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ABSTRACT 

This annual report Summafizes the results of the project "Production of Elemental Sulfiu 

and Methane fiom &S and CO," during the third year period. The purpose of this study was to 

develop an experimental and theoretical procedure to investigate the feasibility of producing 

elemental sulfiu, carbon monoxide (CO), hydrogen 0 and possibly methane (CH,) &om 

hydrogen sulfide @S) and carbon dioxide (COJ through catalytic reactions. A standard 

experimental system that can evaluate potential catalysts under controlled laboratory conditions 

has been designed and constructed. And an effective simulation program capable of providing 

valuable thermodynamic information on the reaction system has been compiled. 

c 

During this project year, the modi6ied experimental system for the cataIytic reaction studies 

was installed and the temperature distribution profile inside the reactor has been characterized. 

New flowmeters were replaced in the reaction system and calibrated to control the flowrates of 

&S, COB 6 and N,. Based on the experimental results of H2S dedomposition under both non- 

catalytic and CataEytic conditions, bench scale experiments were performed with the COO-MOO,- 

Alumina catalyst at moderate temperatures, around 550°C, to investigate the adsorption effects 

using solid sorbents within a sulfur vapor environment. FOLK kinds of adsorbents have been tested. 

'In addition to the above baseline tests, several designs of solid adsorbent feed system have been 

tested. Under both an inert and a real reaction environment, bench scale experiments were 

performed to investigate the characteristics and efficiency of activated carbon passing through the 

COO-MOO,-Alumina catalyst bed. 
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--The following results were obtained: 

(1) The results showed that H,S conversion increased with increasing temperature f?om 500 to 

600°C whenused with the cOeMo03-Alumina catalyst. It was experimentally demonstrated 

that the CoO-MoO,-Alumina sulfided catalyst was a good candidate for the decomposition 

of H2S to elemental sulfiu. In the presence of CO, the conversion of €&S to elemental sulfur 

increased significantly. The experimental values were reasonably close to the thermodynamic 

equilibrium limits. 

(2) It was experimentally proven that the present catalytic process produced a significant amount 

of sulh, CO and &. However, the H$ conversion level of about 4.3% was still lower than 

the industrial interest at the present experimental temperature of 55OoC, requiring a recycle 

and/or a hybrid system of catalysis and adsorption. 

(3) Although the -ental results indicated that activated carbon was the best of four tested 

adsorbents, based on the adsorption experiments of sulfur vapor, activated carbon in the 

reacting environment may participate in the reaction moving the equilibrium to an unfavorable 

direction. Other adsorbents may also be investigated which promote conversion of QS in the 

H2S and CO, reaction system. The experimental results showed that solid powders could 

easily be transported through the catalytic bed. 



F 

1. INTRODUCTION 

1.1 Problem Statement 

The United States consumed over 11 million tons of elemental sulfur in 1988 (Gangwal 

et al., 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 (Bixby et al., 1984), whereas 62.1% was fiom 

different kinds 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 su&r fiom petroleum refineries and only 2.3 million tons were fiom su&r mines. 

Utilizationofhighsdfbrfeedstocksinsournaturalgas, residualcrudeoilsandhighsub 

coal in power plants is increasing today. In most situations, SUIfur must be removed before 

combustion or utilization to comply with environmental legislation, and to protect catalysts used 

in the downstream processes. The sulfiu removed fiom crude oil is usually in the form of gaseous 

H2S (West, 1984). Since the New Clean Air Amendment requires a moderate sulfur dioxide 

emission cut for existing power plants (Lee, 1991), developments have emphasized the importance 

of effective low-cost technologies for treating the contaminated air. Because the air pollution 

control systems and the processes for removing &S fiom gas strams are all generally both capital 

and energy intensive, the recovery of sulfur fiom fossil fuels is very important in the petro- 

chemical and energy industries. Furthermore, cold gas cleanup systems in use today use a liquid 

absorbent and are unable to completely remove the noxious smell of H2S. 

It is possible to partially offset the cost of sufir removal by recovering su&r in a 
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marlcetiible form if catalytic reaction based processes are developed, In the past several decades, 

many researchers have studied methods for the decomposition of H2S to produce hydrogen, 

elemental sulfur or both of them. Beside the environmental protection reason, the motivation of 

these efforts is that there are significant quantities of hydrogen and sulfur in H2S that could be 

recovered. 

In the Clam process, H.# is partially oxidized to sulfur dioxide, which then reacts with H2S 

to produce elemental sulfur. Unlike the Claus process, another way is to add oxidizing reactants 

such as CO, to react with H, which is generated during the H2S decomposition reaction. Bowman 

(1991) studied the thermodynamic possibilities of reaction of H,S with CO, under different 

reaction conditions. He divided his thermodynamic calculations into three temperature regions 

under various pressures. However, no experimental data were presented to verifjr the equilibrium 

calculations. 

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

4 H$ + CO, + 4 S + CH, + 2 H,O 

Paushkin (1988) also proposed the following additional reaction: 

6 H,S -I- 2 CO, 3 6 S + CH2=CH2 + 4 H,O 

These reactions have been described to be potentially effective but actual reaction kinetics for 

various catalyst types and the effects of temperature and gas flow rate have not been well reported 

in the literature. 

The process to produce elemental su&r by reacting QS with CO, are particularly 
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appealing due to the fact that (1) both CO, and &S occur commonly in the utilization of fossil 

fbels and (2) J&S must be removed to comply with environmental legislation, and (3) CO, is a 

hown greenhouse gas. 

1.2 Objective 

The overall objective of the total program is to study the feasibility of such a process that 

&S and CO, would be directly converted into elemental sulfur and a mixture of CO, J& and 

possibly methane by using appropriate catalysts. 

The specific objective of the third year work was to find out the optimum operating 

conditions for the process Wing the sulfided CoO-Mo03-Alumina catalyst. Bench-scale 

experiments were carried out to find out the abiity of mkrent kinds of materials on sulfur vapor 

condensation and adsorption, the relationship between the system reaction temperature, and the 

effects of temperature on the sulfur recovery efficiency. A hybrid process of catalysis and 

adsorption was also investigated. 

2.l2TERAmmvIEw 

The feasibility of production of elemental sulfur and hydrogen by decomposition of E&S 

has been well established in the literature. A lot of efforts have been made in the last decade by 

using different processes, such as thermal decomposition of J&S, catalytic decomposition of E&S, 

thermal decomposition of &S while products were continually removed, oxidization of H2S by 

0, and partial oxidization of €&S by CO, etc. However, no processes other than Claus process 
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are considered commercially feasible today. Zaman and Chakma (1995) have provided a detail 

summary which updated a variety of technologies in the area of hydrogen and sulfur recovery fiom 

5s .  
Claus process is the most widely used modern process in industry for s u b  recovery. 

According to the estimation by Goar et al. (1986), some 90 to 95% of recovered SUIfur 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 H2S needs to be burned in the air to form SO, which subsequently reacts with H,S to 

produce elemental sulfUr. 

2 & S + 3 o 2  + 2SO,+2H20 (Combustion Process) 

2H,S + SO, + 1.5 S,+2 H20 (Claus Process) 

2H$+O, + S,+2H20 (Overall Process) 

In order to comply with the air pollution regulations, the modem Claus Process consists 

of a combustion stage, one to four catalytic converters, and a tail-gas clean-up unit. 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 sulfhr recovery cost. Several tail gas clean-up process 
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are reviewed by West (1984). 

By the nature of the Claus process, hydrogen can not 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 M e r  development is made to reduce both the capital cost and the &r 

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

The idea of the production of elemental sulfur and hydrogen by direct decomposition of 

&S has been well discussed in the literature. The original purpose of the process shown below 

was to produce H2 but it has been used to produce suKr as well. 

H2S + &+ 0.5 S2 

Studies of determining the mechanism and kinetics for the decomposition have been 

reported by a number of researchers. Kaloidas and Papayannakos (1989) studied the kinetics of 

the thermal non-ahlytic decomposition of H2S. The reactions were performed in the temperature 

range of 600 to 86OoC, and the pressure range of 1.3 to 3.0 atm. The proposed mechanism was 

the initial and ratelimiting step of the splitting IE,S into intermediate fiee-radicals. Statistical tests 

indicated that the proposed kinetic model and the experimental data agreed well with each other. 

Roth et al. (1982) Carried out their experiments in the temperature range of 1965 to 2560 

K, pressure between 1.8 to 2.0 bars, and H2S concentration as low as 25 to 200 ppm for the 

investigation of t h d  decomposition ofH$. The inert gas was argon (Ar). The primary reaction 

mechanism was determined to follow second order kinetics with respect to H2S. The experimental 
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tempkature required was much higher than that commonly used by the sulfur recovery industry 

requiring an expensive plasma operation, making this technology economically unattractive. 

Raymont (1975) found that H2S could be thermally decomposed. However, it was 

thermodynamically unfavorable below 1800 K due to the endothermic reaction mechanism. He 

established three different reaction systems: an empty uncatalyzed reactor, a reactor filled with 

blank pellets and a reactor packed with a chemically active metal catalyst. He pointed out that, 

above 1250 K, the yields were the same whether the reaction was catalytic or not. 

There have been several works in the efforts to increase the rate of reaction at relative 

lower temperatures using different catalysts. Chivers et al. (1980) found that MoS, was the most 

effective catalyst above 6OO"C, but WS, and Cr,S, gave higher H, yields than MoS, below 600°C. 

They also found FeS, COS, N'iS, CuS, &S and Cu$, were not effective catalysts for the 

decomposition of H,S and only a trace amount of elemental sulf iu was produced in the reaction. 

Among the catalysts that have been tested to date, MoS, has been proven to be the most effective 

over a wide range of temperature. The catalyst properties and possible mechanisms for H,S 

decomposition over MoS, were also described by Katsumoto et al. (1973), Kotera (1976), 

Mitchell (1981) and, Sugioka and Aomura (1984) over various ranges of reaction temperature and 

pressure. 

Chivers and Lau (1985) screened the alkali metal &des and polysulfides group and found 

that sodium polysuKdes were not catalytically active for H,S decomposition. In their study, the 

most significant result was the discovery that Li,S acted as a catalyst for the thermal 

decomposition of &S at 500 to 800°C. But its application was limited due to the sensitivity of 
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LhS towards impurities, CO, and water. Chivers and Lau (1987) continued their investigation on 

vanadium sulfide and mixed catalysts. The mixture of V,SJCu$, which formed Cu $3 +it 

elevated temperatures was shown to have a higher catalytic activity than MoSz in a closed 

circulating system using a quartz reactor in the temperature range of 400 to 8OO0C, whereas MoS, 

was found to be a better atalyst than V2S3 and V2SJC~S, in a thermal dffision column reactor. 

Al-Shamma and Naman (1989 and 1990) investigated the use of V2S3, V20JA1203 and 

V2S4A403 catalysts. In the once-through flow reactor, the concentration of I.r, 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 723 to 873 K with different vanadium 

oxide/alumina oxide percentages. The reaction order was between zero and one, depending on 

combination of catalysts and reaction temperature. 

. 

Research Triangle Institute @TI) developed a direct sulfur recovery process @SRP), 

which would convert SO, directly to elemental sulfiu by using the coal gas and a catalyst 

(Gangwal et al., 1991). They claimed that the conversion could reach above 95%. They also found 

that pressure had a si@cant effect on the conversion of &S to elemental sulfur. Increasing 

reaction pressure f?om 1.5 to 20 atm quadrupled the sulfur recovey when thespace velocity was 

kept at the same level. The work was focused on the conversion of dilute SO, to elemental s u b .  

Even though the usage of a catalyst can increase the rate of reaction, the yield of sulfiu is 

still limited by the equilibrium decomposition of H,S. For this reason, some researchers have 

studied the ways to continually remove either H, and S, in order to shift the equilibrium to the 

product side and further decompose &S. The study of Raymont (1975) was most focused on the 



recove& of H2 The use of platinum or palladium alloy membranes was suggested and a 

diagrammatic representation of the proposed process was also presented. Due to the unavailability 

of practical commercial membranes for removal of H, ftom the product stream, Banderman and 

Harder (1982) used a pressure swing adsorption on zeolite or carbon molecular sieves which was 

claimed to be competitive to the Claus process. 

The process of production of elemental s u k r  through the oxidation of H,S over an 

activated carbon bed has been studied by several researchers (most recently Chowdury and 

Tollehn, 1990; Dal& et al., 1993). The direct conversion of H,S to elemental sulfur with dilute 

oxygen at 20 atm near 635 K was above 98% and decreased when the pressure and the 

temperature were lowered (Gangwal et al., 1991). The inlet gas contained 6.46% H2S, 3.23% 0, 

and 8.14% K O  with the balance of N2 This method has been proven to be more effective for 

treating lower concentrations ofH$ (40 volume %) than that used in the Clam process (Steijns 

and Mars, 1974; Ghosh and Tollefson, 1986). 

The other way of effectively decomposing the H2S is to add oxidizing reactants such as 

CO, to react with 5. Bowman (1991) studied the thermodynamic possiblities of reaction of 6 s  
with CO, under different reaction conditions. He divided his thermodynamic calculations into three 

temperature regions under various pressures. No experimental data were presented to verify the 

equilibrium calculations. 

Towler et al. (1993) proposed a reaction mechanism for the production of elemental sulfur 

from E&S and CO, as follows: 
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C0,+H2 C0+H20 

They proposed that the presence of CO, had the effect of shifting the H2S decomposition reaction 

to the product side by reacting the produced H2 with CO, to form CO and water via the water-gas 

shift reaction. The catalyst was MoS,. 

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

4 H,S + CO, * 2 S2 + CH, + 2 H20 
I 

Paushkin (1988) also proposed the following additional reaction: 

6E&S+2C02 -B 6S+CH2=CH2+4H20 

These reactions have been described to be potentially effective but actual reaction kinetics for 

various catalyst types and the effects of temperature and gas flow rate have not been well reported 

in the literature. 

3. EXPERIMENTAL CONDITIONS AND PROCEDURES 

3.1 H,S Decomposition 

The overall experimental system is shown in Figure 1. The flow rates of H2S, CO, H, and 

N, were controlled by needle valves and rotameters. The gases were fist passed through a 

stainless steel d o l d  to obtain a mixture of reactants. The mixture was then flushed into the 

quartz tube reactor through 6.35~10'~ m (114 inch) stainless steel tube. The middle section of 
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2.54~10" m (10 inch) of the reactor was heated by a horizontal tubular fbmace while the 

remaining length of the reactor was directly connected to a sulfur condenser. The catalyst bed 

contained approxhately 5 grams of catalyst pellets and was supported on both sides by a plug of 

quartz wool. Water vapor was separated fiom the gas mixture by a water condenser. Separation 

of unreacted H2S 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 h e h o o d .  Two K-type 

thermocouples, which measured the surfbe 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 

chromatography. 

The detailed reactor structure is shown in Figure 2. The reactor was Uricated fiom a 

quartz tube of internal dim- 4 = 1.27~10'~ m (0.5 inch) and length L = 3.048~10" m (12 inch). 

The tubular Lmdberg fbrnace which could raise temperature up to 10IO°C was controlled by a 

standard temperature controller. Three typeK therinocouples were inserted into the quartz reactor 

and located at difFerent positions of the reactor so that axid temperatures in the reactor could be 

measured simultaneously. 

The reactor satisfied the following specifications: 1) The temperature inside the catalytic 

reaction zone was uniform radially as well as axially. 2) The reactor wall was transparent so that 

the catalyst color change or other phenomena could be observed during the experiment. 3) The 

results obtained fiom the reactor were straight forward for analysis and had a minimum of 
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intefiemce due to structure or con@uration. 4) It was properly sealed and leak tested to prevent 

&S leakage in compliance with laboratory regulations. 5 )  It had adequate heat transfer capability. 

One of the specific considerations for the catalytic sulfUr recovery reaction was to operate 

the reactor at a temperature as low as possible to avoid sintering of the catalyst. As the 

vaporization temperature of S, is approximately 444.6OC (Perry and Green, 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 the catalyst, 

experiments were carried out at temperatures from 500 to 600OC. The overall system shown in 

Figure 1 was employed to measure the conversion of H,S to elemental s u b  as a function of 

reaction temperature and operation time. The performance of a specific catalyst was evaluated by 

measuring the rate of conversion of H2S as a hc t ion  of H,S feed concentration per unit time per 

mass d y s t  weight in the reactor. The feed compositions were selected according to the results 

of thermodynamic 8118fyses. The space time of the catalyst bed was varied fiom 0.5 to 2.0 minutes 

for a fixed bed with catalyst weighing approximately 5 grams. 

There is no established standard method for preparation of sulfide form of Coo-Moo,- 

Alumina catalysts. The preparation of sulfide catalysts 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. 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 suliiding the oxide 

catalyst into the sulfided form. 
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-.For this process, the CoO-MoO,-Alumina was obtained fiom a commercial source 

(Crosfield CatAystq 4099 West 71st Street, Chicago, Illinois 60629). The weight percentages of 

the ingredients were: 8% Coo; 22% MOO, and 70% alumina. A p p r o h l y  40 mg of the.catalyst 

pellet was placed onto the weighing pan of the TGA. The catalyst was purged under oxygen-fiee 

N2 (100 dmin)  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 recorded weight reached a 

steady value after 40 to 50 minutes. Then, the pellets were reduced by using a pure hydrogen flow 

(50 cc/min) at a temperature of 50OoC for 24 hours to reduce COO and MOO, into the metallic 

states of Co and Mo. The & flow was turned off after the weight of the sample reached a steady 

value in about 10 hours. (The reduction time for the reactor was set to 24 hours to insure a 

thorough reduction.) After the reduction procedure, the catalyst changed its color fiom lightblue 

to dark black. Finally, the pellets were sdfided by using a pure hydrogen sulfide flow (5 dmin)  

at the temperature of 500°C for one hour. The flow was turned off when the weight reached a 

steady value. The completion of &dation was also confirmed fiom 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% dfidation required another 60 minutes. It seemed that a longer time was needed to 

sulfide inside the pores of the catalyst pellets. Hence, it was not clear when the sulfidation 

completed. Based on this TGA experiment, 45 to 50 minutes was set as the t h e  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 
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observjng the cold reactor d o n  near the exit. When a trace amount of element sulfur was 

observed, it was assumed that the sulfidation was over and the catalytic reaction started. 

Nitrogen Purge through the catalyfic Bed 

The reactor was packed with of approximately 5 grams of catalyst which occupies about 

one third of the heated zone of the reactor. At the beginning, a dry stream of oxygen-fiee N2 (50 

dmin) passed through the catalyst bed at 2OOOC for about 1 hour in order to purge moisture and 

other adsorbed species on the catalyst. When the catalyst had been completely purged, while still 

maintaining the N2 flow, the end of the cooling zone of the reactor was opened 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. 

Reduction of W y s t  with Ht 

The catalyst bed was heated to a temperature of 5OOOC and the gas flow was switched 

from N2 to &. The pure & passed through the catalyst bed at a flow rate of 50 cdmin for 24 

hours in order to reduce the metal oxides. 

Surfirlation of Gztalyst with H# 

Once the catalyst had been reduced to its elemental form, the H2 flow to the reactor was 

stopped and the temperature was adjusted to the desired sulfidation temperature. During this 

13 



period of time, the catalyst bed was kept under the dry oxygen-fiee N2 gas flowing at the rate of 

50 cc/min. Once the desired temperature was reached in the reactor, the pure H2S flows through 

the reactor at the rate of 50 d m i n  until the catalyst was totally sulfided. It took approximately 

45 minutes to achieve iidl sulfidation. 

Production of Elemental Surfut and Synthesis Gasfiom H f i  and CO, 

Once the catalyst has been sulfided, the H2S flow to the reactor was stopped and the 

temperature was adjusted to the desired temperature for H2S decomposition reaction, while 

maintained under the dry oxygen-fiee nitrogen purge gas. After the temperature had reached the 

desired value in the reactor, the mixture of H2S and CO, flows into the reactor and passed through 

the catalyst bed at a set of temperature (fiom 500 to 6OOOC) for 3 hours. The total flow rate and 

ratio of &S to CO, were predetermined based on different experimental requirements. The 

elemental sulfiuwas condensed in the cooling section of the reactor. Gas produds and unreacted 

reactants were analyzed by gas chromatography. A sample volume of 0.3 to 0.4 ml was taken at 

regular intervals fiom the reactor exit and injected into the GC for analysis. A number of tests 

were conducted for each set of experimental configurations in order to determine if any sulfur was 

produced. While the experiment was running, the reactor was visually observed to monitor ifany 

unexpected experimental phenomenon occurred. 

Collection of the Sulfur Product 

When the experiment was over, the reactant gases were turned off and the reactor was 
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cooled. down to room temperature under the dry oxygen-fiee nitrogen purge. Then the end of 

cooling zone of the reactor was opened to take out the quartz wool plug. The produced sulfur that 

had condensed on the quartz wool plug and inside wall of the reactor was washed by &on 

disulfide (CSa. The CS, solution containing the sufir fiom the wall as well as the quartz wool 

plug was collected in a beaker. And the CS, was evaporated in the fiunehood and the sulfur in 

beaker was weighed. The quartz wool and the catalyst was weighed before and after each 

experiment as an additional method of determining ifany sulfur was formed. 

3.2 Sulfur Adsorption 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 3. 

Elemental sulfiu was loaded in a Pyrex glass tube which was 1 inch in I.D. and 10 inches in length. 

A total amount of &r was approximately 30 grams. Oxygen fiee nitrogen was used to purge 

the inside glass tube to maintain an inert environment. The flowrate was controlled by a rotameter. 

The adsorbents were loaded into a smaIl basket made of stainless steel screen. The amount of 

adsorbent used in each run was approximately 400-500 mg. The Pyrex glass tube, containing the 

adsorbent basket and sulfur, was heated by a tubular fiunace to reach the expected experimental 

temperatures. 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. 

The adsorbents were obtained fiom commercial sources. The adsorbents tested were A1203 
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(two l&ds of shape), CoO-MoO,-Alumha and activated carbon. Oxygen free nitrogen was 

purchased fiom Wright Brothers Inc., a distributor for the Matheson Gas Products. Sublimed 

sulfi.u powder was obtained fiom Fisher Scient& Inc. Cobalt-molybdenum (CoO-MoO,-Alumina, 

Crosfield 465, 1/20" extruded) was obtained from Crosfield Catalysts (4099 West 71st Street, 

Chicago, Illinois 60629). The aluminum oxide was purchased from Engelhard Corporation (120 

Pine Street, Elyria, Ohio 44035). The activated carbon (mesh 12 x 40) was obtained &om 

Autochem North America (Mineral Products Division, Three Parkway, Philadelphia, PA 19102). 

The second experimental system for investigating adsorption of sub vapor is 

schematically shown in Figure 4. The system consists of two sulfur 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 tubing and connections were all made of 1/4 inch 

stainless steel. The temperature controllers (Omega, CN 9OOOA), K-type thermocouples (O.D. 

1/16") were obtained from the Omega Technologies Company (One Omega Drive, Box 4047, 

Stamford, Connecticut 06907). And flexible electric heating tapes (AWH-051-06ODSP) were 

purchased fiom Amptek Company (P.O. Box 1381, StafFord, Texas 77497). During the 

experiment, the temperature in the first sulfur vaporizer was always set higher than that in the 

second one in order to generate completely saturated sulfur vapor. The saturated sulfur vapor 

pressure produced by the system was estimated based on the relationship between sub vapor 

pressure and temperature diagram shown in Figure 5. 

Figure 5 shows the relationship of sufir vapor pressure with temperature at 1 atm fiom 

three independent sources Perry et al. 1984, Hultgren et al. 1973 and Barin et al. 1977). Due to 

16 



the difkrent 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 temperatme range of our interest and are suflicient for the 

present purpose. The figure shows that s u b  vapor pressure increases exponentially with the 

temperature. "&is feature makes the operation temperature of condensed sulfur very sensitive to 

the dciency of sulfiur removal fiom vapor phase. In order to experimentally investigate the effect 

of the different kinds of materials on sulfur vapor condensation and adsorption, the following 

experimental procedure was performed during the tests. 

(1) Loaded sulfur into the Pyrex glass tube. 

(2) Purged the tube with oxygen fiee nitrogen to make an inert environment. 

(3) Raised the furnace temperature to 15OOC. This step was necessary to minimiZe 

the initial condensation of sulfiu vapor on adsorbent surf8ce. It might occur when 

there was a temperature difference between the hot glass tube and adsorbent basket 

containing the adsorbents which were dried and kept in the oven at 15OOC. 

(4) Loaded the adsorbent weighing 400-500 mg on to a small basket made of stainless 

steel screen. Inserted the basket into the tube. 

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

(6) Stop purging of oxygen fiee N2 when the desired temperature was reached. 

(7) After a predetermined duration of time, removed the basket and measured the 

weight change of the adsorbent. 
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4. WORKPERFORMED AND RESULTS 

4.1 H,S Decomposition 

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-fiee), and 

hydrogen (zero grade, impurities <1 ppm) purchased fiom Wright Brothers Inc., a distributor for 

the Matheson Gas Products. Carbon disulfide (purity, 99.95%) was obtained fiom Fisher Scientific 

Inc. Cobalt-molybdenum catalyst (COO-MoO,-Alumina, Crosfield 465, 1/20" extrudate) was 

obtained withod any charge, compliments of Crosfield catalysts (4099 West 71st Street, Chicago, 

Illinois 60629). The alumina oxide was purchased fiom Engelhard Corporation (120 Pine Street, 

Elyria, Ohio 44035). 

The Co-Mo catalyst was originally used for the water-gas shift reaction (Wender, 1987) 

and was readily available fiom a commercial source. The molybdenum was known to be 

catalytically active for oxidization of H2S. Since the commercial catalysts were usually supplied 

in the oxide form, a method of preparation described below was required before they could be 

used as a catalyst for this research. 

Decomposirion of H f i  under Non-Wd'k Condifion 

Nonatalytic experiments were carried out under 1 atm with pure H2S. The experimental 

temperatura were selected to be between 500 and 600°C. These two specific temperatures were 

selected due to the considerations for the current catalytic suKr recovery reaction which was 

operated at a temperature as low as possible to avoid sintering of the catalyst yet high enough to 
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obtain high .. reaction rates. As the vaporization temperature of elemental sulfbr was approximately 

444.6"C (Peny 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 experiments were carried out at temperatures 

fiom 500 to 600°C. At both teanpesdtures, experiments were conducted in the reactor with quartz 

wool and the blank alumina pellets. The reactor was first purged with pure nitrogen at 200°C for 

one hour in order to remove moisture and other adsorbed species fkom the bed. The flow rate of 

purge gas was 50 dmin.  Nitrogen flow was then shifted to H2S flow for 6 hours with the flow 

rate of 50 dmin. The observations showed that only a trace amount of sulfur was condensed at 

the exit of the reactor. The purpose of these experiments was to record reference conditionti for 

future comparison with results fiom catalytic reactions although H2S decomposition at these 

temperatures were expected to be both kinetically and thermodynamically unfavored. 

Pure HJJ under Wd@ Condition 

To test that &S decomposition was kinetically favored by using the CoO-MoO,-Alumha 

catalyst, a set of experiments was performed in the reactor packed with catalyst according to the 

procedures as described before. 

(1) Purged the catalyst bed withN2(50 cdmin) at 200°C for 1 hour. 

(2) Removed the collected moisture in the cooling zone of the reactor. 

(3) Heated the bed with N2 (50 cc/min) to 500°C. 

(4) Reduction for 24 hours under H2 (50 dmin). 
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( 5 )  Switched to H$ flow (50 dmin)  and sulfide for 30 minutes. 

(6) Ran for about 6 hours under pure H,S Qow (50 dmh) at a set temperature (e.g. 

500,550 or 6OOOC). 

(7) Cooled down the reactor under N, (50 dmin). 

(8) Collected the produced sulfur. 

The amount of sulfiu input was calculated from the total volume of &S that was 

introduced into the reactor. The experimental results fiom the quartz tube reactor were 

summarized in Table 1. The c o n v ~ o n s  of the experiments were within a reasonable region of the 

thermodynamic equilibrium value which gave about 1% conversion at 5OOOC. 

H$ with CO, under CMdjtic Condition 

Since H$ reacts with COB the €I$ decomposition reaction could be shifted to the product 

side so that more suliiu could be produced as shown by the thermodynamic analysis. Experiments 

were performed with the &ed mixture of &S and CO, at different ratios for 6 hours. The catalyst 

used was the commercially available CoO-MoO,-Alumina. The experiments were carried out in 

the reactor following the similar procedure as descn’bed before. The key diftkrences were that CO, 

was added into as a reactant and the flow rates were adjusted accordingly. 

(1) Purged the catalyst bed with N2 (50 de) at 200°C for 1 hour. 

(2) Removed the collected moisture in the cooling zone of the reactor. 

(3) Heated the bed with N, (50 dh) to 5OOOC. 

(4) Reduction for 24 hours under @ (50 dmh). 
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.- (5) Switched to H2S flow (50 cc/min) and sulfide for 30 minutes. 

(6) Ran for 6 hours with the feed mixture ofH,S (25 to 80 dmh) and CO, (20 to 

50 dmin)  at a set temperature (e.g. 500,550 or 600°C) 

(7) Cooled down the reactor. 

(8) Collected the sulfur. 

The purpose of this test was to find out the effect of CO, on H2S conversion and to 

compare it with the equjliirium value. The equjliirium conversion for the inlet ratio of H2S to CO, 

of 4 was 5.62% at a temperature of 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 equilibrium. 

The secondary purpose of this test was to test the reaction mechanism proposed by Liptak (1974). 

Our experiments were performed at a medid temperature range fiom 500 to 600°C. No methane 

(CH,) was detected at a kqxmtme of 550°C using the GC, indicating that the CH, concentration 

was probably below the detectable level of 100 ppm. 

Although some & and CO were detected (3.24% and 0.98%, respectively), no SO, COS 

and CS, were present. A summary of the m e n t a l  results are shown in Table 1. The definition 

of the conversion is the same as before: 

2(Moles oj Sz produced) 
Initial moles q H$ 

Conversion oj El$ % = 100 

As one can see Table 1, the conversion of &S to elemental sulfur increased significantly 
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with the .. introduction of a catalyst. It was experimentally demonstrated that the Co-Mo sulflded 

catalyst was a good candidate for the decomposition of H2S to elemental sulfur. The experimental 

values were reasonably close to the thermodynamic equiliirium value of 4.65%. This level was still 

too low to be considered for a large scale industrial application using the present mode of 

operation. 

4.2 Sulfur Adsorption on Solid Adsorbents 

The results of the experiment are tabulated in Tables 2 and 3. Four different types of 

adsorbents were tested during the investigation. They were A1203 (with two different shapes), 

CoO-MoO,-Alumina and activated carbon. 

Table 2. Amount of Sulfur Adsorbed (wt % of adsorbent) at 290 f 5°C 

5.0 70.8 2.6 11.7 6.1 

5.0 - 3.2 - - 
8.0 74.2 28.9 12.5 8.7 
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Table 3. Amount of S u k r  Adsorbed (wt % of adsorbents) at 220 f 5OC 

T h e  (hours) Activated Carbon 

8.0 23.6 

The experimental results are also plotted in Figure 6. It indicates that activated carbon was 

the best adsorbent among the four adsorbents tested. The amount of sulfur adsorbed on the 

activated carbon increased with the experimental time and did not reach an equilibrium value 

within the duration of experiments. Capillary condensation occurring in the pores may be 

responsible for this behavior. In the case of A1203 (both sphere and cylinder types), adsorption of 

sufir almost remained constant for 3 hours. At higher temperatures above 42OoC, oxidation of 

activated carbon was observed because of leakage of a little amount of oxygen in the 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 smder 

than that of at high temperature (e.g. 290OC). 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 prove that this 

adsorption process is capable of removing sulfur vapor fiom high-temperature gas mixtures, such 

as H,S and CO, which promoted the conversion of H,S. 

The fkst experimental system shown in Figure 3 was not equipped to control the sulfur 
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vapor mole W o n  wtitatively with respect to the experimental temperature. It did not provide 

a perfect inert (oxygen fie) circumstance for the investigation either. Therefore, the second 

experimental system shown in Figure 4 was built and some improvements on the experimental 

system were made for the fiuther investigations. 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 s u b  vapor on activated carbon without 

oxidizing it. The second system could control the &r vapor pressure effectively through its two 

sufir vapor generators and extend the range of experimental temperature. Using the second 

system, it was expected to find at what temperature sufir vapor could be effectively condensed 

or adsoM by activated &n. However, due to the fact that the stainless tubings which linked 

the sulfur tanks and the adsorption bed were fiequently blocked by condensing'sulfur, the 

experiment could not run as smoothly as originally planned. Another fact was that the corrosive 

effect of sulfur vapor on the adsorption bed at high temperatures caused difticulty in sealing 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, not much experimental data 

was generated fiom the second system. 

During the process development phase of investigation, several different sulfur adsorbents 

were considered. The first adsorbent tested was activated carbon. Several designs of the 

activated carbon feed system were tested, which included a small scale jet pump, a screw feeder 

and a vibrating and rolling feeder. Under a simulated inert environment, bench scale experiments 

were performed to investigate the characteristics and efficiency of activated carbon passing 
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through .. the CoO-MoO,-Alumina catalyst bed. After two weeks of testing under different 

configurations, the experimental results showed that the vibrating and rolling feeder system 

performed best for the current experimental setup. And the activated carbon powder in the size 

of 80 mesh couId easily pass through the catalytic bed. 

Based on the e-ental results of adsorption of sulfur vapor on activated carbon, which 

were reported before, a new experimental process shown in Figure 7 has been set up. The tests 

of activated carbon on the H2S conversion were carried out between the temperatures of 500 to 

550°C. The current process combines two unit operations of catalysis and adsorption. The 

detailed system description and experimental results about the effect of activated carbon incIuding 

its possible reaction with reactive compounds in the system and its contribution/ impediment to 

the overall equilibrium will be discussed in the next quarterly report. 

5. CONCLUSION 

It was experimentally proved that the Co-Mo suEded catalyst was a good candidate for 

the decomposition of E&S to elemental sulfur. In the presence of COB the conversion of H,S to 

elemental Sulfur increased significantly. The experimental values were reasonably close to the 

thermodynamic equilibrium limits. It was also experimentally demonstrated that the present 

catalytic process produced a significant amount of sulfur, CO and H,. However, the H2S 

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. 
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6. F'UTURE .. WORK 

In view ofthe possiile sulfur removal by solid adsorbents, the catalytic reaction o f a S  and 

CO, will be carried out over a wider range of temperatures to find out the optimum operating 

conditions for the process. A thermogravimetric analyzer (Thermal Analyst 2000, Du Pont 

Instruments 951 TGA) and a total sulfur analyzer will be used to investigate the effectiveness of 

activated carbon in the &S decomposition system. The weight of a sample will be recorded 

against temperature or time when the gas passed through the sample. In this way, the TGA will 

demonstrate the amount of sulfur which is adsorbed on the activated carbon. Since activated 

carbon may participate in the reaction moving the equilibrium to an unfavorable direction, 

additional solid adsorbents are also planned to be tested in the coming quarters using the current 

experimental setup. 
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Table 1. Experimental Conditions and Results for the H2S and C02 System 

Run 
Number 

T 
(“C) (cc/min) 

~ 

40.0 Pure H2S F1 500 

F2 600 

500 

600 SI  4 

SI8 500 

500 

500 s22 

F6 505 

550 

~~ 

Pure H2S I 50.0 SI3 

550 Pure H2S ‘ I 50.0 S23 

Pure H2S I 50.0 S32 600 
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(Trace Amount of Sulfur Obselved) 
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