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ABSTRACT

The chemistry of airborne particulate matter is being investi-
gated by means of laboratory and field studies. Experiments were
conducted using the flow reactor to identify the reaction conditions
under which detectable amounts of sulfate particles could be
formed from gaseous sulfur dioxide. A procedure was developed
for the analysis of acidic and neutral ammonium sulfates in filter-
collected samples of atmospheric particulate matter. The infrared
spectroscopic method of analysis was made quantitative for sulfates,
nitrates, and the ammonium ion. Field samples of atmospheric
aerosols were collected at various sites. The size-classified
collection procedure developed at Argonne was compared with the
dichotomous high-volume filter sampling procedure; the results
obtained with the two procedures were consistent. General
agreement was observed between the infrared spectroscopic technique
and two different light-scattering techniques for the detection
and measurement of acidic and neutral ammonium sulfates in atmo-
spheric particulate matter.

Stable oxygen isotope ratios are being measured in laboratory
samples of water, sulfur dioxide, and sulfate. The oxygen-isotope
studies show that, in the sulfate ion prepared by hydrolysis-
oxidation, oxygen from the water predominates over oxygen from the
air in determining the isotopic quality of the sulfate. Sampling
of atmospheric particulate sulfate, sulfur dioxide, water vapor,
and precipitation water over a 16-month period has shown that a
distinct seasonal variation exists in the oxygen isotope ratios
in atmospheric water vapor and precipitation water, and that a
somewhat less pronounced seasonal variation exists in the oxygen
isotope ratios for atmospheric sulfur dioxide. However, no seasonal
variation in isotope ratios was evident in samples of ambient
sulfate, thereby indicating that this sulfate was not predominantly
produced by any mechanism that involves hydrolysis by atmospheric
water.

The fundamental aspects of the chemistry involved in the cyclic
use of dolomite for controlling sulfur dioxide emissions from
fossil fuel combustion are being investigated, using thermal
gravimetric, optical and electron microscopic, and X-ray diffraction
methods. Kinetic, structural, and morphological data have been
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obtained in order to elucidate the mechanisms of the various
reactions occurring in the cyclic use of dolomite. The reactions
studied include half-calcination, sulfation, and regeneration of
dolomite. It has been found that the half-calcination conditions
greatly affect the morphology of the half-calcined dolomite, and
that this morphology plays an important role in the subsequent
sulfation reaction. In addition, formation of the binary calcium
magnesium sulfate salt has been observed, and the reaction conditions
leading to its formation have been identified. Stoichiometric,
kinetic, and yield data have been obtained for the CaSO4-CaS
reaction for regenerating the sulfated dolomite. In each phase of
the study, the information obtained is analyzed in an effort to
gain an understanding of the mechanisms involved in the various
steps of the reaction sequence.

SUMMARY

Chemistry of Airborne Particulate Matter

The chemistry of airborne particulate materials is being studied in
laboratory experiments and by field sampling and analytical activities. The
flow reactor, described in previous reports, was used to simulate the formation
of atmospheric particles. Neutral ammonium sulfate was formed at detectable
levels in the presence of SO2 , NH3 , and 03, with A1203 being used as the seed
aerosol; irradiation with ultra-violet light was not employed in this prep-
aration. A procedure was developed to recover the water-soluble portion of
the particulate matter collected on filters for subsequent analysis by the
infrared spectroscopic technique that had been previously developed. Any
acidity in the filter sample was successfully maintained throughout the
analytical procedure. This technique was made quantitative with respect
to sulfate by analyzing a series of standa: 3 samples of ammonium sulfate.
A similar series of ammonium nitrate standards was prepared and analyzed to
quantify the infrared spectrocopic analysis of the nitrate ion in impactor-
collected samples.

As part of the field studies, time- and size-resolved samples of
airborne particulate matter were collected at Riverside, CA, and in and
near St. Louis, MO. A Lundgren-type four-stage inertial impactor, followed
by an after-filter, was used for sample collection. In addition to neutral
and acidic sulfates, the infrared spectra of the submicrometer-sized particles
revealed the presence of nitrates and hydrocarbons, Nitrate was found to
occur infrequently in the midwestern samples, but was commonly observed in
the samples collected at Riverside, CA.

Field studies were also conducted for the purpose of comparing the
results obtained with impactor samples with those obtained with samples of
total particulate matter collected by filtration. Generally consistent
results were obtained for sulfate content of the simultaneously collected
samples. Laboratory analysis by infrared spectroscopy of impactor-collected
samples was also compared with two different in situ light-scattering
techniques for the field analysis of neutral and acidic ammonium sulfate.
Good agreement was observed among the three analytical procedures when the
air was sampled simultaneously for each test procedure.
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Oxygen Isotopy in Atmospheric Sulfate Formation

Laboratory experiments were conducted to evaluate the fractionation
effects of the hydrolysis-oxidation sulfation process on the oxygen isotopes
of water and air oxygen. Using water of four different isotopic enrichments,
as well as using different ratios of air oxygen to SO2 , sulfates with different
oxygen-isotope compositions were produced. The isotope fractionation effect
for the water oxygen was calculated from the isotope ratios in the sulfate
product for the cases of complete conversion of both the So2 and the air
oxygen to sulfate. This fractionation effect is essentially constant (t16*/~,)
if the molecular form of the sulfate is assumed to be that of a hydrated
molecule-ion, SOsOsOw'-5H20wiH2(Ow'oa,)2-, where the subscripts s and a
refer to the oxygen originally present in the S02 and air, and the subscript
w' refers to the fractionated component of the oxygen initially present in
the water. The fractionation effect in an unlimited supply of air oxygen
was calculated to correspond to a decrease in the 180 of t30*/oo.

Field sampling of atmospheric particulate sulfate, S02, water vapor,
and precipitation water was continued at the Argonne site, and results on
oxygen isotope ratios for the collected samples are presented for a 16-
month period, November 1974 to February 1976. Although day-to-day fluctuations
were present in individual samples, the oxygen isotope ratios showed a
seasonal trend that was very prominent in atmospheric water, less prominent
in S02, and not discernable in ambient sulfate aerosol. It was also observed
that the 180 content of precipitation water was consistently greater than that
of the corresponding water vapor by about 10*/,.. The lack of correlation
between the oxygen isotope ratios in sampled sulfate aerosol and the ratios
calculated for sulfate formed from the sampled SO2 and water indicates that
the collected sulfates were not predominantly produced by any mechanism
that involves hydrolysis by atmospheric water.

Sulfur Emission Control Chemistry

A basic research program is under way to obtain information on the
fundamental aspects of the chemical reactions involved in the cyclic use.of
dolomite in controlling sulfur emissions from the combustion of fossil fuels.
Kinetic, mechanistic, structural, and morphological investigations are being

pursued, using a thermal gravimetric method, optical and electron microscopy,
and X-ray diffraction analytical techniques. The reactions studied include
the half-calcination of dolomite, sulfation of the half-calcined dolomite,

and regeneration of the sulfated dolomite.

The half-calcination has been studied at temperatures from 640 to 800*C,

under CO2 partial pressures of 0.4 to 1.0 atm. The reaction rate was found

to increase rapidly with temperature, particularly at 700*C or higher. There
are pronounced morphological changes in the half-calcined dolomite, with

different reaction conditions leading to very different morphologies in the

product. Half-calcination at 640*C produced small calcite crystals that
exhibited a high degree of orientation, generally along the orientation of the

original dolomite crystal. The same reaction carried out at 800*C yielded

slightly larger calcite crystals, but with a marked decrease in their
preferred orientation along the lines of the starting dolomite crystal.
Continued heating at 800*C beyond the time required for complete half-
calcination resulted in a totally random orientation of the calcite crystals;
annealing and growth of these crystals proceeded with heating time.
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Subsequent sulfation of the half-calcined dolomite showed different
sulfation characteristics for the different morphologies of the half-calcined
stones. It was observed that small CaC03 crystallite size and greater disorder
within the crystallites resulted in a more rapid rate of sulfation than
the rate of sulfation of larger CaC03 crystallites in which some of the
disorder had been removed by annealing. It was also observed that the
progressive sulfation of the dolomite itself appeared to affect the sulfation
reaction. At first, sulfation occurred only at the peripheries of the stones;
with continued reaction, the sulfation became more rapid in the stones'
interior with circular bands being fLXrmed around individual calcite crystals.
Several factors affecting the sulfation reaction are postulated, including
diffusion barriers at grain and crystallite boundaries, micropore blockage,
MgO entrapment within calcite crystallites, and the formation of calcium
magnesium sulfates. It was found that binary calcium magnesium sulfates
are formed under a broad range of reaction conditions during the simultaneous
half-calcination and sulfation of dolomite, as well as during sulfation
of previously half-calcined dolomite.

The solid-solid, CaSO4 -CaS regeneration reaction was studied further.
Information was obtained on the stoichiometry and extent of the reaction,
on the reaction kinetics, and on factors affecting the reaction, such as the
CaSO4 to CaS mole ratio in the starting material. Reaction yields of
30 to 55% were obtained over a 0.6 to 3 range in the mole ratios of CaSO4
to CaS in the starting material. The highest yields of CaO were obtained
with a starting material in which the sulfate-to-sulfide mole ratio was
about 1.1.
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I. CHEMISTRY OF AIRBORNE PARTICULATE MATTER
(P. T. Cunningham and S. A. Johnson)

Airborne particulate material is detrimental to public health and welfare,
and this has focused attention on the need to understand the chemistry of this
material.1 Special attention has been given to the submicrometer-sized,
secondary particles (those formed from gaseous precursors in the atmosphere)
since particles in this size range most effectively interfere with visibility
and are considered to have the greatest adverse effect on public health.2 ,3

The Environmental Chemistry Group has developed methods for the chemical
characterization and analysis of airborne particulate material as a function
of particle size and time. This methodology, which is based on infrared
spectroscopic analysis of particulate samples, has been used to show that
the chemistry of airborne particulate material varies significantly with
size, and that, within a specific particle size range, the chemistry also
varies with time.4- 7 Of particular significance has been the identification
of ammonium sulfate as the predominant constituent of submicrometer-sized
particles and the observation that the degree of acidity of this sulfate
is highly variable with time. In view of the proposed increase in the
utilization of high-sulfur coal for power production and the possible
health problems posed by particulate sulfates, and most especially by acidic
sulfates, our work has been directed toward the further development of the
infrared spectroscopic method and toward more detailed characterization and
analysis of atmospheric neutral and acidic sulfates. To this end, both
laboratory and field studies have been conducted; these studies are described
below.

A. Laboratory Studies
(S. A. Johnson, E. R. Little* and C. L. Steen*)

Our laboratory efforts during the past year were concerned with (1)
studies of the formation and aging of sulfate aerosol, using a flow-reactor
system, (2) the development of methods for recovering aerosols collected on
filters and for quantifying their sulfate content, and (3) the preparation
of standards for the quantification of the nitrate ion in aerosol samples
collected with a Lundgren impactor (Sierra Instruments, Carmel Valley, CA).

1. Flow Reactor Studies

The flow reactor, described in some detail in previous reports, 89
is used to simulate the formation of airborne particulate material and to
test various proposed formation mechanisms. Briefly, the flow reactor is a
cylindrical Pyrex chamber, 15 cm in diameter and 3.5 m long, into which seed
aerosol, reactive gases, and dilution air can be introduced at one end, while
emerging aerosol is monitored and collected at the other end. The reactor
has a volume of about 64 liters, and the residence time in the reactor can be

controlled by adjusting the total flow rate. To facilitate our present work
on the formation of sulfate-containing aerosols, a number of modifications were

made in the flow-reactor system. The modified system is shown schematically
in Fig. I-1.

*
Undergraduate Research Participant.
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NEUTRALIZER 3.5m
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Fig. I-1. Schematic iagram of the Flow Reactor System

The major additions to the system included (1) a particle generator
capable of producing a variety of mono-disperse seed aerosols, (2) an ozone
generator, (3) a hygrometer, (4) an optical particle counter capable of
size discrimination, and (5) an ultraviolet light source for irradiating the
reactor volume. The sparging-type aerosol generator that had been employed
previously was retained but was used primarily for humidity control. The
small impactor for collecting aerosol samples and the reactive-gas supply
system were also retained.

Operating conditions for a series of 35 experiments are given in
Table I-1. The purpose of this series of experiments was the examination of
the propensity of various seed aerosols to exhibit sulfate formation on their
surface. Six different seed aerosols were examined in various combinations
with four reactive gases that were present at approximately ambient concen-
trations, with and without exposure to ultraviolet light.

Neutral ammonium sulfate was formed in detectable amounts only in
Run 20; in this run, the seed aerosol was A1203 and the gases were NH3 , SO2
and 03. The seed aerosol was 0.3 um in diameter, and the concentrations of
the three gases, in ppm, were NH3 , 0.05; SO2 , 0.5; and 03, 2.0. Ultraviolet
light was not used. In subsequent experiments, which were similar to Run 20
except that ammonia was omitted, no sulfate formation occurred, thereby
indicating that sulfate formation is dependent upon the presence of ammonia.
The oxidation of sulfur dioxide to the sulfate apparently occurs on the
surface of the basic hydroxylated alumina.
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Table 1-1. Summary of Operating Conditions for t . F -Reactor Experiments

Type
Run of

Number Aerosola

Total
Flow Rate,

L/min

Estimated
Relative Humidity,

%

ration of Run
'_ , -: ration of Run

Rea t t.e Gases, ppm U. V. Time
92 ' NO 2 03 Light hr

4
4
4
4
4
4
4
4
4
4
4
4.5b

4.5b

4.5b

4.5b
4

4b
4

4
4

4

4

4

4

4

4

4b
4b,c

4b

4

5d"
4
4
4b

50
50
25
25
25
25
25
25
25
25
25

100
100
100
100
100
50
50
50
50
50
50
50
50
50
50
50

100
100
100
100
100
dry
50
50

0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5
0.5

0.5
1.0
1.0
0.5

0.5
0.5
0.5
0.5
1.0
1.0
0.5

0.5
0.5
1.0
1.0

0.05
0.05
0.05
0.05
0.05
0.2
0.2
0.2
0.2

0.2
0.05
0.05
0.05

2.0
2.0 2.0
2.0 2.0

2.0
2.0
2.0 2.0
2.0 2.0
2.0 2.0
2.0 2.0

2.0 2.0
1.9
1.9
2.0

0.05 2.0 2.0
0.05 2.0 2.0
0.05 2.0
0.05 2.0

2.0
2.0

0.05 2.0 2.0

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

A
A
A
A
A
A
A
A
A
A
A
B
B
B
B
C
D
D
D
D
D
D
D
E
E
E
E
E
E
F
F
F
G
G
G

aA - Transition-metal chlorides
B - Candle soot, NaCl/FeCl3-6H20
C - Candle soot
D - A1 203

E - A1203/NiCl2
F - Alcohol lamp soot
G - A1203/MnC12

bDenotes wet aerosol.

cMoist air added only during the last two hours.

dDry air for 6-3/4 hr, then wet air for 5-3/4 hr.

0.05
0.05
0.1
0.1

0.5 0.05
0.5 0.05

1.0 0.2
1.0 0.2

No
No
No
No

Yes
Yes
Yes
Yes

No
Yes
Yes

No
No

Yes
Yes
Yes

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No

Yes
No
No

Yes

2
2
2.5
2
2
2
2
2
2
2
2
1
1.5
2
2
5
2
5
4
4
2.5
2.5
4
4
2
4
2.25
6
4
3.5
7.5
12.5
4
4
4

2.0
2.0
2.0
2.0

2.0
2.0

2.0
2.0
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If one accepts the premise that acidic sulfate is a fresher aerosol
than the neutral amonium sulfate; that is, that an acidic intermediate is
formed in the transformation of sulfur dioxide to sulfat-e and that this
intermediate is neutralized by the ammonia gas to form the neutral ammonium
sulfate, then it -follows that, without the ammonia, the concentration of the
intermediate on the aerosol surface increases and the surface becomes acidic,
thus preventing further absorption of S02 and formation of the intermediate.
In any event, the reaction that occurred in Run 20 can be considered to
be a dark reaction and demonstrates the possibility that similar reactions
may be responsible for some sulfate formation in the atmosphere.

2. Filter Extraction and Sulfate Standardization

Airborne particulate matter is commonly collected by a wide variety
of filtration and impaction methods, each having its advantages and dis-
advantages. To supply samples for analysis by infrared spectroscopy, sample
collection with a Lundgren impactor and preparation by milling with
potassium bromide have facilitated handling and supplied the necessary
time- and size-resolution. The infrared characterization technique has
been developed to the point where neutral sulfate in airborne particulate
material can be quantitatively determined for samples containing as little
as 5 p g of this ion. In addition, systematic variations of the absorption
band position and intensity in the spectra of some sulfate-containing samples
are associated with the degree of acidity of the sample. The established
method of collecting samples on Mylar film using a Lundgren impactor permits
analysis of these various sulfate forms. The use of the impactor principle,
however, limited the sample to those particles above ".0.3 um in diameter.
To extend the capability of the infrared spectroscopic technique to particles
smaller than 0.3 pm in diameter, a technique was needed to recover the sulfate
from the impactor backup filter.

In preliminary attempts at sample recovery from v filter medium, the
acidic sulfate on the filter was neutralized. A procedure similar to that
used by Citron and Underwood1 0 has now been developed which quantitatively
recovers the sulfate from samples collected on filters while maintaining
the acidity of the sample. The procedure, which employs freeze-drying of the
sample, was specifically developed to prevent neutralization of acidic
sulfate; however, it may also minimize other chemical modifications during
extraction.

a. Filter Handling and Extraction. The procedure starts
with the extraction of the water-soluble material from the filter by ultra-
sonic agitation of the filter with 10-20 ml of distilled, C02-free water.
After several minutes of ultrasonic agitation in a freeze-drying flask, the
filter is removed and saved for a second extraction; a weighed amount of
potassium bromide is added to the flask, and the solution is immediately
frozen by partially immersing the flask in liquid nitrogen. The sample
extract is kept frozen until it is placed in a freeze-drying apparatus for
water removal. After freeze-drying, which takes 4-8 hr, the dry KBr and
residue are removed from the flask and pressed into a pellet for subsequent
infrared spectroscopic examination. Samples of ammonium acid sulfate aerosol,
produced in the flow reactor under simulated ambient conditions, were collected
on Fluoropore filters (Teflon, Type FALP-3700, Millivote Corporation) and
extracted using this freeze-drying procedure. The results were good: the
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acidity of the sulfate was maintained throughout the procedure, without
the occurrence of any neutralization or reaction with the KBr. The second
extraction of the filters was free of sulfate, thereby indicating that
a single extraction step would be sufficient. Some material was lost during
transfer from the freeze-drying flask; therefore, the KBr was weighed before
and after freeze-dcying to account for these losses. Care must be taken in
handling and storage of the filter to prevent neutralization prior to the
extraction; in addition, the possibility exists that neutralization may occur
during the collection process. The latter has not been a problem with
impacted samples but may be with filter samples because.of their greater
exposure to the airstream. If neutralization during collection proves to
be a problem, one method of alleviating the problem may be the use of an
ammonia denuder in the gas stream.

b. Sulfate Standardization. Quantification of sulfate samples
prepared by freeze-drying was accomplished by preparing a series of standard
solutions, using "ultra-pure" (99.99%) ammonium sulfate obtained from the
Research Organic/Inorganic Chemical Corporation (ROC/RIC). Aliquots were
pipetted into the freeze-drying flasks and the same procedure was followed
as that used for filter samples. The spectrometric results for these standards
are presented in Fig. I-2, which is a Beer's law plot of the absorbance for

40 80 120 2- 160
SO4 , 9
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20 40
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200 240
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Fig. I-2. Beer's Law Plots for Ammonium Sulfate
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the 1400 cm~1 NH4 band and the 1110 cm~1 and 620 cm 1 S04 bands. The
lines represent a least-squares fit of the data. As can be seen, straight-
line relationships are achieved over the range of sample weights. The
correlation coefficients and the values derived for the absorbances for
the three bands are as follows:

2- -1
SO4 620 cm band

Absorbance = 4.67 x 10-3 x pg S04
Correlation Coefficient = 0.999

S0 4  1110 cm band

Absorbance = 12.17 x 10-3 x pg SO4
Correlation Coefficient = 0.997

NH4 1400 cm band

Absorbance = 1.86 x 10-2 x pg NH4
Correlation Coefficient = 0.999

Since the 620 cm-1 band is relatively free from interference in ambient samples
and since it also avoids problems related to sloping baselines which occur
in the spectra of cloudy KBr pellets, it was used to determine the sulfate
concentration in ambient samples.

The absorbance values for ammonium sulfate prepared by
freeze-drying are greater than those for samples prepared by milling.4
This difference in absorbance is believed to be due to the difference in
crystallite size of the ammonium sulfate prepared by the two methods.

3. Nitrate Standards for Quantitative Analysis

The atmospheric conditions in the South Coast Air Basin of
California result in high nitrate levels in submicrometer particulate matter.
To include the nitrate ion in our scheme for the quantitative analysis of
airborn particulates, a series of ammonium nitrate standards was prepared.

The immediate goal of the nitrate-analysis effort was to determine
the nitrate content of a series of samples collected at Riverside, CA.
[These samples are discussed later in this report; they were also discussed
in the preceding report (ANL-75-51, pp. 17-18) in this series.] Because the
Riverside samples had been prepared by milling, the nitrate standards for
these samples were prepared by milling mixtures of NH4NO3 and KBr.
Standards containing both (NH4 )2SO4 and NH4NO3 were also prepared to determine
whether the sulfate absorbance had any effect on the nitrate absorbance.

For standardization purposes, the three mixtures shown in Table I-2
were prepared. A series of 21 standards (see Table I-3) was prepared from
the mixtures of NH4NO3 and (NH4)2SO4 . Analyses were performed using Fourier-
transform infrared spectroscopy (lower detection limit ti5 pg NH4NO3), and
Beer's law plots of absorbance Vs. nitrate content were prepared for 840 cm-1

and 2430 cm-r bands (see Fig. I-3).
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Table I-2. Mixtures Used for the Nitrate Standards

Weight
Mixture

No. KBr, g NH4N0?,b mg (NH4 )2SO4 , mg

1 0.9274 0.899 --
2 0.9498 2.084 --
3 0.8490 -- 0.996

aHarshaw infrared quality KBr (oven-dried).

bMallinckrodt analytical grade NH4N03 (oven-dried).

cROC/RIC ultra-high purity (99.9% pure) (NH4 )2SO4 .

Table I-3. Absorbance Values for
the Nitrate Standards

Absorbance
Mixture Wt. of NO3 ,

No. pg 2430 cm-1 840 em-1

1
1
1

1a
la

2
la

2a
1a

2a
la

1
2a
2
2
2
2
2
2

6.08
12.38
17.58
19.35
22.23
22.49
29.78
40.01
41.25
42.62
45.51
51.10
52.58
56.34
68.82
82.32
83.87
87.63

127.88
134.82
180.23

0.0074
0.0118
0.0152
0.0182
0.0185
0.0171
0.0208
0.0271
0.0293
0.0322
0.0284
0.0385
0.0338
0.0419
0.0481
0.0564
0.0547
0.0612
0.0896
0.0864
0.1192

0.0039
0.0059
0.0093
0.0095
0.0101
0.0116
0.0127
0.0184
0.0226
0.0233
0.0212
0.0274
0.0237
0.0268
0.0311
0.0397
0.0390
0.0431
0.0657
0.0604
0.0862

aPellet also contained
mixture No. 3.

(NHJ.)2SO4 from
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In Fig. I-3, the lines represent a least-squares fit of the data.
The absorbance and correlation coefficients were as follows:

NO 2430 cm~1 band

Asorbance = 6.78 x 10-4 x ug NO3
Correlation Coefficient = 0.989

NO 840 cm-1 band

Absorbance = 4.80 x 10-' x pg NO3
Correlation Coefficient = 0.992

The presence of sulfate had no effect on the absorbance of these nitrate bands.
For the determination of the sulfate content of the Riverside samples,
sulfate standards that had been prepared earlier were used.
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B. Field Studies
(S. A. Johnson and C. L. Steen*)

During the past year, considerable effort was expended in an extensive
field-oriented sampling and analysis program for airborne particulate matter.
Samples were collected at various sites, which were located in diverse
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geographical regions (California, Arizona, Missouri, and Illinois). The
sampling was carried out in response to the needs of several programs with
different specific goals. Time- and size-resolved samples of airborne
particulate matter were collected for subsequent chemical analysis be Fourier-
transform infrared spectroscopy. During collection periods, which varied
from four days to four weeks, sampling vas essentially continuous with two-
or three-hour time resolution. Lundgren-type four-stage inertial impactors

with after-filters were used in all cases. At a flow rate of 100 L/min
and for particles with a density of 2 g/cm3 , the impactors have nominal
50% cut points of 10, 3, 1 and 0.3 um for stages I, II, III and IV, respec-
tively. All particles that are not impacted on stage IV are collected on
the after-filter. Other details of the collection and analysis procedure
have been presented elsewhere.4-7

The submicrometer-sized secondary particulate matter collected on stage
IV of the impactor has been of prime interest. The infrared spectra of
samples of submicrometer-sized aerosol collected previously at sites in the
midwestern region showed that these materials possess a large degree of
chemical uniformity. In general, the spectra are dominated by features
attributed to ammonium sulfates. The degree of acidity associated with these
samples is highly variable. Spectra corresponding to the stable phases
(NH4)2 SO4, (NH4)3H(SO4)2 , and NH4HS04 have been observed, as well as
continuously variable mixtures of theoe phases. Samples that appear to be
more acidic than NH4HSO4, i.e., mixtures of NH4HSO4 and H2S04 , have also
teen observed. The occurrence of acidic sulfates is apparently widespread
in the Midwest, as indicated by the results of the field studies reported
below.

In addition to sulfates, the spectra of samples of submicrometer-sized
aerosols reveal that nitrates and hydrocarbons also occur. Nitrate is
infrequently observed in midwestern samples, in marked contrast to its
general occurrence (apparently as NH4NO 3) in samples collected in the
Los Angeles basin.

In addition to the infrared method developed here, a number of other
procedures are presently available,1 2 or under development, for the quantita-
tive analysis of sulfur or sulfate in submicrometer particulates. Direct
comparisons of presently available procedures have been made under field
conditions. Samples were collected side by side at several sites using
techniques appropriate to each analytical method. In subsection 3 below,
data are presented to permit further evaluation of the merits of each
procedure and to provide a basis for selecting those methods best suited
for specific end-use applications.

1. Field Sampling in Riverside, California

In this phase of the program, samples were collected with the
cooperation of the California Statewide Air Pollution Research Laboratory
at the University of California, Riverside*. Sample collection was conducted
with three-hour time resolution during four 96-hr periods in the fall and
and early winter of 1974-1975.13 Infrared spectra have been obtained for
all of the stage III and stage IV samples.

The authors wish to thank Oscar Hellrich of the California Statewide Air
Pollution Research Laboratory for his assistance in collecting the samples.
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In Table I-4, a summary is presented of the sample collection data,
the observed peroxyacetylnitrate (PAN) and oxidant levels as determined by
the California Statewide Air Pollution Laboratory, and the analytical results
for sulfate and nitrate. The sample weights represent only the amount of
material recovered from the Mylar substrate and subsequently analyzed. The
values for sulfate and nitrate were calculated from the absorption bands at
620 cm-1 and 840 cm-1 , respectively, using the calibration relationships
described above.

Analysis of the data obtained for the Riverside samples, with
related information obtained from the California Statewide Air Pollution
Research Laboratory and from local weather records, has not been completed.
The extent to which the results of this study will be consistent with the
conclusions drawn from the extensive California Aerosol Characterization
Experiment (ACHEX)14 remains to be determined.

2. Project MISTT

As a part of an extensive field program undertaken during the
summer of 1975, a number of samples were collected* in conjunction with
Project MISTT (Midwest Interstate Sulfur Transformations and Transport),
a large-scale project sponsored by tf Environmental Protection Agency (EPA).
This project was aimed at elucidating the chemical and physical processes
involved in the generation, transformation, transport, and removal of sulfur
compounds in the atmosphere. Using impactrs at three sites (Auburn and
Glasgow, IL and St. Louis, MO), separated by about 100 km (see map, Fig. I-4),
size- and time-classified samples of airborne particulate matter were
collected almost continuously from July 15, 1975, to Augrst 11, 1975. The
samples were collected with two-hour time resolution throughout this
period.

Some qualitative assessments have been made from the analysis of
the submicrometer-sized stage IV samples, which represent the secondary
particulate matter. Ammonium sulfate was found in varying amounts in all
stage IV samples, and the occurrence of region-wide acidic sulfate episodes
was observed twice during the sampling period (see Fig. I-5). The
time correlation for the occurrence of acidic sulfate at the three
sites strongly suggests that such occurrences are regional in nature. The
apparent diurnal variations in the degree of acidity associated with acidic
sulfate episodes appear to be related more to the onset of mixing associated
with the breakup of the nocturnal inversion than to an increase in photo-
chemical activity. Data analysis, including quantification of the neutral
sulfate and correlation with other data, is yet to be completed for the
stage IV samples.

*
The authors wish to thank the following for their assistance in collecting
the samples: Rudy Husar and Bob Fletcher from Washington University;
Tom Ellestad and the personnel from the EPA trailer; Eric Offerbacher,
Ron Ferec, and Don Rote from the ANL trailer; and especially Eugene Nielsen
from our group.



Table I-4. Data for Samples Collected at Riverside, CA

Stage III Stage IV

Start Sample Sample
Sample Time, PA1,a Oxidant,b Weight,d We ght Weight Weight d Weight Weight

No. Date PST ppb pphmc 11g SO4 ,ug N03, jg ug a SO4 ,jg N03,9g

I-LA1-1
I-LA1-2
I-LA1-3
I-LA1-4
I-LA1-5
I-LA1-6
I-LA1-7
I-LA1-8
I-LAl-9
I-LAl-10
I-LAl-11
I-LAl-12
I-LA1-13
I-LA1-14
I-LAl-15
I-LA1-16
I-LAl-17
I-LA1-18
I-LAl-19
I-LA1-20
I-LA1-21
I-LA1-22
I-LAl-23
I-LA1-24
I-LAl-25
I-LA1-26
I-LAl-27
I-LAl-28
I-LA1-29
I-LA1-30
I-LA1-31
I-LAl-32

8/22/74
8/22/74
8/22/74
8/22/74
8/23/74
8/23/74
8/23/74
8/23/74
8/23/74
8/23/74
8/23/74
8/23/74
8/24/74
8/24/74
8/24/74
8/24/74
8/24/74
8/24/74
8/24/74
8/24/74
8/25/74
8/25/74
8/25/74
8/25/74
8/25/74
8/25/74
8/25/74
8/25/74
8/26/74
8/26/74
8/26/74
8/26/74

14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00

12.2
6.5
3.8
3.1
2.4
1.9
6.5
6.5
8.5

10.4
7.9
3.4
2.3
2.1
8.3
9.8
7.7
5.4
3.7
5.0
4.2
3.1
8.2
3.2
8.4
6.9
6.4
5.4
5.1
4.5
6.3
4.1

39
24
7
2
1
1

11
29
38
35
12

2
1
1

15
38
40
29
12

5
2
4

17
24
37
26
15

5
4
4

16
23

465
334f
ND
478
ND
330
444
150
134
220
ND
276
292
336
380
218
198
130
262
532
302
440
272
ND
8

82
162
110
86

140

849

88.2
30.6
24.6
26.4
30.3
35.9
28.3
9.7

14.0
26.9
41.2
22.9
29.1
24.0
26.9
26.4
17.6
31.4
24.3
14.1
5.8

48.2
10.0
ND

3.9
4.5
6.3
8.0
5.8
6.1

1.4

79.2
26.1
33.3
62.1
41.1
28.2
27.6
7.2

12.0
22.5
37.5
22.8
33.7
39.0
38.5
24.0
9.9

13.9
31.0
24.4
67.2
54.8
14.7
ND

13.5
5.5
8.6
6.7
5.1

11.8

5.6

1034
354e
540e

954
991

1051
1276
186
138
480
884
874
860
974

1444
964
178
414
924

1278
1174
1098
1104

42
60

396
846
378
168
290
38
12

395.3
97.0e
80.1 l
152.3
170.1
203.9
142.4
17.0
10.2
35.2
60.8
49.9
70.0
98.9
94.7
83.7
18.3
51.6
123.1
143.5
117.1
130.6
142.2

9.9
10.4
46.8
64.1
39.0
37.9
45.7
7.6
4.6

170.6
64.8

X21.7
282.2
261.8
251.7
186.0
19.6
12.0
32.9
98.8
87.4
91.0

131.2
141.5
123.4
20.2
45.7
156.3
179.9
173.1
166.8
178.6
12.0
14.1
36.2
61.7
33.5
34.3
44.7
9.1
7.6



Table I-4. (contd)

Stage III Stage IV

Start Sample Sample
Sample Time, PANa Oxidant b Weight,d Weight Weight Weight,d Weight Weight
No. Date PST ppb pphmc lug S04 ,pg NOj,pg 1g SO4 ,jg N03,yg

I-LA2-1
I-LA2-2
I-LA2-3
I-LA2-4
I-LA2-5
I-LA2-6
I-LA2-7
I-LA2-8
I-LA2-9
I-LA2-10
I-LA2-11
I-LA2-12
I-LA2-13
I-LA2-14
I-LA2-15
I-LA2-16
I-LA2-17
I-LA2-18
I-LA2-19
I-LA2-20
I-LA2-21
I-LA2-22
I-LA2-23
I-LA2-24
I-LA2-25
I-LA2-26
I-LA2-27
I-LA2-28
I-LA2-29
I-LA2-30
I-LA2-31
I-LA2-32

8/26/74
8/26/74
8/26/74
8/26/74
8/27/74
8/27/74
8/27/74
8/27/74
8/27/74
8/27/74
8/27/74
8/27/74
8/28/74
8/28/74
8/28/74
8/28/74
8/28/74
8/28/74
8/28/74
8/28/74
8/29/74
8/29/74
8/29/74
8/29/74
8/29/74
8/29/74
8/29/74
8/29/74
8/30/74
8/30/74
8/30/74
8/30/74

14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00
14:00
17:00
20:00
23:00
02:00
05:00
08:00
11:00

3.3
5.2
2.6
1.7
2.1
1.9
4.4
2.4
1.4
0.8
2.6
3.3
3.5
3.3
4.8
2.5
3.7
2.7
3.2
3.1
3.6
3.7
6.6
3.7
8.2
5.2
6.4
5.7
6.8
5.9
9.9
6.7

20
17
5
1
1
1
8

16
13
7
3
1
1
1
8

16
21
10
4
1
1
1
9

20
36
16
9
3
1
2

12
24

4
72
88

132
72
ND
102
2

12
16

102
150
154
186
72
16
16
84

116
102
246
214
236
28
46
76

178
134
160
288
352
154

7.60
4.18
4.51
4.70
4.56
4.80
3.47
3.66
3.14

12.12
3.18
6.89
5.56
6.46
2.61
2.32
2.00
3.80
4.75
3.28
5.61
9.31
4.32
4.09
3.80
6.32
5.94
5.37
7.27

10.36
13.45
7.03

14.32
5.90
5.27
7.16
9.27
11.16
7.58
7.58
5.90
9.27

10.53
9.90
8.00
7.58
5.27
7.16
4.63
8.00
9.27

13.69
8.00
17.06
15.38
6.32
ND

10.53
51.81
13.90
7.79
10.74
20.85
7.58

30
94
50
44
78

152
122

6
10
10

210
376
402
360
128
14
34
76

122
316
318
492
398
36
68

352
712
626
572
412
182
248

6.89
12.55
9.36
7.55

10.07
15.11
10.69
2.19
2.90
3.75

68.62
142.03
192,40
108.29
9.27
3.85
5.08

12.88
15.54
48.90
69.0.
48.66
37.68
27.99
14.16
85.58
58.11

118.22
107.39
30.55
8.98
26.85

6.74
12.85
10.95
11.80
18.96
25.06
21.48
4.63
4.63
5.48

48.02
88.69

111.42
81.93
14.32

5.06
6.53
15.38
20.85
59.82
99.62
89.93
83.40
45.28
20.85

109.52
68.03

151.01
123.42
42.55
11.58
44.65



Table I-4. (contd)

Stage III Stage IV

Start Sample Cample

Sample Time, PAN,a Oxidant,b Weight,d Weight Weight Weight,d Weight Weight
No. Date PST ppb pphmc pg SO4 ,g N03,g g S04 ,g N03 ,pg

I-LA3-1 9/30/74 16:15 9.8 29 ND 25.90 26.96 1284 326.59 267.27
I-LA3-2 9/30/74 19:15 4.8 9 490 24.52 35.59 1610 229.51 450.72
i-LA3-3 9/30/74 22:15 3.1 2 480 6.65 15.59 1438 221.15 730.84
I-LA3-4 10/1/74 01:15 2.4 1 262 7.41 13.90 942 173,77 347.52
I-LA3-5 10/1/74 04:15 1.6 1 214 6.56 12.43 ND 199.38 206.62
I-LA3-6 10/1/74 07:15 3.0 2 282 12.26 11.16 816 184.27 172.71
I-LA3-7 10/1/74 10:15 6.8 15 440 11.31 11.37 1442 316.70 559.61
I-LA3-8 10/1/74 13:15 6.8 20 456 10.41 20.85 992 301.59 315.29
I-LA3-9 10/1/74 16:15 3.4 11 372 6.23 14.53 404 138.13 118.79
I-LA3-10 10/1/74 19:15 1.0 2 174 5.51 7.58 128 53.08 24.64
I-LA3-11 10/1/74 22:15 0.9 0 130 3.14 9.27 62 19.58 11.37
I-LA3-12 10/2/74 01:15 1.1 0 140 4.32 12.01 92 31.12 7.79
I-LA3-13 10/2/74 04:15 1.6 0 172 8.36 15.62 104 56.83 13.06
I-LA3-14 10/2/74 07:15 2.1 1 278 ND ND ND ND ND
I-LA3-15 10/2/74 10:15 2.2 8 404 15.78 22.54 ND 165.12 12.01
I-LA3-16 10/2/74 13:15 2.1 9 122 29.51 48.86 88 28.27 25.91
I-LA3-17 10/2/74 16:15 0.7 3 116 6.51 15.80 40 20.77 9.88
I-LA3-18 10/2/74 19:15 0.6 0 160 5.32 13.48 48 18.63 4.63
I-LA3-19 10/2/74 22:15 0.5 0 232 56.68 19.59 86 20.62 4.63
I-LA3-20 10/3/74 01:15 1.0 0 118 39.15 12.43 112 34.40 5.69
I-LA3-21 10/3/74 04:15 0.6 0 114 45.33 11.80 60 20.62 6.32
I-LA3-22 10/3/74 07:15 0.6 2 170 27.66 8.64 354 121.26 35.38
I-LA3-23 10/3/74 10:15 2.0 8 146 74.13 17.06 538 187.32 72.87
I-LA3-24 10/3/74 13:15 ND 12 166 56.64 13.90 410 95.04 112.32
I-LA3-25 1013/74 16:15 ND 4 172 99.98 27.38 384 27.89 20.64
I-LA3-26 10/3/74 19:15 ND 0 130 72.37 19.80 234 74.61 41.28
I-LA3-27 10/3/74 22:15 ND 0 130 37.35 12.85 136 65.15 33.49
I-LA3-28 10/4/74 01:15 ND 0 192 56.97 16.43 164 60.82 37.70
I-LA3-29 10/4/74 04:15 ND 0 236 110.72 27.38 538 142.69 157.12
I-LA3-30 10/4/74 07:15 2.1 1 282 196.39 36.86 564 18.29 29.07
I-LA3-31 10/4/74 10:15 1.8 4 160 198.10 40.02 484 286.53 215.04
I-LA3-32 10/4/74 13:15 2.1 8 380 71.51 18.75 398 ND ND



Table I-4. (contd)

Stage III Stage IV

Start b Sample Sample
Sample Time, PAN,a Oxidant, Weight,d Weight Weight Weight,d Weight Weight
No. Date PST ppb pphmc 1.'g SO-,Ug NO3,yg Ug SO4 ,Ug NO3 ,ig

I-LA4-1 1/13/75 16:05 ND 1 ND 3.7 5.90 18 2.66 5.27

I-LA4-2 1/13/75 19:05 ND 0 130 3.7 5.69 16 2.66 4.21

I-LA4-3 1/13/75 22:05 ND 0 10 5.51 4.21 28 2.95 4.63

I-LA4-4 1/14/75 01:05 ND 1 50 2.99 10.53 20 3.14 5.48

I-LA4-5 1/14/75 04:05 ND 1 2 3.33 9.90 14 2.99 5.06

I-LA4-6 1/14/75 07:05 ND 1 ND 3.18 6.53 10 2.85 6.53

I-LA4-7 1/14/75 10:05 ND 2 2 3.61 10.95 20 2.66 5.48
I-LA4-8 1/14/75 13:05 ND 2 8 3.65 6.74 12 3.04 2.95
I-LA4-9 1/14/75 16:05 ND 1 12 3.28 8.85 14 3.61 4.00

I-LA4-10 1/14/75 19:05 ND 1 18 2.99 6,11 14 3.23 7.16
I-LA4-11 1/14/75 22:05 ND 0 36g 2.47 6.53 32 3.66 5.69
I-LA4-12 1/15/75 01:05 ND 1 24 4.28 4.00
I-LA4-13 1/15/75 04:05 ND 1 16 9 3.47 6.74 20 /.95 7.16
I-LA4-14 1/15/75 07:05 ND 1 20 2.95 5.06
I-LA4-15 1/15/75 10:05 ND 2 909 3.37 8.43 20 2.80 4.63
I-LA4-16 1/15/75 13:05 ND 3 82 4.66 17.27
I-LA4-17 1/15/75 16:05 ND 5 329 3.56 8.43 244 5.75 42.76
I-LA4-18 1/15/75 19:05 ND 2 484 11.83 58.97
I-LA4-19 1/15/75 22:05 ND 2 429 3.66 7.58 372 4.70 45.28
I-LA4-20 1/16/75 01:05 ND - 1 3 7 296 6.42 59.82
I-LA4-21 1/16/75 04:05 ND 1 388 3.33 7.37 234 14.35 85.09
I-LA4-22 1/16/75 07:05 ND 1 * 196 5.75 38.54
I-LA4-23 1/16/75 10:05 ND 3 50 4.70 5.27 358 5.70 81.93
I-LA4-24 1/16/75 13:05 ND 11 46 2.80 5.69 274 8.84 46.55
I-LA4-25 1/16/75 16:05 ND 5 74 3.71 5.90 420 11.36 50.97
I-LA4-26 1/16/75 19:05 ND 1 84 3.80 8.64 704 12.54 76.66
I-LA4-27 1/16/75 22:05 ND 1 56 4.47 5.90 422 9.88 50.76
I-LA4-28 1/17/75 01:05 ND 0 169 2.95 8.21 112 7.46 23.38
I-LA4-29 1/17/75 04:05 ND 1 46 2.80 5.90
I-LA4-30 1/17/75 07:05 ND 1 24 3.18 4.63
I-LA4-31 1/17/75 10:05 ND 2 109 4.04 5.27 40 5.18 7.58
I-LA4-32 1/17/75 13:05 ND 2 8 4.84 3.79

aAveraged over 15-min periods.

bAveraged every 1 hr.

cParts per hundred million.

dSome weight discrepancies exist.

eOnly one-half of the sample analyzed.

No data.

gTwo or three samples
combined.

I-a0
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URBANA

SPRINGFIELD O DECATUR

GLASGOW AUBURN
60 cm

0 *k

ST LOUIS
MO.

ILLINOIS

Fig. 1-4. Project MISTT Sampling Sites at Auburn
and Glasgow, IL, and St. Louis, MO

3. Intercomparison Study of Methods

During August and September 1975, a field comparison study of sample
collection and analysis methods was conducted in the St. Louis region in coop-
eration with the Environmental Protection Agency (EPA). The sampling phase*
of this study entailed the simultaneous collection of airborne particulate
matter by several different methods at both a rural and an urban site. The ANL
samples were collected with time- and size-resolution using Lundgren
impactors simultaneously at both sites, along with the samples collected by
the EPA and by other participants in the study.

Of primary interest in the analysis of these samples was the
detection of acidic sulfate. Impactor samples have been routinely analyzed
using infrared spectroscopy to detect the neutral and acidic sulfate, but
direct comparisons had not previously been made with other collection methods
or analytical techniques, either for impactor-collected samples or for
extracted filter samples. This study afforded the opportunity to make these
direct comparisons.

*
The authors wish to thank Lowell Hines and Wade Shephard from the EPA for
their assistance in collecting the samples.
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Sun Mon Thes Wed Thur Fri Sat

Auburn Till.

Glasgow, Ill.

St. Louis, M.

Auburn, Ill.

Glasgow, Ill.

t. Louis, M.

Fig. I-5. Sampling Periods and Acidic Sulfate Episodes during Project MISTT

The EPA samples were collected using a dichotomous virtual impactor

which divides the particles into fine (less than 3.5 um) and coarse (greater

than 3.5 um) size fractions. Each fraction is collected on a separate 37-mm

Fluoropore (Teflon) filter. A set of 30 filters was received from the EPA

and included samples from both the rural and urban sites, and from both
size fractions.

Table I-5 presents the results of the sulfate analysis of all the

EPA filters as determined by the freeze-drying procedure described above.

The sample weights were determined grta.vimetrically by the EPA. The values

for loading of the air are calculated from these weights and the flow rates.

The sulfate values are presented in three ways: (1) total weight of sulfate

per filter (pg), (2) percent of sulfate in the mass collected, and (3)
loading of the sulfate in the air (pg/,). These filters represent 24-hr

collection periods except for the ore noted. In all but three cases, the

sulfate values for the coarse filters were either close to the limit of

detection or had interfering bands, and therefore are not listed.
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Sulfate Measured in EPA Filter Samples

Air
Filter Mass, Loadin ,a
Number ig lg/m

2-
S04

Vgb %c ug/mad

Sun., Aug. 24

Mon., Aug. 25

Tues., Aug. 26

Thur., Aug. 28

Fri., Aug. 29

Sat., Aug. 30

Sun., Aug. 31

Wed., Sept. 3

Sun., Aug. 24

Mon., Aug. 25

Tues., Aug. 26

Sat., Aug. 30

Sun., Aug. 31

Wed., Sept. 3

Sat., Sept. 6

aCalculated for each filter.

bTotal weight of sulfate per filter.

cPercent sulfate in collected sample.

dSulfate loading in air.
2-

Below detection limits of 3ug SO4
No data.

gEight-hour sample.

Table I-5.

Sample
Collection

Date

Filter
Size

Fraction

.0
'.1

w-
0U

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

Fine
Coarse

207
5207

208
5208

209
NDf

211
5211

212c'
ND

213
5213

214
5214

217
5217

807
5807

308
5808

809
ND

813
5813

814
5814

817
5817

820
5820

300
300

270
400

580
ND

770
450

170
ND

430
200

540
310

510
740

290
280

180
200

350
ND

400
250

510
280

640
550

430
ND

15.5
15.5

13.7
20.2

33.3
ND

39.5
23.1

26.4
ND

21.7
10.1

27.9
16.0

26.5
38.5

15.3
14.8

9.2
10.2

17.6
ND

20.4
12.8

27.4
15.1

31.5
27.1

22.1
ND

20.6
BDe

31.7
BD

75.8
ND

230.5
7.5

33.2
ND

166.0
BD

209.2
BD

82.0
BD

47.5
BD

19. S
6.6

92.9
ND

138.1
5.2

159.5
BD

142.8
'3D

122.7
BD

6.9
BD

11.7
BD

13.1
ND

27.3
1.7

19.5
ND

38.6
BD

38.7
BD

16.1
BD

16.4
BD

10.8
3.3

26.5
ND

34.5
2.1

31.3
BD

22.3
BD

28.5
BD

1.1
BD

1.6
BD

4.4
ND

10.8
ND

5.2
ND

8.4
BD

10.8
BD

4.3
BD

2.5
BD
1.0
ND

4.7
ND

7.0
ND

8.6
BD

7.0
BD

6.3
BD
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Figures I-6 and I-7 are comparative displays of the sulfate levels
found in the stage IV impactor samples and in the dichotomous fine filter
samples. In Fig. I-6, the amount of sulfate is plotted as percent of the
total sample. The points indicate the values for the 2-hr impactor samples
and the bars indicate the values for the 24-hr EPA filter samples. In Fig.
I-7, the same analytical results are plotted as micrograms sulfate per
cubic meter of air. As can be seen in Fig. I-6 (% SO~ plot), the filter
values are lower than the impactor values; whereas in Fig. I-7, (ug/m3 plot),
the filter values are higher than the impactor values. This is consistent with
the current understanding of the size distribution and chemical character of
atmospheric particles. The results can be explained as follows. The fine
filter collected all particles below 3.5 ym in diameter, whereas the impactor
collected only a size fraction between about 0.3 and 1.0 um in diameter. The
impactor sample, therefore, is collected in a size window that corresponds to
the accumulation range of secondary particles, where one expects the percentage
of sulfate to be higher. This is in accord with the results shown in Fig. I-6.

813 814
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8/28/75 8/29
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1200 2400 1200

8/30 CST 8/31
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2400 1200

9/1
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217
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9/3 9/4

WED THUR

Fig. I-6. Comparison of Results from Infrared Spectroscopic Analysis of the
EPA Filter2Samples and ANL Impactor Samples: Results Plotted as
Percent S04- of Total Sample Weight. (The filter samples are
denoted by numbered bars; the impactor samples by dots.)
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214
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2400 1200 2400 1200

1 8/31 9/1
CST
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H-217

1200 2400 1200

9/3 9/4

WED THUR

Fig. I-7. Comparison of Results from Infrared Spectroscopic Analysis of
the EPA Filter Smples and ANL Impactor Samples: Results
Plotted as u g SO4-/m3. (The filter samples are denoted by
numbered bars; the impactor samples by dots.)

However, when the sulfate is plotted as micrograms per cubic meter as in
Fig. 7, the amount of sulfate found on the filter is higher, because the filter
collects material over the entire range, whereas the impactor collects only a
portion of the total material present in the fine size range. It must also be
pointed out that collection losses are probably greater in the impactor
than in the EPA dichotomous filter device, and this would lead to lower
sulfate values for the impactor samples in the ug/m3 plot.

Stage II and stage III (nominal 50% cutpoints of 3.0 um and 1.0 um,
respectively) collected the larger sized portion of the size range collected
by the fine filters. The stage II and III samples had very little, if
any, sulfate which indicates that the larger amounts of sulfate found in
the filter samples, as compared with the sulfate in the impactor samples,
must be accounted for by particles small enough to pass the fourth stage
of the impactor, i.e., particles less than 0.3 um in diameter. This
demonstrates the need for the analysis of time-resolved after-filters. The
development of the filter extraction procedure, described earlier in this
report, now affords this capability.

Also of note in the comparison study is the significant short-term
variation in sulfate loading with time as revealed by the 2-hr impactor samples,
but not by the 24-hr filter samples. This points up the fact that time
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resolution as well as size resolution is necessary if the chemistry of airborne
particulate matter is to be fully understood. The importance of time
resolution is illustrated in this study by the fact that acidic sulfate was
detected for only a brief (6-hr) period. Of all the impactor samples
analyzed, only three indicated occurrence of acidic sulfate; no such
occurrence was detected for the 24-hr filter samples.

The results of comparisons described herein are consistent with
current concepts concerning particulate matter in air. The data, however,
strongly indicate the importance of comparing methods and the importance
of gaining information on the time and size variations in atmospheric
particulates.

4. Comparison Study at Tyson, Missouri

The final phase of the summer field studies was conducted for the
purpose of comparing methods of detection of acidic sulfate in atmospheric
aerosol. The comparison was made between the infrared method developed at
ANL and the light-scattering techniques developed at the University of
Washington,1 5 Seattle, and Washington University, 16 St. Louis; all of
these methods are capable of detecting acidic sulfate aerosol on a time-
resolved (1-hr) basis.

The two-week study was held at a field site in the Tyson Research
Center, a heavily-wooded restricted-access area southwest of St. Louis,
where a relatively high incidence of acidic sulfate was anticipated,1 7

Time- and size-resolved samples were collected* continuously during the period
of September 12-26, 1975, with concurrent aerosol analysis being carried
out in situ by the two light-scattering techniques.

Figure I-8 is a plot of the weight of material recovered from the
impactor stage IV mylar collection substrate. These weights have not yet
been corrected for procedural. losses, which are estimated to be about 20%;
however, the weights are accurate to within 5% with respect to the amount
of material analyzed. In addition, they provide information on the amount
of aerosol in the submicrometer size range.

Also shown in Fig. I-8 is a numerical indication of the relative
degree of sulfate acidity. This numerical indication refers to a scale
from 0 to 6, which is based on the characteristic infrared spectral
variations associated with variations in sulfate acidity. The scale is
illustrated in Fig. I-9, together with the spectra of the three stable
compounds, ammonium sulfate [(NH4) 2SO4 ], letovicite [(NH4) 3H(SO4) 2 ] and
ammonium bisulfate [NH4 HSO4] which are assigned values of 0, 3 and 5,
respectively, on the sulfate acidity scale. A value of 1 on the scale
indicates an infrared spectrum just slightly on the acidic side of neutral
ammonium sulfate; and the other values are related to higher acidities, as
indicated in the figure.

*
The authors wish to thank Ray Weiss for his assistance in collecting the
samples.
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Fig. I-8. Stage IV Sample Weight and Relative Sulfate Acidity for
Samples Collected at Tyson, MO.

Looking again at the data from the Tyson study (Fig. I-8), it
can be seen that a major acidic sulfate episode occurred on the 16th and
17th of September, 1975. The strong sulfate acidity values correspond to
high sample weights and follow a distinct diurnal cycle. Both light-
scattering techniques also indicated the presence of acidic sulfate aerosol
on the 16th and 17th. Direct hour-by-hour comparison of the data from the
three techniques and correlation with meteorological data have not yet been
made, but the present indication is that the three techniques agree
qualitatively in the observation of acidic sulfate.
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II. OXYGEN ISOTOPY IN ATMOSPHERIC SULFATE FORMATION
(B. D. Holt, P. T. Cunningham, and A. G. Engelkemeir*)

Early work on the application of oxygen isotope analysis to the study
of atmospheric sulfate formation was described in the preceding report1 8

in this series. Laboratory experiments were reported which showed that
isotopically distinguishable sulfate products could be prepared from the
same starting materials (SO2 , H20, and air oxygen) by varying the sequence
in which the hydrolysis and oxidation reactions in the sulfation process
were carried out. The hydrolysis-oxidation sequence was

H20 W0 ]

SOs0s _W SOso,0 a-0  Ss,osow

and the oxidation--hydrolysis sequence was

[0 ] H20 -

Sos0 air I SOs"os''Oa" -s s0a',w

where Os denotes oxygen originating in the SO2 , Ow is oxygen from the water,
and Oa is oxygen from the air. The prime and double-prime notations denote
the isotopically fractionated oxygen that is incorporated in the sulfate
products by the two sequences of formation reactions.

It was also reported that periodic collections of field samples of
atmospheric sulfates, sulfur dioxide, and water vapor had been started for
oxygen isotope analyses. The main objective of the program was to identify
the predominant mechanism of formation of sulfate aerosols (i.e., hydrolysis-
oxidation or oxidation-hydrolysis) in the geographical region of the site of
sample collection. Descriptions were given of sample-collection methods
and of laboratory equipment and laboratory procedures of analysis.

In the present report, results are given for the field samples of
sulfates, sulfur dioxide, water vapor, precipitation water, and sulfates
dissolved in precipitation water. These samples were collected over a
16-month period, November 1974 to February 1976.

An expected, seasonal variation in oxygen isotope ratios was observed
for atmospheric water vapor and precipitation water. A corresponding
seasonal variation also appeared in derived isotope results for atmospheric
sulfur dioxide. Unexpectedly, however, seasonal variation was not clearly
evident in the results for sulfate aerosols.

Laboratory experiments were conducted to evaluate the fractionation
effects of the hydrolysis-oxidation sulfation process on the oxygen Ifotopes
of water and air oxygen. Isotope fractionation effects had not been taken
into account in the previous discussions.

*
Analytical Chemistry Laboratory, ANL.
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A. Fractionation Effects in Hydrolysis-Oxidation Preparations

A series of sulfate samples was prepared by a hydrolysis-oxidation
procedure in which the amount of air available for oxidation was varied from
a near-stoichiometric quantity to a large excess. In this procedure, a
measured quantity ("85 p-moles) of So2 of known del value* was cryogenically
transferred to flasks of various sizes (to provide varying amounts of air),
followed by addition of 50 ml of degassed water (containing ti 1 mg FeCl 3 as
catalyst), and then by addition of ambient air to atmospheric pressure. The

closed flasks were agitated for about 20 hr on a mechanical shaker. In some

of the preparations anhydrous NH3 ("'2 x 85 p-moles) was added to the flasks
prior to the water addition. The solutions of sulfite thus neutralized
were left open to ambient air for 20 hr. Each solution was tested by
iodometric titration for the presence of sulfite. In no case was the
oxidation to sulfate found to be incomplete after 20 hr.

The results are shown in Fig. II-1, in which the del values are plotted
against the logarithms of the ratios 202/SO2. For the four different water
supplies, each with a different oxygen isotope enrichment (61 80w = -17*/o,
-8*/O, 50/ , and 18*/ ), the del values of the sulfate product decreased about

30/ as the ratio 20/SO 2 increased from zero to that of the conditions of an
open vessel, where the supply of air oxygen was essentially unlimited.

Extrapolation of the curves to log (202/SO 2) = 0 leads to the condition
in which all air oxygen, as well as all S02, is completely consumed in the
sulfation process, thereby precluding any isotopic fractionation in the
oxygen of either air or S02. The isotopic fractionation effect occurring
in the water oxygen can therefore be calculated from measured oxygen isotope
ratios in the S02, air oxygen, and the sulfate product.

B. Molecular Form of Sulfate in Hydrolysis-Oxidation Preparation

The isotope fractionation effect (61 80w' - 61 80w) between the del of
the water oxygen that is fractionated by incorporation into the sulfate,

Ow', and the del of the relatively large supply of water oxygen, Ow, in the
solution is expected to be essentially the same for different water supplies
of different isotopic enrichments. It was observed that this difference
was not essentially the same when the molecular form of the sulfate was
assumed to be SOsOsOw'Oa,2-, but was essentially the same (i16/.,) for the
molecular form SOsOsOw'.5H20w'-H2(Ow'Oa') 2-. In Table II-1, the
fractionation effects for the two forms are compared. In these formulas,
Os represents the oxygen originally associated with the S02 sample and
Oa' represents fractionated air oxygen.

The hydrated molecule-ion may be considered to be a transient form
that results from the displacement of one of six coordinated water molecules
around a sulfite ion by a peroxide molecule. The peroxide is presumed to
originate from the dissolution of air oxygen in the aqueous medium.

*
A del value is the deviation of the 180/160 ratio of a sample from that
of a standard in units of parts per thousand (/O). The standard used
was standard mean ocean water (SMOW).
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Fig. II-1. Isotopic Results for Sulfates Prepared by Dissolution
of S02 in Excess Water from Supplies of Different 180
Enrichment and Oxidation Using Various Amounts of Air.

Table II-1. Fractionation Effects in Oxygen Isotopes of Water Reacting
with SO2 to Form Two Molecular Forms of Sulfate

SOsOs~wOa' 2- SOsOsOwvI5H20w'H 2 (OwOa,)2-

6 0 w 6 0 w? 6 0 w, - 6 0w 6 0ow 6 0 wl - 60w

-17 -29 -12 - 1 16
-8 -5 3 7 15
5 31 26 20 15

18 69 51 34 16

Since air contributes only one of the ten oxygen atoms in the product,
a decrease of A-3/ in the del value of the sulfate product, as the ratio
of 202/SO2 increases from one to a limiting value for an open vessel,
corresponds to a decrease of '30*/. in the del value of unfractionated
air oxygen (23/.0 ). The del value of fractionated air oxygen of an unlimited
supply is therefore 6180a' = A-(23-30 = -7)/.

C. Field Results

Figure II-2 shows isotopic results for field samples of sulfate aerosols,
sulfates produced by air-oxidation of atmospheric SO2 collected on K2C0 3 -
glycerol-treated paper filters, and atmospheric water vapor. These results
are for the 16-month period, November 1974 through February 1976.

I I

-Ow= -8
--

I
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Fig. II-2. Isotopic Results: (a) Ambient Sulfate Aerosols, (b) Sulfate
Formed on S02-Collecting Filter, and (c) Ambient Water Vapor.

The display of data for individual samples (one collected on each of
three consecutive days of each month) reveals the day-to-day fluctuations in
isotopic oxygen of the three components. Seasonal effects on the oxygen
isotope ratios were very prominent in atmospheric water vapor; less
prominent in sulfates produced on alkaline filters by ambient sulfur
dioxide; and scarcely, if at all, discernible in ambient sulfate aerosols.
Although the data for sulfate aerosol samples collected during the first
half of 1975 seemed to indicate seasonal variation,19 the full-year
accumulation of data did not sustain such a correlation.

Figure II-3 shows isotopic results obtained for precipitation water,
Op, in rain and snow samples. For comparison, monthly averages of the
water vapor data (taken from Fig. II-2c) are also plotted. It is evident
from these data that precipitation water was about 10/.. more enriched in
180 than water-vapor water. Isotopic results for sulfates dissolved in
precipitation water have not yet been completed for the 16-month period.
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Fig. II-3. Isotopic Results for Water Oxygen in Atmospheric
Condensed Water (Rain and Snow) and Water-Vapor
Water.

D. Derived Results

1. Calculated Isotopic Data for Atmospheric S02

The del values for isotopic oxygen in atmospheric S02 were
derived from the sulfate formed on the alkaline paper filter. This was
accomplished by the following steps. (1) Make an assumption as to the
molecular form of the sulfate ion at the instant of formation on the alkaline
paper filter. Assume, for example, that the form was either SOsOsOrOa2-,
or SOsOs0r-5H20p1iH2(OpI0a')2-. In these formulas, Or represents the
hydrolyzing oxygen contributed by the alkaline reagent; and Opt represents
fractionated precipitation-water oxygen, with 8 8Op - 6180p + 16/.. and
6180p - 818, + 10*. . (2) After selecting a molecular form for the sulfate,
evaluate 61 0 r from results obtained by passing S02 of known oxygen isotope
ratio through the alkali-treated filter. (3) Using the 61 80r value, solve
for 81808 in atmospheric sulfur dioxide. Use of the hydrated molecular
form in step (1) to derive del values for SO2 produced some unreasonably
high and variable values; therefore, this molecular form is probably an

improper choice for the conditions of sulfation on the paper filter.

Figure II-4a shows isotopic data for atmospheric SO2 derived for a 13-month
period by using the molecular form S8s0sOhOh2- for sulfate on the alkaline

filter paper. The sulfate SOsOsOhOh2- is a hybrid of the form SOsOsOrOa'2 ,
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Fig. II-4. Derived Isotopic Results: (a) Atmospheric S02, Using the
Molecualr Form SOsOsOh0h2 - for Sulfate on S0 2-Collecting
Filter, and (b) Atmospheric Sulfate Hypothetically Produced
from Atmospheric SO2 , Usin the Molecular Form
S0Os80 -p5H20p'-H2(0p'Oa') -

where the sum (6180r + 6180a') is evaluated as a single unknown, 26 180h, as
in step (2) above. Calculated on this basis, 6180 showed a seasonal
variation paralleling that of water vapor. Day-to-day variations were often
quite large, the highest observed change being 16%/,. on March 12-13, 1975.
Wind directions were recorded at the beginning and end of each sample
collection. A comparison of the isotopic and wind data indicates that the
high del values were uniquely accompanied by winds with a northerly component.

2. Calculated Vs. Measured Dels for Atmospheric Sulfates

The calculated dels, 6180., for atmospheric sulfur dioxide,
Fig. II-4a, can be converted to corresponding dels for sulfate which might
be formed in the atmosphere if, hypothetically, all the SO2 was quantitatively
converted to sulfate. For atmospheric conditions of excess condensed water
(as, for example, the solution of SO2 in the parts-per-million range in fog
or rain droplets), the dels for sulfate produced by the hydrated molecular
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form S0s0s0pv"5H20p1"H2(0p0,a')2- were derived by the relationship,

6180 2- 260s + 76180 , + 6180a'S04 -
10

and were plotted in Fig. II-4b. The strong seasonal variation evident in
these derived data is in contrast to the apparently undefined seasonal
variation in the measured dels for ambient sulfate aerosols (Fig. II-2a).

E. Conclusions

Three prominent phenomena were observed for a 16-month period of
isotopic analysis of atmospheric water vapor, sulfur dioxide, and sulfate
aerosols. (1) The day-to-day variations in oxygen isotope ratios for
atmospheric S02 were often large and could very probably be related to wind
direction. These variations suggest that the samples may have been derived
from various local sources of fresh SO2 and/or from distant sources of aged
SO2. (2) Prominent seasonal variations in oxygen isotope ratios were
observed in both water vapor and sulfur dioxide, the heavier isotope being
more enriched in summer than in winter. Assuming that the main sources of
SO2 were not responsible for the seasonal isotopic enrichments, the observed
isotopic variations in S02 suggest that equilibration with atmospheric
water may have occurred. Such an effect would be expected to be more
pronounced in aged SO2 from a distant source than in fresh S02 from local
sources. (3) Isotopic variations in ambient sulfate aerosol were not
clearly seasonal for the 16-month sampling period, although formation from
seasonally dependent atmospheric water and seasonally dependent S02 would
be expected to produce seasonally dependent sulfate.

F. Future Work

The original objective of the program to determine the predominant
mechanism by which sulfate at the point of sampling is produced has not
yet been achieved. In future work, the sulfates that were contained in the
16-month collection of precipitation water samples are to be examined for
seasonal variation of 180. Routine sampling at our Argonne site for sulfate
aerosol, sulfur dioxide, water vapor, precipitation water, and sulfate
dissolved in precipitation water is to be extended over a 2-year period.
Archive samples of sulfate aerosols, collected in 1975 at San Diego,
California, are to be analyzed to allow comparison with the data obtained
at the Argonne site during 1975. Daily, diurnal samples of sulfate aerosol,
sulfur dioxide, and water vapor, collected at three sites (4100 km apart)
in Sangamon County, Illinois, during six days in July 1975, are to be analyzed
to examine correlations of isotope ratios among the components and among
the sampling sites. Laboratory experiments are to be performed to assess
oxygen isotope exchange between 802 and H20, in excess water, prior to
oxidation to sulfate.
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III. SULFUR EMISSION CONTROL CHEMISTRY
(P. T. Cunningham and B. R. Hubble)

The increasing demand for energy from sulfur-containing fossil fuels
has led to concern over control of sulfur emissions into the environment.
Many control processes under development, such as the fluidized-bed combustion
process, are based on the use of a solid sulfur-faxing reagent, usually a
dolomite or limestone. This report presents the results of a basic research
program designed to obtain mechanistic information on chemical reactions
involved in the cyclic use of dolomite for sulfur-emission control. A cyclic
process is one that returns the sulfated sorbent to a reusable form.

Because most of the processes that occur in controlling emissions in
fluidized-bed combustion are solid-gas interactions, the program has
emphasized the solid-state aspects of these interactions. Current theories
on solid-gas reaction kinetics are phenomenological in nature and attempt
only to explain raw kinetic data. These theories have had limited success
in interpreting kinetic data for the type of reactions involved in sulfur
emission control.2 0,21 Clearly, the development of non-phenomenological
theories for solid-gas reactions would be desirable. However, little
information is available on the nature of the changes that occur in the
solid phase during reaction and the effect of these changes on the progress
of heterogenous reactions. If such theories are to be developed, information
on each aspect of the total reaction must be obtained and understood.
Therefore, in this program, chemical kinetic measurements are correlated
with structural and morphological changes that take place in the solid
particles during the various chemical reactions. The goal of the program
is to identify, and gain an understanding of, the role that structure and
variations in morphological properties of the solid may play in determining
the mechanisms of the chemical reactions. The morphological properties
may be related to the initial state (starting material), final state
(reacted product), or to changes that take place during the chemical reactions.

In the initial phase of this work,2 1 emphasis was placed on examination
of the crystal structure and the morphological changes taking place within
a dolomite stone at various half-calcination, sulfation, and regeneration
steps. The study led to an understanding of the possible origin of disorder
within the calcite phase and the nature of various micro- and macro-diffusion
regions within the dolomite system.

The investigation has resulted in the identification of specific
morphological details that relate to the half-calcination and sulfation
kinetics. It has also led to (1) the development of synthetic dolomites with
certain structural characteristics for use as improved sorbents, (2) the
identification of mechanisms whereby the Mg ion participates in SO2 removal,
and (3) the development of a CaSO4-CaS solid-solid reaction which may find
potential application as a regeneration method.

Kinetic measurements were made with the thermal gravimetric (TG) apparatus
that has been described previously.20' 21 Structural and morphological
investigations of the solid phase at various stages of the reactions entailed
the use of a variety of techniques, including X-ray diffraction, optical
microscopy, and scanning electron microscopy (SEM).
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A particular, naturally occurring dolomite, BCR 1337, which has the
empirical formula (CaC03)1.14(MgC03)0 .86, WAS chosen for these studies.
The choice of this dolomite was based primarily on the fact that this
material contains relatively low levels of chemical impurities.2 2 Mechanistic
information obtained on this model sorbent will be extended to other
naturally occurring dolomites and limestones which contain higher levels
of impurities.

All experiments to date have been carried out on stones in the size
range of -16+18 U.S. standard screen ("1.1 mm). The thermal gravimetric
experiments were performed at atmospheric pressure, using 50- to 200-mg
samples and gas flow rates of 300 cm3 /min. Structural and morphological
studies were made on aliquots of 30 to 50 stones removed at various stages
of the reactions.

A. Sulfur Removal Processes
(B. R. Hubble, S. Siegel, L. H. Fuchs,*
H. R. Hoekstra,* E. Nielsen, B. S. Tanit)

The principal chemical reactions of interest in sulfur removal are
the half-calcination of dolomite

[CaMg(C03)2 ](s) -+ [CaC03 -Mg0](s) + CO2  (1)

and the sulfation of half-calcined dolomite

[CaC03-Mg0](s) + SO2 + 1/2 02 + [CaSO4 -Mg0](s) + CO2  (2)

Half-calcined dolomite is the stable form under the operating conditions
of most sulfur-removal processes under development and, accordingly, is the
material that reacts with the SO2 present during the combustion of the fossil
fuel. In the present work, the formation of the [CaMg 3 (S04)4] phase has
been identified as an additional reaction of interest, and the chemistry of
this compound is reviewed in this report.

1. Half-Calcination Reaction

A dolomite stone is composed of CaMg(C03)2 crystals ranging in
size from submicroscopic to microscopic. These crystals adhere to one
another by an unknown process to form the coherent stone. During the half-
calcination reaction, the CaMg(C03)2 decomposes to CaC03 and MgO, with
the integrity of the stone being maintained. Within this entity, calcite
is found in a finely divided state, as well as in the form of crystals of
various sizes. As observed by X-ray diffraction and the scanning electron
microscope, the MgO is clearly present, even though the crystallites are
too small to be identified by optical examination.

Chemistry Division, ANL.
t
Analytical Chemistry Laboratory, ANL.
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In order to interpret the morphology of the stones in the half-
calcined state, a structural and morphological model was developed
(ANL-75-53, p. 62). This model took into consideration the known crystal
structures of dolomite, calcite, and MgO, as well as the general information
given above concerning the initial and final conditions of the dolomite
stones. Basically, calcite crystals in the half-calcined state are
considered to be composed of smaller subunits or crystallites which show
preferred orientation and tend to simulate a true crystal. In addition,
consideration of the structure of dolomite led to the speculation that
MgO may be trapped by means of layering in the calcite crystals and that
the calcite is disordered. Alternatively, the calcite crystals may be
considered to be coherent crystals which are highly disordered by imperfect
growth, but which nevertheless have MgO trapped within them. The implications
of such a model have been important for a number of reasons. First, it
suggests that the morphology of the half-calcined dolomite is important in
subsequent reactions and, therefore, should be understood. Secondly, such
a model identifies a variety of defect regions in the calcite crystals that
may be highly reactive toward S02 and 02, and then suggests possible reaction
mechanisms to be studied.

The initial results of k study of the half-calcination reaction were
presented earlier.2 1 These findings demonstrated that the resultant morphology
of the half- alcined state can be varied and is related to the kinetics of
the reaction shown by Eq. 1. The study of this reaction has now been
expanded extensively to obtain mechanistic information.

Kinetic measurements were performed under two gaseous environments
(100% C02 and 40% C02-60% He) and over a wide temperature range (640 - )*C)
to identify the effect of C02 concentration and temperature on the r' -Cion.

Structural-morphological studies were carried out on the half-calcined
material at various stages of the reaction.

Kinetic behavior of the half-calcination reaction is illustrated
in Figs. 11I-1 and III-2, in which the percent conversion to [CaC03-Mg0]
under various conditions is plotted against time. All the experiments
were carried out at 1 atm pressure. Figure III-l* shows the results obtained
with an environment of 100% C01, and Fig. III-2 shows the results obtained with
an environment of 40% C02-60% He. From these figures, it is apparent that the
kinetics are dominated by a temperature effect. The reaction rate increases
rapidly with increasing temperature for both the 100% and 40% C0 2 environments,
particularly above some temperature near 700*C. In general, the rate is higher
in the 40% CO2 environment, but this effect becomes less pronounced at higher
temperatures. Thus, the effect of C02 concentration on the kinetics is not as
pronounced as the temperature effect. The temperature effect becomes even more
apparent when the extent of conversion is examined. For example, at 640 C
under 100% C0 2, some dolomite remains unconverted even after 220 hr of reac-
tion; at 680*C under 100% C02 , complete reaction is achieved in less than 60 hr
(not shown in Fig. III-1.). However, as illustrated in Fig. III-1, at
700*C, the reaction is nearly complete after only 7 hr. Thus, a 60-degree
temperature difference is shown to have a dramatic effect on the progress
of the reaction.

Figure III-1 contains information reported previously, 21 but includes new
data for 800*C.
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Fig. III-1. Percent Conversion vs. Time for the
Half-Calcination Reaction under
100% C02 Environment

The structural-morphological studies of the half-calcination reaction
were based on microscopic and X-ray diffraction investigations of stones
from selected kinetic experiments described above.

a. Microscopic Studies

Table III-1 lists the half-calcined samples which were
examined by microscopic techniques. Column 1 gives the sample number;
column 2, the sample history; and the last column, the percent conversion
to the half-calcined state (based on TG results).

The morphological changes exhibited by the samples are quite
pronounced. The condition of the starting material (dolomite) is illustrated
in Fig. III-3a, which shows the dolomite crystal (grain) sizes to range
between 30 and 300 im.

100% C02 , Low-Temperature Preparation. The morphological
changes associated with the reaction under 100% CO2 in the low-temperature
range (slow kinetics) are described in the following. The onset of calcite
formation occurs at dolomite crystal boundaries and in the interiors of the
dolomite stones. MgO crystallites are too small to be visible under an
optical microscope, but are uniformly distributed throughout the stones,
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Table III-1. Half-Calcined BCR 1337 Dolomite Samplesa
Investigated by Microscopic Technique

Sample Number Sample History % Conversion (TG Results)

I 100% C02, 640*C, 60 hr 50
II 100% C02, 640*C, 120 hr 75
III 100% C02, 640"C, 220 hr dolomite present
IV 100% C02, 680*C, 120 hr 100
V 40% C02, 800*C, 0.3 hr 100
VI 40% C02 , 800*C, 1 hr 100
VII 40% C02 , 800*C, 6 hr 100
VIII 40% C02, 800*C, 16 hr 100
IX 40% C0 2, 800*C, 26 hr 100

aThese samples were studied because they represented the extremes in the
kinetics of the formation of the half-calcined state: low temperature
and high CO2 concentration yielded the slowest kinetics; high
temperature and low CO2 concentration yielded the fastest kinetics.
An additional variable was the effect of prolonged heat-treatment
(samples VI through IX).
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a b

Fig. 111-3. Photomicrographs of Natural and Half-Calcined Dolomite
(a) Untreated 1337 dolomite, polished section, polarized
light. Scale bar = 0.2 mm.
(b) Sample IV, half-calcined 1337 dolomite (100% C02 ,
680*C, 120 hr), polished section, polarized light.
Illustrating dolomite relic structure has been
maintained. Scale bar = 0.3 mm.
ANL Neg. No. 308-76-446

as indicated by scanning electron microscope (SEM) photographs. The calcite
crystallites observed under the optical microscope show a high degree of
orientation and generally assume the orientation of the host dolomite crystal;
such a grouping of crystallites will be termed a relic grain (an array of
several grains in a stone thus displays relic structure). A polished
section of any of the samples prepared at low temperature, when viewed in
polarized light, shows a similarity to the structure of the original dolomite,
i.e., the relic structure of the half-calcined product resembles the crystal
outline of the original dolomite. This is illustrated in Fig. III-3a
(untreated dolomite) and Fig. III-3b (sample IV, Table III-1). However,
there is an overall vagueness in the reflecting properties of the half-
calcined dolomite, as compared with those of original dolomite. This
vagueness is due to the greater amount of light scattering by small calcite
crystallites, some of which do not inherit the orientation of the original
dolomite even though they are a part of the relic grain.
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40% C02 , High-Temperature Preparations. The morphological
changes observed when the half-calcination reaction is carried out under
40% CO2 at 800*C (fast kinetics) do not parallel those occurring with 100%
CO2 and temperatures of 640-680*C. This is illustrated in Fig. III-4,
(which represents sample V in Table III-1). The material contains only a
few relic grains, in contrast to the samples prepared with 100% C02.
In addition, not all the calcite crystallites in the few relic grains
present assumed the orientation of the original dolomite grain; this again
was in contrast to the samples prepared with 100% CO2. Since the number of
relic grains was relatively small, the bulk of the sample was composed
of randomly oriented crystallites. Thus, the structure of the original
dolomite was largely obliterated. The average size of the calcite crystallites
in sample V was approximately 10 um, which is similar to that of sample IV.

Fig. III-4. Photomicrograph of Half-Calcined Dolomite, Sample V
[Half-calcined 1337 dolomite (40% CO2 , 800*C, 0.3 hr),
polished section, polarized light. Illustrating
dolomite relic structure has been largely obliterated.
Arrows point to a few grains present.
Scale bar = 0.2 mm.]
ANL Neg. No. 308-76-444

Heat Treatment of 40% C02 , High-Temperature Preparations. The

above findings demonstrate that morphology is related to reaction kinetics
that are predominantly affected by temperature. This suggests a third

variable that may affect the morphology, namely, heat treatment beyond

the time required for the reaction to reach completion.
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Samples VI to IX were heated beyond the time required for full
conversion, which is shown to occur within 0.3 hr by sample V. The effect
of heat treatment showed up after less than one hour of treatment, as
illustrated in Fig. III-5 (sample VI). The figure shows that the original
dolomite structure was completely obliterated. Relic grains no longer
exist and there has been a complete loss of preferred orientation of the
calcite crystallites within the stone. The average crystallite size in
sample VI is near 10 pm, which is similar to that of samples IV and V.
Samples VII to IX, which were heated for longer times, are very similar to
VI except for two effects. First, some growth of the calcite crystallites
occurred; the average size was now from 20 to 25 ym depending upon the length
of heat treatment. Secondly, the calcite crystallites also became more
distinct in polarized light, as illustrated in Fig. III-6 (sample IX). This
latter effect probably results from increased ordering in the internal
structure of the calcite crystallite; that is, the individual calcite

crystallites tend to approach more closely true single-crystal character
(i.e., by annealing).

Fig. III-5. Photomicrograph of Heat-Treated, Half-Calcined
Dolomite, Sample VI. [Half-calcined 1337 dolomite
(40% C02, 800*C, 1 hr), polished section, polarized
light. Illustrates that the dolomite relic
structure has been completely obliterated. No
grains present. Scale bar = 0.3 mm.]
ANL Neg. No. 308-76-441
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Fig. III-6. Photomicrograph of Annealed Half-Calcined Dolomite,
Sample IX. [Sample IX, heat treated, half-
calcined 1337 dolomite (40% C02 , 800*C, 26 hr),
polished section, polarized light. Illustrates
that upon additional heat treatment, calcite
crystallites become distinct in polarized
light. Scale bar = 0.2 mm.]
ANL Neg. No. 308-76-445

b. X-ray Diffraction Studies

X-ray diffraction results complement and are in general
agreement with the microscopic findings. However, they provide additional
insight into the nature of the morphology. To appreciate this, it must
be emphasized that the two techniques observe crystals in different size
ranges: hundreds of angstroms in the X-ray case and microns (10,000 A) in
the optical microscopy case. Thus, a microscopically detected crystal
may be composed of a collection of smaller, highly oriented crystallites
that are observable by the X-ray technique. The agreement and complementary
aspects of the two techniques are suggested by the X-ray results given
in the preceding report 21 in this series. This study involved the use of
conventional X-ray powder methods to examine many of the samples for
which data are given in Table III-1. Local enhancement of the intensities
of the calcite diffraction lines was observed and interpreted to indicate
varying degrees of preferred orientation to form pseudo crystals. These
preferred-orientation effects were subsequently observed microscopically.
Information obtained on the nature of the individual crystals was based on
the following observations: (1) the CaC03 aia 2 doublets were not resolved,
thereby indicating crystallite sizes of the order of 1000 A or less,
(2) a substantial decrease in the intensities of CaCO3 lines, which suggests
disorder in the crystallites, and (3) lack of resolution in the a1a 2 doublets
of MgO which indicated that this phase comprised small crystallites.
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The X-ray diffraction examination of the nature of the half-
calcined state has been expanded to include: (1) measurements of line
breadths in the CaCO3 and MgO patterns in an attempt to separate the
contributions of disorder and crystal size to the broadening of lines,
and (2) a more detailed examination of the pseudo-crystals of calcite.

Crystallite Size Measurements. Crystallite sizes were
determined by measuring the diffraction-line broadening. The mean diameter,
D, of a crystallite can be evaluated using the expression:

D = KX/S cos 0 (3)

where K is a constant; a, the wavelength; S, the line width at half-maximum;
and 0, the Bragg angle. The width of a diffraction line will be determined

by a number of factors. If unstressed crystallites of sufficient size
are assumed, the width can be evaluated from geometric and spectral
considerations; that is, from the arrangement of the collimating system and
the properties of the incident radiation. If the observed line width
exceeds the derived values, the origin of the broadening is a reduced
crystallite size, or is caused by stresses or deformation within the
sample. The observed line width is described by Eq. 3 only if it results
from crystallite-size contribution. Thus, Eq. 3 makes it possible to
determine whether more than one source is contributing to the observed
line broadening.

The following briefly summarizes the experimental procedure.
The samples were crushed in order to eliminate the irregular intensity
distributions that would have arisen from the pseudo crystals, and the
diffraction line widths were determined using a counter detection technique.
Measurements were carried out for both the CaCO 3 and MgO phases. Considerable
care was exercised in accounting for the geometric and spectral factors,
using suitable collimators to cover the diffraction range.

The results indicate that the sources of the observed broadening
cannot be completely identified from these measurements alone. The term
a cos 0 is constant if the line widths are attributable solely to crystallite
size. However, this is found to be only approximately true for MgO, and
clearly not so for CaCO3. Table III-2 summarizes the numerical values for the
crystallite sizes of CaCO3 and MgO, given in angstroms, assuming that
Eq. 3 describes the data.

The significance and limitations of the values listed in
Table III-2 can be appraised to some extent. For MgO, the crystallite
sizes range from 180 A up to about 300 A. These values are probably of the
correct order of magnitude since a substantial part of the line broadening
appears to arise from crystal size effects. In the case of CaCO3, a cos 0
was not constant; this was readily apparent because the line widths were so
great at large angles that the maxima were barely discernible. This suggests
that crystal size effect alone does not explain the line broadening. On

the other hand, a plot of S vs. tan 0 was not linear, as would be required
if disorder effects alone were responsible for the observed line broadening.
Therefore, it can be concluded that the observed line broadening results from
a combination of effects arising from crystallite size and some form of

disorder. Separation of the size and disorder factors is not possible at

present because of the inability to obtain complete diffraction data.
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Table III-2. Crystallite Sizes in Half-Calcined BCR 1337
Dolomite Samples, Assuming that the Line-
Broadening Equation 3 is Applicable

0 0

Sample Number Sample History CaCO 3 , A MgO, A

Iga 100% C02, 640*C, 120 hr 161-386 296
X 100% C02, 660*C, 6.5 hr 154-366 234
XIb 100% C02, 680*C, 6 hr 152-331 241
XIIb 100% C02, 700*C, 7 hr 152-331 239-233
XIIIb 100% C02 , 720*C, 2.5 hr 183-472 197-279
XIVb 100% C02, 800*C, 0.3 hr 175-420 208-226
XVc 40% C02, 640 C, 7 hr 173-278 Q200
XVIc 40% C02, 680*C, 6.5 hr 190 "230
XVIIc 40% C02, 700*C, 6.5 hr 175-440 206-224
XVIIIc 40% C02 , 720*C, 2.3 hr 178-509 203-211
XIXc 40% C02, 740*C, 1.3 hr 175-507 208-220
Va,c '40% CO2 , 800*C, 0.3 hr 175-420 189-225

aSample also described in Table III-1..

bSample from end of experiment shown in Fig. III-1.

cSample from end of experiment shown in Fig. III-2.

It is thus not possible to state that the calcite crystallite
sizes are actually as given in Table III-2. However, the data clearly show the
surprising result that the line widths, and hence the nature of the
disorder and crystal-size broadening, are independent of the half-calcination
conditions of temperature and CO2 concentration. As will be shown, it is the
size of the pseudo crystals that undergoes change with the half-calcination
conditions.

Pseudo-Crystal Size Studies. To obtain further information on
the sizes of pseudo crystals, additional X-ray studies were carried out. A
second powder pattern of each of the half-calcined samples was obtained
under conditions that resulted in minimum crushing during loading of the
capillaries. In addition, the samples were kept stationary during the film
exposure. This approach reduces the averaging of the patterns that occurs
as more and more crystals are brought into the diffraction condition and
permits a better appraisal of the crystalline nature of the phases present.

The results of these measurements can be summarized as
follows. The diffraction film patterns of calcite show fairly sharp and
uniform reflections at low angles, but the line breadth increases rapidly
with angle. Actually, the lines do not show a completely uniform intensity
distribution. However, depending on the half-calcination conditions, the
diffraction lines, particularly those at low angles, show marked variations
in intensity. These variations range from those caused by crystallite
orientation effects to those representative of single-crystal reflections
superimposed on the more uniform diffraction lines. Such variations are
pronounced in the case of reflections corresponding to cleavage planes and
give a strong indication that the crystals are composed of smaller crystallites
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which have a tendency to become oriented. This conclusion, based on powder
patterns, is analogous to the observations made by Haul and Wilsdorf2 of
single crystals of dolomite in which the half-calcination process led to
a high degree of orientation of calcite crystals around the dolomite base.
It is also consistent with the present microscopic results in which relic
grains appear as single crystals of calcite that are based on the original
dolomite morphology.

For those conditions of half-calcination under which large
pseudo crystals develop, the pseudo crystals do not appear to be perfect.
This is deduced from the high-order reflections, hkl, which show the t1c2
components to be unresolved. This indicates that pseudo crystals are dis-
ordered, or are not single crystals.

The results of this investigation are summarized in Table III-3
for samples prepared in a 100% C02 environment, and in Table III-4 for samples
prepared in a 40% C02 environment. The sizes of the dolomite crystals, calcite
pseudo crystals, and MgO crystallites are given on a relative basis. In
these tables, the word large means a size sufficient to produce spottiness in
the diffraction pattern of the species. The meaning of the results of this
study may be summarized as follows.

In Table 111-3, data are given which describe the effect of

two variables on the size of calcite pseudo crystals: (1) temperature
and (2) reaction time or heating time. For a reaction time of 6-7 hr, the
effect of increasing temperature was to decrease the size and number of

calcite pseudo crystals formed. The largest calcite pseudo crystals were
observed in sample XX; these were prepared at the lowest temperature, 640*C.

At temperatures above !00*C, the calcite pseudo crystals were few in number;
and at 800*C, no calcite pseudo crystals were observed.

The effect of reaction time (or percent conversion) on
pseudo crystal size is illustrated in the 640*C preparations. Increasing
the half-calcination time from 7 to 120 hr led to a decrease in size of the

pseudo crystals formed: sample XX (7 hr, ti 15% conversion) > sample I
(60 hr, "'50 % conversion) > sample II (120 hr, ti75% conversion). However,

it is not clear whether the reduction in CaC03 pseudo-crystal size results
from the reaction itself or a time effect associated with an annealing

process.

Similar results were obtained with the 40% C02 environment;
these are given in Table III-4. The calcite pseudo crystals formed at

640*C after 7 hr of reaction were large, whereas at 680*C, most of the

crystals were small, with only a few large ones present. Above 700*C,

the calcite was primarily in a finely divided state. The effect of the

CO2 level in the environment appeared to be too subtle to allow a comparison

of the 100% CO2 results with the 40% CO2 results.

c. Mechanistic Considerations: Identification of Morphological
Properties Affecting Sulfation Kinetics

The results from these studies provide a realistic description

of the condition of the half-calcined dolomite formed by reaction 1. These

findings take on additional significance when the sulfation reaction is

considered. The overall complexity of the sulfation-reaction system
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Table III-3. Pseudo Crystal Sizes: Summary of X-ray Diffraction
Analysis of BCR 1337 Dolomite Stones from Half-
Calcination Experiments Using 100% CO2 Environment

Sample Sample
Number History CaMg(C03)2 CaCO 3 MgOa

640*C for
ti7 hr

640*C for
"'60 hr

640*C for
"'120 hr

660*C for
"i7 hr

680*C for
t'6 hr

700 C for
"'7 hr

720 C for
".2.3 hr

740*C for
"1.3 hr.

800*C for
^-0.3 hr

large

large

large

large

large

few large
crystals remain

only small
residue

none

none

large

large, but
reduced in size
from that of
sample XX

primarily small,
but a few large

large, but
reduced in size
from that of
sample XX

few large,
mostly small

fewer large
present than in
sample XI

few large,
primarily small

only few
pseudo crystals,
primarily small

essentially no
pseudo crystals
present

aNo pseudo crystals exist. Table lists relative size of MgO
crystallites.

bSample from end of experiment described in Fig. III-1.

cSample also described in Table III-1.

dSample also described in Table III-2.

IIc,d

Xb,d

XIb,d

XIIb,d

XIIIb,d

XXIb

XIVbd

small

small

small

small

small

small

small

small

small

Ic
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Table III-4. Pseudo Crystal Sizes: Summary of X-ray Diffraction
Analysis of BCR 1337 Dolomite Stones from Half-
Calcination Experiments Using 40% CO2 Environment

Sample Sample
Number History CaMg(C03 )2  CaCO 3  MgO

XVb,c 640*C for large large small
ti7 hr

XVIb~c 680*C for large few large, small
ti7 hr primarily small

XVIIbc 700*C for few large few large, small
ti7 hr crystals remain primarily small

XVIIIb~c 720*C for small amount of primarily small small
ti2.3 hr small crystals

XIXb,c 740*C for small amount of very few pseudo small
".1.3 hr small crystals crystals,

primarily small

Vb,c,d 800*C for none essentially no small
N 0.3 hr pseudo crystals

present

VIIb 800*C for none primarily small small
ti6 hr

IXd 800*C for none primarily small small
N26 hr

aNo pseudo crystals exist. Table lists relative size of MgO
crystallites.

bSample also described in Table III-2.

cSample from end of experiment described in Fig. III-2.

dSample also described in Table III-1.

became apparent in early experiments in which it was observed that small
calcite regions of a half-calcined stone sulfated in a nonuniform manner;
that is, calcite and sulfate phases were found to exist side by side within
what was initially a larger calcite crystal. 2 1 Such results suggested that
diffusion barriers were forming at the crystal level. The findings of the
current study make it possible to identify a number of factors that may be
involved in the sulfation reaction mechanism.

The morphology of the half-calcined dolomite can be related to
two properties: disorder and crystal size. The small individual calcite
crystallites formed in the half-calcination process are found to be disordered,
and this disorder is not affected much by the half-calcination conditions.
However, the size of the calcite species present varies with the reaction
conditions. When the reaction is carried out at low temperatures, the small
disordered calcite crystallites align themselves to form large, disordered,
pseudo crystals which can approach the size of the host dolomite crystals.



The size of the calcite species varies from small at high temperatures to
large at lower temperatures, with disorder always present at both the
crystallite and pseudo-crystal level. Moreover, the extent of the disorder
can be varied by heat treatment. The small disordered crystallites formed
at high temperature lose some of their disorder by annealing.

This interpretation of the crystal size and disorder of the
half-calcined state suggests possible mechanisms involved in the subsequent
sulfation reaction. Size could have a pronounced effect. For example, the
low-temperature preparations contain large pseudo crystals in the form of
grains and, during sulfation, diffusion barriers formed by the grain boundaries
could be important; the large pseudo crystals may have to be broken down
in order that the reaction may proceed. Such morphological hindrances may
not be important in the high-temperature preparation, which consists of small,
randomly orientated crystallites and few grains. In this case, however, the
disorder effect may be significant because the small annealed crystallites
would be expected to have less micropore structure and contain fewer
reactive sites than the more disordered small crystallites. Thus, the
more disordered form would be more reactive than the less disordered
crystallites.

Any or all of these factors, as well as others not yet
identified, could be involved in the sulfation reaction mechanisms. However,
the separation of some of the factors through an understanding of the half-
calcined condition makes it possible to investigate the various roles played
by these factors. As will be described in the next section, experiments were
carried out to relate sulfation kinetics to the three discernibly different
morphologies identified in these studies of half-calcined dolomite: (1)
Small disordered calcite crystallites, randomly oriented within a half-
calcined stone. (2) Large calcite pseudo crystals which are disordered and
made up of smaller calcite crystallites that are also disordered. These
stones contain extensive grain structure. (3) Small calcite crystallites
that are randomly oriented within a half-calcined stone, but in which some
disorder has been removed by annealing.

2. Sulfation Reaction of Half-Calcined Dolomite

The three samples of half-calcined dolomite representing three
different morphologies were employed as startir naterials for the
sulfation reaction. These were sample IV (100% U02, 680*C, 120 hr) large
pseudo crystals, sample VI (40% C02 , 800*C, 1 hr) small disordered
crystallites, and sample VIII (40% C02, 800*C, 16 hr) small partially
annealed crystallites (see Table III-1). Each sample was sulfated under the
same experimental conditions: 750*C 0.27% SO1, 4.85% 02, 39.77% C02 ,
55.11% He, and a flow rate of 300 cm /min. The TG results are shown in Fig.
III-7, in which percent conversion to (CaSO4-MgO] is plotted as a function
of time.

The results clearly show that the sulfation reaction rates and
yields responded to the morphological makeup of the half-calcined stones.
For example, after a 6-hr period, sample VI had undergone a 44% conversion
to [CaSO4-MgO], whereas sample VIII had undergone only a 29% conversion.
Thus, sample VI showed a 55% increase in yield over that of sample VIII.
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Fig. III-7. Sulfation of Half-Calcined Dolomite

The shapes and relative positions of the three sulfation curves
indicate that the morphological changes occurring during the reaction must
have roles in controlling the progress of the reaction. The low rate
of sample VIII was expected because this sample contained the lower energy
(annealed calcite) reaction medium. The yield curve for this sample is of
interest because its initial slope is between those of samples IV and VI,
but it shows a sudden and rapid drop-off after approximately two hours. After
the drop-off, the yield vs. time curve becomes fairly linear. By contrast,
the shapes of the yield curves for samples IV and VI show substantially less
drop-off and indicate a more normal yield behavior. The shape of the curve
for sample VIII, which is reproducible, is a striking example of the
combined effects of crystal size distribution and the changing morphology
which is unique to the half-calcination preparation conditions. For example,
the changing morphology during sulfation may result in formation of
diffusion barriers which are unique to the particular starting half-calcined
morphology.

Microscopic examination of samples at the end of the sulfation
runs (N22 hr) showed that samples IV and VI were equally sulfated and that
both were more sulfated than sample. VIII, thus substantiating the data of
Fig. III-7. Figures III-8, III-9, and III-10 are photomicrographs showing
the conditions of samples IV, VI, and VIII, respectively. The 100% sulfated
regions (dark areas) in the stones circle the lighter areas, which are
mainly calcite with minor CaSO4 content. (MgO is comon to all regions.)
From the photomicrographs, it can be seen that the band widths of CaSO4
are smallest for sample VIII.

-

-
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Fig. III-8. Photomicrograph of Sulfated Dolomite, Sample IV,
(polished section, reflected light). Dark areas
in the stone are 100% sulfated. Light areas are
mainly calcite with minor CaSO4 . Scale
bar = 0.3 mm. ANL Neg. No. 308-76-442.

A matter of particular interest is that CaSO4 bands exist in the
interiors of all three samples, as well as on the periphery of the stones.
This is significant because earlier studies21 showed that stones sulfated
for 5-1/2 hr under similar conditions had a different CaSO4 distribution.
A comparison of the results for the two different time periods sheds new
insight into the sulfation process.

a. Five-and-One-Half-Hour Sulfation

In the 5-1/2-hr sulfation of half-calcined dolomite, CaSO4
occurred primarily on the periphery of the half-calcined stones. Some
CaSO4 also formed in the stone interior, but this occurred to a relatively
small extent as previously noted.

b. Twenty-Two-Hour Sulfation

Two differences concerning the CaSO4 distribution within the
stones are apparent. First, the CaSO4 rim on the stone periphery has not
grown in size to any extent over that which existed after the 5-1/2-hr
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Fig. II1-9. Photomicrograph of Sulfated Dolomite, Sample VI
(Polished section, reflected light. Scale
bar = 0.3 mm.) ANL Neg. No. 308-76-447

Fig. III-10. Photomicrograph of Sulfated Dolomite, Sample VIII
(Polished section, reflected light. Scale
bar - 0.3 mm.) ANL Neg. No. 308-76-443
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reaction. Secondly, circular bands of CaSO4 now exist throughout the stone.
In addition, the thicknesses of the circular bands located in the stones'
interior are approximately the same as those of the bands located near the
periphery of the stones (band thickness is related to extent of sulfation).

c. Mechanistic Considerations

The results of the 5-1/2-hr reaction, when taken alone, suggest
that the CaSO4 rim formation on the periphery is the dominant effect. This
can be interpreted as indicating that a macropore blockage effect develops--
similar to that suggested by shrinking-core-models. Thus, upon extending
the sulfation period, the dominant effect anticipated would have been an
increase in the size of the CaSO4 rim on the periphery. This was not
observed; instead, the sulfate formed circular bands which penetrated
completely across the stone. In addition, the amount of sulfate formed on
the interior was similar to the amount formed near the periphery. This
suggests that during an extended reaction period, sulfate band formation
becomes more rapid in the stone interior than the conversion of calcite
already encircled by CaSO4 bands in the rim on the periphery. Thus, a
shrinking-core model at the micro-scale (grain) level does not appear to
completely explain the process. It is therefore apparent from these
experimental results why the phenomenological theories have had limited
success in interpreting kinetic data of the reaction.

The overall complexity of the reaction is apparent from these
findings. Changes in the morphologies occurring during the reaction result
in the formation of multiple diffusion barriers which limit the build-up
of CaSO4 within the stones. Many different barriers may exist and further
experimentation is required in order to sort out the nature of these barriers.
Some of these possibilities are presented below.

(1) Boundaries between the relic grains are pronounced when
the calcite pseudo crystals are large. These boundaries may be the edges
or surfaces of the crystal and hence may constitute one form of barrier.

(2) CaSO4 , once formed, with its larger molecular volume,
may hinder diffusion. For example, if CaSO4 bands are formed around grains,
they may serve as diffusion barriers to additional sulfation.

(3) The large pseudo crystals of calcite may contain
barriers not only on the outer surface but also internally. In the earlier
study, X-ray and microscopic evidence indicated that the large pseudo crystals
broke down in size as sulfation progressed. In addition, in one set of
experiments, it was shown that the individual pseudo crystals were not
sulfating uniformly. This implies that diffusion barriers exist within
pseudo crystals.

(4) The possibility that MgO exists in the form of layers

entrapped within the calcite crystallites implies that such layering would

hinder SO2 and 02 diffusion.

(5) As will be shown in the next section, the sulfation

process is complicated further because the binary compound Mg3Ca(SO4)4 is
commonly produced. The binary sulfate is found to form in the relic regions
of the stone and thus could hinder diffusion.
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Any or all of these possibilities, as well as others, may
hinder the progress of the sulfation reaction as illustrated in Fig. III-7.

These studies have centered on the observation and measurement
of the developing CaSO4 phase. However, the Mg ion can also contribute to
the formation of a sulfate. The identity of a new phase, Mg3Ca(SO4 )4 ,
has been established and the conditions of its formation have been studied
in some detail.

3. The Role of the Mg Ion in the Sulfation of Dolomite

During the investigations of the half-calcination and sulfation
reactions, conditions under which magnesium participates in the sulfation
process to form Mg3Ca(SO4)4 have been identified.

The presence of the binary salt, Mg3Ca(SO4)4 was first established
in experiments in which reactions 1 and 2 were carried out simultaneously.2 1

In these experiments, the flow of the sulfation-reaction gas mixture over
the dolomite was started at a temperature below that at which the half-
calcination reaction would normally begin (about 550*C). The temperature
was then increased rapidly to 750*C, a condition under which reaction 1
will proceed when an environment of 40% C02 is provided. X-ray diffraction
patterns of crushed stones from these experiments showed the presence of
weak diffraction lines that were not attributable to the CaSO4, NO, and
CaC03 phases present, but which possibly arose from Mg3Ca(SO4)4.

2 %
Subsequently, microscopic studies of reaction-product stones showed the
presence of a new phase on their peripheries and on the walls of interior
cavities, as shown in Fig. III-11. A small sample was isolated from these
regions, and an X-ray diffraction pattern showed an enhancement of the
lines of Mg3Ca(SO4 )4, leading to a more certain identification and location
of the binary salt.

The Mg3Ca(SO4 )4 phase develops in concentrations of about 5-10%
of the total volume of the sample under the experimental conditions
described above. However, it is formed under a broad range of experimental
variables: temperatures from 700 to 850*C, and SO2 concentrations from
less than 0.1 to 4 vol %.

a. Mg3Ca(SO4)4 Formation During Sulfation of Half-Calcined
BCR 1337 Dolomite

Subsequent investigations have defined other conditions in
which the binary salt develops in concentrations sufficient for detection.
For example, the compound is formed when the half-calcined form of BCR 1337
dolomite is sulfated in the presence of high S02 concentrations (e.g.,
3 vol % SO2 ). Here, the Mg3Ca(SO4)4 is again located primarily on the
periphery of the stone, as indicated by Fig. III-11. A major point of
interest is that the occurrence of the binary sulfate appears to be
restricted to the periphery of dolomite stones and to surfaces surrounding
voids within dolomite. This suggests that the binary formation is a
surface-controlled process. It is possible that the binary sulfate crystals
form from the vapor. This suggestion gains some credence by the appearance
of the outside rims of the sulfated stones, which may be seen in Fig. III-12.
The rim structure is characterized by numerous voids, which are either
completely or partially enclosed. (The photomicrograph shown in Fig. III-12
is of a typical stone mounted in epoxy resin.)
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Fig. III-11. Photomicrograph of a BCR 1337 Dolomite
Particle Showing Location of Binary
Sulfate Within the Particle (Dark ribbons
are binary sulfate; they have been
discolored by exposing the sample to
air. Scale bar = 0.3 mm.)
ANL Neg. No. 308-4192A

b. Mg3 Ca(SO4)4 Formation in Synthetic Dolomites

Experiments have been carried out using pellet samples of a
synthetic dolomite containing structural disorder. 2 1 The development of
synthetic dolomites of a kind called protodolomites, has been described by
Graf and Goldsmith. The detailed structures of these protodolomites are
not completely known; however, it is apparent from diffraction patterns that
more than one disordering process may exist. A variety of protodolomites,
with varying Ca/Mg ratios, can be prepared. One such preparation chosen
for this study yielded very substantial amounts of Mg 3Ca(SO4)4, about
50-60%, when sulfation was carried out after half-calcining. The texture
of the synthetic pellet samples appears to be finely divided, with the
binary sulfate distributed uniformly.
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Fig. III-12. Photomicrograph Showing Formation of Binary
Sulfate (A) on CaS04 (B) Substrate on the
Rim of a Dolomite Particle [Note skeletal
growth of the binary sulfate; voids are
shown filled with epoxy resin (E).
Scale bar = 0.03mm.]
ANL Neg. No. 308-76-303

The high yield of the binary salt in the synthetic dolomite
indicates that its sorbent capability for the oxides of sulfur is greater
than that of natural dolomite. In addition, it is possible that other
synthetic dolomites may be identified that have even higher yields of the
double salt upon sulfation.

c. X-ray Diffraction and Microscopy Studies of the Binary Sulfate

Chemical-crystallographic studies of the binary sulfate
compound have been undertaken in an effort to gain an understanding of the
possible mechanisms involved in its formation in dolomite. Preliminary
results of these investigations are described.

The compound Mg3Ca(SO4)4 was first noted by Rowe et al.,
2 6

in their study of the Ca-Mg-S-0 phase diagram. Subsequently, Turkdogan
and Rice2 7 reported the presence of the binary sulfate during the study of the
free energy of formation of MgS04 when magnesia samples were used with calcium
present as an impurity.
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In the present work, Mg3Ca(S04)4 was synthesized using the
information given by Rowe et al.26 Single crystals, grown from the
corresponding melt, showed numerous inclusions of small crystallites,
some of which were identified as MgO and others as the binary compound
itself. Although the optical properties of this preparation closely resemble
those found by Rowe et al., some minor differences were observed. The
reported refractive indices were a 1.53, 8 1.55, and y 1.57, which lead to
a birefringence of about 0.04, whereas the indices for the single crystals
used in this study fell between 1.552 and 1.560, giving a maximum
birefringence of 0.008, but probably closer to 0.005. The vague interference
figure appears to be biaxial positive with a very small axial angle, but the
figure could also be uniaxial; the uncertainty arises from the indistinct
figure presented. As noted earlier, some of the crystals contained small
amounts of MgO crystallites; hence, the composition of the compound prepared
may have been magnesium deficient, a factor which may account for the
discrepancy between the published and currently observed optical properties.
The grain sizes of the binary sulfate in the dolomite sample were too small
(8-10 um) to provide suitable optical properties for comparison.

Precession and Weissenberg X-ray patterns show theosynthetic
melt-grown crystals to be hexagonal with a = 8.31 X and c = 7.30 A, thereby
indicating uniaxial character. Deviations from this symmetry have not
been detected. Based on the above cell parameters, the calculated density
is 1.89 g/cm3 for one formula weight or 3.78 g/cm3 for two formula weights,
if the composition is Mg 3Ca(S04 )4 . Neither of these density values appears
reasonable, since the densities of MgS04 and CaSO4 are 2.93 g/cm

3 and
2.99 g/cm3 , respectively.

If it is assumed that the density of the binary sulfate is
approximately 2.95 g/cm3 , such a value can be obtained from a 2:1 compound,
Mg2Ca(S04)3 , with two molecules per unit cell, or with a 1:1 compound,
MgCa(S04) 2 , with three molecules per unit cell. These density values are
based on the assumption that for both compositions the hexagonal symmetry
and cell constants given above are applicable.

Accordingly, a compound of formulation Mg 2Ca(S04) 3 was
prepared and crystallized. The presence of small crystallites of one or
more different phases was again observed. The refractive indices for this
2:1 preparation varied about a value of 1.558, with a maximum birefringence
of 0.004. Thus, the refractive indices for 3:1, Mg 3Ca(S4)4, and 2:1,
Mg2Ca(S04)3, preparations are essentially the same. The single crystal
X-ray data indicated that the symmetry of the Mg 2Ca(SO4)3 preparation was
still hexagonal, with cell dimensions close to those observed for Mg3Ca(S04)4.
Powder X-ray patterns of both compositions were similar, but intensity
variations and line shifts were observed. The line shifts indicated that the
cell dimensions of the two preparations differed slightly. Line and intensity
variations could be brought about by solid solution, which would lead to
variable composition.

Investigations are currently under way to determine the
composition of the major phase and to establish its region of stability.
The existence of a solid solution over a reasonable composition range may
lead to information on the mechanism of formation of the phase. Furthermore,
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the occurrence of the binary compound may not be critically dependent on
the ratio of MgO to CaCO3 , but rather on the chance proximity of the relevant
ions following half-calcination. Accordingly, if solid solution develops,
the band observed in Fig. III-11 could well represent variable composition.

d. Mechanistic Considerations Concerning the Formation of the
Binary Sulfate

A new parameter in the sulfation process, the formation of
Mg3Ca(S04 )4 , has been identified and the occurrence of the binary salt has
been shown to be fairly general. The chemistry associated with the formation
of this compound is currently under study in order to identify reaction
mechanisms and to determine conditions that favor its production. No
detailed attempt has been made to determine whether its yield in naturally
occurring dolomite can be greatly increased. If the yield could be increased,
it would represent an increase in the sorbent capacity for sulfur removal.
At any rate, it represents an additional piece of mechanistic information
concerning the sulfation reaction. Its presence in the form of a ring-like
structure, for example, suggests that it may play a role as a barrier to
reactant diffusion.

Sulfation studies strongly suggest that formation of the double
salt is dependent upon the morphological properties of the system. The
following is a speculative view of a possible mechanism for the development
of the binary salt.

In natural dolomite, Mg and Ca ions alternate along the
threefold axes; this leads to alternating sheets of cations normal to the
axes, with the carbonate ions distributed between the sheets. It is believed
that, as a consequence of this structure, the half-calcination reaction leads
to a layering of CaCO3 crystallites with MgO entrapped between the layers.

2 1

Under these circumstances, MgO and CaC03 are separated physically and, for
this reason, the formation of the binary sulfate is retarded. The cases
in which the binary salt is formed can possibly be explained by a reduction
in the physical separation of the Ca and Mg ions. For example, during the
simultaneous half-calcination and sulfation process, S02 and 02 molecules
are present while Mg and Ca ions are within atomic distances of each other.
Therefore, the reaction to produce the binary salt can take place before the
half-calcination process is complete. This feature may facilitate the
production of Mg3Ca(S04 )4 . In addition, the occurrence of randomly mixed
crystallites of CaC03 and MgO may also contribute to the formation of the
double salt in half-calcined natural dolomite. For example, BCR 1337 dolomite
contains an excess of Ca ions; hence, to some extent, some of the Ca ions
must be located at Mg sites. This leads to regions in which the CaC03 and

MgO crystallites are randomly mixed after half-calcination, a condition
considered to be favorable for the production of the double salt since a
random cation distribution precludes layering.

In the case of synthetic dolomite, the Mg and Ca ions are
probably randomly situated at the cation atomic sites, so that layering again
would not arise. Thus, following half-calcination, any small volume will
contain a random mix of MgO and CaC03 crystallites, thereby creating a
favorable situation for the formation of the double salt, as was the case
with the bCR 1337 natural dolomite.
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B. Sorbent Regeneration Processes
(B. R. Hubble, S. Siegel, L. H. Fuchs,* E. Nielsen)

For environmental and economic reasons, a clear need exists for a
regeneration process that will allow cyclic use of the sorbent material and
efficient recovery of sulfur in a usable or storable form. Two regeneration
processes have received considerable attention by people in the field. A
third regeneration scheme has been advocated as a result of research carried
out in this program. These regeneration processes are represented by
Eqs. 4-8:

Two-Step Method

[CaS04-MgO](s) + 4H2 + [CaS-Mg0](s) + 4H20 (4)

[CaS-Mg0](s) + CO2 + H20 - [CaC03-Mg0](s) + H25 (5)

One-Step Method

[CaSO4 -MgO](s) + H2 + [Ca0-Mg0](s) + SO2 + H20 (6)

CaSO4-CaS Reaction Method

[CaSO4-MgO](s) + 4H2 -+ x[CaSO4-MgO](s) + y[CaS-Mg0](s) + 4H20 (7)

3[CaSO4-MgO](s) + [CaS-MgO](s) -+ 4[Ca0-MgO](s) + 4SO2 (8)

The two-step method is most favorable at an elevated pressure and moderate
temperatures of about 800 to 900C for reaction 4 and about 500 to 600*C
for reaction 5. The problem areas associated with this method are related
to reaction 5, which only goes to approximately 50 to 60% completion. In
addition, the partially regenerated material loses much of its reactivity
toward S02. The one-step method, Eq. 6, is more suitable for use at
atmospheric pressure and high temperature. This reaction has been found
to proceed at acceptable rates and give acceptable yields, but it must be
carried out at elevated temperatures of about 1100C. These high temperatures
lead to severe penalties in terms of material problems that arise at higher
temperatures.

During the course of investigating these reactions, observations were
made that suggest an alternative regeneration procedure based on Eq. 8,
which proceeds at a moderate temperature of about 950*C. The chemical-
structural-morphological approach to the study of the sulfur removal
processes, discussed in previous sections, illustrates that structural and
morphological processes as well as chemical processes, control the progress
of gas-solid reactions. It was the application of such an approach to
reaction 4 that led to the identification of reaction 8 as a potential
regeneration scheme.

*
Chemistry Division, ANL.
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1. CaS04-CaS Regeneration Reaction

Consideration of the solid-solid reaction between CaSO4 and CaS

3[CaSO4-MgO](s) + [CaS-Mg0](s) + 4[CaO.MgO](s) + 4SO2 (8)

as a regeneration method was suggested by optical microscopic studies 2 1 ,28
of sulfated dolomite that had been partially reduced by reaction 7. These
studies revealed that the stones contain extensive but irregular regions of
mixed CaSO4 and CaS crystallites. Since CaSO4 and CaS reactants are in
contact, it was recognized that the solid-solid reaction, represented by
Eq. 8, could take place. The preliminary experiments, described in the
earlier report,2 1 illustrated that CaSO4 and CaS in the dolomite stones
would indeed react to form CaO at temperatures near 950*C.

Additional studies, which have now been completed, were concerned
with (1) establishment of the stoichiometry and extent of the reaction between
the CaSO 4 and CaS present in the treated dolo ite stones, (2) a study of the
effect on CaO yields caused by varying the SO4-/S2- mole ratios of the
starting material, (3) a preliminary investigation of the kinetics associated
with the reaction, and (4) the development of an alternative method for
carrying out the reaction.

The motivation for the above studies was based on the recognition
that the dolomite system offered a unique opportunity to study such a
reaction because of the morphological properties of the system. The
microscopic results, already mentioned, indicated that the stones contain
regions where SO4 and S2- are in intimate contact and thus could react.
However, these results also suggested that the extent of the interaction
between S02~ and S2- will depend on other variables: (1) the ratio of S02-04 S2 4eed()52
to S2- within the regions of intimate contact and (2) the extent of
distribution of these regions throughout the stones. These variables
suggest that information on the stoichiometry and extent of reaction as a
function of starting material composition are important in gaining an
understanding of the reaction.

a. Stoichiometry of the CaSO4-CaS Reaction in Dolomite

In order to carry out stoichiometric studies of the CaSO4-CaS
reaction, it was necessary to develop a convenient method of chemical analysis.
A TG instrument, as used in this program to monitor the progress of reactions,
only measures weight changes. Accordingly, an independent analytical
technique was required to identify the chemical reaction(s) associated with
these weight changes. The small sample sizes (1200 mg) employed in TG
experiments placed a restriction on the choice of the analytical technique.
For this reason, a method based on X-ray diffraction patterns was developed
for quantitative measurements of the various phases present in dolomite

stones containing CaO, CaSO4, and CaS.2 1

Before applying this method to stoichiometric studies of the
solid-solid reaction the results obtained with the X-ray method were compared
with those obtained with the TG method for two reactions that are well
understood in the dolomite system, namely, the sulfation and reduction
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reactions. TG results can be expressed, based on a mass balance analysis,
in terms of composition of the phases present. Since the TG data for these
reactions are well established it is possible to compare the results of
the X-ray analysis with those of the TG analysis in order to evaluate the
accuracy of the X-ray analysis.

A number of sulfation and reduction experiments were performed
with BCR 1337 dolomite samples and the sample compositions were calculated
using the TG results. The samples were then analyzed by the X-ray technique
for comparison. The results obtained with the TG and X-ray analytical
techniques are summarized in Table III-5. The third through sixth columns
list TG results. The third column gives the weight percentage of available
material in the stones that has been converted. The fourth, fifth and sixth
columns list the composition of the sample (mass balance). The seventh
through ninth columns list the results of X-ray diffraction analysis of
the samples.

These results indicate that the agreement between the two
techniques is quite satisfactory. Excellent agreement was obtained for the
amounts of CaO and CaSO 4 in the samples (columns 4 and 7 and columns 5 and 8,
respectively). However, the agreement was less than desired for the amount
of CaS present (columns 6 and 9); in each case in which the sample was
partially reduced, the X-ray result was lower than the TG result. A number
of factors in the X-ray technique may be responsible for this lack of
agreement: (1) the use of peak heights instead of integrated intensities,
(2) the presence of amorphous materials, and (3) the partial masking of some
of the usable CaS lines by CaSO4 lines, leading to substantial errors in CaS
intensity measurements. Better agreement might result using a diffractometer
instead of the film technique. Nevertheless, these results demonstrate that
the X-ray technique is sufficiently accurate to be used to define the
stoichiometry and extent of the reaction between CaSO4 and CaS in the
dolomite stones.

To investigate the reaction stoichiometry, a stock supply of
partially reduced dolomite stones, containing the CaSO 4 and CaS reactants,
was prepared by the reduction reaction (Eq. 7) performed at 880*C, using a
3 % H2 in He mixture. Aliquots of this starting material were used in a
series of sulfate-sulfide reactions that were allowed to proceed for different
time lengths before being quenched. Each CaSO4-CaS reaction experiment was
carried out at 945*C and 1 atm pressure, with pure helium flowing at a rate
of 300 cm3/min to remove the SO2 formed. In these experiments, the starting
material was placed in the TG apparatus, which was at 945*C with the helium
purge gas flowing, and the weight change was monitored until the experiment
was halted. Stones at the end of each experiment were analyzed by the X-ray
technique. In addition, a TG-based composition of the stones at the end
of each experiment was computed. This calculation was based on the observed
weight change and the assumption that reaction 8 represented the correct
stoichiometry. Thus, if the TG results obtained on the basis of this
assumption agreed with the X-ray results, then the stoichiometry as
described by Eq. 8 would be correct.



Table III-5. Summary of Results of TG and X-ray Diffraction Composition

Analysis for Dolomite Sulfation and Reduction Reactions

Experiment Mol % Composition, Mol % Composition

Number- Material Available TG Results X-ray Results
Sample or Material
Number Process Converted, wt % CaO CaSO4 CaS CaO CaSO4 CaS

I sulfated dolomite 86% sulfated 24 76 0 23 74 0

II sulfated dolomite 91% sulfated 16 84 0 17 90 0

IIIa sulfated dolomite 92% sulfated 15 85 0 11 64 4

stock supply

III-A partial reduction 25% of CaSO4  15 64 21 13 62 -b
reduced to
CaS

III-B partial reduction 32% of CaS04 15 58 27 12 66 10
reduced to

CaS

III-C partial reduction 36% of CaS04 15 54 31 15 58 16
reduced to
CaS

III-D partial reduction 40% of CaSO4  15 51 34 10 57 21
reduced to
CaS

aAliquots of the sulfated dolomite stock supply were used to prepare the partially reduced samples

identified as samples III-A, III-B, III-C, and III-D.

bCaS lines in the X-ray pattern were detectable, but not intense enough to measure.

01
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Typical values for these experiments are summarized in Table
III-6 for the specific case in which the stock supply of starting material had
a So(-/S2- mole ratio of 1.8. The agreement between the data obtained by the
two methods for this series of experiments is typical of the agreement obtained
in experiments in which other starting S02-/S2 compositions were used.

The findings summarized in Table III-6 illustrate that the
correct stoichiometry was assumed in the TG calculations. If the correct
stoichiometry had not been chosen, then agreement between TG values and
X-ray analysis values for the stone composition would not have resulted.
The data in Table III-6 are in as good agreement as those listed in
Table III-5 for the sulfation and reduction reactions.

b. CaSO4-CaS Reaction Progress: Reaction Yields

A number of experimental parameters could affect the progress,
that is, the yield and reaction rate of the reaction denoted by Eq. 8. One
such variable is the composition of the CaSO4-CaS starting material. It has
been shown that Eq. 8 describes the stoichiometry of the reaction; this
stoichiometry suggests a S02-/S2 mole ratio of 3. However, since the
CaSO4 and CaS reactants are contained within dolomite stones, it can be
speculated that the actual yield observed will depend on the extent of
regions of intimate contact between CaSO4 and CaS and how well these regions
are distributed throughout the particles. In other words, the most
desirable distribution that leads to the highest reaction yield may not
depend directly on the reaction stoichiometry.

Accordingly, a series of experiments was conducted to test
this premise. Starting materials for Eq. 8, but with varying CaSO4/CaS
mole ratios, were prepared by partial reduction of a stock supply of
sulfated dolomite in the manner previously described. These materials were
used for the CaSO4-CaS reaction experiments which were performed at 950*C
and 1 atm pressure. Most experiments were run for 5 hr, but some were run
for as long as 12 hr. X-ray diffraction analyses were carried out on the
starting materials and on samples of the products of all experiments.

The results of these experiments are summarized in Table
III-7. Varying the composition of the starting material for the solid-solid
reaction had the following effects. In all cases, the increase in CaO
concentration, as a result of the solid-solid reaction, was substantial,
that is, in the 15 to 55% range (column 7). In addition, these results
suggest that the CaO yields are related to the sulfide-sulfate composition
of the starting material. The stoichiometry of reaction 8 suggests that a
starting material containing 25% sulfide should be used. In the CaSO4-CaS

reactions, the lowest CaO yield, 40 - 13 = 27 mol %, (column 7) was that in

sample XI-B. The starting material for sample XI-B was sample XI-A which

contained 25% sulfide (column 3).

c. C-.SO4-CaS Reaction Progress: Reaction Kinetics

The above results illustrate that the yield of the solid-solid
reaction depends on the composition of the starting material, suggesting that
it should be possible to identify conditions that would maximize the



Table III-6. Summary of Results of TG and X-ray-Diffraction
Composition Analysis for the CaSO4 -CaS Reaction

Mol % Composition, Mol % Composition,

Material Available TG Results X-ray Results

Experiment or Material
Number Process Converted, wt % CaO CaSO4 CaS CaO CaSO4 CaS

sulfated dolomite

partially reduced
stones, t = 0

0.24-hr reaction

0.50-hr reaction

1.0-hr reaction

2.0-hr reaction

5.5-hr reaction

18.0-hr reaction

91% sulfated

36% of CaSO4
reduced to
CaS

20% of CaSO4
converted
to CaO

26% of CaSO4

converted
to CaO

29% of CaSO4
converted
to CaO

32% of CaSO4
converted
to CaO

40% of CaSO4
converted
to CaO

38% of CaSO4
converted
to CaO

16 84 0

16 53 31

30 43 27

34 40 26

36 38 26

38 37 25

45 32 23

43 33 24

17 90 0

23 60 20

29 39 16

29 47 8

31 46 10

27 50

35 38

46 30

7

5

7

IV

V

VI

VII

VIII

IX

X

XI



Table III-7. Summary of Results Illustrating Effect of 502/S2- Mole Ratio in the
Starting Material on the Progress of the CaSO4 -CaS Reaction

Experiment Mol % Composition, Mol % Composition
Number- TG Results X-ray Results
Sample Sample
Number History 504-/S2- CaO CaSO4  CaS CaO CaSO,+ CaS

X sulfated dolomite 15 85 0 11 64 4
stock material

XI-A partial reduction 3.0 15 64 21 13 62 -a

XI-B sulfate-sulfide _b - - 40 42 -a
reaction, 5 hr

XI-C sulfate-sulfide -b - - 58 21 -a
reaction, 12 hr

XII-A partial reduction 2.2 15 58 27 12 66 10

XII-B sulfate-sulfide _b - - 58 12 7
reaction, 5 hr

XIII-A partial reduction 1.7 15 54 31 15 38 16

XIII-B sulfate-sulfide _b - - 43 19 _a
reaction, 5 hr

XIV-A partial reduction 1.7 15 54 31 15 58 16

XIV-B sulfate-sulfide b - - 68 7 4
reaction, 12 hr

XV-A partial reduction 1.5 15 51 34 10 57 21

XV-B sulfate-sulfide -b - - 49 14 13

reaction, 5 hr

aCaS lines in the X-ray pattern were either
intense enough to measure.

not detectable or, when detectable, were not

bDue to the manner in which these experiments were performed,

monitor TG weight changes.

it was not possible to

0
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formation of CaO. If the reaction is to be considered as a regeneration
scheme, the kinetics of the reaction must also be considered. Even if the
yield is acceptable, a low rate would reduce the value of the reaction as a
practicable regeneration method. Accordingly, a series of experiments was
performed to examine the kinetics associated with the reaction. At the same
time, it was of interest to determine whether kinetics and yields were
related.

The experimental procedure followed was similar to that
already described. Stock supplies of starting materials of different
compositions were prepared by reducing portions of the same sulfated dolomite
supply at 900C with a 4% H2 in He mixture to the desired CaSO4 /CaS mole
ratio. The sulfate-sulfide kinetic experiments were carried out at
950C in the manner described earlier. Three separate kinetic experiments
were conducted on aliquots of each CaSO4 /CaS mole-ratio composition. Each
experiment was allowed to proceed until the reaction reached completion
(i.e., until the weight-loss process halted). X-ray analyses were carried
out to confirm the TG mass-balance-computed stone composition.

The results of these experiments are shown in Fig. III-13,
where percent regeneration is plotted against reaction time. Each curve
in Fig. III-13 represents the average of three different kinetic experiments.
Percent regeneration is defined as the percentage of the calcium sulfur
(CaS04 and CaS) that has been converted to CaO via reaction 8. It should
be noted that in each experiment the starting material contained approximately
15 mol % CaO because of the inability to achieve a more complete sulfation
of the initial sulfated stock supply. Therefore, for a starting material
with a 15 mol % CaO composition, 100% regeneration would be equivalent to
an 85 mol % increase in CaO content of the stones.

The results of these experiments, as summarized in Fig. III-13,
indicate the following. The yield of the reaction is dependent on the
S04 /S2 mole ratio of the starting material, as was noted in the preceding
section. The results also suggest that the yield is poorest for a mole
ratio of 3.0 and increases to a maximum when the mole ratio is decreased
to a value of about 1.1. As the mole ratio is decreased beyond the value
of 1.1, the yield decreases. The kinetic information gained from the data
is also interesting. In all cases, the reaction reached completion in
approximately 120 min, which indicates that the reaction has acceptable
kinetics to be seriously considered as a regeneration scheme. In addition,
the data in Fig. III-13 indicate that the rate of reaction depends on the
S04~/S2- mole ratio and is highest under those conditions for which the
reaction yield is highest; that is, when the S0 ~/S2 - mole ratio is 1.1.

These results show that the reaction yield and kinetics are
related. Additional studies should lead to the optimization of the reaction.

d. CaSO4-CaS Reaction: Simultaneous Method

The results summarized in Fig. III-13 indicate that the rate
of reaction 8 is surprisingly high. In fact, the rate is competitive with
that reported for the reduction reactionZ1

[CaSO4-MgO](s) + 4H2 + [CaS'Mg0] + 4H20 (4)
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Fig. III-13. Progress of CaSO4-CaS Reaction: Effect
of S02-/S2- Mole Ratio of Starting
Material Prepared at 900*C Using 4% H2

This suggests the following as an alternative method for conducting reaction
8: the reduction of sulfated dolomite by reaction 4 while the CaSO4-CaS
reaction, Eq. 8, is proceeding simultaneously. This approach requires that
the conditions for reaction 4 be controlled, so that its rate is in balance
with the rate of the CaSO4 -CaS reaction. To determine whether such conditions
exist, a series of experiments was performed at temperatures from 800 to
950*C, and with hydrogen reducing-gas concentrations varying from 6% down
to 0.02%.

The experimental procedure was similar to that described
earlier. An aliquot of a stock supply of sulfated dolomite was placed in
the TG apparatus, which was at temperature and under 100% He, for
stabilization. Next, the flow of the reducing-gas mixture was started and
the weight change was monitored. The composition of the stones at the end
of the experiment was determined by X-ray diffraction analysis, using
aliquots of 30 to 50 stones.

The results of these experiments are summarized in Table III-8.
The chemical compositions of the stones (in mol %) at the end of the
experiment are listed in the last column.



Table III-8. Results of Experiments in which the CaSO4-CaS and Reduction
Reactions Were Simultaneously Performed

Expt. Reducing- Reducing-
No.- Reaction Gas Gas Reaction

Sample Temp, Conc., FJow Rate, Time, Stone Composition: X-Ray

No. *C % H2 in He cm'/min hr Diffraction Results

750

950
950
950
950
950
950
950

900
900
900
900
900
900

850
850
850
850
850

800
800
800
800

0

6
3
1
0.5
0.1
0. (-j
0.02

6
3
1
0.4
0.1
0.02

6
4
2
1
0.3

6
3
1
0.1

0

200
300
300
300
300
300
300

200
300
300
300
300
300

200
300
300
300
300

200
300
300
300

0

0.7
0.9
1.5
2.5
4.7

10.8
18.3

1.3
2.4
6.0
7.6

11.2
20.8

2.5
2.9
5.6
6.0
7.6

7.2
13.0
15.5
15.7

12% CaO; 73% CaSO4

25% CaO;
34% CaO;
18% CaO;
31% CaO;
49%, CaO;
54% CaO;
54% CaO;

15% CaO;
15% CaO;
20% CaO;
23% CaO;
28% CaO;
40% CaO;

8% CaO;
11% CaO;
10% CaO;
20% CaO;
27% CaO;

8% CaO;
10% CaO;
6% CaO;

37% CaO;

53% CaS
46% CaS
54% CaS
42% CaS
28% CaS
26% CaS
19% CaS;

60% CaS
59% CaS
55% CaS
55% CaS
46% CaS
25% CaS;

68% CaS
59% CaS
61% CaS
54% CaS
48% CaS

64% CaS
63% CaS
72% CaS
41% CaS

11% CaSO4

0'

8% CaSO4

aStarting material for the remainder of experiments listed in the table.

XVII
XVIII
XIX
XX
XXI
XXII
XXIII

XXIV
XXV
XXVI
XXVII
XXVIII
XXIX

XXX
XXXII

XXIII
mXIV

XXXVI

MfiVII
XXXVIII

XVIa
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At 950*C, CaO was formed at all hydrogen concentrations; for
example, even when the hydrogen concentration was decreased to 0.02%, a
considerable increase (42 mol %) in CaO occurred. For the experiments carried
out at temperatures lower than 950*C, CaO was also formed at low hydrogen
concentrations. In fact, the extreme was eventually reached at the lowest
temperature studied; at 800*C, CaO only formed when the hydrogen concentration
was less than 1%. However, even at this temperature, a significant amount
of CaO was formed at low hydrogen concentration; a 25 mol % increase in CaO
occurred with 0.1%- H2 -

These results have significant implications concerning the
regeneration of sulfated dolomite. Assuming that the CaO forms by the
CaSO4-CaS reaction in these experiments, these findings indicate that
balancing the rates of the two reactions is possible. The fact that CaO
forms under the conditions of 6% H2 and 950 C--conditions under which the
reduction reaction rate is highest--suggests that the rate of the CaSO4-CaS
reaction is of the same order of magnitude as the rate of the reduction
reaction. One implication of this is that the CaSO4 -CaS reaction will always
occur to some extent as a competing reaction when the reduction reaction is
being carried out. This suggestion may have a bearing on the chemistry
associated with the two-step regeneration method (Eqs. 4 and 5). This
possibility is discussed below.

2. Two-Step Regeneration Method

a. Reduction Reaction

The data in Table III-8 provide considerable new information
on the reduction reaction of sulfated dolomite

[CaSO4 'Mg0](s) + 4H2 + [CaS-Mg0](s) + 4H20 (4)

Of particular interest is the observation that a competing reaction, Eq. 8,
occurs by which [CaO.MgO] is formed. The extent to which this competing
reaction occurs depends on the experimental conditions under which the
overall reaction is carried out. The competing reaction occurs at all
temperatures studied when low hydrogen reducing-gas concentrations (<1%)
are used. At 950*C, [Ca0-MgO] is formed when higher concentrations (up to
6%) of the reducing gas are used. These results suggest that the competing
reaction may occur under most experimental conditions, but that significant
amounts of CaO are 'nly formed under specific conditions of temperature
and reducing-gas concentration.

b. Carbonation Reaction

The above information on the reduction reaction has implications
on the carbonation reaction

[CaS-MgO](s) + H20 + CO2 + [CaC03-MgO](s) + H2 S (5)

As indicated earlier, reaction 5 does not proceed to completion and thus
represents a major problem area for the two-step regeneration scheme.
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It can be speculated that if some reaction, such as the
CaSO-CaS reaction, competes with the reduction reaction, then it is
possible that the CaO formed by this competing reaction, even if present in
small quantities, is the species that retards the subsequent carbonation
reaction. For example, if the CaO exists as a thin film surrounding the CaS
in the stones, the CaO could act as a barrier to the diffusion of C02
and H20 reactants in the carbonation reaction.

Such a speculation suggests that it is the morphological
condition of the reduced stones which must be modified to prevent CaO
from forming a barrier. To achieve this, the reduction and carbonation
reactions could be performed simultaneously. Such an approach could result
in the formation of finely dispersed CaO in the stone, thereby avoiding the
possibility of becoming a barrier to the carbonation reaction.

To date, only two such simultaneous reduction-carbonation
experiments have been completed and analyzed. However, the results, shown
in Table III-9, are encouraging. In these experiments, sulfated dolomite
samples were placed in the TG apparatus at temperature and the weight change
process was monitored while a flow rate of 300 cm3/min of the reaction gas
mixture was maintained; the mixture consisted of 3.6% H2 and 40% CO2 in He.
The composition of the stones at the end of the experiments was determined by
X-ray diffraction analysis.

The results of these scoping experiments are considered to
be encouraging because relatively high yields of CaC03 resulted. If one
considers the low H2 concentration employed and the fact that no attempt
was made to add H20 to the reactant gas, the yields are impressive.
Additional work on the simultaneous reduction-carbonation reactions is in
progress.

Table III-9. Results of Simultaneous Reduction-
Carbonation Reaction Experiments

Mol % Composition
Reaction Gas X-ray Results

Experiment Reaction Concentration, Reaction
Number Temp., *C % Time, hr CaC03 CaO CaSO4 CaS

I 800 3.6 H2; 40 CO2  17 40 10 0 34
II 750 3.6 H2; 40 CO2 42 46 0 22 trace
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