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ABSTRACT

Preliminary studies on Fluidized Bed Coal Desulfurization were conducted at
the Jet Propulsion Laboratory, California Institute of Technology, under the
NRC-NASA Associateships Program and JPL Director's Discretionary Fund for the
period December 14, 1981, through December 14, 1982.

Laboratory scale experiments were conducted on two high-volatile bituminous
coals in a bench scale batch fluidized bed reactor. Chemical pre-treatment
and post-treatment of coals were tried as a means of enhancing desulfuriza-
tion. Sequential chlorination and dechlorination-cum-hydrodesulfurization
under modest conditions relative to the water-slurry process were found to
result in substantial sulfur reductions of about 80%. Sulfur forms as well
as proximate and ultimate analyses of the processed coals are included.

These studies indicate that a fluidized bed reactor process has considerable

potential for being developed into a simple and economic process for coal
desulfurization.
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FOREWORD

This report is based on the experimental results of Fluidized Bed Coal
Desulfurization studies conducted at the Jet Propulsion Laboratory under a DDF
grant during the period December 14, 1981, through December 14, 1982. The
study covers chlorination, dechlorination and hydrodesulfurization of two high
volatile bituminous coals in a laboratory-scale batch fluidized bed reactor.

A follow-on program is planned that addresses itself to parametric estimation

and detaiied kinetjcs studies on coal desulfurization in a fluidized bed
reactor.
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I. INTROBUCTION

The Jet Propulsion Laboratory (JPL) initiated development of the Chlorinolysis
Process for Coal Desuifurization in 1976 under the JPL Director's Discre-
tionary Fund. The preliminary results of coal desulfurization by chiorin-
olysis attracted Bureau of Mines funding for a four-month laboratory screening
study of 12 bituminous, subbituminous and lignite coals obtained from the
Eastern, Midwestern and Western regions of the United States (Ref. 1). The
follow-on work in Phases II and III (Ref. 2 and 3) was funded by the United
States Department of Energy (DoE) and included substantial modification and
development of the process to provide process improvements and reduced process
costs. ’

Following Phase II and Phase III, a subsequent DoE-funded study titled "Coal
Desulfurization by Chlorinolysis-Production and Combustion Test Evaluation of
Product Coals" (Ref. 4) was conducted to determine the ignition and burning
characteristics of these coals at the Pennsylvania State "plane flame
furnace." These combustion test evaluations represent a "first" to any of the
chemical coal cleaning processes.

The current Fluidized Bed Coal Desulfurization Program was conducted under the
JPL Director's Discretionary Fund. Two coals, PSOC 276 (Pittsburgh coal from
Harrison County, Ohio) and PSOC 282 (I11inois No. 6 coal from Jefferson
County, I1linois) were chosen for the study. The study included several
chlorination, dechlorination and hydrodesulfurization tests in a laboratory
scale fluidized bed reactor. Some of the product coals as well as raw and
chlorinated coals were subjected to washing treatments. This report includes
the results of the laboratory fluidized bed reactor tests, the influence of
process parameters and product evaluation by LECO analyses for total sulfur iin
the laboratory, and more complete analyses carried out by the Colorado School
of Mines Research Institute (CSMRI), which were conducted from December 14,
1981 through December 14, 1982. :



IT. SUMMARY

This is the final report for the Fluidized Bed Coal Desulfurization studies
conducted at the Jet Propulsion Laboratory, California Institute of Technology
at Pasadena, California, under a JPL Director's Discretionary Fund (DDF) grant
for the period December 14, 1981, through December 14, 1982.

The scope of the work consisted of several phases: (1) design and fabrication
of a laboratory-scale fluidized bed reactor system for coal desulfurization;
(2) laboratory-scale tests consisting of sequential chlorination, dechiorina-
tion and/or hydrodesulfurization on two high-volatile bituminous coals; and
(3) assessment of the influence of pre-treatments to raw coals and chiorinated
coals, and post-treatment of processed coals on the extent of sulfur removed.

Laboratory-scale screening tests with PSOC 276 and PSOC 282 coals were used to
investigate: (1) the feasibility of coal desulfurization in the solid state,
(2) the effect of reaction time and temperature on chlorination, (3) the
effect of employing a mixture of nitrogen and chlorine during chlorination,
(4) the effect of reaction time and temperature during hydrodesulfurization
and dechlorination, (5) the influence of an alkaline wash to raw coal,
chlorinated coals and hydrodesulfurized coals, and (6) the specific advantages
of coal desulfurization in a gas fluidized bed reactor as compared to the
chlorinolysis process employing coal-water slurries.

Results of the studies indicate that: (1) the two coals studied could be
desulfurized to approximately the same levels achieved in the chlorinolysis
process by reacting dry coal in a sequential manner with chlorine, nitrogen
and/or hydrogen. Up toc 80% suifur reductions could be achieved in con-
siderably reduced times of reaction as compared to the chlorinolysis process.
(2) Prolonged chlorination or chlorination at higher temperatures did not
result in any enhanced desulfurization over chlorination for 15 min at 100°C.
In fact, chlorination for even 5 min resulted in substantial sulfur reduc-
tion. The exothermicity of coal-chlorine reaction made it possible to main-
tain the reactor at about 100°C without any external source of heating.

(3) Employing a mixture of nitrogen and chlorine in the ratio of 4:1 during
chlorination results in significant suifur removal in the process. Con-
sequently, considerably lower chlorine concentrations could be employed.

(4) Hydrodesulfurization of chlorinated coals at 700°C for 30 min was more
efficient in removing the sulfur from coal as compared to simple dechlorina-
tion employing nitrogen. Hydrodesulfurization for as short a period as 10 min
results in significant sulfur reductions. (5) Pretreatment of raw and
chlorinated coals, as well as processed coals with 1 M NazCO3 solution for
30 min substantially reduces sulfur emissions in combustion as indicated by
LECO analysis for total sulfur. (6) Coal desulfurization in the solid state
in a gas fluidized bed reactor has a tremendous potential over the chlorin-
olysis process employing coal-water slurries such as reduced reaction times,
lower chlorine requirement, Tower cost of processing and a simple process with
fewer processing steps.
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III. CONCLUSIONS AND RECOMMENDATIONS

Preliminary experimental results on coal desulfurization in a fluidized
bed reactor have demonstrated the potential of the process in providing a

simple and cost effective method of converting high sulfur coals to
environmentally acceptable solid fuels for the power plants and utility
boilers.

The results indicate that coal desulfurization achieved in the fluidized
bed process is comparable to that achieved in a coal-water slurry system.

Chlorination times as low as five minutes were found to result in desul-
furization levels of about 60%. This represents a substantial reduction
in the chlorination time as compared to the slurry process and hence the
reactor cost.

Because dry coal is used as the feed to the fluidized bed reactor, the
coal sulfur Teaves as gaseous species from the chlorination reactor,
which is likely to result in reduced chlorine requirement in the process.
This was also evident from the fact that a mixture of nitrogen and
chlorine in the proportion of 4:1 during chlorination did not signifi-
cantly reduce the extent of coal desulfurization. Because chlorine cost
represents a substantial portion of the overall process cost, the reduced
chlorine requirement will have a significant effect on the process
economics.

Dechlorination and hydrodesulfurization of the chlorinated coal has been
demonstrated in 10 minutes in the fluidized bed reactor which represents
a substantial reduction over the time required in the siurry process.

A fluidized bed reactor provides good mixing of the coal particles. and

contact between the gas-solid phase, thereby facilitating better process
control and isothermal operation.

Thermal efficiency of the overall process will be high because all the
reaction steps are brought about in the solid phase itself.

The reduction in processing steps and improved process control should
result in enhanced product yields and Tower costs.

While the feasibility of bringing about coal desuilfurization in a
fluidized bed has been clearly demonstrated, extensive development is
required to establish the optimum range of operating conditions.

Further fundamental work is required on fluidized bed coal desulfuriza-
tion to understand the basic chemistry and kinetics of the reactions
involved in the process. )



IV. COAL DESULFURIZATION

The ever increasing demand for energy, uncertainties associated with
resources of petroleum and natural gas, inherent problems with nuclear power
plants and current unfavourable economics of solar energy and biomass utili-
zation have been primary contributory factors for the renaissance of coal as
a sustainable energy resource for the next decade and beyond. However,
utilization of coal for power generation and process heat is beset with
environmental problems. The major problem with coal combustion units is that
associated with sulfur dioxide emissions although emissions of nitrogen
oxides, particulates and trace elements also contribute to environmental
degradation. In the Tast decade, several alternatives for controlling sulfur
dioxide emissions from coal combustion units have been proposed. These can
be broadly classified as:

{1) Use of low sulfur content coals.

(2) Pre-combustion physical and chemical coal cleaning.
(3) Retention of sulfur in the ash during combustion.
(4) "Post-combustion flue-gas cleanup.

Reserves of coal that contain sufficiently low concentrations of sulfur to
enable them to meet the present emission standard of 1.2 1b S05/106 Btu
(which corresponds to 0.7 wt% sulfur in coal with a heating value of ,
12,000 Btu/1b) are both Timited and restricted to specific geographical loca-
tions. In fact, only 12.3% of U.S. coal reserves are within this compliance
levei. The major recoverable fractions of Eastern and Midwestern U.S. coals
contain more than 2 wt¥% sulfur.

Precombustion physical coal cleaning to remove mineral matier is widely
practiced in the coal industry. By the conventional float-sink methods as
much as 60% of the pyritic sulfur in coal is also removed. However, a
significant portion of coal is also rejected along with the high density
material of high sulfur content., In addition, physical methods are not
effective in removing organic sulfur content of coal, which in certain cases
may constitute 50% of the sulfur in coal. Thus to decrease the sulfur con-
tent in coal to acceptable levels, it is necessary to remove both pyritic and
organic sulfur fractions by chemical methods. During the last decade several
chemical coal cleaning methods have been proposed. However, a majority of
these methods are applicable for the removal of only pyritic suifur, and no
chemical coal desulfurization process uniformiy applicable for the removal of
both inorganic and organic sulfur fractions in coal is as yet available
commercially.

Retention of sulfur during combustion employing dolomite, Timestone, etc., in
fluidized bed combustion units is studied widely. Chemical modification of
coal and incorporation of alkaline earth metals into the coal matrix as a
means of retaining sulfur in the ash have also been proposed.



Among the post-combustion gas-cleaning methods, the most widely adopted one
is flue gas desulfurization (FGD) employing wet scrubbers. However,
scrubbers generate large quantities of sludge, which must be disposed of
~economically. Also, in many instances scrubbers are unreliable, requiring
excessive maintenance. Consequently, the cost of a FGD facility represents a
substantial proportion of the equipment cost of a coal-fired power plant, and
this proportion was found to increase as the size of the plant decreases,
thereby making FGD prohibitively expensive for small utility boilers. Dry
scrubbers overcome some of the problems associated with wet scrubbers.

The economical production of coals that comply with environmental regulations
for SO2 emissions remains the main incentive for the development of

chemical coal cleaning processes. However, many of the chemical treatment
methods remove only up to 40% of the organic sulfur, which limits their
application. In add1t1on, while the New Source Performance Standards {NSPS)
of 1.2 1b 502/10 Btu could be met by most of the chemical coal cleaning
methods, a majority of these methods may not be effective in meeting the
revised NSPS of 1979, which stipulates 90% reduction in potential SOp
emissions. However, recent research effort in chemical coal cleaning has
resulted in the development of processes capablie of removing sulfur levels
exceeding 90 wt%. DOE is currently evaluating three processes as prime
candidates for coal desulfurization: JPL's Low-Temperature Chlorinolysis
process, TRW's Gravimelt process and General Electric's Microwave process.
However, commercialization of chemical coal cleaning technology may be
delayed by economic factors.

JPL initiated work on coal beneficiation and coal desulfurization a few years
ago. An outgrowth of this activity is the JPL Low-Temperature Chlorinolysis
Process for coal desulfurization. The initial laboratory studies indicated
that the process was capable of removing up to 70% total sulfur from an
I11inois No. 6 bituminous coal. Since then the process has been considerably
modified. A recent process modification involves aqueous phase chlorination,
followed by solid phase dechlorination and/or hydrodesulfurization, which is
capable of removing up te 90% of the total amount of sulfur.



V. SULFUR IN COAL

Sulfur in coal exists primarily in two forms, inorganic and organic, in

almost equal proportions. The average sulfur content in coals varies from
0.5 to 7%, depending on the source and location of the deposit.

The major constituent of inorganic sulfur is iron sulfide, FeS,, commonly
known as pyrite although it may occur in different crystalline states such as
pyrite (cubic) and marcasite (orthorhombic). The other forms of inorganic
sulfur in coal are sulfate sulfur and elemental sulfur, which are normally
present in very low concentrations. Sulfate sulfur occurs mainly as gypsum
and iron sulfate, the latter resulting from the oxidation of pyrites during
storage and exposure. The low concentration of sulfate sulfur, together with
its solubility in water, makes it of 1ittle consequence during coal cleaning.
The concentration of elemental sulfur in coal is also very smail. Pyrite in
general is believed to be present as a discrete phase in coal, which inci-
dentally facilitates its removal by float-sink methods. However, with very
fine particles even compliete pyritic sulfur removal is not possible.

Organic sulfur in coal is thought to be uniformly distributed and firmly
bound to the coal matrix. Limited information exists on the specific organic
sulfur compounds and their distribution in various coals. It is generally
accepted that a major proportion of organic sulfur in coal is made up of the
following functional groups:

{1) Aliphatic or aromatic R-SH
Thiols (Mercaptans, Thiophenols) Ar-SH
(2) Aliphatic or aromatic sulfides R-S-R
and mixtures of these (Thioethers) Ar-S-Ar
R-S-Ar
{3) Aliphatic or aromatic disulfides R-5-S5-R
and mixtures of these (Bisthioethers) Ar-5-S-Ar
R-S-S-Ar
(4) Heterocyclic compounds of the [:]::[:j
thiophenic type (Dibenzothiophene)
S

Analysis of coals for organic sulfur fractions has shown that Tignite and
high-volatile bituminous coals contain relatively higher concentration of
thiols and also that higher ranked coals have a higher proportion of
thiophenic sulfur. More extensive classification and characterization of
coals, particularly for organic sulfur components and their quantitative
distribution, are needed. In general, there is a Tack of understanding of
the chemical reactions involving organic sulfur in the different chemical
coal cleaning processes, which is partly due to the nonavailability of ana-
lytical techniques for the direct determination of organic sulfur. Recent
studies on desulfurization of model organic sulfur compounds of the type



believed to be present in coal by some of the proposed processes have shown
that many of these compounds are unreactive and that more fundamental
research work is needed to understand the nature of the precise organic

sulfur species in coal and their reactivities under different desulfurization
conditions.



VI. CHEMICAL COAL CLEANING METHODS

Among the various methods that have been proposed for controlling the SOz
emissions from coal fired power plants, precombustion coal desulfurization
offers several potential advantages over flue gas desulfurization. In the
past decade several processes have been proposed for extracting pyritic and
organic sulfur from coal. There are also as many processes that are modifi-
cations of a process or a combination of different processes. However, most
of these could be classified into a few groups based on the chemistry of the
reactions involved in the process:

(1) oxidation reactions.
(2) displacement reactions.
(3) reduction reactions.

A further classification is also possible, depending on whether the reactions
are brought about in the Tiquid phase or in the solid phase. However, very
few studies of the latter type are reported. In general, in the liquid phase
methods, the sulfur in coal is transformed into a soluble form,

The exposure of coal to air results in a slow oxidation of pyrite to the
sulfate, which is water soluble. A majority of the processes reported for
the remova1 of pyritic sulfur in coal are aimed at enhancing this natural
process of oxidation. Oxidatants ranging from metal ions (Fe3 ) to strong
acids (HNO3), oxygen, air, SO2, Clp, Ho0p, NOp, etc. have been :
employed for this purpose. The PTEC oxydesulfurization process, AMES wet
oxidation process, LEDGEMONT oxygen leaching process, ARCO-promoted oxydesul-
furization process, TRW Meyers desulfurization process, and JPL chlorinolysis
process, among others, all involve oxidizing the sulfur fraction in coal to
suifuric acid or to a soluble sulfate. There is a wide variability in
processing conditions and in the removal efficiencies among the various
processes. The JPL Low Temperature Chlorinolysis process is, however, one of
the few processes capable of removing both inorganic and organic sulfur from
coal.

Processes based on the displacement of sulfur, such as the Battelle Hydro-
thermal process, TRW Gravimelt process, and the General Electric Microwave
process involve heating coal with sodium hydroxide to remove the sulfur in
the form of sulfides and polysulfides. The TRW Gravimelt process, in

- addition to removing sulfur, also removes substantial quantities of mineral
matter from coal. However, one major disadvantage of using caustic is that
tae Exc?ss sodium retained in coal may cause severe ash slagging problems in
the boiler.

Among the processes based on reduction, mention may be made of the IGT flash
desulfurization process for producing chars. The process involves prelim-
inary air oxidation of coal to facilitate suifur removal in the subsequent
hydrodesulfurization step. A sulfur acceptor such as calcium oxide or iron
oxide was found to limit the hydrogen consumption during the latter step.



Many of the chemical coal cleaning processes described above were found to be
effective for the almost total removal of pyritic sulfur and partial removal
of organic sulfur. Onr the basis of total sulfur removals claimed, most of
these processes are capable of desulfurizing a large number of coals 16 meet
the 1971 U.S. NSPS for SOs emissions (1.2 1b/106 Btu) while only a few

may be able to satisfy the revised 1979 standard, which stipulates 90% reduc-
tion in potential SO2 emissions to the atmosphere, irrespective of the
initial sulfur content of coal. There also exists some uncertainty regarding
the extent of organic sulfur removal achieved in these processes primarily
because of the lack of precise analytical methods for the direct deter-
mination of organic sulfur in coal. 1In practice, the actual reduction in
organic sulfur may be much Tower than claimed. Consequently, there is a need
for a better understanding of the sulfur forms in coal and a more realistic
appraisal of the cost and efficiency of the chemical coal cleaning processes.

A.  COAL DESULFURIZATION BY CHLORINE

Chlorination of coal was initiaily studied for producing non-caking
coals and chlorohydrocarbons. Coal desulfurization by chlorination was
first reported in 1964 when coal was chlorinated in an aqueous media at
25°C. Only poor sulfur removal was achieved. Subsequent studies on
desuifurization by gas phase chiorination of coal at high temperatures
and elevated pressures resulted in better sulfur removals. However, the
sulfur reductions were accompanied by higher coal losses and high
chlorine retention in product coals.

Development of the chlorinolysis process for coal desulfurization began
in 1976 at JPL. There are two basic variations of the process although
both are based on the oxidation of sulfur by chlorine. The original
version employed methyl chloroform as the reaction medium during
chiorination, which was later substituted by water. A more recent
version of the process consists of:

(1) Chlorination of an aqueous coal slurry (water:coal 2/1) at 60°C for
45 min (S/Cly 1/8 by wt).

(2) Filtration - wash of chlorinated coal (coal:water 1/2).
(3) Dechlorination of dry coal with No at 400°C for 1 h.
(4) Advanced dechlorination with Hy at 650°C for 1 h.1

The chemistry of the process is somewhat compiex, but based on the
sulfur bond scission in organic compounds, may be illustrated as follows:

Lthis step enhances the total sulfur removal to the level of 90%.
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The sulfur-chiorine bond and its chemical and physical properiies are
affected in a significant manner by unshared electron pairs and vacant
d-orbitals on each atom. Both sulfur and chlorine have unshared elec-
tron pairs available for donation to another moiecule. In addition,
because sulfur and chlorine are second-row elements, they have empty
d-orbitals that may be used to accept unshared eleciron pairs from other
molecules. Molecules containing S-C1 bond may thus act as electrophiles
or nucisophiles, depending on the circumstances.

The sulfur-chliorine reactions during chlorinolysis are summarized as
follows:

1.  Pyritic Sulfur

FeSo + 2C1» — FeClp + Sp Clp
2 FeSp + 7 €1 ————— 2 FeCl3 + 4 SClp
2 FeSp + 10 SCis s 2 FeCl3+ 7 S5Cls

SoClyp + 8 HoO + 5 Clg ————— 2 HpS0g + 12 HC
FeSo + 7 Cip + 8 Hp0 ————————= FelCla + ZHpS0g + 12 HCT

The overall reaction is assumed to proceed as:
2 FeSp + 15 Clg + 16 Hp0 ——— 2 FeCl3 + 4H504 + 24 HCI

2. BOrganic Sulfur

C~-S Bond Clevage:

H+
R-S-Rl+ 1%+ ¢17 == RsC1 + RIC]

where R and Rl represent hydrocarbon groups.
S-S Bond (electrophilic clevage)
H+
RS - SR1 + C1* + €17 Z—————> RSC1 + RISC1

Oxidation of sulfenyl chloride to sulfonate or sulfaie is assumed
to proceed as:

Clo, Ho0 Ho0
RSC1T » RS02C1 ————RS03H + HC1

RSC1 + 2 C1p + 3 Hp0 ~—~———=RS03 H + 5 HCT
or ’
Cip, Hy0

RSC1 > RS02C] - S04~ + RC]
C1p, Hz0

RSCT + 3 Clp + 4 Hp0 —— = RCT + HpS504 + 6 HC1

10



All these reactions are exothermic in nature and proceed favor-
ably at low temperatures. In the presence of water and excess
chlorine, sulfur dichloride is readily converted to sulfuric and
hydrochloric acids.

COAL DESULFURIZATION IN THE SOLID PHASE

Coal desulfurization by treatment with different gases at elevated
temperatures was reported by several investigators (Ref. 5 through 8).
Early interest in such treatments was mainly for the production of
metallurgical coke. Sulfur removal during carbonization was studied in
both inert and reactive environments such as oxygen, hydrogen, steam,
etc. Iron pyrites decomposes when heated, releasing half of its sulfur,
while one-fourth to one-third of the organic sulfur is converted to
hydrogen sulfide (Ref. 9 and 10).

Snow (Ref. 11) treated coal in various reactive gases and found hydrogen
to be most effective. Pyrite reacts with hydrogen in two stages. The
first stage of conversion of pyrite to ferrous sulfide begins at about
400°C while the subsequent reaction leading to the formation of elemen-
tal iron takes place at much higher temperatures. However, hydro-
desulfurization of coal is strongly inhibited by the presence of hydro-
gen sulfide in the gas-phase (Ref. 12 through 14)}.

Treating coal with hydrogen at high temperatures {>900°C) is very
effective in the removal of organic sulfur, but the accompanying coal
Tosses are substantial.

Several investigators have reported desulfurization of coal with oxygen
and oxygen carriers and found that mainly pyritic sulfur was removed
under the oxydizing atmosphere. One ‘exception is the KVB or Guth
process (Ref. 15) where the oxidation of sulfur compounds is brought
about in the solid phase by using NO2 followed by a caustic wash to
remove up to 40% of organic sulfur. NOs is reported to selectively
oxidize part of the pyritic and organic sulfur in coal. Block, et. al.,
(Ref. 16) reported that 87% pyritic sulfur was removed in a fluidized
bed reactor at 600°C. Sinha and Walker (Ref. 17) reported that 90% of
pyritic sulfur was removed in 10 min at 450°C while Jacobs and Mirkus
(Ref. 18) in their studies on fluidized beds using steam-air mixtures
found 60 to 70% sulfur reductions in 20 to 60 min at 510°C. Huang and
Pulsifer (Ref. 19) found that the mechanism and extent of sulfur removal
depends essentially on temperature and gaseous environment. At
temperatures below 600°C desulfurization is achieved mainly by pyrolysis
and release of volatile matter, while above 600°C hydrogen directly
reacts with organic sulfur.

Thus, in principle, pyritic sulfur can be removed by oxidation and

organic sulfur by reduction. However, neither of these methods is used
to any great extent because of significant losses in coal heating value.

i1



The earliest application of chlorine to remove sulfur from pyrites in
the solid phase dates back to 1939 (Ref. 20). The authors reported an
85% removal of sulfur by treating FeS; with Clp at 300 to 400°C.
Another investigation claims that chlorine removes 95% of the sulfur
from pyrites at 600°C (Ref. 21).

The present investigation was undertaken to study the feasibility of
bringing about the desulfurization reactions in the solid phase by
reacting gaseous chlorine with dry coal. Because the sulfur-chlorine
reactions are exothermic, a fluidized bed reactor was chosen for the
study as it is known to faciiitate good solids mixing and isothermal
operation. The main objectives of this investigation are:

(1) To study the effect of sequential chliorination, dechlorination
and/or hydrodesulfurization of selected coals on total sulfur
reductions in a fluidized bed reactor.

{2) To assess the influence of a wash of raw, chlorinated and desui-
furized coals on the sulfur remaining in the product coals.

12



VII. LABORATORY SCALE COAL DESULFURIZATION EXPERIMENTS
IN A BATCH-FLUIDIZED BED REACTOR

SELECTION OF COALS

Two bituminous high volatile coals were selected for the present study;
PSOC 276 (Ohio No. 8) and PSOC 282 (I1linois No. 6). These were
extensively studied in the laboratory-scale and bench-scale ¢hlorinol-
ysis experiments.

Five tons each of these coals obtained from the mine site as part of the
earlier program, were ground and classified by the Corosil Corporation,
Corona, California. For the laboratory scale experiments the ground
coals were sieved to the required size, using a Sweco Vibro-Energy
separator equipped with 60, 100 and 200 mesh stainless steel screens.

Results of sulfur forms and proximate and ultimate analyses by the ASTM
approved methods at the Colorado School of Mines Research Institute are
presented in Tables 1 and 2.

EQUIPMENT, OPERATING PROCEDURES AND METHODS OF ANALYSES

1. Equipment

A schematic of the experimental setup employed in the present study
is shown in Figure 1. Figure 2 presents details of the fluidized
bed reactor. The experimental set-up essentially consists of a
preheater, reactor proper, reflux condenser and a scrubber, along
with appropriate devices for measuring gas flows, and for
controlling temperature.

The preheater, which is made of 1/2 in. 1.D. x 30 in. stainless
steel tube, is wound externally with a heating tape. One end of
the preheater 1is connected to the reactor while the other end is
connected to the gas inlet line. Temperature in the preheater is
maintained at 50°C by a transformer, and the temperature is
measured by a chromel-alumel thermocouple connected to a Hoskins
Pyrometer.

The reactor is made of 1 in. I.D. x 24 din. quartz tube. A porous
silica plate fused to the bottom end of the reactor serves as a gas
distributor and support for the solids in the reactor. One end of
the reactor is connected to the preheater while the other end is
connected to solids disengaging section. The reactor is provided
with a thermowell and tappings for pressure drop measurement. The
bottom half of the reactor is enclosed in close fitting Thermcraft
RH 212 Electric Heaters (264 W, 57.5 V). Temperature in the
reactor was controlled by connecting the heaters and a Pt/Pt+13% Rh
thermocouple to an OMEGA Model 49 ON-OFF Proportioning Temperature

13



Table 1.

Characteristics of Raw-Coals Employed in the Studies

PsSoC
No.

Coal Type, Seam
County, State

Size
Tyler Mesh

Forms of Sulfur, wt%a’b

Organic

Pyritic

Sulfate

Total

TJotal
Sulfur,
wt%D»C

276

High Volatile,
bituminous Pitts-
burgh coal from

Harrison County,
Ohio, George Town,
No. 24 Mine

-60 + 100

2.63

0.06

3.87

3.75

282

High voiatile,
bituminous I11inois
No. 6 coal from
Jefferson County,
I11inois, No. 6

Mine, {Washed)®

-60 + 100

0.75

0.43

0.36

1.54

1.58

4 Determined by the Colorado School of Mines Research Institute (CSMRI).

b Dry basis.

© LECO analysis.
d Unwashed coal had 2.2 wt% total sulfur.

Controller.

ON-OFF Temperature Controller.
recorded separately by means of an iron-constantan thermocouple

This was later replaced by a Wheel Co. Model 401

Temperature in the reactor was also

connected to a Honeywell recorder.

The reactor outlet is connected to a reflux condenser for
collecting any volatile components that may be present in the out-

let gases.

The outlet gases from the reactor were scrubbed with 1 M Nap-
CO3 solution before they were finally vented into the atmosphere.

The reactor system after assembly was checked for leaks, flow-meter
calibration, and satisfactory performance of heaters and temper-

ature coniroiler.
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Table 2. Proximate and Ultimate Analyses of Raw Coals Employed in the Studies
Proximate Analysis, wt%2 Ultimate Analysis, wtg®
Heating
Volatile | Fixed b Value,© d
Coal Matter Carbon | Ash Moisture Btu/1b C H S N cl 0 Ash
PSOC 276 37.2 51.3 11.5 1.89 12,755 71.6 | 5.67 | 3.91 1.28| 0.16 | 5.87 11.6
PSOC 282 33.8 59.5 6.70 3.10 13,092 74.8 1 4.82 { 1.60 | 1.69{ 0.47 | 9.92 | 6.70
aDry basis.
bAs determined basis.
“High heating value, dry basis.
dLECO Analysis gave 0.178% and 0.478% for PSOC 276 and PSOC 282 Coals, respectively.
25
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Fluidijzation Experiments

Initially, fluidization characteristics of coal were assessed. For
this purpose graded sizes {-60 + 100 and -100 + 200 Mesh) of PSOC
276 and PSOC 282 coals were émployed in the fluidization experi-
ments. 50 g of dry coal of a known particle size were taken in the
reactor and the flow rate of nitrogen was gradually increased. The
onset of fluidization and solids mixing in the reactor were
visually observed. Pressure drop and bed expansion at each flow
rate were noted. A constant pressure drop and vigorous mixing of
solids in the bed were taken as indicative of fluidization. The
pressure drop was also noted while the flow rate was decreased.

The experiments were repeated using hydrogen as the fluidizing
medium. Representative plots of pressure drop versus volumetric
flow rate are presented in Figures 3 and 4. The minimum fluidiza-
tion velocity was also calculated using the following equation
applicable for small particles.

dp? {Ps - Pg) g

Unt = 16500
where,
Umf = minimum fluidization velocity, cm/s
dp = mean particle diameter, cm
®s = solids density, g/cm3
pg = fluid density, g/cm3
g = local acceleration due to gravity, cm/s2
p = fluid viscosity, g/cm s

From the minimum fluidization velocity the corresponding volumetric
flow rate was calculated as follows:

H

Q=UmeA
where,
Q = volumetric flow rate, cm3/s
A= cross sectional- area of the bed, cml

18
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The minimum fluyidization velocities calculated using the above
equation and those computed from .pressure drop data are presented
in Table 3. For the size fractions employed, there was no signifi-
cant carryover of coal particles in the exit stream. The actual
flow rates employed in the desulfurization experiments are
presented in Table 4.

Desulfurization Experiments

The desulfurization experiments consisted of successive chlorina-
tion, dechlorination and/or hydrodesuifurization of selected coals
for varying time intervals and temperatures in the fluidized

state. The effect of employing a mixture of nitrogen and chlorine

(4:1) and pre- and post-ireatments to coals were also assessed. A

process flow diagram of the treatments is presented in Figure 5.

The experimental procedure is as follows: 50 g of coal of the
required particle size are loaded into the reactor and fluidized
with nitrogen. After ensuring that the entire system is func-
tioning properly and the preheater has reached the required
temperature, the chlorination experiment is started by substituting
chlorine as the fluidizing medjum at the predetermined flow rate.
During the initial stages of chlorination, the temperature of the
bed rose sharply. However, the vigorous mixing of the soTids in
the reactor prevented local hot spots. With proper insulation the
reactor temperature could be maintained uniformly at about 100°C
without supplying any additional heating. DBuring preliminary runs
using coal as received (without drying) it was observed that the
bed tends to consolidate as a consequence of the exothermic sulfur-
chlorine reaction, resulting in defluidization and pressure buildup
in the reactor. This problem was overcome by employing dried coal
(dried at 100°C overnight) in all the subsequent experiments. The
chlorination experiments lasted from 5 to 15 min. Unreacted
chlorine and the products of chlorine-sulfur reactions are absorbed
in 1 M NapC03 solytion in the scrubber.

After chlorination, nitrogen is substituted as the fluidizing
medium and the reactor temperature is set to the required level.
After the reactor attained the required temperature (400 to 600°C),
dechlorination is carried out for time intervals varying from 10 to
60 min.

For the hydrodesulfurization step, the reactor temperature is set
to the required level while still being fluidized with nitrogen.
After the reactor attained the required temperature, hydrogen is
substituted as the fluidizing medium and the hydrodesulfurization
of coal 1is carried out for time intervals ranging from 10 to 30 min
in the temperature range of 500 to 700°C.

After completing the hydrodesulfurization experiment, the heaters
are switched off, hydrogen flow is stopped and nitrogen is once
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Table 3. Calculated and Observed Values of Minimum Fluidization Velocity, Uys

Calculated Upys,
cm/s Observed Uy, cm/s
Mean
Size Particle Nitrogen Hydrogen

Fraction | Diameter,
Tyler Mesh cm N2 C]2 H2 PSOC 276 | RSOC 282 | PSOC 276 | PSOC 282

-60 + 100.] 0.01995 | 1.99 | 2.681{ 3.98 1.81 2.14 2.72 2.72
-100 + 200{ 0.01115 | 0.62 }0.84( 1.26 0.76 0.79 1.03 1.03

Table 4. Actual Flow Rates Employed in the Experiments, -60 + 100 Tyler Mesh

Fluidizing Gas Flow Rate, 1/min
Chlorine ' 0.610
Nitrogen 0.600
Hydrogen 0.900
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again substituted as the fluidizing medium. The reactor is cooled
to room temperature in a nitrogen atmosphere.

After the experiment, the reactor is disconnected from the system
and the reacted coal is collected and stored for subsequent

analyses.

In some cases, raw coal, chlorinated coal, and product coal are
subjected to a washing treatment consisting of water wash and
carbonate wash. For a water wash, the sample is soaked in
distilled water with occasional stirring for 30 min after which the
coal is filtered and dried overnight at 100°C. 1In & carbonate
wash, the sample is soaked in 1 M Nay(03 solution for 30 min

with frequent stirring, after which the coal is filtered, washed
repeatedly tiill the washings are neutral to litmus and dried at
100°C overnight. :

- A safety and operating procedure for the fluidized bed coal desul-

furization experiments is presented in Appendix A.

Methods of Analysis

a. Analysis of Sulfur Forms in Coal

Raw coals and some of the processed coals were analyzed for
sulfur forms by ASTM approved methods at the Colorado School
of Mines Research Institute. Appendix B gives the details of
analysis methods.

b. Proximate and Ultimate Analyses of Coal

Selected desulfurized coal samples were submitted to the
Colorado School of Mines Research Institute for long proximate
and ultimate analyses by ASTM-approved methods.

C. Estimation of Total Sulfur in Coal

Processed coals immediately after the desulfurization experi-
ments were analyzed by a modified LECC Method for total
sulfur. Details of the method are given in Appendix C. This
routine analysis in the laboratory provided a rapid estimation
of the total sulfur needed for planning further experiments.

A more complete analyses for total sulfur and sulfur forms
were carried out by CSMRI as indicated in (a) and (b) above.
During the earlier work in this laboratory it was observed
that the estimations of total sulfur by LECO and the Eschka.
methods were in general in good agreement, as shown in Table 5.

24



Table 5. LECO Acid-base Analysis vs. Eschka® Analysis for Total Suifur

Total Sulfur

Total Sulfur

by LECO, by Eschka, Difference
Run No. wt?% wti LECO - Eschka
B14 1.42 1.54 -0.12
L2 1.56 1.54 +0.02
B17 1.48 1.54 -0.06
LS 1.31 1.54 -0.23
L42 0.48 0.57 -0.09
B22 0.72 0.88 -0.16
B38 1.72 1.58 +0,14
L.30 0.63 0.61 +0.02
L38 0.22 0.29 -0.07
L44 1.24 1.22 +0.02
L48 0.53 0.55 -0.02
.49 0.78 0.78 0.00

@ Conducted by CSMRI.
b Epom Phase 11T Report (Ref. 3).
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