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ABSTRACT 
 
The overall objective of this program was to advance GTI’s most promising regenerable 
metal oxide-based sorbent towards commercial demonstration at the Piñon Pine 
entrained-bed high temperature coal gas desulfurization unit.  
 
The copper-based IGTSS-326A sorbent was originally selected and produced via spray 
drying by United Catalyst, Inc.  Evaluation tests showed the commercially produced 
formulation possessed improved attrition resistance and only slightly lower effective 
sulfur capacity than the IGTSS-326A produced at GTI.  Unfortunately, fluidization of the 
commercially produced sorbent also proved to be difficult and it was concluded it would 
not be possible to demonstrate the suitability of this sorbent for the transport reactor 
application according to the test protocol provided by DOE/NETL.  An alternative 
leading metal oxide sorbent was selected for demonstration instead.  This zinc-based 
sorbent, designated as IGTSS-360, was developed based on a novel sol-gel processing 
technique in a recent DOE-sponsored program at GTI. 
 
In this program the sol-gel technique was simplified considerably to render it more 
economical, less time consuming, and easily adaptable to large-scale production, without 
compromising sorbent properties.  In addition, this novel sorbent preparation technique 
was adapted to commercial practice in coordination with a suitable commercial sorbent 
manufacturer (Chemat Technology, Inc.).  Several variations of the leading zinc-based 
sorbent formulation (IGTSS-362) were successfully produced commercially.  One 
superior zinc-based formulation (IGTSS-365B) was evaluated under DOE/NETL Test 
Protocol for qualification of candidate sorbents towards commercial demonstration at 
Piñon Pine IGCC facility. 
 
To bridge the gap between bench-scale testing and future large-scale demonstration, 
evaluation of GTI’s leading sorbent in DOE/NETL’s facilities is needed.  Furthermore, 
based on the results obtained in this program, it is highly recommended that additional 
regeneration studies, involving mixtures of fresh and partially sulfided sorbent samples, 
be undertaken to closely simulate regeneration conditions at Piñon Pine. 
 



  
 
 

 
EXECUTIVE SUMMARY 

 
Under the sponsorship of DCCA/OCDM as well as DOE/NETL, extensive research at 
GTI showed that only sorbents based on copper oxide possessed the best combination of 
high attrition resistance, sulfur removal efficiency, and extent of pre-breakthrough 
conversion at moderate desulfurization temperature.  The durability of one leading 
sorbent formulation (IGTSS-326A) was demonstrated in over 50 sulfidation/regeneration 
cycles.  However, work at GTI cast doubt on the feasibility of formulating an effective 
bulk sorbent based on zinc oxide, using conventional sorbent preparation techniques, 
such as co-precipitation and solid oxide mixing followed by granulation or spray drying, 
for a demanding commercial desulfurization application, such as the transport reactor.  
These techniques require very high thermal treatment temperatures to impart physical 
strength, and as a result, they often produce sorbents with low reactivity.  It was shown 
that even when chemical reactivity was compromised significantly, the minimum attrition 
resistance requirement for the transport reactor could not be met.  Because sorbents based 
on ZnO are best suited for desulfurization, especially at moderate temperature, an 
alternative sorbent preparation approach was deemed necessary. 
 
The objective of this program was to bring GTI’s leading metal oxide sorbent one step 
closer to commercialization by producing sufficient quantities of the leading formulation 
with the required specifications by a commercial sorbent manufacturer. The resulting 
sorbent was then evaluated according to a test protocol provided by DOE/NETL to 
demonstrate the suitability of the sorbent and the compatibility of the sorbent’s optimum 
operating conditions for use in the Piñon Pine plant hardware as it currently exists. 
 
Initially, ten pounds of the leading IGTSS-326A copper-based sorbent was prepared via 
spray drying by United Catalyst, Inc. (UCI).  Following evaluation tests, this 
commercially produced sorbent was found to exhibit improved attrition resistance and 
comparable sulfidation reactivity to those previously obtained with the IGTSS-326A 
sorbent produced at GTI.   Similar to this latter sorbent, however, fluidization of the 
spray-dried sorbent in reducing atmospheres, under bubbling fluid-bed conditions, proved 
to be difficult.  It was concluded it would not be feasible to evaluate this sorbent under 
the experimental conditions specified in the DOE/NETL Test Protocol.  To a large extent, 
this protocol is tailored to zinc-based sorbents, which require lower fluidization velocities 
than copper-based sorbents. 
 
Efforts were directed to pursue the movement towards demonstration of an alternative 
leading formulation from a new class of zinc-based sorbents that were recently developed 
in a DOE-sponsored program at GTI.  These new zinc-based sorbents were prepared 
using a modified procedure based on sol-gel processing of organic and/or inorganic 
precursors.  This procedure departs significantly from “conventional” sorbent preparation 
approaches, and was shown to produce sorbents with the highly desirable combination of 
high reactivity (desirable pore size distribution and high surface area), high attrition 
resistance, and regenerability at lower temperatures.  These highly desirable 
characteristics proved unattainable using “conventional” sorbent preparation techniques, 
especially for the case of sorbents based on ZnO.  Selected formulations from this new 



  
 
 

 
class of sorbents include IGTSS-353, IGTSS-354, and IGTSS-360. 
 
Initial efforts in this program focused on the simplification of the sol-gel-based sorbent 
preparation procedure to minimize the number of steps involved, thereby reducing 
processing times and sorbent cost.  A formulation equivalent to the IGTSS-360 sorbent 
was prepared using a simplified approach that eliminated a time-consuming step 
(refluxing) from the original procedure.  This sorbent, designated as IGTSS-362, was 
evaluated for its attrition resistance, chemical reactivity, effective sulfur capacity, and 
regenerability.  It was determined that the sorbent preparation steps eliminated had no 
adverse effects on the chemical reactivity or attrition resistance of the resulting sorbent. 
 
Following the encouraging results obtained with the IGTSS-362 sorbent, arrangements 
were made for the commercial manufacture of this formulation by Chemat Technology, 
Inc., using the simplified sol-gel procedure.  Additional modifications in the procedure 
were sequentially made during the commercialization process as recommended by 
Chemat, resulting in the IGTSS-362C, IGTSS-362E, and IGTSS-362F sorbents, versions 
of which were made both at GTI and at Chemat.  A final step in optimizing the sol-gel 
procedure was to investigate the possibility of increasing the effective sulfur capacity, by 
increasing the ZnO content of the prepared sorbent beyond the nominal 40 wt% ZnO 
used in the IGTSS-362 sorbent series.  Sorbents containing approximately 45% ZnO 
(IGTSS-364), 50% ZnO (IGTSS-365), and 60% ZnO (IGTSS-363) were prepared at GTI.  
Each of these sorbents was evaluated for its attrition resistance, chemical reactivity, and 
effective sulfur capacity.  Based on the results obtained, a sorbent (IGTSS-365B) with the 
optimum ZnO content of 50% was selected for commercial production and evaluation. 
 
Physical characterization and packed-bed reactor evaluation indicated the GTI-produced 
sorbents had very similar properties to their commercially produced counterparts.  It was 
evident that none of the modifications that were systematically implemented during the 
sol-gel preparation step compromised the effectiveness of these sorbents for H2S removal 
from a simulated fuel gas mixture.  In addition, with the exception of the sorbent 
containing 60.4% ZnO (i.e., IGTSS-363), all of the sorbents had attrition indices that 
ranged from 1.8 to 2.6%, well below the transport reactor requirement of ≈ 4%.  It 
appears that attrition resistance depends on the ZnO content of the sorbent and is 
adversely affected when the ZnO content exceeds 50% by weight.  Furthermore, 
additional amounts of the reactive component ZnO did not appear to increase the 
effective capacity of the sorbent for sulfur absorption.  A ZnO content of about 50% by 
weight appears to be optimum for maximizing the effective capacity of these sol-gel 
derived sorbents, while still achieving desirable attrition indices. 
 
Comparison of physical characterization results indicates the mercury pore surface areas 
of the sol-gel-derived sorbents are one to two orders of magnitude higher than that of the 
IGTSS-326A copper-based sorbent.  This high surface area should be attributed to 
significantly smaller pore diameters in these sorbents.  Results show the median pore 
diameters of the sol-gel sorbents are about 16 times smaller than those of the IGTSS-
326A sorbent.  This highly desirable combination of high porosity, high surface area, and 



  
 
 

 
small pore diameters resulted in high chemical reactivity and high attrition resistance for 
these zinc-based sorbents. 
 
All four commercially-produced sorbents were subjected to a 5-cycle test in the packed-
bed reactor for the purpose of screening the superior sorbent formulation for bench-scale 
testing in the HPTR unit.  All sorbents demonstrated a high H2S removal efficiency (< 1 
ppmv H2S in the cleaned gas) and reasonably maintained an acceptable effective sulfur 
capacity (i.e., > 8 g S/100 g of sorbent) throughout the five cycles completed.  During the 
first sulfidation all sorbents achieved similar effective sulfur capacities, ranging from 11 
to 12 g S/100 g of sorbent.   However, only the IGTSS-365B sorbent maintained this 
level of performance by the fifth cycle, while the effective sulfur capacities of the other 
three commercially produced sorbents declined to levels ranging from 8 to 9 g S/100 g of 
sorbent.  Based on these results and favorable attrition resistance and physical properties, 
the commercially produced IGTSS-365B sorbent was selected for evaluation in the 
bench-scale HPTR unit according to the DOE/NETL Test Protocol.  This protocol was 
designed for qualification of candidate sorbents specifically for the Piñon Pine 
application. 
 
Scoping test results showed that the IGTSS-365B sorbent was capable of being cyclically 
loaded to effective sulfur capacities exceeding 8 g S/100 g of sorbent, with residual H2S 
concentrations below 20 ppmv in the effluent gas.  In addition, with breakthrough 
arbitrarily defined at 100 ppmv H2S, this sorbent is capable of achieving an effective 
sulfur capacity approximating 12 g S/100 g of sorbent by the fourth cycle, similar to the 
results obtained during testing at ambient pressure.  There appears to be a gradual decline 
in sorbent efficiency with cycling, as demonstrated by higher and higher H2S 
concentrations in the effluent gas as the breakthrough point is approached.  This decline 
may be due to sorbent exposure to temperatures exceeding 650°C during regeneration, as 
indicated by the measured temperature profiles.  
 
Results further show that the IGTSS-365B sorbent could be successfully regenerated at a 
starting temperature of 538°C with a feed gas containing 7 vol% O2.  However, 
regeneration with 14 vol% O2 in the feed gas led to temperature excursions exceeding 
825°C, which caused severe overheating and sintering of the sorbent, as was 
substantiated by its poor performance in the subsequent sulfidation test.  It appears there 
is an optimum combination of O2 content in the feed gas and starting regeneration 
temperature capable of creating suitable conditions to initiate and sustain sorbent 
regeneration.  
 
During extended multiple-cycle testing, the regeneration conditions were further refined 
to minimize the amount of heat generated while still allowing complete regeneration to 
occur within a reasonable amount of time.  The conditions used were a starting 
regeneration temperature of 565°C and a feed gas containing 2 vol% O2.  The results 
indicate both sorbent efficiency for H2S removal and the effective sulfur capacity 
gradually and steadily decline over the 8-½ cycles completed.  Regeneration test results 
indicate the sorbent was not exposed to temperatures higher than 650°C.  Therefore, this 



  
 
 

 
gradual decline is probably due to sorbent sintering effects upon prolonged exposure to 
elevated temperature. 
 
To assess the degree of fluidization and to determine the effects of cyclic testing on 
sorbent properties, post-test samples, from the top and bottom portions of the sorbent bed, 
from the various testing campaigns, were physically and chemically analyzed.  The 
results obtained appear to confirm the conclusions drawn previously.  First, none of the 
reacted samples showed any significant amount of sulfate formation, indicating that 
cyclic decline in sorbent performance during any of the tests was not due to incomplete 
regeneration because of sulfate formation.  Second, the amounts of sulfide sulfur 
measured by chemical analysis for each sample are in agreement with the final sulfur 
loading attained in each scoping test, as estimated based on the breakthrough curve.  
Third, given the consistent zinc contents, loss of sulfur capacity due to zinc volatilization 
can be ruled out, as should be the case given the moderate operating temperature for 
sulfidation (510°C).  Fourth, the effects of the high temperature excursions are evident by 
an enormous change in the median pore diameter accompanied by a considerable 
reduction in porosity and surface area.  This is especially true for samples where the 
sorbent was exposed to temperatures as high as 825°C, leading to dramatic declines in 
sorbent performance.  Finally, the negligible degree of discrepancy between the measured 
properties of the samples taken from the top and bottom portions of the sorbent bed after 
each test is an indication of the high degree of fluidization that was consistently 
maintained during HPTR testing. 
 
The results discussed above in connection with evaluation of the IGTSS-365B sorbent 
according to the DOE/NETL Test Protocol are encouraging.  It is evident there is no 
sulfate formation upon regeneration of the IGTSS-365B sorbent, even at a starting 
regeneration temperature as low as 538°C (1000°F).  This is an indication of improved 
regenerability for this sorbent compared to other zinc-based sorbents developed using 
“conventional” preparation techniques, for which sulfate formation was reported to be a 
major concern.  The slight decline in the IGTSS-365B sorbent performance during the 
extended cycle test is solely due to temperature excursions during sorbent regeneration, 
which adversely affected sorbent properties.  However, as discussed earlier, in the Piñon 
Pine transport reactor system, only a slipstream of partially sulfided sorbent is circulated 
between the desulfurization and regeneration vessels.  Therefore, the sorbent in this 
reactor system is always in dilute phase, and temperature excursions are completely 
avoided, even when neat air is used for regeneration.  Under these conditions, the results 
obtained in this program indicate the IGTSS-365B sorbent can be regenerated 
successfully, thereby maintaining its high effective capacity for sulfur absorption in a 
cyclic hot gas cleanup process. 
 
To bridge the gap between bench-scale testing and future large-scale demonstration, 
evaluation of GTI’s leading sorbent in DOE/NETL’s facilities is needed.  Furthermore, 
based on the results obtained in this program, it is highly recommended that additional 
regeneration studies, involving mixtures of fresh and partially sulfided sorbent samples, 
be undertaken to closely simulate regeneration conditions at Piñon Pine. 
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OBJECTIVES 

 
The overall objective of this program was to advance GTI’s most promising regenerable 
metal oxide-based sorbent towards commercial demonstration at the Piñon Pine 
entrained-bed high temperature coal gas desulfurization facility.  
 
The specific objectives of the work undertaken were to: 
 
• Produce GTI’s leading sorbent by a commercial sorbent manufacturer 
 
• Perform initial evaluation of  the commercially-produced sorbent  
 
• Determine suitability of the sorbent in bench-scale testing according to a DOE/NETL 

Test Protocol    
 

INTRODUCTION AND BACKGROUND 
 
The main goal of the research and development program on sulfur in coal sponsored by 
the Illinois Department of Commerce and Community Affairs’ Office of Coal 
Development and Demonstration (DCCA/OCDM) is to increase the utilization of high-
sulfur Illinois coals using a method that is both economical and environmentally 
acceptable.1  Emerging power generation technologies, such as the Integrated Gasification 
Combined Cycle (IGCC), offer significant promise to achieve this objective and to 
increase the market share of high-sulfur Illinois coals.  Development of IGCC processes 
is especially advantageous to high sulfur Illinois coal, in comparison to Western coal, 
because of its high Btu content. With any coal (high or low sulfur), a gas cleaning 
treatment is always needed due to process requirements in the downstream units.  In 
addition, the cost of sulfur removal is determined primarily by the gas throughput of the 
system rather than the sulfur content of the coal. Another advantage associated with the 
use of high sulfur Illinois coal is the value of the increased sulfur products generated in 
the cleaning process.  
 
One significant part of the hot gas cleanup step is the removal of reduced sulfur species, 
mainly hydrogen sulfide (H2S). Extensive research has shown that hot fuel gas 
desulfurization may be successfully accomplished by using metal oxides capable of 
forming stable sulfides. One of the main obstacles in the commercialization of high-
temperature desulfurization systems for IGCC power generation processes is the 
development of regenerable sulfur sorbents with suitable physical and chemical 
characteristics.  These characteristics greatly depend on the type of reactor used for 
desulfurization/regeneration, which can have a fixed-bed, a moving-bed, a bubbling 
fluidized-bed, or a transport reactor. 
 
Research and development for high-temperature desulfurization of fuel gases has been 
sponsored primarily by the National Energy Technology Laboratory (NETL) of the U.S. 
Department of Energy (DOE) as well as the DCCA/OCDM.  Over the last two decades, a 
number of studies have been reported on high-temperature H2S removal, primarily using 
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various transition metal oxides as regenerable sorbents.2-10  Sorbents based on zinc oxide 
(ZnO), which has a high affinity for H2S, have emerged as the leading candidates.  For a 
number of years zinc ferrite received considerable attention,5 but the need to improve the 
stability of ZnO against reduction in the reducing fuel gas atmosphere has shifted interest 
to zinc titanates (ZnTiO3, Zn2TiO4, and Zn2Ti3O8).11,12  Promising results have been 
achieved; however, concerns about sorbent spalling and loss of zinc through ZnO 
reduction and subsequent volatilization of elemental zinc still remain. 
 
There is currently significant interest in the transport reactor desulfurization technology.  
This system, depicted in Figure 1, has been developed by the M. W. Kellogg Technology 
Company and is currently being demonstrated at the Piñon Pine Power Project by the 
Sierra Pacific Power Company, in a major project in the Clean Coal Technology 
Demonstration Program in the U.S. This IGCC facility is currently the only 
demonstration facility using dry regenerable sorbents for sulfur removal from hot coal 
gases.  The transport reactor employs dilute-phase fluid bed reactors similar to the fluid 
catalytic cracking unit in an oil refinery.  In this system, the sorbent is continuously 
circulated between a sulfidation riser reactor and a stand pipe at a very high circulation 
rate, while a slip stream of the sorbent is circulated between the sulfidation and the 
regeneration reactors.13  
 
The transport reactor design has been shown to successfully reduce the H2S content of the 
coal gas to acceptable levels for IGCC application.  Because the sorbent in this reactor 
system is in dilute phase, temperature excursions are completely avoided even when pure 
air is used for regeneration.  Coal gas residence time in the sulfidation reactor is in the 
range of 1 to 10 seconds.  Given that the sulfidation reactor is operating as a dilute fluid-
bed reactor, it requires a highly reactive sorbent to achieve the required high level of 
desulfurization efficiency.  This is in part accomplished by employing sorbents in the 
form of small granules (i.e., dp < 200 µm).  The sorbent utilization in the transport 
reactor system is dependent on the rate of circulation of the solids.  However, because of 
the high solids velocities in this system, the attrition rate of the sorbent must be extremely 
small to minimize sorbent elutriation from the reactor.  Furthermore, the high sorbent 
circulation rate between the sulfidation reactor and the regeneration reactor requires that 
the sorbent be capable of initiating regeneration at a temperature that is not significantly 
higher than that of sulfidation (i.e., ≈ 1000°F (538°C)). 
 
With the shift in interest to desulfurization at moderate temperatures, i.e., ≤ 538°C, it has 
become more challenging to develop attrition-resistant sorbents that are also sufficiently 
reactive. Several approaches have been taken to enhance the reactivity of zinc-based 
sorbents.  Swisher, for example, indicated the compounding of ZnO with TiO2 is 
accompanied by lower reactivity and stressed the need to investigate alternative 
supports.14  Researchers at the Research Triangle Institute (RTI) proceeded by imparting 
improvement to earlier versions of zinc-based sorbents that were originally developed for 
the higher temperature range (i.e., ≥ 650°C).  One such sorbents, ZT-4, for example, was 
developed by a granulation technique for fluidized-bed application in the higher 
temperature range and was tested at the pilot-scale level.15  However, when tested under 
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transport reactor mode at 538°C, this sorbent was found to suffer attrition problems.16  A 
spray-dried version of ZT-4, designated as CMP-107, was also reported to exhibit an 
attrition rate that was twice the target value for the transport reactor design at the Piñon 
Pine plant.15  These results underscore the difficulty of improving sorbent attrition to 
meet transport reactor requirements, while maintaining practical chemical reactivity at 
moderate temperatures.  RTI, however, reports success in achieving this intricate 
combination through the use of a proprietary inorganic binder in a formulation designated 
as EX-SO3.16  Thorough evaluation of this sorbent, however, is still awaiting the 
readiness of the Piñon Pine Clean Coal Demonstration facility. 
 

 
 

Figure 1.  Simplified Process Flow Diagram of the Piñon Pine Transport Reactor 
 
Under the sponsorship of DCCA/OCDM as well as DOE/NETL, extensive research at 
GTI showed that only sorbents based on copper oxide possessed the best combination of 
high attrition resistance, sulfur removal efficiency, and extent of pre-breakthrough 
conversion in the moderate temperature range of 350 to 550°C.  The durability of one 
leading sorbent formulation (IGTSS-326A) was demonstrated in over 50 
sulfidation/regeneration cycles.  Sorbent development work at GTI cast doubt on the 
feasibility of formulating an effective bulk sorbent based on zinc oxide, using 
conventional sorbent preparation techniques such as co-precipitation and solid oxide 
mixing followed by granulation or spray drying, for a demanding commercial 
desulfurization application, such as the transport reactor.  These techniques require very 
high thermal treatment temperatures to impart physical strength, and as a result, they 
often produce sorbents with low reactivity.  It was shown that even when chemical 
reactivity was compromised significantly, the minimum attrition resistance requirement 
for the transport reactor was not met.  Because sorbents based on ZnO are best suited for 
desulfurization, especially in the moderate temperature range of current interest (i.e., 350 
to 550°C), an alternative sorbent preparation approach was deemed necessary.  This 
realization served as a driving force for the development of a unique sorbent preparation 
technique and a new class of zinc-based sorbents. 
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In a recent DOE-sponsored program, a modified Sol-Gel technique was developed to 
produce ZnO-based sorbents with distinct properties that are unattainable by conventional 
sorbent preparation methods.17  This method eliminates the need for excessively high 
thermal treatment temperatures to impart the required physical strength and has made 
possible the achievement of the challenging combination of high reactivity (desirable 
pore size distribution and high surface area), high attrition resistance, and regenerability 
at lower temperatures.  
 
Although high reactivity, superior attrition resistance, and excellent durability of GTI’s 
leading sorbents have been demonstrated, in order to move the leading sorbent towards 
the IGCC demonstration stage at the Piñon Pine facility, the U.S. DOE, the M. W.  
Kellogg (MWK), and the Sierra Pacific Power Company (SPPC) require that the sorbent 
be produced by a commercial sorbent manufacturer and evaluated according to a precise 
test protocol developed by DOE/NETL specifically for qualification of candidate 
sorbents for the Piñon Pine application on a consistent basis.  The current program aimed 
to bring GTI’s leading metal oxide sorbent one step closer to commercialization through 
evaluation of a commercially-produced version of this sorbent according to the test 
protocol provided by DOE/NETL. 
 

EXPERIMENTAL PROCEDURES 
 

To achieve the program objectives, the experimental and analytical work planned was 
divided into the following three tasks: 
 
Task 1.  Production of GTI’s Sorbent by a Commercial Sorbent Manufacturer 
 
Task 2.  Evaluation of Sorbent Reactivity and Regenerability 
 
Task 3.  High-Pressure Bench-Scale Testing   
 
All experimental work in this project was conducted in GTI’s ambient pressure packed-
bed and fluidized-bed reactors and the high-pressure high-temperature packed-/fluidized-
bed reactor (HPTR). 
 
Task 1. Production of GTI’s Sorbent by a Commercial Sorbent Manufacturer 
 
The original objective of this task was to produce sufficient quantities of GTI’s leading 
copper-based sorbent (i.e., IGTSS-326A) by a selected sorbent manufacturer according to 
specifications provided by GTI, including composition, preparation procedure, and 
thermal treatment conditions.  Arrangements were made as part of a parallel DOE-
sponsored program17 to prepare a number of selected sorbents by a commercial entity.  
One of these sorbent formulations was IGTSS-326A.  Ten pounds of IGTSS-326A 
sorbent was prepared via spray drying by United Catalyst, Inc. (UCI).  Preliminary 
screening indicated that only 32% of the sorbent particles were in the size range of 75-
125 µm that is deemed desirable for the transport reactor application; the remainder being 
smaller than 75 µm. 
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The commercially produced IGTSS-326A sorbent was analyzed using standard 
characterization techniques, which included BET surface area measurements, mercury 
porosimetry, attrition resistance, and wet chemical analysis, to ensure compliance with 
the required specifications.  The standard ASTM D5757–95 method18 was used for the 
determination of the attrition jet index (AJI) of the commercially produced sorbent.  This 
test method provides reliable information concerning the ability of a granular and 
powdered material to resist particle size reduction during use in a fluidized environment.  
An air jet attrition unit was constructed according to the ASTM method specifications, as 
thoroughly described elsewhere.19,20  It should be pointed out that attrition resistance in 
this work is reported in accordance with DOE/NETL’s definition of (5th hr – 1st hr)/4, i.e., 
the average per hour loss due to attrition with the first hour loss not taken into 
consideration.  This average is referred to as attrition index (AI) throughout this report.   
 
As presented in the section “Results and Discussion,” the commercially-produced spray-
dried material exhibited improved attrition resistance and comparable sulfidation 
reactivity to those previously obtained with the IGTSS-326A sorbent produced at GTI.   
Similar to this latter sorbent, however, fluidization of the spray-dried sorbent in reducing 
atmospheres, under bubbling fluid-bed conditions, proved to be difficult, even after 
various experimental techniques were attempted to remedy the problem. 
 
Efforts were redirected to pursue the movement towards demonstration of an alternative 
leading formulation from a new class of zinc-based sorbents that were recently developed 
in a DOE-sponsored program at GTI.17  These zinc-based sorbents were prepared using a 
modified procedure based on sol-gel processing of organic and/or inorganic precursors.  
The sorbent preparation procedure and the raw chemicals employed are considered 
proprietary and are not disclosed in this report.  This procedure departs significantly from 
“conventional” sorbent preparation approaches, such as solid oxide mixing or co-
precipitation followed by granulation or spray drying, and was shown to produce sorbents 
with the highly desirable combination of high reactivity (desirable pore size distribution 
and high surface area) and high attrition resistance.  These highly desirable characteristics 
proved unattainable using “conventional” sorbent preparation techniques, especially for 
the case of sorbents based on ZnO.  The leading formulation from this new class of 
sorbents, which was selected for further development, was designated as IGTSS-360.   
 
Initial efforts in this program focused on the simplification of the sol-gel-based sorbent 
preparation procedure to minimize the number of steps involved, thereby reducing 
processing times and sorbent cost.  A formulation equivalent to the IGTSS-360 sorbent 
was prepared using a simplified approach that eliminated a time-consuming step 
(refluxing) from the original procedure.  This sorbent, designated as IGTSS-362, was 
evaluated for its attrition resistance, chemical reactivity, effective sulfur capacity, and 
regenerability.  As described in the “Results and Discussion” section, it was determined 
that the sorbent preparation steps eliminated from the original procedure had no adverse 
effects on the chemical reactivity or attrition resistance of the resulting sorbent. 
 



 6 
 
 

 
Following the encouraging results obtained with the IGTSS-362 sorbent, arrangements 
were initiated for the commercial manufacture of this formulation, using the simplified 
sol-gel procedure.  Search for an appropriate sorbent manufacturer led to Chemat 
Technology, Inc. located in Northridge, California, with facilities and materials 
appropriate for conducting sol-gel synthesis reactions. 
 
Subsequently, the procedure for making IGTSS-362 was discussed with Chemat.  Further 
modifications in the procedure were recommended to facilitate the adaptation of GTI’s 
sorbent preparation procedure to commercial practice.  First, the amount of alcohol used 
in the initial stages of sorbent preparation was reduced by 95%, resulting in a sorbent 
designated as IGTSS-362C.  Second, the amount of nitric acid added was also reduced by 
50%, resulting in a sorbent designated as IGTSS-362E.  Finally, the amount of nitric acid 
was significantly reduced to 10% of the original amount, resulting in a sorbent designated 
as IGTSS-362F.  In each of these cases, a sorbent formulation was made first at GTI’s 
sorbent synthesis laboratory and then evaluated for its attrition resistance and initial 
chemical reactivity.  Once these properties were confirmed, Chemat was requested to 
make an equivalent sorbent formulation. The results of evaluation of all of these sorbents, 
produced both by GTI and by the commercial manufacturer, are presented in the section 
“Results and Discussion.” 
 
A final step in optimizing the sol-gel procedure was to investigate the possibility of 
increasing the effective sulfur capacity, by increasing the ZnO content of the prepared 
sorbent beyond the nominal 40 wt% ZnO used in the IGTSS-362 sorbent series.  Sorbents 
containing approximately 45% ZnO (IGTSS-364), 50% ZnO (IGTSS-365), and 60% ZnO 
(IGTSS-363) were prepared at GTI.  Each of these sorbents was evaluated for their 
attrition resistance, chemical reactivity, and effective sulfur capacity.  Based on the 
results obtained, a sorbent with the optimum ZnO content of 50%, identified as IGTSS-
365B, was commercially produced by Chemat for evaluation.  Details concerning the 
results of these tests are summarized in the section “Results and Discussion.” 
 
Task 2.  Evaluation of Sorbent Reactivity and Regenerability 
 
The objective of this task was to evaluate the commercially produced sorbent for 
comparison with the sorbent formulation developed at GTI, to confirm its reactivity, 
regenerability, and attrition resistance requirements. 
 
Based on expertise gained in previous related projects, about five cycles of 
sulfidation/regeneration in the ambient-pressure packed-bed reactor are generally needed 
to assess the reactivity, regenerability, and physical/chemical stability of a sorbent.  The 
composition of the simulated fuel gas (15% H2, 24% CO, 6% CO2, 6% H2O, 48% N2, and 
1% H2S) was selected to simulate the KRW coal gas in the Sierra Pacific Power 
Company (SPPC) Piñon Pine IGCC demonstration facility.  Details concerning packed-
bed reactor arrangement, testing procedures, and analytical techniques are thoroughly 
documented elsewhere.6 
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The spray-dried IGTSS-326A sorbent was evaluated for its chemical reactivity and 
regenerability in the packed-bed as well as fluid-bed reactor.  As presented in the section 
“Results and Discussion,” this commercially produced material exhibited comparable 
sulfidation reactivity to that previously obtained with the IGTSS-326A sorbent produced 
at GTI.   Similar to this latter sorbent, however, fluidization of the spray-dried sorbent in 
reducing environments, under bubbling fluidized-bed conditions, proved to be difficult.  
 
Because of the unsatisfactory results obtained with the commercially produced IGTSS-
326A sorbent, an alternative leading metal oxide sorbent was selected for demonstration.  
As described earlier in Task 1, variations from the leading zinc oxide-based IGTSS-360 
sorbent were produced at GTI.  All of these sorbents, designated as IGTSS-362, IGTSS-
362C, IGTSS-362E, IGTSS-362F, IGTSS-363, IGTSS-364, and IGTSS-365, were 
evaluated for their chemical reactivity, effective sulfur capacity, regenerability, and 
attrition resistance.  In addition, the four commercially produced formulations, equivalent 
to IGTSS-362C, IGTSS-362E, IGTSS-362F, and IGTSS-365 sorbents, were also 
evaluated.  Results from testing of these sorbent formulations are described in detail in 
the section “Results and Discussion.” 
 
As part of the screening process to select the superior sorbent, each of the new 
commercially produced sorbents was subjected to five cycles of sulfidation/regeneration 
in the ambient-pressure packed-bed reactor.  Based on the results of these tests and 
favorable attrition resistance and physical properties, the IGTSS-365B sorbent was 
selected for evaluation at high-pressure according to the DOE/NETL Test Protocol.21  
The IGTSS-362C sorbent was used during shakedown testing of the high-pressure high-
temperature fluidized-bed reactor (HPTR). 
 
The minimum fluidization velocity was determined at standard conditions for two of the 
commercially-produced sorbents, IGTSS-362C and IGTSS-365B.  This was 
accomplished by using a standard method of passing an upward flow of nitrogen at 
predetermined gas velocities through a bed of sorbent supported on a quartz frit, and 
measuring the pressure drop across the bed at each gas velocity.  By plotting the pressure 
drop versus the gas velocity, as shown in Figure 2 for the IGTSS-362C sorbent, the 
minimum fluidization velocity could easily be determined as the point at which pressure 
drop stabilizes with increasing gas velocity.  As shown in Figure 2, this value is 
approximately 1.1 to 1.2 cm/s at standard temperature and pressure for the IGTSS-362C 
sorbent.  The two sorbents tested had identical fluidization properties, which should be 
the case since they have similar physical properties. 
 
A value for the minimum fluidization velocity for these materials could also be estimated 
using an empirical equation provided in the DOE/NETL Test Protocol.21  At standard 
temperature and pressure, the minimum fluidization velocity was calculated to be 0.64 
cm/s, which is in reasonable agreement with the experimentally determined value.  Using 
the same empirical equation at the operating conditions for the transport reactor (510°C 
and 18.8 atm.), the value calculated for the minimum fluidization velocity was 0.44 cm/s. 
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Task 3. High-Pressure Bench-Scale Testing 
 
The objective of this task was to determine optimum operating conditions for achieving 
target performance of the commercially produced sorbent for use in a transport reactor 
desulfurization process.  The objective was also to determine the suitability of the sorbent 
and to assess the compatibility of the sorbent’s optimum operating conditions for use in 
plant hardware as it currently exists at the Piñon Pine IGCC facility. 
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Figure 2.  Determination of Minimum Fluidization Velocity for a Commercially-

Produced Sorbent  
 
The tests in this task were conducted in GTI’s high-pressure high-temperature packed-
/fluidized-bed reactor (HPTR) according to the test protocol specifically designed by 
DOE/NETL for qualifying candidate sorbents towards gaining acceptance by Sierra 
Pacific Power Company (SPPC) for application in the Piñon Pine IGCC facility. The 
HPTR unit is a state-of-the-art balanced pressure reactor system that is suitable for 
operation at elevated temperature and pressure (1000°C, 30 atm) in a corrosive 
environment.  A schematic diagram of this reactor is presented in Figure 3.  Detailed 
description of reactor arrangement, testing procedures, and analytical techniques are 
available elsewhere.22 
 
A condensed version of the DOE/NETL Test Protocol is provided below, detailing 
desulfurization sorbent tests, prescribed procedures for scoping tests, steady-state 
multi-cycle tests, and the analyses performed in evaluating the selected commercially-
produced sorbent.  
 
HPTR Operating Parameters for Compliance with DOE/NETL Test Protocol 
 
The physical dimensions of the sorbent bed were selected to ensure suitability for 
achieving reasonable fluidization.  The reactor inside diameter (ID) was 2 inches to 
minimize wall effects and the static length-to-diameter ratio (L/D) of the sorbent bed was 
1 to ensure good mixing and minimize channeling.  The operating superficial gas velocity 
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used was 2.5 cm/s and was selected based on the minimum fluidization velocity (umf), 
determined experimentally in Task 2 to be about 0.5 cm/s at temperature and pressure.  
Therefore, the gas velocity employed was 5 times the minimum fluidization velocity and 
was more than sufficient to provide a good quality fluidization.  It is recommended that 
the superficial gas velocity be at least three times the minimum fluidization velocity.  As 
the typical gas residence time in a transport or bubbling fluidized-bed reactor ranges 
between 1 to 2 seconds, the superficial gas velocity should be no less than 2.5 cm/s for a 
2-in ID bed with an L/D of 1.  

 
Figure 3. Schematic Diagram of GTI’s High-Pressure High-Temperature  

Packed-/Fluidized-Bed Reactor (HPTR). 
 
Verification of reactor feed gas composition was based on documented calibration of 
mass flow controllers (MFCs) and certification of the composition of the H2S/H2/N2 
premixed gas cylinder. Other important parameters for the reactor were temperature, 
pressure, and pressure drop. Accurate measurement of the pressure drop across the 
reactor is generally considered essential for demonstration of adequate fluidization within 
the sorbent bed.  Accurate measurement of reactor pressure was required to demonstrate 
compliance with the specified test conditions. Temperature measurements at a number of 
different positions, including gas inlet, were necessary to adequately monitor the reactor 
system.  Multiple sorbent bed temperature readings provided an approximation of the 
temperature profile within the sorbent bed, which, provided an indication of the quality of 
fluidization and any potential for sorbent overheating during rapid exothermic reactions. 
 
During sulfidation, process measurement data (i.e., temperature, pressure, and flow rates) 
were logged every 30 seconds to provide sufficient information to adequately monitor 
and document changes in the system.  In addition, concentrations of H2S, COS, and 
possibly SO2 in the reactor effluent were monitored as a function of time to measure 
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desulfurization performance of the sorbent.  A HP 5890 gas chromatograph, equipped 
with a flame photometric detector (FPD), was used for this purpose.  The GC was 
calibrated using a primary standard before each sulfidation to ensure the accuracy of the 
measured concentrations within ± 2 ppmv, particularly for concentrations below 100 
ppmv.  A typical GC analysis takes between 5 and 10 minutes. 
 
During regeneration, in addition to logging temperature, pressure, and flow rates, 
concentrations of SO2 in the regeneration effluent were measured and recorded every 15 
seconds to provide enough data to adequately evaluate the regenerability of the sorbent.  
A gas chromatograph equipped with a thermal conductivity detector (TCD) as well as a 
non-dispersive infrared SO2 analyzer manufactured by Rosemount Analytical was used 
for this purpose. 
   
Scoping Test A: The purpose of this test was to evaluate the desulfurization performance 
of the superior sorbent (i.e, H2S concentration in cleaned gas prior to breakthrough and 
effective capacity of the sorbent for sulfur absorption). This test focused only on the 
desulfurization performance of the sorbent, and therefore, regeneration conditions were 
fixed such that successful regeneration was ensured, as outlined below. 

 
After loading a fresh batch of the sorbent, assembling the reactor system, and heating to 
the desired temperature, the sulfidation portion of each cycle began with a 30-min blank 
test to establish a zero-H2S baseline measurement for reference.  The blank test was 
conducted at the same conditions as sulfidation except the composition of the reactor feed 
gas was N2.  Sulfidation was run for the length of time needed to load 8 wt% sulfur onto 
the sorbent.  The gas composition for sulfidation is provided in Table 1.  During this 
scoping test, the inlet H2S concentration was intermediate between bulk (1 vol% H2S) 
and polishing (0.2 vol% H2S) modes, and was selected such that a complete 
sulfidation/regeneration cycle could be completed in the same day. The inlet gas 
temperature and sorbent bed temperature were both 950 ± 10°F (510°C). The reactor 
pressure was 262 psig.  The actual flow rate was about 21.8 slpm, based on the operating 
parameters specified above.   
 

Table 1.  Gas Composition Used in High-Pressure Sulfidation Tests 
Component Vol. % 

CO 24 
CO2 5 
H2 15 
H2O 5 
N2 50.5 
H2S 0.5 (5000 ppmv) 

 
After sulfidation, the reactor system was purged with N2 for 30 to 60 minutes to remove 
all traces of the synthetic coal gas mixture prior to introducing O2 in the system.  During 
this period, the reactor was heated to 593°C (1100°F). This starting reactor temperature 
for regeneration was selected because it was found to ensure successful regeneration of 
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the sorbent with 2 vol% O2. The flow rate and reactor pressure during this purge period 
remained the same as during sulfidation.   
 
Regeneration was terminated when the effluent SO2 concentration dropped below 1000 
ppmv.  After regeneration, the reactor system was purged with N2 to remove any O2 in 
the system. While the system was purging, the sorbent bed temperature was lowered to 
950 ± 10 °F in preparation for the next sulfidation. This cycle was repeated three times. 
The fourth sulfidation was conducted for an extended period until the effluent H2S 
concentration exceeded 100 ppmv, irrespective of the sulfur loading. 

 
Scoping Test B: The purpose of this test was to determine regeneration performance 
requirements of the sorbent (sorbent light-off temperature, neat air regeneration, and 
extent of sulfation) and to establish whether the sorbent could be regenerated at 538°C 
(1000°F) with neat air.  During this test, sulfidation was carried out to breakthrough and 
the O2 content of the regeneration gas was sequentially increased in 3 cycles to neat air.   

 
Similar to Scoping Test A, a batch of fresh sorbent was loaded, the reactor system was 
assembled, pressure-tested, and then heated to the desired temperature. The sulfidation 
portion of each cycle consisted of the 30-min blank test with N2 followed by sulfidation 
under the same conditions as Scoping Test A.  Each sulfidation test was carried out to 
breakthrough, defined arbitrarily at 100 ppmv H2S in the effluent gas.  After sulfidation, 
the reactor system was purged with N2 for 30 to 60 minutes to remove any remaining 
synthesis gas and the sorbent bed temperature was raised to 1000 ± 10°F (538°C). 
 
For the first cycle, regeneration was started with 7 vol% O2.  In the second cycle, the O2 
concentration in the reactor feed was increased to 14 vol%.  In the third cycle, the reactor 
feed gas was neat air (21 vol%).  Regeneration was terminated when the effluent SO2 
concentration fell below 1000 ppmv. After regeneration, the reactor system was purged 
of any remaining O2 with N2 and the sorbent bed cooled to 950 ± 10°F. 
 
In this scoping test, each sulfidation was intentionally carried out to breakthrough (rather 
than to 8% sulfur loading) so that sorbent regenerability in the preceding cycle could be 
better evaluated.  If this regeneration was successful, then the effective capacity of the 
sorbent for sulfur absorption should be the same as during the first cycle.  If sulfate 
formation and/or sorbent overheating occurred during regeneration, then this would cause 
the effective sulfur capacity of the sorbent to diminish.  Based on the temperature rise in 
the sorbent bed during each regeneration, the O2 content of the regeneration feed gas, and 
the starting regeneration temperature (538°C), optimum operating conditions could be 
determined.  These conditions, which were determined to be 5 vol% O2 at 550°C, were 
selected to represent the highest O2 level in the regeneration feed gas and the starting 
regeneration temperature, such that sulfate formation is prevented and the sorbent bed 
temperature is contained below the maximum temperature the sorbent can withstand. 
 
Scoping Test C: The objective of this test was to establish optimum operating conditions 
for the sorbent.  The test was carried out with a batch of fresh sorbent.  Sulfidation was 
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carried out to breakthrough, while regeneration was carried out under the optimum 
operating conditions identified in Scoping Test B.  All other operating conditions were 
the same as in Scoping Tests A and B. 
 
During the 3-½ cycles completed, sorbent performance gradually declined.  However, the 
results obtained were useful for refining the regeneration conditions for extended 
multiple-cycle operation.  As explained in the “Results and Discussion” section, the 
refined regeneration conditions were determined to be 2 vol% O2 at 565°C. 
 
Extended Multiple-Cycle Test: An 8-½ cycle test was carried out under optimum 
operating conditions (as determined in Scoping Test C) on a fresh batch of the IGTSS-
365B sorbent to evaluate the effects of extended cyclic operation on the chemical and 
physical properties of the sorbent (chemical deactivation and attrition resistance).   
 
Each sulfidation test was carried out to breakthrough, while regeneration was carried out 
under the refined operating conditions identified in Scoping Test C.  All other operating 
conditions were the same as in Scoping Test C.  The results of this extended test are 
presented in the section “Results and Discussion.” 
 
Reacted Sorbent Characterization: After the completion of each scoping test, the 
system was cooled.  The sorbent was removed in such a manner as to maintain the spatial 
relationship of the sorbent bed.  The sorbent bed was then divided into a reactor inlet 
portion and a reactor outlet portion, and their respective weights were recorded.  
Although in a well-fluidized bed the solids should be uniformly mixed, due to poor 
fluidization, stagnant zones may exist in the reactor.  Stagnant zones could arise from 
poor distribution of the fluidizing gas or agglomeration/elutriation of the sorbent bed. 
 
Samples from the two portions generated after each test were subjected to the same 
physical characterization tests as the fresh sorbent.  Additionally, selected sulfided 
sorbent samples were analyzed for sulfide and sulfate sulfur to confirm the effective 
capacity of the sorbent for sulfur, as determined based on the breakthrough curve, and to 
assess the extent of sulfate formation and accumulation in the sorbent.  The physical and 
chemical properties of the reacted sorbent samples are compared with those of the fresh 
sorbent in the section “Results and Discussion.”  
 

 RESULTS AND DISCUSSION 
 

The spray-dried IGTSS-326A sorbent was evaluated for its attrition resistance in the 
attrition unit as well as sulfidation reactivity and regenerability in a packed-bed reactor.  
The results obtained are summarized in Table 2.  As indicated, this commercially 
produced material exhibited somewhat higher attrition resistance than that produced at 
GTI, although both formulations greatly exceed the requirement for the transport reactor 
application (i.e., AI ≈ 4%).  However, the effective capacity of the commercially 
produced sorbent for sulfur is slightly lower than that achieved by the IGTSS-326A 
sorbent produced at GTI. 
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The commercially produced IGTSS-326A sorbent was also evaluated for its fluidization 
behavior.  Unfortunately, fluidization of the spray-dried sorbent also proved to be 
difficult.  Efforts were directed toward determining the ranges of operating conditions 
under which acceptable fluidization behavior could be maintained.  It was concluded that 
acceptable fluidization of this sorbent could not be achieved under the experimental 
conditions specified in the DOE/NETL Test Protocol, which are tailored towards zinc-
based sorbents. 

 
Table 2.  Comparison of IGTSS-326A Sorbent Properties 

 Attrition Index, % Effective Sulfur Capacity, 
g S/100 g Sorbent 

GTI 0.75 6.5 
Commercial (UCI) 0.6 5.5 

 
Based on the above results, efforts were directed to pursue the movement towards 
demonstration of an alternative leading sorbent formulation from a new class of zinc-
based sorbents that were developed in a recent DOE-sponsored program at GTI.17  
Initially, efforts focused on the simplification of the sol-gel-based sorbent preparation 
procedure to minimize the number of steps involved, thereby reducing processing times 
and sorbent cost.  A sorbent formulation equivalent to IGTSS-360 was prepared using a 
simplified approach.  This sorbent, designated as IGTSS-362, was evaluated for its 
chemical reactivity, effective sulfur capacity, regenerability, and attrition resistance.  As 
shown in Figure 4, the desulfurization performance of IGTSS-362 is very much 
equivalent to that of IGTSS-360, the leading zinc-based sorbent developed in the DOE 
program.  In addition, the effective sulfur capacities of these zinc-based sorbents are 
about 1-½ times higher than that of the copper-based IGTSS-326A sorbent, which was 
originally selected for movement towards commercial demonstration in this program.  
Moreover, as shown in Figure 5, the attrition resistance of the IGTSS-362 sorbent was 
determined to exceedingly meet the transport reactor requirement, as was the case with 
previous sol-gel formulations.  Therefore, it was concluded that the sorbent preparation 
steps eliminated from the original elaborate procedure, during the preparation of the 
IGTSS-360 sorbent, had no adverse effects on the chemical reactivity or attrition 
resistance of the resulting IGTSS-362 sorbent. 
 
Following the encouraging results obtained with the IGTSS-362 sorbent, arrangements 
were initiated for the commercial manufacture of this formulation by Chemat 
Technology, Inc., using the simplified sol-gel procedure.  As mentioned in the 
“Experimental Procedures” section, additional modifications in the procedure were 
sequentially made during the commercialization process as recommended by Chemat, 
resulting in the sorbents IGTSS-362C, IGTSS-362E, and IGTSS-362F, versions of which 
were made both at GTI and at Chemat.  A final step in optimizing the sol-gel procedure 
was to investigate the possibility of increasing the effective sulfur capacity, by increasing 
the ZnO content of the prepared sorbents beyond the nominal 40 wt% ZnO used in the 
IGTSS-362 sorbent series.  Sorbents containing approximately 45% ZnO (IGTSS-364), 
50% ZnO (IGTSS-365), and 60% ZnO (IGTSS-363) were prepared at GTI.  Each of 
these sorbents was evaluated for their attrition resistance, chemical reactivity, and 
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effective sulfur capacity.  Based on the results obtained, a sorbent (IGTSS-365B) with the 
optimum ZnO content of 50% was selected for commercial production and evaluation. 
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Figure 4.  Comparison of Effective Sulfur Capacities of Selected Sorbents 

 

4.1

0.7

12.6

1.8
1.4

2.3 2.5

0

2

4

6

8

10

12

14

16

A
TT

R
IT

IO
N

 IN
D

EX
*, 

%

Fresh FCC IGTSS-326A UCI-4169 IGTSS-362 IGTSS-362C IGTSS-362E IGTSS-362F

MATERIAL

* DOE/NETL Definition: (5th hr - 1st hr)/4

DOE/NETL Target 

Attrition 5757.xls
Comparison-2 (10)  

Figure 5.  Comparison of Attrition Resistance of Various Sorbents 
 
A summary of the attrition resistance properties (attrition index, AI) and effective sulfur 
capacities for all prepared sorbents is provided in Table 3, where it is clearly seen that the 
GTI-produced sorbents have very similar properties to their commercially-produced 
counterparts.  In addition, it is apparent that each of the modifications that were 
systematically implemented during the sol-gel preparation step did not compromise the 
effectiveness of these sorbents in removing H2S from the simulated fuel gas mixture.  
More encouraging, however, are the attrition test results obtained with these sorbents.  As 
shown, with the exception of the sorbent containing 60.4% ZnO (i.e., IGTSS-363), all of 
the sorbents have attrition indices that range from 1.8 to 2.6%, well below the transport 
reactor requirement of ≈ 4%.  It appears that attrition resistance depends on the ZnO 
content of the sorbent and is adversely affected when the ZnO content exceeds 50% by 
weight.  Furthermore, additional amounts of the reactive component ZnO do not appear 
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to increase the effective capacity of the sorbent for sulfur absorption.  A ZnO content of 
about 50% by weight appears to be optimum for maximizing the effective capacity of 
these sol-gel derived sorbents, while still achieving desirable attrition indices that are  
well below the transport reactor requirement of ≈ 4%.  
 

Table 3.  Comparison of GTI versus Commercial Sorbent Properties 
 Attrition Index, % Effective Sulfur Capacity, 

g S/100 g Sorbent 
IGTSS-362 (40% ZnO) 1.80 9.9 
IGTSS-362C 2.00 11.0 
IGTSS-362C (Commercial) 1.35 11.4 
IGTSS-362E 0.95 10.0 
IGTSS-362E (Commercial) 2.31 11.3 
IGTSS-362F 1.90 10.4 
IGTSS-362F (Commercial) 2.50 11.3 
IGTSS-363 (60.4% ZnO) 4.55 9.8 
IGTSS-364 (45.5% ZnO) 1.70 12.4 
IGTSS-365 (50% ZnO) 2.35 12.4 
IGTSS-365B (Commercial) 2.60 12.0 

 
All four commercially produced sorbents were subjected to a 5-cycle test in the packed-
bed reactor for the purpose of screening the superior sorbent formulation for bench-scale 
testing in the HPTR unit.  As shown in Figure 6, all sorbents demonstrated a high H2S 
removal efficiency (< 1 ppmv H2S in the cleaned gas) and reasonably maintained an 
acceptable effective sulfur capacity (i.e., > 8 g S/100 g of sorbent) throughout the five 
cycles completed.  During the first sulfidation all sorbents achieved similar effective 
sulfur capacities, ranging from 11 to 12 g S/100 g of sorbent.   However, only the IGTSS-
365B sorbent maintained this level of performance by the fifth cycle, while the effective 
sulfur capacities of the other three commercially produced sorbents declined to levels 
ranging from 8 to 9 g S/100 g of sorbent.  Based on these results and favorable attrition 
resistance and physical properties, the commercially produced IGTSS-365B sorbent was 
selected for evaluation in the bench-scale HPTR unit according to the DOE/NETL Test 
Protocol. 
 
By comparison of the theoretical sulfur capacity values for the sorbents in Table 4 
(calculated based on chemical analysis results) and the effective sulfur capacities, as 
reported in Figures 4 and 6 for these same sorbents, it is clear that both types of sorbents 
(i.e., Cu-based and Zn-based) achieve similar conversions of the reactive metal oxide 
component.  In the case of the Cu-based sorbent, conversion prior to breakthrough is 
about 65%.  As for the Zn-based, sol-gel derived sorbents, conversion prior to 
breakthrough ranges from 65% to 85% for the commercially-produced formulations.  
Taking into consideration the high attrition resistance of these sorbents and the moderate 
desulfurization temperature (450°C), this level of sorbent conversion is quite significant. 
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Figure 6.  Comparison of Effective Sulfur Capacities of Commercial Sorbents 

 
Table 4.  Chemical Analysis of Selected Sorbents 

 Chemical Analysis, wt.% Theoretical Sulfur 
Capacity*  

(g S/100 g Sorbent) 
Sorbent  
Designation 
 

Cu Mn Al Zn 
 

Ti  

IGTSS-362 

 

 

   30.2 33.1  14.81 
IGTSS-362C    32.4 31.6  15.89 
IGTSS-362C 
(Commercial) 

   27.4 34.7  13.44 

IGTSS-362E 
(Commercial) 

   27.0 30.1  13.24 

IGTSS-362F 
(Commercial) 

   27.9 30.6  13.68 

IGTSS-365B 
(Commercial) 

   31.1 27.8  15.25 

IGTSS-326A 

 

36.6 11.3** 17.0 - 0.51    9.23 
* Based on 2Cu + H2S = Cu2S + H2 and ZnO + H2S = ZnS + H2O 
** Mn is tied up as MnAl2O4, which does not participate in desulfurization reaction. 

 
The results of physical characterization of the Zn-based sol-gel-derived sorbents and 
those of the Cu-based IGTSS-326A sorbent, are summarized in Table 5.  Comparison of 
these results indicates the mercury pore surface areas of the sol-gel-derived sorbents are 
one to two orders of magnitude higher than that of the IGTSS-326A Cu-based sorbent.  
This high surface area should be attributed to significantly smaller pore diameters in 
these sorbents.  As indicated, the median pore diameters of the sol-gel sorbents are about 
16 times smaller than those of the IGTSS-326A sorbent.  This highly desirable 
combination of high porosity, high surface area, and small pore diameters resulted in high 
chemical reactivity and high attrition resistance for these Zn-based sorbents. 
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Table 5.  Physical Characteristics of Selected Sorbents 

Sorbent  
Designation 

BET N2 
Surface 
Area, 
(m2/g) 

Bulk 
Density 
(g/cm3) 

Hg 
Pore 

Volume 
(cm3/g) 

Porosity** 
(%) 

Median 
Pore 

Diameter, 
() 

Total Hg 
Pore 

Surface 
Area 

(m2/g) 
IGTSS-362 

 
47.2 1.43 0.152 21.7 146 41.28 

IGTSS-363 
 

35.6 1.55 0.144 22.3 165 34.39 
IGTSS-362C 

 
41.2 1.40 0.183 25.6 180 40.64 

IGTSS-362C 
(Commercial) 

54.8 1.54 0.162 24.9 125 50.10 

IGTSS-362E 
(Commercial) 

46.7 1.49 0.121 18.0 143 33.81 

IGTSS-362F 
(Commercial) 

59.4 1.38 0.140 19.3 125 42.76 

IGTSS-365B 
(Commercial) 

49.1 1.51 0.123 18.5 121 39.82 

IGTSS-326A  
 

N/D 2.50 0.025 10.5 2400 2.73 
 Corrected for inter-particle void 
 Calculated based on corrected values as ρb*(Hg Pore Volume)*100 

 
The results from Scoping Test A of the DOE/NETL Test Protocol are presented in Figure 
7.  Figure 7a shows the breakthrough curves from the four sulfidation tests completed at 
510°C.  Sulfided sorbent regeneration was carried out at a starting temperature of 593°C 
with a feed gas containing 2 vol% O2.  Figure 7b shows the temperature profiles at two 
locations, one well within and the other just above the sorbent bed, during sorbent 
regeneration.  Also shown on the secondary y-axis of Figure 7b are the SO2 
concentrations in the regeneration product gas.  These concentrations are seen to 
approach the theoretical value of about 1.3 vol%, based on the O2 content in the 
regeneration feed gas and the stoichiometry of the regeneration reaction, which is an 
indication of successful regeneration.  As shown in Figure 7a, the IGTSS-365B sorbent 
was capable of being cyclically loaded to effective sulfur capacities exceeding 8 g S/100 
g of sorbent, with residual H2S concentrations below 20 ppmv in the effluent gas.  In 
addition, with breakthrough arbitrarily defined at 100 ppmv H2S, this sorbent is capable 
of achieving an effective sulfur capacity approximating 12 g S/100 g of sorbent by the 
fourth cycle, similar to the results obtained during testing at ambient pressure.  There 
appears to be a gradual decline in sorbent efficiency with cycling, as demonstrated by the 
higher and higher H2S concentrations in the effluent gas as the breakthrough point is 
approached.  This decline may be due to sorbent exposure to temperatures exceeding 
650°C during regeneration, as shown by the temperatures profiles in Figure 7b.  
 
The results from Scoping Test B are presented in Figure 8 using the same layout used in 
Figure 7.  Initially, in the first sulfidation cycle the sorbent exhibited similar performance 
to that of Scoping Test A.  As shown in Figure 8a, this sorbent became slightly less 
efficient for H2S removal following regeneration at a starting temperature of 538°C with 
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a feed gas containing 7 vol% O2.  As explained above, this is due to diminished reactivity 
as a result of sorbent exposure to high temperature during regeneration.  During the third 
sulfidation test, the effective sulfur capacity of this sorbent declined significantly 
following regeneration with 14 vol% O2 in the feed gas.  During this regeneration the 
sorbent was exposed to temperatures as high as 825°C, which undoubtedly caused 
sintering of the sorbent.  Based on the limited amount of sulfur loaded on the sorbent 
during the third sulfidation and the realization that the sorbent had been severely 
overheated, it was decided not to carry out a regeneration test with neat air. 
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Figure 7.  Results of Scoping Test A with the IGTSS-365B Commercially Produced 

Sorbent in the HPTR Unit. 
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Figure 8.  Results of Scoping Test B with the IGTSS-365B Commercially Produced 
Sorbent in the HPTR Unit. 

 
Based on the results obtained in Scoping Tests A and B, it was decided to limit the O2 
content of the regeneration feed gas to 5 vol% and the starting regeneration temperature 
to 538°C.  These operating conditions were used to carry out the first regeneration test in 
Scoping Test C.  However, based on the temperature profile and the low levels of SO2 in 
the regeneration product gas, it was concluded that this combination of O2 content in the 
feed gas and starting temperature was not sufficient to initiate and sustain sorbent 
regeneration.  The starting temperature was raised to 550°C and this regeneration 
condition was used in cycles 2 and 3.  The results of Scoping Test C are presented in 
Figure 9.  The breakthrough curve for the first sulfidation test on the fresh sorbent is 
similar to those obtained in Scoping Tests A and B.  The breakthrough curves display 
some similarity to those obtained in Scoping Test A, with the sorbent efficiency for H2S 
removal gradually decreasing because of sorbent exposure to temperatures exceeding 
650°C during regeneration, as shown in Figure 9b.   
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Figure 9.  Results of Scoping Test C with the IGTSS-365B Commercially Produced 
Sorbent in the HPTR Unit. 

 
For extended multiple-cycle testing, the regeneration conditions of Scoping Test C were 
further refined to minimize the amount of heat generated while still allowing complete 
regeneration to occur within a reasonable amount of time.  The conditions used were a 
starting regeneration temperature of 565°C and a feed gas containing 2 vol% O2.  The 
results of the extended multiple-cycle test are presented in Figure 10.  As can be seen, 
both sorbent efficiency for H2S removal and effective sulfur capacity gradually and 
steadily decline over the 8-½ cycles completed.  Regeneration test results, as shown in 
Figure 10b, indicate the sorbent was not exposed to temperatures higher than 650°C.  
Therefore, this gradual decline is probably due to sorbent sintering effects upon 
prolonged exposure to elevated temperature.  Physical characterization results of reacted 
sorbent samples, which are presented below in Table 6, provide some insight regarding 
the degree of sorbent sintering that had occurred during this test.  
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(b) Regeneration Profiles 

 
Figure 10.  Results of Multiple-Cycle Test with the IGTSS-365B Commercially 

Produced Sorbent in the HPTR Unit. 
 

In order to assess the degree of fluidization and to determine the effects of cyclic testing 
on sorbent properties, post-test samples, from the top and bottom portions of the sorbent 
bed, from the various testing campaigns, were physically and chemically analyzed.  
These results, summarized in Table 6, underscore the conclusions drawn previously from 
the results presented in Figures 7 through 10.  First, none of the reacted samples showed 
any significant amount of sulfate formation, indicating that cyclic decline in sorbent 
performance during any of the tests cannot be attributed to incomplete regeneration 
because of sulfate formation.  Second, the amounts of sulfide sulfur measured by 
chemical analysis for each sample are in agreement with the final sulfur loading attained 
in each scoping test, as estimated based on the breakthrough curve.  Third, given the 
consistent zinc contents, loss of sulfur capacity due to zinc volatilization can be ruled out, 
as should be the case given the moderate operating temperature for sulfidation (510°C).  
Fourth, the effects of the high temperature excursions are evident by an enormous change 
in the median pore diameter accompanied by a considerable reduction in porosity and 
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surface area.  This is especially true for samples from Scoping Test B, where the sorbent 
was exposed to temperatures as high as 825°C, leading to dramatic declines in sorbent 
performance.  Finally, the negligible degree of discrepancy between the measured 
properties of the samples taken from the top and bottom of the sorbent bed after each test 
is an indication of the high degree of fluidization that was consistently maintained during 
HPTR testing. 

 
Table 6.  Characteristics of Sorbent Following Scoping Tests  

(Samples Taken from Top (Outlet) and Bottom (Inlet) of the Bed) 
Sorbent  
Designation 

Sulfate 
Sulfur, 
(wt. %) 

Sulfide 
Sulfur, 
(wt. %) 

Zinc 
Content 
(wt. %) 

Porosity 
(%) 

Median 
Pore 

Diameter, 
() 

Total Hg 
Pore 

Surface 
Area 

(m2/g) 
IGTSS-365B N/A* N/A* 31.1 18.5 121 39.82 

Scoping Test A 
(Top / Bottom) 

< 0.2 
< 0.2 

12.7 
11.1 

31.2 
35.8 

12.1 
12.9 

425 
425 

8.80 
9.26 

Scoping Test B 
(Top / Bottom) 

0.2 
0.2 

6.61 
6.78 

N/D* 
N/D* 

7.8 
8.1 

5000 
4500 

4.08 
4.09 

Scoping Test C 
(Top / Bottom) 

< 0.2 
< 0.2 

10.1 
10.3 

34.3 
33.3 

11.9 
11.8 

470 
470 

7.75 
8.14 

Multi-Cycle Test 
(Top / Bottom) 

< 0.2 
< 0.2 

10.6 
11.1 

31.1 
31.7 

11.1 
12.0 

410 
385 

8.19 
9.62 

* N/A: not applicable;  N/D: not determined 
 
The results discussed above in connection with evaluation of the IGTSS-365B sorbent 
according to the DOE/NETL Test Protocol are encouraging.  It is evident there is no 
sulfate formation upon regeneration of the IGTSS-365B sorbent, even at a starting 
regeneration temperature as low as 538°C (1000°F).  This is an indication of improved 
regenerability for this sorbent compared to other zinc-based sorbents developed using 
“conventional” preparation techniques, for which sulfate formation was reported to be a 
major concern.  The slight decline in the IGTSS-365B sorbent performance during the 
extended cycle test is solely due to temperature excursions during sorbent regeneration, 
which adversely affected sorbent properties.  However, as discussed earlier, in the Piñon 
Pine transport reactor system, only a slipstream of partially sulfided sorbent is circulated 
between the desulfurization and regeneration vessels.  Therefore, the sorbent in this 
reactor system is always in dilute phase, and temperature excursions are completely 
avoided, even when neat air is used for regeneration.  Under these conditions, the results 
obtained in this program indicate the IGTSS-365B sorbent can be regenerated 
successfully, thereby maintaining its high effective capacity for sulfur absorption in a 
cyclic hot gas cleanup process. 
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CONCLUSION(S) AND RECOMMENDATION(S) 

 
In recent research at GTI, a modified sol-gel technique was developed to produce ZnO-
based sorbents with unique properties that are unattainable by conventional sorbent 
preparation methods.  This new approach eliminates the need for excessively high 
thermal treatment temperatures to impart the required physical strength and has made 
possible the achievement of the challenging combination of high reactivity (desirable 
pore size distribution and high surface area), high attrition resistance, and regenerability 
at lower temperature.    
 
In this program the sol-gel technique was simplified considerably to render it more 
economical, less time consuming, and easily adaptable to large-scale production, without 
compromising sorbent properties.  In addition, this novel sorbent preparation technique 
was adapted to commercial practice in coordination with a suitable commercial sorbent 
manufacturer (Chemat Technology, Inc.).  Several variations of a leading zinc-based 
sorbent formulation (IGTSS-362) were successfully produced commercially.  One 
superior zinc-based formulation (IGTSS-365B) was evaluated under the DOE/NETL Test 
Protocol for qualification of candidate sorbents towards commercial demonstration at 
Piñon Pine IGCC facility. 
 
To bridge the gap between bench-scale testing and future large-scale demonstration, 
evaluation of GTI’s leading sorbent in DOE/NETL’s facilities is needed.  Furthermore, 
based on the results obtained in this program, it is highly recommended that additional 
regeneration studies, involving mixtures of fresh and partially sulfided sorbent samples, 
be undertaken to closely simulate regeneration conditions at Piñon Pine. 
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