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GRAPHICAL ABSTRACT

Abstract

A series of flow-cell experiments were performed to investigate the performance of cosmetic
rhamnolipid surfactant flooding on the relationship between source zone mass removal and
mass flux reduction for pool-dominated DNAPL TCE source zones in heterogeneous porous
media. The results were also compared to those of water-flood control experiments to assess
the surfactant enhanced flushing efficacy. The flooding experiments were performed for silica
sand and natural calcareous soil representing two different degrees of physical heterogeneity.
The result from the flow-cell experiments showed that higher than 97% of TCE mass was
removed during rhamnolipid flooding for both porous media scenarios. Although,
rhamnolipid flooding experiment results showed successful remediation performance,
DNAPL TCE dissolution and rhamnolipid-enhanced dissolution in heterogeneous porous
media system exhibited multi-step mass-flux reduction/mass-removal behavior due to the
presence of less hydraulically-accessible pool-dominated TCE source zone. However, mass
removal and mass-flux reduction relationships for rhamnolipid flushing cases exhibited more
ideal removal behavior, indicating the more efficient remediation performance compared to
water flooding alone. For all cases, the later stage of mass removal was controlled by the
more poorly-accessible mass associated with pool-dominated source zones. The results of this
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study revealed the impact of non-uniformity of the flow-field and effect of enhanced-
solubilization agent on mass removal and mass-flux reduction behavior for DNAPL source
zones in saturated porous media

Keywords: Cosmetic surfactant, Dissolution, DNAPL, Mass flux, Rhamnolipid,
Trichloroethene

1. Introduction

Non-aqueous phase liquids (NAPL) are generally classified according to their liquid density
compared to water, so NAPL that are less dense than water is classified as LNAPL and those
denser than water as DNAPL. Most fuel derivatives and petroleum hydrocarbons are
classified as LNAPL. Solvents and solvent stabilizers are predominantly represented as
DNAPL (Booth et al., 2019). Dense non-aqueous phase liquids (DNAPL) are chemical or
chemical mixtures that are poorly soluble in water. Due to these two properties, they can
move downward and accumulate into soil and groundwater when a sufficient amount is
released into the environment. Under such conditions, the movement of DNAPL will continue
until they encounter a resistant or low permeability layer. In this process, their path may be
complicated, as they will prefer the path with least resistance in subsurface soils (USEPA,
2020).

Due to the high toxicity and persistence of DNAPL in the environment, they can seriously
contaminate subsurface areas and groundwater resources for many years to decades.
Therefore, it is of critical importance to improve the remediation strategies for DNAPL source
zones in order to maintain or restore the water quality of aquifer systems. Effectively
removing DNAPL source regions from the subsurface (groundwater) is one of the most
difficult processes facing remediation (Akyol, 2018).

There are many techniques for DNAPL remediation; Pump-and-treat (PT) technology is
commonly used has been shown to have limited effectiveness for DNAPL mass removal,
because of the high density, low solubility, and high interfacial tension of DNAPL with water
(Akyol et al., 2013; Booth et al., 2019; USEPA, 2020). In situ enhanced-solubilization
remediation techniques have focused on the use of flushing agents (for instance surfactants,

cosolvents, and cyclodextrins) to reduce the interfacial tension between the DNAPL and water
2
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and to increase the apparent solubility of organic pollutants (Difilippo et al., 2010; Akyol et
al., 2013; Tick et al., 2015; Akyol, 2018; Akyol and Turkkan, 2018).

Therefore, surfactant-enhanced aquifer remediation (SEAR) and other enhanced-
solubilization methods have been used to increase contaminant-mass removal for such
systems. SEAR is based upon two primary removal mechanisms: (1) mobilization of trapped
NAPL caused by interfacial tension reduction; and (2) micellar solubilization (Booth et al.,
2019; Akyol et al., 2013; Akyol, 2018; Akyol and Turkkan, 2018).

Due to potential issues with mobilization of DNAPL, solubilization-based remediation
methods have gained significantly more attention. Based on the micelle-based removal
mechanism of surfactants to enhance solubilization of organics, significant solubilization will
only occur when surfactant concentrations are higher than its critical micelle concentration
(CMC) (Akyol et al., 2013; Ghosh et al., 2015; Zhong et al., 2016). Because of this reason,
most of the studies focused on NAPL remediation, have been performed at relatively higher
CMC surfactant concentrations. For instance, various types of surfactants used for enhanced-
solubilization of chlorinated solvents (i.e., DNAPL) at higher CMC concentrations are
observed in the literature (Harendra and Vipulanandan, 2011). The remediation of NAPL
from porous media using surfactant concentrations above CMC have also been investigated
under flowing system conditions (Boving and Brusseau, 2000; Zhong and Oostrom, 2012).
There have been two major challenges encountered for this application: (1) introduction of
large amounts of surfactant into the aquifer, which may cause secondary contamination or
other impacts to the system; and (2) potential effect on distribution and migration of NAPL
via mobilization. These phenomena have the potential to have significant negative impacts on
the efficacy of the SEAR technology.

Some prior studies have shown that solubilization may also occur when surfactant
concentrations are lower than the CMC (Kile and Chiou, 1989; Zhang and Miller, 1992).
Specifically, it was shown that rhamnolipid biosurfactants exhibited strong alkane-
solubilization activity at concentrations significantly lower than CMC, through an aggregate-
formation mechanism (Zhong et al., 2016). In addition, synthetic surfactants, SDBS and TX-
100, were observed to enhance the solubility of hexadecane at concentrations below their
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CMC (Zhong et al., 2015). The prior studies also indicated that bioremediation was possible

for the remediation of contaminants via biosurfactants.

Chemical flooding with bio-active agents can be used to remediate soil and groundwater
contaminated with DNAPL. Biosurfactants reduce the interfacial tension between water and
NAPL and increase the mobilization and the solubility of organic compounds. Thus, the
pollutant can be remediated from the subsurface at an accelerated rate. For instance,
rhamnolipid is a microorganism that produces a glycolipid biosurfactant that was used for the
bioremediation of DNAPL source zones (Strbak, 2000; Mata-Sandoval et al., 2001).

The interest in biosurfactants, which are often called surface active biological agents due to
their specific environmental properties, is increasing all over the world. There are five main
categories of biological surfactants. These are glycolipids, phospholipids and fatty acids,
lipopeptides and lipoproteins, polymeric bio-surfactants and particulate bio-surfactants (Xu et
al., 2011; Randhawa and Rahman, 2014)

This is where the current global interest in Rhamnolipid production lies, due to its wide range
of applications in various industries and its impressive "environmental” properties. The list of
five major rhamnolipid applications meeting broad industrial requirements includes:
Bioremediation and enhanced oil recovery (EOR), Pharmaceuticals and therapeutics,

Cosmetics, Detergents and cleaners, Agriculture (Sajna and Gottumukkala, 2019).

Glycolipid biosurfactants ‘rhamnolipids' are distinguished between the different types of bio-
surfactants. Rhamnolipid is mainly a crystalline acid consisting of B-hydroxy fatty acid linked
with the arhamnose sugar molecule via the carboxy end member (functional group).
Pseudomonasaeruginosais is mainly formed with rhamnolipids and is graded as mono and
dirhamnolipids. P. chlororaphis, P. plantarii, P. putida, and P. fluorescenshave been
identified for the production of rhamnolipids. Certain bacteria produce mono-rhamnolipids
only, while others produce both. In the production method, the ratio of mono and

dirhamnolipid may also be controlled (Sajna and Gottumukkala, 2019).

There has been a large body of research on rhamnolipids over three decades, revealing many

novel applications, making them a promising alternative and a popular choice for remediation
4
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efforts among all biosurfactant categories worldwide. Because of their wide range of
applications in cosmetic industries and their impressive "environmental” properties, the
current global interest in rhamnolipid manufacturing and their application value has increased
over time. A list of five main rhamnolipid applications that meet the broad range of industrial
requirements include: bioremediation and enhanced oil recovery (EOR) (Xue et al., 2020;
Rathankumar et al., 2021) pharmaceuticals and therapeutics (Yi at al., 2019; Thakur et al.,
2021) cosmetics (Ahmadi-Ashtiani et al., 2020) detergents and cleaners (Jadhav et al., 2019;
Helmy et al., 2020) Agriculture (Chen et al., 2017; Dashtbozorg et al., 2019).

There is a current lack of studies in the literature regarding the use of rhamnolipid surfactant
for the remediation of DNAPL. The use of rhamnolipid for soil leaching and enhanced
biodegradation of LNAPL have been successfully applied associated remediation efforts.
However, there have been no significant studies regarding the effect of rhamnolipid
biosurfactant on the remediation of pool dominated DNAPL source zones. Prior studies have
primarily investigated the solubilization potential of chlorinated solvents (i.e, DNAPL) using
biosurfactants and synthetic surfactants such as SDS and Tween 80 (Difilippo et al., 2010;
Akyol et al., 2013) Albino and Nambi (2019) showed that rhamnolipid biosurfactant was 4
times more effective at DNAPL removal, in terms of weight solubilization ratio (WSR), than
Tween 80 for the solubility enhancement of TCE and PCE (i.e., two of the most encountered
chlorinated solvents in contaminated sites). The objectives of a study present by Tang et. al.
(2020) were to (1) evaluate the PCE degradation efficiency by the addition of rhamnolipid
and Tween 80, and (2) investigate changes in microbial associations due to the addition of
these two surfactants. This study showed that the type of surfactant added to the system was
associated with changes in the microbial community and provided evidence for possible links
between the degradation rates of PCE with two surfactants and changes in the microbial
community structure. This has helped us to understand the current state of microbial ecology
for the surfactant-enhanced bioremediation of PCE. As a result, synthetic surfactants have
been predominantly used for the remediation of pool dominated DNAPL source zones and

there has been lack of biological surfactants which was extensively used in cosmetic sector.

The objective of this study was to investigate the contaminant elution behavior and the impact
of rhamnolipid cosmetic surfactant flooding on mass removal and mass-flux reduction

relationships for non-uniform DNAPL TCE distributions entrapped within heterogeneous
5
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porous media with within 2-D flow-cell systems. Two physically heterogeneous systems were
utilized for determining the remediation efficacy due to the application of cosmetic
rhamnolipid surfactant flooding techniques. Water flooding experiments were conducted as a
control baseline conventional flushing technique (i.e, pump-and-treat technology) to compare

and assess the performance of the novel SEAR technique.

2. Materials and Methods

A series of flow-cell experiments was conducted to the test the impacts of porous media
heterogeneity and non-uniform NAPL distribution on elution and mass-removal relationships
under various rhamnolipid flooding scenarios. The rectangular tank was constructed of
stainless steel and tempered glass, with dimensions of 40 cm (length) by 20 cm (width) by 3
cm (thick). This flow cell was equipped with multiple, evenly spaced injection/extraction
ports on each end (inflow and outflow ends). In addition, three ports were evenly spaced at
the top of the flow cell to allow injection of organic liquid (DNAPL). Water-tight seals were
established using silicone sealant for the flow cell, ensuring that the tempered glass and flow
cell body did not leak at any time during flushing. Two different silica-sand media median
particle diameters, dso = 0.359 mm (40/50 mesh) and 0.172 mm (70/100 mesh), and natural
calcareous soil were used in these experiments (dso=0.12 mm). The calcareous soil has a
poorly sorted sandy loam texture with a mean grain diameter of 0.12 mm. This soil has an
alkaline in nature with a pH of 8.4 and is characterized by the presence of abundant amounts
of carbonate (96%) and intermediate amounts of organic carbon (1%) and minor amounts of
quartz (Akyol and Yolcubal, 2013). The organic carbon content of silica sand materials is
extremely low (0.C.%=0.05).

Trichloroethene (TCE), ACS grade (Aldrich Co.) was used as the model organic liquid
(DNAPL), rhamnolipid was used as the cosmetic biosurfactant (Sigma-Aldrich Co.) for
enhanced-solubilization flushing, and water alone was used as the conventional (pump-and-
treat) flushing agent. Concentrations of rhamnolipid were selected as 2.5% and 5% wt. %) for
the experiments. The organic liquid was dyed with Sudan IV (Aldrich Co.) at a concentration
of 100 mg/L, which has been shown to have minimal impact on fluid properties and behavior
(Schwille and Pankow, 1988; Kennedy and Lennox, 1997).

Two physical heterogeneous porous media configurations were constructed for the flow-cell

experiments. The first flow-cell media configuration was comprised of a homogeneous pack
6



195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215
216
217
218
219
220
221
222
223
224
225

of the 40/50-mesh sand as the matrix, with a layer of the 70/100-mesh sand emplaced along
the bottom boundary (Fig. 1). The second media configuration consisted of a matrix of the
natural calcareous soil with two lenticular lenses of <200-mesh calcareous soil emplaced with
the flow zone, and the <200-mesh calcareous soil was emplaced along the bottom boundary
of the flow cell (Fig. 1). The <200-mesh calcareous soil prepared by sieving a natural
calcareous soil and correspondingly used to construct the impermeable zones (low-
permeability) for the second physical heterogeneous media configuration. As shown in Table
1, various locations of DNAPL TCE injections were applied and allowed to distribute within
the flow cell medium for 48 hours. After 48 hours, the rhamnolipid surfactant or water was
injected at a steady-state flow rate, equivalent to an average pore-water velocity of
approximately 6.1 or 6.5 cm/h during reagent flooding to test the overall enhanced
solubilization and remediation (removal) performance of DNAPL (TCE) source zones within
the flow cell. This velocity range was selected to represent induced-gradient conditions
associated with hydraulic-based remediation methods. NAPL saturation (Sy) is defined as the
volume of organic liquid divided by the pore volume of the entire system. Ten sets of
experiments were conducted for the first and second flow-cell configurations using silica sand
and natural calcareous soil. Experimental conditions and the type of DNAPL (TCE) injections
are provided in Table 1. The initial distributions of DNAPL (TCE) generated for the two
systems are shown in Figure 1.

The pool-dominated DNAPL (TCE) was injected into the 70/100-mesh sand or <200-mesh
calcareous soil zone via the left and/or middle port (Fig. 1). Upon rhamnolipid flushing,
effluent samples were collected (outflow side of flow cell) with 0.5 mL of glass syringe and
an appropriate amount was transferred into a 5 mL flask (and diluted as necessary) for
analysis. The aqueous samples were analyzed using ultraviolet-visible spectrophotometer
(Varian Cary 150) at a wavelength of 230 nm (quantifiable detection limit of ~0.5 mg/L).
Dilution of the rhamnolipid surfactant was not necessary to overcome interference for the
analysis since the effect of rhamnolipid on TCE absorbance was negligible. TCE effluent
samples were analyzed, and mass recoveries were calculated to determine the percent of TCE
removed and for determining remediation efficacy. Although many studies only calculate the
mass removal rate as a primary remediation efficacy metric, under such scenarios this may not
provide enough detail to fully assess the performance of remediation efficacy. Therefore,
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mass-flux-reduction/mass-removal analyses were performed to provide more comprehensive

assessment of remediation efficacy.

Mass-flux-reduction/mass-removal behavior was simulated based on treating changes in
mass-flux as a direct function of the change in contaminant mass (Dilippo et al., 2010; Akyol
etal., 2013; Tick et al., 2015).

J c
MFR =1- 2t —1-
37 Qg

where J is mass-flux [M/t], M is source-zone mass [M] and the subscripts i and f represent

initial and final, respectively.
3. Results and Discussion
3.1. Contaminant elution behavior

The contaminant elution curves obtained from the flow-cell experiments are presented in
Figures 2 and 3 for both silica sand and natural calcareous soil configurations. Ten set of

experiments were conducted for silica sand and natural calcareous soil, respectively (Table 1).

For the first experiment 0.5 mL of TCE was injected as a pool within the 70/100-mesh sand
followed by the flushing of a 5-wt.% rhamnolipid solution (Fig. 1). TCE effluent
concentrations reached a maximum of 2456 mg/L and then decreased to 650 mg/L, reaching
equilibrium (pseudo steady-state condition) for 4 hours. This phase was followed by a sharp
decrease of TCE concentration over the duration of rhamnolipid flushing (Fig. 2). After a total
of 11.5 hours of flushing, TCE concentrations dropped below 1 mg/L. For the second
experiment0.5 mL of TCE was injected into the left and middle ports as pools with equal
mass within the medium and followed by the flushing of a 5-wt.% rhamnolipid solution. TCE
reached a maximum concentration of 1906 mg/L and gradually decreased to 850 mg/L,
followed by a constant pseudo steady-state effluent concentration for 3 hours (Fig 4). TCE
dropped below 1 mg/L after 9 hours of flushing. The second experiment took less time (2.5
hours shorter) to reach TCE detection limits compared to the first experiment indicating that a
higher dissolution rate (removal rate) for the TCE source zone occurred and may be related to

more hydraulically accessible mass in this flow cell configuration. This phenomenon indicates
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that a smaller amount of pool-dominated TCE source zone was removed for Experiment-1
compared to the more efficient (higher) removal observed for Experiment-2. The third flow
cell experiment was the replication of Experiment-1 with the injection of 0.25 mL of TCE as
the DNAPL pool The TCE effluent concentrations reached a maximum of 1420 mg/L and
decreased to 950 mg/L, followed by concentration stabilization (pseudo steady-state) for 3
hours. After 9 hours of flushing, TCE concentrations dropped below 1 mg/L (Fig 2). This
experiment indicated the relatively lower amount of TCE injected into the system yielded
improved remediation efficacy (faster removal rate) under the conditions of the experiment

herein.

For the fourth experiment 0.25 mL of TCE (DNAPL) was injected within 70/200-mesh sand
as a pool, followed by 2.5-wt.% solution of rhamnolipid surfactant flushing. Effluent
concentrations of TCE reached a maximum of 788 mg/L followed by a gradual concentration
decrease to 165 mg/L during flushing. After 11 hours of flushing, TCE concentrations
dropped to 1 mg/L (Fig 2). This experiment (Exp-4) took almost 2 hours longer than the
Experiment 3 with higher surfactant concentration (5%), indicating the reduced remediation
(removal) efficacy impact associated with the lower surfactant concentration (i.e., decreased
enhanced solubilization effect) for this remediation scenario. The fifth experiment
(Experiment-5) was the replication of experiment 1 and 2 in terms of TCE source zone
injection routine. Location and mass of TCE was kept same for experiment 1, experiment 2
and experiment 5, respectively. As mentioned previously, water was used as the flushing
agent to represent conventional pump and treat remediation strategies. The control
experiments under water flooding scenarios showed that effluent TCE concentrations reached
a maximum value ~370 mg/L followed by an extensive stable (pseudo steady-state condition)
concentration phase. It was observed that the initial TCE effluent concentrations were lower
than its aqueous solubility limit (~1300 mg/L) due to the dilution effects resulting for the
flow-cell experiments. The control experiments indicated that TCE effluent concentrations
remained above 40 mg/L even after 80 PV of water flushing. This result clearly demonstrates
the improved remediation efficacy of the rhamnolipid enhanced flooding technology
compared to the conventional pump-and-treat scenarios. The water flushing control
experiments also showed that an observed multi-step TCE elution behavior, similar to that
observed for rhamnolipid flushing experiments. Similar elution behavior has also been
observed for other enhanced-solubilization agents such as cyclodextrin (Akyol and Turkkan,
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2018), Tween 80 (Difilippo et al., 2010) and SDS (Akyol, 2018) compared to water flushing

scenarios for heterogeneous porous media systems.

The second series of flow cell experiments was conducted using a physically heterogeneous
porous medium of calcareous soil. For the first experiment 0.5 mL of TCE was injected as a
pool within the medium via the middle port followed by flushing of a 5-wt.% rhamnolipid
solution. TCE effluent concentrations reached a maximum value of 2221 mg/L and decreased
to 1000 mg/L whereby a stable concentration phase (pseudo steady state) and quasi-
equilibrium state lasted for approximately 2 hours. After this temporal steady state phase,
TCE elution concentrations gradually decreased during the rhamnolipid surfactant flushing
and after 13 hours of total flushing time TCE concentrations dropped below 1 mg/L (Fig.
3For the second experiment 0.5 mL of TCE was injected into left and middle ports to create
DNAPL pools with equal mass and then followed by flushing the flow cell domain with a 5-
wt.% rhamnolipid solution. Aqueous TCE effluent concentrations reached a maximum value
of 1762 mg/L and slowly decreased to 1000 mg/L whereby a subsequent quasi-steady-state
concentration elution period occurred for approximately 2 hours. After this elution phase, the
effluent TCE concentrations dropped below 1 mg/L after 10.7 hours of total flushing time
(Fig. 3). This second experiment took less time (~2.5 hours shorter) to reach TCE detection
limits compared to the first experiment most likely due to the fact that the DNAPL mass was
injected as a smaller pool than that of the previous (first experiment). The TCE pool
distribution, under this scenario, may have yielded conditions more conducive to more
hydraulically accessible mass and increased enhanced solubilization of TCE. In many cases a
reduction of DNAPL pool size reduces the overall interfacial DNAPL area that would limit
dissolution to a greater extent. The third experiment was a replication of experiment 2 but
with an injection volume of 0.25 mL for the DNAPL TCE. The TCE effluent concentrations
reached a maximum value of 1345 mg/L and decreased to 500 mg/L whereby a subsequent
concentration stabilization (pseudo steady state) phase occurred for ~4 hours. After 9 hours
for total surfactant flushing, TCE concentrations dropped below 1 mg/L (Fig. 3). For the
fourth experiment TCE was injected into middle port as a DNAPL pool in the porous
medium, and then followed by flushing of a 2.5-wt.% rhamnolipid solution. Effluent TCE
concentrations reached a maximum value of 711 mg/L and decreased to 500 mg/L whereby a
subsequent concentration stabilization (pseudo steady-state elution) period lasted for 2.5 hours
(during flushing). After 11 hours of total flushing time TCE concentrations dropped below 1

10
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mg/Lat which point the experiment was concluded. This experiment indicated that the
remediation performance of TCE was less effective compared to Experiment 3 due the a
decreased enhanced-solubilization effect associated with the lower rhamnolipid 2.5-wt.%

concentration.

The fifth experiment was the replication of experiment 1 and 2, in terms of location and
distribution of TCE source zone condition. Instead of surfactant flooding, water was used as
the flushing agent as a control flushing scenario representing conventional pump-and-treat
operations. The control experiments under water flooding showed that effluent TCE
concentration reached a maximum value of 180 mg/L, followed by an extensive stable
concentration (pseudo steady-state) phase for a long period of time (Fig. 3). It is observed that
initial effluent TCE concentrations were lower than its aqueous solubility limit (~1300 mg/L)
due to the dilution effects associated with the flow cell experiments. The control experiments
indicated that TCE effluent concentrations remained above 20 mg/L even after 100 PV of
water flushing. This result clearly demonstrates the improved remediation efficacy of the
rhamnolipid enhanced flooding technology compared to the conventional pump-and-treat
scenarios, similar to that observed for the silica sand experiments.

All flow cell experiments for both physical configurations (silica sands and calcareous soils)
showed that the TCE elution curves from dissolution and enhanced-solubiliation of DNAPL
were characterized by an extended multi-step behavior elution profile (Fig. 2 and Fig. 3). The
presence of hydraulically-accessible (matrix) and poorly-hydraulically-accessible DNAPL
pool zones is likely the primary control (phenomenon) causing this multi-step elution
behavior. The TCE elution curves observed for the rhamnolipid flushing dissolution
experiments exhibited relatively extensive periods wherein the TCE concentrations increased
to a maximum value and then decreased gradually before reaching a long steady-state (quasi-
equilibrium) elution concentration phase. This phase was followed by rapid decrease in TCE
concentration until detection limits were reached around 0.5-1 mg/L. The extent of the steady-
state TCE elution stages after first concentration dropped varied as a function of porous
media, initial TCE saturation, location of TCE injection, and the type of flushing agent (i.e.,
rhamnolipid vs. water). The TCE mass associated with the less hydraulically accessible,
higher-saturation region above the 70-100 silica sand or <200 mesh calcareous soil was the
last portion to be removed and explains the steady-state TCE elution concentration behavior
for the series of flushing experiments. This multi-step elution behavior is also consistent with

11
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that observed in previous dissolution studies using ideal and non-ideal porous media (Mahal
et al., 2009; Russo et al., 2010; Akyol et al., 2013; Akyol and Turkkan, 2018; Akyol, 2018).
It is hypothesized that the pore-scale configuration of the organic liquid, DNAPL saturation,
and the flow relationships are complex for both the silica sand and natural porous media
experiments, resulting in the observed non-ideal dissolution and elution behavior. As a result,
the performance of the enhanced-surfactant flushing technology depends on the site
characteristics which are critical to determine the efficacy of these remediation strategies for

NAPL-contaminated sites.
3.2. Mass-flux-reduction/mass removal behavior

The flow-cell experiments showed that the mass-flux reduction/mass removal (MFR/MR)
relationships for various physically heterogeneous media configurations, the amount and the
distribution of organic liquid, and the concentration of enhanced-solubilization reagent
exhibited “multi-step” behavior. Multi-step behavior consists of two distinct MFR/MF stages.
For the first stage, significant reductions in mass-flux occurred until minor fractions (15-20%)
of mass were removed (Fig. 4 and Fig. 5). The mass-flux reduction/mass removal relationship
was generally linear until a point at which approximately 70-75 % of mass was removed, as
observed for most of the experiments using both the silica sand and natural calcareous soil
porous media. The organic liquid (DNAPL-TCE) mass representing the more hydraulically-
accessible zones (portions) was removed in this period for both the single and double DNAPL
TCE injection experimental scenarios. This multi-step behavior is also similar with other
enhanced solubilization agents with Tween 80 and Sodium dodecyl sulfate (SDS) surfactants
with similar conditions (Akyol et al., 2013; Akyol, 2018; Akyol and Turkkan, 2018).

This multi-step behavior was also observed for the contaminant elution curves, whereby
concentrations increased to a maximum and then decreased gradually until reaching a pseudo
steady-state concentration condition for the majority of the surfactant flooding event. The
mass-flux reduction/mass removal behavior observed for the silica sand flow cell
configuration during water flushing (i.e., absence of rhamnolipid) exhibited more non-ideal
removal behavior, indicating that dissolution processes are limited to a greater extent due to
the organic liquid distribution and the absence of enhanced solubilization processes (Fig. 4).
The MFR/MR removal behavior observed for the natural calcareous soil flow cell
configuration during rhamnolipid flooding was significantly different that resulting from

water flushing, exhibiting more non-ideal removal relationships compared that generated for
12
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the silica sand configuration (Fig. 4 and Fig. 5). However, the MFR/MR relationships for
rhamnolipid flushing cases generally exhibited more ideal removal behavior compared to
water flooding, further indicating the more efficient remediation efficiency associated with
the surfactant flushing. The final stage of MFR/MR reflects the removal of poorly-accessible
organic liquid (DNAPL) mass from the entrapped pool distributed at the top of impermeable
zone within the flow cell. The multi-step MFR/MR behavior was also observed for water
flooding control experiments which has also been observed in prior flow-cell experiments and
field-scale remediation demonstrations (Mahal et al., 2009; Russo et al., 2010; Akyol et al.,
2013; Brusseau et al., 2013; Akyol and Turkkan, 2018; Akyol, 2018).  Overall, these
experiments show that the type of porous media, the various organic liquid distribution, the
DNAPL saturation, and rhamnolipid surfactant concentration exhibit important impacts on
DNAPL dissolution that may cause such non-ideal mass-flux reduction/mass removal
behavior as observed and described in this section. This non-ideal (MFR/MR) removal
behavior is hypothesized to occur from constraints related to hydraulic accessibility of the
organic liquid to flowing water that will be implicitly controlled by pore-scale configuration
of the flow-field and the impact of the enhanced-solubilization reagents on the source-zone
dissolution processes. Such impacts of flow-field configuration on organic liquid dissolution
have also been reported by prior dissolution studies that have used water and surfactants as
the flushing reagents (Mahal et al., 2009; Russo et al., 2010; Akyol et al., 2013; Brusseau et
al., 2013; Akyol and Turkkan, 2018; Akyol, 2018).

4. Summary

Chlorinated solvents represent one of the main types of DNAPL frequently present
contaminated sites throughout the world. These DNAPL sources can lead to severe soil and
groundwater contamination. A series of flow-cell experiments was conducted to investigate
the impact of non-uniform organic-liquid (NAPL) distribution, flow-field nonuniformity due
to porous media physical heterogeneity, and enhanced-solubilization flushing agent
(surfactant) concentration on the contaminant elution behavior and relationships between
source zone mass removal and mass-flux reduction. Water flushing was conducted as the
control experiments for dissolution of NAPL source zone removal, representing that of
conventional pump-and-treat scenarios. A cosmetic rhamnolipid surfactant was successfully
used for the remediation of DNAPL-TCE source zones established within the flow cell
experiments. The results of the flow-cell experiments demonstrated that greater than 97% of

13
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TCE mass was removed via rhamnolipid surfactant flooding. Experimental results also
showed that the distribution and the emplacement of organic liquid (DNAPL-TCE), the flow-
field nonuniformity, the particular concentration of rhamnolipid surfactant, and the porous
media type (physical heterogeneity differences) significantly influenced on mass-flux
reduction/mass removal behavior during flushing. The results of the study also showed that
physical heterogeneous porous media systems using both silica sand and natural calcareous
soil exhibited multi-step mass-flux reduction/mass removal relationships. However, mass
removal and mass-flux reduction relationships for the rhamnolipid surfactant flushing cases
exhibited more ideal contaminant mass removal behavior compared to water flooding, clearly
demonstrating the more efficient and preferred remediation condition associated with the
surfactant flushing scenario. Finally, the results of this study also reveal that during the earlier
stages of flushing, a more efficient contaminant mass removal condition occurs likely due to a
more hydraulically-accessible initial portion of DNAPL whereas during the later stages of
flushing mass removal was predominantly controlled by the more poorly-accessible mass
associated with higher-saturation DNAPL zones. Thus, it is important to note that such
variations of NAPL hydraulic accessibility during flushing will most likely complicate the
estimation and prediction of these remediation efforts. Studies such as the one herein aims to
improve our understanding of contaminant dissolution and mass-flux behavior for the
presence of organic liquid (NAPL) source zones in the subsurface in order to yield more

robust site characterization and more efficient site remediation.
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Table 1. Parameters for 2-D flow-cell experiments

v TCE Sh TCE Recovery
Silica sand iniecti Type of reagent
(em/hn) injection (%) (%)
Singl
Experiment 1 6.54 :;gof 0.002* 97,7 5% Rhamnolipid
Doubl
Experiment 2 6.54 szole 0.002* 98.3 5% Rhamnolipid
Singl
Experiment 3 6.54 F',r;gor 0.001* 98.2 5% Rhamnolipid
Single 2.5%
E i t 4 6.54 0.001* 97.6
xperimen Pool Rhamnolipid
. Single
Experiment 5 6.54 0.002* 67.4 Water
Pool
Natural calcareous soil v . TCE Sn TCE Recovery Type of reagent
|nJect|on

17



(cm/hr) (%) (%)
Experiment 1 6.15 S:;’i: Ie 0.002* 98,4 5% Rhamnolipid
Experiment 2 6.15 Ds;‘::e 0.002* 99.1 5% Rhamnolipid
Experiment 3 6.15 s";;golle 0.001* 97.2 5% Rhamnolipid
. Single 2.5%
E 1 001 1
xperiment 4 6.15 Pool 0.00 98 Rhamnolipid
. Single
Experiment 5 6.15 Pool 0.002* 54.9 Water

546  *Spis calculated as volume of TCE divided by pore volume of system
547

548  Figure 1. Image of organic-liquid distribution in tank system. A) First configuration with
549 silica sand, B) Second configuration with natural calcarous soil
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554

555

556  Figure 2. Effluent concentration as a function of the number of pore volumes for the
557  dissolution and rhamnolipid enhanced-solubilization experiments using silica sand (1 PV=
558  3.67 hours) (Experiment 1, 2, 3, 4 and 5)
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561  Figure 3. Effluent concentration as a function of the number of pore volumes for the
562  dissolution and rhamnolipid enhanced-solubilization experiments using natural calcareous soil
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Figure 4. Mass-flux reduction versus mass removal relationships for rhamnolipid and water

flushing tank experiments (First configuration)
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