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MICROBIAL DESULFURIZATION OF COALS
BY ORGANISMS OF THE GENUS PSEUDOMONAS

CHARANJIT RAI AND JON P. REYNIERS
TEXAS A&I UNIVERSITY, KINGSVILLE, TEXAS 78363

INTRODUCT ION

Organjsms of the genus Pseudomonas are widely distributed in the environment and
are found in high-sulfur content coals. These organisms are strictly aerobic chemo-
lithotrophs which require minimal organics for growth.

Preliminary studies indicated that P. aeruginosa and P. putida may function in
desulfurization of bituminous coals and lignite (1,2). However, P. aeruginosa was
much less effective than P. putida. Incubation of these organisms at temperatures
less than 37°C could favor growth of P. putida over P. aeruginosa since optimum growth
of P. putida occurs at 26°C (3). Further, incubation of these organisms in the pre-
sence of semi-purified sources of inorganic sulfurs, such as pyrite (PYR), marcasite
(MAR), and melanterite (MEL), or organic sulfur such as dibenzothiophene (DBT) could
result in restricted growth of the organisms. Finally, differences in the enzymatic
profile of the organisms could suggest possible mechanisms of sulfur processing.

The prupose of the present study was to characterize P. aerugdinosa and P. putdida
in their ability to desulfurize coals and to evaluate their performance with specific
natural sources of inorganic and organic sulfurs known to be constituents of coals.

The results show that P. aeruginosa uniformly grows better that P. putida in the pre-
sence of the sulfur sources and coals and suggest that the mechanism of desulfurization
is not similar to that of the genus Thiobaciffus.

EXPERIMENTAL

Organisms

Pseudomonas aeruginosa (ATCC 27853) and Pseudomonas putida (ATCC 12633) were
obtained in pure culture from the American Type Culture Collection, Rockville, MD.

Media

P. aeruginosa and P. putida were maintained at 5°C on minimal agar slants con-
taining the following in g/1, final volume: solution A [potassium dihydrogen phos-
phate ?3.0), disodium hydrogen phosphate (6.0), ammonium chloride (2.0), sodium
chloride (5.0), agar (15.0) in 800 ml with deionized, distilled H.0]; solution B
[qlucose (6.0), magnesium sulfate (0.1) in 200 ml with deionized, distilled H,0].
Solutions A and B were autoclaved at 15 psi for 15 minutes and then aseptically
combined after cooling. The final pH was 7.0. ATl reagents were obtained from MCB,
except as noted. For experiments, HPLC-grade H.0 (Burdick & Jackson Laboratories,
Inc.) was used, and agar was not incorporated. Where other materials were used as
sulfur sources, magnesium sulfate was replaced by magnesium chloride. In shaker-flask
experiments, the organisms were grown in a nutrient broth (DIFCO) containing beef
extract (3.0 g/1) and peptone (5 g/1). Tryptic soy broth (DIFCO) served as a com-
plete medium and contained the following in g/1: tryptone (17.0), soytone (3.0),
dextrose {2.5), sodium chloride (5.0), dipotassium phosphate (2.5 g) in 1.0 1 with
deionized, distilled H0 prior to autoclaving.



Coal and Sulfur Sources

Samples of I11inois #6 bituminous coal and lignite were obtained from Amax Coal
Company. The coal samples were ground in a ball-mill and seived to 147-1651 um par-
ticle size for shaker-flask experiments or to a fine powder for other experiments.

Samples of pyrite (FeS,), marcasite (FeS,), and melanterite (FeSO,+7H,0) were
obtained from the Department of Geology, Texas A&I University. These samples were
ground to a fine powder equivalent in particle size to the coal samples. High-purity
(>99.9%) pyrite was obtained from the Aesar Group, Seabrook, NH. The forgoing samples
served as experimental sources of inorganic sulfur.

Dibenzothiophene (DBT)was obtained from Aldrich Chemical Company and served as
a model organic sulfur source.

Organism and Enzyme Assays

Positive identifiaction and the purity of cultures of P. aeruginosa and P. putida
was made prior to each experiment, using 20 standardized biochemical and carbon assimi-
lation tests. Systematic and rapid semi-quantitative microanalysis of 19 enzymatic
assays were obtained from DMS Laboratories, Inc., Farmington, NJ, and were performed
according to standard protocols provided by the manufacturer.

Analytical Procedures

I11inois #6 coal and lignite samples were analyzed for total sulfur by the Eschka
method and pyritic and sulfate sulfur content was determined by chemical procedures
(D-2494-79) described by the American Society of Testing Materials (3,4).

Filtered coal samples were washed with dilute hydrochloric acid followed by dis-
tilled water to remove trace adsorbed sulfate and iron. The filtrate was analyzed for
sulfate and total iron. The Eschka method was used to estimate total sulfur content
in coals. Extraction of 1 g coal samples by dilute hydrochloric acid was followed by
turbidimetric determination of sulfate (4). Extraction of weighed coal samples with
2N nitric acid was followed by titrimetric determination of iron (5) as a measure of
pyritic sulfur content. )

Microbial Methods

Shaker-flask experiments were conducted to determine the effectiveness of
P. aenuginosa and P, putida in removal of pyritic sulfur from coals. Weighed samples
of coal were placed into 250 ml Erlenmayer flasks and suspended in 75 ml nutrient
broth. The flasks were charged with 5 ml of bacterial cells adjusted to 10° cells/ml.

Incubation was allowed to proceed at 30°C for periods between 5-7 days in a shaker-bath.

Following incubation, total and pyritic sulfur content of the coals were determined as
previously described.

P. aeruginosa and P. putida were evaluated under various growth conditions for
their response to the presence of saturating and dilute levels of pyrite, marcasite,
melanterite, and dibenzothiophene. The organisms were also characterized with regard
to their enzymatic patterns.

Preliminary growth experiments were performed in 13 x 100 mm screw-cap tubes con-
taining 5.0 ml of complete medium and 0.1 g of pyrite, marcasite, or melanterite. The
tubes containing the medium and sulfur $ourcés were autoclaved {15 psi, 15 minutes),
cooled, and inoculated with 0.1 ml of a suspension of an 18-hour mid-log phase culture
of bacteriai ceils, adjusted to an optical density of 0.75 Asyo (10° cells/ml) using a

Baush and Lomb Spectronic 20 spectrophtometer. The tubes were incubated with occasional
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shaking in water baths adjusted to temperatures between 20°C and 40°C. Growth of

the organisms was monitored tuberidimetrically by following adsorbance at 540 nm.

After 55 hours, the cells were removed by contrifugation (10,000 x g), and the pH

of the medium was determined for each tube. In other experiments, growth of

P: aeruginosa and P. putida was followed in tubes containing chemically-defined

minimal medium and dilutions of the sulfur sources and coals. 0.1 g of pyrite,
marcasite, melanterite, dibenzothiophene, bituminous coal, or lignite was added to

10 ml of HPLC-grade H,0, autoclaved, and allowed to stand overnight. 0.5 ml of these
suspensions was added to 4.0 ml of sterile solution A. The suspensions were clari-
fied by centrifugation and the saturated supernate used to make 10-fold dilutions of
the sulfur sources. 0.5 ml of these dilutions were added to 4.0 ml of sterile solution
A. A1 tubes received 0.5 ml of solution B containing autoclaved glucose and magnesium
chloride. Each tube received 0.1 ml of P.aeruginosa or P. putida grown to mid-log
phase jn 18 hours at 30°C in the chemically-defined minimal medium containing only
magnesium sulfate as a sulfur source. Prior to inoculation, the organisms were washed
with solution A without magnesium sulfate and the inoculous culture was adjusted to

an optical density of 1.75 Asyy. The tubes were incubated at 30°C and growth of the
organism was followed spectrophotometrically for 45 hours. The cells were then re-
moved by centrifugation and the pH of the medium in each tube was determined.

RESULTS AND DISCUSSION

1. Microbial Desulfurization of Coals by Organisms of the Genus Pseudomonas.

Preliminary investigations were conducted for pyrite desulfurization of I11linois #6
(Herrin Coal), I1linois #6 (Ziegler Coal) and Atascosa-McMullen lignite. The initial
(As Received) pyritic sulfur content of I11inois #6 (Herrin Coal) was 4.9%; I1linois #6
(Ziegler Coal), 4.2%; and Atascosa-McMullen lignite, 1.9%. 1In the laboratory experiments
Pseudomonas aenuginosa was found to be barely effective {about 28%), whereas Pseudomonas
putida reduced the pyritic sulfur content of I11inois #6 (Herrin Coal) 147 um particles
and that of Atascosa-McMullen lignite 147 um particles by approximately 75%. The desul-
furization rate for the Herrin Coal was about 659 mg/liter x day, for the Ziegler Coal,
557 mg/liter x day and that for Atascosa-McMullen lignite about 288 mg/liter x day for
the initial 6 day period. The data on the effect of particle size distribution on the
rate of pyrite desulfurization is presented in Table 1 with organisms of Genus
Pseudomonas .

2. Characterization of Organisms of Genus Pseudomonas.

P. aeruginosa is differentiated from P. putida in its production or use of nitrate,
urease, geletin, n-acetylglucosamine, and adipate. Al1 other biochemical and carbohy-
drate utilization tests were identical for both organisms.

Enzyme profiles were prepared on the organisms. No major differences were observed
in the enzymatic profiles of the two organisms when grown in the absence of the sulfur
or coal sources except those listed in Table 2. Incubation of the organisms in the pre-
sence of PYR, MAR, MEL or DBT as sulfur sources had no marked effect on any of the
enzymes tested.

P. aeruginosa and P. putida were grown in complete medium in the presence of
saturating levels of pyrite, marcasite, and melanterite at temperatures between 20 and
40°C. An objective of this experiment was to determine if these materials interfered
with the growth of either organism and, if not, what temperatures would permit equivalent
growth rates for both organisms.

The results of this experiment are summarized in Table 3.
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TABLE 2. ENZYMATIC DIFFERENCES WITHOUT SULFUR AND COAL SOURCES.

ACTIVITY?
ENZYME/SUBSTRATE P. aeruginosa P. putida
Lipase esterase/2-naphthyT-caprylate 30 5
Lipase/2-naphthyl-myristate 10 0
Acid phosphatase/2-naphthyl-phosphate 5 30
A1l enzymes/no substrate 0 0

Nanomoles substrate hydrolyzed in 4 hours.

TABLE 3. INFLUENCE OF INORGANIC SULFUR SOURCES ON THE GROWTH OF
P. aeruginosa and P. putida.

GROWTH GROWTH!
TEMPERATURE, (°C) P. avruginosa P. putida
20 R (PYR, MAR, MEL) N
25 R (PYR. MAR. MEL) R (PYR, MAR, MEL)
30 R (PYR. MAR. MEL) R (PYR. MAR. MEL)
37 R (MAR. MEL) R (PYR. MAR. MEL)
a9 R (PYR. MEL) N

1 Relative to controls, without PYR, MAR or MEL as sulfur sources, growth of
organisms is repressed (R) or not repressed (M) by saturating levels of the
sulfur sources in complete mediums.



At 20°C, growth of P. aeruginosa was <0.4 Asy,/45 hours and the presence of
pyrite, marcasite, and melanterite further restricted growth £0.2 Ag,,/45 hours.
At 25°C, the growth of P. aeruginosa improved. Maximum growth was reached with tem-
peratures 230°C typically 1.5 As4o/45 hours. Stationary phase of growth was not
reached until after 45 hours of incubation. The presence of the sulfur sources was
generally restrictive at any incubation temperature. At or above 37°C, P. aeruginosa
reached stationary phase between 15 and 20 hours of incubation.

P. putida grew slowly at 20°C, typically reaching £0.4 As.o/45 hours. Above

20°C, the presence of pyrite, marcasite, and melanterite was not restrictive to growth.

P. putida grew better at 25°C with or without the sulfur sources. Maximum growth of
P. putida was achieved 230C, typically being 21.4 Ay, ,/45 hours. However, the growth
of P. putida at temperatures 230°C in the presence of the sulfur sources was generally
repressed, being typically 20.8 Ag,,/45 hours. Elevation of incubation temperature
above 37°C resulted in low-level growth of P. putida (£0.6Asy0/45 hours) with or with-
out the sulfur sources.

Following incubation of P. aeruginosa and P. putida with or without the sulfur
sources, the pH of the medium was monitored. The results are shown in Table 4. In-
cubation of the organisms in the presence of the sulfur sources for 45 hours did not
result in lowering of the pH of the medium relative to controls without the sulfur
sources.

TABLE 4. EFFECT OF SULFUR SOURCES ON pH OF MEDIUM.
‘pH OF MEDIUM?

TREATMENT P. aeruginosa P. putida
None 7.2 +0.1 7.3 0.1
Pyrite 7.3 +0.1 7.0 £ 0.3
Marcasite 6.9+ 0.4 7.3 +0.1
Melanterite 7.2 0.1 7.1+0.1

Average of pH of all tubes (n = 20) of a given treatment for a given organism
incubated between 20 and 40°C.

P, aerugdinosa and P. putida were grown in a chemically-defined minimal medium
containing various sulfur sources. The results are shown in Table 5. The presence
of the sulfur sources or coals was, in general, repressive to the growth of both
organisms and to P. putida more than P. aenuginosa. An attempt to limit availability
of the sulfur sources by diluting from a point of solution saturation did not result
in substantial effects to the growth of either organism. Growth of P, putida was
better when the individual sulfur sources were provided rather than the coals. The
pH of the medium after 55 hours of incubation remained near neutrality and was not
significantly different from controls without the sulfur sources.

CONCLUSIONS

The results from the preliminary microbial desulfurization of I11inois #6 and
Texas lignite by the organisms of the Genus Pseudomonas show that P, putida was much
more effective than P. aeruginosa. The P. putida reduced the pyritic sulfur content
of I11inois #6 as well as lignites by 69 to 76% in 5 to 7 days for coal particles
from 147 um to 1397 ym. Whereas P. aeruginosa was hardly effective (26 to 32.5%) in
reducing the pyritic sulfur content of I11inois #6.
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TABLE 5. GROWTH OF ORGANISMS IN CHEMICALLY-DEFINED MINIMAL MEDIUM.

AVERAGE GROWTHC

a b SATURATED DILUTED
TREATMENT ORGANISM MEDIUM MEDIUM
PYR P 0.40 £ 0.01 0.43 + 0.01
A 0.81 + 0.01 0.58 + 0.01
MAR P 0.40 £ 0.02 0.48 + 0.01
A 0.68 £ 0.01 0.68 + 0.02
MEL P 0.50 + 0.01 0.31 = 0.02
A 0.72 £ 0.02 0.60 = 0.03
DBT P 0.39 = 0.01 0.53 + 0.03
A 0.59 + 0.03 0.63 + 0.02
BITY 3 0.34 + 0.01 0.38 = 0.01
A 0.59 + 0.02 0.64 + 0.01
LIGN P 0.39 £ 0.01 0.46 = 0.03
A 0.57 £ 0.01 0.64 + 0.01

Sulfur sources: pyrite (PYR), marcasite (MAR), melanterite (MEL), dibenzo-
thiophene (DBT), bituminous coal (BITU), Tignite (LIGN).

Organisms: P. aeruginosa (A), P. putida (P)

o

A1l Ag,, values averaged along growth curve for 55 hours at 30°C. These
averages then averaged for saturated medium (n=4) contain particulate sulfur
sources or dilutions (n=12) of the sulfur sources.

P. aeruginosa and P. putida were characterized by standard enzymatic and carbon
assimilation tests to assure the purity of the microorganisms. Preliminary screening
of other enzymatic activities indicated semiquantitative differences between the two
microorganisms which could not explain the observed differences between their activities
related to pyritic desulfurization of coals.

It was further observed that the equivalent growth for both P. aerugincsa and
P. putida was obtained at 30°C, and this temperature was used in further studies. The
presence of pyrite, marcasite, and melanterite, although not toxic to the organisms,
was generally repressive to their growth with P. putida being qualitatively more labile
than P. aeruginosa. Incubation of both P. aeruginosa and P. putida for long periods
with or without the sulfur sources did not significantly alter the pH of the medium,
suggesting that these organisms process sulfur by different mechanism than the organisms
of the genus Thiobaciffus.
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MICROBIAL DESULFURIZATION OF BITUMINQUS COALS
Charanjit Rai
Department of Chemical & Natural Gas Engineering

Texas A&I University
Kingsville, Texas 78363

_INTRODUCTION

Our environment has constantly been polluted by the combustion of
conventional fuels like petroleum, coal and natural gas. It is estimated that
about 88 million tons of sulfur dioxide gas (S02) is discharged to the environ-
ment due to the combustion of fossil fuels. The Clean Air Act Amendment of
1977 set an emission 1limit of 1.2 1b S02 per million Btu of fuel combusted.
Most bituminous coals contain 3 to 6 percent sulfur as inorganic or organic
sulfur. The inorganic sulfur compounds are primarily metallic sulfides, pyrite
or marcasite and sulfates formed by the air oxidation of metallic sulfides (1,2).
The organic sulfur in coal is beleived to be in the form of monosulfide,
disulfide or condensed thiophenes, benzothiophenes, dibenzothiophenes and
thioxanthenes having varying reactivities. Physical and chemical processes
have been developed for coal desulfurization, some of them operate at high
temperatures and are energy intensive. Removal of organic sulfur by these
processes is difficult. Microbial desulfurization offers an effective means
of precombustion sulfur removal(3,4,5).

Colmer and Hinkle (6) identified T. gerrocoxidans in acidic mine waters,
Subsequent studies by Silverman et af. (7,8) confirmed that T. §errooxidans
could be utilized to oxidize FeSp in coal in 3 to 4 days and the rate of oxidative
dissolution was a function of the particle size and rank of the coal. Dugan and
Apel (4) showed that a mixed culture of T. §errooxidans and T. thiooxidans
was most effective at a pH of 2 to 2.5 when the nutrient was enriched with NH}.
They reported 97% removal of pyritic sulfur from a coal sample with 3.1 weight
percent sulfur. Norris and Kelly (9) reported that another acidophillic bacteria,
Leptospirnillum ferrooxidans in mixed cultures with T. thiooxidans was effective
for FeS2 removal.

Hoffmann et af.(10) conducted a parametric study to determine the effect
of bacterial strain, N/P molar ratio, the partial pressure of CO2, the coal
source and the total reactive surface area on the rate and extent of oxidative
dissolution of iron pyrite at a fixed oxygen pressure. The bacterial desulfur-
ization of high pyritic sulfur coal could be achieved in 8 to 12 days for pulp
densities of < 20%, and particle size < 74 um. The most effective strains of
T. ferrooxidans were isolated from the natural systems and the most effective
nutrient medium contained low phosphate levels, with an optimal N/P molar ratio
of 90:1.

MECHANISM OF MICROBIAL DESULFURIZATION

The mechanism of microbial dissolution of pyritic sulfur in coal by
acidophilic bacteria has been thoroughly investigated (10,11,12). The pyrite is
readily oxidized by oxygen or the ferric ion resulting in the ferrous state as
follows:



FeSp + 3.5 0p + Ho0 - Fe*t + 2507 + ot 1)
FeSp + 2 Fe™* » 3Fet* + 28 2)

Thiobacillus ferrwoxidans derives energy by catalyzing the oxidation of the
ferrous ions back to the ferric state (12):

Fet+ + 1/4 0p + HY + Fettt + 1/2 Hp0 3)

Ferric sulfate, a reaction product, reacts with FeS2 to form more ferrous
sulfate which is again catalyzed by T. errwoxidans to the ferric state.

FeSy + 14 Fet++ + 8Hp0 » 15 Fett + 2 SOF + 16H* 4)

Elemental sulfur, likewise, is oxidized by T. thiox{dans forming sulfuric
acid.

25+ 2 Hp0 + 30, ~ &H* + 2505 5)

The oxidation reactions are dependent on the microbial reactions with the

end result of accelerating the transformation of FeSp to ferrous sulfate

and thus equation (1) precisely represents the overall reaction stoichiometry
for kinetic purpose. Other reactions provide the possible mechanistic
pathways for the microbial pyritic dissolution.

Most microbial desulfurization studies have been conducted in the laboratory
shake-flask type experiments and the major drawback cited against such a process
has been that the rates of pyritic sulfur removal were not high enough to
reduce the reactor size to a reasonable capacity (2,5). In this study an
attempt has been made to detevmine the effectiveness of Thiobacillus ferrooxidans
under simulated pipeline conditions for pyritic sulfur removal. Since the
microbial desulfurization process is conducted under acidic environment, an
attempt has been made to determine the corrosion rates under dynamic conditions
using I11inois #6 and Indiana #3 bituminous coals and to investigate the effectiveness
of a commercial corrosion inhibitor for controlling the corrosivity.

EXPERIMENTAL

Coal Samples:

The samples of I11inois #6 and Indiana #3 were obtained from the Amax
Coal Company's Delta and Midwest mines and Ziegler Coal Company's mine in the
Rando1ph County of I11inois. The pyritic sulfur content data on the coal
samples is shown in Table I. The samples were ground in a ball mill and then
sieved to obtain the desired particle size distribution.

TABLE 1

Bituminous Coal Samples and Their Pyritic Sulfur Content

Coal Sample FeSy (wt%)
L. IVinois #6, Delta Mine 2.02

{€s-1280-004)
Amax Coal Company

10




2. Indiana #3, Ayrshire Mine 2.60
(CS-1180-007)
Amax Coal Company

3. I1linois #6, Randolph 4.20
County, Ziegler Coal
Company

4. Iinois #6 (€22024) 4,90

Herrin Coal, Northern
I11inois, I11inois State
Geological Survey

The shake-flask and two-inch pipeline experiments were initially conducted
with various particle sizes; such as: As Received, 417 to 1651 um, 208 to

417 um, 147 to 208 um, and 43 to 147 ym. However, for detailed study a sample
size, 74 to 147 um, was selected.

Microbial Procedures:

A pure culture of Thiobacillus §errooxidans obtained from the American Type
Culture Collection (ATCC) was used in this study for the shake-flask experiments
and the 2-inch slurry pipeline experiments. A mineral salts medium having
the following composition was used in these experiments: Fe(S04) - 7 H20 20 g/1;
(NH4)§ S04 0.8 g/1; KH2 P04 0.4 g/1; Mg(SO4) - 7 H20 0.16 g/1. The mineral salts
were dissolved in distilled water and the pH was adjusted to 2.8 by addition
of 1IN HpSO4. The medium was autoclaved at 20 psia for one hour. The growth
medium consisted of slurried coal samples consisting of I1linois #6 or Indiana
#3 as desired.

Analytical Procedures:

The samples of bituminous coals were analyzed for pyritic sulfur, sulfate
sulfur and total sulfur using conventional wet chemical procedures adapted from
the American Society of Testing Materials (13,14). The Eschka method was used
for the total sulfur, and D-2494-79 was used for sulfate and pyritic sulfur
analysis.

The treated samples were filtered through a Whatman #2 filter paper to
separate the coal particles from the liquid medium. The filtered sample was
washed with 0.1 N HC1 followed by distilled water to remove traces of absorbed
sulfate and iron.

The total sulfur content of the coal samples was determined by the Eschka
method. The sulfate sulfur content of the test samples was determined by
extraction of a one gram sample with dilute hydrochloric acid followed by
turbidimetric determination of sulfate (13). The pyritic sulfur content was
determined by extraction of the weighed coal samples with 2N nitric acid followed
by titrimetric or atomic absorption determination of iron in the extract (14).

Laboratory Corrosion Test:

The Taboratory test procedure for the determination of corrosion rates of
coal slurry used in this study was adapted from the method developed by Bomberger
(15). The corrosion rates were determined by using ASTM Standard Corrosion Test,

11




also known as Total Immersion Method (16). The Bomberger technique consists
of keeping coal slurry in suspension in a two-liter reaction vessel at a
constant temperature. The corrosion rates are determined either by actual
weight loss of steel coupons suspended in the reaction vessel or by the use of
corrosometer probe over a 24 to 72 hour period. The weight loss of steel
coupons is a measure of the corrosion rates expressed as Inch Per Year (IPY).
In the case of corrosometer probe, it is initially calibrated by means of a
weight loss measurement.

The ASTM Corrosion Test procedure by Total Immersion Method requires that
all specimen in a test series should have the same dimensions when comparisons
are to be made. In these experiments, carbon steel was used representing the
pipeline material. The coupons were cleaned, polished and weighed. Coal-water
slurry, 10 to 40 weight percent was used in the corrosion tests. Specimens
were immersed in the reaction vessel maintained at a constant temperature of
86°F for 72 hours or the specified time. The coupons were removed, washed with
deionized water, dried and weighed. The loss in weight of the specimen, before
and after the test was attributed to corrosion. From the weight loss data,
the corrosion rates were calculated as Inch Per Year (IPY) and also as gram
per square centimeter per year. (g/cmé. year).

RESULTS AND DISCUSSION

1. Shake-Flask Experiments with Thisbacillus Ferrooxdidans.

A 1imited number of experiments were conducted using Thiobacillus §ervrooxidans
to determine the influence of process variables on the rate and extent of pyritic
sulfur release from the coal samples in shake-flask experiments using a mechanical
shaker. No attempt was made to optimize the mineral salts medium composition
since the influence of NHZ, N/P molar ratio and the nitrogen requirements for
the growth of 7. ferrcoxidans have been thoroughly investigated by other workers
(4,7,8,10). A mineral salts medium with the composition described earlier in
§2e Microbial Procedures section was used in all the experiments with T. §erroox-
Adans.

A number of samples of pulverized coals were used having the following
particle sizes: As Received, 417 to 1651 pm, 147 to 208 um, < 147 um. Coal/
water slurries (10 wt%) made from the sterilized coal samples in mineral salts
medium were inoculated with a strain of T. ferrooxidans and were subjected to
mechanical shaking from three to twelve days. At the end of the desired test
period, 3, 6, 9 or 12 days, the coal samples were filtered, thoroughly washed
with deionized water and analyzed for pyritic sulfur content. The data was
plotted as mg/liter of pyritic sulfur realeased as a function of time as shown
in Figure 1 for a coal sample of I1linois #6 from the Zeigler Coal mine. The
data shows a maximum reduction in pyritic sulfur content was achieved with < 147
um (-100 mesh} particle size, the average rate being 377.4 mg/liter x day during
the nine day oxidation period versus 199.0 mg/liter x day for the 417 to 1651
um (-10 to +35 mesh) particles. Indiana #3 coal from the Ayrshire mine exhibited
similar trends, the average pyritic oxidation rate being 291.1mg/1iter x day for a
147 to 417 um particles over an eight day period with 7. §errooxidans.

2. Two-Inch Slurry Pipeline Experiments:
(@) Slurry Pipeline System.

A two-inch PVC pipeline loop, 60 feet in length, was installed on a laboratory
wall and a 2 horsepower positive displacement type Gould pump, Model 3196 was
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incorporated in the flow system. The flow rate through the pipeline could be
varied from a Tow of 2 ft/sec to 15 ft/sec. The system was designed to
recirculate coal/water slurry through an open drum where air was bubbled in
the line. A copper cooling coil was immersed below the slurry level in the
drum for recirculating cold water through the medium in order to remove heat
from the system. The flow rate in the pipeline was monitored by the use of

a Polysonics flow meter, model UFM-P. The equipment was capable of continuous
operation. The critical velocity for flow of slurries in the pipeline was
calculated using a correlation developed by Oroskar and Turian (17). The
critical velocity, defined as the minimum velocity needed to keep the coal
particles susoended in the liquid medium, was calculated to be 5.5 ft/sec

for a 50 wt% coal/water slurry for the two inch laboratory pipeline.

(b) Particle Size Distribution

A 6.6 wt% slurry consisting of Indiana #3 bituminous coal with 60.5% of
417 to 165 um and 39.5% of 147 to 417 um particles was recirculated through
the pipeline loop for 6 hours at 5.6 to 5.8 ft/sec at 85-95°F using deionized
water for preparation of the slurry. At the conclusion of the experiment, the
coal particles were filtered, dried and sieved to determine the particle size
distribution. The data for final size distribution of the slurried coal is
shown in Table II.

TABLE 11
Slurry Recirculation in Laboratory Pipeline
Indiana #3 (Ayrshire) 417 to 1651 um, 60.5%
(6.6% wt?Z slurry in
deionized water) 147" to 417 um, 39.5%
Flow Rate: 5.6 to 5.8 ft/sec
Temperature: 85-95°F
Run, Hours: . 6
Final Particle Size Distributinn
Particle Size Percent
+1651 um 0.62
-1651 to +417 um 4.69
-417 to +147 um 40.45
-147 to +74 um 39.40
-74 ym 14.79

(c) Microbial Desulfurization Experiments in the Two-Inch Pipeline.
INlinois #6 (Delta Mine) and Indiana #3 (Ayrshire Mine)} bituminous coals

were used in the slurry pipe desulfurization experiments using 7. ferrooxidans
for inoculating the coal/water slurry used in these experiments. A 10 wt#%
coal/water slurry was prepared using deionized water and the mineral salts
medium described earlier, the coal particle size range was from 147 um to 1981
um. The slurry flow rate was kept at 6 to 6.2 ft/sec, and the temperature in
the system was controlled by recirculating cold water through the copper cooling
coils in the slurry drum. Duplicate samples of coal slurry were taken once a
day for the determination of pyritic sulfur content in the slurry. The experiment
was continued for seven days with recirculation of the slurry through the
pipeline system for 8 hours/day. The experimental data with I11inois #6 (Delta)
is shown in Table 3, and the rate of pyrite desulfurization is shown in Figure
2. The desulfurization rates in the slurry pipeline experiments and the

13



laboratory shake-flask experiments are in good agreement.

Another slurry pipeline desulfurization experiment was conducted using
Indiana #3 (Ayrshire) coal in deionized water as a 25 wt% slurry. The other
process variables were carefully controlled: flow rates 6-6.5 ft/sec,
temperature, 70-90°F, and pH, 2.5-2.8. The experiment was continued for 14
days and the slurry samples for pyritic sulfur determination were taken daily.
The desulfurization rates with Indiana #3 coal in the pipeline experiment
are shown in Figure 4 and are in good agreement with the laboratory data
and the results with I11inois #6 coal. As observed in the laboratory
experiments, the rate of desulfurization of bituminous coals is directly
prop?rtiona1 to the pyritic sulfur content and the particle size of the coal
sample.

3. Corrosion Test Results:

The corrosion rates were determined using a 10 wt% to 40 wt% coal water
slurry with 147 to 417 um coal particles. The corrosion rates ranged from
1.223 X 1072 IPY for Illinois #6 to 1.272 X 1072 IPY for Indiana #3 coal
slurry consisting of 40 weight percent each coal.

The addition of T. gerrooxidans in salt medium at the desired concentration
to the coal/water slurry increased the corrosion rates for both the coals
tested. The corrosion rates for 72-hour and 500-hour experiments in the
presence of T. fenrooxidans in salt medium with 10 weight percent slurry of
I11linois #6 ranged from 4.2 X 1073 IPY to 1.41 X 1072 IPY respectively.

However, the introduction of upto 10 ppm of a commercial corrosion inhibitor,
Calgon T G-10, inhibited the corrosion rates with I11inois #6 and Indiana #3
coals to very low levels approaching those obtained with the deionized water.
Black Mesa pipeline has used this corrosion inhibitor on a regular basis with
very satisfactory results.

CONCLUSTONS

About 80 to 85% pyritic sulfur removal has been achieved by microbial
desulfurization of I1linois #6 and Indiana #3 coals using Thiocbacillus gerrooxidans
in laboratory shake-flask experiments and in a two-inch pipeline loop. The
10 to 25 wt% coal/water slurry was recirculated at 6-7 ft/sec for 5 to 12 days
at 70-90°F. Results also show that the rates of bacterial desulfurization are
higher in the pipeline loop under turbulent flow conditions for particle sizes,
43 to 200 um as compared to the shake-flask experiments. It is visualized that
the proposed coal slurry pipelines could be used as biological plug flow reactors
under aerobic conditions. The laboratory corrosion studies show that use of
a co;rosion inhibitor will limit the pipeline corrosion rates to acceptable
Tevels.
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DAYS PYRITIC SUL
0 1.70
1 1.45
2 1.13
3 0.80
4 0.60
5 0.48
7 0.41

SLURRY FLOW RATE:
SLURRY TEMPERATURE:
COAL PARTICLE SIZE:
pH OF SLURRY:

INDIANA #3 BITUMINOUS COAL (AYRSHIRE MINE)

DAYS PYRITIC SUL
0 2.58
4 1.75
5 1.55
7 1.82
9 1.03

11 0.64

12 0.51

13 0.52

SLURRY FLOW RATE:
SLURRY TEMPERATURE:
COAL PARTICLE SIZE:
pH OF SLURRY:

TABLE 3

SLURRY PIPELINE DESULFURIZATION
COAL/WATER SLURRY (10 WT%)
NOIS #6 BITUMINOUS COAL (DELTA MINE)
(Thiobacillus ferrvoxidans)

PYRITIC SULFUR

FUR, WT% REDUCTION, %
0.00
14.7
33.5
52.9
64.7
72.0
76.0

6 to 6.2 FT/SEC

70-90°F

147 um to 1981 pm

2.5 to 2.8

TABLE 4

SLURRY PIPELINE DESULFURIZATION
COAL/WATER SLURRY (25 WT%)

(Thiobacillus {errooxidans)
PYRITIC SULFUR

FUR, WT% REDUCTION, %
0
32
40
30
. 60
5 75
6 80
80
6 FT/SEC
70-90°F
147 um to 1981 pm
2.5 to 3.0

15

RATE OF DESULFUR-
IZATION

MG/LITER X DAY

0.00
257.35
293.26
308.82
283.08
251.17
189.70

RATE OF DESULFUR-
TZATION

MG/LITER X DAY

0.00
558.57
554.53
292.26
463.60
473.53
463.01
426.56
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SEPARATION OF ULTRAFINE PYRITE FROM COAL BY
SELECTIVE DISPERSION AND FLOCCULATION

Yosry A. Attia

The Ohio State University
Division of Mining Engineering
140 W. 19th Avenue
Columbus, Ohio 43210

ABSTRACT

A novel technique for separating ultrafine pyrite particles (minus 40 microns) from
coal fines has been conceptually developed and tested. The technique involves the
use of a selective polymeric dispersant for pyrite, while flocculating coal parti-
cles with a general polymeric flocculant. The suspended pyrite can be then removed
from the flocculated coal fines which settle preferentially by gravity.

The key to this separation was the design and preparation of the selective disper-
sant for pyrite (PAAX). This was achieved by incorporating xanthate groups into
the structure of a low molecular weight acrylic acid polymer (PAA). Testing this
reagent on individual suspensions of coal and pyrite confirmed its selective dis-
persion action towards pyrite, while it had no dispersion action on coal suspension
when using Purifloc-A22 flocculant. Preliminary tests on high sulfur coal from
Kentucky No. 9 seam, also confirmed this selectivity. Further process development
is needed however before this promising technique can be commercially feasible.

Introduction

Most of the Eastern U.S. coals, suffer from high sulfur content, which on burning
emit sulfur dioxide in excess of EPA limit of 1.2 1b 502/million Btu. Specifically,
there are three broad regions that suffer from severe sulfur problems. These are:
Northern Appalachia (Pennsylvania, Ohio, West Virginia) with average sulfur content
of about 3%; Midwest region (Indiana, Illinois, Kentucky) with average sulfur of
3.9%; and Central Midwest (Iowa, Missouri, Kansas, Oklahoma) with average sulfur of
5.25%.

The presence of sulfur in coal is generally attributed to two forms, organic sulfur
and pyritic sulfur. The proportion of pyritic sulfur to organic sulfur varies sig-
nificantly from one coal seam to another, but it appears that pyritic sulfur gener-
ally represents about 70 percent or more of the total sulfur (1). The pyrite is
found in coal in a wide size distribution, with a significant proportion in the very
fine size fraction (less than 25 microns). For example the mean particle size of
pyrite in the Midwest region is about 37u (400 mesh) and for Central to Western
Midwest region is about 107u (150 mesh), and in the Appalachian regions is about 68-
100u. This can only mean that a significant amount of the pyrite is in the very
fine to colloidal fractions. In fact, there are coal seams, such as Kentucky No. 9
where all the pyrite particles are often smaller tham about ten microns (2).

It is believed therefore, that the separation-removal of pyrite from coal prior to
its combustion would greatly reduce the sulfur dioxide emission and render many
coal deposits within the EPA limits.

For separation of coal from relatively coarse shale and pyrite, gravity-based tech-
niques have been effectively utilized. For sizes below 300 microms to about 100
microns, froth flotation has been used satisfactorily for separating coal from
shales (3). Even separation of pyrite from coal has been achieved by flotation (4).
However, most of these processes become less effective when the particle size of the
coal sguspension is significantly below 100 microms.
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Une ot the promising new technologies for separation of very fine particles is se-~
lective flocculation. The selective flocculation process has been used effectively
to separate very finely disseminated minerals from mixed ore suspension (5). The
process 1s based on the preferential adsorption of an organic flocculant on the
wanted minerals, thereby flocculating them, while leaving the remainder of the sus-
pension particles dispersed. The dispersion of certain components in the suspension
such as pyrite, can be enhanced by using more selective or powerful dispersants. 1
{
{
{
1

Methods for achieving selective flocculation and dispersion have been recentlv des-
cribed by Attia (6).

The objective of this research was to investigate the feasibility of separating

coal fines from mixed suspensions with pyrite by selective flocculation. In this

work, the separation of pyrite from coal was based on the distinct differences in ‘
their surface chemical properties. Pyrite being a sulfide mineral has an affinity .
for xanthate containing reagents, while coal does not have such an affinity towards
xanthates. Therefore, if xanthate groups could be incorporated into the structure

of long-chain polymers, selective polyxanthate flocculants or dispersants for pyrite

might thus be achieved. The use of polyxanthates for selective flocculation of

sulfide minerals, particularly for copper, was first reported by Attia and Kitchener

(7). The separation of pyrite from coal using polyxanthate dispersants was demon-

strated recently by Attia and Fuerstenau (8).

This article describes the progress made to achieve selective flocculation of coal
from pyrite from a coal sample containing about 2.9% total sulfur.

Preparation and Testing of Polyxanthate Dispersants.

In a preceeding article (8) Attia and Fuerstaneu prepared polyxanthate dispersants .
by reacting low molecular weight polyacrylic acid solutions with sodium hydroxide |
and carbon disulfide. The presence of the xanthate groups (Dithio-carbonate) in ‘
the polymeric dispersant was ascertained from the UV - Spectra of the solution,

where the absorption peak at 305 to 307 mu was observed. This is very close to the
UV-absorption peak of lower xanthate compounds of 303 mu. \

Selective flocculation of coal from pyrite was investigated using the newly devel-
oped polyxanthate dispersant in conjunction with a polystyrene sulfonate (purifloc
A22) flocculant. The flocculation results on the individual mineral suspensions are
shown in Figure 1 (A & B). These graphs show the effect of polyacrylic acid disper-
sant before (PAA) and after xanthation (PAAX) on the flocculation-dispersion behavior
of individual suspensions of coal and pyrite with Purifloc-A22 flocculant.

PR N

PR N

From Figure 1(A), it appeared that PAA inhibited or restrained the flocculation
action of Purifloc-A22 on both coal and pyrite suspensions at PAA concentrations of
100 mg/1 and above. The dispersive action of PAA in this case was therefore unse-
lective. However, the PAAX crude reaction product in Figure 1(B) only dispersed the
pyrite suspension to the same level as PAA, while the coal suspension was totally
flocculated even at high PAAX concentrations. The polyxanthate dispersant rather
than improving the dispersion of pyrite, simply did not adsorb on the coal particles,
thereby creating a selective dispersion action for the pyrite. These observations
in Figure 1(B) were repeated and noted several times even with purified PAAX solu-
tlons. Selective dispersion of pyrite or selective flocculation of coal from pyrite
using PAAX reagent appeared, therefore, possible.

1‘;all[

Effect of Pyrite Particle Size on Dispersion: It was suspected that a lot of the
non~dispersed pyrite particles, shown in Figure 1, was due to the settling of
"coarse' particles between 10 and 37 microns. Pyrite has a specific gravity of
about 5.4, while that of coal is around 1.6 to 1.8. Therefore, a pyrite suspensions
of coal and pyrite of minus 37 microns size were also tested simultaneously. The
results showed that the coal was almost totally flocculated as before, while the
minus 10 micron pyrite suspension remained very stable, with only 10 - 20% weight of
the particle, settled or flocculated. The minus 37 micron pyrite behaved in the
same manner as in Figure 1. From these observations, it is believed that the se-
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lective dispersion of pyrite will be more effective at the smaller particle sizes.

Selective Flocculation of High Sulfur Coal

Preliminary testing of the polyxanthate dispersant mentioned earlier, during the
selective flocculation of high sulfur coal was conducted and described here. A
sample of bituminous coal from Kentucky No. 9 seam was kindly supplied by the
Occidental Research Corporation. The coal sample was wet ground in a steel ball
mill and screened to obtain the minus 400 mesh (-37u) fraction for testing.

Single-step selective flocculation tests were conducted on dilute suspensions (about
3% wt) of the minus 37u coal particles, using 2 mg/l, F1029-D flocculant (a partial-
ly hydrophobic polymer prepared by Dai-Ichi Kogyo Sieyako, Japamn), at pH 10. The
test procedure was as follows: The coal suspension was dispersed at a moderate
shear for 10 minutes, during which the required amounts of PAAX solution were added
and the pH was adjusted to 10. The flocculant was then administered while the sus-
pension was stirred at high shear for 10 seconds. The suspension was thereafter
stirred at a low shear for one minute, followed by gentle rotation in an inclined
cylinder for 5 minutes. At the end of this step the suspension was decanted off and
the flocculated fraction was recovered. Both fractions were dried, weighed and ana-
lyzed for total sulfur. The results of this brief study is shown in Table 1 below.

Table 1: Material Balance for One-Step Selective Flocculation of High
Sulfur Coal using PAAX Dispersant and F1029-D Flocculant.

Total Total Sulfur

Product Weight 7% Sulfur? Distribution % Remarks
Dispersed 3.7 13.74 20.3 500 mg/1
Flocculated 96.3 2.08 79.7 PAAX
Feed 100.0 2.52 100.0

Dispersed 2.7 9.96 9.7 300 mg/1
Flocculated 97.3 2.56 90.3 PAAX
Feed 100.0 2.76 100.0

These results show that the sulfur content of the dispersed (reject) products was
significantly higher than the feed or the flocculated fractions. This was specially
evident at the higher PAAX dispersant concentration (500 mg/l) where the sulfur con-
tent in the dispersed fraction was 13.74% compared with 2.08% in the flocculated
fraction. While these results present a definite evidence for the selectivity of
flocculating coal and dispersing pyrite with the reagents mentioned above, the total
sulfur removal was very low. The low sulfur removal could be due to the fact that
pyrite is known to be very finely disseminated (~10 microns) in Kentucky No. 9 seams
from which this sample was obtained. 1In the brief tests mentioned here no attention
was pald to the liberation characteristics of pyrite from coal. It was hoped that
grinding to minus 400 mesh (37 microns) would liberate a significant amount of py-
rite. Another possible reason for the low sulfur removal was the presence of
“coarse" pyrite or pyrite-containing coal particles which would settle at a similar
rate as the pure coal flocs, thus, interferring in their separation. As mentioned
earlier in thls article, the process is expected to be more effective for the 10
microns size pyrite than for 37 microns size pyrite particles, 1f gravitational
settling was used for separation of flocs from suspension. Other floc separation
methods such as flotation might extend the effectiveness of this selective floc-
culation method to coarser sizes. Alternatively, the coarser pyrite particles
(greater than 25 microns for example) could be separated by other technique prior to
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applying selective flocculation.
Conclusions

From the foregoing discussion, it can be concluded that the addition of the poly-
xanthate dispersant (PAAX) during the selective flocculation of coal with F1029-D
or Purifloc-A22, presents a promising approach for the removal of ultrafine pyrite
particles from coal suspensions. This would specially be true however if future
investigations could improve the overall pyrite removal, while still obtaining high
coal (Btu) recovery. It is believed that by applying multi-stage selective floccu-
lation (1.e., the flocs from the first separation step are re-dispersed and re-floc-
culated several times) more of the liberated pyrite particles would be removed.
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REMOVAL OF ORGANIC SULFUR FROM COAL
BY SUPERCRITICAL EXTRACTION WITH ALCOHOLS

C. B. Muchmore, J. W, Chen, A. C. Kent, and K., E. Tempelmeyer

Department of Mechanical Engineering and Energy Processes
Southern Illinois University, Carbondale, Illinois 62901

INTRODUCTION

Growing concern over environmental effects of acid rain has
resulted in increased interest in development of pre-combustion
removal of sulfur from coal. Physical coal cleaning processes are
effective for pyritic sulfur removal but do little to reduce the
organic sulfur content of coal. This paper reports the selective
removal of organic sulfur from coal, employing ethyl or methyl
alcohols as the solvent/reactant, The process is based on the
observation that, under supercritical conditions, organic sulfur is
selectively removed from the coal matrix. The concentration of
sulfur in the resulting solid product is thus reduced, while
maintaining over 50% of the concentration of volatile matter
compared to that of the parent coal. In addition to the
desulfurized solid product, a high BTU gas is produced, and some
conversion of coal to liquid products occurs.

LITERATURE REVIEW

Most work on supercritical extraction of coal reported in the
literature has as a primary objective the maximum conversion of coal
to liquid products. A 1975 article by Whitehead ( 6 ) [ one of the
first references to supercritical coal extraction presented in the
literature ] presented data on supercritical extraction of coal by
coaltar or petroleum naphtha fractions. Tugrul and Olcay ( 5)
reported in 1978 extraction yields and analytical results obtained
by supercritical-gas extraction of 250 mesh lignite. They found
extraction nearly complete after 30 minutes; extract yields of about
24% were reported. Gas chromatography/mass spectrometry analyses of
several extract fractions indicated dozens of paraffins, alkylated
hydrocarbons, phenolic and oxygenated compounds; however, no sulfur
compounds were reported. A kinetic study of a high-volatile
bituminous coal utilizing supercritical toluene was reported by
Slomka and Rutkowski ( 4 ). A close fit of their experimental data
on time dependence of extraction yield was found when a second order
equation was used. The use of supercritical toluene extraction of
coal in pilot plant studies supported by the British Coal Board was
reported by Maddocks ( 2 ). The major objective of that study was
also maximum conversion of coal to liquid products; reduction of
sulfur in.the unconverted solid was not reported.

Some work has been reported utilizing alcohols for
supercritical extraction of coal. Makabe et al ( 3 ) reported
extraction of coal with ethanol-sodium hydroxide with the objective
of maximizing extraction yield; no sulfur data was reported., Methyl
alcohol reaction with a low volatile Bituminous West Virginia coal
at higher temperatures (460-600C) was reported by Garner et al (1
). Promotion of coal gasification was the objective of that study:
sulfur content of the resultant char was not reported.
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In contrast to the previous reported work utilizing
supercritical solvent extraction of coal, where major objectives
have been the conversion of coal to liquid or gaseous products, the
major objective of our research effort is to develop a
desulfurization process that will result in a solid product suitable
for combustion in existing coal fired utility boilers.

EXPERIMENTAL

Batch reactor studies

These experiments utilized a 300cc stirred autoclave reactor; a
flow chart of the reactor is given in Figure 1, The coal, previously
dried and ground to the desired particle size (generally -40 mesh),
is charged to the reactor and alcohol is added. Heating the stirred
mixture to above the critical temperature and pressure of the
solvent (for ethyl alcohol 243C and 63 atm) results in a sequence
of extraction and reaction processes that remove organic sulfur from
the coal. After the desired reaction time (generally one hour) the
fluid phase is vented from the reactor through a condenser system
and liquid and gaseous products are collected. After cooling, the
s0lid product is collected from the reactor.

For some experiments, treatment of the coal with KOH was
utilized; two procedures were employed: a) charging the KOH to the
reactor (5% of the weight of the coal charged) or b) soaking the
coal for ten minutes in a 5% KOH/alcohol solution, followed by
alcohol washes to remove essentially all of the potassium from the
coal prior to supercritical reaction.

reactor

The flow chart for the semi-continuous Berty gradientless
reactor, equipped with a Magnedrive impeller and internal
recirculation system, is given in Fiqure 2. The ground coal is
held in a basket within the reactor, while solvent is pumped
continuously through the system., After cooling following a run, the
s0lid product is removed from the reactor basket for weighing and
analysis. It is possible to maintain a constant pressure in this
system, in contrast to the batch system where pressure increases
during the course of a run, final pressure being determined by the
temperature and charge size to the reactor,

RESULTS AND DISCUSSION

Batc¢h reactor results

For one set of experiments, a comparison of ethyl and methyl
alcohols as supercritical extractants was made over a temperature
range of 275-450C, utilizing three different coals of varying ratio
of organic to pyritic sulfur content. The coals were provided by
the State of Illinois Geological Survey, and have been kept under a
nitrogen atmosphere since the initial size reduction following
mining of the coal. The organic sulfur/pyritic sulfur ratio varied
from 0.72 to 2.82 for these coals. For all runs, the reaction time
wags 1 hr and a solvent/coal ratio of 1/1 was used. The results of
these batch runs are summarized in Figure 3, where the sulfur
reduction obtained (evaluated on a concentration basis, comparing
the total sulfur in the product char to that of the original coal)
is shown as a function of the organic sulfur/pyritic sulfur ratio of
the original coal, with temperature as a parameter. Ethyl alcohol
resulted in greater desulfurization (48%) than methyl alcohol at
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higher temperatures (400 C) with the higher organic sulfur content
coal, and methyl alcohol gave comparable desulfurization to ethyl
alcohol at the lower temperature investigated (300 C) with the lower
organic sulfur content coal. The results confirm that organic
sulfur is being removed by the supercritical extraction/reaction
process.

Another series of four runs was performed to compare methyl and
ethyl alcohols as supercritical fluid reactants, with and without
KOH (5% of the coal charge). Previous studies had indicated
enhanced desulfurization by pre—~treatment of the coal with a
potassium hydroxide-alcohol solution. Reaction time was 2 hours at
a reaction temperature of 340C; maximum reaction pressures were 2500
to 4450psig. The high organic sulfur content coal ( total sulfur
content 4.23%, organic S/pyritic S ratio = 2.82 ) was used for
these runs; results are summarized in Table 1.

Inspection of Table 1 indicates that addition of potassium
hydroxide decreased solid product and liquid recoveries, and
increased gas production; this was an anticipated result due to the
reported influence of caustic on decomposition rates of alcohol at
the reaction temperatures utilized. The greatest desulfurization (
54.08 reduction in sulfur concentration ) resulted in the methanol-
KOH system. It is of interest to note that from 56 to 69% of the
volatile matter is retained in the solid product compared to that of
the original coal., Heating values of the solid products are one to
seven per cent greater than the original coal, in spite of a slight
increase in ash content. The higher ash resulting from the KOH
treatment reflects the greater conversion of coal, as well as the
KOH itself, Prior work with both the batch and semi-continuous
systems established that comparable desulfurization is attained by
both the KOH addition and pre-treatment soaking procedures.

Semi-continuous reactor

A series of runs were performed using an Illinois No.6 coal
having a total sulfur content of 3.0% and an organic S/pyritic §
ratio of 2.43. Operating pressure was kept constant at 1750 psigq,
run temperatures covered the range of 250-350C, and extraction times
at run temperature were up to eight hours. The observed weight loss
of coal and sulfur removal as a function of extraction time are
plotted in Figures 4 and 5, respectively. The conversions indicated
at time zero on these plots represent extraction and/or reaction
that occurs during the pre-heating time to reaction temperature,

An empirical first order kinetic model was used to fit the
experimental data of the percent of coal extracted and the percent
of sulfur removed, where concentrations remaining are based on the
ultimate extractability at reaction conditions. An Arrhenius plot
(Figure 6) reveals that the activation energy for coal extraction
was about 30 K cal per mole and for desulfurization was about 17 K
cal per mole, which compares favorably with the data in the
literature. The selectivity of sulfur removal, as defined by the
ratio of sulfur removal to coal extracted, was in the range of 2 to
4.

Gas and liquid analyses

Analyses of the gas products resulting from the batch
experiments reported in Table 1 are given in Table 2. The greater
production of hydrogen resulting when KOH was used is evident for
both the ethanol and methanol systems. As anticipated, no ethylene
and much less ethane resulted from the methanol runs, compared to
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TABLE 1

BATCH EXPERIMENTAL DATA

Standard
Coal Ethanol, Ethanol, Methanol, Methanol,
C-22440 No KOH 5% KOH No_KOH 5% KOH
Maximum Reaction
pressure (psig) 2500 3000 2650 4450
Char yield (% of
coal charged) 83.0 81.9 89.5 86.8
Liquid yield (%
of liquid charge) 83.5 74.8 90.3 59.8
Gas produced, 1 10.0 13.0 6.2 26.8
% desulfurization
(conc. basis) 36.3 37.6 30.5 54.0
Solid analyses
(moisture free)
% Volatile matter 41.6 23.8 23.2 28.8 25.0
% Ash 10.43 12.18 17.40 11.34 17.89
Btu/1b 12,375 13,263 12,990 12,826 12,501

Reaction Conditions: 609 coal, 609 ethanol, 2 hr. reaction at 340°C.

TABLE 2

GAS ANALYSIS (VOLUME %),
BATCH EXPERIMENTAL DATA

ETHANOL METHANOL

GAS

PRODUCTS NO KOH 5% KOH NO ROH 5% KOH
8

Hy 9 17 4 3

Chy 35 23 68 31
0

CyR, 1 ‘ 1 0

CyHg 30 27 7 3

Co, 20 22 17 25

Other 5 10 4 3
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the ethanol runs; methane concentration was higher in the methanol
runs.

Gas chromatograms of the 1liquid products resulting from two of
the batch experiments reported in Table 1, where ethyl and methyl
alcohols were used without KOH addition, are given in Figures 7 and
8, respectively, A capillary column was used for the analyses, and
the sample was split to two different detectors after passing
through the column, giving dual traces on each chromatogram. A
flame photometric detector (FPPD), specific for sulfur containing
compounds, and a flame ionization detector (FPID), sensitive to
essentially all organic compounds, were used, Of the more than half
dozen major sulfur containing compounds indicated in Pigure 7,
several have been identified; ethyl sulfide, ethyl disulfide,
thioacetal, and thiophene were indicated by GC/MS analysis. The
participation of the ethanol solvent (or a two carbon degradation
product) in the desulfurization reactions is suggested by the
structure of the sulfur containing products thus far identified.
The gas chromatogram of the liquid product from the methanol run
indicates only two major sulfur compounds, and lesser amounts of
coal derived organic material, compared to the ethanol run.

CONCLUSIONS

It is apparent from the data thus far obtained that both ethyl
and methyl alcohols are effective for desulfurization of high
organic sulfur content coals when used as extractants/reactants
under supercritical conditions. Since it is not known at this time
if any significant amount of pyritic sulfur is being removed during
the supercritical desulfurization reactions, this possibility must
be recognized in any proposed model of the system. Figure 9
presents possible reaction pathways; the extent to which each may be
contributing to the overall desulfurization observed under
supercritical conditions has yet to be determined.

The potential for processing a typical high sulfur coal to
produce a solid product with less than 1% total sulfur by a sequence
of physical beneficiation for pyrite reduction, followed by
supercritical extraction for removal of organic sulfur, is indicated
by example in Figure 10. A 3% total sulfur coal, containing equal
amounts of pyritic and organic sulfur, could be processed by
existing technologies for removal of pyritic sulfur to give a total
sulfur concentration of, say, 1.8%, An additional 50% reduction of
the remaining total sulfur would then give a final total sulfur
concentration of 0,98, The initial attempt to attain this goal is
also represented in Figure 10, where a coal processed by froth
flotation was then subjected to supercritical extraction with the
methanol~KOH system at 350C for one hour in the batch reactor.
Although the final product total sulfur concentration of 1.37% fell
short of the 1% goal, this initial result is encouraging in view of
the fact that the froth flotation step has not yet been optimized
for the coal used.
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Bruce R. Utz, Steven K. Soboczenski, and Sidney Friedman

U.S. Department of Energy
Pittsburgh Energy Technology Center
P.0. Box 10940
Pittsburgh, PA 15236

INTRODUCTION

The TRW "Gravimelt" Molten Hydroxide Desulfurization Process is being
developed to remove sulfur from coal [1]. While the chemistry for removing
inorganic sulfur is being examined actively [2], little research has been done on
the removal of sulfur from organosulfur moieties in coal. The objective of this
study is to determine how molten hydroxides remove organosulfur from coal. The
two model compounds used initially to examine the chemistry of organosulfur
removal are benzothiophene and dibenzothiophene. These model compounds were
chosen because they simulate sulfur compounds in coal. Thermal decomposition
reactions of intermediate products were also studied, and based on the results, a
proposed pathway for desulfurization is suggested. The potential role of water in
molten hydroxide desulfurization was determined by varying the amount of water
present in the hydroxide mixture. Results demonstrate that water does not play an
important role in the removal of sulfur from organosulfur moieties. Since both
sodium hydroxide and potassium hydroxide have typically been used in the TRW
Molten Hydroxide Desulfurization Process, the importance of each hydroxide was
examined. It was found that the relative amount of each hydroxide may be critical
in removing organosulfur and that potassium hydroxide is the important species.
Continuing research will examine the importance of the cation in molten hydroxide
reactions and the use of other molten salts for the removal of sulfur from organo-
sulfur species.

EXPERIMENTAL

All molten hydroxide desulfurization reactions were performed using 1/2-inch
Monel Swagelok unions as reactors. Similar 316-stainless-steel reactors developed
cracks and leaks, resulting in loss of volatile components. In a typical
reaction, 3.1 to 4.0 g of powdered sodium hydroxide and/or potassium hydroxide,
0.3 to 0.6 g organosulfur compound, and a 1/U4-inch-diameter stainless-steel ball
(to ensure adequate mixing) were added to the reactor under nitrogen. Product
yields were slightly less without the stainless-steel ball. In some cases, the
hydroxide mixture was added in two steps, to reduce the free volume of the
reactor. Elimination of free volume ensured that the reactant would be in the
condensed phase and in intimate contact with the molten hydroxide. This was
accomplished by melting most of the powdered base in the reactor at 350°C, with
subsequent addition of the organosulfur compound and 0.3 to 0.5 g of additional
base. The end caps were then tightened to 35 ft 1b.

The reactor was bolted to a bracket assembly and immersed in a Tescom SBL-2
fluidized sand bath that was preheated to reaction temperatures. Reaction tem-
peratures ranged from 350°C to 400°C, and reaction times varied from 10 minutes to
3 hours. Vigorous mixing was accomplished by using a Burrell mechanical wrist-
action shaker. The reactors were cooled rapidly by immersion in room-temperature
water.

The reactors were opened, placed in 50 mL of CH2Cl., and sonicated for §
minutes. This allowed partial removal of neutral organics and, more important,
minimal evaporative losses of volatile organics. The CH,Cl, was decanted and 1 mL
of a solution containing an internal standard was added (a solution containing an
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internal standard was added to all CH2Cl, extracts before GC analysis). The
reactor was then sonicated with 50 mL of deionized water until all the base was
dissolved (20-30 minutes). The basic solution was decanted and the reactor was
washed with an additional 10 mL of water to ensure complete removal of its
contents. The H20 solutions were combined and extracted with two 25-ml portions
of CH,Clz to remove any of the remaining neutral organics. Using litmus paper as
the indicator, the water layer was neutralized with 4 to 6 mL of concentrated HCl.
The neutralized solution contained acidic products that had previously remained in
the aqueous phase as soluble salts. The neutralized water layer was then
extracted with two 25-mL portions of CH2Cl:. Solutions containing internal
standards were added to each portion to determine quantitatively the amounts of
individual components and to determine material balances. Material balances of
approximately 95% were achieved.

The three methylene chloride portions were analyzed using an HP 5740 gas
chromatograph with a 50-meter SE-54 capillary column, In most cases, flame
ionization was used to detect the individual components of the reaction. The
CH2Cl, was removed by rotoevaporation, and the products were further characterized
by proton NMR; FTIR; and low-voltage, high-resolution MS. Some loss of the more
volatile components was observed.

Thermal decomposition reactions were conducted using aromatic thiols and
their respective salts. The aromatic thiol (0.2 g) and a stainless-steel ball(s)
were added to the reactor, and the reactor was heated to 375°C for 30 minutes.
Thermal decomposition of the salt of the aromatic thiol was examined by adding
0.2 g of the aromatic thiol, 3.5 g of powdered KOH and NaOH (60:40) and a
stainless-steel ball to the reactor. Reaction conditions were the same as those
for the aromatic thiol. Reaction products were dissolved in 50 mL of CH,Cl: and
quantified using capillary GC and an internal standard.

RESULTS AND DISCUSSION

Reaction_of Benzothiophene

A weight ratio of 1:1 (KOH:NaOH) was chosen for the initial model-compound
study, based on the ratio that the TRW process is using for bench-scale experi-
ments with coal [1]. Preliminary experiments at 375°C and 30-minute reaction
times indicated that benzothiophene, chosen as the initial model compound, had
reacted partially with the molten hydroxide to form two principal products.
Capillary GC, high resolution mass spectrometry, FTIR, and NMR identified the
major product as o-thiocresol. The minor product was toluene.

Extending the reaction time to 3 hours gave a considerably different distri-
bution of products. Not only had all the benzothiophene reacted, but the major
product was toluene. These results indicate that the overall reaction of benzo-
thiophene with molten hydroxide involves a ring opening and elimination of a
carbon to form o-thiocresol, followed by a slower sulfur elimination to form
toluene (Figure 1). These results are supported by the observations of
Weissgerber and Seidler {3], who identified small amounts of o-thiocresol and
formic acid when reacting benzothiophene with KOH at 300°-310°C. Apparently
extended reaction times or higher temperatures are two means to remove sulfur from
the sulfur species completely. The individual steps of the mechanisms are being
examined.

Effect of KOH:NaOH Ratio

Because of some inconsistencies in product yield, a series of experiments was
conducted using varying amounts of KOH and NaOH. Varying the relative amounts of
KOH and NaOH clarified the problem and determined the importance of each
hydroxide. Hydroxide mixtures having different ratios of KOH and NaOH were
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prepared, and their activities were compared by determining the extent of benzo-
thiophene conversion to the initial product, o-thiocresol, or the subsequent
product, toluene. Weight percents of KOH:NaOH used for this study were the
following: 0:100, 40:60, 45:55, u48:52, 50:50, 52:48, 55:45, 60:40, 75:25, 90:10,
and 100:0. Figure 2 shows the results of these experiments. Note that at
approximately a U45:55 ratio of KOH:NaOH, the conversion of benzothiophene to
o-thiocresol increases dramatically. The lack of any significant reaction at
lower percentages of KOH was unexpected. Increasing the weight percent of KOH in
the hydroxide mixture resulted in an increase in the concentration of o-thiocresol
and a corresponding increase in toluene formation, since the formation of toluene
represented a decomposition of the intermediate product, o-thiocresol. Maximum
yields of desulfurized product (toluene) were obtained by using pure KOH. Since
conversions varied dramatically at approximately a 45:55 ratio, all subsequent
experiments were done with a 60:40 ratio of KOH:NaOH.

From these results, it can be seen that the amount of KOH within the
hydroxide mixture may be critical in removing organosulfur from coal. While the
particular role of KOH has not been determined, evidence from the literature has
shown that the size of the cation may be important in stabilizing intermediate
carbanions, Wallace et al. [4] conducted a series of base-catalyzed, beta-
elimination reactions with isopropyl sulfide and measured the amount of olefin
production. The proposed mechanism involved an initial formation of a carbanion
with subsequent elimination of the sulfur moiety (which can be considered a good
leaving group) to form the olefin (Figure 3). It was shown that the rate of
olefin production was dependent on the size of the metal cation (Li*, Na*, K*,
Rb*, and Cs*) of the base. The increase in olefin production with an increase in
cation size was explained as a stabilization/solubilization effect, wherein the
intermediate carbanion was more effectively stabilized by the larger cations,
causing an increase in the rate of olefin production. Certain possible reaction
pathways for the conversion of benzothiophene also require a carbanion
intermediate. Increases in benzothiophene conversion with increasing amounts of
K* support this type of intermediate.

Thiol Thermochemistry

The mechanism for the formation of o-thiocresol has not been clearly
established, although evidence to support a pathway for the desulfurization of the
aromatic thiol (o-thiocresol) has been obtained. Experiments using model com-
pounds showed that the thermal decomposition of aromatic thiols is different from
that of their respective salts (salt formation occurs in molten hydroxide). The
thermal decomposition of thiols can be complicated because the incipient free-
radicals tend to react with other thiol molecules and provide a variety of
products. Reports in the literature demonstrate that certain aromatic thiols
decompose thermally to form the corresponding sulfide [5]. Thermal decomposition
reactions in our reactor (375°C for 30 minutes) using thiophenol or o-thiocresol
produced diphenyl sulfide or 2,2'-dimethyldiphenyl sulfide respectively. 4lthough
the mechanism is not known, one can be suggested. The bond dissociation energy of
the S-H bond for aromatics is approximately 75 kcal/mole, and at 375°C, the
molecule most likely dissociates to Ar-S- and H- [6]. Attack of Ar-S- on the
aromatic thiol with subsequent loss of the stable thiyl radical would produce a
monosulfide and hydrogen sulfide (Figure 4).

The behavior of the aromatic thiol salt was studied by conducting thermal
decomposition reactions in the molten hydroxide mixture (60%KOH:40%NaOH). It was
assumed that hydroxide was present only to allow formation of the thiol salt. In
molten hydroxide, the aromatic thiol loses a proton to form the conjugate base,
which is not likely to lose an electron to form Ar-5- and a free solvated
electron. The bond dissociation energy of the aromatic C-S bond is approximately
85 kcal/mole and represents a likely thermolysis pathway [6]. Thermal decomposi-
tion of the thiophenolate salt produced about 60%-70% insoluble material and
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approximately 30% benzene. The formation of insoluble material may be a result of
phenyl radical reactivity, leading to radical polymerization reactions. This
hypothesis was tested by conducting the same reaction in the presence of formate
ion. Formate ion is known to react with hydroxide and generate hydrogen, carbon
monoxide, and carbonate salts [7]. In situ generation of Hp might allow capping
of intermediate free-radicals (phenyl radicals) and thus inhibit free-radical
polymerization reactions. Thermal decomposition of the thiophenolate salt in the
presence of formate yielded approximately 80% benzene, supporting the hypothesis
that homolysis occurs at the C-S bond. Based on these results, it is suggested
that the conjugate base of the intermediate product, o-thiocresol, undergoes
thermal decomposition to toluene. The absence of polymer may be due to a low
concentration of o-thiocresol at any given time.

Reaction of Dibenzothiophene

Dibenzothiophene was much less reactive than benzothiophene. Reactions at
375°C for 30 minutes in our laboratories demonstrated that dibenzothiophene was
unreactive and quantitatively recovered. Maijgren and Hubner [8] observed, using
dibenzothiophene as a model, that under similar reaction conditions (75%KOH and
254NaQH, 3709C for 60 minutes), 81% of dibenzothiophene was recovered, but no
reaction products were identified. Wallace et al. also found that dibenzo-
thiophene was unreactive when heated at 200°C for 20 hours in a KOH - white oil
mixture [9]. The severity of the reaction conditions in our laboratory was
increased to H00°C for 3 hours. Under these conditions dibenzothiophene reacted
quantitatively, producing approximately 50% CH,Cl; insoluble material, 35%
o-phenylphenol, and 10% biphenyl. These results indicate that dibenzothiophene
will react with molten hydroxide and desulfurize if the reaction conditions are
sufficiently severe.

Role of Moisture

Since A.C.S. reagent grade KOH has a moisture content of 13%-15%, it was
thought reasonable to test whether water might be playing an important role in the
desulfurization reaction using molten hydroxides. Reactions were conducted with a
high-purity KOH that contained less than 1 wt.% of water, and the same results
(complete conversion) were obtained. Also, an equivalent amount of water (13
wt.%) was added to experiments conducted in pure NaOH, and in each case, no con-
version occurred. Based on these results, it appears that water has neither a
deleterious nor an advantageous effect on the removal of sulfur from organosulfur
compounds using molten hydroxides. These results also indicate that a consider-
able cost savings in the energy required for drying recycled caustic may be
possible.

CONCLUSION

Experiments carried out in microautoclaves demonstrate that sulfur can be
removed from organosulfur model compounds using molten hydroxides. Based on these
results, it can be seen that the ratio of KOH and NaOH may be critical in removing
sulfur from organosulfur moieties in coal and that the reaction temperatures and
reaction times might determine which type of organosulfur species is being removed
and to what extent. A large improvement in sulfur removal using the molten
hydrogide desulfurization process might be possible by varying the amount of KOH
and NaOH. While sulfur might be removed from benzothiophene moieties in coal at
375°C, it appears that more severe conditions are necessary to remove sulfur from
dibenzothiophene moieties. Efficiency of organosulfur removal may be partially
dependent on the type of organosulfur species in coal, and therefore continued
efforts to characterize the types of organosulfur moieties in coal are necessary.
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Figure I. Desulfurization of Benzothiophene in Molten Hydroxide
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DESULFURIZATION AND DEMINERALIZATION OF COAL BY MOLTEN NaOH/KOH MIXTURES
R. Markuszewski, D. R. Mroch, G. A. Norton, and W. E. Straszheim

Ames Laboratory* - U.S. DOE, Fossil Energy Program
Iowa State University, Ames, IA 50011

INTRODUCTION

The use of molten caustic to remove pyrite and other mineral matter from coal
was first reported by Masciantonio (1). He discovered that treating 1 part of coal
with 4 parts of 1:1 NaOH/KOH mixture at 250°C or higher removed all of the pyrite
within 5 minutes. At temperatures above 250°C, organic sulfur was also removed. In
recent years, the technique was refined by TRW and became known as the Gravimelt
Process (2-4). By using 10 parts of molten caustic to treat 1 part of coal at 370°C,
followed by washing with dilute H,S0,, almost all of the pyritic sulfur and about 80%
of the organic sulfur could be removed. In addition, the final ash contents were
generally less than 1%. Further studies on the effects of retention time, tempera-
ture, coal-to-caustic and NaOH/KOH ratios, particle size, and rank of coal resulted
in sulfur and ash reductions which met the New Source Performance Standards (5,6).
The fundamental aspects of cleaning coal with molten caustic were also studied by
Maijgren et al. (7, 8) who investigated the behavior of some organosulfur model com-
pounds in addition to the effect of caustic composition, reaction time, temperature,
and particle size.

The overall objectives of our own DOE-sponsored work at the Ames Laboratory are
to propose, test, and develop methods for regenerating the spent caustic and other
reagents used in the TRW Gravimelt Process in order to make this chemical cleaning
method economical. As a preliminary step to our investigations, the thermodynamics,
phase equilibria, and other properties of proposed reaction schemes were tested in
order to develop flow diagrams incorporating the desulfurization and regeneration
schemes (9). Furthermore, in order to ensure that our samples of cleaned coal and
spent caustic are comparable to those produced by the Gravimelt Process, similar
procedures were used in the cleaning steps. In the course of our work, the effect of
various washing procedures as well as of particle size and recleaning was investi-
gated. In addition, some fundamental chemistry and behavior of the mineral matter
during cleaning were studied on our own samples and on samples provided by TRW.

EXPERIMENTAL

For our own work, channel samples of Pittsburgh No. 8 coal from the Grafton
Mine, Churchville, WV, and I11inois No. 6 from the Captain Mine, Percy, IL, were
used. Two separate batches, IL6 and IL6A, of the Il1linois coal were used. The char-
acteristics of the 2 bituminous coals are listed in Table 1.

The desulfurization experiments were run in a batch reactor designed and con-
structed at Ames Laboratory. The reaction crucible {8 in. x 3.5 in. o.d.) was con-
structed from Inconel tubing. A basket to hold the coal was fashioned from 20 mesh
stainless steel screen. The chromel-alumel thermocouple was sheathed in stainless
steel.

* Ames Laboratory is operated for the U. S. Department of Energy by Iowa State
University under Contract No., W-7405-Eng-82.
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Table 1. Analyses for Pittsburgh No. 8 (PT8) and I11inois No. 6 (IL6 and IL6A)
Coal (on a dry basis, except for moisture)

%H,0 %Ash %S (Pyr. Sulf. Org.) % V.M. BEG%E
PT8 2.18  7.02 3.12 (l.48  0.26 1.38)  39.27 13,482
IL6 8.25 13.26 4.10 (1.82  0.29 1.99)  36.55 11,833
IL6A 870 14.17 452 (2.21  0.23 2.08)  38.50 12,245

For the experiments, 50g of coal (usually 12 x O mesh) were placed in the basket
and covered with 400g NaOH and 100g KOH. The basket, thermocouple, and stirring rod
were placed in the crucible, and the crucible was lowered into the preheated furnace.
The coal-caustic mixture was stirred and kept at 370°C for 1 hour while a continuous
flow of nitrogen above the crucible provided an inert atmosphere. After the re-
action, the basket containing the coal cake was removed from the reactor. The cake
contained about 2 parts of caustic adhering to 1 part of coal by weight. The cake
was first washed with 2L of water, followed by 1L of 10% H,S0, or HC1, and then a
final wash with 2 or 4L water.

The cleaned coal was dried at 110°C overnight and then sampled for analysis.
Moisture, ash, and pyritic and sulfate S were determined by ASTM procedures (10).
Total S was determined by high-temperature combustion using a Fisher Total Sulfur
Analyzer. Organic sulfur was determined by difference.

For comparison, samples of another Pittsburgh No. 8 coal were obtained in March,
1983, from the TRW Gravimelt Benchscale Run #2 performed in California. The samples
included raw coal, water-washed caustic-treated coal (intermediate product), and the
final clean product (after additional acid and water wash) from the Gravimelt Pro-
cess. In addition to the standard analyses described above, the samples were also
analyzed directly for organic sulfur by a technique utilizing scanning electron mi-
croscopy (SEM) and energy-dispersive x-ray spectrometry as described by Straszheim
et al. (11). Furthermore, they were characterized for various mineral phases and
their distribution among different particle sizes by SEM and automated image analysis
(SEM-AIA), a technique described previously by Straszheim and Markuszewski (12).

RESULTS AND DISCUSSION

Standard Conditions

The results for several cleaning experiments on the Pittsburgh No. 8 (PT8) and
I1linois No. 6 (IL6 or IL6A) coals are presented in Table 2. For the Pittsburgh
coal, under standard conditions (runs #3 and #16), 77-82% ash removal and 65-72%
sulfur removal were achieved with recoveries around 85-90%. For the Illinois coal,
(IL6 #6, IL6A #1, and IL6A #2), the ash and sulfur removal were better at 87-89% and
72-78%, respectively, while recoveries were lower at 75-79%.

Better Washings

When more water was used for the washing step (PT8 #10) and when the wash water
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Table 2. Removal of Sulfur and Ash from Pittsburgh (PT8) and 111inois (IL6 or IL6A)
Coals Under Standard! or Modified Conditions

%52 % S Removed % Rec.?

3.12
1.09

65.1

89.7

87.9

(overall)
(2nd step only

Sample
Run # Conditions! % H,0 % Ash2 % Removal
PT8 Untreated 2.18 7.02 ——--
PT8 #3 0.01 1.27 82.4
PT9 #9 Same as #3,
but 10% HC1
wash 0.16 2.27 67.6
PT8 #10 4L Wash 0.08 1.50 78.6
PT8 #12 4L Hot Wash 0.22 1.07 84.8
PT8 #16 0.18 1.61 77.0
PT8 #13  #10 recleaned 0.17 0.30 95.8
IL 6 Untreated 8.25 13.26 ———-
IL 6 #6 +60 mesh (80%) 0.33 1.79 86.5
IL6 #10 -60 mesh (85%) 0.48 0.56 95.8
IL6A Untreated 8.70 14,17 ----
IL6A #1 0.29 1.85 86.9
IL6A #2 0.25 1.53 89.2

71.7
86.1
77.7
75.2

74.5
64.7
79.12
79.12

1 Standard conditions are: 10:1 caustic/coal ratio, 4:1 NaOH/KOH ratio, 370°C for
1 hour, 2L hot water (100°C) wash, 1L 10% H,S0, wash (60°C), 4L hot H,0 wash

(100°C). Only nonstandard conditions are 1isted.
2 ¢ Sylfur and ¥ ash are reported on a dry basis.
3 % Recovered = ¥ grams MAF coal out x 100

grams MAF coal in

was heated to 100°C (PT8 #12), both ash and sulfur removals were improved for each
step without appreciable decrease in recovery.

Different Acid

When 10% HC1 was substituted for 10% H,SO, (PT8 #9), the sulfur removal was
improved, but the ash removal was worse than for run PT8 #3 in which 10% H,S0, was

used,

Recleaning

Best results were obtained when cleaned coal from run P78 #10 was cleaned again
under the same conditions. The final ash content of 0.30% and final sulfur content
of 0.38% represent removals of 96 and 88%, respectively.
ever, decreased to 73%. The lower recovery may be due partially to increased han-

dling and the associated mechanical losses.

Finer Grind

The 12 x 0 mesh IL6 coal, sized as 80% plus 60 mesh, was used in run #6.
the sample was ground to 85% minus 70 mesh and used in run #10, the final ash content
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of 0.56% and final sulfur content of 0.57% achieved represent significant improve-
ments in removal, to 96% and 86%, respectively., The lower recovery of 65% can again
be attributed in part to mechanical losses of the finer coal through the mesh of the
basket.

Effect of Various Washings on Sulfur Forms

The decrease in the total sulfur content of cleaned PT8 coal was followed by
observing the various sulfur forms after different washing procedures. Results of
these analyses are presented in Table 3. Use of a 2L wash under standard conditions
(run #3) showed an appreciable residue of sulfate in the cleaned coal, greater than
the amount of sulfate present in the original, untreated coal. Such incorporation of
sulfate after treatment with H,S0, has been observed before in our laboratories (13).
It may be due to the formation” of organic sulfate esters or formation of inorganic
sulfates or some other mechanism for adding sulfate. When more thorough washing was
used in run #10, the sulfate content was decreased significantly. When 10% HC1 was
used for the acid wash in run #9, there was no chance of sulfate incorporation and
thus the final sulfate content was almost zero.

Table 3. Effect of Washing Improvements on Sulfur Forms

Sample % Pyritic Sulfatic Organic Total
Run # Conditions Sulfur Sulfur Sulfur Sulfur
PT8 Untreated 1.48 0.26 1.38 3.12
PT8 #3 Standard 2L wash 0.02 0.47 0.60 1.09
PT8 #9 10% HC1 wash 0.06 0.02 0.83 0.91
PT8 #10 41 wash 0.01 0.13 0.73 0.87

Effect of Molten Caustic on Particle Size

The Pittsburgh No. 8 coal used in run #3 was sized using sieves and a portable
sieve shaker before and after the molten caustic treatment. The results of the sieve
analyses are presented in Table 4. For the untreated coal, 20.1% of the particles
were ~60 mesh. After the treatment, 38.6% of the coal particles were -60 mesh, indi-
cating severe comminution of the sample by action of the molten caustic. When the
same cleaned and sieved sample was sieved again, the -60 mesh fraction increased to
44.4% indicating that the treated coal particles were friable and continued to break
down further by even simple sieving. When the raw coal was sieved for a second time,
results showed that the particle size distribution was unaffected. The degradation
of coal matter by molten caustic can occur by pitting due to removal of mineral
grains as well as by direct attack on the coal macerals. Observations of such at-
tacks have been made by Oder et al. (14) on samples prepared by TRW. In addition,
sudden release of moisture and volatile matter during contact with molten caustic can
also contribute to the comminution process.

Effect of Gravimelt Process on Mineral Matter in Coal

The samples of Pittsburgh No. 8 coal obtained from TRW, representing raw coal,
the intermediate product and the final cleaned coal, were analyzed by ASTM and other
procedures. The results are presented in Table 5. In the final product, the total
and organic sulfur were reduced by 70-80% from the levels observed in the raw coal,
and the pyritic sulfur was reduced by about 99%, while levels of sulfate sulfur were
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Table 4. Sieve Analysis for Pittsburgh No. 8 Coal Before and After
Cleaning With Molten Caustic at Ames Laboratory

RAW COAL CLEAN COAL

PASS #1 PASS #2 PASS #1 PASS #2

Mesh Size Wt. ¥ Wt. % Wt. % Wt. %
>12 15.0 14.6 4.5 3.3
12-60 65.0 65.6 56.9 52.2
60-120 9.8 9.8 20.6 24.9
120-170 3.2 3.1 5.0 5.9
170-200 1.2 1.2 1.9 2.2
200-325 2.7 2.7 4.7 5.2
<325 3.2 3.0 6.4 6.2

Table 5. Analysis of Raw and Gravimelt Treated Pittsburgh No. 8 Coal.
Values are in % unless otherwise noted and, except for moisture,
are corrected to a dry basis).

RAW INTERMEDIATE PRODUCT FINAL PRODUCT

TRW Ames Org. Sb TRW  Ames Org. S
Data® Data by SEM Data Data by SEM

b TRW Ames Org. S.
Data Data by SEMP

Moisture 6.46 0.89  --—- 3.27  2.98  ---- 2.55 1.25 ----
Ash 10.15 9.8  ---—- 30.46 29.22 ---- 1.26 1.00 ----
Total 5 4,28 4,22  --—- 0.43 0.32 ---- 0.75 0.86 ----
Pyritic § 2.20 1.78  ---- S (Y —e== 0.0l  ----
Sulfate $ 0.02 0.20 ---- --==  0.06 ---- - 0.26 ----
Organic S 2.06 2.24 1.9 ----  0.24 0.08 ---- 0.59 0.41
Elemental § —— 29 ——-- — ——-- - & —
(ppm)

Heat value, 13,282 ---=  ---- 8,454  ——an  c-ce 13,780 ---=  ----
BTU/1b

Mineral Matter® 12.50 12.00 —- ---- 33.03 ---- ———- 1,13 e

3 Analysis of head sample.
Procedure in Reference 11.
C Mineral matter = (1.13 x ash) + (0.47 x pyritic S), as in Reference 12.

not significantly affected. The organic sulfur concentrations determined directly by
the SEM technique were consistently lower than the indirect ASTM values. The devia-
tion was most pronounced for the treated coals, which may indicate the formation of
unusyal minerals such as sulfides or jarosite during the Gravimelt process. Possi-
bly, incomplete dissolution of pyrite in the ASTM method may also have inflated the
ASTM organic sulfur values. These apparent discrepancies are being studied further.
The magnitude of the reductions in levels of the various sulfur forms was generally
better than the reductions for the Pittsburgh No. 8 coals observed at Ames Laboratory
(see Tables 2 and 3).
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In addition, the TRW samples were analyzed by the SEM-AIA technique described
previously (12). The SEM-AIA data on the mineral phase identification and distri-
bution between the size fractions are presented in Table 6 for all three samples of
raw and treated coal. The SEM-AIA data show the nearly complete removal of many
minerals and a reduction of more than 90% in the overall content of the coal as a
result of the TRW Gravimelt Process. No major shifts in particle size distribution
were observed, although the pyrite distribution shifted somewhat towards the coarse
fraction after processing.

A significant change in mineralogy can be observed for the cleaned coals. The
processed coals showed a much greater percentage of material classified as "miscel-
laneous" than did the raw coal, indicating formation of unusual minerals. For the
washed, Gravimelt-treated coal, this miscellaneous portion contained significant
amounts of Ca, K, and/or Na. SEM-EDX examination showed also a general enhancement
of these cations in the coal rather than in a separate phase or in components en-
riched in these elements, indicating that they could be associated with the organic
portion of coal {possibly with carboxylate or phenolate functions). Such enhancement
of Ca jons in the organic portion of coal has been observed previously in coals after
treatment by the Ames Oxydesulfurization Process (15) and in lower rank and severely
weathered coals (16). In the final product from the Gravimelt treatment, the "mis-
cellaneous" material contained appreciable amounts of Cr, Mn, and Ni or Fe (or both),
suggesting contamination from nickel and stainless steel components. For many miner-
al categories, the relative weight percent decreased after the caustic treatment and
then increased after the acid treatment. It appears that the caustic treatment al-
tered much of the original mineral matter while forming unusual minerals. The iron-
rich phase, for example, in the intermediate product could be NaFeQ, which has been
shown to be the principal product from the reaction of FeS, with fused NaOH (17).

The subsequent acid treatment removed much of the unusual mineral matter in the "mis-
cellaneous and unknown" category, thereby increasing the relative percentages in the
other mineral categories.

CONCLUSIONS

Coal treated at Ames Laboratory with molten caustic by a procedure similar to
that of the Gravimelt Process resulted generally in 80-90% reductions in ash and
70-80% reductions in total sulfur. The recoveries of coal on a moisture- and
ash-free basis were 80-90%. The removal of sulfur and ash could be improved by bet-
ter washing, finer grind, or additional cleaning. SEM-AIA data on samplies treated by
TRW showed the formation of unusual minerals in the treated samples, as well as en-
richment of these minerals in certain elements. The decrease of 90% in the ash con-
tent could be explained by the removal of individual mineral phases in all particle
sizes. Removal of organic sulfur was corroborated by a direct SEM-EDX technique.
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Table 6. SEM-AIA Classification of Mineral Matter in Pittsburgh No. 8 Coal
Samples Obtained from TRW. The mineral phases are described by
chemistry and area-equivalent diameter {in um), expressed as
weight percent of the total coal.
Raw Coal
Particle size, um
Mineral Phase < 6.3 6.3-20 20-63 63-200 Total
Pyrite 0.25 1.67 1.63 0.96 4.50
Kaolinite 0.15 0.75 0.62 0.50 2.02
IMite 0.29 0.92 0.71 0.51 2.43
Quartz 0.13 0.58 0.25 0.37 1.32
Iron-rich 0.01 0.04 0.22 0.71 0.98
Calcite 0.00 0.00 0.01 0.00 0.01
Silicates 0.08 0.13 0.03 0.14 0.39
Misc. & Unknown 0.10 0.21 0.02 0.00 0.34
Total 1.01 4,30 3.50 3.19 12.00
/ Water-Washed Gravimelt-Treated Coal (Intermediate Product)
{; Particle size, um
/
: Mineral Phase < 6.3 6.3-20 20-63 63-200 Total
\
: Pyrite 0.13 0.18 0.08 0.00 0.40
* Kaolinite 0.01 0.02 0.00 0.00 0.03
N I1lite 0.19 0.59 0.42 0.12 1.32
N Quartz 0.01 0.07 0.00 0.00 0.08
) Iron-rich 0.33 1.05 1.15 1.14 3.67
Calcite 0.05 0.07 0.00 0.00 0.11
J Silicates 0.12 0.18 0.20 0.46 0.95
Misc. & Unknown 4,33 9.31 5.67 3.35 22.66
| -
¢ Total 5.17 11.46 7.53 5.07 29.22
4
P Final Gravimelt Product
5
Particie size, um
v
y Mineral Phase < 6.3 6.3-20 20-63 63-200 Totail
L Pyrite .006 .010 .074 .173 .262
? Kaolinite .019 .054 .025 .154 .252
p ITlite .023 .030 .008 .000 .060
Quartz .023 .037 .014 .017 .091
4 Iron-rich .004 .004 .000 .000 .008
Calcite .003 .005 .002 .000 .010
v Silicates .007 .007 .003 .000 .017
. Misc. & Unknown .093 .147 .060 .000 .300
f Total .176 .295 .185 .343 1.000
)
!
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COAL DEMINERALIZATION WITH HOT ALKALINE SOLUTIONS

C.-Y. Chi, R. Markuszewskl, and T. D. Wheelock

Chemical Engineering Department and Ames Laboratorya
Iowa State University, Ames, Iowa 50011

INTRODUCTION

A process for extracting most of the mineral matter from coal was demonstrated
recently (1). It involves treating fine-size coal with a hot alkaline solution to
dissolve quartz and to convert clay minerals and iron pyrite into acid-soluble
compounds which are extracted with dilute acid in a second step. Although various
alkalis and acids may be utilized, Nay;CO3 and HS04 are advantageous because of low
cost and ready availability. Preliminary work has shown that hot Na,C03 solutions
readily convert kaolinite into sodium hydroaluminosilicates which are acid-soluble
(2). That work has also shown that hot sodium carbonate solutions will dissolve
quartz and convert iron pyrite into hematite, but not as readily as sodium hydroxide
solutions.

In this work, the characteristics of the two-step process were studied in
greater detail using three different bituminous coals under a variety of conditionms,
with particular attention being given to the first step. The relative effectiveness
of various alkalis was studied as well as the effects of alkali concentration,
alkaline treatment time, and temperature. The alkali-treated coals were subsequent-
ly leached with hot HNO3 to remove mineral matter. Nitric acid was employed because
it dissolves iron pyrite and 1s used for that purpose in ASTM Method D2492 (3) for
determining various forms of sulfur in coal. Since only organically bound sulfur
should remain in coal which has been leached with HNO3, it was possible to obtain an
indication of how much organic sulfur was removed by the two-step treatment.

EXPERIMENTAL METHODS

Bituminous coals were obtained from several sources for this study (Table 1).
Much of the work was.done with high volatile C bituminous coal from the Lovilia No.
4 underground mine in Iowa. The other two coals were somewhat higher in rank. The
different coals were ground to -200 mesh (U.S. Standard); a portion of each product
was ball-milled further to approximately 90%Z -400 mesh. A sample of each prepared
coal was leached with boiling dilute HNO3 to remove inorganic sulfur so that the
sulfur content of the residue would reflect the organic sulfur content of the raw
coal. The leaching procedure was similar to that of ASTM Method D2492 (3) and was
described in more detail elsewhere (4).

For the first step, 12 g. of ground coal and 120 ml. of alkaline solution were
mixed and placed in a 300-ml. stainless steel autoclave equipped with a turbine
agitator. The system was flushed with nitrogen and then heated to the desired
temperature while the mixture was stirred continuously. After a period of treatment
at constant temperature and pressure, the autoclave was cooled quickly, and the con-
tents were filtered to recover the coal. The filter cake was washed with 400 ml.
of distilled water, dried at 90°C for 4 hr., weighed, and analyzed for total sulfur
and agh. A portion of the alkali-treated coal (usually 2,5-3.0 g) was leached for
an additional 30 min. with boiling 2.1 M HNO3 in a stirred, three-neck Pyrex flask
fitted with a reflux condenser. In most cases, 250-300 ml. of acid was employed.
After the acid treatment, the flask was cooled quickly to room temperature, and the

aAmes Laboratory 1s operated for the U.S. Department of Energy by Iowa State
University under Contract No. W-7405~Eng-82.
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contents were filtered. The filter cake was washed, dried, weighed, and analyzed
as above. The ash content of the raw and treated coals was determined by ASTM
Method D3174 (3), while the sulfur content was determined with a Fisher model 475
total sulfur analyzer.

REPORTING BASIS

The ash content of raw and treated coals i1s reported on a moisture-free basis
and the sulfur content on both a moisture- and ash-free basis. The ash reduction
achieved corresponds to the overall change in moisture-free ash content divided by
the moisture-free ash content of the raw coal. The reduction in total sulfur con-
tent corresponds to the change in total gsulfur content divided by the total sulfur
content of the raw coal, all on a moisture- and ash-free basis. The apparent reduc-
tion in organic sulfur content corresponds to the difference between the sulfur
content of the acid-leached raw coal and the final sulfur content of the acid-
leached, alkali-treated coal divided by the sulfur content of the acid-leached raw
coal, all on a moisture- and ash-free basis. Coal recovery corresponds to the mass
ratio of coal recovered during the alkaline treatment step to coal charged, all on
a moisture- and ash-free basis.

EXPERIMENTAL RESULTS

The results of leaching ground raw coals with HNOj alone are indicated in Table
1. The sulfur content of the acid-leached coal is indicative of the organically
bound sulfur, while the ash content reflects the removal of iron pyrite and other
minerals such as carbonates which are soluble in nitric acid. It can be seen that
acid leaching alone reduced the sulfur content of Cherokee coal by 57%, Illinois No.
6 coal by 44-55%, and Lower Kittamning coal by 84-87%; also for these coals the ash
conent was reduced by 63%, 44-56%, and 55-57%, respectively.

For the alkaline treatment experiments, a relatively long time was needed to
heat the reactor and its contents to the required temperature. Typically, it took
20 min. to reach 150°C, 25 min. to reach 200°C, and 45 min. to reach 300°C. While
the temperature was being raised, the alkaline attack on the coal and its mineral
matter got underway. This attack can be seen from the changes which took place when
ball-milled Cherokee coal was heated in 1.0 M NapCO3 from room temperature to 300°C
(Figure 1). Subsequent changes which occurred as the treatment was continued at
300°C are also reflected in Figure 1. The data in this diagram. represent the
results of nine different runs conducted for various time intervals. The results
show that by the time the reaction mixture had reached 300°C the sulfur content of
the coal had been reduced by 56% which was equivalent to removing all of the
inorganic sulfur. As the treatment was continued at 300°C, the sulfur content of )
the coal was further reduced until a reduction of 69%Z was achieved. Further treat-
ment was counterproductive as the sulfur content of the product actually increased
slightly. Thus for maximizing sulfur removal, the optimum treatment time was 85
min. total or 40 min. beyond the initial heat up period. For the optimum treatment
time, the total sulfur content of the alkali-treated coal was 27% below the apparent ’
organic sulfur content of 1.13% indicated in Table 1 for the raw coal. Hence, it
appeared that some of the organic sulfur had been removed. \

The ash content of the alkali-treated coal was slightly higher than that of the /
raw coal which was probably due to the formation of sodium hydroaluminosilicates.
Coal recovery on a moisture- and ash-free basis declined gradually as the treatment
time was extended (Figure 1). Moreover, the rate of decline increased beyond a '
total treatment time of 70 min.

When the alkali-treated coal which had provided the data for Figure 1 was sub-

sequently leached for 30 min. with boiling HNO4, the overall results shown in Figure
2 were obtained for the two-step process. The time and temperature of the alkaline
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treatment step are indicated. Since the HNO3 leaching step by itself was capable
of removing the inorganic sulfur and reducing the total sulfur content of the coal
by 57%, treating the coal with alkali first had a relatively small effect on the
total sulfur content of the coal after the combined treatment. For the optimum
alkaline treatment time, the total sulfur content was reduced 77.5% by the combined
treatment, as compared to 69% for the alkaline leaching step alone. On the other
hand, the combined treatment seemed to account for a significant reduction in the
apparent organic sulfur content. For an extended treatment time, the reduction in
organic sulfur content exceeded 45% for the combined treatment which seemed

significantly greater than the 277% reduction noted for the alkaline leaching step
alone.

The alkaline treatment step had a pronounced effect on what happened to the
ash content of Cherokee coal when it was subsequently leached with acid. As Figure
2 indicates, HNOj leaching of the raw coal reduced the ash content 63%. Pretreating
the coal with alkali for short intervals at temperatures up to 200°C had little
effect on the results of subsequent acid leaching. But pretreating the coal at
300°C for even a short time resulted in lowering the ash content 90% when the coal
was leached with acid.

To determine the effect of the final temperature during the alkaline leaching
of Cherokee coal, several runs were carried out in which different portions of the
coal were treated with 1.0 M Na,C03 for 1.0 hr. at various final temperatures. The
alkali-treated coal was then leached with HNOj. The results of the alkaline leach-
ing step are indicated in Figure 3 and the overall results in Figure 4. As the
treatment temperature was raised, the quantity of sulfur removed by the first step
increased greatly while coal recovery declined. The decline in recovery was gradual
up to 250°C and then more precipitous beyond. The overall reduction in total sulfur
content for both steps increased slightly and the reduction in apparent organic
sulfur content somewhat more as the temperature of the first step was raised. The
overall reduction in ash content for both steps also rose but then reached a plateau
at 250°C.

The effects of alkali type and concentration were studied by treating different
portions of Cherokee coal with various alkaline solutions for 1 hr. at 300°C (Table
2) and then by leaching with HNO5. The sulfur reduction achieved in the first step
was nearly the same for a majority of the alkalis; however, it was slightly lower
for coal treated with either NaHCO3 or KHCO3. Coal recovery in the first step was
similar with most alkalis except that it was slightly higher for coal treated with
Na,HCOjand greatly lower for coal treated with NaOH. Because of the low recovery,
the caustic-treated coal was not subjected to the second step. When the second step
was applied to the other alkali-treated portions, the lowest sulfur and ash contents
were obtained with coal treated with 1.0 M Na,CO3. Lower concentrations of NayCO3
achieved similar overall reductions in sulfur and ash contents and provided a higher
recovery.

Other coals were also subjected to the two-step treatment (see Table 3). The
results obtained with ball-milled Illinois No. 6 coal were similar, in general, to
those achieved with Cherockee coal. When the alkaline treatment step was applied to
either coal, sulfur reduction increased and coal recovery declined as the tempera-
ture was raised. However, for any given temperature the recovery and sulfur content
of the alkali-treated product were higher for Illinois coal than for Cherokee coal.
The high sulfur content of the treated Illinois coal appeared to be largely due to
the higher organic sulfur content of the raw coal, while the higher recovery of this
material seemed to be related to a difference in coal rank. When the alkali-treated
Illinois coal was treated with HNO4, most of the ash-forming minerals were removed
to give a low, ash content. Also, the total sulfur content of the final product was
lower than the apparent organic sulfur content of the raw coal, indicating removal
of some organic sulfur. As for Cherokee coal, the results with Illinois coal were
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not affected greatly by alkali concentration, but in both cases the final ash con-
tent achieved with the two-step process declined slightly ‘as the alkali concentra-
tion increased. The results with Illinois coal were also not affected greatly by

particle size. The filrst—step recovery was slightly lower and the ash-content of

the final product was slightly higher for -200 mesh coal than for -400 mesh coal.

The sulfur content of the final product was nearly the same in both cases.

Compared to the other coals, Lower Kittanning coal responded similarly in some
ways to the two-step treatment but differently in other ways (Table 3). The
differences seemed related to the high ash and sulfur contents of the coal and
possibly to a difference in mineral species. Sulfur removal was affected by the
alkaline treatment time and temperature much as for the other coals. However,
because of the very high iron pyrite content, the alkaline leaching step never
succeeded in reducing the total sulfur content to the level of the apparent organic
sulfur content. On the other hand, after applying both steps, the final sulfur con-
tent was always below the apparent organic sulfur content of the raw coal again
indicating organic sulfur removal. Sulfur removal in the first step was affected
somewhat by alkali concentration and.a 1.0 M concentration appeared optimum. Coal
recovery was affected by changes in various parameters as for the other coals, but
it was slightly higher for any given set of conditions in the case of Lower
Kittanning coal. The greatest difference in results with this coal occurred with
the removal of ash-forming minerals, because the alkaline treatment step appeared
ineffective except under relatively mild conditions. ' The removal of ash-forming
minerals by acid leaching was not improved by the first step in most cases. Only by
carring out the first step at a relatively moderate temperature (i.e., 250°C) or
with the smallest alkali concentration or for the shortest time did it appear to
have a beneficial effect on the overall results. Consequently it seemed as though
the Lower Kittanning coal was unique in containing some component which reacted with
alkali under more rigorous conditions to form an acid insoluble material.

DISCUSSION AND CONCLUSIONS

A two-step process for extracting mineral matter and sulfur from coal was
demonstrated with three different coals under a variety of treatment conditions.
The first step involves treatment with a hot alkaline solution which extracts part
of the sulfur and generally converts much of the mineral matter to an acid-soluble
form. The second step involves leaching with an acid to extract the converted
mineral matter. Although Hy50, would 1likely be used in the second step of a commer-
cial process, HNO3 was chosen for the present study in order to shed some light on
the disposition of organic sulfur.

A major concern of the present study was the effect of various parameters in-
volved in the alkaline treatment step. Early in the investigation it was observed
that Na,yCOj, K7CO3, and NaOH were equally effective for removing sulfur in the first
step while NaHCO3 and KHCO3 were less effective. On the other hand, coal recovery
suffered greatly when NaOH was used. For the combined two-step treatment, the low-
est sulfur and ash contents were achieved with Na;C03. In view of this result and
varlous economic advantages, Na,C03 was selected for studying the effects of other
parameters. The effects of alkall concentration appeared relatively minor in most
instances. However, for Lower Kittanning coal an alkall concentration of 1.0 M
appeared optimum for removing sulfur in the first step whereas a smaller concentra-
tion (0.2 M) resulted in a lower ash content overall for the two~step process.

Alkali-treatment time and temperature affected the results greatly. Sulfur
removal increased and coal recovery decreased in the first step with rising tem—
perature, and above 250°C coal recovery decreased disproportionately. Removal of
mineral matter in the second step was affected by the temperature of the first step.
With both the Iowa and Illinois coals, the overall reduction in ash content for both
steps increased with temperature up to 300°C and then leveled off. But with Lower
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Kittanning coal 250°C seemed to be the optimum temperature for reducing the ash con-
tent. Increasing the alkaline treatment time up to a point resulted in increasing
sulfur removal in the first step, but beyond this point less sulfur was removed.
Coal recovery declined as the alkaline treatment time was extended, and the rate of
decline accelerated after prolonged treatment.

The apparent removal of organic sulfur by the two-step treatment observed with
all three coals was of considerable interest. Since the total sulfur content of
the treated coal was below that which could be achieved by leaching with HNO5 alone,
it appeared that the alkaline leaching step either removed a significant quantity
of organic sulfur or converted some of the organic sulfur into a form which was
extractable with HNO3. In several instances the total sulfur content of Iowa or
Illinoils coal treated by the alkaline leaching step alone was below the apparent
organic sulfur content of the raw coal indicating organic sulfur removal as well as
inorganic sulfur removal, but usually the apparent reduction in organic sulfur con-
tent was slight and may not have been significant.

Lower Kittanning coal was unusual in that less rigorous alkaline treatment
conditions were more effective than more rigorous conditions for converting the
mineral matter into a form extractable with nitric acid. Additional work is needed
to explain these unusual results.
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Table 1. Bituminous coals used in leaching experiments
Coal Seam Location Size Ash, Tot. S HN03 leached
mesh % % Ash,  Tot. S

% %
Cherokee group Monroe County, -400 8.24 2.65 3.05 1.13
Iowa

Illinois No. Trivoli County, =200 12.75 3.71 5.55 1.66
Illinois =400 8.90 3.14 4.99 1.66
Lower Kittanning Armstrong County, =200 18.07 10.44 7.94 1.88
Pennsylvania =400 18.44 10.24 8.29 1.69

Table 2. Results of treating Cherokee coal with different alkalis at 300°C for 1

hr. followed by leaching with I-INO3

Alkaline treatment step Product® Overall reduction

Alkali Rec;:v. N A;h, To;. S S rez;n. N A.;h, To;. S, A.;h, To;. S, Ori. S,

0.2 M Na2c03 85.8 10.04 0.94 64.5 1.21 0.62 85.3 76.6 45.1
0.6 M Na2C03 85.4 10.32 0.84 68.3 0.95 0.62 88.5 76.6 45.1
1.0 M Na2C03 78.7 11.90 0.92 65.3 0.88 0.62 89.3 76.6 45.1
1.0M NaHCO3 84.0 10.42 1.35 49.1 1.10 0.84 86.7 68.3 25,7
1.0 M K2C03 79.4 11.84 1.02 61.5 1.63 0.83 80.2 68.7 26.5
1.0 M K.HCO3 75.4 13.13 1.27 52.1 2.15 0.80 73.9 69.8 29.2
2.8 M NaOH 35.6 13.42 1.02 61.5 - - - - -

aAsh and total sulfur contents of final acid-treated product.
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Figure 1. Results of treating -400 mesh Cherokee coal with 1 M N82C03.
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Figure 2. Overall results of applying the two-step process to Cherokee
coal, Time and temperature are for the alkaline treatment step.
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REMOVAL OF TRACE ELEMENTS DURING CHEMICAL CLEANING OF COAL

G. A. Norton, H. G. Araghi, and R. Markuszewski
Ames Laboratory*, Iowa State University, Ames, IA 50011
ABSTRACT

Different samples of I1linois No. 6 coal, which had been treated with aqueous
Na, CO, solutions at elevated temperatures and pressures and with molten NaOH/KOH
mixtures at atmospheric pressure in order to remove sulfur and ash, were analyzed for
trace elements before and after treatment. Although removal of sulfur and ash were
the primary objectives of those treatments, the removal of trace elements by these
chemical cleaning methods was investigated in this work. X-ray fluorescence, atomic
absorption, and inductively coupled plasma-atomic emission spectroscopy were the
instrumental methods used to determine levels of numerous trace elements in the raw
and treated coals. In general, the aqueous Na,C0, treatments reduced levels of Mn,
Pb, and Zn by 75% or more, while levels of Cd and Ni were reduced by lesser amounts.
In one run, significant reductions in the levels of Ba, Cr, Rb, Se, and Sr were also
observed. The coals treated by the molten caustic showed substantial reductions in
concentrations of As, Cd, Hg, Pb, Rb, Se, Sr, and Zn. However, levels of Cr and Ni
were elevated in the treated coals, probably due to corrosion of the reactor compo-
nents.

INTRODUCTION

Coal contains virtually every element, most of which are present in trace quan-
tities of 100 ppm or less. Many of these trace elements are toxic to plant and ani-
mal 1ife, even at low concentrations. Because power plants consume on the order of
600 million tons of coal annually for the production of electricity (1), coal com-
bustion can mobilize thousands of tons of potentially hazardous trace elements into
the environment each year. Because of the large quantities of coal combusted, even
trace amounts of toxic elements can accumulate to hazardous levels. Also, potential-
1y deleterious effects of particulate stack emissions from coal combustion may be
enhanced since many trace elements are surface enriched (2) and concentrate preferen-
tially in the smaller, more respirable particle sizes (3).

Aside from the detrimental environmental aspects of trace elements in coal,
there are also adverse technological aspects of trace elements in coal, such as cat-
alyst poisoning in catalytic hydrogenation and gasification reactions (4,5,6).

Physical methods can effectively remove some trace elements from coal, especial-
ly if deep cleaning methods are employed (7). However, such methods do not adequate-
ly remove finely disseminated minerals or organically bound elements, thereby neces-
sitating chemical treatments for removing many of the deleterious elements in coal.

A literature survey was conducted to acquire information pertinent to the remov-
al of trace elements from U.S. coals by chemical means. This survey included trace
element associations with minerals and the affinities of trace elements for organic
or inorganic components. Previous studies on chemical cleaning methods were also re-
viewed in order to ascertain any reductions in trace element contents. A thorough
literature survey of all chemical cleaning methods revealed that caustic or a]ka?ine
treatments, especially when followed by an acid wash, are very effective in removing
ash-forming minerals.,

*Ames Laboratory is operated for the U.S. Department of Energy by Iowa State Uni-
versity under Contract No. W-7405-Eng-82.
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In this study, the effectiveness of trace element removal by two chemical coal
cleaning methods was examined. One method involved treatment with aqueous Na,CO
solutions, and the other involved treatment with molten NaOH/KOH mixtures. In each
case, acid washes were used as subsequent cleaning steps to decrease the ash content,
followed by water washes in the final step.

BACKGROUND

Based on the reviewed literature, it is evident that modes of occurrence in U.S.
coals vary considerably, although several generalizations can be made. Many elements
of environmental concern, including As, Cd, Hg, Pb, and Zn, generally associate with
the mineral portion of the coal and tend to associate with pyrite or accessory sul-
fide minerals., The element As has been found to occur in solid solution in pyrite
(8), while Cd has been found in solid solution in sphalerite (9,10). The predominant
mineral species containing a particular element can vary. In one example, Pb seems
to be present mostly as PbSe in Appalachian Basin coals, but it tends to exist in the
form of PbS in coals from other regions {8,11). Minerals in coal often occur, at
least partially, as finely disseminated grains. Although most trace elements appear
to be largely inorganically associated, several of them have a strong affinity for
the organic portion of the coal and are believed to be present as metal chelates.
Among the elements in the latter category are B, Be, and Ge. Many elements, such as
Cr, Cu, Ni, and Se, appear to have a mixed or highly variable organic/inorganic af-
finity in some coals. Again, these are only generalizations, since organic/inorganic
associations of trace elements can vary widely from coal to coal and can show both
extremes in their affinities.

A literature review on trace element removal by chemical cleaning methods indi-
cated that leaching coals with various acids to study trace element removal was com-
mon. In one study, various coals from eastern, central, and western coal regions
were cleaned by a combination of physical and chemical means, and extraction effi-
ciencies for numerous elements were ascertained by analyzing the raw and treated
coals (12). Cleaning was performed by floating the coals at a specific gravity of
1.40, grinding the float fraction to -325 mesh, and then successively leaching with
10% HNO,, 49% HF, and 25% HC1. Results of the analyses on the raw and cleaned coals
mwm%mthmhofmwwemedw9ﬁormm,mﬂewmhofh,&CnCm
Mo, Ni, Se, and V were reduced by at least 70%. However, these are only average
values, and standard deviations were sometimes larger than the averages. In that
study, physical separation by flotation followed by acid leachings was found to be
much more efficient at removing trace elements than flotation alone.

Results on trace element removal during desulfurization and demineralization by
a chemical treatment. are sparse. Only a few of the chemical cleaning processes stud-
jed in the past or currently being developed present trace element data in addition
to the conventional sulfur, ash, and heating values.

One of these exceptions is the Jet Propulsion Laboratory Chlorinolysis Pro-
cess, in which cleaning was generally accomplished by bubbling chlorine through a
mixture containing 100 grams of finely ground coal, 200 grams of solvent (either
methylchloroform, carbon tetrachloride, or tetrachloroethylene), and 20-70 grams of
water (13). The chlorination step was conducted at 50-100°C at atmospheric pressure
for 10-20 minutes. The coal was then hydrolyzed by washing with water for 60-120
minutes at 60-100°C and subsequently dechlorinated at 350-550°C in a steam atmos-
phere. For some coals treated under these conditions, levels of As, Be, Pb, and V
were reduced by 50-90% (13,14).

In another one, the Battelle Hydrothermal Process (15,16), an aqueous slurry of
finely ground coal, NaOH, and Ca(OH), was heated for 10-30 minutes at 250-350°C at
pressures of 600-2500 psig. Based on averages from several Ohio coals, this process
reduced levels of As, B, Be, Pb, and V by 70-90% (16).
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In yet another chemical cleaning process, the Meyers Process, crushed coal was
leached with an acidic solution of ferric sulfate at 100-130°C for several hours
(17). If the leaching time was long enough, almost all of the pyritic sulfur was
extracted. At the same time the content of many trace elements, such as As, Cd, Cr,
Mn, Ni, Pb, V, and Zn was significantly reduced (18). Still, the data discussed
above represent only a small fraction of the chemical processes that have been stud-
ied.

EXPERIMENTAL

Because caustic or alkaline treatments are relatively effective at removing
ash-forming minerals from coal, particularly when followed by an acid wash, the ex-
traction efficiency of trace elements was assessed for several of these treatments in
this study. Two samples of an I11inois No. 6 run-of-mine coal were obtained which
had been treated for one hour with 1.0 M Na,C0, at 250°C in an inert atmosphere (19).
One of the samples was then washed with 2.0°M ﬁc1 to obtain the final product. The
other sample was first pretreated with 0.2 M Na,C0; at 150°C for one hour under 13.6
atm. oxygen, then treated as the above sample in an inert atmosphere, and subsequent-
ly washed with 1.8 M H,S0,. A1l the Na,C0, treatments were performed under pressure
in an autoclave.

Two additional samples were obtained from a different I11inois No. 6 coal used
for molten caustic treatments at Ames Laboratory under conditions simulating the TRW
Gravimelt Process. In that process, coal was treated with a molten 4:1 NaOH/KOH
mixture for one hour at 370°C. After separating and washing the coal with water, the
coal was treated with 10% H,S0, and then with a final water wash. Two runs were
made, one being made in the normal manner and the other with powdered reagent-grade
iron included in the coal/caustic mixture. The iron was added in hopes that it would
act as a sulfur scavenger and improve coal desulfurization.

In addition to these samples, several coal samples were provided by TRW Systems,
Inc. (Redondo Beach, CA). The samples represented I1linois No. 6 and Pittsburgh No.
8 coals before and after treatment by the Gravimelt Process.

ANALYTICAL METHODOLOGY

A1l coals were analyzed at Ames Laboratory using energy-dispersive x-ray fluor-
escence (ED-XRF), inductively coupled plasma-atomic emission spectroscopy (ICP-AES),
and atomic absorption spectrophotometry (AA).

For the determinations of Cd and Pb by AA, the coal samples were ashed at 500°C
and the ashes were subsequently dissolved in accordance with procedures described in
ASTM Method D-3683 (20). Basically, the ash was dissolved in a mixture of HNO,, HC1,
and HF in a tightly capped plastic bottle in a steam bath. Saturated H;B0, soiution
was then added to the mixture to complex the excess fluoride and to improve flame
properties during AA measurements. For the AA determinations of As, Sb, and Se,
sample solutions were prepared by first treating the coal with hot HNO, and then with
fuming H,S0,. For these dissolutions, an Erlenmeyer flask-reflux cap apparatus was
used (21}. Conventional flame AA was used for the Cd and Pb determinations, while
hydride generation AA was used for the As, Sb, and Se. For the Hg determination, a
portion of the coal was placed in a Parr bomb containing 10% HNO,. After ignition,
the contents of the bomb were washed into an Erlenmeyer flask, and SnCl, solution was
added to the mixture to reduce the Hg for conventional cold vapor AA measurements.
Corrections were made for reagent blanks in all analyses by AA.

For the coals analyzed by XRF, samples that were +60 mesh were first ground to

-§0'mesh with a boron carbide mortar and pestle. The samples were then prepared by
mixing two grams of sample with 0.2 grams of Somar Mix, a granulated plastic binding
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agent. If less than two grams of sample were available, the amount of binding agent
was scaled down proportionally. The powder was then pressed into disks at a pressure
of about 5000 psi. The XRF analyses were performed using a Mo-target x-ray tube.

Analyses by ICP were performed on the same dissolutions used for the AA analyses
for Cd and Pb. The solutions were diluted as necessary and were then nebulized and
introduced into the plasma. Line spectra were collected with a multi-channel anal-
yzer and corrections were made for reagent blanks and background shifts. For all
analyses, NBS Standard Reference Material 1632, a bituminous coal, was used for in-
strument calibration.

RESULTS AND DISCUSSION

Results of the analyses on coals before and after treatment with aqueous Na,CO,
solutions and molten NaOH/KOH mixtures at Ames Laboratory are shown in Table 1.
tevels of Cd, Pb and Zn were relatively high in the raw [11inois No. 6 run-of-mine
coal used for the Na,C0, treatments. The elevated Cd levels correlate well with the
high Zn levels, since Ca in coal is commonly associated with sphalerite (ZnS). The
Pb was probably present largely as galena (PbS). For the alkali-treated coal washed
subsequently with HC1, levels of Mn, Pb, Rb, Sr, and Zn were reduced by 75% or more,
while levels of Ba, Cd, Cr, Ni, and Se, were reduced by 30-60%. The coal that had
been pretreated showed reductions of 75% or more for Mn, Pb, and Zn, while Cd and Ni
were reduced by 60% or more. It is interesting to note that every alkali and alka-
line earth metal determined was enriched in the pretreated coal relative to the coal
that was leached with no pretreatment. Some of these, such as Ba and Ca, were more
concentrated in the pretreated coal than in the raw coal. The reason for the ele-
vated levels of Ba, Cu, Se, and Sr in the pretreated coal is uncertain at this time.

Analysis of the XRF data on coals treated with molten caustic at Ames Laboratory
(Table 1) showed that levels of Fe, which is predominantly associated with pyrite in
coal, was reduced by about 90% for each of the two runs. Reductions in concentra-
tions of other elements which form abundant minerals in coal, including Al, K, and
Si, were also substantial. Because roughly 90% of the ash was removed, substantial
concentration reductions in the major mineral-forming elements are expected. Of the
trace elements, levels of Ba, Rb, Sr, and Zn were reduced by 70% or more and Se was
reduced by 30% or more in the coal treated in the normal fashion (Run 1). In the
coal from the test containing the iron additive (Run 2), levels of Rb, Sr, and Zn
were also reduced by 70% or more. Pb levels remained essentially constant for each
of the treated coals. The elevated Cr and Ni levels are believed to be corrosion
byproducts from the reactor.

In the coal treated by molten caustic in Run 2, the Cr and Ni levels are signif-
icantly higher than in Run 1, suggesting a more severe attack in the second test. If
the attack were more severe, then levels of Fe, Al, Si, and ash would be anticipated
to be somewhat lower than in Run 1. As can be seen from these data, this is indeed
the case. However, despite the apparently more severe attack in Run 2, overall trace
element reductions did not seem to be significantly improved.

In the coals treated by the Gravimelt Process at TRW (Table 2}, the ash content
was decreased to 1¥ or less, and levels of As, Be, Cd, Hg, Pb, Se, Sr, and Zn were
reduced by 75-95%. It is interesting to note that most of these elements are common-
1y associated with pyrite. Thus, substantial reductions in levels of these elements
can be anticipated when most of the pyrite is removed (as indicated for both coal
samples). In addition, the levels of Ba, Ge, Mn, and Rb were also reduced; however,
the reduction levels are not as prominent nor as clear-cut.
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Table 1.

XRF Data on Coals Before

and After Treatment.2

Molten NaOH/KOH Treatment

Aqueous NaZCO3 Treatment

Raw Raw

1. No. 6 Run 1 Run 2P 1. No. 6 Run 1 Run 2°¢
Ash (%) 14.17 1.24 1.02 13.24 2.61 2.97
Ag @ <20 <2 <20 <20 )
Al (%) 1.9 0.72 0.29 2.0 0.70 0.79
As 3.4 1.0 3.8 <5 2.1 <1.0
Ba 49 <10 36 27 17 59
Br 1.7 <1.0 <1 2.7 6.3 5.7
Ca 5650 <284 <247 4560 264 7180
¢d < <20 <2 49 <20 20
el (%) <1100 0.1 <0.5 <0.1 0.86 <0.1
Cr 27 58 144 26 18 98
Cu 12 <61 <113 38 53 2100
Fe (%) 1.19 0.189 0.142 1.50 0.87 0.12
Ga 2.9 5.4 1.4 <12 4.5 <a.5
Ge < <1.0 < <17 5.1 5.3
K 1960 810 804 1775 65 1260
Mn 51 <18 22 62 14 9.5
Ni 20 241 344 24 14 <10
Pb 14 17 10 210 10 24
Rb 10 <1.0 a 9.6 <1.0 7.5
sd (%) 4.52 0.96 0.84 3.71 2.40 1.84
Sb <@ <20 <5 <20 <20 <20
Se 1.8 <1.0 @ 3.0 1.2 9.1
Si (%) 3.1 0.64 0.18 2.6 0.68 1.5
Sr 24 1.0 <@ 11 <1.0 a2
Ti 640 240 165 700 610 450
v <150 <25 <19 <78 <61 <58
In 49 11 8.2 1100 36 <240

2 yalues are in ppm unless otherwise noted and are corrected to a dry basis.
b Powdered iron included in coal/caustic mixture.

C pretreated with 0.2 M Na,C0, and oxygen.

Determined by a high:}emperature combustion instrumental method.
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Table 2. XRF, AA, and ICP Data on Raw and Chemically Cleaned Coals
Received from TRW Systems, Inc.
I11inois No. 6 Pittsburgh No. 8

Raw Cleaned Raw Cleaned
Ash (%) 9.23 0.53 9.88 1.00
Pyr. S (%) 1.04 0.02 1.78 0.01
Hg 0.28 0.04 0.15 0.10
Pb 5.8 1.4 5.6 1.4 AA
Cd 0.70 0.16 0.44 0.024
As 0.33 0.14 3.9 0.18 DATA
Sb 0.09 0.08 0.06 0.06
Se 1.5 0.6 1.6 0.19
Ag <20 <20 <20 <20
Al (%) 1.6 <0.7 1.2 <0.7
As <5 <10 <10 <5
Ba 40 <40 ~30 <40
Ba* <25 <0.4 13 <3.1
Be* 0.77 <0.10 0.6 <0.06
Br 9.9 16 7.9 3.4
Ca (%) 0.16 0.015 0.18 0.027
Ca* 978 63 545 72
Cd <20 <20 <20 <20
C1 (%) 0.10 0.041 <0.02 0.053
Cr 23 62 23 152
Cr* 10 54 <6 110
Cu 16 I(Ni) 20 I{Ni)
Cu* 16 12 16 ICP
Fe (%) 0.968 0.078 1.54 0.107
Fe* (%) 1.1 0.051 ~1.3 0.033 and
Ga <1 <1 ~2.3 <1
Ge 5.0 3.6 4.5 3.1 XRF
K 1500 360 1100 620
Mn 49 9.9 51 21 DATA
Mn* 42 1.7 23 4.4
Ni 17 100 15 132
Ni* 4.8 47 4.3 58
Pb <10 <10 <10 <10
Rb 10 <5 7.4 <5
S (%) 2.6 0.47 2.4 0.78
Sb <20 <20 <20 <20
Se <3 <3 <3 <3
Si (%) 2.2 <0.2 2.0 0.23
Sn <20 <20 <20 <20
Sr 17 <5 41 <5
Ti 630 370 770 350
Ti* 489 290 480 190
v* 2.5 <0.9 <14 1.5
In 31 ~3.9 23 ~4
In* 39 2.1 20 <0.6
2 yalues are in ppm unless % is noted and are corrected to a dry basis. An "I*

indicates an unsatisfactory determination due to an interference from another
element (shown in parentheses).

® ICP data.




CONCLUSIONS AND RECOMMENDATIONS

The aqueous Na,C0; and molten NaOH/KOH treatments, followed by acid washes,
effectively remove many trace elements from the coals studied. However, due to cor-
rosion of reactor components in the molten caustic system, levels of some elements,
predominantly Ni and Cr, are substantially elevated in the treated coals. Similar
tests should be conducted on a greater variety of coals in order to ascertain the
general efficiency of trace element removal by these processes. In addition, repro-
ducibility should be examined by making a number of runs using the same reaction
conditions on different portions of the same raw coal.
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INTRODUCTION

In recent years, Pederal, state, and local governments have shown
increasing interest in studying air pollution, with particular emphasis on acid
rain, visibility, and other pollution issues. To evaluate potential solutions to
the problems at hand, considerable data and information must be gathered and
examined: current levels and patterns of the dependent variables to be studied,
potential future regulations and technologies, and expected levels of emissions and
control costs based upon future regulations and technologles.

For air pollution, the five dependent variables of interest are typically
emissions, atmospheric transport, deposition, effects or damage, and costs of
control. Computer models have been developed that can predict the levels or
patterns of these dependent variables for several years or decades into the future
based on historical or current input data and Iinformation about other factors that
may affect the level of the five variables of interest. These models vary in their
purpose, their level of detail, their costs of development and use, and their
capability to analyze the effect of alternative levels of various factors on the
dependent variables. The usefulness of computer models, regardless of their
composition, lies in their ability to examine the effects of alternative
assumptions about independent variables on the dependent variables without
requiring the model user to do all necessary recalculations by hand.

Several factors distinguish one model from another; such factors include
the general structure of the model, the level of model detail (usually inversely
related to the time frame over which the model makes its predictions), and the
uger-friendliness with which the model operates. In general, policy analysts use
two structural types of models to make forecasts of future activity levels:
econonetric and engineering or process models. Econometric models use historic
data and relationships to estimate future trends in variables of interest.
Engineering or process models use the physical relationships of production
processes (1i.e., the relationship between inputs to a production process and its
outputs) to predict levels of the dependent variables.

This paper selects one englneering/process model, the Environmental Trends
Analysis Model II (ETAM II), and describes the methodology used to forecast
emigsions of a number of air pollutants from the electric utility sector. ETaM II
uses exogenous activity level information (i.e., supplied from outside the model
rather than produced within 1it), to which production relationships are applied as a
means of generating estimates of pollutant emissions. ETAM was originally
developed to provide environmental trend analyses in support of the U.S. Department
of Energy's (DOE) 1983 National Energy Policy Plan (NEPP). Since then, it has been
updated with modified algorithms and additional capabilities and new data have been
added; the resultant model is known as ETAM II. ETAM II has been used for policy
and sensitivity analysis in support of such programs as the Interagency Visiblility
Task Force and the Interagency Prevention of Significant Deterioration Task Force.

ETAM II and the methodology it uses to forecast electric utility emissions

of sulfur dioxide (SO,) and nitrogen oxides (NO_ ) are described in this
paper. In addition, & brief comparison of the emission forecasting technique used
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in ETAM II and thogse used in other models is given. Also included are sample
results from ETAM II.

ETAM II METHODOLOGY

Introduction

ETAM II 1is a generalized forecasting system that can be used to project a
variety of environmental indicators: 21 air pollutant species, 2 water pollutants,
water withdrawal and consumption, 4 types of solid waste, and 5 measures of
radiation. ETAM II is unique in that it both covers numerous residuals (i.e.,
emitted or discharged air, water, or solid waste pollutants) and all economic
sectors discharging those residuals and is easy to use for policy analysis
purposeg. ETAM II {s capable of measuring the indicators identified above from
eight source sectors: electric utilities, industry, residential and commercial
sources, transportation, agriculture, mining and minerals, synthetic fuels, and
other sources. The "other™ category includes sources such as forest fires and dust
rising from gravel roads. Projections for the air, water, and solids pollution
indicators can also be disaggregated by Federal region and energy use category
(i.e., related or unrelated to energy production activities).

ETAM II is designed to be a scoping model, that is, a model that will
provide quick results based on a number of different input assumptions. The model
does not provide a great level of detail; for example, forecasts are made at the
Federal region level of detail (the 50 states being aggregated into ten Federal
regions) at 5-year intervals to the year 2030. Emission estimates are also
available by end use sector and by industry type. Other models are available
which, although providing more detail, such as electric utility plant or electric
generating unit-specific emissions on a monthly or yearly basis, may not make
forecasts so many years into the future or may be more difficult to run in terms of
evaluating the effects of alternative input assumptions.

ETAM II also has been designed to allow users, even those with little or no
computer experience, to make runs. For those interested users with a minimal
amount of programming experience, the computer source code (i.e., the commands that
constitute the model) can be altered to allow more complicated changes in input
assumptions.

Data Sources and Methods

A number of external data bases and models have been incorporated into ETAM
II, either in full or in part. These include the National Acid Precipitation
Assessment Program (NAPAP) inventory of non—utility emissions (1), the electric
utility Unit Inventory (2), the FORECAST electric utility emissions model (3, 4),
data from the Residuals Accounting Model (5), DOE's NEPP (6), and DOE Secretary
Hodel's testimony before the U.S. House of Representatives (7). 1In addition to the
exogenous driving inputs listed above, ETAM II accepts a number of user-specified
assumptions which affect its results. These are discussed in greater detail in the
two volumes of ETAM II documentation (8, 9).

Utility Methodology

In general, ETAM II uses input data to estimate electricity generation in
future years. Emission factors and the effects of alternative regulatory scenarios
are then used to estimate the discharge of various environmental residuals.
Alternative levels of economic or energy price growth affect emissions because
economic factors and energy prices affect the demand and supply, and therefore the
generation, of electricity.

The electric generating Unit Inventory (2) 1s a key component of the
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projection process. It contains generating unit-specific data on unit type, size,
age, capacity factor, emission rate, and fuel use. The model compiles these data
by state and then derives certain summary statistics —-- for example, the ratio of

baseload to peaking capacity and the mix of fuels used in peaking generating units.
The user of ETAM II, when running the utility component, provides input information
on the forecast horizon, coal plant lifetimes, coal plant capacity factor, and
environmental regulations (9).

ETAM II updates the 1980 generating Unit Inventory in 5-year increments.
For each increment, S0, emissions from existing generating units are reduced to
meet air regulations (i.e., State Implementation Plan targets). Generating units
are retired according to announced retirement dates (10) occurring within each
5-year increment. If no retirement date has been announced, generating units are
retired (after 1991) according to default retirement dates linked to plant
lifetimes. Emission levels are further reduced to reflect these retirements.

Announced plans (10) to convert oil-fired capacity to coal are assumed to
occur as scheduled. Additional conversions are assumed to occur in 19 states.
Emission levels are increased to reflect these conversions.

If the user has so specified, ETAM II then adjusts the capacity factors of
existing generating units. The capacity factors of oil and gas-fired generating
units can be reduced to implicitly reflect their high fuel costs. The capacity
factor of coal-fired generating units can either be increased to reflect utilities’
success in efforts to reduce unusually high reserve margins or be decreased to
reflect lowered availability as equipment ages. All generating units of a given
fuel type are affected when an adjustment is made (i.e., the capacity factor of all
existing coal-fired generating units, regardless of age or location, would be
raised or lowered to the specified rate). Emission levels are adjusted
accordingly.

National average growth rates for electricity demand, specified in the NEPP
projections, are allocated to each state according to the ratios implied in 1980
North American Electric Reliability Council (NERC) forecasts. Within each state,
demand is partitioned into baseload and peaking segments, using the state's 1980
ratio of baseload capacity to peaking capacity. This ratio is assumed to remain
constant throughout the projection period. The fraction of total demand that can
be accommodated by existing generating units is subtracted, and any remaining
demand is assumed to be satisfied by new baseload or peaking generating units, '
depending on which segment is unable to meet demand. N

New generating units are added according to the on-line dates specified in

NERC's announced generating unit list and are assumed to operate at the default new
unit capacity factors. The model will defer announced generating units in a \
particular state if they are not needed to meet the demand derived from NEPP. The
new coal-fired generating units are assumed to comply with current revised New v
Source Performance Standards (NSPS) or Prevention of Significant Deterioration }
regulations, depending upon which are more stringent, or alternative regulations if

specified in the input assumptions.

If a state's electricity demand 1s not met after all announced generating
units have been put on-line, the model sites additional new generating units in the
state to meet projected needs. The following assumptions are relevant to this
decision:

.

each state's 1980 ratio of baseload to peaking capacity remains
constant;

all additional baseload generating units built after the NERC
announced generating unit list is satisfied but before the year

68

it L ey e

s



~ = ==

~ e

2000 are assumed to be coal-fired (except in California, where all
new capacity 1is assumed to be from renewables);

80 percent of new baseload generating units built after the year
2000 are assumed to be coal-fired and 20 percent nuclear (except in
California, where all new capacity is assumed to be from
renewvables);

each state's 1980 mix of fuels used in peaking generating units
remains constant; and

new generating unit emission standards apply.

NEPP projections of utility sector fuel use are applied as “control totals”
on ETAM II's initial calculations for each projection year. ETAM II determines
each state's share of oil, coal, gas, nuclear, and alternative fuel use for 1980.
ETAM II then uses these shares to proportionally disaggregate the NEPP national
totals for each projection year to yield fuel-specific subtotals for each state.
The NEPP subtotals available by fuel are then used to calibrate ETAM II's
calculated subtotals by fuel and state. In effect, ETAM II makes marginal
adjustments to the capacity factors of each generating unit (new and existing
facilities) of a given fuel type in a particular state so that the model's fuel use
totals equal the NEPP control totals. Emission levels are then adjusted in
proportion to the fuel use adjustments.

The above methodology applies to forecasts made to the year 2010. For
projections to 2030, each computational step is conducted in the same manner. Two
differences should be noted: 1) the projection proceeds in 1l0-year increments so
that each set of calculations combines the calculations for two increments in the
1980 to 2010 projection; and 2) the trends for the last 5-year increment (2005 to
2010) are extrapolated for the period 2010 to 2030. For example, capacity factors
are assumed to remain at their 2000 level. ETAM II derives national-level
electricity demand from NEPP and assumes state-level trends will continue linearly
at the 2005 to 2010 rate. Note that for these longer—term projections, assumptions
regarding plant lifetimes and emission standards become increasingly important.

ETAM II is unique because, due to its simplicity and structural design, it
can be used to examine a number of alternative scenarios in a relatively short
period of time. Scenarios examined can include the effects of different coal plant
lifetimes, future environmental regulations, and energy and economic futures. By
combining scenarios that result in high or low levels of residual discharge, ETAM
II can provide its user with a range of emission levels, thus providing information
about uncertainty in future residual discharge levels.

COMPARISON WITH OTHER MODELS

A number of other computer models are available for making predictions of
pollutant emissions from electric utilities. These models include the Advanced
Utility Simulation Model (AUSM), the National Coal Model (NCM), and the
Optimization Model for Emission Generating Alternatives (OMEGA). Table 1
summarizes the relevant features of each of these models.

Advanced Utility Simulation Model

AUSM, sponsored by the U.S. Environmental Protection Agency in support of
the National Acid Precipitation Assessment Program, is designed to project
electricity demand, generation, and assoclated emissions. Considerable detail is
included in the model in several areas, enabling in-depth analysis of the effects
of various legislative scenarios. AUSM combines econometric modeling techniques
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with process modeling techniques, resulting in a more complicated internal
structure than that of ETAM II. AUSM's coal supply module contains distinct
representations of coal costs and availability. The primary utility information
data base used by AUSM has detail at the electric generating unit level. An annual
recursiveness feature, which allows the projected price of electricity in one year
to be reflected in the demand for electricity in the following year, is used in an
econometric portion of the model to forecast electricity demand. A separate module
within AUSM calculates control costs associated with any particular legislative
alternative examined.

AUSM uses an extensive amount of input data. In addition to an inventory
of generating units (the Unit Inventory) and an extensive file containing
information on coal reserves and resources, a large quantity of input data must be
specified by the user. Default values are available for these parameters, but a
user needs to have some notion of appropriate values.

AUSM requires two user—-specified scenario input files. One of these
provides global parameters (e.g., inflation rate, flue gas desulfurization minimum
size, etc.) and the other provides state-specific parameters (e.g., state emission
limits, land use costs, etc.). In addition to these global and scenario
parameters, each of the analysis modules within AUSM has a series of inputs which
must be user-specified. The electricity demand module, for example, requires
state-level forecasts of fuel prices, population, and economic activity indicators
(i.e., personal income, earnings, and employment). The AUSM coal supply module
requires the user to specify escalation rates for coal production costs at the
mine-mouth and the costs of mining and cleaning coal (broken down by wages, capital
cogts, etc.). A separate module forecasts coal transportation costs, which can be
up to 70 to 80 percent of the delivered price of coal.

Outputs from AUSM are more detalled than those from ETAM II and include
state-level information on generation, peak load, prices, capacity additions,
emissions and generation of residuals, coal use, and utility financial statements.
Projections are made for 20 years into the future.

National Coal Model

NCM, sponsored by the U.S. Department of Energy for use in short and
mid-term forecasting, is used to ascertain the impact of legislation on the coal
and electric utility industries and to project coal production, consumption, and
prices. The NCM is a process model that requires an extensive amount of data
including information on utility operations costs, emission limits, capacity
factors, coal demand and production, price and use of alternative fuels, and
emigsion control costs. Outputs include coal production, tramsportation, blending,
and consumption; generating capacity utilization; pollutant emissions; capital
expendltures; and transmission of electricity. Each of these outputs 1is available
by NCM region (approximately equal to state-level) and by Federal region to the
year 2010. Proprietary variants of NCM are offered by some firms.

Optimization Model For Emission Generating Alternatives

OMEGA, a process model, was developed at Carnegle-Mellon University amd
examines emission control strategies of domestic coal-based electric utility
plants. The current version examines only coal plants in a 3l-state Easterm
region. Due to its structure and computational algorithms, OMEGA is limited in the
number of plamnt types, modes of transportation, coal types, and so forth that it
can handle. The model is driven by an explicit listing of expected coal-fired
startups from DOE's Generating Unit Reference File.

Required inputs to OMEGA are extensive and include coal-fired generation,
use of coal by utilities, escalation rates for transportation costs, coal prices,
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coal production, capacity factors, plant lifetime, discount rate, emission
reduction target, and method of emission allocation among states. Model outputs
include emissions and control costs at the state level to 1995.

SAMPLE RESULTS FROM ETAM II

To provide an illustration of the type of ouputs provided by these models,
the results in Figure 1 are based on the examination of alternative coal plant
lifetimes by ETAM II. Figure 1 shows a comparison of assumed 40 and 60 year
utility plant lifetimes on emissions to 2030. As can be seen, these assumptions
have no effect on emissions from non—utility sectors, but have a tremendous effect
on both the pattern and the level of total emissions.

The significant impact of a plant lifetime assumption is due to the
stringent controls placed on new plants through NSPS requirements; with earlier
retirement of plants, the newer and more stringently-regulated plants come on-line
much sooner. For S0, emissions, the assumption regarding coal plant lifetime
affects the year in Which industrial emissions become the primary contributor to
total emissions. Under the 40-year lifetime assumption, utility SO, emissions
fall below industrial emissions by 2010. If a 60-year lifetime is assumed, this
switch will not occur until about 2030.
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Coal Plant Lifetime Scenario Results

(40 versus 60 year plant lifetimes)
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ISOTHERMAL FLAME STUDIES OF LIMESTONE PROPERTIES RELEVANT TO
S0, REMOVAL FROM P.C. UTILITY BOILERS

J. A. Cole, J. C. Kramlich, W. R. Seeker

Energy and Environmental Research
18 Mason
Irvine, CA 92718

G. S. Samuelsen

Department of Mechanical Engineering
University of California
Irvine, CA 92717

Introduction

Dry-limestone injection provides an economically attractive means for SO, emissions
control in pulverized-coal-fired (p.c.) utility boilers. The process is especially
attractive as a retrofit for older boilers because of the potentially low capital
costs relative to other SO; control technologies (1). in addition, the raw material
is readily available and relatively inexpensive (2). Early demonstration tests,
however, met with 1ittle success. For example, acceptable levels of SO, removal could
not be achieved, even with a large stoichiometric excess of limestone (g).

In an attempt to enhance the capture of S0p, research has been conducted under
. conditions representative of full-scale systems (4,5). Fundamental experimental and
theoretical research has also been undertaken to examine the kinetics of calcination
and sulfation (6-11). ’

The present effort was undertaken to investigate the conditions which will optimize
S0 removal from flue gases by calcium-based dry sorbent injection. The conditions
explored included time, temperature, and sorbent type and preparation. Sorbents were
injected under experimental conditions which simulated, but did not duplicate, the
environment of a p.c. utility boiler. The goal was to provide an environment
representative of large-scale systems, but simultaneously well characterized, uniform
and reproducible.

The approach to the present study was to utilize a laboratory-scale apparatus to study
the sulfur capture reaction Ca0 + SOz + 0.5 O — CaSO4 under isothermal conditions in
a flame-gas environment designed to simulate the radiant zone of a p.c. boiler.
Powdered sorbents were injected and dispersed into a flow reactor doped with 3600 ppm
S02 and down-fired by a flat-tlame burner which provided residence times near 1.5 s
for temperatures from 900-1200°C. SOp sorption was measured as a function of time,
temperature, and sorbent characteristics.

Experimental

Reactor. The reactor s a dispersed-phase Isothermal Flow Reactor (ITR). The ITR
providés a relatively long (up to 3.0 s) isothermal zone in which sorbent chemistry

74

. M

s

e

-



[P

b

T

e

can be studied as a function of time, vemperature, and environment. This reactor is
unique because it provides a large volume for dispersal of sorbents at reasonable feed
rates. This is necessary to permit solids sampling for chemical analysis within
practical time frames.

The ITR (Figure 1) is an electrically heated, gas-downfired drop-tube furnace. It has
a neated length of 90 cm and accommodates a 10-cm diameter alumina reaction tube.
Heating is provided by silicon carbide globars located in three independently
regulated heating zones 22.5- 45- and 22.5-cm long. The ITR has a maximum wall
temperature of 15009C.

The ITR is downfired by a porous bronze plug water-cooled flat-flame burner.
Limestone was injected into the ITR along the axis of the reactor through the burner.
The limestones were injected from a 1.1-mm i.d. tube, which produced a turbulent jet,
effectively dispersing the materials over a wide cross section of the.reactor.
Residence times and heating rates of the particle streams were calculated based on
confined jet mixing theory (12) and convective and radiative heat transfer
calculations. Heating rates were on the order of 10% K/s and total (end of reactor)
residence times of 1.2 - 1.6 s were employed in the experiments described here.
Solids sampling from the 1TR was accomplished with an isokinetic water-cooled
stainless steel probe. Sorbents were quenched rapidly and collected on a glass fiber
filter located at the base of the probe. The probe is 1.2 m long and enables sample
collection within 40 cm of the sorbent injection location.

Temperature profiles in the ITR are shown in Figure 2. Temperatures were measured
using a 0.025-mm diameter butt-welded supportaed type S thermocouple. Radiation
corrections to the thermocouple readings were applied only for non-isothermal reactor
conditions, otherwise the corrections were smaller than +59%K. The profiles in Figure
2 are all for hydrogen-air flames. Methane was the fueT used for flame temperatures
above 1350°C.

Sorbents. Limestone samples evaluated in this study are listed in Table 1. Each was
characterized both before and after injection using several analytical techniques
which are listed in Table 2. Most of the raw materials were analyzed for chemical
composition, particle size distribution, and specific surface area. Samples collected
from the reactors were analyzed for carbon (carbonate), hydrogen (hydroxide), total
sulfur (sulfate) and total calcium. From these measurements the extent of calcination
and calcium utilization {percent calcium as sulfate) were determined for most samples.
In addition, the ‘precalcined dolomite (D60) and precalcined Vicron 45-3 (V40) were
characterized by specific surface area and pore size distribution before and after
injection into the reactor.

Vicron 45-3 and D3002 served, respectively, as the baseline calcite and dolomite in
this stuay. They both are comparable in mean size, specific surface area and both are
high-purity minerals. It was from these limestones that the V40 and D60 precalcines
were produced. Surface areas indicated for the precalcines are typical. However, the
materials were produced in small batches and surface areas varied between batches.
The type S material is a pressure-slaked dolomitic lime.
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Table 1. PHYSICAL AND CHEMICAL PROPERTIES OF LIMESTONE SORBENTS

Chemical Analysis,
Mean Surface wt}
Size, Area

Material Composition m me/g Ca Mg
Yicron 45-3 CaCo3 11 0.6 39.0 0.49
D3002 Dolomite  CaC03°MgCO3 10 0.54 24.8 11.3
D60 Precalcine Ca0-Mgo - 60.67 —— ——-
V40 Precalcine Ca0 -- 41.45 -~ ---
Type S (Warner) Ca(QH)p*Mg(OH)p 1.0 18.20 28.0 15.9

Table 2. ANALYTLCAL PROCEDURES

PROCEDURES DETERMINATION
Brunauer, Emmeit, Teller Specific Surface Area
Ny absorption isotherm
Pekin-Elmer 2408 Carbon, hydrogen det. extent
of calcination, hydration
Leco SC32 Total Sulfur
ASTM D2795 Total Calcium
Chelometric Tritration
Sedigraph (X-ray Particle size distribution,
sedimentation) mean size
Mercury instrusion Pore size distribution, true
porisimetry porosity, porosity distribution
Resulys

Calcium utilization was measured as a function of residence time in the isothermal
reactor (ITR) for the five sorbents at temperatures of 900, 1000, 1100 and 1200°C. In
each case the initial S0y concentration in the burned gases was 3600 ppm and the
sorbent feed rate was adjusted to ensure a calcium-to-sulfur ratio (Ca/S) less than
1;‘0 sO that the measured calcium utilization would not be affected by SO, depletion in
the reactor.

Sorbeny Reactivity Ranking. At 900°C (Figure 3) the capture levels of the precalcines
and type S are all greater than those of the raw sorbents, D3002 and Vicron 45-3. In
part, this is due to the time required for the raw sorbents to calcine. At 1.6 s, the
D3002 is still taking up S0, while the V40 capture profile has leveled off. The type
S sorbent has a lower calcination temperature as well as a less endothermic
calcination reaction than the raw sorbents. It may in fact calcine so quickiy at
9_00°C that the calcination reaction presents no impediment to sulfation. Similarity
in the reactivities of D60 and type S might be an indication of the surface area
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attained by the type S material. The D60 and V40 are not expected to sinter (lose
surface area) rapidly at this temperature.

At 10009C (Figure 4) the relative order of reactivity has changed to Vicron 45-3 < V40
< D3002 < D60 < type S. This reflects a large increase in the relative reactivity of
D3002. At 1.5 s, the calcium utilization of D3002 is approaching that of the D60
precalcine and from 0.75 s on the V40 remains just about 10 percent more reactive than
Vicron 45-3. Both of the raw sorbents exhibit some delay in S0 uptake due to
calcination, but it is not as severe as that experienced at 9009C. All five sorbents
display a dramatic increase in reactivity between 900 and 1000°C.

At both 900 and 1000°C the data suggest that SO capture occurs rapidly at first. The
rate of sulfation then slows abruptly or, in some cases, approaches zero. Pore
structure analyses of the D60 and V40 precalcines suggests an explanation for this
behavior. The active surface area of the precalcines was found to occur in pores
about 80 and 130 AC in diameter for the D60 and V40 precalcines, respectively. These
pores represented porosities of 0.18 and 0.13 for the two sorbents. After low
temperature sulfation (to avoid sintering) to about 25% utilization the porosities
were reduced to 0.15 and 0.08 and the active pore diameter of the sulfated V40 was
reduced to about 100 A®. Thus, pore plugging reduces the accessibility of the active
sorbent surface to SO, thereby reducing the global sulfation reaction rate.

Temperature Effects. Figure 5 summarizes the ranking of reactivity of the five
sorbents as a runction of temperature. The data shown in Figure 5 were taken from
smootned-by-eye reactivity profiles at the residence time of 1.0 s. There is very
little uncertainty associated with the ranking in Figure 5 because the slopes of
calcium utilization profiles all were shallow at 1.0 s. What has not been taken into
account is the delay of the onset of sulfation for Vicron 45-3 and D3002 due to slow
calcination at 900 and 10009C. Accounting for the delay would alter the shapes of the
temperature/utilization profiles somewhat; however, it would not be reflective of the
ultimate result of low-temperature injection into a p.c. utility boiler where
calcination times may be a factor.

The most significant aspect of Figure 5 is the appearance of a maximum in the
utilization achieved as a function of temperature. The location of the true maximum
appears to be very near 10000C but may be different for each sorbent. Although such a
maximum might have been predicted as a result of the tradeoff between sintering and
reaction kinetics, there was no suggestion that it would occur at the same temperature
for five different sorbents.

Conclusions

For simultaneous calcination and sulfation under isothermal conditions, hydroxides and
precalcines had the greatest initial reactivity. At longer times and higher
temperatures, however, the advantages of precalcines diminished. In general,
dolomitic materials were more reactive than calcitic stones. The advantage of the
hydrated dolomitic lime may, in part, have been due to a small mean particle size.
For all materials the optimal calcination and sulfation temperature was 1000°C,
reflecting a balance of slow reaction kinetics at lower temperatures and sintering
(surface area loss) at higher temperatures. Conversion profiles exhibited a knee,
shifting from rapid to slow or zero rate of conversion, consistent with measured
internal pore plugging due to sulfation.
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PRESENCE OF LIMESTONE AT OXIDIZING ATMOSPHERE
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Felicia F. Peng and C. C. Young
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Morgantown, West Virginia 26506-6070

ABSTRACT

Utilization of coal fine agglamerates in the presence of limestone offers an
advantage of in-situ sulfur fixation in the agglamerates during combustion and/or
gasification to minimize the emission of SO, into the atmosphere. An experiment is
carried out to study the kinetlics of sulfur fixation in the coal fine-limestone ag-
glamerates in air stream at temperature ranges of 500°- 900°C using a fixed bed re-
actor. Seventy percent of total sulfur reaction in the agglomerates can be achieved
with Ca/S mole ratio of 3. The rate of sulfur fixation, in terms of total sulfur
and sulfate sulfur retained, in the coal fine agglamerates can be represented by a
coupled diffusion and zone reaction model. The activation energy of the overall
sulfur fixation reaction is found to be 4 ~ 7 Kcal/mole.

INTRODUCTION

The most serious emnvirommental problems in coal mining regions are the coal
fine slurry impoundments. They not only present hazardous conditions to the local
camunities, but also restrict the use of land and water resources. Because of cur-
rent concern over the impending energy shortages and envirommental problems, the
coal fine wastes must be recovered from tailing impoundments and waste streams of
processing plants. This can be used to clean up the coal slurry impoundments and
avoid need for impoundments to protect our enviromment. A potentially attractive
method to recover and utilize these coal fines in producing clean energy with in—
situ sulfur fixation has been developed. The proposed flow sheet is depicted in
Fig. 1.(1) This process lncludes coal fine-limestone agglomeration and combustion
steps.

A mumber of publications have disclosed the effectiveness of applying sulfur
acceptor sorbents within sulfide ore pellets for im-situ sulfur fixation and used
as a hydrogen sulfide scavenger. (2,3) The sulfur dioxide was formed and adsorbed
by sorbent within the pellets as a hydrate ( CaSO,) during air roasting (~500°C).
The hydrate was insoluable in acids and the sulfur was retained in the pellets dur-
ing the subsequent acid leaching process. On the other hand, the hydrogen sulfide
was generated and accepted by sorbent within the pellets in H, or steam atmosphere
(600°- 800°C). The CaS in the pellets could be recovered as sulfur after the acid
leaching process. Lime (Ca((H),) was the only common sorbent that would adequately
control SO, or H,S evolution within the sulfide ore pellets during the roasting or
reduction processes. Approximatley 90 percent of sulfur could be converted to CaS
or (aSO, in the pellets in the presence of a stoichiometric amount of Ca(CH),.

The processes related to the in-situ sulfur fixation in the coal pellets in
the presence of limestone were reported by LaRosa and Michaels (4), Buttermore (5),
and Ban, et al. (6) Sixteen percent sulfur content of Illinois coal refuse was
mixed with limestone and carbonized in the N, atmosphere. Sixty-two percent of
sulfur converted to CaS ard FeS within the pellets was reported by laRosa, et al.
Buttemmore investigated the effect of variocus sorbents on the Chio raw coal and
West Virginia coal refuse for sulfur fixation in the pellets. The results showed
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that a 1007 sulfur retention efficiency in coal hydrated lime pellets and 93% in the
coal-limestone pellets at the 180% stoichiocmetric CaO could be achieved. A clean
pellet fuel process was developed by Ban, et al. Api)roximately 95% sulfur was re-

tained during carbonization and about 757 of original sulfur was retained in the
pellets in the presence of limestone with Ca/S mole ratio of 3 during cambustion.

No kinetic data on the in-situ sulfur fixation reaction in the coal fine-lime-
stone agglamerates has been reported. Therefore, it is the aim of this investiga-
tion to obtain rate data and to formulate the rate expressions for prediction and
interpretation of the phenomena. The information is important in process design and
operations. The mathematical model is also useful to apply in preparing the high
sulfur coal to generate the clean energy and in predicting the sulfur fixation by
calcium (as mineral matter in coal) in coal during the combustion and/or gasifica—
tion.

EXPERTMENTAL

The coal fines were collected from a 9 year old coal slurry impoundment. The
coal fine tailing contained 41.6% ash, 25.6% volatile matter, 1.62% total sulfur and
18,575 KJ/Kg (7,683 BTU/1b). The sulfur forms included 0.88% organic sulfur, 0.11
pyritic sulfur, and 0.63% sulfate sulfur. The low temperature ash analysis showed
there was 2.96% Ca0O content in the coal ash. The Greer limestone was used as a SO,
acceptor which contained 45.15% Ca0O. The coal fine tailing and limestone (Ca/S mole
ratio O - 4) in the size range of 140M x 200M (106 — 75um) were blended with 15%
water by wt. and balled in a glass tubing by hand. All experiments were performed
in a 26mm ID x 120mm L quartz tube which was used as a fixed bed reactor. The sche-
matic diagram of the experimental apparatus is shown in Fig. 2. In a typical experi-
mental run, the agglamerates (-1 g) were placed in a 60 mesh stainless steel sample
holder and loaded in the cooling zone, while the reactor was continuously purging
with air flow rate of 2 1/min, and maintained at a desired reaction temperature 5009
700° or 900°C). To start the experiment, the coal sample was slid into the hot zone
for cambustion. The sample was slid back to the cooling zone at predesigned cambus—
tion time, while the air stream was switched to N, gas. The weight loss of the ag-
glomerates were determined and sulfur forms of the agglamerates were analyzed by
ASTM standard methods.

KINETIC MODELING

In the coal fine-limestone agglamerates, the solid reactants are visulized as
being composed of a large mumber of spherical limestone particles and coal fine par—
ticles with the sulfur imbedded in the coal particles. In the overall agglamerate,
the agglamerate is porous, the gaseous reactant, 0,, diffuses easily through the
interstices between coal fine and limestone particles, and through the product layers
surrounding the solid reactant grains in the particles. The chemical reaction then
proceeds according to zone reaction model (7) in individual particles. The model is
schematically shown in Fig. 3. The sulfur fixation reactions in the coal fine-lime-
stone agglamerates involve the successive multiple solid-gas reactions. Three major
chemical reactions, which contribute to the sulfur fixation in the agglcmerates, can
be represented by the following reactions:

S (in coal) + 0, ~» S0, 1)
CaCO, ~ CaO + CO, 2)
SO, + Ca0 + %0, » CaSO, 3)

If the order of reactions, with respect to the individual reactant, are first order,
and the concentration of gaseous intermediate, SO,, is much less than that of gaseous
reactant O,, the rate of mass transport of SO, within the solid product layers will
become rate controlling. Therefore, application of a coupled diffusion and zone re-
action models can be used in describing the mass transfers in the particles and ag-
glomerates, and the successive multiple reactions for calcium sulfate formation. The
rate expressions are:

83



2/3
dx, A K, x[nl(l— —LZSX)
S P R V- N “ K
+ A-D, - *m X
5)
& = Ri- Rs
Xy 2/3
Bk W) X% . R,

B-K, X, 11/3 X, y1/3
1+ g 2017 - a- 21

&, _ €D, (1- x)/3 n
dc 1- (- x*)1
With the conditions:

X =X, =X, = X,
(1- x,) + X, + X,

nou
o
[}

The rate expressions can be mumerically analyzed by utilizing 4th order Runga-Kuta
method.

where
X, = the fractional conversion of total sulfur
X,p = the fractional conversion of total sulfur at steady state
X, = the fractional sulfur dioxide formed
X, = the fractional calcium sulfate formed
Xaq = the fractional calcium sulfate formed at steady state
X, = the fractional calcined limestone (Ca0) formed
A,B,C = the parameters related to the physical properties of given particles and

concentration of 0,
D, = a structural parameter includes the effective diffusivity of O, in ash
product layer in coal fine particles

D, = a structural parameter includes the effective diffusivity of SO, in the
product layer of limestone particles

K, = a kinetic parameter includes the rate constant of SO, formation

K. = a kinetic parameter includes the rate constant of calcium sulfate formation

RESULTS AND DISCUSSION

The effect of O,flowrate on the fulfur fixation rate was examined. The result
showed that if the air flow rate was above 1.8 1/min, there was no effect on the
rate of sulfur fixation. This indicates an negligible resistance to gas film
diffusion above the flowrate of 1.8 1/min. The internal mass transfer in the agglc—
merate was also examined by varying the agglamerate sizes. The experimental results
indicated that if the agglomerate size of less than 3/8-in. diameter were used, the
S0,- 0,~ Ca0 reaction could be studied in the absence of pore diffusion resistance
in the agglomerates. The reaction order for the SO, and limestone system was analyz-
ed by varying the amount of limestone addition. Seventy percent of sulfur retention
can be achieved at Ca/S mole ratio of 3 or higher. The correlation of initial
rate and the concentration of limestone showed that the reaction was first order
with respect to the concentration of limstone in the agglomerates. The calcination of
limestone in the agglomerate was described by a diffusion model. Assumed that the
calcination was controlled by the diffusion and the kinetic effect was. negligible.
Several coal fine agglomerates without limestone addition were also tested to deter—

mined the effect of Ca0 in the coal ash and the net effect of limestone addition on
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the rate of sulfur fixation. The representative results of these studies are shown
in Fig.4. The kinetic and structural parameters in the rate éxpressions were obtain-
ed for the given experimental conditions, and determined by trial and error as the
one that best fit the experimental data. The comperision of predicted and observed
values are depicted in Fig.5. Good agreement between predicted and obseved experimen—
tal data was obtained. Aslower Lnitial rate of sulfur fixation was noted, which
could attribute to the time required for calcination of limestone and evolution of SO,
from the surface of the agglomerates. An enhancement of the cambustion rate in the
preserce of limestone was also detected. Drastic changes in the structure of the
agglamerates can be predicted as temperature increase through the structure para-
meters in the kinetic models. The rate constant for the overall sulfur fixation ob-
tained from experimental data can be expressed as follows.

k; = 21.0667 Exp(-7,300/RT)  for 500-700 C 8)
K; = 3.5057 Exp(-3,860/R) for 7002900° C 9)
CONCLUSION

Kinetic studies are reported here on the in-situ sulfur fixation in the coal
fine-limestone agglamerates during cambustion. THe sulfur is first oxidized to form
SO, while limestone is calcined to form CaO, and the intermediate gasecus product,
S0, ,subsequently reacts with calcined limestone and oxygen to form calcium sulfate.
Diffusion is found to play an important role in sulfur fixation rate. The unusually
low activation energy found for the sulfur fixation reaction is thought to be
due to the time requirement for limestone calcination and emission of SO,fram the
surface of the agglomerates at initial stage. The sulfur fixation rate data have
been interprepted based on a coupled diffusion and zone-reaction model, and the
kinetic and structural parameters obtained for the temperature ranges of 500°- 900°C.
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EFFECT OF DELIQUESCENT SALT ADDITIVES ON THE REACTION
OF SULFUR DIOXIDE WITH DRY Ca(OH),

Rosa N. Ruiz-Alsop and Gary T. Rochelle
Dept. of Chemical Engineering, University of Texas at Austin, Austin, TX 78712
ABSTRACT

The effect of deliquescent salt additives in the reaction of 30, with dry
Ca(OH), solids dispersed in a sand reactor was studied. Small amounts of the
deliquescent salts (1 to 10 mole %) were added to the Ca(OH), by a slurrying, drying
process. The reaction rate was studied at relative humidities of 54 and 74 % and
other conditions similar to those encountered in bag filters during flue gas
desulfurization by spray drying. The reaction solids were characterized by Scanning
Electron Microscopy, powder X-ray diffraction, coulter counter size distribution,
BET (N2) surface area, energy dispersive spectrometry, and differential scanning
calorimetry. Most of the deliquescent salts tested increased the reactivity of the
lime. The most effective additives were: LiCl, KC1l, NaCl, NaBr and NaN03.

INTRODUCTION

Spray drying has become increasingly important in recent years as an
alternative to wet scrubbing for sulfur dioxide control. In the spray dryer the
sulfur containing flue gas is contacted with a fine mist of an aqueous solution or a
slurry of an alkali (typically lime or soda ash). The sulfur dioxide is then
absorbed in the water droplets and neutralized by the alkali. Simultaneously, the
thermal energy of the gas evaporates the water in the droplets to produce a dry
powdered product. After leaving the spray dryer the dry products including the fly
ash are removed with collection equipment such as fabric filters or electrostatic
precipitators.

Fabric filters are the preferred collection equipment as additional sulfur
dioxide removal takes place in the bag house [6, T]. Typically, under conditions
such that 80 % of SO, is removed, about 60 to 70 % of the removal takes place in the
spray dryer and 10 to 20 % removal takes place in the bag filters [14, 9, 2].
Parametric studies in spray dryer pilot plants have demonstrated that the main
variable affecting the 350, removal in the bag filters beside the stoichiometric
ratio of lime to S0, is the approach to the adiabatic saturation temperature of the
gases (14, 2, 15, 12, 1]. The approach to the adiabatic saturation temperature in
turn is correlated with the moisture content of the solids. Additives that will
modify the moisture content of the lime solids in equilibrium with a gas phase of a
given relative humidity would then be expected to change the reactivity of the lime
towards S0,.

A few additives have been tested in spray drying systems. CaCl, has proven
effective in increasing the reactivity of limestone and lime towards SQ& [5]). Adipic
acid was also tested [10] with mixed results. Sodium sulfite, Fe compounds,
Ethylenediaminetetra~acetic acid and disodium salt (EDTA) had been used as additives
during simultaneous SO, and NO, removal (Niro Process) [4]. The emphasis in the Niro
process was to improve the removal of NOX.

The present work was undertaken to investigate in a systematic manner the kind
of additives that could be used to improve lime reactivity towards 502. A small
fixed bed reactor was used to simulate the conditions encountered in the bag filters
during spray drying flue gas desulfurization. Three different kind of additives were
tried: buffer acids, organic deliguescents and inorganic deliquescents. The
inorganic salts were selected according to their deliquescent properties, or the
lowering of the vapor pressure of water over their saturated solutions. Of these
three types of additives the deliquescent salts were the only ones that increased
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the lime reactivity.
EXPERIMENTAL

Apparatus

The general scheme of the experimental apparatus is given in Figure 3.
Simulated flue gas was synthesized by combining nitrogen and sulfur dioxide from gas
cylinders. The gas flow rates were measured using rotameters. Water was added by
means of a syringe pump and evaporated at 120 °C before mixing with the gas stream.
The glass reactor (4 cm diameter, 12 cm height) was packed with a mixture of silica
sand and powdered reagent Ca(OH), in a weight ratio of #40:1., The addition of sand is
necessary to avoid channeling caused by lime agglomeration [5], The silica sand,
obtained from Martin Marietta Aggregates, was 100 mesh. The reactor was immersed in
a water bath that maintained the temperature within 0.1 °C. Tubing upstream from the
reactor was heated to prevent the condensation of molsture in the walls. Before
going to analysis the gas was cooled and the water then condensed by cooling water
and an ice bath . The gas was analyzed for 50, in a pulsed fluorescent S0, analyzer
(Thermoelectron Corporation model 40) and the concentration continuously recorded.
The reactor was equipped with a bypass, to allow the bed to be preconditioned and
then after, to allow the gas flow to be stabilized at the desired S0, concentration
before beginning the experiment. Prior to each experimental run the bed was
humidified by flushing with pure nitrogen at a relative humidity of about 98 % for
10 minutes then later with pure nitrogen at the relative humidity at which the
experiment was to be performed for 8 minutes. This was done to better simulate the
conditions encountered in the bag filters where the solids are originally slurry
droplets.

Preparation of the Samples

An aqueous solution containing the desired additive was prepared. Five ml of
this solution were then added to 1 g of lime and slurried. The sample was then
placed in a oven to dry at 75 9C for about 14 hours then later sieved to separate
the individual lime particles prior to mixing with the silica sand and being placed
in the reactor.

Analysis

The fraction of Ca(OH)2 reacted at any given time can be calculated by
integrating the S50, versus time curve obtained by the recorder on the 30, analyzer
and doing a mass balance in the reactor. As a backup, the reacted solids are
analyzed for sulfite and hydroxide using acid/base and iodine titrations.

Characterization of the reactant

The lime used in these experiments was calcium hydroxide powder reagent. The
particle size distribution of the lime was determined by means of a Coulter Counter
model T,y using as electrolyte a solution of 4 wt % CaCl,, saturated with Ca(OH)Z.
The surface area was determined using Brunauer Emmett and Teller (BET) nitrogen
absorption isotherms. Table 1 shows the particle size distribution and surface area
of the lime used. The surface area was also measured for the lime after being
slurried (5 ml water/g lime) and dried overnight at 75 9C. There was a small
decrease in the surface area due to this slurrying process. Figures 1 and 2 show
Scanning Electron Micrographs of the lime that was used as the reactant. From these
pictures it can be seen that the lime particles are in the micron range size, are
highly nonspherical and have considerable surface roughness.
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The samples of lime with additives that were prepared in the way discussed
above were characterized using x-ray powder diffraction, scanning electron
microscopy (SEM), energy dispersive spectroscopy (EDS), and BET surface area.
According to x-ray diffraction analysis most of the additives precipitate as a
separate phase after slurrying with the lime then drying. The exception is CaCly,
where the Ca(OH),.CaClp.Hp0 phase is formed. This finding agrees with the result
reported in the literature for the equilibrium of the Ca(OH),;-CaClpy-H0 system [13].
In the case of Ca(NO3)p, the formation of the solid phase CapNy07.2H30 has been
reported [13], This could not be confirmed using x-ray analysis as the diffraction
pattern of the CapNy07.2H30 was not available.

EDS was used to analyze individual particles and it was found that the
additives precipitate together with the lime and are, more or less, uniformly
distributed through the lime particles. SEM micrographs of the particles of lime
with additives showed no significant difference in size or shape from the pure lime
particles. The BET surface areas of the lime with different salt additives were
also measured. The surface areas ranged from 7.0 to 9.6 m“/g depending on the
additive used. No correlation was found between lime reactivity and surface area.

RESULTS

Effects of Additive Type

The additives tried can be classified as three types: buffers, organic
deliquescents and inorganic deliquescents. Column 1 of Table 3 shows the
experimental results for these three types of additives, expressed as percentage of
lime reacted after 60 minutes of reaction. The experiments shown in column 1 were
all run at a relative humidity of 74 % and other conditions as indicated in the
table. The buffers added were adipic and glycolic acid in concentrations of 1 and 5
wt % respectively. The addition of buffers proves to be detrimental to the reaction
of S0, and lime, a conversion lower than the pure lime case was observed. The
organic deliquescents tried were monoethanolamine, ethylene glycol, and triethylene
glycol all at concentrations of 5 wt %. A small decrease in lime reactivity was
found in these cases as can be seen from Table 3. At a 74 % relative humidity all
the deliquescent salts tried were successful in increasing the reactivity of the
lime, but some salts were more effective than others.

Influence of the relative humidity on effectiveness of additives

Column 2 of Table 3 shows the effect of selected deliquescent salts on the lime
reactivity at a relative humidity of 54 %. As can be seen by comparing columns 1 and
2 of Table 3 the effectiveness of some salts change with relative humidity, for
example Ca(N03)2 was very effective at 74 % relative humidity but behaved poorly at
a lower relative humidity. At a lower relative humidity the salts that behave the
best were K, Li and Na Chlorides, NaBr, and NaN03.

Influence of Salt Concentration

A series of experiments were performed to determine the influence of the salt
concentration on the S0, reaction rate. The salts used were NaCl and NaNO, in
concentrations ranging from 1 to 15 mole %. The experiments were carried out at 54 %
relative humidity, and a reactor temperature of 66 °C. As can be seen from Figure
4, the conversion increases with increasing concentration of additive until about 10
mole #. After this the curve levels off. The optimum concentration of additive is
then about 10 mole % for 1:1 salts like NaCl and NaNOs.
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Effect of Prehumidification at 98 % Relative Humidity

To investigate the effect of prehumidifying the bed on the reactivity of the
lime with additives towards S50, some experimental runs were made omitting this step.
Table 2 shows the results obtained at 54 and 17.4 % relative humidity with and
without prehumidification of the bed at 98 % relative humidity. The additives used
were NaCl, NaN03 and KCl. At S4 % relative humidity even when some decrease of the
lime conversion was found without the prehumidification, the results are still far
superior to the pure lime case. At 17.4 % relative humidity all the beneficial
effect in the case of the NaCl appears to be due to the prehumidification of the bed
i. e. due to an hysteresis phenomena.

DISCUSSION

Columns 3 and 4 of Table 3 show the deliquescent properties of the salts,
expressed as water activity in saturated solutions of the salt at 25 and 100 °C and
1 atm. The water activity is approximately equal to the relative humidity of the gas
phase in equilibrium with the saturated solution. When examining the deliquescent
properties of the salts it is apparent that if the improvement of reactivity was due
solely to deliquescence, NaN03 and all the chlorides tried, with the exception of
the LiCl, should not work at a relative humidity of 54 %. Furthermore, the most
deliquescent of all the additives tried, NaOH does not perform as well as some of
other less deliquescent salts. We can see that some salts are effective at a lower
relative humidity than would be predicted by the vapor pressure of water over
saturated solutions of these salts. A possible explanation would be a hysteresis
phenomena affecting the amount of absorbed water in the solid phase. Strong
hysteresis effects have been reported in NaCl aerosols [17]. From the experimental
results presented in Table 2, it can be concluded that even when the hysteresis
effects can explain the improvement in reactivity at a very low relative humidity
(17.4 %) it can not explain all the improvement observed at 54 3 relative humidity.
An alternate explanation proposed is that the chlorides and NaN03 modify the
properties of the product CaSO3.1/2H20 layer that is formed as the reaction takes
place thereby facilitating the access of the 50, to the unreacted lime which remains
in the center of the particle. NaCl and CaCl, have been reported to enhance the
sulfur dioxide reactivity of limestones in fluidized bed combustion by affecting the
the pore structure of the lime during calcination, which then increases the extent
of sulfation of the limestone [3].

For an additive to be effective it is necessary that the hydroxide of the
cation be very soluble, otherwise the cation will precipitate as the hydroxide and
the anion as the Ca salt. For example Co(NO3), is very deliquescent but Co(0H), 1is
insoluble so Co precipitates as Co(OH)2 and adding cobalt nitrate becomes equivalent
to adding calcium nitrate, which is not very effective.
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Table 1
PROPERTIES OF THE Ca(OH), USED AS A REACTANT

Particle size (pm) 50 % below 5.6

90 % between 1,5 - 15

BET Surface Area (mz/g) 9.4 (non slurried lime)

8.8 (slurried lime)

Table 2

EFFECT OF PREHUMIDIFICATION OF THE BED ON LIME REACTIVITY

Additive

None

10 mole % NaCl
10 mole % NaNO
10 mole % KC1

Inlet SO, concentration = 500 ppm
Nitrogen Flow Rate = 4.6 1/min (0°C, 1 atm)
Amount of Lime = 1.0 g

Lime Conversion after 60 Minutes

54 % Relative Humidity 17.4 % Relative Humidity
66 °C 95 %
Prehumidified Nonprehumidified Prehumidified Nonprehumidified
1,2 - 4.0 -
27.0 23.2 9.7 4.0
27.2 23.7 1.9 -
37.3 19.3 3.4 -
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Table 3

EFFECT OF ADDITIVES ON LIME REACTIVITY AND DELIQUESCENT PROPERTIES OF SALTS
Inlet S0, Concentration = 500 ppm
Nitrogen Flow Rate = 4.6 1/min [0 °C, 1 atm)
Amount of Lime = 1.0 g

Lime Conversion at 60 min.

Additive 74 2 R.H. 54 T R.H. a,at 259  a, at 100 %
6u4.4 OC 66 °C

None 22.4 11.8 - -

BUFFERS .

5 wt % Glycolic Acid 11.3 - - -

1 wt % Adipic Acid 20.3 - - -

ORGANIC DELIQUESCENTS

5 wt % Monoethanolamine 19.6 - - -

5 wt 3 Ethylene Glycol 20.3 - - -

5 wt % TEG 20.5 - - -

INORGANIC DELIQUESCENTS

5 mole % Na,SOy 28.3 - - .902 [8]

5 mole % NaySO 29.8 16.1 - -

5 wole % Caclz?"') 34,6 16.4 .850 [8] .686(*) [8]

70 mole % NaCl 38.5 27.0 .753 [16] .735 [8]

i0 mole $ NaOH 38.8 17.3 * 0703 [16] 004 [11]

5 mole % Ca(NO3) (%) 39.4 12.3 - .553 [8]

10 mole % NaKo, 40.0 - - 496 (nE)

10 mole % NaNOy 41.5 27.2 .738 [16] .549 [8]

BaCly.2H,0 - 19.4 .902 [16] RAICL))

N825203 - 21.6 - .52(..)

KCl - 37.3 .82 [16] LT45 (8]

NaBr. 2H,0 - 42,0 577 [16] .502 [8]

LiCl - 43.9 112 [16] .085 [8]

100 % SO, Removal 48.2 48.2

(*) Data at 75 °c.
(#%) Extrapolated from data reference [8]
(##¥) Solid phases are CaCl,.Ca(OH),.Hp0 and CapNp07.2Hp0 respectively.
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ACIIVITY COEFFICIENTS PREDICTED BY THE LOCAL
COMPOSITION MOD! R_AQUEOUS SOLUTT
USED IN FLUE GAS DESULFURIZATION

Charles E, Taylor and Gary T. Rochelle

The University of Texas at Austin
Department of Chemical Engineering
Austin, Texas 78712

SCOPE

The major objective of this work is to extend the predictability of solution
equilibra models for flue gas desulfurization processes by employing aaz activity
coefficient technique which is accurate over a wide concentation range, Current FGD
equilibrium models use a Davies technique for activity coefficient prediction. The
Davies technique is useful only up to ionic stremgths of 1 molal, thus, limiting the
application of FGD equilibrium models to low iomic stremgth, In this work a data
base and methods have been developed to use the local composition model (LCM, 1,2)
for the predictiom of activity coefficients in aqgueous FGD soluticns, The LCH wss
used to predict the solubilities in various multicomponent systems for gypsum, cal-
ciun sulfite, magnoesium sulfite, calcium carbonate, and magnesium carbonate, §02
vapor pressure over sulfite/bisulfite solutions; and, C02 vapor pressure over
carbonate/bicarbonate solutions,

CONCLUSIONS AND SIGNIFICANCE

Accurate prediction of activity coefficients over a 0—-6 molal ionic strength
range will sllow for improvement of available FGD equilibrium models, This will
provide accurate eoquilibrium calculations for low ionic strength lime/limestone
processes and higher ionic strength processes as dual alkali or regenerative scdium
scrubbing, Additionally, improved accuracy will boe available for more complex FGD
simolstions which use equilibrium models aa a means of establishing the inlet
scrubber solution composition and to calculate driving forces for rste processes
(3).

A data base of necessary binmary parameters and equilibrium constants for
aotivity coefficient prediction by the LCM is presented., The LCM has proven to be
acourste from 0-6 molal ionic stremgth for typical FGD aqueous solutions, In gen—
eral, the LCM is slightly less accurate than the Davies technique from 0-1 molal
ionic strength, The advantages of the LCM over the ocurrent Davies technique are
clearly seoen when predicting over the entire concentration ranmge.

C. E. Taylor is presently with
General Electric Environmental Services, Inc., Lebanon, PA 17042
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INTRODUCTION

It is often desirable to perform equilibrium calculations in the design or
operation of a FGD facility. By using the fundamental principles of conservation of
mass and charge, and chemical equilibrium expressions, the concentrationm of indivi-
dual species in solution (sometimes called the "species distribution”) can be calcu-
lated, The available equilibrium models for lime or limestone based FGD are the
Bechtel-modified Radian equilibrium program (BMREP, 4) and the species distribution
model (SDM, 5). The SDM is the most current equilibrium model and bas been improved
considerably over earier models to make it more general in nature, Some simple uses
of equilibrium models inclnde predicting the saturation or solubility of gypsum to
indicate scaling potential, predicting SO2 vapor pressure to trouble-shoot problems
with S02 removal, and predicting dissolved alkalinity or capacity of a solutiom.
However, the BMREP and SDM bhave limitations which restrict their use to low iomic
strength processes,

The practical limit for wusing the BMREP, SDM, or any equilibrium model for
electrolytic solutions normally stems from the lack of correlations for electrolyte
thermodynamics (e.g, activity coefficient techniques). The BMREP and SDM currently
use the Davies technique for activity coefficient prediction, The Davies techmique
is a combination of the extended Debye-Huckel equation (6) and the Davies equation
(7). The Davies technique (and hence both equilibrium models) is accurate to iomic
strengths of 0,2 molal, and may be used for practical calculatiomns up to iomic
strengths of 1 molal (8). Ion—pair equilibria are incorporated for species that
associate (e.g. 1-2 and 2-2 electrolytes)., The activity coefficients (1i) are cal-
culated as a simple function of ionic strength (I), and are represented as:

logy, = Az? _,,‘_‘1 +b,1 1)
* 1 1+Ba11 N

where A and B are constants at a given temperature, Depending on the input values
of a and b;, Equation 1 can represent either the extended Debye-Huckel or Davies
equugions, or an extension of the two,

Both the BMREP and SDM approximate activity coefficients of uncharged species
(e.g. ion-pairs, molecular species) by the following expression:

logy; = u;x 2)
where U; is an empirical constant.

To improve the BMREP and SDM in eqnilibrium calculations requires anm activity
coefficient technique which is accnrate over a wide concentration range, Rosenblatt
(9,10) identified the inherent limitations of the BMREP and SDM, and investigated
the use of the modified Pitzer equation as an activity coefficient technique for FGD
solutions, The modified Pitzer equation (11-13) was noted as the most elaborate and
successful activity coefficient techmique in use (14), Rosenblatt concluded that
Pitzer's equations offered a promising approach for thermodynamic modeling of FGD
chemistry. Currently, Radian is incorporating the Bromley method (15) as a new
activity coefficient technique in the SDM (16). Recently, Chen and co-workers (17-
19) developed the local composition model (LCM) for activity coefficient prediction.
The LCM is a semi-theoretical model with a minimum number of adjustable parameters,
and is based on the Non—Random Two Liquid (NRTL) model for nomelectrolytes (20).
The LCM does not have the inherent drawbacks of virial—-expansion type equations as
the modified Pitzer, and proved to be more accurate than the Bromley method, Some
advantages of the LCM are that the bimary parameters are well defined, bave weak
temperature dependence, and can be regressed from various thermodynamic data
sources, Additionally, the LCM does not require ion-pair equilibria to correct for
activity coefficient prediction at bigher ionic strenmgths. Thus, the LCM avoids
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defining, and ultimstely solving, ion-pair activity coefficients and equilibrium
expressions necessary in the Davies technique. Overall, the LCM eppears to be the
most spitable activity coefficient technique for aqueovs soloticns wuvsed in FGD,
hence, a data bsse and methods to use the LCM wore developed.

THE LOCAL COMPOSITION MODEL

The local composition model (LCM) is sn excess Gibbs energy model for electro—
lyte systems from whieh activity coefficients can be derived. Chen and co—workers
(17-19) presented the original LCM activity coefficient equations for binary and
multicomponent systems. The LCM equations were subsequently modified snd uvsed in
the ASPEN process simulator (Aspen Technology, Cambridge, MA) as a means of handling
chemical processes with electrolytes, The LCM activity coefficient equations are
explicit functions, and require computational methods. Due to length and complex-
ity, only the salient features of the LCM equations will be reviewed in this paper.
The "Aspen Plos Electrolyte Manual” (1), and Taylor (21) present the final form of
the LCY binary snd multicomponent equations,

The spproach taksn by -Chen and co-workers in developing the LCM was to account
for the excess Gibbs emergy of elsctrolyte systems as the sum of long-range (ion—
ion) interactions, aad short—-range (ion—ion, ion-molecule, snd molecule-molecule)
interactions. The extended Debye~Huckel squation proposed by Pitxer (22) was used
to account for the long-range interactions, and the local composition concept was
used to account for the short-range interactions of all kinds. The excess Gibbds
energy expression 1is therefore the sum of the unsymmetric Pitzer-Debye—Huckel
expressioa and the unsymmetrical locel composition expression. The equation has the
general form:

. . .
ex ex ,pdh ox »lo
.h_ = %__ + -‘T_ 3)
Similarly, the activity coefficient equations (which can be derived from the excess
Gibbs energy expression) have the general form:

. .
1n1; = lnygdh + lnyi" 4)

The long-range Pitzer-Debye—Huckel equation caleulates activity coefficients as
s function of ionic stength, and no adjustable parameters are mecessary. The short-
range local composition equation caloulates aotivity coefficients by sooounting for
81l short-range intersotions, snd requires & minimum of adjustable parameters. For
binary systems, two edjustable binary parameters are neoessary: salt-molecule and
nolecule-salt, For multicomponent systsms three types of adjustable parameters are
necessary: salt-molecule, moleoule-salt, and salt-salt, Therefore, the regressed
parameters of the LCM data base sre specificelly for the short-range contribution to
the sctivity coefficient equation,

The approach to using the LCM for FGD applicationa involves some assumptions
snd simplifications, Sinoce the concentrations of sll molecular species in solution
sre nogligible with respect to water, only salt-water and water-sslt binmary params-—
ters are necessary. All salt-molecule and molecule-salt binary paramsters for
molecular species othor thsn water sre set equal to salt-water and water-sslt binary
paramoters, All molecule—molecule interactions sre assomed equivalent to water—
vater interactions, and are set equal to zero. Additionally, all salt~salt parame-
ters are sot to zero, Lastly, the tempersture dependence of all binary parameters
is neglected,
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RESULTS AND DISCUSSIONS

The results of applying the LCM to typical FGD solutions are summarized in
tables 1 and 2, Table 1 preaents the final regressed LCM binary parameters for typ—
ical FGD solutions, The implied formation reactions, and temperature dependent
parameters for the equilibrium constants are shown in table 2,

Regression of the necessary LCM binary parameters required various thermo—
dypamic data. The Powell method (23), an unoonstrained nonlinear code, was used to
minimize a nonlinear function f(x)=f(x,...,X ) of n variables, The function f(x)
normally represented the standard deviation of the thermodynemic property (e.g.
activity coefficients, osmotic coefficients, solubility products, or vepor pressure)
being regressed using the LCM for activity coefficient prediction, The n varijables
represent the final regressed binary parameters, Default values were used for
binary parameters representing interactions of species present in low concentration,
or when no thermodynamic date were available, Default values were determined by
averaging binary parameters regressed by Chen and co—workers (18) for each type of
electrolyte (e.g. 1-1, 1-2, 2-1, and 2-2), This approach should yield a minimum
error, since the binary parameters are well defined for each type of electrolyte.

The LCM has provem to be useful in predicting data of molal ionic activity
coefficients, and vapor pressure depression of various single electrolyte, single
solvent systems, The standard deviation of the natural logarithm of the mean
activity coefficient was 0.01 for uni-univalent aqueous single electrolytes (17).
Similar results were found for uni-bivelent and bi-bivalent electrolyte activity
coefficient prediction. Figure 1 compares the LCM with the Davies technique for a
sodium sulfate~water system (24), The LCM is accurate over the entire concentration
range of 0—6 molal, Two curves are shown for the Davies technique. The upper curve
assumes the salt to be totelly dissociated, and activity coefficients are calculated
directly from Equation 1., The lower curve assumes the ion—pair NaS04- is present,
and activity coefficients are calculated from the SDM, which incorporates the addi-—
tional iom-pair equilibium, Figure 1 demonstrates the necessity of iompair equili-
bria to insure an accurate activity coefficient prediction in the low concentration
range (0—0.2 molal) for salts that associate,

The LCMN also predicted activity coefficients of bi-umivalent electrolytes (e.g.
MgCl2 and CaCl2 ), which exhibit the experimentally observed reversal of slope and
dramatic increase in the activity coefficient at higher iomic strengths, For bi-
univalent electrolytes, regressing binary parameters over a 0—6 molal range causes
some inaccuracy in the low concentration region. However, regressing the LCM binary
parameters over a smaller concentration range (0-2.5 molal) improves the LCM accu—
racy,

The solubility of gypsum in various salt solutions, ranging in ionic strength
from 0-6 molal, was predicted accurately by the LCM. Figure 2 compares the LCM and
SDM in predicting gypsum solubility with the addition of sodium sulfate at 25, 50,
and 75°C (25). A relative saturation of unity would indicate accurate prediction of
the experimental data, since the solutions are known to be saturated to gypsum. The
LCN predicted the solubility of gypsum in sodium sulfate solutions within 10 percent
error in relative saturation at 50 and 70°C, and within 20-30 percent error in rela-
tive saturation at 25°C, In magnesium sulfate solutions at 25°C (26), the LCM
predicts gyspum relative saturation from 0-6 molal within 30 percent error, The
solubility of gypsum in calium chloride (27) and sodium chloride at 25°C (28) was
predicted within 10 percent error in relative saturation from 0-6 molal, In gen-—
eral, the Davies technique, and hence the SDM, gives accurate prediction of gypsum
relative saturation only in the low concentration range (0—1 molal), Increasing the
ionic strength causes the SDM to yield high relative saturation (as seen in figore

2).
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The solubility of magnesium sulfite hexahydrate in water with the addition of
magnesjum sulfste was accurately predicted by the LCH from 0-6 molal (29), The
relative saturation of the magnesium sulfite hexhydrate was predicted withiam 10 per-
cent error at 40 and 50°C, and within 20 perceat error at 60°C.

The LCM accurately predicted the vapor pressure of S02 and (02 over
sulfite/bisulfite and carbonate/bicarbonate solutions, respecotively, for salts of
sodium, calcium, and magnesium, Figore 3 plots the LCM predictions of S02 vapor
pressure as s function of the total S02 to sodium ratio for a sodium
sulfite/bisulfite system at 50°C (30). The LCM was aocurate within 20 percent error
in SO2 vapor pressure for the 50°C dats, as well as data at 35, 70, and 90°C, The
solid line shows the general trend of the LCM predictions. Figure 4 plots the
apparent equilibrium constant as a funotion of 1lonic strength for a calcium
sulfite/bisulfite system at 25, 50, and 60°C (31). The LCM predicts the S02 vapor
pressure within 6 percent error for this system at all temperatures. Similar
results were obtained for a system of magnesiom sulfite/bisulfite with the addition
of magnesium sulfate at 48.3 and 70.6°C (32). The S02 vapor pressure was predicted
within 17 percent orror for this system., Data for CO2 vapor prossure analogous to
the 502 systems discussed are available to a lesser extent, (02 vspor pressure over
sodium carbonate/bicarbonate solutions (33) from 35-65°C at comstant lomic strenmgth
(1 molsl) were predicted within 10 percent error. CO02 vapor pressure over cslecium
(34) and magnesium (35) carbonate/bicarbonate solutions varying in temperature from
25~70°C, and at low ionic strength (< 1,5 molal), were predicted within 5 percent
error,

NOTATION
A Debye—Huckel constant for osmotic coefficient
B Temperature dependent parameter
I Ionic strength
R Gas constant
T Temperatore (°K)
Z Absolute value of ionic charge
a Mean distance of closest approach
b Empiricsl constant (normally 0.3)
gox Molar excess Gibbs free emergy
n Nolality
Greek Letters
b4 Aotivity coefficient
T LCN binary interaction parameter
Subscripts
ca Salt "ca” of cation ¢ and anion a
. Molecular speocies
Superscripts
. Unsymmetric convention
lc Short-range local composition contribution
pdh Long-range Pitzer—Debye-Huckel coatribution
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OXIDATIVE DEGRADATION OF ORGANIC ACIDS IN FGD PROCESS
Joseph Y. Lee and Gary T. Rochelle

Dept. of Chemical Engineering, University of Texas at Austin, Austin, Texas 78712

ABSTRACT

Organic acid degradation coupled with sulfite oxidation has been studied under flue
gas desulfurization (FGD) conditions. The ratio of the reaction rate constants (de-
gradation to oxidation) was used to characterize the degradation behavior of organic
acids. The ratio was shown to be independent of pH, dissolved oxygen, and dissolved
sulfite/bisuifite. However, this ratio was increased by certain transition metal ions
such as Co, Ni, and Fe, and was decreased by Mn and halides. Hydroxyl and sulfonated
carboxylic acids degraded approximately three times slower than saturated dicarboxyl-
ic acids, while unsaturated dicarboxylic acids degraded an order of magnitude faster.
A wide spectrum of dicarboxylic acid degradation products were found, including carbon
dioxide, hydrocarbons, lower molecular weight mono- and dicarboxylic acids, and other
carbonyl compounds.

INTRODUCTION

Currently, limestone scrubbing {s the dominant commercial technology for flue gas
desulfurization (FGD) (1). The performance of limestone scrubbing s chemically lim-
ited by two pH extremes: (a) low pH near the gas/liquid interface which decreases the
SO, solubility and absorption rate; and (b) high pH near the liquid/solid interface
which decreases the limestone solubility and dissolution rate (2, 3). Organic acids
that buffer between pH 3.0 and pH 5.5 enhanced SO, removal efficiency and limestone
utilization at concentrations of 5 to 10 mM (2-10).

Adipic acid was the first buffer successfully and generally applied to the FGD pro-
cess (3, 9, 11, 12). It has been replaced commercia]%y by dibasic waste acid (DBA), a
waste from adipic acid and cyclohexanone production, containing primarily adipic, glu-
taric, and succinic acids. The effectiveness of DBA is equivalent to adipic acid (3,
9). Other potential alternatives include hydroxycarboxylic acids and sulfonated car-
boxylic acids (10, 13, 14). They are of interest because of reduced volatility and
potentially lower degradation rates.

In addition to the expected loss of organic acid additive by entrainment of sol-
ution in waste solids, chemical degradation (15) and coprecipitation (16) losses are
also observed. Chemical degradation, which is conjugated with sulfite oxidation (15),

;; the most important mechanism of buffer loss under forced oxidation conditions (3,

A rate expression for adipic acid degradation under scrubber conditions was derived
by Rochelle (15). Assuming that both sulfite oxidation (17) and organic acid degrada-
tion (18) are free radical reactions proceeding by a common radical, Re :

d[Al/dt = k; [A] [Re] 1)
d[S(IV)]t/dt = kz [S(IV)]d [Re] 2)

where, A and S(IV) stand for organic acid, sulfite/bisulfite and the subscripts d and
t denote 'dissolved' and 'total' respectively, then the rate of degradation is give by

d{A}/dt = k1oCTAY/[S(IV)] ) (alS(1V) ], /dt) 3)

where k 2 ¥ ki/k,. Previous works have correlated rates by the degradation rate con-
stant 4 qe¥in%d as kyo/[S(IV)],. The most probable free radical here is $0,%,
because of its reactivit&ztoward £\cohols which are inhibitors of sulfite oxidation
(19) and because it has been cited as the active specied in the decarboxyla-
tion/oxidation of organic acids by persulfate (5208 ) (20, 21).
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Valeric acid, glutaric acid, and hydrocarbons from ethane to butane were identified
as degradation products of adfpic acid (15, 16). Low pH, especially in the presence of
manganese reduced the degradation of adipic acid (22). It was also found that high
dissolved S(IV) reduced the degradation (23).

It is desirable to understand the degradation kinetics, the mechanism, and the
additional environmental impact caused by degradation. This paper covers the degrada-
tion kinetics and products. Since decarboxylation is the major degradation pathway,
and it is decarboxylation that significantly affects the buffering capacity, CO, evo-
tution rate instead of the actual degradation rate is of greater interest. Fu?ther-
more, ky,, the ratio of kl to k2 instead of kd, will be used for most kinetic studies,
since t&nS ratio excludes ‘he effect of [S(IV)Jd.

EXPERIMENTAL

The reactor used for this study was a closed system, semibatch reactor (continous
to gas but batch to solution or slurry). Figure 1 gives the block diagram of the
experimental apparatus.

In a typical experiment, 1.0 M synthesized CaSO, solids were slurried and oxidized
in a solution containing 10 mM organic acid and 0.1 M CaS0,.2H,0 seed crystals. All
experiments were performed at a constant temperature of 554C H was maintained con-
stant throughout a given experiment.

Total S(IV) was analyzed by iodometric titration of the slurry sample. Filtered
samples were reheated to 55°C, the experimental temperature, and the pH was adjusted
back to the original pH (4.5 - 5.5+0.01) with sodium sulfite or air oxidation. Then
iodometric titration was applied to measure the dissolved S(IV). CO, was monitored
continuously by an infrared CO, detector. Hydrocarbons, organic acids and 1iquid
degradation products were ana]yzgd by ion chromato%:aph exclusion (ICE, Dionex 14),

as chromatography (GC, Varian 3700), and/or gas chromatograph - mass s?ectrometer
?GC/MS<lg?nnigan 4023). More detailed procedures and conditions are available else-

For better control of dissolved S(IV), some experiments were run with sodium sul-
fite solution in the presence of 10 mM organic acid and 0.3 M sodium sulfate to prevent
any dramatic change in ionic strength. Only the {0, evolution rate was measured. The
oxidation rate was fixed by the sodium sulfite titFation rate. kd and k12 were then
calculated according to Equation 3.

where

RESULTS AND DISCUSSIONS

Most of the experiments were performed with adipic acid or glutaric acid. It was
found that these acids degraded at practically identical rates and that the molar rate
of CO2 evolution was equal to the molar rate of degradation at the initial stage.

iu]fj;g Qxidation Ba%; ~ The effect of the sulfite oxidation rate on adipic acid
egradation was studied in sodium sulfite solution system at pH 5.0, without addition
of metal ions. When the oxidation rate, controlled by the sodium sulfite feedrate,
increased from 0.0082 to 0.024 M/hr, [S(IV)], changed from 0.74 to 1.2 mM, and the car-
bon dioxide evolution rate changed from O. % to 0.20 mM/hr. Accordingly, k, changed
from 1.58 to 0.82 M™!, while k., only changed from 1.17x10°* to 0.99x10-%. Tﬂerefore,
the organic acid degradation *gte is directly proportional to the sulfite oxidation
rate.

pH and Dissolyed 5‘1!1 = It was generally observed that little organic acid degrada-
tion occurred 1n the calcium sulfite slurry system at low pH (22). However, dissolved
S(IV) is significantly affected by pH in this system (Table 1). Therefore, sodium

sulfite solution at pH 5.0 was used for better control of dissolved S(IV). The dis-
solved S(IV) variation caused by oxidation was reflected by pH change

- ) _ + =
HSO; + 1/20, = H' + SO, 3)
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Therefore, the addition of sodium sulfite to maintain constant pH would keep dissolved
S(IV) constant. The same approach has been used for the studies of limestone dissol-
ution (24), sulfite oxidation (17, 25), and calcium sulfite dissolution /crystalliza~
tion (26). The experimental data followed the rate expression nicely, and k, was
found to be inversely proportional to [S(IV)], without addition of metal ions QFig—
ure 2). In other words, as predicted, k;, wa¥ independent of [S(IV)], which itself
was a strong function of pH in calcium su}gite slurry. Further studies confirmed the
null effect of pK on k1 (Figure 3). Therefore, it was very clear that in calcium sul-
fite slurry, it was %S(IV)] , not pH, that significantly controlled organic acid
degradation rate. Figure 3 alSo indicates that ky, declines, in the presence of 0.1
mM Fe, as the pH increases over 5.0. Also diffe;gnt values of k,, are obtained for
different catalyst conditions. These catalyst effects will be digéh

section on transition metals.

ssed Tater in the

Oxygen - The sulfite oxidation rate can be expressed in terms of the oxygen absorption
rateas :

»
R = K'(Pgy = Pgp) 5)
¥*

where P0 and P, are vapor pressures corresponding to the saturation and bulk con-
centratyon, res%%ctive]y. Experimentally, PX, was controlled by mixing oxygen and
nitrogen. The experiments shown in Figure P%were performed with very low oxidation
rate. Therefore, the solution was practically saturated to 0, at the partial pressure
in the feed gas. Figure 4 shows that k 2 is independent of POZ' Again, k12 values
were different for different catalyst conuattions.

ransition Metals - It was shown above that k,, is a strong function of catalyst envi-
ronment. Among the transition metals, Mn aJ@ Fe are of greater interest because of
their presence in the scrubbing system. Both Mn and Fe are effective catalysts for
sulfite oxidation (17), and are predicted theoretically to catalyze oxidation with 0.5
power (19, 27, 28). It was observed that organic acid degradation was increased by Fe
but decreased by Mn. Probably the degradation rate varied with Fe and Mn to the first
and zero order, respectively. If this hypothesis is correct, k,, should vary with Fe
to the 0.5 power and with Mn to the -0.5 power. The solubility 3? ferrous sulfate was
1imited by pH (Table 1). This limitation justifies the declining k in Figure 3.
Slurry experiments using iron-free synthesized calcium sulfite so}.ds with known
amounts of added ferrous sulfate within its solubility showed that the adipic acid
degradation rate constant, k,, varied with dissolved iron to the power of 0.6 (Figure
5). However, slurry experiﬂ%nts with varying Mn were less quantitative but demon-
strated reduced k12 at higher Mn (Figure 6).

The first series of transition metals except Sc and Zn were studied in sodium sul-
fite clear solution system. All of these transition metals except Ti and Cr, caused an
increment of k,, (Table 2). Titanium dioxide might have a solubility problem, and
chromium sulfate'might interfere dissolved S(IV) measurement.

Mn is capable of two-electron transfer. Thallium (T1), another transition metal
able to transfer two electrons, was studied in calcium sulfite slurry because of the
interference with dissolved S5(IV) measurement. With the addition of 1 mM TI, k
decreased from 1.5 and 2.5 to 0.6 and 0.7 M~* for pH 5.0 and pH 5.5, respectively. Thg
mechanism is still unclear. But there is a trend that transition metals transfering
one electron increase degradation while transition metals transfering two electrons
decrease degradation.

Halides - It has been reported that decomposition of carboxylate salts during sulfite
oxidation is suppressed by the presence of 2 to 10% by weight of chloride ion in the
aqueous absorbent (29). Table 3 lists the resulting k,, values of adipic acid with
different concentration of chloride, bromide, and i&gide. Manganese effects are
included for the convenience of comparison. In clear sodium sulfite solution system,
chloride reduces k1 significantly only when its concentration is as high as 100 mM.
On the other hand, %he iodide effect is so strong that even in the presence of 0.1 mM
Fe, 0.1 mM jodide reduces k12 to 0.1x10°*, The corresponding value for Mn in the
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absence of Fe is approximately 0.7x10-?. Bromide behaves moderately. Its effect is
between chloride and jodide.

%l&gfng;%xﬁg - The potential buffer additives covered here can be grouped into dicar-
oxylic (adipic, glutaric), hydroxycarboxylic (4-hydroxycarboxyiic), sulfonated car-
boxylic (sulfosuccinic), and unsaturated carboxylic (maleic) acids. Sulfosuccinic

acid s not commercially available, but can be easily synthesized by reaction of
maleic acid with sodium sulfite (10, 30)

kl is found to be a strong function of functional group (Table 4). Unsaturated
ma]e.g acid degrades about seven times faster than dicarboxylic acids, probably due to
the presence of conjugated double bonds. In reducing the degradation of maleic acid,
Mn is not as effective as in the case of dicarboxylic acids. Fe is inert to maleic
acid degradation. On the other hand, 4-hydroxybutyric acid degrades about three times
slower than dicarboxylic acids probably due to the formation of an intramolecular
hydrogen bond. Sulfosuccinic acid behaves more or less in the same way as 4-hydroxy-
b$tyr1c agid except that Fe has no significant effect on the degradation of sulfosuc-
cinic acid.

?ggrgggtign Products - The degradation products of adipic acid are widely distributed.
ey can be classified as dicarboxylic acids, monocarboxylic acids, hydroxy-carboxyl-
ic acids, keto-acids, furans, hydrocarbons, and carbon dioxide (Table 5). The degra-
dation product distribution is also a strong function of catalyst environment. In the
presence of 1 mM Mn, glutaric and valeric acids are the major products except for car-
bon dioxide which is the primary degradation product for all cases. In the absence of
Mn, 4-formylbutyric acid is the major liquid phase product. Although oxygen would be
required to generate a smaller dicarboxylic acid, the dissolved oxygen in the presence
of 1 mM Mn should be practically zero because of the mass transfer-controlled sulfite
oxi?a;ion. Probably, Mn is an effective carrier of oxygen to the degradation prod-
uct(s).

DISCUSSIONS

The proposed rate expression for organic acid degradation is very useful for com-
paring the degradation behavior of different organic acids. The degradation of organ-
ic acid is directly proportional to its concentration, to the sulfite oxidation rate
and inversely to the concentration of dissolved sulfite/bisulfite. However, the rate
expression needs modification under different catalyst environment. In general, sul-
fonated organic acids and hydroxycarboxylic acids degrade much slower than adipic or
glutaric acids, while unsaturated carboxylic acids, especially with conjugated dou-
bled bonds degrade much faser.

In summary, the degradation rate constant ratio, k12' is independent of dissolved
sulfite/bisulfite, dissolved oxygen or pH. However, it is reduced by transition
metals with two-electron transfered capability, such as Mn and T1. It is also inhib-
ited by halides. Mn is very effective in reducing k1 . lodide is even more efficient
in inhibiting degradation. On the other hand, k '.genhanced by one electron-trans-
fered transition metals, especially by Fe. It L%ou]d be emphasized that pH affects
the solubility of iron and calcium sulfite, which both affect the degradation. Howev-
er, the effects of iron solubility and dissolved S{IV) are opposite on organic acid
degradation. Therefore, low pH will not necessarily reduce organic acid degradation,
even in the calcium sulfite slurry system.

The degradation product pattern of adipic acid is a strong function of catalyst
environment. Manganese gives glutaric and valeric acids as the major liquid phase
products, while 4-formylbutyric acid is the major corresponding product in the absence
of manganese. Carbon dioxide is the major degradation product in all cases. In addi-
tion, other mono- and dicarboxylic acids, hydrocarbons, hydroxycaroxylic acids and
other carbonyl compounds such as 4-oxopentanoic acid are observed as degradation pro-
ducts of adipic acid.
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Table 1 The Effects of pH and Sulfite Oxidation Rate on the Solubility

of MnSO4, FeSO4, and CaSO4°1/2H20

Fe?(mM)
Rox®=0  Rox=0.5
0.15 0.13
0.12 0.12
0.02 0.02
<0.01 <0.01

0.1 mM was added
0.5 mM was added

Mn®(mM) [S(1V)]4(m)
Rox=0 Rox=0.5 Rox=0.5
0.43 0.43 27.0
0.45 0.46 14.5
0.46 0.46 5.9
0.47 0.46 1.3

Rox = sulfite oxidation rate (M/hr)

Table 2 Effects of Transition Metals on k12 in Sodium Sulfite Solution
by CO2 Evolution from 10 mM Adipic Acid at pH 5.0, 55°C

state

Table 3

Conc.(mM)
0

0.1

0.3

1

10

30

100
300

*with 1.0 mM Fe

Conc (mM) Degradation to Oxidation Constant Ratio, k12x103

Co Ni Cu Ti Cr
0 0.81 0.89 0.87 0.86 1. 0.
0.03 0.84 - 0.89 - - -
0.1 0.76 1.18 0.93 - 1 1.
0.3 0.82 - 1.00 0.90 1 1.
1.0 0.99 2.48 1.31 0.86 1 1.
3.0 1.60 - 1.33 0.84 1 -
10.0 3.30 - - - - -
oxidation 2,3 2,3 1,2 3,4

2,3,6

Effects of Halide on k12 in Sodium Sulfite Solution
by CO, Evolution from 10 mM Adipic Acid at pH 5.0, 55°C

Degradation to Oxidation Constant Ratio, k12x10’
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Table 4 Comparison of Organic Acids as Buffer Additives in Terms of ko,
at pH 5.0, 55°C, in Sodium Sulfite Solution by CO2 Evolution

Degradation to Oxidation Rate Constant Ratio, klleo’

with 1 mM Mn No Catalyst
ipic 0. 1.
utaric 0.3 1.0
Hydroxybutyric 0.1 -—
1fosuccinic 0.1 0.3
leic 3.6 6.7

Table 5 Degradation Products from 80% Degradation of 10 mM Adi
in Calcium Sulfite Slurry with 0.1 mM Mn at pH 5.0, 55

with 0.1 mM Fe

WNO MWW
oOWweROO

ic Acid
EC

in Terms of the Percentage of the Initial Concentration (mM C)

Dicarboxylic Monocarboxylic Hydroxycarboxylic Hydrocarbons Others
Adipic Tetrahydro2,5furan
(20 Dicarboxylic(*)
Glutaric Valeric 5~Hydroxyvaleric 4-Formylbutyric
(1.5) 0.7 (2.5) (6.7)
4-Dxopentanoic
(0.3)
Succinic Butyric 4~Hydroxybutyric  Butane 3-Formylpropionic
(0.1) (0.4) (2.5) (1.0) &)
Furane
(0.6)
Malonic -- Propane
(2.3) &)
-- Ethane
)
Formic Methane Formaldehyde
(2.0) * *
C02(49)

less than 0.1%
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Figure 1 The Apparatus for Oxidative Degradation of Organic Acids
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The Potential of a Wet Process for Simult?neous Control
of SO2 and NOx in Flue Gas

S. G. Chang" and D. Littlejobn

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

Power plants release oxides of sulfur and nitrogen into the air as a result of
the burning of fossil fuels. At high concentration these gases directly affect
human health, and when further oxidized and hydrolyzed, they are converted
into sulfuric and nitric acids and fall to earth as acid rain to corrode metals and
etch buildings and monuments made of calcareous rock. Acid rain will also aci-
dify surface and ground water to a point where toxic trace metals reach concen-
trations that make the water unfit for human consumption or unsuitable for
aquatic animals, and inhibit crop and forest productivity. Therefore, oxides of
sulfur and nitrogen in power plant flue gas should be removed before they are
released to the atmosphere.

While the development of flue gas clean-up processes has been progressing
for many years, a satisfactory process is not yet available. Lime/limestone wet
flue gas desulfurization scrubber is the most widely used process in the utility
industry at present. The wide use of this type of process is due primarily to the
fact that these processes are the most technically advanced and generally the
most economically attractive. In spite of this, it is expensive and accounts for
about 25-35% of the capital and operating costs of a power plant. Techniques for
the control of nitrogen oxides emissions in the post combustion have not been
developed as extensively as those for control of sulfur dioxide emissions. Several
approaches have been proposed. Among these, ammonia-based selective cata-
lytic reduction (SCR) has received the most attention. But, SCR may not be suit-
able for U.S. coal-fired power plants because of reliability concerns and other
unresolved technical issues. These include uncertain catalyst life, water dispo-
sal requirements, and the effects of ammonia by-products on plant components
downstream from the reactor. The sensitivity of SCR processes to the cost of NHg
is also the subject of some concern.

The development of a process that is simple and can allow an efficient remo-

.val of both SO, and NO, simultaneously in one system could provide economical

advantage. In the 70's, Japanese pursued this approach and developed several
types of wet flue gas simultaneous desulfurization and denitrification processes
which were demonstrated to be highly efficient in SO, and NO; removal {(about
90% for NO, and 99% for SO,). However, these wet processes have not reached the
commercial stage yet because they are uncompetitive economically, according
to cost evaluation. These cost evaluations, however, were made based on design
and knowledge available at that time. Critiques have indicated that these wet
processes are in their early stages of development and with their maturation,
they could become competitive in cost.

The most promising type of wet process developed so far, such as Asahi pro-
cess, is based on the addition of ferrous chelates in scrubbing liquor to enhance
the absorption of NO by forming ferrous nitrosyl chelates in aqueous solutions.
Ferrous nitrosyl chelate can then react with dissolved SO, to produce Np, N0

1 This work was supported by the Assistant Secretary for Fossil Energy, Office of Coal Research,
U.S. Department of Energy under Contract Number DE-AC03-765F00008 through the Pittsburgh Ener-
gy Technology Center, Pittsburgh, Pennsylvania.
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dithionate, sulfate and various N-S compounds, while some ferrous chelate is oxi-
dized to ferric chelates, which are inactive. Therefore, this type of process
requires regeneration of scrubbing liquors by removing dithionate, sulfate, and
N-S compounds from the solutions and reduction of ferric chelate back to fer-
rous chelates. The chemistry of this type of process is complicated and has not
been well investigated. Therefore, an optimum design of a system of this type
can not be achieved. This paper discusses some important factors that should be
considered in identifying an optimum metal chelate catalyst and in developing
an efficient scrubber for the simultaneous desulfurization and denitrification of
a power plant stack gas. The kinetics and products of the reaction of ferrous
nitrosy! chelates with aqueous SO, have been investigated. The effect of this
reaction on scrubber operation is also discussed.

Thermodynamic Equilibrium and Kinetics of NO and S0, Absorption

The solubility of NO in agueous solutions is very small. The solubility
coefficients is 1.93 x 1073 mol/L-atm at 25° C and zero ionic strength (u). The
solubility decreases with increasing temperature; the enthalpy of solution is AH
= -2.94 Kcal/mol. The solubility of NO decreases with increasing ionic strength;
this decrease amounts to approximately 8% for & = 0.1 mol/L. The solubility of
NO in aqueous solution was found to be independent of pH over the range 2-13.
For 1000 ppm of NO in equilibrium with aqueous scrubbing solution at 50° C and w&
= 0.1 mol/L. the concentration of NO in the aqueous phase is only 1.2 x 1078
mol/L. The absorption of NO is enhanced by some water-soluble metal chelate
compounds which forms complexes with NO. We have determined the equili-
brium constants, enthalpy, and entropy for the coordination of NO to several fer-
rous chelates using a laboratory scale gas absorption apparatus and a
temperature-jump apparatus. For an agueous scrubbing solution initially con-
taining 0.1 mol/L Fe?*(NTA) at 50° C. & = 0.1 mol/L, the fraction of the iron
chelate that is converted to Fe?*(NTA)NO is about 36% when the solution is in
equilibrium with a gas containing 1000 ppm of NO at 1 atm. Thus, the presence of
the Fe?*(NTA) increases the capacity of the scrubbing solutions of NO by a factor
of 30,000 or more.

¥ith the temperature-jump technique, we have directly measured the for-
mation and dissociation rate constants of several ferrous nitrosyl chelates. For
both Fe2*(EDTA)NO and Fe?*(NTA)NO, the relaxation times due to the tempera-
ture jump were too fast to be measured. However, an upper limit of 10 us was
established for the relaxation times for both complexes.

Sulfur dioxide is moderately soluble in water. The solubility coefficient of
S0, is 1.24 mol/L-atm at 25° C. Hydrated S0, can ionize to form bisulfite and
sulfite ions. The equilibrium constants of these ionizations are known. The
equilibrium concentrations of total aqueous S(IV) species increases with increas-
ing solutions pH at a given partial pressure of S0,. The rate constantslof ioniza-
tion of hydrated SO, has been measured to be very fast (3.4 x 10® sec™" at 20° C)
by Eigen et al. by using a relaxation technique.

Reaction of Fe?* (L)NO + 50,~ /HS0,"

A number of studies have been made of the reaction of ferrous nitrosyl
chelates with sulfite and bisulfite ion in recent years. Reports of the reaction
have indicated that is is complicated, and have not provided a complete under-
standing of the reaction mechanisms. There are contradictions in the literature
as to what the reaction products are, as well as the kinetic behavior. We have
recently studied the reaction using several different analytical techniques. The
obserc;/ed reaction products are Fe(lll), S$0,27, S04, Np Nz0, and N-S com-
pounds.
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Gaseous products were analyzed by an Aerograph A700 gas chromatograph
with a Porapak Q column. SFy was used over most solutions and as a carrier gas
to allow determination of N, generated by the reaction mixtures. Occasionally,
gas samples were withdrawn and run on an A.E.l. MS12 mass spectrometer to
check the results obtained by gas chromatography.

Ferrous ion concentrations were determined by the 1,10 phenanthroline
method. Test solutions were acidified to pH ~ 2.5 to avoid interference from the
ligands used in the reaction mixtures.

We have developed a laser Raman spectroscopic and ion chromatographic
techniques that can be successfully used in the determinations of N-S com-
pounds in reaction mixtures. Both techniques require only a small amount of
the sample and allow simple, rapid and simultaneous determination of these
compounds. Figure 1 shows Raman spectra of the N-S compounds along with the
sulfate ion reference peak at 980 cm™ *. The spectra can be quantified by adding a
known amount of a reference compound, such as 10, to the sample and com-
paring peak heights. The peak heights must be corrected for the relative
scattering efficiencies of the compounds (Table 1). Using a Dionex 2010i lon
Chromatograph with a conductivity detector, we can make determinations of N-3
compounds. Figure 2 shows composite ion chromatogram of the N-S compounds.

The kinetics of the disappearance of the ferrous nitrosyl complex was moni-
tored by observing one of the visible absorption bands of the complex with a Cary
219 spectrophotometer interfaced to an Apple 11+ computer. The rate expression
we obtained is:

e UNEINO] - 4 (5505 + ko[ SO~ 1L Fe (I1)(L)NO] 1)

For L = EDTA at 55° C and pH 4 to 8, k, = 9.0 x 105 sec ! and kp = 0.60 M ! sec™l.

These values are valid for 107*M <[Fe(I1){(EDTA)NO] <109 M and 108 M <[S(IV)] <
1071 M.

From the reaction products observed and their behavior, we have developed
the following reaction mechanism:

Fe(ID(L)NO = Fe(ll){L) + NO a

NO + SOg2- -  (NO)SOg2~

NO + NOSO42-

(NO),504%-

Fe(I)(L)NO + SO42-
Fe(I1)(L)NOSO§-
Fe(l1)(L)(NO),S0§~

Fe(1)(L) + Fe(I1)(L){NO),S0%-
Fe(11)(L)NO + HSOg
2Fe(11)(L)NOHSO5
Fe(1)(L)NOHSO; + Fe(II)(L)NO
HSO0; + NOSO3

(ND)2S04*~

N3O + 50,2

Fe (I1)(L)NOSO4?-
Fe(I)(L)(N0),S0%~

Fe(l)(L) + (NO),S03*

2 Fe(Il1)(L) + NpO#= + 5052
Fe(I1)(L)NOHSOg

2 Fe(I)(L) + HON(S0; ), + HNO
2Fe(I1)(L) + NOSO;5 + HNO
HON(S05 )z
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NO+H,0 = HNO+OH- m
2HNO -  HaN,0, n

2NO~ -~ N0~ o

HaNaOp = NiO+HR0 p

NyO#~+H* = N,0+OH" q

Fe(II)(L) + HSO5 -~ Fe(l)(L) + SO5 +H* r
2503 -~ S;0§ s

Fe(l)(L) + SO3 +OH- -~  Fe(lI)(L) + SO§~-+H* t

This mechanism provides an explanation of the complexity of this reaction sys-
tem and helps explain the results obtained by others.

Regeneration of Scrubbing Liquors

The scrubbing liquors leaving an absorber must be regenerated before being
recycled back to the absorber. Ferric chelates, produced as a result of the oxida-
tion of ferrous chelate catalysts by residual oxygen in flue gas and ONNOSO;s in
the system, are inactive and must be reduced back to ferrous chelates. It is
known that ferric ion can react with bisulfite ion to form ferrous ion and
dithionate (r and s). This reduction method has been employed in the Asahi pro-
cess. Also the sulfate, dithionate, and N-S compounds produced from the reac-
tion of ferrous nitrososulfonates and ferrous nitrosyl chelates (j, k and 1) in the
scrubbing liquors must be removed to prevent its buildup in the scrubbing solu-
tions.

In the Asahi process, the flue gas enters a packed-bed absorber where it
flows countercurrent to a 6.3 pH sodium-salt scrubbing solution containing
Fe?*(EDTA). The liquid effluent from the absorber is then pumped to a reducing
tank. Most of the scrubbing liquors leaving the reducing tank is recycled to the
absorber. Only about 10-20% of liquors is pumnped to an evaporator system in the
regeneration section. The concentrated solution from the evaporators is then
pumped to a cooling crystallizer where hydrated sodium dithionate and sulfate
crystals are produced under vacuum. These crystals are separated from the
mother liquor in a screw decanter and sent to a dryer operating at 250° F-300° F
in which the hydrated crystals are converted to anhydrous sodium salts. Most of
the mother liquor from the decanter is recycled to the reducing tank and a
smaller stream is passed through a N-S compounds treatment section. The N-S
compounds are converted to relatively insoluble potassium salts by reaction with
potassium sulfate. The potassium salts of N-S compounds are separated in a
scre? decanter and sent to a thermal cracker for the decomposition at about
930°F.

The high capital investment cost of the Asahi process is due to the necessity
for large absorbers, evaporators, crystallizers, dryers, rotary kiln crackers and
screw decanter separators. The major operating and maintenance costs are
electricity, fuel oil, stearn and chemicals such as soda ash, EDTA and limestone.
The requirement for consumption of large amount of utilities is associated with
the operation principle and design of the Asahi process.

Furtber research areas where improvement of this type of process such as
the Asahi process might be made to provide economic advantage will be dis-
cussed.
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Species Raman Shift (em'l) Relstive Molar Intensity®
NO 1877 .
N0 1285 ~0.18
No~ 30 0.053

1240 ~0.025
1331 0125
Nog" 1030 095
N0, w2’ weak?
1ms®? weui®
1382 strong®
80,2 oe? 012
HSOy" 1023 ~0.10
1085 ~0.13
80, H,0 1182 -
5,0, 710 0.47
1092 148
0% 5 ~0.07
61 1.00
HSO,” 1050 0.05
(N0),S0,%* 932 0.19
1051 031
1130 051
HADS 700 013
1084 143
HAMS 780 0.075
1058 0.48
ATS 1087 1.80
ADS 1084 1.02
HA (pH7) 1004 0.21
HA (pH 9) (30 0.09
SA (pH3) 1049 0.41
B0, e 0.22

a SU!~9lcm-l=z 1000

®. J.E Rauch andJ. C. Decius. Spectochim. Acta 22, 1963 (19886)
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Figure 1 Raman spectra of (from top to
bottom) HADS, HAMS, HA, ATS, ADS, and
SA, alo?g with SO reference peak at
980 cm .
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Chemical Kinetics of Intermediates in the Autoxidation of SO,

Robert E. Huie

National Bureau of Standards
Gaithersburg, MD 20899

The autoxidation of aqueous solutions of sulfur dioxide (sulfite,
bisulfite) is a classic problem in chemistry. Basic features of this
reaction have been known since early in this century, when it was
established that the reaction is trace metal ion catalyzed (1) and most
likely involved free radicals (2). Certain chemical effects associated
with sulfite autoxidation were noted also. Before the turn of the
century, 1t was reported that sulfite would induce the oxidation of
transition metal ions (3) and it was reported later that the oxidation of
organic compounds was brought about during sulfite autoxidation (4).
Conversly, it was reported also that organic compounds could serve as
inhibitors of sulfite autoxidation (5).

Over the past century there have been a great many studies on sulfite
autoxidation (6), including studies on the rate of the reaction in the
presence of catalysts and inhibitors, measurements of the amounts of
sulfite and dithionate found under various conditions, the determination
of the products arising from the addition of organic (including
biochemical) compounds, and studies on the effects of mixed catalysts.
Yet, a quantitative understanding of the reaction has been elusive (7,8).
This is due largely to a lack of quantitative data on the elementary steps
in the overall reaction, including data on the rates of the free radical
reactions likely to be important.

Recently, we have carried out studies on the free radical
chemistry of sulfite. These studies have included kinetic measurements on
the reactions of organic and inorganic free radicals with sulfite and
bisglfite, and on the reactions of the sulfite derived radicals 303_ and
305 with organic and inorganic substrates. In this paper, I will review
some of our results and results from other laboratories on the radical
chemistry of sulfite and discuss these results in relation to the problem
of S0, autoxidation.

Rate constants for the radical reactions were carried out using pulse
radiolysis. Briefly, a N,O saturated solution is pulse irradiated, with
high energy electrons, producing OH radicals.

H,0 OH, H, € 4q

€ aq

(The small amount of H atoms produced usually does not interfere.) The OH
reacts with sulfite or bisulfite to produce the 303_ radical

+ N0 + Hy0 + Ny + OH + OH™

OH + HSO3™ » Hp0 + $03”

OH + 50327 » OH” + S04~
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or with some other organic or inorganic substrate to produce another
desired radical

1
1

OH + § » OH™ + §*

The optical absorption of 503' exhibits Apax = 225 nm with Emax =
1000M™ Tem™" (9). This absorption is not convenient for following the
reactions of SO3' with other substrates since the uv absorption of most
other substrates or their radicals mask this relatively weak absorption.
Therefore, the optical absorption of the other radical prOQuct (or
reactant) was monitored. For example, in the reaction of SO3“ with
ascorbate, the ascorbate radical absorption at 360 nm was
monitored; the reaction of the radical 12' with HSO3-/SO32‘ was moni tored
at 380 nm, the absorption maxima for 12'.

Oxidation of sulfite and bisulfite by free radicals

We have found that sulfite and bisulfite undergo one-electron
oxidation by many free radicals to produce SO3'. Rate constants
determined for selected radicals are given in Table 1. Measurement of the
rate constant over a wide range of pH has, in some cases, allowed the
separate determination of rate constants for the oxidation of sulfite and
bisulfite. The very strong oxidants OH and sou‘ react very rapidly and
oxidize bisulfite faster than sulfite. For radicals are weaker oxidants,
the reaction with sulfite is the faster. For example, with Br2' the ratio
of rate constants for sulfite to bisulfite is about U4; for the even weaker
oxidant 12' the ratio is about 200. For the dimethylaniline radical
cation, the reaction with sulfite is very fast (k - 109M~1s™1) while the
reaction with bisulfite is too slow to measure (k<8x10°M 1s™1).

These observations on both the relative and absolute rates of
reaction of radicals with sulfite and bisulfite can be compared with )
observations made on the reactions of transition metal ions with 802
solutions. Typically, a strong, positive pH dependence is measured for
these reactions. This usually is interpreted as suggesting that sulfite,
not bisulfite, is the important reactant. Since these metal ions are
relatively weak oxidants (E < 1V), this conclusion would appear to be
justified. For Mn(I1l), which is a strong oxidant (Eo ~ 1.4V), reaction N
with bisulfite appeared to be important (10). )

Réactions of sulfite radicals

Rate constants for the reactions of §03' with a wide variety of B
organic compounds have been measured; some Of these results are summarized !
in Table 2. The sulfite radical was found to oxidize ascorbate, trolox (a )
water soluble tocopherol derivative), methoxyphenol, hydroquinone and
other phenolic compounds, sulfonated hydroquinones, phenylenediamines, and
phenothiazines with rate constants ranging to 10 H'1s'1, \
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Rate constants for one-electron redox reactions depend upon the
relative reduction potentials of the reactants. We have been able to
derive the one-electron reduction potential of'SO3' by measuring the
equilibrium constant for its reaction with chlorpromazine

8037 + ClPz 2 3032' + Clpz*

This led to a reduction potential of 0.84V v. NHE at pH 3.6 for the couple
? /HSO The reduction potential of the SO3'/SO32" couple in basic
utlon is calculated (from the pKa of HSO 3 H* * S04 2-) to be 0.63V.
This change in potential helps explain why 203 is ox1d1zed by the same
oxidant more readily than HSO3'.

Using the reduction potential for S0,~ we can calculate the
one-electron reduction potential for SOu2 . In basic solution, this can
be done by subtracting E(SO3 )=0.63V from twice the two-electron reduction
potential for sulfite

S0427 + Hp0 + 2e” » 50327 + 20H™, E = -0.92V.
This leads to

S0427 + Hy0 + & > SO3” +20H7, E= -2.47V.

Although this suggests that 503' can act as a strong reductant, this
calculation possibly seriously overstates its actual reducing power. This
is because the initial product of the electron transfer would be SO,, not
SOMZ' which results from subsequent hydrolysis. The enthalpy difference
between 303-aq and sougz is not known, but probably is greater than that
between S0, and 303 (3.24v) (11). If this is correct, the one
elecgrog potential for the SO3/so3 couple would be greater than 0.77 V
and SO would therefore be a very poor reductant.

POssibly the most important reaction of the sulfite radical in
autoxidation systems is with molecular oxygen. The reaction has been
suggested to lead either to 0,7 or to the peroxy radical 505_

S03” + 0, > S03 + 0y

SO3 + 0y S0g
By determining the reactivity of the product radical with ascorbate, we
were able to demonstrate that the former reaction is very unlikely and

concluded that the product is the peroxy radical, SO5 .

Reactions of the peroxysulfate radical

In Table 3 are listed gome rate constants for reactions of 365_,
along with some values for 503  and SOy~ for comparison. The results show

that 565_ is a stronger oxidant than §O3' (but weaker than Séu") and we
have estimated its one-electron reduction potential to be about 1.1V at pH
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7. Of particular interest is the ability of 865' to oxidize certain
substances (aniline and dimethylaniline, for example) which form radicals
which are capable of oxidizing sulfite. This can lead to the enhancement
of the autoxidation of sulfite through the chain

S03” + 05 » S05~
S05™ + X.» 50527 + X*

+ 2- -
X* + 50357 > x + 5057 .

In sulfite autoxidation, an exceedingly important reaction is that of
SO=" with S0;2 /HS0O;~. We have been able to derive a rate constant for
thls reaction, but have not been able to establish its mechanism.

Three paths are possible for this reaction
SOc™ + 80,2~ + H* » HSO:™ + 805~
5 3 5 3
> S0y~ + 80,27 + H*

H,0
- +
> 250, + OH + 2H

Since both OH and SOu very rapidly oxidize SO 2= to S0 , these paths are
indistinguishable in our experiments. The identity of %he correct path is
quite important since the production of H805 can lead to possible chain
branching steps. We do know that 505' undergoes this one-electron
reduction by a host of organic compounds. Further, the rate constants for
these reactions are consistant with that derived for the reaction of SO
with SO I therefore conclude that the mechanism producing HSO5 is
the mos% likely.

This product of the one-electron reduction of 865' (HSOS-,
peroxymonosulfate, Caro's acid), is a strong oxidant with a standard
two-electron reduction potential of 1.82V (12). A product with the
properties of peroxymonosulfate has been observed with a yield up to 30%
upon bubbling oxygen through a solution of sodium sulfite (13). This
compound can undergo many possible subsequent reactions. From the present
point of view, the most important would be the further production of free
radicals, most likely upon reaction with transition metal ions, for
example

Fe2* + HSO5™ » Fe3* + OH + 50,°”

» Fe3* + oH™ + s0,”
In a mechanism for the iron catalyzed autoxidation of sulfite, this would
be a chain branching step. We have some evidence that the reaction of Fe

with HSO-~, in acid, does lead to free radicals, but is somewhat more
complex %han written above (14).
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Conclusions

It has been apparent for some time that the inhibition of sulfite
autoxidation by organic compounds is due to reaction of free radical
intermediate with these compounds. Further, it seems likely that the
chemical effects associated with 802 autoxidation are due to these or
other reactive intermediates. Now that the reactivities of many of these
intermediates are known, the mechanism of these effects can be begun to be
understood. For many organic compounds, like hydroquinone and other
phenolic species, reaction with SO;~ and 805' is possible. Indeed, they
prove to be the most efficient inhibitors of SO, autoxidation. For other
organic compounds like mannitol or fumarate, only reactions with SOu' or
OH are likely. In some cases, inhibition by direct reaction with HSOs'
might be possible.

The results we have obtained on the one-electron oxidation of sulftie
and bisulfite by free radicals also are important in understanding
possible chain initiation and chain carrying steps in 502 autoxidation.
This is particularly true in systems which do not consist simply of 802
and a catalyst. For example, the production and subsequent reaction of
halide free radicals could be important in any system containing halogen
ions. The observation that many organic free radicals can react with
sulfite also could be important in understanding these complex systems.
Some organic free radicals can be formed easily by reaction of the parent
with 02. If these radicals react with sulfite but are otherwise stable,
they could provide new, efficient, catalysts for SO, autoxidation.

Although the study of SO, autoxidation is over 100 years old, the
direct study of the reactive intermediates is just beginning. In real-
world systems, ranging from atmospheric droplets to flue-gas scrubbers,
these reactions will take place under a wide range of pH, temperature, and
ionic¢ strength. As these reactions become better understood, they can be

used to model these sytems and, ultimately to control them.
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Table 1 . Rate Constants for Reactions of Sulfite with Radicals
Reaction pH k(M~1s~1) reference
OH + HSO3~ - 9.5%109 a
OH + 5042° - 5.5x109 a
SOy~ + HS03” - >1x109 b
S0y~ + 5052" - >5x108 b
€1, + S03%7/Hs05” 7 3.3x107 c
Brp” + HSO3” 4.2 6.9x107 d
Bry™ + 50527 10 2.6x108 d
I,” + HSO3” 3 1.1x108 d
I,” + HS037/503%" 6.7 1x107 d
I," + 504" 1 1.9x108 d
NH, + S032~ 1 NR d
CeHs0 + S03° 1 1x107 d
CgHgNH,* + HSO3™ 2.5 4.8x100 d
CegNH, ™ + 50327 * ux109 d
CgHsNH + 0327 13 3x10% d
CeHgN(CH3) " + HSO05” 3.6 <8x10° d
CgHgN(CH3) " + 5032° 10.9 9.9x108 d
(chlorpromazine)** +HS03”™ 3.6 ~5x107 e

NR No reaction detected (k<10°M™'s™!). The redox potentials for NH, and
S0, radicals appear to be very similar, judging from rate constants for
their reactions with several reactants.

* Calculated from the pH dependence of the rate constant.

(a) Adams, G. E.; Boag, J. W., Proc. Chem. Soc. 1964, 112.

(b) Hayon, E.; Treinin, A.; Wilf, J., J. Am. Chem. Soc. 1972, 94, 47,
(c) Hasegawa, K.; Neta, P., J. Phys. Chem. 1978, 82, 854.
(d) Neta, P.; Huie, R. E., J. Phys. Chem., submitted.

J.
(e) Huie, R. E.; Neta, P., J. Phys. Chem., 1984, 88, 5665.




Table 2. Rate constants for Reactions of SO3' Radicals with Various

Reactants

Reactant pH k(M 1s71) reference
ascorbic acid <3 <106 a
ascorbate ion 5-10 9x106 a
ascorbate dianion 2 3x‘|08 a
trolox 9 106 a
phenol 11.1 6x105 b
p-methoxyphenol 9.2 ux107 b
p-methoxyphenol 12,4 1.2x108 b
hydroquinone 8.9 N.5x106 c
hydroquinone 10.5 5.4x107 c
hydroquinone 12.9 3.2x108 c
p-phenylenediamine 3.4 <5x10° d
p-phenyl enediamine 5.3 4.2x106 d
p-phenylenediamine 9.3 5.0x107 d
N,N,N',N'-tetramethyl-p-

phenylenediamine 4.5 8.2x106 d
N,N,N',N'-tetramethyl-p-

phenylenediamine 9.5 5.2x1 8 d
chlorpromazine 3.6 ~5x10 b
0, 6.8 1.5x109 b

(a) Huie, R. E.; Neta, P., Chem. Biol. Interact., 1985, in press.
(b) Huie, R. E.; Neta, P., J. Phys. Chenm., 1985, 88, 5665.

(c) Huie, R. E.; Neta, P., manuscript in preparation.
(d) Neta, P.; Hule, R. E., J. Phys. Chem., submitted

Table 3. Comparison of Some Rate Constants for Reactions of
S03 , SO5, and 50, with Organic Campounds (in M 's™')

Reactant S 3_ S0g
ascorbic <108 2x1062
ascorbate 9x%06 1.4x108a
trolox -10 1 .ax%o'“‘
aniline (reverse) 3x10 b
N,N-dimethylaniline (reverse) 1x1070
tyrosine <1 06

tryptophan sx1ot

histidine NR

1-ProH <103

ethanol <1034
fumarate <10°

succinate - -
allyl alcohol NR

glycine <103

HS03™ - 3x106€

(a) Hule, R. E.; Neta, P., Chem. Biol. Interactions, 1985, in press.
(b) Neta, P.; Hule, R. E., J. Phys. Chem., submitted.

(c) Ross, A. B.; Neta, P., NSRDS-NBS-65, 1979

(d) Hayon, E.; Treinin, A.; Wilf, J., J. Am. Chem. Soc. 1972, 94, 47.
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Acoustic Agglomeration of Power Plant Fly Ash for
Environmental and Hot Gas Clean-Up

Gerhard Reethof

The Pennsylvania State University, University Park, PA 16802

INTRODUCTION AND STATEMENT OF PROBLEM

Current techniques to remove particulates in coal fired power plant flues are
based on electrostatic precipitators, bag houses and wet scrubbers. Typical
collection efficiencies of such devices and the far less efficlent cyclones are
shown In Figure 1. Of {nterest is the fact that below 1 um the efficiencies drop
off rather precipitously. Work presented by Davies [1], Figure 2, has shown that
the human lower pulmonary system 1s unfortunately most efficient in absorbing and
retaining particles in the 1 um range. These particles are the primary cause of
such respiratory ailments as bronchitis, emphysema and lung cancer.

Observations indicate that currently, approximately 50% of the particles
suspended in an urban atmosphere are smaller than 1 um [2]. This fact appears to be
in part the result of the low efficiency of particle collection devices for the
removal of these small particles. Therefore, legislation has been under
consideration at the Federal level which will include recognition of particle size
rather than Just mass removal which is the sole criterion in current Federal
legislation, California and Maryland have already legislation in effect which, as a
result of a "no visible emission™ statement, provides some control of submicron
particulates.

The agglomeration or growth of the submicron and low micron sized particles
into 5 to 20 micron sized agglomerates using high intensity acoustic fields for
subsequent efficlent removal by conventional particle removal devices, such as those
mentioned earlier, is one of the most attractive alternatives and the subject of
this paper. Acoustic agglomerators would, therefore, be aerosol conditioning
devices In clean-up trains consisting for example, of a first stage of cyclones to
remove the largest particles followed by an acoustic agglomeration device with the
resulting enlarged particles being removed by any one of the conventional cleaning
devices.

Accelerated agglomeration of particles in sound fields is not a new idea.
William Ostwald first suggested the use of acoustic agglomeration to collect liquid
particles as early as 1866. Notable among the early studies is the work of
Smoluchowski [3], in Germany in 1915; Andrade [4]; Brandt, Freund and Hiedeman in
Germany [5,6] in 1936; St. Clair [7] in the United States between 1938 and 1950;
Stokes [8] in the United States in 1950. Of much interest is the work of Neumann,
Danser and Soderberg and Fowle (9-14], at Ultrasonic Corporation in Cambridge,
Massachusetts during the early 1950's, who developed commercially available acoustic
coagulators for such diverse applications as cement plants, open hearth gas dust
removal, calcinated soda removal, molybdenum disulfate, ammonium chloride, carbon
black and other dust as well as liquid aerosol agglomeration. The most thorough and
of ten quoted work was done by Mednikov [15], and other in Russia in the 1960's.

More recent work by Volk [16,17] in the United States at Penn State University has
shown significant agglomeration of carbon black, white lead, kaolin clay and fly ash
dusts at rather modest acoustic levels, between 100 and 120 dB with frequencies {n
the 1000 to 6000 Hz range, representative dust loadings between 0.5 to 2 gm/m3, and
exposure times varying from 10 to 40 seconds. Scott [18], in Canada performed very
interesting and important studies on the effect of nonlinear acoustic effects on
agglomeration. Shaw [19 - 20], and his assoclates at the State University of New
York at Buffalo have performed research of both a theoretical and experimental
nature on acoustic agglomeration with special emphasis on the phenomena of
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acoustically induced turbulence at very high levels of acoustic intensities and also
the effects of acoustically induced shock waves. Research at Penn State over the
last two years under the authors direction, has not been able to identify such high
acoustically generated turbulence levels under similar conditions, This important
subject will be discussed in the paper. On the other hand, very effective
agglomeration of submicron sized particles of fly ash at flue temperatures was
obtained by us with similar acoustic levels of 155-165 dB but at frequencies in the
2500 Hz range and exposure times of about U4 seconds. The details of these
experiments and the theoretical foundation will also be discussed in this paper.

Recent very successful demonstrations of the high efficlencies that can be
achieved with combined cycle gas turbine-steam turbine power plants using
pressurized, fluidized bed coal combustion heat sources have shown that gas turbine
life is severely limited because even the most efficient avallable hot clean-up
devices cannot remove the small erosive particles from the 6 to 10 atmosphere,
1600°F gas streams., Acoustic agglomeration in conjunction with high efficiency
cyclone trains appears to be the only viable means of making this promising new
power plant concept feasible. We must also mention the acoustic agglomeration
experiments conducted by the Braxton Corporation [22] in 1974 which did not give
good results. In fact, essentially no agglomeration was experienced in this rather
large scale facility. These tests which were supported by EPA, were performed at a
frequency of 366 Hz and intensities of 165 dB. Redispersed cupola dust of about 4
um mean size and fly ash of about 6 um mean size were used as dusts. The results of
our research and Dr., Shaw's work clearly show that for the type and size of dust
used, frequencies on the order of 2500 Hz and 3000 Hz provide optimum agglomeration.
It is, therefore, not surprising that very poor results were obtained by the Braxton
experiments.

From these introductory remarks it is apparent that much work has been done on
both the theoretical and the practical aspects of acoustic agglomeration.

The research results to date at Penn State University show conclusively that
acoustic agglomeration of fly ash can be accomplished yet further research is
required on several important acoustic and coagulation phenomena before large scale
demonstration of the technical and economic viability of the process can be
accomplished. Th eowrk reported has been supported by the Pittsburgh and Morgantown
Energy Technology centers of the U.S., Department of Energy.

THE FUNDAMENTALS OF ACOUSTIC AGGLOMERATION OF SMALL PARTICULATES

Let us consider a polydisperse aerosol consisting of submicron and micron sized
particles. The mean separation distance between particles would typically be about
100 microns. Brownian movement of the particles is caused by the collision of the
thermally agitated air molecules with the particles. 'Also any convection currents
or turbulence in the carrier gas will of course cause the particles to be partially
entralned and moved in the air, If we next lmpose an acoustic fleld of acoustic
pressure p, the acoustic velocity u will be given by

u= -2 n
b e

where po 1s the air density and ¢ is the speed of sound in the air. For a typical
acoustic sound pressure level of 160 dB the acoustic velocity will be about 5 m/sec
(for 150 dB the acoustic velocity will drop to 0.5 m/sec, on tenth this value), For
a typical acoustic frequency of 2000 Hz a fully entralned particle might flit back
and forth 2000 times a second over a distance of about 600 ym. Let us next apply
Newton's second law to a spherical particle equating the particle mass times its
acceleration to the Stokesian or viscous drag forces
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2

d

Ppop
where u, is the particle velocity, Pp the particle density, dp the particle diameter u
the gas velocity, pu the gas dynamic viscosity and t the particle relaxation time. The
particle Reynolds number for these conditions is rather low in the range 2-10. Solution
of equation (2) with ug = U8 sin(wt-¢) where w is the acoustic frequency and t 1is time is
of the form

d _ - - 1
I3 (up) = (u8 up) (u8 up) < 2)

up = Hp ug sin(ut-¢) 3)

where p is the entralnment factor of the particle and ¢ is the phase angle between
particle and gas motion. The factor p is then given by

np = 1/(1+w212)% 4)
Thus for np, = 1 full entralnment occurs and for n, = 0 no entralmment occurs meaning
the particle stands still. For a particle density of 2300 kg/m3 corresponding to
fly ash dust and frequencies of 500, 1000 2000, 5000, 10,000 Hz, the entrainment
factor n, 1s plotted for various particle diameters in Figure 3. For each of the
frequencies there 1s a cut particle size below which particles are almost fully
entrained, For example, for the 2000 Hz case the cut particle size 13 about 4.5 pm.
The large particles compared to the cut size are essentially still, the small
particles are moving through large displacementscolliding with the large particles,
adhering the these particles because of the large Van der Waal forces. In a slowly
convecting field we can, therefore, think of the large particles as cleaning out the
small particles thereby generating empty spaces. One of the long standing
unanswered questions in this field has been how the refill of these swept out
volumes occurs? Every investigator in this country and abroad has assumed elther
expliecitly or tacitly that the swept out volume would be refilled in just one cycle
without giving a justification. Penn State's most recent agglomeration analytical
model also is based on this premise and, as will be shown later, gives good
agreemnent between our measurements and prediction,

We recently completed an analytical investigation of the flow field near slowly
drif ting spheres at Reynolds numbers from 0-10. The Interaction of flow fields
between two moving spherical particles of unequal size required the solution of the
uncoupled Navier Stokes Equations using 5th and 6th order Runge-Kutta-Verner method
and applying experimentally obtained expressions for the drag coefficient as a
function of Reynolds number. Typical results are shown in Figure 6 for a 10 micron
and a 1 micron particle exposed to an acoustic field of 150 dB at 2500 Hz for
several acoustlic cycles., The 120 micron particle remains essentially stationary and
is shown at the origin of the plot. The trajectory of the central position of 9
different (one at the time) particles entering from the right side are shown with
each little circle depicting the particle after each acoustic eycle., The larger the
spacing between little circles along a trajectory the larger the velocity. The
important conclusion to be drawn is that the flow field around the large particle
causes the small particles which are vertically higher than 10 microns to assume a
significant orthogonal velocity to the acoustic velocity thereby being able to
refill the swept-clear volumes. Actually the particles sweep through about 250
microns during each cycle as shown in Figure 5. Qur calculations show that this
phenomenon explains about 85% of the refill, the rest resulting from gravitational
and turbulent diffusion processes.

In a separate investigation we have determined that the agglomerates up to
modest sizes are sufficiently robust to withstand the rigors of the flow through
cyclones and electrostatic precipitators. The research is based on experimental
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results with inertial separation devices (impactors) and comparing the experienced
shear stresses in impactors as determined from theory, with the shear stresses
expected in cyclones.

A further experimental investigation has established that acoustically
generated turbulence at these high acoustic intensities is not the dominant
mechanism of agglomeration.and that the acoustic velocities as explained earlier are
the primary kinetic sources.

We have recently developed a computer code for the simulation of the
agglomeration processes using these just mentioned advances in our knowledge. The
principal mechanism is the orthokinetic process including also Brownian movement and
several other factors. The code is in effect a simulation of the agglomeration
process, The inltially log normally distributed particle size distribution is
divided into a number (75) of particle size ranges. As particles within ranges and
particles from one range collide with particles from another range, the code moves
the agglomerated particles into the range containing particles of the particular
agglomerate size. The code assumes that all collisions result in agglomerations and
that no break-up of agglomerates occur. Furthermore, the results of several other
earlier investigations performed by us are included in the model. For example; the
results of our fragility study permit us to exclude fractional agglomerate
break-ups; the acoustically generated turbulence studles permit us to consider only
acoustic velocity caused aerodynamic flow field; our recent results with the fluid
mechanics of the flow near spheres at low Reynold's numbers permit us to assume that
refill of swept out volumes occurs within just a very few osclllatory periods. A
typlical result is given in Figure 6 comparing experimental results from impactor
measurements with our prediction. The agreement 1s indeed most encouraging. What
is also evident from this one example is that indeed we do obtaln very significant
agglomeration; in fact the particles smaller than 6 microns are essentially
eliminated. More on the matter later. We must point out, however, that the
agreement between our idealized model and experiment is not as good for higher
acoustic intensities and longer time exposures. We are continuing our research
foward improving the model,

DESCRIPTION OF THE 700°F ACOUSTIC AGGLOMERATOR

We have developed and used several acoustic agglomerators over the past 11
years that we have been working in this field. We are describing here the currently
operating atmospheric pressure agglomerator which permits temperatures up to 700°F,
sound pressure levels from 130-165 dB, sound frequencies from 1000-4000 Hz, dust
loadings from 2 gr/m3 to 30 gr/m3, flow rates from 0.4 to 4 ft/sec in the 8 foot
long agglomeration section. Noise exposure times therefore range from 2 seconds to
20 seconds.

The agglomerator is shown in the partial sectional view in Figure 7 and the
system is shown in Figure 8. Starting from the left we have the 600 acoustic watt
siren designed and built at Penn State. Compressed air is provided by a Roots-type
blower. Pressure to the siren 1s controlled by means of a bypass valve. We note
that the siren is acoustically coupled to the 8-inch internal diameter agglomerator
chamber by an exponential type acoustic coupler. The 9.25 inch long tubular section
has 16 - 0.5 inch diameter exhaust holes for the siren air. The acoustically
transparent barrier prevents the cold siren air from flowing into the heater section.
The sheet of felted, woven and sintered stainless steel has a flow resistance of 110
MKS rayls giving an acoustic transmission loss of only 4 dB. By automatically
controlling the pressure drop across the barrier to about 1 inch of water, we are
able to minimize cold siren air flow into the agglomeration chamber, Control is
obtained by an automatically controlled damper valve in the final exhaust section of
the system. We sense the pressure drop by means of a Valedyne differential
pressuresensor which in turn, through appropriate electronics, controls the stepping
motor activated damper valve. A slulce type gate valve 1s installed as noted to
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prevent hot air backflow during the many hours of heater-only time to reach the
desired system temperature.

The 7.25 jacketed, water cooled section prevents heat conduction to the siren
system thus protecting the wooden horn and siren from over-temperature. The heater
section consists of a 14 inch schedule 40 pipe with 150 1lb. flanges welded to each
end. Six Chromolox Model KSEF-Koilfin electric heating elements generate 18.6 KW of
heating power which is transferred to the airflow by convection. The system can be
cycled at 3 Hz holding the temperature within just a few degrees. Air velocity over
the heaters is 10 ft/sec. to maintain proper heating element temperatures. System
schematic diagram Figure 10 shown the Roots-type blower with bypass flow control and
orifice meter flow sensor providing the heating air to the system. Only about 10%
to 20% of the heated air actually enters the agglomerator through 24-1/8 inch
diameter angled holes. An adjustable sleeve valve controls the exposure of these
holes. The excess hot air 1s then passed through the bypass control valve into the
aerosol distribution section to heat the aerosol to the gas temperature. Finally
the hot air is exhausted to the out-of-doors. The aerosol concentrate distribution
system is attached to the heater flange as shown in Figure 7. Four equal length
copper tubes from the aerosol manifold are connected to the four 90° spaced holes on
the 8 inch diameter tube.

The aerosol generator is a simple plated standard aspirator of the type used in
laboratories to obtain a vacuum source from a water supply. It is modified by
removing the original vacuum line attachment and is connected to a cylindrical glass
tube as the reservoir for the dust. A pulse of air traveling through the aspirator
creates a short time duration low pressure which causes a controlled amount of dust
from the reservoir to be sucked down the pipe line and into the agglomeration
chamber. The pulsed air i{s produced by passing the compressed air through a
solenoid valve, The time that the air is permitted to flow through the aspirator
(pulse time) and the pulse frequency are controlled by a Pulse/Lapse Timer connected
to the solenoid valve.

Agglomeration takes place in the 8 foot long, 8 inch schedule 40 pipe. A& 1/2
inch gooseneck sampling probe is located in the end of the section. Isokinetic
samples were drawn by the RAC Staksampler into an Anderson Mark III particle-sizing
stack impactor which is designed for use up to 1500°F. The impactor consists of a
series of plates with a number of holes arranged as shown in Figure 9. The holes
are displaced on successive plates so that a gas stream, after going through the
holes in a plate, impacts a surface and must make a sharp turn to enter the holes in
the next plate. The Impactor operates on the theory that at each stage smaller
particles flow with the air stream during the sharp turn; larger particles, due to
their greater inertia, will go straight the deposit on to the plate. As shown in
Figure 9 each plate has holes smaller than those in the previous plate and,
therefore, the velocity increases at each stage, depositing particles of given size
ranges at each level. A final filter collects any particles which remaln after the
last plate. A glass fiber substrate with properly located cutouts is placed on each
stage as the collection medium. Each substrate is weighed before and after exposure
to determine the mass of particles of each size collected; and it is dehydrated
before weighing to eliminate the factor of t{he weight of moisture. The range of
particle diameters that will collect on a plate at each stage is determined by the
aerosol flow rate through the impactor.

The impactors are preheated in a small furnace to the temperature of the
aerosol being tested.

The piping from the upstream heater flange to the end of the 8 foot
agglomeration tube is covered completely with 2 inch thick thermal insulation
(calclum silicate or Epytherm) and aluminum sheeting to reduce heat loss, increase
acoustic transmission loss and reduce temperature gradients in the test section.

The acoustic pressure sensors were attached to small water jacketed coolers
which were screwed into the hot agglomeration chamber pipe wall to provide
protection from the high temperatures.
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Because of the importance of the sound source in terms of its overall
efficiency, reliability and cost, we shall describe the siren design in somewhat
greater detail. Before deciding on the siren as a very promising sound source, we
investigated several other potential high acoustic sound pressure sources. Hartmann
Whistles (generators) provide efficiencies of about 5%. Air powered, electrically
driven oscillating sleeve valve type drivers are on the market with acoustic outputs
in the 2 KW to 40 KW range. Thelr efficlencles are in the 8% to 10% range. These
latter sound sources can provide the broad band sound required in the acoustic
fatigue test installations for which they were designed. Generally, they are not
designed for long life applications. These sources work at considerably lower
frequencies than needed for acoustic agglomeration. Another well-known high power
source is the St. Clair generator which is basically a resonant cylinder vibrating
in an axial mode. Kilowatt range powers in the 1 to 15 KHz range have been produced
with overall efficiencies in the viecinity of 6%. Sirens have been shown to be the
only sound source which promises to provide the high overall efficiencies of from 50
to 60% required for economically viable acoustic agglomerators in power plant
applications. Also, properly designed sirens offer the promise of the required long
life, high reliability, low operating costs and relatively low initial cost compared
to other systems.

Almost all commerical sirens are used for fire and air raild warning systems.
They have frequencies in the 250-500 Hz range and produce acoustic power in the
100-1000 watt range and are not very efficiency sound producers. We have,
therefore, developed the technology to design high efficiency reliable sirens. Our
work is built on a foundation of research at Penn State in the 1950's, some recent
excellent work in Poland, Russia and in Japan. The siren used in this research
develops about 600 acoustic watts in the desired frequency range giving us sound
pressure levels in the 8 inch duct up to 165 dB. Almost all the energy is contalned
in the fundamental frequency.

Recent Experimental Results

The agglomerator has performed reliably and the results were quite repeatable.
We have used a processed fly ash dust consisting primarily of Silica, Alumina and
Iron Oxide particles. A typical set of results in shown in Figure 10 for a dust
loading of about 2 gr‘/m3 and an exposure time of 10 seconds. The results show that
the maximum agglomeration for this density of dust and this particular size
distribution does occur near the predicted value of 2500 Hz with clearly less
agglomeratlion at 1290 Hz. Earlier experiments with heavier white lead dust followed
prediction and gave an optimum frequency of about 1500 Hz.

Space limitations do not permit to show the full range of parametric effects.

CONCLUSIONS

OQur theoretical and experimental work has shown conclusively that acoustic
agglomeration does result in shifting the particle size distribution from submicron
sizes into the 10 micron and above size range. In order to achieve the desired 150
to 160 dB specific acoustic powers of from 0.1 to 1 watt/em? are required for plane
wave propagation and less than that for standing wave chambers.

We have reached an understanding of the fundamental processes and an ability to
model the process permitting us to perform approximate trade-off studies for various
clean-up train strategies involving various types of clean—up devices at different
locations in the system. For example, a hot gas clean-up system consisting of a
pressurized, fluidized bed coal burner produecing 10 atmospheres, 1650°F gas with a
loading of 10,000 parts per milllion by weight with a particular size distribution
followed by a Stairmand cyclone, an acoustic agglomerator which is followed by a
high efficiency Van Tongeren cyclone. To meet the required 25 ppmw dust loading
requirement we predict exposure times of 9 seconds at 155 dB, 5 seconds at 160 dB
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and 3 seconds at 165 dB. Since long exposure times mean large agglomeration
chambers and high acoustic intensities require more power from the power plant cost
trade off optimization studies can be performed. As a general statement, we can say
that the power required to operate the acoustic agglomeration system is about 0.02
to 0.5% of the power plant output. For a 250 megawatt power plant we would need
anywhere from 50 KW to 1250 KW for the acoustic agglomeration system. At 50% overall
efficiency the acoustic power would range from 25 KW to 625 KW. These are very
large acoustic powers when compared to the acoustic power output of a U4 engine
commercial jet aircraft of about 36 KW on take-off.

We are continuing our research with U.S. Department of Energy support to
further improve our understanding of several important aspects of acoustic
agglomeration such as acoustic energy absorption Dy hot gases and large particle
concentrations, nonlinear acoustic phenomena, output and efficiency, the effect of
acoustic agglomeration chamber geometry on the acoustic field. We are also involved
in several other applications of acoustic agglomeration for dust control.
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ABSTRACT

Pilot plant tests have been conducted to evaluate the effects of magnesium and
chloride ions on system performance of 1imestone-regenerated dual alkali processes
under closed-loop operating conditions. It was found that Timestone reactivity and
solids dewatering properties are very sensitive to magnesium ion concentrations. The
total magnesium ion concentration should be maintained below 1000 ppm for
satisfactory performance under normal operation. A model which assumes competitive
surface adsorption of calcium and magnesium ions was used to interpret the data.
Limestone reactivity and solids dewatering properties decreased with the increase of
chloride ion concentration. However, the effect of chloride ion accumulation was not
significant until the concentration reached 80,000 ppm.

INTRODUCTION

Sodium-based dual alkali (DA) flue gas desulfurization (FGD) processes have the
features of clear solution scrub?i?g, high S02 removal efficiency, low liquid-to-gas
(L/G) ratio and high reliability 17" Recent testing has demonstrated the feasibility
of using limestone instead of 1ime for scrubbing Tiguor re?egeration which makes DA
processes more competitive with slurry scrubbing processes 2).

Since the limestone DA process uses concentrated sodium sulfite solution as the
absorbent for S0, removal, closed water loops are desired to minimize the sodium
makeup requirements, However, the closed-loop operation (i.e., the only water
leaving the FGD system is through evaporation and filter cake moisture) also promotes
the buildup of soluble salts in the recirculating scrubbing liquor. The primary
sources of soluble salts include makeup water, reagents, and flue gas. Previous
findings indicate that the accumulation of soluble salts, especially chloride ions,
can have significant effects on sysEem ghemistry and scrubber performance of
1ime/1imestone slurry FGD processes 3,4), The most significant effects observed
include decreases of equilibrium pH, SOy removal efficiency, and solids settling
rate, and increase in gypsum scaling potential.

In order to broaden the data base of the Timestone DA process and to evaluate
the impacts of closed-loop operation, a series of pilot plant tests was conducted
under the sponsorship of U.S. Environmental Protection Agency's (EPA) Industrial
Environmental Research Laboratory in Research Triangle Park, NC (IERL-RTP). The
testing concentrated on evaluating the effects of magnesium and chloride ions since
appreciable accumulations of soluble salts containing these two species are expected
in a limestone DA system under closed-loop operating conditions.
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The current trend in power plant design is to use plant waste water (e.gq.,
cooling tower blowdown) for FGD system makeup. Magnesium and chloride are the
primary ingredients of soluble salts which enter the FGD system with plant waste
water., Additional chloride ions may enter the scrubbing ligquor through the
absorption of HC1 produced during the coal combustion process. In addition to makeup
water, 1imestone is also an important source of magnesium ions. If closed-1loop
operation is used, the dissolved salts from either of the above sources can be
concentrated to levels which are considerably higher than those presently observed in
most systems. This paper summarizes selected results from the pilot plant study of
the Timestone DA process with total magnesium ion concentration up to 2000 ppm and
chloride ion concentration to 150,000 ppm.

TEST FACILITIES

The IERL-RTP pilot facilities include a three-stage tray tower with 7.5 m3/min
(approximately 0.1 MW) flue gas capacity (Figure 1). The flue gas is drawn from a
gas-fired boiler (no flyash is present). Pure SO2 is injected to achieve the desired
concentration in the flue gas. Regeneration of spent scrubbing liquor is performed
in the four-tank-in-series reactor train with a total residence time of 80 minutes.
Limestone is fed to the first reactor as 45% slurry. The feed rate is manually set
as required for either pH or reactant stoichiometry control. Soda ash is added to
the fourth reactor as sodium makeup. Reactor effluent slurry flows by gravity to the
thickener centerwell. C(larified liquor overflows from thickener to the forward feed
hold tank from which it is pumped to the tray tower. A horizontal belt filter is
used for further dewatering of the thickener underflow solids.

Ultraviolet spectrophotometry (DuPont 400 SO analyzer) was used to monitor the
gas phase SOy concentrations and SOy removal efficiencies. The pH of scrubbing
liquor in each reactor was measured hourly during pilot testing. Solid dewatering
properties were characterized by hold tank slurry settling rate and filter cake
insoluble solids concentration. Detailed d sgriptions of the test facilities and
analytical procedures were reported earlier(5),

EFFECTS OF MAGNESIUM IONS

For the study of magnesium ion (Mg2*) effects on the system performance of
limestone dual alkali process, epsom salt (MgSOg-5H20) was added to adjust the Mg2+
concentration in the scrubbing 1iquor. The base case system performance was
established without the addition of epsom salt; the steady-state concentration of
Mg2* was 355 ppm. In subsequent tests, all operating conditions -- except for Mg2+
concentration --were maintained constant; the concentration of Mg2+ was gradgally
increased by epsom salt addition to the first reactor. The maximum total Mglt
concentration reached during this test series was 2000 ppm. The principal results of
these tests are listed in Table 1. Summaries of liquor and solid analyses are listed
in Tables 2 and 3.

Effects of 1000 ppm Mgt

A comparison of results obtained from run MG-1 with those from MG-2 indicated
that the most significant change observed with the increase of total Mg2+
concentration up to 1000 ppm is the deterioration of solids dewatering properties as
reflected by the decrease of insoluble solids in the filter cake. The base case (run
MG-1) filter cake contained 52% solids; however, only 45% solids was obtained in the
filter cake generated at 1000 ppm total MgZ* concentration.

No magnesium sulfate was added to the system for run MG-3. The objective of

this run was to evaluate the system performance with decreasing Mg2* concentration.
The mass balance indicated that the total Mg2* concentration should drift down to
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below 500 ppm. During the run, the total Mg2+ concentration decreased from 1000 ppm
to about 625 ppm toward its end. A leak was discovered at the scrubber bleed/quench
recirculation pump inlet which introduced air into the process stream and therefore
caused high oxidation. The high oxidation, as confirmed by solids analysis results
in Table 3, was reflected by increases of the sulfate-to-sulfite ratio to above 2.5.
After the air leak problem was corrected, the sulfate-to-sulfite ratio decreased, but
the test average was 2.4.

Very stable operation was maintained for run MG-4 without magnesium sulfate
addition with the total Mg2* concentration stabilizing at about 350 ppm. The
sulfate-to-sulfite ratio decreased to 2.0, the filter cake insoluble solids reached
53%, and the slurry settling rate was 2.0 cm/min, The results confirmed the base
case solids quality and scrubber performance obtained from run MG-1.

Effects of 2000 ppm Mg+

Epsom salt was then added to the first reactor to raise the Mg2* concentration
for run MG-5. No significant changes of system performance were observed except the
deterioration of filter cake quality when the total Mg2* concentration reached 1000
ppm. The filter cake insoluble solids dropped from 53% to 47% at 1000 ppm total Mg2+
concentration and confirmed the results observed during runs MG-1 and MG-2. However,
a further increase of the Mg2*+ concentration caused significant changes in system
performance. When the total Mg2+ concentration exceeded 1500 ppm, pH decreases were
observed throughout the system. The SO» removal efficiency also decreased. Filter
cake quality deteriorated further to below 40% insoluble solids. The solids settling
rate also began to drop. At 2000 ppm total Mg2* concentration, a system upset with
non-settling solids occurred. The solids settling rate dropped to below 0.1 cm/min,
while only 28% insoluble solids were obtained from the filter cake. The pH of the
regenerated liquor was 6.2 (base case pH was 6.6) and SO, removal efficiency was 85%
(base case removal efficiency was 92%). The solids content of slurries in the
reactors reached 4.7% (base case solids content was 2.1%) due to the solids carryover
in the thickener overflow.

Results of Chemical Analysis

Several sets of samples were taken from each reactor and hold tank for 1iquid
and solids analyses to characterize the system chemistry at various Mg2+ concentra-
tions. Results of the chemical analyses are shown in Figures 2 to 8. Figure 2 shows
the profile of total Mg2* concentration across the pilot plant system. A slight drop
of Mg2+ concentration was observed from the scrubber bleed hold tank (V-102) to the
first reactor (V-105), especially for the high Mg2* concentration runs. The concen-
tration drop was not very significant since the changes were within 5% (the range of
experimental error}. However, a magnesium loss across the reactors is implied. Mag-
nesium lost in this manner is probably coprecipitated with calcium sulfite/sulfate.

The pH profile is shown in Figure 3. A significant drop in the system pH was
obtained when the total Mg2* concentration was increased from 1000 to 2000 ppm. The
scrubber bleed hold tank pH decreased from 6.3 to 5.6 and the forward feed hold tank
pH also decreased from 6.7 to 6.2. However, the increase of pH across the reactors
was observed even at 2000 ppm total M92+ concentration, indicating that the 1imestone
dissolution was not completely stopped by increasing the M92+ concentration,

The total oxidizable sulfur (TOS) and sulfate ion concentrations are shown in
Figures 4 and 5, respectively. Similar concentration levels and concentration trends
were observed for both species at the three M92+ concentrations tested. Figures 4
and 5 confirm that the concentrations of important species, such as TOS and sulfate
ion, were not altered by increasing the Mg2+ concentration by epsom salt addition.



Figure 6 shows the total alkalinity concentrations across the system. Since the
TOS concentrations were maintained at about the same levels for all runs (Figure 4),
the decrease of total alkalinity when total Mgl* concentration was increased from
1000 to 2000 ppm reflects the pH drop caused by the increase of magnesium ion
concentrations.

The calcium ion (Ca2*) and total carbonate concentrations are shown in Figures 7
and 8, respectively. The concentration levels and the trends of CaZ* and total
carbonate profiles obtained at the three Mgl* concentrations are very similar.

Solids Analysis

The product solids obtained at various magnesium ion concentrations were
examined under a scanning electron microscope (SEM) to observe the detailed
morphology of the individual solid particles. As can be seen in the SEM
photomicrographs reproduced in Figures 9 through 12, the product solids were
physically different. Figure 9 shows the solids taken at the base case conditions
where the particles gave a 50 to 55% solids filter cake with agglomerates of
well-defined platelets. The thickness of each platelet can be seen clearly in Figure
9b which was taken at a magnification of 5000x.

Photomicrographs of solids produced at the 1000 ppm total Mg2* concentration are
shown in Figure 10. Compared with the base case solids (Figure 9), the solid
particles in Figure 10 were composed of thinner, smaller platelets. This was
reflected in poorer filter cake qualities (45 to 50% insoluble solids).

Photomicrographs of solids produced at 2000 ppm total Mg2* concentration are
shown in Figure 11 which indicates the solid particles are composed of ill-defined,
needle-1ike platelets. Furthermore, Figure 1lb reveals serious crystal defects. The
poor crystal properties were evidenced by an extremely low settling rate (less than
0.1 cm/min) and very few filter cake insoluble solids (less than 30%).

In summary, two significant effects of Mg2+ concentration on DA system
performance were observed. First, the pilot plant data indicated that the solid
product dewatering properties are very sensitive to ng2+ concentration.
Photomicrographs show that the deterioration of solids dewatering properties is
caused by crystal morphology changes comprising crystal size decreases and crystal
defects. Second, the limestone dissolution rate decreased as reflected by the system
pH drop. This effect is not very significant until the total Mg2+ concentration
reaches about 1000 ppm.

Surface Adsorption Model

The effect of Mg2* on th ?issomtion rate of CaC03 has been investigated with a
pH-stat Taboratory experiment!6), The results indicated that the presence of Mgl* in
the solution reduces the CaCO3 dissolution rate. To interpret the data, it was
assumed that Mg2+ can be adsorbed on the surface of CaCO3 particles to form a surface
Ca-Mg-carbonate. The adsorption reduces the dissolution rate since the surface is
partially blinded by adsorbed Mg2+. It was also assumed that the reduction of the
dissolution rate is proportional to the fraction of the surface {8) occupied by the
adsorbed Mgz", which can be expressed by the Langmiur adsorption isotherm:

8 = ac/(1 + be) (1)

where a and b are constants and ¢ is the concentration of adsorbed species.
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The dissolution rate (R) can be determined from:
R=kA(1-rl/2)n (2)

where k is the apparent rate constant, A is the active surface area, r is the degree
of CaC0; saturation, and n is a constant. In the presence of Mg2+ the active
surface area A is related to 0 by:

A=(1-9) (3)

The inhibition effect of Mg2* on CaC03 dissolution rate can be described by the
following correlation derived from Equations 1, 2 and 3.

{1 - R/Rg) = 1.38 x 105 [Mg2+]/(1 + 1.68 x 105 [Mg2+]) (8)

where R, is the dissolution rate in the absence of Mg2+ and [Mg2*] is the
concentration of total magnesium in moles cm=3,

In wet flue gas desulfurization processes, either dual alkali or limestone
slurry, the combined effects of calcium and ma?nﬁsium actually determine the
limestone dissolution rate. Sjoberg's results 6) indicated that Cal* can inhibit
CaC03 dissolution rate much more effectively than Mgz"’ by the same surface adsorption
phenomenon., The combined effects of Ca2* and Mgz"' can be described as competitive
adsorption, and the limestone surface wi}l act as an ion-exchanger. The fraction of
surface occupied by adsorbed cal* and Mgz"' can be expressed as:

6 = 8¢y + g (5)
n n

= Jajeq /(1 + Jbicy)
is1 i=1

where aj and by are constants and ¢ is the concentration of the adsorbed species i.
The reduction of dissolution rate is proportional to o, or:

(1 -R/R0) a @ (6)
In the ideal case, aj and bj are constants independent of cj. Therefore,

M = K' [Mq2+] (7)

Ca [ca2+]

where XK' is a constant with a value of 0.033 as obtained by Sjoberg(s).

Equation (7) indicates that the relative effectiveness of Mgz"' and Calt in
inhibiting the 1imestone dissolution rate depends on the ratio of Mg2+ concentration
to Ca?* concentration. On the other hand, the sensitiyity of limestone dissolution
rate to the Mg2* concentration is determined by the Cal* concentration. As indicated
by Equation (7), when the minimum ratio (€yq/®ca) of 0.5 is required for Mg2+ to
effectively inhibit 1imestone dissolution rdate, dual alkali processes need only 908
ppm Mg¢t since the normal Cal* concentration in the first reactor is about 100 ppm.
Furthermore, if competitive adsorption of Mg2+ and Ca2* also occurred on the CaSO3
surface, the adsorbed Mg2* can act as an impurity which causes crystal defects and
inhibits crystal growth. As a result, the properties of the solid product
deteriorate with the increase of Mg2+ concentration as reflected by the decrease of
slurry settling rate and filter cake insoluble solids obtained from pilot plant
testing.
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EFFECTS OF CHLORIDE IONS

Chloride ions (C1-) accumulating in the scrubbing 1iquor will be balanced by
cations such as sodium (Na*) and Mg2*. Since previous data indicated that high
magnesium ion concentrations are not desirable, it is expected that Na* will be the
cation associated with the C1- in limestone dual alkali scrubbing solutions.

The pilot evaluation test was started on the base case (no chloride addition)
conditions with 183 ppm C1- concentration. Industrial grade sodium chloride was then
added to the third reactor to raise the C1- concentration to 20,000, 50,000, and
80,000 ppm, respectively. The principal results of these tests are listed in Table
4, Summaries of liquor and solids analyses are listed in Tables 5 and 6. The most
significant change observed with the increase of C1- concentration was the decrease
of system pH. While all the other variables (limestone feed rate, SO2 feed rate,
active sodium concentration, sulfate-to-sulfite ratio, etc.) were maintained at
approximately constant levels, the pH of regenerated liquor decreased from 6.6 to
6.5, 6.3, and 6.2 as the C1- concentration increased from the base case to 20,000,
50,000, and 80,000 ppm, respectively. Correspondingly, the SO, removal efficiency
also dropped slightly from 93 to 92, 91, and 90%, respectively. In order to maintain
constant total alkalinity concentrations, the soda ash make-up rate was increased by
more than 50%. No significant changes in solids quality were observed with the
increase of C1- concentration when the C1- concentration was below 80,000 ppm. The
filter cake insoluble solids content fluctuated between 50 and 55% and the
sulfate-to-sul fite ratio dropped slightly from 1.9 to 1.8. Filter cake analyses
indicated that the overall oxidation decreased from 6.9% to 4.0% as the Cl1-
concentration increased from the base case level to 80,000 ppm.

Chloride ion concentrations of 100,000 ppm and 150,000 ppm were also tested.
Corresponding to these C1- concentrations, the Na* concentrations reached 116,900
ppm and 140,500 ppm, respectively. As observed in previous runs, the system pH
dropped with the increase of C1- concentration. The base case (no chloride
addition) regenerated Tiquor pH was 6.7. At 100,000 ppm C1- concentration, the
regenerated liquor pH fell to 6.1. The regenerated liquor pH further decreased to
5.9 when the C1- concentration was increased to 150,000 ppm.

The most significant operating problem encountered during runs with 100,000 and
150,000 ppm C1- was scaling in the absorber. The quench nozzle scaled and plugged,
and a very high pressure drop (over 10 in. H20) across the absorber was obtained.
Layers of hard scale composed of CaS03/S04 were found on the absorber walls. A large
quantity of water soluble sodium scale was deposited beneath the middle and the
bottom trays. Neither scale contained significant amounts of chloride.

In addition to scaling, system performance also deteriorated. Only 86% SO
removal efficiency was obtained at 150,000 ppm chloride, significantly lower than the
93% at base case conditions. Filter cake insoluble solids also decreased to 39%
compared with 50 to 55% for the base case. Decreases of TOS and total alkalinity
concentrations were observed and reflected the increased liquor loss and sodium

consumption,
SUMMARY
In summary, the pilot plant data indicate that:
o The solid product dewatering properties are very sensitive to Mg2* concentra-
tion. Significant drops (5% or more) of filter cake insoluble solid

concentrations were obtained with the increase of total Mgz+ concentration
from 500 ppm to 1000 ppm. Solids quality deteriorated rapidly after the
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total magnesium ion concentration exceeded 1000 ppm. At a total Mg2* concen-
tration of 2000 ppm, a system upset with non-settling solids occurred. The
solids settling rate dropped below 0.1 cm/min, and only 28% insoluble solids
were obtained from the filter cake. Scanning electron micrographs showed
that the deterioration of solids dewatering properties was caused by crystal
morphology changes reflecting crystal size decreases and crystal defects.

o The limestone dissglution rate decreased as shown by decreasing system pH
with increasing Mg+ concentration. This effect is relatively small until
the total magnesium ion concentrations reach about 1000 ppm,

o The effect of Mg2* concentration on limestone dissolution rate can be
explained by a surface adsorption model. The adsorption of Mg2+ reduces the
limestone dissolution rate because the surface is partially blinded by the
adsorbed magnesium ions. The competitive adsorption of calcium and magnesium
ions was described by a mathematical model based on the Langmuir adsorption
isotherm. The model was used to explain the sensitivity of 1imestone
dissolution rate to magnesium ion concentration under limestone dual alkali
operating conditions.

o When the chloride ion concentration is below 80,000 ppm, the most significant
change observed with the increase of C1- concentration was the decrease of
system pH. Correspondingly, slight drops of SOp removal efficiency were also
obtained.

e When the chloride ion concentration is above 100,000 ppm, system performance
deteriorated with the increase of chloride ion concentration. In addition to
the decreasing scrubbing solution pH and SOp removal efficiency, the filter
cake insoluble solids also decreased and resulted in increased liquor losses
and sodium consumptions.
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TABLE 1. MAGNESIUM-ION-EFFECT TEST CONDITIONS

Run MG-1 MG-2 MG-3 MG-4 MG-5
Mg2* concentration, ppm 355 1060 625 356 200
Tower pressure drop, in. H20 8.1 8.4 7.9 7.8
Liquor forward feed, gpm 1.4 1.4 1.4 1.4
Scrubber feed pH 6.6 6.6 6.6 6.6
Scrubber effluent pH 6.2 6.2 6.2 6.2
Inlet SO concentration, ppm 3010 29% 29% 3050 302
S0y feed rate, 1b/hr 6.7 6.7 6.6 6.7
S0, absorption, wt. % 92.7 91.8 91.0 92 85
S0 make-per-pass, mmol/1 139 137 132 138 125
Limestone slurry feed rate, 1b/hr 23 23 22 22 22
Limestone slurry solids, wt. % 45 45 45 45 45
Flue gas 0y, vol. % 6.4 7.0 6.1 6.9
Thickener solids, wt. % 19 18 16 20.1
Filter cake solids, wt. % (insoluble) 52 45 48 53 28
Filter wash rate (nominal), gph 3 3 3 3
Na concentration, g/1 57 55.6 57.4 54.0 49,7
TOS, gmol/1 0.72 0.67 0.70 0.74
Ca concentration, ppm 88 52 74 62 58
Total alkalinity, gmol/z SV-113) 0.42 0.41 0.38 0.42
Na in filter cake, mg/gi2 15.5 18.6 16.9 12.6 (d)
Run time, hours 81 78 85 92 67
Limestone stoichiometry(b) 1.07 1.08 1.06 1.03
Settling rate (reactor), cm/min 2.0 1.9 2.2 2.2 <
Settling test % s?h‘ds 2.1 2.1 2.6 2.1
Active Na, gmol/1(¢) 1.14 1.08 1.08 1.16
S04/ sulfite 2.05 2.15 2.4 2.0
1d)Washed in the belt filter \C/Active Na = TOS + Total ATkalinity, gmol/]
b)Mass balance d)pata not available
TABLE 2. SUMMARY OF THICKENER LIQUOR ANALYSIS
FROM MAGNESIUM-IOQN-EFFECT TESTS

Run No. MG-1 MG-2 MG-3 MG-4 MG-5
Component ,

g/1

Ca 0.088 0.052 0.074 0.062 0.0%8

Mg 0.355 1.06 0.625 0.356 2.02

Na 57.0 55.6 57.4 54,0 49,7
TOS as SO3 57.6 53.6 55.6 59.3 53.6

SOq 82.6 84.5 86.4 80.6 86.4

co 2.73 2.54 2.35 2.1 2.03

C 0.165 0.174 0.192 0.182 0.175

pH 6.7 6.7 6.6 6.7 6.2
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TABLE 3. SUMMARY OF FILTER CAKE ANALYSIS FROM MAGNESIUM-ION-EFFECT TESTS

Run No. MG-1 MG-2 MG-3 MG-4 MG-5
Component ,
mg/g
Total S as S03 529 522 525 509 511
TOS as SOp 379 378 363 382 376
Carbonate as CO; 42 47 43 42 56
Ca 294 297 298 296 298
Mg 2.6 3.4 2.8 2.5 3.6
Na 5.7 5.8 5.8 4.4 5.3
Oxidation, % 10.4 9.5 13.6 6.2 8.0
L/S Utilization, %(a) 89.9 87.8 88.1 86.0 85,7
{a)sny/ca
(b}data not available
TABLE 4. CHLORIDE-ION-EFFECT TEST CONDITIONS
Run No. CL-1 CL-2 CL-3 cL-4 CL-5 CL-6
C1- concentration, ppm Base Case 20000 50000 80000 100000 150000
Tower pressure drop, in. Hp0 8.0 8.1 8. 8.2 8.9 10.2
Ltiquor forward feed, gpm 1.4 1.4 -(d) 1.4 1.4 1.4
Scrubber feed pH 6.6 6.5 6.3 6.2 6.1 5.9
Scrubber effluent pH 6.2 6.1 5.9 5.8 5.7 5.5
Inlet S02 concentration, ppm 3040 3010 3060 3010 3030 3010
S0y feed rate, 1b/hr 6.6 6.7 6.7 6.6 6.6 6.7
S0y absorption, % 93 92 91 90 89 86
S0y make-per-pass, mmol/] 137.1 137.7 - 122.7 131 129
Limestone slurry feed rate, 1b/hr 22 22 22 22 22 22
Limestone slurry solids, wt. % 45 45 45 45 45 45
Flue gas 0, vol. % 5.6 5.1 5.3 4.7 5.2 5.1
Thickener solids, wt. % 22.8 19.8 23.4 22.1 18.1 20.2
Filter cake solids, wt. %° 53 52 51 52 48 39
{insoluble)

Filter wash rate (nominal), gph 3 3 3 3 3 3
Na concentration, g/1 47.8 59.6 78.8 96.9 116.9 140.5
T0S, gmol/1 n.70 0.65 0.66 0.64 0.61 0.47
Ca concentration, ppm 61 57 58 49 51 36
Total alkalinity, gmol/! $V-113) 0.44 0.41 0.40 0.39 0.34 0.29
Na in filter cake, mg/gi@ 8.2 9.4 13.3 14.6 17.7 24,5
Run time, hours 5 62 68 58 84 72
Limestone stoichiometry(b) 1.03 1.03 1.04 1.07 1.08 1.10
Settling rate (reactor), cm/min 2.3 2.1 1.8 1.9 1.8 1.7
Settling test % S?Hds 2.0 1.9 2.7 1.8 2.1 2.4
Active Na, gmol/1(c) 1.14 1.06 1.06 1.03 0.95 0.76
S0q/Sulfite 1.9 1.9 1.8 1.8 1.84 1.72

bMass balance

Ayashed in the belt filter
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SUMMARY OF THICKENER LIQUOR ANALYSIS FROM CHLORIDE-ION-EFFECT TESTS

CL-1

CL-4

CL-6

0.061
0.344

0.049
0.247
96.9
51.2
67.3
1.95
80.2
6.2

0.036
0.072
140.5
37.6
48.0
0.96
150.0
5.9

SUMMARY OF FILTER CAKE ANALYSIS

FROM CHLORIDE-ION-EFFECT TESTS

Component,

CL-5

Total S as S03
TOS as S0;
Carbonate as COp
c

Oxidation, %
L/S UtiTization, %(2)

491
372

61
307

2,
5.
5.
80.

(b)data not available

CL-6
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Figure 1. Flow diagram of IERL-RTP dual alkali pilot plant.
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Figure 2. Distribution of magnesium ion concentration in limestone DA pijlot plant.
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Figure 6. Total alkalinity concentrations in limestone DA pilot plant.
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Figure 9. Scanning electron micrograph of base case solid products.
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Figure 10. Scanning electron micrograph of solid products at 1000 ppm Mg2+ concentration.
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Figure 11. Scanning electron micrograph of solid products at 2000 ppm Mg2+ concentration,



APPLICATION OF THE SODIUM
DUAL ALKALI SCRUBBING PROCESS
TO HIGH CHLORIDE GAS STREAMS

William H. Mink

Battelle's Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

INTRODUCTION

The methods used for disposing of military chemical agents, such as VX,
GB, and H, have been changed from land and sea burial to chemical neutralization and
incineration due to environmental constraints and legislative restrictions.

As an approach to munitions disposal, the Army has developed a Chemical
Agent Munitions Disposal System (CAMDS) facility at the Tooele Army Depot, Tooele,
Utah. This is a prototype for other lethal chemical demilitarization plants expected
to be built in the future.

The CAMDS facility was especially designed for the safe handling, disassembly,
destruction, and decontamination of chemical agents VX, GB, and H, and munitions
containing these chemical agents. These disposal operations must include adequate
emission control technology. The emissions of concern include not only the agents
themselves, but also certain species produced in the disposal process, such as sulfur
oxides (SO and S03), phosphorus oxides (e.g., P05), hydrogen chloride (HC1), and
particulate matter.

Although the present method of gas treatment is believed to have excellent
reliability, it is costly to operate because of its raw material requirements and
its material handling procedures. A particularly expensive step in the overall gas
treatment procedure is the required evaporative drying of salts which results from
the use of the CAMDS single alkali scrubbing system. Alternatives to the evapor-
ative drying of the salts have been investigated in order to reduce the energy consump-
tion of the facility.

After demilitarization of a munition at the CAMDS facility, the metal parts
are conveyed into the metal parts furnace (MPF), a roller hearth furnace, where residual
agent on metal parts is thermally destroyed. Bulk mustard is also destroyed in the
MPF. Exhaust from this furnace is treated in an extensive control system comprising
(a) an oxidizing section for thermally decomposing any residual agents at 1600 F,
(b) a quench venturi, and (c) a packed column where the exhaust gases are contacted
with NaOH or NapC03 solution. Exhaust from the packed tower exits through a stack
to the atmosphere.

. To avoid buildup of phosphates, sulfates, and chlorides in the scrubber
solution, a portion of the scrubber stream is removed from the system and evaporated
to dryness. The resultant dry salts are then placed in drums for storage. The
evaporation step requires large amounts of energy. The use of dual alkali scrubbing
tec};nology could avoid the need to evaporate large amounts of water to produce a solid
waste.

In the sodium-based dual alkali process, the acid gases are absorbed by
a solution of sodium salts at a pH range of 5-8. The solution is regenerated outside
the scrubber with lime or limestone to produce a solid waste containing calcium sulfate
and calcium sulfite. Some sodium salts are lost with the waste and must be made up
by the addition of NaOH or NaC03. The principal chemical reactions are as follows:

Scrubber: 2NaON + S0; —»NapS03 + Hp0 1)
NapS03 + 1/2 0p——>Nap504 2)
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Regenerator: Ca(OH); + NapSO3——»CaS03 + 2NaOH 3)

Ca{0H)2 + NapSOq——»CaS04q + 2NaOH. 4)

One consideration in specifying a dual alkali system for the MPF is the
relatively high concentration of HC1 in the flue gas during mustard operations. The
NaCl resulting from the reaction of NaOH and HC1 cannot be regenerated with Ca(OH)2
and must be purged from the system. In order to avoid a liquid purge stream which
would have to be dried, the process in Figure 1 was designed to remove the NaCl with
the liquid in the filter cake.

Dual alkali systems have been extensively applied to scrubbing SO0 from
boiler flue gas. In most of these applications, the objective in using a dual alkali
system as compared to a single alkali system, is to minimize the use of the more
expensive sodium as compared to the calcium in lime. However, the most cost-effective
operation for the system on the MPF is one that will eliminate the expensive drying
process. The design shown in Figure 1 may actually require considerably more alkali
than the minimum required in order to increase the solids content in the waste filter
cake and thereby allow the NaCl to be purged with the liquid attached to the filter
cake. In order to minimize this quantity of liquid, the chloride content is allowed
to build up to very high levels.

The principal advantage of a dual alkali process applied to the MPF is the
substitution of a relatively inexpensive filtering step for the expensive drying step
in the single alkali system.

RESULTS AND DISCUSSION

After assembling the sodium dual alkali pilot plant shown in Figure 1, it
was operated at several different conditions to explore the scrubbing efficiency,
the effect of chloride buildup in the scrubbing liquor, and to obtain a material
balance. Tables 1A and 1B summarize the data obtained in the 13 runs made in the
pilot plant.

Scrubbing Efficiency

The effect of the stoichiometric ratio of total alkali [Ca(OH)» plus NaQH]
to total acid gas (SOp plus HC1) is shown in Figure 2. The theroretical limit for
reaction of the alkali with the acid gases is indicated in the figure. (Actually,
some removal of HC1 can be expected with no alkali present.) Sulfur dioxide removal
efficiencies were found to exceed 99 percent when alkali/acid stoichiometric ratios
were greater than about 1.9. HCl1 removal efficiencies generally exceed S0 removal
at any given alkali/acid stoichiometric ratio.

Effect of Chloride Buildup

Removal Efficiency. The outlet stream from the regeneration tanks was
filtered to remove the solids. A typical filtrate composition at the higher chloride
concentration range is presented in Table 2. The filtrate was recycled to the system,
mixed with additional sodium hydroxide, and pumped back into the column as scrubbing
liquor. Chloride built up as the scrubbing reaction occurred.

Figure 3 shows percent SO remaining in the scrubbed gas as a function of
alkali/acid gas stoichiometric ratio. The numbers beside each point are chloride
concentration in the scrubber liquor. From an examination of this figure, it does
not appear that chloride concentration has any significant effect on SO removal in
the range studied.

Solids Precipitation. Although chloride concentration in the scrubber Tiquor
has 1{ittle effect on removal efficiency, it has a significant effect on the operation
of the column. Chloride concentrations greater than about 6.6 percent (see Table
3), lead to some deposit of salts in the scrubber column. Nevertheless, it appears
that if chloride level {s maintained below about 8-1/2 to 9 percent, column operation
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would not be impaired. Figure 4 shows chloride concentration of the last nine runs
together with an indication of the degree of column plugging.

Precipitation occurs when solubility Timits of the components in solution
are exceeded. This is the case when C1~ concentration in the scrubbing liquor reaches
values above 6.6 percent. These salts redissolve in the Tiquor, indicating that they
are most likely sodium salts.

Chloride is removed with the moisture in the cake, thus maintaining a
steady-state concentration. Essentially no chloride is removed as a solid as shown
in a typical dry cake analysis (Table 4).

The other type of salt precipitating in the column is calcium-based.
Elimination or reduction of calcium ions in the liquor is critical if the temperature
in the system drops. A larger amount of precipitate was observed in the pilot plant
when overnight temperature dropped to about 60 F. Most of these salts returned to
solution after the system was reheated to operating temperatures. This relationship
between the temperature and precipitation must be taken into consideration in the
design and operation of a full-scale plant. As indicated by the analysis and postulated
composition shown in Table 5, these salts are believed to be primarily calcium sulfite
and sulfate.

Operation of a dual alkali plant would be significantly impaired if
precipitation is allowed in the system. For example, as observed during pilot plant
operation, precipitation present at the nozzle and in the column sometimes limited
the amount of Tiquor input to the column.

Tower and packing designs also affect the accumulation of insoluble matter
in the column. A spray tower design would considerably reduce the plugging potential,
but at the expense of scrubbing efficiency. The packing size, shape, and height are
also critical to the plugging problem. Large size, open shape, and low packing height
would all minimize plugging. However, the large size has a reduced surface area per
unit volume which may cause a reduction in scrubbing efficiency. The low packing
height would also reduce the scrubbing efficiency. During the pilot plant operation,
no attempt was made to optimize the packing material.

The area of scrubber plugging has been the subject of intense study by
investigators of conventional limestone and dual alkali scrubbing systems.

Material Balance

In Pilot Plant Run No. 10, all the materials in and out of the system were
accounted for in order to calculate a material balance. The balance is shown in Table
6. Note that most of the values closed within 10 percent with the exception of calcium.
The discrepancy in calcium may have resulted from accumulation in the scrubber column
or other parts of the system and losses in the filter washwater.

Solids Removal

Some problems were found during the pilot plant operation which were directly
related to the filtration step. The first problem was the filter cloth size. The
initial filter cloth installed plugged with the solids causing equipment malfunction.
This problem was overcome by using a coarser weave filter cloth.

A second problem encountered with the filtration step was the additional
water introduced in the system most likely as a result of the continuous washing of
the filter cloth. This problem would probably be minimized with larger-scale equipment.

An alternative to the horizontal belt filter for solids separation is the
use of a centrifuge or centrifugal filter. A continuous decanter centrifuge may be
acceptable for the operation. The separation of solids is controlled by the centrifugal
force, the bowl radius, and the effective length. The specification depends on the
desired product: maximum clarification, classification, or solids dryness.

The degree of dryness in this system is determined by the amount of water
necessary in the cake to carry out sufficient C1- for an 8-1/2 to 9 percent chloride
concentration in the filtrate.
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A centrifugal filter was used in the pilot plant to remove excess liquor
from the cake collected in the material balance run (Run 10) prior to analysis and
disposal. The filter operated well, reducing the wet cake to about 30 percent moisture.

pH Control and Monitoring

The pH of the scrubbing solution was monitored during the pilot plant
operation. An unsuccessful attempt was made to control pH by use of pH controllers.
The pH varied greatly with small additions of NaOH until it reached a value of about
12. At this Tevel, the system appeared to be buffered. Higher pH Tevels were not
reached during operation. Because of the difficulty in controlling the pH, the effect
of pH on scrubbing was not determined and the method of NaOH addition changed to pump
feeding at a selected rate.

Continuous monitoring of the pH in the regeneration tank was also accompanied
with difficulties. Apparently, the higher concentration of solids and extremely high
pH's in Tocalized areas (from the lime feed) adversely affected the electrodes and
the meter. However, spot monitoring was accomplished with a portable unit.

The scrubber discharge pH (see Table 3) varied from less than 1 to over
4. This wide range probably results from the absence of a strong buffering effect
at the column discharge. The discharge pH does not appear to correlate with either
column plugging or removal efficiency.

Corrosion

Soon after the pilot plant started operation, the column solution turned
purple, dark green, and black. The colors were a result of the corrosion occurring
in the gas feed lines. It was originally believed that the dry acid gases could be
retained in the stainless steel lines at least during the course of the study. However,
moisture from the compressed air, uniting with the acid gases, caused corrosion at
the point where the gases and air mixed. To alleviate this problem, the junction
of the gas Tine and the air Tine was moved to just ahead of the column inlet. This
is an indication of the need for corrosion-resistant pipes for a larger plant.

The column should also be made of corrosion-resistant material to avoid
corrosion problems. The pH in the tower is expected to change from very basic at
the top (pH 12) to acidic (down to about pH 1) before the liquor reaches the bottom
of the scrubber.

CONCLUSTONS

Laboratory and pilot plant studies on the sodium dual alkali scrubbing process
indicate that it is a feasible method of scrubbing the products of combustion of mustard
agent. High removal efficiencies (over 99 percent) of both HC1 and SOz may be obtained
at stoichiometric ratios of alkali-to-acid gas of about 1.9 or higher. Removal
efficiencies appear not to be affected by chloride in the scrubber liguor with loadings
as high as 8.6 percent C1- (14.3 percent NaCl). .Plugging of the scrubber occurs at
chloride loadings of over about 9 percent C1~ (15 percent NaCl); however, the solids
redissolve as the chloride content falls. Cake moisture content at this chloride
level was about 35 percent.
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ORGANIC COMPOUNDS IN EFFLUENTS RELATED TO COAL COMBUSTION

G. A. Junk, J. J. Richard and M. J. Avery

Ames Laboratory, US DOE, Iowa State University, Ames, IA 50011

ABSTRACT

Organic compounds in the various effluents from the efficient combustion of coal
at power plants do not appear to be an environmental problem. This conclusion is
based on interpretation of results obtained during a five-year study of samples of
stack gas, sluice water, and fly, stack and grate ash from the combustion of coal
alone and mixtures of coal and refuse derived fuel (RDF). Dioxins and furans were
not present in these samples at the detection limit of 10 ppT. Alkanes, chlorinated
benzenes, polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs),
aliphatic acids and other miscellaneous compounds were found but the amounts were
below those found in ambient urban air. These low levels of organic compounds are
obtained only under steady state conditions of high combustion temperature, excess
oxygen, small fuel particles and sufficient residence time. An added benefit of coal
combustion was the removal, presumably by adsorption, of aromatic contaminants from
the water used to sluice the fly and grate ash.

INTRODUCTION

The release of organic pollutants into the environmental from the burning of
coal has been of periodic concern ever since the industrial revolution in England.
This concern has resurfaced recently due to the shift to coal as the major fuel for
generating electricity in the U.S.A.

Because of this environmental concern, an extended study of the Ames power plant
for generating electricity was begun in 1977. This study included all types of pol-
Tutants such as NOy, SOy, total suspended particles, fly ash, grate ash, and
trace elements as well as the organic compounds from the combustion of coal alone and
mixtures of coal and refuse derived fuel (RDF). The results in this report are con-
fined to the organic compounds found in all of the solid, liquid and gaseous efflu-
ents related to the combustion processes.

At the start of this study in 1977, the analytical methodology was inadequate
for the characterization of organic compounds in the various effluents. Thus, prior-
ity was given to: 1) identifying the analytical difficulties; 2) devising methods to
resolve the most critical problems; and 3) using evolving methodologies to determine
those components judged to pose a threat to the environment.

As an aid in establishing the analytical problems, published data were compiled
and reviewed for coal combustion and waste incineration (1). Important conclusions
drawn from this review were: 1) only a limited number of organic components had been
identified in the effluents; 2) the identified components reflected analytical capa-
bilities and interests rather than a true distribution; 3) reliable quantitative data
were not available; and 4) the data base was insufficient for predicting the probable
environmental effects associated with the combustion of coal.

A critical examination of the analytical procedures used prior to 1977 showed
these to be inadequate for the determination of organic compounds in combustion ef-
fluents; of special concern were the short-comings in sample collection methods.
These short-comings are delineated in a review published recently (2). Because of
these sampling uncertainties, the continuous development and validation of new pro-
cedures and sampling systems was an essential element of this study.

Coincident with the development of sampling procedures were the constant itera-
tive improvements in extraction, separation, identification and quantitation of or-
ganic compounds. Special emphasis was placed on selected compound classes such as
the polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
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chlorinated benzenes, and chlorinated dibenzo-p-dioxins (dioxins). The best avail-
able procedures were used to determine these components because they have known acute
or chronic effects and previous studies suggested that they might be present in ef-
fluents from the combustion of coal alone and combination coal/RDF.

EXPERIMENTAL SECTION

SAMPLING PROCEDURES

Stack Vapor.-Vapor phase organic components present in the stack effluent were sam-
pTed by three different procedures. An EPA Method 5 train was equipped with an or-
ganic module and used during the early stages. This sampler allowed the stack gas to
pass over the accumulated particles during the entire sampling period and thus gave
rise to the possibilities of adsorption, sublimation and chemical transformations of
organic components. When the equipment became available, the Method 5 train was sup-
planted by a Source Assessment Sampling System (SASS). This system allowed larger
volumes of gas to be sampled and reduced the contact between accumulated particles
and the stack gas. The complexity of the SASS made this system undesirable for use
when the only goal was to obtain a sample of vapor phase components. A third sam-
pling system was the Ames Vapor Sampling System (AVSS) described by Junk and Richard
(3). This sampling system largely eliminated contact between vapor phase components
and particles. The AVSS provided a simple and effective accumulation of organic
components from very mild atmospheres such as ambient air and very severe atmospheres
such as stack gas.

Stack Ash.-Samples of stack ash were obtained using the EPA Method 5 and the SASS.
On occasion, large amounts of stack ash were collected conveniently by placing a
custom-designed tray into the stack for 24 hours. This tray collected the particles
that settled from the disturbed gas stream.

Fly Ash.-Fly ash samples were collected directly from the hoppers of the cyclone and
electrostatic precipitator used for particle control.

Grate Ash.-Grate ash samples from stoker-fired units were collected from hoppers
Tocated below the grates. Grate ash from the tangentially-fired units was removed
from the boilers by sluicing so samples were obtained by filtering the sluice water
collected at the outlet of the pipe used to transport the sluiced ash to a settling
pond. Additional ash samples were collected from the settling pond as sediment sam-
ples.

EXTRACTION PROCEDURES

Adsorbents.-A macroreticular resin, XAD-2, was used as the adsorbent in the AVSS, the
SASS and the EPA Method 5 sampling train. Organic compounds accumulated on the resin
were recovered by elution with methylene chloride. Diethyl ether was used as an
eluent, instead of methylene chloride, when subsequent determinations were performed
by gas chromatography with electron capture detection. Other eluents and desorption
techniques were tested and found to offer no significant advantages (3).

Water Condensates.-When stack gas was cooled during sampling, water vapor condensed.
The organic components in these condensates were extracted with methylene chloride.
Diethylether, pentane and isooctane were used as alternative extraction solvents when
subsequent gas chromatographic determinations required the use of electron capture
detectors.

Ashes (Particles).-Because there were no standard and accepted procedures among the
many described in the literature for the extraction of organic components from parti-
cles, several techniques were critically evaluated. Soxhlet extraction with benzene,
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benzene-methanol, benzene saturated with hydrogen chloride, toluene, toluene-metha-
nol, and methylene chloride were evaluated. Sonic extractions using a probe or a
bath with a variety of solvents and pretreatment procedures using aqueous acids and
water were also tested. No technique resulted in significant improvement in the
extraction of the cross-section of different organic components associated with the
various particle effluents. Consequently, the traditional soxhlet extraction using
benzene-methanol was used most frequently.

CLASS SEPARATIONS

Chromatographic and solvent partitioning procedures were used to separate organ-
ic components recovered from particles into chemical classes to facilitate their
ultimate determinations in less complex mixtures. The procedure included the separa-
tion of PAHs on Sephadex (4) and the separation of components on the basis of polari-
ty using alumina (5), silica gel (6), Florisil (7), the polystyrene-divinylbenzene
resin XAD-4 (8), and the traditional solvent partitioning into acid, base and neutral
fractions. Preparatory scale, normal-phase, high-performance liquid chromatography
with amine and cyano columns was used to separate mixtures on the basis of polarity
and to partially separate PAHs (9).

The Soxhlet extraction of particles with benzene-methanol yielded PAHs plus many
non-polar and polar organic compounds which interfered with the gas chromatographic
separations. The interfering compounds were removed using standard solvent parti-
tioning with DMSO (10), DMF (11), or nitromethane (12).

COMPOUND SEPARATIONS

Gas chromatography was used for the separation of individual organic components.
Columns packed with Dexsil 300 {Supelco Inc., Bellefonte, PA) provided the separation
of the high boiling point PAHs during the early stages of this study. Later, as the
column technology advanced rapidly, capillary columns coated with SE-52 and SE-54
(J&W Scientific, Rio Rancho, CA) were used almost exclusively. These columns were
found to be applicable to the efficient separation of a diverse assortment of organic
components in complex mixtures.

IDENTIFICATION AND QUANTITATION

Combination gas chromatography/mass spectrometry (GC/MS) was used for the iden-
tification of the organic components extracted from the various combustion effluents.
Quantitation of organic components was normally obtained using external standards and
gas chromatography. The quantitation by gas chromatography was periodically checked
on randomly chosen samples using appropriate techniques of combination GC/MS.

CONFIRMATIONS AND VALIDATIONS

For positive identifications by GC/MS, the full mass spectrum of a tentatively
identified component was compared to the mass spectrum of an authentic sample. If
the spectra were identical, within experimental error, and if the gas chromatographic
retention times of standard and unknown components on a 30-meter SE-54 fused silica
capillary column agreed within two seconds, the identification was considered posi-
tive. When the amount of material present was insufficient for detection using full
scan GC/MS techniques, the more sensitive single and multiple ion monitoring
techniques were employed. Confirmation in these cases consisted of coincidences of
retention times of mass chromatograms of the unknown and of the authentic sample.
For chlorinated materials, the molecular ions contained additional information about
the chlorine isotope distribution. Confirmation in those cases included the correct
isotope ratios for the number of chlorines in the molecule.

Validation of the methodology used for components that could not be detected in
extracts of particle samples was obtained by extraction of surrogate samples. The



surrogate sample for PAHs was soot generated from an air-starved methane flame. The
positive results obtained from this soot sample have been reported elsewhere (13).
The surrogate sample for dioxins was an incinerator ash obtained from Dow Chemical
Company. Results obtained from analysis of extracts of this ash sample were +50% of
the published values for the tetra-, hexa-, hepta- and octachloro- isomers (14).
This agreement substantiated the validity of the analytical protocol used to screen
the effluent samples for dioxin compounds.

RESULTS AND DISCUSSIONS
IDENTIFIED COMPONENTS

A combined listing of all the compounds identified in extracts of the vapor and
particles in the stack, fly and grate ash effluents from the combustion of coal at
the Ames power plant are listed in Table I. Similar compounds have been observed for
extracts from a second coal-fired power plant located at Iowa State University.
Therefore, this 1ist may be partially representative of coal combustion in semi-mod-
ern boilers. Certainly, many more organic compounds than the listed 78 are present
in these effluents but so far these have not been positively identified. Indeed, a
1980 review of organic compounds from coal combustion (1) taken from all the litera-
ture reports had only 106 compounds identified.

Table I. List of Organic Compounds Present in Effluents From Coal Combustion

ALKANES - Methane, Decane, Undecane, Hexadecane, Heptadecane, Octadecane, Nonadecane,
Eicosane, Heneicosane, Docosane, Tricosane, Pentacosane, Hexacosane, Octacosane,
Triacontane, Dotriacontane, Trimethylcyclohexane, Dimethylcyclohexane

AROMATICS - Toluene, Xylene, Propylbenzene, Butylbenzene, Biphenyl, Terphenyl,
Naphthalene, 1-Methylnaphthalene, 2-Methylnaphthalene, Methylindene, Acenaphthene

PAHs - Benz(a)pyrene, Anthracene, Fluoranthene, Fluorene, Pyrene

ACIDS - 2-Ethylbutancic, Nonanoic, Decanoic, Dodecanoic, Tridecanoic, Tetradecanoic,
Pentadecanoic, 9-Hexadecenoic, Hexadecanoic, Heptadecanoic, Octadecanoic, Benzoic

PHENOLS - Phenol, o-Cresol, Ethylphenol, Butylphenol, 2,4-Dichlorophenol,
2,4,6-Trichlorophenol

CL COMPOUNDS - Tetrachloroethylene, Tetrachloroethane, 1,2-Dichlorobenzene,
1,3-Dichlorobenzene, 1,4-Dichlorobenzene, 1,2,4-Trichlorobenzene,
1,2,3-Trichlorobenzene, 1,2,3,4-Tetrachlorobenzene, 1,2,3,5-Tetrachlorobenzene,
Pentachlorobenzene, Hexachlorobenzene, 2,3,2',5'-Tetrach1orobipheny1a,
2,5,3',4'-Tetrachlorobiphenyl, 2,4,5,2',5'-Pentachlorobiphenyl,
2,4,5,2%,4*,5'-Hexachlorobiphenyl

0, N, P, S COMPOUNDS - Acetophenone, Methylacetophenone, Phthalic Anhydride,
Methylbenzoate, Indanone, Dibenzofuran, Diethylphthalate, Dibutylphthalate,
Diisobutylphthalate, Di(2-ethylhexyl)phthalate, Diphenylamine

3 The characteristic Arochlor 1254 profile was observed but only four isomers were

positively confirmed.

QUANTITATION

It was not possible to obtain exact quantitative values for all the identified
components associated with each of the effluents from coal combustion. The amounts
varied because of the analytical problems mentioned in the experimental section and
different firing conditions. However, semi-quantitative values have been obtained
for many of the components and these values are proposed to be reasonable estimates
of the amounts of organic compounds expected from the efficient combustion of coal in
a modern power plant. A discussion of some important compound classes and the
amounts in the various effluents is given below. In general, the amounts are much
lower than would be predicted from a review of the limited quantitative data
available in the literature.
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Polycyclic Aromatic Hydrocarbons (PAHs).-The most highly studied class of compounds
in combustion effluents is the PAHs. However, very little information about the
amounts present in the vapor phase and on particles in the effluents from the effi-
cient combustion of coal is available. The data in Table II partially fills this
informational gap. The amounts in the vapor phase varied according to the firing
conditions and the stack temperature that was ~ 240°C. Even if all these PAHs were
to condense on the particles, the amounts are well below the multiple ug/g quantities
present on ambient air particles.

Table II. Summary of PAHs in Effluents From Coal-Fired Power Plants

Concentration Range (ng/g)

Conc. Range

Respirable Non-Respirable Vapor Phgse

Compound Particles Particles (ng/M3)
Naphthalene ND3-18 0.5-23 10-1800
Phenanthrene 26-640
Anthracene 0.4-100
Fluoranthene 0.2-0.3 0.05-1.5 0.5-240
Pyrene 0.2-7 0.08-1.1 0.2-2850
Chrysene ND ND-4 0.1-28
Benz{a)pyrene ND ND 0.1-120
Benz(a)anthracene ND ND-0.3 NMC
Benz(ghi)perylene NM NM 3-22

8 ND = Not detected at the limit of 0.05 ng/q.
Includes values reported by Midwest Research Institute (15, 16).
€ NM = Not measured.

Alkanes and Aromatics.-The distinction between aromatic and polycyclic was arbitrar-
ily set at three conjugated six-member rings in Table I. With this definition the
alkane and aromatic hydrocarbons with 30 entries dominate the 1list of identified
components. These compounds are also present in the highest concentration in the
different effluents. Ordinarily their concentrations were not measured because of a
low interest in these kinds of compounds but in those instances where measurements
were made, the amounts ranged from 10-1500 ng/M3 in the vapor phase and from 10-90
ng/g on the suspended particles in the stack effluents. These hydrocarbons were not
quantitated for any of the fly and grate ash samples.

Aliphatic Acids and Phenols.-Eleven aliphatic acids and six phenols were determined

as constituents of the vapor phase and associated with particle effluents. These
acidic compounds and the amounts are listed in Table III. A range of values from

20 different sampling runs is shown for the C9, Cl12, Cl4, C16 and (18 acids and phe-
nol to illustrate the fluctuations that can occur in the amounts of organic acids in
the effluents. The extent of the variation attributed to changes in firing condi-
tions and analytical difficulties in the determinations is unknown and needs further
study.

Polychlorinated Biphenyls (PCBs).-The PCBs were observed in the stack effluents dur-

Tng the combustion of coal but these compounds were not produced in the combustion
process by a de novo synthesis or from precursor compounds. The source of the PCBs
was the air used to support the combustion. This indoor air contained 0.13 ug/M3 of
PCBs; the concentration of PCBs in the stack gas was only 0.02 ug/M3 when coal con-
taining no detectable level of PCBs was burned. For perspective, this emission level
should be compared to the average ambient air level of about 0.006 ng/M3.

when the coal fuel was supplemented with RDF containing 8500 pg of PCBs/Kg of
RDF, the amount of PCBs in the stack remained at the low level of 0.02 ug/M3,
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Table III. Summary of Acidic Compounds in Effluents From Coal-Fired Power Plants

Concentration Range?

Acid Vapor Particles
2-Ethylbutanoic 200 Tl
Nonanoic 20-250 NM
Decanoic 10 20
Dodecanoic 80-800 90
Tridecanoic NM 10
Tetradecanoic 100-300 8-600
Pentadecanoic 90 50
9-Hexadecenoic 50 NM
Hex adecanoic 40-300 40-270
Heptadecanoic NM 20
Octadecanoic 80 40-150
Phenol 20-200 25-1000
o-Cresol NM NM
Butylphenol NM NM
2,4-Dichlorophenol NM 0.1
2,4,6-Trichlorophenol NM 0.05
Pentachlorophenol NM 0.2

@ ng/M for vapors and ng/g for particles. Where a range is listed,
these selected components were measured in 26 extracts.
b NM = Not measured.

Calculations based on fuel inputs, stack gas flow, support gas input and PCBs in all
the inputs and effluents showed that 99*% of the PCBs in the input RDF were destroyed
in the combustion process. The details of this investigation of the co-combustion of
coal and RDF containing PCBs have been published elsewhere (17).

The explanation of the high destruction efficiency for the PCBs in the RDF is
efficient combustion based on a combination of high temperature (~ 2000°F), excess
oxygen at 22%, and adequate residence time and sufficient turbulence for the small
coal and ROF particles in the combustion zone. This same combination of combustion
conditions is the probable explanation for the undetectable levels of TCDD discussed
below.

2,3,7,8-Tetrachlorodibenzo-p-dioxin ’TCDD).-At the detection 1imit of ten parts per
rillion, no was found in the effTuents from the combustion of coal in three
different boilers at the Ames power plant (see summary table in reference 16 for
description of boilers). This observation was confirmed at a second smaller coal-
fired power plant located at Iowa State University. Even when the coal fuel was
supplemented with RDF, which should contain the precursor compounds, no dioxins were
observed in the vapor and particle samples taken from the effluents. Thus no de novo
synthesis occurred during the combustion of coal alone and if dioxins were forme
from precursor compounds in the co-combustion of coal and RDF, they were destroyed in
the efficient combustion as explained above for the thermal destruction of the PCBs
present in the ROF. The PCBs are destroyed at 1200°F (18) and a similar temperature
is expected for the dioxins. This is well below the 2000°F operation of the boilers
used for this study (19).

Chlorinated Benzenes.-Ten chlorinated benzenes were targeted for analysis in the
stack effluents.” The analytical results when coal alone was combusted are shown in
Table IV. When the coal fuel was supplemented with RDF up to 20%, no consistent
increase in the amounts of the chlorinated benzenes occurred although barely

176

LA__‘_M 4 A o o e e e



detectable amounts of the tetra-, penta- and hexa- isomers were observed during some
of eleven different combustions of coal with 20% RDF. Based on these results it
appears as if the dichlorobenzenes, reported to be present in the RDF at the 8000
ug/Kg level (15, 16), were thermally destroyed with high efficiency in much the same
manner as that documented above for the PCBs present in the RDF.

Table IV. Chlorinated Benzenes in Stack Effluent From Coal-Fired Power Plants

Chlorobenzene Concentrations
Isomer ng/M3
1,2-Dichloro- 0.5
1,3-Dichloro- ND?
1,4-Dichloro- 80
1,2,3-Trichloro- 3.9
1,2,4-Trichloro- 1.2
1,2,3,4-Tetrachloro- ND
1,2,3,5-Tetrachloro- ND
1,2,4,5-Tetrachloro- ND
Pentachloro- ND
Hexachloro- ND

A ND = Not detected at limit of 0.03 ng/M3; average
of three runs.

The environmental effects from the emission of these chlorinated benzenes are
estimated to be insigificant because of the low levels and the further dilution by
factors of 103 to 105 in the atmosphere before any human or plant exposure.

Sluice Water.-There is a legimate concern over the release of pollutants into the
water environment following the utilization or disposal of the huge amounts of fly
and grate ash produced during the combustion of coal. Our studies were restricted to
the investigation of the possible release of organic pollutants only when fly and
grate ash are sluiced to settling ponds and retained there as a disposal site. The
water in the settling pond was checked periodically for organic compounds known to be
present at low concentrations on the ash.

None of these known components were detected in the water at the conservative
1imit of one ppB. Indeed, this pond water did not contain any gas chromatographable
organic compounds at the detection limit of 0.1 ppB even though the well water used
for sluicing contained multiple ppB levels of aromatic compounds indicative of the
coal tar that had contaminated the aquifer (19). Thus, the ash effluents from coal
combustion appear to adsorb rather than release organic compounds into the water.

This adsorption feature was examined in an experiment where water containing 20
to 50 ppB of five aromatic hydrocarbons was mixed with fly ash for ten minutes at a
water to ash weight ratio of 10 to 1. In this short contact time, the fly ash com-
pletely removed the organic components; this is vividly illustrated by the two gas
chromatograms shown in Figure 1. The effective adsorption is probably due to the
active forms of carbon, aluminum and silicon expected to be present in fly ash., For
organic compounds then, fly ash provided desirable clean-up rather than undesirable
contamination of water.
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EXHAUST GAS SAMPLING AND ANALYSIS IN SMALL-SCALE SYNFUEL COMBUSTION.
G.A. Gibbon, C.M. White, and L.J. Douglas

U.S. Department of Energy
Pittsburgh Energy Technology Center
P.0. Box 10940
Pittsburgh, PA 15236

The Coal Science Division of the Pittsburgh Energy Technology Center has
undertaken the development of a method for determining the trace level
organics present in the hot exhaust gases from the combustion of liquid syn-
fuels. This method development is part of a larger task to assess the
possible environmental impact of substituting such synfuels for petroleum
fuels in utility and industrial boilers. The studies were conducted in a
fully instrumented 20-hp firetube boiler capable of burning any liquid fuel
with handling and combustion properties ranging from those for No. 2 fuel
oil to those for No. 6 fuel oil {1]. In addition, the boiler could be
operated over a wide range of combustion conditions while varying such
parameters as air/fuel ratio, fuel consumption rate, and steam generation
rate. To achieve a consistent data base, all results of the combustion runs
for all the fuels studied were compared to the base-line case of No. 2 fuel
oil.

The sampling of the hot exhaust gases for trace level organics was accom-
plished by drawing a stream of the gases from the exhaust duct at a point
about 10 feet above the firebox [1]. The duct surface temperature at the
sampiing point ranged from 210°C to 250°C depending on the combustor
operating conditions. The gas sample stream was passed through a particu-
late knock-out that was maintained at 140°C to remove large particles, and
then through a glass spiral and an adsorbent resin bed maintained at
70°C [2,3].

Before use, the adsorbent resin was rigorously cleaned by exhaustive Soxhlet
extraction with water, methanol, diethyl ether, pentane, and methylene
chloride. The organic solvents were either spectroscopic or liquid chroma-
tographic grade.

During a typical sampling run, 150-180 ft® of the exhaust gases were drawn
through the sampler during 5-6 hours of combustor operation. The sampling
was considered successful only if there were no upsets in combustion operat-
ing during the run and if there was no visible deposit of particulates on
the resin bed.

Upon completion of a sampling run, the resin was removed from the sampler
and Soxhlet-extracted with methylene chloride. The extraction solvent was
then removed by evaporation, and the concentrate was analyzed by Gas
Chromatography/Mass Spectrometry (GC/MS). An SE-50 capillary column
(0.30mm x 19 m, 0.25-um film) was used with helium as a carrier gas.
Split-mode injection was used with the splitter operating at 275°C. All the
alkanes and polycyclic aromatic hydrocarbons (PAH) reported here were
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identified by their mass spectral patterns and by cochromatography with
authentic samples.

The table summarizes the qualitative results for the reference No. 2 fuel
oil and for 5 additional fuels, including No. 6 fuel oil, several coal-
derived liquids, and a biomass-derived liquid. Estimated relative amounts
for the compounds are denoted in the table as follows: L = low, M = medium,
H = high, VL = very low, and ND = not detected. The chromatograms represent
the total sample eluting from the column, with a minimum detectable amount
of about 1 ng (VL) and a full scale response (H) of approximately 100 ng.
While quantitation of the amounts of the compounds is not possible because
the samples were not taken isokinetically, an indication of the total hydro-
carbons present in the exhaust gases, approximately 1 ppm, was obtained by a
flame ‘ionization detector mounted adjacent to the sample port used for this
study.

The No. 2 fuel oil used was a purely aliphatic material, and the PAH
observed in the exhaust gases are thought to be formed during the combustion
process. The presence of the alkanes suggests that small amounts of the
fuel are unaffected by their passage through the combustion firebox. The
same observations hold for the No. 6 fuel oil, suggesting that the molecular
weight of the fuel is not an important variable when both fuels are burned
under comparable conditions.

All three coal-derived fuels (SRC, EDS, and H-Coal) give similar results,
showing PAH present in the original fuels as well as those formed during the
combustion of the fuel oils. The biomass-derived fuel shows less PAH than
either the fuel oils or the coal-derived oils. This is presumably the
result of the high oxygen level of the fuel. This hypothesis is supported
by the fact that no PAH are observed when methanol is burned.

The combustion of methanol in the boiler was originally done to confirm the
hypothesis that high oxygen levels in the fuel resulted in a low PAH level
in the exhaust pgases, and to verify the sampling and analytical
procedures [#}]. The first methanol combustion test results showed the
presence of saturated and aromatic hydrocarbons as well as detectable
amounts of organic sulfur compounds, e.g., dibenzothiophene. To account for
these observations, an extensive set of combustion experiments, using No., 2
fuel oil and No. 2 fuel oil spiked with diisopropylnaphthalene, was con-
ducted. The exhaust duct was rigorously cleaned between runs. These exper-
iments showed that the unexpected results could be attributed to a "memory
effect” in the exhaust duct and/or the soot deposits on the interior sur-
faces of the duct [4].

The results for the EDS and H-Coal fuels given in the table were obtained
after the methanol and spiked-fuel experiments. The exhaust duct was
cleaned between each set of runs for each fuel to avoid the "memory effect"”
described above.

All the extracts were retrospectively examined for the presence of nitro-
polycyelic aromatic hydrocarbons (nitro-PAH) using electron impact GC/MS.
No nitro-PAH were found in any of the extracts. The limit of detection for
the analysis was about 3 ng. It is possible that any nitro-PAH present were
lost on the surface of the sample container during storage; however, this is

180

N



deemed unlikely as no nitro-PAH have been found in extracts analyzed
immediately after preparation.

while the absence of quantitation makes rigorous comparison of the fuels
impossible, it is valid to suggest that PAH are present in the exhaust gases
when any of the fuels listed in the table are burned. The levels of the PAH
emissions from the exhaust duct to the atmosphere were not measured in this
study; however, they should not exceed the levels in the duct itself. In
addition, the small experimental combustor had no exhaust gas cleanup equip-
ment such as might be used on a targe commercial apparatus. Thus the change
from petroleum-derived liquid fuels to coal-derived liquids should not sig-
nificantly increase the emission of PAH to the environment.
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Summary of GC/MS Data Obtained
from Combustion Emissions Collected on XAD-2

Detected in Combustion Emissions of

No. 2 No. 6
Compound Fuel O0il Fuel 0il SRC-II1 Biomass EDS H-Coal
Naphthalene H H M M H H
2-Methylnaphthalene L L H L H L
1-Methylnaphthalene L L L L H L
Biphenyl M L M L M L
2-Ethylnaphthalene L L H ND L L
2,6- & 2,7-Dimethylnaphthalene M L H ND M L
1,3- & 1,7-Dimethylnaphthalene L L M ND M L
1,6-Dimethylnaphthalene L L L ND L L
1,5-Dimethylnaphthalene L L L ND VL L
Acenaphthene L L L H M L
1,2-Dimethylnaphthalene L L L ND L VL
Acenaphthylene ND ND M ND L VL
Dibenzofuran L L M L M L
Fluorene M M H H M L
9-Methylfluorene ND ND M ND ND ND
2-Methylfluorene ND ND M ND L VL
1-Methylfluorene ND ND ND ND VL VL
Dibenzothiophene M L M M VL VL
Phenanthrene H VH H H M M
Anthracene L L L L L VL
Carbazole ND VL M ND ND ND
1-Phenylnaphthalene L L L L L L
3-Methylphenanthrene M M M L VL VL
2-Methylphenanthrene H M H L L L
4-H-Cyclopento[def]phenanthrene L M L H L L
9- & 4-Methylphenanthrene L M L L VL L
1-Methylphenanthrene M M L VL VL L
2-Phenylnaphthalene L L L M L L
Fluoranthene H H L H L L
Benz[e Jacenaphthalene ND VL VL M L ND
Benzo[def |dibenzothiophene H M L L L ND
Pyrene H H H H L L
Retene ND ND VL ND ND ND
Benzo[blfluorene L L M VL ND VL
4-Methylpyrene VL L L ND VL VL
2-Methylpyrene VL L L ND VL VL
Benzo{ ghi Jfluoranthene M VL ND L VL VL
Benzo[a]anthracene L VL ND ND VL VL
Chrysene/Triphenylene L VL ND ND VL VL
Alkanes H H L VL L L
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EVALUATION OF COAL DERIVED LIQUIDS
AS UTILITY BOILER FUELS
EASTERN TEST

David P. Burford

Research and Development Department
Southern Company Services, Inc.
P.0. Box 2625
Birmingham, Alabama 35202

INTRODUCTION

The synthetic fuels evaluation at Mississippi Power Company's Plant Sweatt is
Jjust one of a number of tests, sponsored by the Electric Power Research Institute
(EPRI) under project RP 2112, to assess the potential of coal derived, 1iquid syn-
thetic fuels as an alternative or substitute for 1iquid petroleum fuels. Specif-
ically, the work done at Plant Sweatt examined the applicability of six 1iquid
synthetic fuels to a full scale, wall fired utility boiler. EPRI sponsored
testing with synthetic fuels at other sites included small scale combustors, a
Combustion Engineering wall-fired utility boiler, a Combustion Engineering tan-
gentially-fired utility boiler, a combustion turbine and diesel piston engines
with generally favorable results.

The testing at Plant Sweatt was sponsored by EPRI, Mississippi Power Company
(MPC) and Southern Company Services, Inc.(SCS). EPRI also contributed the 27,700
barrels of synthetic fuel to the test effort.

0BJECTIVES
The objectives of the test were to:

[} Demonstrate the use of coal derived 1iquids as potential substitutes for
petroleum fuel o1l in a full scale, wall fired utility boiler.

[} Assess the potential for minimizing nitrogen oxide (NOy) emissions from
the six, high fuel-bound nitrogen 1iguids.

[} Obtain data on the quantity and composition of other emissions from the
combustion of the synthetic fuels such as particulate loading, partic-
ulate morphology, hydrocarbons, chlorides and flue gas acid dew point
temperature.

(1] Assess the future utilization of coal derived 1iquids as a possible
replacement fuel for other existing boflers or as a design basis for new
boilers.

(1] Compare and contrast the combustion characteristics of the two baseline
fuels and the six synthetic fuels in terms of combustion efficiency, reg-
ulated emissions and fuel handling.

At the original writing of this paper, a large portion of the data require
additional reduction and analysis. Therefore, the results and conclusions that
follow have not yet been subject to the thorough investigation that remains to be
done as part of the EPRI contract.

FACILITIES

Mississippi Power Company's Plant Sweatt is located on Valley Road,
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approximately five miles south of Meridian, Mississippi, in Lauderdale County.
This station has two identical steam units labeled 1 and 2 which were placed in
service in 1951 and 1953, respectively. Although rated at 40 MW, each unit is
capable of generating 49 MW and with the onsite 39.4 MW combustion turbine, rep-
resent 4.5% of Mississippi Power's generating capacity. The boilers are Babcock &
Wilcox (B&W), balanced draft, front wall fired (2 vertical x 3 horizontal burner
matrix) units with welded cases. Each is designed to produce 425,000 pounds of
steam per hour at 850 psig and 900°F. Both are currently fired on either natural
gas or No. 6 oi1 and have no environmental controls of any type. While this plant
is normally restricted to providing peaking capability during the summer, arrange-
ments were made to isolate Unit 1, the test unit, from economic dispatch and to
set load based on testing requirements from September 1983 through December 1983
to accommodate the project schedule.

PROJECT ORGANIZATION

The project at Plant Sweatt was organized with Southern Company Services as
EPRI's prime contractor responsible for project management, project direction and
subcontractor performance. Subcontracted to Southern Company Services were
Babcock & Wilcox(B&W) and XVB. B&W provided technical consultation and boiler
performance evaluations, KVB provided combustion gas emission characterizations
and supplementary technical consultation. Although not directly subcontracted to
SCS, Radian, Inc. provided fuel logistics support and Control Data Health Care
Services assisted with the industrial hygiene program as part of the multi-site
EPRI work with synthetic fuels, RP 2112,

PLANT MODIFICATIONS

Before testing could begin in September of 1983, minor modifications to Plant
Sweatt were required to accommodate the objectives of the work. Five areas were
addressed:

(1) Fuel forwarding system

(2) Rail transloading site

(3) Burner air registers

(4) Exterior ductwork

(5) Industrial hygiene program

The well documented aggressiveness of the synthetic fuels toward rubber-based
gasketing material dictated the design of a redundant fuel forwarding system of
predominantly welded joints. The few joints that were gasketed were done so with
Flexitalic gaskets(asbestos/metal) which are resistant to deterioration from syn-
thetic fuels. This redundant fuel system allowed Unit 1 to operate concurrently
on natural gas and a liquid fuel in any configuration. It also provided the flex-
ibility to transition online from 1iquid synthetic fuel to either baseline fuel at
the burner front should Plant Sweatt have been needed for a production type
emergency. This redundant fuel system was designed to provide the same liquid
pressures and flow rates to the existing Racer burner components at the boiler
front as in normal No. 6 fuel o1l operation.

The onsite surge capacity for storing synthetic fuels was accomplished through
the use of four, 7800 gallon commercial fuel hauling trailers which were man-
ifolded into the synthetic fuel forwarding system. When emptied, each trailer was
pulled out for refilling at the rail transloading site.

The six synthetic fuels were delivered to Plant Sweatt in 23,500 gallon
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"jumbo® railcars from their various origins. These cars were temporarily sited on
I11inotis Central & Gulf Railways Okatibbee siding approximately 1/4 mile from the
plant. This railsiding was the location for the second set of modifications. An
area approximately 200'x20' was graded and paved to support the transloading
operation from railcar to mobile trailer. Curbing and a drainage sump were
included to prevent any ground water contamination. The transloading was done
with the fuel transporter's tractor power-take-off pump, gravity fed from the
raflcar's bottom discharge. Fuel transloading was a continuous process during any
testing over 25 MW due to synthetic fuel consumption rates.

The third area of modification was in the boiler windbox. Although B&W had
reworked the burners on Unit 1 in 1974, moderate to severe warpage and mis-
alignment were noted during the B&W Field Service Engineer's inspection in
November of 1982. Consequently, the air register vanes in all six burners were
replaced and individually aligned for reliable air flow control. Partial shrouds
were also added around each burner to augment the control of combustion airflow.

Corrosion penetrations in the flue gas ductwork downstream of the air pre-
heater caused the replacement of some ductwork to be the fourth modification.
Although air inleakage on the suction side of the ID fan was not operationally
troublesome, any dilution of the flue gas upstream of the proposed emission
extraction grid would discredit the analytical procedures for measuring combustion
emissions. When this ductwork was replaced, an access platform for the sampling
crews was added around the flue gas extraction ports.

The last area of modification actually took place in several locations around
the plant to support the industrial hygiene program. First, the plant employee
locker room area was subdivided into a clean side/dirty side concept similar to
that found at nuclear installations. A1l equipment or personnel involved in syn-
thetic fuel handling were segregated on the dirty side. In order to pass to the
clean side where street clothing was stored, personnel were required to take a
shower at the end of their shift. A daily change of coveralls and laundry service
were also mandatory for synthetic fuel handlers. Personnel not involved in
hand1ing the synthetic fuels were denied access to those areas where spills and
contamination were most probable; the redundant fuel system/trailer pad, the
boiler front, the rail transloading area and the dirty side locker room.
Barrjcade tape and signs were appropriately placed as a reminder. In order to
contain any large spillage, the stationary trailer pad and the rail transloading
area were paved and curbed. Fuel handling personnel were equipped with hard hats,
eye protection, face masks with organic vapor filters, coveralls, a bib rainsuit,
and elbow-length gloves. They were reimbursed for their work boots if
contaminated at the project end. Personnel involved in the testing were given
baseline medical examinations and classes on personal hygiene as a part of the
industrial hygiene philosophy of "no contact” with the synthetic fuels.
Fortunately, no spills or gross contamination occurred during the four months of
testing.

TEST PLAN

Six synthetic fuels from three major research firms were provided by EPRI for
testing at Plant Sweatt:

Gulf Research/Tacoma, Washington

Solvent Refined Coal-II (Full Range Mixture)

Solvent Refined Coal-II (Middle Distillate Fraction)
Ashland 0i1/Catlettsburg, Kentucky
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H-Coal (Light Fraction)
H-Coal (Heavy Fraction)
H-Coal (Blended Mixture)
fxxon Research/Baytown, Texas
Exxon Donor Solvent

Mississippi Power Company provided the baseline fuels:
Natural Gas
No. 6 Fuel 011

In satisfying the test objectives, it was necessary to "test" the single
gaseous fuel and seven 1iquid fuels on as common a basis as possible for a mean-
ingful comparison. Generally, the areas of investigation were:

(1) Limits of operability,
(2) operability at repeatable conditions, and
(3) adaptability for combustion optimization.

The test points contemplated were based on each fuel's "smoke point” as the
boundary between complete and incomplete combustion. Smoke point was operation-
ally defined as the flue gas excess oxygen level measurement at which drastic
upswings 1n carbon monoxide and opacity occurred on B&W and KVBs instantaneous
monitors. This level is a function of each fuel's molecular composition and is
somewhat dependent on a boiler's particular combustion dynamics. This level may
be influenced by burner type, tip placement, combustion air distribution, fuel
atomization and other physical factors. By operating just above the smoke point,
the combustion loss due to excess air is minimized, which results in higher boiler
efficiencies. Three test points for each 1iquid fuel were originally established
based on a fuel's smoke point:

(1) Low Excess Air - "LEA"
Smoke point plus 0.5% excess oxygen in the flue gas

(2) Normal Excess Air - "NEA"
Smoke point plus 1.0% excess oxygen in the flue gas

(3) High Excess Air - "HEA"
Smoke point plus 2.0% excess oxygen in the flue gas

A fifth test point was also established later to give the test results common-
ality at one excess oxygen level. This test point was to be at a comparable
excess oxygen level found for the baseline 1iquid fuel (No. 6 fuel oi1) known as
the 0i1 Comparable (0C) test point. These five points were established with
normal burners in service at three loads; 40 megawatts, 25 megawatts and 15 mega-
watts and again with burners out of service. This satisfied the three areas of
investigation outlined earlier. In some cases, however, testing was limited by
unstable combustion or combustion air availability (fan T1imited). This caused the
early termination of some tests.

Coal liquefaction processes are designed to chemically clean coal by removing
ash, sulfur and to a lesser extent, nitrogen from the feed coal. The principal
differences between the fuels tested at Plant Sweatt and their petroleum counter-
parts are that synthetic fuels have a higher carbon/hydrogen ratfo and higher
fuel-bound nitrogen content. A high C/H ratio is sometimes an indication of
increased soot formation. This, however, was not found in the Plant Sweatt
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testing. Increased fuel-bound nitrogen in coal derived fuels can serve as the
precursor for another currently regulated emission, nitrogen oxides (NOy). One
of the objectives of the Plant Sweatt testing was to measure and reduce NOy
emissions through combustion modifications. These modifications were limited to
changes in the combustion process within the boiler. No equipment such as selec-
tive catalytic reduction devices was added. This was done to demonstrate the

feasibility of "no cost" options for NOy reduction in existing 1iquid fueled
boilers.

The conversion of nitrogen to NOy is predominantly a conversion of fuel nit-
rogen as opposed to the conversion of combustion air nitrogen. This conversion
(combustion) is stoichiometrically 1imited by the presence of available oxygen.
The work at Plant Sweatt relied mainly on "burners out of service" (B00S) as the
combustion modification to reduce NOy emissions. This was done, of course, in
combination with operation at minimum excess oxygen levels. The BOOS config-
uration that gave the least NOy emission on each fuel and each load was sub-
Jected to the full testing matrix of excess oxygen levels.

B00S owes its success to the resulting segregation of the boiler into two
zones: oxygen rich and oxygen lean. The B0OOS concept objective is to force the
combustion reaction to occur in the oxygen lean zone. By optimizing each burner
flame with air register adjustments and then simply closing the fuel valve on
selected burners, the B00S technique is accomplished. Burners without fuel (the
BOOS) are producing fuel lean/oxygen rich zones by still contributing combustion
air. The burners remaining in service become fuel rich/oxygen lean in two ways:

(1) The aggregate fuel flow to maintain load remains constant but increases
proportionately to those burners remaining in service with no increase in
available combustion air. This causes the burners remaining in service
to be less stoichiometrically excessive in oxygen.

(2) It is also theorized that air flow increases slightly in the BOOS as
there is no flame back pressure at these burners. This makes the burners
sti11 in service even less stoichiometrically excessive in oxygen.

of course, it is still necessary to maintain an excess oxygen level sufficient
to complete combustion by maintaining air vane settings in the B00S. It is also
desirable that particulate emissions (measured as opacity) and carbon monoxide
levels be held within acceptable 1imits rather than optimizing the NOy reduction
at the expense of other considerations.

DATA ACQUISITION

The data acquisition role at Plant Sweatt was performed by Babcock & Wilcox
and KVB. B&W used their Computerized Boiler Diagnostic System (CBDS) programmed
into a Hewlett-Packard portable computer in gathering and calculating boiler
operating data. This automated system was complemented by the traditional check-
1ist approach for non-automated control room information. The CBDS recorded
approximately 200 data points every sixty seconds for refinement into ten minute
averages for each test. Data measurement devices included extensive thermocouple
grids, differential pressure transmitters and extractive flue gas analysis both
before and after the air preheater. Instantaneous scan values could be read on a
CRT screen while data values and averages were stored on a non-volatile, magnetic
disk. These averages were combined later to provide a single, boiler efficiency
value for each test. B&W also calibrated the plant's combustion air flow orifice



readings with their Velocity/Pressure Averaging System (VPAS) prior to testing.

Kv8 acquired real time data on several emissions and gathered many samples for
later analysis. Included in their matrix were the continuous monitoring of carbon
monoxide, carbon dioxide, excess oxygen, nitrogen oxides and sulfur dioxide. Gas
sampling for sulfur trioxides and chlorides was done intermittently as was
measurement of acid dew point, particulate loading, particulate morphology and
particulate size distributions.

At the original writing of this paper, a large portion of both B&W and KVBs
data require additional reduction and analysis. Therefore, the results and con-
clusions that follow have not yet been subject to the thorough investigation that
remains to be done as part of the EPRI contract.

RESULTS AND CONCLUSIONS

The testing of the six synthetic fuels at Plant Sweatt was very successful.
Results on the first three synthetic fuels(SRC-II(Full range mixture),
H-Coal(Heavy fraction) and H-Coal(Blended mixture)) indicate that all three have
higher boiler efficiencies and produced fewer emissions than the baseline No. 6
fuel 0il. Results of testing on the last three synthetic fuels(SRC-II(Middle
distillate fraction), H-Coal(Light fraction) and Exxon Donor Solvent) indicate
comparable findings but lack the depth of data taken on the first three fuels.

The burners out of service technique in combination with reduced excess combustion
oxygen was also very successful, providing as much as a 50% reduction in NO,
levels. These coal derived 1iquid fuels appear to be quite adequate for petroleum
1iquid replacement in existing units and should certainly be considered in the
design basis for 1iquid fuel boilers of the future. The only drawbacks to the use
of these fuels are in their material aggressiveness toward standard gasketing
materials and their implied human toxicity. Both problems should be surmountable
through simple design accommodations.

Combustion efficiency for the fuels ranged from a low of 83.6% for natural gas
at 15 MW to a high of 91.2% for SRC-II at 25 MW (Figures 2 and 3). The effi-
ciencies calculated for SRC-1I, H-Coal(Heavy) and H~Coal(Blend) are on the order
of one to two percentage points higher than No. 6 fuel o0il and five to seven per-
centage points higher than natural gas. This is strongly associated with the
higher amount of excess combustion oxygen required for natural gas and No. 6 fuel
oi1 to operate above their smoke points. Table I illustrates this point.

Table I
Ranking Of Low Excess Air (LEA) Levels (40 MW, 6 burners)

(1) 2.7% H-Coal(Heavy) (5) 3.0% H-Coal{Blend)

(2) 2.7% H-Coal(Light) (6) 3.5% SRC-II(Middle Distillate)
(3) 2.7% E0S (7) 4.0% Natural Gas

(4) 2.9% SRC-II(Full Range) (B) 5.8% No. 6 Fuel 011

As anticipated, the nitrogen oxide emissions from the coal derived 1iquids
were higher than that of No. 6 fuel oi1 or natural gas (Figure 1). However, the
combination of BOOS and LEA reduced NO, emissions as much as 50% in some cases
(Figures 4 and 5). Table II 1ists some typical results.
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TABLE II
Selected NO, Reduction Results

Excess
Fuel Load Burners 0o_Level NOy Reduction
SRC-II(Full  25MW no BOOS HEA 403PPM....eriinannn.
Range) 5% |
no BOOS LEA 301ppm...L. 53%
371%
2 B0OS LEA 19 ppm.. bt
H-Coal(Blend) 40MW no B0OOS HEA 398ppm. .., ..,
1% |
no BOOS LEA 36ppm...}. 51%
?oz |
1 BOOS LEA 195ppm. .. d. )
No. 6 Fuel 011 40MW no 800S HEA 275PPM. ey
1%
no BOOS LEA 217ppm.. . 1. 33%
15%
1 800S LEA 185ppm. .. Lol

It is interesting to note that NOy emissions from the synthetic fuels could
be lowered to a level approximating the NOy emission from optimized No. 6 fuel
011 combustion. From another perspective, optimized synthetic fuel combustion
resulted in considerably less NOy than unoptimized No. 6 fuel oil operation
(HEA, no BOOS).

Particulate emissions from the synthetic fuels were very low, on the order of
0.01 1b per million Btu. This is approximately one order of magnitude less than
particulate emissions from No. 6 fuel oi1. Also, LEA and B0OOS operation did not
significantly contribute added particulate emissions. Data on particulate mor-
phology and submicron particle size distributions are still undergoing analysis.

The difficulty in fuel hand1ing was somewhat self-imposed by the project phil-
osophy of, "no human contact®™ with the synthetic fuels. The personal hygiene
requirements (clothing changes, mandatory raingear/facemask/gloves, and restricted
areas) were more burdensome than problematic. At a plant designed specifically to
use synthetic fuels, the potential for contact with the fuel could be minimized
through bulk 1iquid storage, welded pipe joints, dry disconnect couplings and
backflushing filters. This would 1imit potential spillage (and human contact) to
infrequent fuel transfer operations and emergencies.

Overall, the consensus of the participants is that any of the six coal derived
1iquids could be used as a replacement for 1iquid petroleum fuel in this utility
boiler with no equipment modifications, equipment additions or environmental var-
iances. The relatively small modifications required at Plant Sweatt indicate that
few design criteria would be affected if these synthetic fuels were to be included
in the fuel specifications of future design criteria.

when a1l the data have been reduced and analyzed, a final EPRI report on the

work at Plant Sweatt(RP 2112-02) will be published. Further specific inquiries
will be welcomed pending the distribution of this final report.
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EMISSIONS SAMPLING OF COMBUSTION EFFLUENTS
FROM A STATIONARY DIESEL BURNING A
COAL DERIVED LIQUID FUEL

W. Piispanen, P. Webb, D. Trayser

Battelle Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201

Introduction

The purpose of this study was to evaluate the performance of a utility diesel
generator when burning a middle distillate Exxon Donor Solvent (EDS) coal derived
liquid fuel. While coal derived liquid fuels have been successfully fired in
external combustion sources (1,2), their use in internal combustion sources is
limited by 1) low octane number, 2) high distillation range 3) high nitrogen and
sulfur content and 4) high aromatic content. These factors may influence both the
engine performance and the emissions of particulates and gaseous products of
combustion.

Technical Approach

For this program a Cooper LSV-16-GDT 16-cylinder, 4-stroke, turbocharged
engine was used to evaluate various blends of EDS and a standard DF-2 fuel. The
engine was owned and operated by a public utility company. Cooper Energy Services
designed a test matrix for the evaluation of fuel blends at different engine
operating conditions and supervised the actual engine test operations. Basically
three operating parameters were varied: the fuel blend ratio as EDS/DF-2, the air
manifold temperature (AMT) and the engine/speed load conditions as kilowatts (KW)
of electrical power at rated speed. In addition a specially designed sampling
system was used to evaluate extreme blend ratios and test engine modifications
applied to only one of the 16 cylinders. Baseline tests on the DF-2 fuel were made
at the various test conditions for comparative purposes.

Sampling for gaseous emissions was conducted at two locations of the engine
exhaust. In one location a rake type probe with a heated sampling line was used
to continuously withdraw samples of the exhaust gas before it entered the silencer.
A special check-valve sampling probe was installed for the single cylinder exhaust
gas monitoring. Provision for S02/503 sampling was included in both sample Tlines.
A schematic of this system is shown in Figure 1.

The sampling for S02/503 was by a controlled condensation system based on
an original design by Goksoyr and Ross in 1962, followed by a hydrogen peroxide
impinger train. This system is now referred to as the Goksoyr-Ross train and
methods for operation are documented by both the U.S. EPA and the APHA.

Sampling for particulates was by a standard EPA Method 5 probe and impinger
train. The method was modified by adding NaOH to the second impinger to allow
determination of chloride emissions. The Method 5 sampling was conducted at the
outlet of the silencer using two perpendicular sampling ports and multiple point
traverses.
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For the program, replicate tests were conducted when feasible. Duplicate
measurements were made of SO (EPA Method 6 and on NDIR instrument) and of NO,
(EPA method 7 and chemiluminescence instrument). Analyses of particulate, $03/507
and C1 were made onsite. A1l gas monitoring instruments were zeroed and spanned
daily using certified span gases.

Test Results

Fuel Analyses. Prior to actual sampling the fuel blends were analyzed by
Southwest Research Institute (SWRI) and reported in their report to EPRI on this
project (3). The octane number of the fuel blends ranged from 49.6 for 100% DF-2
to 21.0 for 100% EDS. The higher heating values (HHV) ranged from 19,500 Btu/1b
to 18,569 Btu/1b (for 100% EDS). The nitrogen and sulfur content were variable but
reported by SWRI as 0.09 percent sulfur and 0.12 percent nitrogen. This sulfur
content is lower and the nitrogen is higher than most conventional diesel fuels.
The DF-2 sulfur content was also Tow at 0.15 percent. The H/C ratio of the EDS
was somewhat Tower than the DF-2 (approximately 0.11 compared to 0.16) indicating
a higher degree of aromatic constituents.

Baseline Tests. Baseline'diesel tests were conducted at constant rated
speed (360 rpm) and four generating loads, No Load, 1800 KW, 2600 KW, and 3600 KW.
A1l tests were conducted at 110 F AMT except for the 3600 KW condition which also
included 150 F AMT and 95 F AMT tests.

The gaseous emissions were comparable {0 those reported in other tests of
diesel generators burning No. 2 diesel fuel. 4) The 02 ranged from 10.8 percent
at 3600 KW to 18.2 percent at FSNL. As expected, the CO2 increased with increas-
ing Toad. The CO was slightly higher than expected, up to 195 ppm at 3600 KW,
indicating less than optimum performance. The S02 concentrations were Tow,
reflecting the Tow sulfur content of the fuel.

Gaseous Emissions from Blend Tests. Tests were conducted for the various
blend ratios and Toad conditions. The results from the stack emissions measurements
for the full engine tests are summarized in Table 1. This table provides averages
for each engine Toad condition as measured at the baseline fuel condition and for
the three blend ratios. As was observed in the baseline tests, the CO2 increased
with engine Toad while 07 decreased. There was no observed effect of blend ratio
on $02 emissions, although SO did increase slightly with increasing load as would
be expected. The NOy, when corrected to 15 percent 0y (dry), showed a significant
increase as load was increased to 1800 KW and then a more gradual increase up to the
maximum Toad of 3600 KW.

The results of gaseous monitoring for the blend tests at AMT of 95 F and
150 F were compared to the 110 AMT tests. The 3600 KW baseline emission tests for
95 F and 150 F AMT were comparable to the 110 F AMT tests. The gaseous emissions
showed no significant changes between operating temperatures except that the
corrected NOy appeared to increase slightly at 110 F AMT compared to 95 F AMT but
to decrease when the AMT was raised to 150 F.

Particu]ate Emissions from Blend Tests. The stack particulate emissions
for the baseline and three blend ratios were measured. The effect of blend ratios
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on the particulate emission rate is shown graphically in Figure 2. In this
representation the percent increase of the particulate emission rate over the
baseline value for the various blend ratios is plotted for the two higher engine
loads at 110 F AMT.

The effect of blend ratio on the particulate emissions is significant. The
increase in the rate over baseline is approximately the same for the two conditions
load at 110 F AMT. The increase over baseline is greater at 150 F AMT and less at 95 F
AMT. In terms of actual emissions rate based on mass of particulate per heat input,
the 50 percent blend at 2600 KW and 110 F AMT was lowest while the 66.7 percent at
3600 KW and 110 F AMT was the highest. A test of 75 percent blend at 3600 KW and
150 F AMT was observed to have a lower particulate emission rate than the reported
highest value and similarly a baseline test of 3600 KW and 150 F AMT showed a 42
percent lower particulate emission rate than either the 95 F AMT or the 110 AMT
baselines. This suggests that increasing the AMT may reduce the particulate
emission rate.

Other Gaseous Emissions. Emissions samples for S03 and chlorides measure-
ments were also included in this program. In total, 12 samples for S0,/503
measurement were obtained; 6 were in the stack location and 6 were in the single
cylinder configuration. No S03 was detected in any of the samples by the standard
titration with 0.02 N NaOH. In each of the tests for particulate emissions conducted
in this program, an impinger sample was collected for C1 determination by AgCl
gravimetric method. In all cases there was no precipitate formation indicating
chlorides were less than the detectable Timit.

Conclusions

The use of EDS/DF-2 fuel blends in utility diesels provides an acceptable
alternative to conventional petroleum based fuel operation. A blend ratio of
approximately 6€.7 percent EDS and 33.3 percent DF-2 can be used without engine
knocking at an AMT of 110°F. At an AMT of 150 °F this ratio can be extended to 75
percent EDS. The major impact of the use of EDS blends appears to be an increase in
the particulate emissions rate. The effect of EDS/DF-2 blends on particulate
emissions was significantly influenced by both blend ratio and engine load.
Increasing cne or ther other or both resulted in an increase in the particulate
emissions, though an increase in AMT may reduce the particulate emissions rates.

No information on particle size or morphology was obtained in this program.

The results of the exhaust stack measurements of gaseous emissions indicate
that the use of EDS/DF-2 fuel blends under engine load conditions resulted in a
moderate increase in CO emissions (25%) and a moderate decrease in THC emissions
(26-31%) when compared to baseline (0%) tests. The EDS/DF-2 fuel blends all showed
substantial increases in both CO and THC emissions at the no-load condition.

The emissions of NOy from EDS blends are less than or equal to the baseline
over all engine loads except for the maximum EDS/DF-2 blend where NO, levels were
slightly higher at lower loads. A 150 F AMT slightly increased the NOy for baseline
and the 66.7 percent blend at 3600 KW but lTowered the 2600 KW concentration. The
overall average percentage of NO» in the NOy at baseline conditions was approximately
9 percent. Due to problems with the NO analyzer the effect of AMT and blend ratio
on NO2 could not be determined.



There was little correlation between blend ratios and SO% emissions, all of
which were relatively low. Measurements of SO3 and C1 were below the expected lower
limits and thus the potential for corrosion should be minimal in the use of EDS/DF-2
blends.
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TABLE 1

AVERAGE STACK GASEOUS EMISSIONS DATA SUMMARY FOR FULL ENGINE TESTS
(From Reference 5)

Load o2 co 02 S02 NO NOx
(KW) (percent) {(ppm)  (percent) (ppm) (ppm) Lppm)

0 Percent Blend, AMT = 110 F

FSNL 1.8 178 18.2 67 -t 388
1800 5.6 87 13.2 73 803 835
2600 6.2 93 12.0 72 833 915
3600 7.2 161 10.8 80 986

25 Percent Blend, AMT = 110 F

FSNL 1.8 345 18.5 54 516
1800 7.8 105 13.3 60 776 835
2600 6.6 105 12.0 58 -- 895
3600 7.2 175 1.1 55 -- 962

50 Percent Blend, AMT = 110 F

FSNL 1.9 725 18.3 56 601
1800 6.0 110 13.0 56 -- 850
2600 6.7 124 12.0 64 - 878
3600 7.4 162 11.0 62 -- 991

66.7 Percent Blend, AMT = 110 F

FSNL 1.8 1200 18.5 50 540
1800 6.1 110 12.9 59 974 1007
2600 6.9 116 11.8 61 -- 1004
3600 7.3 170 11.2 62 -- 917

*Indicates data deleted due to malfunction of instrument.

Note: NO and NOy data are corrected to 15 percent 02.
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SORBATE AND LEACHATE CHARACTERISTICS OF FLY ASH
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Increased reliance on coal combustion can give rise to significant fly ash
storage or disposal problems. Most fly ash is presently used as a low cost ma-
terial for construction purposes and also as cover material for landfills.
Other, more economically advantageous uses for this inexpensive material would
be desirable. One such use for fly ash could be to treat ash pond effluent for
reuse by power plants as cooling tower makeup water. Another application could
be as sorbents of the heavy metals, toxic anions and organic substances commonly
found in leachates emanating from landfills. Over the past several years, our
laboratory has developed, under EPA Grants R803-717-91 and R803-717-02 a method
for the treatment utilizing fly ash alone or in combination with other inexpen-
sive sorbents for the removal of heavy metals, toxic anions and organics from
industrial sludge leachates and industrial waste stream effluents. During the
course of thése investigations, two types of fly ash were repeatedly collected
at different times from the some electrostatic precipitator at a coal burning
boiler of a large east coast electric utility. These fly ashes exhibited
different leaching and sorbent characteristics; 1.e. one type produced an acid-
ic leachate while the other leached basic. Although both fly ashes initially
leached both cations and anions, the leaching eventually ceased and removal of
these specles occured. For example, the fly ash whose effluent was initially
acidic leached copper (0.69 micrograms/gram of fly ash) and zinc (0.32 micro-
grams/grams of fly ash) when this material was placed in a lysimeter and eluted
with industrial sludge leachate. After a period of time the leaching ceased
and both copper and zinc in the treated eff}uent were reduced from about 2.5 mg/l
and 0.4 mg/l, respectively, to 0.0l mg/1. 1) since each fly ash type exhibi-
ted different sorbent characteristics, a mixture of both types was found to be
more effective in the treatment of industrial sludge leachates. TUp to this
point, the availability of the different types of fly ash from the power plant
could not be predicted. Ome simply had to collect what was available and deter-
mine its characteristics by testing. This lack of an adequate supply of fly
ashes with the desired sorbent characteristics inhibited the further development
of this low cost technology for the treatment of industrial waste effluemnt and
leachate from industrial landfills. Therefore, an investigation was carried out
in order to correlate the sorbent and leaching characteristics of fly ash pro-
duced with the composition of the coal and the combustion conditions that exist-
ed during the production of these fly ashes.

Three different types of coal fired boilers were utilized in this study.
One type (A), a dry bottom boiler, was operated with flame temperatures below
the ash fusion temperature of the coal ash. The second type (B), a wet bottom
boiler, was operated at flame temperatures which exceeded the ash fusion tem-
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perature of the coal ash. The third boiler types (C&D), dry bottom tangentially
fired boilers, were operated with flame temperatures that.were comparable to the
ash fusion temperatures of the coal.

Six high fusion coals and five low fusion coals were burned in these three
different boiler types under closely monitored conditions. Table 1 gives a
listing of these coals by mine name and .locatiom.

TABLE 1

COAL BURNED UNDER TEST CONDITIONS

B e e

Mine Location
High Fusion Coal
Militant Pennsylvania
Deep Hollow West Virginia
Upshur West Virginia
Badger West Virginia

Mine Mouth C
Mine Mouth D

Wellmore Cactus
Wellmore Ackiss
Ellsworth

Nora

Blend

Low Fusion Coal

Pennsylvania
Pennsylvania

Virginia
Virginia
Pennsylvania
Pennsylvania
Not known

Table 2 gives the temperature profile observed in the boilers along with
the coal, natural gas and oil feed rates when co-fired or relative power out-
puts when the coal feed rate was unavailable, boiler additive feed rates, per-
cent excess air, ambient air temperature, barometric pressure and power genera-
tion level.

During the combustion of the test coal, coal samples were collected at the
entrance to each pulverizer just prior to being burned. The collection of fly
ash was timed to correspond to the coal being burned. Different size distribu-
tions of the fly ash were obtained by the collection of samples from both the
front and back row of electrostatic precipitators. The coals and their ashes
were analyzed for %C, %S, %5i0;, %Al,03, ZFe203, %Cal0, %K,0, 7%Naz0, %Mg0O, ppm
of Ti, Cd, Cu, Cr, Pb, Zn, Sn, Ni, Mn, ash content and ash fusion temperatures
according to ASTM procedures.

The difference in leaching of Cadmium, Borom, Tin, Molybdenum, Nickel,
Lead, Copper, Chromium, Zinc, Manganese and Iron from both the high fusion and
low fusion fly ashes in general were found to be dependent upon the differences
in trace amounts of these elements present in the fly ash, the differences in
the size of the fly ash particles and the differences in boiler temperatures
encountered by the fly ashes during their -generation.

The differences in the amount an element is leached from the fly ashes was
found to be related directly to the concentration in the fly ash for a majority
of the elements examined. The differences in the amount of an element present
in the high fusion fly ashes in turn is determined by its concentration in the
coal and the size of the fly ash particles. The smaller fly ash particles
were found to contaln greater amounts of specific element than the larger part-
icles. In comparison, the differences in the amount of a specific element
found in the low ash fusion was observed to be dependent on its concentration
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in the coal, its particle size as well as boller temperatures. The smaller low
fusion fly ash particles and lower boiler temperatures, when compared to the
larger particles and higher boiler temperatures, contained the greater amounts
of the majority of thé above elements.

TABLE 2

Upper Reading Conditions of Coal Fired Boilers

Botler A Cenerstion Station Additive
Feed Rate Boiler Temperature (F)
Coal of1 GCas Pressure Excess OZ LPU-40 CTRL M Above Super

Coal {TPH) X____(MCF) (HH/S) b4 Cal/hr _ Lba/br Power Flame  Hauket lleater
Militant 110 0 2900 3o.8 5.4 18 5 full - - -
Hilitent 108 0 400 30.5 8.0 18 25 nin. - - -
Hil{tant 102 0 1125 30.5 6.6 18 a5 int. - - -
Militent 110 0 145 30.5 3.9 17.5 25 full - - -
Deep Hollow 140 32 [} 29.65 5.4 14 25 full - - -
Deep lollow 114 [} 29.65 8.0 14 5 low - 1450 -
Deep Hollow 142 4] 4] 29.65 6.8 16 20 int, - 1550 -
Upshur 198 [} 1] 29.8 6.7 18 0 full 2670 1590 1565
Badger 188 [} 1] 29.3 3.1 18 25 full 2550 1750 1440
Boiler B Guacratiun Station Addltivees 11 Boller Temp. #12 Rebearor Temp.

Relative z Ferd Rales Above Above
Povwer Pressure Excess LPA-4Q cControl M Flame Flame

Coal output I {mnlig) 0, gal/hr  1be/hr Flame  Basket _ Arch Flame  Basket  Arch
Wellmore
Cactus M1 89 - 3.8 n 0 150 1620 2080 3150 1530 1480
Vellwore
Cactus 92 100 27.8 33 28 [} 3125 1400 1680 2970 1400 1320
Blend 95 27.8 3.4 28 [ 3100 1815 2250 3100 1737 1835
Ellsworth 98 21.7 3.5 0 0 3100 1815 2240 3i00 1740 1820
Wellmore 94 27.8 16 0 ! 3050 1900 180 2950 1115 1500
Ackiss 50 27.8 5.0 16 0 2870 1590 1780 2950 1620 1500
Nora 97 - 3.5 2n 0 3100 1859 2175 3250 1700 1700

Doiler € snd Boiler D Generstion Station

Addicive Boiler Temperature
Feed Rate Avove
Coal Preasure LPA~40 Control M Flame
Casl (TP {oatg) X Excess 07 gal/hr 1ba/hr Power Flame  Basket Arch
Boiler C 213 - 4.2 0 0 full - 2600 -
Boller D 1303 - 4,7 0 4 full 2650 2700 2700
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There appears to be some correlation between the differences in trace ele-
ment leaching observed for the fly ashes and the concentration of these elements
at the surface of the fly ash particles provided that greater than 507% of the
element is concentrated at the surface. Hansen and Fischer (Z)have shown that
the major portion of the Cd, Cu, Zn, Cr, Pb, and Mo present in the fly ash part-
icles are concentrated at the surface of the fly ash particles. Our results
reveal that the difference in leaching of the Cd, Cu, Zn, Cr, Pb and Mo by a ma-
jority of the fly ashes can be correlated with the differences in the amounts of
those elements present in the fly ashes. However, when the trace elements are
not concentrated at the. surface, as was reported by Hansen and Fischer to be the
case for Ni and Fe‘“’, our results indicate no correlation between the difference
in leaching by the fusion fly ashes and the differences in the amounts of these
elements present in these fly ashes.

The exceptions to the above correlations is Mn. Although, the concentra-
tion of Mn at the surface of the fly ash particles was reported by Hansen and
Fischer to be less than 50%, our results show that most of the differences in
leaching exhibited by the Blend, Wellmore Cactus #1, Militant, Deep Hollow and
Wellmore Ackiss fly ashes can be correlated with the differences in the amount
of manganese present in these fly ashes.

Differences in the leaching of the above elements as they relate to part-
icle size and boiler temperatures is explained as follows. A comparison of the
elements leached from small fly ash particles and large fly ash produced from
the same coal under the same boiler conditions show the smaller particles in
general leach greater quantities of the above elements than the larger particles.
If the distribution of leachate elements within the different phases present in
the fly ash are the same, the smaller particles would expose a greater leachable
surface area.

Boiler temperatures probably influence the leaching characters of the fly
ashes by fixation of the leachable elements. The different leatching results ob-
tained with the low fusion fly ashes produced from the same coal at the same
time indicated that operation of the boller at temperatures above the ash fusion
temperatures, along with the ash.remaining in the fused state for longer lengths
of time can reduce the leaching exhibited by the fly ashes. Apparently, these
temperatures, lead to some fixation of these elements into the non-soluble por-
tion of the fly ash. The leaching results suggest that the leachable elements are
contained to some extent within a water soluble component located at the surface
of the ash which is eventually removed when the fly ash is brought in contact
with the aqueous ash pond effluent. The leachable amounts of each element can
be in general related to 1) the amount of this element present in the fly ash
(provided that a major portion to the element is located at the surface), 2) the
surface area of the fly ash particles and 3) the boiler temperature encountered
by the fly ashes during their formation.

Three separate ash pond samples were used to evaluate the effectiveness of
the fly ash in treating fly ash pond effluent. Analysis of these ash pond sam-
ples are presented in Table 3.

The results show that fly ash can be used for treatment of C4, B, Sn, Mo,
Ni, Pb, C, Cu, Zn, Mn, Fe, As and organics in these ash pond effluents. Remo-
vals of greater than 75 percent were achieved for all of the above elements
with the exception of Boron and Molybdenum where removals of only 21% and 43%,
respectively were obtained. For example, Figure 1 shows that the concentration
of lead remaining in the treated ash pond sample remained below detectable
levels with no indication of breakthrough even after passing 36 liters of ash
pond sample through the fly ash generated from the Nora coals. These removals
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were achieved even though the concentration of lead in the ash pond sample was

increased to 3.0 mg/l (see dotted line in Fig.l). The maximum allowable primary

drinking standard for lead is 0.05 mg/l. The exceptional removal of lead does

not appear to be due to precipitation since the concentration of lead in the ash

pond sample was kept below the maximum solubility of the lead as measured as a
function of pH (See Fig. 2). Also, the pH measured in the treated ash pond

effluent ranged from an alkaline value of 10 down to an acidic value of 6 during

the removal of lead from 36 liters of ash pond sample. (See Fig. 3).
TABLE 3

Elemental Concentration of Actual Ash Pond Effluent Used
In Fly Ash Sorbate Characterization

Sample A Sample B Sample C
Elemerit mg/1 mg/l mg/l
Cadmium N.D.* N.D,* 0.02
Boron 3.30 3.30 2.80
Tin 0.90 2.07 1.01
Molybdenum 3.0 2,70 0.41
Nickel 0.26 0.11 0.09
Lead 1.80 0.35 0.62
Copper .01 0.01 0.09
Chromium .48 0.18 0.09
Zinc .16 0.06 1.48
Manganese W24 0.24 0.40
Iron 0.22 0.05 0.10
Arsenic 0.16 0.15 0.13

*N.D. - below measurable limits

The general sorbate characteristics of the fly ashes are favored by low ash
fusion temperatures, combustion temperatures that favor the fusion of the fly
ash during formation and the time that the fly ashes remain in the fused state.
No correlation could be established between the sorbate characteristic of the
fly ashes and their bulk major, minor and trace elemental compositions nor with

their major and minor elemental surface compositions. Also, no correlation could

be established between the treatment achieved with the fly ashes and particle
size of the fly ash particles. Only the carbon content of the fly ash could be
related to its organic removal properties.

The sorbate capacities of the fly ashes, identified in this investigation
to provide the best treatment, average about 80 ug/gm for the Cadmium, Copper
and Zinc, 3.4 ug/gm for Arsenic and 700 ug/pgm for the organics. However, the

sorbate capacity for Arsenic may be increased with further washing of the fly
ashes.

These capacities were found to be independent of pH in the range from
about 6 to 10. Also, the removals of Cadmium, Copper, Lead and Zinc were ob-
served to be independent of their inlet concentrations in the ranges from 0.52
mg/1 to 2.0 mg/1, 0.52 mg/l to 3.5 mg/l, 0.30 mg/1l to 3.0 mg/l and 0.56 mg/1 to
4.0 mg/1, respectively.

Greater than 75 percent removals of the Cadmium, Copper and Zinc present
in the ash pond samples were achieved within a 15 minute contact time between
the fly ash and the sample. The results indicate that removal of the above
elements in ash pond effluent can be achieved with the same fly ash that origi-
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nally leached these elements. The washed fly ash was observed to have a signifi-
cant excess of sorbative capacity beyond that required to treat the elements ori-
glnally leached from the fly ash.

Financial support for this work was provided by the U.S. Department of
Energy, University Coal Research Programs PETC, Pittsburgh, Pennsylvania under
Grant No. DE-FG22-80PC30231.
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OXYGEN ISOTOPIC STUDY OF THE OXIDATION OF SO,
BY H,0, IN THE ATMOSPHERE

B. D. Holt and R. Kumar

Argonne National Laboratory, Argonne, Illinois 60439

INTRODUCTION

Considerable interest has been shown in the possibility of using oxygen isotopy to elucidate the role of
H20; in the oxidation of SO; to sulfates in the atmosphere (1). The potential importance of H2O; lies in the
view that aqueous-phase oxidation of SO, to H2SO, probably accounts for a major fraction of the observed
SO2~ in the precipitation occurring in the northeastern United States. The key reactants responsible for
the this oxidation are not well known, although a large number of possible catalysts and oxidants exist
in the atmosphere, including carbon, transition metal ions, hydroxy! and organic free radicals, hydrogen
peroxide and ozone. Of these, the last two are the only ones believed to be present in sufficient quantity to
produce the observed amounts of SO2~ in wet deposition. It is quite possible that the atmospheric oxidation
of SO, is limited by the availability of one or both of these oxidants, rather than by the availability of
SO¢ itself. It is therefore important to determine if indeed H2O2 has a pivotal role in acid formation and
deposition from the atmosphere.

Oxygen isotopic studies are useful in distinguishing between the different oxidation mechanisms effective
in the atmosphere. Laboratory simulation of several different atmospheric reaction sequences has shown
that the oxygen isotope ratio in the product SO3~ is uniquely related to the reaction pathway fol-
lowed in its formation (2). It may therefore be possible to determine if the atmospheric hydrogen peroxide
is responsible for significant oxidation of SO2 to sulfate, and if it is this oxidant that limits the aqueous-
phase formation of sulfuric acid. The results of these studies could have significant implications for
energy technology, particularly if they indicate that it may be more important to reduce the ambient
concentrations of H2O; than of SO..

In the 1981 JASON committee report to the U. S. Department of Energy (1), some recommendations
for further research were based, at least in part, on our earlier work on SO; oxidation by H,O; (3). In
those studies the §'0 [deviation in parts per thousand (%) of the '80/'%0 ratio of the sample from
that of the standard reference material, Standard Mean Ocean Water (SMOW)] of sulfates produced by
H20; oxidation were significantly lower than the §'20 of sulfates found in rainwater. However, the §180
of the reagent-grade H202 used in those experiments was not known. The results suggested the need for
isotopic analysis of H2Oz in dilute solutions, and for a methodology whereby the §'%0 values of H,O,,
H0, and SO2~ in rainwater could be compared in order to assess the im portance of H,O in the formation
of sulfate-constituted acid rain.

EXPERIMENTAL

The plan of this investigation was to develop a method for the determination of the §180 of H,0; in
dilute aqueous solutions (simulating rainwater); to prepare solutions of HyO3 of various '®0 enrichments;
to use the freshly prepared solutions of H202 to oxidize SO, to SO~ for evaluation of the relationship
between J'BQSOi_ and §'%0y, 05, and to apply this relationship to the measured §'%0p,0,, 6'30503_,

and 6”OH o) in precipitation water, for assessment of the importance of HzO; in the atmospheric
transformation of SO2 to sulfate.

Development of Analytical Method

No suitable analytical method was available for the quantitative extraction of the oxygen in HoO,,
(dissolved in water in the ppb range), for isotopic analysis. A 4-step method was developed (4). It consisted
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of the removal of dissolved Op from 20-liter samples of water by a combination of evacuation, ultrasonic
agitation, and sparging with helium; oxidation of the dissolved H202 to Oz in the water with KMnOy;
removal of the newly formed O, from the water in a carrier-gas stream; and conversion of the Oz to CO»
by reaction with platinum-catalyzed carbon at 600°C. The CO2 was then mass spectrometrically analyzed
for its §'80 (identical to that of the oxygen in the original H;O2).

To confirm the absence of appreciable isotopic interference by oxygen exchange between the H,O and
either the H2O2 or the Oz, before, during, or after the oxidation reactions, the reaction was carried out
in the presence of three different water supplies of various §180. The results in Fig. 1 show that the §'%0
of the CO, product was unaflected by the §'%0 of the water solvent.

Synthesis of §'%0-enriched H;0,

Hydrogen peroxides of various §'®0 were not commercially available. A suitable method of synthesis
was identified and successfully applied to the laboratory preparations of four stock solutions of H;O2 of
different §'®0. By this method(5}, H2O; is formed by exposure of different supplies of water vapor (each
differing in §'%0) to a high-voltage (~1.4 kV) discharge in ~100 cm of 10-mm o.d. glass tubing between
two water-cooled aluminum electrodes. Some of the HO radicals formed by the dissociative reaction

2H;0 = 2HO + 2H 1)

are condensed in a liquid-nitrogen cold trap where they combine to form H2O3, leaving the H radicals to
combine in formation of H; and be pumped away through the vacuum line.

Other techniques which we experimentally found to give inadequate yields of H;O2 were conduction
of an electric arc across a stream of aerosolized water droplets (8), excitation of water vapor by a radio-
frequency silent discharge in a glass chamber (7.5 cm dia X 20 cm long) in a commercially available
plasma cleaner unit, and excitation by a glow-discharge unit (4.8 cm dia X 70 cm long) that had uncooled
aluminum disk electrodes (7).

Oxidation of SO; to SO~ by H20,

Using the four stock solutions of hydrogen peroxide, each of different §120, sulfate solutions of
correspondingly different §'80 were prepared by oxidation of SO, (of constant §'20) in water (§!°0=
~7.9%). In Fig. 2 the 6'®0 of each resulting sulfate is plotted versus the §'80 of the H,0, and the
equation of the best-fit regression curve is

5180

sor = 043 60y, 0, +3.5% 2)

The regression curve of the previously determined (3) relationship between 6'80802_ and "wOHzO in
4
aqueous-phase oxidation of SO2 by H,0; was

6“0502_ = 0.576"*0y, 5 ~ 2.4% 3)
Assuming that all significant effects of the §'%0 of the SO, on the §180 of the SO3~ are lost by rapid
isotopic exchange between the SO, and the large excess of water, prior to appreciable oxidation (3),

§'80,0 and 6“’0;,{202 remain as the only two complementary variables in the equation for §'%0

502~
therefore, the comprehensive regression curve for § wOSO" is
H
6“0503— = 057 6'80H20 +0.43 6'80]_1202 +C 4)
3 2
= ~g JISOHQO +~g 6180}1202 +C 5)
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The constant, C, was evaluated at 8.4%, from the data given in Fig. 2 by substituting the corresponding

measured values for §'%0 d §'%0yy,0,, and —7.9% for §'°0y, .

so2- 30

The comprehensive equation then became

5180 = 0.57 §'%0y,0 + 043 6'50y, 0, + 8.4% 6)

soi~
and can now be used to calculate 6“‘0503_ from JS"’OHzO2 and J'BOHzo of rainwater for comparison

with corresponding measured values of 6'50302-. This comparison may prove to be uniquely useful in
n

the assessment of the importance of HyO4 in the oxidation of SO, to SOf‘ in the atmosphere.

The slope of 0.43 (approximately 2/5) in Equation 2 of the regression curve through the data of
Fig- 2 confirms the evidence of the intermediate species, H;Oz - SO?~, which was previously proposed (3).
Apparently, the §'0 of the sulfate product is 2/5-controlled by the two oxygens in the H,O; of the adduct,
and 3/5-controlled by the SOZ~, which, in turn, is isotopically controlled by rapid oxygen exchange with
the large excess of water with which it is associated.

PRELIMINARY RESULTS

The thrust of this paper is to report the readiness of a new isotopic method for studying the oxidation
of SOz by Hz0; in the atmosphere. So far, the analytical procedure has been applied to samples of
rainwater from only two rain events at Argonne, IL. We recognize the uncertainty of the significance
of results from so few samples; however, we present them as suggestive of what may follow in more
comprehensive sampling programs.

The rainwater was collected by four 1-m? dish-shaped plastic funnels. The funnels were inverted
skylights, fitted with drainage connections. Enough water was collected to provide duplicate 20-liter
samples from each of the two rains. The first duplicate of each rain was analyzed as soon as operationally
practical after collection; the second, a few days later, after storage in the polyethylene bottles in a “cool,”
unrefrigerated location. The analytical procedure was also applied to a dilute solution of H,O, from a
reagent-bottle supply of 30% H203 (Fisher Scientific Company, H-325 Lot 720017), added to 20 liters of
distilled water.

The results of these analyses are given in Table 1. The concentrations of H2O2 in rainwater (derived
from measurement of the CO, formed from the O3 of H,O; origin) ranged from 55 ppb and 35 ppb in the
first duplicates of each sample, to 16 ppb and 5 ppb in tbe second duplicates. The decrease in concentration
during storage for each sample was apparently caused by autodecomposition of the H,O5. The §'20 of
the H202 (~31% for each sample) was relatively high in comparison to that of air oxygen (23.5%,) and
very high in comparison to the reagent-bottle HoOp (~~—6%).

The measured values of §'%0 for sulfate in the first duplicate sample of each rain appeared to be
significantly less (2-3%,) than the values calculated from the §!%0 's of H;O and H20,, using Equation 6.
This suggests that the SO}~ in a fresh sample of rain may be a mixture of SO3~ formed by H2O, oxidation
of SO, and SO3~ formed by other mechanisms known to yield lower 6'°0 values (3). The apparent decrease
in §'®0yy, o, {and correspondingly the calculated J'BOSOz_) with autodecomposition of the H,O; during

storage is surprising and not yet fully understood. Whether the 510 of the residual H,O increases or
decreases during autodecomposition may depend on the catalyst(s) involved in the reaction (8-10).
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TABLE |

SUMMARY OF RESULTS, H;0, IN 20-L SAMPLES: REAGENT, RAIN

Storage H.O.
22— 18
Duplicate  Time  Concentration Recovery 6'°0y,o §'%Oy,0, §1%0g 42—
Sample (days) (ppb) (%) (measd)  (measd)  (caled)* (measd)
(%) k) (%) (%)

Reagent 1 0 425 95 —5.4

FsC 2 0 425 96 —6.5

Raiu 1 3 55 - -4.1 311 19.5 16.2
9-25/84 2 8 16 - 224 15.7

Rain 1 1 35 - =33 30.8 19.7 17.6
10-18-84 2 5 5 - 224 16.1

° 6“0503_ (cated) = 0.57 E‘BOHzo (meaed) + 0.43 6“0“202 (meaed) + 84.
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Abstract

Historically, the combustion of fossil fuels has directly or indirectly been
the source of air contamipnants at three levels; local, regional, and global.
Pollutants of importance at the local level have included sulfur dioxide and
trace metals, Local forest damage is confined to a zonme of a few km immediately
surrounding a facility and for a distance of several to tens of km downwind.
Regional air pollutants may be deposited over expansive forest areas because
they are transported tens or hundreds of km from point of release due to small
size or snythesis in the atmosphere from precursors introduced into the
troposphere. Regional air pollutants of potential influence for forests
include; oxidants, trace metals, and acid deposition, Global pollutants
infleence the entire atmosphere of the earth, e.,g. halocarbons and carbon
dioxide. The latter is important because of the potential it has to influence
global climate, Risks associated with regional and global air pollution and
forest health are high, The evidence available to describe the total boundaries
of the problem for all pollutants is incomplete.

Introduction

A challenge of developed nations throughout the temperate zone is air
quality policies that protect natural resources as well as human heal th,
Throughout Europe and North America, the decade of the Eighties will be recorded
as 8 period of profound decisions regarding atmospheric contamination and
nptural resource quality. The central issues for those interested in forest
health are as follows. Is air pollution influencing the growth of forests or
individual species, changing the species composition of forest communities or
destroying certain tree species, associated plants or animals over significant
forest areas? In an effort to answer this question, I shall discuss the
spatial scales of air pollution stress and what we know about the response
of trees to pollutants at these scales.

Local, regional and global-scale air pollutants

Local—

During the first two thirds of the twentieth century, research and
regulatory efforts were focused on local air pollutants and acute vegetative
effects. Pollutants of primary concern were sul fur dioxide, particulate and
gaseous fluoride compounds and numerous heavy metals such as lead, copper, and
zinc. Occasional interest was expressed in other inorganic gases including
ammonia, hydrogen sulfide and chloride, and chlorine, The sources of these
pollutants were and are typically discrete and stationary facilities for:
energy production, for example, fossil-fuel electric gemerating plants, gas
purification plants; metal related industries, for example, copper, nickel,
lead, zinc or iron smelters, aluminum production plantg; and diverse other
infustries, for example, cement plants, chemical and fertilizer plants and pulp
mills,
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It is appropriate for us to consider the above pollutants local—scale
because forest areas directly affected by these facilities are typically
conf ined to a zone of a few km immediately surrounding the plant and for a
distance of several to tens of km downwind., The dimensions of the surrounding
and dowmwind zones of influence are variable and primarily controlled by source
strength of the effluent, local meteorology, regional topography and
susceptibility of vegetation, In any case, the forest influence is confined to
a region generally less than a thousand hectares.

Regional-

During the past three decades we have become increasingly aware of
regional-scale air pollutants, The regional designation is applied because
these contaminants may affect forests tens, hundreds, or even thousands of
kilometers from their site of origin, The regional air pollutants of greatest
documented or potential influence for forests include: oxidants, most
importantly ozone; trace metals, most importantly heavy metals — e,g. cadmium,
cobalt, copper, lead, mercury, molybdenum, nickel, vanadium, zinc; and acid
deposition, most importantly sulfuric and nitric acids. Ozone, sulfuric and
nitric acids are termed secondary air pollutants because they are synthesized in
the atmosphere rather than released directly into the atmosphere, The precursor
chemicals, released directly into the atmosphere and causing secondary pollutant
formation, include hydrocarbons and nitrogen oxides in the case of ozome, and
sul fur dioxide and nitrogen oxides in the case of sulfuric and nitric acid. The
combustion of the fossil fuels coal, o0il, gas release some hydrocarbons and
sulfur dioxide., The heat of combustion causes nitrogen and oxygen to react and
form nitrogen oxides. Many activities generate small particles (approximately
0.1 — 5 ym diameter). Those activities associated with combustion (particularly
coal burning) can preferentially contaminate these small particles with trace
metals, Because the formation of secondary air pollutants may occur over tens
or hundreds of km from the site of precursor release, and because small
particles may remain airborme for days or weeks, these pollutants may be
transported 100 to more than 1000 km from their origin. Eventual wet and dry
deposition of the pollutants onto lakes, fields, or forests may occur over large
rather than small areas.

The U.S. Envirommental Protection Agency and the U.S. Department of
Agriculture, Forest Service established a network of air monitoring
stations to measure ozone concentrations in remote areas of National Forests.
Analysis of selected high ozonme events during 1979 suggested that long—range
transport of air masses contaminated by urban centers contributed to peak
concentrations at remote sites (3). In a study of rural ozome episodes in the
upper-midwest, Pratt et al. (18) presented evidence that ozone and precursors
were transported 275 km from Minneapolis-St. Paul. Studies of trace metal
concentrations, in the atmosphere in remote northern and sovthern hemispheric
sites revealed that the natural sources include the oceans and the weathering of
the earth’s crust, while the major anthropogenic source is particle air
pollution (23). Murozumi et al, (13) showed that long range transport of lead
particles from automobiles significantly polluted polar glaciers. We estimated
the annual lead deposition on a remote northern hardwood forest in New Hampshire
to be 266 g per hectare. This caused lead contamination of the forest floor 5-10
times greater than the estimated pre—industrial concentration (20).

BEvidence is available, satellites, surface deposition of aerosol sulfate and
reduced visibility (2, 22, 28), for long-range transport of acidifying
pollutants from numerous sources, During the winter, approximately 20 percent
of the emissions from tall power plant stacks in northeastern United States may
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remain elevated and relatively coherent for more than a day and 500 km (24).

The long distance transport of regional pollutants means they may have
interstate, international and even intercontinental significance. It means
further that the forests subject to their deposition exceed tens of thousands of

Global-

In the past 25 years, we have become concerned with a third scale of air
pollution-—global, Global pollutants affect the entire atmosphere of the earth.
Two global air pollutants of special note include carbon dioxide and
halocarbons.

Careful monitoring of carbon dioxide during the past two decades in Hawaii,
Alaska, New York, Sweden, Austria and the South Pole has firmly established that
carbon dioxide is steadily increasing in the global atmosphere, This increase
is due to anthropogenic activities including fossil fuel combustion, It may
also be caused by altered land use management, such as, forest destruction in
the tropics, The atmospheric carbon dioxide concentration has been estimated to
have been approximately 290 ppm (5.2x104 pg m~3) in the middle of the nineteenth
century. Today, the carbon dioxide concentration approximates 340 ppm (6.1 x
10° ug n3) and is increasing about one ppm (1.8 x 103 pg m°) per year., In
1977-78 it increased 1.5 ppm (2.7 x 103 HE m_3). In the year 2020, if the
increasing rate continues, the carbon dioxide amount in the global atmosphere °
may be nearly two times the present value (5).

Naturally occurring stratospheric ozome is important because it screens the
earth from biologically damaging ul traviolet radiation —— light with wavelengths
between 290 and 320 nanometers — released by the sun. Halocarbons released by
humans can deplete the natural ozone layer surrounding the earth., In summary,
halocarbon molecules, especially chlorofluoromethanes, released by various human
activities, are transported through the troposphere, They pass through the
tropopause and lower stratosphere and are decomposed in the mid- to upper—
atmosphere. Free chlorine, resulting from decomposition, causes a rapid,
catalytic destruction of ozone. In 1979, the National Academy of Sciences
estimated that release of halocarbons to the atmosphere, at rates inferred for
1977, would eventually deplete stratospheric ozome 5 to 28 percent, most
probably 17 percent (14). 1In 1982, the National Academy revised its previous
estimate and suggested a depletion from 5 to 9 percent (17).

Affect of local—scale, regional-scale and global-scale air pollution on forest
ecosystems

Local—

High deposition of local air pollutants has coused documented forest
destruction, High sulfur dioxide or fluoride doses, severely injure or kill
forest trees. The ecosystems, of which the trees are a part, are simplified,
lose nutrients, sustain soil erosion, have microclimates and hydrologic patterns
altered and ultimately they are destroyed or comverted to more resistant seral
stages, Miller and McBride (12) reviewed the forests destroyed by local air
pollution. Early in this century, it was clearly documented in numerous
locations throughout North America that sulfur dioxide and trace metal pollution
destroyed forests surrounding metal smelting facilities. Smelting centered in
Ducktown, Tennessee devastated the southern hardwood forest over 27 km? (10.5
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mi?) surrounding the plant, coverted an additional 68 2 (17,0004) to grassland
and created a 120 km? (30,000A) transition zone with altered species
composition. Smelters in the Sudbury, Ontario, Canada area have caused

simpl ification of the surrounding mixed boreal forest and have caused eastern
white pine mortal ity inm a 1865 kmZ (720 miZ) zonme to the northeast.

Al uminum reduction plants have al so caused local forest destruction. In
Montana, fluoride pollution killed or severely injured pouderosa pine and
lodgepole pine on 8 km? (2000A) surrounding a plant., In Washington, ponderosa
pine mortal ity and morbidity resulted over a 130 km? (50 mi?) area in the
vicinity of an aluminum plant,

Local pollutiou has cansed extensive forest destruction throughout Europe.
Exemples are in Austria, Gemany, Hungary, Norway, Poland and Sweden,
Industrial operations along the northern border of (zechoslovakia have caused
extensive forest destruction,

Regional-

Deposition of regional pollutants subject forests to different perturbations
then local- pollutants because the doses are less, Rather than severe tree
morbidity or mortal ity with dramatic symptoms, regional pollutants subtly change
tree metabolism and ecosystem processes. Smith (19) provided a comprehensive
review of subtle air pollution forest stress.

Regional air contaminauts may influence reproductive processes, nutrient
uptake or retention, metabolic rates (especially photosynthesis), aud insect
pest and pathogen iuteractions of individual trees. At the ecosystem level,
regional air pollutauts may influence wutrient cycling, population dynamics of
arthropod or microbial species, succession, and biomass production. In the
instance of high-dose local-scale pollution, the symptoms are typically acute,
drematic and obvious (severe disease, mortality, forest simplification). In the
case of lower—dose regional-scale pollution, the symptoms are typically not
visible (at least initially), undramatic and not easily measured. The
integration of regional pollutant stresses is slower growth, altered competitive
abilities and changed susceptibility to pests. Ecosystem symptams may include
altered rates of succession, changed species composition and biomass
production. Symptom developmeut is, of course, much slower at the regiomnal
scale, BEvidence of the relative importance of regional pollutants is
variable, caused in part by the length of time that has been devoted to the
study of individual pollutants and in part by the subtleness and complexity of
the pollutant interactions. The toxicity of trace metals has been studied for
approximately 60 years, of ozome approximately 25 years and of acid deposition
approximately 10 years.

Table 1 suggests the relative strength of evidence for forest responses to
regional pollutants. A review of the column totals suggests we know most about
the regional effects of oxidants, less about regional effects of trace metals
and least about regional effects of acid deposition. A review of the row totals
suggest s tree and ecosystem processes especially vulnerable to air pollution
stress. The processes with a total of five or more iumclude; litter
decomposition, seedling survival, photosynthesis, foliar necrosis, tree growth,
microbial pathogen activity, and ecosystem succession plus species composition.
These are the tree and ecosystem processes at particular risk from regional air
pollution Fig. 1 provides an overview of regional air pollution influence on
forest trees and ecosystems.



Global-

Increasing carbon dioxide concentration and decreasing stratospheric ozome
concentration of the atmosphere may alter global radiation fluxes. Presumably a
primary result of more carbon dioxide in the air will be waming. While
incoming solar radiation is not absorbed by carbon dioxide, portions of infrared
radiation from earth to space are, Over time, the
earth would become wamer. While the forces controlling global temperature are
varied and complex, the increase of 0.5°C since the mid-1800s is gemnerally
agreed to be at least partially caused by increased carbon dioxide. By 2000 it
may increase an additional 0.5°C. Numerous models advanced to estimate the
average global warming per doubling of carbon dioxide project 0.7 to 9.6°C.
Natural impacts on climate, such as solar variability, remein important and
of unclear relationship to anthropogenic causes. A mean global average surface
warning, however, of 3 + 1.5°C appoars reasonable (National Academy of Sciences
1982 a, b).

The consequences of a warmer global climate, with even a very modest
temperature increase, on the development of forest ecosystems, could be
profound. Warming, with increased carbon dioxide in the atmosphere, might
enhance forest growth. Manabe and Stouffer (8) have estimated that a
doubl ing of atmospheric carbon dioxide would cauae a 3°C warming at the U.S.-
Canadian border, while Kellogg (6) has suggested that a rise of 1°C in mean
summer temperature extends the growing season by approximately 10 daya. Other
changes associated with global warming, however, may restrict foreat growth.
Physiological processes of plants, especially photosynthesis, transpiration,
respiration and reproduction are sensitive to temperature, With warming,
respiration and decompositon may increase faster than photosynthesis.
Transpiration and evaporation increases may eshance stress on drier sites.
Reproduction may be altered by changes in dynamics of pollinating inseots,
changes in flower, fruit or seed set, or changes in seedling production and
survival., The geographic or host ranges of exotic microbial pathogens or insect
pests may expand. Previously innocuous endemic microbes or insects may be
elevated to important pest status following climatic warming. Preocipitation
changes are associated with global warming, and certain areas will receive more
and others less. Those areas receiving less precipitation will al so experience
increased evaporation and transpiration., Waggoner (26) has estimated that the
projected change in weather by the year 2000 caused by increased atmospheric
carbon dioxide, will cause moderate decreases of 2-12 percent in yield of wheat,
corn and soybeans in the American graim belt due to increased dryness, While
agriculturists may be able to adopt new crop varieties to a drier olimate,
forests cannot be similarly manipul ated. Increased drought stress over
widespread forest areas would be expected to initiate new rounds of progressive
tree deterioration termed dieback/decline disease. Drought is the most common
and impor tant ini tiator of forest tree decline, Forest stresses caused by other
air pollutants and other agents most be evaluated against this background of
forest change caused by climatic warming,

A serjous conmsequence of amthropogenic release of hal ocarbons to the
atmosphere is the depletion of naturally occurring stratospheric ozome. Some
reduction in halocarbon releese has been achieved in the United States and a few
other countries. Immediate termination of all release worldwide, however, would
still leave the world with important stratospheric ozome reductions during the
next decade. Reduced upper—air ozome would increase ultraviolet radiation
reaching the surface of the earth, Current understanding does not allow an
ioveutory of the impacts of increased ultraviolet radiation on forests. Studies
of more than 100 agricultural species showed that increased ultraviolet exposure
reduces plant dry weight and changes the proportion of root, shoot and leaf
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tissue. Studies of more than 60 aquatic organisms showed that many were quite
sensitive to current levels of ultraviolet radiation at the water surface (9).
Chlorofluorocarbons can also contribute to global waming in a manner

similar to carbon dioxide.

Regional pir pollutants are the most important concern of forest managers.

The effects of local air contaminants on forests have stabilized in the
vicinity of existing point-sources of air pollutants. In numerous cases
improvements have been achieved. In the case of sulfur dioxide, increasing
stack heights and use of scrubbers have reduced ground level concenmtrations of
sulfur dioxide, New industries and electrical plants in the U.S. can employ
the best available air quality technology.

On the global-scale, the destruotion of ozome by halocarbons was addressed
in the U.S, by banning chlorofluorocarbons in aerosol products. The release of
carbon dioxide to the atmosphere fram fossil fuel combustion will continue well
into or through the twenty-first century. Energy requirements of nations of the
temperate zone will require combustion of gas, oil and coal and the atmospheric
burden of carbon dioxide will continue to increase with uncertain consequences.

Regional-scale air pollutants, on the other hand, exhibit both increasiug
trends and known and probable effects on forest ecosystems over large portions
of the temperate region, The integration of stresses imposed by regional
pollutants has the poteutial to cause growth reductions in same forest species
and, uvltimately, dieback/decline symptoms in susceptible tree species at ambient
levels, At the ecosystem level this has or will cause changes in species
composition and increases or decreases in biomass production depending on the
specific ecosystem (Fig., 1). Documentations of decreased tree growth and
increased decline symptans due to air quality in the field are very limited
because the changes are subtle, not continuous but patchwork in character, and
extremely difficult to separate from other factors that control tree growth (eg.
age, campetition, moisture, temperature, nutrients, insects, pathogens) and that
induce dieback/decline symptoms (eg. drought, other climatic stresses, insects,
pathogens). In addition, species camposition and patterns of forest succession
are regulated by numerous determinants (eg. vegetative site alterations, plant
species interactions, insect/pathogen activities, windstorms, fires and human
cul tural activities) and forest ecosystem production is influenced by several
variables (system age, competition, species camposition, moisture, temperature,
nutrients, insects, pathogens). A review of the current evidence available to
support the importance of air pollution induced forest change has been provided
by Smith (19). The comprehensive study of oxidant pollution in portions of the
San Bernardino National Forest, California demonstrated air pollution effects on
forest growth and succession (11)., Additiomal evidence of reduced forest growth
imposed by oxidant pollution in the west, mid-west and east has been provided
(23). PFor various forest ecosytems we are at, or near, the threshold of trace
metal impact on nutrient cycling processes, Lead will continue to accumulate in
forest floors as long as it is released into the atmosphere (U.S.E.P.A. 1983).
Al though adverse effects on forest ecosystems from acid deposition have not been
conclusively proven by existing evidence, we cannot conclude that adverse
effects are not occurring. Presently, tree mortality and tree morbidity and
growth rate reductions in European and North American regions do occur where
regional air pollution, including acid deposition, is generally high. Temporal
and spatial correlations between wet acidic deposition and forest tree growth
rates has been provided. Numerous hypotheses for adverse forest effects fram
acid deposition, worthy of testing, have been proposed (7, 21)., Under natural
conditions, forest ecosystems are exposed to multiple air pollutants
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simul taneously or sequentially and interactive and accumulative influences are
important., It is inappropriate to consider the effects of amy regional
pollutant on forests in isolation., The growth reductions and decline symptoms
of the forests of the Federal Republic of Gemmany are dramatic and should warn
all nations that the resiliency of forest ecosystems has 1limitations, Until the
cause of this decline is more clearly understood, prudent matural resource
science should not reject nor indict any single stress.,

Conclusion

A sensitive and convenient forest parameter must be found to monitor the
extent and intensity of stress on expansive forest systems., Waring (27)
suggested that monitoring canopy leaf area and its duration of display is a very
appropriate general index of forest ecosystem stress, Canopy quantity and
quality is an indicator of productivity. Inventory techniques fram the air
(multispectral scanning, microwave transmission, radar, laser) and ground
(correl ations with stem diameter, sapwood cross—sectional area) for canopy leaf
area are available, At a given site, detection of an increase in leaf area
would suggest an improving enviromment, a decrease in leaf area would infer the
system is under stress. Baes and McLaughlin (1) have proposed that trace
metal analyses of tree rings can provide information on temporal changes in air
pollutant deposition and tree heal th.

Impl imentation of wide—area forest monitoring of any nature imvolves two
challenges, First, detection of stress does not suggest cause., We are keenly
aware that trec and forest health are controlled by many factors in addition to
air quality—age, campetition, enviromment (moisture, temperature, nutritiom),
insect and pathogen activity, We desperately need procedures to partition the
relative importance of influencing variables for a given site. Fortunately we
are making research progress toward this resolution (4, 10, 27). The second
challenge is to convince foresters that the time and cost of systematic forest
health monitoring is justified. I feel it is not ouly justified, but essential
for intelligent decisions regarding regulation of regional air pollutants.

Air pollution has been killing trees locally for centuries, We have been
keenly aware of this in the United States for over 100 years, We now real ize
that in addition to mortality, regiomal air pollutants may be capable of causing
al terations in species composition and growth-rate reductions in certain forest
ecosystems over large areas and across national boundaries,

Forests are variable in species, topography, elevation, soils and
management, Air pollution deposition and influences are also variable and
poorly docmmented in the field. Monitoring of species dynamics and
productivity, necessary to detect effects of regiomal air pollutants, or any
other enviromental stress, are presently rarely available., Dendrochronological
or other tree-ring analytical techniques are subject to enormous difficulty when
they attempt to partition the relative importance of forces that may influence
tree growth, Growth is regulated by precipitation, temperature, length of
growing season, frost, drought, by developmental processes such as succession
and competition, and to stochastic events such as insect outbreaks, disease
epidemics, fire, windstomms and anthropogenic activities such as thinning,
fertilization, harvesting and fimally air qual ity.

For a long time, dieback and decline of specific forest species, samewhere
in the temperate zone, has been common. Age, climate, or biotic stress factors
have frequently been judged to be the principal causes for declinmes. Again,
however, it is difficult to assign responsibility for specific cavse and effect.
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Trees are large and long-lived and their health integrates all the stresses to
which they are exposed over time.

The risks associated with regional and global air pollution stress and
forest ecosystem health are high, The evidence available to describe the total
boundaries of the problem for all pollutants is incomplete, There is enormous
uncertainty about specific effects on forests of regional and global air
pollutants., We do know, however, that coal combustion will provide more than 50
percent of America’s electricity by 1990. We further know that without
management or control, coal combustion is a source of numerous regionsl and
global pollutants identified as important, or potentially important, to the
health of forest ecosystems. Natural ecosystem health, along with human heal th,
must be recognized in assessments, economic and otherwise, of pollution
abatement strategies.
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ELECTRON-MICROSCOPICAL IDENTIFICATION OF COAL FLY ASH AT A REMOTE SITE IN THE
NORTHEASTERN UNITED STATES

Liaquat Husain, James S. Webber, Vincent A. Dutkiewicz, and Edmondo Camnelli

Wadsworth Center for Laboratories and Research, New York State Department of Health,
Albany, New York 12201

ABSTRACT

Individual microparticles collected before, dnring and after an episode of
high sulfate concentration at Whiteface Mountain, NY (26-30 July 1983) were
characterized by scanning, transmission and high-voltage electron microscopy.
Consistent with findings from an earlier episode, submicrometer spheres common in
coal fly ash were abnndant during the high—sulfate period but were absent before or
after the episode. Minerals identified in iron-rich spheres by electron diffraction
were magnetite, maghemite, and hematite. Equally abundant at the same time were
silicon spheres which were probably glass since they yielded no diffraction
patterns. Also common in high-sulfate samples were submicrometer spheres composed
of varying proportions of iron, silicon, aluminum, potassium, calcium and titanium.
No evidence of particles from oil combustion was observed. Additional support for
coal combustion as the sonrce of the high-sulfate concentration was given by Mn/V
ratios which were consistent with air from the coal-burning Midwest rather than the
oil-burning East Coast. Prevailing meteorologic conditions also indicated air flow
from the Midwest. Preliminary evaluation of a new chemical signature, V/Ni ratio, is
also presented. Although observed ratios were also consistent with coal rather than
0il combustion, additional evaluation of this tracer is needed.

INTRODUCTION

It is widely assumed that the industrial Midwest, because it has the highest
SO, emissions, is largely responsible for the widespread acid-stressed
conditions in the Northeast. Indeed, studies that related daily sulfate
concentration ([S02-]1) with backward air trajectories at Whiteface Mountain,
NY, have invariably found that the highest [S02-] were associated with air
masses passing through the Midwest (1,2,3). While trajectory-based studies
themselves do not unequivocally prove this assumption, more recent investigations
have shown with increasing clarity that coal-burning in the industrial Midwest is
indeed the major sonrce of S0} aerosols reaching the acid-stressed
Adirondack region. Husain et al, (4) used samples collected at 6-hour intervals
from a network of sites to trace high-S02- air masses from the Midwest across
New York State. These air masses retained Mn/V ratios characteristic of the Midwest
(>> 1) even after traveling more than 500 km. Conversely, when trajectories passed
through coastal regions, Mn/V ratios were distinctly lower (< 0.5), consistent with
the region’s dependence on 0il. Although the Mn/V ratio techmique has some
limitations (5), it can be a very useful indicator of air mass history, particularly
when used in conjunction with other tracers. Most recently, electron microscopy
(EM) was used to identify coal fly ash in a high-S02- air mass at Whiteface
Mountain (6). Both the meteorology and the Mn/V ratios indicated a midwestern
origin for this air mass. The combination of microparticle identification,
meteorology and chemical tracers has.provided the clearest fingerprint to date of
the sources of SO}~ in northern New York.

During the summer sampling campaign iu 1983 a second high-S03- episode
was observed at Whiteface Mountain. EM analysis of samples collected during this
episode are presented and discussed along with the measurement of selected trace
metals in simunltaneons high-volume samples.

EXPERIMENTAL

Dnring summer 1983 airborme particulate samples were collected with
high-volume pumps on Whatman 41 filters at the summit of Whiteface Mountain (WFM),
at Mayville (MAY) in the southwestern cormer of New York, at Alexandria Bay (AXB) on
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the northeastern shore of Lake Ontario, and at West Haverstraw (WHV) in the lower
Hudson River Valley (Figure 1). While the first three sites are rural, WHV is a
subnrban site located near the metropolitan New York City area. This site was
selected primarily to characterize East Coast aerosols because of its proximity to
two oil-burning power plants. Samples were collected for 6-hour intervals at WFM
and MAY and for 12-hour intervals at WHV and AXB. These were analyzed for
S03- by ion chromatography and for Al, Mn, V, and Ni by atomic absorption
spectrophotometry as detailed elsewhere (4). Microparticles were collected
simul taneously with the high-volume samples at WFM on carbon-coated Nuclepore
filters in an automatic dichotomous sampler (6)., These filters with collected
particles were transported in airtight containers to the lab where a thin carbon
film was vacuum evaporated over the collection surface to immobilize the particles
and to reduce excess charge produced by the electron beam. In addition to the EM
analyses performed on the earlier samples (6), sections of filter were shadowed with
Au-Pd at an angle of ~30 degrees to allow 3-dimensional interpretation of particle
morphology by transmission EM (7).

During the period of interest (26-30 July 1983), air flow across New York
State was dominated by a slow-moving high-pressure system from the Great Lakes.
Although air trajectories are not available at this time, this pattern in the past
has produced air flow from the Midwest across the state and is generally associated
with high-S03- periods in upstate New York (8). This high centered over
southern Pennsylvania early on 27 July may produce air flow from the Midwest at MAY
while AXB and WFM should be under the influence of Canadian air. By the next day,
the high had moved off the coast of Virginia, where it remained stationary for two
days (Fignre 1). A cold front with a large mass of leading showers was trailing the
high. (The leading edge of the showers can be seen in the upper left hand cormer of
Figure 1.) During 28 Jnly, precipitation began in the western part of the state and
by the next day, was widespread thronghont the upstate area.

RESULTS
Chemistry

On 27 July [SO2-] began to increase throughout the state, first at MAY
and 12 honrs later at AXB and WFM (Figure 2). This is consistent with the beginning
of midwestern air flow on the backside (western edge) of the high pressure system.
At AXB and WFM, meximum concentrations, 46 and 49 pg/m® respectively, were observed
in the afternoon of 28 July but decreased dramatically on 29 July when precipitation
was widespread thronghout the state. The onset of precititation is also indicated by
the trace metal data. Al concentrations at WFM, for example, were ~340 ng/m?
during the peak [S01-] period but decreased abruptly to 90 ng/m® for the
first sample on 29 July. Such an abrupt decrease is consistent with the washout of
aerosols. At MAY [S03-] leveled off at ~25 pg/m? for 30 hours beginmning
with the first sample on 28 July., However, the leading edge of showers shown in
Figure 1, which began affecting the western part of the state on the 28th, may have
significantly affected the [S0}-]. The variations in trace metal
concentrations are consistent with this assumption. [SO}—] at WHV also
peaked in the last sample on 28 July, but the concentration was much lower, 15
ug/m®. Because this site was much closer to the center of the high, it may very
well have been influenced by air from a different area than the npstate sites, This
has been the case in episodes previously studied (4).

The ranges of Mn/V ratios (crustal corrected as deacribed earlier (4)) are
shown in Figure 2, Throughout the episode, Mn/V ratios at the three npstate sites
were consistently >2. While [S03-] was > 20 pg/m? at MAY, Mn/V ratios
ranged from 3.3 to 21 and averaged 11. At WFM during the peak [SO2-] period,

Mn/V ratios averaged 6 which is within the range of values observed at MAY although
only about half the mean. Larger ratios at MAY compared to WFM are, however,
consistent with previous data (4,6). At both sites the Mn/V ratios are clearly
within the range for midwestern air and much too high to snggest any significant
influence from heavy oil-burning areas. At AXB, Mn/V ratios were only slightly >2,
much lower than at WFM. While [SO3-] were comparable at the two sites, AXB
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had much higher V concentrations. Although the Mn/V ratios at AXB were within the

range of coal-burning regions, the fact that the ratios were much lower than at WFM
suggests a larger influence from oil-combustion at AXB. However, since the highest
V concentration was only 6.7 ng/m* and Mn/V ratios do remain >2, the

high-[S03-] period still seemed to be dominated by coal-combustion aerosols.

While Mn/V ratios at WHV have been included for completemess, its proximity to
oil-burning power plants precludes the usefulmess of Mn/V ratios as tracers at this
site (5). As in previous studies (4,6), Mn/V ratios at WHV were almost invariably
(0.5 as expected. On 28 July the Mn/V ratio increased to 0.53. Since it is
generally around 0.2, this indicates that a component from some coal-combustion
source may be present,

To reinforce the Mn/V ratio data we also oonsidered V/Ni ratios in these
samples. V/Ni ratios are different in coal and oil fly ash. [V] is markedly
enriched in o0il fly ash while [Ni] is also enriched, not to the extent of V (9). In
contrast, [Ni] is increasingly enriched with decreasing particle size in coal fly
ash whereas [V] is not (10,11). Henry and Knapp (12) analyzed 6 oil fly ash samples
and 6 coal fly ash samples and found average V/Ni ratios to be 5.2 and 1.2
respectively., Analysis of the data of Davison et al, (11) reveals that V/Ni is
very low (<0.5) in coal fly ash which is less than 2 um. This is the particle size
range expected to be tramsported long distances.

V/Ni ratios are shown in Figure 2. At WHV on 26~27 July, the V/Ni ratio
averaged 3.0, This site is strongly influenced by oil emissions ([V] averaged 30
ng/m?) and the V/Ni ratio is approaching that measured in oil fly ash. During the
[S02-] episode, however, the ratio averaged 1.6 and returned to near 3 on the
30th. The decreased V/Ni ratios are comsistent with increased influence from
coal-burning regions during the high-S03- period. At WFM, episodic ratios
averaged 1.2 and nonepisodic ratios averaged 1.3, near that for coal, again
indicating that oil-combustion aerosols were not dominant at these times. V/Ni
ratios at MAY and AXB were similar to WHV with nonepisodic ratios averaging 2.1 and
and 2.4 respectively and episodic ratios averaging 1.4 and 2.0. At none of the
sites was the episodic V/Ni ratio large emough to be associated with purely
oil-fired combustion products and, except at WFM where the ratio was already near
that of coal, the V/Ni ratio decreased during the high-S02- episode, as
expected for increased contributions from coal-burning areas. Consistent with Mn/V
ratios, V/Ni ratios were higher at AXB than WFM during the episode supporting the
earlier conclusion that AXB has an oil-derived aerosol compoment. AXB is on the St,.
Lawrence Seaway, approximately 100 km NE of a large oil-burning power plant on the
southeast shore of Lake Ontario. While further study is needed, this data suggests
that V/Ni ratios may provide another useful indicator of coal and oil combustion
emissions.

Microparticles

More than 200 particles collected at WFM in the fine fractiom (<2.5 pm) on 27
July I and IV, 28 July II,III and IV and 29 July I (where I=0000-0600 h,
I1=0600~1200 h, III=1200-1800 h, IV=1800-2400 h) were characterized by electron
diffraction (ED), energy-dispersive x-ray spectroscopy (EDIRS) and morpholgy with
transmission and high-voltage EM.

The most abundant particles were S-rich particles, usually much smaller than
0.8 ym. These particles were electron transluscent and occasionally the S x-ray
peaks were accompanied by much smaller K, Ca or Fe x-ray peaks. Interesting
morphological features were highlighted by An-Pd shadowin