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ABSTRACT 
 
The overall objective of this project was the advancement to the demonstration stage of a 
promising regenerable sorbent-based approach for efficient reduced sulfur species (H2S, 
COS) removal from coal-derived gasifier gas. This approach has undergone significant 
fundamental development work at Tufts University under the direction of Prof. Maria 
Flytzani-Stephanopoulos. Fully regenerable sulfur sorbents have been developed, which 
are capable of removing sulfur species in the fuel gas to sub-ppm levels at temperatures 
as high as 800°C. GTI, with a long history of sorbent development and state-of-the-art 
platforms for advancing emerging energy systems, teamed up with Tufts to demonstrate 
practical implementation of these sorbents as honeycomb monoliths that can be 
integrated into advanced energy systems for regenerative desulfurization of syngas 
derived from the gasification of Illinois coal.  
 
Based on a thorough review of Tufts sorbent development efforts, two promising high-
temperature desulfurization applications were identified, one relying on the use of a 
specific sorbent type (undoped lanthana) as a sulfur trap (once-through absorbent), and 
the other on the use of mixed oxysulfides of the lanthanide group of elements (pre-
sulfided praseodymium-doped lanthana) for regenerative desulfurization at 650 to 800°C 
in a compact dual sorber/regenerator integrated into a coal-based solid oxide fuel cell. 
Research needed to advance these two applications was undertaken with positive results, 
including demonstration of effective co-adsorption of H2S and COS and the development 
of methods for synthesizing new materials with improved properties and sulfur removal 
capability. A preliminary design for a bench-scale hot syngas desulfurizer (HSD) reactor 
unit was also prepared for testing larger monoliths (6-inch ID) with real syngas in GTI’s 
pilot-scale coal gasification facilities. Such monoliths can be prepared using 
commercially-available methods and initial guidelines developed in this project. 
However, there is still a need to devote a future effort to developing a systematic 
approach to adapt Tufts sorbent preparation procedures to the extrusion of self-supporting 
honeycomb monolithic structures suitable for the identified applications. Slipstream 
testing can be expected to provide a realistic assessment of the HSD unit performance, 
which will inform scale-up plans, focus further development, and bring this promising 
syngas cleanup technology to a engineering design and/or demonstration phase. 
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EXECUTIVE SUMMARY 
 
Advanced energy systems require new, more demanding syngas processing schemes. In 
particular, solid oxide fuel cells (SOFCs) place stringent requirements on the selection of 
a suitable high temperature sorbent since they operate at 650 to 800ºC and require that 
fuel gases be cleaned to < 1 ppmv total sulfur. In this effort, GTI, with its long history of 
sorbent development and state-of-the-art platforms for advancing emerging energy 
systems, teamed up with Tufts University to develop a compact, regenerable, hot syngas 
desulfurizer for coal-based advanced energy systems. The desulfurizer is based on the use 
of fully regenerable sulfur sorbents (single or mixed oxysulfides of the lanthanide group 
of elements), which are capable of removing any amount of H2S in the fuel gas to sub-
ppm levels at temperatures as high as 800°C.1 The unique characteristic of this class of 
sorbents is their capability to maintain long-term performance by relying on reversible 
adsorption, rather than bulk sulfur removal by chemical reaction, as the mechanism for 
desulfurization as well as regeneration of the sulfided sorbent surface for re-use. 
Compared to other high/moderate temperature sorbents (e.g., zinc titanate), these 
materials have additional distinguishing characteristics and create opportunities for novel 
sorber/regenerator reactor designs to meet the requirements of advanced energy systems, 
such as SOFCs. In particular, these innovative materials possess: 
  
 Efficient sulfur removal at very high temperatures (La2O3, La0.7Pr0.3Ox, etc. are 

excellent candidates); 

 Provide a means to limit the sulfidation reaction to the surface of the sorbent through 
the use of high space velocities (> 16,000 h-1), thus eliminating structural issues and 
slow bulk sorbent regenerability; 

 Surface adsorption that is quite reversible and by a variety of gas streams, ensuring 
that the sulfided sorbent can be fully regenerated; and 

 Regenerability at high space velocities (> 80,000 h-1) that can be used to suppress 
sulfate formation (a well known culprit for sorbent degradation) and substantially 
shorten the total time required for complete sorbent regeneration. 

 
GTI’s main focus in this project was to advance these promising sorbents towards 
practical implementation as honeycomb monoliths that can be integrated into solid oxide 
fuel cells for regenerative desulfurization of fuel gas derived from the gasification of 
Illinois coal. Based on the status of development of this new class of sulfur sorbents, the 
specific objectives of the proposed project were to: 
 
 Select (in consultation with Tufts) one of the leading sulfur sorbents and produce (in 

collaboration with a commercial sorbent/catalyst vendor such as Süd-Chemie, BASF, 
or Saint-Gobain NorPro) two identical formulations in the form of honeycomb 
monoliths (inert support matrix such as cordierite coated with the sorbent material); 

 
 Characterize (determine chemical and physical properties) the procured materials and 

carry out “concept confirmation” bench-scale tests on one selected, commercially-
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produced monolithic honeycomb in an existing, well-equipped Pressurized Fixed-Bed 
Reactor (PFBR) facility; 

 
 Perform parametric tests to evaluate the effects of several key process variables 

(temperature: 650 to 800°C (1202 to 1472°F), space velocity (up to 50,000 h-1), H2S 
content (100 to 10,000 parts-per-million by volume, ppmv), reactor pressure (0 to 300 
psig), and nature of reduced sulfur species (COS in addition to H2S at 10 to 750 
ppmv); 

 
 Conduct support studies at Tufts that would contribute to the fundamental 

understanding and further development of these materials and gas cleaning system for 
advanced energy systems; and 

 
 Prepare a preliminary design package for a bench-scale reactor system capable of 

processing at least 500 standard cubic feet per hour (SCFH) of coal-derived fuel gas 
on a continuous basis, which could be used in a follow-up project (with significant 
cost-sharing from other interested parties) to evaluate the proposed innovative 
desulfurizer system during one or more of GTI’s pilot-scale coal gasification test 
campaigns.   

 
To achieve the above objectives, the experimental and analytical work planned in this 
initial project was divided into five tasks (Task 1: Preparation of Test Facility and 
Materials; Task 2: Bench-Scale Testing; Task 3: Support Studies at Tufts; Task 4: 
Process Scale-up and Integration; and Task 5: Management and Reporting). All 
experimental work in Tasks 1 through 3 was conducted in testing equipment available at 
GTI and at Tufts University, including a state-of-the-art catalyst/sorbent test facility with 
on-line gas analysis instruments, thermogravimetric analyzers (TGA), and micro-
reactors. 
 
Based on a thorough review of Tufts’ sorbent development efforts, two promising high-
temperature desulfurization applications were identified, one relying on the use of a 
specific sorbent type (undoped lanthana) as a sulfur trap (once-through absorbent), and 
the other on the use of mixed oxysulfides of the lanthanide group of elements (pre-
sulfided praseodymium-doped lanthana) for regenerative desulfurization at 650 to 800°C 
in a compact dual sorber/regenerator integrated into a coal-based solid oxide fuel cell 
(regenerable adsorbent). Research needed to advance these two applications was 
undertaken with positive results, including demonstration of effective co-adsorption of 
H2S and COS and the development of methods for synthesizing new materials with 
improved properties and sulfur capture capability. A preliminary design for a bench-scale 
hot syngas desulfurizer (HSD) reactor unit was also prepared for testing larger monoliths 
(6-inch ID) with coal-derived syngas in GTI’s pilot-scale coal gasification facilities. Such 
monoliths can be prepared using commercially-available methods and initial guidelines 
developed in this project. However, there is still a need to devote a future effort to hone 
down a systematic approach to adapt Tufts sorbent preparation procedures to the 
extrusion of self-supporting honeycomb monolithic structures suitable for the two 
identified applications. Slipstream testing results can be expected to provide a realistic 
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assessment of the HSD unit performance, focus further development and scale-up plans, 
and transfer this promising syngas cleanup technology to a demonstration phase and/or 
engineering design. 
 
For the first desulfurization application identified (once-through absorbent as a sulfur 
trap), Tufts prepared several sorbent formulations for testing to investigate their 
capability to desulfurize gas mixtures to sub-ppm levels of H2S and COS at very high 
temperature (800°C). Based on measured breakthrough curves, superior performance of 
undoped lanthana (La2O3) was confirmed. H2S concentrations were maintained at <1 
ppmv level for over 300 minutes under the experimental conditions tested. The effective 
capacity for this material is estimated to be approximately 6 g S/100 g sorbent. This 
combination of very high sulfur removal efficiency and relatively high effective capacity 
at such high temperature is unique to this class of sorbents. GTI believes this class of 
sorbents should be developed further with focus particularly given to enhancing sorbent 
stability at very high temperature (e.g., 800°C), reducing sorbent manufacturing costs to 
make it viable possibly as a once-through desulfurization material (i.e., sulfur trap), and 
adapting Tufts sorbent preparation technique to a practical, scaled-up approach that 
enables effective syngas/sorbent contact. For this latter goal, GTI plans to continue to 
collaborate with ACI and/or an alternative sorbent/catalyst manufacturer to optimize a 
representative formulation from this class of sorbents in the form of fine (100 to 400 cells 
per square inch) honeycomb monoliths via extrusion or other means. These monoliths 
can consist entirely of sorbent materials and no inert support should be required.  
 
Research carried out in this project also identified and applied a promising alternative 
sorbent synthesis approach with encouraging initial test results (lanthanum and 
praseodymium oxysulfides with higher surface areas). The new surfactant-assisted 
synthesis approach uses sodium dodecyl sulfate (SDS) as a surfactant for synthesis of 
mesoporous oxysulfates (e.g., La2O2SO4), which after reduction yield oxysulfides with 
higher surface areas. It was shown that even after reduction at 950°C, the surface area of 
the new La2O2S materials prepared was higher (13 m2/g) than its counterpart prepared by 
the urea gelation/co-precipitation (UGC) method (3 m2/g). This finding is quite 
significant because surface sulfur capacity is directly proportional to surface area, 
implying that the potential exists to enhance the effective sulfur capacity five-fold for 
these regenerable adsorbents. This new approach is particularly promising for 
praseodymium-based sorbents, since praseodymium is the only element of the lanthanide 
series for which transformation from the oxysulfate to the oxysulfide can occur at 650°C, 
and the lower the transformation temperature, the higher the likelihood of retaining the 
sorbent’s high surface area. This is a significant development since such improved 
(higher surface area) regenerable adsorbents will make it possible to extend the switch-
out time between sorber/regenerator units in the compact, hot syngas desulfurization unit 
envisioned for these materials. 
  
Analytical and experimental work in the project also demonstrated high sorbent 
effectiveness for COS, and combined COS + H2S removal. Based on a combination of 
theoretical estimates (based on thermodynamic equilibria for COS hydrolysis and COS 
sulfidation) and absorption tests, the following desirable sorbent properties were 
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demonstrated: (a) favorable sulfidation equilibria for COS; (b) non-competitive 
adsorption between H2S and COS; and (c) high effective sulfur removal capacity (about 7 
g S/100 g sorbent) at 800°C with both H2S and COS present in the fuel gas. This 
demonstrates very good sorbent utilization since it accounts for approximately 71% of the 
theoretical value based on complete conversion of the active sorbent component (La2O3) 
to the oxysulfide. Sulfur removal test results clearly showed that the presence of COS not 
only does not compromise the ability of the sample to retain H2S but more interestingly, 
COS breakthrough occurs subsequent to the corresponding breakthrough for H2S. 
Therefore, the lanthanide oxides are superior sorbents of both H2S and COS at the 
conditions of interest to hot gas desulfurization. 
 
The design of a larger (6-inch I.D.) hot syngas desulfurizer (HSD) reactor unit was 
completed in the project, based on a design for a similar unit that was developed in a 
recent project at GTI to facilitate slipstream testing of developmental honeycomb 
monoliths for methane and tar reforming applications at 850 to 925°C. This unit is 
expected to be installed in GTI’s pilot-scale gasification facilities and become a 
permanent feature of an elaborate gas cleaning train to facilitate slipstream testing of 
various novel processes (tar and methane reforming, water-gas shift, filter-reactors for 
syngas cleaning via dry sorbent injection, gas-liquid contactors, etc.) with coal and 
biomass-derived syngas. In this project, the necessary modifications to the existing 
design were made for use as a hot syngas desulfurizer. The required modifications were 
minimal given the very high temperature capability of the existing design. The designed 
HSD unit is capable of processing up to 1,500 standard cubic feet per hour (SCFH) of 
syngas as a slipstream from GTI’s pilot-scale gasifier.  
 
In the future, GTI will coordinate efforts to prepare larger monoliths (6-inch ID) of both 
sorbent types identified in this project, using commercially available methods, for testing 
in a slipstream mode using coal-derived syngas generated in its pilot-scale gasification 
facilities. The results to be developed are expected to provide a realistic assessment of 
GTI’s Hot Syngas Desulfurizer unit performance, which will inform scale-up plans, focus 
further development, and bring this promising syngas cleanup technology to a 
engineering design and/or demonstration phase. 
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OBJECTIVES 
 

The overall objective of this project was the advancement to the demonstration stage of a 
promising regenerable sorbent-based approach for the efficient removal of reduced sulfur species 
(H2S, COS, etc.) from coal-derived gasifier product gas. This approach has undergone significant 
development work at Tufts University under the direction of Prof. Maria Flytzani-
Stephanopoulos. Based on the status of development of this new class of sulfur sorbents, the 
specific objectives of the project were to: 
 
 Select (in consultation with Tufts) one of the leading sulfur sorbents and produce (in 

collaboration with a commercial sorbent/catalyst vendor such as Süd-Chemie, BASF, or 
Saint-Gobain NorPro) two identical formulations in the form of honeycomb monoliths (inert 
support matrix such as cordierite coated with the sorbent material); 

 
 Characterize (determine chemical and physical properties) the procured materials and carry 

out “concept confirmation” bench-scale tests on one selected, commercially-produced 
monolithic honeycomb in an existing, well-equipped Pressurized Fixed-Bed Reactor (PFBR) 
facility; 

 
 Perform parametric tests to evaluate the effects of several key process variables (temperature: 

650 to 800°C (1202 to 1472°F), space velocity (up to 50,000 h-1), H2S content (100 to 10,000 
parts-per-million by volume, ppmv), reactor pressure (0 to 300 psig), and nature of reduced 
sulfur species (COS in addition to H2S at 10 to 750 ppmv); 

 
 Conduct support studies at Tufts that would contribute to the fundamental understanding and 

further development of these materials and gas cleaning system for advanced energy systems; 
and 

 
 Prepare a preliminary design package for a bench-scale reactor system capable of processing 

at least 500 standard cubic feet per hour (SCFH) of coal-derived fuel gas on a continuous 
basis, which could be used in a follow-up project (with significant cost-sharing from other 
interested parties) to evaluate the proposed innovative desulfurizer system during one or 
more of GTI’s pilot-scale coal gasification test campaigns.   

 
Following successful completion of this project, movement of the compact desulfurizer system 
towards demonstration and integration into an advanced energy system would continue. In 
coordination with DCEO/ICCI, U.S. Department of Energy, Tufts University, the commercial 
sorbent/catalyst manufacturer, and a suitable hot gas cleanup demonstration facility (such as 
GTI’s Flex-Fuel Test Facility), GTI would develop a follow-up program to: 
 
 Design, procure, and construct a desulfurizer system at a scale sufficient for adequate 

demonstration of the process with coal-derived fuel gas (e.g., slipstream testing at GTI’s 
Flex-Fuel Test Facility, a 10 ton per day coal gasification pilot plant); 

 
 Demonstrate the desulfurizer with fuel/syngas derived from the gasification of Illinois No. 6 

coal during one of GTI’s coal gasification projects (opportunities exist to accomplish this 
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within the planned timeframe, such as with the Pratt & Whitney Rocketdyne (PWR) 
advanced gasifier development program); and 

 
 Continue to collaborate with Tufts and the commercial sorbent manufacturer to fully 

understand the fundamentals, improve the sorbent by adding multi-functionality (e.g., NH3 
decomposition), and address/evaluate integration issues of this promising desulfurizer in 
advanced energy systems such as for solid oxide fuel cell (SOFC) applications. 

 
 

INTRODUCTION AND BACKGROUND 
 
The major goal of this project was the development, demonstration, and deployment of an 
innovative, compact, regenerative desulfurizer unit capable of operating continuously as an 
integrated system in advanced energy systems (e.g., SOFCs). This initial project aimed at 
examining regenerable hydrogen sulfide (H2S) sorbents recently developed at Tufts1-5 as 
candidates for desulfurization of coal gasifier-exit gas streams. The sorbents, based on rare earth 
oxides/sulfides, have been shown to efficiently and regeneratively remove H2S from reformate 
fuel gases produced by steam reforming, catalytic partial oxidation, or autothermal reforming of 
logistics fuels (JP-8, diesel, Jet fuels) at temperatures up to 800°C. The sulfur-free gas can then 
be directed to a SOFC without the need for complex heat exchanging schemes. Not only can the 
new sorbents operate at high temperatures (650-800°C) to remove H2S from any fuel gas stream, 
their surface sulfur removal capacity is also fully regenerable. Thus, a purge gas can be used to 
remove and recover the adsorbed H2S for further treatment elsewhere. With on-site regeneration, 
no need exists for large sorbent filters and their periodic removal /replacement service. When the 
sorbent operates at temperatures matching the SOFC or gas turbine temperature, there is an 
added benefit of a smaller heat exchanger footprint (with concomitant capital cost savings) along 
with a higher thermal efficiency than in the case of fuel gas cooling to remove the sulfur 
followed by reheating to use in the SOFC or alternative advanced energy system. 
 
A major breakthrough of the recent work at Tufts was the identification of fully regenerable H2S 
adsorbents that can remove any amount of H2S in the fuel gas to sub-ppm levels at temperatures 
as high as 800°C. Thus, they are expected to be suitable for the desulfurization of hot coal gas 
laden with high sulfur levels (> 1,000 ppm H2S, typical of Illinois coal). The sorbents are single 
or mixed oxysulfides of the lanthanide (rare earth) group of elements and can be applied in pre-
sulfided form. They can be used isothermally in cyclic operation whereby a purge gas removes 
the adsorbed H2S from the saturated sorbent surface, making the regenerated sorbent again active 
for sulfur removal. Virtually any gas composition can be used in regeneration to sweep away the 
adsorbed H2S, and as long as the applied space velocity is high, bulk sorbent regeneration is 
avoided. This greatly simplifies the process flow sheet and treatment of the off-gas. 
 
The only suitable sorbents for high-temperature (> 650°C) regenerative H2S removal from any 
type fuel gas, including those with large contents of water, are the lanthanide oxides, especially 
lanthana, La2O3, praseodymium(III) oxide, Pr2O3, and cerium(III) oxide, Ce2O3. These have the 
required high bulk sulfidation equilibrium constants to achieve a highly efficient removal of H2S 
even in the presence of H2O and CO2. In recent work at Tufts,1,2,4 it was further found that the 
surface sulfidation equilibria of this type of sorbents are superior to the bulk. It was also found 
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that the kinetics of H2S adsorption and regeneration (desorption) are comparably fast, thereby 
enabling the design of a simple and small (< 0.5L/5kWe SOFC) sorber/regenerator reactor 
system.1,2 The performance stability of various pre-sulfided sorbents was tested over up to 100 
cycles of sulfidation /regeneration. No structural sorbent degradation was found and its sulfur 
capacity remained the same after 100 cycles.5,6 Preparation of sorbents as coatings on ceramic 
walls (ceramic foams and honeycomb monoliths) was briefly examined.6 Testing of the 
structured sorbents was carried out to reproduce the data obtained in tests with sorbent particles 
and to extend the space velocities to very high values (> 1,000,000 h-1) without significant 
pressure drop. It is expected that sorbent-coated ceramic monoliths will be used in practical 
SOFC systems.   
                                                                                                                                                                                    
These findings have created new opportunities for compact sorber/regenerator designs to meet 
the stringent sulfur removal requirements of fuel cell systems at any scale. They are also 
applicable to large-scale coal gas desulfurization process schemes. GTI teamed up with Tufts 
University to move these sorbents one step closer towards demonstration and commercial 
acceptance. One practical implementation envisioned by GTI and Tufts is depicted by Figure 1, 
which represents a conceptual flowchart of fuel reforming for use in a SOFC, including 
regenerative desulfurization in the temperature range of 650 to 800ºC. The dual sorber and 
regenerator units shown in Figure 1 can be sized as needed for different applications, making it a 
flexible design that is particularly suitable for limited-footprint applications, such as auxiliary 
power units and portable fuel cells. Although various reactor configurations can be envisioned 
for the desulfurization system, a ceramic honeycomb monolith with the sorbent material coated 
as a thin layer on the channel walls can be considered as a obvious choice because of its low 
pressure drop.   

 

 
Figure 1. A Scheme for Regenerative Hot Reformate Gas Desulfurization (the SOFC anode off-
gas stream is used to regenerate the sorbent) 

A Compact, Regenerable, Hot Syngas Desulfurizer for Coal-Based 
Advanced Energy Systems
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EXPERIMENTAL PROCEDURES 
 
To achieve the project objectives, the planned experimental and analytical work was divided into 
the following five tasks: 
 

Task 1.  Preparation of Test Facility and Materials 
 
Task 2.  Bench-Scale Testing 
 
Task 3.  Support Studies at Tufts University 
 
Task 4.  Process Scale-up and Integration 
 
Task 5.  Management and Reporting 

 
All experimental work in Tasks 1 through 3 was conducted in testing equipment available at GTI 
and at Tufts University, including a state-of-the-art catalyst/sorbent test facility with on-line gas 
analysis instruments, thermogravimetric analyzers (TGA), and micro-reactors. Detailed 
descriptions of these units and their operating procedures have been made in previous 
publications reporting on similar work conducted in GTI’s Hot Gas Cleanup Laboratory7-10 as 
well as in Tufts University’s Chemical and Biological Engineering Department.1-6  
 
Task 1.  Preparation of Test Facility and Materials 
 
The initial objective of this task was to modify GTI’s pressurized fixed/fluid-bed reactor (PFBR) 
facility to facilitate testing of the sulfur sorbent materials. The catalyst/sorbent evaluation facility 
has been extensively used in several gas cleaning and tar-reforming projects, typically in support 
of pilot-scale gasification programs in GTI’s Flex-Fuel Test Facility. The facility is equipped 
with state-of-the-art sampling and monitoring systems, including the capability to determine gas 
contaminants at very low levels. Modification included allowing for feed gas switching between 
a composition simulating a syngas derived from the gasification of an Illinois No. 6 coal and a 
composition simulating a regeneration gas (O2-N2 or H2O mixture). [Note: a typical raw fuel gas 
from a Texaco-type, entrained, oxygen-blown gasifier, with coal-slurry feeding consists of the 
following: 23.2 vol% H2, 21.4% H2O, 40.9% CO, 11.3% CO2, 0.3% CH4, 1.6% N2, 0.1% Ar, 
9354 ppmv H2S, 718 ppmv COS, 676 ppmv NH3, 423 ppmv HCl, and 20 ppmv HCN)].11 The 
facility was modified, brought on-line where the quality of data collection methodology and 
sample treatment were validated, and demonstrated the ability to obtain an acceptable material 
balance between feed and product streams. 
 
With Tufts assistance, another objective of Task 1 was to collaborate with a commercial 
catalyst/sorbent manufacturer to coat a ceramic monolith that would be used to demonstrate 
feasibility of the syngas cleaning concept on a continuous basis. Following this plan, Tufts would 
recommend to GTI one or two leading regenerable sorbent materials for the coating of the 
monolith pieces. Two identical honeycomb monoliths (approximately 2 in. ID x 3 in height bed 
configuration) would be procured for bench-scale testing at GTI. The coated monolith would 
contain sufficient active material to enable sorbent testing for up to 5 hours prior to breakthrough 
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under conditions simulating a syngas composition derived from the gasification of an Illinois No. 
6 coal. This criterion would then be applied to select a suitable size of the ceramic monolith, 
which would likely be in the range of 100 to 400 cpsi (cores per square inch). Tufts and GTI 
would both characterize the selected materials. The concept confirmation tests would comprise 1 
½ cycles of testing to demonstrate desulfurization capability as well as regenerability under 
pertinent conditions. 
 
Photographs of GTI’s sorbent/catalyst evaluation facility, selected analytical instruments, and 
representative honeycomb monoliths are shown in Figures 2 through 6. The core of the GTI test 
facility is a PFBR that is expressly designed for gas cleaning and reforming experiments 
involving the use of contaminants at low levels. The facility has been used to conduct numerous 
tests on honeycomb monoliths to evaluate the efficiency of ammonia decomposition and to 
quantify the reforming of methane and tars (at 750 to 950°C) in support of a major biomass-to-
liquids project at GTI.9,10,12,13 
 
During a typical test, the analytical instruments (µGC, FTIR, etc.) are calibrated and prepared for 
measurements, then the overall PFBR facility data acquisition system is brought on-line to log 
reactor temperature and pressure. Reactor heating up and pressurization, and conditioning of the 
various feed gas and product gas sampling lines are then started under nitrogen flow. The various 
heaters are adjusted to obtain the desired temperatures in the different feed and product gas 
sections of the facility. The back-pressure regulator is also adjusted until the desired system 
pressure is achieved. With the reactor system at the test temperature and pressure conditions the 
steam generator (liquid water pump and small tube furnace) is started with the generated steam 
(and some nitrogen) initially directed through the reactor by-pass line. Hydrogen (H2), carbon 
monoxide (CO), carbon dioxide (CO2), methane (CH4), and the H2S-H2 mixture are then added 
at the estimated flow rates (managed by individual mass flow controllers for each gas 
component) to result in the desired overall feed gas composition containing the targeted levels of 
contaminants (H2S). When the system pressure, temperatures, and gas flow rates have stabilized, 
a slipstream from the product gas of approximately 2 slpm is established and directed to the 
analytical instruments via conditioned (heated) lines. The heated gas stream is directed to a 
dedicated FTIR, which is internally maintained at 185°C so that direct measurement of all major 
gases except H2 and N2 can be carried out and compared with measurements taken downstream 
with the µGC. The product gas slipstream (wet) sample is then cooled, dried, and directed to the 
µGC for measurement of major gas species concentrations (H2, CO, CO2, CH4, Ar) and H2S 
whenever possible. The weight of the starting water is recorded periodically throughout the test. 
The water condensate is also periodically (every 20 minutes) collected from the condenser 
placed immediately upstream of the dry test meter. In addition, periodic measurements of the 
product gas flow rate (less the slipstream flow) are made via a dedicated standard dry test meter. 
The use of dual, independent gas analyzers provides a robust method for insuring overall data 
quality.      
 
With the simulated syngas mixture (at the desired overall composition with appropriate levels of 
contaminants) flowing through the reactor by-pass line, measurements are taken for as long as 
necessary to achieve satisfactorily stable measurements. At this point, the entire feed gas flow is 
directed through the reactor containing the honeycomb monolith (or sorbent pellets) at the 
desired temperature. Testing continues under a particular set of conditions (temperature, space   
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Figure 2. GTI’s Pressurized Fixed-Bed 
Reactor (PFBR) Facility for 
Catalyst/Sorbent Evaluation 
 

 

Figure 3. Quartz reactor/high-pressure 
vessel arrangement (use of quartz reactor 
minimizes/eliminates loss of contaminants 
to reactor walls) 

 

Figure 4. Photos of honeycomb monolith 
catalysts sized to fit a 2-inch I.D. reactor 
(right: inert (cordierite); left: coated (by a 
commercial vendor) with proprietary 
components for multi-contaminant removal)  
 

 

Figure 5. Fourier Transform Infrared 
instrument used for measuring CO, CO2, 
CH4, H2O, etc. The FTIR provides the 
capability to measure H2O in hot wet syngas 
 

 

Figure 6. Photo of an existing micro gas 
chromatograph (µGC) that measures major 
syngas components and H2S from dry 
samples 
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velocity, pressure, contaminants, etc.) until measurements are stable for at least 60 minutes 
before conditions are changed to achieve the subsequent test set point. Finally, at the conclusion 
of each test, the simulated syngas mixture is directed through the reactor by-pass line while 
continuing sampling and analysis activities. Data from this last test segment are used to confirm 
the feed gas composition, including concentrations of contaminants. 
 
Work in Task 1 departed somewhat significantly from the plan. The challenges encountered and 
timely changes made, some relating to materials synthesis and some to testing methodology, are 
described below as well as in the ‘Results and Discussion’ section. It is believed, however, that 
these changes were reasonable and minimally affected our overall project goals.  
 
In particular, adapting Tufts University’s powdery/granular sorbent synthesis technique (Figure 
7) to the preparation of honeycomb monoliths proved to be more challenging than originally 
anticipated. Based on prior experience with sorbent development projects under both 
DCEO/ICCI and DOE-NETL funding, we reasoned that it would be more practical and 
expedient to involve a commercial manufacturer from the onset to prepare the selected sorbent 
formulations using commercially-available equipment and methods that are readily amenable to 
scale-up. This would also be consistent with DOE-NETL’s previously recommended ‘Road 
Map’ for demonstrating hot coal gas desulfurization materials.14 Accordingly, GTI identified a 
suitable catalyst/sorbent manufacturer (Applied Ceramics, Inc. in Atlanta, GA) and set up a 
three-way non-disclosure agreement (NDA). With the lack of sufficient quantity of the selected 
sorbent formulations (based on Tufts procedure) on hand, as an initial trial and in consultation 
with Tufts, 1000 grams of reagent-grade La2O3 material was procured and sent to ACI for 
preparation of approximately 20 fine (400 cpsi) honeycomb monolith pieces (1" diameter x 1" 
long). Using their conventional procedures, ACI could not properly prepare the material GTI 
sent them for extrusion, largely because of the use of methylcellulose as a binder. The sorbent 
material was found to possess adequate rheological property at moderate demand of processing 
aid and liquid. However, because of the oxidation of methylcellulose, which is highly 
exothermic, a noticeable temperature rise of the paste and subsequent setting (hardening) was 
observed. ACI informed GTI that they could not process the La2O3 material in their typical 
extrusion system and offered to develop a custom solution. Because no funds were allocated to 
this effort, it became clear it was necessary to do this initial work at GTI. 
 

 
Figure 7. Tufts Procedure for Preparing Granular Sorbents via the Urea Gelation/Coprecipitation 
(UGC) Method 
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The work performed in-house included developing procedures specific to the sorbent materials 
selected and initially making extrudates rather than monoliths for testing (for applications where 
the syngas is not dust-laden, pellets/extrudates can be expected to essentially exhibit equivalent 
performance). Additionally, rather than reproduce Tufts University methods, it was thought 
appropriate to conduct sorbent synthesis based on solid oxide mixing and calcination, since the 
main focus was on developing suitable methods for rendering La2O3-containing powders suitable 
for extrusion. It was decided to prepare a lanthana-alumina material containing at least 50 wt% 
La2O3 in the final product for testing as a sulfur sorbent in extrudate form. Based on the 
literature, it was determined it would be feasible to create such a material using basic procedures 
for traditional pelletized ceramics. The basic recipe for an extruded ceramic material calls for 
mixing together the primary ceramic compounds with a solvent, one or more binders, sintering 
aids, and modifiers, so that the mixture forms a plastic paste. This paste is then extruded through 
a die, dried, and calcined to form the final pellets. 
 
Based on a review of literature, it was determined that for best results, the primary sorbent 
compounds and any non-soluble additions should consist of fine powders with particle size of 
five microns (5 µm) or smaller. A solvent should be chosen to match the hydrophilic/phobic 
nature of the primary compounds so that the powder will be properly wet. After selecting the 
solvent, binder(s) should be chosen which will also dissolve in the given solvent. For extruded 
materials, it is often desirable to use both an organic binder to aid in forming the paste and a 
permanent binder to hold the materials particles together after calcining.15,16,17 Sintering aids may 
be added to the paste to lower the temperature required for binding ceramic particles so that 
shrinkage and pore loss are minimized. Finally, additional compounds may be added to the paste 
to aid in supporting the ceramic structure or to evolve in the calcining step to increase porosity. 
In general, the paste will consist of 50% sorbent compounds, and 50% solvent/binder solution. 
The binder should comprise approximately 15% solution in the solvent, resulting in 1-5% of the 
final paste mass. 
 
The above guidelines were followed to prepare approximately 300 grams of lanthana/lanthanum 
aluminate sorbent material, the detailed composition of which is provided in Table 1. The 
sorbent ingredients included lanthanum carbonate (La2(CO3)3), aluminum hydroxide (Al(OH)3), 
and dextrin as an organic binder. The ceramic compound amounts were calculated based on the 
loss of CO2 during calcination and the formation of some lanthanum-alumina compounds instead 
of all lanthanum oxide. The dextrin powder (10 wt% of dry mix) was added to increase the 
ceramic porosity after it evolves during the calcination step. The powders were mixed by 
tumbling in a plastic jar for five minutes, although in an ideal situation they would be thoroughly 
mixed in a ball mill or by other strong mechanical agitation means. 

 
Next, 250 g of cold de-ionized water was mixed with 61.9 g of 40 wt% colloidal silica solution. 
To this mixture, 25.1 g methylcellulose powder was slowly added, while stirring vigorously, to 
create a solvent-binder gel. Colloidal silica acts as a permanent binder in the ceramic pellets, 
while methyl cellulose is a temporary plasticizing binder that will evolve during the drying and 
calcining steps. Ideally, as alumina is one of the primary ceramic compounds, a colloidal 
alumina solution would be used as the permanent binder. However, due to time constraints, as 
this material was on hand, our sample was prepared using the silica compound. For either 
permanent binder, the most important material property is that the binder particles be 
substantially smaller in size than the ceramic powder so that they will sinter and hold the ceramic 
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particles together at a sufficiently low temperature that the primary ceramic particles do not 
sinter and densify. 
 
Once the solvent-binder gel was well mixed, the ceramic compound mixture was then added.  As 
with the methylcellulose, the powder was added in small amounts at a time, thoroughly stirring 
after each addition. When the powder had all been added, the mixture at first appeared to be too 
dry and crumbly. At this point it was important to not yet add any more liquid. Instead, the 
mixture was allowed to rest for an additional 20-30 minutes so that the solvent-binder gel could 
thoroughly wet all of the powder through capillary action. During this time, some kneading of 
the mixture was done by hand to aid the formation of the plastic paste. 
 
Finally, once the paste was mixed, it was placed in a motorized extruder to form the sorbent 
pellets. After drying the extruded pellets overnight in air, they were placed into an alumina 
crucible and loaded into a programmable furnace for further drying, de-binding, and calcination 
at 950°C for two hours. 
 

Table 1. Make-up of Prepared Lanthana/Lanthanum Aluminate Sorbent Extrudates 

Element/Compound  MW  Bed Configuration
La  138.908  Reactor ID 5.08 cm  

Pr  140.91  Bed Height 7.62 cm  

O  15.999  Bed Volume 154.4 cm3  

C  12.0111     

Al  26.98  Est. Pellet Bulk Density 75 lb/ft3  

H  1.008  1.20 g/cm3  

    Sorbent Synthesis Details

    Wt. Sorbent Needed 185.456 g  

La2O3  325.813  Target (to make) 200 g  

La2(CO3)3  457.84     

La0.7Pr0.3Ox    Calcined Sorbent Comp. 50.0% La2O3  

    50.0% La2O3.Al2O3  (LaAlO3) 

Al2O3  101.957  La2O3 in final product 176.17    

Al(OH)3  78.001  Al2O3 in final product 23.83    

La2O3.Al2O3  427.77  x 1.5  

    La2(CO3)3 needed 247.55 371.33   

    Al(OH)3 needed 36.47 54.70   

    Total: 284.02 426.03   

    Add 10% Dextrin 28.40 42.60   
             

 
Work at GTI also included coating commercially available inert monoliths with sorbent material 
(Figure 8). These, however, were not tested because of their coarse size. Instead, we tested a 
much finer commercially available honeycomb monolith, although it contained a limited amount 
of La2O3 (< 5 wt%) intended to promote catalytic activity for this material, and not as an active 
component for sulfur removal. The main goal of this testing was to demonstrate sulfur removal 
by the monolith equivalent to what was obtained with the extrudates.  
 
Results from testing the fine sorbent powders received from Tufts (undoped lanthana and pre-
sulfided praseodymium-doped lanthana, representative of the two high-temperature 
desulfurization applications identified in this project), the La2O3-based sorbent extrudates 
prepared at GTI, and the procured low-La2O3 content honeycomb monoliths are described in the 
‘Results and Discussion’ section of this report. 
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Task 2.  Bench-Scale Testing 
 
The objective of this task was to perform detailed parametric tests to quantify the sulfur removal 
efficiency, effective sulfur loading, and regenerability of the selected sorbent as a monolithic 
honeycomb under practical ranges of operating conditions. Fuel gas mixtures would be used to 
simulate compositions of a gasifier product gas from an Illinois No. 6 coal. The parametric tests 
were planned to evaluate the effects of several key process variables: 
 

 Temperature: 650 to 800°C (1202 to 1472°F) 
 Space velocity: up to 50,000 h-1 
 H2S content: 100 to 10,000 ppmv (parts-per-million by volume) 
 COS content: 10 to 750 ppmv 

- COS removal 
- Co-adsorption of COS and its effect on sorbent performance for H2S removal  

 Reactor pressure: 0 to 300 psig 
 Regeneration gas  

 

 

Figure 8. Prepared Honeycomb Monoliths Coated with Sorbent Material 

 
Other tests would be performed to evaluate durability of the sorbent performance with cycling. 
Up to 20 desulfurization/regeneration cycles would be completed under the preferred operating 
conditions (as identified from the parametric tests). 
 
Changes made to the testing methodology and scope in this task are described in the ‘Results and 
Discussion’ section of the report.  
 
Task 3.  Support Studies at Tufts 
 
The major part of this task involved experimental work that was carried out in the facilities of 
Tufts University’s Department of Chemical and Biological Engineering under the direction of 
Prof. Maria Flytzani-Stephanopoulos. The main objective of this task was to examine 
regenerable H2S sorbents recently developed at Tufts1-5 as candidates for desulfurization of coal 
gasifier-exit gas streams.   
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The research team planned on using sorbent compositions, based on mixed lanthanide oxides, 
identified in previous work at Tufts for application to hot coal gas desulfurization. The specific 
objectives of this task were to first, prepare the sorbents with high surface area after 800°C-
calcination; second, measure the kinetics of adsorption of H2S and COS on these sorbents and 
examine co-adsorption of the two sulfur components; and third, provide advice to GTI on the 
type of sorbent(s) to use to prepare, in collaboration with a catalyst manufacturer, thin coatings 
of ceramic honeycomb monoliths for cyclic tests of H2S adsorption/desorption in realistic coal 
gas mixtures. Limited testing of small monolith pieces (1/2-inch dia.) would be performed at 
Tufts, to support the detailed parametric tests at GTI with 2-inch dia. monolith segments. 
 
Task 4.  Process Scale-up and Integration 
 
The objective of this task was two-fold: (1) prepare a preliminary design package of a scale-up 
sorber/regenerator facility that could be tested with Illinois coal-derived fuel gas using either a 
syngas slipstream during a Flex-Fuel Test Facility test campaign (10 tons per day), or a full-flow 
syngas stream from a process demonstration unit gasifier; and (2) address integration issues of 
the desulfurizer system into a SOFC or alternative advanced energy system. Testing of this 
system in a continuous mode with process-derived syngas would generate the necessary 
information at an appropriate scale to develop credible data for further technical and economic 
evaluation of the process. 
 
As Tufts had already proposed, practical implementation of these sorbents would be as shown in 
Figure 1, a conceptual flowchart of fuel reforming for SOFC use, including regenerative 
desulfurization in the temperature range of 650 to 800°C. SOFCs are considered as the most 
promising options for integration with gasification systems as: (a) they are robust and suitable for 
the use of gaseous fuels; (b) they operate at very high temperatures and are able to convert not 
only H2 but also CO and even some hydrocarbons; and (c) they impose relatively moderate 
requirements for the purity of gaseous fuels. The dual sorber and regenerator units shown in 
Figure 1 could be sized as desired for different applications, providing for a flexible design 
approach. Given that approximately 50 liters/min of hydrogen (STP) is required to power a 5-
kWe SOFC, this could be provided by a fuel gas at a flowrate of 125 liters/min containing 40% 
H2. At a space velocity of 400,000 hr-1, for example, about 20 cm3 of sorbent or 200 cm3 
monolith volume (larger by a factor of 10) would be required in each of the sorber and 
regenerator units. Assuming a sorbent density of 2 g/cm3 and an effective surface sulfur capacity 
of just 1 mg S/g sorbent (breakthrough at 1-ppmv H2S level), the service time for a feed gas 
containing 500 to 50 ppmv H2S could be estimated at 0.5 to 5 minutes. Longer service times 
could be expected with lower H2S content feed gas (such as by using the HSD unit in a polishing 
mode) or through the use of sorbents with higher surface area (a need identified and deemed 
worthy of further investigation in the project). 
 

Basis for Hot Syngas Desulfurizer (HSD) Unit Design 
 
GTI recently designed a high-temperature Slipstream Tar Reformer (SSTR) unit as part of a new 
DOE NREL-funded project.18 This unit, capable of treating up to 1,500 SCFH of raw syngas at 
temperatures as high as 1700°F (927°C), was intended for installation in GTI’s gasification pilot-
plant facilities and used to evaluate the performance of several proprietary honeycomb monoliths 
in reforming tars and methane in biomass-derived fuel gas, as part of an ongoing large biomass-
to-liquids testing program at GTI. This existing design, itself based on the 2-inch diameter 
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reactor design of the laboratory catalyst test facility, was used in this task as a basis for designing 
the Hot Syngas Desulfurizer (HSD) unit. A brief description is presented below. 
 
The SSTR is one component of a comprehensive gas cleaning system that has been devised by 
GTI to facilitate slipstream testing in its pilot-scale gasification facilities of various processes 
with real syngas, including tar and methane reforming, water-gas shift, filter-reactors for syngas 
cleaning via dry sorbent injection, gas-liquid contactors, etc. Tar reforming technology is 
generally not yet commercially available, so this new design will be used to validate proprietary 
developmental honeycomb monoliths being provided by Süd-Chemie and Haldor-Topsøe in 
collaboration with GTI and private industrial partners. The high-temperature reactor design 
incorporates external heat transfer rather than oxygen which is normally used to provide the 
endothermic heat requirement for the reforming process. The endothermic heat requirement was 
estimated from Aspen HYSYS modeling to precisely simulate the process gas reactions. Another 
critical item in the SSTR design was the height of the unit. The unit size should be sufficiently 
large to bring up the process gas temperature to around 1700°F (927°C), and to be able to 
maintain proper gas reforming temperatures within the honeycomb monolith bed. Therefore, 
detailed numerical heat transfer calculations were carried out to address these requirements. 
Figure 9 shows the engineering design drawing of the SSTR unit. The reformer consists of a 
pressure vessel (20-inch outer diameter), two heater assemblies installed inside the pressure 
vessel (Figure 10), and a concentric high temperature alloy reactor pipe, housing the required 
number of cylindrical honeycomb monoliths and support alumina balls, where the gas reforming 
process will take place. For this application four (4) monoliths were determined to be needed to 
achieve the desired tar and methane reforming targets, each section approximately 6" x 6" in 
size. Proper arrangement (placement) of the catalyst monoliths was determined to ensure 
uniform temperature distribution in the reforming reaction zone section. Figure 10 shows an 
insulated heater assembly with a stainless steel outer housing. The SSTR unit design uses the 
double shell pressure-balance concept to isolate the hot zone from the center reactor pipe, and 
also maintain the surface temperature of the outside vessel below 250°F (121°C). The heater 
assemblies are mounted inside the vessel, and are powered and controlled by an outside 
dedicated controller. There are insulation plugs installed on top and bottom of the heater 
assemblies to minimize heat loss. Based on our heat transfer calculations, the preheat section 
should be around 40 inches long with packed bed medium (alumina balls) in order to heat the 
process feed gas from temperatures as low as 850°F (454°C) to 1700°F (927°C) at 1,500 scfh 
syngas flowrate. The process syngas flows in a downward direction.  
 
The total installed cost for the bench-scale testing system was estimated at approximately 
$214,000, based on vendor quotations and engineering estimates (Table 2). 
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Figure 9. Existing design of a high-temperature high-pressure reactor capable of housing 
cylindrical honeycomb monoliths up to 6 inches (15.2 cm) in diameter for processing raw syngas 
at flowrates up to 1,500 SCFH and temperatures up to 1700°F (927°C) 
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Figure 10. One of two heater assemblies to be aligned one on top of the other around the 
19.5" dia. reactor pipe for feed gas preheating and maintenance of reaction zone 
temperature at target level (6" ID x 18" OD x 42" H; 10.5 KW) 

 

Table 2. Total Installed Cost for the Bench-Scale Reactor Testing System 
 Required Purchases Installation Time, 

manhours 
Installation Cost 

Materials (Pipe, Flanges, Insulation) $54,558   
Drafting Services $6,000   
ASME Coding $10,000   
    
ASME Welding service $10,000   
Control Panel, two zone $12,400   
    
Skid Frame Materials $2,000   
Skid Painting Service $1,200   
Skid Race Way and Conduit $2,000   
Building Preparation for Installation (Eng. Study of power & Floor Weight) $25,000   
Electrical Power & Conduit for Reactor Unit $15,000   
    
Reactor Unit Welding on Vessel Section  120 $18,000 
Assemble Reactor Unit  240 $36,000 
Install Reactor Unit into Frame  48 $7,200 
    
Honeycomb Monoliths (6) $15,000   
Support Alumina Beads $1,500   
Reactor Unit Materials & Supplies $153,158   
Reactor Unit Assembly   $61,200 
TOTAL INSTALLED COST $214,358   

 
Hot Syngas Desulfurizer (HSD) Unit Design 

 
The high-temperature SSTR reactor design was modified to satisfy the requirements of 
the Hot Syngas Desulfurizer (HSD) unit. Because the existing design is capable of 
maintaining temperatures as high as 1700°F (927°C), only minimal design changes 
proved necessary. Furthermore, whereas tar reforming reactions are highly endothermic 
and cause the honeycomb monolith to act as a major heat sink, sorbent sulfidation (sulfur 
removal reactions) are not endothermic (in fact, they are slightly exothermic). Thus, 
arrangement of the honeycomb monolith piece(s) permits more flexibility in a syngas 
desulfurization application. It was decided to retain the feed gas preheating section 
(Figure 11), which while it may not be needed, provides additional flexibility in the 
selection of a suitable location for interfacing the HSD unit with the gasification/gas 
treatment process. For safety and other considerations, this location would be selected 
after careful planning, consultation with GTI’s Gasification Operations Team, and Hazop 
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review. The necessary sampling and monitoring equipment is already available to 
characterize the feed syngas stream and the HSD unit product gas to assess the sulfur-
removal performance of the sorbent monoliths as well as sorbent regenerability. 
 
Figure 12(a) shows a developmental cylindrical honeycomb monolith (6-inch height) that 
was provided by Haldor-Topsøe for testing in the SSTR unit for tar and methane 
reforming. This metal structured catalyst is sized to fit snugly in the high-temperature 
slipstream 6-inch ID reactor unit and features a protective metal wrapping that surrounds 
the catalyst monolith. Similar monoliths can be employed in the HSD unit, and 
depending on test conditions (especially space velocity), the desired number of monoliths 
can be stacked individually into the reactor. It is also possible to weld the wrappings to 
form a single catalyst stack. Figure 12(b) shows a square honeycomb monolith from 
which cylindrical pieces can be made and tested. 
 

 
Figure 11. HSD Reactor with a Feed Gas 
Preheat Section and Four Stacked 
Sorbent Monolith Pieces 

 
(a) 

 
(b) 

Figure 12. Typical Commercial 
Honeycomb Monolith Blocks; (a) 
Round, approx. 6"×6" and (b) Square, 
150 x 150 x 300 mm 
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Task 5.  Management and Reporting 
 
In this task, GTI communicated technical progress and financial status to ICCI 
throughout the duration of the project. Four quarterly reports were prepared and 
submitted highlighting results of the technical effort and their effect on planned project 
activity. As part of that effort, this final report was also completed. Following ICCI 
guidelines, this report includes a description of the experimental equipment, the data 
collection system, the methodology of data analyses, summary and interpretations of test 
results, and application and relevance of the data and information obtained to developing 
a compact, regenerable, hot syngas desulfurizer for coal-based advanced energy systems. 
During the course of the project, GTI provided a detailed process development roadmap, 
and in a continuation proposal to ICCI, we outlined the steps required and costs involved 
in moving the technology to a condition of readiness for field testing with real Illinois 
coal-derived syngas in GTI’s coal gasification pilot-scale facilities (Figure 13). 
 

 
Figure 13. GTI’s Expanded Pilot-scale Facilities in Support of Advanced Gasification-
based Technologies 

 
RESULTS AND DISCUSSION 

 
Preparation of Candidate Sorbent Materials and Initial Testing at GTI 
 
GTI received two sorbent samples from Tufts that were candidates for future 
development for use in the two identified applications. These included pure lanthanum 
oxide and pre-sulfided praseodymium-doped lanthana. Both types of sorbent were 
synthesized by employing variations of the urea co-precipitation/gelation (UCG) method 
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(Figure 7), which included calcination in air at 650°C followed by sizing, resulting in fine 
sorbents with particle sizes < 53 µm and BET surface areas in the range of 4 to 5 m2/g. 
Fresh praseodymium-doped lanthanum oxide, with a La/Pr atomic ratio of 7:3, was pre-
sulfided at 800°C in a small flow of a 0.25% H2S-50% H2-balance He gas mixture. 
 
At GTI, evaluation of these fine granular (powdery) sorbents required certain 
modifications be made to the Pressurized Fixed Bed Reactor (PFBR) facility to enable 
testing under high space velocity (> 16,000 h-1), a prerequisite for eliciting effective 
performance from these materials. Because of feed gas channeling through the sorbent 
bed at the high test temperature of 800°C, we were not able to reproduce Tufts 
University’s results (high sulfur removal efficiency and effective (pre-breakthrough) 
sulfur capacity) with the materials that were provided (Figures 14 and 15). Indeed, based 
on prior experience, to achieve the required gas hourly space velocities for both sorbent 
sulfidation and regeneration cycles, sorbents with particles sizes > 180 µm would be 
needed. Although Tufts can easily prepare such sorbents, additional testing at Tufts 
would also be needed to assess the performance of these larger sorbents. Also, from our 
experience, this approach would likely introduce other kinetic limitations and the 
performance of the larger particles would tend to not be representative of how the 
honeycomb monolithic counterparts to these materials would perform. 
 

 

Figure 14. Mid 
Section of Fine 
Sorbent Test 
Reactor 
 

Figure 15. Results of Initial Testing of the Lanthanum Oxide-
Based Sorbent Sample 
 

 

Discussions were held with Professor Flytzani-Stephanopoulos and it was agreed that 
Tufts would focus on conducting fundamental studies to support the project by 
addressing questions concerning the effect of varying key process parameters on sorbent 
performance for the two applications identified by GTI. It was also agreed that GTI 
would focus on the formulation of the two candidate sorbents configured as honeycomb 
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monoliths. This would be accomplsihed in consultation with Applied Ceramics, Inc., 
through guidance from relevant literature, and using the GTI team experience in similar 
ICCI-funded projects, some of which resulted in intellectual property (i.e., U.S. Patent 
No. 6,794,333 B2 "ZnO-Based Regenerable Sulfur Sorbents for Fluid-Bed/Transport 
Reactor Applications״). Small monoliths (approximately 19 mm OD x 15.9 mm H) would 
be produced, so that up to 30 pieces can be stacked for testing in the existing PFBR 
facility at the desired testing conditions, as is shown in Figure 16. The modified quartz 
reactor design shown in Figure 16 makes it possible to vary the bed volume, by using the 
apropriate number of sorbent monolith pieces, so that the desired high gas hourly space 
velocity can be achieved. This is crucial for limiting the sulfidation reaction to the 
sorbent surface (to eliminate structural issues and slow bulk sorbent regenerability) and 
for avoiding sulfate formation during regeneration. 
 

 

Figure 16. Redesigned PFBR internal quartz reactor to enable placement of up to 30 
pieces of “miniature” honeycomb monoliths (such as the Haldor Topsøe RKS-3 catalyst 
shown on the left) for testing under high space velocities 

 
Confirmation of Sorbent Performance and Identification of First Potential Desulfurization 
Application 
 
Tufts prepared several sorbent formulations and initiated testing to investigate their 
ability to desulfurize gas mixtures to sub-ppm levels of H2S and COS at very high 
temperature. The breakthrough curve developed for an undoped lanthana (La2O3) 
formulation is presented in Figure 17 and clearly shows the that high levels of 
desulfurization can be obtained with this material. H2S concentrations were kept at <1 
ppmv level for over 300 minutes under the experimental conditions tested. The effective 
capacity for this material is estimated at approximately 6 g S/100 g sorbent. It should be 
noted the combination of very high sulfur removal efficiency and relatively high effective 
capacity is unique to this class of sorbents. GTI believes this class of sorbents should be 
developed further with a focus on: 

 Enhancing sorbent stability at high temperatures (e.g., up to 800°C) 

 Reducing sorbent manufacturing costs to make this material  viable for use as a 
once-through desulfurization sorbent (i.e., sulfur trap) 

 Adapting Tufts sorbent preparation technique to a practical, scaled-up approach 
that enables effective syngas/sorbent contacting.  
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For this latter goal, GTI would continue to collaborate with ACI and/or an alternative 
sorbent/catalyst manufacturer to prepare a representative formulation from this class of 
sorbents in the form of fine (100 to 400 cells per square inch) honeycomb monoliths 
possibly via extrusion. These monoliths can consist entirely of sorbent materials and no 
inert support would be required. 
 
The development approach we suggest above for this class of high-temperature sorbents 
is inspired by a recent GTI project completed by the principal investigator for the 
laboratory screening of developmental (near commercial) honeycomb monoliths for tars 
and methane reforming at 850° to 925°C for a biomass-to-liquids (BTL) program.9 An 
example of these monoliths includes the RKS-3 catalyst commercially available through 
Haldor-Topsøe A/S (shown in Figure 16). 

 

Figure 17. Breakthrough Curve of Fresh La2O3 Prepared by the Urea Gelation Co-
Precipitation Method 

 
Development of Improved Regenerable Sorbents and Identification of Second Potential 
Desulfurization Application 

 
Part of the work in the project focused on demonstrating that sorbents prepared with 
higher surface area have a proportionately higher surface sulfur removal capacity. 
Accordingly, new methods were identified in the literature and applied in the synthesis 
step to prepare the lanthanide oxysulfides with high initial surface areas. The 
performance of these sorbents was then compared to Tufts previously reported1,2 class of 
sorbents prepared by the urea gelation /coprecipitation (UGC) method.  These materials 
exhibited 3-5 m2/g after calcination in air at 650oC and retained similar surface areas after 
cycling in realistic reformate gas streams at 800oC. The results for these single-
component sorbents are summarized below.   
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For sorbent preparation, Tufts followed a surfactant-assisted synthesis approach, 
described in a recent publication by Machida et al.19 that involves the use of sodium 
dodecyl sulfate (SDS) as a surfactant for the synthesis of mesoporous lanthanide 
oxysulfates (Ln2O2SO4) with high surface area. In a second step, the as-prepared 
oxysulfates were reduced to the corresponding oxysulfides. Tufts managed to reproduce 
the synthesis of all the materials reported, evaluated their properties, and tested them for 
H2S removal efficiency and sulfur capacity up to 2 ppm H2S breakthrough level. 
 
The characterization data and test results of the oxysulfates of Pr2O2SO4 and La2O2SO4 
prepared by the SDS method according to Machida et al.19 are discussed below. The 
specific BET surface areas of the sorbents were measured after several treatments and the 
results are shown in Table 3. [Note: TPR refers to temperature-programmed reduction 
and TPO refers to temperature-programmed oxidation]. The surface areas of samples 
prepared by the UGC method are also included for comparison. 
 

Table 3. BET Surface Area [m2/g] 

Material BET, m2/g Notes 

La2O3 (UGC) 5 After calcination at 650°C for 4h 

La2O2S (UGC after reaction) 3 After cyclic sulfidation/regeneration at 800°C 

La2O2SO4 (SDS) 46 After calcination at 500°C for 4h 

La2O2S (SDS after TPR) 13 After TPR to 950°C in 20% H2/He 

Pr2O2SO4 (SDS) 27 After calcination at 500°C for 4h 

Pr2O2S (SDS after TPR) 17 After TPR to 800°C in 20% H2/He 

Pr2O2S (SDS after TPR) 4 After 6 cycles of TPR-TPO to 950°C 

 
The reduction conditions for transformation from the oxysulfate to the oxysulfide phase 
were chosen based on the conditions reported in another paper by Machida et al.20 Table 
4 shows the hydrogen temperature programmed reduction conditions used. As can be 
seen from Table 3, even after reduction up to temperature as high as 950°C, the surface 
area of the new La2O2S samples was higher (13 m2/g) than the UGC one (3 m2/g).  
 

Table 4. Experimental Conditions for H2-TPR 
 TPR 

Gas Composition 20% H2-N2 
Flow Rate ~16 mL/min 

Heating Protocol 
25°950°C 

Heating rate: 5oC/min 
Hold at 950°C for 30min 

 
Praseodymium is the only element of the lanthanide series for which transformation from 
the oxysulfate to the oxysulfide can occur at temperatures as low as 650°C.20,21 To 
preserve a high surface area, the Pr2O2SO4 was reduced by H2-TPR up to 700°C and 
800°C and the performance of the resulting Pr2O2S material during cyclic 
sulfidation/regeneration at 800°C was evaluated. The operating conditions of the cyclic 
sulfidation/regeneration experiment are shown in Table 5.  Note that only 25 ppm H2S 
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was added to the reaction gas to extend the sulfidation pre-breakthrough time. The 
effluent gas was analyzed by a GC/FPD, which has a nominal sensitivity better than 10 
ppb. The breakthrough curves for five sulfidation cycles carried out at 800°C with the 
800°C-reduced Pr2O2S sorbent are shown in Figure 18. 
 

Table 5. Cyclic Sulfidation/Regeneration Conditions 

Item Sulfidation Regeneration 
Gas Composition 75% H2/25 ppm H2S/He bal. He 
Flow Rate [ml/min] 120 300 
Contact time [g×s/ml] 0.06 0.02 

 
Figure 18. Cyclic Sulfidation/Regeneration of Pr2O2S at 800°C 

 
The H2S removal efficiency of the sorbent was excellent; less than 10 ppbv of H2S was 
measured in the effluent gas before breakthrough during the first cycle. The sulfur 
capacity (5.4 mg/gsorbent) of the sample during the first cycle was about 5 times higher 
than a sorbent prepared by UGC with about 5 times lower surface area. Thus, as expected 
for a surface process, the amount of sulfur adsorbed increases linearly with the surface 
area. With cycling, however, the capacity dropped and eventually reached the same value 
as that of the UGC-prepared materials.2 Future fundamental sorbent development work at 
Tufts will examine whether mixing the lanthanide oxysulfides can be used to stabilize 
their surface area to higher values after the cyclic sulfidation/regeneration treatment. 
Tufts will also evaluate running the adsorption/desorption cycles at lower temperatures 
(650 to 700°C). Air mixed with CO2 and H20 will be used for regeneration, and the 
sulfidation capacity will be tested in the full reformate gas mixture. Samples of the best 
performing sorbent formulation(s) from this new class of sorbents will be provided to 
GTI for independent evaluation with simulated Illinois coal-derived syngas compositions. 
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Additional sulfidation-regeneration cyclic tests were performed with a praseodymium-
based sorbent formulation, with very promising results, as shown in Figure 19. Seven (7) 
cycles were completed with a Pr2O2S-based sorbent made by the surfactant-assisted 
method (SDS). Sulfidation employed a gas consisting of 33 ppmv H2S, 33% H2, balance 
He. Regeneration was performed with an air-rich gas composition (90% air, 5% CO2, and 
5% H2O). Both sulfidation and regeneration were conducted at 800°C at an hourly gas 
space velocity of about 9000 h-1. As shown in Figure 19, sulfur removal performance 
(capacity) still decreased with cycling; however, an important finding is that it appeared 
to stabilize and at a relatively high capacity (2.6 mg S/gsorbent) after the third cycle. 
Characterization of this sorbent material reveals that its surface area decreased from 
about 27 m2/g to about 17 m2/g with stabilization at this value, also after the third cycle. 
Equally important is the fact that regeneration with an air-rich gas did not compromise 
performance, which is very important for the practical implementation intended for this 
type of sorbent. 

 
Figure 19. Cyclic Sorbent Performance with Air Regeneration of Pr2O2SO4 Made by the 
Surfactant Assisted Method (SDS) 

 
Practical implementation of these regenerable sorbents would be as proposed by Tufts 
University researchers in Figure 1, a conceptual flowchart of fuel reforming for SOFC 
use, including regenerative desulfurization in the temperature range of 650 to 800°C. 
These improved (higher surface area) regenerable sorbents will make it possible to extend 
the switch times between the sorber and regenerator units. 
 
COS Removal/COS and H2S Co-Adsorption (Important to Both Applications) 
 
Work at Tufts University also focused on evaluation of the sulfidation performance of 
lanthana-based materials in the presence of COS. The thermodynamics for COS 
hydrolysis, as well as the equilibria for COS sulfidation were considered in evaluating the 
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absorption tests. Based on the results of these tests, it was concluded that the presence of 
COS not only does not compromise the ability of the sample to retain H2S but 
interestingly, COS breakthrough occurs subsequent to the corresponding breakthrough 
for H2S. The lanthanide oxides are therefore superior sorbents of both H2S and COS at 
the conditions of interest to hot gas desulfurization. 
 

Thermodynamic Considerations 
 
In addition to H2S, COS may also exist in a fuel gas mixture as the product of the 
interaction between hydrogen sulfide and CO/CO2. For a fuel gas composed of 20% H2-
25% CO-5% CO2-5% H2O-250 ppmv H2S-He, calculation of the equilibrium 
concentrations22 in the gas phase finds approximately 10 ppmv of COS within the 
temperature window of 327-927°C (Table 6). Thus, the COS hydrolysis equilibrium to 
H2S (Reaction 1), as well as its removal by the oxide sorbent (Reaction 2) should be 
considered, especially if the upgraded H2-gas stream will be used to feed a fuel cell. 
 
 COS (g) +H2O (g) → CO2 (g) + H2S (g) (1) 
 MOx (s) + xCOS (g) → MSx (s) + xCO2 (g) (2) 
 
Based on the equilibrium constant, the hydrolysis of COS appears to be highly favored in 
the temperature window of interest to hot gas cleanup.23 For this reason, we would expect 
the equilibrium to be moderately shifted from what is reported in Table 6. This is because 
even when considerable amounts of COS are added to the fuel gas; more COS is 
expected at the upper end of the temperature range as the reaction is exothermic. This is 
confirmed by the equilibrium compositions of three fuel gas mixtures (Table 7). In fact, 
only when 1000 ppmv of COS is added to the fuel gas feed is a noticeable change on the 
equilibrium registered.  
 

Table 6. Calculated Gas Phase Equilibrium Composition [%] 

Compound 
Temperature [°C] 

327 427 527 627 727 827 927 
CH4 3.467 3.074 2.003 1.019 2.11 0.015 0.002 
CO 0.042 0.531 3.477 13.364 23.565 24.556 25.19 
COS 0 0 0 0.001 0.001 0.001 0.001 
CO2 12.336 13.52 13.741  10.694 6.349 5.437 4.808 
H2 1.74 5.502 11.352 17.409 20.78 20.397 19.805 
H2O 18.06 14.888 10.643 6.063 3.904 4.581 5.194 
H2S 0.027 0.026 0.026 0.025 0.024 0.024 0.024 
He 48.093 47.74 46.777 45.892 45.165 44.989 44.976 

 
Table 7. COS Equilibrium Concentration [ppmv] 

COS concentration added 
in the fuel gas [ppmv] 

Temperature [°C] 

327 427 527 627 727 827 927 

0 0 0 0 10 10 10 10 
50 0 0 0 10 10 20 20 

1000 0 10 20 50 60 60 70 
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Additional proof of COS hydrolysis to H2S is provided by an empty reactor test carried 
out at 800oC, with 20% H2-20% CO-5% CO2-5% H2O-30 ppmv COS-He. The evolution 
of COS and H2S peaks during the test are shown in the chromatograms of Figure 20. 
 
In Figure 20, the red and blue lines are used to indicate the retention times for COS (1.6 
min) and H2S (1.8 min), respectively. During the first 24 injections, with room-
temperature gas flowing through the bypass line, the only peak observed is the one for 
COS, with an area corresponding to 30 ppmv. At injection 25, when the gas was diverted 
to flow through the empty reactor heated to 800oC, the COS peak diminished and the H2S 
peak appeared. Within the next injection, all COS was converted to H2S. In this case, 
complete COS hydrolysis was achieved since absence of H2S in the feed shifted the 
equilibrium for Reaction (1) to the right.  
 
Subsequently, the affinity of the lanthanide oxides for carbonyl sulfide was examined. 
The sulfidation equilibria based on Reaction (2) were calculated and are shown in Figure 
21; the performance of Cu and ZnO (themselves efficient sulfur removal sorbents) are 
also shown for comparison. Once again, the sesquioxides of cerium, lanthanum, and 
praseodymium exhibit remarkable affinity for COS and therefore, they constitute 
excellent candidates for COS retention. Sub-ppm levels of COS were measured 
throughout the entire temperature range of interest to this project. 
 

Sorbent Testing 
 
Sulfidation performance of the sorbents was measured under conditions that simulated a 
desired process condition where boiler off gas is used to heat up the desulfurization unit 
to the intended operating temperature. Hence, the samples were first heated to the desired 
sulfidation temperature (800oC) at a heating rate of 40oC/min and held for 30 minutes at 
that temperature with a gas mixture containing 90% air-5% CO2-5% H2O, simulating the 
composition of a practical combustor exhaust-gas stream. The sulfidation mixture 
composited to simulate a realistic reformate gas composition (250 ppm H2S-20% H2-25% 
CO-5% CO2-5% H2O-He) spiked with 13 ppmv COS, was then introduced. The 
concentration of H2S and COS at the outlet gas was monitored by a Shimatzu GC-2014 
equipped with a FPD detector. 
 
Figure 22 presents H2S and COS breakthrough curves for pure lanthana prepared by the 
urea gelation/coprecipitation (UGC) and tested at 800oC. Magnification of these profiles 
in regions of low concentrations clearly shows the ability of La2O3 to remove COS 
contained in the feed gas to levels below 1 ppmv for approximately 900 min (15 hours), 
with an additional time of 300 min (5 hours) to the H2S breakthrough. This is due to a 
combination of favorable sulfidation equilibria for COS and the low COS concentration 
in the sulfidation mixture. Moreover, the removal efficiency for H2S does not change in 
the presence of COS, indicative of non-competitive adsorption. The sulfur capacity for 
the 2 ppmv H2S breakthrough is ~70 mg of S/gsorbent (7 g S/100 g sorbent), corresponding 
to 71% of the theoretical value for complete conversion of the sesquioxide to the 
oxysulfide. 
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Figure 20. Chromatograms from a blank test at 800oC with 20% H2-20% CO-5% CO2-
5% H2O-30 ppmv COS-He 

 
Figure 21. Sulfidation Equilibria with COS for Different Sorbents in a Gas Mixture 
Containing 50% H2-10% H2O-10% CO-25% CO2-bal. He (in mol%). Thermodynamic 
properties from references23,24 
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Figure 22. A) H2S and COS Breakthrough Curves for Pure Lanthana Tested at 800oC; 
Gas Composition: 250 ppmv H2S-13 ppmv COS-20% H2-25% CO-5% CO2-5% H2O-He; 
S.V.= 25,000 h-1; B) Magnification below 10 ppmv; Sulfur Capacity at 2 ppmv H2S 
Breakthrough: 7 g S/100 g Sorbent 

 
In fact, as shown in Figure 23, the equilibrium COS concentration is lower than the 
corresponding H2S concentration at all temperatures in the range of 600-1200K. The 
calculation is for a gas composition of 50% H2-10% H2O-10% CO2-25% CO-He balance. 
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Figure 23. Comparison of sulfidation equilibria for pure lanthana with COS and H2S 

 
Results of Work at GTI to Facilitate Materials Extrusion 
 
Test results using the lanthana/lanthanum aluminate extrudates prepared at GTI are 
shown in Figure 24. This test was conducted in a 1-inch diameter quartz reactor in a bed 
configuration having an L/D of about 4, at a space velocity of approximately 1000 hr-1 
(about 1 L/min flowrate). The feed gas composition consisted of 20% H2-25% CO-5% 
CO2-5% H2O-250 ppmv H2S-balance Ar. Testing was conducted at three different 
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temperatures: 650, 725, and 800°C. As shown, similar sulfur removal efficiencies, 
approximating 88%, were measured throughout the temperature range tested. Not 
surprisingly, this level of sulfur removal efficiency is lower than can be expected from a 
La2O3-containing material, since neither the starting sorbent materials nor the preparation 
technique used are optimized. This is not a concern because the focus of this part of the 
work was to develop suitable procedures to facilitate extrusion of honeycomb monoliths 
using Tufts sorbent synthesis procedures. 
 

 

Figure 24. H2S Removal by the La2O3-based Sorbent Extrudates Prepared at GTI at 650, 
725, and 800°C 

 
Figure 25 shows a commercially available low-La2O3 content honeycomb monolith and 
Figure 26 shows the results obtained from testing this monolith. This material is available 
from Haldor-Topsøe as a steam reforming catalyst, containing from 2 to 5% La2O3, 
supported on Al2O3/Al2MgO4. Test conditions were similar to those of the extrudates. 
Despite the low amount of La2O3 content (likely intended as a promoter for catalytic 
activity rather than for sulfur removal) and the somewhat coarse size (180 cpsi), a sulfur 
removal efficiency comparable to what was achieved with the pellets was measured at 
650°C. It appears the available La2O3 material was exhausted after testing at 650°C, 
which explains the H2S breakthrough observed during testing at higher temperatures 
(725°C and 800°C).  
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Figure 25. Low-La2O3 
Content Honeycomb 
Monolith (Commercially 
Available) 

 

Figure 26. H2S Removal by the Low-La2O3 Content 
Honeycomb Monolith (180 cpsi) at 650, 725, and 800°C 
 

 
 
 

CONCLUSION(S) AND RECOMMENDATION(S) 
 
Based on a thorough review of Tufts sorbent development efforts, two promising high-
temperature desulfurization applications were identified in this project, one relying on the 
use of a specific sorbent type (undoped lanthana) as a sulfur trap (for a once-through 
absorbent), and the other depending on the use of mixed oxysulfides of the lanthanide 
group of elements (pre-sulfided praseodymium-doped lanthana) for regenerative 
desulfurization at 650 to 800°C in a compact dual sorber/regenerator integrated into a 
coal-based solid oxide fuel cell. Research needed to advance these two applications 
toward commercialization was undertaken with positive results, including demonstration 
of effective co-adsorption of H2S and COS and the development of methods for 
synthesizing new materials with improved properties and sulfur capture capability. A 
preliminary design for a bench-scale hot syngas desulfurizer (HSD) reactor unit was also 
prepared for testing larger monoliths (6-inch ID) with real syngas in GTI’s pilot-scale 
coal gasification facilities. Such monoliths can be prepared using commercially-available 
methods by following the initial guidelines developed in this project. However, there is 
still a need to devote a future effort to develop a systematic approach for adapting Tufts 
sorbent preparation procedures to the extrusion of self-supporting honeycomb monolithic 
structures suitable for the identified high-temperature desulfurization applications. 
 
Slipstream test results can be expected to provide a realistic assessment of the HSD unit 
performance, focus further development and scale-up plans, and transfer this promising 
syngas cleanup technology to a demonstration phase and/or engineering design. 
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