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Encapsulation of metallic iron magnetic nanoparticles
by polyacrylamide in water suspensions

Theoretical consideration of the factors of the stability of metallic iron mag-
netic nanoparticles (MNPs) in water suspensions was done using extended DLVO
(Derjaguin-Landau-Verwey-Overbeek) approach based on the balance among
Van der Waals, electrostatic, magnetic and steric interactions. Magnetic and
steric interactions dominate over other in suspensions of Fe MNPs. To test the
theory Fe MNPs with average diameter 84 nm were synthesized by electrical
explosion of wire and encapsulated by polyacrylamide in water suspension to
provide steric repulsion. It was shown that encapsulation resulted in the ef-
ficient diminishing of the aggregation of metallic iron MNPs in water.
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Introduction

Magnetic nanoparticles (MNPs)
are the subject of intensive research due
to the special properties required for tech-
nological and biomedical applications
such as magnetic fluids, catalysis, mag-
netic resonance imaging, data storage,
and environmental remediation [1-3].
In these applications magnetic material
is to be dispersed in a solid phase giving
a composite material, or in a liquid giving
a ferrofluid or a suspension. Among oth-
ers iron-based MNPs attract special atten-
tion due to their relatively low cost and
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comparatively low toxicity for the living
systems, which is of the major importance
for the biotechnological and biomedical
applications. In this respect iron oxide
MNPs are mostly studied. There are a lot
of different methods for their synthesis,
a variety of actual and prospective appli-
cations [3], and numerous studies of their
compatibility [4]. At the same time metal-
lic iron MNPs are less studied. Meanwhile,
from the viewpoint of their magnetic
properties metallic iron has indisputable
advantages over its oxides. Its saturation



magnetization is at least three times high-
er than that of magnetite. If used in mag-
netic sensors, actuators, contrast agents
for MRS iron MNPs might provide higher
sensitivity, better response, and lower de-
tectable doses. However, there are several
unresolved problems of the application of
metallic iron MNPs in suspensions. The
major one is strong aggregation of metal-
lic iron MNPs.

It is known, that the aggregation of
nanoparticles is thermodynamically favo-
rable process. The surface between coex-
isting phases carries on excess free energy,
which might be very high for the nano-
system as its specific surface is also high
due to small dimensions. The aggregation
of MNPs diminishes the surface of the di-
rect contact among the phases and leads
to the minimization of the free surface
energy [5]. In order to overcome the ther-

Experimental

Materials

Metallic iron magnetic nanoparticles
(MNP) were synthesized by the method
of electric explosion of wire (EEW). The
detailed description of EEW equipment
designed at the Institute of Electrophy-
sics of RAS (Ekaterinburg, Russia) is giv-
en elsewhere [6-8]. The method is based
on the evaporation of a portion of metal
wire by the electric high power pulse in
the explosion chamber filled with the in-
ert atmosphere. Further condensation of
the expanding metal vapors resulted in
the formation of spherical MNPs. The ap-
plied voltage was 30 kV and the length of
the exploded portion of wire was 70 mm.
The wire was continuously fed to the ex-
plosion chamber by the feeding device,
the high voltage source was concurrently
recharged after each explosion, and the

modynamic force for the aggregation and
to provide the stability of disperse sys-
tems with nanoparticles, such approaches
as electrostatic or steric stabilization are
used. Unfortunately, the variety of stabi-
lizers, which proved to be successful for
the stabilization of iron oxide suspen-
sions, are not such for the suspensions of
metallic iron particles in water. It is the re-
sult of the enhanced magnetic properties
of iron, which dominate over other forces
in colloid suspensions.

The objective of the present study was
to examine the problem of the stability of
magnetic iron nanoparticles from theo-
retical point of view and experimentally
test the possibility of the stabilization of
the suspension of spherical iron MNPs in
water, using their encapsulation by water-
soluble polymer - polyacrylamide.

process was repeated in the pulsed man-
ner resulted in rapid production of MNPs
(200 g/h). The reaction chamber was filled
with a circulating mixture of 70 % of Ar
and 30 % of N, providing the working gas
pressure of 0.12 MPa.

Polyacrylamide (PAAm) was synthe-
sized by the radical polymerization reac-
tion of acrylamide (AAm) (AppliChem,
Darmstadt) in 1.6 M water solution at
80 °C. Ammonium persulfate (PSA) in
5 mM concentration was used as an ini-
tiator. The reaction mixture was kept at
80 °C for 1 h. The obtained PAAm solu-
tion was then diluted with distilled water
down to 5 % concentration by weight. The
resulted solution was then used as a stock
for the encapsulation of iron MNPs. The
molar weight of PAAm determined by
viscometry was M = 1.46*105 g/mol.
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Methods

The powder X-ray diffraction (XRD)
patterns were recorded using Bruker
D8 Discover with Cu Ka radiation (A =
1.542 A) with graphite monochromator.
The Rietveld refinement of XRD patterns
were performed using Topas-3 software.
The morphology of MNPs was exami-
ned using JEOL JEM2100 transmission
electron microscope (TEM) operating at
200 kV. The specific surface area of MNPs
was measured by the low-temperature
adsorption of nitrogen (Brunauer-Emett-
Teller (BET) approach) using Micromeri-
tics TriStar3000 analyzer. The magnetic
measurements were carried out using
(Cryogenics Ltd. VSM) vibrating sample

Results and their discussion

Theory

The aggregation features of iron MNPs
in water suspension can be qualitatively
modeled by the extended DLVO approach.
In classical DLVO theory, the attractive
and repulsive interactions are modeled for
van der Waals and electrostatic interac-
tions only. In case of the magnetic colloidal
dispersions where both steric and magne-
tic interactions are also present, they must
also be taken into account. The modified
approach to consider all these interactions
is known as xDLVO approach [9]. This
theory was elaborated to study the stability
of iron MNPs in water suspension.

The van der Waals interaction energy
(V. ,,) between MNPs with radius r at a
distance s was calculated as [10]:

_—A(r) 2r?
6 s(4r + s)

@r+s) || (1)
(2r+s)2

Viaw

+

272
+ +In<s
2r +s)’
where
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magnetometer (VSM) at room tempera-
ture for powder samples placed in a gela-
tine capsule. The magnetization values in
afield of 1.8 T were designated as the satu-
ration magnetization values (M ). Ther-
mal analysis was done using NETZSH
STA409 thermal analyzer operated in li-
near heating mode from 40 to 1000 °C at
10 K/min in the air. Dynamic light scat-
tering (DLS) and electrophoretic light
scattering (ELS) measurements were
performed using Brookhaven ZetaPlus
particle size analyzer: 5 and 3 runs were
recorded for hydrodynamic size and zeta-
potential measurements, respectively.

A(r) = 1.77 x 107 +1.60 x 10-%73% +
+6.35 x 102071975 12,05 x 102 18[]].

The electrostatic repulsions under
constant charge boundary condition were
taken as [11]:

V, =2nre g,y ln(1+6_m), (2)

where

-1/2
o k,Tee, .
TN, Xz,

Here ¢_is the relative dielectric constant of
water, € is the permittivity of free space,
, is the surface potential, q is the elemen-
tary charge, z, is the charge of simple ions,
¢, is their molar concentration, N, kB, and
T have their usual meanings. We used the
value of electrokinetic (zeta) potential of
-16 mV for iron MNPs in water (by ELS)
as an approximation for the surface po-
tential.

The steric repulsion was taken into ac-
count through a hard core combined with
a soft tail potential, as modeled previously
under self-consistent field (SCF) theory.



This originating overall steric term for
two identical stabilized MNPs was taken
as [12]:

o]

turn strongly depend on such parameters
of MNPs as the radius, the thickness of
the steric protective layer, and the mag-

fors <0

383 kT 3 6
v, - || 2o _m(iJ_?(l_i}rll_(Lj _Ll_(iJ for0<s<25 (3)
) 12N, 1 25) 5 25) 3 23 30 25

0

where, 6 is thickness of adsorbed LPAAm
layer, o, is surface density of adsorbed
chains, N is number of free segments and
Iis the length of one free segment.

The maximum magnetic attraction
energy (V, ) between MNPs was taken as
[10]:

_ —8mp, M7’

vV, = .
9[+2j
r

The total energy of interaction be-
tween iron MNPs was calculated as a
combination of equations (1)-(4).

V(s)=V () + V(s)+ V (s)+V,(s) (5)

Considering contributions from dif-
ferent terms in equation (5) it was found
out that steric (equation (3)) and mag-
netic (equation (4)) terms are dominat-
ing for iron MNPs. These two terms in

(4)

)
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netization of particle. Fig. 1 presents the
dependence of the energy of interpar-
ticle interaction at different combinations
of these parameters. The parameters are
taken close to that characteristic for the
MNPs studied below.

It is noticeable that each curve in Fig. 1
has a minimum, which is the result of the
balance among attractive magnetic force
and repulsive steric interaction. It is con-

Energy of interaction in kT (unitless)

20 4 K —o— d=74 nm
—— d=84 nm
40 —o— d=94 nm
T T T
0 50 100 150

Distance between MNPs (nm)

—o— 70 KA/m
—— 100 KA/m
—o— 130 kA/m

50 100 150
Distance between MNPs (nm)

Energy of interaction in kT (unitless)

o

Fig. 1. Energy of interaction as a function of the distance between iron MNPs: A - The influence
of the diameter of MNPs at constant thickness of steric layer (30 nm) and constant magnetization
(100 kA/m); B - The influence of the thickness of steric layer of MNPs at constant diameter
(84 nm) and constant magnetization (100 kA/m); C - The influence of the magnetization of
MNPs at constant diameter (84 nm) and constant thickness of steric layer (30 nm)
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ventionally accepted that the aggregates
can be disrupted by the thermal motion if
the corresponding minimum is less than
20 kT, as statistically only a few particles
will cross barrier in this case [13]. Thus,
the depth of the minimum indicates the
tendency of the ensemble of MNPs to ag-
gregation. It is obvious that the depth of
the minimum increases with the increase
of particle radius, with the increase in
magnetization, and the diminishing of the
thickness of protective layer.

Based on these results, we analyzed the
possibility of de-aggregation of Fe MNPs
by their encapsulation by polyacrylamide.

Characterization of metallic iron
MNPs

Fig. 2 presents TEM image of metallic
iron MNPs synthesized by EEW. They are
spherical in shape and non-aglomerated.
The spherical shape of MNPs is the re-
sult of the EEW conditions. The electrical
pulse, which passes the portion of wire,
provides its overheating to ca 10* K and
complete vaporization. Then iron MNPs

o
L

[$]
I

Weight fraction (%)

Il

40 80 120 160
MNP diameter (nm)

o

Fig. 2. TEM image of metallic iron magnetic
nanoparticles synthesized by electric
explosion of wire. Inset: histogram —

calculation of particle weight fraction from
the image analysis, line - fitting of PSD by
equation (6)
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are condensed in a vapor phase under
the thermodynamic condition for the
minimization of free energy. The sphere
has a minimal surface among other pos-
sible geometrical figures with a constant
volume. Hence, the obtained iron MNPs
condense in a shape of spheres. The den-
sity of vaporized metal in the EEW ex-
plosion chamber is kept low by constant
circulation of inert working gas; it mini-
mizes the probability of collisions among
condensing MNPs and prevents their coa-
lescence in liquid phase. The particle size
distribution (PSD) (Fig. 2, Inset), which
was obtained by the graphical analysis of
more than 2000 images of MNPs, fits well
the following lognormal equation:
(Ind-In(83.9))%

10.70 - 2%0.4022 (6)

PSD(d)=——
(d)=——e

The specific surface area of MNPs
(Ssp) measured by the low-temperature
adsorption of nitrogen was 9.0 m*/g. The
surface average diameter of MNPs, calcu-
lated from this value using the equation
d =6/(pS,,) (p="7.87 g/cm’ being iron ox-
ide density) was 84.7 nm. It was in a good
agreement with the median diameter
83.9 nm in PSD described by Equation (6)
(the latter value was used a basic level in
the theoretical calculations given above).

Fig. 3 shows XRD patterns of iron
particles. MNPs contain 93% of a-Fe
with a = 2.867(2) A and coherent length
82(5) nm and 7 % of cubic phase of y-Fe
with a = 3.591(3) A and coherent length
27(2) nm. The coherent length of a-Fe
phase perfectly correlates with the aver-
age diameter of Fe MNPs obtained both
by the analysis of TEM images and by the
calculation based on BET sorption re-
sults. It means that each singular MNP is
a monocrystalline particle. The coherent
length of y-Fe phase is much lower. Most



likely it means that y-Fe phase predomi-
nantly corresponds to the smallest MNPs
in the ensemble.

Magnetic hysteresis loops of iron
MNPs (see Fig. 4) are typical for the mag-
netically soft materials. The low field be-
havior (inset in Fig. 4) reveals the exist-
ence of magnetic hysteresis and coercivity.

3000

E =
-2 2000 - &
I 3
2 ~
1000 1 = g S
£ Tl e
Lg L 2
0 pvantl. Goagzmnmy st ey,
40 50 60 70
20 (deg)
Fig. 3. XRD diffractogram of iron MNPs
synthesized by EEW

1500

1000 1 £

500 A

-500

-1000

M, magnetization (KA/m)
o

-1500 T T T

H, applied magnetic field (T)

Fig. 4. Magnetic hysteresis loop of Fe MNPs
at 25 °C. Inset - enlarged view of hysteresis
loop in low fields

140

130 A

120
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110 1 226%

Weight gain (%)

100
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0 100 200 300 400 500 600 700 800
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Fig. 5. Thermograms of the heating of
pristine MNPs (1) and encapsulated MNPs
(2) in the air

It can be understood taking into account
that although in the ensemble of spherical
iron MNPs with average diameter of about
82 nm the majority of them are in multi-
domain state, one cannot exclude the pres-
ence of a small fraction of single domain
MNPs contributing to non-zero coercivi-
ty. The value of the saturation mag-
netization in bulk state for pure iron is
M, =1710 (kA/m) [14] for room tempera-
ture. The obtained value for M_for MNPs
is about 30 % lower. Most likely this differ-
ence stems from two reasons. First, there
is a thin oxide layer on the surface of iron
MNPs, which appear inevitably if the ac-
tive surface of MNPs is exposed to the air.
The layer 5 nm in thickness can not be de-
tected by XRD but as the magnetization of
iron oxide is lower, it certainly contributes
to the diminishing of M, values for MNPs.
Another possibility is the disturbance of
the crystalline structure of iron in several
layers adjacent to the surface of a spherical
nanoparticle. These layers are not contrib-
uting to the ferromagnetic response due
to the insufficient number of the nearest
neighbours [15]. Both processes are con-
tributing to M_ reduction but it is difficult
to make more precise analysis first of all
due to the existence of the MNPs size dis-
tribution.

Encapsulation of Fe MNPs by PAAm

Encapsulation of iron MNPs was per-
formed by grinding in an agate mortar
with 5 % water solution of PAAm at 25 °C.
Then the slurry was diluted by the excess
of distilled water. The supernatant was
decanted and the precipitant was washed
several times by distilled water; after that
it was collected and tested.

The total amount of PAAm, which ad-
sorbed onto Fe MNPs was determined by
TG/DSC thermal analysis. Fig. 5 presents
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the thermograms for the initial Fe MNPs
and MNPs encapsulated by PAAm.

Both pristine MNPs and encapsulated
MNPs exhibit weight gain (Fig. 5A) in the
process of heating. It is the result of the
oxidation of iron by the atmospheric oxy-
gen. There is clear difference in the total
weight gain of these two samples. It stems
from the decomposition of PAAm deposit
on the surface of MNPs, which effectively
decreases the weight gain. The difference
of the weight gain is ca 14 %. This value
corresponds to the PAAm deposit on the
surface of MNPs. The thickness of this
layer can be estimated using the residual
amount of LPAAm on the surface of MNPs
determined by thermal analysis. Corre-
sponding conversion into volume fraction
taking into account the difference in den-
sities of PAAm and Fe core gives 40 % of
polymer. The calculation of the thickness
of a layer at the surface of the spherical
particle with the diameter 90 nm gives ca
8 nm for the layer. Meanwhile, this value
corresponds to the dry layer of polymer
on the surface. If the MNPs are dispersed
in water the polymeric layer swells and its
thickness increases. If we assume that the
conformation of PAAm macromolecules
in the layer is a random Gaussian coil, the
volume fraction of a polymer in a coil is
given by the following relation:

63/2
% =S IN 7

N is the number of monomeric seg-
ments in the chain. The number of Kuhn
segments for the molecular weight of
PAAm (143.6 kDa) is N = 500, which in
turn gives ¢, = 0.08. It is a reasonable esti-
mation for the volume fraction of PAAm
in a swollen Gaussian coil. Thus, in water
the volume of PAAm layer increases by
a factor of 1/0.08 = 12.5. Then, the thick-
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ness of a layer increases up to ca. 30 nm.
('This value was used as a basic level in the
theoretical calculations given above)

Fig. 6 presents multimodal distribu-
tion of particles/aggregates in water sus-
pension of iron MNPs encapsulated by
PAAm. PSD of iron MNPs in water sus-
pension comprises two peaks. The first
one is positioned at 160-200 nm. This
peak most likely corresponds to individu-
al Fe MNPs in suspension. The estimation
of the characteristic dimensions of encap-
sulated particle, which comprises 84 nm
Fe core and 30 nm PAAm steric protective
layer on the surface gives ca 144 nm for
the diameter. It is rather close to the posi-
tion of the first peak at the PSD plot. The
second mode is positioned at ca 1000 nm.
This peal obviously stans for the aggre-
gates of MNPs. The relative number frac-
tions of these two peals are 90 % for the
individual MNPs and 10 % for large ag-
gregates. It means that individual MNPs
dominate over aggregates in iron MNPs
suspension. Qualitatively, this result is
in agreement with the conclusions made
based on the theoretical consideration,
which favoured the possibility of de-ag-
gregation of iron MNPs if sterically stabi-
lized by protective layers.
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Fig. 6. Multimodal PSD of iron MNPs in
water suspension by DLS



However, full de-aggregation was not
achieved. The fraction of aggregates is still
substantial. Most likely it is due to high
polydispersity of MNPs. As it was shown
in Theory section the energy of interac-
tion among MNPs strongly depends on

Conclusions

The factors of aggregation of Fe mag-
netic nanoparticles (mean diameter
84 nm) in water suspension were ana-
lyzed using extended DLVO (Derjaguin-
Landau-Verwey-Overbeek) approach. It
is based on the balance among Van der
Waals, electrostatic, magnetic and steric
interactions. It was shown that attractive
magnetic and repulsive steric interactions
dominate over other in suspensions of Fe
MNPs. As a result of their superposing the
dependence of the energy of interaction
between MNPs exhibits minimum, which
corresponds to the formation of aggre-
gates of MNPs. If the depth of the mini-
mum is less than 20 KT, the aggregates can
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Resistance of industrial nickel-containing methanation
catalysts to the poisoning by organic carbon
dioxide absorbents

We report the results of studies on the influences of the organic carbon
dioxide absorbent - aqueous solution of activated methyldiethanolamine
(MDEA) - on the physico-chemical and mechanical characteristics of nickel-alu-
mina catalyst NIAP-07-01 (NKM-1) and cement-containing catalysts NIAP-07-
07 (NKM-7), Meth-134 and Meth-135 for the hydrogenation of carbon oxide
(methanation). It is established that for the nickel-alumina and nickel-cement-
containing catalysts subjected to activated methyldiethanolamine (MDEA) it's
possible to restore their strength and catalytic properties.

In order to increase the time of operation of the methanator it is recom-
mended to apply a new Nickel cement-containing catalyst NIAP-07-07 (NKM-7),
which can be produced as tablets, rings or extrudates.
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diethanolamine; hydrogenation; carbon oxides; catalytic activity; mechanical strength.
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YcToiuMBOCTb HUKENEBbIX NPOMbILUIEHHbIX
KaTa/M3aTopoB MeTaHUPOBAHUSA K BO3AeiCTBUIO
opraHuMyeckux abcopbeHToB yaaneHus guokcuaa

yrnepoga u3 CMHTe3-rasa

MpvBedeHbl pe3ybTaThl WCCIEA0BaHMIA BO3OENCTBMSI OpraHUYeckoro ab-
copbeHTa B BMAe BOOHOrO PacTBOpa aKTUBMPOBAHHOrO METWUNAM3TAHONAMMHA
(MOJA), senswowerocs abcopbeHToM Avokcuaa yriepoda npu ero yaaneHu
13 a30TO-BOAOPOOHON CMeCH, Ha (hU3MKO-XMMUYECKME U (DU3MKO-MEXaHUYecKue
XapaKTepuCTUKN HukenbantoMuHmesoro Mapku HUAM-07-01 (HKM-1) v uemeHT-
copepxawumx mapku HWAM-07-07 (HKM-7), Meth-134 1 Meth-135 katanusa-
TOPOB FMAPVPOBAHMS OKCWIOB Yyriepofda (MeTaHMpOBaHUs). YCTaHOB/EHO, UTO
HVKESba/IlOMUHMEBBIE U HUKE/bLIEMEHTCOAEPXALUME KaTaNU3aTopbl, MOABEPrHY-
Tble BO3LEWCTBUI0 aKTUBMPOBAHHOTO MeTuiamaTaHonammia (MI3A), BoccTaHaB-
JIMBAIOT CBOM MPOYHOCTHBIE M KaTa/IUTUYECKMe CBOCTBA.

[1ns yBenMueHns BpeMeHM IKCryataLmm MeTaHaTopa peKkoMeHaYeTcs npuMe-
HSATb HOBbLIA HUKENEBBIV LieMeHTCoaepxalmnii katanmsatop mapku HAAM-07-07
(HKM-7), koTopblii MOXET U3roTaBMBaThCs B BUAe TabieTok, Konew wim 3KC-
TpyOaTos.

KnioueBble cnoBa: HUKeneBbli KaTanu3aTop; ajloMUHAT KasbLWA; METAHUPOBaHWe; pacTBop

MeTUNAausTaHoNaMHa,; r’mapupoBaHne; oKCuabl yrnepofa,; Katanautnyeckaa akTMBHOCTb; MeXaHu-
Yyeckada NpoYHOCTb.

Moctynuno: 16.06.2017; npuxsTo: 06.09.2017; ony6nukosaHo: 20.10.2017.

© Efremov V.N., Golosman E.Z., Kashinskaya A.V., Mugenov T.l., Zolotareva V.E.,
Polivanov B. 1., Polushin A.P., 2017

Introduction

In the USSR, Russia and CIS Katalizator»: nickel-aluminum catalyst
the most commonly used catalysts of the NIAP-07-01 (NKM-1), nickel cement-con-
hydrogenation of carbon oxide (metha- taining ones - NIAP-07-02, NIAP-07-03
nation) are those developed by «NIAP- (NKM-4A), and nickel-chromia-alumina-
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containing TO-2M [1-5]. These catalysts
are manufactured according to TU2178-
003-00209510-2006 by the «NIAP-Katali-
zator» factory, and until recently they
were also produced by Dorogobuzhskiy
catalyst factory and Severo-Donetsk cata-
lyst production plant. As for now, these
catalysts are produced solely by «NIAP-
Katalizator». Their planned service life is
usually about 15-16 years, while the ac-
tual service life amounted to 22-24 years
[6] on the three JSC «AZOT» factories
(Nevinnomyssk, Voronezh, Grodno).

Note that there are some imported
catalysts of methanation supplied by
«Haldor Topsoe», «Johnson Matthey»
and «CLARIANT» (Sud-Chemie). The
«NIAP-Katalizator»-made catalysts are
being produced as tablets or rings in ac-
cordance with the technical requirements
of TU2178-003-00209510-2006 (catalysts
of methanation). For the Russian market
the imported catalysts are also available
as tablets, and in addition - as extrudates
and beads.

The methanation catalysts must have
high activity in the hydrogenation pro-
cess, leaving no more than 5-10 ppm of
residual CO after the methanation of 0.3-
0.7% CO and 0.02-0.1% CO, mixture.
They have to possess increased thermal
stability without reducing their catalytic
activity (overheating up to 550-650 °C
can occur in cases of increasing the CO
content in the source gas to more than
1%), high mechanical strength and low
gas flow resistance.

The quality of the methanation cata-
lysts is largely determined by their sup-
port. In the domestic and imported in-
dustrial methanation catalysts various
supports are used, for example, y-ALO,,
calcium aluminates, compounds of CaO-
MgO, y-ALO,-Cr,0,, y-ALO,, calcium

aluminate, boehmite (AIOOH) - y-AlL O,
[7-9].

The content of active component (NiO)
in the industrial methanation catalysts
varies in the range of 25.0 to 45.0 wt. %.
Catalysts  NIAP-07-02, NIAP-07-03,
and KATALKO-11-4R, Meth-134 and
Meth-135, in which calcium aluminate
plays the role of the adhesive, have a
minimum level of internal microstresses,
which contributes to the high mechanical
strength after the catalyst’s activation and
during its operation. Note that the service
life of a catalyst is primarily determined
by its catalytic activity and mechanical
strength.

The experience of running industrial
catalytic plants used in various chemical,
petrochemical, metallurgical and other
industries, as well as available literature
data and our long-term monitoring of the
industrial catalytic set-ups developed by
«NIAP-Katalizator» allowed us to assess
the reasons for their deactivation. The
deactivation of the methanation catalysts
may occur due to:

1. Irreversible poisoning associated
with the interaction of the active compo-
nent with the common catalyst poisons
(sulfur compounds, chlorides etc.) pre-
sent in the reaction medium.

2. Consequences of the thermal treat-
ment, such as recrystallization, caking,
the chemical interactions of active com-
ponent with the support (e.g. resulting
in the formation of the nickel-aluminum
spinel NiALO,).

3. Loss of the active component due to
the formation of volatile compounds such
as tetracarbonylnickel.

4. Carbon deposition on the catalyst’s
surface.

5. Catalyst’s surface contamination by
various impurities.
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The structural changes of the indus-
trial porous catalysts are accelerated if the
phase transformations occur upon the ex-
posure to the reaction medium.

Under the working conditions of the
large-capacity catalytic unit, the absor-
bents used to remove CO, from syngas
or their decomposition products could
possibly poison the catalyst. In industrial
conditions this process occurs in the ab-
sorbers with absorbents such as aqueous
alkaline solutions («Banfield» and «Kar-

Experimental

Industrial ~ catalysts ~ NIAP-07-01
(NKM-1) and the NIAP-07-07 (NKM-7),
the latter being recommended for indus-
trial use, were chosen as the objects of
this research. NIAP-07-07 (NKM-7) was
obtained in two states: 1 — non-calcined;
2 — calcined at 400 °C. It can be manufac-
tured as cylindrical tablets, extrudates or
in toroidal form from the same non-cal-
cined catalyst mixture. The catalyst in the
form of rings has a low gas flow resistance,
which leads to significant savings of natu-
ral gas in the operation of the ammonia-
synthesis units. In addition, imported cata-
lysts Meth-135 (C13-03-3) and Meth-134
(C13-04-4) were investigated.

X-ray diffraction (XRD) studies of the
phase composition and size of crystallites
were performed using DRON-3 diffrac-
tometer (CuKa-radiation with graphite
monochromator on reflected beam). For
the phase analysis ICDD PDF-2 (1999)
database was used. Thermogravimet-
ric analysis (TGA) was performed using
the optical derivatograph OD-103 with
the heating rate of 5 °C/min. Total spe-
cific surface area was determined by the
low-temperature nitrogen sorption in the
vacuum adsorption setup. Total porosity
was calculated from the data of real and
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sol»), and organic absorbents such as
aqueous solutions of activated monoetha-
nolamine (MEA) or methyldiethanola-
mine (MDEA) [10, 11]. During the opera-
tion, carbon dioxide absorbents could get
into the methanation reactor. As a result,
a gradual decrease of catalytic activity
may occur [12, 13].

To determine the causes of this phe-
nomenon, we conducted studies in which
the methanation catalysts were influenced
by the organic absorbent MDEA.

theoretical density. Mechanical strength
was determined on the «MII-2C» setup
by crashing the granules with the uni-
axial compressive force. The chemical
composition and catalytic activity dur-
ing the methanation were determined in
the original setup at a pressure of 3 MPa
by means of the techniques described in
the TU2178-003-00209510. According to
this internal standard, we adopt the fol-
lowing definition of a catalytic activity: it’s
a minimum temperature in °C, at which
the volume fraction of CO at the output
of the catalytic reactor is less than 110~ %
at a pressure of 3 MPa. The other impor-
tant experiment conditions are as follows:
feed gas with 0.6-0.7 vol. % of CO, space
velocity of the feed gas should be equal to
4000 h™', and the catalyst in the catalytic
reactor should be pre-heated for 10 h at
550 °C.

The treatment of all investigated cata-
lysts by 50 % aqueous solution of MDEA
absorbent in the flow of nitrogen-hydro-
gen mixture (75 vol. % H,, 25 vol. % N,)
was carried out in the original setup, sche-
matic of which is shown in Fig. 1.

Before the experiments catalysts were
activated in a stream of nitrogen-hydro-
gen mixture (NHM) at 400 °C for 5 h. At



the end of the activation process the sam-
ples were exposed to aqueous solution of

Results and discussion

In order to determine the influence of
the absorbents on the catalysts’ proper-
ties their initial characteristics were de-
termined (Table 1). Data given in Table 1
show that the catalysts under investigation
possess 27-40 wt. % of the Ni-containing
active component with weight percentage
calculated implying that NiO is the ac-
tive component’s only form. The average
NiO particle size in NIAP-07-01 (NKM-
1) and NIAP-07-07 (NKM-7) is around
60-80 A. Total porosity is almost equal
for all catalysts, its value being around 48—
57 %. The only exception is NIAP-07-07,
for which it's 29 %. Note that the porous
structure of this catalyst forms during the
combined calcination and activation pro-
cess, which could explain this unique po-

: . 5
: -
4 : C 6
: T
TR v :
9 . gas
:I; outlet
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Fig. 1. Schematic diagram of a setup for
catalyst treatment by the aqueous solution
of the absorbent in the flow of nitrogen-
hydrogen mixture (NHM):

1 - MDEA solution; 2 - flow regulators;
3 — evaporator; 4 — temperature regulators;
5 — reactor; 6 — catalyst

MDEA in the stream of NHM in the layer
catalyst at a temperature of 320 °C.

rosity value. All catalysts have quite large
total surface area, with the largest value of
180 m?/g corresponding to NIAP-07-01
(NKM-1).

It should be noted that the mechanical
strength of studied samples, which is one
of the parameters determining the ser-
vice life of a catalyst, varies significantly.
The «strongest» catalyst is NIAP-07-07
(NKM-7) - 60 MPa, followed by
NIAP-07-01 (NKM-1) - 29 MPa. Strength
of the Meth-134 and Meth-135 is almost
equal.

Phase composition and NiO particle
size analysis (Table 1) shows that the alu-
minate cement is one of the components
of the support for Meth-134, Meth-135
and NIAP-07-07 (NKM-7) catalysts. As
the second component of the support for
NIAP-07 (NKM) is y-AL O,, for the Meth-
134 and Meth-135 catalysts it consists of
the mixture of boehmite (AIOOH) and
y-ALO,. Boehmite as a support constitu-
ent could impede the catalyst’s activity as
it inhibits the interaction between support
and the active component.

The active component of raw NIAP-
07-07 catalyst is a complex compound -
nickel hydroxocarboaluminate (NHCA).
Its the main difference between the
raw NIAP-07-07 and NIAP-07-01, fired
NIAP-07-07 and Meth catalysts. Activa-
tion of NIAP-07-07, coupled with the
NHCA decomposition, occurs at the lower
temperatures (thus — at milder conditions)
as compared to the other industrial cata-
lysts with NiO as an active component.

Since the industrial catalytic reactors
are operated at about 280-320 °C, we
had to determine the thermal stability of
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Table 1

Physico-mechanical and physico-chemical characteristics of the original catalysts for the

methanation: P - porosity, S

- specific surface area

The Bulk Mechanical Chem. composi-
Brand of the | geometric densi strength, S, | P | XRD phase analysis | Ly tion, % mass.
catalyst dimen- Ke/ dr;}? MPa m’/g| % results A ]
sions, mm | © P,o/Prin NiO | ALO, | CaO
NIAP-07-01 Tablet y-ALO,, NiO,
(NKM-1) s 1.08 29/20 | 180 |57 araphite 60 |33.6| 613 | -
NHCA, graphite,
CaCO, (aragonite) —
- - 3
I\I(II?EA(Z;)W Tzzlset 1.2 60/52 | 102 |29 | notmuch, A(OH), | - |303| 252 | 7.9
Ca0-2AL 0, - not
much
NIAP-07-07 | . NiO, y-ALO,
(NKM-7) fired| 1.1 49/32 | 160 |53 Ca0-ALO,, 75 1303
at 450 °C Ca0-2A1,0,, graphite
NiO, AIOOH,
Meth-134 Sphere 1 o5 8/4 150 {48 | y-ALO,CaCO, | 80 |27.2| 573 | 10.0
(C13-04-4) | d=43 275
(boehmite)
NiO, AIOOH,
Meth-135 Sphere | 59 6/1 120 [54| y-ALO,CaCO, | 80 [40.4| 429 | 11.2
(C13-03-3) | d=53 2
(boehmite)
MDEA in this temperature range. There- P DTG
fore, the sample of a-Al O, impregnated RNy
with the aqueous solution of MDEA was ;
investigated by means of thermogravi-
metric analysis. On the differential ther- IREER
mogravimetric (DTG) curve, shown in
Fig. 2, two distinct minima at the tem- \ ; .
peratures of 100 °C and 210 °C can be EANE i
observed. They correspond to the maxi- AN TG
mum speed of removal of water from the Co i i
sample and the decomposition of MDEA, - (IXI)LI)(I) +
accordingly. The process of decomposi- g 83903 2
~ v N ()

tion of MDEA in air, accompanied by the
mass loss, starts at about 150 °C and ends
at 300 °C.

In order to determine the optimal ac-
tivation temperature of a catalyst a tem-
perature-programmed reduction experi-
ments were employed. It was determined
that the activation is a multistage pro-
cess. It should be noted that NIAP-07-07
(NKM-7) catalyst is activated at about
100 °C lower temperatures than the other
studied catalysts. XRD analysis shows that
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Fig. 2. TGA curve of the sample of a-alumina,
impregnated with water solution of MDEA

at 400 °C the activation process is virtu-
ally complete. Comparison of the Ni-con-
taining particle sizes shows that for all
catalysts after the activation it still is in the
range of 60-80 A.

Physico-chemical and mechanical
properties of the activated catalysts treated
with MDEA solution are listed in the Ta-
ble 2 along with their catalytic activities



towards the methanation. Characteristic
feature of the interaction between MDEA
solution and the catalyst is the initial rise
of the temperature at the beginning of the
reaction. It could be related to the pas-
sivation of a catalyst by the water vapor,
which is formed during the evaporation
of MDEA aqueous solution. XRD pattern
analysis confirmed that in this case pas-
sivation of the active component occurs,
effectively removing part of it from the
catalysis process. The activated catalysts
treated with MDEA solution in NHM gas
flow contain the mixture of Ni and NiO
phases, which is an evidence in favor of
our assumption. Particular ratio of the
mentioned phases should depend on how
reduced the catalyst was and how much of
metallic Ni it contains. Hence the samples
before the catalytic activity measurements
have been pre-treated at 400 °C for 8 h.
According to XRD, MDEA does not
chemically alter the supports of the inves-
tigated catalysts for methanation. How-
ever, due to the fact that MDEA (tertiary
amine) is an adsorbtion-active agent, it

could negatively affect the properties of
catalysts, namely, mechanical strength,
specific surface area, porosity and catalytic
activity. The results of our studies given
in Table 2 show that after exposure to the
aqueous solution of MDEA in the nitro-
gen-hydrogen gas mixture flow the me-
chanical strength and specific surface area
were only insignificantly reduced. The one
exception is NIAP-07-07 (NKM-7), for
which the microstructure forms during
the activation process. Total porosity is al-
most equal for all samples. Phase changes
occurred during the reaction with MDEA
are related to the catalysts’ passivation.
Comparison of the catalytic activity data
show that the catalysts treated with aque-
ous MDEA solution in NHM flow at
320 °C retain their catalytic properties al-
most completely. The particular catalytic
activities are comparable to those defined
in our TU2178-003-00209510-2006 inter-
nal standard (typically being in the range
from 170 °C to 200 °C) for methanation
catalysts containing 31-40% of active
component (NiO).

Table 2

Physico-chemical and mechanical characteristics of the catalysts
for methanation after exposure to MDEA

Catalytic activity, °C
Brand of Mechanical Ph
and.o strength, MPa S, m?/g P, % ase After
catalyst R /P COmPosition | Tnitial samples | exposure to
SR'* min MDEA
NiO, Ni,
NIAP-07-01 27/19 155 54 graphite, 160 165
NKM-1 1
y-A 203
NiO, Ni,
NIAP-07-07 Yy-ALO,,
NKM-7 41/35 168 41 Ca02A10, 165 170
CaCo,
NiO, Ni,
(g{f:‘oij) 5/3 120 50 V-ALO,, 180 180
CaCo,
Ni, NiO,
(2416;}_‘01;; 52 66 57 V-ALO,, 175 180
CaCo,
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Summary

In the present study raw Ni-alumina
catalyst NIAP-07-01 (NKM-1) and Ni-
cement-containing catalysts NIAP-07-07
(NKM-7), Meth-134 (C13-04-4) and
Meth-135 (C13-03-3), as well as the same
catalysts activated and pre-treated with
aqueous MDEA solution in the flow of
nitrogen-hydrogen gas mixture (NHM),
were investigated. After the exposure to
MDEA investigated catalysts almost com-
pletely retain their values of mechanical
strength, specific surface area, poros-
ity and catalytic activity, the latter being
around 165-180 °C. The active compo-
nent (Ni) in the catalysts subjected to
the MDEA solution exposure is highly
dispersed after the subsequent activation,
which contributes to the elevated cata-

BesepeHue

B TeyeHme HAAUTENBHOTO BpeMeHU
B CCCP, PO u CHI oCHOBHBIMHM Ka-
Ta3aTOpaM, MIPUMEHIOLIVIMIICSA
B IIpoljecce TUAPUPOBAHMSA OKCUJOB
yrnepoja (MeTaHMpPOBaHWUA), ABJIAIOT-
cs1 paspaborannele B «HMAII-KATA-
JIN3ATOP» HUKe/b-aTIOMUHMEBBIN
karamusarop  Mapku  HMAII-07-01
(HKM-1), HuKenb-11eMEeHTCOTePXKaIIi —
HMAII-07-02, HMAII-07-03 (HKM-4A)
U HUKelTb-aJioMoxpoMmoBbii  TO-2M
[1-5]. KaranmmsaTopsl M3roTaBIMBAIOTCS
mo TY 2178-003-00209510-2006 kaTamu-
3aTOpHbIM npoussopcTBoM «HMATII-KA-
TAJIVI3BATOP», a 5o HeaBHETO BpeMeH!
BBIIYCKANCh TakKe [loporo6yskckoit
KaranusaTopHoit ¢abpukoir u Cese-
po-IloHeKUMM KaTajaM3aTOPHBIM IIPO-
U3BOACTBOM. B Hacrosmee Bpems B PO
KaTa/nnu3aTopbl M3TOTABIMBAIOTCA TOJIb-
KO KaTajM3aTOpPHBIM IIPOM3BOACTBOM
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lytic activity. During the treatment of a
catalyst by the MDEA aqueous solution in
the flow of NHM at 320 °C its passivation
takes place. By using the temperature-
programmed reduction it was proven
that the surface of catalysts is blocked by
MDEA. During the reduction of the cata-
lysts treated with MDEA CO, - one of
the MDEA decomposition products - is
released to the gas phase, which further
reinforces our assumptions.

Regeneration of the activated metha-
nation catalysts subjected to (and inhibit-
ed by) MDEA should be carried out by
drying them in the NHM at temperatures
higher than 150-200 °C, followed by ad-
ditional reduction at temperatures of
350-400 °C.

In Russian

«HVAII-KATAJIM3ATOP». Karanusaro-
poL, mponsBeneHuble B « HVATT-KATAJIN-
3ATOP», ipu coOIONEHNY peraMeHTHBIX
PEKVMMOB 9KCITyaTalmyt paboTaloT 1o
15-16 net, a Ha Tpex IIO «A3OT» (He-
BUHHOMBICCK, TonbarTy, IpogHo) cpok ux
CTy»X6BI cocTaBu 22-24 ropa [6].

Kpome Toro, mpuMeHsIIOTCS MMIIOPT-
Hble KaTaJlu3aTopBHl,
CTaBIMKaMI KOTOPBIX SIBJISIIOTCS TaKue
¢upmbl, kax Haldor Topsoe, Johnson
Matthey u CLARIANT (Sud-Chemie).
OTtevyecTBeHHBIE KaTaIM3aTOPBI
TaBMMBalOTCA B GopMe TaOIETOK WK
Koser (TabmeTMpoBaHyEe) B COOTBETCT-
BUM C TEXHUYECKUMM TPeOOBaHUAMMU
TY 2178-003-00209510-2006 (xaramu-
3aTopel MeTaHMpoBaHus). Ina poccmii-
CKOT'O PBIHKA VIMIIOPTHBIE KaTa/lMU3aTOPhI
[IPeJIaraloTCsl B BIjle TAOMETOK, a TAKXKe
B popMe 9KCTPYHATOB U LIAPUKOB.

OCHOBHbBIMI IIO-

n3ro-



Karanusaropsr MeTaHMPOBAHMSA
TO/DKHBI MMeTb BBICOKYI0 aKTUBHOCTDb
B mpouecce ruppuposanua 0,3-0,7 %
CO u 0,02-0,1% CO2 0 OCTaTOYHOTO
cogepxxaryusa CO 5-10 ppm, TepmocTa-
OMIPHOCTD 6e3 CHVDKEHVS aKTMBHOCTHU
pu neperpesax 1o 550-650 °C, xoTopble
MOTYT BO3HMKATb B C/lIy4ae IOBBIIMIEHN
cofiep)KaHMs OKCHUJIOB YITIEpOfia B MCXOfI-
HOM rase = 1 %, BbICOKYI0O MEXaHUYIECKYI0
IIPOYHOCTD U MOHIVDKEHHOE TUIpaBInde-
CKO€ COTIPOTUBJICHNE.

KayecTBO KaTanms3aTopoB MeTaHUPO-
BaHUA B 3HAUUTEIbHON CTEMeHM ompe-
HenAeTcs HOCHUTeNeM, MCIO/Nb3yeMbIM
B TIpoliecce ero MpuUrorosaeHud. B ote-
YeCTBEHHbIX U MMIIOPTHBIX IIPOMBIII-
JIEHHBIX KaTaJaM3aTopax MeTaHMPOBaHUA
B KauecTBe HOCUTEJIA, KaK IIPaBUJIO, TIpU-
MeHAT Y-AlLO,, amoMMUHaTbl Kamblys,
komnosuun CaO- MgO, y-AlLO,-Cr,0O,,
y-ALO,-amomMuHaT  KamblusA, 6eMut
(AIOOH) - y-ALO, [7-9].

CopepskaHne aKTUBHOTO KOMIIOHEH-
ta (NiO) B HpOMBIIUTEHHBIX KaTalu-
3aTopax MeTaHMPOBAHUA BapbUPYeTC
B mpepenax 25,0-45,0 macc.%. Karamu-
satoppl  HMAII-07-02, HMAII-07-03,
a Takke KATALKO-11-4R, Meth-134
u Meth-135, B KOTOPBIX aTIOMIHAT KaJlb-
1M BBIONHAET POb TMAPABINIECKOTO
BSDKYILET0, UMEIOT MUHUMAJIbHBI ypo-
BeHb BHYTPEHHUX MUKPOHAIPsKEHUI,
9TO CIIOCOOCTBYET COXPAHEHNUIO Ha BBICO-
KOM ypOBHE MeXaHMYeCKOIl MPOYHOCTHU
MoC/Ie CTafiuM aKTMBALMM U TIOCTIeRYyIo-
IIero Mepuofa SKCIUTyaTalluM.

Cpok aKCIUTyaTallMy KaTaau3aTopoB
oTIpefieNniseTCs B IEPBYIO Ouepefib TAKUMU
MOKas3aTe/AMH, KaK KaTaauTUIecKas ak-
TUBHOCTD I MeXaHMYeCKas IIPOYHOCTb.

MupoBOIi OMBIT KCIUTyaTallUM TPO-
MBILIJIEHHBIX ~KaTaJaM3aToOpOB, IIpuMe-
HAIIMXCA B PasIMYHBIX IIpolleccax

XMMWYECKOi, HepTeXMMUYECKOil, Me-
TaJUTypPrUYecKoi M Ip. OTpaciax, a Tak-
)K€ VIMeEIoLMecCsa B JIuTepaType JaHHbIe
Y Hall¥ MHOTOJIeTHME HaOmofeHMs 3a
paboToil B IPOMBILIIEHHBIX YCIOBU-
AX ~ KaraaysaTropoB, paspabOTaHHBIX
B «HMAII-KATAJIVIBATOP»,
JIMIY BO MHOTOM OLIEHUTDb NPUYMHBI UX
mesakTuBanun. JlesakTuBanusa KaTalu-
3aTOPOB METAaHMPOBAHNUA MOXXET MPOUC-
XOIWTD, HAIIPUMeEp, BCIE[ICTBIE:

1. Heobpatumoro oTpaBieHusi, CBsi-
3aHHOTO C B3alMOJIEICTBJMEM aKTUBHOIO
KOMIIOHEHTA C KaTaIUTUYECKVMM ANaMU
(cepHMCTBIE COEIHEHVIST, X/IOPUABI 1 T. II.),
IPUCYTCTBYIOIMX B PEAKI[MIOHHOM CpefIe.

2. TepMudeckoro Bo3ieiicTBIs — peKpu-

II03BO-

CTa/UIN3aLs, ClIEKaHIie, B3aIMOJIEIICTBIE
aKTMBHOI'O KOMIIOHEHTa ¢ HocuTeneM. Ha-
npumMep, 06pa3oBaHme HUKeb-aTFOMIHN-
epoit mmuHem (NiALO,).

3. YHOC aKTMBHOIO KOMIIOHEHTa 3a
cyeT 0Opa3oBAHMA IETYUNX COEHUHEHMIT
(Hanpumep, ob6pasoBaHme KapOOHMTA
HUKEJA).

4. 3ayriepoKuBaHIe.

5. 3arpsisHeHMe ITOBEPXHOCTYU MeXa-
HUYECKUMIY IPUMECIMIA.

CTpyKTypHBle M3MEHEHUA IPOMBIII-
JIEHHBIX KaTa/lM3aTOpPOB, KOTOPble Mpe-
CTaB/ISIIOT CO6OIT MOPUCThIE BBICOKOIMC-
HIepCHBIE TeJla, YCKOPAITCA, eC/IM B HUX
OPOMCXOAAT (ha3oBbIe MpeBpaIleHNUS TTPU
BO3JIEVICTBUM PEAKIVIOHHOI CPEJIBL.

B ycnoBusx paboTsl arperatoB 60/b-
IOVl eNVHWYHOJ MOLJHOCTU IO IIpO-
U3BOJCTBY CUHTETMYECKOTO aMMUaKa
VICTOYHMKOM  KaTalM3aTOPHBIX  SITOB
MOTYT CIYXXUTb aOCOPOEHTBI, IPUMEHsI-
tomuecs i ynanenus CO, u3 cuHTEs-
rasa WM IPOAYKTBl MX pas/IOXKeHUA.
B IpOMBINUIEHHBIX YCTIOBUAX 9TOT IPO-
1ecc MpOUCXopuT B abcopbepax ¢ mo-
MOIIBI0 TaKuX abcopOeHTOB, KaK BOJ-
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Hble IjeJIouHble pacTBOpbI («beHduitnm»
n «Kapcom»), a Taxke opraHmdyeckux
MOITIOTUTENe)! B BUJe BOJHBIX pPacTBO-
POB aKTMBMPOBAaHHBIX MOHO3TAHOIAMM-
Ha (MOA) wiu MeTUIAMITAHOTAMMHA
(MII2A) [10, 11]. B mpouecce akcmmyara-
Ly HabIIOFAIOTCST YHOCHL abcopOeHToB
IMOKCHJA YIZIepofia B peaKTop MeTaHM-
poBaHusA. PesynbraToM sTOro Hapylie-
HUA TEeXHONOTMYECKOro IIpoIiecca, Kak

JKcnepuMeHTaNbHasA YacTb

B kadecTBe 0OBEKTOB MCCIE[OBAHMIL
ObUIM  B3ATHI IPOMBIIUICHHBII KaTa-
msatop HUMATI-07-01 (HKM-1) u pe-
KOMEHJYeMbIll I IIPOMBILIJIEHHOTO
BHenpeHusa Karanmusarop HIAII-07-07
(HKM-7) B iBYX ero cocTosHMAX: 1 — He-
NIPOKAaJIEHHbIN; 2 — IPOKAJIEHHBI IIpU
400 °C. VI3 ogHOIT 1 TOJI >Ke HellpOKaIeH-
HOJl KaTa/JM3aTOPHOI IIMXTHI OH MOXKET
U3TOTAB/IMBATbCA B BUME LVUIMHApUYE-
CKMX Tab/IeTOK, 9KCTPYHATOB MM B KOJIb-
nesnpHoit popme. Karanmmsarop B popme
Kortel; o6/1afiaeT HUSKUM ra30AyHaMIIde-
CKVM COIIPOTUBJICHVMEM, YTO IIPUBOJUT
K CyIIIeCTBEHHON 9KOHOMUM IIPUPOJHOTO
rasa Ipy SKCIUIyaTalMy arperara CUH-
Te3a amMmmaka. Kpome Ttoro, Obumm mc-
CIeflOBaHBl MMIIOPTHBIE KaTa/ln3aTopbl
mapku Meth-135 (C13-03-3) n Meth-134
(C13-04-4).

Pentrenorpaduyeckue  mccienoBa-
HUA C olpefeneHneM (pa3oBOro cocraba
U JIUCIIEPCHOCTM KPUCTA/UINTOB IPO-
BOOWIM C JICHO/Nb30BaHMeM AMpax-
tomerpa JJPOH-3 (CuKa-msnydenne
¢ rpaduUTOBBIM MOHOXPOMATOPOM Ha
oTpaXeHHOM myuke). [lna mpentndu-
Kauyu ¢as MCrnonb3oBam 6as3y JaHHBIX
MeXIyHapofHOrO KOMUTETa IIOPOII-
KOBBIX JUPAKIMOHHBIX CTaHIAPTOB
(ICDD PDEF-2, 1999 r.). KommiekcHbie
TepMIYecKye UCCIeNOBaHNA OCYIeCTB-
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[IPABIJIO, SIB/LSIETCST YBEMMYEHNUE Ta3001-
HaMMYeCKOTO COIIPOTUBIIEHNS METaHATO-
pa ¥ IOCTeTeHHOE MajfieHNe KaTaluTude-
CKoOJT akTuBHOCTH [12, 13].

[l BbIACHEHMs NPUYMH ITOTO SIB-
TeHMs1 Hamy OBUIM TIPOBEeHEHbl MCCIle-
[OBaHWs, B KOTOPBIX KaTaaM3aTOPBI
METaHMPOBAHUSA OBIIM  HOLBEPTHYTHI
MAaKCYMAa/IbHO >XeCTKOMY BO3[EICTBIUIO
opranmnyeckoro abcopbenta MJIDA.

JANM C IpMMEHeHNeM OITMYeCKOro fie-
puBarorpacda mapku OD-103 (nmuHeitnas
ckopocth Harpesa 5 °C/mun). O6uiyio
VAENbHYI0 MOBEPXHOCTD OIpENe/sIn Mo
HIBKOTEMIIepaTypPHOIl afcopbumu a3oTa
Ha BaKyyMHOJI afiCOpOLIMOHHOI YCTaHOB-
ke. OOIIYI0 IIOPUCTOCTb PACCUUTHIBAIIN
IO JaHHBIM MCTUHHON M Kaxyleiicsa
IVIOTHOCTY. MeXaHudeckass NPOYHOCTb
ompepensnace Ha npubope «MII-2C»
pasfaBnMBaHMeM TpaHyd C IPUIOXKe-
HJEM Harpysku Ha Topel. XMMUYECKUI
COCTaB U KaTaTUTUYECKYI0 aKTUBHOCTDb
B IIpoliecce MEeTaHMPOBAHMSA HA IUIOT-
HOJl ycTaHOBKe npu pasnenuu 3 Mlla
OIIpefie/IsI 110 MeTOAMKAM, IIpUBeJeH-
HpiM B TY 2178-003-00209510.
XUMMYECKNII COCTaB UM KaTaauTude-
CKY10 aKTMBHOCTb B IIpOliecce METaHUPO-
BaHMA Ha MMJIOTHOM YCTaHOBKe NP /1aB-
neryu 3 MIIa onpenensanm 1o MeTOAMKaM,
npuseneHHbIM B TY 2178-003-00209510.
3a Mepy KaTaaUTU4YeCKO} aKTUBHOCTHU
IpMHATA MUHUMaJIbHasA TeMIlepaTypa
(°C), obecneunBanolias 06bEMHYIO OO
CO na BpIxofe He 6omnee 1-107 06.% mpn
maBnenuu 3 MIla, o6beMHOI CKOpOCTHU
4000 4!, 06'beMHOII [j0/I€ B MCXOIHOM
rasze 0,6-0,7 06.% CO mocie npensapu-
TE/ILHOTO IIE€perpeBa KaTajausaTropa Ipu
temiepatype 550 °C B Teyenue 10 u.



O6paboTKy Bcex JMCCIeLyeMbIX Kara-
m3atopoB 50 %-M BOTHBIM PacTBOPOM
abcopbenta MJI9A B IOTOKE a30TO-BOJIO-
pogxroit cvecn (75 06.% H,, 25 06.% N,)
IIPOBOAM/IN HA YCTAaHOBKe, IPUHIVIINAID-
Has cxeMa KOTOpPOII ITpMBefieHa Ha puc. 1.

Ilepen mpoBeneHneM 3KCIIEPUMEHTOB
OCYILIeCTB/IAMM aKTUBALMIO KaTalu3aTo-

Pe3ynbratbl U 06CyXxaeHue

[na ompeneneHus CTeNeHU BO3Jeli-
cTBUSL abCOPOEHTOB Ha KaTaIyM3aTOPBI
ObUIV OIpefie/ieHbl IX OCHOBHBIE VICXOJ-
HbIEe XapaKTepucTuku (Taom. 1).

V3 paHHBIX, IpUBEJEHHBIX B Ta0M. 1,
BUJIHO, YTO VCCIIeflyeMble KaTalnu3aTopbl
VIMEIOT KOHLIEHTPALMI0 aKTUBHOTO KOM-
HoHeHTa B 1epecuere Ha NiO B npeznenax
27-40 macc.%. Oucnepcaoctb NiO B Ka-
ranmusaropax HUAII-07-01 (HKM-1)
n HMAII-07-07 (HKM-7) HaxoguTcs Ha
yposHe 60-80 A. Tloxasarenn o6myeit mo-
PUCTOCTM TIPAKTMYECKM ONMHAKOB JUIA

: . 5
: .
4 : 6
: T
PT l: :
% ‘B aTMocgepy
: t—

LA
Puc. 1. IlpuHnunmanbHasa cxeMa yCTaHOBKY
1711 06pabOTKM KaTanusaTopa B OTOKE
a30Ta MM a30TO-BOJOPOJHOI cMecu
C BOJHBIMI pacTBOpaMy abCcOpOeHTOB:

1 - pactBop MJI9A; 2 — perynaropsl
pacxofa; 3 — MCIapuUTeNb; 4 — peryIaATOp
TeMIIepaTypbl; 5 — peakTop; 6 — KaTaau3aTop

POB B IIOTOKE a30TO-BOJOPOJIHON CMecH
(ABC) npu temneparype 400 °C B Teue-
Hye 5 4. [To okoHUaHMM IIpoLecca aKTu-
Balyy OOpasibl IOABEpramy IpyU TeM-
nepatype 320 °C BO3/eiiCTBUIO BOJHOTO
pactBopa MJI9A B notoke ABC B crnoe
KaTajM3aropa.

BCeX KaTajM3aTOPOB M HAaXOAMTCA Ha
ypoBHe 48-57 %. VIckmoueHue coCTaB-
naer kxatanusarop HUAII-07-07, nna
KOTOPOTO 3HaueHue OOIell IOPUCTOCTI
cocrasysieT 29 %. ITO sB/IeHNE OOBSICH-
eTCsI TeM, 4TO (POpMMPOBaHUE IOPUCTOIN
CTPYKTYPbI 3TOTO KaTa/lu3aTopa IpoNC-
XOIUT B COBMEIIEHHOM IIPOLjecce IIPOKa-
nuBaHMA U akTuBanuyu. ComocTaBieHNe
IaHHBIX 10 00IIIell YebHOI TIOBEPXHO-
CTU TIOKa3bIBAET, YTO BCE KaTaM3aTOPBI
MIMEIOT BBICOKOPA3BUTYIO OOLIYIO yHenb-
HYI0 ITIOBEPXHOCTb. MakcumanbHOe e€
3HaueHue paBHoe 180 M*/T MMeeT KaTasu-
sarop HMATII-07-01 (HKM-1).

MoXHO OTMETUTb 3HAYUTENbHBIN
pasbpoc ms KaTaausaropoB IO Ta-
KOMY IIOKa3aTello, KaK MeXaHudecKas
IIPOYHOCTb, KOTOpas BO MHOIOM OIIpe-
HesieT CPOK CIy)XObl KaTammsaTopoB.
[To sTOMy moOKa3aTemO HambOOMbIlee
IpeJIOYTEHNE MOXKHO OT/laThb KaTaju-
saropy HMAII-07-07 (HKM-7), gnsa xo-
Toporo ee 3HadeHue pasHo 60 MIIa. Ha
BTOPO€ MECTO MOYXKHO IIOCTaBUTD KaTajIu-
sarop HMAII-07-01 (HKM-1) - 29 MI]Ia.
Karanusaropsr Meth-134 u Meth-135 mo
CBOMM IIPOYHOCTHBIM IIOKa3aTeNAM IIpa-
KTUYECKY OfIHAKOBBI.

Anamms ¢$as3oBoro cocraBa ¥ HIMNC-
nepcuocty NiO (tabn. 1) cBupeTenncT-
ByeT O TOM, YTO B KauyecTBE€ OJJHOTO U3
KOMIIOHEHTOB HOCHUTE/IA KaTaln3aToOpOB
Meth-134, Meth-135 u HIMAII-07-07
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(HKM-7) mpumeHseTcs alOMMHATHBIN
nemeHT. Ecnm B KaranmmsaTopax cepuu
HUMAII-07 (HKM) BTOpBIM KOMIIOHEH-
ToM Hocutens spngerca Yy-ALO,, To
B Karanmmsaropax Meth-134 u Meth-135
HPUMEHSIeTCs CMeCh TUAPOOKCH/A alio-
MUHNS B Bufe ero Mopmdukarum «Oe-
mut» (AIOOH) un y-AlO,. lpumenenue
B Karanmmsaropax Meth-134 u Meth-135
TUIPOOKCH/IA ATIOMIHUSA B BUJIE €70 MOJIU-
duxanumu «6eMuT» MPUBOAUT K HELOCTA-
TOYHO ITTyOOKOMY €ro B3ayMOJEICTBIIO
C IIPEeKypCOpOM aKTMBHOI'O KOMIIOHEHTa,
YTO HeM36eXHO OyfieT CKa3bIBaThCs Ha Ka-
TaIUTUIECKON aKTUBHOCTI.

Otnnure mcxofHOro obpasija Kara-
msaropa HMAII-07-07 or HMAII-07-01
(HKM-1), mpoxkanennoro HWAII-07-07
(HKM-7) u xaranmmusaropa mapku Meth
COCTOUT B TOM, YTO €r0 aKTVBHBII KOMIIO-
HEHT HaXOJVTCS B BUJIE€ CTOKHOTO XM~
YeCKOTo CoeauHeHns (TUapOKCOKap6o-

amomuuar Hukens - I'KAH). Axrusa-
1M 3TOTO KaTanu3aTopa, COBMeIjeHHas
¢ pasnoxxenueM I'KAH, npoucxoput npu
6oree HUBKUX TeMIlepaTypax 1 B Oonee
MATKUX YCIOBMAX IO CPaBHEHUIO C APY-
TMMU TIPOMBIIIJIEHHBIMU KaTa/lu3aTopa-
MU, B KOTOPBIX AKTMBHBI/I KOMIIOHEHT
HAXORUTCSI B OKCUAHOM dopme.

Tak Kak KCITyaTanus KaTaausaTo-
POB B IIPOMBIIIJIEHHBIX YCTOBUAX arpe-
raTOB CMHTE3a aMMIaKa OCYLeCTBAeTCA
npu Temneparypax 280-320 °C, B atom
XK€ TeMIlepaTypHOM HHTepBaje Obla
olipefiefieHa TepMMUUYECKas YCTONYMBOCTD
MJI9A, naHHBIE IO KOTOPOII B CIIPaBOY-
HOII nuTepaType OTCyTcTByIOT. C 3TOI
uenpio obpasernr a-AlLO, 6b1 mporm-
TaH [0 COCTOSHMSA HACBIIIEHNUA BOJHBIM
pactBopoM MJIDA, xoTopslil 3aTeM ObLI
UCCIeloBaH JepuBaTOrpaduyeckuM Me-
TofoM aHanu3a. Ha puc. 2 npusefeHa fe-
puBaTorpaMma JaHHOTO 0oOpasiia.

Tabmuna 1

Dusnko-MexaHmndeckue 1 GUNKO-XUMIUECKIe XapaKTePUCTUKI MCXORHBIX KaTanu3aTopoB
MeTaHUpoBaHKA: I — mOpucTOCTD, SyA — yAenIbHasA IOBEPXHOCTD,
LNiO - gucnepcHocTb yactuy NiO

Mexanu- Xum. cocras,
Ha- o
Teomerpu- JecKas % Macc.
ChIITHAA
Mapka kara- YyecKue MPOYHOCTD, | Syp,., | I1, Lyo
mwioT- | i ol POA N
JM3aTropa pasmepbl, HOCTS aHa | M/t | % A
MM ) ; Toper ALO, | CaO
KEa Pcp./Pmm
HMAII-07-01 | Tabnerka y-ALO,, NiO,
(HKM-1) 655 1,08 29/20 180 | 57 rpachut 60 [33,6| 61,3 -
I'KAH, rpadur,
HIAII-07-07 | Tabnmerka CaCO, (aparonur) —
3 -
(HKM.7) 65 1,2 60/52 102 |29 mazo, AI(OH),, 30,3 252 | 7.9
Ca0-2A1,0, - mamo
H](/II—IIXI?I\_/IO-77-)07 TabrneTka NiO, y-ALO,,
S —— 65 1,1 49/32 160 | 53 Ca0-ALO,, 75 1303 - -
450 °C Ca0-2AL,0,, rpadur
NiO, AIOOH
Meth-134 lapuk ’ ’
(C13-04-4) d=43 0,95 8/4 150 | 48 y-ALO,, CaCO, 80 |27,2| 57,3 | 10,0
(6emuT)
NiO, AIOOH
Meth-135 [Mapuk ’ .
(C13-03-3) d=53 0,99 6/1 120 | 54 y-ALO,, CaCO, 80 |40,4| 42,9 | 11,2
(6emur)
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Puc. 2. lepusatorpamma obpasia a-AlLO,,
IIPOIIMTAHHOTO {0 COCTOSTHVSI HACBIIEHNS
pactsopoM MJI9A

Ha pepuBarorpamMme MMeIOTCA HBa
SIpKO BBIpaKeHHBIX 3ddekra ¢ xa-
PaKTepUCTUYECKMMHU  TeMIlepaTypamu
Tmax =100 °C n Tmax = 210 °C, xoTopble
COOTBETCTBYIOT yHa/leHMI0 13 obpasia
(usnyecky CBA3aHHON BJIaTM ¥ Pa3jo-
sxeHuio MJIDA. Ilpouecc pasnoxeHMs
MJI9A B cpefie BO3IyXa COIPOBOXK/AeT-
cs1 ybbUIbio Maccel. HaumHaeTcs: OH mpu
temiepatype 150 °C, a ero Makcumanib-
HasA CKOpoCTb jgocturaerca mpu 210 °C.
3akaH4yMBaeTcs pasnoxeHue MIIDA npu
300 °C.

I onpenenenys ONTNMaNbHON TeM-
neparypsl aKTMBAaLMM KaTaaM3aTOpPOB
OB TIPOBeNEHbI MCCTIEHOBAHM TeMIIe-
paTypHO-IIPOrPaMMIPOBAHHOTO BOCCTa-
HOBJIeHMA. DbITIO YCTaHOBJ/IEHO, YTO 9TOT
Ipollecc ABJIAETCA MHOTOCTAJVITHBIM.
Kpome Toro, 6n10 06HapyXeHO, 4YTO
katammsarop HIAII-07-07 (HKM-7)
akTuBupyercss ~ Ha 100 °C HIDKe Bcex
MICCTIENOBAHHBIX 00pasuoB. PeHTreHo-
rpa¢udeckie [FaHHBIE IIOKA3ajIM, YTO
npu Temmeparype 400 °C mpoucxoput
NpaKTU4ecky nonHas akTusanus. Coro-
CTaBJIeHMe JJAHHBIX 110 fuctepcHocTy Ni
CBUJETENbCTBYET O TOM, YTO OHa /1A BCeX
MICCIIelyeMbIX KaTalIn3aTopoB MpaKTuyde-
CKM OfJTHAKOBa M HAXOfUTCA B IIpefesax
60+80 A.

B tabn. 2 mpuBepeHb QUSUKO-MeXa-
HIgecKue U QU3UKO-XMMUYECKIe XapaK-
TEPUCTUKN aKTUBUPOBAHHBIX MJCCIIEAY-
eMBIX KaTa/lM3aTOpOB MeTaHUPOBAaHUA
C TIOCIIENYIONIM BO3JENCTBMEM Ha HUX
BofiHOrO pacTBopa MJI9A B motoke ABC,
a TaKkXKe MX KaTaJuTU4YecKas aKTUBHOCTD
B IIpollecce METaHMPOBAaHUA. XapaKTep-
HOJf OCOOEHHOCTBIO 9KCIIEPMMEHTOB IO
BO3JIEMICTBMIO BOJHOTO pacTBopa MJI9A
Ha aKTMBUpPOBAaHHBbIE KaTalM3aTOpPbl Me-
TaHUPOBaHMA OBLIO TO, YTO B HAaYa/IbHbII

Tabnuua 2

DusnMKo-MexaHIIecKue 1 GpU3NKO-XUMIIeCKIEe XapaKTEPUCTHUKY KATaIM3aTOPOB
MeTaHMpOBaHus noce o6padorkn MDA

AXTUBHOCTb, T‘1 ,°C
Manxa Mexannyeckas -
P npouHocTs, MITa | Sym., M/t | TI, % PDA VICXOTHBIX Iocre
KaTa/l13aTopa P /p BO3MEHCTRHS
nHaTopen P /P o6pasios
MII2A
HMAII-07-01 NiO, Nj, rpa¢ur,
HKM-1 27/19 155 54 V-ALO, 160 165
HVATI-07-07 NiO, Ni, y-AL0,,
HKM-7 4735 1681 41 202410, CaCO, 165 170
Meth-134 NiO, Ni, y-ALO,
(C13-04-4) 5/3 120 50 CaCo, 180 180
Meth-135 Ni, NiO, y-ALO,,
(C13-03-3) 5/2 66 57 CaCo, 175 180
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nepuop, nogaun MJIDA B motoke ABC
HaOJII0fla/ICsI POCT TEMIIEpPaTyphl B CJIOe
KaTa/ln3aTopa, 4To CBA3aHO C TACCUBUPY-
IOLIVM JIe/ICTBIEM BOJSTHOTO Mapa, obpa-
3YIOIIET0CA IPY UCTIApEHN BOJHOTO pac-
tBopa MJIDA. Ananus gudpaxrorpamMm
MOATBEPAVII YTO, B JAHHOM C/Iy4ae Ipo-
MCXOIUT IacCUBAIUsl aKTUBHOTO KOM-
noHeHTa Ni U oIpefieieHHas €ro 4acTb
BBIBOJIUTCS M3 KaTaIUTUYECKOro IIpo-
recca. CBUIETETBCTBOM 3TOTO SIBJISIETCS
Ham4aue B a30BOM COCTaBe aKTUBUPO-
BAaHHBIX KaTajM3aTOPOB, TOJBEPTHYTHIX
BO3[IeJICTBUIO BOJHOTO pacTBopa MDA
B notoke ABC, ¢as Ni u NiO. CoorHo-
meHyre 3TuX ¢as, Mo BCeil BUAUMOCTH,
3aBICUT OT CTETIEHN BOCCTAHOBJIEHHOCTH
U OT COfiep>KaHMs MeTA/INIeCKOTO HIKe-
711 B K&XIOM KOHKpETHOM KaTausarope.
Vicxopst u3 aToro, 06pasupl mepey npose-
IeHIeM VICIIBITAHUIT aKTUBHOCTU ObUIN
IIpeJBapUTENIbHO BOCCTAHOBJIEHBI IIPU
400 °C B TeueHne 8 u.

ITo mauabiM P®DA, MJI9A He oka-
3bIBa€T XMMMYECKOTO BO3JENCTBUSA Ha
HOCUTENM MCCIENYEMBIX KaTanu3aToOpoOB
MeTaHupoBaHyA. OfHAKO B CBA3M C TeM,
910 MJ/IDA (TpeTHYHBII aMWH) SIBIA-
eTcsi afiCOpOIIOHHO-aKTUBHBIM  Bellle-
CTBOM, OH MOXXET HEraTMBHO CKa3aTbhCs
Ha CBOJICTBAaX KaTa/lM3aTOPOB, U B Iep-
BYIO Oodepeflb Ha TaKMUX €r0 XapaKTepu-
CTMKAX, KaK MeXaHU4ecKas MPOYHOCTD,
obuias yhenpHas IOBEPXHOCTb, IOPHU-

BoiBoAbI

KommekcoM usnko-mMexaHUIECKUX
" (PUBMKO-XMMUYECKNX METOJOB MCCIIe-
moBaHbl xapakrepuctuku Ni-Al karamu-
saropa HMATII-07-01 (HKM-1) u Ni-ue-
MEHTCOZIEPKALINX KaTaTM3aTOPOB MAaPKI
HUATI-07-07 (HKM-7), Meth-134 (C13-
04-4) u Meth-135 (C13-03-3) kak ucxop-
HBIX KaTa/ln3aToOpOB, TaK U aKTUBUPO-
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CTOCTb M KaTaluTN4yecKass aKTMBHOCTD.
PesynbraTel mccnenoBaHMil, IpUBeNEH-
Hble B Ta0J. 2, IIOKa3bIBAIOT, YTO IOCIIE
BO3JIJICTBY Ha aKTVBMPOBAaHHBIE Ka-
Ta/N3aToOpbl BOJHOTO pacTBopa MJIDA
¢ ogHOBpeMeHHbIM IToTokoM ABC npon-
301110 He3HAYNTeIbHOE CHYDKEHMe MeXa-
HIYECKOI1 IPOYHOCTH 1 001Lell YIeTbHO
MOBEPXHOCTH. VICKTIOueHme cocTaBiAeT
karammsarop HUAII-07-07 (HKM-7),
y KoToporo (GopMuUpOBaHNE TEKCTYPBI
IPONMCXOIMT B IIpoIecce aKTUBALNN.
O61as HOprUCTOCTD IS BCeX 00pasijoB
IpaKTUYecKy OfiMHakoBa. IIpomsomum
u3MeHeHMsI B pa30BOM COCTaBe, CBSI3aH-
HBIe C IPOLIECCOM IacCMBALIMY KaTasu-
3atopoB. CpaBHeHNe HaHHBIX IO Kara-
JINTUYECKOV aKTMBHOCTH, IIOMTy4EeHHBIX
B JAHHOM O9KCIEpVMeEHTe, IIOKa3bIBaeT,
YTO KaTa/lM3aTOpPbl, IOJBEPTHYTbIe IIPK
320 °C BO3[eliCTBUIO BOIHOTO PAacTBOpa
MJI9A B noroke ABC mocne npefsapu-
TeJTPHOM aKTUBAINY, IIPAKTUYECKU He
TEPSAIOT CBOMX KaTaTMTUYECKNX CBOJICTB.
JlaHHBINI ITOKa3aTe/lb XOPOIIO COIOCTa-
BMM CO 3HAUeHMSAMM aKTMBHOCTM (IO
TY 2178-003-00209510-2006) xaTamu-
3aTOPOB METaHMPOBAHMUA, UMEIONINX
cofiep)kaHMe AaKTMBHOTO KOMIIOHEHTa
(NiO) ot 31 710 40 %. [In151 KaTannu3aTopoB
C TaKUM COZepKaHMeM aKTMBHOTO KOM-
IIOHEHTa KaTa/JMTH4ecKad aKTUBHOCTD
HaxopuTcsA B mpefenax ot 170 go 200 °C.

BAaHHBIX C TOCNIEAYIOLUIM BO3JeiiCTBIEM
Ha HMX BOJHOro pactBopa MJIDA B mo-
toke ABC. Vccnemyemble KaTammsaTo-
PBI TIOCTIe BO3ENCTBMA HAa HUX BOHOTO
pactBopa MJIDA B motoke ABC mpa-
KTUYECKM COXPAHAIT BBICOKME 3Hade-
HUA MeXaHMYeCKON IIPOYHOCTHU, oOIell
VOE/NbHOJ TOBEpXHOCTH, IOPUCTOCTU



U KaTaTUTUIECKOI aKTUBHOCTY, KOTOpast
HaxoauTcs Ha yposHe 165-180 °C. Ycra-
HOBJICHO, YTO aKTVBHbIT KoMIOHeHT (Ni)
B KaranmsaTopax, obpaboranHbix MIIDA
C TocTenyomlelt akTUBanyel, HAXOAUTCS
B JIUCIIEPCHOM COCTOSIHUM, 4YTO IIpefo-
IpefensdeT UX BBICOKYIO KaTaTUTUIECKYI0
aKTUBHOCTb. B mpoliecce BO3meiicTBUA
Ha aKTUBMPOBAHHbIE KaTa/NN3aTOPbI IpU
temiiepatype 320 °C BogHOTrO pacTBopa
MJ3A B notoke ABC mpoucxomut mux
maccuBanusa. MeTomoM TeMIlepaTypHO-
IpPOrpaMMMPOBAHHOIO BOCCTaHOB/IEHUA
YCTaHOB/IEHO, 4YTO IOBEPXHOCTb KaTa-
nusaTopos Omokupyercst MJIDA. Oto
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Study and optimization of the synthesis routine of the
single phase YBaCo,0, ;. double perovskite

The chemical interaction of YCoO, , and BaCoO, , with formation of double
perovskite was studied depending on temperature and oxygen partial pressure.
The stability of YCoO, was shown to have a crucial influence on the kinetics and
mechanism of YBaCo,0, , formation. It was found that at 1000 °C in air, i.e.
under conditions when YCoO, is unstable, the double perovskite YBaCo,0_, is
formed much slower compared to the pure oxygen atmosphere where YCo0; is
stable at the same temperature. Thus controlling YCoO, stability was shown to

be the factor of key importance for optimal preparation of the YBaCo,0, , single

phase.
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Introduction

Complex oxide YBaCo,O,
with double perovskite structure has been
extensively investigated in recent years as
a promising material for oxygen mem-
branes [1, 2] and solid oxide fuel cells
(SOFCs) [3, 6, 7,9, 12] due to high mixed
ionic-electronic conductivity [12] and
moderate thermal expansion comparable
to that of the state-of-the art SOFC elec-
trolytes [3]. However, YBaCo,O,; is un-
stable in air at temperatures between 800
and 850 °C [13] and decomposes to mix-
ture of the simple perovskites YCoO, ,

and BaCoO, ,, which are more thermody-

Experimental

Taking into account that synthesis of
YBaCo,O,_, proceeds through the forma-

namically stable under these conditions.
This significantly impedes obtaining a
single phase material. Moreover, a syn-
thesis routine, which could be provided
the single phase YBaCo,O, , obtaining,
has not been discussed in literature so
far. The lack of the appropriate data also
inhibits a commercial application of the
YBaCo,O, ; based materials.

Therefore the main aim of the cur-
rent work was to study a formation of the
YBaCo,O,_; double perovskite at 900 and
1000 °C in different gas atmospheres in
order to optimize its synthesis routine.

tion of intermediate phases of YCoO, ,
and BaCoO, ; like other double perovs-
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kites LnBaCo,O, , [14] as well as that a
synthesis routine for these intermediate
phases has been already described in lite-
rature [15, 16] we selected YCoO, , and
BaCoO, ; as starting reagents for prepara-
tion of the YBaCo,O, , double perovskite.

Powder samples of YCoO, ,, BaCoO,
were synthesizes by means of glyserol-
nitrate technique, using Co, Y,O, and
BaCO, as starting materials. All the ma-
terials used had a purity of 99.99 %. Me-
tallic Co was obtained by reduction of
Co,0, (purity 99.99 %) in H, atmosphere
at 600 °C. Y,O, and BaCO, were prelimi-
nary calcined at 1100 °C and 600 °C, re-
spectively, in air for two hours in order
to remove adsorbed H,O and CO,. Stoi-
chiometric mixture of starting materials
was dissolved in concentrated nitric acid.
Then the required quantity of glycerol as
a complexing and reducing agent was ad-
ded to the obtained solution. Afterwards
the solution was evaporated to dryness,
and resulted dry powder was pyrolyzed.
The product of pyrolysis was put in a cru-

YCoOs

3000
2000 -

1000

Intensity

0 L [NV O L U O e L O A W U T

]

el Mbrbon s vty oo

20 ;ﬂ 4‘0 5‘0 6'0 70
20()

Fig. 1. X-ray diffraction pattern and its
matching refinement plot of YCoO, :
observed X-ray diffraction intensity — points
and calculated curve (x> = 1.62) - line. The
bottom curve is the difference of patterns,
Vb, — Vo,p and the small bars indicate the
angular positions of the allowed Bragg
reflections
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cible and calcined in a furnace. The final
calcination was carried out at 1100 °C in
air for two hours C for BaCoO,  and at
900 °C for YCoO, . Phase composition
of the as-prepared powder samples was
confirmed by X-ray diffraction using Shi-
madzu XRD-7000 diffractometer (CuKa
radiation, 20<26, °<90). X-ray diffraction
patterns of the as-synthesized YCoO, ,
and BaCoO, ; are shown in Figs. 1 and 2.
The results of the structureless Le Bail
fitting are also shown in Fig. 1 and 2. It
should be noted that the X-ray diffrac-
tion pattern of BaCoO, was interpreted
as a mixture of two compounds: BaCoO,
and BaCoO, , (see Fig. 2). The refined cell
parameters of the prepared compounds
given in Table 1 are in a good agreement
with those reported in literature.
Synthesis of YBaCo,O , was stu-
died by annealing equimolar mixture of
YCoO, ; and BaCoO, , for 72h (6 steps
with duration of 12 h at each step) at
temperatures 900 and 1000 °C in atmos-
pheres with oxygen partial pressure (pO,)

BaCoOs
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Fig. 2. X-ray diffraction pattern and its
matching refinement plot of BaCoO, :
observed X-ray diffraction intensity - points
and calculated curve (x> = 1.87) - line. The
bottom curve is the difference of patterns,
Y. ~ V.p and the small bars indicate the
angular positions of the allowed Bragg
reflections for BaCoO, (blue lines) and
BaCoO, , (red lines)



0.21 and 1 atm with intermediate mixture
regrinding in agate mortar. Phase compo-

sition of the samples after each step of an-
nealing was controlled by XRD.

Table 1
Crystallographic parameters of synthesized cobaltites in comparison with literature data

Compound | Space group a*, A b*, A ¢t A Reference

5.139 5.419 7.365 this work
YCoO, Pbnm 5.137 5.420 7.364 [17]
5.132 5411 7.360 [18]

5.683 5.683 4.552 this work
BaCoO, P-6m2 5.645 5.645 4.752 [19]
5.652 5.6525 4.763 [20]

5.666 5.666 28.494 this work
BaCoO,, | P63/mmc 5.665 5.665 28.493 [16]
5.671 5.671 28.545 [21]

* uncertainty +0.001 A.

Results and discussion

Fig. 3 shows XRD patterns of the
YCoO, ,+BaCoO, ; equimolar mixtures
annealed at 900 °C in air (pO, = 0.21 atm)
and pure oxygen (pO, =1atm) for 72 h. As
seen annealing neither in air nor in oxy-
gen atmosphere leads to formation of the
single phase YBaCo,O_ , at least for this
time of annealing.

Moreover XRD pattern of the mixture
annealed at 900 °C in pure oxygen atmos-
phere does not show any indication of the
chemical interaction between the reagents
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Fig. 3. XRD patterns of YCoO, ;and
BaCoO, , equimolar mixtures after annealing
in air (a) and pure oxygen (b) at 900 °C for
72h

and formation of YBaCo,O, ; double pe-
rovskite whereas annealing in air leads to
formation of significant amount of this
double perovskite (see Fig. 3). Possible
reason of this difference seems to be rela-
ted to the instability of YBaCo,O_ , oxide
under oxidizing conditions at tempera-
tures lower than some threshold value
[11-13].

Figs. 4 and 5 show XRD patterns of the
YCoO, ; and BaCoO, ; equimolar mix-
tures annealed at 1000 °C in air (pO, =
0.21 atm) and pure oxygen (pO, = 1 atm)
for 72 h. As seen annealing in air also did
not lead to the formation of the single
phase double perovskite. Y,0,, BaCoO,
and CoO can be identified as impurities
in the X-ray diffraction pattern shown in
Fig. 4. The presence of these impurities is
a consequence of instability of the YCoO,,
which decomposes in air at T > 900 °C
with formation of Y,0, and CoO [11-13,
22, 23]. Similar behavior is well-known
for the perovskite-type cobaltites with
small rare-earth elements [24, 25].

Therefore formation of YBaCo,O,, at
1000 °C in air seems to proceed according

185



to the two-stage process. First YCoO, de-
composes into Y,0, and CoO upon heat-
ing of the equimolar mixture of YCoO,
and BaCoO, ; up to 1000 °C in air

YCoO, =Y 0, + CoO + %40.,. (1)

Then a mixture of Y,0,, BaCoO, and
CoO slowly reacts at 1000 °C with forma-
tion of the required double perovskite

1%Y,0, + BaCoO, ;+ CoO =
=YBaCo, O, , + %4O0.,. (2)

At the same time annealing the
YCoO, , and BaCoO, ; equimolar mix-
ture at 1000 °C in oxygen for 72 h leads to
formation of the single phase YBaCo,O,
as seen in Fig. 5 where appropriate XRD
pattern is shown. This pattern was refined
as a mixture of two phases having 3x2x2
and 1x2x2 superstructures. The former
has tetragonal structure (s.g. P4/mmm)
with cell parameters a = b = 11.596(4)
A and ¢ = 7.509(7) A whereas the latter
has orthorhombic structure (s.g. Pmma)
with cell parameters a = 3.821(4) A b=
7.846(2) A, ¢ = 7.515(8) A in full agree-
ment with available structural data [5, 7,
12, 26, 27].

Detailed step-by-step investigation of
the YBaCo,O_ , synthesis in oxygen at

276-8
this temperature revealed that the result-

- Y203
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Fig. 4. XRD pattern of YCoO, , and
BaCoO, , equimolar mixtures annealed in
air at 1000 °C for 72 h
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ant mixture at each step except last one
contained BaCoO, ;, Y,O,, CoO, YCoO,
and the product YBaCo,O, . This result
can be understood, first of all, based on
the analysis of the thermodynamics of re-
action Eq. (1). Although for this particu-
lar reaction thermodynamic functions are
unknown similar reactions for Ho- and
Er-contained cobaltites have already been
studied in this respect [24, 25]. Required
thermodynamic data for them are given
in Table 2. As seen HoCoO, decomposi-
tion starts at 1051 °C in air whereas Er-
CoO, decomposes already at 866 °C in the
same atmosphere. YCoO, as mentioned
above is somewhere between these two
compounds since its decomposition in
air starts at 900-950 °C [11-13, 22, 23].
Therefore standard enthalpy and entropy
of reaction Eq. (1) for YCoO, may be
roughly estimated by averaging corres-
ponding standard enthalpies and entro-
pies for Er- and Ho-containing cobaltites.

The thermodynamic quantities of re-
action Eq. (1) obtained in this way are also
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Fig. 5. X-ray diffraction pattern and its
matching refinement plot of YBaCo,O,
obtained by annealing at 1000 °C in
oxygen for 72 h: observed X-ray diffraction
intensity — points and calculated curve -
line. The bottom curve is the difference
of patterns, y, — ., and the small bars
indicate the angular positions of the allowed
Bragg reflections for YBaCo,O, , with
3x2x2 superstructure (blue) and 1x2x2
superstructure (red)



shown in Table 2. They allow estimating
corresponding equilibrium decomposi-
tion temperatures for YCoO, in air and
oxygen. As seen in Table 2 this estima-
tion gives 953 °C as the decomposition
temperature of YCoO, in air, which is in
line with that reported earlier [11-13, 22,
23]. The value of decomposition tempera-
ture in oxygen is around of 1060 °C. Tak-
ing into account that this is only a very
rough estimation one may expect the real
decomposition temperature for YCoO,
in oxygen in the range of 1000-1100 °C,
i.e. during annealing of the YCoO, , and
BaCoO, ; equimolar mixture at 1000 °C
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Fig. 6. XRD patterns of YCoO, ;and
BaCoO,_; equimolar mixture step-by-step
annealed at 1000 °C in pure oxygen

Table 2
Thermodynamics of reaction Eq. (1) for the selected cobaltites at 927 °C
AH®, kJ-mol™ | AS°, J-mol-K™! T, °C T, °C Reference
HOCOO3 44.88 30.63 1051 1192 [24, 25]
ErCoO, 51.34 41.3 866 970 [24, 25]
YCoO, 48 36 953 1060 Estimated in this work

* Equilibrium temperature for RCoO, (R =Y, Ho, Er) decomposition in air
** Equilibrium temperature for RCoO, (R =Y, Ho, Er) decomposition in oxygen

in pure oxygen atmosphere its first com-
ponent is in equilibrium with oxides
Y,0, and Co O. Therefore synthesis of
the YBaCo,O, ; double perovskite under
these conditions can be described by the
following parallel reactions
YCoO, + BaCoO, = YBaCo,O, (3)
%Y 0, + CoO + %40, =YCoO,  (4)
The equilibrium of reaction Eq. (4) is
shifted to the right due to consumption of
YCo0O, as a reagent of reaction Eq. (3).
Comparison of the results of synthe-
sis at 1000 °C in two atmospheres, i. e. air
and oxygen, shows that in the second case
formation of the double perovskite occurs
apparently faster. One may speculate on
the reasons of the observed positive influ-
ence of high oxygen pressure. Intuitively

it seems quite expected that the combi-
nation (or interaction) of two ‘simple
perovskites  representing  elementary
‘building’ units of the double perovskite
structure is a faster process then a com-
bination of barium cobaltite with two oxi-
des. Significant diffusion difficulties are
quite expected in the last case. However
the exact reasons and detailed microsco-
pic mechanism of an interaction in oxy-
gen or air atmosphere should be studied
in order to make meaningful conclu-
sions. We only would like to emphasize
once again the key role, which thermo-
dynamic stability of YCoO, plays in the
optimization of synthesis routine for the
YBaCo,O,_; double perovskite.
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Conclusions

Synthesis of YBaCo,O, , from equimo-
lar mixture of YCoO, and BaCoO, , was
studied at 900 °C and 1000 °C in air and
pure oxygen atmosphere. It was shown
that synthesis at 1000 °C in pure oxygen
atmosphere is an optimal way of obtain-
ing the single phase YBaCo,O_ .. Detailed

276-8"
step-by-step investigation of the synthe-

sis was carried out at 1000 °C in pO, = 1
atm. The mechanism of YBaCo,O_ , syn-
thesis in different gas atmospheres was
proposed based on thermodynamics of
YCoO, and crucial role of this oxide sta-
bility in governing of the synthesis pro-
cess was revealed.

10.

11.
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Solubility and phase equilibria
in the Na, Ca || CO,, HCO,.-H,0 system at 0 °C

The information on phase equilibria in the Na,Ca || CO,, HCO,-H,0 system
at 0°C, predicted earlier by the translation method, has been obtained ex-
perimentally. Dependences of the concentration parameters reflecting phase
equilibria are presented in the form of geometric patterns on the solubility
diagram for the system studied. The diagram of solubility of the investigated
system at 0 °C is constructed for the first time, in which the contours of the
crystallization fields of individual phases are outlined, the conditions for their
co-crystallization in the form of curves and points are determined.
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PacTBopuMocTb 1 ha3oBble paBHOBeCHS
B cucteme Na, Ca || CO,, HCO,-H,0 npu 0°C

JKCNepUMEHTANIBHBIM MYTEM MOJyYeHbl CBEAEHNS 0 (DA30BLIX PABHOBECUSIX B
cucteme Na,Ca || CO,, HCO,-H,0 npu 0 °C, nporHo3npoBaHHbie paHee MeTooM
TpaHcnsumm. MapameTpbl KOHLEHTPALMOHHLIX 3aBUCMMOCTEN, oTpaxarowye da-
30Bble PaBHOBECUs, NPEACTABIEHbl B BULE rEOMETPUUECKUX 06pa3oB Uccieno-
BaHHOW cucTeMbl. Bnepseble nocTpoeHa Anarpamma pacTBOpPUMOCTU UCCIIE[0BaH-
Ho cuctemsl npu 0 °C, B KOTOPOI 0YepyeHbl KOHTYpbI NOMEeN KpucTanimnsaumm
OTAeNbHbIX (ha3, OnpeaeneHbl YCI0BKS UX COBMECTHON KpUCTaM3auymm B BUde
KPVBbIX M TOYEK.

KnioueBble cnoBa: pacTBOpUMOCTb; PaBHOBECME; XuaKkas (has3a; XMMUYECKWUA aHanu3; Kpu-
CT/INOONTUYECKU aHaNW3; AuarpaMma; reoMeTpudeckue o6pasbl.

© Soliev L., Dzhumaev M. T., Dzhabborov B.B., 2017
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Introduction

The studied four-component Na, Ca ||
CO,, HCO,-H,O system is an integral
part of the more complex six-component
Na, Ca|| SO,, CO,, HCO,, F-H, O system.
The phase diagram of the latter system
provides the conditions for the utilization
of liquid wastes in the aluminum produc-
tion. Sewage from the cryolite regene-
ration departments of aluminum plants
contains fluorides, carbonates, hydrogen
carbonates and sulfates of sodium and
calcium [1, 2]. The processes of salt crys-
tallization and salt dissolution in aqueous
solutions of these wastes are determined
by the regularities of phase equilibria in
the six-component Na, Ca || SO,, CO,,
HCO,, F-H,O system, as well as in five-
and four-component its constituent sys-
tems.

Experimental

Following reagents were used as start-
ing materials: NaHCO, («chemically
pure» grade), Na,CO, («pure» grade);
CaCO, («pure» grade), and Ca(HCO,),
(«chemically pure» grade). Experiments
were performed using so-called «satura-
tion method» [6].

Based on the available reference data
[4, 5] the mixtures of precipitates with
saturated solutions that corresponded

to the non-variant points from the
three-component  systems: ~ Na CO,-
NaHCO,-H,0;  Na,CO,-CaCO,-H,0;
NaHCO,-Ca(HCO,),-H,0 and CaCO,-
Ca(HCO,),-H,0O constituting the four-
component system under investigation
have been prepared first. Then using afore
mentioned translation approach [3] that
transfers the non-variant points from the
three-component section to the four-com-
ponent section the prepared saturated so-
lutions with the correspondent equilibrium

192

The present work has aimed to study
the solubility in the Na, Ca || CO,, HCO,-
H,O system at 0 °C in order to establish the
concentration parameters of geometrical
images and separation of the crystalliza-
tion fields of individual equilibrium solids
in the phase diagrams. The phase equilibria
of the investigated system were established
by the translation method earlier [3], and
its phase diagram was constructed.

The equilibrium solid phases in the
studied system at 0 °C are: calcite CaCO,
denoted further as (Cc); hydrogen-
ated sodium carbonate Na,CO,-10H,O
denoted further as (C10); geylussite
Na,CO,-CaCO,-5H,0 denoted further as
(GD); nahcolit NaHCO, denoted further as
(Nh) and calcium bicarbonate Ca(HCO,),
denoted further as (Cbc) [4, 5].

solid precipitates were kept in a thermostat
at 0 °C under stirring until equilibration.
Thermal stabilization was performed in-
side a LT-TWC/22 ultra-thermostat. Stir-
ring was performed using a PD-09 mag-
netic stirrer for 50-120 h. Temperature was
maintained with an accuracy of £0.1°C
using a contact thermometer. The crys-
tallization of solids was monitored with a
POLAM-R311 microscope. After equilib-
rium in the system was achieved, equilib-
rium solid phases were photographed with
a Sony-DSC-S500 digital camera.

A Buchner funnel with an ash-free
filter paper (Blue Band) connected to a
vacuum pump has been used for separa-
tion of the liquid phase and solid phase.
The precipitate after filtration was washed
with 96 % ethanol and then dried at
120 °C. A chemical analysis of products
was performed according to the standard
techniques [7-9].



Results and discussion

The results of crystal-optical analy-
sis of equilibrium solid phases (micro-
graphs), employing the method described
in [10], are shown in Fig. 1. The results of
chemical analysis for the saturated solu-
tions are listed in Table 1.

Based on the obtained result the so-
lubility diagram for the Na, Ca || CO,,
HCO,-H,0O system at 0°C has been con-
structed (Fig. 2). The location of non-
variant points on the diagram, which are
belonging to the three-component section
(E;) and to the four-component section
(E,),where n - is the point number, were
determined by the center of mass me-
thod [11].

Fig. 2 represents the general part (a)
and the salt part (b) of the solubility dia-
gram for the Na, Ca || CO,, HCO,-H,0

system at 0 °C, illustrating the mutual ar-
rangement and relative sizes of the crys-
tallization fields of the correspondent
equilibrium phases.

As can be seen from Fig. 2, the crystal-
lization fields of calcite CaCO, (Cc) and
calcium bicarbonate Ca(HCO,), (CHC)
occupy a considerable area in the diagram
that indicate low solubility of these salts
at the studied condition. A comparison
of obtained results for the solubility value
in the Na, Ca || CO,, HCO,-H,O system
at 0 °C, studied in the present work, and
at 25 °C reported earlier [12] shows the
general tendency of its decrease with the
decrease of temperature.

The description of the geometric ima-
ges (fields, curves, and points) that have
shown in Fig. 2 is listed in Table 2.

Table 1
The solubility values for the nodal (non-variant) points
in the Na, Ca || CO,, HCO,-H,O system at 0 °C
The composition of liquid phases, wt % The phase
Point composition
Na,CO, NaHCO, CaCO, Ca(HCO,), H,0 of precipitates
€ 6.570 - - - 93.4300 C10
e, - 6.490 - - 93.5100 Nh
e, - - 0.0031 - 99.9969 Cc
e, - - - 0.144 99.8560 Cbc
E; 5.60 4.610 - - 89.790 C10 + Nh
E; 12.00 - 0.0048 - 87.9952 C10 + Gl
E; 4.30 - 0.0046 - 95.6954 Gl + Cc
Ei - 4.890 - 0.109 95.001 Nh + Cbc
Eg - - 0.0014 0.083 99.9156 Cc + Cbc
Ef 6.167 2.443 0.0065 - 91.3835 C10 +Nh + Gl
E;‘ 5.904 - 0.0057 0.308 93.7823 Cc + Gl + Cbc
E§ 5.510 5.896 - 0.190 88.4040 Nh + Cbc + Gl
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Fig. 1. Micrographs of equilibrium solid phases in the Na, Ca || CO,, HCO,-H,O system at
0°C:1-Cl10,2-Gl3-Cc,4-Cbc,5-Nh,6-C10+ Gl 7 - Gl + Cc, 8 - Cc + Cbc,
9 - Cbc +Nh, 10 - C10 + Nh, 11 - Cc + Gl + Cbc, 12 - C10 + Gl + Nh, 13 - Nh + Gl + Cbc
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Table 2

Description of the geometric images contents in Fig. 2

Notation of the
geometric images

Content

e, Solubility of sodium carbonate in water
e, Solubility of sodium bicarbonate in water
e, Solubility of calcium carbonate in water
e, Solubility of calcium bicarbonate in water
B Co-crystallization point for C10 + Nh in the Na,CO,-NaHCO,-
! H,O system
B Co-crystallization point for C10 + Gl in the Na,CO,-CaCO,-H,0
? system
B Co-crystallization point for Gl + Cc in the Na,CO,- CaCO,-H,0
} system
B Co-crystallization point for Nh + Cbc in the NaHCO,-Ca(HCO,),-
4 H,O system
B Co-crystallization point for Cc + Cbc in the CaCO,-Ca(HCO,),-
> H,O system
B Co-crystallization point for Nh + C10 + Gl in the Na, Ca || CO,,
! HCO,-H,O system
B Co-crystallization point for Gl + Cc + Cbc in the Na, Ca || CO,,
? HCO3-H,0 system
B Co-crystallization point for Gl+Cbc+Nh in the Na, Ca || CO,,
: HCO,-H,O system
B _E Co-crystallization curve for C10 + Nh in the Na,CO,-NaHCO,-
b H,0 system
B _E Co-crystallization curve for C10 + Gl in the Na2CO3-CaCO3-
> H20 system
B _E Co-crystallization curve for Cc + Gl in the Na2CO3-CaCO,-H,0
P system
B _E* Co-crystallization curve for Cbc + Nh in the NaHCO,-
L0 Ca(HCO,),-H,0 system
B _E Co-crystallization curve for Cc + Cbc in the CaCO,-Ca(HCO,),-
> H_O system
E}Na,CO,EJE/E] |Cl10 crystallization field
E;NaHCO, EJEJE/E; |Nh crystallization field
EJE/EIEIEIE] Gl crystallization field
E;CaCO,EIESE] | Cc crystallization field

EIESEIE; Ca(HCO,),E:

Cbc crystallization field
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Beepenue

Vccnenyemass  4eTBIPEXKOMIIOHEHT-
Has cucrema Na, Ca || CO,, HCO-H,0
ABJIAETCA COCTAaBHONM 4YacTblo Oonee
CJIO>KHOJ1 IIeCTUKOMIIOHEHTHOJ CHCTEMBI
Na, Ca || SO,, CO,, HCO,, F-H,O cocTo-
sHusA (HasoBbIX PABHOBECHIT, B KOTOPOIT
OIPENeNSA0T YCIOBYS Y TUIN3ALIMI K-
KIX OTXOJ[OB aTIOMUHVEBOTO TIPOUSBOJI-
crBa. CTOYHbIE BOJbI OT/IE/IEHNIT PereHe-
paluu KPUOMUTA ATIOMUHUEBBIX 3aBOJIOB
comepxat GpTopuibl, KApOOHATHI, TUIPO-
KapOOHAThI 1 CynbGaTbl HATPYUS U Kalb-
s [1-2]. TIporeccel Kpuctanmsanum
U PACTBOPEHMs COTEN B BOIHBIX PACTBO-
pax 9TUX OTXOJIOB OIPEMENAITCA 3aKO0-
HOMePHOCTAMU  (Ha3OBBIX PABHOBECHUIT
B IIECTMKOMIIOHEHTHOI cucreMe Na,
Cal| SO,, CO,, HCO,, F-H,0, cocrapns-
IOIIUX €€ TATU — U YEeTHIPEXKOMIIOHEHT-
HBIX CHCTEM.

JKcnepuMeHTaNbHasA YacTb

Ins OmbITOB OBIIM VCIIONb30BAHBI
cnepyromue peaktusbl: NaHCO, (x.u.);
Na,CO, (u); CaCO, (u); Ca(HCO,),
(x.4.). OnBITH TPOBOAWIN IO CIIEHYIO-
Iiell cxeMe COITIACHO MEeTOJY JIOHACBIIIle-
Hus [6].

Mcxons M3 [JaHHBIX JIMTEpPaTyphbl
[4, 5], HaMu mpemBapUTENbHO ObLIN
IPUTOTOBJIEHBl CMECH OCaJKOB C Ha-
CBIIIEHHBIMY  PacTBOPaMI,
CTBYIOIIVIMJM HOHBAapMaHTHBIM TOYKaM
COCTaBJIAIOINX MCCIENYeMy0 YeThbIpeX-
KOMIIOHEHTHYIO CHUCTEMY TPEeXKOMIIO-
HeHTHbIX cucTeM: Na,CO,-NaHCO,-
H,0; Na,CO,-CaCO,-H,0; NaHCO,-
Ca(HCO,),-H,0 u CaCO,-Ca(HCO,),-
H,O. 3arem, ucxoms u3 cxeMbl TpaHC-
JIALMY HOHBAapMAHTHBIX TOYEK YPOBHA
TPEXKOMIIOHEHTHOTO COCTaBa Ha Ypo-

COOTBET-

196

In Russian

B Hacrostieit pabore paccMOTpeHBI
pe3y/IbTaThl MCCIeNOBaHus CUCTeMbl Na,
Ca || CO,, HCO,-H,0 npu 0 °C meTomom
PacTBOPMMOCTH C LI€/IbI0 YCTAHOBICHMUS
KOHI[EHTPAI[MOHHBIX [apaMeTPOB IIO-
JIOKEHUsI ee TeOMETPUIECKUX 00pasoB
Y COOTHOIIIEHVS TIOJIEeN KPUCTA/UTU3ALIN
VHIVBUYaIbHBIX DPaBHOBECHBIX TBep-
nbix ¢das. Panee [3] MeTomoMm TpaHCIALMK
OBV yCTAaHOBJIEHBI (pa3oBble pPaBHOBeE-
CISI MCCTIEYEMOIt CHCTEMBI M IIOCTPOeHA
ee asoBas quarpaMma.

PaBHOBecHBIMM  TBepAbIMM  (asa-
Mu uccnepyemoit cuctembl mpu 0 °C
apnaworca: CaCO, - xampunt (Cu);

Na,CO,-10H,0 - C-10; Na,CO,-CaCO,
-5H,0 - reitmoceur (In); NaHCO, -
Haxkomut (Hx) n Ca(HCO,), - xanbumii
rugpokap6onar (Cal’) [4, 5].

BEeHb YETBIPEXKOMIIOHEHTHOTO COCTaBa
[3], mpuroroBIeHHbIe HaCBIIIEHHbIE pac-
TBOPBI, C COOTBETCTBYIOIMMY PaBHOBEC-
HBIMI TBepbIMU (pa3amy, HepeMelnBas
tepmoctarupoBamu npu 0 °C go gocrtu-
JKEHVISI pAaBHOBECHIL.
TepmocTrarupoBaHe IPOBOAN-
mm B ynprparepmoctate LT-TWC/22.
[TepememinBaHMe CMeCH OCYIIECTBIIA-
M C TOMOIBI0O MAarHMTHOM MeIIajIKN
PD-09 B Tteuyenme 50-120 u. Temmepa-
Typa IOJJep>KMBaach C TOYHOCTBIO
0,1 °C ¢ momolIpl0 KOHTAaKTHOTO Tep-
MOMeTpa. 3a KpUCTa/yIM3auyell TBep-
mpix a3 HaOMOJamy ¢ MOMOLIBIO MIU-
kpockorna «IIOJIAM-P 311». Ilocne
HOCTIDKEHMS paBHOBeCMS B CHUCTeMe
paBHOBecHble TBEpAbIe (aspl coTorpa-
¢uposamu 1udpposbiM (oToanIapaTOoM



«SONY-DSC-S500». HocTmxeHnue pas-
HOBeCUsA YCTaHAB/IMBANIOCh II0 HeW3-
MeHHOCTV (Da30BOrO COCTaBa OCAIKOB.
Otpenenne >KNAKOI M TBepHoit ¢as ocy-
IIECTBJIA/IY C IIOMOILbI0 BaKyyMHOTO Ha-
coca yepes 00e330/IeHHYIO (CUHSAS JIeHTa)

Pe3ynbratbl U 06CyXxaeHue

Pe3ympraTel KpUCTA/UIOONTIIECKOTO
aHanmu3sa [10] paBHOBeCHBIX TBEPHBIX (a3
(MukpodoTtorpadun) mpencTaBieHb Ha
puc. 1, a pe3ynbTaThl XMMUYECKOTO aHa-
7¥3a HACBILEHHBIX PACTBOPOB IIpUBeie-
HBI B Ta6I. 1.

bunpTpoBanbHyl0 OyMary Ha BOPOHKe
broxnepa. Ocafok mocne Quubrpanum
npoMbIBamu 96 %-M STUIOBBIM CIMPTOM
u BpicymuBanyu npu 120 °C. Xumnde-
CKMII aHanM3 MPORYKTOB IPOBOAVIIN IO
M3BECTHBIM METOAMKaM [7-9].

Ha ocHOBaHWM IONTy4YeHHBIX JAHHBIX
IOCTpOEHAa JiMarpaMma pacTBOPUMO-
ctu cuctemsl Na, Ca || CO,, HCO,-H,0
npu 0 °C, koTopas IpefcTaBlIeHAa Ha
puc. 2. [TonoxxeHue HOHBapMaHTHBIX TO-
4eK YPOBHA TPEXKOMIIOHEHTHOTO (E})

Puc. 1. Muxpodororpadun paBHOBECHBIX TBepAbIX das cuctembl Na, Ca || CO,, HCO,-H,O
mpu 0°C:1-C10;2 -Gl 3 - Cc;4 - Cbe; 5- Nh; 6 - C10 + G; 7 - Gl + Cc; 8 - Cc + Cbg;
9 - Cbc + Nh; 10 - C10 + Nh; 11 - Cc + Gl + Cbc; 12 - C10 + Gl + Nh; 13 - Nh + Gl + Cbc
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Tabmuna 1

PacTBOPMMOCTb B y3/I0BBIX (HOHBAPMAHTHBIX) TOYKAX CUCTEMBI
Na, Ca || CO,, HCO,-H,0 npu 0 °C

Ne Cocras >xnpkoit ¢aser, Mac. % Da30Bblit
COCTaB
TOYeK | Na,CO, | NaHCO, | CaCO, | Ca(HCO,), H,0 oCanKoB
e 6,570 - - - 93,4300 Hx
e, - 6,490 - - 93,5100 Cn
e, - - 0,0031 - 99,9969 Cal'
e, - - - 0,144 99,8560 C-10 + Hx
E; 5,60 4,610 - - 89,790 C-10 + It
E} 12,00 - 0,0048 - 87,9952 Im+ Cu
E; 4,30 - 0,0046 = 95,6954 Hx + Cal
E; - 4,890 - 0,109 95,001 Ciy + Cal
E} - - 0,0014 0,083 99,9156 €10+ Hx
+ I
E/ 6,167 2,443 0,0065 - 91,3835 | Ci+ I+ Call
E; 5,904 - 0,0057 0,308 93,7823 |Hx + Cal +In
E} 5,510 5,896 - 0,190 88,4040 | Nh + Cbc + Gl
IO
-
4(1) Jof
E; 5_ g3
g3 & N A
2 1
EJW AN
2 AR | 5
o ES pael .
T S A clo g
(S BN NaCOs i 2NaHCO;
sl by 4 B3 ) Hx
NayC0s /G0 / B "\ 2NaHCO; I oo . \Ei
E2 oI 5Ty
gy ¥ [Ef B Ef i
3 b \\ Cal
z Cal' |
\
i Ch
!
C 4
4
\
\‘\ CHCO 3 CH(HCO):
CaCOs 3 cacon, B
a 6

Puc. 2. [lmarpamma pactBopumocTu cuctems Na, Ca || CO,, HCO,-H,O mpu 0 °C:
a - obuas; 6 — coneBas 4acThb
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Tabnuua 2

OmnncaHue cofiep>KaHNsA reoOMeTPUIECKIX 00pa3oB Ha puc. 2

O6o03HaueHne CopepsxkaHue
reoMeTpUYeCcKIX
obpasos
e PacTBOpUMOCTD KapbOOHATa HATPUS B BOJIE
e, PacTBOpUMOCTD rUpOKapbOHaTa HATPYS B BOJE
€, PacTBOpMMOCTD KapOOHATAKAIBIVISI B BOJIE
e, PacTBOpMMOCTH IMipOKapOOHaTa KaibIyisi B BOJE
B Touka coBmecTHON Kpuctammmsanuu C-10 + Hx B cucreme
! Na,CO3-NaHCO,-H O
E Touxa coBmecTHoI kpuctammsanyy C-10 + 1 B cucteme
2 Na CO3-CaCO,-H,O
E Touxa coBmecTHoit KpucTammmsanuu In + Ci B cucreme Na CO -~
3 CaCO,-H,0
E Touka coBmecTHOI Kpuctammsanuu Hx + Cal’ B cucteme
4 NaHCO,-Ca(HCO,),-H,0
E Touxa coBmecTHoit kKpucTtammsanuy Ciy + Cal' B cucreme CaCO, -
3 Ca(HCO,),-H,0
B Touka coBmecTHOl Kpnctammsanuy Hx + C-10 + In B cucreme Na,
! Call CO,, HCO,-H, O
B Touxa coBmectHoI kpuctamm3aanym Im + Ci + Cal’ B cucteme Na,
2 Call CO,, HCO,-H,0
E* Touka coBmecTHON Kpuctammm3anuu [n+Cal'+Hx B cucreme Na,
3 Call CO,, HCO,-H,0
B’ _E¢ Kpusas coBmectHoi Kpuctammsanuu C-10 + Hx B cucteme
P Na,CO,-NaHCO,-H,0
B} _E* Kpusas copmectnoit kpucrammmsanyu C-10 + In B cucreme
2 ! Na CO,-CaCO,-H,O
El_E Kpusas coBmecrnoit kpucrammsanuu Cii + I B cucreme Na, CO -
3 2 CaCO,-H,0
B _E* Kpusas cosmectHoit kpucrammsauun Cal’ + Hx B cucreme
A NaHCO,-Ca(HCO,),-H,0
Bl _E* Kpusas coBmectHoi Kpuctammmsanunu Cr + Cal’ B cucreme
3 2 CaC0O,-Ca(HCO,),-H,0
Ef Na,CO, E;EfEf ITone xpucrammsanun C-10
E;NaHCO, EEJE/E; |Ione xpucranmsaumun Hx
E;EngE;E;E; ITone xpucranmusanun In
E;CaCO, EIEIE; ITone xpuctanmmusanuy Cir

EIESE{E; Ca(HCO,),E:

ITone xpucrammsanun Cal’
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U 4eTBIPeXKOMIIOHEHTHOTO (E;) cocra-
BOB, I7le 11 — HOMepa TO4YeK, Ha JjyarpaMme
YCTQHOBJIEHBI II0 MAaCCLEHTPUYECKOMY
meropy [11].

Ha puc. 2 npusegena «obmas» (a)
U «coreBasi» (6) 4acTu JUarpaMMbl pac-
tBOpuMocTn cuctembr Na, Ca || CO,,
HCO,-H,O npu 0 °C, rme oTpakeHblI
B3aJIMHOE pAaCIIONIOKeHUe M OTHOCU-
Te/IbHbIe pasMepbl HOJIell KpUCTajlIn3a-
UM COOTBETCTBYIOIIMX PaBHOBECHBIX
¢das. Kak cregyer us puc. 2, npu 0 °C
B JCCHIEyeMO}l  4eThIPeXKOMIIOHEHT-
HOIl cucteMe mone Kpucramsanuy Ci

References

(CaCO,) u xanpumit ruppoxapbonar Cal
(Ca(HCO,),) sannmaet ee 3HaYNTENbHYIO
YacTh, UTO XapaKTepusyeT Maayl0 pac-
TBOPUMOCTDb [AHHOI COMY B IIPUBENEH-
HbIX ycmoBusax. CorocTaBieHye IOny-
YeHHBIX Pe3yIbTAaTOB 110 JICCTIETOBAHNUIO
pacrBopumoctyu B cucreme Na, Ca || CO,,
HCO,-H,O nipu 0 °C u mpu 25 °C [12]
B LIe/IOM YKas3bIBaeT Ha OOINYIO TeHMEeH-
LMI0 YMEHbIIEHNsI JAHHOTO IIOKa3aTesis
C IIOHJDKEHVIEM TeMIIEPaTyPBl.

OmucaHne comep)XaHWUsi TeOMeTpIU-
4ecKux 00pas3oB (IO, KPUBbIE, TOUKIA)
puc. 2 mpuBefeHsl B TA0. 2.

1. Morozova VA, Rzhechitskii EP. [Solubility in the NaF - Na SO, - NaHCO, -
H,O system at 0 °C]. Zhurnal Prikladnoi Khimii [Journal of Applied Chemistry].

1976;49(5):1152-4. Russian.

2. Morozova VA, Rzhechitskii EP. [Solubility in the systems NaF - NaNCO, - H,0O,
NaF - Na,SO, - H,0 and NaF -Na,CO, - H,0 at 0 °C]. Zhurnal Neorganicheskoi
Khimii [Russ ] Inorg Chem]. 1977;22(3):873—4. Russian.

3. Dzhumaev MT, Soliev L, Avloev ShKh, Ikbol G. Phase balance in the Na, Ca // CO,,
HCO, - H,0 System at 0 °C. Vestnik Tadjikckogo natsional’nogo universiteta (seriya
estesvennikh nauk) [Bulletin of the Tajik National University (series of natural sci-

ences)]. 2013;1/1(102):153-6. Russian.

4. Spravochnik eksperimentalnykh dannykh po rastvorimosti mnogokomponent-
nykh vodno-solevykh system [Reference book on experimental data for solubility
in multicomponent water-salt systems]. Vol. 1. Saint-Petersburg: Khimizdat, 2003.

1151 p. Russian.

5. Spravochnik eksperimentalnykh dannykh po rastvorimosti mnogokomponent-
nykh vodno-solevykh system [Reference book on experimental data for solubility
in multicomponent water-salt systems]. Vol. II, Books. 1-2. Saint-Petersburg: Kh-

imizdat, 2004. 1247 p. Russian.

6. Goroshchenko YaG, Soliev L, Gornikov Yu I. Opredelenie polozheniya nonvariant-
nykh tochek na diagrammakh rastvorimosti metodom donasyshcheniya [Determi-
nation of the invariant points’ positions on solubility diagrams using the presatura-
tion method]. Ukrainskii Khimicheskii Zhurnal [Ukrainian Journal of Chemistry].

1987;53(6):568-71. Russian.

7. Kreshkov AP. Osnovy analiticheskoy khimii [Basics of Analytical Chemistry]. Vol.
2. Leningrad (USSR): Khimiya, 1970. 456 p. Russian.

8. Knipovich YuN, Morachevskii YuV, editors. Analiz mineral'nogo syr’ya [Analysis of
mineral raw materials]. Leningrad: Goskhimizdat, 1959. 947 p. Russian.

200



10.

11.

12.

Reznikov AA, Mulikovskaya EP, Sokolov IYu. Metody analiza prirodnykh vod
[Methods of natural water analysis]. Moscow: Nedra, 1970. 488 p. Russian.
Tatarskii VB. Kristallooptika i immersionnyy metod analiza veshchestv [Crys-
tal Optics and Immersion Method of Substances Analysis]. Leningrad (USSR):
Izdatel'stvo LGU, 1948. 268 p. Russian.

Goroshchenko Ya G. Masstsentricheskiy metod izobrazheniya mnogokomponent-
nykh system [The Center of Mass Method for Multi-component Systems Imaging].
Kiev: Naukova Dumka, 1982. 264 p. Russian.

Dzhumaev MT, Soliev L, Dzhabborov BB, Ikbol G. Solubility in the Na, Ca || CO,,
HCO, - H,O System at 25°C. Russ ] Inorg Chem. 2017;62(9):1245-51. DOI1:10.1134/
$50036023617090169.

Cite this article as:

Soliev L, Dzhumaev MT, Dzhabborov BB. Solubility and phase equilibria in the Na,
Ca || CO,, HCO,-H,O system at 0°C. Chimica Techno Acta. 2017;4(3):191-201.
DOI:10.15826/chimtech/2017.4.3.04.

201



DOI: 10.15826/chimtech/2017.4.3.05

Krylov A.A., Emelyanova Yu.V., Buyanova E.S.,
Morozova M.V., Vylkov A.I., Chuykin A.Yu.

Chimica Techno Acta. 2017. Vol. 4, No. 3. P. 202-208.

ISSN 2409-5613

A.A. Krylov!, Yu.V. Emelyanova’, E.S. Buyanova',
M.V. Morozova', A.I. Vylkov? A.Yu. Chuykin?

'Ural Federal University
19 Mira St., 620000, Ekaterinburg, Russia

*Institute of High Temperature Electrochemistry UB RAS
20 Akademicheskaya St, 620137, Ekaterinburg, Russia

Materials based on BIFEVOX and bismuth
or iron simple oxides nanopowders

Compositions of composite materials based on BIFEVOX and nanopowders of

bismuth and iron oxides have been obtained. The absence of chemical interac-
tion hetween the components has been proved, the total electrical conductivity
of materials in the average temperature region has been determined. It has
been shown that under the selected formation conditions, it has not yet been
possible to achieve significant improvement of the functional characteristics of
heterogeneous compositions in comparison with individual phases. However
positive results on chemical and structural stahility give way to further inves-

tigations.

Keywords: BIMEVOX; Oxygen-ion conductors; Electrical conductivity; Impedance spectros-

copy.

Received: 22.09.2017; accepted: 17.10.2017; published: 20.10.2017.

© Krylov A.A., Emelyanova Yu.V., Buyanova E.S., Morozova M.V., Vylkov A.l.,

Chuykin A.Yu., 2017

Introduction

The family of solid electrolytes
with the general formula Bi,V, Fe O, .
(BIFEVOX) is characterized by high oxy-
gen-ion conductivity at intermediate tem-
peratures 550-950 K [1-5]. The high-tem-
perature y-modification of the BIFEVOX
solid solutions with tetragonal structure
(space group I4/mmm) is obtained at
0.3 < x < 0.5 iron concentration range.
For this modification, the electrical con-
ductivity versus temperature dependence
is linear, and the activation energy at high
temperatures has a value of 0.2-0.4 eV,
which is characteristic of BIFEVOX. The
transition to an ordered y’ modification
with decreasing temperature is accompa-
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nied by a small change of slope of the lg o
- 10°/T dependence and, accordingly, an
increase in the activation energy to 0.5-
0.7 eV. The tetragonal y-modification of
the Bi,V, Fe O, , is sufficiently stable in
a wide range of thermodynamic parame-
ters (T = 298 - 1073 K, IgpO, (atm) =
-0.68 to -18.0) [4, 5]. The change of the
structure into the orthorhombic one oc-
curs in atmosphere with low oxygen con-
tent (Ig pO, (atm) <-14.0) at temperatures
above 773 K. However, decomposition
of the sample does not occur. Evaluation
of the structural and thermal stability of
BIFEVOX in air at long time exposures (at
least two weeks at the same temperature)



in the temperature range 723-1083 K re-
vealed no changes in the structure or ap-
pearance of any additional phases [6].

In the last decade composite electro-
lytes are actively studied as alternative
electrolyte materials. It has been shown
that in this way it is possible to improve
the quality of the material and remove

Experimental

Samples of Bi,V, Fe O , (x = 0.3,
0.5) solid solutions were synthesized ac-
cording to the standard ceramic technolo-
gy [2]. The preparation of nanopowders
of bismuth and iron oxides was carried
out by laser evaporation of a target and
condensation of vapors in a working gas
stream at the Institute of Electrophysics of
the Ural Branch of the Russian Academy of
Sciences. In this method a fiber ytterbium
laser LS-1 with diode pumping was used.
The average radiation power was 1000 W
with a smooth adjustment from 20 to
100 %, the wavelength 1070 nm, and the
radiation regime continuous or modulat-
ed. The evaporation targets were prepared
by pressing from a coarse-grained oxide
powder followed by annealing at a temper-
ature providing a partial sintering of the
powder to provide mechanical strength
of the compact. Composites were pre-
pared by mechanically mixing of the cor-
responding powders with a simple oxide
content of 10 to 50 wt.%. The powders

Results and discussion

1. Synthesis and characterization of
the materials

Bi,V, Fe O, ; (x = 0.3, 0.5) samples,
obtained by the standard ceramic tech-
nology, are single-phase and have the
structure of high-temperature tetragonal
y-modification (space group I4/mmm).

The average particle size of Bi V, Fe O, ;

some disadvantages of individual electro-
lytes [7]. There are examples of creating
composite materials with BIMEVOX as
their components [8-11]. For the modifi-
cation of BIFEVOX based electrolyte ma-
terials, the approach using simple oxides
nanopowders is used in this paper.

were pressed into pellets with a diameter
of 10 mm on a hydraulic press in the form
of pellets and annealed at 1073 K.

The phase composition of the final
solid oxide products was checked by
X-ray powder diffraction (DRON-3 dif-
fractometer, CuKa radiation, pyrolytic
carbon monochromator, reflected beam).
The particle size of the powders was de-
termined using a laser dispersion analyzer
SALD-7101 Shimadzu. The morpholo-
gy of the obtained powders and their
chemical composition were studied using
a JEOL JSM6390 LA scanning electron
microscope equipped with a JED-2300
energy dispersive X-ray detector. Thermal
dilatometric analysis was performed on a
DIL 402 C Netzsch dilatometer equipped
with a vacuum furnace. Electrical con-
ductivity measurements of the ceramic
samples were performed on Elins Z-3000
impedance spectrometer in the tempera-
ture range 1073-473 K.

is in the range of 0.5-10 pum. The bismuth
oxide nanopowder is single-phase, and
is B-Bi,O, with tetragonal structure. Iron
oxide nanopowder contains three crys-
talline phases where iron is in different
oxidation states, so its composition is de-
noted as FeO . This is composed of Fe O,
(magnetite) with its content 69 %, Fe,O,
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(hematite, 10 %) and e-Fe O, (21 %). The
average particle size of nanopowders is in
the range of 50-100 nm.

In accordance with the results of the
XRD, the calculation of the unit cell pa-
rameters was carried out for $-Bi,O, in
the tetragonal structure (space group
I4/mmm), for Fe O, in cubic (Fd-3m),
Fe,O, for rhombohedral (space group
R-3c), e-Fe, O, for orthorhombic (space
group Pna2l) structure. The results are
shown in Table 1.

such transition upon heating in the reduc-
ing atmosphere while a y<« 8 phase tran-
sition is observed at ca. 850 K. It is worth
noting that final cooling curve recorded
in air after reduction-oxidation cycling
did not show indication of any transition.
The unit cell parameters a = 3.919 and ¢ =
15.509 A of the cooled sample were found
by XRD to remain practically unchanged
as compared to those of Bi,V Fe O, ;
before the reduction-oxidation treatment.
Aforementioned results indicate obvious-

Table 1
Crystal structure parameters of the materials
Composition a+0.001, A b +0.001, A c+0.004, A
Bi,V, Fe, O, , 3.919 3.919 15.468
Bi,V, .Fe O, 3918 3918 15.524
B-BiO, 7.729 7.729 5.648
Fe,0, 8.356 8.356 8.356
Fe O, 5.034 5.034 13.727
e-Fe,0, 5.091 8.804 9.446
0.020
Taking into account that the
BIMEVOX materials are non-stable 0.0151 7_9]
in a reducing atmosphere as well as 0010 o
Bi,V, Fe O, ;undergoes transition from ] [ MJ
tetragonal structure to orthorhombic one = ***7
in air at ca. 773 K without decomposition o s
[4, 5] the sample of Bi,V .Fe O, . pre-
pared accordingly was investigated in the T
reducing atmosphere with log(pO,/atm) 0.010 —————————————
< -14.0 by means of dilatometry equipped o Tm;( Tom e
with special chamber in order to reveal Fig. 1. Thermal strain of the Bi,V, Fe O,

a possible structure transition. The study
was carried out with sequential change
of gas atmosphere from air via argon to
mixture of argon and hydrogen, and back
to air in the heating and cooling cycles.
When the sample was found to be heated
in air a slight change in the slope of curve
1 at 890 K (see Fig. 1) corresponding to an
order-disorder type y< 7Yy’ phase transi-
tion [12] is observed. However, there is no
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sample: 1 — heating up to 1023 K in air;
2 - 30 minutes holding in air at 1023 K;
3 - 1 hour holding in argon at 1023 K;

4 - 2 hours holding in argon-hydrogen
mixture at 1023 K (50 % H, and 50 % Ar
for this and next three steps); 5 - cooling in
argon-hydrogen mixture, 6 — second heating
in air-argon mixture; 7 — 30 minutes holding
in argon-hydrogen mixture at 1023 K;

8 - 1 hour holding in argon at 1023 K;

9 - 3.5 hours holding in air at 1023 K,

10 - cooling in air



ly in favor of high resistance of the BIFE-
VOX structure to alteration under reduc-
ing conditions. The value of the linear
thermal expansion coefficient (LTEC) of
the BIFEVOX before and after the oxida-
tion-reduction cycle also did not change
significantly and remained in the range
17-19-10° K*' (Fig. 2). Annealing in hy-
drogen atmosphere of the Bi V, Fe O, ,
sample at 1073 K for 8 hours was carried
out to estimate the possibility of decom-
position of the BiV, Fe O, / series at
1gPO, (atm) <-14.0. In addition to the
Bi,V, Fe O, ; lines, peaks correspond-

ing to BiVO, and Bi,O, (or solid solutions

5.0x10° o

a, K_1

373 4;3 5;3 6;3 7;3 8;3 9;3 10‘73
T.K
Fig. 2. LTEC change versus temperature:
1 — first heating in air, 2 - cooling in air
after reduction-oxidation cycle, 3 - heating
in argon-hydrogen mixture, 4 - cooling in
argon-hydrogen mixture

based on them) as well as to metallic iron
were found on the X-ray diffraction pat-
tern of the sample. These results show that
samples of the BIFEVOX system, being
annealed in air after the reduction, return
to their original state with the same crys-
tal structure.

2. Preparation and characterization of
composite materials.

X-ray phase analysis was used to test
the possible interactions in the compo-
site. by annealing pellets of Bi,V
FeOB(O‘S)OH_ﬁ/x wt.%. Bi,O, (FeO,) com-
posites at 1073 K. All X-ray diffraction
patterns contain only composite compo-
nents lines, without extra reflexes.

As an additional method for deter-
mining the phase and element composi-
tion of composites, the scanning electron
microscopy (SEM) method with the en-
ergy-dispersive microanalysis was used.
For the sintered samples, the surface and
cross-section of the composite pellets
were examined. It was established that the
surface of the samples is porous, consists
of grains of various shapes and sizes, the
visual contrast is determined by the to-
pography of the sample surface (Fig. 3).

Large grains of BIFEVOX and fine
grains of nanopowder particles are clearly

10 41 SEI

15kV . X10,000 —sdum .

Fig. 3. The images of the surface of the composite samples:

a-BiV Fe O

0.5 11-3

/40 wt.%. Bi,O; b - Bi,V, Fe O

/10 wt.%. FeO_

03711-8
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visible, the iron oxide particles being ag-
gregated to a lesser extent and covering
the coarse grains of the BIMEVOX com-
plex oxide. The particles of bismuth ox-
ide are combined into aggregates and fill
the space between the coarse BIMEVOX
particles. The chemical composition of
the particles was estimated by energy-
dispersive X-ray spectroscopy (EDX),
and results correspond to the nominal
ratio of elements in simple and complex
oxides, which additionally indicates the
absence of interaction in the composi-
tes under the selected processing condi-
tions. An example of the X-ray disper-
sion energy spectrum of a surface of the
Bi,V, Fe ,O, /10 wt.%. FeO_composite
is shown in Fig. 4.

Determination of the electrochemical
characteristics of the composite materials
was carried out by the impedance spec-
troscopy method. Complex plane plots
of the BIFEVOX solid solutions consist
of two joint half-circles, showing behavi-
or typical for the BIMEVOX family ionic
conductors [2].

Fitting of the Cole-Cole plots was per-
formed using the equivalent electrical
circuits method [2]. Typical temperature
dependences of the total conductivity are
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Fig. 4. EDX spectrum of the
Bi,V, _Fe ,O, /10 wt.%. FeO_
composite surface
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shown in Fig. 5. The dependences of the
total conductivity on temperature for the
composites studied have the form cha-
racteristic for the y-modification of BIFE-
VOX. The change of slope is observed
in the dependencies at the temperature
range 750-850 K. It corresponds to the
transition of BIFEVOX to an ordered y'-
modification with decreasing temperature
and is accompanied by the increase of the
activation energy from 0.4 to 0.7-0.8 eV.
The behavior of all Ig 0 - 10°/T depend-
encies, corresponding to the composites
with different content and nature of the
simple oxide added is similar.

As the concentration of the simple
oxide increases, the conductivity decreas-
es. This situation is typical for the entire
temperature range. This is probably due
to an increase in the concentration of
the less conducting phase, which are the
simple oxides used in comparison with
pure BIFEVOX. For example, according
to [13, 14], for the f-Bi,O, at 873 K the
value of the total electrical conductivity is

-lgo Ohm™'cm™

1.0 115 2.0
10%T, K"

Fig. 5. Total electrical conductivity versus
temperature: 1 - Bi,V Fe O

4 17 -5
2-BiV Fe O, $3-BiV Fe O /wt%

FeO;4-Bi,V, Fe O, Jwt% FeO;

47157 705 7 11-8

5-Bi,V. Fe O /40 wt.% Bi O

4 15 705 11-8 273

6-Bi,V, Fe 0, /10 wt.% BiO,

4717 703 711-8



~10 Ohm™ cm, for Bi,V,_Fe O, ,in
our work it is 1.5 x 102 Ohm™" cm™. The
effect of an increase of the overall elec-

trical conductivity values of composite

Conclusions

Thus, compositions of composite
materials based on BIFEVOX and nano-
powders of bismuth and iron oxides have
been obtained, the absence of interaction
between them has been proved, the total
electrical conductivity of materials in the
region of average temperatures has been
determined. It has been shown that, un-

samples, which could be associated with
a possible increase in the sintering quality
of the bars, is not observed.

der the selected formation conditions, it
has not yet been possible to achieve sig-
nificant improvement of the functional
characteristics of heterogeneous com-
positions in comparison with individual
phases. However, the results obtained can
serve as a basis for further searching for
optimal solutions.
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