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INTRODUCTION
Hydrogen sulfide occurs widely as a component of nat

ural gases. Natural gas produced at the well ranges from 
sweet, essentially hydrogen sulfide free gas to the high 
sulfur gases of Wyoming which contain up to forty-five .per
cent hydrogen sulfide. This latter concentration is equiv
alent to a concentration of twenty eight thousand grains of 
hydrogen sulfide per hundred cubic feet or about four pounds 
of sulfur per hundred cubic feet.

To be useful commercially natural gases which contain 
hydrogen sulfide must be processed in some manner to lower 
the sulfur concentration to a value which will be accept
able to the pipeline companies. This process is usually 
carried out by scrubbing the gas with an alkaline aqueous 
solution which chemically reacts with the acidic hydrogen 
sulfide gas. The rich solution is then blown with air or 
steam and the hydrogen sulfide released. Frequently no 
use has been made of the hydrogen sulfide. At present 
there are in the United States several plants which are 
taking the released hydrogen sulfide and converting the 
sulfide sulfur to free sulfur by an oxidation process 
using air as the oxidant.

Several investigators-*-*4 £n the past have studied

1. United States Patent 1,907,274 (1933) Wheeler, T. S. 
and Francis, W., assigned to Imperial Chemical Industries.
2. United States Patent 2,187,393 (January 16,1940)
De Simo,M., assigned to Shell Development Company.
3. United States Patent 2,330,934 (October 5,1943) Thacker, 
Carlisle "M., assigned to Pure Oil Company.
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4. Fisher, R. A., and Smith, J. M., Industrial and Eng
ineering Chemistry, 42, 704 (1950)

the reaction between methane and elemental sulfur to pro
duce carbon disulfide and benzene. In each of the studies 
mentioned the reaction between methane and hydrogen sul
fide has been discussed but seemingly no work was reported 
because the high positive free energy of the reaction acts 
as a deterrent to experimental work.

Waterman and van Vlodrop^ carried out a series of ex-

5. Waterman, H. I., and van Vlodrop, C, Journal of the 
Society of Chemical Industry, j48, 109 (1939).

periments to react methane and hydrogen sulfide to produce 
carbon disulfide. In their experiments they approximated 
the stoichiometric volume ratios of two parts of hydrogen 
sulfide to one part of methane. This series of experiments 
was instigated by the fact that methane is cheap in many 
places and further that hydrogen sulfide is a waste product 
in many places. Their results will be discussed later In 
this report.

The work represented by the present paper had its 
inspiration in the fact that in the area in which this 
school is located there are several producing fields which 
have large quantities of hydrogen sulfide present In the 
gas produced along with the oil. In one Instance with 
which the writer is familiar some two hundred tons per day 
of sulfur was burned as sour flare gas and vented to the 
atmosphere. The thought in mind of the author was to take



3

a brief look at the possibility of using this naturally 
occurring mixture as charge material for the chemical 
reaction to produce carbon disulfide and thus use as 
a reactant a presently wasted natural resource*
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THERMODYNAMIC CALCULATIONS 
A series of thermodynamic calculations was maderto 

determine the theoretical equilibrium concentrations of 
the reactants and the expected products. The results of 
these calculations are tabulated in Table 2 for two temper
atures, 1000 °K. (1340 °F.) and 1500 °K. (2240 °P.).
Method of Calculation

The generally used "degree of completion” procedure 
for the calculation of complex equilibria leads to long 
and detailed numerical computations. As the equilibria 
involved in this reaction was expected to include thirteen 
components, one of which was a solid phase, a search was 
made for a more rapid method of calculation. Kandiner

g
and Brinkley recently published a procedure for the cal-

6. Kandiner, Harold J. and Brinkley, Stuart R., Jr., 
Industrial and Engineering Chemistry, _42, 850 (1950;

culation of complex equilibria giving as an example a sys
tem consisting of ten components, one of which was a solid 
phase. A study of the method indicated that it would be 
useful for this system. The mathematical operations were 
carried out as will be shown.
Thermodynamic Data

Table 1 is a tabulation of the calculated standard 
free energy changes for the reactions used to produce the 
products indicated. Figures 1 and 2 are graphical represen
tations of the same data. For the hydrocarbons the data 
obtained by the American Petroleum Institute Research
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7Project 44 was used. For the sulfur compounds the data

7. Selected Values of Properties of Hydrocarbons, Rossini, 
et.al., National Bureau of Standards Circular C461, United 
States Government Printing Office (November, 1947).

of Kelley® was used for heat capacity at constant pressure.

8. Kelley, K. K. Constrictions to the Data on Theoretical 
Metallurgy, X. High Temperature Heat-Content, Heat-Capacity, 
and Entropy Data for Inorganic Compounds, United States 
Bureau of Mines, Bulletin 476, United States Government 
Printing Office, (1949).

The enthalpy and absolute entropy values tabulated in the 
looseleaf tables of the American Petroleum Institute Research 
Project 44 were selected as the latest values available. 
Mathematical Computation

Carbon, hydrogen sulfide, methane and nitrogen were 
chosen as the primary products. Ethane, ethene, acetylene, 
propane, propene, hydrogen, benzene, carbon disulfide and 
diatomic sulfur were chosen as the secondary or derived 
products. As the calculation progressed it became evident 
that it would have been better to have chosen hydrogen in
stead of methane as one of the principal products as the 
hydrogen was present at equilibrium In much larger quan
tities than the methane. The equations for the reactions 
to produce the secondary products are written using only 
the primary products as reactants. The equations are:

4c +  3/2CH4 = CgHg
C +  CH4 = c2h4

14C -+- iCH4 =  C2H2
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TABLE 2
CALCULATED EQUILIBRIUM CONCENTRATIONS

Basis: One mol of charge gas containing thirty mol percent 
hydrogen sulfide.

Component Concentration Calculated equilibrium
in charge, mols Concentration, mols per

No. Form- per mol of mol of charge gas.
 ula______ charge gas__________________________________

1000 °K 1500 °K
a C Nil .6377 .6662
1 h2s .3 .2997 .2336
2 ch4 .525 .0663 .0022
3 N2 .105 .105 .105
4 *2*6 .035 7.3 x 10"7 1.39 x: 10 "8
5 c2h4 Nil 6.5 x 10~7 2.5 x 10"6
6 c2h2 Nil 1.5 x 10“ 9 1.3 x 10“5
7 C3H8 .035 2.2 x 10- n 1.8 x 10-13

8 C3h6 Nil 1.2 x io-i° 1.6 x 10 “10
9 H2 Nil 1.162 1.3582
10 C6H6 Nil 8.7 x 10-15 1.4 x 10-13
11 cs2 Nil 6.5 x 10-5 .0273
12 S2 Nil 1.0 x 10 ~5 .0059
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Figure 1
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C -t- 2CH4 = C3H8
lJ-C + 1|CH4 = c3h6
Jch4 = Jc + H2

9/2C- + 1-JGH4 = C6H6
2c 4- 2H2S = cs2 + CH4
C 4- 2HgS S s2 + GH4

Prom these equations the following double entry table was 
developed to assist in writing the equations for the equi
librium concentration of each of the molecular species 
present at equilibrium*

Table 3

vij

n•H i=5 I-6 i«7 i=8 (T>II•H orHII•H 1=11 i =12

na=a (i> (1) (ii) (1) ( U ) (-1 ) (9/2) (2) (1)

V 1 0 0 0 0 0 0 0 2 2

nr 2 3/2 1 X2 2 3/2 i 3/2 -1 -1

nr 3 0 0 0 0 0 0 0 0 0

Ai
X2 0 1-g. 1 i 1

*"2 i 0 0
In this table subscript i corresponds to the number 

given to the secondary product in Table 2 and subscript j 
corresponds to the number given to the primary product in 
Table 2. The table above is developed by inserting into 
the table the coefficient of each primary product in the 
column headed by the secondary product as the coefficient 
appears in the equation above for the formation of the sec
ondary product when the primary product is transferred to 
the left side of the equation. ^he numbers in the first 

row are enclosed in parentheses because they represent
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the mols of solid carbon and are not to be included in 
the summation of total gaseous mols at equilibrium* Prom 
this table the equations for the equilibrium concentration 
of the secondary products are developed by expanding the 
following equation:

N. a k^Cp/n)-̂1 X[ (n.)ViJ (1 )1 1  J = 1  j
J a 1 • 2j 3, • • •, c; i — (c +1), (c +2 ) , • • • •, s*

Where c is the number of independent components; s, the 
total number of species present at equilibrium; , the 
mass-action constant in partial pressure units for the 
reaction forming the i constituent; p, the total pressure, 
atmospheres; and n, the total number of moles of gas in 
the equilibrium mixture* For a system obeying the ideal 
gas equation of state and exhibiting ideal solution be
havior, the mass-action constants, k^, are equal to the 
corresponding thermodynamic equilibrium constants, .

As an example, writing the equation for the concen
tration of ethane at equilibrium, taking units from the 
above table by traversing a column vertically: 

n4 = K4 (p/n)* (n2 )3/2 
The equations for the equilibrium concentrations of the 
other secondary products are written in a similar manner*

The equations for the equilibrium concentrations of 
the primary constituents are developed from the defining 
equation:

nj s ' &  i ViJ ‘ ni (2)
where i and j take all the values given for Equation 1 ,
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and are constants. As seen from Equation 2 the constants 
qj represent the composition of the system if all the derived 
consituents are absent.

By a horizontal traverse of Table 3 a typical equation 
for the mols of methane present at equilibrium results: 

n2 z q2 -3/2n4 -n5 -4n6 -2n? -3/2n0 -|n9 -3/2n10
*nll + n12

Equations for the mols at equilibrium of the other 
primary products are developed in a similar manner.

From the tabulated values of the standard free energies 
of the reactions to produce the constituents in Table 1 the 
equilibrium constants were calculated and are tabulated along 
with free energies in table 4:

Table 4
Temperature

Constituent

1000 °K 1500 °K
Free 
Energy 
Calories 
per mol

Equili
brium
Constant

Free 
Energy 
Calories 
per mol

Equili-
brium
Constant

c2h6 19215 6.1x10"® 25305 2.0x10"4
c2h4 23639 6.5x10"® 20130 l.lxlO"3

c2h2 38299 4.0x10"9 25515 1.9xl0_4

c3h8 36460 l.OxlO"8 48500 8.1x10"8

C3h6 36515 9.3x10"9 38595 2.3x10"®

CO -2305 3.20 -8895 19.96

c6h6 55355 7.2xl0"13 59425 2.0xl0"9
cs2 19696 4.8x10“® 20268 l.lxlO"3

S2 23391 7.4x10"6 24817 2.4xl0"4



13

For the first trial it is assumed that none of the 
derived constituents are present, i.e., nj3(lj* anc* values 
for the derived constituents are calculated from the equa
tions developed from Equation 1. Using the values thus 
calculated, corrected values of the nj are calculated from 
the equations developed from Equation 2. This process may 
then be repeated until convergence is reached. In the 
problem at hand one of the derived constituents, H^, is 
large and the iteration procedure just described does not

glead to a solution. Therefore, the Newton-Raphson

9. Scarborough, J. 3., "Numerical Mathematical Analysis", 
p 187, Baltimore, Johns Hopkins Press, 1930.

method outlined by Kandiner and Brinkley^ was used to

10o Kandiner, Harold J. and Brinkley, Stuart R., Jr., 
Industrial and Engineering Chemistry, 4j2, 850 (1950 ).

achieve a solution. In this procedure a set of corrections 
to the assumed primary unknowns and total gas volume are 
calculated from five simultaneous linear equations whose 
coefficients are calculated from the assumed values of the 
primary unknowns and the calculated values of the secondary 
unknowns. Four such series of calculations led to a sol
ution to the present problem. The procedure will not be 
outlined here as it is easily available in the above men
tioned references.
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EXPERIMENTAL
Chemi cals

The hydrogen sulfide used v/as from a cylinder of 
liquefied hydrogen sulfide manufactured by the Mathieson 
Alkali Works and was essentially pure.

The natural gas was laboratory tap gas. This gas 
comes from the Panhandle fields of Texas. The gas is pro
cessed in the field through a natural gasoline plant and 
is then brought back to BTU specifications by blending 
with propane. The propane content is thus higher than is 
normal in natural gas for the amounts of methane and ethane 
present. An analysis supplied by the Public Service Comp
any of Colorado shows the composition of this gas to be:

Volume Percent 
Methane 75
Ethane 5
Propane 5
Nitrogen 15

The cobalt-molybdate catalyst was pelleted desulfur- 
izaticn catalyst obtained from the Harshttw Chemical Company.

The aluminum oxide catalyst was Activated Alumina,
Grade F, obtained from the Aluminum Ore Company.
Equipment

A line drawing of the equipment used is shown in Fig
ure 3. An explanation of the symbols on the drawing follows: 

A - Vane type jewelers air blower used to compress 

the gas to approximately two pounds gauge pressure.
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B - Calcium chloride drying tower.
C - Pyrex glass orifice type flowmeter.
D - Inclined tpbe flowmeter fabricated from Pyrex 

glass using a drawn glass tubing flow nozzle.
E - Mercury manometer.
P - Throttle Valves.
G - Gas fired furnace built up of one layer of fire

brick and one layer of vermiculite insulating 
bri ck •

H - Sillimanite reaction tube. Three-eighths inch 
diamter•

J - Chrome1-alumel thermocouple.
K - Water-cooled Pyrex glass condenser.
L - Low-temperature trap. Pyrex glass immersed in 

dry ice and kerosene mixture.
M - C. J. Tagliabue Manufacturing Company "CELECT- 

RAY” direct reading potentiometer, 0-2400 °F.
Operation

i
The furnace was fired and allowed to come to operating 

temperature. About four hours were required to heat the 
furnace to the desired temperature level. When this level 
was reached the compressed air and gas supplies were reg
ulated to give a constant temperature about twenty degrees 
above the temperature at which the run was to be made. The 
dry ice traps were next packed with dry ice and kerosene 
until a temperature of approximately eighty degrees below 
zero Fahrenheit was reached. The hydrogen sulfide and gas
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regulating valves were then opened in that order and ad
justed to the correct flow rates. I?ive minutes was then 
allowed for the furnace tube to attain a new lower constant 
temperature. The effluent gaseous material was then con
nected to the dry ice traps and timing started. At the end 
of the run the effluent gas was cut to the vent and the dry 
ice traps emptied and the product weighed. A simple distil 
lation was then carried out on the product to remove dis
solved hydrogen sulfide and separate the small amount of 
tar which carried through the water cooled condensers. The 
product was then stored in a refrigerator until refractive 
index determinations could be made.
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DISCUSSION OP EXPERIMENTAL RESULTS
The pertinent operating data and product data are 

tabulated in Tables 5 and 6. Figure 4 is a graphical pre
sentation of the conversion, percentage of sulfur charged 
converted to carbon disulfide, as affected by contact time* 
Product

The crude product as recovered from the dry ice traps 
was a high vapor pressure material varying in color from 
light straw to dark brown. The first sample recovered was 
placed in a small vial and stoppered and left on the lab
oratory bench. After a few minutes of exposure to room 
temperature enough pressure developed in the vial to blow 
the cork stopper from the vial and spray the sample over 
the desk top. Future samples were placed in the refrig
erator immediately after weighing. The odor of the crude 
material was very vile indicating the probable presence 
of volatile mercaptans.

The crude product was purified by a simple distilla
tion from a twenty five milliliter Pyrex glass distilling 
flask. After evolution of the dissolved hydrogen sulfide 
the bulk of the remaining material distilled at the constant 
temperature of 107.5 °F. When corrected to one atmosphere 
total pressure this boiling point corresponds almost exact
ly to the literature value of 46.3 °C for the boiling point 
of pure carbon disulfide. It is interesting to note that 
all of the samples left a tarry residue of from 0.1 to 0.2 
grams.



The refractive index determinations on the purified 
product together with the experimental boiling points ind-. 
icate that the purity of the distilled material is quite 
high* The refractive indices varied from 1*6080 to 1*6252* 
The generally accepted value^ for the refractive index of

11. Hodgman, Charles D., Handbook of Chemistry and Physics, 
Chemical Rubber Publishing Company, Cleveland (1950)*

20carbon disulfide is n^ « 1.6280. It is easily possible 
that the distilled samples were not completely stripped of 
hydrogen sulfide. Traces of dissolved hydrogen sulfide 
would lower the refractive index of the product.

Run 46 was unique in that naphthalene was $ound in 
the product. The outlet of the first dry ice trap was al
most completely closed with a cluster of plate-like naph
thalene crystals. The impure crystals weighed 0.06 grams. 

Previous investigators^ have indicated conversions

12* Waterman, H. I., and Van'Vlodrop, C., Journal of the 
Society of Chemical Industry, 48, 109 (1939).

of from sixty to seventy-five percent of the sulfur in the 
charge to carbon disulfide. It is believed, however, that 
these conversions were calculated on the basis of the crude 
product which was trapped in the same manner as in this exp 
erimental work.

As shown in Table 6 yields based on the distilled prod 
uct varied from twenty to forty percent conversion of the 
sulfur in the charge. If calculated on the crude product



the yields would have been considerably higher.
Effect of Temperature and Contact Time.

A study of Tables 5 and 6 indicated that the trend of 
higher yields at the higher temperatures is not clear even 
though the highest yield was obtained at the highest temp
erature and the lowest yield was obtained at the lowest 
temperature•

The trend of higher yields with longer contact times is 
clearly shown. For example, Runs 47, 44, 43, 42, 45, and 
46 in that order were at increasing contact times and the 
percentage conversions were, in the same order, 13.8, 18.3, 
23.4, 28.1, 31.6, and 36.0. All these runs were made within 
the temperature ranges of 2150 °F to 2250 °F.

Figure 4 which is a graph of the variation of yield 
with contact time shows clearly that there is a general 
trend of higher yield with higher contact time.
Effect of Catalysts

The data as tabulated in Tables 5 and 6 do not show 
any conclusive effect of the presence of the catalyst pack
ing in the reaction tube. In fact the curve of Figure 4 
would indicate that the empty tube gave better results at 
the higher contact time. The non-catalytic runs 37 and 
40, at contact times of 0.220 and 0.219 seconds respectively 
lie above the curve while the catalytic runs 45 and 46, at 
contact times of 0.21 and 0.248 seconds respectively, lie 
below the curve. Runs 45 and 46 were for a duration of 100 
and 272 minutes respectively while runs 37 and 40 were for 
a duration of only 60 minutes. As the rims proceed there is



a continued build-up of carbon on the catalyst. This would ‘
■, **r

tend to decrease the volume of the reaction tube in long v
runs# In the catalytic runs there is a large amount of 
surface for the deposition of carbon. The deposited carbon 
tends to decrease the volume of the reaction tube and thus 
effectively decrease the contact time below the calculated 
value.

Qualitatively, there was some evidence that a catalyst r
might be of value. When the reaction gases were first 
turned into the reaction tube it was visually observed that 
the density of the fog emerging from the reaction tube .was,' 
much greater than after a few minutes of operation. It is 
believed that tests run in an apparatus in which the ca£a- . 
lyst could be continuously regenerated by burning off th© 5
deposited carbon might indicate entirely different-results >
as to the effect of the catalyst. f
Comparison of Actual Yields with Calculated Yields.

The calculated equilibrium yield of carbon disulfide 
at 1500 °K as shown in Table 2 is 0.0273 mols per mol Of 
charge gas. This corresponds to a yields of eighteen percent, 
of the theoretical based on thirty mol percent hydrogen 
sulfide in the charge gas. Actual yields as shown in -Table 
6 varied from eighteen to forty percent. This difference 
is most probably due to the difficulty in measuring the . 
actual reaction temperature. The thermocouples were encased 
in ceramic protective tubes and could have easily been in
dicating a temperature too low by a hundred or more degrees.
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Figure 4
Variation of yield with contact time.40
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Effect of Hydrogen Sulfide Concentration
As is to be expected an increase in the concentra

tion of hydrogen sulfide will increase the yield of car
bon disulfide. Figure 4 is a plot of mol percent hydro
gen sulfide in the charge versus percentage conversion 
of the sulfur to carbon disulfide. It will be noted t&at 
there is a definite trend to higher conversions when the 
point having the same contact times are considered to
gether. Below about one-tenth of a second contact time 
the yield is very irregular. The point labelled 0*248 
seconds contact time represents Run 46 which was for a 
duration of 272 minutes. On, a run of this length the 
carbon deposition is so great that the effective volume 
of the reactor is considerably reduced. The contact time 
is thus reduced to the extent that the point is probably 
at the correct location but should show a much lower con
tact time.



SAMPLE FINAL EQUILIBRIUM CALCULATION AND WEIGHT BALANCE
Equations Component Calculated

n4 a K4 (p/n)4 (n2 )3/2 Ethane

n5 3 K5 (n2 ) Ethene

n6 “ Eg (p/n)~4 (rig )4 Acetylene
n»7 s* K7 (p/n) (n2 )2 Propane

n8 3 Kq (p/n )i (n2 )3/2 Propene

n9 " Kg ( p / n ( n 2 Hydrogen

nio" K10 (p/n)4 (n2 )3/2 Benzene

nll= K11 <nl)2 (n2 rl Carbon disulfide

n12“ K12 (nl)2 (n2 rl Diatomic sulfur
n z Calculated assumption Total mols of gases

ni = Calculated assumption Hydrogen sulfide

n2 3 Calculated assumption Methane

^3 3 Calculated assumption Nitrogen

na - Calculated assumption Carbon

P ~* Total pressure on system

1500 °K.
n a 1.7318 mols

ni • 0.23363 mols

n2 " 0.002178 mols

n3 " 0.105 mols
n »a 0.6662 mols

P * 0.815 atmospheres
p/n= 0.315/1.7318 = .4706
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■ 1.99xlO"4 x .686 x 1.02xl0-4 
n5 » 1.14xl0-3 x .002178 
ng * 1.86xl0“4 x 1/.686 x .04668 
n? = 8.08x10-8 x .4706 x 4.74xl0-6 
n8 = 2.27x10“6 x .686 x 1.02xl0“4 
Tig £ 19.96 x I/9686 x *04668 
n10= 2.04x10“  ̂x .686 x 1.02x10“^ 
n11- 1.10x10-3 x .05458 x 1/.002178 
n12= 2-^10‘4 x *05458 x 1/.002178 
Weight Balance^ Calculated 
Component Equll.Mols Mols C Mols
a C .66620
1 V .23363
2 CH4 .00218
3 N2 .105
4 °2H6 .00000
5 C2H4 .00000
6 C2H2 .00001
7 C3H8 .00000
8 C3H6 .00000
9 H2 1.35820
10 C6H6 .00000
11 CS2 .02731
12 S2 .00589
Total mols 2.39842
Mols Chgd.

.66620
.23363 

.00218 .00436

.00000 .00000

.00000 .00000

.00002 .00001

.00000 .00000

.00000 .00000
1.35820 

.00000 .00000

.02731

.69572 1.59620

.700 1.595

■ 1.388 x lO”8 
m 2.483 X  10“6 
s 1.266 x 10”5 
a 1.804 x lO-13 
= 1.584 x 10-10 
= 1.3582 
= 1.423 x 10-13 
s 2.73 x 10-2 
- 5.89 x 10"3

Mols S Mols Ng

.23363

.105

.05453

.01178 ____

.30038 .105

.3 .105
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SUMMARY
A mixture of hydrogen sulfide and methane approximating 

the composition of certain Wyoming oil field gases was caused 
to react at elevated temperatures. Yields of carbon disulfide 
somewhat higher than the thermodynamic theoretical were ob
tained. This high yield is believed to be due to errors in 
obtaining the correct reaction temperature which was used in 
the thermodynamic calculations. There was no quantitative 
evidence of catalytic action by the materials used, cobalt** 
molybdena catalyst and activated alumina catalyst. Increased 
time of contact and high hydrogen sulfide-methane ratios 
increased the yield.

The overall yield can be increased by scrubbing the un
reacted hydrogen sulfide from the tail Sas nnd recycling 
it to the reactor.

An interesting problem would be the study of this reaction 
using a catalytic system in which the catalyst could be con
tinuously regenerated.
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