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L ABSTRACT

There is a Primary need to increase the utilizationof I];inoiscoal
resourcesby developingnew methods of convertingthe coal into elec-
tricityby highly efficientand environmentallyacceptablesystems. New
coal gasificationprocessesare now being developedthat can generate
electricitywith high thermal efficiency in either an integrated
gasificationcombined cycle (IGCC) system or a molten carbonatefuel
cell (MCFC). Both of these new coal-to-electricitypathways require
that the coal-derivedfuel gas be at a high temperatureand be free of
potentialpollutants,such,as sulfur compounds. Unfortunately,solve
high-sulfurIllinoiscoals also contain significantchlorine which
converts into hydrogenchloride (HCf) in the coal gas. This project
investigatesthe effect of HCf, in concentrationstypicalof a gasifier
fed by high-chlorineIllinoiscoals, on zinc-titanatesorbentsthat are
currentlybeing developed for H2S and COS removalfrom hot coal gas.
This study is designed to identify any deleteriouschanges in the
sorbentcaused by HCf, both in adsorptiveoperationand in the regenera-
tion cycle, and will pave the way to mudify the sorbentformulationor
the processoperatingprocedureto remove HCf along wi'ththe H2S and COS
from hot coal gas. This will negate any harmfulcons_,,_quencesof
utilizinghigh-chlorineIllinois coal in these processes.

The work activityduring the second quarterof this project involvedthe.
performanceof the first block-set of experimentsin the bench-scale
fluidizedbed. These experimentswere designedto study the effect of
HCf in the desulfurizationof a medium-Btufuel gas (simulatingthe
productof the "Texaco"entrained-bed,oxygen-blowngasifier). Eleven
single-cycleexperimentswere performed,at operatingtemperaturesof

.l . t538, 650, and 750 "C, with HCf concentrations of 0 200, and 1500 ppmv.
While some HCf was adsorbed onto the sorbentat 538 _C, no significant

| HCf adsorptionwas detected at the higher temperatures. In additionto
the Ii single cycle experiments,a lO.,cyclesulfidation-regeneration
sequence was performed at 650 °C with 1500 ppmv HCf in the simulated
fuel gas. No adverseeffects on the sorbentstructureor its desulfuri-
zation capability were identified.
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EXECUTIVESUMMARY

lt is vital to the industryof Illinoisthat new approachesbe developed
soon to increase the utilizationof the abundant bituminouscoal
resourcesin the Illinoiscoal basin by processesthat are both
thermallyefficientand environmentallyacceptable. Tw()of the most
attractivetechniquesnow being actively developedto c'Jeanlyconvert
coal into electricityare the integratedgasificationcombinedcycle
(IGCC) and 'the.moltencarbonatefuel cell (MCFC) power generation
systems. In _._._,of these innovativesystems, the coal is gasified to
form a fuel gas which must then be purified of particulatemattc,r and
undesirablegas species,mainly sulfur compounds, beforebeing oxidized
in the IGCC combustionchambero;"in the MCFC fuel cell vessel.

To realize the highestthermalefficiencyfor the overallcoal-to-
electricityconversion,both of these processes requirethat the
temperatureof this coal-derivedfuel gas flowing from 'thegasifier be
as high as possible. However,the coal-derivedfuel gas contains
reducedsulfur specieswhich would have to be removedat high
temperaturefor the overallprocessto be efficient. Solid regenerable
sorbentsof mixed-metaloxides have been developedrecentlywhich remove
both hydrogen sulfide (H_S)and carbonyl sulfide (COS)at relatively
high temperaturesvery e_ficiently.

.

Zinc-basedsorbents are currentlythe_leading sorbentcandidates. They
have been extensivelydevelopedfor fixed-bedoperation. Fixed-bed
systems,however, suffermany limitationsincludingpoor temperature
controland unsteady state operation. The recent developmentof an
attrition-res':-tant,fluidizablezinc-titanatesorbentat the Research
Triangle Institute(RTI) offersexcellent H2S and COS removal

" efficiency,good sulfur absorptioncapacity, and excellent
regenerability. This sorbenthas high attrition resistancewhich offers
the opportunityto conductthe hot-gasdesulfurizationin a bubblingor

| circulatingfluidized-bedreactorsystem, leadingto much better gas-
-_ solid contactefficiency,better temperaturecontrol,and much greater

flexibilityin design alternativesfor-continuoussorbentregeneration
sub-systems.

Unfortunately -_m: I11inoiscoals contain significantchlorinewhich
becomesHCf i, ,.=coal-gasproduct-streamfrom the gasifier. This HCf
reactswith c_'._"'.Ininorganiccompounds,usually with undesirable
results. In st,Jcly_ngthe fly ash deposited during the combustionof

i coal in boilers, investigatorsfound that chloridesin the gas stream
: tended to react with the metallicoxides (zinc and ferric)in the slag

depositson the boiler tubes, formingmetal-chlorideswhich had lower
melting temperaturesthan the oxides and were more chemicallyreactive.
Based on mass-balancecalculations,the gasificationof the higher
chlorine Illinoiscoals (containing0.i_ to 0.6_ chlorine,by weight) in
the typicalpresent-daycoal-gasifica_:ionreactordesigns("Texaco,""U-
Gas," "Lurgi,"etc.) would producefron_100 to 1400 ppmv HCf in the
gasifiereffluent stream. Very little is known about how HCf will
interactchemicallywith the zinc-basedsorbents at high temperatures

i
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and in the presenceof the various fuel gas compositionsthat would be
produced in the differentgasifier designs.

Almost all the gaseouschlorine exiting from the gasifier has been
analyzed (oi-assumedto be) in the form of HCf. The alkali chloride
(sodium,potassium,etc.) present in either the solid salt or as
dissolved ions is reported to react with evolvinghydrogenduring the
first devolatilizationstep in the coal-gasificationreaction series.
HCf either evolvesfrom the coal-matrixwith the pyrolysisgas, or the
chloride may be trapped into the residual tars left behind in the
secondarycondensationreactions. The chloridespecies in these
secondaryhydrocarbontars would then be releasedduring the second-
stage gasificationreactions, probably also in the gaseous HCI form,
since the reactionatmosphere is rich in hydrogenformed from the steam-
carbon reaction,modulatedby the water-gasshift (WGS) equilibrium.

' This project,a cooperativeeffort between the Southern Illinois
"ii, Universityat Carbondale (SIUC) and the ResearchTriangle Institute

I;( (RTI), is investigatingthe effect of HCf, in concentrationstypicalof
'_ a gasifierfed by high-chlorineIllinoiscoals on the fluidizablezinc-
_, titanate sorbents. These sorbents are being developedby RTI, under the
,,_ sponsorshipof the U.S. Department of Energy/MorgantownEnergy
'j TechnologyCenter (DOE/METC),for H2S and COS removalfrom hot coal gas

in IGCC processes. The project'smajor object.ivesare to identifyany
I( deleteriouschanges in the sorbent caused by HC] both in the adsorptive,! w

_J operationand in the regenerationcycle, and to determinethe fate of
_, the chloridechemical-species.
I:
! Two zinc-titanatesorbentshave been chosen for this examination,one

i with a high zinc/titanium(Zn/Ti)content ratio and the second with a
Zn/Ti ratio found previouslyto perfo.rmoptimumservice in the hot coal-

I gas desulfurizationprocess. The experimentalevaluationduring the
project includesthe examinatiunof HCl effectson each sorbent's

oi chemical reactivity its sulfur-adsorptioncapacity its regeneration
' capability,and its attrition resistance. This objective is
i accomplishedby testingthe two durable zinc-titanatesorbents in a
i bench-scalefluidized-bedreactorwith simulatedhot coal gas, at
.! differenttemperatures,with and without severalconcentrationsof HCf

in the gas-stream. Also, a number of multicycletests are being
' conductedto determinethe effect of HCf on the long-termchemical

reactivityand mechanicaldurability of zinc-titanatesorbents.

During the first quarterof this project, the "ExperimentalTest Plan"
was preparedand submittedto the Center for Researchon Sulfur in Coal

: (CRSC). In this detailed test plan document,the equipmentarrangement
: was describedand the major"operating conditionsand experimental

procedureswere detailedfor use in the initialtwo block-seriesof
experiments, Also, during this time period,the existing reactor
apparatuswas modified 'foruse in the corrosiveHCf atmospheresand was
operated in preliminaryexperiments to demonstratereliability.

4 lm
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The work activity during the second quarterof this project involvedthe
performance of the first block-seriesof experiments,this sub-study
evaluatingthe effect of HCI in the desulfurizationof a medium-Btufuel
gas (simulatingthe productgas from a "Texaco"entrained-bed,oxygen-
blown gasifier). Two sorbentswere examined,one with essentiallypure
zinc oxide with 28 to 38 TiOp in a suitablebinder (labeledZO-I) and a
second sorbent (labeledZT-4) containing ZnO and TiO2 in a molar ratio
of 1.5. Both of these sorbent formulationswere preparedusing RTI's
proprietarygranulationtechnique.

Eleven experimentswere performed involvinga single sulfidation
reactionof the sorbent,followed by the oxidation-regenerationstep.
In these experiments,the two sorbents were sulfided at two temperatures
(538and 650 °C) and with three concentrationsof HCI in the fuel-gas
stream (0, 200, and 1500 ppmv). Followingthese single-cycle
experiments,the ZT-4 sorbentwas sulfidedand regeneratedin a 10-cycle
sequenceat 650 °C and with 1500 ppmv HCf in the fuel gas stream. Also
a singlecycle test was conductedwith ZT-4 at 750 °C in Texacogas
containing1500 ppm HCf.

Preliminaryresults indicatedthat excessivezinc vaporizationoccurred
at the higher temperatureswith the ZO-I formulationas expected.
Becauseof this, we do not plan to continuestudying this sorbentin
this project. Some HCf was adsorbed onto the sorbentsduring the
sulfidationreactionsat 538 °C_ however,no significantHCf adsorption
was identifiedat the higher temperatures. Evaluationof the collected
quantitativeanalyticaldata is now under way to trace the fate of HCf
during each of these sulfidation-regenerationreactioncycles.

A quick examinationof the experimentaldata indicatesthat, when the
sorbent is exposed to fuel gas containing1500 ppmv HCf, significantly
less HCf was retained in the so]id sorbentat the higher temperatures
than was absorbed intothe sorbent at the lower temperature,538 °C.
However,when the fuel gas contained200 ppmv HCl, excessivechloride
retentionswere observedat both 538 and 650 °C. The cause for this
excessivechloride retentionat moderate HCI concentrationsis currently
being investigated.

As expected,the ZT-4 zinc titanate sorbentconsistentlyexhibiteda
prebreakthroughconcentrationof <20 ppmv despite 1500 ppmv of HCf in
the coal gas, thus indicatingthat chloridedoes not affect the H2S
absorptionby the sorbent. Higher sulfidationtemperaturesled to
fasterkinetics suggestinga reactioncontrolledmechanismfor H2S
absorption. The X-ray diffraction(XRD) measurementsof some slngle-
cycle reactedsamples indicatedthe presenceof TiCl4 phase in trace
quantities.

A lO-cyclesulfidation-regenerationsequencewas performed,exposingthe
ZT-4 sorbent to sulfidationat 650 °C with 1500 ppmv HCI in the

simulatedfuel gas. Some operationaldifficultiesoccurredwhen
unexpectedlyhigh corrosionin the HCf solutionpump interferedwith tile
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pumping of the concentrated aqueous HCl solution into the reactor
chamber. However, the multicycle reaction sequence was completed
satisfactorily. Preliminary examinations of the experimental data have
not identified any significant adverse effects of the multicycle
reactions either on the sorbent physical structure or upon its
desulfurization capability. The H2S breakthrough behavior during I0
cycles of sulfidation regeneration remained essentially unchanged.

Post-test characterization of the lO-cycle reacted sorbent indicated no
deleterious change either in attrition resistance or chemical
reactivity. In fact, the attrition resistance of the sorbent on the
reaction increased significantly. During the IO-cycle test, HCl was
permanently absorbed into zinc titanate sorbent in the amount of about
300 ppm (by weight). The principal cause for this absorption is
believed to be the reaction of HCI with the binder present in the
sorbent. However, this needs to be further investigated.

During the third quarter' of the project, attention will be directed to
the capability of the ZT-4 sorbent in desulfurizing a low-Btu fuel gas
simulating the product from the "U-Gas" air-blown coal gasifier. The
"U-Gas"coal gasificationsystem was developedby the Instituteof Gas
Technology (IGT) in ,_hicagoand is now being marketed_y Tampella,Inc.,
of Finland. A secondblock-setof experimentswill be performedsimilar
to those describedabove,except the upper levelof HCf in the fuel gas
will be about 800 ppmv. This value was computedas the potential
concentrationof HCf in the product stream of a "U-Gas"air-blown
gasifier fed with an Illinoiscoal having a 0.6_ chlorinecontent. Also
in the third quarter,the search work of literature-reviewsubtaskwill
be enlarged to explorepossible HCf removal techniquesduring the
desulfurizationstep.

)
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DISCZAIMER

This report was prepared as an account of work sponsored by an agency of the United States
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employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
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process disclosed, or represents tb.at its use would klot infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-

mendation, or favoring by the United States Government or any agency thereof. The views

and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.
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OBJECTIVES

The overallgoal of the researchis to develop attrition-resistant
regenerablesorbents for desulfurizationof hot coal-derivedgases for
IGCC and MCFC power generationsystems. The specific objectivesof this
investigationare to study the effects and the fate of HCf during hot-
gas desulfurization,which can be present at l_vels up to 1500 ppmv in
the coal gas when high-chlorineIllinoiscoals are convertedto either
medium-or low-Btu fuel-gas products. The performance (i.e.,chemical
reactivity,sulfur capacity, regenerability,and attritionresistance)
of zinc-basedsorbents, specificallythe zinc titanatewhich is being
developedfor H2S and COS removalfrom the hot coal gas for fluidized-
bed applicationswill be evaluatedin a bench-scalefluidized-bed
reactorusing simulated coal gas with and without HCf gas.

The specificgoals of the researchduring this 12-monthcontractperiod
are to:

• determine the most probablechemical structures,in additionto
HCf in the effluent gas, to which the chlorinewill be reacted
in the coal gasifier and in the effluent streams,and correlate
this distributionof compoundswith the chlorine contentof the
variety of parent coals and gasifier operatingconditions;

i

• understand the effect of varyingconcentrationsof HCf in coal
gas on the chemical reactivity,regenerability,sulfur

"_ adsorption capacity,and attritionresistanceof zinc-titanate
; sorbents in a fluidized-bedreactor;_m

• determinethe material balancesand chlorine distribution

i during the operation of a hot-gasdesulfurizationsystem_
• determinehow the presenceof HCf in coal gas affectsthe
kineticsof H2S absorptionby the zinc-titanatesorbents;and

• determinethe _xtent of permanentchlorine retentiol,by the
zinc-titanatesorbent.

This project,a cooperativeeffortbetweenSIUC and the RTI, is focused
on the investigationof the effectof HCf, in conce._tra'Lionstypicalof
a gasifierfed by highochIorineIllinoiscoals, on fluidizablezinc-
titanatesorbents. These sorbentsare being been developedby RTI, with
the sponsorshipof DOE/METC, for H2S and COS removalfrom hot coal gas.
The major objectives are to identityanydeleterious changes in the
sorbentcaused by HCf, both in the adsorptiveoperationand in the
regenerationcycle, and to determinethe fate of the chloridechemical
specie.
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INTRODUCTIONAND BACKGROUND

Several IGCC and MCFCpower systems employing hot-gas cleanup are now
actively being developed to produce electric power' from coal. Both of
these systems are amongthe most advanced power generation technologies
with a projected coal-to-electricity thermal efficiency of 504 or
better. One of the key components of each of these two power systems is
a hot-gas desulfurization system which would operate under high-

temperature hiog_ipressure(HTHP)conditlons, tlpicallyat I000 to 1350F (538 to 732 and up to 300 psig (2 17 MPa . Most of these
desulfurizationprocesses,now under development,employ regenerable
mixed-metal oxide sorbentsfor adsorbing the H S and COS presentin the
coal gas, with zinc titanatecurrently being t_e leadingsorbent
candidate.

Some of the Illinoiscoals, in addition to having a high-sulfurcontent,
also have a high-chlorinecontent. During gasification,the chlorine
present in the coal is converted to HCf. The chloride level of a
medium-Btu rue] gas derivedfrom Illinoiscoals can be as high as 1500
ppmv. HCf, if presentin sufficientlyhigh levels,might cause serious
damage to the desulfurizationsorbents. For example, the zinc titanate
might chemically react to form molten zinc chloridewhich has a
significantvapor pressureat 1000 °F. Therefore,the effect of HCI on
the performanceof zinc-titanatesorbents must be addressed.

The present study dealswith the determinationof the effect of HCf on
the sulfur capacity,chemicalreactivity,regenerability,and attrition
resistance (mechanicalstrength)of the sorbent° Also, the fate of HCf
itself in the hot-gasdesulfurizationsystem is not known. Several
specific questionsto be addressed include:

• How much HCf, if any, is removed by the zinc titanate in the
adsorptioncycle?

° If HCI is adsorbed,what is the form of chlorinewhen present
in the sorbent?

° Zinc chloridebeing volatile, does the titaniumcomponentof
the sorbenthelp to stabilize it in the sorbentmatrix during
adsorption,or will the formed zinc chloride vaporizeback into
the gas stream?

° Does retainedchloride stay with the sorbentduring the
regenerationstep, or is it removedfrom the sorbentwith the
S02-1adenregenerationgases?

What are the formsof the chlorinecompoundsthat come off the
sorbent duringregeneration,dependingon whether the
regenerationgas consists of an air-steammixture as opposedto
an air-nitrogenmixture?

....,, , ...
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These questionsare of paramountimportancefor the commercializationof
IGCC and MCFC power-generationtechnologiesand must be addressed if
Illinoiscoals with high-chlorineconcentrationsare to be used as feed
to these high efficiencyand environmentallyacceptablefuture coal-
conversiontechnologies.

The present study is expectedto aid in the f,]turedevelopmentof a
promisingclass of sorbentswhich will remove H S and COS to high
degreesfrom coal gas containingHCf without undergoingdeleterious
changes. Such developmentwill result in enhanced,more economically
attractive,and efficientpower generationsystemsfor convertinghigh-
sulfur,high-chlorinecontaining Illinoiscoals into electricity.

EXPERIMENTALPROCEDURES

The researchwork has been divided into five tasks, all directed at
gaininga better understandingof the effects and the fate of HCf in the
desulfurizationof hot coal-derivedfuel gases. These tasks are

Task I. Assessmentof Forms of ChlorideCompoundsin Coal Gas
Task 2. ExperimentalTest Plan
Task 3. Modificationsin ExistingTest Facility
Task 4. Bench-ScaleTestingand Analysis
Task 5. Reporting.

Each task is describedbelow.

Task I: Assessmentof Forms of ChlorineCompoundsin Coal Gas

The work on this task is being conductedat SIUC. This task is
subdividedinto two sub-tasks. The first study is a survey of recent
literaturereferencesto catalog the existenceand effectsof chlorine

, compoundsin gasifier fuel gas. The second study involvesthe
thermodynamic/kineticmodelingof the behaviorof chlorinechemical-
species in a high-temperaturedesulfurizingprocesssystem.

A comprehensiveliteraturesurvey of recent literaturereferences
includingtechnicalpapers, governmentand industrialreports,
conferenceproceedings,etc., is being assembledto documentreportedor
speculatedpotentialbehavior of chlorinechemicalspecies in gasifier
effluent-gasat_,o_pheres.Of importanceare the reportedcompositions
of the feed-fueland the productgas stream, the temperatureand the
chlorinecontent of the gas, and any comments about operationalproblems
o,"other observationsattributableto the presenceof the chlorine.

Most of the chlorine found in the variouscoals have been attributed
eitherto the presence of alkali-chloridesalts retainedin the coal's

" pore structureupon drying or the ionic bondingof the chloride ion,
found in the brackishwater in the coal seam, onto the acidic sites of
the organic coal matrix. Estimatesnf the highestpotentialHCf
concentrationsin the productfuel gases were computed,based on
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literature-reporteddata from processing Illinois-basincoal in pilot
plants,with the assumptionthat the Illinois feedcoal could contain
0.64 (by wt.) chlorine. The medium-Btu fuel gas productfrom the
"Texaco"oxygen-blownentrained-flowgasifier might contain as much as
1500 ppmv HCf if all the chlorinewere evolved in the gaseous form. If
a high-chlorineIllinoiscoal were processed in the air-blownIGT "U-
Gas" gasifier (now marketedby Tampella, Inc.),the low-Btufuel gas
could contain as high as 800 ppm HCI.

Almost all the gaseouschlorineexiting the gasifierhas been analyzed
as (or assumed to be) in the form of HCf. The alkali-chloride(sodium,
potassium,etc.) presentin either the solid-saltor as dissolved ions
is reportedto react with evolving hydrogen during the first
devolatilizationstep in the coal-gasificationreactionseries. HCI
either evolves from the coal matrix with the pyrolysisgas or the
chloridemay be trappedinto the residual tars leftbehind in the

- secondarycondensationreactions. The chloridespecies in these
' secondaryhydrocarbontars would then be releasedduringthe second-

stage gasificationreactions,probably also in the gaseousHCI form,

i since the reaction atmosphereis rich in hydrogenformed from the steam-carbon reaction,modulatedby the WGS equilibrium.

To date, very "littledeleteriouseffects have been reportedwhile
gasifyingmoderately high-chlorinecoals. However,almost all the
recent related literaturedescribesgasifierswhere the effluentcoal
gas is being water-scrubbedimmediate|yafter leavingthe gasifier, to
cool the gas along with removingcondensabletars. Very few systems
have heat-transfertubes in the hot-gas stream immediatelyfollowingthe
gasifierexit. Also, very few coal-gasifiersystemshave operatedwith
even moderately high chlorinecoals for prolongedtime periods. Studies
of fly-ashbehavior in coal-fedboilers indicatethat, probably,the
vaporizedalkali-species(i.e.,sodium or potassium)condense and
collecton the boiler tubes,with the gaseous HCI reactingwith the
alkali to form low-meltingchloride salts which are active in the
undesirableslaggingand foulingbehavior.

The search work of this literature-reviewsub-taskhas been enlarged to
also explorepossible removaltechniques for HCf prior to, during, or
followingthe desulfurizationstep. Also, informationis being gathered
regardingthe potentialchemical-sorbenttreatmentfor other undesirable
chemicalspecies in the hot fuel-gas stream, for instance,the vaporized
alkali species. The interimreport summarizingthesefindings is now
being drafted, with completionand distributionslatedfor early in the
third quarter of this project.

Task 2: ExperimentalTest Plan

Under this task, a detailedExperimentalTest Planwas prepared. As
stated above, this plan describedthe details of the proposed bench-
scale tests which would be carriedout during the project. A
preliminaryversionof the test plan was deliveredto CRSC in mid-
Octoberfor their evaluation. The technical staff at CRSC approved the
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test plan and the bench-scale studies were initiated during the first
week of November. Thus, Task 2 is considered complete.

Task 3: Modifications in Existing Test Facility

Because HCf is a highly corrosive gas which severely attacks stainless
steel in the presence of steam, the present bench-scale test facility at
RTI was modified. A detailed description of various modifications made
to the reactor system was presented in the last quarterly report.

The original system installed to introduce HCl into the reactor as a
dilute HCf solution through a capillary using a positive displacement
pump offered a number of operational problems, mainly stemming from
corrosion of stainless steel by the aqueous solution of HCI. The
problem was resolved by using a high-pressure syringe pump typica]ly
used in high-pressure liquid chromatography (HPLC) systems.
Unfortunately, HCI solution also induced a severe corrosion to this
pump's reservoir as indicated by a ,lumber of macroscopic pits. The
reservoir of this pumpw'ill be replaced by a specially designed barrel
made for handling hlghly corrosive solutions.

This task is now complete.

, Task 4: Bench-Scale Testing and Analysis
e

Carefully controlled experiments are being conducted in the modified
test setup described under Task 3. All the experiments for this project
are carried out _t _early atmospheric pressure, w'ith approximately a 2
psig positive pressure maintained to ensure sufficient sample flow to
the gas chromotograpby (GC) gas-analysis system.

A typical bench run consists of the following steps. A known weight of
the sorbent, approximately 50 to 60 g in the I00 to 300 #m particle size
range, is charged to the reactor. The reactor is heated to the desired
gas desulfurization temperature (538 or 650 °C) with a continuous
passage of nitrogen through the sorbent bed.

The sulfidation of the sorbent (fuel gas desulfurization) is carried out
by continuously f]owing the simulated coal gas through the fluidized
bed. The simulated medium-Btu gas contains approximately 1.44 H2S
(14,000 ppmv), while the simulated low-Btu fuel gas will contain

0.54 IbSe(5OOOIhppmv). The sorbent sulfidation cycle-step continue!;until H2S c:ncentration in the reactor exit gas reaches 500 ppmv,
which is an a, itr'arily defined breakthrough value.

Following the su _'_H_tion, the reactor is swi.tched to the sorbent
regeneration mode '_eated to the desired temperature under nitrogen
flow. Generally, t nitial regeneration temperature is around 740 °C.
Once the desired tempe__ture is attained, the flow of regeneration gas
will be started. The typical regeneration gas contains 34 02 in
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nitrogen. Regenerationis carried out until the outlet SOz
concentrationdrops to less than 500 ppmv.

At both the end of the sorbentsulfidationand the end of the

regenerationstep, a sorbentsample is withdrawn and analyzed for its
chloride content. Representativesamples of the condensateand other'

i= gas-stream scrubbingsolutionsare collectedand analyzedto determine
i the chloride-ionmaterialbalance during both the sulfidationand the
+ regenerationsteps. At the end of the run, the total quantityof

sorbent solids removedfrom the reactor is weighed to determir_,any loss

I due to elutriationand attrition.I Post-testcharacterizationtests of the sorbent solids and condensate-
liquid samples are performedprimarilyto obtain chlorine and sulfur
material balances. Additionaltests, as needed, are performedon the
reacted sorbent to identifychanges in chemical reactivity,surface
area, particle size distribution,and Zn-to-Ti contents.

The followingvariablesare investigatedin order tc determinethe
effect of chloride on the performanceof the zinc-titanatesorbents in
hot-gas desulfurizationservice:

• HCf concentrationin the coal gas,
•_ Sulfidationgas composition,
•,:Sulfidationtemperature,and
• Sorbent composition.

Three block-setsof experimentsare planned. The first set of
experimentswas to be conductedwith a medium-Btu fuel gas, while the
second set will be with a low-Btugas. The third set of experiments
will involvea closer examinationof specific operatingconditionswhere
mechanism changes, sorbent activityfailure,or other unexpected
phenomenahave occurred,as identifiedduring the first two experiment
sets. Also, if time permits,the long-termdetrimentaleffects of
chlorine on the performanceof the zinc-titanatesorbe-tswill be
examined in greaterdetail.

Followingthis strategy,dur1_Igthis second quarter of the project, the
first set of experimentswas conductedwith a medium-Btufuel gas
simulating the productfrom the Texaco entrained-bed,oxygen-blowni

ii gasifier. In the second block-setof experimentsto be performedduring

the project'sthird quarter,we plan to use a low-Btugas simulating
that being generated in the U-Gas air-blowngasifier (developedby IGT,
Chicago, and now marketedby Tampella,Inc., of Finland). Both of these
gasifiersare being developedat nearly commercialscale and are ideally

suited for gasifyingthe high-sulfurIllinoiscoals.

Two zinc.-titanatesorbentshave been chosen for this examination. The

sorbent ZO-I containsessentiallypure ZnO with 2_ to 3_ TiO2 and a
suitable binder, lt was preparedusing RTI's proprietarygranulation
technique. The purposeof using this formulationis to establishthe
role of TiOz in the zinc titanateon chloride removal. The second

I
,I P+ I_ III IIII '' TI'' +l'_'Ir' +I 'III '1' ,+r, Pl TI ' lqlr i,, 11 III'II il '' li+rTP' ' 'lr '"' '' llm_r' IP 11pl + Tr



f,

12

sorbentto be evaluatedis ZT-4, which containsZnO and TiO2 in a molar
ratio of i.5. In previousstudies, conductedat RTI with DOE/METC
sponsorship,comparingseveralcandidate sorbentswith varyingZn/Ti
ratios,this particularzinc-titanate sorbentproved the most efficient
in high-temperaturecoal gas desulfurizationservice.

The test matrix for each of the Set I (medium-Btu"Texaco" gas) and the
Set 2 (low-Btu "U-Gas"gas) experimerltsincludesexaminationsof each of
the sorbents (ZO-I and ZT-4, described above) and two sulfidation
temperatures,538 °C (I000°F) and 650 °C (1202 °F) and at three HCf
concentrationsizero,medium,and high) as detailed in our "Experimental
Test Plan" documentand last quarterly report. For example, HCf
concentrationsfor the medium-Btu gas study, ExperimentSet I, _'as
selected as O, 200, and 1500 ppmv. A higher sulfidationtemperatureof
750 °C (1382 °F) may also be selected to probe the expected upper limit
of sorbent reactivity. After completion of the single-cycletests, a
10-cycletest is also plannedto determine the long-termeffectof HCf
on the chemical reactivityand the attritionresistanceof the zinc-
titanatesorbents. The conditionsfor this 10-cycletest will be
determined based on the resultsof the foregoingsingle-cycletests°

During the third set of experiments,selected sub-setsof experiments
will be conductedto betterdefine the reactionbehavior of the sorbents

in "critical"oper;atingconditions. A closer examinationof the effect
of varying HCI c_i_centrationsin specific temperatureranges would be a
candidatepossibility. Also, varying the regenerationconditionsmight
warrantmore detailedexamination,as would the need for additional
multicycleevaluations. Yhe specific objectivesof these in-depth
examinationswill be identifiedduring the courseof performingand
evaluatingthe outcomesof the first two experimentalblock-sets.

'Task5: Reporting

This task consists of the preparationand submittalof the quarterlyand
final technicaland businessmanagement reportsto CRSC. In additionto
the submissionof the written reports, oral presentationsdescribingthe
projectwork and resultswill be made to the technicalstaff of the CRSC
and IllinoisCoal DevelopmentBoard (ICDB),and to the appropriate
members of the IllinoisDepartmentof Energy and Natural Resources,
includingthe presentationof a paper at the CRSC/ICDBContractors'
Meeting in Urbana0 Illinois,in July 1992.
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RESULTSAND DISCUSSION

The work activity during the second quarter of this projectir,_volvedthe
performanceof the first block-serie_of experiments,this sub-study
evaluatingthe effectof HC] in the desulfurizationof a medium.Btu fuel
gas (simu]atingthe productgas from a "Texaco"entrained.bed,oxygen-
blown gasifier). The use of two sorbentswas examined,one w!th
essential}),pure zinc oxide with 24 to 34 TiO_ in a suitab]ebinder
(labeledZO-I) and a second sorbent (labeledZT-4) containingZnO and
TiOz presentwith a ratio of 1.5. Both of these sorbentswere,prepared
uslng RTI's proprietarygranulationtechnique.

Sinq le-Cycle .TeS

Eleven experiments were performed ir_volving a single sulfidation
reaction of the sorbent, followed by the oxidation-regeneration step.
In these experiments, the two sorbents were separately sulfided at two
temperatures (538 and 650 °C) and with three concentrations oi: HCf in
the fuel-gas stream (0, 200, and 1500 ppmv). Also, one experiment was
performed at 750 "C with 1500 ppmv of HCl in Texaco ga!!;.

Table I. PertinentTest Conditiops and Sorbent RCl Retention
for Sin_C_le Runs Made in Set 1

HCI concentration HCf retention
Sorbent in q asfee.dTemperature by '.;orbent*

Run no. formulation (ppmv)- ('C) (_ of feed)

I ZT-4 -0- 650 -0-

2 ZT-4 -0- 538 -0-

3 ZO-1 -0- 650 -0-

4 ZO-I -0- 538 -0-

5 ZT-4 1,500 _ 650 2.57

6 ZT-4 1,500 538 _I.37

7 ZO-1 I, 500 650 8.82

8 ZO-I I,50'0 538 [4.35

9 ZT-4 1,500 750 2.26

I0 ZT-4 200 538 (59.16

11 ZT-4 200 650 18.38

Ch.lo¢id_t _m_e.,n=lt,_ • RC_I aS Su.!Zid_ S,o,rben_' x A,mou_ o_ So,r_in.¢_,mvm'I--Et A,_ruea,u,ere_ , _iun-E-ot sO-Iu_!'6__r . _,oo
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Table I shows the pertinenttest conditionsfor Runs I to II. Also
included in this table are percent chlorideretentionsby the sorbent.
As expected,percentHCf retentiondecreasedwith an increase in
temperature, For ZT-4 formulationsin Texaco gas containing1500 ppmv
of HCf, the percentchloride retentionsat 538, 650, and 750 °C were
11.37_, 2.57_, and 2.27_, respectively. A similar trend was observed
for the ZO-I formulationwhere percent chloride retentionsobservedwere
14.35_ and 8.82_ at 538 and 650 _C temperatures,respectively. These
observationsare in direct agreementwith the thermodynamicpredictions.
One interestingpoint to note here is that for Runs 10 and 11 in which
the HCf level of c_.;c.1gas was kept at 200 ppmv, the chloride retentions
were high-18.38_ _'_J69.164 at 650 and 538 °C temperatures,
respectively. The cause for these unexpectedamountsof HCf retention
by sorbent is not clear and needs furtherinvestigation.

Figure I comparesthe breakthroughbehaviorof ZT-4 at three
•temperatures,538, 650, and 750 °C, in Texaco gas containing1500 ppmv
of HCf. Except for the 538 °C run, the pre-breakthroughHCf
concer,ltrationis consistentlybelow 20 ppmv. As expected,the sulfur
capacity of the sorbent increasedwith an increase in the temperature,

. indictingthat sulfidationreaction is predominantlykinetically
controlled. Furthermore,operatingth.=reactorat higher temperatures
(>650 °C) will reducethe reactor,vesselsize significantlydue to the
faster kinetics, _.:

The effect of HCf level in coal gas is compared in Figure 2 where the
,. HzS breakthrouqhbehaviorof ZT-4 at 650 'C in Texaco gas containing

three levels o; HCf is shown. As can be seen, the presenceof HCf in
• coal gas does not appear to affect the breakthroughbehavior. This is
| primarily becauseof the unfavorablethermodynamicsof the reaction

between ZnO and HCf at 650 °C.

i Figure 3 comparesthe H2S breakthroughcurves for ZT-4 and ZO-.I

formulationsat 650 "C in Texaco gas containing1500 ppm of HCf.
Essentially,as can be seen, both formulationsexhibitsimilar
breakthroughbehaviors,except for the fact that the H_S-retention
capacity of the ZO-I sorbent fails suddenlyafter about 150 minutesof
exposure,while a gradual increase'inH2S concentrationis observedfor
the ZT-4 formulationeven after 240 minutes.

Excessive zinc vaporizationwas observedwhen the high Zn/Ti sorbent
(ZO-I) was e,_Dosedto the higher temperatures. Becauseof this, we do
not p'_anto 'R_ue extensivestudy of this sorbentduring the rest of
this project.

Ten-CycleTest

Followingthe 11 sir_ le experiments,a 10-cyclesulfidation-
regenerationsequence _rformed. During this experiment,the
sulfidationsof the sorbe,, took place at 650 °C with 1500 ppmv HCI in
the simulatedfuel gas. Some difficultiesoccurredwhen unexpectedly

|
|
I
z
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high corrosion interferedwith the pumping of the concentratedaqueous
HCf solution intothe reactorchamber. Bubblesformedin the liquid
flow stream which frequentlyinterruptedsteam and HCl feed flow to the
reactor.

Figure4 shows H_S breakthroughcurves for cycles ! to 10y As can be
seen, the breakthroughsulfur capacity during the firstc cle is
slightlyhigher than the other nine cycles. Unfortunately,a numberof
unexpectedproblemsincludingirregularoperationof pump, pluggingof
the porous distributorplate to the reactor,etc., were encountered
duringCycle 2 which are believed to be primarilyresponsiblefor a
ratherearly breakthroughshown in Figure 4. Nevertheless,during all
10 cycles, the prebreakthroughHzS level was consistentlybelow 20 ppmv.
This indicatesthat the presenceof 1500 ppmv of HCl does not affectthe
breakthroughbehavior.

Regardingthe fate of chloride,367 ppmw of chloridewere detected in
the 10-cycle regeneratedmaterial. The chloride levelof the sorbent
after the first cycle was 359 ppm. Based on these data, it appears that
at 650 °C, 350 to 370 ppmw of chloride are permanentlyabsorbed by the
sorbent. The primarycause of this absorptionis believedto be the
reactionbetweenHCf and the clay binder present in the sorbent. This

hypothesis,however,needs to be verified.

I_ ....... i_Illr , .... ' ,,I_ .... _l?,' ' ,, ," p,q,, qr ...... IrIT 111_ '_ ,qlr' pl r,'lql"_'llI '
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i

i
_- No de]eteriouseffect of HCf during 10 cycles of sulfidation-

regenerationon the physical and chemicalpropertiesof the sorbentwasobservedas is evidentfrom Table 2. The particle and pore size
distributionremainedunchanged. XRD patterns taken on the reacted
samples indicatedsome traces of TiCl4 in undetectablysmall amounts.
The attritionresistanceof the sorbentsignificantlyincreasedafter

cycling as indicatedby 14.20_ loss due to attrition for the reacted
material as opposedto 32.2_ for the fresh material. This indicates
that the presenceof chloride does not deteriorateeither the mechanical
strengthor the chemical reactivityof the zinc-titanatesorbents.

! Durir.gthe third quarter of the project,attentionwill be directedto
_i the capabi]ityof the ZT-4 sorbentin desulfurizinga low-Btufuel gas
,| simulatingthe productfrom the U-Gas air-blowncoal-gasifier. The U-

Gas Coal GasificationSystem was developedby IGT in Chicago and is now

being marketedby Tampella, Inc.,of Finland. A second block-setof
• experimentswill be performedsimilarto those describedabove,except

ii the upper level of HCf in the fuel gas will about 800 ppmv. This value

was computedas the highest probableconcentrationof HCf in the product
stream of a "U-Gas"air-blowngasifierfed with an Illinoiscoal having
a 0.6_ chlorinecontent.

]
i
i
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Table 2. Properties of Sorbent Before and After Test

Fresh lO-cyc le rege_erated

Average particle size (#m)a 176_0 175,4

BET surface area (m2/g) 3,53 2,76

Pore size distribution
Mercury pore volume (cc/g) 0,2200 0.2186
Median pore diameter (A) 2157 2436

Attrition resistance b
5-h loss (_.) 32,20 14,20

Zn/Ti ratio (atomic) C 1,52 1.51 d

XRDphasese A mixture of A mixture of Zn_TiO4

Zn2TiO(_ and and Zn2Ti30B
an_F

Zn2Ti38 traces oTTiCl 4

TGA reactivityf 1004 914

Chloride level (ppmw) -0- 367

a Harmonicmean.
b Measured in a 3-hole attritiontester
c Measured using inductivelycoupled plasma (ICP)technique
d XRD phases
e Chemical analysis is being repeated.
f Chemical reactivityin a thermogravimetricreactor (TGR) (expressed

in terms of percentconversion in 120 minutes)
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CONCLUSIONS

The work activity during the second quarter of this project involved the
performance of the first block-series of experiments, this sub-study
evaluating the effect of HCl in the desulfurization of a medium-Btu fuel
gas (simulating the product gas from a "Texaco" entrained-bed, oxygen-
blown gasifier). Two sorbents were examined, one with essentially pure
zinc oxide with 2_ to 34 TiO2 in a suitable binder (labeled ZO-I) and a
second sorbent (labeled ZT-4} containing ZnO and TiO2 in a molar ratio
of 1.5. Both of these sorbent formulations were prepared using RTI's
proprietary granulation technique.

Eleven experiments were performed involving a single sulfidation
reaction of the sorbent, followed by the oxidation-regeneration step.

] In these experiments, the two sorbents were sulfided at two temperatures
(538 and 650 °C) and with three concentrations of HCl in the fuel-gas
stream (0, 200, and 1500 ppmv). Following these single-cycle
experiments,the ZT-4 sorbentwas sulfidedand regeneratedin a lO-cycle
sequenceat 650 °C and with 1500 ppmv HCf in the fuel gas stream. Also
a single cycle testwas conductedwith ZT-4 at 750 °C in Texaco gas
containing 1500 ppm HCf.

Preliminaryresultsindicatedthat excessivezinc vaporizationoccurred
with the ZO-1 formulationat the higher temperaturesas would be
expected. Becauseof this, we do not plan to continue studyingthis
sorbent in this project. Some HCf was adsorbedonto the sorbents during
the sulfidationreactionsat 538 °C; however,no significantHCf
adsorptionwas identifiedat the higher temperatures. Evaluationof the
collectedquantitativeanalyticaldata is now under way to trace the
fate of HCf during each of these sulfidation-regenerationreaction
cycles.

A quick examinationof the experimentaldata indicatesthat, when the
sorbent is exposedto fuel gas containing 1500 ppmv HCf, significantly
less HCI was retainedin the solid sorbentat the highertemperatures
than was absorbed intothe sorbent at the lower temperature,538 °C.
However,when the fuel gas contained 200 ppmv HCl, excessivechloride
retentionswere at both 538 and 650 °C. The cause for this excessive
chloride retentionsat moderate HCf concentrationsis currentlybeing
investigated.

As expected, the ZT-4 zinc titanate sorbentconsistentlyexhibiteda
i prebreakthrough concentration of <20 ppmv despite 1500 ppmv of HCf in

the coal-gas, thus indic,_tingthat chloridedoes not affect the H2S
absorptionby the sorben_o Higher sulfidationtemperaturesled to
faster kinetics suggestinga reaction controlledmechanismfor H2S
absorption. The XRD measurementsof some singlecycle reactedsamples
indicatedthe presenceof TiCl4 phase in trace quantities.

A 10-cyclesulfidation-regenerationsequencewas performed,exposing the
ZT-4 sorbent to sulfidationat 650 °C with 1500 ppmv HCI in the

i_lp " 1 qP ..... _1 ' _r_ M _, _ll I r_' ri_ II,qlil", 'qar' *91r' ,e q, q_l' ' rn_' "rFIHIl_Im' I'iFP:_:,...... p,Ir, p'rlim'_,_ II r 'lW_'' Ta, al-
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simulatedfuel gas. Some operationaldifficultiesoccurredwhen
unexpectedlyhigh corrosion interferedwith the pumpingof the

_ concentratedaqueous HCf solution into the reactorchamber. However,
the multicycle reactionsequencewas completed satisfactorily.
Preliminaryexaminationsof the experimentaldata have not identified
any significantadverseeffectsof the multicycle reactionseither on
the s)rbentphysical structureor upon its desulfurizationcapability.
The H2S breakthroughbehaviorduring 10 cycles of sulfidation-
regenerationremainedessentiallyunchanged. Post-testcharacterization
of the 10 cycle reactedsorbent indicatedno deleteriouschange either
in attritionresistanceor chemical reactivity. In fact, the attrition
resistanceof the sorbenton the reaction increasedsignificantly.
During the 10-cycletest, HCf was permanently absorbedinto zinc
titanatesorbent in the amount of about 300 ppm (byweight). The
principalcause for this absorptionis believed to be the reactionof
HCI with the binder presentin the sorbent. However,this needs to be
furtherinvestigated.

During the thiFd quarter of the project, attentionwill be directed to
the capabilityof the ZT-4 sorbent in desulfurizinga low-Btufuel gas
simulatingthe productfrom the "U-Gas" air-blowncoal gasifier. The

"U-Gas"Coal GasificationSystem was developedby IGT in Chicago,and isnow being marketed by TampeIla,Inc., of Finland. A second block-setof

experimentswill be performedsimilar to those describedabove, except

the upper level of HCl in the fuel g_s will be about 800 ppmv. This
value was computed as the potentialconcentrationof HCf in the product
streamof a "U-Gas"air-blowngasifier fed with an Illinoiscoal having
a 0.6% chlorine content. Also in the third quarter,the searchwork of
literature-reviewsubtaskwill be enlarged to explorepossible HCf
removaltechniquesduring the desulfurizationstep.

!1
I
|
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PROJECTMANAGEMENT REPORT

, December I, 1991, through February29, 1992

Project Title: Desulfurizationof Hot Fuel Gas Produced
from High-ChlorineIllinoisCoals

Principal Investigator: William S. O'Brien
Southern IllinoisUniversityat Carbondale

Co-PrincipalInvestigator:Raghubir P. Gupta
Research TriangleIn_.titute

ProjectManager: Frank I. Honea, CRSC

COMMENTS

The ProjectTasks are on schedule as originallyproposed. The work
activityduring the secondquarter of this project involvedthe
performanceof 12 experimentsin the bench-scclefluidized-bedreactor,
this block-setof experimentsrepresentingthe first of the planned
experimentsin the project (Task 4). This sub-stud,jinvolvedthe
evaluationof the effect of HCf on zinc-titanatesJrbent reactivity
during the desulfurizationof a medium-Btu fuel gas (simulatingthe
project gas from a "Texaco"entrained-bed,oxygen-blowngasifier).
Eleven of these experimentsexamined the r_Fectsof temperatureand Cl
concentrationof the sorbent activities in single sulfudation-
regenerationcycle reactions. The final twelfthexperiment involved
exposing one of the sorbentsto a lO-cyclesequenceof sulfidationand
regenerationreactions.

Some operationdifficultiesoccurred wherlunexpectedlyhigh corrosion
interferedwith the pumpingof the concentrated_queous-HClsolution
into the reactorchamberduring this twelfthmulticycleexperiment.
However, the planned lO-cyclesequence was completedand the objectives
of the experimentwere accomplishedin spite of these operational
probIems.

In the next quarterlyreport,the second block-setof experiments,
examiningthe desulfurizationof a HCf-containinglow-Btufuel gas, will
be discussed. This fuel gas would be typicalof the productof an air-

blown coal gasifierconvertingIllinois coal.
|

I

I

il This project is funded by the U. S. Department Energy by

of (MERC) and the

Illinois Departm _.of Energy and Natural Resourr ' as part of their cost-

shared program.
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COSTS BY QUARTER

Desulfurization Of EIoL k'uei Gas Produced From High-Chorine Illinois Coal

- o- Projected Expenditures

--A- Actual Expenditures

Total CilSC Award: $122,329
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PROJECT MILESTONES

Desulfurization Of Hot Fuel Gas Produced

From High-Chlorine Illinois Coals

A -- I __ -- I IIg III rll|l _ --- I I I I X

B ---ii
C _ "

_D1 _
D2 _ ....-' -'X

D3 ,- '"'" -'-X

E "-41 ---II ---x ---x
e_Vn S O N D J F M A M J J A
Sept 1
1991

Project Milestones:

A. Assessment: Chlorine Behavior In Coal Gas (Task 1)

B. Development Of Experimental Test Plan (Task 2)

C. Modifieat|ons In Existing Test Facility (Task 3)

D. Bench-Scale Testing And Analysis (Task 4)

D1. Experiment Set I: Medium-Btu (Texaco) Fuel Gas

D2. Experiment Set 2: Low-Btu (U-Gas) Fuel Gas

D3. Experiment Set 3: Followup Detailed Mini-Tests

E. Report Preparation And Submittal (Task 5)
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