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Adsorption at the mineral-water interface is an important process governing metal ion concentration and
mobility in aqueous systems. Ferric iron oxyhydroxide nanoparticles possess a large capacity for the
adsorption of heavy metals but quantification of metal uptake and sequestration is challenging due to
the tendency of natural nanoparticles to aggregate in natural waters. We studied the effects of aggrega-
tion via pH, ionic strength, drying, and freezing on the uptake and release of copper from ferrihydrite

Keywords: nanoparticles employing small-angle X-ray scattering (SAXS) studies of aggregate morphology, macro-
:g;?ég;?gn scopic Cu(Il) sorption and desorption batch experiments, and extended X-ray absorption fine structure
Desorption (EXAFS) spectroscopic studies of copper sorption geometries. Results show that the mechanism of aggre-
EXAFS gation has a large effect upon aggregate morphology and consequently on the net sorption/retention of

Nanoparticle ions from solution. While aggregation reduces the total amount of copper that can be adsorbed, it also
SAXS may introduce physical constraints to desorption and/or increased proportions of higher strength binding
sites that lead to greater retention, and hence more effective sequestration, of metal ion contaminants.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Nanoscale oxide and oxyhydroxide minerals are widespread in
the natural environment, and their formation or introduction can
significantly affect the chemistry of surface waters, groundwater,
sediments and soils [1-4]. Ferric iron-bearing nanomaterials, par-
ticularly ferrihydrite, can efficiently adsorb and sequester aqueous
ions including nutrients such as phosphates and contaminants
such as heavy metals [5-8] and radionuclides [9,10], and this
capacity may be valuable for the remediation of waters contami-
nated by species such as copper or zinc [11,12]. After formation
in natural aqueous systems however, nanomaterials typically
undergo aggregation, which mediates their environmental impact
by altering their transport properties and the ways that their sur-
faces can participate in surface sorption processes.

Previous investigators have identified several specific mecha-
nisms by which aggregation may control the rate and extent of
the uptake and sequestration of aqueous ions. In particular, while
metal sorption onto ferrihydrite is characterized by rapid initial
uptake, a longer timescale increase in quantitative uptake has been
observed and interpreted as being due to pore [13] or surface
[14,15] diffusion, or by slow precipitation reactions [16]. However,
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the fate of sorbates in aggregates involves coupled processes
occurring within porous media for which structural models are
presently lacking. Nanoparticle aggregates are two-phase (water—
solid) materials with complex three-dimensional (3D) structures
that cannot be visualized directly by conventional electron or
X-ray imaging methods [14,17]. Although gas adsorption methods
can quantify surface area and pore dimensions in porous materials,
these methods require complete drying of the materials and often
involve outgassing in vacuum, which can alter pore morphology.
By contrast, recent studies have shown that the structures of
aggregates can be investigated in situ by small-angle X-ray
scattering (SAXS). Model-independent analysis methods can pro-
vide quantitative determination of pore size distributions [18,19],
porosity and surface area [20]. In addition, while it is not possible
to directly invert SAXS data to uniquely determine 3D aggregate
structure, visualization methods have been developed that can
generate representations of particle aggregates and pore morphol-
ogies consistent with the data.

We combined SAXS-based structural analysis methods with
solution studies of metal uptake to study the structure and metal
uptake behavior of ferrihydrite nanoparticles aggregated by a
range of pathways summarized in Table 1. This involved subjecting
monodisperse nanoparticle suspensions to analogs of natural
aggregation processes, including: pH variation around the point
of zero surface charge (simulating the neutralization of acid mine
drainage); changes in ionic strength (simulating mixing of fresh
and saline water); and drying and freezing at several temperatures.
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Table 1
Summary of methods used to aggregate ferrihydrite nanoparticles, and the surface areas of control and aggregated samples measured by BET after air drying at room temperature
(20°0).
Control pH variation Ionic strength variation Drying Freezing
Control SA.(m?/g) pH SA. (m?g) [NaNOs] (M) S.A.(m?/g) Drying temperature (°C) S.A.(m?/g) Freezing temperature (°C)  S.A. (m?/g)
pH 5, 305 6 330 0.01 303 30 328 -4 324
1 mM NaNOs3 7 - 0.1 308 50 352 -70 325
8 379 1.0 275 75 280 —193 293
9 -
10 436

Aggregate morphology was investigated using in situ small-angle
X-ray scattering for quantitative characterization of pore size,
porosity and surface area. Visualization methods were employed
to generate statistically representative examples of the aggregate
morphologies that provide additional insight into the physical con-
straints on aqueous ion transport within aggregates. We also stud-
ied the speciation of copper sorbed to the various aggregates using
extended X-ray absorption fine structure (EXAFS) spectroscopy,
concluding that spectroscopic analysis of the sorption species is
crucial for developing accurate models of how metal ions are
sequestered by nanoparticle aggregates.

2. Experimental methods
2.1. Sample preparation and characterization

Aqueous suspensions of iron oxyhydroxide nanoparticles with
mean diameter approximately 5 nm and solids concentration of
6.74gL~! were synthesized using a microwave flash synthesis
(forced hydrolysis) method [21]. The suspensions were cleaned
by dialysis in 1000 Dalton molecular weight cut-off (MWCO) mem-
branes for several days against deionized water until reaching
pH 5.0. Portions of the suspensions were subsequently dialyzed
for three days against a solution of 0.001 M NaNOs, periodically
replacing the solution to guarantee a constant pH 5.0. One aliquot
was left in this control solution while the others were aggregated
using the methods described in the following section.

The initially synthesized nanoparticles were air-dried and then
further outgassed at 90 °C under a constant flow of dry He gas for a
period of 12 h before measuring the surface area by the BET meth-
od using a Beckman Coulter SA3100 surface area analyzer; the
non-aggregated particles were determined to be 305 m?/g. The
point of zero net surface charge of these nanoparticles in solutions
in equilibrium with atmospheric CO, was previously measured by
potentiometric titration to be approximately pH,,s. = 8.6 [22].

2.2. Nanoparticle aggregation

The solution chemistry of one sample series was adjusted with
0.001 M NaOH to pH values between 6.0 and 10.0 at room temper-
ature. The ionic strength of a separate sample series was increased
by dialyzing the particles against solutions at pH 5 and 0.001 (con-
trol), 0.01, 0.1, and 1.0 M NaNOs at room temperature. Both of
these sample series were allowed to aggregate for a period of
1 week. Another sample series was dried in open air at 30 °C,
50 °C and 75 °C using conventional laboratory ovens. A final sam-
ple series was frozen in a commercial freezer at —4 °C, in an ultra-
cold freezer at —70°C, and by immersion in liquid nitrogen at
—193 °C. The frozen samples were allowed to thaw and the dried
samples were initially re-immersed in the appropriate volume of
DI water to restore the initial solids concentration following
drying. All aggregated samples were returned to the initial control
aqueous conditions (pH 5.0 and 0.001 M NaNOs) by dialysis for

2 days, replacing the control solution multiple times each day,
prior to the subsequent copper uptake experiments. Visual obser-
vation indicated that the aggregated nanoparticles were not re-dis-
persed following re-equilibration with the control solution, in
agreement with prior feasibility studies. The surface areas of dried
aliquots of all aggregates were measured using BET surface area
analysis. Table 1 summarizes aggregation conditions undertaken
in this study and the associated BET measurements.

2.3. Small-angle X-ray scattering (SAXS) experiments

The morphologies of hydrated aggregates were studied using
in situ small-angle X-ray scattering (SAXS) at 8.33 keV at beam-
line 1-4 of the Stanford Synchrotron Radiation Lightsource (SSRL).
The samples were confined between 2 mica windows separated
by 0.5 mm, and the transmission was measured using ionization
detectors situated before and after the sample holder. The trans-
mission was measured prior to and after each measurement to
check for settling. In order to maximize the range of scattering
angle and g, SAXS data were acquired with the sample placed
in two positions relative to the stationary two-dimensional detec-
tor (Roper). The sample-detector distances were calibrated using
chicken collagen and silver behemate samples for the low-q and
high-q positions, respectively. The 2D SAXS patterns recorded
by the detector were binned onto a 1D g-axis using the Nika code
in IgorPro software and corrected for incident flux and sample
transmission. For each sample, the background intensity caused
by scattering from air, helium, the mica windows and water were
subtracted. The low-q scattering was normalized to absolute
intensity units using a lupollen reference [23] with a known scat-
tering cross-section (6 cm™! at 0.025A~!) and the high-q data
were scaled by an arbitrary constant to overlap the two SAXS
patterns.

2.4. SAXS data analysis

2.4.1. Analysis of fractal aggregate geometry

Many aggregation processes lead to the formation of fractal
structures that can be described by geometric parameters related
to the physical mechanism of aggregation. Most importantly, the
aggregate fractal dimension defines the scaling relationship be-
tween mass (or particle number) and enclosed volume, and is a
measure of how efficiently the particles are packed [24]. Numerous
investigators have used small-angle scattering (SAS) methods to
study the geometry of aggregates of colloidal particles in solutions
because it provides a direct measure of the fractal dimension [24-
26]. Following Teixeira [27], we describe the SAXS structure factor,
S(q), for fractal aggregates of spherical particles of radius a and
fractal dimension, dy, by:

(1)

1 2al@-1)

(qa)df (a-1)
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where I'(a — 1)is the gamma function and ¢ is the large-size cut-offin
the aggregate density distribution function. A log-normal size distri-
bution of particle sizes (obtained from a fit to SAXS data from low-pH,
dispersed dilute nanoparticles) is incorporated numerically.

2.4.2. Visualization of fractal clusters

Insights into aggregation processes have been obtained by sim-
ulating the growth of aggregates by the addition of new particles or
clusters to a growing aggregate. In studies that attempt to simulate
aggregate growth processes, the structures of the resulting aggre-
gates are determined by computational parameters, such as stick-
ing efficiencies that represent particular physical or chemical
factors [28]. In the present work, however, we adopted an alterna-
tive strategy in which aggregates are constructed in such a way
that the fundamental fractal scaling relation is constrained at every
growth step [29,30]. The fractal scaling law for aggregates contain-
ing N identical primary particles is expressed:

Nk <’%) )

where kris the fractal prefactor, a is the primary particle radius, Dyis
the fractal dimension, and the radius of gyration, R, is related to the
mean square of the distances between the particle positions, r;, and
the geometrical center of mass of the aggregate at r,:
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This strategy ensures that when a particle or a cluster is added

to an existing cluster the distance between their centers of mass, I',
must satisfy:

2 _ AN+ N2)* (Ni - No\ Ny + No)
N]Nz kf NZ

(N1 +N2)
N,

R% - R;

(4)

where N, and R, are the particle number and radius of gyration of
the nth cluster. In this way, the fractal scaling law is satisfied at
every step. We modified the off-lattice method described by Filipov
to incorporate a range of particle sizes chosen randomly from a log-
normal distribution by re-expressing Eqs. (2)-(4) in terms of the
mass of a particle or cluster rather than the number of primary
particles. Thus, we could generate models of small nanoparticle
aggregates using parameters (nanoparticle size and size distribu-
tion; aggregate size; and fractal dimension) obtained from fits to
the SAXS data. This method permitted the relationship between
aggregate structure and the associated small-angle scattering pat-
terns to be investigated in a systematic fashion. The SAXS pattern
for each model aggregate was calculated using the Debye equation
[31]. At least 50 clusters were generated for a given set of parame-
ters, and the calculated SAS patterns were averaged for comparison
with the experimental data.

2.4.3. Analysis of porous granular medium geometry

Granular porous material contains porosity on at least two spa-
tial scales [20,32]. The aggregates formed by drying and freezing
consist of micron-scale grains with intergrain voids of similar
dimensions but possessing interior porosity on the nanometer
scale. In the present work we focused on characterizing the nano-
scale porosity, which is associated with the vast majority of the
sample surface area. The size and size distribution of the nanoscale
pores was estimated by fitting the simulated SAXS pattern for
spheres with a log-normal distribution of radii. We estimated the
internal porosity of these aggregates using an approach described
by Spalla et al. [20]. Because we fully rewetted the aggregates
before the SAXS studies, we assume both the micro- and nanoscale

pores to be filled with water. The solid:water volume fraction, 7,
may be calculated from the measured transmission, T, of the X-
ray beam through the sample holder of known thickness:

n= (:utot - Auwater)/(usolid - :uwater)ﬂ (5)

where iz = —In (T)/5. At 8.33 keV, fiwarer = 8.9 cm ™" and Ligerrinydrite =
714 cm™!, assuming the stoichiometry of ferrihydrite to be Fe;0016H>
[33].

While the precise lineshape of SAXS data obtained from an arbi-
trary material depends on structure within the material, it is well
established that an integral quantity called the invariant, Q, is re-
lated only to the X-ray scattering strength of the material and inde-
pendent of morphology [34]. For a homogeneous porous material,

_ o 2
Q- /0 Ia)¢, (6)

and the pore-solid porosity, ¢, is given by ¢ = Q/2n?Ap?, where Ap
is the X-ray scattering contrast between the solid and pore phases.
There are two additional steps for a granular porous material. First,
the experimental scattering intensity must be divided by the vol-
ume fraction. Second, the scattering associated with the fine pores
must be extracted from the experimental data by fitting a Porod
function to the low-q region and subtracting this from the entire
pattern. For the present calculations, Ap = Prrinydrie — Pwater, Where
at 8.33KeV prerrinydrice = 354 cm™2 and pyaeer = 9.5 cm~2 All the
steps of this analysis are reported graphically below.

Analysis of the high-q Porod region additionally provides an
estimate of the total surface area,

> = limi(q)q*/2map?, (7)

where for granular porous media the experimental intensity is
again divided by the volume fraction. We employed a method de-
scribed by Hedstrom et al. to generate models of two-phase porous
materials with interior geometries consistent with the SAXS data
[35].

2.5. Copper(1l) adsorption and desorption

Preliminary copper uptake experiments were performed on a
non-aggregated sample at a solids concentration of 2.25gL™! to
determine appropriate parameters (pH values for total copper
uptake and significant desorption, initial Cu(ll) concentration) for
subsequent experiments. Following aggregation and re-equilibra-
tion of the prepared nanoparticle suspensions with the control
solution at pH 5.0 and 0.001 M NaNOs, batch Cu(ll) adsorption
and subsequent desorption experiments were performed. Adsorp-
tion experiments were performed on 40 mL solutions containing
6.7 mg of nanoparticles (0.17 g L', corresponding to a surface area
of approximately 2.0 m?) at pH 6.0 and with 0.5 mM Cu(NOs), for a
24 h equilibration period. The copper-sorbed nanoparticles were
separated from the solution by centrifuging at 3000 RPM for
15 min followed by filtration of the decanted supernatants through
0.2 um filters. The resulting supernatants were acidified with small
volumes of concentrated HNOs to pH < 2 and analyzed for residual
Cu(Il)aq) concentrations using a Thermo Scientific Solar atomic
absorption (AA) spectrometer and Cu(Il) calibration standards pre-
pared under the same experimental conditions. Supernatants were
also analyzed for Fe(Ill)aq,) concentrations using AA spectroscopy
and found to be negligible, verifying that nanoparticles were effec-
tively removed from solution through the centrifugation and filtra-
tion steps. Solids were retained for later EXAFS analysis.

The desorption studies were performed on separate but parallel
sample series to the adsorption studies. Following 24 h Cu(Il)
adsorption, the solutions were adjusted to pH 5.0 using 0.1 M
HNOs and rotated for a period of 30 min. Preliminary studies in
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which desorption was conducted for 30 min and 90 min showed no
difference in the extent of desorption, so it is assumed that the eas-
ily-desorbed fraction was removed after 30 min. The suspensions
were centrifuged, filtered, acidified, and analyzed by AA spectros-
copy in the same manner as with the supernatants generated from
the adsorption experiments, and solids were retained for later EX-
AFS analysis.

Triplicate adsorption and desorption experiments were con-
ducted on the control (non-aggregated) nanoparticles in order to
assess the degree of error between individual repeat experiments
following both the adsorption and desorption steps. These calcu-
lated errors, which were calculated to be 0.83% for the adsorption
experiments and 2.21% for the desorption experiments, are
expected to be representative of the range of error in the macro-
scopic experiments.

2.6. Extended X-ray absorption fine structure (EXAFS) spectroscopy

Samples were loaded as moist pastes into Teflon sample holders
and sealed with Kapton tape. Cu K-edge EXAFS spectra were
collected at SSRL on beamline 11-2 using Si(220) monochromator
crystals at room temperature in the fluorescence-yield mode and
a 30-element, high-throughput germanium detector. This method
is optimized for low-concentration samples [36] and enabled the
collection of high-quality EXAFS spectra from ferrihydrite samples
following both the adsorption and desorption steps. Aluminum
filters served to attenuate background matrix fluorescence from
the iron in the sample. Energy calibration was conducted for each
scan through the use of a Cu foil placed downstream of the sample
and by assigning the first inflection point of the absorption K-edge
of the foil to an energy value of 8979.0 eV.

EXAFS scans were averaged and processed using the Sixpack
data analysis software package [37]. Phase and amplitude func-
tions of single-shell scattering paths for Cu-0 and Cu-Fe scattering
interactions were generated using FEFF 6 [38] and subsequently
utilized in quantitative fitting of the background-subtracted spec-
tra and corresponding Fourier transforms. The scale factor was
fixed at 0.9 for all samples and the Debye-Waller factor, which
serves as a measure of thermal vibration and static disorder around
the Cu in the sample, was set at values appropriate to those of
sorption complexes (e.g. 0.01 A? for second-shell neighbors) based
on our previous studies on comparable sorption systems [39,40].
Multiple scattering effects were not considered in this study.

2 —
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3. Results
3.1. Surface area analysis of dried aggregates

Portions of most aggregated samples and the control suspen-
sion were dried in air for BET surface area analysis, as reported
in Table 1. With the obvious exceptions of the samples aggregated
by drying, we anticipate that preparing the samples for gas adsorp-
tion analysis alters the surface area relative to that accessible in
aqueous solution (SA??). Nevertheless, we observe some trends in
the measured BET surface areas (SABET). We observe an increase
in SAPET with drying temperature from approximately 20 °C (the
control sample that was not aggregated before analysis) to 50 °C.
The subsequent loss of surface area found for the material dried
at 75 °C suggests that particle growth occurred at this temperature
[2]. Unexpectedly, a substantial increase in SABET was found for the
samples in which pH was increased, even though light and X-ray
scattering as well as direct visual observation showed that this
caused extensive aggregation. As discussed below, this is compat-
ible with the hypothesis that certain pathways create aggregates in
solution with higher accessible surface areas than obtained when
drying, and that drying pre-formed aggregates at least partly pre-
serves these more open aggregate structures. Certain pathways,
such as aggregation in 1 M NaNOs, create aggregates with less sur-
face area than obtained by drying. Overall, the results show that
SABET may not always correlate with SA% and emphasize the view
that novel methods of surface area determination in solution will
be required to correctly interpret the rates of interfacial phenom-
ena involving nanoscale particles [41,42]. The SAXS studies below
represent the first steps in applying this method for in situ surface
area and pore morphology analysis of analogues of natural
samples.

3.2. SAXS analysis of aggregation by pH and ionic strength variation

Fig. 1 summarizes the SAXS data acquired from the control
suspension of non-aggregated nanoparticles and from samples
aggregated by changing solution chemistry (pH, ionic strength).
The SAXS profile for the control sample is consistent with a
suspension of non-aggregated individual particles with a
distribution of particle sizes. The weak peak at g ~ 0.01 A~ 'indicates
that at pH 5 the nanoparticles experience mutual repulsive interac-
tions. The repulsive electrostatic interactions originate from the
positive surface charge that forms when pH < pH,,s, preventing
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Fig. 1. Small-angle X-ray scattering data from iron oxyhydroxide nanoparticles in suspension at pH 5 and 10~ M NaNOs (control, red circles) and aggregated by a variety of
methods. (a) Aggregation by pH increase. (b) Aggregation by ionic strength increase. (For interpretation of color mentioned in this figure legend, the reader is referred to the

web version of the article.)
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aggregation. Increasing either the pH or the ionic strength causes
aggregation by, respectively, lowering the magnitude of the surface
charge, or by shielding it. Aggregation is clearly identified in the
SAXS data by the strong increase in scattering intensity at low-q.
The intensity increase is accompanied by the development of a linear
region in the log-log plots of Fig. 1, showing that the aggregates pos-
sess fractal geometry. Fractal aggregates are also formed when the
ionic strength is increased. The range of object sizes that can be
determined by a SAXS experiment is limited by the g-range of the
scattering data, with the largest size determined by the minimum
q Via dmax ~ 27/qmin. In the present data, while g, is too high for
accurate aggregate size analysis for all samples, the aggregate size
appears to become larger when ionic strength is increased, because,
in contrast to the pH data, these curves show no sign of reaching an
intensity plateau. Table 2 summarizes the geometric parameters fit-
ted to these data.

We used an algorithm to generate fractal aggregates consisting
of primary particles with the same size and size distribution of the
ferrihydrite nanoparticles studied in this work, with the goal of
creating 3D models that are consistent with the SAXS data. The
g-range accessed by the present SAXS data is sufficient to
completely describe only the smallest clusters generated in this
study, and hence we report in Fig. 2 an example cluster generated
for the pH 6 data. The cluster shown is 1 of 50 for which the aver-
age of the simulated SAXS patterns is in close agreement to the
data. The structural model emphasizes the conclusion obtained
from the fitting results: that the nanoparticle aggregates adopt
very open structures that are unlikely to substantially reduce the
surface area accessible to aqueous ions. Fits to the experimental
SAXS data indicate that, while the aggregate size increases with
solution pH, the fractal dimension stays approximately constant.
Hence, the larger structures that form under higher pH conditions
are likely to be loose aggregates of nanoparticle clusters [43] that
are similar to the one illustrated in Fig. 2. We previously observed
that these aggregates are very stable over more than 3 months [22]
in the absence of hydrodynamic shear stress (e.g. stirring) that may
cause restructuring and compaction [44,45].

3.3. SAXS analysis of aggregation by drying and freezing

Fig. 3 reports SAXS data for samples aggregated by drying and
freezing. The SAXS lineshapes for all of these samples are distinct
from those found for the pH and ionic strength series, indicating
a substantively different type of aggregate geometry relative to
the solution phase aggregates. These SAXS data are typical for
materials that are granular and porous, and indicate that these
aggregation pathways create a compact two-phase material with
nanoscale internal porosity; we analyzed the data of Fig. 3 using
this assumption. The SAXS data treatment steps required to extract
the pore scattering component and determine the pore scattering
invariant are presented in Fig. 4 and the analysis results are sum-
marized in Table 3.

Table 2

Results of fitting a fractal aggregate model to SAXS data acquired from nanoparticles
aggregated by varying solution pH and ionic strength. The aggregates are described by
two parameters: the fractal dimension, 1 < Dy< 3, a measure of the efficiency with
which the nanoparticles are packed, and the cut-off parameter, €, a measure of the
largest cluster sizes attained. The data g-range does not support fitting € for the 0.1 M
and 1 M ionic strength samples.

pH variation Ionic strength variation
pH6 pH7 pH8 pHY9 pH10 102M 100'M 1M

Dy 140 138 141 143 144 132 133 137
e(nm) 20 29 26 29 31 67 = =

10F
;.,‘ 1F
Ko} o
s :
= [
g _
2
=01k
" o pHB6SAXS
[ — Simulation average
001k . i
4 68 2 4 68 2
0.01 1 0.1
Q@A)

Fig. 2. Simulated model of the nanoparticle clusters formed by aggregation in
solution at pH 6. Structural models were formed using an algorithm that constructs
fractal clusters with primary particle size and size distribution, and fractal
dimension obtained from fitting the experimental SAXS data. The size of the
cluster was varied manually by changing the number of particles in the simulated
clusters to achieve agreement in the low-q regime.

The SAXS data reveal a complex dependence of aggregate struc-
ture on drying temperature. The aggregates formed at 30 °C are
more compact than those formed at higher temperatures and the
pore dimensions increase with drying temperature. At 75 °C the
grain size is larger and there is a loss of total surface area likely
due to aggregation-based growth [46]. Inspection of the pore scat-
tering curves in Fig. 4 reveal the presence of a distinct correlation
peak (at approximately 0.06 A~') only in the 50 °C data. This indi-
cates that locations of the pores in the aggregates are not uncorre-
lated, with the development of a preferred average pore-pore
distance. For the dried samples, the trend in SASA*S with increasing
temperature is in reasonable agreement with the trend in SABET
although additional work is required to be able to establish confi-
dent limits on surface area analysis with SAXS. Freezing tempera-
ture exerts a relatively small effect upon aggregate structure,
although we find that the greatest range of pore sizes is created
at the lowest temperature (—193 °C).

While the SAXS data analysis approach described above
provides geometric parameters such as pore dimensions and sur-
face areas, the properties of a porous medium depend strongly
on the arrangement of pores in 3D space. We employed a numer-
ical approach to generate 3D structures with disordered pore mor-
phologies consistent with the extracted pore scattering component
of the SAXS data [35]. This approach was originally developed for
the purpose of visualizing pore morphologies in nanoporous
polymer films, but is equally valid for any isotropic, nanoscale,
two-phase material. Two-dimensional cross sections through 3D
models generated in this way are presented in Fig. 5. As with any
method that generates 3D structures from 1D scattering data, the
resulting structure is not unique and may not be optimal [47,48].
Moreover, the fine-scale resolution is limited by the 50 x 50 x 50
cubic grid used in the simulation. Nevertheless, these models pro-
vide important insights into pore connectivity that cannot be
obtained from simple fitting methods. We analyzed the connectiv-
ity of the pores in the structures shown in Fig. 5 and found all to be
fully interconnected. Only in the 30 °C structure were a few iso-
lated pores identified. These represented a tiny fraction of total
porosity (<0.1%), and were preferentially located close to the sim-
ulation boundaries.
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Fig. 3. Small-angle X-ray scattering data from iron oxyhydroxide nanoparticles aggregated by drying and freezing at the temperatures indicated. (a) SAXS data from dried and
rehydrated samples. (b) SAXS data from frozen samples following thawing and rehydration. The structure in the —70 °C data in the 0.01-0.02 A~! region is spurious noise
associated with high X-ray absorption and low scattering intensity from a sample that was thicker than optimal.
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Fig. 4. (a) Graphical representation of the SAXS data analysis for calculating the invariant associated with scattering from the internal porosity of the nanoparticle aggregates.
The experimental data, I(q)qac., must first be treated so that it is given in absolute scattering units, as described in the text. The low-q region exhibits a characteristic g*
dependency associated with Porod scattering from the surface of larger granular aggregates. Subtraction of this component leaves the scattering associated only with the

intra-aggregate pores, I(q)pores- This curve is extrapolated to g = 0 and q — « to give the extracted pore scattering curve I(q)
axis and the invariant is the shaded area under this curve. (b) Comparison of the pore scattering curves, I(q)

Inset: fitted pore size distributions.
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obtained for samples dried at the indicated temperatures.

Results of analysis of the SAXS data from nanoparticle aggregates formed by drying and freezing at the temperatures indicated. The nanoscale porosity was calculated from the
scattering invariant. BET surface area data is duplicated from Table 1.

Drying Freezing

30°C 50°C 75 °C —4°C —70°C —193 °C
Mean pore radius (nm) 1.2 14 1.5 1.6 1.6 1.3
Pore distribution width® 0.3 0.4 0.3 0.35 0.34 0.38
Porosity (%) 32 50 74 64 = 78
Surface area (SAXS) (m?g~1!) 303 374 261 = £ £
Surface area (BET) (m%g~") 328 352 280 324 325 293

¢ Assuming log-normal distribution of pore sizes.
> Due to sample settling, quantitative porosity determination was not possible.

¢ Due to low signal in the high-q SAXS data from the frozen samples, quantitative surface area determination was not possible.

3.4. Quantitative copper adsorption and desorption experiments

We performed copper adsorption and desorption experiments
to investigate the effects of particle aggregation on heavy metal
ion sequestration. The experimental conditions were chosen after
acquiring copper uptake data on non-aggregated particles as a
function of pH and Cu(Il) concentration. The data in Fig. 6a and b
are similar to prior studies of copper sorption onto ferric iron oxy-
hydroxides [49-51]. The copper adsorption isotherm (Fig. 6b)

shows that sorption was performed far from saturation coverage
without loss of soluble Cu via (co)precipitation.

Fig. 7 reports the percentage uptake of the added Cu(II) by the dis-
persed, non-aggregated nanoparticle (control) sample and by the
samples in which aggregation was induced by different mechanisms
prior to Cu(Il) exposure. These measurements show that aggregation
typically results in reduced Cu(II) uptake relative to the non-aggre-
gated control sample; that the amount of uptake varies for different
aggregation processes; and that the degree of uptake approximately
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Fig. 5. Visualizing representative structures of aggregates formed by drying nanoparticle suspensions at the indicated temperatures. Each panel presents a cross-section
through a 3D model of pore morphology reconstructed from SAXS data using the approach of Hedstrom et al. [35]. Black = solid (nanoparticle) phase.
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Fig. 6. (a) Copper uptake curve showing the pH dependence of Cu(ll) sorption onto iron oxyhydroxide nanoparticles. The smooth line is a guide to the eye. (b) Copper
adsorption isotherm showing the uptake as a function of aqueous Cu(Il) concentration at pH 6 and 0.17 g L' solids concentration.
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Fig. 7. The uptake and release of aqueous divalent copper ions by iron oxyhydroxide nanoparticles both dispersed (control) and aggregated by a variety of methods. Copper
adsorption and retention are expressed as a percentage of the initial Cu(Il) introduced in solution at pH 6.0. Estimated errors for adsorption and desorption values are 0.8% and
2.2% respectively, based on triplicate experiments for dispersed control nanoparticles.

decreases in the order: ionic strength > pH > freezing > drying. Fig. 7 pH was lowered to a value of 5.0, expressed again as a percentage
also reports the amount of copper retained on (and thus gives the of the initially introduced Cu(Il). The differences in copper sorption
amount desorbed from) the control and the aggregates when the observed for samples aggregated by different pathways are
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substantially greater than the experimental uncertainties measured
by separate triplicate uptake and release trials using the control
nanoparticle suspension. These data therefore indicate that samples
exhibiting lower capacities for adsorption due to aggregation also
retain a larger proportion of the adsorbed copper ions.

3.5. EXAFS analysis of copper adsorption geometries

Fits of the Cu K-edge EXAFS spectra and corresponding Fourier
transforms for sorption samples generated from the control and
two of the nanoparticle aggregate suspensions (1.0 M ionic
strength, pH 10) are shown in Fig. 8, with fitting results provided
in Table 4. For each sample, spectra were collected and fit following
both the initial adsorption step and the subsequent desorption
step, and qualitative differences between the different spectra
can be observed in Fig. 8. Specifically, more pronounced shoulders
are visible at k ~ 7.8 and 11.0 A~ in the EXAFS spectra following
desorption compared to the respective spectra following adsorp-
tion. Consequently, an increase in the amplitude of the second-
neighbor Fourier transform features is apparent in the 2.3-3.3 A
region (uncorrected for phase shift) for samples following desorp-
tion relative to those following adsorption.

The quantitative fitting results in Table 4 agree with the
qualitative differences observed in the EXAFS spectra and Fourier
transforms. In all cases the nearest neighbor to the average Cu
atom in the sample is oxygen with a coordination number between
3.3-3.7 (+0.4) A at an average distance of 1.95 (0.01) A. Although
copper is typically hexa-aquo coordinated in solution, Jahn-Teller
distortion of the Cu(H,0)s octahedron removes the degeneracy of
the Cu(II) 3d® electron ground state and the first shell is dominated
by the four equatorial oxygens [52]. This is in agreement with prior
room temperature studies of Cu(Il) sorption to mineral surfaces
[14,53]. Two second-neighbor features were also identified in all
spectra and fitted with Cu-Fe scattering interactions at average
distances of 3.02 (+0.01) and 3.29 (+0.02) A. The shorter distance
is consistent with Cu ions forming inner-sphere sorption com-
plexes either as dimers in binuclear corner-sharing configurations

36

or in mononuclear bidentate edge-sharing configurations with the
Fe(0,0H)s octahedra that comprise the substrate [53]. The longer
distance is consistent primarily with mononuclear bidentate
inner-sphere sorption complexes in corner-sharing configurations
with the Fe(OH)g octahedra, as observed in other EXAFS studies
of Cu(Il) on iron hydroxide substrates [14,53]. Fig. 9 illustrates
these and other copper binding geometries that may be present
following adsorption. The coordination environments generated
from fitting of the EXAFS spectra are not consistent with the struc-
tural environment of copper in Cu(OH),s). This observation, com-
bined with our Cu(II) sorption isotherm (Fig. 6b), which does not
indicate a sharp increase in sorbed Cu(lIl) at our designated uptake
experimental conditions, suggests that the (surface) precipitation
of Cu(OH)ys) is not a significant process in our samples.

No significant changes in the first oxygen shell coordination
number at 1.95 A are observed in any of the data. In contrast, the
average coordination numbers of both the second-shell (3.02,
3.29 A) Fe neighbors increase following the desorption step. Nota-
bly, the quantitative changes in these second-shell coordination
numbers are not proportional for the three samples; specifically,
in the sample order listed the percentage change in the 3.29 A
coordination number increases while the change in the 3.02 A fea-
ture drops. This reinforces our interpretation of these contributions
as representing distinct surface species with alternative sorption
geometries. The EXAFS data from all three samples can therefore
be interpreted as representing different proportions of a minimum
of three distinct surface species: outer sphere Cu(OH)s and two
inner-sphere species, likely mononuclear edge-sharing and cor-
ner-sharing bidentate species. Thus, an important conclusion of
the spectroscopic analysis is that aggregate morphology can have
a detectable effect on the balance of surface speciation.

4. Discussion

The data show that the mechanism of aggregation has a major
impact on the aggregate morphology (interior structure and
porosity), and that these properties strongly affect the ability of

k% (k)
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Fig. 8. Fits of the k*>-weighted Cu K-edge EXAFS data and corresponding Fourier transforms (black lines = raw data, gray lines = fit) for Cu(Il) sorbed on control (non-
aggregated) ferrihydrite nanoparticles and nanoparticles aggregated through increased ionic strength or pH. For each sample, spectra were collected following both the initial
adsorption step and the subsequent desorption step. Shaded regions show the areas of the EXAFS spectra and Fourier transforms where differences can be identified between

the adsorption and desorption spectra.
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Table 4

Cu K-edge EXAFS fitting results for Cu(II) sorption samples (see Fig. 8 for corresponding EXAFS spectra and Fourier transforms), including coordination numbers (CN), interatomic
distances (R), and Debye-Waller factors (¢2). Also included is the change in coordination number between the sample fitting results after the adsorption step and after the

desorption step.

Sample Cu-0 Cu-Fe Cu-Fe
CN % Change in CN  R(A) a*(A?) CN % Change in CN  R(A) d%(A%>) CN % Change in CN  R(A) a*(A?)

Control Ads  3.4(2) 1.96(1) 0.004(1) 1.6(3) 302(1) 001°  1.5(4) 330(2) 0.01°
Control Des  3.6(4) 4 1.95(1)  0.004(1) 2.4(6) 51 301(1) 001°  24(8) 61 327(2)  0.01°
ISP 1MAds  3.3(3) 195(1)  0003(1) 1.7(4) 301(1)  001°  13(5) 3292)  001°
ISP1MDes 37(3) 11 1.95(1)  0.004(1) 22(4) 30 303(1) 001°  23(5) 71 329(1) 001°
PH10 Ads 3.6(3) 1.95(1)  0.004(1)  1.6(4) 30001) 001°  1.0(5) 327(3)  0.01°
pH10 Des 36(3) 2 196(1) 0004(1) 21(4) 31 3.03(1)  001°  22(5) 122 330(1)  001°

Notes: Standard deviations at a 95% confidence level are listed in parentheses.
2 Value fixed in least-squares refinement.
b I.S. = ionic strength.

nanoscale particles to adsorb and sequester aqueous ions. An
important distinction may be made between aggregation processes
that occur in liquid water (pH and ionic strength increases) and
those that involve the removal of water from aggregate structures
(drying and freezing), with the latter processes leading to the for-
mation of compact nanoporous aggregates that have a lower
capacity for aqueous ion adsorption than the more open fractal
structures generated during the former processes.

Among the solution phase results, nanoparticles that are aggre-
gated by increasing pH create fractal aggregates with a higher frac-
tal dimension than those that are aggregated by increasing the
ionic strength. The higher fractal dimension indicates closer pack-
ing, and this is associated with a lower capacity for metal uptake.
At present, it is uncertain how to estimate the loss of surface area
that accompanies fractal aggregate formation, but we are exploring
methods of surface area estimation from aggregate models such as
that in Fig. 2.

In agreement with prior observations [14,54], drying the
suspensions is particularly effective for reducing the capacity for
metal uptake. The estimates of surface area obtained from gas
adsorption and the SAXS data are not in close quantitative agree-
ment, but they do exhibit similar variation with drying tempera-
ture. Moreover, the trends in surface area do not clearly match
the trends in metal sorption since within the temperature series,
for example, the greatest uptake is observed for the 75 °C sample,
which has the lowest surface area (likely due to some particle
growth). However, as drying temperature increases both the mean
pore size and the overall porosity increases, leading to a closer rela-
tionship between these parameters and observed metal uptake.

The results of the EXAFS studies contribute additional insight
into the mechanism of metal sequestration within ferrihydrite
aggregates. These studies reveal that the retained copper atoms
are surrounded by a greater number of iron neighbors after desorp-
tion has taken place. If a single mode of copper sorption dominated
throughout the adsorption and desorption processes, one would
expect the coordination numbers for each shell to remain relatively
unchanged save for an overall decline in data quality in the desorp-
tion samples due to an overall reduced copper concentration. Thus,
we infer that the desorption step removes a higher proportion of
one or more weakly-bound species than the more strongly-bound
species that remain following desorption.

The presence of Cu-Fe coordination numbers in excess of 2.0
(the maximum expected from a bidentate corner-sharing surface
sorption complex) suggests that more entrained forms of copper
persist following desorption. These entrained species would fea-
ture higher average Cu-Fe coordination numbers, such as copper
ions that have been structurally incorporated into the nanoparti-
cle’s near-surface lattice or trapped/sorbed within interparticle
pore spaces of larger aggregates as shown schematically in Fig. 9.
More work is required to determine whether the alternate binding
configurations represent distinct surface sites on one [33] or more
[55,56] phases in ferrihydrite, migration into nanopores at the
interface between aggregated nanoparticles, or incorporation into
growing nanocrystals.

Our results show that aggregation state is an important factor
for the long-term sequestration of copper and likely other contam-
inant species with an affinity for ferric iron oxyhydroxide nanopar-
ticles. The loss of surface area is an important factor limiting the

Fig. 9. Schematic representation of potential metal ion sorption complexes. For simplicity, in most cases the coordinating oxygen ions are not shown around the metal
cations. Boxed values indicate the possible number of Fe or Cu second-neighbors within the distance range observed in the experimental EXAFS.
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capacity of nanoparticle aggregates for adsorbing aqueous ions, but
the drop in surface area alone cannot account for the trends on
copper uptake and retention. Our 3D reconstructions of aggregate
morphology indicate that the formation of isolated pores that
would limit accessible surface area does not significantly occur.
Thus, we conclude that the lower capacity for uptake is due both
to surface area loss and a substantial reduction in the net transport
of aqueous ions into the most compact aggregates. Simulation
studies using the pore morphologies generated in the present work
are presently underway to quantify the extent to which pore struc-
ture attenuates diffusion rates.

A striking observation of the present study is that, following
desorption of the more weakly-bound sorbates, the distribution
of surface binding geometries varies with aggregate morphology.
The batch sorption/desorption studies combined with the EXAFS
investigations reveal that, while aggregation may reduce the total
amount of sorbate that can be adsorbed, physical constraints on
desorption (e.g. trapped or pore-bound metal species) and/or in-
creased proportions of higher strength binding sites can lead to
the increased retention, and hence more effective sequestration,
of metal ion contaminants.

5. Conclusions

The aggregation of iron oxyhydroxide nanoparticles by path-
ways occurring in the natural environment causes the formation
of nanoporous materials that vary significantly in both pore and
aggregate morphology. When aqueous ions diffuse into aggregates
and adsorb to sites on the internal aggregate surfaces, the net up-
take is diminished for materials with lower porosity and smaller
pore dimensions, indicating that physical loss of accessible surface
area is the dominant factor that alters uptake capacity. Specifically,
the transition from low-aggregation states (control) to intermedi-
ate (ionic strength-induced) and higher (pH-induced) aggregation
states correlates with both declining degrees of total Cu(Il) uptake,
lower amounts of Cu(Il) desorption (i.e. greater retention), and
increasing proportions of Cu(Il) ions in more stable binding modes,
including the possibility of more strongly structurally-incorpo-
rated configurations.

The present study shows, however, that simple geometric
parameters (surface area; porosity; pore dimensions) are not suffi-
cient to quantitatively explain the effects of aggregation on uptake
and release, indicating that full insight into this process requires
understanding how aggregate morphology affects the mobility of
aqueous ions within the pore network. Studies of diffusion within
aggregates requires 3D models that accurately represent pore
geometry and connectivity, and we have shown that SAXS methods
may provide an approach to deriving accurate geometric models.
Because the pore dimensions are nanoscale, models of diffusion
will likely require the incorporation of interfacial phenomena such
as the development of surface charge and counterion layers [57],
and the ordering of water molecules [58]. In addition to the phys-
ical constraints on aqueous ion transport in nanoporous aggre-
gates, a complete picture of metal sequestration by such
materials also requires a molecular-level understanding of the
chemical interactions between sorbates and the nanoparticle
surfaces, as well as their reaction kinetics.
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