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HOW THE POLARITY OF A SURFACE REACTING
WITH A LOW-TEMPERATURE PLASMA AFFECTS
THE THERMODYNAMIC VARIABLES
IN METALLURGICAL REACTIONS')

V. DEMBOVSKY?), Ostrava

Reactionships are presented for calculating the changes in thermodynamic variables
which attend heterogeneous metallurgical reactions involving a low-température plasma,
~on the assumption that this plasma is in thermodynamic equilibrium state and that its
composition is known. A positive polarity of the reacting surface is shown to reduce the
thermodynamic probability of the desired reaction taking place. A negatively charged
reacting surface allows metals to be gained by the hydrogen reduction of even extremely
stable oxides. As the following expressions neglect the recombination processes in the
thermal boundary layer, the equations derived for the particle flow densities at the
reacting surface are not absolutely accurate. They are, however, accurate enough for all
practical purposes.

KAKOE BIHAHHME OKA3BIBAET NOJAPHOCTh [HOBEPXHOCTH,
PEATHPYIOMEN C —Ewﬂ@.—.ﬁz—-ﬁm>§ﬁ°& LIA3MOH,
HA .—.H—-Z—Q%OE [EPEMEHHBIE B METAJLTYPTHIECKHMX

B pa6ote npHBeficHbI COOTHOIICHHA JiNiA pacdeTra H3MEHeHull TEPMOTHHAMIIECKHX
HepeMEHHbIX, KOTOPBIC CONpPOBOXAAIOT reTeporcHHBIC MeTaTyprudeckue peaKumi
¢ HE3KOTEMIIEPATYpHO# ia3Moil, B TPENMONOXKEHAH, UTO [UIa3Ma HaxofuTca B Tep-
MOXMHAMIYECKOM PaBHOBECHOM COCTOSIHMM | YTO €€ COCTaB wssecten. [Tokasaso, 4T0
[TONOXKTENBHAS  HONAPHOCTD pearupyromeil IOBEPXHOCTH  YMEHLINACT TEP-
MOJIMHAMWIECKYIO BEPORTHOCTH MPOHCXOXACHAA naHHOH peaKIyH. OTtpHlaTENLHO
3apsKeHHas MOBEPXHOCTH aomyckaer, YTofbl MeTamubl npuoGpeTann npu MOMOLM
BOCCTAHOBJIEHUSL BOJIOPONOM paxe 0cobo yCTOHYHBBIE OKHCH. TMockonbKy HaHHBIC
BbLIpAXKEHUs npeneGperatoT npoueccaMu pexoMOuHalmyu B TEPMHIECKOM TPaHUIHOM
ClIoE, YpABHEHHS, BHIBENICHHRIC @ISl TUIOTHOCTed TOTOKA gacTHI, Ha pearupylouiei
TIOBEPXHOCTH, He ABIMIOTCA aGCONIOTHO TOYHAIMH. Mx TOUHOCTh, OHAKO, AOCTATOHA
sl BCEX MPaKTHHECKHX uenei.

') Contribution presented at the 4th Symposium on Elementary Processes and Chemical Reactions in
Low Temperature Plasma, Star Lesna, May 24—28, 1982.
2) College of Mining and Metallurgy, 708 33 OSTRAVA, Czechoslovakia.
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I. PHYSICAL INTERACTIONS OF ACTIVE PARTICLES
IN THE ABSENCE OF AN EXTERNALLY APPLIED ELECTRIC FIELD

The basic metallurgical reactions exploited for extractive and refining processes
take place predominantly in heterogeneous systems. In a heterogeneous system
incorporating a plasma, the component in the plasma state is generally the
extracting or refining medium, while the processed material is in the solid or liquid
state. g

The density of the flow of active particles of the jth kind, reaching an electrically
insulated surface that is in contact with the plasma stream, is given by a generalized
expression

nuy,. ;

where n; is the concentration of particles of this jth kind in the surrounding plasma
stream, v, ; is the arithmetic mean velocity of the jth kind.

After substituting the numerical values of the constants in the formula describing
the arithmetic mean velocity of the particles,

vo= AEVN ~5.93x% 5-;@&5 @)

Tm m;

where k is the Boltzmann constant (1.38054 x 1072 JK™"), T; is the ther-

Fig. 1. Scheme of the transport of active particles from a lowtemperature plasma to the reacting surface
in the absence of an applied electric field.
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modynamic temperature of particles of the jth kind, and m; is the mass of particles
of the j-th kind, and inserting the resultant expression into equation (1), we obtain
a formula better suited for routine calculations:

\HJ 172
v, =1.48x107n, A,\:.V [m2s] 3)
;
A scheme of a heterogeneous system in the absence of an externally applied
electric field, showing the transport of active particles from the plasma to the

surface of the processed material, is presented in Fig. 1.

1I. HETEROGENEQUS SYSTEMS IN THE PRESENCE OF AN APPLIED
ELECTRIC FIELD

When the electrically conductive charged surface is incorporated in the plasma
torch circuit, or when a voltage is applied across this surface and the plasma stream,
the situation arising conforms essentially to the scheme in Figs. 2 or 3, depending
on the polarity of the charged surface.

When the surface charge is negative in polarity, the ions that impinge on it
deliver a current density J; which varies with the voltage drop across the
collision-free plasma sheat and with the thickness of that sheath [1], as follows:

M N& 1/2 <,.“\N ﬁhﬁ 172
T on ASV d? T #2:00 ANSV a
where d. is the thickness of the plasma sheath [m], m, is the mass of an jon [kgl, e is
the charge of an electron (1.60210%x 107 C), T is the thermodynamic tempera-
ture of the ions, and V, is the voltage drop across the sheath, i.e. within d,, which in
this case corresponds to the anode voltage gradient [V] and is defined as [2]

L

[Am™] 4)

When the surface is negatively charged, the density of the flow of singly ionized
positive ions impacting on it is given by

)

Pi=—. A@v

In a heterogencous system where the conductive charged surface forms the
cathode the density of the flow of singly ionized ions reaching that solid or liquid
surface from the plasma can be established from the relation

Yyi==—""" . N
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Fig. 2. Scheme of the transport of active particles from a low-temperature plasma to a positively charged

reacting surface.
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Fig. 3. Scheme of
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the transport of active particles from a low-temperature plasma to a negatively
charged reacting surface.

where I is the discharge current [A], and Fi the active area of the cathode or
cathode spot [m].  *

III. COMPARISON OF THE THERMODYNAMIC PARAMETERS OF REACTIONS
INVOLVING A LOW-TEMPERATURE PLASMA

Let us assume that in a reaction described by
B+D, — C+R (8)

the diatomic molecules of substance D, enter reaction (8) in the form of
a low-temperature plasma made up of molecules, atoms, ions and electrons. This
reaction will then be described by

B+ xD,+2yD+2zD" +2z¢ — C+R 9

where x, y and z are the molar fractions of particles on the molecular, atomic and
ionic states, respectively: If in the course of this reaction the atoms and ions of
substance D recombine, then the standard heat of the metallurgical reaction for the
process conforming to scheme (9) will be ’

AH'=[AHc+ A E|A>mm+xbmm~+~<WA>Ima b, + (10)
+2e[ 1AM+ (4 el |
The change in standard entropy will be determined by
AS® =[S +S] — {S + xSp, +2y .w; mtr_EmubsT §8))
+2efbsn, +L asto,+(asto]}.
The change in the standard Helmholtz energy can be ascertained from
AF'=[AF-+ AFS] - { AFs + xAFo. +2y ! (AFuo.+ (12)

+2z —w (AFi)o, + (A ...e_vo:

The change in the standard Gibbs energy caused by the metallurgucal reaction will
be )
AG' =[AG2+ A Bn? _,.w+x>0..“+§~w§ AT (13)
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+ NN_W (AG)o,+ E@;r:
where

Ao, Hp np*

X =" = - “.I||||\|\. N“
=U~+35+=U+u y Bc~+=o+=c+. np, + np + no*

np,, np and no* being the concentrations of molecules, atoms and ions, respec-
tively, of substance D which participe in this reaction. The general definition of the
size of any molar fraction is
=

X, vﬁNI.M..E. Aw#v
where n; is the concentration (particle number density) of particles of the jth kind
that participate in the reaction. When we deal with plasma processes, however, the
molar fraction of the various particle kinds which constitute the plasma are far
better expressed in terms of the particle flow densities on the reacting surface.
Equation (1) shows that the density of a particle flow is directly proportional to the
product of two variables: the concentration of those particles, n;, and their
arithmetic mean velocity, v,.;. Upon inserting the expanded expression for the
particle concentration obtained from formula (1),

n; HAG,AWNWA:%MV_\N

into formula (14), we can set up an equation for calculating the molar fractions of
various kinds of reacting particles in terms of the particle flow densities:

(15)

_ ,(m)'”
X, ¥, 2 lM.AF.ASD:N :@v

where Z; is the total density of all the reacting particle flows on the surface with
which they react. For the reaction described by scheme (9) we can thus formulate
the molar fractions of the various reacting particle kinds as follows:

— QUNAEUNV_\N .
X = QUNASUNV:N T GUAEUV:N.T %UAEUQ:N an

! _ QUASUV—\N
GPAEEVS + Po(mo) "+ Yo+ (mp+)'"?

N _ ec.—.Agc#v_\N
Yo,(mo,)'* + Yolmp)'” + Yo+(mp+)'"*’

In practice most metallurgical reactions take place at roughly constant pressures
and temperatures. Under such conditions their termodynamic probability is
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governed by the attendant changes in the Gibbs energy: a metallurgical reaction
will proceed the more completely and perfectly, the more negative the value of the
change is, e.e. the greater the decrement in the Gibbs energy. The course of these
changes, in dependence on the temperature of the reacting system, can be
computed by the conventional procedure with the aid of the Gibbs—Helmholtz
equations.

- e
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Conventional system

-~ Hydrogen _ reacting
5 temperature  surface
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Fig. 4. How the changes in the Gibbs energy
attending the reduction of FeO by a hydrogen
plasma at 10 000 K vary with the temperature of
the reacting surface: 1 —in the absence of an :
applied electric field; 2 — with a positive polarity I B L
of the surface; 3 — witha negative polarity of the 400 1200 2000
surface. Reacting surface temperature ]

Fig. 4 shows the changes in the Gibbs energy at various temperatures of the
reacting surface of solid iron oxide when the latter is reduced by a hydrogen plasma
at 10 000K, in a reaction described by :

FeO + xH, +2yH+2zH" +2z¢ — Fe+H.0. 20)

The changes in the Gibbs energy, ascertained by the techniques outlined in this
paper, show that a positive polarity of the reacting surface reduces the ther-
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modynamic polarity of this reaction, as against the state when no external electric
field was applied. In the extreme case of a fully ionized hydrogen plasma, Fig. 2
indicates that a situation may arise where no hydrogen particles will participate in
interactions with the FeO surface, so that no reaction will take place. This
probability increment suggests that, given a negatively charged reacting surface,
reduction with a hydrogen plasma will permit metals to be gained even from highly
stable oxides.
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