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Executive Summary

A series of tests were undertaken from August 6, 1992 through .
July 6, 1993 at METC's High Pressure Bench-Scale Hot Gas
Desulfurization Unit to support a Cooperative Research and
Development Agreement (CRADA) between METC’s Sorbent Development
Cluster and M. W. Kellogg. The M. W. Kellogg Company is
currently developing a commercial offering of a hot gas clean-up
system to be used in Integrated Gasification Combined Cycle
(IGCC) systems. The intent of the CRADA agreement was to
identify a suitable zinc-based desulfurization sorbent for the
Sierra Pacific Power Company Clean Coal Technology Project, to
identify optimum operating conditions for the sorbent, and to
estimate potential sorbent loss per year.

Task 1 of the CRADA agreement was to conduct fixed-bed zinc
titanate sorbent testing. The results of Task 1 testing are
presented in this report. A comprehensive summary of the detailed
chemical and physical analysis of samples of the fresh and
reacted zinc titanate sorbent are presented in the report
entitled "Characterization of Molybdenum-Containing Zinc Titanate
after Sulfidation and Regeneration", by Ranjani V. Siriwardane,
James A. Poston, and Grover Evans of the U. S. Department of
Energy/ Morgantown Energy Technology Center and C. Elaine Everitt
of EG&G Technical Services of West Virginia.

Task 2 of the CRADA was to conduct fixed-bed zinc ferrite sorbent
testing. The results of Task 2 are reported in the Topical
Report number 3FHP-R94-002, entitled "Data Summary Report for M.
W. Kellogg Zinc Ferrite Test ZFMC-01", by C. Elaine Everitt and
Steven J. Monaco of EG&G Technical Services of West Virginia.

Task 3 of the CRADA was to conduct fixed-bed testing using
Phillips Petroleum’s Z-Sorb III sorbent. The results of Task 3
are presented in the Topical Report Number 3FHP-R94-003, entitled
"Data Summary Report for M. W. Kellogg Z-Sorb Tests, Z-Sorb-01,
Z-Sorb-02, and Z-Sorb-03", by C. Elaine Everitt and Steven J.
Monaco of EG&G Technical Services of West Virginia.

The United Catalysts, Inc. molybdenum-promoted zinc titanate, T-
2535M sorbent was selected for this series of tests. This ’
sorbent, which was originally developed for the GE moving-bed
process, was in the form of 5 mm ellipsoids. The zinc to
titanium molar ratio for this formulation was 2:1. Seven half
cycle scoping tests and five multi-cycle tests were completed.
Sorbent bed temperature and linear velocity were varied for the
scoping tests. System pressure was fixed at 1030 kPa (150 psia)
for sulfidation test phases and 446 kPa (50 psig) for most
regeneration test phases. The results of those tests were to be
utilized to select the optimum conditions for a multi-cycle test.
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Signs of sorbent decrepitation were seen after the first multi-
cycle test. As a result, several multi-cycle tests were run.
Temperature and gas composition were varied in an attempt to
isolate the cause of sorbent spalling.
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1.0 Introduction

This report summarizes the data gathered for a zinc titanate test
series which was conducted at the Morgantown Energy Technology
Center’s (METC) High Pressure Bench-Scale Hot Gas Desulfurization
Unit between September 3, 1992 and January 27, 1993. The test
series was conducted as part of a cooperative research and
development agreement (CRADA) between METC and the M. W. Kellogg
Company. M. W. Kellogg is involved in the design of a hot gas
cleanup train for the integrated gasification combined-cycle ,
(IGCC) clean coal project being developed by Sierra Pacific Power'
Company. In the conceptual stages, a fixed bed operation was
envisioned for the hot gas desulfurization system. As such, it
was desired by METC and Kellogg to generate experimental data
from a bench-scale fixed bed reactor for zinc-based
desulfurization sorbents. Because of the relatively large steam
requirement of the zinc ferrite sorbent system and the expected
durability of zinc titanate, Kellogg had wanted to consider zinc
titanate as an alternative to zinc ferrite. The experimental
data necessary for direct comparison and selection between the
two sorbents had not been generated. Thus the CRADA agreement
was established to generate that data.

Testing was conducted at METC’s High Pressure Bench-Scale Hot Gas
Desulfurization Unit. Figure 1 is a simplified process flow
diagram of the High Pressure Bench-Scale test facility. The
reactor was constructed of a 3-inch diameter by five feet long
Incoloy 800 H alloy steel shell. Inside the 3-inch shell was a
removable, 2-inch diameter by 30-inch long 316 stainless steel
cage for easy loading and unloading of the sorbent. The sorbent
cage was suspended from the top flange of the Incoloy 800 H
reactor shell. A gas distributor was fixed at the bottom of the
cage to support the sorbent. The inside of the sorbent cage was
Alon-processed to prevent corrosion of stainless steel by sulfur
gases in the presence of steam. The reactor was housed inside a
three-zone furnace equipped with separate temperature controllers
for each zone. A thermowell extended from the bottom of the
pressure vessel, axial to the sorbent bed. Figure 2 illustrates
the location of the thermowell and thermocouples in the reactor.
The high pressure HGD reactor system used bottled gases, house
air and nitrogen, and distilled water to make up the simulated
coal gas. Oxidizing and reducing gas feed systems were separated
and have multiple shut-off valves and in-line check valves to
prevent inadvertent mixing of feed gases. The delivery pressures
to the system for inlet gas components, excluding water, were
controlled with pressure regulators, and metered to the desired
flow rate using a set of mass flow controllers. Water to the
system was supplied with a Milton Roy metering pump (tests 2ZTSC-
01 through ZTSC-04) or, in subsequent tests, an Isco, Inc. dual
syringe pump system. The process water was preheated using a
small boiler and then fed to the process gas preheater along with
the other gases. If hydrogen sulfide was being used, it was

1




added to the bulk gas stream after the preheater to avoid added
corrosion to the preheater. During sulfidations, the heated gas
stream entered the top of the reactor vessel and flowed down
through the sorbent bed, exiting from the bottom of the reactor
vessel. Regenerations were performed in the opposite direction.
Condensate was collected in a two-level knock out pot system.
The pots were set up such that the second pot can be
depressurized independent of the first pot to allow for safe
dumping of the condensate. Following the knock out pots, a
filter was located in the line to capture any entrained moisture
or particulates prior to the exit flow meters and pressure
reduction valves. ,The exit gas was passed through a final fixed
bed- absorber of zinc oxide to remove any hydrogen sulfide
remaining in the exit gas before being vented to the atmosphere.

To determine the performance of the sorbent under specific test
condltlons, small slip streams of the inlet and exit gases were

sampled in a vented sampling chamber with portions being fed to

an on line mass spectrometer. In addltlon, the outlet H,S and
SO, concentrations were also monitored using detector tubes
during sulfidation and regeneration respectlvely.,
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Figure 2:

Reactor Schematic
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2.0 Test Plan Summary

The objective of: the zinc titanate test series .was to (1) select
optimum operating conditions for the selected sorbent and (2) to
evaluate the sorbent’s durability, reactivity, and sulfur
capacity at the selected temperature and flow conditions over
multiple sulfidation-regeneration cycles. The zinc titanate
sorbent was manufactured by United Catalysts, Inc. and provided
to METC by GE. The ellipsoid-shaped sorbent pellets had been
manufactured specifically for GE’s moving bed process. Sorbent
characteristics, which were provided with the fresh sorbent, are
detailed in Table 2.1.

Table 2.1: Fresh Sorbent Characteristics

ZINC TITANATE
United Catalysts, Inc. T-2535M
(GE designation L-3787M)

Pellet Diameter 5 mm
Shape Ellipsoidal
Zn/Ti Molar Ratio 1.91
Additives

Bentonite, Wt % 3

MoO,, Wt % 2.37
Calcination Temperature > 760 °C
Bulk Density 1.59 g/cc. f
Median Pore Diameter 6688 A
Specific Pore Volume . 0.21 cc/g
Crush Strength 87.2 N/pellet

Planned test conditions are presented in Table 2.2. The
nomenclature used for numbering test phases is the test number
followed by an "S" or and "R", to indicated a sulfidation or a
regeneration test phase, and a number to (i.e., 1,2,3, etc) to
indicate the cycle number. ZTSC means zinc titanate single cycle
and ZTMC means zinc titanate multi-cycle.
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3.0 Operations Summary

Test operations for the investigation of the United Catalysts,
Inc. T-2535M zinc titanate sorbent commenced on September 3,
1992. The test series consisted of seven half-cycle scoping
tests and five multi-cycle tests. Test ZTSC-07 was originally
planned to be a single cycle test, but was extended into a three
cycle test. Test durations, sorbent masses loaded for each test,
and the actual average test conditions are presented in Table
3.1. Flow controller set-point data, temperature data and
pressure data were monitored continuously by DDAS, a personal
computer-based automatic data acquisition system. Data were
collected by the system at rates.of 10-30 scans per minute
depending on the test (e.g., slower rates were utilized for long
tests). Inlet gas compositions are based on the flow controller
set-points and corrected with flow proving regression curves.
Appendix A presents data acquisition plots showing trends for the
mass flow controllers for the duration of the test. Although
only the average and maximum temperatures are presented below,
temperature profile plots which illustrate the temperature
history during testing are presented in Appendix B. Appendix C
presents the system pressure history and Appendix D the
differential pressure across the reactor.
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4.0 Test Data Summary

4.1 Gag Analysis ' ‘ Lo s o - '

During testing, the gas stream was sampled both from the inlet of
the reactor and at the reactor outlet. The inlet gas samples
were taken to verify that the individual gases were mixed in
proper proportions. The outlet gas samples were collected to
provide an indication of the sorbent efficiency.

The gas sampling was conducted with detector tubes, for a quick
indication of sulfur level in the gas stream, and gas grab
samples collected to allow for determination of the composition
of major gas species along with sulfur species. Gas samples were
collected in 250 cc glass bottles as a dry gas after the gas was
cooled to knock out moisture/condensate.

4.1.1 Gas Grab Analysis by Laboratory Gas Chromatograph

Gas grab samples were analyzed by laboratory gas
chromatograph (GC) analysis. The gas was analyzed for both
major components (H,, CO, CO,, N,, CH,, 0,) and sulfur species
(H,S, COS, SO,). GCs were calibrated daily to + 1% using
certified standards. The results for each grab sample are
presented in Appendix E. The averages (arithmetic means)
for each test phase are presented in Table 4.1. The results
are presented normalized to a 100% total basis. The results
are normalized to 100% because it is assumed that the
species which are analyzed for consist of 100% of the
contents of a given sample. This assumption is valid based
on a knowledge the possible reaction chemistry given the
feed gas composition and the test conditions.
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4.1.2 Detector Tube Analysis

Detector tube sampling was performed during each test for
determination of hydrogen sulfide during sulfidation test
phases and sulfur dioxide during regeneration test phases.
Detector tube measurements are only estimates of the actual
concentration of the specie in the dry gas and are used
primarily as an indicator for the completion of a test as
defined in the test operations plan. Gastec detector tubes
have a reported accuracy of * 25% full scale. The detector
tube observations for each test are reported in Appendix F.

4.1.3 Sulfur Species Trends '

The detector tube indicated levels of hydrogen sulfide
during sulfidation and sulfur dioxide during regeneration
test phases have been plotted versus cumulative time on
stream for the various tests. The plots are presented on
the following pages. The reducing power presented on some
of the graphs is defined as follows:

[CO] + [H,]

Reducing Power =
¢ [Co,T + [H,0]
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4.2 Condensate Analysis

Condensate samples collected from the project during testing were
analyzed for metals by Flame Atomic Absorption (AA). The
instrument used was a Perkin-Elmer Model 5000 Atomic Absorption
Spectrophotometer. The expected accuracy of the method is 1%
relative to the concentration and the expected precision 0.5%
relative to the concentration. Potassium sulfate is added to the
condensate samples to eliminate interferences among zinc,
titanium and molybdenum. Hydrochloric acid is added to dissolve
any constituents which may have come out of solution. As a
quality assurance method, each analysis is instrumentally
integrated in triplicate.

The presence of metals in the condensate is an indication of
metals depletion from the sorbent during testing. For those
tests in which chloride was introduced into the inlet gas stream,
the condensate was analyzed for chloride using a Dionex Ion ’
Chromatograph. Condensates were also analyzed for sulfur, using
a Dionex Ion Chromatograph, for the purposes of performing a
sulfur balance around the system.
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4.3 Solid Analysis

The sorbent was removed from the reactor at the completion of
each test and also at 'specified jintervals of the multi-cycle &
tests. When the sorbent was removed after a particular test
phase of the multi-cycle tests, 15 gram samples were retained
from the top, middle, and bottom of the reactor and the remaining
sorbent was returned to the reactor for continued testing. For
all tests except test number ZTMC0l, the sorbent was removed from
the reactor by vacuum. At the completion of test ZTMCO01l, the
sorbent was poured from the sorbent cage so that it could be
determined whether sorbent spalling might have been avoided by
pouring, i.e. causing less sorbent attrition to occur. The solid
samples were analyzed for various chemical and physical
properties. The results of the analyses are reported here.

.

4.3.1 Crush Strength

Crush strength analyses were performed on samples of the
fresh and the reacted zinc titanate sorbent. The analysis
consists of crushing pellets using a Chatillion Model LTC
apparatus. The reported averages in table 4.4 are for
fifteen pellets.
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Table 4.4:

Crush Strength Analysis

Median Average Standard

SAMPLE Location | N/pellet N/pellet Deviation
Fresh - 63.2 99.4 64.9

. ZTSC01-S1-Bl Top 52.9 56.0 17.8.
ZTSC01-S1-B8 Bottom 71.6 78.3 31.1
ZTSC02-S1-B1 Top 52.0 63.2 37.4
ZTSC02-S1-B8 -Bottom 91.2 103.2 31.1
 ZTSC03-S1-Bl1 Top 65.8 69.8 27.6
ZTSC03-S1-B8 Bottom 60.5 80.5 66.7
ZTSC04-S1-Bl Top 70.7 79.2 38.7
ZTSC04-S1-B8 Bottom .59.2 62.3 25.4
ZTSC05-51-B1 Top 72.9 81.0 28.0
ZTSC05-S1-B8 Bottom 92.1 98.3 29.4
ZTSC06-S1-Bl Top 91.6 106.3 60.5
ZTSC06-51-B8 Bottom 78.3 ____91.6 32.3
ZTSCO?—Réiél Top 30.7 - 48.9 62.3
ZTSC07-R3-B7 Bottom 34.3 44.5 32.0
ZTMC01-S4-B1 Top 57.8 57.8 35.6
ZTMC01-S4-B8 Bottom 66.7 62.3 20.9
ZTMC02-R3-B1 Top 44.5 62.3 47.6
ZTMC02~-R3-B8 Bottom 75.6 66.7 27.6
ZTMC03-R4-Bl Top 80.1 89.0 48.9
ZTMCO03-R4-B8 Bottom 93.4 89.0 35.6
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4.3.2 Sulfur Analysis

Sulfur analysis of the solid samples was performed to assess
the absorptive capabilities of the sorbent. Sulfate I
analysis of regenerated samples was also performed since
sulfate formation is known to inhibit the sorbent’s
performance.

Total sulfur analyses were performed by EG&G utilizing a
LECO Model SC-32 Total Sulfur Analyzer instrument. A 1 gram
sample was combusted at approximately 2500 °F in an oxygen
atmosphere in which the sulfur was oxidized to sulfur
dioxide. The SO, gas was measured by a solid state infrared
detector and total sulfur results were formulated by a
microprocessor. Standard samples containing precisely known
amounts of sulfur were analyzed daily to ensure proper
instrument operation. Expected accuracy and precision were
+ 0.05% of the total sulfur value. The results are reported
in Table 4.5.

Selected samples were sent to Galbraith Laboratories, Inc.
to perform total sulfur, sulfate sulfur, sulfide sulfur, and
sulfite sulfur analyses. Total sulfur was performed on a
LECO Model SC-432 DR Sulfur Analyzer instrument (ASTM D4239-
83). Sulfate sulfur was determined using a Dionex Model
10/14 Ion Chromatograph (ANSI/ASTM C791-79). Sulfide sulfur
and sulfite sulfur were determined by volumetric methods
(i.e., titration).
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4.3.3 Total Carbon Analysis

Solid samples were analyzed .to determine .whether, or not 4
carbon deposition had taken place. Analyses were performed

by the on-site EG&G Analytical Laboratory using an UIC Model
5020 Total Carbon apparatus.

Table 4.6: Sorbent Carbon Analysis

' EG&G
Sample Number Laboratory C

ID Number %
Fresh 42458 0.04
ZTSC01-S1-Bl 42466 0.12
ZTSC01-S1-B5 42467 0.04
ZTSC01-S1-B8 42468 0.04
ZTSC02-S1-Bl1 42470 0.08
ZTSC02-S1-B5 42471 0.08
ZTSC02-S1-B8 42472 0.08
ZTSC03-S1-Bl 42474 0.05
ZTSC03-S1-B5 42475 0.05
ZTSC03-S1-B8 42476 0.05
ZTSC04-S1-B1 42478 0.05
ZTSC04-S1-B5 42479 .0.07
ZTSC04-S1-B8 42480 0.08
ZTSC05-S1-Bl 42505 0.03
ZTSC05-S1-B5 42506 0.02
ZTSC05-S1-B8 42507 | < 0.01
ZTSC06-S1-B1 42516 0.08
ZTSC06-S1-B5 42517 0.06
ZTSC06-S1-B8 42518 0.04
ZTSC07~-R1-TOP 42525 - 0.06
ZTSC07-R1-MIDDLE 42526 0.04
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EG&G
Sample Number Laboratory
ID Number
ZTSC07-R1-BOTTOM 42527 0.02
ZTSC07-S3-B1 42539 0.09
ZTSC07-S3-B2 42540 0.12
ZTSC07-S3-B3 42541 0.07
ZTSC07-R3-B1 42545 0.04
ZTSC07-R3-B4 42546 0.06
ZTSC07-R3-B7 42547 0.04
ZTMC01-S4-B1 42598 0.06 |
ZTMC01-S4-B2 42599 0.09
ZTMC01-S4-B3 42600 0.06
ZTMC01-S4-B4 42601 0.04
ZTMCO01-S4-B5 42602 0.04
ZTMCO1-S4-B6 42603 0.06
ZTMC01-S4-B7 42604 0.14
ZTMC01-S4-B8 42605 0.08
ZTMC02-R1-B1 42588 0.04
ZTMC02-R1-B2 42589 0.02
ZTMC02-R1-B3 42590 0.02
ZTMC02~S3~B1 42606 0.04
ZTMC02-S3-B2 42607 0.04
ZTMC02-S3-B3 42608 0.06
ZTMC02-R3-B1 ' 42632 0.02
ZTMC02-R3-B5 42633 0.04
ZTMC02-R3-B8 42634 . 0.02
ZTMC03-R4-B1 42680 -
ZTMC03-R4-B8 42681 - |
ZTMC04-S3-B1 42926 0.05
42970
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EG&G

Sample Number Laboratory
ID Number
ZTMC04-S3-B8 42927 0.04
42969 .
ZTSC08-S1-B1l 42967 -

ZTSC08-S1-B8 42968 - "

4.3.4 Bulk Elemental Analysis

Samples collected from the top, middle, and bottom of the
sorbent bed were analyzed for zinc, titanium, and molybdenum
content by bulk techniques. Total zinc and molybdenum
determinations were made by atomic absorption spectroscopy.
Analyses were performed by the EG&G Analytical Laboratory.
The instrument utilized was a Perkin Elmer Model 5000 Atomic
Absorption Spectrophotometer. The expected accuracy is + 1%
of the reported value. The expected precision is * 0.5% .
relative error.

Titanium analyses were made by utilizing Inductively Coupled
Plasma (ICP) instrumentation. Titanium analyses were
performed by Galbraith Laboratories, Inc. The expected
accuracy is * 1% of the reported value. A fresh sorbent
sample was also analyzed by ICP for Zn and Mo. The results
were Zn = 51.50% and Mo = 1.61%. ) ‘

Several of the ceramic heat transfer spheres located below
the sorbent cage were removed after test number ZTMCO03. Two
different methods were used to determine if zinc had been
deposited on the spheres: (Method 1)- A 0.5 gram sample of
the spheres were placed in 25 ml of hydrochloric acid and
boiled for 5-10 minutes. The leachate was diluted to 100 ml
and analyzed by atomic absorption. 754 ppm of zinc was
detected. (Method 2)- A 0.5 g sample of ground spheres
were placed in 25 ml of hydrochloric acid. The mixture was
boiled for 5-10 minutes. The solution was diluted to 100 ml
and analyzed by atomic absorption. 1.08% by weight zinc was
detected.

Whereas new ceramic spheres were placed in the vessel prior

to the Kellogg test series, both methods indicated that some
zinc had left the sorbent and captured on the ceramic.
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Table 4.7: Sorbent Elemental Analyses
EG&G Weight % "
Sample Number Laboratory | Location
ID Number Zn Ti Mo |
Fresh 42458 - 51.7 | 18.24 | 1.62
ZTSC01-S1-B1l 42466 Top 45.1 | 17.3 | 1.24
ZTSC01-S1-B5 42467 Middle 47.9 - 1.20
ZTSC01-S1-B8 42468 Bottom 46.4 - 1.18
ZTSC02-S1-B1l 42470 Top 45.1 | 17.0 | 1.24
ZTSC02-S1-B5 42471 "Middle | 47.9 - 1.20
ZTSC02-S1-B8 42472 Bottom 48.0 - 1.22
ZTSC03-S1-B1l 42474 Top 51.2 | 17.1 | 1.18
ZTSC03-S1-B5 42475 Middle 49.8 - 1.28
ZTSC03-S1-B8 42476 Bottom 50.9 - 1.19
ZTSC04-S1-Bl 42478 Top 49.8 | 17.0 | 1.21
ZTSC04-S1-B5 42479 Middle 49.8 - 1.28
ZTSC04-S1-B8 42480 Bottom 51.0 - 1.24
ZTSC05-S1-B1l 42505 Top 49.0 | 17.3 | 1.38
ZTSC05-S1-B5 42506 Middle 49.8 - 1.33
ZTSC05-S1-B8 42507 Bottom 50.0 - 1.42
ZTSC06-S1-B1 42516 Top 48.9 | 17.0 [ 1.25
ZTSC06-S1-B5 42517 Middle | 48.8 - 1.33
ZTSC06-S1-B8 42518 Bottom 49.4 - 1.29
ZTSC07-S3-B1l 42539 Top 46.9 | 16.0 | 1.19
ZTSC07-S3-B2 42540 Middle 45.1 - 1.28
ZTSC07-S3-B3 42541 Bottom | 48.2 - 1.08
ZTSC07-R3-B1 42545 Top 50.4 | 17.7 | 1.39
ZTSC07-R3-B4 42546 Middle .| 50.5 - 1.36
ZTSC07-R3-B7 42547 Bottom 49.9 | 17.7 | 1.37
ZTMC01-S4-B1 42598 Top 46.5 | 16.3 | 1.29
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+ Sample Number

EG&G

Weight %

Laboratory | Location
. ID Number - 1 Zn | Ti | Mo I

2TMC01-S4-B5 42602 Middle | 47.2 - 1.27 |
ZTMCO1-S4-B8 42605 Bottom | 48.6 | 17.5 | 1.28
ZTMC02-R1-B1 42588 Top - 17.7 -
ZTMC02-R1-B2 42589 Middle | 46.8 - -
ZTMC02-R1-B3 42590 Bottom - 17.0 -
ZTMC02-53-B1 42606 Top 47.5 | 17.1 | 1.42
ZTMC02-S3 ~B2 42607 Middle | 49.9 - 1.38
ZTMC02-S3-B3 42608 Bottom | 46.3 - 1.34 |
ZTMC02-R3-B1 42632 Top 50.0 | 17.8 | 1.35
ZTMC02-R3-B5 42633 Middle - - 1.37
7TMC02-R3-B8 42634 Bottom | 48.7 | 17.7 | 1.33
ZTMCO03-R4-B1 42680 Top 50.9 | 17.7 | 1.81
2TMC03 -R4-B8 42681 Bottom | 51.0 | 17.7 | 1.73
ZTMC04-S3-B1 42926 Top 54.2 | 17.8 | 1.75
42970
ZTMC04-S3~B8 42927 Bottom | 53.7 | 17.9 | 1.76
42969
2TSC08-S1-B1 42967 Top 51.6 | 17.3 | 1.74
ZTSC08-S1-B8 42968 Bottom | 51.7 | 17.6 | 1.84 |
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4.3.5 Chloride Analysis

Chloride was introduced to the sorbent bed as a component of
the gas stream during test number ZTMCO0l. Chloride analyses
were performed on three fractions of the sorbent bed at the
conclusion of the test to determine whether or not the
chloride was absorbed by the sorbent.

Chloride analyses were performed by Galbraith Laboratories,
Inc. utilizing a MCI TOX-10 Analyzer instrument. Their
method procedure number ME-8B describes the technique.
Samples were combusted in an oxygen atmosphere at 800 to 900
°C. Determination of chloride was achieved by
microcoulometric cell trapping and titration of the
combustion gases. However, this technique has reported
interferences with extremely high levels of sulfur and the
results should be considered with this in mind.

Table 4.8: Sorbent Chloride Analysis

Sample Number Location EG&G Chloride
) Laboratory (ppmw)
ID Number

Fresh 42458 16
7TMC01-S4-B1 Top 42598 193
ZTMC01-S4-B5 Middle 42602 311
ZTMC01-S4-B8 - Bottom 42605 348
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4.3.6 Helium Density

The helium density for a sorbent sample is defined as the

weight of the sample divided by the volume of helium that it
Since helium is the smallest atom available, it
has the best possibility of penetrating all of the pores in

displaces.

the solid.

Hence, the helium density would be closest to
the true density (i.e., skeletal density) of the solid.

The

measured helium densities are used for calculating the small
pore porosity (as determined by nitrogen adsorption) of the
sorbent fractions.

Table 4.9:

Sorbent Helium Density

EG&G Helium

Sample Number Laboratory | Density

ID Number (g/cc)

Fresh 42458 - 5.07
2TSC01-S1-B1 42466 1.60 |
ZTSC01-S1-B5 42467 4.75 "
ZTSC01-S1-B8 42468 4.82 "
ZTSC02-51-B1 42470 4.54 |
Z2TSC02-S1-B5 42471 4.73

ZTSC02-S1-B8 42472 1.82 |
ZTSC03-S1-B1l 42474 4.44 |
ZTSC03-S1-B5 42475 4.58 "
ZTSC03-S1-B8 42476 1.64 |
ZTSC04-S1-Bl 42478 4.39 |
ZTSC04-S1-B5 42479 1.56 |
ZTSC04-S1-B8 42480 4.63 I
ZTSC05-s1-B1 42505 4.55 I
ZTSC05-S1-B5 42506 4.67 "
ZTSC05-S1-B8 42507 2.74 |
ZTSC06-S1-Bl 42516 3.98 "
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Sample Number

EG&G

Laboratory

ID Number

Helium
Density
(g/cc)

ZTSC06-S1-B5 42517 4.16
ZTSCO6-S1-B8 42518 4.40

| zTsco7-r3-TOP 42545 5.04
ZTSC07-R3~MIDDLE 42546 5.08
ZTSC07-R3 -BOTTOM 42547 5.17
ZTMCO1-S4-B1 42598 4.21
ZTMCO1-S4-B2 42599 4.20
ZTMC01-S4-B3 42600 4.33
ZTMCO1-S4-B4 42601 4.41
ZTMC01-S4-B5 42602 4.48
ZTMCO1-S4-B6 42603 4.56
ZTMCO1-S4-B7 42604 - 4.63
ZTMCO1-S4-B8 42605 4.64
ZTMC02-S3-B1 42606 4.05
ZTMC02-S3-B2 42607 4.31
ZTMC02-S3-B3 42608 4.32
ZTMC02-R3-B1 42632 4.96
ZTMC02-R3-B5 42633 5.00
ZTMC02~R3-B8 42634 5.00 |
ZTMC03-R4-B1 42680 -
ZTMC03-R4-B8 42681 - “
ZTMC04-S3~B1 42926 4.24

42970
ZTMC04-S3-B8 42927 4.30
42969

ZTSC08-S1-B1 42967 -
ZTSC08-S1-B8 42968 -
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4.3.7 Nitrogen and Krypton Adsorption

Krypton surface area analyses were performed on solid"
samples in accordance with ASTM method D4780-88 at Galbraith
Laboratories, Inc. This test method covers the
determination of the specific surface area of catalysts in
the range from 0.05 to 10 m?/g via krypton adsorption. A
volumetric measuring system is used to obtain at least three
points which fit on the linear BET line. The krypton
surface area is considered more accurate that the nitrogen
BET surface area for the surface areas.

Nitrogen surface areas were likewise performed for selected
solid samples. Nitrogen adsorption isotherms were generated
at the EG&G Analytical Laboratory utilizing the
Micromeritics Digisorb 2600 apparatus. Pore volume and pore
area distributions up to a pore size of 600 angstroms were
provided. The pore volume data and helium densities have
been utilized to compute a small pore porosity, where the
total small pore porosity can be computed from the equation:

He Density x Total Pore Volume

. x 100
1 + (He Density X Total Pore vVolume)

Porosity =

The pore volumes, porosities, and B.E.T. surface areas- for
the fresh and the reacted sorbent are tabulated in Table
4.10.

Table 4.10: Sorbent Krypton and Nitrogen Adsorption

KRYPTON NITROGEN
EG&G ADSORPTION ADSORPTION
Sample Number Laboratory
ID Number BET Surface BET Surface Total Pore Calculated
Area Area Volume Porosity

(m?/g) (m?/g) (cc/g) (%)
Fresh 42458 0.8518 1.4141 0.002291 1.15
ZTSC01-S1~B1l 42466 1.0930 2.4430 0.007071 3.15
ZTSC01-S1-B5 42467 1.2186 0.7750 0.002003 0.94
Z2TSC01-S1-B8 42468 0.8348 1.6460 0.003404 1.61
Z2TSC02~S1-B1l 42470 1.3516 2.7051 0.008303 3.63
2T75C02-S1-B5 42471 1.3944 1.3305 0.002900 1.35
ZTSC02-51-B8 42472 1.4821 1.8504 0.003189 1.51
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Sample Number

EG&G
Laboratory
ID Number

KRYPTON
ADSORPTION

NITROGEN
ADSORPTION

BET Surface
.Area
(r?/g)

BET Surface’

Area
(m?/g)

Total Pore
Volume
(ce/g)

Calculated
Porosity

(%)

ZTSC03-S1-Bl 42474 ~1.6912 2.1856 0.005698 2.47
" ZTSC03-S1-B5 42475 0.9938 1.6428 0.004338 1.95
" ZTSC03-S1-B8 42476 0.8638 1.7639 0.004380 1.99
" ZTSC04-S1-B1l 42478 0.7678 1.7358 0.004753 2.04
" ZTSC04-S1-B5 42479 0.8681 1.2558 0.003030 1.36
" ZTSC04-S1-B8 42480 0.9353 1.8897° 0.003838 1.75
" ZTSC05-51-B1 42505 1.3337 2.1180 0.004199 1.87
ZTSC05-S1-B5 42506 1.3285 1.3834 0.002656 1.23
ZTSC05-S1-B8 42507 1.1020 1.4074 0.002362 1.11
ZTSC06-S1-B1 42516 0.7783 1.8466 0.004696 1.83
ZTSC06-S1-B5 42517 1.4281 2.0414 0.004013 1.64
[| zrscos-s1-s 42518 1.4744 1.9813 0.004811 2.07
" ZTSC07-S3-B1 42539 3.4430 - - -
" ZTSC07-S3-B2 42540 1.9655 - - -
| zrsco7-s3-83 42541 1.2764 - - -
l ZTSCO7-R3-TOP 42545 0.8958 1.2992 0.002258 1.13
| ZTSC07-R3-MIDDLE 42546 0.9669 1.6255 0.003006 1.50
Il zrsco7-r3-sorrom 42547 0.8651 1.3691 0.002225 1.14
ZTMC01-S4-B1 42598 2.1225 ©3.0477 0.010496 4.23
ZTMC01-S4-B2 42599 - 3.2143 0.010129 4.08
| zmMco1-s4-B3 42600 . - 3.1591 0.008119 3.40
ZTMC01-S4-B4 42601 - 3.0860 0.010815 4.55
ZTMC01-S4-B5S 42602 1.9737 2.4645 0.008264 3.57
ZTMC01-S4-B6 42603 - 2.6195 0.007775 3.42
ZTMC01-S4-B7 42604 - 2.4445 0.006458 ©2.90
ZTMC01-S4-B8 42605 1.3220 3.7478 0.010501 4.65
|| 2TMC02-R1-B1 42588 - 1.3026 - -
ZTMC02-R1-B2 42589 - 1.4603 - -
2TMC02-R1-B3 - 1.7162 - - -

42590
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KRYPTON NITROGEN
EG&G ADSORPTION ADSORPTION
Sample Number Laboratory N
ID Number BET Surface BET Surface Total Pore Calculated
Area Area Volume Porosity
(m?/g) (m?/g) (cc/g) (%)
ZTMC02~-S3~-B1 42606 0.9812 1.4559 0.004694 1.87
2TMC02~-S3-B2 42607 0.7696 1.7901 0.003759 1.59
ZTMC02-S3-B3 42608 1.1949 1.9289 0.003493 1.49
Z2TMC02-R3-B1 42632 0.8338 1.3362 0.002467 1.21
ZTMC02-R3-B5 42633 0.9806 1.1403 0.002182 1.08
ZTMC02~-R3-B8 42634 0.6667 1.2077 0.001675 0.83
ZTMC03-R4-Bl 42680 0.57 - - -
| ZTMC03-R4-B8 42681 0.48 - - -
Z2TMC04~S3-B1l 42926 0.3387 < 0.01 - -
42970
ZTMC04-S3-B8 42927 0.2812 1.8580 0.002199 0.94
42969
ZTSc08-S1-Bl 42967 - - - -
ZTSc08-S1-B8 42968 - - - -

4.3.8 Mercury Porosity

Large pore porosity, contained in pores larger than 125
angstroms, was determined by mercury porosimetry. Mercury
porosimetry analyses were performed at METC. The test
method used was according to ASTM C699. Data supplied
included pore volume data and a calculated porosity using
the method applied to the nitrogen adsorption data. In this
case, the porosity is calculated using a skeletal density
obtained from mercury intrusion. The data is tabulated in
Table 4.11.

55




Table 4.11:

Sorbent Mercury Porosity

MERCURY INTRUSION

Sample Number Labggigory Total Mean Particle | Skeletal | Calculated
ID Number Pore Pore Density Density Porosity
Volume | Diameter (g/ml) (g/ml) (%)
Fresh 42458 0.2104 0.1344 2.4155 4.9114 50.82
Z2TsC01-S1-Bl 42466 0.1834 0.0718 2.5097 4.6506 46.03
ZTSC01-S1-B5 42467 0.1797 0.0991 2.5348 4.6559 45.55
ZTSC01-S1-B8 42468 0.2051 0.1246 2.4462 4.9098 50.17
ZTSC02-S1-B1 42470 0.1683 0.0800 2.5863 4.5802 43.53
ZTSC02-S1-B5 42471 0.1728 0.0803 2.6090 4.7516 45.09
ZTsCc02-S1-B8 42472 0.1845 0.0869 2.5483 4.8096 47.02
ZTSC03-S1-B1 42474 0.1586 0.0477 2.5992 4.4224 41.22
ZTSC03-S1-BS 42475 0.1536 0.1206 2.6441 4.4534 40.62
ZTSC03-S1-B8 42476 0.1911 0.0885 2.4579 4.6348 46.97
ZTSC04-S1-Bl 42478 0.1501 0.0610 2.6680 4.4498 40.04
ZTSC04-S1-BS5 42479 0.1610 0.1044 " 2.6110 4.5046 42.04
ZTSC04-S1-B8 42480 0.1785 0.0958 2.5637 4.7307 45.78
ZTSC05-S1-Bl 42505 0.1681 0.074s $2.5541 4.4759 42.94
ZTSC05-S1-BS 42506 0.1883 0.0821 2.5257 4.8164 47.56
ZTSC05-S1-B8 42507 . 0.1813 0.0768 2.5533 4.7539 46.29
ZTSC06-S1-Bl 42516 0.1373 | 0.0590 2.6474 4.1587 36.35
ZTSC06-S1-B5 42517 0.1664 | 0.0719 2.6205 4.6466 ' 43.60
ZTSC06-S1-B8 42518 0.1722 | 0.0756 2.5616 4.5833 44.11
ZTSC07;S3~B1 42539 0.1254 0.0260 2.5827 3.8196 1 32.39
ZTSC07-S3-B2 42540 0.1565 | 0.0445 |, 2.4646 4.0115 ' 38.57
ZTSC07-83-B3 42541 0.1765 0.0697 2.4523 4.3230 43.28
I ZTSC07~R3-TOP 42545 0.2077 0.1155 2.4415 4.9535 50.71
ZTSC07-R3-MIDDLE 42546 0.2243 0.1093 2.3952 5.1756 53.72
ZTSC07-R3-BOTTOM 42547 0.2366 0.0921 2.3315 5.1994 55.16
ZTMC01-S4-B1 42598 0.1623 0.0603 2.4407 4.0416 39.61
ZTMC01-S4-BS 42602 0.1706 0.0739 2.4446 4.1934 41.70
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MERCURY INTRUSION

Sample Number Labgsgfqry Total Mean Particle | Skeletal | Calculated
ID Number Pore Pore Density Density Porosity
: Volume | Diameter (g/ml) (g/ml) (%)
ZTMC01-S4-B8 42605 0.1628 0.1502 2.6089 4.5344 42.47
ZTMC02-S3-Bl 42606 0.1307 0.0603 2.6740 4.1101 34.95
Z2TMC02~-S3-B2 42607 0.1607 .0.0704 2.5012 ° 4.1819 40.19
ZTMC02-S3~B3 42608 0.1574 0.0820 2.5279 4.1988 39.79
ZTMC02-R3-B1 42632 0.2293 0.1588 2.2836 4.7931 52.36
ZTMC02-R3-B5 42633 0.1857 0.1641 2.5723 4.9253 47.77
ZTMC02~-R3-B8 42634 0.2061 0.1328 2.4677 5.0212 50.86
ZTMC03-R4-B1 42680 - - - - -
ZTMC03-R4-B8 42681 - - - - -
2TMC04-S3-B1 42926 0.1043 0.0993 2.9384 4.2376 30.65
42970
ZTMC04~S3-B8 42927 0.0976 0.0939 3.0272 4.2970 29.55
42969
ZTsc08-s1-Bl 42967 - - - - -
ZTSC08-S1~B8 42968 - - - - -

4.3.9 Mineral Analysis by X-Ray Diffraction

X-ray diffraction analyses were performed on sorbent samples
taken. from the top, middle, and bottom of the reactor.
Diffractograms were run at West Virginia University in the
Geology Department by Dr. John Renton using an APD1700
Automated Powder Diffractometer.
percent of total Integrated Intensity (%TII) in Table 4.12.
%TII is directly proportional to the concentration of the
It should be noted that the peaks for
Zn,Ti0, and Zn,Ti,0 are nearly identical making it very

The amorphous

crystalline phase.

difficult to discern between the two phases.

phase is not included.
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4.3.10 Sieve Analysis

Sorbent sieve analysis of fresh and reacted sorbent samples
are shown in Table 4.13. The sorbent samples were sieved
and the weight percentages of sorbent retained on each
screen are reported.
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5.0 Results and Discussion

5.1 Sulfur Balances

Calculations have been performed to perform overall sulfur
balances for each test (except ZTMC-03, which was the test which
had no sulfur in the inlet). These balances were computed using
the results of the laboratory analyses (condensate and sorbent)
and calculated inlet flows in conjunction with the inlet and
outlet gas compositions as found by gas chromatography. A
general overall sulfur balance can be written as:

Ms, Initial in bed + 2 MS, inlet gas = E Ms, outlet gas + E Ms, condensate + 2 Ms, Sorbent from reactor

Sulf/Reg Sulf/Reg Sulf/Reg Sulf/Reg

The total amount of sulfur coming into the system with the inlet
gas was calculated by a numéerical integration (trapezoidal rule)
of the inlet hydrogen sulfide flow rate over the time on stream.
The hydrogen sulfide flow rate calculated from the mass flow
controller settings or that calculated from the GC data was 'used
for this calculation.

Sulfur leaving the system in the outlet gas was computed using a
numerical integration of the exit sulfur concentration over ;the
time on stream. The exit sulfur concentration as determined from
the gas grab analyses and the calculated exit gas flows were used
for this calculation. All sulfur species (SO,, COS, H,S) were
considered in the calculations involving GC data. )

. f
The amounts of sulfur in the condensate and the sorbent samples
were calculated by multiplying the mass of the sample by the mass
fraction of sulfur as determined by laboratory analysis.

Tables 5.1 through 5.5 summarize the sulfur balances for the zinc

titanate test series. Percent closure calculations were also
calculated on a per cycle basis whenever possible.
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5.2 Chloride Balance

A chloride balance for test ZTMC-01 was performed. This was the
only test in this series in which HCl was introduced in the feed
gas. The balance calculation was essentially the same as that
for the sulfur balance, with one exception. The chloride leaving
the system in the outlet gas is assumed to be zero. This is for
two reasons. The first is that the analytical techniques
available are unable to analyze for chloride content in the gas
grab samples, and the second is that the condensate is assumed to
remove all of the chloride from the stream. This assumption
allows at least an estimate of the chloride balance to be
performed.
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5.3

Discussion of Results

The first six ¥%-cycle tests were performed in order to
examine the performance of the sorbent under various
temperature and velocity conditions. Velocities between
15.24 and 60.46 cm/s (0.5 and 2.0 ft/s) and temperatures in
the range of 538 to 649 °C (1000 to 1200 °F) were explored.
Examining the sorbent sulfur loadings shows that the gas
velocity has a greater effect than the temperature in the
ranges studied. It must be noted that comparisons of the
data from tests at different flow rates was done after
correcting for different amounts of sulfur entering the
reactor. Sulfur loading increased with lower velocities,
while the temperature seems to have had little effect within
the relatively narrow 1000-1200 °F range studied. This
appears to indicate that the sorbent’s reaction with H,S is
diffusion controlled. Visual inspection of the sorbent
confirms this observation. Even after tests where the final
outlet H,S concentration was 600 ppmv or above (which
indicates that the sorbent was saturated), the sorbent
pellets had a white, unsulfided center with an easily
discernable exterior layer of sulfided material. ’ ;

100 ppmv COS was introduced in the feed gas during ZTSC-01
through ZTSC-05. GC results indicate that the sorbent
reacts with both the H,S and the COS. The increase in the
outlet H,S level over time is mirrored by a concurrent '
increase in the COS level.

Regenerations with steam as a diluent (with or without
additional N,) were performed in tests ZTSC-07, ZTMC-01, and
ZTMC-02. Dry regenerations were attempted in later tests in
an effort to eliminate the cracking and spalling problems of
the sorbent.

Test ZTMC-01 was the only test in which HCl1 (15 ppmv) was
introduced in the feed gas. The chloride balance for this
test has a 67% closure, which makes it difficult to make any
strong conclusions as to the effect of the chloride.

Looking at the fourth sulfidation calculations, 17% of the
chloride entering the reactor remained behind in the
sorbent. It appears that the sorbent itself may plck up a
quantity-of any chloride entering the system

Test ZTMC-02 used a simulated GE coal gas (with 800 ppmv
H,S) instead of the typical KRW gas used in the other tests.
This gas has a lower reducing power than the KRW gas -~ 0.55
vs. 2.25. Reducing power is defined as
[H,]+[CO]/[H,0]1+[CO,]. This test can be compared to ZTSC 07,
which had identical temperature, pressure, and velocity
conditions. Comparing the detector tube plots, these two
tests had very similar results in terms of reactivity.
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The purpose of test ZTMC-03 was to study the effect on the
sorbent of the reducing power of the feed gas. No H,S was
introduced in the feed gas (simulated KRW) in order to
séparate any sorbent deterioration caused by the reducing
conditions from that caused by sorbent expansion due to high
sulfur loading. No significant amount of decrepitation was
observed in this test.

The results of ZTMC-02 and ZTMC-03 indicate that it is the
cycling of the sorbent between the oxide and sulfide states
that causes the decrepitation, and not external factors such
as the gas composition.

Test ZTMC-04 utilized a dry, staged oxidative regeneration
scheme which ramped the bed temperature and O, feed percent
from 538 °C (1000 °F) and 0.5% O, to 760 °C (1400 °F) and
21.0% 0, over the course of six stages. The intent of this
scheme was to provide a "gentler" regeneration for the
sorbent and thus minimize sorbent cracking and spalling.
The attempt was only partially successful - the sorbent did
exhibit somewhat less deterioration, but the staged scheme
did not fully eliminate the problem.

The purpose of test ZTSC-08 was to provide a baseline for
the zinc titanate formulation using an inlet gas containing
2000 ppmv H,S instead of the previously tested 800 ppmv.

The first test of Phillips Petroleum’s Z-Sorb was to be run
at 2000 ppmv, and this test was to provide a comparison to
it. However, it was later decided to run the Z-Sorb test at
800 ppmv.

In general, the sulfur balances have fairly good closure,
with the GC-based inlet calculations tending to
underestimate the amount of sulfur entering the system.

This is most likely because the inlet samples are normally
taken' four hours apart and the first few samples tend to
have low readings as compared to the computed MFC-based
inlet flow rates. Each inlet reading has a significant
effect upon the integral calculation due to the large time
interval. The outlet GC values, which are based on readings
taken one hour apart, do not exhibit this sort of behavior.
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APPENDIX A
Data Acquisition Mass Flow Trends




Component gas and water flow rates were monitored by DDAS, a PC-
based automatic data acquisition system. Trend plots for mass
flow controller and water pump settings are presented here. The
mass flow controllers utilized were Teledyne Hastings-Raydist
HFC-series flow controllers with a reported accuracy of + 1% full
scale. The water was fed in initial tests by a Milton Roy
controlled volume water pump, MOD ER111-73, until ZTSC-05
(9/15/92) when it was replaced with an Isco, Inc. Model 500D
continuous flow pump system, which has a reported accuracy of +
0.5% of the indicated value. The mass flow controllers and pump
were calibrated prior to testing. Planned set-points for the
mass flow controllers were not always at the conditions for which
the controllers were originally sized. Therefore, flow proving
over the range of 0 scfh to the maximum scfh for each controller
was performed. Flow proving is a check over a range of flow
rates of the controller’s calibration by comparing the indicated
flows (those recorded by the data acquisition system) against a
flow calibration standard. At the high end of each controller,
errors within + 1% of the indicated value were typical. Errors
for flow proving at the low end of the controllers were as high
as 30% of the indicated value. In order to establish the correct
set-point, regression analysis was performed for the flow proving
data. Water flow rates were recorded using an EG&G Flow
Technology model FTO-2NISW-LHC-1 turbine meter with a range of
10-150 ccpm. It should be noted that the flow rates used during
this test series were at the' extreme low range of the instrument,
and the recorded values are not very accurate. For this reason
several of the series do not have accompanying water flow plots.
Also some of the series do not have water flow charts because a
dry regeneration was used. The gas and water flow rate plots
show the raw data only and should only be used as an indication
of trends. Numerical values reported throughout the body of this
report have been corrected using the results of the regression
analysis. '
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APPENDIX B
Data Acquisition Temperature Trends

System temperatures were monitored by DDAS, a PC-based automatic
data acquisition system. Trend plots for thermocouple (Omega
Type K) readings in the sorbent bed zones are presented here.
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APPENDIX C
Data Acquisition Pressure Trends

System pressures are monitored by DDAS, a PC-based automatic data
acquisition system. Trend plots for the Rosemount pressure
transmitter readings are presented here. Data are from the
reactor inlet, reactor outlet, and system exit pressure.
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L-3787M Zinc Titanate «

u=1.0 ft/sec T=1100 ‘F

H2S Inlet Conc. = 800 ppm
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Single Cycle Tests - ZTSC-03 Sulfidation 1

H28 Inlet Conc. = 800 ppm

u=1.0 ft/sec T=1100‘F

L-3787M Zinc Titanate
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L-3787M Zinc Titanate

u=1.0 ft/sec T=1000‘F

¢

Single Cycle Tests - ZTSC-04 Sulfidation 1

H2S Inlet Conc. = 800 ppm
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L-3787M Zinc Titanate
u=1.0 ft/sec T=1200 ‘F
H2S Inlet Conc. = 800 ppm

Single Cycle Tests - ZTSC-05 Sulfidation 1
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L-3787M Zinc Titanate

Single Cycle Tests - ZTSC-06 Sulfidation 1

u=0.5 ftfscc T=1200‘F
H2S Inlet Conc. = 800 ppm
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Single Cycle Tests - ZTSC-06 Sulfidation 1

L-3787M Zinc Titanate
u=0.5 ft/sec T=1200 ‘F
H2S Inlet Conc. = 800 ppm
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L-3787M Zinc Titanate

u=0.5 ft/sec T=1000 ‘F

Single Cycle Tests - ZTSC-07 Sulfidation 1

H2S Inlet Conc. = 800 ppm
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1-3787M Zinc Titanate
u=0.5 ft/secc T=1200°F

Multi-Cycle Tests - ZTMC-01 Sulfidation 1

H2S Inlet Conc. = 300 ppm
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Multi-Cycle Tests - ZTMC-01 Sulfidation 2

——— PT-165 (Reactor Inlet)
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Multi-Cycle Tests - ZTMC-01 Sulfidation 3

—————— PT-165 (Reactor Inlet)
===~ PT.240 (Reactor Outlet)
e PT.302 (Exit)
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L-3787M Zinc Titanate
u=0.5 ftsecc T=1000'F

Muiti-Cycle Tests - ZTMC-02 Suliidation 1

H2S Inlet Cone. = 360 ppm

- PT-165 (Reactor Inlet)
~——=——= PT-240 (Reactor Outlet)
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L-3787M Zinc Titanate

u=0.5 ft/secc T=1000 ‘F

Multi-Cycle Tests - ZTMC-02 Suifidation 2

H2S Inlet Conc. = 300 ppm

-—=———= PT-240 (Reactor Outlct)
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Multi-Cycle Tests - ZTMC-02 Sulfidation 3

L-3787M Zinc Titanate
u=2.0 ftfsec T=1200'F
H2S Inlet Conc. = 800 ppm
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Multi-Cycle Tests - ZTMC-02 Regeneration 3

u=0.33 ft/scc Tmax=1{400 ‘F

L-3787M Zinc Titanate
02 Inlet Conc., = 1.5 %
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L-3787M Zine Titanate
u=1.0 ft’sec T=1000 F

Muiti-Cycle Tests - ZTMC-04 Sulfidation 2

H2S Inlet Cone, = 800 ppm

PT-165 (Reactor Inlet)
== === PT-240 (Reactor Outlet)

s PTL302 (Exit)

bl oy

TEL

%"
o

Vi
i
13y

!

i
-]
(18] (28] (]
—t —

ol )
(DISd) 2anssarg

23

21

19

17

13

11

-1

. 1993)

January 20,

05 (

ary 19, 1993)- 7

00 (Janu

Test time: 9

05

i
o

Test duration: 22




() zog-1d
(Rpno 0p8y) ovZ-1d

oy a03e2y) $91-1d

¥4

£€:61 uonwInp IS,

(€661 1z Asenuep) £0:5 - (GG 0T MILAUTf) OF:6 WML

61 LT <1 €l 11 6 L < € 1 I- .
Gttt — 0
+ 1
+ t
fd ]
r:..r(\c...n.mlaq\c)\c?...e * ”
-3 N d
: 1%
-~ | £
©
3
w2
i L)
_ ] ¢ =
e o
\ Aot i AN &Nh \ n T
4 Taﬁf @§%«§§e$§< i %..‘“&_% v c_ Lﬁw_ V r m.l 01
“ n +
* _ | Lo

Z uonesauabay y0-OINLZ - SISl 819kD-BIN

vy 1T - €70 ="U0D P 2O
A 0010001 = 1, 29s7) 0'I=0
Meuen ] sz INLSLET




S0'6T uonwInp sy,
(€661 "z Axenuef) TET - (€661 17 UPNURY) OEIET *EEITT - OF' PN 152,
6 Lt ¢T €& 1t 6I L1 ST €1 11 6 L s € 1 I-

Or9) z0€-1d -

(o 0008Y) OFZId - —— — —-

Gequp Jopeay) ¢91-1d

| ! | ! | | | | § | | | | ] ' ot

- 001

0zt

(91Sd) danssaag

01

091

— 081

€ uolepyIns ¥0-OINLZ - S}saL 8]9AD-BINN

wdd 08 = *ouo) 12} STH
4 0001=1 sy 01=n
eueity, sz WNLSLE']




(xg) zoe-Ld
(1pnQ Jopuay) 0¥Z-1d

(12quy Jopoeay) $91-1d

X4 1¢ 61 . LY 13 £l 17 6 L 1S

€

I

0Z:€2 wonenp 153,
(€661 "Lz Aenuer) £5:11 - (€661 9T Lwnuvr) = OEILT L 1-00:01 2WH 1S2L,

L uonepiIng 80-0SL1z - sisaL 9j9Ao sjbulg

~l
ot
- 09
- 08
3
4 001 &
=
Z
a
-+ 0TI
TldL bl
-~ 091
wdd i = "due) 12U STH

A4 0001=], sy 0'1=n
auueiLl, dWZ JNLSLET




APPENDIX D
Data Acquisition Differential Pressure Trends

Differential pressure across the reactor was monitored by DDAS, a
PC-based automatic data acquisition system. Trend plots for the
Precision Digital differential pressure transmitter readings are
presented here. Pressure taps are located upstream and
downstream of the entire reactor and do not measure the pressure
drop across the sorbent bed only. The pressure drop measured is
the sum total of all of the pressure drops between the two
pressure taps. These pressure drops are caused by valves and
fittings, distributor plates, ceramic balls, Fiberfrax, etc., in
addition to the sorbent bed itself. Thus, any attempt to use
these values as any more than a rough approximation of the actual
pressure drop across the sorbent bed only should be met with
caution.
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APPENDIX E
Laboratory Gas Chromatograph Results




Grab samples of the exit gas stream were collected at specific
intervals throughout the tests. The analyses for each sample are
provided on a dry gas basis.

Some of the gas chromatograph data sheets have a "H,S
Recalculated" heading. After a number of tests for the CRADA had
been performed, it was determined that the H,S level in a
standard used to calibrate the gas chromatographs was decaying
and causing inaccuracies in the GC data. The H,S was apparently
being adsorbed onto the cylinder walls and thus the actual Hgs
concentration in the cylinder gas was slowing dropping over time.
The daily calibration records, along with the beginning and
ending actual values of H,S in the bottle, were used to
recalculate and thus correct the H,S values for tests which were
affected.

Outlet samples were taken using a slipstream of the process gas
after the pressure control valves, while inlet samples were taken
using another slipstream located between the gas preheater and
the reactor vessel. Occasional samples were also taken using a
sample port located after the final absorber to determine the
effectiveness of the zinc oxide sorbent in the absorber.

The major, or fixed, gases (H,, O0,, N,, CH,, CO, and CO,) were
analyzed using two separate gas chromatographs due to the
different columns and oven temperatures required. H,, 0,, N,
CH,, and CO were separated using a stainless steel 1/8" X 10’
column packed with Molecular Sieve 13X. The gas chromatograph
used with the molecular sieve column was a Hewlett Packard 5710A
equipped with a Thermal Conductivity Detector (TCD). The
detector and injector were held at 150 ©°C. Helium carrier flow
was 25 mL/min and the oven was operated isothermally at 50 °cC.
CO, was separated using a Teflon 1/8" X 6’ column packed with
Porapak Q 80/100 mesh (Waters Associates Inc.). The Poropak
column was used in a Perkin Elmer 8500 gas chromatograph equipped
with a TCD. The detector and injector were held at 125 °C. The
helium carrier flow was 25 mL/min and the oven was operated
isothermally at 40 °C. A 200 pL aliquot of each sample was
injected into the gas chromatograph using a gas tight syringe.

The sulfur gases H,S, COS, and SO, were analyzed using four
separate gas chromatographs. Low concentrations of H,S, zero to
approximately 150 ppmv, were analyzed using a glass column 1/8" x
6’ packed with (40/60 mesh) Carbopack BHT 100. The column was
used in a Perkin Elmer Sigma 300 gas chromatograph equipped with
a Flame Photometric Detector (FPD). The detector and injector
were held at 125 ©°C. The oven was temperature programmed as
follows: 35° for 3 min.; ramped to 125°C at 10 °C/min. and held
for 3 min. Helium at 17 mL/min was used as the carrier gas. 50
to 500 pL aliquots of the samples were injected into the gas
chromatographs. Medium concentrations of H,S, 150 to 3000 ppmv,
COS, and SO, (below one percent) were separated using a 1/8" X

E-2




30" Teflon column packed with 18" of Supelcopak S (Supelco,
Inc.). The column was used in a Perkin Elmer Sigma 1 gas
chromatograph equipped with a Flame Photometric Detector (FPD).
The detector and injector were held at 250 °C. The helium Ly
carrier gas flow was maintained at 25 mL/min. The oven was
temperature programmed as follows: 40 °C for 2 min.; ramped at 10
°C/min to 130 °C and held for 1 min.; ramped at 40 °C/min. to 200
°F and held for 2 min. A 50 to 500 ML aliquot of each sample was
injected into the gas chromatograph using a gas tight syringe.
S0, concentrations greater than one percent were analyzed using a
1/8" X 30" Teflon column packed with 18" of Supelcopak S. The
column was used in a Perkin Elmer Sigma 1 gas chromatograph
equipped with a Thermal Conductivity Detector. The detector and
injector were held at 125 °C while the oven was a constant 65 °C.
Helium was used as the carrier gas at a flow rate of 25 mL/min.
100 pL of the samples were injected for this analysis.
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APPENDIX F
Detector Tube Results

During testing, detector tubes were utilized as a quick indicator
of hydrogen sulfide and sulfur dioxide concentration in the exit
gas stream. These determinations are only estimates of the
actual concentrations and are used primarily as an indicator for
the completion of a test phase. It is noted that Gastec detector
tubes have a reported precision of + 25% full scale. The
analyses for each sample are provided on a dry gas basis.




Single Cycle Tests - ZTSC-01 Sulfidation 1
September 15, 1992 Test time: 4:35-8:08 (Test duration: 3:33)

Detector Tube Readings - ppm Hydrogen Sulfide
Test start time:
Elapsed Time

Time
4:42
5:36
6:05
7:52
8:06

0:07
1:01
1:30
3:17
3:31

4:35

Inlet ppm

1000
1150
1000
1050

690

Time

4:42
4:55
5:11
5:26
5:36
5:50
6:06
6:20
6:36
6:51
7:06
721
7:36
7:51
8:06

Elapsed Time
0:07
0:20
0:36
0:51
1:01
1:15
1:31
1:45
2:01
2:16
231
2:46

3:01 -

3:16
3:31

Outlet ppm
10
18
21
47
46
88

110
190
250
310
390
410
500
550
690




*Single Cycle Tests - ZTSC-02 Sulfidation 1
September 4, 1992 Test time: 11:30-19:45 (Test duration: 8:15)

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 11:30

Time Elapsed Time Inlet ppm Time
11:36 0.10 1000
13:01 1.52 1000
19:41 . 8.18 950

11:36
11:47
12:01
12:16
12:31
13:01
13:31
14:01
14:31
15:01
15:31
16:01
16:31
17:01
17:31
17:45
18:01
18:15
18:31
18:45
19:03
19:21
1931

19:42

Elapsed Time

© 010
0.28
0.52
0.77
1.02
1.52
2.02
252
3.02
~3.52
4.02
452
502
5.52
6.02
6.25
6.52
6.75
7.02
7.25
7.55
7.85
8.02
8.20

Outlet ppm
35
28
22
20
19
17
18
25
25
32
47
56
90

150
250
350
375
400
450
475
525
550
600
600




Single Cycle Tests - ZTSC-03 Sulfidation 1
September 9, 1992 Test time: 1:00-10:05 (Test duration: 9:05)

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 1:00
Time Elapsed Time Inlet ppm Time Elapsed Time Outlet ppm

1:36 0.60 950 1:07 0.12 15
2:31 1.52 1050 1:16 0.27 18
10:04 9.07 1100 1:31 0.52 18
1:46 0.77 18

2:01 1.02 18

2:32 1.53 20

3:01 2.02 25

3:31 - 252 38

4:01 3.02 55

4:31 3.52 55

5:01 4.02 95

5:33 4.55 140

6:01 5.02 : 185

6:32 5.53 230

7:02 6.03 310

7:32 6.53 400

8:01 7.02 425

8:32 7.53 500

9:01 8.02 550

9:32 8.53 575

10:01 9.02 610




Single Cycle Tests - ZTSC-04 Sulfidation 1

September 10, 1992 Test time: 14:00-14:23, 15:00-21:33 (Test duration: 6:56)

Detector Tube Readings - ppm Hydrogen Sulfide
Test start time:
Elapsed Time

Time
14:12
14:15
14:18
14:21
15:07
16:32
21:33

0.20
0.25
0.30
0.35
0.50
1.92
6.93

14:00
Inlet ppm

1600
3200
3200
3200
1050
1150
1100

Time

14:11
15:06
15:21
15:31
15:46
16:01
17:01
17:31
18:01
18:31
18:45
19:01
19:31
20:01
20:16
20:31
20:45
21:01
21:15
21:32

Elapsed Time
0.18
0.48
0.73
0.90
1.15
1.40
240
2.90
3.40
3.90
4.13
440
4.90
540
5.65
5.90
6.13
6.40
6.63
6.92

Outlet ppm
18
14
15
21
27
36

104
160
230
375
375
400
400
500
500
500
500
550
575
600




Single Cycle Tests - ZTSC-05 Sulfidation 1
September 15, 1992 Test time: 11:00-18:34 (Test duration: 7:34)

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 11:00

Time Elapsed Time Inlet ppm
11:07 012 425
11:09 0.15 750
12:32 1.53 1100
18:32 7.53 1100

Time

11:08
11:15
11:31
11:46
12:01
12:33
13:01
14:01
14:31
15:01
15:33
16:01
16:31
17:01
17:15
1731
17:45
18:01
18:15
18:33

Elapsed Time
0.13
0.25
0.52
0.77
1.02
L.55
2.02
3.02
3.52
4.02
455
5.02
552
6.02
6.25
6.52
6.75

7.02
7.25
7.55

Outlet ppm
11
11
13
13
13
15
17
24
32
47
62

115
240
400
425
475
525
575
600
650




Single Cycle Tests - ZTSC-06 Sulfidation 1
Test time: 9:00 (September 17, 1992) - 6:05 (September 19, 1992) Test duration: 45:05

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time:
Time Elapsed Time
9:06 0.10
9:08 0.13
10:31 152
12:31 3.52
14:02 5.03
14:31 5.52
15:03 6.05
15:33 6.55
16:03 7.05
16:33 7.55
17:02 8.03
17:33 8.55
18:02 9.03
18:33 9.55
19:03 10.05
19:33 10.55
20:03 11.05
20:33 1155
21:.03 12.05
21:33 12.55
22:03 13.05
22:33 13.55
22:37 13.62
23:03 14.05
23:33 14.55
0:03 15.05
1:03 16.05
1:33 16.55
2:01 17.02
2:33 17.55
3:02 18.03
3:33 18.55
4:02 19.03
4:33 19.55
5:02 20.03
5:33 20.55
6:03 21.05

9:00
Inlet ppm

300
700
625
800
750
850
850
800
800
800
850
850
850
850
800
850
850
800
850
900
850
1100
850
900
800
800
800
800
800
825
T 800
825
800
775
715
800
800

Time

9:07

9:16

9:31

9:46
10:01
10:32
11:02
11:31
12:01
12:32
13:01
13:31
14:01
14:33
15:01
15:31
16:01
16:32
17:01
17:31
18:00
18:31
19:01
19:31
20:01
20:31
21:01
21:31
22:01
22:31
23:01
23:31

0:01

0:31

1:01

1:31

2:00

Elapsed Time
0.12
0.27
0.52
0.77
1.02
1.53
2.03
2.52
3.02
3.53
4.02
452
5.02
5.55
6.02
6.52
7.02
7.53
8.02
8.52
9.00
9.52

10.02
10.52
11.02
11.52
12.02
12.52
13.02
13.52
14.02
14.52
15.02
15.52
16.02
16.52
17.00

Outlet ppm

O =1 i =

10
10
10
18
12
12
12
14
14
15
14
13
14
18
14
14
15
13
15
16
18
16
16
16
16
16
18
20
20

RRS




Single Cycle Tests - ZTSC-06 Sulfidation 1

Test time: 9:00 (September 17, 1992) - 6:05 (September 19, 1992) Test duration: 45:05

Detector Tube Readings - ppm Hydrogen Sulfide
9:00
Inlet ppm

Test start time:

Time Elapsed Time
6:33 21.55
7:03 22.05
7:33 22,55
8:02 23.03
8:33 23.55
9:03 24.05
9:33 24.55

10:03 25.05
10:33 25.55
11:04 26.07
11:33 26.55
12:03 27.05
13:03 28.05
14:03 29.05
15:10 30.17
16:03 31.05
17:03 32.05
18:03 33.05
19:03 34.05
20:03 35.05
21:03 36.05
22:05 37.08
23:03 38.05
0:03 39.05
1:03 40.05
2:03 41.05
3:03 42.05
4:03 43.05
5:03 4405
6:02 45.03

800
750
800
750
750
750
750
750
825
800
800
800
750

750

850
775
800
775
800
775
750
775
800

775

775
775
775
750
750
800

Time

231
3:01
3:31
4:01
4:31
5:00
5:31
6:01
6:31
7:01
731
8:01
8:31
.9:01
9:31
10:01
10:31
11:02
11:31
12:01

T 12:31

13:01
13:31
14:01
14:31
15:01
15:31
16:01
16:31
17:01
17:31
18:01
18:31
19:01
19:31
20:01
20:31

Elapsed Time
17.52
18.02
18.52
19.02
19.52
20.00
20.52
21.02
21.52
22.02
22.52
23.02
23.52
24.02
24.52
25.02
25.52
26.03
26.52
27.02
27.52
28.02
28.52
29.02
29.52
30.02
30.52
31.02
3152
32.02
3252
33.02
33.52
34.02
34.52
35.02
3552

Outlet ppm
25
27
29
32
34
34
39
43
46
50
55
65
68
80

100
115
125
145
155
170
130
190
210
220
230
230
250
260
290
290
280
290
350
320
340
340
350




Single Cycle Tests - ZTSC-06 Sulfidation 1
Test time: 9:00 (September 17, 1992) - 6:05 (September 19, 1992) Test duration: 45:05

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time:

Time

Elapsed Time

9:00
Inlet ppm

Time

21:01
21:31
22:01
22:31
23:01
23:31
0:01
0:31
1:01
1:31
2:01
2:31
3:01
3:31
4:01
4:31
5:01
531
6:01

Elapsed Time
36.02
36.52
37.02
37.52
38.02
38.52
39.02
39.52
40.02
40.52
41.02
41.52
42.02
42.52
43.02
43.52
44.02

44.52
45.02

Outlet ppm
340
370
350
380
360
380
380
380
380
390
400
400
410
420
400
430
420
440
440



Single Cycle Tests - ZTSC-07 Sulfidation 1

Test time: 12:45 (September 22, 1992) - 18:20 (September 23, 1992) Test duration: 29:35

Detector Tube Readings - ppm Hydrogen Sulfide
12:45

Inlet ppm

Test start time:

Time Elapsed Time
13:03 0.30
13:50 1.08
14:16 152
14:48 2.05
15:48 3.05
16:48 4.05
17:48 5.05
18:48 6.05
19:48 7.05
20:48 8.05
21:48 9.05
22:48 10.05
23:48 11.05

0:48 12.05
1:48 13.05
2:48 14.05
3:48 15.05
4:48 16.05
5:48 17.05
6:48 18.05
7:48 19.05
8:48 20.05
9:48 21.05
10:48 22,05
11:48 23.05
¢ 12:48 24.05
13:50 25.08
14:48 26.05
15:48 27.05
16:48 28.05
17:48 29.05
18:16 29.52

950
900
875
850
875
875
875
900
850
850
875
875
875
850
850
825
850
800
825
825
350
825
800
850
875
875
875
875
875
875
850
875

Time

12:51
13:01
13:16
1331
14:46
15:46
16:46
17:46
18:46
19:46
20:46
21:46
22:46
23:46
0:46
1:46
2:46
3:46
4:46
5:46
6:46
7:46
8:46
9:47
10:47
11:47
12:46
13:48
14:46
15:46
16:46
17:46
18:14

Elapsed Time
0.10
027
0.52
077
2.02
3.02
4.02
5.02
6.02
7.02
8.02
9.02

'10.02
11.02
12.02
13.02
14.02
15.02
16.02
17.02
18.02
19.02
20.02
21.03
22.03
23.03
24.02
25.05
26.02
27.02
28.02
29.02
29.48

Outlet ppm

0 1 N o a

10
10
22
17
23
29
40
50
65
90
100
135
150
175
210
245
290
340
350
350
350
475
450
425
500
450




Single Cycle Tests - ZTSC-07 Regeneration 1
September 24, 1992 Test time: 0:45-10:26 (Test duration: 9:41)

Detector Tube Readings - % Sulfur Dioxide

Test start time: . 0:45
Time Elapsed Time Outlet %
0:52 0.12 0
1:06 0.35 0.13
1:17 0.53 2.2
1:32 0.78 1.5
1:48 1.05 5.8
2:17 1.53 .6
2:31 1.77 7
2:47 2.03 © 66
3.01 227 64
3:16 2.52 7.6
331 277 7.2
3:46 3.02 72
4:00 3.25 6.6
4:16 3.52 72
4:31 3.77 6.8
4:46 4.02 74
" 5:02 428 . 14
5:17 4.53 7.8
5:30 475 7.8
5:47 5.03 6.8
6:00 525 6.2
6:16 5.52 4
6:30 5.75 1.8
6:46 6.02 0.6
7:01 6.27 0.26
7:16 6.52 0.19
7:31 6.77 0.22
7:46 7.02 0.18
8:02 7.28 0.11
8:16 7.52 0.12
8:30 175 0.12
8:47 8.03 0.11
9:00 8.25 0.08
9:16 8.52 0.06
9:46 . 9.02 0.04
10:01 9.27 0.0375
10:16 9.52 0.02

10:17 9.53 0.02




Single Cycle Tests - ZTSC-07 Sulfidation 2
Test time: 1:30-9:14, 10:15- (September 25, 1992) - 3:50 (September 26, 1992) Duration: 25:19

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 1:30

Time Elapsed Time Inlet ppm Time Elapsed Time Outlet ppm
1:48 0.30 575 1:36 0.10 20
2:18 0.80 842 1:46 0.27 7
3:03 1.55 800 2:01 0.52 7
3:33 2.05 775 2:16 0.77 7
4:33 3.05 850 ’ 2:31 1.02 7
5:33 4.05 800 2:46 1.27 11
6:33 5.05 800 3:01 152 8
7:33 6.05 825 3:31 2.02 5
8:33 7.05 800 4:31 3.02 7
10:48 8.28 775 5:31 4,02 5
11:48 9.28 825 6:31 5.02 5
12:50 10.32 775 7:31 6.02 5
13:49 - 1130 850 8:32 7.03 5
14:48 1228 800 10:46 8.25 5
15:49 13.30 825 11:46 9.25 6
16:48 14.28 800 12:46 1025 5
17:48 15.28 800 13:46 11.25 S
18:49 16.30 850 14:46 12.25 9
19:48 17.28 875 15:47 13.27 10
20:49 18.30 875 16:46 14.25 18
21:49 19.30 850 17:46 1525 47
22:48 20.28 925 18:46 16.25 48
23:48 21.28 825 : '19:48 17.28 96
0:48 22.28 825 20:46 18.25 84
1:47 23.27 825 21:48 19.28 150
2:48 24.28 800 22:46 20.25 140
3:48 25.28 825 23:46 21.25 180
0:46 22.25 195
- 1:51 23.33 300
2:46 - 2425 375

3:46 25.25 325




Single Cycle Tests - ZT'SC-07 Regeneration 2
September 28, 1992 Test time; 14:15 - 18:49 (Test duration: 4:34)

Detector Tube Readings - % Sulfur Dioxide

Test start time: 14:15
Time Elapsed Time Outlet %
14:25 0.17 0.275
1431 0.27 12
14:46 0.52 11
15:02 0.78 13
15:17 1.03 0.9
15:48 1.55 13
16:17 2.03 1
17:17 3.03 14
17:47 3.53 1
18:17 403 0.0795
18:31 427 0.0225

18:46 4.52 0.01




Single Cycle Tests - ZT'SC-07 Sulfidation 3

Test time: 1:00 (September 29, 1992) - 4:05 (September 30, 1992), 10:00-12:50 (October 1, 1992) Duration: 29:55

Detector Tube Readings - ppm Hydrogen Sulfide
Test start time:

Time
1:18
2:32
3:.03
4:05
5:03
6:03
7:03
8:03
9:03
10:03
11:03
12:04
13:05
14:03

15:03 .

15:10
16:03
17:03
18:07
19:03
20:03
21:03
22:06
23:03
23:07
0:04
1:02
1:04
2:04
3:03
4:03

11:02
11:33
12:03

Elapsed Time

0.30
1.53
2.05
3.08
4.05
5.05
6.05
7.05
8.05
9.05
10.05
11.07
12.08
13.05
14.05
14.17
15.05
16.05
17.12
18.05
19.05
20.05
21.10
22.05
22.12
23.07
24.03
24.07
25.07
26.05
27.05

22.12

23.63
29.13

1:00

Inlet ppm

700

900

850

900

950
1000
1000
1000
1025
1050
1000
1000
1025
1075
1150
1050
1050
1050
1050
1075
1050
1125
1075
1250
1075
1200
1000
1000
1050
1050
1025

Time

1:06
1:16
1:31
1:46
2:01
2:31
3:01
4:02
5:01
6:01
7:01
8:01
9:02
10:02
11:02
12:02
14:02
15:01
16:01
17:01
18:02
19:01
20:02
21:02
22:04
23:01
23:06
0:02
1:.01
1:03
2:02
3:01
3:05
4:01

10:06
10:16
10:31
11:01
11:31
12:01
12:32

Elapsed Time
0.10
0.27
0.52
0.77
1.02
152
2.02
3.03
4.02
5.02

3 6.02
7.02
8.03
9.03

10.03
11.03
13.03
14.02
15.02
16.02
17.03
18.02
19.03
20.03
21.07
22.02
22.10
23.03
24.02
24.05
25.03
26.02
26.08
27.02

27.18
27.35
27.60
28.10
28.60
29.10
29.62

Outlet ppm
55
27
15
11
11
12
28

190
375
500
550
625
675
725
775
825
775
875
875
850
875
875
875
925
950
900
900
925
900
925
975
1000
975
1025

600
900
850
850
825
300
825




Single Cycle Tests - ZTSC-07 Regeneration 3
October 2, 1992 Test time: 8:30-14:18 (Test duration: 5:43)

Detector Tube Readings - % Sulfur Dioxide

Test start time: . 8:30
Time Elapsed Time Outlet (%)
8:36 0.10 1
8:46 0.27 12
9:01 0.52 1
9:16 0.77 1
9:31 1.02 1
10:31 2.02 11
11:30 3.00 1.1
12:30 4.00 0.9
13:32 5.03 0.0625
14:02 553 0.0075
14:15 575 0.002




Multi-Cycle Tests - ZTMC-01 Sulfidation 1
October 6, 1992 Test time: 9:00-18:05 (Test duration: 9:05)

Detector Tube Readings - ppm Hydrogen Sulfide
Test start time:
Elapsed Time

Time

9:18
10:03
10:32
11:03
12:03
13:03
14:04
15:03

" 16:03
17:03
18:05
18:05

0.30
1.05
1.53
2.05
3.05
4.05
5.07
6.05
7.05
8.05
9.08
9.08

9:00

Inlet ppm

1000
1050
1150
1100
1150
1200
1250
1150
1125
1175
1150
1150

Time

9:06
9:16
931
9:46
10:01
11:01
12:01
13:01
14:02
15:01
16:01
17:02
18:03

Elapsed Time

0.10
0.27
0.52
0.77
1.02
2.02
3.02
4.02
5.03
6.02
7.02
8.03
9.05

Outlet ppm

N o O 0 O 0O oo
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Multi-Cycle Tests - ZTMC-01 Regeneration 1

October 6, 1992 Test time: 20:00-22:12 (Test duration: 2:12)

Detector Tube Readings - % Sulfur Dioxide
Test start time:

Time

20:16
20:31
20:48
21:05
21:31
22:03

Elapsed Time
0.27
0.52
0.80
1.08
1.52
2.05

20:00

Outlet (%)

1.2
1.9
1.7
L7
12
0.01




Multi-Cycle Tests - ZTMC-01 Sulfidation 2
October 7, 1992 Test time: 1:00-13:10 (Test duration: 12:10)

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: . 1:00

Time Elapsed Time Inlet ppm Time
2:32 1.53 850
3:03 2.05 1000
4:03 3.05 1050
5:03 4.05 1050
6:03 5.05 1100
7:03 6.05 1100
8:03 7.05 1050
9:03 8.05 1050
10:03 9.05 1100
11:03 10.05 1100
12:03 11.05 1150
13:08 12.13 1175
13:08 12.13 1175

1:06
1:16
1:31
1:46
2:01
2:33
3:01
3:30
4:01
4:30
5:01
5:30
6:01
6:34
7:01
7:30
8:01
8:30
9:01
9:30
10:01
10:30
11:01
11:30
12:01
12:31
13:01

Elapsed Time
0.10
0.27
0.52
0.77
1.02
1.55
2.02
2.50
3.02

3.50

4.02
450
5.02
5.57
6.02
6.50
7.02
7.50
8.02
8.50
9.02
9.50
10.02
10.50
11.02
11.52
12.02

Outlet ppm
5
30
25
20
21
18
12
12
15
15
21
19
15
18
15
23
28
18
22
28
28
42
39
51
60
72
116




Multi-Cycle Tests - ZTMC-01 Regeneration 2
October 7, 1992 Test time: 18:00-23:05 (Test duration: 5:05)

Detector Tube Readings - % Sulfur Dioxide

Test start time: 18:00

Time Elapsed Time Outlet (%)
18:16 0.27 0.2
18:31 0.52 0.7
18:46 0.77 0.8
19:02 1.03 1
19:31 1.52 1.1
20:01 2.02 1
20:31 2.52 1
21:02 3.03 0.8
22:02 403 0.17
22:32 4.53 0.0225

23:01 5.02 0.0032




Multi-Cycle Tests - ZTMC-01 Sulfidation 3

October 8, 1992 Test time: 3:00-18:03 (Test duration: 15:03)

Detector Tube Readings - ppm Hydrogen Sulfide
Test start time:

Time

3:18
4:03
4:31
5:03
6:03
7:03
8:03
9:03
10:03
11:03
12:03
13:03
14:02
15:03
16:02
17:03
18:03

Elapsed Time
0.30
1.05
1.52
2.05
3.05
4.05
5.05
6.05
7.05
8.05
9.05

10.05
11.03
12.05
13.03
14.05
15.05

3:00
Inlet ppm
400
800
850
900
950
950
1000
950
950
1000
1000
1125
1125
1125
975
975
1000

Time

3:06
3:16
331
3:46
4:01
4:33
5:01
5:30
6:01
6:35
7:01
7:30
8:01
8:30
9:01
9:33
10:01
10:30
11:01
11:31
12:01
13:02
14:01
15:02
15:43
16:01
16:30
17:01
17:30
18:02

Elapsed Time
0.10
0.27
0.52
0.77
1.02
1.55
2.02
2.50
3.02
3.58
4.02
4.50

502

550
6.02
6.55
7.02
7.50
8.02
8.52
9.02
10.03
11.02
12.03
1272
13.02
13.50

- 14.02
14.50
15.03

Outlet ppm
0
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Multi-Cycle Tests - ZTMC-01 Regeneration 3
Test time: 20:00 (October 8, 1992) - 2:00 (October 9, 1992) Test duration: 6:00

Detector Tube Readings - % Sulfar Dioxide

Test start time: - 20:00
Time Elapsed Time Outlet (%)
20:12 0.20 0

20:16 0.27 1

2031 0.52 1

20:46 0.77 1.1

21:00 100 12

21:31 152 1.1

22:01 2.02 1.1

22:31 2.52 1.1

23:01 3.02 1.1

23:32 3.53 0.9

0:01 4.02 0.7

0:31 452 05

1:01 5.02 0.14

1:31 552 0.04

2:02 6.03 0.004




Multi-Cycle Tests - ZTMC-01 Sulfidation 4
October 9, 1992 Test time: 4:00-22:16 (Test duration: 18:16)

Detector Tube Readings - ppn Hydrogen Sulfide
Test start time:

Time
4:18
5:03
5:31
6:03
7:03
8:03
9:03
10:03
11:03
12:02
13:03
14:03
15:03
16:03
17:04
18:04
19:03
20:05
21:03
22:03

Elapsed Time

0.30
1.05
1.52
2.05
3.05
4.05
5.05
6.05
7.05
8.03
9.05

10.05

11.05

12.05

13.07

14.07

15.05

16.08

17.05

18.05

4:.00

Inlet ppm

200

700

800

900
1050
1200
1000
1000

950
1050
1025
1025
1025
1100
1025
1125
1025
1100
1050
1175

Time

4:06
4:16
4:31
4:46
5:01
6:01
7:01
8:01
9:01
10:01
11:01
12:01
13:02
14:02
15:01
16:02
17:03
18:01
19:02
20:03
20:30
21:02
21:30
22:01
22:16
22:16

Elapsed Time
0.10
0.27
0.52
0.77
1.02
2.02
3.02
4,02
5.02
6.02
7.02
8.02
9.03

10.03
11.02
12.03
13.05
14.02
-15.03
16.05
16.50
17.03
17.50
18.02
18.27
18.27

Outlet ppm
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Multi-Cycle Tests - ZTMC-02 Sulfidation 1
Test time: 1:00 (October 14, 1992) - 0:03 (October 15, 1992) Test duration: 23:03

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time:
Time'

1:18
2:03
2:31
3:03
4:03
5:03
6:03
7:03
8:03
9:03
10:03
11:03
12:04
13:02
14:03
15:08
16:03
17:03
18:03
19:03
20:03
21:03
0:03

Elapsed Time
0.30
1.05
1.52
2.05
3.05
4.05
5.05
6.05
7.05
8.05
9.05

10.05
11.07
12.03
13.05
14.13
15.05
16.05
17.05
18.05
19.05
20.05
23.05

1:00
Inlet ppm

1200
1300
1300
1300
1400
1300
1300
1300
1400
1300
1300
1300
1300
1350
1350
1300
1450
1575
1300
1275
1325
1300
1225

Time

1:06
1:16
1:31
1:46
2:.01
2:33
3:01
4:01
5:01
6:01
7:01
8.01
9:01
10:01
11:01
12:02
13:01
14:01
15:06

-16:02

17:02
18:01
19:02
20:02
21:02
21:31
22:03
21:31
22:03
22:31
23:30

0:01

Elapsed Time
0.10
0.27
0.52

. 0.77
1.02
1.55
2.02
3.02
4.02
5.02
6.02
7.02
8.02
9.02

10.02
11.03
12.02
13.02
14.10
15.03
16.03
17.02
18.03
19.03
20.03
20.52
21.05
20.52
2105
2152
22.50
23.02

Outlet ppm
18
44
kYl
35
30
28
28
25
28
30
31
43
55
70
90

110
122
165
205
230
350
375
400
475
525
540
550
540
550
550
590
600




Multi-Cycle Tests - ZTMC-02 Regeneration 1
October 15, 1992 Test time: 3:00-8:13 (Test duration: 5:13)

Detector Tube Readings - % Sulfur Dioxide

Test start time: 3:00

Time Elapsed Time Qutlet (%)
3:06 0.10 2.1
3:16 0.27 42
3:31 0.52 35
3:.46 0.77 4
4:01 1.02 38
5:01 2.02 39
6:01 3.02 42
7:01 4.02 1.6
7:30 4.50 0.19
8:01 5.02 0.01

8:03 5.05 0.005




Multi-Cycle Tests - ZTMC-02 Sulfidation 2
Test time: 18:00 (October 15, 1992) - 18:03 (October 16, 1992) Test duration: 24:03

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time:

Time

18:12
18:33
18:51
19:07
20:03
21:03
22:03
23:03
0:03
1:03
2:03
3:03
4:03
5:03
6:03
7:03
8:03
9:03
10:03
11:03
12:03
13:04
14:03
15:05
16:03
17:04
18:03

Elapsed Time
0.20
0.55
0.85
1.12
2.05
3.05
4.05
5.05
6.05
7.05
8.05
9.05

10.05
11.05
12.05
13.05
14.05
15.05
16.05
17.05
18.05
19.07
20.05
21.08
22.05
23.07
24.05

18:00
Inlet ppm
0
0
0
775
1100
1125
1525
1200
1200
850
1200
1200
1300
1300
1200
1250
1250
1200
1250
1250
1275
1275
1375
1400
1350
1350
1350

Time

18:17
18:31
18:47
19:01
20:02
21:01
22:02
23:02
0:02
1:01
2:02
3:02
4:01
5:01
6:02
7:02
8:02
9:02
10:02
11:02
12:02
13:02
14:02
15:03
16:02
17:03
17:30
18:01

Elapsed Time
0.28
0.52
0.78
1.02
2.03
3.02
4.03
5.03
6.03
7.02
8.03
9.03

10.02
1102
12.03
13.03
14.03
15.03
16.03
17.03
18.03
19.03
20.03
21.05
22.03
23.05
23.50
24.02

Outlet ppm
17
36
30
19
20
14
17
17
13
20
12
27
31
40
65
65
98

105
175
175
275
200
400
258
475
450
575
600




Multi-Cycle Tests - ZTMC-02 Regeneration
October 19, 1992 Test time: 12:30 - 16:45

Detector Tube Readings - % Sulfur Dioxide

Test start time:

Time
12:47
13:01
13:16
13:31
14:32
15:32
16:32

Elapsed Time

0.28
0.52
0.77
1.02
2.03
3.03
4.03

12:30

Outlet (%)

0.5

1

1.1
11
14
0.5
0.001




Multi-Cycle Tests - ZTMC-02 Sulfidation 3
20:00 (October 19, 1992) - 14:05 (October 20, 1992) Test duration: 18:05

Detector Tube Readings- ppm Hydrogen Sulfide

Test start time:
Time Elapsed Time
20:18 0.30
21:31 1.52
0:04 4.07
4:03 8.05
8:03 12.05
12:03 16.05
14:03 18.05

20:00
Inlet ppm
875

1050

1175

1250

1250

1300

1075

Time

20:17
20:31
20:46
21:01
22:01
23:01
0:03
1:02
2:01
3:01
4:02
5:02
6:02
7:02
8:02
9:02
10:02
11:02
12:02
13:01
14:03
14:03

Elapsed Time
0.28
0.52
0.77
1.02
2.02
3.02
4.05
5.03
6.02
7.02
8.03
9.03

10.03
11.03
12.03
13.03
1403
15.03
16.03
17.02
18.05
18.05

Outlet ppm
120
140

30
85
130
40
250
600
350
375
500
700
850
1000
1000
950
1050
850
1100
1075
1075
1075




Multi-Cycle Tests - ZTMC-04 Sulfidation 1

Test time: 21:00 (January 13, 1993) - 2:00 (January 15. 1993) Test duration: 29:00

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 21:00
Time Elapsed Time  Inlet ppm Time Elapsed Time OQutlet ppm
22:00 1.00 375 21:15 0.25 2
2:00 5.00 800 21:30 0.50 5
6:00 9.00 800 22:00 1.00 19
10:00 13.00 800 23:00 2.00 58
13:00 16.00 800 0:00 3.00 120
14:01 17.02 875 1:00 4,00 165
18:01 21.02 710 2:00 5.00 210
21:02 24.03 750 3:00 6.00 350
1:00 28.00 750 4:00 7.00 400
- 5:00 8.00 450
6:00 9.00 500
7:00 10.00 550
8:00 11.00 575
9:00 12.00 600
10:00 13.00 600
11:00 14.00 645
12:00 15.00 700
13:00 16.00 650
14:00 17.00 610
15:00 18.00 675
16:00 19.00 610
17:00 20.00 600
18:00 21.00 600
18:03 21.05 600
19:00 22.00 600
20:00 23.00 600
21:00 24.00 700
22:00 25.00 600
23:00 26.00 600
0:00 27.00 625
1:00 28.00 625

2:00 29.00 625




Multi-Cycle Tests - ZTMC-04 Regeneration 1

January 15, 1992Test time: 5:00 - 20:33 (Test duration: 15:33)

Outlet Detector Tube Readings - % Sulfur Dioxide

Test start time: 5:00
* Time Elapsed Time Outlet (%)
5:15 0:15 0.02
5:30 0:30 - 0.025
6:00 1:00 0.055
7:00 2:00 0.08
8:00 3:00 0.095
9:00 4:00 0.105
10:00 5:00 1.6
11:00 6:00 1.5
12:00 7:00 1.1
13:00 ' 8:00 0.185
14:00 9:00 0.01
15:00 7 10:00 0.02
16:04 11:04 0.0017
17:00 12:00 0.002
18:00 " 13:00 0.0019
18:30 ©13:30 0.0034
19:00 : 14:00 0.0078
19:15 - 14:15 0.008
19:45 14:45 0.0063
20:00 15:00 0.0062
20:15 15:15 0.006

20:30 15:30 0.006




Multi-Cycle Tests - ZTMC-04 Sulfidation 2

Test time; 9.00 (January 19, 1993) - 7:05 (January 20, 1993) Test duration: 22:05

Detector Tube Readings - ppm Hydrogen Sulfide

Tes start time: 9:00
Time Elapsed Time Inlet Time Elapsed Time
10:00 1.00 210 9:15 0.25
14:01 5.02 760 9:30 0.50
18:01 9.02 800 10:00 1.00
22:00 13.00 800 11:00 2.00
2:00 17.00 850 12:00 3.00
6:00 21.00 900 13:00 4.00
: 14:00 5.00
15:00 6.00
16:00 7.00
17:00 8.00
18:00 9.00
19:00 10.00
20:00 11.00
21:00 12.00
22:00 13.00
23:00 14.00
0:00 15.00
1:00 16.00
- 2:00 17.00
3:00 18.00
4:00 19.00
5:00 20.00
6:00 21.00

7:00 22.00

Outlet

14
45
160
200
280
350
400
490
500
520
550
600
600
600
600
600
650
650
700
750
800
800
1200




Multi-Cycle Tests - ZTMC-04 Regeneration 2

Test time: 9:30 (January 20, 1992) - 5:03 (January 21, 1993)Test duration: 19:33

Outlet Detector Tube Readings - % Sulfur Dioxide

Test start time: 9:30
Time Elapsed Time Outlet (%)
9:45 0:15 0
10:00 0:30 0.0325
10:30 1:00 0.041
11:30 2:00 0.13
12:30 , 3:00 1.7
13:30 4:00 1.5
14:30 5:00 , L3
15:30 6:00 0.4
16:30 . T:00 0.09
17:32 8:02 0.0055
18:00 . 8:30 0.0055
19:00 9:30 0.002
20:00 10:30 0.0006
21:00 + 11:30 0.0014
22:00 12:30 0.001
23:00 13:30 0.0065
0:00 14:30 0.006
1:00 15:30 0.0055
2:00 16:30 0.0055
3:00 17:30 0.0045
4:00 18:30 0.004

5:00 19:30 0.004




Multi-Cycle Tests - ZTMC-04 Sulfidation 3

Test time: 8:30 - 22:33, 23:30 (January 21. 1993) - 14:32 (January 22. 1993)Test duration: 29:05

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 8:30
Time Elapsed Time Inlect Time Elapsed Time
9:30 1.00 500 8:45 0.25
13:45 5.25 780 9:00 0.50
17:31 9.02 850 9:30 1.00
21:34 13.07 800 10:30 2.00
2:30 17.05 850 11:30 3.00
6:30 21.05 800 12:30 4.00
10:30 25.05 775 13:30 5.00
14:31 29.07 750 14:30 6.00
15:30 7.00
16:30 8.00
17:30 9.00
18:30 10.00
19:30 11.00
20:30 12.00
21:30 13.00
22:30 14.00
0:30 15.05
1:30 16.05
2:30 17.05
3:30 18.05
4:30 19.05
5:30 20.05
6:30 21.05
7:30 22.05
8:30 23.05
9:30 24.05
10:30 25.05
11:30 26.05
12:30 27.05
13:30 28.05

14:30 29.05

Outlct
47
130
200
300
350
400
400
430
500
450

525

600
620
610
600
600
600
650
675
750
750
775
775
780

665

700
700
700
685
700
650




Single Cycle Tests - ZTSC-08 Sulfidation 1

Test time: 10:00-14:57, 17:30 - (January 26, 1993) - 11:53 (January 27, 1993)Test duration: 23:20

Detector Tube Readings - ppm Hydrogen Sulfide

Test start time: 10:00
Time Elapsed Time Inlet Time Elapsed Time
11:00 - Loo 1300 10:15 0.25
10:30 0.50
18:32 5.98 2000 11:00 1.00
18:34 6.02 1550 12:00 2.00
22:30 9.95 1400 - 13:00 3.00
2:30 - 13.95 1400 14:00 4.00

6:30 17.95 1400
8:05 19.53 1500 18:30 5.95
10:33 . 22.00 1500 ‘ 19:30 6.95
11:30 22.95 1725 20:30 7.95
12:00 2345 1700 : 21:30 8.95
‘ 22:30 9.95
23:30 10.95
0:30 11.95
1:30 12.95
2:30 13.95
3:30 14.95
4:30 15.95
5:30 16.95
6:30 17.95
7:30 18.95
8:30 19.95
9:30 20.95
10:30 21.95
11:30 22.95

12:00 23.45

Outlet
25

50

80
380
700
825

1100
1100
1200
1200
1250
1250
1250
1300
1200 .
1275
1300
1390
1500
1350
1400
1400
1375
1635
1625




Multi-Cycle Tests - ZTMC-02 Regeneration 3
October 21, 1992 Test time: 1:00- 6:03 (Test duration: 5: 03)

Detector Tube Readings - % Sulfur Dioxide

Test start time: 1:00

Time Elapsed Time Outlet (%)
1:18 0.30 1
1:31 0.52 1
1:46 0.77 1.1
2:02 1.03 1.1
3:01 2.02 1.1
4:01 3.02 1.1
4:30 3.50 0.8
5:01 4.02 0.2
5:15 425 0.08
5:31 4.52 0.025
5:45 4.75 0.011

6:02 5.03 0.0035




APPENDIX G
Porosity Plots

Cumulative percent porosity versus pore diameter plots are
presented for the fresh and the reacted zinc titanate sorbent.
Raw mercury porosimetry and nitrogen adsorption data have been
retained in the project file.
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