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ABSTRACT 

 
The goal of this project is to reduce the cost of electricity generation from Illinois coal in 
IGCC gasification plants.  The specific objective is to develop a catalytic, direct-
oxidation (DO) process for (1) removing hydrogen sulfide from gasifier syngas as 
elemental sulfur and (2) concomitantly capturing mercury, if present, along with the 
elemental sulfur.  This approach can significantly reduce the syngas upgrading costs up to 
30% in operating costs and 35% in capital costs (for plant capacities of up to 200 
tons/day of sulfur), compared to existing commercial processes.   
 
Under this ICCI project, GTI has upgraded a bench-scale system and conducted a series 
of experiments, at simulated commercial syngas processing conditions.  These tests have 
demonstrated that reasonable conversion of the H2S can be obtained, while also obtaining 
good selectivity to elemental sulfur.  Besides verifying conversion and selectivity with a 
second catalyst, the effects of key process variables were studied.  Furthermore, the 
testing showed that very little oxidation of the carbon monoxide and hydrogen occurred. 
 
Once these base conditions had been established for DO processing, experimental efforts 
shifted to adding mercury to the syngas feed and monitoring the concentration of mercury 
in the syngas.  A method has been developed for controlled mercury addition to the 
syngas feed, within the target levels in the ppb range.  Unfortunately, with the initial 
configuration of the experimental system, the mercury added to the blended feed did not 
remain in the syngas long enough to reach the catalyst bed/ elemental sulfur product.  The 
evidence pointed to the deposition of the mercury on the walls of the bench-scale system.  
A re-design of the reactor and product recovery sections was completed and implemented 
for upgrading the experimental system, to include (1) minimization of hold-up / surface 
area and (2) coating of exposed surfaces with an inert material.  
 
A short series of successful tests was completed with the upgraded system.  With a blank 
system (that is, no catalyst), it was possible to add mercury to the blended gas feed and to 
measure it in the product -- both at ambient and at elevated temperatures.  When catalyst 
was added to the experimental system, essentially complete removal of mercury was 
measured at conditions where the catalyst was promoting the direct oxidation of 
hydrogen sulfide selectively to elemental sulfur.  The economic potential for 
implementation of this process has been examined for future IGCC installations, and the 
next steps for process development have been formulated.   



 

 

EXECUTIVE SUMMARY 
 
Conventional coal combustion technology (pulverized coal combustion with stack gas 
scrubbers) is an expensive proposition for Illinois coal. Many plants in Illinois and the 
surrounding region use low-sulfur Powder River coal to avoid retrofits of scrubbers 
and/or to utilize low-cost strip-mined coal in place of the more expensive Illinois basin 
coal.  The presence of elemental Hg and chlorine in coals indigenous to Illinois 
exacerbates the cost disadvantages of using Illinois coal. Current technology for 
removing sulfur from coal gasifier syngas involves use of an amine or physical solvent 
treating system followed by Claus and Tail Gas Treating of the amine/physical solvent 
off-gas.  
 
The Claus process is the workhorse of the sulfur recovery industry.  For plants recovering 
hundreds of tons per day (tpd) of sulfur, the Claus process is the most economical 
process.  The main drawback of the Claus process is that the Claus reaction (2H2S + SO2 
= 3S + H2O) is equilibrium limited and therefore requires multiple catalytic stages (and 
frequently a tail gas treatment process such as SCOT) to achieve high sulfur recovery 
efficiency.  Unfortunately, the Claus process does not scale economically to small sizes 
because of its complexity and high capital costs.   

At sulfur recovery tonnages where Claus is uneconomical (< 15 tpd), liquid phase sulfur 
recovery processes are commonly used. e.g. iron chelate processes such as LO-CAT.   
The liquid phase processes typically have lower capital costs than Claus and at the 
relatively low capacities, for which they are suited, lower total removal costs.  These 
processes typically recover greater than 99% of the H2S as sulfur.  The drawbacks of the 
liquid phase processes, however, are high chemical make-up and maintenance costs.  As 
a result, these processes become less economically attractive as they are scaled up to the 
15-tpd level where Claus starts to become economical.   As a result, there is a need for 
alternative processes that are more economical than an amine+Claus+SCOT or Liquid 
Redox process in the 20–200 tpd range.   
 
In the Direct Oxidation process, H2S is oxidized to sulfur and water (H2S+O2 = S+ H2O).  
Notwithstanding the fact that the reaction is exothermic, no inter-stage cooling is required 
when the H2S concentration is below about 2 vol. %.    
 
To quantify the advantages of the DO process for desulfurizing syngas with simultaneous 
removal of Hg in coal gasification facilities, the proposed project was divided into four 
tasks: 1) modify existing GTI bench-scale DO catalyst testing; 2) perform laboratory tests 
with DO catalyst 3) initiate conceptual engineering (process simulations) of the proposed 
sulfur/Hg removal scheme; and 4) perform the project management and report 
submission requirements.   

As Task 1 of this ICCI-supported project, the GTI Catalyst Test Unit (CTU) was 
upgraded with a new and improved data acquisition system, several electronic mass flow 
controllers were added for accurate blending of syngas mixtures, and a mercury addition 
and measurement system was devised.  The method selected for mercury addition (to the 
blended syngas) was a Hg0 permeation tube, with the nitrogen blending stream passing 



 

 

over it.  In order to control the mercury concentration, the nitrogen feed gas was pre-
heated, as well as the Hg0 permeation tube itself.  An Ohio Lumex analytical instrument 
was employed for measuring mercury concentrations.  Initially, "blank" experiments 
were performed to measure Hg0 in the inlet gas and reactor off gas of the DO-CTU with 
no catalyst loaded in the reactor. We observed the expected "flow effect" on the syngas 
Hg0 concentration -- that is, the concentration of mercury decreased as the nitrogen flow 
rate over the permeation tube increased and vice versa. However, the concentration of 
Hg0 produced was only 5% of the required value.  To increase Hg0 concentration, both 
the permeation tube and the nitrogen stream were heated.  The concentration of mercury 
measured in the feed gas sample line slowly increased, and eventually lined out, which 
was assumed to have been due to Hg0 adsorption on the sampling train tubing walls.  The 
mercury concentration in the feed gas stabilized at about 410 µg/m3, indicating that the 
feed gas sampling train was fully passivated with Hg0.  
 
To overcome Hg passivation problems, several approaches were considered.  It was 
decided that the time to passivate the existing CTU system would have been 
overwhelming, so the focus of the project was changed to re-designing and re-building 
the CTU reactor and product recovery sections.  By minimizing the hold-up volume of 
these sections of the CTU and by coating most of the vessels and tubing with an inert 
material, it was possible to obtain reasonable levels of mercury concentrations in 
subsequent "blank" testing, both at ambient temperatures and at processing conditions 
expected for DO experiments.  Also, the accuracy of the Ohio Lumex instrument was 
verified versus another GTI mercury analyzer in a low-pressure set-up.  
 
The objectives of Task 2 of this ICCI-supported project were to (1) select the preferred 
catalyst for process evaluation, (2) measure the effects of primary process variables on 
DO (Direct Oxidation) catalyst performance and product yield structure, and (3) estimate 
catalyst stability.  Under Subtask 2.1 (Screening of DO Catalysts), two different catalyst 
formulations were tested: Axens CRS-31 (a commercially available catalyst) and UOP S-
7001 (an exploratory formulation). The testing conditions were chosen to be close to 
those of the syngas produced at the E-Gas Wabash River gasification facility (in Terre 
Haute, Indiana):  375 psig, 380 - 400ºF.  A vapor hourly space velocity (VHSV), which is 
based on syngas flow rate at actual operating conditions, of about 1000 hr-1, was also 
preferred.  Both catalysts promoted the oxidation of hydrogen sulfide selectively, with 
little or no undesirable reactions of the oxygen with the carbon monoxide or hydrogen 
components of the blended syngas.  At a constant ratio of O2:H2S, the conversion of 
hydrogen sulfide for the UOP-7001 catalyst was higher (about seventy percent) than with 
the CRS-31 (about forty percent).  However, since the UOP is an experimental 
formulation, while the latter is commercially-available with considerable experience over 
several years, both formulations were carried through for subsequent DO testing.   

Under Subtask 2.2, the objective was to develop more information on the preferred 
catalyst through testing over a limited range of process conditions to measure hydrogen 
sulfide conversion and product yield.  With the UOP catalyst, a study was done on the 
effects of O2:H2S ratio.  Although it had been feared that increasing the amount of 
oxygen added above stoichiometric levels (for production of elemental sulfur) might lead 
to undesirable reactions, additional oxygen was found to increase the conversion of 



 

 

hydrogen sulfide, with no deleterious effects.  In another test at higher pressure (800 psig) 
but at lower temperatures (sub-dew-point), it was found that hydrogen sulfide 
conversions greater than the desired ninety percent could be obtained.  Under Subtask 
2.3, the proposed objective was to run with the preferred catalyst at a standard set of 
conditions for an extended period of time to confirm stability.  This was not possible for 
the project because much more effort than had been planned was required in getting the 
mercury addition system to function acceptably and in upgrading the CTU to prevent 
removal of the mercury vapor during "blank" testing.  Therefore, the final experimental 
DO tests on the CTU system focused on mercury removal simultaneously with Direct 
Oxidation occurring within the CTU.  The mercury analyses showed that the hot catalyst 
adsorbed some mercury from the syngas feed.  However, when the air was added to the 
feed gas to establish the DO operations, the level of mercury in the product gas decreased 
to essentially zero.  With syngas concentrations of about 8% for hydrogen, 10% for 
carbon monoxide, and 6200 ppm-v of hydrogen sulfide, the conversion of hydrogen 
sulfide was leveling off at about fifty-five percent at the end of the experiment.  Very 
little carbonyl sulfide was measured -- about 40 ppm-v; this yield would be about 0.65%, 
based on feed concentration, or about 1.1% yield, as a percentage of the hydrogen sulfide 
which was reacted. There was essentially no mercury in the product syngas, and there 
was no measurable oxidation of the syngas components hydrogen or carbon monoxide. 
 
We concluded that: (1) with considerable effort, the CTU was "upgraded" (by volume 
minimization and inert coating) so that mercury added to the feed gas was not artificially 
removed in the "blank" tests: (2) catalysts have been identified, which can promote the 
oxidation of hydrogen sulfide in a simulated sygas stream at reactor pressures close to 
typical gasifiers; (3) complete mercury removal was achieved; (4) the catalysts 
functioned best at temperatures which were "sub-dew-point"  (that is, below calculated 
condensation temperatures for the elemental sulfur produced); (5) very little, or no 
oxidation of either carbon monoxide or hydrogen was apparent; (6) increasing the oxygen 
/ hydrogen sulfide ratio above the stoichiometric level of 0.5 improved the conversion of 
hydrogen sulfide and the yield of elemental sulfur, without any deleterious effects; and 
(7) with the "Upgraded" CTU, carbonyl sulfide was evident in only very low amounts -- 
greater than ninety-eight percent of the sulfur reacted appeared to be elemental sulfur.  
 
Since this technology is proposed to be incorporated as part of an integrated coal 
gasification system for power generation, hydrogen, and other energy forms, an 
additional laboratory test program followed by a large-scale, long duration, field test will 
be required before it can be considered commercially viable.   
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OBJECTIVES 
 
The overall objective of this project is to develop a catalytic-oxidation process for (1) 
removing H2S from gasifier syngas and (2) concomitantly removing Hg along with the 
elemental sulfur produced by the direct oxidation (DO).  This processing route offers 
significantly lower costs than existing commercial processes for hydrogen sulfide and 
mercury removal.  The proposed technology would remove H2S and Hg from a warm gas 
stream, while maintaining the gas exiting the process close to the sulfur dew point.  It was 
estimated that up to 30% savings in operating costs and up to 35% savings in capital costs 
could be realized for plant capacities of up to 200 tons/day of sulfur. 

To quantify the advantages of the DO process for desulfurizing syngas in coal 
gasification facilities, the proposed ICCI project was divided into three technical tasks: 1) 
modify existing GTI bench-scale DO catalyst testing; 2) perform laboratory tests with 
TDA DO catalyst and one other commercially-available DO catalysts using simulated 
Syngas; and 3) initiate conceptual engineering (process simulations) of the proposed 
Sulfur/Hg removal scheme. 

Task 1.  Complete Fabrication of Catalyst Test Unit:  GTI will upgrade its existing 
Catalyst Testing Unit (CTU); specifically, the overall process control and data acquisition 
capabilities will be improved to enhance the precision of experimental results and the 
capability for long-term studies. Modifications will also be made, as needed to measure 
the Hg capture during the sulfur condensation section of the process.  
Subtask 1.1: Upgrading CTU Control System:  The available options for upgrading the 
process control system will be investigated, and a system similar to the Labview 7.1 
(from National Instruments) will probably be procured.  Furthermore, a HAZOP analysis 
will be performed by the GTI team, and required safeguarding equipment will be 
obtained to allow longer-term studies and possibly unattended operations. 

Subtask 1.2: Hg Capture System:  The capture of Hg in the sulfur condensation stage 
will be evaluated for the existing Catalyst Testing Unit, and, if needed, modifications will 
be done for improved sampling, better temperature control, and / or other operability 
adjustments.  

Subtask 1.3: Auxiliary Systems: The Gas Processing laboratories at GTI have most of 
the auxiliary equipment needed to conduct these tests.  Under this task that equipment 
will be arranged or relocated to provide a satisfactory laboratory site for this testing.  Any 
supplemental equipment needs, which are identified as the detailed test plan is prepared 
and the scope of the testing is better identified, will be procured under this task. 

Task 2.  Catalyst Testing with Simulated Syngas:  The tests will be performed in the 
upgraded Catalyst Test Unit, which is described in Task 1.  A synthetic syngas feed will 
be formulated by metering in the appropriate flow rates of cylinder gases (using mass 
flow controllers) so that the final gas composition passing over the catalyst is similar to 
that of a typical coal gasifier syngas composition.  If moisture is desired in the feed 
syngas, it will be obtained by pumping liquid water into a heated vaporizer using a 
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chemical metering pump.  An approximate composition of this syngas feed to the CTU is 
the following:  H2 -- 25%, CO -- 39%, CO2 -- 11%, N2 -- 2%, H2S -- 1.5%: 

Subtask 2.1: Screening of DO Catalysts:  A set of standard conditions will be chosen 
for comparing catalysts, which will be identified as having potential performance 
capabilities for the direct oxidation reactions.  These testing conditions for screening 
catalysts will probably be close to the conditions of the syngas within the Wabash IGCC  
process facilities:  375 psig, 380 - 400ºF.  A space velocity, which is based on syngas 
flow rate at actual operating conditions, of about 1000 Hr-1, will probably be selected.  It 
is anticipated that GTI will measure concentrations of H2S, SO2, COS and possibly CS2 
as a function of time and obtain elemental sulfur production by mass balance.  The 
oxygen concentration should also be monitored as a function of time.   

Subtask 2.2: Process Variable Effects:  The preferred catalyst, which is selected under 
subtask 2.1, will be tested over a limited range of process conditions to measure hydrogen 
sulfide conversion and product yield.  The specific range of variables will be determined 
after a thorough review of the open literature and discussions with experts in the coal 
gasification field.  The current plans foresee the following ranges for the studies: 
temperature -- 350 to 500 °F, pressure -- 350 to 500 psig, O2/H2S ratio (molar) 0.3 to 
1.2, and space velocity 1000 to 4000 hr-1. 

Subtask 2.3: Catalyst Stability: The preferred catalyst, which is studied under subtask 
2.2, will be run at a standard set of conditions for an extended period of time.  The 
objective will be to confirm the stability of catalyst conversion and selectivity over a 
period of several days at constant processing conditions.    
 
Task 3.  Initiate Conceptual Engineering Studies: GTI will conduct conceptual 
engineering studies/simulations to determine the technical and economic merits of 
proposed sulfur/Hg removal scheme based on the results obtained from Task 2.  GTI will 
provide a rationale for selection of a back end process and determine the type of such 
process to achieve a target H2S removal for coal syngas applications based on the 
composition of backend gas and degree of sulfur removal achievable in the DO process. 
   
Subtask 3.1: Simulation / Conceptual Process Flow Diagram:  A process simulation 
computer package, such as HYSIS or ASPEN Plus, will be employed to obtain overall 
material and energy balances for the Direct Oxidation process, based on the information, 
which is obtained under Task 2.  The major pieces of processing equipment will be sized, 
including the oxidation reactor, the sulfur condensation / recovery section, and major heat 
exchangers.  This information will be incorporated into a preliminary Process Flow 
Diagram (PFD). 

Subtask 3.2: Integration of H2S Polishing Processes / Economics:  Based on the 
processing conditions, which are determined in Task 2, one of the several available H2S 
polishing technologies will be selected for the scoping economic evaluation of Direct 
Oxidation.  The major pieces of equipment for the polishing will be added to the DO 
PFD.  This combined process will then be compared to the conventional approaches for 
removal of hydrogen sulfide and Hg from coal-derived syngas.  Capital cost advantages 
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for the Direct Oxidation routes will be obtained, as well as improvements in operating 
costs. 

SubTask 3.3: Defining Next Stages of Process Development:  A list will be developed 
of research and design questions, which remain for the Direct Oxidation process.  
Suggested routes for obtaining the necessary information will be formulated.  

 
INTRODUCTION AND BACKGROUND 

 
Conventional coal combustion technology (pulverized coal combustion with stack gas 
scrubbers) is an expensive proposition for Illinois coal. Many plants in Illinois and the 
surrounding region use low-sulfur Powder River coal to avoid retrofits of scrubbers 
and/or to utilize low cost strip-mined coal in place of the more expensive Illinois basin 
coal.  The presence of elemental Hg and chlorine in coals indigenous to Illinois 
exacerbates the cost disadvantages of using Illinois coal. Current technology for 
removing sulfur from coal-gasifier syngas involves use of an amine or physical solvent 
treating system followed by Claus and Tail Gas Treating of the amine/physical solvent 
offgas.  
 
Coal gasification offers one of the most versatile and cleanest ways to convert the energy 
content of coal into electricity, hydrogen, and other energy forms.  Many experts in the 
gasification area predict that coal gasification will be at the heart of the future generations 
of clean coal technology plants.  For example, at the core of the U. S. Department of 
Energy’s FutureGen power plant of the future will be an advanced gasifier. IGCC plants 
are prime candidates for future energy generation requirements as natural gas prices 
escalate and environmental requirements such as carbon sequestration and Hg removal 
impact the costs of conventional PC-fired systems. Having a least-cost system for syngas 
cleanup ready will be critical for successful introduction of these future technologies.  
Further, ensuring that the large reserves of Illinois coal can be used in IGCC plants 
without the penalty of expensive sulfur removal systems will be the key to utilizing that 
feedstock.  Currently, the likelihood of developing improved gasifiers to lower the cost of 
IGCC is low, so improving the cleanup train is the best approach to reducing overall cost. 

The standard hydrogen-sulfide removal approach, AGR (Acid Gas Removal/ Claus/ 
SCOT  (“A/C/S”), constitutes a significant portion of the total capital cost for the 
gasification process and is incapable of near-zero emission performance.  (Current 
technology for removing sulfur from coal gasifier syngas involves use of an amine or 
physical solvent treating system followed by Claus and Tail Gas Treating (TGT) of the 
amine/physical solvent offgas.)  The Claus process is the workhorse of the sulfur 
recovery industry.  For plants recovering hundreds of tons per day (tpd) of sulfur, the 
Claus process is the most economical process.  The main drawback of the Claus process 
is that the Claus reaction (2H2S + SO2 = 3S + H2O) is equilibrium limited and therefore 
requires multiple catalytic stages (and frequently a tailgas treatment process such as 
SCOT) to achieve high sulfur recovery efficiency.  Unfortunately, the Claus process does 
not scale economically to small sizes because of its complexity and high capital costs.   
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At sulfur recovery tonnages where Claus is uneconomical (< 15 tpd), liquid phase sulfur 
recovery processes are commonly used.   The liquid phase processes typically have lower 
capital costs than Claus plus TGT.  The most common liquid phase processes are (1) 
SulFerox and Lo-Cat that use an aqueous iron-based catalyst, (2) CrystaSulfSM, which 
conducts the Claus reaction in a liquid hydrocarbon solvent, and (3) Shell-Paques which 
uses microorganisms to oxidize H2S to sulfur.  These processes typically recover greater 
than 99% of the H2S as sulfur.  The drawbacks of the liquid phase processes, however, 
are high chemical make-up and maintenance costs, and the need for quite a bit of 
attention by an operator.  The liquid phase processes typically have lower capital costs 
than Claus, but much higher operating costs.    As a result, these processes become less 
economically attractive as they are scaled up to the 15-tpd of sulfur level where Claus 
starts to become economical.   As a result, there is a need for a alternative processes that 
are more economical than an amine+Claus+SCOT or liquid redox process in the 20–200 
tpd range.   
 
In 2000, representatives of the Gasification Technology Product Team (GTPT) met with 
representatives of the Department of Energy (DOE) and the National Energy Technology 
Laboratory (NETL), to discuss the views of industry experts on critical areas of 
technology where Research and Development should be focused to advance the 
commercialization of coal gasification for both power production and chemicals 
manufacture.  Twenty top R&D needs were identified.  Among these was the need to 
develop warm-gas (300-700°F) cleanup technologies for the control of sulfur, ammonia, 
chlorides, etc., as well as the need to develop technologies to control hazardous air 
pollutants (HAPs) such as Hg, Se and As.   

H2S can react with O2 in air to yield sulfur and H2O, which is referred to as Direct 
Oxidation (DO).  TDA Research has a proprietary catalyst, which was originally 
developed for natural gas applications for this DO process, which should be applicable 
for DO with syngas.  The TDA catalyst converts H2S into elemental sulfur at 
temperatures between 300°F and 500°F, and it is economical in the 20-200 tpd of sulfur 
range for natural gas streams.  There are also several commercial catalysts, which were 
developed for other purposes, but which may also be effective in the DO process.  
However, little or no work has been done to validate and quantify the yields and 
selectivity of the available catalysts for direct oxidation of the H2S in syngas, or to 
validate the Hg removal during sulfur condensation.  With the TDA catalyst, low 
temperature reactivity, below 200ºC, has been demonstrated, which facilitates carrying 
out the selective oxidation reaction, without combusting the desirable components of the 
syngas to a significant extent.   

The primary objective of this project is to lower the cost of treating coal gasification 
syngas for removal of components such as sulfur and mercury. The strategy is to develop 
technology consisting of novel or commercially-available catalysts to convert the H2S in 
the syngas to elemental sulfur by reaction with the oxygen in air (Direct Oxidation-DO).  
The O2 to H2S ratio can be tailored (1) to minimize the loss of combustibles in the gas 
and (2) to control the amount of elemental sulfur versus SO2 in the exit.  
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The DO technology can remove on the order of 90% of the sulfur in the gas, which would 
not usually be sufficient by itself; therefore, a backend treating technology is employed to 
“polish” the syngas and remove the remaining sulfur down to an arbitrarily low level, 
depending on choice of backend process and regulatory or process requirements.  These 
“polishing step” results in overall sulfur control approaching 100%.  This technology 
should result in a significant cost reduction in coal gasification syngas sulfur and Hg 
removal, making IGCC (a potential consumer of Illinois coal) more economically viable.   
Backend processes can be selected depending on total sulfur removal requirements, 
amount of SO2 in backend gas, economics and other factors.  The key point is to use the 
DO technology to reduce the sulfur load to an economic level for backend processes, 
below 15 tpd of sulfur, and therefore replace Amine, Claus and SCOT.  Another benefit 
is that CO2 is maintained to the combustion turbine to generate more power. In the amine 
process, even using a selective amine, a large fraction of the CO2 would be sent to the tail 
gas and then to atmosphere. GTI is involved in the development of the UCSRP process 
that is arguably ideal for treating the backend sulfur removal requirements, but is in 
relatively early stages of development.  GTI also has an equity interest in the CrystaSulf 
process which is also a candidate backend technology for DO. 
 
In the Direct Oxidation process, H2S is oxidized to sulfur and water according to 
Equation 1.  The catalyst is operated at a temperature above the dew point of sulfur to 
prevent sulfur condensation in the catalyst bed.  While the reaction is exothermic, no 
inter-stage cooling is required when the H2S concentration is below about 2 vol.%.   
Approximately 95% of the H2S is converted to sulfur and recovered in a sulfur condenser 
located downstream of the DO reactor.  The gases exiting the sulfur condenser contain 
unconverted H2S and can contain small (ca. 20 ppm) amounts of SO2 at higher reaction 
temperatures.   

 

 
Figure 1 is a conceptual schematic for implementing the DO process to desulfurize 
syngas.  The high-pressure syngas stream is treated directly and no amine unit is required. 
In fact, pre-concentration of the H2S to levels above a few percent in an amine unit is 
undesirable because H2S oxidation is exothermic which can increase the catalytic bed 
temperature.  The high-pressure syngas is mixed with an appropriate amount of air to 
give a molar ratio of O2/H2S = 0.5 and is then passed over the DO catalyst.  The reactor is 
operated as an adiabatic fixed bed at temperatures between 300 and 500°F, preferably 
about 350°F, with very high selectivity for elemental sulfur (at higher temperatures, small 
amounts of SO2 can be produced).   
 
 

OHS  O 0.5  SH 222 +→+  
Equation 1.  Direct Oxidation Reaction 
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Figure 1.  Schematic of   Direct Oxidation process for H2S Removal from Syngas 

 
When DO is used to desulfurize natural gas, the feed has to be pre-heated to reaction 
temperature.  In contrast, no feed pre-heating is required when desulfurizing syngas from 
a gasifier.  The sulfur produced in the catalytic reactor remains in the vapor phase until it 
is condensed as a liquid in the sulfur condenser.  The sulfur condenser is a shell and tube 
design that uses boiling water on the shell side at a fixed pressure (typically 30-40 psia) 
to maintain an isothermal temperature (e.g. 250 - 267°F) profile across the tubes to 
prevent both sulfur freezing or overheating both of which can plug the exchanger.  Liquid 
sulfur is collected for future sale or disposal.  In the absence of Hg in the syngas 
(discussed later), the sulfur produced by the DO process is as good as or better than 
bright yellow Claus sulfur.   

One particularly attractive aspect of using direct oxidation for syngas desulfurization is 
the potential for simultaneous mercury removal.  Removal of Hg may also be possible via 
the direct oxidation process because of the very high stability of mercuric sulfide.  
Chemical equilibrium calculations predict that no HgS will condense in the DO catalyst 
bed and that all of the Hg vapor will react with the sulfur as it liquefies in the condenser.  
Table 1 shows that the reaction between Hg and S is essentially irreversible (very large 
equilibrium constants) at all temperatures between condensation and solidification of the 
sulfur.  As long as the kinetics (both chemical and mass transfer) of the mercury-sulfur 
reaction are satisfactory, then greater than 95% Hg removal is possible in the sulfur 
condenser because it is operated at a temperature of approximately 250-260°F.  This is 
shown in Figure 2, where the percent Hg removed and concentration of HgS are plotted 
as a function of temperature.  The cost of Hg removal by reaction with the DO sulfur 
would be relatively low: less than $4,000/lb Hg if all of the sulfur were sent to a landfill, 
and less than $1,500/lb Hg if the HgS were concentrated and the sulfur were recovered by 
distillation.  In contrast, Hg removal costs using conventional technologies (e.g. 
adsorption using activated charcoal) are between $15,000/lb - $50,000/lb depending on 
the removal efficiency. 
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Figure 2.  Mercury removal in the sulfur condenser  

(Calculated for 10,000 ppm H2S in raw syngas - high sulfur coal) 
 

The potential for this process to remove Hg at a low cost is an added incentive to 
developing the technology and would facilitate rapid commercial introduction.  

 

EXPERIMENTAL PROCEDURES 

In 2004, GTI assembled a catalyst test unit (CTU), mainly from equipment recovered 
from mothballed units which had been used many years prior for catalyst testing projects 
related to methanation.  Even though GTI has spent over $75k in restoring and upgrading 
the system for Direct Oxidation project requirements, the system was lacking in blending 
capabilities for generating a synthetic gas feed and in data acquisition capabilities.   

The essential features of the GTI Catalyst Testing Unit are shown below in Figure 3.  The 
gas feed is blended (through mass flow controllers) from cylinders of nitrogen, carbon 
monoxide, carbon dioxide, and hydrogen sulfide (20% in nitrogen).  Oxygen is added as 
air, as from a cylinder.  The blended gas is partially heated in a pre-heater oven, and then 
passed through the catalyst, whose temperature is controlled in a separate oven.  Most of 
the elemental sulfur produced, and some condensed moisture, is captured in the Sulfur 
Drum, which is located directly under the reactor.  A downstream sulfur condenser and 
knock-out drum were designed for capture of the elemental sulfur, but it was found to 
condense primarily upstream of this equipment.  After further cooling to essentially 
ambient temperature, the pressurized gas is let-down in one stage to the Adsorber and 
then vented.  Sample lines are available for the gas before the reactor and before the 
pressure control valve.  
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         Figure 3: Piping and Instrumentation Diagram for GTI Catalyst Testing Unit (CTU) 

The composition of either the feed and product gas was analyzed with an on-line gas 
chromatograph, a Varian Model CP-4900 Micro-GC, as shown in Figure 4.  The portable 
on-site GC analyzes all gas species in the range of approximately 0.001 to 100 percent in 
less than three minutes.    For the DO studies, the Micro-GC was equipped with two 
columns: (A) Molecular Sieve with TC (thermal conductivity) detector for oxygen, 
nitrogen, carbon monoxide, and hydrogen, and (B) Poropak Q with TCD for hydrogen 
sulfide, carbonyl sulfide, sulfur dioxide, and carbon dioxide.   

    

Figure 4: Varian Micro GC 
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A separate mercury analyzer was used to determine the concentration of Hg in both the 
reactor feed gas and the downstream gas to determine the extent of Hg capture in the DO 
system.  The analyzer is equipped with a single-path cell and can be used for elemental 
mercury determinations in flowing gas streams.  Figure 5 is a photograph of the Ohio 
Lumex RA-915+ Mercury Analyzer.  The analyzer uses the direct Zeeman effect to 
eliminate interferences from CO2, H2O and SO2.  The detection limit is 500 ng/m3 and the 
maximum measurable Hg concentration is 200,000 ng/m3 with an accuracy of ± 20%.   

    
Figure 5: Ohio Lumex RA-915+ Mercury Analyzer 

 
For the GTI CTU system, mercury was introduced into the synthesized feed gas by 
contacting the nitrogen blending stream with a source of mercury vapor.  Two sources for  
Hg0  vapor in feed gas were considered:  indirect contact via a "diffusion" or "permeation" 
tube of mercury or direct contact of the nitrogen with a pool of mercury. 
 
Hg0 permeation tube (From VICI Metromics):  Permeation tubes (diffusion tubes) are 
small, inert capsules containing a pure chemical compound in a two-phase equilibrium 
between its gas phase and its liquid or solid phase. At a constant temperature, the device 
emits the compound through its permeable portion at a constant rate.  These tubes can 
generate as low as 2.8 ng/cm for Hg0. The tubes are available for different length up to 20 
cm. These tubes are calibrated and certified by the manufacturer up to 50 psig. 
Manufacturers cannot guarantee the rate of Hg0 permeation at higher pressures because of 
the reverse permeation problems.  At the higher pressures intended for this project, it 
would be necessary to measure actual rates for this type of Hg0 generation system.  The 
life for permeation tubes is usually at least a few months. 
 
Theoretical Hg0 Saturation System from Direct Contact with Mercury:  Assuming the 
system for saturation of the nitrogen with mercury would be at room temperature (25oC), 
we can calculate the Hg0 partial pressure as following: 

 
Log (P) = 10.122 – 3190/T,     P=Vap. Press. Of Hg, Pascals 
           T= Temp., K 
 
At 298o K (25oC), PHg = 0.26129 Pascals (0.000038 psia) 
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Depending on the pressure of the test or the system, Hg0 concentration of the purge 
stream leaving out of the system, can be calculated.  For PT= 500 psig (514.7 psia), Hg0 
Concentration of exit purge stream = PHg/PT = 74 ppbv 
 
Analytical Limitations:  For laboratory testing, the Hg0 concentration should be as high as 
possible to see Hg0 removal with elemental sulfur most clearly.  However, there is a limit 
to the mercury concentration measurable with the Ohio Lumex Instrument of 200µg/m3 . 
This can be converted to ppb as follows:   

 
200 µg/m3 ≡ 0.2 µg/lit ≡ 0.2/200.59*24.46*10-9 lit Hg0/lit of gas ≡ 24.4 ppbv 
 

Therefore, in order to measure our inlet gas concentration during test, the inlet 
concentration has to be less than about 24 ppbv.  This is reasonable is view of expected 
mercury concentration in actual syngas.  If we assume that the range of Hg content of 
coal is about 0.1 to 0.4 ppmw, then a typical syngas should have between 5 and 20 ppbv 
Hg, assuming all the Hg0 is in the gas phase after gasification.   
 
Data Analysis: As mentioned above, a Micro-GC instrument was utilized to measure the 
concentration of all gas components (other than mercury).  The experimental procedure 
involved alternately flowing a sample stream of either feed or product gas to the Micro-
GC automatic sampling system.    

  
 

RESULTS AND DISCUSSION 
 
To perform this project to explore the feasibility of the Direct Oxidation (DO) process for 
upgrading syngas, by the simultaneous removal of H2S and Hg in coal gasification 
facilities, the effort was divided into three technical tasks: 1) modify existing GTI bench-
scale DO catalyst testing; 2) perform laboratory tests with DO catalyst; and 3) initiate 
conceptual engineering (process simulations) of the proposed sulfur/Hg removal scheme. 
The accomplishments will be presented and discussed in accordance with the division 
into technical objectives.   

Task 1. Complete Fabrication of Catalyst Test Unit 
 
Subtask 1.1: Upgrading CTU Control System: The Catalyst Test Unit (CTU) was 
upgraded with a new and improved data acquisition system, several electronic mass flow 
controllers were added for accurate blending of syngas mixtures, and a mercury addition 
and measurement system was devised.  Therefore, for the initial experiments to measure 
direct oxidation of hydrogen sulfide on the CTU, the equipment was essentially as 
described in the P&ID drawing, which was presented earlier as Figure 1. 
 
Prior to this ICCI project, all data obtained from the GTI CTU had to be recorded by 
hand.  In the initial stages of the ICCI program, a "DasyLab" data acquisition system was 
installed at the CTU, on a computer supplied by GTI.  The main interface between the 
CTU operators and the new data acquisition system in shown in the following figure:  
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Figure 6 -- CTU Interface for DasyLab Data Acquisition System 

 
The digital displays include key process variables: ten temperatures (mostly in the 
catalyst bed or directly before or after the reactor), six pressures (around the reactor and 
for the nitrogen and carbon monoxide feed cylinders), and eight flow rates (for the 
existing and future mass flow controllers.  The upper left chart can display selected 
pressures or temperatures versus time, while the lower right chart indicates flow rates 
from the mass flow controllers (MFC's) versus time.  Several views of MFC trends are 
shown in Figure 7 below.  
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Figure 7 -- Expanded Scale on Temperature and MFC Trends for Fine Details 

 
In addition to the interface display, the values of the key variables are stored in a 
DasyLab data base, for future access if required. 
 
Subtask 1.2: Define Mercury Addition and Sampling System:  For the ICCI program, the 
method selected for mercury addition (to the blended syngas) was an Hg0 permeation 
tube, with the nitrogen blending stream passing over it.  In order to control the mercury 
concentration, the nitrogen feed gas was pre-heated, as well as the Hg0 permeation tube 
itself.  The maximum rate which was available was from an Hg0 permeation tube with a 
nominal rate of 5300 ng/min @ 100oC, which had been procured from VICI metronics.  
Additional details for the Hg0 addition system is shown below in Figure 8.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  Mercury Measurement and Sampling System for CTU 
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First, experiments were performed to measure Hg0 in the inlet gas blend for the CTU and 
in the product gas with a blank system -- that is, no catalyst in the reactor. Initially, the 
Hg0 permeation tube had to be stabilized for at least one day prior to actual 
experimentation.  Once the permeation tube and the analyzer had stabilized, the effect of 
flow rate on the Hg0 concentration was measured at sampling point 1 through route A as 
shown in Figure 9 below. As would be expected with a constant rate of mercury transfer 
out of the permeation tube, the data indicates that increasing flow rate decreased Hg0 
concentration and vice versa. However, based on the temperature of the Hg0 generation 
system during this run, the concentration produced was only five percent of the expected 
value in the one-liter of total flow (Expected Hg0 ~48 µg/m3; for reference to Hg0, 1 ppbv 
~= 8 µg/m3). 
 

Figure 9. Mercury Addition Testing -- Blank Reactor -- Flow Rate Effects (13-July-2005) 
 
 
In an attempt to increase the Hg0 concentration, a heating element was used on the inlet 
nitrogen line to increase the Hg0 vapor pressure and the rate of mercury transfer out of the 
permeation tube. The Hg0 concentration spiked upward as soon as the heater was 
activated, as shown in Figure 10. However, the Hg0 levels came down eventually to a 
level similar to that before the heater addition. During the whole day, the Hg0 
concentration was measured from sample points 1 and 3 through routes A and (A+B), 
respectively. When passed through sampling train (sampling point 3), the Hg0 
concentration dropped to a lower level. This thought to be due to Hg0 adsorption on the 
sampling train walls. Later in the day, the Hg0 concentration started increasing; since then 
Ohio Lumex analyzer developed some problems, the experiment had to be terminated. 
The heaters and heating bath were turned off for overnight, but 0.4 slpm nitrogen flow 
was maintained through the Hg0 permeation tube.  
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Figure 10. Mercury Addition Testing -- Blank Reactor -- Temperature Effects (14-July-05) 

 
On the following day, when the test was restarted, the Hg0 concentration of the feed gas 
increased, as the temperature of the mercury-addition system was rising. The Hg 
concentration was stabilized to about 410 µg/m3 -- above the normal calibration range of 
the instrument, at an accuracy level of ±20%. When measured from sampling point 3 
going through route C and feed sample line, the concentration was stabilized to very 
close to the level achieved by measuring through route A at sampling point 1 as shown in 
Figure 11. This indicates that sampling train was fully passivated with Hg0. The heaters 
and heating bath were turned off for weekend, but a 0.4 slpm nitrogen flow was allowed 
to continue through the Hg0 permeation tube.  

Figure 11 --Mercury Addition Testing -- Blank Reactor (15-July-2005) 



15 

 

Figure 12 --Mercury Addition Testing -- Blank Reactor  (18-July-2005) 
 

After the weekend, the Hg0 concentration increased steadily when the system was 
reactivated, and then the concentration leveled out at about three times the concentration 
in the previous test with the similar settings for the Hg0 generation system.  This is shown 
in Figure 12 above. As soon as the flow switched through route C (that is, the pre-heater 
and the reactor) and route B at ambient temperature, measured mercury concentration 
dropped to zero.  It seemed that the Hg0 was passivating the walls of the reactor and pre-
heater.  A low flow rate of N2 (~0.4 slpm) was passed through this arrangement 
overnight.  

 
When the mercury addition system was re-activated the following day, the analyzed Hg0 
concentration (Figure 13) in the feed reached a very high level (~2000 µg/m3) similar to 
that of the previous day. The flow was redirected in order to take the sample stream right 
after the pre-heater coil, at sampling point 4, in order to decide whether the reactor itself 
was causing Hg0 removal/adsorption.  Sulfur particles had been observed previously 
close to exit of the pre-heater coil during testing; and it was suspected that some sulfur 
particles might have left in pre-heater coil causing Hg0 adsorption. Therefore, by the end 
of the day, the flow was directed through route C and D to the reactor bypassing the pre-
heater coil with a PTFE tubing. The flow was passed through this kind of arrangement 
overnight with heating bath set to 60 deg C than 90 deg C.  
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Figure 13 -- Mercury Addition Testing -- Blank Reactor  (18-July-2005) 
 
On the next day, the Hg0 concentration was measured at the sampling point 1 through 
route C and D, as shown below in Figure 14.  The measured Hg0 concentration leveled 
out only six to seven percent of the inlet concentration. When flow was passed through 
route B in addition to above and the measurements were taken at sampling point 3, the 
measured Hg0 concentration dropped to zero. This behavior was somewhat confusing; 
because it had been though that the sampling train was fully saturated with Hg0. The flow 
was passed through this arrangement overnight with heating bath set point reduced from  
60 Deg C to 90 Deg C to saturate product-sampling line in sampling train. 

 
Figure 14-- Mercury Addition Testing -- Blank Reactor  (18-July-2005) 
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The Ohio Lumex analytical instrument was checked for its capability and accuracy versus 
another mercury analyzer in a low-pressure set-up in the GTI Hot Gas Clean-up 
laboratory, with an Hg0 tube was rated for 429 ng/min at 70°C. The total flow rate of the 
system was 2 slpm, with 1.6 slpm of dilution N2 and 0.4 slpm of N2 passing through Hg0 
tube set-up.  The bath temperature for Hg0 permeation tube was at 70°C. The expected 
Hg0 concentration was 214.5 µg/m3.  As shown in Figure 15, the indicated values from 

the Ohio Lumex system were within 2% of the expected value.  
 

Figure 15. Check of Ohio Lumex in GTI Hot Gas Clean-Up System 
 

It was concluded, therefore, that the mercury permeation tube employed on the CTU was 
functioning acceptably and that the Ohio Lumex instrument was also measuring mercury 
concentrations accurately.  However, the mercury added to the blended syngas had a 
strong tendency to passivate or plate out on the tubing and vessels in the CTU system, 
especially in the reactor and product system.  It was not possible to determine, therefore, 
if mercury was being removed by the elemental sulfur or the catalyst.  Modifications 
would be required to the CTU -- reduced surface area / hold-up volume and the use of 
coated (inerted) surfaces where ever possible.  These modifications were done, and the 
details are given in below in summary of Subtask 1.3 accomplishments. 
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Figure 16 --  Mercury Measurements with Upgraded CTU Reactor System (9-Nov-2005) 
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As shown in Figure 16 above, after the upgrading was completed on the CTU system, 
mercury addition was initiated.  The system pressure was then increased to about 300 
psig, with the reactor temperature close to ambient temperature of about 75 DegF.  The 
concentration of mercury in the feed leveled out, and the zero of the Ohio Lumex was 
then checked with a mercury-free stream.  When the sampling for the mercury instrument 
was switched from Feed to Product, there was very little difference in the indicated 
values. 
 
On the following day, as shown on Figure 17 below, the CTU system was pressurized, 
and there was very little change in indicated mercury concentration, as the sample was 
switched between Feed and Product, several times at ambient temperature.  Then, the 
CTU pre-heater and reactor ovens were activated; temperatures in the vicinity of the 
catalyst loading reached greater than 400 DegF and then settled out at about 250 DegF.  
There was a slight decrease in the indicated mercury concentration, when the sampling 
was switched from Feed to Product, but the CTU system was deemed capable for further 
direct oxidation experimentation.  
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Figure 17 -- Mercury Measurements with Upgraded CTU Reactor System (10-Nov-2005) 

 
 
Subtask 1.3: Auxiliary Systems (Upgrade of CTU for Mercury testing):  As mentioned in 
the preceding section on mercury addition and analysis, with the existing CTU system, no 
mercury could be measured in the Product sample during cold, blank testing.  It appeared 
that the mercury, which was added to the Feed gas, was adsorbed on the surface of the 
CTU system somewhere between the PreHeater and the Product sample point.  Therefore, 
this section of the CTU was evaluated, re-designed for minimum surface area / hold-up 
volume, re-constructed with new vessels and tubing, dis-assembled and coated with an 
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inert material by Restek, and then re-assembled.  The re-designed CTU section is shown 
by the darker lines in the following drawing (Figure 18).  
 
 

 
 

Figure 18 -- CTU PreHeater / Reactor / Product Recovery: 
Upgraded for Mercury Testing 
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Task 2. Catalyst Testing with Simulated Syngas 
 
The objectives of Task 2 of this ICCI-supported project were to (1) select the preferred 
catalyst for process evaluation, (2) measure the effects of primary process variables on 
DO (Direct Oxidation) catalyst performance and product yield structure, and (3) estimate 
catalyst stability.  The testing conditions for screening catalysts were anticipated to be 
close to the conditions of the syngas within the Wabash gasifier (at Terre Haute, Indiana):  
375 psig, 380 to 400ºF.  A volume hourly space velocity (VHSV), which is based on 
syngas flow rate at actual operating conditions, of about 1000 hr-1, was also preferred.     

As described above under the accomplishments for Task 1, considerable effort had to be 
expended in getting the CTU system to function acceptably with mercury addition to the 
blended syngas feed -- that is, achieving successful blank runs, where the mercury was 
not depleted from the system before direct oxidation (DO) of a blended syngas was 
performed.  Therefore, the amount of effort, which could be devoted to DO testing with a 
blended syngas, was somewhat limited, but useful results were obtained.  A total of four 
tests with blended syngas feed were conducted for this project on the GTI Catalyst 
Testing Unit (CTU).  The salient features of these experiments are tabulated below: 
 
 
Date Catalyst Process Conditions     Hg 
                             Pressure Temperature VHSV  Added 
    (Psig)      (DegF)    (Hr-1) 
 
31-Jan-05 UOP S-7001    350         380    900    No 
28-Apr-05 Axens CRS-31    350         380    900    No 
1-Sep-05 UOP S-7001    800     250-320    110    No 
18-Nov-05 Axens CRS-31    350     270-300    900   Yes 
 
 
These experiments found that the most-favorable conditions for conversion of hydrogen 
sulfide and for selectivity to elemental sulfur occurred at relatively low temperatures.  For 
the first two tests, the catalyst temperature averaged about 380 DegF -- temperatures so 
low that the reaction(s) appeared to be accomplished best near or below the dew point for 
elemental sulfur, which is contrary to the conventional wisdom that catalyst temperatures 
would have to be high enough to prevent condensation of elemental sulfur.  As catalyst 
temperatures were decreased even further for the last two experiments, the reaction rate 
and extent of reaction for the direct oxidation of hydrogen sulfide decreased, so that the 
space velocity also had to be decreased to give significant levels of hydrogen sulfide 
conversion.   
 
The first three DO experiments were conducted with the CTU in its initial configuration -
- that is, before the "CTU Upgrading", which consisted of minimization of system hold-
up and inert coating of the reactor / product recovery system (as described above under 
Task 1.3). The CTU "Upgrading" was performed mainly because mercury added to the 
feed gas was lost (adsorbed on the CTU surfaces) before product gas analysis; however, 
there were indications that yields of the undesirable side product, COS, were also due to 
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surface or volumetric / thermal reactions from CTU system rather than being of a 
catalytic nature.  The fourth and final DO experiment for this project (conducted on 18-
Nov-05) was done with "Upgraded CTU", and the results did show both removal of the 
mercury from the blended syngas feed and very good selectivity to the desired elemental 
sulfur product.  The details of these four experiments will be discussed in the following 
sections. 
 
Subtask 2.1: Screening of DO Catalysts: For Subtask 2.1, the objectives were to (1) 
determine a set of standard conditions for comparing catalysts for the direct oxidation 
reations and (2) evaluate performance of a group of catalysts at these conditions.   
 
DO-CTU Testing for 31-January-2005:  For this experiment on the DO-CTU, a 1-inch 
(nominal pipe size) reactor was employed, with a sample of catalyst from UOP.  The 
fresh catalyst was 40 grams of UOP S-7001, in the form of 5mm (D) by 6 mm (L) pellets, 
loaded neat with no glass beads or other diluent in the reactor.  The length of diluted 
catalyst was about 6-1/2 inches. The volume of catalyst, measured in a standard 1-inch 
graduate, was 61 cubic centimeters, which yields a density of 0.66 gm/cc.   
 
The DO-CTU system was pressured to 360 psig with nitrogen, and a nitrogen flow was 
established.  The system was heated with flowing nitrogen to a catalyst temperature of 
about 385 ºF.  When temperatures had stabilized, hydrogen sulfide and air were blended 
into the nitrogen feed gas.  After these flows had stabilized for about fifteen minutes, 
carbon dioxide, carbon monoxide, and hydrogen were added to the feed blend.  The total 
flow rate (from the sum of the mass flow controller indicated rates) was 14.7 Slpm 
(standard liters per minute).  The composition of the blended feed was approximately the 
following for the initiation of this experiment: Hydrogen Sulfide: 4300 ppm-v; Oxygen: 
2000 to 4300 ppm-v; Hydrogen: 13%-Vol; Carbon Monoxide: 10%-Vol; Carbon 
Dioxide: 1.7%-Vol; and Nitrogen: Balance.   
 
In order to determine that the feed composition was near the planned levels, the analytical 
system was supplied with a slipstream of the blended feed initially.  As the measured 
values stabilized (over about twenty minutes) and were determined to be within the 
acceptable range, the sampling system was switched to route a slipstream of the reactor 
product to the analyzer.  After monitoring the reactor product composition and observing 
it to stabilize over a period of thirty to forty minutes, the sampling system was switched 
back to measure check the feed composition.  The composition of the feed was then 
monitored, for about six samples over about fifteen minutes, until it stabilized.  This 
segment of the test is designated as Period "A". 
 
The oxygen content of the blended-syngas feed was then increased, to raise the O2-to-
H2S molar ratio from slightly below stoichiometric (for production of elemental sulfur, 
O2:H2S = 0.5) to slightly above the stoichiometric level.  The sequence of measuring the 
composition of the feed, then the reactor product, and finally re-checking the blended 
feed is designated as Period "B". 
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Since the conversion of hydrogen sulfide increased significantly with the increase in the 
O2:H2S ratio and since the yield of the undesirable side product COS (carbonyl sulfide) 
did not change substantially, the concentration of oxygen in the blended feed was 
increased in two more increments.  These additional sequences of measuring the 
composition of the feed, then the reactor product, and finally re-checking the blended 
feed are designated as Periods "C" and "D". 
  
After the completion of Period "D", this experiment was terminated -- the heaters were 
shut off, the reactor was purged with nitrogen and then the DO-CTU was de-pressured. 
The overall analytical results from this series of tests are described in the following 
Figures 19 and 20 (no sulfur dioxide was detected at any time). The effects of the 
O2:H2S ratio will be covered in detail in the discussion of Subtask 2.2. 
 

Figure 19 -- CTU Analytical Summary -- 31-January-2005 
 

 
Figure 20 -- CTU Analytical Summary -- 31-January-2005 
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DO-CTU Testing for 28-April-2005:  For this experiment on the DO-CTU, a 1-inch 
(nominal pipe size) reactor was employed, with a sample of catalyst from Axens.  The 
fresh catalyst was 55 grams of CRS-31, in the form of 3 mm extrudates, loaded neat with 
no glass beads or other diluent in the reactor.  The length of diluted catalyst was about 6-
3/4 inches. The volume of catalyst, measured in a standard 1-inch graduate after tapping, 
was 61 cubic centimeters, which yields a density of 0.90 gm/cc.   
 
The DO-CTU system was pressured to 360 psig with nitrogen, and a nitrogen flow was 
established.  The system was heated with flowing nitrogen to a catalyst temperature of 
about 385 ºF.  When temperatures had stabilized, hydrogen sulfide, carbon dioxide, 
carbon monoxide, and hydrogen were blended into the nitrogen feed gas.  After these 
flows had stabilized for about forty minutes, air was added to the feed blend.  The 
composition of the blended feed was approximately the following for the initiation of this 
experiment: Hydrogen Sulfide: 4500 ppm-v; Oxygen: 3000 to 4300 ppm-v; Hydrogen: 
12%-Vol; Carbon Monoxide: 13%-Vol; Carbon Dioxide: 2%-Vol; and Nitrogen: 
Balance.  The overall analytical results from this series of tests are described in the 
following Figures 21 and 22 (no sulfur dioxide was detected at any time during this 
experiment): 

Figure 21 -- CTU Analytical Summary -- 28-April-2005 
 
In order to determine that the feed composition was near the planned levels, the analytical 
system was supplied with a slipstream of the blended feed initially.  As the measured 
values stabilized and were adjusted to be within the acceptable range, the sampling 
system was switched to route a slipstream of the reactor product to the analyzer.  After 
monitoring the reactor product composition and observing it to stabilize, the sampling 
system was switched back to measure check the feed composition.  The composition of 
the feed was then monitored, for about six samples over about fifteen minutes, until it 
stabilized.  The oxygen content of the blended-syngas feed was then increased, to raise 
the O2-to-H2S molar ratio from a relatively low level to a slightly above the 
stoichiometric level.  The sequence then consisted of measuring the composition of the 
feed, then the reactor product, and finally re-checking the blended feed. 
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Figure 22 -- CTU Analytical Summary -- 28-April-2005 

 
The results from these two experiments can best be compared at the high ratio of 
O2:H2S:  for the UOP-7001, an H2S conversion of about seventy percent was measured 
at an O2:H2S ratio of about 0.88, while an H2S conversion of about forty percent was 
obtained with the CRS-31 at an O2:H2S ratio of 0.87.  The UOP-7001 catalyst appears to 
be significantly more active (on a volumetric basis) than the CRS-31.  Since the former is 
an experimental formulation, while the latter is a commercially-available catalyst with 
considerable experience over several years, both formulations were carried through for 
further DO testing.   
 
Subtask 2.2: Process Variable Effects: The objective for this portion of the project was to 
develop more information on the preferred catalyst through testing over a limited range 
of process conditions to measure hydrogen sulfide conversion and product yield.  The 
initial plans envisioned the following ranges for the studies: temperature -- 350 to 500 °F, 
pressure -- 350 to 500 psig, O2/H2S ratio (molar) 0.3 to 1.2, and space velocity 1000 to 
4000 hr-1.   
 
DO-CTU Testing for 31-January-2005: Effect of O2/H2S ratio: The averaged data for the 
periods in this experiment is summarized Table I below.  The salient points from a 
preliminary analysis of the steady state segments of this test are then discussed. 
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Table I -- Summary of Conversions and Product Yields -- 31-January-2005 
 
Period A: Initially, the level of the hydrogen sulfide in the product decreases with time on 
stream, and then the product concentration of hydrogen sulfide stabilized at 
approximately 1820 ppm-vol.  The product concentration of carbonyl sulfide (COS) also 
stabilized at about 690 ppm-v.  There was unconverted oxygen present in the product at a 
concentration of about 625 ppm-v, but no sulfur dioxide (SO2) was measured in the 
product during this (nor any of the subsequent) experimental periods.  Since there is no 
analytical method for direct measurement of the elemental sulfur, it is estimated by 
material balance on the sulfur in and out.   
 
The hydrogen sulfide conversion was about 58% for this period, with a yield of 16% 
COS measured.  By difference, the elemental sulfur yield was about 42%.  Therefore, 
approximately three-quarters of the hydrogen sulfide which reacted were converted to 
elemental sulfur, and one-quarter to carbonyl sulfide. 
 
A slight decrease in concentrations of carbon monoxide and hydrogen can be noted from 
the feed to the product analyses, as well as a slight increase in the concentration of carbon 
dioxide.  These would indicated some undesirable reaction over the catalyst between the 
feed oxygen and the major components of the syngas, but the preliminary "oxygen 
balance" did not close very well -- the measured decrease in oxygen was close to that 
calculated for the hydrogen sulfide reactions, but less than the total calculated oxygen 
consumption, when the reactions of oxygen with carbon monoxide and hydrogen are 
included.  Either there were surface reactions with oxygen which had not yet reached 
steady state, or the analytical precision on carbon monoxide, hydrogen, and / or carbon 
dioxide are insufficient for monitoring these side reactions. 

D esignation A B C D
T im e

Start 13:30 16:00 17:45 19:20
F in ish 15:55 17:40 19:15 21:00

P rocess C ond itions
Press , ps ig 360 360 360 360
T em pera ture , D egF

M ax 395 390 390 390
Average 380 380 380 380

VH SV 900 900 900 900

F eed C oncentrations E ST
H 2S 4350 4330 4300 4300 4330 4210 4180 4205
O 2 2075 1925 2480 2480 3130 3140 3770 3740

O 2/H 2S 0.48 0.44 0.58 0.58 0.72 0.75 0.90 0.89
H 2 13.05% 13.05% 12.94% 12.94% 12.96% 12.92% 12.85% 12.82%
C O 10.20% 10.15% 10.08% 10.08% 10.08% 10.13% 10.12% 10.10%
C O 2 1.70% 1.73% 1.73% 1.73% 1.73% 1.72% 1.68% 1.66%

P roduc t C oncentra tions
H 2S 1820 1580 1355 1050--> 1300
O 2 625 1085 1635 2005--> 2260
SO 2 0 0 0 0
C O S 690 660 635 680--> 610
H 2 12.95% 12.94% 12.87% 12.80%
C O 10.10% 10.12% 10.10% 10.08%
C O 2 1.78% 1.73% 1.72% 1.69%
H 2O

P roduc t D is tribution
H 2S C onvers ion 58.1% 63.3% 68.3% 69.0%
C O S Y ie ld (Pct.Fd .H 2S) 15.9% 15.3% 14.9% 14.5%
SO 2 Y ie ld  (Pct.Fd .H 2S) 0 0 0 0
Est E lem  Sulfur Y ie ld(Pct.F d) 42 .2% 73% 47.9% 76% 53.4% 78% 54.4% 79%

O xygen Ba lance (P re lim ,ppm )
C onsum ed(F -P ) 1375 1395 1500 1495
H 2S R xn 1260 1360 1458 1446
H 2 R xn 500 0 350 175
C O 2 P roduction 325 0 -25 100
C O  R xn 375 -200 25 150
Sum  of reactions 2085 152% 1360 97% 1783 119% 1721 115%

S ulfu r Ba lance (P re lim ,ppm )
H 2S C onvers ion 2520 2720 2915 2893
C O S M ake 690 660 635 610
SO 2 M ake 0 0 0 0
E lem  Sulfur (D iff) 1830 73% 2060 76% 2280 78% 2283 79%

S ulfu r D ew P oin t, D egF 405 415 420 425
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Period B: At the increased O2:H2S ratio, the product hydrogen sulfide concentration 
dropped considerably in the first analyses, and then increased somewhat.  In hindsight, 
the product concentration of hydrogen sulfide may have been increasing somewhat as the 
sampling was changed back from the product to the feed, but the concentration of 
carbonyl sulfide was stable. 
 
The hydrogen sulfide conversion was about 63% for the end of this period, with a yield 
of 15% COS measured.  By difference, the elemental sulfur yield was about 48%.  
Therefore, slightly more than three-quarters of the hydrogen sulfide, which reacted, was 
converted to elemental sulfur and less than one-quarter to carbonyl sulfide. 
 
For this experimental period, there was essentially no change between the feed and 
product concentrations of hydrogen, carbon monoxide, and carbon dioxide.  The oxygen 
balance closed well, just in consideration of the reactions for oxygen with hydrogen 
sulfide. 
 
Period C: As the O2:H2S ratio was increased further, from 0.58 to 0.72, the product 
hydrogen sulfide concentration again dropped considerably in the first analyses, and then 
increased somewhat.  The product concentration of hydrogen sulfide may have been 
increasing somewhat as the sampling was changed back from the product to the feed, but 
the concentration of carbonyl sulfide was again very stable. 
 
The hydrogen sulfide conversion was about 68% for the end of this period, with a yield 
of 15% COS measured.  By difference, the elemental sulfur yield was about 53%.  
Therefore, somewhat more than three-quarters of the hydrogen sulfide, which reacted, 
was converted to elemental sulfur and less than one-quarter to carbonyl sulfide. 
 
For this experimental period, there was decrease from the feed to the product 
concentrations of hydrogen and carbon monoxide, but essentially no change in the carbon 
dioxide concentration.  The oxygen balance closed well, just in consideration of the 
reactions for oxygen with hydrogen sulfide. 
 
Period D: As the O2:H2S ratio was increased further, from 0.75 to 0.90, the product 
hydrogen sulfide concentration again dropped measurably in the first product analyses, 
and then increased somewhat.  There appeared to be a period of stabilization in the 
product hydrogen sulfide concentration, but then it appeared to begin increasing again.  
The product concentration of hydrogen sulfide may have been increasing somewhat as 
the sampling was changed back from the product to the feed, but the concentration of 
carbonyl sulfide was again very stable. 
 
The hydrogen sulfide conversion was about 69% for the end of this period, with a yield 
of  a little less than 15% COS measured.  By difference, the elemental sulfur yield was 
about 54%.  The conversion of hydrogen sulfide and the yield of carbonyl sulfide had not 
changed much from this last incremental increase in oxygen in the feed. 
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For this experimental period, there again appeared to be very slight decrease from the 
feed to the product concentrations of hydrogen and carbon monoxide, and a slight 
increase in the carbon dioxide concentration.  The oxygen balance again closed well, just 
in consideration of the reactions for oxygen with hydrogen sulfide.   
 
The data from these four periods is plotted in the following two figures.  

 

Figure 23 -- Catalyst Conversion and Yield --UOP-S-7001 
 

Figure 24 -- Catalyst Selectivity --UOP-S-7001 
 
DO-CTU Testing for 1-September-2005:  For this experiment on the DO-CTU, a 1-inch 
(nominal pipe size) reactor was employed, with a sample of the UOP S-7001.  The fresh 
catalyst was 81 grams of CRS-31, in the form of 5mm (D) by 6 mm (L) pellets, loaded 
neat with no glass beads or other diluent in the reactor.  The length of diluted catalyst was 
about 14 inches.  The main objective was to check performance at low catalyst 
temperature and low volumetric space velocity. The overall analytical results from this 
series of tests are described in the following Figures 25 through 27. 
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Figure 25 -- CTU Analytical Summary -- 1-Sep-2005 

Figure 26 -- CTU Analytical Summary -- 1-Sep-2005 

Figure 27 -- CTU Analytical Summary -- 1-Sep-2005 
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Subtask 2.3: Catalyst Stability:  The proposed objective for this portion of the project was 
to run with the preferred catalyst at a standard set of conditions for an extended period of 
time to confirm the stability of catalyst conversion and selectivity.  It became apparent 
that such a stability test would not be possible, in the scope of this project, since it 
required much more effort than had been planned in getting the mercury addition system 
to function acceptably and in upgrading the CTU to prevent removal of the mercury 
vapor during blank testing.  Therefore, in this section, the final experimental DO tests on 
the CTU system will be discussed; at this point in the project, mercury removal was 
studied simultaneously with Direct Oxidation occurring within the CTU. 
 
DO-CTU Testing on 16-18-November-2005:  For this series of experiments on the DO-
CTU, a 1-inch (new tubular, with inert coating) reactor was employed.  As mentioned in 
the discussion for Subtask 1.3 above, the reactor and product-recovery sections of the 
CTU had been re-designed for minimum surface area / minimum hold-up volume, re-
constructed with new vessels and tubing, disassembled and coated with an inert material 
by Restek, and then re-assembled.  The main objectives of these experiments were (1) to 
check DO performance at low catalyst temperature and low volumetric space velocity 
and (2) to measure the capability of the system for capturing mercury vapor in the 
blended syngas feed in a direct oxidation environment.  
 
On 9- and 10-November, tests were first done on the upgraded CTU system with only 
nitrogen flow, with mercury added to the feed through the heated permeation tube.  For 
both a cold and a hot system, the concentration of mercury added to the feed was 
measured at almost the same level in the product system.  Therefore, the CTU upgrading 
was deemed to have been successful.  The 1-inch tubular reactor was then loaded on 11-
November with a sample of the CRS-31 -- 55 grams, in the form of 3 mm extrudates, 
loaded neat with no glass beads or other diluent in the reactor.  The length of diluted 
catalyst was about 7 inches.    
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Figure 28 -- CTU Mercury Analytical Summary -- 16-Nov-2005 
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On 16-November, the DO-CTU system was pressured to 360 psig with nitrogen, and a 
nitrogen flow was established.  The system was heated with flowing nitrogen to a catalyst 
temperature of about 300 ºF.  When temperatures had stabilized, hydrogen sulfide, carbon 
dioxide, carbon monoxide, and hydrogen were blended into the nitrogen feed gas (15:25).  
After these flows had stabilized for about forty-five minutes, air was added to the feed 
blend (16:10).  The overall mercury measurements from this test are displayed in Figure 
28 above.  The concentration of mercury in the feed was about 300 µg/m3; in the product, 
before the addition of the syngas components, the concentration of mercury was lower, at 
about 150 µg/m3.  This indicates that the hot catalyst may have been adsorbing some 
mercury from the feed gas.  However, when the air was added to the feed gas to establish 
the DO operations, the level of mercury in the product gas decreased to essentially zero.  
 
After about one hour of the DO operations on 16-November, the syngas components 
were removed from the feed gas stream, and only nitrogen flowed over the catalyst, as 
the CTU heaters were turned off, and the unit was de-pressured.  The CTU was re-started 
on 18-November, and the overall analytical results from this test are described in the 
following Figures 29 through 31. 

Figure 29 -- CTU Analytical Summary -- 18-Nov-2005 

 
Figure 30 -- CTU Analytical Summary -- 18-Nov-2005 
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Figure 31 -- CTU Mercury Analytical Summary -- 18-Nov-2005 
 

With syngas concentrations of about 8% for hydrogen, 10% for carbon monoxide, and 
6200 ppm-v of hydrogen sulfide, the conversion of hydrogen sulfide was leveling off at 
about fifty-five percent at the end of the experiment.  Very little carbonyl sulfide was 
measured -- about 40 ppm-v; this yield would be about 0.65%, based on feed 
concentration, or about 1.1% yield, as a percentage of the hydrogen sulfide which was 
reacted. There was essentially no mercury in the product syngas, and there was no 
measurable oxidation of the syngas components hydrogen or carbon monoxide.  This was 
accomplished at a pressure of 350 psig, a catalyst temperature of less than 300 °F, and a 
volumetric space velocity of about 880 hr-1. 
 
Task 3. Conceptual Design  
 
The objectives of Task 3 of this ICCI-supported project were to conduct conceptual 
engineering studies/simulations to determine the technical and economic merits of 
proposed sulfur/Hg removal scheme based on the results obtained from Task 2.  Due to 
the considerable problems in preventing the vapor-phase mercury from being adsorbed / 
captured by the experimental apparatus, it was not possible to study process-variable 
effects conclusively; further optimization is required with the upgraded CTU system, as 
well as an extended stability study. 
 
This task is not completed due to funding limitations as additional resources were spent 
in upgrading the CTU for Hg introduction and analysis.  More detailed process variable 
studies are needed to complete the conceptual design studies. GTI will submit proposals 
in the near future for continuation of this research program. 
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CONCLUSIONS AND RECOMMENDATIONS 
 
The following observations can be made from the tests, which are reported above:  
 
--  Two catalysts have been identified, which can promote the oxidation of hydrogen 
sulfide in a simulated sygas stream at reactor pressures close to typical gasifier operating 
conditions in IGCC service (350 psig) and at reactor temperatures in the range of 250 to 
400 °F, at a volume hourly space velocities in the range of 900 hr-1;  the catalysts 
functioned even at temperatures, which were low enough to cause condensation of the 
elemental sulfur produced -- that is, "sub-dew point" temperatures. 
 
-- Very little oxidation of either carbon monoxide or hydrogen (the valuable components 
of the syngas) was apparent in any of the test conditions of this experiment; most of the 
oxygen consumed from the feed to the product could be accounted for by the direct 
oxidation of the feed hydrogen sulfide. 
 
--  Increasing the oxygen / hydrogen sulfide ratio above the stoichiometric level of 0.5 
(for the reaction of hydrogen sulfide to elemental sulfur) does improve the conversion of 
hydrogen sulfide and the yield of elemental sulfur, without causing significant 
undesirable reactions of oxygen; the benefits of increased oxygen in the feed diminish, as 
the O2:H2S ratio is greater than about 0.75. 
 
--  Although the primary product of the direct oxidation of hydrogen sulfide was 
elemental sulfur in these experiments, there were significant amounts of carbonyl sulfide 
detected in the initial DO testing; it was suspected that the formation of the carbonyl 
sulfide was an artifact of the volumetric hold-up and the surface of the initial CTU 
system; with the "Upgraded" CTU, the yield of carbonyl sulfide was evident in only very 
low amounts -- greater than ninety-eight percent of the sulfur reacted appeared as 
elemental sulfur.   
 
-- With considerable effort, the CTU was "upgraded" so that mercury added to the feed 
gas was not artificially removed in the "blank" tests; the "upgrading" consisted of 
reduction in volume for the CTU equipment and piping, and the addition of an inert 
coating of most of the components of the reactor and product recovery sections; with the 
"upgraded" CTU, under direct oxidation (DO) conditions, essentially all of the mercury 
added to the feed gas was removed via the DO reactions.  
 
 
Future Work:  Due to the considerable problems in preventing the vapor-phase mercury 
from being adsorbed / captured by the experimental apparatus, it was not possible to 
study process-variable effects conclusively; further optimization is required with the 
upgraded CTU system, as well as an extended stability study.  It would be necessary to 
determine the effects of catalyst temperature, space velocity, and the oxygen: H2S ratio 
on both (1) the DO reactivity / selectivity and (2) the removal of mercury.  Then, an 
experimental test would have to be performed at the optimal set of process conditions to 
determine the stability of the catalyst for an extended period of time. 
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Since this technology is proposed to be incorporated as part of an integrated coal 
gasification system for power generation, hydrogen, and other energy forms, a large-
scale, long duration, field test will be required before it can be considered commercially 
viable.  The future work described above would enable us to obtain essential engineering 
data that will allow us to properly design the larger-scale test.  If our laboratory testing is 
successful, GTI (with assistance of catalyst suppliers) would design and develop a large-
scale test project with the broader set of stakeholders that would be required for such a 
project.  These would necessarily include a consortium of utilities, EPRI, the U.S. 
D.O.E., EPA, and other state research and development organizations. Detailed 
engineering studies would be a part of that effort to accurately identify the estimated 
costs and the comparative advantage compared to current (e.g. Claus) sulfur recovery 
processes.  At the conclusion of the larger test program, the technology would be 
considered as proven and the commercialization partner would enter into a marketing 
phase to have the process considered for inclusion in future advanced coal gasification 
technology plants.    The demonstration effort would be about three years long.  Some 
costs would be offset by the lowered costs of operation of the new technology as 
compared to the alternate technology.  Manpower to operate the unit could, for the most 
part, be drawn from the facility operations staff that would otherwise have operated the 
alternate technology.   

As stated in the proposal for this project, the overall schedule for development of this 
process would be as follows: 

Year 1:  Complete the proposed work herein and complete conceptual engineering studies 
(process simulations) to determine techno-economic merits of proposed Sulfur/Hg 
removal scheme.   

Year 2:  Preliminary engineering study, information dissemination, team development 
and project definition (Total Funding Required: ~$400k) 

Year 3: Construction and implementation of large-scale field test and initial data 
collection (Total Funding Required: ~$2 million) 

Year 4:  Finish testing, evaluate results, detailed engineering, and information 
dissemination  
(Total Funding Required: ~$500k) 

Year 5: Commercial offering of the technology.  This can commence in Year 4 on a 
contingent basis (Total Funding Required: ~$200k) 

The estimated costs of commercializing the technology are high because of the need to be 
full-scale in all respects.  The hosting utility may be willing to pay for the plant if it can 
meet specified longevity and performance criteria. That is probably only likely if they are 
currently faced with a troublesome or underperforming sulfur recovery plant or they have 
a grass roots plant that somehow could undertake the risk of new technology.  Parallel 
technology demonstrations in other fields (e.g., natural gas processing), would lower the 
overall commercialization cost by eliminating the need for some types of data, and by 
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possibly providing the demonstration scale equipment which could be used in multiple 
demonstrations and would therefore be cost-shared by other industry segments.  M-I 
Sulfatreat is currently offering the TDA technology for use in natural gas, landfill gas and 
similar applications.  Experience gained with these applications may be of the value for 
the syngas applications.  GTI works closely with M-I and TDA Research to ensure the 
results of technology development will be realized.  Further, large volume demand for the 
TDA Research catalyst will help ensure availability and reasonable pricing by enabling 
mass production techniques to be employed.   

GTI has a great deal of experience in conducting such technology demonstration and 
commercialization efforts.  One recent example was the demonstration and subsequent 
commercial acceptance of the Morphysorb solvent technology in a 300 MMscfd gas 
treating plant by Duke Energy.  GTI is also expert in technology transfer through 
presentations at industry meetings, sponsoring contractor review meetings, publications 
(including in-house publications) and trade journals. 
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