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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 

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 
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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-

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.

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 

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 N2 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 Kα radiation (λ = 
1.542  Å) 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 

magnetometer (VSM) at room tempera-
ture for powder samples placed in a gela-
tine capsule. The magnetization values in 
a field of 1.8 T were designated as the satu- 
ration magnetization values (Ms). 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. 

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 
(VvdW) between MNPs with radius r at a 
distance s was calculated as [10]:
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where

A(r) = 1.77 × 10–19 + 1.60 × 10–19e–r/3.05 +  
+ 6.35 × 10–20e–r/10.75 + 2.05 × 10–20 e–r/52.18 [J].

The electrostatic repulsions under 
constant charge boundary condition were 
taken as [11]:
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Here εr is the relative dielectric constant of 
water, ε0 is the permittivity of free space, 
ψ0 is the surface potential, q is the elemen-
tary charge, zi is the charge of simple ions, 
ci is their molar concentration, NA, 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. 
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This originating overall steric term for 
two identical stabilized MNPs was taken 
as [12]:

where, δ is thickness of adsorbed LPAAm 
layer, σp is surface density of adsorbed 
chains, Np is number of free segments and 
l is the length of one free segment. 

The maximum magnetic attraction 
energy (VM) between MNPs was taken as 
[10]:
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The total energy of interaction be-
tween iron MNPs was calculated as a 
combination of equations (1)–(4).
V(s) = VvdW(s) + Ve(s) + Vst(s) + VM(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 

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

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-

Vst =

∞                                                                                                                                  for  < 0s

r kT
N l

sp

p

π δ σ

δ

3 3

212 2








 − ln






 − −






 + − 
















 − − 








9
5

1
2

1
3

1
2

1
30

1
2

3s s s
δ δ δ

66

0























      for 0 <  < 2

                   

s δ

                                                                                                             for  >s   2  δ













(3)

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 kBT, 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 104 K and 
complete vaporization. Then iron MNPs 

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:

PSD d
d

e
d

( )
(ln ln( . ))

* .=
−

−
10.70

83 9 2

2 0 4022

	
(6)

The specific surface area of MNPs 
(Ssp) measured by the low-temperature 
adsorption of nitrogen was 9.0 m2/g. The 
surface average diameter of MNPs, calcu-
lated from this value using the equation 
ds = 6/(ρSsp) (ρ = 7.87 g/cm3 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 α-Fe 
with а = 2.867(2) Å and coherent length 
82(5) nm and 7 % of cubic phase of γ-Fe 
with а = 3.591(3) Å and coherent length 
27(2) nm. The coherent length of α-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 γ-Fe phase is much lower. Most 

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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likely it means that γ-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. 

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  
Ms = 1710 (kA/m) [14] for room tempera-
ture. The obtained value for Ms 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 Ms 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 Ms 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 

Fig. 3. XRD diffractogram of iron MNPs 
synthesized by EEW

Fig. 4. Magnetic hysteresis loop of Fe MNPs 
at 25 °C. Inset – enlarged view of hysteresis 

loop in low fields

Fig. 5. Thermograms of the heating of 
pristine MNPs (1) and encapsulated MNPs 

(2) in the air
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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:

ϕG N
=
6
8

3 2/

	
(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 φG = 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-

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.

Fig. 6. Multimodal PSD of iron MNPs in 
water suspension by DLS
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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 

their radius. If the ensemble of MNPs is 
polydisperse, then there is a large fraction 
of particles with enhanced interaction. 
This fraction obviously provides aggrega-
tion which can not be prevented by 30 nm 
PAAm layers.

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 

be disrupted by the thermal motion.  The 
depth of the minimum is very sensitive to 
the size of MNP, to its magnetization, and 
to the thickness of the layer on its surface. 
It was shown that for Fe MNPs 84 nm in 
diameter and magnetization 100 kA/m 
the threshold of the stability corresponds 
to the protective layer 30 nm. To test the 
theory Fe MNPs synthesized by electri-
cal explosion of wire were encapsulated 
by polyacrylamide in water suspension to 
provide steric repulsion. It was shown that 
the fraction of PAAm in the protective 
layer is around 14 % and it resulted in the 
efficient diminishing of the aggregation of 
metallic iron MNPs in water.
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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.

Keywords: nickel-containing catalyst; calcium aluminate; methantion; solution of methyl-
diethanolamine; hydrogenation; carbon oxides; catalytic activity; mechanical strength.
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Устойчивость никелевых промышленных 
катализаторов метанирования к воздействию 
органических абсорбентов удаления диоксида 

углерода из синтез-газа

Приведены результаты исследований воздействия органического аб-
сорбента в виде водного раствора активированного метилдиэтаноламина 
(МДЭА), являющегося абсорбентом диоксида углерода при его удалении 
из азото-водородной смеси, на физико-химические и физико-механические 
характеристики никельалюминиевого марки НИАП-07-01 (НКМ-1) и цемент-
содержащих марки НИАП-07-07 (НКМ-7), Meth-134 и Meth-135 катализа-
торов гидрирования оксидов углерода (метанирования). Установлено, что 
никельалюминиевые и никельцементсодержащие катализаторы, подвергну-
тые воздействию активированного метилдиэтаноламина (МДЭА), восстанав-
ливают свои прочностные и каталитические свойства. 

Для увеличения времени эксплуатации метанатора рекомендуется приме-
нять новый никелевый цементсодержащий катализатор марки НИАП-07-07 
(НКМ-7), который может изготавливаться в виде таблеток, колец или экс-
трудатов.

Ключевые слова: никелевый катализатор; алюминат кальция; метанирование; раствор 
метилдиэтаноламина; гидрирование; оксиды углерода; каталитическая активность; механи-
ческая прочность.
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Introduction
In the USSR, Russia and CIS 

the most commonly used catalysts of the 
hydrogenation of carbon oxide (metha-
nation) are those developed by «NIAP-

Katalizator»: nickel-aluminum catalyst 
NIAP-07-01 (NKM-1), nickel cement-con-
taining ones – NIAP-07-02, NIAP-07-03 
(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 % CO2 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, γ-Al2O3, 
calcium aluminates, compounds of CaO-
MgO, γ-Al2O3-Сr2O3, γ-Al2O3, calcium 

aluminate, boehmite (AlOOH) – γ-Al2O3 
[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, Мeth-134 and 
Мeth-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 NiAl2O4).

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 CO2 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-

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.

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 Мeth-135 (C13-03-3) and Мeth-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 (CuKα-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 

theoretical density. Mechanical strength 
was determined on the «MП-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 1·10–3 % 
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–1, 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. % H2, 25 vol. % N2) 
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 
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the end of the activation process the sam-
ples were exposed to aqueous solution of 

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

Results and discussion
In order to determine the infl uence 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. Th e average 
NiO particle size in NIAP-07-01 (NKM-
1) and NIAP-07-07 (NKM-7) is around 
60–80  Å. Total porosity is almost equal 
for all catalysts, its value being around 48–
57 %. Th e 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-

rosity value. All catalysts have quite large 
total surface area, with the largest value of 
180 m2/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 signifi cantly. 
Th e «strongest» catalyst is NIAP-07-07 
(NKM-7) – 60 MPa, followed by 
NIAP-07-01 (NKM-1) – 29 MPa. Strength 
of the Мeth-134 and Мeth-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 Мeth-134, Мeth-135 
and NIAP-07-07 (NKM-7) catalysts. As 
the second component of the support for 
NIAP-07 (NKM) is γ-Al2O3, for the Мeth-
134 and Мeth-135 catalysts it consists of 
the mixture of boehmite (AlOOH) and 
γ-Al2O3. Boehmite as a support constitu-
ent could impede the catalyst’s activity as 
it inhibits the interaction between support 
and the active component.

Th e active component of raw NIAP-
07-07 catalyst is a complex compound – 
nickel hydroxocarboaluminate (NHCA). 
It’s the main diff erence between the 
raw NIAP-07-07 and NIAP-07-01, fi red 
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 

Fig. 1. Schematic diagram of a setup for 
catalyst treatment by the aqueous solution 
of the absorbent in the fl ow of nitrogen-

hydrogen mixture (NHM): 
1 – MDEA solution; 2 – fl ow regulators; 

3 – evaporator; 4 – temperature regulators;
5 – reactor; 6 – catalyst
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MDEA in this temperature range. There-
fore, the sample of α-Al2O3 impregnated 
with the aqueous solution of MDEA was 
investigated by means of thermogravi-
metric analysis. On the differential ther-
mogravimetric (DTG) curve, shown in 
Fig. 2, two distinct minima at the tem-
peratures of 100  °C and 210  °C can be 
observed. They correspond to the maxi-
mum speed of removal of water from the 
sample and the decomposition of MDEA, 
accordingly. The process of decomposi-
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 

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 Å.

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 

Table 1
Physico-mechanical and physico-chemical characteristics of the original catalysts for the 

methanation: P – porosity, S – specific surface area

Brand of the 
catalyst

The 
geometric 

dimen-
sions, mm

Bulk 
density, 
kg/dm3

Mechanical 
strength, 

MPa  
Pavg/Pmin

S, 
m2/g

P, 
%

XRD phase analysis 
results

LNiO, 
Å

Chem. composi-
tion, % mass.

NiO Al2O3 CaO

NIAP-07-01 
(NKM-1) 

Tablet  
6×5 1.08 29/20 180 57 γ-Al2O3, NiO, 

graphite 60 33.6 61.3 –

NIAP-07-07 
(NKM-7) 

Tablet  
6×5 1.2 60/52 102 29

NHCA, graphite, 
СаСО3 (aragonite) – 
not much, Al(OH)3, 
CaO·2Al2O3 – not 

much

– 30.3 25.2 7.9

NIAP-07-07 
(NKM-7) fired 

at 450 °С

Tablet  
6×5 1.1 49/32 160 53

NiO, γ-Al2O3, 
CaO·Al2O3, 

CaO·2Al2O3, graphite
75 30.3

Meth-134  
(C13-04-4)

Sphere  
d = 4.3 0.95 8/4 150 48

NiO, AlOOH, 
γ-Al2O3, CaCO3 

(boehmite)
80 27.2 57.3 10.0

Meth-135 
(C13-03-3)

Sphere  
d = 5.3 0.99 6/1 120 54

NiO, AlOOH, 
γ-Al2O3, CaCO3 

(boehmite)
80 40.4 42.9 11.2

Fig. 2. TGA curve of the sample of α-alumina, 
impregnated with water solution of MDEA
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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 °С 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

Brand of 
catalyst

Mechanical 
strength, MPa 

RSR/Pmin 

S, m2/g P, % Phase 
composition

Catalytic activity, °С

Initial samples 
After 

exposure to 
MDEA

NIAP-07-01 
NKM-1 27/19 155 54

NiO, Ni, 
graphite, 
γ-Al2O3

160 165

NIAP-07-07 
NKM-7 41/35 168 41

NiO, Ni, 
γ-Al2O3, 

CaO·2Al2O3, 
CaCO3 

165 170

Meth 134 
(C13-04-4) 5/3 120 50

NiO, Ni, 
γ-Al2O3, 
CaCO3

180 180

Meth 135 
(C13-03-3) 5/2 66 57

Ni, NiO, 
γ-Al2O3, 
CaCO3

175 180
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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-

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 CO2 – 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

Введение
В  течение длительного времени 

в  СССР, РФ и  СНГ основными ка-
тализаторами, применяющимися 
в  процессе гидрирования оксидов 
углерода (метанирования), являют-
ся разработанные в  «НИАП-КАТА-
ЛИЗАТОР» никель-алюминиевый 
катализатор марки НИАП-07-01 
(НКМ-1), никель-цементсодержащий – 
НИАП-07-02, НИАП-07-03 (НКМ-4А) 
и  никель-алюмохромовый ТО-2М 
[1–5]. Катализаторы изготавливаются 
по ТУ 2178-003-00209510-2006 катали-
заторным производством «НИАП-КА-
ТАЛИЗАТОР», а до недавнего времени 
выпускались также Дорогобужской 
катализаторной фабрикой и  Севе-
ро-Донецким катализаторным про-
изводством. В  настоящее время в  РФ 
катализаторы изготавливаются толь-
ко катализаторным производством  

«НИАП-КАТАЛИЗАТОР». Катализато-
ры, произведенные в «НИАП-КАТАЛИ-
ЗАТОР», при соблюдении регламентных 
режимов эксплуатации работают по 
15–16  лет, а  на трех ПО «АЗОТ» (Не-
винномысск, Тольятти, Гродно) срок их 
службы составил 22–24 года [6].

Кроме того, применяются импорт-
ные катализаторы, основными по-
ставщиками которых являются такие 
фирмы, как Haldor Topsoe, Johnson 
Matthey и  CLARIANT (Sud-Chemie). 
Отечественные катализаторы изго-
тавливаются в  форме таблеток или 
колец (таблетирование) в  соответст-
вии с  техническими требованиями 
ТУ 2178-003-00209510-2006 (катали-
заторы метанирования). Для россий-
ского рынка импортные катализаторы 
предлагаются в виде таблеток, а также 
в форме экструдатов и шариков. 
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Катализаторы метанирования 
должны иметь высокую активность 
в  процессе гидрирования 0,3–0,7 % 
СО и  0,02–0,1 % СО2 до остаточного 
содержания СО 5–10 ppm, термоста-
бильность без снижения активности 
при перегревах до 550–650 °С, которые 
могут возникать в  случае повышения 
содержания оксидов углерода в исход-
ном газе ≥ 1 %, высокую механическую 
прочность и пониженное гидравличе-
ское сопротивление. 

Качество катализаторов метаниро-
вания в  значительной степени опре-
деляется носителем, используемым 
в  процессе его приготовления. В  оте-
чественных и  импортных промыш-
ленных катализаторах метанирования 
в качестве носителя, как правило, при-
меняют γ-Al2O3, алюминаты кальция, 
композиции СаО- MgO, γ-Al2O3-Сr2O3, 
γ-Al2O3-алюминат кальция, бемит 
(AlOOH) – γ-Al2O3 [7–9].

Содержание активного компонен-
та (NiO) в  промышленных катали-
заторах метанирования варьируется 
в  пределах 25,0–45,0 масс.%. Катали-
заторы НИАП-07-02, НИАП-07-03, 
а  также KATALKO-11-4R, Мeth-134 
и Мeth-135, в которых алюминат каль-
ция выполняет роль гидравлического 
вяжущего, имеют минимальный уро-
вень внутренних микронапряжений, 
что способствует сохранению на высо-
ком уровне механической прочности 
после стадии активации и  последую-
щего периода эксплуатации.

Срок эксплуатации катализаторов 
определяется в первую очередь такими 
показателями, как каталитическая ак-
тивность и механическая прочность. 

Мировой опыт эксплуатации про-
мышленных катализаторов, приме-
няющихся в  различных процессах 

химической, нефтехимической, ме-
таллургической и  др. отраслях, а  так-
же имеющиеся в  литературе данные 
и  наши многолетние наблюдения за 
работой в  промышленных услови-
ях катализаторов, разработанных 
в  «НИАП-КАТАЛИЗАТОР», позво-
лили во многом оценить причины их 
дезактивации. Дезактивация катали-
заторов метанирования может проис-
ходить, например, вследствие:

1. Необратимого отравления, свя-
занного с  взаимодействием активного 
компонента с  каталитическими ядами 
(сернистые соединения, хлориды и т. д.), 
присутствующих в реакционной среде.

2. Термического воздействия – рекри-
сталлизация, спекание, взаимодействие 
активного компонента с носителем. На-
пример, образование никель-алюмини-
евой шпинели (NiAl2O4).

3. Унос активного компонента за 
счет образования летучих соединений 
(например, образование карбонила 
никеля).

4. Зауглероживание.
5. Загрязнение поверхности меха-

ническими примесями.
Структурные изменения промыш-

ленных катализаторов, которые пред-
ставляют собой пористые высокодис-
персные тела, ускоряются, если в  них 
происходят фазовые превращения при 
воздействии реакционной среды.

В условиях работы агрегатов боль-
шой единичной мощности по про-
изводству синтетического аммиака 
источником катализаторных ядов 
могут служить абсорбенты, применя-
ющиеся для удаления СО2 из синтез-
газа или продукты их разложения. 
В  промышленных условиях этот про-
цесс происходит в  абсорберах с  по-
мощью таких абсорбентов, как вод-
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ные щелочные растворы («Бенфийлд» 
и  «Карсол»), а  также органических 
поглотителей в  виде водных раство-
ров активированных моноэтанолами-
на (МЭА) или метилдиэтаноламина 
(МДЭА) [10, 11]. В процессе эксплуата-
ции наблюдаются уносы абсорбентов 
диоксида углерода в  реактор метани-
рования. Результатом этого наруше-
ния технологического процесса, как 

правило, является увеличение газоди-
намического сопротивления метанато-
ра и постепенное падение каталитиче-
ской активности [12, 13].

Для выяснения причин этого яв-
ления нами были проведены иссле-
дования, в  которых катализаторы 
метанирования были подвергнуты 
максимально жесткому воздействию 
органического абсорбента МДЭА.

Экспериментальная часть
В  качестве объектов исследований 

были взяты промышленный ката-
лизатор НИАП-07-01 (НКМ-1) и  ре-
комендуемый для промышленного 
внедрения катализатор НИАП-07-07 
(НКМ-7) в двух его состояниях: 1 – не-
прокаленный; 2 – прокаленный при 
400 °С. Из одной и той же непрокален-
ной катализаторной шихты он может 
изготавливаться в  виде цилиндриче-
ских таблеток, экструдатов или в коль-
цевидной форме. Катализатор в форме 
колец обладает низким газодинамиче-
ским сопротивлением, что приводит 
к существенной экономии природного 
газа при эксплуатации агрегата син-
теза аммиака. Кроме того, были ис-
следованы импортные катализаторы 
марки Мeth-135 (C13-03-3) и Мeth-134 
(C13-04-4).

Рентгенографические исследова-
ния с  определением фазового состава 
и  дисперсности кристаллитов про-
водили с  использованием дифрак-
тометра ДРОН-3 (CuKα-излучение 
с  графитовым монохроматором на 
отраженном пучке). Для идентифи-
кации фаз использовали базу данных 
Международного комитета порош-
ковых дифракционных стандартов 
(ICDD PDF-2, 1999  г.). Комплексные 
термические исследования осуществ-

ляли с  применением оптического де-
риватографа марки ОD-103 (линейная 
скорость нагрева 5 °С/мин). Общую 
удельную поверхность определяли по 
низкотемпературной адсорбции азота 
на вакуумной адсорбционной установ-
ке. Общую пористость рассчитывали 
по данным истинной и  кажущейся 
плотности. Механическая прочность 
определялась на приборе «МП-2С» 
раздавливанием гранул с  приложе-
нием нагрузки на торец. Химический 
состав и  каталитическую активность 
в  процессе метанирования на пилот-
ной установке при давлении 3 МПа 
определяли по методикам, приведен-
ным в ТУ 2178-003-00209510.

Химический состав и  каталитиче-
скую активность в процессе метаниро-
вания на пилотной установке при дав-
лении 3 МПа определяли по методикам, 
приведенным в ТУ 2178-003-00209510. 
За меру каталитической активности 
принята минимальная температура 
(°С), обеспечивающая объемную долю 
СО на выходе не более 1·10–3 об.% при 
давлении 3 МПа, объемной скорости 
4000 ч–1, объемной доле в  исходном 
газе 0,6–0,7 об.% СО после предвари-
тельного перегрева катализатора при 
температуре 550 °С в течение 10 ч.
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Обработку всех исследуемых ката-
лизаторов 50 %-м водным раствором 
абсорбента МДЭА в потоке азото-водо-
родной смеси (75 об.% H2, 25 об.% N2) 
проводили на установке, принципиаль-
ная схема которой приведена на рис. 1.

Перед проведением экспериментов 
осуществляли активацию катализато-

ров в  потоке азото-водородной смеси 
(АВС) при температуре 400 °С в тече-
ние 5 ч. По окончании процесса акти-
вации образцы подвергали при тем-
пературе 320 °С воздействию водного 
раствора МДЭА в  потоке АВС в  слое 
катализатора.

Результаты и обсуждение
Для определения степени воздей-

ствия абсорбентов на катализаторы 
были определены их основные исход-
ные характеристики (табл. 1).

Из данных, приведенных в табл. 1, 
видно, что исследуемые катализаторы 
имеют концентрацию активного ком-
понента в пересчете на NiO в пределах 
27–40 масс.%. Дисперсность NiO в ка-
тализаторах НИАП-07-01 (НКМ-1) 
и НИАП-07-07 (НКМ-7) находится на 
уровне 60–80 Å. Показатель общей по-
ристости практически одинаков для 

всех катализаторов и  находится на 
уровне 48–57 %. Исключение состав-
ляет катализатор НИАП-07-07, для 
которого значение общей пористости 
составляет 29 %. Это явление объясня-
ется тем, что формирование пористой 
структуры этого катализатора проис-
ходит в совмещенном процессе прока-
ливания и  активации. Сопоставление 
данных по общей удельной поверхно-
сти показывает, что все катализаторы 
имеют высокоразвитую общую удель-
ную поверхность. Максимальное ее 
значение равное 180 м2/г имеет катали-
затор НИАП-07-01 (НКМ-1).

Можно отметить значительный 
разброс для катализаторов по та-
кому показателю, как механическая 
прочность, которая во многом опре-
деляет срок службы катализаторов. 
По этому показателю наибольшее 
предпочтение можно отдать катали-
затору НИАП-07-07 (НКМ-7), для ко-
торого ее значение равно 60 МПа. На 
второе место можно поставить катали-
затор НИАП-07-01 (НКМ-1) – 29 МПа. 
Катализаторы Мeth-134 и Мeth-135 по 
своим прочностным показателям пра-
ктически одинаковы.

Анализ фазового состава и  дис-
персности NiO (табл.  1) свидетельст-
вует о  том, что в  качестве одного из 
компонентов носителя катализаторов 
Мeth-134, Мeth-135 и  НИАП-07-07 

Рис. 1. Принципиальная схема установки 
для обработки катализатора в потоке 

азота или азото-водородной смеси 
с водными растворами абсорбентов: 
1 – раствор МДЭА; 2 – регуляторы 

расхода; 3 – испаритель; 4 – регулятор 
температуры; 5 – реактор; 6 – катализатор
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(НКМ-7) применяется алюминатный 
цемент. Если в  катализаторах серии 
НИАП-07 (НКМ) вторым компонен-
том носителя является γ-Al2O3, то 
в  катализаторах Мeth-134 и  Мeth-135 
применяется смесь гидрооксида алю-
миния в  виде его модификации «бе-
мит» (AlOOH) и  γ-Al2O3. Применение 
в  катализаторах Мeth-134 и  Мeth-135 
гидрооксида алюминия в виде его моди-
фикации «бемит» приводит к недоста-
точно глубокому его взаимодействию 
с  прекурсором активного компонента, 
что неизбежно будет сказываться на ка-
талитической активности.

Отличие исходного образца ката-
лизатора НИАП-07-07 от НИАП-07-01 
(НКМ-1), прокаленного НИАП-07-07 
(НКМ-7) и  катализатора марки Мeth 
состоит в том, что его активный компо-
нент находится в виде сложного хими-
ческого соединения (гидроксокарбо- 

алюминат никеля – ГКАН). Актива-
ция этого катализатора, совмещенная 
с разложением ГКАН, происходит при 
более низких температурах и  в  более 
мягких условиях по сравнению с  дру-
гими промышленными катализатора-
ми, в  которых активный компонент 
находится в оксидной форме. 

Так как эксплуатация катализато-
ров в  промышленных условиях агре-
гатов синтеза аммиака осуществляется 
при температурах 280–320 °С, в  этом 
же температурном интервале была 
определена термическая устойчивость 
МДЭА, данные по которой в справоч-
ной литературе отсутствуют. С  этой 
целью образец α-Al2O3 был пропи-
тан до состояния насыщения водным 
раствором МДЭА, который затем был 
исследован дериватографическим ме-
тодом анализа. На рис. 2 приведена де-
риватограмма данного образца.

Таблица 1
Физико-механические и физико-химические характеристики исходных катализаторов 

метанирования: П –  пористость, Sуд – удельная поверхность,  
LNiO – дисперсность частиц NiO

Марка ката-
лизатора

Геометри-
ческие 

размеры, 
мм

На-
сыпная 
плот-
ность, 
кг/дм3

Механи-
ческая 

прочность, 
МПа на 
торец  

Рср./Рmin

Sуд., 
м2/г

П, 
% РФА

LNiO, 
Å

Хим. состав,  
% масс.

Al2O3 CaO

НИАП-07-01 
(НКМ-1) 

Таблетка 
6×5 1,08 29/20 180 57 γ-Al2O3, NiO, 

графит 60 33,6 61,3 –

НИАП-07-07 
(НКМ-7) 

Таблетка 
6×5 1,2 60/52 102 29

ГКАН, графит, 
СаСО3 (арагонит) –  

мало, Al(OH)3, 
CaO·2Al2O3 – мало

– 30,3 25,2 7.9

НИАП-07-07  
(НКМ-7) 

прокален при 
450 °C

Таблетка 
6×5 1,1 49/32 160 53

NiO, γ-Al2O3, 
CaO·Al2O3, 

CaO·2Al2O3, графит
75 30,3 – –

Meth-134 
(C13-04-4)

Шарик  
d = 4,3 0,95 8/4 150 48

NiO, AlOOH, 
γ-Al2O3, CaCO3 

(бемит)
80 27,2 57,3 10,0

Meth-135 
(C13-03-3)

Шарик  
d = 5,3 0,99 6/1 120 54

NiO, AlOOH, 
γ-Al2O3, CaCO3 

(бемит)
80 40,4 42,9 11,2
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На дериватограмме имеются два 
ярко выраженных эффекта с  ха-
рактеристическими температурами  
Тmax = 100  °C и Тmax = 210 °С, которые 
соответствуют удалению из образца 
физически связанной влаги и  разло-
жению МДЭА. Процесс разложения 
МДЭА в среде воздуха сопровождает-
ся убылью массы. Начинается он при 
температуре 150 °С, а  его максималь-
ная скорость достигается при 210 °С. 
Заканчивается разложение МДЭА при 
300 °С. 

Для определения оптимальной тем-
пературы активации катализаторов 
были проведены исследования темпе-
ратурно-программированного восста-
новления. Было установлено, что этот 
процесс является многостадийным. 
Кроме того, было обнаружено, что 
катализатор НИАП-07-07 (НКМ-7) 
активируется  ~ на 100 °С ниже всех 
исследованных образцов. Рентгено-
графические данные показали, что 
при температуре 400 °С происходит 
практически полная активация. Сопо-
ставление данных по дисперсности Ni 
свидетельствует о том, что она для всех 
исследуемых катализаторов практиче-
ски одинакова и находится в пределах 
60÷80 Å.

В  табл.  2 приведены физико-меха-
нические и физико-химические харак-
теристики активированных исследу-
емых катализаторов метанирования 
с  последующим воздействием на них 
водного раствора МДЭА в потоке АВС, 
а также их каталитическая активность 
в  процессе метанирования. Характер-
ной особенностью экспериментов по 
воздействию водного раствора МДЭА 
на активированные катализаторы ме-
танирования было то, что в начальный 

Рис. 2. Дериватограмма образца α-Al2O3, 
пропитанного до состояния насыщения 

раствором МДЭА

Таблица 2
Физико-механические и физико-химические характеристики катализаторов 

метанирования после обработки МДЭА

Марка 
катализатора

Механическая 
прочность, МПа 
на торец Рср./Рmin

Sуд., м2/г П, % РФА

Активность, Тпр., °С

Исходных 
образцов

После 
воздействия 

МДЭА

НИАП-07-01 
НКМ-1 27/19 155 54 NiO, Ni, графит, 

γ-Al2O3
160 165

НИАП-07-07 
НКМ-7 41/35 168 41 NiO, Ni, γ-Al2O3, 

CaO·2Al2O3, CaCO3 
165 170

Meth-134 
(C13-04-4) 5/3 120 50 NiO, Ni, γ-Al2O3, 

CaCO3
180 180

Meth-135 
(C13-03-3) 5/2 66 57 Ni, NiO, γ-Al2O3, 

CaCO3
175 180
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период подачи МДЭА в  потоке АВС 
наблюдался рост температуры в  слое 
катализатора, что связано с пассивиру-
ющим действием водяного пара, обра-
зующегося при испарении водного рас-
твора МДЭА. Анализ дифрактограмм 
подтвердил что, в данном случае про-
исходит пассивация активного ком-
понента Ni и  определенная его часть 
выводится из каталитического про-
цесса. Свидетельством этого является 
наличие в фазовом составе активиро-
ванных катализаторов, подвергнутых 
воздействию водного раствора МДЭА 
в  потоке АВС, фаз Ni и  NiO. Соотно-
шение этих фаз, по всей видимости, 
зависит от степени восстановленности 
и от содержания металлического нике-
ля в каждом конкретном катализаторе. 
Исходя из этого, образцы перед прове-
дением испытаний активности были 
предварительно восстановлены при 
400 °С в течение 8 ч.

По данным РФА, МДЭА не ока-
зывает химического воздействия на 
носители исследуемых катализаторов 
метанирования. Однако в связи с тем, 
что МДЭА (третичный амин) явля-
ется адсорбционно-активным веще-
ством, он может негативно сказаться 
на свойствах катализаторов, и  в  пер-
вую очередь на таких его характери-
стиках, как механическая прочность, 
общая удельная поверхность, пори-

стость и  каталитическая активность. 
Результаты исследований, приведен-
ные в  табл.  2, показывают, что после 
воздействия на активированные ка-
тализаторы водного раствора МДЭА 
с одновременным потоком АВС прои-
зошло незначительное снижение меха-
нической прочности и общей удельной 
поверхности. Исключение составляет 
катализатор НИАП-07-07 (НКМ-7), 
у  которого формирование текстуры 
происходит в  процессе активации. 
Общая пористость для всех образцов 
практически одинакова. Произошли 
изменения в фазовом составе, связан-
ные с  процессом пассивации катали-
заторов. Сравнение данных по ката-
литической активности, полученных 
в  данном эксперименте, показывает, 
что катализаторы, подвергнутые при 
320 °С воздействию водного раствора 
МДЭА в потоке АВС после предвари-
тельной активации, практически не 
теряют своих каталитических свойств. 
Данный показатель хорошо сопоста-
вим со значениями активности (по 
ТУ 2178-003-00209510-2006) катали-
заторов метанирования, имеющих 
содержание активного компонента 
(NiO) от 31 до 40 %. Для катализаторов 
с  таким содержанием активного ком-
понента каталитическая активность 
находится в пределах от 170 до 200 °С.

Выводы
Комплексом физико-механических 

и  физико-химических методов иссле-
дованы характеристики Ni-Al катали-
затора НИАП-07-01 (НКМ-1) и Ni-це-
ментсодержащих катализаторов марки 
НИАП-07-07 (НКМ-7), Meth-134 (C13-
04-4) и Meth-135 (C13-03-3) как исход-
ных катализаторов, так и  активиро-

ванных с  последующим воздействием 
на них водного раствора МДЭА в по-
токе АВС. Исследуемые катализато-
ры после воздействия на них водного 
раствора МДЭА в  потоке АВС пра-
ктически сохраняют высокие значе-
ния механической прочности, общей 
удельной поверхности, пористости 
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и каталитической активности, которая 
находится на уровне 165–180 °С. Уста-
новлено, что активный компонент (Ni) 
в катализаторах, обработанных МДЭА 
с последующей активацией, находится 
в  дисперсном состоянии, что предо-
пределяет их высокую каталитическую 
активность. В  процессе воздействия 
на активированные катализаторы при 
температуре 320 °С водного раствора 
МДЭА в  потоке АВС происходит их 
пассивация. Методом температурно-
программированного восстановления 
установлено, что поверхность ката-
лизаторов блокируется МДЭА. Это 

предположение подтверждается выде-
лением в процессе восстановления об-
работанных катализаторов в  газовую 
фазу СО2, являющегося одним из про-
дуктов разложения МДЭА.

Регенерация в  промышленных 
условиях активированных катализа-
торов метанирования, подвергшихся 
воздействию водного раствора МДЭА, 
должна осуществляться путем их суш-
ки в потоке АВС при температурах не 
ниже 150–200 °С с  последующим до-
восстановлением при температурах 
350–400 °С.
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Introduction
Complex oxide YBaCo2O6–δ 

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, YBaCo2O6–δ is un-
stable in air at temperatures between 800 
and 850 °C [13] and decomposes to mix-
ture of the simple perovskites YCoO3–δ 
and BaCoO3–δ, which are more thermody-

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 YBaCo2O6–δ obtaining, 
has not been discussed in literature so 
far. The lack of the appropriate data also 
inhibits a commercial application of the 
YBaCo2O6–δ based materials.

Therefore the main aim of the cur-
rent work was to study a formation of the 
YBaCo2O6–δ double perovskite at 900 and 
1000  °C in different gas atmospheres in 
order to optimize its synthesis routine.

Experimental
Taking into account that synthesis of 

YBaCo2O6–δ proceeds through the forma-
tion of intermediate phases of YCoO3–δ 
and BaCoO3–δ like other double perovs-
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kites LnBaCo2O6–δ [14] as well as that a 
synthesis routine for these intermediate 
phases has been already described in lite- 
rature [15, 16] we selected YCoO3–δ and 
BaCoO3–δ as starting reagents for prepara-
tion of the YBaCo2O6–δ double perovskite.

Powder samples of YCoO3–δ, BaCoO3–δ 
were synthesizes by means of glyserol-
nitrate technique, using Co, Y2O3 and 
BaCO3 as starting materials. All the ma-
terials used had a purity of 99.99 %. Me-
tallic Co was obtained by reduction of 
Co3O4 (purity 99.99 %) in H2 atmosphere 
at 600 °C. Y2O3 and BaCO3 were prelimi-
nary calcined at 1100 °C and 600 °C, re-
spectively, in air for two hours in order 
to remove adsorbed H2O and CO2. 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-

cible and calcined in a furnace. The final 
calcination was carried out at 1100 °C in 
air for two hours С  for BaCoO3–δ and at 
900  °C for YCoO3–δ. Phase composition 
of the as-prepared powder samples was 
confirmed by X-ray diffraction using Shi-
madzu XRD-7000 diffractometer (CuKα 
radiation, 20≤2θ, °≤90). X-ray diffraction 
patterns of the as-synthesized YCoO3–δ 
and BaCoO3–δ 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 BaCoO3 was interpreted 
as a mixture of two compounds: BaCoO3 
and BaCoO2.61 (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 YBaCo2O6-δ was stu- 
died by annealing equimolar mixture of 
YCoO3–δ and BaCoO3–δ 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 (pO2) 

Fig. 2. X-ray diffraction pattern and its 
matching refinement plot of BaCoO3-δ: 

observed X-ray diffraction intensity - points 
and calculated curve (χ2 = 1.87) – line. The 
bottom curve is the difference of patterns,  
yobs − ycal, and the small bars indicate the 
angular positions of the allowed Bragg 
reflections for BaCoO3 (blue lines) and 

BaCoO2.61 (red lines)

Fig. 1. X-ray diffraction pattern and its 
matching refinement plot of YCoO3-δ: 

observed X-ray diffraction intensity – points 
and calculated curve (χ2 = 1.62) – line. The 
bottom curve is the difference of patterns,  
yobs − ycal, and the small bars indicate the 
angular positions of the allowed Bragg 

reflections
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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.

Results and discussion
Fig. 3 shows XRD patterns of the 

YCoO3–δ + BaCoO3–δ equimolar mixtures 
annealed at 900 °C in air (pO2 = 0.21 atm) 
and pure oxygen (pO2 = 1 atm) for 72 h. As 
seen annealing neither in air nor in oxy- 
gen atmosphere leads to formation of the 
single phase YBaCo2O6–δ at least for this 
time of annealing.

Moreover XRD pattern of the mixture 
annealed at 900 °С in pure oxygen atmos-
phere does not show any indication of the 
chemical interaction between the reagents 

and formation of YBaCo2O6–δ 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 YBaCo2O6–δ oxide 
under oxidizing conditions at tempera-
tures lower than some threshold value 
[11–13].

Figs. 4 and 5 show XRD patterns of the 
YCoO3–δ and BaCoO3–δ equimolar mix-
tures annealed at 1000  °C in air (pO2 = 
0.21 atm) and pure oxygen (pO2 = 1 atm) 
for 72 h. As seen annealing in air also did 
not lead to the formation of the single 
phase double perovskite. Y2O3, BaCoO3 
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 YCoO3, 
which decomposes in air at T ≥ 900  °C 
with formation of Y2O3 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 YBaCo2O6–δ at 
1000 °C in air seems to proceed according 

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

Compound Space group a*, Å b*, Å c*, Å Reference

YCoO3–δ Pbnm
5.139
5.137
5.132

5.419
5.420
5.411

7.365
7.364
7.360

this work
[17]
[18]

BaCoO3 P-6m2
5.683
5.645
5.652

5.683
5.645

5.6525

4.552
4.752
4.763

this work
[19]
[20]

BaCoO2.63 P63/mmc
5.666
5.665
5.671

5.666
5.665
5.671

28.494
28.493
28.545

this work
[16]
[21]

* uncertainty ±0.001 Å.

Fig. 3. XRD patterns of YCoO3–δ and 
BaCoO3–δ equimolar mixtures after annealing 

in air (a) and pure oxygen (b) at 900 °C for 
72 h
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to the two-stage process. First YCoO3 de-
composes into Y2O3 and CoO upon heat-
ing of the equimolar mixture of YCoO3–δ 
and BaCoO3-δ up to 1000 °C in air

 YCoO3 = ½Y2O3 + CoO + ¼O2.	 (1)
Then a mixture of Y2O3, BaCoO3 and 

CoO slowly reacts at 1000 °C with forma-
tion of the required double perovskite

½Y2O3 + BaCoO3–δ + CoO = 
= YBaCo2O6–δ + ¼O2.	 (2)

At the same time annealing the 
YCoO3–δ and BaCoO3–δ equimolar mix-
ture at 1000 °C in oxygen for 72 h leads to 
formation of the single phase YBaCo2O6–δ 
as seen in Fig. 5 where appropriate XRD 
pattern is shown. This pattern was refined 
as a mixture of two phases having 3×2×2 
and 1×2×2 superstructures. The former 
has tetragonal structure (s. g. P4/mmm) 
with cell parameters a = b = 11.596(4) 
Å and c = 7.509(7) Å whereas the latter 
has orthorhombic structure (s. g. Pmma) 
with cell parameters a = 3.821(4) Å,  b = 
7.846(2) Å, c = 7.515(8) Å in full agree-
ment with available structural data [5, 7, 
12, 26, 27].

Detailed step-by-step investigation of 
the YBaCo2O6–δ synthesis in oxygen at 
this temperature revealed that the result-

ant mixture at each step except last one 
contained BaCoO3–δ, Y2O3, CoO, YCoO3–δ 
and the product YBaCo2O6–δ. 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 HoCoO3 decomposi-
tion starts at 1051  °C in air whereas Er-
CoO3 decomposes already at 866 °C in the 
same atmosphere. YCoO3 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 YCoO3 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 

Fig. 4. XRD pattern of YCoO3–δ and 
BaCoO3–δ equimolar mixtures annealed in 

air at 1000 °C for 72 h

Fig. 5. X-ray diffraction pattern and its 
matching refinement plot of YBaCo2O6–δ 

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, yobs − ycal, and the small bars 

indicate the angular positions of the allowed 
Bragg reflections for YBaCo2O6–δ with 

3×2×2 superstructure (blue) and 1×2×2 
superstructure (red)
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shown in Table 2. They allow estimating 
corresponding equilibrium decomposi-
tion temperatures for YCoO3 in air and 
oxygen. As seen in Table 2 this estima-
tion gives 953  °C as the decomposition 
temperature of YCoO3 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 YCoO3 
in oxygen in the range of 1000–1100 °C, 
i. e. during annealing of the YCoO3–δ and 
BaCoO3–δ equimolar mixture at 1000  °C 

in pure oxygen atmosphere its first com-
ponent is in equilibrium with oxides 
Y2O3 and Co O. Therefore synthesis of 
the YBaCo2O6–δ double perovskite under 
these conditions can be described by the 
following parallel reactions

YCoO3 + BaCoO3 = YBaCo2O6	 (3)
½Y2O3 + CoO + ¼O2 = YCoO3	 (4)
The equilibrium of reaction Eq. (4) is 

shifted to the right due to consumption of 
YCoO3 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 YCoO3 plays in the 
optimization of synthesis routine for the 
YBaCo2O6–δ double perovskite.

Table 2
Thermodynamics of reaction Eq. (1) for the selected cobaltites at 927 °C
ΔH°, kJ·mol–1 ΔS°, J·mol–1·K–1 Tair*, °C TO2**, °C Reference

HoCoO3 44.88 30.63 1051 1192 [24, 25]
ErCoO3 51.34 41.3 866 970 [24, 25]
YCoO3 48 36 953 1060 Estimated in this work

* Equilibrium temperature for RCoO3 (R = Y, Ho, Er) decomposition in air
** Equilibrium temperature for RCoO3 (R = Y, Ho, Er) decomposition in oxygen

 Fig. 6. XRD patterns of YCoO3–δ and 
BaCoO3–δ equimolar mixture step-by-step 

annealed at 1000 °C in pure oxygen
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Conclusions
Synthesis of YBaCo2O6–δ from equimo-

lar mixture of YCoO3 and BaCoO3–δ 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 YBaCo2O6–δ. Detailed 
step-by-step investigation of the synthe-

sis was carried out at 1000 °C in pO2 = 1 
atm. The mechanism of YBaCo2O6–δ syn-
thesis in different gas atmospheres was 
proposed based on thermodynamics of 
YCoO3 and crucial role of this oxide sta-
bility in governing of the synthesis pro-
cess was revealed.
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Introduction
The studied four-component Na, Са || 

СО3, НСО3–H2O system is an integral 
part of the more complex six-component 
Na, Са || SO4, CO3, HCO3, F–H2O 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, Са || SO4, CO3, 
HCO3, F–H2O system, as well as in five- 
and four-component its constituent sys-
tems.

The present work has aimed to study 
the solubility in the Na, Са || СО3, НСО3–
H2O system at 0 °С 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 °С are: calcite СаСО3 
denoted further as (Cc); hydrogen-
ated sodium carbonate Na2CO3·10H2O 
denoted further as (C10); geylussite 
Na2CO3·CaCO3·5H2O denoted further as 
(Gl); nahcolit NaHCO3 denoted further as 
(Nh) and calcium bicarbonate Са(НСО3)2 
denoted further as (Cbc) [4, 5].

Experimental
Following reagents were used as start-

ing materials: NaHCO3 («chemically 
pure» grade), Na2СО3 («pure» grade); 
СаСО3 («pure» grade), and Са(НСО3)2 
(«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: Na2СО3–
NaНСО3–Н2О; Na2СО3–СаСО3–H2O; 
NaHCO3–Са(HСО3)2–H2O and СаСО3–
Са(НСО3)2–Н2О 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 

solid precipitates were kept in a thermostat 
at 0 °С 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 °С 
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 °С. A chemical analysis of products 
was performed according to the standard 
techniques [7–9].
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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, Са || СО3, 
НСО3–H2O system at 0°С has been con-
structed (Fig. 2). The location of non-
variant points on the diagram, which are 
belonging to the three-component section 
(En

3 )  and to the four-component section 
(En

4 ) , 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, Са || СО3, НСО3–H2O 

system at 0 °С, 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 СаСО3 (Cc) and 
calcium bicarbonate Са(НСО3)2 (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, Са || СО3, НСО3–H2O system 
at 0 °С, studied in the present work, and 
at 25 °С 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, Са || СО3, НСО3–H2O system at 0 °С

Point
The composition of liquid phases, wt % The phase 

composition 
of precipitatesNa2СO3 NaНСО3 CaСO3 Са(НСО3)2 H2O

е1 6.570 – – – 93.4300 C10
е2 – 6.490 – – 93.5100 Nh
е3 – – 0.0031 – 99.9969 Cc
е4 – – – 0.144 99.8560 Cbc
E1
3 5.60 4.610 – – 89.790 C10 + Nh

E2
3 12.00 – 0.0048 – 87.9952 C10 + Gl

E3
3 4.30 – 0.0046 – 95.6954 Gl + Cc

E4
3 – 4.890 – 0.109 95.001 Nh + Cbc

E5
3 – – 0.0014 0.083 99.9156 Cc + Cbc

E1
4 6.167 2.443 0.0065 – 91.3835 C10 + Nh + Gl

E2
4 5.904 – 0.0057 0.308 93.7823 Cc + Gl + Cbc

E3
4 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, Са || СО3, НСО3–H2O system at 
0 °C: 1 – C10, 2 – Gl, 3 – 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

Fig. 2. Solubility diagram for the Na, Са || СО3, НСО3–H2O system at 0 °C:  
(a) general part and (b) salt part

a b
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Table 2
Description of the geometric images contents in Fig. 2

Notation of the 
geometric images

Content

е1 Solubility of sodium carbonate in water
е2 Solubility of sodium bicarbonate in water 
е3 Solubility of calcium carbonate in water 
е4 Solubility of calcium bicarbonate in water 

E1
3 Co-crystallization point for C10 + Nh in the Na2СO3–NaHCO3–

H2O system

E2
3 Co-crystallization point for C10 + Gl in the Na2СO3–СаCO3–H2O 

system

E3
3 Co-crystallization point for Gl + Cc in the Na2СO3– СаСО3–H2O 

system

E4
3 Co-crystallization point for Nh + Cbc in the NaНСО3–Ca(НСО3)2–

H2O system

E5
3 Co-crystallization point for Cc + Cbc in the СаСО3–Ca(НСО3)2–

H2O system

E1
4 Co-crystallization point for Nh + C10 + Gl in the Na, Са || СО3, 

НСО3–H2O system

E2
4 Co-crystallization point for Gl + Cc + Cbc in the Na, Са || СО3, 

НСО3–H2O system

E3
4 Co-crystallization point for Gl+Cbc+Nh in the Na, Са || СО3, 

НСО3–H2O system

E E1
3

1
4− Co-crystallization curve for C10 + Nh in the Na2СO3–NaHCO3–

H2O system

E E2
3

1
4− Co-crystallization curve for C10 + Gl in the Na2СO3–СаCO3–

H2O system

E E3
3

2
4− Co-crystallization curve for Cc + Gl in the Na2СO3–CaСО3–H2O 

system

E E4
3

3
4− Co-crystallization curve for Cbc + Nh in the NaНСO3–

Ca(НСО3)2–H2O system

E E5
3

2
4− Co-crystallization curve for Cc + Cbc in the СаСО3–Ca(НСО3)2–

H2O system
E E E E1
3

2
3

1
4

1
3Na CO2 3 C10 crystallization field

E E E E E1
3

4
3

3
4

1
4

1
3NaHCO3 Nh crystallization field

E E E E E E2
3

1
4

3
4

2
4

3
3

2
3 Gl crystallization field

E E E E3
3

3 5
3

2
4

3
3CaCO Cc crystallization field

E E E E E5
3

2
4

3
4

4
3

3 2 5
3Ca(HCO ) Cbc crystallization field
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In Russian

Введение
Исследуемая четырехкомпонент-

ная система Na, Са || СО3, НСО3–H2O 
является составной частью более 
сложной шестикомпонентной системы 
Na, Са || SO4, CO3, HCO3, F–H2O состо-
яния фазовых равновесий, в  которой 
определяют условия утилизации жид-
ких отходов алюминиевого производ-
ства. Сточные воды отделений регене-
рации криолита алюминиевых заводов 
содержат фториды, карбонаты, гидро-
карбонаты и сульфаты натрия и каль-
ция [1–2]. Процессы кристаллизации 
и растворения солей в водных раство-
рах этих отходов определяются зако-
номерностями фазовых равновесий 
в  шестикомпонентной системе Na, 
Са || SO4, CO3, HCO3, F–H2O, составля-
ющих ее пяти – и четырехкомпонент-
ных систем. 

В  настоящей работе рассмотрены 
результаты исследования системы Na, 
Са || СО3, НСО3–H2O при 0 °С методом 
растворимости с  целью установления 
концентрационных параметров по-
ложения ее геометрических образов 
и соотношения полей кристаллизации 
индивидуальных равновесных твер-
дых фаз. Ранее [3] методом трансляции 
были установлены фазовые равнове-
сия исследуемой системы и построена 
ее фазовая диаграмма.

Равновесными твердыми фаза-
ми исследуемой системы при 0 °С  
являются: СаСО3 – кальцит (Сц);  
Na2CO3·10H2O  – С·10; Na2CO3·CaCO3· 
·5H2O – гейлюссит (Гл); NaHCO3 –  
нахколит (Нх) и Са(НСО3)2 – кальций 
гидрокарбонат (СаГ) [4, 5]. 

Экспериментальная часть
Для опытов были использованы 

следующие реактивы: NaHCO3 (х. ч.); 
Na2СО3 (ч); СаСО3 (ч); Са(НСО3)2 
(х. ч.). Опыты проводили по следую-
щей схеме согласно методу донасыще-
ния [6].

Исходя из данных литературы 
[4, 5], нами предварительно были 
приготовлены смеси осадков с  на-
сыщенными растворами, соответ-
ствующими нонвариантным точкам 
составляющих исследуемую четырех-
компонентную систему трехкомпо-
нентных систем: Na2СО3 – NaНСО3 –  
Н2О; Na2СО3–СаСО3–H2O; NaHCO3–
Са(HСО3)2–H2O и  СаСО3–Са(НСО3)2–
Н2О. Затем, исходя из схемы транс-
ляции нонвариантных точек уровня 
трехкомпонентного состава на уро-

вень четырехкомпонентного состава 
[3], приготовленные насыщенные рас-
творы, с соответствующими равновес-
ными твердыми фазами, перемешивая 
термостатировали при 0 °С до дости-
жения равновесия.

Термостатирование проводи-
ли в  ультратермостате LT-TWC/22. 
Перемешивание смеси осуществля-
ли с  помощью магнитной мешалки 
PD-09 в  течение 50–120 ч. Темпера-
тура поддерживалась с  точностью 
±0,1  °С с  помощью контактного тер-
мометра. За кристаллизацией твер-
дых фаз наблюдали с  помощью ми-
кроскопа «ПОЛАМ-P 311». После 
достижения равновесия в  системе 
равновесные твёрдые фазы сфотогра-
фировали цифровым фотоаппаратом 
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«SONY-DSC-S500». Достижение рав-
новесия устанавливалось по неиз-
менности фазового состава осадков. 
Отделение жидкой и твердой фаз осу-
ществляли с помощью вакуумного на-
соса через обеззоленную (синяя лента) 

фильтровальную бумагу на воронке 
Бюхнера. Осадок после фильтрации 
промывали 96 %-м этиловым спиртом 
и  высушивали при 120 °С. Химиче-
ский анализ продуктов проводили по 
известным методикам [7–9]. 

Результаты и обсуждение
Результаты кристаллооптического 

анализа [10] равновесных твердых фаз 
(микрофотографии) представлены на 
рис.  1, а  результаты химического ана-
лиза насыщенных растворов приведе-
ны в табл. 1.

На основании полученных данных 
построена диаграмма растворимо-
сти системы Na, Са || СО3, НСО3–H2O 
при 0 °С, которая представлена на 
рис. 2. Положение нонвариантных то-
чек уровня трехкомпонентного (En

3 )  

Рис. 1. Микрофотографии равновесных твердых фаз системы Na, Са || СО3, НСО3–H2O 
при 0 °С: 1 – C10; 2 – Gl, 3 – 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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Рис. 2. Диаграмма растворимости системы Na, Са || СО3, НСО3–H2O при 0 °С:
а – общая; б – солевая часть

Таблица 1
Растворимость в узловых (нонвариантных) точках системы  

Na, Са || СО3, НСО3–H2O при 0 °С

№ 
точек

Состав жидкой фазы, мас. % Фазовый 
состав 

осадков Na2СO3 NaНСО3 CaСO3 Са(НСО3)2 H2O

е1 6,570 – – – 93,4300 Нх
е2 – 6,490 – – 93,5100 Сц
е3 – – 0,0031 – 99,9969 СаГ
е4 – – – 0,144 99,8560 С·10 + Нх
E1
3 5,60 4,610 – – 89,790 С·10 + Гл

E2
3 12,00 – 0,0048 – 87,9952 Гл + Сц

E3
3 4,30 – 0,0046 – 95,6954 Нх + СаГ

E4
3 – 4,890 – 0,109 95,001 Сц + СаГ

E5
3 – – 0,0014 0,083 99,9156 С·10 + Нх 

+ Гл
E1
4 6,167 2,443 0,0065 – 91,3835 Сц + Гл + СаГ

E2
4 5,904 – 0,0057 0,308 93,7823 Нх + СаГ + Гл

E3
4 5,510 5,896 – 0,190 88,4040 Nh + Cbc + Gl

a б
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Таблица 2
Описание содержания геометрических образов на рис. 2

Обозначение 
геометрических 

образов

Содержание

е1 Растворимость карбоната натрия в воде
е2 Растворимость гидрокарбоната натрия в воде
е3 Растворимость карбонатакальция в воде
е4 Растворимость гидрокарбоната кальция в воде

E1
3 Точка совместной кристаллизации С·10 + Нх в системе 

Na2СO3–NaHCO3–H2O

E2
3 Точка совместной кристаллизации С·10 + Гл в системе 

Na2СO3–СаCO3–H2O

E3
3 Точка совместной кристаллизации Гл + Сц в системе Na2СO3– 

СаСО3–H2O

E4
3 Точка совместной кристаллизации Нх + СаГ в системе 

NaНСО3–Ca(НСО3)2–H2O

E5
3 Точка совместной кристаллизации Сц + СаГ в системе СаСО3–

Ca(НСО3)2–H2O

E1
4 Точка совместной кристаллизации Нх + С·10 + Гл в системе Na, 

Са || СО3, НСО3–H2O

E2
4 Точка совместной кристаллизации Гл + Сц + СаГ в системе Na, 

Са || СО3, НСО3–H2O

E3
4 Точка совместной кристаллизации Гл+СаГ+Нх в системе Na, 

Са || СО3, НСО3–H2O

E E1
3

1
4− Кривая совместной кристаллизации C·10 + Нх в системе 

Na2СO3–NaHCO3–H2O

E E2
3

1
4− Кривая совместной кристаллизации С·10 + Гл в системе 

Na2СO3–СаCO3–H2O

E E3
3

2
4− Кривая совместной кристаллизации Сц + Гл в системе Na2СO3–

CaСО3–H2O

E E4
3

3
4− Кривая совместной кристаллизации СаГ + Нх в системе 

NaНСO3–Ca(НСО3)2–H2O

E E5
3

2
4− Кривая совместной кристаллизации Сц + СаГ в системе 

СаСО3–Ca(НСО3)2–H2O
E E E E1
3

2
3

1
4

1
3Na CO2 3 Поле кристаллизации С·10

E E E E E1
3

4
3

3
4

1
4

1
3NaHCO3 Поле кристаллизации Нх

E E E E E E2
3

1
4

3
4

2
4

3
3

2
3 Поле кристаллизации Гл

E E E E3
3

3 5
3

2
4

3
3CaCO Поле кристаллизации Сц

E E E E E5
3

2
4

3
4

4
3

3 2 5
3Ca(HCO ) Поле кристаллизации СаГ
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и  четырехкомпонентного (En
4 )  соста-

вов, где n – номера точек, на диаграмме 
установлены по массцентрическому 
методу [11]. 

На рис.  2 приведена «общая» (а) 
и  «солевая» (б) части диаграммы рас-
творимости системы Na, Са || СО3, 
НСО3–H2O при 0 °С, где отражены 
взаимное расположение и  относи-
тельные размеры полей кристаллиза-
ции соответствующих равновесных 
фаз. Как следует из рис.  2, при 0 °С 
в  исследуемой четырехкомпонент-
ной системе поле кристаллизации Сц 

(СаСО3) и кальций гидрокарбонат СаГ 
(Са(НСО3)2) занимает ее значительную 
часть, что характеризует малую рас-
творимость данной соли в  приведен-
ных условиях. Сопоставление полу-
ченных результатов по исследованию 
растворимости в системе Na, Са || СО3, 
НСО3–H2O при 0 °С и  при 25 °С [12] 
в  целом указывает на общую тенден-
цию уменьшения данного показателя 
с понижением температуры.

Описание содержания геометри-
ческих образов (поля, кривые, точки) 
рис. 2 приведены в табл. 2.
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Introduction
The family of solid electrolytes 

with the general formula Bi4V2–xFeхO11-δ 
(BIFEVOX) is characterized by high oxy-
gen-ion conductivity at intermediate tem-
peratures 550–950 K [1–5]. The high-tem-
perature γ-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 γʹ modification 
with decreasing temperature is accompa-

nied by a small change of slope of the lg σ 
– 103/T dependence and, accordingly, an 
increase in the activation energy to 0.5–
0.7 eV. The tetragonal γ-modification of 
the Bi4V2–xFexO11–δ is sufficiently stable in 
a wide range of thermodynamic parame- 
ters (T = 298 – 1073 K, lg pO2 (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 (lg pO2 (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) 
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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 

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.

Experimental
Samples of Bi4V2–xFexO11–δ (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 

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, CuKα 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.

Results and discussion
1.  Synthesis and characterization of 

the materials
Bi4V2–xFexO11–δ (x = 0.3, 0.5) samples, 

obtained by the standard ceramic tech-
nology, are single-phase and have the 
structure of high-temperature tetragonal 
γ-modification (space group I4/mmm). 
The average particle size of Bi4V2–xFexO11–δ 

is in the range of 0.5–10 μm. The bismuth 
oxide nanopowder is single-phase, and 
is β-Bi2O3 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 FeOx. This is composed of Fe3O4 
(magnetite) with its content 69 %, Fe2O3 
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(hematite, 10 %) and ε-Fe2O3 (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 β-Bi2O3 in 
the tetragonal structure (space group 
I4/mmm), for Fe3O4 in cubic (Fd-3m), 
Fe2O3 for rhombohedral (space group 
R-3c), ε-Fe2O3 for orthorhombic (space 
group Pna21) structure. The results are 
shown in Table 1.

Taking into account that the 
BIMEVOX materials are non-stable 
in a reducing atmosphere as well as 
Bi4V2–xFexO11–δ undergoes transition from 
tetragonal structure to orthorhombic one 
in air at ca. 773 K without decomposition 
[4, 5] the sample of Bi4V1.5Fe0.5O11–δ pre-
pared accordingly was investigated in the 
reducing atmosphere with log(pO2/atm) 
 < –14.0 by means of dilatometry equipped 
with special chamber in order to reveal 
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 γ ↔ γʹ phase transi-
tion [12] is observed. However, there is no 

such transition upon heating in the reduc-
ing atmosphere while a γ ↔ β 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 c = 
15.509 Å of the cooled sample were found 
by XRD to remain practically unchanged 
as compared to those of Bi4V1.5Fe0.5O11–δ 
before the reduction-oxidation treatment. 
Aforementioned results indicate obvious-

Table 1
Crystal structure parameters of the materials

Composition a ± 0.001, Å b ± 0.001, Å c ± 0.004, Å
Bi4V1.7Fe0.3O11–δ 3.919 3.919 15.468

Bi4V1.5Fe0.5O11–δ 3.918 3.918 15.524

β-Bi2O3 7.729 7.729 5.648

Fe3O4 8.356 8.356 8.356

Fe2O3 5.034 5.034 13.727

ε-Fe2O3 5.091 8.804 9.446

Fig. 1. Thermal strain of the Bi4V1.5Fe0.5O11–δ 
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 % H2 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
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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∙10–6 K–1 (Fig. 2). Annealing in hy-
drogen atmosphere of the Bi4V1.7Fe0.3O11–δ 
sample at 1073 K for 8 hours was carried 
out to estimate the possibility of decom-
position of the Bi4V2–xFexO11–δ series at 
lgPO2 (atm) <–14.0. In addition to the 
Bi4V2–xFexO11–δ lines, peaks correspond-
ing to BiVO4 and Bi2O3 (or solid solutions 

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 Bi4V1.7(1.5)
Fe0.3(0.5)O11–δ/x wt.%. Bi2O3 (FeOx) 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 

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

Fig. 3. The images of the surface of the composite samples:  
a – Bi4V1.5Fe0.5O11–δ/40 wt.%. Bi2O3; b – Bi4V1.7Fe0.3O11-δ/10 wt.%. FeOx

a b
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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 
Bi4V1.7Fe0.3O11–δ/10 wt.%. FeOx 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 

shown in Fig. 5. The dependences of the 
total conductivity on temperature for the 
composites studied have the form cha- 
racteristic for the γ-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 γʹ-
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 lg σ – 103/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 β-Bi2O3 at 873  K the 
value of the total electrical conductivity is  

Fig. 4. EDX spectrum of the 
Bi4V1.7Fe0.3O11–δ/10 wt.%. FeOx  

composite surface
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Fig. 5. Total electrical conductivity versus 
temperature: 1 – Bi4V1.7Fe0.3O11–δ;  

2 – Bi4V1.5Fe0.5O11–δ; 3 – Bi4V1.5Fe0.5O11–δ/wt.% 
FeOx; 4 – Bi4V1.5Fe0.5O11–δ/wt.% FeOx;  

5 – Bi4V1.5Fe0.5O11–δ/40 wt.% Bi2O3;  
6 – Bi4V1.7Fe0.3O11–δ/10 wt.% Bi2O3
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~10–3 Ohm–1 cm–1, for Bi4V1.7Fe0.3O11–δ in 
our work it is 1.5 × 10–2 Ohm–1 cm–1. The 
effect of an increase of the overall elec-
trical conductivity values of composite 

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

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-

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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