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ABSTRACT 
 
This project was undertaken with the main objective of advancing GTI’s leading ZnO-
TiO2 sorbent formulation towards demonstration.  The leading formulation, designated as 
IGTSS-362C, was developed in a previous program funded by DCEO/ICCI, based on a 
novel, sol-gel-based preparation technique (patent pending).  This new zinc titanate 
sorbent demonstrated a unique combination of excellent micro-structural control (high 
surface areas and small pore sizes) and very high attrition resistance that well exceeds the 
stringent requirement of the transport reactor. 
 
In this project, the composition of the selected formulation (i.e., IGTSS-362C) was 
optimized with respect to its ZnO content.  The new leading zinc titanate sorbent, 
designated as ZT050-1, was produced successfully by Chemat Technology, Inc., and 
underwent extensive evaluation at GTI to develop an effective regeneration strategy 
preventing temperature excursions beyond 675°C (1250°F).  Regenerability studies were 
conducted on mg-size sorbent samples in a high-pressure thermogravimetric analyzer 
(HPTGA) using various combinations of temperature (1000 to 1250°F), regeneration gas 
O2 content (2 to 21%), regeneration gas steam content (0 to 30%), and reactor pressure (0 
and 280 psig).  Sorbent regenerability under the determined optimum operating 
conditions, was also demonstrated in ambient-pressure as well as high-pressure fluidized-
bed reactors using bulk quantities of the sorbent.  Also in this program, the performance 
of GTI’s ZT050-1 sorbent was validated in a transport riser facility (TRF) at DOE/NETL, 
in a Cooperative Research and Development Agreement (CRADA).  In numerous single-
pass runs, the ZT050-1 sorbent demonstrated high chemical reactivity (H2S removal 
efficiency and sulfur pick-up) and capability to maintain physical integrity in the 
transport reactor (very little or no changes in the sorbent’s particle size distribution). 
 
Future work will pursue demonstration of the ZT050-1 sorbent in a gasifier pilot-plant 
facility, currently under construction at GTI.  GTI envisions designing and assembling a 
suitable bubbling fluidized-bed reactor that can be integrated into the pilot plant facility, 
and used to evaluate GTI’s leading zinc titanate sorbent using actual coal gases at 
realistic process temperatures and pressures. 



  

EXECUTIVE SUMMARY 
 
The overall objective of this project was the advancement to the demonstration stage of a 
promising regenerable zinc titanate sulfur sorbent (i.e., IGTSS-362C) from a new class of 
Zn-based sorbents that has been developed at the Gas Technology Institute in recent 
research programs funded by the Department of Commerce and Economic Opportunity 
(DCEO) through the Illinois Clean Coal Institute (ICCI) as well as the U.S. Department 
of Energy’s National Energy Technology Laboratory (NETL).  Based on the status of 
development of these new sorbents, the scope of work in this program was designed to 
encompass the following: 
• Optimize the composition of the leading zinc titanate sorbent (increase its ZnO 

content beyond the nominal 40% by weight prepared to date) and commercially 
produce large quantities of one selected formulation for testing at GTI as well as at 
DOE/NETL; 

• Carry out sorbent regenerability studies on the selected, commercially-produced 
sorbent; 

• Confirm sorbent performance and regenerability at high pressure in bulk quantities in 
GTI’s high-pressure fluidized-bed reactor; and  

• Validate sorbent performance in a suitable DOE/NETL facility (transport riser) in a 
joint Cooperative Research and Development Agreement (CRADA). 

 
Five sorbent formulations, with ZnO content ranging from 40 to 60-wt%, were prepared 
at GTI and evaluated for their capability to resist attrition as well as their chemical 
reactivity (H2S removal efficiency and effective capacity for sulfur absorption) and 
regenerability.  All formulations (designated as IGTSS-366, -367, -368, -369, and –370) 
met the attrition resistance requirement, and performed well in packed-bed testing.  A 
ZnO content of 50 wt% was determined to be optimum with respect to maximizing the 
effective capacity of the sorbent, while still retaining an attrition index lower than the 
stringent 4% limit established by the DOE/NETL protocol for qualifying candidate 
sorbents for the transport reactor at Piñon Pine.  The IGTSS-366 sorbent contained 40% 
ZnO, similar to the IGTSS-362C formulation, and was intended to serve as a baseline 
sorbent in this program.   
 
A small batch (about 1 ½ kg (3 lbs)) of the baseline sorbent (i.e., 40 wt% ZnO) and a 
much larger batch (about 13 kg (30 lbs)) of the selected sorbent (i.e., 50 wt% ZnO) were 
prepared by Chemat Technology, Inc., for further testing in this program.  Samples of the 
commercially produced sorbents (designated as ZT040-1 and ZT050-1) were subjected to 
chemical analysis, physical characterization, and evaluation in a packed-bed reactor.  The 
commercially produced sorbent containing 40% ZnO (i.e., ZT040-1) was found to have a 
higher effective capacity than its counterpart prepared at GTI (i.e., IGTSS-366).  The 
commercially produced sorbent containing 50% ZnO (i.e., ZT050-1) was found to have a 
similar effective capacity to its laboratory counterpart (i.e., IGTSS-368) (13.6 compared 
to 13.4 g S/100 g sorbent). 
 
Following optimization of sorbent composition, another major goal of this project was to 
identify optimum regeneration operating conditions (regeneration gas composition and 



  

temperature) for restoring the sulfided sorbent to its original fresh condition for re-use.  
The main goal was to develop a regeneration scheme to: (i) satisfy the stringent 
requirements of the transport reactor, and (ii) prevent temperature excursions during 
regeneration, which would otherwise cause the sorbent to sinter and lose its effectiveness.  
This latter is especially important for sol-gel-based sorbents, which tend to have less 
tolerance than typical zinc titanates for exposure to excessively high temperatures. 
 
A combination of experimental, analytical, and modeling work was undertaken to 
achieve the above objective.  Parametric regenerability studies were conducted on 
milligram-size sorbent samples in a high-pressure thermogravimetric analysis (HPTGA) 
reactor, and in packed- and fluidized-bed reactors.  Parametric testing was supported by 
physical and chemical characterization of sulfided and regenerated samples.  
Additionally, a preliminary process model was developed simulating a hot gas 
desulfurization process relying on transport reactor technology.  This model provided 
some guidelines relating important process parameters and assessing their effects on 
sorbent regenerability. 
 
A test matrix was devised and carried out systematically to evaluate regenerability of pre-
sulfided ZT050-1 sorbent samples (containing ≈ 14.8% S) in the HPTGA reactor as a 
function of temperature (538 to 677°C (1000 to 1250°F)), regeneration gas O2 content (2 
to 21%), regeneration gas steam content (0 to 30%), and reactor pressure (0 and 280 
psig).  The testing strategy consisted of first evaluating sorbent regenerability using dry 
O2-N2 gas mixtures to determine the best combination of temperature and gas 
composition (i.e., lowest temperature and highest O2 content in the ranges indicated) 
under which the pre-sulfided sorbent was regenerated successfully.  Once these 
temperature/O2 content combinations were determined for the dry gas mixtures, the 
effects of steam and pressure (separately and together) were determined.  The results 
obtained indicated that, with air as the regeneration gas, the ZT050-1 sorbent could be 
completely regenerated at a temperature ≥ 565°C (1050°F).  Under these conditions, 
reactor pressure was found to have a slight adverse effect, but which can be compensated 
for by adding steam at about the 20% level in the feed gas to the regeneration reactor.     
 
Regenerability of the ZT050-1 sorbent was also demonstrated using bulk quantities of the 
sorbent in ambient-pressure fluidized-bed reactors.  Two sorbent regeneration schemes 
were explored.  The first scheme consisted of sorbent regenerability studies where 
partially sulfided sorbent was mixed with fresh or regenerated sorbent to determine if this 
approach provides for better temperature control.  In the second scheme, heavily or 
partially sulfided sorbent was continuously added to a fluidized-bed containing fresh or 
regenerated sorbent.  The rationale for these approaches is that they essentially mimic 
actual desulfurization reactor in fluid-beds and/or transport reactors, where only a 
slipstream of reacted sorbent is sent to the regeneration vessel to avoid temperature 
excursions.  In both schemes, the temperature exotherm was noted and the performance 
of the regenerated sorbent was then evaluated, in a subsequent desulfurization step, to 
assess sorbent regenerability. 
 



  

Two confirmation sulfidation tests were conducted at about 510°C (950°F), 280 psig, and 
two superficial gas velocities (2.5 cm/s and 6 cm/s).  Both tests were carried out to 
breakthrough, to determine the effective capacity of the ZT050-1 sorbent for sulfur 
absorption.  Also, as demonstrated by the ambient-pressure fluidized-bed tests, 
temperature excursions were not an issue, when only a small slipstream of the (partially) 
sulfided sorbent is sent to the regeneration reactor.  One confirmation sorbent 
regeneration test was conducted with a sorbent bed where the average sulfur loading was 
estimated at about 2 wt.% S.  This regeneration test was demonstrated under the 
“optimum” operating conditions identified (i.e., with air at 565°C (1050°F)). 
 
A preliminary process model was devised to develop useful (thermodynamic) guidelines 
relating the most important sorbent regeneration parameters: regeneration reactor 
pressure (up to 300 psig), regeneration (dry) gas composition (up to 21% O2 in N2 (i.e., 
neat air)), regeneration reactor temperature, and extent of sulfur loading on the sorbent (2 
to 10 wt.%).  The effects of adding steam and/or excess air/nitrogen to the regeneration 
feed gas were also evaluated, as means to contain the sorbent bed temperature. 
 
A Cooperative Research and Development Agreement (CRADA) was initiated with 
DOE/NETL, with funding provided under the Vision 21/Gasification Technologies FY03 
project initiative, to validate/demonstrate the performance of the ZT050-1 sorbent in a 
suitable DOE/NETL reactor facility.  The objective of this CRADA effort was to develop 
reaction and performance data at high temperature and pressure on GTI’s ZT050-1 zinc 
titanate sorbent, according to a test plan prepared jointly by GTI and NETL.  The test 
plan was developed to include reactivity testing via thermogravimetric analysis and 
characterization of sorbent performance through the conduct of numerous “single-pass” 
runs in a transport riser facility (TRF) using gas mixtures simulating a Texaco oxygen-
blown gasifier fuel gas.  Of specific interest were H2S removal efficiency, single-pass 
sulfur pick-up (loading), and sorbent global kinetics.  Post-test analyses were also 
conducted, including sulfur analysis and particle size distribution. 
 
In numerous single-pass runs, the ZT050-1 sorbent demonstrated high chemical reactivity 
(H2S removal efficiency and sulfur pick-up) and capability to maintain physical integrity 
in the transport reactor (very little or no changes in the sorbent’s particle size 
distribution).  The transport riser reactor had previously been used to test other sulfur 
sorbents developed for similar applications by other organizations.  These include RTI’s 
CMP-107 and EX-SO3 zinc titanates, DOE/NETL’s RVS-1, and other generic sorbents.  
Data developed on the CMP-107, EX-SO3, and RVS-1 ZnO-based sorbents are 
proprietary and those developed on the generic sorbents could not be disclosed to GTI 
until the results are published.  Accordingly, performance of the ZT050-1 sorbent in the 
transport riser, while promising, could not be compared to these previous sorbents. 
 
Future work will pursue demonstration of the ZT050-1 sorbent in a gasifier pilot-plant 
facility, currently under construction at GTI.  GTI envisions designing and assembling a 
suitable bubbling fluidized-bed reactor that can be integrated into the pilot plant facility, 
and used to evaluate GTI’s leading zinc titanate sorbent using actual coal gases at 
realistic process temperatures and pressures. 
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OBJECTIVES 
 

The overall objective of this project is the advancement to the demonstration stage of a 
promising regenerable zinc titanate sulfur sorbent from a new class of Zn-based sorbents 
that has been developed at the Gas Technology Institute (GTI) in recent research 
programs funded by the Department of Commerce and Economic Opportunity (DCEO) 
through the Illinois Clean Coal Institute (ICCI) as well as the U.S. Department of 
Energy’s National Energy Technology Laboratory (NETL). 
 
Based on the status of development of this new class of ZnO-TiO2 sorbents, the specific 
objectives of the project were to: 
 
• Optimize the composition of the leading zinc titanate sorbent (increase its ZnO 

content beyond the nominal 40% by weight) and commercially produce large 
quantities of one selected formulation for testing at GTI as well as at DOE/NETL; 

 
• Carry out sorbent regenerability studies on selected, commercially-produced sorbent; 
 
• Carry out sorbent performance confirmation testing in GTI’s high-pressure fluidized-

bed reactor; and  
 
• Validate sorbent performance in a suitable DOE/NETL facility (transport riser) in a 

joint Cooperative Research and Development Agreement (CRADA) 
 

INTRODUCTION AND BACKGROUND 
 
In recent years, researchers at GTI have been heavily involved in developing regenerable, 
metal oxide-based sorbents to meet the stringent criteria of the transport reactor (i.e., > 
8% sulfur loading, attrition index of ≈ 4%, and regeneration with neat air at 538°C).  In 
several research projects funded by DCEO/ICCI from 1994 to 1999,1,2,3,4,5 and in another 
program sponsored by the U.S. DOE/NETL over the same period,6 GTI thoroughly 
investigated important sorbent synthesis parameters, including preparation technique, 
chemical composition (main reactive component, additives, binders), induration 
(calcination) temperature, etc.  Consistent with most other R&D organizations, emphasis 
was placed on developing sorbents based on zinc oxide (ZnO).  In addition, because 
sorbents based on ZnO are best suited for desulfurization, particularly in the moderate 
temperature range of interest (343 to 538°C), significant efforts were devoted to 
identifying a suitable approach for the preparation of effective Zn-based sorbents.   
 
GTI’s efforts culminated with the development of a proprietary technique based on sol-
gel processing of inorganic and organic precursors.  Sol-gel processing typically consists 
of preparation of a stable sol, gelation of the sol, and removal of the solvent.7  Unfired 
gels have enormous surface area (300-1000 m2/g), which serves as a driving force to 
bring about sintering at exceptionally low temperatures.  The key to this approach is that, 
because it is not necessary to calcine these sorbents at very high temperatures, the 
desirable characteristics of unfired gels are retained following calcination at the moderate 
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temperature of 450°C (as opposed to calcination temperatures as high as 1100°C for 
“conventional” sorbent preparation techniques).  These characteristics were exploited to 
synthesize a novel class of regenerable Zn-based sorbents.  Leading sorbents from this 
class have been shown to possess an exceptional combination of excellent chemical 
reactivity, high effective capacity for sulfur absorption, high resistance to attrition, and 
regenerability at temperatures lower than required by “conventional” zinc titanates.  
 
Under sponsorship from DCEO/ICCI (ICCI Project No. 99-1/1.3A-1), this new sorbent 
synthesis approach was simplified considerably to minimize the number of steps 
involved, thereby reducing processing times and sorbent cost.5  In addition, a suitable 
commercial manufacturer (Chemat Technology, Inc. in Los Angeles, California) was 
identified for the preparation of the leading formulation, using the simplified sol-gel 
procedure.  This led to further modifications of the simplified procedure, including 
substantial reductions in the amounts of reagents used.  A patent application has been 
filed, covering the method of sorbent manufacture and its potential applications.8  Four 
different leading sorbent formulations of zinc titanate were prepared successfully by 
Chemat, and were used to evaluate the fluidization behavior of these new sorbents and 
validate their performance at high pressure. 
 
The current project was undertaken with the main objective of advancing GTI’s leading 
ZnO-TiO2 sorbent formulation (i.e., IGTSS-362C) towards demonstration.  Based on the 
status of development of these new sorbents, a scope of work was designed and carried 
out as described below. 
 

EXPERIMENTAL PROCEDURES 
 
To achieve the program objectives, the experimental and analytical work planned was 
divided into the following four tasks: 
 
Task 1.  Optimization of Sorbent Composition 
 
Task 2.  Regenerability Studies 
 
Task 3.  Extended Sorbent Testing 
 
Task 4.  Validation of Sorbent Performance at DOE/NETL Facilities 
 
All experimental work in Tasks 1 through 3 was conducted in a high-pressure 
thermogravimetric analyzer (HPTGA), ambient pressure packed-/fluidized-bed reactors, 
a high-pressure high-temperature packed-/fluidized-bed reactor (HPTR), and an attrition 
resistance measurement unit that was constructed in accordance with the ASTM D5757-
95 method.  Descriptions as well as operating procedures for these units have been made 
in previous publications reporting on similar work conducted in GTI’s Hot Gas Cleanup 
Laboratory.9,10,11,12,13 
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All testing in Task 4 was carried out as a joint effort between GTI and DOE/NETL in the 
form of a CRADA program.  DOE/NETL’s Transport Riser Facility (TRF) was selected 
for carrying out the work planned in this task. 
 
Task 1.  Optimization of Sorbent Composition 
 
The objective of this task was to optimize sorbent composition (increase its ZnO content), 
leading to the selection of one sorbent formulation for testing in Tasks 2 and 3 at GTI, as 
well as for validation testing at DOE/NETL facilities in Task 4.  The selected sorbent 
would be produced in sufficient quantities by Chemat Technology, Inc. (Chemat) using 
commercial sorbent manufacturing equipment and using a commercially-applicable 
technique, closely simulating the sorbent preparation procedure developed at GTI.  
 
Five (5) sorbent formulations containing 40, 45, 50, 55, and 60% ZnO by weight were 
prepared.  The first formulation with a nominal ZnO content of 40% was used as a 
baseline sorbent to compare its performance against the leading sorbent (i.e., IGTSS-
362C).  The ZnO content was gradually increased such that the ZnO to TiO2 molar ratio 
approached 1.5, which corresponds to a ZnO content of about 60.4%.  This composition 
is well known to provide the optimum sorbent composition for zinc titanates.14  The 
chemical composition, attrition resistance, and physical characteristics were determined 
for each prepared sorbent.  In addition, each formulation was evaluated for 1-½ cycles in 
a packed-bed reactor to determine its effective sulfur capacity and H2S removal 
efficiency.  Each sulfidation test was conducted at 450°C, while sorbent regeneration was 
carried out at 593°C (1100°F) with wet gas to ensure successful (i.e., complete) 
regeneration. 
 
The sorbent formulation with 50 wt.% ZnO (i.e., IGTSS-368) was determined to have the 
best combination of attrition resistance and effective sulfur capacity, and was therefore 
selected for commercial preparation.  A 13-kilogram (about 30 pounds) batch of this 
selected sorbent was produced by Chemat according to a detailed sorbent preparation 
technique provided by GTI under an existing confidentiality agreement.  The 
specifications included sorbent composition, thermal treatment conditions, and sorbent 
particle size range (i.e., 75 to 125 µm). 
  
Under previous DCEO/ICCI funding,5 four variations of GTI’s leading zinc titanate 
sorbent formulation were successfully-produced by Chemat at the 1-kilogram batch level, 
and their physical properties, attrition resistance, effective capacity for sulfur absorption, 
and regenerability were found to closely approximate those of equivalent formulations 
prepared at GTI.  Nevertheless, as a precaution, a small batch (about 1 ½ kg (3 lbs)) of 
the baseline sorbent (i.e., 40 wt.% ZnO) was also prepared by Chemat.  Samples of the 
fresh, commercially produced sorbents (designated as ZT040-1 and ZT050-1) were 
subjected to wet chemical analysis, physical characterization (BET surface area 
measurements, mercury porosimetry, density, etc.), and evaluation in a packed-bed 
reactor, to verify compliance with the required specifications. 
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Task 2.  Regenerability Studies 
 
The objective of this task was to identify optimum regeneration operating conditions 
(regeneration gas composition and temperature) for restoring the sulfided sorbent to its 
original fresh condition for re-use.  The main goal was to develop a regeneration scheme 
to: (i) satisfy the stringent requirements of the transport reactor, and (ii) prevent 
temperature excursions during regeneration, which would otherwise cause the sorbent to 
sinter and lose its effectiveness.  This latter is especially important for sol-gel-based 
sorbents, which tend to have less tolerance than typical zinc titanates for exposure to 
excessively high temperatures. 
 
A combination of experimental, analytical, and modeling work was undertaken to 
achieve the above objective.  Parametric sorbent regenerability testing was carried out in 
the high-pressure thermogravimetric analysis (HPTGA) reactor, and in packed- and 
fluidized-bed reactors.  Parametric testing was supported by physical and chemical 
characterization of sulfided and regenerated samples.  Additionally, a preliminary process 
model was developed simulating a hot gas desulfurization process relying on transport 
reactor technology.  This model provided some guidelines relating important process 
parameters and assessing their effects on sorbent regenerability. 
 

Experimental 
 
Initially, to quantify the effect of temperature of exposure on subsequent sorbent 
performance in sulfidation tests, seven samples of the ZT040-1 sorbent were recalcined at 
temperatures ranging from 450 to 750°C, in 50°C increments.  Following recalcination at 
constant temperature, each sample was evaluated in the packed-bed reactor for its sulfur 
removal capacity. 
 
Regenerability studies were conducted on milligram-size sorbent samples in the HPTGA 
reactor using various combinations of temperature, regeneration gas composition, and 
reactor pressure.  Because a small sample is maintained at a stable temperature in a 
controlled gas atmosphere, HPTGA test results can provide very useful data regarding the 
temperature needed to initiate regeneration in a given gas atmosphere. 
 
At the outset, a sample of the commercially produced sorbent containing 50% ZnO (i.e., 
ZT050-1) was sulfided to breakthrough in the packed-bed reactor.  The heavily sulfided 
top 1/3 portion (gas inlet section) of the sorbent bed was separated and saved for 
regenerability studies in the HPTGA reactor.  A representative sample was subjected to 
chemical analysis and was determined to assay about 14.8% sulfur.  This approach 
eliminated having to sulfide new samples prior to each regeneration test. 
 
A test matrix was devised to evaluate regenerability of the heavily sulfided sorbent in the 
HPTGA reactor as a function of temperature (in the range from 538 to 677°C (1000 to 
1250°F)), regeneration gas O2 content (2 to 21%), regeneration gas steam content (0 to 
30%), and reactor pressure (0 and 280 psig).  The testing strategy consisted of first 
evaluating sorbent regenerability using dry O2-N2 gas mixtures to determine the best 
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combination of temperature and gas composition (i.e., lowest temperature and highest O2 
content in the ranges indicated) under which the pre-sulfided sorbent was regenerated 
successfully (i.e., completely).  Once these temperature/O2 content combinations were 
determined for the dry gas mixtures, the effects of steam in the regeneration feed gas and 
reactor pressure were determined. 
 
Following extensive regenerability testing of the leading zinc titanate sorbent (i.e., 
ZT050-1) in the HPTGA reactor, the most favorable regeneration conditions (i.e., lowest 
temperature/highest O2 content, while ensuring successful sorbent regeneration) were 
selected and sorbent regenerability demonstrated using bulk quantities of the sorbent in 
the ambient pressure fluidized-bed reactor.  Two sorbent regeneration schemes were 
explored.  The first scheme consisted of sorbent regenerability studies where partially 
sulfided sorbent was mixed with fresh or regenerated sorbent to determine if this 
approach provides for better temperature control.  In the second scheme, heavily or 
partially sulfided sorbent was continuously added to a fluidized-bed containing fresh or 
regenerated sorbent.  The rationale for these approaches is that they essentially mimic 
actual desulfurization reactor in fluid-beds and/or transport reactors, where only a 
slipstream of reacted sorbent is sent to the regeneration vessel to avoid temperature 
excursions.  In both schemes, the temperature exotherm was noted and the performance 
of the regenerated sorbent was then evaluated, in a subsequent desulfurization step, to 
assess sorbent regenerability. 
 

Modeling 
 
The operating conditions for zinc titanate regenerability with neat air at 538°C (1000°F) 
were imposed by the Piñon Pine transport reactor desulfurization application.  However, 
this IGCC plant has been dormant for about the last four years due to mechanical design 
and operation issues with the KRW gasifier.  Although, it is not expected that hot coal 
gas desulfurization (with regenerable sorbents) will be demonstrated at Piñon Pine, it 
remains important to lower the regeneration temperature as much as possible.  For 
example, during the last Gas Cleaning at High Temperature Symposium in Morgantown, 
WV., much emphasis was placed on warm (rather than hot) gas cleanup.   Accordingly, 
reducing the regeneration temperature has potential for (1) eliminating costly intermediate 
gas heating/cooling during cyclic operation and facilitating sorbent interchange between the 
desulfurization and regeneration reactors, and (2) preventing the zinc titanate sorbent from 
exposure to excessively high temperatures during regeneration, thereby helping to maintain 
its optimum performance with cycling.    
 
In this regard, a preliminary process model was devised to develop useful 
(thermodynamic) guidelines relating the most important sorbent regeneration parameters: 
regeneration reactor pressure (up to 300 psig), regeneration (dry) gas composition (up to 
21% O2 in N2 (i.e., neat air)), regeneration reactor temperature, and extent of sulfur 
loading on the sorbent (2 to 10 wt.%).  The effects of adding steam and/or excess 
air/nitrogen to the regeneration feed gas were also evaluated, as means to contain the 
sorbent bed temperature.  Further details about the modeling approach and assumptions, 
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as well as highlights from its predictions are presented in the “Results and Discussion” 
section. 
 
Task 3.  Extended Sorbent Testing 
 
Given the experimental test results obtained in Task 2 and the guidelines developed from 
the preliminary process model, the objective of this task was to assess the effect of 
reactor pressure on sorbent performance.  Two confirmation sulfidation tests were 
conducted at about 510°C (950°F), 280 psig, and two superficial gas velocities (1 cm/s 
and 5 cm/s).  Both tests were carried out to breakthrough, to determine the effective 
capacity of the ZT050-1 sorbent for sulfur absorption.  Also, as demonstrated by the 
ambient-pressure fluidized-bed tests, temperature excursions were not an issue, when 
only a small slipstream of the (partially) sulfided sorbent is sent to the regeneration 
reactor.  One confirmation sorbent regeneration test was conducted with a sorbent bed 
where the average sulfur loading was estimated at about 2 wt.% S.  This regeneration test 
was demonstrated under the “optimum” operating conditions identified in Task 2 (i.e., 
with air at 565°C (1050°F)). 
 
Task 4.  Validation of Sorbent Performance at DOE/NETL Facilities 
 
The objective of this task was to validate/demonstrate the performance of GTI’s ZT050-1 
zinc titanate desulfurization sorbent in a suitable facility at the U.S. Department of 
Energy’s National Energy Technology Laboratory (DOE/NETL).  NETL has been 
supporting the development of sorbent-based gas desulfurization technology for nearly 20 
years, and has both supported and assisted DCEO/ICCI for many years in coordinating its 
coal R&D program.   
 
A Cooperative Research and Development Agreement (CRADA) was initiated with 
DOE/NETL, with funding provided under the Vision 21/Gasification Technologies FY03 
project initiative.  The objective of this CRADA effort was to develop reaction and 
performance data at high temperature and pressure on GTI’s ZT050-1 zinc titanate 
sorbent, according to a test plan prepared jointly by GTI and NETL.  The test plan was 
developed to include reactivity testing via thermogravimetric analysis and 
characterization of sorbent performance through the conduct of numerous “single-pass” 
runs in a transport riser facility (TRF) using gas mixtures simulating a Texaco oxygen-
blown gasifier fuel gas.  Of specific interest were H2S removal efficiency, single-pass 
sulfur pick-up (loading), and sorbent global kinetics.  Post-test analyses were also 
conducted, including sulfur analysis and particle size distribution. 
 
A process flow diagram (PFD) of the transport riser (27-foot high, 0.334-inch ID), used 
to conduct the reactor performance tests, is shown in Figure 1.    In this system, reactant 
gases from dedicated gas cylinders flow through individual high-pressure Teledyne-
Hastings mass flow controllers to supply a variety of desired gas compositions.  Each of 
the flow controllers were calibrated before each test series to ensure accuracy.  The 
reactant gases mix and flow through a Lindberg furnace where they are preheated to inlet 
reactor temperatures (typically 1000 °F for this application). H2S is mixed with a carrier 
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gas such as hydrogen or nitrogen and introduced into in a separate feed line near the riser 
inlet as a binary gas mixture.  (This reactor also includes actual coal-gas from a near-by 
gasifier making it the only known HGD transport reactor in the world with this 
capability.)    All hot incoming gas lines are trace-heated with Chromolox rod heaters to 
maintain temperature.  Sorbent is independently fed to the reactor by a Ktron loss-in-
weight screw feeder contained in a nitrogen-pressurized vessel.  Hot nitrogen carrier gas 
(Stream 11) is used to entrain and preheat the sorbent to the desired initial reaction 
temperature before entering the riser inlet.  The reactant gas and sorbent independently 
flow into a fluidized diverging nozzle to ensure uniform mixing at the bottom (inlet) of 
the reactor.  As the gas and solids react through the      vertical portion of the riser, five 
independently controlled zones of Thermcraft clamshell heaters maintain desired 
temperature profiles along the reactor.  Thermocouples are placed in the middle of each 
zone on the outside of the tube wall to control heater outputs.  Experimental process 
thermocouples are also located every 5 feet and inserted into the edge of the gas stream to 
monitor internal process temperatures.  Pressure drop across the riser is measured at the 
mid-point and end of the reactor.  Likewise, a cold nitrogen quench is located at those 
two points as well to study kinetic residence time effects and reactor hydrodynamics 
(although the full length riser was used for this test series).  A 90° blind tee is utilized to 
turn the quenched gas-solid mixture and is directed to a disengaging zone where the 
solids are separated from the product gas.  The gas is cooled to condense any water in the 
system, to protect downstream analytical equipment).  A slipstream of the cleaned gas is 
then sent to a Perkin-Elmer quadrapole mass spectrometer for analysis.  Bottled gas-grab 
samples are also periodically taken as a quality control measure and analyzed with gas 
chromatographs.  Solids analysis is routinely conducted at the end of each run to assess 
sulfur content, particle size, and particle size distribution. 
 
TRF transport reactor shakedown, conducted over a two-day period, consisted of loading 
the K-Tron powder feeder with pre-determined amounts of the ZT050-1 sorbent, and 
flowing it through the TRF unit at 538°C (1000°F) with nitrogen only at both the 1 and 5 
lb/hr sorbent mass flowrates to ensure proper operation of the unit.  
 
The scope of sorbent evaluation in the TRF transport reactor comprised four (4) 
independent 10-run campaigns, each using a fresh batch of the GTI ZT050-1 sorbent.  
Each of the 4 batches, labeled as A, B, C, and D, contained approximately 3 pounds of 
the fresh sorbent.   The scope of work planned in the TRF unit and the test conditions for 
each run are specified in Table 1.  Sulfidation gas composition, along with other TRF 
operating parameters (Table 2), was maintained constant throughout the entire test 
matrix.  The GTI sorbent was reacted in the transport riser using a constant synthesis gas 
composition of 18% CO, 6% CO2, 0.5% CH4, 13% H2, 5.5% H2O, 1% H2S, and 56% N2.  
The TRF uses nitrogen as a carrier gas, which also becomes part of the total riser flow.  
Although not found in oxygen-blown gasifier systems, this additional nitrogen provides a 
dilution effect only, and does not affect the test results.  Syngas ratios (CO/CO2/CH4/H2) 
were maintained, while hydrogen sulfide (H2S) concentration was adjusted to account for 
1% of the total flow (2/200 SCFH). 
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Figure 1.  PFD of DOE/NETL’ s Experimental Riser Reactor 

 
Testing typically began by first establishing stable operating conditions in flowing 
nitrogen.  Once the desired reactor temperature and pressure were reached, the H2S and 
other gas flows of the various feed sulfidation gas components were turned on.  The 
reactor was then allowed to saturate with sulfur, as evidenced by a breakthrough curve on 
a pre-calibrated mass spectrometer, before feeding of the ZT050-1 zinc titanate sorbent 
was initiated at the desired solids mass flow rate.  Figure 2 shows the stable overall feed 
gas composition in the TRF unit.  Continuous gas sampling for H2S, CO, CO2, H2, CH4, 
and N2 via an online mass spectrometer was conducted.  In addition, a single gas grab 
sample was taken at the beginning of each run and also every 30 minutes throughout each 
test, to confirm proper mass spectrometer calibration.  Exit concentrations were 
monitored for hydrogen sulfide slippage, and after each single pass a small, 5-gram 
sample of (partially) reacted sorbent was retained for sulfur analysis and particle size 
distribution determination at DOE/NETL.  The remainder of the sample was stored for 
(possible) additional characterization work at GTI. 
 

Table 1.  ZT050-1 Sorbent Testing Matrix in DOE/NETL’s Transport Reactor  

Campaign Sorbent Sorbent Flow Rate 
(lb/hr) 

Sulfidation Temperature 
°C (°F) 

A (runs 1A – 10A) ZT050-1 1 538 (1000) 
B (runs 1B – 10B) ZT050-1 1 427 (800) 
C (runs 1C – 10C) ZT050-1 5 538 (1000) 
D (runs 1D – 10D) ZT050-1 5 427 (800) 
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Table 2.  DOE/NETL’s Transport Reactor Facility Operating Conditions 

Flow Direction Transport/upflow 
Bed Temperature 427°C (800°F) and 538°C (1000°F) 
Maximum Bed Temperature 566°C (1050°F) 
Reactor Pressure 300 ± 1 psig 
Total Gas Flow Rate 200 scfh (excludes 600 scfh quench flow) 
Gas Component Desired Total Loop Flow Rate (scfh) 

CO 36 
CO2 12 
H2 26 
CH4 1 
H2S Mix (10% H2S-90% N2) 20 
N2 Convey 50 
N2 K-Tron 25 - 50 
N2 Purge 150 
N2 Quench 600 
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Figure 2.  Overall Feed Gas Composition in DOE/NETL’s Transport Reactor Testing 

 
Evaluation of the GTI ZT050-1 sorbent was also carried out in a DOE/NETL 
thermogravimetric analyzer (TA Instruments Model TGA 2950).  The main purpose of 
this effort was to develop comparative experimental data, similar to what DOE/NETL 
has in its sorbent database, prior to undertaking sorbent evaluation in the transport riser 
reactor.  Two series of tests were conducted to evaluate the chemical (sulfidation) 
reactivity of the ZT050-1 sorbent in the temperature range from 371 to 538°C (700 to 
1000°F).  All TGA testing was conducted on very small sorbent samples (approximately 
5 mg) in a 2% H2S-N2 sulfidation gas at 140 SCCM.  The first series utilized samples of 
the ZT050-1 sorbent as received from Chemat, which is the same sorbent used in the 
transport riser tests described above.  The second series of tests utilized samples of the 
ZT050-1 sorbent that had been re-calcined at 450°C to remove residual volatiles 
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(approximately 8%) remaining from sorbent fabrication, possibly because of incomplete 
calcination by Chemat (as noted earlier).   
 
Metals analysis was also carried out at DOE/NETL for the as-received ZT050-1 sorbent 
using inductively coupled plasma atomic emission spectrometry.  The results obtained 
indicated 39.8 wt.% Zn and 28.6 wt.% Ti, leading to a ZnO to TiO2 molar ratio of 1.04 
(very close to the nominal ratio of 0.98 for a 50 wt.% ZnO/50 wt.% TiO2 sorbent).  
Conversion-time histories (profiles) were determined based on the above chemical 
analysis. 
    

RESULTS AND DISCUSSION 
 
Sorbent Optimization Studies 
 
Five sorbent formulations, with ZnO content ranging from 40 to 60-wt%, were prepared 
and evaluated for their capability to resist attrition as well as their chemical reactivity 
(H2S removal efficiency and effective capacity for sulfur absorption) and regenerability.  
The prepared sorbents were designated as shown in Table 3.  The IGTSS-366 sorbent 
contained 40% ZnO, similar to the IGTSS-362C formulation, and was intended to serve 
as a baseline sorbent in this program.  All formulations met the attrition resistance 
requirement, as determined according to the ASTM D5757-95 Method.  As shown in 
Figure 3, the attrition index increased steadily as the ZnO content was increased up to 50-
wt%, and then appeared to stabilize at about the 3.5% level.  Figure 3 also reports on the 
attrition resistance results obtained with two additional materials, fresh FCC and the UCI-
4169 “conventional” zinc titanate sorbent.  The FCC material is widely used in the 
petroleum industry and may be considered as a suitable standard against which sorbent 
performance in attrition tests can be compared. 
 

 
Figure 3.  Comparison of Attrition Resistance of Sorbent Formulations 
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Table 3. Laboratory Sorbent Designations and Compositions 

Sorbent Designation ZnO Content, wt% 

IGTSS-366 40 
IGTSS-367 45 
IGTSS-368 50 
IGTSS-369 55 
IGTSS-370 60 

 
Packed bed testing results indicated that the effective sulfur capacity of the prepared 
sorbents, at a desulfurization temperature of 450°C, ranged from 9 to about 14 g S/100 g 
sorbent, as indicated in Figure 4.  The sorbent formulation with 50-wt% ZnO achieved 
the highest effective capacity for sulfur (i.e., 13.6 g/100 g sorbent), which corresponds to 
about 71% conversion (utilization) of the active ZnO component.   The effective sulfur 
capacity of the zinc titanate sorbents improved as the ZnO content increased from 40 to 
50-wt%.  However, beyond 50-wt% ZnO content, the effective capacity appeared to 
decline.  The sorbent with 55-wt% ZnO achieved results that were only slightly better 
than the baseline formulation (with 40 wt% ZnO).  The lowest effective capacity for 
sulfur was achieved with the sorbent with the highest ZnO content (i.e., 60 wt% ZnO).  A 
ZnO content of 50 wt% appears to be optimum with respect to maximizing the effective 
capacity of the sorbent, while still retaining an attrition index lower than the 4% limit 
established by the DOE/NETL protocol for qualifying candidate sorbents for the 
transport reactor at Piñon Pine.  Accordingly, the IGTSS-368 sorbent formulation was 
selected for preparation by Chemat at quantities sufficient to meet the needs of Tasks 2 
and 3 at GTI, and Task 4 at DOE/NETL. 

 
Figure 4.  Sulfidation Performance Comparison of Laboratory Sorbents 
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A small batch (about 1 ½ kg (3 lbs)) of the baseline sorbent (i.e., 40 wt% ZnO) and a 
much larger batch (about 13 kg (30 lbs)) of the selected sorbent (i.e., 50 wt% ZnO) were 
prepared by Chemat, for further testing in this program.  Samples of the commercially 
produced sorbents (designated as ZT040-1 and ZT050-1) were subjected to chemical 
analysis, physical characterization, and evaluation in a packed-bed reactor.  The 
commercially produced sorbent containing 40% ZnO (i.e., ZT040-1) was found to have a 
higher effective capacity than its counterpart prepared at GTI (i.e., IGTSS-366).  The 
effective capacity of the IGTSS-366 sorbent was measured at about 10.8 g S/100 g 
sorbent, compared to 13.3 g S/100 g sorbent for the ZT040-1 sorbent, prepared by 
Chemat.  This compares favorably both to the lab counterpart as well as the zinc titanate 
sorbent previously made by Chemat in our earlier ICCI-funded program.5  The 
commercially produced sorbent containing 50% ZnO (i.e., ZT050-1) was found to have a 
similar effective capacity to its laboratory counterpart (i.e., IGTSS-368) (13.6 compared 
to 13.4 g S/100 g sorbent).  Figure 5 compares the desulfurization performance of the 
baseline and selected sorbents, prepared both by GTI and Chemat.   
 

 
Figure 5.  Laboratory versus Commercial Sorbent Performance 

 
It should be noted that, in separate tests, it was determined that commercially prepared 
sorbents tended to lose about 6-7 wt% upon exposure to flowing nitrogen at 450°C, 
possibly because of incomplete calcination.  The reported effective sulfur capacity results 
take this loss into account.  In addition, the sulfidation test results shown in Figure 3 are 
for the first cycle (i.e., S1).  However, similar to their laboratory counterparts, the two 
sorbents prepared by Chemat (i.e., ZT040-1 and ZT050-1) were successfully regenerated 
at 593°C (1100°F) with wet gas, and in a second sulfidation test showed that sulfur 
loading remained essentially unchanged.  This is indicated in Figure 6 for the ZT050-1 
sorbent; similar results were obtained with the ZT040-1 sorbent.  

 
Chemical and physical properties for the baseline and selected sorbents, prepared in the 
laboratory as well as by Chemat, are reported in Table 4.  While physical characteristics 
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are consistently good for all sorbents, the ZnO content is lower than desired particularly 
for the ZT040-1 and ZT050-1 sorbents prepared by Chemat.  This issue was resolved in 
discussions with Chemat before sufficient quantities of the ZT050-1 sorbent were 
prepared for the CRADA testing in Task 4.  In addition, although it was intended for the 
selected sorbent to range in size from 75 to 125 µm, particle size analysis indicated an 
average particle size of about 70 to 75 µm, as shown in Figure 7. 

 
Figure 6.  Sulfidation (Desulfurization) Performance of the ZT050-1 Sorbent 

  
Table 4. Chemical and Physical Properties of Selected Sorbents 

Chemical/physical  
Properties 

IGTSS-362C IGTSS-366 ZT040-1 ZT050-1 

Zinc, wt% 27.4 30.9 27.3 33.5 
Ti, wt% 34.7 35.8 33.1 28.4 
ZnO, wt%  34.73 39.17 38.09 46.8 
Bulk Density, g/cm3 1.43 1.24 -  
Particle (Hg) density (ρb), g/cm3* 2.47 1.79 - - 
Skeletal (He) density (ρa), g/cm3 4.12 3.1121 - - 
BET Surface Area, m2/g 50.1 43.5 42.8 52.5 
Porosity, %** 40.1 42.4 - - 
* Corrected for inter-particle void 
** Calculated based on corrected values as (1 - ρb/ρa)*100, or equivalently as ρb*(Hg Pore Volume)*100 
 
Sorbent Regenerability Studies (at Low and High Pressure) 
 

Experimental 
 
To quantify the effect of temperature of exposure on subsequent sorbent performance in 
sulfidation tests, seven samples of the ZT040-1 sorbent were recalcined at temperatures 
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ranging from 450 to 750°C, in 50°C increments.  Following recalcination at constant 
temperature, each sample was evaluated in the packed-bed reactor for its sulfur removal 
capacity.  As expected, the bulk density of the recalcined sorbent increased as the 
temperature of exposure increased.  The results obtained from the packed-bed tests with 
sorbents recalcined in the 450-700°C, indicated that the effective capacities of these 
sorbents remained essentially unaffected, ranging from 12.5 to 11.5 g S/100 g sorbent, as 
shown in Figure 8.  However, for the sorbent sample recalcined at 750°C, the effective 
capacity was determined to be 7.5 to 8 g S/100 g sorbent, indicating the adverse sintering 
effect exposure to 750°C had on the zinc titanate sorbent.   

 
Figure 7.  Particle Size Analysis of a GTI Zinc Titanate Sorbent (Prepared by Chemat) 

 

 
Figure 8.  Sulfidation Performance of the ZT040-1 Sorbent as a Function of Pre-

calcination Temperature 
 
The UCI-4169 (conventional) zinc titanate sorbent was used initially to confirm proper 
operation of the HPTGA unit with similar size samples to be used in evaluation of the 
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ZT050-1 sorbent (i.e., about 25 mg).  Reproducibility of sulfidation testing as well as 
regenerability was established by reproducing data developed on this sorbent in previous 
programs at GTI.  Two sulfidation tests were carried out at 550°C with the UCI-4169 
zinc titanate sorbent.  These sulfided samples were then regenerated; the results obtained 
(Figure 9) clearly indicated regenerability of this sorbent was sluggish at 593°C.  

 
Figure 9.  Regenerability of Conventional Zinc Titanate Sorbent (UCI –4169) 

 
As mentioned earlier, a test matrix was devised to evaluate ZT050-1 sorbent 
regenerability using heavily sulfided samples in the HPTGA reactor, as a function of 
temperature (in the range from 538 to 677°C (1000 to 1250°F)), regeneration gas O2 
content (2 to 21%), regeneration gas steam content (0 to 30%), and reactor pressure (0 
and 280 psig).  The testing strategy consisted of first evaluating sorbent regenerability 
using dry O2-N2 gas mixtures to determine the best combination of temperature and gas 
composition (i.e., lowest temperature and highest O2 content in the ranges indicated) 
under which the pre-sulfided sorbent was regenerated successfully (i.e., completely).  
Once these temperature/O2 content combinations were determined for the dry gas 
mixtures, the effects of steam in the regeneration feed gas and reactor pressure were 
determined. 
 
The test matrix was carried out systematically in the HPTGA reactor.  Figure 10 shows 
the results from a series of tests carried out on 4 pre-sulfided sorbent samples at 593°C 
(1100°F) with dry O2-N2 gas mixtures containing from 2% to 21% O2.  The results 
obtained indicate the ZT050-1 sorbent could be successfully regenerated at this 
temperature even when air is used as the regeneration gas.  Reproducibility of test results 
under these conditions is shown in Figure 11.  The effect of O2 content is not very 
significant in the range from 7 to 21%.  The ZT050-1 sorbent regenerability with air at 
593°C was also demonstrated in the HPTGA reactor at 280 psig. 
 
Similar regeneration test series were carried out at two lower temperatures, 538°C 
(1000°F) and 565°C (1050°F).  The results obtained indicated that, with air as the 
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regeneration gas, the ZT050-1 sorbent could be completely regenerated at a temperature 
≥ 565°C.  Under these conditions, reactor pressure was found to have a slight adverse 
effect, but which can be compensated for by adding steam at about the 20% level in the 
feed gas to the regeneration reactor.  

 
Figure 10.  Regenerability of the ZT050-1 Sorbent at 593°C (1100°F) as a Function of 

Regeneration Gas Oxygen Content 
 

 
Figure 11.  Reproducibility of the ZT050-1 Sorbent Regenerability with Air at 593°C  

 
As indicated earlier, regenerability of the ZT050-1 sorbent was also demonstrated using 
bulk quantities of the sorbent in ambient-pressure fluidized-bed reactors.  The 
regeneration schemes, described in the “Experimental Procedures” section had been 
evaluated extensively at GTI in previous DCEO/ICCI-funded projects.   
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The results obtained from sorbent testing in the high-pressure fluidized-bed reactor 
confirmed pressure had very little effect on the breakthrough sulfur loading capacity of 
the sorbent.  In addition, because of its high chemical reactivity, the ZT050-1 zinc 
titanate sorbent achieved similar effective capacities for sulfur absorption at the two 
superficial gas velocities tested (2.5 and 6 cm/s).  This capacity was estimated at about 13 
g S/100 g of sorbent.  The ZT050-1 sorbent was effectively regenerated at high pressure 
(280 psig), but here the sorbent sulfur loading was limited to 2% S. 
 

Modeling 
 
The Piñon Pine desulfurization/regeneration transport reactor, shown schematically in 
Figure 12, was simulated using ChemCad.  Figure 12 also lists several salient features of 
this reactor system.  The parameters considered and their ranges are summarized in Table 
5.  Additional assumptions were also made concerning heat losses in transfer lines, H2S 
removal efficiency, zinc sulfide (ZnS) regeneration efficiency, etc. 
 

Table 5.  Transport Reactor Modeling Scope 

 Details and Parameter Ranges (Base Case)
DESULFURIZATION SECTION  

Temperature, °C 450 
Pressure, bar 20 
Feed Gas Molar Feed Rate, lbmol/hr 100 
Feed Gas Composition, Vol% 20% CO, 10% CO2, 10% H2, 10% H2O, 

0.5% H2S, 49.5% N2 
Water-Gas Shift Reaction  0 to 100% Approach to Equilibrium (0) 
Sorbent Zinc Titanate (Zn/Ti molar ratio of 1) 
Sorbent Conversion per Pass, % 2 to 10 or Zn/S= 50/1 to 10/1 (5 or 20/1) 
Sorbent Loss Due to Attrition None 
Fresh Sorbent Make-up None 

 
REGENERATION SECTION  

Pressure, psia 15 to 300 (300) 
O2/H2S 1.5 
Slipstream Fraction 0.1 to 1 (0.1) 
Air Feed Rate, lbmol/hr 3.5 to 21 (3.5) 
Excess N2 Feed Rate, lbmol/hr 0 to 10 (10) 
H2O Feed Rate, lbmol/hr 0 to 10 (0) 

 
A number of guidelines were developed based on this simple model: 
 
• Effect of Regeneration Pressure: regeneration temperature is only slightly affected by 

the reactor pressure; due mainly to the slight effect pressure has on the heat of 
regeneration reaction (ZnS + 3/2 O2 = ZnO + SO2; -∆Hrxn > 100 kcal/mol). 
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Figure 12.  Simplified Process Flow Diagram of the Piñon Pine Transport Reactor 
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Figure 13.  Process Flow Diagram of the Simulated HGD Process 
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• Effect of Water-Gas Shift (WGS) Equilibrium (CO + H2O = CO2 + H2): WGS is 
exothermic, leading to an increase in sulfidation reactor temperature.  This increase is 
essentially a linear function of the fractional approach to thermodynamic equilibrium.  
Sulfidation reactor temperature increase is estimated at 60 °C for a Zn/S ratio of 20/1. 

 
• Effect of Zn/S Ratio: The regeneration reaction temperature decreases with increasing 

Zn/S ratio. This is a direct result of an increase in the solids flow (at a fixed 
slipstream fraction), which act as a heat sink in the regeneration vessel, moderating 
the reactor temperature. 

 
• Effect of Regeneration Slip Fraction: The regeneration reactor temperature decreases 

with increasing regeneration slip fraction, at a fixed Zn/S ratio.  This is a direct result 
of an increase in the flow of solids, which act as a heat sink in the regeneration 
reactor, moderating its temperature. The effect of regeneration slip fraction is more 
pronounced when air is used as the regeneration gas compared to diluted air, as the 
excess nitrogen also acts as a heat sink in the regeneration reactor. 

 
• Effect of Air, Steam, and Regeneration Gas Flow Rates: The regeneration reaction 

temperature decreases with increasing regeneration gas flow rate, since excess gases 
would act as a heat sink in the regeneration reactor.  In general, because the heat 
capacities of these gases are similar, the decrease in the regeneration temperature 
generally depends largely on the flow rate of the excess gas.  However, when steam is 
used, the excess steam can easily be removed, resulting in higher SO2 concentration 
in the process exit stream.  Given that higher concentration of SO2 in the regeneration 
product gas is desirable (for technical and economic reasons), steam appears to be 
more suitable than air or nitrogen as an excess gas for controlling temperature in the 
regeneration reactor. 

 
To summarize, based on the results obtained in this modeling study, it appears that the 
most effective methods of controlling the regeneration temperature is by increasing the 
regeneration slip fraction and steam feed rate.  To better assess the impact of operating 
variables on process economics, additional work should be conducted to address several 
limitations of the current model, including: 
 
• Account for heat losses in transfer lines 
 
• Utilize experimental data available in the literature to refine assumptions relating to 

ZnS regeneration efficiency (inconsistent with thermodynamic predictions, ZnS 
regeneration can be accomplished at temperatures well below 700°C).  Additional 
experimental data should be developed for the ZT050-1 sorbent. 

 
• Quantify beneficial effects of adding steam to the feed gas to reduce regeneration 

temperature. 
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Validation of the ZT050-1 Sorbent Performance at DOE/NETL Facilities 
 
The results obtained in the transport reactor facility (TRF) testing campaigns A, C, and D 
at DOE/NETL are presented below in Figures 15 through 20.  During the conduct of 
testing campaign B, experimental difficulties were encountered and the results were 
deemed inconclusive to include in this report.  Also, as shown below, six (6) runs or 
passes were completed in test campaign A, 10 runs in test campaign C, and 7 runs in test 
campaign D.  For each series of tests, the results presented below include (i) the amount 
of sulfur loaded per unit weight of the sorbent (i.e., wt.% S) at the conclusion of each run 
or pass, and (ii) the average particle size of a representative sample from each sorbent 
batch after each pass through the transport reactor.  The sulfur loading data provide an 
indication of the chemical reactivity of the sorbent, while the average particle size data 
provide an indication of the capability of the sorbent to resist attrition.  It has been 
observed that sorbents, which have poor resistance to attrition, undergo significant 
changes in particle size (i.e., size reduction).15  The average particle size (APS) is 
considered to provide a true measure of the sorbent’s attrition resistance.  Additional 
experimental data logged during each pass through the transport reactor included feed gas 
composition and H2S concentration in the cleaned product gas 
 
For test campaign A, conducted at 538°C (1000°F) with a fresh batch of the ZT050-1 
sorbent at the sorbent mass flow rate of 1 pound/hour, the sulfur loading results obtained 
(Figure 14) indicate that under these operating conditions, the ZT050-1 zinc titanate 
sorbent demonstrated high chemical reactivity, as reflected by the reported sulfur 
analyses numbers for each run.  The sorbent loaded over 5.5% sulfur during the first run 
(or pass) and then its sulfur loading increased gradually reaching about 9% at the 6th run.  
Moreover, the size analysis data (Figure 15) indicate the ZT050-1 sorbent average 
particle size was in the range of 70 to 80 µm, for all sorbent samples from the various 
runs.  As indicated earlier, although the nominal size of the fresh ZT050-1 sorbent was 
desired in the range from 75 to 125 µm, particle size analysis indicated an average 
particle size of about 73 µm (Figure 7).  Accordingly, the data presented in Figure 15 
provide evidence of the ZT050-1 sorbent’s capability to maintain physical integrity in the 
transport reactor. 
 
All ten (10) runs planned in test campaign C were completed at 538°C (1000°F) with a 
fresh batch of the ZT050-1 sorbent at the sorbent mass flow rate of 5 pounds/hour.  
Under this higher sorbent mass flow rate in the transport reactor, the ZT050-1 sorbent 
also demonstrated high chemical reactivity.  As shown in Figure 16, during the first run 
(or pass) the sorbent achieved a sulfur loading of about 3.5%, which is lower than 
obtained during the first run in test campaign A at the lower sorbent mass flow rate of 1 
pound/hour.  However, the H2S removal efficiency was greatest for this series of tests, 
because of the higher solids riser density and operating temperature.  The sulfur loading 
of the ZT050-1 sorbent steadily increased in subsequent passes through the transport 
reactor, reaching about 10% (i.e., 10 g S/100 g of sorbent) by the 10th run.  The data 
presented in Figure 17 show that the average particle size of the (partially) reacted 
ZT050-1 sorbent remained essentially unchanged (about 70 µm) as the sorbent underwent 
repeated passes through the transport reactor. 
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Seven (7) runs were completed in test campaign D with a fresh batch of the ZT050-1 zinc 
titanate sorbent at a mass flow rate of 5 pounds/hour, but at the lower temperature of 
427°C (800°F).  The ZT050-1 sorbent demonstrated high chemical reactivity towards 
H2S even at this lower desulfurization temperature, achieving gradually increasing sulfur 
loadings (Figure 18).  The sulfur loading achieved in the first pass through the transport 
reactor was about 4%, higher than was achieved at the higher temperature of 538°C 
(1000°F) under similar operating conditions.  These results are consistent with previous 
data developed at GTI on this new class of zinc titanate sorbents.  Also, consistent with 
results obtained in campaigns A and C, the average particle size of the ZT050-1 sorbent 
remained essentially unchanged, as shown in Figure 19. 
 
TGA conversion-time profiles are shown in Figure 21 and Figure 22 for the as-received 
and re-calcined ZT050-1 sorbent samples, respectively.  It is assumed that the 
compositions of the two sorbent samples are the same.  It is clear that, for a given 
temperature, the profiles for the two sorbents are very similar.  Moreover, there is a clear 
decrease in reaction rate in all profiles following about 1 minute of reaction time.  This 
decrease is consistent with previous results obtained with ZnO sorbents and is attributed 
to the formation of a product layer (zinc sulfide, ZnS) around the grains of the ZnO 
reactant.  Gas diffusion through this product layer (inter-grain diffusion) becomes rate 
limiting very early on and causes the observed decrease in reaction rate.   
 
Attempts were made to extract initial reaction rate data from the conversion-time 
histories.  Such data can be used to estimate the intrinsic reaction rate constant and the 
activation energy for the intrinsic reaction rate under the assumptions that there are 
negligible intra-pellet (between grain) diffusion limitations and negligible external mass 
transfer.  Previous studies using the TGA have shown that conditions used in the current 
work are free from external mass transfer effects, however, intra-pellet mass transfer may 
be significant but is beyond the scope of the current work.  Because surface area analysis 
of the samples was not performed at DOE/NETL, a direct comparison between previous 
results and the current work cannot be made. However, a comparison of the activation 
energy is possible. 
 
The results are shown for the current data in Figure 22, along with lines representing 
activation energies for intrinsic rates for the ZnO sulfidation reaction reported by 
previous workers.16,17  Comparison of activation energy with previous results for ZnO 
sulfidation from Westmoreland et al.16 and Lew et al.17 can be made by comparing the 
slope of the data with the slopes of the two lines.  There is reasonable agreement between 
the current results and those of previous workers.  However, the result for 700°F for the 
as-received sorbent seems to be significantly different.  These results should be used for 
preliminary analysis only, and additional data needs to be taken before a full reaction 
model can be formulated. 
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Figure 14.  Sulfur Loading as a Function of 

Transport Riser Passes (Testing Campaign A) 
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Figure 15.  Average Particle Size as a Function 

of Transport Riser Passes (Testing Campaign A) 
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Figure 16.  Sulfur Loading as a Function of 

Transport Riser Passes (Testing Campaign C) 
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Figure 17.  Average Particle Size as a Function of 

Transport Riser Passes (Testing Campaign C) 
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Figure 18.  Sulfur Loading as a Function of 

Transport Riser Passes (Testing Campaign D) 
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Figure 19.  Average Particle Size as a Function of 

Transport Riser Passes (Testing Campaign D)
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Figure 20.  Conversion-Time Histories 
for the ZT050-1 Sorbent (As-received) 

at Various Temperatures  
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Figure 21.  Conversion-Time Histories for the 
ZT050-1 Sorbent (re-calcined) at Various 

Temperatures 
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Figure 22.  Initial Reaction Rate data from TGA experiments for GTI ZT050-1 Sorbents 
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CONCLUSION(S) AND RECOMMENDATION(S) 
 
Under DCEO/ICCI and DOE/NETL sponsorship, a new class of regenerable zinc titanate 
(ZnO-TiO2) sorbents has been developed for the removal of reduced sulfur compounds 
(H2S, COS, etc.) from coal gasifier gases at high temperature and pressure.  Unlike 
“conventional” zinc titanates, these new sorbents have an exceptional combination of 
excellent chemical reactivity (high H2S removal efficiency and effective capacity for 
sulfur absorption) at moderate temperatures, high resistance to attrition, and 
regenerability at reduced temperatures.  
 
In this project, the composition of one leading sorbent formulation (IGTSS-362C) was 
optimized with respect to its ZnO content.  The new leading zinc titanate sorbent, 
designated as ZT050-1, was produced successfully by Chemat Technology, and was 
tested extensively at GTI to develop an effective regeneration strategy that prevents 
temperature excursions beyond 675°C (1250°F) so that the sorbent retains its 
performance during cycling.  The performance of GTI’s ZT050-1 zinc titanate sorbent 
was also validated in a transport reactor facility at DOE/NETL.   
 
Future work will pursue demonstration of the ZT050-1 sorbent in a gasifier pilot-plant 
facility, currently under construction at GTI.  GTI envisions designing and assembling a 
suitable bubbling fluidized-bed reactor that can be integrated into the pilot plant facility, 
and used to evaluate GTI’s leading zinc titanate sorbent using actual coal gases at 
realistic process temperatures and pressures. 
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