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SCREENING OF GRANULAR SORBENTS FOR
THE REMOVAL OF GASEOUS ALKALI METAL COMPOUNDS
FROM HOT FLUE GAS -

by

Sheldon ‘H. D. Lee, William M. Swift,
~and Irving Johnson

ABSTRACT

Six commercially available sorbent materials have been tested as granular.
sorbents to be used in granular-bed filters for the removal of gaseous alkali
metal compounds from the hot (800-880°C) flue gas of pressurized fluidized-bed
combustors (PFBC) for proposed combined-cycle power generation. Tests were
performed by passing simulated relatively dry flue gas of PFBC through
granular-bed filters in either a laboratory-scale, fixed-bed combustor or a
high temperature sorption test rig. The experimental results of screening"
tests are presented. Diatomaceous earth and activated bauxite were found to
be the two most promising sorbents. Possible sorption mechanisms and applica-
tions of the sorbents are discussed.

I. INTRODUCTION

Pressurized fluidized-bed combustion (PFBC) in combined-cycle power:
generation systems provides a direct.coal combustion process having the
potential for improved thermal conversion efficiency, reduced costs, and
acceptable envirommental 1mpacts.1 In such systems, the pressurized hot flue
gas will be expanded through a gas turbine to recover energy and make the
system economic. Past experience obtained when operating gas turbines with
hot flue gas from (1) the combustion of liquid fuelsZ and (2) the direct
combustion of pulverized coal3 has indicated that particulates of unburned
coal and ash and alkali metal compounds (such as chlorides and sulfates of
sodium and potassium) in the flue gas cause catastrophic erosion, corrosion,
and fouling of gas turbine hardware. Of these corrosive 'agents, alkali metal
compounds in the flue gas are thought to cause hot corrosion of turbine
hardware.4s5 Therefore, for the successful operation of combined-cycle power
plants, cleanup of the hot flue gas to remove particulates and alkali metal
compounds is imperative.

Sodium and potassium compounds exist in coal in similar chemical forms.
Sodium chloride and potassium chloride are present in saline groundwater that
permeates the rock and fills the pores and cracks in the coal bed. Both
sodium and potassium are also constituents of clay minerals in coal, such as
illire and montmorillonite. Sodium chloride is a principal form of sodium in
coal; in contrast, potassium in coal occurs largely as nonvolatile alumino-
silicates. However, potassium can be released from silicates as potassium
chloride by exchange reactions with sodium chloride vapor.6"8 Since both
sodium chloride and potassium chloride have appreciable vapor pressures (0.4
and 0.7 kPa, respectively, at 900°C) at the fluidized-bed combustion temper-
ature range, their vapors are expected to be in the flue gas of PFBC.
Thermodynamic calculations indicate that gaseous sodium chloride and potassium
chloride are the major sodium and potassium carriers, respectively, in the

1 -



flue gas of fluidized-bed combustion of coal.9‘ Alkali metal sulfates can be
formed by the reactions of alkali chlorides with gaseous sqlfu} compounds.

A way to eliminate the hot corrosion of gas turbine hardware is to
reduce the concentration of alkali metal compounds in hot flue gas to a level
tolerable for turbine blades. A way to accomplish this is to use a hot
granular-bed filter to remove the alkali . metal compounds from the hot flue
gas before it is expanded into a turbine. Granular-bed filters are among the
many devices being actively developed for high-temperature, high-pressure
particulate cleanup of flue gas.l0-12 They hold great promise based on their -
potential advantages over other devices for particulate removal. 13 with a
suitable bed material, a granular-bed filter will s1mu1taneously remove
.particulates and alka11 metal compounds.,

Several materials have been found to react effectively with alkali metal
compounds to form nonvolatile products. For examplé, Combustion Power
Company has demonstrated that the addition of an aluminum silicate clay to
the combustion zone of PFBCs effectively reduces the emission of alkali
vapors. 14, The chemical reactiotis pertaining to the fixation of alkali
chlorides by an aluminum silicate clay have been well established.l3 The
authors have also found that clay minerals, silica gel, and bauxite additives
effectively tie ug alkalis during the combustion of NaCl-impregnated activated
coconut charcoal, ‘

Research has been under way at Argonne National Laboratory to develop
effective granular sorbents that can be used as bed material in granular-bed -
filters for the removal of alkali metal compounds from the hot flue gas of
PFBCs. Presented in this report are experimental results obtained on the
screening of six commercial products. ' In these experiments, NaCl, KCl, and
K9S04 vapors were each transported in relatively dry gas simulating tlue gas
of PFBC to test. the products for their alkali-vapor sorption capabilities.
Possible sorption mechanisms and applications for the two most promising
substances are discussed. ' '

IT. EXPERIMENTAL

A. Sorbent Material

Six commercial products were first screened as sorbents for the
removal of NaCl vapor from a simulated hot NaCl-vapor-bearing flue gas having
the composition expected from PFBC combustion. The two most promising
substances were then tested- for the removal of gaseous KCl and KS04.

Table 1 gives the sources and major constituents of six products screened in
this study.

With the exception of Burgess No. 10 pigment, the materials tested
were —8 +10 mesh particles obtained by s1ev1ng. The sieved sorbents were
preheated in a flowing air stream at 900°C to remove volatile alkali metal .
compounds. In the preparation of Burgess No. 10 pigment (a  fine powder), it
was formed into cylinders (2.5-cm dia by 3-cm long) using a hydraulic press,
heat-treated, and then crushed; -8 +10 mesh particles obtained by sieving
were used in the tests. - : :



Table 1. Sources and Major Constituents of Materials Tested

Sorbent v Source Major Constituents
Alundum Norton Company, a-Alo03 (99.5%).
. ‘Massachusetts- -
Celatom MP-91 Eagle-Picher Si09 (92.0%); A1203 (5.0%)
Diatomaceous . Industries, Inc.,
Earth . Ohio
Silica Gel Fischer Scientific §i0,

Company, N. J.

Burgess No. 10 Burgess Pigment . 8109 (44.8-45.3%)
Pigment oo Company, Georgia Al903 (37.5-39.7%)
Attapulgus Clay Engelhard Minerals Si0y (68.0%)

and Chemicals Corp., Al03 (12.0%)

N, J. MgO (10.5%)
Activated 'Engelhard Minerals $i0p (10.0%)
Bauxite and Chemicals Corp., Alg03 (81.5%)

N. J. .

B. Equipment

. A laboratory-scale, batch-type, fixed-bed combustor system was used
to test sorbents for the removal of gaseous sodium chloride and. potassium
‘chloride. Figure 1'is a schematic diagram of the combustor system. A
detailed description of the system is presented elsewhere.l’

The combustor is a 8.9-cm-ID 1.8-m-long horizontal stainless sgteel
pipe and consists of four sections: preheating, combustion, filtration, and
cold-trap sections. The sorbent is placed between two perforated steel
plates in a stainless steel tube, which is fastened upstream from a cold trap
tube into which a cold finger is inserted; thus, the sorbent is in the
filtration section of the combustor. A weighed quantity of pure alkali metal
compound in a platinum sample pan is heated (by induction heating) in the
combustion section of the combustor and is vaporized. The vapor is carried
by preheated flowing gas downstream through the sorbent bed, and any remaining
vapor is condensed on the cold trap tube, the cold flnger, and the backup
filter (i.e., the glass—wool filter).

Because alkali meta1~su1fates have substantially lower vapor
pressures than their chlorides, and because the allowable maximum operating
temperature of the laboratory-scale, fixed-bed combustor vessel is limited to
. 900°C, a small-scale sorption test rig (Fig. 2) that can be operated up to



1250°C was used for tests to determine the sorption of gaseous potassium
In this test rig, a known amount of potassium sulfate contained in

sulfate.

a platinum sample pan is vaporized inside a pure Al903 tube that is heated by

a tubular furnace.

The preheated simulated PFBC flue gas then carries the

alkali metal sulfate vapor downstream through \the bed of sorbent to be tested’

and through a condenser, and finally the gas is vented to an exhaust.

The

sorbent bed is supported by a platinum gauze and quartz tubing inserted

concentrlcally inside the A1203 tube.

with lava end caps.
Al903 tube and the end cap.

The A1203 tube is capped on both ends

A ceramic fiber gasket is used as the seal between the
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C. Procedures

1. - Sorption Tests

All tests conducted in this study were performed at atmospheric
pressure., Except in screening tests for gaseous NaCl in which air was used
as the carrier gas, sorbents were tested using simulated relatively dry flue
gas of PFBC. For tests with:NaCl and KCl vapors, the sample temperature was
controlled at 900°C, which was greater than the sorbent bed temperature of
about 875°C. Because of the substantial dilution of the alkali metal chloride

.vapor by the hot carrying gas, the alkali metal chloride present in the

carrying gas should be in the gas phase. This was supported by vapor pressure
calculations showing that the alkali metal chloride vapor pressure in the
carrying gas was significantly lower than its saturation vapor pressure at

the sorbent bed temperature. The amount of alkali metal chloride vaporized
for a test was controlled by varying the size of the sample pan. For these
tests, the volumetric composition of the simulated flue gas was 3% 09,

16% CO2, ~180 ppm Hy0, ~300 ppm SO7, alkali metal chloride vapor ranging from

- 56 to 103 ppm, and the balance Ny. The trace amount of the moisture was the

moisture present in Oy, COy, and Ny cylinders. Although the estimated alkali



concentration in the flue gas of PFBC is in the order of 10 ppm, a fairly high
alkali concentration in the flue gas was used in this work so that a detectable
amount of alkali vapor could be obtained within a reasonable experimental
period. For the tests with KyS04 vapor, the sample was heated at 1250°C. The
volumetric composition of the simulated flue gas was 2.3% 09, 137 COjp,

120 ppm Hpg, ~110 ppm SOy, A3 ppm K9SO4 vapor and the balance Nj.

At the end of each experiment, the weight loss of alkali metal
compound in the sample pan was measured; the condensates were collected by
washing with distilled water and were analyzed for the alkali metal of interest.
The amount of alkali metal chloride vapor ¢aptured by a sorbent was obtained
by subtracting from the total alkali metal chloride vaporized the sum of
(1) the -amounts of alkali metal chloride condensed on the cold traps and the
backup filter and (2) the amount of alkali metal chloride lost to the combustor
(due to reactions with the hot combustor pipe) before it reached the sorbent
bed. The latter value was obtained from averaging the amounts of alkali metal
chloride vapor loss obtained from several blank runs in which the sorbent had
been directly analyzed for the amount of alkali~vapor capture. The sorption
capability of a sorbent was evaluated by its effectiveness in removing alkali
vapor from flue gas. ‘ . : '

2. Sorbent Leaching

-

A For the purpose of obtaining insight into the reactions between
alkali metal compound vapors and the sorbents, either distilled water-leaching
alone or distilled water-leaching followed by leaching with 5% HCl solution
were performed on (1) fresh sorbents and (2) sorbents after sorption tests.
Both water leaching and acid leaching were conducted in a beaker at gentle
boiling temperature (95°C) for ‘a specified period of time. The leachates
were then analyzed for elemental concentrations of the elements of interest.

D. Analytical Methods

Sodium concentrations in either water or acid solutions were deter-
mined by flame emission spectrometry, and potassium concentrations by .atomic
absorption spectrometry. An Instrumental Laboratory Model 153 spectrometer
was used for the analyses. For the analysis of chloride ion in solution, an
argentometric method. was usedl8--a method of titration in which AgCl precipi-
tates. ' ’

III. RESULTS AND DISCUSSION

A. Screening Tests

. Six commercial products (Table 1) were first screened by measuring
their effectiveness for removing NaCl vapor from hot NaCl vapor-bearing
flowing air. -The two most promising substances were then tested as sorbents
for KC1 and K,S04 vapors, using a simulated flue gas of PFBC. Results of
these screening tests are given and discussed below.

1. NaCl-Vapof Tests

Two sets of tests (HGC series), the first at 870°C in air flow
and the second at 880°C in simulated flue gas, were completed. For these two



sets of tests, the superficial gas velocities and the gas hourly space velo-
cities (GHSV) of the flowing gas passing through the bed were 8 cm/s and
3,500 h~l, and 25 cm/s and 12,000 h~l, respectively. GHSV is defined as
the volumetric flow rate of the gas in units of sorbent volume per hour.

Table 2 shows the material balances of NaCl from testing the
six commercial products for NaCl vapor capture. As can be seen in this table,
the alundum behaved inertly. This is in good agreement with the way it
behaved in the combustion of a mixture of alundum and activated coconut
charcoal impregnated with 0.5% by wt NaCl. In that combustion study also,
alundum was observed to fail to capture NaCl vapor.16’

. Inert alundum was used in these screening tests to test the
experimental system. The good material balance obtained from experiment HGC-3
demonstrated that there was no purely physical condensation of NaCl vapor on
the sorbent under the experimental conditions. The output of NaCl was
slightly greater than the input because sodium was released from alundum
itself during the test, as is confirmed by the data shown in Table 5.

In comparlson to alundum, Celatom MP-91 diatomaceous earth was
much more effective in removing.NaCl vapor; it captured 747%Z of the NaCl vapor
passing through it. In the combustion of activated coconut charcoal to which
silica gel had been added,16,17 silica gel demonstrated its effectiveness for
tying up sodium in the ash bed. Also, Nelson and Lislel9 reported that silica’
gel, with its large internal structures, was the most effective of all
silicates tested as corrosion-inhibiting additives to prevent high-temperature
liquid-phase corrosion in coal-fired boilers. Hoéowever, when silica gel was
used as a .sorbent in the tests reported here, it showed only moderate effec-
tiveness in tying up NaCl vapor. This was due to loss of porosity of the
silica gel caused by the preheat-treatment of the sample, as is seen in Fig. 3.

Burgess No. 10 pigment, which is primarily a kaolin clay, has
been shown by Combustion Power Company, Inc.,l4 to be a very effective "getter"
for alkali metals. Similarly, it effectively captured 78% of the NaCl vapor
in this test system. Attapulgus clay is essentially a magnesium aluminum
silicate. It was fairly effective in removing NaCl vapor; however, this clay,
following the test, became fragile. For practical application of a candidate
sorbent, fragility is not an acceptable property because the fine particles

. produced would increase the load on downstream particulate-removal facilities.

The activated bauxite tested in these screening tests is
thermally treated high-alumina-content natural bauxite ore. Of the six
sorbents screened in this series, activated bauxite was the most active in
removing NaCl vapor, as is shown in the bottom row of Table 2.

' Table 2 also shows that in the second set of tests, in which
the simulated flue gas was used, -the efficiencies of NaCl vapor capture of
diatomaceous earth, activated bauxite, and Burgess No. 10 pigment were signifi-
cantly increased--to 96, 98, and 85% capture, respectively. This increase
resulted from the combined effects of (1) shorter experiment duration,
- (2) higher NaCl-vapor concentration in the flue gas, and (3) higher superficial
velocity of the flue gas, which increased mass transfer of NaCl vapor from the
bulk of flue gas to the surface of the sorbent, thereby increasing sorption of
NaCl vapor by the sorbent.



Table 2. Material Balances for NaCl from Testing Sorbents for NaCl-Vapor Capture
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Fig. 3. Cumulative Pore Volume as a Function
of Pore Diameter for Six Sorbents

It is concluded from this set of tests that among the six
sorbents screened, diatomaceous earth, activated bauxite, and Burgess No. 10
pigment are the most effective sorbents in capturing NaCl vapor from flue gas,
and therefore, they were further tested for KCl-vapor capture.

2. Relationship of NaCl-Vapor Sorption
Capability to Sorbent Porosity

In a gas-solid sorption reaction, one parameter that has an
important effect on the reaction rate is the internal surface area (in large
enough pores) of a sorbent; therefore, the porosity of each type of sorbent
was measured. Figure 3 shows plots of the cumulative pore volume Vs, pore
diameter. It may be observed in this figure that diatomaceous earth has the
greatest total pore volume; its pore volume is essentially contributed by
large pores. The pore volume of Burgess No. 10 pigment is second largest,
mainly contributed by smaller pores. In contrast to these two sorbents, the
pore volume of activated bauxite is evenly contributed by a wide range of
small pores. Silica gel and alundum have about the same total pore volumes
and are very nonporous. Since the internal surface area is primarily contri-
buted by small pores, the effectiveness of a sorbent for capturing NaCl vapor
(as shown in Table 2) is generally related to its internal surface area

- (Fig. 3).

3. KC1-Vapor Tests

Except for Western low-rank coals, the potassium content of
typical U.S. coals is higher than the sodium content--approximately two
moles of potassium for each mole of sodium.20 Potassium chloride is present
in saline groundwater permeating the rock and filling the pores and cracks
in the coal bed, and can also be released from silicates by exchange reactions
with NaCl vapor. Because potassium chloride has an appreciably high vapor
pressure at the fluidized-bed combustion temperature range (0.7 kPa at
900°C), its vapor is expected to be in the flue gas of PFBC. Therefore,
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the three most effective sorbents screened using NaCl vapor--diatomaceous
earth, activated bauxite, and Burgess No. 10 pigment--were further tested for
their sorptlon capability for KCl vapor. The results for these tests are
shown in Table 3. ' ' -

Table 3. Ma;erial Balances for KCl from Testing
' " Sorbents for KCl-Vapor Capture?

" Experiment No. HGC- . .16 . 17 . 18
Sorbent "~ Diatomaceous Activated’ Burgeés‘No. 10
Earth ~  Bauxite Pigment

Tatal- KGI, mg

In%ut _ ' . ' : : ‘
(1) KC€1 Transpurtedb 321 : 271 - 7R3
Output .
(2). KCl Collected by ,
- (a) Cold Traps 3 10 . ‘ 45
(b) Glass-wool Filter 1 . 4 22
(3) Total 4 ' 14 67
(&) KCl Captured by
. Sorbent ) , . . o
"100 x [(1) - (3)]/(1) 98% : 95% 747

aCdndiLions 880°C for 100 min. Superficial gas velncity, 15 cm/s.
" Gas hourly space veloc1ty, 12,000 hl, .

bAmount of KC1l vapor transported to the sorbent bed

In each of this set of tests, the sorbent was tested at an
average bed temperature of 880°C for 100 min in a simulated flue gas at a
superficial gas velocity of 25 em/s and a GHSV of 12, 000 h~l. The KCl-vapor
concentration in flue gas was 76 ppm by volume on the average. Table 3
. indicates that diatomaceous earth and activated bauxite effectively captured
.98 and 95%, respectlvely, of the KCl -vapor (as.effecttvely as they captured
NaCl vapor). Burgess No. 10 pigment was less effective (74% of the KCl.Vapor
captured). Burgess No. 10 pigment was similarly less effective in capturing
NaCl vapor, as shown in Table 2., The similar sorption activity of these
sorbents toward NaCl and KCl vapors is not surprlslng because the chem1ca1
propert1es of NaCl and KC1 are similar.

4. . K9S04-Vapor Tests

_ .In the flue gas-from céal combustion, sodium and potassium may
be present not only as chlorides but also as sulfates produced by the reactions
of alkali chlorides with gaseous sulfur compounds. Sodium sulfate and potassium



11

sulfate in liquid form are generally believed to be the precursors for metal

sulfidation, the most common form of hot corrosion occurring in gas turbines;
therefore, candidate sorbents have to demonstrate the capability of retaining
alkali metal sulfates.

. Two tests (KSO-4 and 5) were conducted using the small-scale
sorptlon test rig (Fig. 2) Di atomaceous earth and activated bauxite were
tested as sorbents at “900°C for 24 h at a superficial gas veloc1ty of 27 cm/s
and a GHSV of 62,000 h~l. The material balances of K9S04 are given in
Table 4, which shows that 93 and 72% of the total K,SO4 vapor was captured
by activated bauxite and diatomaceous earth, respectively. Since the sorbent,
was tested at a fairly high gas hourly space velocity or a contact time of
only 0.05 s, a better capture efficiency can be expected if the contact time
of the flue gas with the sorbent is increased. The capabilities of these
sorbents for retaining K,SO4 vapor from hot flue gas appear to be comparable
to their capabilities for retaining alkali metal chloride vapors (discussed
above). On the basis of the similar chemical properties of K9S04 and NaS0y,
it is reasonable to expect that the capabilities of these sorbents for

. retaining NaySO4 vapor also are similar.

Table 4. Material Balances for K9804 from Tests of K9SO4-Vapor
Capture by Diatomaceous Earth and Activated Bauxited

Experiment No., KSO- 4 ‘ 5
Sorbent - Activated Di atomaceous
Bauxite Earth

Total K804, mg

Input : ’ :
[6D) K2804 Vaporized 4 ‘ 346 : ’ 264
Output ’
(2) K9S04 Collected from
(a) Combustion Tube 8 : 23
(b) Downstream Line & Condenser 2 3
.(3) K980, Captured by SorbentP 322 o 191
Total 332 . 217
(4) K2804 Loss - T 14 . . 47
(5) K9S0, Capture,
[100 x (3)/(1)] A 93.1% 72.3%

8Conditions: 900°C for 24 h. Superficial gas velocity, 27 cm/s.
Gas hourly space velocity, 62,000 h~1,

bpotassium contents of the sorbents were obtained by dissolving two
representative samples of activted bauxite in NH4HF) and two
representative samples of diatomaceous earth in a mixture of HyS04,
HF, and HNO3. Then the resulting solutions were analyzed by atomic
"absorption.
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B. Sorption Mechanisms

To obtain an insight into the mechanism of NaCl capture by these
sorbents, a water-leaching study has been carried out on fresh sorbents and
on sorbents with NaCl sorbed. The sorbents from the first set of NaCl-vapor
tests (870°C in air flow, Table 2) were leached for 30 min. Sorbent from the
second set of tests (880°C in simulated -flue gas, Table 2) was first ground

to. -200 mesh powder, and then 10 g of the powder was leached with distilled
water for 1 h. The filter cake was then leached with 5% HCl solution for
" another.hour. During both leachings of sorbents from the second set of
tests, magnetic stirring was used. - Table 5 shows the sodium and chloride
ion concentrations in leachates from the first set of tests (water leaching),
and Table 6 shows the sodium distributions in the NaCl—vapor —-absorbed -
sorbents from the second set of tests. :

. Table 5. Comparison of Sodium and Chloride Ion Concentrations
in Water Leachates from Fresh and NaCl-Absorbed Sorbents

Concentratlon, mole x 106/g Sorbent

Experiment ' ' NaCl-Absorbed
No. _ ' - _Fresh Sorbent Sorbent
° HGC- . - . Sorbent - : _Na*’ cl= . Na* cl~
3 Alundum- 2,21 N.A2 1.522 N.A.
4 Celatom MP-91
Di atomaceous : 3 _ .
Earth 0.9 - 0.11 . 1.20  0.15
5 Silica Gel 0.47  0.03 178 139
6 Burgess No. 10 i ' _ .
' Pigment . | - 0.04  N.A. 0.09 . N.A.
7 S Attapulgus Clay 0.04 N.A. 0.11 N.A.
8 Activated , .
o : Bauxite 0.05 N.A. . 2.76 2.83

4N.A., not analyzed .

As shown in Table 5, the Na* concentrations in the leachates from
NaCl-absorbed diatomaceous earth, Burgess No. 10 pigment, and Attapulgus clay
were only slightly higher than in the leachate from fresh sorbents. This
indicates that NaCl vapor‘was primarily tied up by these sorbents in chemical
forms that are not soluble in water. Results in Table 6 further support
these observatlons.
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Table 6. Distribution of Sodium Ion in the
. ‘NaCI—Vapor—Absorbed Sorbents

Experiment No., HGC- ' 1R . - 12R 13
Sorbent - Diatomaceous Activated Burgess No. 10
: Earth -~ Bauxite Pigment

Nat, ug/g sorbent?@

Water-Soluble ._ 50 (37) 400 (69%) 5 (1%)

Acid-Soluble ' 570 (73%) 180 (31%) 430 (86%)

Acid-Insolubleb - - _910 (60%) ;_9_(0%) _65 (13%)
1530 s80 535

38For example, "50" in the first column represents the g of water-soluble
.Na* from 1 g diatomaceous earth after sorption minus the ;g of water-
soluble Na* from 1 g of fresh diatomaceous earth. o

bThe final filter cake was dissolved in a mixture of HC1, HN03, and HF.
.This solution was then analyzed for sodium.

Next considered are the reactions of clay minerals. Clay minerals
are known to be effective "getters" for alkali metal compounds.2,14,16,19
Burgeéss No. 10 pigment is essentially a kaolin clay; therefore, it is concluded
that NaCl vapor was retained by Burgess No. 10 pigment ‘and Attapulgus clay by
chemical reactions that formed water-lnsoluble products such as sodium

;aluminum silicates.

‘The reaction mechanlsm of diatomaceous earth, a sedlmentary rock of
marine or lacustrine dep031t10n, is related to its compositions, primarily of
silicon dioxide and various amounts of impurities such as clay, carbonaceous
matter, iron oxide, and sand. As shown in Table 1, the Celatom MP-91 diatoma-
ceous earth contains 92% SiOy, 5% Alp03, and other impurities. The reaction

2 NaCl(g) + Ho0(g) + n SiO9(s) = NagpO-n SiOy(s) + 2 HCl(g)
AHggo°c = -5.71 kcal mol™l for n =1
is well known and has been studied.2l, 22 In the pfesent work, the NaCl vapor
is believed to react primarily with dlatomaceous earth according to the above

reaction, forming sodium silicates that are not readily soluble 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 quantity of impurity present .23

Part of the NaCl vapor may also react with clays present as impurities in
diatomaceous earth. In an investigation of the kinetics of the abové reaction,

. Chirkov2l,2%4 reported that betwéen 840 and 940°C, the rate of the above

reaction increases with the temperature according to the Arrhenius equation.
In other work,25 the rate of reaction of NaCl vapor with diatomaceous earth
in the present system was also noted to increase with temperature.

i}
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In contrast to these three sorbents, the NaCl captured by silica -
gel and activated bauxite was readily leached out by water, as shown in ’
Tables 5 .and 6. Within the limits of experimental and analytical errors, the
mole ratio of sodium to chloride in the leachates from these two sorbents is
-close to unity. These results appear to indicate that capture of NaCl vapor
by these two sorbents was pr1mar11y due to a physical action--an adsorption
process. A similar observation was made by Nelson and Llsle 19 who attributed
the capability of silica gel for inhibiting high-temperature alkali sulfate
liquid phase corrosion in coal-fired boilers to a physical adsorption mechanism.
Bauxite is a principal ore of aluminum; it consists mainly of aluminum oxide
- and other impurities including Si09 and clay minerals. Activated bauxite
used for this. study contains more than 10% SiO7 and clay minerals (Table 1).
Chemical reactions of these 1mpur1t1es with NaCl vapor may play a role in
NaCl vapor capture. '

The amount of NaCl vapor adsorbed ar equilibrium on activated
bauxite at 900°C and atmospheric pressure has been measured using the sorption
test apparatus (Fig. 2). It was found to approach 25 mg NaCl per gram of
activated bauxite.2> The adsorption of NaCl vapor on activated bauxite
was also found to approach the equilibrium amount at the ‘end of 6 h, and the
~equilibrium amount of NaCl vapor captured was noted to decrease with increasing
temperature. 25 gince an adsorption process is always exothermlc, the amount
of adsorbate adsorbed at equilibrium must always decrease with increasing
temperature according to the principle of Le Chatelier; consequently, the-
present observation clearly substantiates the argument made previously that
NaCl-vapor is primarily captured by activated bauxite by an adsorption
process.

.
.

To gain an understanding of the reaction$ of K9S0, vapor with both
~activated bauxite and diatomaceous earth, the K9SO4 vapor-adsorbed sorbents
from K2804—vapor—capture tests (Table 4) were leached with distilled water
for 1 h,. using magnetic stirring. Table 7 shows the distributions of water-
soluble and water-insoluble potassium species in the two sorbents.

Table 7. Distribution of Potassium Ion in the K9804-
Vapor—-Absorbed Sorbents

K*,  g-mol

Activated ' Diatomaceous
Bautite - Earth
Water-Soluble 0.61 (16.52) 0.06 (2.7%)
Water-Insolubled 3.09 (83.5%) ‘ 2.14 (97.3%) )
Totalt . | T 3,70 | 2.20

8The difference between total potassium and water-soluble potaséium.
bobtained by analysis of K*.in the sorbent.
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Table 7 indicates that, in contrast to NaCl vapor which is primarily
adsorbed on activated bauxite, K9SO4 vapor is essentially captured by reactions
with activated bauxite that form water-insoluble compounds.

The products of the K,9S04-vapor reactions with diatomaceous earth
are essentially. water-insoluble. At the end of the experiment, significant
quantities of diatomaceous earth particles were observed to be coated with a
layer of transparent, vitreous material, which had not been observed on the
activated bauxite sorbent. X-ray diffraction analysis of the vitreous
material showed that it was an amorphous substance, not melted KS04. This
indicates that during the'expefiments, K9S04 vapor reacted with diatomaceous
earth to form glassy potassium silicates. The silicates so formed may be in
chemical forms that dissolve very slowly in water, or they may further combine
with impurities such as oxides of aluminum, irom, calcium, and magnesium to
form water-insoluble products.

_C. Sorhent Applications

Experimental results presented above demonstrate the effectiveness
of diatomaceous earth and activated bauxite as granular sorbents for the
capture of alkali metal compounds from hot flue gas. Both diatomaceous earth
and activated bauxite have inherent properties. of stability at high temper-
atures and resistance to attrition., With these specific characteristics,
these two sorbents hold great promise as filter media in granular-bed filters
for removing particulate and alkali corrodents simultaneously from hot flue
gas of 'PFBC. :

Another possible application of diatomaceous earth and activated
bauxite is in a low-Btu gasification combined-cycle system, which has been
identified as an alternative to the PFBC combined cycle for efficient power
generation.20,27 Because of the effective alkali removal capability, high-
temperature stability, and attrition resistance of diatomaceous earth and
activated bauxite, a granular-bed filter containing either sorbent may also
be applicable for high-temperature, high-pressure removal of particulates and
alkali corrodents from the hot flue gas of a low-Btu gasification combined-
cycle system. The potential gas turbine hardware problems for the latter
system are similar to 'those for the PFBC combined cycle. These two sorbents
should be tested for this application.

IV. SUMMARY

In the prospective application of pressurized fluidized-bed combustion
(PFBC) of coal for power generation, corrosion of turbine blades due to .
attack by alkali metal compounds in the hot flue gas is d potential problem.
Six commercial products--alundum (pure Al703), Celatom MP-91 diatomaceous
earth, silica gel, Burgess No. 10 pigment, Attapulgus Clay, and activated
bauxite have been screened. Their use as sorbents in granular-bed filters to
-remove .gaseous alkali metal compounds from the hot (800-900°C) flue gas
of PFBCs in proposed combined cycle power generation is being evaluated.
Tests were performed using a simulated relatively dry flue gas of PFBC in a
laboratory-scale, fixed-bed combustor and a high-temperature sorption test
rig.
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Experimental results from this work show that both diatomaceous earth

and activated bauxite are very effective granular sorbents for the removal of
all gaseous NaCl, KCl, and K9S0, from hot (800-880°C) simulated flue gas of -

PFBC. The retention of gaseous alkali metal compounds by diatomaceous earth
is.attributed to chemical reactions of diatomaceous earth with alkali metal
compounds to form water~insoluble or d1ff1cu1t1y soluble alkali metal silicates.
K,804 vapor reacts with activated bauxite to form water- -insoluble compounds,
" however, capture of gaseous alkali metal chlorides by activated bauxite is
primarily by an adsorption mechanism.

V. CONCLUSIONS AND RECOMMENDATIONS

Activated bauxite and diatomaceous earth are very promising granular
sorbents for. removing gaseous alkali metal compounds from hot flue gas of
PFBCs.

_ Further studics of these two sorbents are recommended to obtain the
"technical data base needed for applications, i.e., to determine effects of
operating variables on the sorption behavior of the sorbent.

From the results of water-leaching of activated bauxite; it was concluded
that an adsorption mechanism primarily controls the retention of alkali
metal chlorides by activated bauxite. An adsorption process .is known to be a
reversible process; therefore, investigation of water-leaching as a means for
regenerating activated bauxite for reuse is recommended.
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