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Introduction
Removing chlorinated solvents from contaminated groundwa-
ter is recognized as one of the most difficult problems associ-
ated with groundwater pollution.1  Research results from the 
last 30 years have shown that past pump and treat approaches 
as well as many other in situ treatments have failed to restore 
complex aquifers back to drinking water standards.2-4 Reme-
dial approaches like in situ chemical oxidation (ISCO) by per-
manganate (MnO4

–) have been used for some time, but the suc-
cess of this approach depends upon whether the oxidant comes 
in contact with the chlorinated solvents. This in turn is depen-
dent upon the heterogeneity of the aquifer and whether the ox-
idant effectively sweeps or covers the intended target zone.

Contaminants migrating from DNAPL source zones will 
often diffuse from transmissive regions into low permeable 
zones (LPZs). This residual buildup of dissolved contaminants 

in LPZs over time becomes particularly challenging for ISCO 
treatments because these less permeable areas are usually by-
passed during treatment. Moreover, once the injected oxidant 
has traversed the transmissive zones, contaminants in LPZs 
will eventually diffuse back into the surrounding higher per-
meability flow zones via matrix diffusion, a process known 
as rebound and one that has been documented to occur at nu-
merous ISCO sites.5-12 

To address the treatment of chlorinated solvents in LPZs, 
shear-thinning polymers have been used as a coinjected reme-
dial agent to increase the viscosity of the displacing fluid.13-20  
By increasing viscosity, fluid mobility in higher permeable 
strata is reduced, and this reduction in mobility promotes 
cross-flow into adjacent lower permeable strata. The net re-
sult is a more unified coverage of the injected fluid across 
heterogeneous formations.20-22 Although several researchers 
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Abstract
The residual buildup and treatment of dissolved contaminants in low 
permeable zones (LPZs) is a particularly challenging issue for injection-
based remedial treatments. Our objective was to improve the sweep-
ing efficiency of permanganate into LPZs to treat dissolved-phase TCE. 
This was accomplished by conducting transport experiments that quan-
tified the ability of xanthan-MnO4

– solutions to penetrate and cover 
(i.e., sweep) an LPZ that was surrounded by transmissive sands. By in-
corporating the non-Newtonian fluid xanthan with MnO4

–, penetra-
tion of MnO4

– into the LPZ improved dramatically and sweeping effi-
ciency reached 100% in fewer pore volumes. To quantify how xanthan 
improved TCE removal, we spiked the LPZ and surrounding sands 
with 14C-lableled TCE and used a multistep flooding procedure that 
quantified the mass of 14C-TCE oxidized and bypassed during treat-
ment. Results showed that TCE mass removal was 1.4 times greater in 
experiments where xanthan was employed. Combining xanthan with MnO4

– also reduced the mass of TCE in the LPZ that was 
potentially available for rebound. By coupling a multiple species reactive transport model with the Brinkman equation for non-
Newtonian flow, the simulated amount of 14C-TCE oxidized during transport matched experimental results. These observations 
support the use of xanthan as a means of enhancing MnO4

– delivery into LPZs for the treatment of dissolved-phase TCE.
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have documented the success of using shear-thinning poly-
mers, like xanthan, to combat the heterogeneity-induced by-
passing of surfactants (e.g., References 13−20), the coupling of 
shear-thinning polymers with oxidants for use in ISCO appli-
cations has received less attention. Smith et al. 23  provided the 
first evidence that xanthan was compatible with permanga-
nate and could be used as a polymer-enhanced chemical oxi-
dation treatment for PCE. Their research provided important 
groundwork for further studies aimed at chemically oxidiz-
ing chlorinated solvents in low permeable zones. McCray et al. 
24  showed that xanthan increased the sweeping efficiency of 
MnO4

– into LPZs (containing nonaqueous phase PCE) and im-
proved the percentage of PCE oxidized, which they inferred 
by the moles of MnO4

– consumed.
In this present study, we quantified how xanthan directly 

improved the permanganate-induced oxidation of TCE during 
transport by using a two-dimensional (2D) flow cell contain-
ing transmissive and low permeable zones that were spiked 
with dissolved-phase 14C-TCE. Our objective was to improve 
the sweeping efficiency of MnO4

– into low permeable zones to 
treat TCE and reduce the potential for rebound. This was ac-
complished by determining the viscosity-shear rate relation-
ship of various MnO4-xanthan solutions and then conducting 
multiple transport experiments where injection volumes and 
MnO4-xanthan concentrations were varied. The criteria used 
to evaluate the various MnO4-xanthan treatments included 
visual coverage of the LPZ (via time lapse photography), the 
percentage of 14C-labeled TCE oxidized in the effluent, and the 
amount of TCE bypassed during treatment. Experimental re-
sults were then used in model development where we coupled 
a multiple species reactive transport model with the Brinkman 
equation for non-Newtonian flow to simulate the oxidation of 
14C-TCE during transport.

Materials and Methods
Experimental details on rheology measurements (i.e., viscos-
ity-shear rate relationships) and how the temporal stability of 
xanthan-MnO4

– solutions was quantified are provided in the 
Supporting Information (SI). Materials and methods used in 
the transport experiments including construction of the 2D 
tank (Figure SI-1), chemicals (Table S1) and soils used, pro-
cedures to create transmissive and low permeable zones, and 
sampling protocol of 2D tank effluent are also provided in the 
Supporting Information.

Transport Experiments. Prior to flooding the 2D tank, we 
exchanged the air space in the tank with CO2 for 60 min. This 
prevented entrapped air pockets from forming in the tank 
during flooding. 25  All transport experiments started by flood-
ing the tank with dissolved-phase TCE (500 mg L–1), which 
was prepared and stirred at least 24 h prior to use. We used a 
3-L collapsible (i.e., zero headspace) Tedlar bag (Zefon, Ogala, 
FL) 26  equipped with a stainless steel valve fitting to minimize 
TCE volatilization and adsorption. In all transport experi-
ments, solutions were spiked with 14C-TCE (14C-uniformly la-
beled-TCE, Moravek Biochemicals, Brea, CA, specific activity: 
5 mCi mmol–1) to produce an initial activity of 2500 dpms mL–

1. Inlet flow into the 2D-tank was controlled by a HPLC pump 
at a consistent flow rate of 3 mL min–1. Given the pore volume 
(PV) of the tank and a flow rate of 3 mL min–1, the time for one 
pore volume to pass through the column was approximately 
163 min. After 5 PV of solution had passed through the tank, 
multiple effluent samples were collected and analyzed to con-
firm consistency in 14C-activity.

Initial floods of xanthan and MnO4
– were prepared 2 h 

prior to the start of the experiments. Two types of flooding 
procedures were used in our transport experiments, namely, 
a conventional flood and multiple-step flooding procedure 
(Table S2).

In a conventional flood, the 2D-tank received either 2 PV 
(Exps. 1A-1B) or 0.5 PV of an initial flood (Exps. 1C-1F). The 
initial eluent was either (i) 441 mg L–1 (3 mM) CaCl2·H2O 
(dyed red with 5% (v/v) food dye; Exp 1A) and mixed with 
500 mg L–1 of xanthan; (ii) 4000 mg L–1 MnO4

– (Exps. 1B-
1C); or (iii) 4000 mg L–1 MnO4

– with varied concentrations of 
xanthan (Exps. 1D–1F; Table S2). After 0.5 PV had been in-
jected into the 2D tank for experiments 1C–1F, the eluent was 
switched to a background concentration (CaCl2 solution; 441 
mg L–1) which was used to simulate groundwater flow for 1.50 
PV. A digital camera (Canon 870 IS) was used to record solute 
movement and coverage of the LPZ.

Six additional experiments (Exps. 2A–2F) were conducted 
using multiple-step flooding (Table S2). The experimental se-
quence consisted of three stages: an initial flood (0.25 PV), a 
secondary flood (2.75 PV), and a mobilization flood (1.50 PV) 
for a total of 4.50 PV. A 500 mg L–1 xanthan solution was pre-
pared from the stock solution and mixed with either MnO4

– 
or CaCl2 for the initial flood. After 0.25 PV of initial flood, el-
uent was switched to a secondary flood of CaCl2 for 2.75 PV. 
Then, a 500 mg L–1 xanthan solution was used as a mobiliza-
tion flood to displace any residual dissolve-phase TCE left 
(i.e., bypassed) in the 2D tank (with the exception of Exp. 2B, 
which used H2O). Time lapse photography was again used to 
record solute movement.

Sample Collection Protocol. In the multiple-step flooding 
experiments, we monitored the eluent for changes in 14C-activ-
ity. Once the transport experiment began, effluent samples were 
periodically collected every 15 to 45 min with gastight Luer-
lock needles fitted to the exit sampling ports. We used the pro-
cedures of Kriegman-King and Reinhard, 27  to differentiate be-
tween 14C-TCE, 14C-degradation products, and 14CO2. Details of 
those procedures are provided in the Supporting Information.

Model Development
Flow Model. Flows of xanthan and the xanthan-MnO4

– so-
lution were simulated by coupling the Brinkman equation 28  
(Equation 1) with the continuity equation (Equation 2). The 
Brinkman equation is a generalization of Darcy’s law, which 
accounts for the production of an effective viscosity 29  and has 
previously been used to simulate non-Newtonian flow in po-
rous medium.30 

  ρ d→u  = ∇· [ –P + μ (∇→u + (∇→u)T) – 2μ (∇· →u )] – μ →u + 
→
F 

  n  dt                        n                              3n                    k             (1)
  

∇ · (ρ→u)  = 0                                                                               (2)

Here, P is the pressure [Pa], →u  is the velocity vector [m/s], μ is 
the viscosity of the fluid [Pa· s], k is the permeability of the po-
rous media [m2], n is the porosity, and 

→
F  is the volume force 

[kg/(m2· s2)], which, in this case, is gravity.
Both xanthan and the xanthan-MnO4

– solution were ob-
served as shear-thinning non-Newtonian fluids, where vis-
cosity changes with the shear rate of flow. Therefore, fluid vis-
cosity was considered a function of shear rate and polymer 
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concentration following a power law model (Equation 3) 16, 31 

        μ = max(μ∞, min(a(C1/C10)γb, μ0 ))                     (3)

where a and b are power law model constants; μ∞ and μ0 are 
the fluid viscosity parameters at high (μ∞) and low shear rates 
(μ0); C1/C10 (unit: kg/m3) is the normalized polymer concen-
tration; and γ is the shear rate (Equation 4): 13 

                                γ  =  2.4u
        √kn                                                       (4)

Here, u is the magnitude of the velocity vector →u . When 
the xanthan-MnO4

– solution was injected, the influence of 
MnO4

– concentration on the fluid viscosity was considered 
by including a normalized MnO4

– concentration term C2/C20 
(unit: kg/m3):

μ = max(μ∞, min(a(C1/C10)(C2/C20)γb, μ0 ))             (5)

For both Equations 3 and 5, μ∞ was equal to the viscosity 
of water. Parameters a, b, and μ0 were estimated by fitting the 
measured shear rate and viscosity data for shear rate less than 
6 s–1, using the power law model (Equation 3). Focusing on 
this region allowed us to overcome the numerical problems 
associated with the extremely steep reduction in viscosity at 
high shear rates. In all the experiments, simulated shear rate 
was generally less than 6 s–1. For the xanthan-MnO4

– solution, 
μ0 was treated as a function of MnO4

–, by fitting the measured 
viscosity at a shear rate of 0.1 s–1 to the MnO4

– concentration:

μ0 = 0.0876 × C2 + 0.24                                   (6)

The values for variables a, b, and μ0 are listed in the Support-
ing Information (Table S3).

Transport Model. Advection dispersion reaction (ADR) 
equation for multiple species transport was used to simulate 
solute transport and reaction:

                            ∂Ci  = – u · Ci + ∇ · (D∇Ci) + Ri∂t        n                                                             (7)

where C is the concentration of the species (kg/m3), D is dis-
persion coefficient (m2/s), R is the reaction rate [kg/(m3·s)], 
and i represents the simulated species, including xanthan, 
MnO4

–, TCE, and a lumped reaction product. No reaction was 
applied to xanthan. A second order reaction was considered 
for the MnO4

– and TCE reaction:

                    dCTCE  =  – k × CTCE × CMnO4
–

                       dt                                                       
(8)

Here, k is the second order reaction rate constant [m3/
(kg· s)]. The same rate value was applied for the generation of 
a lumped reaction product. Details of model implementation 
including software used and boundary conditions imposed 
are provided in the Supporting Information.

Results and Discussion
MnO4

– Effects on Xanthan Viscosity. Previous research-
ers have observed an increase in viscosity with increasing xan-
than concentrations 19, 20 attributed in part to the intermolecular 
interaction that increases the macromolecule dimensions.18,  32 

Results from our viscometer experiments also showed that  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
increasing xanthan concentrations increased the solution viscos-
ity across all shear rates (Figure 1A). At xanthan concentrations 
of 125 or 250 mg L–1, viscosities were relatively constant at shear 
rates less than 3 s–1 (i.e., Newtonian plateau); at higher shear 
rates, viscosities decreased with increasing shear rates (Figure 
1A). Differences in viscosities among xanthan solution concen-
trations were most evident at low versus high shear rates. For 
example, at the 3 s–1 shear rate, viscosities spanned several hun-
dred centipoise (cP), whereas at the shear rate of 200 s–1, the vis-
cosities of all solutions were ≤10 cP (Figure 1).

To determine how MnO4
– concentrations influenced the 

viscosity-shear rate relationship, a 500 mg L–1 xanthan solution 
was mixed with varying MnO4

– concentrations (1250–10000 
mg L–1), and viscosities were measured immediately. Results 
showed that increasing MnO4

– concentrations increased the 
apparent viscosity of the solution in both Newtonian and non-
Newtonian flow regions (Figure 1B). As observed with xan-
than alone, treatment differences were more pronounced at 
low shear rates. Collectively, viscosity measurements for xan-
than solutions tested with and without MnO4

– (Figure 1B) 
showed that xanthan was compatible with MnO4

–, and overall 
a similar viscosity-shear rate relationship was observed.

When higher MnO4
– and xanthan concentrations were both 

used (12500 mg L–1 MnO4
–; 1000 or 1250 mg L–1 xanthan), vis-

cosities values were the highest recorded (Figure 1B). Al-
though the increased salinity of additional mono- and bivalent 
cations have been shown to decrease polymer solution viscos-
ity, 13  especially at high shear rates (500–5000 s–1) 33 , Smith et 
al. 23  indicated that xanthan was more resistant to the effects 
of cations in solution than other polymers. By systematically 
evaluating the effects of ionic strength on solution rheology, 
Zhong et al. 18  showed that increasing Na+ and Ca2+ ions (0–
50 mg L–1) decreased the viscosity of xanthan, but at high xan-
than concentrations, the opposite trend was observed. In an 
earlier study, Zhong et al. 16  also reported a slight increase in 
viscosity across shear rates between 0.1 and 100 s–1 when 600 

Figure 1. Viscosity-shear rate relationship for various concentrations 
of (A) xanthan and (B) MnO4

–-xanthan.
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mg L–1 xanthan was mixed with 6000 mg Na+ L–1 versus 400 
mg Na+ L–1. 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 MnO4

– and xanthan as well as the 
products produced (e.g., MnO2) could also have contributed.

We also quantified the temporal stability of the xanthan-
MnO4

– solutions and found that the viscosities of the xanthan-
MnO4

– solutions significantly declined with holding times >12 
h and that this instability consequently inhibited “aged” xan-
than-MnO4

– 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).

MnO4
– Penetration into LPZ and 14C-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 16, 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–1) 
or MnO4

– (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. 13-17  Using MnO4

– alone, considerable bypass around 
the LPZ was observed, even after injecting 2 pore volumes of 
MnO4

– 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 MnO4

– had the highest 14C-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/Co = 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 MnO4

– 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 
CaCl2, we again observed that injecting MnO4

– 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–1 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 MnO4

– penetration into the LPZ.

Figure 2. Photographs of temporal changes in 2D tank coverage by conventional flooding (Exps. 1A–1F).
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Although xanthan improved the sweeping efficiency of 
the MnO4

–, the displacing front was not perpendicular to flow 
when MnO4

– was included. Rather, gravity under ride was ob-
served with all MnO4

–-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 34  observed unstable flow displacements when 
density differences were ≥0.8 kg m–3. The solution densities of 
the various MnO4

–-xanthan concentrations used in our experi-
ments differed by up to 5 kg m–3, and, as expected, increasing 
MnO4

– 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–1 MnO4

– 
to 500 mg L–1 xanthan having a solution density very similar 
to the control (i.e., no added amendments, Figure SI-7).

Sweeping Efficiency and 14C-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 

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 MnO4

– was part of the initial flood, significant differ-
ences between treatments were observed. In Experiment 2A, 
the xanthan MnO4

– 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 MnO4

– 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 MnO4

– 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 MnO4

–: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 14C-labeled, dis-
solve-phase TCE, flooding the system allowed us to monitor 
temporal changes in 14C-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 

Figure 3. The relationship between visual coverage of LPZ by per-
manganate and 14C-activity.

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.
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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 14C-breakthrough curve (BTC) during the displace-
ment flood. The initial flood treatments that produced these 
secondary BTCs were the control (Exp. 2C), MnO4

– alone (Exp. 
2E), and the MnO4

–-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 MnO4

– 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 14C-TCE, 14C-degradation 
products, and 14CO2, the amount of cumulative 14C-TCE oxi-
dized (14C-products and 14CO2) 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 MnO4
– 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 MnO4

– 
and injected immediately (Exp. 2F), the amount of 14C-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  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
fact that the MnO4

– 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 MnO4

– 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. 16  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. 19, 20  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 14C-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 

Figure 5. Simulated and measured cumulative 14C-TCE oxidized by 
oxidant and oxidant-polymer flushing.

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.
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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 (kTZ, kLPZ, m3/kg·s) and Peclet 
numbers (PeTZ, PeLPZ) for the transmissive zone (TZ) and the 
LPZ were constant:

                   kTZ × PeTZ = kLPZ × PeLPZ                                 (9)

The Peclet number in the transimissve zone (PeTZ) and LPZ 
(PeLPZ) were estimated as (vd50)/D*, where v is the cor-
responding average fluid velocities of the domain during 
MnO4

– injection, d50 is the estimated median grain sizes (Ta-
ble S3), and D* is the TCE diffusion coefficient. Equation 9 
was used to estimate kTZ. When MnO4

– 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 
MnO4

– was paired with xanthan, the model closely mimicked 
MnO4

– 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 MnO4

– 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, 18  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 51 

 Chemicals and Soils. Trichloroethene (TCE; C2HCl3; ACS reagent, ≥99.5%) and 52 

sodium permanganate (NaMnO4, 40% by weight) were obtained from Sigma-Aldrich (St. 53 

Louis, MO). Xanthan gum (CAS-11138-66-2) (Sigma-Aldrich), nitric acid (J.T. Baker, 54 

Phillipsburgh, NJ), and sodium hydroxide (Fisher Scientific, Pittsburgh, PA) were used 55 

as purchased. Physiochemical properties of the main chemicals used in the transport 56 

experiments (TCE, xanthan, and MnO4
-) are provided (Table S1).  57 

Soils used in transport experiments were chosen to create a transmissive zone 58 

and a low permeable zone (LPZ). The transmissive zone was packed with commercial 59 

silica sand (Accusand 20/30, Le Sueur, MN) while the low permeability zone was 60 

fabricated by mixing a silty clay loam soil with a silica sand (Accusand 40/50) in a 1:16 61 

(w/w) ratio. The silty clay loam was used to increase mass of TCE retained by the LPZ 62 

(Sale et al., 2008). This silty clay loam was obtained from a loess deposit ~6.1 m below 63 

ground surface on the University of Nebraska campus (Lincoln, NE). 64 

 Viscosity-Shear Rate Relationship. The effects of xanthan and MnO4
- 65 

concentrations on the viscosity-shear rate relationship were quantified. This was 66 

accomplished by preparing varying concentrations of xanthan and MnO4
- and 67 

measuring viscosities across varying shear rates. To prepare the xanthan stock 68 

solution, we slowly added xanthan powder to H2O while stirring to avoid powder 69 

formation of the glass wall. Because xanthan preparation can directly affect the solution 70 

viscosity (Chen and Sheppard, 1979), once mixed, the xanthan stock solution (2 g L-1) 71 

was continuously mixed on a magnetic stirrer for 90 min at room temperature (25˚C) 72 

and used within 2 h, unless stated otherwise.  73 

To quantify how solution viscosity changed with varying xanthan concentrations, 74 

we diluted the xanthan stock solution to 125, 250, 500, 750, and 1000 mg L-1. Solution 75 

viscosity was then monitored with a cone/plate DV-II + Pro Brookfield Viscometer 76 
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(Brookfield Engineering Laboratories, Middleboro, MA) over shear rates ranging from 77 

0.1 to 400 s-1. This range of shear rate would adequately cover a variety of aquifer 78 

matrices and conditions.  79 

To quantify the effects of MnO4
- concentrations on the viscosity of xanthan, we 80 

prepared xanthan solutions of 500, 1000, and 1250 mg L-1 and spiked each with 81 

NaMnO4 at 1250, 2500, 5000, 10000, and 12500 mg MnO4
- L-1. Once the xanthan-82 

MnO4
- solutions were completely mixed, the viscosity-shear rate relationship was 83 

measured.  84 

Temporal Stability of Xanthan-MnO4
-. To quantify the temporal stability of the 85 

xanthan-MnO4
- solutions, we measured viscosity-shear rate values periodically over 9 d. 86 

In this experiment, a 500 mg L-1 xanthan solution was spiked with NaMnO4 at an initial 87 

concentration of 2500 and 10000 mg L-1. Each flask was then covered with paraffin film 88 

and aluminum foil to prevent MnO4
- photodegradation, and agitated on an orbital shaker 89 

at ambient temperature (25°C) until analysis. Sampling occurred at 0, 0.25, 0.75, 1, 3, 5, 90 

7, and 9 d. For each sampling time, we measured viscosity, as previously described, 91 

and MnO4
- concentrations (n = 3). MnO4

- was measured with a HACH 92 

Spectrophotometer DR2800 (HACH Company, Loveland, CO) at a wavelength of 525 93 

nm. Samples were diluted with water in 20-mL vials and filtered with 0.45 µm glass wool 94 

membrane prior to analysis to avoid any colloidal interference from MnO2 95 

(Chokejaroenrat et al., 2011), and to remove any possible gel formations (Zhong et al., 96 

2008). 97 

 2D-Tank. All transport experiments were conducted in the specifically designed 98 

rectangular anodized aluminum tank (2D-Tank) consisting of three chambers. The main 99 

chamber (1061 cm3) housed the soil and had internal dimensions of 21.6 cm (length) by 100 

12.7 cm (height) by 5.1 cm (width) (Fig. SI-1). The other two chambers were up gradient 101 

(inlet) and down gradient (outlet) of the main chamber. The inlet chamber was packed 102 
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with 4-mm diam glass beads (Fisher Scientific, Pittsburgh, PA) to promote mixing. 103 

Titanium mesh was also used in the inlet and main chambers to prevent clogging of the 104 

array of tank openings between chambers. The outlet chamber (49.9 cm3) collected the 105 

effluent from the main chamber and had three exit ports (top, middle, and bottom), 106 

which were used for sampling. The front and back of the 2D-tank consisted of glass 107 

plates that allowed us to visually observe fluid flow in the transmissive and low 108 

permeable zones. All joints of the 2D-Tank assembly were secured with PTFE o-rings 109 

that fit closely inside the tank to prevent any leakage. The influent and effluent 110 

connections were constructed out of 316 stainless steel tubing (3.18-mm dia.) equipped 111 

with stainless steel 3-way Swagelock valves. Liquid flow was controlled with an HPLC 112 

pump (Shimadzu Scientific Instruments, Columbia, MD) that provided a constant flow 113 

rate. All additional tubing was either stainless steel or PTFE (Teflon) to minimize TCE 114 

adsorption. 115 

 Establishing Transmissive and Low Permeable Zones in the 2D Tank. The 116 

2D tank was hand packed with a rigorous set of steps and procedures to ensure 117 

uniformity between experiments. This involved using the same soil weights and 118 

template tools to produce a low permeable zone surrounded by a transmissive zone. In 119 

brief, the steps used to pack the 2D tank were as follows: (1) the tank was divided into 7 120 

layers before placing the transmissive sand into the tank; (2) after adding each layer of 121 

soil, we dry-packed the tank by gently packing with a specifically designed rubber 122 

hammer and shaking the tank horizontally at each packing level, (3) when the tank was 123 

packed to the height of the LPZ base, we marked the position of LPZ and inserted a 124 

plastic casing that fit closely inside the tank and: (4) LPZ soils were then added to the 125 

casing using a funnel; (5) we removed the plastic casing once the LPZ and surrounding 126 

transmissive soil was packed (6) transmissive soil was pack above the LPZ and the top 127 

of the tank was reassembled. 128 
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The 2D-tank was initially dry-packed by hand to yield a bulk density of 129 

approximately 1.76 kg m-3 for transmissive zone and 1.57 kg m-3 for the LPZ. The 130 

packed systems had an approximate average porosity of 0.38 and a total pore volume 131 

(PV) of ~481 cm3.  132 

 Sample Collection Protocol. To quantify 14C-activity in experiments not using 133 

MnO4
- (i.e., Exp. 2B–2D), effluent samples were transferred directly into a 7-mL 134 

scintillation vial containing 5 mL of Ultima GoldTM scintillation cocktail (Packard, 135 

Meriden, CT). For experiments that used an oxidant flood (i.e., Exps. 2A, 2E–2F) and a 136 

background treatment (i.e., Exp. 2D), 3 mL samples were withdrawn into a 5-mL glass 137 

syringe. This sample was then quickly distributed into three equal 1 mL aliquots (labeled 138 

Portions A, B, and C) and analyzed using the procedures modified from Kriegman-King 139 

and Reinhard, (1992). In brief, Portion A was transferred to a 7-mL scintillation vial that 140 

contained 0.3 mL of 2.67 N HNO3; Portion B was transferred into a scintillation vial 141 

containing 0.3 mL of 2.67 N NaOH; and Portion C was transferred to a vial containing 142 

0.3 mL of 2.67 N HNO3 and quickly transferred to a vial containing 5 mL of Ultima 143 

GoldTM scintillation cocktail (Packard, Meriden, CT). Portions A and B were purged with 144 

N2 gas for 10 min to release CO2, TCE, and volatile degradates from solution. Then, 5 145 

mL of scintillation cocktail was added and portions A and B were counted. All samples 146 

were mixed on a vortex mixer prior to analysis and 14C-activity was determined by liquid 147 

scintillation counting (LSC) using a Packard 1900TR liquid scintillation counter (Packard 148 

instrument Co., Downers Grove, IL). The 14C-activity in Portion A was equivalent to the 149 

14C-non volatiles while the activity in Portion B was equivalent to the total amount of 150 

oxidized TCE (i.e., 14CO2 + 14C-non volatiles). The 14CO2 content was calculated by 151 

subtracting the activities of Portion A from Portion B. The amount of 14C-TCE recovered 152 

was calculated by subtracting the activities of Portion A from Portion C (Kriegman-King 153 

and Reinhard, 1992). 154 
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Determination of Sweeping Efficiency. To compare the ability of xanthan to 155 

increase the penetration of MnO4
- into the low permeable zone (LPZ), we visually 156 

observed the movement of flooding solutions into the 2D-tank. The term sweeping 157 

efficiency is generally used in the remedial amendment literature (Neil et al., 1983; 158 

Zhong et al., 2008; Silva et al., 2012). We report the sweeping efficiency of the LPZ as a 159 

function of pore volume (e.g., Fig. SI-6). Sweeping efficiency was qualitatively defined 160 

as the percentage of the swept area divided by the total area.  161 

Areal sweep is determined by overlaying the template consisted of multiple 162 

square grids onto the photo of 2D-Tank captured in each individual pore volume. Due to 163 

the double layer of glass plates on the sides of the 2D-tank, we were unable to 164 

differentiate color pixels digitally. We therefore, created square grids (1/8” x 1/8”) inside 165 

a 5” x 8” rectangular shape which is the same size as 2D-Tank. The transmissive zone 166 

contains 2072 grids while the LPZ contains 648 grids. We used these grids as a 167 

template. Permanganate has a distinct purple color. If a grid was completely occupied 168 

by the flooding solution, it would be counted as one grid. If a grid was partially occupied, 169 

it was given a score of 0.25, 0.50, or 0.75.  170 

For example, if the areal sweep of the transmissive zone was equivalent to 171 

1,500.25 grids, the sweeping efficiency of this zone is 72.41% (1500.25/2072 x 100%). 172 

If the areal sweep of the LPZ was equivalent to 345.75 grids, the sweeping efficiency of 173 

this zone is 53.36% (345.75/648 x 100%).  174 

 Model Implementation. A Computational Fluid Dynamic (CFD) package in 175 

Comsol Multiphysics software (version 4.3a) was used to solve the coupled flow 176 

problem (Eqs. 1-6). The constant velocity boundary condition was applied for the inlet 177 

boundary. The outlet boundary combined a no viscose stress boundary condition with 178 

zero pressure at the top right corner. The Solute Transport in Porous Medium Module in 179 

Comsol Multiphysics 4.3a was applied to solve the transport equations (Eqs. 7-8). Inlet 180 
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concentration boundary conditions were set as time dependent concentration boundary 181 

conditions for each species based on the procedure of each experiment. The outlet 182 

boundary was considered as an outflow where all species mass were transported out of 183 

the domain.  184 

An adaptive mesh refinement technique was necessary to ensure the numerical 185 

stability of the problem. In this technique, the elements at the interface of reaction were 186 

dynamically discretized to smaller sizes as computation progressed. The fully coupled 187 

direct numerical solver was used to solve the flow model, where the Jacobian matrix 188 

was set to update every iteration. The computational model was implemented to 189 

simulate experimental results from transport experiments 2E and 2F (Tables 1, S2). It 190 

took 15 h to simulate Experiment 2E and 30 h to simulate Experiment 2F on a Dell 191 

OptiPlex 9010 computer (32GB RAM, 3rd Gen Intel® Core™ i7-3770). 192 

 193 

RESULTS AND DISCUSSION 194 

Temporal Stability of MnO4
--Xanthan Solutions. To quantify the stability of the 195 

xanthan-MnO4
- solutions, temporal changes in measured viscosity-shear rate values 196 

were periodically recorded over 9 d (Fig. SI-2). Result showed xanthan alone was 197 

relatively stable with minor decreases in apparent viscosities with time (Fig. SI-2A). 198 

When MnO4
- was mixed with 500 mg L-1 xanthan, either at concentrations of 2500 or 199 

10000 mg L-1, viscosities significantly declined with increased holding times. This was 200 

especially evident in the non-Newtonian flow regime (i.e., > 10 s-1) and at the higher 201 

versus lower MnO4
- concentration (i.e., 10000 vs. 2500 mg L-1; Fig. SI-2C, SI-2B). 202 

Possible reasons for this decline include the oxidation of xanthan by MnO4
- and 203 

production of byproducts such as MnO2. When we conducted a parallel experiment 204 

where MnO4
- concentrations were monitored in xanthan-MnO4

- solutions for up to 15 d, 205 
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results showed slight decreases in MnO4
- concentrations (Fig. SI-3) and brownish MnO2 206 

precipitates observed in the experimental units (Fig. SI-4). 207 

High viscosity reduces the mobility of the fluid in the higher permeability strata, 208 

which in turn promotes cross-flow into adjacent strata of lower permeability (Silva et al., 209 

2012).  The instability of xanthan with holding times could hinder the xanthan-MnO4
- 210 

solutions from creating cross-flow between layers of different porosities (i.e., different 211 

shear rates). Given that the higher the viscosity difference (∆µ), the better the xanthan 212 

performs in penetrating low permeable zones, we calculated viscosity differences at 213 

shear rates of 3 and 200 s-1, rather than concentrating on declines in viscosity at one 214 

shear rate. When the viscosity-shear rate relationship was measured immediately (T = 0 215 

d), a 46 cP difference (∆µ), was observed for the xanthan solution (Fig. SI-2A). By T = 9 216 

d, ∆µ of the xanthan solution had dropped to 29 cP. This decrease indicates some 217 

instability that may be due to biodegradation, which has previously been shown to 218 

reduce viscosity (Littmann, 1988; Martel et al., 1998; Robert et al., 2006). By 219 

comparison, ∆µ of solutions containing MnO4
- (both 2500 and 10000 mg L-1) showed 220 

significant decreases when holding times were longer than 12 h. For instance, at T = 9 221 

d, ∆µ decreased to 6.72 cP, an 82.5% decrease (Fig. SI-2C). 222 

To illustrate how holding times of xanthan-MnO4
- solutions can influence the 223 

penetration of MnO4
- into low permeable zones (LPZ), we compared the sweeping 224 

efficiency of a freshly prepared xanthan-MnO4
- solution to one that had been held for 24 225 

h before being injected into our transport tank. Results showed that the freshly prepared 226 

MnO4
--xanthan solution delivered MnO4

- into the LPZ (Fig. SI-5A) but the aged xanthan-227 

MnO4
- solution could not penetrate the LPZ after a similar number of pore volumes had 228 

been delivered (Fig. SI-5B). Even though xanthan-MnO4
- solutions have been shown to 229 

preserved 60 to 95% of their viscosity after 72 h (Smith et al., 2008), results under our 230 

experimental conditions (i.e., soil textures, flow rate, and MnO4
- concentrations)  231 
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indicated that xanthan-MnO4
- solutions needed to be used within a few hours after 232 

mixing. A recent publication by Zhong et al. (2013) also demonstrates that a number of 233 

site factors such as soil type and water chemistry can contribute to viscosity losses of 234 

xanthan solutions during transport and that these factors should be considered before 235 

field use. 236 

  237 
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Table S1. Chemical properties 238 

 239 

 240 

 241 

 242 

 243 

(1)
Seol et al., 2001; 

(2)
Imhoff, 1992; and 

(3)
Martel et al., 1998  244 

 245 

Table S2:  Solutions, concentrations, and pore volumes used in transport 246 

experiments 247 

 248 

 249 

 250 

 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

 265 

1
 Red-CaCl2 is a CaCl2 solution dyed red for visual tracking.

 2
 Xanthan solution was prepared overnight. 266 

 267 

Chemical 
Molecular 

Formula 
Description 

M.W. 

(g mol
-1
) 

Density 

(g cm
-3
) 

Viscosity 

(cP) 

Solubility 

(mg L
-1
) 

Manufacturer 

Trichloroethene 

(TCE) 

C2HCl3 

 

Contaminant 131.39 1.48
(1)

 0.58
(2)

 1101
(1)

 Sigma Aldrich 
(ACS grade) 

Xanthan gum (C35H49O29)n 
(monomer)

 
Soluble polymer (933)n 

(monomer)
 

0.998
(3)

 Variable >5000
(3)

 Sigma Aldrich 

Sodium 
Permanganate 

NaMnO4 Oxidizing agent 141.93 1.972 - Liquid Aldrich Chemistry 

 
 
Type 
 
 

 
 
Exp 

 
 

Initial Flood 
Type 

Initial  
Flood  

Secondary 
Flood 

Displacement Flood  
 

Total 
PV 
 

Solution,  
(mg L

-1
) 

 
PV 

Solution,  
(mg L

-1
) 

 
PV 

Solution,  
(mg L

-1
) 

 
PV 

C
o
n
v
e
n
ti
o
n
a
l 
F
lo
o
d
 

1A Water-Polymer 
Red-CaCl2,

1
 (441)

 

Xanthan (500) 
2.00 N/A N/A N/A N/A 2.00 

1B Oxidant MnO4
-
, (4000) 2.00 N/A N/A N/A N/A 2.00 

1C Oxidant MnO4
-
, (4000) 0.50 

CaCl2,  
(441) 

1.50 N/A N/A 2.00 

1D Oxidant - Polymer 
MnO4

-
, (4000);  

Xanthan (250) 
0.50 

CaCl2,  
(441) 

1.50 N/A N/A 2.00 

1E Oxidant - Polymer 
MnO4

-
, (4000);  

Xanthan, (500) 
0.50 

CaCl2,  
(441) 

1.50 N/A N/A 2.00 

1F Oxidant - Polymer 
MnO4

-
, (4000);  

Xanthan, (1000) 
0.50 

CaCl2,  
(441) 

1.50 N/A N/A 2.00 

         

M
u
lt
ip
le
-S
te
p
 F
lo
o
d
 

2A Oxidant - Polymer MnO4
-
, (10000)

2
;  

Xanthan, (500) 

0.25 CaCl2,  
(441) 

 

2.75 Xanthan,  
(500) 

 

1.50 4.50 

2B Water Red-CaCl2, (441) 0.25 Red-CaCl2,  
(441) 

2.75 H2O 1.50 4.50 

2C Water Red-CaCl2, (441) 0.25 Red-CaCl2,  
(441) 

2.75 Xanthan,  
(500) 

 

1.50 4.50 

2D Water - Polymer Red-CaCl2, (441)  
Xanthan, (500) 

 

0.25 Red-CaCl2,  
(441) 

2.75 Xanthan,  
(500) 

 

1.50 4.50 

2E Oxidant MnO4
-
, (10000) 

 

0.25 CaCl2,  
(441) 

 

2.75 Xanthan,  
(500) 

 

1.50 4.50 

2F Oxidant – Polymer MnO4
-
, (10000);  

Xanthan, (500) 
 

0.25 CaCl2,  
(441) 

 

2.75 Xanthan,  
(500) 

 

1.50 4.50 
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Table S3. Model parameters used in simulations 268 

 269 

 270 

 271 

 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

* Estimated using Karman-Cozeny equation; C2 is MnO4
- concentration (kg m-3) 293 

Parameter/Property Unit Value 

Fluid properties   

        Flow rate  m
3
 s

-1
 5 x 10

-8
 

        Density  kg m
-3

 1002 

        Polymer initial concentration  kg m
-3

 0.5 

        Permanganate initial concentration  kg m
-3

 10 

        TCE initial concentration  kg m
-3

 0.5 

Soil properties   

   Transmissive zone   

        Permeability*   m
2
 3.9 x 10

-10
 

        Porosity  0.37 

        Dispersivity  m 0.00155 

        d50 m 7.13 x 10
-4

 

   Low permeable zone   

        Permeability  m
2
 5 x 10

-11
 

        Porosity  0.42 

        Dispersivity  m 0.000752 

        d50 m 5.09 x 10
-4

 

Reaction rate constant    

   2E  experiment   

        Transmissive zone (kTZ) m
3
 kg

-1
s

-1
 7 x 10

-5
 

         Low permeable zone(kLPZ) m
3
 kg

-1
s

-1
 5 x 10

-4
 

   2F  experiment   

        Transmissive zone(kTZ) m
3
 kg

-1
s

-1
 2.64x 10

-4
 

        Low permeable zone(kLPZ) m
3
 kg

-1
s

-1
  1.2x 10

-3
 

Viscosity parameters   

   Xanthan (500 mg L
-1
)   

        a  cP 97.711 

        b  -0.25 

        µo cP 175.39 

        µ∞ cP 1.002 

   Xanthan (500 mg L
-1
) +MnO4

- 
(10000 mg L

-1
)   

        a  cP 450 

        b  -0.19 

        µo cP 87.6*C2+240  

        µ∞ cP 1.002 
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 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 

 311 

 312 

 313 

 314 

 315 

 316 

Figure SI-1. Schematic of 2D-tank dimensions 317 

 318 

 319 
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 320 

 321 

 322 

 323 

 324 

 325 

 326 

 327 

 328 

 329 

 330 

 331 

 332 

 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

Figure SI-2.  Temporal changes in viscosity-shear rate relationships for (A) xanthan, (B) 343 

xanthan + 2500 mg MnO4
- L-1; (C) xanthan + 10000 mg MnO4

- L-1.  344 

 345 
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t = µµµµ t (3 s

-1 ) - µµµµ
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9 =   6.72 cP
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 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 

 356 

 357 

 358 

 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

Figure SI-3.  Temporal changes in MnO4
- concentration for various MnO4

- -xanthan 369 

ratios. 370 

 371 
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 372 

 373 

 374 

 375 

 376 

 377 

 378 

 379 

 380 

 381 

 382 

 383 

 384 

 385 

 386 

 387 

 388 

 389 

 390 

 391 

 392 

 393 

 394 

Figure SI-4.  Photographic evidence of MnO2 formation observed in xanthan-MnO4
- 395 

solution. 396 

 397 
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 398 

 399 

 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 

 420 

Figure SI-5. Photographs of 2D tank following initial floods with (A) xanthan + 500 mg 421 

MnO4
- L-1; and (B) xanthan + 500 mg MnO4

- L-1 aged for 24 h. 422 
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 425 

 426 

 427 

 428 

 429 

 430 

 431 

 432 

 433 

 434 

 435 

 436 

 437 

 438 

 439 

 440 

 441 

 442 

 443 

 444 

 445 

 446 

Figure SI-6.  Sweeping efficiencies of (A) conventional flooding experiments (Exps. 1C-447 

1F) and (B) multiple flooding experiments (Exps. 2B-2D). 448 
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 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 
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 461 

 462 

 463 

 464 

 465 

 466 

 467 

 468 

 469 

 470 

 471 

 472 

Figure SI-7.  Solution densities of various combinations of MnO4
- and xanthan 473 

concentrations. Error bars indicate sample standard deviations (n=7). 474 
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476 

Figure SI-8. Time-lapse photography of multistep flooding experiments (Exps. 2A-2F). 
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 493 

 494 

 495 

 496 

 497 

 498 

 499 

Figure SI-9. 14C-effluent breakthrough curves following multistep flood treatments. 500 

 501 
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