furthermore, previous research
based on numerical modeling of the SAG foam process has demonstrated that the injection
at a fixed injection pressure during foam flooding would have better effects on controlling
gravity override rather than SAG or continuous foam injection at constant injection rate *°-
21]_

In addition to the modes of foam injection previously mentioned, it is also possible to
dissolve foaming surfactants into supercritical CO2. As soon as the injected CO- containing
the foaming agent contacts the water phase within the reservoir, foam is formed. This
injection mode has the advantage of eliminating the need of injecting the additional liquid

phase (e.g., surfactant solution) 221,

2.2.3. Foam Flow in Porous Media

In the porous media, foam can be generated at different locations, which include at the
surface facilities and the well head where bulk foam might be created from inertial flow;
at the near-wellbore region (e.g., high flowrate and pressure gradient); and within the
reservoir formation far from the injection well (e.g., much lower flow rate and pressure

gradient).
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In porous media, foam exists as gas bubbles and their shapes match the solid matrix 21,
Furthermore, within the reservoir, the breaking and generation of foam is also affected by
the interactions among the gas phase, surfactant solution, and crude oil. For instance, if oil
is not present, foam lamella in porous media separates by two mechanisms that cause the
formation of big bubbles: capillary suction coalescence and gas diffusion coalescence.

In the case of capillary suction coalescence, the lamella coalesces as it is rapidly stretched
across large pore bodies. This is a fast physical process 2. In the gas diffusion coalescence
mechanism, the static or trapped gas bubbles slowly diffuses from the foam cell causing
the coalescence of the lamella at much lower rate 2%,

Foam formation mostly depends on surfactant and surface-active materials lowering the
surface tension between the interfaces. Therefore, stabilizing a thin film by the addition of

effective foaming agents prevents foam termination 2%,

2.2.4. Foam Properties

The generation of a strong foam is a necessary condition for EOR applications 211, The
injection of a strong foam (e.qg., stable foam) in the reservoir generates a pressure gradient
(e.g., critical pressure gradient) that must exceed the pressure gradient produced during the
flow of the individual gas phase and/or surfactant solution (e.g., liquid phase) through a
homogeneous porous media (Figure 2-3) 21, Below this critical pressure gradient, gas
might flow as a continuous phase with a moderate mobility decrease and above this

pressure gradient, stationary bubbles will be mobilizing at much lower rate 2],

19



(@

(b)
locus of foam
generation

Strong foam

Pressuregradient VP
\

Weak foam

No foam

Total flow rate Qg + Q,

gas liquid solids

o) E>C§ODOE>
o) o)

(A) Gas-liquid (No Foam) (B) Weak Foam (C) Strong Foam

(©

Figure 2-3. Foam Production in Porous Media. (a) Different pressure gradient with the
total flow rate. (%1, (b) 3D-schematic of Locus of Foam Generation 2%, (c) Different

Foam Flow Types [,

Within the reservoir, foam is a gas-liquid dispersion, in which the liquid phase containing
the surfactant form thin liquid films called lamellae, while part or all of the gas phase is
discontinuous creating a large interfacial area and a large volume of foam that increases
the resistance of the gas phase to flow [*. Therefore, foam flooding is applied to increase
the sweep efficiency in EOR applications, which require the generation of a robust foam
exhibiting a high resistance to flow (e.g., mobility reduction) and a large (e.g., expanded)
gas-liquid surface area (51,

The stability and mobility reduction of foams depend on the reservoir permeability, foam
quality, injection pressure, temperature, brine salinity, and crude oil saturation 1. For

instance, the effect of foam on gas mobility is more significant in high permeability than
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in low permeability media, which is beneficial because in high permeability regions, low
mobility foam diverts the injected fluids to lower permeability regions, which increases the
volumetric sweep efficiency.

The quality of the foam is determined by the gas and liquid injection rates, which affects
foam propagation and mobility characteristics. Several studies have demonstrated that
suitable mobility reduction in the reservoir is achieved with foam qualities ranging from
45 to 95%, above 95% foam becomes too dry to be stable, and below 45% foam loses its
rheological consistency 4. Therefore, the degree of gas dispersion into an aqueous phase
enhances with the increase of foam quality within a certain range of foam qualities. In
terms of injection pressure, foam stability is enhanced at high injection pressures (e.g.,
foaming energy).

Reservoir temperature is an important factor to be considered during the designing stage
of foam flooding for EOR applications. It is well established that foam flooding in
reservoirs having temperatures above 80°C need more resilient formulations than foam
formulations for applications in low temperature crude oil formations. Although, high
temperatures have the advantage of inducing low adsorption of surfactant onto the rock
formation 24, the surfactant solubility in brine is reduced as the reservoir temperatures
increases 1251,

The effect of the reservoir brine salinity and hardness depends on the type and chemical
stability of the surfactant used. Therefore, depending on the chemical stability of the
surfactant, brines containing high salinity and hardness concentrations could have small

effects, or it might completely destabilize the foam. Generally, increased salinity could
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induce foam breaking due to the reduction of “electrostatic double layer forces” or by
diminishing the solubility of the surfactant in brine [26:27],

Finally, during EOR foam flooding, at the edge of the foam displacement front, the
presence of crude oil could destabilize the foam (e.qg., interactions between the surfactant-
crude oil system) 28 which would increase the foam mobility destabilizing the entire
volume of the foamed slug. Earlier work based on coreflooding experiments have
demonstrated that oil becomes harmful to foam at oil saturations above 5% to 20% 241,
Surfactants or foaming agents play an important role in foam generation and in the
“stabilization [of foams] in porous media by influencing the interfacial forces between the
gas and liquid [phases]” ?°!, which in turn affect the capillary pressure of the system.
Surfactants for EOR foam flooding applications must display low adsorption onto the
reservoir rock, chemically stable at reservoir conditions (e.g., temperature, brine salinity
and hardness concentration), inexpensive, and commercially available . Surfactant
concentration is also an important variable because it has been demonstrated that foam and
displacement efficiency decrease with reducing the surfactant concentration B%. The
surfactant pre-saturation of the porous media via pre-injection of the surfactant solution
ahead of the gas phase, has shown to be an effective procedure to induce the formation of
stable foams in porous media B, Furthermore, a high surfactant solubility within the
reservoir brine is key for the generation of stable foams. Therefore, it is essential to evaluate
the performance of foams at actual reservoir conditions including brine salinity,
temperature, and pressure 321,

The addition of polymers to increase the viscosity of the liquid phase that renders a foam

lamella mechanically more stable and the addition of alkali agents (e.g., to induce the
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formation of natural surfactants) to the main surfactant solution increase the mechanical
stability of the foam. For instance, the alkaline-surfactant-foam (ASF) process has shown
to be highly effective for the recovery of heavy oil. The mechanisms responsible for the
higher oil recovery are attributed to the formation of an emulsified oil (e.g., formation of
natural surfactants via saponification reactions between the acid components of the heavy
crude oil and the alkaline agent) and superior mobility control of the generated foam 32,
Alpha olefin sulfonate (AOS), sodium carbonate (Na:COgz), and hydrolyzed
polyacrylamides (HPAMSs) have been normally used for these applications.

Hydrolyzed polyacrylamides (HPAMSs) and xanthan gums (biopolymers) are commonly
used in oil field operations *Y1. HPAMs are produced with a favorable degree of hydrolysis,
readily available, and inexpensive. However, HPAMs with very high molecular weights
(up to 25 million g/mol) are required to reach the highest possible thickening efficiency in
reservoir brines 334, For instance, HPAMs always offer very high thickening efficiency
in fresh water because they have carboxylate groups and the negative charges in these
groups would stretch the polymers in a polyelectrolyte free-aqueous solution 2°I. Though,
as salinity and hardness in the aqueous brine solutions increase, a substantial shrinking of
the electrostatic fields around the carboxylate groups causes the coiling (e.g., a ball-up
conformational mode) of the polymer chains, which substantially decreases the viscosity
of the polymer solution in brine compared with the viscosity of the stretched polymer
chains in fresh water B3, The presence of divalent ions like Mg?* and Ca?* exacerbates the
negative effect of electrolytes on the viscosity of HPAM solutions. Polymer molecules
form charged complexes with divalent cations that are not soluble in water and precipitate

from the solution, which significantly reduces the viscosity of the polymer solution [,
23



Furthermore, high molecular weight polyacrylamides are sensitive to mechanical shear.
During polymer flooding, the polymer solutions are subjected to large shear rates, which
induce the mechanical degradation of the polymer backbone due to the irreversible tearing
of the polymer chains that causes viscosity reduction and makes polymer flooding less
efficient in displacing oil 7. Therefore, the susceptibility of high molecular weight
HPAM s to mechanical shear restricts their application as mobility control agents B71. The
use of HPAMs is also limited to low temperature crude oil reservoirs, because the
hydrolysis of acrylamide groups in the HPAMSs at reservoir temperatures > 60°C increases
rapidly causing the precipitation of the polymer out of the solution [Fl. Overall,
polyacrylamides usually experience susceptibility to chemical, mechanical, thermal, and
microbial degradation in different degrees [,

Xanthan gum is a biopolymer obtained from the protective coating of the bacterium
Xanthomonas campestris. The backbone of this polysaccharide chain has repeating units
of pentasaccharide that are formed by two mannose units, two glucose units, and one
glucuronic acid unit. Acetate groups, pyruvic acid and constituent sugars are also present
in the side chains %, Although, xanthan gum is more expensive and more sensitive to
biological degradation than HPAMs, it displays a higher viscosity generating ability and a
superior stability under high salinity and mechanical shear conditions 1, The backbone of
this polysaccharide is rigid that makes xanthan gum insensitive to mechanical degradation
even at high shear stresses (Y1, Nevertheless, xanthan gum is very susceptible to oxidative
degradation, which affects the viscosity of xanthan gum solutions significantly ™. In

addition, several bonds in the xanthan gum molecule such as acetyl groups, pyruvateketals,
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and glycosidic linkages are more likely to cleavage by hydrolysis that also causes
significant viscosity loss 2,

During the past few years, there have been several studies focused on improving the
stability of polymers through the incorporation of special monomer groups into the
polymer backbone by copolymerization with acrylamides to form copolymers, so that it
could be applied in oil fields, however, because of their high production costs, copolymers
are not affordable 3. An alternative solution to increase the mechanical stability of EOR
polymers is to substitute acrylamides with hydrophobic monomers, by which polymer
chains could be associated through hydrophobic interactions that protect the polymer
backbones under mechanical shear. However, drawbacks of these systems include low
solubility of hydrophobic monomers in water, high manufacturing costs, and the
complexities of the chemical substitution ¥4,

Recently, a series of water-soluble modified hydrophobic polymers have been evaluated
because the solution’s viscosity could be enhanced through intermolecular associations in
aqueous solution and the increase of the hydrodynamic size of the polymer chains.
However, these polymers are rarely used in large-scale applications because of elevated
manufacturing costs, high costs of the hydrophobic monomers, and the multi-stage process
of the chemical synthesis (4541,

Another option, it is the formation of self-assembling systems using cyclodextrins (CDs),
which form inclusion complexes by capturing guest molecules into their cavities (host),
which means caging hydrophobic molecules or hydrophobic residues of guest molecules
through noncovalent interactions. This type of binding between guest molecules and host

CDs is a dynamic equilibrium process [“*471. Currently, beta Cyclodextrin or BCD is the
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cheapest and the most accessible CD that is also able to host efficiently one, two, or more
guest molecules in aqueous solution through van der Waals forces and hydrogen bonding
[47], These types of nonbonding interactions generate physical polymer networks in aqueous
solutions that are suitable for polymer flooding due to the following advantages: greater
viscoelasticity (e.g., intermolecular associations), stronger shear-thinning behavior (e.qg.,
non-covalent interactions), excellent ability to be reformed after the pause of mechanical
shear, improved tolerance to high temperature, high salinity, and hardness due to the
stabilized networks [, Previous research conducted in our research group has
demonstrated that the generation of self-associating networks using fCD, xanthan gum,
anionic and cationic surfactants have considerable improved the rheological behavior of
the xanthan gum during flow in porous media. These systems also exhibit superior

mechanical stability and salinity and hardness tolerance (3348491,
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Chapter # 3: Self-Assembly Systems Literature Review

3.1. Self-assembly Systems

Self-assembly is the spontaneous arrangement of disordered molecules into organized and
stable networks that display exceptional chemical and physical characteristics 1. Self-
association takes place via non-covalent interactions (e.g., hydrogen, van der Waals bonds,
etc.) between the molecules involved producing a network that is thermodynamically stable
(291 Molecular self-assembly is categorized into intramolecular (e.g., self-interaction of a
molecule) and intermolecular or supramolecular (e.g., interaction of two or more molecules
with each other) 1%, Examples of natural biological self-assembly systems include the
helical structure of DNA and the formation of cell membranes as a result of the assembly
of phospholipid bilayers [, Self-assembly systems range from complex structures such as
DNA to simple ones such as “bi- or tri- block copolymers” 11,

Molecular self-assembly is favorable and cost-effective for the production of materials with
controlled structures 21 useful in a variety of applications in the fields of biology,
chemistry, and nanoscience. For instance, molecular self-assembly plays a key role in the
development of biomaterials for drug delivery as is the case of DNA-based nanomaterials
[11 which requires controlled transport, recognition, and stimuli responsiveness [11:13-231,
Self-assembly was first introduced with molecules, however, it has extended to molecules
or components with various sizes ?* that include molecular, nanoscale, and meso- to

macroscopic scale” 23],
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Molecular self-assembly is possible if the molecules or components involved achieve a net
interaction resulting from the balance of attractive and repulsive interactions that result in
more organized structures [, Self-association is reversible due to “thermal motions”,
which aids the arrangement of the molecules to render the formation of supramolecular
ordered structures. The necessary motion for reversibility is achieved mainly in solution or
at the interfaces [l Self-assembly is increased in weak non-covalent and even weak

covalent bonds interactions 25261,

3.1.1. Self-assembly Categorization

Figure 3-1 shows that self-assembly can be classified based on the size and the nature of
the building blocks as atomic, molecular, and colloidal self-assembly. Additionally, as
shown in Figure 3-1 according to the scale of the building units another classification of
self-assembly is interfacial and biological. In the case of interfacial self-assembly, the scale
of the building units ranges from 0.1 nm to about 100 nm through directional, non-
hierarchical, and one-step self-assembly process. Biological self-assembly takes place with
building units with sizes ranging from 1 nm to 500 nm in a directional, hierarchical, and
stepwise self-assembly process. It is also clear from Figure 3-1 that depending on the size

of the building units interfacial and biological self-assembly overlap &,
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Figure 3-1. Atomic, molecular, colloidal self-assembly 1,

3.1.2. Self-assembly Interactions and Types of Interactions

Self-assembly interactions are non-covalent and include van der Waals, hydrogen bonding,
hydrophobic, n-n aromatic, metal coordination, and others. These interactions normally
take place at “colloidal, molecular, or atomic length scale” . These interactions are weak
showing energies ranging from 2 to 250 kJ/mol 36271,

The function and direction of self-assembly arrangements are also governed by other forces
besides the attractive forces (e.g., van der Waals or hydrophobic) that include repulsive
opposition forces (e.g., electric double layer, solvation, hydration, and steric) and

directional functional forces (e.g., hydrogen bond, steric repulsion, and co-ordination), and
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when subjected to varied different environmental conditions, all these non-covalent

interactions could result in steady self-assembly structures F1,

3.1.2.1. van der Waals Interactions

Van der Waals interactions include repulsive or attractive forces among molecules that
function at a reasonable distance 1. Van der Waals interactions are caused by “dipole or
induced dipole interactions at the atomic or molecular level” 281, In covalent bonds, the
binding energy is 150 kJ/mol or more, however, the energy in van der Waals interactions
is about 1 kd/mol ™. Generally, from the atomic or molecular level, van der Waals

interactions are attractive, but in different conditions they could be repulsive [,

3.1.2.2. Electrostatic and Electric Double Layer Interactions

Electrostatic interactions are strong interactions taking place among two charged
molecules, atoms, or ions that could be attractive or repulsive 2. lonic self-assembly is
considered a useful method to form “polyelectrolytes, charged surfactants, peptides, and
lipids” 328, Electrostatic interactions could determine the shape and size of self-aggregated
structures ™,

Interfacial double layers are more obvious in systems with higher ratio of surface area to
volume “such as porous or colloidal bodies with pores or particles in the range of

micrometers to nanometers” 1.

3.1.2.3. Hydrophobic Interactions

Hydrophobic interactions take place in water since the hydrophobic section have poor

dispersibility (M. During the interaction of water and a hydrophobic substance, the size and
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shape of a substance affect the arrangement of water around the hydrophobic component
[: which is known as “iceberg cluster of iceberg formation” 281, This iceberg shaping is
related to the temperature as well as the geometry of the hydrophobic substance 281, Due
to van der Waals interactions, hydrophobic materials tend to show stronger interactions in
aqueous phase rather than in the gaseous phase, so poor dispersibility of hydrophobic
substances in water would cause the formation of aggregates and production of “micelles

and lipid bilayers” in self-assembly .

3.1.2.4. Hydrogen Bonding

Hydrogen bonding is mainly caused by dipole-dipole attractions that happens between the
H-atom that is “attached to an electronegative atom and an electronegative atom with
[single] pair of electrons present [in the surrounding area] and mostly it occurs between H
and O, F, and N” [!1. The strength of hydrogen bonding ranges between 10 to 50 kJ/mol,
therefore H-bonding is capable of producing the stability needed for “inter- or

intramolecular directions in self-assembly” &M,

3.1.2.5. Aromatic -t Stacking

This type of non-covalent interactions takes place among aromatic residues because they
have pi-bonds 1. These interactions are important in molecular recognition 2°1. Aromatic
ring structures are more likely to create organized clusters in four types: “parallel displaced,
T-shaped, parallel staggered, or Herringbone” B%. While the ordered stacking structure is
being formed, the observed “steric constrains” highly affect the self-assembly and the

formation of supramolecular structures 1,
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3.2. Supramolecular Surfactant Systems

Surfactants are organic components with one or more hydrophilic and hydrophobic
structure in their molecules 291, They are normally illustrated as amphiphilic (Figure 3-2),
where the head is assigned to the hydrophilic section and the tail is assigned to the
hydrophobic section that are connected with covalent bonds (1%, Surfactants are categorized

into “anionic, cationic, non-ionic, and zwitterionic” based on their head section charge [10],

Cationic

Anionic

Nonionic

o

Zwitterionic

Figure 3-2. Categorization of Surfactants 1%,

Surfactants form self-assembled and packed structures at the interface and change the
interface properties of the materials 3. Supramolecular surfactants unlike conventional
ones are based on “non-covalent interactions [such as] host-guest, n-n, charge transfer,
hydrogen bonding, and electrostatic” #2341, Two key factors regarding the formation of
supramolecular surfactants are: 1) amphiphilicity that is caused by non-covalent
interactions and result in the combination of the hydrophobic and the hydrophilic sections
[311, 2) Non-covalent modification of surfactants that are covalent for the alteration of
chemical and physical properties BY. Supramolecular surfactants could also act as “new

building blocks” to produce supramolecular structures with “controlled self-assembly and
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disassembly” Y. Figure 3-3 shows different arrangements of supramolecular amphiphiles

(SAs) B2,

1 Oﬁﬁ'\/\f\-— B “‘HQZMA

3 .—-—--ﬁq--—. 4 .—-~{°E—~—~—~.

= B
91"‘//“% 1oq_vufﬂolhrz')_

Figure 3-3. Different Arrangements of Supramolecular Amphiphiles (SAs). D: donor and

18]

A: acceptor. 1) Single-chain SAs via H-bonding. 2) Double-chain SAs via H- bonding. 3)
SAs (Bola form) via H- bonding or metal coordination. 4) SAs of two units linked via a
bi-functional moiety. 5) SAs via electrostatic attraction (e.g., anionic and cationic
surfactants). 6) Gemini-type SAs linked by an organic counter ion. 7) Gemini-type SAs.
8) SAs via host-guest interactions. 9) Single-chain SAs via H-bonding. 10) SAs of two

units linked via a bi-functional moiety 2,

An important function of supramolecular amphiphiles is the controlled self-assembly via
non-covalent bonds capable of being assembled and disassembled for adjusting the
amphiphilicity 2. Another functionality of supramolecular amphiphiles is their response
to different stimuli based on the nature of the building blocks to form stimuli-responsive
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materials. The stimuli include pH, oxidation, reduction, light irradiation, and others.
Furthermore, the reversibility of supramolecular amphiphiles make them candidates for the
production of nanocontainers and drug delivery systems due to their ability to self-
assemble and disassemble very rapidly 2,

Non-covalent supramolecular systems are “adaptive” because they are “reversible,
recyclable, stimuli-responsive, self-healable, with enhanced properties, and easily
fabricated” [35-381,

As previously indicated, the generation of supramolecular amphiphiles require the
combination of several non-covalent interactions including hydrogen bonding, host-guest
recognition, metal-ligand coordination, electrostatic attraction, charge transfer interaction,
- interactions, and coiled-coil peptide interactions 2. For further details on these non-
covalent interactions, readers are referred to reference 21 and references therein. Figure 3-
4 shows the formation of supramolecular amphiphiles through host-guest recognition. A
host component such as cyclodextrin (CD), can create “inclusion complexes with guest

components such as aliphatic molecules” 1321,

Figure 3-4. Different types of supramolecular amphiphiles based on host—guest

interactions 32,
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Figure 3-5 displays an example of a supramolecular amphiphile formed via charge transfer
interactions, which occurs between electron donors and acceptors. Figure 3-5 shows two
molecules of the amphiphilic electron donor 1-[11-oxo0-11-(pyren-1-ylmethoxy)-undecyl]
pyridinium bromide (PYR) are linked by the bifunctional hydrophobic electron acceptor

ethane-1,2 diylbis(3,5-dinitrobenzoate) (DNB) 2],

A
Br o
C81/3Y\/\/\/\/\/‘NO ,:b_( No;
DNB
O e il o T
!

o~~~~=pPWwR| - o

P
. @
. © o
4 . o
- D .o ® v
e = DNB 2 RS
e s [ OIS

Figure 3-5. Supramolecular amphiphile formed via Charge transfer interactions 21,

3.3. Host-Guest Interactions: Supramolecular Amphiphiles and Cyclodextrins

Supramolecular amphiphiles are also formed through host-guest interactions as previously
mentioned B4, Cyclodextrins (CDs) are cyclic oligosaccharides soluble in water that
exhibit cone shapes 9. The diameter of the internal hydrophobic cavity of CDs ranges
from 5 to 8 A % which are capable of hosting hydrophobic compounds in their internal
cavities via host-guest non-covalent interactions generating supramolecular structures
following the principle of “lock and key” [*!l. CDs develop host-guest complexations and
other non-covalent interactions (e.g., CDs have a hydrophobic internal cavity and a
hydrophilic external surface containing hydroxyl groups) with a wide range of guest

molecules (e.g., polymers, organic, and inorganic compounds) #2. The CDs hydrophilic
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external surface is mostly responsible for the solubility of CDs and their compounds in
water “2, Therefore, CDs are used as building blocks to produce complicated structures

such as hydrogels because of their outstanding binding chemistry and selectivity #3441,

Natural CDs commonly consist of a-cyclodextrin (six glucopyranoside units), -
cyclodextrin (seven glucopyranoside units), and y-cyclodextrin (eight glucopyranoside
units) “°1. Figure 3-6 displays simplified schematics of a, B, y-CDs geometry, structure,
and dimensions. The CDs cavity is hydrophobic because in consists of skeletal carbons and
ethereal oxygens of the glucose residues (21, The wider rim has secondary hydroxyl groups

(C2-OH and C3-OH), and the narrower rim has primary hydroxyl groups (C6-OH) #2461,

a-CD (n=6) B-CD (n=7)

g-’ 2D
o Copl)
S &

Hydrophobic ¥-CD (n=8)
internal cavity,

i Hydrophilic

e
3 5 exterior surface

Figure 3-6. Simplified Schematics of the a-, B, y-CDs Geometry, Structures, and

Dimensions [394°1

Host-guest cyclodextrin complexations are commonly used to increase the stability and to
improve the solubility of guest compounds ¥/, Furthermore, the nontoxicity of CDs has
made them attractive molecules in several applications including chemical synthesis,

catalysis, food technology, cosmetics, and for many other practical purposes [“l,
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The main advantages of CDs/amphiphile complexes are biocompatibility and the enhanced
solubility of the surfactant (e.g., guest) structures. Most CDs/amphiphile complexes have
the stoichiometry of 1:1 or 2:1 surfactant/CD 2, In addition to hydrophobic interactions,
the formation of CD/surfactant complexes is also driven by enthalpy release from water
molecules from the cavity that cannot have completed hydrogen bonds, van der Waals
interactions, hydrogen bonds, electrostatic interactions, conformational release, and steric

strain, etc. 1421,

In CDs/amphiphile complexes, the non-polar section of the surfactant structure is located
in the CD cavity; while the polar section of the surfactant protrudes outside the cavity and
is exposed to the bulk solvent through the wider CD rim 2. Factors that affect the
formation of host-guest compounds include the interactions among water-water and water-
cyclodextrin that take place inside the cavity of the CD, the size of the CD cavity, the size,

structure, and geometry of guest molecules #9,

Supramolecular systems formed via host-guest interactions are reversible and adaptable
3D networks capable of dynamically respond to external stimuli ©%. Examples of these
systems are stimuli-responsive (e.g., shear force) supramolecular gels and supramolecular
polymers with specific self-healing ability B, These systems are also characterized for the

directionality and strength of the supramolecular bonding 52,

3.4. Self-assembly of Polymers and Surfactants

Functional supramolecular self-assemblies can be generated from the supramolecular
cooperation of polymers and surfactants 354 such as complexes, coacervates, gels, etc.

(551, Polymer-surfactant supramolecular self-assemblies usually form “charged aggregates”
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56 The self-assembly of polymer and surfactant begins at a “critical aggregation

concentration” and at a “well-defined surfactant concentration” 7. In general, interactions
between the polymer and the surfactant depends on the following three factors: the charge
density of the polymer chains, the hydrophobicity and ionic character of the surfactant, and
on the interactions (e.g., electrostatic, van der Waals) that occur between surfactant
molecules or micelles and the polymer chains 8. Consequently, the organization of
polymer-surfactant aggregates in aqueous solution is conveyed by a complex balance
between several attractive and repulsive interactions that are highly dependent on the
specific chemical nature of the polymer and the surfactant %%, Essential parameters for
polymer chains are the hydrophobicity or the hydrophilicity of the molecules along with
their charge density, molecular weight, degree of branching and chain flexibility. In the
case of surfactants important parameters include the nature of the hydrophilic head,
concentration, and the hydrophobic chain length 4, Other important factors that influence
the binding mechanism of polymer chains and surfactants are the pH, temperature, and

ionic strength of the solution 11,
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Abstract

At present, the remediation of hydrocarbon contaminated soils is an active research field,
in which different remediation technological approaches are currently under evaluation. In
this research, a new technology based on a self-assembly biopolymer/BCD/surfactant
(bP/BCD/S) CO> foam system was evaluated for application in the remediation of sand
contaminated with an isoparaffinic hydrocarbon solvent.

In this chapter, the stability of the bP/BCD/S and the biopolymer/surfactant, bP/S, (e.g.,
baseline) CO, foam systems at different brine salinity and hardness concentrations was
evaluated in bulk in a contaminant free sandy soil. Subsequently, the flow behavior and
the stability of both foam systems were evaluated through displacement experiments
employing unconsolidated sand systems free of pollutants. The mobility control
performance and the stability of both foam systems in contaminant free porous media were
evaluated using the resistance factor and the residual resistance factor as performance
indicators.

The bulk stability tests demonstrate that the bP/BCD/S CO> foam system displays higher

stability relative to the bP/S foam system in both 2.1wt% and 8.4wt% brine salinities.
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Likewise, the displacement experiments show that the bP/BCD/S CO. system offers
superior mobility control functionality and stability during flow in porous media relative
to baseline conventional polymer/surfactant foam regardless of the brine ionic strength.
Consequently, the bP/BCD/S CO, foam system shows great potential as an effective

integrated technology for application in soil remediation.

Keywords: Self-assembly Polymer-Surfactant Systems, Foams, CO, Foams, Foam
flooding, Soil Remediation, Hydrocarbon pollution, Isoparaffinic hydrocarbon solvent,

Mobility control, Resistance factor, Residual resistance factor.

4.1. Introduction

Soil contamination with petroleum hydrocarbon compounds and petroleum derived
products are triggered by crude oil spills in industrial areas, accidental oil spills during
crude oil transportation, leakage from pipelines, above-ground and underground storage
tanks, pumping stations, fuel-distribution systems, hydrocarbon waste disposal areas,
railroad cars, and from cars in parking areas have been reported for decades %, These
contaminants include several pollutants groups such as mono- and polycyclic aromatic
hydrocarbons (MAHs and PAHS), heterocyclic compounds, asphaltenes, chlorinated
hydrocarbons, phenolic substances, etc. 226911 Besides, the ecotoxicological effects
caused by these pollutants on terrestrial organisms, they also trigger changes on the
geotechnical properties of soils. These toxins, which are also known as hydrophobic
organic contaminants or HOCs, are complex molecular structures with low aqueous

solubility and resistant to biodegradation ® HOCs tend to adsorb onto the organic matter
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and to diffuse into the soil matrix that are eventually trapped in the porous media due to
capillary forces 311281 Therefore, the removal of HOCs from subsurface environments is
challenging because of their low water solubility and slow desorption rates ! Previous
studies have determined that HOCs contamination causes the reduction of soil density,
optimum water content, permeability and wettability changes, and decreased strength of
clayey and sandy soils 711131 Consequently, these detrimental effects on the geotechnical
properties of soils severely disturb soil ecosystems such as soil fertility 281,

Thousands of sites contaminated with HOCs have been reported worldwide ©. For
instance, in Europe, statistics indicate the existence of approximately 3 million suspected
contaminated sites, and, in the USA, there are around 3,000 polluted sites . In Canada,
more than 2,200 contaminated sites have been successfully remediated since 2005
including the Forillon National Park, Colomac Mine remediation project, the Kitasoo and
Rock Bay remediation project, and many others through the application of several soil
remediation techniques ™1,

In-situ soil remediation processes target the elimination of pollutants without excavation
of the contaminated zone Y. In-situ soil remediation processes include soil flushing,
solidification/stabilization, biological, phytoremediation, photocatalytic degradation,
electrokinetic, ultrasonication and flotation, and thermal processes (e.g., incineration,
microwave frequency heating, and thermal desorption) [2911-13.1618191 ggj| flushing is an
in-situ soil remediation process that employs water with or without the addition of chemical
agents such as surfactants, acids, alkali agents, oxidizing agents (e.g., hydrogen peroxide,
sodium persulfate, permanganate, ozone, peroxymonosulfate), solvents, complexation

agents, and fluids at subcritical or supercritical conditions to remove pollutants [+:512.13.18],
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Biological processes consist in the use of microorganisms to degrade contaminants and
offers the benefits of low-cost, effective biodegradation of some organic pollutants,
versatility of treatments, and environmentally-safe (16141,

Chemical extractants or solubilising agents include synthetic surfactants, biosurfactants,
cyclodextrin, cosolvents, chelation agents, and others 9. A common complexation agent
employed for soil remediation is ethylenediaminetetraacetic acid (EDTA) 2%, More
recently, cyclodextrins (CDs), have been used for the removal of hydrocarbon
contaminants from soil 8131, CDs form inclusion complexes with different guest molecules
in their hydrophobic interior cavity, which increases the “water solubility of low-polarity
organic compounds, reducing their sorption and facilitating their transport through soil”
[9131  Furthermore, CDs are non-toxic, biodegradables, readily accessible, and of low-
manufacturing costs making them “promising complexing agent to enhance the solubility
of organic compounds” [°13],

The use of surfactants and biosurfactants for soil remediation is beneficial because they
interact at the HOCs-water interface reducing the interfacial tension between the
immiscible pollutant phase-water system that induces the solubilization and mixing of the
contaminant with the aqueous phase and/or the solubilization of HOCs within the
surfactant micelles that promotes their mobilization and the efficiency of the soil flushing
process 12891215161 Bjgsurfactants are preferred over synthetic surfactants because of
their low toxicity (e.g., higher compatibility with microbes’ cell membranes), low
manufacturing costs, biodegradability, and tolerance to different environmental conditions
[6] The selection of the appropriate surfactant or surfactant blends for soil remediation

applications is essential and it must be guided by the soil and hydrocarbon contaminant
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compositions, the biodegradability, and toxicity of the synthetic surfactant [221,
Otherwise, the use of unsuitable surfactants offers the risks of large surfactant adsorption
onto the soil surface and the formation of highly viscous emulsions that are difficult to
flush out from the soil, which would increase the environmental pollution 13161 QOther
factors affecting the effectiveness of surfactants in soil remediation applications include
surfactant concentration, temperature, pH, salinity, and surfactant blends 28161,

Hybrid or integrated remediation processes combine physical-chemical and biological
processes to accelerate soil remediation. Examples of hybrid remediation processes include
soil vapor extraction, bioremediation-chemical oxidation, the electro-Fenton technology,
electrokinetic-ultrasonic techniques, surfactant-enhanced bioremediation, oxidation-
extraction sequential processes, surfactant enhanced chemical oxidation, ultrasonication
coupled with surfactant solutions or oxidizing agents (e.g. ozone), aqueous foam-
nanoparticle mixtures, the foam spraying technique for serial applications of oxidizing
and/or complexations agents and microorganisms on the surface of the contaminated soil
[1689.1418-201 The soil vapor extraction remediation process uses horizontal or vertical wells
to remove hydrocarbon contaminants. The extracted mixture of pollutants-vapor is further
treated using activated carbon to remove the toxic components 81,

Soil flushing processes that combine several pollutant removal mechanisms such as
solubilization and mobilization due to modification of the interfacial properties (e.g.,
interfacial tension and contact angle) of the pollutant-soil system, followed by chemical
oxidation from porous media systems have been reported . The flushing solutions
employed include mixtures of alkaline-polymer (AP), surfactant-polymer (SP), alkaline-

surfactant-polymer (ASP), and aqueous surfactant foams 213,
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Previous research has demonstrated the effectiveness of the surfactant foam technology for
the remediation of contaminated soils 210221 Foam flooding is a well-established
enhanced oil recovery (EOR) technology %2324 The application of foam for in situ
remediation usually follows the pump-and-treat method; in which the extracting or
cleaning solution (e.g., driving fluid) is introduced into the porous medium using an
injection well; while the pollutants dissolved in the cleaning solution (e.g., displaced fluid)
are pumped out from the porous media using extraction wells 29, This foam application
mode reproduces the foam flooding process for EOR 192521 The use of foams is
advantageous because as the surfactant solution-gas dispersion flows through the porous
media (e.g., soil) the gas phase aids the “lateral transportation” of the surfactant solution
contacting a larger surface area of the polluted soil . In other words, foaming the gas and
surfactant solution controls the individual mobility of the injected fluids which improves
the sweep efficiency of the driving fluid [°. Moreover, the simultaneous interactions
taking place at the surfactant-pollutant interface decreases the interfacial tension of the
system that promotes the detachment of HOCs “from the soil [that] stick fast to the foam
[and are removed] out from the surface of the soil” during the flooding process [,
Consequently, surfactant-foams “remove the hydrophobic oil contaminants from soil either
by solubilization or mobilization” [22],

The effectiveness of the foam technology depends on several variables that include
surfactant type and concentration, foam strength and stability, temperature, soil type and
mineralogy, porous media permeability and wettability, and formation water composition

(e.g., salinity, hardness, pH), and others 121022
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Overall, it has been reported that the application of hybrid or integrated soil remediation
technologies are more effective in removing HOCs from contaminated soils than the
application of a singular treatment 9281,

In this work, two CO, foam systems were evaluated: a self-assembly
biopolymer/BCD/surfactant (bP/BCD/S) CO, foam and a biopolymer/surfactant (bP/S)
CO, foam (e.g., reference system) for application as a soil remediation technology.

The first objective of this work was to determine the bulk stability of the bP/BCD/S and the
bP/S CO, foam systems at different brine salinity and hardness concentrations. The second
objective was the evaluation of the flow behavior and stability of the foam systems flooding
through pollutant-free unconsolidated sand systems employing conventional displacement
experiments. The mobility control effectiveness and the stability of both foam systems in
porous media were evaluated using the resistance factor and the residual resistance factor

as performance indicators.

4.2. Experimental

4.2.1. Materials

Table 4-1 presents the composition of the synthetic brines used in this study. Two brines
concentrations with Total Dissolved Solids (TDS) of 2.1wt% and 8.4wt% were employed.
The salts required for the preparation of the synthetic brines were obtained from Sigma

Aldrich as ACS reagent grades (>99.0%) and dissolved in distilled water.

57



Table 4-1. Composition of Synthetic Brines.

Salts Low Salinity Brine High Salinity Brine
(2.1 wt% TDS) (8.4 wt% TDS)

NaCl 1.72 6.90

MgCl, 0.04 0.18

CaCl; 0.33 1.30

Na2SO4 0.01 0.04

Water 97.90 91.58

Total 100 100.0

Density (g/cm®) +0.0003 | 1.01 | 1.05

Dodecyl trimethylammonium chloride (DTAC), the cationic surfactant used in this work,
was purchased from Sigma-Aldrich with assay >98% and molecular weight of 263.89
g/mol. The biopolymer, xanthan gum (molecular weight of 15 x10® g/ mol) was acquired
from the Groupe Maison Cannelle Inc. (Richmond, QC, Canada). B-Cyclodextrin (BCD)
Trappsol® Technical grade with 98% assay (molecular weight of 1135 g/ mol) was
purchased from Cyclodextrins Technology Development Inc. (CDT, Inc. Alachua, Florida,
USA).

The self-assembly biopolymer/BCD/surfactant (bP/BCD/S) system used in this work was
formed via self-complexation of xanthan gum with DTAC through host-guest interactions
with BCD. The formulation of this self-assembled system was previously developed in our
research group B%. In this formulation the molar ratio of surfactant to BCD was kept fixed
at 2:1 and the concentrations in wt% of xanthan gum, BCD, and surfactant were 0.5 wt%,
0.011 wt%, and 0.005 wt%, respectively. Readers are referred to reference B%, for more
details on the bP/BCDI/S self-assembled system. The baseline system used in this work for
comparison purposes was a biopolymer/surfactant (bP/S) blend composed of xanthan gum

(0.5Wt%) and DTAC (0.005wt%).
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The rheological evaluation of the bP/BCD/S self-assembled system and the bP/S blend was
determined employing a Bohlin Gemini HR 150 Nano Rheometer (Malvern Instruments
Ltd., UK) equipped with parallel plate geometry (60 mm), 1 mm gap size at a temperature
of 25°C. During the rheological assessment, the maximum number of interactions was set
up at three with an acceptance limit of 0.05 (e.g., 5%) to ensure the accuracy of the
rheological measurements. First, the linear viscoelastic (LVE) range was determined
through amplitude sweeps conducted at a fixed angular frequency of 1 rad/s and a variable
strain amplitude ranging from 1% to 1000% at 25°C. Once the LVE range was determined,
the time-dependent deformation behavior of the bP/BCD/S and bP/S systems was
determined through frequency sweeps at a fixed strain (e.g., within the LVE range) and
angular velocities () ranging from 0.01 to 100 rad/s at 25°C. The frequency sweeps of the
bP/BCD/S and bP/S systems were presented in terms of the curve functions of the elastic
modulus (G'), viscous modulus (G"), loss factor tané (tand= G”/G”), and dynamic viscosity
().

Foams were prepared using carbon dioxide as the gas phase. Carbon dioxide was acquired
from Airgas (Air Liquide Company, USA) with a concentration of 100% and a density of
0.00183 g/cm? (0.114 Ib/ft3) B1.

Playsand # 1113 acquired from QUIKRETE™ (Atlanta, GA) was used as the
unconsolidated porous media during the displacement tests. This sand is insoluble in water

and it is composed of 100 wt% silica with a density raging between 2.5 to 2.8 at 25°C and

[32]
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4.2.2. Experimental set-up

4.2.2.1. Bulk foam stability test

The bulk foam stability tests were conducted following an adapted version of the method
described in reference 3. The set-up for testing the stability of foam consisted of a Pyrex
® gas washing bottle of 500 ml capacity with a standard taper stopper that incorporated a
tube with a 12mm diameter and a coarse fritted cylinder as the gas distributor manufactured
by Corning (NY, USA). The gas phase, CO2, was connected to the upper inlet tube using
plastic tubing, while the upper outlet tube was submerged into a glass bottle containing
water as a simplified gas scrubbing system. The required volumetric flow rate of the CO>
stream was fed to the gas washing bottle using a Sierra mass flow meter 100 Series Smart-
Track Sierra Model #M100L (Sierra Instruments, CA, USA).

The bulk foam stability test was started by pouring a fixed volume of 200 mL of the
biopolymer/surfactant solution into the cylinder. Then, the fritted glass tube was placed at
the center of the cylinder and CO> was injected to the solution at an average flowrate of
10.5 mL/min for foam generation. As soon as the generated foam reached a height of 500
mL which took on average 9.0 min, gas injection was stopped. The initial volume (vo) of
the foam was always kept constant at 500 ml. Immediately, changes in foam volume (v)
as a function of time were recorded every 5 minutes during the first 20 minutes of testing;
thereafter measurements of foam volume were recorded at 30, 60, 90, and 120 minutes of
testing time. The stability of bulk foams was evaluated for each of the biopolymer-

surfactant systems (e.g., bP/BCD/S and bP/S) prepared in low- and high brine salinity
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concentration: 2.1wt% and 8.4 wt% respectively to establish the effect of salinity on the
stability of the foam. The bulk foam stability tests were carried out in triplicate.

The bulk stability of the foam was determined using the R: parameter in percentage as a
function of biopolymer/surfactant system and brine concentration 3. The R; parameter
was determined as the ratio of the foam volume recorded at 5, 10, 15, 20, 30, 60, 90, and
120 minutes after foaming, w, to the initial foam volume, vo, of the foam formed [

(Equation 4-1).
R, (%) = ? x 100 Equation 4-1

Foams maintaining values of R; > 80% during the testing period are considered

metastable 23],

4.2.2.2. Foam flow performance in porous media

The flow performance of the foamed biopolymer/surfactant systems using CO: as the gas
phase was evaluated as a function of brine salinity through displacement tests using
unconsolidated sand pack cells. Figure 4-1 presents a simplified diagram of the

experimental set-up.
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Figure 4-1. Experimental Set-up for the Displacement Tests

An Isco Syringe pump model 1000D manufactured by Teledyne Isco (NE, USA) was used
to deliver the biopolymer/surfactant solutions and the synthetic brines from the
corresponding piston cylinder accumulators through the system. A mass flow controller
100 Series Smart-Track Sierra Model #M100L (Sierra Instruments, CA, USA) was
employed to deliver the pre-established flow rate of CO> into the system. The external
production of foam was carried out by flowing simultaneously the biopolymer/surfactant
solution and the CO: gas through a Swagelok Stainless Steel In-Line filter, 1/8 in.
Swagelock tube fitting of 60 um pore size (OH, USA). High- and low-pressure gauges,
and a U tube manometer (red oil density: 0.826 g/cm®) were installed along the system.
The in-house sand pack cell was built using rigid polyvinyl chloride, PVC, with a length
of 15.2 cm, diameter of 3.2 cm, and a cross sectional area of 8.55 cm?. The play sand was
sieved to obtain a grain sand distribution within 60 to 80 mesh. Sand-pack cells were
packed with sand using a hammer to compact the sand as it was continuously added to the
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cell. The packing procedure was kept consistent during the testing period to ensure similar

properties among the different sandpacks. A total of 12 displacement tests were conducted

and for each test a fresh sand-pack was prepared.

The properties of the sandpacks such as pore volume, porosity, and permeability were

determined using standard procedures B4, The flooding sequence applied during the

displacement tests is as follows.

1.

Brine injection. In this stage, one (1) pore volume (PV) of the corresponding synthetic

brine was injected at a flow rate of 0.56 ml/min.

. Biopolymer/surfactant injection. The unconsolidated porous media was saturated

with the corresponding biopolymer/surfactant (e.g., bP/BCD/S and/or bP/S) by injecting
two (2) pore volumes (PVs) of the biopolymer/surfactant solution at a flow rate of 0.56

ml/min.

. Foam injection. In this experimental phase, the gas phase, CO, and the corresponding

biopolymer/surfactant solutions were injected simultaneously into the foaming system
(60 um in-line filter-Fig. 1). The flow rate of the gas phase was 10.5 ml/min, and the
flow rate of the biopolymer/surfactant solution was 0.56 ml/min for a total flow rate of
11.06 ml/min. The quality of the foam injected was 95%, making it a dry foam 24, A
total of 2 PVs of the liquid phase (e.g., biopolymer/surfactant solution) was flooded
through the sand-pack.

Post-foam brine injection. As soon as the foam injection step was completed, 6 PVs

of the corresponding synthetic brines were injected.

During each of these flooding steps, the injection time and the differential pressure across

the sand-pack were continuously monitored.
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4.3. Results and Discussions

4.3.1. Rheological Behavior of the bP/S and bP/BCD/S Systems

Figures 4-2(a) to 4-2(d) displays the time-dependent deformation behavior of the bP/S and
bP/BCDI/S as a function of brine concentration in terms of the curve functions of G’, G”,

loss factor (G’/G”), and 7’.
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Figure 4-2. Frequency Sweep of the bP/S and bP/ BCD /S Systems in terms of the curve

functions of (a) G’, (b) G”, (¢) Loss factor (G’/G”), and (d) #’.

64




Figures 4-2(a) and 4-2(c) present the elastic (G’) and viscous (G”) modulus curves as a
function of angular frequency (), bP/S and bP/BCD/S system, and salinity concentration
(e.g., 2.1wt% and 8.4wt%). Figure 4-2(a) indicates that at 2.1wt%, the bP/S blend showed
the highest elasticity values at angular frequencies < 23 rad/s. At higher angular
frequencies, this curve leveled off. In contrast, the bP/BCD/S system prepared in 2.1wt%
brine displayed the lowest values of the elasticity curve in the entire range of angular
frequencies evaluated. At higher brine salinity (e.g., 8.4wt%), the biopolymeric/surfactant
blends revealed uniform overlapping curves with values falling in between the highest and
lowest elasticity curves of the blends prepared in 2.1wt% brine. This behavior is explained
by the fact that the biopolymer, xanthan gum, molecular structure undergoes conformation
transition from a disordered and more flexible assembly at low brine concentration (e.g.,
2.1wt%) to an ordered rod-like (e.g., double-strand or multi-strand helix) and more rigid
conformation as the ionic strength of the synthetic brine increases from 2.1 to 8.4wt% 53],
The conformational change experienced by the biopolymer at higher salinity and hardness
concentration in the brine explains the intermediate elasticity observed for these blends
(Figure 4-2(a)).

Similarly, as the ionic strength of the aqueous media increases, the values of the viscous
modulus increased as exhibited by the G”-curves for the bp/S and bP/BCD/S systems
prepared in 8.4wt% brine (Figure 4-2(b)), which is attributed to improved intermolecular
interactions among the biopolymer structures B71. Furthermore, the bP/BCD/S blends faced
the additional effect of strengthening of the BCD host-guest interactions as the ionic
strength of the aqueous media increases that in turns generated stronger and more rigid

networks, which is clearly visualized in Figures 4-2(a), 4-2(b), and 4-2(c). For instance,
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the Loss factor (tano =G”/G’) curve (Figure 4-2(c)) demonstrates that both self-assembly
bP/BCD/S systems prepared in low- and high-salinity brine concentration exhibited
superior structural strength in the entire range of angular frequency evaluated (but more
significant at angular frequencies > 17 rad/s) compared to the bP/S blends. This behavior
is attributed to the fact that the presence of electrolytes in the aqueous solution reinforces
the hydrophobic interactions taking place through the BCD host-guest complexations 38391,
Finally, Figure 4-2(d) shows the dynamic viscosity curves, #’, for the bP/S and bP/BCD/S
blends as a function of angular frequency, which exhibited a shear thinning behavior as
expected [l Although, the #’-curves are very closed to each other, the
biopolymer/surfactant system prepared in high brine salinity, revealed higher viscosity
values (upper #’-curves) versus angular frequency, which further confirms the ionic
strength effect on the enhancement of the hydrophobic interactions taken place in these

systems.

4.3.2. Bulk Foam Stability Tests

Foams are gas/liquid dispersion systems that require the addition of surfactants, particles,
and nanoparticles to stabilize the “enlarged gas/liquid interface” to form stable lamellae
[24,29,334041] “Therefore, foams are thermodynamically unstable systems #2431, The main
mechanisms that contribute to foam stability are drainage, coalescence, and diffusive
coarsening (e.g., Ostwald ripening) 244°1, Foam stability can be enhanced by increasing the
viscosity of the liquid phase (e.g., surfactant solution) by adding viscosifying polymers.
The increased viscosity of the liquid films’ delays drainage 1%44l, Diffusive coarsening is

strongly related to drainage, thus if drainage is not controlled then “the [liquid] films
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between the bubbles become thinner [supporting] gas transfer between bubbles which leads
to enhanced coarsening” 1. For more details on foam dynamics, readers are referred to
(%01 and references therein.

In this work, the bulk or macroscopic stability of the biopolymer/surfactant CO, foam
systems was established by observing the integrity of the foam cells and/or bubbles without
rupture as a function of time, as previously described I,

Figures 4-3(a) and 4-3(b) display the foam volume (ml) and the R (%) parameter as a
function of testing time, biopolymer/surfactant system, and brine composition. Figure 4-
3(c) shows pictures of the bP/S-2.1wt% CO- foam system at the beginning of the test

(e.g., t = 0 min), after 30 min, and after 60 min of testing period.
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Figure 4-3. Bulk Foam Stability Tests. (a) Volume of Foam and (b) Rt (%) Parameter
versus Time (c) Pictures of the bulk stability of the bP/S-2.1wt% CO, Foam System as a

function of Time.
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Figure 4-3(a) indicates that increasing the brine salinity from 2.1wt% to 8.4wt% had a
significant effect on the behavior of the biopolymer/surfactant CO, foam systems. For the
foam systems prepared in 8.4wt% brine, it was directly visualized that foam films drained
faster causing the rupture and coalescence of the foam cells generating large bubbles.
Conversely, the biopolymer/surfactant CO, foams prepared in 2.1wt% brine show stability
with Rt values > 95% (Figure 4-3(b)), while the foam systems prepared in 8.4wt% brine
showed final Rt values of 86% and 84% for the bP/S and bP/BCD/S CO, foam systems,
respectively. Figure 4-3(c) clearly displays the stability of the bP/S CO, foam system
prepared in 2.1wt% at the beginning of the test, after 30 min, and after 1 hour of foam
generation. The green oval on the picture (e.g., t = 60 min) shows that after 1 hour of foam
generation, the foam just partially collapsed at one side at the surface of the foam, which
demonstrates the stability of this system.

Earlier studies have demonstrated that foam systems containing low surfactant
concentration < 0.025 wt% are highly sensitive to salinity ?42°1. The CO, foam systems
evaluated in this work were formulated using a surfactant concentration of 0.005wt% (50
ppm). Therefore, the decreased stability performance of the foam systems in high salinity
brine (8.4wt%) is attributed to two mechanisms: decreased surfactant adsorption at the gas-
liquid interface and reduced repulsion between the gas bubble and the bulk gas-liquid
interface 241, which aids the liquid drainage through the foam lamella 2!,

It is generally accepted that foams maintaining Rt values > 80% after 5 minutes of testing
are considered metastable 31, The metastability displayed by the foam systems evaluated
in this study can be attributed to the higher viscosity of the surfactant solution. In these

foam systems, the addition of biopolymer for the bP/S systems and the extra structural
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strength gained through self-assembling for the bP/BCD/S systems (e.g., host-guest
complexations and hydrophobic interactions) delayed the drainage of the liquid film from

the foam cells as has been previously demonstrated 241,

4.3.3. Foam Flow Performance in Porous Media

The flow performance of the biopolymer/surfactant CO, foam systems in unconsolidated
porous media was determined by monitoring the resistance factor or RF (e.g., apparent
viscosity) buildup during foam flow through the sandpacks; which depends on the viscosity
of the liquid/gas dispersion and on the permeability of the porous media 14451, Four
coreflooding displacement tests run in triplicate were carried out for a total of 12 sandpacks
displacement tests. The approximate average (e.g., median) of the sandpacks properties
were porosity (g) 32.1%, pore volume (PV) 41.7 ml, and permeability to brine (k) 11.9 D.
The assessment of foam flow performance among sandpacks having different properties
(e.g., g, PV, and k) was conducted by normalizing the volume of fluid injected in each test
for permeability, porosity, and pore volume using the capillary bundle parameter, so as to
compare coreflooding behavior on the same reference (e.g., to avoid introducing
confounding variables related to somewhat different properties of the porous media). The
capillary bundle parameter is commonly applied to unconsolidated porous media for

normalization purposes 6% and it is given by equation 4-2:

FXtx(1-0)xA

oxi)oixpy PV xmd 0% Equation 4-2

Volume of fluid injected =

Where, F is flux (mL/min), t is injection time (min), @ is porosity (fraction), K is
permeability (mD), A is the sand-pack cross sectional area (cm?), and PV is the sand pack

pore volume (cm?®) (461,
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The resistance factor, RF, or apparent viscosity of the biopolymer/surfactant systems
flowing through porous media is the ratio of “the pressure gradient induced by the foam
AProam to a reference fluid pressure gradient” [“547:50-531 that in this case is the pressure
gradient induced by the brine before biopolymer/surfactant CO, foam injection or APgrine

before biopolymer-surfactant injection, as per equation 4-3,

APBiopolymer—surfactant €Oy foam

RF = Equation 4-3

Brinegefore biopolymer—surfactant injection

Figure 4-4 displays the RF buildup as a function of volume of fluid injected,

biopolymer/surfactant solutions, biopolymer/surfactant CO, foam systems, and brine

salinities.
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Figure 4-4. Resistance Factor, RF versus VVolume of fluid injected,
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The RF curves for biopolymer/surfactant solution (e.g., foam-free) flooding within the
yellow area (Figure 4-4) shows a gradual increase of RF as a function of volume of fluid
injected that levels off as the injection process advanced. The bP/BCD/S-2.1wt% system
shows the curve with the highest values of RF and/or apparent viscosities. Similarly, this
biopolymer/surfactant system reached very rapidly the plateau of the RF curve that
indicates stabilization of the displacement front and suitable propagation of the bP/BCD/S-
2.1wt% through the sand pack. Similar behavior was observed for the bP/S-2.1wt% system,
however this RF curve exhibited lower values and a delayed stabilization period as a
function of volume of fluid injected. The superior RF performance of the self-assembled
system, bP/BCD/S, prepared in 2.1wt% brine demonstrates the enhanced structural strength
of the network that results from self-association through BCD host-guest interactions as
previously demonstrated B,

The RF curves of the biopolymer/surfactant systems prepared in high brine salinity (e.g.,
bP/S-8.4wt% and bP/BCD/S-8.4wt %) displayed lower RF values that slowly increased
until a plateau was eventually reached. Again, the self-associating system bP/BCD/S-
8.4wt% showed a slightly better performance than the conventional bP/S-8.4wt% system.
These observations revealed that the apparent viscosity (e.g., RF) behavior in porous media
do not match the bulk rheological behavior (e.g., dynamic viscosity) of the foam-free
biopolymer/surfactant blends and/or the foam-free self-assembled biopolymer/surfactant
systems. These results are in agreement with previous research, which demonstrated that
for hydrophobic associative polymers showed RF values “considerably greater than

expectations from [bulk] viscosities measurements” (471, This behavior is attributed to the
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fact that self-assembling molecular systems “promote intermolecular associations [that]
enhance viscosities and resistance factors” 171,

Moreover, the RF performance of these systems proves the detrimental effect of increased
brine salinity on the apparent viscosity of these biopolymer/surfactant blends during flow
through porous media. Although, biopolymers such as xanthan are insensitive to brines
containing high salinity and hardness concentrations 2%l previous studies have established
“that polymer and surfactant [blends] co-exist only below a certain critical salinity, beyond
which polymer-rich and surfactant-rich phases are formed”, which destabilizes the
homogeneity of the blend 4. Concurrently, these observations revealed the increased
stability and structural strength of the self-assembled biopolymer/surfactant networks
through BCD host-guest interactions even at high salinity conditions. As previously
indicated, the strength of the host-guest interactions upsurges as the electrolyte
concentration increases in the aqueous medium 5451,

The green area (Figure 4-4) presents the RF curves obtained during the
biopolymer/surfactant CO, foam flooding. The apparent viscosity of the foam systems is
higher than the apparent viscosity of their corresponding baseline biopolymer/surfactant
solutions 2%, The bP/BCD/S-2.1wt% CO, foam system exhibited a sharp increase of RF
values that rapidly stabilized and leveled off. Comparable behavior was observed for the
other systems but with much lower initial upsurge of RF values that plateau as foam
flooding advances. The stabilization of the RF curves demonstrates appropriate foam
propagation through unconsolidated porous media. Again, bP/BCD/S-2.1wt% CO, foam
system shows the best flooding performance and stability as demonstrated by the highest

apparent viscosities and/or pressure differential profiles within the sand pack 1. Likewise,
72



both self-associating systems displayed superior RF performance relative to their baseline
biopolymer/surfactant solutions at different brine salinity concentrations.

Polymer flooding causes the reduction of the permeability of the porous media to brine,
due to polymer adsorption onto the pore walls (e.g., physical adsorption), mechanical
entrapment, and hydrodynamic retention 23521, The reduction of the permeability to brine
after the injection of biopolymer/surfactant solutions and the equivalent CO» foam systems
was determined through the Residual Resistance Factor, RRF, after the injection of 6 PVs
of the corresponding brine salinities. RRF is defined as the ratio of the differential pressure
to brine injection (e.g., 2.1wt% or 8.4wt %) across the porous media after
biopolymer/surfactant injection to the differential pressure to brine before

polymer/surfactant injection (Equation 4-4) 5581,

RRF = APl?'""‘e,‘l)‘l‘er biopolymer—surfactant CO, foam injection

Equation 4-4

APB'“meBefore biopolymer—surfactant flooding

Figure 4-5 presents the RRF curves as a function of volume of fluid injected,
biopolymer/surfactant system, and brine salinities. Figure 4-5 displays declining RRF
curves at the beginning of the post-foam brine injection that rapidly stabilized for all the
polymeric/surfactant systems as a function of volume of fluid injected. The bP/S-2.1wt%
and bP/BCD/S-2.1wt% systems show high final (e.g., stabilized) RRF values at 315 and
200, respectively. On the contrary, the biopolymer/surfactant systems prepared in high
salinity brine bP/BCD/S-8.4wt% and bP/S-8.4 wt% exhibited significant lower final RRF

values at 42 and 23, respectively.
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Figure 4-5. Residual Resistance Factor, RRF as a function VVolume of fluid injected,

Biopolymer/Surfactant Systems, and Brine Salinities.

These observations indicate that the polymeric systems prepared in low salinity brine (e.g.,
2.1wt %) showed significantly higher retention after the injection of 6 PVs of brine. As
previously discussed, the apparent viscosities or RF values of the polymeric systems
prepared in low salinity were considerably higher than the RF of the systems prepared in
high brine salinity (e.g., 8.4wt%). The enhanced apparent viscosity of the
polymeric/surfactant systems prepared in low salinity brine (e.g., 2.1wt%) in porous media
is related to the flooding of polymeric networks of improved structural strength, which are
more difficult to wash out from the sandpacks even after the injection of several PVs of
brine. In other words, biopolymer/surfactant solution showing lower apparent viscosities

in porous media (e.g., due to the detrimental effect of increased brine salinity on the
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biopolymer/surfactant blends) are easily flushed out from the unconsolidated porous media
after the injection of 6 PVs of brine.

Although, higher residual resistance factors imply high biopolymer adsorption onto the
pore walls, xanthan gum is a natural polysaccharide, which is both biocompatible and
biodegradable that has been approved as food additive since the 1970s B¢l therefore, the
biopolymer left behind in the porous media due to mechanical retention would not be

detrimental to the soil ecosystem.

4.4. Conclusions

1. The bulk stability of the bP/S and bP/BCD/S CO, foam systems is adversely
affected by the increased ionic strength of the synthetic brine. The
biopolymer/surfactant CO, foams systems prepared in 2.1wt% brine (e.g., low
salinity brine) show stability with Rivalues > 95%, while the foam systems prepared
in 8.4wt% brine showed Rt values of 84%.

2. The self-assembly bP/BCD/S-2.1wt% CO, foam system displays a superior
mobility control (e.g., highest values of resistance factors), a stable flow
displacement front, and suitable propagation performance through unconsolidated
porous media. This flow performance ensures that the driving fluid (e.g.,
displacement fluid) would deliver an effective sweep efficiency and as result would
aid the detachment and mobilization of the hydrophobic organic contaminants or
HOCs from sandy soils.

3. The biopolymer/surfactant (e.g., bP/S and bP/BCD/S) systems prepared in low

salinity brine exhibited higher adsorption (e.g., high final values of RRF) onto
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porous media than the systems prepared in high salinity brine after the injection of
6 PVs of brine. The higher retention observed is attributed to the enhanced apparent
viscosity and superior structural strength that these polymeric/surfactant systems
displayed at low brine salinity, implying that is more difficult to wash out from the
sandpacks these polymer networks even after the injection of numerous PVs of
brine injection.

4. Despite of the high biopolymer adsorption onto the pore walls, xanthan gum is a
natural polysaccharide, which is both biocompatible and biodegradable.
Consequently, the biopolymer left behind in the porous media due to mechanical
retention would not be detrimental to the soil ecosystem.

5. Overall, this study demonstrates the prospective applicability of the self-assembly
bP/BCD/S CO; foam systems as an integrated technology for the removal of HOCs
from sandy soils. Nevertheless, further research on the performance of these
systems in polluted sands is required to fully explore its effectiveness following the

pump-and-treat method for the in-situ remediation of hydrocarbon polluted soils.
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Abstract

The recalcitrance of hydrophobic organic compounds (HOCs), which are prevalent soil
pollutants, requires the development of efficient and cost-effective in-situ soil remediation
treatments. In this chapter, a biopolymer/surfactant (bP/S) CO, foam and a self-assembly
bP/BCD/S CO; foam system were evaluated as in-situ soil remediation treatments for the
removal of a model HOC (e.g., Soltrol® 130) from high permeability sandy soils. The
effect of the type of biopolymer/surfactant and brine salinity on the performance of the
CO> foam systems as flushing solutions were investigated.

The maximum HOC removal percentage (99.1%) was reached by the bP/BCD/S-2.1wt%
CO> foam system, followed by bP/S-2.1wt% with a removal of 91.6%, bP/BCD/S-8.4wt%
with a removal of 80%, and the bP/S-8.4wt% with a removal of 78.4%. It was also
determined that the HOC removal efficiency decreases with the increasing ionic strength
of the synthetic brine. The self-assembly bP/BCD/S-2.1wt% proved to be efficient in
rendering the formation of an enhanced CO, foam system (e.g., strong and stable CO:
foams) with superior performance as in-situ soil remediation treatment relative to

conventional polymer/surfactant CO, foam systems.
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5.1. Introduction

The most common and recalcitrant soil contaminants fall under the category of
hydrophobic organic compounds (HOCs) derived from the exploitation, processing, and
use of petroleum hydrocarbon derivatives (e.g., fossil fuel). HOCs include polycyclic
aromatic hydrocarbons (PAHSs), polychlorobiphenyls (PCBs), total petroleum
hydrocarbons (TPH), volatile chlorinated hydrocarbons (VCHs), and many others 5],
These toxic components are categorized as teratogen, carcinogen, and mutagens 1%, The
removal of these pollutants from soil ecosystems is challenging because of the high
octanol-water partition coefficient (e.g., ranging from 3 to 6.5), low solubility of HOCs in
aqueous media, low volatility, and low biodegradability 7% Normally, these
contaminants are adsorbed onto the soil organic matter forming a stable layer or film 1,
Therefore, the removal of HOCs is expensive and time-consuming 10121,

Soil remediation techniques for the removal of HOCs include solidification, stabilization,
bioremediation, multiphase extraction, soil vapor extraction, photocatalysis, advanced
oxidation processes, air sparging, soil washing (in-situ or ex-situ), phytoremediation,
vitrification, electrokinetic, ultrasonic, thermal desorption, subcritical water extraction,
microwaving, and combination of any of these techniques to increase contaminant removal

efficiency [2-46:8.13-16]
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In-situ soil washing, also called soil flushing is a remediation technique in which the
extracting or solubilizing agents are directly injected to the soil [01517.18]  More
specifically, the extracting agents, including surfactants, biosurfactants, cyclodextrins
(e.g., cyclodextrins-pollutant complexations via host-guest interactions), vegetable oil,
organic solvents, oxidizing agents (e.g., 0zone (gas or aqueous form) and Fenton (liquid)),
polymeric nanoparticles, supercritical CO2, and foam technology, are introduced into the
polluted soil using the “pumping and treatment” technique (146101219241 in \which the
flushing solution (e.g., cleaning solution) is pumped into the soil through vertical or
horizontal injection wells. The flushing solution flows through the target contaminated soil
contacting, detaching, mobilizing, and displacing the pollutants towards an extraction well
[ The contaminated effluents are afterwards properly treated and dispose of 71, In-situ
soil flushing remediation offers the advantages of reducing remediation time and lowering
process costs; consequently, it is favored over ex-situ soil washing treatments 21,

The removal of pollutants from soil using surfactant flushing is aided by two mechanisms.
First, if the surfactant solution is injected at and or above the critical micelle concentration
(> CMC), HOC:s are rapid solubilized within the core of the micellar structures. Secondly,
even if the surfactant solution concentration is below the CMC, the reduced interfacial
tension among the water-soil, HOCs-soil, and HOCs-water systems promote the
desorption, dispersion, migration, and transfer of HOCs from the soil into the flushing
solution [4,5,7,11,12,25].

Previous research has demonstrated that cyclodextrins (CDs) are effective HOCs
solubilizing agents [24910.18.2026] ' Eayorable properties of CDs include biodegradability,

non-toxicity, low adsorption onto soil surfaces, and the ability of “forming into inclusion
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compounds with hydrocarbons” ¢! making them suitable for the remediation of soils
contaminated with HOCs [124.9.102028] ' The most commonly used cyclodextrin is BCD

because it is readily available and affordable compared to other cyclodextrin derivatives

[26]

The selection of appropriate solubilizing agents, SAs, for field applications must consider
the following aspects: effective solubilization of the pollutant at low concentration of SA,
low adsorption of the SA onto the soil (e.g., porous media), low contact time between the
SA-pollutant for efficient removal, non- or low toxicity of the SA to the soil ecosystem,
and the affordability of the SA for practical applications 471,

Soil flushing remediation processes are commonly applied in combination or integrated
with other techniques to increase the efficiency of the overall remediation processes
regardless of higher process costs 5610181 Examples of integrated remediation applications
include soil washing coupled with ultrasonic technology, soil washing paired with
bioremediation-ozonation 1% surfactant-enhanced soil washing followed by a sulfate
radical based advanced oxidation process (8), Fenton oxidation integrated with
bioremediation [°!, simultaneous application of chemical oxidation and extraction process
[171 and the co-injection of surfactant solution and a gas (e.g., N2, CO,, air) 2], and
numerous other processes.

The application of foam technology in different modes as an in-situ soil remediation
process has been evaluated at laboratory scale and through numerical simulation 23241,
Some of the foam application modes evaluated include oxidation-biodegradation surface

serial foam spraying technology 71, as colloidal gas aphrons 281, nanoparticle-stabilized
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surfactant foams [2°3% and dry foam injection 4. However, field applications of foam
technology for in-situ soil remediation have not been reported, despite the fact that foam
technology is a well-established process in the oil and gas industry as an enhanced oil
recovery (EOR) treatment 232431-%61 Dyring oil-recovery flooding operations foams are
applied as mobility-control agent during gas flooding because foams reduce the mobility
of the gas phase and improve the sweep efficiency of the flooding process. The mobility
control capability of foams in porous media is caused by two mechanisms: the increase of
trapped residual gas saturation and the increase flow resistance of the gas phase “resulting
from the drag of having to also propagate foam lamellae aqueous films through ever
widening and constricting pore bodies and especially through constricted pore throats™ 71,
Therefore, foams are also known as “viscosity-enhancing” mobility-control agents &1,
Polymers are added to the aqueous surfactant solutions to increase the viscosity of the
liquid surfactant phase, which in turn increases the mechanical stability of the overall foam

system, consequently in enhanced oil recovery applications polymer-enhanced foams or

gelled foams are usually injected 34361,

The goal of this study was to establish the efficiency of a biopolymer/surfactant (bP/S) CO,
foam and a self-assembly biopolymer/BCD/surfactant (bP/BCD/S) CO, foam system via
soil flushing as in-situ remediation treatments for the removal of a model HOC (Soltrol®
130 Isoparaffin Solvent) from sandy soil. Additionally, the effect of the ionic strength of
the synthetic brines used to prepare the polymeric/surfactant blends on the performance of

the CO, foam systems in removing the pollutant from the sandy soil was evaluated. The
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performance of the CO, foam systems in porous media was carried out through

conventional displacement testing employing unconsolidated sand pack systems.

5.2. Experimental

5.2.1. Materials

Two synthetic brines with concentrations of 2.1wt% and 8.4wt% of Total Dissolved Solids
(TDS) were used in this work. Table 5-1 summarizes the compositions of the synthetic
brines. All salts were acquired from Sigma-Aldrich (ACS reagent, > 99.0%) and the brines
were prepared by dissolving the corresponding concentrations of salts in distilled water
(Table 5-1). It was necessary to evaluate the effect of brine concentration on the
performance of the biopolymeric-surfactant CO, foam systems because previous studies
have demonstrated that increasing the salinity in the surfactant solutions improves the
interactions between the HOCs and the hydrophobic tail of the surfactant 28 aiding the
desorption of HOCs from the soil [*%l, which enhances the efficiency of pollutant removal.
Furthermore, earlier research established that the addition of electrolytes to the flushing
solution “enhances the wetting, emulsification, and solubilization of the surfactant in the

solution, [which] prevents the adsorption of surfactants onto the soil solid phase” U],

The quaternary ammonium derivative dodecyl trimethylammonium chloride (DTAC) was
acquired from Sigma-Aldrich (assay > 98% and molecular weight: 263.89 g/mol). This

cationic surfactant has been previously used for the removal of pollutants from soil ™,

The biopolymer used was xanthan gum (assay 100%) with a molecular weight of 15 x10°

g/mol. It was acquired from the Groupe Maison Cannelle Inc. (Richmond, QC, Canada).
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Table 5-1. Synthetic Brines Composition

Salts Low Salinity Brine | High Salinity Brine
(2.1 wt% TDS) (8.4 wt% TDS)

NaCl 1.72 6.90
MgCl; 0.04 0.18
CaCl, 0.33 1.30
Na2S04 0.01 0.04
Water 97.90 91.58
Total 100 100.0
Density (g/cm®) +0.0003 | 1.01 | 1.05

B -Cyclodextrin Trappsol® Technical grade with molecular weight of 1135 g/ mol and 98%
assay was purchased from Cyclodextrins Technology Development Inc. (CDT, Inc.
Alachua, Florida, USA). B-cyclodextrin (B-CD) have been used in this study to promote
the self-assembly between xanthan gum and DTAC (e.g., cationic surfactant) following a
formulation previously developed in our research group as per reference 8. The respective
concentration of the components in the biopolymer/surfactant self-assembly is as follows:
0.5wt% xanthan gum, 0.005wt% (50 ppm) BCD, and 0.005 wt% (50 ppm) DTAC.
Soltrol®130, which is a proprietary Isoparaffin solvent produced by Chevron (Philips
Chemical Company LP, TX, USA), was used as amodel HOC. Soltrol is a neutral colorless
liquid at room temperature with relative density of 0.76 at 15.6°C and kinematic viscosity
of 1.5 ¢St at 38°C. The water solubility of Soltrol® 130 is negligible. This solvent is
classified as a Flammable liquid (category 4) and as Aspiration hazard (category 1) B9,
The average molecular weight of Soltrol®130 is 165 g/mol and the API gravity at 15.6°C
is 53.9° [40],

Carbon dioxide acquired from Praxair, Inc. (CT, USA) was used in the form of gas

(composition: 99.5 — 100%, molecular weight: 44.01 g/mol, relative gas density: 1.52) (1,
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CO- was selected as the gas phase for foaming because it is “non-toxic, non-flammable,
chemically stable, readily available, inexpensive, and can be easily separated from a
mixture of components” 221, Furthermore, CO2 is commonly used as an extraction agent
for the removal for organic compounds from solid matrices at supercritical conditions 221,
Two CO. foam systems were evaluated in this study. The first foam system was a
conventional polymer- enhanced foam or bP/S CO> foam, in which the biopolymer xanthan
gum was added to the surfactant (DTAC) solution to increase the mechanical stability of
the foam bubbles. The second system was a supramolecular biopolymer/surfactant-
enhanced foam, in which the biopolymer/surfactant supramolecular system was produced
through host-guest interactions via BCD. This supramolecular system shows a superior
viscoelasticity and tolerance to high salinity and hardness relative to the conventional bP/S
CO, foam. Therefore, the generation of a more stable CO, foam is expected from this
supramolecular system. For more details on this self-assembly (bP/BCD/S) system, readers
are referred to reference 138,

Playsand # 1113 QUIKRETE ® (GA, USA) containing 100% silica in the form of granular
solid was used as the porous media representing the sandy soil. This sand is insoluble in
water with a density at 25°C ranging from 2.5-2.8 g/cm® and a 0 g/L content of volatile

organic components (VOCs) 12, The sand was sieved employing a sieve shaker RX-29

model (W.S. Tyler’s Ro-Tap®) using sieves screens of 60 and 80 mesh. The sand collected
between these screens was used as the porous media. An in-house manufactured cylindrical
PVC cell with diameter of 3.3 cm, length of 15.2 cm, and a cross-sectional area of 0.55
cm? was used as to pack the sand. The packing procedure was conducted by the alternate

addition of small amounts of sand and compaction using a hammer until the cylinder was
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fully packed with sand. A fresh sand pack was prepared for each displacement test.
Afterwards, the properties of the sandpacks including pore volume (PV), porosity (#), and

permeability (k) to brine were determined following standard procedures as per reference

[43]

5.2.2. Methodology

5.2.2.1. Critical Micelle Concentration (CMC)

The critical micelle concentration or CMC of the surfactant (e.g., DTAC) solution in
distilled water was determined through two methods: conductimetry and the Du Nody ring
method at ambient temperature (e.g., 21.52 = 0.34°C). An Omega conductivity meter
model PHH-80BMS manufactured by Omega Engineering, Inc. (Norwalk, CT, USA) was
used to measure the conductivity of surfactant solutions with concentrations varying from
Owt% to 0.65wt% at constant concentration increments of 0.05wt% therefore a total of 14
solutions were subjected to conductivity measures in duplicate. The determination of the
CMC through the Du Noly ring method was conducted employing a Fisher Surface
Tensiometer, Model 20, manufactured by Thermo Fischer Scientific (Waltham,
Massachusetts, USA). Same as previously indicated, surfactant solutions with
concentrations varying from Owt% to 0.65% at constant concentration increments of
0.05wt% therefore a total of 14 solutions were subjected to surface tension measurements

in triplicate.
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5.2.2.2. Interfacial Tension (IFT)

The interfacial tension of the following systems distilled water/Soltrol® 130, distilled
water containing 50ppm DTAC/Soltrol® 130, 2.1wt% brine containing 50ppm
DTAC/Soltrol® 130, and 8.4wt% containing 50ppm DTAC/ Soltrol® 130 were
determined using a Fisher Surface Tensiometer, Model 20, manufactured by Thermo
Fischer Scientific (Waltham, Massachusetts, USA) in triplicate at ambient temperature

(e.g., 21.52 + 0.34°C).

5.2.2.3. Experimental set-up
Figure 5-1 shows a simplified diagram of the experimental set-up used for the
implementation of sand pack displacement tests to simulate in-situ soil remediation

treatments.

i3

Soltrol® 130
Synthetic Brine

T

> . High Low  production
o Pressure  Pressure
Flow Meter x X }{ Foaming System Gauge  Gauge
Stainless Steel P, P,

In-Line Filter
60com

CO, cylinder

Piston Pump

Figure 5-1 Classification of different foaming techniques B,

Soltrol ® 130 was storage in a stainless steel Temco CFR-Series transfer vessel (Temco,

Inc., OK, USA). The biopolymer/surfactant blends and the synthetic brines were storage
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in Plexiglas transfer vessels in-house manufactured. The liquid fluids were delivered to the
system using an Isco Syringe pump model 1000D manufactured by Teledyne Isco (NE,
USA) at a constant flow rate of 0.56 mL/min. The gas phase was supplied to the system
from the CO> cylinder using a mass flow controller 100 Series Smart-Track Sierra Model
#M100L (Sierra Instruments, CA, USA) at a constant flow rate of 10.5 mL/min. Foam was
generated outside of the sand pack by simultaneously flowing the biopolymer/surfactant
blend and the gas phase through a Swagelok Stainless Steel In-Line filter, 1/8 in equipped
with a Swagelock filter of 60um pore size (OH, USA). After which, the pre-generated foam
continued its flow to the sand pack cell. The foam quality was 95% that corresponds to a
dry foam. Several pressure gauges were installed along the system to register the inlet
pressure response as the pre-generated foam entered the sand pack.

The sand pack displacement tests were conducted according to a pre-established fluids
injection sequence as follows.

1) Sand Pack Saturation with Soltrol® 130. After the characterization of the sand pack
for PV, g, and k using the corresponding synthetic brine, the sand was artificially spiked
with Soltrol ® 130 by injecting three (3) pore volumes (PVs) of the Isoparaffin solvent at
a flow rate of 0.56 mL/min. During the injection process, the injection pressure, injection
time, and fluids produced were continuously monitored. The fluids saturation in the sand

pack were determined through material balance.

2) In-situ Soil Remediation Treatment. In this experimental stage, the corresponding
CO: biopolymer/surfactant blend (e.g., bP/S or bP/BCD/S) CO- foam system was injected

into the sand pack. The gas phase and the liquid phase were injected simultaneously at a
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constant flow rate of 10.5 mL/min (CO) and 0.556 ml/min (biopolymer/surfactant). A
total of 3 PVs of the liquid phase (e/g/. biopolymer/surfactant blend) was injected. Injection
time, volume of liquid fluids produced, and the sand pack inlet pressure were continuously
monitored. The final fluids saturation in the sand pack were determined via material

balance.

3) Post-foam Synthetic Brine Injection. As soon as the in-situ soil remediation pre-
established volume treatment was applied, 3 PVs of the corresponding synthetic brine were
injected at a flow rate of 0.56 ml/min. Again, injection time, volume of liquid fluids
produced, and the sand pack inlet pressure were continuously monitored. The final fluids

saturation in the sand pack were determined via material balance.

The displacement tests that were carried out were as follows: bP/S-2.1wt% CO; foam,
bP/S-8.4wt% CO; foam, bP/BCD/S-2.1wt% CO. foam, and bP/BCD/S-8.4wt% CO. foam
following the injection sequency previously indicated. Each test was conducted in triplicate

for a total of 12 displacement tests.

5.3. Results and Discussions

5.3.1. Critical Micelle Concentration (CMC)

Table 5-2 summarizes the results obtained for the CMC values through the application of

the conductometry and the Du Nouy ring methods.
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Table 5-2. Critical Micelle Concentration (CMC) as wt% at 21.52 + 0.34°C

Method CMC (Wt%) T (°C)
Conductimetry 0.57 21.52+0.34
Du Noiiy ring 0.55 21.52+0.34

Figures 5-2(a) and 5-2(b) shows the plots of conductivity (mS) and surface tension
(dynes/cm) as a function of DTAC concentration. The CMC value is determined by
calculating the concentration at which the best fitted lines with different slopes intercept.
The insets in Figure 5-2(a) and 5-2(b) show a detailed view of the linear fittings of the data
below and above of the CMC values. The same procedure applies for both methods: the
conductivity and the Du Noly ring. The CMC value indicates that the beginning of

surfactant monomers micellization within the aqueous solution ¥4}

The values of CMC obtained in this work of 0.57wt% (e.g., conductimetry technique) and
0.55wt% (e.g., Du Noly ring method) are in closed agreement with the CMC value
obtained by isothermal titration calorimetry reported in reference 3! for DTAC in distilled
water at 25°C of 0.59wt% and with the value reported in reference ™1 using the
conductimetry technique of a CMC of 0.56wt% for DTAC in distilled water at 25°C.
Similarly, reference ! reports a CMC value of 0.57wt% for DTAC in deionized water at
25°C employing the pendant drop method. Therefore, the concentration of 0.005wt% (e.g.,
50 ppm) DTAC used to formulate the self-assembly bP/BCD/S system and to prepare the
bP/S blend was much lower (e.g., 110 times lower) than the CMC of DTAC in distilled
water. This implies that micellization of the surfactant monomers does not take place

within the aqueous solutions (e.g., polymer-surfactant solutions) evaluated in this work.
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Figure 5-2. CMC for the System Soltrol®130/Distilled Water at 21.52 + 0.34°C (a)

Conductimetry Technique and (b) Du Noly Ring Method

5.3.2. Interfacial Tension (IFT)

Table 5-3 displays the results of the surface tension of the Soltrol® 130/air system and and

interfacial tensions of the following systems Soltrol®130/distilled water (no surfactant
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added), Soltrol® 130/distilled water containing 50ppm of DTAC, Soltrol® 130/2.1wt%

containing 50ppm of DTAC, and Soltrol® 130/8.4wt% brine containing 50ppm of DTAC.

The surface tension measured for the Soltrol® 130/air system of 29.9 + 0.68 dynes/cm at
21.52 + 0.34°C is within the same order of magnitude as reported in reference 1% of 25

dynes/cm at 21.11°C.

Table 5-3. Surface and Interfacial Tension at Ambient Temperature (21.52 + 0.34°C)

Variable System Value
(dynes/cm)
ST Soltrol®130/Distilled water 29.9+0.68
IFT Soltrol®130/Distilled water (no DTAC added) 25.96+1.04
IFT Soltrol®130/Distilled water + 50ppm DTAC 13.09+0.38
IFT Soltrol®130/2.1wt% Brine + 50ppm DTAC 7.51+051
IFT Soltrol®130/8.4wt% Brine + 50ppm DTAC 9.65 +0.25

Figure 5-3 displays in graphical form the values of interfacial tension as a function of the

DTAC/aqueous systems evaluated in this work.

Interfacial Tension, IFT [dynes/cm]

—

DW (No DW + 50ppm 2.1wt% B + 8.4wt% B +
DTAC)/Soltrol DTAC/Soltrol 50ppm 50ppm
DTAC/Soltrol DTAC/Soltrol

Figure 5-3. IFT [dynes/cm] as a function of the DTAC/Aqueous Systems Evaluated
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Figure 5-3 clearly shows that the addition of only 50ppm (e.g., 0.005 wt%) of DTAC
promotes a significant reduction of the IFT from 25.94 + 1.04 dynes/cm (e.g., distilled
water without surfactant/Soltrol®130) to 13.09 £ 0.38 dynes/cm for the distilled water +
50 ppm of DTAC/ Soltrol®130 system. It is also evident from Fig. 3 that the lowest IFT
of 7.51 + 0.51 dynes/cm is achieved by the 2.1wt% brine + 50ppm DTC/ Soltrol®130
system, which demonstrates the effect of electrolytes concentration on the IFT response
for the system Soltrol®130/brine.

It is well-established that increasing the salinity of the aqueous media decreases the
interactions between surfactant and water, which in turns decreases the solubility of ionic
surfactants in aqueous media [“84°1 In surfactant systems, there is an optimum salinity
concentration at which ionic surfactants are equally soluble in the oil and water phases. At
that optimum salinity concentration, low minimum interfacial tensions are achieved [,
Beyond the optimum salinity, as the electrolyte concentration increases, the surfactant is
driven out of the brine and the IFT increases [“°l. Surfactant behavior in aqueous systems
is highly dependent on the presence of electrolytes 1449 therefore brine salinity is an
important variable that must be properly controlled to optimize the efficiency of surfactant
systems for the effective removal of hydrophobic organic components from contaminated

soils.

5.3.3. Displacement Tests

The average (median) characteristics of the porous media were pore volume (PV) 42.2 mL,

porosity (@) 32.5%, and permeability (k) 74.05 D.
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The performance of the in-situ soil remediation treatments was compared on the same
reference by normalizing the volume of liquid fluid injected into different sand pack cells
for permeability, porosity, and pore volume applying the Capillary Bundle Parameter

approach (Equation 5-1) 0511,

Fxtx(1-9)xA

(@xk)O5x PV units [PV X md_O's] Equation 5-1

Volume of fluid injected =

In this equation, F is flux (mL/min), t is injection time (min), @ is porosity (fraction), k is
permeability (mD), A is sand-pack cross sectional area (cm?), and PV is the sand pack
pore volume (cmq).

Figures 5-4(a) and 5-4(b) illustrate the percentage (%) of HOC removal and the ratio of
residual HOC (e.qg., final) HOC saturation (Snocr) after the in-situ remediation treatment
over the initial HOC saturation (SHoci) as a function of volume of fluid injected, CO>

foam system, and synthetic brine concentration.

Figures 5-4(a) and 5-4(b) indicate that all CO. foam systems showed similar behavior,
where a sharp increase in contaminant removal was observed during the CO, foam
injection reaching a maximum recovery as a function of volume of CO, foam injected.
This observation is in agreement with previous work 21 in which a drastic increase of
the pressure gradient is observed upon foam injection in high permeability (e.g., ranging

from 5 to 210 D) porous media at fixed injection rates and low backpressures (e.g., 60

psi).
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This is significant for environmental remediation processes because in “foam applications
in shallow subsurface, [the] pressure gradient may be [the] limiting factor rather than [the]

flow rates per se.” [#°]
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During the post-foam brine injection, the removal of pollutant stabilizes very quickly
reaching a plateau. Figures 5-4(a) and 5-4(b) reveal that the self-assembly bP/BCD/S-
2.1wt% displays the best performance in removing 99.1% of the Isoparaffin solvent
followed by bP/S-2.1wt% with a removal of 91.6%, bP/BCD/S-8.4wt% with a removal of
80%, and the bP/S-8.4wt% with a removal of 78.4%. These observations suggest that at
the experimental conditions of this work, a more stable and stronger CO, foam was
produced for the self-assembly bP/BCD/S blend prepared in a brine salinity of 2.1wt%.
This foam displayed the highest apparent viscosity in the porous media inducing the highest
mobility control, the best propagation through the sandpacks, and the best sweep efficiency
that resulted in maximum pollutant removal from the sandy soil. The stability of this CO>
foam was also demonstrated by the low fluctuations of the error bars in Figures 5-4(a) and
5-4(b). Although the other CO, foam systems also demonstrated high efficiency in
removing the Isoparaffin solvent from the soil, it is clear that the bP/S-2.1wt%, bP/BCD/S-
8.4 wt%, and bP/S-8.4wt% CO, foam systems were less stable as per the larger fluctuations
of the error bars shown by the corresponding performance curves. Although, the less stable
CO> foam systems display different rates of contaminant removal, it is challenging to draw
definite conclusions on which system is better because the large variability observed during
CO> foam flooding.

The generation of strong and stable foams at these experimental conditions, especially for
the case of the bP/BCD/S-2.1wt% system, indicates that the flow regime for these foams
corresponds to the “high-quality regime” 2324l obtained at high gas flow rate (e.g., 3.8
cm/min or 178.5 ft/d) and low liquid phase flow rate (e.g., 0.2 cm/min or 9.5 ft/d)

characteristic of dry foams. Foam flow within this “high-quality regime is controlled by
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foam stability” ?*241, For more insights on the dynamics of foam flow through porous
media, interested readers are referred to references 2324,

The high percentage of pollutant removal obtained from the application of CO, foam
demonstrates that within the porous media foams offer the advantage of a large gas
expansion in the lateral direction, which increases the contact of the liquid phase (foam
lamellae) with the contaminated soil. Therefore, aiding and increasing the interactions
between the surfactant with the pollutant. Although in this study, the concentration of
surfactant (e.g., DTAC) of 0.005% added to the bP/BCD/S-2.1wt% blend was significantly
below the CMC for this system (Table 5-2), the reduction of interfacial tension from 25.96
+ 1.04 dynes/cm (e.g., in the absence of surfactant) to 7.51+0.51 dynes/cm at 21.52+0.34°C
(Table 5-3) as a result of the addition of 50ppm of DTAC to the system 2.1wt%
brine/Surfactant/Soltrol®130 promoted the detachment of contaminant (e.g., Soltrol®130)
from the sand, which is solubilized and transferred to the aqueous phase that was displaced
towards the suction well. In this process, the presence of BCD could also contribute to the
solubilization of oil (e.g., Soltrol®130) within its cavity assisting with the transferring of
the pollutant from the soil to the aqueous phase. Then, it can be summarized that the
mechanisms involved in the removal of pollutant from the sand by the bP/S and bP/BCD/S
CO, foam systems are desorption, dissolution, and transfer of the HOC from the sand to
the biopolymer/surfactant liquid phases as suggested by several researchers [41219:20.25.26,28-
30]_

Furthermore, figures 5-4(a) and 5-4(b) clearly demonstrate the effect of synthetic brine
concentration on the performance of the CO, foam systems. First, for the case of the

polymeric/surfactant systems prepared in 2.1wt% brine, the self-assembly system
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bP/BCD/S showed a superior performance relative to the conventional bP/S blend. The
enhanced performance of the bP/BCD/S system is attributed to the formation of a
structurally stronger supramolecular biopolymer/surfactant network formed via BCD host-
guest interactions. Previous research 52581 has demonstrated that the presence of
electrolytes in the aqueous media increases the strength of non-covalent interactions (e.g.,
host-guest interactions) that results in structurally stronger self-assembly networks. Similar
behavior, but less noticeable, was observed for the polymeric surfactant systems prepared
in the 8.4wt% brine. In this case, the self-assembly system exhibited a slightly better
performance than the conventional biopolymer/surfactant blend.

In terms of the overall pollutant removal efficiency, the effect of brine concentration on the
performance on the different CO, foam systems is well-established in figures 5-4(a) and 5-
4(b). The CO, foam systems prepared in the synthetic brine containing a lower salinity and
hardness concentration performed notoriously better than the CO, foam systems prepared
in the 8.4wt% synthetic brine. For instance, the self-assembly bP/BCD/S-2.1wt% removes
19.1% more pollutant than the self-assembly bP/BCD/S-8.4wt%; while the bP/S-2.1wt%
system removes 13.2% more pollutant relative to the bP/S-8.4wt% blend. The effect of
increased salinity and hardness concentration (e.g., 8.4wt% brine) on the performance of
these biopolymeric/surfactant CO, foam systems is attributed to the reduced adsorption of
the surfactant at the gas-liquid interface due to the excessive concentration of electrolytes
in the liquid phase that aids the coalescence of bubbles promoting the formation of a coarser
and less stable CO, foam, which have been suggested from earlier research B+%°1. Coarser
foams display lower apparent viscosities during flow in porous media. Additionally,

preceding studies 8! have also demonstrated that the stability of polymer/surfactant blends
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IS maintained up to a certain threshold of salinity and hardness concentration, beyond that

maximum salinity and hardness concentration the stability of polymers/surfactant blends

IS negatively affected.

5.4. Conclusions

The main conclusions derived from this experimental work are as follows.

The self-assembly bP/BCD/S-2.1wt% CO, foam system renders the highest
efficiency as in-situ soil remediation treatment with a 99.1% of HOC removal from
the sandy soil at the experimental conditions of this work.

The experimental observations support the hypothesis that at the similar conditions,
self-assembly bP/BCD/S systems formed via BCD host-guest interactions exhibit
superior structural strength and apparent viscosity during flow in porous media than
the conventional bP/S blends. Therefore, the self-assembly systems render enhanced
CO> foam systems with better performance as mobility control agents for the efficient
detachment, displacement, and mobilization of the HOC from the soil to the flushing
solution.

Increasing the salinity and hardness concentration of the synthetic brine from 2.1wt%
to 8.4wt% affects the stability of the CO. foams in a significant manner. Therefore,
more research is required for a better screening of the effect of brine ionic strength

on the flow performance of these bP/BCD/S CO> foam systems in porous media.
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Chapter # 6: Conclusions

It is well-established that the presence of hydrocarbon contaminants in soils causes severe
environmental and health issues. Therefore, the development of technical and cost-
effective in-situ remediation methods is vital.

This thesis evaluated the effectiveness of both biopolymer/surfactant (bP/S) and self-
assembly polymer/BCD/surfactant (bP/BCD/S) CO2 foam systems for applications as in-
situ soil remediation technologies. In these systems, xanthan gum was used as the
biopolymer, B-Cyclodextrin or BCD was employed as the complexation agent between the
biopolymer and the surfactant through BCD host-guest non-covalent interactions. The

surfactant used was dodecyltrimethylammonium chloride or DTAC.

In this study, it was hypothesized that a more effective soil remediation process could be
achieved by the application of the bP/BCD/S CO, foam systems, in which the highly
structured biopolymer/surfactant network was self-assembly via BCD host-guest
complexations, rather than through the application of the conventional
biopolymer/surfactant CO. foam system. Self-associating systems through host-guest
interactions render polymeric/surfactant systems displaying superior foam stability,
mechanical strength, and salinity and hardness tolerance [1-12],

This hypothesis was tested through conventional displacement tests, which were carried
out to evaluate the flow performance of bP/S and bP/BCD/S CO; foam systems through
unconsolidated sandpacks. The key dynamic properties assessed during CO, foam flow
through porous media were CO, foam stability, foam propagation through the porous

media, mobility control, and biopolymer retention in porous media.
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The main conclusions derived from this MSCE thesis are as follows.

1. The bulk stability of the bP/S and bP/BCD/S CO, foam systems is adversely affected by
the increased ionic strength of the synthetic brine. The biopolymer/surfactant CO, foams
systems prepared in 2.1wt% brine (e.g., low salinity brine) show stability with R;values >

95%, while the foam systems prepared in 8.4wt% brine showed Rt values of 84%.

2. The self-assembly bP/BCD/S-2.1wt% CO, foam system displays a superior mobility
control (e.g., highest values of resistance factors), a stable flow displacement front, and
suitable propagation performance through unconsolidated porous media. These
experimental results support the stated hypothesis; this flow performance ensures that the
driving fluid (e.qg., displacement fluid) would deliver an effective sweep efficiency and as
result would aid the detachment and mobilization of the hydrophobic organic contaminants

or HOCs from sandy soils.

3. The biopolymer/surfactant (e.g., bP/S and bP/BCD/S) systems prepared in low salinity
brine exhibited higher adsorption (e.g., high final values of RRF) onto porous media than
the systems prepared in high salinity brine after the injection of 6 PVs of brine. The higher
retention observed is attributed to the enhanced apparent viscosity and superior structural
strength that these polymeric/surfactant systems displayed at low brine salinity, implying
that is more difficult to wash out from the sandpacks these polymer networks even after

the injection of numerous PVs of brine injection.
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4. Despite of the high biopolymer adsorption onto the pore walls, xanthan gum is a natural
polysaccharide, which is both biocompatible and biodegradable. Consequently, the
biopolymer left behind in the porous media due to mechanical retention would not be

detrimental to the soil ecosystem.

5. The self-assembly bP/BCD/S-2.1wt% CO; foam system renders the highest efficiency
as in-situ soil remediation treatment with a 99.1% of HOC removal from the sandy soil at

the experimental conditions of this work.

6. The experimental observations support the hypothesis that at the similar conditions, self-
assembly bP/BCD/S systems formed via BCD host-guest interactions exhibit superior
structural strength and apparent viscosity during flow in porous media than the
conventional bP/S blends. Therefore, the self-assembly systems render enhanced CO; foam
systems with better performance as mobility control agents for the efficient detachment,

displacement, and mobilization of the HOC from the soil to the flushing solution.

7. Increasing the salinity and hardness concentration of the synthetic brine from 2.1wt%

to 8.4wt% affects the stability of the CO» foams in a significant manner.

8. Overall, this study demonstrates the prospective applicability of the self-assembly
bP/BCD/S CO, foam systems as an integrated technology for the removal of HOCs from

sandy soils.
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This study is significant because it provides new insights on the performance and
applicability of a new process based on a self-assembling biopolymeric/BCD/surfactant
(bP/BCD/S) CO, foam system for the remediation of sand contaminated with an
isoparaffinic hydrocarbon solvent. The research outcomes are key to improving the
practical use of foam technology for in-situ soil remediation following the pump-and-treat
method and to optimizing the flooding sequence and volumes of fluid required to ensure

the sustainability of the remediation process.

6.1. Recommendations and Future Research

Several suggestions for further research based on the experimental evidence and the

procedures implemented in this work are given:

1. More research is required for a better screening of the effect of brine ionic strength on

the flow performance of these bP/BCD/S CO, foam systems in porous media.

2. Evaluate the effect of temperature on the flow performance of the bP/BCD/S CO, foam
systems in porous media. Higher or lower temperatures may affect the results obtained
in this research. This evaluation would be useful to establish the effects of different
seasons on the efficiency of bP/BCD/S CO. foams as in-situ soil remediation treatments

for the removal of HOCs.
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3. Inthis study, Soltrol® 130 was used as a model HOC contaminant, which is an aliphatic
hydrocarbon of low viscosity. Therefore, it is recommended to use polycyclic aromatic
hydrocarbons (PAHs) as model HOCs pollutants with higher viscosities and
recalcitrance to establish the efficiency of the bP/BCD/S CO, foams as in-situ soil

remediation treatments for the removal of these complex contaminants.

4. This research was conducted in high permeability (e.g., 74 D) unconsolidated porous
media. However, it is recommended to evaluate the effect of lower soil permeabilities
on the flow performance of the bP/BCD/S CO. foam systems and on their efficiency in

removing pollutants from contaminated soils.

118



Curriculum Vitae

Candidate’s full name: Atosa MohebbiPour

Universities attended:

University of New Brunswick, Fredericton, NB
Master of Science in Chemical Engineering. Sep. 2018 — present
Supervisor: Dr. Laura Romero-Zeron

Azad University Tehran-North Branch Tehran, Iran
Bachelor of Science in Chemical Engineering. Oct. 2009 - Oct. 2013
Supervisor: Dr. M. Ghasemi

Drafts to be submitted:

1.

Atosa Mohebbipour, Laura Romero-Zerdn. Effectiveness of a Self-assembly
Biopolymer/BCD/Surfactant CO, Foam System for In-Situ Soil Remediation. Part I:
Flow Performance in Pollutant-Free Porous Media. To be submitted to the Journal
of Hazardous Materials. 2021.

Atosa Mohebbipour, Laura Romero-Zeron. Effectiveness of a Self-assembly
Biopolymer/BCD/Surfactant CO2 Foam System for In-Situ Soil Remediation. Part
I1: Removal of a Model Hydrophobic Organic Compound (HOC) from Sandy Soil.

To be submitted to the Journal of Hazardous Materials. 2021.



