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ABSTRACT

In this 3-year program, we investigated the thermal desulturization of lllinois high-sultur
coal for the ultimate purpose of producing ciean low-sulfur solid fuel. The two principal
objectives were to optimize the conditions for sulfur removal and to analyze the behavior
of sulfur during gas-phase desulfurization. We developed several unique methods to
monitor the sulfur mobility during thermal desulfurization: stable sulfur isotope tracing
{used to follow the types of sulfur during desulfurization), pH monitoring, and quadrupole
mass spectrometer gas analysis (used to measure the relative rates of sulfur removal).

The thermal desulfurization processes studied were pyrolysis and post-pyrolysis
treatments—most pyrolyses were carried out at 350° to 750°C under an atmosphere
of nitrogen. From studying the behavior of the predominant forms of sulfur during
pyrolysis, we determined that below 500°C the sulfur removed is almost entirely organic.
Pyritic sulfur is not rernoved in any significant quantities until approximately 550°C and
above. Other experiments show that pyrolyses carried out at or above 550°C produce
the lowest sulfur content chars in the shortest time. During these studies a process
was developed that is capable of converting nonmagnetic and weakly magnetic iron
sulfides—the sulfides normally produced during pyrolysis—into a strongly magnetic
iron sulfide that can potentially be removed by magnetic separation.

The post-pyrolysis desulfurization processes studied include partial oxidation and
hydrodesulfurization. Post-pyrolysis oxidation expsriments showad that partial oxidation
must be carried out below 550°C to produce maximum sulfur removal with minimum
carbon loss. Various hydrodesulfurization treatments were also studied to determine
their effects on the rate and amount of sulfur removal from char. From coals that
originally had 4 to 6 percent sulfur, hydrodesulfurization experiments using pure hy-
drogen produced low levels of sulfur—Ilow enough to qualify as a compliance fuel. The
effect of a small amount of hydrogen sulfide (H,S) in the hydrogen flow was also
investigated to simulate the effect of excess H,S that occurs in large-scale systems
during hydrodesulfurization in the absence of an H;S scavenger. Post-hydrodesulfuriza-
tion oxidation helped to overcome the problem of back reactions of H,S with iron in
the chars that occurred during hydrogen treatment.

The final phase of this research combined pyrolysis and post-pyrolysis desulfurization
techniques to show the potential of gas-phase thermal desulfurization. Results indicate
that pyrolysis with a trace of oxygen followed by magnetic separation of iron sulfides
may be a process capable of producing relatively low-sulfur chars from coals with low
organic sulfur and relatively high pyritic sulfur. For most lllinois coals with moderate to
high organic sulfur, some type of post-pyrolysis treatment such as hydrodesulfurization
will probably be necessary because organic sulfur is so difficult to remove. A promising
desulfurization treatment is hydrodesulfurization plus post-hydrodesulfurization oxida-
tion with 5 percent oxygen or with a trace of oxygen followed by magnetic separation.



INTRODUCTION

Much of the coal in the lllinois Basin is high-sulfur coal,
greater than 3 percent total sulfur, which limits its use
as a fuel source. A substantial portion of the coal desul-
furization research at the Hinois State Geological Sur-
vey has been aimed at producing a clean low-sulfur
solid fuel from Illinois high-sulfur coal. In this project
our research efforts concentrated on pyrolysis and post-
pyrolysis desulfurization processes. Qur principal objec-
-tives were to optimize conditions for maximum sulfur
removal and to better understand the behavior of sulfur
forms during pyrolysis and post-pyrolysis desulfuriza-
tion. To achieve these objectives, we developed several
unigue techniques to monitor the mobility of sulfur dur-
ing the thermal desulfurization processes studied: sta-
ble sulfur isotope tracing (to follow the types of sulfur
during desulfurization), pH monitoring, and quadrupole
mass spectrometer gas analysis (to measure the rela-
tive rates of sulfur removal).

Pyrolysis in an inert atmosphere removes a portion
of organic and pyritic sulfur with the volatile gases
(Kruse and Shimp, 1981). Elemental sulfur resulting
from the decomposition of pyrite as well as hydrogen
sulfide from any source can react with the organic matrix
of the coal and remain in the char as organically bound
sulfur (Given and Jones, 1966; Cleyle et al., 1984).
Since the initial forms of sulfur undergo various reac-
tions and can be converted to other forms during ther-
mal treatment, the standard ASTM procedures for deter-

mining the forms of sulfur in coal may not be reliable

when applied to chars.

In this project, we useéd naturally occurring differences
in stable sulfur isctope compositions of pyritic and or-
ganic sulfur in coals to monitor the mobility of these
two major forms of sulfur during thermal desulfurization
treatment. The isotopic composition of either the sulfur
in the volatiles or that remaining in the char will give
the proportion of organic and pyritic sulfur removed or
remaining, no matter what new chemical form each
type of sulfur has taken. We also looked into the effects
that different parameters—particle size, heating rate,
soak time, and maximum pyrolysis temperature---have
on the rate and amount of sulfur removed from coal.

After pyrolysis a significant amount of sulfur usually
remains in the char, and many researchers have found
that high-sulfur coals yield high-sulfur chars—thus
further post-pyrolysis desulfurization treatments are
usually considered necessary. We studied the removal
of sulfur from char by partial oxidation and hydrodesul-
furization because these gas-phase desulfurization
treatments do not require subsequent washing, filtering,
or dewatering steps. A review of recent literature on
oxidation and hydrodesuitfurization is given by Stephen-
son et al. (1985).

Generally, oxidation and hydrodesulfurization can sig-
nificantly reduce the sulfur content of coals or chars.
Howaever, oxidation sometimes resuits in excessive car-
bon loss with only minor sulfur removal, depending on
the oxygen concentration and temperature used. Hy-
drogen seems to be the most effective gas for desulfuri-

SULFUR BEHAVIOR DURING THERMAL DESULFURIZATION

zation. Fleming, Smith, and Aquiro (1877) showed, on
the laboratory scale, that hydrodesulfurization of char
can produce a solid fuel product with a sulfur content
lower than the EPA direct combustion standard of 1.2
Ib SO./MMBtu. However, hydrogen sulfide can react
back with the iron formed from the reduction of iron
sulfides in the char if the H,S partial pressure becomes
too high (Kor, 1977), resulting in little reduction in the
inorganic sulfide sulfur content of the final char. We
attempted to combine pyrolysis and post-pyrolysis pro-
cesses in complementary ways to help minimize some
major problems that ¢can occur and to show the potential
of gas-phase thermal desulfurization.

EXPERIMENTAL PROCEDURES

Detailed descriptions of the experimental apparatus
and procedures are given in the appendix.

Apparatus for Pyrolysis and Posi-Pyrolysis
Treatment .

Pyrolyses were carriad out on 0.5- to 1-g size samples
spread thinly in a guartz or ceramic boat. The experi-
mental setup for the thin-bed pyrolysis system is very
similar to that described in Frost, Auteri, and Ruch
(1984) and Ruch, Chaven, and Kruse (1985). The
pyrolysis apparatus consists of a bench-scale quartz
tube reactor with two consecutive chambers. The first
chamber is used for pyrolysis of coal samples at various
temperatures under a nitrogen atmosphere, the second
for combusting the voiatile products to CO, and SO,
with oxygen at 900°C. The sulfur dioxide formed by
oxidation of the sulfur or sulfur compounds reteased
during pyrolysis is trapped by hydrogen peroxide solu-
tion and then quantitatively measured as BaS0,. The
same pyrolysis apparatus was used for partial oxidation
experiments. The N, flow was diluted with 4 to 5 percent
O, by volume for post-pyrolysis oxidations.

A similar bench-scale system was set up for hydro-
treating the chars at 800°C. The sulfur released as H,S
during hydrodesulfurization was trapped and precipi-
tated as CdS and converted to Ag,S using a dilute
Ag-NO; solution. The Ag,S was then weighed to calcu-
late the quantity of sulfur removed.

The maximum heating rate that could be achieved
with the tube-type pyrolysis/oxidation system in the 400°
to 550°C temperature range, at which 90+ percent of
coal devolatilization occurs, was about 60°C/min. There-
fore, a speciai pyrolysis/oxidation system was con-
structed to carry out pyrolyses with high heating rates.
With the new system, heating rates of 100°C + /min in
the 400° to 550°C temperature range could be obtained.

Monitoring Techniques

Stable sulfur isotope analysis was used to monitor the
behavior of organic sulfur and pyritic sulfur individually
during thermal treatment of coal. Coais with a natural
difference between the 3*S/%2S ratios of the pyritic and
organic sulfur were used for this work. If the isotopic
composition of the pyritic and organic sulfur in a coal



is known, the relative proportions of pyritic and organic
sulfur removed during a particular desulfurization proce-
dure can be calculated by measuring the isotopic com-
position of either the sulfur removed or the sulfur remain-
ing in desulfurized coal or char. The use of stable sulfur
isotopes as a tracer in desulfurization studies is also
described in Liu, Hackley, and Coleman (1987).

For the initial isotopic characterization of the predom-
inant sulfur forms, the pyritic and organic sulfur were
chemically separated from a coal sample. Pyritic sulfur
was extracted by the reductive lithium aluminum hydride
(LAH) method (Price and Shieh, 1979; Westgate and
Anderson, 1882). The organic sulfur was collected by
combusting the LAH-extracted coal in pure oxygen at
1350°C (modified ASTM D1377-82 procedures, Frost,
Auteri, and Ruch, 1984). Both forms of sulfur were
converted to SO, and analyzed on an isctope ratio
mass spectrometer. The appendix provides detaiis of
the procedures, including the description of a quick
screening method developed for locating isotopically
appropriate coals and an explanation of stable sulfur
isotope notation.

For stable isotope monitoring during thermal desul-
furization experiments, the sulfur liberated and the sui-
fur remaining in the treated chars were guantitatively
collected, converted to SO,, and analyzed isotopically
on a Nuclide RMS 6-60 isotope ratio mass spectrome-
ter. The relative proportions of organic and pyritic sulfur
in the desulfurized products were then calculated. The
excellent chemical and isotopic mass balances

achieved on three diffarent lllinois Herrin {No. 6) Coal

samples prove the reliability of this novel stable isotope
tracing mathod (table 1).

Methods were also developed for continuous monitor-
ing of the sulfur removed during pyrolysis and post-
pyrolysis oxidation of coals. One method continuously
measures the pH of a hydrogen peroxide solution used
to trap the SO, produced in the bench-scale pyrolysis/
oxidation system. Because the solution pH is a direct
function of the total amount of sulfur collected, a plot
can be made showing the amount of sulfur evoived
from the coal as a function of time. Differentiation of
this curve provides information on sulfur removal rates.

For more accurate rate data, a quadrupole gas
analyzer (QGA) was used during the later experiments
to monitor the evelution of both sulfur and carbon during
pyrolysis and post-pyrolysis desulfurization experi-
ments. Also, other gaseous species present during the
experiments can be monitored with the QGA. The QGA
and temperature controller for the pyrolysis/desulfuriza-
tion tube furnace are interfaced with an IBM PC compu-
ter, which collects gas composition and temperature
data every 6 seconds during an experiment. Rate data
can be calculated from the QGA data.

Standard X-ray diffraction methods were used to de-
termine the changes in iron-sulfur mineral content and
structure that occurred when a coal was pyrolyzed or
treated by post-pyrolysis desulfurization. Pyrrhotite
crystal structure and stoichiometry were determined by
comparing the sample X-ray diffraction patterns with

2

X-ray patterns prepared from standard pyrrhotite sam-
ples. The position of the major pyrrhotite X-ray diffrac-
tion peaks, located between 43.2° and 44° 26, was used
to monitor the changes in pytrhotite compasition; the lo-
cation of this major X-ray peak depends on the pyrrho-
tite crystal structure and stoichiometry (Smith et al.,
1984).

Estimates of the relative order of abundance of min-
erals present after charring were made using the relative
X-ray peak intensities. Although this method is not quan-
titative, it generally gives a fairly good estimate of the
relative abundance of minerals present {Arnold, 1966;
Brindley, 1980; Hughes, personal communication). No
attempt was made to quantify the percentage of each
sulfide or iron-related mineral present because of the
many variables that control these peak intensities, such
as sample purity, structural factors, particle size, and
crystallinity. X-ray data were integrated with the other
data collected in this study so that the reactions involved
in coal desulfurization would be better understood.

Table 1 Chemical analysis, sulfur isotopic composition, and
mass balance caiculations of Herrin (No. 6) Coal samples
used in pyrolysis experiments

Coal sample

RK-B-3 RK-A-4 CR-B-4

Chemical analysis (%}

Moisture 9.0 96 1.5
Volatile material 415 375 461
Fixed carbon 492 41.9 46.6
High-temp ash 9.3 206 7.2
Sulfate sulfur 0.01 0.01 0.01
Pyritic sutfur 0.73 0.74 0.33
Organic sulfur 2.33 2.02 3.03
Totai sulfur 3.07 2.77 3.37

Isotopic composition of sulfur (%)

Pyritic sulfur +25.4 +8.2 +8.5

Organic sulfur -29 -51 -57

Total sutfur +3.9 -14 —42
Isotopic mass balance (%%6e)

Calculated values +3.8 -1.5 -—-43

{total suifur)

*Mass balance equation:

pG*8) +  x (8%8,)

5% Sy
XTs
38,5 isotopic composition of total sulfur
%8, ¥, isotopiccomposition and percent pyritic sulfur
38, xor isotopic composition and percent organic suifur

xtg percentictal sulfur
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Coal Samples

Bituminous lllinois Herrin (No. 6) Coal was used for this
study. Many samples weare collected by hand at freshly
cut coal faces in underground mines. Chemical and
isotopic analyses wers performed as quickly as possi-
ble. Three coal samples, RK-B-3, RK-A-4, and CR-B-4,
were selected for further study because of the large
difference between the stable sulfur isotopic composi-
tion of the pyritic and organic sulfur. Another sample,
RK-B-5, was used in some experimenis because of its
high pyrite content. In addition to the samples collected
by hand, two lllinois Basin Coal Sample Program coals
(1IBC-101 and |1BC-103) were also used in much of this
project.

RESULTS AND DISCUSSION

Pyrolysis under N,: Behavior of Organic
and Pyritic Sulfur

The most abundant forms of sulfur in coal are organic
and pyritic sulfur. Sulfur can also occur in coal to a
lesser degree as sulfate, elemental sulfur, and other
sulfide minerals. Some FeS, in lllinois coals exists as
the polymorph marcasite, but for this paper all FeS,
will be referred to as pyrite.

The chemical and isotopic analyses of three Herrin
Coal samples used in the initial pyrolysis studies on
the behavior of pyritic and organic sulfur are shown in
table 1. Pyrolyses were carried out at temperatures

ranging from 350° to 750°C. The isotopic results shown

in table 2 indicate that most of the sulfur removed with
the volatiles is organic. Pyritic sulfur is not observed
in the volatilized gases until 550°C and above.

To study the release of organic and pyritic sulfur in
more detail, a stepwise pyrolysis experiment was con-

ducted on coal sample RK-B-3. The volatile sulfur was
collected consecutively at three different temperature
intervals (25°-350°C, 350°-500°C, and 500°-650°C}; re-
sults are shown in table 3. Note the change in the
isotopic value of the sulfur volatilized between 500° and
650°C compared with the two intervals below 500°C.
This finding indicates that the pyritic sulfur does not
occur in the volatile gases (in any significant quantity)
until above 500°C, supporting the initial pyrolysis data.
Figure 1 displays the type of sulfur removed during
pyrolysis from all three coals {(RK-B-3, RK-A-4, and CR-
B-4).

Most of the removable organic sulfur is released at
pyrolysis temperatures below approximately 550°C (fig.
1). Higher charring temperatures result primarily in re-
moval of pyritic sulfur and additional volatile matter.
These results suggest that relatively low-temperature
charring should be used to remove organic sulfur, and
less destructive procedures such as physical separation
methods should be applied to remove pyritic sulfur.

The greatest variation in the data occurs in the per-
centage of pyritic sulfur released at the higher temper-
atures. The differences in pyritic sulfur removed are
probably a result of the different proportions of dissemi-
nated (finely dispersed) and massive pyrite present in
the coals. Sample RK-B-3 had a greater percentage
of pyritic sulfur removed (28%} than did RK-A-4 and
contained more massive pyrite. The third coal sample,
CR-B-4, contained the least amount of pyrite (0.33%)
and lost the lowest percentage of pyritic sulfur at 650°C.
Furthermore, microscopic inspection showed that
nearly all the pyrite in CR-B-4 is disseminated.

Even though the pyrite contents of the samples were
significantly different, similar percentages of organic sul-
fur were removed from each of the three coals. The

Table 2 Amount and origin of sulfur removed by pyrolysis of three llinois coal samples

88 848 Origin of sulfur
) of volatile of char in volatiles (%)
Coal Charring Total sulfur sulfur sulfur Total sulfur
sample  temp(°C) removed (%) (%e0) (Yeo) Organic Pyritic  recovared (2%)
RK-B-3 450 40 -2.9 — 100 0 —
550 53 -0.9 +7.7 93 7 100.7
650 58.5 +0.0 +7.5 20 10 102.9
650 58 +0.0 +7.5 90 10 101.2
750 60 +041 +75 a9 1 102.6
RK-A-4 350 13 -5 — 100 0 —
450 39 -51 +15 100 0 97.4
550 53 -4 +11 93 7 91.0
650 58 -36 +0.8 89 11 949
CR-B-4 350 18 -57 —_ 100 0 101.8
450 46 -57 -3.5 100 0 988
550 59 -53 ~3.1 97 3 101.2
650 63 -5.3 -29 97 3 100.1

SULFUR BEHAVIOR DURING THERMAL DESULFURIZATION



Table 3 Amount and origin of sulfur in the volatile gases of the stepwise pyrolysis of RK-B-3

(5% Sppuitic = +25.4, 8**Sppparic = ~ 2.9}

S of

: Origin of sulfur
Te . .
inet:‘r?fal F,:i?:; P !i‘:omaek " esrrt:cl:\‘rl;d v:::;tlre involatiles %% Sulfur collected %
°C) {min)  (min} (Vo) (%o) Organic  Pyritic  Organic  Pyritic
25-350 10 15 14.2 -2.7 >899 <1 18 <1
350-500 9 1h .0 -25 98 2 a9 2
500-650 iO 15 10.0 +10.2 54 46 7 22

implication here is that pyrite content does not affect
the percentage of organic sulfur released during
pyrolysis. Additional pyrolysis experiments were con-
ducted to assess the effect of pyrite content. A sample
of RK-B-3 was pulvarized to less than 230 mesh (<63
pm). A split of the pulverized sample was subjected to
lithium aluminum hydride extraction to remove pyrite.
Another split of RK-B-3 was subjected to a 1.4-specific
gravity float-sink separation. Table 4 shows isoctopic
compaositions of the pyritic and organic sulfur in the float
and sink fractions, and table 5 shows the resuits of

&

60
g
g «
e
£
& 20 -
® RK-B-3
A RK-A-4 Pyritic.
» CR-B-4 sultur
0 T T T
0 200 400 600 800

Pyrolysis temperature (°C)

Filgure 1 Organic and pyritic sulfur removal as a function of
pyrolysis temperature for three coals

650°C pyrolyses of these samples. Note thal the
isotopic composition of the volatilized sulfur from the
pyrite-free sample is identical to the isotopic composi-
tion .of the sulfur remaining in the char of that sample;
both are indicative of the original total organic sulfur.
The percentage of organic sulfur removed by pyrolyzing
the pyrite-free sample is essentially identical to the per-
centage removed when the pyrite was present. In addi-

tion, the percentage of organic sulfur removed from the
float and sink samples are virtually the same. These
findings confirm that the presence of pyrite has no sig-
nificant effect on the removal of organic sulfur under
the conditions used in this study.

Some authors suggest that sulfur forms in coal may
be redistributed during pyrolysis (Cernic-Simic, 1962;
Cleyle st al,, 1984). Several experiments were con-
ducted to determine if any redistribution of the sulfur
forms could be detected by the inherent stable isotope
tracing technigue at 500°C and above. The coal with
the largest isotopic difference between the pyritic and
organic sulfur was pyrolyzed at 500°, 550°, and 650°C.
The pyrolysis products were then pulverized to less
than 230 mesh (63 pm), and the inorganic sulfur was
chemically removed and collected. The remaining sulfur
was extracted from the chemically treated char by the
ASTM high-temperature combustion method. The
isotopic compositions of each fraction of sulfur removed
were measured to determine the proportions of organic
and “pyritic™ sulfur present. The isotopic results indicate
that a portion of the pyritic sulfur does get trapped by
the organic matrix of the coal during pyrolysis. Approxi-

Table 4 Chemical analysis and isotopic composition of float
and sink coal fractions of RK-B-3 samples (moisiure-free
basis)

Chemical Float Sink 3S (%)
analysis (%) (%) Float Sink
Volatile matter 1.3 313

Fixed carbon 50.6 442

High-ternp ash 8.0 245

Sulfate sulfur 0.01 0.

Pyritic sulfur 0.59 211 +258 +216
Organic sulfur 2.55 176 -29 -29
Total sulfur R a3.88 +3.9 +104

*The term “pynitic” refers to the inorganic sulfide sutfur removed or remaining in a char even though pyrite begins to alter to pyrrhotite
at approximately 500°C, “Pyritic” is used because much of the discussion Is about the mobility of the two major forms of sulfur in
coal (organic and pyritic) during thermal desulfurization. Distinctions are made between pyrite and pyrrhotite when appropriate.
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Table 5 Results of 650°C pyrolyses of samples of RK-B-3 containing significanily different pyrite concentrations

{“pynrite free” and “normal coal” are <230 mesh)

Origin of sulfur

Sample smgt:fn Sulfur o;Lgll?:!':c vglatﬁe 2hasr in volatiles (%)
description coal (%) removed (%)  removed (%) sulfur sulfur Organic Pyritic
Pyrite free 0 67.4 67 —29 —-29 100 0
Normai coal 0.7 57.7 67 +04 +8.4 88 12
Sink 2. 476 68 +5.7 +13.0 €5 35
Sink {(dup} 21 48.6 69 +5.7 +13.3 65 35
Float 0.6 5741 67 -1.7 +6.3 96 4

mately 6, 9, and 12 percent of the originally pyritic sulfur
was incorporated into the organic matrix at pyrolysis
temperatures of 500°, 550°, and 650°C, respectively.
(For these results, we assume that the chemical extrac-
tion procedure used to dissolve the “pyritic” sulfur is
approximately 95% efficient as determined by micro-
scopic and Moesshauer analysis of extracted material.)

Effect of Varlous Parameters on Sulfur Removal

Considerable effort was directed toward determining
the effect of process conditions—maximum tempera-
ture, heating time (soak time), heating rats, particle
size, and coal types—on sulfur removal during pyrolysis
of coals. The rate and amount of sulfur evolved during
pyrolysis were determined by the pH monitoring
method, and the total sulfur content of the chars was
determined by a modified ASTM D1377-82 method.
About 90 pyrolysis tests were made using lllinois
Basin Coal Sample Program coals {(samples IBC-101
and 1BC-103). Besides the very high (“flash™) heating
rate (100°C + /min), heating rates of about 20°, 40°, and
60°C/min were used. The sulfide mineral content was
determined by X-ray diffraction for the flash pyrolyses
experiments and for pyrolyses that were heated at ap-
proximately 20°C/min. The porosity characteristics of
selected nonflash and flash chars were determined from
surface area measurements. The proximate analysis
and sulfur forms from IBC-101 and IBC-103 are given
in table 6.
- The resulis of the various pyrolysis experiments are
summarized in table 7 for IBC-101 and in table 8 for
IBC-103; these data indicate that maximum pyrolysis
temperature is the most important factor in determining
the amount of sulfur evolved during pyrolysis. The impor-
tance of soak time is dependent upon the maximum
charring temperature. As indicated by the char yield
data, at 500°C maximum pyrolysis temperature, de-
volatilization of the coal is incomplete during heat up.
However, at 600° and 700°C maximum pyrolysis tem-
perature, devolatilization of the coal is virtually com-
pleted during heat up so that the soak time has minimal
effect upon char sulfur content. The effect that soak
time has at a pyrolysis temperature of 600°C upon char
sulfur content is a resuft of incomplete thermal decom-
position of pyrite to pyrrhotite as shown by the X-ray
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Table 6 Chemical analyses of two particle sizes of lllinois
Basin Coal Sample Program IBC-101 and IBC- 103 (moisture-
free basis)

Chemical 1BC-101 IBC-103
analysis (%) —20+35 —65+100 —20+35 —65+100
Volatile matter 433 43.7 374 39.0
Fixed carbon 46.9 46.7 53.7 531
High-temp ash 9.7 9.6 8.9 79
Sulfate sulfur 0.184 0.204 0115 0104
Pyritic suffur 1.08 1.04 0.94 0.92
Organic sulfur 2.90 3.04 1.33 1.32
Total sulfur 417 4,29 239 2.35

diffraction data for pyrolyses conducted with 1BC-101
(table 9).

Heating rate does not have a significant effect upon
char suifur content (tables 7 and 8). But heating rate
does have a significant effect on the rate of sulfur evolu-
tion during pyrolysis (fig. 2). And as the heating rate
incteases, the temperature at which the maximum rate
of sulfur évolution occurs also increases {fig. 2).

Figure 3 shows a selected series of plots of sulfur
evolution rates and the effects of different maximum
temperatures. In figure 3, experiment PH35, the coal
was heated to 500°C and held at that temperature; for
experiments PH34 and PH41, the coal was heated to
600° and 700°C, respectively. Note that in alt three cases
the maximum suifur removal rate occurs at about 500°C.
This peak probably results from the remaval of organic
sulfur; isotope monitoring indicates that most of the
removable organic sulfur is released by the time a temp-
erature of 500°C is reached. The identification of this
peak as organic sulfur is furthér substantiated by the
X-ray data (table 9), which show that only a small frac-
tion of the pyrite has been converted to pyrrhotite at
this temperature. On the basis of stable isotope data
discussed earlier and X-ray diffraction data of these



Table 7 Sulfur removal by pyrolysis of IBC-101

Heating Pyrolysis Char  Charsulfur  Coalsulfur
rate Mesh temp{°C), vyield content evolved
Experiment  (°C/min) size time (min) (%) (%) (%)
PH81 20 ~20+35 500,0 756 .29 40.3
PH100 20 -85+ 100 5000 727 3.24 451
PH97 20 —20+35 500,18 70.4 3.01 49.2
PHB2 20 —65+ 100 500,18 67.6 315 50.4
PH70 20 -20+35 600,0 68.8 2.82 53.5
PH52 20 —-65+100 600,0 66.5 2.99 537
PHE9 20 —-20+35 600,18 66.1 2.86 54.7
PH58 20 — 65+ 100 600,18 65.0 292 55.8
PH48 20 —~20+35 700,0 65.6 2.75 56.7
PH88 20 —-65+100 700,0 64.8 2.86 56.8
PHE6 20 —-20+35 700,18 63.5 2.87 56.3
PH83 20 -85+ 100 700,18 63.4 2.94 56.6
PH130 40 —-20+35 550,18 67.5 2.80 54.7
PH82 40 —-20435 600,0 68.5 3.24 46.8
PHs54 40 —-685+100 600,0 ©66.4 295 54,3
- PH8&1 40 —-20+35 600,18 66.2 2.86 54.6
PHe64 40 -65+100 600,18 84.2 3.06 54.2
PH80 60 —-20+35 500,18 69.4 313 47.9
PH98 60 —65+100 500,18 68.4 318 49.3
PH57 60 —-20+35 600,0 67.8 2.8 54.3
PH94 60 - 65+100 600,0 671 312 51.2
PH79 60 —20+35 600,18 66.1 2.81 55.5
PH&3 60 —65+100 600,18 64.0 2.87 57.2
PHI6 60 —-20+35 700,0 65.1 2.65 58.6
PHBY 60 —65+-100 700,0 641 2.88 57.0
PHE7 60 —-20+35 700,18 63.1 277 58.1
PHgE5 60 —65+100 700,18 62.1 2.82 £59.2
1-5 200+ —20+35 500,0 781 3.46 32.5
1-6 200+ —65+100 500,0 80.0 364 322
1-12 200 + —-20+35 500,30 69.3 3.02 498
1-13 200 + —65+100 500,30 69.8 32 49.7
1-2 200 + —20+35 600,0 67.6 3.02 511
1-4 200+ -85+ 100 600,0 67.4 3.25 48.9
1-14 200+ —20+35 600,10 64.9 2.98 53.6
1-15 200+ —65+100 600,10 64.0 2.95 56.0
1-7 200+ —20+35 600,30 63.8 2.78 57.5
1-8 200+ — 65+ 100 600,30 63.3 2.94 56.6
1-1 200+ -20+35 700,0 63.6 277 57.8
1-3 200 + —65+100 700,0 63.0 2.89 57.6
19 200 + —-20+35 700,30 61.0 2.83 58.6
1-10 200+ —65+100 700,30 60.8 2.83 58.4
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" Table 8 Sulfur removal by pyrolysis of IBC-103

Heating Pyrolysis Char  Charsultur  Coal sutfur
rate Mesh temp (°C),  vyield content evolved
Experiment  (°C/min) size time {min) (%) (%) (%)

PH101 20 -20+35 500,0 78.2 1.83 401

PH73 20 —65+100 500,0 78.0 1.99 34.0
PHg4 20 —-20+35 500,18 72.6 1.78 459
PH91 20 —65+100 500,18 72.4 1.95 391

PH50 20 —20+35 600,0 70.6 182 46.2
PH51 20 —65+100 600,0 70.7 1.79 461

PH59 20 —-20+35 600,18 69.2 167 51.6
PH72 20 —654+100 800,18 68.3 1.70 50.6
PH104 20 -20+35 700,0 68.2 157 55.2
PH53 20 -85+ 100 700,0 68.3 1.62 529
PH78 20 —20+35 700,18 67.0 1.59 55.4
PH74 20 ~65+ 100 700,18 66.8 1.60 54.5
PH55 40 -20+35 600,0 71.8 1.86 44

PH71 40 —-85+100 600,0 70.7 1.76 471

PH77 40 —-20+35 600,18 69.5 1.78 482
PHE0 40 —65+100 600,18 68.7 1.7 50.0
PH103 60 —-20+356 500,18 73.3 1.86 43.0
PHg9 60 —65+100 500,18 734 1.89 41.2
PH86 60 —20+35 600,0 71.8 1.9 426
PH95 60 —654100 600,0 71.0 1.91 423
PH75 60 -20+35 600,18 691 1.64 52.6
PH87 60 —65+100 600,18 68.7 1.66 51.5
PH48 60 —20+35 700,0 68.8 167 51.9
PHa3 60 —-65+100 700,0 68.1 1.68 51.3
PHB85 60 —20+35 700,18 66.7 1.68 531

PH90 60 —65+ 100 700,18 671 1.64 53.2
33 200+ —-20+358 500,0 85.2 2.02 28.0
3-6 200+ —-85+100 500,0 921 212 16.9
3-1 200+ —-20+35 500,30 723 1.87 43.4
3-12 200 + —-65+100 500,30 72.8 2.02 374
3-2 200+ —204+35 600,0 7.9 1.87 438
3-5 200 + —65+100 600,0 70.8 1.94 15
3-14 200+ —-20+35 600,10 69.0 1.68 515
3-13 200 + —-65+100 600,10 68.9 1.78 47.8
3-7 200 + -20+35 600,30 68.0 1.61 54.2
3-8 200+ —65+100 600,30 67.9 1.69 511

31 200+ —20+35 700,0 68.2 167 52.3
3-4 200+ —65+100 700,0 67.4 1.66 52.4
3-10 200+ —20+35 700,30 65.3 1.65 54.9
39 200+ —-65+100 700,30 658 1.68 53.0
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Table § Effsct of particle size, maximum pyrolysis temperature, and soak time on total sulfur removal and sulfide mineral
content for IBC-101 (heating rate was 18.5°C/min)

Sulfur evolved (%) X-ray diffraction data for chars
Charring Before  After Pyrite-  Pyrrhotite-
Mesh temp(°C), Char  Charsulfur max max peakarea psakarea Pyrrhotite

Experiment size time {min) yield (%) content(%) Total rate rate  (counts) (counts) (mol%.Fe)

PH31A ~-20+35 500, 5 691 3.27 411 18.2 229 6.3 4.0 476
PH33 -20+35 00,5 69.4 3.12 42,0 19.5 225 8.0 20 48.2
PH35 -85+100 500,5 68.3 3.34 4.2 18.7 225 6.0 3.0 47.6
PH43 —-20+100 500,18 884 3.20 40.7 18.0 227 6.0 5.5 48.2
PH36 —-65+100 500,30 66.5 3.22 43.0 18.4 246 5.0 6.0 47.4
PH40 —20+100 600,5 65.3 289 489 18.7 30.2 20 11.2 48.2
PH39 —-20+35 600, 18 64.9 3.00 49.0 16.6 32.4 1.0 10.0 486
PH45 —-20+100 600,18 64.6 2.79 50.t 17.3 32.8 20 1.2 48.6
PH41 —-65+100 600,18 641 3.0 48.8 18.0 30.8 — 12.0 48.2
PH42 —204+100 600,30 63.9 2.7 525 18.6 33.9 —_ 15.0 48.6
PH32 —-20+35 700,5 62.8 282 541 18.0 36.1 —_ 128 494
PH34 -65+100 700,5 62.0 2,84 53.4 1.0 34.4 - 1.2 491
PH44 —-20+100 700,18 621 277 53.0 18.7 34.3 — 10.5 491
PH38 -20+35 700,30 62.2 2.80 49.4 17.8 316 — 9.8 49.8
PH37 ~85+100 700,30 811 2.86 521 181 34.0 -_ 12.8 491

Table 10 Effoct of heating rate and particle size on char pore structure (IBC-101 and IBC-103)

Heating Char surtace area Char Charsulfur  Coalsulfur
rate Mesh N, CO, yield content evolved
Experiment  (°C/min) size {m®/g) {m%/g) (%) (%) (%)
IBC-101
PHE9 20 —-20+35 228 342.3 66.1 2.86 54,7
PH&1 40 —-20+35 27.7 338.3 66.2 2.86 54.6
PH79 60 —20+35 27.5 3418 66.1 2.8 55.5
PHS8 20 —65+100 13.3 354.5 65.0 292 55.8
PHg4 40 —-65+100 17.8 350.5 64.2 3.06 54.2
PHB3 60 ~65+100 19.9 3611 64.0 2.87 57.2
IBC-103
PH59 20 -20+35 71 3178 69.2 1.67 51.6
PH77 40 —-20+35 "2 311.8 69.5 1.78 48.2
PH76 80 —20+35 10.8 300.4 69,1 1.83 471
PH72 20 -85+ 100 54 378 68.3 1.70 50.6
PHB0 40 —-65+100 8.2 306.8 68.7 1M 50.0
PH87 60 — 654100 10.9 3224 68.7 1.68 5.5
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chars in figure 3, the second sulfur evolution peak for
experiments PH34 and PH41 is probably a result of the
thermal decomposition of pyrite. The X-ray diffraction
data indicate that at 600° and 700°C, most or all of the
pyrite in the sample has been converted to pyrrhotite
(table 9).

900
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20°C/min

Rate (mg S/100 g coal/min)
[ )
S

T T T T T
300 340 380 420 460 500 540 580

Temperature (°C)

Figura 2 Effect of heating rate on sulfur evolution rate during
pyrolysis of —20+ 35 mesh particles of IBC-101

Tables 7 and 8 show the effect of two particle sizes
on the quantity of sulfur removed during pyrolysis. Most
chars produced from —20+35 mesh coal particles
have slightly lower sulfur contents than those produced
from — 65+ 100 mesh coal particles. The effect of par-
ticle size was investigated by more experiments using
IBC-101 coal and a constant heating rate of 18.5°C/min.
The time involved in heating the samples untii the
maximumn sulfur libération rate occurred (about 500°C)
was constant for all runs. Therefore, by comparing the
amount of sulfur liberated before the maximum desut-
furization rate (R.ax) Was achieved, the effect of particle
size on desulfurization rate could be evaluated. The
fractions of sulfur evolved before and after Ry, are
shown in table 9. From a comparison of the "before
R...x" percentages, particle size clearly had little or no
effect on the amount of sulfur evolved.

The results of surface area measurements on a select
group of chars, produced at 600°C from IBC-101 and
IBC-103 coals, are given in table 10. Very small pores
were present in all the chars; the CO, surface areas
are much higher than the N, surface areas. In most
cases, the N, surface areas for chars produced from a
given particle size fraction increase as the heating rate
increases. In most cases, chars with higher N, surface
area are produced from the larger particle size fraction,
indicating that greater expansion occurs with larger par-
ticles during pyrolysis.

Significant differences are apparent between the
physical and chemical characteristics of the two coal
samples used for testing the effect of various parame-
ters on the removal of sulfur during pyrolysis. For exam-
ple, the organic sulfur content of IBC-101 is about 3
percent, whereas in 1BC-103 it is about 1 percent. The
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Figure 3 Rate of sulfur evolution during charring experi-
ments PH34, PH41, and PH35 (table 9) (samples contained
3.04% organic sulfur and 1.04% pyritic sulfur)

volatile matter content of IBC-101 is about 4 percent
higher than in IBC-103. In comparable pyrolysis exper-
iments IBC-103 gives higher char yields and less evolu-
tion of sulfur than does IBC-101. In addition all chars
from IBC-103 exhibit a much higher degree of agglom-
eration than do the chars produced under similar condi-
tions from IBC-101. But even though the coals react
differently under similar pyrolysis conditions, we found
that for the parameters tested the relative effects on
sulfur removal were simitar for each coal.

Pyrolysis with a Trace of Oxygen

Notmally when coal is heated above 500°C, pyrite
(FeS,) decomposes to nonmagnetic or weakly magnet-
ic iron sulfides such as hexagonal pyrrhotites (Fe,_,S)
and troilite (FeS). Adding a trace amount of oxygen into



Table 11  Sulfide and iron oxide mineral content of chars produced from coals
pyrolyzed 18 minutes at 550°C with various amounits of trace oxygen

Char
Char Degree of mineral
Experiment %0,inN; yield(%) magnetism* contentt}
RK-83B-5
P-102 1.0 72.0 High Heam, mag
P-123 0.5 Fah| High Mag, hem,
moho-pyrr
P-122 0.25 71.2 High Mono-pyrr, (mag)
P-121 010 70.8 High Mono-pyrr, (mag)
P-116 0.05 69.9 Moderate Hex-pyrr,
{mona-pyrr),
(mag)
P-120 0.025 701 Slight Hex-pyrr,
{mono-pyrr)
P-117 a.0 608  Nonmagnetic Hex-pyrr
IBC-103
P-135 01 71.9 Moderate Hex/mono-pyrr,

(mag), (pyrite)

* Degree of magnetism is an arbifrary estimate.

1 Pym, pyrrhotite; mono, monoclinic; hex, hexagonal; mag, magnetite; hem,
hematite; ( ), indicates irace amounts. Minerals are listed in order of estimated
abundance based on peak intensities from X-ray diffraction patterns.

the nitrogen purging gas results in the formation of a
significant amount of strongly magnetic, monoclinic pyr-
rhotite during pyrolysis. A quick and rather crude mag-
netic separation (by a hand magnet) made on a char
produced at 550°C with a trace of oxygen showed that
a significant amount of sulfur could be magnetically
removed. The coal, RK-B-5, initially contained 3.8 per-
cent total sulfur (see table 20 for proximate analysis),
which was reduced to 2.5 percent sulfur when the coal
{RK-B-5) was charred at 550°C with a trace of oxygen.
After the crude magnetic separation, the sulfur content
of the cleaned char was 1.2 percent. Although a signifi-
cant amount of carbon material was also separated
with the magnetic fraction of the char (about 48% total
weight recovery), bettar magnetic separation tech-
niques should significantly improve the separation
yields.

Because of the potential for reducing the “pyritic” sul-
fur content of chars through conventional magnetic
separation techniques, we further investigated the for-
mation of magnetic pyrrhotite in chars. Efforts were
directed toward studying parameters that affect the for-
mation of magnetic pyrrhotite during pyrolysis: different
amounts of trace oxygen used, pyrolysis temperature,
and preoxidation. The mineralogical changes were mon-
itored by X-ray diffraction.

The minsralogical results of several pyrolyses at
550°C using various trace amounts of oxygen are

10

shown in table 11. Adding 1.0 percent oxygen in the
purging gas resulted in the formation primarity of magne-
tite and hematite. A smaill amount of monoclinic pyrrho-
tite was observed with 0.5 percent oxygen. The greatest
formation of monoclinic pyrrhotite was observed when
0.25 and 0.1 percent oxygen were added to the purging
gas. However, the char treated with 0.25 percent O,
contained noticeably more magnetite than did char
treated with 0.1 percent oxygen. The chars from runs
with oxygen contents lower than 0.10 percent contained
primarily hexagonal pyrrhotite with only a trace of
monoclinic pyrrhotite. As observed previously, the
550°C pyrolysis under pure nitroagen contained only hex-
agonal pyrrhotite. To make certain that our results were
not coal specific, a 550°C pyrolysis using 0.1 percent
oxygen was performed on 1BC-103; monoclinic pyrrho-
tite was also found to be present in the IBC-103 char.

A series of pyrolyses was run from 425° to 570°C to
determine the sequence of sulfides that occur in the
absence of oxygen. Table 12 shows the temperatures
tested and the sulfide mineral contents of the resultant
chars. Pyrite was the only sulfide mineral observed up
to 500°C. This result differs from those of an initial exper-
iment at 450°C in which a trace of monocfinic pyrrhotite
was observed. However, Whiteway, Stuart, and Chan
(1985) also observed some monoclinic pyrrhotite within
the temperature range of 425°C to 500°C after pyro-
lyzing some Nova Scotia coals. Table 12 shows that at
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Table 12 Sulfide and iron oxide mineralogy of RK-B-5 chars produced by heating
to various temperatures under pure nitrogen

Pyrolysis
temp (°C}, Char Degree of
Experiment  time (min} yield(36)  magnetism*  Sulfide mineralsinchart
P-124 425, 18 82.5 Nonmagnetic Pyrite
P-125 450,18 76.0 Slight Pyrite, (mag)
P-126 475,18 741 Moderate Pyrite, (mag)
P-127 500, 18 72.6 Maoderate Pyrite, hex-pyrr,
{mong-pyrr), (mag)
P-128 525,18 71.4 Moderate Hex-pytr, pyrite,
{mono-pyrr), (mag)
P-130 550,9 70.2 Slight Hex-pyrr, (mona-pyrr)
{pyrite)
P-129 570,9 69.9 None to slight Hex-pyrr

* Degree of magnetismis an arbitrary estimate.

1 Pyrr, pyrrhotite; mono, monociinic, hex, hexagonal; mag, magnetite, hem, hematite,
( ), indicates trace amounts. Minerals are listed in order of estimated abundance

based on peak intensities from X-ray diffraction patterns.

500° to 525°C a trace of monoclinic pyrrhotite was ob-
served, but pyrite and hexagonal pyrrhotite were by far
the most abundant sulfides. Perhaps a small amount
of monoclinic pyrrhotite was formed due to the release
of the inherent O, in the coal. At 570°C, only hexagonal
pyrrhotite was observed in the char.

Anocther way to study the presence of magnetic min-
erals in chars after pyrolysis is to measure the magnetic
susceptibility of the chars with a magnetometer. Magnet-
ic susceptibility tests were completed on two sets of

2
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8
1

100% Nitrogen

Magnetic susceptibility x 10® (cgs/g)
3
1
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T T ¥ 1
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Temperature (°C)
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Figure 4 Magnetic susceptibility measurements of chars
prepared at various temperatures under pure N, and a 0.1%
Q2/N, mixture for coal sample RK-B-5
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chars from pyrolyses ranging from 425° to 600°C using
RK-B-5 coal (fig. 4). The first set of pyrolyses was con-
ducted under a pure nitrogen atmosphere, and the sec-
ond with 0.1 percent oxygen {by volume) in the nitrogen
flow. The magnetic susceptibility increases to a maxi-
mum as the pyrolysis temperature increases to 475°C
under pure nitrogen. This finding corresponds well with
the X-ray diffraction data, which showed the presence
of magnetite and monoclinic pyrrhotite in chars heated
up to 475°C (table 12). By 550°C the magnetic suscep-
tibility had fallen more than one order of magnitude in
the pyrolyses conducted under pure nitrogen.

The magnetic susceptibility of the chars haated under
0.1 percent oxygen also reached a maximum at about
475° to 500°C. However, the magnetic susceptibility did
not drop much after 475°C but remained high for all the
chars up to 600°C (fig. 4). X-ray diffraction data were
collected on chars that were heated to 800°C and
treated with Ho/Ho.S gas. Some of these chars were
cooled under pure nitrogen and others under 0.1 percent
oxygen. The X-ray patterns show a shift in the sub-
sequent iron sulfides from troilite to monoclinic pyrrho-
tite because of the trace of oxygen. Thus by using a
trace of oxygen we were able to produce a ferromag-
netic monoclinic pyrrhotite in many different chars over
a wide temperature range.

From the sulfide studies of Taylor (1971} and Genkin
{1971) and our own recent experiments on pyrrhotite
in chars, we believe that the trace amount of oxygen
added during pyrolysis drives the more iron-rich hex-
agonal pyrrhotite to the more iron-poor, magnetic, mono
clinic pyrrhotite. Two experiments were performed to
verify this hypothesis. The coal was heated to 550° and
650°C under nitrogen and the temperature heid for 18
minutes. Previous X-ray data have shown that these

1"



Table 13 Sulfide and iron oxide mineralogy of RK-B-5 chars treatad with 0.1 percent oxygen after pure

nitrogen treatment and preoxidation treatment

Pyrolysis Char
temp (°C), yield Degree of Char
Experiment time {min) Treatment (%) magnetism* mineralogyt
Pure nitrogen
P-132 550,30 Pura N, — 18 min 69.6 Moderate to high Hex-mono-pyrr,
0.1% Cz— 12 min (mag)
P-133 650, 30 Pure N~ 18 min 66.5 Moderate to high Hex-pyrr, mingr
0.1% Oy— 12 min mono-pyrr
Preoxidation
P-131 550,18 5% 0, at205°C 76.0 Moderate to high Hex-pyrr, minor
0.1% 0, at550°C MONo-pyirr,
(mag)

* Description of magnetism is an arbitrary estimate.

1 Pym, pyrrhotite; mono, monoclinic; hex, hexagonal; mag, magnetite; hem, hamatite; ( ), indicates trace
amounits. Minerals are listed in order of estimated abundance based on peak intensitites from X-ray diffraction

patterns.

Table 14 Pyrolysis and post-pyrolysis partial oxidation experiments on sink and float coal fractions

Volatile Origin of sulfur Origin of sulfur
Charring Sutfur removed (%) loss involatiles (%) remaining in char (%}

Run condition Total Org* Pyr* (wt %) Org” Pyr* Org* Pyr”
Sink

1 650°C 476 68 3 275 65 35 35 65

2 650°C 48.6 69 N 27.8 65 35 34 66

3a 450°C 245 50 3 — 83 7 — —

3b Part oxid 501 18 77 333 16 84 68 32
Float

1 650°C 57.1 67 12 36.4 96 4 68 32

2a 450°C 374 46 0 — 100 0 — —

2h Part oxid 19.5 12 53 361 49 51 84 16

* Values calculated from isotopic compositions.

conditions produce only hexagonal pyrrhotite. Mono-
¢linic pyrrhotite was successfully produced at both
temperatures with the addition of 0.1 percent oxygen
for 12 minutes after the above conditions had been
established (table 13).

To determine if preoxidation (used for deagglomera-
tion purposes) would hinder the formation of monoclinic
pyrrhotite, we ran a pyrolysis experiment in which we
preoxidized the coal at 295°C with 5 percent oxygen
and then used 01 percent oxygen at 550°C. Soms
magnetic pyrrhotite was successfully formed on the
preoxidized char (table 13). All the pyrolyses up to this
point had been carried out in our thin-bed bench-scale
system using oniy 0.5 to 1.0 g of coal.

Through the cooperation of the ISGS Minerals Engi-
neering Section, we were able to run one test of aur
parameters on a larger scale in a fluidized-bed system.

12

Approximately 100 g of IBC-101 was run in the fluidized-
bed system, The sample was preoxidized at 250°C with
5 percent oxygen for 15 minutes, then heated to 550°C
and held for 20 minutes with 0.1 percent oxygen added
to the purging gas. The initial results were very en-
couraging: X-ray diffraction showed that monoclinic pyr-
rhotite was present in the fluidized-bed char, although
only a relatively smalt amount of the magnetic pyrrhotite
was detected. The conditions that lead to the formation
must be optimized. Preliminary data collected on the
magnetic separation of the magnetic iron sulfide from
the char indicate a need to improve the magnetic sep-
aration technique and equipment.

The work reported above suggests that for some
coals, especially those with low to moderate organic
suifur contents, magnetic separation of sulfide minerals
aloneis potentially useful for producing low-sulfur chars.
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Post-Pyrolysis Desulfurization

To produce clean iow-sulfur solid fuel from maost iinois
high-sulfur coals, post-pyrolysis desulfurization treat-
ment is necessary. The two gas-phase post-pyrolysis
treatments investigated were partial oxidation and hy-
drodesulfurization.

Partlal oxidation To monitor the type of sulfur re-
moved during post-pyrolysis partial oxidation, isotop-
ically characterized coal samples were used in several
partial oxidation experiments. In figure 5, an example
of the results shows that pyritic sulfur is preferentially
removed during partial oxidation. As already described,
an lllinois Herrin Coal sampie that had been previously
well characterized isotopically was subjected to a float/
sink separation to provide a pyrite-rich and a pyrite-poor
fraction {table 14). Table 14 compares the results of the
pyrolysis and post-pyrolysis partial oxidation experi-
ments on the sink and float fractions. As expected, the
sink fraction showed a much greater sulfur loss during
oxidation due to the preferential oxidation of the inor
ganic sulfide (pyrite and possibly a small amount of
pyrrhotite). The much lower amount of pyritic sulfur re-
moved during oxidation of the float fraction is probably
a result of the pyrite in this fraction being primarily dis-
seminated and thus not readily available for oxidation.
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Figure 5 Proportions of original organic and pyritic suffur
remaining after charring and partial oxidation at 450°C

The effects of the following prtocess conditions on
sulfur removal during post-pyrolysis oxidation were
studied: oxidation temperature, oxidation time, oxygen
concentration, and the presence of water vapor in the
oxidizing gas stream. The results are summarized in
table 15 for IBC-101 and in table 16 for IBC-103. With
IBC-101, the lowest sulfur content chars were produced

Table 15 Posi-pyrolysis oxidation results for IBC-101

Oxidation conditions Char Charsulfur  Coal sulfur
Temp Time 0O, Conen yield content evolved
Experiment °C) (min) (%) (96) (%) (%)
550°C/18 min
PH130 — — — 67.5 2.80 54.7
PH132 450 15 1 66.7 2.70 56.8
PH131 450 5 5 67.1 2.46 60.4
PH129 450 15 5 61.7 2.30 56.0
€00°C/18 min
PHE1 — —_— — 66.2 2.86 54.6
PH112 450 15 1 65.4 243 81.9
PH138 450 15 1* 65.4 2.39 62.5
PH114 450 5 65.8 2.33 63.2
PH110 450 15 5 60.5 2.25 67.4
PH136 450 15 5* 61.8 2.20 67.4
PH137 525 15 1 64.3 2.47 61.9
PH109 525 10 62.6 2.44 63.4
PH115 525 10 5 £0.3 2.37 657
PH135 625 15 5* 58.2 233 67.5
PH11M 600 15 1 64.3 273 57.9
PH126 600 15 1" 61.9 2.54 62.3
PH113 600 5 5 63.1 262 60.4
PH133 600 15 5" 6.29 2.70 58.3

“in presence of water vapor.
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13



" Table 16 Fost-pyrolysis oxidation results for IBC-103 (600°C, 18 min)

Oxidation conditions Char Charsutfur  Coal suifur
Temp Time O, conen yield content evolved
Experiment (°C) {min) (%) (%) (%) (%)
PH77 — — — 695 1.78 482
PH121 450 15 1 69.1 143 58.7
PH123 450 15 1* 68.9 1.37 61.5
PH125 450 15 5 €69.3 1.39 587
PH120 450 15 5 67.0 1.31 63.3
PH117 525 10 3 66.6 1.32 63.2
PH124 525 10 5 64.9 126 658
PH118 600 15 67.1 1.44 59.6
PH119 600 15 * 66.3 1.45 59.8
PH122 600 5 66.6 1.42 604
*In presence of water vapor,
by oxidation for 15 minutes at 450°C with a 5 percent 300
0O, gas stream. However, only a small reduction in char S0, x 10
sulfur content is obtained at the expense of a significant 250
reduction in char yield when the oxidation time is in-
creased from 5 to 15 minutes. For pyrolysis of IBC-103, & 200
525°C rather than 450°C appears to be the preferred &
oxidation temperature. However, chars from IBC-103 g 1504
are highly agglomerated, suggesting that some carbon  §
must be oxidized in order for some of the pyrite/pyrrho- 100~
tite to be subjected to oxidation. The presence of water
vapor in the oxygen stream has little effect on the sulfur 50
content of an oxidized char.
Although the pH monitoring technique was oniy ] T T T
roughly quantitative in maonitoring the sulfur evolution ¢ 200 400 600 800

rates during the oxidation, results from it and the data
in tables 15 and 16 do indicate that during the first few
minutes of oxidation, the rate of sulfur oxidation is sig-
nificantly higher than the rate of carbon oxidation,

For reasons explained in the appendix a quadrupole
gas analyzer (QGA) was used to gain more accurate
rate data. The QGA data collected during a pyrolysis
experiment and a post-pyrolysis oxidation experiment
are shown in figures 6 and 7, respectively. Data col-
lected by the pH monitoring technique showed that for
a heating rate of approximately 20°C/min, the maximum
sulfur evolution rate occurred at 460° to 500°C. How-
ever, the QGA data (fig. 6) showed the maximum sulfur
evglutioh occurred at about 435°C. We believe the latter
temperature to be close {o the true temperature for
maximum sulfur evolution of lllinois coal during
pyrolysis. The QGA data in figure 7 confirm pH monitor-
ing results, which showed that during a 15-minute post-
pyrolysis oxidation at about 450°C, sulfur was preteren-
tially oxidized during the first few minutes, after which
carbon was preferentially oxidized.

Hydrodesulfurization Since hydrogen can be

used in a gas-phase desulfurization process, the be-
havior of the organic and pyritic sulfur was investigated

14

Temperature (°C}

Figure 6 Quadrupole gas analyzer ((JGA) data collected
during pyrolysis of IBC- 101 (healing rate, approximately 20°C/
min}

100

S0, x 10'°

lon current

CO, x 108

Time (min)
Figure 7 QGA data comparing the evolution of SO, and

CO, during char oxidation at 455°C of IBC-101, experiment
QMSE (table 19)
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using stable isotope analyses on untreated hydrodesul-
furized chars, partially oxidized hydrodesulfurized
chars, and acid-leached hydrodesulfurized chars. Since
the hydrodesulfurization experiments were carried out
at 800°C, the pyrite would have been completely con-
verted to pyrrhotite. However, as mentioned earlier for
the pyrolysis experiments, when discussing the isotopic
results we refer to the inorganic sulfur as “pyritic” sulfur.

The isotopic data indicate that both organic and “pyri-
tic” sulfur are removed during hydrogen treatment. How-
ever, the proportions of “pyritic* and organic sulfur re-
maining in the final products are quite different depend-
ing on whether the char has been acid leached or par-
tially oxidized before hydrogen treatment (table 17).
Most of the sulfur remaining in the acid-leached hydro-
desulfurized chars is “pyritic” sulfur. In fact, in two of
the three coals tested (RK-A-4 and CR-B-4) no organic
sulfur remained in the acid-leached hydrodesulfurized
chars. The sulfur remaining in the two chars that were
oxidized before hydrodesulfurization (RK-B-3 #26 and
RK-A-4 #18) was completely organic. Figure 8 displays
the proportions of organic and “pyritic” sulfur remaining
in the charred products after each type of treatment for
the RK-B-3 coal.

We do not completely understand why most of the
acid-leached hydrodesulfurized chars contained only
“pyritic” sulfur and the partially oxidized hydrodesulfur-
ized chars contained only organic sulfur (table 17). In
the latter case, the fact that very little “pyritic” sulfur
remains in the partially oxidized chars before hydrode-
suffurization probably explains why only organic sulfur
remains in the final char. However, for the acid-leached
hydrodesulfurized chars, there is no obvious explana-
tion why only “pyritic” sulfur remains in most of the final
chars.

Table 17 Distribution of suifur forrns in hydrogen-treated
chars after acid isaching and partial oxidation

Suifurinfinal char (%)

Coal Charring Total
sample no. temp (°C) remaining Organic* “Pyritic™
Acid-leached char
RK-B-3 #13 450 7.5 4 59
RK-B-3#16 650 3.3 35 65
RK-A-4 #17 450 41 0 100
RK-A-4 #19 550 40 0 100
RK-A-4 #20 650 2.6 0 100
CR-B-4 #21 450 41 0 100
CR-B-4 #23 550 3.2 0 100
CR-B-4 #24 650 2.0 0 100
Oxidized char
RK-B-3 #26 450 71 100 0
RK-A-4 #18 450 10.0 100 0

*Values calculated from isotopic composition.
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Figure 8 Proportions of original organic and “pyritic” sulfur
remaining in treated chars of RK-B-3 coal samples

Four hydrodesulfurizations, lasting 15, 30, 45, and
60 minutes, were made after 750°C pyrolyses to deter-
mine the type and amount of sulfur removed relative to
the length of time for pure hydrogen treatment (table
18). The sulfur evolved during hydrogen treatment at
800°C is much more enriched in “pyritic” sulfur (44%)
than the sulfur evolved during pyrolysis (14% “pyritic”
sulfur). Figure € compares the desulfurization efficiency
of 15- and 60-minute hydrodesulfurization. Pyrolysis
plus hydrodesulfurization results in a significant removal
of both organic and “pyritic” sulfur. The effect of hydro-
desulfurization time can be seen more clearly in figure
10, which shows the amount and composition of sulfur
removed by hydrodesulfurization and that remaining in
the treated char. Of particular interest, sulfur removed
by hydrodesulfurization was found to have a constant
ratio of organic to “pyritic” sulfur with increasing hydro-
desulfurization times. Much of the sulfur actually being
removed by the hydrogen might have been primarily
organically bound sulfur. Our earlier studies showed
that during pyrolysis, some of the pyritic sulfur becomes
bound into the organic structure and the amount of
incorporation increases with temperature, The constant
ratio of organic to “pyritic” sulfur observed during the
different hydrodesutfurization times would be explained
if the sulfur removed by the hydrogen is primarily organ-
ically bound sulfur, which includes both original organic
sulfur and original “pyritic” sulfur,

Hydrodesulfurization rate data for a non-pretreated
char, an acid-leached char, and a partially oxidized char
are compared in figure 11. Obviously, acid leaching of
the char (removal of iron) significantly increased its
hydrodesulfurization rate. On the other hand, oxidation
does not appear to have increased the initial rate of
hydrodesulfurization, but because the rate did not di-
minish as much with time, oxidation did appear to re-
duce the time necessary for hydrodesulfurization to
occur. This is addressed in more detail later when the
relative rates of sulfur removal are discussed.
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Table 18 Pyrolysis and hydrodesulfurization resuits of coal sample RK-B-3

Temp (°C), L Suifur Char
soaktime Sulfur evolved (%) Sulfur remaining in char (%) content yield
Runno. {min}) Total Org* Pyr* Total Org* “Pyrm in char (%) {%)
Pyrolysis
197a 750,5 60.2 86 14 39.8 63 37 1.88 64.4
196a 750,5 58.9 88 14 411 63 37 1.94 64.9
195a 750,5 58.6 86 14 414 63 37 1.96 64.3
194a 750,5 59.8 86 14 40.2 62 38 1.90 B84.3
Hydrodesulturization
197b 800, 15 16.8 56 44 237 69 N 1.21 60.6
196b 800, 30 24.4 56 45 16.8 74 26 087 58.8
195b 800, 45 26.4 56 44 14.9 76 24 0.76 601 -
194b 800,60 271 57 43 12.9 77 23 0.68 59.6
*Values calculated from isotopic composition.
30 —
Org/Pyr=13 Or@Fy=13
Org/Pyr=1.2
24— - .
3
=
£ 18— Org/Pyr=1.3
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Original coal Char,  Hydrotreated,
750°C 15 min
100
Pyritic sultur
80 Organic sulfur
=
o
£ 60—
£
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E
g
= 40—
2
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0
Original coal Char, Hydrotreated,
750°C 80 min

Figure 8 Suifur removal by charring at 750°C for § minutes

and hydrodesulifurization at 800°C for 15 and 60 minutes
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Sulfur evolved (%)

15 min 30 min 45 min 60 min

- Pyritic sulfur

24— Org/Pyr=2.2 Organic sulfur

18— Org/Pyr=2.9

Org/Pyr=31
Org/Pyr=3.4

124 :

Sulfur remaining (%)

60 min

45 min
Figure 10 Removal of organic and "pyritic” sulfur from char
by hydrodesulfurization at 800°C for different lengths of time

(percentage of sulfur evoived and remaining refers to amount
of sulfur originally present in untreated coal). See table 18

ILLINQIS STATE GEOLOGICAL SURVEY CIRCULAR 545



Table 19 Separate pyrolysis and post-pyrolysis desulfurization experiments for IBC-101 {— 20+ 100 mesh)

Pyrolysis Oxidation

Hydrodesulfurization

Oxidation

Calc
charS
content
{%)

Temp
(°C),
time
(min}

Temp
{°C)
time
{min)

02
concn

Experiment (%)

Temp
(°C},
time
{min)

Char
sulfur
contant
(%)

Temp

Hz 0,
concn time
(%) (min)

0.
conen
(%)

Approx net
char
yield (%)

Qamss
aMse
Qams7*
Qams9e
QmMS10

600,18
600, 18
600,18
600, 18
600, 18

2.79 455,15 5 —
2.84 — —
2.80 — —
2.82 455,15 5

2.89 — —

800, 60
800, 60
800, 60
800,60

611
58.3
519
58.5
56.9

212
0.82
0.48
0.76
0.75

100 -— —
100 — —
100 — —
100

*Char was acid leached bafore post-pyrolysis desulfurization.

The experimental conditions and sulfur contents of
the desulfurized chars are summarized in table 19. Acid
leaching had the greatest effect on reducing the char
sulfur content, whereas post-pyrolysis oxidation had
only a small effect on char sulfur content. In a char
desulfurization process, oxidation should probably be
used after rather than before hydrodesulfurization. This
idea was tested in experiment QMS10, which showed
a small reduction in char sulfur content compared with
the untreated char. However, the actual amount of sulfur
evolved during post-hydrodesulfurization oxidation was
quite small, so the differences in char sulfur contents
may be within the limits of experimental error.

Combined Treatments for Thermal Desulfurization

Results presented in previous sections were obtained
mainly from experiments designed to determine the op-
timum conditions for pyrolysis and various post-
pyrolysis -char desulfurization treatments. Results pre-
sented in this section were obtained in a systematic
study combining pyrolysis and post-pyrolysis treat-
ments to show the potential of thermal desulfurization
processes to produce low-sulfur chars from high-sulfur
llinois coals.

Four coals that differ in their pyritic and organic sulfur
contents were used in this part of the project. The chem-
ical anaiyses of the coals are given in table 20. With
the exception of IBC-101, the coals are not necessarily
representative of process coals. Coals CR-B-1, RK-B-4,
and RK-B-5 were chosen because of their relatively
high pyritic sulfur contents. The various combinations
of desulfurization treatments investigated are listed in
figure 12. The list begins with untreated pyrolysis and
shows the various combinations of post-pyrolysis treat-
ments tested, including partial oxidation (with 5 and
0.1% Q.), acid leaching (with dilute HCI}, hydrodesulfuri-
zation, and magnetic separation of inorganic sulfides.

Analytical and mineralogical results The analyt-
ical results of the various treatments are summarized
in table 21 (suifur content and yield data) and the min-
eralogical results are summarized in table 22 (X-ray
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Figure 11 800°C hydrodasuiiurization rate data for axperi-

ments QMS6E, QMS7, and QMS9 prepared for IBC-101 (table
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diffraction analyses). The yield data given in table 21
were calculated relative to the original coal. Acid leach-
ing followed by hydrodesulfurization (treatment 5) al-
ways produces the lowest sulfur content chars, and

Table 20 Chemical analyses of the four coals used in the
combined gas-phase thermal treatment tests (moisture-free
basis}

thus is the treatment combination against which all other Chemical Coal sampte
combinations should be compared. Data from the QGA nalysis (%) CR-B1 RKB4 RKB-5 IBC-107
concerning rates of sulfur removal are presented later,
As can be seen in table A, hydmesu'furizaﬁon with Volatile matter 451 40.0 41.0 442
pure H; (treatment 3) reduces the sulfur content of chars !
significantly compared with pyrolysis alone (treatment ~ Fixedcarbon 475 M6 459 459
1) and post-pyrolysis partial oxidation (treatment 2). To  High-temp ash 74 184 134 8.8
obtain similar results in an industrial-scale reactor, an
H,S scavenger would probably have to be mixedinwith €20 0.28 043 186 0.50
the char during hydrodesulfurization because of the ex-  Sulfate sulfur 0.067 0022 0.044 0158
cess H,S present in the large-scale sy;tem. However, Pyritic suffur 180 377 204 108
the sulfur-ladened scavenger would ultimately have to .
be removed from the char. Organic sulfur am 2.38 174 277
The combination of post-pyrolysis partial oxidation of
L 4, X . X
chars followed by hydrodesulfurization (treatment 4) Total sulfur il 617 38 4.01
1 Coa _PYOlysis(N) char,
750°C, 5 min
" H 1 2,
2 Coal pyrolysis (Nz) char, oxidation (5% O,) char,
750°C, Smin 450°C, 5min
3. Coal pyrolysis (No} char, hydrodesulfurization (Hy) chars
750°C, 5 min 800°C, 60 min
e idati h _—
4. Coal pyrolysis (N2) char, oxidation (5% O) char, ydrodesulfurization (Hz—)—b char,
750°C, 5min 450°C, 5min 800°C, 60 min
' id leach h izath
5. Coal pyrolysis (Nz) char, acid leac| o char, ydrodesuifurization (HiD chars
750°C, 5 min ambienttemp 800°C, 60 min .
i h Ifurizati + 0.44 idation (5%
6. Coal pyrolysis (N,) char, ydrodesulfurization (Hz + 0.44% H,S) char,e oxidation (5% O,) char,
750°C, 5 min 800°C, 60 min 450°C, 10 min
i h {furizati +0. idation (0.1
7. Cosl pyrolysis (N} char, ydrodesulfurization (H, + 0.44% H,S) o chane oxidation (0.1%0,)
750°C, 5min 800°C, 60 min during cocling to
ambienttemp
chary, magnetic char, (nonmagnetic fraction)
separation
lysi 19 i
8. Coal pyrolysis (N, + 01%0) o Chany _ Magnetle _~ char, (nonmagneticfraction)
550°C, 18 min separation
Figure 12 Various combinations of the thermal desulfurization treaiments investigaied
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Table 21 Sultur conceniration in chars and total char yieids (by weight) after combined thermal desuffurization treatrments
{outiinad in fig. 12)

1 2 3 4 5
Oxidation Acidleach
Pyrolysis Oxidation Hydrodesulf (5% O2) (15% HCI}
{N2) (5%0,) (Hz) hydrodesult hydrodesult
Coal Total char, char, chary char, charg
sample ] S Yield St Yieldt S Yield S Yield S Yield
CR-B-1 497 3438 60.9 284 579 0.7 57.9 0.64 531 0.41 49.4
‘ 0.78%
RK-B-4 617 4.33 64.4 2.99 61.2 0.79 61.2 0.60§ 56.3 0.37£0.04 528
RK-B-5 3.83 286 63.4 238 60.2 1.58+0.07 60.2 1.24 55.8 0.30+0.02 52.0
IBC-10t 401 2652009 €631x023 220 609 0.88x0.05 €0.9 070 551 0.42 52.1
1.05%
6 7 7 8 8
Hydrodesulf Hydrodesulf
(Hz+ 0.44% H_S) (Hz + 0.44% H,S) Nonmagnetic Nonmagnetic
0x{5% Oy) ox (0.1% O), fraction (N,+01%0,) fraction
Coal Total charg chary, char; chary, charg
sample S S Yield S Yield S Yield s Yield s Yield
CR-B-1 497 129 55.6 212 56.0 112 289 3.96 651 2.37 40.9
RK-B-4 617 1.36 59.2 393 6041 1.27 16.4 529 697 2.03 44.6
RK-B-5 3.83 213x10.08 56.6 2.91 571 124 N9 aan 67.4 1.20 481
IBC-101 401 116 56.7 1.88 57.7 1.25 26.4 3.00 67.5 214 52.2
* Values are given as percentages. 1 30-min hydrodesuifurization.
t Estimated values. § 7-minoxidation.

Table 22 Sulfide and associated iron minerals in chars after thermal desulfurization treatments (char subscripts, see fig. 12)”

Char, Charg Charg Charys
Coal (750°C)  acidleached Char, Charg H,+ H,S, Charyg H, +H,S,
sample Coal pyrolysis Hg Oy, Hy Hs 5% 0, Hz+HxS 0.1%0,
CR-B-1 FeS,t FeS Fe(N) Fe Fe Fo,0, FeS Fe,S;
S(N) (CaS) (FepSn) Fe,0, (Cas) Fe,..S
(Fe,8) {CaS) Fe,S, {Fe30.4)
(CaS})
RK-B-4 FeS, FeS Fa(N) Fe Fe Fe,0, FeS Fe,S,
S({N) (Ca%) (CaS) Fey0, (CaS) Fe, .S
(Fe,_S) CaS (Fea0,)
’ {Fe,Se) {CaS)
RK-B-5 FeS, — Fe(N) Fe CaS Ca$S Cas Cas,
S(N) Ca$ Fe Fe,0, FeS Fe.5,
F.an F01 _.,S)
(Fe,5) (Fez0y4)
IBC-101 FaS, FeS Fa(N) Fe Fe —_ Fes Fe;Sg
S(N) (CaS) {CaS) (Cas) Fe, .S
(Fe1S) (CaS)
(Fea0.)

* Mineral content as determined by X-ray diffraction listed in order of estimated relative abundance: (N), none; (), trace;
Fe, iron; S, sulfides; FeS, troilite; CaS, oldhamite; Fe,_,S, hexagonal pyrrhotite; and Fe;Sg, monoclinic pyrrhotite.

1 Bold type represents the most abundant sulfides or iron minerals present.
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slightly reduces the sulfur content compared with chars
produced by hydrodesulfurization and pyrolysis alone
{treatment 3). Although not apparent frormn table 21, post-
pyrolysis oxidation also reduces the time required to
reach a certain char sulfur content by hydrodesulfuriza-
tion, especially for chars produced frorm high pyrite con-
tent coals. Most of the hydrogen treatments were car-
ried out for 60 minutes; however, two hydrogen treat-
ments for CR-B-1 and IBC-101, run for only 30 minutes,
removed almost as much sulfur as did the 60-minute
hydrogen treatment times. Additional considerations of
the time factor will be presented with the discussion of
relative rates of sulfur removai.

The combination of treatments 6 and 7, in which char
hydrodesulfurization was carried out with the Hy/H,S
mixture, was included to simulate a large-scale system
where excess H,S could cause back reactions with iron
in the char (assuming no H,S scavenger is added to
the system). We used 0.44 percent H,S, a concentration
above the 0.2 percent level, at which the back reaction
of H,3 with iron becomes important {Stephenson et al.,
1985). The chars treated with the H, + 0.44 percent
H;S were then subjected to oxidation by either 5 or 0.1
percent Q.. For the 0.1 percent O,, the conversion of
ron sulfides present after hydrodesulfurization to a

5

magnetic form of pyrrhotite was investigated using X-ray
diffraction.

The sulfur contents of chars treated with H, + 0.44
percent H,S mixture were not determined, but should
be close to the sulfur contents of the chars treated with
H, + 0.44 percent H,S mixiure followed by the slight
oxidation using the N, + 0.1 percent O, mixture {table
21, treatment 7). According to QGA resulls, very little
sulfur is actually lost during slight oxidation with 0.1
percent Q,. Obviously, the chars produced using the
simulated excess H,S would have to undergo a post-hy-
drodesuifurization treatment. Post-hydrodesulfurization
oxidation helps to overcome the problem of H,S back
reactions with iron in the chars. On the basis of the
char sulfur contents, except for the RK-B-5 char, very
little difference is apparent between post-hydrodesul-
furization oxidation with 5 percent O, and with 0.1 per-
cent O, plus a magnetic separation. The net process
yield data included in table 21 would favor oxidation
with 5 percent O, as the post-hydrodesulfurization treat-
ment. However, oxidation with 0.1 percent O, plus
magnetic separation is potentially useful if the yield of
the nonmagnetic fraction can be significantly increased.
A process including a magnetic separation step would
he advantageous because it could produce chars with
significantly lower ash contents.
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Figure 13 Suifur and carbon evolution versus pyrolysis temperature for four different coals (rate data were collected on the QGA)
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Closer inspection of tahle 21 shows that hydrodesul-
furization of chars produced from RK-B-5 doas not re-
duce the char sulfur content nearly as much as the
chars produced from the other coals. This observation
is readily explained by the calcium contents (table 20)
and the X-ray diffraction data (table 22). During hydro-
desulfurization, a significant amount of CaS (oldhamite)
forms. A char containing 1.0 percent Ca0Q, could retain
0.57 percent sulfur as CaS (100% conversion). Accord-
ing to Nankervis and Furlong {1980}, CaS is quite resis-
tant to oxidation below 850°C. Because CaS sulfur can-
not be removed by a post-hydrodesulfurization oxida-
tion step at 450°C, CaS sulfur could contribute to sulfur
emissions during combustion of the chars. Therefore,
unless chars are subjected to acid leaching or some
other treatment to remove calcium before hydrodesul-
furization, coals with high calcium contents are poor
candidates for use in thermal desulfurization processes.

One of the simplest coal desulfurization treatments
tested is pyrolysis in the presence of a trace (0.1 per-
cent) of oxygen to produce chars containing magnatic
iron sulfides (no. 8, fig. 12). But the sulfur contents of
the chars, except those from RK-B-5, are relatively high
compared with the hydrogen treatments and the overall
yields of the nonmagnetic fractions are poor (table 21}.
Although magnetic separation techniques may prove to
be applicable for removing iron sulfides from chars, they
cannot be expected to significantly reduce the organic
sulfur content of chars. Therefore, coals such as CR-B-
1, RK-B-4, and IBC-101 probably cannot be adequately
desulfurized by the process, unless their chars are sub-
jected to further desulfurization treatment after mag-
netic separation.

Relative rates of sulfur removal When the sys-
tematic study of the combined thermal desulfurization
treatments diagrammed in figure 12 was initiated, we
planned to use the QGA monitoring system to obtain
quantitative sulfur rate data for most of the steps in the
processes for inclusion in this report. Although several
factors pravented the conversion of the QGA data to
quantitative rate data, the QGA data did provide relevant
information about the various desulfurization steps.

The QGA data in figure 13 show that the maximum
total devolatilization as measured by the carbon evolu-
tion rate occurs at essentially the same temperature as
does the maximum organic sulfur devolatilization rate.
The second peak on the sulfur evolution curves is read-
ily assigned to the thermal decomposition of pyrite on
the basis of the absence of a corresponding CO, peak
and X-ray diffraction and stable isotope data from earlier
experiments.

Hydrodesulfurization QGA data for the four coals are
shown in figures 14 through 17. In each figure, the
shapes of sulfur-evolution curves obtained during hydro-
desulfurization of an untreated char, an oxidized char,
and an acid-leached char are compared. With the ex-
ception of RK-B-5, the curves obtained from the un-
freated and partially oxidized chars in figures 14 to 17
indicate that post-pyrolysis oxidation significantly re-
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duces the time required for hydrodesulfurization. Data
in table 21 show that post-pyrolysis oxidation does result
in a small reduction of the sulfur content of chars hydro-
desulfurized for one hour (treatment 4). Oxidation of
chars removes primarily “pyritic” sulfur, and thus the
removal of “pyritic” sulfur résults in the reduction in time
required for hydrodesulfurization of the oxidized chars.
Acid leaching of chars heated to 750°C removes most
of the iron, calcium, and inorganic sulfide sulfur from
the chars. Thus, only organically bound sulfur remains
in the acid-leached chars. Very little to no iron or calcium
remains in the acid-leached char for the H,S to react
with before escaping from the char matrix. As the hydro-
desulfurization curves for the acid-leached chars in fi-
gures 14 to 17 indicate, hydrodesulfurization times
required for acid-leached chars would be significantly

Acid-leached
750°C char

I I I I I

Oxidized
750°C char

lon current

1 | I | |
750°C char

0 20 40 60 g0 100
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Figure 14 Sulfur evolution versus time for hydrodesuifuriza-

tion at 800°C of three CR-B-1 chars
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shorter than for untreated chars, Partiaily oxidized char
has less total sulfur than does untreated char, but unlike
the acid-ieached char, the iron remains in an oxidized
state. Thusg, the iron is still available for reactions with
escaping H,S, which could prolong hydrodesulfuriza-
tion relative to the acid-leached char.

Although the acid-leached chars gave the best hydro-
desulfurization results, acid leaching would not be a
very economical approach to desulfurization. However,
post-pyrolysis partial oxidation appears to reduce the
hydrodesulfurization time significantly, so post-pyrolysis
oxidation followed by hydrodesulfurization would seem
to be a feasible treatment for gas-phase thermal desul-
furization.

Although the QGA monitoring system could not be
used during the hydrodesulturization experiments using

Acid-leached
750°C char

I I I | i

Oxidized
750°C char

lon current

f f [ [
750°C char

0 20 40 60 80 100
Time (min)

Flgure 15 Sulfur evolution versus time for hydrodesulfuriza-
tion at 800°C of three RK-B-4 chars
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the Hy/HoS mixture, it was used during corresponding
post-hydrodesulfurization oxidation experiments. The
QGA data for two of the experiments are shown in figure
18. As previously reported for post-pyrolysis oxidation,
sulfur is preferentially oxidized during the first few mi-
nutes, after which carbon is preferentially oxidized. The
width of the SO, peak for the RK-B-4 char reflects the
high pyritic sulfur content of the original coal sample
and its char equivalent.

CONCLUSIONS AND RECOMMENDATIONS

During thermal desulfurization, the sulfur removed by
pyrolysis temperatures below 500°C is virtually all or-
ganic. Data collected on three different isotopically
characterized lllinois coal samples consistently indicate

Acid-leached
750°C char

T T T T
Oxidized
750°C char

lon current

T T T | T
750°C char

L
0 20 40 60 80 100
Time (min)

Figure 16 Sulfur evolution versus time for hydrodesulfuriza-
tion at 800°C of three AK-B-5 chars
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that most of the removable organic sulfur is released
by the time pyrolysis temperatures reach 500 to 550°C.
Higher pyrolysis temperatures result primarily in the
removal of relatively small amounts of pyritic sulfur from
the coal.

Studies on the effects of certain parameters during
pyrolysis show that the maximum pyrolysis temperature
is the most important factor controlling the amount of
sulfur that can be removed during thermal treatment.
To remove the most sulfur in the least amount of time,
pyrolyses must be carried out at or above 550°C. Other
parameters such as heating rate, particle size, and soak
time appear to be minor contributing factors for total
sulfur remova!, although heating rate does directly affect
the rate of sulfur evolution during pyrolysis. Generally,
after a 550°C pyrolysis for 20 minutes the sulfur content

Acid-leached
750°C char

) T T T T
- Oxidized

750°C char
£
g
=3
L&
=
2
I [ 1 T
750°C char
|
T T T 1 T
0 20 40 60 80 100
Time (min}

Figure 17 Suifur evpiution versus time for hydrodesulfuriza-
tion at 800°C of three IBC-101 chars
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of the char will be approximately 70 percent of that
contained in the coal.

More “pyritic” sulfur can be removed by pyrolysis with
a trace amount of oxygen and separation of the resulting
magnetic iron sulfide by physical means. Pyrolysis of
coal in the presence of a trace amount of oxygen results
in the conversion of pyrite to magnetic pyrrhotite. The
controlling parameters for this magnetic conversion ap-
pear to be oxygen concentration and pyrolysis temper-
ature. The most magnetic pyrrhotite was obtained by
adding 0.25 to 0.1 percent oxygen to the purging gas.
A crude magnetic separation system (a hand magnet)
was used to remove a significant amount of sulfur from
a char produced at 550°C with a trace ot oxygen. With
more efficient magnetic separation, this type of process
would be useful for coals with moderate organic sulfur
and high pyritic sulfur.

Ancther method of reducing much of the pyritic sulfur
in a coal is post-pyrolysis oxidation using a few percent
oxygen in the purging gas. Significant amounts of sulfur
can be removed using post-pyrolysis partial oxidation.
The conditions of post-pyrolysis oxidation that gave the
most sulfur removal with the least carbon loss were
temperatures below 550°C and an oxygen concentra-
tion of 5 percent by volume in the purge gas. The per-

120 RK-B-4
100 50, x 10"

E’ 80

3 60 CO, x 109-25
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— 7\

40

20_
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80 CO, % 10%- 40
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Figure 18 QGA data comparing the evolution of S0, and
CO, during oxidation at 455°C of H,+0.44% H,S-treated
chars
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centage of sulfur removed during partial oxidation can
vary significantly depending on the amount of pyritic
sulfur present. After a 450°C pyrolysis followed by par-
tial oxidation, the total sulfur content of the char gener-
ally is approximately 85 percent of that contained in the
coal.

Although pyrolysis combined with magnetic separa-
tion or pyrolysis plus partial oxidation can result in suf-
ficient sulfur removal to produce a relatively low-sulfur
fuel from certain lllingis coals {those with high pyritic
sulfur and low organic sulfur), our results indicate that
additional treatment will be necessary to produce a com-
pliance fusl for most lllinois coals. Hydrodesulfurization
at 800°C may be rather costly but it is effective in pro-
ducing a low-sulfur solid fuel. Treatments such as acid
leaching and partial oxidation befote hydrodesulfuriza-
tion help to increase the amount and rate of removal
of sulfur from the char.

Hydrodesulfurization alone removes significant quan-
tities of both organic and inorganic sulfur from a char
and is capable of reducing the sulfur content of a char
to near compliance leveis (0.7% to 0.9% sulfur). Al-
though acid leaching of c¢har before hydrodesulfuriza-
tion is probably not economically feasible, our results
show that it yields the highest hydrodesulfurization rates
and chars with the lowest char sulfur content {0.3% to
0.4% total sulfur). Partial oxidation before hydrodesul-
furization has only a small effect on the reduction of
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APPENDIX

Three different bench-scale quariz tubé reactor sys-
tems were used in investigating coal pyrolysis and post-
pyrolysis char desulfurization treatments. First, a stable
sulfur isctope monitoring technique was developed to
determine the fate of pyritic and organic sulfur in coals
and chars during desulfurization treatments. Then, a
pH monitoring technique was developed to measure
sulfur evolution rates from coals during pyrolysis and
chars during oxidative desulfurization. Finally, a quad-
rupole gas analyzer was used to monitor the evolution
of both carbon and sulfur during coal pyrolysis, and
oxidation and hydrodesulfurization of chars. Standard
X-ray diffraction methods were used throughout thea in-
vestigation to charactetize changes in iron suifur min-
eral content and structure during coal pyrolysis and
char desulfurization treatments.

APPARATUS
Original Coal Pyrolysis Apparatus

This apparatus was designed so that coal pyrolysis
could be carried out under an inert atmosphere and so
that sulfur evolved during pyrolysis could be easily re-
covered for further analysis (fig. A1). The flow of the var-
ious gas streams through the apparatus was controlied
by flow meters and valves. Volatiles driven off during
pyrolysis were completely oxidized to CO,, H,Q, and
S0, or 50; in the combustion section, which was pre-
heated to 900°C. CO, passed through the H,O, traps,
while the SO, and SO, were retained as H,S0,. This
apparatus was used in almost all of the stable isotope
monitoring experiments, in those experiments involving
the conversion of pyritic to hexagonal and magnetic
pyrrhotite, in development of the pH monitoring tech-
nique, and in preparation of char samples for use during
desulfurization experiments in other apparatus.

The tube reactor was made from 30-mm-QD quartz
tubing with outer ¥ (standard taper) 34/45 joints on each
end. The end caps were made from inner § 34/45 quartz

joints. The thermocouple and O, tube were inserted
into the reactor through bored-out Cajon Y4~ to %&-in.
reducing unions. The furnaces were 1%4-in.-ID by 8-in.
split tubes with Yz-in. transite end plates. The platinum
(Pt) catalyst was a disk made from fine-mesh Pt screen
and was held in place by the O, tube. The dual-temper-
ature controller, which was builtin-house, had a variable
duty cycle {i.e., the percentage of time the charring
furnace was heating could be varied to change the
heating rate to the desired temperature).

Second Coal Pyrolysis-Char
Pesulfurization Apparatus

This apparatus was coupled with two systems to
monitor the evolution of sulfur during coal pyralysis and
char desulfurization treatments (fig. A2). The first sys-
tem, a pH monitor, was used to determine the effects
of various parameters on total sulfur evolved during
coal pyrolysis and char oxidative desulfurization. The
pH monitoring system was based on the fact that H,SO,
produced in the H,0O, trap completely ionizes, thereby
decreasing the pH (= —log[H ™1} of the H,0, solution,
The second system, a quadrupole gas analyzer (QGA),
monitored the evolution of both carbon and sulfur during
coal pyrolysis and char oxidative desulfurization. The
QGA system was also used to monitor the evolution of
H.S during char hydrodesulfurization experiments in
which the H,S was trapped in cadmium acetate. Dur-
ing hydrodesulfurization experiments, the combustion
chamber was heated to about 800°C and continuously
flushed with pure N,.

The main reactor tube was made from 30-mm-OD
quartz tubing with an inner  34/45 joint on the inlet
end. The end cap consisted of a cut-off ¥ brass joint
and a brass end plate attached to the joint with machine
screws. A neoprene gasket was used between the plate
and joint. The thermocouple was inserted into the reac-
tor through a bored-out Cajon ultra-torr male connector.
The push-pull rod was inserted into the reactor through
a special fitting containing a rubber septum. The fur-
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Figure A1 First coal pyrolysis apparatus
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naces were 1%-in.-ID by 8-in. spiit tubes with a-in,
transite end plates. In use, the left-hand end plates
were removed from the pyrolysis furnace and the right-
hand end plates of the combustion furnace were
grooved to accommodate the 6-mm-OD gas inlet tube.
The Pt catalyst was a disk made from fine-mesh Pt
screen and was held in place by a length of quartz
tubing inserted into the main quartz tube.

An LFE Corporation model 2011 microprocessor-
based temperature controller was used for the pyrolysis-
char desulfurization chamber. The controller had a
RS232 interface by means of which the various control
parameters were changed, and the temperature within
the chamber was read by an IBM PC. The temperature
controller could be programmed to run a ramp and soak
routine, e.g., heat to 650°C at 20°C/min, hold the tem-
perature at 650°C for 15 min, cool to and hold the tem-
perature at 450°C for 15 min, and then switch the fur-
nace off.

Chromel/alumel (type K) thermocouple assemblies
were made using pieces of Y-in.-OD two-hole ceramic
insulators and 15- to 20-in. lengths of 6-mm-0OD quartz
tubing. Silicone sealant was used to create a gas-tight
seal between the thermocouple wire, ceramic insula-
fors, and the inside of the quariz tubing.

pH monitoring The pH meter, Fisher Accumet
model §25MP, had an RS232 interface through which
pH data could be transmitied to the IBM PC computer
every few seconds (fig. A3). A BASIC program was
written to accept the pH data from the meter, record
the temperature within the pyrolysis-char desulfuriza-

tion chamber from the LFE controller, and record the
computer's clock time. The pH electrode used was an
Orion #810200 Ross combination electrode. The H,0,
trap was a tall 16-0z glass bottle with a cap outfitted
with plastic bulk head tube fittings to hold the pH elac-
trode, automatic temperature compensation probe (not
shown), and gas dispersion tube (coarse). The trap was
connected to the pyrolysis apparatus with a Cajon ultra-
torr union, and during an experiment the trapping solu-
tion was stirred with a magnetic stirring bar.

Quadrupole gas analyzer monitoring The quad-
rupole gas analyzer (QGA) was a Dycor Electronics
Inc. model M200 with a Faraday cup detector (fig. A4).
Control commands can be sent to and data received
from the M200 control unit by the 1BM PC computer, A
BASIC program was written that can tell the M200 to
scan 12 different masses and transmit the mass data
(ion currents) to the PC, ask the LFE temperature con-
troller for the temperature within the pyrolysis-char de-
sulfurization chamber, and record the computer's clock
time. The glass capillary tubing (50 pm ID, about + m
long) was heated during experiments by wrapping a
Ye-in.-wide heating tape around a length of %-in.-OD
copper tubing. The vacuum manifold and valve were
heated during experiments by a Dycor heating jacket
{not shown). The H,O, traps were two gas washing
bottles connected in series (fig. A1) The cadmium ace-
tate traps were made from 500-mL Erlenmeyer flasks,
two-hole rubber stoppers, and lengths of 6-mm-OD
Pyrex tubing. Gas dispersion tubes could not be used
because the H,S is trapped by the precipitation of CdS,
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TC meter
TC IBM PC
Variable LFE 2011 1ra
autotranaformar temperaiu
controller
TC
Volatiles Pyrolysis / char
combustion desulturization
furnace furnace
r Quartz tube l
Platingm —
catalyst
QaMs
and .
sulfur traps |
+ Brass
joint
Nz,
N, + Air, Push-puli
or Hy rod

Figure A2 Second coal pyrolysis-char desulfurization apparatus

SULFUR BEHAVIOR DURING THERMAL DESULFURIZATION

27



]

1

LFE 201
1BM PC temperature
cantrgllgr
1r
pH metar
ul | Quartz
tra-t
ra-torr \ube

union
reactor

Figure A3 pH monitoring system (the quariz tube reactor is shown in fig. A2)

which would plug up the fritted dispersion tubes. Al-
though one cadmium acetate frap was aiways 100 per-
cent effective, standard practice was to use two traps
in series. The tee (fig. A4) was a Cajon ultra-torr union
with a length of smali-bore Y4e-in.-OD stainiess steal
tubing silver-soldered at its midpoint.

Flash Pyrolysis Apparatus

A maximum heating rate of 50° to 60°C/min could be
used with the two previously described pyrolysis ap-
paratus. At higher heating rates, the rate at which vol-
atiles are produced is too high for the volatiles to be
completely oxidized as they pass through the combus-
tion chamber. Figure A5 is a diagram of the apparatus
constructed to carry out pyrolysis experiments with high
heating rates. Flow meters and valves controlled the
flow of the various gas streams through the apparatus,
which was placed in a fume hood. The apparatus was
also used in some char hydrodesulfurization experi-
ments that included the use of an H,/H,S {0.44%) mix-
ture. In these expetiments, the blast burner used to
combust the volatiles was replaced with two cadmium
acetate traps, and the temperature recorder was con-
nected to the thermocoupie within the reactor.

The basic reactor was made from 30-mm-0OD qguanz
tubing with an inner § 34/45 joint on the iniet end. The
reactor was mounted on a trolley, which permitted rapid
insertion of the reactor into the preheated furnace. The
reactor end cap was made from an outer § 34/45 Pyrex
joint. The furnace used was a split-tube laboratory fur-
nace with an ID of 14 in. and a heated jength of 6 in.
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The temperature controller was an LFE Corporation mi-
croprocessor-based model 2010.

EXPERIMENTAL METHODS AND TECHNIQUES
Coal Sample Selection

Several coal samples were collected from two under-
ground mines in lllinois. The coals were selected on
the basis of a prévious suifur isotope study of Ullinois
coal by Westgate and Anderson (1984). More recently,
additional coal samples were collected from other
mines. The coal samples were collected by hand at a
freshly cut face and sealed in labeled plastic bags.
When they were brought to the laboratory, the samples
were transferred into air-tight aluminum canisters filled
with nitrogen.

Stable Sulfur Isotope Characterization

Standard methods The coal samples were
crushed to less than 60 mesh and split for chemical
and isotopic analysis. To separate the forms of sulfur
(sulfate, pyritic, and organic) from the coal for isotopic
analysis, a representative split was pulverized to less
than 230 mesh {62.3 pm). The puiverized coal was
then washed in dilute nydrochioric acid {HCI) to remove
any sulfates or soluble sulfides, as well as any car-
bonates présent in the sample. The amount of sulfate
sulfur and soluble sulfide sulfur collected during this
step was minuscuie (<0.01%). Thus, no isotopic data
are reported for sulfate sulfur or soluble sulfide sulfur.
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Pyritic sulfur was quantitatively extracted from the
acid-washed coal by the reductive lithium aluminum
hydride (LAH) method (Kuhn, Kohlenberger, and
Shimp, 1973; Price, 1977; Westgale and Anderson,
1982). The sulfide released from the pyrite was trapped
in cadmium acetate solution as cadmium sulfide (CdS)
and converted to Ag,S for measurement. The organic
sulfur was obtained by combusting the LAH-extracted
coal under pure oxygen at 1350°C (modified ASTM
D1377-82, Frost, Auteri, and Ruch, 1984}. The organic
sulfur, oxidized to SQ,, was trapped in a hydrogen
peroxide (H,O;) solution and precipitated as barium
sulfate (BaS0O,) for measurement.

After the different species of sulfur were separated
and in the form of Ag,S or BaS0O,, they were converted
to SO, for analysis on the mass spectrometer. The Ag.S
was converted to SO, by combustion with cupric oxide
(CuQ) at 950°C as described by Fritz, Drimmie, and
Norwicki (1974). The BaSO, was converted to SO, by
reacting BaSQ, with sodium metaphosphate (NaPQ;)
at 950°C as described by Halas, Shakur, and Krouse
(1982). The SO, released during each reaction was
trapped and purified on a high vacuum line. The isotopic
composition of each form of sulfur was determined on
a Nuclide RMS Isotope Ratio 6-60 mass spectrometer.
Isotopic ratios are expressed in delta notation as the
per mil difference between the 34S/32S ratio of a sample
and the 38/*2S ratio of a standard:

_ 348/328

(smpl) (atd)

348 ’1328
595 =

340 /32 X 1000
S/ S( )
All delta values are reported relative to the interna-
tional sulfur standard, Canyon Diablo Troilite (CDT). The
precision of the isotopic determinations is +0.20 per
mil.

After a coal sample was found with a sufficiently large
difference between the isotopic composition of the or-
ganic and pyritic sulfur (about 10 + %), further isotopic
characterization of the forms of pyritic sulfur (massive
and disseminated) was completed. The massive pyrite
was separated by density using an agitated water
medium. After physical separation, massive and dis-
seminated pyritic sulfur were extracted, using the LAH
method, and analyzed isotopically. Samples with similar
538 values for the massive and disseminated pyritic
sulfur and a significantly different 3%*S value for the
organic sulfur were chosen for this study.

Quick method Determining the isotopic composi-
tion of the pyritic and organic sulfur in coal samples is
tedious and time consuming, so we developed a quick
method to screen coal samples. This method resulted
from some expetiments carried out during the first half
of the project that showed that pyrolysis at 450°C yields
only organic sulfur and that partial oxidation at 450°C
immediately after pyrolysis reisases suifur enriched in
pyritic sulfur. The two sulfur fractions are regcovered by
BaSQ, precipitation and analyzed isotopically as de-

30

scribed above. The isotopic difference between the
pyrolysis and oxidation-derived sulfur can be used to
calculate the minimum isotopic difference between the
pyritic and organic sulfur in the coal sample. If the
isotopic difference was at least 6 per mil, then the coal
sample was characterized in more detail using the
chemical methods described earlier.

Coal Pyrolysis and Char Oxidation Procedures

A sample of dried coal (0.5t0 1.0 g) was spread evenly, 1
to 2 mm thick, in a ceramic or quariz boat, which was
ptaced in the center of the pyrolysis chamber of the
reactor. The entire reactor was flushed with nitrogen for
10 min at a rate of 250 mL/min. Oxygen was then intro-
duced at a rate of 350 mL/min into the combustion
gection of the reactor, which had been preheated to
900°C. The H,0; traps filled with 3 percent H,Q, solu-
tion were attached to the reactor. The coal sample was
heated to the maximum pyrolysis temperature at ap-
proximately 30°C/min. Pyrolysis was usually carried out
at the maximum temperature for 30 min. The gas pres-
sure within the reactor was about 1 psi above atmos-
phere because of the back pressure created by the gas
dispersion tubes in the H,0, traps. If the experiment
included post-pyrolysis oxidation of the char, then the
sample was cooled to the desired temperature, and
oxygen was admitted into the nitrogen stream to pro-
duce the desired oxygen concentration. A second set
of H,0, traps was used during post-pyrolysis oxidation.
After an experiment was completed, the sulfur
trapped in the H O, solutions was precipitated as
BaSQO,, filtered, weighed, and stored for isotopic analy-
sis. The sulfur remaining in the char was collected for
isotopic analysis using the modified ASTM D1377 high-
temperature combustion method mentioned earlier.

Calculation of sulfur composition in products
The relative proportions of organic and pyritic sulfur in
the volatiles and in the char were calculated from the
isotopic values of the volatilized sulfur and the char
sulfur. The calculations for the proportions of pyritic and
organic sulfur in the products were based on a straight-
line mixing relationship in which the end members were
the isotopic compositions of the pyritic sulfur and the
pure organic sulfur (fig. A6). For example, for the
isotopic compositions of the pyritic and organic sulfur
for coal sample R-B-3, a mixture of sulfur with an
isotopic composition of +10 per mil consisted of 54
percent organic sulfur and 46 percent pyritic sulfur.

Conversion of coal pyrite to magnetic pyrrho-
tite The initial experiments at 550°C indicated that
only a trace of oxygen was needed to produce magnetic
pyrrhotite. To facilitate the task of determining the actual
concentration of oxygen necessary for magnetic conver-
sion, we used two cylinders containing 0.1 and 1.0 per-
cent oxygen in nitrogen.

A sample of dried coal (0.5 to 1.0 g) was spread
evenly, 1to 2 mm thick, in a quartz boat, that was placed
in the center of the pyrolysis chamber of the reactor. The
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entire reactor was flushed with the 0.1 percent Q./N,
gas mixture for 10 min at a rate of 250 mL/min. Oxygen
was then introduced at a rate of 350 mL/min into the
combustion section of the reactor, which had been pre-
heated to 900°C. The H,0, traps filled with 3 percent
H,O, solution were attached to the reactor. The coal
sample was heated to the maximum pyrolysis temper-
ature at approximately 30°C/min. Pyrolysis was carried
out at the maximum temperature for 18 to 30 minutes.
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Figure A6 Isolopic mixing relationship of pyritic and organic
sulfur in coal sample R-B-3

After an experiment was compieted, the suffur
trapped in the H;0O, solutions was precipitated as
BaSQ,, filtered, and weighed to determine the amount
of sulfur evolved. The char samples were anatyzed by
X-ray diffraction. The char sample from a single exper-
iment was not large enough to carry out a magnetic
separation. Therefore, several char samples were pre-
pared under identical conditions and combined into a
composite sample. This sample was separated with a
hand magnet into nonmagnetic and magnetic fractions.
The two fractions were submitted for X-ray diffraction
analysis and their sulfur contents determined by the
high-temperature combustion method.

Magnetic susceptibility measurements were made on
chars prepared under different pyrolysis conditions by
a Squid magnetic susceptibility magnetometer located
at the Physics Department, University of lllinois. Prelimi-
nary runs were carried out on chars prepared at tem-
peratures ranging from 425° to 600°C (with a tempera-
ture interval of 25°C between each charring). Approxi-
mately 0.1 g of char sample was first weighed and then
loaded and capped in a small plastic capsule. The cap-
sulse was then attached and lowered into the mag-
netometer using a measured length of string threaded
through the upper portion of the capsule. All of the
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magnetic susceptibility measurements were ¢enducted
at room temperature with a magnetic field strength of
2000 gauss.

Coal pyrolysis with high heating rates The fur-
nace was preheated to the described maximum pyroly-
sis temperature. A sample of dried coal (about 0.7 g)
was spread evenly in a quartz boat that was placed in
the reactor about 3 in. from the end. The reactor was
flushed with nitrogen for 5 min at a rate of 25 mL/min.
The blast burner was ignited. The reactor was rolled
into the furnace so that the reactor exit tube extended
into the chimney on top of the blast burner (fig. A5).
The temperature within the reactor was monitored with
a microprocessor-based temperature recorder. Heating
rates of greater than 200°C/min were measured. After
the sample had been at the maximum pyrolysis temper-
ature for the desired soak time, the reactor was with-
drawn from the furnace and cooled to room tempera-
ture. The char sample was weighed to determine char
yieid, analyzed by X-ray diffraction, and then combusted
to determine its sulfur content.

pH Monitoring of Sulfur

pH monitoring was used to follow the evolution of suifur
during coal pyrolysis and char oxidative desulfurization.
Some of the sulfur evolved was lost to absorption on
the walls of the apparatus because the entire length of
the gas stream could not be heated to prevent conden-
sation of SO, angd SO, before it entered the H,0, trap-
ping solution. The single H;0, trap used was not 100
percent efficiant in removing SO, and SO, from the gas
stream. Also, the response time of the pH electrode
was found to be slower than the maximum rate of sulfur
evolution during coal pyrolysis. For the above reasons,
the pH monitoring technique produced only qualitative
or semiguantitative results.

Procedure A sample of dried coal (about 0.7 g)
was spread evenly in a quartz boat that was placed in
the center of the pyrolysis chamber of the reactor. The
entire reactor was flushed with nitrogen for 10 min at a
rate of 250 mL/min. Oxygen was then introduced at a
rate of 200 mL/min into the combustion section of the
reactor, which had been preheated to 900°C. The spe-
cial H,Q, trap was connected to the reactor and filled
with 350 mL of 3 percent H,O, solution, which had
been acidified to about pH 3.5 to reduce CO, absorption
and which contained NaCl (2.0 g/L) to increase its ionic
strength. The pH meter and electrodes were calibrated
using 102, 1073, and 10™* N H,S0, solutions prepared
from Acculute 0.1 N H,S0, standard volumetric solu-
tion. The calibration solutions also contained 3 percent
H,0O, and 2.0 g NaCl/L. After calibration, the pH elec-
trode was inserted into the H,QO,, trap. The temperature
controller was programmed via a BASIC program on
the 1BM PC with the desired ramp (heating rate) and
soak (time spent at maximum pyrolysis temperature)
routing. The pH meter was set to transmit pH data to
the IBM PC every few seconds, and the ramp and soak
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routine was started. If the experiment had a post-pyro-
lysis oxidation of the char, a cooling ramp and a second
soak time and temperature were included in the pro-
gramming of the temperature controller. After the char
oxidation temperature was reached, dry air was blended
into the nitrogen stream to produce the desired oxygen
concentration. After an experiment was over, the char
sample was cooled to room temperature and weighed
to determine char yield. The amount of sulfur in the
HzO, trap was determined by BaSQ, precipitation. Char
samples were analyzed by X-ray diffraction and com-
busted to determine their sulfur contents.

Processing of data The cumulative amount of sul-
fur evolved at any given time t during an experiment is
given by the following equation:

_sulfur(g) 1.603 x (H,~ Hy) X v
100 g coal Sw
where H, = 107"
Ho, = 10PM-0
V = volume of H,0O, solution (mL})
SW = sample weight (g)

A BASIC program was written for the IBM PC 1o process
the pH, temperature, and time data acquired during an
experiment. Also, the program calculated smoothed
cumulative sulfur evolved versus time and smoothed
rate (first derivative of cumulative curve) versus time
curves by the simplified least-squares procedures de-
scribed by Savitzky and Golay (1964).

QGA Monitoring of Carbon and Sulfur

The QGA was used quite successfully to monitor the
evolution of carbon and sulfur during coal pyrolysis and
various char desulfurization treatments. The basic prob-
lems of the pH monitoring technique were avoided with
the QGA. Howevet, a new problem arose that was not
solved before experiments for this report were com-
pleted. A small amount of H,SO,, formed in the combus-
tion section of the quartz tube reactor. After a whilg, the
H;S0O, plugged the 50-um-ID capiliary tubing, neces-
sitating its replacement. Worse yet, a pool of H,50,
apparently formed inside the QGA system and ab-
sorbed a significant fraction of the SO, or H,S pumped
into the system during an experiment.

Procedure The turbomolecuiar pumping system
was turned on with the capillary tubing valve closed.
The vacuum manifold was heated to about 130°C. The
analyzer head was cooled by an air stream whiie the
vacuum manifokd was being heated. Pumping was con-
tinued for several hours before an experiment. The
turbomolecular pumping system was left on batween
experiments unless several days lapsed between them.

A sample of dried coal or char (0.5 to 0.75 g) was
spread evenly in a quartz boat that was placed in the
center of the pyrolysis chamber of the reactor. The entire
reactor was flushed with nitrogen for 10 min at a rate
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of 250 mL/min. In experiments involving pyrolysis and/
or oxidative desulfurization, oxygen was then intro-
duced at 200 mL/min into the combustion section of
the reactor, which had been preheated to 900°C. In
oxidative desuifurization experiments, the gas fed into
the flow meter feeding the pyrolysis chamber was sim-
ply switched from nitrogen to a cylinder of 5 percent
oxygen-95 percent nitrogen mixture. When hydrodesul-
furization was carried out after pyrolysis and/or oxidative
desulfurization, the combustion section of the reactor
was cooled to about 800°C and the oxygen was re-
placed with nitrogen at 50 mL/min. Also, after the hydro-
desulfurization temperature was reached, pure hydro-
gen was introduced into the pyrolysis chamber at 200
mL/min. Other gas mixtures containing hydrogen could
also be used in hydrodesulfurization experiments. For
pyrolysis or oxidative desulfurization experiments, the
gas washing bottles filled with 3 percent H,0, solution
were connected to the reactor. When oxidative desulfuri-
zation followed pyrolysis, a second set of gas washing
bottles was used during the oxidative desulfurization.
For hydrodesulfurization experiments, the cadmium
acetate traps containing 300 mL of cadmium acetate
solution were attached to the reactor at the beginning
of the experiment or after the combustion chamber was
flushed with nitrogen if prior desulfurization treatments
were carried out.

After a set of traps was connected to the reactor, the
capillary valve was opened. The capillary tubing heater
had been turned on a few minutes earlier. The temper-
ature controlier was programmed via a BASIC program
on the IBM PC with the desired ramp and soak routine.
The BASIC program was also used to instruct the QGA
to scan 12 different masses every 6 sec and report the
resuits to the PC. After data collection began (12 ion
currents, pyrolysis chamber temperature and time), the
ramp and soak routine was started. After an experiment
was completed, the char sample was cooled to room
temperature under nitrogen and weighed to determine
char yield. The amount of sulfur in a set of HO, traps
was determined by BaSQO, precipitation. The amount
of sulfur in the first cadmium acetate trap was deter-
mined by conversion of the CdS to Ag,S. The char
sample was submitted for X-ray diffraction analysis after
which it was combusted to determine its sulfur content.

Processing of data The QGA was in effect an ion
gauge that measured partial pressures (as ion currenis)
of the gases present within the vacuum manifold; we
assumed that these partial pressures were equal to
those present in the gas stream exiting the reactor. The
relationship between the current and partial pressure
is usually represented by the following equation:

C.=1,/8,

where C, = partial pressure of component n
I, = lon current measured for component
S, = QGAsensitivity for component n
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If 8, is known, as well as the total pressure and flow rate
of the gas stream exiting the reactor, then the hydrode-
sulfurization rate at the time of the mass scan could be
calculated by the following equation:

s FR . pact
TP SwW
where Cy g = partial pressure of H,S
TP = total pressure exerted by gas stream
FR = flow rate (mL/min)
SW = sample weight (9)
FACT = tactor to convert H,S (mL) to sulfur (mg}

rate (mg S/g char/min) =

If I*ys Or I"g0, is measured as a function of time, a
rate versus time curve can be calculated. Integration
of the rate curve then yields a cumulative sulfur evolved
versus time curve.

In practice, S,, values are not easy to obtain and are
subject to change as the filaments of the QGA age.
Therefore, a method was developed to convert sutfur
ion current versus time curves into actual sulfur rate
versus time curves. Since only a small fraction of the
sulfur evolved in an experiment was pumped into the
QGA system, we assumed that the amount of sulfur
trapped in the H,0O, or cadmium acetate traps equaled
the total amount of sulfur evolved (S+). The area (A,)
up to time f and total area (Ay) under the ion current
curve was obtained by graphic integration. The amount
of sulfur (S,) evolved to time 1 is given by

Ay

5, = A, x 8

Thus, the cumulative sulfur evolved versus time curve
could be generated. The cumulative sulfur curve was
smoothed and differentiated to produce smoothed rate
versus time curves by the simplified least-squares pro-
cedures described by Savitzky and Golay (1964). The
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calculations described were carried out using a BASIC
program written for the IBM PC.

Char Hydrodesulfurization Procedures

A sample of dried char (0.5 to 1.0 g) was spread evenly
in a quartz boat that was placed in the reactor at the
center of the heated zone. The reactor was rolled into
a cold furnace and flushed with nitrogen for 5 min at a
rate of 250 mL/min. The cadmium acetate traps were
attached to the reactor. The char sample was heated
at about 30°C/min in the nitrogen stream to the hydro-
desulfurization temperature. Then the gas stream was
switched from nitrogen to hydrogen or the H, with 0.44
percent H,S mixture for the desired length of time,
after which the reactor was again flushed with nitrogen.
The char sample was cooled to room temperature and
weighed to determine char yield. When pure hydrogen
was used, the amount of the sulfur in the first cadmium
acetate trap was determined by conversion of the CdS
to Ag,S. The char sample was submitted for X-ray dif-
fraction analysis, then combusted to determine its sulfur
content. If the char had been produced from a coal
suitable for stable sulfur isotope monitoring, then the
AgoS and the combusted sulfur was isotopicaily charac-
terized. When the Ho/H,S mixture was used, the cad-
mium acetate solution and the CdS were simply dis-
carded. The char sample was either analyzed by X-ray
diffraction after hydrodesulfurization and then com-
busted to determine its sulfur content or it was subjected
to oxidative desulfurization with QGA monitoring at
450°C and then analyzed by X-ray diffraction and its
sulfur content determined. Severa! chars that were
hydrodesulfurized with the H,/H,S mixture were cooled
to room temperature by an N;/0.1 percent O, mixture
to test the conversion of the nonmagnetic iron sulfide
present in the sample after the hydrodesulfurization to
a magnetic iron sulfide. The chars were separated by
a hand magnet into two fractions, which were then sub-
jected to standard total sulfur analyses.
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