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PREFACE

The work described in this report was performed by the Control and Energy
Conversion Division of the Jet Propulsion Laboratory.



FOREWORD

The Final Report for Phase I of the Coal Desulfurization by Low
Temperature Chlorinolysis project conducted by the Jet Propulsion Laboratory
under U.S. Bureau of Mines Contract No. J0177103 for the period of July 6,
1977 through November 6, 1977 is presented here. The reported activity
covers laboratory scale experiments on twelve bituminous, sub-bituminous
and Tignite coals, and preliminary design and specifications for bench-scale
and mini-pilot plant equipment. A Phase II follow-on program will be
carried out that includes bench-scale and mini-pilot plant construction and
operation. The combined Phase I and Phase II programs are discussed in JPL
Proposal 70-763 for "Coal Desulfurization by Low Temperature Chlorinolysis",
dated December 30, 1976.

The work described in this final report involves the “Coal Desulfurization
Process" invention that is the subject of a pending patent applicaticn made in
the performance of Prime Contract NAS 7-100 between the National Aeronautics
and Space Administration and California Institute of Technology.
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INTRODUCTION

A national need exists for Tow-cost processes to remove sulfur from
coal to comply with both State and Environmental Protection Agency stan-
dards for SOp emissions. The emission standard of 1.2 1b/106 Btu in
stack gases corresponds to approximately 0.7 weight percent sulfur in
coal with a heating value of 12,000 Btu/1b. Only 12.3 percent (ref. 1)
of the United States coal reserves are within this compliance Tlevel.

The major recoverable fractions of eastern and midwestern coals contains
more than 2 weight percent sulfur. The sulfur is normally equally dis-
tributed between organic and inorganic sulfur. Organic sulfur is intimately
bound within the structure of the coal and requires the severance of (-5
bonds to dislodge the organic sulfur. Inorganic sulfur is normally present
as FeS, (iron pyrites) along with some sulfur present as sulfate. Removal
of the pyritic sulfur can be accomplished by state-of-the-art physical
separation methods such as float-sink methods. If pyrites are present as
relatively coarse particles, pyritic removal by flotation is effective.
However, with very fine particles of pyritic sulfur, only Timited removal

of pyritic sulfur is possible. On the average, 60 percent of pyritic

sulfur removal is possible by float-sink methods. Other chemical treat-
ment processes (ref. 2) are available for pyritic sulfur removal; however,
the processing costs are high. Also, organic sulfur removal is obtained

in conjunction with pyritic sulfur removal only to a limited extent.

Claims for organic sulfur removal by various chemical treatment methods
indicate a maximum of 40 percent organic sulfur removal with a lower organic
sulfur removal being more 1ikely, as indicated by inspection of published
data for the cited chemical processes {(ref. 3). Many of the chemical treat-
ment methods claim no organic sulfur removal, which Timits the application
and effectiveness of these processes and points up the relatively high
attendant cost for Timited sulfur removal.

Other processes such as hydrogenation for coal 1iquefaction and coal
gasification are beset by high costs and the problems of converting solid
coal to a different state. Flue gas desulfurization requires the instal-
tation of scrubbers on new and existing plants. Although these costs for
flue gas desulfurization are the most attractive of any of the desulfurization
processes that are available today, the costs are still high at $12 to $15 per
ton of coal. Flue gas desulfurization is still in a developmental stage and
the equipment is beset with many maintenance problems because of corrosion,
scaling, and pliugging.

Solvent refined coal processing, although attractive in generating a
16,000 Btu/1b, low-ash coal, is expensive. Processing costs bring the price
of coal to an estimated total of $60 per ton (ref. 4).

JPL started experimental work approximately two years ago on coal
beneficiation and coal desulfurization under the Director's Discretionary
fund. An outgrowth of this activity is the JPL Low Temperature Chlorinclysis
process for coal desulfurization. The initial laboratory studies indicated
that the process was capable of removing up to 70 percent organic sulfur,

76 percent pyritic sulfur and over 70 percent total sulfur from an Iilinois
No. 6 bituminous coal containing 4.77 weight percent total sulfur.



The Titerature indicates that this represented a higher organic sulfur
removal than claimed by any existing chemical cleaning process for removal
of sulfur from solid coal. A preliminary process cost estimate indicated
that the attendant costs were a Tow $9-10 per ton of coal, because of the
relatively mild conditions of temperature and pressure for processing and
the relatively short retention times in the specific operations. The pro-
cess and attendant costs were reviewed by Bechtel Corporation for the U.S.
Bureau of Mines.

As a consequence of the favorable outlook for the proces$s in terms of
costs as well as sulfur removal, JPL has undertaken (under U.S. Bureau of
Mines and Department of Energy sponsorship) a Phase I study of the process
by investigating twelve high-sulfur coals, as well as providing a parametric
investigation of operating conditions for the chlorination, hydrolysis and
dechlorination steps that constitute the overall process. The Phase I study
results are reported here. The Phase II program constitutes a follow-on to
the present effort that completes the work outlined in JPL Proposal 70-763.
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SUMMARY

The final report for Phase I of the Coal Desulfurization by Low
Temperature Chiorinolysis Project carried out by the Jet Propulsion
Laboratory under U.S. Bureau of Mines Contract No. J0177103 from July 6,
1977 to November 6, 1977, is presented here. The reported work wds per-
formed by the Jet Propulsion Laboratory at Pasadena, California. A Phase II
foliow-on program will be carried out by JPL under U.S. Department of

Energy sponsorship to complete the program outlined in JPL Proposal 70-763,
dated December 30, 1976.

* The Phase I program consisted of:

(1) Laboratory testing of twelve coals including 9 bituminous,
2 sub-bituminous, 1 lignite, 1 high organic sulfur and 1 high
pyritic sulfur coal. These were selected with consultation
and approval of the United States Bureau of Mines.

(2} Preliminary design and equipment specifications for bench-
scale (batch) and mini-pilot plant {continuous flow) coal
desulfurization that included immersion testing of reactor
construction materials. (Follow-on Phase II will include
construction and operation of bench-scale and mini-pilot
plant equipment.)

Laboratory testing was carried out on 100-gram samples of +200 mesh
coal using laboratory glassware. Major process steps included: chlorina-
tion, hydrolysis and dechlorination. Parameters tested included time,
temperature, solvent, water-to-coal ratios, chlorine rate and steam-to-
coal ratios. The chlorination was carried out with chlorine gas bubblied
through a moist powdered coal suspended in an organic solvent at tempera-
tures of 50 to 100°C and atmospheric pressure for times of 10 to 120 minutes.
Solvents included methyl chloroform, carbon tetrachloride and tetrachloro-
ethylene at solvent/coal ratios of 2/1. Water/coal ratios were 0.3/1,
0.5/1 and 0.7/1. Chlorine feed rates were from 0.125 to 1.0 SCFH. Hydrolysis
was conducted at water/coal ratios of 4/1 and 2/1 with a 2/1 and 1/1 water/
coal displacement wash of the filter cake at water temperatures of 60 to
100°C and wash times of 20 to 120 minutes. [Dechlorination tests were con-
ducted at temperatures of 350 to 550°C using steam rates of 0.4 to 121 grams/
hour with 2 to 10 gram samples of chlorinated and hydrolyzed coal contained
“in a 1-inch-diameter quartz tube rotated at 2 RPM.

PSOC-219 (HVA Bituminous, Kentucky No. 4, 2.56% total sulfur) was used
for parametric screening of process operating conditions. Thirty screening
runs were made with PSOC-219 and 17 runs were made on the eleven remaining
coals. The twelve raw coal samples analyzed:

Organic sulfur - 0.46 - 2.24 wt. %
Pyritic sulfur - 0.20 - 5.01 wt. %
Total sulfur - 1.22 - 6.66 wt. %
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Desulfurization results on the treated coal indicate:

Coal Description

Raw Coal Sulfur Removal Range (%)
Rank, Seam, County, State, Number of Total Sulfur
ERDA PSOC No. Runs (Wt. %) Organic  Pyritic Total
HYA Bit., Ky, No. 4, 219 30 2.56 3.7-87 11-100 15-75
Lignite, Zap, Mercer, 1 1.22 38-62 21-59 21-57
N. Dak, 086
Sub-bit A, Seam 80, 1 1.23 0-17 18-87 1-34
Carbon, Wyo, 097
Raw Head, 3A, Upper Freeport 2 3.01 - 73-96 56-78
Seam, Sommerset, Pa, PHS-398
HVA Bit., I11. No. 6, 2 3.05 15-34 87-98 37-58
Knox, I11, 190
HVB Bit., Pittsburgh, Wa, 2 3.13 16-83 36-96 26-78
Pa, 108
Sub-bit. B, Big D, Lewis, 1 3.36 72 58 64
Wa, 240 Al
HVB Bit., Ky, No. 9, 213 1 3.82 72 13 43
HVA Bit., Ohioc No. 8, 3 5.15_ 48-74 64-99 49-83
Harrison, Ohio, 276
HVA Bit., Claricon, 2 6.55 7-20 60-82 49-59
Jefferson, Pa, 342
HVC Bit., I11, No. 6, 1 6.66 37-42 79-89 67-75
Saline, I11, 026
Bit., Mine No. 513, 1 1.76 27-34 - 27-34

Upper Clarion, Butier, Pa
PHS-513

SuTfur removal data scatter is extensive.

Average sulfur removals for

PSOC-219 are: organic sulfur - 50-60 percent, pyritic sulfur - 60-70 percent,

total sulfur - 60-70 percent.

0f the remaining 11 coals, three had an organic

sulfur reduction of less than 20 percent, four had an organic sulfur reduction
of 71-83 percent, and the remaining coals had intermediate organic sulfur re-
movals. The total sulfur reduction for 3 of the 11 coals is Tess than 34 per-
cent. The remaining coals had total sulfur reduction of 37 to 78 percent with
accompanying pyritic sulfur removails of 13 to 99 percent.



An evaluation of the accuracy and precision of the Galbraith Laboratory's
sulfur analysis indicates that the mean deviation of five identical samples
was %0.13 (15%) on total sulfur and *0.05 (7%) and $0.07 (44%) on organic
and pyritic sulfur, respectively, which could account for up to b percent
variance in sulfur reduction values. These variances, although appreciable,
cannot account for existing variances in the sulfur data. However, compari-
son of Galbraith Laboratory's analyses with those of the U.S. Department of
Fnergy (analysis and Testing Laboratory, Pittsburgh, Pa) indicated that
sulfur analyses performed by Galhraith gave substantially higher residual
sulfur values than were reported by the U.S. Department of Energy. The U.S.
Department of Energy indicated values for total sulfur of 0.28 weight percent
(33 relative percent) less than Galbraith. Organic sulfur determinations
were also 0.18 weight percent (27 relative percent) Tess and pyritic
sulfur 0.09 weight percent (56 relative percent) less. If the Department of
Energy results correctly identify a bias of 2.2 to 0.3 percent sulfur in the
Galbraith Laboratory's data, the residual sulfur in a Targe fraction of the
coals tested would fall in compliance with sulfur standards, i.e., less than
0.7 weight percent sulfur.

Multiple regression analyses of the laboratory data were conducted using
an existing computer program at JPL for statistical analysis of data. Results
of the analyses are included, and confirmed the large unaccountable variance
in the majority of the data. The principal correlation (55% accounting of
variance) was with high organic sulfur removal and high organic sulfur content in
the raw coal. Other variables, including temperature, water, coal and re-
tention time, showed very 1ittle correlation with the desulfurization resuits
either in the form of residual sulfur values or with sulfur removal values.
The variance in the data appears to be greater than that which can be ex-
plained by sulfur analysis deviations. Complexities in the coal desulfurization
reactions are suggested, especially in view of the fact that increased retention
times beyond 30 minutes appear to add very 1ittle to coal desulfurization.
Parameters such as temperature, which should exhibit a significant effect on the
reaction chemistry, lose any significance within the scatter of the data.

Hydrolysis of the chlorinated coal for 20 minutes at a water/coal ratio
of 2/1 at temperatures of 80°C, combined with a 2/1 water/coal filter cake
displacement wash, reduces residual sulfate to less than 0.1% in the treated
coal.

Dechlorination of the treated coal samples has shown that substantial
variations in residual chlorine are found under identical conditions of
dechtorination. Residual chlorine levels range between0.06 and ~1%. No
satisfactory correlation with temperature, steam rates, retention time or
coal has been noted for achieving consistent dechlorination to 0.1% residual
chlorine. Additional research will be required to obtain low residual
chlorine values (~0.1%) on a consistent basis.

Pretiminary design and equipment specifications were completed for
Phase II bench-scale equipment for testing of the coal desulfurization
process at 2000 grams/batch and for a Phase II mini-pilot plant continuous
flow operation at 2000 grams/hour. An overall mini-pilot plant equipment
layout drawing is shown in Figures 6, 7 and 8, with accompanying detailed
drawings of major equipment units presented in Figures 9 through 18.
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Immersion tests were conducted for brick and mortar samples supplied
by Pennwalt Corporation and Stebbins Engineering and Manufacturing Co. as
candidate materials for chlorinator and hydrolyzer construction. ATthough
the tests covered a shortened period of time, 18 to 30 days, the tests
were effective in screening out materials that proved unsuitable after
immersion in the chlorinator reaction conditions. Suitable construction
materials for the chlorinator and hydrolyzer were recommended by Pennwalt
and Stebbins on the basis of the materials immersion testing program.

Phase II activities will concentrate on bench-scale batch tests at
2000 grams per batch for parametric screening of the coal desulfurization
operating conditions and construction and preliminary operation of a 2000
grams/hour continuous-flow mini-pilot plant. The mini-pilot plant will
include equipment integration for continuous flow from a pulverized coal
hopper through the chlorinator, hydrolyzer and dechlorinator to provide
dried, desulfurized coal.

Laboratory data is shown in Tables 2 and 3, multiple regression analysis
data in Tables 15 through 19, and mini-pilot plant and major equipment draw-
ings are shown in Figures 9 through 18. A detailed discussion and representa-
tion of the coal desulfurization process is presented in the Technical Discus-
sion (Tables 17, 18 and 19).



CONCLUSIONS

Phase I research and development of the JPL Jow température chlor-
inolysis process for coal desulfurization has demonstrated or indicated:

1} Sulfur Removal

a) Generally high removal of organic sulfur with an average
removal of better than 50 percent (27 runs out of 46
indicate over 50 percent organic sulfur removal).

b) Highest removal of pyritic sulfur at optimum operating
conditions was 100 percent. Average removals of 60 to
70 percent occurred in 41 runs out of 46.

¢) High removal of total sulfur with average removal of
60 to 70 percent (33 runs out of 45 indicated better
than 60 percent total sulfur removal).

d) Residual sulfur levels in the 12 coals treated averaged
between 0.6 to 1.h-weight percent (44 out of 46 runs
were below 1.5 weight percent total sulfur). Sulfur
compliance levels for a 12,000 Btu/1b coal are 0.7
weight percent sulfur. Average heating values for eleven of
the coals tested were 11,083 Btu/1b on an "as received
basis" and 12,329 Btu/1b on a moisture-free basis.

e) Since peak levels of organic sulfur removal and pyritic
sulfur removal are 83 and 100 percent, respectively,
the possibility exists of consistently achieving
higher coal desulfurization Tevels than currently
indicated by average sulfur removal data.

f) A substantial amount of scatter exists in the coal
desulfurization data for any given run as well as
between runs. The data scatter can be explained
in part by analytical errors and correlation with
changes in operating parameters.

2) Coals Tested

a) The majority of the 12 coals tested, including 9 bi-
tuminous, 2 sub-bituminous and 1 lignite coals, showed
high organic and pyritic sulfur removal. Only 1 bitum-
inous coal (PS0C-382, Clarion, Jefferson, Pa) and 1
sub-bituminous coal (PSOC-097, Seam 80 Carbon, Wyo)
showed lTess than 20 percent organic sulfur removal and
accompanying low total sulfur removal.

b) Geographical origins of the coals tested included:
Western - 2 sub-bituminous, 1 1ignite; mid-Western - 5
bituminous; Eastern - 4 bituminous. No substantial
differences were noted for sulfur removal based on
geographical origin.



c) The coal desulfurization process should be applicable to a
wide variety of bituminous, sub-bituminous and Tignite
coals that encompass eastern, mid-western and western coals.

3) Process Dperation Conditions

a) Chlorination

1 Chlorination data suggests that reaction times of less
than 1 hour may be optimum. Chiorinations for extended
time periods may promote secondary reactions of sulfur
compounds with the coal structure that may reintroduce
sulfur into the coal. This complication may in part
explain some of the scatter in coal desulfurization data.

2 No significant differenée was ohserved among the use of
methy] chloroform, carbon tetrachloride and tetrachlor-
ethylene in the coal desulfurization results.

Chlorine injection rates at the maximum rate absorbed
by the coal slurry without Toss to the gas phase appear
desirable to maximize the coal desulfurization reaction
rates.

jus

Water-to-coal ratios from 0.3 to 0.7 in the chiorination
reaction provided no significant differences in the coal
desulfurization results.

4=

Multiple regression analyses of the iaboratory data on coal
desulfurization have confirmed the large unaccounted
variance in the data. The major data correlation cbtained
was for organic sulfur removal correlating with the amount
of organic sulfur present in the raw coal. Other parameters
exhibited a very iow influence on coal desulfurization data.

b) Hydrolysis

1 Combination of solvent distillation with the hydrolysis
stage has simplified and improved solvent recovery.

2 Hydrolysis of chlorinated coal in a single stage wash
with water/coal at 2/1 for 20 minutes and 80°C, followed
by a water/coal at 2/1 for the filtration wash, is
sufficient to consistently reduce sulfate suilfur to less
than 0.1 percent. This provides a substantial improvement
in time and water requirements .over initial hydrolysis
conditions.

¢) Dechlorination

1 Dechlorination of heated coal with steam/coal ratios of
1/4, temperatures of 350-550°C, and times of 20 minutes
to 1 hour provides residual chlorine levels of 0.06 to
1.0 weight percent.

Consistent dechlorination levels to less than 0.1 weight
percent chlorine have not been achieved.
. ORIGINAL PAGE Ib
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4)

5)

7)

Analytical Chemistry Results

a) Galbraith Laboratory analyses of sulfur types in the heated
coal samples have exhibited significant deviations between
duplicate samples (average of T0.13 percent total sulfur on
5 samples for total sulfur) and a possible bias towards
reporting higher residual sulfur values (0.2 to 0.3 weight
percent total sulfur). An improvement in analytical pro-
cedures might substantially increase the number of treated
coal samples meeting compliance levels of less than 0.7
weight percent total residual sulfur.

b} Ultimate analyses of treated coal sampies indicate a 1 to
3 percent reduction in hydrogen, a slight decrease in ash
and a 1T to 3 percent carbon 1ncrease over the raw coal.
A comparison of heating values between treated and raw
coal samples is questionable since raw and treated coal
samples were analyzed bv different laboratories and relative
values are questionable.

c) Trace metal analyses of treated coals indicate substantial
reductions (48 to 91 percent) of titantum, phosphorus,
arsenic, lead, vanadium, lithium and beryl7ium.

d) Product yi1elds of coal have been demonstrated with coal
losses of 3.81% to 23.67%. The 3.81% loss 1s representative
of losses that have been accounted for, whereas the 23.67%
Toss includes unaccounted coal. Unaccounted coal is
thought to be primarily solid particles of product coal
lost in the dechlorination apparatus.

Materials Testing

Immersion tests of brick and mortar samples supplied by Pennwailt
and Stebbins Engineering were successful in screening suitable
materials recommended for construction of the reactors.

Fquipment Specifications and Requirements

Preliminary design and major equipment specifications for a con-
tinuous flow mini-piiot plant for 2000 grams/hour have been com-
pleted. The pilot plant provides for an integrated flow opera-
tion from a ground ceal hopper through a chlorinator, hydrolyzer,
filter and dechiorinator to a clean coal product hopper.

Bench-Scale Screening Tests

Bench-scale screening tests of the coal desulfurization process
at 2000 grams/batch should be extremely beneficial in comple-
menting the laboratory data that has been obtained as well as
providing equipment improvement for conduct of the chlorination
reaction and thus achieving improved coal desulfurization
results. The larger scale operation will also provide data
more representative of engineering-scale operations.
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RECOMMENDATIONS

Since Phase I, laboratory screening of 12 coals and extensive
parametric investigations of PSOC-219 coal by the Tow tempera-
ture chlorinolysis process for coal desulfurization has been
compieted, Phase II activities that include bench~scale testing
(2000 grams per batch) and construction of a mini-pilot plant
for continuous flow operation at 2000 grams per hour should be
initiated immediately.

Bituminous coals PS0C-279 (Ky #4, Hopkins, Ky HVA Bituminous Coal -
2.56 percent total sulfur) and PSOC-276 (Ohio #8, Harrison, Ohio,
HYA Bituminous Coal - 5.15 percent total sulfur) are recommended
for Phase II bench-scale and mini-pilot plant operations. PS0C-219
represents the extensively tested coal in Phase I and PSOC-276
represents a high suifur coal with high organic and high pyritic
sulfur content with a demonstrated potential for high (83 percent)
total sulfur removal.

Phase II eguipment designs and operations should refiect reduced

reaction times of Tess than 1 hour for each of the chiorination, hydrolysis

and dechlorination stages as reflected in the Phase I Tahoratory
evaluation.

Provisions should be incorporated in the continuous flow-mini-pilot
plant for monitoring and recovery of HCT to demonstrate the viability
and economics of HCT1 recovery for recycle to the Kel-chlor process.

Provisions should also be incorporated for monitoring and treatment
of the waste water effluent from the hydrolyzer for recovery and/or
disposal of the sulfuric acid and metal saits and providing an
attendant economic analysis.

Fundamental investigations of the coal desulfurization reactions

are recommended to obtain the necessary data to optimize the coal
desulfurization process conditions and to achieve maximum levels

of coal desuifurization in all cases. Since levels of organic sulfur
removal of 83 percent and pyritic suifur removal of 100 percent have
been demonstrated, the possibility exists of consistently achieving
higher coal desulfurization levels than currently indicated by average
sulfur removal data.
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TECHNICAL DISCUSSION

The Phase I program under U.S. Bureau of Mines Contract No.
J0177103 consisted of the following tasks for investigation of the
JPL Low Temperature Chlorinolysis process for Coal Desulfurization:

1.1 (Task I*) - Laboratory scale experimental testing of
twelve bituminous, sub-bituminous, and lignite
coals representing high sulfur coals, listed
in Table 1, and parametric screening of coal
desulfurization conditions using a selected
bituminous coal, PSOC-212. The coals were
selected with consultation and approval of the
U.S. Bureau of Mines.

1.2 (Task ILIA*) - Design and equipment specifications for
the bench-scale and continuous-flow mini-pilot
plant for Phase II construction and operation.
Bench-scale equipment is for 2000 grams of coal
per batch. Mini-pilot plant is for 2000 grams
of coal per hour. Process operations include
chlorination, hydrolysis and dechlorination.

1.3 (Task IV*) - Analyses of raw coal and coal product samples
for sulfur forms, caloric content, trace elements
consisting of As, Se, Pb, Hg, Cd, C1, ultimate
analysis and attendant water and gas analyses.

1.4 (Task V*) - Experimental and analytical studies for
elucidating coal desulfurization reactions.

1.5 (Task VI*) - Data analysis and report preparation.

Laboratory Scale Screening Studies (1.1)

The 1aboratory coal processing for desulfurization by the JPL Low
Temperature Chlorinolysis process is depicted in Figure 1. A modification
to the basic laboratory process illustrated in Figure 1 was made during
the test program by integrating the solvent evaporation step with the
hydrolysis by adding water to the coal slurry before solvent evaporation
and then flashing the solvent from the coal-water siurry.

Apparatus

Laboratory apparatus for chlorination of the coal is depicted
in Figure 2. Laboratory apparatus for hydrolysis of chlorinated
coal is depicted in Figure 3. Dechlorination apparatus for the
treated coal is depicted in Figure 4.

*
Starred task numbers correspond to those in JPL Proposal 70-763.

1



et

Table 1. Selected Coals for Chlorinolysis Experiments
Under Bureau of Mines-Sponsored Program

Ash

ERDA PSOC Content Sulphur Content, Wt. %
Number Seam, County & State Rank (Wt.%) Organic Pyritic Total
108 Pittsburgh, Washington, Pennsylvania HVA (Bit.) 9.50 1.07 2,06 3.13
219 Kentucky #4, Hopkins, Kentucky HVYA (Bit.) 8.06 1.08 1.40 2.56
190 I11inois, #6, Knox, I11linois - HVA (Bit.) 8.49 1.90 1.05 3.05
276 Ohio #8, Harrison, Ohio HVA (Bit.)11.19 2.24 2.07 5.15
026 IMinois #6, Saline, I11inois HVC (Bit.)10.84 2.08 4.23 6.66
342 Clarion, Jefferson, Pennsylvania HVA (Bit.) 9.19 1.39 5.01 6.55
240A1 B1g D, Lewis, Washington Sub-bit B 29.40 1.75 1.60 3.36
097 Seam 80, Carbon, Wyoming Sub-bit A 9.80 0.84 0.38 1.23
086 Zap, Mercer, N. Dakota Lignite 11.49 0.63 0.56 1.22
213 Kentucky #9 HVB (Bit.) 9.36 1.86 1.89 3.32
PHS-398 Raw Head, 3A, Upper Freeport Seam, - 19.7 0.46 2.26 3.01
(BOM)* Somerset, Pennsylvania

PHS-513 Mine 513, Upper C1$r1on, Butler, - - 1.76 <0.2 1.76
(BOM)* Pennsylvania (Physically cleaned, high organic coal

*
Samples received from Dr. Scott R. Taylor, Department of Energy, Pittsburgh, Pennsylvania.
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Process flow diagram for laboratory
scale coal desulfurization

Figure 1.
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Laboratory Data

Laboratory data on the coal desulfurization process is tabulated
in Tables 2 and 3. Table 2 represents all 47 runs that have been made
and 1ists operating parameters for chlorination, hydrolysis and de-
chlorination for each of the twelve coals that have been tested. It
gives the analyses for organic, pyritic, sulfate and total sulfur forms
for the raw and treated coal, and includes sulfur reduction in the
treated coal for organic, pyritic and total sulfur. The data are
grouped by coal with PSOC-219 (HYA Bituminous, Kentucky, No. 4 - 2.56
percent total sulfur) representing the coal selected for parametric
analysis of operating conditions. Thirty runs were made with PS0C-219
and seventeen runs with the remaining 11 coals. The selected coals
for testing are Tisted in Table 1 and represent organic sulfur from
0.63 to 2.24 weight percent, pyritic sulfur from 0.20 to 5.01 weight
percent and total sulfur from 1.22 to 6.66 weight percent. Chiorine
values are Tisted for the raw coals as well as the treated coals before
and after dechlorination. Table 3 repeats the coal desulfurization
data 1isted in Table 2, organized in terms of increasing total sulfur
removal. The data for any given coal desulfurization run are separated
according to the extent of total sulfur removal.

Chlorination. Coal chlorination was conducted by using 100 grams of
+200 mesh coal moistened with water and suspended in 200 grams of
organic solvent. The coal slurry was contained in a stirred 500 ml
flask equipped with a reflux condenser, cold trap, water scrubber and
gas holder. Chlorine injection was started at 0.125 SCFH and then
increased to 0.25, 0.5 and 7.0 SCFH 1in ensuing runs. Chlorine injection
rates of 1.0 SCFH were found to be excessive, with an immediate carry-
over of chlorine into the cold trap. A 0.5 SCFH injection rate was ’
found to be readily adsorbed by the coal sturry until a saturation level
was reached after neariy 1 hour of chlorination. At that time, chlorine
started Teaving the coal slurry and was collected in the dry-ice cold
trap. Reaction parameters that were investigated included:

Soivents - méthy] chloroform, carbon tetrachloride, tetrachloroethylene.
Temperatures - 50, 60, 74, 100°C

Reaction times - 10, 15, 20, 30, 60, 120 minutes

Water/coal - 0.3/1, 0.5/1, 0.7/1 '

Changing of the parameters under investigation did not produce significant
effects on coal desulfurization. Correlation of the parameters with the
coal desulfurization data is discussed in the Linear Multiple Regression
Analysis Section.

Hydrolysis. Hydrolysis conditions were changed during the course of

the test program by incorporating the coal slurry from the chiorinator
directly into the hydrolyzer without first dist111ing off the organic
solvent from the slurry. The solvent, insoiuble in water, was flashed
from the coal-water sTurry by maintaining a temperature above the boiling
point of the solvent. In the caSe of methyl chieroform, the boiling
point is 74°C. Hydrolysis conditions included: water/coal at 2/1, 3/1
and 4/1 with one and two washes -for 5, 10, 15, 20, 25, 30, 40, 45, 50,

14
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Table

2.

Laboratory scale data ~ coal desulfurization by low temperature chlorination

RESIDUAL
CHLORINE
. RESIDUAL
COAL TREATMENY SULFUR ANALYSIS Wy %
{ERDA CHLORINATION HYDROLYSIS DECHLORINATION WY %) SULFUR REMOVAL (%) | DECHLORINA
coaL | Tme| Temp] cHLORINE [waTER! Time| Temp | warens| Time [ reme] steam| co, TioN
RUNDATE | CODE} | iMiNl| "¢t | {scFHl | coal | soLvent || cct { coaw || £er | gemn [tomirt| arcanic|prritic|suurave | roradoncaniclpvriric| Totat|aeroRelarTen| Remarks
PSOC 219 | RAW [ coaL 108 140 008 | 256 003 HEATING VALUE
{HvaA BIT OF RAW COAL =
1026/27/77 [ KY ND 4) 13,400 BTU/LE
(MF BASIS)
120 | 7 025 |05 |METHYL - |- - - -1 - - on 073 on | 1e5| sos | 479 | ass LOW CHLORINE
CHLOROFORM RATE VERY
t20 | 74 ezs  Josn -1- - - - | - - 017 087 077 | 181 843 | a7zs | 203 | tzan LITTLE CHLORINE
120 | 74 025 Josit 120 | 60 an | - - | - - 046 050 003 | osa| 574 | eaa |er3 | 1047 COLLECTED IN
120 | ™ 025 losn 120 | 60 4n | co | 4s0f w7 - 038 041 | <00t | 075 | e48 | 468 |eg0 031 | COLD TRAP
105719477 |Psoc219] 30 | 74 o5 051 - |- - - - | - - 052 105 og0 | 217 | s9 | 10 |is2 538 MODERATE
3 | 7a 05 050 - - - - | - - o8t 070 o11 | 162 250 | so00 las? anm CHLORINE RATE
30 | 7 08 051 120 | 0 an | 6o | 4s0~m0 - on 010 oor | os2| aa3 | 928 {eap 069 | CHLORINE COL
0| 05 0511 120 | 80 an | 60 | 450 | =70 - 06t 012 | <001 [ o7a| 435 | 9514 | 718 084 | LECTS W GOLD
TRAP AFTER 45
MINUTES OF RUN
w77t |psocme | 30 | 74 05 osn LI (NP - - - | - - 087 079 vaz | zca | 194 | 43¢ |13e 541
0 | 1 05 o051 " 120 { 60 an | 60 | 4s0| w70 - 072 011 [ <001 | oe3| as3 | ezt |eve 022
120 | 7 05 051 ‘ - |- - - - | - - 014 oM 018 | 166 | 870 [ 471 |ag2 | 2020
120 | 74 0s o5/ " 120 | 60 an | - - | - - 024 059 0w [oe3| 778 [ &re |83y | Nz HEATING VALUE
120 | 74 0s a5n 120 [ 60 an | 60 | aso| =70 - 063 072 o0z {o087f 417 | sa3 | e6o 048 | OF TREATED
120 | 05 a5n . 120 | 6o ah | so { 450 | =70 - 035 037 | <oo1 | o2 ove | yas | 718 031 |COAL = 12,782
BTU/LB (ME BASIS)
108-811/77 | PSOC219 [ 60 | 74 L] 0 5/1 120 | 60 41 | 60 | 450 | =70 - 028 04§ 015 088 741 679 656 041 | Ns <0 05%
120 { 74 05 0sn “ 120 | 60 an | = - | - - 058 062 o010 | 131 asq [ ss7 |ase | 1ads Ne <0 06%
120 | %a 05 osn " 120 | 60 an | 60 | 450 | ~70 - 056 036 | <001 | oozl ag1 | M3 |eas o
10378077 |psocze| 30 | 4 10 osn - - - - - - 042 085 oag | avs ) 611 [ 292 |33 627 HIGH CHLORINE
6 | 1 10 osn ' -] - - - -] - - 023 026 oeg |l1oo | 787 { mia |s74 | 1311 RATE CHLORINE
, ' ' COLLBGYS IN
COLD THAP FROM
THE BEGINNING
60 | 7 10 osh 120 | 60 an | 6o | 450 | w70 - 043 012 o019 Jom| soz2 | o1a [719 10 D5S% TOTAL RESH
120 | 74 [ 4 - - - - [ 3 71 641 80 A
10 SN 120 | 60 i o 004 16 | oo 52 | 9 19 AL SULFLAL
| WASTE REMDVAL)
11582877 |Psoczra | 3o | so 05 0sh 120 | 80 4n | 6o | soof7s10] - o6 012 [ <001 | 080 | sve | 14 |ess <00t | LOWER CHLORI
60 | so 08 oS 120 | 80 an | e | soo|7s10] - 062 003 | co01 | 065 | 426 | a7a | 78 045 | NATION TEMP OF
120 | s0 0s s 120 | 80 an | - - | - - 068 026 oot | oex]| 389 | 814 |e37 | razs 80°¢
120 | S0 05 s 170 | 80 ait | 60 | 500 |76110 [ - 052 006 ot1 [oe| sig [ 957 | mo 050
ngeor? |psoc29 | 30 | 6o 05 osn 120 | 80 41 | 6o | so0{7s110| - on 016 | <001 | 087 | 343 | s2s | eso LOWER GHLORI
66 | & 0s asn 120 | 80 an | - -1 - - 069 a3t 013 [ vz 361 | 77e | ss8 864 NATION TEMP OF
50 | &0 0% osn 120 | 80 an | 60 | seol e | - 074 006 | <001 | oBO | 458 | 957 | 687 ca? |eo'c
120 | 60 0% o5 120 | 80 an | - | = - - 074 008 0oz | oss | 459 | sa3 |ges | 223
120 | 80 08 asn 120 { 80 an [ 0 | 00| 10| - - - - 063 - - 754 060

*CHLORINATION CONDITIONS
HYDROLYSIS CONDITIONS

DECHLORINATION CONDITIGNS

(=}

500 ml STIRRED FLASK 100 GRAM SAMPLES OF+200 MESH COAL SOLVENT/COAL « 211 , ATM PRESSURE

1000 i STIRRED FLASK 1¥WASH FOR RETENTION TIMES <80 MINUTES AND 2 WASHES BACH AT THE STATED WATER/COAL AT 120 MINUTES,

FILTRATION WiTH 1/1 WATER/COAL WATERWAGHES, WITH 1 WATERWASH FOR RUNS 101-122 ARD 2 WATERWASHES FOR RUNS 123147

1-INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT t RPM RUNS 115 T0O 148 AT 2 REM) IN SPLIT TUBE FURNACES {2) STEAM ATMOSPHERE CDAL
CHARGED AT 2 TO 4 GRAMS/BATCH

INDICATES NQ TREATMENT FOR THAT PROCESSING STEP
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Table 2.

Laboratory scale data - coal desulfurization by Tow temperature chilorination {continued)

RESIDUAL
CHLORINE
RESIBUAL
coaL TREATMENT® SULFUR ARALYSIS (WT %)
{ERDA, CHLORINATION HYDROLYSIS DECHLORINATION WT %) SULFUR REMOVAL (%) DECHLORINA
coaL | TiMe| Teme | cHLORINE | wATER/ ime [Teme| waren/| Tive | Teme | stzam| cog TION
AUNDATE| copEl (ol | iscFH) | coal | souveny | waniftcl | coal |mine| te) | tgmin |lgmmn} orcamic|pyaiTiclsuLFaTe froTaorsaniclPyRITIC | TOTAL] BEFORE|AFTER| REMARKS
1707 | psocas | a0 s0 05 |osn  |veTHYL 120 | 80 an | e | 3|0 - 088 059 oos f1s0| 185 | 878 [a14 089 |LOWER CHLOR!
CHLOROFasRM NATION TEMP
60 | so 0s * |osA 120 | 80 an | 60 | 4so 10| - o 0 oot 101 | 2087 | a3 |feos 060 |OF 80'C
120 | 60 05 |osn 120 | 80 an |- | - | = - 049 039 013 | 10v | s46 | 826 [605 | 1908
120 | 0 o5 |oen " 120 | eo 4 | 60 | 450 | 78110 | - 09 056 { <001 | o8| oaa | 600 |[es2 072
120 | 50 05 |osn 120 | 80 an |60 | so0|7s110| - | oos 005 | <001 | o71] aso | ses |23 030
1eemm7 | psoczia | 6o | 74 05 |esn s0 | 8o an | - ~ | - -~ | oas 0ds 018 | 09 { 694 | 679 |625
60 | 74 o5 esn | ' & | 80 an | 2 | so0|10 59 | o&2 o | ~oor [oo | 417 800 |[esa | - 084
6 | 7 05 |osn . 6 | 80 an | 20 | 480 |13 - | os0 040 | coor |o0s0] say | 14 |ese | - 1m
6 | 74 05 |osn 60 | 80 as | 20 | 400 | 100 - | o5 02 | <601 [0%0] 528 | 721 |B4B | = 12
60 | 74 os  |osn 80 | 80 4v | 26 | 480068 - | ose 028 | coo |o0s7] 4sa | Boo |eso - 201
6 | ™ as  Josi 60 | 80 an | 25 | s00]70 52 | oes 033 | <oor | 101] 370 | w4 |eos | - 135
6 | os  |osn e | =0 an | e | so0fite - | ose o1a | 001 |e73| a3 [s00 [ms | - 060
60 | 74 as  |osn . 120 | 8o | - - | - - | oss 052 | o006 | 113| 49t | 628 |sse | 1790
6o | 74 05 |osn 120 | 80 an | - - | - - t o6 03 | oo8 [aor| a7 | m3 |ssz | 1197
60 | 74 05 |osn 120 | 20 ah |60 | aso|m1e]| - | os 025 | 002 joes| 43s | 750 ler? | 1180 | o020
11a8n3rl psoc219 30 | o5 |omn 120 | 80 an | 30 | sools 59 | o 0 ooz ) 122| ze6 | eac ls23 024 |WATER/COAL
60 | 79 o5 |am 120 | eo 4 | 30 | s00 (38 59 | o6s oas | <001 | 109 | ass |88 |s574 021 [iNCREASED TO
120 | 7 65 oM 120 | 80 an | - - | - - | ocs 039 oos | 16| 361 | 721 |sa7 | 114 0771 IN PLAGE OF
0 8/1 FOR
PREVIOUS RUNS
120 | 74 os  |own 120 | g0 4 | - -~ - - 085 o4z [ oos | 191]| 203 | 00 [ase | s LOW QRGANIC
120 | 74 o5 lem 120 | 80 an |60 | so0| 78 | - 065 003 | <001 | o068| 398 | 979 | 734 042 {SULFUR REMOVAL
120 | 74 05 fomn 120 | 8o 4/ | eo | 30|75 - 075 o6 ooz | 145 | 305 | s1a | 434 103 {COMPARED T
05/t WATER/COAL
1209p6/77| psoc21e | 20 | o5 |oan 120 | 80 an oo | as0s - | os 083 | <oor | 13a| s2e [ a07 [ars 022
6o | 74 os loan 6o | so an | eo | aso | - | os6 028 | <001 | 00a| a3zs | soo [e3s 014
120 | 74 05 {aan 30 | 80 an | - B -~ | oss 028 ow [106] aro | oo |[sss | 2080
120 | 74 05 {oan 120 | 80 an { do | 4% 108 - | oes 021 | <001 | osa| aro | ss0 [es2 026
123 %/23/77| psoc219 | 30 | 74 o5 Jom 60 | 80 | - i - - - - - _ - _ 51
30 | 7 o5 |om 60 | a0 an |60 | so|tas | 59 0w 047 o1 | 127] e | e84 |s04 o
0 | 74 05 [owmn 120 | 80 an | - ~| - - - - - - - - -
120 | 74 os  |on 60 | g0 an | - - - - 070 oo | oos | 1,35 | as2 {579 |a7a | 1112
0 | 74 os |0 120 | =0 an | - -~ - - | osr 048 006 | 123 | arz | 657 |[s20 | 818
60 | 74 os oA 120 | 80 an | 30 | seo|a - | osr os2 | <oor | 119 | aso | eze lsas 086
120 | 74 o5 o 120 | 80 an | g0 | ssofa - | om o | <oor | osz| a3s [ eso {eso a7
. 120 | 74 os lo 120 | 80 an | 25 | so0f - | ee2 056 [ <001 | 18| az6 | eoo |sae 135
120 | 74 os  jon ' 120 | 80 at | 25 | soofos 59 | o8s o2i | <o J106| 23 | 8s0o sse 045
120 | 724 05 |0 120 | a0 an 125 | ssola - | o8s 032 oo |11} 204 | 111 |s3s e
120 | 74 os {om ' 20 | 0 an |25 szl 59 | 083 067 | <oor [ 120} oo | ez1 |sap 21
120 | 74 0s  Jomn . 120 | 80 an | 25 | a00 oy - 067 052 | <oo1 | 119} 3o | 628 |s3s 217
v2a9i2777| psoczia | 30 | 74 os  |o3n 60 | 80 an | - - - 054 o83 013 [ 1s0| s00 [a07 |44 | 474
30 | 7 05 [o3n 120 | 80 2 | 60 | as0|oa - 073 053 oos | 130| 324 | 621 |48z 169
60 | 7 o5 [azn ' 30 | 80 an | - - | - - 044 061 o1t [ 16| o3 | s6a |[s47 | ser
60 | 74 0s  |os3n 60 | 80 an | - | - - 042 o6a 0w j122| s11 |se? |[s23 | ses
6 | 7a 05 [oan ' 120 | 80 an | 6o | seofa0 - | oss 027 oot fosz| soo |ee7 |smo 018
120 | 74 o5 [03n ‘ 5 [100 an | - - - - - - - - - - -
120 | 74 o5 |oan 10 [100 an | - B - | oss 064 o018 | 130| s66 | 843 faaz | 1830
120 | 74 o5 f[oan . 15 (100 an | - B - “ - - - - - -
120 | 14 05 |oan 20 |100 an | - - - - | om o3 | on | 123 224 | 721 |s20 | 1836
120 | 1 o5 |aan 25 100 4 | - - | - - - - - - - - -

“GHLORINATION CONDITIONS
HYDROLYSIS CONDIFIONS

DECHLORINATION CONDITIONS

i-1

500 mf STIRRED FLASK 100 GRAM SAMPLES OF 200 MESH COAL SOLVENT/COAL = 2/t ATMPRESSURAB

1000 mk STIRRED FLASK 1 WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES

FILTRATION WITH t/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101—-122 AND 2 WATERWASHES FOR RUNS 123147

CHARGED AT 2 TO 4 GRAMS/BATCH

INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1~INCH DIAMETER QUARTZ ROTARY TUBE [RUNS 101 TO 114 AT 1 APM, RUNS 115 TO 148 AT 2 RPM) IN SPLIT TUBE FURNAGES {2) STEAM ATMOSPHERE COAL




0¢

Table 2.

Laboratory scale data - coal desulfurization by Tow temperature chlorination (continued)

RESIDUAL
RESIDUAL CHLORINE
conL TREATMENT® SULEUR ANALYSIS WY b
{ERDA CHLORINATION HYDROLYSIS DECHLORINATION WT %) SULFUR REMOVAL %} DECHLORINA
coac | TIME [TEMe [cHLOMINE lWwaTER! TimE [TEMP [waTeR| TIME | TEme | STEAM| cop TIoN
RUNDATE | ¢ooel | M |eer | iscei | coat | soLvenT  [iming et | coal [iMinG| °e) | tgminrl| tgmihri| ORGANIC|PYRITIC|SULFATE|TOTAL{ORGANICIPYRITIC] TOTAL| BEFORE|AFTER | REMARKS
1249/27/77 |PSOCID ] 120 | 4 05 031 |METHYL 30 {100 am | - - - - - - - - - - -
CHLOROFORM
120 | 74 0s 031 ' 40 {100 an | - -1 - - 082 044 ooy [ 133 | 241 636 | 480 | 1381
120 | 74 0s 03/ ' 50 |00 an | - -1 - - - - - - - - -
120 | 74 0s 03/ &0 100 an | - - | -~ - 078 037 oo7 1221 278 } 73e | 523
120 | 74 05 0an 60 |00 40 | o | s00|es - 06g 012 | <bor 081 61 | 914 | 684 163
120 | 74 05 031 ! &0 [100 4an | a0 | soo0 |04 - 080 (<001 | <001 080 | 259 |00 |688 134
1259/28/77 |PSOC219 [ 10 | 74 08 o5/ " 30 |60 2 | - w | = - 069 094 oor 170 381 [ 329 |332 478
10 | 74 08 65/ " 60 | 60 21 | 15 | so0 |04 - (3] 064 | <00t 152 185 | 543 |06
20 | 74 05 051 " 30 |00 zn |} o= o - - on 086 0w | 167 | 342 | 386 | 348 486
20 | 74 0% 0sh " 60 (100 2 | - w | - - 068 089 otz | 158 | 463 | 364 [379 50t
20 | 74 65 051 " 60 [100 21 | 30 | so0 )16 59 { 079 044 002 | 125 | 269 | ess [512 012
30 | 74 (13 osh ' 20 |80 2 | - w | - - 086 07 006 | 165 | 204 | 479 [9ss 696 | 7
30 | 74 05 05/ " 0 |80 2 | = e | - - V04 04z 006 | 182 37 | 700 | 408 726
30 | 74 05 05/ " 46 |80 2n | - - |- - 08y 065 004 156 [ 1pa | 379 |39 815
30 | 74 08 05/ 6o | a0 o | - - - - 080 068 oos ] 153 | 288 | s14 |402 965
30 | 74 0% 051 ' 60 | 80 21 15 | aso [ 59 - - - - - - -
30 {74 05 051 ' 60 | B0 2n { 20 | as0 |1 59 | 075 036 | <00 112 | 305 | 743 |s62 077
30 | 74 0s 05/t ' 60 | 80 2n | 15 | s00 |2 - on 037 | <co1 108 | 242 | 7138 | 578 084
w74 08 0501 ! 60 | 80 2N 20 500 |15 - Q68 Q42 <008 110 370 700 570 116
0 | 0s 05/1 ' 80 | 80 2n | 15 { B00| 04 - 073 03 { com 112 | azd | 721 56 2 065
30 | 74 05 05/t ' 60 | 80 2n | 20 | 500|086 - 075 039 | <001 119 ) 308 | 121 556 150
30 | 74 as 051 80 | 8o 2 | 1s | 450 |0ve §9 [ o 046 oo1 120 | 324 | 671 631 t22
13810777 psoczie | 60 | 74 08 05£1 ' 60 |80 an | - - - - 069 046 pos | 123 | 3s1 | 679 520 986
6o | 74 05 0 671 ' 60 | g0 4n | eo | s00{9 - ose 023 | <001 08l 63 | 36 | 684 043
60 | 74 05 08/ ' 60 |80 an | 30 | soo|ss8 59 | 0853 03 oot | oss| so9 | 779|668 045
60 | 74 05 05/ . 80 | 80 an | 30 | soo {10 - 074 013 003 | 100 | 315 | 836 609 017
136 10132 esoc 219 | 30 | 74 0s 651 " 60 |80 an | 30 | oo |1 59 | 139 031 | <00t 170 - 779 | 336 008
60 | 74 05 05/ " 6 | 80 an | - -1 - - 043 t24 003 176 | 546 | 114 | 312 459
60 | 74 05§ (1% 60 |80 an | 30 | 600 |3s - 033 (%1l 001 156 | eas4 | 136 |09s oo
139 101877 Psoc21a | 30 { 74 05 0501 80 | &0 an | 30 | s00 (68 59 [ oss 038 | <00 1271 196 | 720 | 504 07
60 | 74 05 0861 60 [ 80 ann | 30 | so0 |60 59 | 051 040 ooz | 083 | s28 | T4 |637 031
60 | 74 05 05N 60 | 8o an f 30 | soo|s2 9 | 066 037 oo f tos| es7 | 736 {890 077
191 10/21/77| PSOC 219 | 30 | 74 08 051 ' 30 |80 an [ 30 | sco |1 59 | 086 03 | <001 130 111 57 {492 010 [COAL PARTICLE
50 | 74 05 051 " 60 | 80 an | - - | - - 090 046 005 | 141 566 | 671 |aa9 950 51ZE FOR AUN 141
60 | 74 05 0sh 60 | 80 an | 30 | soo|ss 58 | o070 026 [ <007 | o098 | 3s2 | 814 |625 006 |WAS-70T0+120
143 1072473 pSOC 213 | 30 | T 10 0541 60 |80 4p | 2o | 50085 59 | o054 028 002 | oss 00 | soo | 672 057 |¢HLORINE ADDI
@ |74 [100025 |osn ' 50 | 80 an | 30 | s00{s5s 59 | 044 031 | <001 075 | sez | 779 | 707 057 [TIONRATE 10
60 | 74 [10/#028 [osN " 60 | 80 an - -1 - - 032 L1 025 126 704 514 612 1159 SCFH FOR FIRST
30MIN AND Q25
FOR LAST 30 MIN

*CHLORINATION CONDITIONS
HYDROLYSES CONDITIONS

PECHLORINATION CONDITIONS

500 mi STIRRED FLASK 100 GRAM SAMPLES OF 4200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 i STIRAED FLASK, 1 WASH FOR RETENTION TIMES <80 MINUTES AND 2 WASHES EAGH AT THE $TATED WATER/COAL AT 120 MINUTES
FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR AUNS 123-147

CHARGED AT 2 TO 4 GRAMBIBATCH
{=1 INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1 INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 10 TO 114 AT 1 RPM RUNS 115 TG 148 AT 2 RPM) IN SPLIT TUBE FURNACES {2} STEAM ATMOSPHERE COAL
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Table 2.

Laboratory scale data - coal desulfurization by Tow temperature chlorination (continued)

RESIDUAL
CHLORINE
RESIDUAL
coAL TREATMENT: SULFUR ANALYSIS W %)
(ERDA CHLORINATION HYDROLYSIS DECHLORINATION T %) SULFUR REMOVAL (%) | DECHLORINA
coAL | TIME|TEMP] CHLORINE |WATER/ TiME |TeMp {WATER/ [riME | TEMP | sTEAM| CO; TioN
aun DaTe | cooel | | et | mermt | eoal | soivent [ |re) | coal st ) [ lsmsh | tamihn | ORGANIG| PYRITIC|SULFATE [TOTALIORGANIC|PYRITIC | TOTAL| BEFORE[AFTER | REMARKS
144 10/2477| psoc 219 | 60 | 88 0% 051 [METHYL 60 | &o an |30 | 800|120 - 074 023 002 | o9 | 35 | 836 613 085 [HIGHER CHLORI
CHLORORORM NATION TEMP
go | 85 0s o5/ . 6o |80 an | - - | - - 058 046 022 | 124 | a1 fer1 (sis | v1a3s
14510/26r7 rsoc 218 | 60 | 74 05 051 60 [ 8o 4 |30 | 500 |06 59 | 068 o0s [ <001 Jo72| 370 [971 [me 028 [COAL SAMPLE FOR
60 | 74 05 05/ 60 | 8o an |30 | s00 |25 - 087 006 | <omi [ o093 | wa |es7 |ea7y 0389 [RUN 145 PRE
60 | 74 05 081 " 60 | 80 an | - -| - - 068 008 | <001 | 078 370 | 9043 |73 872 VIOUSLY
. DECHLORINATED
146 10/28/77| psoC 218 | 60 | T4 05 05N : 60 | o an |30 | so0 |as 59 | oo4 020 001 | o8s | 407 | 867 |ess 036 |SOLVENT/COAL =
g0 | 74 65 051 : 60 | 40 an |- -1 - - 060 029 006 | 095 | a4 | 193 [e20 [ 1597 411 FOR AUN 146
147 10/28r77f pSOC 219 | B0 | 74 05 051 ‘ a0 |0 an | - - | - - 072 078 ou !iel | a3z | aa3 371 734
1220/25177 | psogz1 | 15 [100 05 05M  JTETRACHLO | 60 | %0 4 [eo, | 350 |2 - 066 077 oot | 14a | ame | 450 [a37 044 |TETRAGHLORO
ROETHYLENE ETHYLENE
30 |10 05 05/t ' 80 | 8o an |eo | ss0 |a - 100 010 | <001 | 114 74 | 000 |sss 031 [SOLVENT
60 |1c0 05 05/t : 80 | s0 an |- -} - - 064 077 oog [ 149 | a7 |4s0 f[ar8 | 2308
60 | 100 as 0511 ' 60 | so 4t {0 | 550 [a - 062 008 ooz | ooz | 241 | 943 |e4n nag
1265130177 |psoc21e | 15 | T4 05 050 “ 60 | g0 21 | e0 | so0 |03 - 099 034 002 | 135 83 | 757 |a73 129
30| 74 05 0511 ' 3¢ |0 |- - | - - 065 060 012 {138 | as8 | 571 [461
30| 05 05/ 60 | 60 20| - - | - - - - - - - - -
0| 05 05 : 60 | 60 21 [ 60 [ s00 |78 - 058 019 | <001 [ o077 | 463 {864 |[ev® 041
60 | 74 05 0 5/1 30 [0 n |- -] - - 082 057 013 [ 182} =21 |3 [a0e
60 | 74 05 05 ' 80 [100 FL - -] - - on 041 009 [ 121 | ;2 | w7 |s27 | 2507
60 | 74 0s osn 60 [0 2n | e | 00 o2 - 077 022 | <oot [oe8| 28y |8s3 |e17 122
20 | 74 05 0511 30 |0 m |- -1 - - 072 053 o2 [ 150 ] 333 | 621 lara [ 2441
20 | 4 05 o050 : 60 | 80 21 | eo | s00 |1 - 082 007 | <001 | o83 | 1 | 950 Jesz 114
13210/7/77 | psoc 213 | 60 | 74 05 oan 30 |80 an | - - | - - 045 060 016 | 121 | 574 | 571 |27 &40
60 | 74 05 03N éo | 30 4n |30 | s00 |a - 051 020 | <001 | om | s28 |&sy [723 080
120 | 74 05 0301 60 [ a0 an 3o | so0fs 59 | o7 035 | <ot | 108 | 324 | 750 |s578 064
120 | 74 05 031 60 | a0 a f - - - - 062 058 ooy | 120 | 426 | 586 [a3s ] 1710
vaton0me| psocnis | 30 | 7 05 LR ' 60 {40 P . - 0% 075 ooy | 152| as2 | 464 |a0s [ m2
60| ™ 05 o071 ' 6o | 8o 4 |- -] - - Q40 0go | <oor | t20 ]| e30 | 429 [B33 | 143
1219/20/77 |psoc218 | 30 | 7a a5 07h  |carscn EED an |0 | 500 |a - 072 031 | <001 | 103 | 333 | 778 |s598 021 |CARBON TETRA-
TETRA- CHLORIDE
CHLORIDE SOLVENT
80 | 74 0s 07t 60 | 40 an |- - - - 056 050 ooy | 115 | a1 823 ssr | nien
60 | 74 0% 071 60 |eo an 6o | 550 |3 - ces 008 00z | 078 | 298 | 943 |07 018
1281044177 |Psoc 219 | 60 | 74 05 051 30 |80 n |- - | - - 078 057 012 | 148 w6 | 893 {434 578
170 | 74 05 0811 ' & |60 n |- - - - 066 079 005 | 1501 3ss | 438 (414 538
120 | 7a 05 osit ' 60 | 60 2 | 6o | s00 |85 - 086 035 | <001 | 1m [ 204 | 0 |s27 068

*CHLORINATION CONDITIONS
HYDROLY5|S CONDITIONS

DECHLCRINATION CONDITIONS

500 el STIRRED FLASK, 100 GRAM SAMPLES OF 4200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 mI STIRAED FLASK 1 WASH FOR RETENTION TIMES <60 MINUTEé AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES
FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101~122 AND 2 WATERWASHES FOR RUNS 123-147

CHARGED AT 2 TQ 4 GRAMS/BATCH
(=) INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1-INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT 1 APM RUNS 148 TO 148 AT 2 RPM} IN SPLIT TUBE FURNACES (2), STEAM ATMOSPHERE COAL
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Table 2.

Laboratory scale data - coal desulfurization by Tow temperature chlorination (continued)

RESIDUAL
CHLORINE
RESIDUAL
conL TREATMENT ! SULFUR ANALYSIS T %1
(ERGA CHLOGRINATION HYDRULYSIS DECHLORINATION (Wt %1 SULFUR REMGVAL (%) DECHLORINA=
COAL | TIME[TEMP| CHLORINE| WATER/ YIME [TEMP | WATER/| TIME | TEMP | STEAM| €O TION
RUNDATE | copEl |min}iel | tscrr) | coal | souvent [ ect | coat |maiNg| e) | gmined | tamin| oRcanIc[PYRITIC[SULFATE | ToTAL|oRGANIC]PYRITIC] TOTAL]BEFORE[ARTER] AEMARKS
136101677 | rsoc 219 [ 120 | 74 o6 [osn jcamson 6 |go | an |- - - ~ | oss |ose | ow | 126 a83 | eoo |smas | 1763
TETAA-
CHLORIGE
120 | 7 06 foan ' 30 {80 | an | 30 | s00 |2 68 | oar 030 | oo3 |osof c65 | 786 |ca7 12
psoc 213 | RAW |coAL . 198 188 | oo | ae2 005
{HvE BIT !
101 6022077 |kyno 9 | 120 | 74 0125 |osh  IMETHYL 120 | 60 4 {7 |a00]am0 | - | om 166 | oo | 29| s | 127 [430 | ass | os7 |merHvicHLcro
CHLOROFORM FORM SOLVENT
LOW CHLORINE
‘ RATE
PSOC 108 | RAW |COAL 107 zos | ooo | 213 008 1 5% MOISTURE
{HvB BIT
10471077 | PITTS- 6 | 74 05  |oBn  |mETHYL 120 | 60 an | - -1- -~ | om os6 | o011 |127| ®m2 | s34 |sea | so0
BURGH CHLOROFORM
WASH 60 | 74 o5 |osn ' 120 | 60 an {eo fasofw0 | - | 0as |0z | oo |on| sso |wr4 | s
PA) 1 |1a | o5 {osn 120 | 60 an | - -1 - - | om0 028 |<om | 118| 159 | 864 |ez3 | nasr
120 | 74 65 |osn 120 | e0 an jeo | aso a0 | - | 078 028 | <001 {101 ] 201 | se | er7 039
108 722177 30 |7 o5 |osn 120 | 60 an |- - - T taz | oao | 232 ] 439 | 359 |29 ] b2 .
0 | 74 06 fosn 120 | 0 an | - S - | o082 115 | ooz [10e] 234 |aa2 |a3ss | s12
60 | 74 o5 |05 120 |60 | an | - S - | om 020 | os0 | 120] 20 |se3 |sess | 1228
60 | 74 05 [08A 120 | 6o an | - - - - | o8 046 | o005 | 132} 2a3 | 777 [sr8 | 946
g0 | 7 05 |osn o 120 | 60 an | 6o | asolnr0 | - | oss 617 | <001 to7s[ a7y |et? | 786 088
60 | 7 05 |osn “ 120 | 60 an | 6o | 4g0 |0 | - | oer oo | <001 | ow | a0 | w88 | 778 097
120 | 74 o5 |osh ‘ 120 | 60 an | - - - - | oes |oso | oor | was| wre | 757 | s37 | 1466
PSOC 190 | RAW |coAL 190 105 | o1 | 308 004
{HVA BIT
nzenen? L NOB| 60 | 74 o8 Josn  |mETHYL 120 g0 | an | = S - | 1sr 013 | 0w J1ee| 174 | 816 |40 | o1
KNOX CHLOROFORM
ILL} 6 | 74 o5 |osn , 120 | g0 an | oo | so0 |0 - | 124 oos | o003 {140 205 |emr | 549 os
109 818177 8 | 74 o5 |osn - 120 | 60 an | oo | aolen | - - - - |13s] - - | 554 006
6o | 74 o5 Josn “ 120 | 6o an | - -1 - - | 1m o | o018 | 193] 1s3 ]es7 a7 | s14
120 | 7 05 fosn “ 120 |60 | a4t | 60 { so0| po - | 1 ooz | <01 [128] 337 |es1 | sso 013
120 | 74 05  fasn “ - |- .- |- S w | 12 oo | od8 | 1sa{ mz2 |o14 [397 | 1res
120 |7 o5 losn - 120 |eo | an | - - - R T oos | ooz | 16| 2y | oz4 |ars | 1287
PSOC278 | RAW COAL . 224 207 | o084 | &8 014
{HVA BIT
114.8/23177 | OHIO 60 | 08 |65 IMETHYL 120 {g0 | 4an | - -~ -~ | osa 974 | 038 | t72| 77 | 643 | 666 | 1074
NO, 8 CHLOROFORM .
naAmisoq 60 | 74 o5 Josn 120 {80 | 4n | oo | oo fsat0] - | o oos | oot | 093 | eo7 | 976 | e20 054
oHio) | w20 | 74 05 fosn ' 120 [ 80 | 4n {60 | soofzsi0f ~ | 103 om | <001 | 112 | sa0 | 956 | 782
,

*CHLORINATION CONDITIONS:
HYDROLYSIS CONDITIONS

DECHLORINATION CONDITIONS

500 ml STIRRED FLASK, 100 GRAM SAMPLES OF +200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 mI STIRRED FLASK 1WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES BACH AT THE STATED WATER/COAL AT 120 MINUTES,
FILTRATION WITH 1/1 WATER/CQAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101-122 AND 2 WATEAWASHES FOR RUNS 123-147

CHARGED AT 2704 GRAMS/BATCH
{~) INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1-INCH DIAMETER QUARTZ ROTARY TUBE [RUNS 10170 114 AT 1 APM, AUNS 115 TO 148 AT 2 RPM] [N SPLIT TUBE FURNATES (2) STEAM ATMOSPHERE COAL




Table 2. Laboratory scale data - coal desulfurization by low temperature chlorination {continued)

0o 2o0d IO

EITIV

€

RESIDUAL
. RESIDUAL C':'\'M‘:,"""’“E
conL TREATMENT SULFUR ANALYSIS
(ERDA, CHLORINATION HYDROLYSIS DECHLOAINATION (WT %} SULFUR REMOVAL (%) DECHLORINA-
coat | TimME|TEMP | cHuoRrING|waTER) TiMe| TEMP| waTERA TiME | TEMP | STEAM | €05 Tion
nun oate | cooes | mmalicel | iscem) | coal b osoLvent | wmuni s et | coat fimvimif 1 oy | amibe |igmiin | orGaniclPYAITiC|sULFATE | TOTAL[ORGANIC|PYRITIC | TOTAL| BEFORE|AFTER| REMARKS
Vi1 8nema7 [esocare | 120 | 74 o5 losn  |meTHvL 120 | 80 an beo | s00|7s110 | - 087 002 | <001 | osa| e12 | e90 827 e17
CHLOROFORM
120 | 74 os lesn 120 | 80 an | - i - 085 024 054 | 163 | 620 | 884 1683 | 14
120 | 74 08 fosn 120 | 8o an | - - - - 116 008 022 | 146 | 482 | ea1 |me | 1328
1081077 | Psoc 278 | 120 | 74 05 |osn - | - - |- - - - o 0863 123 | 265 | ea7 | 144 |ags | 2244
120 | 74 05 |osn 120 | 60 an - - - - 108 038 002 | 146 | 513 | 831 {716 | 1577
120 | 74 05 |osn ‘ 120 | 80 ars Leo | so0| 7500 - 103 o0d | <001 | 107 | s40 [ e81 re2 028
psOC 342 | RAW |COAL 139 501 a1s | 655
(HvA BIT
142 10107 ¢ ARION] 6O | 74 05 |08 |MEFHYL oo | 80 an } s | seo|10 59 | 160 169 004 | 333 - 883|492 093
JEFFER- CHLOROFORM
sonpA) | 6o | 74 0s  |osn 60 | 80 an | 30 | soe|10 59 | 11 200 | oo3 | 314 | 201 | e01 |52t
V27 1003177 120 | 74 05  |osn 120 | 80 an | - - - - 129 202 | oo | 337 | 72 | se7 485 | 1283
120 | 74 05 |osn 120 | 80 an | 6o | scof4s - 182 088 | <00t | 270 | - gza 588 018
PSOC 007 | RAW |COAL o 03 | o1 |17
{SUBBIT A
129 v0/6/77 | SEAMEO | 30 | 74 o5 |osn  [meTHYL 120 | 8o an { 30 | soofoa 59 | a0 03 005 | 106 | 17 | 184 128 028
CARBON CHLOROFORM
wWyo) 6o | 78 o5 |osn 120 | B0 an | e | soof1o0 59 | om oos | ooz | e | 11s [ ss8 [z 013
120 | 7a o5 |osn . 120 | o an | - -l - - | o8 02 pos | 122 oo | 237 10
120 | v o5 |osn 120 | eo an {60 | ss0] 24 59 | o7s 009 oos | oss | 107 | 783 |z8s 022
PSOC 026 | RAW | COAL 208 42 035 | 666
{(HvCBIT
1311017477 slktlmmi 8 s0] 7 a5 051 |METHYL 120 | B0 an |30 | soof 33 - 130 089 oo2 | 221§ 375 | o |ess 020
unots | 60 | 28 os  |ospn |CHLOROFORM \oq | oo an | - - - - | o6 | o012 | 200) 370 |4 [ess | sas
60 | 7 05 |osn 120 | eo an |30 | so0] so - 120 045 001 | 166 | 423 | soa |71 042
PSOC 085 | RAW {COAL 06 05z | o003 | 122 000
{LIGNITE,
zap
185101277 pebecn 30 | 74 05 |051  |METHYL 6o | 8o an a0 | soof22 - 035 023 | o017 [ o7 | a44 | 589 |85 033
oAKOTA) | a0 | ™ o6 oo [CHUOROFORMI o | g0 an | - - - - | cae 044 | 010 | osa| 381 | 214 |2z05 | s00
60 | 74 05  |osn ‘ g0 | 80 an |s0 | 50040 - | o 027 ooz |oss| e | 518 |66
PSOC 240 | RAW |COAL 175 teo | o001 | 338 Doz
Al
133 10/10/77| (sUBBITB| 120 | 74 os |osit  fMETHYL 60 | 80 an | 30 { so0|3s - | o 068 pos | 122] 720 | 575 [6a7 | o2
BIG D CHLDROFORM
LEWIS
WASH } R

CHLORINATION CONDITIONS 500 ml STIRRED FLASK 100 GRAM SAMPLES OF 4200 MESH COAL, SOLVENT/COAL = 2/1 ATM PRESSURE

HYDROLYS1S CONDITIONS 1000 ml STIRRED FLASK 1WASH FOR RETENTION TIMES 60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/CQAL AT 120 MINUTES,
FILTRATION WITH 1/1 WATERICOAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101122 AND 2 WATERWASHES FOR RUNS 123-147

DECHLORINATION CONDITIONS  1=INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT 1 RPM, RUNS 115 TO 148 AT 2 RPM} JN SPLIT TUBE FURNACES (2}, STEAM ATMOSPHERE COAL
CHARGED AT 2 TO 4 GRAMS/BATCH

(] INDICATE§ NO TREATMENT FOR THAT PROCESSING STEP

b
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Table 2.

lLaboratory scale data - coal desulfurization by Tow temperature chlorination (continued)

RESIDUAL
AESIDUAL CHLORINE
COAL TREATMENT® SULFUR ANALYSIS WY %)
(ERDA CHLORINATION HYDROLYSIS DECHLORINATION W %l SULFUR REMOVAL (%) | DECHLORINA-
coaL | TiME|TeEmP | cHLORINE | waTER/ TIME {TEMP |WATER/ [TIME | TEMP | STEAM| CO, Tian
RUNDATE | cODEl | M| “c) | ¢scer) { coar [ sotvenr |[mani{cct | coat [tvine| el | tamme) [amihi | ORGANIE [PYRITIC[SULFATE |TOTALJORGANIC]PYRITIC | TOTAL| BEFORE|AFTER[ REMARKS
PH5298 | RAw [COAL 046 226 020 [ aoct 010 | THE SULFUR FORM
RAW HEAD ANALYSIS OF RAW
137 10047 [FAAPER | 30 | 79 0% 081 |[METHYL 8¢ | 80 41 | 30 | 500 |61 59 | osa 062 003 | 134 - 726 |s55 011 | COAL SUPPLIED BY
SOMMLASST CHLOROFORM PITTSEURGH
PA 60 | 74 05 LR 60 | 80 an | - - | - - 088 034 on | 133 - 850 fs5a 8 a5 BUREAU OF MINES
6o | 7a 05 05/ 6o {80 an | 3o | so0 fas - 057 023 002 | 6a2 - sag  |ne 082 [ 150 31% ORGANIC
140 1071977 3 | 74 05 LER 60 |80 an | a0 | soo |ss ss | oso 062 oo 128 - 726 |591 016 | 3 68% PYRITIC,
60 | 7a 05 051 60 |80 an | - - - - 058 011 005 | 07 - 951 1764 824 ©01% SULFATE
6o | 7a 05 0s11 ‘ 60 | 80 an |30 | s00 {15 - 058 00 | <001 | 06 - 960 |784 077 |4 0t% TOTAL
PHS 513 | Raw [cOoaL 176 020 [ ~p20 176 on PHYSICALLY
BIT MINE CLEANED HIGH
NO B13 ORGANIC COAL
48 11/21/17 | UPPER 30 |74 05 a5/ METHYL 60 | 80 401 30 500 |10 - 127 <00 020 127 278 - 278 1| 044 [SULFUR AND
CLARION CHLOROEQRM RESIDUAL
gk'“-&'“ 60 |74 05 650 60 |80 41 ] 30 | soo {10 - 118 €020 | .20 116 ] 1 - 341 090 |CHLORINE
120 | 74 05 05/ " g0 | 8o 4n |30 | soe |10 - | 128 |00 [+020 {128] 23 - 273 118 | ANALYSIS PER
FORMED 8Y JPL

*CHLORINATION CONDITIONS
HYDROLYSIS CONDITIONS

DECHLQRINATIQN CONDITIGNS

500 ml STERRED FLASK i00 GRAM SAMPLES OF +200 MESH COAL SOLVENT/COAL = 211 ATM PRESSURE

1000 m1 STIRRED FLASK, 1 WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES
FILTRATION WITH 1/1 WATER/COAL WATERWASHES, WiTH 1 WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR RUNS 133=147

CHARGED AT 2 TO 4 GRAMS/BATCH
{=1 INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1-INCH DIAMETER QUARTZ ROTARY TUBE {RUNS 101 TO 14 AT 1 RPM RUNS 115 TG 148 AT 2 APM) IN SPLIT TUBE FURNACES (2) STEAM ATMOSPHERE COAL




Table 3. Laboratory scale data on coal desulfurization organized according
to increasing sulfur removal

YA

NIDIEO0

RESIDUAL
CHLORINE
TREATMENT* SULFUR ANALYSIS IWT %)
s CHLORINATION HYDROLYSIS DECHLORINATION IWT %) SULEUR REMOVAL %) _| DECHLORINA
COAL TIME | TEMP |[CHLORINE |[WATER/S TIME [TEMP|WATER/| TIME | TEMP|STEAM | 02 T
RUN DATE CODE {MIN | (9C) (SCFH) COAL SOLVENT {Mied) ) (9c) | coAL [ IMIN) _1?_9)_{ myhr] |lgm/hr) M PYRITICJSULFATE MDRGANIC PYRITIC |TOTAL |BEFORE|AFTER REMARKS
PSOC 213 | RAW [COAL 186 189 090? 382 005
(HVE BIT
101 6/22/77|KY NQ S} | 120 74 0125 051 METHYL 120 €0 a1 75 400 ~T0 053 165 00% 2t9 Fal 127 43 488 Q57 how CHLORINE
CHLOROFORM ATE
psoc108 | Rawlcoal 107 206 | ooo | 313 008 15% MOISTURE
{HVB BIT
106 2122077 [PITTS- 0 | v | 05 051 |METHYL 2 leo | an | - | - | ~ 060 132 | o4 | 232 | a3 | 359 | 259 | s
BURGH, CHLORCFORM
106 7722077 |wasH Pa|l 30 | 74 ) as 0§/ | METHYL n20 |60 | an } - | - | ~ 082 135 | ooz | 19s | 234 | aaz | 3a | &2
CHLBROFORM
10674221717 120 74 05 OB [METHYL 120 ] 411 - - - 088 050 ¢o7 145 178 %7 537 14 66
GHLOHOFOHM
106-7/22117 6 | 74 | os 05N 120 (60 ] a1 | - |- | - 075 | o024 | o040 | 139 | 299 | ss3 | 558 | 1228
CHLOHDFOFIM
106-7/22/77 60 T4 05 05/1 {METH 120 60 41 - - - 081 Q4G Q005 13z 243 77 578 946
HLORGFORM
104 71177 60 | 74 | os o511 [METHYL 2o feo | an | - | - | - 018 oo | o013 [127 | 832 | s34 |sea | so
CHLOROFCRM
104 7177 120 | | o5 08/ |METHYL 120060 | an | - | = | = os0 | o2 | <oor |11e | 59 | sea | ez3 | 1357
CHLOROFGRM
1047/1/77 120 | 74 { 05 051 |METHYL 120 [60 | an |60 [as0 | ~70 |, 0 028 | o1 | 101 | 271 | ssg | 677 03
CHLOBOFORM
106-7/122/77 [} 74 05 0sM METHYL 120 60 ah i) 460 ~0 056 017 <0Mm 073 477 217 77 0ss
CHLORGFORM
10411 60 | 714 | o5 o561 |METHYE 120 fgo | an |60 |as0 | =70 048 o026 | o001 jom | sse | 874 | m3
CHLDHUFORM
108-7/22/77 B0 4 Dg 51 METHYL 120 1] LE 60 450 a0 o6l 009 <001 Q70 430 956 78 097
CHLOHOFORM
PSOC-190 | RAW [coaL 190 105 | o010 | 208 004
{HVA BIT
109 8/8/77 1LLNO & 60 74 D5 05N METHYL 120 [:{13 4f1 - - - 161 014 [1 8 111 183 153 867 367 614
KNOW, CHLORGFORM
109 818777 JiLL) 120 74 05 05/1 |METHYL - - - - - - 127 ao9 048 184 32 94 4 ki 1764
CHLORGFORM
1128189177 6 | 74 | o8 05/1 |METHYL 126 |80 | a0 | - | - | - 157 013 | o1 |1so | 174 | 876 | 410 | o1
CHLOROFORM
10988177 120 | v | os 061 |METHYL 120 (g0 | an | - | = | - 150 | o008 | ooz [1s0 | 212 | sza | avs | 1257
CHLCROFORM
112 819/77 80 74 05 05/1 |METHYL 120 80 41 40 530 178 110 134 ce3 003 40 205 971 840 ocs
CHLOROFORM
108-8/8/77 6 | 74 | o5 081 |METHYL 120 |60 | an | 60 [aro | ~70 - - - 136 - - | es0 006
CHLOROFORM
109-8/3(77 120 | 7 | o5 05 |METHYL 120 |60 | an | 60 ]so0 | ~70 126 poz <001 | 128 | 337 | st | ss0 013
CHLORGFORM
psoc276 | raw fcoaL 224 207 084 615 014
vioshorzy|tiva sy [ 120 | 7a | 08 05 |METHYL - - - - -1 - 079 o3 | 133 lass | eer | 26 | a8 | 24
SHIO NO CHLORGFORM -
11asner77|8HARRL | 60 | 74 | 0B 061 |METHYL 120 80 | an [ =] -] - 059 o7a | o038 |72 | 37 | s42 | ess | 107
SON, CHLORQFORM
111 8/16/77|OHIO) 120 74 [ 0si1 METHYL 6Q 80 41 - - - - 085 024 054 183 620 884 683 1481
CHLOROFORM
“CHLORINATION CONDITIONS 500 mi STIRRED FLASK 100 GRAM SAMPLES OF +200 MESH COAL SOLVENT/COAL = 2/1, ATM PRESSURE
HYDROLYSIS GONDITIONS 1000 m| STIRRED FLASK 1WASH FOR RETENTION TIMES X680 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES

FILTRATION WITH 1/t WATER/COAL WATERWASHES, WITH 1 WATERWASH FOR RUNS 101

DECHLORINATION CONDITIONS 1 INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT 1 RPM RUNS 115 TO 148 AT 2 RPM) IN SPLIT TUSE FURNAGES {2), STEAM ATMOSPHERE
COAL CHARGED AT 2 TO 4 GRAMS/BATCH

{—~ ) INDICATES NO TREATMENT FOR THAT PROCESSING STEP
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Table 3.

Laboratory scale data on coal desulfurization organized according
to increasing sulfur removal {continued)

RESIDUAL
CHLORINE
RESIDUAL
coaL TREATMENT SULFUR ANALYSIS W %)
(ERDA CHLORINATION HYDAOLYSIS DECHLORINATION IWT %) SULFUR REMOVAL (%} DECHLORINA
COAL | TIME |[TEMP [CHLORINE [WATER/ TIME | TEMP |WATER/TIME {TEMP |STEAM| COp TtoN
RUN DATE ¢cope)l MmNt ©) (SCFH) COAL SOLVENT Nt (o) | coan {iMing | [ €1 |igmime [{gmihel |ORGANIC|PYRITICSULFATE | TOTAL[ORGANIC [PYRITIC[TOTAL |BEFORE {AFTER| REMARKS
T
111 8/16/77 { PSOC 276 |120 | 74 05 251  [METHYL 120 | 80 an - - - 116 oeB 022 146 a8 2 96 1 M6 1328
CHLOAOFORM
1108/10/77 120 |14 a5 051 METHYL 120 | 60 an - - t 09 035 002 146 513 ad1 77 1577
CHLOROFOAM
E11 81677 120 | 74 05 051 [METHYL 120 | 80 a1 650|500 |751t0 103 009 | <00 112 B& 0 956 782 009
CHLOROFORM
110 8/10/77 120 | 7a o5 051 METHYL 120 | 80 an 60 |sOD {¥70 103 004 <0 01 107 a0 98 1 w2 1481
CHLOROFORM
111 8M6/77 120 | 74 05 051  |METHYL 120 | 60 an 80 (500 |[a70 103 004 <001 107 540 981 790 028
CHLOROFORM
1118116177 60 | 74 05 061  [METHYL 120 | 80 an 60 {500 [?51t0 [ 3:1:} 005 | <001 093 507 976 820 054
CHLOROFORM
111 8f15/77 120 | 74 05 Q51 METHYL 120 | 80 4an 60 |s00 |75110 o087y 002 <001 089 612 990 827 o
CHLORGFORM
PSOC 342 | RAW {COAL 128 501 018 655 010
THvA BIT
127 10/4/77 [cLarion [120 | 74 0% 08/t |METHYL 120 | 8O 41 - - - - 129 202 008 3 72 897 485 1283
JEFFER CHLOROFORM
SON PAL ,
142 10/21477 6 |7 05 D51 |METHYL 60 | 80 an a0 [soo |1 89 160 169 004 333 - 663 492 093
CHLOROFORM
+4Z 10121177 ' g0 | 74 05 061  |METHYL 60 | 80 an 39 Jsoo 10 59 m 200 003 314 201 601 B2 1 042
CHLOROFORM
127 1073177 120 |74 05 051 |METHYL 120 | 80 an 60 800 |48 - 182 068 001 270 -~ 824 53] 015
CHLOROFORM
PSQC 097 |RAW [COAL 084 038 o 123 000
(SUBBIT A
129 10/6/77 |SEAM B0 120 | 74 05 05/t |METHYL 120 | 80 an - - - - 084 029 009 122 1] 237 10
CaRBON CHLOROFORM
129 105177 |wyO) 0 |7 05 05/1 |METHYL 120 | 80 an 30 [sc0 loa 59 070 o 045 106 167 184 128 028
CHLOROFORM
29 $0/5/77 120 |74 05 051  JMETHYL 120 | 80 an 60 |550 |24 59 075 009 064 088 107 781 285 022
CHLORQFORM
129 10/5/77 60 |74 08 05/t [METHYL 120 | 80 an 60 |soo [10 589 074 005 002 081 1ne 868 341 on
CHLOROFORM
PSOC 026 |RAW [COAL 208 423 038 666 000
(HVCBIT
ILLNO 6 | 30 |74 05§ 05/%  [METHYL 120 | 80 a1 a0 - - - 130 089 ooz 221 375 90 668 020
SALINE CHLOROFORM
WA ieLvois) | 60 | 74 05 051 |METHYL 120 | 80 an - - - - 3 (2] 012 209 370 844 686 845
CHLOROFORAM
o |74 68 051  [METHYL 120 | 80 41 % |500 |[s0 - 120 045 001 166 473 894 751 042
CHLORQFORM
PSOC 086 | RAW JCOAL 063 056 003 122 6Co
[LIGNITE
135 0N A7 2AP 60 |74 05 05/ [METHYL 60 | 80 an - - - - 039 044 010 093 381 214 208 800
MERCER CHLORDFORM
N DAKOTAY 30 |74 08 051 |METHYL 60 | 8o an 0 |s00 f22 - 035 023 017 075 a4 4 58 9 385 033
CHLOROFOAM
60 |74 o5 051 |METHYL 60 | 80 an 30 |s00 f[a0 - 024 027 002 053 619 518 | 566
CHLOROSORM

*CHLORINATION CONDITIONS

HYDROLYSIS CONDITIONS

DECHLORINATION CONDITIONS

500 ml STIRAED FLASK 100 GRAM SAMPLES OF 4200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 ml STIRAED FLASK 1| WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES
FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH { WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR RUNS 121~-147

CHARGED AT 2 TG 4 GRAMS/BATCH
{=1 INDICATES NO TREATMENT FOR THAT PROCESSING STEP

1-INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO $14 AT 1 RPM RUNS 115 70 148 AT 2 RPM) LN 5PL|T TUBE FURNACES (2) STEAM ATMOSPHERE COAL
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Table 3.

Laboratory scale data on coal desulfurization organized according
to increasing sulfur removal (continued)

/ RESIOUAL
CHLORINE
CoAL FREATMENT® SULFRIJEI: ANALYSIS W %
(ERDA CHLORINATION HYDROLYSIS DECHLORINATION WT %) SULFUR REMOVAL (%) | DECHLORINA
coAL | TiME [TEM? |CHLORINE[WATER/ TimE [TEMP |waTER/ [TiME [ TEMS [sTEAM | cop TioN
RUNDATE | CODEl |iMINH|(*C) [ {scFH) | coaL | sotvent  [vINI|res | coaL [iMiNg [ ch {tamibe) [ tomineljoRcanic|pyiiTicisuLFaTE | ToTAL|oRGANIC|PYRITIC [roTAL [BEFORE [AFTER| REMARKS
PSOC 240 | RAW [cOAL 175 160 | o001 | 336 002
A t15U8
133 1010/77|BIT 8 120 | 74 05 061 |METHYL 60 |80 ant |30 [s00 (35 - 0ag o6s | oos | 122 | 720 | &75 {637 | o026
BIG D, CHLOROFORM
LEWIS
WASH
PHS 398 | Raw Jcoau 040 220 | o2 |01 010 |THE SULFUR FORM
RAW ANALYSIS OF RAW
;‘g;DF?A COAL SUPPLIED BY|
oy EP R PITTSBURGH
* AUREAU OF MINES
140-0/19)77 60 | 78 05 05 |meTHYL 60 |8 | -1 - - ~ oo 046 005 |14 671 | 449 960 150 31% GHGANIC
CHLOROFOAM
137 10114477 30 | 74 05 051 METHYL 60 | 80 an |30 [so0 (61 5o |oee o6z | 003 {134 - 726 | %66 on
CHLOAOFORM
137 10114/77 0 | 74 05 051 [METHYL 60 |80 |- - |- - 088 os4 |- o1 | 133 - 850 {658 345
CHLOROFORM
140 1019/77 0 |1 .H D5/1  [METHYL 60 |80 an |3 | o500 |56 53 | o060 062 | oo1 | 133 = | 728 e 016
CHLOROFOAM L
137 1014172 &0 | 74 05 06/1  [MgTHYL 60 |80 an |30 [so0 |38 - 057 023 | ooz | os2z - 808 {728 082 [360% PyaiTic
CHLOROFGRM 0 01% SULFATE
16010/119/77 60 | 74 05 051 |METHYL 60 | a0 an |- - |- - [ o | oos |om - 551 |4 B 401% TOTAL
CHLOROFORM
14010119/77 60 | 74 0s 05t [METAYL & |80 ah |0 s0 |18 - 066 00y | <001 | 0es - s51 | 7sa 077
CHLOROFORN
148 11/21/77| PHS 513 | MAW [cOAL 176 {<02 | <02 176 027 PHYSICALLY
BIT MINE CLEANED HIGH
NO 613 ORGANIC SULFUR
UPPER COAL
CLARION | 120 | 74 05 051 [METHYL [ ait | 3 | so0 10 ~ 128 <02 |<o2 128 | 273 - 273 118 [SULFUR AND
BUTLER CHLDAOFORM RESIOUAL
A 0|7 05 05/ |METHYL & | 8o ait | 30 { s00 |10 - 122 <02 | <p2 127 | 278 - 278 044 |EHLORINE
CHLOAOFORM ANALYSIS
s | 7a 05 06/ [METHYL 80 | a0 4 | 30 | se0 [0 - 16 |<o2 [ <oz 118 | 341 - 241 990 |PERFORMED
HLOROFORM BY JPL
PSOC 219 | RAW |COAL 108 1406 | oos | 286 003 HEATING VALUE
tHva BIT - OF RAW COAL
1361013177|KY NO 4, | 30 | 74 06 051 [METHYL 60 | g an - |- ]- - 049 124 | 003 [176) s46 | 14 |m2 469 13 400 BTU/LB
HOPKINS CHLOROFORM (MF DASIS)
1258/28177 Ky} 0 | 0s 06/ IMETHYL 3 |60 m |- |- |- - 069 090 [ o007 {170 | astr | are |a2 478
CHLOROFORM
13610113177 0 | 78 05 06/ METHYL &0 | g0 a1 {3 [s00 {1 659 |12 om f<om |17 - yo | ase 008
CHLOROFORM
125:6/28/717 20 | o5 06/  JMETHYL 30 |00 n |- |- - - 07 085 | o010 {167 | a2 | 386 |aes 486
CHLOROFORM
125912877 a0 | M o5 0511 |METHYL 20 |8 n [~ | - |- - o8s o073 | oos | 165 | s | ara | 355 895
CHLOROFORM
147 10128177 60 | 74 0% 06/ |METHYL & |80 an |- - |- - 072 o7 [ on | 1es [ 33a | as3 |37 734
CHLORGFORM
1259/28/77 20 |74 0% 06H  |METHYL &0 |00 m |- - |- - 058 o8y [ o012 | 1859 | 463 | 384 §aye 501
CHLOROFORM '
1250/28/77 30 | 74 05 OB/t |METHYL a5 | 8o n |- - |- - 087 oes | oos |56 | 184 [ ave |39 BI6
CHLOROFORM
12610113177 60 | 7 05 81 |METHYL 50 |80 an | {seo |38 - 033 121 | oo1 [vss ]| eva | 136 | 39S 001
CHLOROFGRM
1258720177 a0 | 78 05 o5n  |METHYL 60 a0 m [~ |- |- - 080 oea | ooa [183 | 259 | s14 |an2 085
CHLOROFOAM
125.9/2877 10 | 74 05 061 [METHYI, 8 |60 2 |15 [s00 |04 - oes 064 | <oo1 | 152 | 85 | 643 |a0s
CHLORDFORM
125.0/28177 a0 | 7 05 051 [METHYL 6 |s0 n |- - |- - 104 042 [ oos |[1s2 ay | 700 |ace 726
CHLOROFORM
124 9123177 30 | 78 05 03 [METHYL & | 6o m |- - |- - 064 ez | o1 |ts0| soo [ a07 [41a ars R
CHLOROFORM
17 9i677 0 | 74 05 06M [METHYL 120 | 80 an 6o |ase frs110 |~ 088 oso | ooa |50 | 185 | 578 [a14 (]
CHLOROFORM

*CHLORINATION CONDITIONS
HYPROLYSIS CONDITIONS

DECHLORINATION CONDITIONS

500 m STIRRED FLASK 100 GAAM SAMPLES OF+200 MESH COAL SDLVENT/CQAE = 2/1 ATM PAESSURE

1000 mI STIRAED FLASK t wASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES
FILTRATION WiTH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR AUNS 101-122 AND 2 WATERWASHES FOR RUNS 123-147

CHARGED AT 2 TO 4 GRAMS/BATCH
(=1 INDICATES ND TREATMENT FOR THAT PROCESSING STEP

1INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT 1 APM AUNS 115 TO 148 AT 2 APM) ¥ 5PLIT TUGE FURNACES [2H STE#M ATMOSPHERE COAL




Table 3.

Laboratory scale data on coal desulfurization organized according
to increasing sulfur removal (continued)

8¢

0
RESIDUAL
CHLORINE
. RESIDUAL
coAL : TAEATMENT SULFUR ANALYSIS e %l
(ERDA CHLORINATION HYDROLYSIS DECHLOR|NATION (WT %) SULFUR REMOVAL (%) DECHLORINA
COAL | TIME[TEMP [cHLORINE|wATER/] TiME [vemp [waters] TiMe [Temp [sTEAM | cO, IION
RUNDATE | CODE]} |(MINI| ('€) | 1SCFH) | COAL | SOLVENT  HMINF| [¥C) { COAL | IMIN) | °C) |{gm/hr} |tgmihr) JORGANIC]PYRITIC|SULFATE [ToTAL[oRGANIC IPYRITIC|TOTAL | BEFORE {AFTER| REMARKS
1199/1a177 [PSOC 219 (120 | 74 05 01 [METHYL 60 | 80 an 60 (350 {75 - 078 068 oo2 145 305 614 434 103
CHLOROFORM
123 9/23/77 120 | 7 05 01 [METHYL 60 | 80 | - - - - 070 060 005 135 | 382 | 571 473 | 1112
CHLOROFQRM
120 9/16/77 a0 | 7 05 031 [METHYL 120 f 80 a1 | 6o [450 [so - os1 083 | <om 134 | s28 |407 |ave 022
.\ CHLOROFORM \
124 972177 120 | 74 05 031 [METHYL 40 |100 ah | - - - - 082 044 0a? 133 | 2¢1 [es6e |40 | 1am
CHLOROFORM
119 /13477 120 | 74 05 0771 JMETHYL 120 | 80 an | - - - - 085 042 004 131 213 700 | 488 1150
CHLOROFORM
108 8/1/77 120 | 74 LT 081  [METHYL 120 | 60 an | - - - - 059 062 010 131 454 {657 |40 | 1345
CHLOROFORM
124 912177 30 | 74 05 051 |METHYL 120 | 80 s | 60 [as0 |04 - a7 053 004 130 | 324 621 |42 169
CHLOROFORM
141 10/21/77 a0 { 74 05 051 |METHYL a0 | 80 ah | 36 |so0 {10 59 | ose 034 | <001 130 11 757 ]492 010 | COAL PARTICLE
CHLOROFORM SIZE =70 TO +120
124 9/27477 120 | 74 05 05/1  [METHYL 10 |00 at | - - - - 048 064 018 130 { 556 | 543 |4a92 1830 MESH
CHLORGFORM
139 10/18/77 % | 74 05 0s/1 [METHYL 60 | 80 a1 | 30 |500 55 69 | o8y 038 [ <om 127 176 | 729 | 504
CHLOROFORM
123 923177 0 | 74 05 071 |METHYL 60 | 80 2 | 6o [s00 |126 B9 | 079 (Y oo 127 %9 |[eea |s04 on
CHLOROFORM
125 9728177 20 | 74 05 0851 [METHYL 60 [100 21 | 30 [seo |1s B9 | 079 044 ooz |12 269 | 686 {512 v12
CHLOROFORM
143 10424/77 60 | 74 08 08 [METHYL 60 | 80 an | - - - - 032 068 028 128 104 {814 [812 1169
CHLOROFORM
144 10/25/77 60 | 8s 08 051 [METHYL £ | 80 a | - - - - 056 048 022 124 | 481 671 | 516 1135
CHLOROFORM
1239/23/77 60 | 74 08 07/1  {METHYL 120 | 80 | - - - - as57 048 008 123 | 472 [es7 |s20 918
CHLOROFORM
124 9127477 120 | 74 L] 03/1  |METHYL 20 |100 a4 | - - - - 073 039 on 123 | 324 | 721 |s20 1636
CHLOROFORM
138 1017477 60 | 74 0§ 081 [METHYL 60 | 8o an | = - - - 069 [ T] 008 123 | 381 871 {520 986
CHLOROFORM
119 5143177 30 | 74 05 021 |METHYL 120 | 80 art | 30 [s00 |s 56 | o7 044 002 122 | 206 | e85 |[s23 024
CHLOROFORM
124 9/27177 120 | 74 0§ 03/1  |METHYL 60 {100 | - - - - 078 037 007 122 | 278 | 738 |s23
CHLOROFORM
124 9127477 60 | 74 05 03/t |METHYL 6o | eo | - - - - 042 069 010 122 | 8611 507 423 866
CHLOROF ORM
123 9/20/77 120 | 74 05 021 |METHYL 120 § BO ah | 25 )550 |10 50 | 053 087 | <001 120 ] s09 521|631 211
CHLOAOFORM
125.9/28/77 30 | 74 05 051 |METHYL 60 [ 80 2t | 15 [4s0 | 076 59 Yo7 046 | 001 120 | 324 [ 671 s34 122
CHLOROFORM
123 9/23(77 60 | 74 05 021 |METHYL 120 | 80 3| 30 |s00 |40 - 067 082 | <001 119 | 380 | 628 |S535 086
CHLOROFORM

‘CHLORINATION CONDITIONS
[
HYDROLYSIS CONDITIONS

DECHLORINATION CONDITIONS

500 ml STIRRED FLASK 100 GRAM SAMPLES OF+200 MESH COAL SOLVENT/CDAL = 2/1 ATM PRESSURE

1000 m1 STIRRED FLASK 1 WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/CDAL AT 120 MINUTES

FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUN5 101122 AND 2 WATERWASHES FOR AUNS 123-147

1 INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TQ 114 AT 1 RPM RUNS 115 TQ 148 AT 2 RPM] IN SPLIT TUBE FURNACES (2}, STEAM ATMOSPHERE COAL
CHARGED AT 2 TQ 4 GRAMS/BATCH

{ =) INDICATES NO TREATMENT FOR THAT PROCESSING STEP

81 EOVd TVNIDINO

RIrmvnd 00od 40




6¢

. . . .
Table 3. lLaboratory scale data on coal desulfurization organized according
X . .
to increasing sulfur removal {continued)
RESIDUAL
CHLORINE
TREATMENT SULAUR ANALYSIS T %)
COAL
(ERDA CHLORINATION HYDROLYSIS DECHLORINATION IWT %} SULFUR REMOVAL (%} DECHLORINA
coaL  |TiME [TeEmMP [cHLORINE|WATER/] TImME [TEMP [waTeRs[TiME | TEMP | STEAM | CO, TION
RUN DATE CODDE) IMIN) ] {“CH {SCFH) COAL SOLVENT M) | (°CH coAL [(MINF| (°Ct | dgmihirt |lgmihrd [ORGANIC|PYRITIC|SULFATE [TOTAL|/ORGANIC|PYRITIC| TOTAL | BEFOREJAFTER | REMARKS
123 9/23/77 | PSOC 219 [120 74 o8 D 71 METHYL 120 80 an 25 | 850 20 - 086 032 om 118 204 i 536 074
CHLOROFORM
123 9/23/77 120 74 08 0771 METHYL 120 80 af 25 {500 10 - 062 Q56 <001 118 426 600 519 135
CHLOROPFORM
11991377 120 T4 (-3 0 7§ METHYL 120 80 af - - - - 069 aag nosg 116 61 21 547 1200
CHLOROFORM
124 9427137 60 74 05 0341 METHYL 30 80 n - - - - Q44 o o1 116 693 564 547 907
CHLOROFORM
125 9/28177 30 kL] (] 05/t METHYL 6o 80 201 20 | 500 1) - 075 039 <oMm 114 s 721 556 110
CHLOROFOAM
116 8/30/77 60 B0 05 05/1 METHYL 120 80 a1 - - - - [+ ] o3t 013 113 61 779 j=1:7:) 864
CHLOROFORM
118979177 [:0v] 4 ¢5 05/t METHYL 120 80 an - - - - 085 052 008 113 491 [:¥§:] 559 1790
CHLOROFOAM
128 9/28/77 30 74 05 061 METHYL 60 80 2N 20 |450 i0 59 975 036 <00 112 308 M3 562 077
CHLORCFORM
1259128777 a0 14 o5 05/ METHYL [Fs] 80 a0n 15 500 04 - 033 0239 <001 112 3z4 7”1 656G 2 065
CHLOROFORM
125 9/28/77 30 74 (1] 0 5/1 METHYL 60 80 n 20 | 500 15 - 068 o42 <00 110 370 pli3) 570 1186
CHLORCFORM
119 911377 BO Tq (33 [0 51 METHYL 20 g0 a1 0 Goo la 59 as5 044 <001 109 398 2] 574 021
CHLOROFORM
125 9/28477 kD] 4 05 05/1 METHYL 50 a0 an 15 500 20 - o o237 <001 108 342 36 578 054
CHLOROFORM
118 9/%H77 60 " (13 051 METHYL t20 80 aNn - - - - Q53 036 008 1907 417 pLE Gaz 1167
CHLOROFORM
120 9M6/77 120 74 05 031 METHYL 30 a0 411 - - - - 068 o28 010 106 aro 00 586 08¢
CHLORDFORM
123 9/23/77 120 74 05 [l d] METHYL 120 80 an 25 {500 05 59 085 o1 <001 106 2t3 850 BRE& 045
CHLOROFORM
139 10/18/77 60 74 cE 0581 METHYL, &0 80 a1 3¢ | S0 52 - 066 037 oo2 108 389 36 S90 077
CHLORDEORM
118 9/9/77 60 74 Q5 a5/t METHYL 60 80 41 25 | 8OO 10 59 068 033 <o 1M 370 164 605 135
CHLORORORM
117 9/6i77 60 &0 05 [13:14] METHYL 120 80 41 80 | 450 75110 - 0y o023 a0t 101 287 838 Gos 080
CHLOROFORM
117 96/77 120 50 05 051 METHYL 120 80 an - - - - 049 039 013 101 546 826 505 1908
CHLOROFORM
13810177 50 T4 05 [X:13] METHYL €0 80 4N 30 500 1o - 074 023 003 100 ns 236 Go9 045
CHLORQFORM
102 812777 120 74 0% 051 METHYL 120 60 4N - - - - 046 058 203 099 874 643 813 1017
CHLORQFORM
144 1G/25/77 50 85 [+ 051 METHYL, &0 B0 an 30 | so0 120 - 074 o3 002 099 315 836 613 086
CHLOROFQRM
158 9/9/77 60 4 05 051 METHYL 120 80 4 G0 | 450 75 110 - 061 035 002 0908 415 %0 617 1150 030
CHLOROFORM
118 9/9/77 60 74 05 05N METHYL 60 B0 ahn - - - - 933 045 018 0496 694 §79 825
CHLOROFORM
191 10128477 60 74 05 051 METHYL &0 80 41 30 500 55 59 ¢ 70 026 <001 o096 352 a14 625 006 ] COAL PARTICLE
CHLOROFORAM SIZE-T0TO +120
146 10/28/77 50 4 0% osft METHY L 60 80 a1 - - - - Q60 029 Q06 095 44 4 193 829 1597 MESH
CHLORQFORM

"CHLORINATION CONDITIONS
HYDROLYSIS CONDITIONS

DECHLORINATION CONDITIONS

500 M STIRRED FLASK 160 GRAM SAMPLES OF +200 MESH COAL SOLVENT/CQAL * 2/1 ATM PRESSURE
1000 miI STIRRED FLASK 1 WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE §TATED WATER/COAL AT 120 MINUTES
FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUNS 10t=122 AND 2 WATERWASHES FOR RUNS 123-147

1IHCH DIAMETER QUARTZ AOTARY TUBE [RUNS 101 Y0 114 AT 1 APM RUNS 115 T0 148 AT 2 RPM) IN SPLIT TUBE FURNACES 12) STEAM ATMQSPHERE CQAL
CHARGED AT 2 TO 4 GRAMS/BATCH

{~1 INDICATES NG TREATMENT FOR THAT PROCESSING STER
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Table 3.

Laboratory scale data on coal desulfurization organized according
to increasing sulfur removal (continued)

RESIDUAL
CHLORINE
‘ RESIDUAL
COAL TREATMENT? SULFUR ANALYSIS T %)
{ERDA CHLORINATION HYDROLYSIS DECHLORINATION IWT %) SULFUR REMOVAL {%] DECHLORINA
COAL | TIME [TEMP [CHLORINE [wATER/ TIME [TEMP [WATER/] TIME |TEMP [ STEAM | CO2 Tion
RUNDAYE | CODE] fiMINI[FC] | ISCFH) | COAL | SOLVENT _ [IMIN}| ¢t [ cOAL [ IMINI | ©ct | tgmibr) {lgminn L oRGANIC|PYRITIC|SULFATE [TOTAL|ORGANIC| PYRITIC ToTAL [DEFORE [AFTER | REMARKS
1209/16/77 |P5OC 219 [ 60 | 74 05 031 [METHYL 60 | 80 an | s0 e {12t - 066 02 | <061 | ooa| 3se | seo |eas 014
CHLOROFORM
115 8/26/77 120 | 50 05 051 [METHVL 120 | 80 an | - - - - &6 026 oot |oo3| a9 | ma |s637 | 1825
CHLOROFORM
145 10/24/77 60 {74 08 0511 |[METHYL g0 | 8o 41 ) 30 [s00 |28 - 087 008 | <001 [oo3| 194 |57 |esz 088
CHLOROFORM
103 7/8/77 120 | 74 10 05N [METHYL 120 | 60 an | - - - - 070 004 018 [o92| 382 | 971 |ed0 | 198
‘CHLOROFQRM
107 7422177 120 | 74 05 08/t |METHYL 120 | 60 an | - - - - 024 e 010 | e93| 778 | 579 |ea0 | 112
CHLOROFORM
08 B/77 120 | 74 1] 081 [METHYL 120 | 80 an | 6o 450 =70 - 056 036 | <o [o0o2| 481 | M3 |eda0 033
CHLOROFORM
118 9/0/77 6o | 7 05 05/1  [METHYL &0 | 8o an | 20 [so0 |10 59 063 o | <001 |oer | a17 | soo |eas ' 084
CHLOROFORM
118 9/9/77 80 | 74 of 095/1 |METHYL &0 | g0 a1 | 20 450 |13 - 050 o4c | <oon Joeo | 537 | 114 |eas 1
CHLOROFORM
19899177 6o | m 05 051 [METHYL 80 | a0 a1 | 20 [400 |100 - 05t a3 | <001 |oeo | s28 | 721 | e4B V21
CHLOROFORM
117 946077 120 | 50 05 08,1 [METHYL 120 | 80 4n 40 75110 | ~ 033 of5 | <001 | o089 | 694 | g0 |es2 072
CHLOROFORM
120 9/46/77 120 | 74 o5 03/ [METHYL 120 | 80 4n | 6o |as0 | 108 - o6a 021 | <oot |oso| 370 | ese [es2 026
CHLOROFORM
107 H2777 120 | 72 os 05N |METHYL 120 { 60 an | eo [450 | =70 - 063 022 ooz |os7| 417 | sa3z |eso 948
CHLOROFORM
108 811177 o | 50 06 0571 {METHYL 120 | 60 4 | g |ase |70 - 028 045 015 [(eoss{ 740 | o8B0 |eso 041
CHLDOROFORM
116 8/30/77 30 | &0 05 051 |METHYL 120 | g0 an | 6o [s00 [185110 | - om 016 [ <001 [os7| 343 | 8ss |eso
CHLORUIORM
118 979177 6 | 7a 08 05/1  |METHYL 60 | 8o an | 2 [as0 |oss - o ts 028 |<oo1 |oe?| 454 | so0 |es0 201
CHLORCFORM
116 8130/77 120 | 60 08§ 05¢1  |METH¥L 120 | g0 an | - - - - o7 008 003 |oes| 459 | 9a3 | ees | 22a7
CHLOROFORM
145 10/28/77 60 | 74 05 051 |METHYL 30 | 80 a1 | a0 |so0 |os 58 | 064 020 oo1 |oas | 407 | 857 | oGes 036 |SOLVENT/COAL
CHLOROFORM 41
142 10124/77 0| 4 10 05/1  [METHYL 60 | 80 41 | 30 |so0 {55 50 | 054 028 ooz [o8d| soo | soo |erz 057
CHLGRDFORM
105 7/19/77 30 | 0s 081 |{METHVL 120 | 60 an | 6o Jaso | a7 - o7 010 oot |osz| 343 | g28 | a0 1069
CHLOROFORM
107 207y 0 | va 0s 051  [METHYL 120 | 6o 41 [ 60 [d50 | .70 - 072 o1 [ <om |os2| 313 | @21 |ego 022
CHLOAOFORM
123 9123177 120 | 74 as 671 [METHYL 120 | 80 41 | 60 |[ss0 |4 - 061 oz | <om |osz| a5 | 850 |eso 01y
CHLOAOFORM
128 9/27177 60 | 74 o5 031  |METHYL 120 | g0 3 | 60 |so0 |20 - 084 027 oot |os2| so0 | so7 |aso 028
GHLOROFORM
124 9/27477 120 | ™ 05 031 [METHYL g0 |00 41 | e0 [so0 |08 - 060 012 [ <001 [ost| 351 | 914 |eda 163
CHLOROFORM
138 10017177 60 | 7 as 08/1  [METHYL 60 | go a1 | 60 |so0 |s - ote 023 | <001 | os | 463 | a36 | B4 043
CHLOROFORAM
116 8/30/77 50 | 60 05 D&t [METHYL 120 | 80 | e |so0 losi10| - 0 ovs | <oon | o80| 489 |57 |es7 047
CHLOROFORM
115 8/26/77 30 | s0 08 0571 [METHYL 120 | B0 an ) e fsoo [s110| - 068 g1z | <01 | o080 | 370 | 914 |eas <0 01 [LOWER CHLORE
CHLOROFORM NATION TEMP
124 /21177 120 | 74 05 0311 [METHYL 60 [100 an | 40 |s00 |oa - 080 |<oon | <001 |oBo| 259 |00 |ges 134 |OF 50°C
CHLOROFORM
102 6/27177 120 | 74 025 | 05/1 |METHYL 120 | 60 a1 | 60 |as6 |=70 - 048 o4t | <001 | o072 | e4s8 | 468 |evo 031
GHLOROFORM
145 10724777 60 | 74 0% 051 [METHYL 30 | o an |l - - - - 068 oo [ <oor j036| are | saz | woa 872
CHLOROFORM

*CHLORINATION CONDITIONS
HYDROLYS1S CONDITIONS

DECHLORINATION CONDITIONS

500 mE STIRRED FLASK 100 GAAM SAMPLES OF +200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 ml STIRARED FLASK 1WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES

FILTRATION WITH 1/1 WATER/COAL WATERWASHES, WITH 1 WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR RUNS 123-147

1 INCH DIAMETER QUARTZ ROTARY TUBE {RUNS 101 TQ 114 AT 1 RPM RUNS 116 TG 148 AT 2 APM) IN SPLIT TUBE FURNACES {21 STEAM ATMOSPHERE COAL
CHARGED AT 2 TO 4 GRAMS/BATCH

{—~) INDICATES NO TREATMENT FOR THAT PROCESSING STEP
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Table 3.

to increasing sulfur removal (continued)

Laboratory scale data on coal desulfurization organized according

RESIDUAL
CHLORINE
AL TREATMENT® SULFHUE:I:::\\I':\'SIS WT %
(ERDA CHLORINATION HYDROLYSIS DECHLORINATION WY %) SULFUR REMOVAL {%1 BECHLORINA,
COAL | TIME [TEMP [cHLORINE| waTER/ TimE | TEMP| waTeR/]| TIME | TEMP | STEAM| COj TioN
RUNDATE | copel | iminiftct | ischHr | coaL | soLvent  [iMing] e | coal Jivin| © ¢t | tgmibe) jlgm/hir) | ORGANIC|PYRITIC|SULFATE [TOTALIORGANIC| PYRITIC|TOTAL | BEFORE| AFTER | REMARKS
ta31g/2a/77 [Psoc 21| 60 | 74 | 1o0:025 |06 IMETHYL 60 | 80 41 | 30 |500 |86 59 044 o <001 075 | 592 79 | w7 057 |CHLORINE AT
CHLOROFDRAM )} 65CFH FOR
103 7/8/77 60 | M to 05/1  |METHYL 120 | &0 4 | g0 {450 | =70 - 043 012 019 | 074 802 | 914 | 710 FIRST 30 MIN
CHLOROFORM 0 25 SCFH FOR
1189/8/717 6 | 06 o&Nn METH;IU_FORM 60 | 8o 4/t | g0 {500 |46 - 058 014 oo 073 | 463 | soo 76 080 |, AcT 30 MIN
FB-10/20/77 6 | 7 65 051 ﬁqeif?iu 60 ] 80 4n | 30 1500 }os 59 | og8 004 | <pm o72 | aro | 971 9 078 |PREVIOUSLY
CHLORCFORM DECHLORINATED
1057119177 30 | n 0% 05/1 |METHYL 520 | 60 a1 | so |aso [ =70 - 061 012 | <0m 072 | 435 [ 814 | Ny 084 |COAL SAMPLE
CHLOROFORM
107 7527177 120 | 7 11 051 |METHYL 120 | €0 41 | 6o |4as0 | ~70 - 035 037 | <001 0712 | 676 736 na o
CHLOROFORM
117 9/6/77 120 | 50 0§ 0511 |METHYL 120 | BO 41 | so |Bo0 [¥5110] = 066 005 | <om on 3o | 954 | 7123 030
CHLOROFORM
115 Bf26!7¢ 120 | 50 05 05/1  |METHYL 120 | 80 a1 | 6o |s00 [75M0( - 052 173 on 069 518 | 957 | 730 080
, CHLOROFORM
199117 120 | 7 05 o METHYL 120 | 80 4n | 60 | soo 16 065 003 | <om ogs | awe | 979 {734 012
CHLOROFORM
115 8/26/77 60 | 50 05 084 {METHYL 120 | 80 an | 6o {500 |i5110 | - 062 003 | <001 085 | 426 | 7% ] 746 t+ a5
CHLORDFORM
116 8/30/77 120 | &0 13 051 |{METHYL 120 | 80 an | so0 J400 |7I5110 | - - - - 063 - - 764 050
CHLOROFORM
105 7/19/77 L ] 05 051 {METHYL - | - - - - - - 052 105 060 | 217 { ®&19 | 250 |152 %36 SERIES OF RUNS
CHLOROFORM \ FEATURING
107 Y2177 L ] 11 05M  |METHYL - | - - " - - - 087 [ 31 oaz | 208 194 | 436 | 188 541 CHLCRINATION
CHLOROFORM oNLY NO
102 6/2177 120 | T 025 |05/ |METHYL - | - - - - - - 017 057 o 77 181 843 | 379 | =3 1241 HYDROLYSIS OR
CHLOROFORM DECHLORINATION
103 718137 ap | 10 051 |METHYL - |- - - - - - 04z 08s 049 176 | 611 ma | a1z 627
CHLOROFORM
107 221177 120 | 74 L 051 |METHYL - |- - - - - - 014 074 078 t66 | 870 | 4T 352 2030
CHLOROFORM
1026121177 120 | 7 025 [0S/ |METHYL - |- - - - - - [ 33| 073 o 165 | 806 | 479 | 355
CHLOROFORM
105 977 |74 0s 05/t |METHYL - |- - - - - - 081 070 on 162 250 | so0 |37 301
. CHLORCFORM
103 g/1? 60 | 74 10 a5/ [METHYL - | - - - - - - 02 026 080 109 87 | 814 |574 1311
CHLOROFORMN
126 Q130177 60 | 05 05/1 | TETRACHLO 30 |t00 an | - - ~ - 082 087 013 152 241 g93 | 408 041 [BEGIN TETRA
ROETHYLENE CHLOROETHYL
134 10010/77 30 | M 05 071 |TETRACHLO 50 | 8o an | - - - - 070 075 oo? 152 | 352 | 464 | 406 12 ENEEVALUATION
ROETHYLENE
126 9430/77 120 | 74 05 osh TETRACHLO 30 | a0 s - - - - 072 053 02 150 333 621 414 %N
ROETHYLENE
1229021177 &0 |100 os 051 |TETHACHLO | 60 | 80 an | - - - - 064 077 008 149 | 407 | 450 |48 | 2308
ROETHYLENE
122 9128197 15 [100 05 08 | TETRACHLO ee | 80 41 | g0 [3s0 |2 - 0686 077 001 144 189 | 450 |a37 044
ROETHYLENE
126-9730477 30 | 0s 05/ |TETRAGHLO 30 | 6O an | - - - - 065 060 013 138 388 | 571 461 '
AOETHYLENE
126-9/30/77 15 | 74 05 05/1 |TETRACHLO [ ] 2n | 60 |s00 |03 - oY) 034 o 02 136 83 757 | 473 129
1321011177 120 | 74 05 o3 |ROETHYLENE | 5o { go ai - - - - 062 050 009 120 | a26 686|486 | 17t0

*CHLORINATION CONDITIONS
HYDROLYSIS CONDITIONS

DECHLORINATION CONDITEONS

500 m! STIRRED FLASK 100 GRAM SAMPLES OF4 200 MESH COAL SOLVENTICOAL » 2/1, ATM PRESSURE

1000 ml STIRRED FLASK 1WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATERICOAL AT 120 MINUTES

FILTRATION WITH /1 WATER/COAL WATERWASHES WITH | WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR RUNS 123-147

1 INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT 1 RPM, AUNS 115 TQ 148 AT 2 RPM) IN SPLIT TUBE FURNACES (2} STEAM ATMOSPHERE COAL
CHARGED AT 2 TO 4 GRAMS/BATCH

{ =) INDICATES NO TREATMENT FOR THAT PROCESSING STEP
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Table 3.

to increasing sulfur removal {continued)

Laboratory scale data on coal desulfurization organized according

RESIGUAL
CHLORINE
IWT %)
RESIDYAL
coAL TREATMENT® SULFUR ANALYSIS DECHLORINA
(ERDA CHLOAINATION HYDROLYSIS DECHLORINATION WT %} SULFUR REMOVAL (%) TION
. COAL | TIME| TEMP} CHLORINE| WATER/| YIME | TEMP | WATER/| TIME| TEMP | STEAM | CO2
RUNDATE | copE} | | et | iscey | coar | sowvent |imi| or | coal | Mimy| €1 | tgmine) [lgmibr) | ORGANICEPYRITIC|SULFATE| TOTAL|ORGANIC| PYRITIC| TOTAL | BEFORE| AFTER| REMARKS
1269/30/77 |PSOC 219 o [ 74 05 051 [TETRACHLO | 60 [100 m | - - - - on o4 009 | 121 | 32 [ y07 | s27 [ 2507
ROETHYLENE
134 1010177 60 | 7 a5 ¢ [TETRACHLO | 60 | 80 a | - - - - 040 080 | <om 120 | 630 | 429 | &31 1434
ROETHYLENE
1229721177 30 |100 05 0511 [TETRACHLO | 60 | B0 a1 | 60 | 650 {4 - 100 014 | <oma 114 74 | goo | 55 031
ROETHYLENE
132 1017177 120 | ™4 05 031 |TETRACHLO | 60 | 8O 4 | 30 jsoo |s 59 | 073 035 | <0 108 | 324 | 750 | 578 064
ROETHYLENE
126 9/30/77 g0 | 74 05 081 |TETRACHLO | 60 |00 2 | 6o [s00 jo2s - 077 022 | <o [ o988 | 287 | ga3 | 617 122
ROETHYLENE
122.8121777 &0 |100 05 08/1 [TETRACHLO [ 60 | 80 41 | 60 [ 550 |4 - o8z 008 002 | 082 =24y | pa3 | &s1 039
ROETHYLENE
126 9130177 120 | 74 0s 05/1 [TETRACHLO | 60 | 8o 21 | 60 |00 |1 - 082 007 | <001 | oas | 24t | 950 | es2 114
ROETHYLENE
126 9/30/7¢ 0|7 0s 05/1 |TEFRACHLO | 60 | 60 21 | s0 | 500 |75 - 058 o1g | <001 077 | 463 | 864 | &99 041
ROETHYLENE
132101377 60 | 74 05 037 |TETRACHLO { 60 | 80 4 | a0 |s00 |4 - 051 020 { <001 | 0m 528 | §57 | 723 060
ROETHYLENE
§28 10/4/77 120 | 74 05 051  |CARBON 60 | 60 2 | - - - - 066 079 005 | 160 | 389 | 436 | 414 528 [ 062 |CARBON TETRA
TEYRA CHLORIDE
CHLORIDE EVALUATION
28 10/4/77 60 | 74 05 051 |CARBON 30 {80 21 | - - - - 076 057 012 | 145 | 206 | 823 | 434 578
TETRA
CHLORIDE
130 10/5/77 120 | 74 05 031 |CARBON 60 | 8¢ an | - - - - 058 056 012 | 126 | 463 | &0l | sos | 1763
TETRA
CHLORIDE
128 10/4/77 120 [ 74 05 05/1 |CARBON 60 | 60 211 | 60 [600 |as - 086 0315 | <0t 121 204 | 0 | s27
TETRA
CHLORIDE
121 9/20077 g0 | 74 05 o711 [caREON &0 | 80 an | - - - - 955 050 609 | 116 | 481 | 643 | 551 191
TETRA
CHLORIDE
121 8/20/77 30 | 74 08 ¢ |CARBON 80 | 80 4 | 60 [so0 |a - 072 031 | <001 103 | 333 | 778 | ses o2
TETRA
CHLORIDE
130 10/5/77 120 | 74 0s 0an  [carson 30 | 8o anm | 30 [so0 |2 59 [ 047 030 003 | oso ] s65 |} 786 | 687 125
TETRA
CHLORIDE
121 920177 60 | 74 05 071 |careon 50 | &0 4 | eo [400 |3 - 065 008 ooz | o7s | 338 | 943 | 707 015
TETRA
CHLORIDE

*CHLORINATION CONDITIONS
HYDROLYSIS CONDITIONS

DECHLCRINATION CONDITIONS

500 ml STIRRED FLASK 100 GRAM SAMPLES OF+200 MESH COAL SOLVENT/COAL = 2/1 ATM PRESSURE

1000 ml STIRRED FLASK 1 WASH FOR RETENTION TIMES <60 MINUTES AND 2 WASHES EACH AT THE STATED WATER/COAL AT 120 MINUTES,

FILTRATION WITH 1/1 WATER/COAL WATERWASHES WITH 1 WATERWASH FOR RUNS 101-122 AND 2 WATERWASHES FOR RUNS 123147

1 INCH DIAMETER QUARTZ ROTARY TUBE (RUNS 101 TO 114 AT t RPM, AUNS 115 TO 148 AT 2 RPM) IN SPLIT TUBE FURNACES (2) STEAM ATMOSPHERE COAL
CHARGED AT 2 TC 4 GRAMS/BATCH

{ -} INDICATES NO TREATMENT FOR THAT PROCESSING STEP




60, and 120 minutes at temperatures of 60, 80 and 100°C with a

1/1 and 271 water/coal filter-cake wash. The wmajority of runs

were with two washes at water/coal of 4/1 and 2 filter-cake washes
at water/coal of 1/1 for a total water/coal ratioc of 10. A 20
minute wash at water/coal of 2/1 with a filter-cake wash of 2/1

at 80°C reduced the sulfate-content to less than 0.1 weight percent.
The total water requirement in this case is water/coal of 4/1.
Inspection of the residual sulfate level indicates the adequacy

of the hydrolysis.

Dechlorination. Dechlarination of the treated coal was carried
out with 2 to 4 gram coal samples contained in a 1-inch-diameter
quartz tube and then placed inside a split-tube muffle furnace.
The quartz tube was rotated at 1 and 2 RPM. Steam flow rates from
0.25 to 121 grams per hour were employed at temperatures of 350 to
550°C with dechlorinations of 15, 20, 25, 30, 40, 60, and 75
minutes. Steam dechlorination of treated coal at 450°C, and a
steam rate of 75 grams/hour over a 2 gram sample, indicated that
HCT evolution from the treated coal stopped within 20 minutes
(Figure 5). Carbon dioxide at 6 grams/hour was introduced in

some runs along with steam to approximate the effect of combustion
gases. Dechlorination results indicate that residual chlorine
Tevels are reduced in some instances to less than N.1 weight per-
cent, but that in other cases under approximately the same de-
chlorination conditions residual chlorine levels are 1.0 weight
percent. The existing dechlorination data do not appear to correlate
with any given parameters for achieving chlorine levels of less than
0.1 weight percent, although these low levels of residual chlorine
have been achieved in a significant number of cases. Reduction of
steam rates from 100 to T gram/hour has no significant effect on
dechlorination.
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e HCI EVOLVED {grams/100 grams of coal}

90

DECHLORINATION CONDITION
TEMPERATURE , 450°C
STEAM RATE, 75 grams/hour
COAL SAMPLE, 2-4 grams

TIME HC| EVOLVED

Ue!

{mn} {grams}
0 0.0
5 5.29
10 & 66
20 8.48
30 8 49
50 8 49 T
60 8.49
[ l l | | I I l | |
10 15 20 25 30 38 40 45 50 50 60
DECHLORINATION TIME {minutes)
Figure 5. Steam dechlorination of treated

coal with time
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Analytical Chemistry (1.3)

Sulfur Analyses

Sample analyses were conducted primarily by Galbraith
Laboratories, Knoxville, Tennessee. Sulfur analysis data
for organic, pyritic, sulfate and total sulfur for raw and
treated coal samples are included in Tables 2 and 3.

The scatter of coal desulfurization results for coal
samples treated under duplicate conditions has raised questions
about the precision and accuracy of sulfur analysis data. A
sample of coal PSOC-219 treated in run 119-9/13/77 was divided
into six samples. Five samples were submitted at different
times to Galbraith Laboratories for analyses and the sixth
sample was sent to the U.S. Bureav of Mines Taboratory in
Pittsburgh, Pennsylvania. The results are reported in Table 4.
The Galbraith Laboratory analyses showed an average deviation
of total sulfur of £0.13 percent (*15 percent), organic sulfur
+0.05 percent (x7 percent) and pyritic sulfur + 0.07 percent
(£44 percent). The scatter of the total sulfur data was some-
what greater than expected by ASTM standards but not great
enough in itself to explain the large variation in coal
desulfurization results. However, comparison of the Galbraith
Laboratory results to those of the U.S. Bureau of Mines indicated
a substantial bias of the sulfur data to higher values than
those reported by the U.S. Bureau of Mines. The Bureau of
Mines data were lower in total sulfur by +0.28 weight percent
(+33 relative percent) organic sulfur by +0.18 weight percent
(+27 relative percent) and pyritic sulfur by +0.09 weight
percent (+56 relative percent). The comparison of the data
between two laboratories should, according to ASTM procedures,
be substantially closer than recorded in Table 4. However,
even considering the differences in sulfur data between the two
laboratories, the scatter in coal desulfurization data was
greater than can be explained by analytical differences. If
the Galbraith analyses of residual sulfur quantities were biased
in the high direction as indicated, the coal desulfurization
results after correction for the bias become substantially more
attractive, with a significant number of samples meeting sulfur
compliance requirements.

Ultimate Analyses

Ultimate analyses of raw and treated coals PS0C-219 and
PSOC-190 are given in Table 5. Cecal PSOC-219 exhibits a
significant reduction in hydrogen, approximately 2 weight
percent, whereas PSOC-190 exhibits less than 1 weight percent
reduction in hydrogen. The nitrogen content in the PSO0C-219
raw cbal appears in error at 0.1 weight percent. The carbon
content of PSOC-190 rises sharply after treatment, apparently as
a result of the sharp decrease in oxygen (by 2.8 percent) after
treatment.
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(Coal sample PSOC-219, treatment run 119 - 9/13/77)

’ *
Table 4. Comparison of sulfur and chlorine analyses in duplicate samples of treated coal

Sulfur Analyses (Wt. %) Chlorine
Sample Submitted Organic Pyritic Sulfate Total {Wt. %)
Galbraith Labs
#1—10/21/77 0.6% 023 0.06 C 98 0.77
#2 - 10/21/77 063 010 <0.0 073 0.81
#3 —~10/21/77 0.72 012 <001 084 1.02
#4 —10/17/77 0.61 0.08 <001 062 046
#5—10/27/77 071 026 0.09 106 074
Average 0.67 016 0.036 086 076
Ave, Dev +0 08 {7%) +0 07 (44%) +0 031 (86%) +0 13 (15%) 40,13 {17%}
U.S Bureau of
Mines Laboratory
#6 —11/2/77 0,49 007 002 058 047

Dev {Ave, #1-B) - (#6)

+0 18 (+27%)

+0 09 (+56%)

+0 016 (+44%)

+0,28 (+33%)

+0 29 (38%)

*Multiple samples were obtained of -100 to +200 mesh coat treated m run 119-9/13/77 and 5 samples submitted to Galbraith Laboratories, Knoxville, Tenn

and 1 sample to the U 8. Bureau of Mines, Coal Preparation and Analysis Laboratory, Pitisburgh, Pa




Trace Metals

Trace metals analysis in raw/treated PSOC 219 and PHS 398
coals indicate sharp reductions for titanium, phosphorous, arsenic,
lead, vanadium, lithium and DBeryllium in that order of reduction
(Table 6). Reductions are from 50 to 91 percent in treated coal.

Water Solution Analyses

The chlorinator water scrubber solutions from runs 112,
118, 138, and 142 were analyzed for sulfate, sulfite, chloride
and total organic carbon (Table 7). Negligible sulfate and
sulfite were found. A substantial carryover of HC1 from the
chlorinator was indicated, representing 5 to 10 percent of the
total chlorine feed. Total organic carbon carryover to the
water scrubber was negligible.

Hydrolysis water solutions were analyzed for sulfate,
chloride, sulfite, total organic carbon, iron, calcium and trace
metals (Table 8). Approximately 17 to 25 grams of the 45 grams
of chlorine feed were present in the water along with 1 to 3
grams of sulfur present as sulfate. Total organic carbon varied
from 0.1 to 2.0 grams. Iron represented 0.8 to 1.0 gram in
soluticn for runs 118 and 138. Other guantities of trace metals
were substantially less, although calcium, aluminum and sodium
were in the range of 50 to 160 mg/l1iter. Distilled water was
used for the hydrolyses; thus, -the total contribution of trace
materials identified was from coal.

Dechlorinator water scrubber solution was analyzed for
sulfate, chloride and total organic carbon (Table 9). Sulfate
and total organic carbon represented 0.5 to 2.7 percent of the
coal feed. Sulfate sulfur represented 6 to 17 percent of the
total sulfur in the coal. Chloride represented 18 to 33 percent
of the total chlorine feed.

Gas Analyses

Mass spectrometer analyses were performed of the gases
contained in the gas holder connected to the chlorinator,
hydrolyzer, dechlorinator and solvent evaporator for runs
118, 132, 134, 138 and 142 (Table 10)}. Air contaminating the
gas holders was eliminated by correction of the gas sample
Ttor nitrogen and oxygen. Only trace quantities of methyl
chloroform, CO, CO,, CH,, acetone and chlorohydrocarbons were
found in the gas hg]der , and no sulfur was detected.

Material Balances
Material balances were obtained for coal, methyl chloroform,

chlorine, and sulfur for runs 112, 118, 138, and 142 (Tables
11, 12, 13 and 14, respectively). Total accounting was made

GE IS
ORIGINAL PA
OF POOR, QUALITY

37



Table 5. Ultimate analyses of treated coals PS0C-219 and PSOC-190

8¢c

PSOC-219 PSOC-190
(HVA Bit. KY No. 4} (HVA Bit. ILL. No. 6, Knox |Il.}
Tl‘eated Coal Treated Coal
Raw Coal Run 138=-10/17/77 Run 138-10/17/77 Run 120--9/16/77 Raw Coal Run 109--8/8/77
Component (Wt. %) {Wt. %) (Wt. %) {Wt. %) {Wt. %) {wt. %)
C 74 16 76.53 74.83 77 30 69,15 74,15
H 530 3.46 238 316 4,89 3.99
N 010 1.84 1.65 126 100 1.36
S 2 56 088 1.02 100 3.08 1.36
Cl 0.03, 045 075 1.40 006 0.06
Ash 806 7.78 7.40 623 849 8.29
0 {by difference) 979 10.06 11.97 965 1342 10 80
Moisture 0 00 1.40 230 000 0.00 -
Heating Value (Btu/Ib) 13,398 12,412 12,780 - - -




Table 6. Trace metals analyses of raw/treated PS0OC-219 and PHS-398

6¢

PSOC-219 Treated Coal PHS-398 Treated Coal
+ 1 psoc-219? PHs-398"
Raw Coal Run 107 - 7/27/77 Run 120 - 9/16/77 Raw Coal Run 140 ~ 10/20/77
Percent Percent Percent
Analyses PPM PPV Reduction {Wt. %) PPM Reduction (Wt. %) PPM PPM Reduction {Wt. %)
Titanium 1086 510 53.0 680 37.4 1400 700 50.0
Phosphorous 131 68/130 48 1/0.8 68 48,1 1040 700 32.7
Arsenic 73 25 65.8 49 32,3 85 9 894
Lead 46 4 91.3 5 891 0.5 3 —_
Vanadium 486 12 810 48 0.0 <25 <25 ~0.0
Lithium <10 5 ~ 500 - — 20 21 00
Barium . 5 5 o0 - - <10 92
Beryllium 8 4 500 13 0.0 5 4 200
Cadmium 1 <1 — - - - -
Mercury <1 <1 - - <0.B <05 ~0.0
Selerium <1 <1 - —- <1 <1 ~00

4 HVA Bit, Ky No. 4.
bRaw Head, 3A, Freidens (Somerset), Pa, Receved from Dr. Scott R. Tavlor, Bureau of Mines, Pittsburgh, Pa.




oF

Table 7.

Analyses of chlorinator water scrubber solutions from processing
of three different coals

Run 1123 Run 118P Run 138° Run 1420
Analyses (mo/2) (mg/R) {mg/2) {mg/t)
Sulfate {as S) 0.1 01 01 0.1
Sulfite {as SO5) 01 0.1 - -
Chlonide 12,500 11,000 7510 4010
Total Organic Carbon 10 10 75 50

9Basis 100 grams of PSOC-190, 200 cc Scrubber Solution
bBa3|s. 100 grams of PSOC-219, 200 cc Scrubber Solution
CBasis. 100 grams of PSOC-219, 600 cc Scrubber Solution
d3asis: 100 grams of PSOC-342, 600 cc Scrubber Solution
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Table 8. Analysis of hydrolysis water solution from treatment of three
different coals
Run 112 Run 118° Run 138° Run 1424
Analyses {mg/2) {mg/R) {mg/L) (ma/2)

Sulfate (as S) 1,060 1,410 2,170 5,010
Chlonde 17,600 17,900 30,170 42,670
Sulfite (as 803) 1.0 0.1
Total Organic Carbon 75.0 480 1,830 3,330

Fe 800 1,600

Ca 140 55.0

Al 50.0 125

Na 160 -

Ph 50 125

As 38

Mg 410

K 225

Ti 8.5

P 66

3100 grams of PSOC-190 coal, 1000 cc Hydrolysis Water Solution
b100 grams of PSOC-219 coal, 1000 cc Hydrolysis Water Solution
€100 grams of PSOC-219 coal, 600 cc Hydrolysis Water Solution
d100 grams of PSOC-342 coal, 600 cc Hydrolysis Water Solution




on three of the four runs for coal, chlorine and sulfur. Coal
accounting was 83 to 88 percent, chlorine accounting 94 to

99 percent and sulfur accounting 90 to 96 percent. Methyl chloro-
form losses were appreciable at 11.3 and 15.0 percent for runs

118 and 112, respectively. However, substantijal improvement in
solvent recovery was noted in runs 138 and 142, with only 1.4 and
3.6 percent umaccounted losses. Since the solvent was in contact
with a substantial amount of hydrolysis wash water, the loss may
be explained by 1imited solubility and entrainment of small quan-
tities of solvent with water-coal slurry. Careful processing of
wash water should allow recovery of even these small Tosses of
methyl chloroform. Product coal recovered represented 76 to

80 percent of the coal fed for runs 118, 138 and 142. If
unaccounted losses, which are assumed to be primarily solid par-
ticle losses. of coal in the dechlorination apparatus are assumed
to be recovered as product, coal product recovery is 91 to

96 percent. The high sulfur content of 6.55 percent for coal
PSOC-342 reduced product coal yield to 92.5 percent by virtue of
the high sulfur removal. The majority of the methyl chioroform
(82-98 percent) was recovered in the solvent evaporation stage,
with only 1 to 3 percent recovered in the chlorinator cold trap.
Chlorine was recovered as HC1 from the hydrolyzer as 40 to 60 per-
cent of the feed chiorine; from 6 to 32 percent of the HCl1 was
recovered in the chlorinator cold trap. The remaining HC1 (21 to
32 percent) was recovered in the dechlorinator gas scrubber. Sul-
fur was recovered primarily with the hydrolysis wash water. A
small amount of the sulfur (6 to 17 percent) was recovered in the
dechlorinator gas scrubber.

Experimental and Analytical Studies for Coal Desulfurization
Reactions (1.4)

Experimental Data

Forty seven runs are included in Table 2, representing the
total operating data for chlorination, hydrolysis and dechlorination
of twelve coals. Thirty of these runs were conducted with
PSOC-212 for parametric screening of operating conditions.

The data were grouped in terms of increasing total sulfur
removal in Table 3 to provide visibility for coordination of
operating conditions with sulfur removal.

The data show a substantial scatter for organic, pyritic
and total sulfur in terms of residual sulfur levels and sulfur
reduction values for duplicate sets of operating conditions.
Analytical error cannot explain the large disparity in the
data. Analysis of the data in terms of an important parameter
such as chlorination time 1ndicates that extending time beyond
30 minutes does not improve desulfurization. In fact, some
data suggest that sulfur may be reintroduced into the organic
structure of the coal by reaction of intermediate sulfur compounds
in extending the chlorination conditions beyond the optimum, or
by failing to remove sulfur compounds from the coal sTurry
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during the chlorination.
are present for introduction of the sulfur into the coal
structure, then it becomes evident that the reaction mechanisms
controlling coal desulfurization become much more complex

If, in fact, competing sulfur reactions

Table 9. Analysis of dechlorinator water scrubber solution from

treatment of three different coals

Run 1122 Run 118P Run 138° Run 1429
Analyses {mg/£) {mg/£) {mg/ £) (ma/ 2}
Sulfate (as S) 58 20 59 115
Chloride 1370 1490 1387 3410
67 60 360 391

Total Organic Carbon

8Basis 2 grams of PSOC-190, 155 cc Scrubber Sofution
bRasis 2 grams of PSOC-219, 150 cc Scrubber Solution
“Basis 2 grams of PS0OC-219, 150 cc Scrubber Solution
dBasis 4 grams of PSOC-342, 150 cc Scrubber Solution
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Table 10.

Mass spectrometer analyses of process off-gases

Run 138 Run 134 Run 118 Run 132 Run 142
Chlonnator? Hydrolyzer Dechlornator? | Solvent Evaporator® Chlormator’:| Chiorinator® Chlcrlruatorf
Analyses Vol. % | Grams Vol. % Grams Vol. % | Grams Vol. % | Grams | Vol. % | Grams | Vol. % | Grams
He 0.0 00 70 4 oo1 749 (007 979 0.32 1.3 0 0008
Ar 626 0.02 00 0o 70 0001 B6 (0,008 15 0.005 417 0.03
co 250 0008 a 931 | 0004 Qo0 0o 0.0 (0.0 0.0 00 417 003
Acetone 0C 000 % 67 24 | 0064 14 0 0002 16.1 | 0018 06 0.002 13.9 01
iMethy! Chloroform 125 0 004 § 00 0.0 212 0.003 04 |0.0004 0.0 0.0 14 0.001
s 00 000 % 0.0 00 00 0.0 00 |0.0 0.0 00 0.0 0.0
CO5 oo 000 é 12,00 | 0.009 00 6o 00 |00 0.0 00 00 0.0
CHy 00 000 % 11.28 | 0003 00 0.0 00 (00 oo 0.0 0.0 00
Chlorohydrocarbons 0.0 00 017 | 0037 6.0 00 0.0 |00 00 00 6o 00
100,0 | 0.032 10000 { 0117 100.0 0.0142 1000 |0.0934 | 1000 0327 | 1000 | 00719

27 hr, 1200 cc gas evolved,

bBasis 500°C, 1 hr, 4 gms dry coal, 37 ce gas evolved

€~.800 cc gas evolved, no hydrolyss.

c’Total gas evolved 870 ce, chloninator purged with helium imitially:

€2 hr run, 2020 cc gas evolved, system purged with helium initially

fTo‘cal gas evolved 1215 cc

4004 30
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Table 17.

Matertal balance for run 112-8/19/77, coal PSOC-190

Coal Methy!
(Incl. Sukfur) Chloroform Chlorine Sulfur
Process Unit Process Stream Grams Wt. % Grams Wt. % Grams Wt. % Grams Wt. %
Chlorinator {Feed) Coal, C£, Solvent, S a0 200 45 30
Chlofinator Cold Trap CH, CClg, CE 6 3 14,16 315
Chlorinator Gas Scrubber ct,so,, TOC 0002¢ | 0002° 25P 562 | <10 0
Chlorinator Gas Collector - -
Solvent Evaporatar CHj CCQ3 164 82
Hydrolyzer Cl, 80, TOC, 0075° | 0083° 1767 3g oP 105% | 344°
Trace Metals - -

Dechlorinator Gas Scrubber C£.80,, TOC 0 47¢ 052° 9550 | 212P 0 402 1313
Dechlonnator Gas Collector - -
Product Coal Starage Product Coal, C£, $ -d -d - - - -

Total Accounting - - 170 8b - — - _

Unaccounted - —_ 30 15 - - - -

aSOz as Sulfur
I:’Ch loride

CCarbon

dproduct Storage Including Unaccounted Coal

®Trace Metals
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Table 12. Material balance for run 118-9/9/77, coal PSOC-219

Coal Methyl
{Incl. Sulfur) Chloroform Chlorine _Sulfur
Process Unit Process Stream Grams Wt. % Grams Wt. % Grams Wt. % Grams Wt. %
Chlorinator {Feed) Coal, C£, Solvent 96 67 2 200 45 256
Chlonnator Cold Trap CHy cCly CE 14 07 115 255
Chloninater Gas Scrubber c£,50,, TOC 0002° | 0002° 2.2° 49 | <001 -
Chlorinator Gas Collector 0011 0011
Solvent Evaporator CHS CCQS 176 0 880
Hydrolyzer CZ, s0,, TOC, 048° | 050° 179° | 398° | 141 | 5512
Trace Metals 1.155% | 1195°
Dechlorinator Gas Scrubber|  Cf, S0, TOC 047¢ | 04g° 1120 | 249° | 0167 622
Dechlorinator Gas Collector - -
Product Coal Storage Product Coal, C£, S 76 55 7919 023 05 075 29 3
(92989 | (96 19)
Total Accounting 30 24 83.00 117.4 887 4303 956 232 806
Unaccounted 16 43 17 00 226 113 1.97 44 024 94

350, as Sulfur
l:’Chlortde

CCarbon

dProduct Storage Including Unaccounted Coal

®Trace Metals
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Material balance for run 138-10/7/77, coal PSOC-219

Table 13.
Coal Methyl
{Incl Sulfur) Chloroform Chlorme Sulfur
Process Unit Process Stream Grams Wt % Grams Wt. % Grams Wt. % Grams Wt. %
Chlorinator {Feed) Coal, Cf, Solvent, § 97 07 200 45 2 56
Chiorinator Cold Trap CH5 cCl,, Cl 13 0.7 12.69 282
Chlorinator Gas Scrubber c¢,50,, TOC 0045° | 0046°
Chlorinator Gas Collector 0 0029 0003
Solvent Evaporator CHy CCly 1958 97 9 15 33 |<001?
Hydrolyzer c2, 50,4, TOC, 11 11¢ 18.1° | 402° | 1.30° | s08°
Trace Metals 1 128° 116°
Dechlorinator Gas Scrubber ct, 804, TOC 2 88¢ 2,97¢ 9.72b 21 Bb 0 44% 17 29
Dechlorinator Gas Cpllector 231 238
Product Coal Storage Product Coal, C£, § 74 09 76 33 034 08 071 277
(87 86)¢ | (90.52¢
Total Accounting 83 30 85 81 197 1 986 42 34 941 245 857
Unaccounted 1377 1419 2.9 14 266 59 0.11 43

asoz as Sulfur
bChloride

CCarbon

dproduct Storage Including Unaccounted Coal

®Trace Metals
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Table 14.

Material balance for run 142-10/21/77, coal PSQOC-342

Coal Methyl
{Incl Sulfur) Chloroform Chlorine Sulfur
Process Unit Process Stream Grams Wt % Grams Wt % Grams Wt. % Grams Wt. %
Chlorinator Feed 95 33 200 44.8 6.65
Chlorinator Cold Trap CHyCCly cl, s 40 20 28 63
Chlorinator Gas Scrubber cf,80,4, TOC 0032°| 0034° 08P 18° <001
Chlorinator Gas Collector 0 0205 00215
Solvent Evaporatol CHy CCP3 188 8 94 4
Hydrolyzer G4, 50,4, TOC, 20° 2¢0° 2560 | 5690 [ 30 45.8°
Trace Metals & £
Declorinator Scrubber Ct, 0, TOC 164 | 172° 142° | 317° | o48® 73°
Declorinator Gas Collecton — -
Product Coal Stoiage Product Coat, C£, S 76 39 80 13 072 186 254 388
88 1619 | (92 48)¢
Total Accounting 8356 87 65 192 8 964 44 12 985 6 02 919
Unaccounted 1177 1235 72 36 068 156 053 81

%50, as Sulfur
l":'Chlonde

CCarbon

dproduct Storage [ncluding Unaccounted Coal

€Trace Metals




than previously supposed. The complexity of coal desulfuri-
zation reactions may also obscure the effects of the parameters
of time, temperature, water/coal ratjos and solvent type.

Early data on the chlorination reaction were obtained at rela-
tively Jow. chlorine injection rates. Thus., these data indicated
that desuifurization increased with increasing reaction time.
This was a situation in which chlorine injection was controiling
because of the low chlorine feed rate. In tater chlorinations
at chlorine feed rates of 0.5 SCFH, the requisite chlorine for
saturation of the coal slurry was obtained in 45 minutes. Thus,
addition of chlorine beyond 45 minutes does not produce further
benefits. It is possibie that acceptable coal desulfurization
can be achieved with a retention time less than that required to
saturate the coal slurry with chiorine. It is also possible
that the effects of water/coal ratio, solvent type and temperature
may have pronounced effects if the chlorination reaction is
restricted to times of less than 45 minutes.

Coal desulfurization data for PS0C-219 coal indicate that
organic sulfur removal was from a few percent to 87 percent,
pyritic sulfur removal was from a few percent to 100 percent,
and total sulfur removal was 15 percent to 75 percent. The
average organic sulfur removal was 42 percent. Average pyritic
sulfur removal was 60 to 70 percent, and average total sulfur
removal was 50 to 60 percent. Generally, the average level of
residual total sulfur was in the range of 0.7 to 1.5 percent,
which is above sulfur compliance levels with emission standards.
The other ten coals tested provided similar coal desulfurization
results, with only two of the coals showing organic sulfur
removals of less than 20 percent.

Because of the relatively large amount of coal desulfurization
data and the large scatter in the sulfur analyses of the processed
coal, a statistical interpretation of the data was considered
appropriate. The statistical analysis of the coal desulfurization
data follows.

Linear Multiple Regression Analysis

Statistical multiple regression analysis provides an analysis
of the ability of a large number of experimental data to cor-
relate with a set of independent variables. The analysis is
especially useful when there is a large variation in the data
that does not seem to correlate with any given set of variables.
By assuming an equation which relates the dependent variable
to a set of selected independent variables, multiple regression
analysis will fit the data with the equation and yield
the best set of coefficients for the equation. In addition,
valuable statistical information may be obtained such as
the mean, standard deviation, variance, partial variance con-
tributed by the variation of each independent variable, the
percentage of variance unexplained by the selected equation
form, and how good the data fitting is in terms of statistical
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testings such as confidence level. There are nany existing
computer programs Tor multiple regression analysis. The
second edition of Statistical Package for the Social Sciences
(SPSS) prépared by the University of Chicago (Authors:

N.H. Nie et al.) and published by McGraw-Hi11 Book Company
in 1975 was chosen by JPL because it is a complete and well-
recognized statistical analysis package that has been used
successfully in many engineering applications.

Without detailed understanding of the functional dependence
of each independent parameter upon the dependent variable,
a linear correlation is always the first logical approximation
to be used. Therefore, linear multiple regression analysis
(e.g., Y' = Co ¥ CiXy + CoXp + G5 Xq + ...) was selected

for fitting data from coal desulfurization by chlorinolysis
experiments and conducting corresponding statistical analyses.
Table 15 1ists the regression notation used in this section of
the report. Three cases were analyzed. Table 16 contains

the regression analysis input data for PSOC-219 coal and

Table 17 contains the data from nine other coals. Analysis

of the coal data was done in three cases: Case I - Total

Coal Input Data; Case II - PS0OC-219 Coal Only and Case III
Nine Coals Not Including PSO0C-219. 1In Case I, 57 percent of
the input data are representative of PSOC-219 coal; therefore,
the analysis was broken into three cases to eliminate total
domination by PSOC-219 coal. Representative data were selected
for each run to avoid weighting each run with several sets

of analyses.

Regression analysis input data for nine other coals
is given in Table 17. It includes the high-pyritic-sulfur
coal PHS-398 provided by BOM, but not the PSOC-240A1 coal,
since these analytical data were not ready in time.

Results of correlation analyses for the three cases
are summarized in Table 18 for six equations correlating sulfur
removal. The data omitted in Cases 2 and 3 of Table 18 are
constants, and thus not suitable for inclusion in a multiple
regression analysis.

Case 1 consists of the combined analyses of PSOC-219
and the nine other coals. Case 2 presents the data fitting
for PSOC-219 only. Case 3 consists of data fitting for the
other nine coals. The reason for separating PSCC-219 from
the other coais in Cases 2 and 3 is that PSO0C-219 was used
in extensive parametric analyses and provided a broad base
of data from a single coal. Results from correlation of data
for all three cases are summarized in the following paragraphs:
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II.

III.

Table 15. List of Notations for Linear Multiple
Regression Analysis

Dependent Variables (Input)

™~
)

10 =

ab
Regression

C'[’..-’C’I'I

Total residual sulfur weight percent in treated coal

Residual organic sulfur weight percent in treated coal
Residual pyritic sulfur weight percent in treated coal
Percentage of total sulfur reduction

Percentage of organic sulfur reduction

Percentage of pyritic sulfur reduction

Residual chlorine weight percent in treated coal
Variables {Input)

Total sulfur in raw coal (weight percent)

Organic sulfur in raw coal (weight percent)

Pyritic sulfur in raw coal (weight percent)

Time of chlorination {minutes)

Chlorine flow rate (SCFH)

Water-to-coal ratio by Qéqaht in the chlorination step
Temperature of chlorination (°C)

Steam rate in dechlormation (grams/hour)

Temperature of dechiorination (°C)

Chlorine in coal hefore dechlorination (weight percent)
Time of dechlorination (minutes)

Analysis (Output)

-- Coefficient obtained from linear multiple regression analysis

corresponding to each independent parameter X],...,X]1

Co --The constant coefficient for the linear fitting
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Table 15. List of Notations for Linear Multiple Regression Analysis (continued)

Superscript prime (') -- predicted dependent variable for the linear fit
N -- Number of sets of data to be fitted for the specific equation

k -- Number of independent variables for that equation

Y -- Mean of a dependent variable Y

dg., -- A statistical way of expressing standard deviation, called standard error =

VIEARNT

R™ -~ The regression sum of squares divided by the total sum of squares;
i.e., the ratio of regression variance to total variance =

st

(Y -T2/ 2y - v')2

R? X 100% -- The percentage of contribution explainable from variations
in Xi with respect to the specific regression data fitting

Ri x 100% -~ The total percentage of variance ratio R2 explainable by the
specific linear regression analysis on the selected set of
parameters, =

(z RS x 100%)
Rﬁ x 100% -- The unexplainable percentage of variance ratio based on the

selected independent variables, the data, and the 1inear fitting.

F -- A standard statistical test leading to the confidence level or the
quality of correlation =

R%/k
(1-RYN -k-1)

a -~ Probability of percent data which will not fit the correlation; e.g.,
F=2.84, then o= 0.10, which means 90 percent probability the data
will fit the specific correlation or a 90 percent confidence level in
the engineering sense. This indicates a satisfactory correlation.
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Table 16. Input data from coal PSOC-219 for the linear multiple regression analysis

PSOC
Coal
Type Y Yo Yo Ye Yo Yp Z X1 Xa X3 Xy Xg Xg X7 Xg Xg Xi0 X4
RunNo | Code | (Wt%) | (We%)| (W% | (%) (%) (%) | (W% | (Wes)| (W) | (West) | (Min) | (SCFH) (oc) [lamine) | {0} | (W%) | (Min}
107 219 | 083 072 011 68 333 921 022 256 | 108 140 30 05 05 74 70 450 — 60

107 219 1087 0e3 022 66 417 843 048 256 | 108 140 120 05 087 74 n 480 1113 60
107 219 |072 038 037 72 878 736 03 256 | 108 140 120 06 06 | 74 70 480 1113 80

108 219 (073 | 028 045 | 718 [ 74, 68 04 256 |108 (140 Ge g5 05| 74 70 450 —_ 80
{0 88) (65 &)

102 219 |079 (038 | 041 69 648 | 468 | 031 256 (108 | 140 120 025 (051 74 70 450 1017 60

103 219 | 055 [ 043 j 012 | 785 | 602 914 10 256 1108 140 60 10 051 74 70 450 - 60

115 219 (080 | 088 012 688 | 370 | 914 | 0D 256 {108 140 30 05 05| S0 o5t 500 —_ 60

115 219 | 0656 | 0862 003 | 7486 426 | 979 | 045 256 (108 | 140 60 05 05| 50 ot 500 —= 60

116 219 080 | 074 006 | 687 | 458 957 | 047 | 256 (108 | 140 60 05 05} 60 agf 500 8 64 60
119 219 |068 | 065 | 003 734 398 1979 | 012 | 256 (108 140 120 05 07| 74 7 500 116 60
{7 5}
120 219 | 094 | 066 028 | 633 389 | 80 014 | 256|108 | 140 60 05 03| 74 | 1 450 1133 60

120 219 1134 {051 083 | 477 | 628 | 407 | 022 286 (108 | 140 30 05 0s| 74 5 450 —_ 80
189 219 | 109 | 065 | 044 574 | 398 [ 686 | O 266 (108 140 30 05 07| 74 38 | 500 — 30
(60} ’

118 219 /098 | 061 035 | 617 436 | 750 ] 030 266 1108 ) 140 60 Gb 05| 74 oot 450 197 60
118 219 [ 073 088 | 014 716 | 462 800 | 060 256 | 108 140 60 D5 05| 74 116 500 1197 | 60

123 219 | 127 079 047 50 4 268 G6 4 o1 256 | 108 140 30 06 07 74 4 450 g1 G0
(1 26)) (500)
123 219 (119 067 052 535 380 629 | 086 256 | 1.08 140 80 05 07| 74 4 500 - 30

123 219 | 082 061 021 680 | 435 860 | 017 256 | 108 140 120 05 07| 74 4 550 918 &0

{11 12)*
123 219 {108 | o085 [ o021 | 686 | 213 | 850 | 045 | 256 (108 |[140 [120 [ 08 (07| 72 1 550 | 138 25
o5 | 15000 | (—}
124 219 |130 | 073 | 063 | 492 | 324 | 621 | 169 { 256|108 |140 | 30 | 05 Jo3| 74 4 450 474t | 80
04
124 219 {082 [ 0B4 | 027 {680 | 500 | 807 | 028 |256|108 |140 | 60 | 05 |03 74 a 500 886" | 80
{20)

124 219 | 081 069 | 012 684 | 361 214 163 256 | 108 140 120 05 3] 74 05 500 138* 50
125 219 (108 | 071 037 578 | 342 | 736 | 054 266 1108 | 140 30 05 06| 74 2 500 965 15
125 219 (110 | 068 | 042 570 | 370 700 116 256 (108 [ 140 30 05 051 74 15 | 500 965 20
138 219 | 081 068 | 023 684 | 463 83g | 044 256 | 108 140 60 05 05 ] 74 973 500 986 60

{043} {90}
143 219 |084 (054 | 028 | 672 | 50O | 800 ] OB 256 1108 140 30 10 05| 74 535| 500 33 30
(067)

144 219 | 099 | 074 023 | 613 | 315 836 | 086 256 | 108 140 60 0% 057 86 1207 500 1135 30
1486 219 (085 1064 | Q20 668 ] 407 B57 | 036 256 ;108 140 GO 03] 05 74 475 | 500 1592 30

Tyn®d Y00d d0

AT

g1 @Hvd "IV

{ )} Correct values inserted directly below the incorrect data used in the analysis
t Best-guess values, listed in Tables 2 and 3 as 75 110 gm/hr
+ Data extrapolated from samples identical except for hydrolysis time




Table 17.

Input data from nine coals other than PS0C-219 for the
linear multiple regression analysis

PSOC ’
Coal
Type Yt Yo ¥p Yy Yo Yo F4 X1 | Xg X3 Xa Xg X5 X Xg Xg X10 X1
RunNo | Code |{Wt%) | (Wt%) [ (W%l | (%) (%) (%) (We) | (Wid)| (Wi%) | (We%) | {(Min) | (SCFH) (oc} | {gm/he) | (9C) | (Wt%) {Min}
M 276 107 [ 103 004 79 59 98 1 028 | 615 [ 224 207 120 05 051 74 gat 500 1577 . 60
{14 81)
nm 276 089 | 087 002 | 827 612 | 990 | 017 (5156|224 207 120 06 05 | 74 as’ 500 14 81 0]
114 276 112 | 1.03 009 | 782 54 956 | 009 | 515 [ 224 207 120 05 06 | 74 751 500 — 80
114 276 0g3 (088 0,05 820 60,7 976 | 054 515 | 2,24 207 60 05 05 ( 74 1041‘ 500 1074 60
101 213 219 | 053 165 | 43 71 127 0.57 382 | 186 189 120 0125 f 06 | 74 75 400 458 60
{71.5)
106 108 070 | 0B 009 (78 43 966 |(097 | 313|107 2,06 60 06 05 74 75*" | 480 946 60
(95 &)
106 108 073 | 056 017 77 477 91.7 088 [ 313|107 206 60 05 05| 74 78** | 480 948 60
104 108 071 045 026 [ 77 580 B74 | 039 | 313 |107 206 60 05 05| 74 75** | 480 800 60
==}
112 190 140 134 003 540 295 971 oog | 3086 |190 105 60 06 06| 74 gof 500 2.1 60
109 190 128 [ 126 002 | 58 337 | 981 013 306 {190 1.05 120 05 05 | 74 90 500 12 67 60
142 342 333 | 160 169 | 491 - 66,3 | 0.93 655 | 139 501 60 05 06| 74 1 500 —_ 30
127 342 270 | 182 g8 | 588 - 824 | 099 | 655 139 5M 120 05 05| 74 48 500 12,83 60
{015)
129 097 081 (074 005 | 342 11,9 | 868 013 123 (084 038 60 05 05 | 74 1 500 - 30
129 097 106 | 070 03 138 167 184 028 123 (084 038 30 05 05 | 74 05 500 —-— 30
o (0 4)
= 131 026 169 (122 046 74,6 413 891 042 | 666 |208 423 60 08 08| 74 5 500 840 30
{166) [(120} |(045) |{751) { {423} |(89.4) {8 46)
131 026 221 1130 089 | 668 | 375 79 020 666 | 208 423 30 05 05 | 74 33 500 —_ 30
135 086 075 | 035 023 | 386 44 4 589 (019 122 (063 056 30 05 05 | 74 4 500 — 30
{0 33) , (22}
135 086 063 1024 017 | 647 819 686 033 122 {063 056 60 () 05 | 74 2 500 80 30
{027} |56 6) 6518y |{019) {4)
137 (PHS | 082 | 057 023 | 728 | — 898 |082 | 301 Jo46 226 60 05 05 | 74 35 300 845 30
398)
140 High | 065 | 056 0038 884 —— 9% 077 301 (046 226 60 05 05 | 74 15 500 824 30
pyritic {78 4)
140 sulfur{ 123 [ 060 062 591 —— 726 016 301 (046 226 30 05 05 74 40 500 53 30
coal
pro
vided
by
BOM
{ } Correct values are inserted directly below the mncorrect data used in the analysis
t Best guess values, hsted in Fables 2 and 3 as 75-110 gm/ht,
+ Data extrapolated from samples identical except for hydrolysis time




Case 1. The results tabulated for Case 1 represent the combined
regression analyses of PSQC-219 and nine other coals. The results
of this. analysis provide a comparison between residual sulfur and
nercentage of sulfur removed for pyritic, organic and total sulfur
forms. The degree of data correlation for the varying sulfur forms

is renresented by the total percentage-of-variance ratios (Ri X 199 per-
cent). For the sulfur forms considered, residual sulfur provides

better correlation than is shown by the (R% x 107 percent for y% =

76.28 percent, and for Y% = 17.45 percent) percentage of sulfur
removed 1n all three cases. The unexplained percentage-of-variance
ratio (Rﬁ x 100 percent) for residual total sulfur (23.72 percent)

indicates relatively good correlation with fittind the data to the
equation and with parameter selection. The confidence Tevel for
percentage reduction of organic sulfur, Y§ (percent), indicates
that the probability of the data fitting the equation within the
standard deviation 1s low. It appears that for the given data and
equation 1n Case 1, the rost sensitive parameter for residual
organic sulfur 1s the organic sulfur content of the raw cnal.

Case 2. The data fit for PSOC-219 coal is presented in Case 2.
Poor correlation of the data with the equation is indicated by the

unexplained variance ratio (Rﬁ x 1)) percent) that ranges from 52 to

92 percent. The confidence levels and standard deviaiions for
Case 2 are generally low. This is especially true of resicual .
organic sulfur (yé) and percentage orcanic sulfur reduction (Yé;

where confidence levels are <50 percent. The low confidence
levels 1ndicate poor correlation of organic sulfur witha™ the
specific equation. Sulfur reduction 1s not affected by the
tndepcndent variables chlorine flow rste (XS), vater/coal ratio

(XG) and chlorination temperature (X7). The only parameter
showing an effect on sulfur reduction is time of chlorination (X4),
as illustrated 1n the specific equation colum (Rﬁ x 100 percent).

Case 3. Data fitting of nine coals, excluding PSOC-219, is presented -
as Case 3. Values for resjdua1 sulfur forms in the unexplained

percentage-of-variance ratio (Rﬁ x 100 percent) are low, showing a good

Tinear fit of the data. The most sensitive parameters for residual
organic sulfur are the organic sulfur content of the raw coal

(R2 x 100 percent = 63.43 percent) and chlorine flow rate (R2 x 100

pefcent = 72.67 percent). In the case of residual pyritic suTfur
(y_), the standard deviation (0.14 percent) 1s large compared to the
mean of the experimental data (0.28 percent), showing significant
scattering in the data.
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Table 18.

Coefficients and statistical information obtained from linear
muttiple regression analysis on sulfur removal data

Bependent - Ganfidénce 2 2 2 2 2
Varisble ¢y Cy <, C3 [ C Cg Cy Y | vy F a Lovel Ry X 100% | Ry X 100% [ Ry X 100% n§ X 100% ng X 100% aé X 100% ﬂg X 100% | Ry X100% | R, X100%

Case 1 Data fitting of the following equations with the mput X, from all the tested coalsisee Tables 16 and 17}{Y" = Co + C1X1 + C2X2 + CaX3 + C4X4 + C5X5 + CeXe + C7X7)
Vi - 058 [ - 1123 202 1217 [ -0001 [-0774] -o0sea| oo [ o098 0191653 o5 >95% 1597% 26 33% 626% a79% 1242% 471% 180% 76.28% 2372%
Yo 0017 | - 0476 1174 | 0443 - 00O 0120 - 0021 -0001 | 089| 017 | BO9| 0005 >95% 596% 54 74% 001% 254% 024% 001% \013% 63 6a% 37 36%
¥ -0193 | - 0694 | ogo7| ©822| o0o00m4 |-0870| -o0s515| oow |o028| 02a| 47s] ooos| >es% 876% 0056% 1011% 390% 1551% 632% 328% 4803% 5197%
¥ i%) 9362 | 2191 |-3187 | 1742 0096 |- 004 536 | - 008 | 44%]136%| 109] 05O 50% 449% 475% 072% 686% 032% oMy 00% 17 45% 82 65%
¥ 1% 6824 | 2804 | -4300 | -1673 0095 | 3t85 | 2028 | - 052 | edx] 0ax| 801 0005} > ou5% 7 18% 14 66% 11 30% 1633% 426% 438% 283% 610% 39 0%
¥ i 048 | 1911 | -t860 | -1535 | - 0007 | eemn 4048 | -~ 087 f 19%[160%| 437 oot > 05% 142% 1028% 031% 681% 127% g41% 490% 45 4% 54 6%

Case 2 Dala filting of the following equation with the mput X| from anly one coal — PSOC-218, which 1s the coal used far parametne studies {see Table 16} {Y' = Co + CaX4 + C5X5 + CeX6 + C7X7)
¥y 0650 [ —- - -- - 00024 |- 0662 | -0214| 0011 | 091 016 | 6534| ooos| >osw - - - 3119% 567% 251% 8 90% 48 16% 5§ 84%
Vo 0819 | -- - -— - 000084/ - 0187 | - 001t | - 00006] 062] 014 | 047|>050 < 50% - — - 499% 205% 002% 050% 7 66% 92 44%
vp = 0 146 -- - - - 00016 |- 02381 - 0197 aon2) 029 015 379 0025 > 05% - _ - 20 46% 284% 267% 1371% 39 74% 0 26%
¥ %) 462 | —- - - 0095 | 2196 823 | - 0420 | 65%| 62%| 526| 0005| >§5% -— - - 30 90% 5 50% 243% 887% 47 78% 5222%
Yol%l B | - -- - - D084 | 1669 423 | - 0067 | 4% |125%| 047{>08 < 50% - - - 5 34% 1900% 028% 0001% 762% 92 48%
¥l 0708 | -- - - 0062 | 3723 45 | -o0817 | 7o%n{120%| 323] 005 95% - - - i189% 7 48% 1286% 11.89% 360% 64.0%

Case 3 Data fitting of the folfoweng equation with the nput X from nine coals other than PSQC-219 coal {see Table 17) (Y’ = Co + C1X1 + C2X2 + C3X3 + C4X4 + C5Xs)
¥, 180 | - 0774 165 082 | -00062 ]-263 | == - 113] 025 | 1087 0008| >95% 1193% 24 61% 1018% 7 25% 3061% - - 848% 155%
Yo -10 | -o0788 11 072 { -o0019f 180 | -= - oez| 013 ) 1988| poos| >os% 210% 6343% ©002% 140% 480% - - - 90 7% 23%
Yo 240 - @046 0036 Q175 | - 00036 |- 433 — - 028 014 | 2509 €005 > 98% a32% 0006% 16 10% 353% 7287% -- - 92 6% 74%
Yl(%l -89 66 =319 315 036 84 39 - - £3%(140%| 429] co2s > 95% 53% 29 7% 117% 15 06% G44% - - 682% 318%
Ya(%} 875 380 -§16 311 019 -883 - - 45%(130%| 284f 010 90% 29 3% G6% 185% 6 35% 16 85% - —— 56 0% 44 0%
Yol -96 3 -195 2037 | 07 040 |2055 - - 80% |170%| 545 0025 >as5% 06% 18 7% 0073% 1054% 42 38% - - 732% 26 8%

=3 *2'2
Law) o]




As described before, based on the column on unexplained variance ratio by
the multiple regression analysis (Rﬁ x 100 percent), it appears that the statistical

correlation fits the best for Case 3 (nine coals other than PS0C-219), second
for Case 1 (combination of the above nine coals with PS0C-219), and least well
with Case 2 (PSOC-219 coal only)}. However, it should be recognized that since
PSOC-219 coal was used for zxtensive parametric analysis in this orogram, much

of the 1nput data for Case 2 are based on unoptimized conditions. Thus the
statistical linear multiple regression analyses for the three cases are all
meaningful 1n giving an overall scientific analysis of the substantial

amount of data provided.

From Table 19, on the basis of the column for explained variance by the
specific 1inear multiple regression analysis (Ri x 100 percent), the only
satisfactory correlation is Case 2, which involves data fitting with only
PSOC-219 coal (i.e., R% = 65.4 percent). The level of confidence 1s also
greater than 95 percent in this case, where the most sensitive parameter is
chlorine in coal before dechlorination (R%0 x 100 percent = 28.30 percent).
As to Case 3, Table 19 implies that temperature of dechlorination (Xg) could
be a sensitive parameter (as RS x 100 percent = 34.49 percent). For Case 1

and Case 3, it can be said that there are significant factors or errors
other than those involved in X8 (steam rate in dechlorination), Xg (temperature

of dechlorination), )(.lO (chlorine in coal before dechlorination), and X171 (time
of dechlorination) contributing to the data fitting of equation Z' (residual

chlorine = C0 + C8x8 + C9X9 + C10X10 + C]]X11).
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Table 19. Coefficients and statistical information obtained from Tinear
multipie regression analysis on residual chlorine data

Dapendont — Confidence 2 2 2 2 2 2
Varable g Cg Cy €10 i v og F P Lovel Rg X 100% | Rg X 100% | Ryg X 100% [ RY; X 100% | Ry X 100% | RY X 100%
Case 1 Data fitting of the above equation with the mput X; from all the tested coals (see Tables 16 and 17)
(Y" = Gp + CgXg + CoXg + C10X10 + C11X11)

z 324 | -0005 | -0051 |[-0011 ooota | 081 | 032 | 284 | 010 90% 12 64% 1154% 6 03% 021% a0 4% 69 6%
Case 2 Data fitting of the above equation with the input X, from only one coal — PSOC-219, which 15 used for parametric studies {see Table 16}

z 6434 | -000s4 | -00072 |-009 00056 | 053 | 028 | 520 | o025| >o95% 16 64% 16 67% 28 30% 383% 65 4% 34 6%
Case 3 Data fithng of the above equation with the input X from nine coals other than PSOC-219 coal (see Table 17)

z 3325 | -00076 | -000676 | 004 ooogs | 050 |o28 | 207 | 025 75% £29% 34.48% 0007% 253% 45 3% 54 7%




Design and Equipment Specifications for Bench-Scale Eguipment and
Mini-Pilot PTant (1.2)

Bench-scale testing of the coal desulfurization process will be conducted
in Phase II on a scale of 2000 grams of coal per batch, using chlorinator,
hydroiyzer and dechlorinator equipment representative of equipment suitable
for engineering scale-up.

Parallel with the bench-scale equipment test program, a continuous flow
mini-pilot plant will be constructed for an integrated equipment operation.
Coal will be fed at a nominal rate of 2000 grams per hour from the pulverized
coal feed hopper through the chlorination, hydrolysis and dechlorination
stages. The coal desulfurization mini-pilot plant is represented as an integrated
equipment unit in Figures 6, 7, and 8. Major equipment units are portrayed
in Figure 9 (ground coal hopper and blender), Figure 11 (chlorinator), Figure 13
(hydroilyzer), Figure 15 (rotary vacuum filter), Figure 16 (flash dryer),
Figure 17 (dechlorinator) and Figure 18 (clean coal storage hopper).

Design Considerations

The layout of the mini-pilot plant takes advantage of gravity flow
wherever possible to reduce the number of mechanical transporters of
coal and slurries. Except for the dechlorinator, the progress of coal
is vertically up or down through the system, resulting in a tall narrow
structure that can be serviced easily by one overhead hoist and a three-level
catwalk on either side. :

Design of individual units is discussed in the following paragraphs.

A rotating screw feeds coal from the storage hopper to the chlorinator.
This method was chosen over a simple gravity feed for two reasons. The screw
gives close control over the feed rate, and it acts as a one-way valve
to prevent back-flow of gases to the hopper.

The chlorinator and hydrolyzer are Tined with acid-resistant brick
instead of, for example, tantalum cladding. The,brick Tining results in
a heavy, bulky vessel, but the cost of brick is about one-tenth the cost
of the cheapest cladding process.

Rotary air locks were chosen as the means of isolating major units
at four places. The required rotary air locks are smaller than any now
available, and will have to be specially fabricated of teflon. They are,
however, the best method of preventing contamination of one part of the
process by the effluents of another.

The flash drier that removes the moisture remaining in the coal cake
after filtering is included for three reasons. It provides to the dechiorinator
coal that is dry, so that chlorine is more easily recovered from the process
off-gases. The-coal is fluffy and gives up its chlorine more readily.
The energy required to heat the dechlorinator tube is reduced, since the
coal is dried by flue gases drawn from the dechtorinator burners.

The dechlorinator was first planned as a direct-fired unit, heated
by combustion products from an external burner. Such a unit, however,
would have exposed the dry, finely-ground coal to a large volume of gases,
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which would have complicated HC1 and product coal recovery with minimum losses.
Therefore, an indirect fired calciner will be used. An existing unit that

is indirectly heated by natural gas burners may meet the requirements for the
dechlorinator.

Description of Major Units

The coal desulfurization mini-pilot plant is comprised of seven major
units (Table 20, Figures 6, 7, and 8) and several auxiliary systems to
support them. A parts list for the mini-pilot plant is included as Table
21. The seven major units, 1isted consecutively from start to completion
of the desulfurizing process, are as follows:

1. Ground coal hopper and blender
2. Chlorinator

3. Hydrolyzer

4. Vacuum filter

5. Flash dryer

6. Dechlorinator

7. Clean coal storage hopper

Ground Coal Storage Hopper and Blender. This unit is a cylindrical bin
with an air-tight 1id and a conical bottom. Flanged to the bottom of

the cone is the housing for two vertical feed screws and the worm and
pinion that drives them. The screws are on a single shaft, with the smal-
ler of the two extending into the cone of the storage hopper. It is supplied
with ground coal by the rotation of sweeper arms attached above it to

the same shaft. The upper screw feeds coal directly into the Tower screw,
which is Targer in diameter bhut of the same pitch, so it does not operate
at a choked or completely full condition. The increase of internal volume
permits the introduction of steam through nozzles at the upper end of

the large screw. The steam moistens the coal and is blended with it as

it passes aiong the screw.

Chlorinator. The dechlorinator is an oval steel unit that js t1ined with
refractory brick. The brick forms a narrow, deep retort in the center,

which is separated into two equal parts by a baffle that leaves a clearance
slot below the top and above the bottom. In one of the chambers formed

by the baffle is a standpipe that extends through the bottom of the chlorinator
to the next unit. The chlorinator is closed at the top with a sealed

1id that allows entry, through various flanges and bosses, of wetted coal

from the biender, steam, solvent, chlorine gas, stirring shafts, and a
thermocouple, and that permits samples to be taken and evolved gases to

escape.

Hydrolyzer. From the chlorinator, the coal, now in a slurry with water

and solvent, passes vertically downward to the hydrolyzer. This is another,
larger, oval steel unit Tined with refractory brick and divided into two
compartments by a baffle. The hydrolyzer has a standpipe through the
bottom and a sealed 1id similar to that of the chlorinator. Introduced
through the 1id are the siurry of chlorinated coal, water, steam, stirring
shafts, and a thermocouple. Ports are also provided for sampling and

for escaping vapors and gases.
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Table 20.

quor units -- ceal desulfurization
mini-pilot plant

System/fTreatment

Manufacturer/Avatiability

Specifications

Ground Coal Storage Hopper and Blender

Coal storage and imitial wettmg

Blender

Chilorinator

Agiiation of ground coal in a healed
selution of water solvent and chlonine

Hvdrolxzer
Aguitation: of chloninated coal slurry in
a hot water bath  Recovery of evolved
solvent

Vacuum Filter

. Filtration of coal slurry  Clean
water wash of filter cake

Flash Dryer
Hot Gas/Aur Mixer

Ventun
Disperston Mill

Fluidezed column

:
Cyclone Separatar

Dechlorinatar

Ctean Coal Storage Hopper

JPL/4 weeks

Bay City Fabrmication, Inc  Long Beach Ca
8-10 weeks

Pennwalt Corpr, Phaladelphia Penna

Pennwalt Corp  Philadelphia Penna

Jackson Enterpnses Onlha Ontane
Canada
16 24 weeks

JPL Pasadena Ca
3 weeks

JPL Pasadena Ca
3 weeks

JPL Pasadenz Ca.
2 weeks

C E Raymond/Bartlell Snow Chicage il
Available

JPE Pasadena Ca
4 weeks

Two ,!3 cyhindncal hopper equipped with stirring arms to
prevent bridging

One tich drameter vertical feed screw from hopper to blender
nowinal feed rate, 2 kitogramsfhr  One and gne half inch diameter
verucal blender serew

Two steam jets at juncton of feed screw and blender screw

Steel vessel ined with acid resistant brick  Fwo chambers

Separable head ported for watted coal solvent steam chlonne
mixers thermocouple sampling and off gases

One inch standpipe in downstream chamber for flow to next vt
Warking volume 72 1:3 Coal residence 30 to 120 min
Maximum operating temperature, 100°C

Maximurst operaling pressure  T00 psig

Steek vessel ined wath acid resistant brick  Two chambers

Separable head ported for ¢oal slurry water steam mixers,
thermoc¢ouple sampling and off gases

One inth standpipe tn downstream chamber for flow to next unit
Total volume 143 113 Coal residence 30 to 120 min
Maximum operating iemperature 100°C

Iaximum operating presswse dtmosphenc

Cleth covered drum 3 mches wide, 10 inches diameter, partially
submerged In coal shty

Drun center evacuated filtrate stored in recewer
Slurry flow 21 to 71 ft3/hr

Case 1s side ported to allow atr flow to drum

Myzang chamber with thermostatcally controlled damper 10 blend
dechtoninator flue gases and aic

Wide nateow throat cross sectional area 75 1n2

High RFM center fed combination chopper/fan Case width and
outlet diameter 3 inches

Four inch dlametel;vertlcal twbe Expansion bellows m center
Bpper end m 80° curve 1o enter separator -

Tangenual entry separator  Bottom center exit for product
Top center exit for air  Blower capability 27 scfm

Two concentric tubes outer hined with castable frirebnick inner
r ble Inner whe & & 172 inches [ength 85 1/8inches

Enside 1ube heated by seven natural gas burners Maximum
aperating temperature 2000°F

fRotanonal speed of iInsigde tube vanahle from 1 1610 11 6 RPM
Cylinder matenal tnconel 617 .
Feed screw capability 4 kilogsams/hr  § 37 to 7 29 RPM

Two ft3 rectanguiar hopper equipped with nitrogen purge and blade
1ype emptying valve
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Table 21.

Parts 1ist -- coal desuifurization

mini-pilot plant

Ground Coal Hopper/Blender
Head
Hopper
Bearing Support
Bearing
Sweeper Arms
Feed Screw
Blending Screw
Steam Nozzles
Screw Housing
Steam Control Valve
Steam Flow Meter
Screw Drnive Gears
Screw Dnive Motor

Chlorinator
Head
Connecting Tube {toc Hopper}
Mixer Motors {2}
Stirring Shafts & Paddles (2)
Steam Control Valve
Steam Flow Meter
Sampling Valve
Thermocouple
Chlorine Cylinder
Chlorine Regulator
Chlorine Feed Lines
Solvent Return Line
Condenser Feed Ling
Condenser
Refrigerated Gas Trap
Gas Collector
Gas Trap Isolation Valves (2)
Gas Trap Drain Valve
Water Supply Valves (2)
Gas Collector Water Fill Valve
Gas Collector Bleed Valve

Gas Trap Connecting Lines {2)

Water Lines
Chlorinator Vessel
Baffle

Rotary Valve

Hydrolyzer
Head
Connecting Tube (to Chlorinator}
Vhixer Motors (2)
Stirnng Shafts & Paddles (2}
Steam Control Valve
Steam Flow Meter
Sampling Valve
Thermocouple
Water Contral Valve
Water Flow Meter
Condenser Feed Line
Condenser
Gas Collector
Gas Collector lsolation Valve
Gas Collector Connecting Lines
Water Supply Valves {2}
Water Lines
Gas Collector Water Fill Valve
Gas Collecior Bleed Valve
Solvent Return Valve
Solvent Return Lines
Solvent Tank
Solvent Tank Qutlet Valve
Solvent Pump
Solvent Bleed Vaive
Hydrolyzer Vessel
Baffle
Rotary Valve

Vacuum Filter
Vacuum Fiiter {1 Unit)

Steam Boiler
Steam Generator (1 Unit}
insulated Steam Lines
Bleed Valve

Miscellaneous
Water Lines
Electrical Panel & Wiring
Flanges
Pipe Fittings
Tube Fittings
External Insulation

Flash Dryer
Hot Gas/Air Mixer
Ventun
Dispersion Mill
Fluidized Column
Cyclone Separator
Blower
Rotary Valve
Combustion Gas Bleed Valve
Combustion Gas Feed Line

Dechlorinator
Dry Coal Hopper
Feed Screw
Feed Screw Motor
Dechlormator {1 Unit)
Closed Funnel
Rotary Valve
Off Gas Exbhaust

{to Neutralizing Column)

Steam Control Valve
Steam Flow Meter
Thermocouple
Trunnion Elevator Screw
Trunnion Pivot

Clean Coal Hopper

Hopper (1 Unit)
Kmife Valve

Off-Gas Neutralizer

Neutralizing Column
Caustic Selution Supply Tank
Neutral Solution Holding Tank
Caustic Solution Pump
Connecting Line {to Holding Tank)
Neutral Sclutron Drain-Valve
Caustic Solution Bleed Valve
Caustic Solution Fill Valve
Connecting Line

{from Caustic Tank)
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Vacuum Filter. The coal slurry, now consisting Targely of coal and
water, flows through the hydroiyzer standpipe and is partially dried
in the vacuum filter. The filter consists of a vertical drum rotating
one-third submerged in the slurry from the hydrolyzer. The ends of
the drum are solid, and the cyHnder is perforated and covered with
porous fiiter cloth. The perforated cylinder is supported by hollow
tubes leading to a vessel in the center of the drum. The central
vessel can be evacuated, thus drawing the slurry to the porous filter
cloth and extracting water from it as the drum rotates. The partially
dried cake of coal is removed from the drum by a blade and is carried
by gravity to the next unit.

Flash Drver. The flash dryer, which receives the coal cake from the
vacuum filter, consists of five sub-units: a hot gas/air mixer, a
venturi, a dispersion mill, a vertical fluidized column, and a cyclone
separator. The hot gas/air mixer provides a stream of heated gases

to the venturi, into which the coal cake is discharged. The venturi
reduces the gas pressure and increases its velocity to carry the coal
cake into the dispersion mill. This mill is a center-fed chopper

and fan that pulverizes the cake and throws it out a tangential tube
into the fluidized column, where the hot gases that carry it upward
complete the drying process. From the fluidized column the coal,

now as dried particles, enters the cyclone separator. There it is
thrown against the walls of the separator and falls into the dechlorinator
hopper, while the hot gases are drawn to the center and exhausted
through a blower.

Dechlorinator. The dechlorinator consists of an abrasion, corrosion
and heat resistant cylinder {Inconel 617 or other stainless steel
alloy) that rotates inside a larger stationary cylinder having a
refractory-brick lining. Between the two cylinders is a toroidal
cavity that serves as a fire box to heat the inner one. Heating is
accomplished by injecting a mixture of natural gas and air through
nozzles and burning it in the cavity. Dried ground coal is moved
into the inner cylinder by a feed screw and moves through it because
the dechlorinator is inclined slightly toward the clean coal hopper.
The coal is tumbled, as it moves, by flights along the inner wall.

At the end of the cylinder it falls into a c¢losed funnel through a
rotary air lock and drops to the clean coal storage. The closed funnel
serves as a closure for the dechlorinator and is ported for the entry
of steam, combustion gases and a thermocouple.

Clean Coal Storage Hopper. This is a closed bin, isolated from the
dechTorinator by a rotary valve and having a knife valve at the bottom
to remove clean coal. It is provided with a nitrogen purge to prevent
oxidation of the coal heated in the dechlorinator.

Process Equipment Operation

Start-up of the mini-pilot plant requires bringing the equipment to
operating temperature and introducing flow through the chlorinator and into
the hydrolyzer and dechlorinator to establish the equipment inventories of
material preliminary to establishing steady-state operating conditions.
Phasing of feed materials may be required to avoid problems of caking, etc.
Mechanical operation of the equipment is described as follows:
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As the coal enters the blending screw it is wetted with steam from
small nozzles in the blender flange. Steam cannot enter the ground coal
hopper because the feed screw, operating choked, blocks the passage with
coal. The steam mixes with the coal in the blender and the warmed and wetted
coal is dropped straight down a tube into the chlorinator.

The chlorinator has two chambers, separated by a baffle.that allows
gas pressure to equalize at the top and Tiquid to flow across the bottom.
One chamber receives the coal from the blender, the other discharges it
through a standpipe to the hydrolyzer below. In the chlorinator the coal
falls into a Tiquid composed of water, solvent and chlorine, where it is con-
tinously agitated by mixers. The blades of these mixers are so¢ arranged
that they contribute nothing to the general flow of the slurry. The flow,
and thus the residence time of the coal in the total system, is governed
by the rate at which water and solvent are added and by the height of the
standpipe. In this step of the process, the sulfur contained in the coal
is oxidized by the chlorine to water-soluble sulfate compounds. The reaction
occurs at temperatures in the range of 50 to 100°C, with heat supplied by
steam injection. Solvent vapors, HC1 and C1, are contained in the chlorinator
by a water-cooled reflux condenser. Gases egcaping the reflux condenser
are contained by a refrigerated cold trap. A small amount of inert gas
passes into a gas holder for sampling and analysis.

The chlorinated coal slurry leaves the chlorinator by overflow into
a stand-pipe that connects to the hydrolyzer. Before reaching the next
major unit, the hydrolyzer, the cocal slurry passes through a rotary air
Tock that blocks the backflow of hydrolyzer off-gases to the chlorinator.

The hydrolyzer provides a hot-water treatment of the coal slurry in
which the chlorine/sulfur compounds are washed from the coal and the solvent
is tlashed from the slurry. As in the chlorinator, the slurry is constantly
agitated and steam heated. Retention times are controlled by water and
coal slurry feed rates. The temperature of the hydrolyzer is controlled
by steam injection to flash the organic solvent to a condenser and into
a soivent recovery tank for recycle to the chlorinator.

The washed desulfurized coal flows through a stand-pipe, through a
rotary air Tock to a rotary vacuum filter. The rotary air lock is required
to seal the vacuum filter from the flashed solvent vapors.

In the vacuum filter the coal-water slurry enters a bath in the lower
third of the filter case. The slurry is continuously agitated to keep the
coal in suspension, so that it will be drawn to-the filter drum in the
vacuum-induced flow. As the drum rotates, the coal adheres to it and forms
a thin, damp cake. This cake is flushed with fresh water at the top of
the rotatijon to displace sulfate-containing wash water from fhe coal.

The coal is redried as rotation continues and is finally scraped off the
surface of the drum and dropped into the flash dryer venturi.

The coal is carried through the flash dryer, in a mixture of combustion
gases and air, drawn by means of a blower fan at the exit of the cyclone
separator. The mixture of wet coal and gases is directed to a dispersion
mill. There, large Tumps are pulverized and thrown upward into a vertical
duct and then passed to a cyclone separator for separation of coal particles
and gases. Most of the drying occurs in the dispersion mill, with drying
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completed in the vertical duct. A rotary air lock below the separator
prevents back-flow of gases from the dechlorinator feed hopper.

At the bottom of the hopper is a feed screw that moves the dried coal
into the dechlorination tube. Here the coal enters an atmosphere of dry
steam, where it is dechlorinated at temperatures up to 500°C. The dechlor-
ination tube rotates and tumbles the coal grains so that all are exposed
to the dry steam, The tube is indirectly fired by gas burners to provide
required temperatures. Retention time of coal in the calciner, nominally
20 minutes, is governed by the tube inclination and rotational speed.
0ff-gases consist primarily of a mixture of steam and HC1. A caustic
scrubber will contain the HC1 in the pilot plant. In a commercial unit,
the HC1 would be recovered for recycling to a Kel-chlor plant. Flue gases
from the calciner are directed to the flash dryer, providing high thermal
efficiencies for the combined calciner - flash dryer operation.

Coal from the calciner js discharged through a rotary air lock to a
coal hopper and contained under a nitrogen blanket. Quantities are small
enough that the hot coal will be cooled by natural convection of air to
the coal hopper.

Bench-Scale Equipment for Batch Tests

A batch-mode screening program will parallel the procurement and construction
of the mini-pilot plant. The effects of chlorinating under pressure will
be studied, as well as solvent-to-coal ratios, and chlorination temperatures.
Coal particle sizes will be varied in conjunction with changes in residence
times, to find the most economical grind for desulfurization.

Two batch-mode programs will require at least one more vessel of the
steel-walled, brick-lined type, that will accept batch amounts of 2 kilcgrams
of coal. Chlorination and hydrolysis can be accomplished in sequence in
the same vessel. Batch filtration followed by operation of the calciner
in a batch-type operation will be utilized for the bench-scale experiments.

The chlorinator-hydrolyzer unit(s) can be obtained from the vendors
and installed within 3 months after the start of the program in Phase I.
The existing calciner will be modified to fit the continuous-process system
and also be used in batch-process testing if possibile. Testing and construction
will thus be parallel, providing maximum development of the process in a
short time.

Immersion Tests

Immersion testing of four types of brick and two mortars was successfully
completed. The evaluation continued over a 6-week period during September
and October. The Tist of materials tested covered only the face courses
of the chlorinater and hydrolyzer vessel designs solicited from the Stebbins
Engineering and Manufacturing Company and Pennwalt Corporation.

This work was undertaken to support the 4-month design period of Task
1.2. Equipment specifications are that acid resistant brick construction
is to be used, in conjunction with a plastic or rubber membrane between
the brick and the steel. The specifications further provide for acceptance
te?ting of specific materials under reactor conditions of acid and organic
solvent.

18
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The scope of the testing program was set jointly by JPL and the vendors.
Both engineering firms had many years of experience in process design involving
chlorine and were confident in their acid-resistant brick designs for application
to the JPL coal desulfurization process. Some inexpensive materials were
specified in the hope that their adequacy would be proven by tests; for
example, K14 mortar in 1ieu of Stebbins mortar AR20C. Also, since maximum
temperature and pressure for the chlorinator and hydrolyzer were relatively
low, other materials were feasible for construction and needed to be tested.
The consideration of redshale brick for the face course as well as the second
course is a case in point.

Immersion testing is a form of acceptance testing in which materials
are submerged in process fluids, and afterwards examined for changes in
structural properties. For bricklined vessel construction, the method is
based on the premise that easily measured changes, occurring during a 3-week
to 6-month exposure, in materiails taken individually, allow a valid estimate
of whether the vessel will last 15 to 20 years, or fail much sooner.

The material properties examined after immersion are multiply related
to the functions the brick and mortar must serve. The face course rust
possess abrasive and chemical corrosion resistance and thermal insulating
properties. The backing brick is to balance the stresses of internal/external
gas pressure differences, thermal expansion, solvent swelling, and membrane
compression. The membrane must match the brick to the steel and provide
the final solvent barrier. The carbon stéel shell has the direct function
of structural support. Five relevant tests are sample appearance, immer-
sion medium appearance, weight loss, compressive strength loss and porosity.

JPL's post-immersion testing followed the most current procedure set
by the ASTM (C267-71) for chemical-resistant mortar. Both vendors have
the experience necessary to judge fresh-cut brick by the same method, given
the absence of an ASTM evaluative procedure for chemical-resistant brick.
The procedure was modified to optimize the test procedures by reducing the
number and duration of tests from the suggested 1/7, 1, 2, 4, 8 and 12 week
schedule to 2, 4, 6, 8 weeks and 1, 3, 6 weeks, by Pennwalt and Stebbins,
respectively. The alternative of accelerated testing to immersion testing
was rejected for lack of established correlations to normal behavior.

The two quantitative tests, changes in weight and compressive strength,
can each demonstrate three trends. First, there can be no change in the
original values. Second, there can be a decrease to a plateau at some lower
value, which may or may not be acceptable. Last, there may be a continuous
decline. An acceptable trend that holds for months should hold for a 15-year
vessel life. The two tests are somewhat independent, and each alone 1is
a minimal barometer of success. With the use of a coal slturry, the medium
appearance can only confirm the loss of full grains of material. Sample
appearance gives a sensitive check on surface grain loss and points up chemical
reactivity in cases where the reaction changes the grain color.

The immersion medium for the test of both chlorinator and hydrolyzer
vessel materials was a coal slurry maintained under chiorination conditions.
The base is BOM-approved PSOC-276 coal, which has a balanced organic and
pyritic sulfur content for a total of 5.15 percent. The coal was initially
- wetted with water at a 0.5/1 water/coal ratio and slurried in methylchloroform
at, a sotvent/coal ratio of 2/1. Chlorine was bubbled through the slurry
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until it was saturated. The first sTurry had a balanced particle size distri-
bution between fine and coarse coal: 44 percent of 12-35 mesh, 11 percent of
65-100 mesh and 44 percent of +200 mesh. The size distribution of the replace-
ment sTurry at the midpoint of testing was changed as a result of the quick
attrition of the larger size range noticed in the original sturry. The second
slurry contained 51 percent of 12-35 mesh. 33 percent of 35-65 mesh and 12
percent of 100-200 mesh, along with 4 percent of 65-100 mesh and no fines.

The operating temperature was 74°C, and the pressure slightly abové atmospheric.
Agitation power was on the order of 0.0 horsepower/sample.

The entire immersion test was broken into four periods of from 4 to 9
days, or from 4 to 12 days, if defective operation is included at face value.
Cumulative times ranged from 17 to 28 days for one mmmersion tank and from
27 to 36 days for the second.

Solvent, water and dissolved chlorine losses were made up at the end
of every period and sometimes more frequently.

The following table summarizes the findings of Pennwalt and Stebbins,
who performed their own analyses. For each test, the degree of acceptability
is indicated. For the quantitative tests, the nature of the trend is indicated
as well. Complete information in each test category was provided to the
vendors; however, their conclusions on alil categories have not yet been
received. Such deficiencies are marked NA (not availahle).

Compressive
Sample Weight Change Strength Change
Material Overall Appearance (Trend-Quality) (Trend-Quality)
HB mortar B NA 5-1 2+4 - P
Duro brick F NA 1 -A 3+4 - F
Redshale E NA NA 2 -E
brick
K14 mortar A A B - B 6 - E
Visil brick E E 6 - E 6 - E
Carbon brick E E ' 6 - E 6 - E
Trend: 1-no change Quality: E-excellent
2-plateau A-adequate
3-decreasing B-borderline
4-erratic P-poor
5-inconciusive F-failure
6-not followed I-inconclusive
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Tables 22 and 23 provide the data from which these trends and conclusions

are drawn. Table 22 gives initial and final dry weights, and percent change.
Table 23 contains similar information on compressive strength. Interim

wet weights are not shown. Figure 19 indexes five pages of representative
photographs of each material.

The folTowing observations are provided on the immersion test data:

1) The surface behavior of each of the six materials was quite similar.
In no case, out of 47 samples, did abrasion cause enough change
in edge shapes, grain patterns, characteristic visual impurities
(specks), or voids, that the sample was unrecognizable. Yet all
samples were discolored and suffered minor changes.

2) Wet weights were the only weight change data available after the first

three periods for the K14 mortar, Visil, and Carbon bricks. The graphs
of wet weight change for these samples were inconclusive, as the mass of

liguid and coal retained (5 to 10 percent) after air drying was

comparable to the weight loss. They did, however, show reproducibility

with a standard deviation of less than 2 percent between samples of
similar material.

3) Dry weight changes were biased to varying extents, depending on
porosity, by deep penetration of coal fines. This could reach
several percent in cases where cleaning is ineffective. For this
reason the weight change data were given much less credence than the

compressive strength trend. A loss of even a few percent is significant.

It is normal for bricks to have a large scatter in weight change
after the second period.

4) An acceptable compressive strength Toss is defined by its magnitude and
by the absolute value of the remainder. A 10, 20, or 30 percent
Toss may be tolerated. Maximum stress in bad weather may cause
5000-psi stresses in multilayer brick construction, which sets a
Tower 1imit. Typical Titerature values for compressive strength are
tabulated below:

*
Compressive Strength (psi)

Silicate mortars (K14, HB) ~4200
Duro brick 6 - 8000
Redshale brick 16,000
Visil brick 4700
Carbon brick 6900

*x
Reference: Personal communication with Mr. Robert Pierce of
Pennwalt Corporation, Philadelphia, Pennsylvania, November, 1977.
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Table 22. Dryweight and weight change as a function
of immersion time
Duration of Period Deviation
Immersion Initial Final Average of Average -
Sample No (Periods) Mass (g) Mass {[g) | Change (%) Change (%) (%)
Tank 1
HB Mortar
3 1 20751 19.170 . - 7.62
1 1 21001 19.521 - 705
12 1 21.762 20 711 - 483 - 860 1.47
6 2 21.219 20 599 - 292
7 2 20915 20 030 - 4.23
8 2 22 543 21 99 - 245 -320 092
4 3 22118 20 161 - 885
10 3 21.240 19.719 ~ 716
13 3 20973 18 970 - @55 - 862 123
5 4 20 445 18 802 - 800
9 4 21273 19 820 - 6.83
14 4 22 380 20.370 - 9.02 - 795 110
Redshale Brick
15 3* 41 588 NA
16 3 41.508 NA
17 3* 43 434 NA
K14 Mortar
1 4 25 291 23589 - 6.73
2 a4 24 199 22 474 - 713 - 693 {0 28)
Tank 2
K14 Mortar
16 4 26.990 22.876 -11 98
17 4 24 285 21393 -11 91 .
18 4 26 094 22 805 ~-12 22 ~1204 016
Vistl Brick
1 4 31932 32012 + 025
2 4 31 839 31944 - + 0 33
3 4 32.147 32.202 + 017 + 025 008
Duro Brick
4 1 39178 39.280 + 026
14 1 36.927 36 990 + 017
15 1 30 110 39 212 + 026 + 023 005
5 2 38 341 38 421 + 021 -
11 2 37 00 37.149 + 0.27
13 2 39 664 39 679 + 029 + 026 004
S
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Table 22. Dryweight and wefght change as a function

" of immersion time (continued)

Duration of Period Deviation
Immersion Initsal Final . Average of Average
Sample No. {Periods) T Mass (g} Mass (g) Change (%) Change (%) %)
Duro Brick
{Cont)
6 3 37190 37 390 + 054
7 3 37 b18 37 690 + 046
8 3 37 306 37 520 + 0.76 + (.59 0.16
9 4 37 836 37.784 - 014
10 4 39122 39110 - 003
12 4 37 618 37 569 - 013 ~ 010 006
Carbon Brick
19 4 26018 26.247 + 088
20 4 26 230 26.466 + 080
21 4 25.941 26 291 + 135 + 104 027
Redshale Brick
28 1* 43.Q43 NA
29 1* 43 601 NA .
30 1* 43.644 NA
25 2* 41.756 NA
26 2* 43,042 NA
27 2% 42.284 NA
22 3* 43 139 NA
23 3* 44 444 NA
24 3* 43 491 NA

T Average period is 5 days for tank one and 7 days for tank two

Slightly shortened

NA  Not yet available from vendor.
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Table 23. Compressive strength change as a function
of immersion time
Duration of Control Post-Immersion Paried Deviation
Immersion Compressive Footnote | Compressive Change Average of Average
Sample No. (Periods)T | Strength (pst} Mo. Strength {psi) (%) Change (%) (%)
Tank 1
HB Mortar
3 1 4998 1 4185 -16 3
11 1 1 4495 -101
12 i 1 3835 -233 -16 6 6.6
6 2 1 3960. -20.8
7 2 1 2980 -40.4
8 2 1 3490 =302 -305 98
4 3 1 4205 -159
10 3 1 4750 -50
13 3 1 3385. -323 -177 137
5 4 1 3475. _30.5 !
9 4 1 3950 ~-21.0
14 4 1 4140 -17 2 =229 69
Redshale Brick
18 3* 22247 2 20250 [ - 90
16 3* 2 22900 + 29
17 3* 2 23600 + 61 0.0 380
K14 Mortar
1 4 4950 34,5 8650. +727
2 4 3,456 8550. +727 +72.7 (o)
Tank 2
K14 Mortar
16 4 3372, 1 3550 + 53
17 4 1 3550 + 5.3
18 4 1 3905. +15.8 + 88 6.1
Visil Brick
1 4 7100 3.5 7455 + 5.0
2 4 3.5 7100. 0 + 2.5 (3 5)
3 4 Hold
Duro Brick
4 1 11830. 2 9535 -194
14 1 2 9665. -183
15 1 2 9120 -229 -202 24
5 2 2 5680. -52.0
11 2 2 6930 -41.4
13 2 2 9750 -176 -370 1786
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Table 23. Compressive strength change as a function
of immersion time {continued)

Duration of Control Post-Immersion Period Deviation
Immersion Compressive Footnote Compressive Change Average | of Average
Sample No. {Periods) T | Strength (psi) No. Strength {psi) (%) Change (%) (%)
Duro Brick
{Cont)
6 3 2 4130. -65.1
7 3 2 8315. -29.7
8 3 2 8825. -254 -401 218
9 4 2 9240 =219
10 4 2 13605 +150
12 4 2 15700 +327 + 8.6 27.9
Carbon Brick
19 4 10295. 35 11715 +138
20 4 35 11005 + 69 +10.4 {4.9}
21 4 Hold
Redshale Brick
28 1* 22247. 2 17250 225
29 1* 2 13950 =373
30 1* 2 12100 -45.6 -35.1 117
25 2% 2 23600 + 61
26 2% 2 23100 + 38
27 2% 2 20900 -61 + 1.3 65
22 3* 2 19400 -12.8
23 3" 2 24097 + 83
24 3* 2 16173 -273 -10.6 179
T Average period 1s 5 days for tank one and 7 days for tank two
* Shghtly shortened
1 Average of 2 control samples from the same batch
2 Awverage of 3 control samples from the same batch
3 Quality contro! samples off-the-shelf, the total number of samples unknown
4 Could be 4750 psi
5 Standard deviations based on two values in parentheses
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Figure 21 Figure 22 . Figure 23
\'% R K R c K C -~ CARBON BRICK
D — DUROBRICK
H — HB MORTAR
T R — REDSHALE BRICK
V = VISIL BRICK
D R H R R K
D Vv H R R c
A H R R C
Figure 24 Figure 25

THE FIRST FOUR PHOTOGRAPHS DISPLAY SEVERAL TYPICAL SURFACES OF EACH OF THE SIX
MATERIALS BEFORE EVALUATION, THE FINAL TWO PHOTOGRAPHS COVER THE SIX MATERIALS
AFTER FOUR PERIODS OF TESTING. NO ATTEMPT 1S MADE TO GIVE BEFORE-AND-AFTER
COMPARISONS OF THE SAME SAMPLES OR THE SAME FACES OF EACH SAMPLE,

Figure 19. Photograph index
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Pre-immersion K14 and HB mortar

Figure 21. Pre-immersion redshale brick
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Figure 22. Pre-immersion visil and duro brick



Figure 23 i i
Pre-immersion K14 mortar and carbon b
rick
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Figure 24. Post-immersion K14 and HB mortars, redshale, visil
and duro brick
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Figure 25.

Post-immersion K14 mortar, carbon and redshale brick
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CONDITIONS OF TEST

74° (REFLUX)

~1 atm

METHYLCHLOROFORM SOLVENT
MOISTURE 50%

0.1 SCFH Cl, AFTER SATURATION
RIGOROUS AGITATION

HIGH PYRITIC/ORGANIC
SULFUR COAL

INITIAL PARTICLE SIZES
12-35, 200-MESH

TO
SECOND
TANK

CHLORINE
TANK

ROTAMETER

COAL
SLURRY,
3 liter

BUBBLER

Figure 26.
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Apparatus for process reactor materials testing
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{a) STIRRING AND FLOW PATTERN b) CAGE AND SAMPLE PLACEMENT

Figure 27. Sample layout and flow details for reactor
Tining materials testing

{c) CAGE DETAIL




Laboratory prepared blanks may test 50 percent higher than the
literature value, which is the value expected in field use. A large
loss after the first period is not erratic, but any other non-

- rmonotonic trend is erratic.

5} In determining the durations of submersion, periods of defective
operation were weighted at between 0 and 50 percent of their face
values by the different vendors.

6) Stebbins does not use trend evaluation of its samples. This makes it
more difficult to gauge the borderline materials, though clear
successes and failures are gbvious from the final data point.

Two glass tanks were used to contain the 47 samples. F1qure 26 d1sp1ays
the entire system. The chlorine delivery system feeds three Bubblers at the
botton of the slurry with from 0.1 to 3 SCFH of chlorine gas. The reflux
condenser provides solvent recovery as well as temperature control. It feeds
into a sodium hydroxide chlorine scrubber with zero Tiquid head. Heat input
was first provided by electrical filament tape as shown, and later by a water
bath surrounding the tank. A thermocouplie override and fume hood provided
safety elements.

Figure 27 shows the glass cage and stirring structure within the first
tank. This design allows no settling of the coarser particies and exposes
almost the entire surface area of the samples to impingement attack.

Several major problems reduced the duration of proper operation by nearly
one fourth. The stirring function was plagued by outages and a decrease fin
effectiveness when the slurry became finer. Maintaining the reflux temperature
throughout the vessel without flashing near the heat source was difficult.

Coal fines were found to coat the sampies a few millimeters deep. Inadequate
design tolerances resulted in frequent glass breakage. All these difficulties
caused large errors in estimating the true duration of immersion. Periods
were from 4 to 12 days long instead of 10.

As a result of JPL's Phase I acceptance tests, both vendors have modified
their vessel designs. Pennwalt now recommends a redshale brick with modified
phenolic mortar to replace its Duro-faced potassium silicate mortar design. If
the silicate HB mortar were to be used, it might require repointing after
5-10 years service, which would require an adjustment in the joint widths and
hence a careful redesign. Stebbins' general conclusion: "All materials appear
substantially unaffected by chemical exposure. K-74 may be subject to abrasive
attack by the slurry. Jdoints might require repointing after 3-5 years of
operation.” Stebbins suggests that a higher grade silicate mortar, AR20, used
throughout the vessel would eliminate this potential problem. It is also
possible that the alumina in the Visil brick will degrade after a long lead
time. This would be detectable only with a full-length (3 to 6 months) immersion
test. Stebbins will not guarantee the design as a whole until the steel-
protective membrane is proven. Pennwalt maintains that rubber under compression
is difficult to test and that this is not necessary.

94



REFERENCES

Jimeson, R.M., and R.R. Maddocks, "Tradeoffs in Selecting SOy Emission
Controls®, Chemical Engineering Progress, Vol. 72, No. 8, August, 1976,
page 84.

Oder, R.R., et al., Technical and Cost Comparisons for Chemical Coal
Cleaning Processes, March, 1977, Bechtel Corporation, P.0. Box 3695,

San Francisco, Calif. 94119.

Tai, C.Y., et al., “Desulfurization of Coal by Oxidation in Alkaline
Solutions”, Third Symposium on Coal Preparation, NCA/BCR Coal Conference

and EXPO IV, October 18-20, 1977, Louisville, Kentucky.

Maddocks, R.R., "Commercialization of SRC/Solid Form", The Fourth Annual
International Conference on Coal Gasification Liquefaction & Conversion

to Electricity, University of Pittsburgh, Pittsburgh, Pennsylvania,

August 2-4, 1977.

95



