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INTRODUCTION

Spontaneous ignition and combustion of coal are major
problems not only for actual mining of coal but also for its
transportation and for industrial users. Most coals are prone to
spontaneous combustion, but their susceptibility to ignition increases
as the coal rank decreases (1). However, there are many anomalies to
this straight rank order susceptibility. Chamberlain and Hall (1)
have in fact, pointed out that some higher rank coals may be more
susceptible to spontaneous ignition than lower rank coals.

The causes and mechanisms of spontaneous ignition are enigmatic
because exceptions exist for every previously-suggested, single cause.
Several models have been advanced to describe spontaneous heating (1-
4), however. Among these are coal rank , electrostatic effects,
geological factors, temperature, microbial ignition, the reduction in
reactivity due to deterioration, air flow rates, particle size, pyrite
content, porosity and water wetting of coal.

The purpose of this research was to examine the factors which
may contribute to spontaneous ignition of ultrafine ( particle size <
250 fm ) bituminous coals and maceral enriched fractions under
storage, air flow and/or dense phase pneumatic conditions and to
understand physical interactions and chemical reactions pathways which
may lead to spontaneous ignition of bituminois coals. We have
initiated spontaneous ignition, FTIR, DSC, TGA and EPR measurements to
accumulate data which can be used to propose mathematical models for
spontaneous ignition of stored and pneumatically conveyed coals. In
this report, we present our preliminary results on a high-volatile
bituminous coal subjected to ignition temperature and FTIR
measurements.

EXPERTMENTAL

To examine the effects of air flow temperature, particle
size and air flow rates on the surface properties of coal, a high-
volatile bituminous coal from Elkhorn #3 seam ( Kentucky ) was chosen.
The coal samples were crushed and sieved and were divided into
following particle size ranges : <44 #m , >63im <75im, >75fm <106um,
>106fm <150fm, >150Fm <2504m, >250¢m <300fm, >850¢m <900Fm.

The experimental arrangement used for determining the
effects of air flow temperature and air flow rates on the coal's
surface temperature is shown diagrammatically in Figure 1. The coal
samples were packed in a quartz tube (10x120mm), and the sample tube
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was inserted in the combustion tube assembly. The reaction zone was
supplied with two thermocouples (T, and T,) whose hot junctions were
positioned along the axis of the sample béd. Thermocouple T

monitored the temperature of the fluid at the entrance of tﬁe sample
tube; while thermocouples T, and T, monitored the temperature of the
sample and exit gases, respectively. The sample tube’s location in the
tube ( 750mm length ) was determined by the residence time required by
the flowing gas to attain the required stable temperature at the
entrance of the sample tube. The gas temperature was monitored for 1
hour before the sample tube was inserted in the combustion tube
assembly. The compaction and packing of the sample in the tube plays
an important role in determining whether exothermic reactions resulted
or not. Therefore, every effort was made to ensure uniform compaction
of the sample for each run.

Two grams of coal sample of various particle sizes
were inserted in the sample tube and subjected to ignition
experiments. Ignition was arbitrarily defined as the lowest air
temperature which caused any part of the sample to exceed 150 K above
the set temperature of the furnace. This value was chosen as an
indication of a runaway reaction. Experience has shown that a rapid
temperature rise, if one were to occur at all, would take place within
a few minutes of the introduction of air, generally less than 20
minutes. If ignition did not occur, a fresh batch of the coal sample
was used and the air temperature raised 10K higher than before air was
introduced and the sequence was repeated. All FTIR spectra were
obtained on an IBM IR-32 FTIR spectrometer equipped with an IBM 9000
comupter. The alkali halide pellet technique was employed to record
the spectra.

RESULTS AND DISCUSSION

Ignition Experiments:

Ignition experiments on high-volatile bituminous coals
showed that the ignition temperature is strongly dependent on the mode
of preheating the sample to the ignition temperature point, particle
size, air flow rates, and sample compaction. When using air alone for ~
preheating, it was found to be impossible to attain a uniform sample
temperature just before ignition. Accordingly, a technique was
evolved to first raise the temperature of the sample close to the
ignition temperature by passing a stream of hot nitrogen or carbon
dioxide through the sample. Once the constant temperature of the
sample was obtained, the stream of gas was switched to air. A similar
inert preheating procedure has been used by Hardman et.al. (5) to
determine the spontaneous ignition temperature of activated carbons.

The ignition temperatures of three, high-volatile bituminous
coals from Elkhorn #3, Ohio #5 and Pittsburgh seam are reported in
Table 1. These three coals were chosen because of their large
differences in their petrographic composition, especially in their
vitrinite and exinite content. It has been suggested (1,2) that there
is a close relationship between the coal maceral type and spontaneous
oxidation potential. Chamberlain and Hall (1) demonstrated this kind
of role when they found that exinites oxidized much more readily than
vitrinites and inertinites. If such is the case then one will expect
Ohio #5 coal to show the lowest ignition temperature.  In fact, Ohio
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#5 shows the highest ignition temperature among the three coals
examined. OQOur preliminary results suggest that there may not be any
correlation between the petrographic composition and ignition
temperature, The sample bank, on which ignition experiments are
conducted, needs to be expanded before arriving at definite
conclusions.

TABLE 1
Ignition Temperatures of Three High-Volatile Bituminous
Coals and Their Selected Petrographic Parameters.

Elkhorn #3 Ohio #5 Pittsburgh

Seam Seam Seam
Air Flow Rate (cm°/min) 900 900 900
Particle Size (Fm) <45 <45 <45
Ignition Temperature (K) 593110 683410 673110
Reflectance (%) 0.93 0.74 0.79
Exinite (vol%) 9.10 26.20 3.90
Vitrinite (vol%) 75.20 55.30 84.20
Volatile Matter (wt%) 33.86 34.70 35.80
Fixed Carbon (wt%) 57.12 43,70 53.20
Moisture (wt%) 2.45 4,20 1.40
Ash (wt%) 6.57 17.40 9.60

Effects of Air Flow Temperature :

Surface reactions of coal under dense-phase pneumatic
transport or under storage conditions play a crucial role in
determining the initial heatup of coal. Consequently, it is of
interest to determine the exothermic reaction pathways and the effects
of the physical parameters on such reactions. The Elkhorn #3 seam
coal was chosen to evaluate these effects since it showed the lowest
ignition temperature. When coal samples of various particle size were
inserted in the ignition tube assembly at temperatures lower than the
ignition temperature, a typical ‘particle temperature vs. time' plot
is observed and is shown in Figure 2. Based on these profiles two
parameters are defined:

4T = Runaway Temperature B Ts’ - Tg(t) 1)
4t = Heatwidth = Time period for which Ts(t)>Tg(t), 2)
where T ' is the maximum coal surface temperature, T (t) is the coal

surface temperature at time t, and T_(t) is the temperature of the
flowing air at time t. Even though A* is arbitrarily defined, it
represents the rise in coal surface temperature due to exothermic
reactions under air flow conditions. In addition, AT and it measures
the overall energy balance since they are related to the generation
and dissipation of heat.

Figures 3 and 4 show the effect of air flow temperature’
{280 K < T, < 700 K) on runaway temperature {(AT) and heatwidth (4t)
values for®Elkhorn #3 coal, respectively for three particle sizes. AT
and it values were determined by using nitrogen preheat treatment
before introducing air stream. The results indicate that there is a

sudden jump in AT value at T ! 493 K for particle size < 106 Fm. As
the particle size increases, the T _ value required to induce a sudden
Jump in 4T value also increases. gn fact, for particle size > 850 Fm
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no jump in AT value is observed at 290 K < T_ < 700 K with or without
inert gas preheat treatment. This result sullgests that there is a
critical particle size below which Elkhorn #3 coal will be very
susceptible to spontaneous ignition. This result is at variance with
the recent numerical model proposed by Brooks and Glasser (3). From
their numerical solution of the steady state equations, they suggested’
that the coal in the particle size range of (sub 1 mm) > (particle
size) < (6 mm) is most susceptible to spontaneous combustion. Their
prediction of the particle size effect on the spontaneous ignition is
not consistent with our experimental results.

The effects of air flow rates and coal particle size on
runaway temperature and heatwidth of Elkhorn #3 seam were also
examined. To determine these effects, the air flow temperature T_ =
493 K was chosen since a sudden jump in AT value was observed at his
temperature. The samples were inserted into the ignition tube
assembly under air stream. The results are shown in Figures 5 and 6
for particle size and air flow rates, respectively. The experimental
data suggests a power relationship between the runaway temperature
(AT) and the particle size of,coal. The coal surface temperature (T
under air flow rate of 900 cm”/min suggests a relation:

R . -0.84
TS = Tg + 4726 (Particle Size, !m) 3)
Schmidt and Elder (6) have suggested a correlation between the rate of
oxidation and particle size.

s

Rate of oxidation = K3 (Specific Surface Area)o'5 y 4)

where K is a constant dependent on both rank and temperature. It can
be seen that our results cannot be explained by equation 4 even if it
is assumed that particle shape is random. Our results suggest that
Elkhorn #3 coal will be most susceptible to spontaneous ignition for
particle size < 150 ¢m. The runaway temperature shows a parabolic
dependence on the air flow rates. The data shown in Figure 6 for > 63
Pm < 75 Fm particle size was fitted to a 3rd order polynomial:

T, =T, - 3.80 + 0.12 (AirsFlow Rate) +

s g 8.3 x 10> (Air Flow Rate)?

5)

These results indicate that the susceptibility of spontaneous ignition
will increase as the coal particle size decreases. In addition, there
may be a critical air flow rate range for which heat generated may
exceed heat dissipated.

FTIR Measurements :

FTIR measurements were carried out on the Elkhorn #3 seam
bituminous coal to determine the effect of air flow temperature (T )
on the structure of coal. The samples used for the FTIR measuremefits
were the same samples which were subjected to air flow temperature
measurements (i.e., Figure 3, < 43 Pm). The samples were withdrawn
frgm the ignition tube assembly after reacting with flowing air (900
cm”/min) at 290 K < T < 700 K for 10 hours. Figure 7 shows the effect
of air flow temperature (T_) on the FTIR spectrum of Elkhorn #3 coal.
The details of the FTIR anglysia of bituminous coal and the effects of
low temperature (<423K) oxidation on its vibrational spectrum have
been reported earlier in the literature (7-9). The assignment of the
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observed vibrational bands was based on these published works. The
FTIR spectrum of unprocessed Elkhorn #3 coal can be characterized by :
(a) A very broad band with maximum near . 3350 cnm was observed and
is attributed to hydroxyl (-OH) groups. However, it was not possible
to discern whether this band was due to moisture in KBr pellets,
moisture in coal or hydroxyl groups which are part of organic matrix.
We believe that this band is due, in fact, to a combination of the _
three sources mentioned above. (b) A weak absorption band at 3030 cm
was assigned to aromatic CH stretch. (c) A shgylder at 2960 cm and
two main absorption peaks at 2920 and 2850 cm were observed and are
attributed to CH, groups and aliphatic CH,, g?z, and CH groups,
respectively. (dY A weak shoulder at 1700 cm was observed and is
assigned to C=0 stretg?. (e) The aromatic C=C bonds produced a strong
absorption at 1600 cm ~, and it is believed that some oxygen
containing functional groups also.,contribute to its intensity. (f) The
medium intensity band at 1445 cm is due mainly to CH, groups in
coal. However, CH, bending mode and aromatic stretchin§ vibrations may
also contri?ute to the intensity of this band. The weak observed band
at 1375 _cm has been assigned to CH3 groups. (g) A weak absorption at
1261 cm has been assigned to,ethers of the types CGH -0-CH, or -CHZO—
CH3- . In additigT to 1261 cm band, a broad weak bana centéred
around . 1160 cm was also observed and is assigned to aldehydes
and/or ketones and/or ether groups in the Elkhorn coal. (h) Three
absorption bandg were observed in the aromatic region i.e., at 870,
812 and 754 cm . The band at 870 cm = has been assigned to
substityted benzene rings and to aromatic HCC rocking. The band at
812 cm ° has been attributed to substituted benzene rings with two
neighboring H, while the band at 754 cm = is assigned to
monosubstituted benzene rings and O-substituted benzene rings.
Additional bands due to inorganic materials were also observed but
will not be discussed in this paper.

The effects of air flow temperature (T_) on the FTIR
spectra of Elkhorn #3 coal in the frequency range 4006 - 1100 cm
have been summarized in Table 2. The absorbance changes reported in
this table were determined by subtracting the unprocessed coal
spectrum from the processed (290K < T_ < 700K) coal spectrum. It was
not possible to follow the changes in“the organic bands of the
processed coal at frequency < 1100 cm ~ due to strong overlapping
inorganic bands. Attempts were made to remove the contribution of the
inorganic bands by subtracting the spectrum of low temperature ash.
However, this subtraction resulted in erroneous bands in the
difference spectrum due to changes in the intensity and broadening of
the inorganic bands at T,k ! 473K. The effect of air flow temperature
on the intensity oglaromgtic CH stretch at 3034 cm and aliphatic CH
stretch at 2917 cm is shown in Figures 8 and 9, respectively. Figure
10 shows the absorbance changes in the accumulative oxygen
functionalities of coal as a function of air flow temperature. The y-

axis of this graph represgnts the sum of absorbance changes at 1835,

1780 - 1700, and 1560 cm ~. At T_ ! 640K, only inorganic bands were
observed signifying that all the“organic matter in coal has combusted.
Thus the absorbance change points at T_ ! 640K in the graphs 8,9 and

10 represent a net loss of these funct§0n31 groups i.e., all the
organic matter is lost.
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TABLE 2
The Effects of Air Flow Temperature on the Frequency of Principal
Absorption Changes of Elkhorn #3 Bituminous Coal at 290K < 'l‘g < T00K.

Air Flow Frequency (:4 cl_l)

Temp. (K)

343 2913(+),2845(+),1700(+),1445(+)

393 2917(-),2851(-),1835(+),1770(+),1700(+),1445(-),1375(-),
1021(-)

443 3034(-),2917(-),2851(-),1770(+),1700(+),1560(+),1445(-),
1375(-),1109(+) .

493 3034(-),2917(-),2851(-),1835(+),1770(+),1725(+),1560(+),
1445(-),1219(+),1136(+)

543 3034(-~),2917(-),2851(-),1835(+),1770(+),1721(+),1555(+),
1445(-),1267(+),1211(+),1100(+)

593 3034(-),2917(-),2851(-),1835(+),1770(+),1725(+),1560(+),
1451(-), %

643 3039(-),2920(-),2855(-),1698(-),1651(-),1593(~-),1441(-),
%, %%

693 3048(-),2918(-),2857(-),1692(-),1598(-),1445(-), ¥, %%

+ S8ign indicates that absorption increased or new bands appeared.
- Sign indicates that angrption decreased or bands disappeared.

* At frequency < 1200 cm ', it was difficult to follow the organic
bands due to overlapping inorganic bands.

¥%x Only inorganic bands were observed.

The increase in i?tensity of aliphatic vibrations ( i.e., at
2917, 2851, and 1445 cm ) at T ¢ 343K was most surprising. At these
low temperatures a loss of some folatile matter is expected, and this
loss should result in a decrease in the intensities of aliphatic
vibrations., No intensity enhancement of these vibrations results if
nitrogen or carbon dioxide is used under identical gas flow and
temperature conditions. The intensity of the vibrational bands not
only depends on the concentration of the functional groups in the
sample but also on their dipole moment i.e., on the transition
probability. We do not believe that the concentration of aliphatic
groups has increased at T_{ 343K, but we conjecture that an oxygen
attack on coal somehow alters the dipole moment of the aliphatic
groups at this temperature. At T_, > 343K there is a steady_?ecrease in
the intensity of aliphatic bands®at 2917, 2851 and 1445 cm y with a
major decrease located at 393K { T, { 493K. As can be seen from Figure
9, there is no correlation between“the absorbance change and the
runaway temperature of this coal. Sipilar results were observed for
aliphatic bands at 2851 and 1445 cm ~, These results sugdgest that the
loss of aliphatic groups from the coal matrix, in the form of volatile
products, plays a little role in the magnitude of the runaway
temperature. Under air flow conditions, the volatile products are
expected to be swept away from the sample toward the exhaust of the
combustion tube, thus drastically decreasing the residence time of
volatile products around the sample. If the volatile combusts on the
coal’s surface as it leaves the coal, the combustion exothermic
reactions should contribute to the runaway temperature. It is possible
that these exothermic reactions contribute to the early profile of
heatwidth, but it seems unlikely since no correlation exists between
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absorbance changes at 2917, 2851, and 1445 cm = and heatwidth. -1
Figure 8 shows that the aromatic CH stretch vibration at 3030 cm
remains unchanged at 290K < T_, < 400K. However, it is interesting to
note that as the runaway tempBrature increases the intensity of CH
stretch vibration decreases. This decrease is mirrored along with _
Tlterations in the aromatic region’s vibrations i.e., at 900 - 700 cm

. At present it is not possible to calculate the absorbance changes
in this region due to interference from inorganic bands. The
dependence of aromatic stretch vibration on the runaway temperature
strongly suggests that it is the oxidation of the aromatic groups that
results in major contribution to the runaway temperature., 4s T
increases from 293K, the C=0 stretch vibration at 1700 cm infeases
and shows maximum contg}bution at 443K. Mirrored with the increase in
C=0 stretch at 1700 cm a very broad, weak band is observed in OH
stretch, suggesting the formation of carboxylic acid groups largely of
aliphatic type. It seems that the oxidation of aliphatic groups
attached to the aromatic structure contributes very little to the
runaway temperature. At 493K : T_ ! 593K, strong absorbance bands at
1835, 1770, 1725, 1560, 1300 - 1%00 cm ~ appear in the spectrum,
indicating massive oxidation reactions in coal which leads to the
formation of anhydrides, aldehydes, lactones, esters, ketones and
ethers, Figure 10 shows the effect of air flow temperature on the
accumulative absorbance changes in E?e oxygen functional groups at
1835, 1770, 1725, 1700, and 1560 cm of Elkhorn #3 coal. These
results clearly show that these oxidation reactions make major
contribution to the heat generated i.e., to runaway temperature., It
was surprising that at T = 493K, with the coal’s surface temperature
reaching 790K, complete Sombustion of the sample did not result. It
appears that the oxygen functional groups generated on the surface of
coal inhibit complete combustion reaction at T_ { 593K. Diffuse
reflectance - and photoacoustic - FTIR studies™are in progress on
these samples to evaluate the effects of incomplete combustion
reactions and runaway temperature.
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COAL-WATER MIXTURE COMBUSTION USING OXYGEN-ENRICHED AIR AND STAGED FIRING
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ABSTRACT

Coal-water mixture (CWM) combustion experiments using oxygen-enriched air
were conducted in an oil-designed 700-hp watertube boiler using a bituminous CWM.
The results indicated that the use of oxygen-enriched air increased carbon
burnout, reduced uncontrolled fly ash emissions, and reduced combustion air
preheating requirements. The boiler efficiency increased because of reduced flue
gas heat losses. The improvement in boiler performance compared to an experiment
without oxygen enrichment was significant when using only 2-3 percent enrichment
of air (23-24 volume percent oxygen). Using combustion air enriched to 22.7
percent oxygen by volume, the required air preheating temperature was reduced to
1929F as compared to 325°F required with no oxygen enrichment, while the carbon
conversion efficiency at full boiler load was increased from 95.0 percent to 97.4
percent.

Experiments on CWM combustion were also conducted using staged firing with
and without oxygen-enriched air. The NOy reduction achieved at a first-stage
air/fuel stoichiometric ratio of 0.76 was about 33 percent, but it was accompanied
by a reduction in combustion efficiency and an increase in particulate emissions.
The use of oxygen-enriched air in the burner zone increased flame stability and
carbon burnout while maintaining the effectiveness of staged combustion; however,
additional experiments are needed to optimize burner-operating parameters to
achieve significant NOy reduction.

INTRODUCTION

The use of oxygen-enriched air for coal-water mixture (CWM) combustion could
result in several positive effects on boiler performance: (1) preheated air
requirements should be reduced or eliminated, thereby permitting the use of CWM in
smaller industrial boilers that do not usually have high-temperature air
preheaters; (2) the volume and velocity of the flue gas will be reduced,
decreasing potential erosion problems in the boiler convection banks; and
(3) boiler efficiency should increase because of reduced stack heat losses,
partially compensating for loss in boiler efficiency owing to water in the slurry.
Taschler et al. examined the impact of these effects on boiler operating economics
and steam generation capacity in large-scale boilers (1).

Coal-water mixture combustion experiments using oxygen-enriched air were con-
ducted at Pittsburgh Energy Technology Center (PETC) in a 700-hp watertube boiler
using a commercial CWM fuel prepared from bituminous coal. The objectives of
these tests were to determine (1) the optimal point of oxygen injection, (2) the
minimal oxygen concentration required to stabilize the CWM flame without
preheating the combustion air, and (3) the effects of boiler load conditions on
oxygen enrichment requirements.

The CWM combustion experiments were also conducted using staged firing with
and without oxygen-enriched air. Staged combustion is one of the most commonly
applied NOy-control techniques for coal-fired boilers (2-4). The boiler is
operated with a primary fuel-rich combustion zone, in which both thermal and fuel
NOy formation is minimized. The initial combustion step is then followed by a
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fuel-lean zone to complete the combustion of the residual fuel. Staged combustion
in the PETC boiler was achieved by introducing the first-stage air through the
burner air register, and the second-stage air through three air ports installed on
a side wall of the boiler.

EXPERIMENTAL

The test unit is a Nebraska 700-hp “D"-type watertube industrial boiler
originally designed for No. 6 oil firing. The boiler generates about 24,000 lb/hr
of steam at full load. Figure 1 is a sectional plan view through the firebox and
convection section of the boiler. Preheated combustion air 1is provided by an
external source. The Coen single-air-zone register provided with the boliler was
modified for these experiments. One of two modifications made to the air register
was a diameter change of the sheet metal shroud, which increased the secondary-air
linear velocities at the exit throat of the register. The other simple change was
the insertion of a center air tube to establish a stable flame front. The center
tube has a fixed air spinner, and both the center-tube-air and secondary-air feeds
have independent flow-control systems. This allows considerable flexibility in
burner-operating capabilities (5). Extensive instrumentation and a computer-
controlled data acquisition system provide a large amount of data for detailed
analysis and evaluation of the experiments.

Tertiary (second-stage) air is injected through three ports installed at
approximately one third of the furnace length from the front wall. The port
design incorporates removable sleeves to allow changing of port size to permit
control of the second-stage air flow and the injection pattern.

Figure 2 is a cross-sectional view of the burner used for oxygen-enrichment
tests. Oxygen is introduced through a specially fabricated oxygen guide tube
(3 1/2-inch schedule-10 Monel pipe) surrounding the burner-gun guide tube. A Coen
nozzle with eight 15/6l4-inch holes and a 60° spray angle was used. A 30°
cocurrent center-air diffuser and a 45° cocurrent oxygen-guide-tube diffuser were
installed during the combustion experiments.

CWM COMBUSTION USING OXYGEN-ENRICHED AIR

The use of oxygen-enriched combustion air reduces the amount of nitrogen
flowing through a combustion process, resulting in elevated flame temperatures.
Figure 3 shows adiabatic flame temperatures for the combustion of CWM with oxygen-
enriched air at an oxygen/fuel stoichiometric ratio of 1.%15. Theoretical flame
temperature curves were generated at combustion air preheating temperatures of T7°
(ambient), 3009, and 500°F using the PETC Multiphase Equilibrium Program for a CWM
containing 70 percent Pittsburgh seam bituminous coal. The adiabatic flame
temperature using normal air {0; = 20.69 volume percent) preheated to 5000F is
33939F; the same flame temperature can be achieved by using 23.25 volume percent
oxygen-enriched air at ambient temperature.

Because of the reduction in the amount of nitrogen per unit quantity of fuel
flowing through the furnace, the amount of flue gas from the combustion of CWM
using oxygen enrichment will be decreased. The decrease in flue gas volume,
expressed in standard cubic feet per pound of CWM (at 70°F and 14.7 psia), is
illustrated in Figure 4. For example, at 23 volume percent and 25 volume percent
oxygen concentrations in the combustion air, and an oxidizer/fuel stoichiometric
ratio of 1.15, the flue gas quantities decrease by 8 percent and 15 percent,
respectively, compared to the quantity produced when using normal air.

Oxygen enrichment should reduce combustion air preheat requirements and
reduce flue gas heat losses. Oxygen enrichment should also provide a greater
range of flammability and improved flame stability compared to combustion air pre-
heating. 83




A commercial CWM, ARC-COAL, produced by the Atlantic Research Corporation and
containing 70 percent Eastern U.S. bituminous coal, was used in the oxygen
enrichment experiments (see Table 1). Analysis of the experimental results
indicates that the addition of oxygen to the combustion air results in higher
carbon conversion and boiler efficiencies. Using 5009F combustion air at an
oxygen level equivalent to 22.9 percent by volume in air, a carbon conversion
efficiency of 97.0 percent and a boiler efficiency of 81.3 percent were obtained
(see test 2 in Table 2). The base-line test (test 1) at S500°F preheating without
oxygen enrichment resulted in 95.0 percent carbon conversion and 79.3 percent
boiler efficiency. Because of the improvement in carbon burnout with oxygen
enrichment, the carbon content of the fly ash decreased by more than 25 percent

(Table 3). As a consequence, particulate emissions were also reduced. With
oxygen enrichment, however, NO, emissions increased from 0.69 to 1.00 1b NO2/MMBtu
(tests 1 and 2 in Table 3). The increased flame temperature due to oxygen

enrichment apparently increased the formation of thermal NOy.

Test 3 of Tables 2 and 3 was conducted at reduced boiler load (~70 percent of
maximum capacity) using oxygen-enriched air. A slight improvement (1%) in carbon
conversion was obtained compared to test 2, which was conducted at full load.

Test 4 was carried out at full load and at minimum combustion air preheat
temperature (192°F) using 22.7 percent oxygen-enriched air. An improvement in
boiler performance compared to the test without oxygen enrichment (test 1) is
noticeable, even though the preheating temperature was reduced substantially. The
minimum combustion air preheating required for a stable flame is affected by a
number of variables, including CWM volatility, heating value, and oxygen
enrichment (flame temperature). Other variables, such as excess oxygen level and
combustion air swirl, are also important. With increased oxygen concentration in
the oxygen-enriched air, the combustion air flow per unit quantity of fuel at a
constant oxidizer/fuel ratio is reduced. This would reduce the intensity of the
combustion air swirl and possibly adversely affect the flame stability.

CWM COMBUSTION USING STAGED FIRING

Combustion experiments were conducted at full boiler load and at total
air/fuel stoichiometric ratios of 1.15 to 1.21 using combustion air preheated to
about U90°F (see Tables 4 and 5). Stoichiometric ratios of the first-stage air
(atomizing air plus center-tube air plus secondary air) to fuel were varied
between 0.76 and 0.97 while the remaining air (tertiary air) was diverted through
the side wall ports. Boiler operation could not be sustained at a stoichiometric
ratio less than 0.75 in the primary combustion zone because of flame insta-
bilities.

A base-line experiment performed without air staging (with the tertiary air
ports blocked) produced NOy emission levels of 0.77 lb/MMBtu (see test 1, Tables U
and 5). As primary-zone stoichiometry was reduced, emissions of NOy declined; the
NOy reduction achieved with the primary-zone stoichiometry of 0.76 was about 33
percent. The reduction in NOy emissions, however, was achieved with some decrease
in combustion efficiency. As the first-stage stoichiometric ratio was reduced
from 1.15 to 0.76, the carbon conversion efficiency decreased from 95.7 percent to
92.2 percent.

It is apparent that the conditions created by deep staging (primary zone
stoichiometry of less than 0.75) tend to be opposite of those conducive to good
flame stability and high carbon-conversion efficiencies. Improvements in
combustion efficiency may be attainable by changing the tertiary-air port location
and/or velocity to increase the efficiency of tertiary-air mixing in the second
stage. However, because of limitations in primary-zone temperature and residence
time, it may be difficult to achieve large reductions in NOy emissions while
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firing coal or CWM in an oil-designed boiler without exacerbating the problem of
fuel burnout.

CWM COMBUSTION USING STAGED FIRING AND OXYGEN-ENRICHED AIR

One approach to increasing the primary-zone temperature, flame stability, and
carbon burnout under deep-staging conditions is to use oxygen-enriched air.
Tables 6 and 7 show the results of CWM combustion experiments using both staged
firing and oxygen-enriched air. Oxygen was introduced into the primary combustion
zone through the burner oxygen guide tube (see Figure 2). These experiments were
conducted using 356°F to 4130F combustion air at 1.14 to 1.16 overall oxygen/fuel
stoichiometric ratio and at an overall oxygen concentration of about 26 percent by
volume. Carbon conversion efficiencies ranging from 95.6 percent to 97.8 percent
and boiler efficiencies ranging from 81.0 percent to 82.8 percent were obtained as
the oxygen/fuel stoichiometric ratio in the primary combustion zone was varied
from 1.14 (unstaged) to 0.76.

Carbon conversion efficiency was reduced only slightly and the boiler
efficiency remained high as the degree of staging increased. However, a reduction
in NO; emissions was observed when the primary-stage stoichiometry was reduced to
0.76, as shown in Figure 5. With oxygen enrichment, the measured NOy emissions at
all primary-stage stoichiometries were higher than those measured in experiments
conducted with no oxygen enrichment, even though the oxidizer was preheated to a
higher temperature in the latter experiments.

These results suggest that the problem of reduced carbon burnout in staged
combustion can be alleviated with the use of oxygen-enriched air in the burner
zone while achieving a moderate reduction in NOy emissions. However, even the
experiment that provided the greatest reduction in NOy emissions resulted in
levels that are quite high (>0.6 1b NOz/MMBtu). To further reduce NOy emissions,
it would be necessary -to decrease the primary-stage stoichiometry (for this
furnace, to less than 0.76). Additional experiments are required to determine if
a significant reduction of NOy; emissions can indeed be achieved using oxygen-
enriched air in a staged combustion system while maintaining a high level of
carbon conversion efficiency.

CONCLUDING REMARKS

The combustion experiments conducted in the 700-hp watertube boiler with
bituminous CWM indicate that the use of oxygen-enriched air resulted in a decrease
in the level of air preheating required and an improvement in carbon burnout. The
reduction in the volume of flue gas lowered heat losses and increased boiler
efficiency. Using combustion air enriched to 22.7 percent oxygen by volume, the
air preheating temperature could be reduced to 192°F as compared to ~3259F
required with no oxygen enrichment, The improvement in boiler performance
compared to the test without oxygen enrichment was noticeable even with the use of
only 2-3 percent enrichment of air (23-24 volume percent oxygen).

By using staged air admission during CWM combustion in the oil-designed
boiler, a reduction in NO; emissions on the order of 1/3 was achieved. The
reduction in NOy emissions, however, was achieved with some decrease in combustion
efficiency. Using 490°F combustion air at 15-21 percent excess, as the primary-
stage stoichiometry was reduced from 1.15 to 0.76, NOy emissions decreased from
0.77 1b/MMBtu to 0.52 1b/MMBtu while the carbon conversion efficiency decreased
from 95.7 percent to 92.2 percent.

The use of oxygen-enriched air in the primary combustion stage increased the
flame stability and diminished the problem of reduced carbon burnout while achiev-
ing moderate reduction of overall NO, emissions. Using 356°F to 413°F combustion
air at 14-16 percent excess and at an overall oxygen concentration of about 26
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volume percent, NO, emissions decreased from 0.88 1b/MMBtu to 0.65 lb/MMBtu as the
primary-stage stoichiometry decreased from 1.14 to 0.76. The carbon conversion
and boiler efficiencies, however, remained high and were in the ranges of 96-98
percent and 81-83 percent, respectively.

DISCLAIMER

Reference in this paper to any specific commercial product, process, or
service is to facilitate understanding and does not necessarily imply 1its
endorsement or favoring by the United States Department of Energy.
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Table 1.

Weight Percent Coal

Particle Size Consist
(% minus-200-mesh)

Proximate Analysis (%)

Moisture
Volatile Matter
Fixed Carbon
ash

Ultimate Analysis (%)

Hydrogen
Carbon
Nitrogen
Sulfur
Oxygen
ash

Heating Value (Btu/1b)

Viscosity (cP @ 100 sec~!
after 50 seconds,
79°-81°F)

Ash Fusion Temperatures (OF)
Initial Deformation Temp.

Softening Temp.
Fluid Temp.

Typical Analyses of ARC-Coal
As Received
70.59
89

29.41
22.40
42.81

6.82
56.86
1.08
0.53
5.38
10,140

584

2580
2670
2700
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Table 2. Operating Conditions and Boiler Performance,
CWM Tests with Oxygen Enrichment

Test Number 1 2 3 4
02 Vol. 4 in Comb. Air 20.69 22.91 22.83 22.68
Overall Oxygen/Fuel 1.16 1.15 1.14 1.25
Stoichiometric Ratio

0, Injected (lb/hr) 0 598 385 618
Fuel Flow (1lb/hr) 2791 2733 1843 2833
Steam Flow (1lb/hr) 24250 24390 16540 24010
Thermal Input (MMBtu/hr) 30.20 29.22 19.67 30.04
Combustion-Air Temp. (°F) 501 491 490 192
Total Air Flow (lb/hr) 24656 21423 14379 25052
Atomizing-Air Flow (1lb/hr) 1287 1316 1312 1338
Atomizing-Air Pressure (psig) 128 126 129 130
Fuel Pressure at Burner (psig) 109 105 88 148
Center-Tube-Air Flow (lb/hr) 4910 4749 4516 5804
Ave. Flue Gas Temp. (°F) 500 509 463 503
Carbon Conversion Eff. (%) 95.0 97.0 98.1 97.4
Boiler Eff. .(%) 79.3 81.3 82.2 80.0
(Heat Loss Method)

Heat Loss Due to H;0 3.21 3.26 3.21 3.24

in Fuel (%)
Heat Loss from Burning 3.74 3.79 3.74 3.95

Hydrogen in Fuel (%)

Table 3. Flue Gas Emissions in CWM Tests
with Oxygen Enrichment

Test Number 1 2 3 4

Flue Gas Analysis

02 (%) 2.9 3.1 3.9 4.2
COoz (%) 15. 17.1 16.2 15.7
co0  (ppm) 72 50 55 51
S0z (ppm) 646 693 667 662
(1lb/MMBtu) 1.24 1.20 1.24 1.23
NOx *(ppm) 499 800 753 703
(1b/MMBtu) 0.69 1.00 1.00 0.94
THC (ppm) 1.7 0.8 1.0 3.0
Particulate Emissions
(Uncontrolled)
(1b/hr) 168 133 45 124
(1b/MMBtu) 6.07 4.9 2.49 4.26
C in Fly Ash (%) 46.6 34.6 41,4 33.9

*As ppm of NO + ppm of NO,; calculated as lb of NOz /MMBtu.
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g Table 4. Operating Conditions and Boiler Performance,
CWM Tests with Staged Combustion

") Test Number 1 2 3 4
Total Air/Fuel Stoichio- 1.15 1.20 1.21 1.15
K metric Ratio
First-Stage Air/Fuel 1.15 0.97 0.85 0.76

, Stoichiometric Ratio

Fuel Flow (lb/hr) 2888 2969 2940 3026
Steam Flow (lb/hr) 23990 24630 24080 24000
Thermal Input (MMBtu/hr) 30.74 31.77 31.45 32.40
Combustion-Air Temp. (°F) 491 490 481 4ol
Total Air Flow (lb/hr) 25380 27170 27210 26460
/ Secondary-Air Flow (lb/hr) 17740 15360 13300 12110
Center-Tube-Air Flow (1lb/hr) 6096 5340 4682 122
. Tertiary-Air Flow (lb/hr) -- 5264 8o46 8985
J Atomizing-Air Flow (lb/hr) 1164 1206 1182 1243
! Atomizing-Air Pressure (psig) 127 126 129 125
/ Fuel Pressure at Burner (psig) 114 119 117 124
/ Avg. Flue Gas Temp. (OF) 525 542 528 519
/
. Carbon Conversion Eff. (%) 95.7 95.5 93.8 92.2
Boiler Eff. (%) 77.5 77.6 76.9 76.0
(Heat-Loss Method)
Heat Loss Due to H.0 3.55 3.55 3.53 3.51
in Fuel (%)
Heat Loss from Burning 3.81 3.81 3.79 3.77

Hydrogen in Fuel (%)

Table 5. Flue Gas Emissions in CWM Tests with Staged Combustion

Test Number 1 2 3 4

Flue Gas Analysis

02 (%) 2.1 3.5 3.7 3.4
Coz (%) 5.8 14.5 14.5 14.5
CO (ppm) 81 T4 92 124
S0z (ppm) 608 597 610 . 658
(1b/MMBtu) 1.10 1.19 1.20 1.28
NOy (ppm)* 560 532 469 375
(1b/MMBtu)* 0.77 0.76 0.66 0.52
THC (ppm) 0.8 3.1 2.1 3.3
Particulate Emissions
(uncontrolled)
(1b/hr) 209 185 203 248
(1b/MMBtu) 7.37 6.33 7.01 8.33
C in Fly Ash (%) 48.9 40.7 50.4 53.3

k *As ppm of NO + ppm of NOz; calculated as lb of NO/MMBtu.
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Table 6. Operating Conditions and Boiler Performance,
CWM Tests with Staged Combustion and Oxygen Enrichment

Test Number 1 2 3 4
0,v0l.% in Combustion 26.2 26.3 26.4 26.0
Air
Overall Oxygen/Fuel Stoichio- 1.14 1.16 1.16 1.4
Ratio
First-Stage Oxygen/Fuel 1.14 1.02 0.88 0.76
Stoichiometric Ratio
Oxygen Injected (1lb/hr) 1448 1505 1564 1433
Fuel Flow (1lb/hr) 2871 2890 2949 2953
Steam Flow (lb/hr) 23330 23400 23660 23500
Thermal Input (MMBtu/hr) 30.32 30.65 31.77 31.99
Combustion-Air Temp. (OF) 375 356 411 413
Total Air Flow (1lb/hr) 18405 18872 19068 19143
Secondary-Air Flow (lb/hr) 12960 10910 8767 7263
Center-Tube-Air Flow (1lb/hr) 4293 3638 294y 2389
Tertiary-Air Flow (lb/hr) - 3166 6213 8299
Atczmizing-Air Tlow (iv/hr) 2 1158 ) 1158
AtmmLZLng-Alr Pressure (psig) 130 130 131 130
Fuel Pressure at Burner (psig) 17 113 119 122
Avg. Flue Gas Temp. (°F) 489 493 499 496
Carbon Conversion Eff. (%) 97.8 96.8 95.6 96.0
Boiler Eff. (%) 82.8 81.8 81.0 81.3
(Heat-Loss Method)
Heat Loss Due to H;0 3.54 3.54 3.50 3.48
in Fuel (%)
Heat Loss From Burning 3.51 3.51 3.46 3.4y
Hydrogen in Fuel (%)
Table 7. Flue Gas Emissions in CWM Tests with Staged
Combustion and Oxygen Enrichment
Test Number 1 2 3 4
Flue Gas Analysis
02 (%) 4.3 5.1 6.1 5.2
€02 (%) 19.7 19.0 18.5 18.3
€0 {ppm) 64 77 ) 79
502 (ppm) 795 818 809 TT4
( 1b/MMBtu) 1.18 1.25 1.25 1.21
NOy (ppm)* 806 792 814 604
(1b/MMBtu)* 0.88 0.87 0.89 0.65
THC (ppm) 2.2 2.6 2.3 2.3
Particulate Emissions
(uncontrolled)
(1b/hr) 82 110 166 122
(1b/MMBtu) 2.70 3.59 5.23 3.81
C in Fly Ash (%) 44 1 47.8 445 55.2

*As ppm of NO + ppm of NO,; caleculated as 1b of NO»/MMBtu.
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Fluidized Bed Combustion of Petroleum Cokes:
Kinetics and Catalytic Effects

Dennis E. Walsh and Gary J. Green

Mobil Research and Development Corporation
Central Research Laboratory, P.0.Box 1025, Princeton, New Jersey 08540

INTRODUCTION

TIn the fluid coking process, large quantities of coke particles
are circulated between a burner vessel and the fluid coking reactor,
with the coke-to-fresh feed ratio generally about 7 to 8 pounds of
coke per pound of residual feed. During each burning cycle, a
portion of coke equivalent to about 5% of the charge is burned off,
and the hot coke particles are then returned to the coker supplying
process heat. As a result of this type of repeated burning and coke
deposition cycle, the coke is deposited in multiple, thin "onion-
skin" layers. Product coke is withdrawn from the burner vessel, the
temperature of which is maintained between ~595° and 850°C. Because
the fluid coking process itsmell takes plave at ~E12°C, fzllowad hy
the coke being first steam stripped and then burned at ~625°C, an
essentially "dry" coke product is produced, i.e., one which is free
of residual oils.

In the delayed coking process, coke is produced in a batch
fashion. Residual oil is fed to a coke drum while a companion drum,
used in the previous cycle, is de-coked. Product oil vapors pass
upward through the forming coke mass en route to exiting. Coke drum
inlet temperatures are maintained at ~485°C-500°C while the outlet is
maintained at ~440°C; thus, cooling of the charge takes place during
the 24 hour fill cycle. This process, therefore, produces coke at a
lower temperature than fluid coking. Hence, the coke product from a
dela{ed coking process is not free of residual oils (~2-10 wt.% on
coke) .

Although fluid coking is attractive from the viewpoint of higher
liquid yield, the coke tends to be higher in sulfur than delayed
coke, which could create SO_ pollution problems in any subsequent
combustion application. In addition to the sulfur question is that
of the intrinsic combustibility of fluid coke vs. delayed coke.
Since little information is available in the literature on this
point, the present work examined whether process differences have any
major impact on the combustion characteristics of the coke products.

A second goal of this study was the investigation of the
possibility of catalytically enhancing coke burning rates by
employing separate particle catalysis. Though the catalytic
oxidation effect of metals impregnated on solid carbonaceous fuel has
been recognized for many years, no industrial process using this
catalytic technique is in operation due to concerns over the cost of
catalyst loss and possible environmental effects of emitted metal
particles (1). Fluid bed combustion of solid fuels for steam
generation operates at temperatures which may be low enough (~850 to
800°C) for catalytic effects to be operative. Such catalysis would
allow increased throughput for a given unit size or permit the use of
a smaller unit for a given steam production rate. Catalytically
enhanced combustion of solid fuels such as petroleum cokes by active
metals on separate particles could obviate the above cited problems
associated with direct impregnation of catalysts on a solid fuel.
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EXPERIMENTAL

Coke samples were first calcined in nitrogen for ~1 hour at a
temperature in excess of the highest anticipated experimental
temperature (~650°C) to drive off any residual volatiles which might
complicate data interpretation. As noted above, little or no
volatiles evolution was observed in the case of fluid coke; delayed
coke samples did evolve some volatile constituents. The delayed coke
samples included both "needle" and "sponge" cokes, which have
different morphologies as reflected by their names. Also, in the
case of the delayed coke samples, a brief exposure (~90 sec.) to high
temperature air was employed to effect a mild surface area
enhancement. Thus, all the samples are compared at "dry" conditioms
(i.e., free of residual oil volatiles) and at similar initial surface
areas. Properties of these materials are given in Table 1. At each
temperature, repeat runs with successively smaller coke particle
sizes were performed until burning rates remained unchanged, thereby
insuring that all burning rate data were uninfluenced by diffusion.

The sample of coke to be burned was diluted to 0.1-1.0 wt.% in a
bed 6f\acid washed sand particles. The bed was then fluidized in N
and brought to reaction temperature in a three zone furnace?
Initiation of the experiment, collection of data and termination of
the run were all computer controlled. Essentially, the solenoid
valve supplying N, to the flow controller closes and the 0, valve
opens to start an experiment. Combustion gases leaving the fluid bed
are quenched, dried and filtered. An NDIR monitors the CO and CO
concentrations and the computer records the CO_ levels and beg
temperature as a function of time. The interval®between readings
accelerates or decelerates depending upon the CO_ level in the
product gases. Bed isothermality was usually + 2-3°C and the oxygen
supply rate was generally >10 times the consumption rate.
Experiments were conducted over the temperature range from 500-600°C;
reactor pressure was atmospheric.

Preparation of candidate catalytic materials was accomplished by
impregnation of clean sand using aqueous‘solutions containing a
quantity of metal sufficient to provide the desired loading
(generally ~1 wt.%). The dried preparations were then 0, calcined at
~800°C prior to use. When Pt preparations were made (using H2Pt016),
dried samples were H, reduced (~2 hours at 425°C) priof% to 0
calcination. A low surface area support (viz. sand) was chosen sincé
solid-solid contacting at the exteriors of the fuel and catalyst
particles would be the likely mechanism of any catalytic combustion
enhancement; "interior" active sites present in high surface area
catalyst formulations would likely be unavailable for catalyzing the
primary combustion step (C+0,—>C0/C0,). Metals analyses of
catalyst-impregnated sand sample® taken frémn the bed before and after
combustion showed that no measurable decrease in catalyst
concentration occurred during the course of any of the experiments.
In adﬁition, negligibly small amounts of bed material were lost to
entralnment,

RESULTS AND DISCUSSIONS

Burning Characteristic of Fluid Coke vs. Delayed Coke

The burning rate data for all coke samples tested were adequately
described by first order kinetics over ~85% of the burn off. As
illustrated in Figure 1, a plot of the natural log of the fraction of

unburn?d carbon vs. time is well-fit by a straight line, the slope of
which is the apparent first order rate constant.
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Figure 2 is an Arrhenius plot of the rate constant data obtain?d
for the delayed coker needle coke samples; the activation energy is
~41 kcal/mole. This value is in excellent agreement with that
reported recently for the combustion of a sample of petroleum c?ke
used in the preparation of pre-baked anodes for aluminum production
(2). This value is also comparable to that observed for uncatalyzed
combustion of carbon deposited on solid oxide supports (3).
Additionally, 41 kcal/mole is in good agreement with the value
calculated (4) based on literature data for a wide variety of
carbonaceous materials including some delayed coker petroleum cokes.
For comprehensive treatments of carbon combustion/ gasification
kinetics, the reader is referred to several excellent reviews

(5,6,7) .

Figure 3 is an Arrhenius plot of the rate comstant data for the
fluid coke samples. Again, the data define a straight line, the
slope of which yields an activation energy of ~27 kcal/mole. This
value is in good agreement with ~30 kcal/mole found over a slightly
lower temperature range for carbons doped with vanadium at levels
roughly equivalent to that of the fluid coke (8). For comparison,
Figure 4 shows Arrhenius plots for both delayed coker needle coke and
fluid coke, as well as points obtained for sponge coke, which is a
delayed coke with substaantially larger metals content than the needle
coke samples. The lines in Figure 4 converge at ~550°C, showing
behavior very consistent with that found for pure and vanadium-doped
carbon oxidation (8). This convergence indicates the increasing
influence of the higher activation energy, thermal oxidation relative
to the catalyzed oxidation reaction.

Figure 4 shows that fluid coke burns at a somewhat faster rate
than delayed coker needle coke at temperatures below ~550°C.
However, delayed coker sponge coke behaves in a manner similar to
fluid coke. Both of these materials have high metals contents (Table
I) relative to delayed coker needle coke, which exhibits lower rates
and a higher activation energy. Thus, it is probable that petroleum
cokes having higher metals concentration exhibit catalytically
influenced combustion. In fact, such catalytic effects were reported
(8) for carbons containing as little as 150 ppm vanadium, with little
change in activation energy for vanadium concentrations up to 3.5%!

In summary, it appears that process origin does not have a major
impact on the burning rates of "dry" petroleum cokes having similar
initial surface areas and metals contents. The metals content of the
coke can exert a catalytic influence on its burning rate. However,
this effect is lessened at higher temperatures. Based upon these
observations, it was inferred that any major differences between the
combustibility of fluid coke and delayed coke under practical
industrial conditions would likely be due to the presence of the
heavy residual oils in the delayed coke. Volatilized residual oils
would be more readily oxidized than the delayed coke itself and thus
would aid in initiating and stabilizing the coke combustion process.

Enhancement of Coke Burning Rates by Separate Particle Catalysis

Effect of temperature Burning rate data for needlie coke burned in
the presence of clean sand and sand impregnated with metallic
catalysts are presented in Figure 5. It is apparent that all the
candidate catalytic materials investigated produced a burning rate
enhancement. The apparent activation energy for coke burning in a 1%
Pt/sand bed was ~17 kcal/mole versus ~41 kcal/mole for the baseline
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(clean sand) data. The divergence of the two lines shows that the
relative rate enhancement decreases with increasing temperature.
When extrapolated, the two lines converge at a point corresponding to
~555°C, virtually identical to the point of convergence observed for
the burning rate data presented in Figure 4 which showed the effect
of metals intrinsic to the coke. This consistent finding suggests
that a significant catalytic benefit of metals (whether intrimsic or
present on separate particles) for burning rate enhancements may be
realized only at temperatures below ~550°C. Furthermore, the data
indicate that this effect is not highly sensitive to the identity of
the metal.

Choosing 505°C as a comparison temperature, the data show that
both 0.1% Pt and 1% Pt are equally effective, increasing the rate by
a factor of 2.2. This behavior might be expected on such a low
surface area support since more than enough Pt is present in both
cases to cover the available surface. Also, nickel oxide is as
effective as Pt in enhancing the burning rate, while cobalt oxide is
only slightly inferior. Both Ni and Co have been previously reported
as having catalytic activity for carbon gasification when directly
impregnated on the solid fuel (9). As shown in Figure 5, sodium
oxide is also quite effective as a catalyst. Alkali metal oxides
have also been identified previously as effective gasification
catalysts when impregnated on the fuel (10,11). However, they are
believed to function by a different mechanism than noble or
transition metals (12), some evidence of which is given below.

The data in Table II present the CO/CO2 ratio in the combustion
gases at 50% carbon burnoff. In all baseline cases with clean sand
as the bed material, both CO and CO, were produced over the course of
the burn in fairly fixed proportions, while in all Pt and tramsition
metal experiments CO was never observed, indicating more efficient
combustion. The similarity between the C0/CO,, ratios of the baseline
data and the sodium oxide data indicates that“the alkali metal oxide
enhances gasification of carbon to CD but does not effectively
impsgve combustion efficiency by promoting complete conversion of CD
to .

2

Figure 6 presents baseline and catalytic results obtained using
sponge coke. Catalysis was again observed, but the 40% rate
enhancements at 500-510°C are more modest than those observed with
needle coke. The similar behavior of fresh and used Pt suggest that
there is no rapid deterioration in performance. In contrast, fresh
nickel oxide, which was initially as effective as Pt, rapidly lost
its activity as shown by a decrease in burning rate and the
appearance of CO in the combustion gases upon subsequent use. Though
this suggests that the catalyst was being poisoned, presumably by
coke~derived impurities, it is not clear why, under similar
circumstances, the Pt activity remained unaffected. For comparison,
Figure 7 shows baseline and 1% Pt/sand catalytic data for fluid coke.
At ~505-510°C a moderate rate enhancement of ~50% was observed.

Based on the collective results shown in Figures 5-7, it may be
concluded that no significant rate enhancement benefits are to be
gained by separate particle catalysis in practical fluid bed
combustors, which typically operate at temperatures >850°C. However,
the results given in Table II show that separate particle catalysis
can be beneficial in completing the conversion of CO to CO,,
resulting in higher combustion efficiencies and minimizing éo
emissions from the unit. This benefit of lowered CO emissions, even
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at the higher temperatures typical of practical fluid bed combustors,
is not unexpected in light of the proven effectiveness of Pt-CU
combustion promoter additives used in the fluid bed, air regeneration
of fluid cracking catalysts at temperatures >850°C (13).

Effect of intrinsic metals The higher rate increases observed with
ow-metals needle coke vs. sponge and fluid cokes parallel the
relative burning rates discussed above in the absence of separate
catalytic particles. Moreover,' this behavior suggests that the
extent to which a rate enhancement can be obtained with separate
particle catalysts also depends upon the intrinsic metals content of
the coke. To examine this point further, some additional data were
obtained by burning toluene-derived soot (96% C, 2% 0, 2% H) as a
convenient model of a metals—free carbonaceous pyrolysis residue.

Although differing in "process" origin, both coke and soot are
carbonaceous pyrolysis products having quite similar elemental
analyses. Furthermore, both coke and soot have been shown elsewhere
to have very similar reactivities and activation energies (~39
kcal/mole) with respect to combustion (4). In contrast, high purity
graphite does not exhibit burning behavior similar to that of low-
metals needle coke, as evidenced in related studies where the burning
rate constant for ultra-high purity graphite (<5 ppm total
impurities) was found to be over two orders of magnitude lower than
that of the coke. This result is also consistent with earlier work
which showed that high purity graphite has a reactivity ~3 orders of
magnitude lower than coke and has a much higher activation energy
(~50 to 70 kcal/mole) (4). This evidence shows that soot better
models "high purity" petroleum coke burning behavior than do other
carbonaceous residues such as ultra-high purity graphite.

Soot experiments were performed over clean sand, over 1% Pt/sand,
and over clean sand with the soot directly impregnated with 1% Pt.
These results are summarized in Table III. Despite its extremely
fine particle size, in the absence of catalyst particles, the soot
burning rate constant at 505°C was 6-7 times lower than that of low-
metals needle coke. This factor seems reasonable in light of the
soot’s zero metals content and the discussions in the previous
section.

In discussing the impact of added catalyst particles, the use of
burning rate enhancements, i.e. relative burning rates with and
without a catalyst, will facilitate comparisons among the various
?;rbonaceouiﬂ?aterials. Figure 8 shows the relative burning rates

:.) at ~B05°C for soot and all the cokes
inves %&ZEE% ugfﬁi?{%nﬁi on sand. The data point for needle coke is
plotted somewhat arbitrarily at 30 ppm since the reported analytical
results provided only upper bounds on the Ni and V contents (see
Table I). The plot indicates that the extent of rate enhancement
obtained by separate particle catalysis is a function of .the
intrinsic metals content of the solid fuel being bu;ned. Therefore,
above a certain threshold concentration of metal (< 100 ppm Ni + V)
intrinsic to the carbonaceous fuel, the otherwise large influence of
external catalysts will be greatly diminished.

Pertinent to the question of intimacy between the metal and the
solid fuel, a 17 fold increase in rate was obtained by separate
particle catalysis of metals-free soot (Table III). 1In this case,
soot was burned in a bed of Pt impregnated sand where the initial
atomic Pt/C ratio was ~0.26/1. A 30 fold increase resulted, however,
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when soot impregnated with 1 wt.% Pt was burned in a bed of clean
sand where the initial atomic Pt/C ratio was 400 times lower.
Clearly, the more intimate the contact between carbon and metal, the
more effective the catalysis.

Mechanistic implications The fact that coke burning rate
enhancements are observed when the bed material (sand) is
impregnated with metals indicates that "solid-solid" catalytic
interactions are occurring between the coke particles and bed
particles in the presence of oxygen. Regardless of the particular
metal or metal oxide particle, intimate contact between it and the
carbon surface is required for the oxidation-reduction cycle of the
metal particle to occur at the carbon surface, which is the generally
accepted mechanism for the catalyzed oxidation of carbon (12). It is
highly unlikely that gas phase transport of the metal or metal oxide
to the carbon surface is involved under the current experimental
conditions due to the low vapor pressures of these species at
temperatures below 550°C.

The first step in any heterogeneous catalytic reaction is the
transport of reactants from the bulk phase to the external surface of
the catalyst. In the present work, only the external mass transfer
step can influence and mask the intrinsic kinetics since the catalyst
particles employed are non-porous and intraparticle diffusion is not
a factor. If the external mass transfer step is rate controlling,
then the observed apparent activation energy will be lower than that
of the true activation energy of the catalyzed chemical reaction.
This results because, compared to the reaction rate constant, the
mass transfer coefficient is much less sensitive to changing
temperature.

Standard methods exist for estimating the importance of external
mass transfer gradients on the observed kinetic parameters (14).
However, those procedures were developed for fluid phase reactants
and, therefore, are not directly applicable to the case at hand where
the reactants are macro-sized carbon particles. Nevertheless, the
strong influence of convective transport of coke particles to the
active external surface seems reasonable in light of the size of the
solid reactants. Such an influence would explain the decline in
apparent activation energy from ~27 kcal/mole for carbon particles
containing a significant amount of intimate catalytic sites (fluid
and sponge cokes) to ~17 kcal/mole where few such sites exist and
transport of the carbon particle to external catalytic centers is
required (needle coke). External mass transport rate control would
also account for the apparent insemsitivity of catalyst type on the
extent of the rate enhancement observed for needle coke burning in
the presence of external catalyst particles versus burning in the
absence of an external catalyst.

CONCLUSIONS

The burning rates of "dry" petroleum cokes (i.e., cokes which are
free of residual oil volatiles) having similar initial surface areas
are not influenced by process origin (delayed vs. fluid coking).
Differences in burning rate among the coke samples tested are related
to the metals level in the coke which can exert a catalytic influence
on the burning rate. This effect diminishes with increasing

temperature as higher activation energy thermal reactions begin to
dominate.
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The addition of separate particles of low surface area catalytic
solids can accelerate the combustion of petroleum coke and similar
carbonaceous residues. The extent of the rate enhancement from an
external catalyst declines with increasing temperature and increasing
intrinsic metals content of the solid fuel. Moreover, these fingings
suggest that the primary benefit from separate particle catalysis in
practical fluid bed combustors for steam generation would be enhanced
conversion of CO to CO,. Finally, the low activation energies
observed are qualitatively consistent with a rate-limiting step
involving transport of coke particles to the surface of the catalyst
particles.
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TABLE I
COKE_ANALYSES

Needle Coke+ Sponge Coke+ Fluid Cokex

C (wt%h) 93.8 90.4 87.3
H 2.4 1.7 1.6
0 2.3 1.7 1.6
N 0.48 1.1 1.2
S 0.54 3.68 8.0
Ash 0.63 1.17 .33
Ni (ppm) <20 145 275
<256 390 540
Cu [ 7 5
Fe 2 200 215 60
Surface Area, m“/g 8 8 8

+ N, Calcined to 850°C, air burned at 850°C, ~80 sec, ~1lhr.
Ny calcination at 600°C.

* ~1 hr. N2 calcination at 800°C.
TABLE IT
CDZCD2 RATIO AT 50% NEEDLE COKE BURN-OFF (505°C)
Catalyst co 002
None 0.84
1% Pt (o]
1% Pt (o]
1% NiO (o]
1% Co0 (o]
1% NaO 0.87
TABLE IIT
INFLUENCE OF Pt ON TOLUENE SOOT BURNING RATE AT 505°C
s—1
k (min ) kpolkpage
Bage case (no catalyst) 0.015 1.0
1 wt% Pt on Sand 0.280 17.3

1 wt% Pt on Soot 0.452 30.1
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THE PREDICTION OF SLAGGING PROBLEMS AS A
RESULT OF COAL BLENDING

Edward J. Zecchini and Gary L. Foutch

School of Chemical Engineering
Oklahoma State University
Stillwater, Oklahoma 74078-0537

INTRODUCTION

Power generating facilities which use coal face several problems caused by
the nature of the fuel. Of these problems, fireside fouling and deposition is of
major importance. Fireside deposition affects boiler availability and operating
efficiency. Determination of when a coal or blend of coals will cause
significant slagging problems is extremely important. The properties and
mechanisms behind fireside deposition due to coal blending is the focus here (1}.

Such a problem occurred at the Public Service Company of Oklahoma's (PS0's)
northeast generating facility. The problem arose when two Wyoming, subbituminous
coals were blended. These two coals, Jacob's Ranch (JR) and Clovis Point (CP)
cause only moderate fireside deposition when burned separately. Any blend of the
two coals causes more boiler deposition and fouling than either pure coal, based
on observations by PSO's engineers (2). The blend which results in the most
severe fireside deposition is approximately 75% JR-25% CP. Although avoiding
blending eliminates this problem, in some circumstances operating conditions
require the use of blended coals.

When blending coals, care must be taken to determine if the two (or more)
coals are compatible, Lee and Whaley (3) examined the modification of combustion
and fly-ash characteristics due to the blending of coals. They concluded that
potential operational problems due to the blending can be minimized or avoided by
careful determination of coal and coal ash properties before usage. Dooley and
Chacinski (4) agreed on not using empirical slagging correlations to predict
blended coal slagging propensities. To further support this, a number of the
standard slagging indices (5) have been evaluated with the available data on
Jacob's Ranch and Clovis Point coals. As Table I summarizes, none of the
standard indices describe the problem as observed by PSO's engineers.

As a result, a new approach seems to be necessary. A possible approach, and
the one used in this study, is one analogous to reaction order theory.

EXPERIMENTAL DATA

There is certain data that is necessary in evaluating the predictive method
to be employed in this study. A proximate analysis of both coals (Jacob's Ranch
and Clovis Point) is given in Table II (6). The data that will be of most
interest in the approach used here are the coal ash compositions. There are two
different sets of coal ash composition data, one is an independent analysis
conducted by Williams Brothers Laboratory (6), the other is the analysis at
0SU. This data is presented in Table [II. The analysis of the ash from
different blends of the two coals is presented in Table IV.
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GENERAL APPROACH

The approach selected to predict the observed problem is similar to reaction
rate theory, If one coal is rich in component A and the other coal is rich in
component B, then a reaction analogy applies. An interaction between two
components is modeled as if it were a reaction with a rate equation given by:
aA + bB + Products (reaction or interaction); Rate a« [A]" [B]™ (rate
expression). Where n and m are exponents on the concentrations of reactants A
and B, respectively. The order of the interaction is given by n + m. There are
certain unknowns here that need to be selected or determined by trial and error.

DISCUSSION

The general description of the deposition problem leads immediately to a
conceptual form of the desired slagging correlation (Figure 1). The problem is
how to predict such a dramatic change in the slagging properties of the coal
burned as the %¥Jacob's Ranch in the blend changes with the numerous variables
that are as of yet undefined. The most pressing problem is the selection of the
data to be used as concentrations. Finding actual concentrations in such a
situation is impossible, so some means of finding relative or pseudo
concentrations is necessary. The weight percents of oxides in the ash represent
relative concentrations. Using these values as the concentrations in the rate
equation resolves two of the unknowns. The problem of interaction order needs to
be addressed, since it has been shown that overall first order involving either
sodium or iron (historically the most important elements in slagging) has not
been successful. An overall second order has been selected for application in
this study. The most reasonable values for n and m in this scheme are one. The
final problem is in determining A and 8, the coal and coal ash constituents. The
selection of A and B 1s not obvious and will be determined via trial and error
with those resulting in the desired profile considered further. The interactions
will be plotted as a function of the percent Jacob's Ranch in the blend. Where
available the actual blend data points will also be included on the graph to
compare the predicted value with the actual data.

There is more than one basis to calculate these interactions. The first and
simplest is to assume that the relative amounts of ash contributed by each coal
are the same. This means that the interaction is just the product of the values
determined for the percentages of the oxides in the ash. A more realistic
approach is to employ an ash correction factor to account for the two coals have
differing ash contents. This correction factor is based on equal weights of the
coals (or blends) being burned. A further correction may be used to account for
differing heating values for the coals to produce the same heat output. A linear
relationship between the pure coal heating values for the heating values of
blends has been used. The actual effect of this correction factor will be to
shift the curve towards the Clovis Point axis (0% JR).

Those curves with the desired profile are shown in Figures 2 through 5.
Table V summarizes the interactions that showed the desired profile for any one
of the above methods. Those interactions that are of most interest involve
sodium or iron. These elements have been considered most influential 1in the
formation of fireside deposits. Hence, these interactions support work done with
pure coals.

107




CONCLUSIONS

This work is preliminary and involves only the two coals used at PSO where
the blending problem was observed. Further work in this area is clearly
necessary. However, the results clearly indicate that an overall second order
reaction analogy can show an optimum as a function of coal blend which previous
slagging prediction methods could not do. Efforts are continuing to evaluate
interaction for other blending problems in hopes of obtaining a correlation which
will be predictive for any coal blend.
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TABLE I :
STANDARD SLAGGING CORRELATION SUMMARY

Williams Brother Data This Study HTA Data

Index JR Blends CP JR  Blends CP
Silica Ratio MS MS MS HS HS HS
%Na,0 MS MS/HS HS MS MS/HS HS
%Fes04 LS LS LS LS LS LS
Na Equivalent LS LS LS LS LS LS
Rb/a LS LS LS SS SS SS
Fy MS MS MS MS HS HS
Fs' LS LS LS LS LS LS
ND = Not Determined
LS = Low Slagging
MS = Medium Slagging
HS = High Slagging
SS = Severe Slagging
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TABLE 11
PROXIMATE ANALYSIS OF PURE COALS

Analysis (wt%) As Received

Jacob's Ranch

Moisture Free

Moisture and Ash Free

Moisture 25.44
Vol Matter 36.55
Ash 6.81
Fixed Carbon 31.70
H.H.V. Btu/1b 8,863

Analysis (wt%) As Received

*hkh
49,02
9.13
41.85
11,886

Clovis Point

Moisture Free

Frk ik

53.95

*kkk

46.05
13,081

Moisture and Ash Free

Moisture 31.32
Vol. Matter 33.85
Ash 6.14
Fixed Carbon 28.69
H.H.V. Btu/1b 8,014

e ek

49,28
8.94
41.78
11,668

Fedkk ok

54.11
Tkkk
45,89
12,813

Data from Williams Brothers Laboratories

JACOB'S RANCH ASH ANALYSIS

TABLE 111

Component

Williams Brothers

This Study HTA

Iron as % Fe,0
Calcium as % Ca0
Magnesium as % Mg0
Sodium as % Nay0
Potassium as % K20
Silicon as % Si0
Aluminum as % Al,04
Titanium as % Ti
Phosphorys as % P20g
Sulfur as 4 S04

% Ash in the Cdal

7.15
14.22
3.15
0.68
1.37
46.38
13.81
1.15
1.11
6.05
6.81

5.93
19.43
4.75
0.76
0.33
45,45t
15.04
N.D.
N.D.
N.D.
6.40

N.D.
-r

Not Determined
By Difference
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TABLE III
(Continued)
Clovis Point Ash Analysis A
Component Williams Brothers This Study HTA
Iron as % Fey04 4,29 3.94
Calcium as % Ca0l 14.64 21,93
Magnesium as % MgO0 3.12 5.58
Sodium as % Na,0 1.08 1.66
Potassium as % K,0 1.45 0.10
Silicon as % Si0, 50.24 44,71t
Aluminum as % Al 0, 13.55 15.04
Titanium as % Tiaz 0.95 N.D.
Phosphorus as % P20g 1.56 N.D.
Sulfur as % S03 4.53 N.D.
% Ash in the Coal 6.14 7.0
N.D. = Not Determined
* = Negligible
t = By Difference
|
TABLE IV i
ASH COMPOSITION OF SELECTED BLENDS ‘
a) High Temperature Ash (HTA)
Component 100%JR  75%JR-25%CP  50%JR-50%CP  25%JR-75%CP  100%CP
Fes0, 5.93 4.72 4,49 3.94 3.94
Cal 19.43 20.14 20.62 21.15 21.93
Mg0 4.75 5.15 5.25 5.35 5.58
Na,0 0.76 1.04 1.18 1.44 1.66
Ko 0.33 0.27 0.22 0.16 0.10
S10 45.45¢ 46.21t 45,52t 45,401 44,71t
Al 8 15.04 14,76 15.04 15.04 15.04
Tilp N.D. N.D. N.D. N.D. N.D.
P05 N.D. N.D. N.D. N.D. N.D.
583 N.D. N.D. N.D. N.D. N.D.
* = Negligible

t = By Difference
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TABLE V
POSSIBLE INTERACTIONS FOR SLAGGING PREDICTION

3
] Interaction Williams Brothers Data This Study HTA
Uncorr., Ash Corr. Heat Corr. Uncorr. Ash Corr. Heat Corr.

Na * Fe DpP DpP DpP NP NP NP
Na * K NP NP NP DP ppP DP
Fe * P NP NP NP pp up up

. Na #S.oa1 NP DP NP NP NP NP
Na * Socn NP up NP NP ND NP

/ NP = No Peak

] DP = Desired Profile

: UP = Undesired Profile

/
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Figure 1. Desired Slagging Index Profile as a Function of Blend
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ABSTRACT

The effect of gas phase alkali concentration on the adhesion properties
of micronized coal has been studied using a laboratory-scale entrained reactor
capable of accelerating the combustion products of an injected coal-air mixture
to the velocities observed in a combustion gas turbine. Alkali metal sulfates
are reputed to act as liquid "glue" binders which promote inorganic deposit
formation under these conditions. In this study, the concentration of alkali
was varied by utilizing a series of naturally occurring coals (Arkwright
Pittsburgh bituminous, Spring Creek Montana subbituminous, and North Dakota
lignite), and by doping Arkwright coal samples with sodium benzoate. Measured
sticking coefficients (i.e., the mass fraction of incident ash which sticks to
a deposition target) obtained from this series exhibited trends consistent with
the glue hypothesis and with the amount of liquid phase sodium sulfate pre-
dicted by equilibrium thermodynamic and vapor deposition rate calculations.
Thus, between the melting point and dew point of sodium sulfate, higher sodium
concentrations in the coal feed resulted in enhanced sticking. Below the sul-
fate melting point, the sodium concentration had no effect. These measurements
provide a confirmation of the glue-like behavior of sodium sulfate in enhancing
deposition rates and represent the first successful probing of the effect of an
individual element upon the properties of fly ash originating from natural and
chemically doped fuels under gas turbine combustor temperature and velocity
conditions.

INTRODUCTION

One purpose of the U.S. Department of Energy's Fossil Energy Program is
the development of technology for use of fossil fuels in the production of
energy for domestic consumption. As a part of that program, the Morgantown
Energy Technology Center has initiated a program to examine deposition effects
in coal-fired heat engines, with the final objective being the development of
techniques to mitigate the deposition problem in direct coal-fired gas turbines.
This paper reports results from an effort, as a part of that program, to sepa~
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rate the deposition problem from erosion and corrosion and to identify the
relationship between deposition and the various chemical constituents in coal.

The use of coal and coal-derived fuels in direct-fired gas turbines pro-
vides an attractive alternative to other fuel sources such as petroleum or
natural gas. Advantages of coal-based direct-fired turbine systems are the
increase in efficiency provided when steam vaporization is removed from the
energy production cycle, low capital costs for construction of moderate
capacity systems, and a readily available inexpensive fuel. Limitations to
the use of coal include dry handling costs and the large fraction of non-
combustible material occluded within the coal matrix. Impurities can damage
turbine components by a combination of erosion, corrosion, and deposition.
These three complications can result in increased maintenance costs and/or
losses in cycle efficiency due to either deposit buildup on the airfoils or
the imposition of filtration equipment to prevent the problems. The effect
of dry handling on the use of coal derives from two sources. First, the tech-
nology of dry fuel is considerably different from that of liquid feeding
processes. Thus, power plants equipped for diesel or petroleum are not
equipped to utilize coal, except perhaps as a coal-water mixture (CWM). How-
ever, the formulation of a CWM requires significant grinding of the coal and
represents an added expense. Also, the problems of erosion, corrosion, and
deposition all require grinding and/or beneficiation of the coal in order to
meet gas turbine particulate operating specifications. If these problems can
be solved, coal-based plants based on gas turbines can have a distinct competi-
tive price relative to alternatives such as oil, natural gas, or petroleum.

The context of the present study derives from the observation that deposit
growth may be promoted by the presence or formation of a liquid layer on the
surfaces of ash particles (1,2,3,4). The liquid layer may consist of sodium
(or other alkali) sulfate(s) which, due to rapid cooling arising from the
expansion out of a gas turbine nozzle, can condense on the surface of an ash
particle or on a component surface (rotor or stator blade). The condensation
mechanism may be either heterogeneous as observed by Liang, et al. (5), in a
recent binary nucleation study or homogeneous as suggested by the calculations
of Ahluwalia, et al. (6). Regardless of the mechanism of deposition, experi-
mental determinations of the elemental composition of ash particles have con-
firmed that surface enrichment does occur on the outer surfaces of fly ash
particles (7). 1In fact, such observations have led to the suggestion that
the injection of small particles into combustion turbines could have a miti-
gating effect on liquid-assisted deposition by acting as sodium gettering
sorbents (8).

This set of observations has led to our determination of the "sticking
coefficients" of a variety of coals under a wide range of conditions. Portions
of this work have appeared as preliminary communications in which the qualita-
tive effects of target temperature, reactor temperature, particle velocity, and
coal composition have been discussed (9,10,11). We have now merged our previ-
ous deposition results with new observations made on sodium-doped coals and, in
an effort to rationalize our observations and predict the sticking behavior of
other coals, present those observations within the framework of a preliminary
theory of molten glue-assisted deposition (12).
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EXPERIMENTAL

The deposition tests were performed in a laboratory-scale entrained reac-
tor (LETR) which consisted of a mass flow controlled air flow circuit, a parti-
cle injection system, a high-temperature furnace, a deposition target assembly,
a filtration assembly, and a set of temperature and pressure diagnostics inter-
faced to a personal computer (Figure 1). The system attempts to simulate
deposition processes at the leading edge of a gas turbine. To accomplish this,
coal particles are entrained from a fluidized bed feeder and transported into
the combustion zone (muffle tube H [Figure 1]) of the LETR. Combustion of the
coal leaves the occluded inorganic material entrained as "ash" particles in the
hot gas stream. These particles are, in turm, accelerated through a pinhole
nozzle located at the end of the muffle tube to velocities in excess of 100 m/s.
The degree of acceleration depends upon the temperature of the gas, the pressure
drop across the nozzle, and the nozzle diameter. The high velocity particles
then impinge upon a platinum target placed normal to the downflow of the gas-
particle mixture. Target temperature is measured by radiation pyrometry. The
sticking coefficient of the particular sample is obtained as the fraction of
ash impinging on the target that actually adheres to the target. A detailed
description of the LETR and the typical operating procedure are given below.

Particle Injection System

The particle injection system consisted of a TSI Model 3400 fluidized-bed
aerosol generator (FBAG), a source of dry mass flow controlled compressed air,
and a sample splitter, also mass flow controlled, in series with a vacuum pump.
Prior to an experiment, the sample compartment of a TSI Model 3400 fluidized-
bed aerosol generator was charged with about 10 grams of coal. All coal sam-
pPles were ground to below -400 mesh (< 40 microms) to facilitate entrainment by
the carrier gas. A small motorized conveyor transferred the coal particles
into a 1.5-inch diameter bed that was filled with 100 grams of clean copper
beads, which served to break up coal agglomerates. A dry air stream was used
as both the fluidizing gas and the entrainment gas. The volumetric flow rate
of the gas was mass flow controlled at 14 liters per minute, with 80 percent
of the flow directed through the bed and the remainder used to purge the parti-
cle conveyor. A mass flow controlled aspirator near the entrance of the
furnace served to limit the total flow of particle-laden gas to the reactor to
below 5.0 liters per minute. The remainder of the gas was exhausted through a
filtration system. This throttling was required to hold the nozzle pressure
drop within safe limits.

Furnace Asgembly

The furnace was an Astro Industries Model 1000 vertical graphite element
tube furnace equipped with a helium purge gas system and an alumina muffle tube
assembly. An alumina nozzle (25 mm length, 0.127 mm diameter) was cemented
into the muffle tube so that the nozzle exit was 2.5 inches from the exit of
the muffle tube. The temperature of the muffle tube was estimated with the aid
of two thermocouples, one of which was held in contact with the muffle tube,
while tite other monitored the temperature adjacent to the heating clement.
Heating of the tube was accomplished by radiation and conduction through the
helium purge gas, which also prevented oxidation of the graphite elements. A
set of profiles of the temperature at the center line of the muffle tube
(Curves a-c [Figure 2]) obtained with no acceleration nozzle in place were
consistent with laminar flow through the furnace.
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Deposition Target Assembly

The platinum target disks (0.25 mm .thick, 5 mm diameter) were supported
on an Inconel pedestal (Figure 3) bolted to the bottom of the furnace assembly.
Pedestal height was adjusted by a series of stainless steel shims in order to
position the target at approximately one nozzle diameter (1.27 mm) from the
nozzle exit. The pedestal was hollow and contained a quartz lens which focused
infrared light emitted from the target onto the entrance of a bifurcated fiber
optic bundle. The two legs of the fiber bundle were directed to optical fil-
ters with wavelengths of 902.5 nm (14 nm bandwidth) and 1,039.5 nm (19 nm band-
width), respectively. The transmitted signals were detected by photodiodes,
amplified, and output as millivolt signals to an Apple computer. This per-
mitted determination of the target temperature by radiation pyrometry. The
targets were weighed to within +/-3 micrograms before and after a deposition
run and the deposit weight determined by difference. Deposit weights were
typically in the range of 20 to 100 micrograms.

Filtration Assembly

The arrival rates of ash particles at the target surface were estimated
by replacing the target with a filtration assembly fabricated from a combina-
tion of a Gelman stainless steel filter holder and a 4-inch porous alumina
cylinder. An air flow of 2.0 liters per minute through the porous cylinder
provided a radial pressure which prevented deposition of ash vapor and/or
particles except on a silver membrane filter (Osmonics, Inc.) held in place by
the filter holder. A vacuum pump downstream from the filter was used to
balance (via mass flow control) the sampling rate through the filter with the
gas input from the furnace exit and the filter inlet. The balance was required
in order to prevent escape of particles from the filter and to prevent thermal
shock to the muffle tube due to aspiration of room temperature air. In a typi-
cal deposition run, three to five filter samples were obtained and used to
establish an average ash arrival rate (10 to 80 micrograms per minute, depend-
ing on the settings of the particle injection system).

Preparation of Sodium-Doped Coals

A known amount of sodium benzoate (Fischer Scientific) was dissolved in
excess (> 150 mL) of HPLC grade methanol (J. C. Baker) and the clear solution
added to a round-bottomed flask containing 10 grams of Arkwright Pittsburgh
bituminous coal. The methanol was then removed using a rotary evaporator. The
ground glass joints of the evaporator were ungreased to avoid contamination of
the coal with silicon. The product consisted of a grayish-black powder with
some small whitish lumps of (presumably) pure sodium benzoate occluded within
the coal matrix. This material was then ground to pass a 400 mesh screen.

Typical Deposition Procedure

The coal sample of interest was loaded into the FBAG and the entrainment
gas flow and aspiration rates adjusted such that the pressure drop across the
acceleration nozzle in the muffle tube was within safe limits and was providing
a gas stream of high velocity. During this process, the coal particles were
removed from the gas flowing to the reactor by an sbsolute filter (close
Valve 1, open Valves 2 and 5 [Figure 1]) to prevent contamination of the cold
furnace. After the muffle tube (heated at a rate of 200°C per hour) and the
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deposition target reached their appropriate test temperatures, the filter was
removed from the flow path (open Valve 1, close Valves 2 and 5 [Figure 1]) and
the particle-laden flow was directed into the muffle tube. After collection of
several samples, the filtration assembly was removed and the absolute filter
reinserted into the particle flow stream. The target assembly was then affixed
to the furnace and the target allowed to reach thermal equilibrium in the
absence of particles. Blank runs were performed and indicated that deposition
ceased when the absolute filter was in the flow path. The absolute filter was
then removed from the flow path and the deposition process allowed to proceed
for about 1 hour, after which the target was isolated from particles, the tar-
get assembly removed, and the target weighed.

Data Acquisition

Furnace temperature, target temperature, reactor coolant temperature, and
nozzle pressure drop measurements were recorded continually during each test
by an appropriate interface to a personal computer. For high-speed measurements
of the nozzle pressure drop (which determines the nozzle exit particle/gas
velocities) and of the target temperature, an IBM PC-AT was employed as a data
acquisition device. The IBM interface hardware included a Data Translation
DT2805 12 bit A/D board and a DT2807 interface board. Data was acquired by
means of a FORTRAN program which employed subroutines from PCLAB and Wiley's
FORTRAN Scientific Subroutines, and Fifty More FORTRAN Scientific Subroutines.

RESULTS AND DISCUSSION

This combined experimental and theoretical report deals only with the
effects of deposition in direct-fired coal-burning systems and, therefore, it
is appropriate to first outline the justifications for neglecting or removing
other effects during the subject experiments (e.g., erosion and corrosion).
Also appropriate is a brief discussion of the chosen target design and its
relationship to deposition phenomena.

Industrial combustion turbine research has shown that if the gas stream
particle size is kept below 10 microns, then deposition and corrosion, not
erosion, are the effects responsible for limiting the useful lifetime of a gas
turbine (13). This observation was used to decouple erosion from LETR experi-
ments; only micronized coal samples (< 400 mesh) were used. An added benefit
of micronized coal is that the particles are easily entrained and when moving
through the apparatus, they follow the flow paths of the gas (i.e., they have a
negligible inertial slip velocity). This helps to eliminate deposition of slag
within the reactor which could develop in a drop tube by overloading of the
combustion zone. Some of the detrimental effects of slagging in a test reactor
are changing combustion heat transfer properties, a buildup of liquid/glass
phase species of unknown vapor pressure that could contaminate future samples,
and variation within sample runs of the equilibrium vapor pressures of slag
components. By employing the entrainment principle, the combustion zone load-
ing is sufficiently low to avoid slagging.

The decoupling of corrosion from LETR experiments was accomplished by
fabricating the targets from platinum metal. This is justified by the inert-
ness of platinum toward oxidation, poor affinity for adsorption of gases such
as carbon monoxide and carbon dioxide, and resistance to attack by hot corro-
sive liquids (14,15,16). An important qualification which has not been
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addressed is the utility of deposition data in absence of the competing effects
of erosion and corrosion.

Conversely, after combustion of the coal particles, it is desirable to
force as much of the ash as possible to impact upon the target. The use of a
target placed normal to the gas stream at the nozzle exit satisfies this condi-
tion if the target diameter is much larger than the nozzle diameter and if the
target is located less than five nozzle diameters from the nozzle exit (17).
This design was employed in the LETR and imposed the requirement of zero
velocity (both particle and gas) at the target surface. The overall result is
that a stagnation point has been created at the intersection of the target and
the expanding gas-particle jet. The significance of this is that particle
arrival rates and vapor deposition rates are at or near their maximum values
under stagnation conditions which should result in the observation of the maxi-
mum effect of an additive upon coal ash deposition properties. Finally, the
leading edge of a gas turbine blade also has a stagnation line configuration.

Deposition data was obtained for the following coals: Arkwright Pitts-
burgh bituminous (APB), Spring Creek Montana subbituminous (SCMS), AMAX-II
(cleaned) Kentucky bituminous (KB), North Dakota lignite (NDL), and acid-washed
North Dakota lignite (AWL). The ultimate analyses for these coals are presented
in Table 1. Figure 4 shows a plot of the "sticking coefficient" (mass fraction
of material adhering to the target) obtained for these coals at a variety of
target temperatures.i These data are reproducible to within about * 20 percent.
Although NDL has the highest ash content and the highest sticking coefficient,
the correspondence between ash content and sticking coefficient does not con-
tinue for the other coals. Similarly, although increased sodium content may
increase the fouling tendencies of coal, a simple (i.e., linear) correspondence
between sodium and sticking coefficient does not appear to be operative here.
Furthermore, the ordering of the sticking coefficients is not explained by sim-
ple parametric indices such as the fouling index (10,18). Thus, although the
extreme cases agree with predictions based on coal ash content, alkali level,
or fouling index, a more detailed description of coal ash sticking must be
employed in any rational analysis of ash deposition.

The approach offered here is to use the ash analysis as an input for
chemical equilibrium thermodynamic calculations to determine the amount of
liquid glue likely to be present in the deposit at a given deposition tempera-
ture. The quantity of liquid phase was, in turn, used as input for the
sticking code (vide infra) and directly compared to the observed sticking
coefficients (Figure 4). The first step in our predictive procedure is calcu-
lation of combustion deposit compositions based on the premise that the con-
densed solution phases indicated by an equilibrium thermodynamic analysis are
the ones likely to appear on the target surface. The NASA CEC free-energy
minimization computer program (19) is widely used toward this end in spite of
several numerical difficulties associated with its newly acquired ideal solu-
tion capability; these are usually singular matrices and convergence problems

¥ There is no provision in the LETR to vary the target temperature independently
of the combustion gas temperature; this makes it difficult to decouple the
effects of the two temperatures on the sticking coefficient.
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are encountered when condensed phases are added. Significant improvements
(i.e., the addition of a phase rule check) have been incorporated in the
PACKAGE code (20) which is, thus, essentially a more robust version of the CEC-
solution code. Due to its demonstrable efficiency in analyzing the complex
phase equilibria in coal conversion gas streams and cleanup devices, the
PACKAGE program has been used to perform the equilibrium/thermodynamic compu-
tations presented here.

Having obtained the condensed liquid phase fraction and composition by
exercising the PACKAGE code at the pressure, surface temperatures, and feed
compositions of interest, the steady-state sticking coefficient, s, of impact-
ing fly ash particles is evaluated in the presence of the deposited liquid
glue. This is done by means of a mechanistic theory of deposition (12) which
incorporates impaction/diffusion interactions neglected in previous work.
Briefly, the principles underlying this theory of "self-regulated" liquid-
enhanced capture of supermicron ash may be stated as follows. The imertial
impaction deposition rate will depend linearly on s, but s itself will depend
on the inventory (and physical properties) of "glue" available to each particle
on the deposit surface layer. Therefore, the steady-state values of s and
particle deposition rate must be obtained by solving a coupled nonlinear equa-
tion. This fundamental concept is discussed in more detail by Rosner and
Nagarajan (12) and Ross, et al. (21).

In Figure 5, the PACKAGE-generated liquid-condensate mole fraction is
plotted as a function of surface temperature for the four coals. The glue-
liquid solution (assumed to be ideal) is comprised principally of alumino-
silicates, silicates, oxides, and sulfates of calcium, potassium, sodium,
aluminum, silicon, and titanium. Solid phases predicted to separate out
include Al,TiOg, Al,Si0s, CaAl,SizOg, CaSO,, FepOz, K;SO4, and Si0,; these are
relatively benign with respect to fouling and corrosion, although they could
contribute to the erosion of surface material if they were encapsulated in
particles larger than about 10 pm diameter. The plotted results show that a
minimum fraction of feed material condenses as liquid for KB, while NDL experi-
ences maximum liquid inundation. However, the Arkwright Pittsburgh and Montana
subbituminous coals are inverted with respect to Figure 4. Thus, as with ash
content, alkali level, and fouling index, the fraction of condensing material
in the combustion product stream gives a reasonable qualitative indication of
the sticking propensity of the coal-ash but does not correlate exactly with
the sticking coefficient, s. This demonstrates the inadequacy of a strictly
thermodynamic analysis to predict the sticking coefficient and again hints at
some unknown but vital piece of information required to provide an accurate
gauge of deposition behavior. To address this problem, the thermodynamic
analyses have been combined with the effects of mass transfer between the gas
mainstream and the deposition surface, with the assumption that s depends pri-
marily upon the relative arrival rates of ash particles and glue-liquid to the
surface.

Using the thermodynamic data to provide the total condensed phase fraction
at a given temperature and providing that data to a modified version of the
self-regulated sticking computer code (based on the work of Rosmer and
Nagarajan [12]), calculated sticking coefficients can be obtained for each of
the tested coals (Figure 6). Now the predicted ordering of coals with respect
to their sticky nature is in line with experimental observation (i.e, NDL >
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SCMS > APB > KB).t There is even good quantitative agreement in certain ranges
of surface temperature. Discrepancies between the measured temperature depen-
dence of s and the prediction may be accounted for by uncertainties in the
experimental data collection procedure or limitations in the accuracy of the
admittedly preliminary model for sticking or, most likely, both. For instance,
the theory does not model the process of ash softening due to high-energy
impact (12) in sufficient detail. Improvements to the present theoretical
model will be made as fresh data or insight into the physical processes become
available.

Another facet of the LETR deposition tests was to study the effectiveness
of metallic additives in mitigating deposition-related problems as well as to
identify troublesome coal constituents that need to be selectively removed.
There are a few precedents reported in literature for our additive strategy.
Nagarajan (22) has investigated the use of trace additives to minimize turbine
blade "hot corrosion" due to molten alkali sulfate condensation from jet fuel
combustion gases. Rathnamma and Nagarajan (23) have studied high-temperature
corrosion control by metal additions to vanadium-contaminated fossil fuels.

A recent study conducted by Battelle Columbus Laboratories evaluated the use

of chemical additives to reduce gas-side fouling and corrosion in oil-

and coal-fired systems (24). Attempts have been made to counteract high-
temperature fouling with CaCO3 and with boron-, manganese~, and magnesium-based
additives. The Saskatchewan Power Corporation has used limestone to combat ash
fouling in boilers fired with lignite (24). Austin (25) has examined the
effect of sodium on the strength of sintered ash mixtures. The effects of
added alumina and emathalite particles were investigated by Shannon (26) in an
effort to reduce alkali concentration by gettering sodium in the combustion
process.

However, even when such tactics have proved to be successful, the reasons
for the success have not been clearly understood, particularly in coal combus-
tion applications. In order to address this deficiency in our appreciation of
the roles played by the individual additives, our research does not merely
acquire empirical information regarding the "best” additive, but attempts to
gain insight into what makes the "best" additive so effective.

The first round of deposition tests in the LETR were conducted with sodium
benzoate as the metal-containing additive. Upon addition of a 30-fold excess
of sodium to a sample of APB coal, the sticking coefficient at 1,107 K was
raised from about 0.15 to about 0.6, a four-fold magnification. This is con-
sistent with the formation of a larger condensed phase fraction following the
addition of a large excess of sodium (Figure 9). Sticking coefficients obtained
for lower target temperatures (< 1,000 K) showed no change upon addition of the
sodium, which is expected because fhe liquid phase fraction is not sensitive to
sodium level as the temperature decteases significantly below the melting point
of sodium sulfate (1,157 K). Future experiments will utilize dopants contain-
ing aluminum, magnesium, calcium, and other metals.

. T The lower ash content of the Spring Creek coal relative to the Arkwright coal

implies a larger inventory of glue available per impacting particle and,
hence, enhanced sticking coefficients.
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An equilibrium thermodynamic analysis of the effect of these additives on
condensed liquid formation during the combustion of the APB coal in the LETR
has been carried out and the results are displayed in Figures 8 and 9. In
these figures, the mole fraction of the molten solution condensate in the com-
bustion product mixture is plotted against additive concentration, the axes
being nondimensionalized with respect to corresponding reference Arkwright coal
values. From Figure 8, it appears that iron, silicon, calcium, and aluminum
are all effective suppressants of glue-liquid formation, with aluminum being
the most effective of these. Figure 9 indicates that potassium, sulfur, and
titanium are bad additives (i.e., adulterants that should be removed from the
coal to reduce its fouling tendency). Sodium and magnesium additions do not
result in monotonic trends; 10 times as much sodium in the seeded coal as in
the reference coal results in a minimum solution phase fraction, and about
10 times as much magnesium results in maximum. Since, on the basis of the ash
deposition theory (12), these phase fractions correlate fairly well with pre-
dicted sticking coefficients, an optimum level of each additive that minimizes
sticking may be determined on the basis of these plots. However, the added
mass loading introduced may increase erosion of machine components even though
fouling is alleviated. These considerations, while of secondary importance to
this paper, should certainly be included in a more ambitious life prediction
venture.

The influence of sodium and aluminum additives on the predicted sticking
coefficient at a LETR target temperature of 1,107 K is displayed in Figure 7.
With the addition of sodium beyond 10 times its level in the reference Ark-
wright coal, s begins to increase until it reaches a value of about 0.6 at
30 times the reference value of sodium concentration which is in reasonably
good quantitative agreement with the experimentally measured sticking coeffi-
cient under these conditions. In the aluminum added case, s drops to about a
third of its value of 0.6 (corresponding to combustion of sodium-enriched coal)
with the addition of only about five times as much aluminum as is present in
the reference Arkwright coal and remains nearly constant with further increases
in the aluminum concentration. The predictions in Figure 7 also suggest the
interesting possibility of decreased s upon addition of smaller quantities of
sodium; a fact which no doubt contributed to the lack of correlation between
alkali level and sticking coefficient. These trends will be explored as test-
ing of sodium- and aluminum-doped coals continues. A confirmation, based on
such comparisons, of the accuracy of our theory in predicting sticking behavior
of coals will imply the availability of a powerful predictive tool that will
enable us to evaluate different coals with respect to their fouling character-
istics and aid in the development of suitable seeding/cleanup techniques to
minimize ash deposition.

To assist in acquisition of the sticking data, a new deposition test
facility has been fabricated. It is performance rated at 12 atmospheres as
opposed to the previously available atmospheric pressure LETR unit and contains
three sets of optical access ports which permit the use of non-intrusive optical
diagnostic equipment. The combustion/deposition entrained reactor (CDER) has a
higher throughput, a wider range of accessible velocities and temperatures, a
temperature-controlled target assembly, and an extensive set of automated con-
trol features. In addition, the target assembly may be modified to examine
impaction geometries other than 90° and thereby extend our studies beyond the
stagnation point to model deposition on the pressure and vacuum sides of a gas
turbine blade. Some of the code modifications under way include an improved
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description of deposit thermal conductivity (21), incorporation of deposit
shape effects and differential sticking coefficients (obtained from high-speed
photography of growing deposits), addition of a subroutine to allow glue uptake
by particles during their transit across the boundary layer (this may be
studied experimentally by methods similar to those of Liang (5]), considera-
tion of simultaneous deposit erosion (i.e., negative instantaneous sticking
coefficients), and incorporation of phase change processes and particle-glue
diffusion within already formed deposits (possibly accessible by in situ
specular reflectance FTIR).

CONCLUSIONS

Predictions of ash fouling behavior have previously been made based on a
variety of empirical or thermodynamic factors. Unfortunately, neither the
empirical parameters (i.e., sodium level, fouling index) nor the thermodynamics-
based liquid phase fraction provided an adequate prediction of the sticking
behavior of a given coal. However, by a combination of thermodynamic analysis
via the PACKAGE code to obtain liquid phase fractions and the application of
that data within the context of the self-regulated sticking concept (12), a
fairly good comparison was obtained between predicted sticking values and
experimental results. This was especially encouraging because the self-
regulation concept is still in its developmental stages.

The overall objective of this research has been to suggest methods of
mitigating the deposition process in direct coal-fired gas turbines and, thus,
relieve the economic burdens of maintenance and aerodynamic efficiency loss.
The good agreement between the simple equilibrium/mass transfer model and the
sticking coefficients obtained in the LETR represents a first step toward that
objective. Thus, given the ultimate analysis of a particular lot of coal, the
propensity of that coal to form deposits in a boiler or gas turbine could be
determined. 1In addition, specific coal cleaning procedures or coal additives
could be recommended to mitigate the formation of deposits. A combined experi-
mental and theoretical program has been initiated that extends the work pre-
sented here to provide a data base of standard coal, coal additive, and pure
mineral sticking coefficients. In the course of these tests, the sticking
model will be updated to better reflect conditions within actual gas turbines.
Future manuscripts will provide detailed comparisons between the operational
characteristics of real-life gas turbines and the deposition and combustion
environments in the LETR and the CDER, and the relationships between sticking
coefficients, turbine fouling rates, and actual as well as simulated turbine
deposit compositions.
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Figure 1. Laboratory Entrained Test Reactor (LETR) Schematic Drawing:

A, Fluidized-bed aerosol generator; B, Absolute filters; C, Mass flow con-
trollers; D, Vacuum pump; E, Pressure relief valve; F, Pressure transducer;
G, Preheater with flow straightener; H, Alumina muffle tube; I, Graphite
heating element; J, Acceleration nozzle; K, Filter holder.
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Figure 2. Temperature Profile in the LETR Without a Nozzle: O, 42 m Volts and
0.3 lpm; +, 42 m Volts and 1.0 lpm; ¢, 42 m Volts; and 3.0 lpm.
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Optic; H, Optical Filter; I, Detector; J, Signal Amplifier, Electronics and
Computer Interface.
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Figure 9. Predicted Effect of Additives on Condensation by Liquid Glug on
Target Surfaces in the LETR. Surface Temperature = 1107 K. A, Potassium;
B, Titanium; C, Magnesium; D, Sulfur; E, Sodium.

TARLE 1

Ash Composition of Cosls Tested in LETR

COAL Arkvright Keotucky Spriag Cr. North Dakota North Dekota
Pittsburgh (Clesned) Montaana (Ac1d Weahed)

RANK Bituminoua Bituminoua Subbituminous Ligoite Ligaits

ASTH asb 6.93 0.68 2.30 20.45 16.0%

Ash Coamp. (WtX)

8403 48.09 25.48 18.6 20.08 «

Alg0y 25.07 15.92 13.3 11.19 «

FeyOy 10.93 32.3% 4.7 13.19 «

T10, 1.27 . 1.3 0.48 .

Pg0s 0.18 0.48 0.4 0.28 .

Ca0 s.78 1.32 26. 22.88

L 1.28 0.62 6. 6.68

Kq0 1,16 0.30 0. 0.32 .

Ne 30 0.90 9.53 13. 8.26 .

80, 3.3 6.22 1s. 16.07

¢ Aa sasufficiest qusatity of cesl ash wes aveilsdls for quastitative analysis.
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DESORPTION TURNOVER NUMBERS FOR THE
CARBON-OXYGEN REACTION

Joseph M. Ranish Philip L. Walker, JIr.
Geuneral Electric Company The Pennsylvania State University
Cleveland, OH 44112 University Park, PA 16802

INTRODUCTION

For graphitic carbons reacting with O,, it is well established that the C atoms in the gasification
products originate from the active surface, the (11!) and (10!) planes {1,2,3,4,5,6]. Even when
the basal plane is gasified, it is gasified at defects which expose C atoms in these planes [7].
The gasified atoms are produced via either or both of the reactions below depending upon the
reaction conditions.

Caa(0)(s) =2 CO(g) (1)
ZC,d(O)(s) —k-z».‘ Coz(g) + C:d(‘q) (2)

The ‘sd’ subscript (strongly desorbing) in reactions 1 and 2 is used to show that ounly part of
the active surface, the part comprised of (lyq surface atoms, is able to form the C,q(O) surface
complex which is the precursor to the desorbed products. The rest of the surface oxygen complex
is stable [8,9]. The fraction of the active surface whicli can form uustable surface oxides increases
with increasing temperature. Because it is difficult to separate primary product CO or (O,
from that produced by secondary reactions, a net desorption turnover number for C gasification,
TONg, will be used. It is defined in Equation (3) below as the atoms of C gasified per unit
time per O atom of surface complex and incorporates the two more fundamental constants from
reactions 1 and 2 above.

TONg = k; + k;[C,a(0)] (3)

Square brackets, [ |, denote species activities. Equation (4) shows that TON is the slope of the
C gasification rate versus [C.a(O)] plot.

C gasification rate = TON¢ [C.q(O)] (4)

To the extent that the steady stale primary product CO/CO;, ratio is large, the gasification rate
will be a more linear function of the unstable surface oxide concentration and the TON¢g will
better approximate k,.

Although low temiperature O, chemisorption techniques have heen used to measure the active
surface [8,10,11], the part of the active surface actually measured and its relationship to the part
involved in the gasification, the covered strongly desorbing part, is not always clear. Aside from
an in situ spectroscopic examinatiou of the surface which, as yet, is undeveloped, a better way
to estimate the surface involved in gasification may be to cool down a gasifying sample in O,
and then measure the surface O content. At the instaut of cooldown, the surface oxides consist
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of stable and unstable types. As the temperature decreases, more of the unstable surface oxides
become stable. Some of the unstable surface oxides desorb but should be replaced because
the activation energies for adsorption and migration of O species are smaller than the activation
energy for desorption [12,13,14]. The replacement of recently desorbed surface oxide would be less
complete as the kinetics become less dominated by the desorption step. This limits the technique
to low temperature, high O, pressure gasification. The cooled sample then contains oxygen
originating from both the stable and unstable surface oxides. This oxygen can be recovered as
CO and CO, by heating the surface oxides to about 1240 K (8].

The technique described above was used to study the gasification of a spectroscopic purity
graphite powder in various pressures of Q; at temperatures low enough so that the observed gasi-
fication rates were clearly chemically coutrolled. The results demonstrate a relationship between
the gasification rate and the amount of surface oxide collected immediately after gasification.
The relationship may be interpreted in terms of stable and unstable surface oxide and yields an
estimate for the TONg. This estimate is compared to globél turnover numbers from the litera-
ture. The comparisons dramatize the importance of active site coverage in clarifying the role of
active surface in gasification.

EXPERIMENTAL

Reactivity and linear programmed thermal desorption (LPTD) runs were performed in the same
compnter interfaced high pressure flow reactor. Gasification or desorption products were quanti-
fied by CO and CO, noudisperséd infrared detectors and a mass flowmeter. Hydrocarbon free O,
of >99.99% purity with a reported moisture content < 3 ppm was used for the reactivity studies.
Ultra high purity Ar (>99.999%), passed through a Zr alloy gettering furnace to lower H,O and
0, levels to < 0.1 ppin, was nsed for the LPTD runs. The carbon studied was Union Carbide
SP-1 spectroscopic purity graphite powder which had a total impurity content of < 0.1 ppm.
It was supported unconsolidated in the reactor on high purity alumina or quartz trays or on
sapphire disks.

Graphite samples were loaded into the reactor, given a LPTD, then gasified to 20% burn-off
at 840+3 K at a fixed O, pressure. After cooling in O, the surface oxide was collected with
another LPTD. Once loaded into the reactor, the sample was not. exposed to ambient air until
the final LPTD was finished. LPTD’s were performed from ca. 300 K to 1234 K at 5 K/min.
Full details are given elsewhere [15].

RESULTS AND DISCUSSION

Gasification proceeds through three stages as noted before [16,17]. All samples were burnt-off
to 20% to be within the range of steady state gasification. Figure 1 illustrates that,. when the
reaction conditions are kept constant, the gasification rate exhibits more variability at low sample
weights and decreases with increasing sample weight. A mass transfer calculation following the
proceduire in reference {19] for the case inost limited by O, transfer yields a value of ¢?n = 0.0032
which is safely below the 0.1 upper limit for chiemical control. (¢?7 is roughly the ratio of the
actual Op consumption rate to the mass transfer limited O, supply rate.) Therefore, O, mass
transfer limitation is not causing the decrease in gasification rate with increasing sample weight.
For the largest weight samples, CO inhibition can explain the slight gasification rate decreases
[18]. For the sinaller weight samples, however, the decrease in rate with sample weight appears
to be due to the influence of extrinsic catalysis. This view is supported by the higher CO,/CO
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ratio in the product gas for these samples as well as microscopic examinations of the burnt
graphite powder which reveal that the sinaller weight, higher reactivity samples exhibit a much
higher incidence of flakes with ronghened edges and channels. The gasification rates were not
significantly influenced by changing the sample support materials.

A typical LPTD profile obtained after 20% burn-off in 2.3 MPa O, at 837 K is illustrated
in Figure 2. All LPTD profiles were similar and differed mainly in the evolution rates and total
amounts but little in the rate-temperature profile. Most of the gas recovered during LPTD was
"CO. It is likely that the similarity in LPTD profiles is due at least partly to very rapid surface
oxide migration or rearrangement.

Figure 3 illustrates the relationship between the steady state gasification rate and the surface
oxide collected afterwards expressed in terms of total O collected. Because a vertical temperature
gradient existed at the highest O, pressure, 3.5 MPa, the sample temperature during gasification
at this pressure could be as high as 851 K. Regardless of whetlher the rate differences among the
samples are caused by sample size (catalysis) or O; pressure differences the data follow the saine
trend. A least squares linear fit to the data shows that 5.5 pmole O/g of the surface oxide is
stable. The excess is unstable and has a TON¢ of 0.043 s~!. The absence of significant curvature
in Figure 3 implies that the TON¢ closely approximates k.

This turnover number is compared with other more global turnover numbers from the liter-
ature in Figure 4. In Figure 4, the right hand vertical scale is in units appropriate for turnover
numbers, the left hand vertical scale is in nnits appropriate for edge recession rates. Where neces-
sary, reactivities in Figure 4 were extrapolated to 1.3 KPa using an O, reaction order of 0.5. The
literature global turnover nunibers are the gasification rates divided by the total active surface
areas, i.e. C atoms gasified per unit time divided by C atoms exposed at edges of basal planes.
These global turnover numbers niay be obtained directly from microscopic observations of the
recession rates of pits in the basal plane [5,20,21,22,25] or of the recession rates of unwet catalyst
channels at points far from the catalyst particle [23,24]. They may also be obtained by dividing
the gasification rate by the amount of chemisorbed O [8]. The chemisorption conditions must be
chosen with care. Low temperature chemisorption mnay suffer from failure to saturate the entire
active surface due to kinetic limitations. At higher temperatures, significant fractions of the
active surface will be C,4 type and unable to retain surface oxide. Since active surface coverages
are not known for the literature global turnover numbers, they cannot be converted into TONgs,
however they do represent the lower limits to the TONgs. The scatter in the data in Figure 4
is probably due to variable coverages of active surface cansed by variable degrees of catalysis,
since the data were normalized for O, pressure. The upper line in Figure 4 is constructed using
data having the lowest reported O, reaction order of 0.3 [21] and thus the highest active surface
coverage. This line should more closely approximate the TON¢.
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TEE RELATIONSHIP BETWEEN CHAR REACTIVITY AND PHYSICAL AND
CHEMICAL STRUCTURAL FEATURES

P.E. Best+, P.R. Solomon, M.A. Serio, E.M. Suuberg¥,
W.R. Mott, Jr., and R. Bassilakis
Advanced Fuel Research, Inc., 87 Church Street, East Hartford, CT 06108

INTRODUCTION

This study focuses on correlations observed between char reactivity, on the one
hand, and char resistivity and structural properties on the other. It is the
continvation of a study reported recently on the relationship between char
reactivity and pyrolysis conditions (1). There, it was found, as others have
observed before (2-5), that for most coals, reactivity decreases with increasing
degree of pyrolysis. As pyrolysis progresses a number of changes occur in the
char: hydrogen and oxygen content decrease, a greater degree of order is brought

about and changes occur in the sample shape, pore size distribution and surface
area.

With so many factors varying, the observation of a correlation between char
reactivity and one factor need not imply a cause and effect relationship between
the two. The traditional way to deduce cause-and-effect is to vary only one factor
at a time, and observe its effect on the measurement. This 1is not readily done for

chars. The result is that the research in char reactivity has established trends,
but not a quantitative theory.

A great deal 1s known about char reactivity, as can be seen from two reviews of the
subject (4,5). For the present work, only a subset of this information is needed,
vwhich ve take from the reviews. Correlation of char reactivity has been made with
heteroatom content (oxygen and hydrogen in this instance), with structure and with
mineral content. The "structure” generally refers to the number of exposed edge
atoms of lamellae (6,7). 1In pure graphite these sites have been shown to be the
most reactive towards oxidation, and it is commonly held that these edge sites are
most reactive in chars, also. An exception to this is the location of sites
activated by mineral matter. These sites are found in the basal plane of graphite
(4). Reactivities have also been correlated with resistivity (8).

In this work, chars have been characterized with respect to reactivity, surface
area, heteroatom content, ash content, x-ray diffraction, and resistivity. The
char characteristics have been correlated with coal rank, coal mineral content, and
the heating rate and final temperature used for char preparations. The paper
presents a summary of the observed trends.

EXPERIMENTS
Char Preparation

The experiments described here were carried out on a char formed from phenol
formaldehyde resin, as described by Suuberg, et al. (9) and on chars formed from
raw and demineralized coals and lignites. Demineralization was carried out by the
procedure of Bishop and Ward (10). The chars were formed by heating in an inert
gas within an entrained flow reactor (EFR) for a varlety of residence times and
maximyn temperatures, or by heating in a Thermogravimetric Anmalyzer (TGA) at
30°C/emin to 600, 700, 800 or 900°C. The composition of the starting material as
well as those of the charred materials, are shown in Table I.

*Div. of Engineering, Brown University, Providence, RI, 02912
+Physics Department, University of Connecticut, Storrs, CT 06268
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Reactivity Measurements

Initial char reactivity measurements were made using the isothermal technique
developed at Pennsylvania State University (11). In this method, the char is
heated in a TGA in nitrogen to the desired temperature, usually 400-500°C. The
time for 50% burnoff, T(.5, 18 used as the reactivity index. In our char
characterization work, we had difficulty applying the isothermal techniques to
chars formed over a wide range of conditions. A temperature level selected for one
char was inappropriate for another.

In order to overcome this difficulty, a non-isothermal technique was developed
using a Perkin-Elmer TGA 2 (1). The sample (about 1.5 mg) is heated in air at a
rate of 30 K/min until a temperature of 900“C 1s reached. The TGA records the
sample weight continuously and, at the end of the experiment, the weight and
derivative are plotted. The temperature (Tcr) at which the derivative of the
fractional weight loss with respect to time reaches a value of 0.11 wt.
fraction/min was chosen as an index of reactivity. This was compared with the
To.5 values measured by the isothermal technique and a good correlation was
observed (1).

Surface Area Determinations

The surface areas reported in this paper have been obtained at Brown University
using a Quantasorb instrument, manufactured by Quantachrome, Inc. The sample cell
is immersed in liquid Ny for N adsorption or a dry ice-acetone bath at ~78°C, for
C0y adsorption. Determinations of surface area from the sorption data have been
made using classical BET theory; typically three points have been taken at values
of (P/P,) of 0.1, 0.2, and 0.3.

X-Ray Diffraction Measurement

Powder diffraction patterns were recorded on film with a Debye—Scherrer camera
(dia. 57.3 mm), in air. The films were read with a diode-phototransitor pair,
feeding a logarithmic amplifier whose output drove the Y-channel of an X-Y
recorder. The X-Y chart record, then, is of film darkening (proportional to x-ray
intensity) versus distance along the film. Graphite was the reference material.
The sample capillary diameter (0.5 mm) and the aperture of the limiting slit in the
film reader, were chosen so that the (100) and (101) lines of graphite were
resolved.

Where intensity measurements of more than one sample are compared, the same
exposure conditions and times were used to record the data. The background
scattering from air and capillary were determined by a "blank™ (empty capillary)
run, and sample densities were estimated from the sample contribution to the large
angle scattering, assumed to be incoherent (12). Heteroatom contribution was not
taken into account when estimating the sample density. “Line" intensities were
determined by subtracting the interpolated smooth background from the corrected
data.

Resistivity Measurements

The apparatus that was used for the sample cell in the electrical resistivity tests
is similar in form to that described by Mutso and DuBroff (8), although smaller.

In the apparatus used here, a small amount of sample (about 15 mg) is introduced
into the cell, and the electrical resistance of the sample, under a constant
pressure of 1000 p.s.i. is measured by a digital ohm-meter. Both the exact (+ 0.1
mg) sample weight and compressed density are determined, and from these
measurements and the known cell dimensions, a resistivity is calculated.
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It is possible that interparticle resistance, as well as the intrinsic material
property, contributed significantly to the measured resistivity. This possibility
was investigated for a number of chars by measuring the resistivity for a sieved
sample (-200 +325 mesh), and a sample ground to micrometer sized particles. A
small effect was seen, although all measurements on one char were within + 5Z.
Likewise, the effect of char drying on resistivity was investigated. No
significant effect was observed between the resistivity of chars that had been in
Jars for several days, and that of freshly dried material.

RESULTS AND DISCUSSION

\Reactivity vs. Extent of Pyrolysis

Figure 1 summarizes the results for chars from the five coals. This figure is
based on Fig. 5 of Ref. 1 with additional coals and with measured values rather
than calculated values of hydrogen for the Kentucky No. 9 chars. The critical
temperature (T.,), which varies inversely with reactivity, is plotted as a function
of the (daf) hydrogen content, which is used as a measure of the extent of
pyrolysis. For each char type, there is a trend for increasing T., (decreasing
reactivity) with decreasing hydrogen. Most of the change occurs below 2 1/2%
hydrogen, after the evolution of aliphatic hydrogen is complete. That is, T.p
appears to vary primarily with the concentration of aromatic hydrogen. This
variation could be due to a varlation in the active site concentration, possibly
correlated with the ring condensation accompanying the elimination of aromatic
hydrogen. There does not appear to be any drastic effects due to heating rate for
low rank coals containing minerals, as chars for a wide range of conditions all
fell along the same curve. The preliminary results for bituminous coals and
demineralized low rank coals do not exhibit the same degree of reactor
independence.

It should be noted that there 1s also ring oxygen in the char which is removed at
about the same rate as the hydrogen and which may be related to the reactivity
changes. Similar correlations were observed with oxygen concentration for chars
produced from a sihgle coal, 1.e., the reactivity decreases with decreasing char
oxygen concentration. However, it is thought that the hydrogen is the major
indicator of reactivity, since it is present at about five times the level of
oxygen on an atomic basis. Our studies indicate that the oxygen content of the
parent coal is more important (see below).

The upper solid line in Fig. 1 is a “"best fit” line drawn through the data for
Kentucky No. 9 and Pittsburgh Seam bituminous chars. The lower solid line is a
best fit line drawn through the Zap lignite chars.

Reactivity va. Mineral Content

It is known that the vertical displacement of the curves in Fig. l is at least
partly due to the variations in catalytic activity of minerals. This effect has
been observed in previous studies which have been reviewed by Mahajan and Walker
(13). The most reactive chars are for the Zap lignite which are known to have a
high Na and Ca content. The results for T., versus daf hydrogen content for Zap
chars demineralized by two procedures are shown in Fig. 2. 1In both procedures, the
Bishop and Ward technique (10) was used, except that in procedure 1 the HF was used
at one~fifth normal strength. It is apparent that this produced a lower extent of
demineralization, which was verified by XPES analysis. Both data sets are compared
to the "best fit" line drawn through the Zap data in Fig. 1. It is evident that
reactivity results for the Zap demineralized by procedure 2 are similar to chars
from bituminous coals (see Fig. 1). Samples of Pittsburgh Seam and Illinois No. 6
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bituminous coals were also subjected to demineralization but did not exhibit as
dramatic an effect.

Reactivity vs. Surface Area

L Another area of investigation was the differences in surface area among the chars
b} that were tested for reactivity. Nj surface areas varied from 1 to over 100

. m“/gram. In general, for any given coal, N; surface areas went up with decreasing
y hydrogen content below 3% hydrogen, where the reactivity was observed to decrease.
' N, surface areas also increase with the extent of burnoff at essentailly constant
reactivity. So reactivities do not correlate with N surface areas.

C0y surface areas varied from around 10 to over 300 mz/gram with almost all chars
in the range of 100 to 300 m“/gram. The CO) surface area which varies by factors
of 3 shows no correlation with reactivity which varies by factors of 100.

The fact that reactivities do not correlate with surface is not surprising. As

discussed by Walker and coworkers (3,7,13), it is the active surface area (ASA) as

measured by oxygen chemisorbtion which is important. However, Suuberg, et al., (9)
; have recently called into question the utility of oxygen chemisorbtion as a
technique for measuring the ASA of "young” chars. In this work, we have not
attempted to measure ASA's.

! Reactivity vs. Rank

A systematic study of the variations of reactivity with coal rank has been
performed. Figure 3 presents a correlation between the oxygen coatent in the
parent coal and the reactivity of char produced in the TGA by heating in nitrogen
at 30°C/min to 900°C. The open squares are results obtained for raw coals, the
solid squares show the results for demineralized coals. For raw coals there is a
decrease in reactivity with increasing rank. Similar results were summarized by
Mahajan and Walker (13). For demineralized coals above 8% oxygen, the reactivity
does not vary with oxygen. The results suggest that the decrease in reactivity
with increasing rank is a property of the organic matter at high rank (less than 8%
oxygen) and mineral matter at lower rank (greater than 8% oxygen).

Reactivity vs. Molecular Order

For a series of chars formed from Eastern and demineralized Western coals and
lignites, the reactivity and the x-ray diffraction patterns were measured. With
increasing degree of pyrolysis, T,y increases, indicating reduced reactivity (1).
This correlation has been observed before (7). Also with increasing degree of
pyrolysis, the extent of ordering increases, as indicated by the greater intensity
and lower breadth of the (10) diffraction line from the chars (Fig. 4). Franklin
was amongst the first to describe this particular correlation (14). Combining the
two, it is seen that there is a correlation between decreasing reactivity and
increasing order, apparently implicating lamellae edges as the active sites.

In looking for a parameter from the x-ray scattering data to characterize "order”
in a simple way, it is noted that most workers in the field use crystallite
diameter, L,. For ideal crystallites, the diameter can be found from the breadth
of the (10) line, or its angular shift (15). For the chars investigated in this
work, lamellae diameters are under 30 A, and do not change dramatically during
pyrolysis. On the other hand, the intensity in the (10) band, for a fixed density
of lamellae, increases as N, where N is the number of atoms in the lamellae (15).

, Under these circumstances, the intensity increases with L, to the fourth power.
The intensity is a very sensitive measure of lamellae growth, and therefore, of

i order. This i3 the parameter which Radovic, et al. used in their work (7).

141




Figure 5 presents the intensity of the (10) band versus the critical temperature,
for a number of chars formed by slow heating. These chars were all prepared from
demineralized chars to avoid interference from the mineral diffraction lines. It
is seen that there is a trend of increasing intensity of the (10) band with -
increasing T.y. In other words, the chars become less reactive as they become more
ordered (7). As mentioned above, other properties of the char change with
increasing heat treatment. It has not been demonstrated here that the correlation
in Fig. 5 is one of cause and effect; the relationship is as expected, however (5).
Chars created at high heating rates (mot shown) appeared to fall near the other
chars but with higher uncertainty due to their low density.

Reactivity vs. Resistivity

In continuing to seek correlations between char reactivity and other parameters, we

were led by the work of Mutso and DuBroff to investigate the relationship between
reactivity and resistivity (8).

In the work described in Ref. 8, and other earlier waorks, the relationship between
reactivity and resistivity was performed for cokes, formed from coking coals which
come from a relatively narrow range of coal rank. In the present case we plot

reactivity, indicated by T.,, versus resistivity, for a wider range of starting
coals, including the demineralized lignite, as well as for the resin char (Fig. 6).

Also in Fig. 6 are plotted data points for chars formed from North Dakota lignite
without treatment. These are the points on the line far removed from the shaded
band which encompasses all other points. For Eastern coals, and for demineralized

Western lignite, there is an excellent correlation between char reactivity and
electrical resistivity.

The removal of the data points from the shaded band for lignite with minerals, can
be traced to the effect of minerals on reactivity (4). The minerals do not have a
major effect on resistivity for the samples measured here.

CONCLUSIONS

Results are presented which are used to make, or to restate, the following
conclusions:

. A new test has been developed which allows relative reactivity to be
determined for chars of widely varying reactivity.

. Reactivity was found to decrease with increasing extent of pyrolysis, as
determined by (daf) hydrogen content.

[ The effect of heating rate or reactivity appeared to be unimportant for
non-demineralized low rank coals.

4 The differences in reactivity of chars do not depend strongly on the char
surface area measured by N or CO2.

. For coals with more than 8% oxygen, mineral effects appear to be

important in determining reactivity differences between chars from
different coals.

. A relationship between extent of order and char reactivity is
demonstrated for chars formed by slow heating. This is done by plotting
T.p against the intensity of the (10) x-ray diffraction line.
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[ The work done by others (8) showing a correlation between coke reactivity
and electrical resistivity, is extended to chars. Again, a correlation
is observed, although only in the absence of mineral effects.
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TABLE 1
Composition of Starting Demineralized Coals and Chars (wtZ DAF)
Carbon Hydrogen Nitrogen Ash
Zap Lignite 63.54 4.32 0.79 0.18
Lignite Charred
in EFA to 0" 78.85 2.55 1.05 0.76
8" 86.31 1.36 0.79 0.60
16" 87.55 0.93 0.91 1.54
24" 88.74 0.51 0.53 0.43
Lignite Charred in
TGA at 30°C/min
to a final
temp. of 600°C 0.38
700°C 0.37
800°C 0.49
900°C 0.29

Pocahontas Coal 91.03 4.71 0.98 1.54

Rosgebud Coal 72.10 4.90 1.20 3.68

Pittsburgh Seam Coal 80.90 5.50 1.40 2.31
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Figure 1. Comparison of Reactivity for Chars from Five Coals of Various
Rank as a Function of Hydrogen Concentration. T¢p Varies Inversely with
Reactivity.
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Figure 2. Comparison of Reactivity of Chars from Demineralized Zap Lignite

(data) with Chars from Raw Zap Lignite (line from Figure 1). Procedure 1
was a Modification of the Bishop and Ward (ref.10) technique with a Lower
HF Strength. Procedure 2 was the Standard Bishop and Ward Technique.
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Figure 3. Variation of Reactivity with Coal Oxygen Content for Chars
Prepared by Heating in Nitrogen at 30°C/min to 900°C.
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Figure 4. Diffracted X-ray Intensity Versus Angle, for Two Chars
Formed from Demineralized North Dakota (Zap) Lignite. The Curves
have been Displaced Vertically to Facilitate Comparison. The Char for
(1) was Formed by Heating at 0.5°C/sec to 900°C; for (2) to 600°C.
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Role of Carbon Active Sites in the Oxidation of Coal Chars

Robert G. Jenkins and Andrej Piotrowski

Fuel Science Program
The Pennsylvania State University
University Park, PA 16802

INTRODUCTION

Over the last two decades there have been numerous coal char and carbon
gasification studies that have determined relative rates of the carbon/gas reactions. It has
been demonstrated, quite clearly, that the measured chemical reactivities of chars are
functions of coal rank, pyrolysis severity, the presence of catalytically active species, and, of
course, the reactant gas and the specific reaction conditions utilized. The goal of this, and
other investigations is to attempt to rationalize this range of reactivities in terms of some
fundamental parameter/property of the char. The specific aim is to determine if a
fundamental rate constant can be obtained for, say, the carbon-oxygen reaction. It is felt that
such an approach will lead, eventually, to a better understanding of char gasification in terms
of theoretical and practical considerations.

Our approach has been to examine further the role that carbon active sites play in
governing the reactivity of a wide range of chars and carbons. This concept was first put
forward by Laine et al. (1,2) and has been extended by others (3,4,5). There appear to be
relationships between reactivity and active site concentrations (as determined by oxygen
chemisorption). The thrust of this study was to extend these types of reactivity studies and to
examine, especially, the changes in active site concentration with degree of gasification
(burn-off). An attempt has been made to develop a concept of "reactive" sites. That is, to
consider sites that are actively participating in gasification reactions. The starting point of this
concept is to define an equivalent reactive surface area (RSA) that can be utilized to
normalize rates in terms of a pseudo Turn-over Number (TON).

EXPERIMENTAL
i. Materials

Five coals ranging from lignite to anthracite have been used throughout this study. in
addition, a relatively "pure” carbon was prepared from Saran polymer (a copolymer of
vinyldene and vinyl chloride). The coals are PSOC 833 - a Montana lignite; PSOC 465 - a
Wyoming subbituminous A coal; PSOC 1099 - a HVA coal from Pennsylvania; PSOC 1133 -
LV, Pennsylvania coal; and PSOC 868 - a Pennsylvania anthracite.

Samples of the raw coals were subjected to a range of pretreatments to alter, in a
selective fashion, the inorganic constituents. These modifications were brought about by ion
exchange and acid-washing procedures for the lignite (PSOC 833) and by acid-washing
procedure for the other coals. Selected samples of all the coals were treated with calcium
acetate solutions, varying from 0.001 M to 1.5 M, in order to change the calcium loading in
the coals. Chars/cokes from the raw and treated coals were prepared either by slow heating
(1009K/min) up to final temperatures of between 975 K and 1275 K, or by rapid pyrolysis (~
104 K/min) at 1275 K in an entrained flow reactor.
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ii. Apparatus and Procedures

Isothermal and nonisothermal reactivities were determined in thermogravimetric
analyzers (TGAs). Concentrations of CO and CO2 in the product gas stream were measured
by nondispersive infrared analyzers.

Nonisothermal reactivity measurements were performed using a small sample of coal
(< 4 mg) placed in a TGA bucket and heated at a constant heating rate 5 K min-1 to an
ultimate final temperature in the reactant gas (air). The weight loss, and its first derivative
were recorded. The parameter used to represent this reactivity is Tm, the temperature at
which the maximum rate of weight loss (maximum of the first derivative)} occurs. For
isothermal reactivity measurements a sample of char is heated to the desired reaction
temperature, in the absence of oxidizing gas, and then the reactant (air) gas was introduced.
Weight change and its first derivative with time were determined directly by the
thermogravimetric analyzer and also calculated from the composition of the gaseous
products of reaction (CO and CO2). Thus, the TGA reactivity is estimated from the following
expression

dw
Ryoa=1wx 3+

where RTGA is the reactivity (min-1) at a given temperature and burnoff; w is the mass of the
sample and dw/dt the instantaneous slope of the burn-off curve. The reactivity determined
from the gas composition is calculated by a similar expression.

Reactive surface area (RSA) at any given level of burn-off is calculated from a
knowledge of the quantities of CO and CO2 evolved. It is assumed that each oxygen atom

occupies 0.083 nm2 (1). Using the values of Reactivity (R) and Reactive Surface Area (RSA),
a Turn-over Number (TON) can be calculated (R/RSA). The units of TON are g/m2 min.

RESULTS AND DISCUSSION

Nonisothermal reactivities for the five coals are listed in Table 1. It can be observed
that the reactivity of the coals (Tm-temperature at which maximum weight loss occurs)
inversely follows rank. That is, as the rank of coal increases the reactivity decrease (higher
value of Tm). Significant differences in the Tm values {630 K to 800 K) are noted over the
rank range examined for the raw coals. The values for the demineralized coals exhibit
somewhat less variability (701 K to 809 K). It is important to note that the reactivities of the
raw subbituminous and lignitic coals are significantly greater than those determined for the
respective demineralized samples. However, for the higher rank coals, demineralization can
actually produce a slightly more reactive material. Thus, we see that in the lower rank coals,
and their chars, the presence of inorganic species does indeed dominate reactivity. In all
cases (except raw lignite), heat treatment does reduce "reactivity.” As would be anticipated,
one also observes that increasing the heat treatment temperature for any given sample
produces a less reactive carbonaceous material. These results, of course, show the
influence of reduction in active site concentration and possible catalyst deactivation with
increasing heat treatment. Overall, perhaps the most important observation to be made is
that catalytic effects of inorganic matterin higher rank coals are less important than those
found for lower rank coals. In addition, it is possible that during the demineralization process
some closed porosity is opened, thus, increasing the overall accessibility to active area. ltis
also possible that acid treatment reduces the thermoplastic properties of the higher rank coal,
which in turn leads to slightly higher reactivity.
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It is interesting to note that for lignite the reactivities follow the level of calcium loading.
However, loadings above some value of the raw sample (0.09 mmol/g) have relatively little
additional influsnce on reactivity. It should be noted that the biggest changes in reactivity
occur at the lower calcium loadings.

Typical isothermal reactivity plots for a char (PSOC 833; Demineralized + 0.3 MCa;
rapid pyrolysis at 1275 K, 0.3 s) are given in Figure 1. In this figure one can see that the
reactivity profiles, as a function of burn-off, for this sample are very similar for the IR and TGA
methods. The major discrepancy occurs at high levels of burn-off. In this case, the
instantaneous reactivity appears to be increasing to about 10% burn-off, it then levels off to a
relatively constant value up to 40% burn-off, and continues to increase to about 80%
conversion. If one uses the gas analysis data to calculate the RSA then one obtains the plot
shown in Figure 2. Using these RSA values, a TON as a function of burn-off (at 677 K) can
be estimated (Figure 3). The variation of TON with conversion is quite small and appsars to
remain at a value of about 1.3x10-4 g/m2 min. The only exceptions in this plot are at low
levels of gasification (< 5%). We have found that application of this approach yields a
relatively narrow range of values for TON for approximately 5 to 85%. burn-off from all the
chars and carbons studied (prepared at all degrees of pyrolysis severity). As an example,
Figure 4 shows the values of TON for all the demineralized, heat treated coals used in this
study (reactions for this suite of samples were made at temperatures between 658 to 721 K).
It should be noted that TON's for the higher rank coal demineralized chars (anthracite and
LV) have values of around 1.45x10-4 g/m2 min, whereas the values for the equivalent chars
from the lower rank coals (HVA, Subbit and Lignite) are somewhat lower (~ 1.3x104 g/m2
min), and appear to decrease slightly with burn-off. A brief summary of the preliminary data is
given in Table 2. These results do show a remarkable degree of constancy for all these
materials being gasified in air.

CONCLUSIONS
Nonisothermal reactivity measurements, in air, indicate the influence of the severity of
time/temperature history on the subsequent reactivity of chars derived from a wide rank
range. Instantaneous reactivities can be normalized by use of a reactive site concept. The
calculated TON is quite constant for several chars (and carbons), over a wide degree of
conversion and reaction temperaturs.
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TABLE 1

VALUES OF TEMPERATURE OF MAXIMUM WEIGHT LOSS (Tm) FOR NONISOTHERMAL
REACTIVITIES IN AIR AT 5 K MIN-' FOR ALL COALS AND THEIR RAPID
AND SLOWLY PYROLYZED CHARS

Sample

Ligni

Raw

Demin

Demin + 0.01 Ca
Demin + 0.1 Ca
Demin + 0.5 Ca
Demin + 1.0 Ca

Subbit

Raw

Demin

Demin + 0.1 Ca
Demin + 0.5 Ca

HVA

Raw

Demin

Demin + 0.1 Ca

LV
Raw

Demin
Demin + 0.1 Ca

Anth

Raw
Demin
Demin + 0.1 Ca

No
Pyrolysis

630
723
639
630
613
608

Tm (K)

Slow Pyrolysis
975 K{1h) = 1275 K(1 h)
630 697
755 829
660 760
613 741
622 743
619 748
- 809
750 809

735 --
720 -
- 846
790 811
701 --
-- 846
765 818
738 --
- 853
823 851
774 -
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Rapid Pyrolysis
1215K (0.3 s)

593
744
624
574
568
570

1275 K (0.3 5)

709
588
541

725
709

730
728

794
780




EXAMPLES OF CALCULATED TON'S AT 50% BO

Sample

Saran Char

Lignite - Demin (1275, 1 h)

Lignite - Demin + 0.3 Ca
(1275, 1 h)

Subbit - Demin (1275 K, 0.3 s)

HVA - Demin (1275, 0.3 s)

LV - Demin (1275, 0.3 s)

Anth. - Demin (1275, 0.3 s)

TABLE 2

Reaction
Temp. K

683
702
710
721
732
720
677

654
635
638
738
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Ton x 104
g/m2.min

1.52
1.49
1.50
1.53
1.51
1.49
1.30

1.38
1.35
1.36
1.50
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NON-MAGIC ANGLE SPINNING NMR - AN APPROACH TO DETERMINE
THE CHEMICAL SHIFT TENSORS IN CHAR PARTICLES

Naresh K. Sethi,d Ronald J. Pugmire,b
and David M. Grant?2

Departments of Chemistry2 and Fuels Engineering,b
University of Utah
Salt Lake City, Utah 84112

INTRODUCTION

Carbon-13 NMR spectroscopy has been widely accepted as a major
analytical technique for studying fossil fuels. Axelsonl and
Davidson have reviewed the various solid state NMR spectroscopic
techniques for coal studies. Cross polarization/magic angle spinning
(CP/MAS)3 provides information on aromaticity while the dipolar
dephasing technique (DD/MAS)4 provides additional definition of the
structure of coal by using the 13C-1H dipolar coupling to separate the
carbons into sub-classes; i.e., those that are strongly coupled to
protons from those that are weakly coupled in both the aliphatic and
aromatic regions of the spectrum. The combination of these two
experimental procedures permits one to derive a carbon skeletal
structure of coal samples.3.

MAS experiments produce narrow lines in solids but valuable
structural information is lost; i.e., the chemical shift anisotropy
(CSA) which is a manifestation of the three-dimensional shielding of
the nucleus by the surrounding electrons.” The CSA is a second rank
tensor having three principal elements o011, 022, and 033
characterized by unique resonance frequencies. These three tensor
components taken together with the isotropic shielding value (the MAS
value which is the average of the three tensor components) provide
valuable data regarding the local electronic environment. The tensor
can be obtained from the 13C NMR spectrum of a finely powdered sample
and the tensor elements are extracted by analysis of the line shape.
This technique provides not only tensor components but population
values as well. However, the spectral analysis is complicated if more
than one tensor is present and unigue results are not always
achievable. Evenso, Pines, et al.® used the technique to analyze the
static spectra of several coals. These workers succeeded in
differentiating the contributions from aromatic and condensed aromatic
carbons. Furthermore, they pointed out that there is little
difference in the isotropic chemical shifts between these types of
carbons and these shift differences cannot be resolved in a CP/MAS
experiment. The DD/MAS experiment has been shown to differentiate
between benzene-1ike (i.e., C-H) and non-protonated aromatic carbons?®
(substituted plus inner, or bridgehead) but the resolution of
substituted and inner carbons is not readily attainable with standard
MAS experiments. The shielding anisotropies of the three general
types of aromatic carbons are quite different and, in principal,
should be resolvable in the "non-spinning" experiment.
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Only for isolated carbons, or for simple compounds where break-
points in the powder pattern are discernible, is it possible to obtain
unique fits of the 1ine shape. Tensor information can be extracted by
other techniques such as analgsis of the spinning side bands from

slow spinning MAS experimentsd and variable angle sample spinningl0-13
(VASS). In this study we have used the static and VASS methods to
study pertinent model compounds and have used these data as a guide to
analyze 1ine shapes and extract CSA tensor values and population
factors in coals. The experimental techniques are applicable to chars
as well as coals. The data permit us to estimate the size of the
polycondensed aromatic structure that is the main structural component
in chars. The aromatic structure of coal chars should provide
valuable information regarding their reactivity.

EXPERIMENTAL
1. NMR Spectroscopy

The NMR spectra were obtained on a Bruker CXP-100 as described
previously.6 The VASS method has been described by Sethi, et a1.l3

2. Spectral Fitting Procedure

The NMR powder pattern analyses were carried out by means of
recently developed fitting methodsl4, The technique is briefly
described as follows. It is assummed that spins are only experiencing
orientation dependent chemical shift interactions. This is usually
the case when employing high power proton decoupling. Single spectral
simulation requires an initial estimate of these parameters: 1) the
principal values of the different CSA's or a linear combination of
elements in an irreducible form; 2) the relative intensities; and 3) a
broadening factor. One or more of these parameters can be locked to
some predetermined or known value, which is then held constant
throughout the fitting process. For example, in model organic
compounds, the relative intensity is usually locked to the atomic
ratios given by the molecular structure. 1In coals, however, these
population parameters are allowed to vary freely so as to provide
quantitative data on individual carbon types. Theoretical spectra are
calculated using the "POWDER" methodl4, ~The parameters are adjusted
with a simplex optimization routine to minimize the sum of squares
deviation between the theoretical and experimental spectra. In cases
which necessitate obtaining spinning spectra at different angles, all
spectra are fit simultaneously with the same set of CSA values. The
total sum of squares from all spectra is used as the minimization
criteria. Using this technique, the redundant data provide
refinements in fitting parameters which, for a single spectrum, may
exhibit il1-conditioned behavior.

RESULTS AND DISCUSSION

Aromatic CSA bands can be calssified into four different sub-
groups which have tensor components that exhibit variations of ca.
10-20%. These groups are: 1) benzene-like (sp2 C-H); 2) substituted
(e.g. alkylated); 3) condensed (inner and bridgehead); 4) carbons
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bonded to heteroatoms (nitrogen, oxygen, etc.).15 The spectrum of an
isolated carbon in a static sample presents a characteristic powder
pattern which exhibits break points corresponding to the tensor
elements of the individual carbons of each sub-class. Examples of the
isotropic peak superimposed with their first three sub-classes,
together with their isotropic peaks, are given in Figure 1. These
three sub-classes represent the predominant types of aromatic carbons
present in chars and high rank coals. An unambiguous tensor analysis
usually cannot be performed on static 1ineshapes due to the overlap of
several different CSA bands. This problem is especially accute for
aromatic carbons since the upfield components of these bands are
usually buried under the much narrower aliphatic resonances. The
static spectrum of 1,2,3,6,7,8-hexahydropyrene provides a convenient
representation of this problem. 1In addition, this molecule contains
the types of carbons of interest in chars and high rank coals. The
components of the individual aromatic carbon tensors have been
simulated together with their composite pattern. This composite
pattern is compared with the experimental data (Figure 2). The low
field components are resolved but the high field (o33 components) are
obscured by the aliphatic carbons.

The VASS method scales the individual carbon tensors with respect
to their isotropic frequencies by a factor of 1/2(cos 362-1) where @
is the spinning angle relative to the external magnetic field.13 The
break points from different bands change as & is changed. The high
field component of the aromatic carbon shielding tensors can be
inverted through the isotropic value by proper selection of 8. Hence,
overlapping tensor components can be unscrambled by this technique.

In addition, a change in 6 produces pronounced changes in all of the
aromatic tensors so that the 1line shape is no longer a scaled replica
of the static powder pattern. Such intensity and shape changes are
readily recognized in our fitting routines which are sensitive to
small changes in the 1ine shape. In Figure 3, one observes the line
shape changes of an alkylated aromatic carbon as the spinning angle is
changed. In Figure 4 the VASS data on hexahydropyrene has been
simulated and the tensor components are given in Table 1.

The ability to fit experimental data with high precision is vital
to the analysis of complex materials. The hexahydropyrene model is of
sufficient complexity to demonstrate the feasibility of unscrambling
overlapping tensor components. The availability of multiple angle
data decreases the chance of encountering a given spectrum which is
insensitive to one or more of the adjustable parameters and therefore
reduces ill-conditioned fits of the data.

Using the fitting procedure described above, we have fit the
anthracite data (Figure 5). With an aromaticity value fg = 1.0, no
alkylated carbons are present and, hence, a multiple angle fit of the
data was not deemed necessary. A two tensor fit of the static
spectrum produced the results presented in Table 1. The population
factor of 0.13 for the C-H tensor is essentially the same as the
atomic ratio H/C = 0.123 for this coal. Hence, we are able to
independently verify that the method gives valid results.
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The anthracite provides a useful model for a char that has been
subjected to extensive pyrolysis or to a high temperature environment
and thus may be thought of as one extrema of a char model. On the
other hand, coals that undergo pyrolysis for relatively short periods
of time or at moderate temperatures are not composed entirely of
polycondensed aromatic rin?s. Aromaticity values in the range 0.8 -
1.0 are observed in chars.1® The inertinite macerals semi-fusinite
and fusinite found in coals provide a useful model for char. Natural
processes of heat and pressure have produced a char-l1ike material.
Such is the case for the Aldwarke Silkstone inertinite (86%
inertinite) consisting chiefly of charcoal-like fusinite with an fa
value of 0.88.% The tensor components (see Figure 6) and population
factors contained in Table 1 provide a distribution of the three major
types of aromatic carbons present and one is not required to calculate
the atomic ratio for hypothetical unsubstituted nuclei (Hapy/Car) as
has been done in the past.16 One can now directly measure this
parameter together with the fraction of substituted carbons without
resorting to calculated approximations.

The experimental value of Hyp,/Car = 0.39 has been reported
previously by means of dipolar dephasing datab and, hence, this value
was used in fitting the spectra. The fit of the VASS data provided
the other two tensors. The population of inner carbons (0.54) and
substituted carbons (0.07) provide the remainder of the aromatic
structural types. The substituted carbon population is of the order
of 0.10, or less, and the total aliphatic carbon content is 0.12.
Using the elemental analysis, i.e., the H/C ratio, it is clear that
the alkyl substituents, on average, consist of 1-2 carbon fragments
and that the non-methyi carbons are highly substituted.

The VASS technique provides a very useful means for supplementing
other types of NMR data and is particularly useful in assessing the
structure of polycondensed aromatic materials such as chars. As char
reactivity is an important consideration in combustion studies, NMR
data may be able to play a significant role in structure/reactivity
correlation,
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TABLE 1

Tensor Components? for Aromatic Carbons

Sample/Carbon Type

Population?
011 022 033 Factor

1,2,3,6,7,8 hexahydropyrene

Benzene-1ike 225 128 22 0.40

Substituted 231 168 9 0.40

Inner 203 197 -6 0.20
Anthracite (PSOC-867)

Benzene-11ke 217 137 20 0.13

Inner 194 180 -8 0.87
Inertinite®

Benzene-1ike 223 149 17 0.39

Substituted 231 161 46 0.07

Inner 204 192 -30 0.54

a. ppm from TMS.
b. Based on total aromatic carbon present.

c. Semi-fusinite from Aldwarke Silkstone coal (Great Britain). The sample is described
in reference 6.
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FIGURE 1.

{ FIGURE 2.

FIGURE 3.

FIGURE 4.

FIGURE 5.

FIGURE 6.

FIGURE CAPTIONS

Chemical shielding tensors of aromatic carbons. The
characteristic shapes are used to fit overlapping tensor
elements. The narrow isotropic line obtained by magic
angle spinning is also shown for purposes of clarity.

The static spectrum (top) of 1,2,3,6,7,8
hexahydropyrene. The individual tensors for the three
different types of carbons are shown (bottom) together
with the composite pattern. This theoretical fit of the
data is superimposed in the top of the figure. Only the
simulated aromatic carbon tensors are shown.

The tensor for a substituted aromatic carbon is
simulated as a function of 8, the spinning axis relative
to the magnetic field. The VASS experiment can be used
to scale the position of the tensor components oq1, 022,
and 033. At the magic angle, 8 = 54.7°, the components
converge to the isotropic value.

VASS spectra of 1,2,3,6,7,8 hexahydropyrene together
with the simulated spectra arising from the aromatic
carbons. .

Experimental and simulated spectra of an anthracite
coal. The two tensor fit gives near ideal correlation
and the population factor for the benzene like tensor is
within experimental error of the H/C value.

VASS spectra of Aldwarke Silkstone inertinite maceral
(fusinite). The simulated spectrum of the aromatic
carbons (bottom) is used to portray the population
factors. The simulated aromatic carbon spectra at 43°
and 72° are overlaid on the experimental data.
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AN EXPERIMENTAL SIMULATION OF CROSSFLOW
COAL GASIFICATION

M. Gallagher, J. Zondlo, E. Johnson, and E. Monazam
College of Engineering
West Virginia University
Morgantown, WV 26506-6101

ABSTRACT

A novel combustion test-pot facility was constructed and operated so as to
simulate crossflow coal gasification with steam at ambient pressure. The test pot
was fully instrumented to allow transient measurements of pressure drop, weight
change of the bed, and product gas composition. In addition, the temperature front
within the bed was tracked as a function of both time and position. Experiments
were conducted at different air and steam flow rates in a packed particle bed of
coke. The weight of an average coke charge was approximately 35 pounds and the
fuel utilization rate ranged between 7.8 and 22 lb/fté-hr. Based on the experimental
results, energy and mass balances were performed and closed to about 90%. Data
obtained were used to verify a computer simulation of the process.

1. INTRODUCTION

The most common commercial coal gasification system in use today is the
counter-flow moving bed system. In this system, the coal feestock moves downward
and passes through four idealized zones in the gasification process. These zones in
order from the top to the bottom of the bed are drying, pyrolysis, gasification and
combustion. However, most moving-bed units are size-limited and several must be
operated in parallel for larger throughputs.

An alternate approach to the design of a large-scale coal gasification system
would be to borrow established technology from a similar process. One such process
has long been utilized to sinter iron ore and produce a "strong clinker” suited for
feed stock in a blast furnace. The sintering machine most commonly used today is a
modification of the Dwight-Lloyd continuous sintering machine, formerly used only in
the lead and zinc industry [1]. Originally developed in the early 1900's, the
machine consists of a strong structural steel frame supporting two large gears and
steel tracks. A system of pallets, or trays, with perforated bottoms is driven by
these gears at a speed of 1 to 3 feet per minute. The sintering machine for iron
ore may be 6 to 12 feet wide by 90 to 168 feet in length with pallets to hold the
charge. Underneath the pallet train is a series of suction boxes which are
connected with a fan to induce a downdraft through the perforated bottom and ore
charge. Located at the input of the machine is a burner which serves to initiate
the sintering process by igniting the top layer of charge. The charge is typically a
mixture of ore particles up to 1/4-inch in diameter, flux, to aid in the agglomeration,
and fuel, such as coke. The charge layer may be 6 to 12 inches deep. The largest
machines will treat as much as 4500 tons of ore per day.

The possible application to coal gasification would be the replacement of the ore
charge with coal [2]. The coal particles up to 1/4-inch in dismeter would be placed
on another layer of inert material, such as limestone, roughly 1/2-inch in diameter.
This inert material would serve to protect the grate thermally, support the smaller
coal particles, trap out particulates and possibly aid in sulfur removal from the
product gas stream.
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The main objectives of the work presented here were the design, construction
and start-up of an experimental appratus that would effectively simulate the
crossflow process. The independent variables such as air temperature and flow
rate, and relative humidity of the air feed were selectively examined to determine
their effect on the exit gas composition and fuel utilization rate. These data will
asgist in determining the reliability of the experimental test-pot system and its
potential for use in future experimental and modelling efforts.

II. EXPERIMENTAL APPARATUS

A flowsheet of the proposed test-pot facility is shown in Figure 1. Ambient air,
fed from a ring compressor, was preheated and humidifed before it entered the
combustion pot. An orifice plate served as an air flowmeter, while the air was
preheated using a steam heater. Supply steam at 30 psig was regulated, using a
Kaye MacDonald regulator, to the pressure required to obtain the desired heater
temperature. The air was humidifed by direct injection of saturated steam. The
temperature and relative humidity (RH) of the feed air were measured as the air
entered the combustion pot using an Omega RH-20F hygrometer. This instrument is
capable of reading temperatures to 175°F ¢ 0.5°F and relative humidity to 95% * 2%.
The humidity measurement was backed with a Hygrodynamics L4-4822W sensor and
L15-3050 Universal Indicator capable of reading to 98% RH t 1.5%. After the product

gas exited the test pot, a sample was taken for analysis and the remainder
combusted in an afterburner.

The test pot itself is shown in Figure 2. It consista of a 24-inch o.d. steel
pipe, 1/2-inch thick wall, with a 1/8-inch thick stainless steel plate welded to the
bottom. The plate is perforated with 3/8-inch diameter holes located on 1/2-inch
triangular centers. The pipe is lined with 5 inches of insulation brick refractory,
resulting in an inside bed diameter of 13 inches. Pt vs. Pt 10% Rh thermocouples .
(TC) are placed at 2-inch intervals above a 6-inch layer of non-combustible
material. The thermocouples are rated to 3000°F and can be used in oxidizing or
reducing atmospheres. The temperature in the coal bed is monitored automatically
as a function of time as well as position by means of a Doric Digitrend 220 data
logger.

Operating at near atmospheric pressure, the test pot is free-hanging while the
transient weight change of the coal is recorded utilizing a load cell. The load cell
is a Sensotec model RM-1K, hermetically sealed to withstand humid and corrosive
environments and temperature compensated to 160°F. It has a range of 0 to 1000
pounds mass and its stated accuracy is t 0.2% of full scale or ¢t 2 pounds. A
Sensotec 450D digital readout with a 0-5 volt recorder output is used in conjunction
with the load cell. The separation between the inlet and outlet of the pot is
maintained by a water seal which allows the test pot to hange freely and still
maintain the division between the inlet and outlet of the bed.

a) Experimental Procedure

The bed was charged with 35 pounds of coke, resulting in a coke bed density of
38 1b/ft3. Coke, the devolitalized product of coal, was selected as the feedstock for
the initial tests as it would produce a less complex gasification product, free of tars
and volatile material. For a typical experimental run, the procedure is as follows.
The air, fed at 25 CFM and 77°F, is heated to 140°F and humidifed to near 100% RH
before entering the combustion pot. The air feed is started first and allowed to
reach steady state at which point the fuel charge is ignited with charcoal placed at
the top of the charge. Ignition of the fuel occurs within 5 to 10 minutes. The data
logger is used to record the temepratures at specific time intervals, initially every
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minute. The weight change with time as monitored by the load cell is also recorded
continuously with a strip-chart recorder. Finally, gas samples from the outlet of
the test pot are taken at specific time intervals, every 10 minutes, and analyzed
with a gas chromatograph (GC). The GC is a Gow-Mac Series 550 thermal
conductivity-type gas chromatograph equipped with a gas sampling valve,
series/by-pass column switching valve, one 5A molecular sieve column and one
Porapak Q column, The run is considered finished when the combustion front
reaches the bottom of the bed. This is tracked via the thermocouples placed at
intervals within the depth of the bed, and is also indicated by abrupt changes in
the gas composition and the pressure drop across the bed.

III. RESULTS

a) Product Gas Composition

Samples of the product gas were withdrawn from the bottom of the combustion
pot at approximately 10 minute intervals. The GC was configured for the detection
of Ng, CO2, H2, CHq, CO and 0O2. A representative composition/time profile is shown
in Figure 3. After an initial transient period (around 20 minutes for the run in
Figure 3), the product gas composition remains essentially constant for the duration
of the test. The onset of breakthrough is signalled by an abrupt increase in the N2
composition late in the run. A typical product gas contained roughly 20% COg, 10%
CO, 10% Hg, 2% CH4 and 60% N2. The GC was checked before and after each run
with a standard calibration gas obtained from Supelco, Inc.

b) Weight Change

The transient weight of the bed provided the data necessary to calculate the
fuel utilization rate and the rate of progression of the combustion front.
Representative data for a typical run are shown in Figure 4. This data, used in
conjunction with the transient pressure drop across the bed, permitted the actual
weight change with time to be determined.

In all cases, the weight change profiles showed an initial period in which the
weight of the bed remained relatively constant, followed by a uniform decrease in
weight until the end of the run. The slope of this line when divided by the
cross-sectional area of the bed yielded the fuel utilization rate at the conditions of
the experiment. This was found to vary from 7.8 lb/ft2-hr at the lowest air flow
rate to 22.1 1b/ft2-hr at the highest air flow rate. These values are well within the
range of those reported for the Wellman-Galusha gasifier with a coke fuel [3].
Comparable results were also found by Essenhigh who reported fuel utilization rates
of 5 to 25 1b/ft2~hr under similar experimental conditions [4].

The fuel utilization rate when multiplied by the density of the packed bed
vielded the rate of progression of the combustion front which ranged from 0.06 to
0.13 inches per minute.

c) Temperature Profiles

The temperature profiles of a typical experimental run are shown in Figure 5.
Such data are wuseful in determining the progression of the combustion and
gasification zones through the bed. A sharp increase in temperature in the early
stages followed by a peak as the combustion zone passed, and finally a decrease in
slope as the gasification zone passed, are characteristics of all the profiles.

The temperature profiles were used as an alternate method for calculating the
170

i
|
|




e

=

progression of the combustion front through the bed by measuring the time between
the temperature maxima at each thermocouple location. The progression of the
combustion front determined in this manner was compared with the progression as
determined from the weight change data as a check of the load cell instrumentation
and as a check on the evenness of the burn. Good agreement was seen in the
progression of the combustion front as determined by each method. This would
indicate that the combustion front of the fuel bed is burning in a relatively uniform,
plug-flow manner.

d) Mass and Energy Balances

The calculation of the mass and energy balances was done as a check of the
overall performance of the instrumentation.

The mass balance focused primarily on the carbon present in the charge. In
order to calculate the carbon balance, it was necessary to obtain the inlet gas flow
rate and composition, the outlet gas flow rate and composition, and the length of
time the run was in progress. From this information the mass of carbon present in
the exit gas could be determined and compared to the mass of carbon that was
consumed as calculated from the weight change. Such a balance resulted in closure
to over 90% in most cases, indicating that the instrumentation was functioning
adequately for the intended purpose.

The energy balances also showed good results, usually accounting for over 90%
of the energy released from the coke fuel. Approximately 50% to 55% of the energy
leaves the bed in the form of combustables in the product gas. The heat losses to
the syastem were 20% of the energy available, while the energy carried as sensible
heat in the product gas accounted for approximately 20% as well. These results are
encouraging in showing that the instrumentation and the experimental system are
operating reliably.

IV. DISCUSSION

For the Wellman-Galusha gasifier with a coke fuel the CO and Hp concentrations
observed in the product gas are 29 mol% and 15 mol% respectively [3]. The data
collected from the test pot came to only 50% to 60% of those for the Wellman-Galusha
gasifier. Moreover, the heating value reported for the Wellman-Galusha was 130
BTU/ft3; the crossflow product gas was only 80 BTU/ft3. Also, Essenhigh reports
CO concentrations of 23 mol% for his similar test-pot studies using a coke fuel [4].
He does not report a value for hydrogen. In an associated modelling effort, both
the results of the test pot and the other workers could be predicted by including a
reactivity factor in the rate equations to account for variations in feedstock
characteristica {5]. Thus differences in product gas composition may reflect
variations in the physical and chemical characteristice and hence reactivity of the
feedstock. :

The test pot responded to changes in air feed to the bed as expected. Under
the same steam feed conditions, higher air flow rate resulted in higher combustion
temperature and a shorter run time. The test-pot also responded as expected to
changes in the steam feed to the bed. High steam rates resulted in lower
temperatures in both the combustion and gasification zones. This in turn affected
the product gas compositions by suppressing CO production and increasing H2
production. The lower combustion and gasification temperatures also allowed for
more uniform heating of the bed and a more defined and stable gasification zone.
Conversely, low steam flows yielded higher combustion and gasification temperatures,

—-— —--mmm e -with-€0--production—favored-and—Hg-suppressed:—---——---—--—
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It should also be noted that CO2 generated in the combustion zone is not being
completely converted to CO as it passes through the gasification =zone. Low
temperature, short residence time, gas channeling, clinker formation or low fuel
reactivity are possible factors affecting conversion.

V. CONCLUSIONS

The fuel utilization rates for this system were comparable to those for the
Wellman-Galusha gasifier [3]. The carbon mass balance resulted in over 90% closure
in most cases, a result which is consistent with that reported by other researchers
in the gasification area [3,4). The energy balances show approximately 50% of the
energy leaves the gasifier in the form of combustables. Another 20% of the energy
leaves in the form of sensible heat and roughly 20% is lost to the system.

Based upon the data collected and the mass and energy balances performed,
the experimental test pot system operated reliably and produced good data.
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MODELING OF HYDROGASIFICATION OF A SINGLE LIGNITE CHAR PARTICLE
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INTRODUCTION

Gasification, devolatilization, combustion and other coal conversion processes
are quite complex, involving numerous, not well defined reactions, and simultaneous
physical structure transformations. In order to describe these phenomena, several
efforts have been reported, based either on empirical kinetic expressions (1.5) or
on theoretical models (6-12). In the former, rate expressions are given in terms of
volatile species, residual and active carbon, andreactant gas concentration or pres-
sure, Theoretical models attempt tocouple reaction rates with mass and heat trans-
fer processes. The various models, however, differ significantly fromeach other,
because of the diversity of the chemical and physical phenomena which they describe
(e.qg. pyrolysis, combustion, steamgasification etc) and the differences in assumpt ions
and simplifications involved in each one.

Fast coal processes, such as oxygen combustion, rapid pyrolysis and devolatiliza-
tion areusually considered toproceed via ashrinking core model, either isothermally
or non-isothermally (6-11). Mass transport limitations are often assumed to occur
vithin areacted shell, surrounding acoal particle (6-7). The pore structure of the
reacting particles is considered unchanged, inmost of these models (6-9), although
the effect of pore size distribution has been examined (8).

Structural variations of coal with reaction time have been included in few models,
such as in hydropyrolysis. of softening coals (10), in coal-oxygen reactions (11) and
in char gasification (12). In a comprehensive analysis of coal combustion models,
Sotirchos and Amundson (11) considered only the macropores of coal. Thus, local
conversion and pore .structure depended only on the thermal gradients at various total
conversions. Lee- at al. (12) developed a char gasification model, in which Knudsen
diffusion (in the micropores), as well as pore structure variations due to carbon
consumption, were included. However, onlyone reaction was considered totake place,
vith CO2 as agasifying medium. This model simplifies the reaction netvork, ignoring
the participation of an active carbon species and also the product mass transfer and
the reactant accumulation. These simplifications yield ananalytical solution, at
pseudosteady state conditions.

The model proposed here considers the physical and chemical processes occuring
in agasifying .single particle and correlates the predicted results with experimental
macroscopic data. An active carbon species isassumed (13) toreact in two parallel
steps toform a gaseous product or stabilized char (coke). Reactant and product dif-
fuse in and out of the particle while the local micropore structure can vary due to
carbon reaction and consumption. The model permits estimation of the local radial
distribution of reactant and product concentrations, reaction rates, surface areas
and porosities with time. Global properties, such as product yields, surface area
and porosity are alsocalculated, for comparisonwiththe corresponding experimental
quantities. The model is applied here to coal hydrogasification, a process which
has received less attention compared with steam or CO2 gasification.

FORMULATION OF THE MODEL

A single spherical lignite or coal particle, of radiusr, isconsidered to undergo
hydrogasification, after initial rapid devolatilization. During thisinitial stage,
a measurable, uniform pore structure, and an assumed hydrogen profile have developed
vithin the particle. The .following assumptions apply to the model formulation:

- Isothermal reaction in a uniform, constant hydrogen atmosphere.
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- Constant particle sizé, with uniform radial pore structure distribution initial-
ly (t=0).
- Negligible film diffusion resistance around the particle,
- Predominantly micropore structure.for the particle.
Char hydrogasification involves an active carbon species, which, with hydrogen
yields methane, or by crosslinking results in coke faormation and carbon stabiliza-
tion:

+H

2
CH
ky 4
k

la)

Lignite Active Char (C*)
2
Coke 1b)

From available rate expressions for CH; and coke formation (13), the instantaneous,
local reaction rates within the particle are given by Equations 2 and 3.

o £l c 2
kq exp(- ) ppS C )

Rew, (mt) g Ccxluy

E ook
= k° 2 = X8
Reoke(Trt) = ky exp(= 77) 0pSq Cow =~ 3)
Reactant (H;) and product (CH4) counter diffuse through the porous particle matrix
vhich varies with time and location due toreaction. Thus, the continuity equation
for the two gaseous species gives:

aCH acy
Hy 15 2 2, _
3t T 2 er (r De,Hz ar ) ZRCHa (r,t) 4
3Cchy, aCey
_.1 3 2 4
5t - 7 ar (5 B,cH, e ) Ry (508) 2

The effective diffusivities (De,') can be related to the Chapman-Enskog diffusivity
(DH2/cH,) and the Knudsen diffusivity into the micropores (Dy), (14), by

Cl, 112
De,j = ( 012 + Dk) [ 6)

Weight (m).loss and increase of surface area (S,) and porosity (¢) of the particle
occur because of the first reaction, la, and, thus, they can be correlated with the
conversion to methane (Xcy,)

€ =1« (1-XcHy) (1-g4) 7
= 4 512 (g -6) 8)

m=mg+ 3 mrtppleg-¢

pp: pt (l-E) 9)

Relation 6, between bulk (p,) and true (py) particle density, is valid for non-
swelling .or -shrinking partigles of constant size. For moderate conversions, the
surface area may be assumed to vary linearly with porosity (15)

S =5 ¢ 10)
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This system of non - linear partial differential .equations was converted to a
system of dimensionless non-linear.algebraic equations by the explicit finite differ-
ence method. Equation 2-4 and 6-10 were solved iteratively, using the Brown.techni-
que- (16) and the appropriate boundary conditions forCex, €, CHE below. Solution of

h

Eq. 5, vith the pertinent B.C. for C[;H4 below, gives the methane distribution in
the particle.

Cox = Coy
€ = €g
At t =0and0gr gy
X =0
CHy
~  “coke 0
[ C =C 11
Hz ~ "Hz,s )
t>0andr = T,
C., =0
L CHy
3CH2 aCCH4
t>0andr =0 —aT:,aT-_U

All char carbon (Cpx) is considered reactive, as indicated by.its.complete conver-
sion in high pressure experiments. Since hydrogasification occurs after initial
rapid hydropyrolysis (17), some hydrogen profile is expected within the particle
matrix. Thus, insteadof the conventional boundary conditions for hydrogen, a simple
linear initial profile has been assumed and tested

T
At t=0and0Ogrg L, CH2= —g CHZ,S 12)

A linear, or perhaps aparabolic, hydrogen profile should be more realistic, since
hydrogen has penetrated into the pores during the first stage. Alternatively, a
uniform zero hydrogen concentration may be assumed (Cy, =0 at t =0, rgry), or even
a uniform concentration equal to the bulk one (Cyy=Cyy g at t=0, rgry).
Parameter values were obtained either experimenta}iy or from the 1literature,
Values of k9, E}, Sor €y and p; were measured at 800 - 9509C, wvhile k9 and E, are
values

experimenta reported in reference (18). The following values were used
E, = 35600 cal/mol s800 = 355 m2/g €800 00,17
E, = 28600 cal/mol s850 = 388 m2/q €850 = 0.175
k9 @ 1.7%1076 n’%/mol-min $900 5 395 m2/g e300 = 0,18
kS @ 3.77x10-7 m/min s§50 = 410 m2/g €250 - 0.19

py @ l.42 gr/cm3

EXPERIMENTAL

Lignite hydrogasification experiments, to obtain kinetic parameters and macro-
scopic, global. properties, were performed in a TGA (DuPont 99) system and in an
isothermal, tubular reactor (17, 19). Products.vere continuously analyzed by GC
and IR. Pore structure,porosity, density and surface area of lignite chars, at
various times and temperatures, were characterized by multipoint BET, helium pycno-
metry, (O and Ny adsorption (20).
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RESULTS AND DISCUSSION

The model formulated above has been solved using a simple, linear profile for
the initial concentration of hydrogen within the particle. Solution has been .obtai-
ned at eleven radial positions for a time period of 30 min.using a.time increment
of one minute. The results permit estimation of non-measurable quantities, such
as the temporal-radial distributionof (a) hydrogen, methane and coke cencentration;
(b) porosity and surface area; and (c) local rates of methane and coke formation,
under various reaction conditions. Integration of predicted results over the whole
particle yields global properties, such as particle weight loss, methane yield and
rate of formation, total porosity and surface area.

Comparison of predicted and measured macroscopic properties should establish
first the adequacy of the model to describe the chemical and physical processes.
Figure 1 shows calculated and experimental values of carbon conversion to methane
at various times and temperatures. In most cases,.agreement is good. Some deviation
of experimental data, especially at high temperatures, may arise from a number of
reasons, e.g, different initial hydrogen profile, slightly higher order in Hp for
reaction la, or higher k9 and E, values than those obtained fromthe literature for
the crosslinking and carbon stabilization reaction.

Similarly, the predicted development of total particle surface.area andporosity
is ingood agreement with the measured physical properties up to 30-40 min, Figures
2 and 3. One should note, here, that Equations 7 - 10 of the model assume a linear
growth of surface area and poroesity, directly proportional to carbon conversion to
methane. Pore blockage, because of carbon stabilization and .crosslinking, is not
currently considered in. the model. This phenomenon may explain the decline of Sg
and € at prolonged times,

After the above macroscopic comparison of model and experimental results, a
microscopic.examination should .unravel the transformations that a lignite particle
undergoes during hydrogasification. Figure 4 shows the anticipated hydrogen con-
centration profile inthe particle, atvarious times, If the initial (t=0) hydrogen
concentration is.assumed to vary linearly with radius, CHZ in the pores increases
vith time; however, it always remains less than the bulk one, because of partial
consumption of Hy to form methane and counter-diffusion of the. product. The hydro-
gen concentration in the pores is also expected to increase (albeit somevhat slower)
in the case of uniform, zero CHZ initially. « If at t=0vCHz=CH2,Sv hydragen diffuses
into the pores faster than it reacts and its concentration remains constant with time.

Methane is produced by reaction of active carbon with Hg and diffuses out of the
gasifying particle. Its concentration distributien radially can be predicted by
this model, as shown in Figure 5. At the outer layers of the particle, the high
local CHp results in high carbon-to-CH, conversion and, thus, methane concentration
increases. The decline of CHy at the surface (r=ry) is caused by the assumption
that methane is so diluted in the bulk stream that itsbulk and surface concentration
is virtually zero., Methane concentration in the particle increases with time because
of Cy, increase, cf. Fig. 4.

Carbon consumption to form gaseous methane should increase the number and size of
pores within the particle, dependent .on rate., If the "specific surface area", Sg,
is used as an approximate, lumped measure of pore structure development, a surface
area radial distribution canbepredicted, Figure 6. This area increases, from the
center of the particle outwards, because of the higher H; concentration and rate
in the outer shells. Since Cy, increases with time. within the particle, S_ also
increases, to a substantial di?ference of ~ 50 m“/g between surface and cenfer at
30 min reaction time. A similar trend is predicted for the local "porosity", e,
radially vith time.

The calculated local values of CHy, Sq,. € permit estimation of the local reaction
rate for methane formation at any. time, Figure 7., Rate increases outwards, following
a trend analogous to Cy, and Sy, Around the center of the particle, CH2 increase
vith time results in significant .increase of Rgygy. after 30 min., Near the surface,
Reyy, is affected by the surface area increase (c?. Fig. 6), since CHj there changes
little (Fig. 4).

Figure 7 and Equation 2 indicate that hydrogasification is sensitive ta Hz
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partial pressure. Thus, recycle of the reactant stream without prior separation.of
product could affect rates in the pores significantly. Figure 8 shows a drastic
decrease of methane formation rate within a gasifying particle, at 5 min., With
PCHy = PHp =1 = 1 in the bulk stream, rates . drop to almost zero for r < 0.5 rq,
and” to less than 15 % of that for . pure Hy, at r,. Integration of these curves
with location and time show that carbon conversion to methane at 900°C should drop
from ~6% in pure Hp to ~1% at PHp =0.5 atm.

The model described here takes into account a realistic, two path reaction
scheme for hydrogasification, with simultaneous variation of the pore structure
properties of the gasifying char particle. Porosity and surface area donot develop
uniformly, within the particle, with time and this .affects hydrogen penetration,
methane counter-diffusion and, thus, the microscopic and global rate of gasifica -
tion, The model predicts succesfully experimental macroscopic quantities, up to
30-40 min of gasification. Beyond thistime, carbon stabilization and pore blockage
may cause some deviation. The use of the model can be easily extended to noncaking
coals other than lignite and to other gasification media such as C02 or steam.
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LIST QF SYMBOLS

C* Active carbon concentration (mol/m3).

CeHy Intraparticle methane concentration (mol/m3).

CHZ Intraparticle hydrogen .concentration. (mol/m3).

CHa,s Bulk hydrogen concentration (mol/m3).

De, j Effective diffusivity of species j (H2 or CH4) (m2/s).

D12 Chapman-Enskog diffusivity (m2/s).

Dy Knudsen diffusivity (mz/sg.

Eyy E9 Activation energies of methane and coke formation (cal/mol).

€ Porosity of particle.

I Binary diffusivity coefficient (0.25 for De,H2 and -0.5 for Dg CHa)-
7, kg Rate constants of methane and coke formation. !
m Particle mass (g).

°p Bulk density of pagticle (g/cm3).

Pt True density (g/cm?).

T Particle radial coordinate (p).

Ty Particle radius (p).

Universal gas constant (1,987 cal/mol K).
RCHy (r,t) Rate of methane formation (mol/m3 min),
Reoke (Tst) Rate of coking reaction {mol/m3 min).

g Specific surface area (m%/q).
T Temperature (K).
t Time (min).
XCHy Methane conversion.
Subscripts
o Initial values at t =0,
s Bulk stream and particle surface property.
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DETERMINATION OF ATOMIC SODIUM IN COAL COMBUSTION USING
LASER-INDUCED FLUORESCENCE

Philip G. Sweeny, Harmon B. Abrahamson, Lewis J. Radonovich, and Thomas A. Ballintine
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Grand Forks, North Dakota 58202

ABSTRACT

A laser-induced fluorescence spectrometer (LIFS) was assembled and sodium atom
densities produced from the aspiration of solutions and direct introduction of a lignite into a
flame were determined from fluorescence measurements. The average flame volume
observed was 0.4 mm3. This small volume allowed the measurement of sodium
concentrations as a function of vertical and horizontal flame position. Temperature profiles
of the flames employed were also obtained and compared with the sodium atom densities.
The sodium atom densities calculated from the fluorescence measurements (Ny) are

compared with the sodium atom densities calculated from thermodynamic considerations
(Nn) and sodium concentrations derived from aspiration/introduction rates (N;3).

INTRODUCTION

Many western low-rank coals contain significant quantities of alkali, primarily sodium, that is
associated as salts of organic groups (1,2). Sodium content has been correlated with
serious operational problems in combustion systems such as convective pass fouling (3,4).
The flame-volatilized alkali can condense on surfaces of entrained fly ash particles forming
low-melting-point layers which enhance adhesion of ash particles to heat transfer surfaces
(5,6). Other studies relating flame composition and temperature to sodium volatilization
have been published (7,8). These studies are all similar in that only the initial and final
forms of sodium were analyzed. A few attempts have been made using mass spectrometry
to directly measure amounts of alkali in coal-fed flames (8,9), with some difficulty. In order
to accurately measure the density of volatilized sodium atoms in the flame region, an
alternative approach is necessary.

Laser-induced fluorescence spectroscopy (LIFS) is well suited for probing various locations
in flames to examine alkali release. This technique permits the quantitation of atomic
species and has a small spatial resolution. The goal of this study was to determine if LIFS
could be used to quantitate sodium atom densities in flames into which coal had been
directly introduced, and to determine the effect of temperature and flame position on the
sodium atom densities so measured.

EXPERIMENTAL

A laser-induced fluorescence spectrometer (LIFS) was used to measure the sodium atom
densities produced from the aspiration of solutions and direct introduction of solids into a
methane/argon/oxygen flame (2.9, 3.2, and 3.2 L/min, respectively). Argon (3.9 L/min) was
used for the flame sheath. The excitation beam was generated by a flashlamp-pumped dye
laser, focused and passed through a polarizing beam splitter. The horizontally polarized
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beam was directed through the flame and the intensity of the vertically polarized rejected
beam was monitored with a photomultplier tube (PMT). The bandwidth of the laser beam
was 2-3 A, the maximum energy available was 1 J, and the pulse length was 500-1000 ns.
The diameter of the laser beam in the sample region was 2.0 mm.

The fluorescence detector was mounted perpendicular to the excitation beam in the
horizontal plane, and two convex lenses were used to collect the Na fluorescence and
focus it on the monochromator entrance slit. A polarizing filter set to pass only horizontally
polarized light was placed directly in front of the monochromator. A PMT was positioned at
the monochromator exit slit. The monochromator settings used for the Beulah lignite
studies produced a bandpass of 1.2 nm and measured a sample volume of 0.4 mms3.
Various monochromator settings were used in the solution studies. Stanford Research
Systems gated integrator/boxcar averagers were used to collect the signals from both
PMTs. The first 300 ns of the fluorescence pulse was used to quantitate the sodium atom
density. The boxcars were triggered by the laser flash via a photodiode.

The reported flame temperatures are those directly measured with a Pt/Pt-10%Rh
thermocouple. The burner head was similar to that used by Daily and Chan (10). The
radius of the burner head was 0.25 inch and the horizontal positions reported are those
measured from the burner center with positive values indicating positions closest to the
detector.

Solutions were aspirated into the flame via a Perkin Eimer nebulizer. The coal samples
were introduced through a spouting bed coal feeder at a rate of 38.6 mg/min. The coal
selected for the initial studies was a Beulah lignite. The proximate, ultimate, and ash
analyses of this coal are shown in Table 1. A sized fraction between 200 and 325 mesh
dried at 50 °C and 1 torr was used in this study.

The fluorescence intensity of the sodium solutions was defined as the difference between
the intensity measured upon the aspiration of the analyte-containing solution less the
intensity measured when plain deionized water was employed. The background signal for
the coal studies was measured by tuning the laser and the monochromator to a wavelength
3 nm lower than the sodium doublet and introducing the coal sample. The fluorescence
signal was taken as the difference between the intensity measured at the sodium doublet
and the background measured at the lower wavelength.

The fluorescence data wers obtained by taking ten points and averaging the resuits and
calculating the standard deviation. The data among the original ten points not within a
standard deviation were discarded leaving six to nine values to average for the reported
data point.

The sodium atom densities were calculated in two different ways: from fluorescence
intensities in the manner of Daily (11) to obtain Ny values, and from a thermodynamic
model described by Benson (12) to generate Ny values. The total sodium concentrations in

the flame were derived from sample aspiration/introduction rates following the procedure
suggested by Wineforder and Vickers (13) to obtain Ny, values.
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RESULTS

The LIFS was assembled and tested by aspirating sodium-containing solutions into the
burner. The fluorescence signal was found to be linear over three orders of magnitude of
Na concentration (Ny = 7.6 x 107 atoms/mm3 to Ny, = 7.6 x 1010 atoms/mm3). The Ny
values for these solutions varied from 1.0 x 107 atoms/mm3 to 1.0 x 1010 atoms/mm3
respectively. The fluorescence measurements were taken at the flame edge closest to the
detector. Five different sodium salts (NaCl, NapCOg3, NapS,03, NaCOoCgHg and NaOH)
were analyzed in the solution studies. The fluorescence intensity was independent of the
sodium source.

In order to correlate the fluorescence measurements to actual sodium atom densities in the
flame, it was necessary to establish saturation of the fluorescence signal (11). Plots of
fluorescence intensity vs. laser power were obtained for both the solution studies and the
Beulah lignite profiles. The laser intensity necessary to achieve saturation in the solution
studies was 1.5 x 106 W/cm2 nm and 1.2 x 107 W/cm?2 nm for the coal studies.

A horizontal fluorescence profile produced by the introduction of Beulah lignite into the
methane/argon/oxygen flame was obtained (Figure 1). These results show that significantly
higher fluorescencs is observed upon viewing the side of the flame closest to the detector.
The maximum fluorescence was observed at 0.28 inch from the flame center, producing the
corresponding maximum in calculated sodium atom density.

A vertical fluorescence profile taken at the flame center is shown in Figure 2. The
fluorescence signal was highest directly above the burner head, and decreased to a
constant value at positions between 0.115 to 1.115 inches above the burner. A vertical
temperature profile taken at a position of 0.175 inch is shown in Figure 3. The temperature
was greatest at a distance of 0.056 inch above the burner. The temperature decreased
from 1710 °C to 1600 °C upon travelling from 0.056 to 1.525 inches.

A vertical fluorescence profile was taken at the horizontal position of 0.35 inch (Figure 4).
This graph shows that the fluorescence initially increases with vertical position and then
levels off at an intensity corresponding to 1.6 x 109 atoms/mm3. A vertical temperature
profile was taken at the horizontal position of 0.35 inch {Figure 5). The temperature at this
position increased rapidly with vertical position and leveled at a maximum near 1600 °C.

DISCUSSION

LIFS can measure changes in the density of sodium atoms generated by the introduction of
solutions and solids into a flame. The linearity of the sodium concentration .profile
established this fact for solutions. The horizontal profile of Beulah lignite (Figure 1)
establishes this fact for solids by showing increased fluorescence readings upon moving
from outside to inside the flame zone.

The initial solution studies show that the LIFS can be used to quantitate sodium atom
density in the flame, in addition to merely measuring differences in concentration. The
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uniform increase in fluorescence signal with increased sample concentration demonstrates
a range of concentration where quantitation is possible. The observation that the Ny value
is independent of the composition of the initial sodium salt indicates that equilibration of the
sodium atoms with the other flame species is complete, and that this equilibrium is not
significantly affected by the identity of the counter ion. It is significant that the Ny values are
only 14% of the Ny, values, while the thermodynamic calculations (Ny) predict that 83 % of
the sodium should be in the atomic form. The discrepancy between N, and Ny values is of
a magnitude similar to that reported by Smith et al. (14). These workers attributed this
discrepancy to the estimates which contribute to Ny,, most significant in our case is the
uncertainty in the degree of flame expansion. This explanation is realistic and therefore the
difference between the percentages of sodium present in the atomic form calculated from
the Ny/N;, ratio (14%) and that from thermodynamics (83%) is most likely due to the
inaccuracy of Nq,.

The seemingly low Ny values could also be due to decreased fluorescence intensity
because of chemical reactions of the excited state sodium atoms (quenching). These types
of reactions have been detailed by Muller et al. (15). In order to avoid this complication in
our measurements only the initial 300 ns of the fluorescence was used for quantitation.

The calculation of the sodium atom densities depends on operation in the saturated state.
Saturation was confirmed in both the solution and coal studies. The intensities needed for
saturation are comparable to those reported by Smith et al. (14) for sodium solutions. OQur
observation that the saturation threshold is higher for solids than for solutions may be due to
differences in the optical densities of the flames.

The horizontal profile of Beulah lignite (Figure 1) shows a maximum Ny value at the flame
edge closest to the detector. This asymmetry is a result of self absorption and/or the optical
density of the coal entraining flame. A similar result was observed by Daily and Chan (10)
when solutions of high sodium concentration were measured. This result points to the
necessity of making measurements near the flame edge if accurate quantitation is desired.

The vertical fluorescence profile taken at the center of the flame (Figure 2) shows the
fluorescence signal to be constant above 0.1 inch. Comparison of this result to the profile
taken at the flame edge shows that the self absorption effect occurs up to flame positions of
1.115 inch. Comparison of Figure 2 with Figure 3 shows the fluorescence to be unatfected
by small temperature changes. Comparison of Figure 4 to Figure 5 shows that the
fluorescence apparently increases with flame temperature. The large variation in flame
temperature at this latter horizontal position (0.35 inch) is because this is outside the burner
radius and increasing vertical position moves the sample volume from outside to inside the
expanded flame zone. Thus the fluorescence signal should increase as the observation
point is moved into the active flame. (This latter fact leads to the conclusion that the data
points taken at vertical positions of 0.015 inch are artifacts due to reflection of the laser off
the burner head and do not represent actual sodium atom fluorescence.)

The vertical fluorescence profile taken at the flame edge (Figure 4) shows that Ny reaches a
maximum value of 2.1 x 109 atoms/mm3; this corresponds to 1.8% of the Ny, value
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(1.2 X 1011 atoms/mm3). The thermodynamic calculations predict 83% of the sodium to be
released at equilibrium. The Ny/Ny, ratio for the coal (1.8%) is approximately 7.8 times
smaller than that observed for solutions (14%). 1If we assume that equilibrium was reached
in the solution studies, and that the Ny values are correct, then the Ny, values are 5.9 times
larger than the actual sodium densities. Incorporating this factor into Ny, for coal produces
the conclusion that the maximum amount of sodium present as atomic vapor in the flame
containing Beulah lignite is 11%.

SUMMARY AND CONCLUSIONS

LIFS can be used to measure differences in sodium atom concentrations in both solution-
and solid-containing flames. Quantitation of the sodium atom density is possible at the
flame edge. The sodium atom densities produced from the introduction of Beulah lignite
are not affected by small changes in temperature. The maximum percentage of sodium
present as atomic vapor in the Beulah lignite flame was 11% of the total sodium in the coal.
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TABLE L

Analysis of Beulah High-Sodium Lignite.

Ultimate Analysis

Ash Analysis

(Wt% moisture-free) (Wt% ASTM)
C 62.8 SiO, 20.4
H 3.9 Al,O,4 12.6
N 1.5 Fezog 10.8
S 1.7 TiO, 1.2
o 16.8 P,0s5 0.9
ash 13.3 CaO 18.9
MgO 5.9
Proximate Analysis N agzO 6.3
(wWt% as received) K,O 0.0
H,0 34.9 SO, 22.8
ash 8.7
2.0e+9
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E
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£
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Figure 1. Horizontal fluorescence profile of Beulah lignite
at a vertical position of 0.415 inch.
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Figure 3. Vertical temperature profile of Beulah lignite at a
horizontal position of 0.175 inch.
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The Effects of Ion-exchanged Cobalt Catalysts on the Gasification of
Wood Chars in Carbon Dioxide

William F. DeGroot and G.N. Richards
Wood Chemistry Laboratory, University of Montana, Missoula, Montana 59812 USA

Wood is composed primarily of cellulose, hemicelluloses, and lignin, with
lesser quantities of extractives (material extractible in organic solvents) and
mineral matter. The cottonwood species used in this study has been analyzed
previously in this laboratory and it was found to contain 44%Z cellulose and 327
hemicelluloses on an extractive-free basis (1). The major component of the
hemicelluloses is 0O-acetyl-4-0-methylglucuronoxylan, a polymer comprised of
repeating units of xylose with acetyl and 4-O-methylglucuronic acid substituents
substituted along the polymer chain. Figure 1 shows a representative chemical
structure of this polymer, but does not correctly represent the frequency of
substituents; approximately half of the xylose residues contain an acetyl group and
there is one 4-0-methylglucuronic acid group per 10-20 xylose residues (1,2). These
acid groups provide a means of incorporating catalysts into wood in a reproducible,
highly-dispersed manner by ion exchange. Similar methods are used in catalysis of
low-rank coals, but the ion exchange capacity of wood is much Tower than that of
coals, Our wood sample was found to contain 8-10 meq of carboxylic acid groups per
100 grams of wood (2), while low-rank coals typically contain 10-50 times higher
concentrations of carboxylic acid groups (3,4).

The effects of several ion-exchanged catalysts on gasification of wood chars in
carbon dioxide were described in an earlier paper (5). lon-exchanged cobalt and
calcium were found to be very effective catalysts of gasification of wood chars (HTT
800°C). In this paper we focus on the activity of cobalt catalysts for gasification
of wood chars prepared at different heat treatment temperatures.

The gases formed by pyrolysis of low-temperature chars have also been
determined by temperature-programmed desorption (TPD) using mass spectrometry. This
analysis is indicative of structural features of the char and helps to elucidate the
chemical transformations occurring in low-temperature chars (HTT 400°C) as they are
heated to high temperatures.

EXPERIMENTAL

The wood sample used in this study was sapwood from black cottonwood (Populus
trichocarpa). The wood was ground in a Wiley mill, sieved, and the 20/30 mesh
fraction was retained for analysis. Chars were prepared in a tube furnace purged
with flowing nitrogen, as described previously (1), and they were stored in
nitrogen- or argon-purged containers between analyses.

Acid washing and cobalt ion exchange treatments were carried out by column
percolation. For cobalt ion exchange the ground, acid-washed wood (2.5 g) was
degassed in a small quantity of 0.01 M cobalt acetate solution and transferred to a
glass chromatography column. The wood was then washed slowly with 500 ml of the
0.01 M cobalt acetate solution, followed by a thorough wash with distilled,
deionized water to remove any unbound salt. Acid washing was carried out by
essentially the same procedure except that 0.01 M HC1 was used.

Reactivity measurements were carried out in a gasification reactor/detector
system described previously (1). Briefly, the system consists of a small-scale
temperature-programmed alumina reactor coupled to a combustible gas detector. The
reactor can be maintained under either an inert or a reactive atmosphere. For inert
conditions it is swept with nitrogen or helium (40 cc/min) and an equivalent flow of
carbon dioxide is valved into the reactor for gasification.
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The detector consists of a Zr0p solid electrolyte oxygen sensor which is
C

maintained at a temperature of 650-700°C., Combustible gases formed in the reactor

combine with an air stream after they leave the reactor and they undergo combustion
in the hot detector. The detector monitors the depletion of oxygen content in the
combined gas streams. The rate of carbon gasification is calculated from the
combined gas flow rates and the oxygen depletion, assuming that one mole of carbon
is gasified for each mole of oxygen consumed.

The rate of gasification of a char (HTT 800°C) prepared from untreated
cottonwood is shown in Figure 2, The detector output can be integrated over the
entire run to give the total extent of gasification, or it can be integrated above
the baseline defined by the rate of pyrolytic gasification (dotted 1ine) to give the
extent of gasification due to reaction with C0p. The extents of gasification
reported in this paper are those due to gasification alone, i.e. excluding
pyrolysis. Extents of conversion determined in this way compare well with measured
weight losses, generally amounting to 100-110Z of the weight loss. This system is
preferred to gravimetric systems for our purposes because of its greater sensitivity
and better control of temperature and gas flows.

The gasification system was modified to include a unit resolution mass
spectrometer (Hewlett-Packard Model 5970B) for qualitative analysis of gas mixtures
formed during pyrolysis of the sample prior to gasification. When the mass
spectrometer was in use helium was used as the reactor purge gas. A splitter was
placed in the gas line between the reactor outlet and the combustion air inlet. One
meter of uncoated vitreous silica capillary tubing (0.20 mm ID) connected the
splitter to the mass spectrometer. The capillary tubing was contained in a transfer
line heated to 100°C. This arrangement diverted approximately 0.1 m1/min (0.3%) of
the reactor gas flow to the mass spectrometer. On the basis of preliminary runs
which revealed no high molecular weight pyrolysis products, the mass range of 10 to
110 amu was scanned and approximately fifteen mass spectra were accumulated per
minute.

X-ray diffraction patterns were obtained using a Phillips diffractometer (CuKa,
35kV, 20mA) at a scan rate of 1 degree per minute. The sample was mounted on a
glass slide using a vaseline smear.

RESULTS

Gasification Rate Determination

Table 1 shows the yields and reactivities of chars prepared at different HTT's
from wood treated by ion exchange with cobalt, calcium, and potassium. The char
prepared from one of the cobalt-exchanged samples was initially so reactive that the
rate of gasification exceeded the detection limits of the detector, i.e., all of the
oxygen in the combustion air supply was consumed by combustion of product gases. In
this case the maximum rate of gasification was not observable, and the extent of
gasification was therefore indicated as being "greater than" the value of the
integrated detector response. The change in sample weight is indicated to show the
total extent of reaction.

The reactivities of the chars containing cobalt catalyst are clearly less
dependent on HTT than are those of the chars containing calcium and potassium, The
reactivities of the latter chars toward gasification at 800°C increase by at least a
factor of two as the HTT is reduced from 1000° to 800°C. This behavior is typical
of trends shown by other investigators who have studied the effects of HTT on
catalyzed gasification of lignite chars (6-8). By contrast, chars prepared from
cobalt-exchanged wood at 800° and 1000°C are gasified to a similar extent at 800°C.
When HTT and gasification temperature are reduced to 600°C, the char prepared from
cobalt-treated wood is completely gasified, whereas the chars prepared from calcuim
and potassium-exchange wood are completely unreactive at this temperature. When
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cobalt-exchanged wood was charred and gasified at 400°C, no gasification occurred.

Table 1. Effect of HTT on extent of C0p gasification of chars from ion-exchanged
wood. Gasification was for 30 min in 90.9 kPa of COp.

Gasification
HTT Char Yieldb Temperature Percent
Treatement (69} (Z, d.a.f.) (°C) Gasified
Co-exchanged 1000 7.4 800 >692
800 9.2 800 73
600 46
600 12.9 600 96
400 21.3 400 0
K~exchanged 1000 9.9 800 6%
800 13.4 800 13
600 17.5 600 0
Ca-exchanged 1000 8.1 800 36
800 9.3 800 102¢
600 12.7 600 0

2Measured weight loss was 737.

bChar yields are reported on a dry, ash-free basis assuming that the weight of
the ash in the original wood remains in the char.

CSample gasified completely. Percent of conversion determined by integration
of combustible gas detector signal was consistently 100-1107 of measured weight
loss.

In order to better assess the dependence of reactivity on HTT in more detail,
chars prepared from cobalt-exchanged wood at 100°C increments of HTT were gasified
at 500°C. The results are shown in Table 2. The maximum reactivity is attained at
the HTT 600°C. The reactivity decreases slightly when the HIT is raised to 700°C
and more dramatically when the HTT is raised to 800°C. There is very little
reaction for the sample of HTT 500°C. These results suggest that there is a
threshold temperature for activation of the catalyst at about 600°C.

Table 2. Effect of heat treatment temperature (HTT) on the yield and reactivity of
chars prepared from cobalt-exchanged wood. Gasification was carried out
for 30 min at 500°C in 90.9 kPa of COp.

Char Yield Percent
Sample HTT %, d.a.f. Gasified
Co-exchanged wood 800 9.2 16
(0.23% Co, 0.347 ash) 700 10.9 66
. 600 12.9 70
500 17.2 3

To obtain a more detailed description of the nature of catalysis by cobalt it
is helpful to consider the changes in reaction rate with extent of gasification or
"gasification rate profiles", as shown in Figure 3. The gasification rate profile
for the HTT 800°C char prepared from cobalt-exchanged wood undergoes two phases of
reaction when gasified at 800°C. The first stage is very rapid but decreases as the
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reaction proceeds, The second phase is characterized by a lower, more constant rate
of reaction,

Figure 4 shows the gasification rate profile of a low-temperature char (HTT
600°C) gasified at 600°C. This char was much more reactive than the char prepared
at 800°C and the maximum rate exceeded the detector capacity. As shown by the
extents of gasification in Table 1, the low-temperature char was completely gasified
in this case, and there was no evidence of the second, slower phase of gasification
which was observed in gasification of higher temperature chars (HTT 800°C) at 800°C.

Pyrolytic Gasification of Low-Temperature Chars

We investigated the pyrolytic transformations that occur in chars (HTT 400°C)
prepared from untreated and cobalt-exchanged cottonwood upon heating to 800°C in
order to determine the existence and nature of any significant catalyst/substrate
interactions which occur during pyrolysis. Figure 5 shows the gasification rate
profile and the total ion profile for a char (HTT 400°C) prepared from untreated
cottonwood heated in flowing helium to 800°C; both curves are from the same
experiment. The shape of the gasification rate profile is distinctly different from
that of the total ion profile. The former peaks at 10.5 min, corresponding to the
end of the temperature ramp, while the total ion profile peaks at 8.5 minutes
(600°C). The difference in the two profiles is apparently due to evolution of
molecular hydrogen in the higher temperature range. Hydrogen is not detected by the
mass spectrometer, but the combustible gas detector is very sensitive to the
evolution of hydrogen, since its combustion requires three times more oxygen per
unit weight than does combustion of carbon. Comparison of these curves therefore
suggests that evolution of molecular hydrogen from the char predominates at high
temperatures (T>650°C), while carbonaceous compounds are evolved at lower
temperatures.

Analysis of individual mass spectra acquired during these experiments indicates
that the most prominent species evolved are CO (m/z 28) and CO; (m/z 44), with CO2
evolution decreasing at higher temperatures. There is also a smaller, but
significant quantity of water (m/z 18) evolved throughout the pyrolysis process.
Mass peaks indicative of methanol, low molecular weight aldehydes and hydrocarbons
are also present in very low abundances.

The gasification rate profile shown in Figure 5 has been demonstrated to be
representative of untreated wood as well as wood treated with alkali and alkaline
earth metals (9). However, as shown in Figure 6, the gasification rate profile of
low-temperature chars containing the cobalt catalyst differs from this pattern. The
profile for the char (HTT 400°C) prepared from cobalt-exchanged wood peaks much
earlier than that of the char from untreated wood, and this appears to be due to a
peak (5.8 min, 630°C) superimposed on the profile of the untreated wood. The same
peak is evident on the total ion profile, which suggests that this additional
transition involves evolution of carbonaceous species. However, analysis of the
mass spectra corresponding to this peak does not indicate that this peak in the
gasification rate profile corresponds to the enhanced evolution of any single
product. The data do not, therefore suggest a specific solid phase reaction
involving interaction of the cobalt catalyst with carbon. However, we believe that
this transition, which is unique among the catalysts studied and corresponds to the
HTT at which the catalyst became active (see Tables 1 and 2), corresponds to the
reduction of the catalyst to the elemental state which has been shown to be the
active state of transition metal catalysts for gasification of graphite (10), wood
chars (11), and coal chars (12).

X-Ray Diffraction

X-ray diffraction (XRD) patterns for chars prepared at 800° and 1000°C from
cobalt-exchanged wood are shown in Figure 7. The diffraction patterns show evidence
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of different crystalline phases in the two chars. Two of the peaks in the
diffraction pattern of the higher temperature char, correspond to d-spacings
characteristic of elemental cobalt (28=44.2° and 51.5°) (13). The large, broad peak
in the XRD pattern for this char is not identified and probably corresponds to
ordered regions in the carbon lattice. The peaks in the diffraction pattern of the
char of HTT 800°C could not be correlated with a crystalline cobalt compound or with
compounds of the small quantity of calcium remaining in this sample. No XRD peaks
were observed in chars (HTT 800°C) from potassium- or calcium—exchanged samples.

DISCUSSION

The results obtained in this study demonstrate the exceptionally high activity
of cobalt in catalyzing the gasification of wood chars in carbon dioxide. A
pyrolysis temperature of about 600°C appears to be required to activate the
catalyst. At higher heat treatment temperatures the maximum catalytic activity
declines.

Figueiredo et al. studied the gasification of chars (HTT 850°C) prepared from
pine wood doped with higher levels of cobalt nitrate (31.672 metal) (14). These
authors report gasification behavior in pure COp similar to that reported here,
i,e., an initial period of rapid gasification lasting a few minutes followed by slow
gasification of the remaining char. They measured gasification rates in the
temperature range of 740-910°C and report an initial (presumably maximum) rate at
805°C of 0.18 min—1 which js very comparable to the initial rate of 18 mMoles
C:min~l-g=1 (0.22 g-g~'-min~1) found in this study for a char (HTT 800°C) gasified
at 800°C (see Figure 3). Their data extrapolate to much lower rates at 600° and
500°C than those found in this study for gasification of a char prepared at 600°C
(see Figure 4)., The effect of the higher concentration of cobalt in their wood is
presumably offset by lower dispersion of the catalyst due to the mode of addition,
higher HTT, and larger heat treatment time used in preparation of chars (1 hr vs 10
min in this study). These authors suggest that the -decline in activity is due to
oxidation of the active reduced form to Co0 during gasification, and they cite XRD
evidence for Co0 in chars after gasification. However, the results of this study
show that the rapid, catalyzed stage of gasification can be maintained throughout
the reaction to give complete gasification of chars prepared and gasified at lower
temperatures (600°C, see Figure 4). We therefore believe that the slower stage of
gasification is due to gasification of carbon which is no longer in contact with the
catalyst due to its agglomeration at high temperatures.

The combined data from this study suggest a picture of catalysis by cobalt
involving (1) reduction to an active catalytic state, probably elemental cobalt,

‘near 600°C followed by (2) agglomeration of the catalyst particles to form

crystalline cobalt. The latter process, which is much more important at
temperatures greater than 800°C, gives rise to two distinct phases of gasification.
The first, corresponding to gasification of carbon in contact with cobalt
crystallites is fast, while the second, slower rate corresponds to gasification of
char which is not in contact with catalyst (see Figure 1). On the basis of the XRD
evidence for crystalline elemental cobalt in chars of HTT 1000°C, we believe that
elemental cobalt is the active phase of the catalyst throughout the reaction, but. it
is detectable by XRD only when crystallite growth is at an advanced stage.

The presence of reduced cobalt in wood chars also suggests that the relative
activities of transition metal catalysts in gasification by carbon dioxide might be
associated with the rate of dissociation of the reactant gas on the metal surface.
Grabke has reported rate constants for dissociation of (02 on cobalt, nickel and
copper at 1000°C (15), which are pertinent to the non-equilibrium conditions used in
our studies, The rate constants decrease in the order: kgo>kyi>>kgy, Which is the
same order of relative activities reported for transition metal catalysts in the
earlier paper (5). The results of these studies are therefore consistent with an
oxygen transfer mechanism, as described by Walker et al. in the iron-catalyzed
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gasification of graphite by COp (10) or possibly an oxygen 'spillover' mechanism
(16), depending on whether the adsorbed atomic oxygen reacts with the metal to form
the metal oxide before reacting with carbon in contact with the catalyst particle.

ACKNOWLEDGEMENT

0683.

This work was supported by the Gas Research Institute under Grant No. 5082-260-
We are grateful to Dr. John Wehrenberg of the University of Montana

Department of Geology for providing the XRD data and to Dr. R.K. Osterheld of the
University of Montana Department of Chemistry for helpful discussions.

REFERENCES

1. Shafizadeh, F. and McGinnis, G.D., Carbohydr. Res., 16, 273 (1971).

2. DeGroot, W.F., Carbohydr. Res., 142, 172 (1985).

3. Kube, W.R., Schobert, H.H., Benson, S.A., and Karner, F.R., in The Chemistry of
Low—-Rank Coals, H.H. Schobert, ed., American Chemical Society, Washington,
D.C., 1984, pp. 39-52.

4, Shafer, H.N.S., Fuel, 49, 197 (1970).

5. DeGroot, W.F. and Richards, G.N., Prepr. Pap., 191st ACS National Meeting,
Division of Fuel Chemistry, 31(2), 28 (1986).

6. Radovic, L.R., Walker, P.L., Jr., and Jenkins, R.G., fuel, 62, 209 (1983).

7. Jenkins, R.G., Nandi, S.P., and Walker, P.L., Jr., Fuel, 52, 288 (1973).

8. Hippo, E.J., Jenkins, R.G., and Walker, P.L., Jr., Fuel, 58, 388 (1979).

9. DeGroot, W.F. and Richards, G.N., "Chemistry of Carbon Gasification Reactions,”
Final Report, Gas Research Institute, Chicago, 1986.

10. Walker, P.L., Jr., Shelef, M., and Anderson, R.A., "Chemistry and Physics of
Carbon," P.L. Walker, Jr., ed., Marcel Dekker, New York, 1968, Vol 4, p., 287.

11. DeGroot, W.f. and Shafizadeh, F., Fuel, 63, 210 (1984).

12. Kasaoka, S., Sakata, Y., Yamashita, H., and Nishino, T., Int. Chem. Eng., 21,
419 (1981).

13. ASTM Publication No. PD1S-174, "Index (Inorganic) to the Powder Diffraction
File,” Amer. Soc. for Testing and Materials, Philadelphia, 1967.

14, Figueiredo, J.L., Orfao, J.J.M., and Ferraz, M.C.A,, Fuel, 63, 1059 (1984).

15, Grabke, H.J., 8er. Bunsenges Phys. Chem,, 71, 1067 (1967).

16.

Baker, R.T.K. and Chludzinski, J.J., Carbon, 19, 75 (1981).

198




-dCrdt (mMoles C-min'l-g'l)

[ NITROGEN
S

O. 0 (o)
OH "\OH OH
AcO - OH
COOH o
(o]
MeO\OH
OH

Figure 1. Representative structural elements of acetyl 4-0-methylglucuronoxylan.
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Figure 2. Gasification rate profile for gasification at 800°C of char (HTT 800°C)
prepared from untreated cottonwood.
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Determination of the Distribution of Ash, Pyrite and
Basic Constituents in Coal Particles

D. M. Mason and §. S. Chao

Institute of Gas Technology
3424 South State ‘Street
Chicago, Illinois 60616

INTRODUCTION

In fluidized-bed gasification of high-sulfur coals, such as the KRW and U~GAS
processes, relatively low melting ash is produced by reaction of iron from pyrite
with the siliceous components produced from clays and quartz.(1,2) To prevent
catastrophic growth of ash clinkers and defluidization of the bed, ash in the bed
must be limited to 40 to 50 weight percent. A4s a result of this low ash content
of the bed, the ash must be agglomerated to facilitate its removal from the bed
without unacceptable loss of char carbon and decrease of gasification
efficiency. To obtain a detailed understanding of the behavior of mineral matter
and ash in fluidized-bed gasification, a fundamental research investigation is in
progress at IGT under a program supported by the U.S. Department of Energy.(2,3)

In our approach to the problem, we note that pyrite quickly decomposes to
ferrous sulfide when the coal is introduced into the hot fluidized bed of a
gasifier; also that sufficient hydrogen sulfide is produced from high sulfur coal
to stabilize the ferrous sulfide in the back-mixed fluidized bed away from the
oxygen inlet region; also that in the back-mixed bed the gasification reactions
with steam and carbon dioxide occur relatively slowly and thus tend to occur
throughout char particles. Complete removal of the carbon in char particles must
occur before the oxidized iron can contact the siliceous components in the ash.
Both this carbon removal and the oxidation of the ferrous sulfide occur only in
the oxygen inlet region. Elevated temperatures in this region also facilitates
the reaction of oxidized iron with the siliceous components to form relatively
low-melting iron aluminosilicates. In both the KRW and U-GAS processes, oxygen is
introduced through a central jet, forming an oxygen reaction region resembling a
burner flame. Thickness, shape, and temperature of this reaction region is known
only within wide limits.

We envision that the initial formation of ash reaction products occurs by
reaction of the minerals present in single particles of char formed from single
particles of coal. The oxide composition of the ash of single particles
determines their melting point, viscosity and potential for agglomeration. In
this paper we report the results of the application of some methods of investi-
gation of ash composition in single particles of coal.

Selection of Coals

As part of the research on the behavior of ash in fluidized-bed gasification,
several coals were selected for test in a 2-inch reactor. These were five eastern
U.S., one western (New Mexico) bituminous, and one subbituminous coal. All had
been washed except the subbituminous coal. Four of the eastern U.S. coals were
selected to cover a range of iron oxide content of the ash from about 10 to 30
weight percent Fe,0; along with a calcium oxide content of 2.5 weight percent or
less; the other, an Illinois No. 6 seam coal, was selected to show the effect of
high calcium oxide content with low iron oxide. Analytical data pertaining to
minerals and ash of the coals, including iron distribution by Mossbauer
spectroscopy and mineralogy by computer-assisted scanning electron microscopy
(SEM), are presented in Table 1.
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Teble 1. ANALYSES OF MINERALS AND ASR OF COALS USED IN GASTIFICATION TESTS

Sean KY No. 9 OH Pite No. 8 KY Ho. 13 1L No. 6 18 VI York Rosebud
Mine Provid. . Franklin 125 Ken No. 13 Burn. Star & Universal York Canyon Rosebud
Ash Couwposition, wt %
5102 54.5 41.6 58.5 54,1 5L.1 44,4 48,8 '
A.lzol 17.8 20.9 26.9 16.9 21,9 24.3 23.5
FQZOJ 19.9 3.7 a1 10.7 15.7 9.0 7.02
noz 0.80 1.02 0.87 0.70 0.85 1.02 0.12
ons 0.07 0.07 0.16 0.13 0.12 2.11 0.25
Cal 2.29 1.14 0.90 8.34 2.48 8.15 7.16
Mgo 0.67 0.36 .21 0.95 .18 2,15 2.57
leo 0.54 0.35 0.24 0.75 0.65 0.90 0.09
KZD 2.20 0.98 2.94 1.96 2,85 0.464 0.36
504 2.10 1,00 0.80 7.00 1.30 5.50 9,91 ’
Total 160.9 55.2 “T00.6 TS “IET —3T 95,78 |

Ash Content (
of aeh, dry b

sshed for analyeis 7.9 7.7 8.2 13.4 13.5 8.0
1e)

Iron Distribution (by Mosabauer Spectrocopy)™

Pyrite 92.1 95.8 7.4 91.6 80.5 9.7 -
Clay - - 1.2 - 6.9 70.6
Stderite -- - - -- -- 15.5
Ferrous Sul!u:g‘ 7.9 - 4.6 trt -
Ferric Sulfate - - 17.4 3.8 1.7 [%) -

Mineral Diatribution (by SEM)*

of total winerals

Quartz 20 1 17 20 23 [ -
Kaolinite 5 10 7 3 3 14 -
Illite 7 1 20 7 18 2 -
Chamosite® - - 1 <1 <a ]
Montzorilloaite < 1 1 2 1 s
Mixed Silicstead 22 20 28 23 25 3 -
Pyrite 33 36 17 23 18 1 -
Iron Sulfates 3 2 H a 1 - -
Siderite < <1 < - a 2
Calcite s - < 16 4 10
Ankerite - - — - - 1 -
Eutile a 1 a <1 a - -
Apatite - - - - -— 2 -~
Misc. Mixed > >8 % >s pE] 180 -

By G. F. Hoffman and Associstes at Macro-Arom, Iac. (
®Fe$0,{H)0 and FeS0, {7H,0.

PRFe4(50,),(0R).

CHydrated magnesium-iron aluminosilicate.
YMostly mixed layer clays.
©Includes many Ca(Sr)-AL(S1)-P particles, possibly crandallite. !
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Distribution of Ash Composition Among Particles

Moza and Austin have described the analysis of individual pulverized coal
particles by computer—assisted SEM.(4) The objective of this work was the
evaluation of coals for slag deposition in electric utility boilers fired with
pulverized coal. Sieve fractions of particles from 10 to 106 um in diameter were
mounted separately, sectioned and polished; those particle cross-sections falling
within the size range of the sieve fraction were selected for x-ray emission
analysis; about 280 particles of the coarsest fraction and 800 to 900 of the
finest were analyzed.

Moza and Austin's method seems admirable for pulverized fuel, but of doubtful
applicability to the 1/4-inch top size feed to fluidized~bed gasifiers. One
difficulty is that sections oriented parallel to the coal bedding are not
representative of the minerals of the whole particle.

For this investigation, we adopted a chemical method in which the ash
compositions of 32 single .,particles were determined. Particles from the -10+12
mesh fraction of the 1/4 inch top size coal were taken for analysis; this size
furnishes enough ash for the chemical analysis and is about the average size, by
welight, of the coal feed to a pilot plant or commercial fluidized-bed gasifier.
Particle weight, ash content, and iron oxide and calcium oxide in the ash were
determined. 1In addition to determined contents of iron and calcium oxide in the
ash, the content of basic constituents was estimated by adding the average amount
of other basic oxides (Mg0, K,0 and Nay0), as determined by a conventional major
and minor oxides analysis, to the determined ironm and calcium oxides. A
correction for sulfur trioxide in the particle ash was made, based on the average
ratio of S04 to Ca0 in the conventional analysis of the ash of the eastern U.S.
coals that we investigated. This method of correction was not satisfactory when
the content of calcium oxide in the single particle ash was higher than about 20Z.

Analysis of the single particles are reported in detail elsewhere.(3)
Averages for the first 16, the second 16, the odd-numbered particles, the even—
numbered particles, and for all particles are also listed; the subsets werey
calculated to obtain a measure of the effect of number of analyzed particles. For
eastern bituminous coals, the most important distribution is that of the iron
oxide content of the ash. For the Kentucky No. 9 coal, the average iron oxide
contents of the four groups of 16 particles ranges from 21.72 to 26.35 weight
percent, and the average for all particles is 22.27 weight percent compared to
19.9 weight percent obtained by the conventional analysis for major and minor
oxides. We conclude from this and similar data on the other coals that analysis
of 32 particles is necessary and may be sufficient for characterizing the
distribution.

A comparison of the averages of the particles with the values of the con-
ventional major and minor oxides is presented in Table 2. While the average iron
oxide in the ash of the 32 particles of Kentucky No. 9 coal agrees well with the
conventional analysis, less than half as much calcium oxide was present in the
~10+12 mesh particles as in the conventional analysis. We think that the missing
calcium oxide occurs as calcite in the cleat of the coal, along which fracture
occurs in crushing and sieving, resulting in its concentration in the finer sieve
fractions. Presence of plates of calcite, about 10 um thick, in the cleat
fractures of the Kentucky No. 9 coal is shown in a photomicrograph (Figure 1) of a
polished section of coal etched by low temperature oxidation to expose the
minerals. In the photomicrograph, only the crack normal to the bedding is a cleat
fracture; the curved cracks are artifacts produced in the preparation and etching.

Similar loss of calcium oxide from the -10+12 mesh particles is also evident
with the Indiana VI coal (Table 2), while 90% of the average 8.34 weight percent
of calcium oxide in the ash of the Illinois No. 6 coal has been lost. No loss, or
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only a marginal one, is evident from the Pittsburgh No. 8 or Kentucky No. 13
coals. Neither did it occur with the subbituminous B Rosebud coal in which the
calcium occurs dispersed in the organic matter, partly as carboxylate and
(probably) partly as calcite from decomposition of calcium carboxylates. However,
about 90% of the average amount of iron oxide is absent from the -10+12 mesh
particles of this coal. This is in accord with observations on coal from this
seam by other investigators; Kuhn et al. examined pyrite grains in coal ground to
pass a 20-mesh sieve and found that all were unattached to coal.(5) The mean
diameter of the pyrite grains was 80 um. Chadwick et sl. reported that “pyrite in
the coal occurs principally as sheets or film on vertical fracture, or cleat,
surfaces."(6)

The distributions in the Kentucky No. 9 particles are shown in Figure 2. To
prepare a plot, the particle analyses were arranged in the order of increasing
amount of the component, such as iron oxide and the cumulative amount of ash for
that order was calculated. Note that a different order of the particles is
obtained for each component in the ash of a coal. The plots for iron oxide and
basic constituents indicate the presence of two different populations, one with
iron oxide content up to about 30 weight percent and the other from 20 to 100
weight percent. It appears likely that the first is from attrital coal and
mixtures of attrital coal and vitrain, and the second mainly from vitrain only.
Vitrain is recognized as shiny black layers or lenses in the coal thicker than 0.5
mm, and is attributed to the coalification of relatively large fragments of wood
and bark., Thus it is almost entirely free of particles of minerals except those,
such as pyrite, that are deposited from infiltrating solutions or are present in
the woody plant. Alternatively, it is possible that the iron-rich particles
contain pyrite of a bedding layer adjacent to vitrain; however, this appears
unlikely, as the ash in these particles ranges only from 2.3 to 10.0 weight
percent. .

The distributions in larger and smaller particles than the -10+20 mesh also
should be considered. In general, the distribution is expected to become wider
(greater deviation from the average) as particle size decreases; and, for example,
the number of particles with a single layer, whether attrital coal or vitrain,
increases., The opposite may be true of larger particles, but not if the size of
particles is less than that of the predominant width of layers. Ashes of
individual -445 mesh particles of the Kentucky No. 9 coal are shown in the
photograph of Figure 3. Large differences in the iron content of the ash is
indicated by the white or gray appearance of some, which have little or no ironm,
in contrast to others that are very dark because of the presence of hematite from
pyrite. This suggests that the distribution of iron in -4+5 mesh particles does
not differ much from that of the -10+12 mesh particles.

Distributions in the particles of the Pittsburgh No. 8, Kentucky NO. 13, and
Rosebud coal (except for basic constituents) are shown in Figures 4, 5, and 6.
Distributions in the particles of the Illinois No. 6 and Indiana VI coals were
similar to those of the Kentucky No. 13.

When a knowledge of jet temperatures and a correlation between composition,
temperature, and agglomerating tendency becomes available in the future, the
digtributions will indicate how much of the ash, after burnoff of the char, is
immediately available for agglomeration — that is, without need for combination
with the ash of a different particle. At present, it is estimated that, in the
absence of more than about 2 weight percent of calcium oxide, ash with iron oxide
contents from about 20 to 80 weight percent may fall in this category. This upper
limit 18 expected to decrease with decreasing silica-to-alumina ratio and
increasing magnesia content, according to phase diagram considerations.(2)

A summary of the distribution of iron oxide in the ash of the ~10+12 mesh
particles is presented in Table 3 for the eastern bituminous coals, together with
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the average iron oxide content. Ash of Kentucky No. 9 coal, from the same mine as
that used here, agglomerated without difficulty in U-GAS pilot plant tests with

bed temperatures at about 1870°F. (Temperaturea in the jet are substantially )
higher.) The particle analyses of this coal show 59% of the ash to have 0 to 20
welght percent Fey0, and 38% to have 20 to 80 weight percent Fe%ogi 7Although the

ash of the Pittsburgh No. 8 coal has an average Fe,0, content o weight
percent, much higher than that of the ash of the Kentucky No. 9, its fraction of
ash in the 20 to 80 weight percent Fe,0; range is much lower, only 102. This
suggests that the ash of the Pittsburgh coal should agglomerate more slowly, but
its real significance has not been determined as yet. The same is true of the
Indiena VI coal, whose total ash has sufficient iron, 15.7 weight percent Fe203,
for agglomeration although very little falls in the 20% to B0Z range. The
Kentucky No. 13 and Illinois No. 6 coals probably have insufficient iron for
agglomeration of their ash, but in this case the ash content of the bed in a
gasifier can be allowed to rise to such an extent that very little carbon is
ungasified.

Table 3, SUMMARY OF DISTRIBUTION OF Fe 03 IN -10+12 MESH PARTICLES
OF EASTERN BITUMINOQOS COALS

Avg. Fe,04 0-20% Fe,04 20-80% Fe,03 80-100% Fe,04
Coal Content, wt 2 — 2 of ash moooooo———
Kentucky No. 9 19.9 59 38 3
Pittsburgh No. 8 31.7 61 10 29
Kentucky No. 13 8.1 95 5 0
I1llinois No. 6 10.7 93 5 2
Indiana VI 15.7 96 4 0
CONCLUSIONS

The distribution of ash compositions in single particles of coal fed to
fluidized bed gasifiers governs the amount and particle size of low-melting ash
immediately available as agglomerating medium after: burnoff of char from the
particles. We have investigated the distribution in the 1/4-inch top size coal
from several sources by chemical analysis, for ash content and calcium and iron
oxides content of the ash, of 32 particles of the -10+12 mesh fractions of the
coals. The distributions, though probably not very accurate, show substantial
differences among the coals that were investigated. For example, much of the
calcium oxide of the coal, as shown by the conventional analysis for major and
minor oxides, was missing from a Kentucky No. 9 seam coal and from an Illinois No.
6 seam coal; the loss was attributed to the presence of calcite in the cleat of
the coals, resulting in its attrition from the particles in crushing and other
handling. Pyrite in the cleat was similarly lost from particles of some of the
coals. Other differences in distribution were also evident; the Kentucky No. 9
coal had a substantial amount of ash with ferric oxide content between 20 and 80
weight percent whereas a Pittsburgh No. 8 coal from Ohio had 1little of this,
although its average iron oxide content was much higher.

Etching by oxygen plasma of 1-1/2-inch pieces of the Kentucky No. 9 coal,
sectioned normal to the bedding and lightly polished, furnished a striking display
of the prevalence of minerals in the attrital layers of coal and its virtual
absence in vitrain, except that the presence of thin plates of calcite in the
cleat of the vitrain was clearly evident.
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APPENDIX

Method of Analysis of Single Particles

Thirty—two coal particles were randomly selected, and individually ashed
overnight (16 to 20 hours) in small Pt-5% Au boats. The boats were specially
fabricated for this experiment by cutting a 0.006-inch thick Pt-5% Au crucible
into 10 X 10 mm squares and folding up all sides to form boxes in the shape of
cubes. A Cahn automatic electrobalance Model 25 was employed to obtain the
particle and ash weights. The crucible plus ash was dropped into an acid~cleaned
10 ml volumetric flask to which 5 ml of 6N HCl was then added. The flasks were
heated on a hot plate to the boiling point until the reddish color of the oxidized
iron from the ashed particle solids had disappeared. Cesium chloride and
lanthanum chloride solutions were added to the volumetric flask to obtain a final
concentration of 1000 mg/1 and 2500 mg/l, respectively, as the metal. The
volumetric flask was then diluted to volume using double—distilled water. The
volume of the Pt-Au crucible did not contribute any significant volume to the
solution. The standards were diluted from commercially obtained stock solutions
of iron and calcium, and were made to contain Cs, La and HCl matrices the same as
those of the samples. Both iron and calcium were determined by atomic absorption
spectrophotometry using a Perkin-Elmer 305B double beam instrument.

An observation was made that the coal particles were not completely destroyed
by the ashing and acid treatment. Subsequently, the residual solids of the first
coal analyzed were collected and analyzed by X-ray fluoresence spectrophotometry
utilizing a Phillips 3100 X-ray generator and a PW1410 X-ray spectrometer. Silica
was found to be the major constituent. Iron and calcium were found in trace
quantities, however their quantities were negligible in comparison with those
determined by HCl leaching.

.-

LTA Etching

Pieces of coal about 1-1/2-inch in size were cut across the bedding, and the
resulting section was lightly polished and cemented to a 1 X 2-inch glass slide.
A parallel cut was made to obtain a section 1/8- to l/4-inch thick; the top
surface was polished by thin section techniques to a final polish with 1000 grit
diamond impregnated on a metal disc.

After drying in a vacuum oven the section was exposed for periods of 15
minutes to an hour in an oxygen—plasma LTA asher.

PAP/mason-pap
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IMPROVED METHODS FOR DETERMINATION OF FERROUS SULFIDES IN COAL CHARS
S. S. Chao, D. M. Mason, and A. Attari
Institute of Gas Technology, 3424 S. State St., Chicago, IL 60616
INTRODUCTION

A fundamental research investigation of the behavior of mineral matter in
fluidized bed gasification of coal is in progress at IGT under a program largely
supported by the U.S. Department of Energy. Special attention has been focused on
the gasification of high sulfur and high iron containing coals, and the mechanism
of ash agglomeration which facilitates the selective removal of ash from a reactor
bed without loss of unacceptable amounts of char carbon.

Sulfur occurs in coal mineral mostly as iron disulfides, mainly pyrite with
some marcasite. The disulfides quickly decompose to pyrrhotites (Fe 1-x S) and
hydrogen sulfide in the charring process with an inert atmosphere or in the
absence of air (1-3). The same transformation was also observed when the coal,
especially bituminous coal, is fed into the fluidized bed of a gasifier typically
at about 1850°F (4). The resulting pyrrhotites may partly transform to troilite
(FeS) on cooling to room temperature.

It has been noted that ferrous sulfides, especially pyrrhotite, play a
variety of important roles in coal conversion processes. Their possible
catalytical activity in coal liquefaction (5) and coal gasification (6,7) was
reported recently. 1In our pilot plant studies we have occasionally found that
ferrous sulfide may play an independent role in agglomeration, acting as a binding
medium between shale particles in the bed when run-of-mine coal is fed (Fig.l)
(4). Under some circumstances, ferrous sulfide has formed deposits in the hot
cyclone, which, returns entrained char particles to the bed. In order to better
understand their functions in coal conversion, an accurate quantitative method for
ferrous sulfides determination is needed.

Mossbauer spectroscopy has been employed as a useful method for the semi~
quantitative determinations of various fron-containing species including ferrous
sulfides in coal chars and gasification residues (8,9). It's accuracy highly
depends upon the complexity of the Mossbauer spectra and the concentration level
of ferrous sulfides.(10) The major disadvantage of this method 1s that it can not
detect non—iron containing sulfide specles, such as calcium sulfide.

X-ray diffraction spectroscopy has also been used to analyze the mineral
contents of chars and residues. But, it's utility in the analysis of non-
stoichiometric ferrous sulfides is often limited to the qualitative determination,
because these sulfides may or may not be present in crystalline forms and their x-
ray spectra 1s often complicated and obscured by the spectra of other major
minerals.

In the past IGT has developed a wet chemical method, involving determination
of hydrogen sulfide evolved by treating a sample with 6N hydrochloric acid.
Although this method was successfully employed to determine the sulfide sulfur
contents of chars prepared at 1700°F and gasification residues that had been
subjected to higher temperature, it was found to be unsatisfactory when applied to
ferrous sulfide-rich coal chars prepared at 1400°F for use as feed for
gasification. In most of cases only a fraction of sulfur from ferrous sulfide
(sulfide sulfur) could be recovered as hydrogen sulfide. The calculated total
sulfur of these chars from sulfide sulfur, pyritic sulfur and organic sulfur is
usually 5 to 20% lower than the total sulfur determined by the Eschka method,
depending on the types of ferrous sulfides present and their concentration.
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In the search of a more accurate method, we have re-evaluated a number of
potential existing methods and developed a few new methods for ferrous sulfides
analysis. The most successful method uses a reducing agent to enhance the
recovery of ferrous sulfide as hydrogen sulfide in a hydrochloric acid evolution
procedure., Results from the analyses of six 1400°F coal chars using different
methods are presented and discussed.

EXPERIMENTAL

Two model coal char compounds synthesized from high purity carbon plus a
composite 1400°F coal char sample were prepared for the initial study of the
recovery of sulfide sulfur during hydrochloric acid digestion. The first model
consists of troilite and the second a natural pyrrhotite. Using an acid-evolution
train, the efficiencies of hydrogen sulfide evolution were examined for these
three samples at four hydrochloric acid concentrations (1,2,4 and 6 normal) with
and without the addition of the reducing agent, stannous chloride. The hydrogen
sulfide evolved was collected in an alkaline trap composed of 10% cadmium chloride
in water and subsequently determined by an iodometric method with thiosulfate back
titration. The hydrochloric acid extract was then filtered and analyzed by atomic
absorption method for the HCl-soluble iron. The residue collected was examined by
an x-ray diffraction spectroscopic (XRD) method for the amount of ferrous sulfide
left intact.

For the composite coal char, a complete sulfur-by-types analysis was also
carried out to check the sulfur mass balance. A modified method of ASTM D-2492
procedure for forms of sulfur in coal was employed to analyze the sulfate,
pyritic, organic, and total sulfur. The sulfate sulfur was determined by a
gravimetric method as barium sulfate. The pyritic sulfur was calculated from the
concentration of pyritic iron found in the dilute nitric acid extract of the
residues, which was determined by an atomic absorption method. The organic sulfur
was determined by digesting the residue. from the dilute nitric acid digestion with
concentrated nitric acid and analyzing the resulting sulfate as barium sulfate
gravimetrically. The total sulfur was determined by the Eschka method.

In the course of a gasification investigation, five coal chars were prepared
at 1400°F in a 4-inch diameter devolatilizer purged with nitrogen from washed
bituminous coals with 1/4-inch top size. The residence time of the feed coal at
1400°F was approximately 30 minutes. A -200 mesh fraction of Kentucky No. 9 coal
was used to prepare the sixth coal char. All samples were ground to about 325
mesh and analyzed for their contents of sulfide sulfur, residual sulfur, 6N HC1l-
soluble iron and total iron. Both the residual sulfur and total sulfur were
determined by the Eschka method. The 1N, 1.6N (5%) and 2N HCl-soluble iron were
also determined separately and used to calculate the sulfide sulfur content.

A Philips vertical goniometer and a copper x-ray source were employed for the
x~ray diffraction analysis of all coal char samples, The total concentration of
iron sulfides was determined using potassium chloride as an internal standard.

The diffraction peak at a 2 theta angle of about 43.3 degree was used for the
quantitation. The same peak was also profile-fitted in an attempt to deconvolute
the complex peaks, measuring their precise d-spacings at the 102 crystal plane and
consequently estimating the iron content of various hexagonal pyrrhotites (11).

A Ranger Scientific MS-900 Mossbauer spectrometer with a 5 mCl Co-57 source
was used to acquire Mossbauer spectra of all char samples. The relative
percentage of sulfide iron in total iron as ferrous sulfides was measured by a
spectral subtraction technique. The concentration of sulfide sulfur in each coal
char was calculated by multiplying the total iron percentage of coal char by the
relative percentage of sulfide iron and a S/Fe conversion factor of 0.574.
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RESULTS AND DISCUSSION

Figure 2 represent the effects of hydrochloric acid and the reducing agent,
stannous chloride, on the recovery of sulfide sulfur by the described evolution
method. By comparison of the mole ratios of sulfide sulfur to HCl-soluble iron,
we found that the troilite (FeS) could be easily decomposed to hyrogen sulfide and
determined quantitatively. However, pyrrhotite was not completely converted to
hydrogen sulfide even though all ferrous sulfides would be completely decomposed
in hydrochloric acid with a concentration higher than 2 normal as indicated by XRD
analysis of the digested residue, unless a suitable reducing agent, such as
stannous chloride, was present. We believe that pyrrhotite is partially degraded
to elemental sulfur in the hydrochloric acid medium as the following equation.

The stannous chloride and possible other reducing agents may inhibit this
competitive degradation mechanism, converting all sulfide sulfur to hydrogen
sulfide.

' - - - - 0
Fe<1_x)S + 2 (1-x) HC1 > (1-x) Fe012 + (1-x) HZS + S

The results in Table 1 indicate that a good sulfur mass balance was obtained
when 10Z or more stannous chloride was used. The insignificant difference between
the calculated total sulfur of 2.02%Z and 2.05% while using 4N and 6N HCl
respectively suggests that either concentration is adequate for effective hydrogen
sulfide evolution. The variation of the mole ratios of sulfide sulfur to HC1
soluble iron in the same table further confirms that stannous chloride definitely
promotes the hydrogen sulfide evolution. The sulfide sulfur calculated from 2N
HCl-soluble iron provides good agreement with the determined sulfide sulfur using
stannous chloride. This method could be used as a quick method to determine the
sulfide sulfur in coal char, provided that there are little other types of HCl-
soluble iron, such as iron oxides, iron sulfates, illites and chlorites, present
in the sample.

Table 1. Sulfur-by-types analysis of a composite 1400°F Coal Char

Digestion Acid 4N HC1 4N HC1 6N HC1
Promoting Agent 4N HC1 10Z SnCl, 20Z SnCl, 6N HC1 10% SnCl,
Sulfate Sulfur Z <0.01 <0.01 <0.01 <0.01
Sulfide Sulfur % .66 1.04 1.07 74 1.04
Pyritic Sulfur % .06 .05 .06 .04
Organic Sulfur Z 1.06 .93 1.05 .97
Total S % (calc.) 1.78 2.02 1.85 2.05
Total S % (detn.) 2.09 2.09 2.09 2.09
HC1 Soluble Pe Z 1.81 1.84 1.86 1.92 1.88
S/Fe Mole Ratio .64 .98 1.00 67 .96
2N HC1-Soluble Fe 1.81 1.84 1.86 1,92 1.88
Sulfide S % 1.05 1.07 1.08 1.11 1.09

(calc. from Fe)

We found also that the organic sulfur contents determined in the procedure
without stannous chloride are higher than those found in the procedure with
stannous chloride. This is probably because the elemental sulfur, formed during
the hydrochloric acid digestion, may be partially associated with the solid
residue and recovered as organic sulfur in the subsequent concentrated nitric acid
digestion. This indicates that the acid evolution method without stannous
chloride is likely to give a high estimation of organic sulfur in char in addition
to a low quantitation of sulfide sulfur. 216




Table 2 presents the concentrations of sulfide sulfur, residual sulfur and
total sulfur of six coal chars. The total sulfur calculated from the sulfide and
residual sulfur was again found to agree well with the determined total sulfur in
all analyses when stannous chloride was used in the evolution procedure. The mole
ratios of sulfide sulfur to the HCl-soluble iron deviate significantly from unity
in four analyses, indicating the presence of other 6N HCl-soluble iron species in
those char samples. However, the quick method to determine the sulfide sulfur
using the percentage of iron soluble in 1IN, 1.6N (5%) and 2N HCl seems to be quite
satisfactory in most of the cases (Table 3). Further studies should be conducted
to select an optimum hydrochloric acid concentration for this method.

Another method, using the relative percentage content of the sulfide iron
determined by Mossbauer spectroscopy and the total iron percentage in char to
calculate the sulfide sulfur, was successfully employed. However, only the
results of two coal char samples with high ferrous sulfide content were reported
in Table 3. They agree quite well with the data reported by the evolution
method. Greater difficulties were encountered in analyzing the rest of the
samples because of their relatively low iron concentration and the presence of
various other iron species. During this study, we found that pyrrhotites
(Fe(l_x)s) with varying stoichiometric quantity of sulfur may give different
Mossbauér spectra, rendering the Mossbauer spectral subtraction technique
inaccurate, especially when no suitable pyrrhotite standards were available.

*

Table 2. Determination of sulfide sulfur of 1400°F coal chars using
HC1 evolution method

Sulfide Residual Total S % HC1-Soluble S/Fe
1400 °F Coal Char S % S Z (Calc) (Detn.) Fe % (Mole)
Kentucky No. 9
(vith SnCl,) .90 1.38 2.28  2.50 2,00 .78
(w/o SnCl,) .57 1.53 2,10 1.97
Kentucky No. 9 (prepared from -200 mesh coal fines)
(with SnCl,) 74 1.30 2,046 2.14 1.65 .78
(w/o SnCl,) .24 1.35 1.59 1.64
Pittsburgh No. 8
(with SnCl,) 2.11 .90 3.01  2.96 3.76 .98
(w/o SnCl,) 1.70 1.12 2.82 3.70
Kentucky No. 13
(with SnCl,) .30 .68 .98 1.02 .60 .87
(w/o SnCl,) .04 +85 .89 .60
Illinois No. 6
(vith SnCl,) 1.44 1.35 2.79 2,79 2.46 1.02
(w/o SnCl,) .87 1.61 2,48 2,40
Rosebud
(vith SnCl,) .56 J4 1.30 1.33 1.20 .81
(w/o SnCl,) .30 .93 1.23 1.18
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Table 3. Comparison of methods for sulfide sulfur analysis
of 1400°F Coal Chars

Sulfide S Z (calculated)

Sulfide S Z (determined) From From HCl-soluble Fe

1400 °F Coal Char w/o SnCl, with SnCl, Mossbauer (IN) (1.6N (2N) (6N)
Kentucky No. 9 «57 .90 ND .87 .80 .88 1.13
Kentucky No. 9 24 .74 ND .76 .81 .84 .94
(-200 mesh coal)

Pittsburgh No. 8 1.70 2.11 2,07 2.08 2.05 1.98 2.12
Kentucky No. 13 .04 .30 ND .30 .30 .30 .34
Illinois No. 6 .87 1.44 l.41 1.35 1.37 1.33 1.38
Rosebud .30 .56 ND .61 .60 .57 .68

NOTE: ND = not determined.

No results from XRD analysis were reported at this time. The quantitative
method using potassium chloride as an internal standard gave erroneous results
because no effective method was developed yet to resolve and quantitate the broad
and deformed x-ray peak corresponding to diffractions at the crystal 102 planes of
various ferrous sulfides. The even broader XRD background induced by the char
itself further complicates the XRD spectra. In order to achieve better accuracy
in the quantitative measurement of total ferrous sulfide, the sensitivity of
diffraction from each of the different ferrous sulfides must also be determined.

CONCLUSION

A hydrochloric acid evolution method using stannous chloride as a promoting
agent was developed and employed successfully for ferrous sulfides determination
in 1400°F coal char. This method not only provides an accurate analysis of
ferrous sulfides, but also improves the accuracy of the organic sulfur analysis of
coal char. We believe this method could be and should be employed in the sulfur-
by-types analysis of all coal derivatives containing ferrous sulfides.

Among other methods studied, the methods using 1N, 1.6N (5%) and 2N HCl-
soluble iron to calculate the ferrous sulfides content could be employed to
determine the ferrous sulfides content in coal char, provided that little other
HCl-soluble iron species are present. The method using Mossbauer spectroscopy to
determine the sulfide iron concentration and atomic absorption spectroscopy to
determine the total iron would be a good technique, if pyrrhotite standards as
well as other iron standards resembling the iron species in coal char were
found. Further Mossbauer apectroscopic studies with temperature control may
provide more information and may simplify the current procedure. X~ray
diffraction spectroscopy also encounters a similar problem caused by various
ferrous sulfides with discrete composition and structures. However, the latter
problem is even more significant and tends to be too complex to resolve.
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MOLE RATIO
(Sulfide Sulfur/HCI-Seoluble Iron)

Figure 2.

Figure 1. FeS (white) Joining Shale Particles in Bed
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