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ABSTRACT: There is greatinterestin rapidly monitoring
metals of biological and environmentalinterest. Electro-
chemistry is traditionally a powerful tool for metal analysis but
can be limited by its scope and low temporalresolution.The
scope is limited by the potential window of the working
electrode and rapid analysis is limited,in part,by the need for
nucleation/growth forpreconcentration.In prior work, we
showed thata rapid equilibrium mediated preconcentration
processfacilitated fast scan cyclic voltammetry(FSCV)
responsesto Cu(II) and Pb(II) at carbon fiber micro-
electrodes (CFMs).In this manuscript,we apply this same
principle to Ca(II), Al(III), Mg(II), and Zn(II), metalions
that are traditionally difficultto electroanalyze.We demon-
strate FSCV reduction peaks for these four metals whose positions and amplitudes are dependent on scan rate.The adsorption
profilesof these ionsonto CFMs follow Langmuir’stheory for monolayercoverage.We calculate the thermodynamic
equilibrium constant of metaladsorption onto CFMs and find that these constants follow the same order as those previously
reported by other groups on other activated carbon materials.Finally,a real-time complexation study is performed with ligands
that have preference fordivalentor multivalentions to probe the selectivity ofthe real-time signal.We observe a linear
relationship between formation constant (kf) and % change in the FSCV signaland use this correlation to,for the first time,
report the kf of an Al(III)-complex.This work demonstrates the versatility of FSCV as a method with capacity to extend the
scope of rapid electroanalysis.

Real-time metalanalysis is usefulin a variety of laboratory
and real world situations.1−3 Electrochemistryis well

suited for metal measurementsbecausecations can be
electrostaticallypreconcentrated onto traditionalelectrode
materialsfor high sensitivitymeasurements.However,the
scope of metals that can be analyzedwith traditional
electrochemistry is limited to those whose redox potentials fall
within the potential window of the working electrode. As such,
direct electroanalysis of species with highly negative reduction
potentials,such asCa(II), Al(III), and Mg(II), which are
analytes ofbiologicaland environmentalinterest,is challeng-
ing.4,5 Previous electrochemicalanalysis ofthese species has
been via complexation strategies,6−8 which are lengthy and
laboriousand thus highly limit in situ, real-timeanalysis.
Additionally,for metals that can be electroanalyzed within the
potentialwindow of the working electrode,nucleation and
growth processes underpin the electrochemical response. In the
case of Zn(II), another significant ion of interest, this
phenomenon necessitatesan activation procedure on solid
electrodesthat provide small amountsof zinc to act as
nucleation sites.9 Taken together, the activation and proceeding
nucleation and growth processesprevent fast analysis,in
addition to compromising stability due to Zn build up over
time.While nucleation and growth are largely stabilized using
Hg and Bi,10 this does not much improve temporalresolution

since minutes or tens of minutes are still required for
preconcentration ofmetal ions into the Hg amalgam orBi
fused alloy.Furthermore,limited potentialwindow remains
problematic, along with toxicity and practicality concerns (in the
case of Hg).There is,thus,a clear need for new materials and
methodsthat enable rapid analysisof metalssuch asthose
described above.

In recent years,we have been employing fastscan cyclic
voltammetry (FSCV) at carbon fiber microelectrodes (CFMs)
for sub second analysis of Cu(II)11and Pb(II).12This method is
sensitiveand fast becausethe signal is driven by rapid
preconcentration via adsorption ofpositive ions,rather than
nucleation/growth,onto activated carbon electrodes.We
previously studied the carbon fiber-metal adsorption thermody-
namic equilibrium and found thatthis equilibrium facilitates
redox processessuch thatcyclic voltammograms(CVs) for
Cu(II) and Pb(II)13could be obtained at high scan rates. In this
work, we seek to establish whether this principle can be applied
to metals that are traditionally difficultto electrochemically
analyze.
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■RESULTS AND DISCUSSION
Redox Peaks for Ca(II) and Al(III) on CFMs. It is not

possibleto voltammetrically analyzespecieswhose redox
potentialfalls outside the potentialwindow of the electrode

substrate.A number of important metals,including Ca(II) and

Al(III), are considered challengingto electroanalyzewith

traditional electrode materials due to this constraint.

Figure 2. CVs collected for 1.0 M Ca(II) (left column, orange and red) and 0.1 M Al(III) (right column, blue and purple) with increasing scan rates at
(A) slow (10−100 mV s−1) and (B) fast scan rates (50−400 V s−1).

Figure 3. FSCV characterization for Ca(II) (red),Al(III) (purple), Zn(II) (green),and Mg(II) (orange).(A) Representative color plots for each
metal. 90 s total data acquisition time with 30 s injection time. (B) Representative CVs at 200, 300, 400, and 200 V s−1 scan rates and 100 mM, 20 μM,
20 μM,and 1 mM concentrations,respectively for Ca(II), Al(III),Zn(II), and Mg(II). (C) Calibration curves constructed for each metal.
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We previously determined that the adsorption of Cu(II) onto
CFMs enables a thermodynamically favorable preconcentration
equilibrium thatunderlies the rapidity ofthe FSCV signal.13

During a slow scan cyclic voltammogram (CV) of Cu(II),we
observed classicalnucleation/growth and stripping peaks.
Interesting we observed an additional redox couple.When the
scan rate was increased, the nucleation/growth peaks decreased
in amplitude while the additional peaks increased in amplitude
and subsequentlyturned into the classicalFSCV Cu(II)
response. By taking atomic force microscopy images at different
points of the slow-scan experiment,we observed solid Cu
deposition after the reduction peak ofthe additionalcouple.
This experiment provided direct evidence the FSCV peaks were
Faradaic in nature.Here,we ask whether Ca(II) and Al(III)
ions,that are commonly difficultto analyze follow the same
phenomenon.The panels in Figure 2A show slow-scan CVs of
1.0 M Ca(II) (left orange panel) and 0.1 M Al(III) (right blue
panel) in 0.01 M NaCl for different scan rates (10−100 mV s−1).
Here we do not observe the classic nucleation/growth and
stripping peaksbecause they occuroutside ofour potential
window.However,particularly in the case ofCa(II), a small
reduction peak at around −0.3 V is seen to shift with increasing
scan rate,an indication ofFaradaic process.Figure 2B shows
background-subtracted fast scan CVs (50−400 V s−1). Redox
peaks are easily captured after background subtraction for these
fast scan voltammograms (Figure 2B). The peak width and the
peak amplitude both increase as scan rate increases,a behavior
attributed to adsorbed species and Faradaic processes as we
previously described for Cu(II). We can therefore postulate that
the unique adsorption driving force of activated carbon fibers
enables,for the first time,realtime electrochemicalmeasure-
ments of Ca(II) and Al(III).The redox peaks for these metals
are captured within the CFM potential window because
adsorption becomes a significant driver in bringing the analyte
to the surface,thereby reducing the energyrequired for
voltammetric detection by facilitating electron transfer.

Other examples ofmetals thatare traditionally difficultto
rapidly analyze are Mg(II) and Zn(II). Like Ca(II) and Al(III),
Mg(II) has a high reduction potentialand is thus difficult to
analyze. Zn(II) analysis should be possible within the potential
window of traditional materials but nucleation/growth
processesthat underlie preconcentration limitfast analysis.9

Since CFMs preconcentrate analytes via adsorption,we next
investigated whether Mg(II) and Zn(II) also display redox peaks
on CFMs.

Characterization of Ca(II),Al(III), Zn(II), and Mg(II). In
this experiment, FSCV is performed in a flow injection analysis
(FIA) system with various concentration ranges of Ca(II) (0.1−
100 mM), Al(III) (1−500 μM), Zn(II) (0.5−500 μM), and
Mg(II) (0.1−100 μM). Details of the setup and instrumentation
for FIA were described previously.20The potential limits, resting
potential, and scan rate are all optimized to obtain a CV with a
well-defined reduction peak and to provide optimal sensitivity of
each species (see Figure 1).Figure 3A shows representative
color plots for a square injection of each metal where a reduction
event is clearly apparent.Figure 3B shows CVs extracted from
the color plots at the position of the dashed vertical lines.

It is difficult to compare the peak positionsand currents
between the four because ofthe different waveforms utilized.
However,the reduction peaks that appeared at approximately
−0.3, −0.4, −0.6, and −0.5 V on the Ca(II), Al(III), Zn(II), and
Mg(II) CVs, respectively,can be employed to construct
calibration curves (Figure 3C).The linear range and limit of

quantitation (LOQ) for each metalwere calculated and are
tabulated in Table 1. In all cases, the linear range and LOQ are

sufficientto perform analysis in a range ofphysiologicaland
environmentalsystems.31−33 Our technique’s LOD lies within
the range of other methods, summarized in Table 2, even though
the analysis is performed on a fundamentally different temporal
scale (orders of magnitude faster).

The source of metal inherently constitutes an anion. To verify
that this anion doesnot voltammetrically contribute to the
signal, the following experiment was performed. Three solutions
of Zn(II) were prepared: 250 μM Zn(NO3)2, a mixture of 125
μM Zn(NO 3)2 and 125 μM ZnSO4, such that the Zn(II)
concentration remained the same,and 250 μM ZnSO4. The
three responses were identical, showing that the anion does not
affect the signal as observed in Figure 4.

Metal Adsorption onto CFMs Is Consistent with
Adsorption onto Other Activated Carbon Materials.
Once again,it is difficult to compare the thermodynamic
properties of the different FSCV signals for each metal because
different waveforms are necessary for optimal analysis. However,
it is possible to compare adsorption profiles by constructing
isotherms and calculating equilibrium constants for metal-CFM
adsorption (Kads). We previouslyreported the adsorption
isotherm profile forCu(II)-CFM, which agreeswell with a
Langmuir adsorption isotherm,suggestinga monolayerof
Cu(II) on CFMs.13Here we generate adsorption profiles for our
four metals using FSCAV to ask whether Langmuir’s theory also
applies.

We perform FSCAV experiments for each metal in a simple
matrix, NaCl. Although we previouslyreported that the

Table 1. Calibration Parameters for Each Metala

metal linear range LOQ LOD
Ca(II) 0.10−5.00 mM 0.1 mM 30 μM
Al(III) 1.00−50.00 μM 1.00 μM 300 nM
Zn(II) 0.50−20.00 μM 0.50 μM 150 nM
Mg(II) 0.010−2.00 mM 0.010 mM 3 μM

aWe reportthe limit of quantitation,LOQ, and limit of detection,
LOD, for our method.

Table 2. Reported Limit of Detection for the Four Metals via
Alternate Methods Compared to FSCV

metal method LOD
Ca(II) potentiometry with ionophores 1 mM8

stripping voltammetry with polymer
coating

0.1 nM21

amperometry with polymer coating 0.5 μM22

galvanostatic polarization with ionophore0.1 nM23

differential pulse voltammetry with Au
nanoparticles-modified electrode and
chelating agent

0.51 μM24

Ca(II)-imprinted membrane electrode 0.75 μM25

Ca(II)-selective solid state microelectrodes1 μM26

Al(III) adsorptive stripping voltammetry
(Arancibia et al.7)

1 nM−1.8 μM

Zn(II) electrochemical biosensors (Gumpu et
al.27)

1.4 nM28−100 nM

Mg(II) potentiometry with ionophores 50 μM8

adsorptive stripping voltammetry 0.31 μM29

square wave adsorptive stripping
voltammetry with electroactive ligand

6 nM30
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surroundingmatrix does not significantlydisturb Cu(II)
adsorption on CFMs,20 it is best to use a matrix without
competing equilibria to simplify the experiment.A series of
differentconcentrationsof each metal(Figure 5A−D) was
prepared in 0.01 M NaCl and the surface concentration of each
metalwas calculated as explained above.13 The experimental
data fit well to a linearized Langmuir model as shown in Figure
5ii, confirming monolayer adsorption.Kads for each metalwas
calculated using eq 1. Figure 5iii represents a schematic diagram
that illustrates the adsorption equilibrium and Kadsof each metal
onto the CFM.

Adsorption favorability ofthese fourmetalsto CFMs is
evaluated by comparing the adsorption constants we obtain to
those reported in the literature forthese metals onto other
activated carbon materials. Since our carbon fibers are activated
electrochemically by oxidizing at 1.3 V prior to each experiment,
we hypothesize the order ofadsorption should be similar for
these four metals as on activated carbon materials that are used
to “remove” metals from aqueous systems.Alkaliearth metals
adsorb weakly onto activated carbon34and our data support this
since Mg(II) has the lowest adsorption constant onto CFMs
followed by Ca(II). We previously studied Cu(II) adsorption13

and reported the Kadsvalue as 4.12 × 109 and we report here the
Kadsof Zn(II) is lower than that of Cu(II) at 5.95 × 108.

Literature validates this result, showing that Cu(II)
adsorption ismore favorable than Zn(II) onto carbon.35,36

Comparison of Al(III) adsorption to other metals has not been
reported in the literature.Here we reportthat Al(III) has a

similar adsorption to Cu(II) on carbon fibers.In summary,we
report increasing adsorption trends as thus: Mg(II) < Ca(II) <
Zn((II) < Al(III) ≤ Cu(II).

Our results provide evidence thatsmallmetal ions follow
monolayer adsorption onto CFMs and have different adsorption
efficiencies based on their size and electrostatic interactions with
carbon fibers. In these four cases, it is also clear that the kinetics
of adsorption are rapid enough such that100 ms resttime
between scans is sufficient for preconcentration. We next apply
this method to tracking the levels of these four metals in real time
using metal chelators.

Real-Time Trace Metal Complexation. As proof of
principle that the levels of these four metals can be tracked in
real time, we perform dynamiccomplexation studies.It is
important to note that,as it stands,this method would not be
useful to study real or complex samples due to selectivity issues.
We have created ultraselective Cu(II)electrodesvia mod-
ification of the CFM surface with Cu(II) selective ionophores37

and plan to apply to same strategy here forfuture analysis.
Nonetheless,the method is able to look at real-time complex-
ation of our four metals in a simple matrix as proof of concept.

In these experimentsEDTA and BAPTA are utilized as
ligands with varying affinities for the four metals.BAPTA has
been shown to selectively bind to Ca(II), in a mixture of Ca(II)
and Mg(II), servingas a selectivechelator for Ca(II) in
biologicalmatrixes.However,BAPTA does have affinity for
other divalent cations such as Zn(II).38 EDTA is chosen as a
universal chelator as it binds nonselectively to most metals. The

Figure 4. Data for FIA (2 mL min−1) for 125 μM Zn(NO3)2 + 125 μM ZnSO4, 250 μM Zn(NO3)2, and 250 μM ZnSO4. The Zn(II) concentration is
the same across all three solutions. (A) 2D color plot showing potential sweep on the y-axis and time (in s) on the x-axis. The color indicates the current
in nA. The black plug indicates a 10-s bolus injected into the flow cell. A horizontal cross section through the bolus injection generates the current vs
time curve shown in part B while a vertical cross section through the bolus injection generates the current vs potential cyclic voltammograms shown in
part C. The peak indicated by the star is the reduction peak for Zn(II) and its magnitude is not affected by the nature or concentration anion used
(NO3

− or SO4
2−).
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experimentalparadigm utilized here comprisesthree steps.
Using Ca(II) as an example, the electrode is placed into a stirring
solution of 0.01 M NaCl and is allowed to equilibrate. The solid
red line on Figure 6A illustratesthe change in free Ca(II)
concentration over time.After 5 s,Ca(II) is injected into this
solution to reach a finalconcentration of5 mM. Next, two
similar experiments are performed where Ca(II) is spiked into a
solution of 2.5 mM BAPTA (dashed red line) and EDTA
(dotted red line),respectively.This procedure is repeated for
Al(III), Zn(II), and Mg(II) to generate real-time concentration
curves(Figure 6C,D). Different concentrationsare used
depending on the linear range and environmentalavailability
(see Table 1 and methods).

When the metalsare injected into EDTA solution, as
expected,since EDTA has affinity for all four metals,there is a
decrease in free concentration of these metals and thus a lower
signal. The largest effect can be seen with Zn(II) and Al(III) (log
Kf of metal-EDTA binding = 16.5 and 16.13,respectively)39

where the metal concentration is reduced by approximately 41
and 31%,respectively.There is a lesser effect for Ca(II) and
Mg(II) (reflected in the lower log Kf of metal-EDTA binding
values of 10.96 and 8.69,respectively)39 whose concentrations
are reduced by 20−26%. When injected into BAPTA, however,
the largest effects are seen with Zn(II) and Ca(II) (decrease in
concentration ofthese metals by approximately 23 and 20%,
respectively) but much smaller effects are observed for Mg(II)
and Al(III) (change in concentration offree metalions by
around 6 and 2%,respectively).This is consistentwith the
decreasing trend in the log kf as follows: Zn(II)-BAPTA (log kf =

9.38) > Ca(II)-BAPTA (log kf = 6.97) > Mg(II)-BAPTA (log kf
= 1.77).39To the best of our knowledge, the log kf has not been
reported for Al(III)-BAPTA presumably because it is negligibly
small.

To this end, a linear regression can fitthe relationship
between log kf and % change in concentration after BAPTA and
EDTA binding (Figure 7) with a slope of 2.3 ± 0.1 (±SEM,y-
axis errors bars are present but are smaller than the markers). We
use this correlation to estimate the log kf value for the Al(III)-
BAPTA binding to be 0.82 ± 0.05 (±SEM).

Real-time monitoring of ligand affinities has implications in
both biological and environmentalapplications.The above
complexation measurements are proof-of-principle demonstra-
tions that our method can not only monitor real-time binding
between trace metalions and chelators but is also sensitive to
different binding affinities. This real-time monitoring of metal−
ligand complexation,to the best ofour knowledge,has never
been done before electrochemically.Other electrochemical
methodsdo not have the temporalresolution required to
perform these analyses.

■CONCLUSION
In this manuscript,we demonstrated that metals traditionally
difficult to electroanalyze,due to negative standard reduction
potentials (in the cases of Ca(II), Al(III), and Mg(II)) and the
need for nucleation and growth (in the case of Zn(II)), could be
rapidly analyzed using CFMs with FSCV.We measured FSCV
reduction peaks for these four metals and demonstrated that the
adsorption profiles of these metals onto CFMs follow Langmuir

Figure 5.Adsorption profiles for (A) Ca(II),(B) Al(III), (C) Zn(II), and (D) Mg(II). (i) Langmuir isotherm fit with raw data,(ii) linearized
Langmuir isotherm, and (iii) schematic representation of solution equilibria near the electrode surface.
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monolayer isotherms. Calculated Kadsvalues of metal adsorption
onto CFMs were consistent with those previously reported for
other activated carbon materials.Finally,a real-time complex-
ation study using metal chelators BAPTA and EDTA illustrated
the selectivity of the signalsand ability of the method to
differentiate between metal−chelator formation constants.We
also observed a linear relationship between the % change in free
[metal] and the log k f. We fit a linear regression to this
relationship and extrapolated a log kf estimate forAl(III)-
BAPTA binding to be 0.82 ± 0.05 (±SEM). To the best of our
knowledge,this is the first report of the formation constant for

this complex. Taken together, this work established the capacity
of FSCV as a method to extend the reach of rapid electroanalysis.
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(28) Chaiyo, S.; Mehmeti, E.; Žagar, K.; Siangproh, W.; Chailapakul,

O.; Kalcher,K. Anal.Chim.Acta 2016, 918,26−34.
(29) Zezza, T. R. C.; Paim, L. L.; Stradiotto, N. R. Int.J.Electrochem.

Sci.2013,8,658−669.
(30) Farghaly,O. A.Talanta 2004,63, 497−501.
(31) Nagajyoti, P. C.; Lee, K. D.; Sreekanth, T. V. M. Environ.Chem.

Lett.2010,8,199−216.
(32) Crapper,D. R.; Krishnan,S.S.; Dalton,A. J.Science 1973,180,

511−513.
(33) Parisi, A. F.; Vallee, B. L. Am. J. Clin. Nutr. 1969, 22, 1222−1239.
(34) Goldin, M. M.; Volkov, A. G.; Namychkin, D. N.; Filatova, E. A.;

Revina,A. A.J.Electrochem.Soc.2005,152, E172−E175.
(35) Bouhamed, F.; Elouear, Z.; Bouzid, J.; Ouddane, B. Environ.Sci.

Pollut.Res.2016,23,15801−15806.
(36) Stafiej,A.; Pyrzynska,K. Sep.Purif.Technol.2007,58, 49−52.
(37) Yang, Y.; Ibrahim, A. A.; Hashemi, P.; Stockdill, J. L. Anal. Chem.

2016,88,6962−6966.
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