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ABSTRACT 

Gas Technology Institute’s (GTI) proposed research goals for this ICCI-funded project are 

directed toward program area 2A: Advanced methods of coal-derived syngas cleanup, focusing 

on the removal of H2S, NH3, HCl, and trace metals including Hg, As, Se and Cd, to specified low 

levels. A key component of this integrated process is the direct conversion of H2S into elemental 

sulfur via reaction with SO2 in the presence of a solvent mixed with a small amount of a 

homogeneous catalyst. This sulfur formation reaction is conducted at 250 to 300 °F and at any 

given sour gas pressure. The process concept has been verified under previous ICCI grants using 

laboratory equipment, and the scoping economic estimates have been found to be promising. For 

a nominal 550 MWe Integrated Coal Gasification Combined Cycle (IGCC) facility gasifying 

Illinois coal at ~800 psig, DOE has estimated the cost of electricity (COE) at about $103/MWh 

(2006 $) using conventional technology with carbon capture. Our studies indicate that the COE 

can be reduced by ~9-10% of this value by using the integrated UCSRP-HP process.
 1

  

In order to validate some of the reactor design assumptions (e.g., gas residence time and reactor 

volume), the focus for the Phase 4 research was to collect key kinetic data in a down-flow co-

current reactor unit, ~1-inch-internal-diameter fitted with 3 ft of Sulzer SMV
TM

-type packing. 

The experimental data at 400 psig and with nominal gas residence times of ~ 2 seconds indicate 

(1) H2S conversions of over 90%, and (2) commercially attractive HTU (height of a transfer unit) 

values. The data also demonstrate that we can operate such co-current reactors at significantly 

lower L/G (liquid to gas mass) ratios of about 1-3 versus ~20 that we had assumed in our 

UCSRP-HP Base Case economic evaluation thereby, reducing solvent recycle cost significantly. 

These findings indicate that our previous economic study was conservative.
1
  

  

                                                           
1
 Zhou, S., et.al., “Integrated Multi-Contaminant Removal Process for Syngas Cleanup – Phase 3”, Final Technical 

Report, ICCI Project 10/2A-1, December 2010. 
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EXECUTIVE SUMMARY 

 

Various research and development programs on advanced coal gasification systems are 

continuing to provide synthesis gas feed for IGCC facilities; for separation systems for hydrogen 

production or for recovering CO2 for sequestration purposes; or for chemical conversion plants. 

All of these advanced applications require that any sulfur-containing species, as well as other 

contaminants, be reduced to parts-per-million (ppm) or in some cases parts-per-billion (ppb) 

levels. For acid-gas and trace contaminant removal, technologies that are either currently 

available or under development include: low-temperature (near or below ambient temperatures) 

solvent-based scrubbing systems using amines, such as MDEA, or physical solvents, such as 

Rectisol, Selexol, Sulfinol, or high temperature (so-called “warm gas” or “hot gas” cleanup 

processes) sorbents, such as RTI’s HTDP and DSRP (high-temperature desulfurization system 

and direct sulfur recovery process). Sulfur recovery is achieved by a gas-phase, catalytic Claus 

process or sulfuric acid production followed by a tail-gas recovery process, e.g., SCOT. Varieties 

of processes are required to remove trace components, such as ammonia, hydrogen chloride, and 

heavy metals. These processes are capital and energy intensive, with minimal reference plants 

due to the small number of IGCC facilities operating worldwide. 

 

GTI is in the process of developing the UCSRP-HP (University of California Sulfur Recovery 

Process-High-Pressure) process, an integrated multi-contaminant removal process whereby coal-

derived syngas is sent to a High-Pressure down-flow Water Contactor (HPWC; at ~ 150 - 

250 °F) where chlorides and ammonia, as well as trace heavy metals (mercury, selenium, arsenic, 

and cadmium) are removed from the gas stream. The partially-cleaned gas then passes at 

gasification pressure to a reactor column at a temperature above the melting point (247 °F) and 

below the polymerization temperature (310 °F) of elemental sulfur. Hydrogen sulfide in the 

syngas, together with injected sulfur dioxide, dissolves in a solvent that is circulated co-currently 

or counter-currently in the column. The Claus reaction is carried out in the liquid phase. 

 

2 H2S + SO2 → 3 S + 2 H2O 

 

 Sulfur is only sparingly soluble in the solvent and so forms a separate liquid phase. The solvent 

contains a homogeneous liquid catalyst (less than 1% by weight of the solution). One-third of the 

recovered sulfur product is burned with oxygen (if an oxygen-blown gasifier is involved this 

would be a very small fraction of the oxygen requirement for the process), and fed to the reactor 

column. The process is ideal for syngas desulfurization at 285 to 300 °F, at any given pressure 

(higher the better) and offers a tighter integration with the process for removal of trace 

contaminants and heavy metals. GTI’s economic studies completed under the ICCI Phase 3 

project indicate that, in comparison to a DOE study on a 550 MW IGCC plant (with CO2 

capture, transportation and sequestration) using conventional technology, the cost of electricity 

could be reduced by ~9-10% by using the integrated UCSRP-HP process8.  

 

The key objectives for the Phase 4 project were to: 

 

 Experimentally determine the extents of H2S and SO2 conversions for the UCSRP-HP 

process at ~ 100-400 psig in a bench-scale (1-inch-ID x 4-feett-high) co-current, down-flow 

reactor fitted with Sulzer SMV
TM

 packing (~3-ft.-long).  
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a. These Sulzer SMV-type contactors are very effective in natural gas processing 

applications (at pressures of ~1,000 psig) for the removal of H2S using amine-type 

solvents
1
. 

Validate specific reactor design parameters primarily HTU (height of a transfer unit) and 

nominal gas residence time, that we had assumed in our Phase 3 economic studies.  

 

b. The Number of Transfer Units (NTU) is approximated by ln(Cin/Cout); where Cin and Cout 

are the reactor inlet and outlet concentrations of H2S (or SO2).  

c. HTU is the Height of packing per Transfer Unit.  

d. Thus, HTU times NTU equals the total required height of packing.  
 

Under the previous Phase 3 ICCI program, GTI conducted detailed economic evaluation for a 

GTI-patented two-stage UCSRP-HP process concept3 where: 

 

 The first reactor stage would operate under a “SO2-excess mode” to process most of the  

(e.g., > 95%) H2S-rich syngas. As an example, in this stage the SO2 level would be reduced 

from ~3,000 ppmv at the inlet to ~40-50 ppmv at the exit, and; 

 The second reactor stage would operate under a “H2S-excess mode” to achieve a relatively 

low level (e.g., < 10 ppm) of “H2S plus COS” in the final syngas product. In this stage, the 

SO2-laden syngas from Stage 1 would react with the H2S in the “bypassed” feed syngas. For 

key applications involving the production of liquid fuels or specific chemicals from coal, 

such a concept would be quite valuable as it is relatively easier to reduce the final H2S plus 

COS levels in the product syngas to “ppb” levels” compared to that for SO2-laden syngas 

products.  

 

Due to various experimental limitations, we had to conduct the UCSRP-HP experiments at (1) 

reactor pressures of ~ 400 psig, (2) nominal gas velocities of ~2 ft/sec and (3) a total reactor 

height of 4 ft vs. 730 psig, 10 ft/sec and 25 ft used in the detailed Economic Evaluation for 

UCSRP-HP Base Case Design. The average nominal gas residence time (~2 sec) was nearly the 

same for the lab experiments at 400 psig and that used for the Base Case design (See Table 4). 

The Phase 4 experimental data demonstrate: 

 

 Relatively high H2S conversions (of greater than 90%) at L/G mass ratios of ~1.1-3.9 with 

3 ft of packing. For the UCSRP-HP Base-Case design, we had assumed an L/G value of 

about 20. A low L/G ratio would reduce solvent recirculation costs.
 

 Relatively low HTU values of ~ 0.60 ft (vs. 5.0 ft assumed in the design) at pressures of 

~400 psig (and with relatively high inlet SO2 levels of ~3,000 ppmv; H2S @ ~6,000 ppmv). 

For a relatively low inlet level of H2S/SO2 (e.g., H2S at 510 ppmv), the HTU value was ~1.7 

ft. 

 For specific experiments at ~400 psig, (1) a SO2 level of ~ 3,000 ppmv in the reactor inlet 

was reduced to about 40 ppmv at the outlet, and (2) a H2S level of 6,100 ppmv at the inlet 

was reduced to ~30 ppmv.  

 Relatively low pressure drop for such co-current down-flow UCSRP-HP reactors. As an 

example, at a nominal gas velocity of 2 ft/sec, 400 psig inlet pressure and 1.1 L/G mass ratio, 

the pressure drop would only be about 8 psia for a 20 ft length reactor. 

 A broad agreement, at specific pressures, temperatures and solvent/gas mass ratios, between 
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the experimental and Aspen Plus simulation data on the solubility of CO2, SO2 and H2S in 

DGM solvent. 
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OBJECTIVES 

 

The overall objective of this project is to develop an integrated multi-contaminant removal 

process in which H2S, NH3, HCl, and heavy metals (including Hg, As, Se and Cd) present in the 

coal-derived syngas are removed to commercially acceptable low levels in one or two simple 

process steps. The key goal is to minimize overall costs for (1) the generation of electricity or (2) 

the production of specific clean fuels and chemicals from coal. To accomplish this, the high-

pressure UCSRP-HP concept that directly converts H2S into elemental sulfur at 285 to 300 °F 

(and at any given sour gas pressure) was identified. The overall process, that includes a “high-

pressure water contactor”, would be tailored to also remove contaminants such as NH3, HCl, Hg, 

Se, and other trace metals.  

 

A schematic of the UCSRP-HP concept in IGCC applications with CO2 capture is shown in 

Figure 1; this figure also shows (top figure) the schematic of a conventional commercially 

available Two-Stage Selexol technology for the removal of H2S and CO2. The hot syngas from a 

gasifier is first quenched to remove a part of the sour water (along with some trace metals) prior 

to a Water-Gas Shift stage to convert a major fraction of the carbon monoxide (and steam) to 

hydrogen and CO2. The product is then further cooled prior to a high-pressure down-flow co-

current “water contactor” step (operating at 150-250 °F; recirculating water is used as a gas-

scrubbing liquid). A slipstream of the circulating water is withdrawn and filtered for the removal 

of water-insoluble solids. The filtrate will be treated in a stripper to remove, (i) any dissolved 

ammonia/H2S for additional processing, and (ii) the water for processing in a wastewater 

treatment plant. The scrubbed syngas from this step is processed in the two-stage UCSRP-HP 

plant for the removal of H2S prior to a CO2-removal step. The H2-rich gas is then sent to the gas-

turbine plant for the generation of electricity.  

 
 

 
Figure 1: A Schematic of the UCSRP-HP Process and a Conventional (Two-stage Selexol 

Technology) Evaluated by DOE for IGCC Applications  
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The specific objectives under Phase 4 of this ICCI project were to: 

 

 Modify an existing bench-scale unit with the addition of a down-flow co-current reactor (1-

inch ID) fitted with a Sulzer SMV
TM

 contactor (see Figure 26 for typical commercial 

systems). 

 Obtain H2S and SO2 conversion data for operating pressures of 100-400 psig and at nominal 

gas residence times of ~2 seconds using (1) a nominal reactor inlet temperature of 250 °F and 

(2) solvent/gas mass ratios of about 1-3. 

 Determine solubility of H2S, SO2 and CO2 in DGM solvent at specific pressures and 

temperatures. 

 Compare key reactor design parameters determined experimentally with those assumed 

previously for the Base Case economic evaluation.  

 
Figure 2: A Typical Commercial Sulzer SMV™ Contactor  

 

INTRODUCTION AND BACKGROUND 

 

When coal is gasified, the syngas produced may contain not only H2S, but also NH3 and HCl and 

heavy metals, such as As, Cd, Hg, and Se. Before this syngas is used as a fuel for a gas turbine or 

further processing to methane, liquid hydrocarbons, or hydrogen, all of the above should be 

reduced to very low levels. 

 

In advanced gasification applications where a “low-temperature” absorption process such as 

Rectisol or Selexol is employed to scrub the gas and remove the sulfur compounds, the sulfur-

containing species such as H2S and COS are recovered as an acid gas, which then requires a 

sulfur-recovery process. The modified Claus process coupled with a tail-gas treatment process 

such as SCOT are typically used to recover elemental sulfur and produce a dischargeable plant 

tail gas. Some plant designs produce sulfuric acid rather than elemental sulfur. Mercury removal 
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is achieved by chemisorption with sulfur-impregnated carbon. 

 

Research at the University of California, Berkeley (UCB), coupled with experimental work at 

GTI, is leading to the development of an integrated multi-contaminant removal process. In this 

process, for the removal of H2S, a mixture of H2S-laden syngas and SO2 (generated separately 

via combustion of a part of the product sulfur with oxygen) is processed in a reactor column 

(shown conceptually in Figure 3 and in more detail in Figure A-3) at a temperature above the 

melting point (247
 
°F) and below the polymerization temperature (310

 
°F) of elemental sulfur. 

Details of the UCSRP-HP have been published previously.8 

 

 
Figure 3: The UCSRP-HP Concept for the Removal of H2S using a Liquid Phase Claus Process.  

 

In the UCSRP-HP process, the H2S in the syngas, together with injected SO2, dissolves in a 

solvent that circulates in the column. The Claus reaction, where H2S reacts with SO2 to form 

sulfur and water, occurs in the liquid phase. The sulfur formed is only sparingly soluble in the 

solvent and therefore forms a separate liquid phase. The solvent contains 3-pyridylcarbinol, a 

homogeneous liquid catalyst at less than 1% by weight of the solution. This catalyst is a 

commonly available and inexpensive material that does not degrade nor dissolve in the sulfur. 

One-third of the sulfur product is burned with oxygen (if an oxygen-blown gasifier is involved 

this would be a very small fraction of the oxygen requirement for the process), and recycled to 

the reactor column as the SO2 source. The remaining sulfur product is sent to the sulfur pit for 

export. Various process steps are also included to remove COS, HCl, NH3, and trace heavy 

metals. The treated gas leaving the system is expected to meet the strict specifications set for H2S 

and the other contaminants for gas turbines, fuel cells, and various catalytic processes for the 

productions of fuels and chemicals. 

 

Although there is no minimum (or maximum) pressure at which the process can operate, the flow 

of solvent is reduced and reaction rates are increased at higher pressures. This permits the use of 

smaller equipment and lowers operating costs; hence, the process is projected to be attractive for 

the treatment of H2S-containing gases at high pressure. This technology offers great advantages 

for Illinois basin coals. The ability to reduce the cost for sulfur and other coal impurities will lead 

to a greater usage of the high-sulfur Illinois coals that are not currently competitive for power 

generation. 
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EXPERIMENTAL PROCEDURES 

 

The key features of the bench-scale unit are: 

 

 A down-flow co-current reactor which is essentially (i) 4 ft-long Schedule 40 stainless steel 

pipe, (ii) internal diameter: 1.0 inch and (iii) packed with a 3 ft-long section of SMV
TM

 static 

mixer (see Figure 47) supplied by Sulzer Inc. The reactor (key dimensions are shown in 

Figure 5) is enclosed in an oven to maintain an inlet reactor temperature above 245 °F and to 

prevent sulfur condensation and plugging. 

 Four mass flow controllers for nitrogen, sulfur dioxide, carbon dioxide and hydrogen sulfide 

flow measurement and control. 

 A 4-in.-diameter tank/3-phase separator to separate gas and liquids, including sulfur, after the 

gas exits the reactor. 

 A solvent pump to re-circulate solvent (99.5 wt% diethylene glycol methyl ether, DGM, with 

0.5 wt% 3-pyridyl carbinol used as a homogeneous catalyst). This pump is equipped with an 

Allen Bradley frequency adjuster to vary solvent flow rates. 

 A 9 kW Chromalox® heater to maintain the re-circulating solvent at the desired process 

temperature. 

 A 30 kW Chromalox gas heater. 

 A number of line heaters (and insulation) used to maintain reactor inlet temperature above 

245 °F. 

 

A simplified schematic of the GTI UCSRP-HP bench-scale unit is shown in Figure 6; additional 

details are shown in Figure 7. 

 

 
Figure 4: Picture of a Typical SMV Static Mixer 
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Figure 5: Simplified Schematic of the GTI’s Bench-scale UCSRP-HP Reactor System. 
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Figure 6: Schematic of the GTI’s Bench-scale UCSRP-HP Reactor System with DGM Solvent Recirculation. 
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In order to minimize the net operating costs for gas usage and for safety reasons, GTI had 

used total sulfur dioxide and hydrogen sulfide flow rates at ~1% of overall gas flow rate. 

Hydrogen sulfide concentration was fixed at about 6,000 ppm and the sulfur dioxide and 

nitrogen flow rates were varied to obtain different feed concentrations. We did not use 

any hydrogen for these experiments.  
 

For a given experiment, the reactor unit was pressurized with N2 and heated to the desired 

inlet temperature (~250 °F) using the re-circulating solvent. Once 250 °F was reached, 

both SO2 (3 mol.% in a mixture with nitrogen) and H2S (10 mol.% in a mixture with 

nitrogen) flows were started, and the inlet/outlet gas concentrations were monitored until 

steady state levels were reached. This typically took about 15-20 minutes. Gas samples at 

the reactor outlet were collected for determining the H2S and SO2 levels by GTI’s CRS 

laboratory. For CO2 and H2S solubility tests, we used a Varian 4900 MicroGC and a 

Horiba 250 for SO2 solubility tests as explained in Task 3 in the next section. 

  

Due to various experimental limitations, we had to limit: 

 

 The maximum reactor operating pressure to ~400 psig.  

 The superficial gas velocity (at the reactor inlet conditions) to ~2 ft/sec. This 

corresponds to a nominal gas residence time of ~2 seconds. 

 The maximum concentrations of H2S and SO2 in the inlet gas at ~6,000 and 3,000 

ppm respectively. 

 For the tests conducted to simulate the “excess-SO2 operating mode” of the UCSRP-

HP reactor, the inlet excess SO2 level (over that needed based on the Claus reaction) 

at the reactor inlet was limited to ~5 mol.%. 

 For the tests conducted to simulate the “excess-H2S operating mode” of the UCSRP-

HP reactor, the inlet excess H2S level (over that needed based on the Claus reaction) 

at the reactor inlet was limited to ~10 mol.%. 
 

 

RESULTS AND DISCUSSION 

 

Task 1 – Engineering Design and Procurement 

 

In designing the co-current down-flow bench-scale reactor, we had assumed that the 

liquid phase Claus reaction would require approximately 1-5 sec nominal gas residence 

times with L/G mass ratios of about 0.5-4.0 at: 

 

 Operating pressures of 100 -400 psig and at a reactor inlet temperature of ~250 °F 

 Excess SO2 or H2S levels in inlet gas of about 1-10 mol.%. 

 

We worked with Sulzer Inc. to design the reactor. The total height of the reactor was 

selected to be 4.0 ft with the SMV packing height of 3 ft. A special sampling device was 

designed to collect gas samples at the reactor outlet. 
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Task 2 - Start-up and System Check 

 

A comprehensive HAZOP analysis was conducted in compliance with GTI’s industrial 

safety procedures. 

 

Task 3- Solubility of CO2, SO2 and H2S in DGM at specific pressures and 

temperatures. 

 

Specific steady-state experiments at a given L/G ratio, pressure and temperature were 

conducted to determine solubility values of these gases in DGM. To determine the 

solubility of a gas, say CO2, the system would be purged with N2 to ensure that no H2S or 

SO2 were present. A known CO2 gas flow would then be introduced into the system after 

the reactor was heated to the desired temperature e.g. 250 °F using re-circulating hot 

solvent. Once a steady inlet CO2 concentration was determined using a Varian 4900 

MicroGC, operator would switch to measuring the reactor outlet gas concentration. 

Steady state concentrations along with other reactor parameters like pressure, 

temperature, gas and liquid flow rates were then recorded. The experimental solubility 

data and the corresponding Aspen Plus simulation data is given in the Appendix; Table 

A-3 through Table A-5. A few of these data are summarized below in Table 1. The 

experimental data are broadly in agreement with the Aspen simulation data using the 

PRBM equation-of-state property data. 

 

Table 1: Comparative Solubility Data (Experimental vs. Aspen Plus Simulation) 

(Aspen Property Method: Peng-Robinson-Boston-Mathias) 

Gas Run# Nominal 

Pressure, 

psig 

Temp., 

°F 

L/G 

mass 

ratio 

Gas absorbed, 

wt. fraction 

(Experimental) 

Gas absorbed, wt. 

fraction (Aspen) 

CO2 2 400 70 54.9 2.19 E-03 5.30 E-03 

CO2 4 400 251 70.6 1.49 E-03 3.83 E-03 

SO2 1 400 71 29.8 1.66 E-04 1.72 E-04 

SO2 3 400 255 45.5 0.95 E-04 1.15 E-04 

H2S 7 400 256 23.4 3.16 E-05 8.60 E-05 

 

Task 4 – Extent of H2S and SO2
 
conversions at 100-400 psig and at a reactor inlet 

temperature of ~ 250 °F 

 

The key high-pressure test data (Runs 1A through Run 7) are summarized in Table 2; 

additional details on the operating conditions are given in Appendix A (Table A-1). Key 

examples (Run# 2 and 6) in percentage errors for measuring the extent of SO2 reaction 

are shown in Table 3; the error estimates for the other tests are given in Appendix Table 

A-6. For Run 2, the H2S level was reduced from 6,100 ppmv at the inlet to 31 ppmv at 

the reactor outlet; this corresponds to 99.8% conversion of H2S. Based on the H2S 

conversion data, the estimated SO2 conversion was ~0.049785 gmmmoles/minute (vs. 

0.0483 gmmoles/minute actually measured). This represents an error of ~ minus 3.0%. 

Similarly, for Run 6, the measured and estimated “SO2 reacted” (0.004 gmmoles/minute) 

values are about the same (reflecting no error).  
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As shown in Table 2, the extent of H2S removal based on inlet and outlet H2S flow rates 

were higher than 90 wt.% for a wide range of operating conditions at nominal superficial 

gas velocities (at reactor inlet conditions) of ~2  ft/sec (nominal gas residence times of ~2 

seconds).  

 

As the patented GTI two-stage process would involve operation of the first stage reactor 

in the “Excess-SO2 mode”, most of the runs under this mode were conducted at inlet H2S 

levels of nearly 6,000 ppmv. In the GTI Base Case UCSRP-HP IGCC design, the H2S 

level in the syngas to the UCSRP-HP plant is about 4,800 ppmv. One of the tests (Run 6) 

was conducted at a H2S inlet level of only 510 ppmv to explore the reactor performance 

for the second-stage of the two-stage UCSRP-HP concept; for this run (at 400 psig), the 

H2S removal was ~ 94%. 
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Table 2: High-pressure Experimental data 

DGM solvent flow: 0.5 liters/minute; SMV packing height of 3.0 ft 

Inlet Superficial Gas Velocity at reactor inlet conditions: 2 ft/sec;  

Inlet Reactor Temperature: ~250 °F
 

Run # 

Nominal 

Pressure, 

psig 

Inlet H2S 

level, ppmv 

Outlet H2S 

level, 

ppmv 

Inlet SO2 

level, 

ppmv 

Outlet 

SO2 level, 

ppmv 

Solvent/Gas 

(L/G) Mass 

ratio 

% H2S 

Reacted 

NTU based on 

H2S levels at 

inlet/outlet 

NTU based on 

SO2 levels at 

inlet/outlet 

Comment 

1A 400 5950 38 3030 0 1.1 99.8 -- 3.0
1 Inlet SO2 @ 

5% excess* 

1B 400 6020 40 3120 5 1.1 99.8 -- 3.2
2 Inlet SO2 @ 

5% excess 

2 400 6100 31 3000 40 1.1 98.4 -- 4.4 
Inlet SO2 @ 

1% excess 

3 400 5950 435 2830 1 1.1 95.1 6.1 -- 
Inlet H2S @ 

5% excess** 

4 400 5950 192 2940 40 1.1 98.8 3.4 -- 
Inlet H2S @ 

1% excess 

5 200 5950 3 3120 1100 2.1 85.4 --  
Inlet SO2 

@5% excess
 

6 400 510 81 230 1 1.1 94.2 1.8 -- 
Inlet H2S @ 

10% excess 

7 100 5950 245 3120 1330 3.9 93.0   
Inlet SO2 @ 

5% excess 

 

1. Assume the SO2 concentration at the reactor outlet was 157 ppmv (vs. 0 ppmv observed) based on the H2S mass balance 

2. Assume the SO2 concentration at the reactor outlet was 133 ppm (vs. 5 ppm observed) based on the H2S mass balance 

* To achieve 5% excess the SO2 gas flow rate was increased so the calculated inlet H2S:SO2 molar ratio would change to 2:1.05 

instead of the 2:1 stoichiometric ratio.  

**To achieve 5% excess the SO2 flow rate would be reduced so the calculated inlet H2S:SO2 molar ratio would change to 2.05:1  
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Table 3: Typical Errors in Measuring the Extent of SO2 Conversions 

Run 

# 

Inlet 

SO2 

level, 

ppm 

Experimental 

Outlet SO2 

level, ppm 

SO2 Conversion, 

measured 

(gmmoles/min.)*
  

SO2 Conversion, 

estimated (from 

measured H2S 

Conversion), 

gmmoles/min. 

% Error in 

measuring the 

extent of SO2 

conversion  

2 3000 40 0.0483 0.049785 -3.0 

6 230 1 0.004 0.004 ~ 0 

* If H2S molar conversion is X, the SO2 conversion is X/2. Assuming that the 

inlet SO2 flow rates are correct, we can estimate the amount of SO2 flow rate in 

the gas sample at the exit. We also assume (based on HYSYS simulations) that 

the quantity of H2S, SO2 and nitrogen leaving with the solvent at the reactor outlet 

under these operating conditions are negligible. 

** For Run #2, the H2S level was reduced from 6100 ppmv at the reactor inlet to 

31 ppmv at the outlet. The experimentally measured SO2 at the outlet was 40 

ppmv. Based on the H2S conversion data, this indicates an error of ~ minus 3.0% 

in the measured value of “SO2 reacted” (~ 0.0483 gmmoles/minute)  

 

As summarized below (Table 4), the experimental data demonstrate commercially 

attractive HTU values (of ~0.67-1.7 ft) at ~400 psig, nominal gas residence times of ~2 

seconds, and relatively high inlet levels of H2S or SO2. As expected, the HTU value is 

relatively high (~2.22) at a lower inlet H2S level (~500 ppmv). This test was conducted to 

simulate the second-stage UCSRP-HP reactor. As a comparison for the UCSRP-HP Base 

Case design, we had assumed a HTU value of 5.0 ft (at ~750 psia). 

 

Table 4: Comparative HTU Data
*
 

Run # 
Inlet level, 

ppmv 

Outlet level, 

ppmv 

H2S 

conversion, % 

Experimental 

HTU, ft ** 

1B H2S: 6,020 H2S: 40 99.8  0.60 

2 SO2: 3,000 SO2: 40 98.3  0.57 

6 H2S: 510 H2S: 81 94.2  1.67 
* For the Base Case UCSRP-HP design, we had assumed a HTU value of 5.0 ft. 

** Based on the H2S inlet/outlet data 
 

Reactor Pressure Drop 
 

As shown below in Table 5, the experimental data demonstrate relatively low pressure-

drop for such co-current down-flow reactors fitted with SMV packing.  

 

Table 5: Key Pressure Drop Data (Nominal gas velocity: 2 ft/sec) 

Run # Inlet pressure, psig L/G Mass Ratio Total “Delta P”, psi** 

1 B 400 1.1 1.59 

5 200 2.1 0.86 

7 100 3.9 0.65 

** Equivalent to ~ 8 psi total pressure drop for a 20- ft high reactor at these operating conditions 
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Task 5 – Data Analysis and Economics 

 

The key objective of the experimental program under this Phase 4 program was to 

demonstrate that the down-flow, co-current UCSRP-HP reactor concept with a Sulzer 

SMV-contactor would lead to commercially attractive reactor residence times and HTU 

values. This type of contactor is well suited for physical absorptions and absorptions 

followed by near-instantaneous chemical reaction in the liquid phase. Literature data, 

published by Professor Lynn5, indicate that the liquid phase Claus reaction especially at 

reactor pressures of greater than 400 psig and at an average temperature of 250 °F or 

higher should be relatively very fast, with approximate nominal reactor residence time 

requirements of 1-5 seconds. In this context, GTI has patented a two-stage process 

concept where: 

 

1. The first-stage would be operated under the “Excess-SO2 mode” to remove a major 

fraction of the feed H2S in the coal-derived syngas. As an example for IGCC 

applications, the feed syngas to Stage 1 would have a SO2 level of ~3000 ppmv and 

the product syngas at the Stage 1 outlet would have a SO2 level of ~40-50 ppmv (with 

near-zero level of H2S). 

2. The second-stage would be operated as a “polishing step” under the “Excess-H2S 

mode” to achieve a final “H2S + COS” level in the product syngas of below 10 ppmv 

for IGGC applications. A small fraction of the syngas feed to Stage 1 is fed to the 

Stage 2 for the reaction of H2S with the SO2 in the Stage 1 syngas product. 

 

A schematic of the GTI Two-stage UCSRP-HP Concept for IGCC applications is shown 

in Figure 8. Typical mass balances (using 1,000 lb-moles of total syngas feed to the 

UCSRP-HP reactor system) for the concept are given in Table 6.  
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Figure 7:  GTI’s Patented Two-Stage UCSRP-HP Concept
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Table 6:  Typical Mass Balance for Sulfur Removal for the GTI Two-stage Concept (Stream 

data are per Figure 7) 

 

 
 

As shown in Table 6: 

 

 The syngas feed from the coal gasification unit has a H2S level of about 6,200 ppmv,  

 The SO2 level at the first-stage inlet is ~3,140 ppmv, 

 About 98.7 volume % of the syngas feed is processed in Stage 1 and ~1.3% of the 

syngas is fed to Stage 2, 

 The SO2 level at the Stage 1 exit is ~40 ppmv, 

 The H2S + COS level in the exit syngas from Stage 2 is ~8 ppmv (it is assumed that 

the COS level at Stage 1 exit is 10% of the SO2 level, namely 4 ppmv; and the COS 

level in the syngas from Stage 2 is 4.4 ppmv). 

 

For our Base Case UCSRP-HP design completed under the ICCI Phase 3 program, we 

had assumed that: 

 

 The total SO2 (moles) in the solvent plus the syngas at the outlet of Stage 1 reactor 

would be ~10% of the SO2 (moles) in the syngas feed to Stage 1. This resulted in a 

solvent/gas mass ratio of ~20.  

 The total H2S in the solvent plus the syngas at Stage 2 outlet would be ~ 10% of the 

H2S in the syngas feed to Stage 2. 

 

HTU, Gas-Velocity and L/G Ratio Assumptions on the UCSRP-HP Base Case Design vs. 

the Phase 4 Experimental data 

 



19 
 

For the UCSRP-HP two-stage Base Case design, the H2S level in the feed to Stage 1 is 

about 4,800 ppmv and the SO2 level is about 2440 ppmv. For Stage 1, the SO2 in the 

syngas product is about 40 ppmv. Thus, the NTU required would be ~ln(2440 /40) or 

4.1. With a packing height of 3 ft, the HTU is ~1.4 ft. Based on published Sulzer data1 

for removal of H2S from natural gas using a DEA solvent, we had assumed a HTU of ~ 

5.0 ft of the Stage 1 reactor (please see Table A-5 in Appendix A). This would need a 

Stage 1 reactor height of ~21 ft; we had assumed a height of 25 ft. Similarly, for the 

Stage 2, the reactor height was also assumed to be 25 ft. As discussed, the experimental 

data for the HTU values at 400 psig are lower (0.57-1.67 ft) than that assumed in 

UCSRP-HP Base Case design (at 735 psig). Thus, our reactor design assumptions are 

rather conservative. 

 

For Stage 1, we had assumed a nominal superficial gas velocity of ~10 ft/sec using an 

internal reactor diameter of 5 ft; thus, the nominal gas residence time is about 2.5 sec. For 

the Phase 4 experiments, the nominal gas residence time was about 2 sec. 

 

Regarding the L/G (solvent/gas) mass ratio, these experiments indicate very high H2S 

conversions at L/G values of about 1.0-3.9 (vs. 20 assumed in the design). 
 

Comments on the Phase 3 Economic Evaluations 
 

We had presented the economic evaluation data in our Phase 3 report3. The study 

involved the comparative data on the cost of electricity (COE : for a 550 MW IGGC plant 

with carbon capture) for (1) a DOE study that used conventional two-stage Selexol 

technology for H2S and CO2 removal and (2) the GTI case where the H2S removal step 

and other effected operations were replaced with the UCSRP-HP design. The process 

flow diagrams (PFD) of the two cases are shown in Appendix A (Figures A-1 and A-2). 

Additional details on the GTI PFD are given in Figure A-3. As shown below (Table 7), 

the UCSRP-HP case indicated a COE reduction of about 9-10%: 

Table 7:  Summary -- Phase 3 Economic Evaluation 

 DOE Case GTI UCSRP-HP 

Coal feed rate, dry, lb/hr 444,737 444,737 

Total CAPEX, (year 2006 $) 1,328 1,205 

Net Power for Sale, MWe 555.7 573.3 

Thermal efficiency, % (HHV) 32.5 33.5 

Cost of power, COE, $/MWh 

(year 2006 $) 

103.0 93.4 

 

 The CAPEX for the UCSRP-HP plant was estimated at about $15 MM. As the 

Phase 4 experimental data indicate that our design assumptions on the two reactors 

and solvent recirculation costs were conservative, the CAPEX estimate seems to be 

rather conservative; however, we would need additional experimental data at ~ 750 

psia reactor operating pressure to confirm this. 

 Regarding the electric power consumption for the solvent-recycle pumps, the 

previous estimate of L/G mass ratio of ~ 20 is also conservative. We had estimated 

~1.3 MWe as the power need for the UCSRP-HP plus the sulfur/oxygen furnace 
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units.  

CONCLUSIONS AND RECOMMENDATIONS 

 

Conclusions 

 

The Task 4 experimental data indicate: 

 

 Validation of the potential economic benefits of the GTI UCSRP-HP approach to 

sulfur recovery from high-pressure syngas 

 Relatively high H2S removal efficiencies (of 90%
+
) at 400 psig and at a superficial 

gas velocity of ~ 2 ft/sec (corresponds to ~2 sec nominal gas residence time in the 

reactor). 

 Commercially attractive HTU parameters for the UCSRP-HP process using the down-

flow co-current operation with the SMV packing. For the experiments under the 

“excess SO2” mode with about 3,000 ppmv SO2 level at the reactor inlet at 400 psig, 

the experimental HTU values are ~0.56-0.60 ft (vs. ~ 5.0 ft used in the GTI economic 

study).  

o As an example, with a ~3,000 ppmv SO2 level at the reactor inlet at 400 psig, the 

SO2 level at the reactor exit could be reduced to below 40 ppmv. 

 For operations in the “excess H2S mode” using relatively low H2S level in the feed 

gas (~500 ppmv), the experimental data at 400 psig indicate (1) H2S conversions of ~ 

94% and (2) HTU values of ~0.5 ft at 400 psig and superficial gas velocity of 

~2 ft/sec. 

 The potential for using significantly low L/G (solvent/gas) mass ratios of ~1-3 vs. 

~20 used in the Base Case design.  

o If these data can be validated at UCSRP-HP operations at ~800 psig and at a gas 

velocity of ~10 ft/sec, we would be able to reduce the costs for solvent recovery 

and recycle operations significantly. 

 

Recommendations: 

 

For further scale up of the UCSRP-HP process, we recommend future experimental 

programs to: 

 

 Extend the operating pressures to ~800-1000 psig. 

 Increase the superficial gas velocities to ~10-40 ft/sec at ~800 psig operations. 

 Explore, if other solvents, e.g., the Uhde/GTI Morphysorb® or dimethylether of 

polyethylene glycol (generic Selexol), can be used as the solvent in the UCSRP-HP 

process. If confirmed, this would avoid process complications related to mixing of 

DGM solvent with that used in the downstream CO2-removal step. 

 Use a down-flow co-current reactor, fitted with SMV packing, with a larger internal 

diameter to study various reactor scale-up parameters, including changes in hydraulic 

diameter and turn-down/turn-up ratios.  

 Test the process with syngas from an operating coal gasifier using Illinois #6 coal. 
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Figure A-1: DOE Case 2 Process Flow Diagram, GEE IGCC with CO2 Capture (Total SO2 Emission: 56 lb/hr) 
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Figure A-2: GTI UCSRP-HP Base Case IGCC with CO2 Capture (Total SO2 Emission: 34 lb/hr) 
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Figure A-3: Key Details of the UCSRP-HP 

 
 Solvent composition: 99.5 wt% Di ethylene Glycol methyl Ether(DGM) and 0.5 wt% 3-pyridyl carbinol (3-HP) 

Table A-1: High Pressure Experimental Data 
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Solubility of Different Gases in DGM 

 

Table A-2: SO2 absorption in DGM: Experimental data versus Aspen Plus simulation 

(Property Method: Peng-Robinson-Boston-Mathias) 

Exp’t 
Pressure, 

psia 

Temp    

°F 
Gas 

Inlet 

gas 

flow 

rate, 

SLPM 

Inlet 

gas 

conc, 

(%) 

Outlet 

gas 

conc, 

(%) 

Solvent 

flow 

rate, g 

/min 

L/G 

ratio 

(mass) 

Gas 

absorption 

rate, 

g/min 

Gas absorbed,  

wt. fraction 

          EXP SIM 

1 411 70.0 
N2 60.5 99.78 99.995 

2266 29.8 0.377 1.66E-04 1.72E-04 
SO2 0.135 0.22 0.005 

2 415 70.7 
N2 60.5 99.78 99.965 

515 6.8 0.325 6.31E-04 7.13E-04 
SO2 0.135 0.22 .035 

3 415 255.0 
N2 27.0 99.76 99.93 

1545 45.5 0.147 9.51E-05 1.15E-04 
SO2 0.0705 0.24 0.07 

4 411 261.6 
N2 27.0 99.76 99.88 

927 27.3 0.109 1.18E-04 1.79E-04 
SO2 0.0705 0.24 0.12 
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Table A-3: H2S Absorption in DGM: Experimental data versus Aspen Plus Simulation 

(Property Method: Peng-Robinson-Boston-Mathias) 

Exp’t 
Pressure 

psia 

Temp   

⁰F 
Gas 

Inlet gas 

flow, 

SLPM 

Inlet 

gas 

conc, 

(%) 

Outlet 

gas 

conc, % 

Solvent 

flow rate, 

g/min 

L/G 

ratio 

(mass) 

Gas 

absorption 

rate, 

gH2S/LDGM 

Gas absorbed,  

wt. fraction 

          Experimental Simulated 

1 411 99 
N2 80.52 99.25 99.98 

1545 15.2 0.6687 4.33E-04 4.50E-04 
H2S 0.60 0.75 0.20 

2 410 100 
N2 79.58 99.25 99.23 

2266 22.6 0.7110 3.14E-04 3.22E-04 
H2S 0.60 0.75 0.17 

3 416 99 
N2 79.99 99.25 99.71 

927 9.2 0.5640 6.08E-04 6.65E-04 
H2S 0.60 0.75 0.29 

4 415 98 
N2 76.67 99.74 99.82 

927 9.6 0.0971 1.05E-04 2.23E-04 
H2S 0.20 0.26 0.18 

5 414 96 
N2 77.53 99.74 99.84 

1545 15.9 0.1187 7.68E-05 1.51E-04 
H2S 0.20 0.26 0.16 

6 414 96 
N2 77.53 99.74 99.88 

2266 23.3 0.1672 7.38E-05 1.09E-04 
H2S 0.20 0.26 0.12 

7 410 256 
N2 77.33 99.74 99.80 

2266 23.4 0.0717 3.16E-05 8.60E-05 
H2S 0.20 0.26 0.20 
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Exp’t 
Pressure, 

psia 
Temp,    

°F 
Gas 

Inlet 
gas 

flow, 
SLPM 

Inlet gas 
conc, 
(%) 

Outlet 
gas 

Conc, 
(%) 

Solvent 
flow 

rate, g 
/min 

L/G ratio 
(mass) 

Gas 
absorption 

rate, 
g/min 

Gas absorbed, 
wt. fraction 

          EXP SIM 

1 415 70 
N2 8.21 75 84.23 

1545 98.9 2.355 1.52E-03 2.99E-03 
CO2 2.38 25 15.77 

2 416 70 
N2 9.85 75 82.20 

1030 54.9 2.259 2.19E-03 5.30E-03 
CO2 3.28 25 17.80 

3 415 247 
N2 2.51 75 81.80 

1030 215.2 0.547 5.31E-04 1.46E-03 
CO2 0.84 25 18.20 

4 414 251 
N2 11.49 75 81.23 

1545 70.6 2.308 1.49E-03 3.83E-03 
CO2 3.83 25 18.77 

Table A-4: CO2 absorption in DGM: Experimental data versus Aspen Plus simulation 

(Property Method: Peng-Robinson-Boston-Mathias) 

 

 

Table A-5: Literature Data on HTU Requirements - - Removal of H2S from Natural Gas using an Amine in a Down-flow Co-

current Reactor fitted with SMV Packing (Operating Pressure : 980 psig) 

 

Inlet Gas Temperature, ⁰F 95 

Inlet Amine Temp., ⁰F 120 

Inlet H2S, ppmv 45 

Outlet H2S, ppmv <4 

 NTU = ln (Cin/Cout) = 2.3; The installed unit was 6-inch ID X 6-ft-long SMV contactor with the HTU of ~0.4 ft 
Ref. 1 : Baker(Koch Engineering) et al., AICHE 1991 Spring National Meeting, Session: 46, Sour Gas Processing, Houston  
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Table A-6:  % Error in Measuring SO2 conversions (in gmmoles/minute) 

 
Run # Inlet SO2 

Level, ppmv 

Outlet SO2 

level, ppmv 

SO2 Conversion, 

gmmoles/min, 

(measured) 

SO2 Conversion, 

gmmoles/min, 

(estimated from H2S 

Conversion) * 

% Error in 

measuring SO2 

Conversion 

1A 3030 0 0.0524 0.049785 + 5.0 

1B 3120 5 0.0520 0.049785 + 4.3 

2 3000 40 0.0483 0.049785 - 3.0 

3 2830 1 0.0474 0.04635 + 2.2 

4 2940 40 0.0479 0.04979 - 3.9 

5 3120 1111 0.0155 0.026 - 67.7 

6 230 1 0.004 0.004 ~ 0% 

7 3120 1331 0.0227 0.02535 - 11.7 

* Assumes that the measured H2S conversion data are correct and (ii) the amounts of N2, H2S and SO2 in the reactor 

effluent solvent are negligible. 

o  
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DISCLAIMER STATEMENT 

 

This report was prepared by Timothy Tamale, Gas Technology Institute, with support, in 

part, by grants made possible by the Illinois Department of Commerce and Economic 

Opportunity through the Office of Coal Development and the Illinois Clean Coal 

Institute. Neither Timothy Tamale & Gas Technology Institute, nor any of its 

subcontractors, nor the Illinois Department of Commerce and Economic Opportunity, 

Office of Coal Development, the Illinois Clean Coal Institute, nor any person acting on 

behalf of either: 

 

(A) Makes any warranty of representation, express or implied, with respect to the 

accuracy, completeness, or usefulness of the information contained in this report, 

or that the use of any information, apparatus, method, or process disclosed in this 

report may not infringe privately-owned rights; or 

 

(B) Assumes any liabilities with respect to the use of, or for damages resulting from 

the use of, any information, apparatus, method or process disclosed in this report. 

 

Reference herein to any specific commercial product, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not necessarily constitute or imply its 

endorsement, recommendation, or favoring; nor do the views and opinions of authors 

expressed herein necessarily state or reflect those of the Illinois Department of 

Commerce and Economic Opportunity, Office of Coal Development, or the Illinois Clean 

Coal Institute.  

 

Notice to Journalists and Publishers:  If you borrow information from any part of this 

report, you must include a statement about the state of Illinois' support of the project. 

 


