JOURNAL OF CATALYSIS 15, 342-354 (1969)

Chemisorption of Hydrogen Sulfide and Carbon Disulfide
on Sulfided Nickel Oxide and Vanadium Pentoxide

W. J. THOMAS* anp USMAN ULLAHY

From the Department of Chemical Engineering, University College,
Swansea, Wales, United Kingdom

Received March 4, 1969

The adsorption of both H.S and CS: on sulfided nickel oxide and vanadium pent-
oxide was studied, using a volumetric technique. Equilibrium measurements (for H.S
at 500-650°C and for CS; at 55-200°C) indicate that a Langmuir model is adequate
for interpreting the adsorption and desorption characteristics of both systems. Much
larger quantities of H.S are adsorbed than either CS; or S. and this is explained in
terms of the geometry of the adsorbent and the disposition of molecular orbitals of
the adsorbate. Semiempirical calculations based on the absolute rate theory show
that a model in which the adsorbed complex is completely mobile is most
satisfactory.

The sulfur exchanging properties of sulfided nickel oxide and vanadium pentoxide
are shown to bear a relation to the efficacy with which these materials can be used
as catalysts for the formation of CS. from methane and sulfur. Rate measurements
of the adsorption of sulfur and the desorption of CS. give further support to the
hypothesis that surface reaction between adsorbed sulfur and either gaseous or

physically adsorbed methane is the rate-determining process during CS. synthesis.

In a previous paper (1) the adsorption
of sulfur on sulfided nickel oxide and
vanadium pentoxide was examined and it
was concluded that sulfur is adsorbed
strongly but reversibly on both of these
adsorbents which are active catalysts for
the synthesis of carbon disulfide from hy-
drocarbons and sulfur (2). In the present
study the adsorption of H.S and C8.,, both
of which are products of the catalyzed re-
action between methane and sulfur, was
investigated. The detailed study of the ad-
sorption of H,S and CS, enables a picture
of the sulfur exchanging properties of
nickel sulfide and vanadium pentoxide to
be formulated.

It was already established (2) that both
H.S and CS; retard the rate of forma-
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tion of C8, when vanadium pentoxide
supported on y-alumina is used to catalyze
the reaction between methane and sulfur.
Some preliminary work also indicated that
both products are adsorbed on the sup-
ported V.0, catalyst. Two alternative
models were proposed to explain the kinetic
results. One of these purports the rate of
CS, formation to be controlled by a surface
chemical reaction between chemisorbed sul-
fur and gaseous or physically adsorbed
methane. The second model rests on the
hypothesis that desorption of CS, controls
the rate. Both models yielded kinetic
equations in qualitative agreement with
the experimental results. Quantitative
measurements of initial rates of CS, forma-
tion also provided sufficient evidence to
indicate that the surface chemical reaction
is likely to be the rate controlling process
in the sequence of mass transfer, adsorp-
tion, chemical reaction and desorption steps
comprising the overall reaction. Experi-
mental data on the rates of CS, desorption
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and 8, adsorption provide further evidence
to support this earlier contention.

ExXPERIMENTAL METHODS

Apparatus

The adsorption of both H.S and CS, were
studied using a volumetric technique. De-
tails of the general arrangement of appa-
ratus was given previously (7). Electro-
magnetically operated high-temperature
stopcocks were employed as before since it
was desirable to maintain the whole of the
apparatus, excepting the Mcleod gauges,
at a uniform temperature suffieient to pre-
vent condensation or adsorption of any
condensable vapors (such as sulfur or car-
bon disulfide) on the glass walls of the
connecting tubing.

Pressures were measured with a Pirani
gauge which was calibrated with H.S or
CS, against a standard MecLeod gauge
prior to each adsorption experiment. Al-
though CS. is a condensable vapor, the
pressure of the vapor in the capillary of the
McLeod gauge under maximum compres-
sion was ca. 250 torr. Since this is less than
the saturated vapor pressure (355 torr) of
CS, at 25°C (3) it may be assumed that
the McLeod gauge is capable of measuring
the pressure of the CS, vapor. Corrections
for non ideality were less than the esti-
mated aceuracy (ca.=5%) of pressure
readings and were therefore not applied. It
was necessary, however, to apply correc-
tions for thermomolecular flow (4) since
there was a considerable temperature dif-
ference between the Pirani gauge (operated
at 250°C) and the McLeod gauge (main-
tained at 25°C).

Since sulfur vapor could arise as a
product of the interaction of either H.S or
CS, with the adsorbent, provision was
made for an appendix which could be
maintained at 0°C and which would
therefore condense sulfur vapor. Any sul-
fur removed in this way could then be
estimated by oxidation with excess oxygen
as previously described (7).

The amount of gas adsorbed was cal-
culated by first observing the initial pres-
sure of the dose of gas to be admitted and
finally the steady Pirani reading after
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sharing with the volume containing the
adsorbent and allowing the system to at-
tain equilibrium. The separate volumes of
the apparatus comprising the dosing vol-
ume and reaction vessel were estimated
by sharing helium from a standard
MecLeod gauge. Kinetic data could be re-
corded by noting the Pirani reading as a
funetion of time.

Materials

The adsorbents used were 10% (w/w)
NiO supported on porous alumina and
10% (w/w) V,0; supported on the same
material. Nickel sulfide (NiS) was ob-
tained by passing H,S or sulfur over the
solid at 400°C for 8 hr. This was subse-
quently outgassed at 750°C in vacuo for
36 hr and then cooled to the temperature
chosen for the experiment. Quantitative
gravimetric analyses indicated that nickel
and sulfur were present in non-stoichio-
metric proportions, NiS,.; representing the
average atomic ratio after the sulfiding
and outgassing treatment. The vanadium
pentoxide was  unaffected by  this
freatment.

Hydrogen sulfide was obtained from
Matheson Co. Inec. in eylinders, its purity
being 99.5%. This was subsequently dis-
tilled in vacuo using liquid air as refriger-
ant and finally stored. ‘Analar’ grade CS,
was {ractionated at a pressure of 74 torr
prior to storing as a liquid in a blackened
reservoir. Portions of the purified CS.
were withdrawn as desired and air was
removed from the liquid by repeated
freezing in liquid air and melting
M vacuo.

Surface areas were determined by ap-
plication of the BET technique using N,
at —196°C. The specific surface area of
the supported nickel sulfide was 180 m?/g
and that of supported vanadium pentoxide
139 m?/g. For details of other materials
used, a previous paper (I) should be
consulted.

REesurTs

Adsorption—-Desorption Isotherms

The H.S was adsorbed in the temper-
ature range 500-650°C on both supported
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Fic. 1. Adsorption of HyS: adsorbent—sulfided nickel oxide on alumina, T' = 600°C; values on curves

indicate dose number.

nickel sulfide and vanadium pentoxide.
No net adsorption was observed for CS.
on either adsorbent at such temperatures,
but adsorption was measured at temper-
atures between 100 and 200°C. Measured
doses of the gas under observation were
admitted to the outgassed adsorbent at
various fixed temperatures. Although the
first few doses of gas were adsorbed
rapidly, subsequent doses were adsorbed
more slowly and left a residual gas pres-
sure. Figure 1 shows a record of the up-
take of H,S on supported nickel sulfide
at 600°C and is typical of results ob-
tained. That a reversible type of adsorp-
tion occurs is demonstrated by experiments
in which the adsorbent is evacuated for
0.5 min, without change in temperature,
during the course of adsorption. As Fig. 2
illustrates, the steady pressure which is
attained following evacuation and isola-
tion from pumps is somewhat less than
the pressure at which the adsorption was
interrupted. Analysis of the gas desorbed
showed that neither H,S nor CS, decom-

posed. It is probable therefore that both
H.,S and CS, are adsorbed nondissoci-
atively or, if dissociative adsorption does
occur, surface reassociation occurs prior
to desorption.

Isotherms were constructed by noting,
after each measured dose of adsorbate
had been admitted to the reaction vessel,
the steady equilibrium pressure above the
adsorbent. On completion of the adsorp-
tion experiment, the dosing section was
completely evacuated and the rate at
which the gas was desorbed was found by
noting the rate of increase in pressure in
a large fixed volume. Successive decre-
ments were desorbed in this way so that
some desorption points on the isotherm
could be included. The results did not
conform to either Freundlich or Temkin
type isotherms. Although reasonable
straight lines were obtained when the
Freundlich isotherm equation was tested
by double logarithmie plots of volume ad-
sorbed versus pressure, values for the satu-
ration volume v, deduced from such plots
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TABLE 1
EXPERIMENTAL PARAMETERS FOR THE LANGMUIR IsoTHERM EqQuaTioN
Max. vol.
1 S

T Slope (=8) Intercept (=1) adsorbed (g) b (= _z>

System °C) (em™3) (mm Hg cm™3) Um (cmd NTP) (mm Hg)
H,S on 600 1.75 0.02 0.57 87.5
sulfided 650 1.75 0.04 0.57 43.8
nickel oxide 750 1.75 0.045 0.57 39.0
H.S on 500 2.10 0.035 0.48 60.0
vanadium 600 1.83 0.056 0.55 32.7
pentoxide 650 1.80 0.080 0.55 22.5
CS; on 100 3.50 0.045 0.28 77.8
sulfided 150 4.6 0.11 0.22 41.8
nickel oxide 200 6.3 0.41 0.16 15.3
CS; on 55 4.20 0.30 0.24 14.0
vanadium 160 4.20 0.50 0.24 8.4
pentoxide 128 4.20 0.81 0.24 5.2

were quite inconsistent and the slopes did
not increase regularly with absolute tem-
perature. The results did, however, con-
form to the Langmuir isotherm equation
and typical of the results are the hyper-
bolic plots portrayed in Fig. 3, of p/v
versus p obtained for CS, on supported
vanadium pentoxide, where p represents
the equilibrium pressure and v the volume
of gas adsorbed. These plots give good
straight lines for the temperatures studied
and are in accord with the previous im-
plication that nondissociative adsorption
is occurring. The isotherms are parallel
and the values of v,, deduced from the
slopes and intercepts of the plots are given
in Table I. The monolayer coverages

represent just over 1% of the BET mono-
layer volume determined using N, as ad-
sorbate at —196°C. Except for regions of
low coverage, isosteric heats of adsorption
(Table 2) estimated using the Clausius-
Clapeyron relation appear to be essentially
independent of coverage as demanded by
the assumptions implicit in the Langmuir
theory.

Adsorption Kinetics

Adsorption kinetics were examined by
following the change of gas pressure with
time for each dose of gas admitted to the
adsorbent. The rate of uptake of adsorbate
for a given gas pressure was then esti-
mated by drawing tangents to these

TABLE 2
IsosTeEric HEATS OF ADSORPTION

Sulfided nickel oxide on alumina

Vanadium pentoxide on alumina

H.S CS, H:S CS,
# AH (kecal/mole) 9 AH (keal/mole) 9 A H (keal/mole) [/ AH (keal/mole)
.201 27 4 .105 35.3 .190 12.2 223 37.4
.305 20.7 158 35.0 288 8.05 .348 31.1
411 18.1 .236 31.6 .380 6.76 .450 25.6
600 18.8 475 6.55 .500 26.6
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Fie. 4. Rate of adsorption of CS; as a function of pes,: adsorbent—sulfided nickel oxide on alumina;
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curves (e.g., Fig. 1). For H.S on both ad-
sorbents it was found that the adsorption
process was first order over the pressure
and temperature range investigated since
good straight lines were obtained by
plotting the rate of uptake as a function
of the pressure of H,S. This also implies
that the fraction of active surface avail-
able for adsorption remains sensibly con-
stant over the range of conditions studied
during each set of rate measurements.
Tables 3 and 4 give the first-order rate
constants derived from the slopes of the
rate curves and the corresponding acti-
vation energies. The activation energies
were found to vary approximately linearly
with coverage.

The rate of adsorption of CS, was
linearly dependent, on the pressure of C8;
provided that the active surface covered
did not change by more than a factor of
about 10%. For a short period after the
commencement of adsorption the rate ap-
pears to be greater than first order (Fig.
4). The departure of the rate curve from
first-order behavior may be accounted for
by the amount of free surface varying
during adsorption. In the initial stages of
adsorption this term varies appreciably if
the surface becomes blocked by the ad-

sorbate overlapping other potential ad-
sorption sites but becomes sensibly con-
stant as the fraction of surface covered
becomes greater. Such an explanation was
offered previously to account for the
kinetics of N,O adsorption (5) and CS,
adsorption (6) at a charcoal surface and
also the adsorption of SO, on nickel oxide
(1}; it may well be applicable in this
particular case especially if the CS, mole-
cule is adsorbed in such a manner as to
offer steric hindrance to any other ad-
sorbate molecule approaching the surface.
Values for the first-order rate constants
and the corresponding activation energies
for the adsorption of CS, are given in
Table 3. The activation energies deduced
are linearly dependent on coverage.

Desorption of CS,

The kinetics of CS; desorption from the
supported vanadium pentoxide catalyst at
100°C was also examined by noting Pirani
readings as the vapor was allowed to
desorb into a previously evacuated fixed
volume. The experimental curve of 6 ver-
sus Inf (Fig. 5) is linear and this implies
that the Elovich equation (7) is a fairly
good representation of the kinetics of de-
sorption. Adopting a simple model for the
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TABLE 3
First-OrpER KINETIC CONSTANTS

Sulfided nickel oxide on alumina

Vanadium pentoxide on alumina

H.S (6 = 0.6) CS; (6 = 0.2) H,S (6 = 0.4) C8; (6 = 0.5)

T (°C) k (min™1) T (°C) k (min™?) T (°C) k (min™1) T (°C) k (min™)
600 0.19 100 0.20 500 1.68 55 0028
650 0.33 150 0.63 600 2.46 100 .0176

200 1.25 650 2.70 128 .0245

desorption of CS,, we assume that the
activation energy of desorption decreases
linearly with the amount adsorbed and
write

—df/dt = K6 exp{—[Ea(0) — B6]/RT}, (1)

where E,(0) is the activation energy for
desorption corresponding to a coverage
§ =0, and K and B8 are constants. As-
suming that we can ignore the variation in
6 in comparison with the much larger
variation in exp(—B6/RT), Eq. (1), when
integrated from 6, (the coverage at ¢ = Q)
to 6 gives

RT In i
=5 {aﬁt/ttT T exp(—ﬁBO/RT)} 2)

where the constant « represents the term
Koexp{—E:(0)/RT}.1f t>> RTexp(—pbo/

RT) /aB, which is true except in the region
of § =0 and 8 = 1, then Eq. (2) reduces
to the Elovich equation and concurs with
the experimental results. The constant 8
may therefore be evaluated from the slope
of the plot shown in Fig. 5. Since E; is a
linear function of 6, E,(0) may be esti-
mated by adding 86 to E;(8). For a given
coverage the activation energy of de-
sorption is the sum of the heat of adsorp-
tion and the activation energy of adsorp-
tion both of which may be found from the
data in Tables 1 and 2. By this procedure
we estimate B =34 kecal/mole and
E;(0) = 53 keal/mole. Extrapolation of
the data in Table 1 gives AH(0) ~ 49
keal/mole so the activation energy of ad-
sorption on a clean surface should be
about 4 kecal/mole. This is quite consistent

=
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with the experimental value (ca. 9.7 keal/
mole) found for the activation energy of
adsorption at # = 0.5. The constant K was
determined from Eq. (1) by evaluating
(—dd/dt) at a given coverage. The com-
puted value of K is 6 X 10 min™.

Discussion

General Features Relating to the
Adsorption of H,S and CS,;

Each of the adsorption isotherms mea-
sured conforms to the generalized Lang-
muir adsorption equation over the range
of pressures studied. It is notable that, for
the prevailing experimental conditions,
the volume of H.,S or CS, occupying a
monolayer on either supported nickel sul-
fide or vanadium pentoxide is only about
1% of the BET capacity estimated by the
adsorption of N, at —196°C. The work of
DeRosset et al. (8) on the adsorption of
H.S on alumina at low coverages indicates
that, in the temperature range 260-560°C,
H.S occupies only 2% of the anionic sur-
face sites. They found that isosteric heats
of adsorption derived from the experi-
mental isotherms ranged from 25 to 38
keal/mole. The small number and
strength of the adsorption sites suggest
that surface Al-S bonds are formed and
that it is these adsorption sites which have
an important bearing on catalytic activity.
Thus, the adsorption of H.S at NiS sup-
ported on alumina is similar insofar as
only a small proportion of cationic surface
sites are utilized during chemisorption and
isosteric heats of adsorption range from
about 19 to 27 keal/mole. This merely
implies that chemisorption is occurring at
a limited number of sites and does not
infer any particular model for the for-
mation of surface chemical bonds. Indeed
we shall see later that the manner in which
H.S is adsorbed on alumina differs in
several respects from the adsorption of
H.S and CS. on the catalysts employed
in the present study. Supporting this con-
tention is the different nature of the iso-
therms found for the adsorption of H.S
on alumina which clearly display non-
linear Langmuir plots of p/v versus p and
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which can be resolved into two distinet
linear regions implying a bimodal dis-
tribution of energy amongst sites. No such
behavior was detected for the adsorption
of H,S and CS8; on supported NiS and
V.05 which gave linear plots of p/v ver-
sus p. Obedience to a Langmuir equation
usually means that the surface is ener-
getically homogeneous and there is no in-
teraction between neighboring adsorbed
species. Since only a small number of sur-
face sites are occupied by the adsorbed
H,S or CS, little mutual interaction would
occur. Furthermore, at low surface cover-
age the most energetic sites will be occu-
pied first (9) and it would not be un-
reasonable to suppose that the energy of
these particular sites are sufficiently close
for the experimental data not to reveal
any departure from linearity.

The maximum quantities of H.S and
CS, adsorbed by the supported NiS and
V.05 were calculated from slopes of p/v
versus P plots. Transposing the units,
these amounts become (i) 25 X 10-¢ moles
of H.S/g of supported NiS at 600°C and
24 % 10-* moles of H.S/g of supported
V.05 at 600°C, and (ii) approximately
8 % 107° moles of CS,/g for both supported
NiS and V,0; at 150-200°C. We may re-
call that it is possible for S, to be adsorbed
dissociatively at these surfaces and that
the corresponding maximum amount of S,
adsorbed on supported NiS at 600-700°C
is 5 X 107 moles of 8,/g and on supported
V.0; is 4 X 10-* moles of S,/g (1). We
therefore have to account for the fact that
far more H,S may be accommodated by
the adsorbate than either CS, or 8,. This
may be explained qualitatively by sup-
posing H.S to occupy one active surface
Ni atom per molecule (which elearly need
not necessarily imply associative adsorp-
tion on a catalyst containing both anionic
and cationic sites) whereas both S, and
C8, require at least two active Ni atoms
per molecule. The isotherms and kinetics
for the adsorption of CS. suggest that dis-
sociation does not occur. However, the
kinetic data do show that there is a pos-
sibility of adsorbed CS8, creating hindrance
to adsorption at neighboring sites. Thus,
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if the linear molecule of CS, can be con-
sidered to be chemisorbed in a plane
parallel to the NiS surface and bonded to
it through a sulfur atom the experimental
facts become interpretable. Since the dis-
tance between two nearest neighbor Ni
atoms in the principal {1100}, {0110}, and
{1010} planes of the NiS lattice is approxi-
mately 2.6 A (10, 11), a CS, molecule,
whose overall length is 3.1 A (10), would
span a greater distance than two nickel
atom sites and thus would overlap other
potential adsorption sites. With the possi-
bility of free rotation of the adsorbate in
a plane parallel to the surface an cven
greater number of adsorption sites would
become inaccessible. Because the disposi-
tion of the antibonding =-molecular or-
bitals (which differ little from the original
nonbonding lone pair of electrons) on each
of the S atoms of CS, are such that two
lie in the plane of the S-C-S axis while
the other two are at right angles to it, the
molecule will have the greatest chance of
becoming adsorbed when the potential
energy is a minimum with the S—~C-8 axis
parallel to the surface. The distance be-
tween neighbor nickel atoms in the {0001}
planes, on the other hand, is <354 (11)
and there is a distinct possibility of dual
site attachment through the two S atoms
of CS,, especially if there is excess sulfur
incorporated in the NiS Iattice which
causes shrinkage of the cell dimensions.
Thus it 1s quite feasible for CS, to require
a larger number of active adsorption sites
per molecule than either H,S or S, when
adsorbed at NiS. A similar argument is
applicable for the adsorption of CS, at
supported V,0;.

Rates of Adsorption of H,S and C8,

Semiempirical caleulations of the rates
of adsorption of H,S and CS, for the sup-
ported NiS and V.O; surfaces were per-
formed by application of the absolute rate
theory. It was found that the best cor-
relation between theoretical and experi-
mentally measured rates of adsorption was
obtained if it were assumed that, for each
gas, the adsorption complex possesses two
degrees of freedom of translation. For a
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mobile complex the rate of adsorption is
given by

. T0p exp{ —E./RT}
C T T kT

’ 3)

where ¢ is the site area occupied by the
adsorbed species, the maximum quantity
of gas adsorbed at the temperature T and
prevailing gas pressure p; m represents
the mass of the adsorbate, k the Boltzmann
constant and E, the experimentally mea-
sured activation energy. The values of g,
and E, are available from the experimental
data, while a value of 10 A2 is assumed for
o. Table 4 compares the calculated rates
of adsorption of H.S and CS, at NiS and
V.0; with the corresponding experimental
values which could be estimated in the
same units by knowing the combined vol-
ume of the dosing section and reaction
vessel. The values agree tolerably well
considering the assumptions inherent in
the absolute rate theory and compare
with one another to within an order of
magnitude. Calculations on the basis of
the adsorbed complex having no degrees
of freedom of translation or rotation gave
values for the theoretical rate of adsorp-
tion ranging from, in the same units,
1.87 X 10*¢ for H.S on NiS to 5.55 X 10-13
for C8S, on NiS. It is evident, therefore,
that a model in which the adsorbed com-
plex is completely mobile is the most
satisfactory.

The experimental data obtained for the
rate of desorption of CS, from a V.0, sur-
face was also compared with the value
predicted from the absolute rate theory.
If the model selected for adsorption is cor-
reet then the CS., should be desorbed from
a mobile complex and the rate would be
given by

Wb eXp{_Ed/RT}7 (4)

rq = 0’(]0
where 6 is the extent of coverage and E,
the experimental activation energy for ad-
sorption. The value of E, is, in accordance
with the expression for the rate of de-
sorption given by Eq. (2), assumed to de-
crease linearly with coverage
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TABLE 4
CALCULATED AND EXPERIMENTAL RATES OF ADSORPTION
System H,S on V.05 H,S on NiS CS; on V.05 CS; on NiS
Temp. of adsorption T' (°C) 600 600 100 100
Exptl. mean activation 4.0 12.8 9.7 7.6
energy E (kcal/mole)
Max. quantity adsorbed ¢o 24 X 1078 25 X 107¢ 8 X 10°¢ 8 X 1078
(moles/g)
Cale. rate (moles/g min; 2.98 X 10-® 9.28 X 108 1.94 X 10* 8.14 X 1010
mm Hg)
Exptl. rate (moles/g min; 3.78 X 10°® 3.62 X 1077 6.24 X 108 7.07 X 1077
mm Hg)
Eq(0) = E4(0) — Be. (5) confirmed by independent experiments in

At half coverage the value of E; is, ac-
cording to the experimental data, equal to
38.6 keal/mole. Substituting this value in
Eq. (4) and assuming o = 10 A% the ab-
solute rate theory predicts a value of
1.51 X 10-° moles/g min for rg, the rate of
desorption of CS, from V.0, at 100°C. In

CH.(g) + 2S:(g).
CSxg) .
2H2S(g)

CS:(ads) + 2H.S(ads)

CH.(g) + 28y(ads) .

the same units the experimental rate of
desorption is 7.15 X 10°® moles/g min
which agrees with the predicted rate to
within an order of magnitude.

Formation of CS, from Sulfur and Methane

Energetics. The formation of CS8; from
natural gas and sulfur is of considerable
commercial interest. The catalytic reaction
between methane and sulfur over a vari-
ety of catalysts has been studied at both
high temperatures (viz. =~ 1000°C) (12)
and at lower temperatures in the region of
600°C (2, 13, 14). The kinetics of reaction
in the low temperature region suggest that
sulfur is adsorbed by the catalyst while
methane is not adsorbed (2). This was

which the adsorption of methane (2) and
of sulfur (1) on supported sulfided V,O;
and NiO was examined. In view of the re-
sults in this paper relating to the adsorp-
tion of H,S and C8,, the following scheme
is considered to represent the general over-
all catalytic chemical reaction between
methane and sulfur.

AGl AGgI Ag;::
S A
)
AG,

The conservation of energy demands that
AG® = 20G° + AG:® — AGy® + 2AG®,  (6)

where AG° is the standard free energy
change for the reaction

CH.(g) + 25(g) = CSy(g) + 2H:S(g).

The standard free energies of adsorption
AG; will be related to the ratio of the rate
constants for adsorption and desorption
according to the type of adsorption iso-
therm obeyed. Since, for the adsorption of
S:(1) and of H,S and CS,, the Langmuir
adsorption isotherm fits the data reason-
ably well, we may write

AGiO = ——RT 1[1 bi,

(M)
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where b; is the constant in the Langmuir
equation (equivalent to an equilibrium
constant for adsorption) and may be esti-
mated from the ratio of the slope to the
intercept of plots of p/v versus p (see
Table 1). Values of b; were readily ob-
tained for H.S on the two adsorbents
studied. Since it was impracticable to mea-
sure the adsorption of CS, at the same
temperature as that for H,S, as a first ap-
proximation it was assumed that the
isosteric heat of adsorption A; for CS, was
independent of temperature and the con-
stant b; estimated from the relation

W) (11
In <b“> “ R <T T')’ ®

where b’; is the Langmuir constant as de-
termined at the experimental temperature
T'. By invoking the interdependence of
energies for the system the free energy
change associated with the surface reaction
may be estimated. A value for AG® was
obtained from the free energies of for-
mation of CH, (16) and of H.S and CS.
(17). It was therefore possible to calcu-
late, from Eq. (6), AG." the standard free
energy for the reaction between gaseous
methane and adsorbed sulphur to produce
adsorbed H.,S and CS..

For the V,0, catalyst AG.® amounts to
+5 keal/mole and for the NiS catalyst
—4 kecal/mole. The sulfur exchanging
properties of a sulfided nickel oxide sur-
face thus appear to be superior to those
of a V,0; surface. Provided CS. does not
require a much larger amount of energy
to desorb from NiS than V.0, a sulfided
nickel oxide catalyst should act as effi-
ciently as a vanadium pentoxide catalyst
for the sulfur-methane reaction. Table 5
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shows that the free energy of desorption of
CS, from V,0; exceeds that for CS, from
NiS by only 4 keal/mole. We conclude that
sulfided nickel oxide should be equally as
effective as vanadium pentoxide when
catalyzing the formation of CS, from
methane and sulfur, and this is borne out
in practice (2).

Kinetics. The kinetics of CS, formation
over a supported V,0, catalyst was
studied by Thomas and John (2) who
demonstrated that in the region of 600-
700°C  the overall reaction between
methane and sulfur was not limited by
either external mass transfer or in-pore
diffusion effects. FEarlier work (12)
showed that such effects were absent at
even higher temperatures. Either of two
rate-controlling processes were shown to
conform to the experimental results.
These were (i) surface reaction between
adsorbed sulfur and gaseous methane, and
(i1) the desorption of CS,. The latter
mechanism was rejected on the grounds
that the reciprocal of the initial rate of
(S, formation was found to be inversely
proportional to the reciprocal of the initial
partial pressure of S, (for constant initial
partial pressure of CH,) whereas the de-
sorption rate controlled mechanism de-
mands that the initial rate should be con-
stant and independent of either partial
pressures or total pressure. However, the
conclusions were somewhat tentative due
to the inaccuracy of chemical analyses at
low conversions.

Ignoring changes in 4 in comparison
with changes in exp{86/RT} the intercept
of a plot of In(dg/dt) versus # gives a
value of ~10" min* for K in Eq. (1).
The rate of desorption of CS, may thus be
expressed

TABLE 5
TurrMopyYNAMIC CoNsTANTS FOR THE CH./S, SysTEM rOrR Two ADSORBENTS at 600°C
System 1 2 3 1 2 3
subseript f0n Vi0; HoS on V05 CS:on V405  S,on' NiS  H,8 on NiS €S, on NiS
b atm™! 3.65 X 105 248 X 10¢ 1.06 X 10785 213 X 105 6.65 X 10¢ 1.32 X 1077
AG® keal/mnle —22 —-17 + 25 —21 -19 + 284

@ Denotes value estimated from Eq. (8) utilizing the experimental value of b’; at 100°C.
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— a6/ dt
= 10"{exp{ — (55 — 346)/RT}] min—"

Assuming this equation to be applicable at
600°C one may calculate, knowing §, the
rate of desorption under the conditions of
synthesis. Since the amount of CS, which
could be adsorbed at 600°C is immeasur-
ably small, one can assume that the cata-
lyst is not covered to more than about 1%
during synthesis. Thus, substituting 6 =
0.01 in the desorption rate expression and
transposing the units to g mole/hr g (4 =
0.01 corresponds to 1% of the maximum
measured coverage of 8 X 10~ g mole/g)
one finds the rate of desorption of CS, to
be 4 g mole/hr g. The rate of formation of
CS; over a V,0, catalyst at 600°C is ap-
proximately 0.4 X 102 g mole/hr g for a
partial pressure of S, equal to 0.1 atm and
CH, equal to 0.15 atm. Under these con-
ditions at least, the rate of desorption of
CS, in a closed system is faster than the
rate of synthesis by a factor of 10%. Unless
the coverage during synthesis is appreci-
ably smaller than 1% it may therefore be
assumed that the desorption controlled
mechanism is not rate limiting,.

In order to test further the hypothesis

that surface reaction is rate determining,
some data on the rate of adsorption of S.
on sulfided V,0; at 600°C is required.
Some experiments, using the apparatus
described previously (I) were therefore
conducted to measure the rate of adsorp-
tion of S, under these conditions. Figure 6
shows the results of such experiments; and
the rate of S, adsorption was approxi-
mately 10°g moles/min g when a dose
(doses 1 and 2) was admitted resulting in
an equilibrium pressure of 10* mm Hg
and about 5 X 10° g moles/min g when a
dose (dose 5) was admitted resulting in an
equilibrium pressure of 102 mm Hg. We
thus conclude that the rate of adsorption
of 8; on a sulfided V,0; catalyst at 600°C
is of the order of 10 g moles/hr g. It i
therefore clear that the rate of adsorption
of 8, is not rate limiting. The present re-
sults therefore provide further evidence in
favor of the surface reaction between ad-
sorbed sulfur and gaseous methane con-
trolling the overall rate of CS, synthesis.
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