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ABSTRACT

; The Coal Desulturization by Low Temperature Chlurinolysis Project was
% conducted by the Jet Propulsion Laboratory, California Institute of

4 Technology, under DOE Interagency Agreement No. DE-AIO1=77ET12547 with NASA
{ for the period March 1, 1980 through March 1, 1981.

Laboratory-scale, bench scale batch reactor and mini-pilot plant tests

g\ were conducted on 22 bituminous, sub=bituminous and lignite coals. Chemical
> pretreatment and post-treatment of coals relative to the chlorination were
r triv. as a means of enhancing desulfurization by the chlorinolysis process.

Elevated-temperature {500-700°C) hydrogen treatment of chlorinolysis-proces-
sed coal at atmospheric pressure was found to substantially iuncreese coal
desulfurization up to 90%. Sulfur forms, proximate and ultimate analyses of
the processed coal are included.

Mini-pilot plant operation indicatez that the continuous flow.reactor
provides coal desulfurization results comparable to those that obtained in
the batch reactor. Seven runs were conducted at coal feed rates of 1.5-5.8
kg per hour using water and methylchloroform solvents, gaseous chlorine feed
of 3-31.4 SCFH at 21-70°C, and atmospheric pressure for retention times of
20-120 minutes.
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PREFACE

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

iv

A NI S VA ™ - ST e e e Lt e e
T I B SR S E Y




-

T T T T T R

ACKNOWLEDGMENT

The support to the Cosl Desulfurization by Chlorinolysis Project
includes the Caltech research of Professor William Corcoran and his graduate
students, who conducted related research studies to the chlorinolysis
process; Professor George Gavalas and Dr. Mitsuo Oka, who conducted a study
of the "Distribution of Chlorine in Nechlorinated Coals;” Dr. William Mueller
of JPL, who conducted supporting research in electrolysis, supercritical
coz and solvent swelling related to chlorinolysis. In addition, the
operating and techniciun support in the laboratory, batch reactor system, and
mini-pilot plant provided by Mr. Larry Ford, Mr. Ralph Morrow, Mr. Dan

Granett, Mr. Jason Kovatch and Mr. Ronald Russing is acknowledged and
apppreciated.

The work was supported by the Coal Preparation Division, Pittsburgh
Mining Technology, U.S. Department of Energy, with Dr. Scott Teylor as
Technical Project Cfficer. The work was conducted by the Jet Propulsion
Laboratory under DOE Interagency Agreement No. DE- AIO1-77ET12547 with NASA.

s o i 5o

g it kg W e B T s ST Lol b



R e

g J 0T

=y

T = —— ———— e ——

T T

FOREWORD

This 1is the final report for Phase I11 of the Coal Desulfurization by
Low Temperature Chlorinolysis program conducted by the Jet Propulsion
Laboratory under DOE interagency Agreement No. DE-AIO1-77ET12547 with NASA
for the period March 1, 1980 through March 1, 1961. The reported work covers
laboratory tests at 100 grams of coal, batch reactor tests at 2 kilograms of
coal and continuous flow mini-pilot plant tests at 2 kilograms of coal per
hour. Tests were conducted on 22 bituminous, sub-bituminous and lignite,
high sulfur (>1%) and low sulfur (<1X), coals obtained from the East,
Midwest, Southeast, and West. The test program was designed and operated to
investigate the chlorinolysis process with pretreatment and post-treatment of
the coal in order to achieve enhanced coal desuliurization. This included
chemical treatment of the coals befors and afrer the chlorination procens as
well as modifying the dechlorination rtage with oxidizing and reducing agents
at elevated temperatures. The mini-pilot plant operation was designed to
test the chlorinolysis prc.ess under conditions of continuous flow

operation.
The work described in this report involves the inventions pertaining
to coal processing methods and apparatus contained in U.S. Patent 4,146,367

which was made in the performance of Prime Contract NAS7-100 between the
National Aerconautics and Space Administration and California Institute of

Technology.
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INTRODUCTION

JPL initiated the development of the chlorinolysis process for coal
desulfurization in 1976 under the JPL Director”s Discretionary fund. The
preliminary results of coal desulfurization by chlorinolysis attracted
Bureau of Miner funding for a four month laboratory screening stidy of twelve
bituminous, sub-bituminous and lignite coals obtained froc, the Zast, Midwest
and West (Ref. 1). The DOE then funded a Phase 11 follow-on program for a
bench-scale, batch reactor test program st two kilograms of cosl per batch
and a parallel program of deesign and conmstruction of a corcinuous flow
mini-pilot plaut for operation at 2 kilograms of coal per hour (Ref. 2). The
Phase II batch reuctor test program wdas based on five bitumincus coals
obtained from Ohio, illinois, and Kentucky. Maximum totual sulfur removals
obtained for the five coals was 45-662 with pyritic sulfur removals of 71-95%
and organic sulfur removals of O tcu 24% with water coal slurries. A higher
organic sulfur removal of 46-89% was found with methylchloroform coal
slurries. However, this higher organic sulfur removal was found on later
testing and analyses to be an artifact of the pyritic wulfur determination in
the presence of an organic solvent in which "iron" is used to determine the

residual pyritic sulfur.

As a result of the Phase 11 program tests and accomplishments, the
current Phase 111 program was designed to i{nvestigate means of enhancing the
level of total coal desulfurization above the previous Phase 11 maximum of
45-66% to achieve the requirement of 90% sulfur removal for high sulfur (>1%)
coals and 70% sulfur removal for low sulfur (<1%) coal. 1In addition, a
paraliel program requirement was to establish the operating conditions and
test results for the continuous flow mini-pilot plant that includes a
chlorinator, horizontal belt vacuum filter-spray wash and dechlorinator.

This report covers the laboratory tests, batch reactor tests and

mini-pilot plant tests that were conducted as a part of the Phase II1 program
from March 1, 1980 through March 1, 1981.
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SUMMARY

This is the final report for Coel Desulfurization by Low Temperature
Chlorinolysis = Phase 111, conducted by the Jet Propulsion Laboratory,
California Institute of Technology at Pasadena, California under DOE
Interagency Agreement No. DE=-A101-77ET12547 with NASA for the period March 1,
1980 through March 1, 1981,

PHASE 111 TASKS

The Phase 111 activity consisted of: (1) laboratory-scale and
bench-scale batch reactor testing of twenty-two bituminous sub-bituminous and
lignite coals by the chlorinolysis process that included chlorination,
filtration-wash and dechlorination; (2) laboratory-scale and bench-scale
batch reactor testing of chemical pretreatment and post-treatment of coal
relative to the chlorination prucess in order to achieve enhancement of coal
desulfurization; (3) operation of the continuous flow mini-pilot plant that
included: chlorination, horizontal-belt vacuum filtration-spray washing, and
decnlorination.

LAB SCALL AND BENCh-SCALE BATCH REACTOR TESTS

Laboratory-scale and bench-scale batch reactor tests of the 22
chlorinolysis-processed coals showed up to 6U% desulfurization for the high
sulfur coals (>l% sulfur) with an accompanying 90+% pyritic sultur reduction
and up to 30-40% organic sulfur removal. The low sulfur coals (<l% sulfur)
showed more limited desulfurization of up to 20-50% total sulfur reduction.

COAL PRETKEATMENT AND POST-TREATMENT FOR CHLORINOLYSIS PROCESS

Laboratory=-scale and bench-scale batch reactor tests of coal
pretreatment and post-treatment relative to the coal chlorination showed no
significant improvement in desulfurization. The pretreatment included: 9%
NaOH at 93-230°C for 60 winutes; methanol and 50% methanol - 50% carbon-
tetrachloride at 58-65°C for 60 minutes; 9-12% HNO, at 70-100°C for 30-60
minutes; 1-10% Na,C04 added to the chlorination and 9% NaOH added to
the chlorination. The more severe coal pretreatment with 10% NaOH and 9-12%
HNO, showed desulfurization comparable to that obtained in the
chlorinolysis, i.e., 50-60% desulfurization. However, the ensuing
chlorinations were not able to achieve any significant increase in
desulfurization as a result of the pretreatments. The pretreatment with
solvents methanol and methanol-carbontetrachloride mixture showed no effect
on the chlorination. The addition of Na,CO,; and NaOll to the chiorination
did not have any positive eftfect on desulfurization.

Post-treatment with 6.5-10% NaOH at 65-290°C for 60 minutes did not
increase desulfurization. Post-treatment with 10% n,s0, and 10-40%
HN03 at 95°C for 60 minutes produced no improviment on desulfurization.
Post-treatment with 10% Na,CO, at 230°C for 6U minutes provided no
improvewment. Organically %
also resisted the action of even extremely strong oxidizing and leaching
agents.
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DECHLORINATION STAGE FOR ADDED DESULFURIZATION

An investigation of the dgechlorination stage for improving
desulfurization by means of elevating the dechlorination temperature frouw
400°C to 700°C with nitrogen showed some additional increase in
desulfurization, but not much above that normally found at 4UU°L. The
addition of uxidizing agents to the nitrogen such as 14 N02. 1% 502,
5-21% 0, in the dechlorination stage showed no improvement in
desulfuriza*ion.

A major achievement was obtained in increased desulfurization by
introducing hydrogen in lieu of nitrogen and increasing the temperature from
400 to 500-700°C for 60 minutes, at atmospheric pressure. Coal
desulfurization was increased from 60%4 for chlorinolysis processed coal up to
90% desulfurization. Raw coal with hydrogen treatuent at 700°C also showed
substantial desulfurization but not to the same extent as chlorinolysis
processed coal.

MINI-PILOT PLANT

Six mini=pilot plant runs were conducted to demonstrate continuous tlow
operation of the chlorinator, horizontal belt vacuumn tilter=spray wash ana
dechlorinator. Operating vonditions ot the chlorination were: 1leod=bs& ky
coal teed (=200 mesh); solveuts—-water and wethylchlorotorm at
solvent/coal=2/1; 20=120 minutes retention time; 21-70°C; atwmospheric
pressure; paseous chlorine teed of 3-31.4 SCkh.  The horizontal belt vacuuw
filter-spray wash was operated at 2 kg per hour, water/coal=3/1, 20°C. ‘The
dechiorinator was operated at 2 kg coal wer bour, 400°C, 55 minutes,
atmospheric pressure, nitrogen feed of 5 SCFHe Duration of the runs after
achieving stcady state was from 1 to 2-1/2 hours. The results of the
mini-pilot plant runs indicated that desulfurization achieved for PS0OC 282
and 276 coals were up to 5U-b0%, comparable to bench-scale batch reactor
results.

There were some discrepancies in the results of the grab sauples,
relative to the bulk coal samples from the runs. The grab samples in some
cases showed abnormally low desulfurization values. Also, pyritic sulfur
removals appeared to be low for PSOC 282 coal with organic sulfur removals
being relatively high. Also, the washing step for the samples appeared %o be
poor in the mini-pilot plant with a high residual of sulfate sulfur whica
is normally readily removed by washing in the bench-~scale batch reactor
tests.

with PSOC 276 coal, methylchloroform gave better desulfurization than
water, which corresponds to the Phase II test results.

PROXIMATE-ULTIMATE ANALYSES

Proximate and ultimate analyses were conducted for product coals P50C
276 and 282 obtained from the chlorinolysis process in the bench-scale batch
reactor, mini-pilot plant and from hydrogen treatment of raw and
chlorinolysis processed coal. Volatile matter and hydrogen were reduced
substantially, respectively 50% and 30%, in chlorinolysis processed coal with
dechlorination at 500°C. Dechlorination at 500°C showed a more sibstantial
reduction in volatiles than dechlorination at 400°C. Treatment of
chlorinolysis processed coal and raw coal with hydrogen at 700°C showed
increased volatiles and hydrogen reduction as well as a substantial oxygen
reduction. Ash levels were also increased - to a greater extent for the raw
coal relative to the chlorinolysis processed coal by treatment at 700°C.
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COAL MATERIAL BALANCES

Coal Material balances for the bench-scale batch reactor showed a good
accounting — 95-100X across the chlorination filtration-wash. Accountings
across the batch dechlorination were generally l¢ss than 90X. Mini-pilot
plant coal accountings were generally inferior to the batch reactor across
the chlorination filtration-wash and much better across the dechlorinator.
It is8 not known whether this reflects some intrinsic differences between the
batch reactor and continuous flow reactor operation or just differences in
mass balance measurements.

CONCLUSIONS AND KECOMMENUATIONS

The introduction of a high temperature hydrogen treatment of
chlorinolysis-proceosed coal provides a drauatic increase in coal
desulfurization. Although some adaed reductions in volatiles and hydrogen
accompany this increase in desulfurization, it is expected that the overall
process of chlorinolysis and hydrogen treatment cin be optimized to meet NSPS
for sulfur emissions and achieve an acceptable quality of coal for utilities
and industrial boilers.
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SELECTED COALS FOR PHASE II1 TESTS

A total of 22 bituminous, sub-bituminous and ligni‘e coals were tested
in the current Phase 111 program. They were selected by JPL in concert
with the Department of Energy.

The coals have been anslyzed for sulfur forms, proximate and ultimate
analyses, as shown in Table 1. Pyritic and organic sulfur forms were
analyzed by the ASTM procedure and also by an "alternate procedure.” The
“alternate procedure” determines pyritic sulfur by analyses of the attendant
sulfur as a barium sulfate precipitate in lieu of an "iron"” determination.

The coals are grouped as: three high sulfur bituminous coals; twelve
low sulfur bituminous, sub-bituminous and lignite coals; one Kentucky coal
supplied by TVA; five bituminous coals supplied by DOE; and one Texas lignite
coal supplied by Dow Chemical. The coals represent twelve eastern,
midwestern and western states.

HIGH SULFUR BITUMINOUS COALS

Three bituminous coals, PSOC 276, 219, and 282, are coals that were
tested as part of the previous Phase 11 program and represent coals on which
there is extensive laboratory-scale and bench-scale experimental data. Five
tons of PSOC 276, and PSOC 282 coals were obtained from the mine site as part
of the Phase II program. PSOC 276 and PSOC 282 coals were the coals :
primarily used in the pretreatment and post-treatment experiments relative to ;
the chlorinolysis process. These two coals were used also for the mini-pilot 3
plant operation. Total sulfur in the three coals is 1.54, 2.16 and 3.87 wt.X. %
for PSOC 282, 219 and 276, respectively.

LOW SULFUR BITUMINOUS, SUB-BITUMINOUS AND LIGNITE COALS 3

A total of 11 low sulfur coals, 0.47 to 1.3 wt.Z total sulfur, and one é
lignite coal, 2.39 wt.X% total sulfur were selected for evaluation of the ;
chlorinolysis process on low sulfur coals. Previous testing in Phases 1 and :
I1 had been carried out on high sulfur coals greater than 1 wt.%. A need ;
existed to demonstrate the chlorinolysis process on low sulfur coals with
total sulfur values less than 1 wt.%.

TVA BITUMINOUS TEST COAL

For comparative evaluation purposes of various chemical coal-cleaning
processes by DOE and TVA, a West Kentucky Nc. 11 (washed) coal was received
by JPL and treated by the chlorinolysis process. Comparative analyses are to
be conducted of this chlorinolysis-processed coal with coal treated by other
chemical coal-cleaning processes. Total sulfur content is 3.32 wt.X.

DOE HIGH SULFUR BITUMINOUS COALS

Five coals that were under test evaluation in the "oxydesulfurization”
process, and "Ames" caustic oxidation-leaching process were tested at DOE
request by the chlorinolysis process to provide a comparicon with other
chemical coal-cleaning processes.
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A lignite coal sample from Texas was obtained from Dow Chemical for
desulfurization by the chlorinolysis process. Total sulfur content is 1.23
- Utoxo \

Coals tested were initially ground and sieved to provide 100 x 200 mesh
coal particles. Howevnr, particle sizes of -200 and -325 mesh were found to
give improved desulfutization results over 100 x 200 mesh coal particles. As
a result, a large number of test runs were made with =200 and =325 mesh coal
particles. Particle size is noted under the operating conditions of each
test run.

» Coal in large quantities, greater thar 100 pound lots, was ground and
classifed by the Corosil Corporation, Corona, CA.

B Bl TRk Sadiaiin. Uit i

Laboratory-scale quantities of coal were ground with a SH-Bantam Micro
, Pulverizer, Pulverizing Machinery Company, New Jersey. Coal sieving was
' accomplished with a Sweco Vibro-Energy Separator, capacity of 800 pounds per
hour, (dry, 100 x 200 mesh;, equipped with 100, 200 and 325 mesh stainless
I steel screens.
I
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PAKT 1 - LABORATORY=SCALE EXPERIMENTAL TESTS

EQUIPMENT AND OPERATTNG PROCEDURE

The laboratory-scale experimental test operation was set up in a
laboratory trailer especially equipped for conducting coal research studies
in support of the batch-reactor and rnini-pilct plant operations.

CHLORINATION

The apparatus for conducting tests on 100 gram samples of coal consists
of a 500 ml round bottom flask equipped with a turbine style impeller, with
gaseous chlorine injection through a frit*ed glass diffuser, reflux
condenser, oil and tar trap and caustic scrubber, Figure 1. A water bath was
used for controlling chlorination temperatures, generally at 70°C. A
detailed operating procedure is included, Appendix A.

FILTRATION=WASH

Coal slurries from the chlorination were filtered in a Buchner funnel
using Whatman No. 1 filter paper. Filter cake was reslurried with 2 parts of
water to one part of coal and refiltereds The washing procedure in the
laboratory was redone until the filtiate was clear. Added operating
procedure details are included, Appendix A.

PRETREATMENT /POST=TREATMENT

Tests were conducted with 150 gram samples in the 500 ml round bottom
flask used for chlorination. Operating temperatures were up to 100°C at
atmospheric pressure.

Tests with 104X NaOH in water at clevated temperatures and pressures were
conducted in a 2-liter autoclave equipped with electric heaters, stirrer, and
cooling coil. The autoclave is designed for operation up to 350°C and 1400
psig, Figure 2.

DECHLORINATION

Dechlorinations were carried out with 2 to 5 gram samples in a l-inch
diameter, 40-inch long quartz tube, inserted in a split tube muffle furnace,
equipped with a rotary chain drive for rotation at 2 rpm and with a nitrogen
purge, Figure 3. Adaed details of the operating procedure are included,
Appendix A.

HYDRODESULFURIZATION

Laboratory treatment of raw and chlorinolysis-processed coal samples of
2 to 5 gram size were carried out in the dechlorination apparatus, Figure 3,
with substitution of hydrogen for the nitrogen purge gas. Investigations
with other oxidizing and reducing gases were also triea by addition of these
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pases along with the nitropgen purge gas. Gas tlows were sonitored by a
Linde tlowmeter. Normal operating procedure called for purging the quartz
tube contafning the coal sample with nitrogen and allowing the sample to
veach temperature betore substituting hydrogen gas tlow tor the nitropgen.
the test run at the preseribed tempevature, hydrogen wis

Atter completion ot
Atter

replaced with nitrogen tlow betore the tube was removed and cooled,
cooling ot the tube to approxfmately 150°C, the coal sample is cmpticd into u
halt=ounce vial top storage betore undergolng analyses.  Gas tlows were
normally at 90 Scm/wine with operating temperatures fn the range ot 400 to
J00%Ce  Added operating detatls are foncluded {n Appendix A,

LABORATORY SCALE EXPERIMENTAL DATA

Laboratory scale experimental data (14 test runs) were obtafned with
coal pretreatment and post-treatment to the chlorination as well as
chemfcal/solvent additions to the chlorination in order to enhance coal
desulturization (Table 2)s The majority ot tests were conducted with PSOC
282 coal. A Black Mesa coal was treated under standard chlorinolysis
conditions using water. Arditionally PSOC 276 coal was treated under
chlorinolysis conditions using a 1/1 solvent mixture of methanol and carbon-

tetrachloride.

i e Gy has i

PRETREATMENT /POST-TREATMENT PSOC 282 COAL

The objective of pretreatment was to provide possible changes f{n coal
surtace characteristics such as opening up pores and/or surface activation ot

the coal that would contribute to enhanced coal desulfurization,

Sodium Hydroxide Treatment

Treatwent ol raw PSOC 282 coal, 100 x 200 mesh, with 9% NaOh at 93°C tor
60 minutes produced a 14=30% desulturization.  Chlordnation ot the coal in
vater at 931°C tor 4% minutes with subsequent dechlorination increased the
desulturizatfon to 36X, Dechlorination ot pretreated coal without
chlorination did not fmprove the desulturtzation of the pretreated coale  The
addition ot 9% NaOH to the chlorination gave a 40% desulturfzation alter ;
dechlovination, which was approximately the sawe as with water. ;

The post-treatment ot this pretreated, chlorinated coal with 6.5-92 NaOH
at 93°C tor o0 minutes gave results in run 2-6/5/80 that were considerably
lower desulturization values, 13-16%. This may have been due to the
interterence ot residual NaOH {n the treated coal with the Leco acid-base
analysis tor total sulture  With run 3-6/18/80, desulturization was increased
trom 36 to 43-51% with the 0,50 NaOh post=treatment.  Desulturization levels
ot “0% have been achicved by the chlorinolysis process with PSOC 282 coal
without benetit ot this pretreatment or post-treatment. Theretfore, the
conclusion was that this added post=treatment with 0.5-9% NaOH solution does

R e

not assist desulturization.
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Methanol/l Methanol-1l Carbontatrachloride

Pretreatmunt with methanol and 1 methanol-l carbontetrachloride of raw
PSOC 282 coal at 58-65°C for 60 minutes gave 0-5X desulfurization.
Subsequent chlorination in water of the pretreated coal followed by
dechlorination at 400°C gave desulfurization of 31-46X. No marked
improvement in desulfurization is noted as a result of the solvent
pretreatment.

Nitric Acid (9-12%)

Pretreatment of PSOC 282 coal with 9-12% HNC, at 70-100"C for 30-60
ninutes gave 49Y-52% desulfurization. Chlorination of the pretreated coal
followed by dechlorination gave a 53% total desvifurization. No marked
inprovement in desulfurization was observed. A treatment of the 12X HNO
treated coal without benefit of chlcrination but with 40X HNO4 at 95°C for
30 minutes increased total desulfurization to 59X. Again, no impressive gain
in desulfurization was observed by this severe nitric acid treatment.

Sodium Carbonate (1-10%)

The addition of 1 to 10% Na,CO, in the chlorination gave a
desulfurization after dechlorination of 40-45X%. Post-treatment of the
chlorinated coal with 10% NaOH or 10% HZSOA' at 90°C for 60 minutes
showed no improvement in desulfurization.

PSOC 276 COAL, 1 METHANOL-1 CARBONTETRACHLORIDE

Use of a 1/1 mixture of methanol and carbontetrachloride as a solvent in
the chlorination of PSOC 27b coal at 58°C for 45 mim tes gave a disappointing
desulfurization of 28-32%. This was especially disappointing because earlier
research work at Caltech had shown some promise for aissolution of the coal
structure with an apparent high sulfur removal.

BLACK MESA COAL, CHLORINOLYSIS

Chlorinolysis of the Black Mesa Coal gave a desulfurization of 34%.
This result can be considered relatively good because the sulfur composition
is almost totally organic sulfur.

ADVANCED DECHLOKINATION/DESULFURIZATION

Laboratory scale experiments on the dechlorination stage were made with
samples of chlorinolysis-processed coal obtained from the batch-reactor
experiments. The test data on eight bituminous, sub-bituminous and lignite
coals comprising 46 test runs are included with the batch-reactor data.
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COAL ANALYSES

A major portion of the coal samples treated on a laboratory scale
; were analyzed by the Leco Acid-base Analyzer for total sulfur and
| chlorine. A detailed description of the method is included, Appendix B.
f A comparative assessment of Leco total sulfur values relative to total
% sulfur values obtained by Colorad> School of Mines Research Institute
@ (CSMRI) using the Eschka method is included, Table B-1. Analyses of the
¥ chlorinolysis-processed coals in the bench-scale batch reactor which
Y were than treated in the laboratory scale “"dechlorination” apparatus are
& included as part of the batch reactor data. Sulfur forms data as well
* as proximate and ultimate anaivses are included with batch reactor
g data. ASTM analytical procedures (Ref. 3) were followed by the CSMRI
for chlorine, total sulfur, sulfur forms, ultimate and proximate

analyses.
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PART 11 = BENCH=-SCALE BATCH REACTOR SYSTEM TLSTS

EQUIPMENT
BENCH=-SCALE BATCH SYSTEM

The bench-scale batch reactor system is depicted in Figure 4, with
Instrumentation and Controls shown in Figure 5. The reactor provides for
chlorination of 2 kilograms of coal with a solvent to coal ratio of 2 to 1 at
tenperatures of 50 to 150°C, and pressures of 0 to 100 psig using gaseous
chlorine injected into the coal slurry. Organic solvent recovery after
chlorination is provided by steam distillation from the reactor. The
coal-water slurry remaining atter distillation is drained from the reactor
and added to a batch vacuum filtration unit for filtration ana spray wash.
Dechlorination of the washed coal is provided by an electrically heated
Linaberg furnace equipped with a 5-~inch diameter by 5-foot long rotary tube
with a capacity of 2 kilograms of coal.

KEACTOK

The batch reactor is shown in Figure 6, drain assembly in Figure 7,
condenser in Figure 8, and gas holding tank in Figure Y. The reactor was
nade from 18-inch, schedule 40, mild steel pipe lined with 1/4-~inch triflex
seni-hard rubber membrane and three layers of red-shale type "L" acid proof
brick laid with 1/8~inch joints using Pennwalt's asplit CN mortar. The brick
and mortar were selected on the basis of immersion tests of brick and mortar
samples conducted by JPL with the guidance of Pennwalt Corporation. The
reactor cavity dimensions are 7-inches 1.D. by 23-inches deep. A bottom
drain assembly provides ior removal of the coal slurry. The 316 and 304
stainless steel parts of the arain assembly were damaged by corrosion.
Successful repairs were made by replacing the metal portion with graphite
G-90 parts, Figure 7. The reactor head is carbon steel and coated with 8
ulls of teflon for protection, The head is removable and consists of a 150
pound, 18-inch blank pipe flange drilled to accomodate a centrally-mounted
agitator unit and port openings for instrumentation and process lines. The
aglitator is a Chemineer Model No. VLA-2, top entering agitator with 1/4 h.P.
electric motor drive controlled by a SCK variable drive unit for shaft speeds
of 40 to 565 RPM. The agitator shaft is of Hastelloy B construction, l=inch
diameter by 35-inch long with four, 45 degree pitched turbine blades, l-inch
by 4-1/2 inch diameter. A 316 stainless steel, single tube cooling water
reflux condenser provides 1.2 square feet of heat transfer surface. A 1-1/2
inch Kynar lined ball valve is located between the reactor and reflux
condenser to provide reactor operation independent of the reflux condenser.
Temperature control of the reactor is provided by a cooling water coil and
indirect steam injection (through cooling coil). The cooling water coil
consists of 9 turns of 1/4-inch 316 stainless teel tubing on a 6-inch
diameter circle. An outer cover of graphoil tape was provided to protect
the tubing from the highly corrosive environment. Steam injection was
provided for the reactor by a Hot Shot Model No. MB~UL steam generator,
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capacity of .0 pounds steam per hour at 100 psig. A Wallace and Tiernan Model
5120 Ml flowmeter monitored steam injection. Gaseous chlorine injection

was provided firom & standard liquid chlorine storage cylinder equipped

with electrical heating and monitored by a Linde Model FM 4311-6 flowmeter
with a range of 9.42 to 6l.5 SCFH. Chlorine dispersion into the coal slurry
was provided by neans of a 1/2-inch teflon tubing with 1/32-inch diameter
holes. Coal slur.y sampling was by means of a 1/2-inch teflon tube located to
the side and near ‘“he reactor bottoms Prcasure was continuously monitored by
a Rosemont Model No. 1144GC pressure transmitter and hewlett-Packard No. 71008
pen record.r with « range of O to 120 psigs A dial pressure gauge (Series
2554, 3=D Instrumen. s) provides direct readings, O to 150 psig with an
accuracy of 0.25 X. A Zook carbon rupture disc for rupture pressure of 150
psig + 54 was obtaina' from Zook Enterprises. Temperatures were monitored by
iron-constantan (Tyse J) thermocouples with a Leeds and Northrup Speedomax
multipoint recnrier. Pressure was controlled at 5 to 100 psig + 10Z by a
Veriflo 40 series back pressure regulator with 316 stainless steel body and
teflon diaphragm, seat, and gasket. A standard nitrogen gas cylinder and
regulator was used for  nitrogen purge of the reactor system prior to
start-up. A gas holdup tank is located after the reactor pressure control
valve. The gas holder construction is of 5-inch, schedule 40, 316 stainless
steel pipe with a length of 30-inches for a capacity of 0.34 cubic feet.
Maximum operating pressur: is 100 psig. A Fisher Typae 9811, 316 stainless
steel pressure relief val/e provides control from 15 to 100 psig. A dial
pressure gage provides a Iirect reading from O to 150 psig with + 0.5 percent
accuracy. A needle valve provides bottom tank drainage to a liquid recovery
tank.

VACUUM FILTER

The batch vacuum fi .tration unit, Figure 4, designed to accomodate 2
kilograms of coal was fairicated from a 2:1 ellipticul tank head, 18-inch
diameter, 12 gauge, 316 ttainless steel with a filtration area of 1.8 square
feets A 10 mesh, 304 stainless steel wire screen provides mechanical support
to a 325 mesh, polypropylene filtration cloth. An exhaust fan provides vacuum
filtration at 20 to 30-inchcs water column. A manually applied spray water
wash was provideds The wash .ater and filtrate were recovered in a filtrate
recovery tank.

DECHLORINATION UNIT

The dechlorination unit, Figure 10, wase constructed from a Lindberg Model
58331 tube furnace sized for a 5-inch diameter by 5-foot long tube that could
accomodate 2 kilograms of coal. The furnace is designed for operation at 100
to 1100°C with a three zone temperature control for electric power up to 50
amps on 240 VAC, single phase, 50-60 Hz. A 304 stainless steel, 5-inch
diameter by 5-foot long, 1/4-inch wall, tube was installed in the furnace and
equipped with a variable speed drive for rotation from 1 to 20. Nitrogen at 5
SCJ’H and 0.5 psig was used to purge HCl to a caustic scrubber. Temperature
control is provided witain 5°C. A sueafed iron-constantan thermocouple is
installed from one end to be in direct contact with the coal bed near the
bottom and longitudinal center. Because significant mechanical handling
losses of coal were sustained in Phase 1l testing, a coal containment
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cartridge was fabricated that provided for a cartridge insert and withdrawal
of the coal. The cartriage is shown in Figure 1ll. The entire 2 kilng:aus of
dry coal were inserted into the stainless steel cartridge container. Then
the cartridge was placed in the preheated dechlorinator furnace unit to
dechlorinate the coal. An ice-water trap was installed at the discharge end
of the dechlorinator to collect oil ana tar from the ofr gases.
Hydrodesulfurization was conducted with the dechlorinator with some minov
modifications, Figure 12.

OPERATING PROCEDURE

PRETREATMENT TO CHLOR1NATION

Chemical coal pretreatment to chlorination experiments (Run Nos. 2 to 4,
17, Table 3) were conducted in the batch reactor with 10X sodium hydroxide
solution and 1 nethanol-l carbontetrachloride solution. 1lwo kilograams of
coal (100 x 200 mesh, dry weight) with four kilograms of solvent were chargea
into the reactor. The coal was pretreated in the reactor for one hour at a
temperature of 90°C (MaOH solution) and 70°C (methanol and carbon
tetrachlolide) with agitation at 550 rpm. After pretreatuent, the coal
5lurry was cooled, drained, vacuum filtered, and spray washed to remove
pretreatment solution prior to chlorination.

CHLORINATION

The reactor was leak tested under nitrogen pressure, purged with
nitrogen and charged with two kilograms (dry weight) of coal (100 x 200,
=200, and =325 mesh sizes) and four kilograms of solvent (either
methylchloroform or water). In most runs, the reactor off-gas valve to the
reflux condenser was open. Injected chlorine was mainly absoibed by the coal
slurry but some gaseous chlorine pressure was in the reactor ullage space and
condenser. Agitation was set at 550 RPM based on Chemineer design standards.
Indirect steam preheated the coal slurry to the desirec¢ operating temperature
in 20 to 30 minutes. Chlorine flow was then initiated to the reactor (teflon
diffuser with 1/32~inch holes) and adjusted to the prescribed flow rate. ror
operation at elevated pressures, a high initial flcw rate of chlorine was set
to establish the desired pressure ana then reduced to the desireu flow rate
and/or flow ra‘ -+ compatible with maintaining the pressure level. Cooling
water flow was adjusted to control the reactor temperature at prescribed
levels. With aigh chlorine flow rates, exact temperature control was
difficult and a substantial temperature rise was obtained above the desired
operating point. A graphoil cover was used to protect the cooling coil,
thermocouple and agitator shaft. Coal slurry samples were obtained at 15,
36, 45 and in some cases 60 minutes. Samples were approximately 100 grams
obtained close to the wall and near the reactor bottom. Stirring was
cufficiently intense to ensure a representative coal slurry sample. A
detailed operating procedure is included, Appendix C.
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SOLVENT RECOVERY

After chlorination, reactor pressure was reduced by venting reactor
gases through the gas holder and to the caustic scrubber, With
methylchloroform in the reactor, four kilograms of water were added and
direct steam injection was used to heat the reactor and flash distill the
methylchloroform to the condenser and solvent recovery tank. Steam was added
until the temperature rose from 65°C to approximately 100°C, indicating that
methylchloroform removal was complete. Hydrolysis was considered to be
essentially complete during the chlorination reaction because water was
present, even with methylchloroform runs. Flash distillation of
methylchloroform normally took 45 to 60 minutes. After solvent recovery, the
coal-water slurry was cooled, removed through the bottom drain into a holding
tank and transferred to the batch vacuum filtration unit. With water as the
solvent, the flash distillation step was circumventeds A detailed operating
procedure is described in Appendix C.

POST=TREATMENT TO CHLORINATION

Chemical coal post-treatment experiments (Runs 2 to 4) were conducted in
the batch reactor with 10% sodium hyaroxide solution after coal had been
pretreated and chlorinated. Two kilograms (dry basis) of chlorinated coal
with four kilograms of 10%Z sodium hydroxide solution were charged into the
reactors The chlorinated coal was post-treated in the reactor for two hours
at a temperature of 90°C with agitation at 550 rpm. The post-treatment
experiments at temperatures higher than 100°C and above atmospheric pressure
were conducted in a separate 2 liter autoclave. After post-treatment, the
coal slurry was cooled, vacuum filtered, spray washed to remove
post-treatment solution, and dried prior to dechlorination.

DRY ING=DECHLORINATION

Bulk coal samples were removed from the vacuum filter and dried in a
vacuum oven overnight at dU°C. Dechlorination of the coal was obtained in a
Lindberg furnance equipped with a rotary 5=-inch diameter by 5-foot loug tube
(Figure 10)s The furnace and tube were preheated to the operating
temperature of 400 to 500°C, flushed with nitrogen and charged with up to 2
kilograms of coal placed in a containment cartridge. Approximately 30
minutes were required to heat Lhe coal charge to 400°C while naintaining a
nitrogen purge of 5 SCFH. The coal was then held at 400°C for an additional
60 minutes. Tube rotation was maintained at 4 rpm. After dechlorination,
furnace heat was shut down while maintaining the nitrogen purge. After 30 to
60 minutes of cooling, the coal was removed and stored in a closed glass
container. The detailed operating procedure is described in Appendix C. The
same operating procedure was adopted for hydrodesulfurization experiments
except that purge gas was hydrogen instead of nitrogen. The detailed
operating procedure for hydrodesulfurization is described in Appendix C.
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BATCH REACTOR EXPERIMENTAL DATA

COAL PRETREATMENT/POST-TREATMENT TO CHLORINATION

Coal was pretreated and post-treated relative to the chlorination
process in order to enhance coal desulfurization by the chlorinolysis
process. Treatment conditions and coal desulfurization results are listed in
Table 3. This experimental data obtained on a 2 kilograms of coal scale is
complementary to the laboratory scale data (Table 2) obtained on pretreatment
and post-treatment of coal relative to the chlorinolysis process.

Coal PSOC 276

Raw coal was treated with 9% NaOH at 230°C for 60 minutes. Pyritic
sulfur removal was 96% and total sulfur removal was 61% as a result of the
coal pretreatment. The residual sulfate sulfur content after washing was 0.8
wte%Z. Total sulfur removal based on complete sulfate removal was 65%.

Coal PSOC 282

Raw Coal was treated with 10X NaOH at 90°C and 230°C for 60 minutes. At
90°C, pyritic sulfur removal was 16-19% and total sulfur removal was 21-24%
(27-28% assuming total sulfate removal). At 230°C, the organic sulfur removal
was 15%, pyritic sulfur removal was 67 %X and total sulfur removal was 43%.
Treatment with 2% NaOH at 90°C gave a negative desulfurization, probably due
to analytical error from interference by NaOH (NaOH has been noted to provide
some analytical problems with sulfur determinations by the Leco acid-base
instrument).

Chlorination of the NaOH pretreated coal resulted in a desulfurization
of 29-49/. Post-treatment of the chlorinated coal with 10% NaOH at 90°C for
120 minutes increased desulfurization to 40-53%. The dechlorination of the
post-treated coal at 400°C showed no significant improvement in
desulfurization, i.e., 36-55% desulfurization after dechlorination.
Dechlorination of the pretreated coal (10% NaOH at 230°C) at 400°C provided
an improved desulfurization to 49%-58% (based on total sulfate sulfur
removal).

Chlorination of the coal without pretreatment provided 30%
desulfurization and chiorination in the presence of 10X Na,CO; gave 33%
desulfurization. Post-treatment of the chlorinated coal (witgout NaZCO3)
by 9-10% NaOH at 230, 260 and 290°C for 60 minutes gave 56-58%
desulfurization. Dechlorination of the post-treated coal gave 53%
desulfurization. The chlorinated coal (with 10% N32C03) after
dechlorination at 400°C achieved 46% desulfurization. Post—-treatment with
10% Na,C0, at 230°C, gave a desulfurization of 41-49%.

The conclusion was that the combination of NaOH pretreatments and
post-treatments by themselves or in conjunctioa with chlorination and
dechlorination of the treated coal did not provide any substantial increases
in coal desulfurization. In fact, 10% NaOH treatment at 230°C, 60 minutes
without chlorination achieved close to the maximum desulfurization obtained
with chlorination by itself. Other batch reactor runs without pretreatment
or post-treatment have achieved up to 60% desulfurization with PSOC 282 coal.
Thus, the impact of 10%Z NaOH in pretreatment or post—treatment is negligible
at best.
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Pretreatment with a one-to-one mixture of nethanol and carbon-
tetrachloride showed a 104 desulfurization (232 assuning zero sulfate
sultur). Chlorination increased desulfurization to 37%. Dechlorination at
400°C increased desulfurization to 47% #. These results with the one-to-one
solvent mixture of methanol and carbontetrachloride pretreatment were
somewhat better than the laboratory results in which this solvent mixture was
used in the chlorination (Table 2). However, no significant advantage in
de:sulfurization was obtained with these solvents over the chlorinolysis
process with water.

COAL DESULFURIZATION BY CHLORINOLYSIS

A total of 45 batch runs were conducted with 2 kilograms of coal per
batch on 22 bituminous, sub=bituminous and lignite coals, Table 4. The coals
were subjected to the chlorinolysis process that included chlorination,
filtration-wash and aechlorination.

Chlorinations were carried out with either water or methylchloroform at
2 parts to 1 part of coal, 10 SCFH chlorine feed rate, V=30 psig, 20-100°C
for 30-60 minutes. Coal was 100 x 200, -200 and =325 wesh, as designated.
With methylchloroform, the solvent was separated out Dy distillation after
first aading water to the coal slurry. The coal=-water slurry was vacuum
filtered on a bench=scale unit and manually spray washed. This coal was then
dried and dechlorinated. The dechlorination was carried out at 40U~500°C for
60 minutes in the bench-scale unit with a nitrogen purge of 5 SCFli at
atmospheric pressure and tube rotation at 4 rpme With PSOC 276 coal, two of
the dechlorinations were conducted with hydrogen in place of nitrogen at 600
and 700°C., With the TVA coal, the dechlorination was also with hydrogen at
500°C.

Coal PSOC 276

Four runs were carried out with coal-water chlorinations at 70°C,
atmospheric pressure, 60 minutes, with chlorine at 10 SCFhe Run 56 should be
disregarded because of the apparent low chlorine input to the coal (1.02
wte%)s The other three runs, after chlorination but before dechlorination
indicated a 52-60% desulfurization. Organic sulfur removal was low (0=18%)
with pyritic sulfur removal of 78-83%. Dechlorination at 400°C gave 59%
desulfurization with 8% organic sulfur removal and 81% pyritic sulfur
removal. Subjecting the chlorinated coal to dechlorination at 500°C
increased dasulfurization to 6b% with a 954 pyritic sulfur removal,
Treatment of the chlorinated coal with hydrogen at 600°C with batch
dechlorination increased desulfurization to 73%4. Treatment with hydrogen at
700°C increased desulfurization to 78% with 28% organic sulfur removal and
100% pyritic sulfur removal.

Coal PSLC 2b2

Staged Chlorination

Runs 5-10 were conducted in sequence on the same batcih of coal as
indicated (Table 4) with runs 5-6 (stages 1 and 2) with water, runs 7-8 with
methylchloroform and runs 9-10 with the processea coal particle size reducea

by grinding from 100 x 200 mesh to =325 mesh. Run Y (stage 5) was with water
and run 10 (stage 6) with methylchloroform. Chlorinations were for 30
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minutes with Cl, at 10 SCFH, Total sulfur reduction was 25-35% (stage 1),
14-45% (stage 25, 44% (stage 3), 46% (Stage 4), 55% (stage 5) and 60% (stage
6). The extent of desulfurization appeared to be the same with water and
methylchloforms The desulfurization reached a maximum value with stage 2
with 100 x 200 mesh coal. The added stages of chlorination (stages 3-4) had
no apparent effect on desulfurization until the coal was reground to =325
mesh (stage 5). Regrinding the coal from 100 x 200 mesh to =325 mesh had a
substantial effect of increasing the desulfurization from 45 to 55-60%
(stages 5,6).

A subsequent 2 stage chlorination (runs 14, 15) at 45 minutes for each
stage with -325 mesh coal provided comparable (55-60%) desulfurization to
that achieved in the 6 stage treatment., The desulfurization of the first
stage with the water (after dechlorination) was 55% and after the second
stage with methylchloroform was 60X. The combination of these runs indicates
the importance of reduced coal particle size in achieving maximum
desulfurization with PSOC 282 coal. Solvent differences between water and
methylchloroform showed no substantial influence.

Chlorinolysis Process Paraueters

A series of eight runs were conducted with water at temperatures from
20°C to 100°C, 45-60 minutes, 0-30 psig, 100 x 200 mesh and =325 mesh coal
and Cl, at 10 SCFH (Table 4). The chlorinated coal before dechlorination
showed 28-52% desulfurization with 0-21% organic sulfur removal and 63-100%
pyritic sulfur removal. Dechlorination at 400-500°C increased
desulfurization to 45-60% with organic sulfur removal of 0-19% and pyritic
sulfur removal of 100%. Variations in temperature, pressure, mesh size and
retention time over the range indicated showed no correlation with
desulfurization. Some analytical bias in organic esulfur and pyritic sulfur
determinations is indicated by the occurrence of some negative values of
organic sulfur removal in both the chlorinated and dechlorinated samples.

Coal PSOC 219

Chlorinolysis of PSOC 219 coal (run 32) showed 40-44% desulfurization
after chlorination and 53-56% desulfurization after dechlorination at
400-500°C (Table 4). Organic sulfur removal was 5-12% and pyritic sulfur
removal 57-74%,

Low Sulfur Coals

PSOC 230 Coal with 0.87% wt.% sulfur gave 40% desulfurization in water
and 45% desulfurization in mcchylchloroform at 70°C and 45 minutes (Table 4).
After dechlorination at 400°C, desulfurization is 47% with organic sulfur
removal at 11-36% and pyritic sulfur removal at 63-100%.

PSOC 090 coal with 0,47 wt.% sulfur (<0.05 wt.”% pyritic sulfur) showed
9% desulfurization with water and 197 desulfurization with methylchloroform
(Table 4). After dechlorination at 400°C, desulfurization was 21% in both

runs.

PSOC 126 washed coal with 0.68 wt.% sulfur (0.07 wt.% pyritic sulfur)
gave 15% desulfurization with water and 21-26% desulfurization with
methylchloroform (Table 4). Dechlorination at 400°C increased
desulfurization slightly to 16-26%.
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PSOC 126 unwashed coal with 1,03 wt.X¥ sulfur gave 43% desulfurization
with water and 60X desulfurization with methylchloroform after dechlorination
at 400°C (Table 4).

PSOC 074 coel with 0.87 wt.X sulfur showed only 8% desulfurization with
water and 244 desulfurization with methylchloroforn, (Table 4).
Dechlorination at 400°C increased the desulfurization to 18-26%.

The above five low sulfur coals were generally characterized by low
levels of desulfurization with methylchloroform providing significantly more
desulfurization than water. Dechlorination at 400°C provided significant
improvements in desulfurization for some of the coals.

Chetopa Mine - Mary Lee, Jefferson County, Ala. coal with 0.74 wt.X
total sulfur gave 41X desulfurization with the chlorinated coal and 45%
desulfurization with the dechlorinated coal. Pyritic sulfur removal was
complete.

PSOC 274A with 0.58 wt.X sulfur which is totally organic sulfur showed
22X desulfurization after chlorination and 26X after dechlorination at 500°C
(Table 4).

PSOC 371 with 0.96 wt.Z sulfur showed 35% desulfurization after
chlorination and 47% after dechlorinaticn at 500°C (Table 4).

PSOC 241 with 0.85 wt.% sulfur showed 15% desulfurization after
chlorination and 35% after dechlorination at 500°C (Table 4).

Rosebud-McKay and Robinson (Absaloke Mine), Montana coal with 0.75 wt.%
sulfur showed 21% desulfurization after chlorination and 33% after
dechlorination at 500°C (Table 4).

No. 2 Lehigh Bed, North Dakota with 2.39 wt.% sulfur gave 30%
desulfurization after chlorination and 38% after dechlorination (Table 4).

TVA Test Coal

West Kentucky No. 1l (washed) coal with 3.32 wt.% sulfur showed 22%
desulfurization after chlorination and 46% after dechlorination at 500°C
(Table 4).

DOE Test Coals

West Kentucky No. 9 coal with 3,69 wt.% sulfur gave 23% desulfurization
after chlorination and 43% after dechlorination at 500°C (Table 4).

Lower Kittaning Bed, PA., coal with 5.12% sulfur gave 53%
desulfurization after chlorination and 57% after dechlorination at 500°C
(Table 4).

Pittsburgh Bed, Ohio coal with 2,21 wt.% sulfur gave 38% desulfurization
after chlorination and 52% after dechlorination (Table 4).

I11linois No. 6 Bed (River King Mine, washed) coal with 3.49 wt.% sulfur
gave 127 desulfurizacion after chlorination and 38% after dechlorination
(Table 4).
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Lovilia No. 4 Mine, lowa with 2,13 wt.% sulfur showed no desulfurization
aftce chlorination and 16% after dechlorination (Table 4). It is suggested
that the chlorine feed rate was erroneously very low (sticking flowumeter).

Dow Chemical/Texas Lignite

Texas Lignite SDow Chcmicnlz with 1.23 wt.X total sulfur showed 41%

desulfurization after dechlorination (Table 4). No sawple was analyzed after
chlorination. Later laboratory test with hydrodesulfurization at 700°C
indicates a 80X sulfur reduction (Table 4).

ADVANCED DECHLORINATION/DESULFURIZATION OF RAW/CHLORINOLYSIS PKOCESSED COAL

Eight bituminous, sub-bituminous and lignite coals with s total sulfur
content of 0,47 wteX to 3.87 wteX ware first treated by the chlorinolysis
process in the bench-scale, batch reactor (2 kg coal) that included
chlorination and dechlorination (Table 4)¢ The bench scale dechlorination
condition was normally at 400°C, 60 minutes, with 5 SCFH of nitrogen purge,
atmospheric pressure, and tube rotation at 4 rpm. The laboratory scale
prucessing was done on a 2 to 4 grams sample in a one-inch diameter quartz
tube, rotating at 2 rpm, held in a muffle furnace with provisions for
wetering a variety of purge gas streams through the rotating coal bed.
Hydrodesulfurization (M, treatment) was conducted with H, replacing N,
at the designated condi%ions and atmownpheric pressure.

Coal PSOC 282

A total of 28 laboratory scale tests runs, Table 5, were conducted on
PSOC 282 coal (l.54 wt.% total sulfur). Initial laboratory scale tests were
conducted with nitrogen at temgeraturﬂl of 400 to 700°C, 45-60 minutes, with
a nitrogen purge of 90 std. cm”/min. over a 2 to 4 gram sauple. The tests
with nitrogen at 400°C wers in essence a repetition of the earlier
dechlorination conditions to which the chlorinated batch coal was subjected.
Typical results were a further decrease in coal chlorine content from 2 wt.%
to less than 1 wt.% or a proportionate reduction if the starting chlorine
content in the processed cnal was lower. Some slight increase in
desulfurization also occured in some instances at 400°C. However, increasing
the temperature to 500°C with nitrogen did in some instances increase the
level of desulfurization by 5 to 10X, up to a maximum desulfurization of 60%.
Increasing the temperature from 500°C to 600 and 700°C with nitrogen did not
increase the level of desulfurization. Product coal recovery ranged from 72
to 94%, with oil and tar recovery accounting for another O to 9% of the coal.
Some spillage and also volatiles as low molecular weight gases accounted for
the loss.

A raw coal sample (PSOC 282) subjected to 400°C, for 60 minutes in
nitrogen showed a 124 desulfurization, an 88% coal product recovery with 6%
of the coal as oil and tar for a coal accounting of 94%.

The chlorinolysis-processed coal that was treated came from several
different bench-scale batch runs (as indicated in Table 5). The
desulfurization levels were from 43 to 62%. Elevated temperature treatment
up to 700°C with nitrogen was able to increase desulfurization levels up to
60%, as a maximum. As indicated, this level of desulfurization could be
achieved in the chlorinolysis process without requiring treatment with
nitrogen above 400°C. At temperatures above 400°C, chlorine levels were
reduced to 0.1-0.2 wteX.
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with PSOC 282 coal, the introduction of 1% Cl,, 1% NO,, 1% so,,
0.54 0,, 5% 0,, 21% 0, and 0.91%X H, in nitrogen were tried at 400'8
(Table 5) witﬁout showing any addeg desulfurization although added
dechlorination was achieved. Ammonia gas in lieu of nitrogen at 400°C showed
an iuproved desulfurization from 43 - 55% with a previously undechlorinated
coal sawple. However, a similar improvement in desulfurization from 46 -
60%, occured with nitrogen at 400°C on a previously undechlorinated sample.

Treatment of the chlorinolysis processed samples with H, at
temperatures of 400 to 700°C for 60 minutes indicated a significant increase
in desulfurization from 60 to 72% at 600°C. A significant increase in
dechlorination from 3.1 wteX to 0.17 wte% chlorine was observed with H, at
500°C (Table 5). By increasing the temperature to 700°C, the level of
desulfurization was increased from 60% to 74-83%. The accompanying chlorine
levels were reduced to less than 0.01 wte%. A level of 80% desulfurization
with 0.3 wt. % residual sulfur exceeds EPA sulfur emission requirements for
New Source Ferformance Standards (NSPS).

Raw PSOC 282 coal was treated with hydrogen at 700°C for 60 minutes.
The level of desulfurization without any prior processing was 44-63% but with
a low 63-66% coal product recovery. Oil and tar recovery increased the coal
accounting to 80%.

Coal PSOC 276

A total of eight test runs were made with raw and chlorinolysis-
processed coal with H, at 510 to 700°C for 15-60 minutes (Table 5). The
chlorinolysis-processed coal before treatment was at a 60% desulfurization
level (reduced from 3.87 wt.% sulfur to 1l.58 wte% sulfur).

The raw coal showed a 37% desulfurization after treatment with Hz at
700°C for 60 minutes with a 58-82% coal product recovery.

PSOC 276 chlorinolysis-processed coal showed a significant increase in
desulfurization from 60% to 68% with H, at 510°C, 30 minutes with 83% coal
recovery. Hydrogen treatment at a temperature of 700°C gave 747
desulfurization in 15 minutes, 79% in 30 minutes and 80-86% in 60 minutes.,
Coal recoveries were from 57 to 83%.

Coal PSOC 219

At 700°C with H, for 60 minutes, raw PSOC 219 had 20% desulfurization
and 67% coal recovery (Table 5). Chlorinolysis=processed coal (53%
desulfurization) after H, treatment at 700°C had 78% desulfurization and
62% recovery.

Coal PSOC 230

At 700°C, with H, for 60 minutes, raw PSOC 230 coal is 75%
desulfurizad with 80% recoverv (Table 5). Chlorinolysis-processed coal (47%
desulfurized) after H, treatment at 700°C had 79% desulfurization with 7b%
recovery.

Coal PSOC 090
At 700°C, with H% for 60 ninutes the raw coal had 6% desulfurization,

61% recovery (Table 5 Chlorinolysis=processed coal (21% desulfurizatiou)
after Hy treatment at 70C°C had 64% desulfurization and 71% recovery.
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Coal PS0C 126

At 700°C, with H, for 60 minutes, the raw coal was 36X desulfurized
with 84% recovery (Tagle 5)« Chlorinolysis-processed coal (43%
desulfurization) after li, treatment at 700°C was 77% desulfurized with 8%
recovery.

PSOC 074

At 700°C with W, for 00 minutes, raw coal had 0% desulfurization with
59% recovery (Table g). Chlorinolysis processed coal (18% desulfurizea)
after H, treatment at 700°C had 52% desulfurization and 68% recovery.

Texas Lignite (Dow Chemical)

At 700°C, with H, for 60 minutes, raw coal had 11% desulfurization
with 61% recovery. Chlorinolysis-processed coal (41% desulturized) after
H) treatment at 700°C had 80% desulfurization with 734 recovery (Table 5).

Test Summary for Eight Coals

For all eight test coals, thc hydrogen treatment in the range of 500 to
700°C and times of 15-060 minutes increased the level of desulfurization
substantially for the chlorinolysis=-processed coal. Coal recoveries were in
the range of 57 to 88%. In some cases, the hydrogen treatment of raw coal at
700°C for 6U minutes showed substantial desulfurization (75X%) but in the
ma jority of cases, the level of desulfurization of the raw coal was low, U to
37%, with coal recoveries of 59=85%.

COAL PROXIMATE-ULTIMATE ANALYSES- BATCH REACTOK AND LABORATORY SCALE TESTS
Coal PSUC 282

Proximate and ultinate analyses of raw and chlorinolysis=processed P5S0C
262 coal are included in Table 6. Dechlorination was carried out at 500°C
with nitrogen. Two additiona’ runs are iacluded, one run with raw coal
treated with hydrogen at 700°C for 60 minutes and one run with chlorinolysis-
processed coal treated with hydrogen at 700°C for 60 minutes.

The chlorinoysis-processed coal dechlorinated at 500°C shows a 56%
decrease in volatiles, a 32% increase in fixed carbon, no change in ash
content, a 2.b% increase in heating value as a result of a pronounced
decrease in oxygen (l0 vs. 5.53 wt.%Z). Carbon content is increased by 9.4%,
hydrogen decreased by 16.2%, nitrogen increased by 14.2%, sulfur decreased by
50%, chlorine unchanged at 0.47 wte%.

Treatmnent of the raw PSUC 282 coal in the laboratory dechlorinator with
hydrogen at 700°C provided a 44% sulfur decrease. HHowever, the loss of
volatiles was very substantial (b1%), fixed carbon {ncreased from 59.5 to
83.8 wt.%, ash increased by 47% and heating value increased by 1l.2% despite
the hydrogen reduction and ash increase because of the large reduction in
oxygen content from 10.0 to 1.59 wt.%. Ultinate analyses indicated an
increase in carbon from 74.8 to 84.8 wt.Z ard a 69% decrease in hydrogen,
214 decrease in nitrogen.
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Treatment of the chlorinolysis processed coal with hydrogen at 700°C for
60 ninutes showed similar trends in coal properties. However,
desulfurization was much greater at 834, Volatiles were reduced to 5.12
wtek, fixed carbon increased to 87.l1 wt.% and ash wae increased by 15%, and
heating value increased by 3.9%. Ultimate analyses indicated a 1lb.4% increase
in carbon, 654 decrease in hydrogen, 174 decreane in nitrogen and a 82%
decrease in oxygen.

Coal PSOC 270

Raw and chlorinolysis=processed PSOC 276 coal were subjected to hydrogen
treatment at 700°C for 60 minutes. In addition, chlorinolysis-processed coal
was subjected to dechlorination at 500°C with nitrogen and also subjected to
hydrogen treatment at 600°C (Table 5)s Proximate and ultimate analyses of
raw and chlorinolysis processed coal are included in Table 6.

Volatiles were reduced frow 37.2 wte% in the raw coal to decreasing
levels with increasing treatment temperaiures. Volatiles were reduced to
15.1 wt.% at 500°C (NZ) and to 12.8 wt.% at 600°C (Hz) and to 3.886-5,71
wte.4 at 700°C (Hz)c

Fixed carbon levels were increased with increasing temperature from 51,3
wte’% in raw coal to 73.9 wt.% at 500°C (H,), 75.1 wt.% at 600°C (HZ) and
76.4-8301 wttz at 700°C (Hz)o

Ash levels also changed fur chlorinolysis-processed coal with increasing
temperature from 11.5 wt.% in raw coal to 11.0 wt.% at 500°C (H,), 12.1
wt.% at 600°C (H,), and 12.1-14,1 wt.% at 700°C (H,). For the raw coal
sample treated with H, at 700°C, ash increased to i8.5 wte% indicating a
much larger loss of hydrocarbons than the chlorinolysis-processed coal.

Heating value changed from 12,755 Btu/lb from the raw coal to 12,703
Btu/lb at 500°C (N,), to 13,069 Btu/lb at 600°C (H,) and 12,632 - 12,843
Btu/lb at at 700°C (H,)s Raw coal processed with o at 700°C has a
reduced heating value of 12,113 Btu/lb, probably as a result of the high ash
buildup.

Carbon content increases with treatment temperature from 71.6 wt.% for
raw coal to 77.8 wt.% at 500°C (NZ)' 80.5 wt.% at 600°C (H,) and 82-82.7
wte’% at 700°C (H,). Raw treated coal with H, at 700°C has a lower carbon
increase to 76 wt.% primarily as a result of the increased ash content.

Hydrogen is decreased with increasing temperatures from 5.67 wt.% in the
raw coal to 3.57 wt.% at 500°C (NZ)’ 2,46 wt.7 at 600°C (Hz) and 1.49 -
2.2) wte% at 700°C. H, in the raw coal with hydrogen treatment at 700°C is
reduced to l.37 wt.Z%.

Nitrogen is changed from 1.28 wt.% in the raw coal to 1.55 wt.Z at 500°C
(NZ), 1.62 wt.% at 600°C (Hz), 1.21-1.34 wt.% at 700°C (HZ). Raw coal
treated with Hy at 700°C is reduced to 1.11 wt.%.

Sulfur values are reduced from 3.91 wt.% in the raw coal to 1.24 wt.%
(500°c, NZ) to 1.06 wt.% (600°C, H,) to 0.78-1.03 wt.% (700°C, H,).
Raw treated coal at 700°C with H2 as sulfur reduced to 2.45 wt.%- Suifur
removal appears to be wore :ffectively removed in PSOC 276 coal with prior
chlorination of the coal.
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Chlorine levels are changed from U.16 wt.% in raw coal to U.37 wtei
after treatment at 500°C with N, and to 0,09 wt.% at 600°C (Hz) and to
0.00-0.05 wte% at 700°C (“2)’

Oxygen is decreased from 5.87 wte4 in raw coal to 4.54 wt.% at 500°C
(Nz). to 2.17 wt.% at 600°C (li ). to 0=0U.44 wteZ at 700°C (H )c Raw
coal treated at 700°C with Hy ﬁas oxygen reduced to U.57 wt.%

COAL MATERIAL BALANCE - LABORATORY SCALE TESTS
Dechlorination/Hydrodesulfurization

Coal samples charged to the laboratory scale dechlorinator were in the
range of 1.9 to 5.9 grams. Chlorinolysis processed coal samples obtained
from the batch reactor runs included a prior dechlorination at 400°C. Coal
product recoveries in the dechlorination/hydrodesulfurization ranged from 59
to 123% (Table 5). The poor accounting in some instances is attributed to
the small coal sample size with even small handling losses being magnified to
indicate poor coal recovery. A more detailed discussion of the coal mass
balances for the laboratory-scale tests is included in the “Advanced
Dechlorination/besulfurization” section aiscussing the experimental data.

COAL MATERIAL BALANCE = BATCH REACTOR TESTS

Coal naterial balances (Table 7) were conductea on 35 batch reactor
chlorinations with filtration-washes for 20 bituminous, sub=-bituminous and
lignite coals. A separate coal naterial balance was nade across the
dechlorination stage, Table 7.

Chlorination/Filtration-Wash

Coal feed to the chlorinator was 2000 grams in all cases. A net weight
of coal was obtained after correction for moisture, chlorine and sulfur
content. Coal slurry samples were normally obtained from the reactor at 15,
30 and 45 minutes of the run time. These coal slurry samples were weighed
and corrected for chlorine and sulfur content. Chlorine content was based on
the chlorine feed rate over the reaction time period. The processed coal from
the filtration-wash stage was weighed and corrected for moisture, chlorine
and sulfur content. The moisture was obtainea by an "Ohaus” balance. The
chlorine and sulfur were obtained by CSMRI analyses.

Three of the coal material balances (Table 7) were poor, i.e.,
accounting of 79-88%. Four runs were 91-93% coal accounting. The remaining
28 runs gave 95-106% coal accounting with the majority in the range of
97-1C1% coal accounting. The indication is that there is relatively little
coal loss in the chlorination and filtration/wash stages of the chlorinolysis
process.

Lechlorination/Hyarodesulfurization

The majority of dechlorinations were at 400°C ana 500°C with a nitrogen
purge gas of 5 SCFit for 60 minutes at temperature with a tube rotation of 4
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rpm (Table 7). Three runs were with a hydrogen gas at temperatures of 500,
600 and 700°C in the bench-scale batch dechlorinator. (A large nuwber of
runs were made in the laboratory with hydrogen treatment at temperatures up
to 700°C with accompanying material balances that are listed separately in
Table 5 and are included with the laboratory scale advanced
dechlorination/desulfurization discusssion of experimental data).

The tabulated dechlorination data include the dechlorination temperature
as well as the coal feed to the dechlorinator, and weight of dechlorinated
cnale Corrections are made for chlorine and sulfur on both the input and
output coals from the dechlorinator. 01l and tar values collected in the
trap for the off-rases is indicated.

Coal PSOC 276

Five dechlorinations were made. Three dechlorinations with nitrogen
showed 91% coal product recovery at 400°C and 78=-61% at 500°C. Oil and tar
amounted to l.8-4.6% of the coal which increased coel accounting to 93% at
400°C and 83-85% at 500°C.

Two runs with hydrogen in place of nitrogen, one at 600°C and one at
700°C showed a 91% coal product at 600°C and only 58% at 700°C. 0il and tar
accounted for an additional 2,4-3.5% of the coal providing a total accounting
of 93% at 6U0°C and 62% at 700°C. An apparent explanation is that the 600°C
treatment with hydrogen was subsequent to a dechlorination at 500°C, thus
minimizing the loss of volatiles. The 624 recovery is low relative to
laboratory results at 700°C with hydrogen treatment.

Coal PSOC 282

A total of eight dechlorinations were carried out with five at 400°C and
three at 500°C. Coal product recovery at 400°C was 83-91% with an additional
0.4 to b.3% as oil and tar for an accounting of 83-92%. Coal product
recovery at 500°C was 77-82% with an additional oil and tar recovery of
2,2-6.5% for an overall coal accounting of bl-847%.

Coals PSOC 230, 090, U74, 126 (washed and unwashed)

All five coals were dechlorinated at 400°C for 6U minutes after
chlorination. Coal product recoveries were 76-99% with oil and tar recovery
representing an additional U.l-b.8%.

Twelve Additional Coals

Twelve other bituminous, sub-bituminous and lignite coals are listed,
(Table 7) that were dechlorinated at 500°C. Coal product recoveries were:

Coals 7% Proauct % 0il and Tar %4 Accounting

3 91-93 1.1-1.9 93-94
3 80-82 2.9~3.4 3=-b65
4 72-78 2¢5-5.0 75=84
2 68-70 1.7-12.6 72-81
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ANALYSES OF TVA TEST COAL

Analyses of the raw and chlorinolysis processed TVA coal were made by
both TVA and the CSMRI, Table 8. The analyses included sulfur forms,
proximate, ultimate, ash elemental and ash fusion temperatures - reducing and
oxidizing. Some small differences are noted between the TVA and CSMRI
analyses.

Chlorinolysis process conditions for the TVA coal (Kentucky No. 11) are
included in Table 4. Total sulfur was reduced by 45-46% with organic sulfur
reduction of 11-15% and pyritic sulfur reduction of 96-100%.

Heating value was increased from 12,945 Btu/lb to 13,364 Btu/lb,
primarily as a result of the reduced oxygen content from 8.8 to 4.9 wt.%.
Ash values remained unchanged at 8.3-8.4 wt.%Z. Volatile matter was decreased
from 39 to 14.7 wt.%. Chlorine in tha processed coal was zero (Table 8).

Ash fusion temperatures in both the reducing and oxidizing mode were
noted to increase in all cases (Table 8).
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“able 8. Analyses of TVA Test Coal®
TYPES OF RAW COAL FEED COAL (WASHED PROCESSED COAL®
ANALYSES® TVAD CSMRI® VA CSMRI TVA
ANALYSES ANALYSES| ANALYSES ANALYSES ANALYSES
SULFUR FORM3 (WT.%)
Total 3,82 3,32 3.53 | 1.78¢4¢,f 1.96(45)£(49)8
Organic 1.21 1.98 2.25 |1.78(11)f 1.91(15)f
Pyritic 2456 1,34 1.09 | <0.05(100)f | 0.04(96)f
Sulfate 0.04 <0,05 0.19 | <0.05¢100)f | 0.01(95)f
PROXIMATE ANALYSIS (WT.%)
Moisture - 4,95 5.6 - 0.2
Volatile Matter 25,2 38-5 39,2 - 14,7
Ash 48-8 80 5 80‘0 . 3- 3
Fixed Carbon 26.0 53.0 52.4 - 77.0
HEATING VALUE, BTU/LB
Dry 6,769 12,957 12,945 - 13,3064
Ash & Moisture - -1 14,635 - 14,576
Free
ULTIMATE ANALYSIS (WT.%)
Carbon - 72.8 72,9 - 79.6
Hydrogen - 5.2 4,9 - 3.5
Nitrogen - 1.4 1.5 - 1.7
Total Sulfur 308 303 305 1-78 2.0
Chlorine - <0.05 - - -
Oxygen (by dif- - 8.7 8.8 - 4.9
ference
Ash - 805 80‘0 - 803
ASH ELEMENTAL ANALYSIS
(WT.% O’ ASH)
$10 - - 49,5 - 57.3
A12 3 - - 2007 - 2301
Fe203 - - 21.8 - 13.8
Ca0 - - 2.0 - 0.7
MgO - - 100 - 100
50, - - 1.1 - Oud
Na,O - - 0.7 - 0.4
K- - 2.4 2.5
Tiv - 0.3 0.3
ASH FUSION Tsﬁp (°F)
Reducing
Initial deformation - - 1,940 - 2,130
Softening - 2,050 - 2,410
Fluid - 2,260 - 2,560
Oxidizing
Initial deformation - - 2,320 - 2,440
Softening - 2,470 2,640
Fluid - 2,530 2,680

.
.
.
.
L]
L]

Colorado School of Mines Research Institute

Tennessee Valley Authority

West Kentucky No. 11, Washed
Coal has been chlorinated, dechlorinated, and then hydrodesulfurized at 500°C

Dry basis
% sulfur removal

« % sulfur removal is based on 3.8 wt.Z sulfur in unwashed coal.

o

49

i e o i NN GO it Wi 58 2 igme oy e m o e e

T R T I o L LT T N i T P LR = e O




|

PART I1I = CONTINUOUS FLOW MINI=PILOT PLANT

EQUIPMENT

The mini=-pilot plant for coal desulfurization by low temperature
chlorination is designed to feed pulverized coal (14-300 mesh) at a nominal
rate of 2 kg/hr. Nominal solvent flow rates are 4 kg per hour. With
methylchloroform there is an attendant water flow rate of 1.4 kg per hour.
The plant is designed to operate at a pressure and temperatu-e ranging from O
to 100 psig and 50 to 150°C. The equipment flow scheusiic and layout for the
mini-pilot plant are shown in Figures 13, 14, Nominal design variations in
flow rates with corresponding changes of retcution tine are in the range of
=50 to +100%4 variation. Special provisions for increased coal and solvent
feed rates allowed up to a 450% increase in {feed rate with a proportionate
reduction in retention time. Stainless steel surfaces in the chlorinator are
protected by Teflon coating to overcome corrosion problems.

The coal desulfurization mini-pilot plant is comprised of nine ma jor
units and several auxiliary systems to support them (Table 9, Figures 15-23).
The instrumentation for the mini-pilot plant is included, Table 10. The nine
remaining major units, listed consecutively from start to completion of the
desulfurizing process, are as follows:

l. Dry coal pressure screw feeder.

2. Solvent and water metering pumps.

3. Chlorinator, Figures 15, 16.

4, Flash distillation unit, Figure 17,

5. Condenser, Figure 16.

6. Solvent recovery tank, Figure 19.

7. Horizontal belt vacuun filter and spray wash, Figure 20.
8. Dechlorinator, Figures 21, 22.

9. Product coal storage hopper, Figure 23.

DRY COAL PRESSUKRE SCREW FERDER

This unit ies designed to feed dry pulverized coal to the chlorinator at
pressures up to 100 psig. It consists of a pressure vessel coated with 35
mils teflon, an agitator to break bridging of coal particles, and a 1/2 hp
motor to drive the coal feed screw. The pressure vessel has the capacity to
hold 23 kg of coal for 10 hours of operation at a nominal design flow rate of
2 kg/hr of coal. The coal is fed to the chlorinator via a 3/4-inch OD square
wire type feed screw or a 13/16-inch OD wood screw installed at a feed angle
of 45° with respect to the horizontal plane. Coal feed rate can be varied
from 1 to 10 kg/hr.

SOLVENT AND WATER METERING PUMPS
Neptune chemical metering pumps are used to feed solvent and water to

the chlorinator. Minimum pumping capacities are 1 gph for water and 2.3 gph
for solvent at discharge pressures up to 100 psig.
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e T AGITATON SPEED CONTROL (2)
FEEOEN SPEED CONTROL
FLIGNY SPEED CONTAOL
@) SLURRY VALVE TIMER
MOTOR CONTROLS
@ CONSOLE RECORDENS (8) SOMZ. 10, 118V
(}\ SELY ORIVE MOTOR 17aM9, 19 190V
(@) VACUUM PUMP MOTOR INP 30230V
@  FILTRATE PUMP MOTOR 1MP. 30,20V
% ® AciTATOR 12 P 30,200V
@ AciTaTOR 12 MP 30,230V
@ (@ AGITATOR L AT Y
@ FEEDEN SCAEW MOTOR H/2HP 1o 118 Y
(@ STEAMGENERATOR HEATER 10 XW, 30, 208 v
’) ® @ SELTOMIVE MOTOR VEHP, 10, 118V
/g, @ sLunavvaLvi @) COMPRESSED AIR
@ AciTaToR Vanp 19, 118V
@ Puwe MOTOR VINHP 10 198V
O 40 SCREW FEEDER MOTOR VB HP e 118V
O p1 9 weATeRs KW, 10,200 v
L COAL DESULFURIZATION BY
| LOW TEMPERATURE CHLORINOL Y$1S
\ 8LOG 88 - EAST AOOM SERVICE LAYOUT - MINI PILOT PLANT
\
¢ SCALE 1/10} REV | 345038
N

DRAWN DATE [APPROVED | DATE

l!/w 71 . 5le

Equipment Layout - Mini~Pilot Plant
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Table 9,

Nowinal Design Basie:

Ma jor Units = Coal Desulfurization by Low Temperature

Chlorinolysis Mini-Pilot Plant

2 kg/hr of coal, 1.0 kg/hr of

Water, and 4 kg/hr of Solvent in Continuous Feed.

System/Treatment

Manufacturer/
Fabricator

Specifications

Pressure Screw

Feeder for

Chlorinator

Metering Pumps for
Solvent and Water
Feed

Chlorinator=Provide
chlorination of
agitated grovnd
coal solvent
slurry.

Figure Nos. 15, 16

Agitator for
Chlorinator

Priority Systems, Inc.

Covina, California

Vossler & Co.
N. Hollywood, CA

Stebbing Engineering
and Manufacturing
Co., Watertown, N.Y.

Chemineer Agitator
Dayton, Ohio

1/2 HP motor to feed 2 kg/hr
of dry coal against 100 psig
pressure. Feed rate
adjustable from 1 to 10 kg/hr.
Coal particle size 40 to 300
mesh.

1/3 HP motor, minimun capacity
1 GPH for water and 2.3 GPH
for solvent, discharge
pressure 100 peig.

Carbon seteel pipeline reactor
lined with fibergl-ss
nenbrane, and one iayer of
semacid brick laid with
Stebbins' AR-20-C carbon
filled furan mortar and
another layer of visil brick
laid with Pennwalt K-14
Silicate wortar. Cavity
dimensions are: 3-1/4-inch 1D
by 48-inch long.

Separable reactor head ported
for raw and chlorinated coal
slurry, agitator shaft, teflon
bushing, steam, chlorine,
thermocouple, pressure
transmitter, pressure gauge,
pressure relief, rupture

disc, and cooling water.
Maximum operating pressure:
100 ““180

Chemineer Model No. VLA-2,

1/4 HP at 565 rpm maximum, SCR
variable speed, 1 inch shaft
diameter, 60 inches long
supported at far end by teflon
bushing, nine 2 in. x 3/8 in.
radial impellers, 6 ring
teflor stuffing box, 6 inch
150 pound ASA flange, all

parts in contact with the
slurry are Hastelooy C-276
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Table 9.

(Cont'd)

Systewn/Treatment

Manufacturer/
Fabricator

Specifications

Flash Distillation

Figure No. 17

Agitator for
Flash

Distillation Unit

Slurry Valve

Condenser-
Condense and
recover solvent.
Figure No. 18

Solvent Recovery
Tank. Figure No. 19

Vacuum Filter

JPL, Pasadena,

Chemineer Agitator,
Davton, Ohio

CS Company
Torrance, CA

JPL, Pasadena,
California

JPL, Pasadena,
California.

Straight Line
Filters, Inc.
Wilmington,
Delaware

Stainless steel 316 vesael
equipped with Chemineer
agitator model No. VLA=2,
volume lﬁquid space

+Q96 ft°, gas space: 0.056
ft”, maximum operating
pressure, 100 psig. Maximum
operating temperature, 100°C.

Chemineer Model No. VLA-2., Top
entering agitator, 1/4 HP at
565 rpm maximum, SCR variable
speed drive, 3/4 inch shaft
diameter, 35 inches long, 2
inch propeller, 6 ring teflon
stuffing box, 6 inch 150 pound
ASA flange, all parts *n
contact with the slurry are
Hastelloy C=276.

Air operated Red Slurry Valve.
They completely open and close
by the action of air on an
acid resistant rubber sleeve
(Nordel rubber) installed
within a valve housing. Valve
size: 1" ID, 7-1/4" length,
5=1/4" width.

Stainless steel 316 condenser
cooling Eurface area!

«59 ft“, Maximum operating
pressure: 100 psig.

Stainless steel 316 pressure
vessel. Capacity 1.8 cubic
ft.

Top feed horizontal belt
vacuum filter. DC variable
speed belt drive, 0.08 to
0.008 feet per minute.
Filtration area 0.5 ftz.
Equipped to provide spray
water wash of cake.
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Reuwove chlorine
form coal.
Figure Nos. 21, 22

Product Coal

Storage Hopper
Figure No. 23

lglumettic Twin
Screw Feeder for
Dechlorinator

Apitator . v
Caustic Tank and
Wastewater

Neutralizing

Tank

Steam Generator

California

JPL Pasadena,
California

Priority Systems, Inc.

Chemineer Agitator,

Dayton, Ohio

Steam Sales & Service

Co. »

Long Beach, California

Table 9. (Cont'd)
Manufacturer/
Systen/Treatuent Fabricator Specifications
Dechlorinator JPL Pasadena, Cylindrical reactor, 5 in.

schedule 00 pipe, length

38 in. Equipped with rotary
flights, 1-5 rpme Externally
heated with 3 heaters 1 KW
each. Operating teuperature,
700-900°F. Cylinder uwaterial,
stainless steel 316. Feed
rate, 2 kg/hr dry coal.

1.26 ft3 (50 kg) cylindrical
hopper equipped with nitrogen
purge.

1/6 HP motor to provide coal
feed rate from 1 to 10 kg/hr.

Chemineer Model No. PD=-2.

Top enterinyg portable clamp
type agitator, 1/2 HP at 430
rpm maximum, SCR variable
speed drive, 3/4 inch shaft
diameter, three blades axial
propeller, shaft and impeller
are 316 stainless steel.

Steam flow rate, 20 lbs/hr,
at 100 psig. Autouatic feed,
pressure range 0 to 100 psig.
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/— 1507 1 1/2" PIPE FLANGE

|
|
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| \ SIDE VIEW
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i
l
f i
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:
|
v
3
. ! :
\__\———— WATER INLET ' :
- STEAM INLET 1
a 4.0
| 1" 405 NIPPLE & { 4
? 150/PIPE FLANGE
BOTTOM VIEW
; 3
FLASH DISTILLATION UNIT -
NOTE: MAKE ALL ITEMS OF ' MINI-PILOT PLANT
CRES TYPE 316 STL 345011 [REv | SCALE 1713 3 4
DRAWN DATE | APPROVED DATE
VA B EEIN (o A

Figure 17. Flash Distillation Unit - Mini-Pilot Plant
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Figure 18. Condenser - Mini-Pilot Plant
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Figure 19. Solvent Recovery Tank - Mini-Pilot Plant f
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TO SluRry

DECHLORINATOR

OIL AND

TAR TRAP

HEATER CONTROLLER

Dechlorinator Equipment System - Mini-Pilot Plant

Figure 22.
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Pressure Transmitter

Pressure Gauge

Rupture Disc

Thermocouple

Chlorine Flowmeter
Controller

Steam Flowmeter

Flash
Distillation Unit

Thermocouple

Rosemont, Inc.
Chatsworth, CA

3-D Instruments
Huntington Beach, CA

Vossler & Co.
Hollywood, CA

California Alloy Co.
El Monte, CA

Union Carbide Corp.
Long Beach, CA

Tylan

Torrance, CA

Decker Industrial
Supply Co.
Beverly Hills, CA

California Alloy Co.
El Monte, CA

Table 10. Instrumentation - Mini-Pilot Plant
Manufacturer/
System Supplier Specifications
"Chiorinator

Model No. 1144C, range 0 to
120 psig. The output is 4 to
20 milliamperes and will be
recorded on & pen recorder.
The pressure transmitter is
excited by a 24 volt power
supply. The process flange
and diaphragm of the pressure
transmitter are made of
Hastelloy C=276.

Series 2554, A dial pressure
gauge with £ 0,25% accuracy.
The gauge has a range of O to
150 psig, and is protected
from the corrosive environment
by 316 stainless steel
isolator with Teflon diaphram.

l=inch Zook carbon rupture
disc for rupture pressure of
150 rsig 5%,

Temperatures are monitored by
means of iron-constant

(Type J) thermocouples
calibrated from 0 to 1200°F.

Lindberg Model FM4311-6. The
chlorine flowmeter has a
special calibration for
gaseous chlorine under
standard conditions. The
calibrated range is from 0.2
to 29 standard liters per
minute as Cl.

Tylan Mass Flow Controller
Model No. FC=761, calibrated
range is from 0.2 to 10
standard liters per minute
as Cl.

Wallace and Tiernan Model 5120
Ml. Calibrated from 0 to 20
1b/hr., at 100 psig.

Temperature are monitored by
means of iron-constant (Type
J) thermocouples calibrated
from 0 to 1200°F,
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Table 10. (Cont'd)

Stean Flowvmeter

Level Sensor and
Automatic Time

Condenser

Thermocouple

Back Pressure
Regulator

Dechlorinator

Thermocouple

Temperature
Controller

Manufacturer/
Systen Supplier Specifications
as stillation
Unit (Cont'd)

Decker Industrial
Supply Co.
Beverly Hills, CA

JPL, Pasadena
California

California Alloy Co.
¥l Monte, CA

Fluid=Tech Sales
Garden Grove, CA

California Alloy Co.
El Monte, CA

Scientific Products
Irvine, CA

Wallace and Tiernan Model
5120 Ml. Calidbrated from O
to 120 lbs/hr, at 100 psig.

Two carbon electrode to
control minimum and maximum
slurry level in the
disttillation unit.

Temperatures are monitored by
means of iron-constant

(Type J) thermocouples
calibrated from O to 1200°F,

Veriflow 40 series regulator
to control pressure from 5 to
100 psig 102,

Temperatures are monitored by
meann of iron-constant

(Type J) thermocouples
calibrated from O to 1200°F.

Lindberg Model No. 5831, three
zone, operating voltage 240,
current rating 20 amps.
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{ CQILORINATOR

‘ The aini-pilot plant chlorinator is shown in Figure 15. The reactor ves

] made from l4-inch, schedule 40, mild steel pipe lined with fiberglass

- membrane and :wo layers of different types of acid proof bricks. The first
outside layer (close to inside surface of pipe) ls semacid brick laid with
1/8-inch joints using Stebbins” AR-20-C carbon filled furan mortar. The
second inside layer (exposed to corrosive environment) is Visil brick laid
with 1/8=inch joints using Pennwalt K-14 silicate mortér. T3 bricks and

- mortars were selected on the basis of recommencations made by the Stebbins

: Engineering and Manufacturing Company. The reactor cavity dimensions are

- 3-1/4" 1.D. by 48=inches long. The reactor is provided with two removable
150 pound, l4=inch blank pipe flanges for the feed and discharge ends of the
reactor. The rcactor head at the feed end is drilled to accomodate s
centrally mounted agigator unit and port openings for instrumentation and

| process lines. The agitator is a Chemineer Model No. VLA-2 with a six rings
teflon stuffing box, 1/4 hp electric motor drive controlled by a SCR

’ variable drive unit for shaft speeds of 40 to 565 rpm. The agitator shaft is of i

i Hastelloy C=276 construction, l-inch diameter by 60-inch long and supported ;

l

,‘

at the discharge end flange by a teflon bushing. It has nine 2-inch by
3/8-inch radial impellers to keep coal in suspension. An outer cover of
graphoil tape was provided to protect both agitator shaft and impellers from
the corrosive environment. The dry coal was fed to the reactor by a

, precalibrated pressure screw feeder. Water and solvent were fed to the

| reactnr by precaiidbrated neptune chemical metering pumps. Gaseous chlorine

; injection was provided from a standard liquid chlorine stor ge cylinder

» equipped with a 150 watt electrical heater and monitored by s Tylan mass flow
controller Model No. FC+261 with a range of 0.42 to 21 SCFH and a Linde Model
FM 4311-6 flowmeter with a range of 0.42 to 61.5 SCFH. Chlorine dispersion

' into the coal slurry was provided by means of a 1/2-inch teflon tubing with

| 1/32-inch diameter holes. Temperature control of the reactor is provided by

’ a cooling water coil and indirect steam heating (through cooling coil). The
cooling water coil consists of a straight 1/4-inch 316 stainless steel tubing
with one turn on a 3-inch diameter circle. An outer cover of graphoil tape

, was provided to protect the cooling coil tubing from the highly corrosive
environment. Steam injection was provided for the reactor by a Steam Sales
and Service Company steam generator, capacity of 20 pound steam per hour at
100 psig. A Wallace and Tiernan Model 5120 Ml flowmeter monitored steam

: injection. Pressure was continuously monitored by a Rosemont Inc. Model No.

| 1144G pressure transmitter and Leeds and Northrup Speedomax Mark III
miniature two pen recorder. A dial pressure gauge (Series 2554, 3-D

, Instruments) provided direct rcading, 0-150 psig with an accuracy of 0.25

) percent. Temperatures were monitored by a iron-constantan (type J)

thermocouple with a Leeds and Northrup Speedomax Multipoint Recorder Model

No. 251. A Zook carbon rupture disc for rupture pressure of 150 psig + 5%

wags installed and obtained from Zook Enterprises. Pressure was controlled at

5 to 100 psig + 10Z by a Veriflo 40 series back pressure regulator with 316

stainless steel body and teflon diaphram, seat, and gasket. The reactor head

at the discharge end is drilled to provide a 1/2-inch vent line to release

| excess chlorine gas and 1/2-inch line to discharge coal slurry into the flash

» distillation unit. Coal slurry samples were collected by means of a

1/2-inch, graphoil tape covered 316 stainless steel tubing located at the

longitudinal center of the reactor.

R -
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FLASH DISTILLATION UNIT

Thie unit, Figure 17, is a 316 stainless steel cylinder vessel, 3-inch
ID by 37-inch long, with the inside surface covered with 35 mils of teflon.
The unit is equipped with a side port feed, coal slurry discharge line at the
bottom and a Chemineer agitator model No. VLA-Z for stirring the coal slurry
to prevent settling of coal and solvent. The slurry is heated to 100°C with
live steam to flash distill solvent from the coal-water slurry. Provisions
are made for water addition if needed. The vessel has ports for installation
of a thermocouple and two carbon electrodes to control with a timer ninimum
and maximum slurry levels in the distillation unit. Two Red Slurry Valves
equipped with automatic timers are installed in series at the bottom of the
flash distillation unit to provide controlled discharge of the coal sl:rtry.
For operation involving only water, the flash distillation unit is
disconnected from the system and coal slurry is direcrly discharged to the
Red Slurry Valves.

CONDENSER

This unit, Figure 18, is a 316 stainless steel vessel, 1-1/2-inch 1D by
32-inch long, with a copper cooling coil wrapped around it. The solvent
vapors are condensed in this unit anud collected in a solvent recovery tank
for reuse. For experiments involving only water, the condenser was also
disconnected from the system.

SOLVENT RECOVERY TANK

This unit, Figure 19, is a 316 stainless steel pressure vessel designad
to collect solvent from the condenser. This unit was also disconnected from
the system during the water solvent runs.

HORIZONTAL BELT VACUUM FILTER AND SPRAY WASH

The coal slurry from the flash distillation unit is discharged into a
coal slurry receiver and manually transported to the vacuum filter (Figure
20). The filter consists of a horizontal belt covered with polypropylene
filter cloth. The center of the belt is under vacuum, which draws the coal
slurry filtrate through the porous filter cloth as the belt moves. The
filtration unit is equipped to provide a spray or weir overflow displacement
washe The vacuum dried coal filter cake is disengaged from the belt by a
mother knife as the belt turns under across a pulley and falls into a
receiver. The coal is manuelly transported to the dechlorinator feed

hopper.
DECHLORINATOR

The dechlorinator, Figures 21 and 22, consists of a stationary cylinder
fabricated from 316 stainless steel S-~inch schedule 80 pipe. Heating 1is
accomplished by three electric heaters (1 kW each) wrapped around the
dechlorinator cylinder. Two additional heaters (400 watts each) were
installed to compensate for excessive heat loss near the discharge end of the
dechlorinator. The rotary flights inside the dechlorinator cylinder provide
continuous mixing as well as a forward feed of ccel particles. Dry coal is
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fed into the dechlorinator by a twin screw feeder. At :the discharge end of
the dechlorinator, product coal drops into a storage hopper. Operating
temperatures up to 500°C are possible. Maximum operating pressure is
4-inches water column.

PRODUCT COAL STORAGE HOPPER

This is a closed bin, Figure 23, provided with a nitrogen purge to
prevent oxidation of the coal heated in the dechlorinator.

WASTEWATER AND CAUSTIC SOLUTION TANKS
Wastewater and caustic solution tanks are included, Figures 24 and 25.

OPERATING PROCEDURE

Start-up of the mini-pilot plant requires bringing the equipment to
operating temperature and introducing flow through the chlorinator and into
the flash distillation unit to establish steady-state operating conditions.
Phasing of feead material may be required to avoid problems of caking, etc.
Schematic diagrams for the chlorinato:s with methylchloroform and water are
shown in Figures 26 and 27, respectively. Mechanical operation of the
equipment 1is described as follows:

The reactor, pressure screw feeder, distillation unit, and condenser
were first leak tested under nitrogen pressure. The start-up procedure
involves filling of the chlorinator with fresh water and then the dry
pulverized cral (=200 mesh) is fed to the chlorinator via a pressure screw
feeder designed to operate at 100 psig back-pressure. Water and solvent are
transported from holding tanke to the chlorinator via metering pumps at a
prescribed flow rate and pressures up to 100 psig. The coal slurry is
continuously agitated in the chlorinator with a variable speed Chemineer
agitator equipped with nine radial impellers to provide coal suspension and
plug flow. Chlorine flow was then initiated to the reactor (teflon diffuser
with 1/32-inch holes) and ad just:d to the prescribed flowrate. The
chlorinated coal slurrv samples were taken from the middle and discharge end
of the reactor after rtrady-state was reachedes The time required to reach
steady~state was definv ' as the residence time plus 30 minutes. The
residence time in the cilorinator is governed by the coal and solvent flow
rates and volume of the chlorinator. In the chlorinator, the sulfur
contained in the coal is oxidized by gaszous chlorine to water-soluble
sulfate compounds. Operating temperatures are in the range of 50 to 150°C.
The chlorination reaction is exothermic and requires a cooling coil to
maintain temperature control.

The chlorinated coal slurry with methylchloroform solvent discharges to
the flash distillation unit where live steam injection is used to flash the
organic solvent to a condenser and collection in a solvent recovery tank.
Any HCl off-gas from the condenser is neutralized in a 5 gallon caustic
solution scrubber. When only water was used as a solvent, the flash
distillation unit, condenser, and sclvent recovery tank were disconnected
from the system (Figure 27). The coal slurry from the chlorinator was
directly discharged through to the Red Slurry Valvec. The rate c.
chlorinated sl.urry discharge from the chlorinator to the slurry receiving
tank is determined by the frequency of the opening and closing of Red Slurry
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Valves which is controlled by the carbon electrode level sensor and/or
automatic timer. The chlorinated coal slurry is collected in a holding tank
for periodic transfer to the slurry feed tank of the horizontal belt vacuum
filtere As the filter belt moves, the coal forms a thin, damp cake on the
belt. The cake is flushed with fresh water to displace sulfate~-containing
wash water from the coal. The coal filter cake is vacuum—dried as the belt
moves forwards The filter cake is removed by a mother knife into a cake
hopper as the belt turns over a pulley wheel. The coal is dried overnight in
an 80°C oven and then transported to the dechlorinator coal feed hopper. The
acid filtrate solution from the vacuum filter is neutralized with caustic
soda before being discharged from the process. The detailed operating
procedure for the mini-pilot plant chlorinator is deacribed, Appendix D.

The chlorinated coal is fed by a twin-screw feeder into the
dechlorinator where it is dechlorinated at a temperature of 400°C. The
dechlorinator is electrically heated to provide the required temperature.
Retention time of coal in the rotary kiln is governed by the angle of
inclination and rotational speed of flights. Off-gases consist primarily of
traces of steam, oil and tar, HCl, and nitrogen purge gac. 01l and tar are
collected in an ice water trap. A caustic scrubber collects the HCl in the
off gass In a commercial unit, the HCl will be recovered for recycling to a
Kel=chlor plant. The detailed operating procedure of the mini-pilot plant
dechlorinator is described in Appendix D.

Coal from the dechlorinator is discharged into a product coal hopper
contained under a nitrogen blanket. Quantities are small enough so that the
hot coal will be cooled by natural convection of air to the coal hopper

walls,.
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MINI-PILOT PLANT EXPERIMENTAL DATA

Operating data and coal desulfurization results are indicated in Table
11 for the mini-pilot plant. The mini-pilot plant is designed to operate as
continuous flow units, the three uajor stages of chlorination, horizontal
belt vacuum filtration-spray wash and dechlorination. A totsl of one run was
conducted with PSOC 282 coal and six runs with PSOC 276 coal with one of the
runs aborted.

CHLORINATION

CHLORINATION operating conditicns were at stmospheric pressure, 70°C
(except for run 7-1/12/8 at 21-60°C), residence times of 20-120 minutes with
coal feed rates of 1.5-8.8 kg/hour and solvent/coal at 2/1, with chlorine
feed near stoichiometric for the coal sulfur removal, i.e., 3~31.4 SCFH.
Water was used in all but one run in which methylchloroform was used. Steady
state in the chlorinator was assumed to be achieved after having coal slurry
and chlorine feed for a time equal to the residence time plus 30 minutes.
Monitoring of the coal slurry concentration at the discharge established that

" the coal concentration was steady at 33 wt.% after a time elapse of 30

minutes plus the residence time for the slurry. After steady state was
established, a series of five coal slurry samples were obtained in half hour
intervals over a 2 hour operating periode One run was externded for 2-1/2
hours and one run with a 20 minute residence time was continued for only one
hour, Samples were obtained from the longitudinal center of the reactor by
means of a sample line and at the discharge from the reactor. Samples of the
total bulk discharge from the reactor were obtained as well as samples of the
dechlorinated bulk coal. The samples were analyzed by the CSMRI for sulfur
forms which are listed in Table 11 and for proximate and ultimate analyses
which are listed in Table 12.

FILTRATION=-WASH

FILTRATION-WASHING of the coal slurry was conducted on the horizontal
belt vacuum filter, generally at a water/coal of 3/1, with water at 21°C.
The filtration-wash was generally accomplished the day following the
chlorination.

DECHLORINATION

DECHLORINATION of the washed-dried coal was done at 400°C, atmospheric
pressure, residence time of 55 minutes with nitrogen purge at 5 SCFH.

PSOC 282 COAL

Run 1-11/24/80 was conducted with a dry PSOC 282 coal feed of 2 kg/hour,
water feed of 4 kg/hour, residence time of 87 minutes, cklorine feed rate of
3 SCFH, 70°C and atmospheric pressure (Table 11). The samples obtained at
half hour intervals over the two hour operating period indicated a range of
25-32% desulfurization with pyritic sulfur removals of 19-33% and organic
sulfur removals of (-9%., Washing cf the sulfate sulfur was in some cases
poors, This was in most cases the fault of coal sample handling procedures
and not the result of the horizontal belt vacuum filter-spray wash unit. If
a correction is made for the residual sulfate sulfur, then the
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desulfurization is increased to 29-33X. These sulfur foras analyses were
obtained on the individual grab samples. A sample of the integratea bulk
flow from the reactor for the 2 hour period indicated &« low 24X
desulfurization if correction was not asde for the high residual sulfate
content in the sample. 1f the desulfurization was based on complete sulfate
renoval, then the desulfurization is increased to 40X. Dechlorination of the
bulk coal sample increased the desulfurization to 57X. No apparent
explanation is indicated for the relatively pcur showing of the grab samples
and the relatively good showing of the chiorinated bulk and dechlorinated
bulk samples. Samples obtained at the mid-section of the reactor and
discharge end gave nearly identical desulfurization values indicating that
the extension of residence time beyond 43 mirutes (reactor midsection) was
not meaningful.

PSOC 276 COAL

Six runs were conducted with PSOC 276 coal with one of the runs
aborted, Table 1l. Coal feed ranged from 1.5 kg coal per hour for a
residence time of 120 minutes to 8.8 kg coal per hour for a residence time of
20 minutes. Pressure was atmospheric., Temperature was 70°C except for run 7
at 21-60°C; f.e., no preheat of the reactor. Chlorine feed rates were from 5
53 to 31.4 SCFH, corresponding to approximately the stoichiometric amounts
of chlorine for oxidizing the coal sulfur to sulfates Run 2 was at a 20%
lower chlorine flow rate.

Run 3 at a residence time of 120 minutes showed a sulfur removal of
33-45% at the reactor mid section and 37-45% at the discharge. A chlorinated
bulk sample was not obtained, but an inteyrated average of the grab sauples
indicated a average desulfurization of 42%. The sample washing of grab
samples wa; relatively poor in taking out the sulfate sulfur which was in the
range of 0.14-0.22 wt.’. 1If one assumes sulfate sulfur to be zero, the
mid-section desulfurization is 37 to 504 and the discharge desulfurization to
be 42 to 504, The dechlorinated bulk sample indicated 51% desulfurization. |
The appearance was that the level of desulfurization increased from the :
beginning of the 2 hour run at 47% up to 50% at 1-1/2 and 2 hours at the
reactor discharge (assuming zero sulfate)s The change over this time perioa
was even greater when looking at the reactor mid-section. Desulfurization
increased from 37-41% at the start of the run to 50% at 2 hours. Organic
sulfur renoval was zero over the entire 2 hour period (corresponding to batch
reactor results) and pyritic sulfur removal was 52=71%. ]

PV e e ki

Run 2 at a residence time of 87 minutes and at BOZ of stoichiometric i

Cl, flow (for total sulfur oxidation to sulfate) was run for 2-1/2 hours.

ifate sulfur remaining in the coal after sample washing was high, up to
0 31 wte%Zs. As a result, total desulfurization was 36-48% (assuming zero
sulfate) and 32-41% (without a sulfate correction) for the grab samples. The
bulk chlorinated saumple gave 43% desulfurization. The ctulk dechlorinated
sample gave 51% desulfurization. Organic sulfur removal appeared to be
significant in some of the grab samples, ranging from zero to 28%4. The
pyritic sulfur removal was 50 to 64%. The bulk samples showed essentially no
organic sulfur reumoval and 59-77% pyritic sulfur removal with higher removal
with dechle: nation.

The overall result for run 2 was that the dechlorinated bulk sample gave
identical desulfurization to that experienced in run 3 despite the shorter
retention time and decicased chlorine flow rate.
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Run & was aborted after & half-hour. Grab samples indicated a 33-42X
desulfurization of the chlorinated coal with a residence time of 60 minutes
and stoichiometric chlorine flow rate.

Run 5 at a residence iime of 60 minutes and stcichiometric chlorine flow
showed initially very poor results fo:. the fiist half hour of run time. The
desulfurization did increase to 44-50% at 1-i/2 to 2 hours run time.

Houever, the bulk sample after dechlorination showed only a 26%
desulfurization. The values for desulfurization at the reactnr mid-section
we:'e very similar ¢£9 those obtained &t the dischaige section. No credible
explanation is available for the low desulfurization values at the start of
the run or for the bulk dechlorinated sample except to suggest that the
analytical results for these samples were incorrect or the sampling of the
bulk sample was not representati-e. (These samples were grouped with a large
nunber of samples sent to the CSMR1 for analyses that represented an
unusually large work load. Special provisions had to be made to get all of
the samples analyzed in a relatively short time. (Analytical error unde: the
circumstances is a possibility). Unfortunately, a chlorinated bulk sample
was not obtained ana the indicated bulk value is a calculated average from
the ygrab samples. However, the calculated average, disregarding the first
zero time sample at the discharge that gave a -9Y% desulfurization is still
greater (40%Z) than the dechlorinated bulk sample showing 30%
desulfurization.

Run ¢ was operated at 6.8 kg of coal feed per hour for a residencs time
ot 20 minutes with stoichiometric chlorine feeds The grab samples indicated
a 27=39% desulfurization at the mld=section and a 32=42% desulfurization at
the alccharge of the reactor. The grab samples all had a substantial sulfate
content inaicating a poor washing of these sanples. The calculated bulk
sample of chlorinated coal gave 354 desulfurization ana therefore indicated
that the dechlorinated bulk sample at 33% desulfurization was probably low
and not representative. The run was 1 hour in duration. The indication from
this run is chat a large part of the desulfurization occurs in .0 minutes or
lesss Organic sulfur removal values were scatterea from O to 7% and pyritic
sulfur removals were 33-59%.

Rur, / was made with methylchloroform solvent in lieu of water with an
accompanying amount of water for hydrolysis, i.e., 0.45 water/coal.
Residence time was 87 minutes with 2 kg coal feed per hour. No preheat was
applied to tle reactor and the temperature went from 21°C to 60°C with
cooling water admitted to the cooling coil.

Phase 1l experimental data indicated that PSGC 276 coal was desulfuri ed
with methylchloroform to a8 greater extent than with water whereas other coals
had equivalent desulfurization results with water and methylchloroform. The
desulfurization data with methylchloroform in this run was much more
attractive than with the earlier runs with water. Total desulfurization was
uniformly high at 61=-66%. Organic sulfur removal varied considerably between
grab samples with the range being 2-31%4. Pyritic sulfur removal was 79-87%.
The chlorinated bulk sample shcwed 61% desulfurization. The dechlorinated
bulk sample was slightly lower at 594 desulfurization.

The sulfate content remained high after washing. If the sulfate is
included in the residual coal sulfur, the desulfurization level drops by
about 5:‘0

No appreciable difference existed between the nid-reactor and discharge
satples. This suggests that the reaction was complete in halt of the total

reactor retention time or 43 minutes,
82
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Generally, the mini-pilot plant runs gave results very similar to that
obtained in :he batch reactor. Some anomalous behavior exists with the
desulfurization values. That includes run 1 with PSOC 282 coal inm which the
initial grab samples during the run showed abnormslly low desulfurization and
yet the dechlorinated bulk sample came up to & high 572 desulfurization.

Also run 5 with PSOC 276 coal showed some low desulfurization values at the
beginning of the rua and with the dechlorinated bulk sample. However, the
majority of resultn vere comparable to that obtained in the batch reactor.
The relative’- " .gh desulfurization with mathylchloroform solvent relative to
water usi.g rSOC 276 coal suggests the relative attractiveness of the
methylchloroform solvent for PSOC 276 coal. However, the Phase II batch work
indicated that of the five bituminous cals tested, only PSOC 276 coal behaved
in this fashion. Some of the low sulfur coals tested in this Phase 11I
shoved momevhat better reiults for dssulfurization with methylchloroform than
with water.

COAL PROXIMATE~ULTIMATE ANALYSES=MINI-PILOT PLANT
PSOC 282 Coal

Proximate and ultimate analyses for PSOC 262 cosl are included. (Table
12) 50: rav and chlorinolysis processzd coal in mini-pilot plant run
1-11/24/80.

Volatiles were reduced by 28.4% with a 16.3% increase in fixed carbon
while ash remained constant and heating value wes reduced by 1X. Ultimate
analvses indicated a 3.2% increase in carbon, a 15.6% decrease in hydrogen, a
6.5% increase in nitrogen, 37% decrease in sulfur, » 722 increase in chlorine
and a 152 decrease in oxygen.

PSOC 276 Coal

Five runs were made with PSOC 276 zoal, four with water as a solvent and
run 7-1/11/81 with methylchloroform (Table 11). The notable difference
between the water runs and methylchloroform run were that the
methylchloroform run resulted in an increased loss of heating value as a
result of an increased ash content, and decreased hydrogen content, as well
as an increased oxygen content. Sulfur removal was also significantly
greater with the methylchloroform run (Table 12).

The processed PSOC 276 coal relative to the raw coal showed: a
substantial reduction in volatiles (37.2 wt.% ve. 20~24.5 wt.%); increase in
fixed carbon (51.3 wt.% vs. 61.1-67.1 wt.%); increase in ash (11.5 wt.% vs.
12.1-14.3 wt.%); and decrease in heating value (12,755 vs. 11,1363-12,273
Btu/lb). Ultimate analyses indicated: a sightly changed fixed carbon (71.6
wteX ve. 67.9-72.3 wt.%); decrease in hydrogen (5.67 wt.X vs. 3.,36-4.12
wt.%); slight nitrogen change (1.28 vs. 1.18=1.4 wt.X); sulfur reduction
(3.91 ve. 1.7-2.8 wt.%); substantial chlorine increase (0.16 wt.Z vs.
1.135-2.1 wt.X); and oxygen increase (5.87 wt.Z vs. 6.25-9.44 wt.X).

Although chlorine values are high in the processed coal, this reflects
more of a need to improve the mechanica of the continuous flow dechlorination
operation rather than an intrinsic characteristic of the dechlorination
process. The grerter desulfurization of PSOC 276 coal with methylchloroform
was borne out in Phase 11 batch reactor tests and appears to bs an intrimsic
characteristic of the PSOC 276 coal with methylchloroform solveit in the
chlorination process. ;Z‘

C
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COAL 3ALANCE - MINI-PILOT FLANT

A coal material balance, Table 13, was conducted for five of the
sini-pilot plant runs with one run on PSOC 282 coal and four rums with PSOC
276 coal. Operating conditions for the rune are indicated in Table 1ll. Run
time was generally 2 to 2=1/2 hours in duration. The material balince was
conducted in two parts. The first part includea the coal account’ng acrose
the chlorination and filtration-wash. The second accounting was icross the
dechlorination.

Chlorination/Filtration-Wash

Coal feed to the reactor war measured over the psriod of the run with
the calibrated dry coal screw feeder. Raw coal analyses for chlorine and
sulfur provided a calculated coal feed rate less chlorine and sulfur conteat.
Coal slurry samples wers removed at half hour intervals during the course of
the run. The weight of individual coal slurry samples was measured aud the
combined weight of samples was subtracted from the coal fed to obtain the
weight of treated coal. The chlorine content of the coal slurry samples was
based on the chlorine feed rate. The sulfur in the coal slurry was based on
that of the raw coal. The only difference is that some of the sulfur is in
solution as sulfate. A correction of the coal slurry samples for chlorine
and sulfur provided a net weight of coal removed with sampling.

The bulk of the coal after chlorination was generally stored over night and
then filtered and washed on the horiszontal bed vacuum filter. The weight of
coal from the filtration unit was based on the weight of the wet coal
corrected for moisture content obtained by analyses on a "Ohaus” balance.
Chlorine and sulfur content was obtained by CSMRI analyses of the chlorinated
coal samples. The net weight of washed coal was obtained after correction
for chlorine and sulfur content.

A coal accounting after chlorination, filctration and wasli indicated a
93X recovery for PSOC 282 coal (run-1/11/24/80). Coal accounting for PSOC
276 coal was poor on runs 2-12/1/80 and 3-12/11/80 at 73-75X% coal recovery.
However, runs 5-12/18/80 and 2-1/12/81 showed & good recovery of 94-105X.

The probable explanation for the runs with relatively poor accounting is that
the calibration of the dry coal screw feesder was off the mark. Some slight
losses of coal fines are present in the wash water but the amount appears to
be negligible.

Dechlorination

The coal feed to the dechlorinator consisted of the recovered dried coal
from the filtration-wash stage. The weight of dechlorinated coal was
corrected for the chlorine and sulfur content, as determined by CSMRI
analyses. The product coal recovery after dechlorination at 400°C for 55
minutes was 82X with PSOC 282 coal and 88-1062 for PSOC 276 coal. A
measurement of oil and tz: content from the dechlorination stage amounted to
0.6X of the PSOC 282 ccal and 0.2-13.7X of the PSOC 276 coal. The total
accounting for PSOC 282 coal was 83X, The total accounting for the PSOC 276
coal was much better at 94-106%.

A conjecture is that the low dechlorination accounting for PSOC 282 coal
is based on the occurence of a significant amount of low molecular weight
gases that did not deposit in the oil and tar trap, whereas PSOC 276 coal had
a greater fraction of oils and tars that were trapped.
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COAL ANALYSES
LECO ACID-BASE VS, ESCHRA ANALYSES FCR TOTAL SULFUR

Leco acid=base analyses were conducced for total sulfur in the processed
coal immediately after the conduct of laboratory, batch reactor and
uini=pilot plant runs. More accurate and complete analyses conducted by the
CSMRI normally took a matter of weeks because of delays in sample shipment,
etc.

To provide a record of the accuracy of the Leco acid=base sulfur
determination relative to the Eschka analyses psrformed by CSMRI, a
tabulation of the data were made, Appendix B, Table B=l. Generally, good
agreement was observed, although there are a significant number of instances
in which poor agreement was noted, deviations greater than 0.2 wteX. Thus,
the Leco acid-base analysis for total sulfur should be considered to provide
a good indication of total sulfur, but nevertheless, requiring confirmation
by a more reliable analyses such as the Lschka method.

ASTM VS. ALTERNATE METHOD ARALYSES FOR PYRITIC SULFUR

The ASTM procedure provides for an “"iron" determination to obtain the
pyritic sulfur value (see Appendix B). The alternate method provides for a
direct determination of sulfur from pyritic sulfur by barium sulfate
precipitation (see Appendix B).

Attention was drawn to the inadequacy of the pyritic sulfur
determination by an “"iron"” determination as a result of the Phase 11
experimental work. 1t was dewonstrated in numerous runs that samples of coal
slurry that were obtained as grab samples dur!rg the runs with
methylchloroform gave progressively increased values of organic sulfur
removal with increasing reaction time and relatively low values of pyritic
sulfur removal. The organic sulfur value is obtaired by difference between
total sulfur and the sum of pyritic and sulfate sulfur. Thus, an error in
the pyritic sulfur determination is translated into a reverse error in the
organic sulfur value. The snomaly became evident when the value of organic
sulfur removal did not persist when the coal=methylchloroform slurry was
processed by water addition and distillation of the solvent from the slurry.
The apparent explanation is that the "grab samples” were not processed
adequately and the iron released from the pyrite remained with the coal and
was not extracted by the methylchloroform to any great degree. With water,
the iron was more soluble and this phenomenon did not exist as exemplified by
the bulk samples of coal not exhibiting the "high" organic sulfur removal.
Samples of coal that exhibited this phenouwenon with methylchloroform were
submitted to the CSMRI for analyses by the ASTM method and by the “alternate”
procedure for direct sulfur determination by barium sulfate precipation in
lieu of “iron" determination. The comparative results (Table 14) confirm the
disparity, with the ASTM procedure indicating a high pyritic sulfur content
and the "alternate" method indicating a low or zero value of pyritic sulfur.
Unprocessed raw coal samples gave identical pyritic sulfur values by the two
methods indicating that the problem was in processed coal. Water processing
of the coal did not show this disparity in pyritic sulfur value.
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Table

14,

Comparitive Pyritic Sultur Determinations by “Sulfur” and “"lrom"
Mearurements - Phase 11 Samples

IAnalytlcal I Coal Sample [ Coal T Sulfur rorms Analysis (wt.Z) I Total |
ISample | | PSOC ] |
INumber I | Number Pyritic Organic Sullutel |
| | (Run=Miw)* | ASTM | Ali.d | astM| Ale.” | I
I I I I I
Ise2b | maw comt | 219 | o.se| 0.02 | Lo2| 0.9 | o.e1 | 2.20 |
| Phase 112 | Raw Coal | 219 | 0.73 | | o.81] | 0.60 | 2.15 |
I I I | I I I I I I
| sp3l | Raw Coal | 282 | 0.64] 0.63 | 0.88] 0.89 | o0.16 | l.08 |
| Phase 112 | Raw Coal | 282 | 0.77] | o.72] | oa10 | 159 |
I I I I I I I I I I
| sp1l |  21-90 | 282 | 0.32] 0.63 | 0.36] 066 | 0.14 | 0.2 |
| Phase 112 | 21-90 | 282 | 0.09]| | 0.13 | | 0.7 | 1.00 |
I | I I I I I [ I I
| spal |  28-90 | 219 | 0.31)<0.01 | 0.34) 0.65 | o0.12 | 0.78 |
| phase 112 |  28-90 | 219 | 0.79] | 0.00 | | 0.17 | 0.96 |
I I I I I I I I I I
| sps! | 39-45 | 282 | 0.03]<0.01 | 0.45| 0.48 | <0.05 | 0.48 |
| Phase 112 | 39-45 | 282 | 0.67 | | 0.08 | | <0.05 | 0.75 |
| | | | | | | | | I
Notes: | - Phase 11 samples of coal resubmitted to the Colorado School of Mines
Research lnstitute for comparative analysis of pyritic sulfur by ASTM
(Iron) deternination and sulfur (BaSO, ppt) determination. Results
received 04/18/80.

2 - Samples analysis by CSMRI during Phase 11.

3 - Pyritic sulfur determination by “sulfur” determination. (Shows very
little residual sulfur relative to iron determination for desulfurized
sauples. Raw coal samples unaffected.

4 - Represents Phase I1 Run No. and reaction time in minutes to identify

sample.
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In the current Phase 111 experimental work, grab samples of coal slurry
obtained during the run were not analyzed. These were the samples that were
troublesome when ruus were with methylchloroform. However, the question
persisted whether the ASTM procedure for pyritic sulfur would provide sowe
bias with the fully processed bulk sanples for runs with methlchloroform.
Control samples, including raw coal and samples frow runs with water were
also submitted to the CSMRi for analyses and comparison of the two pyritic
sulfur determination methods. The data are listed, Table 15.

Raw coal analyses (Table 15) are close together for pyritic sulfur by
the two methods in 2 ot the samples and within U.16 wt.X in the third
sample.

Bulk chlorinated coal samples for one water and three methylchloroform
runs pave very close results for pyritic sulfur by the two methods (Table
19).

Bulk chlorinated and dechlorinated coal samples gave unearly identical
pyritic sulfur results by the two methods irrespective of water or
methylcehlorotorm use in the runs (Table 15).

Bulk chlorinated coal with post=treatment by lUZ NaOH using water as a
avivent gave some ditterences in pyritic sulfur between the two methods, but
jess than 0092 wt.! which {s within che claimea experimental accuracy for
the ASTM procedure (Table 15).

Bulk chlorinated, post-treated coal with 101 NaOH and dechlorinated gave
very similar results tor pyritic sulfur by the two methods. A comparison of
pyritic sulfur values between the two wmethods tor coal chlorinated in water,
dechlorinated and then hydrodesulfurized gave identical pyritic sulfur
values, with both values at less than 0.05 wt.d (Table 15).

The conclusfon of these comparative analyses is that both the ASTM and
"alternate” pyritic sultur determination procedures can be relied upon to
give acceptably accurate analyses. The phenomenon exhibited in Phase 11 can
be attributed to the use ot wmethylchlorotorm ana the sample processing
procedure that did not allow extraction of the iron content from the coal
sample despite adherence to the ASTM procedure.

BATCH_REACTOR TAR

Tar samples were obtained from the bench-scale batch dechlorinator and
analyzed by the CSMRI for proximate and ultimate analyses, Table 16. The
attendant chlorination and dechlorination conditions are listed. The tar
represented 3.4-4.4 wt.X of the coal feed to the dechlorinator. Sulfur
values in the tar were 1.031.,11 wt.Z. Ash values were 2.03-5.85 wt.X%,
Hydrogen values were high at 6.45-7.52 wt.4 with an attendant heating value
of 11,935 =14,497 Btu/lb. Chlorine content was also high at 3.18-7.01 wt.X.

The conclusion is that the recovered tar has a high heating value

fncluding high hydrogen and volatiles content. But, the tar would have to be
treated for sulfur and chlorine content before it could be used as a fuel.
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Table 15 Com

parison of ASTM and Alternate Methods

for Sulfur Forms Analyses of Processed Coals
Batclf Chlorinatiow Coal SULFUR FORMS (wt.l) Total
Run Solvent Type R _ Sulfur
No. (PSOC ASTM METHOD 1 ALTERNATE METHOD ] (wt.l)d
No.) | Organic] Pyritic] Sulfate] Organic] Pyritic] Sulfatq
RAW COAL
- - 230 0.52 0.35 <0.05 0.306 0.51 <0.05 0.87
- - 27b 1029 2011 005“ ‘039 2008 Oo“’ 309“
- - 282 0075 0.‘03 0. 36 0. 70 0. 50 0. 34 1.510
BULK CHLORINATED COALP
. 5 Water 282 | 0.69 | 0.32 | 0.14 | 0.63 | 0.37 | 0,15 | 1.15
[ 7 MG 282 0.73 0.14 | <0.05 0.7 0.20 | <0.05 0.87
) 8 MC 282 0.71 0.12 <0.0% 0.67 0.10 <0.05 0.8
i 10 MU 282 0.62 <0.05 <0.05 0.062 <0.05 <0.05 0.62
| BULK CHLORINATED-DECHLORINATED COALb
, T
} | water 230 | 0.33 [ 0413 [<0.05 | 0.33 [ 0.13 |<0.05 | 0.40
48 Water 2706 1. 08 0.10 <0.05 1.11 0.13 0,05 1.24
: 13 Water b2 0.03 0,22 <0.0%5 0. 60 0e25 <0.05 0.85
14 Watet 282 0,5%% 0.10 0. 00 0.62 0.08 <0.05 0.70
: 7 Water 282 Q.00 0. 15 <0.05 0.62 0.19 <0, 05 0,81
12 MC 230 0.37 0.09 <0.05 0.37 0.09 0.05 0. 46
10 MC 282 0.59 <0.09 <0.05 0.54 0.05 <0.05 0.59
15 MC 282 0.5 0.07 <0.)5 0.54 0.07 <0.05 0.01
BULK CHLORINATED=-POST TREATED COALb
2 Water 282 0.02 0.11 <0.05 0.58 0.15 <0.05 0.73
13 Water 282 0.05 <U.05 <0.05 0.60 0.05 <0.05 0.65
’ 22 None 282 0.74 0.05 0,09 0.64 0.14 0.10 0,88
BULK CHLORINATED-POST TREATED=-DECHLORINATED COALb
| 2 Water 282 0.53 0.106 <0.05 0.506 0.13 <0.05 0.69
| “ wﬂ(l’r 282 0. 59 00 lU (0005 Onbl 0008 (0.05 Onbg
13 Water 282 0.73 <0.05 <0.05 0.65 0.08 <0.05 0.73
3 MC 282 0.78 0, 20 <0.05 0.71 0.27 <0.05 0.98
' 22 None 282 0.39 0.26 0.29 0.55 0.09 0.30 094
y BULK CHLORINATED=-DECHLORINATED-HYDRODESULFURIZED COALb
49 Water 276 0. 84 .05 0.19 0.84 <0.05 0.19 1.03

de
be

’ Coe

| d.

Methylchlortorm
Reterence Tables 3 and 4
Direct determination ot pyritic sultur by BuSOQ precipitation in lieu of
the fron determination.

chlorine tree basis

Moisture and
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Table 16. Analyses of Batch Reactor Tar From Dechlorinator
(PSOC=276, =325 Mesh)

ANALYSES/PROCESS Batch Run Batch Run
CONDT IONS 49-01/08/81 | 57-01/16/81
Moisture® Not Not
Determined Determinedb
Ash 5. 85 2,03
Carbon 67.06 752
L Hydrogen 6.45 7.52
{ Nitrogen 1.77 1,40
‘ Sultur 1.18 1.05
; Chlorine 7.01 3.18 §
‘ Oxygen /Difference) 10.1 8.6 4
l Heating Value, Btu/lb 11,935¢ 14,497¢
»
} Wte. % of Tar Produced 3.4 4.4

Chlorination Conditions:

Ll A R B A R A s i A ML s e

Solvent H,0 H,0

Time, Min. 6 6

Temperuture, °C 70 70
Dechlorination Conditions:

Time, Min, 60/60 60

Temperature, °C 500/700 500

Purge Gas, 5 SCFH Ny/Hy Ny

a. All analyses are on the As-Determined basis, Wt. X.

b. Moisture by oven drying is not accurate for tars.

Co The heating value is depressed by an unknown quantity of woisture.
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SUPPORTING RESEAKRCH STUDLES

LRON PYRITE DISSOLUTION IN CHLORINOLYSIS PROCESS

TR Tl Ry

Iron Pyrite ground to 100 x 200 mesh and =325 mesh was put into water at
10 grams per liter with a gaseous chlorine feed rate of 0.3 utandard liters
per minutes. Samples were obtained at 15 minute intervals and analyzed for
the conversion of l-'eS2 to iron and sulfate in solution (Table 17).

The data indicate thai the =325 mesh pyrite sample was 86X converted in
15 minutes, 95.92 converted in 20 minutes with 99.8% conversion in 45
minutes. The 100 x 200 mesh pyritic particles show a much slower conversion
with only 332 conversion in 15 minutes, 52.5% conversion in 30 minutes, 75.5%
conversion in 45 minutes, 92.2% in 60 mianutes and 100% i{n 75 minutes.

The apparent conclusion is that particle size has a strong rate
determining effect on pyrite dissolution which corresponds with the
chlorinoclysis data in which grinding a processed 100 x 20U mesh coal to =325
mesh coal had the effect of increasing desulfurization by an added 1U-15%,

DECHLORINATION RESEARCH

Prof. Gavalas of the Celtech Chemical Engineering lepartment in
conjunction with Ure. Mitsuo Uka conducted a8 research investigation into the
dechlorination of chlorinated coal obtained in the desulfurization process.

A summary of their results is indicated in Appendix L. Their tindings
are that the residual chlorine in coal dechlorinated at 400°C, has a
remaining chlorine composition of 35 5% HCl, 15 5% RCl and 50 5% as Ar()
where RCL are alkyl chlorides and ArCl are aromatic chlorides. Sodium
hydroxide solution and solvents were able to extract HCl and alkylchlorides.
However, aromatic chlorides are inert toward NaOl solution and solvents and
are only removed by thermal treatment at elevated temperatures.

COAL SULFUR CONTROL, INC., DESULFURIZATION PROCESS

Recent publicity about the Coal Sulfur Control, lnc., process for
beneficiation and sulfur removal by means of a chlorine process sugpested to
DOE that a need existed to investigate this “"new" coal cleaning process. A
description of the vrocess and attendant analysis is included in Appendix F.
The results of a trip to Cincinnatti, Ohio, and analysis of the resulting raw
ana treated coal samples indicated that no new or novel technoloyy was used.
The process depended upon the normal ash reduction that can be obtained in a
coal washing process with an accoupanying sulfate sulfur removal by a water
wash. "Gob Piles” of coal have been standing above ground for years and the
pyritic sulfur that is normally present has been oxidized to sulfate which {s
easily removed by washing. The residual organic sulfur in the coal is not

removed.

SUPPORTING COAL DESULFURIZATION RESEARCH

Auxiliary research work was conducted on: (1) electrolytic desul-
furization via reactive intermediates, (2) chlorination using supercritical
€07 as a reaction medium, and (3) solvent swellinp of coal, followed by
replacement of the swelling solvent with a solvent inert to chlorine and

ch.orination of the resultant mixture.

A summary of the work that was carried out is included, Appendix G.
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RESULTS AND CONCLUS1ONS

Twenty-two bituminous, sub-bituminous and lignite coals representing 12
states from the East, Midvest, Southeast and West were treated by the
chlorinolysis coal desulfur! .:tion process. The desulfurization results for
the high sulfur coals (>1% euii.ar) were: sulfur removal - total 4)>-60%,
pyritic 80-90%, organic 0-3U%. The desulfurization results for the low lulfur
coals (<1% sulfur) were: sulfur removal - total 20-50%, pyritic 40-80%,
organic 0-30%.

PRETREATMENT/POST=TREATMENT

Pretreatment and post-treatuent of the coal relative to the chlorination
process was investigated in ord ¢ to obtain increased coal desulfurization.
Coal treatment methods included: 2-10X NaOH in water at temperatures of Su°C
to 290°C for sixty minutes; 1-10X Na ,C0, at 90°C; 9-40% HNO, at
95-100°C for 30-60 minutes; methanol ana 50X wethanol - 50%
carbontetrachloride at 56=70°C for 60 minutes; 10% H,50, at 90°C for
sixty minutes. Treatuent was carried out on the bench~scale batch reactor at
2 kg of coal and on a laboratory-scale at 100 grams of coal. The more severe
pretreatuent with 92 NaOH at temperatures of 230°C for 60 minutes and 9-42%
HNO, at 70-100°C for 30-60 minutes resulted in total sulfur reductions
equgvalent to those achieved by the chlorinolysis process alone. However, the
inclusion of the chlorination after the severe pretreatment and high sulfur
reduction in the pretreatment did not result in significant additional sulfur
removal { om the coal. The sulfur reduction in this type of severe treatment
includec :ssentially all the pyritic sulfur with some small amounts of the
organic sulfur. However, the remaining organic sulfur appeared to be
resistant to attack by any of the oxidizing or leaching agents trivd. This
proved to be true when 10X NaOH at 70-290°C was tried for 60 minutes on the
chlorinated coal as well as trying 10% Na, (0, at 230°C for sixty minutes.

The inclusion of 9% NaOH and 10% Nach 1n tae hlorination did not

appear to alter the desulfurization to any great extent except perhaps to
depress desulfurization slightly. However, the interpretation of the data is
complicated to some extent by the apparent interfence of the NaOH solution
with the Leco sulfur analyses. Anomalous results for total sulfur were
present in some of the runs when NaOH had been used in the treatment of the
coal. The use of methanol and 50% methanol - 50% carbontetrachloride either
as a coal pretreatment or during chlorination gave low or moderate values of
desulfurization.

DECHLORINATION STAGE

The use of the dechlerination stage with relatively high temperatures of
400°C and higher for obtaining increased desulfurization was suggested by the
Phase 11 experimental work in which an added 5 to 10X desulfurization was
obtained in the dechlorination stage at 400°C, 60 minutes with nitrogen. The
use of temperatures from 400°C to 700°C with nitrogen for 60 minutes did not
provide any increase in desulfurization abnve the 5-10% added desulfurization
found in the Phase 11 work.
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Some added benefit appeared to be obtained when low sulfur coals were
processed by using a dechlorination temperature of 500°C in lieu of 400°C
with nitrogen. Processing of the ccal with nitrogen at 700°C provided no
resl increase in desulfurization over that obtained by the chlorinolysis
process under optimum conditions and with dechlorinations at 400~500°C.

The addition of oxidizing gases to the dechlorination stage with
nitrogen at 400°C, that included 1X NO,, 1X 802. 5 and 21% 02. had no
effect on increasing the desulfurization.

The replacemrnt of nitrogen with hydrogen and elevating the temperature
from 400°C to 500-700°C had a very pronounced effect on increasing the
desulfurization. Desulfurization was increased from a ievel of 60X with PSOC
276 and 282 coals as obtaired in the chlorinolysis process to values of
80-90% at 700°C for 60 minutes. Six other low and high sulfur coals were
tested and showed equally promising increases in sulfur removal with hydrogen
treatment at 700°C when the chlorinolysis process by itself had shown
relatively low desulfurization. Of the six coals, four coals were
desulfurized by 77-80% with desulfurization for the other 2 coals beiny
increased from 18-20% by the normal chlorinolysis process to 52-64X. The
attendant residual sulfur levels for four of the six coals was in the range
of 0.17-0.24 wt.%e

PROXIMATE/ULTIMATE ANALYSES

Sulfur forms, proximate and ultimate analyses are included for all
twenty-two of the raw coals. A comparison of proximate and ultimate analyses
with processed coals is included only for PSOC 276 and 282 coals. However,
proximate and ultimate analyses are included for coals processed in the
laboratory~scale, bench-scale and mini-pilot plant. Processing conditions
include the normal chlorinolysis process of chlorination and dechlorination
with nitrogen at 400 and 500°C as well as the treatment of both PSOC 276 and
282 coals with hydrogen at temperatures of 500 to 700°C,

Volatiles are substantially reduced by the chlorinolysis process,
primarily as a result of the dechlorination treatment at 400-500°C, with the
decrease in volatiles becoming greater with the increase in dechlorination
temperature. There is an accompanying increas ' in fixed carbon that
suggests that the decrease in volatiles is le. - a loss from the coal than the
result of a polymerization of the coal structure to transfer volatiles to
fixed carbon. Treatment with hydrogen at 600 and 700°C further decreases the
coai volatiles but to a much greater extent at 700°C than at 600°C.

Treatment of unchlorinated raw coal with hydrogen at 700°C provides a
volatiles content equal to or slightly higher than that obtained for the
chlorinated coal treated with hydrogen at 700°C.

Ash levels with chlorinolysis-processed coal drop somewhat as a result
of the extraction of iron and trace metals from the coal in the chlorination
and washing stage. This was shown in Phase 11 results and the current phase
111 batch results. The mini-pilot plant results with PSOC 276 show an
increase in ash buildup. The dechlorination temperature was kept at 400°C,
80 large losses of organic coal are not a likely explanation. An inadequate
wash of the coal as evidenced by the high residual sulfate in the product
coal 1is a8 more likely explanation.
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Ash buildup with increasingly severe treatment temperatures is
evidenced. However, a coal balance based on ash countent indicates that the
chiorinated coal subjected to 700°C may lose as little us 10% of the coal
whereas raw coal (not chlorinated) will lose as much as 30-40% of the coal.

Heating value of chlorinolysis processed coal (PSOC 276, 282) will
change slightly, Teither increase or decrease from the raw coal value
depending upon the relative changes of ash and hydrogen content. The
hydrogen treated coal at 600-700°C willincrease sightly in heating value
relative to the raw coal by the sharp reduction in oxygen content, up to
80-100%. Heating values of procesc:u coal in the mini-pilot plant decreased
from raw coal values in all runs with a average 6% decrease for PSOC 2/6 with
water and a 11X decrease with methylchloroform. The larger decrease of PSOC
276 heating value with methylchloroform corresponded wit's the higher increase
in ash concentration from 11¢5 wteX to 14.3 wt.Xs The hesiing value of
processed PSOC 282 coal dropped only slightly, lese than 1%,

Ultimate analysis of the chlorinolysis processed coal showed substantial
increases {n carbon (10%) and decresses in hydrogen content of 37X with
dechlorination at 500°C {n the batch reactor. The aini-pilot plant
dechlorinated coal at 400°C showed either a slight increase in carbon or more
generally a slight reduction in cerbon content for PSOC 276 coal. PSOC 282
coal showed a slight increase in carbon. The hydrogen content generaly
decreased about 352 in the mini-pilot plant runs with PSOC 276 but the
hydrogen decrease was only 17% with PSOC 282 coal. Treatment of the coal
with hydrogen at 600-700°C substantially increased the carbon content over
that obtained in the chlorinolysis process with accompanying further
decreases in the hydrogen content and decreases in the oxygen content. With
dechlorination at 400°C (mini-~pilot plant) oxygen content of the
chlorinolysis processed PSOC 276 coal increased, corresponding to the finding
in Phase Il work. PSOC 282 oxygen content decreased about 154. However,
with dechlorination at 500°C, the oxygen content of the chlorinolysis
processed coal decreased. With hydrogen treatment at 600-700°C, the oxygen
content of both PSOC 276 and 282 coals decreased further with the oxygen
content approaching zero for PSOC 276 coal.

Nitrogen values for processed coal changed, increasing or decreasing by
slight absolute amounts (0.2-0.3 wt.Z) but with no apparent regularity with
treatment except to indicate that perhaps chlorinolyeis processing resulted
in a slight increase in nitrogen content and that subsequent hydrogen
treatment at 600-700°C resulted in a slight nitrogen decrease. Mini-pilot
plant runs showed a mixture of increases and decreases in nitrogen among the
PSOC 276 runs. PSOC 282 in the mini-pilot plant run showed an increase in
nitrogen.

Chlorine values were relatively low when chlorinolysis processed coal
was dechlorinated at 500°C. In the mini-pilot plant with dechlorination at
400°C, the chlorine values were high at 1.35-1.82 wt.% ror PSOC276 ccal and
0.81 wt.% for PSOC 282 coal. With hydrogen treatment at 600-700°C, chlorine
values dropped to less than 0.1 wt.X, reducing the chlorine content to less
than that in the raw coal.
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MINI=-P1LOT PLANT

The mini-pilot plant was operated with PSOC 276 and 282 coals, =200 mesh
for seven runs with operating times of 2 to 4-1/2 hours per run. The
chlorination was cperated with 1.5 to 8.8 kilograms of coal feed per hour
using a solvent to coal ratio of 2 with retantion times of 20 to 120 minutes.
The coal was fed dry by a screw feeder with metering pumps providing the
solvent feed. Operation was at atmospheric pressure, 21 to 70°C with gaseous
chlorine feed of 3 to 31.4 SCFH (80-100% of stoichiometric feed for sulfur
oxidation to sulfate).

:
g
3
s

The chlorinated coal slurry was discharged to a holding tank from
which it was fed to a horizontal belt vacuum filter for filtration and spray
washing at 2 kg coal per hour.

The filter cake was dried and fed to a continuous flow dechlorinator
1 equipped with flights. Dechlorinator operation was at: 400°C, atm.
' pressure, nitrogen feed of 5 SCFH and coal feed of 2 kg/hour, residence time
of 55 minutes.

The min.-pilot plant operation demonstrated that coal desulfurization
results for the countinucus flow chlorinator were in general agreement with
| those obtained in the batch reactor. However, there were a number of

departures from batch reactr- data. Residual sulfate sulfur values were |

significant in a majority of the coal samples indicating that both the grab é
| samples of coal from the chlorinator were po-i.vy washed and the filter cake ;
wash on the horizontal belt vacuum filter was inadequate. The spray wash of
the bulk coal during the filtration was observed to be poor and could be
easily improved by operation at higher coil feed rates with thicker filter
cakes. This would provide for a better and more efficient water spray. :

- T T

Grab samples of coal slurry obtained during the run showed relatively
low deosulfurization values in some cases. However, in most instances the ‘
dechlorinated bulk coal sample indicated a coal desulfurization that was :
greater than the average of t%e individual grab samples. This is partly the 3

] result of the contribution that the dechlor.nation stage makes to the f
desulfurization process. With PSOC 282 coal, total desulfurization was 57% :
with ar accompanying 36% organic sulfur removal and 58% pyritic sulfur /
removal. The relativity low pyritic sulfur removal and the relativity high
organic sulfur removal is unusual and suggests an analytical error.

With PSOC 276 coal, runs with water showed a range of 33-51%
desulfurization and with methylchloroform 59-61% d:sulfurization. Organic
b sulfur removals v:re approximately zero with pyritic sulfur removals of
44-82%. Individual grab samples during the run gave fluctuating sulfur form
} values among the samples.
|

Proximate and ultimate analyses for the six runs indicated that the
dechlorination at 400°C in the mini-pilot plant dechlorinator provided less
chlorine removals from the product coal then dechlorination at 500°C.
Additionaly, mini-pilot plant coal volatiles reduction, fixed carbon

D increases, and hydrogen reduction were not as great at 400°C as they were at
500°C.

Ash levels increased rather than decreased, perhaps as a result of poor
coal washing. Oxygen levels increased for PSOC 276 coai, but decreased for
PSOC 282 coal.
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COAL MASS BALANCES

Coal mass balances across Lhe batch reactor chlorination, and
filtration-wash showed generally good accouni '1g, within 97-103X. Coal mass
balances across the batch dechlorinator showed accountings of 77-98% with an
average of 85-90%.

Mass balances on the mini-pilot plant were somewhat inferior to those
obtained in the batch reactor across the chlorination, filtration-wash at
73-105%. However, mass balances were better across the mini-pilot plant
dechlorinctor at 82-106X than across the bench~scale dechlorinator.
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APPENDIX A

LABORATORY:-SCALE EXPERIMENTAL PROCEDURE

A-1, PROCEDURE FOR PRETREATMENT, CHLORINATION, AND POST-TREATMENT

IN LABORATORY GLASSWARE

Equipment: 500 ml reaction flask, turbine impeller, a single coarse
fitted glass diffuser to disperse chlorine, a variable reflux condenser,
trap, and scrubber. The glassware system was properly assembled
according to the Figure 1.

Determine the moisfure content of the feed coal.
Charge 100 grams of dry coal into the reaction flask.

Start heating the water bath.

Pour appropriate amount of solvent into the reaction flask. Homogenize
the slurry by moving the stirrer shaft by hand before using the air
drive. Adjust the stirring speed to avoid splattering.

Start timer and the chlorine flow after the target temperature is reached
(slurry, not bath).

Check the temperature and chlorine flowrate every few minutes. Keep the
chlorine pressure in the rotameter section below 2 psig or adjust the
apparent flowrate accordingly.

Wichdraw appropriate amounts of coal slurry time samples from the
reaction flask.

Filter slurry samples in a 7 cm Buchner funnel and set aside a filtrate

sample. If the solvent is immiscible with water, wash with that solvent
until the effluent is mostly clear, before water washing (water/coal 2,

at 25°C).

At the end of the experimental run, shut-off the stirrer, heater, and
chlorine flow simultaneously.

Within three minutes, disconnect feed lines, aud the variable reflux head
from the reactor flask.

Filter the reaction flask contents in an 18.5 cm Buchner funnel. Two

parts of water per part of drv coal was used to wash cake. Dry the coal
cake overuight in an oven at 70° to 100°C before dechlorination.
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A-11.

2.

3.

4,

5

6.

7.

8.

9.

10,

PROCEDURE FOR DLCHLORINATION AND HYDRODESULFURIZATION
IN THE QUARTZ TUBE-FURNACE

Equipment: Quartz tube (1"ID x 36"long), coal holding tube, electric
furnace, oil and tar trap, and scrubber. Assemble dechlorination system
according to the Figure 2.

Place thermocouple with quartz tube and preheat both quartz tube and
furnace to 400°C under nitrogen at a flowrate of 20-90 cc/min. Start
tube rotation at about 2 RPM.

Prepare the ice bath for the tar trap flask and refill the water in the
scrubber.

Deternine the moisture content of the feed chlorinated coal.

Weigh two grams of coal into the coal holding tube. Four grams is the
reasonable maximum i{f large quantities are required.

After both quartz tube and furnace are stabilized at 400°C, perform
following steps:

(a) turn off rotation.

(b) remove thermocouple along with rubber stopper.

(c) place coal holding tube into the quartz tube.

(d) reinstall thermocouple.

(e) start tube rotation.

(f) maintain nitrogen flow for dechlorination experiments. For
hydrodesulfurization experiments, use hydrogen gas at a
prescribed flowrate.

After one hour, turn-off elc¢ctric heater and cool quartz tube contents to
150°C under nitrogen blanket.

Remove coal from holding tube and weigh it before transferring into a
half-ounce vial.

Obtain scrubber samples for analysis.

Remove and weigh oil and tar semple from the trap.

101

o ety oband AEEL gdEN.ieol C

i Rl e AR piiie 2l

e F

colga Tt T L

k
:
i
.




e b

e T

T ———— T 1 T Y (T

APPENDIX B

ANALYTICAL PROCEDURES

B~1. ALTERNATE METHOD TO DETERMINE FORMS OF SULFUR IN O AL

The pyritic sulfur content in the coal is determined by oxidation of
pyrite to ferric sulfate and subsequent graviwetric analysis of bariuw sulfate
precipitate, rather than by atomic absorption determination of iron as
described in the ASTM method.

1. Reagents.

:

Bromine water: Reagent grade bromine is added to distilled H20
until a saturated solution is obtained. The bromine saturated water
18 decanted off to make reagent b.

b. Bromine/HCl solution: Add 250 ml of concentrated HCl to 250 ml of
water and to this add 500 ml of saturated bromine water, mix well.

ce Barium chloride solution: 10X (w/v) in MZO.

d. HCl solution for 50, sulfu. determination: HCl/hZO (2/3).

e. NGO, solution for pyritic sulfur determination: HNO3/h20
(/7).

2e Procedure

a. 1.00xx grams of coal is weighed into a 250 ml becker, 50 ml of HC!
(2/3) is added and the sample is refluxed for 1/2 - 3/4 hour.

b. The solution is cooled, filtered through 11 cm #40 Whatman filter
paper and washed with hot, distilled H,0. The filtrate and
washings are collected in a 400 ml beaﬁer and the filter paper and
residue are placed in the original beaker.

ce The filtrate from b is adjusted to a methyl orange endpoint

(pH 3-4), if necessary, and heated to boiling. BaCl, is added
slowly with stirring. The solution is allowed to sit for 1 hour at
this temperature and then removed from the hot plate and allowed to
sit overnight. The BaSOa is collected in 11 cm #42 Whatman filter
paper and washed with hot distilled H,0. The filter paper i{s then
ignited off and the BaSO, ignited to 900°C for 1/2 hour, cooled

and then weighed.

(AD) % Sulfate Sulfur =  BaSQ, weight x 13.74

sample weight
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d.

Note 1:

The filter paper and residue from b is placed in the original 250 ml
beaker, macerated with a glass stirring rod, and 50 ml of HNO4
(1/7) are added and refluxed for 1/2 - 3/4 hour.

The solution is filtered through 15 cm #40 Whatman filter paper and
washed with hot, distilled H,0. The filtrate and washings are
collected in a 400 ml beaker, adjusted to methyl organ endpoint (if
necessary) and 10 ml of brumine water/HCl solution added. The
solution is boiled until clear or until a methyl orange endpoint ise
obtained (no Br, consuming the indicator). B.Clz is added and

the procedure is followed as in C.

BaS0; weight x 13.74

(AD) pyritic sulfur X =
sample weight

The BaSOa solutions are washed with hot, dilute HC1l (1/25) 1f there
is an appreciable iron discoloration noted.

103

oo i e PR e . ) N [ —
S . -




S— e el i | — AN i T e - a o N e R s -
g T T k
:

1

B-11. ANALYTICAL PROCEDURE TO DETERMINE THE FORMS OF SULFUR
IN COAL (ASTM METHOL)

1. Summary of Method

. i

: a, Sulfate sulfur is .etermined by extracting a weighed sample for coal
$ with dilute hydrochloric acid followed by precipitation with barium
chloride (BaCl,) and weighing as barium sulfate /BaSO,). Sulfate

sulfur is solugle in dilute hydrochloric acid; pyritic and organic forms
of sulfur are insoluble.

i i O -

o ""V:}"’;‘ R

b. Pyritic sulfur is determined by extracting a weighed sample of coal f
with dilute nitric acid followed by titrimetric or atomic absorption i
determination of fron in the extract as a measure of pyritic sulfur.
Extraction of pyritic gulfur from coal with dilute nitric acids involves
oxidation of ferrous iron to ferric and sulfide sulfur to sulfate, both
of which are soluble in nitric acid. Because the extraction dissolves
sulfate and pyritic sulfur plus a small amount of organic sulfur, the
dissolved sulfur is not a reliable measure of pyritic sulfur.
Consequently, 1* is obtained by determining the amount of iron combined
in the pyritic form, which is equal to the difference between nitric acid
and hydrochloric acid-soluble iron. However, there are certain
limitations to the use of the sulfate sulfur residue for determination of i
pyritic sulfur in coal: 1if pyritic iron 1is high, the large sample
required for determination of small amounts of sulfate sulfur will ]
> contain large quantities of iron ana may require dilution; the

determination of pyritic iron csnnot be carried out until both
f extractions of sulfur have been completed.

i
Ce Organic sulfur is determined by substracting the sum of sulfate i
sultur and pyritic sulfur from tiie total sulfur as determined in i
accordance with ASTM Method D=3177 (Eschka Method).

2. Reagents

ae Bariunm Chloride Solution (100 g/litre) - Dissolve 100 g of barium
chloride (BaCL, 2H20) in water and dilute to 1 litre.

b. Hydrochloric Acid (2 + 3) - Mix 2 volumes of concentrated HC1
(spegre 1.19 with 23 volumes of water.

Ce Hydrochloric Acid ( 1 + 23) - Mix 1 volume of concentrated HCl (sp.
gre 1.19) with 23 volumes of water.

: de  Nitric Acid (1 + 7) - Mix 1 volume of concentrated nitric acid
(HNO3, 8pe gre 1.42) with 7 volumes of water.
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Procedure
a Sulfate Sulfur

(1) Extraction of Sulfate Sulfur - Weigh to the nearest 0.l mg
about 3 g of thoroughly mixed air-dried coal which as been ground to pass
a No. 60 (250~ m) sieve, transfer to a 2:0~ml Erlenmeyer flask, and add
50 ml of HC1 (2 + 3). Fit the cold-finger condenser into the neck of the
flask, place on the hot plate, and boil for 30 min. Rinse the
cold-finger condenser into & flask withh HCl (1 + 23) and filter through a
medium~texture double acid-washed filter paper into a 4U0-m] beaker.
Transfer the residue to the filter, wash six times with HCl (1 + 23)
using a total of about 35 ml, and determine sulfate sulfur in the
filtrate as described in (ii) and (i111). The residual coal may be
retained for the determination of pyritic sulfur. Discard the residual
coal if a separate sample is used for the pyritic sulfur determination.

{11) Removal of Iron - To the filtrate from (1) add 10 ml of
saturated bromine water, cover with a watch glass, and boil for 5 min to
ensure that all iron is in the ferric state and to expel excess bromine.
Precipitate iron by slowly adding NH,OH (sp gr 0.90) until a slight
excess {s present, then add 5 ml more, conatantly stirring to coagulate
the ye.lowish brown ferric hydroxide precipitate. Place the covered
beaker on the hot plant and boil for 1 min. Filter off the iry«y
precipitate using an ashless, medium—texture filter paper, collecting the
filtrate in a 6UU-ml beaker. Wash the precipitate several times with hot
water to which has been added a trace of NH,Cl and NH,OH. Retain the
filtrate, with washings for determination o? sulfur, and the precipitate;
with the original beaker, for the determination of nonpyritic iron when a
separate sauple i{s used for the determination of pyritic sulfur. If a
separate sample is not used, the precipitate may be discarded.

(141) Final Determination of Sulfate Sulfur - Neutralize the
tiltrate from (i1) with concentrated HCl (sp gr 1.19) and add an excess
of about 1 ml, employing methyl organge as indicator. Heat the solution
to boiling and add dropwise, with stirring, 10 ml of the BaCl,
solution. Continue boiling for 15 min and allow to stand for 2 hr. just
below boiling., Filter through an ashless paper and wash with hnt water
until silver nitrate (AgNO,) solution shows no precipitate with 1 drop
of the filtrate. Place the wet fiter containing the precipitate of
barium sulfate (BaSOa) in a weighed platinuw, porcelain, silica, or
refractory crucible, allowing a free access of air by folding the paper
over the precipitate loosely to prevent spattering. Smoke the paper off
gradually and at no time allow it to burn with flawe. After the paper is
practically consumed, raise the temperature to approximately 925°C and
heat to constant weight. The value so obtained, corrected for the blank
(see (iv)) represents the sulfate sulfur of the coal.

(iv) Make a blank determination following the same procedure and

using the same amounts of all reagents as described in (i), (11), and
(111),
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b. Pyritic Sulfur

(1) Transfer the sample obtasined from the HCl extraction of sulfate
sulfur to a 250~m] Erlenmeyer flask and add 50 ml of HNO, (1 + 7). Fit
a cold-finger condenser in the neck of the flask, and either boil for 30
ain. or let stand overnight at room temperature. Rinse the cold-finger
condenser with HNO, (1 + 7), filter the contents of the flask through a
medium-tex.ure, double acid-washed filter paper, and wash six times with
the HNO, (1 + 7), collecting the filtrate and washings in a 600-ml
beaker. Discard the residual coal on the filter paper and retain the
filtrate for determination of iron which is a msasure of pyritic sulfur.

(11) Alternative Method for Determination of Iron by Atomic
Absorption - Dilute the filtrate cbtained in (1) to 200 ml with water.
Transfer a 50-ml aliquot of this solution to a 100-ml volumetric flask
and add 10 ml of lanthanum solution (weight of sample may be varied to
eliminate aliquot ). Dilute to volume with water. Prepare a standard by
combining 10 ml of 1000 ppm iron solution and 10 ml of lanthanum solution
in a 100-ml volumetric flask and diluting to volume with water. Prepare
a blank solution by combining 30 ml of HNO, (1 + 7) and 10 ml of
lanthanum solution in & 100-ml volumetric Ilask and diluting to volume
with water. Determine absorbances of the blank solution, the standard,
and the sample at 372 nm using an air-acetylene flame.

Note 1: Tte wavelength of 376 nm is chosen for the determination to
provide a less sensitive line and wider linear range for the iron
absorbance. Linearity exists with concentration in this range for the
iron absorbance. Linearity in this range of iron concentration should be
checked for each individusl instrumentel setup and approprinte dilutions
made if necessary. Alternatively, the 248.3 nm line may be used.

Note 2: If concentration mode is used and unknown is bracketed, a blank
is unncessary.

Calculation

a. Sulfate Sulfur - Calculate the percentuge of sulfate sulfur as
follows:

Sulfate sulfur, X = |(A - B) x 13.735)/W
where:
A = grams of BaS0, precipitated,
B = grams of ®aS0, in the blank, and
W

= grams of sample used for sulfate sulfur determination.

b Calculate the percentage of sulfur when the iron aetermination is
made by atomic absorption as follows:

From absorbance:

Pyritic sulfur, % C=A = 4.5b
B~A W
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where:

absorbance of blank,

absorbance of standard,

absorbance of sample, and

weight of sample extracted as selected for sulfate or pyrite sulfur
determination.

E0wm>

If the values higher than 5 X pyritic sulfur are obtained, a new sample
solution should be prepared from the 20 ml of the filtrute (b (1)) and 10
ml of lanthanum solution, dfluted to 100 ml the value obatained on this
solution x 2.5 = perccnt pyritic sulfur.

c. Organic Sulfur - The percentage of organic sulfur is obtained by
subtracting the sum of the percentages of sulfate and pyritic sulfur from
the percentage of total sulfur as determined by the Eschka method.

Precision

3¢  Repeatability - Results of consecutive determinations carried out on
the sane sample in the rame labordatory by the same operator using the
same apparatus should not differ more than the following:

Sulfate sulfur 0.02
Pyritic sulfur, under 2 % 0.05
Pyritic sulfur, 2 X or more 0.10

be  Reproducibility - The meaus of results of duplicate determinations
carried out by different laboratories on representative sample. taken
from the same bulk seupis after the last stage of reduction rnhould not
differ more than the tullowing:

Sulfate sulfur 0.04

Pyritic sulfur, under 2 % 0.30

Pyritic sulfur, 2 % or more .40
107
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B-111. MODIFIED LECO PROCEDURE FCR TOTAL SULFUR AND CHLORINE
DETERMINATION IN COAL

Summary of the Method

A 0.2 g of coal sample is burned at 1300°-1350°C (2370°-2460"F) in a
resistance tube furnace. The eulfur dioxide, sulfur trioxide, and chlorine
formed are absorbed in a hydrogen peroxide solution, producing sulfuric and
hydrochloric acids. The total acid content is deterained by titration with
codium hydroxide. The titrated solution was further treated with mercuric
oxycyanide (Hg(OH)CN) to provide correction for hydrochloric acid from the
total acid content.

Reagents

0,05 N Sodium Hydroxide Standard solution
0.01 N Sulfuric acid standard eolution, or prepare by dilution from 0.1 N
standard sclution

Mercuric Oxycyanide Solution (Hg(OH)CN). Dissolve 0.25g of HgOHg(CN),
powder in 20 ml distilled water per portion of this reagent. Prepare one
portion per sample boat plus four portions for blanks, for each set of
samples. Discard this solution if it is not used in 2 or 3 days, into
the titration waste container,

NOTE: Mercuric oxycyanide powder i{s a highly poisonous substance and will
explode when touched with a flame or by percussion.

Hydrogen Peroxide 1% Solution. Dilute 100 wml of 30X H,0, with distilled
water to 3 liters. Discard this solution down a iaﬁorntory sink 1if it {is
not used after 2 or 3 days.

Methyl Purple Indicator Solution

Aggaratu- \

Use LECO Model No. 534-500 total sulfur analyzer equipped with a Model
No. 571-500 two tube 1.5 KW resistance furnace and a Model No. 517-200
manually operated acid-base titrator.

Procedure

A. Startup
1. Preheat resistance furnace to a temperature of 2460°F (1350°C).
2. Prepare the hydrogen peroxide and mercuric oxycyanide solutions.
3. Place the oxygen baffle in the combustion tube, fill the titration

vessel with hydrogen peroxide solution, and adjust the oxygen fiow to
1 liter/min.
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C.

be

3.

Fill precleaned back-titration burettes with fresh sulfuric acid and
sodium hydroxide solutions.

Make sure that there is sufficient capacity in the titration waste
container tu handle the day's wastes.

Sample Analysis Sequence

l.

2.

3.

4.

5.

6.

7.

8.
9

10,

Weigh about 0.2 g of sample to the nearest 0.1 mg and spread it in a
clay combustion boat.

Fill the titration vessel half-full with the hydrogen peroxide
solution. Add 10 drops of methyl purple indicator solution and adjust
the p with dilute sulfuric acid (0.01N) until the green color turns
gray or else reaches the green-gray transition.

Put the boat in the combustion tube so that the center of the boat is
four inches from the center of the hot zone and replace the oxygen
baffle.

After 1-1/2 minutes, push the boat to the center of the hot zone,
removing the oxygen baffle only as long as necessary to quickly
perform the operation.

After about seven ninutes of combustion (5-1/2 minutes with the boat
in the hot zone), titrate with 0.05 N sodium hydroxide solution until
the purple color fadeg, just short of the endpoint.

After 8 minutes of combustion (6-1/2 minutes with the boat in the hot
zone) disconnect the rubber hose from the ceranmic combustion tube and

rinse the rubber hose and the bubbler with distilled water into the
titration vessel three times.

Reconnect the rubber hose to the combustion tube and complete the
sodium hydroxide titration.

Add 20 m]l of mercuric oxycyanide solution to the titration vessel.
Titrate the liberated hydroxyl ifon with dilute (0.01N) sulfuric acid.

Drain and rinse the titration vessel and remove the boat from the
combustion tube.

Shutdown

1.

For each set of samples, run a dilute sulfuric scid (0.0iN) blank in
triplicate on the mercuric oxycyanide solution.

2. Reduce the furnace temperature to 1500°F.
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Calculation

S = wte4 sulfur {n coal, as~determined basis.
A = units of 0.,05\N sodium hydroxide used (LECO burette "X" units).

b= ml of 0.0l N sulfuric acid usea in full deiermination. C = ml of 0.0l
M sulturic acid used in blank determination for the mercuric
oxycyanide solution.

W = gample size in grams.
Cl = wt,% chlorine in coal, as-determined basis.
R = 1,133, if no standards are run with the samnple set.

otherwise known sulfur content of the standard coal
average sulfur content by titration of three standard samples
0.5 (B-C)
= R e A~
S=kx = A5 ]

Cl = QE%E) x 0.0355
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Table Bl. Leco Acid-Base Analyses versus Eschka Analyses®* For Total Sulfur

Total Sutfur by] Total Sulfur by] Total Sulfur Difference
Leco Eschka (Leco - Eschka)
Run
No. (we.X)® (wt..X)® (wtoX)
RAW COAL
LU T 1.97 1.54 0.43
BS 1.46 " -0.08 |
Bl4 1.42 " -0.12 :
B17 1.48 " -0.06 ;
: B18 1.43 " -0.11
s B19 1.56 " 0.02
’ B24 1.43 . -0.11
) wha L2 1.56 " 0.02
; L3 1.47 . -0.07
L7 1.64 " 0.1
' LY 1.31 " -0.23
| L10 1.43 . -0.11
L17 0.92 " -0.62
Bl 0.69 0.87 -0.18
B12 0.67 " -0.2
‘ B26 3.66 3.87 -0.21
| B27 0.32 0.47 -0.15
; B28 0.69 C.68 0.01
' B33 0.63 . -0.05
B34 0.64 " -0.04 ﬁ
B2S 0.9Y 1.03 -0.04 k
B30 0.56 0.87 -0.31 ;
P35 0.79 " -0.08 ;
B32 2,44 2.15 0.29 i
i
RAW COAL/HYDRODESULFURIZED y
142 0.48 0.57 =0.09 |
L46 2.68 2.43 0.25 ;
PRETREATED COAL ]
B2 1.13 1.22 -0.09 i
B3 1.1 1.17 -0.07 i
B4 1.87 1.94 «0.07 i
CHLORINATED/POST-TREATED COAL 3
B3 0.82 0.92 -0.1 ;
B4 1.5 0.92 0.6 i
B13 0.51 0. 56 -0.14 ﬂ
Ble | 0.88 (0.74) 0.91 (0.79) -0.03 (-0.05) ﬁ
B22 0.72 0.88 ~0.16
B26 1.32 1.52 -0.2
L31 1.43 0.72 0.71
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Table Bl. Leco Acid-Base Analyses versus Eschka Analyses* For Total Sulfur

(continued)
Total Sulfur by Total Sulfur by] Total Sulfur Difference
Leco Eschka (Leco - Eschka)
Run
No. (wto%)® (wt.%)® (wteX)
_ CHLORINATED/DECHLORATED COAL (cont'd)
B 1.72 1.58 0.14
L29 3.11 2.78 0.33
MPP 2.04 1.94 0.10
MPP 2.04 1.91 0.13
L22 1.10 0.77 0.33
L26 0.94 0.63 0.31
L30 0.63 0.61 0.02
CHLORINATED/DECHLORINATED /HYDRODESULFURIZED COAL
L24 0.76 0.61 0.15
L33 0.69 0.58 0.11
L38 0.22 0.29 -0.07
L39 0.64 0.64 0.04
L40 0.45 0.43 0.02
L4l 0.36 0.32 0.04 3
143 0.81 0.81 0.0 ?
L44 1.24 1.22 0.0z :‘
L“S 1013 1021 ‘0.08 3
L47 1.03 0.99 0.04 4
L48 0.53 0.55 -0,02, !
L49 0.78 0.78 0.0

* (Colorado School of Mines Research Institute Analyses

hk
£ 2.2

Batch Reactor Experiments
Laboratory glassware experiments

*xk% Mini-Pilot Plant experiments '

a. Dry and chlorine free basis - -

be Sulfur combusted and preoxidized to SOa. Cl interface corrected with
HE (CN)OH reagent, resistance furnace method.

c. Coal was dechlorinated at 400, 450 and 500°C before analysis

RN
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APPENDIX C

OPERATING PROCEDURE FOR BENCH-SCALE BATCH REACTOR SYSTEM

C-1. OPERATING PROCEDURE FOR CHLORINATOR, FLASH DISTILLATION, AND
FILTRATION WASH

1. INTRODUCTION

This standard operating procedurs. outlines the conditions required for
the safe operation of the batch chlorinator and filtration system (Figure 5).

I11. OPERATING RULES AND CONDITIONS

Operation of the batch chlorinator and filtration system will be permitted

only under the following rules and conditions.
Prior to beginning an experimental run, the following steps must be

completed.

1. Make sure all fittings in the batch chlorinator and filtration system

are securely fastened.
2. Make sure entire system is completely leak free.
3. A complete description of an experimental run should be available to

the operator.
4, Excess chlorine gas should be scrubbed with sodium hydroxide

solution.

111. PERSONNEL SAFETY

Personnel operating the batch chlorinator and filtration system should be
equipped with:

1. Protective garments such as lab coat and vubber gloves.

2. LEye protection glasses
3. Proper type respiratory equipment such as scott air pack for toxic

gases and coal dust.
4., Fire extinguishing equipment should be available in operating

condition including water shower.

IV,  EQUIPMENT SAFETY

A. CHLORINE CYLINDER

l. Chlorine cylinder and chlorine gas line should be heated to 70 to
80°F.

2. Do not exceed chlorine gas cylinder temperature atove 100°F.

3. Do not allow liquid chlorine into batch reactor. Liquid chlorine

and coal mixture is explosive.
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B. BATCH REACTOR

1.
2.
3.

Make sure pressure rupture disc is installed.
Do not exceed pressure above 100 psig.
Do not exceed temperature above 150°C.

V. EMERGENCY PROCEDURE

ae

b.

1, Leaks detected during a pressure test.

In the drain valve VZ.

Abort the run. Repair the seal,

In flauges and counnections.

Try to close by tightening the connections and screws on

flanges. Pressure test again. If leaks still persist, abort the
run and repair the seals.

In valves.
Abort the run. Repair or replace the valve.

2 During the run.

Ae

2.

b.

Heating of the charge.

1.

Steam generator failure.
Abort the run. Repalr.,

Excessive pressure develops inside the system.

a) Slow down the steam rate

b) Abort the run. Stop the steam flow.

During the chlorine addition.

1.

2.

iiﬁhdhﬂummwhwm“m,“mw

Temperature rises beyond the prescribed limits.

a) Turn on cooling water to the reactor.
b) Slow down the rate of chlorine addition.
c) Close the chlorine tank valve and other chlorine line

valves.
Pressure rises beyond the prescribed limits.

Relieve the pressure by opening valves V3, back pressure
regulators by-pass valves V34 and V10. 1f line filters are
plugged, use alternate vent line. Gases will be vented via
scrubber. Other safety feature is burst diaphragm which is
set to open at 142 psig and release the gases to the
atmosphere via venting stack. Wwhen either burst diaphragm
breaks or pressure relief valve opens stop the flow of

chlorine instantly (i.e., close the chlorine tank valve first

and then the remaining chlerine valve lines. Vacate the
building.
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3. Chlorine leaks to outside atmosphere develop.
a) If small and easily repairable (e.g. by tightening of
flange screws or fitting) repair immediately.
b) When sizeable, stop chlorine flow and try to release the
pressure inside the reactor by venting through a
scrubber.
: VI. OPERATING PROCEDURE
: A. START-UP
.
h le Weigh the slurry tank and both solvent recovery tanks and connect
> the slurry tank and secondary solvent recovery tank back to the
¢ system.

2, Primary solvent recovery tank must not be connected to the
equipment at any time except during solvent distillation which
has to be conducted at atmospheric pressure only. Close valves
V45 and V6.

3. F11l the scrubber with 10 liters of 2N sodium hydroxide
solution.

4. Close the drain plug (V2) in the reactor. Make sure that O-ring
is seating properly.

* 5. Close all valves in the system. Note: 1f pressure check is to
be conducted above 80 psiz, pressure relief valve has to be
F read justed to open at higher pressure.
6. Turn on recorders in the instrument panel.
7. Conduct the pressure check for leaks.

= Turn on the pressure recorder.

- Adjust the back pressure valves (V33 and V11) to close at
expected operating pressure.

~ Pressurize the reactor with nitrogen via chlorine line. Open
the nitrogen tank valve V1, adjust the regulator to 30 psi
above expected operating pressure. Open valves V15, Vl1e, V17,
v37, V14, and V38.

~ Let the pressure in the reactor equilibrate with the nitrogen
pressures Close the valve V38. Observe the pressure drop
inside the reactor over a period of 10 minutes on pressure
recorder.

- Check for leaks around the reactor gasket, drain valve and
connections in chlorine line with a soap solution.

- Open slowly valve V3., Check to see if the pressure in the gas
holding tank rises noticeably. If it does, back pressure
regulator is open (not sealing). Correct if necessary.

Check for leaks in other places by the procedure outlined
above.
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8.

9.

10,

11,

12.

13.

14,

15,

16.

17.

- Open valve V8 and V9 and check if any flow of gas occurs. This
would reveal a small leak in the back pressure regulator V33
and V34,

- Make certain that back pressure regulators V33 and V1l are
adjusted to open at 2 to 3 psig higher than the test pressure
during pressure check!!

- Close valves V8 and V9. Open the back pressure regulator
by-pass V34. Check for leaks in valves V7 to V1l and in
connections.

- Close the nitrogen tank valve and valves V15, 16, 17, 37, 14,
and 38.

- Slowly release the pressure from the equipment via valve 10.

Disconnect the burst diaphragm stack next to the reactor lid and
use the port to fill the reactor with 2 kg of ground coal (as is
or moistened with water) followed by the required amount of
solvent. Weigh coal and solvent to 1 gram on Ohaus balance.
Establish moisture content with Ohaus moisture balance. Coal
should be 2 kg on dry basis.

Close the opening and reconnect the burst diaphragm stack.

Purge the equipment with nitrogen at 2-5 psig for 5 to 10
minutes. Open nitrogen tank valve and adjust the regulator.
Open slowly valves V15, V16, V37, V14, and V38, Gases will exit
via scrubber. Adjust the flow so that bubbling in the scrubber
is not too vigorous.

Close nitrogen tank valve and valves V15, V%6, V37, V14 gad V38,
Lat the pressure equilibrate with outnide.

Close valves V34 and V10.

Make sure you have already ad justed the back pressure regulsators
2 to 3 psig above the test pressure.

Open valve V4,

Turn on the agitator to prescribed stirring rate.

Turn on the cooling water to the condenser and gas holding tank.
Adjust the flow so that drain doesn't overflow. Cooling water to
the condenser comes from the water main A via valve V26 (outer
coil), and water main C via valve V31, Cooling water for gas
holding tanks comes from water main A via valve V25.

Turn on the fans.
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B. CHLORINATION

1. Open the steam valves (V22 and V23) and adjust the steam flow so
that operating temperature inside the reactor is reached within
20 to 30 min. Then readjust to keep the temperature close to the
operating plan. Use indirect steam heating.

2. Vent excess pressure from the reactor by opening back pressure
regulators or valves V10 and V34, 1If line filter is plugged use
alternate vent line.

3. Close the steam valves V22 and V23, %
:
4, Open valves V3. *

f 5. Start the flow of chlerine. Open the chlorine tank valve.

Ad just the pressure output of the chlorine regulator. Open and
' adjust valves V37, V14, V38 to reach a prescribed chlorine flow.
|
l

6. Keep the temperature at the prescribed operating level. Since
the reaction of chloriane with coal is exothermic, cooling should
be required at the beginning of the reaction. Close the steam

| flow (valves V22 and V23). Open and adjust water valve V29 so

' that enough cooling action is obtained to keep the temperature in
) prescribed limits. During the later stages of the reaction

| heating may be required again. This can be accomplished by

] opening valves V22 and V23. At that point turn off the cooling

’ water (valve V29) to the reactor.

P T

ST

7. At prescribed time intervals withdraw samples of coal slurry by
opening the valve V1 in the sampling line. Obtain 50 gram
samples as a minimum. Use following procedure:

N

|

|
L]
NI
I \J

1 SAMPLER REACTOR

COLD WATER TRAP
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C.

8.

9.

10.

1l1.

SOLVENT DISTILLATION

= Fi1l scrubber with 2N sodium hydroxide solution.

- Place cooling coil in ice water trap.

- Open valve V; to collect sample at prescribed time
intervals.

- Open valve V.o to purge the system.

- Open valve V,, to collect sample in a beaker

= Clean sampler with fresh water.

- Weigh solvent in the trap at the end of the run,

At the end of prescribed reaction time shut off the chlorine flow
(cylinder valve and valve V14, V37, V38). Purge the chlorine
line with nitrogen.

Gases in the gas holding tank can Ye sampled during or at the end
of chlorination by attachi~g a gas sampling cylinder to the end
of tubing next to valve V9 and opeuing valves v8 and V9.
Alternately, flex line next to the valve V20 can be disconnected
and gas sampling cylinder can be attached at this point. Gas
sample can be obtained by opening valve V20.

After the chlorine flow was turned off, the pressure in the
system has to be equilibrated with atmospheric pressure by
venting via a scrubber. Open valvec V34 and V10. Valve V10
should be adjusted so that gas ftlow through the scrubber is not
too vigorous.

Prepare for solvent distillation.

1.

2.

3.

4,

S

6.

7.

Pressure is reduced to ambient and maintained at 1 atm throughout
the distillation.

Add 4 kg of distilled water to the coal-methylchloroform water
slurry., Attach the plastic tubing hose leading from compression
sprayer to the end of tubing next to the valve V45. Pressurize
the sprayer with hand pump and open valve V45.

Close valve V45. Disconnect the compression sprayer.

i e e

Reconnect the line between solvent recovery tank along with
solvent trap and valve V5.

The slurry is heated by indirect steam (145°C) injection at a
rate of 1400-2900 g/hr (usually 2000 g/hr) until the free
water-methylchloroform azeotrope has distilled at 65°C.

The temperature in the reactor should be maintained between
90-100°C for about 30 minutes.

Allow reactor to cool with the aid of a cooling water coil to
70°C or below.

118

M T R




T r—

8.
9.

TEMPERA TURE

D.

Weigh solvent in both solvent recovery tank and cold weter trap.

Temperature time profile.

= COMMENCE STEAM HEATING

= SEGIN AZEOTROPIC PLATEAY

= END AZEOTROPIC MATEAV

- 200°F » 93°C

= STEAM OFF/COOLING COIL ON
= DRAIN REACTOR

.. oN e >

TIME

The entire distillation, A-F, required about 170 min, {f it
started at the usual initial temperature of 46°C, The azeotropic

distillation, B-C, took 20 min when it was observed.
The cooling time, E~F, ranged from 20 to 40 min. The slurry was
easily handled at the drain temperature, usually 48°-68°C, but

was as low as 24°C.

SHUT-DOWN (Batch Chlorinator)

le
2.
3

4,

5.

Close the steam flow (valves V22, V23, and V23).

Turn on cooling water inside the reactor (open valve V29).
Cool the reactor within 20-30 min. to room temperature.

Purge the system with nitrogen at no more than 2 psig for 5 to 10

minutes. Vent the nitrogen and other gases through the

scrubber.,
Open sampling valve V1 and disconnect the burst diaphragm stack.
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F 6.
' 7.
P.
4
: 8.
wl
“ 9.
10.

SR Rl

Open the drain valve V2 and drain the reactor to slurry tank,
While draining turn the agitator slowly down and when the reactor
is almost empty, shut it completely. Never let the agitator
rotate when stirrer blades are not immersed in the liquid.
Vibrations may bend the shaft.

Shut down the steam generator. On every second or third run,
perform a blowdown.

Turn off recorders on instrument panel. Record time, date and
run number on recorder chart.

Wash the reactor with water via diaphragm stack port. Collect
the wash. Do not mix coal in wash water with the new slurry.

Prepare for fi.._ . ation of coal slurry.

E. FILTRATION

1.

2.

3.

T T

10.

11.

Clean and weigh the filtrate recovery tank and reinstall f{t.
Clean and reinstall the empty sodium hydroxide scrubber tank.
Open V35 and V36 fully.

Make sure that the connections and plumbing leading to the
filtrate recovery tank aond the scrubber stack are tight to a few

psi vacuum or pressure.

Properly place filter cloth on the top of the coarse mesh support
sCreen.

Place filter paper on the top of the filter cloth.

Turn on the exhaust blower. Pour the slurry onto filter cloth
while closing V3b to the extent necessary to remove water from
the coal slurry.

When the standing water is gone, sprinkle on, or pour
continuously, or pour in batches, 4 liters ot water through the
coal cake. 1f the wash water is applied in batches, use at least

two.

Maintain suction until the cake 1is dry, but nc longer than 20
minutes.

Remove cake from filter cloth.
Obtain weight and moisture content of cake.

Prepare for dechlorination.
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Fo EQUIPMENT MAINTENANCE NOTES

1.

2.

3.

Check the level of grease in the stuffing box of the agitator
very often (every run or every secund r-.n). If needed add wmore

grease.

Never let the cgitator turn when blades are not immeised in the
liquid. Shaft can bend due to vibrations.

Steam generator should have a blowdown for every twenty four
hours of operation.
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C-11. OPEKATING PROCEDURE FOR DECHLORINATOR

l. INTRODUCT1ON

This standard operating procedure outlines the conditions required for
the safe operation of the batch reactor-dechlorinator system (Figure 10).

11. OPERATING RULES AND CONDITJONS

1. Batch reactor~dechlorinator system should be operated in oxygen free
environment to avoid posseible coal combustion and explosion.

2. All hot surfaces should be properly insulated.

3. System should be leak free.

4. Hydrochloric acid vapor should be scrubbed with sodium hydroxide
solution.

5. A complete description of an experimental run should be available to
the operator prior to starting the dechlorination operation.

111. PERSONNEL SAFETY

Personnel operating the batch reactor-dechlorinstor system should be
equipped vith:

1. Protective garments such as lab coat and asbestos gloves.
2., Eye protection glasses.

3. Proper type respiratory equipment such as scott air pack for toxic
gases and coal dust.

4, Fire extinguishing equipment should be available in operating
condition. Water shower available.

1V. EMERGENCY PROCEDURES

l. Controls on the furnace may malfunction and furnace can overheat.
Check periodically the control lighte, to see if they go ON and OFF.
Also, look periodically into the furnace tube. 1If it starts glowing
in any section, check the controls and shut the furnace off.

2, Maintain the nitrogen flow through the pipe while loading and
unloading hot coal. Otherwise the coal nay catch on fire or

explode.

4. Maiatain the nit-ogen flow through the pipe at all times while the
coal is being dechlorinated. Failure to do so may cause fire and/or

explosion.
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4,

3.

In case of fire, use nitrogen flow and/or co, fire extinguisher to
smother it. Shut the furnace off.

Hot coal which is unloaded from the furnace mamy also catch on fire
while storad in the cartridge. Put the fire down with co, fire
extinguisher.

OPERATING PROCEDURE

A.

B.

JREPARE THE SCRUBBER

l. Disconnect the recirculating scrubber tank from the system at the
two unions, flush with the tank lic.

2. Remove the tank on {ts dolly to the outside of Building 8Y.

3, Drain and rinse the tank and the re.irculating system, the pump,
bypass line, and drain line.

4, Mix 470 g (1.03 1b.) of sodium hydroxide (NaOH) into 23 liters
(6.08 gallons) of tap water in the tank. All the powder should
dissolve.

5. Retain a sample of about 100 ml of this solution for titration.

6. Close the tank and reinstall {it.

PREPARE OIL AND TAR TRAP

l. Disconnect oil and tar trap from the syste.

2« Clean trap with acetone.

3, Reinstsall the trap in the system.

4, Place bucket full of ice cold water underneath the trap.

l. .emove coal containment cartridge from the furnace tube.

2. Install a blank flange at the south end of the furnace tube.

PREHEAT

1. Adjust the furnace temperature set points at 400°C.

2, Turn on the furnace at the main breaker.

3. Wait for the furance to equilibrate. The outside surface of
furnace tube should reach 400°C within 20 minutes, but
temperature uniformity may require about one hour. The heating

coils will start to cycle off and on when the outside surface of
furnace tube reaches the set temperature.
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Turn on the tube rotation motor and sct the speed to "20" (4 rpm)
about 10 minutes before the coal is to be loaded.

D. <COAL LOADING-PROVISIONAL PROCEDURE

3 .

E}

!E

E_:

1.

i 2,

E"‘ 3.

4

;V. ‘0-
5,

| 6.

| 7e
8.

Determine the moisture content of coal before use.

Turn on the exhaust system before loading the coal.

Be aware of the possible hazards of this operation. They are:

a. The coal may catch fire.

be The coal may evolve a stifling cloud of HCl or vapors within
a few seconds of making contact with the hot tube.

ce A cloud of coal may billow out of the tube due to
convection.

Pack the coal into thke containment cartridge.

Start the nitrogen flowing at 10 SCFH.

Stop the furnace tube from turning.

Ingert the coal containment cartridge into the tube furnace and
close the flange.

Turn on the multipoint recorder. Set the chart speed on slow.

E. DECHLORINATION

1.

- T W

2.

Turn on the scrubber tank recirculation pump. Make sure its
bypass valve 18 closed at least partially.

Restart the furnace rotation. A‘a for 4 rpm (setting 20).

F. COOLING AND DISCHARGE

J.
L 2.
3.

4.
i 5.

6.

e s ke b ik

60 minutes after the coal was inserted, shut off the furnace at
the main console breaker.

Shut off the scrubber recirculating pump. However, maintain the
nitrogen flow.

Let the tube cool for 30 min and record the time. Stop the
rotation.

Shut off the temperature recorder.
Remove the coal containment cartridge from the furnace.

Cool the coal to room temperature while maintaining the nitrogen
flow.
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Remove the scrubber tank from the system. Measure the solution

e ey
is
7. Shut off the nitrogen flow to the cartridge.
; 8. Collect dechlorinated coal in the stainless steel Lbeaker.
9.
volume and take & sample of about 250 ml for titration.
; 10, Drafn the scrubber tank systeum and rinse it.
% 11. Disconnect oil and tar trap from the system.
? 12, Dissolve oil and tar in 50 cc of acetone.
? 13. Clean oil and tar trap with acetone and reinstall {it.

———— e - —
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C-111. OPERATING PROCEDURE FOR HYDRODESULFURIZER

1. INTRODUCTION

i

This standard operating procedure outlines the conditions required for
the safe operation of the batch reactor-dechlorinator and hydrodesulfurization
system located in the building 88. The operating rules and conditions, and
personnel safety instructions outlined in the standard operating procedure No.
C-11 for the batch reactor-dechlorinator system also apply to the operation of
the hydrodesulfurization system (Figure )2).

1I. EQUIPMENT AND PERSONNEL SAFETY

1. Before feeding hydrogen in the dechlorinator, make sure that
the following tasks have been performed.

' -~ Hydrogen cylinder, nitrogen cylinder, all control valves, and

i pressure gauge have been installed outside the building.

i - System is completely leak free. Check it by flowing nitrogen at 3"
of positive water pressure.

' - Preheat dechlorinator to specified temperature under nitrugen

| blanket.

2. All personnel should stay outside the building while
, hydrodesulfurizing the coal.

avign)

I11. EMERGENCY PROCEDURES

e, _J N

1. During dechlorination under nitrogen follow standard operating
procedure No. C-II.

2. In case oi fire during hydrodesulfurization of coal, immediately turn
off hydrogen supply valve V, ana open valve V, to feed nitrogen
into the system. Wait for Z-3 minutes in order to purge the system
’ with nitrogen. Put the fire down with co, fire extinguisher. Call
fire department if situation is out of control.

s Tal L Do gtels. uTEeges o @ Pt e s i e’ L

; 3. If filter in oil and tar trap is plugged, open valve V4 to by-pass §
’ it.

1V. OPERATING PROCEDURE g

l. Dechlorinate coal in nitrogen environment between temperature 400 to :
500°C according to standard operating procedure No. C-11 for batch

? reactor-dechorinator. Conduct tasks A to # described under operating

| procedure.

2. After coal is dechlorinated, increase temperature to from 500 to
' 700°C while maintaining the nitrogen flow through the dechlorinator.
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3. Open valve V, and -~lose valve Vge
4, Turn off exhaust blower.

5. Make sure that dechlorinator is operating at 2 to 3" of positive
water pressure.

6. Open valve V, to supply hydrogen at 2 to 5 SCFH as specified for
the experiment.

7. Close valve Vl.

8. Hydrodesulfurize coal for 1 hr.

9, After hydrodesulfurization is completed, open valve Vl and close
Voo
2

11. Follow same cooling and coal discharge procedure described in
standard operating procedure No. C-11,

)
i 10. Completely purge the system with nitrogen for 5 minutes.
[
i
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APPENDIX D

OPERATING PROCEDURE FOR CUNTINUOUS FLOW MINI-PILOT PLANT

D-1. OPERATING PROCEDURE FOR CHLORINATOR, DISTILLATION, AND FILTRATION-WASH

1. INTRODUCTION

This standard operating prucedure outlines the conditions required for
the safe operation of the continuous flow mini-pilot plant chlorinator,
distillation unit, and horizontal belt vacuum filter (Figures 26, 27).

11. OPERATING RULES AND CONDITIONS

Operation of the continuous flow mini-pilot plant will be under the
following rules and conditions.

1. Make sure all fittings in the continuous flow mini-pilot plant are
securely fastened prior to beginning an experimental run.

2. Make sure entire system is completely leak free.

3. A complete description of an experimental run should be available
to the operator.

4, Excess chlorine gas should be scrubbed with sodium hydroxide
solution.

5. Acid containing wastewater should be neutralized with caustic soda
before df scharge.

6. Personnel working on the mini-pilot plant should follow the safety
procedure.

I11. PERSONNEL SAFETY

Personnel operating the chlorinator and filtration system should be
equipped with:

l. Protective garments such as lab coat and rubber gloves.

2. Eye protection glasses.

3. Proper type respiratory equipment such as scott air pack for
toxic gases and coal dust.

4, Fire extinguishing equipmez: shuld be available in operating
condition including water shower.
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Iv.

EQUIPMENT SAFETY

A.

B.

C.

Chlorine Cylinder

1.

2.

3.

Chlorine cylinder and chlorine gas line should be heated to 70

to 80°F.

Do not allow liquid chlorine gas cylinder temperature above
80°F

Do not allow liquid chlorine into the reactor. Liquid
chlorine and coal mixture is explosive.

Continuous Flow Reactor

1.
2.
3.

4,

5.

Dry

Make sure pressure rupture disc in installed.
Do not excee¢ 100 psig pressure.
Do not exceed 150°C temperature.

Make sure far end of the reactor agitator shaft is supported
by a teflon bushing.

Make sure that no carbon steel surface is exposed to the
corrosive slurry and wet chlorine.

Ccal Feeder

1.

Make sure coal slurry does not get into the coal feeder
hopper.

EMERCENCY PROCEDURE

AI

Leaks Detected During An Experimental Run

1.

In flanges and connections: Try to close by tightening the
connections and bolts on flanges. 1f leaks still persists,
abort the run and repair.

In valves: Abort the run. Repair or replace the valve.

Caused by the corrosion of equipment: Abort the run and
repair.
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B. Failure to Heat Charge During An Experimental Run

1. Steam generator failure

- Continue the experimental run only if required temperature
can be maintained due to heat released by sulfur and
chlorine reaction and solvent distillation is not required.
Otherwise abort the run and repair.

- 1f solvent distillation is required, abort the run and
repair.

C. Overflow During An Experimental Run

1. Check water, solvent, and coal feed rate.,

2. Check the rate of slurry discharge. It should be the same as
the feed rate. Adjust feed and discharge rate. Discharge
excess slurry and continue the run.

3. Abort the run only if slurry gets into the condenser and (
solvent distillation ‘s required. :

) D. Chlorine Addition During An Experimental Run 1
1. Temperature rises beyond the prescribed limits.

g - Turn on cooling water to the reactor

= Check rate of chlorine addition. Adjust it only if it is :
| higher than required. %
- Turn off steam supply to the reactor. ]

2. Pressure rises beyond the prescribed limits

- 1f caused by the plugging of the line filter, open valve
Vi3 and relieve excess pressure via scrubber.

- 1* caused by malfunction in back pressure regultor valve
Vi4» OpER valve V13 and relieve excess pressure via
scrubber.

- In case carbon diaphragm burst open due to excess pressure i
or corrosion, the chiurine gas will be released to the 3
atmosphere via venting stack. Immediately close the
chlorine tank valve; turn off water and solvent feed pumps;
turn off dry coal feeder and steam generator; leave both
slurry valves wide open. Vac.te the building.

E. Failure to Feed Dry Coal During An Experimental Run

1. Caused by the backflow of the slurry into the coal feed
hopper, abort the run and repair.

2. 1f feeder screw is jammed, abort the run and repair.
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1.

2.

3.

4.

5.

T

6.

7.

D e e

8.

V 10.

11.

12.

13.

el

I. OPERATING PROCEDURE

A. Preparation

Make sure cooling/heating coil is properly wrapped with
graphoil tape and insrtalled in the reactor.

Make sure sampling line is cleaned and properly installed in
the reactor.

Make sure agitator shaft is properly supported by the teflon
bushing located at the discharge end flange, impellers and
shaft are properly covered with graphoil tape, and impellers
are not hitting either cooling coil or sampling line.

Close both feed and discharge end flanges.

Connect water feed line, solvent feed line, steam feed line,
inlet cooling water line, dry coal feed line, instrugentation,
and burst diaphragm av the feed end flauge.

Connect discharge pipe to the distillation unit, sampling ine
to the sampler, outlet cooling water to drain, and
thermocouple at the discharge end flange.

Fill. the scrubber with 10 liters of 4N sodium hydrox!de
solution and install f{t.

Clean and install slurry receiving and solvent recovery
tanks.

F111 coal feed hopper with coal and close the flange.

Fill water feed tanks 1 and 2 with water and solvent feed tank
with solvent only if experiment requires.

Ad just back pressure regulator valve V14 at 3-4 psig.
higher than the experimenftal pressure.

Steam Generator
- Close valve V.,

- Open valves V30 and V,.

- Turn on feed water pump if reactor pressure is above 50
psig.

= Turn on steam generator.

Turn on pressure recorder.
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14, Conduct the pressure check for leaks.

= Make sure back pressure regulator valve V,, is already
ad justed to open at 3-4 psig. higher than the expected
operating pressure.

= Make sure all valves are closed except for valves Vio
and V, which are installed to feed water to stean
generator.

= Turn on coal feeder and make sure entire line connecting to
the reactor is filled with the coal. Do not keep on feeding
coal to the reactor. Turn off coal feeder.

= Pressurize coal feeder at the expected operating pressure by
opening nitrogen tank valve and V..

- Pressurize coal feeder at the expected operting pressure by
opening nitrogen tank valve and V..

= After coal feeder is pressurize cione valve V5 and
nitrogen tank valve.

-~ Pressurize reactor, flash distillation unit, condenser, and
solvent recovery tank with nitrogen via chlorine line at
expected operating pressure. Open nitrogen tank valve Vs,
v 6° \) and V .

- Let t‘e preslure in the system equilibrate with nitrogen
pressure. Close the valve V,. Observe the pressure drop
inside the reactor over a period of 10 minutes on pressure
recorder.

= Check for leaks around flanges, fittings and valves with a
soap solution.

- After pressure check for leaks is completed, slowly open
valve Vi3 to depressurize the system.

15, Turn on cooling water to condenser by opening valves Vie
and Vl?'

16. Turn on exhaust fans.

Mini-Pilot Plant Start-up

1, For experimental runs using water as a solvent.

- Open valve V., and V18 and fill entire reactor with
water (Figure 27).

2 For experimental runs using methylchloroform as a solvent.
-~ Open valves V and V)5 and turn on the metering
pump. Fill entire reactor and also flash distillation unit

with methylchloroform to the point where slurry level
controller is installed (Figure 26).
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C.

3

4.

5.

Preassurize reactor, flasn distillaiifon unit, condenser, and
solvent recovery tank at specified operating pressure by
either nitrogen or if requived by chlorine gas.

~ Open tank valve.

- Open valve V9 and V

- After system is pressurized close valve V...

= Release any trapped air inside the reactor by opening vent

line valve V
= Close valve 11°
Turn on both agitators for reactor and distillation unit.

Turn on temperature and pressure recorders.

Chlorination and Distillation

1.

2.

3.

4,

5.

Water feed.
Make adjustuent to ottain required flow rate.

= Open valves V27 and vlb'
= Turn on the pump.

Methylchloroform (solvent) feed.
Make adjustment to obtain required flow rate.

- Open valves V29 and vlS’
= Turn on the pump.

Steau injection to maintain required temperature.

- For direct steam injection open valves V2. Vza,
Voge

- Fg% indirect steam injection through cooling coil open
valves Vz, Vza' and V21.

Coal Feed.

~ Make feed rate adjustments.
= Turn on the coal feeder.

Chlorine Feed.

- Open tank valve.
- Open valves V . and V .
Ad just chlorine fiowrate as specified.
If line filter installed after mass flow controller is
plugged, open valve V.
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6. 1f cooling is required to maintain specified temperature.

= Close valves Vza and V22.
- Open valves V23 and V21.

7. Distillation (required only when methylchloroform is used).

- Inject steam at a specified flow rate by opening valve
Voco

- Open valves Vg and V,, and turn on pump No. 2 to
inject water at a flow rate equal to the methylchloroform
feed rate.

- Make sure valves Vg and V17 are open to supply ccoling
water to the condenser.

8. Slurry Discharge

; - Calculate time frequency of opening and closing of slurry
l valves by the following procedure.
b
|

Holding volume between two slurry valves
Volumetric flow rate of slurry

- Preprogrammed timer so that discharge rate is same as the
' slurry feed rate.
- Slurry collected in the slurry receiving tank before
r steady-state should not be miied with the slurry collected
l after steady-state is achieved.
| - Make sure outlet gases from slurry receiving tank gues ,
through the scrubber, and valve V,, is open. i

TR TVRNN

9. Continuously operate mini-pilot plant for at least three hours i
after steady-state is achieved. :

10.  Open valve V,, every 30 minutes to collect 150 cc ot
' samples in a sampler. %

D. Mini-Pilot Plant Shut-Down 3

! 1. Install new slurry receiving tank. Do not mix slurry
collected during steady-state in the slurry collected during
shut-down. Turn off coal feeder.

’ 2. Close valves Vg and VS to stop flow of chlorine.

) 3. Close valves V,, and V and immediately turn off
water feed pump 1 and solvent feed pump. Close valves
V27 and V29.

4, Turn off cooling water and steam injection by closing valves
Va1» Va2 V23, and V.
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5« Slowly open valve V13 to depressurited the system.
6. Allow slurry in the reactor and distillation unit to drain via
slurry valves.
7. Turn off water feed pump to distillation unit.
8. Turn off steam injection by closing valves st and Vz.
9. Open valves V 29 V2 and V,, to clean the reactor
and distillntzon unit with fresh water.
10 Turn off steam generator and water feed pump.
11. Turn off both agitators.
12, Close valve VJO'
13, Purge chlorine line with nitrogen by opening valves Vo
v » .nd v [ ]
5 8
14, Collect solvent from solvent recovery tank by opening valve
v31.
15 Filter slurry collected during steady-state on a horizontal
belt filter.
FILTRATION
l¢ Clean and install filtrate recovery tank.
2. Fill caustic solution tank with 10 liters of 5 N sodium
hydroxide solution.
3. Pump processed slurry collected during steady-state from
slurry tank to the vacuum filter slurry feeder.
4, Turn on the agitator to keep coal in suspension in vacuum
filter slurry feeder.
5. Turn on the vacuum pumpe.
6. Feed slurry at a specified flow rate. If coal feed rate is
kg/hr. the slurry feed rate will be 6 kg/hr.
7, Turn on wash water at a apecified flow rate. 1f coal feed
rate is 2 kg/hr, the wash water flow rate will be 4 kg/hr.
8. Filtrate will be collected in the vacuum receiving tank. A

filtrate level control is installed in the vacuum receiving
tank to turn off and on filtrate pump in order to transfer
filtrate from vacuum receiving tank to the wastewater tank.
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9.
10.

11.
12.

13.

14.

15.

16.
17.
18.
19,

20.

Turn on the agitator installed in the wastewater tank.

Collect filtrate in the wastewater tank till entire batch of
slurry is filtered.

Collect filtrate sample for analysis.

Determine total volume of filtrate.

Transfer sodium hydroxide solution from caustic solution tank
to wastewater tank to neutralize filtrate. Check acidity of
the filtrate by litmus paper.

After wastewater is neutralized, discharge it into the sewer.

Collect washed cake in a pan discharged from the top left hand
side of the vacuum filter belt.

Weigh entire batch of wet cake.

Dry this cake overnight in a 160°F oven.
Weigh entire batch of dry cake.

Use this dry cake for dechlorination.

Clean vacuum filter system and turn it off.

F. EQUIPMENT MAINTENANCE NOTES

1.

3.

Check the level of grease in the stuffing box of the agitator
very often (every run or every second run). If needed add
more grease.

Never let the agitator turn when blades are not immersed in
the liquid. Shaft can bend due to vibrations.

Steam generator should have a blowndown for every twenty four
hours of operation.
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D-11. OPERATINC PRUCEDURE FOR DECHLORINATOR

| INTRODUCT 10N

This standard operating procedure outlines the conditions required for
the safe operation of the continuous flow mini-pilot plant dechlorinator
(Figure 21).

11  OPERATINu RULES AND CONDITIONS

1. Continuous flow mini-pilot plant dechlorinator should be operated
in oxygen free environment to avoid possible coal comoustion and ;
explosion. 1

2. All hot surfaces should be properly insulated. 1

E 3. System should be leak free.

' 4, Hydrochloric acid vapor should be scrubbed with sodium hydroxide
\ solution.

}

5 A complete description of an experimental run should be available
to the operator prior to starting the dechlorination operation.

’ I111. PERSONNEL SAFLTY

)
| Personnel operating the continuous flow mini-pilot plant dechlorinator ,
F should be equipped with: ]

l. Protective garments such as lab coat and asbestos gloves.
2. LEye protection glasses.

3. Proper type respiratory equipment such as scott air pack for toxic
v gases and coal dust.

4, Fire extinguishing equipment shouid be 'vailable in operating
condition. Water shower is avsilable. 1

IV, EQUIPMENT SAFETY

1. Before feeding coal in the hot dechlorinator, make sure that systeun
is purged with nitrogen.

2. Do not heat dechlorinator above 500°C.

V. EMERGENCY PROCEDURES

l. Controls on the furnace may malfunction and furnace can overheat.
Check periodically the control lights, to see if they go ON and OFF
1y also temperature recorder.
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2. Maintain the nitrogen flow through the pipe and product coal

storage drain at all time while the coal is being dechlorinated.
Failure to do so may cause fire and/or explosion.

3. In case of fire, use nitrogen flow and/or €0, fire extinguisher
to smother i{t. Shut the furnace off.

VI. OPERATING PROCEDURE

A. Prepare Scrubber

1.

2.

3.

4.

Se

6.

Disconnect the recirculating scrubber tank from the system at
the two unions flush with the tank lid.

Remove the tank on its dolly from the tank lid.

Drain and rinse the tank and the recirculating system: the
pump, bypass line, and drain line.

Mix 470g (1.03 1lb.) of sodium hydroxide (NaOH) into Z3 1&1. ..
(6.08 gallons) of tap water in the tank. All the powder should
dissolve.

Retain a sample of about 100 ml of this solution for
titration.

Close the tank and reinstall 1it.

B. Prepare 01l and Tar Trap

l. Disconnect oil and tar trap from the system.
2, Clean trap with acetone.
3. Reinstall the trap in the system.
4, Place bucket full of ice cold water underneath the trap.
C. Set-Up
1. Make sure coal feeder, dechlorinator tube, and product coal
collection drum have no left over coal from the previous run.
2, Install product coal collection drum.
3. Make sure angle of flights and tube rotation is adjusted to

give specified retention time.

D. Preheat

1.

2.

Adjust the furnace temperature set points at 400°C.

Turn on the furnace at the main breaker.
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E.

F.

G.

3.

4e

Wait for the furnace to equilibrate. The ocutside surface of
furnace tube should reach 400°C within 20 minutes, but
temperature uniformity may require about one hour. The heating
coils will start to cycle off and on when the outside surface
of furnace tube is reach the set temperature.

Turn on the tube rotation motor and set the speed to desired
rpm about 10 minutes before the coal is to be fed.

Coal Feeder

l. Determine the moisture content of coal before use.

2. Turn on exhaust system before feeding the coal.

3. Start the nitrogen flowing though coal feeder, dechlorinator
tube, and product ccal collection drum.

4, Turn on the cooling water through coal feeder discharge tube.

5 Turn on the multipoint temperature recorder. Set the chart
speed on slow.

6. Start feeding the coal at required rate.

Dechlorination

l, Turn on the scrubber tank recirculation pump.

2. Turn on the exhaust system to allow HCl vapor to pass through

" the scrubber.
3. Make sure hot product coal is collected and cooled in the

collecticn drum which is continuously purged with the
ritrogene.

Cooling and Discharge

1.

2.

3.

4.

After entire batch of coal is dechlorinated, shut off the
furnace at the main console breaker.

Shut off the scrubber recirculating pump. However, maintain
the nitrogen flow.

Allow dechlorinator tube to cool. Stop tube rotation.

Allow coal in the collection drum to cool while maintaining the
nitrogen flow.

Shut off the nitrogen flow.
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6.

7.

8.

9.

10.

11,

Collect dechlorinaited product coal, weigh, and store.

Remove the rncrubber tank from the system. Measure the solution
volume and take a sample of about 250 ml for titration.

Drain the scrubber tank system and rinse it.
Disconnect oil and tar trap from the system.
Dissolve o1l and tar in 50 cc of acetone.

Clean oil and tar trap with acetone and reinstall it.
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APPENDIX E

Distribution of Chlorine
in
Dechlorinated Coal

Mitsuo Oka

July 3, 1980

A series of experiments were performed showing that the residual
chlorine (about 1X) in the dechlorinated coal is distributed among three
forms of chlorides, HCl, alkyl chlorides (RCl) and aromatic chlorides (ArCl).
The percent distribution for these three chlorides is estimated as follows:

HC1 35 5%
RC1 15 5%
ArCl 50 5%

No evidence was found for the presence of Cl, or the excess of
inorganic chlorides in the dechlorinated coals as a result of chlorinolysis.

l. Treatment with vater at room tempezature eliminates up to 30X of the
chlorine (as HCl) and at reflux temperature eliminates up to 40X of the
chlorine (Runs 1-5). This result could indicate that the difference of
10X is due to hydrolysis of RCl under the higher temperature. The
remaining 60X of the chlorine is attributed to ArCl. In the water
treatment (Runs 2, 4-7), a seni-quantitative analysis of HCl was
carried out by the AgCl gravimetric method. The results obtained
appear to contain a fair amount of HCl. A similar conclusfon can be
drawn frouw the NaOH experiments which indicated 35X HCl, 15Z RCl and 50%
ArCl (Runs 8-11), assuuing that NaOH eliminates HCl at room temperature
and hydrolyzes RCl at the higher temperatures. About 67X of the chlorine
in the chlorinated coal was removed by NaOH (Run 12), indicating 33X ArxCl
as compared to 50 in the dechlorinated coal.

2. The THF-H,0 system provided additional support for the conclusions of
the first paragraph, i.e., 35X of HCl and 65% RCl and ArCl (Runs 13-16).
In the THF-Hy extraction, about 0.5% of organic material was extracted
from the dechlorinated coal and 142 from the chlorinated coal (Runs
17-19). The THF extracts of dechlorinated and chlorinted coal showed an
increase in chlorine percentage from 1.02 to 2.50 or from 9.91 to 19.5
respectively, whi:h suggests that THF extracted more chlorinated
compounds in both the dechlorinated and chlorinated coals. The HCI,
extracted from the dechlorinated coal with THF, was removed during the
evaporation of the THF under vacuum. Thus, the HCl does not remain in
the THF extracts. Several control tests were carried out to verify the
loss of HCl from the THF solutions.
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The results frow MeNll treatment (Runs 20-22) may be explained in terms of
partial extraction of HCl since the extraction time was considerably
shorter, 5-15 minutes.

It is shown from the pyrolysis experiments (Runs 23 and 24) that the 50%
of the chlorine which was {nert toward H,0, NaOH or THF, must be a

form of ArCl, because it finally decomposed by pyrolysis at 600°C to
release HCl, therefore no more residual chlorine was present in the coal.
A positive test for HCl was actually observed in the pyrolysis
experiments. Although nost experiments were performed for a perfod of 5
hours, a period of 2 hours secemed to be sutficient.
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Run Coals

1 dechlorinated

2 dechlorinated

3 dechlorinated

4 dechlorinated

5 dechlorinated

6 chlorinated

7 chlorinated

8 dechlorinated

Ye dechlorinated
10 dechlorinated
11 dechlorinated
12 chlorinated
13 dechlorinated
14 dechlorinated
15 dechlorinated

Table E-1

Treatment

Hzo. Tete,
5 hrs.

“20. rcto.
5 hrs.

H,0, reflux
5 hrs.

uzo. reflux
5 hrs.

H20, reflux
5 hrs.

820, Teto,
5 hrs.

Hy0, reflux
5 hrs.

102 NGOH. Tete
2 hrs.

10% NaOH, 65°
2 hrs.

10X NaOH, 60°C
5 hrs.

Results of Chlorine Analysis for
Dechlorinated and Chlorinated Coals

X Cl(orig)®

1.29
1.29
1.29
1.29
1.29
9.91
9.91

1.29

c 1.29

1.29

102 NaOH, reflux 1.29

3 hrs.

102 NaOH, reflux 9.91

3 hrs.

TRF-HZO(ZOZ HzO) 1003

50°C, 5 hrs.

THF-HZO(Zoz HZO) 1029

50°C, 2 hrs.

THF-HZO(GOZ HzO) 1.03

50°C, 5 hrs.
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X Cl (after treltnent)b

0.93

1.03 (0.11)¢

0.80

0.88 (0.19)€

0.88 (0.20)€

7.56 (0.87)¢

(1.68)€

0.85

0.69

0.66

0.66

3.25

U. 66

0.98

0.69
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dechlorinated 100% THF,
reflux, 2 hrs.
THF extract from reflux, 2 hrs.
dechlorinated % extract 0.5%
coal
THF extract from reflux, 2 hrs.
dechlorinated % extract 0.5%
coal
THF extract from reflux, 2 hrs.
chlorinated coal % extract 14%
dechlorinated MeNH wash
dechlorinated MeOH wash
chlorinated MeOh wash
dechlorinated Phyrolysis
600°C, 1 hr.
dechlorinated Phyrolysis

600°C, 1 hr.

As received from JPL
Analyzed at CSMRI

Analysis of Cl~ from AgCl precipitate

1.03

1.03

9.91

0.98
1.29
1.8

1.29

1.29

0.71

2.31

2.69

19.5

0.88
1.04
1.58

0.189

0.104

Analysis at Cal Poly indicated that these values are indistingushable

from the background, 0%.
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APPENDIX F

Analysis and Laboratory Simulation of Coal Sulfur Control, Inc.
Process for Coal Desulfurization

The Coal Sulfur Control, Inc. process is described in detail in
Reference 1. The process consists of (1) a reactor stage in which a water
solution of 0.5 wt.X chlorine is mixed with an equal weight of coal and
agitated in an open vessel at 70°F for 25 minutes am' (2) the coal slurry is
then pumped to a water washer—separator unit in whiclt, upwelled water is
rising at the rate of 4 1nrches/minute and the coal slurry is being pumped to
the top of the washer-separator. The coal falls through the upwelled water
snd debris, soil and fine ash particles are carried up with the upwelled
water and across a weir to be dischargede. (3) the washed coal is discharged
from the washer separator, is dumped into a Moyno pump feed hopper for feed
to a solid bowl centrifuge. The coal is discharged in a relative dry state,
10-20X moisture, in the centrifuge coal product.

A laboratory simulation of the process in glassware was cnnducted by
JPL. The laboratory equipment schematic of the process is shown in Figure
F-lo

The result. of laboratory experiments simulating the Coal Sulfur
Control, Inc. process with Coals PSOC 282, 219 and a sample of the Dugger,
Indiana gob pile coal are included in Table F~l. The indication is that a
10-20% coal desulfurization occurs in the product coal with a small amount of
dirt and ash being carried out in the overflow water from the
washer-separator. No substantial amount of coal desulfurization was noted in
these experiments.
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Analysis of Coal Samples Obtained from Coal Sulfur Control, Inc.
Demonstration of Coal Desulfuiizatior Process on June 24, 1980
(Gob Pile Coal Obtained frors Dugger, Indiana)

Samples of the Dugger, Indiana Gob Pile Coal, product coal obtained from
the centrifuge and overflow solids from the washer-ueparator were obtained
during the demonstration of the Coal Sulfur Control, Inc. process described
in detail in Reference 1. The raw coal and centrifuge product coal were
analyzed by JPL and DOE for total sulfur. The JPL analysis was carried out
wiin a Leco acid-base unit. A more extensive analysis was carried out by the
Colorado School of Mines Rcwearch Institute Analytical Services laboratory.
The analyses included sultur forms, proximate, ultimate and ash composition
for the raw and product couls and the overflow solids from the
washer—separator unit. The data are recorded in Tables F~2 and F~3.

The total sulfur analysis of the raw and product coal by DOE, JPL and
CSMRI indicated a total sulfur content in the raw coal of 1.78-1.77 wt.X and
in the product coal of 1.60-1.84 wt.%, indicating no total desulfurization.
The sulfur forms analysis by the CSMRI indicated that the raw coal had a 0,64
wt.X sulfate content and the product coal had a 0.26 wt.X sulfate content,
indicating a substantial sulfate reduction due to the washing process, as
would be expected. The organic sulfur content however, increases from 1.05
wteX in the raw coal to 1.54 wt.X in the product coal. This is a consequence
of the ash reduction from 27.6X in the raw coal to 9.32 wt.X in the product
coal. The proximate and ultimate analyses of the raw and product coal
reflect the decrease in ash of the product coal relative to the raw coal.
Analysis of the ash between the raw and product coals, Table F-3, shows no

substantial difference in compositior. The ash composition is reported as
the oxides as a convenient means of reporting and does not reflect that the
oxides exist as represented. The pyritic sulfur content is less than 0.05
wt.X in both the raw and product coal. This reflects the aging and air
oxidation of the pyrites to the sulfate which can be easiy washed out by
dilute hydrochoric acid.

In summary, the Coal Sulfur Control, Inc. process appears to be a coal
washing process that promotes deashing and sulfate sulfur removal as would be
expected from a washing process. With gob piles of coal that have been
standing for years it would be expected that the majority of pyritic sulfur
was converted to sulfate sulfur and could be removed by an acid wash.
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Table F-3. ASH ANALYSIS - GOB PILE ODAL, DUGGER, INDIANA
(REPORTED AS OXIDES)

" Sample Ash Composition (wt.%)

§t02 Alzo-‘ '0203 Ca0 M'O N‘zo l(20 PzOs 1102 803
Rav Coal 62.1120.9 |5.33 1.6d 0.5¢ 0.47 Z.bﬁ 0.10]1.13 ] 2.41
Product Coal 61.8123.3 | 4.7 0. 4Q 0.611 0.36 | 2. 81 0.14 | 1.34 | 0.43

|
|
|
|
|

2t
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APPENDIX G
SUPPORTING COAL DESULFURIZATION RESEARCH
»Y
DR. WILLIAM MUELLER
SEPTEMBER 22, 1980

The following is a report on work done on coal to date. Three things
have been tried in connection with coal desulfurization. These are: 1)
electrolytic desulfurization via reactive intermediates; 2) chlorination
using supercritical CO, as a reaction mediunm; and 3) solvent ewelling of
coal, followed by replacement of the swelling solvent with s solvent inert to
chlorine, and chlorination of the resultant mixture. These experiments were
tried to determine whether electrolytic oxidation, a well-established
industrial process, might provide an advantage over other processes in
removal of sulfur from coal, and also to see whether supercritical fluid
media or solvent swelling would provide better access to reactive sites in
the coal structure. These experiments are detailed below.

Elec. ;olysis of Coal Suspensions

Since chlorine is made by electrolysis of codium chloride, it was
decided to generate chlorine or other oxidizing species directly from
electricity, thereby avoiding the need to produce and subsequently consume
chlorine. Persulfate salts are also produced commercially via electrolysis,
and the possibility of using persulfate generated in situ was briefly
examined. Finally, the use of sodium methoxide in methanol was investigated.
Methanol is reported to swell coal, and anodic oxidation of metiivxide
produces methoxyl radical, which can react analogously to chlorine radical in
a number of addition reactins. Methoxyl radical might be expected to di-
merize on the electrode, however the dimethyl peroxide thus formed would be
expected to be reactive toward sulfur atoms.

The experimental apparatus consisted of a glass beaker with a platinum
foil anode and stainless steel cathode, a magnetic stirrer, and a rectifier.
The following experiments were performed:

1) PSOC 276 coal (60g) was suspended in 1000ml of a solution of 10 wtX
NaCl in water. The mixture was electrolyzed . room temperature foi 6 hours
at a voltage of 4 volts and a current density of about 0.25 amps/in”.
Production of chlorine was tested with starch-iodide reagent. At first
chlorine was taken up rapidly; the experiment was run until a excess of
chlorine persisted for 1 hour. The pH under these conditions was initially
neutral and became slowly alkaline as reaction proceeded. At these
conditions of pH, little or no corrosion towards steel would be expected.
The coal was filtered, washed with 6N HCL, and dried in vacuum and then at
80°C for 20 hours. Net recovery was 56.7g (Sample No. 346-2-20A).

2)_The above experiment was repeated at 60-70°C at 6.0V and about 0.7
amps/inz for 20 hours to exhaustively chlorinate the coal. After washing
and drying as above, 54g of coal (90X) were recovered (Sample No.
346-2-20D).
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3) PSOC 276 coal (60g) was electrolxzcd in 50% aqueous ammonium
bisulfate (300ml) at 4V aad 0.25 amps/in“ for 20 hours. After washing and
drying, 55.9g were recovered.

4) Same as 2) above except the mixture was not heated, and the pH was
set at 7.5-10 with sodium carbonate. Under these conditions the chlorine
produced is converted to hypochlorite. Hypochlorite is not as relative with
carbon compounds as chlorine, and would be expected to show increased
selectivity toward sulfur (Sample No. 346-2-20E).

5) PSOC 276 coal (60g) was suspended in a solution made by adding

metallic sodium_(35g) to methanol (300ml). Electrolysis was for 20 hours at 6V

and 0.7 amps/inz. (Sample No. 346-2-20C).

Analytical rerults are tabulated below.

Analytical Results for Electrolyzed PSOC 276 Coal

Approx S
Process Sample Total Organic Pyritic Sulfate Removed, X
S _S S of initial §
Untreated  3.87 1.17 2.63 0.0¢ -
1 346-2-20A 3.09 1.28 1.81 <0.05 20
5 346-2-20C 3.06 1.12 1.94 <0.05 20
4 346~-2-20E 3.03 1.53 1.50 <0.05 20

The results basically show various degrees of removal of pyritic sulfur.
The variation in organic sulfur content, 40%, is within the variation found
for analysis of a single sample. Lowest total sulfur is found for 346-2-20D,
the only sample chlorinated at elevated temperatures. This result is
essentialy the same as that found for chlorination of coal in water at 60°C
using chlorine from an external source. Processes 4 and 5 may result in 40%
or more S removal if the temperature is increased.

Chlorination Using Supercritical CO, as Reaction Medium

Experimental apparatus consisted of an Autoclave Engineers Magnedrive
Autoclave of about 300ml. capacity and 10,000 psi working pressure capabili:y,
and an Aminco high pressure (10,000 psi normal) compressor. The autoclave was
provided with a gauge and inlet and outlet valves. Experiments were conducted
at about 35-40°C and 8-10K psi.

The procedure was as follows:

Twen({y grams of powdered coal were placed in a fine mesh stainless steel
basket, which was then placed in the autoclave. The autoclave was sealed and a
high purity chlorine was added t. the desired presscure through the bleed valve.
The bleed valve was closed and <arbon dioxide was pumped into the autoclave via
the inlet valve until the internal pressure was about 10K psi. (Critical point
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constants for CO, are 31°C and 1073 pei). Reaction was allowed to proceed
for about 1 hour, the pressure was reduced to atmospheric by opening the bleed
valve. The product was removed, heatad for an hour with 10% sodium carbonate
to hydrolyze any active chlorine, washed with distilled water, and dried.

Saople descriptions are as follows:

1) PSOC 219 coal, 100-200 mesh, treated with SCF CG,, no chlorine.

2) Same as 1), treated with a mixture of SCF o, anﬁ 20g 1,1,1-trichlor-
ethane.

3) PSOC 219 treated with 0.9g Cl, in SCF C0,.

4) Sawe as 3), treated with 1.9g Cl, ir SCF C0,.

5) Same as 3), treated with 3.2g Cl, 1in SCF CO,.

During the workup, it was noticed that considerable colored matter was
extracted from sample 5. Leco total sulfur analyses are tabulated below.

Total Sulfur Content of Samples Treated with SCF CO,

Sample Sample
Post Treatment 28 %Cl
1 none 2.66 0.18
1 Pyrolyzed @ 400°C 2,34 0.06
2 nos.e 2,02 0.14
2 Dechlorinated @ 400°C 1.006 0.08
2 " 1.01 0.03
3 " 1.01 0.44
4 " 1.28 0.40
5 " 1.12 0.28

Examination of the table reveals some interesting results. Samples 2, 3,
4, and 5 have essentially the same sulfur content, however the chlorine content
of chlorinated samples is higher than for unchlorinated, despite similar sulfur
contents. It appears that a simple physical process, i.e., extraction uvi coal
with trichloroethane in SCF C0,, can remove 60% of the coal sulfur content.
Mole ratios of Cl:S for samples 3, 4, and 5 are 1.6, 3.4 and 5.7 respectively.
The effect of washing with dilute sodium carbonate has not been examined. The
data may serve to indicate the importance of the physical state of the coal to
any chemical treatment.

Solvent Swelling and Subsequent Chlorination

PSOC 219 coal (20g, 100-200 mesh) was suspended in dimethylsulfoxide
(DMSO, 50ml). The temperature increased slightly, and after a few minutes a
semisolid gel was formed. Additional DMSO (50wl) was added; the entire volume
did not gel, and the gel volume was about twice the dry volume of the criginal
coal. 1,1,1-Trichloroethane was added in 25ml increments at intervals of at
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least 4 hours until the solvent ratio was DMSO:MeCCL,, 25:75. At this point
the coal was filtered, immediately covered with pure McCCL3. and ullowed to
stand overnight. The mixture was filtered, again immediately covered with
fresh PbCCL3. and equilibrated for 18 hocurs. The swollen coal volume
remained at about twice the original. MeCCL3 does not appreciably swell
coal, however by use of this solvent exchange technique it is possible to
obtain coal swollen by a solvent that is inert to chlorine.

The swollen coal was ple. ' in a 3-neck flask equipped with reflux
condenser, chlorine sparge tu':, ‘'‘nd sample removal port. The mixture was
heated to reflux (74°C), chlorine vas added at a rate such that excess was
present, and samples were removed at periodic intervals.

Results are tabulated below:

Chlorination of Swollen Coal Samples#

Time (ain.) %S % Cl

0 1.95 0.51
0 dechlorinated 2.32 0.66
10 2.32 1l.14
10 dechlorinated 2.41 1.09
20 dechlorinated 1.93 1.55
30 1.99% 2.90
30 dechlorinated 5.09% 3.94
60 4,10 2.71
60 dechlorinated 4,10% 1.72

# Untreated PSOC 219 coal contains 2.15X% sulfur and 0.12% Cl1.
* The indicator color became very pale, though the colors didn't change hue,
while the sample burned.

These results appear anomalous in that no desulfurization occurs, and in
fact an increase in sulfur content is shown by some samples. This being so,
these results probably do not merit serious consideration in the absence of
further verification.

Conclusions

It is possible to chlorinate coal under conditions approximating those
used to produce chlorine. Possible advantages of such a process versus
chlorination by previously produced chlerine include not having to handle
chlorine, noncorrosive reaction conditions, use of bLyproduct caustic to
hydrolyze S=Cl bonds and remove HCl, and production of byproduct hydrogen which
might be added to the coal. 1f chlorination appears to be a viable wmethod for
sulfur removal, a process variation of this type may be worth investigation.

The indicated 60X removal of svlfur from PSOC 219 coal using supercritical

002 and MeCCL, needs to be confirmed. Resulte of the coal swelling
experiment need further confirmation before any interpretation is warranted.
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