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Electrochemical Technique to Measure Concentration of
Multivalent Cations Simultaneously

Cross-Reference to Related Applications

[0001] This application claims priority to, and any other benefit of, US Provisional Patent
Application No. 60/798,691 filed May 8, 2006, the entirety of which is incorporated herein, by

reference.
Background of the Invention

[0002] Iron ion is one of the most common and important metal jons in nature, and its
valences are bivalent and trivalent. Simultaneously analyzing the two valences is important not
only for biochemistry and environmental chemistry, but also in many scientific and industrial
fields. For biogeochemical cycles which determine the environmental availability of trace
clements at the sediment/water interface, pushes towards the development of analytical methods
which might be sensitive, of practical use and able to give information on iron speciation, in
particular with respect to its oxidation state. So far, atomic absorption spectroscopy (AAS), Ion
chromatography (IC), inductively coupled plasma (ICP) -Atomic Emission Spectrometry(AES)
and/or mass spectrometry have been generally known as analytical techniques for metal ions;
however, these methods can not distinguish any difference in the metal valences. For example,
the principle of AAS is to use the absorption of light to measure the concentration of gas-phase
atoms which depend on the properties of metal, not ion. IC is also a very common method, but
its principle is: Ions in solution of a certain concentration can conduct electrical charges, with a
linear correlation between the concentration of the jons and the current conducted. Also this
method needs pretreatment and special chelating reagent when used for different ions
determination. For those methods, the process becomes very complex and expensive when they
are used for determination of Fe (II) /Fe (II) concentration in the same solution. The common
procedures for those methods are: first, Fe (II) is complexed with specific chelating agents, and
then measured by this method. Fe (I1T) is subsequently reduced to Fe (II) and the total iron is
determined, and then yielding the concentration of Fe (III). Those methods need to measure the
: sample twiée and the.instrument is expensive. Other methods such as: Solid Phase Colorimetry
_ bas.e_d--" on Tristimulus Chromaticity Diagram (SPC-TCD), Potentiometry and ion-exchange
voltammetry (PIEV), differential-pulse cathodic stripping voltammetry(DPCSV), and Cyclic
and Multiple Square-Wave Voltammetry (CMSWYV) are not as expensive as AAS or IC, but
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they can only be used for total iron ion determination (only one of the species) and most of them

are limited by tedious procedure.

[0003] Accordingly, a need exists for new methods for measuring multivalent cations in

solution simultaneously. A further need exists for a system that employs that method.
Summary of the Invention

Provided herein are methods for simultaneously measuring concentration of two or more
different cations in solution. The methods include the steps of applying a steady state
polarization technique to a solution comprising two or more different cations; measuring the
limiting currents of the solution; and correlating the limiting currents with the concentration of
the different cations. The methods are useful for combinations of multivalent cations in solution

as well as combinations of multiple metal cations in solution.

Also provided is a system for simultaneously measuring concentration of two or more
different cations in solution. The system includes a working electrode; a potentiostat; a counter
electrode; a reference electrode; a solution comprising different cations to be analyzed; and a
model for correlating the limiting currents with the concentration of the pair cations. The
working electrode may be any electrode compatible with the media, including noble metals,
carbon, or combinations thereof. In some embodiments, the working electrode is a rotating disk
electrode (RDE).

Brief Description of the Drawings

[0004] Figure 1 shows a simple representative structure of the rotating disk electrode
(RDE).

[0005] Figure 2 shows a sketch of a rotating disk working electrode.

[0006] Figure 3 shows an exemplary embodiment of the testing system.

[0007) Figure 4 shows current as a function of the appliled potential.

{0008] Figure 5 shows the polarization curves for five samples of Fe(IIl) (after 9 cycles).

The measurements are consistent (reproducible).

[0009] Figure 6 shows the polarization curves for five samples of Fe(Il) (after 9 cycles).

The measurements are consistent (reproducible).
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[0010] Figure 7 shows polarization curves after three cycles for five samples of Fe (II).
[0011] Figure 8 shows polarization curves after six cycles for Fe(II). The first cycle is
different.

[0012] Figure 9 shows the results of an exemplary 10 sample experimental results for

different Fe (II) concentrations.

[0013] Figure 10 shows the regression results for ten different concentrations of Fe (I
solutions, showing that the limiting current changes linearly with the concentration. The

coefficient is equal to 1.

[0014] Figure 11 shows the several sample experiments results for different Fe (I5)
concentrations.
[0015] Figure 12 shows the regression results for ten different concentrations of Fe (1I1D)

solutions, showing that the limiting current linearly changes with the concentration. The

coefficient is equal to 1.

{0016] Figure 13 shows that the limiting current relationship of equal-molar Fe (II) / Fe I
with Fe (II) solution and Fe (III) solutions.

[0017] Figure 14 shows the limiting current relationship for Fe (II) 1111ppm/Fe (4109
4444ppm solution with Fe (IT) 1111ppm and Fe (III) 4444ppm solutions.

[0018] Figure 15 shows the limiting current relationship for Fe (II) 4444ppm/Fe (1
1111ppm solution with Fe (II) 4444ppm and Fe (IT1) 1111ppm solutions.

[0019] Figure 16 shows the effect of the voltage step on the limiting current.
[0020] Figure 17 shows the effect of rotation rate on the limiting current.
[0021] Figure 18 shows the effect of sulfuric acid on the limiting current.

[0022] Figure 19 shows the effect of the capillary on the limiting current. Capillary 3 has

worse conducting condition, but the limiting current is consistency with the other two capillary.

[0023] Figure 20 shows an exemplary application of the technique for coal electrolysis.
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Detailed Description of the Invention
[0024] Provided herein is a new technique to measure the concentration of multivalent
cations in solution simultaneously. Examples of multivalent cations include the following pairs:
Fe(Il)/Fe(IID), As(IID/As(V), Se(IV)/Se(VID), Cr(VI)/Cr(Ill), and Sb(II1)/Sb(V). The technique
has been called EM2C2 (Electrochemical Measurement of Multivalent Cations Concentration).
The method consists of using a steady state polarization technique, where the developed limiting
currents are measured and they are related to the concentration of the cations (analyte) present in
solution. A model has been developed that correlates the limiting currents with the
concentration of the pair cations, so that we can easily calculate the concentration in the solution
of both of the multivalent cations simultaneously.
[0025] Further provided is a system for using the technique described herein. The system
comprises a working electrode comprising a rotating disk electrode (RDE); a potentiostat; a
counter electrode; a reference electrode; and a solution comprising multivaI;nt cations to be
analyzed; and a model for correlating the limiting currents with the concentration of the pair
cations.
[0026] This technique finds its purpose in the following applications (but not limited to):
Wastewater and sediment treatment company (environmental applications where it is necessary
to know the concentration of both species); chemical manufacturing wherein cations in products
and/or processes must be monitored; research and development company that depends on
knowing multiple cation concentrations to develop new products; laboratories that work with
characterization of samples. Some specific examples include (but are not limited to): the food
industry wherein iron ion concentration is important; and in coal electrolysis, the iron ion
determination will help to determine the coal electrolysis mechanism with Fe (II) and Fe (IIL) as
additives.
[0027] The methods described herein may be used to simultaneously measure
concentrations of different ions in a single solution, including combinations of different metal
ions as well as combinations of ions of different oxidation states of a single metal, and
combinations thereof. While these methods may be adapted for virtually any multivalent
cations, some exemplary multivalent cations include, but are not limited to: Fe(IL)/Fe(1II),
As(III)/As(V), Se(IV)/Se(VI), Cr(VI)/Cr(lll), and Sb(III)/Sb(V). The couple Fe(II)/Fe(Ill) has
been chosen as a specific example to describe the problem and the solution though it should be
recognized by those skilled in the art that the methods may easily be adapted to other ion pairs
and combinations.
[0028)] In one embodiment of the system described herein, a RDE system is used with a

model that predicts the response of the polarization curve to determine the concentrations of
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each ion in solution. In other embodiments, a static electrode is used, rather than a RDE. In
embodiments in which more sensitivity is desired, an RDE is generally used. This method is
very cheap and easy to use, it requires only 5-20 minutes, and its relationship is easy to follow.
In certain embodiments, the detection limit is 1 ppm, which is comparable with other methods
described above. For this process, the Fe (II) and Fe (III) can be modeled as linear equations,
then using the two models, the Fe (II) and (III) concentrations in solution can be predicted
simultaneously. The whole operation process is simple, and chemical agents are not needed
during the analysis.

[0029] Description of the technique: In some embodiments, the system includes a rotating
disk electrode and a potentiostat. The polarization curves are modeled and the relationship or
correlations found are functions of the concentration of the cations in solution. A rotating disk
electrode consists of a disk of electrode material imbedded in a rod of an insulation material.
The advantage of this electrode is that its steady state theory has been solved and the solution of
the convective-diffusion equation is shown below:

iy =0.61nF AD*e">vV¢C

Which means that if fixed other condition and this process is controlled by the diffusion, the
limiting current is linearly changes with the electrolyte concentration.
{0030] This technique is based upon the electrical properties of the cations in the solution.
Electro-analytical techniques are capable of producing low detection limits and are specific for a
particular oxidation state of the element (Fe (II) and Fe (III)), which makes it possible to
determine the concentration of different oxidation state of the species in the same solution. For
example, the redox reaction for Fe (II) and Fe (III) is given below:

Fe’ +e” < Fe**
In this reaction, Fe (III) reduction to Fe (II) takes place at a lower potential, and the oxidation
from Fe (II) to Fe (III) takes place at higher potential. The standard testing curve includes two
limiting currents, which express the Fe (II) and Fe (III) concentration separately.
[0031] An inexpensive, simple, easy to use, accurate, and precise method to measure the
concentration of multivalent cations (e.g., Fe(Il)/Fe(Ill), As(IIL)/As(V), Se(IV)/Se(VI),
Cr(VI)/Cr(1ll), and Sb(III)/Sb(V) and combinations thereof) simultaneously in solution have not
been reported in the literature. Quantification of each of the different valances cations present in
solution is very important for different process. For example, it has been reported that Fe(Il)
and Fe(III) have different effects on the electrolysis of coal, but an accurate method that allows
to measure the concentrations of Fe(Il) and Fe(Ill) is not available. The same thing happens in
many other chemical process and biogeochemical systems. As described above, the current

technique to determine Fe (II) and Fe (III) concentration in the same solution is time consuming,

5
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tedious and relative expensive. Here we develop a simple technique which can be used to
measure the Fe (II) and Fe (III) ion simultaneously as well as any of the following cations:
As(IID)/As(V), Se(IV)/Se(VT), Cr(VI)/Cr(IID), and Sb(IIL)/Sb(V).

[0032] Provided herein are: 1. An instrument to do this analysis; 2. a procedure to make the
analysis; 3. models to calculate ion pair, such as Fe (I} and Fe (III), concentrations; and 4. the
effect of different variables on the model and the technique.

[0033] The instrument In one embodiment, this technique consists of using a rotating disk
electrode (RDE) and a potentionstast. The RDE can be made as small as needed (for example, it
could have the dimensions of a portable electric screw driver). In other embodiments, the
electrode may be a static electrode. A Solartron polarization instrument was used for the
experiments performed but the invention is not limited to this unique brand, any other
potentiostact will work. The working electrode may be made of any electrode material that is
compatible with the media. In some embodiments, the working electrode is a noble metal, in
other embodiments, the working electrode may be a carbon electrode, such as glassy carbon,
carbon fibers, carbon paper, or similar, in still other embodiments, the workinglelectrode may
include one or more layers of a moble metal on a carbon substrate, In an exemplary
embodiment, the working electrode is made of Pt with an exposed area of 0.2cm? mounted to a
pine rotator (AFM SRX) shows in Figur_e 1. Figure 2 shows an exemplary rotating disk
v:/orking electrode. A coiled platinum foil was used as the counter electrode and a saturated
calomel electrode (Fisher Scientific) was used as reference electrode. The capillary used for the
reference is lab made using a glass tube and wood chips filled with saturated KCl solution. The
beaker which holds the solution is 200mL (Fisher Scientific). The cyclic voltammetry was done
by the Solartron 1287A, 1281 and 1252A. The software is CorrWare and the curve is easy to
view using CorrView.

[0034] Exemplary Procedure for the analysis The following exemplary procedure, using
Fe(Il) and Fe(Ill) is used to illustrate the methods described herein. While it is shown for
Fe(II)/Fe(Ill), it should be understood that this procedure may easily be adapted for other ion
pairs or combinations of ions.

{0035] Preparation of the Solutions In order to find the relationship between the

limiting current and jon concentration, a standard solution was prepared as indicated below. -

[0036] Ferric sulfate or Ferrous sulfate or both of them were measured (precision to
0.00001g), then dissolved in distilled water. A fixed volume of sulfuric acid was dissolved into
the same solution. This solution was then transferred to a long neck 100 ml flask, and the flask
filled with distilled water to the 100 mL mark. Through this preparation, we can calculate the

iron ion concentration. In this example, different concentrations of Fe (II) (Ferric sulfate) (from

6
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0.1ppm to 7000ppm, Fe (II1) (ferrous Sulfate) (from 0.1ppm to 7000ppm) and different ratios of
Fe (IlI)/Fe (II) (From 0.1ppm to 15000ppm) were prepared. The sulfuric acid concentration was
varied from 0.2 to 4M; the rotation rate was varied from S00 to 5000 rpm; and scan step changes
were varied from 30mV/s to 80mV/s.

[0037] CV test for the standard solution:

[0038] Figure 3 shows a schematic representation of the exemplary testing system. The
potentiostat (Solartron) was used to applied a potential vs. the SCE, and the current between the
working electrode and the counter electrode were recorded in the computer. At the same time,
the working electrode itself was rotated at a very high speed. This rotational motion sets up a
well defined flow of solution towards the surface of the rotating disk electrode. The
experimental results are generally plotted as a graph of current versus potential, and a typical
rotated disk voltammogram exhibits a sigmoidal shaped wave, and the height of this wave
provides the analytical signal. The sigmoid wave height is often called the limiting current or
Levich current (show in Figure 4). In other embodiments, the working electrode is a static
electrode, rather than a RDE.

[0039] Choosing the stable curve
[0040] Most of the multivalent cations are not stable when open in the air. For example, the

Fe (II) may oxide to Fe(III). Also before polarizing, the solution near the working electrode will
get to an equilibrium, which will affect the first several cycles. Figures 5 to 7 show the results
for five solution samples, after several cycles, the five samples have the same limiting current,
except the error brought by the instrument or the experimental uncertainty. Afier the second
cycle all polarization curves show the same behavior, the exception is for the first cycle, which
indicates that the experiment should be run until the equilibrium is reached. Given longer time,
the limiting currents will not change. Figure 8 shows that first several cycles are not stable, and
are not reproducible. According to the literature, the first cycles are trying to get the equilibrium
for iron ion within the solution.

[0041] All the results show that there exists equilibrium between the solution with the air
and the electrode, but when the potential increases, this balance changes. The same solution will
come to a new equilibrium condition. Our object is to get the limiting current of the new
equilibrium condition, for this is the stable and reproducible one. Therefore, the limiting currents
of the reproducible cycles are the ones that will be needed for the method.

[0042]} Model to calculate concentration of cations

[0043] As an example the procedure used to develop the model to determine the
concentration of Fe (II) and Fe (IIT) is shown. Figures 9-12 show the simulation results of the

experiment data. It is clearly shown that the limiting currents of different coricentration of Fe
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(II) and Fe (III) linearly change with their concentration, the linear equation ; =, +k,-c (k2 and

k3 are the constants) can be used to describe this relationship. The constants are different for Fe
(II) and Fe (III). The model constants will change depending on the system we used or the
experimental condition (different working electrode, reference electrode, distance from capillary
from working electrode, etc). Using the limiting current of the experiment and two linear
equation models we can determine the concentration of Fe (II) and Fe (III).

[0044] Determining the Fe (I) and Fe (IIf) concentrations simultaneously: Figures 13-15
show that the upper and lower limiting currents of the solution Fe (II)/ Fe (III) correspond to the
solution of the same concentration of Fe (II) and Fe (III). Those three figures showed the
different ratio of Fe (I)/Fe (III), which shows that the ratio of the two ions will not affect the
results. If we use enough of the sample solution, the two ions do not interact with each other for
the CV, which allows the quantification of Fe (II)/Fe (III) simultaneously. So using the upper
limiting currents for the Fe (II) model, we can get the Fe (IT) concentration in the solution; using
the lower limiting currents for the Fe (III) model, we can get the Fe (III) concentration in the
solution.

[0045] IV. Effect of different parameters on the model - Effect of the voltage step:

Figure 16 demonstrates that in our system, the voltage step (10mV/s-80mV/s) will not affect the
limiting current. It will change the shape of the transition part of the curve a little, which does
not affect our experimental results. This will bring many advantages when the method is
applied. For example, if more data to analyze the process is desired, a smaller voltage step may
be used, but if there are several solutions and we want to save time, we can use longer voltage
step.

[0046] Effect of the rotating speed: For the Rotating Disk Electrode (RDE) system, the

limiting current equation is:
iy =0.61 n F A D*50'*y""5C {1}
Where the i, is the limiting current of the solution, n is the number of electrons exchanged; F is

the Faraday constant; A is the electrode surface area; D is the diffusion coefficient; w is angular
velocity of the rotation electrode; v is the kinetic viscosity of the solution and C is the
concentration of the solution. '

[0047] Our experimental results demonstrated this relationship: i, =k, - "2 (k; is constant),

which implies that the electrode reaction is a diffusion-controlled process. Figure 17 shows the
effect of the rotating speed on the limiting current. Increasing the rotation of the disk will
increase the limiting current, which will give more accurate results when the concentration of

the cations are small. Increasing the rotation rate properly will decrease the minimum
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concentration of iron ion. The rotation rate changes from 500 rpm to 3000 rpm, but higher than
3000 rpm will not guarantee the laminar flow near the working electrode which we will not use
for our experiment. When high sensitivity is not needed, the working electrode may be a static
electrode.

[0048] Effect of the sulfuric acid (electrolyte) concentration. The sulfuric acid

concentration is not a key factor that affects the limiting current, but the experiments showed
that increasing the concentration of sulfuric acid will decrease the limiting current. The reason
for this is that the interactions between the cations and the electrolyte become stronger. This
decreases the mobility of the cations in the medium. Therefore it is recommended to work at
low concentrations of the electrolyte. The experiments also show that higher than 1M
concentration, the effect become apparent, but less than 1M, the effect is very small. Figure 18
shows one set of experiments about the effect of the sulfuric acid concentration. Concentrations
no higher than 1 M are recommended.

[0049] 4, Effect of the Capillary. The capillary insures that the reference works well.

Figure 19, shows the effect of different capillaries. The results indicate that disturbances are
observed in the curve however, the limiting current does not change. So we can be sure that the
capillary used in the experiment will not affect the accuracy of experimental result, but of course
it will affect the precision of the results because of the capillary conducting condition. The
worse conduction will make a lot noise which will make the curve have small waves or delay the
time of the happening of the limiting current.

[0050] As described above the new features of the method described herein are clear: 1.
this method is inexpensive and easy to use, it needs only 5-20 minutes, and its relationship is
easy to follow. 2. By just doing one CV test for the sample solution, using the two or more
models, we can easily determine the concentration of the multivalent cations simultaneously in
the solution. 3. The whole operation process is simple, and no other agents are needed to aid
this analysis. 4. The detection limit is 1ppm, which is comparable with other methods.

[0051] The systems and methods described herein have significantly simplified the analysis
procedure, decrease the cost and the most important advantages is that this new technique was
based on the specific oxidation sate of the iron ion, which make it possible to measure the
different oxidation state ion concentration at the same time within five minutes.

[0052] Electrodes The working electrode needs to be cleaned after every experiment. The
Pt counter electrode used in this experiment was found to work very well through one year of
experiments. The capillary should be kept wet with saturated KCI solution in order to keep it
working well, the same with the reference electrode. Other electrodes that can be used as

working electrodes include glassy carbon, carbon fibers, carbon paper, and any other material
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inert to the media. In some embodiment, the counter electrode is Pt to have better accuracy and

precision. In other embodiments, the counter electrode is another electrode material.

[0053] The examples described herein were conducted at room temperature (25°C) and
ambient pressure. .
[0054)] Practical application One exemplary application of this method has been

measuring Fe(II) and Fe(Ill) concentrations in solution before and after coal electrolysis. Figure
20 shows the results for one experiment of coal electrolysis. These two curves show the analysis
results before and after coal electrolysis. Using two model equations of Fe (H) and Fe (III), we
calculate the concentration of Fe (II) and Fe (IIL) in the solution. Through this two analysis, we
know that the Fe (II) also participates in to the oxidation process, which can be used to
accurately determine CO; efficiency. This method may be used to measure the concentration of
-different multivalent cations in solution simultaneously, for example, Fe(II)/Fe(ill),
As(IID)/As(V), Se(IV)/Se(VI), Cr(VI)/Cr(11l), and Sb(IIT)/Sb(V) and combinations thereof. The
unit can be mobile. The RDE can be made as small as a portable electric screw driver, and the
system can utilize a static electrode, rather than a RDE.
[0055] The examples described herein are for illustration only and do not limit the scope of

the invention as defined by the claims.
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The invention claimed is:

1. A method for simultanecusly measuring concentration of two or more different cations

in solution comprising:

a) applying a steady state polarization technique to a solution comprising two or

more different cations;

b) measuring the limiting currents of the solution; and
c) correlating the limiting currents with the concentration of the different cations.
2. The method of claim 1 wherein the different cations are multivalent cations.
3. The method of either one of claims 1 or 2 wherein the multivalent cations are selected

from the group consisting of Fe(Il)/Fe(Ill), As(IIYAs(V), Se(IV)/Se(VI), Cr(VI)/Cr(IID),
Sbh(IIT)/Sb(V), and combinations thereof.

4. The method of claim 3 wherein the multivalent cations are Fe(ID)/Fe(III).

5. The method of claim 1 wherein the different cations comprise cations from two or more
metals.

6. The method of claim 5 wherein the different cations are selected from the group

consisting of Fe(Il), Fe(lll), As(IIT), As(V), Se(IV), Se(VI), Cr(VI), Cr(AID), Sb(IIl), Sb(V), and

combinations thereof,

7. The method of any one of claims 1-6 wherein the steady state polarization tecﬁnique

utilizes a rotating disk electrode (RDE) as the working electrode.

8. A system for simultaneously measuring concentration of two or more different cations in

solution comprising;:

a) a working electrode;

b) a potentiostat;

c) a counter electrode;

d) a reference electrode;

e) a solution comprising different cations to be analyzed; and

£} a model for correlating the limiting currents with the concentration of the

different cations.

11
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9. The system of claim 8 wherein the working electrode is comprises noble metals, carbon,
or combinations thereof.

10. The system of either of claims 8 or 9 wherein the working electrode is selected from the

group consisting of platinum, glassy carbon, carbon fibers, carbon paper, and combinations
thereof.

11.  The system of any one of claims 8-10 wherein the working electrode s a rotating disk
electrode (RDE).

12
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