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by

Irving Johnson, W. M. Swift, S. H. D. Lee, J. A. Shearer,
F. G. Teats, C. B. Turner, W. Ira Wilson, and A. A. Jonke

ABSTRACT

These studies support the Fossil Energy development
program in atmospheric and pressurized fluidized-bed coal
combustion., Laboratory and process development-scale
studies are aimed at providing needed information on
limestone utilization, control of the emission of alkali
metal compounds and SOy during combustion, particulate
loading in flue gas, and other aspects of fluidized-bed
coal combustion.

This report presents information on the effect of bed
temperature, superficial gas velocity and gas hourly space
velocity on the removal of gaseous NaCl from hot gas
streams by a granular bed of diatomaceous earth; results of
experiments in which the adsorption capacity for gaseous
NaCl of activated bauxite was measured after regeneration
by an aqueous leaching process; and an estimate of the cost
of using these two sorbents for alkali metal control in a

large PFBC.

Results are also presented for studies aimed

at the development of an acoustic dust conditioning system,
and the evaluation of a high-efficiency cylone for removal
of particles from a high-pressure high temperature gas

stream.

The relationship of the SO reactivity of lime-

stones to internal surface area, pore diameter, and pore
volume are examined. ’ '

SUMMARY

Task A.  Hot Gas Cleanup

Removal of Alkali Metal Compounds from Hot Flue Gas. Methods for

reducing the concentration of gaseuvus alkali metal compounds in hot gas are

being studied.

It is expected that the results of these studies will aid in.

the design of hot gas cleanup systems for PFBCs and help alleviate the hot
corrosion of gas turbine components. The objective of the current studies
is to develop the technical data base needed for the design of solid sorbent
fixed-bed filters to remove gaseous alkali metal compounds from hot gas.



Previous studies demonstrated that both diatomaceous earth and activated
bauxite are potentially useful sorbents for the removal of gaseous NaCl, KC1,
and K7804 from hot gases. Effects of bed temperature, superficial gas
velocity, and gas hourly space velocity were established. In the present
report, results are presented which indicate that the rate of sorption of
gaseous NaCl per unit quantity of diatomaceous earth is directly proportional
to the concentration of NaCl in the gas phase. These studies also indicate
about 90% removal of gaseous NaCl was achieved in 2- to 5-h experiments for

a gas contact time of about 0.1 s and was independent of the NaCl vapor con-
centration in the gas.

Results are given for a series of cyclic experiments in which a sample
nf activated bauxite was alternately exposed to gaseous NaCl and to aqueous
leaching. NaCl was sorbed during the exposure to gaa and was remnved during
water treatment. The material regenerated by the water leaching was found
to retain about 70% of its initial capacity after three cycles; this capacity
is thought adequate to make use of the sorbent practical: These results
indicate that activated bauxite can be regenerated and reused. Consideration.
- of the results of these leaching experiments and the temperature dependence
of the NaCl capacity of activated bauxite suggest again that in the case of
activated bauxite, a large fraction of the NaCl is retained by adsorption.
The mechanism of the sorption process for activated bawxite makes regenera-
tion possible.

A preliminary estimate ‘has indicated that the use of diatomaceous earth
would add about 0.2 mill/kWh to the cost of electricity; if activated bauxite
should be used but not regenerated, the added power cost would be about
1.6 mills/kWh.

Particle Removal from Flue Gas. In PFBC, the hot flue gas from the com-
bustor must be expanded through a gas turbine to recover energy. To protect
the gas turbine from damage, the particle mass loading must be reduced to
acceptably low levels. Reported are (1) progress in developing a pulse-jet
resonant manifold system for enhancing particulate removal by acoustic dust
conditioning and (2) the.results of testing a high-efficiency cyclone for
particulate removal.

The effort being made at the University of Toronto (under subcontract to
ANL) to develop a pulse-jet acoustic dust~conditioning syslLem for subscequent
testing and evaluation at ANL is swumarized. Acoustic dust conditioning is
defined as a process whereby the natural tendency of particles to agglomerate
is enhanced by exposure of the particles to high-intensity acoustic fields.

The first phase of the developmental effort has been successfully
completed, as signified by steady~state, continuous operation of a high-
frequency, high-sound-intensity pulse jet exhausting into a tuned resonant
manifold operating at ambient conditions. Sound intensities as high as
160 dB at frequencies of 300 to 350 Hz have been obtained.

H



Work on the second phase of the project is in progress. The objective
of this phase of work'is to increase the operating pressure of the pulse jet
to about 1015 kPa. To date, the pulse jet has been successfully operated at
pressures as high as about 350 kPa.

On the basis of the results, the pulse-jet acoustic dust-conditioning
program was reassessed in terms of the basic arguments originally used to
justify the development effort. Pulse-jet acoustic dust conditioning
continues to look promising for PFBC applications.

The results of experiments performed to assess the particle collection
efficiency of a TAN-JET cyclone are presented. The TAN-JET employs a second-
ary clean-air flow to improve gas—solid separation in the primary flow of
dirty gas.

In experiments at ambient conditions (no combustion in the combustor),
limestone was fluidized in the combustor at a gas velocity of about 0.76 m/s
and a system pressure of about 250 kPa. 'The collection efficiency of the
TAN-JET cyclone was determined from steady state determinations of (1) the
cyclone (primary and TAN-JET) particle collection rates and (2) the solids
loading in the flue gas downstream from the cyclone. The solids loading in
the flue gas leaving the TAN-JET ranged from 0.08 to 0.17 g/m3. Collection
efficiency ranged from 69 to 90%. Percent penetration (100% - collection
efficiency) was found to decrease with increasing mass loading in the flue
gas entering the combustor. Also, the mass loading leaving the cyclone did
increase with increasing mass loading entering the cyclone, an expected result.

For combustion experiments performed at 304 kPa pressure and 855°C com-
bustion temperature, solids loading in the flue gas leaving the TAN-JET ranged
from about 0.15 to about 0.24 g/m3. The higher loadings than in the ambient
experiments resulted from much higher inlet mass loadings to the cyclone dur-
ing the combustion experiments. Under optimum secondary air inlet conditions
in these experiments, mass loadings in the flue gas leaving the TAN-JET were
>0.15 g/m3, even with inlet mass loadings as high as about 3.2 g/m3.

C. Limestone Utilization

Enhancement of Limestone Sulfation. The use of chemical additives (e.g.,
NaCl or CaCly) to enhance the SO reactivity of limestones is under inves-
tigation. It has been found that salt treatment of limestones leads to larger
pores when the limestone is calcined. To understand the effects of salts on
the 807 reactivity of limestones, it was necessary to understand the sulfa-
tion reaction of limestones. In the present report, the relationship of the
SO reactivity of limestones with internal surface area, pore diameter, and
pore volume are examined. A good correlation exists between percent conver-
sion of CaCO3 to CaSO4 and the internal surface area of pores whose diameters
are equal to or greater than 0.3 um.




Results are presented which strongiy suggest that very large conversions
of CaCO3 to CaSO4 which are observed with large additions of CaClp, are due
to the formation of a liquid phase which is probably a CaCly-Ca0 solution.

Petrographic Examination of Limestones. Petrographic analyses of several
calcareous stones have been made to understand the basic structural reasons
for the wide variations in SOj reactivity of different limestones. Results
of the examinations of eight stones reveal no obvious structural differences
correlated with their SO reactivities.




TASK A. HOT GAS CLEANUP

1. Removal of Alkali Metal Compounds from Hot Flue Gas of Coal Combustion
(S. H. D. Lee)

In the prospective application of pressurized fluidized-bed combustion
of coal to power generation, the corrosion of turbine blades due to attack
by alkali metal compounds in the hot flue gas is a potential problem. This
problem can be eliminated by reducing the concentration of alkali metal com-
pounds in the hot flue gas to a level tolerable for a .turbine blade. A way
to accomplish this is to use a hot fixed-bed filter having a sorbent as bed
material to remove the alkali metal compounds from the hot flue gas before
the gas is expanded into a turbine. The objective of this task is to develop
an effective sorbent as bed material for the filter.

Previous experiments have shown that both diatomaceous earth and acti-
vated bauxite effectively remove NaCl, KCl, and K2SO4 vapors from the
simulated hot flue gas of PFBC. The effects of sorbent bed temperature,
superficial gas velocity, and gas hourly space velocity of flue gas were
studied and were presented (ANL/CEN/FE-78-10). During the present report
period, studies have been continued (1) to investigate the effect of NaCl
vapor concentration in flue gas on the sorption efficiency of diatomaceous
earth, (2) to examine the regenerability of activated bauxite by a water-
leaching process; and (3) to gain a better understanding of the sorption -
mechanisms of NaCl vapor by these two sorbents. Also, a preliminary economic
evaluation was made of both diatomaceous earth and activated bauxite as
sorbents for the removal of alkali metal compounds from hot flue gas of PFBC.
Results of the above studies and the preliminary economic evaluation are
presented and discusssed.

a. Effect of NaCl Vapor Concentration in Flue Gas on the Sorption
Efficiency of Diatomaceous Earth '

Except for screening tests with K3SO4 vapor, tests completed so
far were generally conducted by feeding a simulated flue gas of PFBC contain-
ing about 80 ppm alkali metal compound vapor. Alkali concentration in the
flue gas of PFBC has been estimated to be of the order ol 10 ppm.

. In order to investigate the effect of NaCl vapor concentration in
the flue gas on the sorption efficiency of diatomaceous earth, a series of
experiments was carried out in a laboratory-scale, batch-unit combustor,* using
simulated flue gas (3%0,, 16%CO2, about 300 ppm SO, about 120 ppm H90, and
the balance Njy) containing about 29 ppm NaCl vapor. A detailed description
of the combustor was presented in an earlier report in this series (ANL/ES-
CEN-1016). In these experiments, diatomaceous ‘earth sorbent was tested at
800°C and atmospheric pressure as a function of experiment duration. The

*

The combustion system consists of a horizontal tube furnace and associated
gas feed lines and product gas analysis instrumentation. The first sector
of the tube furnace is a gas preheater; the next sector contains a sample pan
which can be heated along with its contents; next is a granular bed sorbent
filter, tollowed by cold traps and a backup glass wool filter. '



superficial gas velocity and the gas hourly space velocity (GHSV) of simulated
flue gas passing through the sorbent bed were 66 cm/s and 33,500 h~l, respec-
tively. Particles were -8 +10 mesh. The distributions of NaCl obtained from
these experiments are tabulated in Table 1, and the results are plotted in
Figs. 1 and 2. To allow comparison of the effects of two NaCl conentrations,
the results of a test run (Experiment HGC-47) conducted at the same experi-
mental conditions except with a 96 ppm NaCl concentration in the simulated
flue gas are also included in the table and the figures.

Figure 1 is a plot of the rate of NaCl vapor sorption by diatoma-
ceous earth in milligrams NaCl per gram of sorbent per hour as a function of
NaCl concentration in the simulated flue gas (in parts per million). Except
for the 8-h run, all points fit excellently on a straight line passing
through the origin of the scale. This indicates that at the experimental
conditions used, the rate of NaCl vapor sorption by diatomaceous earth is a
linear function of the NaCl vapor concentration in the simulated flue gas
for the initial few hours of the tests.

Figure 2 1s a plot of the percent of NaCl vapor in flue gas
captured by diatomaceous earth as a function of experiment duration. At an
average NaGCl vapor concentration of 29 ppm in the simulated flue gas and
with a fairly high space velocity of 33,500 h~l (which is equivalent to a
contact time of about 0.1 s for the simulated flue gas and the sorbent bed),
the efficiency with which diatomaceous earth removes NaCl vapor from the
simulated flue gas approaches 907 for tests no longer than 5 h. It should be
noted that the efficiency can be increased by reducing the space velocity of
the simulated flue gas or by increasing the contact time of the simulated
flue gas and the sorbent bed. Comparison of the capture efficiences obtained
at the low NaCl vapor concentration with that at the high NaCl vapor concen-
tration (Fig. 2) shows that the efficiency with which diatomaceous earth
removes NaCl vapor from the simulated flue gas is not affected at those NaCl
vapor concentrations in the flue gas.

b. NaCl Adsorption and Water-Leaching Regeneration of Activated.
Bauxite Sorbent

A three-cycle experiment of (1) NaCl adsorption and (2) regenera-
tion of activated bauxite by water leaching were completed. The adsorption
test was carried out using the small-scale adsorption test rig that has been
shown and described in detail previously (ANL/CEN/FE-78-4). Figure 3 is a
flow sheet diagram showing the experimental steps for this set of experiments,
as well as the manner of determining material balances.

Physical Observations. Fresh activated bauxite is light pink.
When it is exposed to NaCl vapor and has adsorbed it, the bauxite becomes
milky white. However, after the NaCl-adsorbed activated bauxite is leached
with water and dried in a furnace, the original light-pink color is restored.
This color-change phenomenon was observed in all threc cycles of adsorption
and regeneration experiments--the adsorption of NaCl vapor (which is milky
white when condensed) on the surface of activated bauxite during the adsorp-
tion stage was indicated, as was, the release of NaCl from the surface during
the water-leaching regeneration step. The latter argument is confirmed by
the analytical results (presented below) showing mole ratio of Na* to C1™ of
unity in the leachants.




Table 1. Distributions of NaCl from testing Diatomaceous Earth for NaCl Vapor Capture as a
Function of Experimental Duration and NaCl Concentration in the Simulated Flue Gas.
Sorbent (-8 +10 mesh) was tested at 800°C and atmospheric pressure in a simulated
flue gas of PFBC at a linear gas velocity of 66 cm/s and GHSV of 33,500 h~1l.

HGC- HGC- 'HGC- HGC- HGC- HGC~ HGC- HGC-~
47 57 57R 58 58R 56 62 55

Experiment Duration,
h 2 2 .2 3 3 5 5 8

Avg NaCl Conc. in
Simulated Flue Gas i C
to the Filter, ppm 96 37 24 33 28 27 - 27 .29

Amount of Sotb., g 30 13 13 - 13 13 13 13 13
(1) NaCl, mg, : _
Collected by: , BT ' -

(a) Cold Trap. 29 5 -3 4 7 7 11 51
(b) Glass-wool .
" Filter 18 2 2 1 3 3 5 22
' (2) NacCl

Captured by: . : .

Sorb.,d mg 292 49 31 66 .57 90 89 104
(3) Total NaCl, mg 339 56 36 71 67 100 105 177
(4) Rate of Sorption,

mg NaCl/h-g sorb. 4.9 1.9 1.2 1.7 1.5 1.4 1.4 1.0
(5) % NaCl Capture, T ,

[(2)/(3)]1x100 36.1 87.5 86.1 93.0 85.1 90 84.8 58.8

#NaCl concentration of the sorbent was obtained by dissolving representative samples of the
sorbent in a mixture of H2SO4, HF, and HNO3, and then analyzing the solution by
flame emission spectrometry (FE). FE analysis was done by R. Bane.
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Fig. 3. Flow-Sheet'Showing a NaCl Adsorption and Water-Leaching
Process and Analyses for Activated Bauxite.

a. Sorption Conditions: 800°C and atmospheric pres-
© - sure in a simulated flue gas of PFBC containing

3% 02, 16% CO2, about 300 ppm SO2, about 120 ppm
H70, about 220 ppm NaCl vapor, and' the balance Nj.
The linear velocity of flue gas passing through the
bed was 27 cm/s. The experiment duration was 2 h.

b. Leaching Conditions: Distilled water leaching at
gently boiling temperature (about 95°C) fur 1 h.

c. Drying Conditions: 200°C for 2 h in an air flow.

d. Screened with l4-mesh screen.

Porosity Measurement of Sorbents. Figure 4 shows a plot of cumula-
tive pore volume as a function of pore diameter for both fresh and regenerated
activated bauxites. It can be seen from this figure that in comparison to
fresh activated bauxite, the regenerated activated bauxites lost a small
amount of large pores (>2 um); however, they gained fair amounts of pore
volume in the very fine pores (<0.06 ym). The pore volume continued to
increase in later regeneration cycles. Internal surface area is essential
-for the adsorption process and is mainly contributed by small pores;
therefore, the increase of fine pores of the regenerated activated bauxite
should increase its internal surface area and thus its adsorption capacity.




10

0.5— T T T T T T T T T T
ACTIVATED BAUXITE
£ 04l FRESH By
€ ————DRIED AFTER 1St SORPTION & LEACHING-REGENERATION(SBL- R) p
o —-—2"saL-R
> ROV 1 { -
2 03 3saL-R ]
>
W)
[« 4
S
a
>
=
-
=
3 0.1 ' : . ' —
,__’_/ .
100 50 20 10 5 2 1.0 05 02 0I10 005 00100005

PORE DIAMETER, pm

Fig. 4. Cumulative Pore Volume as a Function of Pore Diameter for
Activated Bauxites on which NaCl was Sorbed followed by
Regeneration (i.e., Water Leaching).

Attrition of Sorbent. During the water-leaching regeneration stage,
activated bauxite fines were produced due to attrition of the sample. The
amount of attrition not only is an indication of the resistance to abrasion
of the sample but also more importantly allows sample loss during the water-
leaching regeneration process to be estimated. Table 2 gives the attrition,
in percent, of activated bauxite caused by water—leaching regeneration for
each of the three cycles. Attrition was 6.6% in the first cycle and decreased
to 2.8% in the third cycle. :

Table 2. Attrition of Activated Bauxite Caused by Three
Cycles of Water Leaching (Regeneration). NaCl-
adsorbed activated bauxite (A.B.) was leached
with distilled water at gently boiling tempera-
ture (“95°C) for 1 h.

Wt. of A.B.  Wt. of A.B. B
‘Cycle of Leached,@ Lostl as Fines, Attrition,
Leaching . g g %
1. ' 18.5725 1.2304 - ' 6.6
11.2877 0.3397 3.0
3 4.6802 0.1324 . 2.8

%The weight of activated bauxite has been corrected for
the weight of NaCl that was leached out.

bIncludes all particles passing through a l4-mesh screen.
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Leachant Analysis. Previous experimental results (Table 5, ANL/CEN/
FE-77-11) indicated that sodium and chloride ions were present in the water
leachant from NaCl-adsorbed activated buxite in about equal concentrations.
To further confirm the earlier results, the leachants from all three cycles
of water-leaching regeneration in this investigation were analyzed for Na*
and Cl™ concentration. The analytical results are tabulated in Table 3.
As shown in the right-hand column of the table, within the limits of analy-
tical and experimental error, the mole ratio of Na* to Cl1~ is approxi-
mately unity for all three leachants. These results confirm the previous
results, as well as the conclusion that the leachable NaCl ‘is retained by
activated bauxite by an adsorption process. It can also be observed in Table
3 that at later leaching cycles, higher concentrations of Na* and Cl~ are
leached (on the basis of moles per gram of activated bauxite), indicating
that the adsorption process plays an increasing role in NaCl vapor capture by
activated bauxite. The role of the adsorption process in NaCl vapor capture
by activated bauxite (as compared with another NaCl-retention mechanism) is
discussed next.

Table 3. Concentrations of Sodium and Chloride Ions in the Leachants from
Water-Leaching Regeneration of NaCl-Adsorbed on Activated Bauxite.
NaCl-adsorbed activated bauxite was leached with distilled water
at gently boiling temperature (v95°C) for 1 h.

Wt. of Sample Ion Concentration in Leachant, .
Cycle of Leached, mmol/g sample ’ Na+/C1~
‘Leaching g Na*t cl- ~ Mole Ratio
1 18.5830 0.22 0.23 0.96
2 ~11.2949 , 0.25 - . - 0.23 1.09
3 4.6833 0.26 0.24 1.08

NaCl Material Balances. By the procedure described in Fig. 3, the
amounts of NaCl (1) adsorbed during the adsorption stage, (2) leached out
during the water—leaching rcgenerativu stage, (3) lost in attrited activated
bauxite, and (4) retained in the activated bauxite were determined. A material
balance of NaCl was made for each cycle. Table 4 shows the results. The NaCl
material balances shown in the first row in the table were calculated in units
of milligrams per gram of activated bauxite and also represent the sorption
capacities.

As can be seen in the.table; very good material balances were
obtained for all three cycles of the experiment. For the first cycle, 24.2 mg
NaCl was captured per gram of activated bauxite.
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Of the amount of NaCl captured, about 51% was leached out during
water-leaching regeneration. In other words, about 51% of the NaCl captured
by activated bauxite was captured by an adsorption process. The remainder of
the NaCl captured (about 49%) was retained in the activated bauxite. Bauxite
is a principal ore of aluminum, and consists mainly of aluminum oxide and
impurities including SiO2 and clay minerals. Activated bauxite used for
this study contains 81% Al703 and 10% Si0. The reactions of NaCl with the

$i02 and the clay minerals in the activated bauxite are believed responsible
for retention of the about 49% of NaCl captured.

Table 4. NaCl Material Balances for (1) NaCl-Vapor Adsorption and (2) Water-
Leaching Regeneration of Activated Bauxite (A.B.)

NaCl, mg/g Activated Bauxite

Cycle 1 Cycle 2 Cycle 3

INPUT |
(1) NaCl Adsorbedad 24.2 22.2 16.6

(i.e., sorption capacity) '
OUTPUT ‘
(2) NaCl Leached out 12.3(50.8%) 14.7(66.2%) 14.8(89.2%)
(3) NaCl Retained in A.B.b ' ' :

after Leaching 10.4(43.0%) 6.5(29.3%) 1.4(8.4%)
(4) NaCl Lost in Attrited '

" Material after Leaching 0.7(2.9%) 0.5(2.3%) - 0.5(3.0%)

(5) Total ) . 23.4 21.7 16.7
(6) Loss [(1)-(5)] 0.8(3.3%) 0.5(2.2%) -0.1(-0.6%)

aExcept for the first cycle, the values were obtained by subtracting the
amount of NaCl retained in the dry regenerated activated bauxite (row 3)

ot the previous cyuvle from the total NaCl in the NaCl-adsorbed activated
bauxite. o ‘

b . . .
Except for the first cycle, the values were obtained by subtracting the
amount of NaCl retained in the dry regenerated activated bauxite (row 3) of

the previous cycle from the total NaCl in the dry .regenerated activated
bauxite. ‘

In the second and third cycles, the sorption capacities (row 1)
decreased to abont-92% and about 70% of the sorption capacity achieved in the
first cycle. This decrease in sorption capacity is due to the loss uf the
chemical reactivity with the SiO; and clay minerals in the activated bauxite.
However, it may be seen in row 2 of Table 4 that the quantity of NaCl captured -
by an adsorption process increases in the second and third cycles. This is
believed to be due to an increase in the internal surface area of the regen-
erated activated bauxite, as discussed previously. In contrast to the greater
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NaCl capture by an adsorption process in the second and third cycles, NaCl
capture by chemical reactions with $iOp and clay minerals decreased sharply
in the later cycles (row 3 of Table 4).

On the basis of these data, it can be reasonably inferred that after
third-cycle regeneration, NaCl vapor will be captured by activated bauxite
essentially by an adsorption process. An adsorption process is a reversible
process, which means that the adsorbent can be reused repeatedly after desorp-
tions of the adsorbate. For a given adsorbate and for unit weight of a given
adsorbent, the amount of adsorbate adsorbed at equilibrium is a function of
the final pressure- and temperature only;1 therefore, after the third cycle,
at constant pressure and temperature, the amount of NaCl vapor adsorbed (i.e.,
the sorption capacity) by activated bauxite through a pure adsorption process
should be constant and independent of adsorption and regeneration cycle.

Based on this behavior, the sorption capacity of about 16 mg NaCl per gram
activated bauxite would be maintained starting with the fourth cycle of the
sorption and regeneration process.

Under different conditions, the sorption capacities obtained for
activated bauxites using the laboratory-scale batch-unit fixed-bed combustor
on a once-through basis were smaller than 8 mg NaCl per gram of activated
bauxite; greater than 90% of the NaCl vapor was removed from simulated flue
gas of PFBC (ANL/CEN/FE-78-10). Therefore, since 90% of the NaCl could be
removed using fresh activated bauxite which captured only 8 mg NaCl per gram,
the adsorption capacity of 16 mg NaCl per gram of regenerated activated
bauxite is very adequate for a practical application, with greater than 90%
removal of NaCl vapor from flue gas achievable.

On the basis of experimental results obtained from this adsorption
and water-leaching regeneration experiment, it can be concluded that activated
bauxite can be easily regenerated and reused by a simple water-leaching
process. :

c. Mechanisms of Sorption of NaCl Vapor by Diatomaceous Earth and
Activated Bauxite

Diatomaceous earth is a sedimentary rock of marine or lacustriue
depositiun. Chemically, it consists primarily of silicon dioxide and various
amounts of impurities such as clay, carbonaceous matter, iron oxide, sand,
etc. Celatom MP-91 diatomaceous earth is a product of Eagle-Picher Industries,
Inc., Ohio, and is used in this study. It contains 92% SiOz, 5% Al203, and
other impurities. Previous experimental results (Table 5, ANL/CEN/FE-77-11)
from this work indicated that NaCl vapor captured by diatomaceous earth was
primarily tied up in chemical forms that are not soluble in water. The reac-
tion of

AH1g73k = 5.71 kcal mol~l for n =1

is well known and has been studied.2,3 The NaCl vapor retained by diatoma-
ceous earth is believed to primarily react with diatomacous earth according
to the above reaction to form sodium silicates that are not readily soluble
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in water. The solubility of an alkali metal silicate depends on the ratio

of silica to alkali metal oxide and is also controlled by the amount of
impurity present.4 Part of the NaCl vapor may also react with clays present
as impurities in diatomaceous earth because clay minerals are known to be
effective "getters" for alkali metal compounds.”?~7 1In an investigation of
the kinetics of the above reaction, it was reported3;8 that between 840 and
940°C, the rate of the above reaction increases with temperature according to
the Arrhenius equation. The rate of reaction of NaCl vapor with diatomaceous
earth in the present system is also noted to increase with temperature
(ANL/CEN/FE-78-10).

_ Bauxite is a principal ore of aluminum; it consists mainly of
aluminum oxide and other impurities, including Si02 and clay minerals. As
shown and discussed in Section 1.b. of this task (NaCl Adsorptiuvn and Water~
Leaching Regeneration of Ac¢tivated Bauxite Eorbent), 51% of the NaCl vapor is
captured by activated bauxite by an adsorption process for the fresh activated
bauxite. 1In contrast to the chemical process (reactions of NaCl vapor with
8510y and clay minerals in activated bauxite), adsorption sharply increases
at later regeneration cycles.

d. Preliminary Economical Evaluations of Diatomaceous Earth and
Activated Bauxite used for the Removal of Alkali Metal Compounds
from Hot Flue Gas of PFBC

Both diatomaceous earth and activated bauxite (alkali sorbents)
are effective in removing alkali metal compounds from hot simulated flue gas
of PFBC, .as has been experimentally demonstrated. Here, these two alkali
sorbents are further evaluated from a practical economic viewpoint. To
allow comparison, the cost of SOy sorbent is also included in this evaluation.
Table 5 shows assumptions and computation bases for this preliminary economic
evaluation for a 200-MWe PFBC demonstration plant.

On the basis of assuwptions in Table 5, a material balance around
a 200-MWe PFBC demonstration plant combustor was made and is shown in Fig. 5.
The material balance shows that 206.9 ML/h flue gas at 800°C and 1 MPa
(10 atm) will be produced which must be treated for removal of alkali metals.
Experimental results showed that both diatomaceous earth and activated bauxite
can achieve 90% removal of alkali metals from the flue gas at a gas hourly
space velocity (GHSV) of 33,500 h~l. The GHSV is defined as the volumetric
flow rate of flue gas per units of sorbent volume per hour. Theraefore, the
volumetric flow rates of alkali sorbents required to treat 206.9 ML/h flue
gas can be calculated. With known bulk densilLies and current prices of
alkali sorbents, as shown in Table 5, the mass flow rate nf alkali-sorbents
needed and also the cost of the sorbents for a given mass flow rate of coal
burned can be computed. Table 6 shows the computed results. '

As compared with the 0.82 mill cost for SOy sorbent per kWe-h
electricity produced, 0.22 and 1l.64 mill would be the costs of using diatoma-
ceous earth and activated bauxite, respectively, to achieve 90% removal of
alkalis from the hot flue gas from a 200-MWe PFBC demonstration plant. Al-
though the cost of using activated bauxite is about eight times the cost of
diatomaceous earth, this cost differential may be offset by regeneration of
activated bauxite.



Table 5. Assumptions and Computation Bases for the Preliminary Economic Evaluations of Granular.Sorbents
(Diatomaceous Earth and Activated Bauxite) for the Removal of Alkali Metal Compounds from Hot
Flue Gas of a 200-MWe PFBC Demonstration Plant

Assumptions for 200-MWe PFBC Demonstration Plant

(1) Coal: Typical Illinois coal with a heating value of 29 MJ/kg of coal (12,500 Btu/lb) and an ul-

timate analysis of 70.3%Z C, 5.0%Z H, 1.3% N, 3.3% S, 11.4% ash, and 8.7% 0.

(2) SO0 Sorbent: Tymochtee dolomite containing 51.8% CaCO3 (20.7% Ca) and 43.3% MgCO3; once-through
operatior.

(3) Excess Air: 207%
(4) Ca/S Mole Ratio for 80% S removal: 1.5
(5) Over-all Sycle Efficiency: 40%

Comput ation Bases for Alkali-Sorbent Evaluat1on

(1) 90% removal of alkali metal compounds from hot flue gas (800°C) assumed to contain 29 ppm
(by vol) alkalis at linear velocity of 66 cm/s (2.2 ft/s) and GHSV = 33,500 h~l (This basis
is achievable based on the experimental results obtained with both diatomaceous earth and
activated bauxite at 800°C and atmospheric pressure operations)

(2) Bulk Density of Granular Sorbents (p given by manufacturer)

PD.E. = 24 1b/ft3 (385 g/L)

PA.B. = 55 1b/ft3 (882 g/L)
(3) Current Price of Granular Sorbents (August 1978)

$80/ton of diatomaceoué,earth
$275/ton of activated bauxite
$8/ton of 807 sorbent (assumed)

(4) Once~through operation for alkali sorbents

ST
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——*  Flue Gas: 206.9 ML/h
’ at 800°C and -
10 atm.

14.9 vol % CO,

3.4 vol % Op

6.0 vol % H20

4 480 ppm SO2

29 ppm total Na and
K (assumed)

Balance Np

200-MWo
PFBC.

Coal; ——— : - «———— 507 Sorbent
619 Mg/h , 18.6 Mg/h
{68.2 tons/n) ——— (20.5 tons/h)

Air: 710.5 Mg/h

Fig. 5. Material Balance for Conceptual
200-MWe PFBC Demonstration Plant,
based on Assumptions in Table 5.

Table 6. Granular Sorbents for Removal of Alkalis and S02,
200-MWe PFRC Demonstration Plant. Calculations
are based on assumptions and computation bases in

Table 5.
Sorbent Required Cost of Coat of Sorhent
per ton of Coal Sorbent per kWe-h
Burned, per ton, Produced,
Sorbent 1b 3 mill/kWe-h
S02 Sorbent 601 8 - 0.82
Diatomaceous
Earth 16 80 0.22
Activated

Bauxite 35 275 1.64
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It is emphasized that the results presented in Table 6 were com-
puted on the basis of removing 90% of the alkali metal compounds from hot
flue gas which is assumed to contain 29 ppm alkali vapors. This basis was
chosen because with both diatomaceous earth and activated bauxite, 90% alkali
removal from hot simulated flue gas of PFBC containing 29 ppm NaCl vapor had
been achieved experimentally at 800°C and atmospheric-pressure operation. To
the present, however, no reliable measurement of the level of total alkali in
the flue gas of PFBC has been obtained, nor is the allowable level of alkalis
in the flue gas of PFBC that is tolerable by a gas turbine known. Based on
thermodynamic calculations made by researchers at General Electric Company,
it has been estimated.that the alkali vapor present in the flue gas of PFBC
will approach 10 ppm when coal containing 0.1% Cl is combusted at.950°C.
Based on experience with gas turbine liquid fuel, that level of alkali vapor
may be as much as two orders of magnitude greater than the acceptable limit
of a gas turbine.? On the basis of this information, the acceptable limit
of a gas turbine may not be met by removing only 90% of alkalis from flue
gas. However, with both diatomaceous earth and activated bauxite, higher
removal efficiency can theoretically be achieved at high pressure (10 atm)
and longer contact time or shorter GHSV (<33,500). Further experiments are
needed to investigate the performance of the two alkali sorbents at high
pressures and low concentrations of alkali vapor in the flue gas.
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2. Particle Removal from Flue Gas
(W. M. Swift, F. G. Teats, A. R. Pumphrey, S. D. Smith, and
J. J. Stockbar) :

In PFBC, the hot flue gas from the combustor must be expanded through
a gas turbine to recover energy and make the process economic. However, to
prevent erosion of the turbine blades by particles of limestone and fly ash
entrained in the flue gas, the particle mass loading must be reduced to
acceptably low levels.

Although the air quality requirements for a gas turbine have yet to be
experimentally demonstrated, estimates have been made of what constitute
"acceptably low levels" of particle mass loading for a gas turbine. Westing-
hnuse, for example, has suggested that loadings in the range uf about 0.05 to
aboul 0.005 g/m3 (depending on the parlicle sigso distrihution) would be
acceptable.l0 Since particle loadings in the flue gas leaving the combustor
are on the order of about 30 g/m3, a total particle-removal efficiency between
99.8 and 99.98% would be needed to meet the turbine air-quality requirements.

Existing devices readily adaptable to high-temperature, high-pressure
particle removal such as conventional cyclones are not very efficient in
removing particles having diameters smaller than about 10 pm. Thus, achieving
the very low loadings necessary for PFBC requires that highly efficient methods
be developed for removing particles having diameters between 2 and 10 um from
high-temperature/high-pressure flue gas. 4

Promising flue-gas cleaning methods identified for testing and evalua-
tion in the off-gas system of the ANL 15.2-cm-dia fluidized-bed combustor
include granular-bed filtration, high~efficiency cyclones, and acoustic
agglomeration. This report presents (1) the progress made in developing a
pulse-jet resonant-manifold system for investigation of acoustic dust condi-
tioning and (2) the results of testing a high-efficiency cyclone.

a. Acoustic Dust Conditioning

Acoustic dust conditioning (ADC) is a technique to enhance the
natural tendency of polydispersed particles to impact upon each other and
agglomerate. Fine particle emissions are controlled in a process whereby the
mean size of the effluent particles is significantly increased by exposure to
high-intensity finite-amplitude acoustic fields. Acoustic dust conditioning
would be incorporated into the off-gas treatment system to increase the
collection efficiency of downstream dust collectors.

Efforts to date for development and fabrication of a pulse-jet
acoustic dust conditioning (PJ-ADC) system have been carried out (under a
subcontract) at the University of Toronto.® Components of the system
(ANL/CEN/FE-78-4, p. 35) include (1) a pulse-jet sound generator, (2) a
resonant manifold system to match the acoustic system capacity with the FBC
system volumetric gas flow capacity, and (3) an acoustic treatment section
where the flue gas can be exposed to the acoustic field.

x A
Direction is by Dr. David S. Scott, Professor and Chairman, Department of
Mechanical Engineering.
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The merits of PJ-ADC as applied to PFBC have been reviewed,ll and
the basic reasoning supporting the development effort is repeated here:

1. PJ~ADC at ambient atmospheric conditions has achieved 5- to
7-fold increases in the mean particle diameter of industrial
type aerosols.l2 Qualitative arguments involving primarily
interparticle spacing but not particle-particle adhesion,
indicate that at the expected temperatures and pressures of
PFBC, ADC should be even more effective than at ambient
conditions.

2. Performance evaluations indicate ‘that high-efficiency cyclones
may reduce solids loadings sufficiently to meet the gas turbine
inlet criterion for particle loading if the mean particle diam-
eter entering the cyclone is increased by a factor of 2 to 5.13

3. Pulse jets are combustors, and éxhausting the heat of combus-
tion from pulse jets directly into the off-gases from the PFBC
would add to the internal energy of the flue gas. This heat
would be extractable by the turbine with the same efficiency
as the PFBC heat of combustion extracted from the flue gas.
Thus, in principle, the power cost chargeable to particle gas
separation by PJ-ADC would be very nearly zero.

4. Qualitative arguments indicate that pulse jets should yield
higher powers and higher efficiencies when run at pressures
greater than atmospheric.

5. The capital and operating costs for PJ-ADC are expected to
be very low. Thus, the use of PJ-ADC could be very advanta-
geous in whatever particle/gas separation technology is
employed (high-efficiency cyclone, granular-bed filter, or
ceramic fabric filter are examples).

The effort at the University of Toronto was divided into three
phases: Phase I, the design, fabrication, and testing of a pulse jet-resonant
manifold system (P.J-RMS) at atmospheric pressure, has been completed.

Phase II, increasing the operating pressure of the PJ-RMS to about 1.01 MPa,
has been initiated. Phase III, which is to be the design, manufacture, and
testing of a PJ-RMS system for installation and evaluation in the flue gas
system of the ANL fluidized-bed combustion process development unit, is yet
to be initiated.

The results of the work at the University of Toronto have been very
encouraging. Major uncertainties surrounding the development of the PJ-RMS
have been removed, and the cffort has yielded no évidence that the technical
objectives of the project cannot be met. However, the project has required
significantly more developmental work than was originally anticipated. The
results obtained to date are summarized below. Emphasized are the advances
made in pulse jet technology during the developmental effort.
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Phase I. Phase I was completed, signified by the steady state,
continuous operation of a high-frequency, high-sound-intensity pulse jet
exhausting into a tuned resonant manifold operating at approximately ambient
conditions. Sound intensities as high as 160 dB were achieved while frequen-
cies of about 300 Hz were maintained.

Prior to the initiation of this project, the University of Toronto
had benefitted from the experience of developing pulse jets for ADC evalua-
tions in various prototype projects conducted at Ontario Research Foundation.l2
However, the specific pulse jets used at Ontario Research Foundation were
not well suited to the requirements of PFBC. To. provide the necessary
technical background for pulse-jet development as part of the ANL project, an
extcnoive review of the literature was first undertaken.

For reasons of both safery and convenience, propane was selected as
the fuel for the pulse jet during development. Although other fuels have not
been used in the developmental program, almost any fuel can in principal be
adapted to PJ operation--even pulverized coal.

The first PJ configurations examined 'in this study operated at
inteneities up rn 130 dB and at frequencies up to 295 Hz, with the microphone
placed at a relatively arbitrary location (at a 45° angle approximaiely 15 cin
from the opening of the PJ exhausting tail-pipe.) In an intensive program of
pulse-jet upgrading, units were developed which achieved sound intensities as
high as 160 dB at a frequency of 280 Hz. During this development, dimensional
and configurational changes were made in the combustion chamber, exhaust pipe,
and air/fuel mixing and inlet designs. Furthermore, air- and water-cooling
systems were developed for control of the metal temperatures of the combustion
chamber and exhaust pipe, respectively.

After acceptable ‘performauce of the pulse-jet was achieved, testing
of the pulse jet exhausting into a resonant manifold was initiated. Tuned as

greater total sound power, as well as higher frequencies, than could the same
pulse jet exhausting into the free atmosphere. It was also discovered that a
"double-frequency" operating mode could be achieved (about 550 Hz) by proper-
ad justment of the overall length of the resonant manifold. At these "double

frequencies,”" higher sound levels were achieved than with normal RMS frequen-
cies of about 300 Hz.

Although the absence of definitive and quantitiative diagnostics
prevents unequivocal claims regarding pulse-jet performance, the following
are claimed as advances in pulse-jet technology:

1. The achievement of sound intensity levels of about 160 dB,
as measured at the location indicated above, at a frequency
of about 300 Hz is believed to exceed the highest sound
levels previously obtained at this frequeucy by pulsc jets.

2. A resonant manifold (length resonator) can be used to pro-
duce more total sound than can the pulse jet alone, and
the frequency of the resonant combustion can also be
markedly increased by the addition of a resonant manifold.
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Phase I1. Phase 1I progress is evidenced by the successful opera-
of the PJ-RMS at pressures as high as 350 kPa. No operational difficulties
were caused by these increased pressures. There is reason to believe that
the increased fuel/air mass flow rates associated with increased operating
pressure resulted in increased sound levels. Although operation of the
pulse jet at 810 to 1015 kPa (the objective of the Phase II effort) is yet
to be demonstrated, there is no reason to doubt that this can be achieved.
Operation of the pulse jet at pressures significantly above atmospheric
pressure constitutes another. significant advance in pulse-jet technology.

Conclusions. On the basis of the developmental work at the Univer-
sity of Toronto, the feasibility of PJ-ADC for PFBC application continues to
look technically feasible. The uncertainty regarding the feasibility of PJ.
operation at elevated pressures appears to be all but removed. Although the
developmental work necessary to extend the operating characteristics of previ-
ously existing pulse-jet designs has been significantly greater than antici-
pated, continued examination of PJ-ADC for high-temperature/high-pressure
applications such as PFBC is warranted.

b. High-Efficiency Cyclone

A Donaldson Co. TAN-JET cyclone, claimed to have better dust-removal
efficiency than conventional cyclones, has been installed in the flue-gas
system of the ANL 15.2-cm~-dia combustor for testing and evaluation. The
cyclone will also be used in testing. of the ANL granular-bed filter concept
and in testing of a pulse jet-acoustic dust conditioning system for enhanced
particle removal.

The TAN-JET employs a secondary flow of clean air to improve gas-—
solid separation in the primary air flow of dirty gas entering the cyclone.
The secondary air flow is preheated to the temperature of the incoming pri-
mary gas and enters the cyclone through a nozzle centrally located in the
cyclone barrel.

Tests at Ambient Conditions. A series of experiments have been
performed at ambient conditions (no combustion, fluidized bed of limestone in
the combustor) as a preliminary step to evaluation of the cyclone. Figure 6
illustrates the present arrangement of the PDU combustion test system, with
the TAN-JET cyclone currently functioning as the secondary cyclone.

For thesé preliminary experiments, the combustion system was pressur-—
ized to about 250 kPa. A bed of fresh limestone in the combustor was fluidized
at a superficial gas velocity of about 0.76 m/s, generating a dust-laden gas.
Fresh limestone was continually fed to the combustor, and a constant bed
level wae maintained via a 0.91-m high overflow standpipe.

After steady operation during an experiment was established, the
primary cyclone and TAN-JET cyclone hoppers were emptied and a timed period of
solids collection was initiated. During this period, the flue gas downstream
from the TAN-JET cyclone was sampled at the sampling port location (see Fig.
6) using an Andersen cascade impactor. The efficiencies of the primary and
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Table 7. Preliminary Experiments in the Evaluation of TAN-JET Cyclone

Exit-Gas Particle Loading ' " Particle Collection Efficiency
AP Across . Primary ' TAN-JET Primary TAN-JET
TAN-JET Nozzle, Expt. Combustor, Cyclone, Cyclone, . Cyclone, Cyclone, . Combined,
kPa - No. g/m3A _ g/m3 g/m3a Ao % yA
, ' 2 12 0.62 0.11 95 81 99.0
~ 70 6 17 1.1 0.17 94 82 98.9
: 4 8 31 1.5 ©0.14 95 90 99.5
B 1 5.0 0.29 0.08 9% 69 98.1
~100 ' 5 25 1.4 0.12 95 90 . 99.5
9 13 0.69 0.13 95 79 99.0
o 3 2.3 0.34 0.08 86 7% T 96.4:
140 7 18 1.5 0.12 . 92 90 99.2
. 10 12 1.2 0.14 90 . 86 98.6

#Total air (main air flow plus secondary air)

14
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TAN-JET cyclones were then calculated from the amounts of solids collected in
their respective ash hoppers and from the solids loading downstream from the
TAN-JET as determined with the cascade impactor.

The results of the experiments are summarized in Table 7. Three
experiments were performed at each of three levels of pressure drop (about 70,
about 100, and about 140 kPa) across the TAN-JET secondary air inlet nozzle.
At 70, 100, and 140 kPa pressure drop across the nozzle, the secondary air
flows represented about 10, about 12, and about 237% of the total gas flow
(primary plus secondary) through the TAN-JET cyclone, respectively.

Solids loadings in the flue gas leaving the TAN-JET cyclone ranged
from 0.08 to 0.17 g/m3. Collection efficiency ranged from 69 to 90%.

Tn Fig., 7, the cullectién efficiwucy data io presented as percent
penetration (100% - collection efficiency) as a function uf the mass loading
entering the TAN-JET cyclone. As expected, percent penetration decreased
with increases in mass loading Luv the cyclone. At an inlet mass loading of
about 0.3 g/m3, penetration was measured to be about 30%. At an inlet mass
loading of about 1.5 g/m3, penetration was measured to be only about 10%.

The tests were not sufficiently sensitive, however, to assess the effect of
the nozzle pressure drop on the collection efficiency. Penetration at a
given inlet mass loading would be expected to decrease with increasing nozzle
pressure drop.

40 T T T
NOZ2ZLE AP kPo
0 ~70
o ~100

o
30 \ o ~140 -

Fig. 7. Penetration of Flue Gas
= Particulate Matter Thitough

PENETRATION, % (- 100 % -cyclone caplure efficiency)

201
TAN-JET Cyclone as a Function:
of Mass Loading in Flue Gas
Entering the Cyclone,

10r- ]

a7
0 1 ] 1
0 0.5 10 1.5 2.0

MASS LOADING IN FLUE GAS ENTERING CYCLONE, g/m*

Figure 8 is a plot uf the mass loading in the flue gas leaving the
TAN-JET as a function of the mass loading in the gas entering the cyclone.
Although this data exhibits scatter, it does indicate (as expected) that the
above-discussed increases in cyclone efficiency with increases in inlet mass
loading are insufficient to prevent the outlet mass loading from increasing
at higher inlet mass loadings. :
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Tests during Combustion Experiments. Several experiments have been
completed to test and evaluate the TAN-JET cyclone during combustion experi-
ments in the PDU. Conditions in the combustor were: (1) Sewickley coal,

(2) Greer limestone sorbent, (3) 855°C combustion temperature, (4) 304-kPa
operating pressure, and (5) approximately 17% excess combustion air.

Results of the tests completed are given in Table 8. As compared
with the experiments at ambient conditions, in.combustion experiments the
loadings leaving the primary cyclone and entering the TAN-JET were consider-
ably higher. In these experiments, loadings to the TAN-JET ranged from about
2.2 g/m’ to about 3.4 g/m>. The loadings in the preliminary experiments
ranged from about 0.3 g/m3 to about 1.5 g/m3. At the high inlet loadings,
the TAN-JET collection efficiency ranged from about 91%Z to about 95% and load-
ings in the outlet gas from the TAN-JET ranged from about 0.15 to 0.24 g/m3.

The data are also presented in Figs. 9 aud 10. (The open symbols
are the ambient temperature data also presented in Figs. 7 and 8). The solid
symbols represent the data obtained during combustion experiments. Figure 9
illustrates the penetration of particles through the TAN-JET cyclone as a
function of the mass loading in the flue gas entering the cyclone. Figure 10
illustrates the mass loading in the flue gas leaving the TAN-JET cyclone,
also as a function of inlet mass loading.

As can be seen from Fig. 9, the penetration data obtained in combus-
tion experiments is consistent with the penetration data obtained under lower
loading conditions in the ambient experiments. Penetration continues to de-
crease with an increase in inlet mass loading.



Table 8. TAN-JET Collecticn Efficiency in Combustion Exp2rima2nts

Exit-Gas Ferticle Loading Particle Collection Efficiency
AP Across ' Primary TAN-JET Primary TAN-JET
TAN-JET Nozzle, Expt. Combustor, Cyclone, Cyclone, Cyclane, Cyclone, Combined,

KPa No. -~ g/m3 T g/m3 g/m3a. % % %
100 8001LP1B ~35.1 © 3.15 0.151 90.1 | 95.2 99.1
100 8001LP1D 37.7 3.18 0.148 90.8 95.2 99.2
100 .8001LP1D 35.2 2.54 0.147 91.7 94 .4 0 99.2

70 8001LP1E 30.3 2.16 0.196 . 91.8 90.9 98.9

70 8CIOILP1E 28.7 3.39 0.243 86.3 92.8 98.6

140 8001LP1F 31.4 3.24 0.148 88.7 95.4 99.0

9¢

a . .. .
Total air (main air flow plus secondary air)
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The effect on cyclone efficiency of the pressure drop of the
secondary air flow nozzle, which was not readily apparent from the ambient
data, is illustrated in Fig. 10. In the high range of inlet mass loading,
2.0 to 3.5 g/m3, particulate removal was significantly worse at about 70
kPa pressure drop than at greater pressure drops. At the higher (about 100
and about 140 kPa) pressure drops, performance was independent of pressure
drop. In fact, at the higher pressure drops, very little increase in outlet
mass 10ad1ng was observed as the inlet mass loading 1ncreased from about 1 to
over 3 g/m3.

The results illustrated in Fig. 10 are encouraging. At nozzle
pressure drops greater than 100 kPa, the mass loading in the flue gas leaving
the cyclone was less than 0.15 g/m3, even for inlet mass loadings as high
as 3.2 g/m

Additional experiments are planned to operate the system at higher
pressure (about 810 kPa) and to generate information on separation efficiency
as a function of particle size,
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TASK C. LIMESTONE UTILIZATION

1. Enhancement of Limestone Sulfation
(J. A. Shearer and C. B. Turner)

Extensive work has been done in this laboratorg on characterizing the
effects of inorganic salts on limestone sulfation.l Results have shown that
for all limestones investigated, maximum sulfation is achieved when the aver-
age pore diameter of the calcined material is near 0.3 ym. Previous work on
limestone sulfation demonstrated that pores larger than 0.3 um appear to be
most important in reactions with S07/09 mixtures.l® 1In this work, surface
areas as well as porosities have been measured for the untreated limestones
investigated. Table 9 lists total surface areas, surface areas of pores

>0.3 pm, total pore volumes, and pore volumes of pores >0.3 um for limestones
calcined 1 h in 5% 02, 20% CO2,. and the balance Np. The stones are listed in
the order of their increasing CaCOj content (indicated by the first two digits
of their number designations).

No correlation of either surface area or pore volume with CaCO3 content
is apparent. The porosity of the calcined stones reflects the original por-
osity of the natural limestones, as well as the effects of impurities on the
resultant porosity of the calcined material.

As mentioned earlier, literature datal® on the reactivity of calcium
carbonate-containing rocks with SO indicated that porosity and reactivity
are related. Data collected during this investigation on sulfation reactivity
of limestones exposed to a simulated flue gas at 850°C are plotted against
total pore surface area (Fig. 11) rather than porosity or pore volume. There
is no correlation of reactivity with total porosity. However, there is an
obvious relationship (Fig. 12) of the percent conversion to sulfate and the
surface area of pores >0.3 um in diameter (as measured with a mercury porosi-
meter). The data indicate that as the surface area of pores larger than 0.3
ym diameter increases, sulfation of the lime increases, leveling off at 50-60%
conversion (the apparent maximum range of sulfation for pure limestones).

When these limestones are treated with either NaCl or CaCly, their sur-
face areas change greatly, At low lavels of salt-addition, pore surface area
increases, but with greater salt additions and subsequent enlargement of pores
and loss of micropores, pore surface area decreases. Figure 13 shows conver-
sion versus surface area of pores >0.3 um for (1) untreated stones (also given
in Fig. 12) and (2) salt-treated stones having a wide variety of reactivities.
Conversion for all treated stones approaches 50%, a conversion exhibited by
only the most reactive of untreated limestones.
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Table 9. Pore Volumes and Surface Areas for 18-20 mesh Limestones@ Calcined
1 h in 20% CO9, 5% 02, and the balance Ny at 850°C

Total Surface Surface Area Total Pore Pore Volume for
Area, for Pores >0.3 um, Volume, Pores >0.3 um,

Stone cm?/g cml/g ' cm3/g cm3/g
ANL-6702 87,742 , 12,510 0.423 0 0.219
ANL-7401 89,795 6,764 0.423 0.130
ANL-8001 58,114 : 8,868 0.325 0.118
ANL-8101 129,121 3.612 0.453 0.175
ANL-8301 163,603 2,108 0.403 0.058
ANL-8701 68,297 14,537 0.396 0.161
ANL-8901 109,217 . 6,253 0.357 0.109
ANL-8902 92,397 3,236 0.310 0.055
ANL-8903 91,923 6,478 0.369 0.107
ANL-9201 134,793 1,315 ' 0.325 0.080
ANL-9401 87,146 - 29,066 0.508 , 0.280
ANL-9402 124,779 1,370 0.277 0.050
ANL-9501 188,442 877 0.375 0.051
ANL-9502 73,057 12,770 0.382 0.156
ANL-9503 113,907 9,227 0.512 0.243
ANL-9504 112,596 2,981 0.351 0.055
ANL-9505 . 80,099 4,660 0.338 0,130
ANL-9601 197,599 ' 2,099 0.454 0.160
ANL-9602 116,824 4,251 - 0.345 0.092
ANL-9603 90,043 3,297 0.295 0.070
ANL-9701 120,202 2,090 0.351 0.051
ANL-9702 175,777 2,285 0.353 0.090
ANL-9703 108,540 9,736 0.519 : 0.281
ANL-9704 82,474 : 8,378 0.388 0.120
AN1L-9801 113,486 4,393 0.430 0.144
ANL-9802 93,608 6,727 . - 0.488 0.260
ANL-9901 110,056 6,187 0.392 0.116
ANL-9902 -100,952 , 9,655 0.473 0.214

Calcite 285,350, " 619 0.281 : 0.038

a A . .
Stonc compositrions are given in Reference 15,

Pore volumes (determined directly from mercury porosimetry measurements)
are related to surface areas of limee. Whereas Fig, 14 shows a weak correla-
tion betwesn Lotal pore volume and conversion to sulfate of the available Cav,
the correlation with sulfation reactivity is greatly improved by considering
only the volume .of pores with diameters larger than 0.3 um.(Fig.15). This cor-
relation allows the reactivity of a given limestone with S02/02 to be roughly
predicted relative to other limestones being considered. This has application
to fluidized-bed coal cumbustion where the choice of limestone is limited more
by geographic location of limestone formation than any other factor.
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At present, investigation of the effects of CaClz on dolomites and the
sulfating capacities of the CaCljp-treated calcines is being-completed. Scan-
ning electron microphotographs are being prepared to provide visible evidence
of CaCly effects on both limestones and dolomites.

When amounts of salts greater than 1 mol % are added, surface area and
reactivity decrease under laboratory conditions. Conversion of Ca0 to CaSO,
appears to be related to the surface area for pores >0.3 ym. Larger surface
areas produce maximum reactivity which is limited by the stLuLtural space re-
quiremcnts of the large CaSO4 molecule.

Investigation of the effects of additives during sulfation of limestones
has shown major effects on the physical structure of the stones. Scanning
electron microscopy has been successfully used in conjunction with mercury
porosimeter data to describe in detail the changes that occur during calcina-
tion and sulfation of treated limestones (see below).

The use of NaCl as a sulfation-enhancer has reccived wmust o0f the experi-
mental atteulion.ld A _suggested mechanism proposes that trace amounts of
liquid phase form, lowering the activation energy of decomposition and recrys-
tallization and thereby acceleratlng the ionic _rearrangement and increasing
porosity in the lime.
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It was uncertain whether a liquid or vapor phase forms. The structures
seen in the photographs in Fig. 16 provide a partial answer. Figure 16 shows
two views of a calcite spar crystal treated with a minute amount of NaCl.

The salt crystallized from an aqueous solution as discrete particles during
treatment. Upon heating of the particles at 850°C for 40 min, a liquid
formed which interacted in a gradually enlarging sphere around the point of
contact with the calcite crystal. Lessening structural changes in circles
around salt particles strongly suggest a liquid phase interaction. The
presence of a vapor phase -would have produced a more uniform attack over the
entire sample.

In this investigation, the effects of CaCly on limestone sulfation
were also studied (ANL/CEN/FE-78-3). The mechanism of interaction of limestone
containing small concentrations of this salt was suggested to be similar to
that with NaCl. Figure 17 illustrates the effects of various amounts of
CaCly upon the calcination of ANL-9501 limestone. Alsv illustrated are
two untreated samples that were calcined for different lengths of time.

Firing for a long duration has the effect of increasing the porosity as
indicated by Fig. 17b; this photograph shows uniform pores over the entire
particle. These pores are larger than those produced by 2-h firing (Fig.
17a).

In sharp contrast to NaCl, small amounts uf CaClz have a large effect.
Extensive pore growth and crystallite clumping occurred (Fig. 18) similar
to the effects produced by large amounts of NaCl, (shown in photographs
presented earlier).l> As the concentration of CaCl, increased, the extent of
eryotal growth increased, and pore size gradually increased. At levels of
salt addition greater than 1 mol 7% CaCly, the lime particles hegin to fuse
together (Fig. 18). At this point, large amounts of liquid phase formed that
were capable of dissolving Ca0 in substantial amounts, as shown by the phase
diagram for this system.l? Figure 18 illustrates this characteristic flow
structure in ANL-9501 limestone. Figures 18b and 18c show the junction of
two separate limestone particles at two magnifications. The point of contact
is between the darker image 'and the lighter image. The particles have fused
together yet retain some coarse porosity. At the sulfation temperature, this
is a very fluid system containing dissolved Ca0 and hence has great potential
to react with $0;/09 mixtures. The extent of reaction is limited only by the
presence of sufficient liquid phase to dissolve residual unreacted Ca0.

Sulfation experiments show that indeed there is maximum sulfation (50%
conversion) at low salt concentrations; conversion starts to decrease when
these low CaCl; additions are excceded. At CaCly concentrations above
1.0 mol %, however, the extent of sulfation begins to increase rapidly; with
continued CaClp addition, conversion approaches 100%. Practical application
of this information is limited since the high salt concentrations produce
sticky particles that may cause problems in maintaining fluidization in a
fluid-bed combustor. However, CaCly has been successfully added to injected
limestone powder in a large-scale fixed-bed combustor to enhance the sulfation,
removing sulfur from exhaust gases at very high temperatures’ (>1000 c).18
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Surfece of Calcite Spar Particle (two views) Calcined with
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Fig. 18. Limestone ANL-9501 with CaClp. Calcined 1 h at 850°C in 50% 02,
20% COp, and the balance Np. ANL Neg. No. 308-78-419
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Extrapolation of laboratory tube furnace results to actual fluidized-bed
combustor conditions would introduce many variables not present under con-
trolled laboratory conditions.

Differences between limestones are currently being investigated with a
polarizing microscope in order to relate structural properties to sulfur
reactivities. Also, experiments are being initiated to examine the effects
of reducing conditions on limestone reactivity and also on the effectiveness
of inorganic sulfation enhancers. Products generated by a 15-cm-dia (6-in.-dia)
combustor are also being characterized for comparison with laboratory samples
that had been reacted in flow-through horizontal-tube furnaces. Attempts to
isolate various reaction conditions to determine their effects on limestone
sulfation are being pursued using both the laboratory-scale apparatus and the
larger fluidized-bed combustors.

The effeccte on sultation of Lhe structuru ol ralcined material (1.0
grain size and other properties determinable from SEM pholugraphs) will be
determined. In this report in the section, Petrographic Examination of Lime-
stones, a polarizing microscopy evaluation of the structure of raw untreated
stones is described.

P Petrographic Examination of Limestones
(W. I. Wilson and J. A. Shearer)

Petrographic analyses of several calcareous rocks were made and compared
with their limestone SOy reactivities to determine the basic structural
reasons for wide variations in calcium utilization for carbonate rocks which
have essentially the same chemical composition. The calcareous rocks studied
have CaCO3 contents ranging from 95 to 100 wt % (Table 10). One limestone
has a total calcium utilization of approximately 20%. Four have total calcium
utilizations ranging from approximately 31 to 38%, and three have total calcium
utilizations ranging from approximately 52 to A67%.

Following vacuum—-impregnatiou with cpoxy resin of particles from each of
the eight rocks, polished sections were made. These sections were examined
in reflected polarized light. Average grain sizes were estimated. (These
estimates may be in error by a factor of two to three.) To obtain an estimate,
the predominant size of the grains present in the sample was determined with
the microscope, and these values were assigned to one of three size
categories: (1) fine, 4 to 63 pm across; (2) medium, 63 to 250 um across,
and (3) coarse, 250 pm across. More quantitative grain size measnrement will
be made by point-counting several hundred grains in thin sections of each
sample (to be prepared later).

a.  ANL-9802%

Because the finer grains in this stone tend to pluck out during pol-
ishing, it is difficult to estimate the average grain size from the polished
section of this limestone. Crushed particles viewed in ftransmitted light show
that the average size is 3 to 6 um. Normally, the vacuum impregnation treatment
promotes greater retention of grains unless the permeability to epoxy is very
low. The high reactivity of this limestone is probably linked with its high
porosity, yet is limited somewhat by its apparently low gaseous permeability.

= :
Examined by L. H. Fuchs, Chemistry Division
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b. ANL-980]1 Limestone

This coarse—grained calcitic limestone is gray and contains a few
dark gray seams which are probably carbonaceous stylolites. This limestone
appears to be an equigranular rock (grains are all approximately the same
size). The low reactivity of this stone is probably linked with its coarse
granularity and its low porosity.

é. ANL-9703 Limestone

This stone appears to be a fine-grained porous carbonated limestone.
The texture is somewhat loose, making it more highly reactive. The high reac-
tivity of this stone is probably linked with its high porosity and fine grains.

d. ANL-9702 Limestone

This sample, more than any of the others, shows a distinct twinning
characteristic (groups of two or more crystals in which the individuals grow
together symmetrically so that they share a common plane). The grains vary
greatly in size from medium to coarse. The coarse grains show the twinning
characteristic of the limestone. '

It is not certain what caused twin crystals in this limestone.
However, the nature of this texture, as well as the stone porosity, may be

significant in causing the low reactivity of the stone.

e. ANL-9701* (Germany Valley) Limestone

This limestone is fine grained and dense, but contains some coarser
vein—-deposited calcite. Grain sizes are predominantly near 5 um. The fine-
grained texture of this limestone is not conducive to higher reactivity. The
densely packed crystallites probably indicate a low porosity.

f. ANL-9603 Limestone

The grain sizes of this limestone vary from fine to coarse. The
coarse grains show a twinning characteristic similar to that of the ANL-9702
limestone sample. The total calcium utiligzation is also essentially the same
as that of ANL-9702. Therefore, the nature of this texture, as well as its
porosity, may be significant in determining the low reactivity of the stone.

g. ANL-9602 Limestone

The grains of this sample appear to have uniform sizes for the most
part. They appear to be loosely packed crystallites, indicating high porosity
and high permeability.

h. ANL-9501 (Grove) Limestone

This fine-grained limestone is uniformly gray and equigranular.
The grains appear to be tightly interlocked. A few veinlets of calcite occur
in some particles. The low reactivity of this stone probably results from
its tightly interlocked grains. '

*
Examined by L. H. Fuchs, Chemistry Division



Table 10. <ompositions of Limestones .

TGA Total Ca

CaC04q, MgCO03, Fe903, Al703, $i09g, ﬁazo, K90, Utilization,
Limestone wt % wt % wt % wt % wt % Wt % wt % %
ANL-9802 98.2 0.47 0.18 - 0.10 0.29 3.04 0.01 - 61.8
ANL-9801 98.3 0.6 0.15. 0.16 0.20 ©0.04  0.20 35.3
ANL-9703 : . 97.6 0.58 0.19 0.50 1.08 0.C3 0.17 66.2
ANL-9702 |
(Germany Valley) 97.5 0.68 0.05 . 0.05 0.21 J.01 0.01 " 31.0
ANL-9701 97.8 0.6 0.10 1.8 0.2 0.25. - 18.7
ANL-9603 96.4 1.56 0.10 0.30 0.70 0.95 0.11 32.1
ANL-9602 96.2 0.43 0.12 0.21 1.19 0.03 0.01 51.7
ANL-9501 ‘

(Grove) : 95.3 1.3 0.09 0.25 0.77 0.03 - 37.5

0%
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i. Conclusion

It remains uncertain whether the petrograph1c properties of the
"limestones account for their differences in reactivities. The data do not
clearly indicate that petrographic texture influences 807 reactivity. Further
work in which crystal defects such as intracrystalline or intragranular voids,
fluid inclusions, and twin lamellae are studied may enable us to predict sul-
fur reactivity more accurately from petrographic data.
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