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Abstract:

Xanthan gels were assessed to control the reductive dechlorination of hexachlorocyclohexanes
(HCHSs) and trichlorobenzenes (TCBs) in a strong permeability contrast and high velocity sedimentary
aquifer. An alkaline degradation was selected because of the low cost of NaOH and Ca(OH),. The
rheology of alkaline xanthan gels and their ability to deliver alkalinity homogeneously, while
maintaining the latter, were studied. Whereas the xanthan gels behaved like non-Newtonian shear-
thinning fluids, alkalinity and Ca(OH), microparticles had detrimental effects, yet, the latter
decreased with the shear-rate. Breakthrough curves for the NaOH and Ca(OH), in xanthan solutions,
carried out in the lowest permeability soil (9.9 um?2), demonstrated the excellent transmission of
alkalinity, while moderate pressure gradients were applied. Injection velocities ranging from 1.8 to
3.8 m.h! are anticipated in the field, given the permeability range from 9.9 to 848.7 um?2. Despite a

permeability contrast of 8.7 in an anisotropic aquifer model, the NaOH and the Ca(OH); both in
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xanthan gels spread only 5- and 7-times faster in the higher permeability zone, demonstrating that
the delivery was enhanced. Moreover, the alkaline gels which were injected into a high permeability
layer under lateral water flow, showed a persistent blocking effect and longevity (timescale of
weeks), in contrast to the alkaline solution in absence of xanthan. Kinetics of alkaline dechlorination
carried out on the historically contaminated soil, using the Ca(OH); suspension in xanthan solution,
showed that HCHs were converted in TCBs by dehydrodechlorination, whereas the latter were then
degraded by reductive hydrogenolysis. Degradation kinetics were achieved within 30 h for the major

and most reactive fraction of HCHs.

Capsule: In situ remediation of a high velocity anisotropic aquifer historically contaminated by

hexachlorocyclohexanes was assessed using alkaline reagents delivered in xanthan solutions
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1. Introduction

Groundwater (GW) is an essential resource for drinking water production, because of its proximity
and the purifying processes that occur during percolation [1,2]. In France, 96% of the catchments for
drinking water industry are from GW, whereas this represents 66% of volumes [3]. Besides, GW also
feeds natural ecosystems, whose health depends on its quality. GW quality has worsened, since

anthropic pressure increased on that resource and because of contaminations from various origins.

In France, three-quarters of the soil and water pollution events involve organic compounds, among
which chlorinated organic compounds (COCs) represent the majority [4]. Former industrial activities
have engendered some major and persistent pollution issues. Lindane (y-hexachlorocyclohexane)
production and its use as a pesticide, was among the most impacting practices, because about
450000 tons of this highly toxic and bioaccumulating molecule were used worldwide between 1950
and 2000 [5-8]. This molecule and some of its seven hexachlorocyclohexane (HCH) isomers are part
of the persistent organic pollutant list, because a, 3 and d isomers were co-produced by 70 to 90%
[9-11]. Indeed, HCHs are unfortunately carcinogenic and detrimental to the nervous and to the
endocrine systems [12]. Besides the background HCH-contamination, hot spots are found all over
Europe, because of former production units or warehouses. Because of their toxicity, low water
solubility and vapor pressure, HCHs remain in soils for decades [10]. There, they feed plumes of

dissolved pollutants, causing the long-term quality degradation of water contacting them.

In E.U., the water framework directive 200/60/EC aims at the short-term recovery of good ecological
status of natural water. The in situ remediation (ISR) of contaminated soils is growing, because it
reduces the risks associated to contaminants dissemination and hazards [13]. Moreover, this strategy
is especially advised when the access to contaminants is hindered, e.g. because of depth. Yet, ISR
may be very technical in challenging situations, where underground heterogeneity and anisotropy
hinder the access to contaminants. In particular, it is acknowledged that strong permeability

contrasts hinder the homogeneous delivery of remediation fluids that mainly sweep through the
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most permeable pathways [14-16]. Soil anisotropy leads to uncontrolled radii of influence (ROI),
preferential flows and the heterogeneous distribution of amendments [17-23]. Thus, low
permeability zones where contaminants are often trapped are badly swept and remain untreated.
Besides the rise of costs for remediation, several effects like back diffusion tailing and rebound are

often observed, which hinder the lasting recovery of GW quality due to ineffective treatments [24].

Fighting the fingering of injected fluids requires to increase their capillary number [25,26]. This well-
known trouble led to the use of viscous, but shear-thinning fluids in oil recovery [14,27-30]. These
behaviors, observed for associative polymers like xanthan and for foams, are used for the ISR of

contaminated soils [20,21,23,31-42].

Fortunately, several means exist to remove HCH, among which chemical degradation is especially
suitable for low to medium range contaminant concentrations [12,43—45]. In situ dechlorination via
chemical reduction is often suitable for the degradation of COCs in the underground, because of the
low concentrations of oxidizing molecules. Despite the fact that many studies have highlighted the
interest of nano-zero-valent iron (nZVI), obvious barriers raised, such as cost, persistence, and health
concerns [46—48]. Besides, alkaline degradation of HCHs could be a cheaper alternative [10,48,49]. It
might be beneficial for the environment because of the lower toxicity of degradation products
[44,49]. Yet, one should use carefully alkaline reagents like quicklime, since they may engender
hazardous reactions and metabolites [50,51]. Half-lives for the alkaline degradation (pH=11.7) of
most HCHs dissolved in ethanol/water mixtures are reported to range from 0.5 to 1h at 20°C [52].
However, hydrophobic HCHs desorb slowly from soils and require persistent action, especially in high
velocity aquifers [24]. There, an aqueous Ca(OH); suspension could be a long-lasting reagent to

maintain alkalinity, considering its delayed dissolution.

This paper reports a laboratory study about a high velocity and strongly heterogenous aquifer
contaminated by HCHs and trichlorobenzenes (TCBs). In that challenging situation, the control of

amendment delivery and the continued blocking of GW flow in the treated zone are critical for the
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achievement of the remediation. Therefore, the study aims at assessing the performances of xanthan
solutions to deliver persistent alkali in strong permeability-contrasted aquifers and maintaining their
action. It also provides accurate information on kinetics of COCs degradation involved in the

remediation of the contaminated aquifer.
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2. Materials and methods

2.1 Contaminated soils

The studied soil was collected using non-destructive sonic core sampling at a former lindane
production facility. Site characterization shown the contaminated aquifer was strongly
heterogeneous, with no geological continuity, and cm to m-scale variations. In addition, no
correlation was evidenced between contamination and soil permeability. Spatial size distribution of
soil particles was characterized by sieving [53]. Three model soil fractions (fine sand, medium sand
and coarse sand) having Dio-Dgo of 54-600, 160-600 and 80-2100 um, respectively, were obtained
through sieving. Dig and Dy correspond to the 10" and 90" percentile of grain size distribution,
respectively. Permeabilities (k) of the model soils were 9.9, 96.7 and 848.7 um?, respectively, as
measured using the constant head technique [54]. These permeabilities were mainly chosen to
recreate permeability contrasts in sandboxes closer to those measured from soil cores. The
porosities of the materials were 0.32 for the fine and medium sands and 0.34 for the coarse one.
Porosity was measured by weighing a column before and after filling it with water to determine the
porous volume (PV) of the soil sample [55]. Given the complex contamination generated by lindane
production, the fine sand (9.9 um?) was characterized by the concentrations of the detected
contaminants, namely @, 3, yand &-HCH isomers, and 1,2,3 and 1,2,4-TCB isomers. The contaminated

soils were collected in sealed flasks and stored upside-down to avoid contaminants volatilization.

2.2 Chemicals

Xanthan gum (Rhodicare) was supplied by SOLVAY in the form of a dry powder. Xanthan solutions
were prepared by dispersing the required amount of solid polymer in deionized water. The
suspensions were heated (70°C) under stirring for 45 min. until the solubilization of the polymer and
the achievement of a clear solution. Sodium hydroxide (> 97%, Fisher) and calcium chloride (98%,
Prolabo) were used to prepare aqueous Ca(OH),: NaOH and CaCl, were directly solubilized in two

0.2% xanthan solutions to a concentration of 0.6% corresponding to a Ca(OH), concentration of 0.3%



116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

after mixing the two solutions. Finally, the resulting Ca(OH). suspension in xanthan solution was
dispersed using a high-performance dispersing instrument at 25000 rpm for 3 min. (ultra-turrex®, IKA
T25). The obtained fluid was not filtered before injection. The Ca(OH), microparticles obtained were
characterized by optical microscopy (Nachet 300) and had an average size of 82 um. Eosin (Acros
Organics) was used to color the circulating water in the sandbox, mimicking the natural GW flow.
Phenolphthalein and sulfuric acid (Fisher) were used for the acid-base determination of alkalinity.
The universal indicator (Fisher) was chosen to monitor pH changes of the injected alkaline fluids in
sandbox. Acetone (>99%, Fisher) and n-hexane (95%, Fisher) were used as solvents to extract the
contaminants from soils. 1,2,4-TCB (99%), 1,2,3-TCB (99%), 1,3,5-TCB (98%), 1,2-dichlorobenzene
(DCB, 98%), 1,3-DCB (98%), 1,4-DCB (>99%), chlorobenzene (CB, 99%) were obtained from Alfa Aesar.
A solution containing a mixture of HCH isomers (Fisher) and benzene (99%, Janssen Chemica) was

used for the standards preparation in methanol (>99%, Fisher).

2.3 Bulk viscosity measurements

Bulk rheological characterization of the xanthan solutions was performed using a rotational
rheometer (Malvern Kinexus pro+) equipped with a cone-plate measuring system. Rheological
measurements were carried out at 25°C. Eighty measurement points were repeated 4-times for each

solution.

2.4. Alkalinity transport and experimental set-up

The rheological behavior of injected alkaline (NaOH 0.1% M and Ca(OH), at 0.3%) xanthan-based
fluids through porous medium were performed in columns (I: 0.1 to 0.4 m, i.d.: 3.2 cm, PV = 56 mL)
and in sandboxes (dim.: 2x18x25 cm, PV = 276 mL). The experimental set-up is illustrated in Figure 1.

The soils were packed wet and gently vibrated to ensure a uniform packing.

The fine and coarse materials (k = 9.9 and 848.7 um?) were used in the columns experiments. The
sandbox was filled under water with medium and coarse sands (k = 96.7 and 848.7 um?) to make a

representative elementary volume (REV) and an average permeability contrast of 8.7, as deduced

7
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from the site characterization. The soil was held at the top of the sandbox by a rigid plate. The water
circulation simulating the GW flow was injected with a peristaltic pump (Masterflex) connected to a
water tank and to a perforated tube (HDPE, d.: 2 cm) placed on the left side of the sandbox. The
average water circulation rate was 10 m.d™. The recovery of water flowing through the sandbox was
performed using a second perforated tube at the right end. The water recovered from this second
well was collected into another glass flask. The reagent solutions were injected through an opening

at the back center of the sandbox (Fig. 1).

The reagent solutions were maintained under mechanical agitation (600 rpm) and they were injected
using a dosing pump (KNF Simdos 10). The pressures were recorded automatically with an automate

(Arduino Uno) connected to a computer.

The apparent viscosities of the injected solutions were measured in columns from pressure drops at

Darcy flow rates of 1.98x10%, 3.96x10*, 6.60x10*and 10.6X10* m.s™.

The alkalinity breakthrough curves were carried out in columns (I: 0.1 to 0.4 m, i.d.: 3.2 cm) filled
with fine sand (9.9 um?). The alkaline xanthan solutions were injected at a rate of 6.60x10* m.s™.
The alkalinity of the recovered effluent was monitored by sulfuric acid titration. The reference value
was the alkalinity of the fluids before injection. A total of 9 PVs were injected. Breakthrough curves
were obtained by plotting the ratio of the alkaline concentration C measured in the effluent at time t
and the one of the injected fluid C,, vs. time. The estimation of the Darcy velocity u(m.s) and of the
tracers dispersivity a(m) is possible using the solution of the advection-dispersion equation in semi-

infinite column [56]:

C% = 0.5.[erfc (%) + exp (x.fu) .erfc (\/?a—lft)] )

where x(m) is the length of the column and D(mZ2.s?) is the dispersion coefficient.

When x/a is large, the second term can be neglected and the eq. 1 becomes:
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Values of u and a were fitted from the breakthrough curve for the NaOH in xanthan solution
assuming that it was a small conservative tracer. Then setting the obtained a-value, the retardation
factor for the Ca(OH), suspension in xanthan solution was calculated as the ratio of the Darcy
velocities fitted from the NaOH and the Ca(OH), breakthrough curves, respectively. Besides,
considering some irreversible trappings of Ca(OH), particles, a transmission factor was calculated

from the plateaus-value of the C/Co ratio at long times, assuming a steady-state regime.

At the end of the transport experiments, the column was sacrificed for the evaluation of spatial
distribution of alkalinity. The column was dissected into 20 segments of 2 cm and the soil alkalinity
was measured in each section to better assess the Ca(OH), transport. The collected soil fractions
were placed in a beaker containing 20 mL of pure water. Then, some drops of phenolphthalein were

added, before the alkalinity was titrated under agitation with sulfuric acid.

The alkaline xanthan-based fluids injected into the sandbox were colored by the universal pH
indicator (purple color at pH 12). The universal indicator (0.05%w) allowed the visualization of the
solutions propagation and the observation of possible pH changes in the treated area over time. The
injection of alkaline solutions in the most permeable layer was stopped when the edges of the

sandbox were reached.
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Figure 1. Experimental set-up used for the injections of solutions.

2.5 Kinetics of contaminants degradation

The kinetic study of HCH and TCB degradation was carried out in short columns (I: 5 cm, i.d.: 3.2 cm).
Each column was prepared with approximately 60 g of fine sand from the contaminated site. For
each column, 1 PV of xanthan solution (0.2%) carrying Ca(OH); (0.3%, pH 12) was injected. The
reaction was monitored at 20°C for 72h. Columns were sacrificed at different times for the analysis of
HCH and TCB concentrations. The untreated soil was used as a reference for initial contaminant

concentrations. The experiments were duplicated, and the averaged results were used.

The kinetics of HCH disappearance was pseudo first-order. The kinetic constants (h'*) for HCH were
obtained by non-linear fitting of concentrations vs. time. TCBs kinetic constants were obtained by

fitting their concentrations using eq. 2:

10
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where Co is the initial TCB concentration, k; and kz (h) are the average rate constants for HCH and

TCB degradation, respectively.
2.6 Analytical methods

Contaminants were extracted from the solid matrix using a Soxhlet. The soils from each column and
the reference material were extensively washed by recycling 80 mL of a hexane/acetone mixture
(1/1w), for 4 h, in a heated reflux (80°C). The recovered organic phase was reported to 100 mL and
diluted if necessary. It was then dehydrated with anhydrous sodium sulphate before analysis. HCH
and TCB were analyzed by GC-MS (Perkin Elmer in liquid mode, Restek Rxi-5SilMS 30 m capillary
column with 0.25 mm i.d., film thickness 0.25 um) according to NF EN ISO 6468 and NF EN ISO 10301
standards, respectively. For volatile compounds (DCB, CB and benzene), the analysis was carried out
directly on the solid sample by GC-MS in static headspace (Thermo Trace DSQ with PTV injector), by
adapting the NF EN ISO 10301 standard. The vial was incubated at 70° for 30 min. Then, 1 mL of the
vapor phase was collected (syringe temperature: 77°) and directly injected. Helium was used as a
carrier gas with a constant flow rate of 1 mL.min®. The quantification limit (QL) of individual
compounds (in parentheses) was 4.2 pg.kg* (HCH), 33.3 pg.kg? (TCB) and 0.01 (1,3-DCB), 0.013 (1,2-
DCB), 0.014 (1,4-DCB), 0.01 mg.kg™ (CB), respectively. All compounds were identified using analytical
standards prepared in methanol. Phenol index was measured by adapting 1ISO 6439 standard by UV-
Vis spectrophotometry (Perkin Elmer Lambda 45) at 510 nm. The QL for the phenol index was 0.5

mg.kg?.
3. Theory

The overall rheological behavior of xanthan solutions can be described using the Cross model [57]:

_ Mo~ Mo

11
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where 1y and 1., are the asymptotic values of viscosity at low and very high shear rates, y is the
effective shear rate within the porous medium, m measures the degree of dependence of viscosity
on the shear rate in the shear-thinning region, while 1 is related to the shear rate value where shear-

thinning behavior starts (s).

The apparent viscosity of the injected solutions in columns 7, is defined on the basis of Darcy law:

AP
l

(4)

ok
Napp = 3

where k is the permeability (m?), u is the Darcy flow rate (m.s), AP is the pressure drop (Pa) over a

length / (m) of a porous medium.
The effective shear-rate within the porous medium (y,) is defined according to [58]:

Vip = 22 (5)

where £ is a shift factor between the porous medium and bulk and is a function of both the bulk

rheology and the porous structure, and ¢ is the effective porosity of the medium.

4. Results and discussion

4.1 Rheology of xanthan solutions and distribution of alkalinity

4.1.1 Bulk and column measurements

The viscosity of xanthan solutions as a function of the shear-rate are shown in Fig. 2a. An alkalinity-
free xanthan solution was used as a reference. Alkalinity has detrimental effects on both viscosity
and shear-thinning behavior of the xanthan solutions [59]. This results from the perturbation of the
associative behavior of xanthan, which can be attributed to either polymer hydrolysis or lower
interpolymer H-bonds density in alkaline medium. Obviously, this perturbation increases in presence
of Ca(OH), microparticles, nevertheless, the fluid viscosity remains 400-times higher than for pure

water.

12
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Figure 2. a) Bulk rheology of xanthan (0.2%w) solutions : Xanthan (M), NaOH in xanthan solution (e),
Ca(OH); suspensions in xanthan solution (A). Lines show fits of experimental data using eq. 3. b) Bulk
and porous medium rheologies of the Ca(OH), suspensions in xanthan solution (0.3%/0.2%w). Data
from bulk (V) and soil materials ( : k= 9.9 pm? and O: k= 848.7 um?). Pure water viscosity : 8.90 x
10 Pa-s.

The Cross parameters extracted from experimental data, using eq. 3, are presented in Table SM1.
The parameters reveal the strong detrimental effect of alkaline amendment on the fluid viscosity at
low shear-rates; decreases amounted to 33 and 70% for the NaOH solution and the Ca(OH);
suspension in xanthan solution, respectively. However, and most important for injection in soils, the
detrimental effect of amendment on viscosity is much lower at high shear-rates. Besides, the shear-
thinning behavior starts at lower shear-rates in presence of alkalinity, which is explained by its

detrimental effect on polymer association.

The porous medium rheogram obtained from the injections of the Ca(OH), suspension in xanthan
solution in soils are shown with the bulk rheogram in Fig. 2b. Those results were obtained using
equations 4 and 5 from the pressure gradients measured during the single-step injections in soil-
columns (Fig. SM1). A shift factor [ of two was used to get the overlap between the two curves. This
factor depends on the structure of the porous material, especially on the tortuosity. Values close to
the unit were reported for simple materials like uniform glass beads [40,41,60]. However, higher

13
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values (1.7-2.4) were obtained for the injection of amendments, like nZVI, suspended in xanthan
solution in sands [61,62]. Nevertheless, shift factors close to one show that the bulk rheological
characterization allows the good estimation of pressure gradients in the porous medium [40]. In this
study, the rheologies of the Ca(OH), suspension in xanthan solution in bulk and in the soils were
similar. This demonstrates that the shear-thinning behavior increases with the shear-rate in these
soils. The lower the soil permeability, the higher the shear-rate is, and the lower the fluid viscosity is.
For injections in soils, shear-rates were ranging between 20 and 2000 s (Fig. 2b) and, as explained
above, the detrimental effect of amendment on fluid viscosity is lower at these high rates. Hence,
injections should be performed at the highest velocity, being careful to avoid soil fracturing by not
exceeding a pressure gradient larger than 0.1 MPa.m™ [63]. The Ca(OH), suspension in xanthan
solution can be easily injected because of the moderate pressure gradients recorded. In coarse sand,
the injection velocity should be at least 3.8 m.h?, considering that the recorded pressure gradient
was only 0.03 MPa.m™. However, the injection velocity should be about 1.8 m.h! in fine sand. Those

velocities are common for injections of amendments in the underground [64].

The alkalinity breakthrough curves in fine sand (k=9.9 um?) for NaOH and for Ca(OH), suspension
(0.3%, d.: 8t2 um) in xanthan solution are shown in Fig. 3a. The plateaus for the relative alkalinity at
the output of the column reached the unit after less than 9 PV injected. Obviously, the plateau was
reached more rapidly for NaOH, which travelled like a conservative tracer. Fitted values for NaOH
using eq. 1’ were (7.1+0.9)x103 m for dispersivity and (6.44+0.05)x103 m.s* for its Darcy-velocity.
For Ca(OH),, experimental data were analyzed assuming a one-component alkalinity, considering the
simplicity of the model and the chi-squared values, and a trapping factor, since the plateaus value of
C/Co was less than one. The average Darcy velocity for the alkalinity was (5.11+0.19)x103 m.s?,
leading to a retardation factor of 1.2 compared with NaOH. Besides, a transmission factor of 91% was
calculated for the alkalinity. This demonstrates a fast and high transmission of the alkalinity for the
Ca(OH); suspension through this low permeability medium, despite about half was in the solid form

as calculated from the solubility product (4.7x10° at 25°C). This is explained by the fast equilibrium

14
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between the dissolved and the solid forms of Ca(OH),. Yet, a slower release of alkalinity in GW is

expected after the injection of the Ca(OH), suspension in the treated zone.

Similar results were reported for the transport of nano and micro ZVI by xanthan solutions using
comparable injection velocities [33,40,41,65]. Tiraferri and Sethi [66] have reported the effect of guar
gum on the polyaspartate-stabilized nZVI injectability in fine sand. The comparison of the
breakthrough curves showed a 3-times improvement for the iron transport in presence of guar gum.
However, nZVIl accumulated faster at high injection rates, while initial concentrations at the output
were higher. The same observation was reported in presence of polyvinylpyrolidone in columns filled
with glass beads [67]. The relative concentration of the transmitted amendment increased by 18-
times and was reached 4-times faster. Hence, viscous polymer solutions limit particles agregation.
They also enhance the treatment efficiency in soils, as expected from the increased viscous pressure

of xanthan solutions.

After the Ca(OH), transport experiments were performed, the soil columns were sacrified and the
alkalinity was measured in each 2 cm-portions from the input (Fig. 3b). Alkalinity accumulation was
observed at the column input. It decreased exponentially with the distance to reach coarsely the
value of the injected suspension. This exponential behavior is explained by the balance equation on
amendment injection through a filter medium. However, in that case, the observed accumulation
only resulted from the delayed transmission of alkalinity, due to the size of the Ca(OH);

microparticles. Experimental data were fitted using the following eq. :
C/Co= A+ Be*® (6)
where A=1.09 +£0.072, B=7.80+0.366 and K = 0.176 + 0.0125 cm™ (R? = 0.98).

The A-value matches perfectly with the transmission factor calculated from the breaktrough curve.
Besides, a K-value of 0.612 cm™ was reported for the transport of nZVl in 4.93 x 10 m?2 sand

columns [68]. Also, values of 0.364 et 0.260 cm™ were reported for the transmission of nZVI using
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pure water and viscous foam, respectively [69], demonstrating that the transport of particles is
enhanced for fluids with higher capillary number as expected from fluids with higher viscous force.
Despite the size of Ca(OH), microparticles, the K-values reported in litterature were 2 to 4-times
larger. The lower retention observed in the present study is explained by the higher viscosity of the

xanthan solution (higher fluid capillary number) and because half of the Ca(OH), was dissolved.

Similar observations were reported for the transport of iron particles by xanthan solutions
[33,60,65]. For the transport of nZVI in glass beads columns and in presence of xanthan (0.3%), the
relative iron concentration decreased from 5 to one over a 0.3 m distance [60]. In contrast, the

transmission of Ag nanoparticles through sand was very bad when the latter were suspended in pure

water [70].
1.0
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Figure 3. a) Breakthrough curves of alkalinity for NaOH (e, 0.027 M, solid line) and Ca(OH). (A, 0.3%,
dashed line) in xanthan solution (0.2%) in the low permeability (9.9 um?) contaminated soil column
(L: 0.4 m, i.d. 3.5 cm). b) Alkalinity variations along the soil column after transmission measurements

for the Ca(OH), suspension in xanthan solution.

4.1.2 Measurements in permeability-contrasted sandbox
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Regarding the random and cm-scale variations of the contaminated heterogeneous aquifer, it is
impossible to control in which soil permeability the treatment fluid is injected. Therefore, it was
decided to study the worst scenario, corresponding to the injection of the treatment fluid in the most
permeable material, to see how far the treatment fluid could spread isotropically in the surrounding
materials and resist to GW flow. The enhanced distribution and the persistence of alkalinity (pH 12,
purple colored) in anisotropic porous medium, under lateral GW flow, using 0.2% xanthan solutions,
were studied. The water circulation was used to simulate the GW flow through this REV. A NaOH
solution in pure water was used as a reference fluid to compare the behaviors of the dissolved NaOH
and the Ca(OH), suspension in xanthan solutions. A longer-lasting alkalinity was expected for the
Ca(OH); suspension, because half the alkalinity was in the solid state and its delayed concentration-
controlled dissolution. All these alkaline fluids were injected at the back center of the sandbox in a
high permeability material (HPM), as shown in Fig. 4. Despite the fact that each fluid mainly
propagated in the HPZ, the xanthan-based ones also entered into the surrounding low permeability
material (LPM), as previously observed [32,62,71]. Yet, in agreement with its higher shear-thinning
behavior, the NaOH in xanthan solution better penetrated the LPM than the Ca(OH), suspension in
xanthan solution. Indeed, alkalinity propagated 5- and 7-times faster in the HPM than in the LPM for
the NaOH in xanthan solution and the Ca(OH); suspension in xanthan solution, respectively. Besides,
in contrast to the alkaline water solution, no fingering was observed during the injection of the
viscous xanthan-based fluids, which means a better controlled delivery. Hence, as expected, the
increased capillary number of the injected fluids and their shear-thinning behavior allowed to control

better viscous fingering and the sweeping of this anisotropic medium.

As shown in Fig. 4, once the injection of alkaline fluids was achieved, the simulated GW flow was
colored (red), to study their longevity into the treated zone. In absence of xanthan, only 0.68 PV of
GW removed all the injected alkalinity. The resulting solution became blue, corresponding to a pH
increase between 10 and 11, because of the fast leaching of alkalinity by the GW flow. In contrast,

the GW flow was effectively diverted in the LPM, when xanthan solutions were injected in the HPM.
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338 The effectiveness of flow diversion was revealed as a clear inversion of permeability occurred, since
339  the treated layer became 2.6- and 2.9-times less permeable than the LPM for the Ca(OH), in xanthan
340 and the NaOH in xanthan fluids, respectively. Hence, the injection of the xanthan solutions produced
341  a markedly long-lasting blocking effect, which diverted GW flow out of the treated zone. This effect
342  was also observed for the monitored pH-values at the output of the cell, which displayed a striking
343  difference associated to the presence of xanthan (Fig. SM3). Whereas a sharp wave of alkalinity with
344 pH up to 10.4 was observed in absence of xanthan, no significant pH change occurred in its presence.
345  The strong mobility difference between GW and the xanthan solution is associated to the viscous and
346 shear-thinning behaviors of the latter. It engenders persistent blocking and GW diverting flow that
347 ensure the long-lasting activity of the alkaline reagent into the treated zone. A similar blocking
348  behavior was reported using poly N-isopropylacrylamide, which was attributed to polymer
349  aggregation blocking the water flow at pores constrictions [72].

Alkaline solution injection Artificial groundwater flow

NaOH in

water

NaOH in
xanthan

solution

Ca(OH)z2in
xanthan

solution

Injected PV 0.025 0.30 0.34 0.68

Figure 4. Comparison of alkalinity delivery and lateral sweeping after the delivery of alkalinity in permeability-

18



contrasted sandbox under water flow (10 m.d). The injection process is shown from left to right. The contacted
area is delimited by the white solid line.

350

351  The persistence of the Ca(OH), suspension in xanthan solution injected in the HPM was studied over
352 18 d (Fig.5), which corresponds to more than 150 PV of GW. The model GW was colored after 18 d to
353  allow a better visualization. Whereas no change could be detected in the treated zone filled with the
354  Ca(OH); suspension in xanthan solution, the erosion of this viscous gel was observed after 9 d. The
355  erosion mainly arose in the HPM, both up- and down-stream, with an average 4.6x103 m.d? velocity.
356 After 18 d, the treated zone was eroded by 20%, however, it remained strongly alkaline despite the
357  diffusion. Considering the overall permeability of the medium, it felt from 533 to 69 um? after the
358 Ca(OH), suspension in xanthan solution was injected. After 18 d, it increased only to 127.3 pum?2.
359 These encouraging results suggest that the injection of reactive suspensions and their long-lasting

360  activity, in strongly permeability-contrasted and high velocity aquifer may be achieved.

s

to+ 15d to+ 16d to + 18d
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Figure 5. Photographs of lateral sweeping in permeability-contrasted sandbox under water flow (10

m.d?) after the delivery of a Ca(OH) suspension in xanthan solution in the high permeability zone.

4.2 Kinetics and mechanisms of contaminants degradation

The alkaline degradation of the HCHs and TCBs in the contaminated fine sand (9.9 um?) was studied
once the Ca(OH); suspension in xanthan solution was injected. Degradation kinetics of these COCs

present in the contaminated soil were pseudo-first order.

- 2.0-
. e 1,2,4-TCB
< 2.0 * PBHCH & 1.5 : ;thlg:
iy \ A yHCH Iy
téo 1.5 O HCH ad
‘ £
= % o Total HCH —
= A =
T 104 3
I b5 =
0.5 5 i
0.0422— — : : : r
0 10 20 30 40 50 60 70
Time (h) Time (h)

Figure 6. Alkaline degradation kinetics of HCHs (left) and time-dependance of TCBs concentrations

(right) in the treated soils using the Ca(OH); suspension in xanthan solution.

Kinetic documents shown in Fig. 6 indicate the fast degradation of HCHs at pH 12 and the production
of 1,2,3-TCB and 1,2,4-TCB as metabolites, in agreement with the literature [73,74]. Two HCHs
fractions were observed, a readily degradable one and an inert one. The most reactive fraction of
HCHs was degraded within 17h regardless their initial concentrations, considering highest initial
values of 4.2 mg.kg. This is consistent with reported values in aqueous solution for pHs close to 12
[52,73]. As coarsely observed in our experiments, a linear-relationship was found between the
logarithm of the rate constant of y-HCH hydrolysis and the pH, in alkaline solutions [73]. Considering

the kinetic documents shown in Fig. 6, the measured pseudo-first order rate-constants were 0.32 +
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0.03,0.12 £ 0.01, 0.22 + 0.02 and 0.25 + 0.03 h'*for a, 3, y and 0 isomers, respectively. The reactivity
of the isomers ranks as a-HCH > &-HCH > y-HCH > 3-HCH, in agreement with the sequence reported
in an alkaline ethanol/water solution, whereas the expected order from steric considerations is a-
HCH > y-HCH > &-HCH > 3-HCH [10,52]. Furthermore, the inert fraction of HCHs was minor, but its
amount depended strongly on both the isomers and their initial concentrations in soils. For example,
for y-HCH, it varied between 7 and 21%, depending on the initial concentrations, but it ranged
between 0.2 and 0.3 mg.kg™. Considering the document in Fig. 6 (left), it amounted to 8.8, 45.8, 20.8
and 32.3 % for a, B, y and 3 isomers, respectively. This order matches quite well their sorption

potential, which follows y-HCH < a-HCH < [3-HCH < &HCH [10,12].

Regarding the metabolites, 1,2,4-TCB was the major product (57%), followed by 1,2,3-TCB (30%), in
agreement with other authors [73,75]. 1,3,5-TCB was detected, but its concentrations were below
the QL. Our results suggest a dehydrohalogenation of HCHs to pentachlorocyclohexene (PCCH)
followed by TCBs, as previously observed in similar conditions [73,75]. PCCH was identified as
intermediate, based on the NIST-library, but not quantified in absence of standard. Yet,
tetrachlorocyclohexadienes were not detected. Regarding the risks associated with the production of
hazardous metabolites, phenols, hexachlorobenzene, pentachlorobenzene, tetrachlorobenzenes,
dibenzodioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs) were systematically sought, but
never detected in these conditions. Yet, considering the degradation of concentrated HCHs mixtures
in a methanol/water solution at pH 12, the sum of PCDFs amounted to 400 pg.L?, which represented

10° % of the mass balance on the HCHs degradation.

After 24 and 72h of reaction, TCBs, DCBs, MCB and benzene were identified as metabolites.
However, the last three compounds were below the QL. In contrast to what is reported in pure
water, TCBs were not end products [73]. First order degradation rate-constants were 0.023 + 0.017
and 0.036 + 0.021 h? for 1,2,3-TCB and 1,2,4-TCB, respectively, and the calculated half-lives

amounted to 25h. Even if the mechanism of TCBs degradation is unclear, deacetylation of xanthan
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which takes place at pH > 9, may produce an e-donor compound, required for the reductive
hydrogenolysis of the chlorobenzenes [76—78]. Furthermore, air-sparging is also effective to remove

TCBs from the contaminated GW, given their Henry constants and vapor pressures [79].

5. Conclusion

Xanthan gels were assessed to perform the alkaline dechlorination of HCHs and their TCBs
metabolites in a sedimentary aquifer of strong permeability contrast and high velocity. The alkaline
degradation was selected because of the low cost of NaOH and Ca(OH),. Despite the fact that strong
alkalinity and Ca(OH), microparticles have harmful effects on the viscosity of xanthan gels, this
property is maintained, and so is their shear-thinning behavior. In contrast to water solution, the
alkaline gels have shown a lack of fingering and an enhanced sweeping during their propagation
through an anisotropic sandbox with a high permeability contrast. Considering the shear-thinning
behavior of the xanthan gels, injections should be performed at a velocity that is as high as possible,
while avoiding soil fracturing. Anticipated injection velocities in the field should range from 1.8 to 4
m.h?, considering the range of soil permeability. Breakthrough curves for the alkaline xanthan
solutions carried out in a silty sand demonstrated the fast and high transmission of the alkalinity at
low pressure. Injected xanthan gels demonstrated a persistent blocking effect in the treated zone
and GW flow diversion. Considering all the results, the use of NaOH in xanthan solution is
recommended. Despite the high velocity GW flow, the long-lasting alkalinity in the treated zone
matched the degradation of most of HCHs and their TCBs metabolites. Yet, the occurrence of CBs
dichlorination in xanthan deserves further study. This shear-thinning gels technology is therefore

promising for the ISR of anisotropic aquifers contaminated by slowly desorbing contaminants.
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