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ABSTRACT

The Midwest Ore Processing Co. (MWOPC) has reported a precombustion

coal desulfurization process using perchloroethylene (PCE) at 120°C

to remove up to 70% of the organic sulfur. However, the process is

reported to be more effective for Ohio and Indiana coals than for
Illinois coals. Also, the high levels of organic sulfur removals

observed by the MWOPC may be due to certain errors involved in

interpreting data from the American Society For Testing and
Materials (ASTM) forms-of-sulfur analysis. The purposes of this

research were to independently confirm and possibly to improve the

organic sulfur removal from Illinois coals with the PCE desulfuriza-

tion and to verify the ASTMforms-of-sulfur determination for eval-
uation of the process. An additional goal was to develop a dechlor-

ination procedure to remove excess PCE from the PCE-treated coal.

A laboratozy scale operation of the MWOPC PCE desulfurization
process was demonstrated, and a dechlorination procedure to remove

excess PCE from the PCE-treated coal was developed. We have deter-

mined that PCE desulfurization removes mainly elemental sulfur from

coal. The higher the level of coal oxidization, the larger the
amount of elemental sulfur that is removed by PCE extraction. The

increased elemental sulfur during short-termpreoxidation is found

to be pH dependent and is attributed to coal pyrite oxidation under

acidic (pH<2) conditions. The non-ASTM sulfur analyses confirmed

the hypothesis that the elemental sulfur produced by oxidation of
pyrite complicates the interpretation of analytical data for PCE

process evaluation when only the ASTMforms-of-sulfur is used. When

the ASTMmethod is used alone, the elemental sulfur removed _;ring

PCE desulfurization is counted as organic sulfur. A study using
model compounds suggests that mild preoxidation treatment of coal

described by MWOPC for removal of organic sulfur does not produce
enough oxidized organic sulfur to account for the amounts of sulfur

removal reported. Furthermore, when oxidation of coal-like

organosulfur compounds does occur, the products are inconsistent

with production of elemental sulfur, the product reported byMWOPC.
Overall it is demonstrated that the PCE process is not suitable for

organic sulfur removal and that the ASTM forms-of-sulfur is not a
reliable method for forms--of-sulfur of weathered coals.

(U.S. DOE Patent Clearance is NOT required prior to the publication

of this document. )__ _,___ i!!,,_,_ n_
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EXECUTIVE SUMMARY

The development of economical and practical processes to

remove both organic and pyritic sulfur under mild reaction

conditions would be highly beneficial to the Illinois coal

industry. The Midwest Ore Processing Co. (MWOPC) has reported

a precombustion desulfurization process operating at 120°C
using perchloroethylene (PCE) to remove up to 70% of the

organic sulfur as elemental sulfur. The MWOPC stresses the

importance of oxidation and drying conditions as well as

temperature control. The process is reported to be effective

in extracting organic sulfur and separating pyrite fines from

coal by float-sink techniques; the process can be operated at

low temperatures with minimal loss of solvent and is reported

to effectively remove organic sulfur from high-sulfur coals

obtained from Ohio and Indiana. However, it has not yet

proven to be as successful with Illinois coals. The MWOPC

process evaluation was based on the interpretation of ASTM
data.

Over the past few yea_s, the Illinois State Geological Survey

(ISGS) and Eastern Illinois University (EIU) have jointly

developed analytical methods to measure forms of sulfur in the

PCE extracts from PCE extraction of high-sulfur Illinois

coals. Some elemental sulfur and limited amounts of organic

sulfur have been removed from oxidized Illinois coals during
these studies; however, these sulfur removals (<32%) were much

lower than those reported by the MWOPC (>43%). Several

hypotheses may explain these differences, but until recently,

no conclusive experimental evidence has been reported. MWOPC

assumed that organic sulfur removal was due mainly to the

removal of aliphatic sulfur, and that the aliphatic sulfur

component of organic sulfur in the Illinois coals may be less

than that of the other coals tested. We have postulated that

certain errors in interpreting ASTM data may result in MWOPC's

higher reported organic sulfur removal.

One hypothesis underlying the ASTM analysis is that the

elemental sulfur extracted by the PCE may be that derived from

pyrite oxidation during coal preoxidation, not organic sulfur

removed by the PCE. The ASTM forms-of-sulfur analysis does
not distinguish between organic sulfur and elemental sulfur.

Another hypothesis is that preoxidation of coal may convert

pyrite into PCE-extractable sulfur, and a pyrite-derived form

of iron not extractable by HCI but extractable by HNO 3. If

so, this iron would be counted as pyritic sulfur during the

ASTM analysis. Since the ASTM "pyritic sulfur" appears to

remain constant after PCE extraction and the ASTM organic
sulfur is obtained as a difference between total sulfur and

the sum of pyritic sulfur and sulfatic sulfur, this

calculation would lead to an error in interpreting the ASTM

results, making it appear that the removal of sulfur by PCE

extraction is organic in nature.



The goals of this research were: (i) to independently confirm

and possibly to improve the organic sulfur removal from

Illinois coals with the PCE desulfurization process developed

by the MWOPC, (2) to verify the ASTM forms-of-sulfur analyses
for evaluating the PCE desulfurization process, and (3) to

develop a procedure to remove excess PCE from PCE-treated

coals. This was a joint effort by the ISGS, EIU, the

University of Illinois at Urbana/Champaign (UI-UC), and the

University of Kentucky (UK) . Tasks 1 to 5 were completed in

the first year, and tasks 6 to 8 were carried out in the

second year.

The preliminary PCE desulfurization was evaluated by measuring
the level of total sulfur reduction in the PCE-treated coals

using ASTM procedures and by measuring the amounts of
elemental sulfur obtained in the PCE extracts. The removal of

elemental sulfur from coal is reported by MWOPC to be enhanced

by a preoxidation treatment. These results were confirmed in

this study. The extractable elemental sulfur obtained in this

study from a long-term ambient oxidized IBC-104 coal is 25 to

75 times greater than that from the unoxidized or short-term

oxidized IBC-104 coal samples. Also, a dechlorination

procedure to remove excess PCE from PCE-treated coals was

developed.

Larger scale PCE desulfurizations on 50 grams of a short-term

and a long-term ambient oxidized IBC-104 coal, and on an

ambient oxidized Ohio 5/6 coal were conducted to obtain enough

sample for ASTM analysis, non-ASTM sulfur analyses and a mass
balance analysis. The results from the mass balance calcula-

tion indicate that 96% of all the sulfur and greater than 95%

of all the iron were accounted for during our PCE

desulfurization tests with both long-term ambient-oxidized
IBC-104 coal and Ohio 5/6 coal.

The data from non-ASTM sulfur analyses including Sulfur K-edge

X-ray Absorption Near Edge Structures Spectroscopy (XANES)

analysis were examined and compared to that of the ASTM

analysis. XANES analyses indicate that PCE desulfurization

removes all the elemental sulfur' from coals, but, organic
sulfur (organic sulfide or thiophenic sulfur) in coal was not

removed by PCE extraction. This observation was supported by
a separate wet chemical method. The method uses a lithium

aluminum hydride (LAH) reduction to eliminate the interference

of elemental sulfur during a combustion technique for the
determination of organic sulfur. During short-term oxidation

tests, Ohio 5/6 coal appears to more readily produce elemental
sulfur than Illinois coal. Oxidation of coals was found to

facilitate subsequent PCE desulfurizations, and the higher

elemental sulfur content in the Ohio coal results in higher
apparent removal of organic sulfur by PCE extraction when

monitored by the ASTM forms of sulfur method. Data from x-ray

diffraction spectroscopy indicate that sulfate in long-term
ambient oxidized IBC-104 coal exists mainly as gypsum
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(CaSO 4 • 2H20), whereas, sulfate in oxidized Ohio 5/6 coal

exists mainly as szomolnokite (FeS04 • H20).

PCE desulfurization was examined under various short-term

oxidation conditions. The results show that the increase in

elemental sulfur is related to reaction temperature, moisture

conditions, and the presence of oxidant. It was also shown

that the acidity in the preoxidation liquid controlled the

amount of elemental sulfur produced. Elemental sulfur

production increased substantially in cases when the oxidation

liquid was acidified to pH less than 2. There can be little

doubt that the elemental sulfur extracted originates from

pyrite oxidation. This study confirmed the hypothesis that

elemental sulfur complicates ASTM analysis because ASTM forms-
of-sulfur counts elemental sulfur, which is derived from

pyrite oxidation, as organic sulfur. The hypothesis that PCE

treatment inhibits the extraction of the coal-derived pyrite

and iron sulfates during the ASTM procedures for forms-of-
sulfur was not substantiated.

The oxidation reaction on the organosulfur compounds found in
coal was examined under a set of conditions. These oxidation

conditions were evaluated to set a lower limit for oxidation

of the organosulfur compounds in coal to be removed by PCE
desulfurization. The results indicated that the mild

preoxidation treatment of coal described by MWOPC for removal

of organic sulfur does not produce enough oxidized organic

sulfur to support the level of sulfur removal reported.

Furthermore, when air oxidation of coal-like organosulfur

compounds does occur, the products are inconsistent with

production of elemental sulfur, the product reported by MWOPC.

Overall, the study demonstrated that the PCE process is not

practical for organic sulfur removal. Also, it is recommended
that all chemical desulfurization should utilize fresh feed

coals, and if ASTM method is used for forms-of-sulfur

analysis, the results should be verified with an alternate
method, such as XANES.
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OBJECTIVES

The goals of this research were: (i) to independently confirm

and possibly improve the removal of organic sulfuz from
Illinois coals with the perchloroethylene (PCE) process

developed by the MWOPC, (2) to verify the ASTM forms-of-sulfur

determination, and (3) to develop a procedure to remove excess
PCE from PCE-treated coals• Successful removal of organic

sulfur by PCE extraction or by other methods developed to

improve PCE extraction of Illinois coals can greatly improve

the marketability of high-sulfur Illinois coal.

Specific objectives were:

A. To conduct the PCE desulfurization of two coals under the

proper process conditions. One coal, IBC-104, was from the
Illinois Basin Coal Sample Program, and the other, Ohio 5/6

coal, from the Horizon Coal Company.

B. To carry out an extensive material balance study on the

feed materials and products from the two coals tested in

the PCE desulfurization process.

C. To conduct non-ASTM analyses and compare the results with
those from the ASTM method for forms-of-sulfur.

D. To investigate coal oxidation chemistry and its effect on
the mechanisms of sulfur removal by the PCE desulfurization

process.

E. To examine the role that pyrite in coal plays during the

PCE desulfurization process and its influence, if any, on

process optimizatioh.

F. To evaluate, and possibly to improve, the effectiveness of

the PCE desulfurization process for Illinois coals•

BACKGROUND

MWOPC has reported a method of removing organic sulfur from

high-sulfur coal using PCE extraction at 120°C (Starbuck,
1980; Leehe and Sehgal, 1988; Leehe, 1989). Process studies,

partially supported by the Electric Power Research Institute

(EPRI), have been made in a pilot plant of I ton/day capacity

by MWOPC at Plainville, IN. In addition, a mini-pilot plant
of 5 ib/hr capacity is being operated at The University of

Akron (UA; Lee et al., 1989). Results from the mini-pilot

plant indicated that the PCE process effectively extracts

organic sulfur, and is equally effective in separating pyrite
fines from coal. The process is reported to operate at low

temperatures with a minimum loss of solvent (Lee et al.,
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1989). The importance of oxidation and drying conditions as

well as temperature control was stressed by MWOPC. Efficiency

of organic sulfur removal is reported to be affected by the
initial moisture content of the coal (Fullerton et al., 1990).

A pyrite derived "catalyst" involved in the process, which
renders organic sulfur more accessible to the PCE extraction,

has been suggested (Personal communication to PI, G.A.

Atwood, MWOPC, Feb. 1991). The MWOPC process has been reported

to be effective for removal of organic sulfur from high-sulfur
coals obtained from Ohio and Indiana. However, it has not

proven to be as successful with Illinois coals (Lee et al.,
1989).

A cooperative study (Buchanan et al., 1990) between Eastern

Illinois University (Buchanan) and ISGS (Chaven and Hackley)

was initiated in 1988. The procedure developed was different
from that of MWOPC in that (-60 mesh) coals were used without

preoxidation prior to PCE extraction. Also, these experiments

were mainly conducted in a Soxhlet extraction apparatus using
a small sample size (i to 24 g) as compared to the other

experiments in which 50 g or more was used. The authors
concluded that the source of the elemental sulfur extracted

from coal by PCE under these conditions was pyrite and that

little organic-sulfur was removed (Buchanan et al., 1990).

These results differ from those of MWOPC's study in which as

much as 43% removal of organic sulfur from an Illinois coal

was reported (Buchanan et al., 1990).

Differences in the level of preoxidation, the quantities of

coal used and type of extraction equipment used have been
advanced as reasons for the differences between the MWOPC

claims and the EIU/ISGS efforts to substantiate them. For

example, Soxhlet extraction rather than batch extraction is

thought by some to decrease the activity of the catalyst that

assists organic sulfur removal during PCE extraction. Use of

a Soxhlet is thought by some to decrease the consistency of

the temperature control. However, we have put more credence

in the expectation that errors in the ASTM analyses of sulfur

would eventually explain the discrepancies in the results.

Specifically, we believed that elemental sulfur extracted by

the PCE had a good probability of being that derived from

pyrite oxidation during coal preoxidation, not organic sulfur

removed by the PCE. The ASTM forms-of-sulfur analysis does

not distinguish between organic sulfur and elemental sulfur.

Another possibility considered is that during preoxidation,

pyritic sulfur is converted into mineral form which glves PCE-

extractable elemental sulfur and a pyrite-derived iron

compound left in the coal sample. This hypothesis requires

that the iron remain insoluble in HCI but soluble in HNO 3

during ASTM analysis. In this case, a portion of the iron no

longer associated with sulfur would be calculated as pyrite.

Because the elemental sulfur would have been removed by PCE,
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the total sulfur content would decrease and the calculated

amount of organic sulfur would decrease. This calculation

would lead to an error in interpretation of the results from

the ASTM method, making it appear that the PCE extraction

removed organic sulfur. One objective of this study was to

develop data to confirm or reject these hypotheses.

EXPERIMENTAL PROCEDURES

Eight tasks were conducted to meet the objectives.

Task I: Processing of Illinois coals and a mass balance study --

l ISGS/EIU) .

Two coals, one from the Illinois Basin Coal Sample Program

(IBC-104) and the other from the Horizon Coal Company (Ohio
5/6 coal) were selected for this project. Coal selection was

based on the availability of the samples and on the reported

desulfurization data by the MWOPC and the UA. This gave a

baseline of comparison between the data generated in this

investigation and those reported (Lee et al., 1989). The two
coals selected were tested as received and in their oxidized

form. These tests were performed in a batch mode.

Task i.I: Processing of coals.

A flow diagram for the PCE batch extraction is shown in Figure

I. Coal samples were ground at room temperature to - 60 mesh.
The coal sample was fed into the PCE extractor maintained at

120 ° C, the boiling point of the PCE. The extraction continued

for 30 minutes, then the treated coal was filtered through a
glass fiber filter. The filter was maintained at the same

temperature as the extractor. After filtration,

dechlorination reagents (hot methanol, water and acetone) were

introduced to the filter to wash the treated coal sample. The

resulting coal product was dried under vacuum. Larger scale
PCE extractions (50-g size) were conducted on one short-term

oxidized IBC-104 coal, one long-term oxidized IBC-104 coal,

and one oxidized Ohio 5/6 coal. The feeds and products from

these scale-up operations were split and distributed to co-

investigators for non-ASTM analyses (Task 2) and a mass

balance analysis (Task 1.2). In addition, a washing
procedure, which sequentially washes the PCE-treated coal with

boiling methanol, water, and acetone, for chlorine removal

from the PCE-processed coals was successful.

The PCE filtrate was first purified by passing the solution
through a Florisil Column. The elemental sulfur contents were

then determined with a Perkin-Elmer Model LC65 high
performance liquid chromatograph (HPLC) . Chlorine content in

the feeds, and product coals was measured by a Leco chlorine

....
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Figure 1. _'low Dlacjr.a[a [,or ["CE [_atcli Extrac'.t].on

analyzer. Moisture, volatile matter, ash, and fixed carbon
contents were determined by the ASTM proximate analysis.

Sulfatic-, pyritic-, and total-sulfur contents in the feeds

and final products were obtained using the ASTM D-2492

procedure (1991).

In the ASTM D-2492 procedure, sample (-60 mesh) was first

digested with a dilute HCl solution. The acidic solution was
filtered and sulfatic sulfur was precipitated and quantified

as BaSO 4. After washing with distilled water, the HCl-free
residue was digested with dilute HNO_. The suspension was

filtered and the filtrate was adjusted to volume for atomic

absorption (AA) determination of iron. The iron content was
used to calculate pyritic sulfur. To obtain the total sulfur

content, a separate split of coal was combusted in a Leco
model SC32 total sulfur analyzer. The organic sulfur content

was obtained by calculating the difference between total

sulfur content and the sum of pyritic and sulfatic sulfur

contents. Any elemental sulfur present is counted as organic
sulfur, since it was not reported as pyritic or sulfatic
sulfur.

A small scale (I0 g) PCE extraction was also conducted in

conjunction with various short-term oxidations of coals. This

was accomplished by bubbling filtered air or air/oxidant

through a coal/PCE slurry with or without water added. The
reaction conditions varied from room temperature to 90°C and
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for a length of time from 2 to 20 hours. After oxidation, the

temperature was increased to 120°C and maintained at that

temperature for 30 minutes. The extracts produced from PCE

extraction were then isolated from the residues by hot
filtration.

To measure the pH of the oxidation liquids, some oxidation

experiments were repeated using a smaller sample size (ig) at
90°C for 2 hours. After oxidation the liquid phase was

isolated by filtration, then separated into its PCE and

aqueous fractions. The pH value was taken from the aqueous

fraction. For PCE extraction, the same oxidation was repeated
on another split of the sample. The water was boiled off at

the end of the oxidation, and the PCE extraction was continued
for another 30 minutes at 120°C.

Task 1.2: A mass balance study.

A complete material balance study was conducted on the two

coals for the PCE extraction process. Elemental sulfur in the
PCE extract, and total sulfur in feeds and in the PCE-treated
coals were used in the sulfur mass-balance calculation.

Sulfatic sulfur concentration in the dechlorination liquids

was obtained by inductively coupled plasma analysis (ICP) .
For the iron mass-balance calculation, the feeds ,nd the solid

products were ashed at 750°C for 20-24 hours or until no

carbonaceous residue remained. The prepared ashes were fused

with lithium tetraborate (a mixture of 1 part ash by weight

and 9 parts of Li2B407 5H20 by weight) in platinum crucibles at
1000°C. The fused mixture was dissolve<l in water and diluted

to a volume for iron analysis by AA. Iron content in the

dechlorination liquids was determined by ICP.

Task 2: Non-ASTM analysis for forms of sulfur determination

(ISGS, UI-UC, & UK) .

The purpose of this study (Tasks 2.2 - 2.5) was to examine the

transformation or removal of pyritic sulfur, aliphatic sulfur,

and aromatic sulfur during PCE desulfurization. The results

obtained from a wet chemical analysis and four non-destructive

spectroscopic techniques were compared with those from the

ASTM analysis.

A wet-chemical analysis (HCI/LAH) (Task 2.1, ISGS), which

combines a lithium aluminum hydride (LAH) reduction technique

for the direct determination of pyritic sulfur and a

combustion technique for the determination of organic sulfur

(Westgate and Anderson, 1982; Liu et al., 1987), was applied.
The dried coal sample (-230 mesh) was extracted for sulfatic

sulfur using a dilute HCI solution. The acidic solution was

filtered and sulfatic sulfur precipitated as BaSO_. If any

mono-sulfide sulfur was present, it was released as H2S during



|

6

the HCI extraction and precipitated as Ag2S (Liu et al.,

1987). To remove pyritic sulfur, the HCl-leached coal was

treated with LAH. The pyritic sulfur was released as H2S,

trapped, and precipitated as Ag2S. Any elemental sulfur

present in the residue was reported as pyritic sulfur. The
sulfur remaining in the HCl/LAH-leached coal residue is

assumed to be organic sulfur which was combusted to SO2,

trapped and precipitated as BaSO 4. The amount of each form of

sulfur was then calculated based on the quantities of BaSO 4

and Ag2S obtained from each extraction. An analysis of total
sulfur, independent of the cumulative total from the HCl, L_,

and oxidation procedure, was also determined by high-

temperature combustion (HTC). The forms of sulfur were

reported on a dried basis as wt% sulfur.

Four non-destructive spectroscopic sulfur analysis techniques

used (Chou et al., 1992) are Sulfur K-edge X-ray Absorption
Near Edge Structures Spectroscopy (XANES) (Task 2.2,

University of Kentucky), X-Ray Diffraction (XRD) (Task 2.3,

ISGS), M_ssbauer spectroscopy (Task 2.4, UI-UC), and Scanning
Electron Microscopy and Energy Dispersive X-ray Fluorescence

Analysis (SEM-EDX) (Task 2.5, ISGS) .

Task 3: Evaluating the Effectiveness of Usinq the PCE

Desulfurization Process on the Selected Illinois Coal,

and Verifying the ASTM Forms of Sulfur Anal_yses (ISGS,
EIU, UI-UC, and UK) .

The data obtained from'Tasks 1 and 2 on sulfur removal for the

two coals processed were examined, evaluated, and interpreted.
Data from ASTM analysis (Task 1.2), LAH analysis (Task 2.1),

and XANES analysis (Task 2.2) for sulfur removal using the PCE
desulfurization process were compared. Data from

spectroscopic analyses (Tasks 2.2 - 2.5) were examined with

respect to the transformation or removal of pyritic sulfur,

organic sulfide, and thiophenic sulfur during PCE desul-

furization. These data allowed us to explore the identity of

sulfur removal by PCE extraction and that of ASTM forms-of-
sulfur analysis.

Task 4: Conducting PCE desulfurization under various process

conditions including expanded tests on model orqanosulfur

compounds desulfurization (EIU/ISGS).

In addition to ambient oxidation, various short-term, air-

oxidation effects (achieved by varying the amount of moisture,

temperature, time, and oxidizing gas composition) on organic
sulfur removal by PCE desulfurization were examined. Also, to
determine the minimum conditions under which air oxidation of

organosulfur model compounds would occur and to compare these
conditions to the MWOPC conditions, extended tests on the

desulfurization of organosulfur model compounds were
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implemented.

The procedures for the short-term oxidation/PCE extractions

and a pH study were described in Task i.I. For the extended
tests on oxidation of organosulfur model compounds, model

compounds such as di-n-octyl sulfide, dibenzyl sulfide, and
dibenzothiophene (DBT) were used to represent organosulfur

structures. An oxidation study without a promoter was carried

out by dissolving the model compounds (1-4 g) in 50 - i00 ml
PCE. The compounds were then oxidized in the same apparatus

as was used for coal oxidations. Air with and without SO 2 was

bubbled through the mixtures for two hours at 90°C. The
cooled reacuion mixtures were filtered and examined by GC and

HPLC using conditions which separate the starting materials

from possible products. Authentic samples were synthesized

and used to show that hydrocarbon products (complete

8_sulfurization) and related compounds such as phenols would

nave been detected under the conditions used. For products

identification, crystalline sulfoxides and sulfones were

isolated from the reaction mixtures and their identity

verified by melting points and FTIR spectra.

To determine the minimum conditions under which air oxidation

of organosulfur compounds could occur, oxidation of sulfur

model compounds was carried out with a hydrocarbon additive in

the absence of PCE. The model sulfur compound and an equal

molar amount of the promoter, if present, were well mixed and

placed in the bottoms of several identical tubes, which were

flushed with either nitrogen gas (for controls) or air and

sealed with a torch. The experiments were carried out in.

sealed glass tubes, 8 mm x i0 cm, in an electrically heated

oil bath. For reactions in the absence of light, the tubes

were wrapped with aluminum foil and loaded horizontally in a

large oil bath at 125°C. For analyses of 24, 76, and 216

hours, tubes were withdrawn, cooled quickly in ice water and

carefully cracked open. No extra gas pressure was observed,

nor were low-m,Jlecular-weight sulfur compounds detected by

their odors. The tube contents were dissolved in methylene

chloride, filtered, diluted, and examined by GC or GC/MS. The

reactions in the presence of light were conducted in a similar

manner with the exception of the exposure of the unwrapped

tubes to a 400 W photoflood light. Tubes were removed at pre-

selected times and analyzed. In addition to the times listed

above, dibenzylsulfide samples were also taken at 8, 52, and

120 hours. For several reactions of dibenzyl sulfide, a small
amount of a reaction solution taken from a 76-hour reaction

(either in light or darkness) was used as the oxidant-

promoter-catalyst in place of air plus 9,10-dihydroanthracene

(DHA) or diphenylmethane (DPM) . These tubes were flushed with

nitrogen gas before sealing, so all oxidation was due to

intermediates formed in the previous reaction.
P
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For the GC analyses, a 0.53 mm x 20 m DB-5 capillary column in

an H-P 5890 Series I gas chromatograph equipped with an FID

detector was used. Peak identification was made by co-

injection with standard reference compounds (from Aldrich or

prepared in-house as reported previously). DBT sulfone also

was confirmed by HPLC analysis using a C-18 reverse-phase

column• Further confirmation of several products was made

using a 0.25 mm x 30 m DB-5 column in an H-P 5890 II GC

equipped with a 5971 mass spectrometer (MS) detector.

Identification was obtained by computer matching of the mass

spectra with the Wiley MS Database. The mass spectra of
Sulfoxides and sulfones were not obtained because of their

thermal instability. The decomposition probably occurred in

the transfer line of the GC/MS rather than in the injector

since these compounds were observed with the FID in the other

GC analysis.

Task 5: Evaluatinq the parameters studied and their effect on

process optimization (ISGS,. EIU, UI-UC, and UKI.

For the studies on the fresh and ambient oxidized samples, the

results of the ASTM forms-of-sulfur analyses in oxidized coals

were compared with those in the non-oxidized coal. The

effects that preoxidation conditions have on sulfur removal

during PCE extraction were assessed.

In the extended tests, the conditions necessary for oxidation

of the type of organic sulfur compounds found in coal were

evaluated and compared with those of the MWOPC pre-oxidation..

Task 6: Verifying the possible effect of PCE treatment on

coal-derived pyrite and iron sulfates on ASTM coal

analysis•

An oxidized IBC-105 coal which contains coal-derived pyrite,

sulfate, and elemental sulfur was used. The sample was

riffled, split, and subjected to oven drying at 42°C for one

week. A split of the dried sample was refluxed with I00 ml.

boiling PCE (120°C) for 1 hr. After hot filtration, the

filtrate was made up to volume and analyzed for S ° by HPLC.
The residue was dried at I05°C for 24 hrs. and saved for

further analysis.

Samples of oxidized IBC-105 before and after PCE extraction

were subjected to ASTM forms of sulfur and ASTM total sulfur

analyses. In addition to regular forms of sulfur, the residual

coal from the pyritic sulfur determination was ashed for 24

hrs. at 800°C and re-extracted with aqua-regia to dissolve Fe.
Both samples were also subjected to Lithium Tetraborate
fusion, and the residues were dissolved in hot water and

dilute HNO 3 in order to determine total iron. The ASTM-HCI

and -HNO 3 extraction solutions were also analyzed for Fe
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content. The mass balances for total iron and total sulfur

were calculated.

Task 7: Monitorinq sulfur behavior durinq oxidation and PCE

desulfurization using coal with orqanic and inorganic

sulfur that is isotopically distinquishable.

In the short-term oxidation experiments, additional elemental

sulfur was produced. It is important to determine the source
of this extra elemental sulfur. An IBC-107 coal which

contains various forms of sulfur that carry unique stable

sulfur isotope ratios (SSIR) was used to trace the origin of

elemental sulfur produced in oxidation experiments (Hackley,

et al, 1990). Since SO2, if it was used as a co-oxidant,

could conceivably contribute to the extra elemental sulfur, a

study was also contacted to determine the SSIR of the SO 2.

Oxidation of a split of the IBC-107 coal was conducted under

the most successful known conditions for stimulating elemental

sulfur extraction (Water/PCE/air/S02/90°/22 hrs.). The PCE

extract was analyzed for elemental sulfur content, and the

resulting sulfur was used for SSIR analysis.

Task 8: Studyinq the optimization conditions for the PCE

desulfurization or other innovative pretreatment

processes for the removal of orqanic sulfur from coal
under mild conditions.

The results from the extended oxidation tests on the

organosulfur compounds found in coal in the presence, as well

• @s in the absence, of a promoter were examined. These
oxidation conditions were evaluated to set a lower limit for

oxidation of the organosulfur compounds in coal to be removed

by PCE desulfurization. The conditions were also compared

with that for the preoxidation treatment of coal described by
MWOPC for removal of organic sulfur•

RESULTS AND DISCUSSION

Preliminary PCE desulfurization

Confirmation study based on ASTM analysis - Before performing

a larger scale operation (50g), the PCE desulfurization was

conducted in a smaller scale (10g) under conditions described

by the MWOPC. The fresh IBC-104 coal used in this

investigation is comparable to the Illinois coal sample

processed by the developer (University of Akron). Thus,

analysis of the products from before and after PCE extraction

can be used to verify our PCE desulfurization tests.

Shown in Table 1 are the ASTM analysis results of an Illinois
No. 6 coal before and after PCE extraction. The Illinois coal
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sample, which was processed by the developer, University of

Akron (shown on the top: UA), is comparable to the fresh IBC-

104 coal used by this investigation (shown on the bottom:

ISGS/EIU). The data of the University of Akron show a removal
of 5% for total sulfur content and a decrease of 12% in the

ASTM organic sulfur content. From this investigation, the
ASTM data on fresh IBC-104 coal show a total sulfur removal of

4-9% and an organic sulfur removal of 9- 14%. These data

confirm that we have repeated the developer's results on our

tests for fresh IBC-104 coal based on the ASTM analysis.

Table I. Wt%sulfur on moisture-free whole coal basis

ASTM
Sample Sulfatic pyritic Orqanic Total

UA
Illinois #6(F-IBC-104) 0.01 2.54 1.55 4.10

After PCE 0.01 2.52 1.36 12_ 3.89 s_

ISGS/EIU
F-IBC-104 0,07 2.22 1.94 4.23

After PCE,I 0,04 2.24 1.77 9_ 4.05 4_
After PCE,II 0.04 2.15 1.66 14_ 3,85 9_

F-IBC-104, fresh IBC-104 coal sample; I & II , two separate runs.

Oxidation and PCE desulfurization based on HPLC analysis -

During PCE desulfurization, the amounts of elemental sulfur

obtained in the PCE extracts were measured by HPLC analysis.

The removal of elemental sulfur from coal by PCE extraction is

enhanced by subjecting coal to a long-term ambient oxidation.

These elemental sulfur analysis results confirm that

preoxidation is important to PCE desulfurization. For

example, the extractable elemental sulfur obtained from a

long-term ambient oxidized IBC-104 coal is 25 to 75 times

greater than that from the unoxidized or short-term oxidized

coal samples (Chou et al, 1992).

Dechlorination - If PCE is used for desulfurization, then
dechlorination of the PCE-treated coal is also a concern for

the success of this process. As indicated in Table 2, the raw

fresh coal, F-IBC-104, has a chlorine content of 0.03%. The

PCE-treated coal (F-IBC-104-PCE) without applying any

dechlorination procedure can have a very high chlorine content

as much as 4.68%. When hot water washing was used in the
dechlorination step, the resultant coal has a chlorine content

of 2.96%. Steam dechlorination was used by the University of

Akron for dechlorination of an Illinois coal, and the reported
chlorine content for that coal was 0.9% (Atwood and Leehe,
1991). The chlorine contents for these resultant coals are

too high for the coal to be used in an industrial utility

boiler. We have developed a procedure (ISGS method), which

washes PCE-treated coal sequentially with hot methanol, water,



, i
i v

II

and acetone. The method can remove the excess PCE and yield
a coal with a chlorine content as low as the original coal,
0.03% (Table 2) .

Table 2. Dechlorination of PCE-treated coals.

Sample Method of Washinq Total Chlorine (%)
F-IBC-104 0.03
F-IBCIO4-PCE none 4.68
F-IBC-IO4-PCE Hot water [.96
F-IBC-IO4-PCE Hot methanol 0.17
F-IBC-IO4-PCE ISGS method 0.03
>5Y-IBC-IO4-PCE ISGS method 0.03

PCE desulfurization

ASTM-analysis and HPLC analysis - For _he larger scale PCE
desulfurization, table 3 shows the results of the ASTM

analyses of the feed and treated coals and the HPLC analyses
of the PCE extracts. The data indicate that the extractable

elemental sulfur obtained from the two highly oxidized coal

samples is greater than that from the mildly oxidized sample.

The sample from two weeks oxidation (2W-IBC-104) shows no
detectable amount of elemental sulfur in the PCE extract.

However, the two samples from a long-term ambient oxidation
(>5Y-IBC-104 and O-Ohio 5/6) show a noticeable amount of

elemental sulfur in the PCE extracts. The elemental sulfur of

0.07% was extracted from >5Y-IBC-104 and the elemental sulfur

of 0.10% was extracted from O-Ohio 5/6 sample.

The ASTM data also show a greater reduction in organic sulfur

after PCE extraction for the highly oxidized coal samples.
These results are consistent with those obtained from the"

smaller scale extractions. The sample from two weeks

oxidation shows no total sulfur removal. A slight increase in

organic sulfur content of this sample shown by ASTM analysis

is attributed to an error of the ASTM analysis. In the ASTM

forms-of-sulfur determination (ASTM D-2492, 1991), the error

in organic sulfur content is a cumulative error from sulfate,

pyrite, and total sulfur determinations. The reduction in

sulfur content from the 2-week oxidized samples by PCE
extraction may be too small to offset this cumulative error.

However, the highly oxidized Illinois sample, >5Y-IBC-104,
shows a noticeable reduction in both total sulfur (20%) and

organic sulfur (10%). Similarly, the highly oxidized Ohio
sample, O-Ohio 5/6, shows a noticeable total sulfur reduction

of 20% and a noticeable organic sulfur reduction of 21%.

Based on ASTM analysis, the organic sulfur removed from the
Ohio 5/6 coal is about twice as much as that removed from the

Illinois coal. These data confirm the developer's observation
that the PCE process is more effective for the Ohio coal than

for the Illinois coal, and that oxidation is an important



I

I" I

12

factor in PCE desulfurization.

Table 3. Elemental sulfurfrom PCE extractionand ASTM f0rms-0f-sulfurin three ambient
oxidized c0a] samples before and after PCE extraction.

W_iaht P_r_Pqt, C_ mniqtlJr_-fr_ whnl_-cn_l h_i_

ASTMfnrm_ nf _lJlfur IIHPl
', 'i' . i

Sample ., Sulfatic Pyritic Organic Total SO

2W-IBC-104 0.12 2.17 1.68 3.97.............

After PCE 0.05 2.18 i. 75+4_ 3,98 +°3_ 0.00

>5Y-IBC-104 0.87 1.40 1.84 4.11
, l i l i i

After PCE 0.25 1.40 1.66 I°_ 3.31 2°_ 0.07
_!_ " '_ ,",.... ' ....

O-Ohio 5/6 0.63 0,79 2.08 3.50.......

After PCE 0.28 0,87 I. 6421+ 2.79 +2°+ 0.10
... ,.......

-20%
, percent of reduction in total sulfur or organic sulfur

A relationship is indicated between the amounts of elemental

sulfur in the PCE extracts analyzed by HPLC and the amount of

organic sulfur removal determined by ASTM analysis. A higher
level of elemental sulfur in the PCE extract indicates a

higher level of organic sulfur removal by ASTM interpretation.
From O-Ohio 5/6, 0.10% of the coal was extracted as elemental

sulfur: and the sample shows a 21% organic sulfur reduction.

From >5Y-IBC-104, 0.07% of elemental sulfur was extracted, and

the sample shows a 10% organic sulfur reduction.

Mass balance analysis - Mass balance data (Chou et al., 1992)
indicated that elemental sulfur in the PCE extract from

oxidized Ohio 5/6 coal was greater than that from long-term

oxidized IBC-104 coal. Dechlorination liquids were analyzed
for sulfatic sulfur and elemental sulfur content. No

elemental sulfur was detected in the dechlorination liquids.

Organic sulfur in PCE and in the dechlorination liquids were
not measured due to the absence of a reliable method.

However, the data obtained (96% recovery) indicate a good

sulfur mass balance for both long term oxidized IBC-104 and
oxidized Ohio 5/6 coals. Total iron mass balance data show an

accountability of greater than 95% for both the long term

oxidized IBC-104 coal sample and the oxidized Ohio 5/6 coal

sample.

Non-ASTM sulfur analyses - Several non-ASTM methods were used

to analyze the two oxidized coal samples (>5Y-IBC-104 and O-
Ohio 5/6) before and after PCE extraction. M_ssbauer

spectroscopy and x-ray diffraction spectroscopy were applied

for mineral matter analysis. SEM-EDX, HCI/LAH, and XANES
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analyses were applied mainly for organic sulfur determination.

The results of these organic sulfur analyses were compared

with those obtained from the ASTM analysis.

Data from both M6ssbauer spectroscopy and x-ray diffraction

spectroscopy indicate a loss of Fe(II)SO 4 in the product
coals. Data from x-ray diffraction spectroscopy (Table 4)

further indicate that sulfate in the >5Y-IBC-104 sample is

mainly in the form of gypsum (CaSO 4 • 2H20), whereas sulfate

in the O-Ohio 5/6 sample is mainly in the form of szomolnokite

(FeSQ • H20). These data suggest that the oxidation reaction

for Ohio 5/6 coal might occur under Fe(III) catalytic

conditions which readily convert pyrite to FeSO 4 and elemental
sulfur. This interpretation seems to support the observation

obtained during the short-term oxidation study that Ohio 5/6

coal is more likely to produce elemental sulfur than Illinois
coal.

Table 4. Mineral matter composition by x-ray diffraction analysis

Weiqht (%)
Sample Quartz Calcite P%rite Gypsum Szomolnokite Nonclays

F-IBC-104 18.8 3.1 3.9 0.3 - 26.1

>5y-IBC-I04 12.8 1.4 2.5 3.3 0 5 20.4
After PCE 12.9 0.2 2.5 1.1 0 0 16.8

O-Ohio 5/6 1.8 0.0 1.4 3 4 6.6
After PCE 1.3 0.0 1.5 - 1.5 4.3

F-_BC-I04: Fresh IBC-I04 coaJ sample

K-edge x-ray absorption near edge structures (XA_IES)

spectroscopy was used to resolve the sulfur forms other than

pyrite and sulfate into elemental sulfur (S°), organic sulfide

(O-sulfide), thiophenic sulfur (Thioph.), and oxidized organic

sulfur (Oxid.), such as sulfone and sulfoxide. Pyrite content

obtained from M_ssbauer spectroscopic analysis tends to have

a larger determination error than the ASTM analysis. Thus,
the most precise data on sulfur forms were the data from XANES

analysis combined with wt% pyritic sulfur in coal from the
ASTM analysis. The results are listed in Table 5. The data

i show that a 2-week oxidation has little effect on elemental
sulfur extraction, consistent with the HPLC analysis result.

However, the data for the 2-week oxidized s_mple, similar to

the data from ASTM analyses, do not exhibit any decrease in

organic sulfur (organic sulfide and thiophenic sulfur).

The 5-year oxidized sample differs significantly from the 2-

week oxidized sample in that 35% of the pyritic sulfur has

been oxidized to sulfate plus elemental sulfur. In addition,

the sum of organic sulfide and thiophenic sulfur appears to be

10% lower in the 5-year oxidized sample than in the 2-week
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oxidized sample, suggesting that some organic sulfur may have
been oxidized. The XANES data also indicate that PCE

treatment removes all the elemental sulfur and about half of

the oxidized organic sulfur. The apparent difference in
sulfate content before and after PCE extraction is attributed

to the dechlorination step after the PCE treatment, which
removes soluble sulfates.

Table 5. Analysis of sulfur forms by XANESin three oxidized coals before and after PCE
desul furi zati on.

Total Wt% Wt%sulfur in different forms (XANES)
Coal Sulfur" Pyritic" SO O-Sulfide Thioph. Oxid. Sulfatic

2W-IBC-104 3.97 2.17 0.00 0.61 1.07 0.00 0.12
After PCE 3.98 2.18 0.00 0.61 1.12 0.00 0.07

>SY-IBC-I04 4.11 1.40 0.17 0.54 0.86 0.13 1,01
After PCE 3.31 1.40 0.00 0.56 0.88 0.07 0,40

O-Ohio 5/6 3.50 0.79 0,26 0,50 1.00 0.14 0,81
After PCE 2,79 0.87 0.00 0.54 1.04 0.04 0.30

_Total sulfur and pyritic sulfur determinations from ASTM,

The oxidized Ohio 5/6 sample behaves similarly to the >5Y-IBC-
104 coal in that the PCE treatment removes all the elemental

sulfur and some oxidized organic sulfur (from 0.14% to 0.04%).
The PCE treatment has little or no effect on other forms of

sulfur. Similar to the oxidized >5Y-IBC-104 coal sample, the

large decline in sulfate content is again attributed to the

dechlorination step after PCE extraction.

XANES data, as well as the data from ASTM, SEM-EDX, and

HCI/LAH (Chou et al, 1992), has been analyzed and compared in

Figure 2. Here, sulfur other than pyrite and sulfate was

graphed as organic sulfur versus the method of analysis. The

amount of organic sulfur in coal samples before and after PCE

extraction was examined and compared with that from ASTM

analysis.

As mentioned earlier, XANES analysis can differentiate the

sulfur forms other than pyrite and sulfate into elemental

sulfur (S°), organic sulfide (O-sulfide), thiophenic sulfur

(Thioph.) , and oxidized organic sulfur (Oxid.), such as

sulfone and sulfoxide. The organic sulfur shown for XANES (A)

in Figure 2 uses only the data from unxidized organic sulfur

(the sum of organic sulfide and thiophenic sulfur). On the

other hand, the organic sulfur shown for XANES (B) in Figure

2 uses the data of unoxidized organic sulfur plus elemental

sulfur and oxidized forms of organic sulfur. From the XANES

(A) graph, essentially no reduction of the organic sulfur by
PCE extraction for either Illinois coal or Ohio coal is
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indicated.

However, as shown for XANES (B) graph (Figure 2), some level

of organic sulfur removal by PCE extraction is indicated.
And, the amount of organic sulfur removed from Ohio coal

sample is greater than that removed from the Illinois coal

sample. These trends in organic sulfur variation shown for
XANES (B) is similar to that observed by the ASTM analysis.

This suggests that the higher elemental sulfur content of the

Ohio coal produces more elemental sulfur to be extracted by

the PCE, and results in a higher apparent level of organic

sulfur removal by the ASTM analysis. The Ohio 5/6 coal
contains 0.26% elemental sulfur and >5Y-IBC-104 contains 0.17%

elemental sulfur. Twenty one percent of the "organic sulfur"
was removed from the Ohio 5/6 coal and 10% of the "organic

sulfur" was removed from the Illinois coal during the ASTM

analysis. If all or part of this elemental sulfur in coal

originated from sources other than organic sulfur, then any

elemental sulfur in a coal will complicate the evaluation of

the PCE process by the ASTM analysis.

The XANES data show no removal of organic sulfide nor

thiophenic sulfur, but they do show that there was total
removal of the elemental sulfur.

WT % ORGANIC SULFUR
FUNCTION OF METHOD

//i
•/

iJ<k
2 4

2

I 8

5Y--IBCI09
1 6

• AFTER PCE
1 4

1 2 _"0,.-0HI0 5/6
/

i _ AFTER PCE
SEM ASTM HCI/LAH XANES (B) XANES (A)

Figure 2.0rganic su]fur in c0a]s before and after PCE extractionas a function of
analyticalmethod.

The organic sulfur variation obtained from HCI/LAH analysis is

fairly similar to that indicated by the XANES (A) . The data
show no organic sulfur reduction with respect to the PCE

extraction. This is because during HCl/LAH analysis,
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elemental sulfur in the coal was first removed by LAH

digestion during the pyrite determination. Thus, the organic
sulfur obtained from HCI/LAH analysis consists mainly of

organic sulfide and thiophenic forms of organic sulfur. The
data obtained from the HCI/LAH analysis confirm those obtained

from the XANES (A) analysis.

The results of the SEM-EDX analyses show a slight loss of

organic (plus elemental) sulfur in the Illinois coal after PCE

extraction; but, for the Ohio coal, a slight increase was
observed. The reason for this difference between the two

samples is thought to be due to the enhanced amount of

elemental sulfur that formed in the more readily oxidized Ohio

sample. While this method of analysis is not well suited to

evaluate the PCE extraction process, the data do not support

a significant loss of organic sulfur in the extracted residue.

Preoxidation of Coal Samples

In addition to ambient oxidation, PCE desulfurization under

various short-term oxidation conditions, including those

recommended by the MWOPC (Atwood et al., 1990, Task 4) were

examined on a fresh IBC-104 coal, an oxidized Ohio coal, an

oxidized Illinois coal, and a mineral pyrite. The amounts of

elemental sulfur produced during oxidation were used as a

measure to evaluate the effect of pre=oxidation conditions on
PCE extraction.

All the short-term pre-oxidation experiments were conducted by

oxidizing the samples in the presence of PCE. Shown in Table
6 are short-term oxidation conditions and the HPLC results on
the amounts of elemental sulfur removed from each PCE

extraction.

The fresh IBC-104 had 0.01% of elemental sulfur in the PCE

extract before short-term oxidation. This sample shows no
increase in elemental sulfur content in the PCE extract after

bubbling air into a PCE coal slurry for 2 hours with or

without oxidation reagent at room temperature. However, when

the experiment was conducted at 90°C, with water present, by

bubbling air for 2 hours, the elemental sulfur production was

doubled. By addition of a small amount of SO 2, the elemental

sulfur production was further increased by 4-fold.
Furthermore, when the duration was extended from 2 hrs to 20

hrs, the elemental sulfur production was increased by 18
times.

The ambient-oxidized IBC-104 coal (>5Y-IBC-104) had 0.07%

elemental sulfur in the PCE extract before further oxidation

(Table 6). By bubbling air under moist conditions for 2 hours

at 90°C, the elemental sulfur production was slightly

increased from 0.07% to 0.10%. Under the same conditions, by
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adding a small amount of oxidant, a further increase in
elemental sulfur production from 0.10% to 0.13% was indicated.

Overall, the amount of elemental sulfur pcoduction is
increased about 2-fold.

The ambient-oxidized Ohio 5/6 coal (O-Ohio 5/6) had 0.13%
elemental sulfur in the PCE extract before further oxidation

(Table 6). Oxidation under conditions similar to those used

for the O-Ohio 5/6 coal sample with the oxidant, the S°

production was increased from 0.13% to 0.35%. Overall, the

amount of elemental sulfur production in the O-Ohio 5/6 coal

sample was increased almost 3-fold. These results indicate

that Ohio 5/6 coal more easily produces elemental sulfur than

the Illinois coal during oxidation.

Table 6. The effects of oxidation condition on the amounts of elemental

sulfur removed by PCE extraction

Starting PCE/H20 Oxidation Method Time Temp. S°%
coal (mL/mL) (oC).........

F- IBC- i04 100/0 None - - 0.01
...... . . ....

F-IBC-104 Long-term ambient-air > 5- Room 0.07

....... oxidation , Year . Temp.

F-IBC-104 i00/0 Air 2 hours 24 0.01........ ......

F- IBC- i04 i00/0 Air/SO 2 2 hours 24 0.01.-- ,...

F-IBC-104 100/20 Air 2 hours 90 0.02
...

F-IBC-104 100/20 Air/SO 2 2 hours 90 0.04.......

F- IBC- I04 100/20 Air/SO 2 20 hours 90 0.18
,, ;",i ,,,, , ...... ,,,',,,'

5Y- IBC- i04 i00/0 None - - 0.07

5Y-IBC-104 100/20 Air 2 hours 90 0.I0
.......

5Y-IBC-104 100/20 Air/SO 2 2 hours 90 0.13
" i 'i 'i'i ii'

O-Ohio 5/6 i00/0 None - - 0.13m. ...

O-Ohio 5/6 100/20 Air 2 hours 90 0.i0
--.,

O-Ohio 5/6 100/20 Air/SO 2 2 hours 90 0.35......
i 'ii

Oxidized I00/0 None - 0.02

Pyrit e

Oxidized 100/20 Air 2 hours 90 0.02

Pyrite
,.

Oxidized 100/20 Air/SO 2 2 hours 90 0.05

Pyrite .

F-IBC-104, fresh IBC-104 coal; O-IBC-101, slightly ambient-oxidized IBC-101
coal; S°%, elemental sulfur by HPLC analysis of PCE extracts, in wt%,
moisture-free, whole-coal basis.
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To determine if pyrite is a possible source of S° produced

during coal oxidation, short-term oxidation conditions were

applied to a sample of slightly oxidized mineral pyrite. The

sample before short-term oxidation had 0.02% S° in the PCE
extract (Table 6). After bubbling air for 2 hours at 90 ° C

with and without water present, no improvement in S°

production was indicated. With oxidation reagent present and
no water, the elemental sulfur production was increased

slightly from 0.02% to 0.03%. However, with both oxidant and

water present, the elemental sulfur production was increased
from 0.03% to 0.05%. Also, XANES data on coals before and

after Air/SO 2 stimulated oxidation/PCE extraction were
examined. The results indicate that, similar to ambient air

oxidation, organic sulfur in coal is not the major source of

elemental sulfur produced during stimulated oxidation (Table
7).

Table 7. XANESanalysis of sulfur forms in coals before and after Air/SO 2 stimulated
oxi dati on/PCE extracti on.

Total Wt% Wt%sulfur in different forms (XANES)
Coal Sulfur" P.yritic O-Sulfide Thioph. Oxid. Sulfatic

F-IBC-I04 4.23 2,22 0.72 1.12 0.00 0.11
After
Air/SO 2, PCE/H20 4.06 2.00 0.72 1.02 0,02 0.12

o.2

e
5yr-IBC-104

O 0h_5/6

,_._0,15 _0
-5
t.o
"a o,1-

0,05 iI

k
%

o
0 2 3 4 5 6 7 8

pH

Figure 3 The relationship between the pH of the oxidation solution and the amount
of elemental sulfur extracted.
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Both oxidized IBC-104 and Ohio 5/6 coals as well as mineral

pyrite were examined under various oxidation conditions tested
before. This time, the pH of the oxidation solution was

measured. The results indicated that the pH of the oxidation

solution appears to be a key factor in elemental sulfur

generation for PCE removal. As shown in figure 3, no matter
what condition is used, the amounts of elemental sulfur

produced by preoxidation and removed by PCE extraction
increases as the oxidation solution increases in acidity,

especially with pH<2. Overall, it is demonstrated that
oxidation produces more elemental sulfur in coal that can be

extracted by PCE. The increase in elemental sulfur in coal

during oxidation is related to reaction conditions
(temperature, moisture, and oxidant) preferably in an acidic

environment. Pyrite oxidation contributes to the elemental

sulfur in coal to be extracted by PCE. Also, the Ohio 5/6

coal appears to more readily produce elemental sulfur than

Illinois coal during oxidation.

The Effect of PCE Treatment on the ASTM Forms-of-Sulfur

Analysis

As originally proposed, if PCE coats the coal surface such

that HCI is not able to penetrate and dissolve the sulfate
fraction then the sulfatic sulfur will be reported as pyrite.

This leads to a false interpretation that any sulfur lost via

PCE extraction is "organic" in nature. This possibility is

critically tested by extracting a highly oxidized coal with

PCE and analyzing for the forms of sulfur. The oxidized coal,

without PCE extraction, was analyzed by the ASTM D2492 method

as a background. Samples of oxidized IBC-105 b_fore(C-32806)

and after (C-32807) PCE extraction were subjected to serial

acid extraction (ASTM D2492) and total sulfur analysis (ASTM

D 4239). The residual coal from the pyritic sulfur

determination was also subjected to ashing to determine the

remaining Fe content. These data give a cumulative measure of
the total iron. The mass balance data for total iron and

total sulfur are calculated and shown in Table 8 and Table 9

respectively. Total iron content in both samples before and

Table 8. Iron Material Balance.

Feed Coal-(%) --T_#t{acted Coal(%) PCEFree Basis (%)
Total Fe by fusion 2.65* 2.30* 2,38
Fe lnHC1 fraction 1,89 1.76 1.95
Fe in HNO_fraction 0.76 0.72 0.73
Fe in resldue from HNO_ 0.07 0.09 0.09
Total Fe recovered 2.72 2.57 2.65
Total Fe by fusion/
Total Fe recovered 0.97 0.89 0.90

Expected some losses in LiB40_ fuslon, incomplete dissolution in H20-HNO3.
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Table 9. Sulfur Material Balance.

Feed Coal (%) Extracted Coal (%) .....PCE F,ree Basis<%)*
Total S 4.35 3.93 4.08
Sulfate 1,35 1.24 1.29
pyrite 0,99 0.93 0.94
Elemental 0,11 0 0
Orqanic (no SO) 1.90 1.76 1.82
* The PCEcontent in the residue (3,74%) was calculated from the chlorine content of the
resi due.

after PCE extract'ion, obtained through Lithium Tetraborate

fusion and acid digestion, are consistently lower than those

obtained from the cumulative measure of the ASTM analyses.

This is partially due to some losses in the fusion process as

well as in the succeeding incomplete acid dissolution.

The results also indicate that the ratio of the iron content

obtained from fusion relative to that obtained from recovery
is less for the PCE-treated sample (0.89) than that (0.97) for

the feed. This implies that the difference may, in part, be

attributed to the presence of PCE during the analysis.
Comparing the percentage of 0.97 for the feed coal with the

0.89 for the extracted coal, the effect of PCE, however,
seems to be very limited. From the extensive mass balance

calculation for both Fe and S in the various fractions, as
described, it is concluded that the effect of PCE on the ASTM

determination of sulfur forms, mainly pyrite and sulfates, is

very minor, and no further testing of other materials was
deemed necessary.

Stable Sulfur Isotope Ratio Study of Coal Oxidation in Hot PCE

IBC-107 coal was oxidized under the conditions previously
shown to stimulate production of elemental sulfur from other

IBC coals, with and without added SO 2. The conditions used to 0

produce the air oxidized product (sample 7301) and the air/SO2
oxidized product (sample 7302) are shown in Table I0.

Table i0. Oxidation and PCEExtraction of IBC-I07 Coal

Sample Wt used Vol PCE Vol H20 lemp Time Oxidant S°
IO (g) (mL) (mL) (°C) (hr) (wt%)

7301 21.9369 200 40 90 22 Ai r, 20mL/s O.047%

7302 10.7384 100 20 90 22 Ai r/SO_ O.090%

The elemental sulfur in the PCE extracts from both air

oxidized and air/SO 2 oxidized samples were collected and

analyzed for their SSIR values. The data are shown in Table
ii. It is significant to note that the SSIR value for the

elemental sulfur isolated from air oxidized sample (7302)

confirms the results obtained several years ago on another

sample of air-oxidized IBC-107 (20.1 vs 20.6) (Hackley, et al,
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1990). This not only shows that the elemental sulfur is

derived from pyrite, but also indicates that the analytical
methods are reliable. The elemental sulfur isolated after

stimulated oxidation using air/SO 2 has an SSIR value of 5.7

(sample 7301) compared with 20.1 for elemental sulfur isolated

after air oxidation (sample 7302). While the increase in the

amount of elemental sulfur stimulated by SO 2 has a lower SSIR

value (5.7) than that found in the sir-oxidized sample (20.1),
these results show that the elemental sulfur isolated has been

diluted with the lighter isotope, most likely from the SO 2 gas
for which the SSIR value is 0.2.

As indicated in Table ii, the SSIR of the organic sulfur in

the coal residue is not changed upon air oxidation (compare

7300 with 7302), but it increases slightly in the presence of

sulfur dioxide (compare those with 7301).

Table II_ Stable Sulfur Isotope Ratios (SSIR) for Sulfate, Elemental Sulfur,
Pyrite, and Organic Sulfur

(Delta _S of SO_ used in oxidation = 0.18% °)

Delta 3'S (o/oo)

Sample ID S°/oo SQ S°/oo Elem. S S°/oo Pyr. S°/oo Or'g S

7300 (feed coal) ]3.4 (20.6*) 26.2 15

7301 (PCE + air/SO-) 5.5 5.7 23,4 1.9

7302 LPCE+ air) 14._ 20.1 27,6 1.,,

* Single value from a previous pro3ect on PCEextraction of air-oxid" 'ed IB¢-107 coal

Table 12. Forms of Sulfur by LAH method for PC[ treated and untreatea 1BC-107 coal
(averages of two or more duplicates)

Sam;_,le!? Acid-leach PC[ S'_ L_,H Eo_ust £a!cl £aIcl Total Cumin.
SO_S % Pyr S_ Orz S% Org S%_ Cumu]S_ Total S%

_-_n f_ _ 2 72 _ _-_ 3 5C

7301 (P:E* 0 32 0 09 0 a5 2 85 2 85 3 70 3 70
a_r,'S$:)

.,_ (_.E* _r) 0 02 0 0_7 S _i _ _; 2 73 3 _2 3 30

^ Cal:u,_:u..... Org S -- %Tot S (%S0,.+ %Py.S _ %ElemS )

The results of forms of sulfur analyses by wet chemical method

(Table 12) show that the amount of organic sulfur remaining
after the stimulated oxidation is the same as in the feed

coal. These results agree with the previous results on scale-

up PCE extraction. Overall, this study and the previous XANES
data indicate that the increase in the amount of elemental

sulfur is derived, in part, from pyrite in coal and, in part,
from the sulfur in the sulfur dioxide added to the reaction

mixture. The sulfur from unoxidized forms of organic sulfur
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(organic sulfide and thiophenes) do not contribute to the
source of this elemental sulfur.

Extended Oxidation Study Using Organosulfur Model Compounds

The air oxidation of model organosulfur compounds was examined

under several sets of conditions (extended Task 4) which might

promote the organic sulfur oxidation because MWOPC claims it

is necessary for successful coal desulfurization in their PCE

desulfurization process.

Oxidation of orqanosulfur model compounds without a promoter -

The experiments were conducted under the conditions used for
coal oxidations. The conditions and the results are shown in

Table 13. The data indicate that none of the organosulfur

compounds tested have been significantly oxidized under these

conditions. In the air and _air/SO 2 reactions, nearly

quantitative recoveries of starting materials were observed.

Traces of octyl thiol were detected from dioctyl sulfide. The

other compounds did not yield thiols. The results from this

study are consistent with that of a study by Mill et al.

(1992) in which the air oxidation of organic sulfides in

asphalts and as model compounds was examined. It was found

that there was no direct air oxidation of organic sulfides

alone, but that oxidation could happen by the addition of

hydrocarbons known to easily form hydroperoxides during air

oxidation. For products confirmation both sulfoxides and

sulfones were prepared by 40% peracetic oxidation in

dichloromethane. Short reaction times at 0°C gave good yields

of su!foxides while long reaction times or higher temperatures

gave near quantitative yields of sulfones.

Table 13. Organosulfur model compounds oxidation

Compound Oxidant Solvent Temp. Product Verify by
.....................................................................................

Dioctyl sulfide Air PCE 90 Trace octylthiol GC

D1octyl sul fi de Ai r/SO Z PCE 90 Trace octythi ol GC

Dibenzyl sulfide Air PCE 90 No reaction GC, HPLC

Dibenzyl sulfide Air/SO_ PCE 90 No reaction GC, HPLC

Dibenzothiophene Air PCE 90 No Reaction GC, HPLC

Dibenzothiophene Air/SO 2 PCE 90 No Reaction GC, HPLC
.....................................................................................

The Organosulfur compounds were also oxidized using H20_ in acetone and CH3CO3Hin CH2CI2
yielding sulfones or sulfoxides for product confirmation.

............. ........................ _............................................................................................................. _.__
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Oxidation of orqanosulfur model compounds in the presence of

a promoter - The oxidation of the organosulfur model compounds

was repeated in the presence of a hydrocarbon additive, which

is known to easily produce hydroperoxides (Mill et al., 1992)

during air oxidation. The presence of a hydrocarbon additive,

either 9,10-dihydroanthracene (DHA) or diphenylmethane (DPM),

does induce sulfide to produce sulfoxide and sulfone. The

qualitative results from a large number of tests indicate that

in the presence of hydrocarbon promoters, dibenzyl sulfide was
the most reactive model compound during air oxidation. It is

followed in degree of reactivity by di-n-octyl sulfide and

dibenzothiophene. The oxidized products observed were

benzylsulfoxide and benzylsulfone, octylsulfoxide, and

dibenzothiophene sulfone (DBT-l,l-dioxide). The DBT sulfoxide
was not observed, because this compound is unstable and is

likely to convert to sulfone.

The oxidation reactions are complex and in each case are

accompanied by the production of trace amounts of unidentified

compounds which increase with time. The oxidation solution of

dibenzyl sulfide in the presence of DHA or DPM contained an

active oxidizing agent. This was indicated by the conversion

of a fresh sample of dibenzyl sulfide to sulfoxide or sulfone

using the oxidation solution alone. The highest yield of

about 4% was obtained for benzylsulfoxide under this reaction

condition. In any case, elemental sulfur was not detected as
a result of these oxidation reactions.

These studies should set a lower limit on the conditions

necessary for air oxidation of the type of organosulfur

compounds found in coal. MWOPC states that coal

desulfurization takes place when coal as a suspension in PCE

is preoxidized in air at about 70°C for one-half hour prior to

their PCE desulfurization process. The mild preoxidation

condition described by MWOPC does not produce enough oxidized

organic sulfur to support the level of sulfur removal

reported• Overall, the PCE desulfurization process was found

not to be practical for organic sulfur removal. Furthermore,

when air oxidation of coal-like organosulfur compounds does

occur, the products are inconsistent with production of

elemental sulfur, the product reported by MWOPC.

SUMMARY AND MAJOR CONCLUSIONS

* A laboratory scale operation of the MWOPC process developed
for coal desulfurization with PCE extraction was

demonstrated, and a dechlorination procedure to remove
excess PCE from the PCE-treated coal was developed.

* PCE desulfurization removes mainly elemental sulfur from

coal. A higher level of coal oxidization results in a
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larger amount of elemental sulfur to be removed by PCE
extraction.

* The amount of elemental sulfur produced during preoxidation

is controlled by the reaction time, temperature, moisture,

and reactant. The increase in elemental sulfur during

preoxidation is found to be pH dependent and is attributed

to coal pyrite oxidation under acidic (pH<2) conditions.

* The elemental sulfur produced complicates the PCE process

evaluation in that the ASTM forms-of-sulfur analysis

interprets elemental sulfur removed during PCE

desulfurization as a decrease in organic sulfur.

* The hypothesis concerning the effect of PCE treatment on

inhibiting the extraction of the coal-derived pyrite and

iron sulfates during the ASTM procedures for forms-of-
sulfur was not confirmed.

* The mild preoxidation treatment of coal described by MWOPC
for removal of organic sulfur does not produce enough

oxidized organic sulfur to support the sulfur removal

results. When oxidation of coal-like organosulfur

compounds does occur, the products are inconsistent with

production of elemental sulfur, the product reported by
MWOPC.

* The PCE process is not practical for organic sulfur
removal. Also, it is recommended that all chemical

desulfurizations should utilize fresh feed coals, and if

the ASTM method is used for forms-of-sulfur, the results

should be verified by an alternate method, such as XANES.
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Projected and Estimated Actual Expenditures by Quarter

Quarter* Types of Direct Fringe Materials Travel Major Other Indirect Total
Cost Labor Benefits and Equipment Direct Cost

Supplies Costs

Sept. 1, 1992 Projected 7,350 960 1.000 0 0 7,962 1.727 18.999
to

Nov. 30, 1992 Estimated 6.000 600 800 0 0 800 820 9.020

Sept. 1, 1992 Projected 14,700 1,919 1,420 0 0 15,923 3,396 37.358
to .......................... --20-1581

Feb. 28, 1993 Estimated 14,000 1.400 900 0 0 2.500 1.358

Sept. I, 1992 Projected 22,049 2.879 1.840 500 0i 23,885 5,080 55,883
to

May 31, 1993 Estimated 18.500 2,200 1,200 520 0_ 2,500 2.930 27,330

Sept. 1, 1992 Projected 28,334 3,699 2,350 800 0 32.444 5.693 73,320
to .........

Aug. 31, 1993 Estimated 25,885 2.598 2,350 813 0 35,979 5,693 73,320

*Cumulative by Quarter
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SCHEDULEOF PROJECTMILESTONES

A! X IX

B X IX

C X iX

D X iX

E X iX

F X IX

G X iX X iX X iX X iX

S 0 N D J F M A M J J A

Milestones:

A. Sample requisition and student helper hired
B Base line study (Task 6)
C Radioactive trace study (Task 7)

D Oxidation study (Extended Task 4)
E Data evaluation (Extended Task 5)
F Process application and/or optimization (Task 8)
G Technical project management reports prepared and

submitted
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HAZARDOUS WASTE REPORT

Solicitation No. ICCI/RFP92-1

Program Area Coal Cleaning

Proposer Illinois Clean Coal Institute

Principal Investigator Mei-In M. Chou

Project Title Sulfur Removal from High Sulfur
Illinois Coal by Low Temperature

Perchloroethylene Extraction

Project Duration September i, 1992 - August 31, 1993
Total Estimated Cost $73,320

No solid waste was produced by this project.

Substance/chemical EPA Hazardous Waste No. EPAHazard Code.

Perchloroethylene F001 (T)

Other solvents used:

Phenol U188 108-95-2 (Chem.

Abs. #)
Methanol F003 (I)

Acetone F003 (I)

Quantity purchased, utilized, or qenerated;

Perchloroethylene 6 gallons

Phenol 0.5 gallon

Methanol 2 gallons
Acetone 5 gallons

Hazardous Waste Transporter:

The Office of Environmental Safety & Health, University of

Illinois, would make necessary determination and dispose of

the waste in the manner approved by the IL EPA.

Office of Health & Safety, University of Illinois: I01 S.

Gregory, Urbana, Illinois 61801 (Van Anderson) (217)244-9278

Hazardous Waste Disposal Facility, Contractor, and Location:

All collection, treatment and disposal was in accordance with

all RCRA and TSCA rules/regulations. Incineration or
treatment was at certified facilities. The current University

of Illinois contract (annually bid) is with Rollins, Inc.,

Which has facilities in Baton Rouge, LA and Deer Park, TX.

Hazardous Waste Treatment Method: Incineration or treatment.
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