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Impact statement for:

Goethite Nanoparticle Aggregation: Effects of Buffers, Metal Ions, and 4-Chloronitrobenzene
Reduction

Amanda M. Stemig,“* Virany M. Yuwono,” William A. Arnold,” and R. Lee Penn®

Little is known about how natural and synthetic chemical species affect the reactivity of
nanoparticles under environmentally relevant conditions. Specifically, aggregation state is
predicted to strongly impact the accessible reactive surface area, and aggregation state is
sensitive to solution conditions. It is essential to elucidate the links between reactivity and the
aggregation states of nanoparticles. This work, which primarily focuses on the reductive
degradation of 4-chloronitrobenzene by iron (II) adsorbed onto goethite surfaces, demonstrates
that both the rates of degradation of environmental contaminants and the extent of nanoparticle
aggregation are intimately linked. Changes to how reactors are prepared can dramatically affect
the rates of reaction, the degree to which the goethite surfaces are charged, and the aggregation
state of the iron oxide nanoparticles. Variables such as the buffer employed, as well as its
concentration, as well as other additives, such as metal ions added, can result in substantial
differences in experimental rate constants. This work combines quantification of degradation
rates with quantification of aggregation state, including some analysis of direct images of
aggregates in vitrified solution via cryogenic transmission electron microscopy.
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Goethite Nanoparticle Aggregation: Effects of Buffers, Metal Ions,
and 4-Chloronitrobenzene Reduction

Amanda M. Stemig,” Virany M. Yuwono,” William A. Arnold,” and R. Lee Penn*

Iron mineral systems are effective at transforming highly oxidized contaminants in natural and engineered systems. The rate at
which the contaminant degrades may be influenced by the amount of available mineral surface area. This study used dynamic
light scattering and cryogenic transmission electron microscopy to monitor changes in the aggregation state of goethite
nanoparticles before and after reaction with 4-chloronitrobenzene (4-CINB). The effects of buffer identity, buffer concentration,
and adsorbing metal identity on the goethite nanoparticle suspension characteristics and reactivity were monitored. Results
demonstrate that buffers, which serve to hold pH nearly constant over the course of a reaction, are not benign additives in batch
reactors. In fact, the identity and concentration of the buffer used strongly influences the rate of 4-CINB degradation by surface-
associated ferrous ion. Increasing buffer concentration resulted in more compact goethite nanoparticle aggregates, and slower 4-
CINB degradation was observed. In addition, the rate of degradation changed dramatically with changing buffer identity, with
rates of reaction changing by an order of magnitude when switching from 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) to Tris(2-hydroxyethyl)amine (TEA). Finally, of the three metal ions selected (Ca(Il), Fe(II), and Co(II)), the addition
and adsorption of the two transition metals resulted in a dramatic decrease in the average nanoparticle aggregate size.
Furthermore, oxidation of the adsorbed Fe(II), via O, or 4-CINB reduction, yielded decreases in zeta potential and increases in
aggregate size. This work demonstrates that small changes in reaction parameters have a large effect on the rate of contaminant
degradation through changes in nanoparticle aggregation state.

Introduction

Groundwater is an important fraction of the water supply throughout the United States. In 2005, 20% of water used in the United
States was withdrawn from groundwater.'! Many oxidized organic compounds, including chlorinated solvents, nitroaromatic
compounds, and pesticides are present as contaminants in groundwater.”> > These chemicals have been designed with highly
oxidized components in their structures, making them not only effective for their intended use but also stable in oxic
environments. These compounds are frequently found as persistent contaminants in groundwater systems and, thus, pose an
exposure risk to humans and wildlife.** More than thirty years after the passage of the Comprehensive Environmental Response,
Compensation, and Liability Act (i.e. Superfund), groundwater contamination still presents a challenge, in terms of remediation
and the return of water resources to unrestricted use.'® While stability in oxic environments facilitates the transport of pollutants
between soil and groundwater phases, the presence of oxidized functional groups suggests that reduction provides a means for the
breakdown or remediation of these compounds.

In groundwater, a reductant known to reduce oxidized contaminants is Fe(Il) associated with an iron mineral surface. Iron
oxides such as ferrihydrite, goethite, magnetite, hematite, and lepidocrocite are ubiquitous in the environment and readily adsorb
Fe(Il) ions.!" Degradation reactions of oxidized pollutants have been shown to be both efficient and rapid in these systems.'*"
This is due to the formation of reactive capacity after association of the Fe(Il) ions with the iron mineral *® *' The amount of
adsorbed Fe(I)'* '® 2, suspension pH'* ' ** and the adsorption of other constituents'> & 122 2527 each affect the formation
of reactive sites and dramatically alter the rate of contaminant reduction.

The number of reactive sites is directly related to specific surface area. Surface area increases with decreasing particle size,
which means, on a mass normalized basis, the smallest mineral nanoparticles will contribute the most surface area.”®
Nanoparticles, however, are highly susceptible to aggregation, which can physically block access to reactive sites. This effect
was shown by Vikesland er al,” who demonstrated that by increasing the ionic strength of the suspension, magnetite
nanoparticles aggregated, and the observed rate of carbon tetrachloride loss decreased.

The goal of this research is to elucidate the link between the aggregation state of iron oxide nanoparticles and their reactivity.
Such nanoparticles may be present naturally'' or introduced in an engineered remediation scheme.**** 4-Chloronitrobenzene (4-
CINB) was selected as a model contaminant due to its previous use as a probe compound*** and its nitro group represents
relevant classes of environmental contaminants (explosives and pesticides).*

In addition to measuring kinetics of pollutant degradation, this study investigates changes in nanoparticle aggregation in situ
by using dynamic light scattering (DLS) and cryogenic transmission electron microscopy (cryo-TEM). DLS measures the
intensity of scattered light from suspended objects, enabling dynamic assessment of aggregation state. The working hypothesis is
that larger aggregates will have more points of internal contact and thus, less surface area accessible to the surrounding solution
for the degradation of environmental contaminants. An alternative hypothesis is that electron shuttling from one primary
crystallite to another may result in faster kinetics than expected based on accessible surface area.*' ** Cryo-TEM enables the
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direct imaging of vitrified samples, which can be collected at any point during a reaction and thus serve as snapshots of the
aggregation state during an experiment. Together, DLS and cryo-TEM enable quantitative characterization of aggregation state
before, during, and after reaction.

Results and Discussion

Crucial to continued work in this area is consistency in experimental work so as to facilitate meaningful comparisons between
laboratories. A survey of a sampling (78 in total) of recent research articles in the field (Figure 1)'%'7- 19-26. 29, 3436, 38, 39, 43-100
demonstrate substantial variation in the preparation of reactors for degradation reactions of environmental contaminants.
Variations include buffer type, the order in which reagents (buffer, mineral, Fe(Il), contaminant) are added, the number of
equilibrations upon addition of reagents, the length of time allowed for equilibration, and number and identity of constituents
present during each equilibration step. Buffer concentrations ranged from 0.4 to 100 mM, a mean of 32 mM, and median of 25
mM (with one extreme outlier of 1 M excluded from this analysis). Small differences in reaction conditions may be largely
irrelevant or may fundamentally change the properties of the nanoparticle suspension such that comparisons of datasets become
impossible. A goal of this work was to evaluate a subset of potentially important batch reactor variables so as to determine which
variables of the experimental protocol do and do not facilitate quantitative and qualitative comparisons of reactivity in goethite
nanoparticle systems.
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Figure 1: Graphical representation of iron mineral reactor preparation parameters from a sampling of 78 research articles. The
buffer identity used in each study (note that the total exceeds 78 as multiple studies used various buffers) and the number of steps
with equilibration periods in which the constituents are added (insert) were summarized to show the variation in procedures
applied

Frequency of Use

Buffer Employed

Goethite particle characteristics

The goethite particles employed here had dimensions of 63.7 +22.9 nm by 8.9 + 3.9 nm as measured by TEM and surface area of
136.8 m%/g as measured by N, adsorption. The mineral identity was confirmed by X-ray diffraction. Additional details are in the
Supplementary Information (Figure S1, Table S1, and Figure S2).

Buffer concentration and metal ions. Pre-reaction

Aggregate sizes (from DLS) and zeta potentials (a surrogate for surface charge) in MOPS buffer before and after divalent metal
ion addition are summarized in Table 1. In 20 mM MOPS buffer, the primary goethite particles form large aggregates. The value
obtained using DLS, approximately 3000 nm, is near the upper limit for the DLS instrument, which means we can conclude only
that the aggregates are large. However, the data point provides a basis for comparison to other conditions.

The concentration of buffer present within a reaction system affects aggregation of the goethite nanoparticles. The effect of
buffer concentration was tested in the presence of 1 mM Fe(II) but prior to 4-CINB addition. MOPS buffer was selected for the
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buffer concentration experiments due to its frequency of use in past studies (Figure 1).'”2%3¢ A general upward trend in
aggregate size was observed via both DLS (Table 1) and cryo-TEM with increasing buffer concentration (Figure 2). For cryo-
TEM analysis, goethite suspensions in 10, 20, and 50 mM were selected (6 images per concentration), and the images suggest
that the average aggregate size is similar in 10 and 20 mM MOPS, but there is a significant size increase observed for goethite
suspended in 50 mM MOPS. Despite the marked differences in size, the average aggregate density was statistically similar
across all three buffer concentrations. Additional aggregate analysis revealed that a majority (>50%) of all nanoparticle contacts
within an aggregate occurred along the major nanoparticle axis (Figure 2; complete TEM analysis results in SI, Figure S3).
Previous results have demonstrated that the goethite {021} are the reactive surfaces, which could mean that such side-by-side
contacts may not significantly affect accessible, reactive surface area.>* Finally, zeta potential measurements clearly demonstrate
a dramatic drop in surface charge as a function of increasing MOPS concentration. This parallels the increase in aggregate size
as observed by DLS. With the observation that many of the particle-particle contacts occurs along the long-axis of the
nanocrystals, one could hypothesize that MOPS molecules primarily adsorb onto the 110 type surfaces, resulting in a drop in
surface charge for those surfaces. At pH 7, the particles are clearly positively charged, and the adsorption of deprotonated,
negatively charged MOPS molecules results in a net drop in surface charge. If that drop in net charge primarily occurs via the
110 type surfaces, then aggregation across those surfaces may be promoted. Alternatively, MOPS may primarily adsorb onto the
nanocrystal tips, resulting in steric repulsion between the tips, which could effectively promote aggregation in a side-by-side
configuration.

Three M(II) ions were selected to determine their effect on goethite nanoparticle aggregate size and surface charge in 20 mM
MOPS before the addition of 4-CINB (Table 1). Two goethite suspensions were prepared for each metal ion. Both Sample I and
II were prepared in the same manner, except that the metal ion addition was delayed by 18 hours for Sample II. The hard metal
ion, Ca(Il), did not significantly alter either the aggregate diameter nor surface charge of nanoparticles. The small change
observed in zeta potential is consistent with limited adsorption of Ca(Il) onto the iron mineral surface. Upon addition of the
transition metal ions Fe(II) and Co(II), however, nanoparticle aggregation dramatically decreased and zeta potential increased,
which is consistent with adsorption of these cations onto the mineral surface, ultimately resulting in dispersal of the particles.
Both trends hold for delayed addition of metal ions as demonstrated by the Sample II series. Overall, these results are consistent
with expectations regarding the effect of surface charge on particle stability.

Figure 3 shows both the rate constant for 4-CINB degradation and the average pre-reaction aggregate size (determined by DLS
and cryo-TEM) versus concentration of MOPS buffer. The maximum rate constant is observed for reactors containing 20 mM
MOPS, and the rate constant decreases with further increases in buffer concentration. For MOPS concentrations less than 20
mM, the reaction rate decreased as the buffer concentration decreased. At 5 mM MOPS, the pH was less stable during the
equilibration step and throughout the reaction, with the pH dropping by nearly one-third of a pH unit during equilibration and
one-half a pH unit after reaction with 4CINB (Table S2). In contrast, at MOPS concentrations of 10 mM and higher, the pH
dropped by one-tenth or less of a pH unit during the equilibration step. After reaction, the pH dropped by an additional tenth of a
pH unit in the case of 10 mM MOPS reactor while the pH remained quite stable for MOPS concentrations of 20 mM and higher.
The zeta potential measurements demonstrate a substantial difference between the 5, 10, and 20 mM MOPS reactors prior to
addition of the 4-CINB, most notable is the difference between the 10 and 20 mM reactors.. This will influence the kinetics
because the sorption of Fe(Il) is strongly pH dependent at circumneutral pHs and because the reduction of the aromatic nitro
group is dependent on pH.*”** 1% Conversely, at buffer concentrations at and above 20 mM, the buffering capacity is sufficient
to maintain a pH of 7 throughout the reaction. Thus, we conclude that the results demonstrating decreased reactivity with
increasing aggregate size is consistent with a loss in accessible surface sites for 4-CINB degradation at the higher MOPS
concentrations. In contrast, the lower MOPS concentrations do not provide adequate pH stability through the course of the
reaction. Indeed, examination of the literature for results tracking ferrous ion adsorption to goethite, in combination with results
from our laboratory using related conditions, demonstrates that the pH range of 6-7 is critical, with steep changes in ferrous ion
adsorption as a function of modest changes in pH.”> 10108

Table 1. Goethite aggregate sizes and zeta potentials measured using dynamic light scattering

Goethite only Goethite + 1 mM Fe(ll) Goethite + 1 mM M(Il)
ConAggﬁrg tion Diameter Zeta potential | Diameter | Zeta potential Diameger Zeta potintial
(mM) (nm) (mV) (nm)® (mV) (nm) (mV)
5 96 +4 46
10 71+4 42
20 3055% + 1055° 30.9+2.4° 260 + 64 32 Fe(ll): 240, 180 41, 38
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Co(I1):180, 170 42, 41

Ca*": 2300, 1700 22,27
30 500 + 150 17
40 640 + 130 15
50 980 * 540 9

“Errors represent standard deviation from three measurements on a single sample
®For each pair of numbers, the first a measurement taken when the metal was added after the goethite and MOPS buffer had

equilibrated for 18 hours (Sample I) and the second is the measurement take when the metal was added after the goethite and
MOPS buffer had equilibrated for 36 hours (Sample I1)
°Average and standard deviation of nine separate preparations of goethite in 20 mM pH 7 MOPS

dBeyond the upper quantitative detection limit of the instrumentation

[MOPS] (mM)

Average Length (nm)

Average Density (%)

Average Side to Side
Contacts (%)

10 370 £ 110 37 +10 66
20 340+ 71 35+8 49
50 1100 + 340 45+5 55

Figure 2: Representative cryo-TEM images of goethite aggregates before the reaction in MOPS buffer at concentrations of 10
mM (A), 20 mM (B), and 50 mM (C). The table summarizes the size measurements, nanoparticle density calculations, and
quantification of side to side nanoparticle contacts at each concentration (detailed image analysis results are included in Figure

S3).
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Figure 3: Average aggregate hydrodynamic diameter of goethite nanoparticles with 1.0 M Fe(II) before reaction as a function of
MOPS concentration as determined by DLS and cryo-TEM measurements (left axis). Observed rate of 4-CINB degradation is
plotted for each of the studied buffer concentrations and are connected by a line for ease of reading (right axis).

Buffer identity: Effect on aggregate size and reaction rates

Buffers are commonly used to maintain a constant pH during a reaction, but their presence can result in substantial changes in
aggregation state and surface chemistry,? as seen in Table 1 for MOPS. Goethite nanoparticles suspended in solutions containing
1 mM Fe(II) and HEPES buffer were the most dispersed before reaction with 4-CINB, and the aggregate sizes were 3-5 times
larger for analogous suspensions prepared using MOPS and TEA buffers (Table 2). The zeta potentials, however, are similar for
goethite particles in solutions prepared with the three buffers, indicating that the size differences are caused by a buffer-specific
effect. In all cases, the introduction of 4-CINB leads to a dramatic increase in size, accompanied by a decrease in zeta potential,
and aggregate sizes after reaction in HEPES buffer were 3-5 fold smaller than in MOPS or TEA (Figure 4; Table 2).

The observed differences in aggregate size may be explained by both the molecular and electronic nature of each buffer. At pH
7, the sulfate group on both MOPS and HEPES molecules is deprotonated, which allows for electrostatic interaction with the
positively charged goethite surface. Because the zeta potential is similar for particles in all three buffers before the reaction, this
suggests that pH and surface Fe(Il), rather than buffer identity drives surface charge, and differences in aggregate size are
intimately linked with the nature of the buffer molecules. If the sulfonate group is associated with the nanoparticle surface, the
remainder of the molecule may act as a physical inhibitor to nanoparticle aggregation. The smaller nanoparticle aggregates
suspended in HEPES buffer may be explained by steric hindrance because the HEPES molecules are larger. Another possibility
is that the deprotonated amine group on the buffer sorbs to the surface, resulting in a net decrease in surface charge. The greater
degree of aggregation in MOPS would then be due to greater adsorption, because more of the amine is deprotanated at pH 7 as
compared to HEPES. (Attempts to quantify buffer sorption were unsuccessful). Unlike MOPS and HEPES, TEA molecules are
predominantly positively charged at near-neutral pH and thus unlikely to be sorbed onto the positively charged goethite surface.
As such, the nanoparticles are more likely to form larger aggregates in TEA than in solutions containing MOPS or HEPES.
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While buffers such as MOPS, HEPES, and TEA enable adequate maintenance of pH, their presence is not passive with regard to
mineral surface reactivity. The reduction of the nitro group to the amine requires the consumption of protons and the buffers
provide a continuous source throughout the degradation process. The buffer identity, however, greatly affects the aggregation
state of the goethite nanoparticles before the reaction with 4-CINB is initiated. Thus, trends can be compared, but quantitative
comparisons remain challenging with different buffers and buffer concentration.

Results tracking the reduction rate of 4-CINB for reactors prepared with each of the three buffers are also reported in Table 2.
The reaction is pseudo-first order in all buffers examined, and the rate in HEPES buffer solution is approximately 1.5 and 10
times faster than that in MOPS and TEA buffer solutions, respectively. This parallels the pre-reaction size trend. The largest
aggregates (suspended in TEA) would be expected to have the smallest accessible surface area and the slowest rate of
contaminant degradation, and the smallest aggregates (suspended in HEPES) would be expected to have the largest amount of
accessible surface area and the fastest rate of degradation. Generally, the average hydrodynamic diameter increased dramatically
upon injection of 4-CINB dissolved in methanol (Table 2; Figure 4). Greater size variation was observed when the nanoparticles
were suspended in MOPS buffer (even considering that any value greater than 3000 nm is above the linear detection limit of the
instrument). The variation in size is likely caused by turning the cuvettes over to re-suspend the settling particles. In the case of
MOPS, the large variations may indicate breaking apart of loosely formed aggregates. Thus, the true size of the largest
aggregates is difficult to quantify by DLS. It can be concluded, however, that the nanoparticle aggregates are dynamic
throughout the degradation process and that the buffer greatly affects the average aggregate size and reactivity.

Table 2: Table displays the buffer molecular structure at pH 7 (and relevant pK,), the average nanoparticle aggregate size before
the addition of 4-CINB over the entire collection period (£ SD), the average aggregate size over the 30 minutes after 4-CINB
addition (£ SD), and the observed rate of 4-CINB degradation (+ 95% CI).

% in neutral | Pre-rxn Pre-rn Post-4-CINB Post-4-CINB
i i zeta i i spike zeta Kobs, +-cive
Buffer pKa amine form size tential spike size tential .
atpH?7 (nm) potentia (nm) potentia (min”)
(mV) (mV)
H
IV\/\
ﬁ” SOy 230 + . 0.056+
o 7.2 38.7 37 38 4300° £ 2200 33 0.001
MOPS
hL SO3”
3
(\N/\/ 7.6 20.1 72+2 41 770 + 340 38 0.091 =
HO/\/N\) ' ' - - 0.005
HEPES
H
e 7 AN
"o or 340 + 0.009 +
g 7.8 13.7 39 41 2400 + 720 34 0.001
HO
TEA

®Beyond the upper quantitative detection limit of the instrumentation
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Figure 4: Observed changes in the average hydrodynamic aggregate diameter upon injection of methanolic 4-CINB into an
Fe(Il)-goethite suspension with 20 mM MOPS, HEPES, or TEA buffers as reported by DLS. Time zero represents 4-CINB
injection time, thus pre-reaction samples are given a negative time value. The dashed line at 3000 nm represents the upper
quantitative detection limit of the instrumentation.

Metal identity: Effect on aggregate size during reaction with 4-CINB and oxygen

4-CINB degradation was only observed in the Fe(II)-goethite system (Figure S4). Reaction in the presence of Ca(II) was neither
expected nor observed (data not shown), because Ca(Il) is redox inactive. Co(Il) is redox active, but the reduction of the
aromatic nitro group was essentially zero over the first 45 minutes (the time period over which substantial 4-CINB reduction
occurred with Fe(I)) and significant loss of 4-CINB by HPLC analysis was not detected until ca. 24 hours.

Upon the addition of methanolic 4-CINB to goethite nanoparticle suspensions, the identity of the adsorbed metal ion impacted
the aggregation state (Table 3). Goethite nanoparticles suspended with dissolved Co(II) remained well dispersed throughout the
entire experiment (constant zeta potential), but no significant degradation of 4-CINB, despite the hypothesized redox activity of
Co(II) in this system, was observed. In contrast, goethite nanoparticles suspended in a solution containing Fe(II) remained well
dispersed until the addition of the methanolic 4-CINB, after which a substantial decrease in zeta potential and increase in
aggregate size were observed as the 4-CINB reacted. The drop in zeta potential in the Fe(II)-goethite system (from 38 mV before
introduction of 4-CINB to the system to 33 mV after) results from the oxidation of Fe(Il) to Fe(IIl), and incorporation of the
Fe(Il) into the mineral phase as FeOOH thus reducing the surface charge. To see if the same effect would be observed with
another oxidant, the systems were exposed to oxygen rather than 4-CINB. For Fe(Il), exposure to oxygen also results in
increasing aggregate size and decreased zeta potential (Table 3; Figure S5). Thus, oxidation of the Fe(II) clearly contributes to
the observed increase in nanoparticle aggregate size. Co(Il) is not oxidized under these conditions, and there are no changes to
either the goethite aggregate size or surface charge.

Table 3: Effect of oxidant addition aggregate size and zeta potential for systems containing Fe(II) and Co(II)

4-CINB Oxygen
Pre-rxn Pre-rxn zeta Post-rxn Post-rxn Post-rxn Post-rxn
Metal added size (nm) potential size zeta size zeta
(mV) (nm) potential (nm) potential

Page 8 of 14



Page 9 of 14

Environmental Science: Nano

(mV) (mV)
Fe(ll) 180 38 7930° 33 1050%,6910°° 337 23°
Co(ll) 170 41 840 39 130° 40°

?Low oxygen exposure. The cap on the cell containing the suspension was opened for 15 seconds, re-closed, and the cell was
gently turned over 7 times

b High oxygen exposure. The cap was opened, reclosed, and the cell shaken. This procedure was repeated for 5 minutes.

° A stream of oxygen was bubbled through the sample for 10 minutes.

dBeyond the upper quantitative detection limit of the instrumentation

Experimental
Chemicals

All aqueous solutions were prepared with ultrapure water (18 MQ-cm resistivity, Milli-Q, Millipore). NaHCO3 (Sigma-

Aldrich, 99.7-100.3%) and Fe(NOs);-9 H,O (Aldrich, 98+%) were used in the synthesis of goethite nanoparticles. 3-(N-
morpholino)propanesulfonic acid (MOPS, Sigma-Aldrich, >99.5%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, Sigma-Aldrich), and Tris(2-hydroxyethyl)amine (TEA, Baker Analyzed Reagent, >99.0%) were adjusted to pH 7 with
HCl (BDH Aristar) or NaOH (Mallinkrodt Chemicals, 99%), vacuum filtered, and deoxygentated by nitrogen sparging
(Matheson, grade 99.9998%). 4-chloronitrobenzene (4CINB, 99%) was obtained from Acros Organics. Acetonitrile (HPLC
grade) and ammonium acetate (Fluka Analytical, HPLC, >99.0%) were used in high pressure liquid chromatography (HPLC)
analysis. FeCly'4H,O (Fisher Scientific, 101.0%), CoCl, (Mallinkrodt Chemicals, 98.8%), and CaCl, (Fisher Scientific, 99%)
were used to prepare metal ion solutions.

Goethite Nanoparticle Synthesis

Goethite nanorods were synthesized by Chun et al.** Particle size distribution and X-ray diffraction pattern of the synthesized
particles are provided in the Supplementary Information.

4-CINB Degradation Reactions

Experiments were carried out in 50 mL serum bottles and were prepared in an anaerobic chamber (Coy Laboratory Products, 5%
H,/95% N,) and sealed with a PTFE-lined aluminum crimp cap. Reactors contained approximately 0.325 g/L goethite
nanoparticles and deoxygenated pH 7 MOPS, HEPES, or TEA buffer. The reactor was removed from the anaerobic chamber,
sonicated on ice for two hours (AquaSonic 150HT, VWR Scientific), and returned to the anaerobic chamber. The solutions of
1.0 M CoCl,, CaCl,, and acidified FeCl, were prepared in the glove bag and added to the serum bottle to yield a final
concentration of 1.0 mM of the desired cation. The suspension was stirred along the longitudinal axis of the serum bottle on a
magnetic stir plate IKAMAG RO10power, IKA Works Inc.) and allowed to equilibrate for approximately 18 hours. The serum
bottle was wrapped in aluminum foil to prevent degradation by photolysis. To initiate an experiment, either a deoxygenated
methanolic or MOPS solution of 4-CINB was added to the reactor to yield an initial concentration of 100 uM.

At desired reaction times, 0.5 mL samples of the suspension were filtered with a 0.2 pm nylon membrane. The concentration
of 4-CINB was quantified by an Agilent 1100 Series system equipped with an ultraviolet detector. A 20 puL sample was injected
onto a Zorbax SB-C18 column (4.6 mm [ 150 mm, 5 pm). The 70:30 acetonitrilezammonium acetate (10% v/v
acetonitrile/ammonium acetate 1g/L, pH 7) mobile phase was operated at a flow rate of 0.7 mL/min for a total separation time of
7 minutes. The absorbance at 254 nm was monitored. The retention time of 4-CINB was 4.42 minutes, and 4-chloroaniline (the
ultimate degradation product of the reduction) eluted at 3.22 minutes.

Nanoparticle Characterization

XRD

Nanoparticle composition was analyzed by XRD using a PANalytical X-Pert PRO MPD X-ray diffractometer equipped with a
cobalt source, iron filter, and an X-Celerator detector over the range 20-105 °26 at a scan rate of 0.0235 ° per second with an
effective 90 seconds per step. The resulting patterns were compared to the reference powder diffraction files (PDFs) of
ferrihydrite (#29-0712), magnetite (#19-0629), and goethite (#29-0713).

Zeta Potential

A 2.5 mL sample of prepared goethite suspension was removed the anaerobic chamber and placed in a Brookhaven Instruments
Corporation ZetaPALS Zeta Potential Analyzer 90Plus/BI-MAS Multi Angle Particle Sizing Option DLS instrument where the
zeta potential was measured. Data collection parameters consisted of: 5 runs of 20 cycles each, estimated sample size of 3000

nm, sample concentration of 0.32 mg/mL, 25°C, aqueous suspension, pH 7, and Smoluchowski zeta potential model.
DLS

A 2.5 mL sample of goethite suspension was transferred to an air-tight quartz cuvette inside the anaerobic chamber from a
prepared reactor prior to 4-CINB introduction. The sample was removed from the chamber and placed into the DLS instrument
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where the hydrodynamic diameter was continuously measured for approximately 30 minutes. To make measurements during
reaction, the 4-CINB solution was injected into the cuvette and the hydrodynamic diameter was measured for an additional 30 to
60 minutes. Run parameters consisted of triplicate measurements of a sequence of 9 runs (20 second run duration, total analysis
time of 9 minutes), a dust filter value of 500, the assumption that the particles are thin shells (refractive index values of 1.590 and
0.000 for the real and imaginary components, respectively), sample temperature of 25 °C, laser wavelength of 657 nm, and a
detection angle of 90°. Every 9 minutes, the cuvette was taken out of the instrument and gently inverted twice to prevent particle
sedimentation. The hydrodynamic diameters reported are the number-based mean diameter of the aggregates. Reported pre-
reaction sizes are the average and standard deviation over the first 30 minutes while the post-reaction sizes are the final average
hydrodynamic diameter recorded after 4-CINB addition.

Cryo-TEM

Approximately 3 pL of goethite nanoparticles suspended in MOPS buffer was applied to a 3 mm 200-mesh lacey carbon coated
copper grid (SPI Supplies). The grid was blotted with filter paper in a 100% humidity environment for 2 seconds to create a thin
film of suspension inside a controlled humidified chamber (Vitrobot Mark IV, FEI Company). The grid was plunged into a well
of liquid ethane and transferred under liquid nitrogen to a cryo-TEM holder and analyzed by a FEI Technai F30 TEM. Images
were analyzed using ImageJ 1.44p equipped with additional plugins from the MBF ImageJ for Microscopy Collection. Angles
between adjacent particles were measured and counted for each aggregate to determine the frequency of side-to-side contacts.
The particle density was determined by enclosing the aggregate in a polygon in which all corners pointed out, converting the
image to black (background) and white (nanoparticles), and counting the number particle pixels in relation to the number of total
polygon pixels. Results for each concentration are reported as the average of six representative images.

Conclusions

The size of goethite nanoparticle aggregates is dramatically reduced by adsorption of a transition metal ion, which imparts a
positive charge to the surface. Only Fe(II) was found to promote the degradation of 4-CINB, and oxidation of the added Fe(II) by
4-CINB or oxygen resulted in increased aggregation. The different oxidants (atmospheric oxygen, pure oxygen, or 4-CINB
reduction) all led to increases in aggregation state. Thus, it appears that the oxidant identity is not a factor in aggregate size
increase, but rather the fact that oxidation occurs.

Results also demonstrate aggregation state of goethite nanoparticles is affected by the chemical conditions in the reactor which
in turn affects reactivity with contaminants. The buffer selected to maintain reactor pH and the buffer concentration used both
alter the average nanoparticle size and, by extension, the surface area available for 4-CINB degradation. Both the electronic and
structural nature of the buffer molecule can explain the observed trends of both the goethite aggregate size and observed rates of
4-CINB degradation. Zwitterionic buffers with spatial charge separation are better at preventing nanoparticle aggregation and
yield faster rates of degradation than buffers with only a central positive charge.

In addition, the concentration of the buffer played a role in both the aggregation state and, to a greater extent, the rate of 4-
CINB degradation. At high buffer concentrations, the aggregates were larger and more densely packed on average (due to buffer
association with the surface as evidenced by changes in zeta potential than those suspended in lower buffer concentrations. This
increase in packing is the hypothesized source of the decreased rate of 4-CINB degradation. If the buffer concentration was not
sufficient to maintain a stable pH, effects on the extent of Fe(Il) sorption, and thus reactivity of the nanoparticles were observed.
These dramatic effects of buffer identity and concentration on aggregation state and degradation rate calls into question the
appropriateness of using biological buffers within batch reactors to simulate the reactivity of nanoparticles in natural aquatic
systems. It appears that if it is desired to it will be necessary to use carbonate buffer to understand how nanoparticles react and
aggregate in the environment.
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Iron mineral systems are effective at transforming highly oxidized contaminants in natural and engineered systems. The
rate at which the contaminant degrades may be influenced by the amount of available mineral surface area. This study
used dynamic light scattering and cryogenic transmission electron microscopy to monitor changes in the aggregation
state of goethite nanoparticles before and after reaction with 4-chloronitrobenzene (4-CINB). The effects of buffer
identity, buffer concentration, and adsorbing metal identity on the goethite nanoparticle suspension characteristics and
reactivity were monitored. Results demonstrate that buffers, which serve to hold pH nearly constant over the course of
a reaction, are not benign additives in batch reactors. In fact, the identity and concentration of the buffer used strongly
influences the rate of 4-CINB degradation by surface-associated ferrous ion. Increasing buffer concentration resulted in
more compact goethite nanoparticle aggregates, and slower 4-CINB degradation was observed. In addition, the rate of
degradation changed dramatically with changing buffer identity, with rates of reaction changing by an order of
magnitude when switching from 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) to Tris(2-
hydroxyethyl)amine (TEA). Finally, of the three metal ions selected (Ca(II), Fe(II), and Co(II)), the addition and
adsorption of the two transition metals resulted in a dramatic decrease in the average nanoparticle aggregate size.
Furthermore, oxidation of the adsorbed Fe(II), via O, or 4-CINB reduction, yielded decreases in zeta potential and
increases in aggregate size. This work demonstrates that small changes in reaction parameters have a large effect on
the rate of contaminant degradation through changes in nanoparticle aggregation state.
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