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Committee Chairman: Robert E. Swanson 

Materials Engineering 

(ABSTRACT) 

An experimental system was built to test the effect of 

various process parameters on the performance of the Modified Dry 

Limestone Process (MDLP) for flue gas desulfurization. Two types 

of limestone, one calcitic and one dolomitic, were used. These 

materials were characterized by ICP analysis, X-ray diffraction, 

optical microscopy, SEM, and electron microprobe before and after 

reaction. Performance was judged on the basis of the formation 

of a friable gypsum reaction product and the maintenance of a pH 

of about 4.84 or higher in water through which the exit gases 

were bubbled. 

Two primary and one secondary parameter were identified as 

the most important for optimum performance of the MDLP. The two 

primary parameters were temperature and water content. A 

temperature of 68°-70°C promoted reaction, while no reaction 



occurred at 31°C. The solubility of S02 in water was the 

controlling factor for water content. A maximum ratio of about 

3.4 g S02/100 g water at 69°C was necessary. 

The secondary parameter was the type of limestone used. A 

dolomitic limestone with a reasonable amount of Fe performed 

better than either marble or a calcitic limestone, both low in 

Fe. A reasonable amount of Fe and an extensive pore structure 

seem to be the most important factors in limestone S02 absorption 

performance. 
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INTRODUCTION 

EVALUATION OF MODIFIED DRY LIMESTONE 

PROCESS FOR FLUE GAS DESULFURIZATION 

The removal of sulfur from flue gases is environmentally 

critical. Many different processes have been developed to remove 

sulfur, with varying cost and degrees of efficiency. Methods 

which are lime(CaO)- or limestone(CaC03 )-based are among the more 

widely used. In 1984, 84.5% of the flue gas desulfurization 

(FGD) units operating at coal-fired electrical utility generating 

stations were lime- or limestone-based while 15.5% of the units 

used other processes(l). In terms of megawatt age controlled by 

FGD, limestone processes dominate lime processes by a factor of 

about 3 to 2. The basic reason behind the high use of limestone 

is cost: limestone costs an order of magnitude less than lime on 

a per ton basis(I). 

TWo general types of limestone FGD systems are currently in 

use: wet scrubbing and fluidized bed combustion. The 

performance of wet scrubbing systems can be improved by using a 

dual alkali process. This process employs a sodium sulfite 

solution to remove S02' then uses limestone to simultaneously 

form a calcium sulfite/sulfate precipitate and to regenerate the 

sodium sulfite solution. This process has problems with scaling, 

plugging, and corrosion. Another problem is that the waste 

precipitate is in the form of a wet sludge which cannot be easily 
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disposed of in an environmentally acceptable manner. The 

performance of wet scrubbing systems can also be improved by 

adding organic acid buffers to the limestone slurry. This method 

still requires the handling of a wet waste product. 

Fluidized bed combustion involves injecting limestone 

directly into the vicinity of the combustion zone. The limestone 

is calcined to lime, reacted with S02' and removed downstream. 

This technology requires retrofit of old boi1ers(l). 

Dry alkali injection is another method of FGD. In this 

process, a dry powder,-a solution of a soluble alkali, or a 

slurry of an insoluble alkaline earth compound is injected into 

the flue gas stream. Any liquid evaporates immediately, leaving 

a suspension of fine particles to react with S02 forming solid 

particles of sulfite and sulfate. These particles, any unreacted 

alkali, and fly ash are removed later with a filter or an 

electrostatic precipitator(2). This process has the advantage of 

producing a dry waste product. Sodium compounds are usually more 

reactive than calcium compounds and are preferred for this 

process(2). However, the waste compounds of sodium and sulfur 

are water soluble and can contaminate ground water. One way to 

avoid this problem is to react the compounds with a limestone 

slurry, as in the dual alkali process. Since limestone is 

already being used for a secondary reaction, it would be 

preferable to find a way to directly react the limestone with 80z 

without using sodium. 

Klingspor eta ale have conducted ~ series of experiments 
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which show that under proper conditions limestone is reactive 

enough to be economically used in a dry alkali injection 

process(3). Their study used limestone with particle diameters 

of 4-100 ~m. They found the reaction rate between limestone and 

802 to be virtually zero when the number of mono layers of water 

adsorbed on the surface of the limestone was less than one, which 

corresponds to relative humidities less than 20%(4). Increasing 

the humidity caused an exponential increase in reaction rate due 

td the increasing number of adsorbed monolayers of water. They 

found that below about 2.3 monolayers (69% relative humidity), 

the reaction r~te was independent of 802 concentration. The 

reaction order with respect to 802 concentration gradually 

increased from zero to one as the relative humidity increased, 

indicating an increasing dependence on the 502 concentration. A 

temperature increase from 40°C to 80°C doubled the reaction rate, 

as determined from an Arrhenius plot. For particles of diameter 

4-100 ~m, the reaction rate was proportional to R- 1
, where R is 

the particle radius. This increase in reaction rate follows 

directly from the increased amount of water vapor adsorbed on the 

surface per unit mass. K1ingspor et. a1. discovered that the 

rate was independent of the particle radius if normalized to the 

BET surface area. Normalizing to the BET surface area countered 

the effect of different particle sizes and porosities in 

different limestones and lime. By comparing lime and limestone, 

they found that both sorbents have the same capacity for water 

vapor adsorption per BET surface area unit and that the initial 
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reaction rate for 502 conversion per BET surface area unit was 

independent of sorbent type. The concentrations of O2 and CO2 

present in the flue gas had little or no effect on the reaction. 

Another important parameter discovered by Klingspor et. al. 

was the extent of limestone sorbent utilization. The reaction 

slowed as surface limestone was consumed by reaction with 502 • 

The experimental data could not be modeled via diffusion control, 

but a reaction rate controlled unreacted core model gave good 

agreement with the experimental findings. The latter model 

predicts that as the limestone/50z reaction proceeds, the 

initially rough limestone may undergo a gradual smoothing by the 

reaction products as the reaction zone moves toward the center of 

the particle. The smoother surface will present a reduced area 

for reaction to the water vapor and 50z • 

Other investigators noted a similar occurrence with 

sulfation of lime. Calcium sulfite/sulfate has a higher specific 

volume than lime. As the reaction proceeds, the pores of the 

lime become plugged with product and the reaction slows then 

stops as fresh lime is no longer exposed(5,6,7). Hartman and 

Coughlin(8) explain this effect with the "grain theory." The 

model states that porous materials such as calcined limestone are 

composed of numerous small grains separated by a pore structure. 

As the reaction proceeds and reaction products accumulate on the 

surface of the grains, the porosity of the particle decreases and 

the diffusional resistance increases. The resistance eventually 

becomes large enough that any reaction with interior material 
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effectively ceases. These authors claim that the incomplete 

conversion of calcium oxide is caused by the strong diffusional 

resistance developed by the decreased porosity. In support of 

the grain theory, Potter(9) showed that samples of lime with a 

high number of pores with diameters larger than 300 nm had a 

greater adsorption capacity than samples with a high number of 

smaller pores. 

The reaction mechanism developed by Klingspor et. al. 

explains the increased reactivity of limestone by a possible pH 

effect due to the formation of reactive SOz/HzO complexes. This 

complex formation is the rate determining step of the 

reaction(4). The complex formation is slow if too little water 

has been adsorbed. 

Shale and Stewart(2,lO,ll) describe a dry limestone FGD 

process that uses water vapor to "condition" the flue gas to make 

limestone more reactive, as the above investigators confirmed 

experimentally. This process adds water vapor to flue gases at 

approximately 150°C (300°F), cools the mixture to a temperature 

of 66° -71° C (150° -160° F) with a saturated stream temperature 

above a critical minimum of 49°C (120°F), then reacts the 

humidified gas mixture with crushed limestone pellets of up to 

12 mm diameter. The limestone is contained in a dry bed reactor. 

This process produces dry, relatively inert CaSO. as a waste 

product. Shale calls this approach the Modified Dry Limestone 

Process (MDLP)(2,lO,11). 

Shale and Stewart proposed a different reaction mechanism 
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from that developed by Klingspor eta ale It is shown below: 

SOz + Hz O(ad)<-->[Hz SO, ]<-->H+ + HSO, - <-->2W + S03-

HSO, - + (1/2)02 <-->HSO. -

CaCO, + HSO. - <-->CaSO. + HCO, -

HCO, - + H+ <-->Hz 0 + CO2 

Their mechanism involves an acid-base reaction with the S02 

dissolved in an adsorbed layer of water. Using this mechanism, 

they found the reaction to be first order in S02 concentration. 

The MDLP may be capable of almost complete utilization of 

the limestone pellets. Shale and Stewart found during testing 

that the limestone developed a relatively th~ck, soft shell of 

calcium sulfate. This layer of reaction product proved to be 

friable, and after partial drying it could be shaken off, 

exposing fresh limestone. 

Work has been done to find promoters that can be added to 

limestone to increase its sulfur capture potential. The addition 

of relatively small amounts of sodium carbonate can increase 

limestone performance to about 1.4 times that of limestone 

alone(12). The addition of a dissolved cobalt salt not only 

causes better sulfur capture, but it also promotes the formation 

of calcium sulfate over calcium sulfite. The cobalt was fully 

recoverable(13). NaCl has been successfully used as a catalyst 

in "the limestone/sulfur reaction. Working with fluidized-bed 

combustion, Yang(14) discovered that an addition of 1.4% FezD, 

(by weight of CaD) nearly doubled the reaction rate and increased 

the amount of lime utilized~ He introduced the iron by soaking 
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the lime in an aqueous Fe2 (504 )3 solution. He claimed the 

technique would also be useful for dry scrubbers using limestone. 

Shale and Stewart(2) mention the catalytic properties of iron and 

copper present as impurities in the limestone. Iron and copper 

catalyze the oxidation of HSO,- to HS04 -. The concentration of 

these two elements may determine how well one limestone performs 

compared to a limestone from a different location. Potter(9) has 

found that iron is related to lime's capacity to react with 502 

at a 95% confidence level. 

When 502 is combined with water, the two react very rapidly 

to hydrate the 502 (15,16). The typical product of this reaction 

is sulfurous acid (Hz SO, ). However, no stable Hz S03 molecules 

are found in aqueous solution as S02 is dissolved in the 

molecular state. Instead of being represented as H2 503 , an 

aqueous solution of SOz can be better represented as 

(H2 0 + S02 )(15). It is, however, still convenient to use the 

term "sulfurous acid." 

Sulfurous acid in aqueous solution will undergo two 

dissociations at 25°C. The first is: 

Hz SO, (Hz 0 + S02) <-> Ir + HSO, -

and the second is: 

HSO, - <=> Ir + SOs z - • 

These solutions will always contain some amount of sulfuric acid 

derived from air oxidation(16). Sulfurous acid is a fairly 

strong acid and reacts with alkali and alkaline earth carbonates 

and hydroxides, forming either normal salts (Hz + 503 ) or acid 
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salts (M + HSOs )(16). 

Sulfurous acid exists only in solution. It has a 

distinctive S02 odor, and 802 can be driven off by heating the 

solution. The solubility of 802 in water is shown in Figure 1. 

This is for a pressure maintained at 1 atm and the values for 

temperatures beyond 40°C are extrapolated. 

Gypsum can be calcined to form plaster of paris and then 

rehydrated as shown in the following reactions(l7): 

CaSO .. · 2H2 0 = CaSO.· (l/2)H2 0 + (3/2)Hz 0 

CaSO .. · (l/2)H2 0 + (3/2)H2 0 = CaSO.· 2H2 o. 

The rehydrated gypsum will form a structure composed of fine 

needle-like crystals as seen in Figure 2. The crystals interlock 

and develop a very fine pore structure. With rehydrated gypsum, 

the amount of residual porosity depends on the amount of water 

added. More water mean~ an increased volume fraction of 

porosity. 

This research effort was aimed at evaluating the Modified 

-'Dry Limestone Process. The goal was the optimization of process 

parameters that allow for formation of a friable reaction product 

that could easily be removed from the limestone pellets by 

mechanical means. Concurrent with this, the starting limestone 

and reaction products have heen characterized, and the effect of 

limestone composition on the sulfur removal performance has been 

studied. 



MATERIALS AND PROCEDURE 

Equipment 

On the basis of the literature search and initial testing, 

two parameters have been identified as the most critical to the 

optimization of the Modified Dry Limestone Process: 

1) relative humidity of flue gas (percent water present), 

2) temperature of the limestone reaction bed. 

Four parameters have been identified as being of secondary 

importance: 

1) particle size distribution of the limestone, 

2) origin and composition of the limestone, 

3) flue gas flow· rate, and 

4) 802 concentration. 

The experimental system, shown in Figure 3, was designed to fully 

test all six parameters. Photographs of the actual equipment 

used are shown in Appendix A. 

The limestone reactor was a Pyrex tube that had a diameter 

of 1 inch and a length of 24 inches. Limestone bed height was 

approximately six inches. A water bath was used to keep the 

reactor at a constant temperature in the range of 66-7loC 

(l50-l60°F). Pressure drop over 'the reactor was measured with a 

water-filled manometer. 

Three tanks of specialty gas mixtures were used to provide 

the simulated flue gas. Compo~itions are given in Table 1. 

9 



10 

Rotameters with metering valves were used to control the flow 

rate and hold it_at approximately 950 ml/min. The pressure and 

temperature at the rotameter were monitored. With this 

information and a calibration table for air, the gas mixture flow 

rate could be calculated. Example calculations are provided in 

Appendix B. 

N2 gas was used to flush the reactor before making runs, for 

drying the limestone after runs, and for flushing the lines 

containing S02 before shutting down equipment. Pure CO2 was used 

to determine the maximum effect that CO2 in the gas mixtures 

could have on the pH of water. 

Water vapor was introduced to the system by dripping water 

at a controlled rate onto a hot glass surface. Steam was 

produced by flash vaporization. A Masterflex tubing pump was 

used to deliver the water. The pump was calibrated for water 

flow rate by recording the volume of water collected in a 

graduated cylindar per unit time for various pump speeds. Pump 

speed was the length of time in seconds required for the pumphead 

to complete one full rotation. The calibration chart is shown in 

Figure 4. 

Heating tapes were used to preheat the gases and to maintain 

the temperature of the humidified gas to prevent condensation. 

The gas entering the reactor was maintained at the temperature of 

the reactor and the water bath. 

The extent of S02 removal from the simulated flue gas was 

monitored by a pH method. The exit gases from the reactor were 
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bubbled through a glass frit into 2 L of tap water. This system 

will be referred to as the analyzer. The change in pH was 

monitored with a silver/silver chloride electrode connected to a 

Fisher Accumet pH meter. A strip chart recorder provided a 

continous readout. The pH meter was standardized against a 

pH=7.00 buffer solution and the slope was corrected against a 

pH=4.00 buffer solution. 

Materials 

TWo different sources of limestone and one source of marble 

chips were used for testing. Limestone C, from Bluefield, VA, 

was mostly calcitic while Limestone D was both calcitic and 

dolomitic. The marble chips from Fisher Scientific Company were 

purely calcitic. 

Limestone particle size was characterized by dry sieving, 

using a Rotap sieve shaker. The limestone was resieved following 

reaction to determine the ease of removability of the reaction 

products and to determine any change in the particle size 

distribution. 

Sieve analyses have been made for the two different types of 

limestone being tested. The results of these analyses are 

graphed in Figure 5. Limestone D had a larger average particle 

size, while Limestone C has a more evenly distributed particle 

size. All of the marble chips were retained on a U. S. Standard 

sieve number 6. 
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Since Limestone C had a different particle size distribution 

from that of Limestone D, it was necessary to sieve Limestone C 

and take weighed fractions to match the distribution in D as 

closely as possible. The distribution could not be matched for 

the marble sample, so the marble was used "as is." 

The limestone and reaction products were characterized by 

X-ray diffraction (XRD), scanning electron microscopy (5EM), 

energy dispersive analysis of X-rays (EDAX) , electron microprobe 

analysis, and inductively coupled plasma (ICP) analysis. 

ICP analysis is a solution method that can be used to 

rapidly and accurately determine the concentrations of elements 

from the sub-ppb level up to thousands of ppm in solution(18). 

The sample to be analyzed must first be dissolved, usually in a 

mineral acid. The sample solution is converted to an aerosol 

with argon and the aerosol travels up the ICP torch. Extremely 

high temperatures of 6000-10,000 K are generated by passing the 

aerosol through a rapidly varying magnetic field which produces 

ohmic heating. Many atoms are ionized, and both atoms and ions 

give off strong spectral emission lines. These lines are 

analyzed with a spectrometer. Calibration using standard 

solutions allows accurate determination of concentration of 

elements in sample solutions over a wide range of concentrations. 

For ICP analysis of the limestones, about 15 g of limestone 

chips were ground for each type. Samples of 0.05 g in weight 

were then dissolved in 10 ml of 1 N hydrochloric acid each. The 

solutions were centrifuged prior to ICP analysis, which allowed 
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the weight of undissolved material to he determined. 

X-ray diffraction analysis showed Limestone C to he composed 

of a relatively pure ~alcitic phase and a minor amount of a 

dolomitic phase that showed some solid solution. Limestone D had 

a similar composition, but with a larger percentage of dolomite. 

The marble sample was purely calcitic, but peak shifting showed 

there to be some solid solution with magnesium. 

ICP analysis confirmed the results predicted by X-ray 

diffraction. The more dolomitic Limstone D had a higher 

concentration of Mg than the more calcitic Limestone C. Although 

the marble was purely calcitic in structure, it contained some 

Mg. The elemental distributions are shown in Table 2. The 

amount of undissolved material in each sample is also presented 

in Table 2 as a percentage of the total sample weight. Limestone 

D contained almost twice as much undissolved solid as Limestone 

C, while the marble dissolved completely. 

Procedure 

A standard test procedure was developed. Limestone samples 

were presieved, then placed in the reactor in the water bath. 

Glass wool was used to keep the limestone from spilling out the 

bottom of the reactor. After the sample had been dried with Nz , 

flow was switched to bypass the reactor. An initial reading o~ 

the pH of the water in the analyzer was taken at this time. Flow 

was then switched to bypass the analyzer. 
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In bypass mode, the flow of simulated flue gas mixture and 

water was stabilized. The chart recorder for measuring pH was 

started and the reactor and analyzer were brought online. 

Readings of the flowmeter pressure, pressure drop over the 

reactor, pump speed, and water bath temperature were taken every 

15 minutes. Runs lasted seven or more hours or until the 

pressure drop exceeded 2.3 inches water at the minimum. At 

pressure drops over 2.3 inches minimum, the manometer water came 

too close to being forced into the reactor. 

When a run was finished, the gas mixt~re was turned off and 

N2 was used to dry the liries and the limestone. Dry limestone 

was inspected for color change. Some material stuck to the sides 

of the reactor after most of the sample was removed. This 

material was rinsed out with tap water, which was decanted, then 

the material was dried and combined with the rest for sieving. 

Sample fractions retained on U.S. Standard sieve numbers 40 and 

100 and in the pan were combined, ground, and analyzed with XRD. 

Fractions retained on U.S. Standard sieve numbers 6, 12, and 20 

were retained for repeat runs. 

Samples for light microscopy and microprobe evaluation were 

prepared by cold mounting representative particles from Limestone 

C, Limestone D, D30-Bl, and C30-1 in epoxy. For D30-Bl and 

C30-1, particles were taken from both the sieve number 6 fraction 

and the 40-100-pan fraction. The 40-100-pan fraction for D30-B1 

had not been ground prior to mounting. 

preground, then polished with alumina. 

The mounted samples were 

Prior to microprobe 
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evaluation, the samples were coated with carbon. 

Samples for SEM and EDAX were prepared by taking the 

selected fractions and mounting them on carbon stubs with 

graphite or double-sided tape. The samples were then coated with 

carbon. Samples evaluated this way included Limestones C and D, 

the 40-100-pan and sieve 20 fractions of D30-B4, and the sieve 20 

fraction of C30-1. 

In addition to the above samples for SEM and EDAX analysis, 

a sample from the ETS, Inc. Ohio pilot scale testing project was 

evaluated. The run conditions for this sample, denoted OHIO, 

were as follows: 

1) 24 hours of operation; 

2) 1.7 ftS limestone bed; 

3) 200 cfm (5.7 x 106 ml/min) flue gas flow rate; 

4) approximately 500-600 ppm S02 (0.05-0.06 1 S02 ); 

5) 120°F (48.9°C) gas temperature; 

6) gas saturated with water. 

No sample of untreated limestone was available. 

The material was dry sieved to remove some reaction product, 

then the largest of the particles were carefully broken and 

washed with distilled water in an ultrasonic cleaner to remove 

the rest of the reaction product. This provided a good 

approximation of the bulk" composition of the starting materials, 

but provided no details on the original surface. 

Some of the 40-100-pan fraction of OHIO was retained for SEM 

and EDAX analysis along with the broken, washed particles. The 



rest of the 40-100-pan fraction was ground and analyzed with XRD. 

RESULTS 

Run Conditions 

The test matrix followed was designed to assess the effects 

of temperature, relative humidity (through water flow rate), and 

calcitic vs. dolomitic limestone on the extent of 802 removal. 

Effectiveness was judged on the basis of the drop in pH of the 

water in the analyzer and the formation of a friable gypsum 

reaction product on the limestone. The test matrix with sample 

numbers is shown in Table 3. Three different pump speeds were 

selected and two types of limestone, C and D, were tested for 

each speed. A pump speed of 30 sec/rev represented the limit of 

water that could be introduced to the system before there was too 

much condensation in the lines. The one run made at room 

temperature used the slowest pump speed because the gas could 

carry even l~ss water at this temperature. The marble, 

designated M, and additional Limestone D runs were added with a 

30 sec/rev pump speed after this water flow rate and temperature 

combination proved to be the most promising. No room temperature 

run was conducted for Limestone C after the results of analyses 

on D60-Bl showed no reaction under these conditions. 

Actual run conditions for all of the samples tested are 

given in Table 4. The average gas flow rate over all the samples 

16 
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was 956 ml/min. The water pump speeds were converted to flow in 

mllmin and are also listed in Table 4. 

The water flow rate had a significant effect on flowmeter 

pressure and pressure drop over the limestone bed in the reactor. 

Higher flow rates generally contributed to a higher average 

flowmeter pressure and always contributed to a final high reactor 

pressure drop. The high pressure drop and pressure resulted from 

the limestone in the reactor becoming saturated with water and 

restricting gas flow. Water flow rates greater than 0.07 ml/min 

led to water condensing in the lines. Testing" the pH of this 

water showed that it did contain sulfurous acid, so the lines 

were always dried with N2 running through the reactor to ensure 

the sulfur came in contact with the limestone. 

Only one run, D60-Bl, was conducted at room temperature. 

Even though the slowest water flow rate was used, at this 

temperature the water condensed in the reactor quickly enough 

that excessive pressure drop forced the run to be terminated in 

3,.4 hours. The room temperature run, D60-Bl, was the only run 

during which the flowmeter pressure did not change. 

Limestone D showed a color change following reaction. 

Unreacted Limestone D was typically greyish, but after reaction 

some particles were a bright red-orange-brown while others had an 

orange-brown cast. Sieved 40-l00-pan fractions had a definite 

orange-brown color. The marble chips were white before and after 

reaction, but the sieved 40-100-pan fraction had a greyish cast. 

Limestone C, which was grey, showed no color change. The OHIO 
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limestone was a uniform rust-orange-brown in color. Broken 

pieces revealed a deep grey coloring in the unreacted limestone. 

During runs, water would condense at the top of the reactor, 

form droplets, and run back down the sides of the reactor. The 

limestone seemed to soak from the top down and from the bottom 

up. For runs with Limestone D, the most extensive color change 

was in the top layer of limestone in the reactor, down the side 

that the most condensation ran down, and near the air inlet. 

These areas were exposed to the most water. 

The method of introducing water to the system caused 

pressure pulses. When a drop of water vaporized, the flowmeter 

setting would decrease and the flowmeter pressure and the 

pressure drop would increase. This was not usually a strong 

fluctuation until a couple of hours into a run. It usually 

corresponded to the time when the pH drop in the analyzer began 

to level out. 

pH Determination 

The values of pH at fixed time intervals for all the runs, 

CO2 , and gas mixtures 2 and 3 are given in Table 5. The charted 

pH values seemed to follow a double inverted S-curve, as shown 

schematically in Figure 7. There was an initial sharp drop in pH 

corresponding to region A in Figure 7. This was followed by a 

levelling out corresponding to region B, then another smoother 

drop and another levelling corresponding to region C. For most 
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runs, the pH in the analyzer was usually dropping, even if very 

slowly. For runs D45-1, D60-Al, and D30-B2 the pH reached a 

minimum and began to rise. If, at the end of a run, flow was 

diverted to bypass the reactor, the pH in the analyzer would 

begin to drop at a much faster rate. 

For many runs the pH would hold steady or rise by 0.01 pH 

units for about 30 minutes. This was always accompanied by a 

reduction of the flowmeter setting and reactor pressure drop and 

an increase in the flowmeter pressure. The effects of water 

vaporization were added to this. This phenomenon will be 

referred to as a "shelf." Only two runs, D60-Bl and D30-B4, 

showed no signs of a shelf. 

All of the runs showed similar drops in pH over the first 12 

minutes. All except for C45-1 and C60-1.dropped less sharply 

than runs made with the gas mixtures without limestone. Using 

minimum pH values as a criterion, D45-1 with a water pump speed 

of 47.0 sec/rev was acceptable. All of the runs made with a pump 

speed of 33.4 sec/rev or less were even better than D45-1. The 

best runs in terms of minimum pH were D30-A1 and the D30-B 

series. These had water flow rates of 0.112-0.121 ml/min. While 

the other runs had minimum pH's in the threes, D30-Al had a 

minimum pH of 4.56 

As a result of the performance of D30-Al, the D30-B series 

was run. The one anomalous run in terms of pH, D30-B2, may have 

occurred because a heating tape was inoperative during the run. 

This allowed more water to condense in the lines outside of the 



20 

reactor. 

Of all the runs, only D30-Al and D30-Bl, 3, and 4 had pH 

values of 4.84, the minimum pH of CO2 run alone, or higher at the 

end of two hours. D30-Al had a minimum pH of 4.56, while D30-Bl 

and D30-B3 had minimum pH values of 4.75 and 4.89, respectively, 

both very close to CO2 's 4.84 minimum. The minimum pH value for 

D30-B4 was almost one full pH unit higher than the CO2 minimum. 

Runs D30-Al and D30-Bl exhibited a very narrow pH drop in their 

graphed pH values in the region corresponding to C in Figure 7. 

Neither D30-B3 nor D30-B4 exhibited inversion I of Figure 7 or 

any behavior relating to region C in their graphed pH values. 

The weights of the sieve fractions of the D30-B series are 

given in Table 6 and the percentages of total sample are compared 

graphically in Figure 6. The reduction in weight in the number 6 

sieve fraction was due to about one-half gram of limestone being 

reserved from each run for future testing. The 40-100-pan sieve 

fractions were also reserved for testing and the rest of the 

sample was returned to the reactor, for continuing runs. Aside 

from the anomalous D30-B2, the weight of the material passing 

through to the pan increased with each run. The amount varied 

from 0.5497-0.7527g. In comparison, the weight of sample passing 

through to the pan for M30-1 was 0.3674g. The limestone showed a 

more uniformly orange-brown color with each run, and no 

deterioration of performance was detected with repeated runs. 
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X-Ray Diffraction 

All samples were resieved following runs. For each sample, 

the fractions retained on sieves 40 and 100 and in the pan were 

combined and ground. These were then studied with XRD. The 

results are shown in Table 7. Limestones C and D both contained 

calcite, dolomite, and aragonite, but Limestone C contained much 

less of the latter two. There was peak shifting in all of the 

compounds, suggesting solid solution. The marble, H, contained 

only calcite but also showed peak shifting. 

For the runs made with Limestone D, the XRD results seemed 

to follow the results predicted by pH. All of the treated 

Limestone D samples showed a shift in main peak heights from 

those of the untreated sample: the aragonite main peak had a 

higher intensity than that of the untreated sample and the main 

peaks of both calcite and dolomite were reduced in intensity. The 

room temperature run D60-Bl showed only a trace amount of gypsum 

(CaSO.- 2H2 0) as did the low water flow rate run D60-Al. D60-Al 

contained calcium sulfate hydrate (CaSO.- O.015H2 0) which no other 

sample contained in more than trace amounts. Runs of D45-l, 

D30-Al, and D30-Bl all contained significant amounts of gypsum, 

and the latter two runs contained the most. The subsequent runs 

of D30-B produced less intense gypsum peaks. 

While C30-1 had the highest final pH value, it had the least 

intense gypsum peaks of the three runs made with Limestone C. 

Even though C4S-1 and C60-l had much lower final pH values, they 
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both showed higher gypsum peaks and less intense calcite peaks. 

No significant shifts in main peak height ratio from those of 

Limestone C occurred. These opposing results could be due to a 

difference in length of run times: C30-1 for 5.62 hr. and C45-1 

and C60-1 for 8.18 hr. and 7.14 hr., respectively. 

The marble sample had a less intense main calcite peak and 

showed the definite presence of gypsum. 

In every sample that contained gypsum, the peaks were 

shifted from the d-spacing values for pure gypsum. This 

indicated the presence of solid solution. 

The OHIO limestone had the smallest calcite peaks and the 

tallest gypsum peaks of all the samples. The peak heights and 

ratios for aragonite and calcite were comparable to those in the 

D30-B series. The peak heights of dolomite for OHIO were much 

lower than those in the D30-B series. In addition to a strongly 

indicated presence of gypsum, a trace amount of anhydrite (CaSO.) 

was identified. The peaks were shifted from the d-spacing values 

for the pure material for every compound identified, indicating 

solid solution. 

ICP Analysis 

ICP analyses were conducted for most of the runs made with 

Limestones C and D. The results are shown in Table 8. Table 2 

shows the results of analysis for a slightly different series of 

elements in the three starting materials. Limestone D had the 
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highest concentrations of Hg, MD, Fe, and Cu. The amount of Cu 

was probably not large enough to have a significant effect as a 

catalyst. This limestone also had the largest percentage of 

undissolved material. The marble had a low enough concentration 

of Hg such that Hg was present in solid solution with calcite. 

It also had the lowest concentrations of MD, Fe, and Cu. The 

marble had no undissolved material. Limestone C had a high 

enough concentration of Hg that there should be some dolomite, as 

confirmed by XRD. The amounts of Mn and Cu were not significant, 

but there was a measurable amount of Fe. 

The treated samples were analyzed for Ca, Mg, Fe, and S. 

Untreated Limestones C and D were also tested for S. Limestone C 

did not contain a significant amount of S, but Limestone D did. 

The results for the other elements agreed with earlier analysis. 

The higher percentage of undissolved material arose from these 

solutions not having as long a time to equilibrate before being 

filtered. 

The results of the ICP tests on the treated Limestone D . 

samples basically followed what was expected from pH measurements 

and XRD. D60-Bl (the room temperature run) had a higher 

concentration of S than expected, but it also had the highest 

concentrations of all other elements. The concentration of S 

decreased with each run for the D30-B series. This agreed with 

the reduced peak intensities found in XRD. 

The results of the ICP analyses on the treated Limestone C 

samples were not as straightforward. C30-1 had the highest final 
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pH value, but it showed a concentration of less than twice as 

much S as C45-l and less than half as much S as C60-l. C45-l and 

C60-l had similar XRD peak heights for gypsum, but the latter had 

over 3.5 times the amount of S as the former. The difference 

should not arise from undissolved material as all three had 

similar weight percents remaining. 

The amounts of S in the runs made with Limestone C seemed to 

be on the order of or higher than the amounts found in the runs 

made with Limestone D. Direct comparison of the numbers was 

misleading as the Limestone D runs contained over twice as much 

dissolved solid as the Limestone C runs. This meant the runs 

with Limestone D had a lower overall absolute concentration of 

all elements than the runs with Limestone C since equal weights 

of all the samples were added to acid. 

Light Microscopy and Electron Microprobe 

For light microscopy and microprobe work, six representative 

samples were studied. The samples included Limestones C and D 

and particles from sieve fractions 6 and 40-l00-pan for both 

D30-Bl and C30-l. Material pull-out did not appear to be a 

problem in polishing the samples. 

Low power light microscopy of the polished samples showed 

the material to be inhomogeneous. Limestone D had areas that 

appeared mottled black and grey, with broad whitish areas of what 

appeared to be silica, and a wide spectrum of sizes of circular 
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areas of silica that were faintly purple-white in color. 

Limestone C had striped bands of white-purple silica with dark to 

light grey areas between. The only difference between the 

treated and untreated material was somewhat rougher edges 

corresponding to a rougher surface texture on the treated 

samples. 

The samples were studied on the microprobe with settings of 

500X, filament current of 40 nanoamps, and 15kV. The Ca X-ray 

images were taken with the shortest pulse width and exposure 

time. The 8 images had the longest exposure time. Quantitative 

comparisons of concentration based on whiteness of the 

photographs cannot be made for any elements. 

A backscattered electron image (bse) and X-ray element maps 

for a representative area of Limestone D are shown in Figure 

8.a-f. Comparison of the Ca map (Figure 8.b.) to the Mg map 

(Figure 8.c.) showed that regions of highest Ca concentration had 

little or no Mg. This supported the XRD results which showed the 

presence of both calcite and dolomite. The black regions in the 

Ca map correspond to regions of high 8i, Fe, and S 

concentrations. There was one large Fe8 (pyrite) inclusion. Fe 

seemed to exist in low concentrations in the dolomite region. S 

was found in many of the regions that appear black in the bse 

image, probably in combination with another element which was not 

identified. 

Figure 9.a-h. shows bse and X-ray element maps for an area 

of the sieve 6 fraction of D30-Bl. The images were taken at the 
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outside edge of the sample, including some epoxy, so that surface 

effects can be seen. The Ca, Mg, Fe, and Si distributions are 

similar to those of the bulk material. Fe seems to follow the 

distribution of Mg and K. The S map shows a thin, typically 

20 ~m or less, band of S along the outside edge of the sample. 

This region also has a "ring" of S which indicated that 5 may 

have diffused up a crack during reaction. The phenomenon was 

seen in various areas on treated D30-Bl. The 5 bands overlapped 

with areas of light Ca and Mg concentrations, so gypsum is likely 

present. Some of the brightest areas of Al concentration in 

Figure 9.g. may be an artifact of the polishing compound, but the 

overlap of AI, K, and Si suggest the presence of clay minerals, 

mostly on the surface. These would be logical considering the 

source of the limestone and the undissolved solids in rcp 

analysis. 

Figure 10.s-f. shows the bse image and X-ray maps for the 

40-l00-pan portion of D30-Bl. Comparisons of the bse image 

(Figure 10.a.) and the Si X-ray map (Figure 10.d.) showed that 

areas that are highlighted by bright bands were mostly Si. The 

Si is most likely in the form of silica and some clay minerals 

and did not appear to have reacted with S. Ca, Mg, and Fe 

followed similar distributions to that found in Limestone D. The 

S band on the outside of the particle is wider, about 20 ~ or 

more in thickness, than that on the sieve 6 particle. Closer 

examination of the 5 and Ca maps show that most of the S is 

outside the highest Ca concentration region. Considering the size 
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of the particle, it was probably a piece broken from a larger 

particle during sieving which then became coated with gypsum 

reaction product when mixed with the pan portion. Very little Ca 

was found in the region that had S because the intensity and 

exposure time for all of the Ca X-ray maps were reduced so that 

the high concentration regions would not overwhelm the 

photograph. 

The bse image and X-ray maps for Limestone C are shown in 

Figure II. a-d. No S was detected, and very little Fe was 

present. Three different regions are evident in the bse image. 

The regions that appeared to be raised contained 8i, probably in 

the form of silica, the background was calcite, and the darker 

regions were dolomite. The mix of dolomite and calcite agreed 

with XRD findings. 

Figure 12.a-h. shows the images for the sieve 6 fraction of 

C30-1. The bulk of the material was similar to that of Limestone 

C. The percentage of dolomite was less for this region of C30-l 

than for Limestone C. A band of 8 approximately 12 ~ wide 

covered most of the surface of the particle. A region of low Ca 

concentration overlapped with the 8 region indicating the 

presence of gypsum. The amount of Fe was less than it appears in 

the photograph, but Fe was present. The wide, bright band of Al 

most likely was an artifact of the polishing compound. A bright 

spot, indicating higher concentration, aligned in the AI, K, Fe, 

and Si X-ray maps. This spot also aligned with a darker region 

in the Ca X-ray map. Limestone C, in general, did not appear to 
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have as high a concentration of clay minerals. ICP analysis 

supported this as Limestone C had a much lower percentage of 

undissolved material than Limestone D. 

The bse image and X-ray maps for the 40-l00-pan portion of 

C30-l are shown in Figure l3.a-h. This sample fraction was 

ground prior to mounting. Most of the larger particles visible 

were aggregates of finer particles. As with the previous 

samples, both calcite and dolomite were present. The amount of 

Fe was negligible except for small particles of pyrite. Much 8 

was present. There were some areas of high Ca concentration that 

had no S. Reduction of sieve 40 particles due to grinding prob

ably caused this. Minor amounts of Al and K were also present. 

SEM and RDA! 

SEM and RDAX were conducted on Limestones C and D, the 

40-l00-pan and sieve 20 fractions of D30-B4, the sieve 20 

fraction of C30-1, and OHIO limestone. An accelerating voltage 

of 20 kV was used. The exceptionally white areas in the 8EM 

photomicrographs were caused by electron enhancement. The 

electrons built up in certain areas and did not drain away 

properly, causing an increased signal. EDAX measurements were 

taken over 180 seconds. The EDAX results should be interpreted 

qualitatively. 

Figures l4.a-c., IS, and 17 show 8EM photomicrographs of 

Limestone D. Figure 16 gives the results of an EDAX made on the 
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area of Figure 15. The elements present are the same as those 

detected with the microprobe. The loose particles on the surface 

of Limestone D are clay minerals. EDAX of individual particles 

showed them to consist mainly of AI, Si, and K. 

The surface of Limestone D was covered with a wide size 

range of pores. Figures 14.h. and 14.c. show that large pores of 

about 0.1 mm are further composed of pores down to less than 2 ~ 

in size. Figure 14.c. also reveals hexagonal clay platelets 

clinging to the surface and partially blocking the pores. Almost 

every particle visible on Limestone D had clean, crisp edges. 

Figures 17 and 18 show, at the same magnification, SEM 

images of Limestone D and a sieve 40 particle of D30-B4, 

respectively. An EDAX for the region of Figure 18 is shown in 

Figure 19. Three changes are apparent in the image of the 

treated sample: the appearance of more large particles, the 

disappearance of tiny particles, and the appearance of rod-like 

crystals. The hexagonal platelets of clay minerals are still 

present, but EDAX confirmed that the rod-shaped and large 

"fuzzy," rounded particles were gypsum. The rod-like particles 

are similar in appearance to the gypsum crystals shown in Figure 

2, but no rounded, "fuzzy" particles were evident in that 

photograph. The EDAX for this region had a comparatively weak Mg 

peak and strong Fe peak. 

An overview of the pan fraction of D30-B4 is shown in 

Figures 20.a. and 20.b. In Figure 20.a., a low magnification 

view, the particles have a distin~tly fuzzy appearance. The 
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higher magnification view provided in Figure 20.b. shows this to 

be caused by many small particles sticking to each other and to 

large particles. Some rod-like, as well as rounded, gypsum can 

be seen. The EDAX of this area, Figure 21, confirms the presence 

of S and Ca. However, there is also a comparatively large peak 

for Si. This could have come from a particle of silica being 

liberated from the limestone during sieving. An EDAX of yet 

another region is provided in Figure 22. This one shows a 

distribution of elements, with the addition of S, more similar to 

that of unreacted Limestone D. 

Particles of the sieve 20 fraction of D30-B4 are shown in 

Figure 23.a. These particles are from the fraction that would be 

reused in the reactor. The edges of these particles are not as 

sharp and the surfaces are more eroded than those of Limestone D, 

as seen in Figure 14.a. An area of D30-B4 shown in Figure 23.b. 

has more "snow" than a same magnification area of Limestone D in 

Figure 14. b. The "snow" is gypsum as Figures 23. c. and d., 

higher magnification views of a similar area, and Figure 24, an 

EDAX graph, attest. Figure 23.c. and especially Figure 23.d. 

show that the pores have become more shallow and are clogged with 

tiny particles. Rod-like and rounded particles are also visible 

on this sample. Comparison of Figures 14.c. and 23.d. clearly 

demonstrates the before and after differences and the pore 

clogging. 

Figures 2S.a-d. and 27.a-c. are SEM photomicrographs of 

Limestone C. The surface of these particles,· ·as seen in Figure 
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25.a., has the appearance of being covered with velvet or moss. 

Limestone C tended to fracture in more spherical particles while 

Limestone D tended to fracture in shards. Comparison of Figures 

14.b. and 25.b. shows that while Limestone C had few pores on the 

scale of 0.1 mm, it does have a number of S ~m pores, though 

fewer than Limestone D. Limestone C also has more "snowtt
-

regions of very light material. An EDAX taken in the region of 

Figure 2S.c. is shown in Figure 26. The elements are the same as 

those identified by the microprobe. Limestone C comparatively 

has much less Fe and Mg than Limestone D. The material seen on 

the surface in Figure 25.d. is mostly hexagonal platelets, 

indicating clay minerals. These seem to be partially blocking 

pores. 

The SEM images in Figures 27.a-c. along with the EDAX graphs 

in Figures 28 and 29 show the difference in morphology and 

chemical content between a light region and a dark region. The 

lighter region of Figure 27.b. was composed of larger particles 

more loosely packed than those of the darker region (Figure 

27.c.). These larger particles were formed by stacked platelets 

and had a comparatively higher Si content. 

Figure 30 is an SEM micrograph of a particle of the sieve 20 

fraction of C30-l taken at the same magnification as the image of 

Limestone C in Figure 29 •. The former is similar to the latter, 

but has the addition of rod-like gypsum crystals and a "fuzzier" 

appearance. The surface appears more crowded on the reacted 

particle. An EDAX on the region of Figure 30, shown in Figure 
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31, confirms the presence of 8 and Ca with practically no Fe. 

The elements and relative intensities shown in Figure 31 were the 

most typical for C30-l. 

A low magnification image of C30-l is shown in Figure 32. 

Comparison of this image with that of Limestone C in Figure 25.a. 

shows that the particle edges are less rough for C30-1. Another 

series of images for a different region is shown in Figure 

33.a-c. An EDAX corresponding to the region in Figure 33.b. is 

shown in Figure 34. This region has comparatively less intense 8 

and more intense Mg, AI, 8i, and Fe peaks than the average area. 

Comparison of Figure 33.a. with Figure 25.b. shows the "snow" 

seen on the surface in the former seems to be deeper and more 

densely packed than that of Limestone C in the latter. Rod-like 

gypsum crystals as well as clay mineral platelets are visible in 

Figure 33.c. The pores may have some growth in them, but not 

nearly as much as was seen for D30-B4 in Figure 23.d. 

Broken particles of OHIO limestone are shown in 8EM 

photomicrographs in Figures 35.a-c. and 37. These particles have 

a spongy-textured surface appearance in the low magnification 

photo. This is not the surface texture of interest, however. 

These are fracture surfaces and do not necessarily represent the 

surface of the limestone prior to reaction. An interior 

elemental analysis can be made from these surfaces. An EDAX from 

the central particle of Figure 35.a. is given in Figure 36. An 

EDAX of the region in Figure 37 is given in Figure 38. Figures 

35.c. and 37 were taken at the same magnification and are both 
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OHIO limestone, yet their surface textures are quite different. 

The structures found in Figure 31 are on the average much larger 

and smoother. Different fracture characteristics, which may have 

been caused by different chemical compositions, may have caused 

this. Figure 36 shows that the region of Figure 35 is 

comparatively low in Si and very low in Hg, AI, and Fe. In 

contrast, Figure 38 shows that the region of Figure 37 is 

comparatively high in Hg and Fe while remaining low in Al and Si. 

Little or no K was detected in either region. This may be 

because AI, Si, and K are found mostly in clay minerals on the 

true surface of the limestone. The presence of Hg, Ca, and Fe 

supports the XRD findings of aragonite, calcite, and dolomite. 

All of the peaks were shifted from the d-spacing values for the 

pure compounds which indicates the presence of solid solution. 

Fe will form solid ,solutions with both Ca and Hg. The OHIO 

limestone exhibited the potential for true surface porosity, but 

it could not be verified as no unbroken, unreacted surface was 

available. 

Particles from the 40-100-pan fraction of the OHIO limestone 

are shown in Figure 39.a. EDAX from several different regions 

were similar; one is shown in Figure 40. This EDAX demonstrates 

that the unreacted limestone starting material did contain clay 

as AI, Si, and K were present in comparatively large amounts. Hg 

and Fe were also verified as being present, though not to the 

same extent of any of the other four major elements (AI, Si, K, 

Cal. The comparatively large amount of S identified by EDAX 
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supports the intense gypsum peaks found in XRD. 

A series of photomicrographs of the same region of OHIO 

limestone are shown in Figure 39.a-d. Even at the relatively low 

magnification of Figure 39.b., rod-like crystals were seen to 

co-exist with large, flat plate-like crystals. EDAX confirmed 

that both types were composed of S and Ca: gypsum. These 

crystals are much larger and more well-formed than any seen in 

D30-B4 or C30-1. A comparison of Figure 20.a. (D30-B4 40-100-pan 

fraction) and Figure 41 will demonstrate how much larger and 

better formed the crystals in the OHIO limestone are. Some of 

the OHIO gypsum crystals are almost 0.1 mm in length, while the 

D30-B4 crystals are one-tenth to one-fifth that size. The 

rod-like crystals in the OHIO samples are almost identical to the 

gypsum crystals shown in Figure 2. While a few 2-5 lJD pores are 

noticeable in Figures 39.c. and 39.d., most of the larger pores 

were filled with extensive crystal growth. 



DISCUSSION 

Run Conditions and pH 

As mentioned in the results section, the pH vs. time curves 

for most runs exhibited a curve of the type illustrated in Figure 

7. Calibration runs made with the gas mixtures without limestone 

in the reactor exhibited the same curve shape, but the events 

occurred after less time. In Figure 7, region A and the part of 

region B prior to the inversion at I corresponded to the analyzer 

water becoming saturated in CO2 . The rest of the curve, 

concluding with region C, corresponded to the drop in pH due to 

502 dissolving in the analyzer water. 

Runs D30-Al and D30-Bl exhibited a very small drop in pH 

through region C. These runs also had minimum pH values very 

close to the minimum pH encountered when CO2 alone was bubbled 

through the analyzer. This suggested that neither run allowed 

much 802 to arrive at the analyzer. 

Runs D30-B3 and D30-B4 exhibited no inversion at I or 

behavior characteristic of region C at all. Both of these runs 

had a final pH greater than that for CO2 • Very efficient removal 

of S02 was suggested by these curves. 

The analyzer pH, hence, fluctuation on the pH vs. time 

chart, was sensitive to flow rate of the gas mixture. A 

correlation was noted between "shelves" and a change in rotameter 

setting and pressure. A possible explanation for this is that, 

35 
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as the reactor started to saturate with water, flow channels in 

the limestone would open and close. This would cause a change in 

back pressure on the system, which would change the flow rate and 

indicated rotameter setting. The change in flow rate would mean 

a different amount of gas was passing through the system. This 

would affect the pH. Other possible explanations include 

changing equilibrium in the reactor or different reactions 

occurring. These do not seem likely. The shelf effects could be 

vari~d by adjusting the rotameter setting. 

Whenever a drop of water evaporated after the pH curve had 

reached the inversion at II (shown in Figure 7), the flowmeter 

pressure rose sharply and the rotameter setting decreased. At 

the same time, the pH values would begin to level out. This 

seemed to be a function of elapsed time more than an effect of 

pH. Both run D60-Bl and the gas mixture calibration runs 

exhibited this levelling out of pH, but neither had any pressure 

fluctuations. In contrast, both D30-B3 and D30-B4 exhibited 

pressure fluctuations without ever exhibiting behavior 

characteristic of the inversion at II. No reaction product was 

formed on the limestone of D60-Bl or during the calibration runs, 

while reaction product was formed on the limestone of both D30-B3 

and D30-B4. This shows that the pressure fluctuations and drop 

in rotameter setting were likely caused by the formation of 

reaction products on the limestone, causing an increase in back 

pressure. The correlation between pH and pressure fluctuations 

seems to be an accident of timing. 
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Reaction product formation played a more important role in 

causing pressure fluctuations than did saturation of limestone 

with water. D60-Bl had no pressure fluctuations although it 

developed a 2.3 inch pressure drop. Related to pressure 

fluctuations, the highest average flowmeter pressures were found 

in the runs that were considered the best. The increase in 

flowmeter pressure occurred because the limestone swelled in size 

as gypsum formed on the surface. With the D30-B series, the 

average flowmeter pressure decreased with each subsequent run. 

This was caused in consecutive runs by not all of the gypsum 

being removed during sieving, so swelling did not have as great 

an effect. 

Temperature of the limestone bed had to be higher than 31°C 

for any reaction to occur. No gypsum was formed during run 

D60-Bl, which was made at 31°C. Tha sulfur found during Iep 

analysis may have soaked into the limestone, but it did not 

react. This agreed with Shale and Stewart's findings (10,11). 

The color change noticed in Limestone D and OHIO came from 

the oxidation of Fe present in the material. The greatest extent 

of color change occurred in areas where water was present for the 

longest period of time, such as the top and sides of the 

limestone that received water that condensed and ran down the 

sides of the reactor during drying. 
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Effect of Water 

Along with temperature, water was the most important 

variable to ensure reaction. Most of the sulfur was removed when 

the water flow rate was at least 0.115 ml/min (in conjunction 

with a gas flow rate of about 950 ml/min). Klingspor et. al.(4) 

suggested a mechanism to explain this effect. One point they 

made was that as the number of mono layers of water adsorbed on 

the limestone became high enough, the effect would resemble the 

dissolution of S02 in an aqueous solution. This promoted the 

formation of HSO.- which would react with CaCO, to form gypsum. 

As can be seen, the dissolution of 80z in water was desirable. 

The solubility of S02 in water is shown in Figure 1. 

Calculations for the numbers used below are shown in Appendix C. 

The extrapolated solubility of S02 in water at 69°C and 1 psi was 

2.2 g S02/100 g"water. Based on a flow rate of 956 ml/min for 

gas mixture 2, 0.00404 g/min of 802 would flow through an 

unreactive system. If water were added at 0.052 g/min, the ratio 

became 7.77 g S02/l00 g water. This was well above the 

solubility limit. If water were added at 0.075 g/min, the ratio 

became 5.37 g S02/100 g water. This too was above the solubility 

limit. If water were added at 0.118 g/min; the average for runs 

D30-A1, D30-B series, C30-1, and M30-1; the ratio became 3.42 g 

S02/100 g water. While this was greater than the solubility limit 

listed above, it was the only ratio easily within the error of 

extrapolation. A water flow rate that kept the ratio at about 



39 

3 g S02/100 g water at 69°C seemed to be necessary to keep the pH 

as high as possible and ensure the best reaction. 

Water also affected run D30-B2. This run was anomalous 

compared to the rest of the D30-B series, due to a broken heating 

tape. This heating tape was used to keep the Teflon line leading 

into the water bath and the reactor as warm as possible. This 

prevented too much water from condensing in the line. With run 

D30-B2, when the heating tape failed to keep the line warm, much 

of the water condensed there and did not reach the reactor. 

Possibly the condensed water became saturated with S02 and 

allowed the rest to flow into the reactor where. there was not as 

much water as the pump speed indicated. This meant the run was 

effectively made at a much lower water flow rate, leading to its 

poor performance. 

Water may perform another role. While higher water flow 

rates helped ensure complete solubility of S02' they also 

promoted condensation in the lines and reactor. The water 

condensed in these places carried S02 that did not register in 

the analyzer, yet it may have never reacted with the limestone 

either. This may have made test runs look good, but it would not 

help environmentally or industrially. Insufficient water could 

be collected downstream from the limestone to check for S02' but 

water collected upstream tested positively for 302 . 

Oxygen was necessary for the process. Sulfurous acid needed 

to be oxidized to sulfuric acid (H2 SO.) in order to form gypsum 

instead of calcium sulfite, the natural product of sulfurous 
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acid. 

Morphology and Reaction 

Comparison of SEM photomicrographs shows Limestone D to be 

more reacted than Limestone C. This is especially evident in the 

pores. Limestone D also seems to have somewhat fewer loose 

particles on its sieve 20 fraction and more bare substrate 

material than Limestone C. EDAX shows Limestone D to be 

comparatively higher in S. 

Limestone D may have more reaction product growth than 

Limestone G because D30-B4 is the fourth run on the same sample. 

Alternatively or additionally the superiority of Limestone D may 

arise from its Fe content and larger, more extensive pore 

structure. Limestone D exhibited a full range of pores from less 

than 1 ~m in size up to 0.1 Mm. As discussed in the 

introduction, Potter(9) found pores larger than 0.3 ~ in size to 

be beneficial for improved absorption capacity. 

The reaction product on the OHIO limestone had much larger 

and better formed crystals than either D30-B4 or C30-1. The OHIO 

limestone seems to also have had an extensive pore structure. 

Most of its pores are filled with or covered by gypsum crystal 

growth. 
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OHIO Limestone 

The reaction potential of OHIO limestone cannot be directly 

compared to that of Limestones C and D as the reaction conditions 

were different. The run that produced OHIO lasted four times as 

long as either D30-B4 or C30-l. The longer run time meant the 

limestone was exposed to more 5 and had the opportunity to grow 

larger crystals. The gas temperature, hence reaction 

temperature, was lower. Even though less water vapor can be 

carried by air at a lower temperature, more 502 is soluble in 

water at lower temperatures. Combined with the fact that the gas 

stream for OHIO contained less than half as much 502 as either 

gas mixture 2 or 3, the 802 should have been fully dissolved in 

the water vapor. As opposed to this, the D30-B series and C30-l 

were made at or just above the solubility limit for 502 in water. 

Limestone D 

On the basis of pH and ICP analysis, Limestone D performed 

better than Limestone C. On the basis of pH, Limestone D 

performed better than marble. Limestone C and marble seem to 

have performed equivalently. 

While both marble and Limestone C were mostly calcitic and 

low in Fe, Limestone D was more dolomitic and had a higher Fe 

content. As discussed in the introduction, Fe has been shown to 

have a catalytic effect in the reaction of limestone with 502 • 
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X-ray mapping with the electron microprobe showed that Fe was 

present in the dolomitic regions of Limestone D, probably in 

solid solution. The X-ray maps did not show extensive 

overlapping of Fe and S, so reaction of Fe and S probably did not 

proceed at expense of Ca and S reactions. 

The effect of Mg and Fe on the performance of limestone 

could not be ~eparately tested. No sample was available that was 

purely calcitic yet naturally high in Fe. Because of the proven 

catalytic effect of Fe described previously, it was believed the 

Fe content was more important than that of Mg. Mg may play a 

more important role when the Fe concentration is low. 

Results were inconclusive as to whether Limestone D formed a 

more friable reaction product than either Limestone C or marble. 

While the sieved pan fraction for M30-1 weighed less than any of 

those for the D30-B series, the overall particle size for M30-1 

was much larger. This meant less surface area was available for 

reaction. No tests were made to determine the effect of the 

larger marble particle size. Microprobe X-ray map comparisons of 

D30-Bl and C30-1 showed no difference in their reaction layers. 

Repeated runs seemed to improve the performance of Limestone 

D. Each run saw more material in the pan following sieving. 

Additional reaction layers may have made previous layers easier 

to remove. These results were contrary to expectations that 

existing reaction products would slow down subsequent reactions. 

An alternative explanation would be that less reaction product 

was formed and unreacted limestone broke off with the reaction 
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product during sieving. Even though SEM did not reveal any 

large areas free of reaction product, this is still possible 

since contact with other particles would have allowed loose 

reaction product to recover the bare area. This result would 

explain the reduced peak heights found in XRD and the decreased 

amount of S found by ICP analysis for additional runs on the same 

sample. 

The reduced peak heights found in XRD for additional runs on 

the same sample could be explained in a number of ways. There 

could simply be less of the compound, as suggested above. The 

material may be more poorly crystalline and not show up in XRD as 

well. If this were the case, the peaks should be wider and the 

background intensity increased. Neither of these were observed; 

the background for D30-B2, 3, and 4 was lower than for D30-Bl. 

This meant that the best explanation was that the voltage and 

current on the X-ray machine were different each time a pattern 

was run and that direct comparisons based on peak height should 

not be made. 



CONCLUSIONS 

The Modified Dry Limestone Process for flue gas 

desulfurization is viable under certain conditions. Two primary 

parameters and one secondary parameter were the most important of 

those tested for the successful formation of a friable gypsum 

reaction product on limestone. The two primary parameters are 

temperature and water content. The temperature must be above a 

critical minimum for the reaction to proceed. This research 

effort established that 3l0C was too low. while a range of 

68°-70°C was acceptable. For water content, the limiting factor 

was the solubility of 502 in water. It is necessary to keep a 

balance between 502 and water that provides a maximum ratio of 

3.4 g 502 /100 g water. 

The secondary parameter was the type of limestone. A 

limestone composed of both dolomite and calcite with a reasonable 

amount of Fe performed better than either marble or a more 

calcitic limestone. both low in Fe. A reasonable amount of Fe 

and an extensive pore structure seem to be the most important 

factors in limestone 502 absorption performance. 

These conditions allowed the formation of a friable gypsum 

reaction product that could be partially removed by dry sieving. 

The process was monitored by recording the pH of water through 

which the exit stream of simulated flue gas was bubbled. Under 

these conditions, the pH value should not drop much below 4.84, 

the minimum value recorded for a stream of CO2 alone. 
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Table 1. Composition of gas mixtures 1, 2, and 3. 

Mixture 1 

14.04% 

3.999% 

0.2921% 

balance 

Mixture 2 

10.90% 

6.005% 

0.1250% 

balance 

47 

Mixture 3 

10.93% 

6.018% 

0.1242% 

balance 



48 

Table 2. Results of ICP analysis on marble H and Limestones C 
and D. 

% of Total 
Sample Wt 

Sample Ca Hg Mn Fe Cu Undissolved 
-------------~---------------------------------------- -----------

C 1766 75 .. 31 0.3006 8.909 0.0186 5.7 
C 1749 73.50 0.2979 8.756 0.0177 5.9 

D 1304 202 .. 8 3.709 79.03 0.0264 10.4 
D 1374 215.5 3.932 84.28 0.0287 11.4 

M 1824 23.69 0.0831 0.1830 0.0157 0.0 
H 1908 24.24 0.0862 0.1832 0.0177 0.0 

Blank 0.2968 0.036 0.0038 0.0319 0.0021 0.0 

Data are reported as parts per million in solution. 

Analysis performed by VPI & SU Soil Testing and Plant Analysis 
Laboratory. 
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Table 3. Sample test matrix. 

Water Pump Rate Temperature Material Type Sample 

60 sec / rev 68° -70° C Calcitic C60-l 
68° -70° C Dolomitic D60-Al 

31° C Dolomitic D60-Bl 

4S sec / rev 68° -70° C Calcitic C45-1 
68° -70° C Dolomitic D45-l 

30 sec / rev 68° -70° C Calcitic C30-l 
68° -70° C Marble M30-l 
68° -70° C Dolomitic D30-Al 
68° -70° C Dolomitic D30-Bl 
680 -700 C Dolomitic D30-B2 
680 -700 C Dolomitic D30-B3 
68° -700 C Dolomitic D30-B4 
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Table 4. Conditions for the runs with Marble and Limestones C and D. 

C60-1 D60-Al D60-Bl C45-1 

Bed Height (inch) 6.38 6.25 5.88 6.38 

Bath Temp. (C) 69.6 68.8 25.0 68.4 

Room Temp. (C) 28 30 31 26 

Flowmeter Setting 25 25 25 25 

Gas Mixture 3 3 2 2 

Flowmeter Pressure 3.0 - 5.5 3.0 - 6.3 3.0 3.2 - 6.5 
Range (psig) 

Average Flowmeter 4.5 4.5 3.0 4.9 
Pressure (psig) 

Pressure Drop 0.30-0.55 0.30-0.55 0.20-2.30 0.30-2.70 
Range (inch water) 

Average Waterpump 62.4 62.3 60.3 46.4 
Speed (sec/rev) 

Water Flow Rate 0.052 0.052 0.053 0.076 
(ml/min) 

Average Gas Flow 956 953 914 970 
Rate (ml/min) 

Minimum Gas Flow 918 915 914 927 
Rate (ml/min) 

Maximum Gas Flow 981 997 914 1009 
Rate (ml/min) 

Length of Run (hr) 7.40 7.50 3.40 8.18 

Starting pH 8.49 8.62 8.55 8.41 

Finishing pH 3.18 3.82 3.34 3.14 

Minimum pH 3.18 3.68 3.34 3.14 
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Table 4, continued. Conditions for the runs with Marble and 
Limestones C and D. 

D45-1 C30-1 M30-1 D30-A1 

Bed Height (inch) 6.00 6.50 6.50 6.25 

Bath Temp. (e) 69.0 68.8 69.5 69.5 

Room Temp. (C) 34 26 28 28 
I 

Flowmeter Setting 25 25 25 I 25 , , 
I 

Gas Mixture 2 2 3 I 2 I 
I 
I 

Flowmeter Pressure 3.0 - 6.5 3.0 - 6.6 3.0 - 5.6 I 3.3 - 6.5 I 

Range (psig) I 
I 
I l I 

Average Flowmeter 4.9 5.1" 4.2 I 4.9 I 

Pressure (psig) , 
I 
I 

" 

Pressure Drop 0.25-1.50 0.30-2.75 0.10-2.75 I 0.40-3.50 I 
Range (inch water) I 

I 
I 
I 

Average Waterpump 47.0 33.4 32.7 I 29.6 I 
Speed (sec/rev) I 

I 
I 
I 

Water Flow Rate 0.075 0.115 0.117 I 0.112 I 
(ml/min) I 

Average Gas Flow 957 975 949 967 
Rate (ml/min) 

Minimum Gas Flow 910 922 918 926 
Rate (ml/min) 

Maximum Gas Flow 996 1011 983 1005 
Rate (ml/min) 

Length of Run (hr) 7.25 5.62 5.00 6.28 

Starting pH 8.63 8.44 8.16 8.32 

Finishing pH 3.72 3.54 3.60 4.56 

Minimum pH 3.52 3.53 3.58 4.56 
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Table 4, continued. Conditions for the runs with Marble and 
Limestones C and D. 

D30-B1 D30-B2· I D30-B3 I D30-B4 I I 

I I 
t 

Bed Height (inch) 6.50 6.50 I 6.50 6.50 I 
I 
I 

Bath Temp. (C) 68.8 69.3 t 69.3 69.1 I 
I 
I 

Room Temp. (C) 24 23 I 28 32 I 
I 
I 

Flowmeter Setting 25 25 I 25 25 I 
I 
I 

Gas Mixture 3 3 I 3 3 I t 
I 
I 

Flowmeter Pressure 3.0 - 6.2 3.0 - 6.2 I 3.0 - 5.5 3.0 - 5.5 
Range (psig) 

Average Flowmeter 5.0 4.4 4.3 4.1 
Pressure (psig) 

Pressure Drop I 0.28-2.90 0.20-2.40 0.40-2.80 0.20-2.75 
Range (inch water) 

Average Waterpump 32.7 32.3 32.0 31.6 
Speed (sec/rev) 

Water Flow Rate 0.117 I 0.118 0.120 0.121 
(ml/min) 

Average Gas Flow 975 962 951 940 
Rate (ml/min) 

Minimum Gas Flow 924 926 918 912 
Rate (ml/min) 

Maximum Gas Flow 1004 1006 981 975 
Rate (ml/min) 

Length of Run (hr) 6.00 5.00 5.50 5.50 

Starting pH 8.74 8.74 8.26 8.01 

Finishing pH 4.75 3.89 4.89 5.79 

Minimum pH 4.75 3.69 4.89 5.79 

• Run D30-B2 was anomalous due to a broken heating tape. 
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Table 5. Table of pH values taken at given intervals during runs 
with carbon dioxide, gas mixtures 2 and 3, marble, and 
limestone. 

Time 
(min) D60-A1 D60-B1 D45-1 D30-A1 D30-B1 D30-B2- D30-B3 D30-B4 

0.00 8.62 8.55 8.63 8.32 8.74 8.74 8.26 8.01 
3.00 6.35 6.34 6.34 6.29 6.42 6.17 6.35 6.48 
6.00 6.05 5.98 5.97 5.94 6.08 5.90 6.06 6.13 
9.00 5.95 5.89 5.84 5.84 5.95 5.81 5.94 6.03 

12.00 , 5.89 5.83 5.78 5.78 5.88 5.78 5.90 5.99 
15.00 5.86 5.79 5.74 5.74 5.83 5.74 5.87 5.97 
30.00 5.74 5.66 5.64 5.62 5.69 5.58 5.80 5.91 
45.00 5.58 5.51 5.46 5.48 5.55 5.42 5.74 5.89 
60.00 5.35 5.27 5.21 5.30 5.36 5.14 5.66 5.87 
75.00 4.91 4.87 4.77 5.15 5.14 4.41 5.60 5.86 
90.00 4.23 4.30 4.24 5.04 4.96 3.76 5.55 5.84 

105.00 3.97 3.97 4.02 4.97 4.86 3.69 5.50 5.83 
120.00 3.86 3.76 3.84 4.92 4.82 3.61 5.46 5.82 

Minimum, 3.68 3.34 3.52 4.56 4.75 3.69 4.89 5.79 
Final I 3.82 3.34 3.72 4.56 4.75 3.69 4.89 5.79 

Time Carbon Gas Gas 
(min) C60-1 C45-1 C30-1 M30-1 Dioxide Mix 2 Mix 3 

0.00 8.49 8.41 8.44 8.16 8.50 8.10 8.61 
3.00 6.29 6.17 6.32 6.36 4.97 6.10 6.18 
6.00 5.99 5.86 5.97 6.02 4.85 5.83 5.94 
9.00 5.87 5.75 5.85 5.91 4.84 5.70 5.84 

12.00 5.81 5.68 5.77 5.84 4.84 5.63 5.77 
15.00 5.77 5.63 5.71 5.80 4.84 5.59 5.72 
30.00 5.60 5.39 5.52 5.64 5.39 5.54 
45.00 5.38 5.04 5.25 5.49 5.08 5.29 
60.00 4.94 4.23 4.68 5.26 4.14 4.82 
75.00 4.10 3.85 4.15 4.88 3.65 4.00 
90.00 , 3.74 3.73 3.98 4.23 3.43 3.66 I 

105.00 I 3.57 3.68 3.91 3.99 3.29 3.46 , 
120.00 I 3.49 3.64 3.87 3.89 3.19 3.40 I 

I 
I 

Minimum I 3.18 3.14 3.53 3.58 
Final I 3.18 3.14 3.54 3.60 4.84 3.00 2.90 

• Run D30-B2 was anomalous due to a broken heating tape. 
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Table 6. Weights of limestone retained on U.S. Standard sieves 
for the D30-B series. 

U.S. Standard I D30-B1 D30-B2 I 
Sieve Number I pre-run D30-B1 pre-run D30-B2-I 

I , 
6" I 20.6710 20.3416 19.3909 19.3854 I 

I 
I 

12 68.7906 68.7364 68.7364 68.1118 

20 28.5177 28.1430 28.1430 27.8885 

40 0.0 0.2991 0.0 0.2468 

100 0.0 0.0613 0.0 0.1298 

Pan 0.0 0.5780 0.0 0.5497 

Total Weight 117.9737 118.1594 116.2703 116.3120 
(g) 

U.S. Standard D30-B3 DJO-B4 
Sieve Number pre-run D30-B3 pre-run D30-B4 

6" 18.6939 18.8270 18.4143 17.6317 

12 68.1118 67.2308 67.2308 67.2878 

20 27.8885 27.6424 27.6424 27.5101 

40 0.0 0.2237 0.0 0.2657 

100 0.0 0.1412 0.0 0.1832 

Pan 0.0 0.6909 0.0 0.7527 

Total Weight 114.6942 114.7560 113.2875 113.6312 
(g) 

• About one-half gram of this sieve fraction was retained for 
future analysis from each run other than pre-run . 

• Run D30-B2 was anomalous due to a broken heating tape. 



Table 7. 

Sample I 
=========1 

D I 
D60-A1 I 
D60-B1 I 
D45-1 I 
D30-A1 I 
D30-B1 I 
D30-B2· 
D30-B3 
D30-B4 

C 
C60-1 
C45-1 
C30-1 

M 
M30-1 

OHIO 

• Phases: 
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Phases present in samples and intensity of main peaks 
as determined by XRD 

Phases present- (Intensity of main peak) 

A (17), C (>100), D (56) 
A (35), C (52), D (22), 
A (34), C (41), D (21), 
A (56), C (45) , D (17), 
A (39), C (58), D (25), 
A (34), C (49), D (27), 
A (33), c (SO), D (16), 
A (28), C (36), D (17), 
A (31), C (33), D (17), 

A (5) , C (>100), D (14) 
A (3), C (67), D (7), 
A (4), C (82), D (10), 
A (3), C (>100), D (7), 

C (>100) 
C (80), 

A (.24), C (31), D (7), 

A = Aragonite (111 peak) 
C = Calcite (104 peak) 
D = Dolomite (104 peak) 

G (0, 6), 
G (0, 6) 
G (12, 22) 
G (19, <25) 
G (20, 20) 
G (8, 13) 
G (9, 12) 
G (8, 11) 

G (20, 18) 
G (22, 17) 
G (8, 11) 

G (7, 6) 

G (28, 21), 

G = Gypsum (020 peak, 021 peak) 
H = Calcium Sulfate Hydrate (200 peak) 

H (16) 

S ( 1) 

S = Calcium Sulfate (Anhydrate) (002, 020 peak) 

-Run D30-B2 was anomalous due to a broken heating tape. 
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Table 8. Results of ICP analyses to determine sulfur content in 
selected runs made with Limestones C and D. 

% of Total 
Sample Wt 

Sample Ca Kg Fe 5 Undissolved 

---------------------------------------------------~-- ------------
C 1593.0 58.65 4.516 0.6358 12.6 
D 1235.0 181.80 72.46 2.754 23.3 

D60-A1 933.6 83.41 43.47 208.3 40.5 
D60-B1 947.9 113.10 72.98 190.8 43.1 
D45-1 826.5 66.31 32.08 203.1 48.7 
D30-B1 932.8 83.73 45.01 599.5 39.8 
D30-B2- 879.8 64.44 61.24 440.3 45.9 
D30-B3 858.5 85.50 45.35 424.0 43.1 

C60-1 1446.0 33.91 4.797 1217.0 19.4 
C45-1 1437.0 38.81 5.258 331.7 18.4 
C30-1 1514.0 45.37 6.029 593.4 17.5 

Blank 0.1000 0.0100 0.0313 0.5799 0.0 

Data are reported as parts per million in solution. 

Analysis performed by VPI & SU Soil Testing and Plant Analysis 
Laboratory . 

• Run D30-B2 was anomalous due to a broken heating tape. 
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Figure 2. Crystals of gypsum (pottery plaster), CaS04 ·2H20 (17). 
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Figure 7. Schematic of a typical pH vs. time curve for runs with 
gas mixtures 2 and 3. The curve has inversions at I 
and II and three regions A~ B~ and C. 
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Figure 8.a. Backscattered electron image of Limestone D. 

Figure B.b. X-ray dot map of Ca in Limestone D. 



65 

Figure S.C. X-ray dot map of Mg in Limestone D. 

Figure S.d. X-ray dot map of 8i in Limestone D. 
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Figure 8.e. X-ray dot map of Fe in Limestone D. 

Figure 8.f. X-ray dot map of S in Limestone D. 
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Figure 9.a. Backscattered electron image of the edge of a sieve 
6 particle of D30-Bl. Epoxy runs from the diagonal 
to the upper right corner. 

Figure 9.b. X-ray dot map of Ca in 'D30-Bl. 
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Figure 9.c. X-ray dot map of Mg in D30-Bl. 

Figure 9.d. X-ray dot map of Si in D30-Bl. 
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Figure 9.e. X-ray dot map of Fe in D30-Bl. 

Figure 9.f. X-ray dot map in S in D30-Bl. 
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Figure 9.g . . X-ray dot map of Al in D30-Bl. 

Figure 9.h. X-ray dot map of K in D30-Bl. 
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Figure 10.a. Backscattered electron image of the edge of a 
particle from the 40-100-pan portion of D30-B1. 
Epoxy is on the right. 

Figure 10.h. X-ray dot map of Ca in D30-B1. 
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Figure lO.c. X-ray dot map of Hg in D30-Bl. 

Figure lO.d. X-ray dot map of Si in D30-Bl. 
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Figure 10.e. X-ray dot map of Fe in D30-B1. 

Figure 10.f. X-ray dot map of S in D30-B1. 
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Figure 11.a. Backscattered electron image of the edge of 
Limestone C. Epoxy is on the left . 

• 

• 

Figure 11.b. X-ray dot map of Ca in Limestone C. 
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Figure II.c. X-ray dot map of Mg in Limestone C. 

Figure II.d. X-ray dot map of Si in Limestone C. 
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Figure 12.a. Backscattered electron image of the edge of a sieve 
6 particle of C30-1. Epoxy is in the lower left. 

Figure 12.h. X-ray dot map of Ca in C30-1. 
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Figure 12.c. X-ray dot map of Mg in C30-1. 

Figure 12.d. X-ray dot map of Si in C30-1. 
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Figure 12.e. X-ray dot map of Fe in C30-1. 

Figure 12.f. X-ray dot map of S in C30-1. 
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Figure 12.g. X-ray dot map of Al in C30-1. 

Figure 12.h. X-ray dot map of K in C30-1. 
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Figure 13.a. Backscattered electron image of particles from the 
40-100-pan portion of C30-1. 

Figure 13.b. X-ray dot map of .Ca in C30-1. 
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Figure 13.c. X-ray dot map of Mg in C30-1. 

Figure I3.d. X-ray dot map of 5i in C30-I. 
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Figure 13.e. X-ray dot map of Fe in C30-1. 

Figure 13.f. X-ray dot map of S in C30-1. 
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Figure 13.g. X-ray dot map of Al in C30-1 . 

Figure 13.h. X-ray dot map of K in C30-1. 
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Figure 14.a. 5EM image of Limestone D. 

Figure 14.b. 5EM image showing a higher magnification view of 
the central particle in Figure 14.a. 
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Figure 14.c. Even higher magnification view of the region of 
Figure 14.h. clearly showing porosity. 

Figure 15. SEM image of Limestone D. 
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Figure 16. EDAX for the region of Limestone D shown in Figure 15. 
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Figure 17. SEM image of Limestone D. 

Figure 18. SEM image of a sieve 40 particle of D30-B4. 
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Figure 19. EDAX for the general area of the 40-100-pan fraction of 
D30-B4 shown in Figure 18. 
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Figure 20.a. SEM image of the 40-100-pan fraction of D30-B4. 

Figure 20.h. Higher magnification view of the large particle at 
right center in Figure 20.a. 
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Figure 21. EDAX for the region of the 40-100-pan fraction of D30-B4 
shown in Figure 20.h. 
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Figure 22. EDAX for a region of 4Q-100-pan fraction of D30-B4. 
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Figure 23.a. SEM image of sieve 20 particles of D30-B4. 

Figure 23.b. SEM image of sieve 20 particle of D30-B4. 
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Figure 23.c. Higher magnification view of the left particle of 
sieve 20 D30-B4 in Figure 23.a. 

Figure 23.d. Higher magnification view of the region of Figure 
23.c. clearly showing pore clogging. 
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Figure 24. EDAX for the region of sieve 20 D30-B4 shown in 
Figure 23.c. 
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Figure 25.a. SEM image of particles of Limestone C. 

Figure 25.b. Higher magnification view of the left particle in 
Figure 25.a. 
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Figure 2S.c. Higher magnification view of the region of 
Limestone C shown in Figure 2S.b. 

Figure 2S.d. Higher magnification view of the region of 
Figure 2S.c. 
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Figure 26. EDAX for the region of Limestone C shown in Figure 25.c. 
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Figure 27.a. SEM image of Limestone C. 

Figure 27.b. SEM image showing closer view of large central 
white patch visible in Figure 27.a. 
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Figure 27.c. SEM image of Limestone C showing closer view of the 
darker patch visible on the right in Figure 27.a. 

Figure 30. SEM image of sieve 20 C30-1. 
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Figure 28. EDAX for the region of Limestone C shown in Figure 27.b. 
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Figure 29. EDAX for the region of Limestone C shown in Figure 27.c. 
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Figure 31. EDAX for the region of sieve 20 C30-1 shown in Figure 30. 
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Figure 32. 5EM image of sieve 6 particles of C30-1. 

Figure 33.a. 5EM image of sieve 6 C30-1. 
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Figure 33.h. Higher magnification view of the region of sieve 6 
C30-1 shown in Figure 33.a. 

Figure 33.c. Higher magnification view of the region of Figure 
33.h. showing pores and gypsum reaction product. 
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Figure 34. EDAX for the region of sieve 20 C30-1 shown in Figure 33.b. 
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Figure 35.a. SEM image of a broken particle of OHIO limestone. 

Figure 35.b. Higher magnification view of a region of the right 
center particle shown ' in Figure 35.a. 
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Figure 35.c. Higher magnification view of the region of broken 
OHIO limestone shown in Figure 3S.b. 

Figure 37. SEM image of a different particle of broken OHIO 
limestone. 
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Figure 36. EDAX for a region on the center'right broken OHIO limestone 
particle shown in Figure 35.a. 
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Figure 38. EDAX for the region of broken OHIO limestone shown in 
Figure 37. 
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Figure 39.a. SEM image of 40-100-pan fraction of OHIO limestone. 

Figure 39.b. Higher magnification view of the central particle 
visible in Figure 39.a. Gypsum crystals are 
already visible. 
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Figure 39.c. Higher magnification view of the region of OHIO 
limestone shown in Figure 39.b. 

Figure 39.d. Higher magnification view of the region shown in 
Figure 39.c. Two different shapes of gypsum 
crystals are visible. 
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Figure 40. EDAX from the 40-l00-pan fraction of OHIO limestone. This 
distribution was typical for most regions. 



113 

Figure 41. SEM image of the pan fraction of OHIO limestone. 



Appendix A. Photographs of experimental system. 

A. Overview of experimental system. 
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B. Gas mixture 2 on left; from front to back on right, N2 and 
802 cylinders. 
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C. Limestone reactor in water bath with heater. Manometer on 
left. 
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D. Limestone reactor without water bath to show tubing layout . 
Heating tapes were later added as seen in C. 



118 

E. From bottom center to upper right: chart recorder, pH meter, 
analyzer with bubbler and pH probe, and heating tape 
controller. 
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F. From left: tubing pump control and pump housing, water 
reservoir, humidification system, rotameters, and heating 
tape control. 



Appendix B. Example calculations of gas mixture flow rate. 

The flow rate of the gas mixture through a rotameter could 
be found by calculating the deviation of the behavior of the gas 
from that of air at standard conditions (STP). The rotameters 
were calibrated for air at STP. The following equations were used 
for determining the flow rate of the gas mixtures. 

Q. 1. I' = Kg. a X Qg. a 

Where: Qg •• = desired flow rate for gas being used 
Q.1.1' = flow rate of air at STP 
G = specific gravity at non-standard conditions 
Go = specific gravity at STP of gas being used 
P = gas pressure in psig plus '14~7 to give psia 
Po = 14.7 psia (STP) 
T = gas temperature in 0 F plus 460 R to give 0 R 
To = 530 R (STP) 

Q.~I' was matched with rotameter markings on the calibration 
sheets. Values(19) for the specific gravities of the component 
gases of the gas mixture are given below, along with the 
conditions under which they are valid. 

Gas Percent .9 Te!!!l!. Pressure 
CO2 10.90~ 1.521 ooe 1atm 

O2 6.005~ 1.140 90. 18K 1atm 
S02 0.1250% 1.5 -100 e 1atm 

N2 82.97~ 0.808 63. 15K 1atm 

Go = G x (Po IP) x (T/To) 

CO2 : Go = 1.521 x (Ill) x (492/530) = 1.4119 

O2 : Go = O. 3504 

S02: Go = 1.3415 

~ Te!!!l!. (R) 
1 492 
1 162.924 
1 474 
1 114.27 

The specific gravity at STP of the gas mixture, Gtot • 1 , was 
found by multiplying the fraction of each gas in the mixture by 
its specific gravity at 5TP, then by summing the products. 
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G~o~a1 = (0.1090 x 1.4119) + (0.06005 x 0.3504) + 
(0.00125 x 1.3415) + (0.8297 x 0.1742) 

= 0.3212 

If a gas mixture flow rate of 900 ml/min were desired, the 
following calculations would be made to determine at which mark 
to set the rotameter ball. 

Example conditions: Q.as = 900 ml/min 
G~ 0 ~ • 1 = 0.3212 
T = 72 + 460 = 532 R 
P = 4.0 + 14.7 = 18.7 psia 

K. as = [0.3212 x (532 R/530 R) x (14.7 psia/18.7 psia)]l/2 
= 0.5304 

Qa~r = 0.5304 x 900 ml/min 
= 477.4 ml/min 

For the rotameter in use, this flow rate would correspond to a 
setting of 25. 



Appendix C. Calculations for solubility of 802 in water. 

Assume ideal gas equation: PV = nRT 

For the average conditions with flow rate of 956 ml/min: 
T = 28° C = 82.4° F = 542.4 R 
P = 4.5 psig = 19.2 psia 
R = 670 (with cm3

, oR, g, psia) 

n = (PV)/(RT) 
= [(19.2 psia)(956 ml/min)]/[(670)(542.4 R)l 
= 0.0505 g'mol/min gsa flow 

802 comprises 0.125% of Gas Mixture 2, so: 

(0.00125)(0.0505 g'mol/min) = 6.313 x 10- 5 go mol/min of 802 

The molecular weight of 802 is 64.062 g/mol, so: 

(6.313 X 10- 15 go mol/min) (64. 062 g/mol) = 0.00404 g/min of 802 

Three average water flow rates: 0.052, 0.075, and 0.118 ml/min. 

The density of water is approximately 1 g/ml. 

For purposes of using Figure 1: 

[(0.052 g/min)/(0.052)] x 100 = 100 g/min of water 

[(0.00404 g/min 802 )/(0.052) x 100 = 7.77 g/min of 502 

For a water flow rate of 0.OS2 g/min, the values will extrapolate 
to 7.77 g 802 / 100 g water. 

For a water flow rate of 0.075 g/min, the values will extrapolate 
to 5.37 g 502 / 100 g water. 

For a water flow rate of 0.118 g/min, the values will extrapolate 
to 3.42 g 802 / 100 g water. 

The average water bath temperature was 69°C. From Figure 1, the 
extrapolated solubility of 802 at this temperature is 2.2 g 802 / 

100 g water. 

For a seven hour run: (0.00404 g/min 802 )(60 min/hr)(7 hr) = 1.70 
g 802 • 
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Appendix D. Friability and mass balance. 

The desired reaction product formed by the MDLP is gypsum, 

CaSO." 2H2 0. The other possible product of the reaction betw~~n 

calcite, CaCO" and sulfurous acid, H2 0 + S02' is ~a1cium sulfite, 

CaS03 • Gypsum is preferred ovp.r calcium sulfite because gypsum is 

more inert under ordinary p.nvironmenta1 conditions(16). Both are 

slightly soluble in water, but calcium ~111fite is readily soluble 

in solutions of S02 (16). 

The material that maintained the highest pH throughout test 

runs, Limestone D, had a much higher Fe content than either 

Limestone C or marble. Based on the ICP analysis shown in Table 

2, Limestone D had an Fe/Ca ratio of 0.061 by weight, while 

Limestone C had an FelCa ratio of 5.03 x 10- 3 and marble had a 

ratio of 9.81 x 10- 5
, both by weight. 

The conditions for run D30-B3, which had a final pH of 4.89, 

are given below. These run conditons are the best for maintaining 

a high final pH. The run conditions for the rest of the D30-B 

series are similar: 

1) reactor temperature of 68° -70°C, 

2) gas flow rate of 950 ml/min, 

3) S02 concentration of 0.1242%, 

4) water flow rate of 0.120 ml/min, 

5) ratio of 3.4 g S02/l00 g water, 

6) gas saturated with water vapor--some condensation in 

lines, 
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7) limestone contained one part Fe per 16.4 parts Ca, 

8) limestone chips ranged from 1/4ft to 1/30" in diameter, 

9) pores from 0.1 mID to less than 1 l..8I in diameter, 

10) surface of limestone covered with loose clay mineral 

particles, 

11) about 115 g total limestone sample weight, 

12) 5.5 hour long run. 

The pores cause an increase in the surface area of the 

limestone particle, presenting more area for adsorption of 

sulfurous acid. The clay mineral particles may contribute 

positively by presenting even more surface area for adsorption, in 

effect increasing the ability of the material to trap passing 

vapor. 

Various methods can be used to assess friability, including 

comparative sieve analyses, SEM evaluation, EDAX, XRD, X-ray dot 

mapping, and mass balances. Sieve analyses show an overall 

increase in sample weight following reaction. Sieving reacted 

material produces fines that were not present before reaction. 

Comparisons of the amount of fines produced and weight gain can 

be made between batches, but no other information can be gained 

without using other methods in conjunction with seiving. 

XRD of the fines (40-100-pan fraction) shows that gypsum is 

not the only compound present: calcite, aragonite, and dolomite 

also were identified. EDAX and electron microprobe X-ray dot 

maps show that Si, At', K, Fe, and Mg, in addition to Ca and S, 

are found among the fines. The combinatio~ of these analyses 
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show the fines consist of clay minerals, silica, dolomite, 

unreacted calcite, and gypsum. The larger limestone particles 

chipped during sieving, and unreacted limestone and liberated 

minerals were removed with the reaction product. 

X-ray dot maps show an uneven layer of S 0-30 ~m thick on the 

surface of particles that have been sieved and hence will be 

reused. EDAX and SEM confirm the presence of gypsum on the 

surface of the larger particles. 

Based on these findings, it is not possible to make an exact 

calculation of the friability, or removal of reaction product from 

each sieve fraction, separatply. Combining the sieve analyses 

with ICP results will allow the calculation of an approximate 

mass balance for the amount of reaction product contained in two 

groups of sieve fractions: the 6-12-20 fractions and the 

40-l00-pan fractions. Calculations will be shown for D30-B1; the 

results will be tabulated for the entire D30-B series. 

The weights of the sieve fractions before and after runs are 

shown in Table 6. Assuming the sulfurous acid react~d solely with 

calcite and the only reaction product was gypsum, the amount of 

gypsum formed can be determined from the difference in starting 

and finishing weights. It is also assumed the samples were 

equally dry when weighed and no material was lost. 

weight of D30-B pre-run = 117.9793 g 

weight of D30-B1 = 118.1594 g 

weight gain of 0.1801 g 

CaCD,: 100.088 g/mo1 
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CaSa ... 2H2 a: 172. 17 g/mol 

In the transition from calcite to gypsum, there is a weight gain 

of 72.082 g/mol. 

Amount of gypsum formed = (0.1801g)(172.17g/mol gypsum) / 

(72.082g/mol) 

= 0.4302 g of gypsum formed. 

The molecular weight of S is 32.064 g/mol, so: 

(32.064g/mol S) / (172.l7g/mol gypsum) = 18.62% S in gypsum. 

(0.4302g gypsum)(0.1862 S/gypsum) = 0.0801 g 5 utilized. 

From the ICP analysis in Table 8 (data is ug per ml of solution): 

Take 

Ca 

932.8 

tl.& 

83.73 

the data above 

Ca: (932.8g) 

Mg: (83.73g) 

Fe: (45.01g) 

S: (599.5g) 

/ 

/ 

/ 

/ 

Fe 

45.01 

S % Undissolved Solids 

599.5 39.8 

as grams and convert to moles: 

(40.08g/mol) = 23.2725 moles 

(24.312g/mol) = 3.4440 moles 

(55.847g/mol) = 0.8060 moles 

(32.064g/mol) = 18.6970 moles. 

Assuming all of the sulfur is in the form of gypsum, one mole of 

Ca is used for each mole of S: 

Ca tl.& Fe g~s~ 

4.5755 3.4440 0.8060 18.6970 

Assume all of the Fe substitutes for Mg in dolomite and the only 

other compound is pure calcite: 

calcite Ca(Mg,Fe)2(C03 ) gypsum 

0.3255 4.2500 18.6970 

The molecular weight for this combination of dolomite, 
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Ca(Mg,Fe)2(C03 ), is 190.39 g/mol. Since the ICP analysis was 

made on the 40-l00-pan fraction of D30-B1, take the total weight 

of these fractions and multiply by the percent of total sample 

weight undissolved: 

(0.9384g)(0.398) = 0.3735 g undissolved material. 

This is the weight of material such as clay minerals, silica, and 

pyrite. The weight of dissolved material is: 

(0.9384g) - (0.3735g) = O.~649 g dissolved material. 

Assume no unanalyzpd material contributed to the total weight. 

Total moles: 0.3255 + 4.2500 + 18.6970 = 23.2725 moles. 

Mole percent of total: 

calcite: 0.3255 / 23.2725 = 1.40% 

dolomite: 4.2500 / 23.2725 = 18.26% 

gypsum: 18.6970 I 23.2725 = 80.34%. 

Assume one mole total: 

calcite: (100.088g/mol)(0.0140) = 1.4002 g 

dolomite: (195.43g/mol)(0.1826) = 34.7647 g 

gypsum: (l72.17g/mol)(0.8034) = 138.3214 g 

total weight: 174.4863 g. 

Reduce to a total weight of 0.5649 g of dissolved material: 

calcite: 0.0045 g 

dolomite: 0.1126 g 

gypsum: 0.4478 g. 

The rep analysis shows the 40-100-pan fraction of D30-Bl 

contained 0.4478 g of gypsum and: 

(0.4478g gypsum) (0. 1862 S/gypsum) = 0.0834 g S. 
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In order to calculate the amount of 5 in the gas stream, 

assume the ideal gas equation. 

n = (PV)/(RT) 

T = 24 ° C = 75. 2° F = 535. 2 R 

P = 5.0 psig = 19.7 psia 

R = 670 

V = 975 ml/min. 

n = [(19.7psia)(975ml/min)] / [(670)(535.2R)] 

= 0.05356 mol/min. 

Gas mixture 3 consists of 0.1242% 502 , so: 

(0.05356mol/min)(0.001242) = 6.653 x 10- 5 mol/min 502 , 

The run lasted for six hours, so: 

(6.653x10- s mol/min 502 )(32.064g/mol S)(360min) = 0.7679 g S. 

Calculations show 0.7679 g 5 came through the system and 0.0801 g 

S were utilized in forming gypsum. This means: 

(0.7679 - 0.0801 g) / (0.7679g) = 89.6 % 

89.6% of the 5 can not be accounted for in the mass balance. 

Assuming the S that is unaccounted for was lost to 

condensation in the lines and the top of the reactor, the amount 

of water needed to dissolve the S can be estimated from Figure 1. 

First the amount of S must be converted to An amount of 502 : 

(0.7679 - 0.0801 g)(64.062g/mol S02) / (32.064g/mol S) = 

1.374 g S02 . 

At 30°C, the solubility ratio is about 8 g S02/l00 g water, so 

about 17.18 ml of water would be needed. Based on the diameters 

and lengths of tubing in the experimental system, an estimated 
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8-10 ml of water could be held trapped in the lines. Dissolution 

of 802 in trapped water is not the only answer to where the rest 

of the S went. 

The results of similar calculations for the rest of the 

D30-B series are shown below. 

g gypsum formed 

g S in gypsum 

g gypsum in Iep 

g S from rep 

g 5 from gas 

(g 5 from gas)-

(g S gypsum) 

g 502 unaccounted 

% S unaccounted 

Efficiency of 

removal, % 

water needed 

at 30° C 

final pH 

S 

B30-Bl 

0.4302 

0.0801 

0.4478 

0.0834 

0.7679 

0.6878 

1.3742 

89.6% 

10.4% 

17.2 ml 

4.75 

D30-B2 

0.0996 

0.0186 

0.3349 

0.0624 

0.6142 

0.5957 

1.1900 

97.0% 

3.03% 

14.9 ml 

3.69 

D30-B3 

0.1476 

0.0275 

0.3922 

0.0730 

0.6534 

0.6259 

1. 2505 

95.8% 

4.21% 

15.6 ml 

4.89 

D30-B4 

0.8209 

O. 1529 

0.6307 

0.4778 

0.9546 

75.8% 

24.2% 

11.9 ml 

5.79 
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For run D30-B2, the one made with a broken heating tape, 

much of the S that is unaccounted for in the mass balance came 

through the system and was detected at the analyzer. This run 

had a lower final pH than the other runs. 

The glass wool at the entrance to the reactor may have 

absorbed sulfur or reacted with sulfur. This is at1"'1ther possible 

place where sulfur could have been "lost." 

Examination of the data in the abovp table show~ that no 

conclusive trends exist. In order to have confidence in the 

results of the mass balance, many more tests would have to be 

conducted undp.T identical conditions to provide a statistical 

distribution in the data. Running these arlriitional tests would 

be difficult due to the enormous amount of time required to make 

one completp. run (24 plus hours) and the large volume of gas 

mixtures that would be used, each tank having a slightly 

different composition. 
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