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Historically the SCF attracts a lot of attention of Soviet (Russian) R&D institutions working
in very different areas. The increase in the accuracy of the experimental techniques, precise
quantification of the gravitational phenomenon and the influence of impurities existing in the
system showed principal role of the fluctuations in the vicinity of critical points.
In 1964 Alexander Patashinski from Siberian Brunch of Soviet Academy of Science was the
first who suggested describing the second order phase transition via long-wave fluctuations of
small amplitude but of large dimensions [ 1]. This gave impetus to a number of theoretical and
experimental studies of coolants, heat-transfer agents, inert gases, CO2, hydrocarbons, water etc.
including supercritical fluids (SCF). In 1978, Kenneth Wilson receiving Nobel Prize
acknowledged Pokrovsky and Patashinsky [2] for their ideas, which actually formed the basis of
subsequent achievements.
Later in the 80-es the special attention was paid to the behavior of water at elevated
temperature and pressure. Following the ideas of Patashinski and J. Frenkel [3], Prof. Gorbatyi
investigated the local structure of pressurized [4] and supercritical [5] water and has been found a
strong structural inhomogeneity come from fluctuations of the entropy and density. It leads to a
complicated shape of the distribution of the intermolecular distances in the first coordination
sphere. At the same time the energetically favorable molecular configurations are appeared to
depend on anisotropic character of local intermolecular interaction (e.g. hydrogen bonding in case
of water). Using X-ray scattering Yurii Gorbaty found [6] that the peak corresponding to the
isotopic part of intermolecular interaction increases with the pressure growth that display the
changes of molecules fraction coupled via hydrogen bonds. Those results attracted the attention to
the local phenomena of intermolecular interactions that determine the properties of SCW and other
fluids.
Largely due to the success in understanding of the behavior of the SCF at the atomic and
molecular scale the SCF technologies were developing that time in USSR and later in Russia. In
particular, the supercritical water (SCW) was considered as perspective media for different
technological processes: hydrothermal synthesis, processing of low-grade fuels, destruction of
different wastes including chemical weapons, as heat-transfer agent for the nuclear power plants
etc.
Supercritical water takes part in many geological processes determining the formation of
various deposits. In this line the control of intermolecular interactions made it possible to choose
the desired parameters for biomimatic processes. While developing technologies to obtain
optically-transparent crystals for lasers the Siberian scientists in 70-80-ies first suggested the
method known as "horizontal directional crystallization method (STC)” to produce a wide range
of artificial crystals, which сan compete even with natural gemstones. The essence of the method
was in the recrystallization of crashed low grade and cheap crystals in batch reactor under control
temperature gradient on seeds placed in the upper part of the reactor. Nowadays well-known
international company Thairus is the world’s largest producer of hydrothermal so-called “created”
emerald, ruby, sapphire and others which are used worldwide in jewelry.
Russian specialist suggested and developed the appropriate and economically feasible
technologies to use SCW as heat-transfer agent for the nuclear power plants based on fast neutron
1

reactors. The SCW allows one to decrease of thermal losses, increase the heat transfer efficiency
that leads to the increase of the actual efficiency of nuclear plants with a closed fuel cycle. Great
efforts were spent that time to find materials and special alloys that are stable under SCW and
constant neutrons irradiation. Also a lot of the projects concerning destruction of different wastes
including chemical weapons were realized in former SU and Russia including those fulfilled
within International Science and Technology Center.
Another example worthy of attention is the application of SCF for the sensitive chemical
analysis including high-speed multicapillary chromatography. In eighties of last century Boreskov
Institute of Catalysis (BIC) developed SCF chromatography for the analysis of polyaromatic and
polysiloxane compounds [7,8]. Later the ultra-high speed chromatography based on original
multicapillary columns was suggested in BIC. The usage of a package of thousand equaled
capillaries of 10 microns in diameter leads to the absence of a pressure drop providing a large
amount of the sample to be introduced making the separation process sensitive, fast and precise.
One can form different layers on the inner surface of the capillary sensitive to the target substances.
The technology developed is still unique and used for on-line analysis.
Nowadays more than 90 % of all worldwide chemical technologies somehow use catalysts
and catalytic processes, providing products of more than $5 trillion. For example the contribution
of catalytic technologies to the material component of US GDP is around 35%. The number of
countries producing a full range of catalysts for strategically important oil refining and chemical
processes is less than the number of countries owning the technology for producing nuclear
weapons. The largest worldwide companies spend a lot of efforts to find more efficient and stable
catalysts as well as original catalytic processes based on SCF.
Considering the list of catalytic reaction for organic synthesis realized under SC condition
in Russian R&D institutions one can find rearrangements of monoterpene hydrocarbons [9,10,11],
catalytic Michael addition to α-nitroalkenes [12], Suzuki-Miyaura cross-coupling reaction in SCCO2 [13], addition of SC CO2 to organic epoxides [14,15], hydrogen transfer reaction [16], different
amination and alkylation reactions [17,18] and many others.
Developing the SCF technology in catalysis it is necessary to remember that viable catalytic
processes implies the solution of many problems including not just efficient chemical reaction, but
also selectivity, mass and heat transfer issue (especially in case of heterogeneous catalysis), the
stability of the catalysts, target products separation and purification, catalyst regeneration, the
potential to use by-products, and many others. In this regards only the comprehensive analysis of
fluid properties can give us a new ‘brand’. The trick here is that especially combination of SCF
properties including the low viscosity, high mass and heat transfer, high diffusion rate and the
absence of mass transfer slowdown through the interfaces, increasing solubility of gases etc. can
provide a ‘new quality’ for different processes.
Good example of the SCF potential in the heterogeneous catalysis is the high-selective
catalytic hydrogenation. Under normal conditions, to reach the catalyst surface and react, the gas
reagents should diffuse through the gas/liquid interface, then through the liquid including stagnant
region near the surface of the solid catalyst, then diffuse into its porous structure, react, desorb and
repeat all the way back. Under SC conditions, the stages associated with mass transfer through the
interfaces are practically eliminated, diffusion resistance sharply decreases, the concentration of
hydrogen over catalyst surface increases by more than order of magnitude that results to the high
product yield and selectivity.
Another interesting example concerns coupling of CO2 and epoxides to produce cyclic
carbonates catalyzed by metal-organic frameworks (MOF) [14,15]. It was found that propylene
carbonate can be synthesis by cycloaddition of CO2 to propylene oxide using Cr containing MOF
MIL-101 as catalyst to get 82% yield at 91% conversion after 24 h. The presence of
tetrabutylammonium bromide as co-catalyst allows us to get cyclic carbonates directly from SC
CO2 and olefins with reasonable yield.
Usually we consider the averaged characteristics of SCF: increased solubility, diffusion, low
viscosity, and so on. At the same time as it was mentioned above these properties originate from
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specific intermolecular interactions which result to significant differences in the local density,
local concentration and other local characteristics of SCF as compare to the conventional liquids.
The relatively weak forces under SC condition can move molecules and ions into an energetically
favorable position resulting in the inhomogeneous spatial distribution of molecules especially in a
multicomponent system.
The local concentration phenomenon is very important issue for heterogeneous catalysis. As
a rule a number of competing reactions occur in the system in parallel. The rate of each reaction
depends on the pressure, temperature and also the local concentration of reagents. Using the
language of kinetics theory, the rate constant of elementary reaction depends on the volume of
activated complex (the difference between the molar volume of the transition complex and the
sum of the volumes of corresponding reagents). This value can be order of magnitude larger for
SCF as compared to the corresponding value for liquids. In case of competing reactions the
variation in local concentration can change the reaction mechanism. The local concentration
phenomena can be observed via some spectroscopic or resonance techniques in situ (Raman, FTIR,
NMR or ESR) even in SC water [19].
One can change the local concentration ‘in the right place and at the right time’ changing
pressure or temperature. The controllable changes in the chemical composition during the reaction
can also lead to the changes of local concentration of some molecules around the others,
accelerating some reactions that can lead to the increase of selectivity of the catalytic process. As
an example concerning heterogeneous catalysis one can remember the disproportionation of
toluene to benzene and xylene on the zeolite catalyst [20]. Para-xylene easier diffuses into pore
structure of zeolite in contrast to ortho- and meta-xylene and therefore dominates in this reaction.
Unfortunately the selectivity of para-xylene formation can decrease due to the secondary
isomerization on the outer surface of the catalyst. However, the author found the condition to
increase the local concentration of toluene molecules around. It prevents adsorption of p-xylene
molecules on the outer surface of the catalyst and undesirable reaction.
The local concentration phenomena in SCF should naturally appear at the fluid/solid
interface as a consequence of the difference in interaction strength (enthalpy of adsorption) of
dissolved molecules and solvent molecules with the solid surface of heterogeneous catalysts.
While considering the heterogeneous process the local phenomena can lead to significant changes
in the rate of elementary reactions and certain physicochemical processes that can affect the
direction and selectivity of the process or even erase the boundary between homogeneous and
heterogeneous catalysis at all.
These ideas were used for the hydrogenation of low-grade fuels in SC H2O in the flow regime
in the presence of metals for example Zn and Al. This excellent approach was realized by
researches from the Institute of Thermophysics [21,22]. It is well known that the oxidation of
aluminum in water under normal conditions stops fast due to the formation of the alumina film on
the metal surface. The transition into SC state results in the situation then active ions can intensify
the oxidation process and extend it into the bulk of the metal. As a result one can get H2 in situ
which is solubilized effectively in the SCF leading to the high concentration necessary for the
conversion of low-grade fuels. The process can be fine-tuned by the additions of SC CO2 that
slowdown the H2 production. The combined effect of hydrogen generation and heat release during
the oxidation of metal in SCW leads to the changes of the reaction mechanism and different
composition of the products. In particular, it has been shown that the addition of Zn and Al leads
to the increase of the yield of light hydrocarbons in several times, gases – up to 10 times, and the
decrease of the residue content by a factor of 2-4. Addition of metals leads to a decrease in the
characteristic mass of n-alkanes and an increase in the content of aromatic compounds in liquid
products of bitumen and coal conversion. A strong effect of Zn additives on the amount of sulfur
in the products and the residue of conversion of fuels was found.
SCW is rather harsh environment [23]. Lower alcohols in SC state can be also considered as
perspective media for hydrogen transfer reactions. In homogeneous case the highest yield of
hexane-soluble fraction is observed in SC EtOH and PrOH [24]. Ni-based catalyst allows us
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completely transform asphaltenes into a hexane or benzene soluble fraction while no residue is
observed.
It appeared that reactivity and local concentration of MeOH molecules around silica surface
at elevated temperature and pressure is enough to destroy siloxane bonds. This is important for
catalysis because methanol takes part in many processes realized in SCF where catalysts are based
on silica supports [17]. Silica is usually considered as chemically inert support. Careful study
showed that silica indeed slowly reacts with SC methanol. In 5 hours 4 wt% of silica gel goes into
SC fluid. It’s not much but noticeable. It’s well-known that silica at moderate temperature
chemisorbs alcohol molecules well and produce alkoxylation of the surface but without its
destroying. At elevated temperature and pressure the methanol has enough reactivity to disrupt
silicon-oxygen bond in contrast to other lower alcohols. Mostly TMOS (tetramethyl orthosilicate)
are formed during this reaction. The following oligomerization leads to the decrease of apparent
silicon quantity in the solution. The situation is reversible and subsequent heating to 350 oC leads
to the TMOS formation.
It appeared that tetramethyl orthosilicate (TMOS) catalyze the methylation of indole in
supercritical methanol leading to the high selectivity and conversion [25]. So one can simply
generate the enough homogeneous catalyst (TMOS in this case) in the system comprising quarts,
indole and SC-methanol and afterwards remove silica from the system and get almost the same
conversion of indole and yield of 3-methylindole. It leads to the mixing mode of catalytic process,
high selectivity and actually blurs the borderline between homogeneous and heterogeneous
catalysis at elevated temperature and pressure.
Catalysis at elevated temperatures and pressures is not only a ‘chemical reaction’, but also
catalysts, adsorbents, supports and composites that should function and evolve in SCF
environments. Therefore the functional material in catalysis should be synthesized for the certain
process. We can remember a couple examples form BIC experience. Large attention is paid
nowadays to the metal-organic frameworks (MOF) as they are unique material for different
processes. At the same time so far there are no processes based of MOF implemented into the large
industry. The problem is that MOF is mostly obtained in the form of fine powder which extremely
difficult to pack into pellets. It blocks the development and implementation of any efficient
processes in flow regime and blanks the most advantages and unique properties of the MOFs.
BIC has great experience in the production of aerogels for the needs of physics as one of the
largest producer of aerogels for the Cherenkov detectors [26,27]. At the same time in spite all
capabilities there is still no application of aerogels in the real catalytic processes. Recently we
suggested the way to synthesize MOF composite using aerogel as a matrix [28]. An original method
was developed which allowed us to disperse MOF in aerogel matrix preserving structure and
unique properties of MOF as well as availability of active centers. It was demonstrated for the first
time that composite obtained can work in flow type processes as catalyst [29] or highly efficient
stationary phase for conventional liquid chromatographic separation of organic molecules.
There is another popular approach for the synthesis of functional materials using
supercritical fluids - supercritical antisolvent system (SAS). There are few outstanding examples
of how SAS can give us catalysts with unique activity and selectivity. However so far SAS was
applied to prepare oxide catalysts only with relatively low specific surface area and was not used
for the synthesis of metal based catalysts. Recently we suggested an original method to disperse
the catalyst precursors together with the oxide sols, which form matrix needed for stabilization of
metal nanoparticles [30]. As a result, we get high metal loading simultaneously with high dispersion
of the supported metal phase, the availability of active sites for the reagents, no phase separation
in case of bimetallic particles and thermal stability of the system [31]. It was shown that this
approach allows us to get stable and more active catalyst for example for deoxygenation of
biofuels.
In conclusion, to use efficiently SCF for heterogeneous catalysis, synthesis the catalysts and
related materials it’s necessary to start from the catalytic processes, analyze its peculiarities at
atomic and molecular level that implies the application of physical methods in situ.
4

REFERENCES
1.

2.
3.
4.
5.
6.
7.
8.

9.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

PATASHINSKII A.Z., POKROVSKII V.L., Second Order Phase Transitions in a Bose Fluid, Soviet
Physics JETP, Vol. 19, 1964, p. 677
POKROVSKII V.L., Similarity hypothesis in the theory of phase transitions, Sov. Phys. Usp., Vol. 11,
1968, p. 66
FRENKEL J., Kinetic Theory of Liquids, Peter Smith publisher, Inc., 1984
GORBATY Yu.E., DEMIANETS Yu.N., An X-ray study of the effect of pressure on the structure of
liquid water, Molecular Physics, Vol. 55, 1985, p. 571
OKHULKOV A.V., DEMIANETS Yu.N., GORBATY Yu.E., X‐ray scattering in liquid water at
pressures of up to 7.7 kbar: Test of a fluctuation model, J. Chem. Phys., Vol. 100, 1994, p. 1578
GORBATY Yu.E., DEMIANETS Yu.N., The pair-correl.Ation functions of water at a pressure of 1
000 bar in the temperature range 25–500°C, Chem. Phys. Lett., Vol. 100, 1983, p. 450
АБОРНЕВ С.И., МАЛАХОВ В.В., СИДЕЛЬНИКОВ В.Н., Сборник Научное приборостроение.
Автоматизация научных исследований. Ленинград, «НАУКА», 1988, стр. 11-14.
АБОРНЕВ С.И., МАЛАХОВ В.В., СИДЕЛЬНИКОВ В.Н., Оптимизация условий разделения в
методе сверхкритической флюидной хроматографии на примере анализа высококипящих
ароматических углеводородов, Изв. СО РАН, сер. хим., 1990, стр.10-13
YERMAKOVA A., CHIBIRYAEV A.M., KOZHEVNIKOV I.V., MIKENIN P.E., ANIKEEV V.I.,
Thermal isomerization of -pinene in supercritical ethanol, Chem. Eng. Sci., Vol. 62, 2007, p. 2414–
2421
YERMAKOVA A., CHIBIRYAEV A.M., KOZHEVNIKOV I.V., ANIKEEV V.I., The kinetics of
thermal isomerization of β-pinene and a mixture of β- and α-pinenes in supercritical ethanol, J.
Supercrit. Fluids, Vol. 45, 2008, p. 74–79
YERMAKOVA A., CHIBIRYAEV A.M., KOZHEVNIKOV I.V., ANIKEEV V.I., High-pressure
thermolysis of sulfate turpentine, J. Supercrit. Fluids, Vol. 48, 2009, p. 139–145
KUCHUROV I.V., NIGMATOV A.G., KRYUCHKOVA E.V., KOSTENKO A.A., KUCHERENKO
A.S., ZLOTIN S.G., Stereodivergent Michael addition of diphenylphosphite to α-nitroalkenes in the
presence of squaramide-derived tertiary amines: an enantioselective organocatalytic reaction in
supercritical carbon dioxide, Green Chem., Vol. 16, 2014, p. 1521–1526
KUCHUROV I.V., VASIL'EV A.A., ZLOTIN S.G., The Suzuki–Miyaura cross-coupling of bromoand chloroarenes with arylboronic acids in supercritical carbon dioxide, Mendeleev Com., Vol. 20,
2010, p. 140–142
ZALOMAEVA O.V., CHIBIRYAEV A.M., KOVALENKO K.A., KHOLDEEVA O.A.,
BALZHINIMAEV B.S., FEDIN V.P., Cyclic Carbonates Synthesis from Epoxides and CO2 over
Metal–Organic Framework Cr-MIL-101, J. Catalysis, Vol. 298, 2013, p. 179–185
ZALOMAEVA O.V., MAKSIMCHUK N.V., CHIBIRYAEV A.M., KOVALENKO K.A., FEDIN
V.P., BALZHINIMAEV B.S., Synthesis of Cyclic Carbonates from Epoxides or Olefins and CO2
Catalyzed by Metal-Organic Frameworks and Quaternary Ammonium Salts, J. Energy Chem., Vol.
22, 2013, p. 130–135
SIVCEV V.P., KORCHAGINA D.V., SUSLOV E.V., VOLCHO K.P., SALAKHUTDINOV N.F.,
ANIKEEV V.I., Efficient reduction of nitroarenes using supercritical alcohols as a source of hydrogen
in flow-type reactor in the presence of alumina, J. Supercrit. Fluids, Vol. 86, 2014, p. 137
CHIBIRYAEV A.M., KOZHEVNIKOV I.V., MARTYANOV O.N., High-temperature reaction of
SiO2 with methanol: Nucleophilic assistance of some N-unsubstituted benzazoles, Appl. Catal. A:
Gen., Vol. 456, 2013, p. 159–167
LYUBIMOV S.E., KUCHUROV I.V., VASIL'EV A.A., TYUTYUNOV A.A., KALININ V.N.,
DAVANKOV V.A., ZLOTIN S.G., The use of a new carboranylamidophosphite ligand in the
asymmetric Pd-catalysed allylic alkylation in organic solvents and supercritical carbon dioxide, J.
Organomet. Chem., Vol. 694, 2009, p. 3047–3049
TRUKHAN S.N., YUDANOV V.F., MARTYANOV O.N., Electron spin resonance of VO(2+) radicalion in sub- and supercritical water, J. Supercritical Fluids, Vol. 57, 2011, p. 247; TRUKHAN S.N.,
YUDANOV V.F., MART’YANOV O.N., The effect of clustering of VO2+ ions in sub- and
supercritical water. An in situ EPR study, Russian J. Phys. Chem. B, Vol. 7, 2013, p. 924 – 931
5

20. COLLINS N.A., DEBENEDETTU P.G., SUNDARESAN S., Disproportionation of toluene over
ZSM–5 under near-critical conditions, AIChE Journal, Vol. 34, 1988, p. 1211
21. FEDYAEVA O.N., ANTIPENKO V.R., VOSTRIKOV A.A., Heavy oil upgrading at oxidation of
activated carbon by supercritical water-oxygen fluid, J. Supercritical Fluids, Vol. 126, 2017, p. 55-64;
Conversion of sulfur-rich asphaltite in supercritical water and effect of metal additives, J. Supercritical
Fluids, Vol. 88, 2014, p. 105-116
22. FEDYAEVA O.N., ANTIPENKO V.R., VOSTRIKOV A.A., Conversion of sulfur-rich asphaltite in
supercritical water and effect of metal additives, J. Supercritical Fluids, Vol. 88, 2014, p. 105-116
23. KOZHEVNIKOV I.V., NUZHDIN A.L., MARTYANOV O.N., Transformation of petroleum
asphaltenes in supercritical water, J. Supercritical Fluids, Vol. 55, 2010, p. 217–222
24. CHIBIRYAEV A.M., KOZHEVNIKOV I.V., SHALYGIN A.S., MARTYANOV O.N., The
transformation of petroleum asphaltenes in supercritical alcohols studied via FTIR and NMR
techniques, Energy & Fuels, Vol. 32, 2018, p. 2117−2127
25. KOZHEVNIKOV I.V., NUZHDIN A.L., BUKHTIYAROVA G.A., MARTYANOV O.N.,
CHIBIRYAEV A.M., Tetramethyl orthosilicate as a sharp-selective catalyst of C3-methylation of
indole by supercritical methanol, J. Supercritial Fluids, Vol. 69, 2012, p. 82-90
26. BARNYAKOV A.Y., et al., Aerogel for FARICH Detector, Nuclear Instr. Methods Phys. Res. A, Vol.
766, 2014, p. 235-236
27. DANILYUK A.F., KONONOV S.A., KRAVCHENKO E.A., ONUCHIN A.P., Aerogel Cherenkov
detectors in colliding beam experiments, Uspekhi Fizicheskikh Nauk, Vol. 185, 2015, p. 540
28. NUZHDIN A.L., SHALYGIN A.S., ARTIUKHA E.A., CHIBIRYAEV A.M., BUKHTIYAROVA
G.A., MARTYANOV O.N., HKUST-1 silica aerogel composites: the novel materials for separation
of saturated and unsaturated hydrocarbons by conventional liquid chromatography, RSC Advances,
Vol. 6, 2016, p. 62501–62507
29. SHALYGIN A.S., NUZHDIN A.L., BUKHTIYAROVA G.A., MARTYANOV O.N., Preparation of
HKUST-1@silica aerogel composite for continuous flow catalysis, J. Sol-Gel Sci. Techn., Vol. 84,
2017, p. 446–452
30. NESTEROV N.S., PAKHARUKOVA V.P., YAKOVLEV V.A., MARTYANOV O.N., The facile
synthesis of Ni-Cu catalysts stabilized in SiO2 framework via a supercritical antisolvent approach, J.
Supercritial Fluids, Vol. 112, 2016, p. 119–127
31. NESTEROV N.S., PAKHARUKOVA V.P., MARTYANOV O.N., Water as a cosolvent - effective
tool to control phase composition and morphology of Ni-Cu catalysts obtained via supercritical
antisolvent approach, J. Supercritial Fluids, Vol. 130, 2017, p. 133–139

6

