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Figure 2. Photographs of temporal changes in 2D tank coverage by conventional flooding (Exps. 1A-1F).

mg L' xanthan was mixed with 6000 mg Na* L-! versus 400
mg Na* L. While the associated cation from the permanga-
nate salt may be responsible for increasing the viscosity of the
xanthan solutions (Figure 1B), the fact that permanganate re-
acts with xanthan to some degree means that the intermolec-
ular bonding between the MnO,~ and xanthan as well as the
products produced (e.g., MnO,) could also have contributed.

We also quantified the temporal stability of the xanthan-
MnO," solutions and found that the viscosities of the xanthan-
MnO," solutions significantly declined with holding times >12
h and that this instability consequently inhibited “aged” xan-
than-MnO,~ solutions from penetrating the LPZ during trans-
port. A detailed description of experiments that support this
conclusion is provided in the Supporting Information section
(Figures SI-2-SI-5).

MnO,~ Penetration into LPZ and '“C-TCE Mass Recov-
ery Using Conventional Flooding. Multiple transport exper-
iments were performed and photographed to systematically
evaluate the ability of xanthan to increase the penetration of
permanganate into the low permeable zone (Figure 2). Vari-
ables adjusted included the initial and secondary flooding so-
lutions, xanthan concentrations, and pore volumes of initial
floods (Table S2). Sweeping efficiency 1 33 was qualitatively
defined as the percentage of LPZ that was visibly covered by
the flooding solution as a function of pore volume (method
details provided in the SI). A graph displaying sweeping ef-
ficiencies of the various treatments is provided in the Sup-
porting Information (Figure SI-6). Initial transport experi-
ments injected 2 pore volumes of either xanthan (500 mg L)
or MnO,~ (Exps. 1A-1B). Using xanthan alone, the injectate

front moved nearly perpendicular to the direction of flow (i.e.,
~90° tilt angle) and effectively swept through the LPZ (Figure
2, Exp. 1A). Previous publications have reported similar obser-
vations. %7 Using MnO,~ alone, considerable bypass around
the LPZ was observed, even after injecting 2 pore volumes of
MnQO, into the 2D tank (Figure 2, Exp. 1B).

To verify that the visual coverage of the LPZ by permanga-
nate corresponded with actual TCE oxidation, we selectively
sampled the pore water in and around the LPZ during trans-
port (Exp. 1B). We sampled the transmissive zone up gradient
and down gradient of the LPZ as well as inside the LPZ (Fig-
ure 3). Results confirmed that the two sampling points not vi-
sually covered by MnO,~ had the highest *C-TCE activity re-
maining in solution, with one sampling point in the center of
the LPZ still registering the starting fluid concentration (i.e.,
C/C, = 1). These results confirm that the five pore volumes
of dissolved TCE initially used to condition the 2D tank (prior
to injecting the treatments) dispersed TCE throughout the LPZ
and that bypass of the LPZ by the migrating MnO," left some
of the LPZ pore water at the initial starting concentration.

When the volume of the initial flood was reduced to 0.5
PV and followed by a secondary flush of 1.5 pore volumes of
CaCl,, we again observed that injecting MnO,~ alone (Exp. 1C)
covered mainly the transmissive zone and only penetrated
50% of the LPZ (Figure 2). When xanthan was included in the
initial flush (Exps. 1D-1F), sweeping efficiencies increased to
>80%, with the 500 mg L! xanthan concentration yielding the
highest sweeping efficiency (92%, Figure SI-6). This indicates
the xanthan solution provided shear thinning to the oxidant
flood and allowed more MnO,~ penetration into the LPZ.
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Figure 3. The relationship between visual coverage of LPZ by per-
manganate and "“C-activity.

Although xanthan improved the sweeping efficiency of
the MnO,", the displacing front was not perpendicular to flow
when MnO,~ was included. Rather, gravity under ride was ob-
served with all MnO, -xanthan floods (Exps. 1B-1F) and re-
sulted from density differences between the flooding solu-
tion and resident fluid (i.e., dissolve phase TCE). Schincariol
and Schwartz ** observed unstable flow displacements when
density differences were 20.8 kg m=. The solution densities of
the various MnO,"-xanthan concentrations used in our experi-
ments differed by up to 5 kg m3, and, as expected, increasing
MnO,~ concentrations increased solution density while add-
ing xanthan decreased solution density (see Figure SI-7). This
counteracting effect resulted in the ratio of 4000 mg L-* MnO,
to 500 mg L' xanthan having a solution density very similar
to the control (i.e., no added amendments, Figure SI-7).

Sweeping Efficiency and “C-TCE Mass Recovery dur-
ing Multi-Step Flooding. Additional transport experiments
used a series of flooding solutions to treat dissolved-phase
TCE and calculate mass recovery. This multiple-step flooding
consisted of three stages (Table S2). The first step introduced a
smaller pore volume of injectate (0.25 PV) in an attempt to get
closer to realistic oxidant volumes used in field applications.
The second step followed the initial flood with background so-
lution for 2.75 PV. Then, to ensure that all untreated TCE was
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Figure 4. A. Sweeping efficiencies of multistep flooding experiments
(Exps. 2A, 2E, 2F). B. Photographs of LPZ coverage for Exps. 2A, 2E,
2F at 1.05, 1.53, and 2.04 PV.

displaced from the 2D tank and could be used to determine
mass balance calculations, the third step was to inject 1.5 PV of
xanthan solution to displace fluid from the tank (i.e., mobiliza-
tion flood).

The delivery of oxidant into the LPZ can be observed by
the calculated sweeping efficiencies (Figure 4, Figure SI-6)
and through time-lapse photography (Figure 4, Figure SI-8).
When MnO,~ was part of the initial flood, significant differ-
ences between treatments were observed. In Experiment 2A,
the xanthan MnO,~ mixture was stirred for 24 h prior to use.
Because xanthan started to lose its viscosity, most of the oxi-
dant stayed in the transmissive zone and sweeping efficiency
only reached 40% (Figure 4). When MnO,~ was injected by it-
self, the sweeping efficiency was 75% at 3 PV. However, when
xanthan was also included (Exp. 2F), the sweeping efficiency
reached 100% after ~2.1 PV. Finally, a comparison of displac-
ing fronts, with and without xanthan, shows that gravity un-
der ride was observed with MnO,~ alone (Exp. 2E, Figure SI-
8), but a more perpendicular front was observed when the
xanthan was included (Exp. 2F, Figure SI-8). As mentioned
earlier, the 4000:500 MnO,:xanthan ratio had the smallest dif-
ference in solution density to the control (Figure SI-7).

Displacing Untreated Dissolved-Phase TCE with Xan-
than. Because the 2D tank was saturated with *C-labeled, dis-
solve-phase TCE, flooding the system allowed us to monitor
temporal changes in “C-activity in the effluent. By using xan-
than in the displacement flood (Step 3), we supplanted any 14C
that was not oxidized or displaced by the initial or secondary
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Figure 5. Simulated and measured cumulative '“C-TCE oxidized by
oxidant and oxidant-polymer flushing.

floods (Steps 1 and 2). Given that rebound or back diffusion
is attributable to the release of chlorinated solvents from low
permeable zones back into transmissive zones, once the trans-
missive zones have been treated, the use of xanthan as a dis-
placement flood provided a means of showing which treat-
ment could be potentially vulnerable to rebound. Plotting
14C-activity in the effluent as a function of pore volume (Fig-
ure SI-9) revealed that some treatments produced a small but
separate “C-breakthrough curve (BTC) during the displace-
ment flood. The initial flood treatments that produced these
secondary BTCs were the control (Exp. 2C), MnO," alone (Exp.
2E), and the MnO,-xanthan solution that was aged overnight
(Exp. 2A). By comparison treatments where xanthan was pres-
ent in the initial flood (Exps. 2D and 2F) showed no evidence
of a secondary BTC. These results only confirm what was vi-
sually observed. Namely, those treatments that resulted in in-
complete coverage of the LPZ (Figure SI-8) and, hence, had
low sweeping efficiencies (Figure 4, Figure SI-6) were the ones
that have the potential to produce rebound.

14C-TCE Oxidized During Transport: Experimental and
Simulated Results. Given that the use of xanthan in the ini-
tial flood improved the sweeping efficiency of MnO,” into
the LPZ and reduced the mass of TCE left in the LPZ, the fi-
nal question remaining was how much did xanthan improve
the overall oxidation of TCE during transport. Given that the
TCE is pushed out as the oxidant is pumped in, it is often dif-
ficult to quantify treatment differences in short, finite-length
tanks. Nonetheless, because our sampling protocol allowed
us to differentiate the effluent into *C-TCE, *C-degradation
products, and CO,, the amount of cumulative “C-TCE oxi-
dized (**C-products and 14CO,) could be calculated (Figure 5).
Results show that the majority of oxidized products started to
elude from the 2D tank after ~1 PV and likely included oxi-
dized products produced in and around the LPZ.

When only MnO,~ was used in the initial flush (Exp. 2E),
the percent TCE oxidized after 4.5 pore volumes was 28.9%
and represents TCE oxidized in the transmissive zone and a
portion of the LPZ. When xanthan was mixed with MnO,~
and injected immediately (Exp. 2F), the amount of “C-TCE
oxidized increased to 40.8%. This higher rate of oxidation ob-
viously resulted from a greater percentage of the LPZ being
treated (100% sweeping efficiency at 2 PV) but also by the
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Figure 6. Observed and simulated transport of permanganate and
TCE following permanganate injections without xanthan (A) and with
xanthan (B) as the initial floods for transport experiments 2E and 2F.

fact that the MnO," traversed faster in the transmissive zone
on both sides of the LPZ and engulfed the LPZ after approx-
imately 1 PV (see photos in Figure 6). This means MnO,~ was
present at the backside or down gradient of the LPZ when the
dissolved-phase TCE was being pushed out of the LPZ.

To date, there have only been a few attempts to numeri-
cally simulate polymer flow into LPZs. Zhong et al. ® success-
fully modified the Subsurface Transport Over Multiple Phases
(STOMP) simulator to predict the flow of xanthan into low
permeable zones. Recently, Silva et al. % 2 advanced these
modeling efforts by using the University of Texas Chemical
Composition (UTCHEM) simulator, which accounts for shear-
thinning rheology and also includes polymer retention and
acceleration parameters. To our knowledge, the coupling of
non-Newtonian flow with reactive transport has not been un-
dertaken. By taking such an approach and coupling a reactive
transport model with the Brinkman equation (Equations 1-8),
we were able to simulate the amount of 1¥C-TCE oxidized dur-
ing transport, with and without xanthan (Figure 5).

In these simulations, the permeability of the LPZ and the
reaction rate in the transmissive zone were treated as the fit-
ting parameters and were obtained by trial and error (Ta-
ble S3). The permeability of the low permeable zone was ad-
justed by comparing the simulated polymer movement in the
LPZ with the time-lapse photos (Figure 6). The reaction rate
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in the transmissive zone was adjusted by comparing the sim-
ulated mass of TCE oxidized with measured values. Sensitiv-
ity analysis of Experiments 2E and 2F found that the product
of the reaction rate constants (ky,, k;p, m?/kgs) and Peclet
numbers (Per,, Pe, ) for the transmissive zone (TZ) and the
LPZ were constant:

ky, x Per, =k p, x Pe;p, )

The Peclet number in the transimissve zone (Pe;,) and LPZ
(Pe, p,) were estimated as (vd))/D* where v is the cor-
responding average fluid velocities of the domain during
MnO," injection, d., is the estimated median grain sizes (Ta-
ble S3), and D* is the TCE diffusion coefficient. Equation 9
was used to estimate k;,. When MnO,~ was injected alone
(Exp. 2E), our simulated transport of permanganate did
not mimic the gravity under ride we observed in the trans-
missive zone because density was not accounted for in the
model. However, the model was able to approximate the
temporal sweeping efficiency of the LPZ (Figure 6A). When
MnO,” was paired with xanthan, the model closely mimicked
MnO,” movement by engulfing the LPZ and leaving TCE in
the bottom right-hand corner of the LPZ as the last area to be
swept by the migrating permanganate (Figure 6B). This sim-
ulated cross-flow was created by the pressure and viscosity
distribution generated in the transmissive zone and the LPZ,
which resulted from the shear-thinning rheology of includ-
ing xanthan with MnO, in the initial flood. Additional sensi-
tivity analyses of the validated numerical model showed that
xanthan still improved the oxidation of TCE in the LPZ even
when the permeability contrast between the transmissive and
LPZ zones was increased 10-fold. We also found that reduc-
ing the flow rates would lead to higher removal rates, due to
longer reaction times.

Although a number of physical and biological factors must
first be considered before using xanthan under field condi-
tions, 1 our experimental and simulated results support com-
bining xanthan with permanganate as a means of increasing
the mass of dissolved-phase TCE oxidized in low permeable
zones and reducing the potential for rebound.

Supporting Information
Details of experimental procedures and further explanation of
results are presented following the References.
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MATERIALS AND METHODS

Chemicals and Soils. Trichloroethene (TCE; C,HCIs; ACS reagent, >99.5%) and
sodium permanganate (NaMnOg4, 40% by weight) were obtained from Sigma-Aldrich (St.
Louis, MO). Xanthan gum (CAS-11138-66-2) (Sigma-Aldrich), nitric acid (J.T. Baker,
Phillipsburgh, NJ), and sodium hydroxide (Fisher Scientific, Pittsburgh, PA) were used
as purchased. Physiochemical properties of the main chemicals used in the transport
experiments (TCE, xanthan, and MnOy’) are provided (Table S1).

Soils used in transport experiments were chosen to create a transmissive zone
and a low permeable zone (LPZ). The transmissive zone was packed with commercial
silica sand (Accusand 20/30, Le Sueur, MN) while the low permeability zone was
fabricated by mixing a silty clay loam soil with a silica sand (Accusand 40/50) in a 1:16
(w/w) ratio. The silty clay loam was used to increase mass of TCE retained by the LPZ
(Sale et al., 2008). This silty clay loam was obtained from a loess deposit ~6.1 m below
ground surface on the University of Nebraska campus (Lincoln, NE).

Viscosity-Shear Rate Relationship. The effects of xanthan and MnOj
concentrations on the viscosity-shear rate relationship were quantified. This was
accomplished by preparing varying concentrations of xanthan and MnO, and
measuring viscosities across varying shear rates. To prepare the xanthan stock
solution, we slowly added xanthan powder to H,O while stirring to avoid powder
formation of the glass wall. Because xanthan preparation can directly affect the solution
viscosity (Chen and Sheppard, 1979), once mixed, the xanthan stock solution (2 g L")
was continuously mixed on a magnetic stirrer for 90 min at room temperature (25°C)
and used within 2 h, unless stated otherwise.

To quantify how solution viscosity changed with varying xanthan concentrations,
we diluted the xanthan stock solution to 125, 250, 500, 750, and 1000 mg L™". Solution

viscosity was then monitored with a cone/plate DV-Il + Pro Brookfield Viscometer
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