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Nanosized zerovalent iron (nZVI) is used for in situ remediation
of contaminated groundwater. Polyelectrolyte surface
coatings are used to inhibit nZVI aggregation and enhance
mobility in the subsurface for emplacement. The fate of nZVI
is of interest given the uncertainties regarding the effects
of nanomaterials on the environment, and depends in part on
the stability of these surface coatings against desorption
and biodegradation. This study measured the rate and extent
of desorption of polyelectrolyte coatings used to stabilize nZVI,
including polyaspartate (PAP MW ) 2.5 kg/mol and 10 kg/
mol), carboxymethyl cellulose (CMC MW) 90 kg/mol and 700 kg/
mol), and polystyrene sulfonate (PSS MW ) 70 kg/mol and
1000 kg/mol). The initial adsorbed mass of polyelectrolyte ranged
from 0.85 to 3.71 mg/m2 depending on the type and molecular
weight (MW). Polyelectrolyte adsorption was confirmed by
anincreaseinnZVIelectrophoreticmobility. Inallcases,desorption
of polyelectrolyte was slow, with less than 30 wt% desorbed
after 4 months. The higher MW polyelectrolyte had a greater
adsorbed mass and a slower desorption rate for PAP and CMC.
nZVI mobility in sand columns after 8 month of desorption
was similar to freshly modified nZVI, and significantly greater
than unmodified nZVI aged for the same time under identical
conditions. Based on these results, polyelectrolyte modified
nanoparticles will remain more mobile than their unmodified
counterparts even after aging. Other factors potentially affecting
the fate of coated nZVI must be evaluated, especially the
potential for biodegradation of coatings.

Introduction
Reactive Fe0 nanoparticles, or nZVI, are used for remediation
of groundwater contaminated with chlorinated solvents and
heavy metals (1) because they can be applied in situ (2, 3),
have a high surface to volume ratio and hence high reactivity

with contaminants (4), and are relatively resistant to fouling
from groundwater constituents (5, 6). Typically, nZVI is
injected into the contaminant source zone and left in place
(7). Mounting concerns over the effects of manufactured
nanomaterials on environmental health and safety make it
prudent to determine the fate of injected nZVI (8, 9). Most
manufactured nanomaterials, including nZVI used for aquifer
remediation, have engineered polymeric coatings. These
coatings significantly affect their mobility in the environment
so understanding the persistence of these coatings is essential
to determining their environmental fate.

nZVI particles consist of a Fe0 core and predominantly
magnetite (iron oxide) shell. The mobility of bare (uncoated)
nZVI in the subsurface is limited by its rapid aggregation and
subsequent nZVI deposition onto aquifer media (2, 3, 10).
To improve mobility, nZVI is either supported onto larger
particles (e.g., activated carbon supported nZVI (11) whose
surfaces are modified, or the nZVI surface is directly modified
to stabilize the nanoparticles against aggregation (3, 12–15).
Anionic polyelectrolytes, including polyaspartate (PAP),
carboxymethyl cellulose (CMC), and polystyrene sulfonate
(PSS) (12, 13) are effective surface modifiers that provide
electrosteric stabilization against aggregation and reduce
nZVI deposition onto aquifer materials through electrosteric
repulsion with negatively charged soil minerals (15). They
also can decrease nZVI reactivity by a factor of 4∼20
depending on the type of coating and on the adsorbed
amount (2, 16).

Polymers adsorb onto particle surfaces when the loss of
translational and configurational entropy upon adsorption
is compensated by a favorable energy of adsorption (17).
Because they are flexible chains, polymers adsorb with many
points of adsorption per chain, leading to high overall
adsorption energies, strong adsorption, and slow desorption
(17). Adsorbed chains can be replaced slowly on the surface
by other chains in solution, or displaced by increasing
concentrations of electrolytes or other solutes, but desorption
into polymer-free solvent is usually so slow that adsorption
is effectively irreversible on laboratory time scales (18). This
has been attributed to extreme limitations on the diffusion
of polymers with high adsorption affinity away from the
surface (17, 19). Polymer adsorption on solids can be either
physisorption, where the polymer-surface interaction is
dispersive or electrostatic in nature, or chemisorption, where
specific functional groups form covalent bonds with the
surface. Chemisorption is an extreme case where covalent
bonds make the adsorption irreversible (20), but polymer
physisorption often produces sufficiently large adsorption
energies of several kT per monomer as to make the adsorption
effectively irreversible (19). Higher molecular weight (MW)
polyelectrolytes should have higher adsorption energy, and
therefore desorb more slowly than lower MW polyelectrolytes
of the same monomer.

Polyelectrolyte adsorption is controlled by a delicate
balance of competing factors, including electrostatic attrac-
tion of segments and oppositely charged surfaces, and
electrostatic repulsions among neighboring polyelectrolyte
segments. These are often augmented by nonelectrostatic
attraction between the polyelectrolyte and the surface
(17, 18, 21). The latter are particularly important for poly-
electrolyte adsorption to similarly charged surfaces (22). PSS
homopolymers adsorb to iron oxide surfaces, accompanied
by proton coadsorption. This charge regulation yields a
significant increase in the positive charge density of the
underlying surface and an increase in the point of zero charge
to higher pH (23). Azo dye adsorption experiments have

* Corresponding author phone: 412-268-2948; fax: 412-268-7813;
e-mail: glowry@cmu.edu.

† Department of Civil and Environmental Engineering.
| Center for Environmental Implications of NanoTechnology

(CEINT).
‡ Department of Chemical Engineering.
§ Department of Biomedical Engineering.

Environ. Sci. Technol. 2009, 43, 3824–3830

3824 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 43, NO. 10, 2009 10.1021/es802978s CCC: $40.75  2009 American Chemical Society
Published on Web 04/21/2009

D
ow

nl
oa

de
d 

by
 P

A
L

C
I 

on
 J

ul
y 

9,
 2

00
9

Pu
bl

is
he

d 
on

 A
pr

il 
21

, 2
00

9 
on

 h
ttp

://
pu

bs
.a

cs
.o

rg
 | 

do
i: 

10
.1

02
1/

es
80

29
78

s



shown that sulfonate groups may form specific bidentate or
unidentate linkages to iron oxides in a strongly pH dependent
manner (24), although the extent to which this governs PSS
adsorption to iron oxides is unknown. Specific bidentate
linkages between carboxyls and iron oxides has been shown
to drive carboxylated polyelectrolyte adsorption to iron oxides
(25, 26), making this an important mechanism for PAP and
CMC adsorption to nZVI. The desorption rate should
therefore depend on the monomer type via the specific
interaction afforded by the monomer.

Adsorption of carboxylated polyelectrolytes to metal
oxides or other minerals is often considered irreversible
(27, 28), however, desorption into polymer-free solutions is
typically only monitored over the course of hours to weeks
(29, 30). Here we examine polyelectrolyte desorption from
nZVI into polyelectrolyte-free solutions for electrolyte condi-
tions and months long time scales that are relevant to in situ
groundwater remediation where desorption may be signifi-
cant. Desorption of polymeric stabilizers from nZVI has not
been studied previously on any time scale.

The goal of this study is to determine the effect of
molecular weight and common types of polyelectrolyte
functionality (weak polyelectrolytes with charge arising from
titratable carboxyls and strong polyelectrolytes with nonti-
tratable sulfonate groups) on the rate and extent of desorption
from nZVI over several months. PAP (MW ) 2.5 K and 10 K),
CMC (MW ) 90 K and 700 K), and PSS (MW ) 70 K and 1
M) were chosen as model polyelectrolyte stabilizers for nZVI.
The mass of polyelectrolyte desorbed into initially polymer-
free 1 mM NaHCO3 solution was monitored for four months.
The desorption results were complemented by measurements
of nZVI electrophoretic mobility (EPM), stability against
aggregation after desorption, and transport through saturated
sand columns in order to establish the colloidal consequences
of stabilizer desorption. Freshly modified nZVI and bare, but
aged nZVI served as experimental controls.

Materials and Methods
Nanoparticles. nZVI with a Fe0 core and Fe3O4 outer shell
(reactive nanoscale iron particles, RNIP) was obtained from
Toda Kogyo, Japan. RNIP is a polydisperse suspension of
irregularly shaped particles, with primary particles ranging
in size from 5 to 70 nm with a median radius of ∼20 nm.
Detailed physical and chemical properties of RNIP have been
reported previously (4, 10, 31). RNIP was stored anaerobically
as a concentrated aqueous slurry (300 g/L) in a sealed
container at high pH (pH 10.6) where Fe0 oxidation is
minimized. H2 generation measurements (4) indicated that
the Fe0 content of the stock slurry was 45% (w/w) when this
experiment was conducted. A RNIP stock solution (120 g/L)
was prepared in 1 mM sodium bicarbonate (NaHCO3) buffer
and sonicated (model 550 sonic dismembrator, Fisher
Scientific, Howell, NJ) to break aggregates formed during
storage. The sonicated stock was diluted again with 1 mM
NaHCO3 to 3 g/L. The total Fe concentration in each stock
solution was determined by atomic absorption spectrometry
(GBC at 248.3 nm within the range of 0-10 mg/L Fe) after
acid digestion in concentrated HCl (trace metal grade) as
previously described (2, 10).

Polyelectrolytes. Sodium poly(aspartate), an anionic
polypeptide and weak polyelectrolyte, with molecular weights
of 2∼3 kg/mol (PAP2.5K) and 10 kg/mol (PAP10K) were from
Lanxess and NanoChem Solutions Inc., respectively. Sodium
poly(styrene sulfonate), an anionic strong polyelectrolyte
with molecular weights of 70 kg/mol (PSS70K) and 1000 kg/
mol (PSS1M), and sodium carboxymethyl cellulose, an
anionic polysaccharide, and weak polyelectrolyte with mo-
lecular weights of 90 kg/mol (CMC90K) and 700 kg/mol
(CMC700K) were from Aldrich. Chemical properties and
structures of these polyelectrolytes are provided in ref 12.

Polyelectrolyte Adsorption and Desorption. Adsorption
to RNIP nZVI was measured by solution depletion in 24 mL
suspensions containing 3 g/L nZVI and 1 g/L of the
polyelectrolyte at 25 °C. The pH of these suspensions was
pH 9.5 after 5 days of equilibrium time. At this pH, nZVI and
the anionic polyelectrolytes are both negatively charged
(Supporting Information Figure S1). The ratio of particle
surface area to polyelectrolyte concentration provides the
maximum adsorbed mass at these conditions (12, 16). After
5 days of mixing on an end-over-end rotator at 30 rpm, the
particle suspensions were ultracentrifuged at 68,400g for 80
min (Sorvall ultracentrifuge OTD65B). The polyelectrolyte
concentration in the supernatant was measured by UV-vis
spectrophotometry (Varian Palo Alto, CA) for PSS, and by a
total organic carbon analyzer (OI Analytical) for PAP and
CMC as described in ref 12. PSS was quantified from the
difference in absorbance at 225 nm and at 212 nm as a
function of PSS concentration to minimize the interference
by iron. For total organic carbon analysis, five calibration
standards ranging from 1 to 100 mg/L in 1 mM NaHCO3

provided a linear response. Supernatant samples were diluted
if necessary to remain in this linear calibration range. The
adsorbed mass was calculated from the difference between
the initial and equilibrium concentration of dissolved poly-
electrolyte, normalized by the RNIP specific surface area.
The latter was determined by the N2-BET method to be 15
m2/g for this sample. Triplicate samples were prepared for
each polyelectrolyte, and the results are reported as the mean
( one standard deviation.

After quantifying the adsorbed polyelectrolyte mass,
excess polyelectrolyte was removed from the solution by
centrifuging, decanting (20 of 24 mL each time), and refilling
with polyelectrolyte-free 1 mM NaHCO3 solution four times.
This procedure decreased the concentration of nonadsorbed
polyelectrolyte in the solution to <1 mg/L. The washed
particles were rotated end-over-end at 30 rpm and 25 °C. It
was assumed that polyelectrolyte degradation was negligible.
The suspensions were centrifuged and the supernatant was
analyzed for desorbed polyelectrolyte after 2, 4 to 6, 8, and
16 weeks. The same volume of polyelectrolyte-free 1 mM
NaHCO3 was replaced each time to make up for the sampled
volume. Control experiments (method blank) were conducted
identically but without polyelectrolyte to monitor changes
in bare nZVI due to centrifugation, washing and aging.

Particle Surface Chemistry. The electrophoretic mobility
(EPM) of bare and modified nZVI was measured as a function
of pH (pH 2∼10) to monitor the change in surface charge
due to polyelectrolyte adsorption and desorption. Freshly
polyelectrolyte-modified nZVI was measured with nonad-
sorbed polyelectrolyte in the solution to ensure that the
maximum possible adsorbed amount was present on the
nZVI. Measurements made after 8 and 16 weeks of desorption
did not contain any free polyelectrolyte. EPM was measured
on dilute dispersions (∼15 mg/L) in 5 mM NaHCO3 using a
Malvern Zetasizer 3000 (Southborough, MA). pH was adjusted
by adding NaOH (0.1 or 0.01 N) or HCl (0.1 or 0.01 N) as
needed. Samples were sonicated in a water bath (Bransonic
2510) for 5 min just prior to EPM measurement.

Sedimentation. The colloidal stability of freshly modified
particles and particles aged over 8 months of desorption was
assessed by monitoring the sedimentation of an 800 mg/L
particle suspension at 25 °C with UV-vis (508 nm) spec-
trophotometry (Varian, Palo Alto, CA) for 50 min as described
in ref 12. Samples were sonicated in a water bath for 5 min
before the measurement.

Transport Experiments. Transport studies were per-
formed in water-saturated silica sand (dp ) 300 µm) in
stainless steel columns (12.5 cm length × 1.25 cm o.d.) as
described in ref 2. Columns were packed wet and flushed
with a 1 mM NaHCO3 solution for at least 10 pore volumes
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(PV) to obtain a uniform surface charge on the sand. The
porosity was 0.33 and the linear pore water velocity was
maintained at 0.11 cm/s with a peristaltic pump. A square
pulse (2 min; 4 mL; 1 PV) of particles at 1 g/L was introduced
into the column. During injection, the particle suspension
source reservoir was sonicated with an ultrasonic probe to
minimize aggregation and sedimentation prior to introducing
them into the column. Column effluent was collected for 12
pore volumes. An aliquot of the effluent was dissolved in
HCl (1 to 2 vol/vol ratio), diluted with 1% HNO3 and analyzed
for total iron using flame atomic absorption spectrometry
(GBC 908 AA). The influent particle concentration was
measured the same way. Since polyelectrolyte coatings
significantly enhance nZVI elutability from such sand
columns, any detriment in nZVI elutability between freshly
coated and aged particles would be attributable to poly-
electrolyte layer changes during desorption. It is possible
that slow reconfigurations of adsorbed polyelectrolytes could
also modify nZVI elutability. Aging of nZVI alone can affect
the aggregation and transport of RNIP because oxidation
decreases the Fe0 content and thus the magnetic attraction
between particles decreases (10). To account for these
changes, controls using bare but identically handled nZVI
were run to monitor possible colloidal changes due simply
to nZVI aging.

Results and Discussion
Adsorption and Desorption. The initial adsorbed mass is
provided in Table 1 for each polyelectrolyte. The surface
excess concentrations ranged from 0.85 to 3.7 mg/m2

depending on the type and molecular weight of polyelec-
trolyte. For PAP and CMC, the higher molecular weight
polyelectrolyte showed higher adsorption. Among three types
of polyelectrolytes, the adsorbed mass of PAP, which has the
smallest molecular weight, was generally less than for PSS
and CMC. The dependence of polyelectrolyte adsorption on
the degree of polymerization (molecular weight) is subtle
and depends on the delicate balancing of forces at work
during adsorption (17). While the extent of electrostatically
driven polyelectrolyte adsorption is known to depend very
weakly on molecular weight (31–36), this may not be the
case for adsorption against a net electrostatic repulsion.
Chibowski and Wisniewska (37) observed increased adsorp-
tion for increasing molecular weight for carboxyl function-

alized anionic polyelectrolytes on net negatively charged
hematite, similar to the current observation. The increased
adsorption was attributed to an increased number and size
of adsorbed loops for higher molecular weight polyelectro-
lytes. The molecular weight independence of the PSS
adsorbed mass on nZVI was previously observed by this group
(12).

Polyelectrolyte desorption was monitored from the ap-
pearance of the free polyelectrolyte in supernatant solutions
over a four month period (Table 1). Less than 30% of adsorbed
polyelectrolytes were desorbed from the particles after four
months. PAP2.5K, CMC90K, PSS70K, which are the lower
molecular weight samples of each polyelectrolyte, showed
2∼9% more desorption than the same polyelectrolyte with
higher molecular weight. It is well established that high
molecular weight polymers have a higher affinity due to the
increased number of attachment points per chain, so this
result is expected.

Whereas PAP and CMC desorbed by as much as ∼30%,
PSS desorbed only ∼4-6% for either molecular weight. As
noted above, the extent to which specific sulfonate bidentate
or unidentate linkages to the surface may influence PSS
adsorption is unknown. It is notable that electrostatic
repulsions inhibit these linkages for sulfonated small mol-
ecule dyes at higher pH near the point of zero charge of the
iron oxide (24). It is possible that the polymeric nature of PSS
may allow some segments to locate isolated protonated FeO
groups on the nZVI surface, an effect that might be promoted
by proton coadsorption noted above. Adsorption of the
relatively hydrophobic backbone of PSS to the surface may
be involved as well. These hypotheses remain to be tested.
In any case, of comparison similarly sized PSS and CMC
results suggests that the nonelectrostatic interactions that
drive PSS adsorption provide a greater resistance to desorp-
tion from negatively charged nZVI than do the carboxyl
linkages that promote CMC adsorption. PAP showed the
greatest amount of desorption. This may be due to the
multilayer adsorption configuration of PAP onto nZVI (12).
Desorption was bimodal, beginning at a relatively larger rate
(from time ) 0-2 weeks), and slowing considerably (from
time ) 4-16 weeks). Treating the first and second stages of
desorption as pseudofirst order processes gave apparent
desorption rate constants of 10-3∼10-4/day. Desorption rate
constants were obtained separately for the “rapid” desorption

TABLE 1. Initial Adsorbed Mass (mg/m2), Percent Remaining during the 4-Month Desorption Period and Estimated First-order
Desorption Rate Constant

desorption rate
constant (first order)

time
initial adsorbed
mass (mg/m2)a

2 weeksa

(% remaining)
4 weeksa

(% remaining)
8 weeksa

(% remaining)
16 weeksa

(% remaining)
rapidb

(1/day × 103)
slowc

(1/day × 103)

PAP2.5K 0.85 ( 0.2 90.9 ( 3.0 86 ( 4.7 81.7 ( 5.5 73.9 ( 8.1 6.0 ( 1.9 1.9 ( 0.9
PAP10K 1.47 ( 0.1 94.5 ( 2.3 91.5 ( 2.5 90.0 ( 2.0 87.2 ( 2.8 3.5 ( 1.5 0.59 ( 0.12

time 0 2 weeks 5 weeks 8 weeks 16 weeks rapid (1/day) slow (1/day)

PSS70K 2.89 ( 0.6 94.3 ( 0.5 93.5 ( 0.6 93.5 ( 0.6 93.5 ( 0.6 3.7 ( 0.3
PSS1M 2.55 ( 0.5 95.9 ( 4.1 95.1 ( 4.7 95.1 ( 4.7 95.1 ( 4.7 2.7 ( 2.7

time 0 2 weeks 6 weeks 8 weeks 16 weeks rapid (1/day) slow (1/day)

CMC90K 2.09 ( 0.0 87.6 ( 2.1 83.1 ( 2.9 81.1 ( 3.1 79.7 ( 3.3 8.3 ( 1.5 0.53 ( 0.09
CMC700K 3.71 ( 0.4 93.8 ( 0.4 91.5 ( 0.8 90.4 ( 0.9 89.6 ( 1.2 4.0 ( 0.3 0.27 ( 0.06
a Values were measured from triplicate samples. b Rapid desorption rate is from linear regression of the initial two

points. Errors are standard deviation of triplicate measurements. c Slow desorption rate is from the linear regression of the
last three points. Errors are standard deviation of triplicate measurements.
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regime and “slow” desorption regime (Table 1, Figure 1).
PSS showed the lowest desorption rate among the three
polymers and the slow desorption step was not measurable
because the desorbed mass was not detectable. The de-
sorption rates of PAP and CMC were similar despite their
difference in molecular weight and composition. Based on
the assumption that the first order desorption rate constant
in the slow desorption region is constant with time, the
desorption half-lives for PAP and CMC range from 1 to 6
years. Sukhishvili and Granick (38) also observed a fast
desorption step followed by slow desorption of poly(1,4 vinyl)
pyridine (PVP) from the silicon oxide surface at low ionic
strength. The polyelectrolytes used here, and most com-
mercially available polymers or polyelectrolytes, are poly-
disperse and have a distribution of molecular weights. As
such, the initial rapid desorption might be attributable to
the shorter and therefore more weakly bound chains while
the slow desorption regime may be attributable to the longer
chains with stronger overall binding to the surface.

Effect of Polyelectrolyte Adsorption and Desorption on
nZVI Surface Charge. The EPM of nZVI in the presence of
excess polymer was always more negative than bare nZVI
over the entire pH range, indicating that the negatively
charged polyelectrolytes indeed adsorbed to the negatively
charged nZVI surface (Figure 2a-c and Supporting Informa-
tion Figure S1). The isoelectric point for the uncoated RNIP
was ∼pHiep 6.3 (Figure 2(d)). Falling within the range of pHiep

(pH 6.0∼6.8) reported for magnetite (25), this is consistent
with the Fe0 core/magnetite (Fe3O4) shell model proposed
for this nZVI (4).

The EPM was measured as a function of pH immediately
after washing the excess polyelectrolyte (at time ) 0), and
again after 8 weeks and 16 weeks of desorption time. The
pHiep was stable after 8 weeks for bare or modified nZVI, so
only 16-week results were plotted for clarity (Figure 2). It was
anticipated that desorption would result in a less negative
EPM of the particles. For PSS coated nZVI (Figure 2(a)), the
EPM remained negative for pH 2-10 over the 16-week period,
indicating that the PSS remains adsorbed, consistent with
the batch desorption measurements. This was not the case
for PAP (Figure 2(b)) and CMC (Figure 2(c)). After the excess
polyelectrolyte was removed, the magnitude of EPM for both
PAP and CMC modified nZVI decreased and the pHiep shifted

toward that of bare nZVI that had been aged for a similar
time (Figure 2(d)). There was no significant change in EPM
between the immediate washing and16 weeks of desorption.
The similarity of the PAP and CMC-coated nZVI aging
behavior in the EPM experiments with that of bare nZVI
indicates that the PAP and CMC desorbed from the particles,
but this is inconsistent with the batch desorption measure-
ments. The reason for the apparent similarity in EPM is not
known, but desorption can be ruled out. Nevertheless, the
pHiep remains relatively low for all the modified particles so
that they should retain a net negative charge at typical
groundwater pH. Because EPM could not be used to
determine conclusively whether PAP and CMC remained
adsorbed to the surface of the particles, mobility and
sedimentation experiments were conducted as described
next.

Aggregation and Sedimentation. Bare nZVI rapidly
flocculates to micrometer-sized aggregates that sediment
from suspension (10). The presence of surface coatings
decreases the rate and extent of particle aggregation and
sedimentation (12). Decreased sedimentation of modified
particles relative to bare particles can therefore indicate
the presence of the surface modifier. All the polyelectrolytes
considered here decreased nZVI aggregation and sedi-
mentation (Figure 3(a)), as expected. After 8 months of
desorption, the PAP- and PSS-coated nZVI still showed
significantly higher colloidal stability than bare nZVI aged
under the same conditions (Figure 3(b)), indicating that
polyelectrolyte remained adsorbed to the particle surface.
The stability of CMC coated particles was only slightly
better after 8 months of desorption than bare nZVI. In
addition, CMC was the least effective stabilizer for freshly
prepared samples (12). To determine how the partial
polyelectrolyte desorption and corresponding changes in
surface charge and aggregation behaviors would affect aged
RNIP mobility, particle transport experiments in sand
columns were conducted next. The aggregation and
sedimentation measurement is only controlled by particle-
particle interactions (including van der Waals attraction,
magnetic attraction, electrostatic double layer repulsion,
and electrosteric repulsion). Therefore, the sedimentation
study is a simpler and less direct indication of nZVI
transport, which includes both particle-particle interac-

FIGURE 1. Desorption of (a) PSS (low MW (4), high MW (2)), (b) PAP (low MW (O), high MW (b)), (c) CMC (low MW (0), high MW
(9)) and (d) all of the polyelectrolytes tested from RNIP during a 4-month period. Linear regression for the initial two points (rapid)
and last three points (slow) were done separately. Data points are the average of triplicate samples.
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tion and particle-sand interaction, including the influence
of fluid shear forces on aggregate-sand interactions.

Transport Experiments. Bare nZVI is immobile in sand
columns at a concentration of 1 g/L, but adsorbed anionic
polyelectrolytes increase mobility in sand columns (2, 3).
Particle mobility therefore can be used as an indicator
that polyelectrolyte remains adsorbed in an amount and
conformation sufficient to inhibit deposition and straining.
The percentage of bare, modified, and aged particles eluted
from sand columns is shown in Figure 4. Whereas neither
fresh nor aged bare nZVI was elutable, more than 70% of
PAP, PSS, and CMC modified nZVI were eluted from the
column even after the 8 months for desorption, indicating
that polyelectrolyte remained adsorbed to the particles.
CMC coated nZVI also showed high elutability even though
its colloidal stability was close to the bare nZVI from the
sedimentation. The partially desorbed CMC polymer layer
may be ineffective at stabilizing nZVI against van der Waals
and magnetically driven aggregation, but it may be still
effective in minimizing adhesion to sand grains where no
direct particle-sand magnetic attraction exists. Also, the
shear force caused by the fluid flow can promote the
disaggregation or dislodging of weakly adhered nZVI in

FIGURE 2. Electrophoretic mobility (EPM) vs. pH for nZVI modified by (a) PSS, (b) PAP and (c) CMC with excess polyelectrolyte (O),
immediately after washing to remove excess polyelectrolyte (b), and after 16 weeks of desorption (9). (d) Bare nZVI treated
identically and sampled at the same time points. The data shown are for PAP10K, PSS1M, and CMC700K, but the other molecular
weights behaved similarly for each polyelectrolyte. Data collected after 8 weeks is the same for 16 weeks and are not included for
clarity. nZVI concentration was 15 mg/L and ionic strength was controlled at 5 mM NaHCO3.

FIGURE 3. Sedimentation curves for bare and modified nZVI
(800 mg/L) measured by UV-vis spectrophotometry at 508 nm in
1 mM NaHCO3. (a) With excess polyelectrolyte in solution in
the case of modified nZVI at pH 9.5. (b) After 8 months of aging
and desorption nZVI modified with PSS (low MW (4), high MW
(2)), PAP (low MW (O), high MW (b)), CMC (low MW (0), high
MW (9)). Bare nZVI (]) at pH 8.3 is also shown for
comparison.

FIGURE 4. Percent mass of nZVI eluted through at 12.5-cm
saturated silica sand column in 1mM NaHCO3 for freshly
modified particles with excess polymer at pH 9.5 (black bars)
and after 8 months for aging and desorption at pH 8.3 (gray
bars). Porosity is 0.33, pore water velocity is 1.08 x 10-3 m/s,
and particle concentration is 1 g/L. Silica sand (Agsco Corp.,
Hasbrouck Heights, NJ) had an average diameter of 300 µm.
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the sand column. This result is consistent with the batch
desorption study and indicated that desorption of 20-30%
of the surface coating after 8 months did not significantly
decrease the potential for mobility in porous media. It
also indicates the benefits of electrosteric repulsion. The
downward drift in bare RNIP isoelectric point and cor-
responding increase in negative surface charge density
near neutral pH conditions was not sufficient to mobilize
bare RNIP. Simple electrostatic repulsion alone is insuf-
ficient to mobilize RNIP in sand columns.

Environmental Implications
Slow desorption of polyelectrolyte from modified nZVI used
for groundwater remediation has important implications
for their application in the field. These results suggest that
nZVI can potentially remain mobile for at least 8 months
after emplacement depending on site hydrogeochemisty
and on the type of coating material (3). This long-term
mobility indicates a potential to reach sensitive receptors
in the environment.

Recent reports indicate that the surface coatings affect
the potential toxicity of nZVI (9). Coatings decreased toxicity
by changing the surface charge or by decreasing oxidative
stress. Because the coatings do not readily desorb, tests of
mobility and toxicity should include the coated nZVI as these
coatings may exist on particles for months or longer after
release to the environment. These coatings are known to
alter nZVI transport (2, 3) and toxicity characteristics (9)
relative to the bare particles. Of course, these coatings may
eventually be altered by biological or geochemical processes
that remain to be investigated.

The bioavailability of adsorbed polyelectrolyte on the
surface may be a key factor controlling the fate of surface
modified nZVI because desorption is slow. The mobility,
reactivity and toxicity may all be affected if the coatings
can be degraded by microorganisms while attached to the
nZVI. The microbial degradation of coatings needs to be
studied further to fully understand the fate of surface
modified nZVI.

The polyelectrolyte adsorbed to nZVI could be selected
to serve as a carbon source to stimulate biological remediation
of chlorinated organic compounds, especially in a carbon-
limited environment. However, because the adsorbed poly-
electrolyte is not readily desorbed, biostimulation will not
occur unless microorganisms can degrade the attached
polyelectrolyte. Strategies for enhancing biodegradation will
therefore probably require an additional carbon source added
to the injection solution such as excess free polymer or some
other carbon source.
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