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Carbon Dioxide Uptake by Hydrated Lime Aerosol Particles

Biaohua Chen, Mary L. Laucks, and E. James Davis
Department of Chemical Engineering, University of Washington, Seattle, Washington

The reaction of the greenhouse gas, CO,, with Ca(OH), was ex-
plored using single-particle Raman spectroscopy to track the chem-
ical reaction. Single particles were levitated in an electrodynamic
balance (EDB) to maintain the particle in a laser beam. The levita-
tion voltage provided gravimetric data. The humidity in the EDB
chamber was varied to determine the effects of humidity on the
reaction. It is demonstrated that no appreciable reaction occurs at
low relative humidities (RH < 70%). This is evidenced by no disap-
pearance of the Raman peak associated with the [OH]~ vibrational
bond, but at high humidities (RH > 70%) the Raman spectrum of
CaCOj; developed as the reaction proceeded. The results are con-
sistent with results from packed-bed studies of the reaction and are
in agreement with similar findings for the SO,/Ca(OH), reaction
used for desulfurization, that is, the reaction does not proceed until
multiple monolayers of water are adsorbed on the particle surface.

INTRODUCTION

More than a century ago Arrhenius (1896) recognized the
possibility of global warming due to an increase in “carbonic
acid” in the air. Mahlman and Stouffer (2002) reviewed the pro-
jection of future climate changes associated with CO, and other
greenhouse gases. Although the natural production of CO, far
exceeds that produced by human activity, the rate of increase is
largely the result of man. A significant source of CO, related to
human activity is the combustion of fossil fuels, and high-sulfur
coal combustion has the combined problems of the generation
of CO; as well as SO,. Recently Lackner (2003) considered a
variety of possibilities for CO, sequestration, one of which is
the capture of CO; on lime.

An environmental problem associated with coal combustion
is the formation of SO,, and considerable work has been re-
ported on the desulfurization of flue gas from coal-fired power
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plants. The Coolside process of the Consolidated Coal Company
(Stouffer et al. 1989) involves spraying Ca(OH), slurries into
the flue gas followed by humidification with a water spray. In
some cases NaOH is added to the water to enhance the SO,
removal (1988). In field tests of the Coolside process with a
1-MW power plant in 1984 (Yoon et al. 1985a,b) up to 80% of
the SO, was removed across the humidifier and the electrostatic
precipitator (ESP) using hydrated lime and NaOH as an addi-
tive. The recently completed St. Johns River coal-fired power
plant in Florida uses the hydrated lime process to remove SO,
(New York Times, August 27, 2002). Using a pilot-scale test fa-
cility, Stouffer et al. (1989) clearly showed that SO, removal
increased significantly with humidity. Based on water vapor ad-
sorption measurements made by Klingspor (1983) and their SO,
removal data, Stouffer and his associates concluded that “this re-
sult suggests that the SO, capture by Ca(OH), requires at least
one molecular layer of adsorbed water on the lime surfaces.”
Stouffer et al. (1989) also concluded that “The observed SO,
removal was proportional to the number of layers of moisture
that could physically adsorb on lime at equilibrium with humid
flue gas.”

A possible issue in the use of Ca(OH), to remove SO, is that
it can also remove CO, from the flue gas, and there is evidence
that the CO, /Ca(OH), reaction also requires the uptake of water
to have reaction. If there is significant uptake of CO, by the
hydrated lime, the consumption of the reactant must be increased
to remove the SO, as well as CO,. There can be an advantage in
the sequestration of CO, by hydrated lime in a regional sense,
but there appears to be no global advantage because the hydrated
lime is usually produced by heating limestone, CaCO3, to form
CaO, followed by the hydration of CaO, that is, by the reactions

CaCOj3 + heat — CaO + CO,, [1]
CaO + H,O — Ca(OH),. [2]

However, if the first reaction can be carried out at a site where
the CO, can be sequestered in coal seams, salt mines, or other
geological sinks, it would be feasible to use hydrated lime for
CO, sequestration at fossil fuel power plants.

Using a packed-bed reactor, Beruto and Botter (2000) showed
that the reaction of CO, with Ca(OH), has many of the
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characteristics of the reaction between SO, and Ca(OH), in
that the reaction does not proceed at low relative humidities
(RHs), but at high RHs the adsorption of water vapor on the
particle surface leads to the formation of CaCOjs. Beruto and
Botter concluded that multilayer adsorption yields a liquid-like
interface in which Ca?>* and OH™ ions are formed as a result of
the solubility of Ca(OH), in the adsorbed phase. Since Ca(OH),
is only slightly soluble in water, scrubbing systems such as the
Coolside process use an aqueous slurry of the hydroxide.

Adsorption isotherms of water vapor at 293 K for Ca(OH),
and CaCOj; reported by Beruto and Botter are presented in
Figure 1. These show that for RH > 70% the adsorption in-
creases significantly as RH increases. For RH = 80% they es-
timated the number of water layers adsorbed on Ca(OH), to be
~4 and on CaCO3; ~ 2.6. They considered the reaction to follow
the sequence of equations given by

HCO; — H' +CO%,
Ca(OH),(s) — Ca’* +20H™,
20H™ + 2H' — 2H,0(ads),
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(5]
(6]
(7]

Ca®™ + CO3™ — CaCOs(s). (8]
The overall reaction is
Ca(OH)y(s) + COx(g) — CaCOs(s) + H,O(ads).  [9]

Here g refers to the gas phase, s to a solid phase, and ads to
liquid-like phases (multilayer adsorbed water).

Beruto and Botter used mercury porosimetry to determine
the pore size distribution of their powders. The bimodal distri-
bution showed that most of the pore volume was associated with
cavities between particles, and a much smaller fraction could be
attributed to internal pores. Since the bulk of water could be in
the interstices between particles in the packed bed, CO, could

COx(g) + H20(ads) — H,COs, (3] have dissolved and reacted in the interstitial water as well as with
H,CO; — H' + HCOy3, [4] the adsorbed water. Particle—particle interactions in a packed bed
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Figure 1. Adsorption isotherms for Ca(OH), and CaCOj3 reported by Beruto and Bottter (2000).
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do not occur in particles introduced into a flue gas by a spray,
so we undertook a series of experiments to explore single parti-
cles levitated electrodynamically in a gas stream using Raman
spectroscopy to follow the reaction.

The objectives were to determine the conditions (humidities)
under which the gas—particle reaction proceeds, the extent of
the reaction, and the possibility of pore plugging that prevents
reaction. Pore plugging, particle coating, or both by the product
is known to occur in the reaction between SO, and CaO (Rassat
and Davis 1992). The molar volumes of CaCO3; and Ca(OH),
are 0.0342 m® kmol™" and 0.0331 m® kmol™', respectively, so
it is possible for pore plugging to occur as the hydroxide reacts
to form the carbonate.

APPARATUS AND PROCEDURES

Figure 2 is an overhead photo of the experimental setup.
A double-ring electrode configuration was used for electro-
dynamic containment of the particle, and the electrodes were
mounted in a stainless steel chamber equipped with several view-
ing ports shown in the figure. Each electrode consisted of four
segments to provide three-dimensional positioning of the par-
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ticle by adjusting the dc potential on each segment. An ac po-
tential of 2500 V was usually applied to both rings, and the
ac frequency was usually 120 Hz. This octopole double ring
electrodynamic balance (EDB) has been described in detail by
Zheng et al. (2001), so only a brief description is given here.

Computer-controlled dc potentials were applied to the vari-
ous segments to provide independent dc fields in the x, y, and
z directions. By adjusting the dc potentials, the particle could
be steered in the x and y directions. The x and y controls were
necessary to balance lateral forces on the particle due to asym-
metric radiation pressure of the laser beam, convection in the
chamber, and any other lateral forces. The Z field balanced the
gravitational force, the radiation pressure of the incident laser
beam, and, if present, the aerodynamic drag force of the gas flow
entering from below.

The EDB was optically coupled to the spectrometer system
shown in Figure 3. As indicated in the figure, light scattered from
the trapped particle at 90 degrees to the incident laser beam was
collected through a lens in the EDB chamber, focused onto a pin-
hole, and then collimated. The collimated light passed through
a Kaiser Optical Holographic notch filter (Super plus) for the
514.5 nm irradiation before being focused onto the slit of an

Figure 2. An overview of the electrodynamic balance and imaging systems.
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Figure 3. A schematic diagram of the experimental system.

Acton Spectra-Pro 500i spectrometer. A back-illuminated,
liquid-nitrogen—cooled CCD camera (Princeton Instruments)
was positioned at the exit focal plane of the spectrometer to
record spectra. This single-monochromator system provides less
light loss than double or triple monochromators at the cost of
lower resolution.

Particle images from both x and y directions were acquired
using two video cameras mounted outside observation ports of
the EDB. The cameras and attached zoom lenses are shown in
Figure 2. White light illuminated the trapped particle, and each
video camera imaged the shadow of the particle. Each particle
image was magnified by a factor of 9.45 with a zoom lens and
displayed on a monitor. The total magnification of the particle
image on the monitor was about 400x .

A particle was introduced into the balance chamber through
one of the viewing ports on which was mounted a hinged win-
dow. A few particles were extracted from a powder sample kept
in a dessicator by touching the powder with a hypodermic nee-
dle. The needle was then inserted into the chamber, and the high
electric field near the rings induced a charge on the particles.
A single particle was isolated by adjusting the ac field to elimi-
nate all but one particle. The relevant principles of EDB particle
trapping have been reviewed by Davis (1985) and Davis and
Schweiger (2002).

The humidity in the chamber was adjusted by flowing dry
CO; from a gas cylinder to a humidifier consisting of a glass
condenser tube filled with glass beads. Water flowed down
through the packed bed, and temperature-controlled water was
circulated through the outer annulus of the condenser tube. The
large surface area of the glass beads insured saturation of the gas

at the exit of the humidifier. The humid stream was then brought
to room temperature (293 K) before entering the EDB chamber.
The humidifier provided RHs ranging from 20 to 90%, depend-
ing on the operating temperature of the condenser tube. The exit
humidity was measured with a Vaisala humidity and tempera-
ture transmitter (Model HMP234) mounted in a tee connected
to one port of the balance chamber, and after the particle was
inserted the balance was sealed. Raman spectra were obtained
as the chemical reaction proceeded, and the ratio of the particle
mass to the initial mass was determined from levitation voltage
measurements as discussed below.

In preliminary experiments gas flowed through the cham-
ber during the measurements, but the gas flow destabilized the
particle and made it difficult to obtain accurate gravimetric mea-
surements. For the data presented here the particle existed in a
stagnant gas during the period of data taking.

The particle weight, mg, is related to the dc levitation voltage,
Ve, by means of a force balance in the vertical direction,

mg = C()quC/ZO + Fpr» [10]
in which m is the particle mass, g is the acceleration of grav-
ity, q is the Coulombic charge on the particle, Cy and z, are
geometrical constants that depend on the electrode configura-
tion (see Davis and Schweiger 2002), and Fy, is radiation pres-
sure force exerted by the laser beam. If the radiation pressure
is sufficiently small, the particle mass is directly proportional
to V4. The radiation pressure force was not always negligible,
and the levitation voltages reported here are slightly affected by
the radiation pressure. Since the radiation pressure depends on
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the particle morphology, it varied somewhat due to particle ro-
tation. The radiation pressure can be determined by measuring
V4. with and without the laser illumination, but such corrections
were not made for the data reported here.

In principle, the absolute mass of a particle can be esti-
mated by applying the stability characteristics of the EDB. Par-
ticle stability is governed by an ac field strength parameter,
B = 44 V,.Ci/mw?*z}, and an aerodynamic drag parameter, § =
12map/me, in which V. is the ac levitation voltage, C; is a ge-
ometrical constant that depends on the electrode configuration,
1 is the gas viscosity, and w = 2z f, where f is the ac frequency.
Using Equation (10) with F;,; = 0, to determine g/m, the field
strength parameter becomes 8 = 4g (C;/Co)(Vac/Vac) /a)zzo.
As indicated by Zheng et al. (2001), there is considerable uncer-
tainty about the ratio C;/Cy based on three-dimensional (3D)
simulations of the electric fields and oscillation measurements.
Although this ratio can be determined by driving spheres of
known size and density to instability (by varying V., w, or
both), one cannot obtain reliable estimates of the particle mass
for a nonspherical particle of unknown density by using this
so-called springpoint method. Consequently, we followed the
change in particle mass by recording the dc levitation volt-
age. If Fy; in Equation (10) is negligible compared with the
particle weight, V. is directly proportional to the particle mass.

X axis

time = 0 min

£l

time = 39 min
(max. mass)

%
&

time = 62 min
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EXPERIMENTAL RESULTS

Particle Images

Figure 4 shows a sequence of images of a trapped particle
obtained with the two video cameras during the course of an ex-
periment in which humid CO, (RH = 81%) was present as the
gas phase. The upper images were obtained at the beginning of
the experiment, the middle pair at the maximum in the particle
mass, and the bottom set at the end of the experiment. The parti-
cle is seen to be nonspherical, and initially the y axis dimension
of the particle was approximately 21 um. Although the particle
mass changed significantly during an experiment, there were no
major changes in the particle morphology (size changes).

Mass Changes

The levitation voltage for the particle shown in Figure 4 and
for four other particles, plotted as V4. = |Vqc| versus time,
are shown in Figure 5. The absolute value of the voltage is
plotted because the particles could be positively or negatively
charged, so V. could be negative or positive. Only the absolute
value is needed to determine the particle mass. Since there is
scatter in the voltage data due to the method of balancing the
particle, each data point in Figure 5 represents the average of
three consecutive voltages to reduce the scatter. The scatter arises

y axis

d=21 um

4
L
‘

Figure 4. Images of a trapped particle during the course of reaction at an RH of 81%.
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Figure 5. Levitation voltages as a function of time for particles reacting at various RHs.

because rotation of the nonspherical particle makes it difficult
to maintain the particle exactly at the null point of the electrical
field.

The data for RH = 59% are representative of data taken for
RH < 70%, which show no significant reaction. The levitation
voltage drifted downward and then returned to the initial voltage
(within experimental error). This is substantially different from
the results obtained at higher humidities for which the mass ini-
tially increased relatively slowly as water was adsorbed by the
initially dry particle and the chemical reaction produced wa-
ter within the particle. A maximum was reached, and the mass
then decreased relatively rapidly. The decrease was due to the
evaporative loss of water from the product, CaCO3 (or CaCO;
and unreacted Ca(OH),), as it equilibrated with the surround-
ing gas. This is qualitatively consistent with the water adsorp-
tion measurements of Beruto and Botter (2000). The adsorption
isotherms reported by them for CaCO3 and Ca(OH), at 293 K
and a relative humidity of 88% yield water uptake of 0.00102

g/m? for CaCOj3 and 0.00180 g/m? for Ca(OH),. Consequently,
the water produced by the reaction in Equation (9) and some of
the adsorbed water can be expected to evaporate.

The maximum voltage can be expected to correspond to a
particle that has reacted to form CaCO3; and H,O. If the wa-
ter produced by the reaction has been retained at that point in
time and if the reaction has gone to completion, the ratio of the
maximum voltage to the initial voltage should equal the stoi-
chiometric ratio (100.09 4 18.015)/74.09 = 1.594. Similarly,
if the final voltage corresponds to CaCOj3 containing a negligi-
ble amount of water, the ratio of the final voltage to the initial
voltage should equal the stoichiometric ratio 100.09/74.09 =
1.351. Table 1 lists the initial, Vo, maximum, V.., and final,
Viinal, absolute voltages for the data shown in Figure 5. Also pre-
sented are the ratios Viax/Vo and Vena/ Vo, and the conversion
calculated from the final voltage ratio.

The initial and final voltages were much easier to measure
than the intermediate voltages because particle motion made it

Table 1
Voltages, voltage ratios, and conversions based on the final levitation voltages for the data of Figure 5

RH, % Vo V max Vfinal Vmax/Vo Viinat/ Vo % conversion
59 0.305 0.285 ~1.0 ~0
77 0.641 1.024 £+ 0.031 0.801 1.598 4+ 0.048 1.250 71
81 0.863 1.495 £ 0.062 1.039 1.732 £ 0.072 1.203 58
88 0.843 1.187 £ 0.006 1.007 1.408 £ 0.007 1.195 56
88 0.812 1.338 & 0.129 0.968 1.648 + 0.158 1.192 55
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difficult to maintain the particle exactly at the nullpoint of the
balance, and the rms errors for the maximum voltage are indi-
cated in the table. That leads to uncertainty in the voltage ratio
Vimax/Vo. We note that some of the data for Vy,.x / Vo exceed the
stoichiometric ratio 1.594. This reflects the inaccuracy associ-
ated with measuring Vax.

The mean values of the ratios Viyax/Vo and Vgna/ Vo for the
four data sets (for RH > 59%) presented in Table 1 are 1.597 and
1.210, respectively. The former is very close to the stoichiomet-
ric ratio 1.594, but the latter is lower than the stoichiometric ratio
of calcium carbonate to calcium hydroxide. If the final state of a
particle consists of CaCOs3, some unreacted Ca(OH);, and a neg-
ligibly small amount of adsorbed water, Vg, / Vo = Mgpa/my =
1.210 corresponds to a 60% conversion of the hydroxide to car-
bonate. For the particles that reacted, the conversions calculated
from the final voltages ranged from 55 to 71%, as shown in the
table.

The mean value of the ratio Viyax/Vo ((Vimax/ Vo) = 1.597)
suggests that the reaction went to completion, but the uncer-
tainties in that voltage ratio make it difficult to conclude that the
reaction went to completion. The measured ratios Vi, / Vo yield
a significantly smaller conversion. The results based on the final
voltages are more reliable those based on the maximum voltages,
but this ambiguity cannot be definitively resolved here. The dis-
crepancy cannot be attributed to charge loss by the particle, for
charge loss would lead to a higher levitation voltage and larger
calculated conversion. An increase in the Coulombic charge is
most unlikely because there is no reasonable mechanism for an
increase in charge.

25000

Raman Spectra

The conversion of Ca(OH), to carbonate by reaction with
CO, involves the elimination of [OH]~ bonds that have a Raman
peak at ~3620 cm~!. The [OH]~ bonds in water adsorbed by
the particle and water in the pores of a particle do not have
such a sharply defined peak. Figure 6 shows Raman spectra
for a single dry particle of Ca(OH), and one that was exposed
to water vapor at a humidity of 89 & 1%. The Ca(OH), was
obtained from Sigma Chemical Co., St. Louis, MO, and kept
dessicated until ready for injection into the balance chamber. As
the particle took up water a broad fluorescence base developed
in the Raman spectrum, and additional peaks appeared at 1348
cm~! and 2853 cm™!.

The formation of CaCOj3 can be followed using spectra in
the region Av < 2000 cm~'. This is illustrated in Figure 7,
which presents a spectrum for a dry levitated CaCOj3 particle
and a calcite spectrum obtained from the literature (California
Institute of Technology Division of Geological and Planetary
Sciences). The carbonate sample was also purchased from Sigma
Chemical Co. The spectrum of the calcium carbonate particle
compares favorably with the CalTech spectrum, which has peaks
at 281, 711, 1085, 1434, and 1748 cm~'. The Raman spectrum
of aragonite has many of the features of the calcite spectrum.
Nakamoto (1986) reported vibrational frequencies of aragonite
based on Raman measurements at 714, 1087, and 1432 cm™!,
and for CaO he reported 707 cm™~'. Thus, the peak at ~711 cm™!
can be attributed to the Ca—O bond.

Figure 8 shows a sequence of Raman spectra for a Ca(OH),
particle in CO, with a humidity of 59%. There is no significant
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Figure 6. Raman spectra for a dry particle of Ca(OH);, and after exposure to a humidity of 89%.
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Figure 7. Raman spectra for a levitated CaCO; particle compared with the spectrum of calcite from the database of
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decrease in the intensity of the Raman peak at ~3620 cm ™', but
there is some indication of the formation of CaCO;5. No decrease
in the key peak at 3620 cm~! was observed at even longer times
than indicated in the figure. This same result was observed for
all experiments at low RH (RH < 70%).

For higher humidities the effects of humidity on the process
are illustrated in Figures 9 and 10, which show sequences of
Raman spectra obtained in the sealed EDB chamber containing

6000
5000~
4000
3000~
2000+
1000

INTENSITY

NN o

/ /
1000 1500 2000 Hedg 30
RAMAN SHIFT (CM")

e

0

anetary Sciences.

CO; at RH = 76 and 88%, respectively. The peak associated
with the [OH] ™ bonds in Ca(OH), is seen to decrease with time,
and the peaks corresponding to CaCOj3 are seen to appear. The
largest peak associated with CaCOj is at 1042 cm™!, and it is
clearly seen to increase as the peak at ~3620 cm™! decreases.
For these and numerous other experiments, it was observed
that the [OH]™ peak disappeared at the same time that the lev-
itation voltage reached a maximum. Many experiments were

0 3500

Figure 8. A sequence of Raman spectra for a lime particle reacting to exposure to CO, in the EDB chamber at an RH of 59%.
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Figure 9. A sequence of Raman spectra for a lime particle reacting with CO, at an RH of 76%.

terminated when the particle became too unstable to obtain re-
liable voltage data.

DISCUSSION OF RESULTS

The relatively slow uptake of CO, at room temperature sug-
gests that the process is rate controlled by internal diffusion and
chemical reaction on a time scale of minutes. External mass
transfer to or from the particle is a much more rapid process.

INTENSITY

RAMAN SHIFT (cm")

For a spherical particle with radius a the steady-state mass flux
of a gas phase species iis given by (Davis and Schweiger 2002)

. _ DyM;
5= RT
in which Dj; is the diffusion coefficient of species i in carrier
gas j, M; is its molecular weight, R is the gas constant, T is the

temperature, and p, and po, are the partial pressures of i at the
gas—particle interface and far from the surface, respectively.

(Pa — Poo)s [11]

Figure 10. A sequence of Raman spectra for a lime particle reacting with CO, at an RH of 88%.
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If the water formed by the reaction of CO, with Ca(OH),
evaporates isothermally at T = 293 K into the surrounding gas
at a RH of 88%, the mass flux for a particle with a radius of
10.5 pum is given by

1.972 x 10~ x 18.015(2339 — 2058)
10.5 x 106 x 8314 x 293
=3902x 103 kgm2 s,

Ji=
[12]

where we assume that the interfacial partial pressure, p,, is the
vapor pressure of water (2.339 kPa) and D;; = 1.972 x 1075 m?
s~!. The rate of transport of water vapor to the surrounding gas
is the product of the surface area and mass flux,

= A, j =4ma’; =541 x 1072 kgs™, [13]
Based on the data such as these in Table 1, if the initial mass of
this particle is 1.08 x 10~!! kg (using 2240 kg m~3 for the den-
sity of Ca(OH),), then the maximum mass is 1.72 x 10~!! kg,
and the final mass is 1.31 x 10~!'. Consequently, the water loss
during the evaporation stage is 4.1 x 107! kg. At a constant
rate of 5.41 x 10712 kg s™! the time required to transport the
water from the particle to the gas phase is 0.8 s. This time scale is
very much smaller than the time scale observed experimentally,
which is on the order of 30 min.

These results suggest that the surface of the particle rapidly
reaches equilibrium with the surrounding gas, and the rate of
transport of water vapor and CO; into the particle is controlled
by diffusion in the pores of the particle. From the results of
Beruto and Botter it is likely that multilayer adsorption of water
vapor occurs, the CO, and Ca(OH), dissolve in the water, and
reaction proceeds in the aqueous solution. The water generated
in the reaction must then diffuse outward through the pores. The
low solubility of CaCOs; in water leads to precipitation of the
carbonate.

The Raman spectra at larger times do not show the peak at
3620 cm™! attributable to the [OH]~ bond in the hydroxide, but
it is not clearly established whether the Raman scattering from
the core of the particle is detected. There could be unreacted
Ca(OH); in the core as suggested by the gravimetric data based
on the final dc levitation voltages. The images taken during the
course of reaction do not show an appreciable size change as the
mass increased, which suggests that reaction occurred within
pores of the particle. If the additional mass significantly changed
the particle morphology, size, or both by reaction at the parti-
cle surface, we would have detected the change with our video
camera setup.
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One can expect the reaction to proceed much more rapidly
at the higher temperatures of the Coolside process mentioned
above, and if hydrated lime is used to remove SO, from a flue
gas, there will be simultaneous reaction of SO, and CO, with the
calcium hydroxide. The reaction with CO, requires additional
hydrated lime compared with the requirement for only SO, re-
moval. Because the CO; concentration (<20% by volume) of an
exhaust gas is usually much higher than the SO, concentration
(<2% by volume), the additional requirement of Ca(OH), can
be significant.

The results presented here could apply to the sequestration of
CO,.However, there is no global advantage if CO; is sequestered
locally using hydrated lime unless the CO, produced by the
reaction in Equation (1) can be sequestered at the site where the
CaO is produced.
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