High-Temperature Adsorption of Alkali

Vapors on Solid Sorbents

Vapors of alkali metal compounds can be removed from coal combus-
tion and gasification flue gases using high-temperature aluminosilicate
sorbents. The fundamentals of alkali adsorption on kaolinite, bauxite,
and emathlite are compared and analyzed both experimentally and
through theoretical modeling. The results show that the process is not a
simple physical condensation, but a complex combination of diffusion
and reaction. The kinetics of adsorption on these sorbents have similar-
ities: the process is diffusion-influenced, the rate decreases with time,
and there is a final saturation limit. There are, however, differences in
reaction mechanisms leading to potentially different applications for
each sorbent. In adsorbing alkali chloride vapors, kaolinite and emath-
lite release all the chlorine back to the gas phase while bauxite retains
some of the chlorine. Moreover, the products of reaction with emathiite
have a melting point significantly lower than those for kaolinite and
bauxite. Therefore, emathlite is more suitable for lower-temperature
sorption systems downstream of the combustors/gasifiers, while ka-
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olinite and bauxite are suitable as in-situ additives.

Introduction

Coal usually contains sodium and potassium minerals in vari-
ous chemical and physical forms. During the combustion or gas-
ification of coal, most of these alkali compounds are released
into the gas phase and are usually present in the form of chlo-
rides and sulfates. The vaporized alkali later condenses on vari-
ous parts of the reactor and are a major cause of fouling (Borio
and Levasseur, 1986). One example is the alkali-induced corro-
sion in combined cycle processes where the hot flue gases come
in contact with ceramic turbine materials. In such applications,
the alkali concentration should be reduced to less than 50 ppb to
prevent significant hot corrosion.

Cleaning of coal removes some of the alkali but is not effec-
tive enough to decrease the alkali concentration to acceptable
levels, A promising technique for the removal of alkali from hot
flue gases is by using materials that will remove aikali vapor by
adsorption and/or reaction. In general, the sorbents can be used
in two ways. One method is by passing the alkali-laden flue gas
through a fixed bed of an appropriate sorbent. This process has
been considered for alkali removal from flue gases in the com-
bined-cycle power generation from coal (Bachovchin et al.,
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1986; Jain and Young, 1985; Lee and Johnson, 1980). The sec-
ond method is the injection of sorbents with coal for the in-situ
capturing of alkali during pulverized coal combustion. This
method has received much less attention (Shadman et al.,
1987).

The choice of a suitable sorbent depends on the coal proper-
ties and the process operating conditions. In general, however,
the important characteristics desired in a potential sorbent are
as follows:

¢ High temperature compatibility

e Rapid rate of adsorption

e High loading capacity

® Transformation of alkali into a less corrosive form

o Irreversible adsorption to prevent the release of adsorbed
alkali during process fluctuations

Although the use of solid sorbents for alkali and trace metal
removal from flue gases has generated a lot of interest, the
mechanism and the fundamental kinetics of the adsorption pro-
cess are not well understood. Lee and Johnson (1980) studied
the adsorption of NaCl, KCI and K,SO, on a number of sub-
strates including bauxite, silica and diatomaceous earth. They
proposed chemical fixation on silica and physical adsorption on
bauxite. They also found activated bauxite to be a very efficient
sorbent. In another study, Lee et al. (1985) reported that the
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adsorption of alkali on activated bauxite was by physical adsorp-
tion and chemical fixation, the latter being dominant in the pres-
ence of sufficient water vapor. Luthra and LeBlanc (1984) mea-
sured the extent of adsorption of KCl and NaCl on bauxite
under different temperatures and oxygen concentrations. Their
results indicated nonpreferential and reversible physical adsorp-
tion of both compounds on alumina and activated bauxite.
Bachovchin et al. (1986) compared a number of additives and
found that emathlite was a suitable sorbent at temperatures
below 900°C.

In an earlier study in our laboratory, the kinetics and mecha-
nism of NaCl adsorption on kaolinite was investigated (Punjak
and Shadman, 1988). The results showed that kaolinite is a very
effective sorbent; however, the kinetics and the mechanism of
adsorption were found to depend on the gaseous atmosphere. In
a typical flue gas atmosphere, the process is a combination of
adsorption and chemical reaction influenced by the intraphase
transport of alkali inside the porous kaolinite.

The purpose of this study is to obtain fundamental informa-
tion on the kinetics and the mechanism of alkali adsorption on
kaolinite, bauxite and emathlite. The kinetics of the alkali sorp-
tion process was studied at 800°C with alkali vapor concentra-
tions of 50 to 230 ppmv in a microgravimetric reactor system.
The results indicate that the sorption process is not just physical
sorption, but rather a combination of adsorption and chemical
reaction influenced by mass transport resistances. Both the
kinetics and the mechanism depend on the physical and chemi-
cal properties of the sorbent. A theoretical model is presented
that allows the extraction of intrinsic kinetic parameters from
the observed data and can be used for parametric studies.

Experimental Approach

Kaolinite, bauxite and emathlite, the compositions of which
are given in Table 1, were used as alkali sorbents in this study.
These sorbents were used in the form of thin disks (flakes) with
the approximate thickness of 0.5 mm. The flakes were devolatil-
ized and then stored under vacuum until used.

A schematic of the experimental apparatus is shown in Figure
1. The main components of this system are an electronic micro-
balance (Cahn Instruments, Inc., Model 2000}, a quartz reactor
with inlets and outlets to maintain a controlled gas composition,
a movable furnace and analyzers for determining the composi-
tion of gaseous products. The microbalance was used to monitor
sorbent weight during the course of an experiment.

All experiments were performed at an adsorbent temperature

Table 1. Composition of As-received Sorbents*
Bauxite** Kaolinitet Emathlite}
(wt. %) {(wt. %) (wt. %)
SiO, 11.0 52.1 73.4
ALO, 84.2 44.9 13.9
Fe,0, 48 0.8 3.4
TiO, — 22 0.4
CaO — — 5.0
MgO — - 2.6
K,0 — - - 1.2
Na,O — — 0.1

*Volatile-free basis.

**Paranam bauxite from Alcoa Corporation.
{Burgess Pigment Company.

§Mid-Florida Mining Company.
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Figure 1. The apparatus.
GC = gas chromatograph; /R = nondispersive infrared analyzer

of 800°C using NaCl as the alkali source. A simulated flue gas
(SFG) containing 80% N,, 15% CO,, 3% O, and 2% H,O was
prepared and used as a carrier for the alkali. SFG flow rates
were 150 to 200 std. cm?/min and the alkali concentrations were
50 to 230 ppmv.

Sorbent flakes were suspended from the microbalance di-
rectly above the alkali source which was placed in the bottom of
the quartz reactor. The SFG was passed over the alkali source to
vaporize and transport it toward the sorbent. A second SFG line,
split from the first, entered the reactor a few cm above the first
one and was used to dilute the alkali vapor to a desired concen-
tration. A few cm above the sorbent the gases mixed with purg-
ing nitrogen coming down from the microbalance and went out
an exhaust port. Thermocouples were placed on the outside of
the reactor near the alkali source and the sorbent to monitor the
temperature of each. To ensure that the SFG was not saturated
with NaCl, the alkali source was always kept 10°C cooler than
the sorbent. Under these conditions, there was no physical con-
densation of alkali on the outer surface of the particles.

The alkali vapor concentration in the gas was determined
from a separate set of calibration experiments. In these experi-
ments, the normal exhaust port was closed and the alkali-con-
taining gas was diverted entirely into a quartz tube where all the
alkali was condensed on the inner surface of the tube. After a
measured period of time, the experiment was terminated and the
condensed alkali was dissolved in hydrofluoric acid and mea-
sured by atomic emission spectrometry. The concentration of
alkali in the gas was determined from the total alkali condensed,
the flow rate and the condensation time. This calibration proce-
dure was repeated for various flow rates and experimental con-
ditions of interest.

An experiment was started by first closing off the normal
exhaust and allowing the purge stream to flow downward over
the sorbent and alkali source and then out the auxiliary vent (see
Figure 1). The furnace was then raised and time allowed for the
temperature and sorbent weight to stabilize. To initiate adsorp-
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Figure 2. Partially converted sorbent particle.

tion, the normal exhaust was opened and the auxiliary exhaust
was closed. At the end of the run, the flow was again reversed to
stop the alkali adsorption and the furnace was lowered. In sev-
eral runs, desorption of alkali was tested at the end of an adsorp-
tion cycle. To initiate desorption, the flow was reversed allowing
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Figure 3. Temporal profile of NaCl adsorption on sor-
bents.

K = kaolinite, 230 ppmv Na; B = bauxite, 185 ppmv Na; £ =
emathlite, 150 ppmv Na
adsorption; — — ~ — desorption
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Figure 4. Temporal profile of NaCl adsorption on kaolin-
ite.
C 4 is 230 ppmv for A4, 185 ppmv for B, and 135 ppmv for C.

alkali-free gas to pass over the sorbent. Desorption experiments
were terminated by lowering the furnace.

Several techniques were used for chemical analysis and char-
acterization of the samples. The bulk concentration of alkali in
the sorbents was measured by atomic emission spectrometry.
For these analyses, the samples were dissolved in a mixture of
H,0/HF/HCI/HNO, (5/3/1/1 proportions). The solution was
then diluted by a factor of 5 with deionized water. To suppress
ionization in the flame, cesium nitrate was added to provide
1000 ppm of cesium in the final solution. X-ray diffraction was
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Figure 5. Temporal profile of NaCl adsorption on baux-
ite.
C4p is 185 ppmv for A4, 120 ppmv for B, and 65 ppmv for C.
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Figure 6. Temporal profile of NaCl adsorption on emath-
lite.
C4 is 125 ppmv for A4, 80 ppmv for B, and 65 ppmv for C.

used to identify crystalline phases and high-resolution scanning
Auger microscopy (SAM) was used to determine the alkali dis-
tribution in the sorbents. During SAM analysis, the electron
beam current was kept at 6 nA and rastered to prevent charging
and damage to the samples. The porosity and pore-size distribu-
tion of the sorbents were determined by mercury porosimetry.

Theoretical Approach

A mathematical model was formulated to describe the simul-
taneous physical and chemical processes that occur during alkali
removal by sorbent particles. Two types of geometries were con-
sidered in this study: thin flakes and spherical particles. Thin
flakes represent an ideal and simple geometry which facilitates
the extraction of kinetic parameters from experimental data.
The spherical geometry applies to sorbent particles as used in
practice. A schematic diagram of the sorbent particle and the
concentration profiles are shown in Figure 2. The alkali com-
pound, A, diffuses through the porous sorbent and is then
adsorbed upon contact with the sorbent surface. The adsorption
process is a combination of physical adsorption and reaction, the
details of which depend on the alkali and substrate. Assuming a
quasisteady state for diffusion and reaction in a porous particle,
the conservation equation for alkali vapor can be written as fol-
lows:

V.DVC,=-R, ()

Table 2. Values of Model Parameters

Parameter Bauxite Kaolinite Emathlite
€ 0.62 0.58 0.47
D,, (¢cm’/h) 260 130 190
kn (cm/h) 5.1 x 10* 5.1 x 10* 5.1 x 10*
Csy (gmol /cm?® of solid) 0.017 0.023 0.019
V4 1.10 1.27 1.30
k [cm’® of gas/(cm’ of solid - h)] 6.1 x 107 2.1 x 10" 5.9 x 10’
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Figure 7. Effect of particle size on NaCl adsorption by
kaolinite.

C 4 is 200 ppmv.
where R, is the molar rate of adsorption of alkali per unit bulk
volume of sorbent. The boundary conditions are:
VC,=0 atthe center 2)
DVC,=k,(Cy — C,) atthesurface (3)

The local alkali loading or alkali concentration in the solid
phase, Cg, is given by the following conservation equation:

aCs

(1 ‘fo)—a?=RA (4)
with the initial condition:
Cs=0 at =0 (5)

It is assumed that the local rate of adsorption is given by the
following rate expression:

R,=(1 — &) kC,(1 ~ CS/CS/) (6)

The variations in the effective diffusivity are given by:
D, =5 Dy )]
where ¢ varies during adsorption as follows:

cmo—(Z D)o ®)
Sf

Equations 1, 2 and 3 were solved numerically using a vari-
able-step central-difference technique. Equation 4 was solved
simultaneously using a fourth-order Runge-Kutta technique.
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The overall alkali loading, X7, at any time is obtained by inte-
grating Cs over the sorbent volume:

1
X, = j[oiys CedV 9)

SvS8f

The mass gain is given by the product of X and «, the maximum
fractional mass gain at saturation.

Discussion of Resultls

Typical experimental weight gain profiles for the three sor-
bents tested are shown in Figure 3. The results indicate a
decrease in adsorption rate with loading and a final alkali satu-
ration limit. Bauxite is observed to have the highest initial rate
while kaolinite has the largest capacity. Weight gain profiles for
the three sorbents at different alkali vapor concentrations are
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Figure 8. Auger spectra of kaolinite.
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shown in Figures 4-6. As expected, an increase in the alkali con-
centration results in an increase in the rate.

An important difference between the adsorption characteris-
tics of the three sorbents is the reversibility of the adsorption
process. After saturation, the reversibility of the alkali uptake
was tested for each sorbent following the procedure described in
the experimental section. No desorption was observed for ka-
olinite and emathlite, but bauxite lost approximately 10% of its
total weight gain. This suggests that the mechanism of adsorp-
tion is not the same for the three sorbents.

The model developed in the previous section was used to
extract intrinsic kinetic information from the weight gain pro-
files. A list of parameters used with the model is given in Table
2. The overall rate constant, &, for each sorbent was obtained by
fitting the model to the initial rate data. These rate constants
together with the other parameters were then used to predict
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weight gain profiles for the three sorbents at different alkali con-
centrations as shown in Figures 4-6. It can be seen that the
model closely approximates the experimental data. Obviously,
by the very nature of formulation, the model predictions coin-
cide with the experimental data at full conversions.

The values of rate coefficients estimated from the model are
given in Table 2. The difference in the rate coefficients shows
that the adsorption process is not a physical and nonselective
process but rather a chemical process which depends on the
chemical nature of the sorbent. The kinetic parameters suggest
that in applications where sorbent particles are larger than 80
um, both interphase and intraphase diffusional resistances in-
fluence the observed kinetics for all three sorbents.

The proposed model is an effective tool for data extrapolation
and parametric study. As an example, Figure 7 illustrates the
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effect of particle size on the adsorption kinetics. The results indi-
cate that the rate of adsorption is very sensitive to particle size.
In general, particle size is selected to maximize the rate of alkali
removal and the additive utilization efficiency (fraction of the
additive reacted). For applications in which alkali is removed
inside the combustor, the residence time of the sorbent particles
is usually a few seconds. In such applications the particles
should be small (typically fess than 200 pm) to provide rapid
kinetics and high sorbent utilization. In applications where
alkali removal is downstream from the combustor, a fixed bed of
relatively large particles can be used. Larger particles are easier
to handle and cause less attrition and particulate emission.

To gain insight into the mechanism of alkali/sorbent interac-
tions, the fresh and fully saturated sorbents were analyzed using
various chemical analytical techniques. In particular, the XRD
and SAM analyses provided useful information on the nature
and distribution of alkali on the sorbents. The differentiated
SAM spectra for kaolinite, bauxite and emathlite are shown in
Figures 8, 9 and 10, respectively. One important difference
between the substrates revealed by these results is in the ratio of
sodium to chlorine adsorbed. Chlorine, which has a peak at 176
€V, was not observed in the products of adsorption on emathlite

{a)

(b)

Figure 11a. Scanning electron micrograph of the cross
section of a partially converted kaolinite
flake.

Figure 11b. Alkali concentration map of the cross sec-
tion shown in Figure 11a.
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and kaolinite. In contrast, chlorine was partially retained by
bauxite. This has important implications in the selection of sor-
bents where chlorine removal is a concern.

To study the changes in the substrate during adsorption, the
cross sections of partially converted samples were examined.
The progress of reaction was visible in the kaolinite samples
because of the noticeable color difference between the beige,
product layer and the white, unreacted core. However, similar
layers were not visible in bauxite and emathlite. Alkali profiles
were obtained by examining the cross sections of some partially
converted flakes with scanning Auger microscopy. The SEM
and SAM results for kaolinite are shown in Figure 11. The
brightest regions of the map in Figure 11b are areas of highest
alkali concentration. The alkali content was observed to be larg-
est near the outer edge, decreasing rapidly toward the flake cen-
ter. Alkali maps obtained for bauxite (Figure 12) and emathlite
showed similar results. This indicates that the adsorption/reac-
tion process for all three sorbents under the experimental condi-
tions used was influenced by intraphase diffusion. This is in
agreement with the model predictions.

X-ray diffraction (XRD) spectra obtained for the sorbents
prior to and after alkali adsorption indicate the formation of sev-

{a)

(b)

Figure 12a. Scanning electron micrograph of the cross
section of a partially converted bauxite
flake.

Figure 12b. Alkali concentration map of the cross sec-
tion shown in Figure 12a.
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eral reaction products. As shown in Figure 13, the saturated
kaolinite contains primarily nephelite and carnegieite which are
sodium aluminosilicate polymorphs with the chemical formula
Na,O . Al,O; - 2Si0,. In nephelite, which is thermodynami-
cally favored at high temperatures, the sodium cation is octahe-
drally coordinated whereas in carnegieite it is tetrahedrally
coordinated (Falcone and Schobert, 1986). Based on this infor-
mation and the absence of chlorine in the adsorption product,
the following reaction scheme is proposed:

Al Q, - 2Si0, + 2NaCl + H,0
| S
metakaolinite

— Na,0 « ALO, - 2Si0, + 2HCI!  (10)

nephelite/carnegieite

where metakaolinite is the dehydration product of kaolinite. The
stoichiometry of this reaction suggests a 27.9% increase in sam-
ple weight on completion conversion. This is very close to the
observed 26.6%. In addition, the alkali uptake determined by
atomic emission analysis is very close to what Reaction 10 pre-
dicts. Kiihn and Plogmann (1983) and Falcone and Schobert
(1986) also observed the formation of nephelite when a mixture
of sodium compounds and kaolinite was heated to high tempera-
tures. Due to the high melting point of nephelite (1,526°C),
kaolinite would be a suitable sorbent for the in-situ capture of
alkali at high temperatures. It is also an excellent choice for the
downstream removal of alkali because of its high capacity.
Similar results for bauxite indicate a more complicated pro-
cess. The XRD spectrum for as-received bauxite shows the pres-

[ Nay0- Al,03- 2Si05 (1) l
-~ | R

0 T L '-l T T
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o) lIIII'| l

40 35 30 25 20
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Figure 13. X-ray diffraction spectrum of fully saturated
kaolinite.
t = carnegieite; 0 = nephelite
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ence of a-quartz, corundum and hematite. The XRD results on
fully saturated bauxite (Figure 14) indicate the formation of
nephelite and carnegieite produced by a reaction similar to
Reaction 10. However, the amount of silica in bauxite is not suf-
ficient for Reaction 10 to account for all the adsorbed alkali.
Apparently, the rest of the alkali is present as glassy products or
physisorbed chloride not detectable by XRD. Since chlorine is
lost from the saturated product during desorption, physisorbed
NaCl might be the portion which is removed during the desorp-
tion experiments. The non-dissociative adsorption of alkali chlo-
rides on alumina has been reported previously (Luthra and
LeBlanc, 1984; Shadman and Punjak, 1986). Hematite, present
both before and after adsorption, did not undergo any noticeable
transformation.

The XRD results for emathlite show the presence of alumino-
silicate (Al,SiO;), a-quartz and cristobalite before alkali ad-
sorption. The fully saturated sample (Figure 15) consisted pri-
marily of albite (N2,0 - AL O; - 6Si0,) together with smaller
amounts of sodium calcium aluminate (NaCa,Al;Oy). There-
fore, much of the sodium capture by emathlite can be described
by the following overall reaction:

58i0, + ALSiO; + 2NaCl
+ H,0— N2,0 . ALO, - 6Si0, + 2HCI1 (11)

albite
1.0r . oo
Na0- Al03 - 2Si0, (1) !

olb— N I' b . - .
1Or N . oo

020 A|203 ZSIOZ (0) L
o | I [ I . l —_ JAT
1or F6203 [
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Figure 14. X-ray diffraction spectrum of fully saturated

bauxite.
t = carnegieite; 0 = nephelite
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Figure 15. X-ray diffraction spectrum of fully saturated
emathlite.

This agrees with the prediction of Bachovchin et al. (1986)
about the formation of albite based on thermodynamic calcula-
tions.

The above results indicate important differences in the poten-
tial applications of these three sorbents. Kaolinite and emathlite
have the disadvantage of releasing all the chlorine back to the
gas phase; this is a disadvantage where chlorine in the gas phase
is also a concern. Since some alkali is reversibly adsorbed on
bauxite, process fluctuations can result in the release of this
alkali back into the flue gas. A possible problem with emathlite
as a sorbent is the presence of a relatively large amount of potas-
sium in the as-received material (Table 1). Atomic emission
analysis of emathlite before and after exposure to NaCl showed
that the potassium content dropped from 0.89 wt. % to 0.07 wt.
%. This indicates the release of a significant amount of potas-
sium which adds to the overall alkali problem. Another im-
portant difference is in temperature compatibility. Since the
melting point of albite (1,100°C) is much lower than that of
nephelite (1,526°C), emathlite is more suitable for lower tem-
perature applications such as in the downstream clean up of flue
gas.

For solvent injection in pulverized coal combustors, two addi-
tional points should be considered. The first point is the possibil-
ity of alkali condensation on the outer surface of the sorbent par-
ticles. This occurs when alkali vapors become supersaturated
due to rapid cooling or reactions. The present results do not
include condensation and pore plugging; however, a study of
alkali sorbent interactions under these conditions is in progress.
The second consideration is the relatively short residence time
for sorbent particles in pulverized combustors. Under these con-
ditions the sorbent conversion is generally low but can be
improved by using smaller particles.

Conclusions

e Kaolinite, bauxite and emathlite are suitable sorbents for
the removal of alkali vapors from hot flue gases. However, ka-
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olinite and bauxite are more suitable than emathlite at tempera-
tures above 1,000°C (e.g., in-situ alkali removal).

e The rate of adsorption decreases with alkali loading and
drops to zero when a final saturation limit is achieved. This satu-
ration limit is the highest for kaolinite.

e The adsorption of alkali chloride on kaolinite and emathlite
is irreversible with the release of chlorine back to the gas phase
as HCl vapor. The adsorption on bauxite is partially reversible
and a portion of the chlorine is retained.

e Interphase and intraphase diffusional resistances influence
the kinetics of the adsorption process in the range of practical
interest.

e The proposed theoretical model agrees with the experimen-
tal data and can be used for design and parametric studies.
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Notation

a = particle radius, cm
C, = concentration of alkali, gmol/cm’ of gas
C,» = concentration of alkali in bulk gas, gmol/cm’ of gas
Cs = alkali loading, gmol of adsorbed alkali/cm® of solid sorbent
Cg = the maximum value of Cs at saturation
d, = particle diameter, pum
D, = effective diffusivity of alkali in sorbent, cm?/h
D, = initial effective diffusivity of alkali in sorbent, cm*/h
k = rate coefficient, cm? of gas /cm?® of solid sorbent - h
k,, = interphase mass-transfer coefficient, cm/h
m = mass of the sorbent at time 7, g
myg = initial mass of the sorbent, g
my = final mass of the sorbent at saturation, g
R, = local rate of adsorption, gmol/cm’ of bulk sorbent - h
t = time, h
Vs = volume of sorbent, cm?
Xr = overall fractional loading of sorbent
y = distance from the center of the slab or sphere, cm
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Z = ratio of skeletal volume of saturated sorbent to skeletal volume of
initial sorbent

Greek letters

a = (mp — mg) /[y,
€ = porosity of the sorbent
€, = initial porosity of the sorbent
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