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The isotopic exchange between H,S and D, has been studied in the temperature range from 480 °C to 551

°C on a pyrrhotite specimen.

The isotopic exchange reaction proceeded via these steps:

H,S + D, = D,S + H,

H, + D, = 2HD

From the analysis of the kinetic data, the rate constant of the sulfurization of Fe;_xS by “hydrogen sulfide,”V
ks, and that of reduction by “hydrogen,”? k;', were determined. It was found that £; is inversely proportional
to the sulfur activity of Fe;_xS, a5, and that k;' is independent of it. It was found that the rate equation for the
sulfurization of Fe,_xS in the “hydrogen”—hydrogen sulfide’” gas mixture could be expressed in the form of

v=kPeg,gag— k' Py ;.1

For the elucidation of the mechanism of the gas-
solid interface reaction, it is necessary to determine
the reaction rate as a function of the activity of che-
mical species in a solid as well as the partial pressure
of the reactant gases. Such a study was first carried
out by Kobayashi and Wagner®? for the reduction
of silver sulfide by ‘“hydrogen.” Several methods
have been developed on the same basis of the theory
proposed by them and have been applied to oxide
and sulfide systems.?-?)

The present work aims to study the reaction at the
interface between f-Fe;_;S and a ‘“hydrogen”-
“hydrogen sulfide” gas mixture by using the isotopic
exchange method.

Experimental

Fey_xS Specimen. An iron specimen was taken from
a Ferrovac E sheet (0.05 mm thick). After being polished
with 1000-emery paper and cleaned by petroleum ether,
it was sulfurized in a gas mixture of hydrogen sulfide and
hydrogen at 580 °C. As the Fe, xS was fragile, it could
not be used in the form of “foil” through many runs. There-
fore, it was crushed lightly and the powder larger than 170
mesh was used as a sample. The surface area was 133.3
cm? g1,

Isotopic Exchange Method. The apparatus, the method
of the purification of gases, and the experimental procedure
were essentially the same as in the isotopic exchange experi-
ment on Cu,S.” As the pyrrhotite sample was a powder,
a Pyrex glass reaction vessel with a G3 filter (Fig. 1) was used,
and the temperature was measured at a position near the
sulfide sample.

The isotopic exchange was carried out after the chemical

1) Terms such as “hydrogen” and ‘“hydrogen sulfide” are
used in a generic sense, irrespective of the isotopic species. The
chemical symbols “H,S” and “H,” are employed for the chemical
species of “hydrogen sulfide” and “hydrogen” respectively.

2) H. Kobayashi and C. Wagner, J. Chem. Phys., 26, 1609
(1957).

3) H. J. Grabke, Ber. Bunsenges. Phys. Chem., 69. 48 (1965).

4) S. Stotz, ibid., 70, 37 (1966).

5) S. Kurihara, K. Fueki, T. Mukaibo, and Y. Wada, This
Bulletin, 43, 2761 (1970).

6) M. Takeda, K. Fueki, and T. Mukaibo, Denki Kagaku, 35,
283 (1967).

7) K. Fueki, H. Inaba, and T. Mukaibo, This Bulletin, 43,
23 (1970).

A possible mechanism of the reaction at the surface of Fe; xS is discussed.
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equilibrium had been reached between the sulfide and the
“hydrogen”—‘hydrogen sulfide”’ gas mixture. Therefore, as,
the sulfur activity of the solid, defined as the pressure ratio
of “hydrogen sulfide” to ‘“hydrogen,” was kept constant
throughout the isotopic exchange run, irrespective of the
change in the concentration of isotopic species.

A blank test showed that, in the absence of Fe,_xS, no
exchange occurred below 528 °C, whereas a little exchange
did occur at 551 °C. No deposition of sulfur occurred at
the cold portions of reaction vessel over all the temperature
and gas composition ranges studied.

Results and Discussion

Isotopic Exchange Reaction. Figures 24 give the
change in xm,, xup, and xp,, the mole fractions of H,,
HD, and D, respectively, at different sulfur activities.

The following two mechanisms are possible for the
formation of H, and HD. In the first mechanism,
H and D atoms are formed by the dissociation of H,S
and D, via (la) and (lb):

H,S = HS(ad) -+ H(ad) (la)
D, = 2D(ad) (1b)
where H(ad), D(ad), and HS(ad) represent H, D,
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Fig. 2. Change in xp,, xgp and, xy, with time. (551 °C,
Ph,s= 123.6 mmHg, Pp =30.9 mmHg, ag=4).
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Fig. 3. Change in xp,, xuyp, and xy, with time. (551°C,
Pﬁzs =17.6 mmHg, P82=70.4 mmHg, ag=1/4).
1.0
MB (/
09 ~0—0-
8 5
g 08
0.7 102 o
=
3
q01 &
=
&
1.9 ZAO 0

Fig.4
Time (hr)
Fig. 4. Change in yp, xp,, ¥up, and xg, with time. (551 °C,
P§ ¢=12.5mmHg, P§ —125mmHg, as=1/10).

and HS adsorbed on the surface of Fe;_,S. Then,
H, and HD are formed by these reactions:

D(ad) + H(ad) = HD (1c)
H(ad) + H(ad) = H, (1d)
In the second mechanism, H,S is directly converted
to H,, giving a sulfur atom to the lattice site on Fe;_,S
H,S — H, + S(lattice) (2a)
The (2a) reaction is characterized as the redox reac-
tion or as the two atom-direct exchange reaction.
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Then, H, and D, react to form HD:
H, + D, = 2HD (2b)

As may be seen from Figs. 2—4, the rate of HD for-
mation was smaller than that of H, in the initial period,
and the formation of HD became remarkable only
after the concentration of H, became high. These
facts suggest that the (2a) and (2b) mechanisms are
more predominant than (la)—(ld). The second me-
chanism may also be confirmed as follows.

Let us define y;, the fraction of D in “hydrogen,”
by:

1
Yp = xp, + 5 *uD (3a)
and yy, the fraction of H in “hydrogen,” by:
1
JH = XH, + —2—xHD (3b)

At a,=1/10, y, decreases with time during the initial
period, but it reaches a constant value at the time
corresponding to the maximum of «m,; there-
after it remains unchanged, while xu,, ¥mp, and xp,
are still changing. When the value of a, is 1/10,
the ratio of H to D is also 1/10. Thus, after the iso-
topic equilibrium is attained between ‘hydrogen”
and “hydrogen sulfide,” the ratio of p4 to yp is 1/10;
i.e., yp is 0.909. Figure 4 shows that the constant
value of y, is equal to 0.909 within the limits of experi-
mental error. The results clearly show that the H
to D ratio attains equilibrium at the time xu, reaches
its maximum and that, thereafter, only relative changes
of xm,, xmp, and xp, occur. That is, these results
mean that H, and HD are formed by the mechanisms
of (2a)—(2b) and not by (la)—(1d).

At the beginning of the reaction, only H,S and D,
exist in the gas phase of the reaction system. Because
the exchange reaction proceeds via (2a) and (2b),
the amount of H in “hydrogen’ at any time represents
the amount of H transported from “hydrogen sulfide”
to “hydrogen” wvia (2a). Similarly, the amount of
D in “hydrogen sulfide” represents the amount of
D transported from “hydrogen” to “hydrogen sulfide”

via (2a). Accordingly, the change in the amount
of D in “hydrogen” with time is given by this equation:
1d RT
Z% = =5 (ke —F'np) (4)

where 4 is the surface area of Fe,_,S, where £; and
k, are the rate constant of sulfurization and reduction
respectively (mol atm=! cm~2 hr-1), and where V is
the volume of the reaction system. n;, and n,' are

defined as follows:
np = np, + —2‘"111) = nm,”Jp ()
np’ = np,s + o Mps = nrer,s7 9D (6)

where np,, nmp, np,s, and nups represent the number
of moles of D,, HD, D,S, and HDS respectively.

e, and nem,s» are the number of moles of “hydrogen”
and “hydrogen sulfide” respectively. yp' is defined
in the same manner as in the case of (3a) for “hydrogen

sulfide.”
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At the beginning of the reaction:
np + np’ = np = ey, xp, = nem, P (7
The insertion of Eq. (7) into Eq. (4) yields:
dﬂD . ART o ,
& —V“[kinn—(ki +£:)np] (8)

After the isotopic equilibrium between “hydrogen”
and ‘“hydrogen sulfide” has been attained, dnp/di=0
and ny,=ng; t.e.,

dn ART ,
Titﬂ = "I—/_[ki"g — (ki+k)np] = 0 ®
Accordingly,
np ki
=t 1
ﬂg ki+kil ( 0)

By integrating Eq. (8) and using Eq. (10), we obtain:
_ ART
T 2303V
By replacing n,, 73, and nj by yp, »8, and y5 respec-
tively, Eq. (11) can be rewritten as:
g Xp—Ib _ ART
log = e e = 3303 v
Figures 5—7 show the plot of log{(yp,—5)/(¥2—yb)}
vs. t for the data given in Figs. 2—4 respectively. The
plots are linear irrespective of the HD formation.
If we denote the slope of the plot of —log{(yp—y3)/
(y5—»8)} against ¢ by o, £, and £," can be represented
by the following equations:
23037 55

np—ng

(ki k)t (11)

o e
nd—nd

(ks +k)E (12)

k; = T 3 (13)
2.303V 7B

k [

¢ ART “(l , yg> (14)

The £, and £, calculated by Eqgs. (13) and (14) using
o were independent of the total pressure.

Figure 8 gives the plots log k; and log k,” against
log a,. Both plots are linear at 551 °C and 480 °C.
The slopes of log k; vs. log a, are —1.00 for 551 °C
and —0.97 for 480 °C. The slopes of log k," vs. log a
are 0.00 and 0.03 respectively.

The Arrhenius plot of k; at a,=1 is given in Fig.
9. The activation energy determined from the slope
is 26.8 kcal mol-1.
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Fig. 5. Plot of log {(3p—3%)/(»%~2%)} vs. ¢ for the data
given in Fig. 2.
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Fig. 6. Plot of log {(yp—2D)/(¥p—2%)} vs. t for the data
given in Fig. 3.
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Fig. 7. Plot of log {(yp—1%)/(¥p—2%)} vs. t for the data
given in Fig. 4.
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Reaction Mechanism of Sulfurization. From the
results of this study, the rate of redox reaction proceeding
via (2a) can be expressed by this equation:

U= ktP“st” —_ ki’P“Hz” = kP“st”as_l - k,P“Hz” (15)

where £ and £’ are constants.
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Fig. 9. Arrhenius plot for %; at ag=1.

Kobayashi and Wagner considered that e-, S, S,
and S2- are reactants in Ag,S and proposed the fol-
lowing three mechanisms for the reduction of Ag,S
by “hydrogen”:

“H” + S == “H,S” (16A)
“Hp” 4 S == “H,S” + e (16B)
“H,” 4 S*~ == “H,S” + 2¢ (16C)

where S, S, and S?- are sulfur atom, mono-, and di-

valent sulfur ions respectively and where e~ is an elec-

tron. They showed that the rate equations for (16A)

to (16C) can be expressed in a general formula:
v = k’P“Hz”asm_ - kP‘-stwa?

(17

where m is integers characteristic of the reaction me-
chanism.

Let us first discuss the mechanism of the redox re-
action on the pyrrhotite surface by the Kobayashi-
Wagner mechanism.

Pyrrhotite is known as a semiconductor below the
Néel temperature. However, the temperature coe-
flicient of the conductivity is negative in the temperature
range of this study, ¢. e, above the Néel temper-
ature® 19, and the conductivity is independent of
a,1® As the conductivity is ~10%® mho-cm, we can
conclude that g-Fe; S is a compound of metallic
conduction. The metallic conduction is due to a
half-filled narrow d-band. If the ratio of S to Fe
changes, the number of electrons in the d-band also
changes. However, we can expect that the Fermi
level of electron will not be influenced because the
density of the state of the narrow d-band is very
high.  Accordingly, we can assume that the
activity of the electron, q,, is nearly constant over the

8) S. Fujime, M. Murakami, and E. Hirahara, J. Phys. Soc.
Jap., 16, 183 (1961).

9) M. Murakami, ibid., 16, 187 (1961).

10) H.I. Kaplan and W. L. Worrell, “Chem. Extended Defects
Non-Metal. Solids, Proc. Inst. Advan. Study 1969 (pub. 1970) ed.
by Leroy Eyring. North-Holland Publ. Co., Amsterdam, Neth.

p. 561.

Surface Reaction between Pyrrhotite and Hydrogen-Hydrogen Sulfide Mixture

1627

whole experimental range of g, 7. e.,

@, == const. (18)
Among e-, S, 8-, and S?-, the following equilibrium
relationships exist:

S == S + e (19A)
S2- == S 4 2e- (19B)
i e
ag~ o< ag (20A)
ag?~ < ag (20B)

Therefore, for mechanisms (16A) to (16C), the rate
equation of the sulfurization reaction of the pyrrhotite

should be expressed in this form:
v = kP“st” b k'Pqu»as

(21)

This dependence of the reaction rate on g, does not
agree with the results observed in this study.
Next, les us consider the Fe atom as a reactant in

sulfide. In this case, the reaction mechanism is:
“H,S” + Fe(sulfide) —= “H,” + FeS (22)
and the rate equation is:
v = kPey,g7ape — k'Peg, apes (23)

Since the activity of Fe,_,S is nearly constant, irrespec-
tive of nonstoichiometry,'t)

ape = const-ag™! (24)
The insertion of Eq. (24) into Eq. (23) yields:
U= kP“st”as_l —_ k/P“Hz” (25)

Therefore, it may be concluded that Eq. (22) is a
possible mechanism for the redox reaction on the pyr-
rhotite surface.

Summary

(1) The isotopic exchange between H,S and D,
on Fe,_ ;S was investigated as a function of the tem-
perature and of a,, the sulfur activity of Fe;_,S.

(2) It was found that the isotopic exchange reac-
tion proceeds via:

H,S + D, = D,S + H,
H, + D, — 2HD

(3) The rate equation for the sulfurization of Fe,_,S
in the “hydrogen”-“hydrogen sulfide” gas mixture was

v = kP“st”as_l — k’Pqun

The activation energy was 26.8 kcal mol—2.
(4) The reaction mechanism of redox reaction was
discussed.
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