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Abstract

Commercial resin microbeads are widely applied in ion exchange and extraction. Here, a single anion-selective and phos-
phate binding resin microbead (FerrIX™) is mounted into an epoxy membrane and investigated by 4-electrode membrane
voltammetry and membrane impedance spectroscopy. Anion transport properties are observed to dominate associated with
three distinct potential domains: (I) a low bias ohmic potential domain (dominant at high electrolyte concentration), (I) a
concentration polarisation potential domain, and (IIT) an over-limiting potential domain. Voltammetric responses show tran-
sient diffusion-migration features at higher scan rates and quasi-steady state features at lower scan rates. Inherent microbead
conductivity is shown to be linked to two resistive elements, electrolyte concentration dependent and independent, in series.
The effects of phosphate binding are revealed as transient pattern in impedance spectroscopy data. Preliminary data sug-
gest phosphate concentration-dependent peak features in the imaginary impedance versus frequency plot due to phosphate

binding into the microbead.
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Introduction

New high surface area materials play an important role in the
development of desalination and electrosorption technolo-
gies, and over the recent years, metal-organic framework
materials [1], doped graphene xerogels [2], graphene nano-
composites [3], microporous carbons [4], or carbon xerogels
[5] have been employed, for example, in capacitive desalina-
tion. In contrast to these electrically conducting high surface
area materials, traditional ion exchanger materials with high
surface area and ion binding capacity have been developed
based on polymer or polymer-inorganic hybrids [6]. The use
of hydrous iron oxide as electrosorption material (particu-
larly for arsenate and phosphate) in conjunction with high
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surface area carbons [7] and with ion exchanger membranes
[8] has been explored.

Ion exchanger microbeads are widely applied in demin-
eralisation and purification of water [9, 10], although not
usually employed as membrane material. Theoretical models
have been developed for transport phenomena in microbeads
including surface and bulk diffusion [11]. Phosphate in par-
ticular, as a nutrient and as a waste stream component, has
been targeted for removal based on microbeads in packed
column systems [12]. Specific resins with appropriate ion
selectivity and binding ability, for example, for phosphate
and arsenate anions, are important in the treatment of waste
but also in the purification and provision of potable water.
Although usually employed in bulk in packed columns, it
is interesting to explore the properties of resin microbeads
individually in a membrane.

The FerrIX™ resin microbeads have a high content of
iron oxides to enable specifically phosphate [13] and arse-
nate adsorption and removal [14].The behaviour and per-
formance of FerrIX™ in fixed bed column reactors have
been investigated and modelled quantitatively [15]. The
microbeads are typically 0.3 to 0.5 mm in diameter and
usually employed in large columns or flow reactors. Here,
a single microbead is investigated at a time. The microbead
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is mounted into a thin epoxy film to leave the microbead
exposed to electrolyte solution at both ends. Voltammetry
and impedance measurements (in 4-electrode configuration)
reveal ion mobility, exchange, and resin properties. The
effects of phosphate anions on the electrochemical charac-
teristics of a FerrIX™ microbead are investigated.

Figure 1A shows an illustration of an individual resin
microbead with approximately spherical shape. After
mounting into epoxy, a film is obtained with approxi-
mately 0.3- to 0.5-mm thickness and with a single micro-
bead creating a central ion-conducting pathway (Fig. 1B,
C). The film is mounted into a membrane voltammetry
cell (Fig. 1D) with conventional four-electrode configura-
tion: working and sense electrode in the r.h.s. compartment
and counter and reference electrode in the 1.h.s. compart-
ment. Effects of electrolyte concentration and type are
investigated

The aim of this study is to explore ion transport within
the microbead and in the access regions of single immobi-
lised microbeads fundamentally and at the scale of a single
microbead, to investigate effects originating from the selec-
tivity of the microbead to specific ions, to explore effects
of phosphate binding, and to study new opportunities for
single microbead micro-devices for water purification and
ion sensing.

Experimental
Chemicals

Inorganic salts NaCl, LiCl, KCI, KNO,;, KOH, KH,PO,,
KClO,, and HCI (37 wt%, ACS reagent) were obtained from
Sigma-Aldrich in analytical reagent purity and used without
further purification. Demineralised water (resistivity 18.2
Q cm at 20 °C) was taken from a Thermo Scientific water
purification system.

@ (B)

FerrIX™
microbead
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Fig.1 Schematic of A a FerrIX™ microbead, B a microbead
mounted into an epoxy film, C the anticipated ion transport path
through the mounted bead, and D the four-electrode measurement cell
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Instrumentation

An Autolab PGSTAT12 potentiostat (Metrohm UK) was
used for 4-electrode voltammetry in a custom-build cell
[16]. Platinum wires served as working and counter elec-
trode, and saturated Ag/AgCl reference electrodes (REF201,
Hach Ltd.) were employed as reference and sense electrodes.
A Modulab potentiostat (Solartron, UK) was employed for
electrochemical impedance spectroscopy. All electrochemi-
cal experiments were performed in 4-electrode configura-
tion (see Fig. 1D). Impedance data were at 0.0 V with an
amplitude of 30 mV.

Characterisation of materials was performed with an
Autosorb iQ (Quantachrome® ASiQwin™- Automated Gas
Sorption) and with a scanning electron microscope (SEM)
and energy-dispersive x-ray emission spectroscopy (EDX)
on an Hitachi SU-3900 SEM with attached Oxford Instru-
ments Ultim Max 170 mm? EDX detector system.

Procedures

FerrIX™ A33E microbeads (see optical micrograph in
Fig. 2A) were obtained from Purolite Ltd. The mate-
rial was characterised by scanning electron microscopy
(SEM) and by nitrogen adsorption isotherm analysis
(Brunauer—-Emmett-Teller or BET; at 77 K; see Fig. 2B)
which suggests mesopores predominantly in the range from
2 to 20 nm.

Mounting of individual microbeads in epoxy films was
achieved with Teflon support films (FEP film for DLP 3D
printer, Hawkung, China). A single microbead was placed
onto a Teflon film and surrounded with freshly prepared
epoxy resin (two component resin, PRESI Ltd., Resin
MA2 +). A second Teflon film is then placed over the bead,
and capillary forces allow the freshly mixed liquid epoxy
resin to surround the microbead (avoiding inclusion of air
bubbles). A 50-g weight applied to the top ensures that the

(C)\,\.Ul / (D)
b

membrang,

"

L\K\

Electrolyte solution
right half of cell

-

Electrolyte solution

left half of cell \

N

with r.h.s. compartment (with working and sense electrode) and Lh.s.
compartment (with counter and reference electrode)



Journal of Solid State Electrochemistry

0.14

(B)

o
=

0.10

° °
(=1 —
= o

differential pore volume / em3 nm-1 gl

0.0

(=]
5]

765 IE——
[=——"1

Fig.2 A Optical micrograph of FerrIX™ particles. B Pore size dis-
tribution data from BET nitrogen binding isotherm data (BET surface
area 63.0 m*> g~!) for FerrIX™ microbeads (pore size distribution

microbead is embedded at the thickest point of the epoxy
film, which is allowed to set and harden (over 24 h at ambi-
ent conditions). Once removed from the Teflon films, the
epoxy membrane is mounted in Kapton film (RS Compo-
nents Ltd.) to fit into the electrochemical cell assembly.

Data from scanning electron microscopy (SEM) of
unmounted and mounted microbeads are shown in Fig. 3.
A spherical microbead with approximately 0.5-mm diam-
eter can be seen to have a high elemental content of Fe, O,
and S due to the presence of iron oxide and a sulphonate-
based polymer backbone. The surface shows some poros-
ity features with some bigger pores in the micron range.
When mounted, the microbead is surrounded by a carbon-
rich polymer. The presence of iron and sulphur elements
is still clearly observed. The surface appears to be slightly
modified in some regions, which is attributed here to a little
bit of epoxy filling in bigger pores. Both SEM and optical
micrographs (not shown) suggest that the microbead is on
both sides open and accessible to electrolyte.

Results and discussion
Microbead electrochemistry in aqueous KCI

When placing aqueous KCl electrolyte into the two com-
partments of the membrane voltammetry cell (both sides
with the same concentration), a concentration-dependent
voltammetric response is obtained. A higher KCI concen-
tration causes a higher ion current through the microbead
(Fig. 4A). The slope of the current—potential curve at
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0.0 V is indicative of approximately 20, 10, and 5 KQ
resistivity for concentrations of 0.01 M, 0.1 M, and 1.0 M
KClI, respectively. Based on the geometry of the epoxy-
mounted FerrIX™ microbead, it is possible to estimate the
corresponding specific microbead conductivity (in first
approximation, ignoring that there are effects from access
diffusion, and simply assuming a FerrIX™ filled cylindri-
cal hole with 375- um diameter (see Fig. 3G) and 500- um
length, see Fig. 3) ask = —— x ™ — (23, 0.45, and

resistivity area
0.90 Q! m~!, respectively. These values seem to indicate

a non-linear dependence of conductivity on electrolyte
concentration (associated with pore size effects) approach-
ing a limit of approximately 1.0 Q! m~! for higher con-
centration electrolyte (vide infra).

The shape of voltammetric responses is affected by both
the scan rate and the KCI concentration. Figure 4B shows
the effect of changing the scan rate from 1.5 to 0.1 Vs~ in
10 mM KCI. At a slower scan rate, near steady-state features
are observed (a sigmoidal curve), whereas at higher scan
rate, peak features and transient shapes are observed. This
is consistent with the size of the microbead exposed to the
solution phase resulting in planar diffusion-migration and a
concentration polarisation effect. At a high KCl concentration
(Fig. 4C), the distinction between transient and steady state
features is lost and only ohmic behaviour dominates over the
full potential range. This can be explained by transport within
the microbead becoming rate limiting for higher KCI concen-
trations compared to the case of external transport and con-
centration polarisation causing rate limitations for lower KCI
concentrations. The specific conductance for KCl electrolyte
at 18 °Cis k=1.11 Q™' m™' for 0.1 M KCl and xk=9.82
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Fig.3 A-F SEM and EDX data for a single micro-bead on a carbon
surface. The main components in the micro-bead are C, Fe, O, and S.
The surface can be seen to be porous with pores in the micro-meter
range (F). G-L SEM and EDX data for a single micro-bead mounted

Q~'m™ for 1.0 M KCI [17]. Based on this comparison, it can
be estimated that the specific conductivity of the microbead
appears to limit within the range of 1to 10 Q™' m~.

At the lower concentration of 10 mM KCl, three potential
domains are apparent in data from cyclic voltammetry: (I) at
low bias potential an ohmic region (0.0 to 0.5 V positive or
negative), (II) at intermediate bias a plateau region probably
associated with concentration polarisation (0.5 V to 2.0 V

@ Springer

in epoxy. The main components in the micro-bead are C, Fe, O, and
S. The surface can be seen to be porous with some pores filled with
epoxy (L)

positive or negative), and (III) at higher bias a further increase
in current possibly linked to over-limiting conditions, e.g.,
involving convection (> 2.0 V positive or negative).

When employing asymmetric electrolyte concentration con-
ditions (see Fig. 5), the voltammetric responses show a charac-
teristic switch in behaviour between negative potential domain
and positive potential domain. In the positive potential domain,
the solution in the counter electrode compartment dominates.
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Fig.4 A Cyclic voltammograms (scan rate 0.1 Vs™!) for a FerrIX™ micro-bead in (i) 0.01 M, (ii) 0.1 M, and (iii) 1.0 M KCI on both sides. B
Cyclic voltammograms (scan rate (i) 0.1 Vs~!and (ii) 1.5 Vs™!) in 0.01 M KCL. C As before, but in 1.0 M KCl

In the negative potential domain, the solution in the work-
ing electrode compartment dominates. This can be explained
by semipermeability and anion transport through the micro-
bead dominating over cation transport. If anions are driven by
the potential from the high concentration reservoir through
the bead, the current is high. When anions are driven from
low to high-concentration side, the current is low. Figure 5D
shows an illustration indicating the concentration-dependent
anion movement as the key transport mechanism. The high
concentration side (see negative potential domain) shows less
good match of currents, which could be associated with some

additional membrane polarisation close to the low concentra-
tion solution compartment. Hydrous ferric oxide materials are
known to exhibit a predominantly positive surface potential
with p.z.c. at approximately pH 8 [18], which could explain the
exclusion of cations and the predominant transport of anions.

Next, impedance spectroscopy data for the microbead in
a symmetric measurement cell are shown (Fig. 6). At higher
frequencies, a semi-circular feature is observed consistent
with a parallel resistor (Rp) and capacitor (C) in addition to a
series resistor (Rs). The capacitor consistently shows a value
of approximately 30 pF (independent of KCI concentration),
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Fig.5 A Cyclic voltammograms (scan rate 0.1 Vs~!) for a FerrIX™
microbead with Lh.s./r.h.s. (i) 1.0/1.0 M KCl, (ii) 0.1/1.0 M KCl, and
(iii) 0.1/0.1 M KCI. B As before, but with L.h.s./r.h.s. (i) 1.0/1.0 M
KCl, (ii) 0.01/1.0 M KCl, and (iii) 0.01/0.01 M KCI. C As before,

but with Lh.s./rh.s. (i) 0.1/0.1 M KCl, (ii) 0.01/0.1 M KCl, and (iii)
0.01/0.01 M KCI. D Illustration of concentration effects on anion
transport through microbeads for the case of Lh.s./r.h.s. low/high con-
centration
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Fig.6 A Impedance spectroscopy data (4-electrode configuration;
at 0.0 V; frequency range 300 kHz to 0.1 Hz; amplitude 30 mV)
for a FerrIX™ microbead with Lh.s./r.h.s. (i) 0.01/0.01 M KCl, (ii)
0.05/0.05 M KCl, (iii) 0.1/0.1 M KCl, and (iv) 1.0/1.0 M KCI. B Plot

which is assigned here to the charging of the epoxy film
holding the FerrIX™ microbead. The resistor Rp represents
the high-frequency resistivity of the microporous FerrIX™
microbead (with contributions from the electrolyte close to
the microbead [8]). Perhaps interestingly, the value for Rp
is (in part) KCI concentration dependent. There appear to
be two components based on (i) a resistor that is inversely
proportional to the KCl concentration as would be expected
for access diffusion [8] and electrolyte filled pore regions
and (ii) a resistor that remains constant associated with
smaller pores. Figure 6B shows a plot of Rp~' data and a
fitted simplistic model (the two resistors in series, one elec-
trolyte concentration dependent and one independent) with
fixed 5500 Ohm and a concentration dependent resistance
of (250/[KCl]) Q. For high concentrations of KCI, the value
of Rp is dominated solely by the fixed resistance of 5500 Q.
This could be assigned to resistance of smaller micropore
spaces that are not fully electrolyte-filled due to exclusion
of cations [19]. Perhaps interestingly, the value of 5500 Q
(equivalent to k=0.8 Q™' m™!) is approximately consistent
with the transition point for concentration polarisation to be
observed (at lower concentration) and not observed (at higher
concentration) (vide supra).

An additional feature in the impedance data is a lower
frequency “tail” with only very little imaginary impedance
contribution. This is observed clearly at lower KCI con-
centration, but not at 1.0 M KCIl. This feature is therefore
linked to concentration polarisation and consistent with
observations in the data from voltammetry experiments
(vide supra). For the small microbead (and at the given time
scale), predominantly real impedance is detected (drifting to
higher impedance at lower frequencies) probably associated
with dominating spherical diffusion-migration of electrolyte
in the solution phase adjacent to the microbead.

@ Springer
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of Rp~! versus logarithm of KCI concentration. The line indicates a
model for two resistors in series: one with 5500 Ohm and one with a
concentration dependent resistance of (250/[KC1]) Ohm

Microbead electrochemistry in aqueous electrolyte:
cation and anion effects

Effects of electrolyte cations and anions were investigated
in symmetric solution cells with 0.1 M electrolyte. Figure 7
shows data for HT, Li*, Na™, and K™ in the form of chloride
salts. Currents show characteristic trends which seem linked
at least in part to cation diffusivity. The experiment in 0.1 M
HCIl appears to result in the highest currents. However, these
effects could be linked to the effect of the cation on concen-
tration polarisation rather than indicating cation transport
through the membrane. The effect of scan rate suggests a
similar transition from steady state to transient when going
from lower to higher scan rates in all cases.

Data in Fig. 8 show the effect of the electrolyte anion (for
0.1 M K* salts) on the voltammetric responses. A similar
sequence is observed with larger anions such as phosphate
and perchlorate lowering the current. Changes in the ohmic
region in potential domain I could be due to the micro-bead
changing conductivity due to better anion binding. After
performing experiments with phosphate and with perchlo-
rate, the membrane needed to be re-equilibrated in distilled
water for 24 h to re-cover the properties in aqueous KCI.
This suggests that binding of phosphate but also interac-
tion with hydrophobic and larger anions like perchlorate
occurs with more time required for re-equilibration (release
of bound anions).

Microbead impedance measurements in aqueous
electrolyte: effects of phosphate

The interaction with binding anions (such as phosphate)
is likely to modify the characteristics of the microbead.
FerrIX™ materials are known to strongly interact with
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Fig. 7 Cyclic voltammograms (scan rate (i) 1.5, (ii) 1.0, (iii) 0.5, and
(iv) 0.1 Vs for a FerrIX™ microbead with Lh.s./rh.s. A 0.1/0.1 M
HCI, B 0.1/0.1 LiCl, C 0.1/0.1 M NaCl, and D 0.1/0.1 M KCI. E

phosphate (or also arsenate) anions. Therefore, additional
electrochemical impedance spectroscopy experiments are
performed in phosphate electrolyte. From cyclic voltam-
metry data in Fig. 8D, there appeared to be no significant

Cyclic voltammograms (scan rate 0.1 Vs™) for a Ferr[X™ microbead
with Lh.s./rhss. (i) 0.1/0.1 M HCI, (ii) 0.1/0.1 LiCl, (iii) 0.1/0.1 M
NaCl, and (iv) 0.1/0.1 M KCl

change in the presence of phosphate apart from a lowering
of currents. Figure 9A shows a set of impedance spectra
obtained with symmetric 10 mM phosphate buffer pH 7 on
both sides of the microbead approximately 2, 4, 6, and 8 min
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Fig.8 Cyclic voltammograms (scan rate (i) 0.1, (ii) 0.5, (iii) 1.0, and
(iv) 1.5 Vs™1) for a FerrIX™ bead with L.h.s./r.h.s. electrolyte solution
in A in 0.1 M KNO;, B KOH, C KCl, D K,HPO,, and E KCIO,. F

Cyclic voltammograms (scan rate 0.1 Vs™!) for a Ferr[X™ bead with
Lh.s./rhs. 0.1 M electrolyte solution comparing (i) KNO;, (ii) KOH,
(iii) KCl, (iv) K,HPO,, and (v) KCIO,
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Fig.9 A Impedance spectroscopy data (4-electrode configuration; at
0.0 V; frequency range 300 kHz to 0.1 Hz; amplitude 30 mV) for a
FerrIX™ microbead with Lh.s./rh.s. 0.01/0.01 M phosphate buffer
pH 7. B Illustration of the chloride versus phosphate exchange. C
Impedance spectroscopy data (at 0.0 V; frequency range 300 kHz
to 0.1 Hz; amplitude 30 mV) for a FerrIX™ microbead equilibrated

after filling the electrochemical cell. Spectra are clearly
time-dependent, and especially early on during the experi-
ment, complex inductive behaviour (loops) is detected, pos-
sibly associated with phosphate binding (non-equilibrium).
With time, these loops disappear (presumably due to phos-
phate binding going to completion). However, the time
dependence appears to be a significant feature especially
for lower concentration of phosphate without sufficient time
for phosphate binding to go to equilibrium.

The resistance Rp was determined for 10 mM, 50 mM,
and 100 mM phosphate buffer pH 7 (Fig. 9D) in order to
compare the behaviour to that observed for KCl (see Fig. 6).
Very similar behaviour is observed, and a plot of Rp~! ver-
sus logarithm of phosphate buffer concentration reveals a
similar trend. There are two resistive components in series
with one electrolyte concentration—independent resistance
dominating at high concentrations and essentially limiting
the value for Rp. This concentration-independent resistance
may again be associated with smaller micropores.
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log([phosphate buffer] / mol dm‘3)

with Lh.s./rh.s. (i) 0.01/0.01 M phosphate buffer, (ii) 0.05/0.05 M
phosphate buffer, and (iii) 0.1/0.1 M phosphate buffer pH 7. (D) Plot
of Rp~! versus logarithm of phosphate buffer concentration. The line
indicates an approximate model for two resistors in series: one with
7000 Ohm and one with a concentration dependent resistance of
(300/[KC1]) Ohm

Further experiments were conducted a lower phosphate
concentration and for phosphate only present in the r.h.s.
compartment of the electrochemical cell. Figure 10 shows
data obtained with impedance spectroscopy over the fre-
quency range 300 kHz to 100 Hz. Data in the Nyquist plot
suggest that addition of phosphate causes gradual changes.
Plots of Z" show the effects of phosphate addition most
clearly. In Fig. 10A, a slight indication of a peak feature
appears in the presence of 0.1 mM phosphate (see curve ii).
When adding more phosphate, this peak feature becomes
very clear. At the position of the peak, the value for Z”
(phosphate) can be obtained and divided by the Z” in the
absence of phosphate. A plot is shown in Fig. 10D (iv) with
a monotonic trend for increasing phosphate concentration.
Z" is associated with capacitance changes probably due to
binding of phosphate and therefore potentially selective for
phosphate. More detailed experiments will be necessary to
explore the exploitation of this change in Z" for phosphate
sensing.
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Fig. 10 Impedance spectroscopy data (0.0 V vs. OCP, 300 kHz to
100 Hz, 20-min equilibration after adding phosphate) for 10 mM
KCI on both sides and addition of phosphate buffer pH 7 on the r.h.s.
(working electrode): A (i) plot of Z" versus frequency for 10 mM
KClI only and (ii) with 0.1 mM phosphate buffer added, (iii) Nyquist
plot, and (iv) Nyquist plot for 10 mM KCI only. B (i) plot of Z" ver-
sus frequency for 10 mM KClI only and (ii) with 1.0 mM phosphate

Summary and conclusions

A single FerrIX™ microbead embedded into a thin film of
epoxy has been investigated as a membrane in a 4-electrode
electrochemical cell. Both exploratory voltammetry and
impedance data suggest that microbead conductivity changes
depend on electrolyte concentration. Experiments with differ-
ent electrolyte concentrations in Lh.s. and r.h.s. compartments

frequency / Hz

buffer added, (iii) Nyquist plot. C (i) plot of Z" versus frequency for
10 mM KClI only and (ii) with 5.0 mM phosphate buffer added, and
(iii) Nyquist plot. D (i) plot of Z" versus frequency for 10 mM KCl
only and (ii) with 10 mM phosphate buffer added, (iii) Nyquist plot,
and (iv) plot of Z" (phosphate)/Z" (KCl) versus phosphate buffer con-
centration

reveal that anion transport dominates. The main observations
are as follows:

e The microbeads allow transport of anions (semipermeability
due to small pores causing exclusion of cations [20]) under
conditions of applied potential. Voltammetry experiments
with varying levels of electrolyte and with various types of
electrolyte suggest a dominant role of anion transport.
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e In voltammetry experiments and at concentrations of
electrolyte lower than approximately 1 M, there are three
potential domains based on (i) ohmic behaviour, (ii) con-
centration polarisation behaviour, and (iii) over-limiting
behaviour. These phenomena are linked to microbead
specific conductivity being higher compared to bulk elec-
trolyte specific conductivity.

¢ In electrochemical impedance spectroscopy experiments,
a transition from high-frequency behaviour (with semi-
circle in the Nyquist plot) to low-frequency behaviour
(ohmic for high electrolyte concentration and drifting
ohmic at lower electrolyte concentration) is observed
consistent with data from voltammetry.

e The resistance of the microbead extracted from fitting the
high-frequency semicircle data shows an inverse depend-
ency on electrolyte concentration at low concentration and
a limit in conductivity (Rp becomes essentially constant)
at higher electrolyte concentration consistent with very
small pores dominating/limiting conductivity at high elec-
trolyte concentration.

¢ For binding anions such as phosphate, a drift in the imped-
ance data (and an inductive loop) signifies effects from
anion absorption into the FerrIX™ microbead. For lower
phosphate concentration, this leads to a characteristic peak
in imaginary impedance versus frequency data as a func-
tion of phosphate concentration.

Overall, the electrochemical experiments with the epoxy-
mounted microbeads provide new insights into the processes
inside/outside the microbead and into the interaction with
electrolyte media. More work will be necessary to further
explore ion transport and chemical mechanisms in micro-
beads, for example, in conjunction with water splitting [21].
Individual microbeads in membranes can respond to binding
anions, and this may lead to new microdevices which could
be exploited in future, for example, for sensing or monitoring
phosphate or arsenate.
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