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The reaction rate of reduction of the solid barium sulphite with hydrogen has been measured
under differential conditions at temperatures of 640—720°C. A complete analysis of the solid
after reduction and the analysis of the gas phase during the reduction have shown that at minimum
two heterogeneous reactions take place in the action of hydrogen on the barium sulphite. Seven
reaction schemes are proposed and discussed consisting of two up to four reactions. It has been
shown that it is possible to interpret the experimental data by a mechanism of two consecutive
reactions: the disproportionation of the barium sulphite and the consecutive reduction of the
barium sulphate with hydrogen to barium sulphide.

The rate of the heterogeneous reaction between the solid barium sulphite and hydro-
gen has not yet been kinetically investigated. Our first experimental results have
shown already that there is no simple reaction but a sequence of at least two reactions.
In the range of temperatures at which the reduction rate has been measured, the dis-
proportionation of the original barium sulphite to barium sulphate and barium
sulphide takes place to a significant extent. In a consecutive reaction step the barium
sulphate is reduced with hydrogen. The final product of the disproportionation and
of the reduction reactions is the barium sulphide. The rate of disproportionation
of the barium sulphite and the rate of the reduction of barium sulphate with hydrogen
have been studied previously''? as isolated reactions. In the system barium sulphite—
hydrogen, four heterogeneous reactions have been considered as probable on the basis
of thermodynamic analysis in which only stable compounds have appeared. This
paper represents an attempt at an interpretation of experimental results obtained
in the measurement of the rate of reaction between the barium sulphite and hydrogen
from the point of view of a probable mechanism.

There exist only very few data on the behaviour of the barium sulphite with respect to reducing
agents, whereas, the reduction of the barium sulphate (or barite) which is the basis of the indu-
strial production of barium compounds is generally known®. The thermographic investigation
of the systems barium sulphite-carbon monoxide, barium sulphate-carbon monoxide, and
barium sulphite-argon has been carried out by Petkovskij and Ketov* at temperatures from 0 up
to 1100°C. These authors assume that the reduction of the barium sulphate takes place through
an intermediate product of barium sulphite and suggest a mechanism of the thermal decomposgi-
tion of the barium sulphite in the presence of the carbon monoxide consisting of following reactions
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BaSO, + CO = BaSO, + CO, 2BaSO; = 2BaO + 250,, (A),(B)

380, + 6CO = 6CO, + %S, 2BaO + 3S, = 2BaS + SO,.

(O),(D)
By summing the equations (B), (C) and (D) we obtain:

BaSO; + 3CO = BaS + 3CO,. (E)

Finally, Miyamoto5 found that the main products of the reduction of the barium sulphite with
hydrogen in a silent electric discharge are the barium sulphide in the solid and the hydrogen
sulphide in the gas.

EXPERIMENTAL

The barium sulphite has been prepared by a heterogeneous reaction between the solution of the
sodium sulphite and the solid barium carbonate at a temperature of 25°C for 24 h. The molar
ratio of the sulphite to the carbonate in the reaction mixture has been always 1-5: 1, After the
reaction has been finished, the product has been separated from the mother liquor, thoroughly
washed with water on the fritted glass filter (G 3), till the filtrate gave no reaction with the phenol-
phthaleine, and sucked off. The barium sulphite has been dried in air at laboratory temperature.
The dried sample has been crushed, and the fraction of the particle size of 0-25—0-33 mm has
been used for measurements. The sample contained 88-5 wt. % of the barium sulphite, 10-0 wt. %
of the barium carbonate, and 17 wt. % of humidity in average. The sodium sulphite was a pure
reagent (Spolana, Neratovice) containing at minimum 97 wt. % of the sodium sulphite. The
barium carbonate has been prepared by saturating the solution of barium hydroxide (a.r. Lachema,
Brno) at 25°C with a purified gaseous carbon dioxide from a pressure tank. The barium carbonate
has been washed, sucked off, and dried in air at a laboratory temperature. The potassium iodide
was an analytical grade reagent (Lachema, Brno). The sodium thiosulphate was an analytical
grade reagent (Lachema, Brno) containing at minimum 99 wt. % of the Na,S,05.5 H,O. It has
been used after a twofold crystallization from the commercial reagent. The potassium bromate
has been used after a twofold crystallization from the pure reagent (Lachema, Brno). The an-
hydrone used has been an English reagent (The British Drug Houses Ltd., Poole, England).
The iodine used has been resublimed from an analytical grade reagent. Metals for calibration
of the thermocouple were of the following quality: the antimony twice sublimed (Kovohuté,
Vestec), the aluminium was zone-melted (Kovohutg&, Vestec), and the zinc was granulated for
laboratory purposes (USSR). The nitrogen has been used with an oxygen content of the order
of 102 p.p.m. (sometimes even 10%). The quality of nitrogen has been periodically tested by means
of an oxygen analyzer according to Hersch® which has been modified for measurement of low
concentrations of oxygen. In all the measurements the oxygen has been removed from nitrogen
in a copper tower? which has been filled up with a mixture of cupric oxide with silica. The purified
nitrogen contained at maximum 20— 30 p.p.m. of oxygen. The copper catalyst has been reactivat-
ed for some hours with a nitrogen-hydrogen mixture at a temperature of about 220°C. The
hydrogen used has been of electrolytic quality with an oxygen content of the order of 10! p.p.m.
The quality of hydrogen has been periodically determined with an oxygen analyzera for low
oxygen concentrations. In measurement of the reaction rates in the system barium sulphite—
hydrogen, the traces of oxygen have been always removed from hydrogen in a copper tower”
whereby the oxygen content decreased to units of p.p.m. The remaining substances used have been
of an analytical grade purity.

Collection Czechoslov. Chem. Commun. /Vol. 38/ (1973)



Reduction of the Barium Sulphite by Hydrogen 9

Apparatus and procedure of measurement. The kinetic measurements in the system barium
sulphite-hydrogen have been carried out in a flow apparatus under differential conditions with
respect to the gas phase. The maximum change of the gas phase concentration on passing the re-
actor amounted to 0-5%. The reaction conditions have been selected in such a way that the result-
ing rate has not been affected by the transport of the reacting gas to the surface of the solid, as it
has been shown in experiments with a variable flow rate. Since, in addition to the reduction,
the disproportionation of the barium sulphite, in which beat is set free, is taking place, the tempera-
ture drop between the surface of the solid and the main stream of the gas has been estimated.
The calculation has been carried out according to Hougen and Watson® and it has been found
that the temperature drop is not significant (1-5°C). Apparatus and the procedure of measurement
have been identical with those used previous]yz.

Analysis of the original sample. In the sample of the barium sulphite the content of the barium
sulphite, and the total content of the sulphur dioxide and of carbon dioxide have been determined.
The content of barium carbonate has been calculated from the difference of both determinations.
The content of barium sulphite has been determined in the way described in the book by Cata®,
The solid sample has been dissolved in an acidified solution of iodine the excess of which has
been titrated with the sodium thiosulphate. The total content of the sulphur dioxide and carbon
dioxide has been determined in such a way that both gaseous components have been set free
from the solid sample with perchloric acid and displaced with nitrogen into an absorber. The
gases have been absorbed in a solution of barium hydroxide, the excess of which has been deter-
fiiined by titration*® with HCI.

Analysis of the solid after reduction. In the sample after reduction, the content of the barium
sulphide, sulphite, and sulphate has been determined by an analytical procedure described
previously“.

Analysis of the gas phase. In the gas phase, the content of the water vapour has been determined
continually. The gas mixture at the reactor outlet has been led into one of two parallely connected
U-tubes filled up with granulated anhydrone. The absorbers were alternatively connected to the
reactor at precise time intervals and weighed on an analytical balance with a precision of 0-1 mg.
The weight of the filled up absorber amounted to about 45 g and the weight of the anhydrone
amounted to §—10 g. The samples of the barium sulphite used in the rate measurement contained
889 mol % of the barium sulphite and 11-1 mol % of the barium carbonate. For the reasons
given in the paper?, it has been necessary to correct the weight increments in absorbers to the
amount of water vapour formed in the reaction between the dissociation carbon dioxide and
hydrogen. The corrections have been calculated for weight increments in individual time intervals.

RESULTS AND DISCUSSION

In the system barium sulphite-hydrogen, the following four reactions have been
considered as possible in which only the known stable compounds do appear. The
literature research on thermodynamics properties of reacting and final substances!2 ™21

BaSO;(s) + 3H, (8 = BaS(s) + 3H,0(), (F)

BaSO; () = %BaS(s) + 3BasS0,(s), @)
BaSO, (s) + 4H,(g) = BaS(E) + 4H,0(), : (H)
BaSO, () + H,(8) = BaSO;(s) + H,0(2) )
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has shown that the weakest point consists in the data on the barium sulphide and
sulphite which either exhibit a great dispersion or have been estimated approximately
by means of empirical rules?®. It has been found from the calculated values of equi-
librium constants of the reactions (F), (G), and (H) that these reactions are practically
irreversible in the temperature range of 400—800°C, and that the barium sulphite
is a thermodynamically unstable substance. These conclusions are in an agreement
with our previous results which were obtained in the measurement of the rate of re-
duction of the barium sulphate with hydrogen®. The probability of the barium
sulphite formation according to the reaction (J) increases with increasing temper-
ature. It has not been possible, therefore, to eliminate any of the reactions considered
(F), (G), (H) and (J). It is probable that in the system barium sulphite-hydrogen
at temperatures above 600°C, the reaction (G), i.e. the disproportionation of the
barium sulphite and at least one of the reduction reaction, will always take place.
The effect of temperature, of the partial pressure of hydrogen and of the partial
pressure of the water vapour on the rate of heterogeneous reaction has been investi-
gated experimentally in the system barium sulphite-hydrogen. The results of measure-
ments have been obtained as time dependences of the content of sulphite, sulphide,
and sulphate in the reacted barium sulphite (Fig. 1 and 2). It is evident from these
dependences that, in addition to the thermal decomposition (disproportionation)
of the barium sulphite, one or more reduction reactions are taking place. The time
course of the mole fraction of the sulphate (curve z in the Fig. 1) proves that the dis-
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proportionation of the barium sulphite takes place to a significant extent. The content
of the barium sulphate in the solid increases very rapidly at the start of the reaction
till it reaches a maximum value of z & 0-60, and then decreases owing to the reduction
with hydrogen. The steep increase of the barium sulphate content at the start of the
reaction can be explained in terms of the reaction scheme considered [(F) to (J)]
by disproportionation only in which the sulphate is formed. The minimum degree
of conversion of the reaction (G) can be estimated according to stoichiometry as
having the value of 08, since the sulphate can be simultaneously reduced by hydrogen.

It was the aim to find such a reaction scheme which would not be complicated and,
at the same time, it would well reproduce the experimental data. In the selection
of a suitable reaction scheme, the experimental findings have been considered which
will be mentioned later in this chapter. Under the assumption thatin the system barium
sulphite-hydrogen the disproportionation and at least one reduction reaction is
always taking place, there exist in total seven reaction schemes which are formed
by combinations from the set equations of (F) to (J) (Table I).

TaBLE I

Summary of Reaction Schemes Formed by Combinations from Set of Equations (F) to (J)

Number

. I 11 111
of reactions
4 (F), (G) (H), (J) - -
3 (@), (F), ()  (F),(G), (H) (G),(H), ()
2 @), (F) @), (H) (G), (N

For the combination 4-I, the expressions for the degree of conversion of individual reactions
will be derived. As a basis, let us select one mol of the barium sulphite at the start of the reaction.
If the amount of the reacting substance reacted according to the reaction (F) is denoted as a,
according to the reaction (G) as f§, according to the reaction (H) as y, and according to the re-
action (J) as &, then the number of moles of individual components in the system in the time 7
will be determined by relations

o(BaS) =y=4B+a+y [¢)]
nBaS0z) =x=1—f+6—« @
n(BaSO,) =z=3f—y— 4 (€))
n(H,0) =d=3a+4y+4. “@

By summing the equations (1), (2), and (3) we obtain the following expression
x+y+z=1, (&)
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which represents the balance of sulphur. By summing the equations (2) and (3) we obtain

x+z=1—3f—y—a

6)
and by summing the equations (3) and (¢)

z+d=3%B+3a+3y." )

On rearranging the equation (7) and on comparing it with the equation (1) the following relation
is obtained

z+d=73y, &)

from which an expression is obtained on combining with the sulphur balance and on eliminating y

4z +3x +d = (O]

This equation represents the balance of oxygen.

From the expression derived it follows that it is sufficient to determine analytically
only two arbitrarily selected quantities, e.g. the amount of barium sulphide and sul-
phate, and the remaining two, i.e. the barium sulphite and the water of reduction,
can be calculated from the relations (5) and (9). It can be easily shown that it is not
possible to calculate the degree of conversion of any of the mentioned reactions on
the basis of the equations derived above, even if a complete analysis of the
system is available. The same expressions and the same conclusion is reached, even
in the case of the combination of three reactions. In the case of combination of two
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reactions only, it is possible to determine the degrees of conversion of both reactions,
even though the expressions for calculating the system composition are identical
with the equations (5) and (9). The experimental data obtained have been interpreted
by a system of two consecutive reactions: the disproportionation and the consecu-
tive reduction of the barium sulphate with hydrogen to barium sulphide (combina-
tion 2-II). The curves have been drawn through the experimental values of time
dependences of x, y, z, d, and the reaction rates of formation of the sulphide r,,
of the sulphate r,, of the water of reduction ry, and the rate of the sulphite decrease
r, have been determined graphically for experimental values of © (Fig. 3). It is evident
from the Fig. 3 that the course of r, exhibits two rather distinct maxima, the rate
of r, increases from the start to a maximum, then decreases to zero and in the follow-
ing it assumes negative values with an appearance of a flat minimum. The rate of the
sulphite decrease, r,, increases initially to a maximum, then decreases and approaches
assymptotically the zero value. The combination of reactions 2-III, i.e. the disporpor-
tionation and reduction of the sulphate to sulphite, is improbable for two reasons.
In the first place, the barium sulphide would be formed in one reation only, i.e.
in the disproportionation, for which one maximum only has been found! in studying
this reaction in a nitrogen atmosphere as an isolated reaction; this finding is in con-
tradiction with the experimentally found existence of two maxima of the rate of sul-
phide formation. In the second place, a very small amount of the sulphite (0-2 to
0-4 wt. %) has been found in a wide range of conversions of the barium sulphate
in the reduction of the barium sulphate with hydrogen which has been investigated
as an isolated reaction?, It has been shown? that this finding is not consistent with
the considered combination of reactions.

The combinations of reactions 2-I, i.e. the disproportionation and the reduction
of the sulphite to sulphide, is excluded because the barium sulphate would be formed
in the disproportionation only and would be gradually accumulated in the system.
This is in contradiction with reality, since the content of barium sulphate in the solid
initially increases till it reaches a maximum value of z ~ 0-60, and then decreases
in consequence of the reduction with hydrogen. The reaction course at a temperature
of 677-5°C and at a partial pressure of hydrogen of 1 atm is illustrated in the Fig. 4
by a dependence of the content of the sulphate (curve z) and sulphite (curve x)
on the content of barium sulphide which is the only monotonously increasing quan-
tity in the system. The dotted straight lines in this figure represent the limiting cases
for the course of the content of sulphate and sulphite under assumption that initially
a complete disproportionation of the sulphite takes place in the system and then the
reduction of the formed sulphate with hydrogen occurs. The theoretical course
of the sulphate content in this limiting case is given by two abscissas OP and PI.
The experimentally found course of the sulphate content approaches the theoretical
.course and in the limits (iAe. for y = 0 and y = 1), the values of tangents of the ex-
perimental curves are practically identical with the theoretical ones. From the Fig. 4,
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therefore, it is possible to deduce even a qualitative conclusion that the rate constant
of disproportionation will be substantially higher than the rate constant of the
reduction of barium sulphate with hydrogen. It is evident that in the system barium
sulphite-hydrogen the disproportionation of the barium sulphite takes place pre-
dominantly at the start of the reaction; the product of this disproportionation is the
barium sulphate which is reduced by hydrogen in the next reaction step. The reduc-
tion of the barium sulphate is frequently interpreted?* by a mechanism of consecutive
reactions (J) and (G), i.e. the combination 2-11I, which, however, does not seem as
probable for the reasons given above. The same conclusion has been reached in the
previous paper? too. For the reduction of the barium sulphate, a mechanism is some-
times suggested*?3, expressed by the consecutive reactions (J) and (F), which,
however, proved to be as little probable? as well.

On the basis of experimental findings mentioned in this paper, it is possible to
interpret the rate data in the system barium sulphite-hydrogen by a mechanism of two
consecutive reactions, i.e. the disproportionation of the barium sulphite and the con-
secutive reduction of the barium sulphate with hydrogen to barium sulphide. In the
system barium sulphite-hydrogen it is possible to admit even more complicated
reaction schemes, which, however, give no possibility to determine the rates of indi-
vidual reaction steps without introduction of further assumptions. The scheme of two
consecutive reactions proposed here is simple and reproduces qualitatively all the
phenomena found experimentally.

We thank Dr J. Strublovd for her technical assistance.

LIST OF SYMBOLS

d number of moles of water vapour in gas phase formed from 1 mole of BaSOj3
df3  degree of reduction (%)

ry  rate of decrease of BaSO; (min~1)

ry  rate of BaS formation (min~%)

r, rate of BaSO, formation (min™!)

rq rate of water vapour formation (min~1)

x,y,z mole fraction of BaSO,, BaS and BaSO,

«,B,7,0 degrees of conversion of reactions (F), (G), (H), (J)

T time (min)
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