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Abstract:

The removal of chlorinated organic hydrocarbons (COHs) -DNAPLs was studied in permeability-
contrasted sandboxes with an egg-box shaped substratum. Aqueous solutions were compared to
viscous shear-thinning fluids (xanthan solution and foam). Interfacial and viscous effects were
compared by increasing the capillary number of injected fluids. Non-spatially targeted DNAPL
recovery (NSTR) where the driving force was the injection pressure, was compared to spatially
targeted DNAPL recovery (STR) where a pumping system allowed the controlled flow. A historical
contamination made of a complex mixture of COHs and hexachlorobutadiene (HCBD) as a model
were used. NSTR results showed that DNAPL recovery with non-viscous liquids did not exceed 40%.
The best results were obtained for xanthan solutions with surfactant ~ 1.3XCMC for which pure
phase recovery amounted to 88% and 93% for HCBD and for the historical DNAPL, respectively. The
STR strategy showed similar recovery yields, whereas xanthan concentrations were 10-times lower.
Mass balances on DNAPL showed that at most, 0.15% of COHs was dissolved in the aqueous
effluents. NZVI (1 g.I'"') were delivered in xanthan in view of the chemical degradation of residual

COHs and showed a 65% transmission through the low permeability soil.
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1. Introduction

Chlorinated organic hydrocarbons (COHs) are hazardous and widespread contaminants in soils and
groundwater. COHs have been released for decades into the environment because of their use in
anthropogenic activities [1,2] and the presence of dense non-aqueous phase liquids (DNAPLs) of
COHs in these media results of spillages. These DNAPLs percolate to the aquitard because of their
high density and low solubility in water. As the free phase moves downwards, it leaves behind a
residual phase as droplets or pools when its capillary pressure is lower than the entry pressure of
pores. Pollutants are released in the long term from source zones into groundwater, as large plumes,

whose magnitude is connected to their mass, threatening human health and aquatic life [3].

Extensive research has been carried out, highlighting the inherent difficulties of removing DNAPLs
from heterogeneous aquifers, as their lack of accessibility represents a real challenge for clean-up
operations. Pump and treat (PT) and soil flushing (SF) are commonly used for DNAPL treatment, yet
they suffer limitations from DNAPL and underground (geological and contamination heterogeneity
and anisotropy) characteristics [4]. Typical PT recovery rates do not exceed 60%, even at their highest
values [5]. SF enables DNAPL mobilization owing to interfacial tension (IFT) reduction, however, this
technology is controversial and scarcely used, because of the risks associated to uncontrolled
mobilization [6,7]. Moreover, usual low viscosity liquids used for remediation display fingering and
preferential flows through the most permeable pathways, making treatments ineffective [8—10].
Consequently, there are still challenges, since many DNAPL-contaminated sites cannot be brought to
regulatory criteria within a reasonable time frame, because of the lack of efficient technologies for

their removal.

Improving the sweeping efficiency and the mobilization ability of flushing fluids for DNAPL-recovery
in anisotropic media requires to increase their capillary number [11,12]. This well-known issue led to
the use of viscous, but shear-thinning fluids in oil recovery [13-17]. These behaviors, observed for
associative polymers like xanthan and for foams, are useful for the in situ remediation (ISR) of

contaminated underground [4,8,25-29,9,18-24].

Within the PAPIRUS project (French acronym for Upwelling Technology and Injection of Stabilizing
Agents for Assisted Pumping using Tilted Recovery Wells), the enhanced DNAPL-recovery in a
strongly heterogeneous aquifer using viscous injected fluids is studied. A historical DNAPL situated at
8-10 m below the ground surface (bgs) is laying onto an egg-box topology clayey substratum. In that

challenging situation of low DNAPL accessibility, the controlled propagation of remedial fluids is
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critical for the achievement of the treatment goals. Here, special care is given to the field

applicability of this technology.

Several authors showed the efficiency of surfactant foam and polymer solutions for DNAPL recovery
in micromodels [30], in columns [4,26,28,31], in sandboxes [7] and in the field in an alluvial aquifer
[25]. However, none of the studies was carried out in a complex situation consisting of two
permeable layers above a wavy impermeable layer where DNAPL accumulates and sticks to low
accessibility interfaces. This situation corresponds to a real recurring type of contamination which

represents a technical challenge.

In this paper, first, the non-spatially targeted DNAPL recovery (NSTR) was assessed for various water-
based fluids whose propagation was only controlled by injection forces. Unique aspects of this work
include the comparison of the sweep efficiency of non-dense Newtonian and non-Newtonian fluids
to recover the contamination in anisotropic 2D-sandboxes, essentially in the form of a pure phase.
Second, spatially targeted DNAPL recovery (STR) was performed after the high permeability layer was
blocked. Fluids propagation was assisted by pumping which allowed to induce their converging flow.
Surfactant foams were used in sandboxes and assessed on field as a blocking agent. The latter was
formed in the most permeable horizon to divert a surfactant solution to a less permeable horizon
where the DNAPL was [32,33]. The approach developed in our study is different since both surfactant
foam and polymer solutions were evaluated in anisotropic sandboxes as blocking agents in an
injection/pumping setup. Martel [34,35] assessed at pilot and field scales, an injection-pumping
pattern involving the use of polymer solutions to control the mobility of a washing solution slug for a
DNAPL recovery. The authors reported a complete sweep of the remediated area, but tests were
performed in overall isotropic sand without DNAPL pits. To the best of our knowledge, no studies
were carried out within the overall framework of a performance comparison between blocking and
mobilization strategies for DNAPL recovery. No systematic quantitative analysis of fluids numbers
was performed either. Finally, after the controlled DNAPL recovery phase was achieved, the injection
of zero-valent iron nanoparticles (NZVI) in columns and sandboxes was studied. It allowed the in situ
creation of a reactive NZVI-barrier to complete the removal of residual contaminants through
dehalogenation reactions [36]. Previous studies have reported the use of NZVI to degrade COHs [37—
40]. Here, hydraulics control for NZVI delivery following pure phase recovery is of main importance

for the success of the polishing treatment.
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2. Materials and methods
2.1. Soils and DNAPL

The solid materials were chosen to mimic the complex lithology of the contaminated site located in
France. An accidental leakage of a complex mixture of COHs occurred there in the late 1960s
[25,41,42]. A DNAPL of contaminants migrated into the soil, down to the clayey aquitard [4,26]. The
main components of the historical DNAPL were hexachlorobutadiene (HCBD, 58%),
hexachloroethane (16%), perchloro-ethylene (8%), and pentachlorobenzene (3.5%). Considering the
geological characteristics of the site, three layers of different permeabilities were chosen to
reproduce the anisotropic aquifer in sandbox experiments (see Fig. 1). From bottom to top, the first
layer was an impermeable egg-box shaped clay layer, which represents the substratum of the
aquifer. The second one was a low permeable layer (LPL) made of fine glass beads purchased from
Sigmund Lindner. The third one was a high permeability layer (HPL) made of glass grains provided by
Oré peinture. Model translucent soils were used in this study to allow a good visualization of both
the dyed DNAPL and remediation fluids behaviors. The permeabilities, porosities and grain sizes were
13 and 130 pm?, 44 and 43% and 100-200 and 150-1000 um for the LPL and the HPL, respectively.

Their particle size distribution is shown in figure S1.
2.2. Chemicals

Xanthan gum (299%, Rhodicare) was supplied by Solvay in the form of a dry powder and the solution
preparation can be found elsewhere [8]. The anionic surfactant sodium dodecylbenzene sulfonate
(Technical grade, SDBS, Aldrich, CMC = 0.07%) was selected for its ability to lower the interfacial
tension (IFT) between the NAPLs and water (yow). Lauryl betaine (40%, LB, Cytec, CMC = 0.0125%)
was used to generate foam [18,19,24]. HCBD (97%, Alfa Aesar), which makes up to 58% of the
historical DNAPL was selected as a DNAPL model contaminant. For a better visualization of fluids
propagation in sandboxes, patent blue (280%, VWR), tartrazine (>89%, Acros Organics) and eosin
(=85%, Acros Organics) were used as dyes to color the fluids. HCBD was dyed with oil red (280%,
Sigma Aldrich). The tracers did not absorb onto the solid materials and had no significant influence
on formulations viscosity. Iron nanoparticles (NZVI) was procured as Nanofer 25 (Nanoiron). Table S1
summarizes the physical properties of NZVI, as gauged by the supplier. Acetone (>99%, Fisher) and n-
hexane (95%, Fisher) were used as solvents to extract the contaminants from soils. Other reagents
were potassium chloride (99.5%, Fisher), ammonium thiocyanate (99%, Sigma) and nitric acid (70%,

VWR). Compressed air was supplied by Air Liquide.

2.3. DNAPL characterization
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The IFT between DNAPL and aqueous phase (yow) was measured for pure water, SDBS 1.3xCMC (0.94
g.I!) and LB 0.5% (40XCMC, 5 g.I, used to make foam) using the pendant drop method [26,43]. The
contact angle 6, at which the DNAPL-water interface meets a solid surface [44], was measured using
the modified sessile drop method [45]. A glass microscope slide was used as a solid surface to mimic
the glass beads soils used in this study. DNAPL density was measured using a pycnometer (25 ml £
0.04 ml) calibrated with ultrapure water, at room temperature. Viscosity measurements were carried

out using the standard glass burette technique, according to Igathinathane [46].
2.3. DNAPL extraction in sandboxes
2.3.1. Experimental set-up

Two main methods were tested for DNAPL removal in sandboxes. First, NSTR was carried out where
the propagation of fluids was dispersive since they were only controlled by injection forces. In
addition to injection forces, the fluids propagation was also assisted by pumping with a vacuum
system to induce their controlled converging flow. The STR was performed there, similar to
multiphase extraction technology, the combination of fluid injection and pumping promotes NAPL-
recovery by creating drawdown areas near the extractions wells [47]. The goal was to direct the
fluids to the extraction well after the blocking of HPL. Experimental apparatus are presented in figure

1.
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Figure 1. Trials equipment used for DNAPL extraction in sandboxes: non-spatially targeted DNAPL

recovery (left) and spatially targeted DNAPL recovery (right).

The sandboxes (15 cm wide, 2 cm thick, 18.5 cm high, PMMA, porous volume (PV) = 121ml) were

packed under water with the solid materials (HPL and LPL) and compacted using rubber stick while
5
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filling. PV of HPL and LPL were 63 and 58 ml, respectively. The permeability contrast between the
two porous materials was 10, as measured from the soil materials extracted from the contaminated
site during non-destructive drilling operations. Regarding NSTR experiments, the water-saturated
sandbox was contaminated with 7.7 ml of DNAPL (average saturation: 6.4%), which was injected
from the top of the sandbox and placed as pools at the egg-box shaped clay/LPL (~¥95%) and at the
LPL/HPL interfaces (~5%) using a syringe equipped with a needle while filling. The sandbox was
equipped with two injection openings on the left side and two recovery points on the right side

which were connected to a phase separator to quantify the amount of DNAPL recovered (Fig. 1 left).

To get closer to the real site configuration, where a welling system will be set up for DNAPL recovery,
the clayey substratum was slightly modified for STR experiments, and a bottom DNAPL recovery
point was connected to the phase separator [48]. During these experiments, 6 ml of the historical
DNAPL (saturation: 4.8%) was placed as a pool in a single pit (Fig. 1 right). Good sealing of sandboxes
was insured by placing a 10 mm-thick clay layer and a 5 mm-thick rubber plate, before covering the
sandbox with a lid and clamping it. The front face of the sandbox was removable to allow for soil

sampling at the end of the experiments.

For NSTR experiments, six fluids were injected from the left of the sandbox and compared to assess

their ability to extract DNAPL, as summarized in table 1.

Table 1. Summary of the different DNAPL extraction experiments in sandboxes

Fluid/experiment [Xanthan] (g.I") Surfactant Contaminant
Water 0 0
Non-spatially S 0 SDBS 1.3xCMC
targeted X2 2 0 HCBD
recovery X2S 2 SDBS 1.3xCMC
Foam 0 LB 0.5%
X2SD 2 SDBS 1.3xCMC
- No HPL blocking s 0 SDBS 1.3xCMC
Spatially - HPL blocking with Historical
targeted foam X01S 0.1 SDBS 1.3xCMC DNAPL
recovery - HPL blocking with
X02S 0.2 SDBS 1.3xCMC
xanthan
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Each treatment step was carried out for all experiments, until the amount of DNAPL recovered
stopped increasing. First, pure water was injected as a reference fluid. Then, SDBS (S, 1.3XCMC, 0.94
g.I") was added to evaluate the effect of IFT lowering on DNAPL extraction. To evaluate the viscosity
effect alone on DNAPL removal, xanthan solution at 2 g.I* (X2) was used. The latter was then mixed
with SDBS at 1.3xXCMC (X2S) to evaluate both the synergic effect of IFT-lowering and the viscosity on
DNAPL extraction. Surfactant foam (LB 0.5%, theoretical quality factor Fq = 90%) was also tested as
mobilizing viscous fluid and compared to xanthan solutions [49]. Foamability and foam stability of LB
0.5% with and without HCBD were carried out according to [50]. Foamability with and without
DNAPL was 80 + 5 and 85 + 5 ml, respectively. Foam stability (time taken for the foam height to
decay to half the initial height) was 25 + 3 and 525 + 10 min with and without DNAPL, respectively.
For all the previous experiments, HCBD was used as a model of DNAPL. To get closer to field
conditions, an additional experiment was performed, consisting in the injection of a 2 g.I'* xanthan
solution mixed with SDBS (1.3XCMC) in presence of the historical DNAPL (X2SD). The injected fluids
were colored in yellow and blue in HPL and LPL, respectively, for a better visualization of their

propagation. All the experiments were triplicated.

The remediation strategy was changed for STR experiments. First, the HPL was either blocked by
surfactant foam (LB 0.5%) or xanthan solution (2 g.I"!) with surfactant (1.3XCMC), then fluids were
injected and pumped from the left to right of the LPL, respectively. A reference experiment without
blocking of the HPL (water circulation), was also carried out. Once the HPL was blocked, three fluids
were injected subsequently in the LPL until the amount of DNAPL recovered stopped increasing: first,
SDBS (S, 1.3XCMC, blue), then xanthan solution at 0.1 g.I'* mixed with SDBS 1.3xCMC (X01S, non-
colored), and finally, the xanthan concentration was doubled at 0.2 g.I'* mixed with SDBS 1.3xCMC
(X02S, blue). Moreover, after the HPL blocking, a red-colored water tank was connected to the HPL to
mimic the groundwater circulation and to evaluate the effectiveness of blocking. Table 1 summarizes
the experimental conditions used for STR. The rheological characterization of the studied non-

Newtonian fluids used in the experiments can be found in Section S1 in the supplementary materials.
2.3.2. Injection procedures

Solutions injection (pure water, SDBS, and xanthan solutions) was carried out for NSTR experiments
using a syringe pump (Pilot A2, Fresenius) and a dosing pump (KNF Simdos 10) connected to the LPL
and HPL, respectively. For all experiments, except the one with foam, fluids were injected
simultaneously in both layers at a flow rate of 4 ml.min™. For the experiment with foam, LB (0.5%)
and compressed air were co-injected into the sandbox using a syringe pump and a mass flow

controller (SLA5850, Brooks), respectively. Surfactant solution and gas flow rates were 8 and 70
7
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ml.min’, respectively. The foam experiment was a two-step process: first, foam was injected in the
HPL to block it. Once the foam reached the edge of the HPL, foam injection was switched to the LPL

for DNAPL recovery.

For STR experiments, a peristaltic pump (Masterflex) was connected to the right of the sandbox at
the LPL outlet, creating a vacuum and a pumping process to increase the suction of the fluids to
induce their controlled flow. The flowrate of the peristaltic pump was constant and equal to the
injection flowrate in the LPL (4 ml.min). Syringe pumps, flow meter, as well as solutions and gas

injection flow rates were the same as for NSTR experiments.

For all the experiments, the pressure at the injection point was monitored using a differential
pressure sensor (MPX5100DP, Freescale) and a limit of 1 bar.m™ was set to avoid conditions for soil

fracturing or upheaval [51].
2.3.3. Mass balance on DNAPL recovery

Mass balances calculations were performed from the NSTR extraction results obtained in sandboxes.
The experimental setup made it possible to measure the amount of contaminants still present in all
the treated soil since the front face of the sandbox was removable. Besides, the contaminant
recovered in the phase separator either as pure phase or dissolved in the water phase was evaluated.
The contaminant in the aqueous phase remaining in the sandbox was also considered. Mass balance

calculations were performed from the initial mass of DNAPL introduced into each experiment.
2.4. Iron nanoparticles injection

For further removal of the COHs left after DNAPL-recovery, NZVI injection was tested. NZVI proved to
be effective in degrading a broad range of organic pollutants in groundwater systems, especially
COHs [37-40,52]. Since NZVI in pure water is not stable due to fast aggregation and sedimentation
[53,54], NZVI suspensions (1 g.I"!) were prepared in a 2.2 g.I"! xanthan solutions. The slightly higher
xanthan concentration was selected to compensate the solution viscosity decrease. Indeed, the
addition of iron nanoparticles causes the perturbation of the associative behavior of xanthan,
resulting in a decrease in viscosity [27]. Suspensions were dispersed using a high-performance
dispersing device at 25000 rpm for 5 min. (ultra-turrax®, IKA T25) before injection. This study only

focuses on the injectability and behavior of the suspensions.
2.4.1. Breakthrough curves in columns

Before the injection of NZVI in sandboxes, breakthrough curves in HPL and LPL packed glass columns

(I: 0.4 m, i.d.: 3.2 cm) were carried out to assess their transport in these porous media. The freshly
8
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prepared NZVI suspensions were injected at a flow rate of 8 ml.min. Fractions of 10 to 20 ml
leachates were collected from the column outlet in 50 ml glass flasks. A total of 4 PV were injected.
The collected leachates were then analyzed to determine NZVI concentrations. A non-reactive tracer
(KCl, 1 g.I") was also injected for control and baseline measurements and the conductivity of the

effluent was also monitored (Consort C8862).

Breakthrough curves were obtained by plotting the ratio of the NZVI concentration C measured in
the effluent at time t and the one in the injected fluid Gy, vs. time. It is possible to estimate of the
Darcy velocity u (m.s?) and the dispersivity of tracers @ (m) by using the advection-dispersion

equation solution in semi-infinite column [55]:

c x—u.t xu x+u.t
& = 05 lerfe () + e (5) -erfe (75 ()
where x (m) is the length of the column and D (m?.s) is the dispersion coefficient.

When x/a is large, the second term can be neglected and the eq. 1 becomes:

C . x—u.t ,
< 0.5.erfc( '—4.a.u.t) (1)

Values of u and a were fitted from the breakthrough curves of KCl for HPL and LPL, assuming it is a
conservative tracer. Setting the obtained a-value, the retardation factor for the NZVI in xanthan
solution was then calculated for both media, as the ratio of the Darcy velocities fitted from the KCl
and the NZVI breakthrough curves, respectively. Besides, considering some irreversible trappings of
NZVI, a transmission factor was calculated from the plateaus-value of the C/Co ratio at long times,

assuming a permanent regime was established.

At the end of the transport experiments, the columns were sacrificed to measure the spatial
distribution of NZVI. The columns were dissected into 20 segments 2 cm-thick and the average NZVI

concentration was measured in each section to better assess NZVI retention.
2.4.2. Injection of NZVI in sandboxes after DNAPL recovery

Two strategies were tested in sandboxes for the NZVI (1 g.I") injection. Using the first one, NZVI in
xanthan (2 g.I'!) was injected into the LPL at 5 ml.min? after the X2SD treatment. During this
treatment, the injection of xanthan solution was maintained in the HPL while injecting the NZVI in
the LPL. The second one was a three-step process: first, the HPL was blocked by the co-injection of

gas and a xanthan solution (1 g.I"!) with SDBS (1.3XCMC) to create viscous foam (blue). Second, X2SD
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(yellow) was injected into the LPL for the DNAPL recovery. Finally, once DNAPL recovery was

achieved, NZVI in xanthan solution was injected into the LPL at 5 ml.min™,
2.5. Analytical methods
2.5.1. DNAPL determination in media

For NSTR experiments with HCBD, the latter was extracted using a Soxhlet from the LPL after
homogenization. The solids were extensively washed by recycling 80 ml of a hexane/acetone mixture
(1/1w), for 4h, in a heated reflux (110°C). The recovered organic phase was reported to 100 ml and
diluted if necessary. It was then dehydrated with anhydrous sodium sulphate before analysis. HCBD
analysis in water effluents was carried out directly in headspace. Both analyses were carried out by
GC-MS (Perkin Elmer and ThermoFisher for soils and water, respectively), according to the NF EN I1SO
10301-3 standard.

For the X2SD experiment with the historical DNAPL, the semi-volatile C10-C40 fraction in the soil and
water effluents was analyzed by GC-FID according to the NF EN ISO 9377-2 standard after the
homogenized soil from LPL or 10 ml of water was extracted with n-hexane. For the volatile C5-C11
fraction, the soil was washed with acetone and the recovered organic phase was then analyzed by GC
according to the XP T90-124 standard. For water effluents in XS2D experiment, the C5-C11 fraction

was analyzed directly in headspace using GC-MS.
2.5.2. Iron determination

For column leachates, 30 to 100 pl were transferred in glass flasks with 2 ml deionized water and 1
ml nitric acid (10 mol.I"Y). Then, 2 ml NH4SCN (2 mol.I?) were added to filtrates to form the Fe(SCN)?*
complex. For solid samples, 2 g of sampled soil across the column were transferred in a glass flask
with 10 ml deionized water and 4 ml nitric acid. Then, the flask was shaken using an orbital shaker for
30 min to extract iron into the water phase. Then, the samples were filtered through a syringe filter
(0.45 um), diluted if necessary and 2 ml NH4SCN (2 mol.I"?) was added. Finally, the Fe(SCN)?** complex

was quantified by UV—vis spectrometry (Agilent Cary 100) at 478 nm [56].
3. Theory

For sandbox treatment steps, capillary, bond, and total trapping numbers (N.,, Ng and Np
respectively) were calculated. Considering the balance between capillary, viscous and gravity forces
on trapped DNAPL droplets at the pore scale, their onset displacement is associated to the total

trapping number N1 [57]:

10
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Ny = /N2, +2.N.q .Ng .sina + Ng? (2)

where O is the angle is the angle of flow relative to the horizontal, while N, is the capillary number

of the injected fluid and Ng is the Bond number defined as follows:
- Nea is @ dimensionless quantity that amount the ratio of viscous to capillary forces:

Nog = Mw- Mw (3)

Yow COS 8
where u,, and n are the Darcy velocity and the dynamic viscosity of the injected fluid, respectively.

- Ng represents the ratio of the buoyancy to capillary forces

koK A
NB — g Tw - BPow (4)
Yow €COS 8

where k and k., are the soil permeability and the local relative permeability of water, g is the

gravitational acceleration and Apow is the density difference between the non-miscible fluids.

Based on transport equations in coupled systems, the following relationship between the DNAPL

residual saturation and N, has been proposed [58]:

1
Sor = SIMM 4 (STAX — SMIR)[1 4 (T;N,o)™2]T2 | (5)

where S, is the residual NAPL saturation, So™™ and S,™" are the residual saturations before and
after mobilization, respectively. T: and T, are fitting parameters, which control the onset of

mobilization and the fall of the desaturation curve, respectively.
4. Results
4.1. DNAPLs characterization

The physicochemical properties of HCBD and the historical DNAPL with the different fluids used in

this study are summarized in table 2.

Table 2. HCBD and historical DNAPL physicochemical properties in different conditions used in this

study.
Water SDBS (1.3XCMC) | Xanthan (2 g.I") LB 0.5% n
d
v 0 v 0 1% 0 v 0
HCBD 387 12717 | 2.0£0.6 | 63t4 3817 13616 | 2.0+0.9 2.44 1.66
DNAPL | 31.5£2.0 | 122+5 | 0.68+0.08 | 54+3 | 31.5+2.0 | 128+4 | 1.1%0.2 4.47 1.68

11
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y: Interfacial tension (mN.m™) at the DNAPL/water interface; 8: Contact angle (°) between

glass/DNAPL/water; n: dynamic viscosity (mPa.s); d: density

As seen from table 2, HCBD and the historical DNAPL had similar densities of 1.66 and 1.68,
respectively, which can be explained by the fact that major COHs components have density ranging
from 1.6 to 1.8. Yet, the historical DNAPL was 1.8-times more viscous which could be linked to its
complex composition and age. In fact, as DNAPLs lose the lighter components from dissolution, they
become more viscous as the heavier components compose a larger fraction of the oily mixture
resulting in an increase in viscosity [59]. The DNAPLs had similar IFTs and contact angles in presence
and absence of xanthan in aqueous solution, showing that the presence of the polymer had
negligible effect. IFT values were high and similar to those previously reported for chlorinated
compounds/water systems [60]. In absence of surfactant, © > 90° for HCBD and historical DNAPL
resulted from their hydrophobicity, suggesting that the DNAPLs were the non-wetting fluids in
absence of surfactants [59]. As expected, the addition of surfactant (SDBS 1.3XCMC or LB 0.5%
(40%CMC)) led to the significant decrease of IFTs and 6 for both DNAPLs [61-64]. The presence of
xanthan had no effect on both IFTs and O in presence of surfactant. However, it is noteworthy that
IFT lowering was more efficient in presence of historical DNAPL (2.4-times lower in average). Contact
angles were also lower when adding surfactant for historical DNAPL (63+4 vs. 54+3). Contact angles
were zero (flat droplets) for both DNAPLs when using LB 0.5% is explained by the presence of a more

concentrated surfactant solution (40XCMC) needed to make strong foams quickly.

4.2 NSTR experiments

4.2.1 Comparison of DNAPL extraction fluids

The visual comparison of the six extracting fluids for NSTR experiments is shown in figure 2.

Initial state (0 PV) Intermediate state Final state

Water

1.5PV 5PV
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2.1PV

X2
29 PV 5.5 PV
X2S
1.5pPV 5.5PV
Foam
3.3pPV 8.7 PV
X2SD

1.6 PV 5PV
Figure 2. Comparison of DNAPL recovery in sandboxes using different flushing fluids for NSTR
experiments. Flow direction is from the left to the right. Injected fluids were blue and yellow for LPL
and HPL, respectively. Except for X2SD experiment (black color of the historical DNAPL used), the

model DNAPL (HCBD) was colored in red. Black and blue arrows show injection and recovery points,

respectively.
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When water and S were injected in the LPL, both liquids flowed preferentially in the more permeable
HPL layer, given the latter’s lower hydraulic resistivity. Mixing between the two solutions was also
observed from the appearance of a green color in the HPL. Table S3 summarizes capillary, bond and
total trapping numbers for NSTR and STR experiments. Despite an improved Nc-value, S was not able
to mobilize DNAPL from the pits in the substratum. Velocity contrasts were 2.5 and 2.2-times faster
between the HPL and the LPL for water and S, respectively. This shows that the local permeability

contrast was lowered for the superposed materials in sandbox.

100 ~ —eo— Water
J e —_——— _I__I:ll.'.l___l:l veeed S
80 %' e TF —A—-X2
i o R | -+ X2S
= {a T ‘4/.4"-—';--4 = e <H2SD
< ‘I‘ T4 7 --m-- Foam
201 S
= 1 u ‘I‘ A i—"i """" ﬁ
o I e
c 404 C -
TRSIRE £ * IS o
2 E]ﬂ‘/l {‘
201 /{_/{1L i/i-é%—i
g e
L ¥
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! o
o 1 2 3 4 5 6 7 8 9 10 11 12

Injected volume (PV)

Figure 3. Comparison of DNAPL recovery vs. injected PV for the different flushing fluids in non-

spatially targeted DNAPL recovery (NSTR) experiments in sandbox.

For X2, X2S and X2SD experiments, and conversely S water. Here, the rheology of xanthan solutions
in bulk and in both soils was similar, demonstrating that the shear-thinning behavior increases with
the shear-rate in these soils. A crossflow behavior was observed from the HPL to the LPL as
previously observed [65,66]. It resulted in a beveled shape xanthan front between the two zones,

caused by different velocities. The crossflows forced the injected solution in the LPL, enhancing the
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sweeping at the bottom of the substratum where most of the contaminant stood. The addition of
SDBS 1.3XCMC in the xanthan solution led to a slight decrease in viscosity resulting from the
perturbation of the associative behavior of xanthan (see Fig. S2). Nevertheless, X2S viscosity remains
3 orders of magnitude higher than that of pure water. The injectability of the three solutions was
good (see figure S3). Propagation velocities were about 0.5 m.d? for xanthan solutions which is
approximately 6-times slower than pure water injection velocity. In the presence of xanthan, an
efficient displacement of the contaminant linked to a continuous DNAPL phase was observed at the
top of the substratum which led into the outlet. Here, DNAPL displacement occurred in two regimes:
first, the increase in N, and the formation of a DNAPL bank. Then, the N, remained nearly constant,
and the DNAPL was moved droplet by droplet as a dispersed phase [67]. Downstream of the DNAPL
bank, some contaminant was mobilized as a microemulsion. Nevertheless, for X2 the second pit of
DNAPL was not efficiently swept, probably due to an insufficient Ne.-value compared to X2S and
X2SD (see table S3). After 5 PV on average, contaminant recovery was 70, 87 and 93% for X2, X2S and
X2SD, respectively. The recovery differences between experiments can be explained by the lower

IFTs and 6 in presence of surfactant (table 2).

Figure 3 compares the DNAPL recovery as a function of injected PV for the different flushing fluids. A
different behavior than water and S was obtained in presence of xanthan. Here, an “S-shape”
recovery was noted, which shows an increase in the efficiency of DNAPL removal. The latter started
immediately without lag volume, then accelerated in a second phase before decreasing when
approaching the plateau. The similar observed behavior was due to the viscous effect of the injected
fluid and the capillary pressure exerted on the DNAPL. The fast DNAPL recovery tacking place as soon
as the polymer enters the sandbox, suggests that these forces allowed the DNAPL to penetrate the
pores and reconnect to the outlet. This led to an efficient displacement of the DNAPL upstream of
the flat front. The recovery accelerates between 1.5 (X2SD) and 2 PV (X2, X2SD) depending on IFT-
values. For X2SD, where the lowest IFT was obtained, the most effective piston-like displacement of
the DNAPL was observed-and 93% of the initial contaminant was removed. Residual contaminant
saturations were calculated to be 1.6, 0.66 and 0.22% for X2, X2S and X2SD, respectively. Through
the plateau values, it was noticeable that the IFT effects allowed to gain up to 27% additional

recovery (X2 vs. X2S), while the viscosity allowed to gain approximately an additional 45% (S vs. X2S).

Surfactant foam was also compared to polymer solutions since it also exhibited a shear-thinning
behavior widely investigated for DNAPL recovery [25,26,49,68]. Here, foam was subsequently
produced in both layers propagated as a flat front, while crossflow was observed between the two

zones [18,69,70]. Contrasts between fluid velocity were 36% lower compared to pure water thanks
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to the shear-thinning behavior of foam. Foam injectability was quite bad since its velocity was 17-
times lower than the imposed one. Foam managed to sweep the first pit of the substratum but not
completely the second one due to insufficient viscosity and density effects in the LPL compared to
xanthan solution (see table S3). The HCBD recovery curve shown in figure 3 was linear and exhibited
a lag volume of 1.9 PV similarly to water and S. The particular delay associated with the foam is
probably due to the transient regime at the beginning of the injection which results in weak foam.
Expressed in PV of the injected liquid, the slope associated with the DNAPL recovery by the foam is
greater than for S and water. The plateau was reached at a 50% recovery, indicating that the viscous
effects were weak. Besides, a fraction of gas bubbles tended to rest at pore throats and blocked
them where trapped ganglia of HCBD were still present. This reduces the connectivity between the
pores of the soil. Furthermore, it led to the bypass of some contaminated pore throats that were
blocked, to the creation of dead ends, and to the redirection of flow elsewhere. Additionally, HCBD

may have had a destabilizing effect on foam formation (see §2.3.1) as previously observed [71,72].

Even though the trapping of DNAPL and the used reagents may be more important in some real soils
than the model ones used here, it is still relevant to compare the remediation fluids regarding the
variety of natural soils and reagents. As previously reported, while it takes up to a few months for a
typical xanthan solution to be leached by large volumes of groundwater, surfactant is removed from
injected foam very quickly [8,73]. Figure 4 displays the capillary desaturation curve obtained from the
different NSTR experiments. It relates residual DNAPL saturation to the Nc-value of each treatment.
Through the different treatment processes involved, all the points can be joined and fitted using Eq.
5(r?2>0.99).

Water
0.040 4 S

0.045 -

0.035
] Foam
0.030
0.025
0.020 X2

0.015

DNAPL residual saturation

0.0104 X2

0.005

OOOO AN | LR | LY | LELELELRRRL | ALY |
10° 10° 10" 10° 10?

Figure 4. DNAPL residual saturation vs. N, for NSTR using different flushing fluids. Solid black dots:
HCBD. Open dot: historical DNAPL.
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For injected fluids with Nc-values lower than 107%, the residual saturation of DNAPL remained
essentially constant as the flushing fluids were unable to overcome trapping forces that retained
DNAPL droplets. Similar observations were reported for Ottawa sand columns surfactant flushing
contaminated with PCE, TCE and jet fuel [57,74] and for polymer flushing of limestones contaminated
with PCE [75]. Then, when the N was increased beyond 107%, the residual saturation of DNAPL
decreased below 0.006, which enables polishing treatment like chemical degradation at reasonable

cost.

Fitting parameters of Eq.5 (T1 and T2, see table S4) were very similar to the data from Maire [25] as a
result of close experimental conditions. In fact, T1 controlled the onset of DNAPL mobilization; as T1
was decreasing, mobilization occurred at higher Nc, and Nt [58]. T2 controlled the desaturation curve
shape; a higher T2 was associated with a steeper desaturation curve. In fact, T2 increased with the

soil permeability which led to an easier desaturation when the capillary suction was lower.
4.2.2. Mass balances on COHs

Results of mass balances on COHs (recovered as pure phases, dissolved in water effluents, and
remaining in the solid material) after NSTR treatments are summarized in table 3 (see table S5 for

more details).

Table 3. Mass balances results after NSTR mobilization experiments using different flushing fluids.

Pure
Dissolved | Dissolved Total Remaining

phase Total
DNAPL in DNAPL in DNAPL | DNAPL in soil | [DNAPL]reated LpL

Experiment | DNAPL recovery
effluents effluents | recovery after (mg.kg?)
recovery (%)
(%) (mg.I?) (%) treatment (%)
(%)

Water 20.83 0.00046 0.18 20.83 76.62 11281 97.45
S 42.98 0.008 1.5 42.98 45.65 8536 88.63
X2 68.97 0.0012 0.32 68.96 24.30 5000 93.26
X2S 87.80 0.0197 5.4 87.82 9.60 2040 97.42

X2SD 92.55 0.1570 33 92.70 3.92 768 96.62

Foam 49.93 0.02 53 49.95 46.31 9800 96.26
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High total recovery rates on mass balances were obtained for all the experiments, characterized by a
median value of 96.4%. Low surfactant concentrations near CMC-values led to low DNAPLs
solubilization in the water effluents. Despite low SDBS concentrations (1.3XCMC), a net increase, by
an order of magnitude, of COHs concentrations in water effluents was observed. This is believed to
result from some DNAPL emulsification rather than from micellar solubilization. The highest COH-
concentration in effluents (53 mg.I™t) were obtained with foam experiment, in which a high surfactant
concentration (40XCMC) was used. Mass balance calculations revealed that the lowest COH-
concentration in soil after flushing was obtained for X2SD. In this case, the historical DNAPL
concentration in LPL was 768 mg.kg?, which is still high considering remedial goals. A polishing
treatment is required to further decrease this concentration. For this reason, NZVI injection

experiments were carried out in column and sandbox (see §4.4).
4.3. Spatially targeted DNAPL recovery

The visual comparison of the three strategies tested for the spatially targeted DNAPL recovery

experiments are shown in figure 5.

HPL Blocking fluid

S 1 CMC (blue) X01S (non-colored) X02S (blue)
By \ ; e oo

a) Reference :
no blocking of
HPL

10 PV 3PV

b) Blocking of
HPL with foam

4.5PV 2PV 2 PV 1PV

c) Blocking of
HPL with
xanthan

2PV 3 pV 2PV 2 PV

Figure 5. Comparison of DNAPL recovery in sandboxes using different flushing fluids for STR

experiments. The flow direction is from left to right. Fluids injected in the HPL were water (top
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line), surfactant foam (middle line) and xanthan solution (bottom line). Flushing fluids (S, X01S and
X02S) were injected in the LPL after blocking of the HPL. The black arrows show the position of the

pumping system. PV indicates the injected pore volume at each step.

When groundwater circulation in the HPL was not blocked (Fig. 5 top), the latter was controlled by
the vacuum system, which explains the yellow-colored tilted pathway. Conversely, surfactant foam
and a solution xanthan (2 g.I") with surfactant (1.3XCMC) were injected in the HPL to block it and
minimize preferential paths. Both fluids migrated in the HPL with a crossflow in the LPL due to their
shear-thinning behavior. For both cases, the HPL was blocked well enough, since no red color

simulating groundwater flow was observed when the pumping system was set-up.

Then, surfactant (1.3XCMC, blue) was injected and pumped from the left to right of the LPL, while
the circulation in the HPL was maintained. Figure 6 summarizes the DNAPL recovery after each step

for STR experiments.

100
2pv 2py 2PV
— 1
x 80
- 3PV
g 60
S 2PV
it
- 40
o
2
o 20
3PV
0 -
Reference : no blocking of HPL Blocking of HPL with foam Blocking of HPL with xanthan

HS EX01S OX02S

Figure 6. DNAPL recovery for STR experiments with SDBS 1.3xCMC (S), xanthan 0.1 g.I'* + SDBS
1.3XCMC (X01S) and xanthan 0.2 g.I* + SDBS 1.3XCMC (X02S).

During this step, no DNAPL was recovered when the HPL was not blocked due to insufficient viscous
forces. DNAPL recovery reached 83 and 45% after 2 and 3 PV for foam and xanthan blocking
experiments, respectively. When the HPL was blocked by foam, the DNAPL-recovery was 2-times
higher than for the S experiment in NSTR with the same N (see fig.3). This showed a strong
improvement in the LPL-sweeping and an increase in the pressure during S propagation in the LPL
compared with no blocking of HPL as shown in Figure S4, summarizing the pressure profiles for ADR
experiments. Fingering was observed for the xanthan blocking since surfactant solution was probably

injected too close to the viscous xanthan one, which can explain those differences and the lower
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pressure recorded for S in this case (see Fig. S4). Additionally, a fraction of the DNAPL (~11%) was not

recovered because trapped in the outer limit of the yellow blocking xanthan solution.

Then, the surfactant solution was replaced with colorless X01S and blue X02S, which were injected
and pumped simultaneously. The final DNAPL recoveries ranged from 55 to 86% in absence and in
presence of HPL-blocking, respectively. The high DNAPL recoveries for foam and xanthan blocking
experiments were similar to those obtained during NSTR experiments, however the polymer was 10
to 20-times less concentrated. Indeed, It was previously reported that applying a vacuum increased
the effective drawdown locally near the pumped well [76]. Moreover, the induced vacuum increased
the liquids flow rates and the DNAPL extraction rates due to the increased pressure gradient applied
to the system. Indeed, Darcy flow rates were enhanced by one order of magnitude on average
between NSTR and STR experiments. In fact, thanks to the vacuum system, which made converging
flows, fluids with a 3-times lower N (see table S3) and a 10 to 20-times lower concentration in

xanthan allowed similar recoveries than for the X2S experiment (see Fig.3).

No matter whether the HPL was blocked with some foam or some xanthan solution, the induced flow
allowed to reach some high DNAPL recovery rates with fewer viscous and non-dense fluids than
NSTR. It was also slightly more efficient when using foams. Modeling can be a valuable tool for
blocking with xanthan solution to position the apertures of injection and recovery wells regarding the
depth of geological layers. Also, this technique is especially suitable for contaminant removal from
fine grained formations (hydraulic conductivity from 10° to 107 m.s?) [47,76]. Lastly, would create
larger radii of influence which would require significantly fewer wells due to its ability to maximize

fluid recovery at the wellhead [47,76].
4.4. Iron nanoparticles injection

As seen from sandbox experiments, residual DNAPL was still present after flushing and the lowest
residual DNAPL concentration was 768 mg.kg? (XS2D treatment, see table 3). Further treatment is
needed to achieve satisfactory remedial goals. For this reason, NZVI injection was tested in columns

and sandboxes.
4.4.1. Column studies

NZVI were delivered in xanthan solutions because of the enhanced suspension stability and hindered
particles aggregation [77-79]. In this study, the injected NZVI concentration was 1 g.I* given the

theoretical concentration required to completely degrade the residual DNAPL.

20



479

480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

497
498

10
1.0 80 8580 08 D _Ce }
O 9

s

0.8

° 0.6

¢/

0.4

0.24

Distance (cm)

a b
Figure 7. a) Breakthrough curves of NZVI (1 g.I"%, solid lines) in xanthan solution in: a) LPL (o) and b)

HPL (M) and KCl (conservative tracer, 1 g.I"}, dashed lines) in c) LPL (o) and d) HPL (e). Insert:
Pressure gradients for NZVI injection in LPL (grey) and HPL (black). b) NZVI concentration variations

along the soil columns after the experiments for HPL (black) and LPL (grey).

Breakthrough curves in the HPL and the LPL materials for KCl and NZVI delivered in xanthan solutions
are shown in figure 7a. The plateaus for the transmission of NZVI through the columns reached
maximums of 0.73 and 0.65 at 1.5 and 2 PV for the HPL and the LPL materials, respectively. The
plateau was reached more rapidly for KCl, which travelled like a conservative tracer. Similar
observations were reported for the transport of CMC-NZVI at 1 g.I'? in fine and in coarse sand
columns [80]. The higher C/Co value for HPL, and thus the higher NZVI mobility were explained by
bigger pore sizes of media made of coarser grains. At permanent regimes, bigger NZVI retention (27%
for HPL vs. 35% for LPL) through the LPL stemmed from lower pore sizes which led to stronger sieving
but also sorption due to higher surface area of the soil material [81]. Nevertheless, both soils were
not compeltely blocked after 4 PV, which suggested that the attachement capacity of the soils was
not exhausted. This was especially true for HPL, since the pressure gradient at the plateau (0.6 bar.m-
1) was lower that the fixed limit of 1 bar.m? during the injection process (see insert Fig. 7a). The
average Darcy velocities for NZVI injection were obtained from eq.1’ fitting after fixing dispersivity
values of 3.3x103 and 3.7x10° m.s! obtained from fitted KCI curves through the HPL and the LPL
materials, respectively. Retardation factors of 1.08 and 1.14 were calculated for NZVI transmission
for HPL and LPL, respectively. This demonstrated good injectability and transmission of the NZVI

suspensions through both soils.

After the NZVItransport experiments, the soil columns were sacrified and the iron concentration was

measured in each 2 cm-portions from the input (Fig. 7b). NZVI accumulation was observed at the
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column input for both soils which explained C/Co values larger than 1. It decreased exponentially with
the distance as clogging decreased to reach 0.67 and 0.85 for the HPL and the LPL materials which
represents a respective decrease of 79% and 77%. The reduction of NZVI concentration along the
increase in distance from the injection point was reported by many [22,54,77,82,83]. Given the
balance equation on amendment injection through a filter medium, this exponential behavior is
explained by a concentration gradient along the distance (d) which is proportional to the

concentration [8]. Experimental data were fitted using the following eq. :

== T+AT.eCkd (6)

0

Where T is the NZVI transmission-accumulation factor, AT is the amplitude of the NZVI accumulation,

and k (cm™) is filtering constant relative to the soil.

T-values of 0.70 + 0.03 and 0.95 + 0.01 and k-values of 0.25 + 0.02 and 0.92 + 0.07 cm™ were
obtained for the HPL and the LPL materials, respectively. Larger T, and k-values obtained for LPL
confirm that NZVI was more retained by the finer soil. Similar trends and values for fitting

parameters were reported for similar experimental conditions [19, 75].
4.4.2. Sandbox studies

Two main strategies were tested for the delivery of NZVI to treat the medium contaminated by the
residual DNAPL left in the LPL and the results are shown in figure S5. Here, the NZVI-suspensions
were not dispersed before injection. Yet, this did not affect the overall behaviors of the injected

fluids.

The initial step of the first strategy was the X2SD treatment. Then, the NZVI-xanthan solution was
injected in the LPL. The NZVI flowed preferentially upwards into the HPL because of the lower
hydraulic resistance. Nevertheless, the NZVI propagated along the HPL/LPL interface since the
injection of xanthan (blue color) was maintained in the HPL and acted as a downward force. This
result is interesting since it allowed the creation of a permeable reactive NZVI-barrier protecting
groundwater from COHs diffusion from the contaminated LPL, limiting rebound effect that is likely to
happen from low to high permeability strata [84].

In the second strategy, the HPL was first blocked with polymer foams (xanthan 2 g.I'* + SDBS
1.3XCMC). Polymer was added to the formulation to generate stronger foams with better stability
and blocking capability and as previously reported [72,85-87]. 94% of the DNAPL was then recovered
after the injection of X2S in the LPL. Finally, the xanthan-NZVI solution was injected in the LPL.

Contrary to the first strategy, the NZVI remained only in the LPL without upward migration. The
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absence of NZVI in the HPL stemmed from an inversion in the permeabilities. In this case, this
resulted from the effective blocking property of the viscous foam. For both strategies, the NzZVI
concentration decreased with the distance in the LPL, as previously observed from the columns
experiments and reported by many [10,80,83].

To summarize, both strategies are viable and can be designed for field-scale. However, the first
strategy is simpler. It is also technically more feasible, as it requires fewer injection steps parameters

to control, especially during the foam injection step.

5. Conclusions

The pure phase recovery of a COH-DNAPL from a model aquifer made of a permeability-contrasted
bilayer overhanging an egg-box shaped substratum was studied. Benefits of viscosifying and tension-
active effects without density modification were assessed for different aqueous fluids from pure
water to xanthan solutions and surfactant foams. DNAPL-recovery increased by 2.1 and 3.3-times as
compared to pure water from tension-active and viscosity effects, respectively. When combined in a
flushing fluid made of xanthan 2 g.I'* and SDBS 1.3xCMLC, the pure phase recovery was improved by a
4.2 factor and reached approximately 90% in 2D-experiments. It was observed that polymer solutions
are more controllable and robust than foams as flushing fluids. STR and NSTR were compared and
provided similar recovery rates for the best chemical formulations of the displacing fluids, yet the
former allowed to reduce the xanthan concentration by a factor of 10 to 20. In addition, it is
anticipated that STR should be more robust to face 3D-systems. Whenever possible and regardless of
DNAPL-recovery or NZVI-delivery, the high permeability layer should be blocked first before flushing
to improve the sweeping efficiency at high to low permeability interfaces and of the LPL where
DNAPL accumulates. This shear-thinning polymer technology is therefore promising for the in situ
remediation of anisotropic soils contaminated with DNAPLs. Nevertheless, a detailed hydrogeological
site characterization is crucial to strongly reduce the risks of uncontrolled pollutant mobilization and

uncertainties during rehabilitation operations.
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