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ABSTRACT 
Utility boilers and tail-gas desulfurization units that utilize Lz~estsne-basa sorbents to remove 
sulfur oxides enerzte -25 iiiiiion tons of flue-gas desulfurization (FGD) wastes each year in the 
US.' A substantial portion of the Ca in these wastes remains unsulfated (as CaO or Ca(OH)$, 
panicularly in units that produce dry wastes. When hydrated, these materials exhibit a strong 
affinity to absorb acid gases at ambient temperature in Proportion to their availablecalcium 
content and panicle size. The work reported here is a continuation of previous investigations of 
CO, and 3 s  absorption that includes more recent studies with NO, NO,, and SO,. The relative 
affinity for the gases examined thus far is SO2 > CO, > H$. CH4 and NO are not absorbed and 
NO, apparently decomposes at first to NO and HN03 before eventually being absorbed as 
calcium niuate following depletion of hydration water. The role of available calcium and particle 
size on absorption capacity and mineralogic changes in the wastes during exposure are discussed. 

INTRODUCTION. 
In recent years. numerous flue-gas desulfurization (FGD) technologies that utilize limestone-based 
sorbents, such as fluidized-bed combustors (FBC), spray dryers, and wet scrubbem, have been 
or will be added to existing utility boilers in an effort to satisfy federally-mandated h i t s  on SO, 
emissions. Such units are normally classified as either wet or dry depending on whether the 
absorbent is used in an aqueous slurry (wet) or as a dry or hydrated solid. In addition to 
differences in the proportions of sulfites and sulfates formed during sulfur capture., dry FGD by- 
products differ from their wet-scrubber counterpans in that a significant portion of the calcium 
in the dry waste remains unsulfated. The fraction of unreacted Ca, available as lime ((30) or 
slaked lime (Ca(OH),) can be quite high (> 1/2) depending on scrubber design and operation. 

When hydrated, dry FGD wastes smngly absorb acid gases at ambient temperature, e.g. CO,. 
Further, absorption can be both rapid and near complete. Such a sorbent may have numerous 
commercial uses such as the removal of CO, from natural gas (the focus of a prior stud?). 
Further, considering that about 95% of the -20 million tons of flue-gas desulfurization (FGD) 
wastes generated annually in the US is discarded in landfills or holding ponds, commercial 
utilization of FGD wastes could stand to benefit from both a plentiful low-cost raw material as 
well as a significant savings in disposal. 

In our ongoing study, gas absorption has been examined using waste samples generated in four 
commercial boilers, a Coolside demonstration-plant run3, and four tests conducted in the 
Coolside pilot plant! With the exception of a utilityderived fly ash that served as a control, 
all study samples are dry-FGD materials. In addition to the absorption studies with CO,, CH4 
and 3 s  previously reported, results from tests with NO, NO2, and SO, are reported here. 

EXPERIMENTAL. 
Details for the most recent round of testing with NO, NO,, and SO, plus a brief description of 
the reactor system, study samples, and run pr0cedure.s are presented in the section to follow. The 
reader is r e f e d  to previous manuscripts for additional information on the laner.u.6 

Absorption Reactors. A schematic of the reactor system shown with a pair of 4 x 3/8"-i.d. ss 
tube reactors as configured for hydrated solids is shown on the left of Figure 1. Essentially the 
same system was used to measure absorption by aqueous waste slurries except that a pair of 250 
dcapac i ty  gas scrubbers were substituted for the tube reactors (Figure 1-right). It should be 
noted that due to the high solubility of SO, in and the tendency for NO, to decompose on 
contact with water, only tests with hydrated solids were conducted for these two gases. 

Samples. A total of 11 waste samples have been used throughout this investigation.u Nine of 
the samples are fly ashes, designated with a -FA suffix. The remaining two, designated with a - 
BA suffix, are bed ashes. A Class F fly ash &-FA) from a pulverizedcoal-combustion (PCC) 
utility boiler served as a control and was the only non-FGD sample examined. The four 
fluidized-bed combustion wastes (FU-FA/BA and CC-FA/BA) were derived from circulating or 
enuained flow units operating on high-sulfur bituminous coal. Two types of dry, post- 
combustion flue-gas scrubber material were also examined, a spray-dryer ash from an indusmal 
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boiler in the Midwest, and materials from the Coolside duct-injection technology. The Coolside 
materials include one sample generated in Ohio Edison’s 1990 demonsaation of the technology 
at its Edgewater power p h i ‘  (CS) as well as materials from the CONSOL’S Coolside pilot plant 
in Library, PA (PPl-PP4)P The major differences in the waste samples with respect to 
absorption appears to be in the particle size (BA > FA) and the proportions of free lime which 
ranged b m  <3% in the L-FA control to -20% or greater in the FU-FA, FU-BA, CC-BA, and 
PP4 samples. Because absorption of COz has been reported for all 11  samples in a previous 
r e p L  tests conducted in this round were limited for the most pan to the N - F A  and PP4 which 
represent the two samples of fly ash with the highest free-lime content. 

Run procedures. All absorption tests were conducted at ambient temperams. Hydrated 
samples were obtained by blending distilled water with dry waste under N,. 0.5-2 g of the 
hydrated sample and 6 g of Ottawa sand were packed to the absorbent and bypass reactors, 
respectively. For the slurry tests, -5 g of dry sample were added to 200 mL of distilled water 
in a 250-mL gas scrubber. The bypass scrubber contained distilled water only (200 ml). 

Gas flow through the reactors was comprised solely of N, in the bypass line. Standard-gas 
blends containin various combinations of CO,, H$, CH4, and Ar were metered through the 
absorbent line.zBStandard-gas blends containing 0.509 vol% NO, 3.82 ~01% NO,, or 3.81 vol% 
SO, were used in this round of testing. These blends were either quantitatively combined with 
high-purity Ar or with a blend of Ar/C02/CH4 (30.3/49.6/20.1 ~01%) prior to entering the reactor 
system. Argon was generally included in all blends as a tracer gas. 

The exit streams from both the bypass and sample reactors were combined and continuously 
sampled with a capillary tube connected to the inlet of a VGquadrupole mass specmmeter 
(QMS). The QMS was operated in a selected-ion-monitoring mode in which ion intensities for 
m/e 15-CH3+ (for methane), 18-H20+, 20-&+, 28-N2+, 30-N0+, 34-H.$+, 4O-Ar+, 44-W2+, 46- 
NO,’, and/or 64-S02+ were recorded at approximately 1-second intervals. 

For both reactor configurations, data collection was initiated with the switching valve in the 
bypass position, is., the test-gas stream passing through the sand-packed bypass reactor. After 
a timed interval, the valve was rotated so that the test-gas stream was switched to the absorbent 
reactor as the N, stream was simultaneously switched to the bypass reactor. Following exposure, 
the valve was returned to the initial position to reestablish the QMS baseline. At the conclusion 
of a run, the QMS molecular-ion signal for each gas of interest was ratioed to the Ar-ion signal. 
The c w e s  described by these ratios were then numerically integrated over the interval of 
exposure. By comparing these integrals to the test gas/Ar ratios obtained during passage through 
the bypass bed (before and after valve switch), the fraction of the test gas absorbed was 
determined. Since gas flows and sample weights are known, absorption could be converted to 
an absolute basis (standard cubic feet (SCF)/ton of waste. The same procedure was used for 
those runs in which more than one test gas was passed through the reactor in the same run. 

RESULTS 
It was shown in prior studies that the absorption of CO, required wetting of the dry FGD waste 
(hydration or slurry formation). For non-wetted samples, absorption proceeded at a prohibitively 
slow rate? This is illushated in Figure 2 where absorption of CO, is observed to increase in 
a linear manner up to about 25 wt% added water. Further water addition created a mud-lie 
consistency accompanied by a dramatic decline in the apparent absorption capacity. This decline 
is presumably due to decreased permeability of the hydrated sample preventing gaseous CO, 
from freely entering the sample bed. 

Absorption curves are shown in F i p  3 for a hydrated sample (top) and an aqueous slurry 
(bottom) prepared from PP4. This figure shows CH4, CO,, and H,S response curves as these 
gases were concurrently passed through the reactor. These plots indicate that CH4 was not 
absorbed, %S was moderately absorbed and CO, was extensively absorbed. Closer inspection 
of the absorption curves reveals that the H.$ response rose to greater than baseline levels in both 
runs as H2S was passed through the sorbent bed. This implies that some of the %S absorbed 
early in the exposure was displaced by CO, as the capacity of the PP4 sample was depleted. The 
absorption kinetics were more rapid for the hydrated sample than for the aqueous slurry though 
on an absolute basis, absorption was about twice as great for the latter (-3,800 ScF/t vs 
-1,800 SCF/t). It was previously concluded that W2 incorporated into the hydrated sample to 
form calcite whereas absorption by the waste slurry resulted in c a p m  as Ha,,- ions which 
remain in solution. Thus, each CaO unit in  the hydrated solids could capture one CO, molecule 
to form Cam3 or lead to the capture of two CO, molecules to form aqueous-phase HC03* ions. 

COz absorption by waste slurries is plotted as a function of available-calcium content for the 11 
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study samples in Figure 4. The majority of the samples plot along a straight line with the 
exception of the two points on the lower right. These two outlyers represent the two samples of 
bed ash (FU and CC) whereas the other points in Figure 4 represent samples of fly ash. This 
plot emphasizes the dependency of CO, absorption on both available calcium and particle s k .  
That is, the significantly larger particle size of the bed-ash samples as well as potential blockage 
of particle pores by chemisorbed SO, likely limits diffusion of CO, to the panicle interior. 

Tests with NO, NO2, and SO,. Absorption curves for NO, NO,, and SO, are shown in 
Figure 5 as these gases were passed through either an aqueous slurry (NO) or a hydrated sample 
of PP4 (NO&W2). CO, was blended to the test-gas stream prior to routing to the absorption 
reactor for all three. runs shown in Figure 5. The top plot shows essentially no absorption of NO. 
Likewise, no significant absorption of NO was measured when this gas was passed through the 
s k i i f  -iViibuiirlii CG, <nut bhuwnj ur when passtxi d u g h  a sampie of hydrated YP4 (not shown). 

The middle plot in Figure 5 shows simultaneous removal of NO, and CO,. Both gases were 
extensively absorbed immediately after the valve switch to expose mode. However, -5 min into 
the exposure, the response curve for CO, exceeded its baseline established during bypass mode 
(before and after exposure). This suggests that COz initially absorbed was displaced as the run 
proceeded (absorption capacity of the slurry was depleted). Unlike CO, which is chemisorbed 
by portlandite (Ca(0H)Z) to form CaC03, it is not believed that NO, is absorbed as such. 
Rather, it appears to decompose on contact with hydration water to form HNO, and NO. This 
is supported by the NO and 30 curves shown in the same plot. Immediately after switching 
to expose mode, the NO, signal is lower than that of NO. However, about 40-45 min into the 
run, the NO, response increases above that of NO concurrent with the depletion of %O. This 
is congruent with a decrease in NO, decomposition as the hydration water is consumed. HNO, 
ultimately reacts with portlandite to produce HzO and calcium nitrate hydrate but not until much 
of the hydration water is depleted. Finally, integration of the CO,-response curve revealed a net 
release of CO, of -150 SCF/t. This production of CO, likely derives from calcite (CaC03) 
inherent to the FGD waste which is attacked by the newly-formed nimc acid (later discussion). 

The bottom plot in Figure 5 shows SO&O, absorption. Again, CO, was initially absorbed but 
later displaced by SO, as the run proceeded Integration of the absorption curves (60 min 
interval) indicated an average absorption of -3,800 SCF/t SO, and a net release of -550 SCF/t 
CO,. Again, the released CO, is believed to originate from preexisting calcite in the PP4 
sample as indicated by XRD. The calcite peaks were totally absent in the XRD spectra of wastes 
following exposure to SO2 At the end of the 60’ exposure, absorption of SO, and release of 
CO, is essentially complete. In contrast, during exposure to a blend of N02/COz (Fig” 5b), 
NO, decomposition and CO, displacement is not complete despite the fact that essenaally the 
same volumes of NO, and SO, were flowed through the reactors during these runs. In a single 
run with SO, and NO, (w/o CO,), SO, response began to return to baseline well before NO, 
which again exhibited an inverse relation to water availability. Thus, it would appear that SO, 
removal is conaolled by the chemistry of the waste sample whereas NO, removal seems more 
dependent on water content. 

Changes in mineralogy. X-ray diffraction (XRD) spectra of hydrated-PP4 waste samples are 
shown in Figure 6. The top plot (Figure 6a) is for a hydrated sample simultaneously exposed 
to CO, and H2S, the middle spectrum (Figure 6b) is following exposure to NO,/CO,, and the 
bottom (Figure 6c) is following exposure to SO&O,. A spectrum of a hydrated sample of PP4 
that had not been exposed to the test gases is shown in all three plots for comparison (darker 
lines). In the top plot, the major mineralogic change was depletion of portlandite (&(OH),) and 
formation of calcite (Cam,). There is no indication of CaS formation. When H,S was passed 
through the sample without CO, (not shown), portlandite was again depleted only this time 
accompanied by the formation of an unidentified mineral with peaks near 9 and 20 (2-theta). The 
suspected stoichiometry of the unknown is Ca(OH),.,(HS),) though this structure is yet P be 
confirmed. 

Again, depletion of portlandite from the parent to the exposed sample can be seen in Figure 6b 
in which NO, and CO, were passed through the hydrated sample. Several new peaks appear 
which are identifiid as a hydrated form of calcium nitrate. However, in runs aborted prior to 
water depletion, these peaks were not observed in the exposed sample. This is consistent with 
the decomposition of NO, to NO and HNO, since NO would be released and surface adsorbed 
HNO, would not exhibit an XRD pattern. Thus, the absorbed NOx species must exist as either 
HN03 or in an amorphous structure. It is speculated that at some point during the exposure as 
water is depleted, the HNO, reacts with ponlandite to form %O and Ca(NO3)i2%0. 

Depletion of ponlandite from the parent to the exposed sample is again evident in Figun 6c in 
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\ which a mixture of CO#O, was used The minor calcite peaks present in the parent arc absent 
in the exposed sample. Several new peaks appear in the exposed sample which, for the most 
part. can be attributed to hannebachite (CaSo3Q.5Hz0). Thus, it appears that S q  is mostly 
i n m t c d  by substitution for the hydroxyl ions in ponlandite with some substitution for (33, 
in the inherent carbonates. 

SUMMARY 
Hydrated M D  wastes exhibit a smng affinity for q, %S. and SO, ranging upwards of 4,000 
ScFh for SO, in tests with the PP4 and FU-fly ash. The relative order of affinity appears to be 
SO, > C02 > %S. NO, was found to decompose on contact with the hydrated samples to form 
NO and H N 4  with eventual incorporation as hydrated calcium nitrate. Little or no absorption 
of CH., or NO was observed. In tests of CO, absorption, absorption capacity was found to be 
directly related to the availablecalcium content and inversely to the particle size of the waste. 
Further, absorption did not proceed at a signifiiant rate without the addition of water to the dry 
wastes. XRD analyses showed that exposun of hydrated FGD wastes to q. H$, SO,. and 
NO, resulted in the depletion of portlandite (Ca(0H)d and subsequent formation of calcite 
(Caq) ,  an unknown mineral, hannebachite (CaS03'%O), and initially eithw an amorphous 
ninate/niuite mineral or absorbed HN03 followed by formation of Ca(NO3)?'%0, mpcctively. 
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Figure 1. Schematic of the absorption nactors used to measure gas absorption by hydrated- 
FGD wastes (left) and waste slunk (right). 
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Figure 3. Absorption curves for SI,, CO,, 
and 3 s  simultaneously passed through a 
hydrated sample (top) and aqueous sluny 
Ibottom) of PP4. 
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Figure 4. CO, absorption as a function of the 
available calcium. The two points on the 
bottom right represent samples of bed ash; all 
others are fly ash samples. 
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Figure 5. Test gas/& ion ratios for NO 
NO, (b), and SO2 (c) during exposure 
hydrated PP4 (a) and PP4 sluny (bk). c 
absorption shown in all three plots. 
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Figure 6. XRD specw of PP4; hydrated only- 
darker lines; exposed sample-lightcr shading. 
c-calcite (CaCO,); ncalcium nitrate hydrate; 
g-gypsum (CaSO,.%O); h-hannebachitc 
(caSO3~.5H20); p-portlandite-(Ca(OW. 
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