Bench-Scale Testing of Attrition Resistant Moving Bed Sorbents

James H. Swishejims@siu.edu; 618 453-7324)
E&A Assocates
126 Misty Lake Drive
Murphysboro, IL 62966

Raghubir P. Guptagupta@rti.org; 919 541-8023)
Research Triangle Institute
P.O. Box 12194
Research Triangle Park, NC 27709-2194

Introduction

Integrated Gasification Combined Cycle @G) systems with cold-gas cleanup have now
reached the early stages of commerciatiratiThe foundation for this wascaessful

completion of the CodlVater Coal Gasification Program several years'ago. Destec Energy,
Inc., a subsidiary of Dow Chemical Company, has a plant in operation in Louisiana, and the
Wabash River Plant in Indiana is now starting up. indilar plant based on the Shell gasiftion
technology is operating in the Netherlands.

In two new plants now under construction, the Tamp&tEt Plant in Florida and the Sierra

Pacific Power Plant in Nevada, incorporating hot-gas cleteaimology is desirable.

Unfortunately, some naggingroblems remain with both sulfur sorbent and particle filter
technology that may result in the use of cold-gas, rather than hot-gas, cleanup in these plants.
With sulfur sorbents, the main problems are with mechanical property degradation and/or loss of
sulfur capacity over many sulfidation-regeneration cycles. The sorleeetsing the most

attention are all zinc based. They include various zinc titdoateilations and propetary

materials developed by the U.S. Department of Energy/Morgantown Energgolegy Center
(DOE/METC) staff and the Phillips Petroleum Company.

The investigators on this pegt are now completing their third year &fioet on a superstrong

zinc titanate arbent. Prior to this year, various formulations were prepared andaeadlior

their potential use in fixed- and fluidized-bed hot-gas desulfurization sydfems. A unique
feature, the reason for the high strength, is that the zinatias contained in a matrix of

titanium dioxide. The formulation with the best combination of properties has a starting
composition of 33.5 wt% ZnO and 66.5 wt% TiO . It was prepared from 2 pm oxide powders
and calcined at 1,000C (1,832°F) . Its crush strength is compared to values obtained by prior
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investigators listed in Table 1. It can be seen
that a crush strength of more than six times
that of prior investigators was achieved.

Table 1. Crush Strength Comparisons for
Zinc Titanate Sorbents

A scanning electron micrograph of the sorbent Investigators/ Crush Strength
after a 10-cycle fluidized-bed test is shown in References (Ib/in.)
_Figure 1. 'I_'he relati\(ely coarse oxit_j_e powders Swisher, Yang, and 1,279

in the starting materigdroduce an initial Guptd

network of large pores in the sorbent. During

repeated sulfidadn-regeneration cycles, a Mei, Gasper-Galvin, 97

network of finer pores develops. The conse- Everett, and Katfa
uence of this structural change is that the

ghemical reactivity of theossbengt increases  Avala, Gal, Gupta 69-183
with cycle number. This year, the R&D has  Gyindley 206
focused on General Electric (GE) Company's
moving bed applicatiofor the .
sorbent, and the pellets have been o
made with commercial equipment in’

the pilot plant of United Catalysts, In
(UCI). Details of the chemical com- |
positions and manufacturing proce- =~
dures vill not be discusseddrause a
patent application is being prepared.
should be noted, however, that >
modifications had to be made to the | . &
sorbent to achieve the desired
properties when pellet making was
shifted from the laboratory to the pilot &=
plant, and minor modifations are still ®= . *'§

in progress. P

Objectives

[P

The progct is designed to extend prig
work on the development of azinc [+ §'

titanate srbent containing excess © % R ’
titania for high strength and Figure 1. Scanning electron micrograph (backscatter

decrepitation resistance. The specifiic(,"age) of a specimen after a ten-cycle fluidized-bed
objectives are: test. The dark phase is TiO , and the light phase is

Zn,TiO,,

» Specify properties and procure 3- to 5-mm diten pelletsrom acatalyst maufacturing
company.

« Carry out a 50-cycle test with a reduction-oxidation ement and relatedbent
characterization.



« Initiate tetinology transfeactivities to acquaint potential mafacturers and users of the
sorbent with its properties and potential.

Project Description

The prime contractor in the pewt this year is E&AAssocates. Contractual arrangements were
made for sorbent maradturing with UCI, and for sorbent claaterization and testing with the
Research Triangle Institute (RTI). Several 5dibdnes of pellets wepgroduced by a promtary
extrusion and rollingrocess. The starting materials, calcining temperature, and chemical
composition of the sorbent were varied with the goalatcimng or inproving on the properties
of hand-made pellets studied previously. It is important to mention that the sorbent was
originally developed for desulfurization temperatures in the range of 550 tg0680022 to
1,202°F). For the moving-bed applicati, desulfurizing the coal gas at 482 (900°F), which
could require a minor change in the formulation to impart neesietivity at lower
temperatures, is desirable.

In March, a formulation desigted a3CCI-1 was sedctedfor a multicycle test. The ssdtion

was made on the basis of physical propedtadnd thermogravimetric analysis (TGA)
measurements of chemical reactivity. A schematic drawing of the apparatus useddrytRT |
fixed-bed tests is shown in Figure 2. This test rig has been used extensively for long-term tests
on various sorbents including zinc ferrite, zinc t#en and Z-&b. A simuated Texaco coal gas
representing the GE moving-bed system for the TECO demonstration plant stegdrisr

mixing and preheating metered quantities of individual gases. The composition of the mixture is
listed in Table 2. The H S concentration was made artificially high at 2 vol% (20,000 ppmv) to
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Figure 2. Apparatus used at RTI for multicycle qualification tests



obtain breakthrough in a reasonable
amount of time. Sulfidations were Table 2. Gas Composition for Fixed-Bed Tests
carried out at a total pressure of 20
atm (280 psig) and a ape velocity of

2,000 i+ (STP). Regenerations were Component Concentration (vol%)
carried out in a mixture of 3 vol%,0 CcO 30
and 97 vol% N at a pressure of 7 atm
(88 psig). CG, 10
H, 30

The test on formulation ICCI-1
consisted of 20 sulfidation- N, 18
regeneration cycles. The results led to

a development iteration to strengthen H,O (steam) 20
the material. In April, another H,S 2
multicycle test was started on the
improved formulation, ICCI-2. After
20 cycles, the test was interrupted so
that the reactor could be opened to inspect the pellets. An additional 30 cycles were carried out
in June. This test duration of 50 cycles is preferred by GE in the qualificatiorbehs

materialsfor testing in its moving-bed pilot-plant system.

A considerable effort in the pegt is being made on teology transfer. Emphasis in this task
is on networking with potential rawaterials sppliers, manufacturers, and users of the sorbent
being developed. Numerous organizations have bedaated so far as a part of thi$ost.

Results

Because the resultsr the two formulations subgted to multicycle fixd-bed tests should be
discussed in detail, only brief mention will be made of tlagemials prepared initially. In the
exploratory work, variations were made with rawaterials, binder additions, and calcining
temperatures to try to achieve the physical properties and &&divity desired. One of the
reasons that several attempts were needed was that a transition had to frermtudeuse of
reagent-grade oxide powders to raw materials that coyddifmhased in large quantities at a
reasonable price. The outcome of the exploratory work was #isal of aformulation called
ICCI-1 for in-depth evaluation.

Properties of ICCI-1
Results are shown in Figure 3 for the TGA&ctivities o CCI-1, ICCI-2 (to be discussedter),

and hand-made aterial evaluated previously. The TGA tests were carried &G&8C (1,000

°F) at 1 atm pressure. The gas composition for sulfidation was essentially the same as that given
in Table 2, the only difference being that the H S concentration was 1.2 viéadre 2 vol%.

Note that ICCI-1 was moreactive than the Imal-made raterial. While this result isopd per

se, it raises the question of whether or not mechanical properties were compromised too much in
obtaining the high reactivity.
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Figure 3. TGA reactivities of ICCI-1, ICCI-2, and hand-made material from prior
investigation. °

H,S breakthroughatafor ICCI-1 are plt¢ted in Figure 4. With breaktough defined as 200

ppmv H, S in the exit gas, the breakthrough times ranged from 105 to 144 min with no trend up or
down as the number of cycles increased. It is not understood why breakthrough occurred sooner
in Cycles 5, 6, and 7 than in the others. The average sulfur capacity of the sorbeatechlcul

from the breakthroughada rangedrom about 7 to 9 Ib S/100 Ib fresh sorbent. The important
conclusion to be drawn from the results is that the sorbent did not degradetimity. When

the reactor was opened to inspect the pellets after 20 cycles of testing, some of the pellets near
the inlet end of the reactor containeriface cracks. Pellets near the outlet end showed no signs
of degradation. Bcause this was the first time cracking had ever been observed in 3 years of
research, it was decided to prepare a stronger formulation and restart the 50-cycle test. Before
doing that, however, extensive physical property measurements were made on pellets from both
the inlet and outlet ends of the rearct The results are summarized in Table 3, along with

property dtafor the fresh raterial. The bulk density of the fresh material @88 Ib/ft*.

A comparison of the physical propertstd shows that the fresbrbent and the sample taken

near the gas exit have nearly the same properties. The reason for this is tlzetiz mear the
gas exit did not absorb much sulfur at breakthrough. The sample taken near the gas inlet had
poorer crush strength amadtrition resistance, whichocrelates with the wface cracking that was
observed. The changes in pore etagristics areimilar to those observed fure ? except that

the decreases in percent porosity and pore volume are larger tleameexpPerhaps

regeneration of the sample was incomplete, leavingahes constcted by residual zinc sulfide.
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Figure 4. H S breakthrough results for ICCI-1 sorbent.

Table 3. Physical Property Data oCCI-1 Sorbent Before and After Testing®

20-cycle Regenerated

Property Fresh Near gas inlet Near gas outlet

Average pellet size (mm) 4.45 4.78 4.45
Crush strength (Ib/pellet) 27.3 11.3 32.0
ASTM attrition (%) 1.25 6.7 3.1

BET surface area (m /g) 1.84 3.40 1.84
Mercury pore volume (cin /g) 0.174 0.112 0.172
Median pore diamter (A) 4419 2983 4556
Porosity (%) 44.5 30.4 44.4

% Sorbent in oxidizedtate.




The physical property results on ICCI-1 highlight an important difference between the fixed-bed
test simulation and actuabeditions present in a moving-beshicor. In the atter, suur uptake

is more uniform in the sorbentaterial. Thus, in the fbdbed simulation, the sorbent near the

inlet to the bed is subjected to an overtest. To partiatisectfor this problem, it was decided,

with GE staff approval, to adjust the procedure for future tests. With this change, sulfidation
would be continued to breakthrough in some but not all of the cycles.

ICCI-2

Referring back to Figure 3, the TGA reactivitylGCI-2 is lower than that of ICCI-1. This

decrease was expected and is a consequence of the higher stré@@thaf A fixed-bed test

on ICCI-2 was started in April. Prior to starting the 20-cycle test, a 2-cycle oxidation-reduction
pretreatment witlhydrogen at 500C followed by oxidation in diluted air was used to modify

the pore structure and improve initiabctivity?> The cyclingrrocedure for sulfidation and
regeneration was modified slighty, as mentioned above. Sulfidation to breakthrough was carried
out for cycles 1to 5, 10, 15, and 20. In other cycles, sulfidation was carried out for 75 min,
which was about 20 min less than the time required for breakthrough. This procedeceedorr

in part, for the oversulfiding of the pellets at the inlet end of ¢hetorduring the testing of the
ICCI-1 sorbent.

H,S breakthroughatafor the ICCI-2 sorbent are shown in Figure 5. The breakthrough time can
be seen to improve during the first three cycles as the secondary pore structure developed
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Figure 5. H S breakthrough results for ICCI-2 sorbent.



beyond that which occurred during thetivation pretreatment. Some loss in breekigh time
occurred during cycles 10 to 15, aneeffthat is not presentiynderstood. The same efts can

be seen in Figure 6, where the calculatetlspickup at breakthrough is gted versus cycle
number. When the pellets were inspected after the twentieth solfiddte suidice cracking of
pellets near the inlet end of the reactor was barely noticeable and was much less than with the
ICCI-1 sorbent. A summary of the sorbent's physical properties before and after the test is
provided in Table 4. The freshaterial is in the oxidized state and the tested material is in two
different states of sulfidain, so diect comparisondhwsuld be made with caution. Probably the
only important conclusion that can be drawn from Table 4 is that mechanical property
degradation was much less with the ICCI-2 sorbent than with the IC@tdrial. If one
extrapolates the attrition loss data to 50 cycles, assuming a linear changghtthe bed and a
linear change with cycle number, the result is an average attrition 16skbéb over 50 cycles.

The goal set by GE is 5%, so th&ta appeapromising. Thus, the effort to strengthen the pellets
produced the desired result, andedtér compromise was reached between mechanical
properties and chemicaactivity. While thigorogress is encouraging, the investigators feel that
further improvements are possibledause theroperties of the ICCI-2 sorbent arél siot quite

as good as those obtained with hand-made pellets. In view of promising performance of the
ICCI-2 test during the 20-cycle test, authorization was given to continue the test for another 30
cycles. This effort is funded by a budget supplement provided by DOE/METC.

Because of thprogress being made, a special task was included in this yearaot amtr
technology transfer. A list of many of the organizationd@cted is given in Table 5. Of the

S-pickup (Ib S/t of sorbent)

0 | | :
0 5 10 15 20
Cycle Number

Figure 6. Calculated sulfur capacity of ICCI-2 sorbent.



Table 4. Physical Property Data on théCCI-2 Sorbent Before and After Testing

After 20" sulfidation

Method Fresh Near gas inlet Near gas outlet
Average pellet size (mm) 4.05 3.75 3.69
Bulk density (Ib/ft ) 93.2 102.0 98.1
Crush strength (Ib/pellet) 304 22.1 18.5
ASTM attrition (%) 1.9 4.0 2.8
BET surface area (i /g) 1.11 2.52 1.63
Mercury pore volume (cfn /g) 0.159 0.102 0.139
Median pore diamter (A) 6458 4829 6116
Porosity (%) 42.0 29.0 38.0
Sulfur (wt%} 0.0 8.5 3.8

2 TGA measurement

potential sorbent manac€turers, only
UCI showed an interest in making
materialfor evaluation tests,
presumably because there is no
assured market for IGCC sorbents as Catalyst
yet. The response from potential users
and other organizations was more
enthusiastic. They realize that all the
technology problems are not solved

and that cold-gas cleanup may
continue to be used. However, there
appears to be a consensus that hot-gas

Table 5. Technology Transfer Contacts

United Catalysts, Norton,

manufacturers  Degussa

Potential user General Electric, Kellogg,
Destec, Public Service of

Colorado

Raw materials Total of 12 potential

cleanup has sufficient promise that ~ SuPpliers suppliers of ZnO, Ti@ , and
additional R&D is justifed. binders
Others EPRI, Parsons Power

The part of the technology transfer
task on materialsuppliers proved to

Group, TDA Research,
Phillips Petroleum

be critically important because the
properties of the sorbent depend on
the choice of raw materials.

Therefore, the identity of any information obtained from these compaili@®wbe published at



this time. Samples from several companies were atedand one of them prepared a new
grade of powder for our possible use.

Benefits

The market potential for IGCC systems in the long term is enormous. In 1993, D@&gxutoj
that IGCC plants may produce as much as 130 G\Weofraity in the yeaR040? This power
estimate orresponds to 1.aillion tons/day of coal consumpti, much of which would be high-
sulfur bituminous coal. A clear description of egfed benefits of IGCC systems wapmessed
by Feibus et & In their words,

One of the most fundamental and important advantages exhibited by the IGCC
power plant over direct combustion systems is thigyabf the plant to control

sulfur emissions to any extenécessary at a reasonable cost. The penalties
imposed by the IGCC system, as a result of increasing the level of sulfur removal
from 90 to 99.5, are a loss in efficiency of 1.3%, an increase in the capital cost of
3.5%, an increase in the#t rate ofl.5%, and an increase in the levelized cost of
electricity 0f2.6%.

These values were calculatied early plant designs with cold-gas rather than hot-gas
desulfurization. The impation is that high-stur bituminous coal can be used in IGCC systems
at an affordable cost.

With successful development of hot-gas desulfurizatit@®0)) technology, the efficiency of

IGCC systems can be increased by 2% to 3%. There is an ongoatg delthe optimum
temperature for desulfurization. The undesirablea$f of destlirizing at temperatures above

500 or 600°C lie mainly in the affordality and technology readiness of valves, particle filters,

and materials of construoti. In a ecent rport by Buchanan et al., the e€t of desuurization
temperature on the total cost of producing power from IGCC plants was andlyzed. While there
did not seem to be a significant direct effect, there may be indirect benefits of using a high
temperature related to lower emissions, less solid waste, etc.

There are three IGCC plants in the United States in operation or in the final stages of
constructionthe Wabash River, Tampa Electric, and Sierra Pacific Plants. Now in operation,
the Wabash River Plant, with cold-gas cleanup, repowers an dity faith an efficiency gain

from about 31% to 38% and an increase in power output of 150%. When the Tactpia El

Plant goes online later this year, ithwse 1,900 tons/day of bituminous coal. If the sorbent
being developed here were to be used in the three plants mentioned above, apglsoxim
150,000 tons/year of the sorbent would be needed.

Future Activities

Under a separate contrdoam the llinois Clean Coal Institute, a 14,000 Ib lot of sorbeiiitlve
produced. Small but important changes in preparation procedures are being made to further



improve properties. It is hoped that thaterial wil be tested in GE's moving-bed pilot plant
later this year.
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