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Remedial amendment  and  salt  significantly  lowered  the xanthan  viscosity.
The viscosity  of  xanthan  solutions  decreases  nonlinearly  with  salt  concentration.
Empirical  relationships  were  developed  between  K  and  n for  a power  law  fitting  the  xanthan  thinning  behavior.
Xanthan degrades  in  days  with  the  presence  of site  sediments.
Xanthan first  breaks  down  to smaller  segments  during  degradation.
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a  b  s  t  r  a  c  t

Xanthan  gum  solutions  are  shear  thinning  fluids  which  can  be used  as delivery  media  to  improve  the
distribution  of  remedial  amendments  injected  into  heterogeneous  subsurface  environments.  The  rheo-
logical  behavior  of  the  shear  thinning  solution  needs  to be  known  to  develop  an  appropriate  design  for
field  injection.  In this  study,  the  rheological  properties  of  xanthan  gum  solutions  were  obtained  under
various  chemical  and  environmental  conditions  relevant  to delivery  of remedial  amendments  to  ground-
water.  Higher  xanthan  concentration  raised  the  absolute  solution  viscosity  and  increased  the  degree  of
shear  thinning.  Addition  of  remedial  amendments  (e.g.,  phosphate,  sodium  lactate,  ethyl  lactate)  caused
the dynamic  viscosity  of  xanthan  solutions  to  decrease,  but  they  maintained  shear-thinning  properties.
Use of mono-  and  divalent  salts  (e.g.,  Na+, Ca2+) to increase  the  solution  ionic  strength  also  decreased
the  dynamic  viscosity  of xanthan  and the  degree  of  shear  thinning,  although  the  effect  reversed  at  high
emediation xanthan  concentrations.  A  power  law  analysis  showed  that  the consistency  index  is  a  linear  function  of
the  xanthan  concentration.  The  degree  of shear  thinning,  however,  is  best  described  using  a  logarith-
mic  function.  Mechanisms  to describe  the  observed  empiricism  have  been  discussed.  In the  absence  of
sediments,  xanthan  solutions  maintained  their  viscosity  for months.  However,  the  solutions  lost  their
viscosity  over  a period  of  days  to  weeks  when  in contact  with  site  sediment.  Loss  of  viscosity  is attributed

ation
to  physical  and  biodegrad

. Introduction

Contamination in heterogeneous subsurface materials poses
ifficulties for in situ remediation. Delivery of remediation amend-
ents using traditional means targets the most permeable zones

ut typically results in a less-effective treatment for lower perme-
bility zones. In many cases, treatment of the low permeable zones
s not sufficient to meet remediation goals due to the back diffu-

ion of contaminants from the low permeability zones. Because
lmost all aquifers contain some degree of heterogeneity, meth-
ds to improve in situ remediation of lower permeability zones

∗ Corresponding author. Tel.: +1 509 371 7101; fax: +1 509 371 7174.
E-mail address: lirong.zhong@pnnl.gov (L. Zhong).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jhazmat.2012.11.028
 processes.
© 2012 Elsevier B.V. All rights reserved.

are needed. More specifically, the application of technologies that
deliver remedial amendments into contaminated lower permeabil-
ity zones is needed to improve remediation efficiency.

The flow of shear thinning fluids, usually aqueous polymer solu-
tions, in porous media has the ability to enhance the uniformity of
the injection fluid movement and reduce viscous fingering in a het-
erogeneous system. Shear thinning may  facilitate the penetration of
injected fluids into lower permeability zones [1–6]. The shear thin-
ning fluid viscosity is a function of the shear rate, with higher shear
causing lower viscosity. The shear rate is typically higher in lower
permeability zones than it is in higher permeability zones and the
reduced relative viscosity facilitates movement of the injected solu-

tion into the low permeability zones. The improvement in injection
uniformity is a function of the shear thinning fluid rheological prop-
erties and the permeability contrast between the higher and lower
permeability zones [5,6].

dx.doi.org/10.1016/j.jhazmat.2012.11.028
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:lirong.zhong@pnnl.gov
dx.doi.org/10.1016/j.jhazmat.2012.11.028
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Table 1
Summary of experiments.

Tests Purposes Experimental approach

Set 1 Test the influence of ionic
strength, polymer
concentration, and remedial
amendment on dynamic
viscosity.

Polymer, salt, amendments were
added to polymer solutions in
batch studies. Rheology was
measured.

Set 2 Test the influence of sediment
(subset 2A) and polymer
concentration (subset 2B) on
viscosity degradation.

Sediment was  added to polymer
solution in test vials or bottles with
the solid/liquid ratio of 1/10 and
1/13.3. Rheology was measured
over time.

Set 3 Test polymer degradation in
contact with sediment.

Polymer solutions were injected
into packed columns. Solutions
were drained from the sediment at
predetermined times for rheology
and Chemical Oxygen Demand
(COD) measurements.

Set 4 Qualitatively verify polymer
viscosity degradation in

Polymer solutions were injected
into sediment in 2-D flow cells. The
L. Zhong et al. / Journal of Hazardous

Shear thinning fluids have been investigated in laboratory
nd field studies to facilitate remedial amendment delivery for
ubsurface remediation [5–10] and as stabilizer for particulate
uspensions used in remediation [9–14]. Surfactant, phosphate,
hemical oxidants, and zero-valent iron particles were reme-
ial amendments used in these experimental studies or in field
emonstrations. Shear thinning fluids were also used to suspend
anganese dioxide particles produced from oxidation of perman-

anate in aqueous phase [15]. These laboratory and field studies
uggest that shear thinning fluids have the potential to enhance
olute and particle amendment delivery in heterogeneous systems.
t is hypothesized that rheological behavior changes significantly
s a result of environmental factors. An understanding of the
elationships between these factors and the shear thinning fluid
heological behavior will improve the ability to design solutions
or delivery of remedial amendments in the field. However, system-
tic rheological studies of shear thinning fluids needed to provide

 design basis for injection solution formulation have not been
eported.

We provide a systematic study on the rheological proper-
ies of the aqueous solutions of xanthan gum, a commonly used
io-polymer to form shear thinning fluids, and investigated the

nfluence of environmental factors on its rheological properties.
anthan is an extracellular polysaccharide produced by bacterium
anthomonas campestris,  with high molecular weight (>2 × 106)
nd high water solubility [16]. It has a wide range of industrial appli-
ations, including viscosity modification and stabilization in food
roducts (i.e., salad dressing, yogurt, and ice cream), drug deliv-
ry, personal care products (i.e., lotions, creams, body washes), and
njection fluid additives in enhanced oil recovery.

The main objective of this contribution is to quantify and ana-
yze the influence of polymer concentration, solution ionic strength
I), amendment type, and amendment concentration on solution
heology for several water qualities. In addition, the polymer solu-
ion viscosity degradation and the corresponding chemical oxygen
emand (COD) change were obtained in systems with the presence
f site sediments. The results provide useful information regarding
he xanthan solution rheological behavior as a function of envi-
onmental conditions, fluid composition (including remediation
mendments), and temporal degradation over time in contact with
ediments.

. Materials and methods

.1. Materials

Xanthan gum (Kelzan XC) powder (Kelco Oil Field Group, Hous-
on, TX) was used to form shear thinning fluids. The powder was
sed as received without further purification.

Amendments tested in this study include commonly used biore-
ediation nutrients for degradation of chlorinated compounds,

nd phosphate, which can facilitate uranium immobilization [17].
odium lactate and ethyl lactate (JWR Bioremediation, LLC, Lenexa,
S) were used as representative bioremediation substrates amend-
ents. Sodium mono-phosphate (NaH2PO4; Aldrich Chemical

ompany, Milwaukee, WI)  was chosen as the phosphate amend-
ent.
Calcium chloride (CaCl2) and sodium chloride (NaCl) were the

alts used to test the influence of salinity on the rheology of the
olymer solutions. Accusand sand (grade #70) and natural subsur-
ace sediment from the Hanford formation in the U.S. Department

f Energy Hanford Site in Washington State were used in selected
xperiments. The Hanford formation sediments consisted of 30%
and (>0.050 mm and <2 mm)  and 70% gravel (>2 mm and <8 mm).
ediments from a contamination site in the Offutt Air Force Base
intermediate-scale flow cell
systems.

stability of polymer solutions was
monitored by visual observation.

at Omaha, Nebraska were used in the polymer degradation exper-
iments.

2.2. Methods and measurements

Four sets of tests were conducted in this study to achieve the
objectives. The tests and experimental approaches are summarized
in Table 1.

2.2.1. Polymer concentration, ionic strength, and amendment
influence tests (Set 1)

To prepare the shear thinning fluids, xanthan powder was added
to water that was being stirred with a magnetic stir bar, or was
mixed with water using a blender. Only one mixing method was
used in a set of tests. Polymer concentrations between 300 mg/L
(0.03%) and 5000 mg/L (0.5%) were used to test the influence
of polymer concentration on rheology. When complete dissolu-
tion was  achieved, cations and chemical amendments at different
concentrations were added to the solution batches to test their
influence on rheology. Samples were taken at predetermined times
for rheology measurement. Deionized (DI) water, tap water (TW)
from the city water of Richland, Washington, and groundwater
(GW) from the Offutt site were used for polymer solution prepara-
tion to test the influence of different source of water.

2.2.2. Polymer degradation–batch system tests (Set 2)
Two  subsets of tests were conducted. Set 2A was used to study

the influence of sediment on viscosity degradation of xanthan
solutions. 800 mg/L xanthan solution in TW was prepared and
three solution-sediment combinations were made: xanthan solu-
tion with no sediment, with Accusand (Unimin, IL), and with
Hanford sediment. 50 mL  of polymer solution was used in each
batch setup, and 5 g of sediment was  added to the system at the
start of test as needed. The batches were placed on a rotator to
ensure continuous mixing and a homogeneous sediment distribu-
tion in the system. Set 2B was conducted to test the influence of
polymer concentration on viscosity degradation in the presence
of site sediment, using solutions at 600, 800, 1200, 1600, and
2000 mg/L. 1000 mL  of each solution was contained in a bottle and
75 g of Hanford Site sediment enclosed in bags made of 100 �m

filtration screens was added to each bottle. A bottle with 1000 mL
of 800 mg/L xanthan gum solution without sediment was set up
as a control. The batches were placed in a 17 ◦C water bath. The
solution-sediment bag systems were stirred once a day. Samples
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ere taken for rheology measurement at 0.25 h, 168 h (1 week),
36 h (2 weeks), and 504 h (3 weeks). The sediment in the xanthan
olution was allowed to settle to separate the sediment grains
rom the solution before rheology measurement.

.2.3. Polymer degradation and COD–packed column tests (Set 3)
Sediment packed columns were used to study the polymer

egradation and solution COD change in settings with field solu-
ion/sediment ratio. 1500 mg/L xanthan solution prepared in TW
as injected into columns packed with sediments from the Offutt

ite. Columns with a length of 12.5 cm and a 5.0 cm internal diame-
er were used. Solutions were drained or pushed out with nitrogen
as at 10 min, 168 h (1 week), 504 h (3 weeks), and 1512 h (9 weeks)
or sampling. Each sample consisted of 6 mL,  of which 4 mL  was
sed for a rheology measurement and 2 mL  for COD determination.

.2.4. 2-D Flow cell experiments (Set 4)
Two intermediate-scale two-dimensional (2-D) flow cell

xperiments, FC-1 and FC-2, were conducted to improve the under-
tanding of xanthan solution rheological behavior in contact with
ediments under continuous flow conditions. The FC-1 test was
onducted with Accusand (20/30 mesh), and the FC-2 test was per-
ormed using a Hanford site sediment mixture. Both experiments
ere conducted in a 0.5-m-long, 0.4-m-tall, and 0.05-m-wide flow

ell.
The flow cell was packed under saturated conditions to avoid

ntrapping of air bubbles. The average porosity and dry bulk den-
ity values for the site sediment mixture were 0.32 and 1.82 g/cm3,
espectively. The xanthan solution was not dyed and water was
yed blue in FC-1, while the polymer solution was dyed with a
ed food dye at 100 mg/L concentration but water was  not colored
or FC-2. The influence of the dye on the rheology is negligible [6].
enoting the left-bottom corner of the flow cell as (x—horizontal
irection, z—vertical direction) = (0 cm,  0 cm), the polymer solu-
ions were injected at (x, z) = (20 cm,  20 cm)  at a concentration of
000 mg/L with a rate of 50 mL/min for six minutes. Water flow
ith a rate of 0.20 cm/min. was applied to the left hand side of the
ow cell. The water level in the constant-head chamber was  kept at

 = 0.4 m.  Water flow was kept constant during the xanthan solution
njection, and was continued through the whole testing period. In
C-1, water without dye was injected through the flow cell after 2
eeks flushing with blue-dyed water to observe changes inside the

anthan blob. Pictures were taken throughout the experiments.

.2.5. Rheology and COD measurement
A rotational rheometer Physica MCR  101 (Anton Paar USA Inc.,

shland, VA) was used for the rheology measurements. The shear
ate measurement range was between 0.1 s−1 and 200 s−1. A built-
n temperature control chamber enabled the setting of desired
emperatures for measurements. All the samples were measured
t 25 ± 0.1 ◦C. The COD was determined using Standard Meth-
ds 5520 C [18]. Samples and standards were placed in screw-top
mpules, and heated in the presence of K2Cr2O7, H2SO4 (50%),
nd Ag2SO4 for two hours at 150 ◦C. After cooling, samples, blanks
nd standards are titrated with ferrous ammonium sulfate in the
resence of Ferroin indicator to determine the amount of excess
ichromate. The amount of dichromate consumed by the sam-
le is used to calculate the total amount of oxygen that could be
onsumed by organic and oxidizable inorganic substances in the
ample.
. Results and discussion

The impacts of polymer concentration, solution ionic strength
nd composition, amendment type and concentration, and contact
Fig. 1. (a) Viscosity as a function of shear rate, and (b) Viscosity at low shear rate
(0.3  s−1) for several xanthan concentrations. All solutions were made in de-ionized
water.

with sediments on the properties of the solution are presented
below.

3.1. Polymer concentration

The shear thinning behavior of the xanthan in DI water solutions
is shown in Fig. 1a. The viscosity at high shear rate (200 s−1) was
more than one order of magnitude lower than that at low shear rate
(0.3 s−1). At low shear rate the solution viscosity increased linearly
with the increase of xanthan concentration within the range from
300 mg/L to 2000 mg/L (Fig. 1b).

The static viscosity and shear-thinning behavior of xanthan
solutions are related but not proportional to the xanthan concentra-
tion over a wide range. Choppe et al. [19] reported an exponential
relationship of the solution viscosity with the xanthan concentra-
tion when it was higher than 2000 mg/L. They observed deviation
from the exponential relationship when the concentration was
lower than 2000 mg/L, where the relationship was  not defined.
This study revealed that a linear relationship existed at lower con-
centrations when no salt was  added to the solution. Garcia-Ochoa
et al. [16] reported an exponential viscosity vs. xanthan concen-
tration relationship for the concentration range from 1000 mg/L to
2000 mg/L when 1000 mg/L of NaCl was  added to the solutions.
This study and previously published data show a complicated cor-
relation between xanthan concentration and viscosity. While there
have been no quantitative studies on the mechanisms causing the

observed viscosity–concentration relationship, the increase of vis-
cosity with increasing xanthan concentration has been attributed
to intermolecular interaction or entanglement that increases the
effective macromolecule dimensions and molecular weight [20].
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Fig. 2. Influence of Na+ and Ca2+ ions on 600 mg/L xanthan solution rheology: (a)
shear thinning curve for solutions with Na+; (b) shear thinning curves for solutions
with Ca2+; (c) viscosity of solutions with different ionic strength at � = 0.3 s−1.
L. Zhong et al. / Journal of Hazardous

Although the shear-thinning curves in Fig. 1a looked similar to
ach other for all the solutions, the degree of shear thinning for a
olution changed as a function of the xanthan concentration. For a
hear thinning fluid, the shear rate dependence of viscosity can be
ell described by the power law equation [21]:

(�) = K�−n (1)

here �(�) is the viscosity, � is the shear rate, K is the consistency
ndex (i.e., the solution viscosity at � = 1.0 s−1), and n is the flow
ehavior index. When n = 0, Newtonian flow behavior occurs. For

arger n values, the shear thinning nature of the solution is more
ronounced. The shear thinning curves in Fig. 1a were fitted to Eq.
1) using power law regression. The fitted K and n values, as well as
he coefficient of determination, R2, are listed in Table 2. The results
ndicate an increased consistency and degree of shear thinning, i.e.,
otential of shear shinning, with increasing xanthan concentration.
n analysis of the results in Table 2 is presented in Section 3.3.

.2. Solution ionic strength and composition

Xanthan rheology was influenced by solution ionic strength and
pecific ions in solution. The influence of sodium and calcium ions
n the rheology of 600 mg/L xanthan solutions is shown in Fig. 2a
nd b, respectively. When cations were initially added to the ion-
ree xanthan solution, the viscosity decrease was  significant, and
urther addition of ions to the system resulted in less impact on
iscosity. For Na+, when concentration increased from 0 mg/L to
5 mg/L, the viscosity at a shear rate of 0.3 s−1 decreased from
82 cP to 80 cP (72% decrease). However, an additional concentra-
ion increase from 25 mg/L to 50 mg/L only resulted in a viscosity
ecrease from 80 cP to 64 cP (5.7% decrease). The figures show that
he impacts of NaCl and CaCl2 solutions on rheology behavior over

 large range of shear rates are similar. The similarity between the
wo salts is also obvious for the relation between ionic strength
nd viscosity at low shear rate (Fig. 2c), indicating that for ionic
trengths in the tested range greater than ∼1.5 mmol/L, the low-
hear rate viscosity is not negatively affected. The influence of Na+

nd Ca2+ on xanthan solutions at 300, 500, 800, and 1000 mg/L poly-
er  concentrations were also tested and similar influence patterns
ere observed (data not shown).

Eq. (1) was  fitted to the curves shown in Fig. 2a and b. The fitted
 and n values and the coefficient of determination, R2, are listed in
able 3. The decrease in n values with increasing concentration or
onic strength clearly indicates the reduction in the degree of shear
hinning. The consistency index of the solutions also decreases with
onic strength, which might be a concern for field applications. The
ata presented in Table 3 is further analyzed in Section 3.3.

At high xanthan concentrations, addition of cations to the solu-
ion did not lower its viscosity but instead increased the solution
iscosity and the degree of shear thinning. For the 5000 mg/L
anthan solution, the addition of 200, 500, and 1000 mg/L Ca2+

ncreased the viscosity considerably from 6920 cP to 25,600 cP,
9,900 cP, and 33,000 cP, respectively (Fig. 3). In the solution with
000 mg/L Ca2+, the viscosity increase was more than 475% com-
ared with that of solution without Ca2+. By fitting Eq. (1) to
he shear thinning curves of the solutions with no salt and with
000 mg/L Ca2+ (Fig. 3), it was shown that the addition of salt not
nly caused an increase in the consistency index, but also increased
he degree of shear thinning of the solution as indicated by the fitted

 values (0.85 vs. 0.72). Pastor et al. [20] and Wyatt et al. [22] also
bserved the increase in xanthan solution viscosity with salt addi-
ion when the polymer concentration was higher than 2000 mg/L.
The results shown in Figs. 2 and 3 demonstrate that at low xan-
han concentration, addition of salt lowered the solution viscosity,
hile at higher xanthan concentration, salt addition increased the

iscosity. This kind of information is useful for field applications, Fig. 3. Influence of Ca2+ on 5000 mg/L xanthan gum solution rheology.
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Table 2
Influence of xanthan concentration on shear thinning fluid rheology: Fitted K and n values according to Eq. (1) including the R2 values.

Xanthan conc. (mg/L) 300 500 600 800 1000 1500 2000

K 71.80 119.09 162.29 242.43 316.36 481.57 652.63
n 0.54  0.58 0.61 0.64 0.65 0.69 0.71
R2 0.991 0.996 0.996 0.999 0.999 0.998 0.998

Table 3
Influence of salinity on shear thinning rheology of 600 mg/L xanthan solutions: Fitted K and n values according to Eq. (1), including R2 values.

Influence of NaCl

Na+ conc. (mg/L) 0 5 10 15 20 25 50

I (mmol/L) 0.00 0.22 0.43 0.65 0.87 1.09 2.17
K  162.29 131.58 106.57 88.81 76.02 69.85 54.45
n  0.61 0.57 0.53 0.51 0.49 0.47 0.45
R2 0.996 0.998 0.997 0.997 0.997 0.996 0.996

Influence of CaCl2

Ca2+ conc. (mg/L) 0 5 10 15 20 25 50

I (mmol/L) 0.00 0.38 0.75 1.13 1.50 1.88 3.75
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mer  concentration was  lower. For example, the viscosity of the
TW xanthan solution was  36.0%, 23.0%, and 8.9% of the 800 mg/L,
600 mg/L, and 300 mg/L equivalent xanthan solution in DI water,
respectively (Fig. 4a). The Offutt site GW lowered the viscosity of the
K  162.29 117.90 86.83
n  0.61 0.57 0.53
R2 0.996 0.996 0.99

lthough the relatively high viscosities of the higher xanthan con-
entrations might preclude usage in actual injection scenarios. It
hould be noted that Wyatt et al. [22] showed that a critical xan-
han concentration of ∼2000 mg/L can be defined for concentration
egions where added salt neither lowers nor increases the viscosity.

The effects of salt concentration on shear thinning viscosity can
e explained in terms of molecule confirmation states. It is believed
hat a xanthan molecule exhibits two different conformational
tates: ordered and disordered [23,24]. In the ordered conforma-
ion, the side chains are folded in and associated with the backbone,
orming helix molecular conformation. In the disordered conforma-
ion, also referred as extended configuration, the side chains project
way from the backbone and the molecule occupies a larger hydro-
ynamic volume. The disordered conformation occurs in salt free
olution, where strong Columbic repulsions between like charges
long the polyelectrolyte backbone stretch and elongate individual
hains. At low xanthan concentration (<2000 mg/L), addition of salt
eutralizes the ionic charge of xanthan molecules. As a result, the
longated molecules are therefore transformed into helix molec-
lar conformation, which occupy smaller hydrodynamic volume.
herefore, addition of salt reduces the solution viscosity.

When the polymer concentration is larger than the critical
oncentration, the interaction among the intermolecular bonds
ncreases, and its effect on solution viscosity is relatively more
mportant than the effect caused by the change in hydrodynamic
olume of molecules [20]. It has been hypothesized that, with salt
ddition, local charge inversion and subsequent chain expansion
etween polymer molecules entanglements increases the viscos-

ty. It has been further hypothesized that ion bridging occurs where
ither an inter- or intra-molecular ionic “crosslink” is formed.
nder these conditions, the salt induced bridging between poly-
er  chains would introduce a stiffer network, resulting in increased

iscosity [25].
As stated above, even relatively low concentrations of mono-

nd di-valent cations may  considerably impact xanthan rheo-
ogy. The influence of water composition on rheology is important
ecause for field applications, either tap water (TW) or pumped
roundwater (GW), both containing cations, are cost-effective

ater sources. For that purpose, the rheology of xanthan gum solu-

ions made with TW and GW from the Offutt site was studied
nd compared with that of solutions prepared with DI water. As is
hown in Fig. 4, both TW and GW considerably lowered the solution
62.57 49.62 46.85 43.55
0.49 0.46 0.45 0.44
0.996 0.995 0.995 0.995

viscosity and the impact of both waters was greater when the poly-
Fig. 4. Influence of water source on xanthan solution rheology: (a) DI water and
TW;  (b) DI water and Offutt GW.
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Table 4
Influence of water source on shear thinning fluid rheology: Fitted K and n values according to Eq. (1) including R2 values.

Xanthan conc. (mg/L) 300 500 600 800

DIW TW DIW GW DIW TW GW DIW TW

K 71.80 12.82 119.09 23.64 162.29 53.21 35.25 242.43 88.67
n  0.54 0.30 0.58 0.35 0.61 0.47 0.40 0.64 0.52
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R2 0.991 0.983 0.996 0

IW: de-ionized water; TW:  tap water; GW:  groundwater.

00 mg/L xanthan solution by 90% and that of the 600 mg/L solution
y 88% (Fig. 4b). These observations imply that when a certain vis-
osity level is required in the field application to achieve improved
elivery, an increased polymer concentration may  be required to
ccount for the influence of using TW or GW.

The shear thinning curves in Fig. 4 were also fitted with Eq. (1).
he fitted K and n values and the coefficient of determination, R2,
re listed in Table 4. The decrease in K values for solutions prepared
ith TW and GW compared with that for solutions in DIW indicate

he loss of viscosity and are consistent with the findings for salt
dditions shown in Table 3. In addition, the lower n values demon-
trate a reduction in the shear thinning potential. An analysis of the
ata in this table follows in the next section.

.3. Analysis of the effects of xanthan concentration and ionic
trength on xanthan rheology

The R2 values of the Eq. (1) fitting to the various shear thinning
urves shown in Figs. 2–4 indicate that the rheological behavior
f the xanthan solutions is well described by the power law model

Tables 2–4).  To investigate the relationship between both the xan-
han concentration and the ionic strength on the fitted rheology
arameter (K and n) values, the fitted values in Tables 2–4 were
lotted against the xanthan concentration (Fig. 5a) and solution

ig. 5. Power law fitting parameters K and n vs. (a) xanthan concentration and (b) ionic str
nd  salt solutions, and for (d) solutions with salt additions only. The xanthan concentrati
0.996 0.995 0.993 0.999 0.997

ionic strength (Fig. 5b). Linear trend lines with high R2 values could
be fitted to the K vs. xanthan concentration data for the DI water
and TW solutions, which were forced through intercept of (0, 1) to
recognize that for a xanthan concentration of 0 mg/L, the DI water
and the TW viscosity is approximately 1 cP (Fig. 5a). The consis-
tency index, K, representing the solution viscosity at 1.0 s−1 shear
rate, is smaller than the viscosity value at � = 0.3 s−1 for the same
DI water solutions, as shown in Fig. 1b. This observation is due
to the shear thinning behavior of the solutions, i.e., the viscosity
was lower at higher shear rate. The slopes of the fitted lines in
Fig. 1b and Fig. 5a are 0.539 and 0.315, respectively. The higher
slope at the lower shear rate (Fig. 1b) indicates that shear thinning
is greater at higher xanthan concentrations. In other words, the vis-
cosity drop from � = 0.3 s−1 to � = 1.0 s−1 is larger for solutions with
a higher xanthan concentration. This observation was also indi-
cated by the relationship of fitted n with xanthan concentration
plotted in Fig. 5a. In Fig. 5a, the slope of the line fitted to DIW (0.315)
is considerably higher than the slope of line fitted to TW (0.096),
demonstrating again the impact on salt concentrations on rheo-
logy. This result, further explained in this section below, strongly

indicates that interested users should independently determine the
K–concentration relationship if a water source containing salt will
be used. As is also shown in Fig. 5a, the n vs. xanthan concentration
data were best fitted with logarithmic trend lines. The value of plots

ength. K vs. n relations for (c) xanthan solutions with various polymer concentration
on in Fig. 5b and d is 600 mg/L.
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hown in Fig. 5a is that over a range of xanthan concentrations, fit-
ed K and n value can be computed that can be directly used in field
pplication designs.

The influence on viscosity and degree of shear thinning were
egligible between the two salts for the same ionic strength
Fig. 5b). The impact of ionic strength was more pronounced at
ower salt concentrations. At higher concentrations, the change in

 and n diminished until an asymptotic value was obtained. The
ame trend was observed for K in Fig. 2, where the viscosities were
easured at � = 0.3 s−1, and supports the notion that above an ionic

trength threshold, the rheology for a certain xanthan solution does
ot change anymore.

Fig. 5c and d shows examples of how relations between K and n
alues might be used. In Fig. 5c, all data in Tables 2–4 are lumped
ogether and best fitted with a logarithmic curve. The high R2 value
ndicates that this approach may  be used to relate the parameters
ver a considerable range in polymer concentration and solution
onic strength. Such an empirical model or nomograph might be
seful because only a K value is needed to effectively obtain the
ccompanying n value to fully parameterize Eq. (1).  The K value
ight be obtained from Fig. 1b or experimentally obtained by

etermining the viscosity at � = 1.0 s−1. Although a nomograph as
hown in Fig. 5c might have a broad appeal and be useful for scop-
ng investigations, higher quality linear relations might be obtained
or specific solutions. An example is shown in Fig. 5d for just the
aCl and CaCl2 salt additions.

Although the plots in Fig. 5 describe useful empirical rela-
ions for several xanthan solutions, it is important to investigate
otential mechanisms behind these relationships. Xanthan solu-
ions have high viscosity and exhibit a profound shear thinning
ehavior, even at low concentrations. Studies on the mechanisms
ehind the unique rheological behavior of these solutions started
early four decades ago [16,19–22,26–40]. Although consider-
ble progress has been made, a full understanding has not been
chieved. In general, when the xanthan concentration increases,
he polymer intermolecular interaction, entanglement, and aggre-
ation increase [16,40], and therefore a solution has a larger K value,
.e., exhibits a higher viscosity. Examples of how these mechanisms

anifest themselves can be seen in Fig. 5a. The shear thinning of
anthan solutions is attributed to the orientation of the rod-like
olymer molecules on the shear flow direction [21] and the reduc-

ng on molecule aggregation in shear flow [40]. It is speculated that
t higher xanthan concentrations, the molecule re-orientation and
he breaking of molecular aggregation should be easier when shear
s applied to the solution, and, therefore, a higher degree of shear
hinning is observed. This mechanism is also apparent in Fig. 5a
or the trend in n values. The mechanism of lowering the xanthan
olution viscosity by addition of salts has already been discussed
n Section 3.2,  and applies also to the relationship between the fit-
ed K and ionic strength as shown in Fig. 5b. When salt is added to

 xanthan solution, the polymer molecules change conformation
nd reduce hydrodynamic volume [28,39,41].  These changes may
esult in a reduced potential of shear thinning, as indicated by the

 vs. ionic strength relationship in Fig. 5b. Furthermore, the ionic
trength of tap water reduced the solution viscosity as shown by
he lower K values in Fig. 5a.

.4. Amendment type and concentration

Amendments to xanthan solutions might contain ionic and non-
onic compounds and might alter the ionic strength [6].  Of interest
n this contribution is to test specific amendments to see if their

mpacts are different than just the type of compounds present
n GW or TW.  As is shown in Fig. 6, the addition of almost 5 g/L
O4 to xanthan solutions significantly modified their rheological
roperties at the tested concentrations. PO4 lowered the viscosity
Fig. 6. Remedial amendment influence on xanthan solution rheology: (a) influence
of  PO4; (b) viscosity reduction at � = 0.3 s−1 due to PO4; (c) influence of lactate.

of the solutions and also decreased the degree of shear thinning
(Fig. 6a). However, significant shear thinning behavior was  still
observed for the solutions with the presence of PO4. When the same
concentration of PO4 was added to solutions at different xanthan
concentrations, the viscosity decrease was  more pronounced in
the solutions with lower concentrations compared to the solutions
with higher concentrations (Fig. 6b). At 500 mg/L xanthan concen-
tration, the viscosity reduction at 0.3 s−1 shear rate was  more than
85%; while at 2000 mg/L concentration, the viscosity was lowered
less than 25%.

Sodium lactate and ethyl lactate (both at 10 g/L) lowered the

viscosity of 700 mg/L xanthan gum solutions while the solutions
still showed shear thinning behavior (Fig. 6c). Sodium lactate
lowered the viscosity at 0.3 s−1 shear rate by 76% and the ethyl
lactate decreased the viscosity only by 25% (Fig. 6c). The significant
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Fig. 8. Xanthan concentration influence on viscosity degradation rate. Plotted are
the  viscosities at � = 0.3 s−1 vs. degradation time. The viscosity values were fitted

lose its viscosity after 168 h (1 week). At 336 h (2 weeks), the vis-
cosity at 0.1 s−1 shear rate was  only 24% of the initial value (Fig. 7c.).

In the batch degradation tests with multiple xanthan concentra-
tions, the viscosity for the solutions mixed with sediments dropped
ig. 7. Sediment influence on 800 mg/L xanthan solution viscosity: (a) no sediment;
b) Accusand; (c) Hanford site sediment.

ifference between the viscosity impacts of the two substrates
as presumably due to the presence of Na+ in the sodium lactate

C3H5NaO3) while there was no salinity in ethyl lactate (C5H10O3).
hen higher viscosity is desired for substrate delivery in corre-

ponding to the aquifer heterogeneity settings, ethyl lactate is
referred over sodium lactate.

The results of Eq. (1) fits to the curves in Fig. 6a and c are listed in
able 5. The data in the Table show that when an amendment addi-
ion showed more impact on the solution viscosity, the reduction
n shear thinning potential was also more significant.
.5. Contact with sediment in batch and column test systems

In the batch tests, when no sediment was added to the xanthan-
n-TW solution (800 mg/L), the viscosity kept its initial value for
with exponential regression to evaluate the degradation rate. The fitting equations
are shown in this figure. The xanthan solutions were prepared with 52.7 mM PO4 in
TW.

336 h (2 weeks) (Fig. 7a). Similarly, a xanthan-in-DI water solu-
tion maintained its initial viscosity for 1680 h (10 weeks). When
Accusand was  added to the xanthan-in-TW solution (800 mg/L), the
viscosity was maintained for over 336 h (2 weeks) (Fig. 7b.). How-
ever, when Hanford sediment was  present, the solution started to
Fig. 9. Xanthan gum degradation: (a) solution viscosity vs. time for � = 0.3 s−1; (b)
chemical oxygen demand (COD) vs. time. All solutions originated from packed site
sediment columns.
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Table 5
Influence remedial amendment on shear thinning fluid rheology: Fitted K and n values according to Eq. (1) including R2 values.

Influence of PO4 amendment

Xanthan conc. (mg/L) 500 700 1500 2000

DIW With PO4 DIW With PO4 DIW With PO4 DIW With PO4

K 119.09 27.94 183.81 62.13 481.57 303.54 652.63 563.50
n  0.58 0.38 0.62 0.48 0.69 0.64 0.71 0.69
R2 0.996 0.993 0.997 0.996 0.998 0.999 0.998 0.999

Influence of ethyl lactate and sodium lactate with xanthan conc. of 700 mg/L

DIW E. lact. S. lact.

K 183.81 141.11 57.48
n 0.62 0.58 0.47
R2 0.997 0.997 0.997

DIW: de-ionized water.

Fig. 10. Distribution of xanthan solution in sediments in flow cell experiments FC-1 (A1, A2, A3) and FC-2 (B1, B2, B3). A1, A2: solution in Accusand after 0d, 10d water
flushing, respectively; A3: after flushing with clear water in the 14th day. B1, B2, B3: solution in Hanford site sediment after 0d, 10d, and 14d water flushing, respectively.
The  polymer solution injection rates and water flushing flow rates were the same for FC-1 and FC-2 tests.
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ore than 65% after 168 h (1 week), and more than 95% after 336 h
2 weeks) (Fig. 8). After 168 h of degradation, the solutions still
xhibited shear thinning prosperity; but after 336 h of degradation,
hear thinning behavior was not observed. Exponential regression
as applied to the viscosity values to evaluate the xanthan degra-
ation rate. The fitting equations are shown in Fig. 8. Solutions with
igher xanthan concentrations showed higher degradation rate. In
he control test where no sediment was added, the solution vis-
osity kept its initial value throughout the testing period (data not
hown).

In the degradation test where the xanthan solution was in con-
act with the Offutt sediment in packed columns, the solution lost
3.5% of its initial viscosity in the first 168 h (1 week) and more
han 98.5% in the first 504 h (3 weeks; Fig. 9a). The COD of the solu-
ion had a much slower degradation rate: After 168 h (1 week),
he COD decreased by only 10.9% of the initial concentration, while
fter 504 h (3 weeks), the COD decreased by 32.2% of the initial
oncentration (Fig. 9b). Because the solution viscosity is linearly
elated to the xanthan concentration (Fig. 1b), the rapid viscosity
ecrease shown in Fig. 9a may  lead to a conclusion that the xan-
han concentration in the solution also decreased at a similar rate,
.e., the xanthan molecules were fully degraded. However, the COD
ata shown in Fig. 9b implied that the xanthan degradation was not
s fast as the decrease in viscosity. It is possible that the xanthan
olecules were broken down into shorter chains, reducing the vis-

osity, which is consistent with the findings of Renaud et al. [42] and
ilas et al. [43] who demonstrated that viscosity of xanthan solu-

ions is a nonlinear function of the average molecular weight. Our
esults suggest that in the xanthan degradation process, a consid-
rable amount of the xanthan molecules quickly break down into
horter segments with a reduced molecular weight, resulting in a
onlinear loss of solution viscosity. The molecules can continue to
egrade and may  eventually be mineralized, causing the solution
o lose its shear-thinning property.

.6. Contact with sediments in a 2-D flow cell system

The injection of 5000 mg/L xanthan solution into Accusand in
he flow cell displaced the blue-dye water and formed a regu-
ar spherical xanthan solution blob in the laboratory sediment as
hown in Fig. 10,  A1. This process was due to the higher viscosity
f the xanthan solution and the even distribution of porosity in the
ccusand. It was shown that over time, the xanthan blob did not
ove considerably towards the outflow end of the flow cell (Fig. 10,
2). The stability of the blob was the result of the high viscosity of

he xanthan solution. After two weeks, flushing of water without
ye revealed considerable diffusion of the blue dye into the xan-
han solution blob (Fig. 10,  A3). The size and shape of the xanthan
lob, outlined by the blue color in Fig. 10 A3, indicated that blob
emained mostly unchanged after 14 days within the laboratory
ediment.

Due to local variations in porosity, the injected 5000 mg/L xan-
han solution formed a somewhat irregular blob in the flow cell
acked with the Hanford sediment (Fig. 10,  B1). The xanthan blob
emained fairly constant for the first week. After that, the xanthan
olution was washed away by the flowing water, and a rapid decline
n size took place resulting in a ∼50% reduction after 10 days (Fig. 10,
2), and almost complete disappearance after 14 days (Fig. 10,  B3),

ndicating substantial viscosity reduction in the polymer solution.
The persistence of xanthan solution in the Accusand for over

 weeks and the washing away of the same xanthan solution
tarting after a 10 day duration in the Hanford site sediment was

ualitatively in consistent with the observation from the batch
xperiments described in Section 3.4;  that is, clean laboratory sand
ad a smaller impact on xanthan rheology than the impact of a site
ediment.
rials 244– 245 (2013) 160– 170 169

The xanthan polymer solution has been shown to preserve up
to 60% of its initial viscosity 300 days after injection for enhanced
oil recovery application [44]. Faster biodegradation of the xanthan
gum is anticipated in a GW setting due to more microbial degra-
dation [45]. The relatively quick decrease in viscosity of xanthan in
the presence of sediment implies that the solution will be washed
away in a short time after injection.

4. Conclusions

Shear thinning xanthan solutions can be used to enhance the
remedial amendment delivery into low permeability zones in
subsurface heterogeneous formations. The influence of (1) poly-
mer  concentration, (2) solution ionic strength and composition,
(3) remedial amendment type and concentration, (4) interactions
with sediments, and, (5) polymer degradation on the rheology
of the shear thinning solution were studied. The solution vis-
cosity increased linearly with polymer concentration when the
concentration was lower than 2000 mg/L. The viscosity of the xan-
than solution was  substantially lowered when salt was  added.
The degree of shear thinning of the solution was also decreased.
However, when the polymer concentration was increased to and
beyond a critical concentration of about 2000 mg/L, addition of salt
increased the solution viscosity. Polymer solutions prepared with
tap water and groundwater had much lower viscosity compared to
solutions prepared with deionized water, presumably due to the
ionic strength and composition of these waters. Addition of reme-
dial amendments to the xanthan solution also significantly lowered
its viscosity. When the polymer concentration was  increased, the
influence of salt and amendment additions decreased. For field
remedial amendment delivery applications, higher polymer con-
centrations may be required to compensate for the viscosity loss
caused by the ions and amendments in solutions. The results
show that the xanthan solution shear thinning behavior can be
well described by a power law. The power law fitting consis-
tency index (K) is a linear function of the xanthan concentration,
while its actual value appears to be a strong function of the ionic
strength. The fitted degree of shear thinning (n), however, is best
described using a logarithmic function. The presented empirical
relations are useful for field applications, although the parame-
ter values may  need to be determined independently if local tap
water or site groundwater is used to make the xanthan solu-
tions.

When no sediment was added to the solution, its initial viscos-
ity was  maintained for months; while when field sediment was
present, the viscosity dropped 70% or more in a week. The start
of the polymer degradation is the breakdown of long molecule
chains into short segments. These results implied that the xanthan
solution may  not be a candidate for holding amendment in forma-
tion for long time. However, the rather fast viscosity degradation
makes it a good means for amendment delivery to permeable reac-
tive barrier. Once the amendment is delivered to the barrier zone,
the polymer degrades and is washed away, and the groundwater
returns to natural flow.

Acknowledgements

Funding of this research is provided by the U.S. Department
of Defense (DoD) Environmental Security Technology Certification
Program (ESTCP), project ER-0913. A portion of the supplementary

laboratory experiments were conducted in the William R. Wiley
Environmental Molecular Sciences Laboratory (EMSL), a Depart-
ment of Energy user facility operated by PNNL. PNNL is operated
by Battelle for the U.S. Department of Energy.



1  Mate

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

70 L. Zhong et al. / Journal of Hazardous

eferences

[1] K.E. Martel, R. Martel, R. Lefebvre, P.J. Gelinas, Laboratory study of polymer
solutions used for mobility control during in situ NAPL recovery, Groundw.
Monit. Rem. (1998) Summer, 103–113.

[2] M. Darwish, J.E. McCray, P.K. Currie, P.L.J. Kitha, Polymer-enhanced DNAPL
flushing from low-permeability media: an experimental study, Groundw.
Monit. Rem. (2003) Spring, 92–101.

[3]  R. Martel, A. Hebert, R. Lefebvrea, P. Gelinas, U. Gabriel, Displacement and sweep
efficiencies in a DNDEL recovery test using micellar and polymer solutions
injected in a five-spot pattern, J. Contam. Hydrol. 75 (2004) 1–29.

[4] T. Robert, R. Martel, S.H. Conrad, R. Lefevre, U. Gabriel, Visualization of
TCE recovery mechanisms using surfactant–polymer solutions in a two-
dimensional heterogeneous sand model, J. Contam. Hydrol. 86 (2006) 3–31.

[5] L. Zhong, M.  Oostrom, T.W. Wietsma, M.A. Covert, Enhanced remedial
amendment delivery through fluid viscosity modifications: experiments and
numerical simulations, J. Contam. Hydrol. 101 (2008) 29–41.

[6]  L. Zhong, J. Szecsody, M. Oostrom, M.  Truex, X. Shen, X. Li, Enhanced reme-
dial amendment delivery to subsurface using shear thinning fluid and aqueous
foam, J. Hazard. Mater. 191 (2011) (2011) 249–257.

[7] M.  Smith, J.A.K. Silva, J. Munakata-Marr, J.E. McCray, Compatibility of polymers
and  chemical oxidants for enhanced groundwater remediation, Environ. Sci.
Technol. 42 (2008) 9296–9301.

[8] E.D. Vecchia, M.  Luna, R. Sethi, Transport in porous media of highly concentra-
tion iron micro- and nanoparticles in the presence of xanthan gum, Environ.
Sci.  Technol. 43 (2009) 8942–8947.

[9] M.J. Truex, V.R. Vermeul, D.P. Mendoza, B.G. Fritz, R.D. Mackley, M.  Oostrom,
T.W. Wietsma, T.W. Macbeth, Injection of zero valent iron into an uncon-
fined aquifer using shear-thinning fluids, Groundw. Monit. Rem. 31 (2011)
50–58.

10] M.J. Truex, T.W. Macbeth, V.R. Vermeul, B.G. Fritz, D.P. Mendoza, R.D. Mackley,
T.W. Wietsma, G. Sandberg, T. Powell, J. Powers, E. Pitre, M.  Michalsen, S.J.
Ballock-Dixon, L. Zhong, M.  Oostrom, Demonstration of combined zero-valent
iron and electrical resistance heating for in situ trichloroethene remediation,
Environ. Sci. Technol. 45 (2011) 8942–8947.

11] A. Tiraferri, K.L. Chen, R. Sethi, M.  Elimelech, Reduced aggregation and sedimen-
tation of zero-valent iron nanopraticles in the presence of guar gum, J. Colloid
Interface Sci. 324 (2008) 71–79.

12] A. Tiraferri, R. Sethi, Enhanced transport of zero valent iron nanoparticles in
saturated porous media by guar gum, J. Nanopart. Res. 11 (2009) 635–645.

13] S. Comba, R. Sethi, Stabilization of highly concentrated suspensions of iron
nanoparticles using shear-thinning gels of xanthan gum, Water Res. 43 (2009)
3717–3726.

14] S. Comba, D. Dalmazzo, E. Santagata, R. Sethi, Rheological characterization of
xanthan suspensions of nano scale iron for injection in porous media, J. Hazard.
Mater. 185 (2011) 598–605.

15] M. Crimi, S. Ko, Control of manganese dioxide particles resulting from
in  situ chemical oxidation using permanganate, Chemosphere 74 (2009)
847–853.

16] F. Garcia-Ochoa, V.E. Santos, E. Casas, E. Gomez, Xanthan gum: production,
recovery, and properties, Biotechnol. Adv. 18 (2000) 549–579.

17] D.M. Wellman, E.M. Pierce, E.L. Richards, B.C. Butler, K.E. Parker, J.N. Glovack,
S.D. Burton, S.R. Baum, E.T. Clayton, E.A. Rodriguez, Interim Report: Uranium
Stabilization through Polyphosphate Injection – 300 Area Uranium Plume
Treatability Demonstration Project, PNNL-16683, Pacific Northwest National
Laboratory, Richland, WA,  2007.

18] L.S. Clescerl, A.E. Greenberg, A.D. Eaton, Standard Methods for Examination of
Water & Wastewater (Standard Methods for the Examination of Water and
Wastewater), 20th edition, 2005.

19] E. Choppe, F. Puaud, T. Nicolai, L. Benyahia, Rheology of xanthan solutions as a

function of temperature, concentration and ionic strength, Carbohydr. Polym.
82  (2010) 1228–1235.

20] F.R. Dintzis, G.E. Babcock, R. Tobin, Studies on dilute solutions and dispersion
of  the polysaccharide from Xanthomonas campestris NRRL B-1459, Carbohydr.
Res. 13 (1970) 257–267.

[

[

rials 244– 245 (2013) 160– 170

21] M.V. Pastor, E. Costell, L. Izquierdo, L. Durán, Effects of concentration, pH and
salt content on flow characteristics of xanthan gum solutions, Food Hydrocoll.
8 (1994) 265–275.

22] N.B. Wyatt, C.M. Gunther, M.W.  Liberatore, Increasing viscosity in entangled
polyelectrolyte solutions by the addition of salt, Polymer 52 (2011) 2437–2444.

23] P.E. Jansson, L. Kenne, B. Lindberg, Structure of the extracellular polysaccharide
from xanthomonas campestris, Carbohydr. Res. 45 (1975) 275–282.

24] L. Bezemer, J. Ubbink, J. de Kooker, M.  Kuil, J. Leyte, On the conformational
transitions of native xanthan, Macromolecules 26 (1993) 6436–6446.

25] N.B. Wyatt, M.W.  Liberatore, The effect of counterion size and valency on
the  increase in viscosity in polyelectrolyte solutions, Soft Matter 6 (2010)
3346–3352.

26] H.A. Khouryieh, T.J. Herald, F. Armouni, S. Alavi, Intrinsic viscosity and vis-
coelastic properties of xanthan/guar mixtures in diluted solutions: effects of
salt  concentration on the polymer interaction, Food Res. Int. 40 (2007) 883–893.

27] G. Holzwarth, Conformation of the extracellular polysaccharide of Xan-
thomonas campestris,  Biochemistry 15 (1976) 4333–4339.

28] N.B. Wyatt, M.W. Liberatore, Rheology and viscosity scaling of the polyelec-
trolyte xanthan gum, J. Appl. Polym. Sci. 114 (2009) 4076–4084.

29] M. Dolz, M.J. Hernandez, J. Delegido, Kinetic interpretation of influence of
sodium chloride concentration and temperature on xanthan gum dispersion
flow model, J. Appl. Polym. Sci. 83 (2001) 332–339.

30] K.W. Song, H.Y. Kuk, G.S. Chang, Rheology of concentrated xanthan gum solu-
tion: oscillatory shear flow behavior, Korea-Australia Rheol. J. 18 (2006) 67–81.

31] I.T. Norton, D.M. Goodall, E.R. Morris, D.A. Rees, Kinetic evidence for
intramolecular conformational ordering of the extracellular polysaccharide
(xanthan) from Xanthomonas Campestris, J. Chem. Soc. Chem. Commun. 12
(1980) 545–547.

32] D. Bergmann, G. Furth, C. Mayer, Binding of bivalent cations by xanthan in
aqueous solution, Int. J. Biol. Macromolecul. 43 (2008) 245–251.

33] E.L. Meyer, G.G. Fuller, R.C. Clark, W.M.  Kulicke, Investigation of xanthan
gum solution behavior under shear flow using rheooptical techniques, Macro-
molecules 26 (1993) 504–511.

34] N.B. Wyatt, M.W.  Liberatore, The effect of counterion size and valency on
the  increase in viscosity in polyelectrolyte solutions, Soft Matter 6 (2010)
3346–3352.

35] L. Leibler, E. Pezron, P.A. Pincus, Viscosity behavior of polymer solutions in the
presence of complexing ions, Polymer 29 (1988) 1105–1109.

36] M.  Milas, M.  Rinaudo, Properties of xanthan gum in aqueous solutions: role of
the  conformational transition, Carbohydr. Res. 158 (1986) 191–204.

37] I.T. Norton, D.M. Goodall, S.A. Frangou, E.R. Morris, D.A. Rees, Mechanism and
dynamics of conformational ordering in xanthan polysaccharide, J. Mol. Biol.
175 (1984) (1984) 371–394.

38] P.A. Williams, D.H. Day, M.J. Landon, G.O. Phillips, K. Nishinari, Synergistic inter-
action of xanthan gum glucomannans and galactomannans, Food Hydrocoll. 4
(1991) (1991) 489–493.

39] E.R. Morris, Polysaccharide rheology and in mouth perception, in: A.M. Stephen
(Ed.), Food Polysaccharides and their Applications, Marcel Dekker, New York,
1995, pp. 517–546.

40] B. Launay, J.R. Doublier, G. Cuvelier, Flow properties of aqueous solutions and
dispersions of polysaccharides, in: J.R. Mitchell, D.A. Ledward (Eds.), Functional
Properties of Food Macromolecules, Elsevier Applied Science, London, 1986, pp.
1–78.

41] G. Muller, M. Anhourrache, J. Lecourtier, G. Chauveteau, Salt dependence of
the  conformation of a single stranded xanthan, Int. J. Biol. Macromol. 8 (1986)
(1986) 167–172.

42] M.  Renaud, M.N. Belgacem, M.  Rinaudo, Rheological behavior of polysaccharide
aqueous solutions, Polymer 46 (2005) 12348–12358.

43] M.  Milas, M.  Rinaudo, B. Tinland, The viscosity dependence on concentration,
molecular weight and shear rate of xanthan solutions, Polym. Bull. 14 (1985)

157–164.

44] D.K. Han, C.Z. Yang, Z.Q. Zhang, Z.H. Lou, Y.I. Chang, Recent development of
enhanced oil recovery in China, J. Petrol. Sci. Eng. 22 (1999) 181–188.

45] M.C. Cadmus, L.K. Jackson, K.A. Burton, R.D. Plattner, M.E. Slodki, Biodegradation
of xanthan gum by Bacillus sp, Appl. Env. Microbiol. 44 (1982) 5–11.


	Rheological behavior of xanthan gum solution related to shear thinning fluid delivery for subsurface remediation
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods and measurements
	2.2.1 Polymer concentration, ionic strength, and amendment influence tests (Set 1)
	2.2.2 Polymer degradation–batch system tests (Set 2)
	2.2.3 Polymer degradation and COD–packed column tests (Set 3)
	2.2.4 2-D Flow cell experiments (Set 4)
	2.2.5 Rheology and COD measurement


	3 Results and discussion
	3.1 Polymer concentration
	3.2 Solution ionic strength and composition
	3.3 Analysis of the effects of xanthan concentration and ionic strength on xanthan rheology
	3.4 Amendment type and concentration
	3.5 Contact with sediment in batch and column test systems
	3.6 Contact with sediments in a 2-D flow cell system

	4 Conclusions
	Acknowledgements
	References


