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PHYSICO-CHEMICAL PROPERTIES OF DC CURRENT DISCHARGE PLASMA
WITH LIQUID CATHODE

In article the results of experimental studies and modeling of physic-chemical parameters
of plasma of DC current discharges with electrolyte cathode are analyzed at the pressure range of
(1.01-0.101)-10° Pa for molecular and atomic gases. The data on physical parameters of plasma
(electric field strength, cathode voltage drop, gas temperatures) are given. The results of meas-
urements and calculations of active species concentrations, electrons, as well as molecule distri-
butions on vibrational levels and electron energy distribution functions are analyzed.
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INTRODUCTION

Numerous studies published last ten years
(see reviews [1-7]) on various aspects of high pres-
sure non-equilibrium plasma created with gas dis-
charges in water solutions or above their surface em-
phasize the increasing interest of researches to the
given area of chemistry and physics of plasma. One of
the reasons of that interest is the new possibilities
which provide these discharges for practical applica-
tion. To date, many applications were already tested.
Among them biomedical applications (plasma scal-
pels, sterilization, wounds repair (NO-therapy), mi-
crosized sources of emission for analysis of water
solutions containing the ion admixtures of metals (in-
cluding heavy metals), modification of polymer sur-
faces, obtaining fullerenes, nano powders of semi-
conductors, and catalysts. There is successful experi-
ence on the discharge application for soil remediation
and food treatment from pesticides [8, 9]. One of the
promising directions of such discharge application is
the use for organic substances degradation and re-
moving ions of heavy metals (for example, Cr, Mn)
contained in wastewaters. A plasma action is attrac-
tive since the plasma itself is a source of active spe-
cies (for example, UV radiation, H,O,, molecules of

singlet oxygen, oxygen and hydrogen atoms,-OH and
HO-radicals etc.). These particles are capable to
manifest as oxidative as reduction properties depend-
ing on conditions. Another important peculiarity of
processes in plasma systems is high rates at relatively
low temperatures. This is due to the fact that plasma
systems are non-equilibrium ones. The primary source
of active species formation is not heat activation but
processes with participation of electrons. Electrons
gain the energy from external electric field and trans-
form this energy colliding with atoms and molecules to
the energy of excitation of various states and to disso-
ciation. Further reactions of particles being formed
provide the formation of other active particles.

In the given paper the properties, peculiarities
and possibilities of plasma forming at DC discharge
burning above a surface of water or water solution,
which serve as cathodes of the discharge, will be con-
sidered.

REACTOR DESIGN. MAIN PHYSICAL PROPERTIES

The typical sketch of reactor for creation and
study of DC discharge properties is shown in Fig. 1
[10-13]. The discharge is created by applying a DC
high voltage (~several kV) between metal anode (4)
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and water solution. The cell with solution can be
thermo stabilized and include the mixer. The solution
flow is also possible.
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Fig. 1. The schematic diagram of the experimental set-up.
1 — cathode, 2 - glass bell-jar, 3 — anode, 4 — discharge, 5 - quartz
window, 6 — radiation output to entrance lens of light fiber,
7 — glass cell with solution, 8,9 — gas outlet and inlet, 10 - en-
trance lens of light fiber, 11- light fiber
Puc. 1. Cxema 3KCIepUMEHTANIBHOTO peakTopa. 1 — Karox,
2 — BaKyyMHBIH KOJIIAaK, 3 — aHOT, 4 — pa3psia, 5 — KBapIeBoe
OKHO, 6 — BBIXOJ] H3JTYUCHHS, COOMPAEMOT0 CBETOBOJIOM,
7 — siyelika ¢ pacTBOpoM, 8,9 — BXOJ M BBIXO[ ra3a, 10 — BXxoqHas
JIMH3a CBETOBOJIA, 11 — cBeTOBOX

The discharge image is glowing cone in the
base of which the cathode spot is situated with the
diameter of D.. The area of cathode voltage drop
abuts upon this spot (Fig. 2).

Geometrical parameters of discharge cone
depend on the discharge current. At given pressure
with the current increase the radius of cathode spot
and radius at height H (Fig. 2) depends linearly on the
discharge current. At fixed current the discharge di-
mensions decrease with the pressure growth (Fig. 3).
Also, the radius depends on a kind of plasma-forming
gas. Thus, at atmospheric pressure the radius is in-
creased from 1.42 to 1.8 mm at the current change
from 10 to 30 mA for air discharge, from 0.4 to 0.6
mm for argon discharge and from 0.08 to 0.2 mm for
helium discharge.

Fig. 2. The discharge view. 1 — anode, 2 — discharge, 3 — cathode
spot on the solution surface
Puc. 2. Bun pazpsina. 1- anon, 2 — pa3psiz, 3 — KaTolHOE MSATHO Ha
MIOBEPXHOCTHU pacTBOpa
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Fig. 3. The dependence of discharge radius at height of H on the
pressure. 1,3 — N2 [12,14], 2 — Oz [13]. The discharge current is
40 mA
Puc. 3. 3aBucumocts paguyca paspsaa Ha Beicote H oT naBnenus.
1,3 — N2 [12,14], 2 — Oz [13]. Tox pa3psma 40 MA

Forming discharge is very close to normal
glow discharge of low pressure on own parameters.

1) Discharge has the space of cathode voltage
drop contacting directly with a water surface [15-19].
But values of cathode drops, U, are essentially higher
that for discharges with metal cathodes. For metal
cathodes, the Uc values are less than ~300 V [6],
whereas for cathode from distilled water they lie in
the range of 400-750 V (Fig. 4, [16]). Therefore, y-
emission coefficient for water system is less than for
metals.

Uy B
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e 2 1 : ;
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. l
300 1 1 1 1 1
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Tok paspsaga, MA

Fig. 4. The cathode voltage drop vs discharge current for distilled
water (1) and KClI solutions. 2,3,4,5 — KCI concentrations are
0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma-forming gas is
ambient air
Puc. 4. KatoqHoe najeHne noTeHIMa a Kak GyHKIUs TOKa pas-
psina st auctiwimpoBantoii Bosl (1) u pacreopos KCI. 2,3,4,5 —
KoHeHTpanuu pactopos 0,08, 0,25, 0,42 u 0,5 Monb/1 cooTBET-
cTBeHHO. [T1a3mMoo6pasyouii ra3-Bo3ayx
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Unlike discharges of low pressure where U
does not depend on the discharge current, for the dis-
charge with liquid cathode the trend of U, dropping is
clearly observed under the current increase. The fact
is that at discharge action on water, other substances
are formed, partially, hydrogen peroxide [20]. And at
every current value we deal with the cathode of dif-
ferent chemical nature. This fact is confirmed by U
change at addition to water of different salts. The U
value depends also on the kind of plasma-forming
gas. It decreases from 719 to 426 V in series of air,
N2, N2O, He, O, CO, and Ar at the disharge current
of 25 mA [13, 21]. The discharge current increase
results in the reduction of cathode drop and in the in-
crease in a diameter of cathode spot. When this diam-
eter reaches the vessel diameter, the discharge trans-
fers to abnormal form as it takes place for the dis-
charge of low pressure. The cathode drop starts grow-
ing with the discharge current [22].

2) The discharge structure is the same as for
glow discharge at low pressure. It includes cathode
drop, negative glowing, Faraday’s dark space, posi-
tive column and anode glowing [15, 23, 26].

3) Electric field strength, E, is constant within
positive column (in plasma) [15, 18, 24, 25]. E values
depend on the discharge current, pressure and plasma-
forming gas kind and less on electrolyte composition
(Fig. 5-6).

E, B/cm
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Fig. 5. The electric field strength in a plasma vs discharge current
for distilled water (1) and KCl solutions. 2,3,4,5 — KCI concentra-
tions are 0.08, 0.25, 0.42 and 0.5 mol/l, respectively. Plasma-
forming gas is ambient air
Puc. 5. HanpsbkeHHOCTB TOJIS B TUIa3Me Kak (QYHKIUS TOKa pa3-
psina st quctrinmpoBannaoi Bojsl (1) u pactopos KCI. 2,3,4,5
— KoHueHTpanuu pactsopos 0,08, 0,25, 0,42 and 0,5 mous/1 co-
0TBETCTBEHHO. II1a3Mo06pasyromnuii ra3-Bo3mryx

4) Like normal discharge of low pressure the
discharge current density doesn’t depend on the dis-
charge current at given pressure [15, 19].
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Fig. 6. The electric field strength vs pressure. 1- Nz, 2 — Oz,
3 - Ar+2% N2, 4 — Ar, 5 —air. 6, 7, 8 — for N, air, and Ar on data
[20]. The discharge current is 40 mA
Puc. 6. HaHpH)KGHHOCTB OJIEKTPHUYCCKOI'O IT0JIA B 3aBUCUMOCTH OT
nmasnenus; 1- Nz, 2 — Oz, 3— Ar+2% Nz, 4 — Ar, 5 — Bo31yX,
6, 7, 8 — B a30Te, BO3yXE M aproHE COOTBETCTBEHHO 1O TAHHBIM
[20]. Tok 40 MA

ROTATIONAL, VIBRATIONAL AND GAS
TEMPERATURES

Due to small discharge dimensions (Fig. 3)
practically the only methods for discharge studies are
emission spectroscopy [1], absorption spectroscopy
[27], and laser induced fluorescence (LIF) [12]. The
emission spectroscopy is exclusively used for deter-
mination of rotational and vibrational temperatures.
The rotational temperatures are obtained from a dis-
tribution of emission intensities in vibrational bands
of emission of excited states of second positive sys-
tem No(C3I1,—B3I1y), usually (0-2) band is utilized.

Emission bands of OH are detected already in
a discharge with water cathode and N exists as ad-
mixture or it is intentionally introduced into plasma-
forming gas as a small addition ~0.1-0.2% [11, 13,
21]. Since the rotational constants of OH (A%Y) and
N2(C3[1,) are essentially less than kxT (k is the
Boltzmann constant) (for A’X — 17.4 cm™ or 25 K, for
C3M1y-1.8 ecm® or 2.6 K) and collision frequencies of
molecules for atmospheric pressure are 10° s it is be
possible to assume that the rotational degrees of free-
dom are in equilibrium with the translational ones, i.e.
the rotational temperature has to be equal to the gas
temperature. All studies showed that for N(C°I1,)
molecules, the distribution on rotational levels is the
Boltzmann one with the same value of temperature
[14, 15, 21, 26, 27-31]. At the same time, the distribu-
tion on rotational levels for OH (A%, V=1) can be
described with the two Boltzmann distributions with
different temperatures. Up to some rotational level, J”,
which depend of plasma-forming gas kind (J in-
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creases from 13 up to 25 in series He, Ar, CO», N0,
N2) the distribution is realized with the temperature
which is equal to the one determined on the rotational
temperature of N, molecules (see Table). For higher
J’ values, the temperature is significantly higher and
it does not depend on the gas kind. At the same time,
for the O discharge the temperatures determined with
both methods are the same [13]. When the irradiation
is collected from the whole positive column, then the
result is the temperature averaged on the reactor
cross-section. Some results of such measurements are
listed in Table.

Table.
The results of rotational temperatures measurements at
atmospheric pressure
Tabnuya. Pe3yabTaThl H3MeEpPeHUI BpaliaTeJbHOH TeM-
neparypsl IpH aTMOC(EPHOM J1ABJICHUHU

Gas Trot(OH), | Trot(N2), C(icr)f)nt References
(raz) K K MA ' |(mureparypa)
air (Bosmyx)|3250+250| 32504250 | 25 [21]
N2 32424200 2900+£200 | 25 [21]
He  [1282+200] 11004200 | 25 [21]
Ar 2008+200| 2400+200 | 25 [21]
N2O 27554200| 20004200 | 25 [21]
CO, |2931+200] 2100+200 | 25 [21]
air (Bo31yx) 1800+200 20 [26]
air (Bosmyx)| 2540 | 19004200 | 31 [30]
N,  [3112£150 31 [14]
N,  |1450£150 40 [12]
He  |2218+150 31 [14]
Ar |1720+150 31 [14]
air (Bo3myx)|3400+200| 1800+200 | 23 [15]
air (Bo31yx) 2000£1500| 10-40 [16]
O, |2700£100] 2700£100 | 40 [13]

The temperatures depend only slightly on the
discharge current [15, 16] but significantly on the
pressure [11-13]. Any essential dependence on the
concentration of the dissolved substance (KCI, NaCl)
is not observed [15, 16].

The distribution of N2(C3I1,) molecules on vi-
brational level (V = 0-4) was measured for atmospheric
pressure plasma in air in studies [10, 15, 26, 24, 31]. It
was found that the distribution is the Boltzmann one
with the temperature of Ty~(4200+£200) K. The tem-
perature did not depend on the discharge current in
the range of 10-110 mA.

The distribution of NO(A%Z, V =0, 1, 2) mol-
ecules on vibrational levels was determined on the
intensity of vibrational-rotational bands of y-system
for air plasma in study [26] at the discharge current of
20 mA. The temperature obtained was (3800+£200) K,
i.e. it was close to Ty for No(C3I1) in a limit of error.

8

T K T, K
3500} °

2800
3000

2400
2500
2000 2000
1500 1600
1000 1200

0.2 0.4 0.6 0.8 1.0
P, 6ap

Fig. 7. Gas temperatures (Tg) averaged over plasma cross-section
and effective vibrational temperature (Tv) of Oz2(X) as a function
of pressure. 1 — Ar from study [11], 2 — N2 from study [12], 3, 4,
7,8 —02[13], 5 - ambient air from study [16]. 1, 2, 3 were ob-
tained on the rotational temperature of N2. 4 was obtained on the
rotational temperature of OH. 6 -the Tv calculation at averaged
gas temperature [13], 7 — the temperature at discharge axis, To,
8 — the temperature at discharge boarder, Tr. The discharge cur-
rent is 40 mA
Puc. 7. Cpennue mo ceueHnro mwia3mMsl TeMmneparypsl rasa (Tg) u
s¢dexruBHas konedarensHas Temmeparypa O2(X) kak GpyHKIust
nasienus. 1- Ar[9], 2 - Nz2[12], 3,4,7,8 02 [13], 5 — Bo3myx
[16]. 1,2,3 - monyueHo 1o BpamareapHoii Temmeparype Na.

4 — momy4eHo 1o BparaTenbHoi Temmepatype OH. 6 - Ty pacuer
C UCIIOJIb30BaHUEM cpeiHux Temnepatyp [13]. 7 — temneparypa
ras3a Ha OCH pa3psiza, 1o, 8 — Temmeparypa raza Ha TpaHHIE pa3-

psina, Tr. Tox 40 MA

The distribution of OH (A%X, V = 0, 1, 2)
molecules on vibrational levels was found on the in-
tensity of vibrational-rotational bands of (A?Z—X?IT)
transitions for air plasma in studies [24, 26]. The tem-
perature obtained in [26] was (3800+£200) K at the
discharge current of 20 mA. The Ty values were in-
creased from (2000£200) up to (3300+£200) K at the
discharge current increase from 15 up to 50 mA [24].

We do not know any experimental data on vi-
brational temperatures of ground state molecules of
plasma-forming gases and products of their reactions.
But there are several calculations carried out in stud-
ies [10, 31] for air plasma, in [11] for argon plasma,
in [12] for N2 plasma, and in [13] for O, plasma. In
these studies, the self-consistent calculation of elec-
tron energy distribution functions (EEDF), molecule
distributions on vibrational levels of ground states and
equations of chemical kinetics was carried out. For
discharges in Ar and O, the small admixture of
N2(<0.2%) molecules was introduced. The calculated
Tv was fitted to the measured one to find the water
molecule content in a gas phase. In all cases the cal-
culated distributions were non-equilibrium. But they
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can be described by the Boltzmann distribution for
low values of vibrational quantum number (Fig. 8, 9).

N(V)/N

10°

10

10*

10°

10'4 1 1 1 1 1 1
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Fig. 8. The normalized distribution of N2(X'Z4*) molecules on
vibration levels for nitrogen plasma [12]. V- number of level.
1- 0.1 bar, 2 — 1.0 bar. The discharge current is 40 mA
Puc. 8. HopmuposanHoe pacnpesenenue Monexyn N2(XZq") mo
KoJIeOaTeIbHBIM YPOBHSM B I1azMe a3oTa [12]. V — Homep Kore-
GarensHOTO ypoBHs. 1-0,1 6ap, 2 -1,0 6ap. Tok paspsaa 40 MA

N(V)/N(0)

0 5 10 15 20 25 30 35

Fig. 9. The O2(X3Zg) molecule distribution on vibrational levels
at the averaged gas temperature for oxygen plasma [13]. V- num-
ber of vibration level. 1, 2 — pressures are 0.1 and 1.0 bar, respec-

tively. The discharge current is 40 mA

Puc. 9. Pacnipesienenue Monekyn O2(X3Zg") o konedaTeabHbIM
YPOBHSIM JUTA TIa3Mbl kucnopoaa [13]. V — Homep konedaTenbHO-
ro ypoBHs. 1, 2 — naBienue 0,1 u 1,0 6ap, cootrBeTcTBeHHO. TOK

paspsana 40 MA

Calculated vibrational temperatures for
N2(X'Zg") ground state practically agree with the
measured ones for N(C°I1,). Therefore, vibrational
temperature found for N»(C®[1,) are a good estimate
of the vibrational temperature of the ground state. For
atmospheric pressure in air, the vibrational tempera-
tures do not depend both on the discharge current as
for No(X'Zg") and for ground states of other mole-
cules. They were Oy(X3Ty) ~1700 K, H,O(010)

~3000 K, H20(100,001) ~2700 K, NO ~1600 K [10].
At the given discharge current, the vibrational tem-
peratures increase with pressure. Such dependence is
presented in Fig. 7 [13] for current of 40 mA in oxy-
gen whereas for Ar plasma — in Fig. 10 [11].

T, K
5000
4000

3000

2000

1000

0,2 0,4 0,6 0,8 1,0
P, 6ap

Fig. 10. The effective vibrational temperatures of molecules
ground states for Ar plasma [11]. H20(100)—(1), H20(001)-(2),
02—(3), H20(010) — (4). The gas temperature —(5). The discharge
current is 40 mA
Puc. 10. KonebarenpHble TeMIepaTypbl OCHOBHBIX COCTOSIHHI
mostekyst st tasmer Ar [11]. H20(100)—(1), H20(001)-(2), O2—
(3), H20(010) — (4). Temneparypa raza —(5). Tok paspsga 40 MA

REDUCED ELECTRIC FIELD STRENGHT.
ELECTRON PARAMETERS

In non-equilibrium plasma the initiation of all
primary processes proceeds under the electron impact.
To find the rate constants of these processes, it is nec-
essary to know the EEDF which is non-equilibrium.
For the conditions of high pressures the EEDF cannot
be determined experimentally. The only possible way
is the numerical solution of the Boltzmann equation.
Parametrically, the EEDF is a function of reduced
electric field strength, E/N (N is the total concentra-
tion of particles), and plasma chemical composition
[32]. E/N value is to some extent an analog of tem-
perature for non-equilibrium EEDF. E/N is deter-
mined on the basis of E measurement and N is calcu-
lated on a pressure. Ty is calculated from state equa-
tion P = NxkTy. E/N/ values depend on pressure and
discharge current (Figs. 11, 12).

The electron collisions with water molecules
have the strongest effect on the EEDF formation. The
reason for this is an abnormally high value of moment
transfer cross section for electron collision with H,O
in comparison with other gases [33]. H.O molecules
are affected most strongly at E/N<5-10% VV-cm? [34,3
5]. These values are typical for atmospheric pressure
gas discharges (Figs 11, 12).
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E/N, 107° B cm?

6,0

4,0

2,0

0,0

P, 6ap
Fig. 11. The dependence of E/N on pressure. 1 — Oz, 2 — N2,
3 — Ar [11-13]. The discharge current is 40 mA
Puc. 11. 3aBucumocts E/N or gaBnennsa. 1 — O2, 2 — N2, 3 — Ar
[11-13]. Tox paspsma 40 MA

E/N, 10" B cm®
35}

3,0+
25+
2,0+
1,51

1,0F

20 30 40 50
I, MA
Fig. 12. The dependence of E/N on discharge current at atmos-
pheric pressure for air plasma [17]
Puc. 12. 3aBucumocts E/N ot Toka paspsima npu arMochepHOM
JIaBJIEHUU B IIa3Me Bo3ayxa [17]

Such data for O, plasma are presented in Fig.
13 [13]. Formation of other particles in plasma — ex-
cited molecules, atoms, and products of their reac-
tions — influences the EEDF only slightly since their
concentrations are less than 1% of main plasma-
forming gas density. The exception is vibrationally
excited nitrogen molecules in the ground state
N2(X'Zg*, V). For air and nitrogen plasmas, it is oblig-
atory to take into consideration the second-kind colli-
sions of electrons with these molecules in EEDF cal-
culations [10, 12]. If these processes are ignored it
results in the strong underestimation (by orders of
magnitude) of the rate constants of processes with the
electron participation as it can be seen from Fig. 14. It
is necessary to point out that all EEDF are not the
Maxwell ones. Maxwell EEDF must be the straight
lines for coordinates of Figs. 13, 14.

10

f(e), aB™*

10'13 L L L L )
0 2 4 6 8 10
¢, 9B

Fig. 13. Calculated electron energy distribution functions (EEDF)
for Oz plasma at E/N = 1-10°%6 V//cm? (the pressure is 1 bar) and
different content of water molecules [12]. 1, 2, 3, 4 — water mole-
cules content is 0.3%, 5%, and 10%, respectively. The discharge

current is 40 MA. The EEDF is normalized as o f(g)-€¥2-de = 1
Puc. 13. Paccuurannas ®PDD mna mnazmer Oz pu E/N = 1.10716

B/cm? (nasnenue 1 Gap) A/ pasHbIX COIEPKAHUIA MOJIEKYIT BOJBI
[12]. 1, 2, 3, 4 — conepsxanue H20 0,3%, 5% u 10%, cooTBETCTBEH-

Ho. Tok paspsaza 40 MA. Hopmuposka ®PID- C,Jm f(e)-e2de =1
f(e), aB™?

10
10°
10°
107
10°
10™

10-13

16 18
g, 9B
Fig. 14. Calculated EEDF for N2 plasma. 1,3 — at the pressure of
1 bar. 2,4 - at the pressure of 0.1 bar. 1,2 — second kind collisions
with vibrationally excited N2(X) did not take into account. 3,4 —
second kind collisions with vibrationally excited N2(X) were tak-
en into account. The discharge current is 40 mA
Puc. 14. Paccunranusie ®POD mna mnasmel N2. 1,3 — nasnenne
1 6ap. 2,4 — naBnenue 0,1 6ap. 1,2 - coymapenust 2-ro pona He
YUHUTBIBAIOTCS. 3,4 - COylapeHust 2-T0 pojia yUTEHbI

10‘15 1 1 1

10 12 14

Another important parameter of electrons is
the electron density, which is necessary for the calcu-
lation of process rates. Available data on concentra-
tions were obtained either from experiments [19, 26,
28, 36, 37, 40] or from calculations using plasma
conductivity [10-13, 16, 24, 38] by the relationship
J = Nee'Vp (e, Ne,Vp are the charge, concentration
and drift velocity of electrons, respectively).
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In study [36] the electron density was meas-
ured for atmospheric pressure air plasma on absorp-
tion of microwave radiation at the discharge current
of 40-60 mA. The electron density did not depend on
the current and was found to be (4-7)-10*2 cm?. This
value was confirmed with probes measurements [40].

Electron density was measured on Stark
broadening of Hg line of atomic hydrogen for atmos-
pheric pressure air discharges in studies [19, 26, 28,
37]. Furthermore, the slight dependence on discharge
current was observed. The concentrations obtained in
all studies were close: [19, 28] — ~(5-9)-10™* c¢m?,
[24] — ~6-10% cm3, [35] — ~(1.5-4.5)-10% cm™®,

In any case, the calculation of plasma conduc-
tivity gave the values by one order of magnitude low-
er. Thus, in study [10] for the atmospheric pressure
air plasma it was obtained that the electron density
increased with discharge current from 1.5-10*2 cm™ to
2.8-10'? cm™ at current range of (20-50) mA. The
value estimated in [38] gives Ne<2:10% cm™®. In stud-
ies [11-13] the values of ~1-10* ¢cm?®, ~8-10* cm™®
and ~1.1-10® cm™® were obtained for atmospheric
pressure plasmas in Ar, N2 and O, respectively at
discharge current of 40 mA.

To explain so large difference, the authors of
review [1] write that photometric determination of the
discharge radius, which is necessary for discharge
current density calculation, results in large errors. But
it is not completely true. Photometric determination
can only underestimate the radius due to the insuffi-
cient sensitivity. Therefore, the calculation of conduc-
tivity has to result in concentration overstating rather
than in understating. Later, in study [39] a detailed
analysis of the methods based on Stark line broaden-
ing was carried out. On the basis of careful analysis
authors concluded that at Ne<1-10* cm™ the use of
the relations connecting concentration and line width,
which were obtained for Ne>1-10 cm™ (see, for ex-
ample, [41]) for N. determination, results in large er-
rors. It follows that the relationships obtained for
Ne>1-10% cm do not take in consideration the differ-
ences in average energies of electrons and ions, nei-
ther the fine structure of lines. The authors of all cited
studies [19, 26, 28, 37] treated the results exactly so.
Therefore, the data obtained from plasma conductivi-
ty appear more realistic. Some data on electron con-
centrations and their “effective” temperatures are also
discussed in the review paper [47].

For the fixed discharge current the electron
densities depend on a pressure and they grow with the
pressure. Such dependencies for discharges in Ar, O,
and N are shown in Fig. 15 [11-13].

0,2 0,4 0,6 0,8 1,0
P, 6ap
Fig. 15. Average electron energies (1-3) and their densities (4-6)
vs pressure. 1,6 — Ar, 2,4 — Oz, 3,5 — N2. The discharge current is
40 mA
Puc. 15. Cpennue snepruu (1-3) 1 KOHIEHTPAIMHU JISKTPOHOB (4-
6) B 3aBHCUMOCTH OT jnaByeHus. 1,6 — Ar, 2,4 — Oz, 3,5 — N2. Tok
paspsaga 40 MA

Numerous studies are devoted to the determi-
nation of the so called effective temperatures of exci-
tation and ionization. For this, the assumptions on
Boltzmann distribution and ratio of intensities of ap-
propriate lines or bands are used (see, for example,
[19, 26, 42]). It is clear that such parameters do not
have any physical sense for non-equilibrium systems.
That is why we even avoid the discussion of these
results. The estimation of electron “temperatures” and
their average energy have also restricted application
since EEDFs are not Maxwellian ones. Nevertheless,
Fig. 15 shows some data obtained in [11-13] on the
basis of the calculated EEDF.

PARTICLE COMPOSITION OF GAS PHASE

Qualitative data on composition are available
for excited particles only. All data were obtained by
optical spectroscopy. But it is known that for non-
equilibrium conditions, the particle concentration in
ground state is essentially higher than for excited
states. Of course, it is impossible to determine the
presence of metastable states as well as polyatomic
molecules using emission spectra.

For any plasma-forming gases the spectra
show the bands and emission lines of excited states of
dissociation products of HO molecules [13, 14, 19].
OH radicals are usually presented with two bands of
AZE—XIT (1-0) and A’X—X2IT (0-0) (excitation en-
ergy from the ground states is ~4.1 eV). Atomic hy-
drogen shows three lines: H, (656 nm, excitation en-
ergy is ~12.1 sv), H, (434 nm, excitation energy is
~13.1eV), and Hg (486 nm, excitation energy is ~12.8 eV).
The radiation of O(l) atom is presented with the two
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most intensive lines — 777 nm (3p°P—3s°S transition,
excitation energy is ~10.7 eV) and 845 nm
(3p®P—3s°S transition, excitation energy is ~10.9 eV).

If plasma-forming gas contains molecular ni-
trogen, then in emission spectra the bands of second
positive system (C3[1,—B°[y transition, excitation
energy is ~11 eV) corresponding to (1-2); (0-1); (2-4);
(1-3); (0-2); (3-6); (2-5); (1-4); (0-3); (4-8), (3-7); (2-
6) vibrational levels appear. The bands of the first
positive system (transition B[ly —A3%X*,) are also
present but are essentially less intensive.

The emission bands of nitrogen oxide (NO) of
y-system (transition A?Z—X?[1, excitation energy of
~5.7 eV) corresponding to (1-0), (2-2), (0-0), (0-1),
(0-2), (0-3) and (0-4) transitions are also appeared.

The discharge in CO, shows the emission
bands of CO molecules of Angstrom system, and in
Ar plasma the set of characteristic emission lines is
appears. The exception is He plasma where the emis-
sion lines do not appear. This is due to the fact that
the excitation energy of He electronic states is too
large (19.8 eV and higher), whereas the electron ener-
gies at atmospheric pressure are low. As the result,
the excitation rates of electronic states are low.

At the presence of salts dissolved in water, the
emission lines (presumably for resonance transitions)
of appropriate metal (Na, K, Ca, Cu, Cd, Zn, Ni, Pb,
Cs, Mg) [16, 17, 26, 38, 43-44] show up. The emission
has the threshold character, i.e. the appropriate lines
appear at the definite value of discharge current.

It is necessary to point out that in spite of the
fact that the appropriate metals are present in a solu-
tion as cations, the emission spectrum shows only the
lines of neutral atoms. Any lines or bands of anions
contained in the salt are not observed.

As for discharge of low pressure, the emission
bands of O, molecule are not registered. It is not sur-
prising, since the potential curves of the excited states
(with the exception of the two lowest) are shifted
against the ground state so that their excitation with
electron impact from ground state has to result in dis-
sociation according to the Franck-Condon principle.

Experimental data have been obtained for OH
radicals only at atmospheric pressure. In studies [14,
29, 46] these data were obtained by LIF method and
in study [27] — by the wideband adsorption. It was
discovered that for the current range of 10-30 mA,
OH concentration almost does not depend on the dis-
charge current and equals to ~5-10° cm? for Ar
plasma. For He and N, plasmas the concentration
growth is directly proportional to the current and
changes from 5-10* to 1.4-10% ¢m™ for He and from
2-10% to 2.3-10% c¢m™ for N plasma. For air plasma

12

-3
C,cm

[e¥e)
10" F 22 3

0y

I 7
10%

20 25 30 35 40 45 50

I, MA
Fig. 16. The dependence of *OH u HO2¢ radicals concentration on
the discharge current. Water content is 1, 5 — 0.05%; 2, 6 — 2.3%);
3,7-5%, 4,8 - 10%, respectively. *OH (1, 2, 3, 4), HO2¢ (5, 6,

7, 8). Points are experimental data of study [46]
Puc. 16. 3aBucumocts koHueHTpauuu paaukanos *OH u HOze ot
Toka paspsiga. Coxeprkanue mapos Bozel 1, 5 —0,05%; 2, 6 — 2,3%;
3,7 -5%, 4, 8 — 10% cootserctBenno. *OH (1, 2, 3, 4), HO2¢ (5,

6, 7, 8). Touku — SKCIIepIMEHTaIbHBIE TaHHBIE paboTHI [46)]

[29, 46] in the same range of currents the concentra-
tion increases from 1.3-10® up to 1.8-10% cm™. The
radial distribution of OH concentration was measured
for air plasma for the discharge current of 13 mA in
study [27]. The concentration at the discharge axis
was ~1.7-10Y cm3. Therefore, averaged on discharge
cross-section concentration is ~8-10% cm?. Concen-
trations of all other particles were obtained by numer-
ical modeling. The most reliable data for atmospheric
pressure air plasma are presented in study [10] in the
discharge current range of (20-40) mA. For Ar, N
and O, plasmas the similar results were obtained in
the pressure range of (0.1-1) bar and at the discharge
current of 40 mA [11-13]. These articles are the only
ones, where the self-consistent approach was used for
modeling. The Boltzmann equation for the electrons,
equations of vibrational kinetics, equation of plasma
conductivity, and equations of chemical kinetics in-
cluding excited states were jointly solved. The re-
duced electric field strengths, gas and vibrational
temperatures for N2(C3I1y), intensities of bands and
lines were measured experimentally. Intensities of
bands and lines and vibrational temperatures were
used for determination of water content. For vibra-
tional kinetics, the pumping of vibrational states (for
air it were N2, Oz, NO, H20) with electron impact as
well as V-V and V-T single quantum exchange were
taken into consideration. The rate constants of these
processes were calculated by the generalized SSH
theory without any approximations [48]. Some chem-
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ical reactions were taken into account as well. For air
the process list included 187 reactions with the partic-
ipation of the excited and ground states for the fol-
lowing molecules and atoms: N, Oz, H20, H20, N,
NO, N20, NO2, NOs, HNO2, HNOs, O, OH, HOz, H,
H,, O3, O;*, O*, Oy, O and the electrons.
Calculations showed that in plasma of such
discharge the substantial amount of nitrogen oxides
with the different oxidation level are formed (NO-
~10% cm?®, NO~6-10" cm?3, N,O-~2:10* cm?).
Along with nitrogen oxide molecules the nitric acid
(HNO3~10% c¢m®), nitrous acid (HNO2~4-10%% cm?3),
and nitroxyl molecules (HNO ~6-10* cm?®) are
formed. The main oxygen-hydrogen containing parti-
cles were *OH, HO"; radicals (Fig. 16) and hydrogen
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peroxide (~10% cm®). The interesting feature of this
discharge is low concentration of ozone (<10 cm?)
even in the case of oxygen plasma.

The concentrations of atomic oxygen O(P)
and Oz(a'Ag) and Oa(b'Zy") metastable states were
~10%° cm®,

Therefore, the discharges of higher pressure
with liquid cathode provide a wide set of active spe-
cies possessing high redox properties.
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TEOPETUYECKOE UCCJIIEJOBAHUE PEAKIIUU 'NJAPOT'EHU3ALIUN MOHOOKCHIA
YIJIEPOJA B METAHOJI HA IOBEPXHOCTH CO (111)

Hccneoosanue peaxkyuu cuopozenuzayuu MoHookcuoa yznepooa (CO) ¢ memanon npoge-
0eno ¢ ucnonavzoeanuem meopuu Qynkyuonana naomuocmu u CI-NEB memooa. Ilonyuennvie
pe3yibmamvl HOKA3bI8AIOM, UHO MOHOOKCUO Y2/1epo0 U 6000P00 J1€2KO aA0COpOUpPyomca Ha no-
eéepxnocmu kamanuszamopa. Ilpoyeccol adcopouuu ne npoxooam uepes nepexoonsvle COCHMOAHUA.
IIpeononoicen muozocmaouiinwtii mexanusm npespauienus CO 6 memanon. Paccuumansl 3na-
YeHUuA IHePUN AKMUBAUUU 6CeX CHAOUIL.

KaioueBble ciioBa: ruporeHu3aIysi, MOHOOKCH]I YIIIEPO.I, METaHOII, aCOPOIHs, MEXaHH3M, TEOPHs
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THEORETICAL STUDY ON HYDROGENATION OF CARBON MONOXIDE TO METHANOL
ON CO (111) SURFACE

The hydrogenation reaction of carbon monoxide (CO) to methanol (CHs;OH) on the
Co (111) surface was investigated using density functional theory and a climbing image nudged
elastic bond (CI-NEB) method. The results obtained indicate that carbon monoxide and hydrogen
are easily adsorbed on the catalyst surface. The results also showed that the process of adsorbing
CO and H; does not involve a transition state. A possible reaction pathway for the transformation
of CO to CH3OH was proposed. The activation energies of each step were also calculated.

Key words: hydrogenation, carbon monoxide, methanol, adsorption, mechanism, density functional

theory, climbing image nudge elastic bond

INTRODUCTION

Catalytic conversion of syngas (CO + H,) to
liquid fuels is an important process addressing the
energy and environmental issues of great interest.
Previous studies have shown that metal catalysts such
as cobalt, copper, iron and ruthenium are the most
suitable for CO hydrogenation [1-3]. Cobalt is the
catalyst which isused in industrial applications due to
activity and cost. Although a number of theoretical
and experimental works on the conversion of syngas
on cobalt-based catalysts have been carried out, the
study of mechanism of interaction between gaseous
molecules with metal is quite rare.

The purpose of this work is to study the reac-
tion mechanism of hydrogenation of carbon monoxide
to methanol on the most common and stable surface
of cobalt — Co(llI).

MODELS AND COMPUTATIONAL METHODS

Based on the XRD analysis, Co(111) surface
was chosen due to its stability and activity. The ge-
ometry optimization of structures Co(111) as well as
H, and CO molecules were carried out using density
functional theory in the generalized gradient approx-
imation (GGA) with the Perdew, Burke, and Ern-
zerhof (PBE) gradient-corrected functional [4]. The

18

double zeta basis plus polarization orbitals (DZP) is
used for valence electrons, while core electrons are
‘frozen’ in their atomic state by using norm-conser-
ving pseudo-potentials (NCP) in its fully nonlocal
form [5]. The Brillouin-zone sampling is restricted to
the I'-point. All equilibrium structures are performed
using Quasi Newton algorithm and the forces acting
on the dynamic atoms all are smaller than 0.05 eV/A.

In all calculations, the Co(lll) surface and the
isolated gas molecules CO and H; were firstly opti-
mized to minimize their total energies. Each of these
individual molecules was kept at different adsorption
sites and the adsorption configurations were opti-
mized to get the lowest energy stable structure.

The adsorption energy (Eads) was defined as:

Eads = Eadsorbate—substrate - (Eadsorbate + Esubstrate) (1)

The adsorption energy is an important param-
eter to evaluate the spontaneity of the process.

To study the activation step of the adsorption
process, a Climbing Image nudge Elastic Bond (ClI-
NEB) method was performed to determine the transi-
tion state (TS) [6]. The total number of pixels along
the reaction pathway (to be optimal until conver-
gence) was seven. The DFT calculations and CI-NEB
methods were implemented in SIESTA code [7].
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RESULTS AND DISCUSSIONS
The adsorption of carbon monoxide and hy-

drogen on the Co(111) surface

For the adsorption of hydrogen on the Co(lll)
surface we considered six possible adsorption configura-
tions (H2-1 — H2-6), which are shown in Fig. 1. In the
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Fig. 2 we also present the selected adsorption configura-
tions of CO on the catalyst surface (CO-1- CO-6).

The calculated adsorption energies related to
each orientation possibility of hydrogen and carbon
monoxide were presented in Table 1 and Table 2, re-
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Fig. 1. The possible adsorption configurations of hydrogen on the Co(l1) surface
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Table 1
The calculated adsorption energy of H2 on Co (111) at
DFT-GGA/PBE level
Taénuua 1. PacuéTHble 3HAYEHUS IJHEPTHH aCOPOUMHU
Hz na Co (111) no DFT-GGA/PBE metoay

Configuration Eags (V)
H2-1 -1.052
H2-2 -2.421
H2-3 -0.285
H2-4 -0.582
H2-5 -2.920
H2-6 -2.389
Table 2

The calculated adsorption energy of CO on Co (111) at
DFT-GGA/PBE level
Taobnuya 2. PacuérHble 3HAYEHUs IHEPTHH aJcOpPOLMHU
CO na Co (111) mo DFT-GGA/PBE merony

Configuration Eaas(eV)
CO-1 -0.639
CO-2 -3.167
CO-3 -3.324
CO-4 -0.533
CO-5 -3.279
CO-6 -0.626

Based on the obtained data we can suggest
that the H2-5 and the CO-3 are the most thermody-
namically favorable adsorption configurations of H;
and CO, respectively, due to the most negative values
of Eags as compared to that of the other configurations.
The results also showed that the adsorptions of hy-
drogen and carbon monoxide are of chemical nature.
Hydrogen was dissociated on the catalyst surface. The
bond length between hydrogen atoms was sharply
increased from 0.774 A (for the isolated gas mole-
cule) to 2.958 A (for the adsorbed molecule — H2-5
configuration). Similarly for the adsorption of CO on
the Co (111) structure. CO molecule was strongly
bonded with the Co active site via C atom. The C-O
bond length was significantly changed from 1.140 A
t0 1.196 A.

When placing CO or H, on Co surface from a
far distance (about 5 A), each gas molecule were still
absorbed by Co. Consequently, the adsorption process
of two gases does not involve the transition state.
Thus, our study has shown that CO and H» chemically
easily adsorbed on the Co (111) surface.

Conversion of carbon monoxide to methanol

According to the data presented in Tabl. 1 and
2, the adsorption energy of the most favorable adsorp-
tion configuration of Cobalt-CO (CO-3) is relatively
lower as compared to that of the hydrogen. Therefore,
we assume single possible pathway of methanol for-
mation on the Co (111) as follows:
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CO(ads) + 2H(ads) => COH(ads) +H(ads) (1)
COH(ads) + H(ads) => CH-OH(ads) 2
CH-OH(ads) + 2H(ads) => CH,-OH(ads) + H(ads)(3)
CH-OH(ads) + H(ads) => CHs-OH(ads)  (4)
To study the mechanism of transformation of
CO to methanol on Co (111) catalyst, a climbing image
nudged elastic bond (CI-NEB) method was performed
to determine the transition state (TS). The initial and
the final configurations as well as the transition state in
each reaction step are presented in Fig. 3-6. It is as-
sumed that the energy of the initial configurations is
equal to zero. The relative energies of the seven con-
figurations that occur in one step are also presented.
The calculated data have shown that all of
steps are endothermic. The first step has the highest
activation energy (Ea = 3,212 eV = 309,91 kJ/mol).
This activation energy can be provided by heat. Thus,
the proposed mechanism is relatively feasible.

Relative Energy, eV

Cm e o

CO(ads) + 2H(ads) => COH(ads) +H(ads)

Reaction pathway
Fig. 3. Reaction pathway: CO(ads) + 2H(ads) =>
=> COH(ads) +H(ads)
Puc. 3. Xon peakiun: CO(ads) + 2H(ads) => COH(ads) +H(ads)
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Fig. 4. Reaction pathway: COH(ads) + H(ads) => CH-OH(ads)
Puc. 4. Xon peakuun: COH(ads) + H(ads) => CH-OH(ads)
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Relative Energy, eV

% caCo

24
CH-OH(ads) + 2H(ads) => CH2-OH(ads) + H(ads)
Reaction pathway
Fig. 5. Reaction pathway: CH-OH(ads) + 2H(ads) =>
=> CH2-OH(ads) + H(ads)
Puc. 5. Xox peakuuu: CH-OH(ads) + 2H(ads) =>
=> CH2-OH(ads) + H(ads)
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CH2-OH(ads) + H(ads) => CH3-OH(ads)
Fig. 6. Reaction pathway: CH2-OH(ads) + H(ads) =>
= CH3-OH(ads)
Puc. 6. Xox peakiun: CH2-OH(ads) + H(ads) => CHs-OH(ads)

Table 3
The calculated activation energies (Ea) of steps 1-4 that
occur during the hydrogenation of CO to methanol on
the Co (111) surface
Tabnuya 3. PacyeTHble 3HAYEHUSI JHEPTHU AKTUBAINH
craguu 1-4 B xone peakuuu ruaporennsanun CO B me-
TaHoJ Ha noBepxuoctu Co (111)

Stage Ea (eV)
1 3.212
2 2.310
3 2.040
4 2.447

The activation energies of each step are
shown in Table 3.

CONCLUSION

In this work, we have performed a theoretical
study of the hydrogenation of CO on the Co (111)
surface. The theoretical methods employed for this
task included density-functional theory (DFT) and a
CI-NEB method. The results showed that CO and H.
are chemically easily absorbed on the Co (111). The
adsorption processes do not involve a transition state,
regardless of the catalytic system considered. We also
proposed a mechanism of hydrogenation of CO to
methanol that was shown to be feasible due to the
relative low activation energy.
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JAAHAMUKA @OTOAUCCONNALIMA HEYITOPSITOYEHHBIX MOJIEKYJISIPHBIX
AHCAMBJIEN TIO JAHHBIM METOJIA TU®PAKIINU SJIEKTPOHOB C BPEMEHHbBIM
PASPEHIEHUEM

Beeoenue epemenu 6 ougpaxyuonHnvle memoovl U pazpadomKa OCHOGONONAZAIOULUX
APUHUUNOE UX AHAIU3A OMKPbIEAEH HOBYI0 MEHO000102UI0 0J13 U3YUEeHUA NEPEXOOHBIX COCHOA-
HUIl UEHMPOE8 PeaKUUU U KOPOMKOHCUBGYULUX NPOMENHCYHOUHDBIX COCOUHEHUIL 8 2A3000PA3HBIX U
KOHOeHCUposanHvlx cpedax. B oannoii cmamope mul npednazaem 0CHOBHbIE IJIEMEHMbL MEOPULL,
KOmopble Mo2ym 0bimp UCHOIb306AHbL NPU AHANU3E OAHHBIX, NOJIYYeHHbIX Memodom TRED ona
Xaomuuecku OPUEHMUPOBAHHBIX J1a3€P0-6030yHcOeHHbIX MoNeKya. Pazpabomannaa meopus
npumenuma K npoyeccam pomoouccoyuayuu c0600nvix monekyn. Teopusa unnocmpupyemcs
Mooenuposanuem ghomozenepuposannou ouccoyuayuu monekya ICN. Ha ocnoge mooenvnvix
pacuemos, npeoCmasieHHbIX 6 IMOI CIMaAmve, Mbl HPUXOOUM K 6b1600Y, umo memooom TRED
803MONCHO UCCTE006AHUE KOZEPEHMHON OUHAMUKU RPOYeccos omoduccoyuayuu. 3agucaujue
om epemenu Oannvie memooa TRED nozeonaiom nabdaiodamv ounHamuxy omoouccoyuayuu
Hpu peanucmuyHoOM 3HAYEHUU 8DEMEHHO020 pa3peuienus memooa, cocmaenawuiezo 300 ¢c, umo
odocmuzaemcs 8 paoe IKCHEPUMEHMATbHLIX YCaH060K memooa TRED.

KaroueBsble ciioBa: nudpakifys 3JeKTPOHOB C BPEMEHHBIM Pa3peIIeHHEM, IIEPEXOIHbIE COCTOSHUS pe-
AKIUOHHBIX IEHTPOB, MIPOLECCH (POTOAUCCOLMALINH, KOTePEHTHAs TUHAMUKA (POTOANCCOLUAIINN
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PHOTODISSOCIATION DYNAMICS OF RANDOMLY ORIENTED MOLECULAR ENSEMBLES
BY TIME-RESOLVED ELECTRON DIFFRACTION

The introduction of time in diffraction methods and the development of foundational
principles of their analysis opens up new methodologies to study transient states of the reaction
centers, and short-lived intermediate compounds in gaseous and condensed media. In the current
article, we propose the basic elements of the theory that can be employed in analyses of TRED da-
ta recorded from randomly oriented laser-excited molecules. The formalism is applicable to pho-
todissociative processes and to nuclear dynamics studies of photodissociation phenomena. The
theory was illustrated by modeling the diffraction intensities of photogenerated dissociation of
ICN molecules. Based on model calculations presented in this article we conclude that, by TRED
method, time-dependent coherent dissociation dynamics can in principle be resolved at a realistic
time scale that significantly shorter than the electron pulse duration of 300 fs, which is achieved
at present in a number of TRED experiments.

Key words: time-resolved electron diffraction, transient states of the reaction centers, photodissocia-

tive processes, coherent dissociation dynamics

INTRODUCTION

In the beginning of 1980’s, the diffraction
paradigm was formulated: implementing electron dif-
fraction with time resolution adds a temporal coordi-
nate to the determination of molecular structures [1-
4]. Time-resolved electron diffraction (TRED) rested
on the concept of flash photolysis originally proposed
by Norrish and Porter in 1949 [5]. Advances in the
generation of X-ray pulses have made possible the
closely related time-resolved X-ray diffraction
(TRXD) [6]. In both methods, short laser pulses cre-
ate the transient structures and induce chemical dy-
namics that are subsequently imaged by diffraction at
specific points in time.

TRED and TRXD as methods for structural
and dynamic studies of fundamental properties differ
from traditional diffraction methods in both the exper-
imental implementation and in the theoretical ap-
proaches used to interpret the diffraction data [7, 8].
The transition to the picosecond and femtosecond
temporal scales raises numerous important issues re-
lated to the accuracy of the dynamic parameters of the
systems studied by analyzing time-dependent scatter-
ing intensities. There is a particularly pronounced
need of corresponding theoretical basis for the pro-
cessing of the diffraction data and the results of spec-
tral investigations of the coherent dynamics of mole-
cules in the field of intense ultrashort laser radiation.
Such a unified and integrated approach can be formu-
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lated using the adiabatic potential energy surfaces
(APES) of the ground and excited states of the mo-
lecular systems under study [9-11].

To understand the dynamic features of mo-
lecular systems within the complex landscapes of
APES it is necessary to explore them in the associated
4D space-time continuum. The introduction of time in
diffraction methods and the development of founda-
tional principles of their analysis opens up new meth-
odologies to study transient states of the reaction cen-
ters, and short-lived intermediate compounds in gase-
ous and condensed media.

The use of pico- or femtosecond bunches of
electrons as probes, synchronized with the pulses of
the exciting ultrashort laser radiation, and led to the
development of ultrafast electron crystallography and
nanocrystallographic techniques [12], of dynamic
transmission electron microscopy [13-17] and of mo-
lecular quantum state tomography [18]. One of the
promising applications, developed by the electron
diffraction methods, is their use for the characteriza-
tion and the “visualization” of processes, occurring in
the photo-excitation of free molecules and biological
objects for the analysis of different surfaces, thin
films, and nanostructures (see the recent review arti-
cles [19-29]. The combination of state-of-the-art opti-
cal techniques and diffraction methods, using differ-
ent physical principles but complementing each other,
opens up new possibilities for structural research at
ultrashort time sequences. It provides the required
integration of the triad “Structure-Dynamics-
Function” in chemistry, biology, and materials sci-
ence [15, 16, 23].

In the current article, we propose the basic el-
ements of the theory that can be employed in analyses
of TRED data recorded from randomly oriented laser-
excited molecules. The formalism is applicable to
dissociative processes and to nuclear dynamics stud-
ies of dissociation phenomena. The theory will be
illustrated by modeling the diffraction intensities of
photogenerated dissociation of ICN molecules. The
results will be compared with our previous modeling
studies of randomly oriented molecular ensembles.

1. Theory: basic assumptions and approxima-
tions

A plane wave electron that is elastically scat-
tered by an atom emerges as a spherical wave with an
amplitude given by [30]:

Y (R,0) = {exp(ikR)/R}(0), (1)
where R is the distance between the scattering center
and the detector plane and the absolute value of the
wave vector K is given by k = |k| = 2n/n with A the
wavelength of the electron. For an isolated atom, the

24

atomic electron scattering amplitude f(0) determines
the amplitude of the electron beam scattered into the
angle 6 (Fig. 1).

Td

Sample

Fig. 1. Scheme of the TRED for random oriented molecules and
determination of the coordinates of the scattered electron. 6 - the
scattering angle, & (8) — a correction to the scattering angle caused
by Coulomb repulsion in the electron bunch; ko and ks - wave
vectors of the incident and scattered electrons, respectively; s -
momentum transfer vector in the laboratory frame XYZ. C- cath-
ode, A - anode, ML - Magnetic Lenses, D - Diaphragm; 1L - the
duration of the laser pulse, te - electron pulse duration; | - axis of
the electron bunch in the direction of its motion, R - axis of the
electron bunch in the transverse direction; tq - the time delay be-
tween the excitation laser pulse and diagnosing electronic pulse
Puc. 1. Cxema TRED skcniepumenTa it IpOU3BOJIBHO OPUEH-
THUPOBAHHBIX MOJIEKYJI U ONIPEACIICHUE KOOPANHAT PACCCTHUA
INIEKTPOHOB. O — yron paccesiaus, 5(0) — mompaska K yriry pacce-
SAHWA, BBI3BaHHAA KYJJOHOBCKUM OTTAJIKUBAHUEM B 3JICKT-POHHOM
ITYYKE; ko u ks — BOJIHOBBI€ BEKTOPLI MAJA0ONIET0 U pac-CEIHHOI'O
3JICKTPOHOB, COOTBETCTBEHHO; S — BEKTOP IepeJaund UMIYyJIbCa B
naboparopHoii cucreme koopaunat XYZ; K — karon, A — aHof,
MJI — marautHbIe TUH3EL, J] — quadparma, T — AJTUTEITLHOCTD
JJa3€PHOTO UMITYJIbCA, Te — MNIATEIIBHOCTD 3JIEKTPOHHOT'O UMITYJIb-
ca, | — OCB DJIEKTPOHHOI'O UMITYJIbCa B HAITPABJICHUH €TO JIBUXKE-
HUs, R — 0Ch 3JIEKTPOHHOTO CTYCTKa B MOTIEPEYHOM HarpaBJie-
HuH, Td — BpeMs 3aIep>KKU MEXIy BO30YKIAIOIINM JIa3epHBIM
HUMITYJIbCOM U JJUArHOCTUPYIOMIUM BJICKTPOHHBIM UMITYJIBCOM

As the electron traverses the atom, it experi-
ences a phase delay, making the scattering factor
complex. While for scattering from a single atom this
phase shift is inconsequential, scattering from multi-
ple atoms may entail different phase shifts from each
individual atom.

The amplitude of the wave scattered by atom i
within a molecule is written as [30]:

¥i (R,0) = {exp(ik| R-ri|)/| R-ri| }exp(ikoz)fi(0), (2)
where z; is the projection of the atomic position vector
ri onto the Z-axis (Fig. 1) and R is the scattering dis-
tance. Since R is a macroscopic parameter (i.e., rj <<
R), eqn. (2) can be expressed as:

¥i (R,0) = {exp(ikR)/R}exp[i(ko-ks)ri] fi(0), (3)
where Ko and ks are the wave vectors of the incident
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and scattered electrons, respectively, and |ko | = | ks|
for elastic scattering.

Introducing the momentum transfer vector s
with a magnitude of |s|=|keks|= (4n/A)sin(0/2),
and invoking the superposition principle, one obtains
the amplitude of the electron wave scattered by the
molecular system of N atoms as:

W =3 N Pi= {exp(ikR)/R}Zi-1n fi(S)exp(isri) (4)

The intensity of the scattered electrons can be
expressed in terms of the electron current density j:

J(s) = (he/drmi)(Wi*V¥i - ¥iV¥i), (5)
where e and me are the electron charge and mass, V
the gradient operator, and Wi* the complex conjugate
wave function.

Using Egns. (4) and (5), one obtains for the
intensity:

1() = lo(Jsc/jo) = loRe{(1/2iko)Zizin (Fi* VWi - ¥iVE*)} =
= (1/R?) Re{Zizun fi(s)exp(isri) Zi=un fi*(s)exp(-isry)} =
= (I/R){Zeun | £(5) |2 + Re Zianf(9)f*(s) explis(rir))} (6)

In equation (6), lo is the intensity of the inci-
dent electron beam, jo (=hkoe/2mm.) and js are the
current densities for the incident and the scattered
electrons, respectively. Re denotes the real part of the
function. Higher order terms, corresponding to multi-
ple scattering, are neglected for the current purpose.

Equation (6) is often written as 1(s) = la(s) +
Imai(S), where the first term is ascribed the incoherent
“atomic scattering” because it does not depend on the
internuclear distances. The second term, which does de-
pend on the internuclear distances, is ascribed to the co-
herent “molecular scattering”. For each pair of atoms (i,)),
separated by the instantaneous internuclear distance,
rij = ri-rj eqn. (6) yields the molecular intensity function:
lmoi(S) = (1/R?) Re{=Zii=in | Fi(S) | [ fi(s) | exp(iAnii(s))x

xexp(isrij)}, (7
where Anij(s) is the difference in the phase shifts in-
curred by the electrons while scattering from atoms i
and j, respectively [31, 32].

Inherent in egn. (7) is an approximation
known as the Independent Atom Model (IAM), which
assumes that the electronic wave function of each at-
om in a molecule is just that of the isolated atom [30].
This implies that the effects of chemical bonding on
the electron density distribution of the atoms are ig-
nored. Within the IAM approximation, the molecular
surrounding of an atom does not affect its scattering,
so that tabulated atomic scattering factors can be used
for each atom in a molecule.

Assuming single scattering processes for fast
electrons (> 10 keV) with short (attosecond) coher-
ence time, the electrons encounter molecules that are
essentially "frozen" in their rotational and vibrational

states. Thus, the latter can be accounted for by using
probability density functions (p.d.f.) that characterize
the ensemble under investigation. If the molecular
systems investigated are not at equilibrium, as is the
case in studies of laser-excited molecules, a time-
dependent p.d.f. must be used to describe the structur-
al evolution of the system. In addition, rotational and
vibrational motions can be separated adiabatically,
since the latter involves much faster processes. The
time-dependent molecular intensities can then be rep-
resented by averaging eqgn. 7 with the p.d.f. that repre-
sents the spatial and vibrational distributions of the
scattering ensemble [32, 33]:
Imoi(S,t) = ({lmoi(S)vibysp =(lo/R?)x
xE i1 ()| Ifi(s) | Refexpliani(s)(exp(isri)is)sp}=
=(lo/R)ZZij=in | Fi(s) | [ i(s) [ cos(Ani(s))x
002 Puin(Ti,t) oo 2xPsp(ctij, B ) exp(isrij)
xsinoidB aij]drij (8a)
In eqgn. (8a), (...) denotes the vibrational and
spatial (orientation) averaging over the scattering en-
semble, Puin(rij,t) and Psy(aj,Bij,t) are the vibrational
and spatial p.d.f,, respectively, and a; and Bj are the
angles of the spherical polar coordinate system (Fig.
2) that define the orientation of the internuclear dis-
tance vector rj in the scattering coordinate frame.

Fig. 2. Definition of scattering coordinates used for the develop-
ment of intensity equations in electron diffraction. 6 is the scattering
angle and ¢ the azimuthal angle in the detector plane; ko and ks are
the wave vectors of the incident and scattered electrons, respective-
ly; s is the momentum transfer vector; rij is the internuclear distance
vector between the nuclei of atoms i and j, which are positioned at ri
and rj, respectively; and a and [ give the orientation of the molecu-
lar framework with respect to the XYZ laboratory frame
Puc. 2. Cuctema KOOpAMHAT, HCIIOIb3yeMasl IPU BBIBOJIE ypaBHE-
HI/Iﬁ, OMMHMCBHIBAIONIUX MHTEHCUBHOCTDL PACCEAHUSA DJICKTPOHOB.

0 — yrou paccesHUS, ¢ — a3UMYTaJIbHBII YTOJ B INIOCKOCTH Jie-
TEKTOpa; kO u ks — BOJIHOBBI€ BEKTOPLI NAJAOMIETO U PACCEIHHOI'O
JJIEKTPOHOB, COOTBETCTBEHHO, S— BEKTOp nepeaaviu UMITYJIbCa; rl_]
- BEKTOP MEXbSICPHOTO PACCTOSHHUS; 0ij U [ij — YTJIBI B chepude-
CKOH cucTtemMe KOOpANHAT, KOTOpasd ONPEACIIACT OPUCHTALIUIO
BEKTOpPa MEXKBbAACPHOI'O PACCTOAHUSA B KOOPAUHATAX pACCEAHUA
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For spatially isotropic, randomly oriented
molecules, Psp(0ij,Bij) = 1/4w, and eqgn. (8a) simplifies
to the following expression for the time-dependent
molecular intensity function:

Imol(S,0)=(1o/R) Zij=1n | Fi(5) | [ fi(s) | cos(Anij(s))x
x[Puin(ri,t)[sin(sry)/srdr (8b)

The time-dependent p.d.f., Psp(a,Bi,t) and
Puin(rij,t) in egn. (8a), determine the molecular intensi-
ty function, Ima(s,t) at time, t. The former describes
the evolution of the spatial distribution in the system
under investigation. The vibrational p.d.f. describes the
evolution of structure in the ensemble of laser-excited
species. In what follows, we concentrate on internucle-
ar dynamics that evolves on a time-scale much shorter
than the orientation effects, such as the rotational recur-
rence [10]. Therefore, only the time-independent spa-
tial p.d.f, Psy(aij,Bi), will be considered in the current
analysis. For the particular case of a molecular en-
semble at thermal equilibrium, egn. (8b) can be written
in the form first derived by Debye [34]:

Imol(S) oc ReXZisj=1,n Ti*Fi{sin(srij)/srijvib-rot =
= 3%ijman | i | 16 | cos[ni(s)-

-ni(s)[sin(sri)/sri] dF(ry), )
where F+(rij) is the probability distribution function at
the vibrational temperature T, and dF+(r;j) = P+(rij)dri.

As in the time-independent case, the method
of averaging in eqns. (8a, b) may be defined freely, so
long as certain conditions of convergence and normal-
ization are fulfilled. The modified molecular intensity
function sM(s,t) can be calculated as:

SM(s, t) = Slmai(S, t)/1a(S), (10)
where l1x(s) is the atomic background [31], considered
here to be time-independent.

We now consider more generally the intensi-
ties of electrons scattered by a molecular ensemble
after excitation by a short laser pulse. Let us assume
that the laser field produces a wave packet of highly
vibrationally excited states that propagates on the po-
tential energy surface of the excited electronic state of
the molecule. The time-dependent function ¥(r,t) of
the wave packet can be expanded in terms of the or-
thonormal basis functions @n(r) in the following way
(see, for example, [35]):

Y(r,t) = Zn=0,.Cnn(r) exp(-2mi Ent/h), (11)
where n is the quantum number identifying the state
with energy E,, C, is the amplitude, and the ¢n(r) are a
complete set of arbitrary analytic functions.

The modified molecular intensity for random-
ly oriented species can then be represented by [36]:

sM(s,t) = g(s) J*(r,)¥(r,t) [sin(sr)/r] dr =
= g(S) ZZnm=0,0 Cm*Cnexp(-2nti AEmnt/h) x
e (r)n(r) [sin(sr)/r] dr, (12)
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where AEm = Em-En, and g(s) is the reduced atomic
scattering factors [31].

Therefore, the radial distribution function ob-
tained from a time resolved electron diffraction
(TRED) experiment, i.e., the Fourier transform F(r,t)
of the modified molecular intensity sM(s,t), also de-
pends explicitly on both the internuclear distances
and the time. Thus, it contains direct information on
the time-evolution of the molecular structure through:

F(r.t) = (2/n)" [sM(s,t) exp(isr) ds (13)

Applying the general form of the molecular
intensities, eqgn. (8b), to the one-dimensional case, it
is possible to write:

sM(s,t) = g(s) JP(r,t) [sin(sr)/r]dr, (14)
where P(r,t) = ¥*(r,t)¥(r,t) and, consequently:
F(r,t) oc P(r,t)/r (15)

Thus, egns. (12)-(15) show that in TRED, the
modified molecular intensities of scattered electrons
depend explicitly on both the time-evolution of inter-
nuclear distances and the energy distribution. Aver-
aging the molecular intensity function sM(s,t) over an
electron pulse profile function Io(t; ty) yields the
TRED diffraction intensities SM(s; tq), parametrically
dependent on the delay time tq between the pump la-
ser pulse and the electron probe pulse of duration t:

(SM(S; ta))e = Jopee lo(t ta)SM(s, t)dt'.  (16)

In this way data refinement involves minimi-
zation of the functional:

Tictm [(SIM( Sista )rexp - R (SIM( Sista ))rheo]?, (17)
where m is the number of data points and R the index
of resolution.

The solution of the inverse diffraction prob-
lem is a characteristically ill-posed problem [37, 38]
and is described for TRED data refinement in Chap-
ters 2 and 4 of the monograph [11].

2. Modelling the dissociation dynamics of ICN

To illustrate the basic effects arising in the
scattering time-dependent intensities and their corre-
sponding Fourier transforms (the radial distribution
functions of the inter-atomic distances), we will focus
on the linear triatomic molecules (A-B-C), in which
the action of a laser pulse breaks the bond A-B. In
many cases, the potential function for such systems
can be expressed as [39]:

V(R, r) = Vo exp[- (R - yr)lp], (18)
where R — the distance between the nucleus A and the
center of mass of the fragment B-C in the molecule
A-B-C; r = ro(BC) - re(BC); y = mc/(mg + mc); ro(BC)
and r¢(BC) — internuclear distance in the ground vi-
brational state and the equilibrium internuclear dis-
tance of the fragment B-C, respectively; p — a so-
called range parameter [39, 40]. The reactions and
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APES of this kind are well known for a number of the
systems [39-41]. In the first stage of the analysis, it
has been shown the manifestation of the nuclear dy-
namics in the scattering of the ultrashort pulses of the
fast electrons by the systems that dissociate in accord-
ance with the adiabatic potential functions.

The ground state of the ICN molecule is ap-
proximated by a Morse function with the parameters:
am = 190 pm?, R, (iodine to center-of mass distance)
= 261.7 pm, De = 26340 cm™. The dissociative state is
selected from several that are possible, and obeys
Eqgn. (18), with the parameters Vo = 242720 cm™, Ro =
262.2 pm and p = 80 pm, as given in refs. [41, 42].

The photodissotiation of ICN has been stud-
ied extensively both by experimental and theoretical
methods, including femtosecond transient state spec-
troscopy (please, see ref. [43] and references therein).

The dissociation of ICN (210 < A< 350 nm)
proceeds via two channels [43, 44]:

ICN — I(2P3/z) + CN(X221) (19

ICN — I(?P12) + CN(X%21), (20)
producing the CN radicals predominantly in the
ground electronic state X2, and the iodine atoms in
the 2P3, and 2Py, states. The vibrational distribution
of the CN fragment of the ICN molecule was meas-
ured [45] and at 266 nm it was found that vibrational
population ratios, n(v = 1)/n(v = 0) = 0.012; n(v =
2)In(v=10)=6-10% n(v=3)/n(v=0)=1-10"

In the 266 nm photolysis, the experiment [45]
determined rotational distribution of the radicals can
be presented as a sum of three Bo main distributions
centered at the rotational temperatures T; = 37(3)K,
T, = 489(12)K and T3 = 6134(250)K, with approxi-
mately equal in grated fractional populations.

Rotational excitation of the CN fragments re-
quires an additional term in the potential function,
Eqn. (18), and can be approximated in diffraction in-
tensities by including the centrifugal distortion or of
the r(CN) internuclear distance in a relatively long
time range. However, considering time scale of the
dissociation, the evolution of the angular momentum
can be neglected.

In a series of studies (please, see, e.g., ref.
[43] and references cited therein) it was shown that, at
the wavelength of 306 nm, the dissociation channel
leading to the iodine excited state 1(?P1.) is effective-
ly closed. Thus, based on the experimental studies
described in ref. [43], in our model calculations the
dissociation of the ICN was assumed to proceed via a
stretching reaction coordinate, and the parameters of
ref. [43] for the dissociative potential leading to
I(®P312) were used (please, see Eqn. 19). The molecu-
lar electron diffraction intensities, SM(s), for the mol-

ecule in their ground state were calculated with the
parameters of refs. [32] and [42] using standard com-
putational procedures [31].

One approach that can be used to describe the
dynamics of the excited molecules is an approxima-
tion of the wave packet [46]. The wave packet carries
the information on the relative positions and nuclear
momenta, as well as their components at different
APES, corresponding to different electron states [46].
For the wave function with minimal uncertainty
Gaussian function can be used as the basis for the cre-
ation of the wave functions of the system, as it was
proposed in the work [47-49]; please, see also [46]).
Considering the classical trajectory in the phase space,
where the Hamiltonian in the vicinity of the moving
point {p(t); R(t)} can be expressed in terms of the de-
grees of (p - (p(t))) and (R - (R(t))) up to the second
order, the wave function is defined as follows [47]:

w(r,t) = exp{(2mi/h)[a(t)(R-(R()))* +

+ (POY)R-(R(1))) + v(D)1}, (21)

where a(t) gives the spreading of the wave packet, y(t) —
its complex phase, and (... — is the expected value.
Using the time-dependent Schrodinger equation, we
can obtain the differential equations for the position
and the momentum:
R(t))y/ot = {p(t))/m and &p(t))/ot = -(0V(R)/OR),(22)
where V(R) — the potential in the Born-Oppenheimer
approximation. The equations (22) describe the trajec-
tory of the wave packet. For large temporal delays
after the excitation of the studied molecules and the
use of longer probing electron pulses it should be
considered the increase of the width (the spreading) of
the wave packet, which manifests in the diffraction
pattern. In this case, the probability density of the in-
teratomic distances in the ensemble of the dissociated
molecules can be represented as follows:

P(R, t) = [2nc?(t)] Y2exp{-[R - R(1)]>/26%()}, (23)
where o(t = 0) — the dispersion of the wave packet at
the initial time of the laser excitation, and R(t) — the
classical trajectory of the center of gravity of the
wave packet. Consequently, the dispersion of the
propagating wave packet can be expressed as a linear
function of time during its free motion:

o(t) = o(0)[1 + h?t¥/16m°m?c*(0)]*2. (24)

If the pulse laser pump has a form of 6-
function at t = 0, the temporal dependence of the mo-
lecular intensity will be:

sM(s, t) = Zi5igii(s) I(sin (SR)/R)P(R, )dR, (25)
where  P(R,t) = Nexp(-Vo{R(1)} — Ro)/pE), (26)
N = Jexp(-Vo{R(t) — Ro}/pE)dR(t)  (27)

When the form of the probing electron pulse
is approximated by the Gaussian function with the
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central point t = to and corresponding duration of z,
the averaged molecular intensities can be written as:

(SM(5,t)) = (2n) ™ I wr(expl-(t-t)727°] SM(s.t) dt (28)
Using the above theory, it were calculated the
time-dependent intensities of the molecular scattering
and the corresponding radial distributions of the inter-
nuclear distances during the processes of the photo-
dissociation of ICN, Figs. 3 and 4 (please, see ref.
[50] for comparison of the results).

45 fs
30 fs

15 fs

.

5 10 s, At 15 20
Fig. 3. Molecular intensity functions sM(s,t) calculated for the
dissociation dynamics of the ICN randomly oriented molecules as
a function of probe time in TRED using 300 fs electron pulses.
Diffraction intensities were calculated for the photodissociation at ICN
excitation from the ground state to the dissociative state (Egn. 19)
Puc. 3. IHTeHCHMBHOCTH MOJIEKYJISIpHOTO paccestuust SM(S,t), pac-
CUHUTAHHBIC I Z[PIHaMPI‘IeCKOﬁ Auccouuanuu nmporu3BOJILHO OpU-
eHTupoBaHHBIX MoJieKyn |CN kak ¢pyHKIUHE OT BpeMeHHU peru-
crparmu TRED ¢ ucnonp3oBanneM 300 ¢c 3meKTpOHHBIX HM-
myn6CcoB. AudpakunoHHbIe HHTEHCUBHOCTH PACCUUTHIBAINCH IS
¢doromucconnanuu npu Bo30yxaeHnH Mosekyisl ICN u3 ocHOB-

HOT'O COCTOSIHUS B tuccoruaTuBHoe (19)

o A

il

>
o 4

0
Fig. 4. Radial distribution curves F(r,t) calculated for the dissocia-
tion dynamics of the ICN randomly oriented molecules as a func-
tion of probe time in TRED using 300 fs electron pulses. Diffrac-
tion intensities were calculated for the photodissociation at ICN
excitation from the ground state to the dissociative state (Eqn. 19)
Puc. 4. dyukimu paauansHoro pacmpenenesus F(r, t), paccuu-
TaHHBIE JJ11 JUHAMUKHU JUCCOIMALIMNA ITPOU3BOJILHO OPUEHTHPO-
BaHHBIX MoJieKyJ ICN kak GpyHKIUH OT BpEeMEHH PErUCTpaLiiu
TRED c ucnonszoBaauem 300 e 37€KTPOHHBIX HMITYITBCOB.
I[I/I(bpaKIII/IOHHBIe HUHTEHCUBHOCTU PACCUUTBIBAIIUCH UUIA CI)OTOI{I/IC-
conunanuu rpu Bo30yxaeHnn Mosekyisl ICN u3 ocHoBHOTO co-
CTOSTHUS B AuccorratiuBHOE (19)
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When it is used the model of the Gaussian
wave packets (egn. (21), we can obtain the results
shown in Figs. 3 and 4. From Fig. 3 it is clear that the
radial distribution curves obtained with a relatively
long probe pulses are significantly different from
those presented in ref. [50]. However, some details of
the dynamics of the wave packets still it is possible to
define at a time interval, which is much shorter than
the probe duration. Figs. 3 and 4 also shows that the
distribution of the time-dependent wave packet can be
observed using the TRED technique, if the probing
electron pulse is 300 fs and can be achieved with our
new TRED equipment [51].

The studies carried out in the work [50] show,
that the time-dependent intensity of the electron dif-
fraction observed for dissociative states, is strongly
dependent on the shape of APES. The investigations
also demonstrate that the diffraction intensities in
TRED can be easily calculated for the dissociative
processes, if we know the function of the potential
energy. Thus, in principle it is possible to solve the
inverse problem, i.e. the determination of the parame-
ters PES using the TRED technique.

The method of reference frames and synchro-
nization of structures

TRED method utilizes synchronized sequenc-
es of ultrafast pulses — laser pulse is utilized to initiate
the reaction and electron pulses to probe the subse-
quent changes in the molecular structure of the sam-
ple. The time-dependent diffraction patterns are rec-
orded using CCD-camera in the new femtosecond
TRED apparatus [51]. The pulse sequence is repeated
in such a way that electron pulses appear before or
after the laser pulse, and in fact the images of the
evolving molecular structure is performed in a con-
tinues recording mode.

One of the significant features of electron dif-
fraction is that electron scattering occurs from all at-
oms and the atom-atom pairs in the molecular sample.
Therefore, unlike spectroscopic techniques where a
probe laser pulse is tuned to specific transitions, prob-
ing electron pulse is sensitive to all particles encoun-
tered along the way. Therefore, electron diffraction
can detect structures, which are not immediately de-
tected by spectroscopy. However, determination of
the molecular structure in TRED represents a formi-
dable challenge. Diffraction patterns represent a su-
perposition of incoherent scattering from atoms as
well as coherent molecular interference from all at-
om-atom pairs. Because of the lack of long-range or-
der in gases that increase the interference of coherent
interference, incoherent nuclear scattering is an order
of magnitude higher that the coherent one. In addition,
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due to the small fraction of molecules that undergo
structural changes (typically — ~ 10% or less), a major
contribution to electron diffraction pattern is made by
molecules that did not undergo photoexcitation.

A key success in obtaining information about
structural dynamics of a small set of molecules that
undergo structural changes when the signal is much
less, than the background was the application of the
method of reference frames [52]. The method consists
of synchronization of electron pulses in such a way
that a baseline reference signal is established in situ.
That is usually obtained at "negative time" (before the
pump (laser)) in the ground state, or one of the evolv-
ing structures at positive times. At a different refer-
ence times (trr) it is possible to choose selected
changes. Numerical methods allow for determination
of the difference between each of the diffraction pat-
terns with a time resolution and a separate reference
signal. The technique is demonstrated in a number of
examples (see, e.g. review article [52]).

The method of reference frames has several
major advantages. First, the strong (unwanted) back-
ground signal from the atomic scattering is a common
contribution to all diffraction patterns — regardless of
the time delay and the nature of the reaction — and,
therefore, can be virtually eliminated by calculating
the difference between diffraction patterns for several
time delays. Thus, despite the fact that in general, the
background is dominated in the diffraction pattern, in
the curve of the intensity of the reference frame mo-
lecular scattering is dominating. Secondly, any intrin-
sic error of the detection system will be effectively
eliminated or significantly reduced by calculating the
difference. Finally, each sample with selected refer-
ence frame represents the relative contribution of each
reactant and the transition structures, while in the
original raw data, only relatively small fraction of the
signal originates from transient structures, while most
of the signals are caused by unreacted components.
Hence, the importance of the contribution of transi-
tional structures increases significantly in samples
with selected reference frames.

Difference method for time-dependent dif-
fraction data analysis. The recorded diffraction pat-
terns are dependent on the time delay between the
pump (laser) and the probe (electron) pulses, AI(S; trf,
t), are difference curves related to the structural
changes of the transition state:

AI(S; trer, £) = 1(S; trer) - I(S; 1). (29)

Accordingly, for the molecular intensity func-
tions we get (Fig. 5):

ASM(S; trer, t) =SM (S; trer) - SM(S; 1), (30)

AsM(s; t , 1)

ref

40

t, fs

s, At

Fig. 5. Difference molecular intensity functions ASM(s; tref, t)
calculated for the dissociation dynamics of the ICN randomly
oriented molecules as a function of probe time in TRED using
300 fs electron pulses. Diffraction intensities were calculated for
the photodissociation the at ICN excitation from the ground state
to the dissociative state (Eqn. 19)

Puc. 5. PazHOCTHBIE KpUBBIE HHTEHCUBHOCTH MOJIEKYJISIPHOTO
paccesiaust ASM(S; tref, t), paccurTanHble U TUHAMUAKH JHCCOLIU-
aIlMu POU3BOJIBHO OpUEHTHPOBAaHHBIX MOeKyn ICN, kak
¢yHKIUs 0T BpeMeHHu peructpanuu B TRED npu ncnons3oBanuu
AJIEKTPOHHBIX UMITYJIECOB AMUTENbHOCTHIO B 300 dc. MHTEHCHB-
HOCTH pacCEesIHUs OBLIN paccurTaHbl It (1)OTO,I[I/ICCOIH/IaI_[I/II/I7
kxorga ICN Bo30y»kmaeTcs M3 OCHOBHOTO B JMCCOIHATUBHOE CO-
crosHue (19)

Accordingly, for difference radial distribution
curves AF(r; tref, t) in the space of interatomic dis-
tances r obtained by Fourier transform of the differ-
ence curves AsM(s; tref, t), Fig. 6.

/

AF(r; tref, t) I

r, At

Fig. 6. Difference radial distribution curves AF(r; tref, t) calculated
for the dissociation dynamics of the ICN randomly oriented mole-
cules as a function of probe time in TRED using 300 fs electron
pulses. Diffraction intensities were calculated for the photodisso-
ciation at ICN excitation from the ground state to the dissociative
state (Eqn. 19)

Puc. 6. PasHOCTHBIE KPUBBIE PafHaIbHOTO pactpeaeaeHus AF(r;
tref, t) paccunTaHHbIE UIST TUHAMHUKH TUCCOIIUAIIMUA TTPOU3BOJILHO
opueHTHpoBaHHBIX Mostekyn |CN, kak GpyHKIHS OT BpeMeHH
peructpanuu B TRED npu ncnonb30BaHAH 3€KTPOHHBIX HM-
MTyJIbCOB JUTUTENHHOCTHIO B 300 hC. IHTEeHCHBHOCTH paccestHus
ObUTH paccunTaHbl It GpoTtoaucconuanun, koraa ICN Bo30yxma-
eTcs U3 OCHOBHOTI'O B JIUCCOLMAaTUBHOE cocTosHue (19)
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The calculation of the theoretical equivalent
of time-dependent scattering intensity with the non-
equilibrium distribution in this system should be per-
formed using a cumulant representation of the scatter-
ing intensity (please, see e.g. monograph [11], part 1
and 4]) and, for example, the stochastic approach to
the analysis of the diffraction data, which has shown
to be effective in TRED analysis of photodissociation
of CS; [53]. The difference method of TRED data
analysis method has demonstrated its high efficiency
(please, see, e.g. review article [52]).

CONCLUSIONS

Based on model calculations presented in this
article we conclude that, by TRED method, time-
dependent coherent dissociation dynamics can in
principle be resolved at a realistic time scale that sig-
nificantly shorter than the electron pulse duration of
300 fs, which is achieved at present in a humber of
TRED experiments.

The study also shows that TRED intensities
can be readily calculated for dissociative processes,
provided the APES is known. Because of this correla-
tion, if the TRED intensities are expressed directly in
terms of the APES, solution of the inverse problem
seems feasible, which provide information on coher-
ent structural dynamics of the transient state of the
chemical reaction from TRED data.
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METAL INFLUENCE IN PORPHYRINE STRUCTURE ON KINETIC OF ELECTRODEPOSITION
AND MORPHOLOGY OF HYDROXYPHENYLPORPHYRINS BASED FILMS

The films formation via activated by oxygen electrochemical oxidation of hydroxy-
phenylporphyrin and its zinc complex in dimethyl sulfoxide media was demonstrated. The differ-
ent Kinetics of deposition and morphologies of the films were observed. During the film deposition
the working electrode surface was passivated in case of porphyrin-ligand, and was not passivated
in case of metal complex. As a result, the electrochemical method leads to sufficiently thick films
with a globular structure based on the metal complex and films o small thickness films and lay-
ered structure based on the porphyrin-ligand.

Key words: 2H-5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin, Zn-5,10,15,20-tetrakis(4-hydroxy-
phenyl)porphyrin, electropolymerization, morphology, kinetics

Porphyrin based film materials are promising
as an effective catalysts [1, 2], an active elements of
sensor devices [3, 4], in creating of organic transistors
[5, 6], LEDs [7], nonlinear optical transmitters [8] and
electrochromic devices [9, 10]. Their use as compo-
nent of photovoltaic cells [11-13] is commercially
attractive due to the ease of manufacturing technolo-
gy, low cost, light weight, high efficiency at low light
levels, possibility of manufacturing the flexible ele-
ments. There are several methods for film materials
fabrication [14-16]. Formation of the film materials
by electrochemical deposition makes it easy to control
and adjust the film deposition process, as well as get-
ting on a solid substrate (working electrode surface)
of different types of materials [17, 18]. The proposed
mechanism of the polyporphyrin films formation via
electrochemical method is the recombination of the
radical particles obtained after the porphyrin precur-
sor oxidation [19-21]. Polymer hydroxyphenylpor-
phyrin films or their metal complexes have been ob-
tained previously in different media: aqueous solu-
tions [22], dichloromethane [23], acetonitrile [24, 25].
Though, the influence of metal in the porphyrin cage
on the film formation process was not sufficiently
investigated yet.

In this paper polyporphyrin films obtained by
activated electrochemical deposition. Formation of
polyporphyrin films was performed from solutions 2H-
5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin
(H.T(4OHPh)P) and Zn-5,10,15,20-tetrakis(4-hyd-
roxyphenyl)porphyrin  (ZnT(40HPh)P) in dimethyl
sulfoxide (DMSO). The formation and morphology
kinetics of the films obtained on the basis of the por-
phyrin ligand and its metal complexes were compared.

EXPERIMENTAL

Procedure of synthesis
H,T(4-OHPh)P was synthesized by the two-
step method via demethylation of 2H-5,10,15,20-

tetrakis(4-methoxyphenyl)porphirins  [26, 27] ob-
tained in high yield by condensation of benzaldehydes
with pyrrole [28]. ZnT(4-OHPh)P was synthesized by
refluxing of H,T(4-OHPh)P in methanol with
Zn(OAc), excess for 3-4 hrs. The porphirins were
purified by preparative column chromatography on
aluminum oxide (Brockmann activity I1l). The puri-
fied products were studied by thin-layer chromatog-
raphy (silufol plates), UV-VIS spectrometry (Varian
Cary 50 spectrometer) and *H-NMR spectrometry
(Bruker AVANCE-500 spectrometer) methods. The
mass spectra were recorded on a Shimadzu Axima
Confidence (MALDI-TOF) mass spectrometer. The
products characteristics agree quite well with the re-
ported data [29, 30]. The structures of porphyrins un-
der study are shown in the Fig. 1.

R
1 2
Fig. 1. Structural formulas of porphyrins under study
Cxema 1. CtpykrypHbie HOpPMYJIBI H3y4aeMbIX TOPHUPHUHOB

Electrochemical procedure

Dimethylsulfoxide (DMSO > 99.5, ALDRICH)
was purified by zone melting and then stored over
molecular sieves in a dry box before use. Tetrabu-
tylammonium perchlorate (TBAP > 98.0, ALDRICH)
was purified by recrystallization from ethanol. 103 M
solutions of porphyrins containing 0.02 M TBAP as
the supporting electrolyte were prepared by the
gravimetric method using the electronic analytical
balance «Sartorius» ME215S (the mass determination
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error did not exceed 3%). A potentiostat SP-150 (Bio-
Logic Science Instruments, France) was used for
electrochemical measurements. The experiments were
carried out in a three-electrode temperature-controlled
(25+0.5 °C) electrochemical cell in freshly prepared
solutions. The saturated calomel electrode (SCE)
inserted into the electrochemical cell through the
Luggin capillary was used as the reference electrode.
The Pt wire was used as an auxiliary electrode.

As the working electrode, we used a polishing
Pt strip (the working surface equaled 1.2 cm?) rigidly
fixed in the fluoroplastic lid. Before every measure-
ment the active surface of the working electrode was
mechanically mirror-polished, degreased with etha-
nol, etched with a chromic mixture for 20 min, care-
fully cleaned in distilled water and then in the solu-
tion under study. The working electrode was im-
mersed in the cell with the test solution where the po-
tential of the working electrode reached a steady val-
ue over 10 min. In order to degas or oxygenate solu-
tions before the electrochemical measurements, argon
or oxygen was bubbled through the capillary tube for
30 min. In earlier paper we have shown that in DMSO
media the more effective electrochemical deposition
of polyporphyrin films was obtained under activation
by oxygen [31, 32]. Therefore, in this paper the pol-
yporphyrin films deposition included cycling of the
working electrode potential in the oxygenated solu-
tions (to activate the deposition process), then cycling
in degassed solutions (to stabilize the resulting film).
The deposition process consisted of three stages. Each
stage consisted of 10 cycles in the degassed solution
and 10 cycles in an oxygenated solution. CV response
was recorded at scan rate of 0.02 V/s. The CV data
were corrected for Ohmic (iR) losses using the current
interruption technique [33].

Electrochemical impedance spectroscopy
(EIS) measurements during of polyporphyrin films
formation were performed using Solartron SI 1260
analyzer at frequency range from 10 to 10 Hz with
sinusoidal excitation voltage of 10 mV. We use two-
electrode cell for EIS study. The working and auxilia-
ry electrodes were placed at 5 mm opposite to each
other. Face of polished Pt wire diameter of 2.5 mm,
pressed in teflon sleeve was used as working elec-
trode. Platinized platinum disc 25 mm in diameter
was used as auxiliary electrode. Electrochemical cell
was connected to the measuring device by two-
electrode four-wire scheme to avoid an effect of current-
carrying wires. Analysis of EIS data was performed us-
ing ZView2 program. Atomic force microscope (AFM)
images were obtained using the Solver-47-Pro equip-
ment and processed by a Nova RC software.

34

RESULTS AND DISCUSSION

Fig. 2 shows cyclic voltammograms obtained at
polyporphyrin films deposition from DMSO solutions.

0,1+
0,0
-0,1+
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Fig. 2. The electrochemical response of H2T(4-OHPh)P (a) and
ZnT(4-OHPh)P (b) solutions during potential cycling. Scan rate -
0.02 VI/s. 1 - background current; 2 - degassed porphyrin solution;

3 - oxygenated porphyrin solution. The inset shows the oxygen

electrochemical response in DMSO without porphyrin

Puc. 2. DnekTpoxuMuueckuii oTKIMK pactBopoB H2T(4-OHPh)P

(a) u ZnT(4-OHPh)P (b) npu tuknupoBanuu norenuana. Cko-
pocThb pasBeptku noteniuana 0.02 B/c. 1 — ¢hoHOBBII TOK;

2 — nmera3upoBaHHBIN pacTBOP MOPPHUPHHA; 3 - HACKIIICHHBII
KHCIIOPOJIOM pacTBopa nmop¢upuna. Ha BcTaBke mpencraBieH
IIEKTPOXUMHUIECKUH OTKIUK Kucinopoaa B JJMCO npu oTcyT-

CTBHU TTOpuprHa

Degassed solutions CV response (Fig. 2 a, b,
curve 2) shows low-intensive wide irreversible oxida-
tion peaks at the potentials more than +0.12 V for the
porphyrin ligand and +0.17 V for the metal complex
and irreversible reduction peaks with half-wave po-
tential of -1.03 for H,T(4OHPh)P) and -1.35 V for
ZnT (40HPh)P. The irreversibility of the electro-
chemical peaks of porphyrins associated with the in-
tramolecular electron transfer following the oxidation
or reduction processes [34, 35]. The CV shape is
slightly varied from cycle to cycle for the degassed
solutions. Oxygenated solutions of porphyrins CV
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Fig. 3. AFM images of polyporphyrin films (H2T(4OHPh)P (a),
ZnT(40HPh)P (c)) and histograms of heights (inset) of
H2T(40HPh)P (b) and ZnT(4OHPh)P (d)
Puc. 3. ACM-uzo0paxenus mieHok noju-H2T(4OHPh)P (a),
nonu- ZnT(4OHPh)P (C) 1 rucTorpaMMBl BBICOT IJIEHOK MOJTH-
H2T(40HPh)P(b), mosu- ZnT(40HPh)P (d)
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response (Fig. 2 a, b, curve 3) shows intense irre-
versible peak of oxygen electroreduction at potentials
more negative than -0.5 V. In the absence of porphy-
rins the electroreduction of oxygen in DMSO is quasi
reversible (inset in Fig. 2a) and leads to superoxide
anion radicals formation through the one-electron
mechanism: (O27): O + e — Oz [36-39]. At the
porphyrins presence the electroreduction of oxygen
turn to irreversibility due to an effective interaction of
superoxide with porphyrins [40-43]. Additionally CV
shape of oxygenated porphyrins solutions is signifi-
cantly changed from cycle to cycle. The gradual
change in CV curves was accompanied with the pol-
yporphyrin film formation on the surface of the work-
ing electrode. The resulting film has a golden color
and is insoluble in water, alcohol, dichloromethane.

According to AFM images the obtained poly-
H,T(40HPh)P and poly ZnT(4OHPh)P films has dif-
ferent morphology (Fig. 3). In the case of poly-
H,T(40HPh)P (Fig. 3a) there are micro-scratches,
typical for polished Pt electrode that indicates a small
thickness of the film. The observed growth steps and
a histogram of heights with two maximums (Fig. 3b)
let us to conclude layered structure of poly-
H>T(40HPh)P film. Unlike poly-ZnT(4OHPh)P films
the structure of the particles forming the poly-H,T
(40HPN)P films can not be discern at Solver-47- Pro
resolution. ZnT(40OHPh)P surface (Fig. 3c) is formed
of round globules with a lateral size of 40-100 nm.
The globular structure of the film leads to a heights
histogram with a single maximum (Fig. 3d). The sub-
strate microroughnesses can not be seen on the AFM
image, due to the large thickness of the films.

EIS study of polyporphyrin films formation
was performed in aerated solutions for the stationary
potential of the working electrode. The deposition
potential had been determined by a preliminary exper-
iment. For this purpose obtained at different poten-
tials of the working electrode EIS data were modeled
by Randles-Ershler scheme (Fig. 4) [44]. The calcu-
lated polarization resistance values reached a mini-
mum at potential about +0.95 V for H,T(4OHPh)P
and about +0.8 V for ZnT(40HPh)P vs Pt quasirefer-
ence electrode. These potentials were used at study-
ing of the films formation kinetics via impedance
monitoring during the process (Fig. 4) [45].

It is clear to see the difference in Nyquist
plots of HoT(40HPh)P and ZnT(4OHPh)P during the
whole experiment. In case of H,T(4OHPh)P the
Nyquist plots generally are elements of the circle, that
allows to suggest a minor contribution of diffusion
limitations in the electrode process. In case of
ZnT(40HPh)P elements of the circles come to a slop
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lines at frequencies ~1.5 Hz which indicates mixed
kinetic-diffusion control. Comparison of process pa-
rameters was carried out using Randles-Ershler
equivalent circuit. Equivalent circuit included re-
sistance of the solution Rs, the polarization resistance
Rp, Warburg element W and an element of constant
phase Q (Fig. 4). Elements W and Q are elements
with distributed parameters and are determined by
several characteristics.

o (1)
A-(io)

where A — independent of frequency pre-exponential
factor; n — index extent determined with the nature of
the frequency dependence (1 < n < -1) i — imaginary
unit; @ = 2xf — circular frequency. Element Q is ca-
pacitive type for n close to 1 and one is diffusion type
for nclose ton 0,5.

Element Q: Q=

W, - tanh(iBw)P

R_—p, (2)
(iBw)

where Wgr — diffusion mass transfer resistance; B —

characteristic time of diffusion transfer; p — the dimen-
sionless exponent which can take values from 0 to 1.

Warburg element: W =
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20000 30000 40000

Z', Om
Fig. 4. Nyquist plots changing for H.T(4OHPh)P (*) and
ZnT(40HPh)P (o) films deposition. The time points are 10, 20,
30, 40, 50 and 60 min, the arrows 1- (H2T(4OHPh)P) and 2-
(ZnT(40HPN)P) show the directions of plots displacement over time
Puc. 4. V3menenne nuarpammel HaiikBucra npu ocaxIeHUH IU1e-
Hok H2T(40HPh)P (o, 1), ZnT(40HPh)P (¢, 2). MomeHTHI Bpe-
menn 10, 20, 30, 40, 50 u 60 mun. CTpenkamMu yKa3aHbl HAIPaB-
JICHHSI CMEILeHUsI ro1orpadoB ¢ TeYCHHEM BPEMEHH

0 10000

High precision of fitting of EIS data and
small quantity of statistical criterion y? (about 10%)
provides the accuracy of applied model.

The obtained at the fitting values n of the Q
element are in the range of 0.73 to 0.81 for
H,T(40HPh)P and ZnT(4OHPh)P. It points to the
capacitive type of interphase boundary and allows to
calculate the "true capacitance” (C) of the interface by
the ratio of (3) [46]:

C=(ARp)"R, (3)
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Results of fitting and calculations are present-
ed in Table.
Table 1
Model characteristics of impedance at different times of
deposition of H2T(4OHPh)P and ZnT(4OHPh)P films
on Pt electrode
Tabnuya. XapakTepuCcTUKH HMIIeJaHCa IIPU Pa3Iny-
HbIX BpemeHax ocaxaenust H:T(4OHPh)P u ZnT(4OHPh)P
Ha Pt 3sexTpone

Tr:ane A10°| n |R,, OMWr OM B,c | p |C, uF
H.T(40HPh)P)
5 | 2.62 | 08116973 ] 5079 | 553 | 0.38 | 1.28
10 | 2.82 | 0.80 | 18474 | 7493 | 7.68 | 0.34 | 1.32
15 | 2.74 | 0.80 | 19023 | 9743 | 11.11|0.32 | 1.28
20 | 2.75 | 0.79 | 21005 | 7412 | 5.13 | 0.40 | 1.28
30 | 252 | 0.78 | 25846 | 4758 | 3.38 | 0.54 | 1.17
40 | 2.24 | 0.78 31732 | 2426 | 2.71 | 0.68 | 1.06
50 | 2.05 | 0.78 |37231| 733 | 2.18 | 0.83 | 1.00
60 | 1.92 | 0.79 |41843| 324 | 2.56 | 0.91 | 0.97
ZnT(40HPh)P
5 | 2.65 | 0.78 | 12244 [63173]17.31[0.39 | 1.03
10 | 2.39 | 0.80 | 13155 | 82876 | 28.97 | 0.41 | 1.01
15 | 2.85 | 0.78 | 12418 | 68663 | 20.66 | 0.41 | 1.09
20 | 3.02 | 0.77 | 12039 | 67302 | 21.22 | 0.41 | 1.12
30 | 3.44 | 0.75 | 12214 | 58476 | 16.11 | 0.43 | 1.20
40 | 3.68 | 0.74 | 11821 | 56632 | 15.89 | 0.43 | 1.25
50 | 4.07 | 0.73 | 11663 | 53251 | 14.84 | 0.43 | 1.32
60 | 4.15 | 0.73 | 11128 | 51453 | 14.60 | 0.43 | 1.32

The data analysis shows a slight effect of dif-
fusion on the electrode process (WR << Rp) for
H,T(40OHPh)P. It leads to low accuracy of the calculated
diffusion characteristics in the case of H,T(4OHPh)P
and does not allow us to compare the diffusion behav-
ior of H,T(40HPh)P and ZnT(40HPh)P.

Parameter R, characterizes the rate of electron
transfer at interface and it was close for both studied
porphyrins for the initial time. There are no signifi-
cant changes in this parameter over time for
ZnT(40HPh)P. Since the formation of the poly-
ZnT(40HPh)P film in the experiment is confirmed, it
means a high probability of charge transfer through
the deposited layer and sufficient conductivity of the
film forming. In contrast to poly-ZnT(40HPh)P film
formation the Rp parameter increases by 2.5 times
during the experiment for H,T(4OHPh)P. This change
in polarization resistance clearly points to the pas-
sivation of the working electrode surface as a result of
the formation of the poly-H,T(40OHPh)P surface film.
Apparently, the surface passivation is a reason of
thinness of HoT(4OHPh)P film that could be seen at
AFM (Fig. 3).

The “true capacitance” value extrapolates the
interface properties to the ideal plane capacitor prop-
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erties. Parameter C depends on the plate area (area of
contact between the phases varied due to changing in
the morphology of the surface layer) and distance be-
tween opposite charges (the distribution of charges in
the interfacial layer). According to Table in the case
of poly-H,T(4OHPh)P film formation “true capaci-
tance” is close to a constant value during the 20 min,
then decreases. In the case of poly- ZnT(4OHPh)P
film formation “true capacitance” is constant initially,
close to a constant value during the 10 min, then in-
creases. The set of parameters changes over time in-
dicates film formation staging for the both porphy-
rins. The decreasing in "true capacitance” in the case
H.T(40HPh)P may be explained by poorly conduct-
ing surface film forming which increases the distance
between free charges in interfacial double layer. The
capacity increasing in the case ZnT(4O0HPh)P indi-
cates an increasing in the specific electrode surface
area during the film formation. Thus, in the case of
poly-ZnT(4OHPh)P film growth the “true capaci-
tance” values indicate extended surface of interfacial
boundary forming. The parameter n can be interpreted
in term of fractal dimension of electrode surface [47,
48]. Decreasing in n during the film deposition indi-
cates fractal dimension increasing and formation of a
more extended surface also.

CONCLUSION

We have shown the ability of obtain the elec-
trochemically deposited poly-hydroxyphenylporphy-
rin films in DMSO media. On the one hand, the in-
creasing in solvents number allows improving the vari-
ability of electrochemical method. On the other hand,
DMSO solution has low toxicity that leads to safe prac-
tice of films deposition. Films were formed via activat-
ed by dissolved oxygen electrochemical oxidation of
5,10,15,20-tetrakis(4-hydroxyphenyl)-porphyrin and its
Zn complex. The influence of metal atom in the mac-
rocycle cage on deposition kinetics and properties of
the resulting film was demonstrated. It was found in
the case of H,T(4OHPh)P the electrode surface is pas-
sivated while film formation that leads to small thick-
ness and a layered structure. At the electrochemical
deposition of polymer films ZnT(4OHPh)P the surface
is not passivated and it allows to obtain sufficiently
thick films with a globular structure.
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SOME THERMODYNAMIC CHARACTERISTICS OF «THIOMEBICAR»
(2,4,6,8-TETRAMETHYLDITHIOGLYCOLURIL)

Using the differential scanning calorimetry and mass spectrometry (in combination with a
Knudsen effusion method), the enthalpies of fusion and sublimation for the promising bioactive
preparation «thiomebicar» (2,4,6,8-tetramethyldithioglycoluril) have been estimated. A compara-
tive analysis of the obtained data with those for the well-known pharmatseutical «mebicar»
(2,4,6,8-tetramethylglycoluril), being a full carbonyl-substituted analogue possessing the pro-
nounced tranquilizing effect, has been carried.

Key words: 2,4,6,8-tetramethyldithioglycoluril, melting point, fusion heat, sublimation standard enthalpy

INTRODUCTION

The heterocyclic molecules of a general for-
mula (CH)2[(NR).CX]. where R = H or Alk and X =
O or S, consisting of two close-to-planar five-
membered rings and HC—CH-bridging (glyoxalic)
moiety, are known as N-alkyl-substituted glycoluril or
thioglycoluril derivatives [1-3]. Among them, N-tetra-
substituted compounds are considered to be the most
active [4, 5]. They have found plenty of useful appli-
cations including the design and preparation of phar-
maceuticals. Let us say, the commercial drug mebicar
(adaptol) based on 2,4,6,8-tetramethylglycoluril is
well-known daytime tranquilizer [6, 7]. The proper-
ties of N-tetramethylated dithioglycoluril or thiome-
bicar (see in Figs. 1a,b) are still poorly studied alt-
hough this compound seems not less interesting with
scientific and applied viewpoints.

H,C
313 CHj
\ H /14
N
8\&/2\
1

Fig. 1. Molecular structures of the thiomebicar (a) and mebicar
(b): a projection, being parallel to the bicycle plane)

Puc. 1. CtpykTypsl MoJiekyn THOMeOuKapa (a) u mebukapa (b):
BUJI IPOEKLIUH, TapaUIEIbHON MIO0CKOCTH OMILIMKIIA)

There are evidences that the substitution of
carbonyl oxygen by sulphur in bioactive compounds
leads often to increasing their activity (e.g., pharma-
ceutical piracetam is less psychotropically active than
its thioanalog [8]). In accordance with the data de-
rived using the program of “Prediction of Activity
Spectra for Substances” (PASS) [9], the probability to
detect the pharmacological activity for thiomebicar is
also very high: P, = 0.80 — 0.95. Meanwhile, the lack
of reliable data on its thermodynamic properties in
both the crystalline and dissolved state does not allow
identifying the interaction-related peculiarities of
pharmacophore centers (hydrophobic and donor-
accepting groups) of a molecule in question.

Seen in this light, we consider it would be in-
teresting to assess the influence of C=O — C=S sub-
stitution on some thermodynamic characteristics
(such as the molar enthalpies of sublimation, AsHr,
and fusion, ArsHrC, as well as melting point, tmp) of
N-tetramethylglycoluril, based on the previously de-
rived data for mebicar [10]. Immediately prior to dis-
cussing the obtained results, it should be noted also
that there are several names for the title compound. Its
agreed-upon (in the literature) name is 2,4,6,8-
tetramethyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-
dithione or tetramethylated bicyclic bisureas (bis-
tioureas) of the octane series (see Figs. 1a,b), while
the IUPAC naming is 1,3,4,6-tetramethyl-tetrahydro-
imidazo[4,5-d]imidazole-2,5(1H,3H)-dithione [2, 3,
11]. Hence, further for simplicity, we will stick with a
trivial (commercial) name of each of the compounds
being compared.

EXPERIMENTAL

The tiomebicar or mebicar-S, sample
(CsH14N4S2; molar mass: 230.3589 g-mol*) was syn-
thesized in the Laboratory of nitrogen-containing
compounds of N.D. Zelinsky Institute of Organic
Chemistry of the RAS (Moscow) according to the
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procedure [2]: by way of reaction of mebicar with a
Lawesson’s reagent under the influence of heating
and stirring. The product yield was not less than 70%.
The synthesized sample was recrystallized from abso-
lute ethanol (Fluka puriss, mass fraction purity >
0.998) with further drying for 24 h under reduced
(down to ~ 10 Pa) pressure at t = 70 °C to constant
mass. The sample purity, being checked using a
HPLC method, was 99.5 mol %, with the residual
water content (according to a Karl-Fischer titration
method) about of 0.007 wt. %. Additionally, the *H
NMR spectrum of thiomebicar was measured for the
first time on a Bruker AM 300 MHz (as well as 75
MHz) spectrometer in DMSO-ds at T = 300 K. Being
derived by such way, the chemical shifts (J/ppm)
were: 3.23 (s, 12 H, 4 Me), 5.69 (s, 2 H, CH-CH) {as
well as 33.96 (Me), 77.80 (CH—CH), 181.99 (C=S),
respectively}.

The determination of sublimation enthalpy
was carried out by a Knudsen’s effusion method with
mass-spectrometric control of vapor phase. Magnetic
mass spectrometer MI 1201 (“SELMI”, Ukraine)
adapted for effusion experiments in the temperature
range from 273 K to 1500 K was used for this pur-
pose. A detailed description of the apparatus as well
as experimental procedure has been reported previ-
ously [12]. Here we will only note that the resolution
of the instrument allowed the determination of the
mass number for ions with an accuracy of £2 amu
within a range of (2 to 850) amu at accelerating volt-
age of 5 kV. Herewith a sample of (50 to 100) mg
was evaporated from a molybdenum cylindrical effu-
sion cell with the ratio of “vaporization surface square
to effusion orifice square” being equal to ~1000.
Choosing the optimal temperature range for mass-
spectroscopic measurements was performed proceed-
ing from thermal analysis of the thiomebicar specimen
by means of a multipurpose differential scanning calo-
rimeter DSC 204 F1 “Phoenix” (Netzsch-Gerétebau
GmbH, Germany). Data on AgsHn’ and tmp. derived
from heating curves in the melting region were esti-
mated (for both the title compound and mebicar) with
the expanded uncertainty of £0.5 kJ-mol™ and £0.5°C,
respectively (at a 95% level of confidence).

RESULTS AND DISCUSSION

The thermal measurements showed that the
fusion of thiomebicar sample occurs in a very narrow
temperature range, being (236.9 to 243.4) °C without
the decomposition process, at tmp. = 240.15 °C. By
processing (integrating) of DSC melting curve, the val-
ue of AnsHr® = 23.6 kJ-mol™? for thiomebicar has been
derived. In the case of mebicar, the considered quanti-
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ties were estimated to be 228.15 °C and 19.1 kJ-mol?,
respectively. That is, on going from N-tetraalkyl-
substituted glycoluril to its thioanalog, there is a ten-
dency to increase in heat of fusion (by ~4.5 kJ-mol?)
at insignificantly growing temperature of the given
process. This fact may be connected with a greater
thermal stability of the crystal structure of the latter,
probably, due to the formation of stronger bonds in
the molecular packing. It is worth noticing that the
C-H---O(S)-contacts play a great role in the for-
mation of both crystal kinds [4, 11]. According to the
inferences presented in [13], in spite of the common
view that S---H bonds are weaker than O---H bonds,
the total interaction energies are likely the same in the
region of carbonyl and thyonil groups. The point is
that, in contrast to ureas, the thiourea’s C—N bond is
enhanced, while the polarity of C—S bond increases.
However, in the case of comparison of bicyclic bi-
sureas with bisthioureas the configuration factor is
crucial. Due to rigidity of the heterocyclic core and
annelated cis-fusion of five-membered rings, the
mebicar and thiomebicar molecules adopt a confor-
mation of a “half-open book” [4, 10, 14] (Fig. 1b).
One can assume that the structure packing of thiome-
bicar is more “suited” for intermolecular contacts in-
cluding H-bonding.

4 T T T T T T T T
23 2.4 2.5 2.6 2.7

1000/7, K!

Fig. 2. The In (IT) against 1/T for thiomebicar
Puc. 2. 3aBucumocts In (IT) or 1/T mst TvomeOukapa

From this viewpoint, the AquHn? quantity is
more sensitive to the energy state of heterocyclic
structures being compared. As follows from Fig. 2,
the In(IT) — 1/T function (where | is the measured ion
currents for each species and T is temperature of the
Knudsen cell) for thioglycoluril is quite well approx-
imated by straight line. The ionic fragments were
found to have the temperature coefficients of sublima-
tion being identical with parent ion. No hysteresis in
the ion intensity for trends of increasing and decreas-
ing temperature was observed. This circumstance
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proves that thermodynamic equilibrium was estab-
lished in the effusion cell.

The AsiHn’(T) values were derived from the
linear slope: B = AsuHa(T)/R (see Fig. 2). The analy-
sis carried out using the modified Kirchhoff’s equa-
tion [12] showed that the value of AswHn’(298.15 K)
= (116.3 = 2.1) kJ-mol? for the title compound virtu-
ally (within an error limit) does not differ from the
mean-weighted value of sublimation enthalpy in the
temperature range studied. Previously [10], the value
of AswpHn(298.15 K) = (108.6 + 2.8) kJ-mol? for
mebicar was derived in the same way. The data ob-
tained are confirmed that the C=0 — C=S substitu-
tion in the molecules of N-tetramethylglycoluril leads
to strengthening of its crystalline structure. Herewith,
despite the slight difference in AswH:’ (being by 7%
only), there is a phenomenally sharp decrease (almost
four orders of magnitude!) in solubility of a heterocy-
cle in water on going from mebicar to thiomebicar.
Suffice it to say that if the solubility of the former
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attains ca. 5 mol-(kg solvent)?, the latter is virtually
insoluble in aqueous media. Such an unusual situation
did not observe previously at studying the dissolution
of open-chain or monocyclic urea derivatives and
their thioanalogues. This circumstance requires fur-
ther investigation.
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TBEPJO®A3HBII CUHTE3 ®EPPUTA KAJILIUS CO CTPYKTYPOM BPAYHMWLJIEPUTA

B pabome ¢ nomowpio memoooe penmzenohazo6o20, peHmM2eHOCMPYKMYPHO20 U CUH-
XPOHHO020 MEPMUUECKO20 AHANU3A, A MAKHCE CKAHUPYIOWell ITNEKMPOHHOI MUKPOCKORUW Uccile-
006an npouecc noayueHus eppuma Kanvyusa uz okcanama xncenesa(ll) u zudpoxkcuda Kanvyus
npu ux meepoopaznom ezaumooeiicmeuu. Pezynomamul penmzenohpazo6ozo ananuza oopasua,
nooeepzHymozo mepmudeckoii oopabomke npu 750 °C 6 meuenue 3 u, ceudemenbcmeyrom oo
oopazoeanuu 00nohaznozo peppuma Kanvyus co cmpyKkmypoit opaynmuiiepuma. Ananu3 Kpu-
evix DTA, ykasvieaem Ha mo, 4umo npoyeccyl KPUCMANIUZAYUY BPOOOTIHCAIOMCA 00 memnepa-
mypot >1000 °C. Pacuem cybcmpykmyphoix napamempos nonyuennozo Ca:Fe:Os nokasvieaem,
umo eenuuuna pasmepa oénacmu Kozepenmmnozo pacceanus pasna 198 A, a cymmapnoe uucno
Mmuxpodegpopmayuii cocmaensem 0,8%. Ilnowads nosepxnocmu odpasua ne npeeviuiaem 5 m/z.

KiroueBble ciioBa: GpeppuT Kanblus, TBEpAO(PA3HbBIA CHHTE3, YCIOBHS OTYIECHHS
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SOLID-PHASE SYNTHESIS OF CALCIUM FERRITE WITH BROWNMILLERITE STRUCTURE

The process of calcium ferrite preparing from ferrum (11) oxalate and calcium hydroxide
by solid-phase interaction was studied using data of X-ray diffraction, X-ray phase analysis, sim-
ultaneous thermal analysis, and scanning electron microscopy. X-ray phase analysis results of a
sample subjected to heat treatment at 750 °C for 3 h, show formation of single-phase brownmil-
lerite structure of calcium ferrite Ca,Fe;Os. Analysis of the DTA shows that crystallization pro-
cess continues up fo 1000 °C. Calculation of substructure parameters of Ca>Fe.Os shows that the
area of coherent X-ray scattering is 198 A, total amount of microstrains is 0.8 %. The specific
surface area of the sample is not more 5 m%g.

Key words: calcium ferrite, solid phase synthesis, brownmillerite structure

Calcium ferrite possesses catalytic properties
in a number of different reactions and can be used as
analogue of precious metals containing catalyst [1, 2].
In [3, 4] it was proposed to use massive catalyst con-
taining calcium and copper ferrites for carrying out a
carbon monoxide conversion to hydrogen by steam,
and properties of the catalyst was not inferior to tradi-
tional Fe-Cr oxide catalysts. The article [5] estab-
lished the correlation between the maximum density
of interfacial and the grain boundaries, the presence of
weakly bounded oxygen and the specific catalytic ac-
tivity of the samples in the reaction of CO oxidation.
The authors of [6] examined the possibility of neutrali-
zation of gas emissions containing nitrogen oxide (1)
on different crystal structures of ferrite catalysts.

Analysis of published data on the manufac-
ture of calcium ferrite shows that there are different
methods: precipitation from solution, the sol-gel, ce-
ramic, mechanochemical and others [2, 5, 7-9]. It is
known that producing method has a significant effect
on the properties of the finished product. For exam-
ple, specific surface area, content of acid-base centers
and porosity have influence on the catalytic proper-
ties. Thus, to obtain materials with predetermined
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properties, it is necessary to establish the correlation
between the preparing conditions and catalyst’s phys-
ico-chemical characteristics.

EXPERIMENTAL

Ferrum oxalate FeC»042H,O and calcium
hydroxide Ca(OH), were used for solid phase synthe-
sis of calcium ferrite CazFezOs.

X-ray phase analysis (XRD) was performed on
a diffractometer DRON-3M using Cu Ka radiation.

Substructure parameters were determined us-
ing Harmonic analysis of form the X-ray line (GIRL).

Thermogravimetric analysis (TG) and Differ-
ential thermal analysis (DTA) were performed using
simultaneous thermal analysis instrument STA 449
F3 Jupiter at a heating rate of 5 °C-min™.

Microscopic images were obtained with a scan-
ning electron microscope (SEM) VEGA 3 TESCAN.

The specific surface area was determined by
the BET method using Sorbi-MS.

RESULTS AND ITS DISCUSSION

Figure 1 shows the results of simultaneous
thermal analysis of a mixture of ferrum oxalate and
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calcium hydroxide in stoichiometric ratio to form cal-
cium ferrite.
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Fig. 1. Simultaneous thermal analysis of FeC204-2H20 and
Ca(OH)2 mixture: 1-TG; 2- DTA
Puc. 1. Pe3ynbTaTsl CHHXpOHHOTO TepMHYecKoro anammsa 1-TG,
2-DTA

SEM HV: 5.0 kV
View field: 6.28 ym

WD: 8.15 mm
Det: SE

Fig. 2. The SEM images of CazFe20s
Puc. 2. COM usob6paxenus CazFe20s

Calcination process
6 thermal effects (Fig.1):

| — endothermic heat effect at 130-200 °C —
removal of adsorbed air and crystallization water;

is accompanied by
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Il — exothermic heat effect at 200-285 °C —
carbon monoxide oxidation, which is formed by the
decomposition of ferrum oxalate;

I11 — exothermic heat effect at 360-380 °C can
be caused by polymorphic transition of y-Fe;Os
formed according to reaction (1) into a-Fe;Os;

t, 0.50
2FeC204-2H,0 ——— y-Fe,05 + 2CO +
+2C0O; + 4H,0 (1)

IV — endothermic heat effect at 380-410 °C -
calcium hydroxide decomposition.

V — endothermic heat effect at 650-680 °C-
calcium carbonate decomposition (which is due to
calcium hydroxide carbonization during mechanical
mixing of the initial reagents);

VI — exothermic heat effect is greatly extend-
ed and shows CazFe,Os crystallization.

X-ray analysis of the sample calcined at 750
°C shows that the structure is one-phase. A set of re-
flections on the X-ray pattern corresponds to the
brownmillerite structure of the calcium ferrite.

SEM images (Fig. 2) shows that it consists of
spherical particles 0,1-0,2 size of microns, which
form conglomerates of larger size (2-10 pum).

Table shows the conditions of the reaction
and CazFe,Os characteristics.

Table.
Reaction conditions and CazFe2Os characteristics
Tabnuua. Y cJ10BUA NOJYYeHUS U XapaKTepPUCTUKH

CazFe20s
& oo v “ &
= |25 | 25| 32|35 5 .S
> (28 & | cE|ERSES
= sSsY = e S8 4558
= S D5| S g | Eg|53 02 38°
< Eg' ® £ 8% £>E|_EG
55 | 8555587 s¢
CayFes0s | 750 3 5 198 0,8
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BJIUSTHUE CTPOEHUS MOJIEKYJI BBICOKOOKTAHOBBIX KOMIIOHEHTOB BEEH3UHOB
U AHTHOKHWCJIMTEJBHBIX ITIPUCAJIOK K TOIIIMBAM HA DY®®EKTUBHOCTH
UX JJEMCTBUA

C ucnonv3osanuem K6AHMOBO-XUMUYECKUX PDACUEMO8 8bICOKO20 YPOGHA MEOPUU Memo-
oom B3LYP/6-31+G(d,p) ¢ pacmeopumene usyueno zeomempuueckoe, IneKmpoHHoOe CHPOeHUE
8bICOKOOKMAHOBHIX KOMNOHEHMO08 (uzonapaghunos u 3pupos) u aHMUOKUCIUMETbHBIX NPUCA-
0ok. Ilposedena ouenka ux peakyuoHHOil CHOCOOHOCMU HA OCHOGE AHANU3A ONIUH céA3ell, 6a-
JICHMHBIX U OUIOPANBHBIX Y2108, 3aPA006, IHEPLUU ZPAHUUHBIX MOJIEKYIAPHBIX OpOumaneil.
Ilposedeno conocmasnenue cmpyKkmypHoix napamempos u 3gpgexmusnocmu oelicmeun uccie-
dyemulx coeduHenuil ¢ monaueax. /Ina pacuemoe 0vliu 6b10PAHBl 8 KAYECHEE 8bICOKOOKMAHO-
6bIX KOMNOHEHmMO08 0eH3UHO06 u3zonapagunsl (Heozekcan, u300Kman, mpunman) u Ipupvl (me-
mun-mpem-oymunosslil ahup, Imua-mpem-oymunosstil Ihup, memua-mpem-amunosestii IQup,
Imun-mpem-amunoguoiii I¢pup). Iloxazano, umo uzmenenus 2eoOMemMpuecKozo u I1eKMpPoOHHOZ0
CHMPOEHUA U30NapagyuHoe u IPupoe: ymenvuieHUE HEKOMOPLIX 6ATEHMHBIX Y2108 U yeeaudeHue
OnuHwl ceasell 013 uzonaphunos (npu yeeauuenuu 0emoHAUUOHHOU CHOUKOCHU COeOUHEeHU),
a maksice ymenovuieHue OUHbL C6A3U, Yeeudenue 3apaoa 011 Igupos (npu yeenuueHuu oemo-
HAYUOHHOU CMOUKOCMU COCOUHEHUS) CEUOECMETbCMEYION 0 CHUIICCHUU PEAKUWUOHHOU CROCOD-
Hocmu coeounenus. Ilpu 3mom y coedunenuil ¢ NOHUNCEHHBIMU HOKA3AMENAMU PEAKYUOHHOU
CHOCOOHOCIMU HAONI00AemCcA NOGblUIeHUE OeMOHAUUOHHOU cmolikocmu. Hnmencugurkayusn
npouecca OKUcCieHusA y2ineeo00p0008 KUC10po0oM RPOUCXOOUNL C Y8eludeHUeM MeMnepamypsl u
0asieHusn ¢ Kamepe c2Opanus, 0emoHAyUs RPOUCXOOUm 00 NPEONIAMEHHO20 C2OPAHUA MONIU-
eéa. Paccmompennvie uzonapagunot u 3¢pupel A61:110MCcA 8bICOKOOKMAHOBLIMU KOMHOHEHMAMU
mMonnuea, a nPpuU CHUMNCEHUU PEeAKUUOHHOU CROCOOHOCU HeobdXo0uma 0o/ee 8vicoKas memne-
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pamypa 0nsa unmencugukayuu npoyecca oxucaenus. Ilokazano, umo oannwlii memoo uccieoo-
6AHUA MOJIEKY]l U3ONAPAPUHO08 U IPupos 0na ouenku IPpgekmuenocmu delicmeus ¢ Kauecmee
8bICOKOOKMAHO8bIX KOMNOHEHM 08 He 0aem 00HO3HAYHO20 Omeema, Xoms 00 1bWUHCHEO0 hapa-
Mempos yKazvléaem, Ymo ¢ yMeHbuleHueM PeaKyuoHHOl CHOCOOHOCIU MOJIeK)Jlbl 803pacmaem
OKMano6oe 4Yucio coeounenusn. /[nsa pacuemoe 6 Kauecmee AHMUOKUCTUMETbHBIX NPUCAOOK
oviiu evlopansvl: 2,6-oumpem-oymun-4-memungpenon (uonon), 2,2'-memunen-ouc-(4-memun-6-
mpemoymungpenon) (HI-2246), 4-(N,N-oumemunamunomemunen)-2,6-oumpemoymunghernon
(OMH), N-(2-asmunzexcun)-N’-gpenun-1,4-gpenunenouamuna (C-789). Ilpu paccmompenuu na-
pamempos 2eomempuieckozo u I1eKMpPOHHOZ0 CHPOEHUs AHMUOKUCTIUMENbHBIX NPUCAOOK 6bl-
A671en0, umo 01 uonona, HI-2246, OMHU eo3mootcen paspuie ceazeii C-H ¢ mpemoymunbnblx
ppazmenmax, kpome mozo ona HI-2246 eozmodrcen paspwié ewse u oononi O-H ceasu, eeposmuo
ImMo u onpeodensaem, Ymo OAHHOe coeOunenue donee IPPHexkmueno Kax anmuoKucaumensb, max
KaK 803MOJCHO Do1bUiee uucino oopvleoe yeneil okucaenus. /Ina coeounenus C-789 npocmpan-
CM8EeHHAA CMPYKMYpPA MOJIeKY/ibl Dojlee OMKPbIMA: yeeauteHbl Y2ibl U OJUHbL C6A3CH 6 AIKUITb-
HOIl yenu, ymeHvuieHbl 3apA0bl HA AMoMax 6000pooa. B cmamwve nokazano, umo 06 rhhexmues-
HOCmuU Oelicmeus cOeOUHeHUs 6 COOMBEMCIMEUU C MEXAHUIMOM PEeAKyUU 6 Kauecmee cmamuye-
CKUX C6OIICIE JIUUb UCXOOHBIX 8euleCme 0oee UH(OPMAMUGHO CONOCMAGNeHUEe RAPAMEMPOE
2e0MempuiecKozo u IIeKMPOHHOZ0 CIPOEHUSL MOJIEKY]l, MAKUX KAK OJIUHbL C6:A3U, 6A/ICHMHbLE U
ouIOpanbHble Y2iibl, 3aPA0blL AMOMOG.

KioueBble c10Ba: aHTHOKUCIUTENBHBIE IPUCAAKH, U30NapaduHbI, 3PUPHI, peaKIMOHHAsI CTIOCOOHOCTS,
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INFLUENCE OF MOLECULAR STRUCTURE OF HIGH OCTANE GASOLINE COMPONENTS

AND FUEL ANTIOXIDANT ADDITIVES ON EFFICIENCY OF THEIR ACTION

With the use of quantum-chemical calculations of the high-level theory by the method of
B3LYP/6-31+G(d,p) in a solvent the geometrical and electronic structure of high-octane compo-
nents (iso-paraffins and ethers), and anti-oxidant additives were studied. Their chemical reactivi-
ty was assessed based on the analysis of bond lengths, valent and dihedral angles, charges, energy
of frontier molecular orbitals. The comparison of the structural parameters and the effectiveness
of the tested compounds in fuels was carried out. Isoparaffins (neohexane, isooctane, triptane)

W3B. By30B. Xumus u xuM. texHosorus. 2016. T. 59. Beim. 12



N3B. By30B. XuMmus u xuM. TexHosorust. 2016. T. 59. Bem. 12

and ethers (methyl-tert-butyl ether, ethyl-tert-butyl ether, methyl-tert-amyl ether, ethyl-tert-amyl
ether) were selected as high octane components of gasoline. Changes in the geometric and elec-
tronic structure of isoparaffins and ethers are shown. Reducing some bond angles and increasing
in bond length for iso-paraffins (at increasing in detonation resistance of compound) and also
reducing the length of bond, charge increase for ethers (at increasing in detonation resistance of
compound) indicate a decline in compound reactivity. At the same time for compounds with lower
reactivity the increase in detonation resistance is observed. Intensification of hydrocarbons oxida-
tion process with oxygen occurs with an increase in a temperature and pressure in the combus-
tion chamber, detonation occurs before pre-ignition of fuel combustion. Considered above iso-
paraffins ethers are high-octane fuel components and at reducing the reactivity it is necessary to
use a higher temperature for oxidation process intensification. It is shown that this research
method of iso-paraffins and ethers molecules for assessment of the effectiveness of their action as
a high-octane components, does not give a clear answer. Although most of the parameters indi-
cate that the decrease in molecule reactivity results in the increase in octane number of the com-
pound. For the calculations 2,6-di-tert-butyl-4-methylphenol (ionol), 2,2'-methylene-bis-(4-
methyl-6-tretbutilfenol) (NG-2246), 4-(N, N-dimethylaminomethylene)-2,6-ditretbutilfenol (OMI),
N-(2-ethylhexyl) -N'-phenyl-1,4-phenylenediamine (C-789) were chosen as antioxidant additives.
At consideration of the parameters of geometric and electronic structure of the antioxidant addi-
tives it was revealed that for ionol, NG-2246, OMI the C-H bond breakage is possible in a tert-
butyl fragment. Beside that for the NG-2246 the breakage of additional C-H bond is possible as
well. Probably it defines that this compound is more effective as an antioxidant since more num-
bers of oxidation chain terminations become possible. For compound C-789 dimensional struc-
ture of the molecule is more open: increased angles and bond lengths in the alkyl chain, de-
creased charges on the hydrogen atoms. The article shows that instead of considering the effec-
tiveness of action of the compound according to the reaction mechanism only from static proper-
ties of the starting materials it is more informative to use comparison of the parameters of the ge-
ometric and electronic molecules structures, such as bond length, valent and dihedral angles,
atomic charges.

Key words: antioxidant additives, iso-paraffins, esters, reactivity, bond length, valent and dihedral an-
gles, atomic charges, motor fuel, antiknock ability

Cratnyeckne MHIIEKChI PEaKIIMOHHON CII0CO0-
HOCTH BO3HUKJIM KaK Pe3yJbTaT KEJIAHUS MPUITHCATH
J1000# MOJIEKyJIe anpUOPHYI0 UH(pOpMAaIHI0, HE00X0-
JUMYI0 Ui TOHUMaHUS peakuuil ¢ ee ydacTueM.
Haubonee pacrpocTpaneHHbIE HHAESKCHI PEaKIIMOHHON
CIIOCOOHOCTH JETIATCSI Ha JBE TPYIIILL: TIEPBBIE OMpe-
JIENSIOTCS. B IPUOMIDKEHUH PEearkpyroei MOJIESKYIIBI,
KOI'JIa YYUTHIBAIOT CBOMCTBA MEPEXOIHOTO COCTOSHHUS
XUMHYECKOH peakIny; BTOPHIE — B MPUOIMKCHUH U30-
JUPOBAHHONW MOJEKYJIBI C YY€TOM CTaTHYECKUX
CBOICTB JIMILIb UCXOJHBIX BEIIECTB WM MpeApeaKlu-
OHHOTO KOMIUIEKCA: CTPYKTYPHI U SHEPTHH TPAHUIHBIX
MOJIEKYJISIPHBIX OpOUTANICH, 3apsI0B, TIOPSIKOB CBS3CH
u T.1. llenpro Hamredt paboThl OBLIO ONpENEIUTH BO3-
MO>KHOCTb HCIIOJIb30BAHUSI PACUETHBIX METOAOB IS
OLIEHKH 3P PEKTUBHOCTHU JACUCTBHS MPUCAIOK B TOILIH-
BE [0 CTATUYECKUM CBOMCTBaM MOJEKyJ. bbuio ucce-
JIOBAaHO TEOMETPUYECKOE M JJIEKTPOHHOE CTPOCHHUE
BBICOKOOKTAHOBBIX KOMIIOHEHTOB M AHTHOKHCIHTE/Ib-
HBIX TIPUCAJI0K MOTOPHBIX TOILINB, OKTAHOBOE YHCIIO M

3¢ PEeKTUBHOCTL ASHCTBUS YK€ N3BECTHBI. PaHee Hamu
OBUTH TIPOBE/ICHBI HCCIICIOBAHUSI MOJIEKYJ JTMHEHHBIX
napaduHoB, m3onapaduHOB, PUPOB, a TAKKE AHTH-
OKHCIIUTENBHBIX TPUCATOK B ra3oBoil ¢aze [1, 2].
31ech MPECTaBlICHbl PAcueThl CTPOCHHUSI MOJIEKYT B
xuaKo (ase. PacTBopurenem npu pacuere B KUIKOH
(haze ObLT BHIOpAH TEHTAH, TaK KaK PacCMaTPHUBAIOTCS
KOMITOHEHTBI ¥ IPUCAIKH TOILIHB.

METOABI UCCJIEJOBAHUA

Metongom B3LYP/6-31+G(d,p) nposomuiics
pacueT TeoMeTPUYECKOro M 3JIEKTPOHHOIO CTPOCHHMS
MOJIEKYJT BBICOKOOKTAHOBBIX KOMIIOHEHTOB M aHTH-
OKHCIUTENBHBIX TPUCaOK BBIOOp MMEHHO 3TOrO Me-
TOJa ¥ BaJIEHTHO-PACHICINIEHHOTO 6a3ucHOTO Habopa
00YCIJIOBJIEH XOPOILIEH CXOAMMOCTBIO MEXKIY PE3YJlb-
TaTaMu PEHTTEHOCTPYKTYPHBIX UCCIIEIOBAHUI METHII-
mpem-0yTunoBoro >dupa, 2,2-1uMeTHIIOyTaHa, 2,6-
m-mpem-0yTiin-4-metundenona u N-(2-3THIrekcun)-
N’-¢penmn-1,4-peHnneninaMuaa W BBIIOJHEHHOTO
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KBaHTOBO-XMMHMYECKOI0 pPacueTa JaHHBIX COEJUHE-
HUI B rasoBoi (dasze [3]. [nsa yduera pacTBOpHTENS
WCTIONB30BANIaCh KOHTHHYyalbHas monens PCM. Bce

Ppacye€Thl BBIIOJHEHBI C UCIIOJIE30BAHUEM IIPOTrpaMMBI
GAMESS [4, 5].

OBBEKTHI UCCIIEJOBAHNS

Beimn paccunTaHBl TEOMETPUYECKHE M AIICKTPOHHEIE
mapaMeTpsl MOJIEKYJ CIEeIYIOMNX H30MapaduHOB:
2,2-nuMeTunOyTan (Heorekcan), 2,2,4-tpume-
THINEHTaH (M300KTaH), 2,2,3-TpUMETWIOyTaH (TpuI-
TaH); 3(GUpoB: MeTHI-mpem-0yTrnoBelii 3¢up (MTBD),
stun-mpem-0ytunoseid 3¢up (3TBI), metun-mpem-
amMmioBslid 3pup (MTAD), sTuiI-mpem-aMUIOBBIN
spup (OTAD) (puc. 1); aHTHOKHCITUTENHHBIX IIpPUCA-
IOK: 2,6-mu-mpem-0ytun-4-metundeHon (voHon), 2,2'-
MeTueH-0rc-(4-meTnn-6-mpem-6ytundenon) (HI'-2246),
4-(N,N-1umeTHIaMHHOMETHIIECH )-2,6-1u-mpem-0y THit-
¢benon (OMU), N-(2-3tmnrekcnn)-N’-penunn-1,4-¢e-
nwieHauamuna (C-789) (puc. 2).

CpenHue AuHbI CBSI3€H B MOJIEKYJIaX HEOreK-
CaHa M M300KTaHA HECKOJBKO OTJIMYAIOTCS, HO WX
pa3nuyus MUHUMAJIbHBI, OTKJIOHEHHS JUIMH CBS3H,
BAJICHTHBIX U IUAJIPATBHBIX YTJIOB HAXOJISATCS B Ipe-
Jleax OMMOKY pacyeTHOro Merosna. TakuM oOpazom,
MOKHO CKa3aTh, YTO I0OABICHHWE IBYX METHIBHBIX
rpynit K Ci1 BBI3BIBAET MHHUMAIIbHBIE H3MEHEHHS
yraepoaHoro ckeneta (tadm. 1). Ilpu paccmorpenun
CTPOCHHUSI MOJICKYJI HEOTeKCaHa WM TpUIITaHa CyIle-
CTBYIOT OoJiee 3aMETHBIE OTIIMYHS, IPOUCXOANUT yBe-
nmuaenue e cBsizer Coi).Ca u Ca-Cio11), U YMEHB-
marotcst BasieHTHbIe yTiibl £C1CaCio u £CaC1oCos.

Bbin paccunTaHbl 3HAUCHHUS 3apsI0B aTOMOB
no MaiiukeHy B paMKax BBIIIEYKa3aHHOTO METOZa
(Tabn. 2). OTpumarenbHBIN 3apsll COCPEIOTOUYCH Ha
KpaitHux atomax yraepona Ci, Cz, Cs u pasen -0,34,
n Ha Ci1,1213) paBHbIi -0,36. Ha neHTpasnbHEIX aToMax
Cs u Cyo cocpenoToueH HEBbICOKUH 3apsa. KapTel

2 \\\3
g 6
\1/4\ o /\ 7
5
2a

Puc. 1. BbICOKOOKTaHOBBIE KOMIIOHEHTBI OEH3HHA: 5 — HEOTEKCaH;
6 — n3oo0kTaH; 7 — TpUNTaH, 1 — MeTHI-Mpem-0yTUIIOBBIH 3up,

2 - 3THI-mpem-OyTHIIOBBII 3¢up, 1a - MeTHT-mpem-aMunoBbId YHHp,
2a - STUIT-Mpem-aMITIoBBIiA 3¢up (1mdpamu 0603HauEHBI HOMepa
aTOMOB, TIPUHATHIE TIPH PacyeTax il yI0OCTBa ONMCAHUS CTPYKTYPBI)
Fig. 1. High-octane gasoline components: 5 - neohexane; 6 - iso-
octane; 7 - triptane, 1 — methyl-tert-butyl ether, 2 — ethyl-tert-
butyl ether, 1a — methyl-tert-amyl ether, 2a — ethyl-tert-amyl ether
(numerals indicate the number of atoms, taken at the calculations
for convenience of structures description)

Taonuua 1

TeoMeTpHUEcKHe TAPaMeTPhl MOJIEKY.I H30NapadguHOB (PACCTOSHUSA B A, yIJIbI B Ipaj.) B IPHOIHKEHHH
B3LYP/6-31+G(d,p)
Table 1. Geometrical parameters of isoparaffins molecules (distances in A, angles in degrees) in approximation
of B3LYP/6-31+G(d,p)

COG}II/IHGHI/I6| r(Ci23—Cs) | r(C4—Cio,11) | r(Cio—Cua) | r(Cui—Cioas) | 4C1C4C10| ZC4C10C11 | ZC1C4C10Cu1
n3omnapaguHsl
HEOreKCaH 1,542 1,552 1,534 - 110,8 117,0 -179,9
H300KTaH 1,542 1,555 1,552 1,538 112,0 118,1 175,5
TPHIITAH 1,544 1,570 - 1,540 109,9 1141 -
3¢upsI

M(Ciey=Ca) | 1(Cs=O0s) | r(0s—Cs) r(Ce—Cr) | £CiC4Os | £Cs0sCs | £CiCs0sCs
MTED 1,537 1,454 1,411 - 116,8 118,7 -179,5
ITHFD 1,538 1,442 1,421 1,521 1115 118,8 -180,0
MTAD 1,544 1,444 1,415 - 101,8 118,5 -177,6
OTAE 1,547 1,448 1,422 1,530 102,0 118,6 -152,9
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pacripenencHus 3apsAfoB JUIs coeluHeHWd 5 u 6
OUYCHb CXOXH, T.C. TIPU MEPEX0/ie OT COSTUHECHUS 7 K
COCJIMHEHHIO 6 (YATUHEHHUH YTJICPOTHOTO CKelleTa)
HPOUCXOUT Mepepacipe/ieficHue 3apsaoB, OYCHb I0-
XO0)Kee M0 BEeJMYUHAM Ha KapTy COCIUHEHUs 5, ¢ He-
KOTOPBIM OTiu4reM — 3apsia ¢ atoma Cip = -0,36 te-
pepacnpenensiercs Ha atoMbl Cios) = -0,36. Ha aro-
Max yriepojia COCPEeIOTOUCH OTPHUIIATEIBHBIA 3apsil,
YTO YKa3bIBaE€T HA BBICOKYIO CTEICHb DIIEKTPO(HIH-
HOH aTaku 10 aTOMaM yIiepo/a.

Tabnuua 2
3Hayenus 3apsaoB (q) aToMoB Mo MauTHKEeHY B MoOJIe-
KyJax usonapaguHos u 3¢pupos
Table 2. Values of charges (q) of the atoms according to
Mulliken in molecules of isoparaffins and ethers

COGI[I/IHGHI/IGI C: I C, I Cs | C4| Cio | Cu |C12(13)
n3omapaQuHbI

Heorekcad | -0,34|-0,34 | -0,34 {0,03] -0,20 |-0,36| —
m3ooktan |-0,34|-0,34|-0,34|0,01|-0,20| 0,08 | -0,36
tpuntan | -0,34|-0,34|-0,34 |0,03) — |[-0,06|-0,36

3¢hUpHI

Coemuuenne| Ci C, Cs | Cs| Os Ce Cs

MTBS> |-0,39|-0,35|-0,35|0,30(-0,50(-0,08| —
9Tb5> |-0,36|-0,34|-0,35|0,27|-0,50 | 0,06 | -0,37
MTAD |-0,21|-0,36|-0,36 |0,28|-0,50 |-0,09]| -0,36
OTAE |-0,21|-0,36|-0,35|0,26(-0,52| 0,05 | -0,42
Ilpu aHanu3e TEOMETPUUECKUX XapaKTEpH-

CTHK MOJIEKyJ 3QupoB (Tabin. 1) BBIABIEHO, U4TO yBe-
JTUYEHUE JUTHHBI aTKWIBHOW IEeNH BEIeT K yBelude-
Huto IH cBs3U Cy3)—Ca, C4—Os, mpuyem B coemu-
HeHHsIX la v 2a 3HaunrtenbHo. [ aMUIIOBBIX ddH-
poB la n 2a Taxke HaOIOJAeTCS 3HAYNTEIHHOE YBe-
muaenue JUHbI cBs3u Os—Ce 10 cpaBHEHMIO € OyTH-
NnoBbIMU ddupamu. [losBIEHUE ATKWIBHOW TPYIIIBI
HECKOJIbKO W3MEHSET BEIIMYMHY BAJIEHTHOTO VyTia
£C40s5Cs or 118,7° mo 118,8°. [nst aMHIIOBBIX 3(u-
poB BaneHTHbIl yron £Ci1C4Os meHbIie yem st Oy-
THJIOBBIX, YTO TOBOPHUT O CHIDKEHUHM DPEaKIIMOHHON
CIOCOOHOCTH.

Jna ykazaHHBIX 3(QUPOB C yBEIWYCHHUEM
JUTMHBI aJIKUJIBHOW IeNH BEIUYMHA OTPHUIIATEIBHOTO
3apsna Ha atome Os yBenmuuuBaetcs ot -0,50 mo -0,52,
HO Juts coenuHenuit 2 u la 3apsn menbiie -0,50. Ha
atome C,4 IpH 3TOM MPOHUCXOJUT HEKOTOPOE YMEHBIIIe-
Hue nonoxurenbHoro 3apsana ot 0,30 go 0,26, a mis
coenunenust la ysenuuuBaetcs no 0,28. B coeaune-
Husx 1, 1a, 2, 2a aToMbI KUCJIOPO/A MEPETATUBAIOT Ha
ce0st ATIEKTPOHHYIO IJIOTHOCTD aTOMOB YTJIEPOAA Mpem-
OyTWJIOBOTO W mpem-aMHUIOBOrO (parMeHToB. Mak-
CHMAJIbHBIM OTpUIIATENBHBIA 3apsii COCPENOTOUEH Ha
atome Os = -0,52. Ha atome Ci cHmKaeTcs 3apsy C
yBeJIn4YeHueM 3apsina Ha atome Os (Tada. 2).

[TonoxeHne peakIMOHHBIX IIEHTPOB B YKECT-
KHX peareHTax MPUOIMKEHHO OnpeessieTcsl 3apsa-
My Ha aromax. B3MO (Bbicias 3aHsATasi MOJICKYJISP-
Hast opOutans) 1 HCMO (Hu3miast ceoOoHast MoJie-
KyJIsIpHasi OpOUTah) — PEeAOKC-OpOUTAIH, OTIPeaeNs-
IOIIMEe «XAMHUYECKOE ITUI0» MOJICKYJIbl. DHEeprus
HCMO wuzonapadunos orpuuatensHa (tadin. 3), cie-
JIOBATEIbHO, OHH 3JIeKTpodmisl. Yposerb B3MO
KJlacca M30aJIKaHOB PACIIONIONKEH HU3KO, TIO3TOMY 3TH
COCIMHEHHsI TPYAHO OKucCsoTes. Mccnemyembie
n3onapaduHbl — )KECTKHE PeareHTHI.

Oneprus HCMO »¢upoB  IMONOXUTEIbHA
(Tabn. 3), ciaemoBaTenbHO, UCCIICTYEMbIC COCTUHCHHUS
— nykneoguinsl. HCMO kiacca 3(hupoB pacoyioskeHa
BBICOKO, TIO3TOMY MOJICKYJIBI TPYAHO BOCCTaHABIIH-
BatoTcsi. B3MO wuccienyeMbIXx NpUCaaOK ICEBIAOBBI-
POXJIEHBI, CIIEIOBATEILHO, 9TO )KECTKUE PEareHTHI.

Tabnuua 3
HNupexcebl peakiiMOHHOM c10COOHOCTH H3onapa¢duHOB
u 3¢upos
Table 3. Reactivity indices of isoparaffins and ethers
**
CoeauHeHne Ef’g o EHBC];[ O 13% 5B §B_1’ ge(t]))y)é
Heorekcan | -8,39 -0,01 | 4,19 | 0,12 | 0,0668
W3o00kTan -8,19 -0,03 | 4,08 | 0,12 | 0,1095
TpunTan -8,22 | -0,01 | 410 | 0,12 | 0,0723
MTBED -6,503 | 0,044 |3,274| 0,153 | 1,3533
OTBED -6,784 | 0,030 |3,407| 0,147 | 1,1503
MTAD -6,806 | 0,003 |3,404| 0,147 | 1,7567
OTAD -6,702 | 0,003 |3,353| 0,149 | 1,6555

Tpumedanus: *xxectkocTh MoeKyJbl - 1| = (Encmo — Epamo)/ 2;
**MIATKOCTh MOJICKYJIBI - S= 1/(21)

Notes: *molecule rigidity- n = (Eacmo — Ersmo)/ 2, ** molecule
softness- S= 1/(2n)

W3zBecTHO, uTO M30MapaduHBI MO JETOHAIU-
OHHOW CTOMKOCTH PAacCIOJIaraloTcsi B POy HEOreKcaH
< HM300KTaH < TpuNOTaH, a 3¢upsl B psagy ITAD <
MTAD <3TB3 < MTBDS.

Hekoroprle M3MEHEHHsSI T'€OMETPHUYECKOTO H
AJIEKTPOHHOTO CTPOEHMsI M30mapaduHOB U 3PHUPOB:
ymenblenne BasieHTHBIX YriioB £Ci1CsCio n £C4C10Cu1
u yBenmdenue JUHbI cBsizeit Co@—Ca 1 C4—Cioqr) u1st
nzonappuHOB (NPU YBEIWYCHUU JIETOHAIIMOHHOM
CTOMKOCTH COEIMHEHHMS); YMEHbIICHHE UIMHBI CBS3U
r(Ci3—Ca), yBemuuenue 3apsga Ha Ci aas 3GUpoB
(pu yBeNTMUYEHWN NETOHAITMOHHON CTOHKOCTH COEIH-
HEHHS) CBHIETENbCTBYIOT O CHIKCHUU PEaKIIMOHHON
criocoOHocTH coenunaeHus. [Ipu 3ToM y coennHeHnit
C TOHW)XCHHBIMH TIOKa3aTeNIIMU PEaKIMOHHON CITOo-
cOOHOCTH HAOIOAeTCsl MOBBIIIIEHNE IETOHAMOHHOMN
cToiikoctu. VHTeHCH(UKanus mpolecca OKUCICHUS
YIIJIEBOJIOPOJIOB KHUCIIOPOJIOM TPOHCXOJUT C YBEJIH-
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YeHHWEeM TEMIIepaTyphl U JaBlCHHS B Kamepe cropa-
HUSI, JICTOHALUS MPOUCXOOUT 10 MpPEAIIaMEHHOTO
CropaHus TOIUIMBa. PaccMoTpeHHBIe M30mapaduHbl U
3Bl ABISAIOTCS BBICOKOOKTAHOBHIMU KOMITOHEHTA-
MU TOIUINBA, a IPU CHIDKEHUH PEaKIIMOHHOW CII0co0-
HOCTH HEeoOxoamMa 0oJiee BBICOKAs TeMIlepaTypa Il
WHTeHCH(DHUKAINY TIpoIecca OKUCIESHHSI.

Heo0xomumo OoTMETHTB, YTO AaHHBIA METOX
UCCIIeIOBaHUSI MOJICKYII H30mapaduHOB 1 3PUPOB IS
oreHKH 3()(PEKTUBHOCTH JTEUCTBHS B Ka4eCTBE BBICO-
KOOKT@HOBBIX KOMIIOHEHTOB HE JaeT OAHO3HAYHOTO
OTBETa, XOTsI OOJBIIMHCTBO MapaMeTPOB YKa3bIBAeT,
YTO C YMEHBIICHHEM PEaKIIMOHHON CIIOCOOHOCTH MO-
JIEKyITbl BO3PACTa€T OKTAHOBOE YHUCIIO COEAMHEHUSI.
Bonee wuHTepecHass KapTHHA TPH HWCIOJB30BAaHUU
JTAHHOTO METOJa CKJIAJbIBaeTCS MpPH OIEHKE ddeK-
TUBHOCTH COCTUHEHHS B KAYECTBE MPHUCAKH.

Ha ocHOBaHWU M3y4YeHHS TEOMETPUUECKOTO H
ANIEKTPOHHOTO CTpOeHHs Obljla TPOBEJCHA OICHKA
PEaKIMOHHON  CITOCOOHOCTH  aHTHOKHUCIUTEIBHBIX
npucanok (puc. 2), koropsie 1o 3pdexTuBHOCTH Neii-
CTBUS pacnojaratorcs B paxy: OMU < nonon < HI'-
2246 < C-789 [6].

MexaHu3M JefCTBUS HHTHONTOPOB OKUCIICHHUS
HEepa3phIBHO CBS3aH C LEMHBIM MEXaHH3MOM OKHCIIC-
HUS M 3aKITI0YAETCS B TOM, YTO Ha NIEPBOM CTAJAWU WH-
rubutopel InH B3amMopmelcTBYIOT ¢ paaukazaMu
ROO- u R-, BcrieAcTBUE Yero KOHIEHTPALUS TOCIIE-
HUX YMEHbIIIAETCS, IPEPhIBas IEMHYIO PEaKIHIO:

R'+InH — RH + In’
RO, + InH - ROOH + In’
RO, + In" — ROz In,
rae R, ROy’ — cBoOoanbie pamukaisl, InH — uHruoum-
TOP.

[Ipu paccMoTpeHur mapameTpoB TeoMeTphye-
CKOTO U 3JIEKTPOHHOTO CTPOEHHS aHTHOKHCIUTENbHBIX
npucaok (tabin. 4, 5) BBISBICHO, YTO CTPYKTypa JH-
mpem-0yTui-4-metundenonsHoro (pparmMeHta B co-
enuHeHuAx a-d mpakTuuecku uaeHTHyHa. [Ipm pac-
CMOTPEHHUH CTPYKTYPbl COCITUHEHUS! ¢ JUIMHBI CBSI3U
C345-H mpaktuuecku Takue xe kak s a u b, a amu-
Hbl cBsi3u Cis—H, Cig—H, Cy0—H Heckomapko Oounbiire
JiiH cBs3e Czas—H, HAa 4TO, BO3MOXKHO, IOBJIMSII
atoM aszora Nig, HO BajeHTHbIH yroa £CiCi11012
MEHBIIIE, €M B COETUHEHUsX a u 0. OOHApYKUIOCH,
yto B 0 mynHb cBsizeit Co34—H yBeauueHbI.

Jlis OlIEHKH pPEaKIMOHHOW CIIOCOOHOCTH H
OTIpezieNIeHNs pa3pbiBa CBA3M C BOAOPOAOM, HEOOXO-
OUMO DPAacCMOTPETh MepepaclpesielieHue  3apsaaoB
aToMOB. B coenvHeHHsIX @ 1 b aToMbl Kuciopoza me-
peTATHBalOT Ha ceOsl DIIEKTPOHHYI) TUIOTHOCThH aTo-
MOB yTriiepojia Kak (peHWILHOTO KONbLIA, TaK U mpent-
OytunbHOTO (hparmenTta. CHIDKEH 3apsa] Ha aToMmax
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yriepoAa U BOAOpOJa mpem-0yTHILHOTO (parMeHTa,
HEBBICOKOE 3HAYCHHE 3apsa Ha aroMax BOJIOPOAA,
CBSI3aHHOTO C KHCJIOPOJOM, U y (heHompHOTO (par-
MEHTa COeAMHEHUs b (B CpaBHCHUH C 3apsiiaMH yKa-
3aHHBIX ()PArMEHTOB COCIMHEHHUS a).
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Puc. 2. AHTHOKHCIHUTENBbHBIC TPUCAAKU: a — HOHOIT; b — HI-2246;
¢c—- OMU; d - C-789
Fig. 2. Antioxidant additives: a - ionol; b - NG-2246; ¢ - OMI;
d-C-789
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OnHako HauOOJBIICe U3MCHCHUE PacIIpe/ielic-
HUS AJICKTPOHHOM IJIOTHOCTH B mpem-0yTiibHOM (ppar-
MEHTE COeIMHEHNs C BHI3BIBAET MPUCYTCTBHE TUMETH-
JAMUHHOM Trpynnbl. MakcUMaibHBIA 3aps] COCPEno-
TOYEH Ha aToMe a30Ta Nig. A30T MEpeTATUBACT Ha ceOs
3apsiz, B CBSI3M C Y€M yMEHBIIIAeTCs 3apsj Ha aToMax
Ci5,1920 ¥ aTOMaX BOAOPOAA, CBA3aHHBIX ¢ Cis,1920.

B coenunennn d atom azora Nis UMEET BbI-
cokwuii 3apsy, u ob0a aroma a3zora (Nis 1 Ni2) nepers-
TUBAIOT Ha ceOs 3apsm, B CBSA3H C UeM 3apsiibl Ha aTo-

Max yriepoga Cz3s4 YMCHBIIEHBI MO0 CPAaBHEHUIO C
3apsimamu Ha Cs1011, TaKKe CHWKEHBI 3apsibl Ha
aToMax BOJOPOJa, C HUIMH CBS3aHHBIX.

IIpoananu3upoBaHbl CBOMCTBA aHTHUOKUCIIU-
TEJIHBIX TPUCAJOK 0 METOAY MHIEKCOB PEaKIHOH-
Holt cmocoOHOocTH. DHepruss HCMO Bcex deThIpex
AHTHOKUCIUTEIBHBIX MNPHUCAAOK OTpHUIATEIIbHA
(tabn. 6). Yposens B3MO pacmonoxkeH HU3KO, MO-
3TOMY MOJIEKYJIBI TPYAHO OKHCIISIOTCS.

Tabnuua 4

T'eoMeTpHYecKHe MAPAMETPBI MOJIeKYI AHTHOKHCIUTELHBIX NPHCANOK (PACCTOSIHUS B A, YIUIbI B rpajl.) B NpH-
6smxenun B3LYP/6-31+G(d, p)
Table 4. Geometrical parameters of molecules of antioxidant additives (distances in A, angles in degrees) in approx-
imation of B3LYP/6-31+G(d,p)

JlmuHbI cBsseit, A
Ne
S — r(O12-H13) r(Cs-H) r(Cz-H) r(Cs-H) r(Cs-H) r(Cg-H) |r(Cao10.15-H)
1,093 1,096
a 0,964 1,092 - 1,090 1,090 1,097 -
1,098 1,100
1,095
1,0931,0961, 1,0951,0961, | 1,0921,0951,
b 0,961 097 i 098 096 1,096 )
1,095
1,0911,0921, |1,0931,0951,| 1,0941,0951, | 1,0931,0951, 1,095 1,093
c 0,961 097 096 097 096 1,096 1,095
1,099 1,109
1,0951,0971, | 1,097
d - 1,0991,099 1,0991,101 1,0981,100 097 1096 -
Yrasl, rpan
. £C1C11012
Ne coen, (ZC1C11N12*) /C11015H13 /C1C,C3 Z/CoC3H /N1gCooH
a 118,25 109,71 109,47 109,47 -
b 125,14 109,47 116,23 - -
c 116,41 109,59 116,85 112,49 113,07
d 121,87" - -
Taonuua 5

3unavyenus 3apsai0B (q) aToOMOB 110 Ma.lmmceﬂy B MOJICKYJaX aHTUOKHUCIUTEJIbHBIX NIPUCA/IOK
Table 5. Values of charges (q) of the atoms according to Mulliken in the molecules of antioxidant additives

C(J)\Iegﬂ Cuu| C3 | Css | Cg [Cor0| Hca Hcs His | Hcs Hes | O12(N12") | O1g | Cis(Nis”) |N1g(Cas?)
0,10 0,08 0,14 0,19
a (0,18| -0,30 |-0,35|-0,34|-0,36| 0,11 0,13 | 0,29 | 0,14 0,14 -0,58 - -0,42 —
0,11 0,11 0,09 -0,02
0,10 0,10 0,12 0,13
b |0,22| -0,41 | -0,33|-0,34|-0,34| 0,11 0,11 | 0,29 | 0,13 0,10 -0,57 |[-056| -0,42 —
0,11 0,11 0,13 0,11
0,09 0,09 0,12 0,11
¢ (0,18| -0,31 |-0,31|-0,41(-0,32| 0,11 0,11 | 0,31 | 0,09 0,13 -0,58 - -0,11 -0,40
0,11 0,11 0,12 0,13
0,21 0,08 011 | 912 011 | 0,11
d |0,35| -0,20 057 -0,07 034] 011 8,11 0,26 0.09 0.11 -0,52 -0,71 -0,13
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st coequHeHmit a-¢ BO3MOXEH pa3phIB CBA3EH
C—H B TpeTOyTHIBHBIX ()parMeHTax, KpOME TOrO IS
coeMHeHMs b Bo3MoskeH paspeiB eme u ognoir O—H
CBSI3U, BEPOSITHO 3TO M OMPEIENSICT, YTO TAHHOE CO-
enquHeHue Oojee APGEKTHBHO KaK aHTHOKHCIUTEINb,
TaK KaK BO3MOXXHO OOJIBINIEE YHCIIO OOPBIBOB IICTICH
okucnenus. Jiast coenuHenuss d BO3MOMKEH pa3phiB
ces3u Cy34—H, mpocTpancTBeHHas: CTpyKTypa Mole-
KyJnbl OoJiee OTKpBITA: YBETHYEHBI YTIIBI W JUTHHBI
CBsI3CH B QJKWIHLHOW IICTIH, YMCHBIICHBI 3apsjibl Ha
aToMax BOJOpOJa.

Tabnuua 6

HNHaexchl peakiMOHHOM COCOOHOCTH AHTHOKHCJIH-

TeJbHBIX mpucaaok Meroxom B3ILYP/6-31+G(d, p)
Table 6. Reactivity indices of anti-oxidant additives by

method of B3LYP/6-31+G(d,p)

Essmo, | Encwmo, , S, D),

Coepunenne | B 3nB 5B Igegb);e
a -5,60 -0,14 |2,73| 0,18 | 1,9609

b -5,47 -0,14 (2,67 0,19 | 1,2428

C -5,64 -0.15 [ 2,74| 0,18 1,7517

d -4,49 -0,10 |2,19| 0,23 | 2,6315

Bce cTpykTypHble W3MEHEHHs MOBIMSIM Ha
M3MEHEHHUSI OOINX XapaKTEPUCTHUK MOJEKYJ, TaKhX
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kak sHeprur B3MO u HCMO, MATKOCTB, )KECTKOCT,
TUTONBHBIA MOMEHT. 1o 3HaYeHUsM MSITKOCTH TIPH-
CaJIKl MOKHO MPEICTABUTh B BHJE CIEAYIOIIETO psi-
na: OMMU < nonon < HI'-2246 < C-789, uTo cOOTBET-
CTBYET PAAY PACHOJIOXKEHHS MPUCATOK 10 dPPEeKTUB-
HOCTH JIEHCTBHS B TOIUTMBE, a MO0 3HAYCHUSIM KECTKO-
cty, sHeprudi B3MO, HCMO npucaaku MOXKHO
MIpeCTaBuTh B credyromeM psay: OMU > monom >
HI-2246 > C-789.

BBIBO/IbI

006 > heKTUBHOCTH NEHCTBUS COCAMHCHUS B
COOTBETCTBHUM C MEXAaHU3MOM pEaklIHH B KAaueCTBE
CTaTHYECKUX CBOWCTB JIMIIIb MCXOTHBIX BEIIeCTB 00-
nee MH()OPMATUBHBIM SIBISICTCS COIOCTABJICHUE ITa-
paMeTpOB TeOMETPUUYECKOTO U DJIEKTPOHHOTO CTPOe-
HHS MOJIEKYJI, TAKUX KaK JJIMHBI CBSI3U, BAJICHTHBIC U
JU3IpalIbHBIC YTJIbI, 3apsiabl aToMoB. [lo oOmuM xa-
pPaKTepUCTUKAM MOJIEKYJI BHICOKOOKTAHOBBIX KOMIIO-
HEHTOB U aHTUOKUCIUTENbHBIX MPUCATOK, TAKUX KaK
sHepruu B3MO nu HCMO, MSrkocts, )KeCTKOCTb, JU-
MOJIbHBIA MOMEHT, JaTh OLIEHKY pPEaKUHMOHHOW CIO-
COOHOCTH HEBO3MOXHO.
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CHUHTE3 U CTPOEHUE PETMOU30OMEPHBIX 3(4)-T'MAPOKCH-2(5)-
OKCOWIMJAEHIIMPPOJINHOB

Tpexxomnonenmnoii peaxuyueil 3munogozo Ipupa 3,4-ouzudpoxcu-6-oxco-2,4-zenma-
ouenoeoii kuciomut (3,4,6-mpuxemospupa) ¢ auemoHom u n-moJIyuOUHOM ROJIYUEHbL PezUo-
uzomepuovle Imunoevie Ipupvt 4-cudpoxcu-2,2-oumemun-1-(4-memungpenun)-5-(2-oxconponu-
auoen)-2,5-ouzuopo-1H-nuppon-3-xapoonosoit xucnomor u [4-auemun-3-2udpoxcu-5,5-oume-
mun-1-(4-memungpenun)-1,5-oucudpo-2H-nuppon-2-unuoenfykcycnoii kuciomet. Qbcysncoaemesn
cmpoeHue CUHME3UPOBAHHBIX COCOUHEHUIl 8 KPUCMANIUYECKOM COCOAHUY NO OAHHBIM PEeHMm-
2EHOCMPYKMYPHO20 AHAIU3A.

KiroueBblie cj10Ba: 3THIIOBEIN 2Gup 4-Tuapokcu-2,2-numetni-1-(4-metunderwn)-5-(2-okcompornm-
nujieH)-2,5-nuruapo-1H-nuppoi-3-kapOoHOBOM KUCIOTHI, ATHIOBBIN 3dup [4-ameTun-3-ruapokcu-5,5-qume-
tii-1-(4-metrndennn)-1,5-quruapo-2H-nuppon-2-mimieH [yKCyCHON KHCIIOTBI, TPEXKOMITOHEHTHBIN CUHTES,
CTpYKTypa
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SYNTHESIS AND STRUCTURE OF REGIOISOMERIC 3(4)-HYDROXY-2(5)-
OXOYLIDENEPYRROLINES

Three-component reaction of ethyl 3,4-dihydroxy-6-0xo-2,4-heptadienoic acid (3,4,6-
trioxo ester) with acetone and p-toluidine leads to new regioisomeric compounds — ethyl 4-
hydroxy-2,2-dimethyl-1-(4-methylphenyl)-5-(2-oxopropylidene)-2,5-dihydro-1H-pyrrole-3-carbo-
xylate and [4-acetyl-3-hydroxy-5,5-dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-
ylidene]acetate. The structure of synthesized compounds in the crystalline state was set on the ba-
sis of X-ray diffraction data. The structure of synthesized compounds in solution is based on 1H
NMR spectroscopy and mass spectral data, confirmed at high resolution by recording in elec-
trospray mode. The obtained compounds are light yellow crystalline substances, insoluble in wa-
ter and soluble in some non-polar (benzene) and semi-polar (acetone, chloroform) organic sol-
vents. The X-ray crystal state in the synthesized compound represent flat isomeric systems, formed
by pyrroline cycle and associated seven-membered OH-chelate fragment, the conformation of
which is stabilized by intramolecular hydrogen bond. In contrast to structurally related 2-(3-
hydroxy-1-(4-methylphenyl)-4-phenylcarbonyl-5-phenyl-1H-pyrrol-2-yl)-1-phenyl-ethanone, which
molecule forms the six-membered —OH...0O=C-chelating moiety, the synthesized regioisomeric
OH-chelate seven membered structure is formed with participation of acyl group and hydroxy
unit of pyrroline cycle. The alignment of interatomic distances in the chelate fragment of ethyl
(5E)-4-hydroxy-2,2-dimethyl-1-(4-methylphenyl)-5-(2-oxopropylidene)-2,5-dihydro-1H-pyrrole-3-
carboxylic acid is more pronounced than in the OH-chelate of ethyl (2E)-[4-acetyl-3-hydroxy-5,5-
dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-iliden]acetate, as it is evidenced by the cor-
responding length of the nominal double and ordinary bonds of the synthesized structures. The
expressed delocalization of hydroxyl proton in OH-chelate of ethyl (5E)-4-hydroxy-2,2-dimethyl-
1-(4-methylphenyl)-5-(2-oxopropylidene)-2,5-dihydro-1H-pyrrole-3-carboxylate is associated with
a significantly greater tendency of acyl group to enolisation, compared with the ester group in
ethyl (2E) - [4-acetyl-3-hydroxy-5,5-dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-
ylidene]acetate. The conjugation system in the molecules of regioisomeric structures tends to
equalize of the bond lengths in pyrroline cycles, which are stronger in the molecule of ethyl (5E)-
4-hydroxy-2,2-dimethyl-1-(4-methylphenyl)-5-(2-oxopro-pylidene)-2,5-dihydro-1H-pyrrole-3-
carboxylate. The ethyl (5E)-4-hydroxy-2,2-dimethyl-1-(4-methylphenyl)-5-(2-oxopropyliden)-2,5-
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dihydro-1H-pyrrole-3-carboxylate has the redistribution of the electron density of multiple bonds
in chelate and pyrrolinone cycles which are more pronounced than in ethyl (2E)-[4-acetyl-3-
hydroxy-5,5-dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-ylidene]acetate, but full delo-
calization like in aromatic systems is absent. In crystal of ethyl (5E)-4-hydroxy-2,2-dimethyl-1-(4-
methylphenyl)-5-(2-oksopropylidene)-2,5-dihydro-1H-pyrrole-3-carboxylate molecules are located
in a private position to the center of the inversion of the crystal. Crystal of ethyl (2E)-[4-acetyl-3-
hydroxy-5,5-dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-ylidene]acetate is formed by
three crystallographically independent mole-cules of close geometry which crystallize in the cen-

trosymmetric space group.

Key words: ethyl 4-hydroxy-2,2-dimethyl-1-(4-methylphenyl)-5-(2-oxopropylidene)-2,5-dihydro-1H-
pyrrole-3-carboxylate, ethyl [4-acetyl-3-hydroxy-5,5-dimethyl-1-(4-methylphenyl)-1,5-dihydro-2H-pyrrol-2-

yliden]acetate, three-component synthesis, structure

WzBectHO, uTO peakumu 1,3,4,6-TeTpakap0o-
HuwibHbIX cucteM (TKC) ¢ apomaTHueckuMu aMuHa-
MH U KETOHAaMH WIH albJeTUAAMHU (CUHTETHYECKHUMU
OpEeIECTBEHHUKAMHA ~ a30METUHOB —  OCHOBaHHU
Mudda) npuBomaT Kk pazHOOOPa3HBIM MPAKTUYESCKU
3HAYUMBIM TIPOM3BOAHBIM THppoia [1-4]. Crpoenne
INPOAYKTOB 3TUX PEaKLUuil B pacTBOpax XOpOLIO CO-
riacyercs ¢ ganusivu IMP 'H cnekrpockonuu, of-
HAaKO B TBEPJOM COCTOSIHUH OCOOEHHOCTH CTPYKTYpPBI
HEIOCTATOYHO MCCIEeNOBaHbl. TaK, KPUCTAIIMYECKOE
CTpOEHHUE MPOIYKTOB B3aUMOJeHCTBUS d3QHUpoB 3,4,6-
TPUOKCOAIKAHOBBIX (3,4-IUruapokcu-6-oxco-2,4-ai-
KaJMEeHOBBIX) KUCIIOT CO CMEChI0 aMHHOB M KETOHOB
M0 JAaHHBIM PEHTreHOCTpyKTypHoro anammusza (PCA)
YCTAHOBJICHO TOJILKO Ha MpPUMeEpE JBYX HM30MEPHBIX
3(4)-ruapoKcUnUppoIUHOB [5].

Hamu wm3ydena peakuust 3TuiioBoro s¢upa
3,4,6-tprokcorentanoBoii kucioTel (IA: mpeobmaa-
IOLINK TUEHONBHBIA TayTOMEP U €ro MUHOpPHAs (op-
Mma IB) ¢ n-TOMyMAMHOM M alETOHOM, B Pe3yJibTare
KOTOpO# 00pasyroTcs jaBa mpoaykra. Ha ocHoBanum
nauHeix PCA 10 OTHOCHTENHHOMY PaCIOJIOKCHHIO
AlleTUIBHOW TPYMIIBI U CI0XKHO3(UPHOTO 3BE€HA 3TUM
NPOJAYKTaM OBUIO MPUAAHO CTPOCHHE PETHOMU30MEp-
HBIX ATWIOBBIX 3¢upoB (5E)-4-rumpokcu-2,2-aume-
THIT-1-(4-Metundennn)-5-(2-okconponmmaeH)-2,5-1u-
ruapo-1H-muppon-3-kapbonosoit  kucmorer (1) u
(2E)-[4-anetin-3-ruapokcu-5,5-mumeti-1-(4-metui-
(bennn)-1,5-muruapo-2H-nuppon-2-unveH |yKCycHOM
kucnoThl (1) (cxema 1).

Muppomunst (1) u (111) npencrasnstoT coboit
CBETIIO-KENThIe KPUCTAIUIMIECKUE BEUIECTBA, HE pac-
TBOPHUMBIE B BOJE M XOPOIIO PACTBOPUMBIE B OEH30I1€E
u tonyone. Ctpoenune coenunennii (11), (111) B pac-
TBOpax OBUIO YCTAHOBJICHO Ha OCHOBAHWH JIAHHBIX
SIMP H crnieKTpoCKONMH U Macc-CreKTpoMeTpuu [5],
nopoOHble JeTadu TBEpAO(a3HOH CTPYKTYpHl A0
HACTOSIIIETO UCCIIEIOBAHNUS OCTABAICh HE U3BECTHBI.

o/H o] o o
EtO EtO
\H/\H\)LMe — WMe
0 _O I 0O O
H 1b

1A + H,NPhMe-4
+ MeCOMe 2H,0
OEtl Mel _
o O—H,_ o O—H\_
o —_— O
Mew — Me. S
Me N7 N Me”™ °N OEt
" 1
Me Me
Cxema
Scheme

Mo mauusiM PCA (puc. 1, 2) coequnenus (11),
(111) npencrasnens! miockumu (B npegenax 0,08 A)
WU30MEPHBIMH CHCTEMaMH, 00pa30BaHHBIMHU MHUPPOIIH-
HOBBIM IIMKJIOM U COMpPsDKEHHBIM ¢ HUM -OH...O=C-
XeJaTHBIM (parMeHToM, KOH(OpMAaIMs KOTOPOrO
3akpersiena HannunemM BBC -OH...O=C-tuma. Ce-
MuwieHHbIH OH-xenar oOpa30BaH alMJIbHBIMU 3Be-
HBSIMH M THIPOKCHJIOM NHUPPOJIMHOBOTO LHKJA CO-
enurenuit (11), (111) mpu ygactun 1,4-n1ukapOOHUITB-
HOTO (parMeHTa UCXogHOTro TpukeTodhupa. Cremyer
OTMETHTB, YTO CTPYKTYPHO POJICTBEHHBIE CHUCTEMBI,
Hanpumep  2-(3-ruppokcu-1-(4-metunde-umn)-4-de-
HWIKapOOHMI-5-¢pennin-1H-muppon-2-nin)-1-penn-
ataHoH [2], B ommuuu ot nuppoaunos (1) u (111),
MOTYT 00pa30BBIBATh TAaKX€ MMIECTUUYICHHBIC -
OH...O=C-xenarusle hparMeHTsl, cHOPMHUPOBAHHbIE
npu ydactuu 1,3-nuKapOOHMIIBHON KOMITOHEHTHI HC-
xoxnoro TKC (1) [2, 3].

[No3umuu nporonoB OH-rpynn B coequHEHNH
(1) u (111) BBISIBIICHBI U YyTOYHEHBI He3aBUCUMO. [1o-
Jy4eHHbIE JIAaHHBIE XOPOIIIO COTJIACYIOTCS C HAOJI0/1a-
eMOl reoMeTpuell MoJieKys. boinblias nenokanmu3a-
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ust mpotoHa B coenuHenuu (1) cBsizaHa ¢ Gompiieit
CKJIOHHOCTBIO K CHOJIM3AalWU AlMJIBHON TPYIIBI 110
CpaBHEHHIO CO CJIOXHO3(pHUpHOH. BrIpaBHUBaHHE
MEKaTOMHBIX PAacCTOSHUN B XEJATHOM (parmMeHTe
coequnenust (I11) Gonee BeIpakeHO, YeM B XenaTe CO-
eqmaenus (I11), o dem CBHIOETENBCTBYIOT [IMHBI
YCIIOBHO JIBOMHBIX U YCJIOBHO OJUHAPHBIX CBSI3€d CO-
equaenuit (11) u (111): C=0, C=C, C=C-C=0, C=C-—
C-OH, C-O-H (tabnuia).

Tabruua
MN30pannble 1inHbI cBs3eil B coenuHenuax (I1) u (I1).
HyMepaum{ aTOMOB HE3aBUCHMBIX MOJIEKYJ COCAMHE-
Hus (IIT) HecéT AoMoJIHUTEIbHBbIE 0YKBEHHbIE HHIEKCHI
(A,BuC)

Table. Selected lengths of bonds in the compounds (11)
and (111). Numbering of atoms of independent molecu-
les of compound (I11) bears the additional alphabetic
codes (A, Band C)

CoenquHeHue
i
Castzb (A) 1 Monexyna | Monekyna | Monekymna
A B C

C=0 1,269 1,226 1,226 1,223
C=C-C=0] 1,407 1,475 1,472 1,472
CO-H | 1319 1,331 1,327 1,333
N(1)-C(2) | 1,314 1,350 1,355 1,354
N(1)-C(5) | 1,492 1,489 1,491 1,491
C(2)-C(3) | 1,489 1,488 1,486 1,488
C(4)-C(5) | 1,511 1,514 1,514 1,518
C(3)=C(4) | 1,354 1,358 1,354 1,354

Hanmune cuctemsl conpspkeHHs B MOJIEKYJIaxX
coenunenwuii (I1), (111) mpuBoauT Takke K BhIPaBHU-
BAHMIO JUIMH CBSI3€ MUPPOIMHOBBIX IIUKIIOB, KOTOPOE
OKa3bIBaeTCsl OoJyiee CHIIBHBIM B MOJIEKYJIE COEIIUHE-
Hus (11). O6 3TOM CBUAETENBCTBYIOT JUIMHBI CBS3€i
coenunenuii (1) u (111): N(1)-C(2), N(1)-C(5), C(2)-
C(3), C(4)-C(5), C(3)=C(4) (rabmurma). OueBHIHO,
yto B cTpykType (ll) mepepacmpenenenue »ieKTpoH-
HOM MJIOTHOCTH KPAaTHBIX CBA3EH XEJaTHOrO U MUPPO-
JMHOBOTO IHKJIOB BBIpaXKEHAa B OOJIBIIEH CTENEHH,
yem B ctpyktype (I11), onqHako monnas nenoxanu3a-
Usl, KaK B apOMAaTUYEeCKUX CHUCTEMaX, OTCYTCTBYET.
Crepuueckue TpeOOBaHUS NPUBOIAT K Pa3BOPOTY
TUIOCKOCTEW 71-TOJMJIBHBIX 3aMECTHTENEH B MOJIEKY-
nax coequuenuit (11), (111) oTHOCHTENBHO TIOCKOCTH
MUPPOIUHOBOTO IUKJIa oA yriamu 72° u 85° coot-
BETCTBEHHO M WCKJIIOUEHHIO UX W3 CHUCTEMBI COIpS-
JKEHHSI TETEPOIMKIIA. YKOPOUEHHBIE MEXMOJIEKYIISP-
Hble KOHTakThl B ymakoBke coemuuenus (ll) orcyr-
CTBYIOT. ATOMBI KHCJIOPOJA 3TOKCUTPYIIIBI CIOXKHO-
a¢upHoro Qparmenta nuppoiuna (l11) obpasyior
YKOPOYCHHBIE BHYTPHMOJIEKYJSIPHBIE KOHTaKThI C

60

KHCIIOPOJIOM THIPOKCHIBHOW TPYIIITBI HA PACCTOSHUE
2,7 A, conoctaBuMoOe ¢ MeKaTOMHBIM HpU 0Opa3oBa-
HHUU BOJIOPOJHBIX CBSI3EH.

B xpucramne coemunenust (11) monexysbr
PACIIONIOKEHBI B YACTHOW TMO3UIMH K HEHTPY MHBEP-
cuu kpucramia, kpucramn coexunenus (1) (puc. 2)
chopMupOBaH TpeMs KPHUCTAIUIOrpapUIeCKH HE3aBH-
CUMBIMU MOJICKYJIaMH OJIU3KOW T€OMETPUH, KPUCTAJI-
JTU3YIOIUMUCS B IIEHTPOCUMMETPUYHON IMPOCTPaH-
CTBEHHOMH TpymIie.

v
Puc. 1. MonexymsipHOe ctpoenue coequnernus (1I) B mpeacrasie-
HHUY aTOMOB 3JUIMIICOMAAMH TEILUIOBBIX Koiebanuii ¢ 50 % Bepo-
SITHOCTBIO
Fig. 1. The molecular structure of compound (I1) in the represen-
tation of atoms by thermal vibrations ellipsoids with 50 % proba-
bility

Puc. 2. MonekynspHoe CTpOSHHE OJTHOW U3 MOJIEKYJ CO€AMHEHUS
(IIT) B mpencTaBIIeHHH aTOMOB SJUIHIICOUIaMH TETUIOBBIX KOJeOa-
Huit ¢ 50 % BEpOSATHOCTHIO
Fig. 2. The molecular structure of one of the molecules of the
compound (I1) in the representation of atoms by thermal vibra-
tions ellipsoids with 50 % probability

[pencraBieHHble PEHTTEHOCTPYKTYPHBIC JTaH-
ueie o nupponuHam (1) u (111) cBuperenscTByIOT 0O
PETMONU30MEPHOM CTpOeHHH 3PHUpOB [4-ankaHOWI-3-
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ruapokcu-5,5-numerni-1-(4-metundenwmn)-1,5-1u-
ruapo-2H-muppon-2-unuaeH [ykCycHOM U 4-THIPOK-
cu-2,2-numetni-1-(4-metundenmn)-5-(2-okcoanku-
nuaeH)-2,5-nuruapo-1H-nmuppoi-3-kapOoHOBBIX KHC-
JIOT — TPOIYKTOB B3aMMOJICHCTBHUS 3THIOBOTO 3(hupa
3,4,6-TpUOKCOTENTAaHOBON KUCJIOTHI C A-TOXYHIAHOM
U alleTOHOM.

OKCIIEPUMEHTAJIBHA I YACTDb

PenTrenocTpykTypHOE HCClieIOBaHUE MPOBE-
neHo mpu 150(2) K Ha aBTOMatndeckoM 4-KpyXKHOM
mudpakromerpe ¢ CCD-getexTopom «Xcalibur 3» 1o
CTaHJApTHOH MPOIeype METOOM (-CKAaHUPOBAHHUS C
maroM 1° Ha MoOHOXpoMaTu3UpOBaHHOM MoK,-
u3TydeHUH. BBeneHa smnmpHueckas IONpaBKa Ha
nornomenne. CTpyKTypa ompeneneHa HpsSMbIM CTa-
TUCTUYECKUM METOJOM M YTOYHEHA MOJHOMAaTpHy-
ueiM MHK 1o F2 B aHH30TpONHOM IIPUOIMKEHHH 1151
BCEX HEBOJIOPOJHBIX aTOMOB. ATOMBI Bojopoja (3a
UCKIIIOYCHHEM NPOTOHA THIPOKCHIA) IOMELICHBl B
TE€OMETPUUYECKH PACCUUTAHHBIC IIOJIOXKEHUS U YTOU-
HEHBl B M30TPONMHOM MNpHONMKeHuu. Bce pacueTs
MPOBECHBI B porpaMMHOi obomouke Olex [6] ¢ uc-
nosib30BanueM mnporpammuoro makera SHELX [7].
OCHOBHBIE KpUCTALIOTpaUUECKHE TapaMeTpbl Co-
enunenust (11): kpucramn MoHOKIMHHBIH, TIp.Tp. P 24/,
a=10,1352(3) A, b=9,5334(3) A, c = 17,9944(5) A,
B =102,591(3)°, un= 0,090 mm™. Ha yrmax 2,32 <0 <
<30,75° cobpano 8700 oTpaxkeHHI, U3 HUX HE3ABH-
cuMbix 4647 (Rine = 0,0239), B ToM umcne 3490 c
[>20(1). OxoHuaTenpHBIE NapaMeTpPbl yTOYHEHHS:
R: = 0,0683, wR, = 0,1424 (110 BCeM OTpaKCHUSM),
R: = 0,0459, wR, = 0,1262 (nmo oTpaxeHHIM C
I>20(1)) mpu ¢akrope nobporHoctu GooF = 1,005.
[Muku ocraTouHoi 31ekTpoHHON TwIoTHOCTH 0,307/-
0,254 8A®. OcHoBHBIE KpuCTaLIOrpaguyecKue mMa-
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pametpsl coequnenust (111): kpucramn TpUKIMHHBIM,
op.rp. P-1, a = 9,7550(5) A, b = 10,0112(5) A,
C = 26,9287(12) A, o = 84,448(4)°, B = 88,192(4)°,
v = 89,959(4)°, u = 0,088 mmt. Ha yrmax 2,09 < 0 <
<30,83° cobpano 24581 oTpakeHUH, U3 HUX HE3aBU-
cuMbix 14207 (Rine = 0,0342), B Tom umcie 10117 ¢
I > 20(I). OxoH4aTenpHBIE MapamMeTpPhl yTOYHEHUS:
R: = 0,0880, wR> = 0,1728 (1m0 BceM OTpaskeHHAM),
R: = 0,0583, wR., = 0,1481 (mo orpaxeHusMm c
1 > 20(1)) npu dakrope modbporroct GooF = 1,020.
[uku ocrarounoii 3nexTpoHHoM miotHOcTH 0,289/-0,259
eA. Tonuplit HA60P PEHTIEHOCTPYKTYPHBIX JAHHBIX
coequaeani (11, 111) nenonuposan B KemOpumrckom
Oanke CTPYKTypHbIX maHHBIX (menmoHeHT CCDC
1055339, nenonent CCDC 1055340). UnauBuyans-
HOCTb MOJyYCHHBIX BEIIECTB MOATBEPIKIACHA METOJIOM
TCX na mnactuakax Sorbfil UV-254 B cucteme rek-
cal — arietoH 5:2. Mcxoanoe coenunenue (1) momyde-
HO IT0 METOJIMKE, OITyOJIMKOBaHHOM B cTaThe [8].

Cunmes smunoeozo >¢upa (SE)-4-zuopoxcu-
2,2-0oumemun-1-(4-memungpenun)-5-(2-oxconponunu-
oen)-2,5-0ucuopo-1H-nuppon-3-kapbonosoii - kucno-
mot (1) u smunosoco s¢upa (2E)-[4-ayemun-3-
auopokcu-5,5-oumemun-1-(4-wemunghenun)-1,5-oueuo-
po-2H-nuppon-2-unuodenjyxcycnoii kucromor (I1I). K
cmecu 2,00 T (10 mmoinp) coeguaerns (I) mw 1,07 T
(10 MMonB) n-ToMyHIMHA AOOABISIIN 25 MIT alleToHa
U repeMenmnBaiy 12 4 Ha MarHUTHOM Memanke. Pac-
TBOPHUTENb BBIMTAPUBAIH, CYXOH OCTATOK KCTParupo-
Banu 10-15 pa3 2 M rekcaHa WM NETPOJIECHHOrO
3¢upa, IKCTPAKThl OOBEINHSIIH, PACTBOPUTENH BhITIA-
pHUBAIM, KPHCTAUIM30BAIM W3 aleTOHA, MOJIy4aln
coenunenue (I11). Beixox 0,20 r (12%), T.mr. 142-
144 °C. Ocratok niocine u3piedenus coeaunenus (I11)
KPUCTAUIM30BAIN U3 alleTOHA, IMOJTyYalld COSIMHEHNE
(). Beixox 0,23 1 (14%), T.mu1. 150-152 °C.
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OKCUDPTOPUI MOJIMBAEHA — MATEPHUAJI TOJIOKUTEJBHOI'O DJIEKTPO/IA Li-
HNOHHOI'O AKKYMYJISITOPA

Li-uonnsie akkymynamopot wiupoxko ucnonb3ylomes 6 Kauecmee UCHOYHUKOS NUMAHUA
0511 NOpMAmMuEHOl MmexHUuKu (naanuiemos, cmapmdgonos, omoannapamos, Hoymoykoe u
m.n.), MEOUYUHCKO20 000PYO0BaAHUA U IJIeKMPOUHmcpymenma. B mo sce epemsa, nepcnekmuent
npumenenusn Li-uoHHbIX aKKyMynamopoe 6 Inepzo0decneyusarouiux y3iax c2uopuonozo u ieK-
mMpoasmompancnopma, mooyneil pe3epeHozo decnepedoninozo nUmanus, HO080OHOU PodOmMo-
MeXHUKU OnPeoensaiomcs papadomKkoll HOBbIX KAMOOHBIX MAMEPUALO8, XaAPaKMepUu3yioujuxcs
eblcOKUM IHepzo3anacom. OKcuowvl nepexoonvlx memainoe (nanpumep, MoOsz, V.05 u op.),
npeocmaenaom codoii nepcneKkmueHvle Kamoonvle mamepuansl 01a Li-uonnvix akkymynamo-
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pos. Jlocmouncmeamu 0KCud08 nepexooHbIX Memanioe é CPAGHEHUU ¢ MPAOUYUOHHBIMU Mame-
puanamu noaoxcumenvhozo rnekmpooa (LiCo0-, LiNiOy, LiFePO,, LiMNn;0Oy) aenaemca noewr-
WieHHAA meopemuyeckasn yoeabHas emkocms. B mo sice epema, cnadaa oopamumocms 31ekmpo-
XUMUYECKO20 Npouecca Npenamcmeyen ux ROmeHuuaibHomy npumenenuro. Ilpu smom u3-
8eCMHO, UmMO YACMUYHOE 3ameujenue KUcaiopooa pmopom cnocodcmeyem nogvluienuto cma-
OunNbHOCMU YUKUPOBAHUA U 6MeCHIe C meM HAOeHCHOCImU mamepuanos. B nacmoawei pado-
me, Hecmexuomempuueckuii okcugpmopuo monuooena, Mo0;gFo 2 pomouueckoii cmpykmypuot ¢
napamempamu Aueiiku, oauzkumu K croucmomy MoQs, cunmesuposan meepooghasnvim memo-
oom. C ucnonviosanuem peHmzeHo)a306020 aHANU3A U CKAHUPYIOWiEll IJ1IeKMPOHHOU MUKDPO-
CKORUU U3YUeHbl CIPYKMYPHble U MOponozuueckue ocodeHHocmu oKcugpmopuoa moaubdoena.
Memooom IneKmpoxumuieckoil UMnReOAHCHO CREKMPOCKORUU YCMAHO8IEHO, Ym0 YACMUYHOe
samewgenue O° anuonamu F- 6 cmpykmype MoOs npueooum K nogvluieHuio 31eKmponposooHo-
cmu (1,8-100 ® Cw/em ons MoO:2gFo, npomue 4,4-10° ® Cm/em onn MoO3), umo ceazano c nepe-
pacnpeodenenuem 3apaoa 6 peuienKe, NPUGOOAULeM K HOHUNCEHUIO 6 HEKOMOPOIl mepe Cmenenu
oKucnenus monuboena 3a cuem nosasnenus Mo>. B pamxax dannozo uccinedosanus oxcugmo-
puo monubdoena ouenen 8 Kavecmee Kamoonozo mamepuana Li-uonmnozo axkkymynamopa. B
YacmHocmu, NOCPEOCMEOM 2ab8AHOCIMAMUYECK020 pa3pada/dapaoa nokaszano, umo MoO,gFo >
Xapaxkmepu3yemcs noOblUEeHHOI CMAOUIbHOCMbIO WUKIUPOGaHua no cpasnenuio ¢ MoOs,
ecinedcmeue 0cnadIenus INeKmpocmamu4ecKozo e3aumooeiicmeusn medicoy uonamu Li* u cnos-
MU uckaxceHHvlx okmazopoe MoOs. 10-kpamnoe yuknuposanue oxcugpmopuoa monuooena npu
naomuocmu moka 30 mA/2 ¢ ouanazone om 3.5 0o 1,5 B nokazano, umo ezo0 oopamumas em-
Kocmb cocmagnaem 160 mA-u/2, 6 mo épemsa kax emxocmv MoO3 ne npesviuaem 120 mA-u/e.
Memooom yuKauYecKou 601bMaAMNEPOMMEMPUN UZYUEH MEXAHUIM INEKMPOXUMUUECKO20 83a-
umoodeticmeus okcugpmopuoa monudoena ¢ uonamu Li'. ITonyuennvie oannvie ompasicarom nep-
CHEKMUGHOCMb PA3pPAdOMAHHO20 CROCOOA MOOUPUKaUUU RNON0IHCUMETbHO20 Inekmpooa Li-
UOHHO20 AKKYMYJIAMOPA HA 0CHO8€E OKCUOA NEPEXOOH020 Memald.

KuroueBble ciioBa: Li-roHHbII akkymyssitop; kKato1; MoOs; okcudTopug MonnbaeHa; HeoOpaTumast
€MKOCTb; IUKIHPYEMOCTh
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MOLYBDENUM OXYFLUORIDE AS MATERIAL OF POSITIVE-ELECTRODE
FOR Li-ION BATTERY

Li-ion batteries have widely used as a power sources for portable electronics (tablets,
smartphones, cameras, notebooks, etc.), medical devices, and electric tools. At the same time, the
application of Li-ion batteries technology for hybrid and electric vehicles, uninterruptible power
supplies, unmanned underwater vehicles, etc. depends on designing of new electrode materials with
high energy storage capacity. Transition metals oxides (for example, MoOs, V.Os, etc.) are very
promising cathode materials for Li-ion batteries. They have high theoretical specific capacities in
comparison with conventional positive electrode materials (LiCoO2, LiNiO,, LiFePO., LiMn;O,).
However, low reversibility of the electrochemical process limits their use. At the same time, it is well
known that partial substitution of the O atoms on F atoms improves the cycling stability of elec-
trode materials. Within the scopes of the present work, nonstoichiometric orthorhombic
molubdenum oxyfluoride, MoO-sFo2, with the lattice parameters close to the layered MoOs3; has
been synthesized by solid-phase method. The structural and morphological features of MoO2sFo.
were investigated by the X-ray powder diffraction and scanning electron microscopy. According to
the electrochemical impedance spectroscopy data the the substitution of the O atoms on F atoms in
MoOs structure leads to conductivity increasing from 4.4-10° S cm™ (MoOs) to 1.8:-10°S cm™
(Mo02sFo>) due to charge redistribution in the crystal lattice resulting from the reduction of Mo®*
to Mo®*. The molubdenum oxyfluoride was investigated as a cathode for the Li-ion battery. In par-
ticular, galvanostatic discharge/charge measurements showed that MoO;sFo exhibits a higher cy-
cling stability in comparison with molybdenum oxide due to shielding the electrostatic interaction
between the Li* and MoOg layers. It was established that molubdenum oxyfluoride yields higher re-
versible capacity (160 mAh g™) after 10-fold cycling at a current density of 30 mA/g in the range
from 3.5 to 1.5V in comparison with MoOs (120 mAh g™). The electrochemical reaction mecha-
nism has been investigated by the cyclic voltammetry method. Thus, the obtained results represent
that the suggested method for modification of positive electrode material based on transition metal
oxide is efficient in terms of the electrochemical performance of the battery systems.

Key words: Li-ion battery; cathode; MoOs; molybdenum oxyfluoride; irreversible capacity; cycling stability

BBEJJEHUE ro — yriaepojHblid Marepuan (0OBIYHO TpaduT), WH-
TepKaJMpoBaHHbIA HoHamu Li* [1, 2]:
Ces + LIC00O;, « LixCs + Li1xC00,, 0 < x < 1.
Hcnonb3oBaHue JTUTHPOBAHHOTO OKCHIA Me-

Ha cerogusmauii neHp Li-noHHBIE aKKymy-
nstopsl (JIUA) sBrsroTcs onHUMHE U3 HanboJiee BOC-
TpeOOBaHHBIX MCTOYHHKOB IMUTaHUS. B Tpamuiuon-
HoM JIVIA pOJTb MOMOKHTETBHOTO IEKTPOa Bhimo- 114 o0ecrieunBaeT BBICOKOE pabodee HaIpsHKEHUE
HfleT JIUTHPOBAHHBIH OKCHA MeTamma (kak mpapwio  JIAA (3,3-3,9 B). Onnaxo, HECMOTPSI Ha TO, HTO Mak-

LiCOOz, pexe — L|N|Oz, LiMn204), a OTPHUILIATENILHO- CUMaJibHass TCOPETUUYCCKAasA €MKOCTb JIMTUPOBAHHOTO
oKcHJa Kobanbra jocturaer 274 MA-4/T, mpakTHye-
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ckasi — He npeBbimaeT 150 MA-4/T, 4TO CBA3aHO C He-
00paTHUMBIMK CTPYKTYPHBIMH M3MEHEHUS TIPU W3BJIe-
yenun 6osee yem 50% Li* u3 LiC0O,). Takum obpa-
30M, HemocTarouHas eMkocth (120-150 MA-u/r.) B
COBOKYITHOCTH C TOKCHYHOCTBIO U JIOPOTOBU3HON KO-
OanbTa, HU3KOW CTAOMIBHOCTHIO JINTHPOBAHHOTO OK-
CU/Ia HUKEJS TP IUKIAPOBAHUH, CHIKEHHEM E€MKO-
CTH JIUTUHA-MapraHICBON IIMUHEIN MPH TOBBIIICH-
HBIX IUIOTHOCTSX TOKa B 3HAYUTEILHOW CTCIICHU 3a-
TPYIOHSIOT pacliupeHne oONacTH MpuMeHeHus Li-
WOHHBIX aKKyMYJISITOPOB TPaJUIMOHHON KOHCTPYK-
uuu [3, 4]. B aToM ximoue pyHmaMeHTaILHON 3ana-
el sBIsIeTCs] pa3paboTka IKOJIOTHUSCKH O€30MMacHBIX
MaTepUaIOB TOJIOKHUTENBHBIX 3eKTpoaoB JIMA, 06-
JIATAIONIUX TOBBIIICHHBIMU YACIBHBIMUA XapaKTepH-
CTHKaMHU.

Oxkcup monuoaena MoQOs, 001amaronni clio-
UCTOH CTPYKTYpOoll pOMOMYECKOW CHHIOHUH, Mpe.-
CTaBisIeT COOOM TEPCHEKTUBHBIA MaTepuan Jyis
BHEIpEHUsT MOHOB Li*, a, ciemoBarenbHO, Ui €ro
ucnionp3oBanust B JIMA. Croucras cTpykrypa o-
MoOs (mp. rp. Pbnm) moctpoeHa u3 HMCKaKEHHBIX
oKkTa’apoB MoQOs, CBSI3aHHBIX MEXITY COO0H pedpamMu
B Hanpaeneanu (001) u BepmmHaMH B HamlpaBlIeHUH
(100). BaumoneicTBre MEKITY CIOSIMH OCYILECTBIISICT-
cs 3a cuet cuil BaH-nep-Baaisca, IEHCTBYIOIIMX MEXTY
aToMaM¥ Kuciopona. J[Ba Tuma mycToT B CTPYKTYpe a-
MoO; (TeTpasapudeckue U OKTadIpUUECKUe) JOCTYITHBI
JUTS pa3MeIIeHus] MOHOB, TaKUX Kak JuTuit [5]. Makcu-
MallbHasl TeopeTHdecKas yjenbHas eMKkocTh MoOsz oT-
HocutenbHo Li*/Li mocturaer C = 1117 MA-4/t, a us-
MEHEeHHEe O0beMa MpH JTUTHPOBAHHU HE TPEBBIIIAET
4% [6, 7]. OCHOBHBIMM HEIOCTaTKaMH OKCHJa MO-
mOIeHa SIBISIFOTCS HU3Kas AIIEKTPOIPOBOJHOCTh U
3aTpyaHeHHas TBepaorenbHas auddysus Lit [8, 9].
[lo MHeHMIO psima WcciemoBaTenell, MHOTr0OOEIaro-
UM CHOCO00OM MOIM(PHUIIMPOBAHUS OKCHUIHBIX Mare-
puano snekTponoB JIMA sBnsercs yacTU4HOE 3ame-
nieHne kucaopona ¢gropom. Hampumep, B [10-12] mo-
Ka3aHO, YTO BBEJICHHE HE3HAYHUTEILHOTO KOJIMYECTBa
F s LiFeo,4Mno,6PO4, Li3V2(PO4)3, LiNio,gCOQanovloz
MOBBIIIAET CTAOUIBLHOCT MPU LIUKIUPOBAHUH, B TOM
YHUCJIe MPU BBICOKOM MIOTHOCTHU ToKa BILUIOTH A0 10C.

B macrosmieilr paGoTe, OCyIIECTBIICH CHHTE3
okcudTopuna moynmbdbaeHa MoO;zgFo2, oleHeHa mep-
CTIIEKTHBHOCTh €T0 MCIIOJIhb30BaHUS B KAUECTBE KaTo/1a
JIMA B cpaBHEeHUH ¢ oOkcuaoM Monubaena MoOs.

MATEPUAIJIBI U METOAUKU SKCITEPUMEHTA

Hecrexnomerpuaeckuii okCUPTOPHI MOJINO-
neHa M0O:gFo2 monydanu TBepAO(asHBIM B3aUMO-
nedictBuem MmonuOaeHoBor kucnotel (HoMo0Os) u
ruapoxudTopuna ammonus (NHsHF2) B kBazuuzoba-

66

PHUYECKUX YCIOBHUSX HPU HCXOAHOM MOJBHOM COOT-
HoureHnu pearearoB HoMoOs:NH4HF, = 1 : (0,3-0,5)
n Temreparype 420+10 °C. ITomyyennsiii M0O,,gFo 2
HMeNl BHJ MOPOLIKOOOPAa3HOro BEIIECTBA CHHe-
YepHOro 1BeTa. AHaIU3 PU3UKO-XUMHYECKHUX H 3JICK-
TPOXMUMHYECKUX XapakrepucTuk MoOzgFo, mpoBo-
AN B CpaBHEHHH ¢ KoMMepueckuM MoOs (dumcroTa
99,9%).

C uenpio ycpeaHEeHHs MaTepHalioB 1O TPaHy-
JIOMETPUUECKOMY COCTABY U IOBBIIIEHUS] Pa3BUTOCTU
MOBEPXHOCTH MPOBOAMIM MX H3MENbYCHHUE B MEJIb-
Hune rtuianerapHoro tuma Fritch Pulverisette 7
premium line (®PT') B Teuenne 20 MUKIOB, KAKIBIA 13
KOTOPBIX BKJIIOYAJI aKTHBHYIO (M3MENbUCHHE JUIUTEIIb-
HocThIO 10 MuH 1ipu ckopoctu 450 06/MHH) U TACCUB-
HYIO cTaauH (May3a JTUTEIFHOCTRIO 25 MuH). Marepu-
aJT pa3MOITFHBIX CTAKaHOB ¥ MEIOMINX 1mapoB — ZrOs.

Ananmu3 Mop(OoIOrHYecKoil CTPYKTYphI OCY-
LIECTBIBIIA  METOJOM CKaHUPYIOLIEH 3JIEKTPOHHOU
mukpockoniu (COM) ¢ HCIOMb30BaHUEM MHKPOCKO-
na Beicokoro paspemenus: Hitachi S5500 (Anonus).
Hanuuue kpucramimueckux (a3 (pUKCUPOBAIH TI0-
cpencTBoM peHTreHodaszoporo anamm3a (PDA) nHa
mudpakromerpe Bruker D8 ADVANCE (®PI') B
CuKg-m3nyuenun. OtHeceHue peIeKCOB MPOBOIUIH
C TIpUBJIEUYEHUEM MporpaMMHoro obecnieueHnss EVA B
cooTBeTcTBUM ¢ 0asoii manHeIx PDF-2 2006 r. BBI-
mycKa. DJEeKTPONPOBOJHOCTD OMPEIENSIN METOIO0M
3JEKTPOXUMUYECKON HMMIIEJAHCHON CIIEKTPOCKOIIUU
(BUC) no ABYX3JIEKTPOAHOM cXeMe NpU KOMHATHON
TeMIIeparype ¢ moMolnkko cucremsl Solartron SI 1260
(Benukobpuranus). Pacyer yaenbHOM MPOBOAMMOCTH
OCYILLECTBISUIM ITyTEM MOJENHUPOBAHUS 3KCIEPUMEH-
TaJIbHBIX CIIEKTPOB mNapauiensHoli R—CPE-ienoukoii B
muanazone gactor 100 ['m-10 xI'11, B KoTOpOM, Kak mpa-
BUJIO, OLICHUBAIOTCS1 OOBbEMHBIE CBOMCTBA MaTepHaa.

DIEKTPOTHYIO MACCY MOTyJaId ITyTEM CMEIITH-
Banus 80 mac.% axtuBHOro kommonenta (MoOgzgFo»
wi MoQs), 10 mMac.% 37eKTpOnpOBOHON T00ABKH
(anetunenoBoii caxkn) u 10 mac.% cBsI3yromIero Beie-
cTBa (MOJMBUHWIMACHPTOPUI, PACTBOPEHHBIH B N-
METHIIMTUPPOIUIOHE Npu KoHueHTpauuu 0,025 r/cmd).
[lacty Ha MeaHBI TOKOCHeMHHK (TonmuHa 10 MKM)
HaHOCHJIM C TIOMOIIBI0 aBTOMAaTHYECKOTO yCTPONHCTBA
MTI EQ-AFA-I (CIIIA). DnexTpoaHy IUIACTHHY
MO/IBEPTrail CyIIKe B BakyyMHOHM neun MTI DZF-
6020-110P (CHIA) npu 60 °C B Teuenue 12 4. Pabo-
yhe 3JeKTpoAbl AuamerpoM 1,5 cm BelpyOamu u3
3JIEKTPOAHOM IUIACTUHBI C IPUBJICYEHUEM YCTPOM-
ctBa MTI EQ-T06-Disc (CILIA). TonmuHa moyioxu-
TeIpHOro 3neKkTpoaa coctaBisuia 70 mxM. Cozepxa-
HHME aKTMBHOTO BEIeCTBa Ha 1 cM? dnmekTpoma Jo-
CTHUTAJO 5 MT.
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HcTouHMK TOKAa W3TOTaBIMBAIM B CYXOM
6okce Plas-Labs 890-NB (CIIIA) B armocdepe ap-
FOHa C HCMOJb30BAaHUEM [IBYXAJIEKTPOAHOU SUCHKH
MTI STC-19 (CHIA). Jluck METaUIMYECKOrO JIMTHUS
tommuHoi 0,1 MM HCHOIB30Baad B KAadeCTBE Kak
MIPOTHBOAJIEKTPOIA, TAK U DIIEKTpoaa cpaBHeHU. [Ipu
3TOM pa3psij SYCHKH COOTBETCTBOBAT WHTEPKAISITIH
Li* 8 M0O2sFo2 1 M0oQs, a 3apsa — ACHHTEPKATIAIIH.
OnexkTpoauT mpeacTaBisn coboid 1 M pacTtBop TeT-
padTopbopara mutus LiBFs4 B cMecn mpormneHkap-
OoHaTa M JUMETOKCHATaHa B cooTHomenuu 3 : 1. Ce-
Maparop, W3TOTOBJICHHBIA W3 TOJHIIPOIUICHOBOTO
HETKAaHOTO MaTepuaia, MPOKIAABIBATH MEXIY JJIeK-
Tpomamu. Bpemsi craOumm3aniuu HanpsDKEHUS Pas3o-
MKHYTOH IIEMU CUCTEMBI TMOCJE COOPKH COCTaBIISIIO
He meHee 10 u.

DONEeKTPOXUMUYECKIE WCTBITAHUS OTHOCH-
tenbHo Li*/Li mpoBOAMIN C MCITOIB30BAHUEM MTOTEH-
nuocTara/ranpBanocrara Solartron 1470E (Bemuko-
Oputanus). PaboTocmocoOHOCTE AIEKTPOXUMHUIECKOH
CUCTEMBI OIICHUBAIH MOCPEICTBOM T'ajibBAaHOCTATHYE-
CKOT'0 paspsija/3apsja npy mioTHOCTH Toka 30 MA/T B
muanazone or 3,5 mo 1,5 B B teuenme 10 mukios.
DNEKTPOXUMHUYECKOE TTOBEICHUE MCCIIEA0BAIN METO-
JOM IHMKIUYeckor BojbrammnepoMerpun (LIB) mpu
CKOpocTH pa3BepTku norteHimana 100 mxB/c B mua-
nazoHe ot 3,5 10 1,5 B B Teuenue 5 nukiios. s mo-
JIYYSHHsI JOCTOBEPHBIX PE3YJIbTATOB U3MEPEHHS MPO-
BOJIMIY HA 5 OJHOTHUITHBIX SYEHKaX.

PE3VIJIbTATBI U X OBCYXJEHUE

CocTaB M CTpOCHHE HECTEXMOMETPHYECKOTO
okcudropuna monmbdaena MoO;gFo, onrcanbl panee
[13, 14]. Pe3ymbTaThl MCCleOBaHUS, MPOBEICHHOTO
merogoM COM (puc. 1), xapakTepusyroimie pa3mep
yacturr M0oO;gFo» 1 kommepaeckoro MoOsz He 00Ha-
PYXHBAIOT CYHIECTBEHHBIX MOP(HOJIOTHYECKUX OTIIH-
YU MEXIy MarepHalaMH I0CIe WX HW3MENbYCHHS.
PesynpraThl WcciemOBaHUS MHKPOCTPYKTYPHI TPH
MOBBIIICHHOM YBEJMYEHHH TIOKA3bIBAIOT BBICOKOPA3-
BUTYIO TIOBEPXHOCTH YACTHII, YTO MOTEHIIHAIBHO CIIO-
COOCTBYET MPOTEKAHMIO 3JIEKTPOXHUMUYECKOTO B3aH-
MozeicTeus ¢ Li* nonamn.

Hdannsie peHTreHoda3zoBoro aHaln3a
MoO2gFo> 1 M0Os nmpuBeaens! Ha puc. 2. [luku Ha
IuQpakTorpaMMax COOTBETCTBYIOT pediexcam, xa-
pakTepHbIM Uit okcuaa monubzaeHa a-MoOsz ¢ pom-
ouueckoit kpucrammdeckoi pemerkoit (JSCD Ne 01-
089-5108, npoctpancTBeHHas rpymma Pbnm). B me-
JIOM TIOCJIE YaCTUYHOrO 3amernenust O annonamu F-
KpHCTAUIMYEeCKass CTPYKTYpa OKCHIa MONHOJIeHa CO-
XpaHseTcsi, B TO K€ BpEMs, HEKOTOPOE H3MEHEHHE
napameTpoB @, b u ¢ (puc. 2) CBHACTEIBCTBYET O

TpaHchOpPMaIIUK dJeMeHTapHOH sueiiku. YacTuuHoe
zamemenne O? anuonamu F~ B ctpykType MoO3 BbI-
3BIBACT TepepacrpeielicHue 3apsia B penietke, mpu-
BOJIAANICE K TIOHMKCHHUIO B HEKOTOPOUW Mepe CTeNeHU
OKHUCJIEHHs MOJIMOJIEHa 3a CUET MosBiIeHus Mo°*, uro
cornacyercs ¢ qanubivu [13, 14].

MOOZ.XF().Z

3 MKM 3 MKM

300 am

Puc. 1. COM-u3o06paxenunss MoOzgFo2 1 M0Os, noydeHHbIE TIPH
Pa3IMYHOM YBEIUYEHUH

Fig. 1. SEM-images of MoOz2sFo.2 and MoOs at different magnifi-

cation
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Puc. 2. Tudpaxrorpammsl MoO2sFo2 1 MoOs (N — uHTEHCHB-
HOCTB,  — OpArTOBCKHI YTrou)
Fig. 2. X-ray diffraction patterns of M0oO2.sFo.2 and MoOs
(N — intensity, 6 — Bragg angle)

CoriacHo [aHHBIM, NOJIYYEHHBIM METOIOM
DUC, wactnanoe 3amerenne O anronamu F- B cTpyK-
Type MoOs TmpHUBOAWT K TOBBIIMICHHUIO AJIEKTPOIIPO-
BOJIHOCTH, YTO CBSI3aHO C IepepacipeielieHueM 3apsi-
Ia B peuietke. B yacTHOCTH, yAenbHAs 3JIEKTPOIpPO-
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BoaHOCT, M0Q3 coctapuna 4,4-10° Cm/cM, B To Bpe-
Ms KaK 3JIEKTPOIPOBOIHOCTh OKCU(TOpUIA JOCTHUTIA
Benmuuasl 1,8-10° Cm/cwm.

Pe3ynprarel TanbpBaHOCTATHYECKOTO ITUKIIH-
poBanust M0oOzgFo> 1 kommepueckoro MoOsz oTHO-
curenapHo Li*/Li npu mrotHoctr Toka 30 MA/T B 1ua-
nmazone 3,5-1,5 B mpexncrarnens! Ha puc. 3. AHamm3
MOJTyYEHHBIX JIAHHBIX ITOKA3bIBAET, YTO HaYaabHas
(MHTepKaNANMOHHAs) €MKOCTh IIEPBOTO IIMKJIA
Mo00O,sFo2 1 M0O3 cocrasmster 290 n 280 MA -4/T co-
otBeTcTBeHHO. CormacHo [15, 16] anexTpoxumuye-
CKHUI TOKOOOPAa3yIOUIUi MpoIecc, MPOTEKAINNN B
nmuamnasone 3,5-1,5 B u onmceIBaeMblil peakmueit

yLi* + ye~ + M0O3 < LiyM00O3, 0<y < 1,5,
COMNPOBOJKIACTCS HMHTEpKasIeii noHoB Li*, kak B
terpadapudeckue (Mexay MoOs oKTasapamMu B Tpe-
JIeNax Cj0s) IyCTOThl KPUCTAJUTUYECKOH PEIIeTKH
OKCH/Ia MOJIMOJIEHA, TaK W B OKTadApuieckue (Tpo-
cTpaHcTBO Mexnay ciosmMud MoQOs). Ha paspsmabix
KPHUBBIX JaHHass 0COOCHHOCTh OTPAKAETCs U3MECHCHU-
€M yTJia HaKJIOHA B Pe3yNbTaTe HBOIIONNHU MTOTEHIINA-
7a syeiiku. B wactHocTH, BHeapenue Li* B Terpas-
pUYecKue MyCcTOThl MPOUCXoauT mpu 2,7 B, B To Bpe-
Msl KaK MHTEPKAJIAIUU MEXKIY CIIOSIMH COOTBETCTBYET
nuanasoH ot 2,5 no 1,5 B. Ilpu 3TOoM uccnenoBatenu
[15, 16] oTMewaroT, 4TO BHEAPECHHE HOHOB JIUTUS B
TETPA3APUIECCKHUE MYCTOThI KPUCTAJUTMYECKOM peIIeT-
KA OKCHJa MOIIMONIeHa SIBJISETCS CIabo00paTHMBIM
MpoIecCCOM. 3apsij] TEepBOTO IUKIA XapaKTepu3yeT
JICUHTEePKAJISIMI0O KaTHOHOB yiutuss u3 Mo0O2gFo> n
MoOs. Emkocts okcudTopuma, pearuzoBaHHAs Ha
JTAHHOM dTame, cocTaBmia 245 MA-4/T, B TO Bpems
Kak 3ta Bennuuna s MoO3 pasaa 230 MA -u/T.

BHemHuid BUJ TaJIbBaHOCTATUYECKUX pa3-
PSAHBIX KPHBBIX IISITOTO IUKIA COOTBETCTBYET pe-
3yJbTaTaM II€PBOHAYAIBHOTO paspsjga. EMKocTh
Mo0O2gFo2 B pe3ynbTaTe paspsijia ISTOrO IUKIA CO-
craBisger 230 MA-4/T, B TOo BpeMsa kak mius MoOsz —
210 MA-u/r. COOTBETCTBYIOIIME MATOMY LMKy 3a-
psanabie eMkocT M0O2gFo2 1 M0O3; 3KBUBaJICHTHBI
220 1 190 MA ‘4/T, COOTBETCTBEHHO.

Pesynbrarel, mOMy4YeHHBIE B XOJIEe JIECATH-
kpatHoro nukiupoBanust MoO;gFo2» 1 M0O3 oTHOCH-
TenbHO Li*/Li, MOKa3bIBalOT CHUKEHHE YICIbHON eM-
KOCTH Kak Ui OKCHIa, TaKk W I okcudropuga mMo-
nubeHa. B To ke BpeMs HHTePKaISIMOHHAS €MKOCTh
Mo0O2gFo2 (170 MA-4/r) npeBbimaer emkocts M0O3
(140 MA-9/r). 3HaueHHs 3apsTHON EMKOCTH JIECATOTO
nukia gocturaroT 160 u 120 MA -9/t nng MoO2sFo2 u
MoOs, cootBercTBeHHO. Takum 00pazom, 3ddekTus-
HOCTb HCIIOJIb30BaHMs OKCU(TOPHUIA MTOCIIE JAECATOrO
nuKiIa paspsaaa/zapsaga gocruraet 94%. Jocrturayras
emkocTh M0O2gFo2 He ycTymaer pe3yiabTaram padboT
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[16-18], mOCBAIIEHHBIM HCCIIEAOBAHHIO TTEPCIIEKTHB-
HOCTH HCIIOJB30BaHHA B KauecTBe karona JIMA ok-
CHJa MOJTMOJICHA, COCTOSIIETO M3 YaCTHI] MHKPOHHO-
r'0 WIH Jake CYOMHKPOHHOTO pa3mepa.

M 35
= MoozraFnz

3.0
10

2.51
2.0 paspsan
1.5 T .
0 100 200 300
C, MA-u/T

3apsa

U,

—_ paspsn
g

5 T ;
0 100 200 300
C, MA'4/T
Puc. 3. Kpussle pa3zpsaa—3apsiaa 1-ro, 5-ro u 10-ro uukion
Mo00O2.8Fo.2 1 M0Os, TosydeHHbIe IIpU MIOTHOCTH ToKa 30 MA/T
B auanazoHe ot 3.5 10 1.5 B (U — moteHmman snexTpoa OTH.
Li*/Li, C — ymenbHast eMKOCTB)

Fig. 3. Discharge—charge curves for 1st, 5th and 10th cycles of
MoO:2.sFo.2 and MoOs, obtained at current density of 30 mA/g in
the range from 3.5 to 1.5 V (U-electrode potential relative to

Li*/Li, C-speciic capacity)

[lonyueHHbIE JaHHBIE [TO3BOJISIIOT CAEIAThH BbI-
BOJI O TOBBIIICHHOW OOpPaTUMOCTH HMHTEPKAJSIIUN —
newHTepKaysaimu  Li* B cTpykType okcudropmaa
MoO2gFo o cpaBuennio ¢ M0Os. CornachHo [13, 14]
yactraHoe 3amernenne O? anmonamu F- ocymecTsis-
eTCsl TI0 KOHIIEBBIM IO3MIUAM JIMTaHAa B IOJHAJIPE,
4yro, mo-BuauMoMmy [19], mpuBoauT K ocnalieHH:o
ANIEKTPOCTATHYECKOTO B3aUMOJICHCTBHSI MEXy HOHA-
mu Li* u cmosmu M0Os. Tlepepacnipenenenue 3apsza B
peleTke CocoOCTBYET YaCTUIHOMY ITOHIKEHHIO CTe-
MIEHW OKHCJIEHHUS MOJHMO/EHAa, YTO MPUBOJHUT K TOBBI-
IIEHUFO AJIEKTPOIPOBOTHOCTH HA TPU MOPSJIKA.

[{uknuyeckne BONbTAMIIEPOTPaMMBI TIEPBOTO
U TATOTO LUKIIOB pa3psaa/3apsiaa (puc. 4), onuchiBa-
IOIFe HHTEPKAIALUIO U JCUHTCPKAIAIUIO KaTHOHOB
Li* B crpykrypy MoO2sFo, m M0Os, mmeroT Bu,
CBOWCTBEHHBIH JUII NPOLIECCOB OOpPAaTUMOroO THIIA.
Oxcun 1 OKCUPTOPUT MOJIMOJICHA XapaKTepU3yIOTCs
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cXx0xuM noBeneHueM LIB-kpubix, npucymmmM MoO3
[19, 20], uTo roBOPUT 00 OOIIEM PEAKIIMOHHOM Me-
xXaHu3Me. Hannuue MuKoB B KaTOAHBIX oOmacTsax 1[B-
KpUBBIX ITepBOTO nukia okojo 1,7-1,8 B, 2,1-2,2 B,
2,3-2,4 B u 2,7-2,8 B onpezaensieTcsi MHTEpKaJSIMEH
Li* B cTpykTypy OKcHIa MOIHOeHA. AHOIHbBIC THKA
BOmm3n 2,5 B m 2,8-2,9 B oTpaxkaroT menHTepKaisi-
U0 KatuoHoB jutusa. [lpu srom mias MoOzgFo»
HaOronaeTcs cMenlenue norennuana Ha 80-100 mB B
CTOpOHY OoJilee HU3KMX 3HAUYEHUH, YTO, TO-BUAMMO-
MY, CBSI3aHO C oOcHaOIeHHEM 3JIEKTPOCTATHYECKOTO
B3aUMOJIeHCTBYS Mekay noHamu Li* u crmosmu MoQs.
IIpucyrctBue muka mpu 3,3 B B xaTtogHOW oOmactu
BOJIbTaMIieporpaMmbl  miepBoro 1ukina MoOazgFo, u
COOTBETCTBYIOIIETO €My aHOJHOTO muKa mpu 3,2 B,
BO3MOYKHO, CBSI3aHO C OOJIErYeHHBIM BHeapeHuem Lit
B TETPadApUYECKHE IMYCTOTHl KPHUCTAILUTUYECKOH pe-
HICTKH. HCCI/IMMCTpI/IqHOCTI) IMUKOB, COOTBCTCTBYIO-
[IMX UHTEPKAALMHM U JeHHTepKamsanuu Li* B kaTon-
HOW W aHOMHOW OOJACTSX, CBUIETEIBCTBYIOT O He-
HOJIHOM HM3BJICUYCHHU BHEIpPEeHHBIX noHOB Li*. IToy-
YCHHBIC PE3YJIbTaTbl COOTBCTCTBYIOT JaHHBIM TIaJlb-
BaHOcTatndeckoro mukimpoBanuss Mo0O2gFo. 1
MoO; otrocutensHo Li*/Li. IIB-kpuBble mATOrO
OUKJIa IO IMOJIOKECHHUIO M MHTCHCUBHOCTHU ITMKOB HE-
CKOJIBKO OTJINYatoTCs OT L|B-KpUBBIX MEPBOro LUKIA,

200

MOO: NF[J.Z 1

J. MA/T

—804

—120 . . T
1.5 2.0 2.5 3.0 3.5
UB
Puc. 4. Huknuueckue Bonbrammeporpammsl MoOz,sFo.2 1 MoOs,
nony4yeHnsie npu 100 mxB/c B nuanazone 3,5-1,5 B (j — mutor-
HOCTb TOKa, U — moTeHiuan sinexkrpoaa ota. Li*/Li)
Fig. 4. Cyclic voltamogramms of M0Oz2.sFo.2 and MoOs recorded
at 100 pV/s in the range of 3.5-1.5 V (j — current density, U-
electrode potential relative to Li*/Li)

YTO OMNpeesIeTCs] MPOTEKaHHEM HEOOpaTHUMBIX MpPO-
LIECCOB M0 Mepe LUUKIUPOBAHHS, B TOM YHUCIIE, HEMOJ-
HOHM AewHTepKaysmuer Li+ u dhopMupoBanrueM TBep-
JIORJIEKTPOJIMTHOTO CIIOST Ha TPaHUIEe paszena dJeK-
Tpoa/snektponut [21, 22].

BBIBO/IbI

B macrosmeit pabore TBepmodaszHbEIM MeETO-
JIOM CHHTE3WPOBAaH HECTEXHOMETPHUECKHNA OKCHU(TO-
pua monmuoneHa, MoO;gFo2, poMOUYECKOil CTPYKTY-
pBI C TapaMeTpamM¥ SYEHKH, ONM3KUMHU K CIOUCTOMY
Mo0Os;. MeTonamMu rabBaHOCTATHYECKOTO pa3psi-
Ja/3apsia U MUKIUYEeCKON BOJBTAMIIEPOMETPHH U3Y-
YEeHBI AICKTPOXUMHUYECKOE IMOBEACHUE OKCHU(TOpHIA
Y MEXaHU3M MPOTEKaHHUS TOKOOOPa3yoIIero mporec-
ca. [lo pesynpraTam 10-KpaTHOTO LMKIUPOBAaHUS B
nuamnaszone ot 3,5 no 1,5 B mpu mmornoctu Toka 30
MA/T  yCTaHOBJIEHO, 4YTO oOOpaThMasi EMKOCTh
Mo0O,gFo> mocturaer 160 MA-4/r, B TO BpeMs Kak
emkocTh M0O3 cocraBnsier 120 MA-u/r. YactuuHoe
samemenne O? anmoHamu F~ ocymiecTBisieTcss 1Mo
KOHIIEBBIM TO3UIIHMSAM JINTaH/a B MONHUAAPE, YTO MPH-
BOJIUT K OCJIa0JICHHIO 3JIEKTPOCTATHYECKOTO B3aUMO-
JIEeHCTBUS MEXAy HoHamu Li™ U CIIOSIMH OKTa’apoB
MoOs, TeM caMbiM, OOIerdyas ANEKTPOXUMHYECKUN
mporiecc. Ilepepacnpenenenne 3apsima B pemieTke,
BBI3BIBAIOIICE ITOHKEHUE B HEKOTOPOW Mepe CTere-
HU OKHUCIIEHHS MOJHO/EHa, CIIOCOOCTBYET IIOBBIIIIE-
HUIO 3JIEKTPONPOBOAHOCTH Matepuana: 4,4-10° Cm/cm
(nns oxcuaa monmbOaena) u 1,8-10° Cm/cm (st ok-
cudprtopuna). Takum 00pa3oMm, B HaCTOsIICH padoTe
IIPOJIEMOHCTPHUPOBAHO, YTO OKCHU(PTOPHUI MOIUO/IEHA
MPEJICTaBIsIeT CO00M MEPCIECKTUBHBIA KaTOAHBINA Ma-
Tepuai s Li-MOHHOTO akKyMYyJIsTopa.

Cocmas, cmpykmypHble, MOp@orocuseckue u
INEKMPOXUMUYECKUE CEOUCMBA U3YUEHbl NPU QUHAH-
co6oll noddepaicke Poccuiickoeo Hayunoeo @onoa
(epanm Ne 14-33-00009) u Dedepanvroco azenmemea
HAYUHbIX opeaHusayull. Drekmpogusuieckue uccie-
008aHUsT BLINOIHEHbL 3d cuem cpedcmé epanma BP
(pyrosooumenv — A.A. Cokonos, kouxypc 2016-2017 22.)
MONOObIM YYEHBIM, ACNUPAHMAM U CHIYOEHMAM.
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KINETICS OF FORMALDEHYDE ADSORPTION FROM AQUEOUS SOLUTIONS WITH
SYNTHETIC ZEOLITES IN PRESENCE OF PHOSPHORIC ACID

It is known that 4,4-dimethyl-1,3-dioxane is a key intermediate for the industrial synthesis
of isoprene. It is obtained by condensation of the aqueous solution of formaldehyde with isobutyl-
ene in the presence of phosphoric acid. In the last decade, synthetic zeolites were used for the
above process. However, in this work were not considered features of interaction of reagents and
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products of Prins reaction with porous materials. Therefore, the aim of this work was to study the
adsorption of formaldehyde from aqueous solutions by synthetic zeolites in the presence of phos-
phoric acid. The kinetics of adsorption of formaldehyde from aqueous solutions by synthetic zeo-
lites in the presence of phosphoric acid was carried out. For a series of zeolites of type A and X
the values of the external and internal mass transfer diffusion coefficients were obtained. The ef-
fect of the value of the zeolite pore diameter in the contribution of the external or internal diffu-
sion mass transfer in the process of adsorption of formaldehyde was founded. The time of the es-
tablishment of sorption equilibrium was obtained. As sorbents we have used synthetic zeolites
with diameters of 3-9 A. Adsorption of formaldehyde from aqueous solutions was investigated at
(75 £ 1) °C from a limited volume under constant agitation (laboratory mechanical stirrer, 17
rps). Samples of a porous sorbent (the weight was (2.65 + 0.10) g) were introduced into the solu-
tions containing 50 mL of aqueous formaldehyde with the initial concentrations of 5.85-7.07
mol/l and 2.5 ml of 81% phosphoric acid. The contact time of the solution with samples of
sorbents was ranged from 120 to 3600 s. The formaldehyde concentration in solution was deter-
mined by the sulfite method. Adsorption of formaldehyde (a) from aqueous solutions by synthetic
zeolites material was evaluated according to the equation: a = [(cy — c¢,)-V] / m, ¢. — adsorbate
concentration at various time points, mol/l; ¢o — adsorbate concentration at the initial time, mol/I.
Relative approach of the adsorption to equilibrium () was calculated according to the equation:
¥y = a | amax, amax — adsorption at equilibrium, mg/g. Changing adsorbed formaldehyde (T) at
different times was calculated according to the equation: 7 = - In(1-7). External diffusion mass
transfer coefficients (#,) and internal diffusion from an aqueous formaldehyde solution were cal-
culated using the equation: g, = tge / T, tga — the tangent linear portion of the graph according to
the inclination angle T = f (t). We have found that formaldehyde adsorption process from the
agueous solution in the presence of phosphoric acid for all used types of synthetic zeolites (KA,
NaA, CaA, CaX, NaX) has been determined the values of the pore diameters of zeolites. It was
shown that time of achievement of equilibrium sorption in the system formaldehyde-water-
phosphoric acid in the case of all used synthetic zeolites is 600 s.

Key words: formaldehyde, synthetic zeolites of types A and X, adsorption kinetics

BBEJAEHUE

M3BectHRIM criocoOoM monmydenust 4,4-aume-
TwiI-1,3-1M0KCaHa, KIOYEBOro MOJYNPOAYKTa Mpo-
MBILIIJICHHOTO CHHTE3a WM30MpEHa, SBJISIETCS KOHICH-
calmsi BOJHOTO pacTBopa GopMalbaeruia ¢ H300yTH-
JICHOM B MPHUCYTCTBUH OpPTOPOCHOpHOIT KucmoTsr [1].
B mocnennee necatunetne Uil MPOBEACHUS BBIIIE-
OTMCAHHOTO TIPOIECCca HCIONIB30BANNCH TAKXKE I1€0-
JUTHI: OCYIIECTBIICHO B3aMMOJICHCTBHE (QopMab/ie-
ruia ¢ U300yTHICHOM B IPUCYTCTBHM IieosnToB H-
ZSM-5, H-Boralite, H-B-MCM-41 [2], iu6o ¢ mpem-
OyranosioMm — B ipucytctBun Fe(ZSM)-5, AI(ZSM)-5,
H(Fe)ZSM-5, H(AI)ZSM-5 [3]. Oxnako B >THX pabo-
TaX HE paccMaTpUBAIMCh OCOOEHHOCTH B3aMMOJEH-
CTBHSI PEareHTOB W MPOJYKTOB peakinuu [lpuHca c
neonuTamu. [lo3Tomy menpio maHHOW pabOTHI OBLIO
u3ydyeHue azncopOumu QopManpieruia M3 BOAHBIX
pacTBOpOB CHHTETUYECKUMH LICOJUTAMH B IPHUCYT-
ctBur (pochHopHON KHCITOTHL.

72

METO/IUKA OSKCITEPUMEHTA

B kadyecTBe COPOCHTOB HMCIOJIB30BAIUCH CHH-
tetndyeckue neonutel Mapok KA, NaA, CaA, CaX,
NaX (OAO «MmmmOaiickuii KaTalnu3aTOpHBIA 3a-
BOI», T. MimnmoOait).

AncopOuus popmanbaeruia U3 BOAHBIX pac-
TBOPOB M3ydasack mpu Temmeparype (75+1) °C wu3
OTPaHUYEHHOTO O0BbEeMa IMPHU TOCTOSHHOM MepeMe-
muBaHuu (TabopaTopHas MexaHWYeCKas MeIlaka,
17 o6/c).

HaBecka CHHTETHYECKOTO IICOJUTA MAacCCOM
(2,65+0,10) r BBOIMIIACH B pacTBOp, coAepxamuii 50
MJI pacTBOpa (opMajibAerujia ¢ AUara3oHoM Hadallb-
HbIX KOHIeHTparui 7,5-10,5 monw/nm u 2,5 ma 81%-
HO opTodhocopHOI KUCIOTEL. BpeMs koHTakTa pac-
TBOpa C o0Opa3namMu CHHTETUYECKUX IEOJIUTOB CO-
craisuio ot 120 o 3600 c. Conepxanue GpopMab-
JIETHa B PACTBOPE ONPEICISIN CyITb(UTHBIM METO-
nom [4].
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PE3VJIBTATBI U NX OBCYXJIEHNE

Ancopbuus dopmanbaeruiaa (a) U3 BOIHBIX
pacTBOPOB CHHTETUYECKUMH IICOJIMUTAMH OIICHUBA-
nack o ypasuenuto (1) [5]:

a=[(co—cy) V]/m, (1)
IJie Ct — KOHIIGHTpaIusl ajgcopbara B pa3iindHbie MO-
MEHTBHI BPEMEHH, MOJIB/JI; Co — KOHIICHTPAIUS aJIcOP-
0aTta B HAYaIbHBI MOMEHT BPEMEHH, MOJIB/JI.

OtHocuTenpHOE TPHOIIKEHUE aacoOpOIHMU K
PaBHOBECHIO (Y) PACCUMTHIBAIIOCH TI0 YpaBHeHHIO (2) [5]:

Y = a/amax, 2
I Qmax — &ACOPOIHS MPH JOCTYIKCHUH PAaBHOBECHSI,
MOJTB/T.

W3meHeHue ancopOMpOBaHHOTO (QopMalibie-
ruzaa (T) B pa3nu4Hble MOMEHTHI BPEMEHHU PacCUUTHI-
BaJIOCH 10 ypaBuenuio (3) [5]:

T =-In(1-y) (3)

Koadhdummentsr BrEmHE MMM GY3MOHHOTO Mac-
coniepenoca (Bn) u BHyTpeHHe# muddy3uu Gopmas-
JIeTHU/Ia U3 BOJHOTO PAacTBOPA PaCCUUTHIBAIKCH C UC-
nosib3oBanueM ypasHenust (4) [5]:

Bn = tgo/T, 4)
IJie tgo — TAaHTeHC Yrila HAKJIOHA JIMHEHHOro y4JacTka
rpaduka 3apucumoctu T = f(t).

9KCHCpHMCHTaIII>HI)Ie KHHECTUYCCKUEC KPUBBIC
azcopOimu hopManbaeTHaa U3 BOIHBIX PACTBOPOB Ha
cuaTeTndeckux neoinurax KA, NaA, CaA, CaX, NaX
MIpeJICTaBJIeHbI Ha puc. 1.

3500 -

=3000 |
=

%2500 |
2000 -
1500 1

1000 +

0 1000 2000 3000 tc 4000
Puc. 1. Kunetnyeckne KpuBbie aacopounu GpopMansaeruia u3
BOJIHBIX PACTBOPOB B AMama3oHe KoHueHTpanuit 7,5 — 10,5
MOJIB/T B IPUCYTCTBUH (POCHOPHOI KHCIOTHI CHHTETHIECKUMH
[IeoJIMTaMu 1pu Temmeparype 75 °C
Fig. 1. Kinetic curves of formaldehyde adsorption from aqueous
solutions in the concentration range of 7.5 - 10.5 mol / L in the
presence of phosphoric acid by synthetic zeolites at the tempera-

ture of 75 °C

Jlyis BceX MapoK HCIIONIb30BAaHHBIX CHHTETH-
YEeCKHX IICOJIMTOB HAOJIOJIaeTCsi BBICOKAs CKOPOCTh
ancopOruu popMaIbAeTuIa B HAYaIBHEBIN TIepro (110
600 c).

C yBenu4eHHEeM BpEeMEHH KOHTAKTa CKOPOCTh
aJIcOpOLIMU CYIIECTBEHHO yMEHbIIaeTcs. Bpems mo-
CTIDKCHHS aJICOPOIIMOHHOTO PaBHOBECHS HE 3aBUCHT
OT Mapku neoiuTa u coctarisier 600 c.

7 -

T
6 4

0 500 1000 1500 2000 2500 ¢ 3000
.C

Puc. 2. I3MeHeHne KONUYeCTBa aJIcCOPOUPOBAHHOTO BEIIECTBA
npy ancopOumy Gopmanbaernia u3 BOAHOTO pacTBOpA B Uaria-
30He KOHIeHTparmi 7,5 - 10,5 Mois/n B mpucyrctBuu ocdopHOit
KHCJIOTBI CHHTETHUECKHMU LIEOJIUTaMU Ipu Temneparype 75 °C
Fig. 2. Change in quantity of the adsorbed substance at adsorption
from an aqueous formaldehyde solution in a concentration range
of 7.5-10.5 mol / L in the presence of phosphoric acid by a syn-
thetic zeolites at the temperature of 75 °C

Kunernueckue naHHble BO Bceil paccMmarpu-
BaeMOM 00J1aCTH 7151 CHHTETHYECKOI'O IE0JIUTa MapKu
KA ynosnerBopurensro (R = 0,98) omucwiBaercs
ypaBHEHHEM KHHETHKH TIEPBOTO TMOPSAJIKA, T.€. CKO-
POCTh aJIcOpOIMK 3aBUCUT TOJIBKO OT KOHIIGHTPAIMH
dhopmanprernna B pactBope (puc. 2). Ilpsmonunei-
Has 3aBucuMocth T = f(t) ykasbiBaeT Ha TO, 4TO Mpo-
necc afcopOIMy JIMMUTHPYETCS TOJBKO BHEIIHUM
MacconepeHocoM. OTCyTCTBHE OTKIOHEHHUS OT Mpsi-
MOH CBHIETENBCTBYET O TOM, YTO CKOPOCTbH ancopO-
nuu GopMalbIerHa CHHTETHUECKUM IeonuToM KA
HE 3aBHCUT OT BIIHMSHUS BHYTpeHHEH 1uddy3un.

Jns cuHTeTHYeCKUX LEOJUTOB Mapok NaA,
CaA, CaX, NaX KuHETHYECKHE NaHHBIC TaKXKe YJI0-
BrnetBoputenbHo (R = 0,98-0,99) omnuceBatores
ypaBHEHHEM KHHETHKH HEepBOro mopsika (puc. 2) B
obnactu g0 600 c. JlanpHelimee ke OTKIOHEHUE (B
obmactu mocie 600 C) OT MPSMON CBHIIETEIHCTBYET
00 yBeNMYEHHH BIMSHUS BHyTpeHHeH nuddys3un Ha
CKOpOCTbh aJcopOIuu popManbaeruia.

Koaddurmentsr BHeNHEro maccornepeHoca
(Bn) u BHyTpeHHel nuddy3un pacCUUTaHBI C UCTIONb-
3oBanueM ypasHeHui (3) u (4). [Ipouecc agcopbumu
(dopmarnbierna U3 BOJHOTO pacTBopa B cllydae Ie0-
muta KA ¢ muamerpom nop 3 A onpenensercs Tonbko
JWIIb BHEITHUM MacCONEPEeHOCOM U3 00beMa pacTBO-
pa. B ciyuae xe agcopbumu popmanbiaeruia CHHTE-
THYecKuMH IteontamMu Mapok NaA, CaA, CaX, NaX
BEJIMYMHBI KOAQPULIUEHTOB BHEIIHETO MAaCCOIIEPEHO-
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Taonuya
Kunernueckue napaMerpsl agcopounu gopmaibaernaa
U3 BOAHBIX PAaCTBOPOB B TUAIIa30HE KOHIIeHTpaIIl/Iﬁ 7,5-
10,5 M0/IB/J1 CHHTETHYECKHMH LEOJUTAMH B NPHCYT-
crBuM ocdopHoii Kucja0THI Ipu Temneparype 75 °C
Table. Kinetic parameters of formaldehyde adsorption
from aqueous solutions in the concentration range of
7.5-10.5 mol/l with synthetic zeolites in the presence of
phosphoric acid at the temperature of 75 °C

Mapka | Juamerp | Koadpdumment | Koaddrmument
ICOJIUTA |TIOp LIEOJIH- | BHEIITHETO Macco- | BHYTPEHHEH
ta, A | mepenoca (By) ¢ | muddysum, c?t
KA 3 9,59-10* -
NaA 4 1,61-10° 2,30-10*
CaA 5 1,65-10° 2,10-10*
CaX 8 1,65-10° 3,20-10*
NaX 9 1,63-10° 6,30-10*

ca (Bn) mpakTHUECKH OJM3KH TIO 3HAYCHHSM, a KOI(]-
(utmeHThl BHYTpeHHEW IudQy3un BO3PACTAOT C
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yBEIMYEHHEM IHaMeTpa mop 1eonutos (4-9A) (tab-
nuna). BeimensnoskeHuble (akTel MOTYT OBITH 00B-
SICHEHBI TEM, YTO KPUTHYECKUH IHAMETP MOJIEKYJIbI
dopmanbaernia 1exut B npenenax 4,0-4,2 A [6].

BBIBO/IbI

B pesymnbraTe HamMH YCTaHOBIEHO, YTO MpO-
mecc amcopOrmu (GopManpaeruaa CHHTCTHUICCKUMH
neonmutamu (KA, NaA, CaA, CaX, NaX) u3 BOZHOTO
pacTBopa B MHTEpBaJle KOHIeHTparwmi 7,5-10,5 Momnb/n
B MPUCYTCTBUH (HOCHOPHOI KHUCIOTHI OMpEAeseTcs
BEJIMYMHOM JHaMeTpa WX IMOp: C yBEIHMYCHHEM Jua-
MeTpa Mop 1Ie0oJInTa HAONMIOIAeTCsl YBEIUICHUE BITHSI-
HUS BHyTpeHHer nuddy3nu Ha mporecc agcopOuuu.
[lokazano, 4To BpeMs JOCTHIKEHHUS COPOLIMOHHOTO
paBHOBecHss B cucTeMe (opmanbaerua-soaa-gpoc-
tdopHas kucmora cocrtaBmger 600 ¢ HE3aBUCHMO OT
MapK{ UCIIOIb3yeMOr0 CHHTETHIECKOTO LICOJIHTA.
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HEKOTOPBIE KHHETUYECKHWE ITAPAMETPBI TIPOLIECCA PAJUKAJIBHOM
MOJUMEPH3ALIMY BY THJIOBOT'O D®UPA METAKPUJIOBOI KMCJIOTHI B MOHHOM
KUJIKOCTHU

B oannoii cmamve u3noicenvl pe3yibmamol UCCAE008AHUTI HEKOMOPBIX KUHEMUYEeCKUX
napamempos npouecca NOJIUMepu3AUUU OYMUI06020 IPUPa Memaxpuiogoii KUCI0mbl 6 cpede
HOHHOIL HCUOKOCHU — YKCYCHOU KUC1ombl U N-Memuinuppoiudona cpagHume1bHo ¢ apomanmu-
yeckum pacmeopumenem oOenzonom. Ilokazano, umo 6 UOHHO-IHCUOKOCHMHOU cpede 3HAUEHUE
IHepeUU AKMUGAYUU 3HAYUMEIbHO HUJICE, YeM 6 Cpede DeH301a, a CKOPOCHb PeaKuyuu OmHoCcu-
MebHO 6blUie, YHO CONPOBOIHCOAEMCSL GLICOKUM GLIXO0OM, MOJIEKYIAPHOU MACCOI U MepMOo-
CMOIIKOCHbI0 ROTUOYMUTIEHMEMAaKpUIama.

KuaroueBble c10Ba: HOHHAS KUAKOCTh, OPraHUYECKUN pacTBOPUTEINh, PEAKIIMOHHAS Cpefia, Oy TUITOBBIH
3(Mp METaKPHIIOBOW KHCIOTHI, paJiKaIbHAs TIOTMMEPU3aIUs
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SOME KINETIC PARAMETERS OF PROCESS OF RADICAL POLYMERIZATION OF BUTYL
ESTER OF METHACRYLIC ACID IN ION LIQUID

In the recent years one of the priority directions of researches in chemistry became pro-
cesses which have received the general name ""green chemistry' which means the implementation
of processes in the medium of organic liquid salts so-called the ionic liquids (IL). Absolutely oth-
er ionic nature of IL causes their catalytic activity that leads to increase in a rate and selectivity of
many organic reactions. These regularities were observed by us in the processes of radical
polymerization of butyl ether of methacrylic acid in the medium of ionic liquids which are synthe-
sized by interaction of the formic and acetic acids with various amines. In the present article re-
sults of researches of polymerization of butyl ether of methacrylic acid in the medium of ionic
liquid on the basis of acetic acid and N-methylpirrolidone comparatively with aromatic solvent —
benzene. And some Kinetic parameters of process are presented. By the carried-out cycle of re-
searches it was established that use of the specified ionic liquid as the reactionary medium pro-
vides a high yield of polybutylmethacrylate ~ 95% and the received polymeric products were
characterized by molecular weight — 520000 with a viscometric method. At the similar conditions
in the medium of organic solvent — benzene the yield of polybutylmethacrylate was 75.0%, and
molecular weight —379000. On the basis of experimental data the regression model has been con-
structed with use of the program BoxBenkinD module, the Matlab-7 program. The comparative
analysis of values of rate constants of process polymerization of butyl ether of methacrylic acid at
various temperatures of reaction confirms rather high rate of reaction in the medium of ionic lig-
uid. Modern computer equipments represent a great opportunity for a treatment information and
choice of a type of the equation of regression by an experimental method, for example, by com-
parison of size of residual dispersion ( S res2) calculated for various models. The received model
has been used for the solution of a problem of optimization and kinetic regularities of process.
Activation energies calculated on Arrhenius formula depending on solvent nature also confirm
mentioned above. For the polymerization process in medium of IL under study the activation en-
ergy was E = 6105.3 cal (26.2 kd/mol) at Ko = 0.022. Given value is less then activation energy of
E = 8109.3cal (34.87 xJ/mol) at Ko=0.0052 for polymerization reaction of butyl ether of meth-
acrylic acid in benzene medium. The received results confirm the high rate of polymerization re-
action of butyl ether of methacrylic acid in the medium of IL which are explained by influence of
the ionic medium on growth reactions (decrease in energy of activation) and break of a chain (in-
crease in viscosity of reactionary system — gel effect).

Key words: ion liquid, organic solvent, reaction environment, methacrylic acid butyl ester, radical
polymerization
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B nocneanne rogpl OMHUM U3 IPUOPUTETHBIX
HalpaBJICHUH KCCIIeIOBaHUN B XUMHUU CTalld TIPOIIEC-
CBbl, KOTOpBIE MOJYYMJIH OOllee Ha3BaHHE «3EJIeHas
XUMUSDY, YTO TMOJPa3syMeBaeT OCYILIECTBICHUE MPO-
LIECCOB B Cpelle XHUIKUX OPraHUYEeCKHX COJEH, TaK
Ha3bpIBaeMBIX HWOHHBIX Jkumkoctedt (MDK). MK —
HanOoJiee MEPCIEeKTUBHBIE PACTBOPUTENN HMEHHO C
TOYKHU 3PEHUs] MUHHMAJIbHOTO BO3/AEHCTBUS Ha OKPY-
JKAIOMIYIO cpemy, oOecreynBamme pa3padoTKy KO-
JIOTUYECKH OJIaronpusITHBIX TeXxHoJoruii [1-3].

CoBepiieHHO WHas, HOHHas npupoaa MK,
00yCIaBIMBaET UX KaTAIUTHYECKYIO aKTUBHOCTb, YTO
NPUBOJUT K MOBBIIIECHUIO CKOPOCTH U CENEKTUBHOCTU
MHOTHX OpPraHHYECKUX PEaKIMi, MO3BOJACT MPOBO-
IUTH TpoIecchl Npu Oojiee HU3KUX TeMIepaTypax,
o0ecreyrBaeT BHICOKUN BBIXOA MIPOAYKTOB PEAKIIUH U
oOneryaer ux BoiAenenue. [lonyueHHbIe TaHHBIE TT03-
BOJIWJIM TIPEIIOIO0KHUTE BO3MOXKHOCTH YCIIEIIHOT'O
NPOBENEHHS MMOJIMKOHICHCALIMOHHBIX U MOJMMEpH3a-
IUOHHBIX MPOLECCOB B CPEAC KUAKUX OPraHUYCCKUX
coJeii [4-6].

C y4eToM BbIILIECKa3aHHOT0, HAMU IPOBEJCHA
CCpUA OIIBITOB IO HCCJIICAOBAHUIO paZII/IKaJIBHOP'I I10-
TUMepH3alud  OyTWIOBOrO 3dupa METaKpHIOBOU
kucnotel (BOMAK) B cpenie HOHHBIX )KHIKOCTEH pas-
JUYHOTO COCTaBa, CHUHTE3UPOBAHHBIX B3aMMOJCH-
CTBUEM MYpPaBbHHON M YKCYCHOH KHCIIOT C pa3Jidy-
HBIMH aMHHaMH — N-MeTHIIUPPONINAOH, MOPGOIIHH,
-, TPUSTHIAMHHBL U T.1. Pe3ynbrarsl nmosmmepusa-
nun B cpeae MK cpaBHHBanMCH ¢ moiauMepu3aueit
BOMAK B cpene TpaaWIIMOHHOTO OpPTaHHYECKOTO
pacTBOpHUTENS — OEH301a.

SKCIIEPUMEHTAJIBHAA YACTb

IIpouecc nomuMepusaluv OCYUIECTBIIIIA B
CTeKJISIHHBIX aMIlyjlax B HWHEpPTHOH cpene. MoHHyIO
KHUJIKOCTb WJIM OPraHUYECKHH pacTBOPHUTENb — OeH-
30J1 3arpy’kKajli B CTEKSIHHYIO aMITyJly U Jiera3upoBa-
T TPY KOMHATHOM TeMIlepaTtype B BaKyyMme B Tede-
Hue 20 mMuH, 3ateM nobasisiin BOMAK c pactBopen-
HBIM B HEM PAaCUYETHBIM KOJIMYECTBOM PaJUKAIBLHOTO
WHUIMATOpa. AMIYJTy Mociie 3arpy3Kd KOMIIOHEHTOB
MHOTOKPAaTHO 3aMOpa)KUBaJM B JKUAKOM a30Te C IO-
CIICAYIOIIMM Pa3MOpPaXKUBaHUEM, 3aTeM 3allauBald U
MOMEIIAJIA B TEPMOCTAT.

[Tocne okoHYaHUs Tporecca MOTUMEPH3AIH
NOJYYEeHHBIH TOJMMEP BBLACISUIM OCAXKICHHEM U3
OEH30JIbHOTO pacTBOpa B 3TwioBoM crnupte. [locne
(buIbTpauy OCaXICHHBIN MMOJIMMEp BBHICYIHUBAIU B
tepmomkady npu temneparype 80-90 °C nmo mocro-
STHHOTO B€cCa U 10 Pa3HUIIE BECOB OMPEAEIISIIH BBIXO]
MOJY4YEHHOT'O TONMUOY THIIMETaKpHIaTa.

PE3VJIbTATBI U X OBCYXJIEHUE

[IpoBeneHHBIM HMKJIOM HCCIACIOBAHUM TIO
W3YYCHUIO BIUSHUS PA3TUYHBIX (PAaKTOPOB — COOTHO-
LIEHUSI KOMIIOHEHTOB, MPOJIOJKUTEIBHOCTH PEAKLUH,
KOHLICHTpallMu WHULIMATOPA U TEMIIEPATYpPhl, a TAKKE
BIIMSHUS TPUPOABI HOHHOM KUIKOCTH, IPUMEHSIEMOM
B KAQ4ECTBE PEAKLUMOHHON Cpeipbl, HA CKOPOCTh IMOJIU-
MEpHU3aLHY, BBIXOJ, MOJICKYJSIPHYEO MacCy IOJIy4EH-
HOTO TOJMMEPHOTO MPOIYKTa YCTAHOBJIEHO, YTO MpH-
meHnenue MK B kadecTBe peaklMOHHON Cpelbl CIO-
COOCTBYET TOBBIIIEHHIO CKOPOCTH IMOJUMEPH3ANNN H
YBEJIIMYEHHIO BBIXOJa monuMepa. B yacTHoCTH, B CiIy-
yae npumMeHenust DK Ha ocHOBe yKCYCHOM KHCTIOTHI U
N-MeTHIUppOINIOHA BBIXOJA MONMUOYTHIMETAKPHIIa-
Ta cocraBinsier ~95%, W MONTyYeHHBIH MOJMMEPHBINA
MPOJIYKT XapaKTEpU3yeTCd MOJEKYJISIPHOM Maccod —
520000 no BHCKO3UMETpHUYecKOMy MeToxny [7]. B cimy-
yae OCYLIECTBICHUE MPOLIECCa MOIMMEPHU3ALINU B CpeJie
OPraHMYeCcKOro PacTBOPUTENsT — OEH30J1a B aHaIOI'H4-
HBIX YCJIOBUAX BBIXOJ HOJII/I6YTI/IJIMCTaKpI/IJ'IaTa COCTaB-
1511 75,0%, a ero monexyssipHast Mmacca — 379000.

Tabnuya 1
3aBucHMOCTH BbIX0/1a no.nnﬁyTn.nMeTaKppmaTa oT
YCJIOBHH peaknuu
Table 1. Dependence of a yield of polybutylmethacrylate
on reaction conditions

Konnentparus Brixon, | KornenTpanus Brixog,
WMHHIMATOPA, % b % |uHuIMaropa, % K
OprannvecKuii
WoHHas )KUIKOCT
pacTBOpUTEINL — OEH3011

0,2 2 18,0 0,2 2 15,0
0,2 4 | 350 0,2 4 | 30,0
0,2 6 | 52,0 0,2 6 | 450
0,2 8 67,0 0,2 8 | 50,0
0,2 10| 77,0 0,2 10 | 67,0
0,2 12 | 82,0 0,2 12| 72,0
0,2 15 | 78,79 0,2 15| 72,0
0,2 20 | 82,16 0,3 2 16,0
0,3 2 21,0 0,3 4 | 31,0
0,3 4 | 39,0 0,3 6 | 46,0
0,3 6 | 57,0 0,3 8 | 60,0
0,3 8 74,0 0,3 10 | 70,0
0,3 10 | 90,57 0,3 15| 74,0
0,3 15| 916 0,5 2 17,0
0,5 2 22,0 0,5 4 | 330
0,5 4 | 420 0,5 6 | 48,0
0,5 6 62,0 0,5 8 | 62,8
0,5 8 79,0 0,5 10 | 72,0
0,5 10 | 92,0 0,5 12 | 75,0
0,5 15 ] 950 05 12 | 750

PesynpTathl ucciaenoBaHUI MO OIMPEICTICHUIO
BJIMSIHUSI KOHLICHTPALMK HHUAIMATOPA — MEPOKCUIa OCH-
3omiia npu BecoBoM cootHoieHuu MK : monomep 1:1,
temnieparype T = 80 °C Ha mpouecc noauMepusayun
BOMAK B cpene K u OGenzona mpuBeeHsI B Ta0I. 1.
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Ha ocHOBe 3KCIIepUMEHTANBHBIX JaHHBIX ObI-

Jla TIOCTPOCHA PErpecCHOHHAsT MOJEb C WCIIOIb30Ba-

HUEM TporpaMMHBIN Moayis BoxBenkinD, mporpam-

MBI Matlab-7. VkazanHas mporpamma oOecrieunBacT

MOCTPOCHUE PACUETHOM MAaTpHIIBI, pacdyeT KodPQuim-

€HTOB TPeX(aKTOPHOW MOJICIN U MPOBEJICHHUE Perpec-

CHOHHOTO aHAJTN3a C TIPOBEPKON aJIeKBATHOCTH MOJICITH

(o xputeputo Duiiepa), a TAKIKE BHIYUCICHUE HECBS3-

KA MEXKIY JIaHHBIMH JKCIIEPUMEHTAa W TOJTYYCHHBIMHU
IPH UCTIONB30BAHMK MOJICIIH pe3yibTaramu [8, 9].

Tabnuua 2

HOFpeIIIHOCTI) BBIYHCJIEHUI MEKAY PAaCY€THBIMU U
IKCICEPUMEHTAJIbHBIMHA 3HAYCHUSIMU
Table 2. Error of calculations between calculated and
experimental values

Y1 Ylh yl'yleks
18 17,142 0,58
35 35,4452 0,445
52 52,3884 0,3884
67 66,9716 0,0384
77 77,1948 0,1948
82 82,058 0,058
78,79 78,0528 0,7372
82,16 82,9108 0,7508
21 21,3521 0,3521
39 39,8769 0,8769
57 57,0417 0,0417
74 73,8465 0,1535
90,57 90,2913 0,2787
91,6 91,7033 0,1033
22 22,2705 0,2705
42 42,2385 0,2385
62 62,8465 0,8465
79 79,0945 0,0945
92 92,9825 0,9825
95 95,5025 0,5025

OTnuuuTenbHON 0COOEHHOCTBIO MPOTPaMMbI
BoxBenkin3F sBusiercs ruOKuii anropuT™m yaaneHus
He3Havyalux Kod(pQUIUEHTOB W3 MOJEIH, peain3o-
BaHHBII B BWJIE Pa3BEpHYTOrO JUaiora ¢ HeoOXOau-
MBIMH KOMMEHTApHSMH, TIOMOTAIOLIMMH 0JIb30BaTe-
JIFO IPUHSTH pEIIeHHE O 3HAYUMOCTH KO3 PUIMEHTA.
[Iporpamma Takke obecredynBaeT HArIIJHOE Mpen-
CTaBJICHHE PE3YyJIbTATOB PACUETOB HA KAXIOM U3 3Ta-
MIOB BBIYHMCIICHUH.

CoBpeMeHHbIE KOMITBIOTEPHBIE CPENICTBA TIPE/I-
CTaBISIIOT OOJBIIYI0 BO3MOXKHOCTh 00pabOTKH WH-
¢opmanuu u BbiOOpa BHIA YpaBHEHHs pErpeccuu
IKCTIEPUMEHTATLHBIM METOJIOM, HAIpUMeEp, ITyTEM CpaB-

N 2
HEHHS BEJMYMHBI OCTaTOYHOM mucrepcun (S° ),

ocm
paccUUTaHHOM JIJIsi Pa3IMYHBIX MOJIENIEH.
3aBHCHMOCTD BbIXOJla OCJICBOTO MPOAYKTA OT
(hakTOpOB NpUHSTA B BUJE TMHEHHON pErpeccuu:
2 2
Y =b,+X;+ X, + X, X, + X +X,

78

Ucxonsa u3 3HaueHud Y U HE3aBUCHMBIX IIE-
pPEMEHHBIX X onpeaersuii Ko QUITMEHTH perpeccuu
b(i) u cpennee orknonenune O (bi)

[MomyueHHast perpeccCuoHHas MOJEIh TIPOIIEeC-
ca UMeeT CIIEAYIOIINI BUA:

Y =-30+12.45X, +147.4X, +1.108X, X, —0.42X 2 —175.03X ?

Jnst momy4enust oneHok by ko3 dummeHTos
PETPECCHOHHON MOJCIH MUHUMH3UPYETCS CyMMa
KBa/IpaTOB OITUOOK PErPecCuu:

Yy, —by —b,X, —b,X, —...—bex7)* — min
i

Pemenne 3amaun CBOAWTCS K PEUICHUIO CH-
CTEMBI JINHEHHBIX YpaBHEHUH OTHOCHTENHHO byk. O Ka-
YEeCTBE IOJYYCHHOTO YPABHECHUS PETPECCHH MOMXHO
CY/IUTb, UCCIIENOBAB ¢ =y - Y; - OLEHKY CIyYaiHbIX
omu0Ook ombiTa. OIEHKAa AUCIEPCHH TPOBOIUTCS IO
thopmyre:

82 =3 (Y, -Y)?* J(N-P-1)

Benuunna S Ha3pIBaeTCs CTaHAAPTHOMN OMINO-
KO perpeccun. UeM MeHbIIIEe BENUYMHA S, TEM JTydle
ypaBHEHUE PETrPecCHU OIMUCHIBAET HE3aBHCHUMYIO IIe-
pemenHyto Y.

[Mony4enHast MoJienb ObLIA HCTIOIB30BAHA JIS
pelIeHns 3a1a9u ONTHMHU3AINA M KHHETUYECKHUX 3a-
KOHOMEPHOCTEH Ipolecca.

Jmnst sToro ObIMa WCIONB30BaHA KUHETHYE-
CKas MOJIeJb [IEPBOTO MOPSKA BUJIA!

A—B

B nauvanpHbli MOMeHT BpemeHu 7 = 0 s
BeniecTB A u B xonnenTpaiuu paBubsl Ca = @, Cg = 0.
Uepes HEKOTOpOE BpeMsl 7 KOHIIEHTpAIs BelecTBa B
Oyzner paBHa Cg = X, a KoHIeHTpanus BemecTBa A Ca
= a-X. Torga ckopocth 0OpazoBanus BemecTsa B Oy-
JIET ONPEENATHCS POPMYIION:

W(B) = dx/dr = k(a-x), (@)
OTCIOJIa UHTCTPHUPYS YPAaBHCHHUE:
dx/(a-x) = kdz. 2
[Tonydaem ypaBHEHUE CIEAYIOLIErO BUA!
-In(a-x) = kt + C, 3)

rae C — mocTossHHAs HHTErPUPOBAHUS.
B HauanbHBIM MOMEHT BpEMEHU
t=0,C=-Ina. 4)
IToacraBuB B ypaBHeHHe (3), TOIydaeM ciie-
IyIoIee YpaBHEHUE:
In(a/(a-x)) = kt 5)
[Tocnennee MOXHO 3amucaTh B BUJE:
x = a(1l-e)* wm a-x = ae™, (a-x)/a=e™
O6o03uaunm conv = (a-X)/x-100%mu ompese-
JUM KOHCTaHTY CKOPOCTH TIPOIlecca B CpPeIe MOHHOM
JKUIKOCTH (Tabm. 3).
Te >xe BeUKMCHEHNS OBLUTH IIPOBEACHBI IJId pe-
akiuu nonmmepusaiin BOMAK B cpene Oenzona
(tabm. 4).
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Tabnuua 3

3HayeHHs KOHCTAHT CKOpOCTeﬁ pe€aKknuu B 3aBUCUMO-
CTH OT TeEMIIEPaTyphbl B Cpeae HOHHOM JKHIKOCTH

Table 3. Values of rate constants of reaction depending
on the temperature in the medium of ionic liquid

333K 353K 373K
1,4978 1,0211 0,8859
0,4742 0,3273 0,2697
0,2007 0,1569 0,1155
0,0998 0,0817 0,0482
0,0693 0,0446 0,0423
0,03317 0,03214 0,03147
0,02195 0,02406 0,01917
Taonuua 4

3HauyeHHs] KOHCTAHT CKOPOCTeil peakuuy B 3aBHCUMO-
CTH OT TeMIlepaTyphbl B cpeje 6eH30/1a
Table 4. Values of rate constants of reaction depending
on the temperature in the environment of benzene

333K 353K 373K
1,06 0,85 0,71
0,356 0,263 0,241
0,1723 0,1084 0,0931
0,089 0,051 0,0376
0,0512 0,0261 0,0223
0,0309 0,0165 0,0152
0,018 0,015 0,011
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Kak BuAHO, comocTaBUTENBHBIM aHATU3 3Ha-
YEHUM KOHCTaHT CKOPOCTEN MpolLecca NoIUMEpU3aluu
BOMAK mpu pa3nuyHBIX TeMIiepaTypax peakiuu
(Tabm. 3, 4) cBHAETENBCTBYET 00 OTHOCHTEIIFHO BBICO-
KOH CKOPOCTH PEaKIMU B CPEAe HOHHON >KUIKOCTH.

Brerancnennsie mo popmyne Appenmnyca (K =
Koexp(-E/RT)) 3HaueHus SHEPrUM aKTHBAIMU B 3aBH-
CUMOCTH OT NPHUPOIBI NPUMEHSEMOIO PacTBOPUTEIS
TaKoke MOATBEP)KIAIOT BhIIIecKa3zanHoe. [ mporec-
ca monuMepH3anuu B cpeae ucciexyemoit MK snep-
rus aktuBanuu coctaBimstia E = 6105,3 kan (26,2
kJlx/mMonp) mpu Ko = 0,022, gto B 1,33 paza HmKe
3HaueHus dHeprun aktuaruu E = 8109,3 kan (34,87
kJIx/mMois), ipu Ko = 0,0052 mist peakiuu mosume-
puzanuu BOMAK B cpene Oenzouna.

Takum 00pa3oM, MOJTY4YEHHBIE PE3yIbTATHI
MOATBEPXKIAIOT MPEANOI0KEHHE O BBICOKOW CKOpPO-
cti peakiun nmomnvepm3armu bBOMAK B cpene MK,
4YTO OOBSCHICTCS BIMSHHEM HOHHOM Cpelbl Ha peak-
IUU pocTa (YMEHbBIIEHNE SHEPTUU aKTHUBAINH) U 00-
pbIBa Leny (yBEeIHYCHHE BI3KOCTH PEAKIMOHHOW CH-
CTEMBI — Ielib-3QPEKT).
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MOJYYEHUE MEMBPAH U3 JIMAIIETATA HEJLIIOJIO3bI U1 TBEPJIO®A3HOM
@®JIYOPECHEHIUHA NOJUOUKINYECKUX APOMATUYECKHUX YIVIEBOAOPOJ10B

Hccneoosanue noceawieno papadomke cocmaga popmoeounozo pacmeopa 0nsa npuzo-
moenenus memopan uz ouayemama uennionosot ({AIL) c yenvio ux nocnedyrouiezo npumenenus
6 Kauecmee mampuy 011 meepoogaznoii ghayopecyenyuu (TOD) noarunukIudecKux apomamu-
yeckux yeneeo00opooos (IIAY). Memopanvt zomosunu 6 cmanoapmHBIX YCa08UAX CYXUM MEno-
oom u3 1,2 — 8,0 macc.% pacmeopos /IAI] é ayemone u cmecu auemon : 600a 6 COOMHOUIEHUU
komnonenmoe om 99 : 1 0o 93 : 7. B kauecmee mooenvnozo IIAY ovin 63am nupen, Komopolii
copouposanu na memopane u onpeoensanu e2o TOD-cuenan. Haunyuwan copoyus nadaooanace
Ha memopanax /IALl, npuzomoeienHbIX U3 pacmeopa cocmasa ayemon : 600a (95 : 5 no oovemy)
¢ Konyenmpavueii nonumepa 3,6 macc.%. Ilonyuennvie memopanvl CpasHuIU ¢ KOMMEPUECKUM
oopazyom JIAL] no r¢ppexmuenocmu copoyuu nupena. B ouanazone Konyenmpayuii nupena 6
copbame 10°-10° M T®D cuznan 6vin nonyuen monvko na naéopamopnom oépasue. Hecneoo-
6aHUe IHEPZeMUUECKUX XAPAKMEPUCMUK U MOP(OI0cUU NROGEPXHOCHU 1aDOPAMOPHOI U KOM-
MepuecKoli MemOpan nokazanu, 4mo 00pasuvl umerom OoavMUe PAZTUYUA 8 PA3ZMepax Nop u
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Mopgponozuu nosepxnocmu. Memopana /[AL, nonyuennasn ¢ nadopamopuu, umeenm «KpyicesHyio»
cmpykmypy ¢ pazmepom nop 100-500 um, kommepueckan memopana, menee niomuas u 6osee
nponuuaemasn, umMeem nopsvl PAzmepPom Ha NOPAOOK 001buLe, 3anoIHeHHble HeDONbIMUMU BKIII0Ue-
Huamu. bon coenan 61600 0 mom, umo 013 nojyueHusA hayopecyeHmMHO20 CUZHANA RUPena 6 a-
3e copbenma memopana 00X HcHa Oblmb METKOROPUCMOIL, 21A0KOU U Henpospaunoil. Jlabopamop-
Hvle memopanvt JIAL] makowce ObL1u MOOUDUUUPOBAHBI MUUETIIAPHBIMU PACMEOPAMU NOGEPX-
HocmHo-akmuenozo eeujecmea TX-100. Haubonvwiuii TOD-cuznan nupena 6vl1 noiy4en npu co-
oepacanuu moougukamopa é gpopmosounom pacmeope 0,26 macc.%. Taxana moouurkayus nos-
6onuna cHuzums npeden onpedenenusn nupena memooom TOD oo konyenmpayuu 10° M. Paspa-

bomannble mampuybl Mozym npumeHamuca 01 monumopunza ITAY e éoonvix cpeoax.

KiroueBble ci1oBa: quareraT HEJUIOI03bI, MEMOpaHa, MOMUIMKITNYECKUE apOMAaTHIECKUE YTICBOJIO-
ponsl, TBepaodazHast GiryopecueHIus
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PREPARATION OF CELLULOSE DIACETATE MEMBRANES FOR SOLID-STATE

FLUORESCENCE OF POLYCYCLIC AROMATIC HYDROCARBONS

The investigation is devoted to the development of molding composition for cellulose diac-
etate (CDA) membranes preparation in order to use them as matrices for solid-surface fluores-
cence (SSF) of polycyclic aromatic hydrocarbons (PAH). Membranes were prepared under
standard conditions by a dry method from CDA solutions with concentrations of 1.2-8.0 wt. % in
acetone and a mixture of acetone and water (99:1 to 93:7). Pyrene was taken as a model PAH. It
was adsorbed onto the membranes from water-ethanol solutions and its SSF was recorded. The
best pyrene sorption and fluorescence was obtained with the CDA membranes made from the ace-
tone-water (95:5 vol.) mixture with a polymer content of 3.6 wt. %. These membranes were com-
pared with commercial filtering hydrophilic CDA membranes by the efficiency of pyrene sorption
and SSF. In the range of pyrene concentrations in sorbate of 10°-10® M the SSF signal was ob-
served only for the laboratory sample. The surface energy characteristics and the morphology of
membranes were examined. It was shown that laboratory CDA membranes have the structure of
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a continuous, ‘‘lacy’’ polymer network with pore sizes within 100-500 nm, the commercial mem-
branes are less dense and more permeable to solution, they have the pores by an order of magni-
tude greater, filled with a set of nodules. It was concluded that in order to get a pyrene fluores-
cence signal in the sorbent phase, a membrane should be finely porous, smooth, and not trans-
parent. Laboratory CDA membranes were also modified by micellar solutions of surfactant TX-
100. The highest SSF signal of pyrene was obtained with the modifier’s content in the forming
solution of 0.26 wt. %. This modification allowed reducing the limit of pyrene detection by SSF
down to a concentration of 10"° M. These matrices can be used to monitor the presence of PAH in

agueous media.

Key words: cellulose diacetate, membrane, polycyclic aromatic hydrocarbon, pyrene, solid-surface

fluorescence

INTRODUCTION

Cellulose acetates belong to the class of arti-
ficial polymers produced from renewable resources in
large scale. By their valuable properties and scale of
applications in various industries, they are second
only to cellulose and starch [1]. Cellulose acetates are
traditionally used to produce fibers and filaments,
films and membranes, filters of various functional
purposes, plastics, etc. Absorbent materials made of
cellulose acetates are used in nanofiltration processes
[2, 3], in estimating the fermentation degree of indus-
trial waste water [4], in separation of high-molecular-
weight carbohydrates from low-molecular-weight
sugars [5], etc.

High sorptive capacity of cellulose acetates
and the possibility to form solid films with a smooth
surface their from make these materials promising for
using as matrices in solid-surface fluorescence (SSF).
This technique combines sorption concentration of a
substance on a solid matrix followed by its fluores-
cent analysis in the sorbent phase, excluding the step
of desorption, which provides a significant increase in
the sensitivity and selectivity of this analysis [6].

SSF has been successfully applied for trace
guantification of organic and inorganic compounds in
various media [7-9]. Of particular interest is the SSF
analysis of polycyclic aromatic hydrocarbons (PAH),
which are carcinogenic and mutagenic toxicants. The
ability of various PAHs to accumulate in the envi-
ronment causes the need to control their content in
drinking water, waste water, air, soil, and food [10].
As PAHs are found in various media in very small
quantities, their quantitative analysys is impossible
without prior concentrating, which makes the SSF
method promising for the design of test systems for
environmental monitoring. The possibility of lumi-
nescent PAH analysis in aqueous media using various
solid-phase matrices has been established for silica
gel [11], zeolites [12], fiberglass with silica particles
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[13], foamed polyurethane [14], nylon membranes
[15], and cellulose [16].

Earlier we tested cellulose diacetate (CDA) fi-
bers and membranes as matrices for the SSF of pyrene
taken as a model PAH. Both were shown to be good
sorbents for pyrene from water-micellar surfactant me-
dia of various types [17, 18]. CDA membranes were
characterized as the most promising matrices for SSF.

The aim of this study was to compare com-
mercial CDA membranes with our laboratory samples
by the efficiency of pyrene sorption and SSF, to op-
timize the composition of the molding mixture for the
preparation of CDA membranes, and to estimate the
sensitivity of pyrene detection in an aqueous medium
by SSF on designed CDA membranes.

EXPERIMENTAL METHODS

CDA membranes were made using polymer
with the following characteristics: a viscosity-average
molecular weight M, of 77 kDa, an acetylation degree
of 55%, and 3% moisture, used to produce acetate
filaments of textile purposes (Technofilter Ltd., Vla-
dimir, Russian Federation). To prepare membranes,
CDA solutions with concentrations Ccpa = 1.2-8.0 wit.
% in acetone (analytical grade, 99.75%) and a mixture
of acetone and water (99:1 to 93:7) were used. Mem-
branes were prepared under standard conditions by a
dry method.

CDA membranes were also prepared with ad-
dition of a modifier into the process, namely, the non-
ionic surfactant polyoxyethylene(10)mono-4-
isooctylphenyl ether, TX-100 (ACROS ORGANICS,
USA). The concentrations of TX-100 in micellar solu-
tions were: 0.23-103, 1.4-10%, 7.0-102, 0.14, 0.50 M.

Commercial filtering hydrophilic CDA mem-
branes manufactured by JSC STC "Vladipor" (Russia)
were also used.

Water-ethanolic solutions of pyrene (Fluka,
Germany) with concentrations of 10°-10° M were
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used in experiments. Pyrene stock solution was pre-
pared by dissolving an accurate weight in ethanol and
stored in a dark place to prevent photochemical de-
struction. Water-ethanolic pyrene solutions for tests
were made by diluting the stock solution with dis-
tilled water immediately prior to use.

Surface morphology was examined by scan-
ning electron micrographs (SEM) on a MIRA \\ LMU
electron scanning microscope (Tescan, Czech Repub-
lic) at a voltage of 8 kV and a conductive current of
60 pA. A gold layer of 5 nm thickness was sprayed
onto the samples with a K450X carbon coater device
(Germany); the spraying current was 20 mA, the
spraying duration 1 min. The surface potential (&,
mV) of matrices was measured with a surface poten-
tial sensor (Nima KSV, Finland).

The sorption of pyrene from solution was per-
formed in dynamic mode. To this purpose, the solu-
tions (V = 10 ml) were passed through the membrane
five times, using a disposable sterile syringe Master
UNI “PharmLine Limited” (Cornwall Buildings,
Great Britain). The mass of the sorbents was
0,05+0,01 g. Then the matrices were dried at room
temperature until constant weight. The sorption de-
gree (R, %) was calculated as [17]:

— "

RZM'].OO%’

max

where I'max 1 1"max are the fluorescence intensity of
pyrene at 394 nm in the source solution and after
sorption on the membrane, respectively.

The fluorescence spectra of pyrene in a solu-
tion and an adsorbed state on solid matrices were rec-
orded on a spectrofluorimeter Fluorat-02-Panorama
(Lumex, Saint-Petersburg, Russia) with a holder for
solid samples. The fluorescence intensity of pyrene
(Isse) was measured within the spectral range of 350-
450 nm, the excitation radiation wavelength being
320 nm. The spectrum always has two peaks at A = 374
and 394 nm.

RESULTS AND DISCUSSION

It is known that to produce porous CDA
membranes by a dry method, a mixture of a volatile
solvent, typically acetone, with a porogene modifier
not dissolving the polymer, e.g. water, should be used
[19]. The significant differences in the boiling tem-
peratures and surface tensions of water and acetone
and the high incompatibility degree of water with the
solvated polymeric component lead to water’s slower
evaporation from the polymeric system, in compari-
son with acetone, whereby pores are formed in the
film structure. In addition, the main factors determin-
ing the porosity and spatial characteristics of the pores

in the membranes obtained by dry spinning are the
polymer concentration in the forming solution and the
solvent : porogene volume ratio.

To select CDA membranes with the best abil-
ity to adsorbed pyrene luminescence, a series of sam-
ples was prepared by casting from a polymer solution
in acetone and water-acetone mixtures with several
component ratios. Pyrene was adsorbed onto the ma-
trices prepared, and the SSF spectra were recorded.

The membrane formed from the CDA solu-
tion in acetone was found to give a weaker pyrene
fluorescence signal as compared to that prepared from
the mixture of acetone and water. Addition of more
than 5 vol. % of water into the system reduces the
solubility of the polymer, while that of less than 5 vol. %
makes the membrane sample more transparent, which
hinders to get a high-quality pyrene fluorescence sig-
nal. Introduction of 5 vol. % of water to the solution
leads to a decrease in its viscosity, an increase in the
number of microgel particles of the dispersed phase of
the polymer system, and increased membrane perme-
ability and porosity. Thus, the optimal acetone : water
ratio is 95:5 vol.

Further, an optimum CDA concentration in the
forming solution was selected. Air-dry polymer pow-
der was introduced into a water-acetone (95:5 vol.)
mixture in amounts from 1.2 to 8.0 wt. %. Pyrene was
adsorbed onto the membranes and its SSF was rec-
orded. To compare the sorption capacities of our ma-
trices, the pyrene extraction degrees (R, %) were es-
timated. Experimental results are presented in Table
1, which shows that the best pyrene sorption and fluo-
rescence is obtained with the CDA membrane made
from the acetone-water mixture with a polymer con-
tent of 3.6 wt. %. We used these matrices in further
studies.

Table 1
Pyrene sorption degree (R, %) and SSF intensity (ISSF)
on the CDA membranes prepared from acetone-water
(95:5 vol.) mixtures with several polymer concentrations

Tabnuya 1. Ctenennb n3Biedenus nupena (R, %) u3
BO/JHO-3TAHOJIbHOI cpelbl U HHTEHCUBHOCTh TO® nu-
pena (ISFF) na JIAIl memOpaHax, noJIy4YeHHBIX H3 CMe-
cH aneToH-Boaa (95:5 06. %) ¢ pa3JaM4HOI KOHIIEHTpa-
nHeil moJjumepa

Ccpa, Wt. % R, % Issk, a.u.
1.2 28 +2 41+5
3.6 84+ 1 122 +£5
5.9 63+2 93+6
8.0 24 + 1 35+4

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12 83



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12

It was interesting to compare our matrix with
commercial CDA membranes used in industry to fil-
ter aqueous media and biological fluids. Pyrene was
adsorbed on both samples from water-ethanol solu-
tions with concentrations of 106-10¢ M.

An SSF signal was only observed for the CDA
membrane obtained in the laboratory (Fig. 1). The
commercial sample of the CDA membrane gave no
SSF signal in this range of fluorophore concentrations.

In order to clear up such differences we ex-
amined surface energy characteristics and the mor-
phology of the membranes. The surface potential (&)
of both laboratory and commercial membranes was
negative: -32.0+£2.0 and -18.6+2.0 mV, respectively.
The surface potential of the laboratory sample is al-
most twice higher by the absolute value.

40 -
1
30 -
=]
<
% 20
%]
10 A 3
\ 2
0 T T T
350 370 390 410

A, nm
Fig. 1. Fluorescence spectra of pyrene (107 M) adsorbed on the
laboratory (1) and commercially CDA membrane (2), and that of
the laboratory CDA membrane alone (3)

Puc. 1. Cniextpsl uryopecuenuuu nupena (107 M), copGuposan-
HOTo Ha JaboparopHoii (1) n kommepueckoit (2) JALL membpa-
HaX, CIEKTPHI IryopeciieHnnu JadboparopHoit MmemOpansl JJALL

@)

The SEM data show that our laboratory CDA
membranes have the structure of a continuous, ‘‘lacy’’
polymer network with pore sizes within 100-500 nm
(Fig. 2a). The modal pore diameter was d = 0.12+
+0.03 um, the porosity P = 0.2+0.1 rel. units.

The commercial CDA sample also had a po-
rous structure, but the pores were by an order of mag-
nitude greater: d = 1.8+0.5 um, P = 0.6+0.1 rel. units.
The pores of the commercial sample were filled with
a set of nodules with diameters within 350-500 nm. In
general, the commercial membrane was less dense
and more permeable to solution than that obtained in
the laboratory.

84

Fig. 2. SEM images of the surface morphological structure of the
laboratory samples (a) and commercial CDA membrane (b),
D (1-4) is the pore diameter
Puc. 2. COM-¢otorpaduu noBepxXHOCTH 00pa3IoB T1aboparop-
HOI (2) 1 KomMMepueckoii (b) membpan JTALL,
D (1-4) — anamerp mop

Apparently, the ability of pyrene to fluoresce
in the sorbent phase depends on the surface morphol-
ogy of the membrane, which should be finely porous,
smooth, and not transparent.

It has been shown previously that pyrene
sorption onto polysaccharide matrices is improved by
adding a surfactant into the sorbate, in particular TX-
100 [17, 18]. In this regard, we studied the effect of
this surfactant with various concentrations when add-
ed directly to the polymeric matrix during its prepara-
tion on the sorption capacity of CDA membranes. The
modified membranes were used as matrices for py-
rene SSF, the pyrene concentration in the sorbate be-
ing 10 M. The diagram (Fig. 3) shows that the abil-
ity of pyrene to sorption and SSF on CDA membranes
depends on the surfactant content therein. The highest
fluorescence signal of pyrene in the sorbent phase was
obtained with the modifier’s content in the forming
solution of 0.26 wt. %, and the fluorescence intensity
decreased sharply with further increase of the TX-100
concentration in the matrix.
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Fig. 3. Dependence of pyrene SSF on the TX-100 content (wt. %)
in the CDA membranes with the pyrene concentration in the sorb-
ate of 10°M
Puc. 3. 3aBucumocts TOD nupena ot coxgepxanus TX-100
(macc. %) B MemOpanax JIAI npu KOHIIGHTpAIMU TUPEHA B COP-
6are 10° M

Thus, the use of TX-100 as a CDA film modi-
fier allows obtaining a higher pyrene SSF signal.

To estimate the SSF pyrene analysis sensitivity,
sorption of the substance was held from its 10-10° M
water-ethanol solutions onto our laboratory CDA
membranes, including those modified with the surfac-
tant, i.e. containing 0.26 wt. % of TX-100, and the
SSF spectra of pyrene on the matrices were recorded.

Table 2 contains the values of the pyrene SSF
intensity for the CDA matrices, from which it follows
that such modification of the CDA membrane using
the surfactant TX-100 allows one to extend the limit
of pyrene detection by SSF down to a concentration
of 10° M and to increase the fluorescence signal in-
tensity.

Table 2
SSF intensities of pyrene adsorbed on CDA matrices
from water-ethanol media with several concentrations
of the substance
Taénuya 2. 3nayenust uHTeHCUBHOCTU TOD nupena,
copOoupoBanHoro Ha marpuubl ALl u3 BoaHo-3TAHOJIb-
HBIX CpeJl ¢ Pa3JIM4HOil KOHUeHTpauuei BelecTsa

Pyrene concentra- Isse of pyrene (A = 394 nm), a.u.
tion in the sorbate, | CDA membrane | Modified CDA
M membrane
106 12245 269+7
107 38+3 101+£5
108 5+1 4443
10° - 2143

Thus, we have developed a molding composi-
tion to prepare CDA membranes for the purpose of
their use as matrices for solid-phase fluorescence of
pyrene. These matrices can be used to monitor the
presence of PAH in aqueous media.

CONCLUSIONS

The ability of CDA membranes to adsorb
PAH and to exhibit their SSF signals was found to de-
pend on the composition of the forming solution. The
maximum pyrene fluorescence signal in the adsorbed
state was obtained on the membranes prepared by dry
spinning from a water-acetone mixture (95:5 vol.) with
a polymer content of 3.6 wt. %.

Comparison of our laboratory CDA mem-
brane with a commercial sample has shown that such
commercial membranes are not effective matrices for
PAH SSF. The tested membranes revealed differences
in the quantity and sizes of pores, surface morphology
and surface potential. To get a pyrene fluorescence
signal in the sorbent phase, the membrane should be
finely porous, smooth, and not transparent.

Our CDA membrane was modified by a surfac-
tant: adding TX-100 with a concentration of 0.26 wt.%
into the forming solution reduced the limit of pyrene
detection by SSF down to a concentration of 10° M
and increased the intensity of the fluorescence signal.
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CHUHTE3 Y TEPMODJIEKTPUYECKHUE CBOMCTBA MATEPUAJIOB HA OCHOBE CJIOUCTBIX
KOBAJIBTUTOB BUCMYTA U KAJIbBIIUA

Teepoopaznvim Memooom nOJIyUeHbl KepaMUUecKue Mamepuaivl Ha OCHOGE CIOUCHIBIX
KOOAbmumos Kanbyus u 6UCMYma — Kaaibyus, UCCAE008AHBL UX ITEKMPORPOBOOHOCH b, MEPMO-
3/IC u mennosoe pacwiupenue. Paccuumansl 3HaueHUs memnepamypHoix KoIQppuyuenmos nu-
HellH020 pacuiupenus, I1eKmponpoeooHocmu u koIgppuuyuenma mepmo-3/11C, a marice ¢hak-
mMopa MOWHOCIU KePAMUKU, 00CYIHCOEHA 803MOICHOCHD €€ UCHONb306AHUA 0151 8bICOKONEMNe-
PamypHoil mepmoINeKmMmpoKoOH8epCUu.

Ki1roueBble cj10Ba: OKCHAHBIE TEPMOIIEKTPUKH, 3IEKTPOIPOBOAHOCTE, KO duuueHt Tepmo-2C,
(hakTOp MOIITHOCTH, TEIUIOBOE pacIIUpeHHe
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SYNTHESIS AND THERMOELECTRIC PROPERTIES OF MATERIALS BASED ON LAYERED
BISMUTH AND CALCIUM COBALTITES

The excessive industry and transport heat can be converted into electrical energy by
means of thermoelectric generators (TEG). This provides interest for development of alternative
energy sources and also reduces environment **heat pollution*. For development of TEG the ma-
terials with both high values of electrical conductivity and thermo-EMF coefficient and low
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thermal conductivity are required. Such complex of properties is observed for ceramics based on
layered cobaltites of sodium, calcium and bismuth—calcium. Thermoelectric characteristics of ox-
ide ceramics can be enhanced by chemical or phase inhomogenity creation. Thus, effective oxide
thermoelectric development in present work Ca..7Bio3C0409+sBi2Ca.Co170y composite materials
had been prepared and investigated as possible materials for p-branches of high-temperature
TEG of new generation. (1-x)Caz7Bi03C040¢+sxBi2Ca2Co170y ceramic samples (x = 0.0-1.0)
were prepared using solid-state reactions method from CaCQOs, Bi>Os; and Co3O4 in air in the tem-
perature range of 1073-1133 K. The samples phase composition was characterized by X-ray dif-
fraction (XRD) analysis using Bruker D8 XRD Advance with monochromatic CuK & radiation (4
= 1.5406 A). Thermal expansion, electrical conductivity (o) and thermo-EMF (Seebeck) coeffi-
cient (S) of ceramics were studied in air in the temperature range of 300-1100 K. The power fac-
tor values of the samples were calculated using equation P = S?.o. Ca,7Bi03C040s+s (X = 0.0) and
Bi>Ca,Co0170y (x = 1.0) samples were monophase, whereas (1-x)Caz 7Bio3C0409+5xBi.Ca,C01.70y
(x = 0.2-0.8) ceramics was heterogeneous and consisted of Ca7Bio.3C040s.s solid solution and
layered cobaltite of bismuth—calcium Bi»Ca,Co170y. The values of linear thermal expansion coef-
ficient (LTEC) varied in the range of (9.82—11.4)-107° K™ with a minimum for the composite with
x =0.6 and minimal LTEC values were observed for ceramics with a predominance of layered
bismuth—calcium cobaltite. The obtained materials were p-type conductors and their conductivity
changed its character from semiconducting (x <0.6) to metallic (x >0.8) and electrical conductiv-
ity values decreased but thermo-EMF coefficient increased with x. The values of Seebeck coeffi-
cient and power factor of the samples increased with temperature and were maximal for
Ca7Bio3C040s+s BioCa2Co170, and 0.6Caz7Bio3C0400+504Bi>Ca,Co170, samples — 90-100 £W/(mK?)
near 1100 K. It was shown that large values of thermo-EMF coefficient of monophase and com-
posite ceramics based on the layered calcium and bismuth—calcium cobaltites indicate the possi-
bility of its usage for high-temperature thermoelectroconversion.

Key words: oxide thermoelectrics, electrical conductivity, thermo-EMF coefficient, power factor,

thermal expansion

BBEJJEHUE

Tennoty, BBLAETSIONYIOCS NpU paboTe mpo-
MBILIUICHHBIX HPEANPUATHA W TPaHCIOPTa, MOKHO
HENOCPeACTBEHHO U 3((EeKTUBHO NpeoOpa3oBaTh B
ANIEKTPUYECKYI0 DHEPTUI0 MPU IMTOMOIIU TEPMOIJIEK-
tporenepatopoB (TOI'), uro npexacrasnseT HHTEPEC B
OTHOIICHUU Pa3BUTHS ANbTEPHATHBHBIX MCTOYHHKOB
SHEPTHUH, a TaK)XKEe CHI)KAET «TEIUIOBOE 3arpsi3HEHHE»
oKpy>katomeit cpensl. s paspadorku TOI' HEoOxo-
OUMBl MaTepualibl, XapaKTEePU3YIOIIUECS OJHOBpE-
MEHHO BBICOKHMH 3HAYEHUSMH JJIEKTPOIIPOBOAHOCTU
(o) u koapdurmenra repmo-2/IC (S) u HU3KOHU Ten-
norpoBogHocThiO (A) [1]. [TomoOHOE coderanue Ter-
JIOBBIX M DJICKTPUYECKUX CBONCTB SIBISIETCS PEIKO-
CTBIO, OTHAKO peaiu3yeTcs Il MaTepHalioB HA OCHO-
BE XaJIbKOTCHUIOB BUCMYTa, CYpPbMBI U TEIUIypa, KO-
TOpbIE TPEACTABISAIOT COOOW KITACCHYECKHE TEepPMO-
JIEKTPUKH, IIHUPOKO MCIOJIB3YIOIMINECS B TEPMODIIEK-
TPUYECKUX YCTPOMCTBAX PasIMUHOrO HAa3HAYEHUS CO
BTOPOM TOJIOBHHBI XX-T0 Beka [2]. DTu mMaTepHabl
COJIEp)KAT TOKCHYHBIE W JIOPOTOCTOSIINE KOMIIOHEH-
THI, & TAaK)Ke HEYCTOMUYMBBI HAa BO3/AYXE MPH BHICOKHX

88

TeMIIepaTypax, YT0 OrpaHUYMBAET UX UCIOIb30BaHHUE
IPU BBICOKOTEMIIEPATYPHOH TEPMO3JIEKTPOKOHBEP-
CUU. YKa3aHHBIX HEJIOCTATKOB B 3HAYUTEIILHOW CTeE-
NIEHW JIMIICHBI OKCHJIHBIE TEPMOXJIEKTPUKH, HHTCH-
CHBHOE H3yY€HHE KOTOPBIX HA4aJoCh IIOCIE OTKPHI-
THUSI BBICOKOH TEPMOAIIEKTPUUECKOH 3((HEeKTHUBHOCTH
Yy MOHOKDHUCTAJJIOB CIIOMCTOTO KOOalIbTUTa HATPHUS
NaCo0,04 [3]

B Hacrosimee Bpemsi Hanboliee MepCIEeKTHB-
HBIMH MaTepuallaMd JUIsl BBICOKOTEMIIEPATYPHBIX
TOI' Ha OCHOBE OKCHIHBIX TEPMOIIEKTPUKOB SBIIS-
IOTCSI IPOU3BOIHBIE MIEPOBCKUTHBIX MAaHTaHUTA Kajb-
must CaMnOs [4] u Turanara crponmust SrTiOs [5]
(n-BetBu TOT') U CIOUCTBIX KOOAIBTHTOB KaJIbIIHS
Ca3C040g+5 [S] u BucMyTa — kanbiusa BixCa,Coy,70y
[6] (p-BetBu TOI'). HemaBHO OBUIO MOKa3aHO, YTO
TEPMOJJIEKTPHYECKHE  XapaKTEPUCTUKUA  OKCHIIHON
KEepaMHKH MOTYT OBITh YIIyUIICHBI ITyTEM CO3/JaHUs B
Hell xumuuecko [7] umu ¢$a3oBoilt HEOTHOPOIHOCTH
[8-10]. B cBs3u ¢ 3TuM ¢ 11€IBI0 Pa3pabOTKH HOBBIX
3G GEKTUBHBIX OKCUIHBIX TEPMOIEKTPHKOB B HACTO-
s1Ied paboTe CHHTE3UPOBAHBI H MCCIIEOBAHBI KOMIIO-
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3HIOHHBIE MaTepHaibl B cucreMe Cay7Bio3C040g:5 —
Bi»Ca,Co01,70y, mepcriekTHBHBIC IS MPUMEHEHHS B
KayecTBe P-BeTBEeH BbICOKOTemmepaTypHbix TOI' Ho-
BOTO TOKOJICHUSI.

METOJIMKA SKCIIEPUMEHTA

Kepamuky coctaBa (1-X)Caz7Bio3C0409+5 —
xBi,Ca,Co1,70y (x = 0,0, 0,2, 0,4, 0,6, 0,8, 1,0) momy-
yanu TBepAogaszHsiM MetogoM u3 CaCOz (u.n.a.),
Bi203 (x.4.) 1 C0304 (4.), B3STBIX B 33aHHBIX MOJISIP-
HBIX COOTHOIICHMsX. TIIAaTeTbHO MEepeTepTyro B ara-
TOBOW CTYNKE MIMXTY NPECCOBATH C I00aBICHHEM
C,HsOH mnon nmasnenuem 40 MIla B Tabnerku nua-
METPOM 25 MM U BBICOTOH 5-7 MM, KOTOPBIE OT)KUTa-
nu npu teMiepatype 1073 K Ha Bozayxe B TeueHHE
12 4. [locne oTkura MOBTOPSUIM OTEPALIMU TTOMOJIA U
MPECCOBaHMUsI, IPH KOTOPOM 00pa3Lbl MO/ JaBICHUEM
110-130 MIla mpeccoBanu B Buae OpPyCKOB pazMepoM
5x5x30 MM 1 3aTem cniekanu mpu Temreparype 1133 K
Ha BO3lyXe B TeueHue 12 4. Iy u3MepeHus 3IeK-
TPONPOBOJAHOCTH M3 CIICYCHHON KEPaMHUKH BBIpE3ain
0o0pa3ubl B GopMe MPSIMOYTOJIBHBIX Mapasuieiernnurie-
JIOB pa3MepoM 4x4x2 MM.

Pentrenodazoseiii ananms (POA) mopomikos
npoBogwn Ha gudpakrtomerpe Bruker D8 XRD
Advance (CuKg-msmyuenne). Kaxyriyrocsi mIioTHOCTh
00pa3oB (p) HAXOAWIHM 10 MX Macce W TeoMeTphye-
CKHMM pa3zMmepam. TeroBoe paciMpeHne, IeKTPOIpo-
BOJHOCTE (0) M k03¢ dumuent tepmo-2JC (S) kepa-
MHK{ W3yYald Ha BO3IyXE B WHTEpBAIE TEMIIEPATYp
300-1100 K mo meromukam [11, 12]. 3naueHus temrre-
paTypHoro Ko3(pQHUIMEHTa JUHEWHOIO PaCIIMPEHHUS
(TKJIP, o) oOpa3loB HAXOAWIM M3 3aBUCHUMOCTEH
Alllp = f(T), a TeMnepaTypHbIX KOI(DPHUIIMEHTOB 3JIEK-
tpornpoBoanocTH (TKo) u koaddunmenrta repmo-3/1C
(TKS) creueHHOH  KepaMHMKH  BBIYMCISUIM  Kak
TKo = do/dT u TKS = dS/dT coorBercTBeHHO. Benu-
unHy (pakropa momHocTH (P) MCcnenoBaHHBIX MaTe-
pHUaNoB paccumThIBaiM 110 Gopmyste P = $%-c.

PE3VIJIbTATBI U X OBCYXJEHUE

[Tocne 3aBepiieHus TepmoodpaboTKH 00pa3-
LbI Ca2,7Bio,3CO409+5 (X = 0,0) u BizCazcoNOy
(x = 1,0) O6bn, B nmpenenax norpemHoctu POA,
onHodasHBIMH, TOrjJa KakK KepaMHKa CoOcCTaBa
(17X)Caz,7Bio,3CO4Og+5 - XBizC&zCONOy (X = 0,2, 0,4,
0,6, 0,8) ObuTa TeTepOreHHOH (KOMITO3UITMOHHOW) M
COCTOSUIa U3 TBEPJOr0 PacTBOpa Ha OCHOBE CIIOMCTO-
ro kobanpTuta Kanbuus Caz7Big3C0409+5 U ciaoucTo-
ro xobampTHTa BHCMyTa — Kanmbius BixCa»Co170y
(puc. 1). ITonoxenus: pediiekcoB Ha audpakTorpam-
Max KOMIIO3UTOB MPAKTUYCCKH HE H3MEHSUIUCH TPH
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HU3MCHCHHHU HUX COCTaBa, U3 4€ro CJICAye€T, 4TO 06pa-
3YIOIIHUE TCTCPOrCHHYIO KEpaMUKy KOMIIOHCHTLL
(Caz,7Bio,3C0409+5 u Bi2Ca,C01,70y) npakTHUeCKH He-
PacTBOPHUMEI IPYT B ApyTE.
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Puc. 1. PeatreHoBckue qudpakTorpaMMbl IIOPOIIKOB 00pa3oB
(1-x)Caz,7Bi0,3C0409+5—xBi2Ca2C01,70y: x = 0,0 (1), 0,4 (2), 0,6
(3).1.0(4)
Fig. 1. X-ray powder diffractogramms of (1-x)Caz.7Bi0.3C0409+5—
xBi2Ca2C01.70y samples: x = 0.0 (1), 0.4 (2), 0.6 (3), 1.0 (4)

Kaxyrmiascss MI0THOCTh MOJNYYEHHBIX Kepa-
MHYECKHUX 00pa3loB M3MeHsulach B mpexaenax 2,70-
5,27 t/em® (Tabnuua) u, B LEJIOM, yBEIMYMBAIach C
POCTOM X, 4TO XOpPOUIO COIJIACyeTCsl ¢ pe3ybTaTaMu
pabot [9, 12], B KOTOpBIX OBUIO HAHAEHO, YTO CIIeKa-
emMocTth kepamuku B cucreme Bi,03—CaO-C0304
yilIydiiaeTcs Mpy YBEIMYCHUU COZCpXaHus B 00pas-
1[aX OKCHJIa BUCMYyTa, IPUUYEM HauOoJjee Pe3Ko — JJIs
HeoHO(a3HBIX 00PA3IIOB 3a cUeT 00pPa30BaHUs B HUX
MUKPO3BTEKTUK PA3JIMYHOIO COCTABa.

Taonuua
Kaxymasicst niioTHoctb (p), TemMnepatrypHsbie k03¢ ¢u-
IHMEHThI JIHHEHHOT0 pacliupenns (o), 3J1eKTPONpPOBOJ-
HocTH (TKo) u koadppuuuenta repmo-3IC (TKS) ke-
pamuku (1-x)Caz,7Bio3C0409+5—xBi2Ca2C01,70y
Table. Apparent density (p), temperature coefficients of
thermal expansion (a), electrical conductivity (TCo) and
thermo-EMF coefficient (TCS) of (1-x)Caz7Bio3C0409+5—
xBi2Ca2C01.70y ceramics

X | p,r/em® | 0108, Kt CMTI\T—?',K_l M};g/sﬁz
0,0 2,87 11,4 0,391 0,142
0,2 2,70 10,2 0,151 0,542
0,4 3,79 10,1 0,149 0,458
0,6 4,33 9,85 -0,016 0,564
0,8 4,89 9,92 0,026 0,571
1,0 5,27 10,4 -0,058 0,599
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Bemaraa TKIIP kepamukn (1-X)Caz7BiozsC040g:5 —
XBi>,Ca,C01,70y ¢ pocTOM X HEMOHOTOHHO U3MEHSIIACH
B mpenenax (9,82-11,4)-10° K1, npoxons yepes mu-
HUMYM g kKommo3ura ¢ X = 0,6, mpu 3TOM
HanMeHbInue 3Hauenus TKJIP wabmonanuch ams re-
TEPOTEeHHOH KepaMUKH C TipeoOiaganueM (a3bl CIIOu-
CTOrO KoOanmbTHTa BUCMyTa — Kanbius BiCayCo170y
(Tabnuma).

Kax BUITHO W3 TAHHBIX, MPUBEICHHBIX HA PUC. 2,
a, 6 1 B TabnuIle, CHHTe3UPOBAaHHEIE B paboTe MaTe-
pHangsl MPEICTaBISAIOT CO00 MOJIYNPOBOAHWKU -
tuna (S > 0), T.e. OCHOBHBIMH HOCHUTEIISIMH 3apsiia B
HUX SIBJSIFOTCS «JIBIPKW», & XapakTep SJICKTPOIPO-
BOJTHOCTH 00pa3loB U3MEHSETCS OT IMOIYIPOBOJHH-
koBoro (0c/dT > 0) anst X < 0,6 K METATHYECKOMY
(0oldT < 0) ms X > 0,8, mpu 3Tom BenuurnHa TKo, B
LEJIOM, YMEHBIIAETCS C POCTOM X. 3HAUCHHS IIEKTPO-
MIPOBOJIHOCTH KEPAMHUKH, COJEPIKAIICH CIOUCTBIA KO-
OATHTUT BUCMYTa — KaJbIUsI ObLTA 3HAYMTEIBHO HIKE,
yeM Juisi oxHodasHoro Marepuana Caz7Bio3C040g4s
(puc. 2, a); mpu >TOM BelWM4YMHAa G oOpasna
Bi»Ca;Co01,70y, monydeHHOrO B HACTOSIICH padoTe,
NP BBICOKHX TEMIIEpaTypax ObLIa 3HAUYUTEIEHO HHXKE,
YeM Uil KepaMHUKW TOTO K€ COCTaBa, MOJYYCHHOH B
pabote [6] Tarke MeTomoOM TBEpAO(ha3HBIX PEaKIIHi.
Kpome Toro, mo HammM JaHHBIM SJIEKTPOIPOBOTHOCTh
Bi»Ca;C01,70y HOCHT MeTaIM4YecKuii xapaxrep, T.e.
YMEHbLIIACTCA C POCTOM TEMIICPATYpPhI, XOTA U HE3HA-
gurenbHo (TKo = -0,058 Cwm/(m-K)), Torma kak mo
mauneM [6] pu T < 800 K st Bi2CapCo1,70y 66/0T > 0.
IlpyunHa OTMEUEHHBIX AHOMAIIUW 3JEKTPONPOBOIHO-
CTH, TIO-BUJMMOMY, 3aKIIOYaeTCs B clienyronieM. B
HACTOsSIIIEH paboTe KepamMHKa ObUIa crieueHa Hpu 00-
Jiee BBICOKOH, 4eM B [6], TeMmneparype, 4To 00yCIOBH-
JI0 YaCTUYHYIO aMOp(H3AIMI0 ¢ MEK3EPEHHBIX Ipa-
HUII, YBEJIMYCHUEC WHTCHCUBHOCTH PACCESHUS HA HUX
OCHOBHBIX HOCHTENICH 3apsiia — <«IBIpOK» — H, Kak
CIIC/ICTBHE, CHM)KCHHE DJICKTPOIPOBOJHOCTH 00pa3-
10B. [IOBBIMICHUS BJIEKTPOIPOBOJHOCTH KEPaAMUKH
MOXHO JIOCTHYb ITyTEM HAINPaBJICHHOTO PETYINPOBa-
HUSI €€ MHKPOCTPYKTYpPbI (B YaCTHOCTH, TEKCTYPHUPO-
BaHMS) 33 CUET MCIOJIb30BaHUS CHELUATIBHBIX 100aBOK
WIJIM U3MEHEHUS] TEPMUYECKON NPENBICTOPUH, YTO IIIa-
HUPYETCSI UCCIIE0BATH B JAJILHEHILIEM.

3nauenus ko3p¢uuuenra Tepmo-3C uccrne-
JOBAaHHOW KEpPaMHUKH BO3pacTaji NpH YyBEIWYECHUU
TeMITEpaTypsl U ¢ pocToM X (puc. 2, 6), IpH 3TOM 3Ha-
yennss TKS kepamukwm, comepxkaieii BixCaCoi 70y,
ObutM ONM3KM M 3HAYMTENFHO BBIIIE, YeM AJIS Kepa-
mukH coctaBa Caz7Bio3C0409+5 (Tabmuia). Pesyspra-
TBI IKCIIEPUMEHTA YKa3bIBAIOT HA TO, YTO BEIMYHHA
koadduimenta Tepmo-2J1C 1 X011 ero TeMieparyp-
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Puc. 2. TemnepaTypHble 3aBUCUMOCTH 3JIEKTPOIIPOBOJHOCTH (),
ko3 purrenta Tepmo-2JIC (6) u pakropa MomrHOCTH (B) Kepa-
muku (1-X)Caz,7Bi0,3C0409+5—XBi2Ca2C01,70y: X = 0,0 (1), 0,4 (2),
0,6 (3),1,0 (4)

Fig. 2. Temperature dependences of electrical conductivity (a),
thermo-EMF coefficient (6) and power factor (8) of
(1-x)Caz2.7Bi0.3C0409+5—XBi2Ca2C01.70y ceramics: x = 0.0 (1),
0.4 (2),0.6 (3),1.0 (4
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HOH 3aBHCHMOCTH JJIs1 KOMIIO3ULMOHHOW KEPaMHKH
(le)Ca2,7Bio,3C04Og+5fXBizC&zCOmOy OIIPCOCIAOTCA,
TJIABHBIM 00pa30M, BXOJSIIUM B €€ COCTaB CIOUCTBIM
KOOAITbTUTOM BUCMyTa — Kanbius Bi,Ca,Co170y. Be-
TYrHA (aKTOpa MONIHOCTH KEpaMHKH yBEIHMYUBA-
Jach ¢ POCTOM TEMITEPATyphl U IPU HU3KUX TeMIIepa-
typax (T < 850 K) Obuia manbomnbmiedt mist obpasma
Caz,7Bi0,3C040¢+5, 9TO 0OYCIIOBICHO €ro BBICOKOU
3NMEKTPONPOBOAHOCTHIO; TIPU BBICOKHX TEMIIEpaTypax
(T > 950 K) naubonpine 3HaueHus Gpakropa MOIIHO-
CTH CpEAHM HCCICIOBaHHBIX MaTepHalIoB HaOIIOda-
JIUCH ISl TETEPOTeHHON (KOMITO3UITMOHHOM) KepaMHu-
KU (1—X)C&2,7Bi0,3C0409+5 — XBizC&zCOMOy (X = 0,4;
0,6) — ~ 120 mMxBt/(M-K?) B6am3u 1100 K, uro 00y-
CIIOBJICHO, TJIaBHBIM 00pa3oM BBHICOKHMH 3HAYCHUSMU
koa(hdunmenta Tepmo-3/1C STuX MaTepuaos.
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Metomom TBeproda3HBIX peakluil momyueHa
KepaMuKa (l—X)Ca2,7Bio,3C0409+5 — XBizC&zCOmOy,
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YCTaHOBIIEH €€ (pa30BBIi COCTaB, B MHTEPBAJIE TEMITe-
patyp 300-1100 K m3y4eHbI ee TEIIOBOE paciiupe-
HHE, JIEKTPONPOBOAHOCTE B TepMo-DJIC. Ompenere-
Hbl 3HAYEHUsS TeMIepaTypHBIX KOd((UIIMEHTOB JIH-
HEHHOTO paCHIMPEeHHs], DJIEKTPOMPOBOTHOCTH U KO-
s durmmenta Tepmo-2/1C, BeaTuIHHBI GaKkTOpa MOII-
HOCTH HUCCIIEIOBaHHOU Kepamuku. IlokazaHo, 4To re-
TeporeHHas (KOMITO3UIIMOHHAsA) KepaMuKa Ha OCHOBE
CIIOHUCTBIX KOOATBTUTOB KAIBLUS ¥ BUCMYTa-KaJIbITHsI
10 CPaBHEHUIO ¢ OAHO(DA3HBIMH MaTepHallaMHi Xapakx-
TEepHU3yeTCsl TOBBIMIEHHBIMUA 3HAYCHUSAMH (aKTopa
MOIIIHOCTH, YTO TMO3BOJISIET PacCMaTpPHBATh €€ Kak
OCHOBY JUTsI pa3paboTKu HOBBIX d(h()EKTHBHBIX OKCH-
JTHBIX TEPMOAIIEKTPUKOB.

Paboma ewvinonnena npu noooepoicke I'TIHU
«Qu3suueckoe mamepuanogedenue, Hogvle Mamepua-
a6l U mexHonocuuy (noonpocpamma «Mamepuanoge-
OeHue U MeXHONA0SUU Mamepuanosy, sadanue 1.26).
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MAPKOBCKASI MOJIEJIb TEPHOJINYECKOM CYIIKH YACTHUIl B KOHUYECKOM
HHCEBJOOXHNKEHHOM CJIOE

ILlenvto uccneoosanus saenaemcs papadomia Mooeau Ons ORUCAHUA 2UOPOOUHAMUKU,
menio- u Macconepenoca 6 KOHUYECKOM HCEGO00NCUNCEHHOM Cl0€ C YACHUUAMU, Y KOMOPbIX
3HauUUmMenbHo Menawmea ceoiicmea. Ilpeonazaemasn mooenb nOCmMpoeHa Ha OCHOGe Meopuu ye-
neii Mapkoea, a moHoppakyua KyouKoe 61ax3cHo20 Kapmoghena ucnonv3yemces KaxKk MooeabHulil
mamepuan. Crcamue oopazuoe kapmodghens 6 npouecce Cywku 0ulio yumeHo, Ymoodvl nO8bICUNLb
aoexeamuocms mooenu. Takum odpazom, mpu HoGvIX hakmopa, Komopule 61UAIOM HA NPoOYecc,
APUHAMBbL 60 6HUMAHUE: USMEHEHUE PACXOOHOI CKOPOCHU 2a3d NO 8bICOME PeaKmopa U3z-3a e2o
KOHUYeCKoll hopmul, u3MeHeHue Maccol yacmuy 01a200apsa cywike U UIMeHeHue pamepa ua-
cmuy u3-3a ux cocamus. Cnoit npedocmagien 06yma nApaAIIeAbHLIMU UENAMU AUEEK UOeATbHO20
nepememiuganusn: 00HA yenv 011 YAcCmuy u Opy2as uenv 0714 CYuUIbHo20 2a3a. I601I0UUs pac-
npeodenenusn yacmuy no ceoeil yenu ONUCaAna Mampuyell NepexoOHbIX 6ePOAMHOCell, Komopasn
3aeucum om meKyuiezo cOCMmoAHUA Yenu U Menaemcs ¢ meuenuem epemenu. Tenno u maccone-
penoc medxcdy auenkamu odeux coceOHux yeneil ONUCAHbL 0ObLIYHLIMU YPACGHEHUAMU MENI0 U
maccoomoauu. Modenv nozeonsem npozZHO3uPO6ams KUHEMUKY CYUWIKU, eCllU U36ECHIHbL KOIG)-
duyuenmor menno u maccoomoauu. Coomnouienus 013 paciema KoIhpuyuenma apoouna-
Muueckozo conpomuenenusn wacmuy, yucen Hyccenoma u Illepeyoa u xoagppuuyuenmos corca-
musa u ouggyzuu 3aumcmeosanvt u3z rumepamypul. Mooenv eepuuyuposana na nadopamop-
HOII CyHiUIKe NCEBO0OHCUNCEHHOZO0 €105 C KOHUYeCKou hopmoii peakmopa. Ilonyueno xopouiee
cognadeHnue pacuemuvlx U IKCHEPUMEHMATbHBIX OAHHBIX.

KuloueBble c10Ba: IceBI00KIDKEHHE, 11eNTb MapKoBa, BEKTOP COCTOSIHHS, MaTpHUIla MEPEXOIHbIX Be-
POSTHOCTEH, CyIIKa, COEP)KaHUE BJIATH, KHHETHKA
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MARKOV CHAIN MODEL OF PARTICULATE SOLIDS BATCH DRYING IN A CONICAL

FLUIDIZED BED

The objective of the present study is to develop a model to describe the hydrodynamics,
heat and mass transfer in a conical fluidized bed with particles of strongly variable properties.
The proposed model is based on the Markov chains approach, and the wet potato mono-sized cu-
bes are used as the model material. Shrinkage of potato samples during the process of drying is
taken into account to improve the adequacy of simulation. Thus, the three new factors that influ-
ence the process are taken into account: variation of the superficial gas velocity over the bed
height due to its conical shape, variation of particles mass due to drying and variation of particle
size due to its shrinkage. The bed is presented as two parallel chains of perfectly mixed cells: one
chain for particulate solids, and one chain for the drying gas. The evolution of particulate solids
distribution over its chain is describes with the matrix of transition probabilities, which is state
dependent and varies with time. The heat and mass transfer between adjacent cells of the both
chains is describes with the common relations of heat and mass transfer. The model allows pre-
dicting the drying kinetics if the coefficients of heat and mass transfer are known. The correla-
tions to calculate the drag force coefficient, Nusselt and Sherwood numbers, the coefficients of
shrinkage and of diffusivity were borrowed from literature. The model was validated at the lab
scale fluidized bed dryer with the conical shape of reactor. A good agreement between obtained

experimental and calculated results is achieved.

Key words: fluidization, Markov chain, state vector, matrix of transition probabilities, drying, moisture

content, kinetics

1. INTRODUCTION

Fluidized bed reactors are widely used for
thermal and chemical treatment of particulate solids
in many industries. In particular, they found broad
application in the food industry for drying fruits and
vegetables for their preservation. Fruit and vegetables
are porous and high moisture containing food prod-
ucts that leads to some specific features in the drying
process operation. The point is that properties of such
particulate solids change strongly during the process
that changes the fluidized bed hydrodynamics, and, in
turn, the conditions of particles treatment. If the prop-
erties of particles are constant, the transient process of
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fluidization is very short but if they continuously vary
the transient process lasts during all operating time of
particles treatment. It is obvious that this phenomenon
is to be taken into consideration if a predictive model
of the process is needed.

Fluidization process is commonly organized
in a cylindrical apparatus because of its more high
predictability. However, fluidization in conical (ta-
pered) vessels has several technological advantages
over cylindrical fluidized bed. The tapered form ex-
pands range of available operating air velocities. The
gas velocity distribution in the cross section of coni-
cal bed appeared to be uniform [1]. Intense particles
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circulation in such bed occurs due to angled walls.
Therefore, fluidization in conical vessels is character-
ized by more intense mixing of particles compared to
cylindrical reactors. The intense mixing depresses
solids segregation but the gas flow has less homoge-
nous structure due to variable cross section area. The
decrease of the gas velocity in the direction of gas
flow provides adequate fluidization of particles of
different size in poly-dispersed systems. Thus, not
only particulate solids properties change with time but
the superficial gas velocity and other hydrodynamic
conditions vary over the bed height that also is to be
taken into account [1, 2].

In simulation of tapered fluidized bed the
same approaches are used as those that form the basis
for modeling cylindrical beds. These computational
simulations are usually based on various combina-
tions of Lagrangian and Eulerian approaches [3]. In
particular, a discrete model (Lagrangian-Eulerian) to
predict particles motion in a pseudo-2D spout fluid-
ized bed and its experimental verification were pre-
sented in the paper [4]. The Eulerian-Eulerian ap-
proach was successfully used in [5] to describe dy-
namics of spouted beds with conical-cylindrical and
conical geometries. Actually, it can be noted that
there exist a lot of works devoted to fluidization tech-
nologies in cylindrical beds but small minority of re-
search projects were devoted to the tapered ones. Ad-
ditionally, the relevance of fluidization technology to
food processing is still at an early stage [6]. The de-
sign of such fluidized bed reactors are based mostly
on empirical basis, and modeling approaches based on
different length and time scales still require develop-
ment [3, 6].

According to our viewpoint the approach
based on the theory of Markov chains is one of the
most effective tools to model the process. This ap-
proach was first used in [7] to describe the process of
fluidization and then it was successfully used for simu-
lating of a wide range of processes in particle technol-
ogy [8, 9]. The present study has the main objective to
describe particulate solids drying in a tapered fluidized
bed on the basis of the Markov chains approach.

2. THEORY

The present study is the lodical continuation
of the approach developed in our previous work [10].
The computational scheme of the process is presented
schematically in Fig. 1.

It is a 1D model, in which the operating vol-
ume of reactor is divided into n perfectly mixed cells
in axial direction. The height of each cell is Ax = H/n
where H is the height of the reactor. The process is

observed at the discrete moments of time tx = (k-1)At
where At is the time step and k is the number of tran-
sition. Two parallel chains of cells are separated in the
operating volume. One of them belongs to particulate
solids, and another one belongs to the gas flow. Parti-
cles and gas can travel along their chains and ex-
change heat and mass according to corresponding
driving forces.

Particles Gas ¢
I E
il s e JZ = Jui
t b ™
8ee® /=] = |
Tt/ A il

Fig.1. Computational scheme of the process and its cell presenta-
tion
Puc. 1. PacueTHas cxema mpoliiecca U ee IpeCcTaBlIeHUe B BUIE
AYCCK

At no gas flow action the particles occupy
several bottom cells. Then the air flow begins to act
with the superficial velocity Wy related to the empty
cross section of the reactor. The concentration of par-
ticles is high at this time, and the local velocity W; of
flow around particles is much higher than W, because
the voids between particles are rather small. If this
velocity is higher than the particle settling velocity,
particles begin ascending with the velocity Vi = Wi-V;
and occupy upper cells. Their concentration is getting
smaller, that leads to the decrease of W; and V; re-
spectively. Finally, at a certain level (in the h-th cell)
V; becomes equal to zero that corresponds to the up-
per level of the bed (if the equilibrium between Wi
and Vs is not reached in the cell n, the bed will be
blown out, and the stable bed cannot exist at such re-
gime). The transitions caused by interaction between
gas flow and particles can be called the convection
transitions. If the equilibrium is reached in the cell h,
the bed becomes “locked” at this level.

The particles volume content distribution over
the cells of the chain can be presented as the column
state vector Sy = {Spi} where i = 1,2, n from the bed
bottom. Its evolution can be described by the non-
linear recurrent matrix equality:
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Spk+1 - ppk Spk, (1)
where P, is the matrix of transition probabilities that
depends itself on the current state vector, k is the

1-vy(Sf) —d d
) vi(Si) +d  1-v,(Shp) - 2d
Py (Sp) = 0 V,(S5,) +d
0 0

where v; = ViAt/Ax is the convection transition proba-
bility caused by the gas-particle interaction, and d =
DAt/Ax? is the diffusion transition probabilities
caused by the particle-particle interaction and gas
flow turbulence (D is the dispersion coefficient). The
diffusion transition probabilities are supposed to be
symmetrical and have no influence of the bed expan-
sion that is completely defined by the convection
transitions. Thus, the key problem in making the
model suitable for engineering application is how to
determine Viand D.

The value of W; can be defined as the func-
tion of solids concentration obtained on the basis of
the computational scheme presented in our previous
work [10]:

W, W

W = 0i - 0 , (€))

i 2 2
3S )3 \3
FEIRTEn
47[ 8Smatx,i

where Smax,i is the maximum possible content of parti-
cles in the i-th cell that can be easily defined experi-
mentally for the random packing of particles.

After the gas supply begins the value of Wi is
decreasing and at last becomes equal to the particle
settling velocity Vs. The settling velocity Vs can be
found from the following equation of particle equilib-
ria in the upstream flow:

mpg = CafprpgVs? /2, 4)
where mj is the particle mass, Cq is the drag force co-
efficient, f, is the particle cross section area, pq is the
gas density. In order to calculate the velocity Vs it is
necessary to have a reliable fitting formula for the
drag force coefficient Cq.

The gas motion through its chain is described
by with the recurrent matrix equality:

St = P Sg+ S, (5)
where Py is the matrix of transition probabilities for
gas (it contains the part of gas that transits from the
cell i to the cell (i+1) during At); Syis the column vec-
tor of gas volume content in the cells; S¢ is the col-
umn vector of gas source (it contains the only non-
zero element if the gas comes only through the air
distributor).
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number of time transition of duration At. The matrix
Pp has the following form:

0 0 1
d 0
i , (2
1-v4(Sks) - 2d d .
Va(Sga) +d  1-v,(S5,) - 2d

The gas and particles motion along the chains
are described by equations (1) and (7). The exchange
of the mass and heat content between corresponding
cells of the chains during the k-th time step can be
described by the next balance equations:

Mup“™ = Po!(Mup* - K. *F*.*(Dus*- Pug)At)  (6)
Mug“** = Pg“(Mug* + kw.*F*.*(Pus- PugYAt+Mugr) (7)
Qp*1=PpM(Qp+a *FX*(Tg*- Tpk) At —

— Tk *F<* (MypX- Mygh)At) (8)
Qo' = PgM(Qq - 0. ¥FX.* (Tg- T*) At + Qqr),  (9)
where My is the state vector of moisture content in
solid; ky is the drying rate coefficient; F is the vector
of solid surface; pws is the vector of partial pressure of
water vapour on the surface of particle; puwg is the vec-
tor of partial pressure of water vapour in gas; Mug is
the vector of moisture content in gas, Mwg IS the vector
of moisture source for gas; Qg is the vector of heat con-
tent for gas; Qp is the vector of heat content for parti-
cles (Qp= Tp.*c.*p where ¢ is the vector of heat capac-
ities of moist particles, p is the vector of densities of
moist particles; a is the vector of the local heat transfer
coefficients; Ty is the vector of gas temperature; T, is
the vector of solid temperature; r is the latent heat of
vaporization; Qg is the vector of heat source for gas.

The process of gas-solid mass exchange pro-
vides the changing of particles densities. The current
densities of particles is defined by the equation:

P = (Mup*“+ppSp')./Sp,
where pp is the density of dry particles.

The moisture content distributions over the
chains are calculated as follows:

Xp= Mup“./(ppSp") (11)

Xg*= Mug*./(pgSq"), (12)
where the dry gas density pg is calculated using the
gas state equation.

It must be noted that the dimensions of food
particles are changing strongly during drying that in-
fluences on their settling velocity. The shrinkage of
particles can be described on empirical basis.

(10)
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Identification of the model parameters
The formula for the drag force coefficient Cgq
was taken from our previous work [10]:

Cd(Rep,Ar):|§—4 Ar

P
The relationship for calculation of the effec-
tive moisture diffusivity of potato was borrowed from

the work [11]:
X, T,
D—Doexp( X jexp[ T_ j ,

where Do, Xo and Ty are the empirical parameters.
Dependence of saturated vapor pressure on
temperature (i.e., the elements of the vector pws) was
used in the following form [11]:
L 15
In(p*,)=A G (15)
where A = 16.377, B = 3878.82, C = 229.86 for water
vapor.

+ (13)
Re;96

(14)

The partial pressure of water vapor in the hu-

mid air (i.e., the elements of the vector pwg) was cal-
culated with the formula presented in [12]:

Phgi =4.61p} (273+T)10°%, (16)

where p.qi is the absolute humidity of air in the i-th
cell (g/cm?3).

The following criterial correlations proposed
by Bird, R.B. et al. [13] were used to calculate the
transfer coefficients:

Nu=2.0+0.6Re,“2Pr'* (17)

Sh=2.0+0.6Re,*Sc™* (18)

where Re, is Reynolds number, Sc is Schmitt number,
Pr is Prandtl number.

The shrinkage of potato particles was calcu-
lated as the function of its moisture contents [14]:

Vi = Va(1+B0X," ), (19)
where Vi is the current volume of particle, Vq is the
volume of dry particle, By is the shrinkage coefficient
(for potato By = 0.625) [14].

3. MATERIALS AND METHODS

The drying experiments were carried out at a
lab scale batch conical fluidized bed dryer. The exper-
imental set-up is shown schematically in Fig. 2. The
main parts of the set-up are: the fan 1, the gas heater
2, the rotameter 3, the temperature and gas humidity
measuring system 4, the conical transparent reactor 5,
and the removable basket with the perforated gas dis-
tributor 6. The removable basket connected with per-
forated stainless gas distributor, is inserted into reac-
tor. This allows periodical removing the bed hold-up
to measure average moisture content in it. Heated air

was the drying agent. The potato cubes with the side
Hp =5 mm were used as the test material. About 40+1 g
of potato cubes were placed into the basket and then
into the drying chamber and experiment started. The
air was supplied through the rotameter and heater be-
fore entering the chamber. The temperature and rela-
tive humidity measuring system is based on the digi-
tal hygrometer 1TV2605 and has four independent
sensors. The experiments were performed at the in-
flow gas temperature 40+2 °C.The sensors of the hy-
grometer were placed at 4 positions as it is shown in
Fig. 2.

Fig. 2. Schematic presentation of the experimental set up: 1 — fan,
2 — air heater, 3 — rotameter, 4 — digital hygrometer ITV2605,
5 — transparent reactor body, 6 — removable basket
Puc. 2. Cxema sKkcnieprIMeHTaIBHON YCTAHOBKH: 1 — BEHTHIIATOD,
2—BO3IyXOHATpeBaTelb, 3 — pacxogomep, 4 — MUPPOBOH TUTPO-
metp UTB 2605, 5 — mpo3pauHblii KopIyc peakropa, 6 — cheMHast
KOp3HWHa

4. RESULTS AND DISCUSSION

Fig. 3. shows the comparison of calculated
and experimental data for evolution of the average
moisture content in the solid. It is necessary to note
that the drying kinetics is non-linear from the very
beginning of the process that means that the first and
second drying periods do not exist in their classical
form.

Fig. 4 shows the variation of the average flu-
idized bed expansion with drying time. At the very
beginning the bed height grows rapidly due to its
primary fluidization. At this period of time the prop-
erties of particles remain practically constant. Then
the slow growth of the bed height can be observed
that occurs due to the particle mass and size reduc-
tion during their thermal treatment. The latter leads
to the further increase of the bed height approxi-
mately two times as much.
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<X,>, kg/kg

0 i L L 1 L i L
0 5 10 15 20 25 30 35

t,min
Fig. 3. Kinetics of potato cubes drying (line — calculation,
points — experiment)
Puc. 3. Kunetnka cyniku KapToQeabHBIX KyOUKOB (JIMHUS — pac-
YeT, TOYKHU - SKCTIIEPUMEHT)

40 45 50

0.].2 ' T | T ‘ T | T
011
01f
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Fig. 4. Bed height versus time (line — calculation, points — exper-
iment)
Fig. 4. 3aBHCHMOCTH BBICOTBI KHITSILETO CJIOSI OT BPEMEHU
(suHUEST — pacyeT, TOYKH - IKCIIEPUMEHT)

The shrinkage of particles was investigated in
this experiments too, and it was shown that the linear
correlation Eq.(19) describes the process rather well.
The average size of potato cube reduced from 5 mm at
the beginning to 3.2 mm at the end. It is obvious that
such deep decrease of particle size has a strong influ-
ence on its settling velocity and, in turn, on the bed
height.

Fig. 5 presents the kinetic of relative air hu-
midity variation at three different levels within the
fluidized bed. As it can be seen from this figure that
the high intense evaporation occurs at the bottom of

98

the bed, and the air resources for drying are decreas-
ing at the upper regions. The air humidity does not
practically change over the bed height after 45 min
because the drying is almost ended.

55

50r
45

40F N\ B et

0, %

35r

30r

25+

20 | 1 i i i i
0 5 10 15 20 25 30 35 40 45 50
t, min

Fig. 5. Relative air humidity versus time at different levels of the
reactor (lines — calculation, points — experiment): 1 —0.015 m,
2-0.045m,3-0.075m
Puc. 5. OtHOCHTEIBHAS BIAKHOCTH BO3/IyXa Kak (QyHKIUS Bpe-
MCHHU Ha pasjIMYHbIX YPOBHAX pEaKTOpa (J'[I/IHI/IS[ — pacyeT, TOYKH -
skcnepumMent). 1 — 0,015 m, 2—-0,045 m, 3-0,075 m

5. CONCLUSIONS AND PERSPECTIVES

It is shown, both theoretically and experimen-
tally, that the deep variation of particulate solids prop-
erties can occur during its thermal treatment in fluid-
ized bed reactors. In particular, the particle mass can
change due to its drying, and the particle size can
change due to its shrinkage. This variation can consid-
erably change hydrodynamics of the bed that, in turn,
changes the conditions of heat and mass exchange be-
tween particles and gas. The bed expansion can grow
two times as much, and even more, and the particles
can be blown out of the reactor. This can be prevented
in a conical fluidized bed reactor that allows keeping
the particles with the operating zone at wider range of
their settling velocities. The efficient application of a
lab scale conical fluidized bed reactor for drying potato
cubes as a test material is demonstrated.
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JIEKTPOXUMHUYECKHAN CUHTE3 METAHCYJIb®OKNCJOTHI U3 BOJHbIX PACTBOPOB

100

JUMETUWJICYJIIb®OHA

B nocneonee epema memancynvhoxucnoma (MCK) ece 6onee wiupoko ucnonviyemcs
PAa3nUUHBIX 001ACMAX IIEKMPOXUMUUECKUX NPOU3BO0CINE, MAKUX KAK 2A/1b8AHUKA, INEKMPO-
pagunuposanue u INeKMPoOOcarcoeHue memaninoe u op. B ceasu ¢ ymum pazpadbomka Hoevlx
memo0o6 cunmeza MCK u3 cepoopzanuueckux coeOunenuil A614emcsa Ha ce200HA aKmyanbHoll
3a0aueit. B nacmosaweii pabome uzyuen IneKmpoxumMuiecKuil CUHmME3 MeMAaHCy1bPOKUCIONbL
u3 600HbIX pacmeopos oumemuacyrvgpona (/IMC). Memooom yuxkauueckoii 601bmamnepomem-
puu ucciedosano nekmpoxumuueckoe noseoenue /IMC 6 Kucnoit cpede Ha 21a0Kom nIAMUHO-
60M IIeKmpooe 8 WUPOKOIl 001acmu anoonslx nomenyuanos. Iloxkaszano, umo nekmpooxucie-
Hue /IMC npoucxooum 6 oonacmu 6blCOKUX aHoOHblx nomenyuanoe 1,8 — 2,15 B. B npeoenax
konyenmpayuii JIMC 0,05 — 0,15 M u nnomnocmeii anoonozo moxa 0,01 — 0,03 A/cm® ocnos-
HbIM BPOOYKmom oxucaenus aeasemca MCK. Yemanoeneno maxoice, umo c ygenuuenuem Kon-
yenmpayuu /IMC npoucxooum cyuiecmeennoe nooasieHue npoyecca 6vloeneHus Kuciopooa.
Ilpu konyenmpayuu /IMC odonee 0,2 M evixo0 MCK naoaem, umo céa3ano ¢ uzmenenuem me-
xanuzma Inexkmpookucienun [JIMC. Memooamu KP u HK-cnexmpomempuu ycmanosneno, 4umo
6 pe3yibmane 3J1eKMPOXUMUYECKO20 OKUCIeHUs 600HbIX pacmeopos /IMC npu Konyenmpauuu
oonee 0,2 M na 2naokom naamuno8om 3j1eKmpooe 6 AHOOHOM OmOeIeHUU IJIeKmpoausepa oopa-
3yemcs 06a yCmouuuevlx npooykma — memancyavhoxucioma u oumemunoucyavgon (AAM/IC).
Ha 6b1x00 mozo unu unHo20 KOHEUHO020 NPOOYKMA OKA3bl6aem 6IUAHNUE KOHUECHMPAUUA UCX00-
nozo /IMC. Ilokazano, umo 3aKoHOMepHOe U3MEHeHUe 8bIX0008 NPOOYKMOE NPEenapamueHozo
anexmpocunmesza MCK u JIMJIC ceéazano c yseiuueHuem KOHUEHMPAUUU 600HBIX PACHEODOE
oumemuncynv@ona u niomuocmeii anoono2o moka. Ha ocnosanuu oannvix gonvmamnepomem-
PUYECKUX u3MepeHuil U aHanu3a npooyKkmose NPenapamuérozo 31eKmpoCuHmesqa npeodiodHcen
MEXAHU3M INEKMPOOKUCTECHUA OUMEMUICYTbPORA 8 KUCAOU cpede HA 21A0KOM NIAAMUHOBOM
anekmpooe ¢ oopazosanuem MCK u JIM/IC. Ilokazano, umo JAMJ]C npu Komnamnoii memne-
pamype J1€2K0 MOJICHO 6blOeumd U3 600H020 PACMEOPA AHOAUMA 8 KUCAOI cpede 6 eude Kpu-
cmannuueckozo eewecmea. Takce ycmanoesneno, umo npu nazpesanuu 0o 80-85 °C pacmeop
anonuma, cooepycawjun JIMJIC, paznazaemca na Memancyivo- u Memancyib@uHogyio Kuc-
nomoi. Memancynounogan Kucioma aA611emca HEyCMouuugol KUciomou, 1e2Kko0 OKUCAaemoll
KUCTIOPOOOM 6030yXa, UMO 0aen 803MOX}CHOCHY npu Inekmpocunmese noayuams MCK c evico-
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KUM KOJIUY4eCMEEHHbIM 6bIX000M. Takum o6pazom, KOHeUHbIM NPOOYKIMOM 6 pe3yibmame JieK-
MPOOKUCTIEHUA OUMEMUTICYTIbOHA 8 KUCIO0IL cpede HA 2A0KOIl NAAMUHEe AGIAEMCA MEMAHCYIb-
doxucnoma c KonuuecmeennbIM bIX000M.
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ELECTROCHEMICAL SYNTHESIS OF METHANESULFONIC ACID FROM AQUEOUS
SOLUTIONS OF DIMETHYL SULFONE

In recent years, methane sulfonic acid (MSA) is being increasingly used in various fields
of electrochemical production such as electroplating, electrorefining and electrodeposition of
metals etc. In this regard development of new methods for the synthesis of MSA from organic
sulfur compounds is today an urgent task. In this paper we studied the electrochemical synthesis
of methane sulfonic acid from aqueous solutions of dimethyl sulfone (DMS). The electrochemical
behavior of DMS in an acidic environment on a smooth platinum electrode in a wide range of the
anodic potentials was studied by cyclic voltammetry. It is shown that electrooxidation of DMS oc-
curs at high anodic potentials of 1.8 - 2.15 V. Within of DMS concentration range of 0.05 - 0.15
M, and the anode current density of 0.01 - 0.03 A / cm? MSA is the main product the oxidation. It
was also found that with increasing concentrations of DMS there is a significant suppression of
process of oxygen evolution. At concentration of dimethyl sulfone more than 0.2M the yield of
MSA falls, which is associated with a change in the electrochemical mechanism of DMS oxyda-
tion. By methods of Raman and IR spectroscopy it was revealed that at the electrochemical oxida-
tion of aqueous solutions at the concentration of DMS more than 0.2M on a smooth platinum
electrode in the anodic electrolysis compartment two stable products — methanesulfonic acid and
dimethyl disulfon (DMDS) are formed. The initial concentration of dimethyl sulfone affects the
product yield. It was shown that the change in preparative electrosynthesis product yields of MSA
and DMDS is connected with the increase in the concentration of aqueous solutions of DMS and
the anode current density. On basis of data of voltammetric measurements and analysis of pre-
parative electrosynthesis products the mechanism of electrooxidation of dimethyl sulfone in an
acidic environment on a smooth platinum electrode to form the MSA and DMDS was proposed. It
was shown that DMDS at the room temperature may easily be separated from the anolyte solution
in an acidic environment in the form of crystal material. It was also found that by heating to tem-
perature 80-85 °C the anolyte solution containing DMDS, decomposes to methanesulfinic and
methanesulfonic acids. It was shown that methanesulfinic acid is unstable acid which is readily
oxidized with atmospheric oxygen, which makes it possible to obtaine MSA by electrosynthesis
with a high quantitative yield. Thus, MSA is a final product of dimethyl sulfone electrooxidation
in an acidic environment on smooth platinum with a quantitative yield on current.

Key words: dimethyl sulfone, dimethyl disulfone, methanesulfinic acid, methanesulfonic acid, poten-
tial, platinum microelectrode, radical, electrooxidation, electrosynthesis
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BBEJJEHUE

Mertancynbdokucnora (MCK) — CH3SOsH —
TUINHYHBIA TIpeCTaBUTENb amu(aTnieckux cynbdo-
KHCJIOT, TPOSIBJISIET CBOMCTBA, XapaKTEpHbIE Kak AJIs
HEOPTraHMYECKHUX, TaK W JAJIsl OPraHUYECKUX KHUCIOT
[1]. OcHoBHBIC e¢e (H3MUECKHE CBOMCTBA OMHCAHBI B
pabote [2]. BaxHOl ee OCOOCHHOCTBIO SIBIISIETCS TO,
YTO OHA OJHOBPEMEHHO MOXKET OBITh MCIIOJIb30BaHa B
Ka4eCcTBE PACTBOPHUTENS U BIIEKTPOJIUTA. DTO CBOW-
CTBO IMO3BOJISIET YIIPOCTHTh MPOIECCHI DIIEKTPOCUHTE-
3a OPraHMYeCKUX W HEOPraHWYECKUX COCAMHEHHH. B
CBSI3U C OTHM pa3paboTKa HOBBIX METOJIOB CHHTE3a
METaHCYIb(MOKUCIOTHI U3 CEPOOPTaHMUECKUX COCTH-
HEHUU NPEJCTaBIsAET KaK MPAaKTUYECKUH, TaKk U TEO-
peTUYECKHUI HHTEPEC.

Panee B pabotax [3, 4] ObUT paccMOTpPEH CHH-
T€3 W MCXAHH3M JJICKTPOOKUCICHUA ITUMCTUIICYJIb-
dhoxcuna (IMCO) no merancynbdokucioTel. B ma-
TeHTax [5, 6] moka3aHa BO3MOXXHOCTh CHHTE3a MCTaH-
CYJIb(QOKUCIOTHl DJCKTPOXUMUYECKAM METOJOM U3
JTIUMETHIICYTb(OHA.

Humernncynbpon (JIMC) — CHsS(0O).CHs
OTHOCHUTCA K KJIacCy anuaTHIeCKUX CyIb(OHOB, B
OOBIYHBIX YCITIOBUSIX MPEICTABISET U3 ce0sl OecuBeT-
HBbIE TPU3MATHYECKUE KPHUCTAIIIBI, XOPOIIO PacTBO-
pHUMBIC B BOJIC, TI0 XUMHYCCKUM CBONCTBAM SIBIISICTCS
OTHOCHUTCJIBHO XMMHUUYCCKU HWHCPTHBIM COCIUHCHUCM
[7,8].

ITpu pazpaboTke criocoba MOMYUYCHUST METaH-
CYJb(QOKUCIOTHI U3 JUMETHICYIb()OKCHIA aBTOpaMU
[9] B kauecTBEe (POHOBOTO BJICKTPOIHUTA ObLjIa UCIIONb-
3oBaHa cepHas kuciora (H2SO4). Onnako jis Bbije-
JICHUsI KOHEYHOTO MPOJYKTa TPeOyeTCs ero O4YrcTKa
OT CEPHOU KHUCIIOTHI.

B cBs3u ¢ atum B paborax [5, 6] B kauecTBe
BIIEKTPOJIUTA ObUIA HCIOJIL30BAHA METAHCYJIb(HOKHC-
J0Ta, 00JaAKoIas AJIEKTPONPOBOTHOCThIO, OIHU3KON
k H>SOs. DTo mo3BoJiseT YHNPOCTUTh TEXHOJIOTHIO
AIIEKTPOXUMHUYECKOTO CUHTE3a KOHEUHOTO MPOAYKTA.

B Hacrosimeit pabote u3yueHbl aHOIHBIE TPO-
[EeCChl 3JIEKTPOXUMHUYECKOTO CHUHTE3a MeTaHCyb(o-
KHCJIOTBI M3 BOJHBIX PAaCTBOPOB PA3IMYHBIX KOHIICH-
Tpauui AUMETWICYIb(POHA C HCIOJIB30BAHUEM METO-
JIOB BOJIETAMIIEPOMETPHUYCCKUX U3MEPEHHH U (DU3MKO-
XUMHYECKUX METOJIOB aHAIN3a MPOYKTOB AIIEKTPOIIN3A.

METOAUKA SKCIIEPUMEHTA

AHOIHOE OKHCIICHHE IUMETHICYIb(pOoHa B
BOJIHBIX PacTBOpax H3YyY€HO BOJIbTAMIIEPOMETPUYE-
CKUM METOJIOM C HCIOJb30BaHHEM ITOTCHIIMOCTATA
IPC — Pro MF u MeTooM npenapaTHBHOTO 3JIEKTPO-
cuHTe3a. V3MepeHus IPOBOJMIN B TPEXIIEKTPOIHON
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siueiike. Pabodnm 37eKTpooM CIyKuiia TiaaKas mia-
THHA ¢ MCTUHOM noBepxHocThIo 0,057 cM?.

IIpenapaTuBHBIA 3JIEKTPOCUHTE3 OCYIIECTB-
UM B AuadparMEHHOM 3JIEKTPOJIM3EpE C pasfesie-
HUEM aHOJHOI'O M KaTOIHOTO OTHeNeHui. B kauecTBe
mradparMel UCIIONTb30BaHa KATHOHHUTOBAs MeMOpaHa
mapku MK-40. AHOIOM CIy>KWJ TNIaJKAN TUIATUHO-
BBIil DIEKTPOJ C BHAUMOM IOBEPXHOCTHIO 2 cM?, a
KaToJIOM — IUIaTWHA B BHJE IJIACTUHBIL. B KauecTBe
(hoHOBOTO 2IIeKTpONHTA HCITONB30BaH 0,1 M BOIHBII
pactBop CH3SOsH o6bemom anonura 50,0 mut.

ITpy cTanmoHapHOM 3JIEKTPOJIN3E B KauecTBE
HCTOYHHKA TOCTOSIHHOTO TOKA HCIIOJIb30BAaH BBINPS-
mutens TYPE: TR-9252 ¢ perynupyeMblM Hampsbke-
HueM. TemmepaTypa aHONMTa MNpPHU CTAMOHAPHOM
anekTpoiin3e He npensbimana 40-45 °C.

B pabote ucronp30BaHbl PEaKTUBBL: THAPOKCU
HaTpHs, IUMETIICYIb(oH Mapku — XY, MeTaHcynbdo-
kucioTa Mmapku — BASF. Bce pacTBOpbl TOTOBUIIKCE Ha
OMIMCTHTMPOBAHHON M JICMOHM30BAHHOM BOJIE.

[TpoayKTBI 31EKTPOOKHCIICHUSI aHAIN3UPOBa-
JUCh METOAAMH KHCJIOTHO-OCHOBHOTO THUTPOBAHMA,
UK-cnektpomerpun ¢ ucnoiszoBanuem HNK-Dypne
cnekrpomerpa «Nicolet 6700» ¢upmbr «Thermo
Nicolety U paMaHOBCKOTO CIIEKTpOMETpa KOMOWHA-
nnorHoro paccesaus (KP) DXR Smart Raman
Research ¢upmer «Thermo Fisher Scientificy.

PE3VJIBTATBI U X OBCYXIEHUE

Ha puc. 1 mpencraBieHbl MUKIMYECKUE BOJIBT-
aMIeporpaMMbl TIJIATHHOBOTO JJIEKTpofa Ha (oHe
0,1 M Bognoro pactBopa CH3SO3zH u B mpucyrcTBuun
JVMETHIICYIb(QOHA Pa3IMIHBIX KOHIICHTPAIIH.

1

1

!
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I, MA
CO0O0O0O0=_"mdaaaaNNN

1

1

!

1

1

ONDOOONIAOOONSA
1

1600 1700 1800 1900 2000 2100 2200 2300 2400
E, mB (st.h.el.)
Puc. 1. lluknudeckue BOJIBTaMIIEPOrPaMMBbl TJIAJIKOTO IIATHHO-
Boro atekrposa B 0,1M pactBope CH3SOsH (1) u B mpucyrcTBuu
numMetuicynsdona, M: 0,1 (2); 0,4 (3); 0,8 (4); 1,2 (5). Crxopoctu
pas3Beptku morenimana 50 MB/c
Fig. 1. Cyclic voltammograms of smooth platinum electrode in

0.1 M solution of CH3SOsH (1) and in the presence of dimethyl
sulfone, M: 0.1 (2); 0.4 (3); 0.8 (4); 1.2 (5). The rate of potential
sweep is 50 mV/s
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B npuBeneHHON 00JIaCTH MOTEHITUAIIOB B (O-
HoBOM 0,1M pactBope CH3SO3H nabmogaercst B oc-
HOBHOM TIPOIIECC BBIAENEHUS KUcCiIopona. B mpucyr-
cteun 0,1 M pactBopa mumeTHicyib(pOoHa TOTESHIHO-
JIMHAMHWYECKAsT KPUBAs MPOXOUT BBIIIC KPUBOW KHC-
JIOPOAHOU peakIuu o moteHnuana 2,2 B. Omaako, ¢
YBEIMYEHHEM KOHIIEHTPAllMU JUMETWICYIb(poHa 10
0,4 M noreHIMOAMHAMUYECKAS KpPUBas TPEBBIMIACT
HEOOJBIIYI0 YacTb KPUBOH (POHOBOTO HIIEKTPOIUTA
mo 2,15 B. B 0,8 u 1,2 M pactBopax IMC nmabmrona-
eTcs CyIIeCTBEHHOE MOJaBJICHHE MpoIecca BBIAEIE-
HUSI KHCJIOPOJa.

JlaHHBIE TIpemapaTHBHOTO 3JEKTPOCHHTE3a
METaHCYNb(POKUCIOTHI TPH PA3TUYHBIX KOHIIEHTpA-
IUSAX BOJHBIX PAaCTBOPOB JUMETHICYJIb()OHA M TUIOT-
HoCTAX aHoaHoro Toka 0,01-0,03 A/cm? Ha dore 0,1 M
CH3SOsH mpencrasnensr B Tabm. 1. IlorpemHocts
pacuetoB Beixoaa MCK o Toky cocrasmsiet £5-6%.

Tabnuua 1
JlaHHble npenapaTUuBHOIO 3J1eKTPOCHHTE3a METAHCYJIb-
¢oxuciaorsl (MCK) n qumernigucyiasdona (AMIAC) u3
BOJHBIX PACTBOPOB IMMeTWICY/Ib(oHA NPH Pa3IMIHbIX

KOHI[EHTPAIMSAX U MJIOTHOCTAX aHOAHOTO TOKA (ia)
Table 1. The data pf preparative electrosynthesis of me-
thanesulfonic acid and dimethyldisulfone from aqueous
solutions of dimethylsulfone at various concentrations
and densities of anode current (ia)

Beixo mpoaykToB 1o TOKY (ia), %
X Kozlzzgf;ﬁm ,=001 | i,=002 | i,=003
JIMC. aoms/n Alcm? Alem? Alcm?
: MCK]IMIC|MCK|IMIC|MCK]AMIC
1 0,05 99 - |100| - |100| -
2 0,1 99 - | 100 100
3 0,15 97 2 97 2 97 2
4 0,2 75 23 70 28 64 34
5 0,4 48 49 44 54 38 60
6 0,8 44 | 53 | 40 | 56 | 25 | 73
7 1,2 36| 62 | 30| 68 | 16 | 82

W3 Tabmuner BugHO, uto B mpenenax 0,05-
0,15 M koHueHTpauuii AUMETHICYNIb(OHA 00pa3oBa-
HUE METaHCYJIb(POKHUCIOTHI UAET C KOJIMYECTBEHHBIM
BbIXOJ0M. OnHako, mpu Cymc > 0,2 M BbpIX0Oa MeTaH-
CYJb(OKUCIOTHI MA1AET.

Konnenrpamuro MCK B anonute onpeaensim
METOJIOM KHCIIOTHO-OCHOBHOTO TUTPOBAHHUSA C YIE€TOM
KOHLEHTpauu (oHoBoro snektponura, a JMJIC —
rpaBUMeTpHUYECKUM MeTonoM. IlorpemHocTs pacuera
Bbixoaa JIMJIC o Toky cocrasiser £2-3%.

Jna casarua UK u KP-ciekTpoB aHOMUT mO-
CJIe 3NEKTPOJIN3a HelTpann3oBaiu menousto 10 pH 7,
00e3BOXMBaIM W BhICymuBanu. ONBITHBIE IaHHBIE
XapaKTepUCTHYECKUX IOJIOC TornameHus (tabm. 2)
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(GYHKIMOHAIBHBIX TPYIIT COOTBETCTBYIOT CIIPaBOY-
HbIM 3HaYeHussM MK criekTpoB MeTaHCyIb()OKUCIOTHI
(CH3sSOsH) [10, 11].

Tabnuya 2
XapakrepHsble rpynnsl noraomenns UK cnexrpa me-
TaﬂcyﬂquOKl/Ic.]IOTbl, lIOJIy'leHHOﬁ 3JIEKTPOJIN30M BO/I-
HOr'0 pacTrBopa III/lMeTI/lchleL(l)OHa
Table 2. The characteristic groups of absorption of the
IR spectrum of methanesulfonic acid obtained by elec-
trolysis of aqueous solution of dimethyl sulfone

Xapakrepubie| Obmacts ya- [Xapakreprsie| O0macTp da-
IpyINmb! CTOTHL, cM™* IpyNme! cToThl, cM?
0=5=0 1030-1092 —-OH 3031-2942
CHs— 1538-1416 C-S 750-638

Unentudukanms xapakTepHBIX TPy METaH-
CyIb(GOKUCIOTH (pUC. 2) TaKXe MOATBEpPKICHA Me-
toaoM KP-criekTpockonuu.

18000 -

— 0=S=0
© 16000 -
&
< 14000 i
o %
¥ 12000 - o,
2
510000 -
o
§ 8000 -
CH
g 6000 -
| s.057S
< 4000 c-s=o
2000 L5=° so. c-s-0
0 4
3500 3000 2500 2000 1500 1000 500 0

Casur KP, cm
Puc. 2. KP cnektp MeTaHCYNIb()OKHUCIOTHI, MOTy4SHHBIH 3JIEKTPO-
JIM30M BOAHOT'O pacTBOpa )II/IMeTI/IJ'Ich'IB(bOHa
Fig. 2. Raman - spectrum of methanesulfonic acid produced by
electrolysis of aqueous solution of dimethylsulfone

AHanu3 NPOAYKTOB 3JIEKTPOOKHUCICHHS TH-
metuicynbdona npu Cpyvc >0,2 M nokasbiBaer, 4To B
AHOJTHOM OTJAENIEHUH 3JieKTponnszepa Hapsny ¢ MCK
oOpasyercs elle OJIUH MPOIYKT.

i BBIICHEHMsT TPUPOXABI MPOAYKTa, 0Opa-
sytomierocst Hapsiny ¢ MCK npu Cymc > 0,2 M, aHo-
JUT CHayajia oxJaxjaanu ao temmneparypsl 5-10 °C.
[Ipu 3TOM BBIIENSAIOCH OECHBETHOE KPHCTAIITNYE-
cKoe BemecTBo. Ero otnensm oT unpTpara, 3aTeM
MHOTOKpPAaTHO TPOMBIBAIM METOJOM XOJIOTHOH Je-
KaHTalMK OWIMCTHIIMPOBAHHOM BojoW. DuibTpaT
aHanu3upoBam Ha conepxkanne MCK mo meroauke,
OMMCAaHHOW BBILIE, a BBIACICHHOE OCCIIBETHOE KpH-
CTAJUIMYECKOE BEIIECTBO MIECHTHU(PHUIHNPOBAIN METO-
nom HMK-criekTpockonuu. OMBITHRIE JAaHHBIE Xapak-
TEPUCTUYECKHX ToJIoC moriameHus (tadn. 3) ¢hyHk-
LHUOHAIBHBIX TPYNI COOTBETCTBYIOT CIPAaBOYHBIM
3HaueHnsiM UK crmexkTpoB gumermnaucynbpoHa

(AMZC) [10].
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Tabnuua 3

XapaxktepHsble rpynnsl nor;iomenns UK cnexrpa nn-
MeTHJIIHCY/Ib(oHa
Table 3. Characteristic groups of IR absorption spec-
trum of dimethyldisulfone

Xapaktepubie| OG6macte  |XapakTepuble| OO61acTh
rpynnel | 9acToTel, M| rpymmel | uyacToThl, cM™
CHa— 1470-1435 C-S 750-580
0=S=0 1100-980 S-S 480-450
S=0 850-800

Wnentudukaims tuMetiiaucyibdona (puc. 3)
Takxke noareepxkaeHa merogom KP-cierpockornuu [11].

8000 -
CH

% 7000 -

2500 2000 1500 1000 500 O
Casur KP, cm™!
Puc. 3. KP cniextp aumernnaucyispoHa, TOTYYSHHBIA JIEKTPO-
JIM30M BOJHOTO PACTBOPA AUMETUICYIb(POoHA
Fig. 3. Raman - spectrum of dimethyldisulfone produced by elec-

trolysis of aqueous solution of dimethylsulfone

3500 3000

Hcxonss w3 maHHBIX BOJBTaMIIEPOMETpHYE-
CKHX M3MEPEHUH W aHajau3a MPOAYKTOB NpenapaTHB-
HOT'O 3JIEKTPOCHHTE3a, MpeularaéM CIeayoHuid Me-
XaHU3M DJIEKTPOOKUCIICHHS JUMETHICYIb(oHA.

[Ho-Bupumomy, ipu Camc < 0,2 M obpa3zoBa-
HHE METaHCYJIb()OKUCIOTH MAET IyTEM 3aMELICHUS
MeTwiibHOrO paaukana CHs' mumerwicynbhona Ha
‘OH-pagukan comnpspkeHHOH KUCIOPOJHOM peakiuu
Ha aHoAE:

H.O0-e- — HO+H* (1)
¢ o0pazoBaHHEM METaHCYJIb(POKHUCIIOTHI IO CXEME:
f
HeC——S—CH; ——= Hsc—s"+ cn, (2)
o)
[l . I
HeC—S + OH — H,c—S—oH (3)
. i

Hcnonp3oBaHne KaTHOHUTOBOW MeMOpaHBI
CIIOCOOCTBYET BOCCTAHABICHHIO OOPA3YIOIINXCS HOHOB
Bosopoaa (HY) Ha katoze:

2H*+2e" — H; 4)

B pa6ore A.A. SIxoBneBoii [12] mo n3ydeHuto

a71copOLMH aNKWIBHBIX M KapOOKCHUIIBHBIX TPYII Me-
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TOJIOM MEUEHOTO YIiIepoAa yKa3aHo, 4TO B 00JacTu
BBICOKMX aHOIHBIX TOTeHIHanoB aacopOuus CHs'-
pamukamoB modtd B 50 pa3 IpeBBIIIAET aJaCcOPOIHIO
ANKWIBHBIX PAIHKaIOB.
W3BecTHO, UTO OpraHUYECKHE MOJIEKYNbI WIN
WX YaCTHIBl OKHUCIISIOTCS WM BOCCTaHABIMBAIOTCS
TONIBKO depe3 ajcopbuunto. CremoBaTeNbHO, TPEUMY-
LIECTBEHHOE O00pa3oBaHKWE METaHCYIb(POKUCIOTH U
JUMETHUIIANCYIb(POHA 3aBUCUT OT KOHKYPEHTHOH aj-
COpOIMN METHIICYIB(OTPYIIT U METIITHHBIX PaIKaJIOB.
[To-BunumMoMy, B pa3z0aBlieHHBIX pacTBOpax
CHa'-panukansl B OCHOBHOM PEeKOMOWHHPYIOTCS, 00-
pasys ataH (CoHe). Ilostomy Berxog MCK BbICOKHIA.
C yBenu4eHHeM IJIOTHOCTH aHOJAHOTO TOKA H
KOHIeHTparuu auMeTicyibhpona Come > 0,2 M BbI-
XOJl TUMETWITUCYIh(POHA BO3PACTAET 10 CPABHEHUIO
C KOHIIEHTpanuei MeTaHCyab(GOKUCIOTH (Tabm. 1).
YuuteiBas 5TH JaHHBIC, MOKHO IIPEAIOJIO-
KUTh, YTO MPH HU3KUX KoHUeHTparusax Cyve < 0,2 M
peaknusi MpOTeKaeT B OCHOBHOM IO PEKOMOMHAIINU
‘OH-paankanoB MOJIEKY BOABI U METWICYIB(OTPYIII
CH3S*(O), ¢ mpenMyIieCTBEHHBIM 00pa30BaHHEM Me-
TaHCYITH(POKUCTOTHI (3), a P BBHICOKUX KOHIIEHTpA-
musix Cpve > 0,2 M uzper nmpenMyIecTBEHHO ¢ 00pa-
30BaAHUEM YCTOMYHMBOIO IPOAYKTAa JUMETHIAUCYJIb-
¢dona (5) u cropanust CHs'-panukainos (6).

@) O ‘(‘D

2H3C—g' H3;C—S—S—CH; (5)
I T
CH3™+2H,0 — COx+7H +7¢" (6)

C yBenmmuenueM koHneHTpanuu JIMC, a Bme-
CT€ C TeM U IJIOTHOCTH TOKA, pacTeT YHCIIO acopou-
poBannbix CHs'-pamukanoB, KOTOpbIE MOTYT TOJBEP-
raTbcst OkucieHuto. CremoBareiabHO, OT COOTHOIIIE-
HUsI aJICOPOMPOBAHHBIX W TIOJBEPTAIOUINXCS PEKOM-
ounanuu CHs'-paiukanoB 3aBUCUT KOJIMYECTBEHHOE
obpazoBaane CoHg u CO2, a BMecTe ¢ TeM U BBIXOJ
OCHOBHBIX NpotykToB — MCK u IM/IC.

Ha puc. 4 mokazaH CHUMOK KPHUCTAaJJIOB TH-
METWITUCYIh(OHA, BBIICICHHBIX U3 PACTBOPA aHOJIH-
Ta npu oxyaxaenuu no 5-10 °C.

JumeTunaucyashox (CH3-S(0)2-S(0)—
CH3) — 910 KpuCTaIIMYECKOe BEUIECTBO, PACTBOPH-
Moe B Boze, pu HarpeBanuu 10 80-85 °C pacnanaer-
Csl HA METAaHCYJIb(OKUCIOTY M Ha MeTaHCYIb(QUHO-
BYIO KHCJIOTHI [8].

H3C—S(0);-S(0),— CHs
H,0, t°C

H,0, t°C

CH3SO3H + CH3;S(O)OH (7)

MeTtancynb)uHOBas KHCIOTAa — HEYCTOWYM-
Bas KHCJIOTA, JIETKO OKHUCIISETCS HAa BO3JYXE JI0 Me-
TaHCyNb(OKUCIOTHI [13].
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Puc. 4. M300paxeHus KPUCTAIUIOB AUMETHANCYIb(OHA B TTOJIE
3peHHs B OTPAXKEHHOM CBETE MUKpOCKONa Mukmen-6. YBenude-
uue 10 (a), u 40 kpart. (6)

Fig. 4. The images of crystals of dimethyldisulfone on microscope
Mikmed in a field of view in reflected light. Magnification is
10 (a), and 40 (6)
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TakuMm 00pa3oMm, IMyTEM IISKTPOJIN3a BOJIHBIX
PacTBOPOB JUMETWICYJIh(OHA PA3TUYHBIX KOHIICH-
Tpamuii MOXKHO CHHTE3HPOBATH METAHCYIH(OKUCIOTY
C XOPOIIUM KOJIMYECTBEHHBIM BBIXOJIOM.

BBIBOJIbI

[Ipy aHOOHOM OKHCIEHUHM PACTBOPOB JAHME-
tuicynb(oHa B npenenax xonnentpanuit 0,05-0,1 M
OCHOBHBIM MPOJYKTOM 3JIEKTPOCHHTE3a SBISETCS Me-
TaHCYNb(OKHUCIIOTA;

Meronamu UK- n KP-cnexktpomerpuu ycra-
HOBJIEHO, YTO TPH KOHIEHTPALWH TUMETHWICYIh(POHA
CAMC > 0,2 M B aHOZHOM OTJICIICHUU HapsIy C Me-
TaHCYJIB(OKHUCIOTON 00pa3yeTcs AMMETIIIUCYIb(OH;

[IpenmonoxkeHo, YTO TIPU KOHIEHTPAIHIX
mumeruncyiabpona CIMC < 0,2 M okucnenue B oc-
HOBHOM TPOTEKAET C y4YacTUEM KHCJIOPOJACOIepKa-
X gacTai ¢ oopazoBanuem MCK, a mpu 6onee BbI-
COKHX KOHIIEHTPAIUSIX MEXaHU3M OKHCIICHUS MEHS-
eTCcs U OKUCIICHHE MTPEUMYIIECTBEHHO HJET C Y4acTHU-
em paaukainoB Metwicyabdorpymn (CHsS (O)2) ¢ 06-
pa3zoBaHHEM TUMETHIIUCYIb(OHA.

Paboma evinonnena npu ¢unancosoii noo-
Ooepocke  epawma  npoepammei  YMHUK 2-15-10
Ne 8809 I'V2/2015 (koo 0016996) ¢ ucnonvzosarnu-
em obopyoosanus [[KIl «Ananumuveckas cnek-
MPOCKONUSLY.
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OLEHKA D®OPEKTUBHOCTU I'A30KUAKOCTHBIX AIIITAPATOB C 3’ KEKIITMUOHHBIM
JUCIIEPTUPOBAHMEM I'A3A

Paccmompenst paznuunvle KOHCMPYKYUU 2a30M4CUOKOCHIHBIX ANNAPANOE C INHCEKUUOH-
HbIM Oucnepzuposanuem 2aza. IKCNePUMEHMAaaIbHbIM MEMOOOM C ROMOUBIO «CYIbPuUmHOl Me-
moouku» u KoIppuyuenma Ihghexkmuenocmu npoeedena cpasHumebHan oyeHKa IPphexmue-
HOCMU padomul 2a30)4cUOKOCHIHBIX IHCEKYUOHHBIX ANNAPAM 08 PA3IUYHON KOHCMPYKYUU.

KiroueBble ¢JI0Ba: ra30KUJAKOCTHOM 3KCKIIMOHHBIN aIlapar, AUCIICPTUPOBAHUE, «CYIb(PUTHOE YKC-
710», KO3 GUIMEHT 3G (HEKTUBHOCTH, CPAaBHUTEIIbLHAS OI[CHKA
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EVALUATION OF EFFICIENCY OF GAS-LIQUID APPARATUS WITH EJECTION GAS
DISPERSION

Various constructions of gas-liquid dispersion devices with gas ejection which can be used
to implement many of the processes taking place in the gas - liquid system are compared. Experi-
mental methods for comparative evaluation of the efficiency of gas-liquid ejection apparatuses of
various designs are considered. Three constructions of gas-liquid dispersion devices with ejection
of gas were investigated: the gas-liquid jet apparatus, short ejector apparatus with a long ejector,
and apparatus with combined (multilevel) ejector. Evaluation of efficiency was performed with two
ways: chemical and photographic techniques. The chemical method is based on determining the ef-
fective phase contact surface, which was estimated using the *"sulphite number™ of oxygen chemi-
sorption from air. With the help of the photographic method the efficiency ratio was determined
which takes into account not only the rate of the process, but also the energy costs of its conduc-
tion. The smaller value of the coefficient of efficiency the apparatus operates efficiently, i.e. for a
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specific interfacial surface requires less energy. Experimental studies were carried out in an appa-
ratus with a diameter of 200 mm for a variety of pressure at the nozzle and diameter of the nozzle.
The pressure at the nozzle was varied from 0.2 to 0.4 MPa, and the diameter of the nozzle - from 2
to 4 mm. For each experiment the ""sulfite number"* was determined and further the criterion of ef-
ficiency of gas-liquid system was calculated on the experimental data. Graphic dependences of
"sulphite number' and coefficient of efficiency are presented for the differential pressure at the
nozzle for three examined constructions of gas-liquid vehicles with the gas ejection. The findings
on the effectiveness of devices using gas-liquid **sulfide method™ and the efficiency ratio are in
good agreement. For devices with a long ejector and ejector combined with coefficients of similar
efficiencies, but these devices are much more efficient than the gas-liquid jet apparatus and the
short ejector. On the values of «sulphite number" the device with a combined ejector is the most ef-
fective. This is due to the fact that in this device there is mass transfer intensification by increasing

the contact surface and contact time of the interacting phases.

Key words: gas-liquid ejection apparatus, dispersion, «sulfite number", efficiency coefficient, compar-

ative evaluation

B xumudeckoi, HeTEXUMHUECKON, MHUKPO-
OHMOJIOrMUeCcKOl U JIPYruX OTPacisX MPOMBIIIJIEHHO-
CTU LIMPOKO PaCHpOCTPAHEHBI a30’KUIKOCTHBIC all-
naparbl C 3XEKIHOHHBIM JAHUCIIEPTUPOBAHUEM Tas3a,
KOTOpBIE MOKHO HCIOJB30BaTh ISl OCYIIECTBICHUS
MHOTHX IPOLECCOB, MPOXOISIINX B CHCTEME ra3 —
JKUAKOCTh. HempephIBHO pa3BUBAIOLIMECS TEXHOJIO-
TUU MIPOU3BOJCTBA B 3TUX OTPACISIX HEPA3PBIBHO CBSI-
3aHBl C HEOOXOAMMOCTBIO IMOBBIMICHUS Y3PPEKTUBHO-
CTH TEIUIO- U MacCOOOMEHa U MHTEHCU(HUKAIIH TTPO-
necca CMENICHUs T.e. pa3padOTKH HOBBIX Ta30KUJI-
KOCTHBIX amnmaparoB. [[isi pemeHus IOCTaBJIEHHOMN
3a/1a4¥l UCTIONB3YIOT IMonepeMeHHoe n3MeHeHne (hop-
MBI U HalpaBJieHUs MOTOKA, yAap MOTOKa O TBEpIbIe
mperpagsl — OTOOWHHKH, 3aKpy4HWBaHWE, B3aUMHYIO
PKEKIUI0 U MHBEPCHIO (a3, HaJOKEeHUE MYJIbCallUii,
s¢deKTHBHOE pacIbUIMBaHUE XUIKOCTH. llpn 3ToM
dhopma 00Opa3yromerocss Tra30-XKHIKOCTHOTO IIOTOKa
OTIPEJICIISIIOTCS KOHCTPYKIMEH M KiaccoM pabodero
AIIEMEHTA.

BBugy nHamuums OONBIIOTO pPa3sHOOOpa3us
KOHCTPYKIUI Ta30KUAKOCTHBIX allapaToB Uil Ipa-
BHJILHOTO BBIOOpa TOW WJIM WHOW KOHCTPYKITUH BO3-
HUKaeT HEOOXOAMMOCTh B OIIEHKE KadeCTBEHHOH pa-
OOTBI ammapaToB Ha TEOPETUUECKOM M 3KCIICPUMEH-
TaaTbHOM ypoBHe. OMHMM W3 HamOoJiee HAIEKHBIX U
TOYHBIX CIIOCOOOB OLEHKH 3()(PEKTUBHOCTH Ta30KU-
KOCTHBIX aIlllapaToB CYUTAETCS XUMHUYECKHHA METO[,
OCHOBaHHBIA Ha omnpeneneHnu 3(dekTuBHON MO-
BEPXHOCTH KOHTaKTa (a3, T.c. Mex(pa3HOH MOBEpXHO-
CTH, JIEHCTBUTEIHHO Y4YacCTBYIOIIEH B MaccooOMeH-
HOM npouecce [1, 2]. DToT MeToA OCHOBaH Ha XEMO-
copOIuK KHCIOpOoJia U3 BO3/yXa, KOTOpas MO3BOJISIET
ONpEAEIUTh CKOpPOCTh IPOBOAKMMOIrO Ipolecca, M
OTIPEJICIICHUH «CYTb(MUTHOTO YHCIIAY.
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beutn mccienoBaHbl TPU KOHCTPYKLHMM Tra-
30KUIKOCTHBIX aNlapaToB C 3KEKIUOHHBIM JTUCIIEp-
THPOBaHUEM rasa: ammapar ¢ ra30KUAKOCTHOU CTpy-
el W KOpPOTKMUM MKeKTopoMm (puc. la); ammapar c
JUIMHHBIM 3KEKTOpoM (puc. 10); anmapar ¢ KOMOWHH-
POBaHHBIM (MHOTOSIPYCHBIM) 2KEKTOpOM (pHcC. 1B).

Armmapatsl paboTaoT CIeayrmuM 00pa3oM:
XKHUIKOCTh IO/ JAaBJICHUEM Mofaercsi B (OPCYHKY,
pacmbUIMBaeTCs M 3acachlBaeT ra3, MOCTYMAIOIUN B
IKEKIMOHHYI0 Kamepy. OOpa3zoBaBmiascsi Ta30KHII-
KOCTHAasi CMECh HOXOAUT 4Yepe3 KEKTOP-CMECHUTEb.
B axexTope MpOMCXOAWUT KOHTAKT >KUIKOCTH M rasza
IIPY Pa3BUTON IOBEPXHOCTU PACIBUICHHON XUIKO-
cTi. B 3aBHCHMOCTH OT peXuMa padOThI IKEKTOPa,
€ro reoMeTpUYECKUX NapaMeTpoB U Mepernaia JaBie-
HUsI Ha (POPCYHKE, B DIKEKTOPE MOXKET 00pa30BHIBATH-
Csl Ta30)KMIKOCTHBIN ABYX(a3HBIA MOTOK C pas3yiny-
HBIM COOTHOLICHUEM JXKMIKOCTH U rasza. JByxdasHsiii
MOTOK MOJET OBITh C JUCIICPCHON KHMJIKOH, 1100 ra-
30B0# (bazoii. [Ipu ompene/ieHHBIX YCIOBUAX MOXET
npoucxoautb uHBepcus ¢as. IlogoOHbIl pexxum pa-
00Tbl HanboJee d(PPEKTHBEH BBUAY TOTO, YTO B MO-
MEHT WHBEpCHH HaOJrofaeTcss Hanbosbliee 3HaYeHNE
koaduumenta macconepexauyn. llpm Bbixome wu3
PKEKTOpa ra30’KUAKOCTHBIA MOTOK yAapsieTcsl B JIUC-
nepratop. Ilpu ynape ra3oXuaKOCTHOTO TOTOKa O
JUCTIEPraTop ra3oBble My3BIPHKH JIPOOATCS — MPOUC-
XOAMT CIIEAYIOIAsl CTaAMs KOHTaKTa rasa C KHIKO-
CThIO. 3aTeM o00pa3oBaBIas CMECh pacHpeAemseTCs
[0 peakIMOHHOMY OOBEMy ammapara, TAe MPOUCXO-
JWT ellle OJHA CTAANs KOHTaKTa ra3a ¢ >KUAKOCTHIO.

OKCTepUMEHTATIbHBIE HCCIEIOBAHHUS IIPOBO-
TWIKCH B ammapare nuamerpoM 200MM anst pasiwmd-
HBIX JaBliCHUH Ha (OpPCYHKE W OUaMETpax CoIuia
¢dopcynku. JlaBnenue Ha QOpcyHKE Py U3MEHSIH OT
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0,2 no 0,4 MIla, a quametp comia ¢opcyHku dgy oT 2
10 4 MM, I KaXIOro OIMbBITa OMPEACISIH «CYb-
GbUTHOE YHUCITIO» M Jajee MO MOJYYCHHBIM IKCICpPH-
MEHTAJIbHBIM JIAHHBIM PACCUMTHIBAIU KPUTEPHUil 3-
(hEeKTUBHOCTH Ta30)KUAKOCTHOTO arapara.

3

h )

Puc. 1. KoHcTpyKunu ra3oxuIK0oCTHBIX 3KEKIIMOHHBIX amnapa-
TOB: 1 — KOpIIyC; 2 — MKEKIHMOHHAS KaMepa; 3 — pacHbUIUTEIb
KHUIKOCTH (POpCcyHKa); 4 — nucteprarop; 5,6,7 — 9KEKTOPHI -

CMECHTEIH; 8 — coTa

Fig. 1. Designs of gas-liquid ejector devices 1 — body; 2 — ejector

chamber; 3 — spray of liquid (nozzle); 4 — dispergator; 5,6,7 — ejec-

tors - mixers; 8 — nozzles

AOGcopOMpOBaHHBIN KUCIIOPOJ pearupyer ¢
CylTb(UTOM COTJIACHO CTEXHOMETPUYECKOMY COOT-

HOIICHHUIO:
1/20,+S03 — SOq
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[Tocne mycka Hacoca M BBIXOJA Ha 3aJIaHHBIH
pexHM, 32 BpeMsi KOTOPOT'O JKUIKOCTh THIATEIBHO Ie-
peMeIInBaIach ¥ BHIPABHUBAIHCH KOHIICHTPAIIMOHHBIC
nosisi B 00beMe TUCHIEPCHH, C MOMOIIBIO MITPHUIA OT-
Oupaschk MpoObl PaCTBOpPA B CTEKIISIHHBIC TEPMETHYHO
3aKpBIBAIONTHECS KOIOBI eMKOCTRIO 100 M.

Konnentpamms C [kMoab/M®] Kaxkmol mpoOs!
pacTBOpa omnpenensiach HOIOMETPHISCKUM METOJIOM
(0OpaTHBIM THUTPOBAHHWEM) U BBIUMCIIANACH MO (Bop-
myne [2]:

[N(1,)-V(1,)"™ - N(Na,$,0,) -V (Na,S,0,)]

V(Na,S0,)

rae N(I2), N(Na2S»03) — cooTBEeTCTBEHHO HOPMAIBHO-
CTH TPUTOTOBJIEHHBIX CTAHJAPTHBIX PACTBOPOB HO/a
u thocynb(hara Hatpus, Mois/am>; V(12)°™ — 0Obem
u36bITKa Hona, cm®; V(NayS203) — 06beM THocymbda-
Ta HATPHS, TOIICANINA Ha TUTPOBaHNE OCTaTKa Hoja,
cm®; V(NazSOsz) — 06beM B3ATOM Ha aHAIHM3 MPOOBI
cynbura Hatpus, cm>; C(Na,SOs) — mckomas KOH-
LEHTpaIus Cysibdura HATPHS, MOJTB/IM°.

3HaueHMUs] KOHUEHTPAalUd HAaHOCWINCH Ha
rpaduK B KOOpAMHATAX KOHIEHTPAIMS — BpEeMs, 3a-
TEM OINpeaeslach CKOPOCTh OKHCJICHHS B BHIC
«cynbdurHoTo yncna» Ke:

dc
K, =—=tga:
‘" ga.

C(Na,S0,) =

rae Kc — «cynbuTHOE 9nciion», kMoib NaSOg/(v3-u).

OKCIepUMEHTaNbHasT 3aBHCUMOCTb H3MEHe-
HUSl KOHLEHTpalM{ CyIb(HUTHOTO pacTBopa Mpen-
CTaBnsieT co0Oi MPSMYIO JIMHUIO, PACIIOJIOKEHHYIO
IO/ YIJIOM O K OCH aOCIHCC U SBJISAIOILYIOCS T€OMET-
pHYECKAM MECTOM TOYEK, OTBEHYAIOIIUX OIpeieiieH-
HOMY COOTHOUIECHHIO PEKUMHBIX napameTpos. 1o 3Ha-
YEHUIO «CYIb(QHUTHOTO YUCIay CyIiIT 00 3QPeKTUBHO-
CTH Ta30’KUJIKOCTHOTO arapara, 4eM OHO OoJblIe,
TeM 3¢ dexTrBHEe paboTa MccIeyeMoro anmapara.

Ilpn sSKcHEepUMEHTANBHBIX HCCIIEIOBAHUSIX
3G PEKTUBHOCTH HCIOIB30BAICA Takxke QoTtorpadu-
YECKHI METOJ OLICHKH C IPUMEHEHUEM KO3 pHLIreH-
Ta 3¢¢exTuBHOCTH [3], KOTOpPBIA YYMUTHIBAET HE
TOJIBKO CKOPOCTH ITPOBOAMMOTO IIpOLecca, HO U 3Hep-
reTUYeCcKre 3aTpaThl Ha €ro MPOBE/ICHHUE!

— N y
e 0o

rre K — koapunpment spexrusnoctrt; N — MOIITHOCTS,
BBOJIMMas B ammapat, Br; a — ynenbHas MOBEPXHOCTD
macconepenaun, M2/m%; Q; — pacxoj rasa B ammapare,
M%/C; G — OBEPXHOCTHOE HATSHKEHHE HKUIKOCTH, H/M.

Uem wmenbpmie 3HadeHne kodd¢uimenra K,
TeM 3¢ dekTnBHEE paboTaeT anmapar, T.€. Ha MOIyde-
HUE OIpeneNiecHHON Mex(pa3HOH MOBEPXHOCTH Tpe-
OyI0TCSl MEHBIIINE 3aTPAThI YHEPTUU.
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[Tpu 3KCHIEpUMEHTATLHBIX UCCIICAOBAHUSIX TI0
3TOMY CHoco0y M3Mepsuid: pacxoxa raza Q, mepeman
JaBiIeHud Ha (OpCyHKe Apgp, 00beM KHIKOCTH B all-
napate V, 00beM o0Opa3oBaBIIEHCS T'a30KUIKOCTHOM
cMecH Vi

PacueTpl BBIONHSUIACH B CEAYIOLIEH HOcie-
JIOBATEILHOCTH.

Onpenensisiock 00bEMHOE Ta30CO/ICPIKAHUE:

Q= (VF)K—V)lvy
rae ¢ — o0beMHOe razocoaepxkanue; Vix — 00beM 00-
pa3oBaBILIElCs ra305KUIKOCTHON cMecH, M°; V — 00b-
€M JKHMIKOCTH B anIapare, M.
Pacxon sxxuakoctu yepe3 hopCyHKY:

z-d2 [2-Ap
R

rae iy — KodpduuueHT pacxona uepe3 (OPCYHKY,
Ut = 0,73; dy — muamerp coruia GOpcyHKH, M; Apg —
nepemnaj AaBieHus Ha Gopcynke, [1a; px — mIoTHOCTH
JKUJIKOCTH B armapare, Kr/m°,

VYaenbHasi TOBEPXHOCTh Maccornepenaud Juis
CHCTEMBI BOJHBIA PAacTBOp Cyiab(uTa HaTpUs — BO3-
IIyX OIpenensiach [2]:

a=9000-¢"%,

MomHoCTh, BBOAMMAS B alllapar,

N = Apgp* Qs

DKclepUMEHTAIBHBIE W pacyeTHBIC JaHHBIC
1o oneHke 3p(HEKTUBHOCTH Ta30)KUIKOCTHBIX alla-
patoB mpu naeneHun Ha (opcyHke 0,2 MIla mpen-
CTaBJICHBI B TAOJIHUIIE.

Taonuua
JKcnepuMeHTAJIbHbIE H pacyeTHbIE IaHHbIE 0 ONpe-
aejeHnio «CyJibUTHOrO Ync/a»
Table. Experimental and calculated data on determina-
tion of «Sulfite number»

Mepenan | Jiuamerp
Ton annapara JIaBIeHUs Ha |corta (op- <<Szg;§);1¥<}loe
dopeynke | cynku, dg 5
Ap@’ MITa M KMOJIB/(M°*MHUH)
Anmapar ¢ 0,2 2 0,0041
KOPOTKHM 0,2 3 0,0044
KEKTOPOM 0,2 4 0,0045
Anmapar ¢ 0,2 2 0,0042
KOMOUH. 2KeK- 0,2 3 0,0045
TOpOM 0,2 4 0,0046
Anmapar ¢ 0,2 2 0,0039
JUIMHHBIM 0,2 3 0,0042
KEKTOPOM 0,2 4 0,0043

AHanu3 SKCNEPUMEHTABHBIX JAHHBIX IOKa-
3bIBaET, YTO C YBEIWYCHUEM Auamerpa coma ¢op-
CYHKH pacTeT Mek(azHas TOBEpXHOCTh KOHTAaKTa (a3
JUIsl BCEX PACCMATPUBAEMBIX a30KUIKOCHBIX alllla-
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paroB. Ilpu srom Hamboinee s>¢ddexkTuBeH Ta30XKUI-
KOCTHOM anmapaT ¢ KOMOMHUPOBAHHBIM KEKTOPOM.

Jlis ompeneneHusl ONTHMAILHOTO paboyero
nmaBieHns Ha (hopcyHKe OBUIA MPOBENEHBI AKCIEPH-
MEHTAJIBHBIC UCCIICIOBAHUS IO OMPEICIICHUIO «CYJIb-
(UTHOTO YKCIIa» B Ta30XKUIKOCTHBIX ammapaTax Mmpu
ONITHMAIFHOM AFaMeTpe coruia GOopcyHKH 4 MM Aiis
JTAHHOTO O0bEeMa ammapaTa U padodyeM JaBJICHUU OT
0,2 1o 0,4 MIla.

3aBUCHMOCTH «CyITb()HUTHOTO YHCIA» OT TIe-
penajaa aaBieHUs Ha (OPCYHKE MPH JUAMETPE COILIa
(hopcyHKH 4 MM TIpe/ICTaBJICHEI HA pPHC. 2.

Ke 0,006 ¢
0,00575
0,0055
0,00525
0,005
0,00475

0,0045
0,00425

0,004 L L L L L L L !
0,2 0,225 0,25 0,275 0,3 0,325 0,35 0,375 0.4
AP, Mlla
Puc. 2. 3aBucuMoCTh «CyITB(UTHOTO YHCIIa)» OT IEpernaaa AaBie-
HUS Ha QopcyHke: 1 — anmapaT ¢ JUTMHHBIM 9KEKTOPOM; 2 — arl-
napar ¢ KOPpOTKHUM 2KEKTOPOM; 3- arrmapar ¢ KOMGHHHpOBaHHBIM
(MHOTOSIPYCHBIM) 3KEKTOPOM
Fig. 2. The dependence of sulfite number on the differential pres-
sure at the nozzle: 1 - apparatus with a long ejector; 2 — the device
with a short ejector; 3 — apparatus with combined (multilevel)

ejector
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Puc. 3. 3aBucumocts kputepust 3pHEeKTHBHOCTH OT Tepenana
naBJeHus Ha GopcyHke: 1 — armmapat ¢ JUTMHHBIM 3)KEKTOPOM;
2 — ammapar ¢ KOpOTKUAM 2KEKTOpPOM; 3 — armapaT ¢ KOMOHHHPO-
BaHHBIM (MHOTOSIPYCHBIM) 33KEKTOPOM
Fig. 3. The dependence of the efficiency coefficient on the differ-
ential pressure at the nozzle: 1 — apparatus with a long ejector;
2 —the device with a short ejector; 3 — apparatus with combined
(multilevel) ejector
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Kak BupHO W3 moOJMydYeHHBIX TrpaduKOB, CO-
[JIACHO 3HAYCHHSM «CYJIb(QHUTHOTO ymciay Hauboiee
3(GEeKTUBHBIM SBIISICTCS amnmapaT ¢ KOMOWHHPOBAH-
HBIM KEKTOPOM. DTO O00YCIOBIEHO TeM, YTO B 3TOM
amnmapaTte HaOJIFOaeTCs MHTEHCU(UKAIUS POIIECCOB
MaccooOMeHa MyTeM YBEITUYCHUs MOBEPXHOCTH KOH-
TaKTa W BPEMEHU KOHTAKTa B3aMMOJICHCTBYOIINX
(da3. Kpome Toro, ¢ yBenuueHueM mepenajna JaBlie-
HUSl Ha (OPCYHKE CKOPOCThH IMPOIecca pacTeT B JIO-
00M Ta30)KUKOCTHOM armapaTe, HO MPH 3TOM PacTyT
U JHEPreTUYECKUE (IKCIUTyaTalliOHHBIC) 3aTpaTthl, B
CBSI3U C YeM BO3HHMKACT HEOOXOIUMOCTh B OIICHKE HE
TOJIBKO CKOPOCTH TpPOIlecca, HO M SHEPreTHYECKUX 3a-
Tpar, T.€. B pacuere KodhdurmeHTa 3PPeKTHBHOCTH.
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OKclepUMEHTAIBHBIE HCCIEAOBAaHUA dPQeK-
TUBHOCTH pabOTHl Ta30)KUAKOCTHBIX ammapaToB ¢o-
TorpadyMIeCKiM CIIOCOO0OM B 3aBHCHUMOCTH OT TIepe-
rajia JaBjieHns Ha QOpPCyHKe MPHUBEICHBI Ha pHC. 3.

[Nony4enusle naHHble N0 oneHKe 3 HEeKTUB-
HOCTH Ta30)KHIKOCTHBIX allapaToB ¢ UCHOIh30BaAHH-
eM «cynb(PUTHON MeTomukKu» u Kod(hdumnmenrta -
(exTUBHOCTH XOpomIo cornacyrotcs. M3 tpex uccie-
JOBaHHBIX KOHCTPYKIHMH Ta30’KUIKOCTHBIX ammapa-
TOB C KEKIIMOHHBIM JHCIIEPIrHPOBAHIEM T'a3a Haubo-
nee 3((GEKTUBHBIM SIBISICTCS anmapar ¢ KOMOWHUPO-
BaHHBIM 3KEKTOPOM.
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PASPABOTKA METOJA UCKYCCTBEHHOI'O CTAPEHUS MACEJI B YCJIOBUSIX,
MAKCHUMAJIBHO IMTPUBJINKEHHBIX K PEAJIBHBIM YCJIOBUSM SKCIIVIYATALIUU B
CTAHAXTOPAYEI'O 1 XOJIOAHOI'O ITPOKATA

Lenvio 0annoit pabomol A6aAeMCcA AHATUI CYULECHIBYIOWUX MEMOO06 OUEHKU Kauecmea
Mmacen 0na NOOWUNHUKOS HcuOKocmioz2o mpenus npoxamnwvix cmanoe (IUKT I1C) u pazpabom-
Ka Memooa UCKyCCHGEHHO20 CMAPEHUSA 8 YCI06UAX, MAKCUMATLHO RPUOIUICCHHBIX K PEANbHbIM
YCOGUAM IKCRAYAMAYUU MACETl 6 CHAHAX 20PAUE20 U X0I00H020 npoKama. Ycmanoeneno, 4mo
cyugecmayioujue Memoobl OUEeHKU Kauecmea macesl 0151 ROOUWIUNHUKO8 HCUOKOCHHO20 MPEHUs 6
HEKOMOPbIX CAYUAAX He CHOCOOHbL OMPA3 UMb PEAnbHyi0 KAPMUHY HO8E0eHUs MAcesl 6 npoyecce
axkcnayamayuu. C yenvio nojayuenusa unH@opmayuu 0 noeOeHuUU macen 014 NOOUIUNHUKOS
HCUOKOCHHO20 MPEHUA RPOKAMHBIX CHAHOE 6 PEaNbHbIX YCI06UAX IKCHILyamayuu u onpeoeJie-
HUA ONMUMAIBHBIX UHIMEPEAI0E6 3AMEHBY/O0NUCKU OAHHBIX MACeN HAYAMbl UCCIE006AHUA NO
paspadomke cmeno06020 Memooa UCKYCCHEEHHO20 CIMAPEHUS MACel 6 YCA0GUAX, MAKCUMATIbHO
RPUOIUIICEHHBIX K PEAIbHBIM YCA06UAM IKCnayamayuu. B cmamve npueedenv nepevie pesyno-
mamul UCHBIMAHUI OAHHBIM MEMOOOM HEKOmopwix oopazyos macen. Ilpeocmasnennyio un-
dopmayuio modicno ucnonvzoeamv npu pazpadomke U ORMUMUSAUUU peyenmyp macen Ons
NOOWIUNHUKOB HCUOKOCHIHO20 MPEHUA XON00H020 U 20PAUE20 NPOKAmMa, a maxyice uHOycmpu-
AIbHBIX NPOOYKMO6, K KOMOPHIM NPEObAGIAIOM NOGLIUIEHHbIE MPEDOCAHUA NO 0EIMYNbIUPYIO-
WUM C80IICIEam.

KuaroueBble ¢JI0Ba: MUPKYISIITAIOHABIC MaCIIa sl TIOIITUITHUKOB JKUIKOCTHOTO TPEHUS MTPOKATHBIX
CTaHOB, AeaMynbrupyromue ceoiictea, ASTM 2711, ASTM 1401, ASTM 943, nunamudeckuii TeCT Ha Jie-
smyasrupyemoctsb, Clark Laboratory
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METHOD DEVELOPMENT OF ARTIFICIAL LUBRICANTS AGING FOR CONDITIONS
MAXIMAL CLOSE TO REAL CONDITIONS OF OPERATION OF HOT AND COLD

ROLLING MILLS

This work aims are analysis of existing test methods of rolling mills lubricants quality as-
sessing and development of a new aging lubricants bench test to assess the in-service behavior of
bearing oils for steel rolling mills. Test methods were used: Standard test method for water in
crude oils by coulometric Karl Fischer titration ASTM D 4928-00; Standard test method for oxi-
dation characteristics of inhibited mineral oils ASTM D 943; Standard test method for oxidation
stability of steam turbine oils by rotating pressure vessel (RPVOT) ASTM D2272; Standard test
method for acid number of petroleum by potentiometric titration ASTM D 664; Standard test
method for kinematic viscosity of transparent and opaque liquids and calculation of dynamic vis-
cosity ASTM D 445; Standard practice for calculating viscosity index from kinematic viscosity at
40 and 100°C; Standard test method for condition monitoring of oxidation in in-service petrole-
um and hydrocarbon based lubricants by trend analysis using Fourier transform infrared (FT-
IR) Spectrometry ASTM D 7414; Standard test method for condition monitoring of nitration in
In-service petroleum and hydrocarbon-based lubricants by trend analysis using Fourier trans-
form infrared (FT-IR) spectrometry ASTM D 7624; Standard test methods for saponification
number of petroleum products ASTM D 94; Standard test method for density, relative density
(specific gravity), or API gravity crude petroleum and liquid petroleum products by hydrometer
method ASTM D 1298. It has been found that all existing standards of bearing lubricants testing
usually are poorly correlated with real-life lubricant behavior in rolling mills. The project of new
bench test development was started in order to obtain information regarding bearing lubricants
alteration process and determinate optimal the lubricant drain interval. The article describes
main idea and first results of the aging lubricants bench test. The results can be used to develop
and optimize rolling mills lubricants formulations as well as formulations of other high demulsi-
bility industrial products.

Key words: rolling mills lubricants, demulsibility, ASTM 2711, ASTM 1401, ASTM 943, dynamic

demulsibility endurance, Clark Laboratory

Jons 3apyOeXHBIX TPOIYKTOB HA POCCHIi-
ckoM peiake macen ansa [DKT I1C cocrasnsier nopsia-
ka 30%. OmHaKo, KPU3UC U POCT KYPCOB 3apyOeKHOM
BaroTHl B 2014-2015 1. mpuBen K COKpamieHnto 00b-
€MOB 3apyO€KHBIX NTOCTABOK, YBEITMUEHHUIO CIIpOca Ha
OTEUYECTBEHHBIE MAacja U OJHOBPEMEHHOMY MOBBIIIE-
HUIO TPeOOBaHUH K X Ka4ECTBY.

OpHMM M3 KITFOYEBBIX TPeOOBaHWM K MaciiaM
st IDKT TIC siBnsieTcst BICOKasi A€IMYIbIUpYIOIIast
CIOCOOHOCTh — CLIOCOOHOCTH OBICTPO M MaKCUMAaJIbHO
MIOJTHO OTIENATH BOAy WiH BogopactBopumbii COX,
MIPH 3TOM HE M3MEHSSI CBOEr0 COCTaBa M CBOMCTB B
MPOIECCE MHOTOKPATHBIX OOBOJHEHHI U Cenapalvu.

Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 12

Bona kak TeXHOJIOTHYECKOE BCIIOMOTAaTeIhbHOE Cpell-
CTBO B YHCTOM BHJIE (TOpsUMil MPOKAT) UK B COCTABE
COX (xosomHBI TPOKAT) MPUMEHSIETCS, MpPEexKIe
BCEro, IS OXJaKAeHNUA. VICKIIOUNTh TMomagaHue BO-
IIBI B MACJIO MIPAKTUYECKH HEBO3MOKHO.

KpaitHe HexenaTenbHBIM SBJSETCA MOSBIIE-
HHUE B UUPKYJSILMOHHBIX CUCTEMaX CTAOMIIBHBIX BOJO-
MacCJISIHBIX 3MYJbCHH, OOpa30BaHHBIX NPH YYACTHH
SMYJBraTopoB (HEOPraHUYECKUX 3SJIEKTPOIUTOB, IO-
BEPXHOCTHO aKTHUBHBIX BELIECTB, BBICOKOMOJIEKYJISP-
HBIX BEIIECTB, MEJIKOJUCIIEPCHBIX HEPACTBOPUMBIX
YacTHII U Jp.), TOMAJAIOIINX B CHCTEMBI U3 TEXHOJIO-
rudeckoit Boasl unu COX [1].
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HenocraTounsie aesMynbrupyromme CBOM-
CTBa Macjia MOTYT SIBIISITCS NPUYMHON KOPPO3HH
obopynoBanus. lloBelmeHHOE OOBOMHEHHE Macia
TaKXe MPUBOAUT K YXYALICHUIO €r0 aHTH()PHUKIMOH-
HBIX W MPOTHBOM3HOCHBIX CBOMCTB, CPBIBY DPEKHMa
KUIKOCTHOTO TPEHHUs B IPaHUYHOE TPEHHE MU, Kak
CJIEZICTBUE, YCKOPEHHOMY H3HOCY MOALIMITHUKOB. B
HEKOTOPBIX CITydasX MPOUCXOIUT TeIHPOBaHHE Mac-
Ja, YTO HapyllaeT ero LHUPKYJSILUI0 U MPUBOAUT K
CHUJILHBIM TIeperpeBam [2].

Hcnonb3oBanue Macen ¢ yiydlIeHHBIMH Jie-
SMYJNBTUPYIOIMMHA CBOWCTBAMH IIO3BOJISIET MeTall-
JypPTHYECKUM MPENPHUSITHIM HE TOIBKO COIKOHOMHTH
JIEHBTH Ha PEMOHTE O0OPYJIOBAHUSA, YMEHBIIUTE 00b-
€MBI 3aKy[acMoro Maciia, COKpaTuTb 00bEMBI IIUPKY-
JSIIMOHHBIX CHCTEM, HO M — CaMoOe€ IJIaBHOE — COKpa-
TUTH KOJINYECTBO IPOCTOEB 00OPYAOBAHHUS.

TpanuunonHo B P® mpousBoguTenu macel
npu pazpadotke mpoaykToB st [DKT TIC opuenTn-
POBAIMCh Ha OTEYECTBEHHBbIC CHENM(UKALMM: CTaH-
napt OAO «23TM» u CBHUUHII. Ognako no mpu-
YMHE 3aKYNKH OTPOMHOTO KOJIMYECTBA WMIIOPTHOTO
obopymoBaHus U Oiaromapst pa3BUTHIO MpoIecca UM-
MOPTO3aMEIIEHUs] CETOHA Bce Ooliee BOCTpeOOBaH-
HBIMH METaJUTypraMd CTaHOBSITCS OTCUCCTBCHHBIC
OPOAYKTHI, OTBeyamompe TpeboBaHusiM  Morgoil,
Morgoil Advanced m Danieli [3-5]. Bce Bbimenepe-
YHUCJICHHBIC CHEeNU(UKAIMHE O0BEIUHICT UCIIOJIb30Ba-
HHE CTaHJApPTHBIX METOJOB JUIA ONpENeNICHUs Jie-
SMYJIBIUPYIOINX CBOUCTB cBEXMX Macen ASTM 1401
u ASTM 2711. Opnako cremudukanuu Morgoil
Advanced u Danieli Takke moapasymeBaeT omnpejeie-
HHE J1e3MYJIbIUPYIOMINX CBOMCTB JUHAMHYECKUM Me-
tosoM (Dynamic Demulsibility endurance test), pa3pa-
6otannbM nipu yaactuu UEC Technologies, nouepHeit
opranmzarnmu United States Steel, mocTynHbIM ceroans
Tosbko B naboparopun Clark (CILIA). JlanHb1il MeTOx
XapaKTepu3yeT MOBEJCHUE Maclia B YCIIOBUSX MHOTO-
KpatHoro o6BoHeHNs. CyIIHOCTh METO/Ia 3aKIII0YaeT-
Csl B U3MEPEHHH CIIOCOOHOCTH Maciia B JUHAMUYECKUX
YCIIOBHSIX OTAENATH BOAY IIPU CTPOTO OINpPEAETICHHBIX
CKOPOCTH TIOTOKA, BPEMEHH KOHTaKTa Maciia ¢ BOJOM,
TeMIlepaType U KpaTHOCTH BOJBI K Macity. I1o okoHua-
HHIO TECTHPOBAHUS IOCHE HEHTPU(YTHPOBaHUS OIpe-
JIeTSIeTCsI COJIepyKaHue BOJIbI B Maciie M Macia B BOJIE.
JlaHaHBI MeTO cuMTaeTcsl Hanbosee MPUOIMKCHHBIM
K pEalbHBIM YCIOBHSM SKCIUTyaTalMd Macell B TOJ-
ITUITHAKAX JKUIKOCTHOTO TpeHUS [2].

HeoOxomumMo OTMETHTb, YTO BCe TEpeymc-
JICHHBIE BBIILIE METOJABI ONPEACTCHUS NeIMYIBIUpY-
IOLIMX CBOWCTB MOJpPa3yMeBalOT MCIIOJIB30BaHUE IS
TECTUPOBAHHS JWCTUIIMPOBAHHOW WJIM BOJOMPOBO/I-
HOW BOJIbI, COCTaB KOTOPOW HEPENKO CYyIECTBEHHO

114

OTJIMYAETCsl OT TEXHMUYECKHX BOJ OOOPOTHOTO IHKIIA
MeTaJUTypru4ecKuX NpennpusaTuii. JlaHHble TexHUYe-
CKHE BOJpbI Yallle BCEr0 MOCTYHAIOT Ha MPENpHUITHE
U3 TPUPOIHBIX BOJOEMOB U MPEICTABIAT COOOH
€CTEeCTBEHHBIC PAaCTBOPBI, UMEIOIIIE CaMble Pa3HO00-
pa3Hble KAUECTBEHHBIE U KOJIMYECTBEHHbBIE COCTABHI B
3aBUCHUMOCTH OT UCTOYHUKA. KauecTBO TexHoOmIOrnye-
CKOH BOJIBI, IPEXKIE BCETO, XapaKTEPU3yeTCsl HATUYH-
eM rpyOOTUCTIepPCHBIX MpUMECEH, MoKa3aTeJIeM KOH-
LEHTPalUy BOAOPOAHBIX HOHOB, OOIIMM COJIECOAEP-
xaHueM. C TeXHOJIOTMYeCKOM TOYKH 3PEHUsl COJIECO-
JepiKaHue sBIsieTcs HanboJee BaKHBIM TTOKa3aTeseM,
IIOCKOJIbKY KOPPOIUPYIOIEe ASHCTBUE BOJBI U IIPUTO-
TOBJICHHBIX Ha ee ocHOoBe COJK HaxomuTcs B OpsMoil
3aBUCUMOCTH OT COZIEp)KaHUsl B Hell BOAOPacTBOPHU-
MBIX COJIEi, B YaCTHOCTH XJIOPUJIOB U Cynb(}aToB [6].

[TonoGHblE 0COOEHHOCTH COCTaBa TEXHOJO-
THYECKUX BOJI TAKXKE OTPAXKAIOTCS Ha CIIOCOOHOCTSIX
HUPKYJSIMOHHBIX Macesl OTAENATHCS OT BOABI B MPO-
MBILUIEHHBIX YCIOBUSAX MeTayutonpokara. Kpome to-
ro, OrpOMHOE 3Ha4Y€HHE HMEIOT COCTaB U CBOWCTBA
npumeHseMblx B mpousBozacTtBe COX, conmepxareit
caMble pa3HbIE 0 COCTaBy MOBEPXHOCTHO-aKTHBHBIC
BeniecTBa. CHeNUamuCThl U3 aBCTPHIICKOTO HCCIEN0-
BaTesbckoro 1enTpa AC2T mokazanu HeoOXOIUMOCTh
HNOAPOOHOTO W3YYEHHUsST COCTaBOB TEXHOJOTMYECKUX
BOJl B LEJSIX IOJIy4EHHUS! B JIADOPATOPHBIX YCIIOBHUSIX
JAHHBIX O JIEAIMYJIBIHPYIOLINX CBOMCTBAaX Macel, KOop-
PENUPYIOIINX C Pe3yNbTaTaMu, JEMOHCTPUPYEMBIMH B
peaNbHBIX IPOU3BOICTBEHHBIX YCIOBUSX [7].

Kpome Toro, B peasIbHBIX yCIOBHUSIX 3KCILTya-
TalMyi 0OBOJTHEHHOE MAcIiO MOCTOSIHHO KOHTAKTUPYET
C METAJUTMYECKUMH YacTSAMHU 00OPYIOBAHHS M KUCIIO-
pOIOM BO3JIyXa IpPH IMOBBILIECHHBIX TEMIIEPaTypax,
YTO KaTaJU3UpyeT OKHCIEHHE Macia M, Kak ciel-
CTBHE, YXy/IIaeT ero Ae3MYIbTUPYIOLIIe CBONCTBA.

OTcyTcTBHE METOJa MCCIEAO0BAHUS, CIOCO0-
HOTO JlaTh WH(OPMAIUIO O IMOBEACHHM Macila st
IDKT IIC B peanbHBIX YCIOBHUSX IKCIUIyaTalldd, MO-
OyJuJI0 HayaTh pa3pabOTKy CTEHOBOIO METOZA HC-
KYCCTBEHHOT'O CTapeHHs Macia, ¢ IIOMOIIBI0 KOTOPO-
0 MOXHO OBbUTO OBl MMPOTHO3UPOBATh MHTEPBAIIBI 3a-
MeHBI Maclla Uil KaKA0T0 KOHKPETHOro HoTpeduTe-
. B ocHOBY MeToma MOJOXKEH MOBCEMECTHO MO-
CTYIHBIM CTaHIAPTHBIA METOJ ONPEAEICHUS! OKUCIISA-
emoctu macen ASTM 943. PazpaGoraHHbII cTeHIO-
BBI METOJl OTPaKACT CIEUU(PHUECKHE YCIOBHS KC-
IUTyaTald Macjia B MPOKaTHOM IPOHM3BOACTBE: OIpe-
JeJieHHbIEe TeMIiepaTypHble yeioBus (95 °C), Hannuue
MEXaHUYECKUX MpUMeEcel OINpelesIeHHONH NPUPOJIBI
(m71st MCTIBITAaHUH MCTIOJIB30BANIN 3arpA3HEHHYIO BOAY
A3 LUPKYJSALHOHHOM cucTeMbl YepemoBeukoro me-
TaJUTyprUYECKOro KOMOMHATa), KOHTAKT Maciia ¢ BO3-
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IyXOM W MeTaJulaMu (B TOM dYuciie ¢ 6abOMTOM, OTO-
OparapM Ha Tpon3BoacTBe OAO «33TM») 1 ¢ Tex-
Hosorumdeckor Bojoit miu COXK. B mporecce TecTu-
POBaHHA OTCIIEKUBAETCS NTUHAMHUKA U3MEHEHUS KITIO-
YeBbIX MTOKa3aTesIeld Macia.

B Tabxn. 2-4 mpencraBieHbl pe3yibTAaThl HC-
KYCCTBEHHOTO CTapeHHs MPUBEACHHBIX B Tabn. 1 00-
pasIoB Macel, BRIOPaHHBIX C IEJIbI0 UCCIIEOBAaHUS B
pamkax pazpabotku macia g [DKT TIC c Bssko-
ctbio ISO 460. Ilpouepku B TabnMIax moapasymeBa-
IOT OTCYTCTBHUE BO3MOYKHOCTH HPOBEICHHS TECTHPO-
BaHWU MO NPUYMHE CUIBHON Jerpamanuu o0Opasia,
WIN OTCYTCTBHE, II0 MHEHHUIO aBTOPOB, LENIECO00pas-
HOCTH TECTUPOBaHHMH B paMKax TaHHOTO MPOOHOTO
HCIIbITAaHUA METOAAa UCKYCCTBCHHOT'O CTapCHU.

CornacHo TOJNyYEHHBIM pE3yJbTaTaM, KOM-
MOHEHT Macesl OCTaTO4HbBIN (oOpaser; 3) ycTymaeT
OpaiiT-cToky (0Opaser 1) 1Mo CTONKOCTH K CTapEHUIO.
3arymieHne KOMIIOHEHTa Macell OCTaTOYHOTO ITOJIH-
n300yTHIIeHOBOM Tprcaakoit Lubrizol 3229 (obpazerr 4)
MPUBOJUT K YXYAIIEHUIO CBOWCTB KOMIIOHEHTA, H
BoBneueHne antrokucnurens Vulkanox BHT B xomm-
gectBe 0,2% B 3arymieHHbIl KOMIOHEHT (0Opaser 6)
HE CIOCOOHO CYIIECTBEHHO MOBBICHTH CTOWKOCTH Mac-
J1a K CTapEeHHIO.

Tabnuya 1
Cocras 06pa3u03 MaceJ1, NoJABEPrumxcs HCKyCCTBEH-
HOMY CTapeHHI0
Table 1. The composition of oil samples subjected to
artificial aging test

Homep CoctaB o0pasua
1 Bpaiit-ctok npoussoactea 000 «JTYKOWJI-
[lepmHEDTEOPTrCHHTES)»
Bpaiit-ctok npoussoactea 000 «JTYKOMJI-
2 [TepmuedTeoprcunTes» ¢ godbasnernem 0,2%

anruokuciuTenst Vulkanox BHT Lanxess

KoMmnoneHT Macen oCcTaTo4HbIN NPOU3BOACTBA
000 «JIYKOUJI-BonrorpanunedrenepepaboTkar

KommonenTa Macen OCTaTOYHBIN IPOU3BOACTBA
4  |000 «JIYKOUJI-BonrorpamuedremnepepaboTka
¢ nobasnenuem 3,2% 3aryctutens Lubrizol 3229

KoMnoHeHT Macen 0CTaTOYHbIH IPOU3BOJCTBA
000 «JIYKOWJI-BonrorpaauedrenepepaboTka

5 ¢ nob6asnenneM 0,2% antnoxuciurenas Vulkanox
BHT Lanxess
KOMHOHCHT Mace OCTaTO‘IHLIﬁ HpOI/I3BOZ[CTBa
6 000 JIYKOMJI-BosrorpamuedrenepepaboTkar

¢ nob6asnenneM 0,2% antnokuciurenas Vulkanox
BHT Lanxess u 3,2% 3arycturens Lubrizol 3229

Tabnuua 2

Pe3yabTaThl HCKYCCTBEHHOTO cCTapeHus oopa3uos 1 — 2
Table 2. The results of artificial aging test of samples 1 — 2

Howmep obpaszmna 1

JImATeIbHOCTh
TECTUPOBA-|

HUS,

IlokazaTens q

0 213 | 388 | 622 | 700 | 814

1000 0 | 213|388 | 622 | 700 | 814 | 1000

KuHemaTHueckast
BA3KOCTb IPH
40 °C, mm%/c

406,60 - - - 471,39

612,66 |402,06| - - - |47276 - [522,71

W3menenne Kune-

MaTHYECKOM BS3KO-
ctu ipu 40 °C B - - - -

CpaBHEHHH CO CBe-
JKHM MaclioM, %

15,93

50,68 - - - - | 1758 | - 130,01

KunemaTtndeckas
BA3KOCTb npu 100
°C, Mm?/c

27,28 | - - - | 28,60

32,69 | 27,03 | - - - | 2977 - |31,44

Unpnexc Baskoctu | 91,80 - - - 85,00

81,49 |91,60| - - - 19030 - 189,43

[InoTHOCTH NpU

15 °C, r/em® 902,80 - ) )

908,00

926,00(903,70| - - - /910,00 - 914,00

Bopna no Kapny

2095,00
Odumiepy, ppm

1242,00, - - - - 14820,000 - 994,00

Kucnornoe uncio,
mr KOH/r

0,01 {084 109|394 | 220 | 7,27

9,10 | 0,01 (0,42 1,85|3,06| 2,83 | 3,56 | 4,40

IIponykTel oxucie-

s FTIR, Alew |~ |1189]16:46|50,45) 30,47

81,43

98,43 - 18,11 (23,75|38,04| 31,99 |45,74| 51,00

IIpoxykThl HUTpO-

samms FTIR, Alem - 3,16 | 4,22 |110,77| 8,48

17,82

28,16 - |2,73|5,57 (918 | 14,82 |11,73| 14,99

RPVOT, mun  |221,00| - - - -

- 13300 - | - | - - -
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Tabauua 3
Pe3yabTaThl HCKYCCTBEHHOTO cTapeHust oopa3uos 3 — 4
Table 3. The results of artificial aging test of samples 3 -4
Howmep 3 4
obpasua
JlmuTensHOCTD
TECTUPO-
Bauusi, O 213 | 388 | 622 700 | 814 | 1000 0 213 | 388 | 622 700 814 1000

ITokazarens

Kunematnueckas He BO3-
Bs3KOCTh pu (387,93 - - - |2789,20 6243,20(481,09| - - - |2145,60| - MONKHO
40°C, mm%/c
N3menenne

KHHEMaTU4YeCKOM
BASKOCTH IPH | _ - - - 619,00 1509,00| - - - - |34600| - |HEBOS-

40 °C B cpaBHe- MO>KHO
HHUH CO CBECXKHUM

macioMm, %

Kunematnueckas He BO3-
BA3KOCTh Ilpu (26,015 - - - 84,07 125,50 | 31,05 | - - - 72,07 - OKHO
100 °C, mm2/c MO

Unzekc paskoctn| 89,50 | - | - - | 85,00 79,00 [9430| - | - - | 8500 | - |MEPO>

MOXKHO

TLoTHOCTS HPH |5 go| . | . - |965,00 HeBO3t\ge710] - | - | - |96500| - |MCEO*
15 °C, r/em MOKHO MOYKHO
Bona no Kapny
o - - - - 7369 25061 - - - - 7993 - 104649

uiepy, ppm

Kuenotnoe wne- | g o5 | 5 47 |19 35| 16,25 | 16,56 | 18,44 18,88 | 0,05 | 3,00 | 17,95|16,98| 11,65 |1539| 15,70
10, mr KOH/r

IIpoxyxTs! OKHC-
nerns FTIR, - |62,50[201,56/ 198,06 207,42(198,51| 202,37 | - |36,85(191,54|196 51| 172,56 |189,44| ¢ B>

A/CM MOXHO
IIpoayKkTsl HUT- He BO3-
poanus FTIR, - |21,51|51,96| 72,56 | 75,42 | 77,92| 82,56 - 10,09| 48,00 | 72,69 | 69,99 | 75,57
Alcm MOYKHO
RPVOT, mun (124,00 - - - - - 117,00 - - - - - -
Taonuuya 4
Pe3yabTaThl HCKYCCTBEHHOTO CTapeHUs 00pa3uoB S — 6
Table 4. The results of artificial aging test of samples 5 — 6
Howmep o6pasma 5 6
JlmurenbHOCTD
TECTUPO-
BaHHA, 0 |(213|388| 622 | 700 | 814 |1000| O 213 | 388 | 622 | 700 | 814 | 1000

IlokazaTens 4
Kusematnueckas Bi3- laga | | | | l7g104l - [842,061482,00] - - - |1812,00 - [2867,10
kocTh 1pu 40°C, mm“/c

N3menenune Kunemaru-

HCCKOM BASKOCTHIIPH )\ | |9893| - [120,08 - - - - |373,00] - |649,00
40°C B cpaBHEHHH CO
CBEXXHM MacioM, %
Kusemarnieckas B33- 155 91| _ | | . l3991| - |41,77(31,10| - - - 3923| - |3886
kocTb npu 100°C, mm“/c
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IIpoodonacenue mabauywl

Uunekc Baskoctn 90,10 - | - - 89,70 - 87,00(94,00 - - 87,00 - 78,00
HHOTHOCFT/‘;\‘;;’“S Clegs20 - | - | - loss00 - 974008482 - - - 930,00 - [946,00
Bona no Kapry - |- -| - |e6163]| - [|13791] - - - - | 5928 | - | 6584
dumepy, ppm
K“"HOTI‘Z‘(’)GH“/?C“O’ ME1 0,02 [0,328,36| 18,41 | 13,42 | 16,77 | 14,86 | 0,10 |12,92|13,58|15,71| 14,32 15,33 | 14,12
Hpoﬂgﬁl"{‘ ‘Z‘/“cﬁe“" - 18,42093,4195,36/186,64[189,39(194,12| - [211,98[228,75/250,32| 267,93 [256,98| 264,34
HponyKkTel HUTPOBa- | |3 g5l 8l 64 02 (64,79 (68,73(74.04| - |35.98|46,72|51.40| 56,40 |57.98| 70,69
must FTIR, A/cm
RPVOT, mun _ |165,00 - | - | - ; ; ~ 165,000 - - ; - ; -

Takum 06pa3om, UCIIOIB30BaHUE OpaiT-cTOKA
s pazpadorku macen [DKT [1C no cpaBaeHuro ¢ 3a-
T'YHICHHBIM KOMIIOHCHTOM MAacCEjI OCTATOYHBIM SBJIACT-
cs1 0oJIee TIPEAMOUTHTEIBHBIM.

OdeBuIHO, YTO pPa3pabOTAaHHBIA METOH WC-
KyCCTBEHHOTO CTapeHHs TpeOyeT NajlbHEWIIero yco-
BeplIeHCTBOBaHUSA. HeoOxoanMa  KOppPEKTHPOBKA
KECTKOCTH METOJa U MPOAOJKUTEIIEHOCTH TECTUPO-
BaHMsI, PAaCIIMPEHHUE MEepPEeUHs MPOBEPSEMBIX MOKa3a-
teneid. Tak mpu UCKYCCTBEHHOM CTApEHHM T'OTOBBIX
Macell TpeAronaraeTcs HCCleoBaTh 3JEMEHThl Me-
tonoMm ICP, kak B MacusHOH, Tak W BOgHOU (ase, a
TaKXe MIEIOYHOE YHCII0, TAKKe HEOOXOOMMO B IpO-
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SJIEKTPOXUMHUYECKAS OYUCTKA CTOYHBIX BOJ, COAEPKALINX A3OBEH30.1

Hccneoosana 603m0icHOCHb RPUMEHEHUS ITIEKMPOXUMUYECKOU 00padomKu 01 obde3-
8peINCUBAHUA CHIOUHBIX 600, codeprcawjux azodenzon. Ocodennoe eHumanue yoeneHo uoeHmu-
dukayuu npodykmos eoccmanogienus u oKkucienusn azopensona. Iloxazano, umo snekmpoxu-
MUUecKoe 60CCHIANO06IEHUE MOMHCEM NPUEOOUMb K 00PA306AHUI0 MOKCUYHBIX DEH3UOUHOE, 6 MO
6pema KaK npoOyKmamu INeKmpoxXumuiecKkoz0 OKUCIEeHUA AGAAIMCA NONUPenobl, 4mo donee
npUEMaAEeMo ¢ IKOJI02UUECKOT MOYKYU 3PEHUA.

KiroueBble ¢JI0Ba: OYNCTKA CTOYHBIX BOJ, 3306€H30J'I, QJICKTPOXUMHUYICCKOC BOCCTAHOBJICHUC, 3JICK-
TPOXUMHNYECKOC OKHUCIICHUEC, TPOAYKTBI BOCCTAHOBJICHUSA, ITPOAYKTBI OKHCIICHUA
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ELECTROCHEMICAL PURIFICATION OF WASTEWATERS CONTAINING AZOBENZENE

The possibility of electrochemical purification of wastewaters containing azobenzene was
studied. The electrolysis was carried out in the electrochemical cell with separated cathode and
anode compartments and platinum electrodes. Firstly, the electrochemical behaviour of azoben-
zene at platinum electrode was investigated. The insertion of azobenzene in the 0.1 M solution of
sulfuric acid led to the appearance of cathodic currents in the “hydrogen” region of cyclic volt-
ammograms (CVs). These currents corresponded to the electrochemical reduction of azobenzene.
It is important that these reactions occurred at the “hydrogen” region of potentials where the hy-
drogen adatoms existed at the surface of platinum. More likely, that the reduction of azobenzene
proceeds through the interaction of hydrogen adatoms with azobenzene molecules at the electrode
surface. The “double-layer” region of CVs did not change significantly; the currents measured in
it were less in comparison with pure solution of 0.5 M H>SOs4. There were no sharp differences
between the pure solution of sulphuric acid and solution containing azobenzene. Nevertheless,
the visible disappearance of the color of azobenzene was observed during the electrochemical
treatment. Probably, the oxidation of azobenzene was caused by the interaction of its molecules
with the active forms of oxygen generating at the platinum anode in the course of electrolysis.
The particular attention was paid to the indentification of the products of electrochemical trans-
formation. It was shown that the cathode reduction is not unsuitable for this purpose due to the
formation of toxic benzidines in the solutions under treatment. This may be result of benzidine
rearrangement which occurs in acid solutions. However, the use of neutral and alkaline solutions
is impossible because the electroreduction of azobenzene does not take place under these condi-
tions. The electrooxidation leads to formation of less toxic products. Among them the polyphenols
have been supposed. Based on this fact the electrochemical oxidation may be considered as a pos-
sible technique for destruction of azobenzene.

Key words: wastewater treatment, azobenzene, electroreduction, electrooxidation, produts of reduction
and oxidation

BBEJEHHE NPUMEHEHHE 10 MPHIMHE UX OTHOCHTEIBHOM MPOCTO-
TBI, «3KOJOTHYHOCTH», OTCYTCTBHS HEOOXOJMMOCTU
WCTIOJTb30BaHMS OOJBIINX KOJIWYECTB peareHTos [1, 2].
B wactHOoCcTH, 35ekTpoxumuueckas obpaboTka Obuia
IpeuIoKeHa JUIs 00e3BPEKUBAHKS TTPOMBIIICHHBIX

BHCKTPOXI/IMI/I"ICCKI/IG METOAbI OYHUCTKHU CTOY-
HBIX BOJ pas3/IMYHBIX IIPOU3BOACTB, COACPKALIUX Op-
TaHUYCCKHUC 3arpsA3HUTCIIN, HaXOHOAT BCC Ooubliee
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CTOKOB TIPEANPUATHIA aHHJIMHOKPACOYHON IMPOMBIIII-
neHHocTH [3-6]. OgHako ciaeayeT OTMETHTh, YTO BO-
MPOC O MPOIYKTaX SIEKTPOXUMHUYECKUX IpeBparle-
HUW a30CcoeIWHEHUH aBTOpamMu [3-6] mMpakTHYeCKH He
3arparuBajics winm obcyxnaancs kpaiHe Oermo [3].
OTcyTcTBHE HAaIEXHBIX JaHHBIX O MPOAYKTaxX, oOpa-
3YIOIIUXCSA B PAcCTBOpE MpH 00pabOTKE CTOYHBIX BO/I,
HE TO3BOJISIET PEKOMEHJOBAaTh METOJA 3JIEKTPOIe-
CTPYKIIUU ISl UX OYHMCTKH, TIOCKOJIBKY TIPH JIEKTPO-
JU3e B PacTBOPE MOTYT HAKAIUIMBATHCSA JAOCTATOYHO
TOKCUYHBIC META0OIHTHI [7]. DTO 3aCTaBIsSET MPOBO-
JIUTh HOBBIC UCCIICJOBaHUs, CBSI3aHHBIE C YCTAHOBJIC-
HHEM XHMH3Ma IIPOIECCOB, MPOUCXOIANINX IPH
AIIEKTPOXUMHYECKOM OKHCIICHHH W BOCCTAaHOBIICHHH
A30COCAVHECHMM.

JluTepaTypHBIX TaHHBIX, TIOCBAIICHHBIX JJIEK-
TPOXUMHYECKOMY TTOBEICHHUIO a30COCTMHEHNUN, OTHO-
CUTEJIBHO HEMHOro. M3BeCTHO, YTO NPH IIEKTPOXH-
MHYECKOM BOCCTAHOBIICHHH a30COCIMHEHHHA B IIPO-
TOHHBIX CpellaX, COTJACHO JUTEPATYPHBIM IaHHBIM,
IPOUCXOANUT 00pa30BaHUeE TUAPOA30COeTUHEHUH (MK
UX MpOTOHHpOBaHHBIX (opMm) [8-11]. Drta peakuums
MOJKET OBITh BEIpaKEHA YPaBHEHUEM:

R-N=N-R + 2H" + 2e - R—-NH-NH-R

Coobmaercs [11, 12], 9yTo B manbHeHIIEM
BO3MOKEH pa3pbIB CBSI3U a30T-a30T ¢ 0Opa3oBaHHEM
aMUHOB (COJIEi aMHUHOB).

Bo3MOXXHBI 1Ba IyTH 3JEKTPOOKHUCICHHS Op-
TaHUYECKUX BEHIeCTB. BO-TEPBBIX, 3JIEKTPOXUMUYE-
CKHA aKTHUBHBIC BEUICCTBA MOTYT OBITH OKHCIIEHBI IO
CcOOCTBEHHOM DIIEKTPOXUMHUYECKON peakiuu. OqHaKO
ropaszo 4aile pealn3yeTrcs IPYrodl IMyTh OKUCIH-
TEIbHON TpaH(OPMAIUU OPTaHUYECKUX 3arps3HUTE-
JIell — XUMHYECKOE B3aWMOJICHCTBUE C aKTUBHBIMU
(hopMaMu KHCIOpOJa, TEHEPUPOBAHHBIMHA Ha aHOJIE.
B sTom ciyuae paspylieHre MOJIEKYJ a30COEITMHEHUI
NPU AJIEKTPOJIN3E MPOUCXOANUT B pe3ysIbTaTe UX B3a-
UMOJICHCTBUS C aKTUBHBIMH DPaJWKaIbHBIMH YaCTH-
namu (OH*, HO>®), xoTopbie MOTyT 06pa3oBaThCst Mpu
AHOJHOU MoJspU3auuu OKcuioB [4, 14-16], ucnomis-
3oBaHnM peakiun Penrona [17-19] n uHOTIA MAke B
XOJIe JIBYXAJIEKTPOHHOTO TIPOIIECCa BOCCTAHOBIICHUS
KHCIIOpOJia Ha MOTU(MUITUPOBAHHBIX AJIEKTPOJIAX.

OCHOBHBIM TMPOJYKTOM HEMPSMOTO 3JIEKTPO-
XUMHUYECKOTO OKHUCJICHHUS MOTYT OBITh pPa3JInYHbIC
XUHOHBI (a30XuHOHBI) [21] 1 monmudenomns [22]. B [3,
22] coobimaercs, 4TO B MpOIlecce JEKTPOIH3a Mpo-
ucxoamn pa3peiB —N=N-— cBsizeli B Monekyie a3okpa-
cutens. OnmHako B pabore [3] ¢ 3TOH menbo B pac-
TBOp OBLIM BBEACHBI XJOPHI-HOHBI, YTO CO3/aeT
OITACHOCTh BBIICTICHHSI TOKCUYHOTO XJIOPa HA aHOJE, a
TaK)Ke MOXKET SBJISAThCS MIPUYUHON 00pa3oBaHUs TOK-
CUYHBIX XJIOPOPTaHWYECKHX COCAMHEHHUH B CTOYHBIX
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BOJaX, TOJBEPrHYThIX 00paboTke. B TO ke Bpems
BOIIPOC O MPOIYKTaX HEMPSIMOTO OKHUCIICHUS a30CO-
€IMHEHUH B OTCYTCTBHE XJIOPUI-UOHOB OCTAaeTCs Ha
HACTOSIIUI MOMEHT BPEMEHHU OTKPBITHIM.

Ilenpro aHHO# PabOTHI OBUIO MOJTyYCHUE HO-
BoH wHGMOpPMAIMH 00 DIIEKTPOXUMHYECKOM ITOBEIIC-
HHUH a300€H30J1a B BOAHBIX PAaCTBOPaX, HEOOXOIUMOM
JUTSL OIICHKU TIEPCTIICKTUB NTPUMEHEHUS JICKTPOXHMH-
YECKUX METOJOB JIUISl OYMCTKU CTOYHBIX BOJ, COJIEP-
JKAIUX a30COCTMHCHUS.

METOAMKIN UCCJIEJOBAHIA

Jis  27eKTPOXMMUYECKOTO OKHCICHUS WC-
NOJb30BaIM  HACBIMICHHBI pacTBOp  a300cH30I5a
(Merck, Germany) B 0,1 M pacTtBOpe cepHO# KHCIIO-
THI (0C.4.), 711 IPUTOTOBJIEHUSI PACTBOPOB HCIIOJIB30-
By OuaucTWUIAT. COracHO JHMTEpaTYPHBIM JaH-
HbIM [23], pacTBOpuMOCTh a300eH301a pu 25 °C co-
craBnsteT npubnusurensio 4,4-10% mons/n. Yucrory
HCXOIHOTO Ipernapara KOHTPOJMPOBAIM METOJOM
KHUJIKOCTHOW XpoMatorpaduu ¢ Macc-ClIeKTpOMETPH-
YECKHUM JIETEKTOPOM.

[l momydeHus! TaHHBIX 00 3JIEKTPOXHMHUYeE-
CKOM IOBEICHUHU a300€H30J1a ObUIM TMOJy4YEeHbI LIUK-
JMYECKHe BOJBTAMIIEPOTPaMMBI B pacTBOpE, COJIEp-
JKaleM a300eH30J, a Takke B ()OHOBOM pPacTBOpE
cepHoil kucnotThl. VccnenoBanns ObUTH MTPOBEICHBI C
noMoIbp 1udposoro noreHiuocrara [IPC Pro MF
Ha TIaaKoM Pt-31extpose (Sreow = 1 €M%, (pakTop mre-
poxoBatocTr f~3). CkopocTs pasBepTKH MOTEHIIHATA
cocraBmsuta 50 MB/c, nuanazon nuknupoBanus 0,05-
1,10 B. B kauecTBe 37€KTpoJa CpaBHEHUS UCIIOIb30-
B OOpaTUMBIN BOJOPOJIHBIA AJIEKTPOI B TOM K€
pacTBope, cofepiKalieM BCe KOMIIOHEHTHI, KpoMe
azo0en3o0ma. Kpome UKIMUYECKUX BOJIBTAMIEPOIPaMM
B paboTe ObUTM TONyYeHBI KBa3HCTAIIMOHAPHBIC MMO-
TEHIIMOIMHAMUYECKUE TOJSIPU3AIIOHHBIE KPHUBBIE C
OTHOCUTENILHO MEAJICHHOW CKOPOCTBIO pa3BEPTKU
noTeHuana (2 mB/c).

DNEeKTPOXMMHUYECKOE OKHUCIEHHE W BOCCTa-
HOBJICHHE a300€H30J1a MPOBOAMIIM B SYCHKE C pasze-
JICHHBIMU TIPH IIOMOIIY KepaMHU4ecKoi auadparmsl
(Al;03) kaTOmHBIM H aHOAHBIM MPOCTPAHCTBAMH.
O6bem anonmra coctaBui 0,1 1. DnexTponus mpoBo-
JUIA B TaibBaHOcTaTndeckux ycinoBusax (0,8 A);
Temreparypa pactBopa coctasisiia 25+3 °C. Karo-
IOM U aHozoM cirykmin Pt/Ti-anexTpons! (miuaTuHu-
POBAHHBIN TUTAH) (Sreom anona = 2 CM?).

AHanmm3 IpOIyKTOB OKHCIICHHUS TIPOBOIMIH C
WCTOJIB30BaHMEM TaHJAEMHOT0 THOPHIHOTO Macc-
cnexktpomerpa QTrap 3200 AB Sciex (Kanana), ocHa-
[IEHHOTO JBYMS MCTOYHHUKaMH WOHHM3aIMu — 1Uurbo
Spray'™ (s5eKTpOpacnbUINTENbHAS HOHU3AMS) U
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Heated Nebulizer'™ (xumudeckas noHM3aIMs PH at-
Moc(hepHOM JaBlieHUN). Y CIIOBHS MIPOBEACHUS aHAIU-
3a mpuBeneHBI B Ta0m. 1. B mporecce Macc-criekTpo-
METPUYECKOT0 aHali3a PEerHCTPUPOBAIHN TOJIOKH-
TEJIbHBIE WOHBI, TIOCKOIBKY 3TO 0Oojee MpearnoyuTH-
TETLHO IJI A30COCIMHECHHUU (a30KpacuTenei), uMme-
IONUX KaTHOHHYI0O W HEWTpalbHyro mpupomxy [24].
WaeHTndukanmio mpoayKTOB MpeBpalieHus a3o0eH-
30J1a MPOBOJMIIN IO TOJYYEHHBIM MAacC-CIEKTpaM C
ydeToM Hambollee XapaKTepHBIX peaknuid (pparmeH-
TalMu a3ocoenuHeHui mpu mposeacHun LC/MS—-MS
ananmsa [24].

Tabnuua 1
YciaoBus npoBeacHUA aHa/In3a METOAOM )Kl/lI[KOCTHOﬁ
XpoMaTo-MacC-CIEKTPOMETPUHU
Table 1. The conditions of analysis by the method of
liguid chromatomassspectoscopy (LC-MS)

XpomarorpauiecKie yCIoBHs

O0BeM BBOAMMOIT TPOOEI 0,020 M
Temmeparypa TepMocTaTa 25 oC
KOJIOHKH
CKOpOCTb MO/IaYH ITIOCHTA 0,4 mMa/muH

ITporpamma rpagieHTHOTO

DITFONPOBAHMS:
Bpems

P Copepxanue
[Iporpamma rpaieHTHOTO | aHAJH3a,

amoeHTa B, 00. %
amoupoBaHus. Mcnonas3o- MHH

BaJIUCh CMECH AJIIOEHTOB: 0-2 20
— 0,5 % pacTBOp MypaBbU- IloBeIIEHUE CO-
HOW KHCIIOTHI B BoJie (A) nepxxanust B ot 20

— arieroruTpun (B) 2-31 1o 100 mo nuHeH-
HOMY 3aKOHY
31-35 100
35-39 20

Ty KoI0HKH Acclaim RSLC 3 mxm

MaCC-CHeKTpOMeTpI/I‘{eCKI/Ie yciaoBus

ITapametp Onmucanne
[TonsipHOCTH
[TonoxurenbHbIe
PETUCTPUPYEMBIX HOHOB
Hanpsoxenne
p +5,5 kB
WCTOYHUKA HOHHU3AIHU
Temneparypa
patyp 300C
WCTOYHUKA HOHU3AIHU
JlaBrieHue ra3a-3aBechl 15 psi
ABJICHUC .
A 40 psi

ra3a-paciblIMTEIIA

CxaHUpOBaHNE B AUANA30HE

100-1070 m/z (Bsicokoe pa3-

pelieHre B BApUAHTE HOHHOMN
JIOBYIIIKH)

Pexxum peructpanuu

Hampsoxenue

+50 B
Ha ()parmMeHrope
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PE3VIJIBTATBI U X OBCYXIEHUE

Dnexmpoxumuyeckoe nosedenue azodeH3ona
8 KUCTILIX pacmeopax Ha Pt-anexmpode

Brenenne azobenzona B 0,5 M pactBop cep-
HOW KHCIIOTHI CYIIECTBEHHO M3MEHSUIO BHJ LIMKIHYE-
ckoii Bodbprammneporpammbl (LIBA) Pt/Pt-amextpona
(puc. 1, kp. 1 u 2). B «BogopoaHOi» 00J1aCTH MMOTEH-
[MAJIOB B PacTBOpE, cofepiKamieM a300eH301, depe3
ANIEKTPOA MPOTEKANN KaTOIHbIE TOKH, KOTOpPbIE OBLIH
3aUKCUPOBAHBI KaK Ha KATOAHOM, TaK M Ha aHOJHOM
ckane IIBA. IIoCKOJBKY 5J€KTPOXHUMHYECKOE BOC-
CTaHOBIICHHE a300eH30j7a ¢ O0pa3oBaHHEM AaHHOH-
panukana a3o0eH3071a MPOTEKaeT NMPH CYIIECTBEHHO
Oojee OTpHUIATENBHBIX MOTEHIMANaxX kKaroma [25],
CIIEZIyeT TPEANONOKHUTh MPOTEKAHHE T'eTePOreHHOMN
XMMHUUYECKON peakuyi MEXIy aToMaMy BOAOPOJa, aj-
COpOMpPOBAaHHBIMY Ha TIOBEPXHOCTH IUIATHHBI, U MOJIe-
KyJlaMu a300€H30Ila, YTO TPUBOJUT K BOCCTaHOBIIE-
HHIO a300€H30J1a U CONPOBOXKAAETCSI 00CCIBEUMBAHM-
€M pacTBOpa. B moms3y Takoro mpearonoKeHus: CBH-
JIETEeIbCTBOBAT TOT (DaKT, YTO HA CTEKIIOYTIEPOTHOM
3JIEKTPOJIC B 3TOM 001aCTH TOTCHIIMAJIOB HE HAOJIOAa-
JIOCh CKOJ'IL'HI/I6YZ[L 3HAYUMbIX KaTOOHbBIX TOKOB.

04 -
i x10°,

-2
Acm
02

.0'6 L

Puc. 1. [ukmuueckue BonbTammneporpamMmsl (LIBA) rmankoro Pt-
anekrpona (f~3). 1 — Haceimiennsiii pactBop a3obensona B 0,5 M
pactBope H2SO4; 2 — ponosas kpusas B 0,5 M pactBope H2SO4
Fig. 1. The cyclic voltammogram (CV) of smooth platinum elec-
trode (f~3) in the saturated solution of azobenzene in 0.5 M
H2S04 (1) and (2)- background curve in 0.5 M H2SO4

B «nBOHHOCIONHOI» 00JaCTH IOTEHIHAIOB
Pt-amextpoma (0,35-0,8 B, amommwnii xom I[BA) He
HaO0JII0/IAIOCh CYIIIECTBEHHBIX PA3IMYMi MEXIy (o-
HOBOH KPUBOH M 3aBUCHUMOCTBIO, MOJIYYEHHOU B pac-
TBOpe a300eH3051a. MOKHO OTMETHUTH JIMIIL HEKOTO-
poe "cyxeHue" NHMKINYECKOHW BOIBTaMIIEPOrPaMMBI
OTHOCUTEJIHLHO OCH MOTEHITHANOB. [lo-BuanMoMy, OHO
OBLIO CBS3aHO C a7CcOpOIMeil MOJIEKY OpraHUYecKO-
T'0 BEIIECTBA HAa TIOBEPXHOCTH JIEKTPO/Ia, UTO IIPUBE-
JI0 K YMEHBIIIEHUIO0 €MKOCTH €0 JBOWHOTO CIIOS.
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B «kucnopomHoit» 007acTH MMOTCHIIMATIOB
NpOTEKaIoUINe Yepe3 JIEKTPOA B pacTBOpe a300eH30-
Jla TOKH JINIIHF HEMHOTO TMPEBBIIIAIN TOKH, 3aUKCH-
poBanHBIE B (hoHOBOM pactBope. CliemoBaTelbHO,
MOXHO CJeJiaTh BBIBOJ, 4YTO JJICKTPOXUMHUYCCKOC
OKHCJICHUE a300eH3071a, TT0 KpallHel Mepe B 3TOi 00-
JIACTH MMOTEHIINAJIOB, IIPOTEKATI0 C HU3KOW CKOPOCTHIO
WA OTCYTCTBOBAJIO BOOOIIIE.

B o0nactu moTeHNManoB BBIICICHUS MOJCKY-
ssipHoro kuciopoaa (E = 1,23-1,8 B) keaszucraiioHap-
HBIC MMOTEHIMOJMHAMUYCCKUE TMOJISPU3AIMOHHbBIC KPH-
BbIC B TIPUCYTCTBHUHU a300€H3071a U B (JOHOBOM PacTBOPE
coBmagany. OpHaKO TpPW TIPOBENCHHUH AJIEKTPOIM3a
HaOMIOJAJIOCh TIOCTENIEHHOE HCYE3HOBEHHE OKPACKH
a”oyurta. [lo-BHIMMOMY, OHO MPOMCXOIWIIO B PE3YJib-
TaTre B3aMMOIEWCTBUS MEXKIY MOJIEKyJIaMHu a300eH30I1a
M aKTUBHBIMH (pOpMaMHU KHCIOpPOJa, 0Opa3yrOIUMUCS
Ha aHofie B XOJE DJIEKTPOJN3a, YTO W MPUBOAWIO K
OKHCJICHHIO ¥ IECTPYKIMH MOJIEKYIT a300eH3071a.

B monp3y BBICKa3aHHOTO TPEATIONOKEHUS
CBUJICTEILCTBYET TOT (DAKT, YTO MPH ICKTPOJIU3E C
OPTA anomamu HCYE3HOBEHHUSI OKPAcKU PacTBOpa HE
MPOUCXOAMIIO (WIIA e OHO OBLIO CIUIIKOM MEIJICH-
HeiM). llo-Bumumomy, mipm snmektponusze ¢ OPTA
KOHIICHTpAI¥s aKTUBHBIX ()OPM KHCJIOPOA B PacTBO-
pe, mocTaTtouHas ISl OKUCIICHHST MOJIEKYJ a300eH30-
7a, He IOCTUTANIACh BCIIEICTBUE HEIOCTATOYHO TOJIO-
JKATEJIBHOTO TIOTeHIaja aHoaa [6, 26].

B ornnune ot OPTA Ha IMOKCHUICBHHIIOBBIX
aHOJIaX TIPH DJJEKTPOIIM3E YCTAHABJIMBAIUCH JIaXKe
Oosiee MOJIOKMUTEIbHBIE NOTEHIMAIbI, yeM Ha Pt/Ti
[6], yTO MPHUBOAMIIO K BBIIEICHUIO 030HA. B pe3ynb-
TaTe MPU IJIEKTPOIN3E C TUOKCHIOCBUHIIOBEIMHA aHO-
JTaMU TIPOUCXOAUII0 Ooliee OBICTPOE, YeM TIPH MTpPHMe-
Henuu Pt/Ti-amexTpooB, 00ecIBeUrBaHNE PaCTBOPA.

Jnst manpHEHIINX HCCAeIOBaHUK OBLIM BBI-
Opanbl Pt/Ti-aHOJBI, TTOCKONBKY, C OJHOW CTOPOHEI,
MPH UX UCIOJb30BAHUUA MPOUCXOJIUIIO JIOCTATOUHO
OBICTpOE MCYE3HOBEHHE OKpacKu a300eH30J1a, HO, C
JIPYTOl CTOPOHBI, HE TPOUCXOIHIIO BEIICTICHHS 030HA,
KOTOPBI B OOJBIINX KOHIIEHTPALUAX TOKCHYeH. Bo-
poc O MPOJYKTaxX O30HOJHM3a a300eH307a SBISETCS
MPEeIMETOM OTHENBHOTO HCCIeAoBaHus. B maHHOM
paboTe OH HEe paccMaTpHUBAJICS.

Onekmpoxumuieckoe B0CCMAHOBIEHUE aA30-
benzona. Hoenmugpuxayus npooykmos

OnexTpoxuMudeckas 00paboTKa MPHUBOIMIIA
K OTHOCUTENBHO ObicTpoMy (~20 MuH) oOecuBeynBa-
HUIO KaToNUTa. XpoMmaTorpamma IOJy4eHHOTO IPHU
3TOM pacTBopa npuBeacHa Ha puc. 2. COBOKYITHOCTh
xpomaTorpaduyecKux ITMKOB, HAOIIOJABIIMXCS Ha
MaJIbIX BpEMEHaX YAEpKHBaHHSA, COOTBETCTBOBAJA
COCIMHEHISIM, TIPEJICTABIICHHBIM B Ta0J. 2. DIIEKTpo-
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BOCCTAaHOBJICHHE a300€H301a MPOTEKAIO 10 AUTHIPO-
azo0eH3zona (muk 1 Ha puc. 2), HA MacC-CIEKTpax
AISHTU(OHUIIIPOBATACH €T0 POTOHUPOBAHHAS (opMa.

CnenoBarenbHO, TIEpBOHAYAIBHOE BOCCTa-
HOBJICHHE a300€H30J1a MPOUCXOANIO 0 TUTHAPOA30-
OcH30J1a, TMO-BUIAUMOMY, B pe3yibTaTe B3auMOJICH-
CTBHS €ro MOJeKyln ¢ Haye, 0OpasyronmmMucs Ha mo-
BEPXHOCTH TUTATHHOBOTO JIEKTPO/IA.

WHTEHCUBHOCTD
3,4e8

Bsopa npobbl
2,8e8
2,2e8
1,6e8

11,2,3 . 8 ‘
1,0e8 J ) | ‘
4,0e7 f 45 [ ) ' ,&MMV"\
e ») \-z.ww-rw.._)ww" oo oesq ‘wNMW‘W“Ww N

P I e S R S SRS
t, MuH
Puc. 2. Xpomarorpamma KaToJUTa, MOJYYCHHOTO B pE3yJIbTaTe
OJIEKTPOXUMUYECKOI'O BOCCTAHOBJICHUA pacTBOpa a300eH301a Ha
Pt/Ti-anexrponae. PacindpoBka MMKoB, OTMEUCHHBIX U(PaMH,
npuBeJeHa B Ta0i. 2
Fig. 2. The chromatogram of the solution in the cathode com-
partment of electrochemical cell after the electrochemical reduc-
tion of azobenzene on Pt/Ti electrode. The identification of peaks
marked by numbers is given in Table 2

MHTEHCMBHOCTL
185,1
4,0e6
3,0e6
2,0e6 1681
1,0e6
138 wd 2271
O R ¥ 8404
150 250 350 450

m/z, fa
Puc. 3. Macc-ciekTp coeHeH s, OOHApY>KEHHOTO B KaTOJIUTE.
Bpewms yaep:xuBanus Ha xpomarorpamme 1,5 muH. Macc-criekTp
YKa3bIBa€T, 4TO COCAUHCHUE MOXKET OBITE I/IIIGHTI/I(i)I/IIII/IPOBaHO
KaK OCH3UINH
Fig. 3. The mass-spectrum of the compound found in the cathode
compartment of the cell. The retention time is 1.5 min. The mass-
spectrum shows that this substance may be identified as benzidine

Kpome nmurnapoazodeH3osna B IpoIyKTax BOC-
CTaHOBJICHHUs ObTH OOHApY)KeHbI U30MEpHBIE OCH3U-
nuHbl (muku 2,3, puc. 2, puc. 3). Ux obpa3oBaHue
SIBUJIOCH CJIEACTBUEM OCH3MIMHOBOW IEperpyInm-
POBKH, MpOTEKaloled B KHUCIABIX pacTBopax. Cam
¢dakT oOpazoBaHHs OEH3WJIWHOB CIIENyeT IMPHU3HATH
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KpaiiHe HeOJIArONPHUATHBIM C TOYKH 3pEHHUsT 00e3Bpe-
JKUBAaHUSI CTOYHBIX BOJ, COAEPKAIIUX a300€H301, MO-
CKOJIbKY OCH3WIWHBI SBJSIFOTCS KaHIEPOTCHHBIMU
coemHCHMAMH [27]. YMCHBIINTh HMX KOJIWYECTBO
MOXHO OBUIO OBl MyTEM YMEHBIICHUS KUCIOTHOCTH
pacTBopa, OJJHAKO 3TO MPUBOJUT K CHIILHOMY CHHXKE-
HUIO €ro JJIEKTPONPOBOIHOCTH U, KaK CIEJICTBUE, 3a-
TPYAHSET TMPOLECC AIEKTPOXUMHUYECKOTO 00€3BPEIKH-
BaHUs CTOYHBIX BOJ. KpoMme TOro, B HEUTPAIbHBIX H
HIEJIOYHBIX PACTBOpPAaxX HE TMPOHMCXOIMIIO HCYC3HOBE-
HUSI OKPAacKH a300eH3071a.

KpoMme ykazaHHBIX MPOIYKTOB BOCCTAaHOBIIE-
HUS a300eH30j7a B mpoOe ObLIM OOHApyKEeHBI OCTa-
TOYHBIE KOJHMYecTBa azobeH3zoma (muk 4 puc. 2), a
TaKXe psiA MPOAYKTOB €ro BOCCTaHOBUTEIHLHON KOH-
JICHCAIHH.

Tabauua 2
IpoayKTHI 3IeKTPOXHMHYECKOT0 BOCCTAHOBJIEHHUS a30-
0eH3o0J1a
Table 2. The products of azobenzene electrochemical
reduction
Ne tr, BosMmoxnoe
dopmyna
IIMKa | MUH COCIUHCHHEC
Jurunpoazoben- {} NH_ ﬁHz@
1 1,1 | 301 (mpoToHHpO-

Wown tuma [M—H]*

+

BaHHas hopMma)

H3omepHbIE 0- 1

2.3 1,1 n-0EeH3UINHBI NH, Q Q
1,5 | (mpoTtoHmpOBaH- .
HbIe (HOPMBI) NH,
Wousl Tuna [M—-H]*
4 1102 a300eH3011 [C n= _Qj
Wou tuma M*
12,1 | IIpomyKTHI BOC-
5678 12,5 | craHoBuTenbHOIl | XapakTepusyercs 00Jb-
T 145 |koHpeHcaUu a30- | UMM MOJIEKYIIIPHBIMHU
22,2 Oen3ona MaccaMy MOJIEKYJIIPHOTO

HKa.
HWon tuna [M—H]*

Bo3moxHOCTh 00pa3oBaHus P AIEKTPOITH3E
OCH3MIMHOB HE TO3BOJIIET PEKOMEHIOBATh JIEKTPO-
XHUMHYECKOe BOCCTAHOBICHHE Ui 0OpaOOTKH CTOY-
HBIX BOJI, COACPIKaIINX a300€H30T.

Dnexmpoxumuyeckoe oxucienue azoben3ona.
Hoenmughuxayus npodyxmos

XpomarorpaMma aHOJHTa, IOJYYCHHOTO B
pe3ysbTaTe 3JIEKTPOXUMUIECKOTO OKHCICHHS a300eH-
30J1a Ha TJIATHHOBOM 3JIEKTPOJIE, IPUBEICHA Ha PHC. 4.
UneHTngunupoBaHHble TPOJAYKTHI 3JIEKTPOOKHUCIIE-
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HUs nepedncieHsl B Taba. 3. [luk 1 (puc. 4), obna-
JABIIUH  OTHOCHUTEIBHO HEOOJNBIION WHTEHCHBHO-
CTBIO, COOTBETCTBOBaJ HUTpoOeH30my. OYeBHIHO,
yto oOpazoBanue CsHsNO; ObLIO BBI3BAHO OKHCIIH-
TENBHOU NECTPYKIIUCH CBSI3U a30T-a30T.

HecMoTpst Ha TO, YTO COTIACHO JHTEPATyp-
HBIM JIAaHHBIM, Ha MEPBOM CTAJHH OKHUCICHUS a300¢H-
301a oOpa3yercsl a30KCHOEH30J1, ITOTO COCMHEHUS B
aHonuTe oOHapyxeHo He Obu1o0. [lo-BuaMMOMY, 00pa-
3ysiCh B TIPOIIECCE DIIEKTPOXUMHUYECKOTO OKUCIICHHS,
OH OBICTPO OKHCIISICTCS JANIbIIE, U IOSTOMY HE HaKar-
JUBACTCS B aHOJIUTE U HE (PUKCHPYETCS B 0Opaslle,
MOJIBEPTHYTOM aHAIIN3Y.

Taonuua 3
IIpoayKThI 3JIEKTPOXHUMHYECKOr0 OKHCJIeHHUS a300€eH301a
Table 3. The products of azobenzene electrochemical

oxidation
Ne tr, BosMosxknoe
dopmyna
MHKa | MUH | COEIUHEHHE
VAR
1 1,3 | HutpoOen3son { Y NO,
- —
O-v=n ()
4 10,2 | Aso6enson
Wou tuna M*
®parmeHT Maceol 153,
COOTBETCTBYET -
C6H2(OH)3-N=N]+. Kon-
3 | 16,1 | TTonudenon [ (OH) ]
KpeTHasi MOJIEKYJIApHas
CTPYKTypa COEIMHEHUS TIOKa
HE YCTaHOBJICHA.
WNHTEeHCUBHOCTL 3
3,5e8
3,0e8
2,5e8
2,0e8 | Bsoa npoGei
1,5e8 ‘1
1,0e8 " |
2 4 | ” V’\ MM'.
5'0093 L) L e v ' % V 159 SO -w-—o-mwnJ“ N
' 2 8 14 20 26 32 38

t, MUH
Puc. 4. Xpomarorpamma aHOJIUTA, IOJIyYEHHOTO B pe3ysbTaTe
ANEKTPOXHUMUIECKOTO OKHCIIEHHS pacTBopa a3oben3ona Ha Pt/Ti-
anekTponie. PacmmdpoBka mMKoB, OTMEYEHHBIX ITH(PaMH, TPHBe-
neda B Tabi. 3
Fig. 4. The chromatogram of the solution in the anode compart-
ment of electrochemical cell after the electrochemical reduction of
azobenzene on Pt/Ti electrode. The identification of peaks marked
by numbers is given in Table 3

OCHOBHOH THK NPOAYKTOB OKHCIECHHS a30-
Oensona ObuT 3aMKCHPOBAH MPU BPEMEHH YJEPKH-
Banus 16,1 muH. [Ipu uHTEpIpeTanu Macc-creKkTpa
MBI UCXOIWJIM U3 MPEIIOJNIOKEHHs, YTO JallbHeuIIee
IEKTPOXUMHUUECKOE OKHUCIIEHHE a300€H30ja IPUBO-
JUT K 00pa3oBaHUIO MOJNU(PEHOOB. JIelcTBUTENBHO,
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¢parmenT maccel 153, yBepeHHO (DHKCHPYIOLIHICS
Ha Macc-CIEeKTpax, COOTBETCTBOBaN (parMeHTy
[CeH2(OH)s—N=N]*. Tlockonbky mpu pa3pylieHHU
MOJIEKYJI a30COEMHEHUSI B Pe3yNbTaTe MPOTEKAHU
peaxmuii (hparMeHTaIH, 9aCTO MPOUCXOTUT Pa3phIB
CBSI3U YTIIEPOA-a30T PAIOM C a30TPYIMIIOi, MOSIBIICHHE
TaKOTO OCKOJIKA HE SIBJISICTCS] HEOXKHJAHHBIM. AHAIN3
CaMOT0 MacC-CIIEKTpa ITO3BOJISAET ¢ OOJBIION mOIeH
BEPOSITHOCTH OTHECTH 3TO COEIWHEHHE K MoiudeHo-
nam. CKa3aHHOE CIIPAaBEJIMBO U IS Psiia MUHOPHBIX
MMAKOB, 3a(UKCHPOBAHHBIX TPH OIM3KUX BpeMeHaX
yaepxxuBanus (puc. 4). XHHOHBI B aHONHUTE OOHAPY-
JKEHBI HE OBbLTH.

Ob6pazoBanme MOMMU(EHOIOB KaK OCHOBHBIX
MPOAYKTOB OKHCJICHUS MOXHO CUUTATh HMPUEMIIEMBIM
C TOYKH 3PCHUSA 3KOJIOTHU. HOC‘)TOMY QJICKTPOXHUMU-
YeCKOe OKHCICHHE CTOYHBIX BOJI, COJEpPKAIUX a30-
0OeH3071, B IPUHIIATIE, BO3MOXKHO.
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MOJIEKyJ a300eH3071a aIcOpOUPOBAaHHBIMH TTOBEPXHO-
CTBIO IJIATHHBI aTOMaMU BOJIOpoja. BiusHue a300eH-
30J1a HA «KUCJIOPOHYIO» 00JACTh IIUKITNYECKON BOJIBT-
amIeporpaMMbl MHHAMAIIbHO. AHAalN3 CTaluOHAp-
HBIX TOJISPU3AIMOHHBIX KPUBBIX MPUBOJUT K TPEJ-
MOJIOKEHUIO O TOM, YTO O0ECIBEYMBAHHE pPAcTBOpa
a300eH30J1a MPOUCXOJUT B pe3yabTaTe B3aUMOJCH-
CTBHUSl €r0 MOJICKYJ C aKTUBHBIMU (hOpMaMU KHUCIIO-
pona, 00pa3yroInuMICa Ha aHOJE MPU dIIEKTPOIIU3E.

DNEeKTPOXHUMHUYECKOE BOCCTAHOBIICHUE Ha Pt-
3JICKTPOJAX HENb3s PEKOMEHIOBaTh st 00pabOTKH
KHCIIBIX PAacTBOPOB, COJEpKaIlIMX a300eH301, IO-
CKOJIBKY OHO TMPUBOJUT K 0OPa30BaHUIO0 TOKCHYHBIX
O0eH3unuHOB. [lepexo/ kK HeHTpaTbHBIM U IIEIOYHBIM
pacTBOpaM HEBO3MOXKCH, ITOCKOJILKY B 3THUX YCJIOBH-
SIX HE MPOUCXOJUT HCUC3HOBCHHS OKPACKH a30C0-
CJIMHCHUSI.

DNEeKTPOXUMHUYECKOE OKHCICHUE PaCTBOPOB,
coJiep KaluX a300eH30J1, MPUBOIUT K UX 00ECIBEUH-
BaHUI0. OCHOBHBIMU MPOAYKTAMH DIICKTPOXUMHYEC-
CKOT'O OKHCJICHUS, MO-BUJUMOMY, SIBJISIFOTCS Pa3iiny-
HBIC TTOJU(EHOJIBL.
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OCHOBHBIE IIPABUJIA O®OPMJIEHUS CTATEN

B xypnane "M3BecTus BbICIINX yueOHBIX 3aBeJeHUN" cepun "XUMUS U XUMHUUECKass TEXHOJIOTHUS" MeyaTalTcs pa-
0O0TbI COTPYTHUKOB BhICIIMX yueOHbIX 3aBeneHuii PO nu PAH, a taxxe crpan CHI' u npyrux MHOCTpaHHBIX aBTOPOB.

OcHOBHBIE pYOpPHKH KypHaa:

. X¥MHs HeOpraHWYeCKast, OpraHNIecKast, aHATUTHIeCKas, (pru3ndeckas, KOJUIOHIHAS, BBICOKOMOJICKYJISIPHBIX COSIMHEHHH.
. XuMHuUecKas TEXHOJIOTHA HEOPTaHUIECKNX M OPTaHUIECKUX BEIIECTB, TEOPETHIECKNUE OCHOBEI.
. DKOJIOTHYECKUE MPOOIIEMBI XMMUHN U XUMUIECKON TEXHOJIOTHH.
. O030pHEIE CTaTHU.
. Kparkue cooOmenus.
. Hayunsle n MeToandeckue mpoOsIeMsl.
. [IuceMa B penakuuto.
. XpoHuKa.
CraTbu, HanpaBJseMble B :KYPHAJI, 10JKHbBI YI0BJIETBOPATH CJ1eIyI0IIUM TPeOOBAHUAM:

1. PaGora noipkHa OTBEYaTh MPOQUIIIO KypHala, 00JaJaTh HECOMHEHHO HOBU3HOM, OTHOCHTBCS K BOIPOCY IPO-
OJIEMHOTO 3HAuYEeHHUs1, IMETh MPHUKIIAaTHOEe 3HAYCHNE U/WIN TeopeTHYeckoe o0ocHoBaHKe. Borpoc 06 ony0i1nkoBaHuM cTa-
ThH, €€ OTKJIOHEHHH pellaeT pelaklMOHHas KOJUIETHs )KypHalla, U ee pellIeHHe ABIACTCS OKOHYATEIbHBIM.

2. CtaTh¥ OJDKHBI MPEJCTABIATh CKATOE, YETKOE U3JIOKEHUE MOJYYEHHBIX aBTOPOM PE3yJIbTaToOB, O3 MOBTOPEHUS
OJTHHX M Te€X )K€ TaHHBIX B TEKCTE CTAThH, TAOJMIAX M PUCYHKAX.

3. Bce mpencraBieHHBIC CTaThH JOJDKHBI OBITH OATOTOBNICHH 14 Kersgem mpudra "Times New Roman'", uH-
TepBaJx —1,5. [Mosst: BepxHee-2 cM, jieBoe-3 cM, HIKHEe-2 cM, mpaBoe-1,5 cM. OObeM cTaTbu He JOJDKEH NPEBbINaTh 12
CTpaHMII TEKCTa, BKIFOYAs CITHCOK JUTEPATypHl, TAOMHUIEI (He 60see 4, mupuHa - 8,4 cM) U pucyHKH (IMpuHA — 8 cM),
YHCIIO KOTOPBIX - He OoJee 4, BKIIIOYasi PUCYHKH, TIOMEYEHHBIC OyKBaMu, a, O ¥ T.1. PHCyHKH, TaGJMIbl, a TakKe HOAITUCH
MOJI PUCYHKaMH, 3arOJIOBKH W NPUMEYAHUs K TaOJMIaM HAa PYCCKOM M aHIVIMICKOM SI3bIKAX JOJDKHBI pa3MeIaThesl B
Tekcre craThl. B paznen "KpaTkue cooOmeHns" MpUHAMAIOTCS CTAaTh 00beMOM He Ooiiee 4-X CTpaHHUI] TeKCTa, | Tabmm-
bl ¥ 2-X pUCYHKOB. B pa3zzien "O0630pHbIe cTaThy" NMpUHUMAETCS Marepual, oobeMoM He Oonee 30-u ctpanul. B pasznene
"[TucbMa B pepakiuo” MmyOJIMKYIOTCS CTaThH, COJEpKAlIye MPUHIMITHAIBHO HOBBIE PE3YNbTAaThl 3asSBOYHOTO XapakTepa.
B 3aroJi0BOK cTaTbi W AaHHOTALWIO HE cjeayeT BBOAUTH (POPMYJBbI H COKpaLleHHs, Aae O0IIeyNoTpeOUuTEIbHBIE.
Crnenyer uzberaTb ynotpeOieHHUss HEOOIIENPUHATHIX COKparieHuid. [Ipyu nepBoM yNOMHMHAHHWHM COKPALIEHHOTO TePMHHA
00s13aTeNIbHO TIPUBOJIUTCS €T0 paciIi(poBKa B MOJIHOM BUJE. PyKONMCHBIE BCTABKH HE JOIYCKAIOTCS.

4. CTpykTypa cTaThu. B BepxHeM IpaBoM yIiay HEOOXOIUMO NMPOCTABUTh MHICKC MO YHUBEPCATBHON JECITUYHON
kinaccudukanym (Y/K). Ctartes MopKHa HAYMHATHCSA ¢ MHAIMAIOB U (paMIIIMK aBTopa (He Ooyee 6 9ed.), 3aTeM Ha3BaHHE
CTaTbH, PACIIMPEHHAs aHHOTAlUs MOJYKHMPHBIM KYPCHBOM (AHHOTAIMS He NOJIKHA NMOJHOCTHIO 1y0,IMPOBATH BBIBOABI
CTaThbH), OTPAXKAIOIIasi OCHOBHOE COJEpKaHUe CTAThH, KIIOYEBBIE CJIOBa cTaThi. Jlanee yka3biBaeTcs BCS MpeblyIIas WH-
¢dopmanust (PUO aBropa, Ha3BaHME, PACIINPEHHAsT aHHOTALMS, KIIIOUEBBIC CJIOBA) HA aHIJIMICKOM sI3bIKE. AHHOTALUS He
J0JkHA 0bITh MeHbuie 300 c1oB! 3aTteM cieayer TeKCT CTaThH, B KOTOPOM JOJDKHBI OBITH BBIJIETICHBI CICAYIOLINE Pa3/Ieibl:
BBE/ICHHE, METO/IMKA YKCIIEPUMEHTA, Pe3yIbTaThl U X O0CYXKICHUE, BBIBOJBI. 3aKaHUMBACTCS CTAThsl CIIMCKOM ITUTHPOBAH-
HOHM JIUTEpaTyphl B 2 BapHaHTax: | BapHaHT BKIIOYAET PYCCKHE M aHTIMHCKHE UCTOYHHUKH B OPUTHHAJIBHOM HAITUCAHUH, 2
BapUaHT — BCE MCTOYHUKH JOJKHBI OBITh YKa3aHBl HA aHIVIMICKOM s3bIKe. 11071 CITMCKOM JINTEpaTyphl CIIpaBa yKa3bIBAIOTCS
cioa: "Iloctynuia B penakimio”. Pykonucs qomkHa OBITH MOIICAHAa BCEMU aBTOPAMH € YKa3aHHUEM JaThl OTIPABKH.

5. B penakiuro mpeacTaBisIIOTCS 3JIEKTPOHHBIM HOCUTENh C MaTepHajlaMH CTaThU U J[BA SK3eMIUIIpa UX pacreyart-
ku. ConepkaHue IEKTPOHHOTO HOCHTENS M PacHeyaTKH JOJDKHO ObITh MICHTUYHBIM. B ciydae oOHapy>keHHs HEHJeH-
TUYHOCTH MEXJy OyMaXHBIM M 3JICKTPOHHBIM HOCHUTEIISIMH BEPHBIM CUHMTACTCS JJIEKTPOHHASI BEPCHS CTAThbH. DJICKTPOH-
HBIIl HOCUTEIb T0JDKEH OBITH BIIOKEH B OTIICNILHBIM KOHBEPT, HA KOTOPOM YKAa3bIBAIOTCS aBTOPHI M HA3BAHUE CTATHH.

K craTtbe 101HBI OBITH NPHJIOKEHBI:
1. Pa3pemienue (HanpaBiieHHE) BBICIIEr0 y4eOHOT0 3aBEACHUsI WIIM MHCTUTYTa AKajgeMuu Hayk P® Ha omyOnukoBaHue.
2. JlokyMeHTanusl, HOATBEPXKIAtomasi BO3SMOKHOCTb OTKPBITOTO OIYyOJIMKOBaHMS MaTepHaja CTaThbH.
3. JloroBop o nepenade aBTOPCKUX MIPaB.
4. Ceegenust 00 aBTopax (mosHOCTHIO @.1.0O., yueHas creneHb, 3BaHue, T0JDKHOCTh, HA3BaHNE OPTaHHU3AINH U TIOpa3ie-
JISHUH, MTOJTHOM afapec opraHu3aIy ¢ YKa3aHueM UHeKca, TenedoH, e-mail) Ha pyccKkoM U aHTIUHCKOM si3bikax. Heo0xo-
MO yKa3aTh aBTOpa JJIS IEPETHCKH.

CTATBH HA AHTJIMMCKOM SI3BIKE PACCMATPUBAIOTCS BHE OYEPEIU

OdopmieHue JUTEPATYPHBIX CCHLITOK

OO DN W

Bce pycckosi3blUHbBIE JUTEPATYPHBIE HCTOYHUKH J10JIKHBI ObITh YKa3aHbI HA PYccKOM U (OTJIEJBHBIM CIIMCKOM)
HA AaHTJHHCKOM 3bIKaX. M31aHus, KOTOpbIe He NMEePEeBOASATCS, HE00X0ANMO YKA3aTh TPAHCJINTEPAINEii B COOTBET-
CTBHMH C O0LIENPHHATHIMY MEKIYHAPOAHBIMY NPABHJIAMHU, B KOHIIE KAK/I0I0 TAKOI0 HCTOYHHUKA JIOJIKHA CTOATH
noMeTka (in Russian).

(cm. http://www.cas.org/expertise/cascontent/caplus/corejournals.html).
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OBA3ATEJIBHO yka3zanne DOI 1151 HCTOYHMKOB JTUTEPATyPHI

» Jlnd KypHaJbHOU CTAaThH JOJDKHBI OBITH YKa3aHbI (paMIUIMK M WHHUIMAJBI BCEX aBTOPOB, HA3BAaHNUE CTATBbH, COKPAUYEH-
HOe Ha36aHue JHCypHald, TOI, HOMEep ToMa, HOMEp WX BHITycK, cTpanunsl 1 DOI: 10.6060/2012.01.01.

Hanpumep: MaptbeinoB M.M. Meto onpenencHnss XUMUIECKOTO cocTaBa. HM36. 8y308. Xumus u xum. mexnonozus. 2010.
T. 53. Bem. 5. C. 123-125. Martynov M.M. Method for determining of chemical composition. Izv. Vyssh. Uchebn. Zaved.
Khim. Khim. Tekhnol. 2010. V. 53. N 5. P. 123-125 (in Russian).

» Jlns KHUT JOJDKHBI OBITH YKa3aHbl ()aMWJIMK M MHUIMAJIBI BCEX aBTOPOB, HA3BaHWE KHUTH, MECTO M HAUMEHOBaHUE M3-
JIaTeNIbCTBA, T'0J| M3JIaHWS, KOJMYECTBO CTPaHHI. B aHTrIMHCKOW TPaHCKPWIIMK Ha3BaHHE KHUTH IIEPEBOJMUTCS, BCE
OCTaJIbHbIE BBIXO/IHBIE JJaHHbIE HEOOXOMMUMO YKa3blBaTh TpaHciaurepanueil. Hanpumep: MaprbeinoB M.M. Penrrenorpa-
¢ust momumepos. J1.: Xumus. 1972. 93 ¢. Martynov M.M. Radiography of polymers (nepesooumcs). L.: Khimiya. 1972. 93 p.

» Tesucsl noknanoB u Tpyasl koHbepennuit: Hanpumep: Mapreinos M.M. Ha3zanue noxnana. Tes. goxn. VII Hayun.
koH(. (momHOe Ha3BaHme). M.: M3n-Bo. 2006. C. 259-262. MapteinoB M.M. Hazpanue noxmana. Co. tp. HazBanue xon-
¢epenmum. T. 5. M. 2000. C. 5-7.

* ABTOpCKHe cBUAETeNnbCTBA W narteHTH: Hampumep: MapTeinoB M.M. A.C. 652487 P®. B.1. 2000. Ne 20. C. 12-14.
MaptbinoB M.M. I1atent P® Ne 2168541. 2005.

» Jlenonuposanue: Hanpumep: Maprbeino M.M. Hazpanue. M. 12¢. len. B BUHUTU 12.05.98. Ne 1235.

* Ha auccepraunuu u apropedepaTsl CChUIATHCS 3aPENIACTCH.

Ilpu ogpopmnenuu unocmpanhoii 1umepamypsvl He0OX0OUMO RPUIEPIHCUBAMBCA MEX Hce NPABUTL, YO U O3 PYCCKO-
A3BIYHBIX UCHMOYHUKOS. BMecmo cumesona «Ney ¢ anznuiickom asvike cmagumces oykea « Ny

Hanpumep: Martynov M.M. Method for determining of chemical composition. Heterocycles. 2003. V. 7. N 11. P. 1603-
1609. DOI: 10.6060/2012.01.01.

ABTOpI)I JOJIDKHBI, II0 BO3MO>XHOCTH, n30eraTh CCHUIOK Ha TPYAHOOOCTYITHBIC U3aHUA. He AOIYCKAITCHA CCBIJIKM HAa HE-
ony0JIMKOBaHHbIe PadoOTHI.

ABTOpaM He00X0AUMO c00JII0JATH CJIeAyIoLHe IPABHJIA:

1. Crathst goymkHA OBITH MOJrOTOBICHA HA KoMIbloTepe B hopmate MS Word for Windows. Habop Tekcta HaunHaeTcst ¢
JIEBOTO Kpast, abzar - 15 mm.
2. HE JOITYCKAETCH: npuMeHeHne cTIeH pu GopMUpOBaHUN TEKCTa; BHOCHTh N3MCHEHUS B MA0IOH WK CO3/1aBaTh
CBOM 1711 JOPMHUPOBAHUS TEKCTA; PA3PSAKU CIIOB; UCIOJIB30BAHNE POOEIIOB TIepe/1 3HaKaMu (B TOM YHCIIE - BHYTPH CKOOOK)
NpEeTMHAHMS, TI0CIIe HUX CTaBUTCS OJIMH Mpo0est; puMeHeHHe onepanuk "BeraButh kKoHel crpanuipl'; dopMupoBanue pu-
cyHKa cpeacrBamu MS Word.
3. CroBa BHYTpH ab3a1ia pa3aessiTh OJHHM [IPOOEIOM; HAOUPATh TEKCT 0e3 MPUHYIAUTEIBHBIX MEPeHOCOB. [Ipockda: n3be-
raTth Meperpy3Ku crareil OoNbIINM KOJINYeCTBOM (OPMYJI, PUCYHKOB, TpauKoB; AJisi Habopa CUMBOJIOB B popMyriax pe-
nakropoB MS Equation (MS Word) ucrniosnb3oBars ycranoBku (Ctuiin/Pa3Mepbl) TOJNBKO O YMOIYAHUIO.
4. Tpaduyeckue MaTepualibl BHINOJHSIOTCH 4epHo-Oenbimu! I'paduxu mpunnmaroTcs B perakropax MS Excel,
Origin, crpykrypubie ¢popmyinl B ChemWind. [dpyrue ¢popmarsl IPHHAMAIOTCS TOJIBKO ¢ TUCTPUOYTHBAMH PeIaK-
TOpoB. @oTorpadun npurrMarotcs B Gopmate jpg, tif, pazpemennem aist yepHo-o6eabix 300 dpi, cepnix 450 dpi.

Pucynku u ¢popMyIibl o mHpHHE He AOTKHBI MPEBbIIATH 8 CM, ITPU 3TOM HX MIPUQPT JOIHKEH COOTBETCTBOBATh
11 mpudpty MS Word. YV pucyHKOB He TOIKHO OBITh paMKH U ceTkd. O003HaYCHHE TIEPEMEHHBIX Ha OCAX (MCTIONB3YIOTCS
TOJIBKO CHMBOJIBI U Uepe3 3alATyI0 M IMpo0es — pa3MEpHOCTh) CIIEAYEeT pa3MelaTh C BHEIIHEH CTOPOHBI PHUCYHKA (Taxke
Kak [udpsI), a HE B IMMOJe PUCYHKA, B KPYIJIBIX CKOOKax HEOOXOIMMO yKaszaTh pa3sMEPHOCTb Ha aHIJIMHCKOM SI3BIKE.
Hanpumep: och criexyer o603HauatTh t, MuH (min) (a He Bpems, MuH). DKcriepIMeHTaTbHBIE KPUBBIC JOJDKHBI OBITH TIPO-
HyMepoBaHbI (He OyKBaMu) KypcusHsim mpudhToM. Bee nmosicHeHnst He00X0ANMO JaTh TOJBKO B IOAPHUCYHOYHOI MOAMUCH.
Hukakne nereHipl 1 KOMMEHTapuH B 1oJie Tpaduka He JOITyCKaloTCsA. PUCYHKH MOJDKHBI OBITH BBIIIOJIHEHBI C TOJIIIMHOM
JUHUi He menee 0,75 nT.

Cmamou, noozomogiennvle 6e3 cod1100eHus YKA3aHHbIX MPedoSanUl U IMUKU HAVUHBIX RYOJIUKAUUIl, peoaKyleil
He DAaccCMampuealomcs U He 6036paularoncs

Hudopmanus 06 onyOIHMKOBaHHEIX HOMEpaX pa3MelaeTcs Ha opuimanbHoM caiite xypHana: CTJ.isuct.ru

PenakuuoHHasi KoJjierusi u peaaknus xXKypHaja B CBOe 1eITeJIbHOCTH PYKOBOJACTBYIOTCH MEKAYHAPOAHBIMMU 3TH-
YECKUMMU NpaBUJIaAMHU HAYYHDBIX nyﬁ.nmcaum"d, BKJIIOYAIOIUMHU MMPpaBUJa NOPAIA0YHOCTH, KOH(l)l/lI[eHIIﬂaJ]])HOCTI/l,
HaJa30pa 3a l'lyﬁJ'll/lKal[l/lﬂMl/l, YueT BO3MOKHBIX KOH(l)J'll/lKTOB HHTEPECOB U 1P., CJIeAyd PEKOMEHAAUUAM Komurera

MO0 3THKe Hay4YHbIX nyOaukanuii (Committee on Publication Ethics)

132 W3B. By30B. Xumus u xuM. texHosorus. 2016. T. 59. Beim. 12


http://publicationethics.org/

N3B. By30B. XuMmus u xuM. TexHosorust. 2016. T. 59. Bem. 12

MAIN REQUIREMENTS FOR MANUSCRIPT SUBMISSION

Journal “Izvestiya Vysshikh Uchebnykh Zavedeniy. Seriya “Khimiya I Khimicheskaya Tekhnologiya” publishes
the studies of employees of Institutes and Universities of RF, RAS, and CIS and other foreign authors.

The main Journal headings:

Inorganic, organic, analytical, physical, and colloidal chemistry and chemistry of high-molecular compounds;
Chemical technology of inorganic and organic substances, theoretical foundations;

Ecological problems of chemistry and chemical technology;

Reviews;

Short communications;

Scientific and methodological problems;

Letters to editorial board,;

News.

N~ WM E

Manuscripts which are submitted to Journal must satisfy the following requirements:

1. The study has to correspond to Journal specialization, to have the certain novelty, to have problem meaning,
to have applied value and theoretical foundation. Editorial board solves the question on publication or rejection of article.
That decision is final one.

2. The articles have to present the condensed and clear description of results obtained without repetition the
same data in the article text, Tables and Figures.

3. At the beginning of article (under a title) in the upper right corner it is necessary to print the index of univer-
sal decimal classification (UDC). The article must start with initial and family of authors (not more than 5 persons). After
that the organization name where study was carried out and E-mail is pointed out. Before main text the short annotation is
printed with the bold italic. The annotation has to reflect the basic content of article. Under annotation it is necessary to
write the article key words. The text should be included introduction, description of experimental methods, results and
their discussion, and conclusions. The article is finished by the list of references. Under the list of references on the left the
department title is written. On the right it is necessary to write “Received to editorial office”. The manuscript should be
signed by all authors.

4.  All submitted papers should be printed with the 14 font of "Times New Roman". The line space is 1.5. Arti-
cle volume cannot be more than 10 pages of text including references, tables (amount is not more than 4, 8.4 cm of width)
and figures (8 cm of width). The amount of figures cannot be more than 4 including figures marked as a,b,c etc. Margins
are the following: upper — 2 cm, left — 3 cm, lower — 2 c¢m, right — 1.5 cm. The volume of short communications is not
more than 3 pages of text, 1 table and 2 figures. The volume of Reviews cannot be more than 30 pages. In Letters to edito-
rial board the articles containing newest results are published. The article title and annotation cannot include formulae,
abbreviations even in general use. It is necessary to avoid abbreviations which are not in general use. At the first use of
abbreviation it is obligatory to decipher it in complete form. Handwritten inserts are not allowed.

5. Authors send the electron carrier with the materials of paper and two printed copies. The content of electron-
ic version and printed one should be identical. In a case of discrepancy of both versions the electron version of the article
will not be considered. The electron version will be considered as the right in a case of slight discrepancy of both versions.
The electron carrier should be inserted in a separate cover. Authors and article title are indicated on the cover.

To manuscript the following materials should be supplemented:
- Author’s families, article title, annotation, figure captions, headlines, and notes for Tables have to be prepared using Eng-
lish and Russian languages! (It is necessary to prepare the separate file on electron carrier and printed copy!)
- Permission of organization for publishing
- Documents confirming the possibility of open publication of article materials
- Recommendation of appropriate department in a form of certified extract from the minutes of department
- Data on authors (Surname, first name, patronymic, scientific degree, title, position, home address, home phone, office
phone, E-mail).

Submission of references. It is necessary to submit two versions of references. One of them is Russian and another —
English. In Russian version the English and Russian articles are written as is. For English version the Russian pub-
lications which are not translated are written with transliteration according to generally accepted international
rules. In the end of every such publication it is necessary to write (in Russian)

(see http://www.cas.org/expertise/cascontent/caplus/corejournals.html)
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*For Journal paper - surname, initials for all authors and article title should be pointed as well as abbreviated Journal
name, year, volume number or issue, pages and DOI. For example, Martynov V.V. Radiography of polymers. High
Energy Chemisty. 2010. V. 52. N 5. P. 123-125 (in Russian). DOI: 10.6060/2012.01.01. Instead of Ne symbol it is
necessary to use symbol N for English version.

In some cases the Journal has English version. If you use this version it is necessary to write the output data and Journal
name as in English version. In this case (in Russian) is not written.

» For books it is necessary to write surname, initials for all authors, book title, place and publisher name, year, and
amount of pages. For example, Martynov M.M. Radiography of polymers. L.: Khimiya. 1972. 93 p. (in Russian). (in
Russian) is not written if the book was printed in foreign language (not Russian).

* Theses of presentations and proceedings of Conference. For example, Martynov M.M. Title of presentation. Theses
of presentations of VII Scient. Conference (Full name). M.: Publisher. 2006. P. 259-262 (in Russian). Martynov
M.M. Title of presentation. Proceedings of Name of Conference. V. 5. M. 2000. P. 5-7 (in Russian). (in Russian) is
not written if the Theses or Proceedings were printed in foreign language (not Russian).

* Inventors certificate and Patents. For example, Martynov M.M. RF Inventors certificate 652487. B.I. 2000. N 20.
P. 12-14; Martynov M.M. RF Patent N 2168541. 2005.

* Deposit manuscript. For example, Martynov M.M. Title. M.: Dep. VINITI. 12.05.98. N 1235;

At submission of foreign literature it is necessary to follow the rules as for Russian literature

Authors should be avoided the references on difficulty accessible publications something like extended abstracts

of dissertations, Proceedings of local conferences etc. It is not allowed to use the references on unpublished works and on
extended abstracts of dissertations and dissertations itself.

1.
2.

Authors should be used the following regulations:
The article has to be submitted applying MS Word for Windows. Text starts from left border. Indention is 15 mm.
It is not allowed: style application at text forming; introducing the changes in template or creating the own template;
word spacing; application of gaps in front of punctuation marks (including inside of brackets); after punctuation marks
the one space is done; application of operation “Insert to the end of page”; making the figures by tools of MS Word.
The words inside paragraph necessary to separate by one space. The text should be written without forced hyphens. We
ask: do not overload the article with the large amount of formulae, figures, and curves. Apply for formula making in
MS Equation (MS Word) the sets (Styles/Sizes) on default only.
The graphic materials have to be made as black-and-white. Figures are accepted at applying of MS Excel, Origin only.
For making of chemical formulae it is necessary to use ChemWind. Other systems are allowed together with author’s
distribution disk. Photos are accepted in tif format. Resolution for black and white photos is 300 dpi, for color one —
450 dpi.
The width of figures and formulae cannot be more than 8 cm. Their font has to correspond to 10 font of MS Word. For
figures the frames and nets are not allowed. Designation of axis variables (the symbols are used only, then comma,
then 1 space, and dimension. For example, t, s) is placed at outer side of figure as well as the numbers. It is not allowed
to make these designations into figure field. The experimental curves have to numbered with italic font. All explana-
tions are given in figure capture only. No legends and comments are allowed in figure field. The figures have to make
using line thickness of not less than 0.75.

The editorial office does not consider the articles submitted without observance of the requirements mentioned above. In

this case the manuscripts are not returned.

The information on published issues is placed on Journal official site: CTJ.isuct.ru

The Journal operates in accordance with the international publication ethics principles, including but not limited to privacy

policy, vigilance over the publications, consideration of possible conflict of interests, etc. The editorial board follows the recom-

mendations of the Committee on Publication Ethics
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