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Abstract

The equilibrium compositions of multi-component heterogeneouse systems N-Al-O-Ca—Mg, Cu—Zn—-Al-O and
Fe—-Al-K—Ca-Si—O in gaseous and condensed state are established. Further, we have developed a three-dimentional mode
dealing with the motion, heating, melting and evaporation (thermal destruction) of micron-size particles{5—&t,

Fe,03, Fe;04, FeO, Ni, NiO, Cu, Al, AbO3, CaO, Mg, MgO) in an axial-symmetric plasma-chemical reactor (PCR). Based

on the model calculations, we have designed and build plasma-chemical installations and used them to study the mechanisms
of preparation of catalysts (and regeneration of spents of deactivated catalysts) for reforming of natural gas (steam conversion
of CHj), for low-temperature steam conversion of CO and for synthesis af NH

A physical-chemical analysis of plasma-chemically synthesised (PCS) and/or regenerated ultra-dispersed catalysts in
electric-arc low-temperature plasma conditions has been performed by X-ray structural and phase analysis, electron mi-
croscopy, Mdssbauer spectroscopy, derivatographic, thermal-magnetic, chemical and analytical methods, by studing the
dynamics and kinetics of formation of the active surface due to the reduction (the “plasma” catalysts undergo reduction
2-5 times faster than their respective commercial analoges and show activity by 15-20% higher than that of the conventional
catalysts). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction substances), or the catalysts can be synthesised dur-
ing the plasma-chemical process (PCP). Furthermore,
The two main trends in the plasma-chemical syn- the ingredients are introduced in jet plasma-chemical
thesis (PCS) of catalysts are: (1) plasma-chemical reactors (PCR) as either a well-homogenised me-
preparation and activation of catalysts in the con- chanical mixture of micron-size particles [1-5], or in
densed phase, and (2) plasma-assisted deposition ofhe form of concentrated solutions and suspensions
catalytically-active compounds and composites on [6,7]. The plasma-chemical technique is also used for
various carriers [1]. The condensed-phase catalystsactivation of spent deactivated catalysts [1-5,8]. Our
preparation can be carried out in both equilibrium pioneer works using the plasma-chemical approach
(quasi-equilibrium) and non-equilibrium plasma con- and some fundamental results on PCS and/or regener-
ditions. The raw materials used can be either the com- ation of spent catalysts for ammonia synthesis [9-12]
pounds that make up the catalyst itself, (i.e. the plasmawere commented on in Kizling and Jaras’s review
is only employed to disperse and activate the catalytic [8].
The patent, periodic and monographic literature
* Fax: +359-2-9753201. available to us lacks data on the regeneration of exha-
E-mail address: tip@adm1.uctm.edu (G.P. Vissokov). usted, deactivated catalysts (and on the their synthesis,
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in some case) for ammonia production processes: of PCS UDC (chemical, physicochemical, physical,
natural gas reforming (steam conversion of methane, catalytic, etc.).
SCM), low-temperature steam conversion of CO
(LTSCCO) and NH synthesis (AS).

The review of the specialised reference literature 2. Methods
revealed also the absence of data on the values of the
equilibrium parameters of the multi-component het- 2.1. High-temperature thermodynamics of
erogeneous system Ni-Al-O—-Ca-Mg, Cu-Zn-Al-O the Ni-Al-O-Ca-Mg, Cu—Zn-Al-O and
and Fe-Al-K-Ca-Si-O in the 1000-3700K tem- Fe-Al-K-Ca-S-O systems
perature range. These are the systems used to built
the conventional catalyst for SCM, LTSCCO and When calculating the variation of the free en-
for AS. Bearing in mind that modelling the physical thalpy of multi-component systems, we employed a
and, possibly, the chemical processes taking place technique that makes it possible to consider gaseous
in PCR’s is an important prerequisite for the design and condensed-phase compounds and solid solutions
and development of highly-efficient plasma-chemical while allowing one to take into account the poten-
installations [13,14], we set out to develop a three- tial of electrostatic ionic interaction. We could, thus,
dimensional model for the motion and evapora- follow in a large temperature interval (300-6000 K)
tion of micron-size particles in an axial-symmetric a wide range of equilibria of the multi-component
PCR, to determine the equilibrium parameters of the systems studied (Ni—Al-O-Ca—-Mg, Cu—Zn-Al-O
multi-component heterogeneous Ni—Al-O-Ca-Mg, and Fe-Al-K—Ca-Si—0), beginning with the con-
Cu-Zn-Al-O and Fe-Al-K-Ca-Si-O systems for densed state up to the plasma state. This technique
the plasma-temperature range, and to carry out ex-also enabled us to use components at very low
perimental studies concerning the PCS of these concentrations—down to 18°mol kg™t [15].
catalysts.

The aim of this paper is to present our considera- 2.2. Motion and evaporation of micron-size
tions and investigations about: the thermodynamic and particles in an axial-symmetric cylindrical PCR
kinetic peculiarities of PCP’s for the preparation of
ultradispersed catalysts (UDC) for ammonia produc-  Devising three-dimensional models that describe
tion (for reforming of natural gas—steam conversion of the motion, heating, melting and evaporation (thermal
CHg, for low-temperature steam conversion of CO and destruction) of micron-size particles (5—-6th—Fe,
for synthesis of NH); the three-dimentional models FeO3, Fes0O4, FeO, Ni, NiO, Cu, CuO, Al, AlOs,
that describe the motion, heating, melting and evapo- CaO, Mg, MgO, Si, SiQ) in an axial-symmetric
ration (thermal destruction) of micron-size particles; cylindrical PCR is invaluable in obtaining sufficiently
the mechanism of evaporation of micron-size particles accurate data enabling one to determine the optimal
under the conditions of powder-carrier high-enthalpy PCP parameters: PCR size, time of residence of the
chemically reactive plasma jets and the mechanism particles in it, temperature and velocity profiles in
of condensation of UDC phases upon quenching; the a PCR with “cold” ("'yy =500K) (CW) or “warm”
correlation between the parameters of PCP occurring (Tw = 1500 K) (WW) walls, the variation of the
in powder carrier chemically-reactive high-enthalpy particles diameter and temperature along the PCR
flows and the dispersity of the desired condensed axis, etc. The theoretical and experimental studies of
UDC; the optimal PCP parameters (average massthe processes mentioned are hampered by the short
temperature, type and geometry of plasma-chemical duration and the non-steady state and spatially non-
mixing chambers and reactors, quenching, trapping of uniform character of the accompanying phenomena,
condensed phases, etc.) in neutral, reducing, oxidisingas well as by the multiple determining factors and
and redox media, leading to the obtaining of the de- their complex interdependence.
sired condensed catalysts with controlled dispersity, The equations we used to model the hydrodynamic
chemical activity, phase composition, crystal lattice and heat exchange-processes in a cylindrical axial-
defects, etc.; the characterisation of some propertiessymmetric PCR were as follows:
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2.2.1. A set of equations describing the gas motion
(in cylindrical co-ordinates):
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where the relation between the enerds), (pressure
(p), velocity (v,, axial andv,, radial) and densityq)

is given byE = p/p(y — 1) + 313/% also,wyor: =
vyorz(1+ p/pE); kis the heat-conduction coefficient;
y the adiabatic indexs the Stefan—-Boltzmann con-
stant of black-body radiatior) the blackness coeffi-
cient; and Newton’s viscosity tensor has the form:
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where i is the dynamic viscosity. Equations for the
particle temperatur&, as a function of the gas tem-
peratureTy:

r or

(®)

(6)

dr,
mpde—tp = O(TSp(Tg — Tp), for Tp < Tm

mpLm = /A:aTSp(Tg —Tp)dr, forTp=Tn (7)

199
mpCp—g~ = Lv—g— = a1Sp(Tg — Tp),
forTp, < Ty ®)
dmp

where Ty, Ty, Ly and Ly are the temperatures and
heats of melting and evaporation, respectiveBy,
the specific heat of the particlery, S the mass
and surface of the particle; andr the heat-transfer
coefficient ¢t = Ag/rpNu/2, rp being the radius
of the particle and.g, the heat conductivity of the
gas).

Equation for the motion of the particle

d‘7p l had had
mp=q = 560SprglVg = Vol - (Vg = Vp).
where pg is the plasma (gas) densit¢p the dra co-
efficient; andVy andV, the velocities of the gas and
the particle, respectively.

(10)

3. Experimental

Based on the model calculations, we have designed
and build plasma-chemical installations and used them
to study the processes of preparation of catalysts and
regeneration of spent of deactivated catalysts for SCM,
LTSCCO and for AS. One of them is shown schemat-
ically in Fig. 1.

The consumption of the powder ingredients was
2—-3gmimr ! depending on the amount of the powder-
carrying gas and on the piston revolution rate of the
vibration powder-feeding device. The equipment’s
output was within the 100-150 gh range. Ar was
used as a plasma-forming gas, while &d H were
both—a powder-carrying gases and an oxidativg) (O
or reducing (H) agents. Temperature in the PCR was
determined by calorimetry.

The samples of catalysts were characterised by
their specific surface area measured using the BET
technique, bulk mass and chemical content; spec-
tral emission, derivatographic, X-ray structural and
phase analysis, Mdssbauer spectroscopy, electron
microscope, etc. analyses were performed for this
purpose. The dynamics and kinetic of reduction and
the catalytic activity were followed using the flow
technique.



200 G.P. Vissokov/ Catalysis Today 72 (2002) 197-203

g
8 S
[ N— ® o |10
~360 . ~ T1 =
) 10
o= | =g
9 2 i
10 ?
4 9 — :
L~ b 6‘ l
' \

Y o

Fig. 1. Schematic diagram of plasma-chemical installation for synthesis and/or regeneration of UDC for ammonia production: (1) electric-arc
dc plasmatron; (1a) thoriated tungsten cathode; (1b) copper water-cooled anode; (1c) plastic adjusting ring; (2) CW PCR; (3) quenching
device; (4) copper water-cooled sections of the quenching device; (5) powder-trapping chamber; (6) filter; (7) vibration powder-feeding

device (if necessary, a piston type vibration powder-feeding device can also be used); (8) current rectifier; (9) flow-rate meters; (10) bottles
with plasma-forming, powder-carrying and quenching ga$gstemperature of inlet watef»: temperature of outlet water.

b}

4. Results and discussion established that the optimal temperature range in
PCR for synthesis of maximum dispersity samples is
Tables 1 and 2 summarises some technological 2000-3000K (Table 1).
parameters (optimal temperature range) and prop- Results from investigation on plasma-chemically
erties (specific surface) of plasma-chemical treat- synthesised and/or regenerated SCM catalysts dy-
ment of the Ni-Al-O-Ca-Mg, Cu-Zn-Al-O and namics and kinetics show that under low-temperature
Fe-Al-K-Ca-Si-O systems in oxidative medium plasma (LTP) conditions premises for catalyst com-
(Table 1) and in reducing-oxidative medium (Table 2). positions formation are established. We found that
the PCS samples were reduced 3—-4 times as fast
4.1. PCSand/or regeneration of catalysts for SCM as the conventional G56A catalyst. The synthesised
and regenerated SCM catalyst have a commensurable
PCS and/or regenerated samples have homogenousctivity to that of G56A industrial sample (Table 3).
chemical composition similar to that of Girdller (USA) The high catalytic activity of the plasma-chemically
conventional industrial catalyst. It is empirically synthesised SCM catalysts is a result of the high

;T;;;;-chemical processes developed for UDC production in oxidising medium—synthesis or regeneration of catalysts

Basic reaction UDP: specific surface ared (m?) Temperature range (K)
(Ni, Al) + O2 = NiO + Al203 + NiAl 204 Catalysts for SCM; up to 110 2000-3000

(Cu, Zn, Al) 4+ Oz = CuO(Cwp0O) + ZnO + Al,03 Catalysts for LTSCCO 45-51 Up to 5100

3Fe+ 20, = Fe304 Catalysts for AS up to 40 1100-3400

4Fe+ 30, = Fe03 Catalysts for AS up to 40 1100-3400

2Fe+ O; = 2FeO Catalysts for AS up to 40 1500-3500
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Table 2
Plasma-chemical processes developed for UDC production in reducing—oxidizing medium
Basic reaction UDC: specific surface area @nt) Temperature range (K)
NiO 4+ Hz = Ni + H0 (I) Catalysts for SCM up to 40 (1-4y 10°
2Ni + Oz = 2NiO (1) Catalysts for SCM up to 40 (4-1x 10°
(CuQ, ZnO, Al03) + Hz = (Cu, Zn, Al) + H20 (1) Catalysts for LTSCCO; up to 50 (1-4 10
(Cu, Zn, Al) + 02 = CuOQ(Cw0) + ZnO+ Al,03 (Il) Catalysts for LTSCCO; up to 50 & 103 to 300
Fe304 + 4Hy = 3Fe+ 4H,0 (1) Catalysts for AS; 10-30 (1-4x 10°
3Fe+ 20, = Fe304 (1) Catalysts for AS; 10-30 4 10° to 30
Table 3
Catalyst activity in natural gas reforming process and some main process parameters
N V (h™h Converted gas composition (vol.%) GHeonversion Catalyst Catalyst
0 -
co, co H CHa rate,n (%) performanc@ efficiency @er)
Conventional G56A catalysfT(= 923 K)
1 2000 13.0 3.9 63.7 13.3 80.6 1352 99.5
2 5000 115 24 53.2 329 67.1 2780 82.8
3 7500 11.2 2.2 51.4 35.2 64.8 4020 80.0
4 10000 111 21 50.7 36.1 63.9 5280 78.9
PCS catalystT = 923K)
5 2000 13.0 3.7 63.1 20.2 79.8 1336 98.5
6 5000 11.9 2.9 56.3 28.9 71.1 2960 87.8
7 7500 11.4 25 54.3 31.8 69.2 4260 84.2
8 10000 11.3 2.3 52.7 33.7 66.3 5500 81.9
Conventional G56A catalysfT(= 873K)
9 2000 10.1 1.0 43.4 45.5 54.5 888 91.0
PC regenerated catalysE & 873K)
10 2000 10.2 1.0 438 40.0 59.0 896 98.6

2G x 10°[m3(CO+ Hp)Im3.

sample specific surface (to 11grl) and of the a commensurable activity compared to those of the

high particles dispersity (10—40 nm), faulty structure industrial catalysts used by the Bulgarian company

and phase composition defined upon condensed phas€CHIMCO-Vratza. The catalysts synthesised by us are

forming after PCR at a quenching velocity df/dr = more active than their analogues synthesised by some
10°-1P Ks™1; NiO homogenous distribution be- Russian scientists [1-6]; and there is no other liter-

tween structure-stabilising AD3 and activating CaO,  ature data on that problem in the reference licensed
and not in the last place their temperature-resistance and periodical literature on this stage.

is determined by the existence of Ny, in the The equilibrium parameters of the multi-component
fresh samples. heterogeneous system Cu-Zn—Al-O in two variants

of the initial ingredient composition at pressure of
4.2. PCS and/or regeneration of catalysts for 0.1 MPa within the temperature range from 1000 to
LTSCCO 3700K are defined by use of a universal programme.

Dependencies of the concentration of the correspond-
The WW PCR synthesised LTSCCO catalyst sam- ing compound in gas and condensed phase at an equi-
ples show activity similar to their industrial ana- librium composition of the system on the temperature
logues; and these synthesised in PCR with CW have are found [15].
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The conditions and the process parameters of the fresh samples, apart from the presence of CuO; the
PCS and/or regeneration of catalysts for low-tempera- content of cuprous oxides, 30-38 mass%,; the even
ture steam conversion of CO under the conditions of distribution of the ultra-dispersed components, the
electric-arc LTP are investigated, as depending on the high porosity, specific surface area and dispersity of
PCP parameters and the PCR type (with CW or WW). the phases (Tables 1 and 2).

Samples that have the following properties are ob- Due to the bonding of a portion of the elemental
tained: specific surface area, up to 56gn’; particle Cu in the CuAbO4 spinel crystal lattice, the plasma-
sizes, 10-60 nm, in some cases up to 200 nm; faulty chemically synthesised samples of LTC type have a
crystal lattice structure; phases of ZnO, CuO,0u high thermal resistance which exceeds that of their
and CuApOg. conventional industrial analogues.

This is the first time worldwide, when an attempt The high specific surface area of the plasma-chemi-
to regenerate already processed, deactivated catalystgally synthesised samples for low-temperature steam
for low-temperature steam conversion of CO is made. conversion of CO; their homogenous chemical com-
The conditions for plasma-chemical regeneration of position; high formation rate of their active surface
already processed catalystlajyna-1961 (GDR) type by reduction; high activity and thermal resistance; all
stayed for 2—3 years in the open air are investigated. that represent a precondition to extend the investiga-
The regenerated samples display a low specific surfacetion on developing a plasma-chemical technology for
area (10-12rhg1) and a catalytic activity that is  their industrial synthesis in the catalyst work-shops.
owing to: the caking and the agglomeration of the
ultra-dispersed particles; the presence of an unreacted4.3. PCS and/or regeneration of catalysts for AS
coarse-dispersed elemental Cu; the availability of a

hardly reactable spinel (Cug®,); the unstable, in AS catalysts with a specific surface area up to
some cases, operating conditions of the electric-arc 40n?g~1 (with a dominant fraction up to 100 nm;
plasmotron. on regeneration 100-300 nm), (Tables 1 and 2) have

It is experimentally proved that the optimal tem- been obtained, with main phaseg©g, Fe03, FeO,
perature range in the PCR for synthesis of samples FeOAI,O3, a-Fe, y-Fe. The above-mentioned com-
with maximum dispersity and catalytic activity is from  position and data is taken from the X-ray diffraction
2000 to 3800 K. analysis of the samples and the M&ssbauer spectra.

A complex physicochemical analysis of the plasma-  Active surface formation dynamics and kinetics
chemically synthesised and/or regenerated samples byhave been studied by reduction on a line plant at pres-
the following methods is performed: X-ray diffrac- sure of 0.1 MPa; and the activity at 0.1 and 30 MPa at
tion patterns, electron-microscope, chemical and other volume rate of stoichiometric nitrogen—hydrogen mix-
analyses. Samples activities are defined by using ature. Test samples activity is by 15-20% higher than
model gas, simulating the industrial one, for tempera- that of the conventional catalyst type CA-1 [14,15].
tures and volume rate of the steam—gas mixture similar The relative rate of conversion, rate constants, acti-
to those used in the low-temperature steam conversionvating energies on kinetic and diffusion control of the
of CO industrial process. process, relative activities, the rate of conversion on

The WW PCR synthesised catalyst samples have deactivation and other parameters are determined. It
activity similar to their industrial analogues and these is experimentally proved that the optimal temperature
synthesised in PCR with CW have a commensurable range in a PCR for synthesis of maximum activity
activity compared to those of the industrial catalysts and dispersity samples, is 1300—-3000 K.
used by the Bulgarian company CHIMCO-Vratza. The mechanism of plasma-chemical regeneration of

The enhanced catalytic activity of the plasma- catalysts is as follows. In a PCR, a significant portion
chemically synthesised samples is owing to: the of the catalyst particles mass is in gas phase. The effi-
faulty crystal lattice structure of the catalytically ac- cient quenching with a rate offddr = 10°-1FKs 1
tive phases; the ultra-dispersed sample composition brings the catalyst mass in condensed phase out of the
(the crystal sizes of the catalytically active phases system with a rate that does not allow a normal build-
range from 10 to 40 nm); the presence obOun the ing of crystal lattices of its forming components. The
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catalyst poisons (for instance oils) leave the system in of the components, depending on the respective val-

the form of volatile gas products. ues of the condensation (boiling) temperature. Higher-
Deactivated already processed catalyst contains alsoboiling impurities are situated in the bulk of UDC (e.qg.

elemental Fe (according to data taken from the Mdss- W) while impurities condensing at lower temperature

bauer spectra it is up to 90%), which is fixed in the un- are found on the surface (e.g>® in UDP of the cat-

stabley-modification thex-Fe by the thermal shock on  alyst for AS).

quenching. A catalyst with aimost the sam&F&e**

ratio, with a big specific surface area (10-3%gn?)

and a lot of defects in the ferrous/ferric oxides crys- 5. Conclusion

tal lattice on complete bounding of AD3 in the form

of FeOAI ;03 (that determines the high thermal resis-  High specific surface area of the PCS catalysts, ho-

tance of the regenerated samples) is formed. mogenous composition, high rate of active chemical
Itis reported a relative variation & the parameter  surface forming by reduction, faulty crystal lattice of

of the ferrous/ferric oxides crystal lattice within the catalytically active phases and mostly high catalytic

composition of UDP up to 0.9rel.%, which is due to activity make them a potential competitor of their in-

two oppositely acting factors. On one hand, the Laplas dustrial analogues upon their probable production in

pressure (for UDP with sizes30 nm) aims to reduce  catalyst shops.

the interatomic distance within the crystal lattice. On

the other hand, the impurity atoms on implantation

lead to an increase of the interlayer distances. So, for

instance, the Méssbauer spectra analysis of the sample

promoted by KO and AbO3, synthesised under the
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