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Chapter 1

Introduction

A lot of chemical species exist in the environment. Particularly, all
sorts of the ionic species exist as aquo-complexes and organic or in-
organic complexes, and several ionic species have plural oxidational
states. The ionic species according to the existing states, have dif-
ferent effects on ecological systems and cycles of nature. From this
point of view, the separation chemistry has played an important part
in natural science. The study of separation and determination of each
species, the so-called ‘speciation’ is the fundamentals of the geochem-
ical, environmental and biological variability of elements in natural

systems [1-3].

The capillary electrophoretic analysis (CE), which is originated by
Jorgenson and Lukacs [4], has been widely used for ion analysis and /or
separation due to high separation efficiencies and simple equipment in
recent years (for reviews see, eg., [5-7]). CE has shown considerable
promise in the separation and analysis of biological and environmen-

tal samples [8]. The conventional CE system is equipped with a high



voltage DC power supply, a simple UV-visible detector and a data
collecting system (Fig. 1.1). A photo diode array UV-visible detector
instead of a simple UV-visible detector is furnished with the latest
system. In CE analysis, the application of an electric field across an
electrolyte-filled capillary induces the migration of solutes. The elec-
trophoretic mobility of each solute is a function of the charge and
hydrodynamic radius of the solute as well as the viscosity of the elec-
trolyte. As a result, small differences in the charge-to-size ratio of
solutes can lead to spatial separation. CE possesses several advan-
tages that make it a powerful technique for analyzing biological and
environmental mixtures. Very small volumes (nL order) of an impure
sample can be analyzed, and separation can be conducted in aque-
ous solution under environmentally and biologically relevant pH and
ionic strength conditions. In addition to its use as a separation tool,
fundamental binding information is also accessible using CE including
oxidation state, stoichiometry, and binding constant determinations
9,10].

In general, inorganic ions are determined by indirect photometric
detection [11], where the analyte ions replace a UV-absorbing organic
or inorganic ion such as chromate, imidazole and so on. Despite many
advantages, indirect photometric detection has the noisy baselines and
the low sensitivity. As analytes can form large optical density sub-
stance, this permits the more sensitive determination of a lot of ions
and the needless of more apparatus. Several metal ions are converted
into complexes, most of all chelates, with high molar absorptivities of

which more sensitive direct UV detection can be performed [12,13].
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Figure 1.1: Schematic representation of capillary electrophoresis.

There are several reports of direct UV determination of anions [14],
but the complexes incorporating anions have underutilized for deter-
mination of anions. Without any interaction between analytes and
measurement systems, the CE method is quite different from high
performance liquid chromatography. Therefore, there are many ap-
plication study of the capillary electrophoretic analysis to chemical
equilibrium [15]. The CE method also enables the speciation of chem-
ical species to do, because the CE method has high separation-ability
that identifies some ions independently.

Heteropolyoxomolybdates [16] have been used in industrial, medi-
cal, environmental fields and so on [17]. In particular, heterogeneous
and homogeneous catalysts based upon the oxidation-reduction pe-
culiarities of heteropolyoxomolybdates utilized for a wide variety of

reactions [18,19]. And, there have been reports on the applications



(a) Anderson structure (b) Keggin structure

Figure 1.2: Typical Structures of Heteropolyoxomolybdates. (a)
Anderson structure (XMog): X=I(VII), Cr(III), AI(III), Ga(III),
Fe(III), Ni(II), Cu(Il), Zn(II), Co(II). (b) Keggin structure
(XMoyg): X=Si(IV), Ge(IV), P(V), As(V).

to pigments, ion-exchange materials and biochemistry. The formation
of heteropolyoxomolybdates also has been applied widely to the spec-
trophotometric and voltammetric determination of various hetero-ions

such as silicate, germanate, arsenate and phosphate (Fig. 1.2).

Heteropolyoxomolybdates that form predominantly always coexist
with some minor species, and have many chemical equilibria in the so-
lution. It is difficult to detect major and minor species independently
with spectroscopic or electrochemical methods. Therefore, there are
no applications for speciation except simultaneous voltammetric deter-
mination of V(IV) and V(V) [20] and simultaneous spectrophotomet-
ric determination of phosphate, phosphonate and diphosphate [21].
Hence the CE method among various heteropolyoxomolybdates can

bring about novel knowledge of these complexes equilibria, but there



Absorbance

Figure 1.3: Absorption  spectra for (a) 5x107° M
(NH4)3[CI‘MO6OQ4H6] (pH 25), (b) 25><1O_5 M KQCI’QO7 (pH 25)
and (c) 5x107° M imidazole (pH 4.0). Path length, lcm.

are few investigations in point of this view [22]. On the other hand,
since heteropolyoxomolybdates have larger optical densities than ab-
sorbing regents used for indirect UV detection, the sensitive CE anal-
ysis based on the formation of heteropolymolybdates is possible (Fig.
1.3).

In this study, the author has investigated the formation reaction of

several heteropolyoxomolybdates at particular low concentrations of



Mo(VI) and hetero-ions, and the CE method has been applied to the
determination of heteropolyoxomolybdates in solution.

In this dissertation, the author’s contribution has been summa-
rized in five chapters. In Chapter 2, UV-visible spectrophotometric
studies have shown that the water-soluble anion ([Cr™MogOs4Hg]?™)
is formed at very low concentrations of Mo(VI) and Cr(III), and the
complex-formation reaction proceeds rapidly even at ambient tem-
perature. The simultaneous CE determination of Cr(III) and Cr(VI)
which are oppositely charged in the form of Cr** and Cr,O7%~ has been
accomplished through the formation of a negatively charged complex,
[CrMMogO94Hg]3~. The complex formation reaction of Mo(VI)and
[(VII) also has been studied by UV-visible spectroscopy, and has been
applied to the CE determination of I(VII). On the basis of this studies,
the author has described that the simultaneous CE determination of
[(VII) and I(V) is possible because of the appearance of well defined
two peaks corresponding to [IV1!MogOq4]?~ and 103~ (Chapter 3).

In Chapter 4, the author has investigated the sample stacking ef-
fect to improve separation efficiency and detection limit of CE anal-
ysis based on the formation of heteropolyoxomolybdates. The field-
amplified stacking has occurred by the reduction of buffer concen-
trations in sample solutions, and the transitional isotachophoretic
stacking also has occurred by the addition of electrolysis in sample
solutions . Owing to these stacking effects, the isomers of a- and
B-Keggin-type dodecamolybdosilicates with approximately the same
migration time could be separated satisfactorily, and the sensitivity for

the determination of Cr(III) through the formation of hexamolybdo-



chromate(I1I)(3—) was improved.

In Chapter 5, the simultaneous determination of Ga(III) and Al(III)
has been also possible, since the migration peaks due to the Anderson-
type complexes become sensitive and well separated by mean of the
sample stacking effect.

In Chapter 6, a sensitive method has been developed for the cap-
illary electrophoretic determination of phosphate. The transitional
isotachophoretic stacking also has been effective on the determina-
tion of phosphate based on the formation of a Keggin-type complex
in aqueous-CH3CN media. The quantity of phosphate in river water
was determined by this capillary electrophoretic method and the re-
sults agreed with those obtained by the ion chromatographic and the

colorimetric way.






Chapter 2

Simultaneous Determination of

Cr(VI) and Cr(III)

2.1 Introduction

It is common knowledge that the Cr(VI) is more toxic than Cr(III)
for the human organism, and the speciation of these compound is of
importance [23]. In the usual method for the speciation of Cr(VI)
and Cr(III), the Cr(VI) concentration is first determined spectropho-
tometrically at 540 nm as a complex with 1,5-diphenylcarbohydrazide
(diphenylcarbazide) [24,25]. After the oxidation of Cr(III) to Cr(VI)
with suitable oxidants, such as MnO4 ™, the total amount of Cr(VI) is
determined again. Then, the Cr(III) concentration is estimated indi-
rectly by subtracting the Cr(VI) concentration before oxidation from
the total chromium concentration. The total amount of chromium
can be determined as well by other methods, such as capillary elec-
trophoresis [26,27], atomic absorption spectroscopy (at 357.9 nm) and

inductively coupled argon plasma emission spectrometry (at 206.15
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nm). In general, laborious procedures, including the oxidation of
Cr(III) to Cr(VI), are needed to determine the respective concentra-
tions of Cr(VI) and Cr(III) in the mixture.

Recently, ion chromatography has been widely used to determine
separately the individual species of Cr(VI) and Cr(III) [28,29]. The
separation is based on the fact that Cr(VI) and Cr(III) bear negative
and positive charges, respectively; when one species is retained in
the column, the other species passes through. A high-performance
anion-exchange liquid chromatography was used to determine Cr(VI)
and/or complexes of Cr(III) in biological samples [30]. Williams et
al. have connected cation- and anion-exchange columns in parallel to
determine simultaneously Cr(VI) and Cr(III) [31].

One can expect that the determination procedures may be im-
proved by the conversion of cationic forms of Cr(III) into anionic forms
through some complex- formation. In general, the complex-formation
reaction proceeds very slowly, since Cr(III) is kinetically inert. The
simultaneous determination of Cr(VI) and Cr(III) with capillary elec-
trophoresis, which is used aminopolycarboxylic acids as the complex
reagents, employed by several groups [32-34]. Jung et al., proposed a
method based on the formation of an anionic complex of Cr(III) with
EDTA [32]. In this case, it takes more than three days to complete
the complex-formation reaction at room temperature; boiling of the
reaction mixture is needed to accelerate the complex-formation reac-
tion. New complexing reagents to react rapidly with Cr(III) are being
eagerly searched in order to develop a simple electrophoretic method

for the speciation of chromium.
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Although a hexamolybdochromate(I1I)(3—) ([CrMogO24Hg]?™) has
been prepared by boiling a reaction mixture of Mo(VI) and Cr(I1I)
[35-38], its existence in solution remains to be confirmed. The UV-
visible spectrophotometric studies have shown that the water-soluble
[CrMogO24Hg)?> ™~ anion is formed at very low concentrations of Mo(VT)
and Cr(III), and the complex-formation reaction proceeds rapidly even
at ambient temperature. On the other hand, no complex-formation
reaction of Mo(VI) with Cr(VI) occurs. In the electropherogram, two
peaks due to CryO7%~ and [CrMogOq4Hg|>~ were well separated, and
the peak-areas were dependent linearly on the respective concentra-
tions of Cr(III) and Cr(VI). This complex-formation reaction made it
possible to develop a simple and sensitive method for the simultaneous

determination of Cr(VI) and Cr(III) with capillary electrophoresis.

2.2 Experimental

2.2.1 Apparatus

Analyses were performed on an Otsuka Denshi Model CAPI-1000 cap-
illary electrophoresis system equipped with a UV detector. The fused-
silica capillaries used were 70 cm in length with an internal diameter
of 75 pum. The distance from the point of injection to the detector
was b0 cm. The solutes were injected for 2 s in the hydrodynamic
mode. The electropherograms were collected with a Hitachi Model
D-2500 chromato-integrator. UV-visible spectra were recorded on a

Hitachi Model U-3000 spectrophotometer. The contents of molyb-
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denum and chromium in the complex salt were determined with a
Shimadzu Model ICPS-5000 inductively coupled argon plasma emis-
sion spectrometer. The NH," content was determined with a Hitachi

ion chromatograph. The water content was determined with a Rigaku

Denki Model TAS-100 thermal analyzer.

2.2.2 Reagents

All of the reagents were of analytical grade and were used as received.
Standard solutions of Cr(VI) and Cr(III) were prepared by dissolving
K5Cry0O7 and Cr(NO3)3-9H0 in distilled water, respectively.

2.2.3 Preparation of(NH,);[CrMosO2,H¢]-5H,0

The hexamolybdochromate(III)(3—) was isolated as the NH4™ salt to
characterize it. When the pH of a 100 ml solution containing 2.4 g
of NagMoO4-2H,0 and 0.40 g of Cr(NO3)3-9H20 was adjusted to 2.5
with HCI, a pink solution was obtained, indicating the formation of the
desired complex anion. The addition of 10.7 g of NH,4Cl yielded a pink
precipitate, which was collected by filtration, washed with water and
ethanol, and air-dried. The precipitate was further purified by recrys-
tallization from a 10% (v/v) ethanol-water solution. Anal. Calcd for
(NH4)3[CrMogO94Hg]-5HoO: Mo, 49.54; Cr, 4.48; NH4", 4.66; H5O,
12.4%. Found: Mo, 49.86; Cr, 4.48; NH,*, 4.90; H,O, 12.5%. IR
(1000-400 cm™1): 945, 926, 895, 656, 579, 554, 415 cm™! (Fig. 2.1).
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Wavenumber/cm™

Figure 2.1: An IR spectrum of (NHy)3[CrMogOo4Hg]-5H20 in a
KBr pellet.
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2.3 Results and Discussion

2.3.1 Formation of the [CrMogO2,Hg]>~ anion in aqueous so-

lution

Figure 2.2 shows the absorption spectra for 3x10~* M Mo(VI), 5x107°
M Cr(IIT) and a mixture of 3x10~* M Mo(VI) + 5x 107> M Cr(III) in
an aqueous solution of pH 2.0. As shown in Fig. 2.2(c), the solution
of Mo(VI) and Cr(III) showed a spectrum entirely different from the
solution containing only each component. At wave-lengths of 240-320
nm, the absorbance values for the mixture were greater than those
expected from a simple additivity of the absorbance values of Mo(VTI)
and Cr(III), indicating the formation of a heteropoly complex.

In order to study the compositional ratio of Mo/Cr in the hetero-
poly anion, the mole-ratio method was applied by varying the Cr(I1I)
concentration at a constant Mo(VI) concentration of 1.0 mM and by
varying the Mo(VI) concentration at a constant Cr(III) concentration
of 0.2 mM. In both procedures, the results indicate a Mo/Cr ratio of
6/1. This confirms that the [CrMogOa4Hg|>~ complex is formed even
in such low concentrations of Mo(VI) and Cr(III). It must be noted
that the [CrMogOq4Hg]?~ complex is formed immediately upon mixing
Mo(VI) and Cr(III) solutions at pH values of 2-3, and that it is stable
for at least one week.

The absorption spectrum of 2x10™* M Cr,072~ at pH 2.0 is also
shown in Fig. 2.2(d). The CryO;*" solution shows an absorption
maximum at 256 nm. It should be noted that no complex formation

of Cr(VI) with Mo(VI) occurs. On the basis of the absorption spectra,



15

Absorbance

0 e
200 250 300 350
A /nm

Figure 2.2: Absorption spectra for (a) 3x10~* M Mo(VI), (b)
5%107° M Cr(III), (c) a mixture of 3x10~* M Mo(VI)+5x107°
M Cr(IIT) and (d) 2x10™* M CryO7%~ in an aqueous solution (pH
2.0). Path length, 1 cm.

a wavelength of 256 nm was chosen as optimum for the detection of

Cr(III) and Cr(VI).

2.3.2 Effect of the Mo(VI) concentration on the electro-

pherogram

In order to optimize the Mo(VI) concentration in a sample solution
to be determined, test solutions were prepared by varying the Mo(VI)

concentration (1x1073-1x1072 M) while keeping a concentration of
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Cr(III) and Cr(VI) equal 5x10™° M in a 0.1 M monochloroacetate
buffer (pH 2.0). The test solutions were introduced into the capillary
and electropherograms were recorded. In a series of electrophoretic
measurements, a 0.1 M monochloroacetate buffer (pH 2.0) was also
used as a migration buffer. At Mo(VI) concentrations = 5x107% M,
the peaks for both the Cr(III) and Cr(VI) species split into two or
more components, although the behavior could not be fully explained
at present. With Cr(III) concentrations < 1x10™* M, the optimum
concentration of Mo(VI) was found to be 1x1073 M. The increase in
the Mo(VI) concentration only caused the linear range between the
Cr(III) concentration and the peak-area to expand to higher Cr(III)

concentrations.

2.3.3 Effect of the pH of the migration buffer

In the following, a test solution containing 5x107° M Cr(VI), 5x107°
M Cr(IIT), 1x10~* M Mo(VI) and 0.1 M monochloroacetate buffer
(pH 2.0) was used to optimize various conditions for the capillary
electrophoretic separation of Cr(III) and Cr(VI).

Preliminary experiments have shown that a proper choice of a mi-
gration buffer is important for the separation of Cr(IIl) and Cr(VI).
Tartarate, formate, acetate and monochloroacetate buffer solutions
of pH 2-4 were examined, and the best separation and peak-shape
were obtained using a 0.1 M monochloroacetate buffer as the migra-
tion buffer. The effect of the buffer pH on the electropherogram is
shown in Fig. 2.3. At pH 2.0 (Fig. 2.3(a)), the first peak is due
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to Cr;072~ and the second is due to the [CrMogOguHg]?~ anion; no
peaks due to free isopolymolybdate species were observed within 10
min. Both peak-areas were plotted against the pH, and are shown
in Fig. 2.4. In the pH range 2-3.5, both species showed well-shaped
peaks. At pH values > 3.5, however, free isopolymolybdate species ex-
isting in an excess amount migrated faster than the Cr(VI) and Cr(III)
species, and peaks for Mo(VI), Cr(III) and Cr(VI) species sometimes
overlapped (Fig. 2.3(c)). In general, isopolymolybdate species contin-
uously change with the variation of the pH values in aqueous solution
[39]. These behaviors can be accounted for in terms of the increase
of the negative charge per molybdenum in isopolymolybdate species.
Simultaneously, the baseline became noisy as the pH was increased. In
conclusion, a buffer pH of 2.0 was chosen as being optimum, because
the electropherogram showed sharp and reproducible peaks for both
Cr(III) and Cr(VI) species and a smooth baseline.

2.3.4 Effect of the temperature in a capillary system

After standing for some period at room temperature, the test solution
was introduced into a capillary thermostated at 30 or 45°C; the period
is denoted as the reaction time. The peak-areas for both chromium
species were measured as a function of the reaction time, and are
shown in Fig. 2.5. The peak-areas for the Cr(VI) species were not
affected by the variation in the reaction time and the temperature.
On the other hand, the peak-area for the Cr(III) species grew with

the reaction time at a temperature of 30°C, and attained a constant
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Figure 2.3: Electropherograms for a test solution containing 5x10~°
M Cr(VI), 5x107° M Cr(III), 1x10~* M Mo(VI) and 0.1 M mono-
chloroacetate buffer (pH 2.0). pH values of the migration buffer
(0.1 M monochloroacetate): (a) 2.0; (b) 3.0; (¢) 4.0. (i) Cr(VI); (ii)
Cr(III); (iii) Mo(VI). Applied voltage; —20.0 kV.
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Figure 2.4: Relationship between the pH values of the migration
buffer and the peak-areas for (a) Cr(III) and (b) Cr(VI). The test

solution was the same as in Fig. 2.3.

value at a reaction time of 20 min. At a temperature of 45°C, however,
the peak-area was independent of the reaction time. The temperature
of the capillary system was set at 45°C, because reproducible results
were obtained even when the test solution was introduced immediately
after the preparation.

On the basis of these findings, calibration curves were obtained
in the presence of 1x107% M Mo(VI) and 0.1 M monochloroacetate
buffer (pH 2.0). The peak-areas showed linear dependencies on the
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Figure 2.5: Peak-areas as a function of the reaction time at tem-
peratures of (white and black circles); 30 and (white and black
triangles); 40°C. (white circle and triangle); for Cr(III), (black cir-
cle and triangle); for Cr(VI). The test solution was the same as in
Fig. 2.3. The migration buffer, 0.1 M monochloroacetate (pH 2.0).
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concentrations of Cr(IIl) and Cr(VI) in the range of 5x1075-1x10~*
M and of 1x107°-1x10~% M, respectively (Fig. 2.6).

2.3.5 Recommended procedure

Before sample injection, the capillary was filled with 0.1 M mono-
chloroacetate buffer (pH 2.0). A 4 ml of 0.5 M monochloroacetate
buffer (pH 2.0) was placed in a 20 ml volumetric flask. An appro-
priate amount of a sample solution was added after the addition of 2
ml of 10 mM Mo(VI), and the solution was diluted to the mark with
distilled water. The analysis was carried out by simply introducing
the sample solution into the capillary with vacuum injection for 2 s.
The migration times for the Cr(VI) and Cr(III) species were 5.0 and
5.6 min, respectively. The difference in the migration time permits the
determination of Cr(IIl) and Cr(VI) in the presence of each other. Ei-
ther of the Cr(VI) and Cr(III) species was detected at 256 nm, and the
amounts of Cr(VI) and Cr(III) in the sample solution were determined

from their calibration curves (Fig. 2.6).

2.3.6 Interferences from foreign ions

The effect of several foreign ions on the determination of Cr(III) and
Cr(VI) was investigated; the results are summarized in Table 2.1. For
the determination of Cr(III), phosphate and silicate ions caused nega-~
tive errors by forming the corresponding Keggin-type heteropolyanions

with Mo(VI), the formation of which lead to a lack of Mo(VI). Besides
the [CrMogOq4Hg]?~ complex, many [XMogOg4Hg]"™ -type heteropoly
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Figure 2.6: Calibration curves for (a) Cr(III) and (b) Cr(VI) in 0.1
M monochloroacetate buffer (pH 2.0) containing 1x 1072 M Mo(VT).
The migration buffer, 0.1 M monochloroacetate (pH 2.0).
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complexes have been isolated, where X=AI(III), Fe(III), Cu(II), Ni(II),
Zn(I1) and so on, and n=3, 4 [35-38]. There is a possibility that these
metal ions can also react with Mo(VI) in a migration buffer of pH
2.0. With the exception of Al(IIT), however, these metal ions caused
only negligible interference, and the details of this reaction will be
come back to the chapter 5. In the presence of Al(III), a new peak
appeared between the peaks for the Cr(VI) and Cr(III) species. Si-
multaneously, the peak height due to the Cr(IIl) species decreased
by about 11%. The presence of NaCl at concentrations < 1x1072 M
was tolerable with the determination of Cr(III). As expected, all of

the foreign ions studied did not interfere with the determination of

Cr(VI).



Table 2.1: Effect of foreign ions on the determination of Cr(III) and
Cr(VI).

Concentration Relative error, %
Tons added as / ’

M Cr(IIT)  Cr(VI)
AlCl4 1 x10°* -109 2.2
FeCls 1x10°* —-02 —-1.9
Co(NO3), 5x 1074 -13 08
NiCl, 1x10~* —-04 35
CuSOy 5x 1074 -28 3.7
Zn(NO3), 5x 1074 -34 02
NaH,PO, 1x107* —12.3 —0.7
NaySiOs 1x10~* -9.9 —-0.5
NaCl 1 x1072 —1.3 —4.7

Sample: [Cr(II)]=[Cr(VI)]=5x10"° M. 1x1073 M Mo(VI)-0.1 M
monochloroacetate buffer (pH 2.0). Migration buffer: 0.1 M mono-
chloroacetate buffer (pH 2.0).



Chapter 3

Simultaneous Determination of
Periodate(VII) and Iodate(V)

3.1 Introduction

The determination of iodine species, particularly periodate (I(VII)) is
important in organic chemistry, biology and life science, but it is rather
difficult to determine I(VII) at the low natural concentration level.
Periodate(VII) has been determined so far by spectrophotometric [40—
42], polarographic [43,44] and potentiometric [45] methods. Palomares
et al. have shown that neutron activation analysis is suitable for the
determination of iodine with respect to its high sensitivity [46].
Besides, it is sometimes required to determine the respective con-
centrations of I(VII) and I(V) in a mixture. According to Honda
et al.[47], the direct determination of 104~ and 103~ is possible by
capillary electrophoresis with UV detection at 222 nm. Since both
anions have low molar absorption coefficients, the sensitivity of the

direct method is accordingly low. There are several ways to im-
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prove the sensitivity. Among these is the formation of some com-
plex with a higher molar absorption coefficient. The Na™ salt of the
hexamolybdoperiodate(VII)(5—)([IMogOs4]°~) complex was prepared
by heating a reaction mixture of Mo(VI) and I(VII) at very high con-
centrations [48,49]. However, the existence of the [IMogO24)°~ anion

in solution has not been clarified.

In this chapter, the author has found that the [IMogO4]°~ anion
is formed at low concentrations of Mo(VI) and I(VII), and that the
complex-formation reaction is completed very rapidly, even at room
temperature. Since the [IMogOs4]°~ anion possesses a much greater
molar absorption coefficient than the free 104~ ion, the sensitivity
for the determination of I(VII) can be improved through complex-

formation. On the other hand, no complex-formation reaction of
Mo(VI) with I(V) occurred.

In Chapter 2, The author described that a simple and sensitive
method for the simultaneous determination of Cr(III) and Cr(VI) by
capillary electrophoresis was developed on the basis of the formation
of the [Cr'"™MogOyHg|?~ complex. Similarly, the present study was
undertaken to establish a method for the simultaneous determination
of [(VII) and I(V), because two peaks corresponding to the migrations
of [IM06024]5* and 103~ were well-separated in the electropherogram,
and the peak heights were linearly dependent on the respective con-
centrations of I(VII) and I(V). The detection limits of I(VII) and I(V)
were 1x107% and 2x107° M, respectively.
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3.2 Experimental

3.2.1 Apparatus

All apparatus used were described in Chapter 2.

3.2.2 Reagents

All of the reagents were of analytical grade. Standard solutions of
[(VII) and I(V) were prepared by dissolving NalO4 and KIO3, respec-

tively. The water used was de-ionized and distilled.

3.2.3 Preparation of (NH,)5[IMosO44]-3H,O

The following preparative method was established to characterize the
hexamolybdoperiodate(VII)(5—) complex in the solid state. The pH
of a 100 ml solution containing 6.0 g of NasMoO,4-HoO and 1.2 g of
NalO4 was adjusted to 4.5 with HCl. After the solution was heated
at 80°C for 30 min, 10.7 g of NH4Cl was added, and the resulting
colorless solution was allowed to stand in a refrigerator. In a few days,
there appeared a white precipitate, which was collected by filtration,
washed with water and ethanol, and air-dried. The precipitate was
further purified by recrystallization from a 50% (v/v) ethanol-water
solution. Anal. Caled for (NHy)5[IMogOs4)-3H2O: Mo, 46.8; 1, 10.3;
NH,*, 7.33; HyO, 4.4%. Found: Mo, 46.7; I, 10.1; NHy*, 7.15; H0,
4.5%. IR (1000-400 cm™1): 938, 896, 688, 626, 538, 472 cm ! (Fig.
3.1).
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Figure 3.1: An IR spectrum of (NHy)5[IMogOs4]-3H20 in a KBr

pellet.
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3.3 Results and Discussion

3.3.1 Formation of the [IMogOs]°" anion in an aqueous so-

lution

The absorption spectra for 1x10~* M I(VII), 6x10~* M Mo(VI) and
a mixture of 1x10™ M I(VII) + 6x10~* M Mo(VI) in an aqueous
solution of pH 4.5 are shown in Fig. 3.2. The solution containing
both I(VII) and Mo(VI) showed a spectrum completely different from
a simple additivity of a spectrum for each component (Fig. 3.2(c)), in-
dicating the formation of a heteropoly complex. In order to obtain the
optimal pH conditions for the formation of the heteropoly complex,
the absorbance values at 280 nm were measured as a function of the pH
for a mixture of 2x107° M I(VII) and 1.2x10~* M Mo(VI). The ab-
sorbance values due to the [IMogOg4]°~ complex were calculated on the
basis of the molar-extinction coefficients of the [IMogOs4]°~ complex
and of Mo(VI) species at the corresponding pH values. The results
are shown in Fig. 3.3. The formation of the heteropoly complex be-
came maximal in the pH range of 3-4.5, where the formed heteropoly
anion is stable for at least one week, as judged by no change in the
absorbance values. On the other hand, no complex formation of I(V)
with Mo(VI) occurred.

The compositional ratio of I/Mo in the heteropoly complex was
studied by the usual mole-ratio method at 280 nm. In this procedure,
the I(VII) concentration was varied in the range of 1x107°-4x107°> M
while keeping the Mo(VI) concentration at 1.2x10™% M. The results

demonstrated an I/Mo ratio of 1/6, which indicates the formation of
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Figure 3.2: Absorption spectra for (a) 1x10™* M I(VII), (b) 6x10~*
M Mo(VT), (c¢) a mixture of 1x10™* M I(VII)+6x10~* M Mo(VT),
(d) 11072 M I(V) in an aqueous solution (pH 4.5). Path length,

1 mm.

the [IMogO4]°~ complex, even at such low concentrations of I(VII)
and Mo(VI). From a comparison of Fig. 3.2(a) with Fig. 3.2(c), it fol-
lows that the molar absorption coefficient for I(VII) is increased by 7-8
times through the formation of the [IMogO4]°~ complex. Therefore,
this complex-formation reaction was applied to the sensitive determi-
nation of I(VII) by capillary electrophoresis with UV detection. In
addition, it seems possible to determine both I(VII) and I(V) in the
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Absorbance

Figure 3.3: Relationship between the pH and the absorbance at
280 nm for an aqueous solution of 2x107> M I(VII)+1.2x10~* M
Mo(VI). Path length, 1 cm.

mixture, because 103~ showed an absorption spectrum at wavelengths
< 250 nm. In this study, a wavelength of 220 nm was chosen as being

optimum for the detection of [IMogO24]°~ and 103~

3.3.2 Effect of the Mo(VI) concentration on the electro-

pherogram

The following experiments were carried out to optimize the Mo(VI)

concentration in a sample solution to be tested. The test solutions
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were prepared by varying the Mo(VI) concentration (1x1073-5x 1072
M) while keeping [I(VII)]=5x10"° M and [I[(V)]=5x10"4 M in 5x 1072
M malonate buffer (pH 4.0). These solutions were introduced into the
capillary, and electropherograms were recorded. In a series of elec-
trophoretic measurements, 5x1072 M malonate buffer (pH 4.0) was
also used as a migration buffer. As expected, the peak-height for
[(V) was independent of the Mo(VI) concentration, since no complex-
formation between Mo(VI) and I(V) occurred. The peak due to the
[IMogO24]°~ complex grew with an increase in the Mo(VI) concen-
tration. At Mo(VI) concentrations above 1x1072 M, however, the
baseline in the electropherogram was unstable and noisy. Therefore,

the Mo(VI) concentration of 1x1072 M was chosen as being optimum.

3.3.3 Choice of the migration buffer and the applied voltage

In order to optimize various conditions for the capillary electrophoretic
separation of I(VII) and I(V), the following experiments were carried
out with a test solution containing 1x10~* M I(VII), 1x10~* M I(V),
1x1072 M Mo(VI) and 5x1072 M buffer (the same as the migration
buffer). At first, tartarate, formate, acetate, monochloroacetate and
malonate buffer solutions of pH 2-5 were examined in order to choose
a proper migration buffer. Among these buffer solutions, the best
results regarding the separation of I(V) and I(VII) and their peak-
shapes were obtained with the use of 51072 M malonate buffer as

the migration buffer.

The effect of the buffer pH on the electropherogram was investi-
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gated; the results are shown in Fig. 3.4. As shown in Fig. 3.4(a),
two peaks appeared at pH 2.5; peak (i) is due to the [IMogOg4]’~
anion, and peak (iii) is due to IO37. Although no peaks due to the
free isopolymolybdate species appeared within 20 min, peak (i) due
to the [IMogOo]°~ anion was not so well-shaped under these condi-
tions. With an increase in the pH, peak (i) increased in height. Si-
multaneously, the isopolymolybdate species, being changed with the
variation in the pH values [39], migrated much faster (Fig. 3.5), and
appeared as peak (ii). Since the respective migration times for I(VII)
and I(V) were practically unchanged, peak (ii) overlapped with peak
(iii) around pH 3.5 (Fig. 3.4(b)), which made it difficult to determine
both I(VII) and I(V) simultaneously. With a further increase in the
pH, the isopolymolybdate species migrated faster than I(V), and three
peaks for [(VII), Mo(VI) and I(V) were well-separated in the pH range
of 3.8-4.3 (Fig. 3.5).

Figure 3.6 shows the relationship between the peak heights due to
[IMogOo4]°~ and 103~ and the pH values for aqueous solutions con-
taining 2x 107> M I(VII), 1.2x10~* M Mo(VI) and 5x10~2 M buffer.
As shown in Fig. 3.6(a), peak (i) was obtained in the pH range of 2-5.
These results are in good agreement with the spectrophotometric ob-
servations shown in Fig. 3.3, indicating that peak (i) is actually due
to [IMogOg]°~. It was found that the peak height became highest at
around pH 4. On the other hand, the peak height for I(V) was prac-
tically unchanged in the pH range of 3-5. From these observations, a

buffer pH of 4.0 was chosen as being optimum; the electropherogram

showed sharp and reproducible peaks for both I(VII) and I(V) under
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Figure 3.4: Electropherograms for a test solution containing 1x 1074
M I(VII), 1x107* M I(V), 1x1072 M Mo(VI) and 5x10~% M mal-
onate buffer (the buffer pH was adjusted to be the same as the
migration buffer). pH values of the migration buffer (5x1072 M
malonate buffer): (a) 2.5; (b) 3.5; (c) 4.0. (i) I(VII); (ii) Mo(VI);
(iii) I(V).
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Figure 3.6: Relationship between the pH and the peak-heights
((a) I(VII); (b) I(V)) for an aqueous solution of 2x10~> M I(VII),
110~ M I(V) and 1.2x10~4 M Mo(VI).

these conditions. Electropherograms were recorded by varying the ap-
plied voltage from —5 to —20 kV. The optimum applied voltage was
found to be —15 kV.

3.3.4 Recommended procedure for the simultaneous deter-
mination of I(VII) and I(V)

The capillary was filled with 5x1072 M malonate buffer (pH 4.0) be-

fore sample injection. A 5 ml portion of 0.2 M malonate buffer (pH
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4.0) was placed in a 20 ml volumetric flask. After the addition of 2
ml of 0.1 M Mo(VI), an appropriate amount of samples containing of
[(VII) and I(V) was added, and the solution was diluted to the mark
with distilled water. An electrophoretic analysis was made by intro-
ducing the sample solution into the capillary with vacuum injection
for 2 s. Migrated I(VII) and I(V) species were detected at 220 nm.
The migration times for the I(VII), free isopolymolybdate and I(V)
species were 7.7, 9.6 and 11.7 min, respectively. The difference in the
migration times was large enough to determine the respective concen-
trations of I(VII) and I(V) in the mixture. The amounts of I(VII)
and I(V) in the sample solution were determined by comparisons with
their calibration curves.

On the basis of these findings, calibration curves were obtained by
varying the respective concentrations of I(VII) and I(V) while main-
taining 1x1072 M Mo(VI) and 5x10~2 M malonate buffer (pH 4.0).
The peak heights showed a linear dependence on the concentrations
of I(VII) and I(V) in the ranges of 2x107%-2x107* M and 5x107°~
2x1073 M, respectively. The calibration line curved downward from
the linear plot at I(VII) concentrations > 2x10~% M, owing to the
lack of Mo(VI).

3.3.5 Interference from foreign ions

The interference from several foreign ions was studied; the results

are shown in Table 3.1. For determining I(VII) and I(V), Cl~, Br™,
ClO3~, ClO4~ and BrOs~ had only negligible interference. It is well
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Table 3.1: Effect of foreign ions on the determination of I(VII) and
I(V).

Concentration/ Relative error, %
Ions added as / ’

M I(VII) I(V)
NaCl 5x 1074 0.6 —0.6
NaBr 5x 1074 2.1 —2.7
KClO; 5x 104 3.0 —0.4
NaClO, 5x 107% —0.6 1.8
NaBrOs 5x 1074 -3.1 —05
NaH,PO, 1x10* —-0.7 1.1
Na,SiOj 1x10°* -1.0 06

Sample: [[(VID)]=5x10-5 M, [I(V)]=5x10"* M, 1x10~2 M Mo(VI),
5x1072 M malonate buffer (pH 4.0). Migration buffer; 5x1072 M
malonate buffer (pH 4.0). Applied voltage; —15.0 kV.

known that phosphate and silicate can form various types of hetero-
poly complexes in acidic solutions [50]. However, phosphate did not in-
terfere with the determination of I(VII), probably because no complex-
formation occurred under the recommended conditions of pH 4. Al-
though silicate produced a pair of peaks in the electropherogram, due
to the formation of a mixture of a- and [-Keggin type heteropoly
complexes [51,52], its presence caused no serious errors, because the

peaks for the Si(IV), [(VII) and I(V) species were well-separated.



Chapter 4

Stacking Effect on CE Analysis
Based on the Formation

Heteropolyoxomolybdate

4.1 Introduction

In Chapters 2 and 3, oxidation state analyses of Cr(VI) and Cr(III),
and I(VII) and I(V) were made on the basis of the formation of the
hexamolybdo-complexes at room temperatures, respectively. How-
ever, these sensitivities were slightly inferior to conventional analyti-
cal methods such as ion chromatography or spectrophotometry. The
lower sensitivity in CE is due to the short path length of UV-visible
detector, and the path length can not be change because the cap-
illary tubes used as UV-visible cells. Therefore, a new detection is
expected to improve the sensitivity. Recently, the detection method
in CE analysis has been developed with mass spectra [53], fluorescence

[54,55], conductivity [56,57], electrochemical detection [56,58-64] and

39
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so on. The pre-concentration has been applied to the supersensitivity
of CE analysis. The sample stacking with the online pre-concentration
methods has been studied by a lot of research workers in recent years.
Generally, there are two methods of the sample stacking, which are
called the “field-amplified” (FA) stacking and the “transitional iso-
tachophoretic” (ITP) stacking, respectively.

The field-amplified stacking, which utilizes electrokinetic property
due to a difference of conductivity between migration buffer and sam-
ple solution, was reported by Mikkers et al. in 1979 [65-67]. In these
articles, they demonstrated the use of comparatively large-diameter,
200 pm i.d., Teflon capillaries for free solution electrophoresis. There
are many investigations using field-amplified stacking in CE up to the
present [68-87]. Three different types of field-amplified stacking are
known, namely normal stacking (NS), large volume sample stacking
(LVSS) and electrokinetic injection (EI), in which the principle of pre-
concentration is the same in all cases.

Owing to lower conductivity of a sample solution compared with
a migration buffer, the analyte ions move faster in sample zone than
in the migration buffer. Then, the analyte ions are collected at the
boundary between the front of sample zone and the migration buffer,
which brings about high plate numbers for the analyte peaks in the
electropherogram (Fig. 4.1(a)). On the contrary, when the conduc-
tivity of the sample buffer is higher than the migration buffer, zone
broadening takes place, and gives flat peaks (Fig. 4.1(b)) [74].

Normal stacking is the simplest among sample stacking modes. It

is done by dissolving the sample in a low conductivity matrix and
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Figure 4.1: Influence of the sample contents on the stacking process

the stacking process and the resulting electropherograms.

by injecting the resulting sample solution hydrodynamically or hydro-
statically. As stated earlier, focusing happens at the interface between
the low conductivity matrix and the BGE, due to the abrupt change
in electrophoretic velocity. There are several means by which the con-
ductivity of sample zone is decreased. Simply, the sample solution is
diluted, or the weak buffer is added to the sample solution. Specially,
NS stacking using acetonitrile (CH3CN) as BGE; the so-called aceto-
nitorile stacking (AS), which is applied to the biochemical analysis.
A limitation in NS is the short optimum sample plug length that can
be injected into the capillary without loss of separation efficiency or
resolution. Concentration factors of around 10 are usually obtained
with NS, improving concentration limit of detection (LOD) a whole

order of magnitude.
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When the volume of sample introduced is greater than that found
optimum in NS, the sample matrix must be pumped out from the cap-
illary in order to preserve separation efficiency. This stacking method
is termed as large volume sample stacking (LVSS). Pumping may be
performed with external pressure or with electroosmotic flow (EOF),
which stream from anode to cathode. The direction of pumping is
always opposite that of the electrophoretic movement of charged an-
alytes. The velocity of pumping should also be lower than the elec-
trophoretic velocity of the charged analytes.

Sample stacking with electrokinetic injection is first described by
Chien and Bugi [73]. The sample is prepared in a low conductivity
matrix and the resulting sample solution is injected using voltage.
Usually positive or negative ions can be concentrated effectively using
a single electrokinetic injection. Sample stacking with electrokinetic
injection provided larger sensitivity enhancements compared with hy-
drodynamic injection [88].

On the other hand, J. Boden and K. Bachmann described the tran-
sitional isotachophoretic stacking in 1996 [89]. Thereafter, there are
many investigations on ITP stacking [90-93]. It is assumed that a
sample solution is a homogeneous mixture of the analyte and the ad-
ditive ions, which have a lower mobility than migration buffer. On
applying an electric field, the additive and analyte ions migrate from
the sample zone to the boundary of the sample zone and the migra-
tion buffer zone with peculiar velocity, and so the transitional iso-
tachophoretic state occurs in the typical profile of conductivity and

concentration being regulated according to the Kohlraush-regulating-
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function [66,89]. Therefore, the analyte ions is pre-concentrated at
the front of the boundary between additive ions and migration buffer
(Fig. 4.1(c)). In contrast, for a high mobile additive ions and a low
mobile migration buffer, this online pre-concentration takes place at
the rear side of the additive ions.

In this chapter, the author described the sample stacking effect to
improve separation efficiency and detection limit of CE analysis based
on the formation of heteropolyoxometalates. According to the field-
amplified stacking or the transitional isotachophoretic stacking, the
migration peaks due to the Anderson-type complex of [CrMogOq4Hg|?~
and CroO7%2~ became sensitive and well separated. Similarly, isomers
of a Keggin-type dodecamolybdosilicate with approximately the same
migration time could be separated satisfactorily. Furthermore, the
transitional isotachophoretic stacking was effective on the determina-
tion of phosphate based on the formation of a Keggin-type complex

in aqueous-CH3CN media.

4.2 Experimental

4.2.1 Apparatus

Analyses were performed on a CAPI-3200Q capillary electrophoresis
system (Otsuka Denshi, Osaka, Japan), equipped with a photo diode
array UV-visible detector and a data collecting system. The used
fused-silica capillaries (GL Sciences, Tokyo, Japan) were 62.2 cm in

total length, 50 cm in effective length from the sample injection port
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to the detector, and had an [.D. of 75 pm.
Other apparatus used were described in Chapter 2.

4.2.2 Reagents

Methanesulfonic acid, triluoromethanesulfonic acid and p-xylene-2-
sulfonic acid (XSA) were purchased from Tokyo Kasei (Tokyo, Japan).
The water used was deionized and purified with a MILLI-Q Labo
system (Millipore, Tokyo, Japan). Other reagents used were described
in Chapter 2.

4.3 Results and Discussion

4.3.1 Stacking effect on CE analysis of [CrMogOyHg]?~

In the first place, the author investigated an influence of dissimilar
buffer concentration in the sample solutions from migration buffer on
the electropherogram. Figure 4.2(a) shows the relationship between
concentration of monochloroacetate buffer in sample solution and the
peak heights or migration times on CE analysis of [CrMogOg4Hg|*™.
The 100 mM monochloroacetate solution of pH 2.5 was used as migra-
tion buffer. On increasing the buffer concentration in sample solution,
the peak heights of hexamolybdochromate became low because of zone
broadening (Fig. 4.1(b)). On the other hand, as the amount of mono-
chloroacetate was decreased, the ionic strength of sample zone de-

creased. Because of the field-amplified stacking, the [CrMogOqsHg|?~

complexes collected at the boundary of the front of sample zone and



45

8.5 6 8.5
- < D <
5! S 5 g
2 g 2 =
P s g
o =] ) =
A 5 =2 5

. 7.
0 100 200 0 20 40 60 80 100
[Chloroacetate]/mM [KCI}/mM

Figure 4.2: (i) Peak heights or (ii) migration times for
[CrMogOo,Hg]?~ complexes as a function of concentration of (a)
monochloroacetate buffer and (b) KCI for a 1 mM Mo(VI)-1x10~°
M Cr(III) system containing an amount of monochloroacetate
buffer (pH 2.5) and KCl. Migration buffer; 0.1 M monochloro-
acetate buffer (pH 2.5). Detection; 254 nm. Applied voltage; —12.0
kV. Injection time; 30 s.

the migration buffer, and the peak profiles of this complex became
sharp on the electropherogram (Fig. 4.1(a)). This species migrated
much slower, and the peak height in the presence of 10 mM mono-
chloroacetate became three times as higher as that in the presence of

100 mM monochloroacetate.

In order to study the transitional isotachophoretic stacking, an ap-

propriate amount of a KCl solution was added to a sample solution and
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the electropherogram was recorded. Figure 4.2(b) shows that the rela-
tionship between the concentration of KCI in a sample solution and the
peak heights or migration times on CE analysis of [CrMogOqHg]?™.
As the amount of KCI was increased, the transitional isotachophoretic
state due to Cl™ as leading ion was increased in time (Fig. 4.1(a)). At
KCl concentration equal 50 mM, the peak height of [CrMogOq4Hg)?~
is five times as higher as that in the absence of KCI in a sample solu-
tion. However, at KCI concentration > 50 mM, the peak height and
area of Cr-complex decreased. This behavior is probably due to the
decrease of an amount of produced [CrMogOoHg]>~ complex. This
complex migrated much slower as increasing KCI concentrations in
sample solutions.

Electropherograms were recorded with the variation of injection
times as shown Fig. 4.3. CE analyses without both stacking effects
seemed simply to extend sample zone length, and the peak profiles
were rectangles (Fig. 4.3(a)). On the other hand, both stacking effects
were effective in supersensitive analysis even at 150 s. At injection
times > 150 s, however, the peak profiles destroyed, and became near
rectangles with the field-amplified stacking. With the transitional iso-
tachophoretic stacking, the peaks due to Cr(VI) and Cr(III)-complex
overlapped owing to the exceeding stacking states.

On the basis of these findings, the optimum determination ranges
and detection limits of Cr(IV) and Cr(III) were studied, again. These
values are 5-10 time as more sensitive as in Chapter 2 (Table 4.1). It
was found that both stacking effects were valid on CE analysis with

high sensitivity based on the formation of heteropolyoxomolybdates.
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Table 4.1: A comparison of the results obtained with and without
ITP stacking

Determination Detection

range/M limit/M

with I'TP stacking 5x 10771 x107* 2x 1077
without ITP stacking 5 x 107%-1x 107 2x 107°

Methods

Cr(III) in 0.1 M monochloroacetate buffer (pH 2.5) and 1 mM
Mo(VI) with or without 50 mM KCIl. Migration buffer; 0.1 M
monochloroacetate buffer (pH 2.5). Applied voltage; —12.0 kV.

4.3.2 Stacking effect on speciation of a- and 3-[SiMo15040]*~

It is well-known that a mixture of a- and [-Keggin-type heteropoly
complexes are formed from a mixture of Mo(VI) and Si(IV) in acidic
solution [51,52]. The chemical equilibrium of these isomers, was in-
vestigated by electrochemical and spectrophotometlical methods, the
detail of these phenomena has not been made clear because of exis-
tence of many other polyoxo-complexes. Therefore, the separation of
one from another polyoxo-complexes has been undertaken by mean of

chromatographic techniques.

Figure 4.4(a) shows an electropherogram for a 10 mM Mo(VI)-0.05
mM Si(IV)-100 mM monochloroacetate buffer (pH 2.5) system. With-
out stacking effects, a- and [-Keggin-type heteropoly isomers were
recorded as a overlapping peak on the electropherogram, owing to ap-
proximately the same electrophoretic mobility. Similar to CE analysis
of Cr-complex, the sample solution in which buffer concentration or

an amount of chloride such as KCI was reduced provided well defined
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peaks due to the respective dodecamolybdosilicate isomers on the elec-
tropherograms (Fig. 4.4(b) and (c)). On the basis of these findings,
the author investigated the formation and the transformation of a-
and [-[SiMo;1204]*~ by means of CE method with a filed-amplified
stacking effect. As shown in Fig. 4.5, these CE methods enable us
to observe the formation and transformation reactions of the dode-
camolybdosilicate isomers, being troublesome by electrochemical and

spectrophotometlical method.

4.3.3 Stacking effect on CE analysis of [PMo15040]*~

The author described details of determination of phosphate by CE
analysis in Chapter 6. Here, it was only demonstrated that the stack-
ing effect on the determination of phosphate. Figure 4.6 shows the
electropherograms of a 5x107% M phosphate-2.5x1073 M Mo(VI)-
60% (v/v) CH3CN system containing each strong acid (50 mM). The
peak height of dodecamolybdophosphate increased in the order of HCI,
CF3SO3H, HySO,4, HCIO4, CH3SO3H and XSA. The peak height in
the presence of XSA was approximately 3.5-fold greater than that
when HCI was used. These behaviors are due presumably to the state
of transitional isotachophoresis, owing to occurred by the addition a
large amount of anion to sample solutions [89]. It is common knowl-
edge that the transitional isotachophoretic stacking effect is affected
by a difference mobility between sample zone and migration buffer
component, and the degree of stacking effect is dependent on the in-

terval of transitional isotachophoretic state of analyte ion.
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Figure 4.4: Electropherograms for 10 mM Mo(VI)-0.05 mM Si(IV)—(a), (c) 0.05 M, (b) 0.01 M monochloro-
acetate buffer (pH 2.5) systems (c) containing 0.05 M NH4Cl. Migration buffer; 0.05 M monochloroacetate
buffer (pH 2.5) . Detection; 220 nm. Injection time; 30 s. Applied voltage; —15.0 kV.
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Figure 4.5: Peak heights for a- and 3-[SiMo15040]*~ complexes as a
function of reaction time for a 1.2 mM Mo(VI)-0.1 mM Si(IV)-0.01
M monochloroacetate buffer (pH 2.5) system. Migration buffer;
0.05 M monochloroacetate buffer (pH 2.5). Detection; 220 nm.
Injection time; 30 s. Applied voltage; —15.0 kV.
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The author measured an electrophoretic mobility of each anion to
prove this stacking behavior (Table 4.2). For the HCI system, the
analyte zone broadening takes place, because sample conductivity is
higher than a conductivity of the migration buffer and a mobility of
sample matrix equals that of the migration buffer. Therefore, a broad
peak shape with low peak height and plate numbers appeared on the
electropherograms. In the case of a high mobility acid such as HoSOy,
HClO4 and CH3SO3H, an transitional isotachophoretic stacking effect
at front of the zone of isopolymolybdates leads to a sharp boundary
between the zone of chloride in the migration buffer and the zone
of isopolymolybdates. However, a high mobility acid causes the so-
called the electromigration dispersion [66,94]. The electromigration
dispersion is related to the difference of analyte from matrix on the
mobility. Then, the peak height of dodecamolybdophosphate was de-
creased with an increase in the degree of acid mobility. The CF3503~
anion specially has approximately the same electrophoretic mobility
of dodecamolybdophosphate, both anions may form a mix zone, and
migrate together. In this case, broad peak shape of dodecamolyb-
dophosphate consequently appeared on the electropherograms. As
with the high mobility acid, the transitional isotachophoretic state
occurs between the zone of dodecamolybdophosphate and matrix an-
ions in the case of a low mobility acid such as benzenesulfonic acid
(BSA), p-toluenesulfonic acid (TSA) and XSA. The well-defined peak
shape was therefore obtained and the electromigration dispersion was

suppressed in these systems.
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Figure 4.6: Electropherograms for a 5x107% M Mo(VI)-5x10"¢ M
P(V)-60% (v/v) CH3CN system containing 0.050 M of (a) HCI, (b)
CF3S03H, (c) HaSOy, (d) CH3SO3H or (e) XSA. The migration elec-
trolyte; 0.050 M HC1-60% (v/v) CH3CN. Applied voltage; —8.5 kV.
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Table 4.2: Effect of electrophoretic mobility on the I'TP stacking

Strong acids fep” [em?/V-s]-107*  Peak area’ [mAU-g]
HCl1 6.1 2.84
H,SOy4 5.8 8.62
HC10,4 5.0 9.30
CH3SO3H 5.4 10.19
CF3SOsH 4.5 4.26
BSA 3.7 10.01
TSA 3.6 10.51
XSA 3.4 10.65
[PMoy50.0]* 45 —
Isopolymolybdates 3.7 —

*The electrophoretic mobility were calculated from the mea-
surements with the migration buffer of 0.5 mM Cr(VI)-50 mM
HC1-60% (v/v) CH3CN.

bTest solution was a 5 x 1075 M phosphate-2.5 mM Mo(VI) —60%
(v/v) CH3CN system containing 50 mM each strong acids. The
migration buffer; 50 mM HCI-60% (v/v) CH3CN. Applied voltage;
—8.5 kV.



Chapter 5

Simultaneous determination of
A1(IIT) and Ga(III)

5.1 Introduction

In this Chapter, the author described the simultaneous determina-
tion of AI(III) and Ga(III) by capillary electrophoresis, which is based
on the formation of hexamolybdoalumate(IIl) and hexamolybdogal-
late(I1I) complexes in aqueous-organic solutions.

In general, metal ion analyses by CE methods have been utilized
indirect photometric detection with suitable absorbing cations such as
imidazole. The determination of metal ions also need complex-forming
reagents [95,96], such as hydroxyisobutyric acid [97-99], 18-crown-
6 [100], 8-hydroxyquinoline-5-sulphonic acid [97,101] and ethylendi-
aminetetraacetic acid [12,97,102], because most metal ions have sim-
ilar mobilities due to their similar size and identical charge. Al(III)
and Ga(Ill) exhibit exceedingly similar chemical behavior [103-107],

because few methods have been developed for the simultaneous CE
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determination of AI(III) and Ga(III).

It is well known that AI(III) and Ga(Ill) react with very high
concentrations of Mo(VI) at high temperature, resulting heteropoly-
oxomolybdate complexes are formed. As stated above, the author
has found that several heteropolyoxomolybdate complexes are formed
at very low concentrations and even room temperatures, and hexa-
molybdogallate(I1I)(—3) ([Ga™MogOq4Hg]?>) is produced under the
similar conditions as Cr(III). On the other hand, the formation re-
action of hexamolybdoalumate(III)(—3) ([AIMMogOquHg]?>™) at very
low concentrations, although, undergoes only by heating in aqueous
solutions, this reaction completes in an aqueous-organic solvent as the
reaction medium without heating. Ga(Ill) reacts soon with Mo(VI)
in aqueous-organic solutions as well as AI(III) does. On the basis of
these findings, the author has investigated electrophoretic behavior of
these hetero poly anions, and then the peaks on electropherograms
due to both Anderson-type complexes become well separated, so that
the simultaneous determination of Ga(III) and Al(III) is possible.

The molar absorption coefficient of these polyoxo anions approxi-
mately is 10 times larger than of indirect photometric reagents such
as imidazole. Owing to highly molar absorptivities, the purpose of
this work is the detailed evaluation of hexamolybdoalumate(IIT) and
hexamolybdogallate(IIT) complexes for the simultaneous and sensitive
determination of AI(IIT) and Ga(III). Attention was paid to the effect
of carrier electrolyte parameters on the migration behavior of hexa-
molybdoalumate(III) and hexamolybdogallate(III) complexes. The

feasibility of the method was demonstrated, and was compared with
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indirect photometric method.

5.2 Experimental

5.2.1 Apparatus

All apparatus used were described in Chapter 4.

5.2.2 Reagents

All of the reagents were of analytical grade without further purifi-
cation. Standard solutions were prepared by dissolving Al(NOs)s
and Ga(NOj)s, respectively. Triammonium hexamolybdoalumate(IIT)
[38] and triammonium hexamolybdogallate(III) [37], were synthesized

from existing procedure.

5.2.3 The Conditions for the indirect photometric determi-
nation of AI(III) and Ga(III)

The indirect photometric determination of Al(III) and Ga(Ill) was
carried out from following a precedent investigation [108]. The mi-
gration buffer was prepared with a background electrolyte containing
5 mM of imidazole. The pH of migration buffer was adjusted with a
bit of 0.5 M sulfuric acid. Sample solutions were prepared by diluting
standard solution with purified water. The electrophoretic analysis
was made by introducing the sample solution into the capillary with
hydrostatic injection for 30 s, or more sensitive determination was

made by electrostatic injection [85] for 10 s and applied voltage was
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10 kV. A voltage of 22 kV was applied and capillary cartridge tem-
perature was held at 25°C for the separations. Indirect UV detection

was employed 214 nm, and electropherograms were recorded.

5.3 Results and Discussion

5.3.1 Formation of the hexamolybdoalumate(III) and hexa-
molybdogallate(III)

It is well known that AI(III) and Ga(Ill) react with very high con-
centrations of Mo(VI) at high temperature as well as Cr(III). The
author measured UV-visible spectra of Mo(VI)-Al(III) and Mo(VI)—
Ga(III) system, in order to study complex formation reactions of
hexamolybdoalumate(III) and hexamolybdogallate(I1I) in diluted so-
lution.

Figure 5.1 shows the absorption spectra in an aqueous solution of
pH 2.5 for 3x10™* M Mo(VI), a mixture of a 3x10~* M Mo(VI) +
5%107° M AI(III) and of a 3x10™* M Mo(VI) + 5x10=°> M Ga(III).
The solution of AI(IIT) and Ga(III) had no absorbance at range 200
400 nm, respectively. The UV-visible spectra of solutions containing
AI(III) or Ga(Ill), and Mo(VI) completely different from a simple
additivity of a spectrum for each components (Fig. 5.1(b) or (c)),
indicating the formation of a heteropoly complexes even at such low
concentrations.

Then, the electropherograms of the hexamolybdoalumate(III) and

hexamolybdogallate(IIl) were obtained under same condition being
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Figure 5.1: Absorption spectra for (a) 3x10~* M Mo(VI), and (b)
a mixture of 5x 107> M AI(IIT) +3x10~* M Mo(VI) and (c) 5x107°
M Ga(III) + 3x10~* M Mo(VI) in an aqueous solution (pH 2.5).

described in chapter 2, so that the peak of [GaMogOg4Hg|*~ was well
defined sharp profile. However, the peak height of [AlMogOq4Hg)?~
complex was very lower than Ga(Ill) complex at room temperature.
With heat, the peak due to hexamolybdoalumate(III) grew up, but
the determination of Al(III) was not possible because of the peak due
to one of the isopolyoxomolybdates, which turned up at the same

migration time of [AlMogOs4Hg]?~ anion (Figure 5.2(a)).
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Recently, remarkable progress in the preparation of polyoxometa-
late complexes has been made using water-miscible organic solvents
like CH3CN [109-116]. For the purpose of studying the effect of
aqueous-organic solvents on the formation reaction of the isopolyoxo-
molybdates and [AlMogO24Hg]*~, an appropriate amount of CH3CN
was added to the test solution, and so the CE measurements were
occurred. From these results, it has been found that an amount of
formation isopolyoxomolybdate decreased with increasing concentra-
tion of CH3CN in a test solution (Fig. 5.2(b) and Fig. 5.3(c)). In
contrast, an adding CH3CN scarcely effected on an amount of formed
AI(III) and Ga(III) complexes (Fig. 5.3(a) and (b)). On the basis of
these findings, the optimum concentration of CH3CN in a test solution
is 60% (v/v).

The peak heights for AI(IIT) and Ga(III) complexes were measured
as a function of the reaction time at room temperature, and are shown
in Fig. 5.4. The peak heights of Ga(III) had been made experimented
in present study were independent of the period, which is denoted as
the reaction time. In the presence of 60% (v/v) CH3CN, the peak
area of Al(III) complex grew with the reaction time attained a con-
stant value at a reaction time of 20 min. The sample solution was
standing for 20 min at ambient temperature, because reproducible re-
sults were obtained even when the AI(IIT) and Ga(IIl) complexes were
determinated.

The following experiments were carried out to optimize the Mo(VI)
concentration in a sample solution to be tested. The test solutions

were prepared by varying the Mo(VI) concentration (1x1073-5x 1072
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Figure 5.2: Electropherograms for 1x1072 M Mo(VI)-5x1072 M
monochloroacetate buffer (pH 2.0) (a) without and (b) with 40%
(v/v) CH3CN systems containing AI(TIT) (i) 1x107> M, (ii) none.
Measured after (a) heating at 70°C for 20 min and (b) standing at

room temperature for 20 min. Migration buffer; 0.1M monochloro-

acetate buffer (pH 2.0). Applied voltage; —13.0 kV.
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Figure 5.3: Peak height as a function of the CH3CN concentration
for test solutions; (a) 1x107> M AI(III), (b) 1x107> M Ga(III) and
(¢) none containing 1x1072 M Mo(VI) and 5x10~2 M monochloro-
acetate (pH 2.0). Measured after standing at room temperature for
20 min. Migration buffer; 1x10~! M monochloroacetate (pH 2.0).
Applied voltage; —13.0 kV.



[
-

Peak area/mAU s
wh

Time/min

Figure 5.4: Peak area as a function of the reaction time for 1x1073
M Mo(VI)—(a), (c); 1x1075 M AI(III) and (b), (d); 1x1075 M
Ga(I1I)-5x 1072 M monochloroacetate (pH2.0) containing (c), (d);
60% (v/v) CH3CN systems. Migration buffer; 0.1M monochloro-
acetate (pH 2.0). Applied voltage; —13.0 kV.
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M) while keeping [AI(IIT)] or [Ga(IIT)]=1x10"> M in 5x10~% M mono-
chloroacetate buffer (pH2.0) containing 60 % (v/v) CH3CN. These so-
lutions were introduced into the capillary, and electropherograms were
recorded. In a series of electrophoretic measurements, 0.1 M mono-
chloroacetate buffer (pH 2.0) was also used as a migration buffer.

As well as Chapter 2, in the all concentration ranges of Mo(VI), the
peak due to the AI(III) and Ga(III) complexes are obtained, and above
Mo(VI) concentrations 2x1073 M, a few unknown peaks of isopoly-
oxomolybdates appears in the electropherograms. The result of these
experiments were considered, the Mo(VI) concentration of 1x1073 M

was chosen as optimum.

5.3.2 Choice of the electrophoretic conditions

In establishing conditions for CE separations of heteropolyoxomolyb-
dates, the following experiments were carried out. It was typical exper-
iments that a test solution containing 1x107° M AI(III) and Ga(III),
1x1073 M Mo(VI) and 5x 1072 M buffer (the same sort as the migra-
tion buffer) containing 60 % (v/v) CH3CN.

The sort of buffer was diversified. At first, malonate, monochloro-
acetate, acetate, tartarate, and formate buffer solutions of pH 2.0-4.5
were examined to choose a proper migration buffer. Peaks were ob-
tained for the each heteropolyoxomolybdate anions in all buffers with-
out tartarate. With excepts of monochloroacetate buffers, they were
less peak height or the interference from several isopolyoxomolybdate

anion. Much better results were obtained only monochloroacetate
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buffer over experimental pH ranges. In the each buffer, isopolymolyb-
date anions were not detected same migration time. This is because of
the interaction between these complexes and the buffer components.
The effect of the buffer has not been clarified, however, similar phe-
nomena were described previously Chapters 2 and 3. The optimum
concentration of migration buffer was found to be 0.1 M, cause a sta-

bility of baseline and peak separation between heteropolyoxo anions.

The effect of the pH of buffer on the electropherogram was investi-
gated. The results obtained are summarized in Fig. 5.5 and 5.6, ba-
sis on the electropherograms containing 1x107° M analytes, 1x1073
M Mo(VI) and 1x10~2 M monochloroacetate buffer. As shown in
Fig. 5.5, the peaks due to the [AlMogO94Hg]?>~ and [GaMogOaesHg|?~
were appeared at pH range of 1.8-4.0, but these peaks were over-
lapped at pH range up to 3.0. These pH ranges were consistent with
formation ranges of these complexes that obtained through UV-Vis
measurements. Figure 5.6 shows relationship between the migration
time due to polyoxomolybdate complexes and pH values. In the pH
range 1.8-3.0, both species showed well-separated. Although these
ions have formed same charged complexes of Anderson structure, this
electropherogram display well-shaped peaks. This simultaneous de-
termination of Al(III) and Ga(Ill) is difficult by other determination
methods.
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Figure 5.5: Peak height as a function of the pH value for test solu-
tions; (a) 1x107° M AI(III) or (b) 1x107> M Ga(III), and 1x10~3
M Mo(VI) and 5x 10~ M monochloroacetate buffer containing 60%
(v/v) CH3CN systems. Migration buffer; 1x10~! M monochloro-
acetate. Applied voltage; —13.0 kV.
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Figure 5.6: Migration time as a function of the pH value for test
solutions; (a) 1x1075 M AI(III) or (b) 1x10™> M Ga(III), and
1x1072 M Mo(VI) and 5x1072 M monochloroacetate buffer con-
taining 60% (v/v) CH3CN systems. Migration buffer; 1x10™1 M
monochloroacetate. Applied voltage; —13.0 kV.
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5.3.3 The Conditions for the determination of AI(III) and
Ga(IIT) ions

The capillary was filled with 0.1 M monochloroacetate (pH 2.0) before
sample injection. A 1 mL portion of 1.0 M monochloroacetate buffer,
which had same pH of migration buffer and a 0.2 mL of 0.1 M Mo(VI)
were placed in a 20 mL volumetric flask. After the addition of an
appropriate amount of an aqueous solution of AI(IIT) and Ga(III), 12
ml of CH3CN was added. The solution was diluted to the mark with
purified water. The electrophoretic analysis was made by introducing
the sample solution into the capillary with hydrostatic injection for 30
s, and the difference in elevation was 25 mm. A voltage of —13.0 kV
was applied for the separations. Direct UV detection was employed
240 nm, and the sampling rate was 0.5 s. At the same time, UV-visible
spectra were measured at intervals of two nano meters. Throughout
the experiments, the capillary was held in a thermostated cartridge
controlled at 40°C. The migration times were recorded and calibration

curves were obtained for analyte ions, respectively.

It was shown that the electropherogram of 1x107> M AI(IIT) and
Ga(III) at optimum condition of pH 2.0 (Fig. 5.7). Al(III) and
Ga(III), migration is this order. The electropherogram in Fig. 5.7
shows a very sharp, well-separated and reproducible peak for AI(III)-
and Ga(IlI)-polyoxoanions, and a flat, smooth baseline. Determina-
tion errors of coexisting both Al(III) and Ga(Ill) were investigated
on the variety concentration (Table 5.1 and 5.2). There are ignore

errors on these studies with the exception of ten times concentration
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of Ga(III) when determination of 1x107> M AI(III). The addition of
ten times concentration of Al(III) also had no significant influence on

determination of 1x107> M Ga(III).

5.3.4 Interference from foreign ions

The interference from several foreign ions was studied; the results are
shown in Table 5.3. For determining Al(III) and Ga(III), phosphate
and silicate ions caused negative errors by forming the corresponding a
mixture of a- and S-Keggin-type heteropolyanions with Mo(VI), the
formation of which lead to a lack of Mo(VI) as well as in Chapter
2. Cr(III) produced negative errors for the determination of Ga(Ill),
because the peak of Cr(III)-complex overlaps to Ga(III).

5.3.5 Comparison of analytical performance

Figure 5.8 shows electropherograms of the detection of AI(III) and
Ga(III) using indirect detection. Well-defined peaks can be observed
in the electropherograms of indirect photometry using imidazole as
background electrolytes each metal ions, but it could not provide com-
plete separation of Al(IIT) and Ga(III). The peak which appears at a
migration time of ca. 4.5 min can be assigned to the AI(OH)s™ since
this species predominates in aqueous solution at pH ranges 3-5 (Fig.
5.8(a)). There is only one peak of AI(III) species on the electrophero-
gram all over the concentration ranges. On the other hand, the peaks
of Ga(Ill) species are appeared at migration time of ca. 1 and 4.5

min. Since the former peak area increase with decrease in pH, it is
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Figure 5.7: An electropherogram for a test solution; 1x107°> M
AI(TI)-1x107° M Ga(IIT)-1x1073 M Mo(VI)-5x10~2 M mono-
chloroacetate buffer (pH 2.0) containing 60% (v/v) CH3CN sys-
tem. Migration buffer; 0.1M monochloroacetate (pH 2.0). Applied

voltage; —12.0 kV.
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Table 5.1: Effect of Ga(III) on the determination of 1x107° M
AI(TIT).

[Ga(III)]/M  Relative error, %

5x1076 2.1
1x107° —2.2
2x107° 1.5
5%x107° 1.3
1x107° —-5.3

Sample: 1x1073 M Mo(VI)-0.1 M monochloroacetate (pH 2.0) con-
taining 60% (v/v) CH3CN. Migration buffer: 0.1 M monochloro-
acetate (pH 2.0).

Table 5.2: Effect of AI(III) on the determination of 1x107° M
Gaf(I1D).

[AI(TIT)] /M Relative error, %

5x107¢ 3.7
1x107° —0.1
2x107° 0.8
5x107° 1.4
1x107° 1.4

Sample: 1x107% M Mo(VI)-0.1 M monochloroacetate (pH 2.0) con-
taining 60% (v/v) CH3CN. Migration buffer: 0.1 M monochloro-
acetate (pH 2.0).



Table 5.3: Effect of foreign ions on the determination of Al(IIT) and
Ga(III).

Concentration/  Relative error, %
Ions added as / ’

M AI(IIT)  Ga(III)
NalO, 1x10™* —4 -3
Cr(NO3); 5x107° —6 —
FeCls 1x10°* -2 -2
NiSO, 1x107* -3 4
CuSO, 1x10°* 1 -2
Zn(NO3)s 1x10* —4 2
NaH,PO, 5x107° —45 —48
NaySiOs 1x1074 —17 —18
NaCl 1 x 1072 -5 -5

Sample:  [AI(IID)]=[Ga(Il)]=1x10"° M. 1x10=* M Mo(VI)-
5%107% M monochloroacetate (pH 2.0) containing 60% (v/v)
CH3CN. Migration buffer: 0.1 M monochloroacetate (pH 2.0).
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assumed to migrate the naked Ga(IIl) ions, and the latter is similar
to AI(III) species.

Minimum detectable concentration, linearity and reproducibility
were examined under the above conditions. Table 5.4 and 5.5 show the
detection limits and the determination ranges for these studies. The
detection limit was 2x107% M for AI(III) and 5x10~" M for Ga(III).
This high detection limits are about 10 times greater than the value
of above indirect photometric data, because of large optical density of
heteropolyoxomolybdate anions. Correlation coefficients were 0.998
for AI(III) and 0.999 for Ga(III). The reproducibility was studied by
making five consecutive runs of a standard solution at a concentration
of 1x10™° M of each hetero ions. The per cent relative standard
deviation (RSD) is expressed as the quotient of the standard deviation
and the mean value. The RSD of migration times for two complexes
were less than 0.3%, although the RSD of peak areas for AI(IIT) and

Ga(III) were less than 1.6% on these measurements.
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Figure 5.8: Electropherograms for test solutions containing (a)
5x1071 M AI(IIT) and (b) 5x10~* M Ga(III). Migration buffer;
5 mM imidazole (pH 4.0). Applied voltage; 22.0 kV.



Table 5.4: Concentration range and detection limits of AI(III).

Methods Determination range/M  Detection limit/M
Heteropolyoxomolybdate 2x107%-1x 1074 1x10°°
Hydrostatic injection 1x107°-1x 1073 5x 1076
Electromigratic injection 1x107%-1x107* 5x 1077

Table 5.5: Concentration range and detection limits of Ga(IlI).

Methods Determination range/M  Detection limit/M
Heteropolyoxomolybdate 5x 10771 x 1074 2x 1077
Hydrostatic injection 5x 10771 x 1073 2x107°

Electromigratic injection 5x 1071 x 1074 2 x 1076
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Chapter 6

Determination of P(V)

6.1 Introduction

In this Chapter, the author described the determination of P(V) based
on the formation of dodecamolybdophosphate complex in an aqueous-
organic solution.

Phosphate is one of the most restrictive nutrients and its analysis is
of great importance in biological and environmental sciences. Several
methods have been developed for the determination of P(V), includ-
ing conventional colorimetry based on the formation of mixed-valence
heteropoly blues (COL) [117], ion chromatography (IC) [118,119],
flow injection analysis (FIA) [120], and capillary electrophoresis (CE)
[53,54,57,121-128]. Recently, CE has shown to be a powerful tech-
nique for the analysis of P(V), in which the most common detection
mode is indirect UV detection using suitable absorbing anions such
as chromate [129]. Owing to a high background absorbance, however,
the indirect detection method has the disadvantage of high noise, and

is not sufficiently sensitive for the trace analysis of P(V).

7
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Unlike anions, cations can be determined with direct UV detection
after the complex-formation. With the exception of heteropolyox-
ometalates, on the other hand, there are few complexes incorporating
anions, and direct UV detection is possible only for oxoanions that
absorb in the UV region, as stated above.

Recently, remarkable progress in the preparation of polyoxometa-
late complexes has been made using water-miscible organic solvents
like CH3CN [109-116]. In the present study, we have found that a
Keggin-type [PMo12040)>~ complex, which is unstable in aqueous so-
lution, can be stabilized by the presence of CH3CN as an auxiliary
solvent. In such aqueous-CH3CN solutions, the Keggin complex is
formed at very low concentrations of Mo(VI) and P(V). On the basis
of the complex-formation reaction, a simple and sensitive method was
developed for the CE determination of P(V) with direct UV detec-
tion. The CE method offers the advantage of detecting P(V) with
high sensitivity and eliminating interferences from sample matrices.

The utility was demonstrated in the analysis of P(V) in river water.

6.2 Experimental

6.2.1 Apparatus

Apparatus of capillary electrophoresis and UV-visible spectroscopy
system used were described in Chapter 4. For the IC measurement,
a Dionex DX-300 system was used with a electrolytes suppressor and

a conductivity detector. The separation column was a Dionex ICE—
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AS1, and the eluent comprised 1.7 mM NaHCO3 and 1.8 mM NayCOs.
The determination of P(V) by COL was carried out according to the
literature method [117]. Voltammetric measurements were made with
a Hokuto Denko HA-501 potentiostat interfaced to a microcomputer-
controlled system. A glassy carbon electrode GC-30S (Tokai carbon)
with a surface area of 7.1 mm? was used as a working electrode and a
platinum wire served as the counter electrode. The reference electrode
was an Ag/AgCl electrode. The voltammograms were recorded at

2540.1°C. The voltage scan rate was set at 100 mV-s—!.

6.2.2 Reagents

The a-Keggin type [PMo12O4]>~ complex was synthesized from the
literature method [130]. All other reagents used were described in

Chapter 4.

6.3 Results and Discussion

6.3.1 Formation of - and f-dodecamolybdophosphate com-

plexes in aqueous-CH3;CN media

The stability of the Keggin-type [PMoi2QOy0)>~ complex should be
taken into account when the complex-formation reaction is applied
to the CE analysis of P(V). In order to clarify the effect of CH3CN
on the stability of the Keggin complex, cyclic voltammograms were
recorded for 1.0 x 107° M a-[PMo20y40]?~ in 0.050 M HCIl with and
without 60% (v/v) CH3CN. In the presence of 60% (v/v) CH3CN, a
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two-step redox wave was obtained and the wave shape was unchanged
for at least two hours (Fig. 6.1(a)). In the absence of CH3CN, on the
other hand, the wave height was only half that shown in Fig. 6.1(a),
being decreased as time passed. Consequently, the wave disappeared
completely in three minutes (Fig. 6.1(c)). These results clearly show
that the Keggin complex is stable only in the presence of CH3CN.
Recently, the formation of the a—[PM01204O]3_ complex was as-
certained in aqueous solutions of 100 mM Mo(VI) and 0.5 M HCI
containing P(V) at concentrations < 7 mM [50]. In the presence of
CH3CN, the Keggin complex is formed at much lower concentrations
of Mo(VI) and P(V). Figure 6.2 shows cyclic voltammograms for a
10.0 mM Mo(VI)-0.10 mM P(V)-0.050 M HCI-60% (v/v) CH3CN
system. As shown in Fig. 6.2(a), a well-defined three-step redox wave
was obtained immediately after the preparation of the solution. As
time elapsed, the first wave decreased with an increase of the third
wave (Fig. 6.2(b)), indicating the spontaneous transformation of -
[PMo12040)?~ into the a-isomer [131]. The redox waves were numbered
in the direction of more cathodic potentials. It should be stressed
that the total concentrations of the a- and [-isomers are unchanged
during the transformation. Then, the effect of the CH3CN or HCI
concentration on the formation of the Keggin complexes was investi-
gated. The redox waves due to both Keggin complexes appeared in
the 10 mM Mo(VI)-0.10 mM P(V)-0.050 M HCI system at CH3CN
concentrations > 10% (v/v), and increased in height with an increase
of the CH3CN concentration; two-liquid layers resulted at CH3CN

concentrations> 80% (v/v). The Keggin complexes were formed in
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Figure 6.1: Cyclic voltammograms for 1.0x107° M a- [PM01204O]3_
in 0.050 M HCI; (a) with and (b), (¢) without 60% (v/v) CH3CN.
Measured (a), (b) immediately after the preparation; (c) after 3

minutes.
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Figure 6.2: Cyclic voltammograms for a 10.0 mM Mo(VI)-0.10
mM P(V)-0.050 M HCI-60% (v/v) CH3CN system. Measured (a)

immediately after the preparation; (b) after 5 hours.

the HCI concentration range of 0.030-0.080 M, and the maximal re-
duction current was obtained at 0.050 M HCI.

6.3.2 Effect of the Mo(VI) concentration

In establishing conditions for CE measurements, test solutions were
prepared by varying the Mo(VI) concentration (1-50 mM) while keep-
ing [P(V)]=1.0x10-5 M, [HC1]=0.050 M, and [CH3CN]=60% (v/v). In



83

a series of CE measurements, a 0.050 M HCI-60% (v/v) CH3CN sys-
tem was used as a migration electrolyte. In the Mo(VI) concentration
range studied, a sharp peak due to the migration of the a- and -
isomers was obtained in the electropherogram. In agreement with
the voltammetric results, the peak area was reproducible even when
the test solution was introduced immediately after the preparation.
At Mo(VI) concentrations > 5.0 mM, several peaks due to unknown
isopolyoxomolybdates appeared and one of them caused serious inter-
ferences owing to the overlapping with the Keggin peak. Taking the
voltammetric results into account, the 2.5 mM Mo(VI)-0.050 M HCl-
60% (v/v) CH3CN system was chosen as a compromise for the CE
determination of P(V). The 0.050 M HCI-60% (v/v) CH3CN system
was found to be optimum as the migration electrolyte, because mi-
gration under these conditions gave the best sensitivity to detection.
The absence of CH3CN in the migration electrolyte caused the Keggin

peak to disappear, owing to the decomposition of the Keggin complex.

6.3.3 Choice of acid

The choice of acid in sample solutions is effective on detection sen-
sitivity. Figure 4.6 in chapter 4 shows electropherograms for a 2.5
mM Mo(VI)-5x107% M P(V)-60% (v/v) CH3CN system containing
0.050 M of HCI, CF3503H, HySO4, CH3SO3sH or XSA. When XSA was
used instead of HCI, the peak height was increased by approximately
3.5-fold, owing to the transitional isotachophoresis effect [89]. The di-

rect detection developed in the present study gave a linear calibration
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curve over the P(V) concentration range of 5x1077-5x107° M. The

correlation coefficient was 0.997.

6.3.4 The CE procedure

The capillary was filled with 0.050 M HC1-60% (v/v) CH3CN solution
before sample injection. A 1 ml portion of 1 M XSA and a 1 ml of
50 mM Mo(VI) were placed in a 20 ml volumetric flask. After the
addition of an appropriate amount of an aqueous solution of P(V), 12
ml of CH3CN was added. The solution was diluted to the mark with
purified water. The sample solution thus obtained was introduced into
the capillary with hydrostatic injection for 60 s. The applied voltage
of —8.5 kV was chosen as best, because the electropherogram showed
a sharp peak with minimal migration time and a smooth baseline.
Lower applied voltage increased the analysis time and broadened the
peak. On the other hand, the base line became noisy at higher ap-
plied voltage, probably owing to the Joule heating effect. Throughout
the experiments, the capillary was held in a thermostated cartridge
controlled at 30°C. The Keggin peak was detected at 220 nm, and the
amount of P(V) was determined from the calibration curve.

It is compared the two spectra on the Fig. 6.3 that UV spectrum
of the peak bear striking resemblance to own heteropolyoxomolyb-
date anions. The 5x107° M (BuyN)3[PMo120y9] in neat CH3CN was
measured by capillary electrophoresis on the same condition. The
migration time due to (BuyN)3[PMo120y40] in neat CH3CN is almost

consistent with the above procedure. Accordingly, the electrophoretic
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species has been evidently dodecamolybdophosphate, which should

not be decomposed in measurement.

6.3.5 Interference from foreign ions

In the optimized aqueous-CH3CN solution, Mo(VI) can react with
other oxoanions to form the corresponding polyoxomolybdate com-
plexes, which may migrate in the capillary to cause serious interfer-
ences. Migration of polyoxomolybdate anions incorporating PO,
PHO3%~, VO3~, SiO52~, GeO3?~, AsO33~, and AsO,%~ was investi-
gated under the recommended conditions, and the results are shown
in Table 6.1. With the exception of AsO43~, these oxoanions caused
only negligible interference since the peaks due to the polyoxomolyb-
date anions were well resolved. However, AsO,3 interfered with
the determination of P(V) because peaks due to both Keggin-type
[AsMo12040]>~ and [PMo120y0)>~ complexes were overlapped. The

presence of NaCl in concentrations up to 1x1072 M did not interfere.

6.3.6 Analysis of P(V) in river water

The developed CE method was applied to the determination of P(V)
in river water. The sample water from the Yamato River was stored
in a polyethylene bottle at 4°C, and filtrated on a 0.45 ym membrane
filter before analysis (Fig. 6.3). As shown in Table 6.2, the peak areas
due to the [PM01204O]3* anion were satisfactorily reproducible with a
R.S.D. value (n=>5) of 0.2%, and the CE results agreed well with the
IC results.
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Figure 6.3: Absorption spectra for (a) the peak of phos-
phate complex in Fig. 4.6(e), and (b) 5x1075 M solution of
(BugN)3[PMo0120y] in neat CH3CN, path length, 1 mm.



Table 6.1: Effect of foreign ions on the determination of phosphate.

Ions added as Conc./M  Relative error, %

NaCl 1x 107! —22
5x 1072 —10
1 x 1072 —4
Na4P207 1x107* 1
Na,PHO 1x10™4 -1
NH;4VO; 1x 1074 -3
NaySiO3 1x1074
NagGeO;g 1 x 10_4 3
NayHAsOy 1x107° 36
NazAsOs 1x 1074 5)

Test solution; 1 x 107 M phosphate-2.5 mM Mo(VI)-50 mM
XSA-60%(v/v) CH3CN. Migration buffer; 50 mM HCI-60%(v/v)
CH3CN. Applied voltage; —8.5 kV.
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Table 6.2: A comparison of the results obtained with COL, IC and

CE method
Determination Detection River water
Methods
range/M limit/M  Found/ppm RSD*,%

CE 5x 10775 x 107 1x107" 1.3940.08 2.0
Indirect-CE? 5x 10765 x 10=* 1x107% 1.324+0.23 5.9
IC 5x1076-5x107% 1x107% 1.2240.18 4.9
COL Fx 10775 x 107 1x1077 1.33+0.02 0.5

“Values obtained in 5 measurements.

®Migration buffer; 3 mM K,CrO,~0.2 mM TTAB-10 mM borate
(pH 8.5). Applied voltage; —15.0 kV.

“Path length; 25 mm.

Comparison with COL showed that the present CE method had a
comparable sensitivity and a better reproducibility (Table 6.2). The
detection limits for CE and COL are similar and lower than those for
IC. However, COL is not specific for phosphate, and a combination

with some separation technique is needed.
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Conclusion

In this study, the author has proposed novel analytical methods based
on the formation of heteropolyoxomolybdates by mean of capillary

electrophoresis.

In Chapter 2, the simultaneous CE determination of Cr(III) and
Cr(VI) has been studied, which is a simple and sensitive method by
mean of the capillary electrophoretic analysis. In a 0.1 M monochloro-
acetate buffer of pH 2-3, Mo(VI) reacts rapidly, even at room temper-
ature with Cr(III), to form a stable heteropoly anion. Both anionic
forms of Cr(III) and Cr(VI) can be determined simultaneously by cap-
illary electrophoresis with UV detection at 256 nm. Linear calibration
curves were obtained in the concentration ranges of 5x107%-1x1074
M and 1x107°-1x10"%* M for Cr(III) and Cr(VI), respectively; the
detection limits were 2x107% and 5x107% M. The author has also

described the interference from foreign ions.

In Chapter 3, the author has described the simultaneous CE de-
termination of I(VII) and I(V). In a 5x1072 M malonate buffer so-
lution (pH 4) containing low concentrations of I(VII) and 1x1072 M
Mo(VI), a stable [IMogOq4]°~ complex was formed at room tempera-

ture. Since the heteropoly anion showed an approximately eight-fold

91
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increase in the molar absorption coefficient than the free 104~ an-
ion, the complex-formation reaction was applied to the sensitive cap-
illary electrophoretic determination of I(VII) with UV detection at 220
nm. Simultaneous determination of I(VII) and I(V) was also possible
since both peaks due to [IMogOo4]°~ and 103~ were well-separated in
the electropherogram. For I(VII) and I(V), linear calibration curves
were obtained in the concentration ranges of 2x1075-2x10"* M and
5%107°-2x 1073 M, respectively.

In Chapter 4, the stacking effect on CE analysis based on the forma-
tion of heteropolyoxometalate has been investigated to improve sep-
aration efficiency and detection limit. The isomers of a Keggin-type
dodecamolybdosilicate with approximately the same migration time
could be separated satisfactorily by the normal sample stacking or the
transitional isotachophoretic stacking. Similarly, the migration peaks
due to the Anderson-type complexes became sensitive, so that the very
sensitive determination of Cr(III) was also possible. Furthermore, the
transitional isotachophoretic stacking was effective on the determina-
tion of phosphate based on the formation of a Keggin-type complex
in aqueous-CH3CN media.

In Chapter 5, the simultaneous CE determination of Al(III) and
Ga(III) has been studied. The author has found that [AlMogOs4Hg)?~
being formed slowly in aqueous solution, is immediately formed by the
presence of water-miscible organic solvents like CH3CN as auxiliary
solvents. Ga(Ill) also reacts with Mo(VI) under the same condition
of AI(III). These complexes with approximately the same migration

time could be separated satisfactorily by the normal sample stacking



93

or the transitional isotachophoretic stacking as well as a Keggin-type
dodecamolybdosilicate. On the basis of these findings, the migra-
tion peaks due to the Anderson-type complexes became sensitive and
well separated, so that the simultaneous determination of Ga(III) and
AI(III) was also possible. Linear calibration curves of both complexes
were obtained in the concentration ranges of 2x1075-1x10~* M and
5%107™—1x107* M for AI(III) and Ga(III), respectively; the detection
limits were 1x107% and 2x10~7 M.

In Chapter 6, a sensitive method has been developed for the capil-
lary electrophoretic determination of phosphate. In a 2.5 mM Mo(VI)-
0.050 M p-CgH3(CHs)s-2-SO3H (XSA)-60% (v/v) CH3CN system, a
trace of phosphate immediately formed a mixture of a- and S-Keggin
type [PMo12040]?~ complexes, the total amount of which was directly
proportional to the P(V) concentration. Since the Keggin complexes
possessed high molar absorptivities, a capillary electrophoretic method
with direct UV detection was developed for the determination of phos-
phate; the Keggin species was monitored at 220 nm. A 0.050 M HCI-
60% (v/v) CH3CN system was used as the migration electrolyte. The
peak area was linearly dependent on the phosphate concentration in
the range of 5x107"-5x107° M; a detection limit of 1x10~7" M was
achieved. In comparison with indirect UV detection, the direct UV de-
tection is about ten times more sensitive. The developed CE method
was applied to the determination of phosphate in river water, and
the results were in good agreement with those obtained by ion chro-
matography and colorimetry based on the formation of mixed-valence

heteropoly blue species.
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The author has demonstrated that heteropolyoxomolybdates which
have many chemical equilibria in the solution can be separated one an-
other by mean of capillary electrophoresis. These methods have been
able to avoid the interference of coexistent species at the detection of
the analytes, and so this article has hold out the hope that novel ana-

lytical method would be developed from the viewpoint of ‘speciation’.
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