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Abstract 15 

 A series of flow-cell experiments were performed to investigate the performance of cosmetic 16 

rhamnolipid surfactant flooding on the relationship between source zone mass removal and 17 

mass flux reduction for pool-dominated DNAPL TCE source zones in heterogeneous porous 18 

media.  The results were also compared to those of water-flood control experiments to assess 19 

the surfactant enhanced flushing efficacy. The flooding experiments were performed for silica 20 

sand and natural calcareous soil representing two different degrees of physical heterogeneity. 21 

The result from the flow-cell experiments showed that higher than 97% of TCE mass was 22 

removed during rhamnolipid flooding for both porous media scenarios. Although, 23 

rhamnolipid flooding experiment results showed successful remediation performance, 24 

DNAPL TCE dissolution and rhamnolipid-enhanced dissolution in heterogeneous porous 25 

media system exhibited multi-step mass-flux reduction/mass-removal behavior due to the 26 

presence of less hydraulically-accessible pool-dominated TCE source zone. However, mass 27 

removal and mass-flux reduction relationships for rhamnolipid flushing cases exhibited more 28 

ideal removal behavior, indicating the more efficient remediation performance compared to 29 

water flooding alone. For all cases, the later stage of mass removal was controlled by the 30 

more poorly-accessible mass associated with pool-dominated source zones. The results of this 31 
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study revealed the impact of non-uniformity of the flow-field and effect of enhanced-32 

solubilization agent on mass removal and mass-flux reduction behavior for DNAPL source 33 

zones in saturated porous media 34 

Keywords: Cosmetic surfactant, Dissolution, DNAPL, Mass flux, Rhamnolipid, 35 

Trichloroethene 36 

 37 

 38 

1. Introduction 39 

Non-aqueous phase liquids (NAPL) are generally classified according to their liquid density 40 

compared to water, so NAPL that are less dense than water is classified as LNAPL and those 41 

denser than water as DNAPL. Most fuel derivatives and petroleum hydrocarbons are 42 

classified as LNAPL. Solvents and solvent stabilizers are predominantly represented as 43 

DNAPL (Booth et al., 2019). Dense non-aqueous phase liquids (DNAPL) are chemical or 44 

chemical mixtures that are poorly soluble in water. Due to these two properties, they can 45 

move downward and accumulate into soil and groundwater when a sufficient amount is 46 

released into the environment. Under such conditions, the movement of DNAPL will continue 47 

until they encounter a resistant or low permeability layer. In this process, their path may be 48 

complicated, as they will prefer the path with least resistance in subsurface soils (USEPA, 49 

2020). 50 

 51 

Due to the high toxicity and persistence of DNAPL in the environment, they can seriously 52 

contaminate subsurface areas and groundwater resources for many years to decades. 53 

Therefore, it is of critical importance to improve the remediation strategies for DNAPL source 54 

zones in order to maintain or restore the water quality of aquifer systems. Effectively 55 

removing DNAPL source regions from the subsurface (groundwater) is one of the most 56 

difficult processes facing remediation (Akyol, 2018). 57 

 58 

There are many techniques for DNAPL remediation; Pump-and-treat (PT) technology is 59 

commonly used has been shown to have limited effectiveness for DNAPL mass removal, 60 

because of the high density, low solubility, and high interfacial tension of DNAPL with water 61 

(Akyol et al., 2013; Booth et al., 2019; USEPA, 2020). In situ enhanced-solubilization 62 

remediation techniques have focused on the use of flushing agents (for instance surfactants, 63 

cosolvents, and cyclodextrins) to reduce the interfacial tension between the DNAPL and water 64 
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and to increase the apparent solubility of organic pollutants (Difilippo et al., 2010; Akyol et 65 

al., 2013; Tick et al., 2015; Akyol, 2018; Akyol and Turkkan, 2018). 66 

 67 

Therefore, surfactant-enhanced aquifer remediation (SEAR) and other enhanced-68 

solubilization methods have been used to increase contaminant-mass removal for such 69 

systems. SEAR is based upon two primary removal mechanisms: (1) mobilization of trapped 70 

NAPL caused by interfacial tension reduction; and (2) micellar solubilization (Booth et al., 71 

2019; Akyol et al., 2013; Akyol, 2018; Akyol and Turkkan, 2018).  72 

 73 

Due to potential issues with mobilization of DNAPL, solubilization-based remediation 74 

methods have gained significantly more attention. Based on the micelle-based removal 75 

mechanism of surfactants to enhance solubilization of organics, significant solubilization will 76 

only occur when surfactant concentrations are higher than its critical micelle concentration 77 

(CMC) (Akyol et al., 2013; Ghosh et al., 2015; Zhong et al., 2016). Because of this reason, 78 

most of the studies focused on NAPL remediation, have been performed at relatively higher 79 

CMC surfactant concentrations. For instance, various types of surfactants used for enhanced-80 

solubilization of chlorinated solvents (i.e., DNAPL) at higher CMC concentrations are 81 

observed in the literature (Harendra and Vipulanandan, 2011).  The remediation of NAPL 82 

from porous media using surfactant concentrations above CMC have also been investigated 83 

under flowing system conditions (Boving and Brusseau, 2000; Zhong and Oostrom, 2012). 84 

There have been two major challenges encountered for this application: (1) introduction of 85 

large amounts of surfactant into the aquifer, which may cause secondary contamination or 86 

other impacts to the system; and (2) potential effect on distribution and migration of NAPL 87 

via mobilization. These phenomena have the potential to have significant negative impacts on 88 

the efficacy of the SEAR technology. 89 

 90 

Some prior studies have shown that solubilization may also occur when surfactant 91 

concentrations are lower than the CMC (Kile and Chiou, 1989; Zhang and Miller, 1992). 92 

Specifically, it was shown that rhamnolipid biosurfactants exhibited strong alkane-93 

solubilization activity at concentrations significantly lower than CMC, through an aggregate-94 

formation mechanism (Zhong et al., 2016). In addition, synthetic surfactants, SDBS and TX-95 

100, were observed to enhance the solubility of hexadecane at concentrations below their 96 
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CMC (Zhong et al., 2015). The prior studies also indicated that bioremediation was possible 97 

for the remediation of contaminants via biosurfactants.  98 

 99 

Chemical flooding with bio-active agents can be used to remediate soil and groundwater 100 

contaminated with DNAPL. Biosurfactants reduce the interfacial tension between water and 101 

NAPL and increase the mobilization and the solubility of organic compounds. Thus, the 102 

pollutant can be remediated from the subsurface at an accelerated rate. For instance, 103 

rhamnolipid is a microorganism that produces a glycolipid biosurfactant that was used for the 104 

bioremediation of DNAPL source zones (Strbak, 2000; Mata-Sandoval et al., 2001). 105 

 106 

The interest in biosurfactants, which are often called surface active biological agents due to 107 

their specific environmental properties, is increasing all over the world. There are five main 108 

categories of biological surfactants. These are glycolipids, phospholipids and fatty acids, 109 

lipopeptides and lipoproteins, polymeric bio-surfactants and particulate bio-surfactants (Xu et 110 

al., 2011; Randhawa and Rahman, 2014) 111 

 112 

This is where the current global interest in Rhamnolipid production lies, due to its wide range 113 

of applications in various industries and its impressive "environmental" properties. The list of 114 

five major rhamnolipid applications meeting broad industrial requirements includes: 115 

Bioremediation and enhanced oil recovery (EOR), Pharmaceuticals and therapeutics, 116 

Cosmetics, Detergents and cleaners, Agriculture (Sajna and  Gottumukkala, 2019). 117 

 118 

Glycolipid biosurfactants 'rhamnolipids' are distinguished between the different types of bio-119 

surfactants. Rhamnolipid is mainly a crystalline acid consisting of β-hydroxy fatty acid linked 120 

with the arhamnose sugar molecule via the carboxy end member (functional group). 121 

Pseudomonasaeruginosais is mainly formed with rhamnolipids and is graded as mono and 122 

dirhamnolipids. P. chlororaphis, P. plantarii, P. putida, and P. fluorescenshave been 123 

identified for the production of rhamnolipids. Certain bacteria produce mono-rhamnolipids 124 

only, while others produce both. In the production method, the ratio of mono and 125 

dirhamnolipid may also be controlled (Sajna and  Gottumukkala, 2019).  126 

 127 

There has been a large body of research on rhamnolipids over three decades, revealing many 128 

novel applications, making them a promising alternative and a popular choice for remediation 129 
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efforts among all biosurfactant categories worldwide. Because of their wide range of 130 

applications in cosmetic industries and their impressive "environmental" properties, the 131 

current global interest in rhamnolipid manufacturing and their application value has increased 132 

over time. A list of five main rhamnolipid applications that meet the broad range of industrial 133 

requirements include: bioremediation and enhanced oil recovery (EOR) (Xue et al., 2020; 134 

Rathankumar et al., 2021) pharmaceuticals and therapeutics (Yi at al., 2019; Thakur et al., 135 

2021) cosmetics (Ahmadi-Ashtiani et al., 2020) detergents and cleaners (Jadhav et al., 2019; 136 

Helmy et al., 2020) Agriculture (Chen et al., 2017; Dashtbozorg et al., 2019).   137 

 138 

There is a current lack of studies in the literature regarding the use of rhamnolipid surfactant 139 

for the remediation of DNAPL. The use of rhamnolipid for soil leaching and enhanced 140 

biodegradation of LNAPL have been successfully applied associated remediation efforts. 141 

However, there have been no significant studies regarding the effect of rhamnolipid 142 

biosurfactant on the remediation of pool dominated DNAPL source zones. Prior studies have 143 

primarily investigated the solubilization potential of chlorinated solvents (i.e, DNAPL) using 144 

biosurfactants and synthetic surfactants such as SDS and Tween 80 (Difilippo et al., 2010; 145 

Akyol et al., 2013) Albino and Nambi (2019) showed that rhamnolipid biosurfactant was 4 146 

times more effective at DNAPL removal, in terms of weight solubilization ratio (WSR), than 147 

Tween 80 for the solubility enhancement of TCE and PCE (i.e., two of the most encountered 148 

chlorinated solvents in contaminated sites). The objectives of a study present by Tang et. al. 149 

(2020) were to (1) evaluate the PCE degradation efficiency by the addition of rhamnolipid 150 

and Tween 80, and (2) investigate changes in microbial associations due to the addition of 151 

these two surfactants. This study showed that the type of surfactant added to the system was 152 

associated with changes in the microbial community and provided evidence for possible links 153 

between the degradation rates of PCE with two surfactants and changes in the microbial 154 

community structure. This has helped us to understand the current state of microbial ecology 155 

for the surfactant-enhanced bioremediation of PCE. As a result, synthetic surfactants have 156 

been predominantly used for the remediation of pool dominated DNAPL source zones and 157 

there has been lack of biological surfactants which was extensively used in cosmetic sector. 158 

 159 

The objective of this study was to investigate the contaminant elution behavior and the impact 160 

of rhamnolipid cosmetic surfactant flooding on mass removal and mass-flux reduction 161 

relationships for non-uniform DNAPL TCE distributions entrapped within heterogeneous 162 
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porous media with within 2-D flow-cell systems. Two physically heterogeneous systems were 163 

utilized for determining the remediation efficacy due to the application of cosmetic 164 

rhamnolipid surfactant flooding techniques. Water flooding experiments were conducted as a 165 

control baseline conventional flushing technique (i.e, pump-and-treat technology) to compare 166 

and assess the performance of the novel SEAR technique.  167 

 168 

2. Materials and Methods 169 

A series of flow-cell experiments was conducted to the test the impacts of porous media 170 

heterogeneity and non-uniform NAPL distribution on elution and mass-removal relationships 171 

under various rhamnolipid flooding scenarios. The rectangular tank was constructed of 172 

stainless steel and tempered glass, with dimensions of 40 cm (length) by 20 cm (width) by 3 173 

cm (thick). This flow cell was equipped with multiple, evenly spaced injection/extraction 174 

ports on each end (inflow and outflow ends). In addition, three ports were evenly spaced at 175 

the top of the flow cell to allow injection of organic liquid (DNAPL). Water-tight seals were 176 

established using silicone sealant for the flow cell, ensuring that the tempered glass and flow 177 

cell body did not leak at any time during flushing. Two different silica-sand media median 178 

particle diameters, d50 = 0.359 mm (40/50 mesh) and 0.172 mm (70/100 mesh), and natural 179 

calcareous soil were used in these experiments (d50=0.12 mm). The calcareous soil has a 180 

poorly sorted sandy loam texture with a mean grain diameter of 0.12 mm. This soil has an 181 

alkaline in nature with a pH of 8.4 and is characterized by the presence of abundant amounts 182 

of carbonate (96%) and intermediate amounts of organic carbon (1%) and minor amounts of 183 

quartz (Akyol and Yolcubal, 2013). The organic carbon content of silica sand materials is 184 

extremely low (O.C.%=0.05). 185 

Trichloroethene (TCE), ACS grade (Aldrich Co.) was used as the model organic liquid 186 

(DNAPL), rhamnolipid was used as the cosmetic biosurfactant (Sigma-Aldrich Co.) for 187 

enhanced-solubilization flushing, and water alone was used as the conventional (pump-and-188 

treat) flushing agent. Concentrations of rhamnolipid were selected as 2.5% and 5% wt. %) for 189 

the experiments. The organic liquid was dyed with Sudan IV (Aldrich Co.) at a concentration 190 

of 100 mg/L, which has been shown to have minimal impact on fluid properties and behavior 191 

(Schwille and Pankow, 1988; Kennedy and Lennox, 1997). 192 

Two physical heterogeneous porous media configurations were constructed for the flow-cell 193 

experiments. The first flow-cell media configuration was comprised of a homogeneous pack 194 
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of the 40/50-mesh sand as the matrix, with a layer of the 70/100-mesh sand emplaced along 195 

the bottom boundary (Fig. 1). The second media configuration consisted of a matrix of the 196 

natural calcareous soil with two lenticular lenses of <200-mesh calcareous soil emplaced with 197 

the flow zone, and the <200-mesh calcareous soil was emplaced along the bottom boundary 198 

of the flow cell (Fig. 1). The <200-mesh calcareous soil prepared by sieving a natural 199 

calcareous soil and correspondingly used to construct the impermeable zones (low-200 

permeability) for the second physical heterogeneous media configuration. As shown in Table 201 

1, various locations of DNAPL TCE injections were applied and allowed to distribute within 202 

the flow cell medium for 48 hours. After 48 hours, the rhamnolipid surfactant or water was 203 

injected at a steady-state flow rate, equivalent to an average pore-water velocity of 204 

approximately 6.1 or 6.5 cm/h during reagent flooding to test the overall enhanced 205 

solubilization and remediation (removal) performance of DNAPL (TCE) source zones within 206 

the flow cell. This velocity range was selected to represent induced-gradient conditions 207 

associated with hydraulic-based remediation methods. NAPL saturation (Sn) is defined as the 208 

volume of organic liquid divided by the pore volume of the entire system. Ten sets of 209 

experiments were conducted for the first and second flow-cell configurations using silica sand 210 

and natural calcareous soil. Experimental conditions and the type of DNAPL (TCE) injections 211 

are provided in Table 1. The initial distributions of DNAPL (TCE) generated for the two 212 

systems are shown in Figure 1. 213 

The pool-dominated DNAPL (TCE) was injected into the 70/100-mesh sand or <200-mesh 214 

calcareous soil zone via the left and/or middle port (Fig. 1). Upon rhamnolipid flushing, 215 

effluent samples were collected (outflow side of flow cell) with 0.5 mL of glass syringe and 216 

an appropriate amount was transferred into a 5 mL flask (and diluted as necessary) for 217 

analysis. The aqueous samples were analyzed using ultraviolet-visible spectrophotometer 218 

(Varian Cary 150) at a wavelength of 230 nm (quantifiable detection limit of ~0.5 mg/L). 219 

Dilution of the rhamnolipid surfactant was not necessary to overcome interference for the 220 

analysis since the effect of rhamnolipid on TCE absorbance was negligible. TCE effluent 221 

samples were analyzed, and mass recoveries were calculated to determine the percent of TCE 222 

removed and for determining remediation efficacy. Although many studies only calculate the 223 

mass removal rate as a primary remediation efficacy metric, under such scenarios this may not 224 

provide enough detail to fully assess the performance of remediation efficacy. Therefore, 225 
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mass-flux-reduction/mass-removal analyses were performed to provide more comprehensive 226 

assessment of remediation efficacy. 227 

Mass-flux-reduction/mass-removal behavior was simulated based on treating changes in 228 

mass-flux as a direct function of the change in contaminant mass (Dilippo et al., 2010; Akyol 229 

et al., 2013; Tick et al., 2015).  230 

 231 

ii

ff

i

f

CQ

CQ

J

J
MFR −=−= 11  232 

 233 

where J is mass-flux [M/t], M is source-zone mass [M] and the subscripts i and f represent 234 

initial and final, respectively.  235 

3. Results and Discussion 236 

3.1. Contaminant elution behavior 237 

The contaminant elution curves obtained from the flow-cell experiments are presented in 238 

Figures 2 and 3 for both silica sand and natural calcareous soil configurations. Ten set of 239 

experiments were conducted for silica sand and natural calcareous soil, respectively (Table 1).  240 

For the first experiment 0.5 mL of TCE was injected as a pool within the 70/100-mesh sand 241 

followed by the flushing of a 5-wt.% rhamnolipid solution (Fig. 1). TCE effluent 242 

concentrations reached a maximum of 2456 mg/L and then decreased to 650 mg/L, reaching 243 

equilibrium (pseudo steady-state condition) for 4 hours. This phase was followed by a sharp 244 

decrease of TCE concentration over the duration of rhamnolipid flushing (Fig. 2). After a total 245 

of 11.5 hours of flushing, TCE concentrations dropped below 1 mg/L. For the second 246 

experiment0.5 mL of TCE was injected into the left and middle ports as pools with equal 247 

mass within the medium and followed by the flushing of a 5-wt.% rhamnolipid solution. TCE 248 

reached a maximum concentration of 1906 mg/L and gradually decreased to 850 mg/L, 249 

followed by a constant pseudo steady-state effluent concentration for 3 hours (Fig 4). TCE 250 

dropped below 1 mg/L after 9 hours of flushing. The second experiment took less time (2.5 251 

hours shorter) to reach TCE detection limits compared to the first experiment indicating that a 252 

higher dissolution rate (removal rate) for the TCE source zone occurred and may be related to 253 

more hydraulically accessible mass in this flow cell configuration. This phenomenon indicates 254 
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that a smaller amount of pool-dominated TCE source zone was removed for Experiment-1 255 

compared to the more efficient (higher) removal observed for Experiment-2. The third flow 256 

cell experiment was the replication of Experiment-1 with the injection of 0.25 mL of TCE as 257 

the DNAPL pool The TCE effluent concentrations reached a maximum of 1420 mg/L and 258 

decreased to 950 mg/L, followed by concentration stabilization (pseudo steady-state) for 3 259 

hours. After 9 hours of flushing, TCE concentrations dropped below 1 mg/L (Fig 2). This 260 

experiment indicated the relatively lower amount of TCE injected into the system yielded 261 

improved remediation efficacy (faster removal rate) under the conditions of the experiment 262 

herein. 263 

For the fourth experiment 0.25 mL of TCE (DNAPL) was injected within 70/100-mesh sand 264 

as a pool, followed by 2.5-wt.% solution of rhamnolipid surfactant flushing. Effluent 265 

concentrations of TCE reached a maximum of 788 mg/L followed by a gradual concentration 266 

decrease to 165 mg/L during flushing. After 11 hours of flushing, TCE concentrations 267 

dropped to 1 mg/L (Fig 2). This experiment (Exp-4) took almost 2 hours longer than the 268 

Experiment 3 with higher surfactant concentration (5%), indicating the reduced remediation 269 

(removal) efficacy impact associated with the lower surfactant concentration (i.e., decreased 270 

enhanced solubilization effect) for this remediation scenario. The fifth experiment 271 

(Experiment-5) was the replication of experiment 1 and 2 in terms of TCE source zone 272 

injection routine. Location and mass of TCE was kept same for experiment 1, experiment 2 273 

and experiment 5, respectively. As mentioned previously, water was used as the flushing 274 

agent to represent conventional pump and treat remediation strategies. The control 275 

experiments under water flooding scenarios showed that effluent TCE concentrations reached 276 

a maximum value ~370 mg/L followed by an extensive stable (pseudo steady-state condition) 277 

concentration phase. It was observed that the initial TCE effluent concentrations were lower 278 

than its aqueous solubility limit (~1300 mg/L) due to the dilution effects resulting for the 279 

flow-cell experiments. The control experiments indicated that TCE effluent concentrations 280 

remained above 40 mg/L even after 80 PV of water flushing. This result clearly demonstrates 281 

the improved remediation efficacy of the rhamnolipid enhanced flooding technology 282 

compared to the conventional pump-and-treat scenarios. The water flushing control 283 

experiments also showed that an observed multi-step TCE elution behavior, similar to that 284 

observed for rhamnolipid flushing experiments. Similar elution behavior has also been 285 

observed for other enhanced-solubilization agents such as cyclodextrin (Akyol and Turkkan, 286 
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2018), Tween 80 (Difilippo et al., 2010) and SDS (Akyol, 2018) compared to water flushing 287 

scenarios for heterogeneous porous media systems. 288 

The second series of flow cell experiments was conducted using a physically heterogeneous 289 

porous medium of calcareous soil. For the first experiment 0.5 mL of TCE was injected as a 290 

pool within the medium via the middle port followed by flushing of a 5-wt.% rhamnolipid 291 

solution. TCE effluent concentrations reached a maximum value of 2221 mg/L and decreased 292 

to 1000 mg/L whereby a stable concentration phase (pseudo steady state) and quasi-293 

equilibrium state lasted for approximately 2 hours. After this temporal steady state phase, 294 

TCE elution concentrations gradually decreased during the rhamnolipid surfactant flushing 295 

and after 13 hours of total flushing time TCE concentrations dropped below 1 mg/L (Fig. 296 

3For the second experiment 0.5 mL of TCE was injected into left and middle ports to create 297 

DNAPL pools with equal mass and then followed by flushing the flow cell domain with a 5-298 

wt.% rhamnolipid solution. Aqueous TCE effluent concentrations reached a maximum value 299 

of 1762 mg/L and slowly decreased to 1000 mg/L whereby a subsequent quasi-steady-state 300 

concentration elution period occurred for approximately 2 hours. After this elution phase, the 301 

effluent TCE concentrations dropped below 1 mg/L after 10.7 hours of total flushing time 302 

(Fig. 3). This second experiment took less time (~2.5 hours shorter) to reach TCE detection 303 

limits compared to the first experiment most likely due to the fact that the DNAPL mass was 304 

injected as a smaller pool than that of the previous (first experiment). The TCE pool 305 

distribution, under this scenario, may have yielded conditions more conducive to more 306 

hydraulically accessible mass and increased enhanced solubilization of TCE. In many cases a 307 

reduction of DNAPL pool size reduces the overall interfacial DNAPL area that would limit 308 

dissolution to a greater extent. The third experiment was a replication of experiment 2 but 309 

with an injection volume of 0.25 mL for the DNAPL TCE. The TCE effluent concentrations 310 

reached a maximum value of 1345 mg/L and decreased to 500 mg/L whereby a subsequent 311 

concentration stabilization (pseudo steady state) phase occurred for ~4 hours. After 9 hours 312 

for total surfactant flushing, TCE concentrations dropped below 1 mg/L (Fig. 3). For the 313 

fourth experiment TCE was injected into middle port as a DNAPL pool in the porous 314 

medium, and then followed by flushing of a 2.5-wt.% rhamnolipid solution. Effluent TCE 315 

concentrations reached a maximum value of 711 mg/L and decreased to 500 mg/L whereby a 316 

subsequent concentration stabilization (pseudo steady-state elution) period lasted for 2.5 hours 317 

(during flushing). After 11 hours of total flushing time TCE concentrations dropped below 1 318 
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mg/Lat which point the experiment was concluded. This experiment indicated that the 319 

remediation performance of TCE was less effective compared to Experiment 3  due the a 320 

decreased enhanced-solubilization effect associated with the lower rhamnolipid 2.5-wt.% 321 

concentration. 322 

The fifth experiment was the replication of experiment 1 and 2, in terms of location and 323 

distribution of TCE source zone condition. Instead of surfactant flooding, water was used as 324 

the flushing agent as a control flushing scenario representing conventional pump-and-treat 325 

operations. The control experiments under water flooding showed that effluent TCE 326 

concentration reached a maximum value of 180 mg/L, followed by an extensive stable 327 

concentration (pseudo steady-state) phase for a long period of time (Fig. 3). It is observed that 328 

initial effluent TCE concentrations were lower than its aqueous solubility limit (~1300 mg/L) 329 

due to the dilution effects associated with the flow cell experiments. The control experiments 330 

indicated that TCE effluent concentrations remained above 20 mg/L even after 100 PV of 331 

water flushing. This result clearly demonstrates the improved remediation efficacy of the 332 

rhamnolipid enhanced flooding technology compared to the conventional pump-and-treat 333 

scenarios, similar to that observed for the silica sand experiments. 334 

All flow cell experiments for both physical configurations (silica sands and calcareous soils) 335 

showed that the TCE elution curves from dissolution and enhanced-solubiliation of DNAPL 336 

were characterized by an extended multi-step behavior elution profile (Fig. 2 and Fig. 3). The 337 

presence of hydraulically-accessible (matrix) and poorly-hydraulically-accessible DNAPL 338 

pool zones is likely the primary control (phenomenon) causing this multi-step elution 339 

behavior. The TCE elution curves observed for the rhamnolipid flushing dissolution 340 

experiments exhibited relatively extensive periods wherein the TCE concentrations increased 341 

to a maximum value and then decreased gradually before reaching a long steady-state (quasi-342 

equilibrium) elution concentration phase. This phase was followed by rapid decrease in TCE 343 

concentration until detection limits were reached around 0.5-1 mg/L. The extent of the steady-344 

state TCE elution stages after first concentration dropped varied as a function of porous 345 

media, initial TCE saturation, location of TCE injection, and the type of flushing agent (i.e., 346 

rhamnolipid vs. water). The TCE mass associated with the less hydraulically accessible, 347 

higher-saturation region above the 70-100 silica sand or <200 mesh calcareous soil was the 348 

last portion to be removed and explains the steady-state TCE elution concentration behavior 349 

for the series of flushing experiments. This multi-step elution behavior is also consistent with 350 
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that observed in previous dissolution studies using ideal and non-ideal porous media (Mahal 351 

et al., 2009; Russo et al., 2010; Akyol et al., 2013; Akyol and Turkkan, 2018; Akyol, 2018).  352 

It is hypothesized that the pore-scale configuration of the organic liquid, DNAPL saturation, 353 

and the flow relationships are complex for both the silica sand and natural porous media 354 

experiments, resulting in the observed non-ideal dissolution and elution behavior. As a result, 355 

the performance of the enhanced-surfactant flushing technology depends on the site 356 

characteristics which are critical to determine the efficacy of these remediation strategies for 357 

NAPL-contaminated sites. 358 

3.2. Mass-flux-reduction/mass removal behavior 359 

The flow-cell experiments showed that the mass-flux reduction/mass removal (MFR/MR) 360 

relationships for various physically heterogeneous media configurations, the amount and the 361 

distribution of organic liquid, and the concentration of enhanced-solubilization reagent 362 

exhibited “multi-step” behavior. Multi-step behavior consists of two distinct MFR/MF stages. 363 

For the first stage, significant reductions in mass-flux occurred until minor fractions (15-20%) 364 

of mass were removed (Fig. 4 and Fig. 5). The mass-flux reduction/mass removal relationship 365 

was generally linear until a point at which approximately 70-75 % of mass was removed, as 366 

observed for most of the experiments using both the silica sand and natural calcareous soil 367 

porous media. The organic liquid (DNAPL-TCE) mass representing the more hydraulically-368 

accessible zones (portions) was removed in this period for both the single and double DNAPL 369 

TCE injection experimental scenarios. This multi-step behavior is also similar with other 370 

enhanced solubilization agents with Tween 80 and Sodium dodecyl sulfate (SDS) surfactants 371 

with similar conditions (Akyol et al., 2013; Akyol, 2018; Akyol and Turkkan, 2018). 372 

This multi-step behavior was also observed for the contaminant elution curves, whereby 373 

concentrations increased to a maximum and then decreased gradually until reaching a pseudo 374 

steady-state concentration condition for the majority of the surfactant flooding event. The 375 

mass-flux reduction/mass removal behavior observed for the silica sand flow cell 376 

configuration during water flushing (i.e., absence of rhamnolipid) exhibited more non-ideal 377 

removal behavior, indicating that dissolution processes are limited to a greater extent due to 378 

the organic liquid distribution and the absence of enhanced solubilization processes (Fig. 4). 379 

The MFR/MR removal behavior observed for the natural calcareous soil flow cell 380 

configuration during rhamnolipid flooding was significantly different that resulting from 381 

water flushing, exhibiting more non-ideal removal relationships compared that generated for 382 
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the silica sand configuration (Fig. 4 and Fig. 5). However, the MFR/MR relationships for 383 

rhamnolipid flushing cases generally exhibited more ideal removal behavior compared to 384 

water flooding, further indicating the more efficient remediation efficiency associated with 385 

the surfactant flushing. The final stage of MFR/MR reflects the removal of poorly-accessible 386 

organic liquid (DNAPL) mass from the entrapped pool distributed at the top of impermeable 387 

zone within the flow cell. The multi-step MFR/MR behavior was also observed for water 388 

flooding control experiments which has also been observed in prior flow-cell experiments and 389 

field-scale remediation demonstrations (Mahal et al., 2009; Russo et al., 2010; Akyol et al., 390 

2013; Brusseau et al., 2013;  Akyol and Turkkan, 2018; Akyol, 2018).   Overall, these 391 

experiments show that the type of porous media, the various organic liquid distribution, the 392 

DNAPL saturation, and rhamnolipid surfactant concentration exhibit important impacts on 393 

DNAPL dissolution that may cause such non-ideal mass-flux reduction/mass removal 394 

behavior as observed and described in this section. This non-ideal (MFR/MR) removal 395 

behavior is hypothesized to occur from constraints related to hydraulic accessibility of the 396 

organic liquid to flowing water that will be implicitly controlled by pore-scale configuration 397 

of the flow-field and the impact of the enhanced-solubilization reagents on the source-zone 398 

dissolution processes. Such impacts of flow-field configuration on organic liquid dissolution 399 

have also been reported by prior dissolution studies that have used water and surfactants as 400 

the flushing reagents (Mahal et al., 2009; Russo et al., 2010; Akyol et al., 2013; Brusseau et 401 

al., 2013;  Akyol and Turkkan, 2018; Akyol, 2018).     402 

4. Summary 403 

Chlorinated solvents represent one of the main types of DNAPL frequently present 404 

contaminated sites throughout the world. These DNAPL sources can lead to severe soil and 405 

groundwater contamination. A series of flow-cell experiments was conducted to investigate 406 

the impact of non-uniform organic-liquid (NAPL) distribution, flow-field nonuniformity due 407 

to porous media physical heterogeneity, and enhanced-solubilization flushing agent 408 

(surfactant) concentration on the contaminant elution behavior and relationships between 409 

source zone mass removal and mass-flux reduction. Water flushing was conducted as the 410 

control experiments for dissolution of NAPL source zone removal, representing that of 411 

conventional pump-and-treat scenarios. A cosmetic rhamnolipid surfactant was successfully 412 

used for the remediation of DNAPL-TCE source zones established within the flow cell 413 

experiments. The results of the flow-cell experiments demonstrated that greater than 97% of 414 
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TCE mass was removed via rhamnolipid surfactant flooding. Experimental results also 415 

showed that the distribution and the emplacement of organic liquid (DNAPL-TCE), the flow-416 

field nonuniformity, the particular concentration of rhamnolipid surfactant, and the porous 417 

media type (physical heterogeneity differences) significantly influenced on mass-flux 418 

reduction/mass removal behavior during flushing. The results of the study also showed that 419 

physical heterogeneous porous media systems using both silica sand and natural calcareous 420 

soil exhibited multi-step mass-flux reduction/mass removal relationships. However, mass 421 

removal and mass-flux reduction relationships for the rhamnolipid surfactant flushing cases 422 

exhibited more ideal contaminant mass removal behavior compared to water flooding, clearly 423 

demonstrating the more efficient and preferred remediation condition associated with the 424 

surfactant flushing scenario. Finally, the results of this study also reveal that during the earlier 425 

stages of flushing, a more efficient contaminant mass removal condition occurs likely due to a 426 

more hydraulically-accessible initial portion of DNAPL whereas during the later stages of 427 

flushing mass removal was predominantly controlled by the more poorly-accessible mass 428 

associated with higher-saturation DNAPL zones. Thus, it is important to note that such 429 

variations of NAPL hydraulic accessibility during flushing will most likely complicate the 430 

estimation and prediction of these remediation efforts. Studies such as the one herein aims to 431 

improve our understanding of contaminant dissolution and mass-flux behavior for the 432 

presence of organic liquid (NAPL) source zones in the subsurface in order to yield more 433 

robust site characterization and more efficient site remediation.  434 
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  544 

Table 1. Parameters for 2-D flow-cell experiments 545 

Silica sand  
v 

(cm/hr) 

 
TCE 

injection 

Sn 

(%) 

TCE Recovery 

(%) 
Type of reagent 

Experiment 1 6.54  
Single 

Pool  
0.002* 97,7 5% Rhamnolipid 

Experiment 2 6.54  
Double 

Pool 
0.002* 98.3 5% Rhamnolipid 

Experiment 3 6.54  
Single 

Pool 
0.001* 98.2 5% Rhamnolipid 

Experiment 4 6.54  
Single 

Pool 
0.001* 97.6 

2.5% 

Rhamnolipid 

Experiment 5 6.54  
Single 

Pool 
0.002* 67.4 Water 

Natural calcareous soil v  
TCE 

injection 
Sn 

TCE Recovery 
Type of reagent 
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(cm/hr)  (%) (%) 

Experiment 1 6.15  
Single 

Pool  
0.002* 98,4 5% Rhamnolipid 

Experiment 2 6.15  
Double 

Pool 
0.002* 99.1 5% Rhamnolipid 

Experiment 3 6.15  
Single 

Pool 
0.001* 97.2 5% Rhamnolipid 

Experiment 4 6.15  
Single 

Pool 
0.001 98.1 

2.5% 

Rhamnolipid 

Experiment 5 6.15  
Single 

Pool 
0.002* 54.9 Water 

*Sn is calculated as volume of TCE divided by pore volume of system 546 

 547 

Figure 1. Image of organic-liquid distribution in tank system. A) First configuration with 548 

silica sand, B) Second configuration with natural calcarous soil 549 

 550 

A 551 

 552 

B 553 

40/50 mesh sand 

70/100 mesh sand 

Low K calcareous soil 

Natural calcareous soil 

TCE Source zone 

TCE Source zone 
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 554 

 555 

Figure 2. Effluent concentration as a function of the number of pore volumes for the 556 

dissolution and rhamnolipid enhanced-solubilization experiments using silica sand (1 PV= 557 

3.67 hours) (Experiment 1, 2, 3, 4 and 5) 558 

 559 

 560 

Figure 3. Effluent concentration as a function of the number of pore volumes for the 561 

dissolution and rhamnolipid enhanced-solubilization experiments using natural calcareous soil 562 

(1 PV= 3.90 hours) (Experiment 1, 2, 3, 4 and 5) 563 

 564 
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of Figure 2. 

Commented [A2]: I think “[]” should be “[-]” for the X-axis title 
of Figure 3. 
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 565 

Figure 4. Mass-flux reduction versus mass removal relationships for rhamnolipid and water 566 

flushing tank experiments (First configuration) 567 

 568 

 569 

Figure 5. Mass-flux reduction versus mass removal relationships for rhamnolipid and water 570 

flushing tank experiments (Second configuration) 571 
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