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Abstract

This study describes a pioneering investigation of plasma-chemical synthesis (PCS) and/or regeneration of natural gas-
reforming catalysts under the conditions of electric arc, low temperature plasma (LTP), as a function of plasma-chemical
process (PCP) parameters and plasma-chemical reactor (PCR) type (with “cold walls” or “warm walls"). Based on the model
calculations, a plasma-chemical installation was designed, built, and used to study the processes of catalyst preparation and
regeneration of spent, deactivated catalysts for natural gas-reforming.

Plasma-chemically synthesized and/or regenerated samples were analyzed by means of complex physical-chemical, X-ray
pattern structural, and electron-microscopic analyses. And the dynamics and kinetics of active surface formation by reduction
of catalysts were studied.

A temperature range of 2000-3000 K has been established as optimal for synthesizing samples with maximum dispersion,
producing a reduction rate 2—4 times faster than industrial analogues. Samples with high catalytic activitpri@Hsion
rate, catalyst performance, catalyst efficiency) and thermal stability were obtained.

Thus, it has been found that LTP can be successfully used for catalyst synthesis and regeneration. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction The plasma can be employed only to disperse
and activate the catalytic substances, or the catalysts
Steam-conversion of methane represents an im-are synthesized during the plasma-chemical process
portant industrial task, and it is well known that (PCP). Furthermore, the ingredients are introduced in
Ni-bearing catalysts aid the process. Such commercial jet plasma-chemical reactors (PCR) either as a well-
catalysts are prepared and regenerated by differenthomogenized mechanical mixture of micron-size
chemical and physicochemical methods. particles [1-5], or as concentrated solutions and sus-
The two main trends in plasma-chemical synthesis pensions [6,7]. The plasma-chemical technique is
(PCS) of catalysts are (i) plasma-chemical preparation also used for activation of spent deactivated catalysts
and activation of catalysts in the condensed-phase and[1-5,8].
(i) plasma-assisted deposition of catalytically active =~ Condensed-phase catalyst preparation can be car-

compounds and composites on various carriers. ried out either under equilibrium (quasi-equilibrium)
and non-equilibrium conditions.
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regeneration of catalysts for natural gas-reforming. The analysis of results for the three different initial
A survey of the specialized reference literature also contents revealed that, at temperatures above 3100K,
reveals an absence of data on equilibrium parame- AlO and CaO exist mainly in the gaseous phase. Fur-
ters for the multi-component Ni—Al-O-Ca—Mg sys- ther, in the range of 3200—-3700 K, C&3l,03 and
tem used to build conventional catalysts for natural Al,O3 are expected to be in the condensed-phase, de-
gas-reforming in the 1000—-6000 K temperature range. pending on the molar (mass) component ratio in the
The work described in this paper is based on our initial Ni-Al-O—-Ca—Mg system. Thermodynamic cal-
previous pioneering investigations of PCS and/or re- culations for temperatures between 3700 and 6000 K
generation of spent catalysts for ammonia synthesis indicated that all components would be in the gaseous
[9-12], which were addressed by Kizling and Jards phase, in the form of radicals, atoms (molecules) of

[8], and was aimed at the following.

1. Finding the equilibrium concentrations in the
Ni—Al-O—Ca—Mg system, at different temperatures
(in the range of 1000-6000K) and at a pressure
of 0.1 MPa, to determine the optimum theoretical
temperature interval for the PCS of catalysts for
methane conversion.

2. Predicting the PCR dimensions and operating
conditions.

3. Using the PCP to synthesize materials similar in
composition to the commercial G56A catalyst.

4. Comparing the catalytic activity of G56A and the
plasma-synthesized catalysts.

5. Pointing out the opportunity to use plasma technol-
ogy for regeneration of spent catalysts.

2. Calculations

The calculations were based on the fact that the

the respective elements, and ions and electrons. How-
ever, because this study focused on condensed-phase
products, specific results in the 3700-6000 K range are
not reported, and we did not consider the thermody-
namic probability for formation of condensed-phase
NiO-Al>03 (spinel) type although this phase was ex-
perimentally observed both in the synthesis and the re-
generation of the catalyst samples, and was confirmed
by the X-ray pattern analysis.

A three-dimensional model of the motion, heat-
ing, melting, and evaporation (thermal destruction) of
micron-size particles in an axial-symmetric PCR was
developed in order to predict dimensions of the PCR
[14]. This model involves a set of partial differential
equations that account for the reactor's geometrical
parameters, the temperature and velocity profiles in-
side it, as well as the pressure, viscosity, density, and
radial heating of the plasma in the PCR. The equations
were solved by means of the flux-corrected transport
technique [13,14].

free energy of a chosen system reaches an extremum The trajectories of motion of Al and Ni particles
at equilibrium. Gaseous and condensed-phase compo-with equivalent diameters of 10, 20, 30, 40, 50, and
unds, as well as solid solutions were considered, and 60um were calculated for a PCR. Values used in the

the potential of electrostatic ionic interaction was

taken into account. The set of equations used in the the-

rmodynamic calculations is presented elsewhere [5].
The equilibrium concentrations in the Ni—Al-O-
Ca—Mg system were calculated within the 1000—
6000 K interval (step of 300 K), at pressure of 0.1 MPa,

and with an initial blend content given in Table 1.

calculations are presented in Table 2.

Based on the results of the model calculations,
we concluded that an axial-symmetric “cold walls”
(CW) or “warm walls” (WW) PCR can be used
with the following dimensions: diameteDpcr =
2cm, lengthZpcr = 10cm, with ingredients fed
radially 1cm from the plasmatron nozzle. The

Table 1

Variants of initial ingredient concentration in the blend used to calculate the equilibrium concentration of the Ni-Al-O—-Ca—Mg system
Ni Ni Al Al (07} (07} Ca Ca Mg Mg

(molkg™1)  (mass%) (molkg™l) (mass%) (molkg™l) (mass%) (molkg™})  (mass%) (molkgl)  (mass%)
2.00020 11.74 14.7720 39.72 26.023 41.64 1.42020 5.69 0.50004 121
0.42135 4.47 3.1012 8.37 54.819 87.71 0.29917 1.20 0.10534 0.25
0.04738 0.28 0.2478 0.94 61.640 98.62 0.03364 0.13 0.01844 0.04
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Table 2
Values used in the three-dimensional model calculations

Element Parameter

Melting Boiling Density at Density at Specific heat  Standard enthalpy Standard enthalpy
temperature  temperature 293K 1273K capacity of melting of vaporization
(K) (K) (gem?) (gem®) (kgtK™ (kIkg™h) (kIkg™h)

Al 933 2725 2.6989 2.289 901.85 403.7 11.19

Ni 1728 3173 8.9 - 4447 298.2 6.3

device can operate efficiently with particles less Because the investigation reported here was not pre-
than 20um in size, and with Ar as plasma-forming ceded by any similar studies, our initial efforts were
gas. directed at exploring the simple Ni—O—Al system, with
powder elemental Al and Ni and technical gradg O
used as initial raw materials. Because the blend com-
3. Experimental prises components of varying bulk masses, a piston
powder-feeding device was used for powder-feeding,
Based on results of the model and thermodynamic which prevented separation of ingredients during the
calculations, we built the plasma-chemical installation powder-feeding process. Consumption of the powder
shown in Fig. 1 [5]. ingredients took place at 2—3 g mih depending on

8
\
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Fig. 1. Schematic drawing of the plasma-chemical installation for synthesis and regeneration of catalysts. 1: electric-arc dc plasmatron;
12: thoriated tungsten cathode®:1copper water-cooled anodeS:Iplastic adjusting ring; 2: CW PCR; 3: quenching device; 4: copper
water-cooled sections for 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-meters; 10: bottles with plasma-forming, powder
carrying and quenching gaseE;: temperature of inlet wateff,: temperature of outlet water.
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Table 3
Conditions for obtaining MPCSC
Catalyst type Parameter
Acronym Type of PCR Temperature in Raw material composition
the PCR (K) Ni:Al mass CaO MgO
ratio

Metal plasma-chemically synthesized MPCSCCW Cw 1100-2400 1:5.5 Present in Present in

catalyst in PCR with “cold walls” the reactor  the reactor
Metal plasma-chemically synthesized MPCSCWW  WW 1200-2700 1:55 Present in Present in

catalyst in PCR with “warm walls” the reactor  the reactor

the amount of the powder-carrying gas and on the pis- the samples was carried out with 1¢wf catalyst at

ton revolution rate of the vibrating, powder-feeding a volume rate of the reducing agent (technical grade

device; the equipment’s output was within the range Ho) of 40,000 ! under low temperature plasma (LTP)

of 100-150 g h1. Argon was used as plasma-forming conditions.

gas at consumption rate of 1.19g'swhile O, (flow The investigation of the catalytic activity of the PCS

of 0.29gs 1) was both powder-carrier and oxidizing materials was performed in a line plant (Fig. 2) for nat-

agent. The plasma current was kept constant (400 A) ural gas-reforming at a pressure of 0.1 MPa; at volume

throughout the experiment, whereas the discharge rates of dry natural gas of 2000, 5000, 7500, 10,000,

voltage was varied within narrow limits (23.5-26V) 15,000, and 20,000H; within the temperature range

by means of changing the cathode—anode distanceof 873-1073K; and at a steam/gas ratio of 2:1, corre-

using the adjustable ring of the plasmatron. sponding to a temperature of 360K in the steam—gas
Catalyst samples were synthesized under varying saturator. Upon Chisteam-conversion, the following

conditions, as described in Tables 3 and 4. The exper-two reactions were running:

iments were carried out in one PCR with “cold walls”

and one with “warm walls”. Technical Ar with a spe- CHa + H,0 — CO+ 3H, — 206 kJ (1)

cific flow of 0.89gs?! was used as plasma-forming co+ H,0 — COy + Hy + 41kJ 2)

gas; technical @with flow of 0.25gs ! was used as

powder-carrier and, in some cases, as oxidizing agent. The summarized reaction may be presented as
The samples of catalysts were characterized by follows:

their _specific surf_ace area (megsured using the BET CHg + 2H,0 — COy + 4H, — 165kJ 3)

technique), density, and chemical content. Spectral

emission, derivatographic, X-ray pattern, electron- Analysis of the converted steam—gas mixture was

microscopic, etc. analyses were performed. performed in an “Orsa” gas-analyzer. The content of
The dynamics and kinetics of sample reduction were CO,, CO, and @ was determined, and thesHon-

followed using the flow technique. The reduction of tent was calculated according to the above-mentioned

Table 4
Conditions for obtaining OPCSC
Catalyst type Parameter
Acronym Type of PCR Temperature in  Raw material composition mass%
the PCR (K) Al,O; NiO CaO0  MgO
Oxide plasma-chemically synthesized OPCSCCW Ccw 1000-1800 75 15 8 0.2
catalyst in PCR with “cold walls”
Oxide plasma-chemically synthesized OPCSCWW ww 1400-3400 75 15 8 0.2

catalyst in PCR with “warm walls”
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Fig. 2. Schematic drawing of the natural gas-reforming plant. 1:
bottle of natural gas (95% C#t 2: gas flow-meter; 3: apparatus for
sulfuric compounds removal from the gas; 4: steam—gas saturator;
5 and 6: catalytic reactor with thermocouples; 7: catalyst layer; 8:
condenser-cooler; 9: temperature measuring devices.

reactions. The remainder (to 100%) was assumed to
be unreacted CH

The main process parameter of the natural
gas-reforming process is the gldonversion rate:

(4)

(VCH4 input — VCH4 output)

n(%)=[ ]xlOO

VCH4input
where Vcn, input i the CHy volume input in the re-
actor under normal conditions &y and VCH, output IS
the CH; volume output of the reactor under normal
conditions (nd).

Catalyst performance is presented as follows:

®)

V(H,+CO)
Veat

3 -3
G (m(H2+CO) Meat

):

Table 5

Technological parameters and properties of the products of plasma-chemical treatment of the Ni-O—Al system with a plasma-forming gas

(Ar) flow of 0.19gs ! and powder-carrying gas ¢flow of 0.29gs?
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where,V(n,+co) is the volume of H + CO quantities
formed under normal conditions & and Vet is the
catalyst volume (%).

Catalyst efficiency represents a relationship be-
tween the practical CiHsteam-conversion ratio and
the equilibrium ratio:

Nef (6)

Nequil
wherer is the empirically determined conversion ratio
(%) andnequil is the equilibrium ratio.

4, Results and discussion

Table 5 summarizes some technological parame-
ters and properties of the products of plasma-chemical
treatment of the Ni—-O-Al system.

Results of the X-ray pattern analysis (Fig. 3) show
that the PCS samples are made of Ni@Al,03, and
NiAl 204. For comparison, X-ray patterns of fresh and
deactivated G56A catalyst are shown in Fig. 4.

The electron microscopy (Fig. 5) revealed that par-
ticles produced were nearly spherical in shape and
their equivalent diameters fell within the range of
10-30nm.

The extent to which the degree of reduction de-
pended on time is presented in Fig. 6 for sample num-
ber 5 (Table 5) and for fresh G56A catalyst. The extent
to which the degree of reduction of the oxide PCS cat-
alysts (OPCSC) and the fresh G56A catalyst depended
on time is shown in Fig. 7.

The metal PCS catalysts (MPCSC) sample was al-
most totally reduced within 4 h (the temperature was
raised from 473 to 573 K for 1.5 h), whereas under the

Number 1 (A) U() W(EKW) Ty (K) HpkIkgh) Tr(K) Ni(%) Al,03(%) p(kgm?3) S(m2g?)
1 400 26 10.4 6350 3310 3610 14.3 78.9 130 122
2 400 26 10.4 6210 3220 3470 5.5 85.6 110 107
3 400 26 10.4 6220 3220 3480 6.0 84.9 140 117
4 400 25.5 10.2 5400 2800 3100 13.7 80.0 140 119
5 400 255 10.2 5400 2800 3200 12.7 78.3 130 108
6 400 25 10.0 4860 2540 3020 7.3 82.4 140 115
7 400 235 9.4 4220 2240 2880 7.9 86.2 130 119

Tpi: average plasma temperatufigi: average reactor temperatuidy: average plasma enthalpy.
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Fig. 3. X-ray patterns of catalysts type OPCSCCW and G56A. Fig. 4. X-ray patterns of catalysts for natural gas-reforming. 1:
1: G56A; 2: OPCSCCW-1; 3: OPCSCCW-2; 4: OPCSCCW-3; 5. fresh catalyst type G56A; 2: deactivated catalyst type G5&@); (
OPCSCCW-4; numbers correspond to samples shown in Table 5; NjO; (O): Al,Os; (@): NiAl,04; (@): N.

(@): NiO; (O): Al,03; (@): NiAl204; (@): N; (D): Al

same conditions and duration, the G56A catalyst was oo R
reduced by only 25% (Fig. 6). OPCSC samples were # ! ¢ o'
completely reduced in 7 h (temperature was increased
to 773 K), while under the same conditions and dura-
tion, the G56A catalyst reached up to 30% reduction
(Fig. 7).

The main portion of HO was separated during the
initial reduction hours, as can be seen in Figs. 6 and 7,
because the reducer fHinitially attacks the surface
layer of the unreduced catalyst particles. The rate of
chemical interaction of Bland NiO limits the process
rate, at low temperatures (up to 673K), i.e. the pro-
cess takes place in the kinetic region. As the process
progresses to the depth of G56A catalyst particles, re-
verse diffusion of steam from the particles’ depth to
the surface impedes the process rate.

Within the induction period of reduction, a new Fig. 5. Electron microscope photograph of sample number 1,
phase of elemental Ni starts forming and catalyses Table 5; magnification 36,000, 1 msa 28 nm.
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Fig. 6. Reduction degreeB( %) of MPCSC and G56A catalyst
samples as a function of time,(h). (¢): MPCSC; [): G56A.

the natural gas-reforming process. Within the second
period (self-catalyzing), nuclei from the new elemen-
tal Ni phase are already formed, as the reduction
process is significantly eased and its rate is increased
due to the increase in boundary surface between
the phases (Ni and ADs). At the end of the pro-
cess (supplementary reduction), the quantity eOH

ysis Today 72 (2002) 213-221 219
Gb56A catalyst. This difficulty may be explained by the
presence of concentrated solid solutions of the pro-
moters (CaO, MgO, AlO3) with NiO or NiAl204 in
the catalyst, which, as the reduction approaches its end
(degree of reductior=90%), may substantially ham-
per further catalyst reduction.

Reasons for a three-fold increase in reduction rate
for the PCS catalyst compared to the G56A industrial
catalyst include the following.

1. The sample, obtained under the conditions
of electric-arc LTP, has a specific surface of
108nf g1, while that of the G56A catalyst is
4m?g~L. A highly developed surface is essential
to the intensive transport of hydrogen molecules
into the sample’s pores, and thus, intensifies the
overall reduction process (when the latter is diffu-
sion controlled).

The presence of promoters in the industrial cat-
alysts slows down its reduction by blocking the
transport capillaries.

2.

Results from the investigations of the catalytic ac-
tivity of MPCSC in a PCR with “cold walls” (MPC-
SCCW) are presented in Table 6.

formed decreases to zero and the reduction degree The summarized results revealed that OPCSC in a

reaches constant value, indicating completion of the
process.

Our experiments highlighted the difficulty of reach-
ing, in real time, 100% reduction of the commercial

B,%
100 ¢

80
60
40 1

20

Fig. 7. Reduction degreeB( %) of OPCSC and G56A catalyst
samples as a function of time,(h). 1: OPCSC-1; 2: OPCSC-2;

3: OPCSC-3; numbers correspond to samples shown in Table 5;
4: G56A.

PCR with “cold walls” (OPCSCCW) are similar to
G56A in their activity, which indicates that one possi-
ble reason for the insufficiently high activity of MPC-
SCCW and OPCSCCW could be the utilization of a
reactor with “cold walls”. For that type of reactor, fa-
vorable conditions are available for the so-called “wall
effect”. As a result, the oxidation degree of the in-
gredients for MPCSC is relatively low, and the blend
evaporation for MPCSC and OPCSC is incomplete, as
was confirmed by the X-ray structural analysis data.

Table 6
Comparison of catalytic activity in the natural gas-reforming pro-
cess of commercial G52A and MPCSCCW

Catalyst type Parameter
Natural gas Temperature net (%)
volume rate, (K)
V (h1)
G56 500 873 43.6
5000 973 42.6
MPCSCCW 500 873 38.0
5000 973 321
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Table 7
G56A and MPCSCWW catalyst activity in the natural gas-reforming process at 923K and some main process parameters
Material Parameter
Natural gas volume Converted gas composition (vol.%) GHonversion  Catalyst Catalyst
—1 0 L. o
rate,V (h™) Co, co H CHa rate,n (%) performancg efficiency, ne (%)
G56A 2000 13.0 3.9 63.7 80.6 80.6 1352 99.5
5000 115 2.4 53.2 67.1 67.1 2780 82.8
7500 11.2 2.2 51.4 64.8 64.8 4020 80.0
10000 111 2.1 50.7 639 63.9 5280 78.9
MPCSCWW 2000 13.0 3.7 63.1 79.8 79.8 1336 98.5
5000 11.9 29 56.3 71.1 71.1 2960 87.8
7500 11.4 25 543 69.2 69.2 4260 84.2
10000 11.3 2.3 52.7 66.3 66.3 5500 81.9

-3
2G x 10° (Mo hy) Mead)-

Table 8
Plasma-chemically regenerated and fresh G56A catalyst activity in the SB#dm-conversion process at 873K and some main process
parameters

Catalyst type Natural gas volume Converted gas composition (vol.%)  GHonversion Catalyst Catalyst
-1 o - o
rate,V (h™) Co, CO H CHs rate,n (%) performancg efficiency, nes (%)
G56A regenerator 2000 101 1.0 434 455 54.5 888 91.0
G56A fresh 2000 10.2 1.0 43.8 400 59.0 896 98.6

-3
3G x 10° (Mo hy Mead)-

In addition, catalyst reduction is required for a highly distribution between structure-stabilizing »&3 and
active catalytic surface to be formed and for the cata- activating CaO. The temperature-resistance of the
lyst to evolve into a functional condition. In order to PCS catalysts was determined by the existence of
eliminate these disadvantages, we devoted our furtherNiAl 04 in the fresh samples.

investigation to the PCS of metal and oxide catalysts A comparison of fresh G56A industrial catalyst and
in a reactor with “warm walls”. catalyst regenerated under the conditions of LTP is

MPCSC in a PCR with “warm walls” (MPC-  presented in Table 8.

SCWW) have commensurable and even higher activ-

ity compared to the G56A industrial sample (Table 7)

when tested under identical conditions (temperature, 5. Conclusion
volume rate, steam/gas ratio).

The high catalytic activity of the PCS catalysts The technique we employed to calculate the free
for CH, steam-conversion is caused by the high spe- energy of the multi-component heterogeneous system
cific surface area of the samples (to 119gnt) and Ni—Al-O-Ca—Mg enabled us to consider its equilib-
the high particle dispersity (10-30nm), which de- rium state in the presence of powders, condensed-
creases diffusion limitations. Additional contributors phase substances, and solid solutions. We were, thus,
to this high activity include faulty structure and phase able to follow a large variety of equilibrium positions,
composition defined upon condensed-phase forming ranging from condensed state to plasma-state of the
after plasma-chemical reaction at a quenching rate substances present, and to choose the proper ratios
of dT/dr = 10°-1PKs ! and NiO homogenous of raw materials for plasma-synthesis of catalysts for
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natural gas conversion. We were also able to determine In addition, it should be noted that the PCP proved to

the optimal temperature range of the plasma reactor. be effective for regenerating spent industrial catalysts.
The results of the model calculations for the PCP

parameters (PCR size, residence time of the particle in

the reactor, temperature and velocity profiles in a “cold  Acknowledgements

walls” or “warm walls” PCR, variation of the temper-
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