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The surfaces of reactive nanoscale zerovalent iron (NZVI)
particles used for in situ groundwater remediation are modified
with polymers or polyelectrolytes to enhance colloidal

stability and mobility in the subsurface. However, surface
modification decreases NZVI reactivity. Here, the TCE
dechlorination rate and reaction products are measured as a
function of adsorbed polyelectrolyte mass for three commercially
available polyelectrolytes used for NZVI surface modification
including poly(styrene sulfonate) (PSS), carboxymethyl cellulose
(CMC), and polyaspartate (PAP). The adsorbed mass, extended
layer thickness, and TCE-polyelectrolyte partition coefficient
are measured and used to explain the effect of adsorbed
polyelectrolyte on NZVI reactivity. For all modifiers, the
dechlorination rate constant decreased nonlinearly with
increasing surface excess, with a maximum of a 24-fold decrease
in reactivity. The TCE dechlorination pathways were not
affected. Consistent with Scheutjens—Fleer theory for
homopolymer adsorption, the nonlinear relationship between
the dechlorination rate and the surface excess of adsorbed
polyelectrolyte suggests that adsorbed polyelectrolyte decreases
reactivity primarily by blocking reactive surface sites at low
surface excess where they adsorb relatively flat onto the NZVI
surface, and by a combination of site blocking and decreasing
the aqueous TCE concentration at the NZVI surface due to
partitioning of TCE to adsorbed polyelectrolytes. This explanation
is also consistent with the effect of adsorbed polyelectrolyte
on acetylene formation. This conceptual model should apply to
other medium and high molecular weight polymeric surface
modifiers on nanoparticles, and potentially to adsorbed natural
organic matter.

Introduction

The fate and reactivity of manufactured nanoparticles
released into the environment is of great interest due to their
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increasing use in consumer products and their potential risks
to the environment and human health (1). Most nanoma-
terials are manufactured with an engineered surface coating
to provide specific functionality (2-5), or will acquire a coating
(e.g., natural organic matter) (6) once released into the
environment which can affect their mobility and reactivity.
Adsorbed coatings can affect particle surface reactivity by
(1) inhibiting diffusion and adsorption of substrates to
reactive surface sites, (2) decreasing the reaction rate at the
surface by blocking access to reactive sites, or (3) inhibiting
the desorption and diffusion of reaction products from the
surface (7). Currently, a mechanistic understanding of how
surface coatings affect the reactivity of manufactured nano-
particles in the environment is lacking.

Reactive nanoscale iron particles (RNIP) are one example
of a manufactured reactive nanoparticle. These nanoscale
zerovalent iron (NZVI) particles have been engineered with
a surface coating such as poly(styrene sulfonate), polyas-
partate, carboxymethyl cellulose, or triblock copolymers to
inhibit aggregation (2, 3) and increase their mobility in the
subsurface (8, 9). The reactivity of bare and surface-coated
NZVI with a variety of environmental contaminants such as
chlorinated organics (10-13), metals (14), and pesticides (15)
has been extensively studied. During trichloroethylene (TCE)
dechlorination by RNIP, TCE is reduced to nonhalogenated
intermediates and byproducts including acetylene, ethylene,
and ethane while zerovalent iron is oxidized (16, 17). The
major reaction pathway is reductive S-elimination to form
acetylene (10, 17) but hydrogenolysis (resulting in formation
of chlorinated intermediates or products) and hydrogenation
can also occur (17, 18). In a competing process, water (H*)
can be reduced to H, (16). Adsorbed polyelectrolytes (9, 19)
as well as adsorbed natural organic matter (20) have been
shown to decrease the reactivity of NZVI or ZVI with target
contaminants, but the mechanisms behind the decreased
reactivity are not clear. Further, it is not known if adsorbed
polyelectrolytes affect the reaction pathways and products
formed from TCE degradation.

Reductive TCE dechlorination by NZVI is a surface-
mediated reaction. For bare NZVI, mass transfer limitations
from TCE diffusion through a stagnant water layer between
the particle surface and bulk liquid is typically overcome by
efficient mixing and ignored (4, 10, 12). This may not be the
case for NZVI with an adsorbed polyelectrolyte layer. Based
on the Scheutjens and Fleer conceptual model for ho-
mopolymer adsorption to the solid—water interface, charged
homopolyelectrolytes are adsorbed onto the surface in a
train—loop—tail orientation (Figure 1a). Trains are polymer
sequences contacting the particle surface. Loops are stretches
of polymer that do not touch the surface but connect two
trains. Tails are polymer segments with only one end attached
to the surface (21). Loops and tails form a stagnant poly-
electrolyte layer between the NZVI surface and the bulk
aqueous phase (Figure 1a) which could inhibit mass transfer
or decrease the availability of contaminants to the NZVI
surface due to partitioning to the hydrophobic backbone of
the polyelectrolyte. The adsorbed layer thickness and the
corresponding hydrodynamic resistance can be estimated
from measurements of the electrophoretic mobility of
polyelectrolyte-modified NZVI at ionic strengths ranging from
5to 60 mM (NaCl) using Ohshima’s soft particle theory (2, 22).
Details of the application of this theory to polyelectrolyte-
modified RNIP were recently reported (2). In addition to
inhibiting mass transfer or decreasing the pollutant avail-
ability, adsorbed polyelectrolyte trains may directly block
reactive sites of the NZVI surface. This could completely stop
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FIGURE 1. Schematic illustrating (a) site blocking due to
adsorbed trains and formation of an extended brush layer of
loops and tails, and (b) development of trains, and loops and
tails as a function of adsorbed polyelectrolyte mass according
to the Scheutjens and Fleer conceptual model for homopolymer
adsorption (21).

or inhibit electron transfer from the NZVI surface to TCE
depending on the separation distance between the NZVI
surface and adsorbed TCE (23). Thus, adsorbed polyelec-
trolyte can potentially decrease NZVI reactivity with TCE
due to blocking of reactive sites, mass transfer limitation
due to inhibited TCE diffusion through the stagnant poly-
electrolyte layer, or decreasing TCE availability at the particle
surface.

A mechanistic understanding of how adsorbed polyelec-
trolytes affect the TCE dechlorination rate and the reaction
products formed could enable the design of surface modifiers
that enhance NZVI mobility with minimal impact on
reactivity. The objective of this study is to determine the
mechanisms by which adsorbed polyelectrolytes affect the
TCE dechlorination rate by RNIP and the reaction products
formed. Three commercially available polyelectrolytes, poly-
(styrene sulfonate) (PSS), carboxymethyl cellulose (CMC),
and polyaspartate (PAP), are used as representative modifiers
and because they provide different adsorbed layer properties
(2). The TCE dechlorination rate and reaction products
formed are measured for RNIP at different adsorbed mass
of polyelectrolyte. The measured adsorbed polyelectrolyte
layer properties (2), TCE degradationrates, and polymer—water
partition coefficients are interpreted conceptually in the
context of the Scheutjens and Fleer self-consistent field model
forhomopolymer adsorption to gain insight about the relative
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effects of site blocking, mass transfer resistance, and TCE
availability on the observed rate of TCE dechlorination.

Materials and Methods

Chemicals. TCE (99.5+%) was from Aldrich. Sodium bicar-
bonate (99%) was from Fisher Scientific. Acetylene (1000 ppm
and 1%), ethylene (1%), ethane (1%), vinyl chloride (VC) (10
ppm), and hydrogen (1.08%) standards were from Alltech.
The balance of each gas standard was N,. Ultra high purity
argon, hydrogen (5.18%), and N, were from Butler Gas
products (Pittsburgh, PA).

Fe’/Fe;0, Nanoparticles. Reactive nanoscale iron par-
ticles (RNIP), commercially available reactive Fe®/Fe;0,
core—shell NZVI particles, were obtained from Toda Kogyo
(Onada, Japan). The physical and chemical properties of RNIP
have been previously reported (11, 17, 24). The Fe/Fe;0, of
bare RNIP used in this study was 26%/74% and its isoelectric
point was pHje, = 6.3. Prior to use, RNIP was stored as an
aqueous slurry (pH 10.6) at approximately 300 g/L in an
anaerobic chamber. From this slurry, a stock dispersion (10
mL at ~120 g/L) was prepared in 1 mM NaHCO; followed
by ultrasonication for 30 min to break aggregates formed
during storage. This sonicated stock dispersion was then
diluted again with 1 mM NaHCOs to ~6 g/L. The N,—BET
specific surface area of RNIP was ~15 m?/g. The Fe® content
of the particles was determined from acid digestion and
monitoring hydrogen evolution as previously described (17).
The detailed procedure is available in the Supporting
Information.

Polyelectrolytes. PSS and CMC were from Aldrich (St.
Louis, MO). PAP with a molecular weight of 2—3 kg/mol and
10 kg/mol was from Lanxess (Pittsburgh, PA) and NanoChem
Solutions Inc. (Bedford Park, IL), respectively. Table 1
summarizes the properties and structure of each modifier.
PSS and PAP stock solutions used to modify RNIP were
prepared at 4 g/L in 1 mM NaHCOs and agitated using an
orbital shaker at 25 °C for 12 h prior to physisorption to
RNIP. CMC stock solutions were prepared similarly but
agitated using an orbital shaker and refrigerated overnight
to ensure complete hydration and dissolution.

Washed Polyelectrolyte-Modified RNIP Dispersions.
RNIP dispersions with different adsorbed polyelectrolyte
masses were prepared in 40 mL vials with anoxic solutions
containing 3 g/L RNIP and between 0.005 and 1 g/L
polyelectrolytes in 1 mM NaHCOs. The pH of the mixtures
ranged from 9.5 to 10.5 due to the oxidation of Fe® in the
particles and subsequent production of OH~ (16). The
isoelectric point of bare RNIP is pH;, = 6.3. Therefore, both
bare RNIP and polyelectrolytes are negatively charged in this
study. Nevertheless, the specific interactions between the
polyelectrolytes and the iron oxide surface are sufficiently
strong to overcome the net electrostatic repulsion between
the polyelectrolytes and the RNIP surface (2). After 48-h
equilibration on a 30 rpm end-over-end rotator the disper-
sions were centrifuged at 27,500 rpm (~1.5 x 107°g) for 80
min, decanted, and refilled with 1 mM NaHCOj; solution
thathad been purged with N, to remove oxygen. This process
was repeated two more times to remove excess free polymer
in solution prior to use in reactivity studies. The maximum
irreversibly adsorbed polyelectrolyte surface excess concen-
tration (I'max) and the adsorbed layer thickness (d) of each
washed polyelectrolyte-modified RNIP are summarized in
Table 2 as previously reported (2). Details of the solution-
depletion method used to determine the adsorbed poly-
electrolyte surface excess concentration (I'), electrophoretic
mobility, and Ohshima’s soft particle analysis used to
determine the adsorbed layer thickness (d) are in Phenrat et
al. (2).

TCE Partitioning into Polyelectrolyte—Water Solutions.
To qualitatively assess the partitioning of TCE between the



TABLE 1. Properties and Structure of Surface Modifiers.

Code Chemical name M,* Dy’ K,* Structure
/category (kg/mole)
PSS70K 70 340 | 11.5+2.4
Poly(styrene sulfonate)
/anionic polyelectrolyte
PSSIM 1,000 |4,850 | 18.2+1.7
SO3'Na+
— —
o O'Na'|
CMC9I0K 90 342 | 11.9+2.4 OH
——0 o o—
Carboxymethylcellulose a o i
/anionic polysaccharide
OH
o. O'Na*
CMC700K 700 2,661 | 15.2+0.4 <
o
PAP2.5K 2-3 16 7.3+£2.1 0
H
Polyaspartate NH N
/anionic biopolymer o i
Nt
PAP10K 10 64 | 7.9:15 I. T

2 Molecular weight of the polyelectrolytes (g/mol), M,, as specified by the manufacturers. ? Average degree of
polymerization, D,, is estimated by dividing M,, of a polymer by the molecular weight of a monomer unit. ° Reported error
is one standard deviation from the mean of K, (dimensionless) measured at polyelectrolyte concentrations of 5 and 10 g/L.

TABLE 2. Measured Fe® Content, Estimated Characteristics of Adsorbed Layer, and Calculated Half-life Time (z) of TCE for Each

Polyelectrolyte-Modified RNIP

code Fe? content? (%) Lnax (mg/m?)
bare 26 + 0.4 0
PSS70K 15+ 0.0 2.06 + 0.27
PSS1M 15+ 0.5 1.92 +0.24
CMC90K 24 +0.2 0.98 + 0.16
CMC700K 29+ 1.0 2.03 +0.08
PAP2.5K 24 + 0.4 2.29 +0.23
PAP10K 25+ 0.9 2.20 + 0.35

d® (nm) Krce-obs® (1073 L m~2 hr™") 77 (day)
0 3.51+0.42 0.4
67 +7 0.73 +0.03 1.9
198 + 30 0.44 4+ 0.04 3.2
7.2+ 3.2 0.31 +0.02 4.5
40 + 6.5 0.38 + 0.03 3.7
40 +£12 0.15 + 0.01 9.3
44 + 13 0.14 + 0.01 9.9

2 Reported error is standard deviation of the mean of duplicates. ® Based on Ohshima’s soft particle analysis at the
maximum surface excess (2). °Reported error is the standard deviation calculated from the upper and lower 95%
confidence interval limits of k,ps measured in duplicate reactors. ¢ Assumes 2 g/L of RNIP in porewater.

aqueous phase and an adsorbed polyelectrolyte layer, TCE
partitioning between polymer and water was determined in
70 mL serum bottles capped by Teflon Mininert valves. Each
reactor contained 40 mL of headspace and 30 mL of solution
with either 5 or 10 g/L for each polyelectrolyte at pH 9, 0.04

mM TCE, and 1 mM NaHCO;. A reactor without polyelec-
trolyte was prepared as a reference. The reactors were
equilibrated on an end-over-end rotator at 30 rpm at 23 +
2 °C for 12 h. After equilibration, the reactors were placed
into a water bath at 25 °C for an hour prior to the headspace
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measurement. A 100 uL headspace sample was withdrawn
from the reactors and analyzed for TCE using a 30 m GSQ
PLOT capillary column on a HP 6890 GC/FID as described
inLiuetal. (17). Measurements were performed in duplicate.
The difference in the equilibrium aqueous TCE concentration
of the reference reactor and the reactor with each polyelec-
trolyte was attributed to partitioning of TCE into the
polyelectrolyte/water mixture. The TCE polyelectrolyte/water
partition coefficient (dimensionless), K, (mol/Lpoy/mol/ Lyater)
is calculated using eq 1

oly
Crer —K =
Cwater_ P
TCE

i i C?"IC{E Vwa ter CATgE un ter
(C;‘"ICTF Vhs) ref (C?'ZF Vhs) poly + ( KT(;E* - KTCE*
H ref H poly

(%)( C’*T’C'E)
TCEx

Pp KH poly

Air

where Grce" is the concentration of TCE in headspace (M),
and K" is Henry's law constants of TCE/water which is
corrected for ionic strength (25) arising from the background
electrolyte and polyelectrolyte. Vi,s and Viy,eer are the volume
(L) of headspace and the volume of water (L) in the reactor,
respectively. M, is mass (g) of polymer in the reactor, and
pp is the density (g/L) of the polymer. The subscripts refand
poly refer to the reactors without and with polymer,
respectively. The average K, for each polyelectrolyte is
obtained by averaging the K, values from the reactors of 5
and 10 g/L of the same polyelectrolyte. Two concentrations
of polymer were used in this experiment to also evaluate the
effect of polymer concentration on K, which was negligible.

TCE Dechlorination. The TCE dechlorination rate and
products were measured in 70 mL serum bottles containing
40 mL of headspace, 30 mL ofliquid, and a Mininert closure.
All reactors were prepared in an anaerobic glovebox (Argon-
filled) and contained 2.8 g/L of either the bare RNIP, or
polyelectrolyte-modified RNIP with an adsorbed polyelec-
trolyte surface excess concentration ranging from ~0.05 to
~2 mg/m?. It is important to note that degradation experi-
ments were conducted using washed particles, i.e., no excess
free polymer was in solution. Thus, the only polymer in the
reactor was that adsorbed to the particles and did not affect
TCE solubility in the bulk water. An aliquot of 0.15 mL of
saturated TCE solution (8.4 mM) was added to provide the
initial TCE concentration of 40 uM. Experiments were
performed in duplicate. The reactors were rotated on an end-
over-end rotator at 30 rpm at 23 + 2 °C. In control experiments
without RNIP, it was demonstrated that TCE loss by mech-
anisms other than degradation by Fe® was negligible (e.g.,
photodegradation, adsorption, leakage). Mass transfer re-
sistance at the vapor/liquid interface was not considered as
these phases are assumed to be in equilibrium. A 100 «L
headspace sample was withdrawn from the reactors and
analyzed for TCE and its products using a 30 m GSQ PLOT
capillary column on a HP 6890 GC/FID. Figure S1 (Supporting
Information) provides example of TCE loss obtained from
headspace measurements. A model previously reported for
TCE degradation pathway by RNIP (10) (Figure S2a) was used
to interpret the dechlorination kinetics in this study. It is
assumed that all TCE reduction was via S-elimination to form
acetylene and that both ethane and ethene resulted from
reduction of acetylene. The reaction rate constants, krcg (TCE
dechlorination to acetylene), k, (ethene formation from
acetylene), and k; (ethane formation from acetylene) were
determined using a kinetic modeling software package,
Scientist, v.2.01 (Micromath, St. Louis, MO), by which the
loss of TCE and formation of products (acetylene, ethene,

1
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and ethane) were fit concurrently to determine the rate
constants and 95% confidence intervals for the fits. The
observed reaction rate constants determined from head-
space measurements, kops.n, Were converted to the observed
rate constants without headspace, kops for comparison
between TCE and acetylene which have different Henry’s
law constants (Figure S2b) (16). The average rate constant
and standard deviation (SD) were calculated from the upper
and lower limits of the 95% confidence intervals (two values
for each reactor) for rate constants measured in duplicate
reactors. It should be noted that for RNIP the TCE dechlo-
rination rate is independent of its Fe® content for Fe® contents
greater than ~5 wt% (16). Therefore, small differences in the
initial Fe® content of the particles, or loss of Fe’ due to
oxidation by water and TCE over the time scale of this study,
do notaffect RNIP‘s reactivity or the calculated rate constants.

Results and Discussion

Water/Polyelectrolyte Partitioning of TCE. The measured
K, for TCE partitioning to each polyelectrolyte is provided
inTable 1. For the same type of polyelectrolyte, K increases
with increasing molecular weight and hence degree of
polymerization, Dy, however the increase in K, was small
and much less that the corresponding increase in D, (Figure
S3).

Effect of Adsorbed Polyelectrolytes on TCE Dechlori-
nation. Carbon mass balance for all TCE degradation
experiments was =90%. The observed TCE degradation rate
constant for a representative polyelectrolyte coated RNIP
(PSS70K-RNIP) normalized to that for bare RNIP is shown
in Figure 2a. For all polyelectrolyte-modified RNIP, the
dechlorination rate constant decreased nonlinearly with
increasing surface excess concentration (Figure 2a and Figure
S4). The curves generally have two distinct regions, an initial
rapid decrease in reactivity at very low adsorbed polyelec-
trolyte mass, followed by a greater effect at high adsorbed
mass of polyelectrolyte. This behavior has also been reported
for the effect of natural organic matter on the reactivity of
iron fillings (20) as well as the effect of physisorbed novel
triblock copolymers on NZVI (9), and is consistent with
Scheutjens and Fleer’s conceptual model of homopolymer
adsorption where polyelectrolyte adsorbs in a flat conforma-
tion (mostly trains) at low adsorbed mass to block reactive
sites (region I), while at higher adsorbed masses the layer
conformation becomes more extended (increasing fraction
of loops and tails) whereby the polyelectrolyte layer may
hinder TCE diffusion to the reactive surface or decrease the
aqueous TCE concentration at the particle surface (region
II). These processes are described in more detail next. For
all of the polyelectrolytes evaluated, the maximum effect of
adsorbed polyelectrolyte on the TCE degradation rate was
a 24-fold decrease (filled symbols in Figure 2a and Figure
S4). It is important to note that the adsorbed layer confor-
mation will be a function of pH, which is 9.5—10.5 in this
study. Itis also noteworthy that the lower TCE dechlorination
rate constant due to adsorbed polyelectrolytes observed here
contrasts the increased TCE dechlorination rate constant
observed for CMC-stabilized Fe—Pd bimetallic nanoparticles
recently reported (26). This difference is probably because
the Fe—Pd bimetallic nanoparticles were synthesized in the
presence of CMC, yielding smaller particles that were stable
against aggregation and thus more reactive than the larger
nonstabilized Fe—Pd particles (26). The particles compared
in this study were the same size but one had CMC physisorbed
to the particle surface which decreased their reactivity.

Region I: Site Blocking by Trains. In region I, krcg-obs
decreases rapidly at very low surface excess concentration
and generally plateaus with respect to the surface excess.
This initial and rapid decrease of krcg.obs iS attributed to
blocking of TCE reactive sites by adsorption of polyelectrolyte
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FIGURE 2. (a) Effect of adsorbed PSS70K on the observed TCE
degradation rate constant as a function of polyelectrolyte
surface excess concentration (filled symbols). Rate constants
for PSS70K-modified RNIP are normalized to that measured for
bare RNIP. Simulated normalized ki due to site blocking
(solid lines). (b) Acetylene transformation (k; + K3 = Kacy-obs)
relative to its formation (Kice.obs) @as a function of surface
excess of polyelectrolytes for PSS70K-modified RNIP. Data are
normalized to that observed for bare RNIP.

(as trains) on the RNIP surface. According to the Scheutjens—
Fleer theory for homopolymer adsorption the degree of the
surface covered by trains (0) depends on the surface excess
concentration (I') for a given polyelectrolyte type and fixed
ionic strength and temperature (2I). The relationship
between the surface coverage and the surface excess is eq
2.

0
0= m—"”"r ®)
gslope +T

where 0,4 is the maximum surface coverage (as trains) and
Osiope 1s a fitting parameter. The surface coverage by trains
typically develops rapidly (controlled by the value of )
and ultimately reaches a plateau of 0., at high surface excess.
Complete surface coverage will not occur so the apparent
dechlorination rate constant of surface-modified RNIP (krcg-
surPolvelectroy jpcludes contributions from bare unbound sites
(1 — 6) where the TCE degradation rate constant equals that
for the bare RNIP (krce.sur??©), and bound sites (0) that are
in direct contact with trains where the electron transfer
efficiency and the reaction rate constant at the bound sites
is less than that for bare surfaces (krcp.sur®"™ < Krcg-surt °2©).
If we define an electron transfer efficiency, o = krcp.sur>°"™/ k
tce-suf°2, the apparent dechlorination rate constant of surface
modified RNIP (krcg-su®Ve°) is given by eq 3.

kTCE_surfpolyeleclro =1[(1—6)+ (0)] kTCE—surfbure 3)

The magnitude of the constant a is controlled by the
separation between the TCE molecule and the underlying

RNIP surface (23) and therefore is likely specific to the
polyelectrolyte type.

Assuming that site blocking is the only phenomenon
affecting the TCE dechlorination rate at low adsorbed mass
(region 1), krcr-obs @s a function of surface excess in region
I can be fit by least-squares considering the development of
trains as a function of the measured surface excess (eq 2)
and corresponding blocking (eq 3). Region Iis defined by the
fitting procedure whereby the least-squares fit of region I
(solid lines in Figure 2 and Figure S4) included data points
from zero adsorbed mass and higher until inclusion of data
at higher adsorbed mass decreased the goodness of fit. The
data points which were not incorporated into region I were
assigned as region II. There are distinct regions (I and II) for
each type of polyelectrolyte-modified RNIP (Figure 2a and
Figure S4). The fitting parameters include Opmay, Osiope, and a.
While these individual parameters cannot be determined
individually with confidence, the resulting parameters are
consistent with expectations as described next.

Train development as a function of surface excess
corresponding to these fits is shown in Figure S5a. The value
of Omax Obtained from the least-squares fit is ~0.7 for the
medium and large polyelectrolytes (PSS and CMC) and from
0.8 to 0.9 for small polyelectrolytes (PAP). These are in the
range predicted by the Scheutjens—Fleer theory for medium
and large polymers (0.7—0.8 for adsorption to a nonspecific
adsorbent) and for small polymers (0.9—1 for sorption to a
nonspecific adsorbent), respectively (21). It should be noted
that for medium and large polyelectrolytes comprised of the
same monomer, e.g., PSS70K and PSS1 M as well as CMC90K
and CMC700K, 0. (~0.7 for both PSS and CMC) was
independent of the degree of polymerization. Theoretically
(21), Omax is controlled by degree of polymerization (D,), the
Flory—Huggins polymer—solvent interaction parameter (y),
and the effective adsorption energy parameter (xf) which
includes the electrostatic interaction due to surface charge
of an adsorbent, charge of the polyelectrolyte, and the
influence of ionic strength (21). However, for polymers with
D, > 100 units O,.x becomes less sensitive to Dy (21) and O pax
is mainly governed by y and y™. The y and y" are similar
for polymers with the same monomer units, thus leading to
similar values of 6. for PSS70K and PSS1 M and for CMC90K
and CMC700K.

Region II: Site Blocking by Trains Coupled with Mass
Transfer Resistance and TCE Adsorption by Loops and Tails.
A second decrease in reactivity is observed at high surface
excess of adsorbed polyelectrolyte (Figure 2a and Figure S4)
that cannot be explained by site blocking alone (solid lines)
since surface coverage by trains does not increase at high
surface excess (Figure S5a). However, the number of loops
and tails increases as a polymer layer of some finite thickness
(d) develops around the particle (Figure 1b) (2I). TCE
partitions preferentially to the adsorbed polyelectrolyte layer
(K, in Table 1), and might therefore be expected to produce
an increase in reactivity due to the increased concentration
of TCE at the particle surface. This is not observed. Rather,
further decrease in reactivity (krceobs) is observed at high
surface excess in region II and either attributed to inhibition
of TCE diffusion through the more extended, stagnant layer
to the particle surface or to a decrease in aqueous TCE at the
particle surface due to TCE partitioning to the adsorbed
polyelectrolyte. Conceptually this is analogous to mass
transfer through a thin film coupled with surface reaction.
However, the distribution of adsorbed polyelectrolyte is not
homogeneous throughout the layer thickness. Rather, the
volume fraction of adsorbed homopolymers decreases
exponentially as a function of distance from the surface (21).
The layer consists of two regions: the inner (concentrated)
near-surface region (<2.5 nm) where loops dominate and
the outer (dilute) region where only tails contribute to the
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profile of adsorbed layer (2I). The rate of TCE diffusion
through the adsorbed polyelectrolyte layers should be fast
relative to the reaction rates observed (hours) given the short
transport distance (<2.5 nm). Therefore, diffusion of TCE
through the layer is not likely to limit TCE dechlorination.
Thus the effect of adsorbed loops and trains on the TCE
dechlorination rate is most likely due to a decrease of available
dissolved TCE at the particle surface for reaction. Adapted
from a solution of mass transfer through a thin film coupled
with surface reaction and assuming that diffusion resistance
is negligible (see derivation in Supporting Information), the
relationship between krcg-obs PV, krce-sufPYee™, and mass
transfer characteristics of the adsorbed polymer layer is eq
4.

polyelectro _ 7.polyelectro
kTCEfubs = MTCE—surf Hsurf (4)

where H, (dimensionless and <1) is the partition coefficient
between dissolved TCE in water inside the concentrated layer
(Cwater-layer) and dissolved TCE in bulk water outside the layer
(Goui) assuming local equilibrium for partitioning of TCE
between water and the polyelectrolyte.

L1 o, 5)
surf

oW is the average polyelectrolyte-to-water ratio (V/V) in
the thin near-surface layer (AL) from the RNIP surface where
the adsorbed polymer density is sufficient to control the
availability of TCE from the bulk solution to the particle
surface. 7, is calculated from r,,, (the average, polyelec-
trolyte-to-water ratio (V/V) in the adsorbed polyelectrolyte
layer) which is a function of distance from the RNIP surface
because the volume fraction of adsorbed homopolymer ®(x)
decreases exponentially as a function of distance from the
surface (21),

ALeXp(—Ax)
D)=, i (6)
37+ Axt @)’ — (x+a,)’]
I
deCD(x)dx= Py @)
37lld+a)’— (@)’
__ oW
ey ®

where I is surface excess of adsorbed polyelectrolyte on the
surface of RNIP, g, is the average radius of RNIP, and pj, is
the density of polyelectrolytes. The constant A is obtained
by iteration of eqs 6 and 7. Here, all the parameters with
subscript surfare calculated at x = AL = 2.5 nm. Due to the
exponential distribution of adsorbed polyelectrolyte from
the surface of RNIP (Figure S6b and Figure S7), the aqueous
TCE concentration inside the adsorbed polyelectrolyte layer
is lowest (lowest H simulated in Figure S7) at the surface of
RNIP as this is the region with the highest r,,**%. Conse-
quently, the apparent dechlorination rate is controlled by
the availability, of TCE in the thin but dense polyelectrolyte
layer AL on the particle surface. The choice of AL = 2.5 nm
yields the best modeling fits for all polyelectrolyte-modified
RNIP at the highest surface excess (the last data points of
Figure 2a and Figure S4) using eq 4 (Figure 3). The choice
of AL = 2.5 nm is reasonable in that it is greater than the
backbone on the polyelectrolytes which is ~2—3 A if both
carbon backbones and side chains (e.g., the sulfonate group
of PSS or carboxylic group of CMC and PAP) are adsorbed
flat on the RNIP surface, and as high as ~1 nm if the carbon
backbones are adsorbed flat but the side chains extend
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FIGURE 3. Relationship between kige o™ at the maximum
surface excess and the simulated chg.,,,eP"'V""’“"“ assuming site
blocking only (open symbols) and site blocking and decreased
TCE concentration at the particle surface due to partitioning to
adsorbed loops and trains (filled symbols). Site-blocking alone
overpredicts the rate constants at higher surface excess.

perpendicular to the RNIP surface due to electrostatic
repulsion between the negatively charged surface and the
negatively charged functional groups of the side chains. And
it is in the range expected for, for inner layer dominated by
loops (Figure S7a) where the adsorbed layer is densest and
can decrease the availability of aqueous TCE due to parti-
tioning. It should be noted that the choice of AL from 0.5 to
2.5 nm does not significantly affect the value of this
approximation. Using a AL > 5 nm affects the value of the
approximation, but does not alter the qualitative conclusions.

The correlation between the observed TCE degradation
rate constant, krcg.opsP*Ye°°, for particles having the maxi-
mum adsorbed mass of polyelectrolyte versus the predicted
Frcp-prePOvelect (eq 4) using Hqyr calculated from the measured
surface excess (I'), K, the estimated layer thickness (d) from
ref (2) at the maximum surface excess (Figure 3-filled
symbols), and Krcg.preP¥°"° assuming only site blocking
due to trains (eq 3) (Figure 3-open symbols) is illustrated in
Figure 3. The corresponding ®, r,, and H as a function of
distance from surface are also illustrated in Figure S7.
Assuming site-blocking alone (Figure 3-open symbols)
significantly overpredicts rate constants (slope of4.7) because
it does not consider the effect of partition of TCE to the
adsorbed loops and trains of the polyelectrolyte brush at the
particle surface. The predicted and observed reaction rates
are reasonable when both site blocking and decreased TCE
availability are considered (slope of 0.9). This suggests that
a conceptual model of site blocking and decreased TCE
availability captures the dominant physical phenomena
responsible for the decreased reactivity of polyelectrolyte-
modified RNIP at the maximum surface excess.

Effect of Adsorbed Polyelectrolytes on Byproduct Dis-
tribution. As with bare RNIP tested under similar iron
loadings (17), TCE dechlorination by all polyelectrolyte-
modified RNIP produced no chlorinated reaction intermedi-
ates, acetylene as the primary TCE dechlorination interme-
diate, and ethane and ethene as the major dechlorination
products. Thus, the dechlorination pathways are not affected
by the presence of the adsorbed polyelectrolyte and f-e-
limination remains the dominant TCE dechlorination
pathway (16, 17). Adsorbed polyelectrolyte did, however alter
acetylene accumulation, i.e., the ratio of the acetylene
transformation rate constant (k; + ks = kacy-obs) to the
acetylene formation rate constant (krcg-obs)- The magnitude
of this effect depended on the surface excess (Figure 2b).
Figure 2b shows this effect for PSS70K-modified RNIP, but
the trend is the same for all of the polyelectrolytes evaluated
(Figure S8). There are two distinct regions in these figures
that qualitatively support the conclusion that surface reac-



tivity is affected by both site blocking by trains (region I) and
limited TCE availability due to adsorbed polyelectrolyte
(region II). In region I (low surface excess of adsorbed
polyelectrolyte and the absence of an extended layer), the
ratio of acetylene transformation to its formation for modified
particles relative to bare particles is close to unity. In this
region, adsorbed polyelectrolyte trains affect surface reaction
only by blocking reactive sites, and both acetylene formation
and transformation are affected equally. In contrast, in region
IT (high surface excess of adsorbed polyelectrolyte where an
extended polyelectrolyte layer forms), the ratio of acetylene
transformation to its formation for modified particles relative
to bare particles becomes significantly greater than unity. In
this region, the polyelectrolyte layer limits the availability of
aqueous TCE at the RNIP surface. Because TCE (ko = 263
(25)) is much more hydrophobic than acetylene (ko = 2.34
(25)), the TCE availability is affected by partitioning to the
adsorbed polyelectrolyte layer much more so than acetylene
so therate of TCE dechlorination (hence acetylene formation)
is decreased more than for acetylene transformation, resulting
inless acetylene accumulation and greater ethene and ethane
formation per mol of TCE degraded compared to bare RNIP.

Implications for Applications of NZVI. The magnitude
of the effect of reactive site blocking and decreased TCE
availability on the TCE dechlorination rate constant depends
on the characteristics of the adsorbed polyelectrolyte layer,
which depend on the adsorbed mass, adsorbed layer thick-
ness, and the type of monomer in the polyelectrolyte (2). In
practice, polyelectrolyte-modified RNIP will likely be applied
at the maximum adsorbed surface excess to enhance the
colloidal stability and transport in the subsurface. At the
maximum adsorbed mass, krcg.obs for each of the polyelec-
trolyte-modified RNIP was 5—24 times less than for bare RNIP
(Table 2). The half-life values (z) for TCE for each type of
polyelectrolyte-modified RNIP (2 g/L) are also calculated and
summarized in Table 2. Despite the decrease in activity due
to surface modification by polyelectrolytes, the TCE dechlo-
rination rate and TCE half-life times at the typical application
rate (2 g/L in porewater) should be sufficient for in situ
application. Therefore, for the group of modifiers evaluated
here, the effect of the modifier on TCE reactivity is not likely
to influence the choice of modifier because they are not
substantially different from one another. Rather, the govern-
ing criteria might be the ability of the modifier to enhance
transport (8) and potentially to increase the contact between
NZVI and TCE (3). It should be noted that the conformation
of the adsorbed polyelectrolyte will affect the polymer density
at the surface and therefore their effect on reactivity. The
conformation can be affected by groundwater constituents
such as Ca*" and Mg?", and from Fe?". For example, Ca?"
and Mg?" in groundwater can screen the charge of ionized
groups in the polyelectrolyte (21) or promote dehydration of
both the ions and the polyelectrolyte chains (27). This would
cause the adsorbed polyelectrolyte layer to collapse onto the
particle surface, thereby increasing polymer density at the
NZVI surface. This is especially true for weak polyelectrolytes
such as PAP and CMC. While the effect of Fe?" from Fe’
oxidation is accounted for in this study, the effect of Ca*" or
Mg?" is not and should be evaluated.

Regarding environmental implications of nanotechnology,
surface modification decreases NZVI reactivity. This could
explain the decreased toxicity (assessed by oxidative stress
end points for microglia and neurons) of surface-modified
NZVI compared to bare NZVI as recently reported (28). This
suggests that although surface modification enhances NZVI
migration which might increase the likelihood of NZVI
exposure to organisms, it might decrease the intrinsic toxicity
of the particles. However, whether surface modification will
increase or decrease overall risk of NZVI depends on the
magnitude of its effects on both exposure and toxicity.
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