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Abstract

The kinetics of calcium-ion exchange of coal and the combustion of calcium-
exchanged coals in & laminar flow furnace were investigated. Particle diffusion
was found to be the rate-determining step for the process of ion exchange. A
diffusion model gave good agreement with observed rates of ion exchange.
Diffusion of ions in PSOC 680, a bituminous coal, was observed to be much

slower than in PSOC 623, a lignite.

Retention of sulfur during combustion of calcium-exchanged coals was
observed to increase with increasing particle residence and oxygen concentra-
tion in the combustion gas. Chemical reaction was found to be the rate-
determining step in the capture of SO; by CaO in coal ash. The results of this
study were interpreted in a proposed mechanism for the release and capture of

SO,.
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CHAPTER 1
INTRODUCTION

In the wake of world energy crises in the 1970's, coal has become an increas-
ingly important source of energy. However, coal utilization gives rise to a
number of ecological problems, among which are air pollution from particulates,
nitrogen oxides and sulfur dioxide produced by combustion in utility boilers.
Efforts to control sulfur emission during coal combustion have led to various
commercial processes of post-combustion scrubbing. Because of the high cost
and complex operation of these scrubbing processes, alternative methods of sul-
fur removal have been under active investigation. The most successful of these,
fluidized combustion in a bed of calcined limestone or dolomite, is already com-
mercial in industrial boilers and might soon become commercialized in utility
boilers. At the relatively low temperatures of fluidized combustion, sulfur oxides
combine with the calcium or magnesium oxide particles to form stable sulfates.
Fluidized combustion has several other advantages as well, but its application is
limited to new power plants. Other methods of sulfur control suitable for exist-
ing pulverized coal-fired boilers rely on injecting the calcium sorbent with the
coal and removing the spent sorbent with the ash. At the high temperatures of
the pulverized coal flame, calcium sulfate is not thermodynamically stable.
Therefore, sulfur oxide removal must exploit either rate limitations in the
release of sulfur oxides or the capture of sulfur oxides in the cooler post-flame
part of the furnace, where the equilibrium formation of sulfates becomes ther-

modynamically favorable.

Two modes of calcium sorbent injection have been investigated. The first
involves the injection of ground limestone along with the coal either in a conven-

tional furnace or in a furnace employing staged combustion (Case et al.,, 1982).



This method has the merit of extreme simplicity and low cost but has yielded
sulfur removal in the range of 40-807%, insufficient to meet existing environmen-
tal standards. Evidently, the kinetics of sulfur oxide capture in the post-flame
region of the furna;:e are not sufficiently rapid as observed by Borgwardt (1970),
perhaps due to the slow diffusion within the partially sintered calcium oxide par-

ticles (Pigford and Sliger, 1973; Hartman and Coughlin, 19786).

Another method that has been investigated involves the calcium sorbent in
closer association with the coal particles. One version is to impregnate the coal
with a calcium solution and precipitate calcium carbonate right in the pores of
particles. The other method is to add calcium by exchanging acidic groups in
coal with calcium cations, using a suitable solution. This exchange may be

represented by
2RH + CA** » R Ca**R™ + 2H*

where RH is a carboxylic or phenolic group in coal. lighites have sufficient
acidic groups for accepting as much as 6-8% calcium by weight. Bituminious
coals do not possess sufficient acidic groups but they can acquire the required
ion exchange capacity by mild oxidation (~200°C) at the cost of losing some
heating value. Adding calcium by ion exchange produces very fine, atomic-scale,
dispersion in close association with the sulfur source resulting in more rapid
kinetics of sulfur capture and reduced diffusional limitations due to deactiva-

tion of Ca0 by solid product layers.

Freund and Lyon (1982) studied the combustion of calcium-exchanged coal
as a function of fuel equivalence ratio and found sulfur removal as high as 90%
at sufficiently high equivalence ratios. At equivalence ratios used in conven-
tional combustion the sulfur removal fell to 60% or lower. In view of this, they

proposed this mode of calcium addition in connection with staged combustion.



In the first fuel-rich stage sulfur would be captured in the form of sulfide. If
this fuel-rich stage is followed by an oxygen-rich stage, the sulfide would be con-

verted to sulfate provided the temperature remains sufficiently low,

The present work \examines both the kinetics of calcium-ion exchange of coal
and the combustion of the calcium-exchanged coals in a laminar flow furnace
under extreme fuel-lean conditions. The purpose of this study was to determine
the mechanism of ion exchange of coal and the processes of sulfur dioxide
release and recapture in the presence of finely dispersed calcium oxide during

combustion.
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CHAPTER 2
CALCTUM-ION EXCHANGE OF COAL

2.1 Introduction

Ion exchange of coal to incorporate calcium into the coal matrix for reten-
tion of sulfur during combustion has been shown to be promising in recent
investigations by Freund and Lyon (1982), and Chang, Flagan and Gavalas
(1984). The concept of ion exchange utilizes the presence of acidic functional
groups in coal to exchange the hydrogen ions with calcium ions in an alkali
medium. One of the factors that determines the success of the method of ion
exchange for sulfur emission control is the ability to incorporate a sufficient
amount of calcium into the coal sample so that a desired level of Ca/S molar
ratio (Ca/S = 1 for theoretically complete retention of sulfur by exchanged cal-
cium) may be obtained. This criterion, in turn, is dependent on the ion-

exchange capacity of the coal and the process of ion exchange.

The characterization of the ion-exchange capacity of coal has been studied in
detail (Fuchs and Sandhoff, 1940; Brooks and Sternhell, 1957, Schafer, 1970,
Schobert, 1984). It was found that the occurrence of acidic groups increased as
the rank (or carbon content) of the coal sample decreased, thus low-rank coals
such as lignites generally possess a sufficient content of acidic groups to achieve
Ca/S ratios greater than 1 by calcium-ion exchange. Higher-rank coals such as
bituminous coals, on the other hand, do not possess sufficient acidic groups, but
they can acquire the required ion-exchange capacity by mild oxidation at the

cost of losing some heating value (Brooks and Maher, 1957; Kalema, 1985).

A survey on the topic of kinetics of ion exchange revealed that a significant
number of studies (Boyd, Adamson and Meyers, 1947; Reichenberg, 1953; Kress-

man and Kitchener, 1949; Helfferich, 1962) have been conducted on theoretical



and experimental aspects of ion exchange. However, the materials examined in
all cases were monofunctional ion-exchange resins whose physical and chemical
properties were relatively well characterized. Currently there are no available
data on the kineticé of ion exchange of coal, possibly due to the complex nature
of the systemn which involved not only a complicated pore-size distribution but

also a range of acidic groups of varying strengths.

In the present work the kinetics of calcium-ion exchange of two different
types of coal were studied in a batch reactor. The purpose of this study was to
elucidate the mechanism and kinetics of ion exchange of coal in order to utilize
the ion-exchange properties of coal to incorporate calcium into the coal struc-
ture for possible retention of sulfur during combustion. The effects of chemical
kinetics, film diffusion, partial diffusion, pH and partial oxidation were

evaluated.

2.2 Experimental
2.2.1 Coal Preparation

Two coals of different rank from the Pennsylvania State University Coal Bank
were selected for this study. Elemental analyses for the coals, PSOC 823, a
Texas Darco lignite, and PSOC 680, an Indiana No. 8 high volatile B bituminous,
are presented in Table 2.1. Since the ion-exchange properties of coal are depen-
dent on oxygen content, an oxygen content of 14.29% for PSOC 623 and 9.53% for
PSOC 6B0 suggests considerable diﬁerences in the acid groups present in the

coals.

The coal samples were ground to 120x200 U.S. mesh size and treated with
dilute acid to remove minerals from the solid. The ground coal was stirred with
1.0 N HCl in a ratio of 10 ml/g for 24 hours at 40°C. The acid treatment was

sufficient for the removal of the cations of Ca, Mg, Na, and K associated with the



Table 2.1

Elemental Analyses of PSOC 623 (Darco Lignite) and
PSOC 680 (Indiana No. 6) on a Dry Basis
Provided by the PSU Coal Bank

PSOC 623 PSOC 680
% Ash 16.60 11.91
% Carbon 60.67 68.47
% Hydrogen 4.27 4,59
% Nitrogen 1.07 1.52
% Sulfur 1.13 3.58

P

Oxygen (diff.) 14.29 9.53




organic acid sites. After the acid wash, the slurry was filtered and rinsed with
demineralized water to neutral pH. The powder was then vacuum dried at 105°C

for 24 hours.
2.2.2 Experimental Apparatus and Procedure
2.2.2.1 Coal Oxidation

Oxidation of the bituminous coal samples in air was carried out in a fluidized-
bed reactor, shown as a block diagram in Fig. 2.1. The reactor was a stainless
steel pipe with a length of 58 cm and a diameter of 2.5 cm. The reactor and air
preheater were heated externally by semi-cylindrical ceramic elements. The
temperature was monitored with an Inconel-sheathed, type K thermocouple
probe inserted into the middle of the fluidized-coal bed, as illustrated in Fig. 2.2.
Coal samples were introduced into the empty reactor from the feed hopper
through the draft tube. The steel wool and glass wool at the top of the reactor

serve to contain entrained coal in the exit stream.

At the start of a reaction, the gas line to the draft tube was opened and the
flow of fluidizing air was directed through the hopper. The coal was carried
down the draft table into the bottom of the reactor. When the hopper was
empty, the fluidizing air was switched back to the bottom of the reactor. Each
oxidation experiment was conducted with approximately 20 g of coal. The tem-

perature of the reactor was maintained within 5°C of the desired value.
2.2.2.2 Ion Exchange of Coal

The experimental apparatus used in this study is shown in Fig. 2.3. The reac-
tor vessel was a 400 ml beaker placed in a water bath maintained at a constant
temperature. The temperature of the reaction mixture was monitored with an
immersed thermometer. A stream of nitrogen was used to purge the reactor of

air in order to minimize the oxidation of coal in the presence of alkali and to



Air
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Fig. 2.1 Fluidized-bed reactor.
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prevent the absorption of atmospheric CO; by the solution. The coal slurry was
well mixed with a magnetic stirrer while the water bath was agitated with a vari-

able speed stirrer.

Approximately 0.5 g of coal sample was added to the reactor along with 10 ml
of demineralized water. The coal-water slurry was mixed for ten minutes to
ensure that the coal particles were wetted thoroughly, thus reducing film-
diffusional resistance on the particle surface. At the start of the reaction, 190
ml of pH-adjusted calcium acetate solution was added to the reactor. The reac-
tor was sealed quickly and the reaction slurry was maintained at the initial pH
value with the continuous addition of standard 0.03 N Ca(OH), solution. The
amount of Ca(OH); titrant used was recorded at discrete periods of time. The
extent of ion exchange at each time interval was then calculated from the

volume of titrant as follows:

_ Vea(om,Nea(on),
te 1000 w (2-1)

where
Q = the extent of calcium exchange at time t, g. equiv./g sample.

Vea(or), = volume of Ca(OH), titrant at time t, ml.
Nca(on), = normality of Ca(OH), solution, g.equiv./1.

w = weight of coal sample, g.

Special care was taken to ensure that the pH measurements were accurate and
reproducible. The pH was measured with a calomel-glass-electrode pair and a
Radiometer pHM-26 pH meter. The calomel electrode was kept filled with
saturated-KClI solution in the presence of KCl crystals. The electrode was stored

in saturated-KCl solution when not in use. Prior to an experiment, the elec-
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trodes were placed in a pH 7 buffer solution for half an hour to equilibrate. At
the end of the half hour the meter was calibrated to pH 7. The electrode pair
was then immerse@ in a pH 10 buffer solution to adjust the slope of the meter
response. In a well-stirred solution, the response time of the pH meter was

approximately five seconds.
2.2.3 Analysis of lon-Exchange Capacity of Coal
2.2.3.1 Carboxyl Group Determination

The carboxylic-acid-group content of coal was determined by using a pro-
cedure developed by Schafer (1970). A 0.5-1.0 g sample of acid-washed 120x200
mesh coal was refluxed for four hours with 75 ml of 1 N barium acetate solution
which had been adjusted to pH 8.3 with either dilute Ba(OH)p, or HCl. The
refluxed mixture was titrated back to pH 8.3 with 0.1 N Ba(OH);. The procedure
of refluxing and titration was repeated once more to ensure that complete
exchange had taken place. During refluxing in a basic solution, carboxylic-acid
groups in the coal preferentially picked up barium ions and released hydrogen
ions to the solution. Thus, the carboxylic-acid-group content of the coal was

calculated from the volume of titrant as follows:

VBa(0H), NBa(0H),
n, =
N = carboxylic-acid-group content, g. equiv./g sample.

VBa(om), = volume of Ba(OH), titrant, ml.
Nga(on), = normality of Ba(OH), solution, g.equiv./L.
w = weight of sample, g.

2.2.3.2 Total Acid Group Determination

The total acid-group content of coal was determined by adapting a procedure
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developed by Blom et al. (1957). A 0.5 g sample of acid-washed 120x200 mesh
coal was added to a 150 ml plastic bottle containing 50 ml of 0.1 N barium
hydroxide solution. - The bottle was purged with nitrogen and then sealed to
prevent the oxidation of coal in the presence of alkali and the reaction of
Ba(OH); with atmospheric CO;. The mixture was heated for 16 hours and the
coal was then filterd and washed. During the alkali treatment at pH 12.5, all
acid groups in coal preferentially picked up barium ions and released hydrogen
ions. The excess Ba(OH); in the filtrate and washings was titrated by 0.1 N HCL
The total acid-group content of the coal was calculated from the volume of

Ba(OH); and HCl as follows:

_ VBa(oH);NBa(or), — YroiNH
nr = 1000 w : (2-3)

nr = total acid-group content, g. equiv./g sample.
VBa(o), = Volume of Ba(OH)e, ml.

Nga(on), = normality of Ba(OH), solution. g.equiv./L.

Vacl = volume of HCI titrant, ml.
Nuei = normality of HCI titrant, g.equiv./L.
w = weight of sample, g.

The phenolic-group content of the coal was taken as the difference between the

total acid-group content and the carboxylic-acid-group content.

2.3 Results

Analysis of the acid-washed PSOC 623 sample shows that the lignite coal
selected for this study has a total acid-group content of 5.16 meq/g. The

carboxylic-acid-group content is determined to be 2.46 meq/g, thus the
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difference of the two values establishes the phenolic-hydroxyl-group content at

2.70 meq/g.

The effect of particle size on the kinetics of calcium-ion exchange of the lig-
nite coal at pH B.3 is exhibited in Fig. 2.4. The results reveal a significant
increase in the extent of exchange achieved as a function of time as the particle
size decreased from 50xB0 mesh (177-297 um) to 120x200 mesh (74-125 um).
Figure 2.5 shows a slight dependence of the extents of exchange on the concen-
tration of calcium ions in the exchange solution. Analysis of the data indicates
that as the concentration of calcium ions increases from 0.05 N to 1.0 N, the ini-
tial rate of exchange increases, but the final rates of exchange are similar. The
same type of behavior is observed in the effect of temperature as shown in Fig.
2.6. Figure 2.7 shows that as the pH of the ion exchange solution is increased, a
corresponding increase in the extent of calcium exchange is obtained since
some of the phenolic groups are also being exchanged as well as carboxylic-acid

groups.

The total acid-group content of PSOC 680, the bituminous coal, is determined
to be 2.41 meq/g with 0.41 meq/g of carboxylic-acid groups. Table 2.2 summar-
izes the results of partial oxidation of the bituminous coal sample at 195°C and
260°C for various periods of time. Both carboxylic-acid-groups and phenolic
hydroxyl group contents are observed to reach maximum values as the time of
oxidation was increased from 2 to 24 hrs at a reaction temperature of 195°C.
Both acid-group contents are also observed to decrease as the reaction time was

increased from 2 to B hrs at 260°C.

Figure 2.8 shows the experimental data for coal samples oxidized at 195°C.
The results indicate that the extent of exchange achieved in a given time

increases with the time of oxidation. The rates of calcium-ion exchange are
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Table 2.2

Effect of Partial Oxidation on the Content
of Acidic Groups in PSOC 680

Temperature Time of Carboxyl Hydroxyl Total
of Oxidation Oxidation Groups Phenolic Groups  Acid Groups
9] (hr) (mg.equiv./g.) (mg.equiv./g.) (mg.equiv./g)

- - 0.41 2.00 2.41

195 2 0.59 2.79 3.38

195 8 2.21 3.54 5.75

195 24 2.13 4.06 6.19

260 2 2.31 3.73 6.04

260 8 1.89 3.00 4.89
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shown to increase as the time of oxidation increases, Fig. 2.9. Similar results
are observed for coal samples oxidized at 260°C as exhibited in Figs. .10 and

2.11.

2.4 Discussion

Calcium-ion exchange of acid groups in coal with calcium acetate may be

written as a reversible chemical reaction:

2RH + Ca(CH3CO0); | CaR, + 2CHsCOOH
(R-4)

where RH is either a carboxylic-acid group or a phenolic hydroxyl group. The
equilibrium can be shifted toward the right by neutralizing the acetic acid
formed during the reaction. If the pH value of the exchange solution is main-
tained at pH 8.2 to B.3, then complete exchange of carboxyl groups may be
achieved (Schafer, 1970). At pH values higher than 8.3, phenolic hydroxyl
groups, weaker acids than carboxylic acids, will also undergo ion exchange. In

terms of the ionic reaction, the equilibrium can be expressed as:

2RH*(s) + Ca**(aq.) : Ca**(R7); + 2H*(aq.)
(=-5)

The overall ion-exchange mechanism may be divided into five steps:
i. Diffusion of calcium ions through the solution up to the coal particles.

ii. Diffusion of calcium ions inside the coal particles.

iii. Chemical exchange between calcium ions and acid groups inside the coal
particles.

iv. Diffusion of the displaced hydrogen ions out of the interior of the coal parti-
cles [reverse of step (ii)].

v. Diffusion of the displaced hydrogen ions through the solution away from the
coal particles [reverse of step (i)].

Since the hydrogen ions released during ion exchange are neutralized readily
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with the addition of Ca(OH),, the cation exchange resembles an acid-base reac-
tion which is generally very fast. Thus, step (iii) is expected to be fast in com-
parison to diffusion processes, and the rate-controlling mechanism should be
either film diffusion, steps (i) and (v), or particle diffusion, steps (ii) and (iv).
Each of the diffusion mechanisms consists of two coupled processes due to con-
ditions of electroneutrality surrounding the coal particles which cannot be

violated.
2.4.1 Reaction Rate of Ion Exchange

The reaction rate for calcium-ion exchange of coal is not very well under-
stood. If the reaction rate is assumed to follow the mass action relationship in

Eq. (2-5), then the rate expression can be approximated by

- ARL - REPICar] -~ ki[CaRe)HT, -

where ky and k., are the forward and reverse reaction rate constants, respec-

tively. Mass balance of the ion-exchange sites gives

[RH]p = [RH] + 2[CaR;] .
(R-7)

where
[RH], = initial condition concentration of exchange sites, mol/l
[RH] = concentration of exchange sites at time t, mol/L.

[CaR;] = concentration of exchanged sites, moles/1.
The ion-exchange experiments were conducted at constant pH values, thus [H*]
is constant. The exchange solution also had an excess of calcium ions in order

to keep [Ca**] relatively constant throughout each experiment.

Examination of the reaction rate terms in Eq. (2-6) reveals that the forward

reaction rate is much faster than the reverse reaction rate because [H*] is
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several orders of magnitude smaller than other terms in the expression. Thus,
the reaction rate can be approximated by an irreversible second order reaction
in [RH]? with

~ QRH] _ yorrupe

where ky = ky[Ca**]. The rate equation can be integrated to yield

1 1 .
- = kgt
[RH] [RHL, (2-9)
which is rearranged to
1 S
T—:F——l = ky[RH]ot ,
(2-10)
(RH]o —[RH] .

where F = is the fractional conversion of the ion-exchange sites.

(RH]o
The ion-exchange experiments for PSOC 623 (120x200 mesh) conducted at pH
B.3 are analyzed according to the second-order rate expression given in Eq. (2-
10). Figure 2.12 shows that the reaction does conform to second-order kinetics
for a time interval up to about seven minutes. Analysis of the slopes of the
straight line fit indicates that the second order reaction rate constant is 17
1?mole ®sec™® at 22°C and 49.7 I°mole™?sec™ at 51°C. The activation energy is

estimated at approximately 7.0 kcal/mole.

The deviation of the reaction rate from second order kinetics suggests that
the actual reaction rate may be more complicated than a simple second order
reaction with respect to the concentration of ion-exchange sites, however chemi-
cal kinetics does not appear to be the rate-limiting process at higher time inter-
vals. Figure 2.13 shows that the rate of ion exchange does not vary with tem-
perature, which also supports the observation that the rate is not controlled by
chemical kinetics. Experiments conducted with a larger particle size, 50x80

mesh, revealed a strong dependence of the rate on particle size, as shown in Fig.
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2.14. Since a chemical-reaction-controlled rate process would be independent of
particle size, the observed dependence of the rate on particle size further indi-
cates that the process of calcium-ion exchange of coal is not controlled by

chemical kinetics.
2.4.2 Film Diffusion

In a film-diffusion-controlled process, there is a film of thickness é surround-
ing the particles in which a concentration gradient exists. The flux of diffusing

species is

N = - D[QQJ .
(2-11)

where

D = diffusion coefTicient of the diffusing species.

C = concentration of the diffusing species.

The total flowrate of diffusing species across the film is then

L 4ﬂR2D{§—Q-] .
dt or r=R (2_12)

where

Q¢ = total amount of diffusing species in time t.

R = radius of the spherical particles.
If the concentration gradient across the film is linear,
oC 1
[——] = 5 (s ~Cs),

or (2-13)

and the concentration of the diffusing species on the surface of the particle, Cs,

is equal to zero. Eq. (2-12) may be written as
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d R®
———-d% = —---—--—~C41r 3 D 5 = constant ,
(R-14)

where
Cp = concentration of the diffusing species in the bulk solution.

Equation (2-14) suggests that the extent of ion exchange is a linear function of
time. Figure 2.4 clearly exhibits a strong nonlinear dependence of the extent of
exchange as a function of time, thus film diffusion is not expected to be the

rate-limiting step.

The effect of film-diffusion can also be examined by evaluating the rate of

mass transfer to the coal particles,

r = knhACy,
(2-15)
where
kn, = mass transfer coefficient,
A = surface area of the coal particles.
The mass transfer coefficient can be obtained from the expression
Nu = kl?)dp ‘
(2-16)

where
Nu = Nusselt number, assumed to be equal to 2.

d, = particle diameter.
The experiments were conducted with particles of 120x120 U.S. mesh size, so the
average particle diameter is assumed to be 100 um. The diffusion coefficient of
calcium ions diffusing through a solution of 0.1 N calcium acetate can be

estimated by (Perry and Chilton, 1973)
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gm | CyVu (2-17)

where
D, = diffusivity of \t‘he diffusing species in a dilute solution.
¥: = mean ionic activity coefficient based on molarity.
Cw = g-mole water/cc of solution.
Vo = partial molar volume of water, cce/g-mole.
My = Viscosity of water.

M = viscosity of solution.
The diffusion coefficient of calcium ions in a solution of 0.1 N calcium acetate is
then estimated to be 7.1 x 107® ecm®/sec. The mass transfer coefficient is thus
1.42 x 10™® cm/sec. The experiments were conducted with 0.25 g of coal with a
density of approximately 1.3 g/cc. So the total external surface area of the coal
particles is 115 em® The estimated rate of mass transfer to the external sur-
face of the coal particles is 4.9 x 107 moles/min, or 9.8 x 10™ eq./min. This
rate is far greater than the observed rates of ion exchange. Figure 2.15 also
shows that the observed rate of exchange does not vary as the concentration of

calcium ions is increased from 0.05 eq/1 to 1.0 eq/l. Therefore, film diffusion is

not the rate-limiting step for calcium-ion exchange of coal.
2.4.3 Particle Diffusion

The diffusion of calcium ions through coal particles in the presence of very
fast film diffusion and reaction can be approximated by the shrinking-core
model. This model assumes that reaction occurs first at the outer surface of
the particle. The zone of reaction then moves into the solid, and leaves behind

completely converted material and inert solid, which is referred to as ash. Thus,
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at any time there exists an unreacted core of material which shrinks in size dur-
ing reaction. If the shrinkage of the unreacted core is much slower than the
flow rate of reactant, which is calcium ions for the case of ion exchange, toward
the unreacted core,“ then the unreacted core can be assumed to be stationary in
considering the concentration gradient of calcium ions in the ash layer at any
time. The rate of reaction of calcium exchange is then given by its rate of

diffusion to the reaction surface,

dN
- df 2 = 47r®Qc, = constant ,
| (2-18)

and the flux of calcium ions within the ash layer can be expressed by Fick's law,

QCezDe E—,

dr (2-19)

where
De = effective diffusion coefficient.

C = concentration of calcium ions at a distance r from the center of the parti-
cle.

Integrating Eq. (-18) across the ash layer gives

N f1 L) 4mDeC ,
dt rc R (2_20)
where
R = radius of the particle.
r. = radius of the unreacted core.
The final solution is given by Levenspiel (1972) as
L o131 -F)B+2(1-F),
T (2-21)

where
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F = the fractional conversion of ion exchange sites in coal.
The time required for complete conversion of ion exchange sites in a coal parti-

cle is

= PER?
6bDeC ’ (2_22)

where
pp = molar density of ion exchange sites in the particle.

b = stoichiometric coefficient for ion exchange sites, which is equal to 8 when

. the reactant is calcium ion.

The experimental data for the calcium-ion exchange of carboxylic acid groups in
PSOC 623 are tested against Eq. (-21), as shown in Fig. 2.16. The results show
that the data for the 50xB0 mesh coal particles follow the behavior for particle
diffusion according to the shrinking-core model. The time for complete conver-
sion of carboxylic acid groups is obtained from the slope of the linear relation-
ship to be 8.6 hrs. The effective diffusion coefficient is then estimated to be 1.6 x
1078 cm®/sec. The data for the 120x200 mesh particles deviate from the parti-
cle diffusion expression of Eq. (2-21). However, a reasonable agreement can be
obtained after the reaction has proceeded for longer than 15 minutes, The time
for complete conversion based on the data in the linear region is estimated as
3.8 hrs. The corresponding effective diffusion coefficient is approximately 4.9 x

107% em®/sec.

The deviation of the data for ion exchange of 120x120 mesh coal particles
from the prediction of the shrinking-core model may be attributed to the effect
of electric fields from ionic interactions (Helfferich and Plesset, 1957). The elec-
tric potential in the particles increases as the diffusion of ions proceeds, thus

resulting in a nonlinear diffusion process with a diffusion coefficient which varies
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with the concentration of ions in the particles.
2.4.4 Effect of Partial Oxidation

Partial oxidation of the bituminious coal sample, PSOC 680, at moderate tem-
peratures in air is observed to increase the content of carboxylic-acid and
phenolic hydroxyl groups in the sample as indicated in Table 2.2. The increase
in the number of ion-exchange sites makes it possible to achieve higher Ca/S
molar ratios in the coal for the purpose of sulfur emission control by the
exchanged calcium during combustion of the coal. Table 2.3 shows that the
level of Ca/S that can be obtained by exchanging carboxylic-acid groups
increases from 0.18 to 1.03 simply by first oxidizing the sample at 260°C for two
hours. Exchange of all the acid groups of the same sample increases the Ca/S

level from 1.08 to 2.70.

The increase in the carboxylic-acid-group content results in the rates of
calcium-ion exchange at pH 8.3 as shown previously in Figs. 2.9 and 2.11. How-
ever, the corresponding fractional conversions of the carboxylic groups is
observed to decrease in Fig. 2.17 as the coal samples are oxidized. Analysis of
the data indicates that the rates of ion exchange for the oxidized coals satisfy
the criterion of particle diffusion as shown in Fig. 2.18. Table 2.4 shows that the
experimentally determined diffusion coefficients for calcium and hydrogen ions
in oxidized PSOC 680 are in the range of 5.0 x 107*! to 3.5 x 107*%cm?®/sec, which
is approximately two orders of magnitude smaller than the diffusion coefficient
obtained for diffusion in PSOC 623. Since the electrical field generated by the
interaction of ions in the pore structure is most probably the cause of the
observed low diffusivities compared to diffusivities of noncharged species
(diffusion coefficients on the order of 1077 to 10~8cm®/sec), the experimental

results suggest that the electrical potential in the pore structure of PSOC 680 is
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Table 2.3

Effect of Oxidation on Ca/S Content Obtainable
by Calcium-Ion Exchange of PSOC 680

Oxidative Treatment

Calcium
Exchange of

Calcium
Exchange of

Coal T Time Carboxyl Groups  All Acid Groups

Sample (°C) (hr) Ca/S Ca/S

PSOC 623 - - 3.49 7.32
PSOC 680 - - 0.18 1.08
PSOC 680 195 2 0.26 1.51

PSOC 680 195 8 0.99 2.57
PSOC 680 195 24 0.95 2.77

PSOC 680 260 2 1.03 2.70

PSOC 680 260 8 0.85 2.19
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Table 2.4

Calcium-Ion Exchange of Carboxylic-Acid Groups
in Partially Oxidized PSOC 680 (120 x 200 mesh)

(°Q) (hr) (hrs.)
- - 40.
195 2 89.
24 88.
260 2 145.
8 73.

De X 1010
(cmz/sec)

0.78
0.50
3.5
1.2

2.0
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higher than in PSOC 623, which could be due to a pore-size distribution contain-

ing smaller pores.

2.5 Conclusions

The kinetics of calcium-ion exchange of coal was studied in an effort to eluci-
date the mechanism of ion exchange of coal. It was observed that the rate of
ion exchange was dependent on particle size and pH value of the solution. Con-
centration of calcium ions and temperature of the exchange solution were
found to affect only the initial rate of exchange. Analysis of the results indicates
that particle diffusion is the rate-limiting step of the overall process of ion
exchange of coal and that chemical reaction may be important in the first few
minutes of reaction. Application of a particle diffusion criterion shows that the
diffusion coefficient of calcium ions in 50x80 mesh PSOC 623, a lignite coal, is
approximately 1.8 x 10™® cm®/sec. Partial oxidation of PSOC 680, a bituminous
coal, was observed to increase both carboxylic-acid and phenolic hydroxyl group
contents in the sample so that higher Ca/S levels may by achieved by ion
exchange. Analysis of the particle diffusion behavior shows that the diffusion
coefficient of calcium and hydrogen ions in partially oxidized PSOC 680
(120x200) is in the range of 5.0 x 107!! to 3.5 x 107'%m?/sec. The observed low
diffusivities suggest the possible buildup of an electric field within the pore

structure of coal as ion exchange progresses.
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CHAPTER 3
COMBUSTION OF CALCTUM-EXCHANGED COALS

3.1 Introduction

Sulfur emission control in coal combustion is currently practiced by various
processes of post-combustion scrubbing. Because of the high cost and complex
operation of these scrubbing processes, alternative methods of sulfur removal
have been under active investigation. The most successful of these, fluidized
combustion in a bed of calcined limestone or dolomite, is already commercial in
industrial boilers and might soon become commercialized in utility boilers. At
the relatively low temperatures of fluidized combustion, sulfur oxides combine
with the calcium or magnesium oxide particles to form stable sulfates. Fluid-
ized combustion has several other advantages as well, but its application is lim-
ited to new power plants. Other methods of sulfur control suitable for existing
pulverized coal-fired boilers rely on injecting the calcium sorbent with the coal
and removing the spent sorbent with the ash. At the high temperatures of the
pulverized coal flame, calcium sulfate is not thermedynamically stable, hence
sulfur oxide removal must exploit either rate limitations in the release of sulfur
oxides or the capture of sulfur oxides released in the cooler post-flame part of

the furnace, where the equilibrium of sulfur oxide capture becomes favorable.

Two modes of calcium sorbent injection have been investigated. The first
involves the injection of ground limestone along with the coal either in a conven-
tional furnace or in a furnace employing staged combustion (Case et al, 1982).
This method has the merit of extreme simplicity and low cost but has yielded
sulfur removal in the range of 40-60%, insufficient to meet existing environmen-
tal standards. Evidently, the kinetics of sulfur oxide capture in the post-flame

region of the furnace are not sufficiently rapid as observed by Borgwardt (1970),
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perhaps due to the slow diffusion within the partially sintered calcium oxide par-

ticles (Pigford and Sliger, 1973; Hartman and Coughlin, 1976).

Another method.that has been investigated involves the calcium sorbent in
closer association with the coal particles. One version is to impregnate the coal
with a calcium solution and precipitate calcium carbonate right in the pores of
the particles. The other method is to add calcium by exchanging acidic groups
in the coal with calcium cations, using a suitable solution. This exchange may

be represented by

2RH + CA** » RCa**R™+2H*
(3.1)

where RH is a carboxylic or phenolic group in coal. lignites have sufficient
acidic groups for accepting as much as 6-8% calcium by weight. Bituminious
coals do not possess sufficient acidic groups but they can acquire the required
ion exchange capacity by mild oxidation (~200°C) at the cost of losing some
heating value. Adding calcium by ion exchange produces very fine, atomic scale,
dispersion in close association with the sulfur source resulting in more rapid
kinetics of sulfur capture and reduced diffusional limitations due to deactiva-

tion of Cal by solid product layers.

Freund and Lyon {1982) studied the combustion of calcium-exchanged coal
as a function of fuel equivalence ratio and found sulfur remeoval as high as 90%
at sufficiently high equivalence ratios. At equivalence ratios used in conven-
tional combustion the sulfur removal fell to 60% or lower. In view of this, they
proposed this mode of calcium addition in connection with staged combustion.
In the first fuel-rich stage sulfur would be captured in the form of sulfide. If
this fuel-rich stage is followed by an oxygen-rich stage, the sulfide would be con-

verted to sulfate provided the temperature remains sufficiently low.
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In the present work the combustion of calcium-ion-exchanged coals was stu-
died in a laminar flow furnace under extreme fuel-lean conditions. The purpose
of this study was to determine the processes of sulfur dioxide release and recap-
ture in the presence of finely dispersed calcium oxide. The effects of residence
time, oxygen concentration, amount of calcium-additive and furnace tempera-
ture were evaluated. The results are discussed qualitatively in terms of a specu-

lative mechanism for the release and recapture of sulfur oxide.

3.2 Experimental
3.2.1 Coal Preparation

The two coals used in this study were PSOC 623, a Texas lignite, and PSOC
680, an Indiana high volatile B bituminous. The coal samples were ground to
230 x 325 U.S. mesh size and treated with dilute acid to remove minerals from
the solid. The ground coal was stirred with 1.0 N HCL in a ratio of 10 ml/g for 24
hours at 40°C. The acid treatment was sufficient for the removal of the cations
of Ca, Mg, Na and K associated with carbonates, sulfates, clays and organic acid
sites. Aluminosilicate material and pyrite are not dissolved but may be removed
physically. After the acid wash, the slurry was filtered and rinsed with dem-
ineralized water to neutral pH. The powder was then vacuum dried at 105°C for

24 hours.

A procedure developed by Schafer (1970) for determining the carboxylic-acid-
group content and the total acidity of low-rank coals was adapted to incorporate
calcium ions into the coal samples by ion exchange. Each acid-washed coal sam-
ple was mixed with a 0.1 N calcium acetate solution at 25°C for 4 to 24 hours,
The pH of the mixture was kept at 7.0 to 11.0 with Ca(OH); to control the
amount of calcium ion exchanged. After calcium exchange the slurry was

filtered and washed with demineralized water to remove excess calcium. The
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treated coal was then vacuum dried at 105°C for 24 hours. The ion-exchange
capacity of the bituminous coal was insufficient to incorporate enough calcium
into the coal for a meaningful Ca/S ratio. Thus the sample was prepared by
first oxidizing the coal at 160°C for 65 hours in an air-fluidized-bed reactor. The

oxidized coal was then acid-washed and ion exchanged.
3.2.2 Experimental Apparatus and Procedure

The experiments were conducted in a laminar flow furnace as shown in Fig.
3.1. The furnace tube was made of high purity alumina with a length of 60 cm
and a diameter of 5 em. The furnace was heated by radiation from six U-shaped
molybdenum disilicide heating elements surrounding the alumina tube in a hot
zone of 20 cm length. The vertical temperature profile of the furnace was
obtained with a series of six thermocouples attached to the furnace wall as
shown in Fig. 3.2 and with a high temperature probe inserted into the furnace

from the bottom.

A coal feeder, shown in Fig. 3.3, was used to feed coal into the furnace at a
rate of 0.3 g/hr via a water-cooled injector located at the top of the hot zone. A
small fraction of the total gas flow entered through the injector; the balance of
the gas entered in the annular region between the injector and the furnace wall.
A low-density alumina disc with 40 equally spaced 0.3 mm holes was placed 5 cm
above the injector tip to serve as flow straightener. The residence time of coal

particles was controlled by varying the flow of gas through the straightener.

The amount of coal combusted during each 4-hour experiment was deter-
mined by weighing the test tube containing coal in the feeder before and after
the experiment. The cumulative SO; emitted during a combustion run was
determined by passing the combustion gas through two gas-washing bottles in

series containing a solution of 1% Hz0; as shown in Fig. 3.4. In this medium SO,
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Fig. 3.1 Combustion furnace
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was converted to HpSO4 which was then determined potentiometrically. Sulfur
content in the recovered ash was analyzed using a Leco furnace in accordance
with the high temperature combustion method described in ASTM Methou 3177-

75.

From the bottom of the furnace an insulated and water-cooled sample
collection-probe extended up into the furnace. The inner surface of the sample
probe was made of porous stainless steel tube. The combustion gas was cooled
and diluted with dried, filtered air through the walls of the probe. A filter
assemnbly with quartz filter paper was placed at the end of the probe to collect

ash samples.
3.2.3 Chemical Analysis of Coal
3.2.3.1 Sulfur Determination

The total sulfur content of coal and coal ash was analyzed during a Leco fur-
nace in accordance with the high temperature combustion method described in
ASTM Method 3177-75. A 0.5 g sample was measured into a boat made of refrac-
tory material and burned in the lLeco furnace at 1350°C with a stream of oxygen.
After 15 minutes of combustion the flow of oxygen was substituted by a stream
of helium for 10 minutes. The flow of helium was added to the ASTM procedure
in order to accelerate the decomposition of sulfates, in particular calcium sul-
fate, into SOz and Ca0O. The sulfur oxides emitted during combustion and
decomposition were scrubbed with a solution of 1% hydrogen peroxide, produc-
ing sulfuric acid. The hydrogen peroxide solution was then titrated with dilute
sodium hydroxide to the initial pH value of 4.5. The sulfur content of the coal or

coal ash was calculated from the volume of titrant as follows:

VieouN
5= FEE x 1603 (3.2)



54

where
S = wt % sulfur in sample.
Vnaon = volume of NaOH titrant, ml.
Nnaou = normality of NaOH solutien, g.eq/liter.
w = weight of sample, grams.

For coals that contain high levels of chlorine, HCl is evolved during combus-
tion and contributes to the acidity of the effluent gases. Corrections for
chlorine is described in the ASTM procedure. The coals used in the present
study contained less than 0.02% chlorine, therefore corrections were not neces-

sary.

The method was calibrated with reagent grade CaS0,2H;0, and an accuracy
within 17 was obtained. Analyses of coal samples gave a standard deviation of

5%, due mainly to the inhomogeneity of samples.
3.2.3.2 Calcium Determination

The calcium content of coal was analyzed by atomic absorption spectropho-
tometry. Coal ash was prepared by following ASTM Method D-2795-69. The ash
sample was dissolved in hydrofluoric acid, treated with concentrated sulfuric
and nitric acids and then diluted to make the solution, which was employed to
determine the calcium content of the ash. A series of samples was prepared
with various added amounts of a standard calcium solution. The samples were
then analyzed by a Varian Techtron Model AA-6 Atomic Absorption Spectropho-
tometer. The absorbance for each sample at a wave length of 422.7 nm and
spectral band pass of 0.2 nm was obtained in an acetylene/nitrous oxide flame.

In the absorbance range of 0.2-0.8, absorbance is directly proportional to con-
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centration,
Xo
Co = —v-— = mAg
° (3.3)
where
Co = concentration of calcium in original sample, mg/ml
Xo = wt of calcium in sample, mg
V, = volume of solution in sample, ml
m = proportionality constant, mg/mil
A, = absorbance of sample.
In samples with added standard calcium solution,
+ AX;
= e =
o i (3‘4)

where
AX; = wt of calcium in added standard solution, mg
AV; = volume of added standard solution, ml.
The calcium content of the original sample X, can be obtained by solving the

algebraic equation relating a pair of samples with different added amounts of

standard calcium solution,

Xo + AX; J

c_l _ mi Vo + AV;

C;  mA Xo +4V; |’ (3.5)
Vo + AVJ

which yields
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A,
Xi(V, + AV;) — AX; ﬁ (Vo + AV})

2 (Vo + AV)) = (V, + AV) (3.6)
3

The calcium conteni of the coal sample is then

VT(XO/V o)

% Ca =
100w (37)

where
Vr = total volume of the diluted ash solution, ml

w = wt of coal, mg.

3.3 Results

Table 3.1 lists the results of sulfur and caicium analyses of the calcium-ion-
exchanged coals used in the combustion experiments. A comparison of the sul-
fur contents of the coals with the analyses provided by the Penn State Univer-
sity Coal Bank given in Table 3.2 shows a difference in the total sulfur contents,
particularly with the bituminus coal, PSOC 680. This variation in the sulfur con-
tent is due mainly to the coal preparation procedures which involve oxidation of
the bituminous coal at 160°C for 65 hours prior to acid washing and ion
exchange. Since it is unlikely that appreciable amounts of organic sulfur can be
removed under the mild oxidizing condition during coal preparation, therefore,
the oxidative pretreatment probably oxidized pyritic sulfur to sulfates which is
subsequently removed during acid washing. The agreement in the organic sulfur
content of the original bituminous ccal with the total sulfur content of the
treated coal suggests that most of the sulfur in the calcium-ion-exchanged coal
is in the form of organic sulfur species. The results of sulfur emissions observed
during the combustion experiments are normalized to the total sulfur of the

calcium-treated coals as given in Table 3.1.
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Table 3.1

Sulfur and Calcium Analyses of Coal Samples
Used in the Combustion Experiments

Wt% Dry Basis Molar Ratio
Ash S ‘Ca Ca/S .
PSOC 680 21.1 1.64 7.07 3.45
PSOC 623 A 22.4 0.81 2.50 2.46
PSOC 623 B 20.2 0.81 0.82 0.81
PSOC 623 Acid-Washed 13.4 1.00 0.06 0.05
Table 3.2

Sulfur Analysis of PSOC 680 and PSOC 623
on a Dry Basis Provided by PSU Coal Bank

% Pyritic % Sulfatic % Organic % Total

PSOC 680 1.60 0.32 1.66 3.58

PSOC 623 0.19 0.12 1.01 1.35
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Figure 3.5 shows the retention of sulfur during combustion of the calcium-
exchanged bituminous coal, PSOC 680 (Ca/S = 3.4), at a furnace temperature of
1600°K. The extent of sulfur capture was reduced greatly as the gas flowrate
increased from 0.5 I /min to 4.1 I /min corresponding to residence times of 9
seconds to 1.1 seconds in the hot zone of the furnace. The results also show
that as oxygen concentration was increased from 13% to 40%, sulfur capture was
increased correspondingly. In all experiments, combustion of the coal was com-
plete since analyses of the ash samples showed no residual carbon. Sulfur ana-
lyses of ash samples from the experiments with PSOC 680 in 40% O; are
presented in Table 3.3. Sulfur balance varied from 115.7% at a flowrate of 4.1
l/min to B6.7% at a flowrate of 0.5 I /min. The variations in sulfur may be par-
tially due to sample inhomogeneity. Low sulfur balances may also be due to par-

tial loss of ash deposited on the insulation for the sample probe.

Figures 3.6 and 3.7 show the effect of increasing calcium content on sulfur
capture during the combustion of the lignite coal, PSOC 623. As Ca/S ratio

increased from 0.B1% to 2.46%, sulfur capture increased proportionally.

Figure 3.8 shows the retention of sulfur during combustion of PSOC 680
(Ca/S = 3.4) at a furnace temperature of 1400°K. The results indicate that the
effect of gas flowrate on sulfur capture is not as great as at a furnace tempera-
ture of 1400°K compared to the results obtained at a furnace temperature of

1800°K.

3.4 Discussion

The evolution of sulfur during combustion of coal may be described by the

following steps:
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PSOC 680 - Ca/S=3.4 - 1600%
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Fig. 3.5 Effect of gas flowrate and oxygen concentration
on sulfur retention during combustion of
calcium-ion-exchanged PSOC 680 (Ca/S = 3.4)
in a laminar flow furnace.
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Table 3'. 3

Sulfur Balance for the Combustion

of PSOC 680 (Ca/S = 3.4)
at 1600°K in 40% O

2
Gas .
Flowrate % S in Gas %Z S in zs

(£/min) as S0, Ash Balance
4.1 103.3 12.4 115.7
2.1 79.9 17.4 97.3
1.0 40.5 52.7 93.2
0.5 16.3 70.4 86.7
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Fig. 3.6 Effect of gas flowrate and oxygen concentration
on sulfur retention during combustion of calcium-
ion-exchanged PSOC 623 (Ca/S = 0.8) in a laminar
flow furnace.
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PSOC 623 - Ca/S=2.5 - 160C°K
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Fig. 3.7 Effect of gas flowrate and oxygen concentration
on sulfur retention during combustion of calcium-
ion-exchanged PSOC 623 (Ca/S = 2.5) in a laminar
flow furnace.
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SULFUR CAPTURE
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F1g 3.8 Effect of gas flowrate on sulfur retention during
combustion of PSOC 680 (Ca/S = 3.4) at a furnace
temperature of 1400°K.
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i. Keducing Conditions:
R-S -» HST+ R
R-Ca +» CaD +R"
CaO + HpS » CaS + Hz0
CaO + SOz + 3CO » CaS + 3CO0;
Ca0 + COS » CaS + CO;
. Oridizing Conditions:
HS + 30, » S0, + H,0

R-S*+ 0, » SO, + CO

CaS + 20, » CaS0,
3
COS + -0z » SO, + CO;

L

Ca0 +50; + 5

O . CaS0,

formed by the reaction of Ca0 and SO; in an oxygen-rich environment.

(3.8)
(3.9)
(3.10)
(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

During devolatilization and early stages of combustion, the interior of the char
particles is under reducing conditions, thus sulfur may be evolved as volatile
sulfur species or may form calcium sulfide through steps (3-10) to (3-12). As
oxygen penetrates the char particles, gaseous sulfur species are oxidized to S0,

and calcium sulfide is oxidized to calcium sulfate. Calcium sulfate may also be

Reaction (3-17) can proceed in either direction depending on the tempera-

earbonyl sulfide.
Moy also be inorganic sulfur species.

ture and the partial pressures of SO; and 0;. The calculated equilibrium SO,

partial pressures based on reaction {3-17) is plotted against 1/T in Fig. 3-9.

' Moy also be wolatile organic sulfur species such as mercaptans and
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During combustion experiments with a fixed coal feedrate of 1.2 g/hr, the SO,
partial pressures ranged from 20 ppm at a gas flowrate of 4.1 { /min to 160 ppm
at a gas flowrate o? 0.5 ! /min. Thus the formation of CaSO4 will be unfavorable
thermodynamically~ at temperatures above 1350°K to 1450°K as flowrates vary
from 4.1 I /min to 0.5 1 /min. Figure 3.9 also shows that as oxygen partial pres-
sure increases, equilibrium SO, partial pressure decreases correspondingly. At
the heated section of the furnace the wall temperature is maintained at 1600°K
and the particle temperature is considerably higher. At these temperatures all
sulfur species would be released as SO under conditions of equilibrium, thus
sulfur capture probably occurs when the particles are cooled downstream of the

hot zone such that the formation of CaSQ, is thermodynamically favorable.
3.4.1 Effect of Residence Time

The temperature profiles of the furnace at the experimental flowrates are
presented in Fig. 3-10. The thermodynamically favorable zone for the formation
of CaS0,4 begins as the furnace temperature falls below 1400°K, which is approxi-
mately 27 cm from the injector. The zone ends as the particles reach the sam-
ple collector which is 34 cm from the injector. The reaction rate for the forma-
tion of CaS0,; from CaO and SO, decreases rapidly as temperature decreases
below 750°C (Borgwardt, 1970). Thus the introduction of cool dilution air
through the sample probe serves to quench further reactions as the furnace

temperature is lowered to 1000°K and SO, concentration is reduced.

The relevant temperature for the formation or decomposition of CaS0y is the
particle temperature. Calculations of the particle temperature were made with
a coal combustion model developed by C. L. Senior (1984) based on the work of
Libby and Blake (1979). The calculated peak particle temperatures are plotted

against oxygen concentration in Fig. 3.11. The times required for 85% burnout
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of carbon were calculated to be 25 msec for combustion with 40% O to 68 msec
with 13% O; at a furnace temperature of 1600°K. The particles are combusted
completely and cooled to the furnace temperature in approximately 100 msec to
200 msec, only a frz;ction of the particle residence time in the hot zone which
ranges from 1.1 sec to 9 sec. Therefore, the particle temperature through the
lower portions of the furnace was assumed to be similar to the furnace tempera-

ture as illustrated in Fig. 3.12.

The particle residence time through the zone where the temperature favors
capture of SO; by Ca0O was calculated for each of the flowrates. The results for
the combustion experiments conducted at a furnace temperature of 1600°K
showing the effects of the redefined particle residence time are presented in
Figs. 3.13 - 3.15. In all cases, the extent of sulfur capture increases with a

corresponding increase in particle residence time.

Figure 3.12 shows that the furnace and particle temperatures range from
1400°K to 1000°K in the reactive zone of the furnace which is approximately 7
cm long, as designated by D' where the temperatures are lowered to 1400°K, and
D" where cool dilution air is introduced through the sample probe. Thus the
observed sulfur capture is the cumulative result of the reaction of SO, and Ca0

with Oz over a temperature range of 400°K.

In the case of strongly fuel-lean conditions, the oxygen concentration is in
excess and remains relatively constant throughout the furnace. Thus if the
reaction between the gas and Ca0 is of first order with respect to SO; (McClellan

et al., 1970), then the reaction rate can be expressed as

SOE °
— —T- - k (:soa ,
(3-18)

which gives
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Fig. 3.13 Effect of particle residence time on sulfur
retention for the combustion of PSOC 680
(Ca/S = 3.4) at various oxygen concentration.
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Fig. 3.14 Effect of particle residence time on sulfur
retention for the combustion of PSOC 623
(Ca/S = 0.8) at various oxygen concentration.
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(Ca/S = 2.5) at various oxygen concentration.
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where

Cso, = the concentration of S0; in the gas.

k® = the first order reaction rate constant which includes the effect of oxygen
concentration, the properties of the ash particles (e.g. calcium content in
the ash), and is averaged over the temperature range of the reactive zone

—from 1400°K to 1000°K.

The observations at high flowrates, or low residence times, show little or no sul-
fur capture. This result suggests that all the sulfur in the original coal sample
is in the form of SO, therefore the concentration of SOz in the gas before recap-

ture occurs, cgoa, can be calculated from the rate of coal combusted and the

flowrate of gas through the furnace. The SO; analyzed in the exit gas gives the
concentration at the quench point, assuming reaction does not continue beyond

the sample probe.

Figure 3.16 shows a linear dependence of ln(Csoz/Cgoz) with respect to time for
sulfur capture during combustion of PSOC 680 (Ca/S = 3.4). Figures 3.17 and
3.18 indicate similar linear relationships during combustion of PSOC 623 (Ca/S
= 2.5) and PSOC 623B (Ca/S = 0.8), respectively. These results show that sulfur

capture is a first order reaction with respect to SO; in the gas.

According to Eq. (3-19), the slope of the straight line of In(Cgq,/Csp,) versus

time is the negative value of k', the first order reaction rate constant. The
experimentally determined first order reaction rate constants are tabulated in
Table 3.4. There is no variation in the reaction rate constant at 13% and 21% 0,

concentration, suggesting a zeroth order dependence on oxygen at low oxygen
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of PSOC 623B (Ca/S = 0.8).
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Table 3.4

First order reaction rate constants for the retention

of S0, during combustion of coals at 1600°K.

PSOC 680 PSOC 623A PSOC 623B
PQ (atm) (Ca/S = 3:1) (Ci/Sv= ZLi) (Ci/S = 0.?)
2 K*, (sec”™™) K, (sec ) K, (sec ™)
0.40 0.40 0.17 0.067
0.31 0.21 0.12 0.052
0.21 0.034 0.061 -

.13 0.035 0.065 0.030
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levels. As oxygen concentration increases above 21%, the reaction rate constant
also increases. The observed trends of reaction rate constant and oxygen con-
centration suggest that the order of reaction is not constant with respect to

oxygen concentration at higher oxygen concentrations.

The effective reaction time for the formation of calcium sulfate in the present
study ranges from 0.6 seconds to 5.5 seconds. The short reaction times for all
of the experiments combined with the the observed results of little or no sulfur
capture at 0.6 second raise the possibility of diffusional resistances for the reac-
tion of SO; with CaO dispersed in the coal ash. The diffusional processes are:
the diffusion of SO; through the bulk gas, the diffusion of SO, through the pores
of the ash particles, and possibly the diffusion of SO, through a shell of solid

vreaction product which forms on the active sclid surface as the reaction

proceeds.

The characteristic time for the diffusion of SO, through the bulk gas to the

ash particles can be approximated by

tp = ')f-

D (3-20)
where

A = the distance that SO; has to diffuse through the bulk gas to reach the ash

particles.

D = the mass diffusivity of SO, through the bulk gas.

An upper limit on tp can be estimated by examining the experimental conditions
at a gas flowrate of 4.1 I /min. In an average experiment, 1.3 g of coal is fed into
the furnace over a period of 4 hours. The average particle size is 50 um in diam-
eter, thus there are approximately 1.5 x 107 particles fed through the furnace

along with 9 x 10% cm?® of gas. If we assume the particles do not break up and
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the particles are distributed uniformly in the furnace, then an upper limit for A
is approximately 0.2 cm. The mass diffusivity for binary mixtures of gases can
be calculated by the Chapman-Enskog formula for gaseous state at low density

(Hirschfelder et al., 1\954),

3 ‘_1_. ..L‘
lMA T J
po£s0 p.ap (3-21)

Dy,p = 0.0018583

in which
Dyp = the diffusivity of A in B.
p = the pressure of the system.
o,p = the Lennard-Jones collision diameter.

Qpap = a dimensionless function of the intermolecular potential field for one

molecule of A and B.

For SOy in air, D varies from 1.05 cm?/sec at 1000°K to 1.B4 cm?®/sec at 1400°K.
The upper limit of the bulk gas diffusional characteristic time is then 38 msec,
which is considerably faster than the reaction time scale. This result suggests
that the diffusion of SO; through the bulk gas does not pose a resistance to the
formation of CaSOy if the assumption of uniform distribution of particles is

valid.

Diffusion of SO, within a spherical particle of ash in the absence of chemical

reaction may be expressed as:

oc _ De o [a0c
F T ar[rzar]'

(3-22)

where
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¢ = the concentration of SO; at time t and radial position r in the spherical
particle.

D, = the effective diffusivity.

If the concentration of S0; is assumed to be uniform at the surface of the parti-
cle, then the boundary and initial conditions can be approximated by:
c=c, at r=R (t= 0)
c=0 for t< 0 (0<r=<R)

where

cg = the concentration of S0, at the surface of the particle.
R = the radius of the particle.

The equations may be non-dimensionalized to give:

gc _ 1 8 |.p O¢C
= 5 r—1t,
ot r* or or (3-23)
€=1 at r=1 (t= 0)
t=0 at t<0 (0<s¥< 1),
with
— cC __7r T t
c=— ,F=— and t = ,
Cs R tp,
where tp_= -%2— the characteristic time for intraparticle diffusion.
e
The solution of Eq. (3-23) is (Crank, 1956):
- = (1}
g(Ft) = ert) -y -—2:-2 g——l-z—sin(nnf‘)e*nz“ef.
Cg 'Y n=1 n (3_24)

At the center of the particle (F = 0), the solution reduces to:



(3-25)

The concentration of SO; at the center of the particle reaches 99% of the value

at the surface when t ® 0.55 tp,. The effective diffusivity of SO, through the ash

particle can be estimated by applying the parallel-pore model for a mono-

disperse system:

o (3-26)

where
£ = porosity of the ash particle.
o = tortuosity factor.

D = diffusivity of SO; in the ash particle.
If the diffusion of SO, in ash particles can be approximated by the diffusion of
S0z in calcined limestone, then the value of D/ at 900°C was calculated by Hart-
man and Trnka (1980) to be 0.081 cm?®/sec, based on the data of Campbell et al.
(1970) for the Knudsen diffusion of carbon dioxide in porous limestone with a
tortuosity factor of 1.5. The ash from the combustion of 50 um coal particles is
present either in discrete particles of up to 5 um in diameter or in an
agglomerate of many individual particles of approximately 40 um in diameter as
observed under a Scanning Electron Microscope. The porosity of individual par-
ticles is very low due to melting of ash under high temperatures. On the other
hand, the porosity of agglomerates is much higher due to void spaces between
particles. If the general physical properties of ash are assumed to be similar to
those of calcined limestone, then the porosity can be estimated as 0.5. The
effective diffusion coefficient of SO, through ash is then D, * 0.041 cm®/sec. The

characteristic time for diffusion of SO; in a 40 um ash agglomerate is then
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estimated to be tp, %= 10™ sec. A similar characteristic time for diffusion in a 5

pm ash particle would put the porosity at 0.03, which is possibly within order of

magnitude of the actual porosity of ash particles.

The diffusion of SO, through a layer of solid reaction products in the sulfation
of calcined limestone was determined by Pigford and Sliger (1973) to be negligi-
ble for particles smaller than 100 um. Since the ash particles in the combustion
of coal are generally smaller than 50 wm, it is assumed that diffusion of S0,

through solid product layer is negligible.

The small characteristic times for diffusion suggest that chemical reaction is
the rate-limiting step for the capture of SO; in the case of uniformly distributed

ash particles.

Examination of the ash samples collected in the absence of dilution air
revealed a nonuniform distribution of ash deposited on the quartz filters. The
majority of the ash particles appeared to be located near the center of the filter
in a circular pattern. Thus it is possible that the distribution of ash particles is
not radially uniform throughout the furnace, but is actually concentrated in a
cylinder extending from the coal injector to the sample collector. This pattern
of ash distribution does not affect the characteristic times for diffusion of SO,
through ash particles, however it does change the characteristic time for

diffusion of SO, in the bulk gas.

The diffusion of SOp through the bulk gas of the furnace in the absence of

chemical reaction can be expressed in cylindrical coordinates as:

dc 1 9 [ dc ]
—_— = D -~ —=—|r —

where
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c = concentration of S0; at a distance r from the centerline of the furnace in
time t.

D = mass diffusivity of SO; through the bulk gas.
If chemical reaction is fast relative to gas diffusion (a simplifying assumption in
order to examine characteristic time of gas diffusion), then the initial and boun-

dary conditions are:
1C:c=C&,att=0.
BClic=0atr=R, (t> 0).

B.C2: 8cAr=0atr =R (t > 0).

where

C§’02 = concentration of SO, in gas phase before entering reaction zone.

Ry = radius of the furnace tube.

R; =radius of cylinder in which ash particles are concentrated.

Using the method of separation of variables gives:

c(rt) = R(r)T(t) .

(3-28)
Equation (3-27) is transformed into
RT' = D(R'T + =RT) .
r (3-29)
or
T _R LR _ e
DT - R 'Tr R A (5-30)

where A is an eigenvalue. The time dependence of the solution can be obtained

from

T +DAT = O
(3-31)



85

which yields
T(t) = a,e D%,

(3-32)

where a, is a constant of integration. The other half of Eq. {3-30) gives

r*R"+rR' + X*r*R = 0,

(3-33)

the solution of which is:

R(I‘) = ang()\r) + asYo()\r) ,

(3-34)

where ap and ag are integration constants.

The boundary conditions give
B.C.1: agJQ(ARI) + asYo(ml) =0 .

(3-35)

and

B.C.2: —apAJ (ARy) + agAY(ARy) = O,

(3-386)

which yields the spatial dependence of the solution:

Yo(AR,)
R(r) = —ag{—r=—<Jdo(Ar) —Yp(Ar) ¢ .
( ) 3 { JO(ARl) 0( ) 0( ) (3_37>
The general solution is obtained by combining Egs. (3-32) and (3-37),
> Yo(AqR1) ] -DAZt
elrt) = Ay ———=Jo(Anr) = Yp(Aqr) Je 7 °

The furnace radius Ry is 2.5 cm and if R; is assumed to be 1 cm, then the eigen-
values can be solved from Egs. (3-35) and (3-36). The first two eigenvalues are
A% 09 cm™! and A2 2 3.1cm™. Since A} is sufficiently larger than A%, the gen-

eral solution can be approximated by the first term in the series:

YO(AIRX)

Yo\Aihy) _ -DARt
JO(AIRI) JO()\lr) YO(AII‘) ]e

c(rit) = A (3-30)

The initial conditions yield
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o [YeR)
c(r,0) = Cgog = A {m—;—Jo(Alr) "'Yc(>\1r)}. (3-40)

Combining Egs. (3-39) and (3-40) gives the relative concentration of SO; as a
function of time,

cfrt) _ -osint
Co, (3-41)

The decrease in SOp concentration is plotted versus time in Fig. 3.19, which
covers the range of temperatures in the reaction zone. At an average tempera-
ture of 1200°K, the concentration of SO, in the annular region between the
cylinder of ash particles and the furnace wall decreases 50% in 0.6 second and
90% in 2.0 seconds. Since the reaction time for CaS0O, formation in the combus-
ﬁon experiments ranges from 0.6 second to 5.5 seconds, the diffusion of S0; in
the gas phase can present a resistance to the reaction rate if the distribution of

ash particles is centered in the inner region of the furnace.
3.4.2 Effect of Oxygen Concentration

The effects of varying oxygen concentration on sulfur capture are also exhi-
bited in Figs. 3.13-3.15. The results show that as oxygen concentration
increases, there is a corresponding increase in the observed sulfur capture. The
experimentally determined first order reaction rate constants for reaction (3-
1B) are plotted in Fig. 3.20. For the three coal samples examined in this study,
the first order rate constants remain constant as oxygen concentration is
increased from 13% to 21%. This trend suggests that sulfur capture is zeroth
order with respect to oxygen in the range of 13% to 21% oxygen. However, at
oxygen levels above 21%, the first order rate constant increases as oxygen con-
centration in the gas increases. Analysis of the effect of oxygen reveals that the

order of reaction is not constant with respect to oxygen concentration.
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Fig. 3.19 Relative concentration (C/ng) of 802 as a function of
time for the diffusion of SO.%through bulk gas as
described in equation (3-41).
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Although SOz absorption on CaO in the ash according to reaction (3-17)
appears to be the dominant mechanism of sulfur capture, other mechanisms
may also occur. One possibility is the vaporization of calcium in a high-
temperature envirt;:‘nment such as that surrounding a burning char particle
(Quann and Sarofim, 1982). The calcium vapors diffusing outside the particle
would reoxidize to form CaO aerosol particles of very high surface area that

would be effective in capturing SO;.

Calcium vaporization can occur by the reduction of calcium oxide in a reduc-

ing environment during the combustion of char particles,

CaO(s) + CO(g) . Ca(g) + COq(g) .
(3-42)

The equilibrium partial pressure of calcium is determined from the equilibrium
constant

K o= et

Peo (3-43)
At high temperatures, the primary product of carbon combustion is carbon
monoxide (Mulcahy and Smith, 1969). Thus if the only source of CO; is from
reaction (3-42), the partial pressure of CO; can be assumed to be equal to the

partial pressure of calcium. The equilibrium partial pressure of calcium is then

Pea = (KPCO)Vz .
(8-44)

To estimate the amount of calcium vaporized, it was assumed that the rate of
vaporization is limited by diffusion from the particle surface to the free stream.
In this case the rate of calcium vaporization can be calculated by (Senior and

Flagan, 1982)

(3-45)
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where
R, = rate of carbon combustion,

Yca = mass fraction of calcium vapor at the particle surface,

and the Peclet number, P,, at the particle surface is defined as

R,

Pe = 4nryeD

(3-46)

where
rp = radius of the coal particle.
¢ = gas concentration at the particle surface.
D = diffusivity of gas at the particle surface.

A particle combustion model developed by C. L. Senior (1984) was used to calcu-
late the transient particle temperature, partial pressure of CO at the particle
surface and the combustion rate. The equilibrium constant K was calculated at
the average particle temperature T, with thermodynamic data from the JANAF
Tables (Dow Chemical Company, 1971) and Stern and Weise (U.S. National
Bureau of Standards, 1966). The calcium mass fraction Y, was then calculated
from (3-45). The rate of calcium vaporization was integrated with respect to
time from ignition to 85% burnofl to obtain the total amount vaporized during

combustion.

The calculated calcium vaporization is summarized in Fig. 3.21 by plotting
the cumulative percent of calcium vaporized as a function of oxygen during
combustion of a coal containing 2.5% calcium. The estimated calcium vaporiza-
tion is in good agreement with observed data reported by Quann (1982), Fig.
3.2%, during combustion of a lignite. The extent of vaporization increases with

oxygen content since higher particle temperatures at high oxygen concentra-
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DATA FROM QUANN (1982)
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Fig. 3.22 The effect of oxygen on vaporization of calcium during

combustion of pulverized coals at a furnace temperature
of 1750°K (data of Quann).
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tions accelerate the vaporization. However, the total amount of calcium vapor-
ized under experimental conditions examined in this study is in all cases less
than 5% This analysis shows that the effect of calcium vaporization on sulfur

capture is relatively ‘;Small.
3.4.3 Effect of Calcium Content

The three coal samples used for this study were prepared with varying
amounts of calcium to examine the effect of Ca/S ratio on sulfur retention and
the efficiency of the ion-exchanged calcium in capturing sulfur. The results for
combustion experiments conducted with 40% O, are compared in Fig. 3.23. The
extent of sulfur capture is observed to increase approximately proportional to
the increase in the Ca/S ratio of the coal sample, although there does not
appear to be any noticeable difference due to coal types other than the effect of
Ca/S content of the coal. This same trend is also apparent in the experiments

conducted with 31% O; as shown in Fig. 3.24.

Earlier discussions have indicated that the capture of SO; by Ca0 in coal ash
is chemical reaction-rate limited during combustion of 50 um coal particles.
Thus theoretically, the extent of sulfur capture should be independent of cal-
cium content in the coal if there is a sufficient excess of calcium. The observed
dependence of sulfur capture on calcium content suggests that the efficiency of
calcium is rather low, possibly due to the inaccessibility or deactivation of part

of the calcium content.

Huffman et al. (1981) reported that calcium in coal acts as a fluxing agent in
accelerating the melting of ash under reducing conditions at 1200°K to 1400°K
and under oxidizing conditions at 1500°K to 1700°K. The particle temperatures
achieved in this study far exceeded the melting temperature of calcium-

enriched ash, and the glassy, spherical appearance of the ash particles when
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Fig. 3.24 Effect of calcium content on sulfur retention
for combustion of coal in 31% 02.
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examined under a microscope indicate that a considerable extent of ash melting
occurs, thereby consuming part of the calcium. Calcium oxide has also been
found to react with alumina and silica to form aluminate and silicate at approx-
imately 1500°K (Cof:b, 1910). In the presence of both alumina and silica, cal-
cium aluminosilicates are formed. Since the major components of coal ash are
alumina and silica, thus a fraction of the calcium is lost due to the formation of
aluminosilicates and becomes unavailable for sulfur capture (Raask, 1982).

Baker and Attar (1981) and Newman (1941) further found that CaSO, decom-
poses faster when mixed with silica and aluminosilicates, thus suggesting an
even lower efficiency of sulfur capture by the calcium in coal. The possible loss
of calcium due to the formation of aluminosilicates is consistent with the
observed dependence of sulfur capture on the calcium content of coal samples.
However, calcium deactivation cannot be quantified without knowledge of the

extent of formation of calcium aluminosilicates.
3.4.4 Effect of Furnace Temperature

The effect of furnace temperature on sulfur capture during combustion of
PSOC 680 (Ca/S = 3.4) is shown in Fig. 3.25. At the most favorable conditions
for sulfur capture, 0.5 I/min gas flow rate and 40% O, there is virtually no
difference in the results for experiments conducted at furnace temperatures
1400°K and 1800°K. This is because at sulfur capture levels of above 90%, any
actual difference would be relatively small. However, as gas flowrate increases,
the extent of sulfur capture for experiments at 1400°K increases rapidly com-
pared to experiments conducted at 1600°K. This observed trend is most prob-
ably due to the combined effects of longer reaction times and lower particle

temperatures at the lower furnace temperature.

The reaction time was defined earlier as the residence time of particles
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through the furnace zone where the temperatures favor capture of SO; by CaO.
Since the furnace temperature of 1400°K is approximately the temperature at
which the formation of CaS0O, becomes thermodynamically favorable, the reac-
tion time for sulfur capture with a furnace temperature of 1400°K is then the
residence time of the particle in the furnace from the location where the parti-
cle temperature approaches that of the furnace to the point where dilution air
is introduced. The results of the experiments conducted at a furnace tempera-
ture of 1400°K showing the effects of the redefined particle residence time are
presented in Fig. 3.26. Analysis of the data according to first order kinetics with
respect to SO, gives first order reaction rate constants of 0.067 sec™ at 40% O,
and 0.016 sec™? at 21% 0,. The observed rate constants are smaller than those
obtained at a furnace temperature of 1460°K due to the difference in the
temperature-time history of the particles, particularly since the reaction rate is
time averaged over the entire temperature range. The maximum reaction rate
of the sulfation of calcined limestone was reported to be approximately at
1220°K (Borgwardt, 1970; Borgwardt and Harvey, 1982). The reaction rate
decreases as temperatures diverge from 1220°K. Thus, increasing the overall
reaction time by increasing the particle residence time at 1400°K would

effectively decrease the average reaction rate.

The particle temperatures attained during pulverized combustion at 1400°K
are much lower than at 1600°K, as illustrated by the calculated temperatures in
Fig. 3.27. The lower particle temperatures and the higher levels of sulfur cap-
ture at low reaction times for experiments conducted at 1400°K suggest possible
effects from other mechanisms of sulfur capture than just the recapture of SO,
by CaO in the ash. Under reducing conditions during the early stages of
combustion, CaS is formed by the reaction of CaO with gaseous sulfur species

(Freund and Lyon, 1982) as indicated by reactions {3-10) to (3-12). The sulfide is
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Fig. 3.26 Effect of residence time on sulfur retention
during combustion of PSOC 680 (Ca/S = 3.4) at
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subsequently oxidized to CaS0O4. In the case of higher furnace temperature of
1800°K, the CaS0, formed readily decomposes to CaO and SO,;. In the case of the
lower furnace temperature of 1400°K, the rate of CaSO, decomposition would be
considerably slowef :at lower particle temperatures. Thus the overall sulfur cap-
ture would be due to the capture of sulfur during combustion of coal and the

post-combustion recapture of SOz by CaO in the ash particles.

3.5 Conclusions

The retention of sulfur during the combustion of calcium-ion-exchanged
coals was studied in a laminar flow furnace under strongly fuel-lean conditions.
It was observed that the extent of sulfur retained in coal ash increased with
increasing particle residence time and increasing oxygen concentration in the
combustion gas. Sulfur capture was also observed to increase in proportion to
an increase in the Ca/S content of the coal. Analysis of the results indicates
that chemical reaction is the rate-limiting step in the capture of SO; by CaO in
coal ash to form CaS0,. Diffusion of SO; through the combustion gas was also
found to have a possible effect on the reaction rate due to the inhomogeneity of

the distribution of cocal ash.

The findings of this study suggest that in the reducing environment generated
during early stages of combustion, a fraction of the sulfur in coal may react
with Ca0 fo form CaS. As the particle environment becomes oxidizing, CaS is
oxidized to CaS0, which then readily decomposes to release S0,. However, if the
furnace temperature is sufficiently low, e.g. 1400°K or lower, then the rate of
decompostion is slower, thus part of the sulfur is never released into the
combustion gas. At the high temperatures attained during combustion, CaO or
CaS0, can react with alumina and silica present in the ash, therefore removing

a portion of the calcium from further reactions and decreasing the efficiency of
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the original calcium contei.t from capturing sulfur. The major fraction of sulfur
retention is derived from the recombination of SO; and O; with CaO in the lower
region of the furnace where temperatures are favorable for the stability of

CaS0;,.
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

1. Lignite coal possesses significant ion-exchange capacity which can be used to
introduce calcium ions into the coal matrix in a molecular scale, uniform
distribution. The ion-exchange capability is due to the presence of carboxyl
and phenolic hydroxyl groups in the coal. For exchange of the lignite, coal
can achieve Ca/S ratios greater than 7. Bitumninous coal contains a consid-
erably lower ion-exchange capacity than lignite coal. The concentration of
available carboxyl and phenolic groups was increased by oxidation in air at
195°C and 260°C. lon exchange of the oxidized bituminous coal could result

in Ca/3 contents greater than 2.5.

2. The initial rate of ion exchange increased as the calcium-ion concentration
or temperature of the reaction was raised. This higher initial rate could be
due to faster reaction rate and higher driving force for diffusion of ions

across a liquid film surrounding coal particles.

3. The rate of ion exchange increased appreciably as the pH value of the
exchange solution was increased. The increase in rate at higher pH values is
due mainly to the higher ion-exchange capacity as more acidic groups

readily undergo cation exchange.

4. Particle diffusion was found to be the rate-determining step for the process
of ion exchange. Analysis of the results with a simple model for particle
diffusion indicated that the diffusion coefficient of calcium ions was approxi-
mately 1.6 x 1078 cm?®/sec for diffusion in PSOC 623. The diffusion coefficient
in PSOC 680 was estimated at 5.0 x 107!! to 3.5 x 107'° cm®/sec. This

difference could probably be due to the different electric potentials in the
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pore structures generated by ionic interactions.

5. Emission of SO; during fuel-lean combustion of calcium-ion-exchanged coals
was observed to decrease with increasing particle residence time. Analysis
of the results suggested that SO, was released during combustion of the coal
samples and was captured by CaO in the cooler region of the furnace where

thermodynamics together with kinetics favor the formation of CaS0,.

8. Chemical reaction was found to be the rate-determining step in the capture
of SO; by CaO in coal ash. Diffusion of SO; from the gas phase to the ash
particles could also affect the reaction rate due to the inhomogeneity of the

radial dispersion of coal ash in the combustion furnace.

7. Sulfur retention was observed to increase as oxygen concentration in the
combustion gas was increased. This trend may be partially due to vaporiza-
tion of calcium at the high particle temperatures attained during combus-
tion in higher oxygen concentrations, which would then result in CaO aerosol

particles of high surface area that would be effective in capturing S0z,

8. The efficiency of sulfur capture by the exchanged calcium was found to be
lower than theoretically possible. This result could be due to a loss of cal-
cium from the formation of aluminosilicates and thus becoming unavailable

for sulfur capture.

4 2 Recommendations

1. The present study examined the kinetics of ion exchange of carboxylic-acid
groups in coal. A further study examining the kinetics of exchange of all

acid groups in coal would be informative.

2. The diffusivity of ions in coal were found to be several orders of magnitude

slower than in an electrolyte solution. - A study of the surface area and pore
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size distribution of the coal as a function of extent of ion exchange can be

useful in the understanding of the diffusion process.

. The efficiency of _sulfur capture by exchanged calcium was affected by the
presence of alumina and silica in the coal. The interference can be elim-
inated by preparing synthetic coals in which ion-exchanged calcium is the
only mineral present. The particle temperature and vaporization of calcium
should also be measured to fully understand the role and efficiency of cal-

cium in the retention of sulfur.

. A detailed surface area study of the coal and ash from combustion should be
conducted in order to examine the effect of particle surface area on the
efficiency of sulfur capture. The temperature profile of the reaction zone
should also be incorporated into the analysis of the results so that kinetic

parameters may be obtained.
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APPENDIX
FURNACE CALIBRATION

The overall SO; ‘balance in the combustion furnace was determined by a
series of calibration runs with a gas of known SO; concentration under experi-
mental conditions. At each flowrate, the SO; concentration in the gas was set by
a mixture of air and 1005 PPM SO; in air to simulate the SO, concentration in
the furnace during combustion of coal. At the start of a run, the flow of air was
introduced into the furnace through the inlet for main combustion gas, while
the flow of 1005 PPM S50; was fed through the coal injector. The exit gas mixture
was scrubbed through two gas-washing bottles containing a solution of 1% Hy0;.
The total amount of S0, collected in a four-hour run was analyzed by titration

of the Hz0; solution.

The first calibration run was conducted with the furnace at room tempera-
ture. The overall SO; balance obtained was 99.7%, which suggested that there
were no leaks in the system. The results for the calibration runs conducted at

experimental temperatures are as follows:

Flowrate ZS0;

(1/min) Balance

4.1 g2
2.1 89
1.0 88
0.5 B4

The results of the calibration runs show that there is a loss of SO, through the

furnace at high temperatures. Since the system is closed and has no leaks, the
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losses can only be due to the lower part of the furnace where the alumina-
insulated sample collector is located. If the recombination of SOz with CaO to
form CaS0, occurs in the cooler region of the furnace and the reaction is negli-
gible as the combuét;on gases are cooled and diluted with air entering the sam-

ple probe, then the actual sulfur emission can be calculated as

(A-1)

where
* = corrected sulfur emission.
S = measured sulfur emission.
¢ = correction factor as determined by calibration experiments.

Tables A.1 to A.4 summarize the results of the combustion experiments taking
into consideration the losses of S0, in the furnace. In several cases, the correc-
tion results in sulfur balances exceeding unity, which could be due to several
factors: experimental error, inhomogeneity of coal samples and a simplification
of the correction. Duplicate runs conducted at most cases showed the results to

be reproducible to approximately 5%.
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Table A.1

Corrected data for retention of sulfur during combustion of
PSOC 623A (Ca/S = 2.5) at a furnace temperature of 1600°K

2 0 Flowrate % S emission % S emission

v Y2 (1/min) (measured) (corrected) % S capture

40 4.1 76.6 83.3 16.7
2.1 77.0 86.5 13.5
1.0 57.6 65.5 34.5
0.5 34.0 40.5 59.5

30.6 4.1 82.7 89.9 10.1
2.1 77.0 86.5 13.5
1.0 58.4 66.4 33.6
0.5 42.4 50.5 49.5

21 4.1 94.7 102.9 0
2.1 86.0 96.6 3.4
1.0 74.7 84.9 15.1
0.5 62.3 74.2 25.8

13.1 4.1 93.8 102.0 0
2.1 83.4 93.7 6.3
1.0 71.8 81.6 18.4
0.5 60.6 72.1 27.9

Table A.2

Corrected data for retention of sulfur during combustion of
PSOC 623B (Ca/S = 0.8) at a furnace temperature of 1600°K

2 0 Flowrate % S emission % S emission

v Y2 (1/min) (measured) (corrected) % S capture

40 4.1 96.0 104.3 0
2.1 93.5 105.1 0
1.0 77.8 88.4 11.6
0.5 61.5 73.2 26.8

30.6 4.1 99.3 107.9 0
2.1 88.5 99.4 0.6
1.0 79.2 90.0 10.0
0.5 65.6 78.1 21.9

21 4.1 117.5 127.7 0
2.1 92.3 103.7 0
1.0 82.2 93.4 6.6
0.5 73.0 86.9 13.1
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Table A.3

Corrected data for retention of sulfur during combustion of
PSOC 680 (Ca/S = 3.4) at a furnace temperature of 1600°K

s 0 Flowrate % S emission % S emission

¢ 2 (1/min) (measured) (corrected) % S capture

40 4.1 95.0 103.3 0
2.1 71.1 79.9 20.1
1.0 35.6 "~ 40.5 59.5
0.5 11.8 14.0 86.0

30.6 4.1 91.9 99.9 0.1
2.1 82.7 92.9 7.1
1.0 51.3 58.3 41.7
0.5 31.3 37.3 62.7

21 4.1 97.0 105.4 0
2.1 98.6 110.8 0
1.0 80.1 91.0 9.0
0.5 71.7 85.4 14.6

13.1 4.1 94.1 102.3 0
2.1 94.1 105.7 0
1.0 79.1 89.9 10.1
0.5 71.6 85.2 14.8

Table A.4

Corrected data for retention of sulfur during combustion of
PSOC 680 (Ca/S = 3.4) at a furnace temperature of 1400°K

%0 Flowrate % S emission % S emission

) (1/min) (measured) {corrected) % S capture

60 4.1 15.9 17.3 82.7
0.5 3.7 4.4 95.6

40 4.1 42.8 46.5 53.5
2.1 36.5 44.0 59.0
1.0 20.0 22.7 77.3
0.5 14.6 17.4 82.6

21 4.1 66.0 71.7 28.3
2.1 64.3 72.2 27.8
1.0 52.2 59.3 40.7
0.5 48.1 57.3 42.7

30.7 0.5 43.6 51.9 48.1




