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A series of polyelectrolytes with controlled molecular weight, a narrow chain-length distribution, and systematic
structural differences were synthesized using atom-transfer radical polymerization and investigated as stabilizers for
magnetite nanoparticles in aqueous suspensions. Structural differences include the degree of polymerization, the chain
architecture, and the identity of the charged functional unit. The synthesized polymers are sulfonated poly-
(2-hydroxyethyl methacrylate), a block copolymer of the former with poly(n-butyl methacrylate), poly(sodium styrene
sulfonate), poly(sodium acrylate), and poly(sodium vinylphosphonate). The colloidal stability is assessed by measuring
the fraction of particles, based on turbidity, that sediment after a period of time at increasing ionic strength. Sedi-
mentation results are complimented by dynamic light scattering determinations of the hydrodynamic diameter of the
particles that remain suspended. When adsorption and sedimentation are conducted at high pH, poly(sodium acrylate)
and poly(sodium vinylphosphonate) yield the most stable suspensions because of their strong coordinative interactions
with the iron oxide surface. At low pH, the polymers that retain pendant negative charges (each of the sulfonated
polymers) yield high stable fractions at all ionic strengths investigated up to 100 mM (NaCl), whereas polyelectrolytes
that become protonated with decreasing pH, poly(sodium acrylate) and poly(sodium vinylphosphonate), lose their
stabilizing capacity even at low ionic strengths. The chain-length distribution profoundly alters a polymer’s stabilization
tendencies. Two poly(sodium acrylate) samples with the same number-average molecular weight but widely different
chain-length distributions proved to have opposite tendencies, with the polydisperse sample being a good stabilizer and
the low polydispersity one being a strong flocculant. This investigation provides guidelines for the design of polymeric
stabilizers for magnetite nanoparticles according to the pH and ionic strength of the intended application.

Introduction

The objective of this work is to provide molecular design
guidance for the development of stabilizers for water-borne iron
oxide nanoparticles on the basis of the pH and ionic strength
conditions of the intended application. Modification of the nano-
particle surface with polymers or low-molecular-weight surfac-
tants is often necessary to improve dispersibility and to facilitate
processing.1 The nature of the surface coating affects many
properties of the underlying nanoparticle, including resistance
to aggregation,2-4 reactivity,5 chemical stability,6,7 and toxicity.8-10

Nanoparticle coatings reduce the tendency to aggregate by
providing repulsive forces between particles.11 Low-molecular-
weight ionic surfactants can provide electrostatic stabilization via
electrostatic double-layer repulsion. Neutral polymers provide
steric repulsions and polyelectrolytes provide electrosteric repul-
sions that tend to remain rather strong even at elevated ionic
strengths that would normally screen electrostatic double layer
repulsions.12 Particles that are particularly difficult to stabilize,
including ferro- or paramagnetic nanoparticles,may require poly-
electrolyte coatings in order to generate sufficiently robust repul-
sive forces between particles.

Iron oxide nanoparticles are a class ofmaterials with a growing
list of potential applications,13 includinghigh-density information
storage,14 drug delivery,15-17 molecular imaging,18,19 and hyper-
thermia for cancer treatment.20,21 An emerging application is the
use of nanoscale zerovalent iron (NZVI) for the in situ reduction
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of groundwater contaminants.22-27 NZVI particles have Fe0

cores with iron oxide shells. The field application of NZVI for
groundwater remediation is complicated by the strong tendency
of the magnetic nanoparticles to aggregate in suspension and
adhere to soil surfaces.28 The adsorption of anionic polyelectro-
lytes mitigates these effects and allows NZVI to be transported
to the contaminant source zone.29-34 Magnetic nanoparticles in
general are highly prone to aggregation because of long-range
magnetic and van der Waals attractive forces, and robust stabi-
lizers are typically required to prevent particle flocculation and
sedimentation.13,35 A variety of stabilizers have been explored for
this purpose, including neutral polymers,36-38 metal shells,39,40

and polyelectrolytes.2,41,42

Nanoparticle surfaces can be coated with polymer by adsorp-
tion43 or by grafting.44,45 Although it cannot normally achieve
chain densities on the surface that are as high as those from
grafting to or grafting from methods, adsorption is the most
versatile attachment mechanism and is applicable to a broad
range of particles and polymers. Polyelectrolyte adsorption is a
complex process that is influenced by the polymer charge density,
the particle surface charge sign and density, and the ionic strength
of the surrounding medium.43,46

In addition to the physical and/or chemical affinity for the sur-
face, a polyelectrolyte also experiences electrostatic repulsions be-
tween neighboring polymer segments and electrostatic interactions

with a charged particle surface. Each of these interactions can be
strongly affected by the pH of the adsorption medium, which is
thus a critical variable during polyelectrolyte adsorption, espe-
cially when the particle substrate is titratable, such as a metal
oxide. For iron oxides, the isoelectric point is typically in the
neutral range (i.e., pH 6 - 8). Depending on the nature of the
pendant ionizable groupson the polyelectrolyte, its charge density
mayormaynot dependonpH.For example, poly(styrenesulfonic
acid) is strongly acidic and therefore remains fully dissociated in
typical pH ranges (i.e., 1-14), but poly(acrylic acid) has a much
lower acid dissociation constant and is therefore only partially
charged at intermediate pH values. The former is classified as
a strong polyelectrolyte, and the latter is classified as a weak
polyelectrolyte. Therefore, depending on the nature of the poly-
electrolyte and particle, adsorption and colloidal forces are highly
dependent on the pH and ionic strength.

The extent to which an adsorbed polymer layer can prevent
nanoparticle aggregation and sedimentation depends on its char-
acteristics, in particular, the adsorbed mass, extended layer thick-
ness, and charge density.11 These characteristics are influenced by
various properties of the polymer, including the molecular weight,
chain-length distribution, composition, architecture, type of
charged group, and degree of ionization.43 To deduce a mean-
ingful relationship between the nature of the polymer and the
behavior of the polymer-coated nanoparticle, each of the relevant
properties of the polymer must be controlled and well-character-
ized. To these ends, controlled radical polymerization (CRP)
techniques can be employed to prepare polymers with predeter-
mined, systematic structural differences with controlledmolecular
weight and a narrow molecular weight distribution.47,48

One of the most widely utilized CRP techniques, atom-transfer
radical polymerization (ATRP),49-51 has been used to synthesize
a variety of sophisticated materials52 including block53,54 and
gradient copolymers,55 star- and brush-shaped polymers,56-60

and organic-inorganic hybrid materials.61-64 Its utility in stabi-
lizer development was previously highlighted by the synthesis of a
systematic library of amphiphilic block copolymer stabilizers for
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pigment particles.65 In addition, we have previously explored
triblock copolymers prepared by ATRP as surface coatings for
NZVI and have demonstrated that the polymers enhanced trans-
port through sand and soil columns and prevented adhesion to
silica surfaces.34,66,67

In this article, we synthesize by ATRP of a variety of polyelec-
trolytes with systematic structural differences in narrowmolecular
weight distributions and compare their effectiveness as stabilizers
for magnetite nanoparticles. These structural differences include
the degree of polymerization, architecture (homo- vs diblock
copolymer), and charged unit (sulfonate vs carboxylate vs phos-
phonate). The synthesized polymers are sulfonated poly(2-hydro-
xyethyl methacrylate) (PHEMA-SO3

-Naþ), an amphiphilic block
copolymer of poly(n-butylmethacrylate) andPHEMA-SO3

-Naþ

(PnBMA-b-PHEMA-SO3
-Naþ), poly(sodium styrene sulfonate)

(PNaSS), poly(sodium acrylate) (PNaA), and poly(sodium vinyl
phosphonate) (PNaVP) (Scheme 1). The only polymer not syn-
thesized by ATRP was PNaVP because it was available in a
narrow molecular weight distribution from a commercial source.
Polymer Design Considerations. The polymers were de-

signed to exhibit functional groups that provide a range of inter-
actions between polymer chains and the surfaces of iron oxide
nanoparticles. Each polymer exhibits a high density of an anionic
functional group and a hydrophobic backbone composed of
carbon-carbon bonds. Adsorption at pH below the magnetite
isoelectric point will be influenced by the electrostatic attrac-
tion of the polyelectrolyte to the surface, whereas electrostatic
repulsions act against adsorption at high pH for any of these
polyelectrolytes.

Nonelectrostatic driving forces for adsorption are important as
well, particularly when adsorption occurs against the electrostatic
repulsion at high pH. The adsorption of PHEMA-SO3

-Naþ,
PnBMA-b-PHEMA-SO3

-Naþ, and PNaSS in water should be
driven by poor solvent quality for the hydrophobic portions of
each polymer. In addition to the carbon-carbon backbone, the
block copolymer also contains a short, strongly hydrophobic
anchoring block (PnBMA), and PNaSS contains a hydrophobic
phenyl group on each monomer unit. It should be noted that
sulfonate groups may also coordinate to iron oxide, primarily at
low pH,68 but the extent towhich this affects the adsorption of the
sulfonated polymers onto magnetite is unknown. The adsorption
of PNaA or PNaVP should be driven mainly by the formation of
coordinative covalent bonds between carboxylate or phosphon-
ate groups, respectively, and themagnetite surface.On thebasis of
the binding strengths of various surfactants with phosphonate,

carboxylate, or sulfonate headgroups onto iron oxides,69-72 we
expect the interaction strength between the magnetite surface and
the pendant functionality of each polymer to increase in the
following order: sulfonate < carboxylate < phosphonate.

The use of PNaA and PNaVP introduces another variable into
the stabilizing performance of each polymer: loss of charge with
decreasing pH. Unlike the sulfonated polymers, PNaA and
PNaVP are weak polyelectrolytes that exhibit a decreasing extent
of ionization with decreasing pH. Therefore, these polymers may
demonstrate a significant decrease in stabilizing capacity at low
pH, despite their anticipated superior performance at high pH.

The polymer structure effect on magnetite colloidal stability
was assessed by measuring the fraction of particles that sediment
after a period of time at increasing ionic strength, as reported
by turbidity changes and interpreted via dynamic light scatter-
ing measurements of average particle hydrodynamic diameter.
Polymer-magnetite suspensionswere prepared at pHvalues both
above and below the bare particle isoelectric point (i.e., pH 3 to 4
and 9 to 10). Because the ability of an adsorbed surface modifier
to prevent nanoparticle aggregation depends on the adsorbed
mass of polymer, this was measured for each polyelectrolyte-
magnetite suspension.

Experimental Section

Materials. Reagents and Polymers. All polymerization
reagents were purchased from Sigma-Aldrich (St. Louis, MO)
unless otherwise specified. Monomers 2-hydroxyethyl methacry-
late (HEMA), n-butyl methacrylate (nBMA), styrene, and t-butyl
acrylate (tBA) were passed through a column of basic alumina to
remove the inhibitor prior to polymerization. The catalyst CuBr
(98%) was purified by washing with glacial acetic acid, followed
by 2-propanol. The following reagents were used without further
purification: ligands 2,20-bipyridine (bpy) and 4,40-dinonyl-2,20-
bipyridine (dNbpy); initiators ethyl 2-bromoisobutyrate (EBiB)
andmethyl2-bromopropionate (MBP); catalystsCuCl (99.995þ%),
CuCl2, and CuBr2; reducing agent tin(II) 2-ethylhexanoate
(Sn(EH)2); and solvents dimethylsulfoxide (DMSO), dimethyl-
formamide (DMF), anisole, and tetrahydrofuran (THF). Ligands
tris[(2-dimethylamino)ethyl]amine (Me6TREN) and tris[(2-pyri-
dyl)methyl]amine (TPMA) were purchased from ATRP Solu-
tions (Pittsburgh, PA) and used without further purification. All
liquid reagents were deoxygenated by bubbling with N2 prior to
polymerization. Poly(vinylphosphonic acid) (30 wt % aqueous
solution, Mn=19 400 g/mol, Mw/Mn = 1.24 as listed by the
manufacturer) was purchased from Polysciences, Inc. and neu-
tralized with NaOH before use. Commercial poly(acrylic acid)
(PNaA592, 35 wt % aqueous solution, Mn = 42700 g/mol, Mw/
Mn=2.5 as measured by size-exclusion chromatography) was
purchased from Sigma-Aldrich (St. Louis, MO) and neutralized
with NaOH before use.

Particles. Magnetite nanoparticles (98þ%) were purchased
from NanoAmor (Houston, TX). The particles were washed
before use by successive cycles of sonication, centrifugation, and
resuspension. Specifically, a 50 g/L stock suspension was pre-
pared by dispersing magnetite powder in deionized water using a
bath sonicator (Branson 5200, Branson Ultrasonic Corp., Dan-
bury, CT) for 15 min. The dispersion was then centrifuged for 15
min at 6000 rpm (Marathon 26KM, Fisher Scientific, Pittsburgh,
PA). The supernatant was removed, and fresh deionized water
was added. This cycle of sonication and centrifugation was
repeated a total of three times. The washed particles were then
redispersed in fresh deionized water using an ultrasonic probe
(550 sonic dismembrator, Fisher Scientific, Pittsburgh, PA) at
power level 3 for 30min to break up large aggregates. The typical
volume of the particle suspension was ∼50 mL.

Polymer Synthesis and Characterization. Full descriptions
of polymer synthesis and analysis methods are provided in the

Scheme 1. Polyelectrolyte Structures
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Supporting Information. The following polymers were synthe-
sized, where subscripts indicate the degree of polymerization of a
particular unit: PHEMA664-SO3

-Naþ, PnBMA78-b-PHEMA634-
SO3

-Naþ, PNaSS682, PNaA622, and PNaA157 (Scheme 1). All
polyelectrolytes were prepared as the sodium salt of the pendant
anionic groups. The number-average molecular weight Mn, the
molecular weight distributionMw/Mn, and the fraction of repeat
units with substituted ionic groups are listed for each polymer in
Table 1.

Each polymer used in this work exhibits a narrow molecular
weight distribution (Mw/Mn < 1.5), a predetermined degree of
polymerization, and a high charge density (Table 1). The poly-
mers all bear pendant negative charges, whichmust be introduced
along the chains after the polymers have been synthesized. This is
due to the limited capacity of ATRP in polymerizing acidic mono-
mers in a controlled fashionbecause thesemonomers tend to interact
with the copper-based catalytic complex. PHEMA-SO3

-Naþ and
its block copolymer were prepared by the reaction of PHEMA
with chlorosulfonic acid, which transforms the polymer’s pendant
hydroxyl groups to strongly acidic sulfonate moieties. This reac-
tion typically resulted in the introductionof sulfonate groupsonto
60-70% of the polymer repeat units, as determined by elemental
analysis. PNaSS was synthesized by the reaction of polystyrene
with acetyl sulfate, which is a mild sulfonating agent that is
generated in situ by mixing acetic anhydride with concentrated
sulfuric acid. This reaction can be employed to prepare poly-
(styrenesulfonic acid) with nearly any degree of sulfonation by
changing the ratio of PS to acetyl sulfate while avoiding side
reactions such as cross linking and polymer degradation.73 For
this study, a high extent of sulfonate group incorporation
(>90%) was desired and achieved, as indicated by 1H NMR
spectroscopy. PNaA was prepared by reacting poly(t-butyl acry-
late) (PtBA) with trifluoroacetic acid. The tert-butyl units can be
easily cleaved from the polymer repeat units upon exposure to
acid, and this procedure is often employed to transform PtBA to
poly(acrylic acid) quantitatively. PNaVP was obtained from a
commercial source because of some difficulty in preparing phos-
phonate-based polymers by ATRP and the commercial avail-
ability of poly(vinylphosphonic acid) with an appropriate degree
of polymerization and a narrow molecular weight distribution.

Nanoparticle Characterization. The electrophoretic mobil-
ities (EPM) of bare and polymer-modified magnetite particles
were measured in triplicate using a Malvern Zetasizer 3000
(Malvern Instruments Ltd.,Worcestershire, U.K.). EPM for bare
particles was converted to a zeta potential using the Smoluchowski
relationship. The suspensions were 10 mg/L magnetite in 1 mM
NaHCO3 for bare particles and also for polymer-modified parti-
cles at high pH. EPM measurements were conducted in 1 mM
NaCl for polymer-modified magnetite at low pH. Intensity-
average particle hydrodynamic diameters were measured via
dynamic light scattering (DLS) using a Malvern Zetasizer Nano
ZS (Malvern Instruments Ltd., Worcestershire, U.K.). The
N2-BET specific surface area ofmagnetite was determined using a
NOVA 2200 BET surface-area analyzer (Quantachrome Instru-
ments, Boynton Beach, FL).

Adsorption Isotherms. Polyelectrolyte adsorption isotherms
on magnetite were measured by the solution depletion method.
Suspensions were prepared by adding an appropriate aliquot of
polymer stock solution to an aqueous NaCl solution or deionized
water and adjusting the pH to 3 to 4 or 9 to 10 using HCl or
NaOH, respectively. Magnetite stock suspension aliquots were
then added, and the samples were immediately capped and
agitated. Each suspension contained 6 g/L magnetite, 10 mM
NaCl, and a polymer concentration in the range of 10-2000mg/L
for a total suspension volume of 30 mL in a 60 mL glass bottle.
The samples were rotated end over end at 30 rpm for 18-24 h at
room temperature. Twentymilliliters of each suspensionwas then
centrifuged for 80 min at 42 275g (27 500 rpm, Sorvall Ultracen-
trifuge OTD65B, Thermo Fisher Scientific, Pittsburgh, PA) to
separate the particles from supernatant. A portion of the super-
natant was removed using a pipet, being careful not to disturb or
remove the sedimented nanoparticles. The concentration of non-
adsorbed polymer in the supernatant was determined by total
organic carbonanalysis (OIAnalytical, College Station,TX). The
adsorbed mass was calculated from the difference between the
initial and final polymer concentrations. The concentration of
iron in each suspension was measured by atomic absorption
spectroscopy (GBC 908AA) after acid digestion of 150 μL of a
particle suspension in 2 mL of concentrated HCl prior to cen-
trifugation.Amultiplicative factor of 1.38was used to convert the
measured mass of iron to an equivalent mass of magnetite, which
takes into account the oxygen content ofmagnetite. The adsorbed
masswas then expressed as a surface concentration, using the area
calculated from the measured magnetite mass concentration and
its specific surface area. Each isotherm point corresponds to the
average of duplicate or triplicate measurements.

Magnetite Stability and Sedimentation. Magnetite aggre-
gation was monitored by the turbidity change accompanying
sedimentation.Aggregationpromotes sedimentationanddecreases
suspension turbidity. For each polymer, the samples with the
highest adsorbed amount (prepared using a polymer concentration
of either 1000 or 2000 mg/L) were used for stability testing. After
centrifuging and removing the supernatant, the polymer-modified
particles were washed by adding 20 mL of deionized water
and centrifuging for 40 min at 42275g (27500 rpm). The washed
particles were redispersed in 20 mL of polymer-free, deionized
water using the ultrasonic probe at power level 3 for 5 min. This
leaves the particles coated only by irreversibly adsorbed polymer.
ThepHof the redispersed suspensionwas adjusted tomatch thepH
during adsorption. Each suspension was allowed to stand undis-
turbed for ∼18 h, after which the upper 15 mL of suspension was
removed in order to be used for sedimentation measurements. The
optical absorbance of 800mg/L particle suspensions wasmeasured
by UV-vis spectrophotometry (Varian Cary 300, Palo Alto, CA)
at 800 nm for 24 h to monitor sedimentation. All measurements
were conducted at 25 �C in duplicate.

Aggregation was also monitored by dynamic light scattering
(DLS). The washed particles were sonicated for 5 min using the
ultrasonic probe. Suspensions (800 mg/L) were prepared, the pH
was adjusted tomatch the pHduring adsorptionas above, and the
suspensions were sonicated for 2 min in a bath sonicator. Im-
mediately thereafter, initial particle size distributions were mea-
sured by DLS at 25 �C. The DLS instrument operates with
backscattering detection, allowing for measurements at these
relatively high particle concentrations (800 mg/L). After 24 h of
sedimentation, 1mLwas pipetted from the top stable fraction and
used to remeasure particle size distributions byDLS to determine
whether the well-suspended fraction contained individual parti-
cles that resisted aggregation or merely particles that had aggre-
gated to a small degree but remained suspended.

Results and Discussion

Particle Characteristics. The intensity-weighted-average
particle diameter measured by dynamic light scattering at pH 9

Table 1. Molecular Weight, Molecular Weight Distribution, and

Percentage of Charged Repeat Units in Polyelectrolytes Used in

Adsorption and Sedimentation Experiments

polymer Mn, g/mol Mw/Mn

mol % of
ionic groups

PHEMA664-SO3
-Naþ 132 000 1.48 68

PnBMA78-b-PHEMA634-SO3
-Naþ 131 000 1.27 58

PNaSS682 116 000 1.29 >90
PNaA157 14 400 1.12 >90
PNaVP180 19 400 1.24 >90

(73) Baigl, D.; Seery, T. A. P.; Williams, C. E. Macromolecules 2002, 35, 2318–
2326.
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in the absence of added salt was 170 ( 120 ((half-width at half-
maximum of the log-normal intensity-weighted size distribution).
Its specific surface area was determined by BET surface area
analysis to be 74 m2/g. The isoelectric point was measured to be
pH 5.6 (Figure 1).
Functional Importance of Low Polymer Polydispersity.

Each of the polymers was designed to exhibit a similar 600-700
repeat unit degree of polymerization of the polyelectrolyte block.
However, a modification in the chain length of PNaAwas needed
after the first adsorption experiments were conducted with
PNaA622. All magnetite suspensions normally appear to be very
dark after washing and redispersing the particles, including
suspensions of bare magnetite. However, the freshly prepared
suspension of magnetite coated with PNaA622 (Mw/Mn=1.15)
quickly separated into a sedimented layer of particles on the
bottom and clear supernatant on the top at pH 9 to 10 (Figure 2).
This instability was still observed after washing the particles and
attempting to resuspend them in polymer-free solution.

This contrasted sharply with a commercially available version
of PNaA that had a similar degree of polymerization (PNaA592,
Sigma Aldrich). This was used for preliminary sedimentation
experiments and performed very well as a nanoparticle stabilizer
(Figure 2). The commercial polymer had nearly the same number-
average degree of polymerization as the PNaA synthesized by
ATRP, yet PNaA592 (commercial) was an excellent magnetite
nanoparticle stabilizer and PNaA622 (ATRP) was an excellent
flocculant. The rapid particle settling in the presence of PNaA622

is an indication of bridging flocculation because, as noted above,
even bare magnetite suspensions will remain dark and well
suspended after centrifugation, washing, and redispersing at these
pH values. That the flocculation was due to bridging and not
depletion flocculation is indicated by the fact that the aggregated
particles could not be resuspended after washing and attempting
to redisperse in polymer-free water.

The dramatically different behavior of the two similar poly-
mers highlights the importance of controlling the chain-length
distribution of the polymeric stabilizer. Although the number-
average molecular weights of each PNaA are similar, the molec-
ular weight distributions are different. Commercial PNaA592 has
a broad molecular weight distribution (Mw/Mn = 2.5), but
PNaA622 synthesized by ATRP has a narrow molecular weight
distribution (Mw/Mn=1.15).Whenadsorbing frompolydisperse
polymer solutions, it is well established that the smaller chains
tend to adsorb first because of their larger diffusion coefficients,
whereas at longer times the larger chains eventually displace the

smaller ones.We propose that the low-molecular-weight chains in
the polydisperse commercial sample adsorb rapidly and presatu-
rate the surface before larger chains that would be more likely to
bridge bare particles are able to adsorb. Therefore, despite the
relatively high average molecular weight of commercial PNaA,
the low-molecular-weight chains in the sample are probably
acting as particle stabilizers on the short timescale of the initial
particle/polymer contact (Figure 3). After a longer period of time,
large chains would displace small ones but the relative lack of
open surface area will hinder bridging by the late adsorbing
chains. Although the PNaA synthesized by ATRP exhibits a
similarly high average molecular weight, the much lower molec-
ular weight chains are no longer present in the significantly
narrowed molecular weight distribution. Because only relatively
long polymer chains are available to interact with the magnetite
surface, the polymer may act as a bridging flocculant (Figure 3).
This observation of opposite stabilizing/flocculating behavior for
polymer samples that have essentially the same number-average
degree of polymerization illustrates in a dramatic fashion how
critical it is to control not only the average molecular weight but
also the molecular weight distribution in a systematic study of
polymeric stabilizers.

A lower-molecular-weight polymer was thus synthesized by
ATRP in place of PNaA622. This new material, PNaA157, per-
formed very well as a nanoparticle stabilizer at high pH, as will be
discussed in greater detail below. The high stabilizing capacity of
this lower-molecular-weight polymer with a narrow chain-length
distribution provides further evidence for the stabilizing role of
the low-molecular-weight PNaA chains in the polydisperse com-
mercial sample.

Polymer Adsorption onto Magnetite Nanoparticles

Adsorption at High pH. Adsorption experiments were con-
ducted on either side of the magnetite isoelectric point (IEP),
specifically pH 3 to 4 or pH 9 to 10 (Figure 1). The concentration
of NaCl was held at approximately 10 mM in order to maintain
constant ionic strength, and the pH was adjusted just prior to
adsorption by the addition of dilute HCl or NaOH.

The surface concentration of adsorbed polymer was deter-
mined by the solution depletion method. This is an indirect
measurement of adsorbed mass that involves several dilution
and material handling steps. Therefore, it is not uncommon to
observe an appreciable amount of variability in the values
obtained for surface excess concentration during duplicate ex-
periments, especially at highpolymer concentrationwhere a lower

Figure 1. Zeta potential vs pH for 10mg/Lbaremagnetite suspen-
sions in 1 mMNaHCO3. The isoelectric point is 5.6.

Figure 2. Appearance of∼6 g/L suspensions of magnetite coated
with PNaA622 as synthesized by ATRP (left) and commercially
available PNaA592 (right) after standing undisturbed in polymer-
free deionized water for 10 min at pH 9 to 10.
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percentage of the added polymer is adsorbed. In addition, because
polymer adsorption frequently results in persistent nonequili-
brium states, where the adsorbed amount and/or chain confor-
mation distributions depend on the rate of adsorption and sample
history, these experiments are rather sensitive to adsorption
conditions. A very consistent experimental technique is required
to obtain reproducible results.

Adsorption isothermswere firstmeasured at pH>9,where the
particle surface is strongly negatively charged. The polymers used
in this investigation are also negatively charged in this pH range.
We therefore expect the interaction between the particle surface
and polymer to be limited by electrostatic repulsions. The adsorp-
tion isotherms for several polyelectrolytes on magnetite at high
pH are shown in Figure 4. An adsorption isotherm for PNaVP180
is not shown because the adsorbedmasses could not be accurately
measured, most likely because they are too small.

Despite the scatter at high polymer concentrations, the trends
in the data are consistent and clear. For adsorption at high pH,
each polymer exhibits a low affinity for the particle surface, as
evidenced by the very gradual increase in adsorbed mass with
increasing polymer concentration. In addition, the plateau values
for adsorbed mass are relatively low (<1 mg/m2) for each poly-
mer compared to the results obtained at lowpHthatwill be shown
below. This is due to electrostatic repulsions between like charges
among polymers and particles and also to strong intramolecular
electrostatic repulsions that increase the chain stiffness. However,
all of the polymers adsorb to the magnetite surface despite the
presence of electrostatic repulsions, which indicates that there are
nonelectrostatic driving forces for adsorption. As explained above,
we expect PHEMA-SO3

-Naþ, PnBMA-b-PHEMA-SO3
-Naþ,

and PNaSS to be driven to the surface mainly because of poor
solvent quality for the hydrophobic portions of these polymers.
PNaA and PNaVP can coordinate strongly with the iron oxide
surface and therefore are able to adsorb against the electrostatic
repulsion. Although a reproducible adsorbed mass for PNaVP
could not be measured, we know that this polymer adsorbs to the
surface to some extent because of the dramatic difference in
particle stability before and after exposure to this polymer, which
will be detailed shortly.

The maximum surface excess concentrations achieved for each
polymer on magnetite are summarized in Table 2. There is no
significant difference between the maximum surface excess con-
centrations for each polymer onmagnetite, despite the differences
in polymer composition. This result is similar to that of a recent
study of the adsorption of poly(styrene sulfonate), polyaspartate,
and carboxymethylcellulose on NZVI, which also demonstrated
that polymer composition had almost no measurable effect on
adsorbedmass at high pH, where both the particles and polymers

are negatively charged.2 It is noteworthy that amphiphilic block
copolymer PnBMA78-b-PHEMA634-SO3

-Naþ did not produce a
greater surface excess concentration than did the PHEMA664-
SO3

-Naþ homopolymer, indicating the inability of the hydro-
phobic PnBMA block to anchor chains in an extended brush
configuration.Despite its electrostatic repulsion from the surface,
the sulfonated PHEMAblock evidently competes effectively with
the hydrophobic block for adsorption and is not properly
displaced from the surface to form a brush.
Adsorption at Low pH.Adsorptionwas nextmeasured at pH

values at or below the isoelectric point of magnetite, where the
particle surface becomes positively charged. Under these condi-
tions, there are electrostatic attractions between the positively
charged particle surface and anionic polyelectrolytes that will
encourage adsorption. The polyelectrolytes with pendant sulfo-
nate units (PHEMA-SO3

-Naþ, PnBMA-b-PHEMA-SO3
-Naþ,

and PNaSS) maintain a high charge density throughout the pH
range of these experiments, and the polymers with carboxylate
and phosphonate groups (PNaA and PNaVP) become proton-
ated and lose negative charge at low pH values. This loss of
charged groups will reduce intra- and interchain electrostatic
repulsion and thus will allow the polymer chains to pack more
densely on the particle surface. Therefore, we expect higher
adsorbed masses to be measured for all of these polymers when
adsorption is conducted at lowpH, compared to the adsorption at
high pH. It has been demonstrated previously that adsorbed
masses of polyelectrolytes on like-charged particles are substan-
tially lower than on oppositely charged particles.74,75 The values
for themaximumsurface excess concentrationof eachpolymer on
magnetite are listed inTable 3.Full adsorption isothermswere not

Figure 3. Cartoon showing interactions of nanoparticles with polymers of different molecular weights and chain-length distributions. From
left to right, the polymers are a low average molecular weight and narrow chain-length distribution (e.g., PNaA157, ATRP), a high average
molecular weight and narrow chain-length distribution (e.g., PNaA622, ATRP), and a high averagemolecular weight and broad chain-length
distribution (e.g., PNaA592, commercial).

Figure 4. Adsorption isotherms for PHEMA664-SO3
-Naþ (0),

PnBMA78-b-PHEMA634-SO3
-Naþ (2), PNaSS682 (b), and

PNaA157 ()) on magnetite at pH ∼9.
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measured at lowpH.The samepolymer concentration (2000mg/L)
was used during all adsorption experiments. This value corre-
sponded to the maximum adsorption condition at high pH.
Because our objective is to compare the stabilizer effectiveness,
the purpose was to choose a polymer concentration that would
provide at least asmuch adsorption at themore favorable low pH
as the highest possible adsorbed amount achieved at high pH.

The polymer surface excess concentrations on magnetite at
lower pH are 2-10 times higher than the maximum values mea-
sured at high pH. There are differences in the adsorbed amount
that correlate with the polymer composition and its expected
conformation on the particle surface. Homopolymers PHEMA-
SO3

-Naþ, PNaSS, and PNaA displayed similar surface excess
concentrations, and the adsorbed mass of block copolymer
PnBMA-b-PHEMA-SO3

-Naþ was nearly 3 times higher than
those of the homopolymers.

If the short anchor block can effectively displace the “non-
adsorbing” or “buoy” block and efficiently pack onto the particle
surface, then it will leave the long buoy block free to extend away
from the surface and create a brush. This results in a higher
surface excess concentration.43 Often, the ostensible anchor block
is not able to displace themore hydrophilic buoyblock if the latter
is surface-active, in which case brush formation is inhibited,76 as
evidently occurred at high pH in this system. The apparent ability
of PnBMA78-b-PHEMA634-SO3

-Naþ to form a brush only at
low pH where the strong polyelectrolyte PHEMA-SO3

-Naþ

block is electrostatically attracted to the surface is remarkable,
given that the block copolymer was not able to achieve the high
surface excess concentration that one would expect of a brush at
highpHwhere the buoyblock is electrostatically repelled from the
surface The PNaVP homopolymer exhibits the lowest adsorbed
mass at low pH, similar to the results obtained at high pH. This is
consistent with the polymer assuming a very flat conformation on
the particle surface, which is most likely due to the strong binding
between phosphonate groups and the iron oxide surface.

It must be noted that although the intended pH range of these
adsorption experiments was 2-4, the actual pH during the
adsorption of PNaA157 and PNaVP180 was 6.0 and 4.4, respec-
tively (Table 3). The polymer concentration in the adsorption
suspensions is relatively high (2000 mg/L), and PNaA (pKa =
4.877) and PNaVP (pKa = 2.6 and 7.378) can act as buffers in the
pH range around their pKa values. Therefore, it was difficult to
reduce the pH of these suspensions to the intended range. Con-
tinuously adding more acid to each reactor would increase the
ionic strength beyond a level that would be comparable to the
other experiments, and thus the pH during the adsorption of the
weak polyelectrolytes was allowed to remain relatively high. It is
reasonable that the adsorbed masses of these polymers on mag-
netite are higher under these conditions compared to the values
obtained at pH 9 to 10 as a result of a substantial reduction in
electrostatic repulsions between polymer and particle (isoelectric
point≈ pH 5.6) and also among polymer chains at the lower pH.

Sedimentation of Polymer-Magnetite Suspensions

Magnetite Suspension Stability at High pH. Polyelectro-
lyte adsorption can enhance nanoparticle resistance to aggrega-
tionand thereby decrease the sedimentation rate of the dispersion.
We assess the colloidal stability by monitoring the optical density
(at 800 nm) of bare and polymer-coated magnetite suspensions
over time and normalizing the optical density by its initial
value.2,30,79 The particles are washed in order to remove excess
polymer before conducting sedimentation experiments because
reversible flocculation and rapid sedimentation were observed
before washing. This is caused by the depletion attraction created
by unadsorbed polyelectrolytes in solution.80 Particles were read-
ily resuspended after being washed in polymer-free solution,
consistent with the reversibility of depletion flocculation that
occurs in a secondary minimum when the depletion attraction is
initially superimposed on an electrosteric repulsion.

The stabilizing capacity of each polymer was challenged by
resuspending the polymer-modified particles in polymer-free
NaCl solutions of increasing ionic strength. This screens the
electrostatic double layer contribution and also weakens electro-
steric repulsions. The pH was adjusted to the desired value after
resuspension. The first series of sedimentation experiments uti-
lized the polymer-magnetite suspensions that were prepared at
high pH. Sedimentation profiles for each such suspension at
pH ∼9 are shown in Figure 5.

The sedimentation profiles typically exhibit an initial aggrega-
tion period during which the optical density increases as the ag-
gregates grow, followed by a sedimentation period during which
the optical density decreases as the aggregates settle to the bottom.
The normalized optical density after 24 h is used empirically to
compare the performance of each polymer as a nanoparticle
stabilizer. These 24 h stable fraction values are shown for each salt
concentration tested in Figure 6.

Increasing the salt concentration in each suspension provides
an effective way to discriminate between the stabilizing capacities
of each polymer. At 0 mM NaCl, all magnetite suspensions are
stable, including the bare particles.When theNaCl concentration
is increased to 10 mM, bare magnetite quickly aggregates and
sediments and all polymer-modified nanoparticle suspensions
remain stable. As the salt concentration is increased further to

Table 2. Surface Excess Concentrations on Magnetite after

Adsorption at pH 9 to 10

polymer
maximum surface excess
concentration (mg/m2)

pH during
adsorption

PHEMA664-SO3
-Naþ 0.68 ( 0.26 9.5

PnBMA78-b-
PHEMA634-SO3

-Naþ
0.32 ( 0.005 9.5

PNaSS682 0.62 ( 0.15 9.5
PNaA157 0.54 ( 0.33 10.0
PNaVP180 N/A 9.0

Table 3. Surface Excess Concentrations on Magnetite after

Adsorption at Low pH

polymer
surfaceexcess concentration

(mg/m2)a
pH during
adsorption

PHEMA664-SO3
-Naþ 1.4 ( 0.059 2.1

PnBMA78-b-PHEMA634-
SO3

-Naþ
4.0( 0.79 2.1

PNaSS682 1.4( 0.28 2.1
PNaA157 1.7( 0.039 6.0b

PNaVP180 0.75( 0.39 4.4b

aMeasured at Ceq = 2000 mg/L polymer. b See the text for an
explanation of the pH.

(74) Chibowski, S.; Patkowski, J.; Grzadka, E. J. Colloid Interface Sci. 2009,
329, 1–10.
(75) Nsib, F.; Ayed, N.; Chevalier, Y. Prog. Org. Coat. 2007, 60, 267–280.
(76) Pagac, E. S.; Prieve, D. C.; Solomentsev, Y.; Tilton, R. D. Langmuir 1997,

13, 2993–3001.

(77) Davidson, R. L., Ed. Handbook of Water-Soluble Gums and Resins;
McGraw-Hill: New York, 1980; p 657

(78) Ziegler, A.; Landfester, K.;Musyanovych, A.Colloid Polym. Sci. 2009, 287,
1261–1271.

(79) Comba, S.; Sethi, R. Water Res. 2009, 43, 3717–3726.
(80) Pagac, E. S.; Tilton, R. D.; Prieve, D. C. Langmuir 1998, 14, 5106–5112.
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50 mM NaCl, the suspension of magnetite coated with PHE-
MA664-SO3

-Naþ completely sediments and the suspension with
PnBMA78-b-PHEMA634-SO3

-Naþ experiences a significant de-
crease in its stable fraction. Polymers PNaSS682, PNaA157, and
PNaVP180 remain effective stabilizers in 50mMNaCl. In 100mM
NaCl, the only polymer that continues to yield stable magnetite
suspensions is PNaVP180. The stabilizing capacity of the polymers
increases in the following order: PHEMA664-SO3

-Naþ ,
PnBMA78-b-PHEMA634-SO3

-Naþ < PNaSS682 < PNaA157

, PNaVP180.
Colloidal stability at high pH correlates with the interaction

strength between polymer and particle. Differences in stabilizing
effectiveness cannot be attributed in any way to differences in
adsorbed mass because the adsorption isotherms demonstrated

that there are insignificant differences in the adsorbed mass
of each polymer on magnetite (with the exception of the best
stabilizer at high pH, PNaVP, for which adsorption could not be
detected by the solution depletion method).
Magnetite Suspension Stability at Low pH. Sedimentation

experiments were next conducted with the polymer-magnetite
suspensions prepared at low pH. The pH of each sample, after
washing and resuspension in polymer-free electrolyte solution,
was adjusted to 3 to 4 before themeasurement. This applies also to
the PNaA and PNaVP systems for which the pH could not be
lowered to that extent during adsorption. The values for
normalized optical density after 24 h are shown in Figure 7
(sedimentation curves are provided in Supporting Information
Figure SI1). Strong polyelectrolytes PHEMA664-SO3

-Naþ,

Figure 5. Sedimentation profiles of bare and polymer-coated magnetite (800 mg/L in 1 mM NaHCO3) at pH ∼9 and increasing salt
concentration, as measured by UV-vis spectrophotometry at 800 nm. The optical density is normalized by its value at time zero. NaCl
concentrations are 0 (-), 10 (---), 50 ( 3 3 3 ) and 100 mM ( 3 - 3 ). The polymeric stabilizers are none, PHEMA664-SO3

-Naþ, PnBMA78-b-
PHEMA634-SO3

-Naþ, PNaSS682, PNaA157, and PNaVP180.
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PnBMA78-b-PHEMA634-SO3
-Naþ, and PNaSS682 all provide

high stable fractions up to 100 mM NaCl. The superior perfor-
mance of these polymers at lower pH compared to their perfor-
mance at high pH is most likely due to the greater amount of
polymer that was able to adsorb to the magnetite surface at low
pH than at high pH.

In contrast, weak polyelectrolytes PNaA157 andPNaVP180 that
were good stabilizers at high pH actually destabilize magnetite at
low pH. The bare particles were more stable at elevated NaCl
concentrations than were the PNaA157- and PNaVP180-coated
particles. These polymers becomeprotonated as the pHdecreases,
and the steric repulsion provided by these nearly uncharged
polymers is not sufficient to prevent magnetite aggregation.
Electrophoretic mobility measurements demonstrate that bare
magnetite is strongly positively charged at this pH whereas
magnetite coated with PNaA and PNaVP is significantly less
positively charged (Supporting InformationTable SI). Therefore,
coating the particles with these weak polyelectrolytes reduces
colloidal stability by decreasing electrostatic repulsion while not
contributing a significant steric or electrosteric repulsion at low
pH. The superior performance of the strong polyelectrolytes at
low pH is due to the preservation of the ionic charge on the
sulfonate pendant groups.

Magnetite Suspension Stability at pH 5 to 6. As explained
above, the pH during the adsorption of PNaA and PNaVP could
not be adjusted to the desired range of 2-4 as a result of the
buffering capacity of the excess polymer in solution. The suspen-
sion pH was adjusted to∼3 before sedimentation experiments in
order to compare the results from all polymers, but this pH
change introduces the possibility of changes in the polymer con-
formation or adsorbed mass during sedimentation experiments.
Therefore, the sedimentation profiles were measured again at pH
5 to 6, which is closer to the pH of adsorption (approximately 6.0
and 4.4 for PNaA157 and PNaVP180, respectively). Both polyelec-
trolytes are alsomore heavily charged at this pH than at pH3, and
this should improve their performance as nanoparticle stabilizers.
The normalized optical densities after 24 h of sedimentation
for each suspension at pH 5 to 6 are shown in Figure 8.
(Sedimentation profiles are provided in Supporting Information
Figure SI2.)

Both PNaA157 and PNaVP180 exhibit improved performance
as nanoparticle stabilizers at pH 5 to 6, compared to their
negligible stabilizing capacities at pH∼3. These coatings provide
increased resistance to aggregation relative to that of uncoated
particles. However, their stabilizing performance is still signifi-
cantly worse compared to the suspensions that were prepared and
tested at high pH. Note that pH 5 to 6 is in the range of the
isoelectric point of magnetite. At this pH, the uncoated nano-
particles immediately aggregate and sediment. To verify that this
did not contribute to the poor stability of magnetite suspensions
coated with PNaA157 and PNaVP180, the sedimentation profiles
of the suspensions with the strong polyelectrolytes were alsomea-
sured at pH 5 to 6. These measurements were conducted on the
suspensions that were prepared at pH 2, and the pH was then
adjusted upwards to 5 to 6 immediately prior to the sedimentation
measurements. PHEMA664-SO3

-Naþ, PnBMA78-b-PHEMA634-
SO3

-Naþ, and PNaSS682 continue to produce very stable frac-
tions of magnetite up to 100 mMNaCl (Figure 8), despite the net
zero charge of the underlying particle under these conditions. This
indicates that the poor colloidal stability ofmagnetite suspensions
coated with PNaA157 and PNaVP180 is due to insufficient charge
along the polymer chains; therefore, these weak anionic polyelec-
trolytes should be utilized as particle stabilizers only under
conditions that maintain a high degree of ionization of the poly-
mer repeat units (i.e., high pH), where their strong chemisorption
makes them superior stabilizers to the strong polyanionic sulfo-
nate polymers. These results also demonstrate that the colloidal
stability of coated magnetite nanoparticles is determined almost

Figure 6. Stable fractions after 24 h based on the normalized
optical density at 800 nm (OD(24 h)/OD0) of magnetite suspen-
sions at pH ∼9. The stabilizers are none (0), PHEMA664-
SO3

-Naþ (O), PnBMA78-b-PHEMA634-SO3
-Naþ (4), PNaSS682

(�), PNaA157 ()), and PNaVP180 (þ). Data points correspond to
the final point in each sedimentation profile shown in Figure 5.

Figure 7. Stable fractions after 24 h (OD(24 h)/OD0) ofmagnetite
suspensions at pH ∼3. The coatings are none (0), PHEMA664-
SO3

-Naþ (O), PnBMA78-b-PHEMA634-SO3
-Naþ (4), PNaSS682

(�), PNaA157 ()), and PNaVP180 (þ).

Figure 8. Stable fractions after 24 h (OD(24 h)/OD0) ofmagnetite
suspension at pH 5 to 6. The coatings are none (0), PHEMA664-
SO3

-Naþ (O), PnBMA78-b-PHEMA634-SO3
-Naþ (4), PNaSS682

(�), PNaA157 ()), and PNaVP180 (þ).
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entirely by the properties of the polymer layer and is essentially
unaffected by the surface properties of the particles.
Dynamic Light Scattering. DLS was used to confirm that

the nanoparticle suspensions that displayed the least sedimenta-
tion were indeed stable against aggregation. For each polymer,
particle size distributions were first measured immediately after
resuspending the washed particles. They were measured again for
the top portion of the sample that contained the unsedimented
particles after 24 h of sedimentation. DLS measurements were
performed on those samples that had the highest ionic strength
where a significant stable fraction remained after sedimentation
(as indicated by Figures 6-8). In cases where no aggregation was
observed by DLS after 24 h at the higher ionic strength, the
suspensions that had similar polymers and pH conditions but
lower ionic strengths were also assumed to remain unaggregated.
This assumption is justified by noting that these lower-ionic-
strength suspensions had a resistance to sedimentation that was
similar to or higher than that of higher-ionic-strength suspen-
sions. If DLS indicated that some aggregation had occurred at
the higher ionic strength, then size distributions were measured
for lower-ionic-strength suspensions to identify the maximum
ionic strength at which the suspensions could be considered to be
stabilized.

Table 4 reports intensity-averaged hydrodynamic diameters
before and after 24 h of sedimentation,with the breadth of the size
distribution indicated by the half-width at half-maximum of the
log-normal size distribution. In general, all polymer-modified
magnetite particles were approximately 20-50 nm larger in
diameter than the bare particles, which were approximately 170
nm in diameter. For a polydisperse (and nonspherical) particle

sample, it is difficult to assign the size difference to an adsorbed
layer thickness, but the small shift is consistent with polymer
adsorption rather than particle aggregation.

Stability against aggregation was assessed by comparing the
diameter before and after 24 h of sedimentation for each system.
The average diameter either did not change by any significant
amount during the 24 h sedimentation period or it became slightly
smaller than the diameter measured immediately after resuspen-
sion (because of the sedimentation of the larger particles) for all
suspensions except the following:PHEMA664-SO3atpH9 in10mM
NaCl, PNaSS682 at pH 9 in 50 mM NaCl, bare magnetite at pH
3.4 in 50mMNaCl, PNaA at pH 6 in 0mMNaCl, and PNaVP at
pH 3.8 and 4.4 in 0 mMNaCl. Each of these did show significant
size increases that indicated that aggregation had occurred over
the 24 h period.

DLS results confirm the sedimentation results: At high pH,
PNaA157- and PNaVP180-stabilized magnetite showed high resis-
tance to sedimentation and remained as individual particles for up
to 50 mM NaCl for PNaA157 and 100 mM NaCl for PNaVP180.
At low pH, PHEMA664-SO3-, PnBMA78-b-PHEMA634-SO3

--,
and PNaSS682-stabilized magnetite showed high resistance to
sedimentation even up to 100 mMNaCl and remained as individ-
ual particles. At moderate pH, magnetite modified by the same
three sulfonated polymers displayed the best resistance to sedi-
mentation and remained as individual particles up to 100 mM
NaCl. PNaA157-stabilized magnetite showed significant resis-
tance to sedimentation only in 0 mMNaCl, and DLS confirmed
that it remained as individual particles.
Electrophoretic Mobility. Electrophoretic mobilities (EPMs)

often are predictive of colloidal stability. EPMs were measured

Table 4. Intensity-Average Particle Hydrodynamic Diameter of Washed Particles Immediately after Redispersion (t= 0) and for the Suspended
Fraction of Polymer-Coated Magnetitite Particle Samples after 24 h of Sedimentationa

Sedimentation at High pH

polymer pH during adsorption pH/[NaCl] during sedimentation (pH/mM) Dh at t = 0 (nm) Dh at 24 h (nm)

bare magnetite 9/0 167 ((120)b 133 ((60)
PHEMA664-SO3

-Naþ 9.5 9.5/10 193 ((100) 304 ((170)
9.5/0 200 ((160) 189 ((110)

PnBMA78-b-PHEMA634-SO3
-Naþ 9.5 9.0/10 226 ((120) 225 ((120)

PNaSS682 9.5 9.0/50 222 ((120) 263 ((120)
9.0/10 221 ((130) 223 ((130)

PNaA157 10.0 9.5/50 228 ((120) 228 ((100)
PNaVP180 9.0 8.5/100 185 ((140) 130 ((80)

Sedimentation at Low pH

polymer pH during adsorption pH/[NaCl] during sedimentation (pH/mM) Dh at t = 0 (nm) Dh at 24 h (nm)

bare magnetite 3.4/50 280 ((250) 391 ((220)
3.4/0 179 ((100) 142 ((80)

PHEMA664-SO3
-Naþ 2.1 3.3/100 194 ((100) 166 ((90)

PnBMA78-b-PHEMA634-SO3
-Naþ 2.1 3.2/100 270 ((120) 232 ((80)

PNaSS682 2.1 3.5/100 263 ((140) 226 ((120)
PNaA157 6.0 3.8/0 255 ((120) 294 ((150)
PNaVP180 4.4 3.8/0 >1000 >1000

Sedimentation at Moderate pH

polymer pH during adsorption pH/[NaCl] during sedimentation (pH/mM) Dh at t = 0 (nm) Dh at 24 h (nm)

bare magnetite 5-6/0 >1000 >1000
PHEMA664-SO3

-Naþ 2.1 5.5/100 204 ((160) 178 ((100)
PnBMA78-b-PHEMA634-SO3

-Naþ 2.1 6.0/100 254 ((160) 230 ((120)
PNaSS682 2.1 5.8/100 225 ((120) 230 ((90)
PNaA157 6.0 5.7/0 197 ((100) 189 ((80)
PNaVP180 4.4 4.4/0 >1000 >1000

aThe conditions indicated include pH during polymer adsorption and during sedimentation and NaCl concentration during sedimentation. b(Half-
width at half-maximum of the log-normal intensity-weighted size distribution.
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for each polymer-magnetite suspension at a pH close to the pH
values during sedimentation experiments. (Data are reported in
Supporting Information Table SI.) All suspensions exhibit highly
negative EPMs at high pH because of the extensive negative
charge on the particle surface and along the polymer backbones.
At the isoelectric point of magnetite (pH 5.6), the EPMs have
decreased but all polymer-modified suspensions still demonstrate
a net negative charge, despite the net neutrality of the particle
surface at this pH. This is due to the anionic functionality along
each polymer backbone. As the pH is decreased to 3.9, the
suspensions retain significant negative EPMs, except for the
PNaVP-magnetite suspension, which exhibits an EPM close to
zero. These results indicate that EPM does not provide a useful
means to discriminate between good and poor stabilizers when
polyelectrolyte stabilizers are employed. For example, PNaA157

was demonstrated to be a poor stabilizer for magnetite in the pH
range of 3 to 4. Only ∼10% of the pendant carboxylate groups
remain deprotonated at pH 3.9 (calculated from a literature pKa

value of 4.8), which is insufficient to stabilize magnetite suspen-
sions. However, this relatively small number of charged units still
yields an EPM that is close to that of the strong polyelectrolytes,
which remain fully dissociated and are effective stabilizers for
magnetite at this pH. The poor predictive power of EPM in this
case is not unexpected because EPM is not a measure of the true
surface potential in the presence of adsorbed polyelectrolytes
but rather describes the complex potential variation among the
dispersion medium, the charged polyelectrolyte layer, and the
particle surface.81,82

Conclusions

Polyelectrolytes with controlled systematic structural differ-
ences andnarrowmolecularweight distributionswere synthesized
by ATRP and compared as stabilizers for aqueous magnetite
nanoparticle suspensions. The importance of the molecular
weight distribution became strikingly apparent when a polydis-
perse poly(sodium acrylate) sample and a low-polydispersity
poly(sodium acrylate) sample having the same relatively large
number-average molecular weight proved to have opposite sta-
bilizing behaviors: the former was a good stabilizer and the latter

was a strong flocculant at the same mass concentration in
solution.

When adsorption and sedimentation were conducted at high
pH, the polyelectrolytes that provided the strongest chemical
complexation with the iron oxide surface, namely, PNaA and
PNaVP, yielded the most stable suspensions. PNaA and PNaVP
showed a significant resistance to sedimentation in the presence
of up to 50 or 100 mM NaCl, respectively, and dynamic light
scattering confirmed that the suspended particles remained as
individual particles, not as small suspended aggregates. A lower
degree of polymerization for PNaA favored stabilization;larger
PNaA chains were a flocculant. At low or moderate pH, the
strong polyelectrolytes that retain pendant negative charges
(PHEMA-SO3

-Naþ, PnBMA-PHEMA-SO3-Naþ, and PNaSS)
yielded very stable fractions at all ionic strengths investigated up
to 100 mM NaCl and dynamic light scattering confirmed that
they remained as individual particles, whereas the weak polyelec-
trolytes that become protonated with decreasing pH, PNaA and
PNaVP, lost their stabilizing capacity even at low ionic strengths.

This investigation provides guidelines for the design of poly-
meric stabilizers of magnetite nanoparticles for use under various
pH and ionic strength conditions. It is recommended that strong
polyanions, such as sulfonated PHEMA and PSS, are more
effective under neutral to acidic conditions whereas polyanions
capable of forming coordinative bonds with the iron oxide sur-
face, such as PNaVP and PNaA, should be used under basic
conditions. These guidelines should be applicable to commercial
NZVI that is used in groundwater remediation and magnetite
particles used in a variety of other applications.
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