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ABSTRACT

The purpose of this study was to experimentally and theoretically investigate the feasibility
of producing elemental sulfur, carbon monoxide (CO), hydrogen (H,) and possibly methane (CH)
from hydrogen sulfide (H,S) and carbon dioxide (CO,) through catalytic reactions. A novel
experimental system that could evaluate potential catalysts and adsorbents under controlled
laboratory conditions was designed and constructed. Additionally an effective simulation program
capable of providing valuable thermodynamic information on the reaction system was compiled.

The following tasks have been performed: (1) design and construction of an experimental
system for the catalyst preparation and catalyst screening studies including frequent modifications
of the experimental setup to meet specific application needs; (2) installation and calibration of related
analytical instruments, and investigation of the temperature distribution profile inside the reactor; (3)
preparation, reduction, sulfidation of potential catalysts, and measurements of speciﬁc surface area
of catalysts; (4) decomposition of H,S under both non-catalytic condition and catalytic condition with
the CoO-MoQ;-alumina cafalyst at moderate temperatures around 550°C. Analyses of the product
gas by gas chromatograph; and (5) thermodynamic studies on the theoretical conversions of H,S for
various temperatures, pressures and ratios of H,S to CO,.

Based on the results of the above tasks, bénch scale experiments were performed with the
Co0-MoO;-alumina catalyst at moderate temperatures around 550°C to investigate the adsorption
effects of solid sorbents in order tc/> remove sulfur from the reaction environmeni. Four kinds of

adsorbents have been tested along with several designs of solid adsorbent feed systems.




The following results were obtained: (1) it was experimentally demonstrated that the Co-Mo
sulfided catalyst was a good candidate for the decomposition of H,S to elemental sulfur. In the
presence of CO,, the conversion of H,S to elemental sulfur increased significantly. The experimental
values were reasonably close to the thermodynamié equilibrium limits; (2) it was experimentally
shown that the present catalytic process produced a significant amount of sulfur, CO and H,.
However, the H,S conversion level of about 4.3% at 550°C was not sufficient enough for commercial
applications. A recycle and/or a hybrid system of catalysis and adsorption may be required; (3) the
thermodynamic simulation showed that at least two reaction zones were required for production of
any appreciable amount of methane. The first reaction zone should be composed of multiple stages
to recover the elemental sulfur in order to avoid the equilibrium limitations. With an optimum
temperature in each zone, the conversion could be increased significantly and less amount of by-
products such as COS, CS, and SO, would be produced. The results illustrated that the number of
stages needed for recovering sulfur could be greatly affected by the sulfur vapor pressure which
followed a logarithmic relationship with the system temperature. The H,S conversion and sulfur yield
increased following a logarithmic pattern with the number of stages. The simulation also indicated
that a multiple stage system became less effective at high reaction temperatures; (4) although the
experimental results indicated that activated carbon was the best of four tested adsorbents based on
the adsorption experiments of sulfur vapor, it may be a poor choice of adsorbent since the activated
carbon in the reacting environment may participate in the reaction moving the equilibrium in an
unfavorable direction. Other non-reacting sorbents might still be applicable since solid powders could

easily be transported through the catalytic packed-bed with the proper use of vibrators.
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1. INTRODUCTION
1.1 Problem Statement

Elemental sulfur is an important ingredient in the chemical industry and is produced or
recovered from Frasch process, pyrites, hydrocarbon operations and other forms (Oil & Gas
Journal, 1993). Elemental sulfur is also one of the largest single chemicals produced in the United
States today. This country consumed over 11 million tons of elemental sulfur in 1988 (Gangwal
etal, 1991), 13.7 million tons in 1991 (Chemical and Engineering News, 1992) and 12.7 million
tons in 1992 (Chemical Engineering, 1994). In 1991, only 26.7% of all sulfur consumed in the
United States was produced by Frasch process, whereas 62.1% was from various types of sulfur
recovery processes. In 1992, the total amount of elemental sulfur produced in the United States
was 10.7 million tons, of which 7 million tons were recovered elemental sulfur from petroleum
refineries and only 2.3 million tons were from sulfur mines (Figure 1). Canada and the United
States dominate petroleum-derived sulfur recovery and produce more than 56% of the world’s
supply (True, 1993 and Swain, 1995).

Utilization of high sulfur feed stocks in sour natural gas, residual crude oils and high sulfur
coal in petro-chemical and energy industries is increasing today. In most situations, sulfur must
be removed before combustion or utilization to comply with environmental and emission
regulations, and to protect catalysts used in the downstream processes. However, the sulfur
removed from natural gas, crude oil, coal gasification and other industrial hydrodesulfurization
process is usually in the form of gaseous H,S. Since the New Clean Air Amendment allows only

moderate sulfur dioxide emissions from existing power plants (Lee, 1991 and Kwong, 1995),
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developments have emphasized the importance of effective technologies for treating the
contaminated air. Because the air pollution control systems and the processes for removing H,S
from gas streams are generally both capital and energy intensive, the recovery of sulfur from fossil
fuels is important in the petro-chemical and energy industries to offset the pollution control cost.
Furtimrx’nore, cold gas cleanup systems in use today normally require a liquid absorbent and are
unable to completely remove the noxious smell of H,S. The odor is not only a nuisance but also
toxic and health hazard to people involved at various facilities and treatment plants (Bhambhani
el al., 1994; Fire, 1991; Rapaport, 1990 and Weil, 1983).

It is possible to partially offset the cost of sulfur removal by recovering sulfur in a
marketable form if catalytic reaction based processes are developed. In the past several decades,
many researchers have studied methods for production of hydrogen, elemental sulfur or both by
decomposition of H,S. The most popular process is the Claus process. In this process, H,S is

partially oxidized to sulfur dioxide, which then reacts with H,S to produce elemental sulfur.
2H,S+80, = 3S+2H,0

Unlike the Claus process which uses oxygen to form SO,, CO, can act as an oxidizing reactant to
react with H, that is produced during the H,S decomposition reaction. Bowman (1991) studied
the thermodynamic possibilities of reaction of H,S with CO, within three temperature regions
under various pressures. However, no experimental data were presented to verify the equilibrium
calculations.

Liptak (1974) first proposed the following reaction at a high temperature with catalysts




to produce methane and sulfur;

4H,S+CO, =:4S+CH,+2H,0
Paushkin (1988) also proposed the following reaction to produce sulfur and ethylene:
6H,S+2C0O, = 6S +CH,=CH, +4 H,0

The above reactions have been described to be potentially effective but actual reaction kinetics and
the effects of temperature and residence time on the conversion and selectivity have not been
reported in the literature.

The idea of producing elemental sulfur by reacting H,S with CO, is particularly appealing
because: (1) both CO, and H,S occur commonly in the utilization of fossil fuels where H,S is a by-
product of hydrodesulfurization process of crude oil and natural gas; (2) H,S, which would be
converted into sulfur dioxide during combustion, must be removed to comply with environmental

legislation; and (3) CO, is a known greznhouse gas.

1.2 Objective

The overall objective of the project was to study the feasibility of such a process where
H,S and CO, would be directly converted into elemental sulfur and a mixture of CO, H, and
possibly CH, by using appropriate catalysts, adsorbents and operating conditions. The specific
tasks consisted of the following: |

(1) To perform thermodynamic analyses in order to determine the extent of conversion,

and assess the effect of various parameters and the possibility of formation of
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undesirable side-products.

(2) To establish a preparation procedure for the sulfidation of the CoO-MoO;-alumina
catalyst from its oxide form in which the catalyst was supplied by the vender.

(3) To test the sulfided CoO-MoO;-alumina catalyst and to determine its feasibility in
producing elemental sulfur from the H,S and CO, gas mixture. This task included
the design and construction of a reactor for conducting these tests as well as the

development of experimental procedures for these tests.

1.3 Work Performed

In order to achieve the above objective, the following research tasks have been performed:

(1) Thermodynamic Analysis and Simulation
The simulation results of thermodynamic analyses for the equilibrium behavior of
H,S and CO, at different temperatures and pressure ranges were obtained based
on possible experimental conditions by using the JANAF Thermodynamic Tables
(Stull, 1971) and the Stanjan method (Reynolds, 1987), which provided important
information for process development. Theoretical equilibrium conversions were
calculated and analyses were carried out varying three system parameters:
temperature, pressure, and the ratio of H,S to CO, .

(2) Experimental System
An experimental system was designed and constructed for the catalyst preparation

and catalyst screening studies. Potential catalysts and relevant experimental
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materials for the experiments were selected. Analytical instruments were installed

and the temperature profile inside the reactor was measured. Catalyst prepafation
tests were first performed in the TGA and the catalyst performance studies were
carried out in the packed-bed reactor.

(3) Catalyst Preparation
A specific method of sulfidation of commercial CoO-MoO;-alumina catalyst was
obtained using a thermogravimetic analyzer (TGA). Separate CoO-MoQ;-alumina
catalyst was also synthesized in our laboratory as a base-line test. The catalysts
were subsequently reduced, sulfided and the specific surface area of the catalysts
were measured as a part of the catalyst characterization.

(4) Packed-Bed Catalytic Reactor
Experiments were conducted in the tubular reactor pécked with CoO-MoO;-
alumina catalyst. The results showed that higher sulfur conversions could be
obtained by using a mixture of H,S and CO, instead of H,S alone. The results also
showed that sulfur conversion increased with increasing temperature. H,S was
decomposed under both non-catalytic and catalytic (with CoO-MoO;-alumina
catalyst) conditions. The product gas was analyzed using a dual-column gas
chromatograph.

(5) Sulfur Adsorption on Various Adsorbents
Bench-scale experiments were performed to find out the feasibility of sulfur vapor

condensation and adsorption on various adsorbents. The relationship between the
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reaction temperature and the sulfur recovery efficiency was studied. A hybrid
process Qf catalysis and adsorptién was investigated. |

This report describes the feasibility study of a process that H,S and CO, would be directly
converted into elemental sulfur and a mixture of CO, H, and possibly CH, using appropriate
catalysts. The report also includes detailed results of thermodynamickanalyses for the equilibrium
behavior of CO, and H,S at different temperature and pressure ranges, and summarizes the current
techniques and background of the sulfur recovery. The results of this project will be u;eful in
conjunction with the novel coal feeder to pretreat coal for coal-fired power plants which provides

a continuous supply of hydrogen sulfide which could offset the costs of producing clean energy.




2. LITERATURE REVIEW
The feasibility of production of elemental sulfur and hydrogen by decomposition of H,S has
been well established in the literature. As early as 1950's, Gamson and Elkins (1953) had already
pointed out that the depletion of pure sulfur deposits mined by the Frash process would encourage
augmented sulfur supplies from hydrogen sulfide generated from the accelerated use of high sulfur-
bearing petroleum crude oil and natural gas. In their research, they thoroughly investigated the
kinetics and thermodynamics of the reactions in the Claus process with detailed calculations.

In addition to the Claus process, many processes have been developed in the last decade
such as thermal decomposition of H,S, catalytic decomposition of H,S, thermal decomposition of
H,S while products were continually removed, oxidization of H,S by O,, and partial oxidization
of H,S by CO,. However, only Claus process is considered commercially viable today. Zaman and
Chakma (1995) have provided an updated summary of various technologies in the area of hydrogen

and sulfur recovery from H,S.

2.1 Claus Process

Claus process is the most widely used modern process in industry for sulfur recovery.
According to the estimation by Goar et al. (1986), some 90 to 95% of recovered sulfur in the
world was produced by the Claus process. Since the Claus process was invented in 1883,
significant modifications have been made on the commercial Claus process used today, but the
principal mechanisms of the process are the same as one hundred years ago, that is, about one third

of the H,S needs to be burned in the air to form SO, which subsequently reacts with H,S to
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produce elemental sulfur as shown below.

2H,S+30, * 280,+2H,0 (Combustion Process)
2H,S+80, = 3S+2H,0 (Claus Process)
2H,S+0, = §,+2H,0 (Overall Process)

As the Claus Process is equilibrium limited, the stream of tail gas contains appreciable

amounts of SO, (Caruana, 1996). In order to comply with the air pollution regulations, the modern
Claus Process consists of a combustion stage, one to four catalytic converters, and a tail-gas clean-
up unit (Figure 2). A detailed review of commercial developments in Claus process technology was
discussed by Goar (1986). Since there is 79% nitrogen in the air, the use of air in the Claus process
requires that the inert N, must be treated in a tail gas plant to meet the environmental regulation
before it is released to the atmosphere. Tail gas treatment increases the sulfur recovery cost.
Several tail gas clean-up processes are reviewed by West (1984). In early 1990's, Khudenko et al.
(1993) proposed a novel oxygen-based modifications of the Claus process. The major finding of
the work was that oxygen-based Claus systems could be used for upgrading the existing system
to reduce the equipment size requirement. |

By the nature of the Claus process, hydrogen cannot be recovered and is finally wasted in
the form of water, making the process less attractive for hydrogen economy. Because the Claus
process is a highly optimized technology, it will be an outstanding revolution to the existing

technology if any further development is made to reduce both the capital cost and the sulfur




emissions, and simultaneously recover the elemental sulfur and hydrogen in a usable form.

2.2 Thermal Decomposition of H,S without Catalyst

The idea of producing elemental sulfur and hydrogen by direct decomposition of H,S has
been well discussed in the literature (Kaloidas and Papayannakos, 1989 and 1991; Roth et al.,
1982; Raymont, 1975). The original purpose was to produce H, but it has been used to produce

sulfur as well.
H,S = H,+05S5S,

Studies of determining the mechanism and kinetics for the decomposition have been
reported by a number of researchers. Kaloidas and Papayannakos (1989, 1991) studied the kinetics
of the non-catalytic thermal decomposition of H,S. The reactions were carried out in the
temperature range of 600 to 860°C, and the pressure range of 1.3 to 3.0 atm. The proposed rate-
limiting mechanism was the initial step of the splitting H,S into intermediate free-radicals.
Statistical analyses indicated that the proposed kinetic model and the experimental data agreed well
with each other.

Roth et al. (1982) carried out the thermal decomposition of H,S in the temperature range
of 1965 to 2560 K, pressure between 1.8 to 2.0 bars, and H,S concentration as low as 25 to 200
ppm. Argon (Ar) was used as an inert gas. The primary reaction mechanism was found to follow

second-order kinetics with respect to H,S concentration:

H,S+Ar = HS+H + Ar




HS+H - HS+H,

The required experimental temperature was much higher than that commonly used by the sulfur
recovery industry, requiring an expensive plasma operation, thus making this technology
economically unattractive.

Raymont (1975) found that H,S could be thermally decomposed. However, it was
thermodynamically unfavorable below 1800K (1527°C) due to the endothermic nature of the
reaction. He established three different reaction systems: an empty uncatalyzed reactor, a reactor
filled with blank pellets and a reactor packed with active catalyst pellets. He found that certain
metal catalysts were very eﬁe&ive for both the hydrogen yield and the rate of H,S decomposition.
He pointed out that, above 1250 K, the yields became the same for both catalytic and non-catalytic

reactions,

2.3 Thermal Decomposition of H,S with Catalyst

There have been several works in the efforts to increase the rate of reaction at relatively
lower temperatures using catalysts. Fukuda et al. (1978) decomposed H,S on molybdenum
disulfide (MoS,) and tungsten disulfide catalysts at 500-800°C. They found that MoS, decomposes
H,S more effectively into hydrogen and elemental sulfur than tungsten disulfide over the entire
range of temperature. Megalofonos and Papayannakos (1991) tried to produce hydrogen from
natural gas and H,S over the temperature range of 973K (700°C) to 1098K (825°C) under 0.1 M
Pa. Experiments were carried out in both a non-catalytic reactor and a catalytic tubular reactor
filled with MoS, catalyst. It was shown that th¢ catalytic reaction rates were much greater tﬁan the
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thermal reaction rates.

Chivers et al. (1980) found that MoS, was the most effective catalyst above 600°C, but
WS, and Cr,S,; gave higher H, yields than MoS, below 600°C. They also found that FeS, CoS,
NiS, CuS, C,S and Cu,S; were not effective for the decomposition of H, S and only a trace amount
of elemental sulfur was produced using these metal sulfides. Among all the catalysts tésted to date,
MoS, has been proven to be the most effective over a wide range of temperature. The catalyst
properties of MoS, and possible mechanisms for H,S decomposition were described by Katsumoto
et al. (1973), Kotera (1976), Mitchell (1981) and, Sugioka and Aomura (1984) over various ranges
of reaction température and pressure.

Chivers and Lau (1985) screened the alkali metal sulfides and polyéulﬁdes group and found
that sodium polysulfides were not catalytically active for H,S decomposition. The most significant
result in their study was the discovery that Li,S acted as a catalyst for the thermal decomposition
of H,S at 500 to 800°C. But its application was limited due to the sensitivity of Li,S towards
impurities, CO, and water. Chivers and Lau (1987) continued their investigation on vanadium
sulfide and mixed catalysts. The mixture of V,S,/Cu,S, which formed Cu,VS, at elevated
temperatures was shown to have a higher catalytic activity than MoS, in a closed circulating system
using a quartz reactor in the temperature range of 400 to 800°C, whereas MoS, was found to be
a better catalyst in a thermal diffusion column reactor. However, the cost (per unit weight) of
commercial V,S; was about 30 times greater than that of MoS,. They suggested that the catalytic

mechanism of vanadium sulfide in H,S decomposition was via a two-step process shown below:




2VS+H,S = V,§;+H,
V,S; * 2VS+§°
Al-Shamma and Naman (1989 and 1990) investigated the use of V,S;, V,0,/Al,0; and
V,Sy/ALO, catalysts. In the once-through flow reactor, the concentration of H, increased during
the first 150 to 200 minutes, then it went down without reaching a steady-state value. All their
experiments were carried out in the temperature range of 723K (450°C) to 873K (600°C) with

various vanadium oxide/alumina oxide percentages. The suggested main reaction mechanism was:
V,0,+5H,S = V,§;+5H,0+2§

The subsequent reactions of V,0; were the same as those by Chivers and Lau (1987). The reaction
order was between zero and one depending on the composition of catalysts and the reaction
temperafure.

Bagajewicz et al. (1988) found that H,S was chemisorbed reversibly on a
nonstoichiometric vanadium oxide and bulk sulfide was not formed at the temperature range of
650-700°C. Liet al (1996) also studied using vanadium-based mixed oxide catalyst for selective
oxidation of H,S to elemental sulfur. The catalytic reaction was carried out in a fixed-bed reactor
in the temperature range of 200-300°C which was lower than Chivers and Lau’s (1987). The
vanadium-based binary mixed-oxide catalysts performed much better than the pure vanadium
oxide. The maximum sulfur yield was 97% when vanadium-based binary mixed-oxide catalysts
were used.

Ross and Jeanes (1974) found out that cobalt molybdate catalysts had a high efficiency to
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oxidize H,S when the concentration of H,S was below 4000 ppm and the reaction temperature was
kept below 300°C. The main propose of the research was to reduce the H,S level below its odor
threshold.

Research Triangle Institute (RTI) developed a direct sulfur recovery process (DSRP),
which would convert SO, directly to elemental sulfur by using the coal gas and a catalyst (Gangwal
et al,, 1991). They claimed that the conversion could reach above 95% with the following series

of reactions.

2H,+S0, > 2H,0+1/n S,

2CO+80, * 2CO,+1/nS,

SO,+3H, HZS+2HZO

2H,S+80, @ 2H,0+3/nS§,
They also found that pressure had a significant effect on the conversion of H,S to elemental sulfur.
Increasing reaction pressure from 1.5 to 20 atm quadrupled the sulfur recovery when the space
velocity was kept at the same level. The work was focused on the conversion of dilute SO, to
elemental sulfur.

Aithough metal oxides Were commonly used for the decomposition of H,S and for many
other applications in a wide range of industries, Yang and Kung (1994) used platinum sulfide as
a catalyst for their hydrogen recovery experiments to oxidize and decompose H,S. The metal oxide
catalysts were tested and characterized by a number of researchers during the past decades

(Bartholomew et al., 1979; Beer et al., 1974 and 1976; Berk et al., 1991; Fellmuth et al., 1987,




Gai, 1979; Sivasanker et al., 1979; Twigg, 1989; Xu et al., 1991).

2.4 Thermal Decomposition of H,S while Products are Continually Removed

Even though th\e usage éf catalysts can increase the rate of reaction, the yield of sulfur is
still fimited by the equilibrium of H,S decomposition. For this reason, some researchers have
studied the ways to continually remove either H, or S, from reaction zone in order to shift the
equilibrium to the product side, thus promoting further decomposition of H,S. The study of
Raymont (1975) was focused on the recovery of H,. The use of platinum or palladium alloy
membranes was suggested and a diagrammatic representation of the proposed process was also
made. The idea of selective hydrogen removal by platinum-based metal-membrane was
experimentally tested by Edlund and Pledger (1993 and 1994). They showed that the removal of
hydrogen during thermal decomposition of hydrogen sulfide resulted in higher conversions of H,S
than that could normally be obtained by equilibrium. Kameyama et al. (1979, 1981, 1983) used
both a microporous Vycor type glass membrane having a mean pofe diameter of 45 A and a
microporous alumina membrane having a mean pore diameter of 1000 A for the H,-H,S separation
system. The use of membrane at 800°C or higher increased the yield of hydrogen by about two
times that obtained by equilibrium only.

However, the limitations of membrane selectivity and permeability, and the severely
corrosive nature of st to the membrane material made the industrial membrane application
difficult. Due to the unavailability of pactical membranes for removal of H, from the product

stream, Banderman and Harder (1982) used the pressure swing adsorption on zeolite or carbon
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molecular sieve and found that the adsorption method was competitive to the Claus process.

2.5 Oxidization of H,S by O,

The processes using catalytic oxidation of H,S by molecular oxygen (O,) over an activated
carbon bed or a molecular sieve column have been studied by a number of researchers (Chowdury
and Tollefson, 1990; Coskun and Tollefson, 1980; Dalai et al., 1993; Ghosh and Tollefson, 1986;
Kaliva and Smith, 1983; Sreeramamurthy and Menon, 1975; Steijns et al., 1974 and 1976; Zhenglu
et al., 1984). In these process, the sulfur is produced by the selective oxidation of H,S:

H,S+050, > S+H,0
or HS+050, » 1/mS,+H,0

The conversion of H,S to elemental sulfur with dilute oxygen at 20 atm near 635K (362°C)
was above 98% and decreased when the pressure and the temperature were lowered (Gangwal et
al.,, 1991 and 1995). The inlet gas contained 6.46% H,S, 3.23% O, and 8.14% H,0 in N,. Tsuchiya
et al. (1994) investigated the reaction of atomic oxygen with H,S by the shock tube/laser photolysis
method in the very high temperature range of 1100 to 2000K (827 to 1727°C). The concentration
of H,S was at ppm level. The activity of potential catalysts for the oxidation of H,S with molecular
oxygen was investigated in detail by Marshneva and Mokrinskii (1989). The importance of catalyst
carrier affecting the performance of the catalyst was experimantally demonstrated by Terorde et

al. (1993). They tested the iron oxide catalysts supported on titania, zirconia, magnesia, 6-alumina

and silica for selective oxidation of the stream containing 3 to 5% H,S which was not converted




into sulfur in Claus process and remained in the tail gas due to thermodynamic limitations. Their
results shéwed that the silica-supported iron oxide catalyst exhibited the best performance with
stable activity and selectivity, and the magnesium-supported iron oxide showed worst performance.
The selective-oxidation method with molecular O, has been shown to be more effective for treating
lower concentration H,S (<10 volume %) especially removing trace quantities of H,S from a gas
stream rather than for producing a large amount of sulfur, which could be efficiently accomplished

by the Claus process (Steijns and Mars, 1974; Ghosh and Tollefson, 1986).

2.6 Partial Oxidization of H,S by CO,

Another way of effectively decomposing H,S is to add oxygen-rich reactants such as CO,
to react with H,. Bowman (1991) studied the thermodynamic possibilities of reaction of H,S with
CO, under various reaction conditions. He divided his thermodynamic calculations into three
temperature regions. Although no experimental data were presented to verify the equilibrium
calculations, he considered the following reaction of H,S and CO, in the temperature range of 900-

1300 K (627-1027°C):

H,S+CO, = CO+H,0+05S,

Towler et al. (1993) proposed the following reaction mechanism for the production of
elemental sulfur from H,S and CO, in the temperature range of 900-950°C:
| H,S = H,+058S,
CO,+H, ¥ CO+H,0
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They found that the presence of CO, had the effect of shifting the H,S decomposition reaction to
the product side by reacting the produced H, with CO, to form CO and H,O via the water-gas shift
reaction. The catalyst tested was MoS,. Liptak (1974) proposed the following reaction at a high

temperature with catalysts:
4H,S+C0O, = 28§,+CH,+2H,0
Paushkin (1988) also proposed the following additional reaction:

6 H,S +2 CO, = 6 S+ CH,=CH, + 4 H,0

These reactions have been described to be potentially effective but actual reaction kinetics have not
been reported in the literature.

Fellmuth et al. (1987) tried to react H,S with CO, through the following catalytic reaction.
H,S + CO, = COS +H,0

They found that the presence of A- and X-type zeolites lead to H,S conversions up to 70% at room
temperature. The results obtained at different residence times illustrated the dual function of the
zeolites as catalyst and as selective sorbents causing a shift in reaction equilibrium. Randall et al.
(1992) patented a process in which a multicomponent feed stream containing H,S and CO, was
passed through a reactor filled with alumina or molecular sieve catalysts to produce COS. The
COS was then carried into another reactor packed with alumina, metal sieves or transition metal
sulfides, and decomposed to elemental sulfur and CO. George (1974) also presented a similar

process where the reaction would require an additional step to decompose the carbonyl sulfide



(COS) to form elemental sulfur.

2.7 Other Miscellaneous Processes
A process combining absorption of H,S with I, (aqueous) and photoelectrochemical
decomposition of the resulting HI (aqueous) by using solar energy was proposed by Oosawa et al.

(1987). The reaction was occurring at room temperature and the overall reaction was as simple as:

H,S(g) + Lag = 2 Hlag + S(s)

2Hlag — Lag +Hyg)

Barbeni et al. (1985) used the principle of visible light irradiation on CdS dispersions in
alkaline acjueous media containing hydrogen sulfide which led to efficient hydrogen evolution.
Linkous et al. (1994) also tried to decompose H,S in solar-driven photoelectrochemical cells to
produce hydrogen and elemental sulfur.

Helfritch (1993) designed a pulsed corona discharge reactor and tested it to decompose
H,S at room temperature. His results indicated that the corona discharge reactor could drive the
H,S concentration to extremely low levels. The product of the decomposition was elemental sulfur
and the energy efficiency was good.

Bagautdinov et al. (1991) investigated the microwave discharge dissociation process with
gas mixtures of H,S and CO,. They concluded that the process was effective and could be scaled
up by increasing the discharge power to 300 kW and the pressure to 500 torr. Traus and Suhr

(1992 and 1993) used a high-temperature ozonizer and an atmospheric-pressure glow discharge
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to study the dissociation of H,S into elemental sulfur and hydrogen. The potential of these
techniques were to comply with economic and physicochemical characteristics for the H,S/H,
system.

Petrov and Srinivasan (1996) studied the prospects for the development of chemical-
electrochemical plants to remove H,S from sour gas and production of high quality hydrogen and
sulfur at low temperatures. They claimed that extremely pure hydrogen and sulfur were produced
at a low cell voltage (1.0 V) and a high current density (300 mA/cm?). In Japan, Mizuta et al.
(1991) was using a hybrid Fe-Cl process consisting of the adsorption of H,S by FeCl; aqueous
solution and subsequent electrolysis of FeCl, solution to produce H, and elemental sulfur. Their

bench-scale plant was successfully operated for 1000 hours.

2.8 Summary and Choice of Methods

As reviewed in the pervious sections on therrhal decomposition of H,S, more investigation
is needed for kinetics measurements, mechanism studies and catalyst development. The results of
kinetic studies are mostly empirical, and there are significant disagreements in the parameter values
as the order of reaction was reported between one and two, and the activation energies for the
catalytic reaction was reported from 50 to 112 kJ/mol. Among the catalysts, only MoS, has been
investigated in significant details. Even in this case, information how to improve the catalyst by
-adding additional components is scarce (Zaman and Chakma 1995).

The main purpose of decomposition of H,S was to produce S, from H,S. Since the

decomposition is endothermic, the reaction is unfavorable at lower temperatures. This is the reason
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why many catalytic reactions have been investigated to increase the reaction rate. Molybdenum
sulfide (MoS,) has been proved to be the most effective catalyst among those investigated for the
H,S decomposition reaction.

Even though an effective catalyst could increase the rate of decomposition, the yield of
eleméntal sulfur was still limited by the low equilibrium conversion of H,S even at an elevated
temperature. Therefore it was necessary to remove the product, H, or S,, to shift the equilibrium
in order to promote the decomposition of H,S. Both Bowman (1991) and Towler et al. (1993)
proposed that the presence of CO, had the effect of promoting the H,S decomposition by reacting
with H, to form CO and H,O. It is the reaction which produces a mixture of CO and H, as well as
elemental sulfur in a single step.

- Since the H,S decomposition reaction could be effectively catalyzed by MoS, at
temperatures between 900 and 950°C, it would be interesting to develop catalysts which work
effectively at a lower temperature around 550°C. The CoO-MoO3-a1umina catalyst is a good
candidate for thé H,S and CO, system because: (1) Mo is an active catalyst for oxidizing H,S as
proved by preﬁous researchers and, (2) Co-Mo is a known catalyst for the water-gas shift reaction
which may take place in the H,S and CO, system. Furthermore, the CoO-MoQ,-alumina catalyst
is also a ’hydrodesulﬁlrization catalyst routinely used in the petroleum industry and is readily

available from commercial sources.




3. EXPERIMENTAL SYSTEM
3.1 Design and Construction of Experimental Systems
3.1.1 Experimental Apparatus for the Synthesis of Catalyst

An experimental system for preparing catalysts by precipitation was set up as shown
schematically in Figure 3. Flow rates of air and nitrogen were controlled by rotameters and needle
valves. The stock solution which was used to prepare catalyst was kept in a 2000 ml beaker. The
temperature of the solution was controlled by a hot plate equipped with a 9"x9" magnetic stirrer
and water bath. The pH value of the solution was adjusted by adding 3.0M NaOH solution and

measured by an Accumet-900 pH-Meter.

3.1.2 TGA System for Sulfided Catalyst Preparation

A standard method for preparation of Co-Mo sulfide catalyst could not be found in the
open literature. However sulfide catalysts could be prepared by a series of procedures under
special conditions. The Du Pont Instrument 951 TGA (thermogravimetric analyzer) was used for
establishing the sulfidation procedure from the oxide form of the Co-Mo catalyst (CoO-MoO;-
alumina) which was supplied by Crosfield Catalysts (4099 West 71st Street, Chicago, Illinois
60629). Approximate by 40 mg of Co-Mo oxide catalyst was used each time to determine the
extent of reduction and sulfidation. The supplied catalyst was reported to contain 7% cobalt oxide

and 22% molybdenum oxide by weight with the balance of alumina.

3.1.3 Packed-Bed Reaction System for Catalyst Screening Studies
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The initial experimental reactor setup was shown schematically in Figure 4. Flow rates of
H,S, CO,, H, and N, were controlled by needle valves and measured by rotameters. Before
entering the reactor the inlet gases were first passed through a'stainless steel manifold to obtain
a well-mixed feed stream. The mixture flowed through a 6.35x10” m (1/4 inch) LD. stainless steel
tube and then into a 7.62x10™! m (30 inch) long, 3.18x102 (1.25 inch) L.D. quartz tube reactor.
The middle section of the reactor (3.05x10" m or 12 inch) was heated by a tubular furnace while
the rest of the reactor extended out of the furnace and exposed to ambient air. One end of the
exposed section was packed with quartz wool as a sulfur condenser. The catalyst bed was packed
with approximately 40 grams of catalyst pellets and was supported on both sides by a plug of
quartz wool. The exhaust gas from the reactor was flushed into a Bunsen burner and combusted

before venting into the fumehood in order to destroy the odor of unreacted H,S and other
potentially hazardous chemicals. Five type-K thermocouples were inserted through the two ends

of the reactor and were located at different positions of the reactor in order to monitor the

temperature distribution inside the reactor. An additional thermocouple, which measured the

terﬁperature of the reactor tube wall, was connected to a temperature controller which could turn

the furnace on and off according to a desired set-point temperature. The temperature distribution

inside the reactor was recorded by a computer data acquisition system. During the course of
experiments, gas products and unreacted reactants were analyzed by a gas chromatogrﬁph

equipped with two different columns, one for sulfur compounds and the other for hydrocarbons.

Elemental sulfur was collected from the condenser and weighed.

After using the reactor for several months, it was found that some modifications on the
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structure of the reactor were necessary in order to achieve better experimental results. The
motivation was based on the fact that there was a significant temperature var’iation within the
reactor, making the reactor ndn-isothermal. It was more obvious at the cooling zone which
exposed to the ambient air. The temperature pyoﬁ]e caused more quenching of sulfur vapor near
the wall and less quenching at the centerline. It was observed that the sulfur did not condense
uniformly in the cooling zone: more sulfur gathered on tﬁe wall. It was suspected that some sulfur
vapor passed though the quartz wool (cooling zone) and condensed on the cooling tubes located
downstream where the sulfur could not be collected. Because of the reversible nature of the H,S
decomposition mechanism, it was even possible that some degree of re-equilibration took place
when the product gases were gradually cooled at the cooling zone of the reactor and some of the
sulfur vapor might have recombined with H, to reform H,S. This effect would be more significant
to the reactor having larger dimensions. Also caused by a radial temperature profile inside the
reactor, the temperature of the bed was higher at the wall and lower close to the center line of the
reactor due to the heat transfer resistance of the porous catalyst pellets which are poor heat
conductors. Since the thermocouple inside the catalyst bed was located close to the center of the
reactor, it was measuring the lowest radial temperature of the catalyst bed. The best way to
eliminate the temperature profile in this type of laboratory reactor was to reduce the reactor
diameter.

With these considerations, siganificant modifications have been made on the experimental
reactor system. By placing an appropriate condenser at the exit of the reactor, the possibility of

re-equilibration was eliminated since the quench rate became significantly higher. The reactor
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satisfied the following specifications:
(1) It should be an once-flow reactor (no recycle).
(2) The temperature inside the catalytic reaction zone should be uniform radially as well
as axially.
(3) The reactor wall is preferably transparent so that the catalyst color change or other
phenomena can be observed during the experiment.
(4) It should be easy to load or unload catalysts.
(5) The results obtained from the reactor should be straight forward for analysis and
should have a minimum interference due to structure or configuration.
(6) It should have a smooth connection with the quench zone.
(7) It should have a good sealing to prevent H,S leakage in compliance with laboratory
regulations.
(8) It should have a better heat transfer capability.
(9) It should be easy to monitor the reactor temperatures inside and outside the reactor
tube.
The modified reactor design is shown schematically in Figure 5. The reactor was fabricated
from a quartz tube of internal diameter d; = 1.27x102 m (0.5 inch) and length L = 3.048x10" m
(12 inch). The tubular Lindberg furnace which could raise temperature up to 1010°C was
controlled by a standard temperature controller. Three type-K thermocouples were inserted into
the quartz reactor and located at different positions of the reactor so that axial temperatures along

the reactor could be measured simultaneously.
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A schematic diagram of the overall modified experimental setup is shown in Figure 6. As
the original experimental setup, the flow rates of H,S, CO,, H, and N, were controlled by needle
valves and rotameters. The gases were first passed through a stainless steel manifold to obtain a
mixture of reactants. The mixture was then flushed into the quartz tube reactor through 6.35x10%3
m (1/4 inch) stainless steel tube. The middle section of 2.54x10™" m (10 inch) of the reactor was
heated by a horizontal tubular furnace while the remaining length of the reactor was directly
connected to a sulfur condenser. The catalyst bed contained appfoximately 5 grams of catalyst
pellets and was constrained on both sides by a plug of quartz wool. The rest of the experimental
setup was kept the same as the original setup. Water vapor was separated from the gas mixture
by a water condenser. Separation of unreacted H,S was made by using a 30 wt% diethanolamine
bath. The exhaust gas was then flushed into a Bunsen burner and combusted before venting to the
fumehood. Two K-type thermocouples, which measured the surface‘temperature of the reactor,
were connected to a temperature controller which could turn the heater switch on and off
according to a desired set-point temperature. The history of temperature distribution inside the
reactor was recorded by a computer data acquisition system. The composition of the exit gas

stream was analyzed by a gas chromatograph.

3.1.4 Apparatus for Absorption Test of Sulfur Vapor
The investigation was performed using two experimental systems. The first experimental
system for adsorption of sulfur vapor on selected materials was schematically shown in Figure 7.

Elemental sulfur was loaded in a Pyrex glass tube which was 1 inch in I.D. and 10 inches in length.
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A total amount of sulfur was approximately 30 grams. Oxygen free nitrogen was used to purge
the glass tube to maintain an inert environment. The flowrate was controlled by a rotameter with
a needle valve. The adsorbents were loaded into a small basket made of stainless steel screen. The
amount of adsorbent used in each run was approximately 400-500 mg. The Pyrex glass tube,
contéining the adsorbent basket and sulfur, was heated by a tubular furnace to reach the expected
experimental temperature. Two K-type thermocouples were used in the system. One measures the
temperature of the adsorbent basket, the other was connected to the tubular furnace which
monitored the upper temperature limit.

All adsorb‘ents were obtained from commercial sources. The adsorbents tested were
alumina (twb kinds of shape), CoO-MoO;-alumina and activated carbon. Oxygen free nitrogen
was purchased from Wright Brothers Inc., a distributor for the Matheson Gas Products. Sublimed
sulfur powder was obtained from Fisher Scientific Inc. Cobalt-molybdenum (CoO-MoO;-alumina,
Crosfield 465, 1/20" extruded) was obtained from Crosfield Catalysts (4099 West 71st Street,
Chicago, Illinois 60629). The alumina was purchased from Engelhard Corporation (120 Pine
Street, Elyria, Ohio 44035). The activated carbon (mesh 12 x 40) was obtained from Autochem
North America (Mineral Products Division, Three Parkway, Philadelphia, PA 19102).

The second experimental system for investigating adsorption of sulfur vapor is
schematically shown in Figure 8. The system consists of two sqlfur vaporizers, three temperature
controllers and an adsorption bed. The vaporizers were made of stainless steel with the dimension
of 2.5 inches in O.D. and 7 inches in height. The tube and connections were all made of 1/4 inch

stainless steel. The temperature controllers (Omega, CN 9000A) and K-type thermocouples (O.D.
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1/16") were obtained from the Omega Technologies Company (One Omega Drive, Box 4047,
Stamford, Connecticut 06907). Flexible electri§ heating tapes (AWH-OSI-QGODSP) were
purchased from Amptek Company (P.O. Box 1381, Stafford, Texas 77497). During the
experiment, the temperature of the first sulfur vaporizer was always set higher than that of the
second one in order to generate completely saturated sulfur vapor. The saturated sulfur vapor
pressure was estimated based on the relationship bet@een the sulfur vapor pressure and

temperature diagram shown in Figure 9.

3.1.5 Hybrid Reaction System - Catalytic Deéomposition and Adsorption

The experimental setup for the hybrid reaction system was shown in Figure 10. The flow
rates of H,S, CO,, H, and N, were controlled by needle valves and rotameters. The gases were
then flown into the quartz tube reactor through 6.35x10”* m (1/4 inch) stainless steel tube. The V
middle section of the reactor, 2.54x10™" m (10 inch), was heated by a tubular Lindberg furnace
which could achieve temperatures up to 1010°C. The remaining length of the reactor was directly
connected to a sulfur condenser which was equipped with a water-cooled jacket. The catalyst bed
contained approximately five grams of catalyst pellets and was supported by a stainless steel
screen at the bottom. The adsorbents in the powder form could freely pass through the stainless
steel screen support with the help of a mechanical vibrator. Separationb of the unreacted H,S was
made by using a 30 wt% diethanolamine bath. The exhaust gas was then flushed into a Bunsen
burner and combusted before venting to the fumehood. The system temperatures were monitored

and controlled by K-type thermocouples. One thermocouple was used to measure the surface
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temperature of the reactor and the other was connected to a temperature controller which could
turn the heater switch on and off according to a desired set-point temperature. |

The most significant feature of the current setup was that the reactor was mounted on a
frame structurally separated from the rest of the system and was driven by an electromagnetic
vibrator purchased from Magic Flow Products Company (a Vibratory Equipment Division, 3105
Avalon Road, Carronlton, Ohio 44615). The added power of vibration made the adsorbents pass
through the catalytic bed smoothly. At the bottom of the reactor, the reacted adsorbent was
collected and then analyzed by the thermogravimetric analyzer (TGA) and total sulfur analyzer
(TSA).

The detailed reactor structure is shown in Figure 11. The reactor was fabricated from a
quartz tube of internal diameter d, = 1.27x10% m (0.5 inch) and length L = 3.048x10™" m (12
inches) and mounted on a metal frame connected with the electromagnetic vibrator. Three type-K
thermocouples were inserted into the quartz reactor and located at different positions of the

reactor so that axial temperatures in the reactor could be measured simultaneously.

3.2 Experimental Procedures
3.2.1 Synthesis of Catalyst

A Co-Mo catalyst was synthesized in our laboratory (in addition to that obtained from a
commercial source). The catalyst was prepared by first dissolving ammonium molybdate
((NH,){Mo0,0,,-4H,0, 50.0 gram) and cobalt(II) nitrate (Co(NO,),'6H,0, 20.0 gram) in 1000
ml water for 2 hours. The pH value of the solution was adjusted to 5.5 by adding 0.5M HNO,.
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Alumina pellets (100 gram, size of 1/8") were dried at 100°C in an oven in order to remove
adsorbed vapors and then added to the solution. The temperature of the solution was kept at
25°C, and the pH value of the solution was always kept at 5.5 by using 0.5M HNQ,. The solution
was brown-red in color and continually stirred by a magnetic stirrer. After 10 hours of mixing, the
supported catalyst was collected by decantation. Then the catalyst was calcinated at 550°C for 5
hours under 1.18x10” n’/sec (1.5 f*/h) of air flow in a quartz reactor in order to obtain a mixture

~ of metal oxides CoO-MoO;-alumina. A purple color was obtained in the catalyst indicating that

both CoO and MoO, were deposited on the surface of alumina.

3.2.2 Preparation of Sulfided Catalyst

The preparation of sulfide catalyst is usually carried out by special preparation methods
depending on the actual experimental conditions (Weisser et al., 1983). In most situations, an
active sulfide catalyst is prepared by converting the corresponding oxide into the sulfide form.

For this process, the CoO-MoO;-alumina was obtained from a commercial source
(Crosfield Catalysts, 4099 West 71st Street, Chicago, Illinois 60629). The weight percentages of
the ingredients were: 7% Co0, 22% MoQ,, and 71% alumina. A test was performed by using the
thermogravimetric analyzer (TGA) to set up a procedure that the sulfide catalyst could be
prepared by first reducing, then sulfiding the oxide catalyst into the sulﬁdea form. Approximately
40 mg of the catalyst pellet was placed onto the weighing pan of the TGA. The catalyst was
purged under oxygen-free N, (100 cm®*/min) at 200°C for 2 hours in order to remove any moisture

and other possible adsorbed substances on the pellets. The purging step was stopped when the
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recorded weight reached a steady value after 40 to 50 minutes. Then, the pellets were reduced
by using a pure hydrogen flow (50 cm*/min) at 500°C for 24 hours to reduce CoO and MoO; into
the metallic states of Co and Mo. The H, flow was turned off after the weight of the sample
reached a steady value in about 10 hours. (The reduction time for the actual reactor was set to 24
hours to insure a thorough reduction.) After the reduction procedure, the catalyst changed its
color from light blue to dark black. Finally, the pellets were sulfided by using a pure hydrogen
sulfide flow (5 cm®*/min) at 500°C for one hour. The ﬂ-ow was turned off when the weight reached
a steady value. The completion of sulfidation was also confirmed from the appearance of
condensed bright yellow elemental sulfur on the tube wall at the exit of the TGA. According to
the results of the material balance calculation, approximately 90% sulfidation was obtained in 20
minutes and the rest 10% sulfidation required another 60 minutes. It seemed that a longer time
was needed to sulfide inside the pores of the catalyst pellets, and it was not clear when the
sulfidation completed. Based on this TGA experiment, the period of 45 to 50 minutes was set as
the time needed for sulfidation in the reactor. During the bench scale experiment which was
carried out in the quartz reactor, visual method was also used to determine whether the sulfidation
had been finished by observing the cold reactor section near the exit. When a trace amount of
elemental sulfur was observed, it was assumed that the sulfidation was over and the catalytic

reaction started.

3.2.3 Catalyst Screening Studies in Packed-Bed Reactor

One of the specific considerations for the catalytic sulfur recovery reaction was to operate
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the reactor at a temperature as low as possible to avoid sintering of the catalyst. As the
vaporization temperature of elemental sulfur is approximately 444.6°C (Perry and Green, 1984),
an operation below this temperature would result in deposition of elemental sulfur on the catalyst
pellets as the reaction proceeded. In order to avoid both catalyst sintering and sulfur condensation
on the catalyst, experiments were carried out at temperatures from 500 to 600°C. The overall
system shown in Figure 6 was employed to measure the conversion of H,S to elemental sulfur as
a function of feaction temperature and operation time. The performance of a specific catalyst was
evaluated by measuring the rate of conversion of H,S as a function of H,S feed concentration per
unit time per catalyst weight in the reactor. The feed compositions were selected according to the
results of thermodynamic analyses. The space time of the catalyst bed was varied from 0.5 to 2.0
minutes for a fixed bed with catalyst weighing approximately 5 grams. (The space time of the
original catalyst bed was also varied from 0.5 to 2.0 minutes but contained approximately 40
grams of catalyst.) The catalyst bed temperature was varied from 500 to 600°C in order to
evaluate the temperature effects on the equilibrium and the reaction rate. The following

procedures were carried out.

(1) Nitrogen purge through the catalytic bed

The reactor was packed with appljoﬁmately 5 grams of catalyst which occupied about one
third of the heated zone of the reactor. At the beginning, a dry stream of oxygen-free N, (50
cm®/min) passed through the catalyst bed at 200°C for about 1 hour in order to purge moisture

and other adsorbed species on the catalyst. When the catalyst had been completely purged, while
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still maintaining the N, flow, the end of the cooling zone of the reactor was disconnected and the
collected water droplets were removed. After the moisture was removed, a plug of quartz wool
was placed in the cooling zone of the reactor so that it would act as a sulfur condenser to collect

the elemental sulfur produced.

(2) Reduction of catalyst with H,
The catalyst bed was heated to 500°C and the gas flow was switched from N, to H,. Pure
H, passed through the catalyst bed at a flow rate of 50 cm*/min for 24 hours in order to reduce

the metal oxides.

(3) Sulfidation of catalyst with H,S

Once the catalyst had been reduced to its elemental form, the H, flow to the reactor was
stopped and the temperature was adjusted to the sulfidation temperature of S00°C. During this
period of time, the catalyst bed was kept under the dry oxygen-free N, flowing at 50 cm*/min.
Once the desired temperature was reached in the reactor, pure H,S flowed through the reactor at
the rate of 50 cm*/min until the catalyst was totally sulfided. It took approximately 45 minutes to

achieve full sulfidation.

(4) Production of elemental sulfur and synthesis gas from H,S and CO,
Once the catalyst had been fully sulfided, the H,S flow to the reactor was stopped and the

temperature was adjusted to a desired temperature from 500 to 600°C for H,S decomposition
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reaction while maintained under the dry oxygen-free nitrogen purge gas. After the temperature
had reached the desired value in the reactor, the mixture of H,S and CO, flowed into the reactor
and through the catalyst bed for 3 hours. The total flow rate and the ratio of H,S to CO, were
predetermined based on different experimental requirements. The elemental sulfur was condensed
in the cooling section of the reactor. Gas products and unreacted reactants were analyzed by a gas
chromatograph. A sample volume of 0.3 to 0.4 ml was taken at regular intervals from the reactor
exit and injected into the GC for analysis. A number of tests were conducted for each set of
experimental configuration in order to determine if any sulfur was produced. During the
experiments, the reactor was also visually observed to monitor if any unexpected experimental

phenomenon occurred.

(5) Collection of the sulfur product

At the end of each experiment, the reactant gases were turned off and the reactor was
cooled down to room temperature under the dry oxygen-free nitrogen purge. Then the end of
cooling zone of the reactor was opened to take out the quartz wool plug. The prbduced sulfur that
had condensed on the quartz wool plug and inside wall of the reactor was washed by carbon
disulfide (CS,). The CS, solution containing the ’sulﬁn' was collected in a beaker. And the CS, was
evaporated in the fumehood and the sulfur in beaker was weighed. The quartz wool and the
catalyst were weighed before and after each experiment as an additional method of determining

if any sulfur was left behind.
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3.2.4 Adsorption Test of Sulfur Vapor

Figure 9 shows the relationship of sulfur vapor pressure with temperature at 1 atm from
three independent sources (Perry et al. 1984, Hultgren et al. 1973 and Barin et al. 1977). Due to
the different research interests of the investigators, the sulfur vapor pressure data in these sources
do not cover the same temperature range. However, they are consistent with each other in their
tendencies and overlap areas within the temperature range of our interest and are sufficient for the
present purpose. The figure shows that sulfur vapor pressure increases exponentially with the
temperature. This feature makes the operating temperature of condenser very sensitive to the
efficiency of sulfur removal from vapor phase. In order to experimentally investigate the effects
of the different types of material on sulfur vapor condensation and adsorption, the following
experimental procedures were performed during the tests.

(1) Sulfur was loaded into the Pyrex glass tube.

(2) The tube was purged with oxygen free nitrogen to make an inert environment.

(3) The furnace temperature was raised to 150°C. This step was ‘necessary to minimize the
initial condensation of sulfur vapor on adsorbent surface. Additional condensation
might occur when there was a temperature difference between the hot glass tube
and adsorbent basket containing the adsorbents.

(4) The adsorbent weighing 400-500 mg was loaded on to a small basket made of stainless
steel screen. The basket was inserted into the tube.

(5) The furnace temperature was raised to the desired experimental value.

(6) Purging with oxygen-free N, was stopped when the desired temperature was reached.
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(7) After a predetermined duration of time, the basket was removed and measured the

weight change of the adsorbent.

3.2.5 Decomposition of H,S with Adsorption of Sulfur

To investigate whether H,S decomposition was enhanced by adsorbing sulfur away from

the reaction zone, a series of experiments were performed using three different kinds of adsorbents
in the reactor packed with catalyst according to the procedures described below.
(1) The catalyst bed was purged with N, (50 cm*/min) at 120°C for 1 hour.
(2) The collected moisture was removed from the condenser.
(3) The bed was heated to 500°C while purging with N, (50 cm*/min).
(4) The Co-Mo-alumina pellets were reduced for 24 hours under H, (50 cm*/min).
(5) Inlet flow was switched to H,S (50 cm’/min) and the catalyst pellets were sulfided for
45 minutes. |
(6) H,S flow was regulated to 25 cm*/min and CO, flow (25 cm®*/min) was switched on
and the temperature was set to a desired level (450-550°C).
(7) The adsorbent feeder and the electromagnetic vibrator were turned on.
(8) The reaction was carried out for 20-30 minutes.
(9) The adsorbent was collected at the bottom of the reactor.
(10) The reaction was shut down by turning off the inlet gas flow and the heater.

(11) The collected adsorbent was analyzed by TGA and the total sulfur analyzer.




4. RESULTS AND DISCUSSION
4.1 Potential Catalysts and Related Experimental Material§

As described in the previous chapter, there was no established standard method for the
preparation of the sulfide form of Co-Mo-alumina catalysts. A survey of the literature indicated
that it was usually carried out by customized preparation methods that were highly dependent on
actual experimental conditions. In most situations, an active metal sulfide catalyst was prepared
by converting the corresponding oxide into the sulfide form. A test was performed by using the
thermogravimetric analyzer (TGA) to set up a procedure that the sulfide catalyst could be
prepared by first reducing, then sulfiding the oxide catalyst into the sulfided form. The method of
preparation described in Chapter 3 was performed before they were used as a catalyst for the
current experimental tests.

The chemicals used in this period of experiments were: hydrogen sulfide (C.P. grade liquid
phase, 99.5%), carbon dioxide (Coleman Instrument grade, 99.99%), nitrogen (oxygen-free), and
hydrogen (zero grade, impurities <1 ppm) purchased from Wright Brothers Inc., a distributor for
the Matheson Gas Products. Carbon disulfide (purity, 99.95%) was obtained from Fisher Scientific
Inc. Cobalt-molybdenum catalyst (CoO-MoO;-alumina, Crosfield 465, 1/20" extrudate) was
obtained without any charg_e, compliments of Crosfield Catalysts (4099 West 71st Street, Chicago,
Illinois 60629). Alumina pellets were purchased from Engelhard Corporation (120 Pine Street,
Elyria, Ohio 44035).

Three kinds of adsorbents were also selected for this period of investigation. Commercially

manufactured activated carbon (100 mesh, product name: centaur powder carbon) was supplied
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by Galgon Carbon Corporation (P.O. Iéox 717, Pittsburgh, PA 15230-0717). Iron(II) sulfide (100
mesh, 999.9% purity) was purchased from Aldrich Chemical Company (P.O. Box 355,
Milwaukee, WI 53201-9358). Sulfided Co-Mo-alumina powder was prepared in our laboratory
by first sulfiding the commercial Crosfield catalyst then grinding it into 100 mesh powder under

an inert environment.

4.2 Preparation of Analytical Techniques and Instruments
4.2.1 TGA

A thermogravimetric analyzer (Thermal Analyst 2000, Du Pont Instruments 951 TGA)
was used during the preparation to monitor the sample weight as a function of temperature and
time. The weight of solid particles was recorded against temperature or time when the gas passed
through the sample catalyst. In this way, the TGA was used to investigate the kinetics of gas-
solid reactions by measuring the weight of sample. The TGA was also used to test the thermal
stability under different heating conditions. It was a valuable instrument in establishing the
procedure of preparation for the sulfided catalyst from the oxide form. The catalyst oxide pellets
were loaded into the TGA and determined what extent or the amount of time was needed to
reduce or sulfide. Approximately 40 mg of sample was used in the TGA, which consisted of

several oxide catalyst pellets.

4.2.2 Preparation and Calibration of Gas Chromatograph

A Gas Chromatographic (GC) analysis was utilized to obtain qualitative and quantitative
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determination of the products. A Perkin Elmer (Sigma 300 model) Gas Chromatograph equipped
with a hot wire detector and two separate injectors was selected to conduct this analysis. Two
new columns were installed in the same GC unit for detecting CO, CO,, CH,, H,, H,S, COS and
CS,. Column A was for sulfur containing substances such as H,S, COS and CS,, and column B

was for CO, CH, and H,. The operating temperature for the GC was programmed as follows:

Injector temperature: 315°C
Oven temperature: 75°C
Detector temperature: 325°C

Helium was used as a carrier gas. The GC was calibrated by using pure sample gases (CO,
CO,, CH,, H,, S, COS and CS,). The flow rate of the carrier gas was set at 26 cm*/min for both
column A and column B. Column A [Chromosil 310, 2.4 m/8 ft (1.83 m/6 ft packed) x 1/8 inch
OD, Teflon (FEP)] and Column B (18 ft x 1/8 inch SS, packed with Silica Gel, 60/80) were
obtained from SUPELCO (SUPELCO, Inc., Supelco Park, Bellefonte, PA 16823-0048) and
Alltech (Alltech Associates, Inc., 2051 Waukegan Road, Deerfield, IL 60015-1899), respectively.
The standard sample gases for calibration (CO, CO,, CH,, H,, H,S, COS and CS,) were

purchased from Wright Brother Inc. and CS, from Fisher Scientific Company.

4.3 Temperature Profile in the Quartz Reactor
Before the reactor modification (Figure 4), temperature profiles inside the reactor were
measured by inserting type-K thermocouples at different positions of the reactor. The reactor was

heated by a tubular Lindberg furnace. Three different operating temperatures, 550°C, 650°C and
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750°C, were investigated in the empty bed and the bed packed with quartz wool for varying flow
rates of N,. The measured temperature curves are shown in Figures 12-14. The results showed
that the temperature remained relatively uniform in the reaction zone (about 5 to 6 inches long in
the middle of the reactor).

After the reactor modification (Figure 5), the temperature profile inside the reactor was
measured by inserting type-K thermocouples at different positions of the reactor and the
condenser. The corresponding positions at which the temperature was measured are shown in
Figure 15. The reactor was heated by a horizontal tubular Lindberg furnace. The condenser was
cooled by tap water. Several terﬁperatures (500°C, 600°C, 700°C and 800°C) and ﬂov) rates of
N, were chosen for the investigatioh of the empty bed and the bed packed with quartz wool. The
measured temperature curves are shown in Figures 16-17. The result shows that the temperature
remained relatively uniform in the proposed reaction zone (about S to 6 inches long in the middle
of the reactor) (Figure 5) and the pattern of the temperature profile was not affected by the flow
rate of inlet gas. When the exit gas reached about 3 to 4 inches in distance, its temperature almost
reéched the cooling water temperature around 10°C. The modified reactor was designed to
quickly quench the exit gas so that the occurrence of re-equilibration of reaction products would
be prohibited. The temperature profile is valuable data for the interpretation of future experimental

results.

4.4 Thermal Stability of the Co-Mo Catalyst v.s. Its Specific Surface Area

Measurement of specific surface area was a part of the catalyst characterization procedure.
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A Quanta Chrome Surface Area Analyzer was used in conjunction with the thermogravimetric
analyzer (Thermal Analyst 2000, Du Pont Instruments 951 TGA). Tﬁe purpose of using the TGA
was to test the thermal stability under different heating conditions. Before the thérmal stability
test, the specific surface area of the vender-supplied catalyst was 96 m*/gram. The thermal tests
were carried out for two hours using two different gases, dry air and pre-purified nitrogen. Figure
18 shows the weight loss of the catalyst with dry air. Figure 19 shows the weight loss of the
catalyst with nitrogen. The longer the test time of the catalyst, the more percentage of weight
loss. After 2 hours of heating, the weight of the catalyst reached at a stable value for each
experimental temperature. The higher temperature did not always result in the higher percentage
of weight loss. Figure 20 shows the specific area changes under the different purge gases.
Increasing the temperature resulted in reduction of the specific surface area of the catalyst. The |

purge-gas flow rate of both gases was set at 10 cm*/sec during the thermal tests.

4.5 TGA Results of Catalyst Sulfidation

Catalyst sulfidation results from the TGA are shown in Figure 21. The method for catalyst
preparation consists of three steps. The first step, as depicted in Figure 21(a), consisted of
removing the moisture and other unreacted content of the oxide catalyst (approximately 8-9%)
by purging for 1 hour under N, at 200°C.

Following the purge, the next step consisted of reducing the catalyst under H, at
approximately 500°C. An indication that reduction was taking place was a color change from blue

to dark black. Figure 21(b) showed that 80% reduction was achieved after 3 hours of reduction
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and 90% reduction after 24 hours. The percent reduction was calculated on a dry catalyst basis.

As shown in Figure 21 (c), the sulfidation step took place rapidly. Within the first five
minutes, the catalyst was sulfided approximately 20% on the molar basis of reducible metal. The
platéau reached after five minutes of sulfidation indicated that additional sulfidation required a
longer time and might not be necessary. Since after 20% of the catalyst was sulfided, it was
Capablé of acting as an effective catalyst for H,S decomposition to produce elemental sulfur. This
was confirmed by the observation of condensed elemental sulfur on the reactor walls at the exit
of the furnace during the sulfidation experiment.

According to the material balance calculation, approximately 90% sulfidation was obtained
within 20 minutes and the rest 10% sulfidation required another 60 minutes presumably due to the
pore diffusion through the catalyst pellets. Based on these TGA experiments, sulfidation time was
set at 45 to 50 minutes for packed-bed reactor experiments. During the screening study, visual
observation was made to determine whether the sulfidation had been finished by inspectving the
reactor cooling section. When trace amount of element sulfur was observed, it was assumed that

the sulfidation was over and the catalytic reaction had started.

4.6 Decomposition of H,S under Non—Catalyﬁc Conditions

The purpose of these experiments was to record reference conditions for comparison with
catalytic reactions. Non-catalytic decomposition of H,S at these temperatures was expected to be
both kinetically and thermodynamically unfavored.

Experiments were carried out under 1 atm with pure H,S in order to obtain base-line
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decomposition data which would be used to compare with those of catalytic decomposition. The
experimental apparatus was described in Chapter 3. The experimental temperatures were between
500 and 600°C in considerafion of the catalyst which required a lowest possible temperature to
avoid sintering of active site while maintaining high reaction rates. As the vaporization
temperature of elemental sulfur was approximately 444.6°C (Perry et al., 1984), an operation
below this temperature would result in deposition of elemental sulfur on the catalyst pellets as the
reaction proceeds. In order to avoid both catalyst sintering and sulfur condensation on catalyst,
the limits of experimental temperature were chosen to be 500 and 600°C.

Experiments were conducted in the reactor packed with the quartz wool and the blank
alumina 'pellets. The reactor was first purged with pure nitrogen, 50 ¢cm*/min, at 200°C for one
hour in order to remove moisture and other adsorbed species from the bed. Nitrogen was then
switched to H,S for 6 hours with the flow rate of 50 cm*/min at the experimental temperature of
500°C or 600°C. The results indicated that only a trace amount of sulfur was condensed at the exit

of the reactor even at 600°C.

4.7 Decomposition of H,S under Catalytic Conditions
4.7.1 Pure H,S Feed

To test that H,S decomposition was kinetically favored by using the Co00-Mo0O;-alumina
catalyst, a number of experiments were performed in the reactor packed with catalyst pellets
according to the procedures as described in the previous chapter:

(1) The catalyst bed was purged with N, (50 cm*/min) at 200°C for 1 hour.
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(2) The collected moisture was removed from the cooling zone of the reactor.

(3) The bed was heated to 500°C with N, (50 cm*/min).

(4) The bed was reduced for 24 hours under H, (50 cm*/min).

(5) The flow was switched to H,S (50 cm*/min) and the bed was sulfided for 30 minutes.

(6) The decomposition reaction was carried out for about 6 hours under pure H,S flow

(50 cm*/min) at a set temperature (500, 550 or 600°C).

(7) The reactor was cooled down under N, (50 cm*/min).

(8) The produced sulfur was collected.

The experimental results from the quartz tube reactor were summarized in Table 1. The
amount of sulfur in the feed stream was calculated from the total volume of H,S that was
introduced into the reactor.

The H,S conversion to sulfur is defined as:

2(Moles of S, produced)
x
Initial moles of H,S

100

Conversionof H,S % =

The conversions were within a reasonable range from the thermodynamic equilibrium value which

was about 1% at 500°C.

4.7.2 H,S - CO, Feed
Since H,S also reacts with CO,, the H,S decomposition reaction could be shifted to the

product side and morre sulfur could be produced as shown by the thermodynamic analyses in
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Chapter 5. Experiments were performed with the feed mixture of H,S and CO, at various ratios
for 6 hours. The catalyst used was the commercially available CoO-Mo0O;-alumina. The
experiments were carried out in the reactor following the similar procedure as described before.
The key differences were that CO, was added into the feed and the flow rates were adjusted
accordingly.

The purpose of this test was to find out the effect of CO, on H,S conversion and to
compare the H,S conversion with the équilibrium value. The secondary purpose of this test was
to test the reaction mechanism proposed by Liptak (1974). Our experiments were performed
within the medium temperature range from 500 to 600°C. No methane (CH,) was detected at
550°C using the GC, indicating that the CH, concentration was probabl)} below the detectable
level of 100 ppm.

A summary of the experimental results are listed in Table 1. Although some H, and CO
were detected (3.24% and 0.98%, respectively), no SO,, COS and CS, were present. As one can
see in Table 1, the conversion of H,S to elemental sulfur increased significantly with the
introduction of a catalyst. Therefore, it was experimentally demonstrated that the Co-Mo sulfided
catalyst was a good candidate for the decomposition of H,S to elemental sulfur. The equilibrium
conversion for the inlet ratio of H,S to CO, of 4 was 5.62% at 550°C. The difference between
the equilibrium and the experiment values was due to the fact that the reaction inside the reactor
did not reach réquilibrium. The experimental values were reasonably close to the thermodynamic
equilibrium value. This level was still too low to be considered for a large scale industrial

application using the present mode of operation.
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4.8 Adsorbability of Elemental Sulfur on Solid Adsorbents

The investigation was performed on two experimental systems. The first experimental
system for adsorption of sulfur vapor on selected materials was schematically shown in Figure 7.
(The eXperimental procedure was discussed in Chapter 3.) The results of the experiments are
tabulated in Tables 2 and 3. Four different types of adsorbents were tested during the
investigation. They were alumina (with two different shapes), CoO-MoO;-alumina and activated
carbon.

The experimental results are also plotted in Figure 22. The results indicate that activated
carbon was the best adsorbent among the four adsorbents tested. The amount of sulfur adsorbed
on the activated carbon did shown an increase with time, though equilibrium values were not
reached within the duration of the experiments. Capillary condensation occurring in the pores
might be responsible for this behavior. In the case of alumina pellets (both spherical and cylindrical
types, size of 1/8"), adsorption of sulfur almost remained constant for 3 hours. At higher
temperatures above 420°C, oxidation of activated carbon was observed because of leakage of air
in fhe tube even though the purge step was performed prior to the experiment. For the equal
period of experiment, the amount of sulfur adsorbed on activated carbon at lower temperature
(e.g. 220°C) was smaller than that of at high temperature (e.g. 290°C). It was due to the fact that
the lower the system temperature, the less vaporized sulfur (Perry et al. 1984, Hultgren et al. 1973
and Barin et al. 1977) was available for adsorption (low partial pressure of sulfur). The results
proved that this adsorption process may be capable of removing sulfur vapor from high-

temperature gas mixtures, such as H,S and CO,, and promoting the conversion of H,S.
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The first experimental system, shown in Figure 7, was not equipped to control the sulfur
vapor mole fraction quantitatively with respect to the experimental temperature. It did not provide
an oxygen free environment for the investigation. Therefore, the second experimental system,
shown in Figure 8, was built incorporating numerous improvements on the experimental system.
The experimental results proved that the second system for sulfur vapor adsorption could be
operated at higher experimental temperatures to investigate the condensation and adsorption effect
of sulfur vapor on activated carbon without oxidizing it. The second system could control the
sulfur vapor pressﬁre effectively through its two sulfur vapor generators and e#ctend the range of
experimental temperature. Using the second system, it was expected to find at what temperature
sulfur vapor could be effectively condensed or adsorbed by activated carbon. However, due to the
fact that the stainless tubing which linked between the sulfur tanks and the adsorption bed was
frequently blocked by condensing sulfur, the experiment could not run as smoothly as originally
planned. Another fact was that the corrosive nature of sulfur vapor on the adsorption bed at a high
temperature caused difficulty in'making the material balance of activated carbon samples before
and after adsorption, even though the adsorption bed was made of stainless steel. Due to these

problems, useful experimental data could not be generated from the second system.

4.9 Simultaneous Sulfur Adsorption and Catalytic Reaction in a Packed-Bed Reactor
Based on the above experimental results of adsorption of sulfur vapor on activated carbon,
a new experimental design shown in Figure 10 was set up. Inclusion of activated carbon in the H,S

decomposition reaction was carried out at temperatures between 450 and 550°C. The process
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combined with two unit operations: catalysis and adsorption. The motivation of this phase of
experimént was based on the experimentally measured adsorption of elemental sulfur on various
adsorbents near the reaction temperature. In order to find out whether it was applicable to the H,S
decomposition reaction system, experiments were performed using various adsorbents flowing
through the reactor along with the reactant gas. Three kinds of adsorbents were selected: activated
carbon, iron sulfide (FeS) and sulfided Co-Mo-alumina catalyst. They were all prepared in the size
of 100" mesh fine powders.

Various designs of adsorbent feed system were tested including a small scale jet pump, a
screw feeder and a vibrating and rolling feeder. The experimental tests proved that the vibrating
and rolling feeder system performed best for the current experimental setup. All adsorbents could
easily pass through the packed-bed with vibration.

The collected adsorbents were analyzed by Thermogravimetric Analysis (TGA) (Thermal
Analyst 2000, Du Pont Instruments 951 TGA) to determine the amount of adsorbed sulfur on the
adsorbent. Each analysis consisted of two steps: (1) heating approximately 30 mg of the sample
under ultra high purity helium over the temperature range of 25 to 700°C at a heating rate of
10°C/min; (2) keeping at 700°C for a period of time until no significant weight loss was detected
to insure no volatile contents remaining on the adsorbent.

The experimental results from TGA are tabulated in Table 4. For the activated carbon and
sulfided Co-Mo-alumina catalyst powders, the TGA analyses showed that around the sulfur
boiling point of 444.6°C (Perry and Green, 1984) the weight loss of the adsorbents was between

4 t0 6%. For the iron sulfide powders, no significant percentage of weight loss was observed. All
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three types of adsorbents had additional weight loss between three to four, when the TGA
temperature reached 700°C.

Besides the TGA analyses, desorption tests were also performed. The collected samples
of the adsorbents were placed into a horizontal quartz tube and purged by a flow of oxygen-free
nitrogen gas at 20 cm*/min. The quartz tube was heated by a tubular furnace gradually raising the
temperature frbm the room temperature (~21°C) to 700°C in order to observe whether there was
any elemental sulfur condensed at the exit of the quartz tube. Only trace amounts of elemental
sulfur were observed and were below the amount required for quantitative measurement.

Total Sulfur Analyser (TSA) (Leco Corporation, 3000 Lakeview Ave., St. Joseph, MI
49085) was used for the additional analyses of sulfur from activated carbon. As tabulated in Table
5, the tests results showed that activated carbon adsorbed up to 9 weight percent of sulfur.
Probably, there was some portion of the sulfur chemisorbed on carbon (Walker, 1970) although
physical adsorption was expected from the experiments.

Even though the adsorption of pure sulfur vapor was shown to be effective utilizing
activated carbon, the current experimental results showed that it might not be applicable to the
H,S decomposition system due to the fact that sulfur could be chemisorbed on activated carbon
and some carbon might be participating in the H,S decomposition reaction. The idea of combining
two unit operations of catalytic decomposition and selective adsorption should be further
developed to overcome the problems of chemisorption and short contact times of adsorbents in

the reactor.
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5. THERMODYNAMIC ANALYSIS AND SIMULATION
5.1 Reaction System and Assumptions

A part of the project was to study the feasibility of producing methane from hydrogen
sulfide (H,S) and carbon dioxide (CO,) in addition to elemental sulfur. Thermodynamic
simulations were carried out in order to understand the thennqdynamic limits and reaction
mechanisms within the reaction system. The proposed overall reaction was as follows (Paushkin,
1988):

4H,S+CO,=2S,+CH,+2H,0 (5-1)
The basic idea of the reaction was that a rich gas stream of H,S and CO, passed through a high
temperature catalyst bed to form elemental sulfur, methane and water vapor. Although the
reaction had been described to be effective, detailed thermédynamic analyses could not be found
in the open literature.

In the simulation, the feed ratios of H,S and CO, were changed depending on the interest
of analysis. The reaction temperatures ranged from 100°C to 1100°C, and the pressﬁre was kept
at 1 atm for the most calculations. Gas components in the reaction system were CH,, CO, COS,
CO,, CS,, H,, H,0, H,S, SO, and S,. Although the sulfur actually consisted of various
allotropes (Kaloidas et al, 1987 and Rau et al, 1973), only S, was considered in the simulation due

to the fact that this approximation proved to be very close to the sum of all allotropes.

5.2 Background of the Simulation Software and Data

Computer simulations for the reaction of H,S and CO, were performed using the Stanjan
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program (Reynolds, 1987) and the JANAF Thermochemical Tables (Stull et al., 1971 and Chase
et al., 1985) as the source of original thermochemical data. The software package, created at
Stanford University, minimizes the Gibbs free energy function to predict the equilibrium
composition of a mixture of compounds. Based on the input stream composition and given set of

temperature and pressure, the program calculates the equilibrium mole fractions of the system.

5.3 Enthalpy and Gibbs Free Energy
Reaction (5-1) could be divided into the following possible sub-reactions:
H,S = H,+05S, (5-2)
CO,+H,=CO +H,0 (5-3)
CO,+4H,=CH,+2H,0 (5-4)
CO +3H,=CH,+H,0 (5-5)
At 500°C and 1 atm, the Gibbs free energies, the heats of reaction and the corresponding
equilibrium constants are:
Reaction (5-2) AG=5548 KkJ/mol, K=4.5x10"
AH =88.58 kJ/mol Endothermic
Reaction (5-3) AG=10.15 kJ/mol, K=3.6x10?
AH=137.13 kJ/molb Endothermic
Reaction (5-4) AG=-50.21 kJ/mol, K=1.2x10"
AH=-230.14 kJ/mol Exothermic

Reaction (5-5) AG=-32.24 kJ/mol, K=5.6x10’
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AH =-185.21 kJ/mol Exothermic

The values of AH and AG as a function of temperature are shown in Figures 23-26. The
rate limiting step is the decomposition of H,S (feaction 5-2). An increase in temperature would
shift reactions (5-2) and (5-3) to the product sides, and shift reactions (5-4) and (5-5) to the
reactant sides. Furthermore, an increase in pressure would shift reactioﬁs (5-4) and (5-5) to the

product sides.

5.4 Simulation Results

~ Since experiments were performed within a specific range of temperatures at atmospheric
pressure and with only a couple of specified ratios of H,S to CO,, testing a wide range of values
of each parameter were desirable and carried out in simulation to determine the effects of
parameters. Equilibrium calculations for the decomposition of H,S with CO, were made using the

Stanjan method (Reynolds, 1987) with the JANAF thermochemical tables (Chase et al., 1985).

5.4.1 Equilibrium Distribution of H,S and S,

-Figures 27-28 show the equilibrium mole fraction of H,S as a ﬁmction _of' temperature and
pressure with the inlet ratios of H,S to CO, between one and nine. Because both the’st
decomposition reaction and the water-gas shift reaction were endothermic, the H,S mole fraction
decreased as the system temperature increased. The H,S mole fraction increased as the system
pressure increased enabling the H,S decomposition reaction to shift to the left. Figures 29-30

show the equilibrium mole fraction of S, as a function of temperature and pressure.
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5.4.2 Conversions of H,S

Figures 31-32 show the equilibrium conversions of H,S as a function of the ratio of H,S
to CO, (from 0.001 to =) and temperature (from 100 to 1000°C). The highest conversion is

obtained at the highest temperature and at the lowest ratio of H,S to CO,. When the temperature
drops below S00°C with the H,S/CQO, ratio of 4 (80% of initial H,S in H,S and CO, mixture), the
conversion of H,S becomes almost the same level as the case without CO, present. Figures 33-34
show the effect of Vincreasing the initial percentage of H,S in the H,S and CO, mixture on the
equilibrium conversion of H,S at several specific temperatures (500, 550, 600, 700, 800, 900 and
1000°C). The equilibrium conversion decreases with increasing initial percentage of H,S. Figures
35-36 show the effect of temperature on the equilibrium conversions of H,S when the initial
percentage of H,S was 11% and 80%, respectively. The equilibrium conversion increases with

increasing temperature.

5.4.3 Yields of S,

Figures 37-38 show the equilibrium yields of S, as a function of temperature and the initial
ratio of H,S to CO,. The highest yield is obtained at the highest temperature and at the ratio of
H,S to CO, around 8.09 (11% of H,S in the H,S and CO, mixture). When the ratio of H,S to
CO, equals 4 and the temperature drops below 500°C, the yield of S, becomes almost the same
level as the case without any CO, present. Figures 39-40 show the effect of increasing the initial

percentage of H,S on the equilibrium yield of S, at several specific temperatures. The equilibrium
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yield first increased with increasing initial percentage of H,S then it decreased as the initial
percentage of H,S reached higher values. Figures 41-42 show the effects of temperature on the
equilibrium yields of S, when the initial percentage of H,S was set at 11% and 80%, respectively.

The figures indicated that equilibrium yield increased with temperature.

5.4.4 Selectivity of S,

Figures 43-44 show the equilibrium selectivity of S, as a function of temperature and the
ratio of H,S to CO,. The highest selectivity is obtained at the highest temperature and at the
highest initial ratio of H,S to CO,. But thére were some exceptions, for example, when the system
temperature went below 700°C, there was a small peak at low percentages of H,S (between 0.1-
6% depending on the temperature). When the temperature droped below 500°C with an H,S/CO,
ratio of 4, the selectivity of S, became less than 20.0%. Figures 45-46 show the effect of
increasing the initial percentage of H,S on the selectivity of S, at several specific temperatures.
The values of selectivity were not sensitive to the ihitial H,S percentage ranging from 10% to 80%
at all temperatures investigated. Figures 47-48 show the effect of temperature on the selectivity
of S, when the value of the initial percentage of H S, was 11% and 80%, respectively. The

selectivity increased with temperature.

5.4.5 Continuous Removal of Sulfur
This part of the thermodynamic simulation was to study the feasibility of producing CH,

from H,S and CO, in addition to elemental sulfur. The basic idea of this reaction was that a rich
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gas stream of H,S and CO, passed through a high temperature catalysi bed to form elemental
sulfur, methane and water vapor. A stoichiometric feed ratio was chosen first for the simulation
(80 mole % of H,S and 20 mole % of CO,). The reaction temperature ranged from 450°C to
1100°C, and the pressure was kept at 1 atm. Possible gas components after the reaction Were CH,,
CO, COS, CO,, CS,, H,, H,0, H,S, SO, and S,.
As previously mentioned, recycle and multiple reaction zones are necessary for reaction
" (5-1) to progress to any appreciable extent. The thermodynamic limiting step of the overall
reaction is the decomposition of H,S (reaction 5-2). The initial ratio of H,S to CO,is setto 4
which matches the stoichiometric ratio of reaction (5-1). The H,S decomposition reaction and the
water-gas shift reaction were endothermic, therefore the H,S mole fraction decreased as the
system temperature increased causing greater formation of sulfur and CO. However, the
methanation reaction is exothermic, therefore the mole fractions of CO and CO, decrease as the
system temperature decreased producing more CH,. These two opposing facts require that the
system must be divided into at least two reaction zones and at least one product should be
removed from the system to prevent re-equilibrium to occur as the system temperature was
lowered. We propose that the sulfur be continuously extracted from the reaction zone by means
of condensation or adsorption/absorption. At the end of the reaction, the system would eventually
cool down to room temperature at 25°C.
An example is listed in Table 6, where the reaction temperature was 900°C in zone one
and gradually cooled down to 25°C in zone two. The results strongly support the concept of

continuous removal of sulfur from the reaction zone and clearly demonstrate the feasibility of
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reaction (5-1). The significance of this simulation was that sulfur was removed from each
equilibrium stage. After the sulfur was removed, the residues were fed into the next stage to react.
This process continued until the efficiency of sulfur removal became very low. The thermodynamic
limitation was controlled by the sulfur vapor pressure of the condensed phase. The equilibrium
mole fractions of the species at the first stage before sulfur extraction are listed in Table 7. The
final product distributions at various reaétion temperatures are listed in Table 8. Table 9 shows
the product distribution after the temperature decreased to 25°C. The H, mole fraction became
lower in the presence of CO, since CO, and reacted with H, to form H,0 and CO. The
equilibrium was shifted to favor the formation of elemental sulfur. Now, CO, CO, and H, could

form CH, while the system cools down to room temperature.

(1) Production of CH,:

Figure 49 shows the equilibrium mole fraction of CH, as a function of temperature from
450 to 1100°C. The high mole fraction of CH, was obtained at low reaction temperatures since
the methanation reaction is exothermic. When the reaction temperature was around 500°C, the
mole fraction of CH, was 1.5%. As shown in Figure 50, when the reaction temperature in zone
one was maintained at 950°C and the outlet gas from zone one gradually cooled down to 25°C
in zone two (this step favors the formation of CH,), the mole fraction of CH, in zone two reached
32%. Higher reaction temperatures promoted greater H,S decomposition into H, and S,. Since
sulfur was removed at each equilibrium stage, there was less chance for regeneration of H,S to

occur. High mole fractions of H, in the system favored the methanation reaction to form CH,.
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Figure 51 shows the effects of reaction temperature and the number of theoretical stages on the
equilibrium mole fraction of CH, in zone one. Low temperature in zone two and a large number
of stages favored the methanation reaction. The majority of CH, was formed in zone two which

acted as a methanation reactor.

(2) Production of H,:

Figure 52 illustrated the equilibrium mole fraction of H, as a function of temperatﬁre when
the system reached its final equilibrium stage where no more sulfur could be extracted from zone
one. Between 450 and 1100°C, higher reaction temperatures promoted higher mole fractions of
H,. When the reaction temperature was around 900°C, the mole ﬁ'action of H, levels off at 62%.
Above 900°C the H, mole fraction did not increase significantly. The system was allowed to cool
down gradually to 25°C (Figure 53) without the need of quenching because virtually no re-
equilibration occurred. Most of the H, reacted with CO and CO, to form CH, which depleted its
mole fraction down to 2.9% for the first zone temperature above 900°C, and down to almost
0.0% below 900°C. The effects of the reaction temperature and the number of theoretical stages
are shown in Figure 54. This study has indicated that high temperatures coupled with the

requirement for many stages favored the production of H, in the first reaction zone.

(3) Production of CO:
Figure 55 shows the relationship of the equilibrium mole fraction of CO with reaction

temperature when the system reached the final equilibrium stage. Because the water-shift reaction
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was endothehnic, the higher mole fraction of CO was achieved at a high feaction temperature. At
700°C, the mole fraction of CO reached 11.4% and thereafter monotonically increased, reaching
17.3% at 1100°C. Considering that the initial concentration of CO, was 20%, the conversion of
CO, was high. When the system cooled down to 25°C (Figure 56) the mole fraction of CO
dropped down to less than 1 ppm. Figure 57 shows the effect of reaction temperature on the
equilibrium mole fraction of CO. Results from this study indicate that high temperatures coupled

with the requirement for many stages favored the production of CO in the first zone.

(4) Consumption of H,S:

Figure 58 sh»ows the final equilibrium mole fraction of H,S as a function of temperature.
The initial concentration of H,S was set at 80% to match the stoichiometric ratio in reaction (5-1).
The mole fraction of H,S continually went down as the reaction temperature went up. At 900°C,
the mole fraction of H,S was only about 3.3%. There was only a small amount of re-equilibrium
occx_lrring after cooling down to 25°C. (See Figures 58 and 59.) Figure 60 shows that high
temperatures coupled with the requirement for many stages favored the H,S decomposition

reaction in the first reaction zone.

(5) Consumption of CO,:
The pattern of the CO, mole fraction change was similar to that of H,S. Figure 61 shows
the final mole fraction of CO, continually decreasing with the increasing reaction temperature due

to the fact that the water-shift reaction was endothermic. When the reaction temperature reached
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900°C, the mole fraction of CO, was only about 3.1%. As the system cooled down to 25°C
(Figure 62), most of the CO and CO, reacted with H, to form CH,. Figure 63 also indicated that

high temperatures coupled with many stages favored the water-shift reaction.

(6) Production of H,0:
Figures 64 and 65 show the equilibrium mole fraction of H,O as a function of temperature
when the system reached the final equilibrium. The high mole fraction was obtained at high

reaction temperature.

(7) Production of COS and CS,:
Within the temperature range being investigated, the equilibrium mole fractions of COS

and CS, were very small (Figures 66 and 67) when the system reached its final equilibrium stage.

(8) Production of SO,:
Between the reaction temperatures of 450 to 1000°C, the equilibrium mole fraction of SO,

was always less than 1 ppm (Figures 68-70) when the system reached its final equilibrium stage.

(9) Production of S,:
Figures 71 and 72 show the final equilibrium mole fractions of S,. The highest number of
stages up to 10,000 was used in order to find the final extraction equilibrium point. However,

when the number of stages increased over 3000, the calculation reached beyond the significant
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figures of the computer. All the results of equilibrium calculations in the report were based on the
first 1,000 stages.

Sulfur vapor pressure affected the condensation efficiency of sulfur which defined the limit
for extraction of sulfur from the reaction system. The temperature of the condensed phase is
between the sulfur melting point at 112.8°C and the boiling point at 444.6°C (Perry et al, 1984)
at 1 atm. The relationship of sulfur vapor pressure with temperature determines the optimum value
of reaction temperature in the first and second zones. It also determines the number of stages
needed to reach a practical equilibrium limit in a bench scale experiment.

Figure 9 illustrates the relationship of sulfur vapor pressure with temperature at 1 atm from
three independent sources (Perry et al, 1984, Hultgren et al, 1973 and Barin et al, 1977). Sulfur
vapor pressure’increased exponentially with the temperature. This feature made the operating
temperature of condensed sulfur very sensitive to the sulfur removal efficiency. High sulfur vapor
pressure in the system would inhibit sulfur condensation although high temperature would favor
the main reaction to decompose H,S and save the total cost of energy usage. Therefore, there was
determined to be a set of optimum values for each system configuration.

During the simulation, the effect of sulfur vapor pressure was taken into account and the
condensed sulfur temperature was arbitrarily set as 150°C. This temperature was not yet an
optimum temperature but it would help us to demonstrate the changes in H,S conversion and
sulfur yield as functions of the operating temperature and the number of stages under the influence
of sulfur vapor pressure. From Figure 9, the sulfur vapor pressure at 150°C is estimated to be

2x10™* atm. After repeating the calculations with this sulfur pressure, the maximum number of
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stages was dropped to 220 from 10,000.

Figure 73 shows the effects of reaction temperature (from 450 to 1100°C) and the number
of theoretical stages (form 1 to 220 stages) on the equilibrium conversion of H,S. In general, a
high conversion was obtained at a high temperature and a large number of stages. The increase
in temperature had a greater positive effect on the conversion due to the endothermic nature of
H,S decomposition reaction. When N equaled to 1, the curve represents a single stage or a once-
through flow reactor. As the number of N increased, H,S conversion did not increase
proportionally with N values. If the reaction temperature was fixed, the relationship of the
conversion versus the number of stages N could be summarized by the following approximate
equation:

Conversion of H,S = a(T) + b(T)*LOG,(N) (650 <T <1000°C) (5-6)
where a(T) and b(T) are the functions of reaction temperature shown in Figure 74. It was true that
the higher the number of N, the higher the H,S conversion, however, this also meant the larger
the dimension of the reaction system. Another feature illustrated in Figure 73 was that a multiple
stage system had more positive effects on the H,S conversion at higher reaction temperatures.

Figure 75 shows the effects of reaction temperature and the number of theoretical stages
on the equilibrium yield of sulfur. The behavior shown in Figure 75 waé similar to that in Figure
73. The reason was that sulfur produced at each theoretical stage was almost completely
recovered by the system. There was very little by-product formed, such as COS and CS,.
Therefore, altﬁo.st all the sulfur decomposed from H,S was recovered as elemental sulfur. The

yield of sulfur could be approximated similar to Equation (5-6):
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Yield of Sulfur = ¢(T) + d(T)sLOG,(N) (650 < T < 1000°C) (5-7)

where ¢(T) and d(T) are the functions of reaction temperature shown in Figure 76.

5.4.6 Possible Side Reactions

The chemistry of the process inevitably involves multiple intermediary reactions at or near
the surface of the catalyst. Although neglected in the main mechanism, the possibility of the
formation of side-products, including some that contain sulfur, does exist. The sulfur containing
side-products that are most likely to form are COS and CS, (Table 10). At 550°C and 1 atm, the
possible side reactions which might be expected to occur are shown in Table 10.

For each of these reactions, the Gibbs free energy was calculated to determine which of
these reactions were most likely to take place at 550°C. This temperature was chosen since the
experiments were carried out at the same temperature. The results showed that the following side

reactions were most likely to occur since they had negative Gibbs free energy at 550°C.

2CO+S, = 2CO0S AG=-44.644 kJ/mol K=6.817x10> (5-8)

4H,+CS,=2H,S+CH, AG=-78.776 kJ/mol K=1.000x10° (5-9)

3H,+CO = CH,+H,0 AG=-17.350kJ/mol K=12.624 (5-10)

These results did not strongly support the compounds listed in Table 11, indicating that
these were probably the results of other side-reactions that were not taken into account in the

above reactions. The results shown in Table 11 are probably more accurate, however, a conclusion

could only be made after actual experiments.
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6. CONCLUSIONS

It was experimentally proved that the Co-Mo suifided catalyst was a good candidate for
the decomposition of H,S to elemental sulfur. In the presence of CO,, the conversion of H,S to
elemental sulfur increased significantly. It was experimentally demonstrated that the present
cataiytic process produced a significant amount of sulfur, CO and H, and that the experimental
values were reasonably close to the thermodynamic equilibrium limits. However, the H,S
conversion level of about 4.3% was still lower than the industrial interest at the present
experimental temperature of 550°C, requiring a recycle and/or a hybrid system of catalysis and
adsorption.

The results of the TGA experiments were very useful in determining the experimental
procedures for operating the reaction system. This method was then extended to study other
sulfided catalyst preparations.

Even ihough the adsorption of sulfur vapor was significant on activated carbon and Co-
Mo-alumina catalyst powders which could adsorb up to 9 percent of sulfur in weight as
demonstrated by the adsorption experiments, the experimental results of H,S decomposition
indicated that there were only trace amount of elemental sulfur produced using these adsorbents.
Therefore, these adsérbents might not be applicable to the H,S decomposition system at this point
of developmental stagé for the purpose of elemental sulfur recovery. The idea of combining two
unit operations of catalytic decomposition and elemental sulfur adsorption should be further
developed to overcome the problems of chenﬁsorption and the short contact time of adsorbents

in the reactor.
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Thérmodynamic simulations were performed on the main scheme of passing a concentrated
gas stream of H,S and CO, through a high temperature catalyst bed to form elemental sulfur,
methane and water vapor. A simulation was based on the removal of sulfur from the system by
condensation when the reaction reached an equilibrium. The residues were fed into the next stage,
a new equilibrium was reached and sulfur was removed again. The results in Tables 8 and 9
strongly support the concept of continuous removal of sulfur, and clearly demonstrate the
feasibility of the stoichiometric reaction between H,S and CO,. The results also indicated that the
number of stages needed to reach the final equilibrium stage for recovering sulfur could be greatly
affected by the sulfur vapor pressure. The H,S conversion and sulfur yield did not increase
proportionally with the number of stages. The simulation indicated that a multiple stage system
was more effective at a higher reaction temperature in raising the H,S conversion and the sulfur

yield.

7. RECOMMENDATIONS FOR FUTURE WORK
(1) More studies on the catalytic reaction and selective separation through adsorption
should be made in order to obtain a higher sulfur yieldr through decomposition of
H,S around 550°C.
(2) Durability and regeneration studies of catalyst and adsorbent should be made for the
long-term application.
(3) In order to increase the production yield of CH,, a dual step catalytic process should

be explored involving the decomposition of H,S and the methanation of the
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decomposition products.
(4) To optimize the use of thermal energy, a combined equipment of reactor and heat
exchanger should be considered, where the temperature of the outlet stream could

be maintained near ambient temperature.
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