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ABSTRACT

Nanoscale zero-valent iron (nZVI) particles are currently used for environmental remediation due to their ion
sequester ability. This trait plus their magnetic behavior, and biocompatibility, makes them a promising alter-
native for heavy metal poisoning treatment, development of MRI dye, and drug delivery loads, among others.
Their rapid passivation in aqueous media inhibit their differentiation from magnetite (Fe30,4) by electrochem-
ical methods, due to its surface oxide. Herein, this work is focused on applying the electrochemical method
known as anodic particle coulometry (APC) to detect and characterize nZVI. During the experiments, current
blips are observed as a result of a current increase when the electroactive nZVI particle reaches the Au working
ultra-microelectrode surface. The integration of current blips resulted in a charge distribution between 4 pC
and 5 pC, which correlates with nanoparticles in a size range between 70 nm and 100 nm. The size distribution
obtained were compared to the size distribution found using scanning transmission electron microscopy
(STEM) and nanoparticle tracking analysis (NTA). The results were compatible with the results obtained by
the other two techniques. Characterization of nZVI particles using x-ray photoelectron spectroscopy (XPS)
and electron energy loss spectroscopy (EELS) validate the presence of elemental iron which differentiates
the material from magnetite. A chemical shift of ca. 1 eV from metallic iron to iron oxide (Ls: 708 eV and
Ly: 721.2 eV versus Lz: 709 eV and L,: 722.2 eV) is observed from EELS at nZVI particle center and edge, respec-
tively. This suggests the presence of a passivated surface and a metallic core, a metallic core and oxide shell

structure.

1. Introduction

Advances in single metal nanoparticle detection [1-12], soft parti-
cles in non-homogeneous solutions [4,13-21], and the detection of
one atom and clusters of atoms [1-4,16,19-24], are examples of
promising accomplishments in single nanoparticle collision chemistry.
The study of single particle electrochemistry is important to under-
stand differences in chemical and physical properties of single parti-
cles as opposed to data obtained by ex-situ measurements [25,26].
Furthermore, in terms of analysis, the specific detection of single par-
ticles achieves the ultimate sensitivity: a limit of detection of a single
particle.

Single Particle Detection (SPD) methods have emerged as an elec-
trochemical alternative for nanoparticle (NP) characterization [27].
This novel electrochemistry method has obtained remarkable develop-
ment in recent years. Nevertheless, NP are mostly characterized by
transmission electron microscopy (TEM) or by spectroscopic methods
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[1,21,22]. New methods, as SPD, are needed since NPs are nanomate-
rials that have shown size dependent in optical properties and surface
reactivity and have a wide range of applications, from drug delivery to
environmental nanotechnology. Characterization of NP using SPD
methods is a wide field to be explored and developed. This analytical
method may be applied in different nanomaterials in many research
fields. Herein, this work shows the characterization of nanoscale
zero-valent iron (nZVI) particles using anodic particle coulometry
(APC) for the first time. APC can be successfully used to identify par-
ticles with similar electrochemical properties, and accurately offers
data according to the material appearance. This advantage makes pos-
sible the obtaining of data that reflects a characteristic “print”, which
can be used to differentiate between materials with similar electro-
chemical properties but different physical semblance. During the elec-
trochemical oxidation of nZVI particles in dilute solutions, anodic
current blips were observed as a result of a current increase when
the electroactive nZVI particle reached the Au ultramicroelectrode sur-
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face. Because of their magnetic trait, nZVI particles present poor dis-
persion which makes it difficult to use techniques such as dynamic
light scattering (DLS). APC gives an insight on the sample’s distribu-
tion, permitting the measuring of one nZVI particle, but also suggest-
ing the agglomeration and chain formation that occurs within the
sample. This ability compares with the advantage of using microscopic
techniques that gives observable data, an image. The obtained results
strengthen and validates the advantages given by this electrochemical
technique when using materials of diverse properties, in this case a
magnetic electroactive particle.

NZVI particles are known to be ion sequesters and are used for
environmental remediation [28-30]. Due to their ion sequester ability,
magnetic behaviour, and biocompatibility, nZVI particles are a promis-
ing alternatives for heavy metal poisoning remediation [31]. NZVI par-
ticles has shown to decrease the toxicity in heavy metal poisoned soils
and waters, being able to clean water from chlorinated compounds
with almost 100% efficiency [32-36]. Recently, Soto-Hidalgo et al.
has shown its use in contaminated soil from Cienaga las Cucharillas,
Catafio, Puerto Rico [42].

2. Material and methods

All chemicals used were of high purity and used as received.
Reagents and solvents used during these experiments such as: FeCls-
-6H,,0, NaBH,, KCl NaH,PO,, Na,HPO,, K,Fe(CN)s-3H,0, highly pure
ethanol, and Whatman membrane filters nylon pore < 1 pm, were
bought from Millipore Sigma (Sigma Aldrich). The iron (ILIII) oxide
(magnetite) nanopowder used was obtained from Fisher Scientific
and manufactured by Alfa Aesar. The grids used for TEM and EELS
samples were made of a carbon thin film over copper by Cornell Center
for Material Research (CCMR). The UMEs used for these experiments
were prepared by Annelis Sanchez under the supervision of Dr. Allen
J. Bard’s group at The University of Texas at Austin.

2.1. nZVI particles synthesis

nZVI particles were synthesized following the Zhang et al. synthesis
via reduction of Fe>* [35]. Briefly, approximately 1.36 g of FeCls-6H,-
O (5 mmol) were dissolved in 30 mL of a 1:5 water/ethanol solution.
The reducing agent was prepared by dissolving 3.03 g of NaBH,4 in
100 mL of water (the NaBH, excess is to accelerate the synthesis reac-
tion) [37]. The reductive titration was settled at a 65 drops per minute
rate, at room temperature, and with continuous vigorous agitation.
Stirring continued for at least 30 min after the titration was finished.
The nZVI nanoparticles synthesis occurs via the following reaction:

4Fe*" + 3BH, + 9H,0 — 4 Fe® | + 3H,BO; + 12H" + 6H, (1)

The particles were then filtered using a vacuum filtration system
and a 0.1 pum size pore filter paper. The obtained particles were thor-
oughly washed with highly pure ethanol to remove the salts and other
adsorbed ions and was left for drying at the filtration system for at
least 20 min after the ethanol wash. Particles were stored in a vial
sealed with parafilm, under vacuum condition, inside a desiccator to
prevent oxidation from the environment.

2.2. X-ray photoelectron spectroscopy analysis (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was done using a
PHI Physical Electronics 5600ci ESCA System with a Mg Ka monochro-
matic X-ray source (350 W) and a hemispherical electron energy ana-
lyzer. All binding energies shown have been calibrated during data
analysis using C (1 s) binding energy peak at 284.8 eV [38].
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2.3. Electron energy loss spectroscopy (EELS)

Electron energy loss spectroscopy (EELS) was done using a FEI
Monochromated 200 kV Tecnai TF20 STEM at the Cornell Center for
Material Research (CCMR), Cornell University.

2.4. Nanoparticle tracking analysis (NTA)

Nanoparticle tracking analysis (NTA) was used to characterize the
nZVI nanoparticles. A 80 pM aqueous solution of nZVI nanoparticles in
100 mM KCl (Sigma Aldrich) was prepared and sonicated for 25 min to
improve particle dispersion. The solution was further diluted by 12.5x
using 100 mM KCl and analyzed using a NANOSIGHT Version 2.3.

2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) images were obtained
using a FEI Tecnai T12 BioTwin 120 kV TEM and FEI Tecnai G2F20
200 kV TEM/STEM at Cornell Center for Material Research (CCMR)
facilities. The 80 pM nZVI stock solution was analyzed before and after
exposure to sonication in 200 mM phosphate buffer at pH = 10 for at
least 30 min. Diluted samples were analyzed after exposure to APC
treatment. The TEM grids used for these samples were made of a car-
bon thin film over copper.

2.6. Anodic linear sweep voltammetry (ASV)

Several glassy carbon electrodes, with 3 mm in diameter, were
cleaned to a mirror-like finish by smooth polishing with 1 pm,
0.3 pm, and 0.1 pm alumina for 3 min and thorough washing with
nanopure water with a resistivity of 18.2 Q-cm. The cleaned glassy car-
bon electrodes, before being surface modified, were treated, to avoid
hydrophilicity, by holding a reducing potential for 5 min under contin-
uous nitrogen bubbling. The electrodes were then modified with either
anZVIink or Fe;0, ink, via 5 pL drop cast, and allowing the electrodes
air dry overnight. The inks were prepared by using a mixture of 500 pL
of Nano pure water + 125 pL of 2-propanol + 5 pL of 10% Nafion per-
fluorinated ion-exchange resin from Sigma Aldrich + 1.0 mg of the
iron material (nZVI nanoparticles or Fe;0,), and 25 min sonication
before the drop casting procedure. The magnetite (Fe304) nanoparti-
cles used in this work were lower than 50 nm particle size, commer-
cially available from Alfa Aesar as a powder. The ASV was done
using a 3 electrodes glass cell with a Pt wire as counter, Ag/AgCl
(3 M KCD) as reference, and bare and modified glassy carbon working
electrodes. The ASV conditions used were; 10 s equilibrium time and
0.01 V/s potential scan rate from —0.2 V to 0.6 V potential window.
These measurements were done in a 200 mM phosphate buffer solu-
tion at pH 10.

2.7. Anodic particle coulometry (APC)

The instrument used for these analyses was a CHI 6044E Electro-
chemical Analyzer with picoamp buster and a faraday cage. This setup
provides current range between = 10 pA to * 0.25 A in 12 ranges. In
addition, the current resolution is 0.0015% of current range, with a
minimum current resolution of 0.3 fA (CH Instruments, Inc.).

The technique used for this analysis was chronoamperometry, i.e.
current (i) vs. time (t) curves. The electrochemical cell system was a
3 electrodes cell using a 12.5 Au ultra-microelectrode (UME) as the
working, Pt wire as a counter, and Ag/AgCl (3 M KCl) as the reference
electrodes.

A modified version of Tschulik et al. [39] was used for this analysis.
Briefly, 15 mL of 80 pM nZVI stock aqueous solution was prepared
using 200 mM phosphate buffer at pH 10 as the solvent and sonicating
for 20-30 min before further dilutions. After sonication, dilutions of
1.00 pM, 0.75 pM, 0.50 pM, and 0.25 pM were prepared using the
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same phosphate buffer as the aqueous solvent, followed by a step of at
least 20 min sonication or until samples were ready to be analyzed.
Samples were analyzed starting with the lowest concentration
(0.25 pM) up to the most concentrated (1.00 pM) nZVI solutions.
The Au UME behaviour was evaluated by cyclic voltammetry (CV)
with a standard solution of 15 mM K,;Fe(CN)g-3H,O between each
chronoamperometric run.

3. Results and discussion
3.1. Materials characterization

3.1.1. X-ray photoelectron spectroscopy analysis

Freshly prepared nZVI particles were analyzed by X-ray photoelec-
tron spectroscopy (XPS) to determine the elemental composition and
oxidation state of the iron nanoparticles. The Fe 2p3,, binding energy
region for metallic iron appears between 706.7 and 707.1 eV, while
peaks with a binding energy of 711.0 eV are associated to oxidized
iron species [40]. The XPS analysis for nZVI showed a major contribu-
tion of Fe;04 and FeOOH according to the Fe 2p3,, peak found at
710.55 eV (see Fig. 1 and Fig. S1). These data correlates with previous
characterization made by Sun et al. and Soto-Hidalgo et al. [37,41,42],
where freshly prepared nZVI were analyzed obtaining Fe 2p3 » binding
energy peaks at 706 eV and 710.5 eV. Soto-Hidalgo et al. [41] attrib-
uted the peaks at 706.0 eV and 710.5 eV to the nZVI particle’s metallic
core and a passivation layer on the nZVI particle’s surface, respec-
tively. The highest binding energy was mainly attributed to Fe3;04
and FeOOH species due to iron oxidation upon atmospheric exposure
[41]. The XPS spectrum (see Fig. 1) also showed a peak at 706.8 eV,
attributed to Fe® in the nZVI particle’s core. XPS is intrinsically surface
sensitive hence the low Fe® contribution in the spectra since the
nanoparticles are around 60-100 nm in diameter. The AE of
13.10 eV between Fe 2p3,» and Fe 2p; » binding energy peak confirms
the presence of Fe [37,41,43]. Deconvolution of the XPS spectrum and
chi value are reported in Figs. S1 and S2. Major contribution of Fe?*
and Fe®™ are attributed to FeO, Fe;0, and FeOOH species [43].

3.2. nZVI particle size determination

3.2.1. Nanoparticle tracking analysis (NTA)
The nZVI particles were analyzed using dynamic light scattering
(DLS) (SI). The data suggested aggregation and poor dispersion (PDI
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Fig. 1. X-ray photoelectron spectroscopy spectrum of the Fe 2p binding

energy region of the freshly prepared nZVI nanoparticles, showing the
presence of different iron oxidation states.
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value close to 1.00), mainly due to the nZVI behaviour of forming
chain-like structures [37,41]. Nanoparticle tracking analysis (NTA)
was done to achieve a better size measurement. NTA data (see
Fig. 2) shows the majority of nZVI particles are between 69 nm and
89 nm, larger particles are also observed suggesting some agglomera-
tion. From the NTA report, a mode of 69 nm, with an average of
92 nm, and a standard deviation of 47 nm were obtained. A total of
six runs where done, each of which are based on an average of four
internal runs. All six samples yielded similar results. The NTA data cor-
relates with previous characterization analysis made by Sun et al. [37]
using transmission electron microscopy (TEM), where the median and
average size were determined to be 60.2 nm and 70.2 nm, respec-
tively, with a standard deviation of 49.6 nm.

3.3. €Transmission electron microscopy (TEM) and electron energy loss
spectroscopy (EELS)

To corroborate the size distribution of the nZVI particles, TEM anal-
ysis was also done (see Fig. 3). The data analysis of the nZVI particles
showed a mode value of 60 nm, a median of 65 nm, and average of
67 nm, with a standard deviation of 28 nm. Moreover, TEM images
were done after sonication of the nZVI 80 pM stock aqueous solution
for at least 30 min as well as APC treated samples. Due to the nature
of the experiments, even the most concentrated stock solution
(80 pM) was highly diluted. Therefore, high concentration of salt from
the phosphate buffer aqueous solution were observed (see Figs. S3 and
S4). However, the 80 pM stock solution showed the presence of
branched nanochains (see Figs. S3 and S4). High-angle annular dark-
field imaging (HAADF) of the nanochain showed a difference in con-
trast between the metallic iron core center (brighter) and outer shell
iron oxide (less contrast) (see Fig. 4). A Fourier transform (FTT) anal-
ysis of the HRTEM image showed several interplanar distances: 4.95 A,
3.15 A, 2.07 A, and 1.37 A (see Fig. 5). The 2.07 A and 1.37 A inter-
planar distances correspond to the Fe’ core (ICSD 98-004-4863),
while the interplanar distances of 4.95 A and 2.96 A correspond to
magnetite, Fe;0,4, (ICSD 98-008-2441) [44]. This confirms the pres-
ence of a metallic iron core and a Fe30O4 surface. This is also in agree-
ment with Sun et al. finding about the persistence of a substantial
metallic core even though the presence of a passivated surface [37].
The X-ray absorption near edge structure (XANES) analysis by Sun
et al. suggests 42% Fe® is maintained even after six weeks of water
exposure [37]. In fact, the surface passivation works as a protective
shield, decreasing iron’s oxidation rate as the oxidized layer grows.
Energy dispersive X-ray spectroscopy (EDS) line scan analysis of the
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Fig. 2. Nanoparticle tracking analysis (NTA) data of nZVI in 0.1 M KCl
obtained with the Nanosight instrument.
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Fig. 3. (a-c) TEM images and (d) size distribution of as synthesized nZVI. Size distribution is based on a total of 140 particles. The relative frequency was
calculated by dividing per the total number of nZVI particles. TEM images scale are (a) 0.5um, (b) 100 nm, and (c) 50 nm. (d) Histogram of particle sizes was
plotted as relative frequency versus particle diameter.

Fig. 4. High-angle annular dark-field imaging (HAADF) of 80 pM stock solution which were exposed for at least 30 min of sonication in 200 mM phosphate
solution at pH 10. TEM images scale: (a) 1 pm, (b) 100 nm, (c¢) 50 nm, (d) 500 nm, (e) 50 nm, and (f) 50 nm.
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Fig. 5. (a) HRTEM image and (b) Fast Fourier transform (FTT) analysis on NZVI TEM images. HRTEM image not neat due to high concentration of salts and carbon

grid presence.

TEM images also supports the presence of a metallic core-shell of pas-
sivation (see Figs. S5 and S6). This branched nanochains were not
observed in the APC treated samples, perhaps because of the salt-to-
sample concentration ratio or the complete oxidation of the sample.

The freshly prepared nZVI particles were analyzed using EELS to con-
firm its elemental composition. The EELS was done at different regions of
the nZVI particles: center and edge. Metallic iron bands were observed at
the center of the nZVI particle, while both iron and oxygen bands were
observed at the edge. As demonstrated by Grunes et al. [45], EELS spec-
tra of iron oxides show two peaks related to the oxygen K edge at 530 eV
and 539 eV, the latter being the major contribution; and two peaks
related to metallic iron L3, edge at 706 eV and 719 eV, with an energy
gap between the two white lines of 13.2 eV [46,47]. A detailed compar-
ison between the different iron oxidation states using EELS technique
done by Leapman et al. [47] shows a chemical shift of ~ 1.4 eV from
metallic iron to iron oxides, a reduction of the white line width in the
iron oxide, and an increase of the I;3)/I;o) ratio intensity by a factor
of 1.62 (from 3.4 to 5.5 after deconvolution) for the metallic iron to iron
oxides ratio. The EELS spectra of nZVI particle, at the particle center (see
Fig. 6), shows peaks at 708 eV and 721.2 eV corresponding to Lz and L,
of metallic iron. The energy gap between the white lines was 13.2 eV, in
agreement with the value published by Grunes et al. [45]. The absence of
a peak in the 530-560 eV region of the EELS spectra at the nZVI particle
center (black line) confirms a metallic core. At the edge of the nZVI par-
ticle, the EELS spectra (red lines) shows two peaks at 529.2 eV and
539.6 eV related to the oxygen K edge, confirming the nZVI particle pas-
sivated surface. A ca. 1 eV chemical shift from metallic iron to iron oxide
(L3: 708 eV, Ly: 721.2 eV vs. Lyt 709 eV, Ly: 722.2 eV) (Fig. 6 inset) is
observed from nZVI center to edge EELSs. This is similar to the 1.4 eV
shift stated by Leapman et al. for metallic iron vs. iron oxide [47]. A
decrease in the white line width of the nZVI nanoparticle at the edge,
and an increase of the intensity I3)/I0) ratio by a factor of 1.61 (from
3.1 iron at the center to 5.0 iron at the edge) were also observed (see
Table 1). This suggests a metallic core and passivated surface, also similar
to the data obtained for metallic iron vs. iron oxide in previous works
[45,47]. This EELS data correlates with the XPS analysis, and previous
characterizations made by Sun et al. and Soto-Hidalgo et al. were the
nZVI particle is described as having a metallic core and a passivated sur-
face due to atmospheric exposure [37,41].

3.4. Electrochemical characterization

3.4.1. Linear sweep voltammetry (ASV)
Linear sweep voltammetry (see Fig. 7 and Fig. S7) was done to cor-
roborate the redox electrochemical potential of the nZVI particles. In

Fig. 7, linear sweep voltammograms were done with anodic current
is taken as negative. The linear sweep voltammogram showed an oxi-
dation peak at 0.30 V vs. Ag/AgCl for both: nZVI and Fe304. According
to the Pourbaix diagram for iron in water, at pH 10, the mechanism of
surface oxidize nZVI and Fe;0,4 oxidation is [48]:

F2304+ OH™ *>3/2 F8203+ 1/2 H20 + e (2)

Since nZVI particles in aqueous media are surface oxide passivated,
the oxidative mechanism is similar to that for magnetite (Fe?*Fe3™-
0,4). Therefore, it is not facile to electrochemically differentiate between
nZVI and magnetite based on their redox potential.

4. Anodic particle coulometry (APC)

In this work, nZVI were electrochemically characterized using ano-
dic particle coulometry (APC), by applying a 0.75 V overpotential for
300 s, as shown in Fig. 8 and Figs. S8-S10. The observed spikes of
increasing current are representative of single collisions of the nZVI
particles with the Au UME. This electrochemical technique is highly
sensitive to particle size; therefore, is able to differentiate between par-
ticles of similar redox potentials based on their particle sizes. The tech-
nique consists of oxidizing one nanoparticle at a time, upon the
nanoparticle collision with the Au UME surface. This collision of the
nanoparticle on the electrode’s surface will generate a current

3/_3MQ
4reNzp

r= spike that is related to the particle’s size by the following

equation [39]:

Where r is the NP radius, M is the molar mass, Q is charge, e is elec-
tron charge, N is Avogadro's constant, z is the number of exchanged
electrons, and p is nanoparticle density. Here, a homogeneous particle
composition is assumed which is not precisely our case. However, is a
good approximation.

For this electrochemical study, a series of solutions with different
nZVI particle concentrations were used. nZVI aqueous solution of
0.25 pM, 0.50 pM, 0.75 pM, and 1.07 pM (where pM stands for moles
of particles per L of solution) were used to compare the frequency of
collision among them. The chronoamperometric current increased
with concentration as well as the frequency of collisions (see Figs. 8
and S8). Notice the difference in current and steadiness of the
chronoamperogram in absence of nZVI particles (see Fig. 8 (a)). No
peak was observed in absence of nZVI particles. Each observed peak
represents the oxidation of a nZVI particle while it collides on the
Au UME’s surface (see Fig. 8 (b)). In a previous work, Tschulik et al.
[39] were able to characterize Fe;O, nanoparticles with size range
between 7 nm and 21 nm in radius (<50 nm diameter) using anodic
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Fig. 6. Transmission electron microscopy image (a and b) and electron energy loss spectroscopy spectra (c and d) of two nZVI nanoparticles. The nZVI particles
were analyzed by EELS at the center (black line) and edge-shell (red line) of the nanoparticle to compare their elemental composition. Inset showing the chemical

shift and change in I3)/Iq.2) ratios between metallic iron and iron oxide.

Table 1

L3 and L, energies, separation between abruption maximum (L,-L3), and intensity ratios (L3/L,) after deconvolution.

Fe Species Energy (eV) L3 Energy (eV) Ly Energy difference respect to absorption maximum (eV) Relative intensity ratio: L3/Lo
Fecenter 708.0 721.2 13.2 3.1
Fepage 709.0 722.2 13.2 5.0

and cathodic particle coulometry. Herein nZVI particles having
a >50 nm in diameter (60 nm—90 nm size range) were used. The
nZVI particles are magnetic, therefore, they were prompted to agglom-
erate [37,41]. The nZVI forms branched nanochain structures that can
also collide with the electrode, in which case larger current blips are
observed (see Figs. S8-S10). For example, comparably high current
blips are seen close to 120 s and 50 s (see Fig. S8 (e), and Fig. S9
respectively), corresponding to collision of more than one nanoparti-
cle. However, these larger blips are not representative of a single nZVI
nanoparticle and were neglectable after Z-test statistical analysis of the
samples. Sample dilution and sonication before APC analysis helped
obtain single nanoparticle blips instead of agglomerated structures.
Moreover, a branched nanochain structure is heavier than a single
nZVI nanoparticle, increasing the chance of collision of the later one
and settle down of the first one. Since blips due to agglomeration

and formation of the nanochain structure are easier to be observed
because of their size than the blip of a single nZVI nanoparticle, a
detailed zoom in the current (i) versus time (t) graph was needed to
quantize every collision.

Fig. 8 (A) shows a zoom in line (b) from 30 s to 100 s, circling peaks
at 35 s and 95 s. Integration of these two peaks give a charge of ~10 pC
each, corresponding to particles of ~112 nm. Appreciable smaller
peaks between the marked peaks are observed corresponding to parti-
cles of smaller size (see Fig. 8 A). Additional data for other concentra-
tions are shown in SI (see Figs. S8-S10).

In this work, ASV was done for both, nZVI particles larger than
50 nm and Fe304 nanoparticles smaller than 50 nm in diameter. The
nanoparticles were not easily differentiable by this electrochemical
technique. However, using APC the nZVI particle data (see Fig. 9)
shows a majority of charge distribution between 4 pC — 5 pC, which
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Fig. 7. Linear sweep voltammetry of a (a) clean glassy carbon (GC), (b) nZVI
modified GC, and (c) Fe;04 modified GC electrodes; in ~ 0.2 M phosphate
buffer at pH 10 and a 0.01 V/s scan rate (arrow shows direction of potential
scan), quiet time for 10 s. Complete CV data are shown in SI.

correlates with nanoparticles in a size range between 70 nm and
100 nm. The size distribution analysis showed that the majority of par-
ticles are the range of 80 nm — 89 nm, similar to the results obtained
by NTA technique. The average size was determined to be 102 nm,
while the median and mode were both at 89 nm, with a standard devi-
ation of 35 nm. The data obtained using the lowest nZVI concentration
reflects similar average and median (88 nm) but a reduction in the
standard deviation (*12 nm), suggesting better electrochemical
results when using lower concentrations. The nZVI particle size values
obtained by APC are comparable to the values obtained by NTA and
TEM. These results are compared in Fig. 10 and clearly sustains the
validity of the electrochemical technique for single particle analysis
and size determination. The APC analysis done by Tschulik et al.
[39] to magnetite (Fe30,4) nanoparticles with lower than 50 nm diam-
eter showed a charge distribution with a modal of 0.012 pC, correlat-
ing with a particle with a 11 nm radius and with a standard deviation

f = ADNPCNPNArelec
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of * 4 nm. Both results suggest that APC is able to differentiate
between nZVI nanoparticles and magnetite (FesO,4) nanoparticles of
different sizes, something not facile for other electrochemical
techniques.

A frequency vs. concentration analysis of the nZVI particles using
APC experiments (see Fig. 11) show a lineal relationship for the first
concentrations (0.25 pM - 0.75 pM), with a R? = 0.9758, while it
deviates from linearity with a higher nZVI concentrated solution
(1.0 pM) (see Fig. 11, inset). This may be due to the passivation of
the electrode surface which leads to efficiency decay, higher distribu-
tion of nZVI particle agglomerations as the concentration increases, or
larger magnetic effects by nZVI particles. Moreover, the slope of the
line was used to calculate the nanoparticle’s diffusion coefficient
(Dnp) by rearrangement of the equation:?

4)
where fisthefrequencyofcollisionsbasedondiffusion,Dyp is the nanoparti-
cle’s diffusion coefficient, Cyp is the nanoparticle’s concentration, N
is Avogadro’s number, and re. is the electrode’s radius.

This value was compared to the nanoparticle’s diffusion coefficient
obtained from Stokes-Einstein’s equation [49]:
_ kgT
a 67[1’]er

DNP (5)
where Dyp is the nanoparticle’s diffusion coefficient, kg is Boltzmann
constant, T is temperature, n is viscosity of solution, and ryp is the
nanoparticle’s radius.

The values were 3.10 X 10® cm?/s and 5.84 x 10® cm?/s, respec-
tively. The magnitude of the diffusion coefficient and correlation of
both values sustain the idea of single nanoparticles colliding on the
electrode’s surface.

5. Conclusions

The single particle collision experiment, using APC technique, was
able to detect the nZVI particle sizes that correlated with TEM and
NTA techniques. For the first time, APC was used to characterize nZVI
particles and the results shows good correlation with the size obtained
using other methods such as microscopy and spectroscopy. These
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Fig. 8. Amperometric current (i) vs. time (t) curve of: 200 mM phosphate buffer without (a), and with 0.25 pM nZVI particles (b) in 200 mM phosphate buffer at
pH 10. An applied potential of 0.75 V vs. Ag/AgCl (3 M KCl) for 300 s was used. The measurement was done using a 12.5 pm Au UME working electrode, Pt wire
counter electrode, and Ag/AgCl (3 M KCI) reference electrode. Zoom in line b shows collision between 30 s and 100 s, circling peaks at 35 s and 95 s (A).
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experiments not only validate the technique, but also suggest the use
of APC to differentiate between materials with similar electrochemical
behaviours that differ in size; a new perspective to be used in heavy
metal remediation by nZVI. Single particle techniques are promising
in environmental nanotechnology applications due to the high sensi-
tivity that they offer. However, many environmental samples are very
complex. Several organic molecules may have similar electrochemical
behaviours, for such is an increased value if the technique can not only
detect but confirm its specificity by size exclusion or chromatography.
The concentration range where the technique has an optimum perfor-
mance is also something to be considered and explored from sample to
sample. Moreover, this technique may allow to sense nZVI particles at
ultralow concentration at sites where it is use for water remediation.
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Fig. 11. nZVI particle collision frequency versus nZVI concentration, in pM,
from the APC data. Inset for the [nZVI] range between 0 and 1.25 pM. The
collision measurements were done using a 12.5 pm Au UME working, Pt wire
counter, and Ag/AgCl (3 M KCl) reference electrodes.
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