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The properties of heteropoly acids and of their complexes with cationic surfactants at the trace level have been
studied by ESR spectroscopy, UV-VIS spectrophotometry, NMR and FTIR spectroscopy, by the method of
chemiluminescence analysis applied in aqueous solutions and on the cellulose surface. For elucidation of the
mechanism of chemiluminescence reactions of heteropoly acids with luminol kinetic methods, diffuse reflectance
spectroscopy and liquid chromatography have been applied. For the first time one-electron reduction of heteropoly
acids by luminol was confirmed by registration of diffuse reflectance spectra of reduced heteropoly acids on
cellulose surface. It has been suggested that the mechanism of heteropoly acids immobilization on cellulose includes
combination of Coulomb and hydrophobic interactions. A scheme of heteropoly acids immobilization on the surface
was proposed based on ion exchange processes on cellulose or diethylaminoethyl cellulose surface. It has been
shown that ionic associates heteropoly acid — cationic surfactant react with an alkaline solution of luminol with light
emission similarly to heteropoly acids themselves. For the first time, heterogeneous chemiluminescence, namely, the
chemiluminescence of heteropoly acids immobilized on cellulose, with luminol, has been used for examining the
composition of ionic associates heteropoly acid - cationic surfactant. By using Bjerrum’s method it has been found
that in strongly acidic media (at pH 1.0) vanadomolybdophosphoric acid forms with cationic surfactant, namely,
with dodecylpyridinium bromide, not tetra-substituted but triply substituted ionic associate. This result can be
explained by the fact that the fourth proton in H,PVMo;,049 is weakly dissociated; it is more strongly bound to
heteropoly anion and is localized on the oxygen atom of the Mo—O—Mo angular bond. lonic associates of heteropoly
acids were used as analytical forms for highly sensitive chemiluminescence determination of P, As, Si, Ge in waters
of different types. Detection limits for P, As, Si, Ge are 0.02—0.07 ug/L. Due to the high sensitivity of the method,
phosphorus was successfully determined in surface water and ultrapure water, arsenic — in river and mineral water,
silicon — in ultrapure water and vapor condensate of electric power stations, germanium — in water of electronic
industry.
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INTRODUCTION activated carbon et al. For heterogeneous-
chemiluminescent determination of HPA
cellulose carriers were used [2].

To tailor the compatibility of HPA with
organic materials and biological tissues, cationic
surfactants have been applied to improve the
surface properties of their clusters [3].
Dioctadecyldimethylammonium (DODA") was
used to encapsulate metal-centered HPAs,
resulting in  surfactant-encapsulated HPA
complexes [4]. Hybrid assemblies based on
surfactant-encapsulated polyoxometalates
(POMs) are described [5]. The hybrid structure
arises from the rearrangement of surfactants on
the polyoxometalate, which is driven by
hydrophobic forces. An overview of fundamental

Heteropoly acids (HPAs) constitute a wide
class of coordination compounds, their
molecules consist of a central atom and
assemblies of metal-oxygen polyhedra which
include molybdenum, tungsten or fragments of
oxide crystal grating [1]. Structures of some
heteropoly acids of Keggin type studied here are
presented in Fig. 1.

HPAs have wide application in catalysis,
analytical chemistry and in other fields. While
developing heterogeneous catalysts as well as
analytical forms for determining phosphorus,
arsenic, silicon, germanium immobilization of
HPAs on different carriers is necessary — on
silica gel, titanium oxide, aluminum, zirconium,
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POM-cation interactions in solution, including
interactions with cationic surfactants, and
behaviour and properties that emerge from these
POM-cation interactions has been done [6].
However, there is little evidence on the
composition of HPA - cationic surfactant
complexes with P, As, Si and Ge as central

HaPVMouO4s HiPMo1:040

Fig. 1. Keggin type heteropoly acids

The purpose of present work was to examine
the mechanism of chemiluminescent reactions of
HPAs of phosphorus, arsenic, silicon and
germanium with luminol in aqueous solutions
and that of immobilized HPAs on carriers
surface, also to use heterogeneous chemi-
luminescence for studying the composition and
properties of ionic associates of HPAs with
cationic surfactants (quaternary ammonium salts)
on cellulose surface.

EXPERIMENTAL PART

Detection of analytical forms on the surface
of solid carrier was accomplished mainly by
chemiluminescence (CL) method and in some
cases — by diffuse reflectance spectroscopy. For
these purposes a luminometer Triathler (Finland)
with injection unit for luminol solution and a
spectrophotometer Shimadzu 2450 (Japan) were
used. A set of complementary physicochemical
and physical methods was also used:
spectrophotometry (Specord UV-VIS,
Germany), FTIR spectroscopy (Nicolet FTIR
4700/6700, Thermo), methods of chemical
kinetics, NMR (AVANCE 400, Bruker), ESR
spectroscopy (JEOL JES-RE3X, Japan), high

performance liquid chromatography (HPLC
system Varian 940-LC).

As matrices for HPA immobilization
cellulose filters Filtrak  No.388 and

diethylaminoethyl cellulose (DEAE-cellulose)
filters Whatman DE81 were used. On denser
filters blank signal increases which is caused by
non-specific adsorption of isopolymolybdate.
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atoms. Surfactant-encapsulated polyoxometalate
building blocks were described as well as their
catalytic properties using mainly
(DODA)3PW12040 and (DODA)4SiW1204o as
initial HPA — surfactant complexes formed in
aqueous solution [7].

HaSiManz0un HaGeV Ao (Oun

Filters used here also give the possibility to
collect maximum of CL emission while detecting
sorbate on the surface by adding luminol
solution to the filter. Sorption of HPA on
cellulose was examined using
molybdovanadophosphoric acid HsPVMo;1040
which was obtained in aqueous solution in
excess of molybdate and vanadate. Reagents
KH>POs, H,SO4, KOH, NH4VO;,
(NH4)sM070,4x4H,0 were of chemically pure
grade, luminol (97 %), 3-aminophthalic acid
technical grade (90 %), Bromopyrogallol Red,
cationic surfactants cetyltrimethylammonium
bromide (CTB), cetylpyridinium bromide (CPB),
dodecylpyridinium bromide (DDPB) from
Aldrich, tetradecylpyridinium bromide (TDPB)
from Shebekino, nonionic surfactant OP-10
(Barva, Ukraine) were used without further
purification. Luminol solution was prepared in
1 M KOH. Reagent solutions were prepared
using freshly obtained doubly distilled water.
Water and all solutions were stored in high-
pressure polyethylene or in
polytetrafluoroethylene vessels.

For registration of diffuse reflectance spectra
of luminol-HPA (1:1) and ascorbic acid-HPA
(1:1) mixtures reduced (“blue”) HPAs were
obtained in aqueous solution at pH 12.0.
Concentrations of luminol, 12-molybdo-
phosphoric acid and ascorbic acid were 1.0 mM.
For HPA immobilization on cellulose surface the
following technique was applied: immediately
after the formation of “blue” HPA the luminol-
HPA and ascorbic acid-HPA mixtures were
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filtered through the paper filters Filtrak No.388
and diffuse reflectance spectra of immobilized
HPAs were recorded on a spectrophotometer.

For the registration of ESR spectrum of
H3Mo1,040, a solution of HPA was placed on a
narrow strip of filter paper situated inside a fused
silica tube (3—4 mm inner diameter) so that the
solution was completely absorbed by the strip in
the tube, and then frozen in liquid nitrogen. After
a “blank” ESR spectrum was recorded, the fused
silica tube was taken out of the instrument cavity
and left at room temperature for equilibration.
One drop of alkaline luminol solution was put
into the tube, allowed to reach the strip of filter
paper and to be absorbed on it. After freezing in
liquid nitrogen (123 K), the ESR spectrum of
luminol-HP Amixture on the strip was recorded.
Experimental conditions: X-field sweep; center
field, 3300.0 G; sweep width, 500 G; frequency,
9.08900 GHz; power, 1.000 mW; modulation
width, 3.2 G; time constant, 0.3 s; sweep time,
5.0 min. The concentration of HPA was 0.05 M,
and 0.05 M luminol solution was prepared with
1 M NaOH.

For studies of the kinetics of P-Mo HPA
decomposition at pH 12.0 CL method was used.
For this purpose, 5x10°° M and 5x10”7 M HPA
solutions were prepared at pH 3.0, 0.5-mL
portions were placed into the luminometer cell
and 0.5 mL of NaOH solution was added from a
syringe to obtain pH 12.0, allowed to stand for a
certain period of time (0, 5, 10, 15, 20 and 30 s),
and then neutral 2x10™* M luminol solution was
added with light emission registration.

For highly sensitive chemiluminescence
measurements of HPA concentrations in aqueous
solutions sorption preconcentration of HPA on
cellulose filters in dynamic conditions was done.
A teflon Buchner funnel with diameter of
filtering surface 12 mm was used as filter holder.
150 mL of HPA containing solution was filtered.
After filtration, the filter was washed with 10 mL
of doubly distilled water and transferred into the
glassy cell of luminometer. Then 0.5 mL of
alkaline luminol solution was added with
registration of chemiluminescence. Maximum
CL intensity and integral light amount were
registered and saved in computer memory with
the help of CommFiler program.

HPLC experiments were accomplished on a
Varian 940-LC liquid chromatograph with
Nova-Pak C18 analytical column (3.9%x150 mm).
Before injection of sample into chromatograph
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HPA and alkaline luminol solutions were mixed
(pH of mixture 12.0) and set aside for 5 min.
Then before analysis pH was made 2.5 using
H,SO4 solution. Volume of reaction mixture was
1.16 cm’, consisting of 0.5 cm® H4PVMo;1040
(1.0 mM) and 0.66 cm® luminol (1.0 mM in
1.0 M KOH). Eluent — CH3CN:H,O = 18:82 in
presence of 0.1 % trifluoroacetic acid, flow rate
1 cm’/min. UV detection — at 350 nm.

Conditions for recording the MAS *'P NMR
spectra: pulse duration — 15 ps, interval between
pulses — 60s, frequency — 161.87899 MHz;
room temperature. The *'P chemical shift was
measured relatively to external standard — 85 %
H3PO4. Speed of rotation of samples at a magic
angle — 7.0 kHz, number of scans — 1024.

Fourier transform IR spectra were recorded
on a Nicolet Nexus 470 device manufactured by
Thermo Scientific with a functional Smart Orbit
attachment (optical element — diamond, incident
beam angle 6 =45 °) for obtaining spectra in the
mode of disturbed total internal reflection. The
range used was 4000400 cm ', the number of
scans was 128, and the resolution was 4 cm™'.
The background was recorded relative to an
optical element without a sample.

For evaluation of the composition of ionic
associates (IA) of HPAs with cationic
surfactants, HPA solutions were prepared
keeping the mixture of components for 15 min,
then their mixtures with cationic surfactant were
prepared with necessary concentrations ratio and
kept aside during 30 min to achieve the
equilibrium of IA formation. After that solutions
were transferred into Buchner funnel and filtered
through paper filters at the rate of 20 mL/min.
Volume of solution for filtration using
equilibrium shift method is 150 mL, using molar
ratio method — 10 mL. Filters with concentrates
were transferred into the cuvette situated in the
cuvette compartment of the luminometer and
0.5mL of 2x10°M Iluminol solution in
1 M KOH were injected with registration of
chemiluminescence.

For examination of ionic associates
composition by Bjerrum’s method, equilibrium
concentration of cationic surfactant DDPB had to
be determined. Light absorbance was measured
of the solution of complex Bromopyrogallol Red
— Mo — DDPB in presence of nonionic surfactant
OP-10 at A=630nm in filtrates obtained after
filtration of aqueous solutions of H4PVMo11049
(1.0 uM) with different concentrations of DDPB.
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Solutions were kept aside for 30 min to achieve
equilibrium at pH 1.0. Bromopyrogallol Red
(1.8 mM) was prepared using water — ethanol
mixture (1:1), OP-10 — 2.0 mM in water. The
procedure was as follows. Distilled water
(140 cm®) was put into conical flask, 0.15 cm’
KH,PO; (1.0mM), 0.6cm® (NH4)eM07O24x4H0
(0.25M), 6cm® NH,VO; (1.0mM), 1.2 cm’
H,SO4 (9 M) added, stirred and kept for 10 min
to form 1.0 uM H4PVMo0,104 in solution.
Portions of 10 cm® each of the resulting solution
were taken, 0.02-0.09 ¢cm® of a DDPB solution
(1.0 mM) added, stirred, held for 30 min to form
IA, then filtered through a nitrocellulose
membrane filter with a pore diameter of
0.3-0.5 um. The filtrate was collected in a test
tube, 0.2 cm® 2.0 mM OP-10, 0.5 cm® 1.8 mM
Bromopyrogallol Red added, mixed and the
optical density was measured on a
spectrophotometer at 630 nm in a cuvette with
[=1cm. A calibration graph was built to
determine DDPB in presence of 1.0 mM
molybdate, 0.04 mM vanadate, and 0.05M
H>SO4. Using the calibration graph, the
equilibrium concentration of the surfactant in the
filtrate was determined, the 7 value was
calculated, and a dependence of 7i on -lg [DDP]
was elucidated.

RESULTS AND DISCUSSION

Non-reduced HPAs are designated as
“yellow”, reduced forms — as “blue” HPAs. It is
known that in acidic aqueous solutions reduction
of HPA proceeds through several two-electron
stages: for example, polarogram of H4sSiMo01,049
is characterized by the group of three two-
electron waves. It was impossible to examine the
behavior of molybdophosphoric acid by
electrochemical methods in alkaline media
because of instability of this HPA in alkaline
solutions. ~ However, for more  stable
H4SiMo01,049 the data were obtained that with
increasing solution pH polarographic waves of
H4SiMo01,04 reduction split into one-electron
waves. This is observed at pH 2.4 for the first
wave, at pH 9.5 — for the second one and in
0.1 M LiOH - for the third wave. Therefore, the
formation of one-electron-reduced “blues” in the
reactions of HPA with luminol in alkaline
solutions seems to be quite probable.

ESR measurements gave following results.
When one drop of 0.05 M luminol in 1 M NaOH
reached the filter paper impregnated with 0.05 M
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phosphomolybdic acid in the fused silica tube, an
intense blue color developed instantly. The ESR
spectrum of this blue species at 123 K showed an
isotropic signal. This signal is attributed to a
one-electron reduction compound in which one
molybdenum atom is in a (5+) valence state. So,
phosphomolybdic HPA appears to be one-
electron oxidant to luminol. Consequently, the
formation of short-lived radical species would be
expected to be the intermediate products.

In order to examine the dependence of CL
intensity in the luminol — PMo HPA system at
pH 12.0 on HPA concentration, CL intensity was
plotted against HPA concentration in logarithmic
coordinates. The dependence was a straight line
in the concentration range of 1x107 M to
1x107° M, the slope of the straight line in the
HPA concentration range between 1x1077 M and
1x10°°M was approximately 1, which means
that CL intensity is directly proportional to HPA
concentration, indicating that a first-order
reaction takes place.

The results of investigation of kinetics of
P-Mo HPA decomposition at pH 12.0 and its
comparison with kinetics of chemiluminescence
HPA-luminol are following. The kinetic curves
of HPA decomposition suggest that the
decomposition reaction proceeds according to
the first order, namely, the rate of decomposition
does not depend on the concentration of HPA.
The rate constant and half-life time of the HPA
decomposition reaction were determined to be
0.069+0.004 s™' and 14.4 s at pH 12.0 at 293 K,
respectively. Kinetics of chemiluminescence of
5x10°M HPA with luminol (2x107*M) at
pH 12.0 indicate that light emission due to the
chemiluminescence comes to an end in 7-8s,
namely, the rate of CL reaction is much higher
than the rate of HPA decomposition. In this
connection, when HPA solution is mixed with
alkaline luminol solution, only a slight portion of
HPA decomposed with the formation of the
initial ions (phosphate and molybdate), and most
HPA took part in the reaction with luminol.

To clarify the nature of the “blue” formed in
a mixture of luminol — 12-molybdophosphoric
acid its electronic spectrum was recorded and
compared with the spectrum of “blue” HPA
obtained with typical two-electron reductant —
ascorbic acid. As luminol reacts with HPA only
in alkaline solutions, the “blue” HPAs were
obtained in aqueous solution at pH 12.0. It is
known that reduced HPAs in alkaline solutions
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decompose gradually but they are more stable
after immobilization on the surface. Therefore,
diffuse reflectance spectra of HPAs immobilized
on cellulose filters were recorded. The spectra
obtained are shown in Fig. 2.
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Fig. 2. Diffuse reflectance spectra of the mixtures
luminol-HPA (7), ascorbic acid-HPA (2) at
pH 12.0 on paper filters Filtrak No.388.
Concentrations of luminol, 12-molybdo-

phosphoric acid, ascorbic acid — 1.0 mM

One minimum at A=715 nm is observed in
the reflectance spectrum of luminol-HPA (see
Fig. 2, curve 1), but two minima were registered
in the reflectance spectrum of ascorbic acid-HPA
(Fig. 2, curve 2) — at A=704 and 861 nm. In [§]
absorbance spectra of one- and two-electron
“blues” are described, these “blues” were
obtained by electrochemical reduction. One-
electron “blue” was characterized by a wide band
with one maximum at A= 800 nm, two-electron
“blue” — by two bands with maxima at A= 730
and 1000 nm.

So, minima in diffuse reflectance spectra of
“blue” HPAs immobilized on the filter surface
are characterized by a hypsochromic shift
compared to maxima in absorbance spectra of
aqueous solutions of one- and two-electron
“blues” known from the literature. This
phenomenon is  always  observed  at
immobilization of corresponding HPAs on
carriers surface. However, from the form of
diffuse reflectance spectra observed by us, a
conclusion may be drawn that in luminol-HPA
mixture at pH 12.0 one-electron “blue” exists,
and in ascorbic acid-HPA mixture — two-electron
“blue”. This finding confirms one-electron
reduction of 12-molybdophosphoric acid by
luminol and, consequently, the possibility of
radical compounds formation in this process.
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Results of HPLC experiments clearly indicate
the appearance of a new peak of 3-aminophthalic
acid in luminol — H4PVMo;,04 mixture, this peak
was absent on chromatograms of standard solutions
of HPA and luminol. Clear separation of the peaks
is observed, retention time of H4PVMo;104 was
0.95 min, that of 3-aminophthalate — 2.9 min and
of luminol — 6.5 min.

Mechanism of luminol chemiluminescence
under interaction with HPAs proposed in [9] is
shown in Fig. 3.

HPA in the presence of luminol and alkali
undergoes chemical transformations of two types:
first type — process of decomposition of a part of
HPA in alkaline solution with the release of
primary anions (phosphate, molybdate and
vanadate); second type — participation of most
HPA in the reaction with luminol
Chemiluminescent reaction involving HPA,
luminol and ambient oxygen is a radical process
that proceeds with the formation of intermediate
species, particularly, superoxide radicals. This is
substantiated by the fact that light emission is
inhibited by OsOs or p-aminophenol. The light
emitter is aminophthalate, which is the same
product formed under luminol oxidation, for
example, by halogens — chlorine, bromine, and
iodine. This has been proved by CL spectra in
luminol-HPA  reactions and by HPLC
identification of the reaction products. Both HPA
and oxygen are essential for the CL reaction. This
is confirmed by the experimental fact that
deoxygenation of solutions with argon of high
purity leads to substantial reduction of the CL
signal. It is known that reduced forms of HPA
(“blues”) at the moment of formation can be
oxidized by air oxygen with the formation of initial
oxidized (“yellow”) forms of HPA and superoxide
ion-radicals at room temperature. It is possible to
propose that under conditions of CL reaction,
luminol reacts with “yellow” HPA to form
semiquinone radical (product of one-electron
oxidation of luminol) and “blue” HPA; the latter
reacts with air oxygen present in solution with
formation of superoxide radical and initial
“yellow” HPA. So, HPA acts as a catalyst,
accelerating CL reaction of luminol with oxygen
through the formation of semiquinone radical and
superoxide radical. Such a catalytic reaction
proceeds by chemiluminescence pathway, with
formation of aminophthalate ion in excited state
and with light emission at aminophthalate
transition to the ground state.
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Fig. 3. Scheme of the reactions pathway of luminol with HPAs at pH 12.0
In the scheme proposed (Fig. 3) stage (1) is a concentration. Semiquinone —  superoxide

catalytic process of oxidation of a luminol anion
to a semiquinone radical by air oxygen through
an oxidation/reduction cycle of HPA. Reaction
(2) is an oxidation reaction of semiquinone
radical by oxygen causing the formation of
diazaquinone and superoxide radical. In reaction
(3), the superoxide can further oxidize
semiquinone to luminol peroxide. Under given
conditions, the concentration of superoxide
radicals in luminol-HPA mixture is much higher
than that of semiquinone radicals. It is known
[10] that even during incubation of alkaline
luminol solution in the ambient atmosphere
under daylight illumination, superoxide radicals
are formed in amounts higher than semiquinone
radicals concentration. Thus, the reaction of
semiquinone radical with superoxide radical
(reaction (3)) is a first-order reaction, which was
proved experimentally by obtaining a
logarithmic dependence of CL intensity on HPA
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reaction is just the reaction which leads to
chemiluminescence. Thus, reaction of luminol
with oxygen and HPA is a complex
multicomponent, multistage process, consisting
of a series of sequential and parallel reactions.

The data on diffuse reflectance spectra of
HPA-reductant mixtures on cellulose presented
above along with ESR, kinetic and
chemiluminescence inhibition data given in [9]
confirm involvement of radical species in these
reactions.

Sorption of heteropoly acids on the surface
of cellulose and diethylaminoethylcellulose with
molybdovanadophosphoric acid as an example
has been studied by UV-VIS, infrared, and

MAS-NMR spectroscopy [11]. It has been
shown  that sorption of HPA on
diethylaminoethylcellulose  is  substantially

higher than that on ordinary cellulose. The
mechanism of sorption includes combination of
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Coulomb and hydrophobic interactions. A
scheme of HPA immobilization has been
proposed based on ion exchange on cellulose and
DEAE-cellulose surface:

(=C-OH,"),'SO4* + HPA™ —
—(=C-OH,"),(HPA™) + SO,

[(=C—O—(CH,);-NH*(C:Hs)]SOs> + HPA™ —
—[(=C-O—«(CH,)>-NH"(C,Hs)]o"(HPA™) + SO

The signal *'P in NMR spectrum of sorbed
HPA is more wide compared to the signal *'P in
NMR spectrum of crystalline HPA which is due
to removal of crystalline and structural water.
Based on the evolution of the NMR spectra, it
can be assumed that there is a partially
dehydrated HPA on the surface of the sorbent,
bonded electrostatically and due to hydrophobic
interactions with the cellulose surface.

The FTIR spectrum of crystalline
H4j[PVMo,104] in the range 400-1100 cm
exhibits four characteristic bands: 723 cm™' and a
shoulder at 785cm!, which is due to the
existence of an angular bridge bond Mo—O—Mo;
873 cm™' — linear bridge bond Mo-O-Mo;
949 cm™ — Mo=0O bonds and 1050 cm™' —
P-Obonds. The P-O vibration band of
crystalline HPA overlaps with the OH vibration
band of the sorbent groups (1050 cm™);
therefore, it is difficult to identify it in the
sorbent phase; however, other bands characteristic
of crystalline HPA are also manifested in the IR
spectra of cellulose samples treated with HPA

=]

4.5

3.5 A

2.5 1

1.5 1

0.5

solutions. At the same time, an angular bridge
band Mo—O-Mo is observed at 795 cm™'. Its
shift to the high-frequency region in comparison
with the crystalline HPA indicates an increase in
the energy of bending vibrations of this group
and confirms the assumption about the
electrostatic interaction between the bridging
oxygen of the HPA and the functional groups of
the cellulose surface.

Composition of [A of HPAs with cationic
surfactants is an interesting issue, especially in
microconcentrations range. The composition of
poorly soluble IA of the listed HPAs with long-
chain cationic surfactants (dodecylpyridinium
bromide DDPB, tetradecylpyridinium bromide
TDPB, cetyltrimethylammonium bromide CTB)
was investigated by equilibrium shift method and
by molar ratio method after filtration through
cellulose filters using CL reactions of isolated IA
with luminol. Integral light amount and
maximum light intensity were wused as
characteristics of the system [12]. Molar ratio of
components in [A determined by equilibrium
shift method coincides with ratio found by molar
ratio method.

Bjerrum’s method was also used by us to
investigate the composition of IA of
vanadomolybdophosphoric acid with cationic
surfactant dodecylpyridinium bromide. Curve of
formation of IA of PVMo HPA with DDPB was
constructed (Fig. 4).

5.1 5.2 53 54

5.5 5.6 5.7 58
-lg [DDP]

Fig. 4. Formation curve of ionic associate in the system HsPVMo1,049 — DDPB obtained by Bjerrum’s method.

CHPA = 10 ],lM
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As can be seen in Fig. 4, one HPA anion is
coordinated with three DDP cations in the wide
range of DDPB concentrations. So, IA
composition can  be  represented  as
(DDP);HPVMo,,049 which is consistent with
literature data about substitution of only three
protons in  l-vanado-11-molybdophosphate
molecule in acidic media [13, 14].

The composition of IA HPA-surfactant was

of IA is different at different pH (see Fig. 5): at
pH 1.0, the composition of IA s
(DDP);H[PVMo011040]; at pH 1.7 -
(DDP)4[PVM011040]. This result is consistent
with the data that the fourth proton in
H4PVMo,104 is weakly dissociated; it is more
strongly bound to HPA and is localized on the
oxygen atom of the Mo—O-Mo angular bond.
Thus, as a result of protonation of HPA upon

determined also by molar ratio method:
(CT)4SiM012040; (CT)sGeVM011040;
(TDP)4sAsVMo01104; in  the case  of
molybdovanadophosphoric acid, the composition

going from pH1.7 to pH1.0, the acid
H4sPVMo0,104 forms not tetra-substituted, but
triply substituted IA.

Ly (1). Z(2), au. Lax (1). Z(2), au.

a 80 - b
120
100 60 -
80 1
40 2 20 -
20 2
0 T T T T T 0 T T T

10 Cooe/Cp 0 2 4 6 §Cooe/Ce

Fig. 5. Composition of IA dodecylpyridinium bromide (DDPB) : H4PVMo::04 obtained by molar ratio method using
maximum CL intensity (/) and integral light amount (2): a—pH=1.7; b—pH=1.0

cellulose filters on the example of molybdosilicic
acid and dodecyltrimethylammonium bromide

Interaction of HPA with cationic surfactants
in aqueous solution and immobilization of IA
formed on the surface during filtration through may be represented as follows (see Fig. 6).

~  attachment % reorientation §_§ %\ §§

o 5
‘# ’ TSA A YN _\'-‘4'

cellulose

H,SiMo,0,

DDTB

Fig. 6. Scheme of IA formation in aqueous solution and of its immobilization on cellulose
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It has been shown that IAs HPA-cationic
surfactant react with an alkaline solution of
luminol with light emission similarly to HPAs
themselves. Their isolation on cellulose filters
and detection by CL method directly on the
sorbent surface made it possible to improve

substantially the sensitivity of the determination
of phosphorus, arsenic, silicon, and germanium
[15].  Characteristics of central atoms
determination with CL detection of concentrates
on filters are shown in the Table.

Table. Analytical parameters of P, As, Si, Ge determination by preconcentration of IA of HPAs on paper filters

with CL detection

Relative
Ele- . Working range, Detection standard . . .
ment Analytical form ng/L. limit, pg/L.  deviation, Analysis duration, min
Y%
P (DDP);HPVMo, 049 0.06-10.0 0.02 14,3 25
As (TDP)4AsVMo11049 0.06-3.5 0.02 14,5 25 (with distillation — 40)
Ge (CTA)sGeVMo011049 0.1-110 0.05 13 25 (with distillation — 40)
Si (CTA)4SiM012049 0.07-10.0 0.07 15 22

Due to the high sensitivity of the method
proposed,  phosphorus  was  successfully
determined in surface water (Dnipro river —
20.0 ug P/L) and in ultrapure water (Milli-Q
water, 0.25 pug P/L), arsenic after distillation in
the form of volatile AsHs — in river water
(Dnipro river — <0.2 pg As/L) and mineral
water (mineral water “Shayans’ka” — 4.8 ug
As/L), silicon — in ultrapure water (water of high
purity for electronic industry — 2.4 ug Si/L) and
in vapor condensate of electric power station
(3.6 pg Si/L), germanium - in water of
electronic industry (2.6 pg Ge/L).

CONCLUSIONS

The properties of heteropoly acids and of
their complexes with cationic surfactants were
studied by ESR spectroscopy, UV-VIS
spectrophotometry, NMR and FTIR spectro-
scopy, by the method of chemiluminescence
analysis applied in aqueous solutions and on the
cellulose  surface.  One-electron  luminol
oxidation was substantiated by ESR spectra and
diffuse reflectance spectra of HPAs on cellulose
surface; superoxide generation confirmed by
selective inhibitory effect of OsOs and
p-aminophenol; the proposed mechanism of CL
reaction was proved by coincidence of CL
spectra  with  spectra of aminophthalate
fluorescence, HPLC identification of reaction
products, elucidation of reaction Kkinetics,
reaction order, and checking the effect of O,.
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It has been shown that heteropoly acids
immobilized on paper filters as well as their
complexes with cationic surfactants (C12—C16)
cause light emission with luminol like HPAs in
aqueous solutions. Heterogeneous chemilu-
minescence was used to study the composition
and properties of HPAs and their ionic associates
on cellulose surface. Evidence was obtained on
formation of triply substituted molybdo-
vanadophosphoric acid at pH 1.0. Composition
of the PVMo HPA — dodecylpyridinium bromide
complex obtained by shift of equilibrium, molar
ratio and Bjerrum’s methods at pH 1.7 is
(DDP)4PVM011040, and at pH 1.0 —
(DDP);sHPVMo0;104.  Fourth  proton in
H4PVMo.104 is weakly dissociated, it is more
strongly bonded with HPA than three other
protons and is localized on the bridging oxygen
atom of Mo-O-Mo bond. Scheme of IA
formation in aqueous solution and of their
immobilization on cellulose surface was
proposed. Silicomolybdic acid is stable in dilute
aqueous solutions and on cellulose surface even
at pHO (0.5M H»SOs) wunlike molybdo-
vanadophosphoric, molybdovanadoarsenic and
molybdovanadogermanic acids which are stable
at pH 1.0-1.7 but decompose at pH 0. These
features made it possible to detect selectively P,
As, Si, Ge in waters of different types at the sub-
ppb level.
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Chemiluminescent reactions of heteropoly acids and their complexes with cationic surfactants in aqueous solutions

XeMiTIOMiHeCHIeHTHI peakuil reTeponoJiKuCJIOT Ta IXHIX KOMILIEKCIB 3 KATIOHHUMH
NOBEPXHEBO-AKTUBHUMH PE4OBHMHAMH Y BOJAHHMX PO3YMHAX Ta HA MOBEPXHi LEJII0I03U

10.1. Ma3na, O.B. 3yii

Inemumym konoionoi ximii ma ximii 6oou im. A.B. [[ymanceroeo Hayionanvhoi akademii nayx Yrpainu
Byn. Axademirxa Bepnaocvroeo, 42, Kuis, 03142, Vxpaina, olegzuy@gmail.com

Bracmueocmi eemepononixuciom ma ixuix KOMNieKcie 3 KAmioHHUMU NOBEPXHEBO-AKMUBHUMU PEUOBUHAMU HA
Di6HI  MIKpOKOHYeHmpayiti  eugueni 3a oOonomoeorw cnekmpockonii  EIIP, UV-VIS cnexmpoghomomempii,
cnexkmpockonii AMP ma I9-cnexmpockonii 3 @yp e-nepemseopenHam, MemoooM XeMiTIOMIHECYEHMHO20 AHANI3Y )
B00HUX pPO3YUHAX MA HA NOBEPXHI Yenoao3u. J{ia 6CMAHOBNEHHS MeXAHI3MY peaxyil XemiitomiHecyeHyil
2eMmeponoNIKUCIOM 3 TIOMIHOIOM 3ACMOCOBAHI KIHEMUYHi Memoou, CNeKmpocKonis ougysHoeo eiobummsa ma
piounna xpomamoepaghis. Bnepuie 00HOeNeKMpPOHHe BIOHOBIEHHA  2eMepONONIKUCIOM  TIOMIHOAOM — OYI10
nIOMeEepOINCeHo peccmpayiclo cnekmpie ougyysno2o 6iobumms GiOHOGIEHUX 2eMEPONONIKUCIOM HA NOBEPXHI
yentonoszu. Byno eucnoneHo npunyujenus, wo Mexawizm iMmoOinizayii 2emepononikuciom Ha yenrono3i KIo4ac
HOEOHANHS KYTOHIBCHKUX Ma 2I0pOPOOHUX 83AEMOOILL. 3anpononoeano cxemy iMMobLNi3ayii 2emeponoaiKucion Ha
noeepxHi, wjo 06azyemvcs HA Npoyecax iOHHO20 OOMIHY HA NOGEPXHI YemoN03u abo OlemullamMiHOeMUIYETIoON03U.
Tokazano, wo ionni acoyiamu 2emepononiKuciom 3 KamioHHUMU HOBEPXHEBO-AKMUSHUMU PEUOSUHAMU Peazyiomb 3
JIYACHUM  PO3YUHOM JTIOMIHOLY 3 BUNPOMIHIOBAHHAM CGImMAa NOOIOHO 00 camux eemepononikuciom. Bnepwe
2emepoceHHA XeMIIOMIHeCYeHYisl, a came XeMLIIOMIHeCYeHYIs 2emeponoaiKUCIom, IMMOOINI308AHUX HA Yeiono3l, 3
JIHOMIHOTIOM BUKOPUCIAHA OJis1 O0CAIONCEHHS CKIA0Y IOHHUX Acoyiamis 2emeponoiKucioma — KAmioHHA NOBEPXHEeB0-
akmueHa peyosund. Buxopucmanuam memody b’eppyma ecmanoeneno, wo y cunvHokucaux cepedoguuwax (pH 1.0)
8aHA0OMONIO00poCopHa Kucioma yYmeopre 3 KAMIOHHOI NOBEPXHEB0-AKMUBHOIO PeyoBUHOo, d came 3
dodeyunnipuduniu Opomioom, He mempaszamiyeHutl, a mpuzamiwenull iowHull acoyiam. ILleii pe3ynrbmam
nosicHioemsbcst mum, wo vemeepmuil npomor 8 H4PVMo;,049 crabro oucoyitiosanuil;, 6in MiyHiwe 38'a3anutl 3
2eMmeponoNiaHioHoM 1 JOKANIZYEMbCA HA AMOMI  KUCHIO MicmKkogozo 36°a3ky Mo—O-Mo. Ilouni acoyiamu
2emeponoNKUCION: BUKOPUCIAHL SIK AHATIMUYHI (POpMU OISl GUCOKOUYMIUBO20 XEMITIOMIHECYEHMHO20 BUHAYECHHS
gocgopy, apceny, cuniyiio, eepmanito y 600ax piznux munie. Meowci susenenns ons P, As, Si, Ge cmanoeisme
0.02-0.07 mxe/n. 3ae0axu eucoxii wymaugocmi memody oc@op 0ye YChiuho UBHAYEHUI Y HOBEPXHESUX 600aX md
600I 0COOIUGOL yUCMOmMU, apcen - )y PIUKOSIl ma MIHEpalbHill 800I, CUNYill - y 800i 0coOIUBOI wucmomu ma
KOHOEeHCcami napu eleKmpoCmanyill, 2epmManiil - y 600i eleKMpOHHOT RPOMUCTIOBOCHIL.

Kniouosi cnosa: cemepononixuciomu, 2emepoceHni peakyii, ionHi acoyiamu, XeMiltOMIHeCYeHmMHUuti auais Ha
NnoGepxHi
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