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Nanoscale zerovalent iron (NZVI) represents one of the most interesting reagents for the remediation of
contaminated aquifers, but its application is hindered by a lack of colloidal stability. Prior studies have
shown that nanoscale iron slurries can be successfully stabilized against aggregation and sedimentation
through dispersion in xanthan solutions; thus, further research was carried out by focusing on the flow
behavior of xanthan-modified NVZI suspensions.

This work aims at understanding the rheological properties of NZVI-xanthan suspensions, which have
been extensively tested under two different flow conditions: simple shear flow and flow through a porous
medium. According to both experimental approaches, the suspensions show a shear thinning behav-
ior that is dependent on iron concentration. These rheological properties are explained by referring to
the microstructure of the colloidal system. Flow equations have been formulated and solved in radial
coordinates in order to demonstrate the feasibility of such suspensions in field scale applications.
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1. Introduction

Granular zerovalent iron has been widely used in perme-
able reactive barriers to effectively remove a variety of common
environmental contaminants, including heavy metals, pesticides,
chlorinated organic solvents, volatile organic compounds (VOCs)
[1-6].

Nanoscale zerovalent iron (NZVI) is characterized by a superior
reactivity if compared with granular iron and can be injected in
the subsurface more easily [7]. The diffusion of NZVI technology is
hindered by a lack of colloidal stability of the injection fluid and
by the consequent limited delivery of nanoscale particles which
results from the filtration process through porous media. Thus, as
documented in literature, several researchers have devoted their
efforts to the identification of suitable agents that can improve sus-
pension stability and mobility. A wide range of additives has been
tested including polyacrylate [8-10], triblock copolymers [11,12],
polyvinyl alcohol-co-vinyl acetate-co-itaconic [13], guar gum [14]
and [15], carboxymethyl cellulose [16,17], starch [18], poly(4-
styrenesulfonate) [18], polyelectrolyte mixtures [19] and xanthan
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gum [20] and [21]. The latter biopolymer - xanthan gum - appears
to be especially attractive not only for its environmental-friendly
nature, but also since it has proved to be an effective stabilizing
agent for highly concentrated iron suspensions that are required in
field applications [20]. Even though preliminary results are encour-
aging [20]and [21], several issues still have to be addressed in order
to fully support the use of xanthan-modified NVZI suspensions. In
particular, a direct evaluation of the flow behavior through porous
media is essential in order to assess the effectiveness of particle
delivery which results from fluid injection. Moreover, rheologi-
cal properties need to be thoroughly investigated since they can
have an important impact on field scale implementation projects,
where pressure should not exceed the instrumental limit of pump-
ing devices and soil fracturing limit.

The flow of xanthan gum solutions and of other polymeric flu-
ids has been widely investigated due to their relevance in the
fields of chemical, environmental and petroleum engineering fields
[22-26]. Previous research has shown that the bulk rheology of xan-
than is characterized by weak gel properties at low shear rates,
which are attributed to polymer entanglement. However, such
a structure is progressively broken down by the application of
higher shear rates, which results in strong shear thinning behavior
[27-30].

Given that the internal geometry of the pore space in either
a packed bed or a porous matrix is rather complex, phenomena
which occur during filtration are significantly different from those


dx.doi.org/10.1016/j.jhazmat.2010.09.060
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:silvia.comba@polito.it
mailto:rajandrea.sethi@polito.it
dx.doi.org/10.1016/j.jhazmat.2010.09.060

S. Comba et al. / Journal of Hazardous Materials 185 (2011) 598-605 599

Compressed
air entrance

Collection
v Feed tank Column vial
E
A Y
A F
e L et
)
L]
PC

Fig. 1. Experimental set up for porous media experiments.

described by any simple rheometric flow [23]. For example, flow
within porous media has an extensional component, especially at
high shear rates, which causes an increase in the apparent viscosity
of xanthan solutions [31]. Another consequence of the complexity
of porous media structure is the difficulty in predicting the flow
behavior of viscous and viscoelastic fluids. Chhabra et al. [32] pro-
vided a detailed review of the different techniques to predict the
frictional pressure loss for viscous and viscoelastic fluids through
packed beds, namely: capillary bundle model, submerged object
model (drag theories), averaging methods [33,34] and empirical
dimensionless correlations.

Many researchers have actually chosen an empirical approach
and derived an “in situ” or “apparent” viscosity, which is an aver-
age property arising from upscaling of point wise shear rate at the
microscale [31,35-38]. According to this approach, under laminar
flow, the apparent viscosity app is defined on the basis of Darcy’s
law:

k AP
Mapp = - - (1)

where APis the pressure drop over alength L of a porous medium, q
is specific discharge, k is the permeability. The effective shear rate
within the porous medium is defined according to the following
expression [36]:

(2)

Vpm =
k-ne

where n, is the effective porosity of the medium.

Experimental results indicate that viscosity versus shear rate
curves obtained from experiments in porous media interpreted
according to the above given equations have the same shape of
those which are derived from classical rheological tests. Moreover,
curves can be superimposed by multiplying the shear rate by a shift
factor « [36,39] (i.e. it is an adjustable parameter). The shift factor,
«, is a function of both the bulk rheology and the pore structure
[35] and its value generally lies in the range 1-15 [35].

This work aims at understanding the rheological properties
of nanoscale iron-xanthan suspensions, which were extensively
tested under two different flow conditions: simple shear flow and
flow through porous medium. The observed rheological properties
are explained by referring to the microstructure of the colloidal sys-
tem. The implications of the rheological behavior of the suspensions
in full scale applications are be also discussed.

2. Experimental
2.1. Materials

Reactive nanoscale zerovalent iron (NZVI) was obtained from
Toda Kyogo Corp. The nanoscale particles are composed of a Fe®
core enclosed in a Fe304 shell which is covered by a small amount
of polymaleic polymer in order to provide electrosteric stabilization
[40]. The material was provided in the form of a concentrated water
slurry (200gl-1).

Xanthan gum was supplied by Jungbunzlauer, Switzerland, in
the form of a powder.

Xanthan solutions were prepared by dispersing the required
amount of solid polymer in deionized water and by thereafter sub-
jecting the system to thorough stirring.

NZVI-xanthan dispersions were prepared by following a two
step procedure. At first the concentrated as received-slurry was
added to water and the resulting suspension was ultrasonicated
and mixed using a high shear rotor-stator processor for 20 min uti-
lizing an in line system (in order to break iron aggregates present in
the iron slurry). In the second step of the procedure, a concentrated
xanthan gel (20g1-! xanthan) was added to the suspension with
the dosage required to reach target NVZI and xanthan concentra-
tions [20]. Resulting NZVI-xanthan suspensions considered in the
investigation were characterized by a final xanthan concentration
of 3g1-1, whereas the iron concentration ranged from 5 to 30 g1-1.

2.2. Equipment and procedures

Bulk rheological characterization of the xanthan solutions and
NZVI-xanthan suspensions was performed by means of a dynamic
shear rheometer (Anton Paar Physica MCR 301) equipped with co-
axial cylinders (1.13 mm gap). For the region of shear rates from
1.5 x 103 to 10° s~1, parallel plate geometry with a gap of 0.1 mm
was used. This region of very high shear rates, was investigated only
for the xanthan solutions, because iron particles in the suspensions
would have damaged the instrument at very small gaps.

The rheological properties inside the porous medium were stud-
ied using an experimental set up consisting of a pressurized feed
tank connected to a 1.8 cm diameter column filled with silica sand
(Fig. 1). The pressurized feed tank was used to inject the sus-
pensions into the column. A rubber flask was used to prevent air
dissolution in the liquid suspensions. Pressure was controlled by
a valve, located between the tank and the entrance to the column,
while pressure drop across the column was measured continuously
by means of differential pressure meters (PCE-Instruments) con-
nected to a PC. The operation range of the pressure transducers is
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Fig. 2. Simple shear rheology of a xanthan solutions as a function of the shear rate:
experimental data (symbols) and fitting with cross equation (solid line).

respectively 0 to £350 mbar, 0 to £2000 mbar and 0 to 6900 mbar.
The porous medium consisted of a column filled with silica sand
(Si05-95%), characterized by a grain size comprised between 0.5
and 1.0 mm. Columns were packed to an average effective poros-
ity of 49%, measured as the weight difference between saturated
and dry sand. An average permeability of 1.1 x 10-2 m?2 (standard
deviation of 6 x 1011 m?) was determined from triplicate flow
experiments using water.

An injection test was conducted to evaluate the ability of
xanthan gum to carry iron particles through porous media. The
experiment took place in a 1m length column (diameter 2.5 cm),
using a 20g1-1 iron concentration dispersed in a 3gl~! xanthan
solution. During the experiment, 4 pore volumes of NZVI-xanthan
suspensions were injected into the column, which had previously
been flushed with water, at a pressure of 4 bar. The breakthrough
iron concentration was measured by means of magnetic suscepti-
bility measurements as described in Ref. [21].

Experiments designed to evaluate the rheological behavior of
suspensions during their flow through the porous medium were
performed in reduced length columns (30 cm) to minimize filtra-
tion effects. Columns were preliminary saturated with the tested
suspensions during packing, in order to enhance a homogeneous
distribution along the column. After pressurizing the feed reser-
voir, the valve was slowly opened until the desired flow rate was
reached, and the consequent discharge (Q) and pressure drop along
the column (AP) were measured.

Apparent viscosity ftapp was calculated from pressure drop and
the discharge as previously described in Eq. (1), while the shear
rate ypm experienced by the material in the porous media was
calculated according to Eq. (2).

3. Results
3.1. Injection test
Iron concentration measured at the outlet of the column during

the injection test reached an asymptotic value of more than 90% of
the in-flow value.

3.2. Rheology

3.2.1. Bulk rheology
Fig. 2 shows the viscosity of the xanthan solutions as a func-
tion of shear rate. Viscosity is almost constant at low shear rates,

Table 1
Coefficient of the Cross model, determined through non linear regression, for a
xanthan solution at 3 g1-! and for the same solution at different iron concentrations.

Xanthan Iron (5gl1) Iron (17.5g11) Iron (30gl1)
" 3.51 1.02 2.32 4.09
Moo 0.0020 0.0020 0.0020 0.0020
A 7.89 2.46 6.78 9.26
m 0.65 0.60 0.63 0.69

while shear thinning behavior can be observed at higher shear
rates. Finally viscosity becomes constant again at higher shear
rates.

The observed remarkable shear-dependent behavior can be
explained in terms of the progressive destruction of intermolec-
ular low-energy bonds established through polysaccharide chains
[41]. This behavior is typical of structured fluids or weak gels, where
polymer concentrations are high and the coils are packed [42].

The shear rate that divides the first Newtonian region from the
shear thinning region, which is defined as “critical shear rate” (y.)
is very low in the case of xanthan (about 10-2s~1) and this phe-
nomenon was attributed to the propensity of the molecules to be
oriented under shear on account of their extended and semi-rigid
conformation [43]. In addition to xanthan solutions, many pure lig-
uids, dilute polymer solutions and suspensions display Newtonian
viscosity at high shear rates [44,45].

The overall rheological behavior can be described using the
Cross model [46]:

_ Mo~ M
T+Gp)™

where (g and ., are the asymptotic values of viscosity at low
and very high shear rates, m measures the degree of dependence
of viscosity on the shear rate in the shear-thinning region, while
A is related to the shear rate value where shear thinning behavior
starts.

The Cross model fitting of the experimental data is reported in
Fig. 2, while Table 1 shows the coefficients determined through
non-linear minimization using the Newton algorithm. The ratio of
the standard deviation of the fitting parameters and the average
value of the parameter is below 6%. The value of viscosity at high
shear rates, /4., Was estimated to be equal to 0.002 Pas. This value
is close to the one reported by [47] (0.001 Pas for a 5gl-! xanthan
solution) and to the one reported by [48] (0.01 Pas fora 10/20g1-!
xanthan solutions).

NZVI-xanthan suspensions display a rheological behavior which
is similar to that of xanthan solutions (Fig. 3). However, some
particular features, connected to the presence of NZVI, are also
worth mentioning. First the value of viscosity in NZVI suspensions
increases with increasing particle volume fractions. Second, as the
concentration increases, shear-thinning behavior begins at pro-
gressively lower shear rates. From a comparison with the xanthan
solutions, it emerges that the presence of small amounts of iron
particles reduces the viscosity of the system, while the viscosity is
more similar to that of pure xanthan at higher iron concentrations.

The Cross model was used to describe the NZVI-xanthan sys-
tem. The @ was set equal to the u of the liquid medium, since
according to the plot in Fig. 3, both xanthan solution and NZVI-
xanthan suspensions converge from about 100s~! onwards, and
since all materials, even water, displays a certain viscosity value at
high shear rates [45].

The fitted experimental data are shown in Fig. 4, while Table 1
reports the coefficients of the Cross model determined through
non-linear minimization using the Newton algorithm. The ratio of
the standard deviation of the fitting parameters and the average
value of the parameter is below 6%. As shown in Table 1, g, A and
m increase for increasing iron concentrations, which indicates that

U + Moo (3)
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Fig. 4. Simple shear viscosity of 5g1~' NZVI suspensions as a function of the shear
rate: experimental data (symbols) and fitted with the cross equation (solid line).

an increase in the iron concentration is associated to a higher shear
rate viscosity and to more pronounced shear thinning behaviour.

3.2.2. Apparent viscosity determined from column tests

The results of the tests for evaluating the apparent rheology in
porous medium are reported as viscosity versus shear rate curves
(Fig. 5). Each set of viscosity and shear rate values was obtained
from a column test, where discharge and stabilized pressure drop
were measured. Therefore, the viscosity and shear rate were calcu-
lated using Eqgs. (1) and (2), as described before.

Results pertaining to the xanthan solution are reported in Fig. 5.
A shift factor o equal to 1 was applied to obtain the superposition
between the simple shear and the apparent viscosity determined by
column tests. This value which falls within the 1-15 range, is com-
patible with literature data, as reported in [35-37]. The shift factor
depends on the tortuosity of the intergranular channels, and takes
into account the greater distance which fluid must travel when
crossing an intergranular channel than if it were to pass through
a straight one. The low value of « obtained in this work indicates
that the porous media structure is not very complex. This is con-
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Fig. 5. Bulk rheology and apparent rheology in porous mediumfor 3 gl-! xanthan
solutions.

sistent with the kind of porous medium used, which is a granular
material with a relatively narrow grain size distribution.

Results also indicate that shear dominates at low velocities,
whereas the extensional nature of the flow induces an increase
in the apparent viscosity after a specific strain rate, which is
about 200s~!. Elongational flow, which is due to the change in
the cross-section, influences apparent viscosity because both the
macromolecules and their transient entanglements present resid-
ual flexibility [31].

Fig. 6 shows the friction factor as a function of the Reynolds
number [49]:

f_gﬂ n’
T2 L"1-n
Rezm 1

nw 1—-n

where AP is the pressure drop, p is the density, dyg is the diam-
eter of the 10 percentile grain size of the material, n is the porosity,
q is specific discharge and L is the length of the porous medium.
Since the Reynolds number is below or very close to 1, the creep-
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ing flow occurs under the experimental conditions [50,51]. The
same test was performed for the iron suspension, indicating again
creeping flow conditions. The same test was performed for the iron
suspension, indicating again creeping flow conditions.

Results of the experiments in a porous medium for the 30g1-!
NZVI-xanthan solutions are reported in Fig. 7. A shift factor o equal
to 1 was applied to obtain the superposition between the simple
shear and the rheological behavior of solutions during their flow
through the porous medium.

The behaviour observed in the porous media experiments
greatly resembles that found in the rheometric flow experiments:
the shear thinning and zero-shear viscosity increase with increas-
ing iron concentration and the viscosity decreases when small
amounts of iron particles are present. However, in porous media
experiments, the viscosities of highly concentrated iron suspen-
sions appear to be more similar to that of a xanthan fluid.

4. Discussion

In the injection test, a high quantity of iron particles was recov-
ered at the column outlet. If the breakthrough results are compared
with those from literature [8-12,14,17,19] it can be seen that an
addition of 0.3 wt% of xanthan greatly enhances the delivery of
nanoiron particles through porous media as was also proved in Ref.
[21] for a shorter 1D system.

The injection test also verifies the feasibility of testing the rhe-
ological properties in porous media, since the suspension does not
change significantly when passing through a granular system.

Rheological behavior was then carefully evaluated. According to
[20] an iron-xanthan suspension can be modeled as shown in Fig. 8.
The microstructure of the suspension therefore has two principal
elements: the backbonenetwork, composed of xanthan polymer,
and a small amount of iron particles (0.4% in volume) which are
separated and spaced.

The shape of the p(y) curve for NZVI-xanthan suspensions
is actually very similar to that of the xanthan solution. There-
fore, the suspending medium rheology plays an important role
on the overall iron suspension rheology (in both rheological and
porous medium tests). This means that, from a rheological point
of view, the backbone network of xanthan polymer [20] transmits
the applied stresses throughout the gel network [52]. On the other
hand, the presence of iron particles also influence the rheology, by
causing a decrease in the zero-shear viscosity (1o, compared to the
viscosity of the xanthan solution. The zero shear viscosity, (g, rep-

resents the maximum resistance to flow shown by the suspension
just before its initial structure is broken down. In the case of xan-
than solutions, this resistance of the material is due to the property
of dissolved xanthan molecules to form aggregates through hydro-
gen bonding and polymer entanglement [30]. It is likely that when
iron particles are present, they interfere with the formation of the
bonds, by occupying voids that would otherwise be available for
bonding between the polymers. Therefore, iron particles weaken
the gel structure.

In the NZVI-xanthan suspensions, the increase in the iron con-
centration corresponds to an increase in the zero-shear viscosity
o. The dependence of the viscosity on the particle concentration
is common [52-55]. It is also intuitive that as the fraction of solids
in the system rises, the amount of mass per unit volume of fluid
also increases as does the energy required to move the fluid. The
increase in the zero-shear viscosity (g, with increasing iron con-
centrations, is probably also a consequence of particle interaction;
as the particles become more closely packed together, their attrac-
tive interaction becomes stronger, it becomes more difficult for
particles to move freely, and resistance to flow (viscosity) increases.
The existence of an attractive force between two NZVI particles
embedded in xanthan gel has been demonstrated experimentally
by [20].

Therefore, particles act in two opposite ways on rheology: on
one hand they weaken the xanthan backbone structure and there-
fore decrease viscosity, on the other hand they determine an
increase in viscosity as they become sufficiently concentrated.

This interpretation is supported by the decrease, with increasing
iron concentrations, in both the onset of the shear rate pertaining
to the shear thinning phenomenon (1) and the viscosity depen-
dence on shear thinning (m), in both measurement conditions. This
increase in shear thinning means that the structure of the material
is actually damaged by the presence of increasing iron amounts,
as the bindings between the xanthan polymers are disrupted at
progressively lower shear rates.

5. Implications for field use

The method of delivering iron particles to porous media is usu-
ally site-specific and is dependent on the type of geology as well as

Fig. 8. Gelling xanthan polymer in NZVI colloidal dispersions: xanthan generates a
network, to which particles can be either adsorbed or not. The picture is taken from
[11].
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particle dimensions. In permeable porous media and for nanopar-
ticles, delivery can be achieved by means of permeation grouting
techniques (i.e. gravity injection and pressurized injection), which
simply involve filling the natural intergranular voids of the porous
medium. On the contrary, in geologic formations with lower per-
meability and for micro and millimetric iron particles, the soil must
be fractured by means of methods such as liquid atomization injec-
tion, pneumatic fracturing, hydraulic fracturing or soil mixing [56].

A simplified model has been developed in order to evaluate the
feasibility of permeation grouting for injecting nanoscale-xanthan
suspensions into porous medium.

The flow field around an injection well is typically radial. If the
injection discharge is constant after reaching steady state condi-
tions, velocity decreases hyperbolically with the distance from the
well. The analytical expression of pressure P;; at the injection point
in the case of constant injection discharge and steady state condi-
tions for a Newtonian fluid is well known:
Qu |, R

P="Pini = 577k

i (4)
where P is the pressure at the distance R from the injection well,
Tinj 1S the radius of the injection well, Q is the constant discharge, u
is the fluid viscosity, h is the height of the well screen and k is the
permeability of the porous medium. In the case of injections under
the water table, P(R) = yw - z, where z is the depth of the injection
valve from the water table.

In the case of a shear thinning fluid, pressure cannot be calcu-
lated with Eq. (4) since the velocity, and therefore the viscosity of
the material, changes with an increase in the distance from the
well. However, the pressure at the injection point can be found
numerically by discretizing the domain and evaluating Eq. (4) from
the radius of influence of the injection (ROI) onwards to the well
proximity, through the following equation:

QlLi lni

PH—] - Pi + 2mhk Tif1

(5)

where i denotes the cell nearest to the radius of influence of the
injection, while i+ 1 is the neighboring cell in the direction of the
well. Viscosity can be calculated across the domain using the Cross
equation, where the shear rate is calculated using Eq. (2).

The pressure field was calculated assuming that the suspen-
sions were injected into an aquifer with properties similar to the
porous medium used in this study and through a screening length

of 0.33 m. The flow rate was varied between 15 and 701 min~—1. The
radius of influence of the injection (ROI) was defined as the distance
from the well at which the velocity is equal to 1 cmmin~! and its
value ranged from approximately 1.5 to 7 m.

As shown in Fig. 9, pressure gradually decays to zero as the dis-
tance from the well increases. The injection of iron suspensions
should require pressures at the well between 1 and 3.5 bar, depend-
ing on the flow rate.

This range is suitable for field applications since piston pumps
(Geoprobe) used with direct push systems are able to provide a flow
rate of up to 301 min—! at 45 bar, while pressurized injection with
inflatable packers are commonly performed at 101min~! and at
approximately 30 bar. Moreover the pressure values do not exceed
the hydro-fracturing limit [57].

From Fig. 9, itis also clear thatincreasing the iron loadings would
make the injection more difficult.

In conclusion, the use of xanthan suspensions to stabilize NZVI
appears to be suitable when it is possible to achieve high shear rates
during injection. When this condition is not possible, for exam-
ple during gravity fed injection [58] xanthan modified suspensions
appear to be less suitable.

6. Conclusions
The main findings and conclusions are as follows:

1. Simple shear rheology can be used as an estimate of the rheolog-
ical behavior of solutions during their flow through the porous
medium.

2. Xanthan gum is able to deliver iron particles through a sandy
porous medium.

3. Iron-xanthan suspensions behave like non Newtonian shear
thinning fluids, in a similar way to the dispersion medium. This
is due to the microstructure of the suspension, where a backbone
of xanthan polymer transmits the applied stresses through the
gel network.

4. The presence of iron particles influences rheology. On one hand,
by occupying sites that would otherwise be available for polymer
bonding, iron particles weaken the xanthan structure, deter-
mining a zero shear viscosity decrease and more pronounced
shear thinning behavior. On the other hand the predominant
phenomenon at higher particle concentrations is the increase
in zero shear viscosity, due to the particle attractive potential of
interaction and to an increase in mass per unit volume.

5. The xanthan-NZVI suspensions can be used in the field, since the
injection pressures are not excessively high. Natural transport
by groundwater is expected to be only of minor importance in
delivering iron particles. However, dilution due to groundwater
could modify rheology and therefore the behavior in the aquifer
after injection needs to be further investigated.

Appendix A.

A cross-sectional area (m)

d grain size diameter (m)

k absolute permeability (m?)

K hydraulic conductivity (ms=1)

L column length (m)

m exponential parameter in the Cross model

Ne effective porosity

Q volumetric flow rate (m3s-1)

AP pressure drop experienced along the column (Pa)
P pressure at a distance x from the injection point (Pa)

Py pressure at the injection point (Pa)
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P; pressure i of the cell nearest to the ROI (Pa)

Piiq pressure of the cell nearest to the well (Pa)

q Darcy velocity (ms—1)

Sw the specific weight of the liquid

v=Q/(Ane) average frontal velocity in the porous medium (ms=1)

o constant factor used to obtain the superposition simple
shear and porous medium superposition

y shear rate (s~1)

" shear viscosity (Pas)

Happ apparent or in situ viscosity (Pas)

o asymptotic values of viscosity at low shear rates in the
Cross model (Pas)

Moo asymptotic values of viscosity at high shear rates in the
Cross model (Pas)

A parameter in the Cross model related to the shear rate

value where shear thinning starts (s).
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