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(57) ABSTRACT 
The present disclosure relates to improved processes 
for treating hot sulfur-containing flue gas to remove 
sulfur therefrom. Processes in accordance with the 
present invention include preparing an aqueous slurry 
composed of a calcium alkali source and a source of 
reactive silica and/or alumina, heating the slurry to 
above-ambient temperature for a period of time in order 
to facilitate the formation of sulfur-absorbing calcium 
silicates or aluminates, and treating the gas with the 
heat-treated slurry compounds. Examples disclosed 
herein demonstrate the utility of these processes in 
achieving improved sulfur-absorbing capabilities. Addi 
tionally, disclosure is provided which illustrates pre 
ferred configurations for employing the present pro 
cesses both as a dry sorbent injection and for use in 
conjunction with a spray dryer and/or bagfilter. Retro 
fit application to existing systems is also addressed. 

18 Claims, 8 Drawing Sheets 

- - - 4AAAAW 

72 A7A 
AAUASA.A. 

AYAA 
  



5,047,221 
Page 2 

OTHER PUBLICATIONS 
S. L. Marusin, "Experimental Examination of Fly Ash 
Concrete', 6 Cement, Concrete, and Aggregates, 
CCAGDP, No. 6 (Winter 1984), at 126-136. 
M. W. Grutzeck et al., “Mechanism of Hydration of 
Condensed Silica Fume in Calcium Hydroxide Solu 
tions' (1984), at 643-664. 
F. J. Sereda et al., "Structure Formation and Develop 
ment in Hardened Cement Pastes" (1980). 
Yang et al. (1979), AIChE J., 25:811. 
F. A. Ayer, "Proceedings: Symposium on Flue Gas 
Desulfurization Hollywood, Fla., Nov. 1977 (vol. 1)", 
EPA-600/7-78-058a (Mar. 1978) at 278-291. 
H. F. W. Taylor, "Chapter 5; The Calcium Silicate 
Hydrates', 1 The Chemistry of Cements 167-232 
(1964). 
S. Brunauer, "Tobermorite Gel-The Heart of Con 
crete", 50 American Scientist 210-229 (1962). 
S. A. Greenberg et al., "Investigation of Colloidal Hy 
drated Calcium Silicate, I. Solubility Products', 64.J. 
Phys. Chem. 1151-1157 (Sep. 1960). 
L. Kalousek, "Tobermorite and Related Phases in the 
System CaO-SiO2-H2O", J. Amer. Concrete Inst. (Jun, 

1955), at 989-1011. 
J. Heller et al., "Hydrated Calcium Silicates, Part II, 
Hydrothermal Reactions: Lime:Silica Ration 1:1", 
Chemical Society Journal (1951), at 2397-2401. 
H. F. W. Taylor, "Hydrated Calcium Silicates, Part I. 
Compound Formation at Ordinary Temperature', 
Chemical Society Journal (1950) at 3682-3690. 
H. H. Steinour, "The System CaO-SiO2-H2O and the 
Hydration of the Calcium Silicates', Chern Reviews 
(1947), at 391-459. 
A. B. Cummins et al., "Diatomaceous Earth: Equilib 
rium and Rate of Reaction in the System Hydrated 
Line-Diatomaceous Silica-Water', 26 Industrial and 
Engineering Chemistry, No. 6 (1934), at 688-693. 
Dialog Search Report. 
G. Rochelle and P. Chu, “SO2/NO2 Removal by CA 
(OH)2" (Oct. 16, 1986). 
J. Peterson, "Kinetic Study of the Reaction: Fly Ash 
--Ca(OH)2' (Oct. 21, 1986). p 
J. Peterson and G. Rochelle, "Kinetic Study of the 
Reaction: Ca(OH)2 --Fly Ash" (Apr. 14, 1987). 
J. Peterson and G. T. Rochelle, "Calcium Silicate Rea 
gents for Dry Flue Gas Desulfurization' (Oct. 14, 
1987). 





U.S. Patent Sep. 10, 1991 Sheet 2 of 8 5,047,221 

AA/54% AA//72 
  



U.S. Patent Sep. 10, 1991 Sheet 3 of 8 5,047,221 

/(20 

40 

t 
2. O 

/2 5 14 (25 f 2 1 af 262 

/Z rasa/ca (OA), WA/6/7 A747/0 

42 

50 

20 

1a 

s 

/2 2z a 767 ca(24), Z/AA/A2 W/777 

  



U.S. Patent Sep. 10, 1991 Sheet 4 of 8 5,047,221 

CX ZA277/ 265 
O ZAOAAAA ao 
O A S/Z/4/4 14A 

R 

40 

43 

20 

12. (2/25 (2.25 (25 f 2 4 & 22 
2. 6 s///ca/ea?o) We/6/77 AA770 

Š 
S. 725 - 100% 50 AAA%2%Z 22aa/72/6 
S - (0 - A0A (2.17 4//7A 
& o 1 
in S 
S 250 O 
S. S. C 

S Š S S 

4 A (7/2A24ZZ 1/2 (23 & S. O (WAAAAA AAV/M 1447/Wa 
S f0. O (AAC/AD ACV/V, AZZ/7//4 
ammu y 2 1. 2 12 22 

2. 7 A/ww/wa/ca (74), W2/6/7 AA770 

  







U.S. Patent Sep. 10, 1991 Sheet 7 of 8 5,047,221 

s 
N S 
Ss 

(2, 3 

N 
SS 
S (24 
S 

1N 
SYQ, 
SS &S 0.3 

s 
As 
s & 0.2 
na o 

S is 
(2/ 

S 

/(20 A0 /60 220 260 300 

7AA7AAA70/AA C 

  





5,047,221 
1 

PROCESSES FOR REMOVING SULFUR FROM 
SULFUR-CONTAINING GASES 

BACKGROUND OF THE INVENTION 
The government may own certain rights in the pres 

ent invention pursuant to EPA Cooperative Agreement 
CR 81.531. 

This application is a continuation of U.S. Ser. No. 
163,864, filed March 3, 1988, now abandoned, which 
was a continuation-in-part of Ser. No. 928,337, filed 
Nov. 7, 1986, now U.S. Pat. No. 4,804,521, and a con 
tinuation-in-part of Ser. No. 930,171, filed Nov. 10, 
1986, now abandoned. Both are hereby incorporated by 
reference. 

Reference is made under 35 U.S.C. & 120 to copend 
ing applications, U.S. Ser. No. 930,171 filed Nov. 10, 
1986, and U.S. Ser. No. 928,337, filed Nov. 7, 1986. 
These disclosures are incorporated herein by reference. 

1. Field of the Invention 
The present invention relates to processes for reduc 

ing the level of sulfur in a sulfur-containing gas. In 
particular, the invention relates to the use of improved 
sulfur dioxide-absorbing calcium alkali sorbents, which 
include a calcium-reactive alumina or silica source, in 
the desulfurization of sulfur-containing flue gases, and 
methods for improving the sulfur dioxide absorbing 
capabilities of such sorbents. 

2. Description of the Related Art 

energy in the world today. For example, it has been 
estimated that the known coal reserves in the U.S. alone 
could supply sufficient energy for domestic consump 
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Coal represents one of the most bountiful sources of 

tion for several hundred years. Unfortunately much of 35 
this coal contains high levels of sulfur which, when the 
coal is burned, is released into the atmosphere, gener 
ally in the form of sulfur dioxide. One of the most seri 
ous environmental problems associated with such sulfur 
emissions is the generation of atmospheric sulfuric acid, 
resulting in so-called "acid rain." 
Attempts at controlling sulfur dioxide emissions from 

coal burning plants have led to the development of a 
number of advanced systems and processes for flue gas 
desulfurization. Fluidized-bed combustion, lime injec 
tion, and flue gas desulfurization are some of the exam 
ples. In these processes, limestone has been used as a 
sorbent which forms primarily calcium sulfate at a tem 
perature above 700° C. Regeneration of the sorbent has 
been a difficult problem because of the high chemical 
stability of the sulfate. Yet, regeneration is desirable 
from the points of view of conservation, cost, and ecol 
ogy. As a result, a considerable amount of research 
effort has been expended in developing alternate sor 
bents which are regenerative as well as reactive to sul 
..fur dioxide. 

Fluidized bed combustion (FBC) and scrubbers for 
flue gas desulurization (FGD) represent two of the 
more promising advanced processes for power genera 
tion. FBC relates to the combustion of coal with lime 
stone particles as the bed material, and has received 
increasing attention as a promising and versatile tech 
nology for clean power generation. Equally promising 
has been FGD, wherein sulfurreactive sorbents are 
employed to remove sulfur from flue gases prior to their 
venting into the atmosphere. In developing the technol 
ogies for FBC and FGD, a search for sorbents more 
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2 
effective than limestone, especially ones which are eco 
nomically regenerative, has been a challenging task. 

Flue gas desulfurization by the means of spray dryer 
absorber and bag filter or electrostatic precipitator has 
recently received much attention. In the spray dryer/- 
bag filter system, flue gas is contacted with a fine spray 
of an aqueous solution or slurry of a reactive alkali 
(typically lime), with SO2 removal and drying occur 
ring simultaneously. The sulfur dioxide is absorbed into 
the water droplet during the constant rate period of 
drying until it shrinks to the extent that the particles 
touch each other. During the following falling rate 
period, the remaining water diffuses through the pores 
of agglomerated particles until the solids establish pseu 
do-equilibrium with the humid environment of spray 
dryer. 
The third stage of drying may be called the second 

falling rate period. Any drying/mass transfer during 
this period is limited by the diffusion of moisture from 
within tightly packed particles. The first two stages take 
place exclusively in the spray dryer. The majority of 
pseudo-equilibrium period occurs in the duct joining 
spray dryer and bag filter and in the bag filter itself. 
Since not all moisture is removed from the solids in the 
spray dryer, the remaining moisture promotes further 
removal of SO2 in the bag filter. Therefore the total 
SO2 removal in the system is a sum of removal in the 
spray dryer and bag filter. 
The recycle of product solids is among the options 

that have been tested to increase the utilization of rea 
gent. Reports indicate that recycle of product solids and 
fly ash results in substantial improvement of reagent . 
utilization and SO2 removal. This option provides a 
higher Ca(OH)2 concentration in the slurry feed at the 
same Ca(OH)2 stoichiometry (moles of Ca(OH)2 fed to 
the system/moles of SO2 in the feed gas). In one pilot 
plant, increasing the recycle ratio (g solids recycled/g 
fresh Ca(OH)2) from 6:1 to 12:1 increased SO2 removal 
in the spray dryer from 70% to 80% at stoichiometry 
1.0 (Blythe et al., 1983, Proceedings: Symposium or Flue 
Gas Desulfurization, Vol. 2, NTIS PB84-110576). In 
another installation, compared to once-thru tests, recy 
cle tests gave 10 to 15% more SO2 removal at stoichi 
ometry 1.5 (Jankura et al., presented at the Eighth 
EPA/EPRI Symposium on Flue Gas Desulfurization, 
New Orleans, La., 1983). 
Another option enhancing lime utilization uses the 

recycle of both solids captured downstream in the spray 
dryer and solids from the baghouse. However, removal 
does not appear to be significantly different when either 
spray dryer solids or fabric filter solids are employed as 
the recycled material. At stoichiometry 1.0 the removal 
increased from 53% when no recycle was employed to 
62% increased from 5% to 20%, SO2 removal in the 
spray dryer increased from 80% to 92% for stoichiome 
try 1.6 (Jankura et al., 1983). 

U.S. Pat. No. 4,279,873, to Felsvang et al., relates 
several experiments investigating the effects of fly ash 
recycle and proved it to be beneficial for SO2 removal 
in a spray dryer. It was found that substantially higher 
removal of SO2 may be achieved when recycling the fly 
ash and Ca(OH)2 than when recycling Ca(OH)2 alone. 
Corresponding efficiencies for stoichiometry 1.4, 500 
ppm inlet SO2, and comparable solids concentration 
were 84% and 76%, respectively. For the same stoichi 
ometry and SO2 concentration, removal was only 67% 
for the simple once-thru process. At low SO2 concen 
tration and high recycle ratios, over 90% removal was 
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achieved even at extremely low stoichiometries. At 548 
ppm SO2, 25:1 recycle, 0.76 stoichiometry and at 170 
ppm SO2, 11.0:1 recycle, 0.39 stoichiometry, SO2 re 
moval was 93.8% and 97.8%, respectively. 
Removal efficiencies up to 65% were reported with a 

slurry of highly alkaline (20% CaO) fly ash only (Hurst 
and Bielawski, Proceedings: Symposium on FGD, EPA 
600/9-81-019b, 853-860, 1980). In another experiment, 
25% SO2 removal was achieved when spraying slurried 
fly ash collected from a boiler burning 3.1% sulfur coal 
(Yeh et al., Proceedings: Symposium on Flue Gas De 
sulfurization, EPRI CS-2897, 821-840, 1983). A weak 
trend was found in a study of 22 samples of fly ashes 
that a slurry with a higher total slurry alkalinity tended 
to have a higher SO2 capture (Reed et al., Environ. Sci. 
Technoi, 18, 548-552, 1984). 

Therefore, while it is clear that desulfurization pro 
cesses employing flue gas scrubbers represents an im 

10 

15 

portant advance, it is equally clear that such techniques 
presently have economic and technical drawbacks, not 
the least of which is the low degree of reagent utiliza 
tion. While recycle of product solids with fly ash has 
resulted in some improvement, such processes are still 
not economically feasible for certain applications, and 
much room remains for the improvement of reagent 
utilization in such systems. 

SUMMARY OF THE INVENTION 

Accordingly, the present invention is directed to 
improved processes for reducing the level of sulfur in a 
sulfur-containing gas which in their most general and 
overall scope include four basic steps. One step involves 
the preparation of an aqueous slurry comprising a cal 
cium alkali together with a calcium-reactive silica or 
alumina which are present in amounts sufficient to 
allow for the formation of a sulfur dioxide-absorbing 
component which includes a calcium silicate or calcium 
aluminate. Virtually any composition which includes a 
calcium alkali (CaO or Ca(OH)2) may be employed in 
the practice of the present invention. For example, 
calcium alkali in the form of lime, slaked lime, hydrated 
lime, calcidic lime, dolomitic line, calcium hydroxide 
or calcium oxide may be employed. For economic rea 
sons, due to its lower cost, a preferred embodiment of 
the present invention employs lime or slaked lime. 

Similarly, virtually any composition which includes a 
calcium reactive silica or alumina may be employed, 
wherein a calcium-reactive silica or alumina is defined 
as a source of silica or alumina which is readily soluble 
in alkaline solutions. Such compositions include, but are 
not limited to, fly ash, diatomaceous earth, clay, benton 
ite, montmorillonite, activated alumina, or silicic acid. 
Again, for economic reasons, one would generally em 
ploy fly ash in that fly ash is a natural by-product of coal 
combustion and is therefore readily available at coal 
burning power plants. Thus, fly ash may be included in 
the slurry in the form of spent solids. 
Although some degree of sulfur absorption may be 

obtained with slurries which contain virtually any mass 
ratio of calcium reactive silica or alumina to calcium 
alkali, in one embodiment, mass ratios ranging from 
about 1:1 to about 16:1, respectively, are preferred. In a 
more preferred embodiment, the slurry comprises a 
mass ratio of calcium reactive silica or alumina to cal 
cium alkali from about 1:1 to about 5:1, respectively. 
As with mass ratio, the total amount of solids which 

are slurried is not of critical importance. However, the 
total solids amount will generally be determinative of 
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4. 
the amount of sulfur which is removed from the gas by 
the slurry. Typically, about one to three moles of cal 
cium alkali is added for every mole of sulfur to be re 
moved from the gas. However, in a more preferred 
embodiment, the slurry comprises about one to two 
moles of calcium alkali for every mole of sulfur to be 
removed from the gas. 

In a further embodiment, the slurry also includes 
sodium hydroxide in a concentration ranging from 
about 0.03 molar to about 1 molar. More preferably, the 
slurry comprises about 0.05 to about 0.5 molar sodium 
hydroxide. Even more preferably, the slurry comprises 
sodium hydroxide in a concentration ranging from 
about 0.1 molar to about 0.25 molar. Therefore, typi 
cally, the slurry will comprise about 0.02 to 0.3 moles of 
sodium hydroxide for every mole of calcium alkali. Or 
more preferably, 0.05 to 0.2 moles of sodium hydroxide 
for every mole of calcium alkali. 
Another step of the most general process of the pres 

ent invention involves heating the slurry to a tempera 
ture above ambient in a manner to facilitate the forma 
tion of the sulfur dioxide-absorbing component. Virtu 
ally any increase in temperature of the slurry over ambi 
ent, as well as increases in slurrying time, will result in 
an improved sulfur dioxide absorbing slurry. The upper 
temperature limit is bounded only by temperatures at 
which the calcium reactive silicates or aluminates will 
become dehydrated. Generally, such dehydration will 
occur at temperatures above 200 centrigrade. It is be 
lieved that dehydrated calcium silicates or aluminates 
will not prove as advantageous in sulfur absorption as 
hydrated calcium silicates or aluminates. Moreover, 
extremely high slurrying temperatures (for example, 
above 200 C.) will generally prove to be uneconomic 
in commercial practice. 

Accordingly, in the practice of the invention, the 
slurry is heated to between about 40 and about 200 C. 
for between about 0.5 and about 48 hours. In one en 
bodiment, the slurry is heated to between about 40 and 
about 60' C. for between about 2 and about 36 hours. 
More preferably, the slurry is heated for between about 
4 to about 12 hours. In another embodiment, the slurry 
is heated to between 60 and about 80 C. for between 
about 1 and about 24 hours. More preferably, the slurry 
is heated at such temperatures for between about 2 and 
about 12 hours. In still another embodiment, the slurry 
is heated to between about 80' and about 100 C. for 
between about 0.5 and 12 hours. More preferably, the 
slurry is heated to such temperatures for between about 
1 and about 8 hours. 

In more preferred embodiments of the invention, the 
slurry is activated at temperatures between about 100 
and about 200 C. It has been surprisingly discovered by 
the present inventors that heat treatment of mixtures of 
calcium alkali and calcium-reactive silica at tempera 
tures above 100 and below 200 C. provides a sorbent 
having a reactivity almost four-fold higher than that 
provided by treatments at elevated temperatures below 
100° C. Even more importantly, maximal activation of 
the sorbent mixture may be obtained in the range of 
100-200 C. in a much shorter time than at lower tem 
peratures. For example, the reactivity of a lime/fly ash 
sorbent can be doubled in less than an hour when acti 
wated at between about 140-160 C., whereas treat 
ment at 50'-80° C. requires generally 9-12 hours to 
achieve a doubling. Moreover, the surprisingly short 
activation time realized at temperatures in the 100-200 
C. range actually makes such high temperature treat 
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ment more economical than treatments at lower tem 
peratures. 
Thus, in general it has been noted, that the tempera 

ture to which the slurry is heated and maintained is 
inversely proportional to the amount of time necessary 
to obtain highly sulfur-reactive calcium silicates and 
aluminates. 
Another step of the most general process requires 

contacting gas with the heat-treated slurry in a manner 
sufficient to allow for absorption of sulfur-dioxide by 
the absorbing component. Numerous embodiments are 
known in the art for performing such a contacting step. 
In one embodiment, the contacting step includes atom 
izing the slurry into a stream of the sulfur-containing 
gas, drying the resulting atomized droplets so as to form 
a gas/solid suspension having a gaseous component and 
a solid component which solid component includes the 
sulfur-dioxide-absorbing component, and retaining the 
gaseous and solid components in contact in a manner 
sufficient to allow for the absorption of the sulfur diox 
ide by the absorbing component. 

In another embodiment, the contacting steps further 
includes directing the gas/solid suspension onto a reac 
tion surface to allow for deposition of the solid compo 
nent onto the surface, and passing the suspension over 
the deposited solid component in order to: 1) further 
effect absorption of the sulfur-dioxide by the absorbing 
component, 2) effect a separation of the gas from the 
solid component and, 3) further effect a drying of the 
solid component. Typically, the reaction surface will 
include a bag filter. However, in certain embodiments 
which do not employ a bag filter, the process includes 
carrying the gas/solid suspension in a stream to allow 
for substantial contact between the gaseous and solid 
component and separating the solid component from 
the gas by means of an electrostatic precipitator or 
cyclones. Therefore, the bag filter, electrostatic precipi 
tator and cyclone offer alternative means for separating 
sulfur-absorbed solids from the gas. However, as will be 
appreciated, the bag filter alternative offers the addi 
tional benefit of providing a reaction surface particu 
larly well adapted to the practice of the present inven 
tion. 
Due to economic and other considerations, one 

should typically employ a recycling of a portion of the 
sulfur-absorbed solids back to the aqueous slurry. This 
will achieve not only a partial regeneration of the sulfur 
absorbed solids but will also improve the performance, 
and economics, of the process. Therefore, the process 
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can be seen as a cyclical process wherein a portion of 50 
sulfur absorbed solids are recycled to form a slurry 
which includes an admixture of sulfur absorbed solids 
and the calcium alkali. Since flue gas itself will typically 
contain sufficient fly ash content, there is generally no 
need to add fly ash directly to the slurry, it being added 
in the form of spent solids. 

In a preferred process embodiment directed primarily 
to dry injection technology, the steps of preparing an 
aqueous slurry, and heating the slurry, are the same as in 
the general overall embodiment. However, following 
heating of the slurry, for dry injection purposes, the 
slurry is dried to provide a solid component which 
includes the sulfur dioxide-absorbing component, prior 
to contacting the gas with the sulfur dioxide-absorbing 
material. In this embodiment, it has been found that the 
gas must be conditioned to a relative humidity of be 
tween about 5 and 95%. Additionally, the temperature 
of the hot flue gas must be conditioned to between 
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about 120 and 140° C. Preferably, the relative humidity 
of the humidified gas is brought to between about 20% 
and 80% and its temperature to between about 60 and 
100° C. More preferably, the relative humidity of the 
humidified gas is brought to between about 30% and 
70% and its temperature is reduced to between about 
65 and 85 C. It will be appreciated that the most con 
venient means of achieving a humidification of a gas, 
and temperature reduction of gas, will be through the 
utilization of water, for example, mixed with the gas in 
a humidifier, prior to contacting the gas with the solid 
component. However, other methods of conditioning 
could be employed as exemplified by cooling of the flue 
gas or by steam injection into the flue gas. 
Another step in the dry injection process involves 

contacting the humidified gas with the dried or partially 
dried solid component to form a gas/solid suspension, 
for a period of time sufficient to allow some absorption 
of gaseous sulfur dioxide by the solid component, and 
separating the solid component from the gas in the form 
of spent solids. This step can be achieved by the previ 
ously mentioned contactors and/or separators including 
bagfilter, electrostatic precipitators (ESP), and cy 
clones. 
More particular aspects of the present disclosure 

relate to the preparation of improved sorbents produced 
at elevated temperature ranges. It has been discovered 
that sorbents produced at selected elevated tempera 
tures under pressure possess particularly high surface. 
area and a surface structure which renders them signifi 
cantly more reactive than sorbents produced at lower 
temperatures. In particular, it has been found that cal 
cium silicate sorbents prepared through the admixture 
of a calcium alkali together with a calcium reactive 
silica or alumina source posses surprisingly good sor 
bent properties when heat treated at temperatures be 
tween about 100° C. and about 200° C., and at pressures 
above atmospheric pressure. This temperature range is 
critical to the preparation of the most highly reactive 
sorbent in that calcium silicate hydrates prepared out 
side of this range are not nearly as reactive. 
When the temperature and pressure of calcium sili 

cate hydrates formation process are carefully controlled 
to meet the "thermal window' requirements, an amor 
phous material with high surface area is produced 
which is very reactive toward SO2. If the temperature is 
lower, for example, below 100° C., the surface of this 
gel-like, amorphous material is less than fully developed 
and results in lower reactivity to SO2. Conversely, if the 
temperature is too high, for example, above 200 C., the 
product morphology changes into a framework of dis 
tinct needle-shaped crystals. The well crystallized nee 
dle-shaped calcium silicate hydrates are similarly found 
not as reactive toward SO2. 

Typically, the calcium silicate hydrates are prepared 
as an aqueous mixture of a calcium alkali containing 
material such as line and a calcium-reactive silica con 
taining material such as fly ash, diatomaceous earth, 
clay or recycled solids. Preferably, this acqueous mix 
ture exists as a slurry, containing moisture greater than 
about 60 wt %. If fly ash and lime are used as the raw 
materials, the typical weight ratio is preferably in the 
range of 1:1 to 3:1. The slurry should be maintained well 
mixed at a controlled temperature and pressure on the 
order of about 100 to 200 C., and between about 15 to 
about 220 psia, for at least about 10 to 15 minutes. For 
the case of fly ash/lime mixture, the preferred thermal 
window employs a temperature controlled in the range 
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of about 140 to 160° C. for a minimum of 20 minutes 
with pressure in the range of about 20 to 100 psia. After 
heating and mixing, the slurry can be dried by conven 
tional dewatering/drying procedures such as filtra 
tion/centrifuge, oven drying, spray drying, or spin flash 
drying to produce a welldispersed, fine powder well 
suited for dry flue gas desulfurization purposes. 
The present invention is also directed to an apparatus 

for reducing the level of sulfur in a sulfur-containing gas 
which apparatus includes a means for slurrying an aque 
ous suspension, which suspension includes a sulfur diox 
ide-absorbing component, the slurry means further in 
cluding a means for elevating the temperature of the 
suspension to above ambient; a means for admixing the 
gas with the aqueous suspension to provide a gas/liquid 
suspension; a means for drying the gas/liquid suspen 
sion to provide a gas/solid suspension; a means for 
separating the gas/solid suspension to provide a gaseous 
component and a solid component; and means for vent 
ing the treated gas; wherein the temperature elevating 
means is positioned in a manner to elevate the tempera 
ture of the suspension prior to admixture of the suspen 
sion with the gas by the admixing means. 
As noted, slurry tanks in accordance with the present 

apparatus should also include a means for heating the 
slurry in a manner to conform with the processes of the 
present invention. For example, heating means in the 
form of an electrical heating element, steam driven heat 
exchanger, an aqueous preheating step or a steam injec 
tor are believed to work well in this regard. However, 
any method of heating the slurry to the desired temper 
atures for the desired time periods will suffice in the 
practice of the present invention. 

In one embodiment, the admixing means comprises a 
rotary atomizer for atomization of the slurry into the 
gas. While a rotary atomizer is a preferred means for 
admixing the gas, other means may also be employed 
including, but not limited to, a fluid atomizer. 

In the present apparatus, drying may be achieved in 
either one or two steps. In an apparatus adapted for 
practicing this two-step drying process, a drying func 
tion in the form of a spray dryer is provided in a housing 
which houses the rotary atomizer. In such housing, 
generally an almost total drying of the gas/liquid sus 
pension is achieved. The dried gas/solid suspension is 
carried in a stream to a second absorption stage, which 
includes, for example, a pulse-jet baghouse for further 
reaction between the sulfur dioxide absorbing compo 
nent and the sulfur-containing gas, to further achieve 
drying of the gas/solid suspension, and to separate dried 
spent solids, containing sulfur-absorbed solids, from the 
gas. In a one-step drying procedure, a bagfilter alone 
will generally prove satisfactory. 
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However, in certain embodiments, for example, ret- . 
rofit application to existing embodiments, an electro 
static precipitator or cyclone may be employed in place 
of a bagfilter. 

Lastly, the apparatus includes a means for venting the 
treated gas into the atmosphere, for example a venting 
stack. 
The present invention is also directed to an apparatus 

which is particularly suited to the dry injection of solids 
to humidified gas. In this apparatus, a drying means is 
provided to dry the slurry after it has been heated in 
accordance with the present invention, but prior to 
admixture of the slurry with the gas. In this embodi 
ment, the drying means can be employed in the form of 
a fluidized bed, flash dryer, spray dryer, or other such 
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means known in the art. The drying means may also 
employ a dewatering device, for example a vacuum 
device, before the primary drying means. 
The dry injection apparatus will further include a 

means for humidifying the gas and means for admixing 
the humidified gas with the solid component to provide 
a gas/solid suspension. The humidifying means will 
typically be in the form of a humidifying chamber 
wherein, for example, an atomizer is employed to atom 
ize water into the gas and thereby achieve both humidi 
fication and reduction in the temperature of the hot flue 
gas. The admixing means will generally be in the form 
of a dry sorbent injector system as is commonly known 
in the art. The separating means (for example, a bag 
house or electrostatic precipitator) can be employed as 
in the general embodiment. 
BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1. Schematic Diagram of a Spray Dryer Sys 
ten. 
FIG. 2. Experimental apparatus. 
FIG. 3. The effect of fly ash I, II, III, and IV and 

relative humidity on Ca(OH)2 utilization. 0.4 g of Ca 
(OH)2 slurried with 1.6 g of fly ash I for 4 hours at 65 
C. Atmospheric drying used for the preparation of sam 
ples. L = Ca(OH)2 alone. 
FIG. 4. The effect of fly ash I loading (g fly ash/g 

Ca(OH)2) on lime utilization. Samples slurried for 4 
hours at 65° C. Atmospheric drying. 
FIG. 5. A fly ash simulation experiment carried out at 

54% RH. Samples of simulated fly ash (Av. Fa), 
H2SiO3, Al2O3, and Fe2O3 slurred with Ca(OH)2 for 4 
hours at 65 C. Atmospheric drying. 
FIG. 6. The effect of silica (H Zeothix 265, or Zeo 

free 80) loading (g silica/g Ca(OH)2) on time utilization. 
Atmospheric drying. 
FIG. 7. The effect of alumina loading (g alumina/g 

Ca(OH)2) on lime utilization. Atmospheric drying. 
FIG. 8. The effect of fly ash IV on Ca(OH)2 reactiv 

ity. Fly ash IV loading 16. Vacuum drying. 
FIG. 9. Effect of NaOH concentration on SO2 re 

moval. 1 Ca(OH)2:4 Fly Ash:4 CaSO3-10 mol % 
NaOH: Removal after 1 hour; 500 ppm SO2; 500 ppm 
NOx; 14 mol % H2O; gas flow: 4.6 l/min-7% O2, 10% 
CO2: 83% N2. 
FIG. 10. Generalized process schematic for high 

temperature sorbent preparation and use. 
FIG. 11. Effects of pressure hydration on the reactiv 

ity of calcium silicate hydrates prepared at the weight 
ratio of fly ash to lime of 3:1. 
FIG. 12. The effect of temperature of pressure hydra 

tion on the reactivity of calcium silicate hydrates pre 
pared at the weight ratio fly ash to lime of 3:1. 
FIG. 13. Correlation between measured B.E.T. Sur 

face area and the reactivity of various calcium silicate 
hydrates prepared from fly ash and lime. 
FIG. 14. Correlation between temperature of sorbent 

preparation and incubation time required to obtain a 
doubling of sorbent reactivity. - 

DETAILED DESCRIPTION OF THE 
INVENTION 

The CaO-SiO-Al2O3-H2O Sulfur Absorption 
System 

The nature of calcium silicate hydrate and calcium 
aluminate hydrate as well as calcium aluminate silicate 
hydrate formation in CaO-SiO2-H2O systems is very 

d 
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complicated. It is usually impossible to assign a simple 
chemical formula to it, especially at ordinary tempera 
tures of interest in flue gas desulfurization. At tempera 
tures from 20' C. to about 100 C., two main calcium 
silicate hydrates are formed, mono- and dicalcium sili 
cate hydrates. Their ratio appears to depend on the 
initial ratio of calcium to silica in the slurry. Both mono 
calcium silicate hydrate-CaOxSiO2xH2O-and dical 
cium silicate hydrate-(CaO)2xSiO2xH2O-are fibrous 
gels of specific surface areas in the range of 100-300 
m2/g. At 20-100° C. after 8 hours of hydration, tober 
morites (calcium silicate hydrates) may crystallize, also 
of high surface area. 
The reaction of fly ash and Ca(OH)2 in the presence 

of water is called a pozzolanic reaction. A pozzolan is a 
siliceous or siliceous and aluminous material which in 
itself possesses little or no cementitous value but will, in 
finely divided form and in the presence of moisture, 
chemically react with calcium hydroxide at ordinary 
temperatures to form compounds possessing cementi 
tous properties. Due to small particle size and generally 
noncry stalline character, fly ash usually shows pozzo 
lanic properties, or pozzolanic and cementitous proper 
ties in case of high-calcium ashes. High-calcium fly ash 
contains tricalcium aluminate hydrate, which is the 
most reactive mineral present within portland cement. 
Pozzolanic reactions give products with cementitous 
properties and with high surface area that can enhance 
SO2 removal. 

Pozzolan originated as a mortar of lime and ash (from 
Pozzouli, Italy) which the Romans used for stone con 
structions. The definition of pozzolanic reaction implies 
that spray dryer off-products, fly ashes, clays, and sands 
should be able to provide components to form calcium 
silicate hydrates, calcium aluminate hydrates, calcium 
alumino-ferrite hydrates, calcium sulfo-aluminate hy 
drates (ettringites), and calcium sulfo-aluminate-ferrite 
hydrates. However, not all siliceous and aluminous 
minerals are pozzolans. Crystalline minerals (mullite, 
silica as quartz) do not react with lime, especially at 
ordinary temperatures. Siliceous and/or aluminous ma 
terials must be non-crystalline and in small particles, in 
order to provide silica and alumina, after hydration in 
alkaline solutions, to form cementitous products. These 
reactions are the ones which constituents of portland 
cement undergo in the presence of water. The hydra 
tion reaction of aluminates in the presence of gypsum 
and lime and reaction of calcium silicates are as follows: 

3CaOSiO2 and 2CaOSiO2 + aq-CaOSiO2H2O - Ca(OH)2 

Typical portland cement consists of 50% tricalcium 
silicate, 25% dicalcium silicate, 10% tricalcium alumi 
nate, 9% calcium alumino-ferrite, and 6% calcium sul 
fate. Tricalcium silicate appears to be the most reactive 
mineral present within the portland cement. The main 
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product of hydration of portland cement's silicate mate 
rials is calcium silicate hydrate of colloidal dimensions. 
All calcium silicate hydrates are fibrous gels in early 
stage of formation and their surface area is in the range 
of 100-300 m2/g. Moreover, Tobermorite gel plays a 
vital role in establishing the strength of concrete. 
When considering the spray dryer/bag filter system, 

typically one is dealing with fly ash as a source of silica 
instead of amorphous silica. The solubility of quartz 
particles of 3-15 um diameter in water is 11 ppm at 25 
C. and 60 ppm at 100° C. The corresponding values for 
amorphous silica are 130 ppm and 420 ppm, respec 
tively. Temperature and pH have strong effects on the 
solubility of amorphous silica. When pH was adjusted 
with NaOH up to 10.5 from 7 at 25 C., solubility was 
found to increase to 1000 ppm. Above a pH of 10.7, all 
the solid phase of amorphous silica dissolves to form 
soluble silicate. Therefore it would be reasonable to 
expect the dissolution of fly ash to be the limiting step in 
the formation of calcium silicate hydrates. Because of 
the lower solubility of fly ash, the specific surface area 
of the Ca(OH)2/silica reaction product is smaller than 
values reported for laboratory studies with amorphous 
silica. Also, it is not clear whether the development of 
the specific surface area of the product of hydration (for 
a given ratio of Ca(OH)2/fly ash) increases proportion 
ally to the amount of conditioned lime. 

Because of low fly ash reactivity it is often desirable 
to know the exact characteristics of fly ash to be used. 
Usually fly ashes are divided into two categories: low 
calcium (containing less than 5% of analytical CaO) . 
from burning bituminous or anthracite coals and high 
calcium (up to 35% Ca) from burning lignite or subbitu 
minous coals. However, from the point of perspective 
reactivity and formation of calcium silicate hydrates, it 
is generally more important how much more amor 
phous material there is within the fly ash as compared 
with crystalline substances. Higher contents of crystal 
line phases (alpha-quartz, mullite, sillimanite, hematite, 
magnetite) lowers the reactivity of fly ash. Low-cal 
cium fly ashes consist mainly of aluminosilicate glass 
due to the high proportions of silica and alumina. How 
ever, some crystallization takes place in the boiler when 
fly ash is cooling and, as a result, crystalline phases are 
detected under glass. 

For high-calcium fly ash it appears that the glass 
structure is different. It has been postulated that it is 
composed of significant amounts of CaO & Al2O3, 
which is known to be highly reactive. Since the non 
crystalline component comprises sometimes as much as 
80% of highcalcium fly ash it seems that the reason for 
high reactivity of high-calcium fly ash may be in the 
composition of glass. On the other hand, higher con 
tents of unburnt carbon in the low-calcium fly ash may 
add to its reactivity. These carbon particles are usually 
of high internal surface area and may bind water and 
admixtures when the fly ash is slurried. 

In a study of surface area and porosity of fractionated 
fly ash from burning low-sulfur, high-ash coal, the larg 
est fraction (>125um) had a surface area of 9.44m/g 
whereas the finest fraction (> 7um) had a surface area of 
1.272/g. Since large particles constitute a small fraction 
of fly ash only, the above effect is relatively insignifi 
cant. Industrial experiments should outperform labora 
tory tests, since it has been found that high-calcium fly 
ash passed the lime pozzolanic activity test when com 
mercial source of lime was used, but failed to do so in 
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the presence of a reagent grade Ca(OH)2. This effect is 
possibly the result of impurities in lime which have 
formed poorly-crystallized hydrates. 
The prospect of having calcium silicate hydrates in 

the spray dryer/bag filter therefore appears to be very 
attractive since they have high surface area and are 
highly hydrated and therefore should offer high SO2 
removal potential. The formation would take place in 
the recycle system, specifically in the reactant tank. 
During fly ash recycle in dry flue gas desulfurization 
systems, reaction of fly ash with makeup Ca(OH)2 prob 
ably takes place in several steps. First lime would be 
dissolved, then silica and alumina-originally contained 
within the fly ash-would be digested and, by the 
means of providing favorable slurrying conditions, cal 
cium silicate/aluminate hydrates would be formed. 

System Overview 
Referring to FIG. 1 is seen a diagram of a typical 

spray dryer system which is particularly well suited to 
the practice of the processes of the present invention. 
Depicted therein is a spray dryer 1, a baghouse 3, and a 
slurry tank 5. The slurry tank 5 is adapted to receive 
calcium alkali, in the form of, for example, lime from 
storage by means of conduit 7, and water by means of 
conduit 9. The slurry tank further includes a heating 
element 11 adapted to heat the slurry for times and to 
temperatures in accordance with processes of the pres 
ent invention. The system may be adapted to provide 
calcium reactive alumina or silica directly to the slurry 
from storage by means of conduit 13 or, alternatively, 
calcium reactive silica or alumina is supplied to the 
slurry tank 5 by means of a recycle conduit 15 contain 
ing a sulfur-absorbed solids recycle, which includes, for 
example, fly ash from the boiler. 
To obtain best results, the slurry tank 5 is designed to 

mix a mass ratio of water to solids ranging from 1:1 to 
20:1. Moreover, the slurry tank 5-and heating element 
11, are adapted so as to enable a heating of the slurry to 
a temperature ranging from about 40°C. to about 140 
C. for between about 0.5 to about 48 hours. 
The heat-treated slurry is conveyed to the spray 

dryer 1 by means of conduit 17. In the spray dryer 1, the 
slurry is admixed with flue gas from the boiler by mean 
of a rotary atomizer 19. The gas/slurry mixture is par 
tially dried in the spray dryer 1 which is typically de 
signed to achieve a gas/slurry contact time of between 
about 2 and about 10 seconds. In addition, a partial 
absorption of sulfur by the slurry is achieved in the 
spray dryer 1. 
From the spray dryer 1, the partially dried particles 

sulfur-absorbed gas/slurry admixture is conveyed to the 
baghouse 3 by means of conduit 21, wherein further 
drying and further absorption of sulfur by the sulfur 
adsorbing component of the slurry takes place. Within 
the baghouse 3, the gas/slurry mixture is directed onto 
a bagfilter 23 wherein sulfur-absorbed solids are depos 
ited and further absorption and drying takes place. The 
bagfilter 23 thus serves a dual purpose of separating gas 
from dried solids and collecting the solids for disposal 
by means of conduits 25, or recycle of solids by means 
of conduit 15. Separated gases are vented by means of 
conduit 29. Solids collected in the spray dryer are mixed 
with baghouse solids by means of conduit 27. Typically, 
the baghouse 3 and bagfilter 23 are designed to achieve 
a residence time of between about 5 and 300 minutes. 

In system embodiments for use in conjunction with 
dry injection of solids, the system will typically include 
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12 
a humidifier 29 in place of the spray dryer 1, wherein 
hot flue gas is admixed with water to provide humidi 
fied, cooled gas. Moreover, the system would also fur 
ther include a drying tank 31 wherein the slurry is dried 
prior to admixture of the dried slurry with the humidi 
fied gas. Additionally, the dry injection system may 
include a recycle conduit 33 for admixture of recycled 
solids with the slurry mixture in the drying tank 31, to 
further assist in drying the slurry mixture. Alterna 
tively, the spray dryer 1 itself can serve as a combina 
tion humidifier and injector wherein the dried slurry is 
injected into the spray dryer 1 along with water to 
provide admixture of the dried slurry together with the 
water and the gas. 

EXAMPLE I 
LAB SCALE EXPERIMENTS 

Apparatus 
Experiments were conducted in the apparatus shown 

in FIG. 2. The glass reactor (40 mm in diameter, 120 
mm in height) was packed with a powdered reagent 
mixed with 40 g of 100 mesh silica sand to prevent 
channelling of Ca(OH)2. The reactor was immersed in a 
water bath thermostated to within approximately 0.1 
C. Simulated flue gas was obtained by mixing nitrogen 
and sulfur dioxide from gas cylinders. The flow of gas 
was monitored using rotameters. Water was metered by 
a syringe pump, evaporated, and injected into dry gas. 
Reactor upstream tubing was heated to prevent the 
condensation of the moisture. - 

Before entering the analyzer, the gas was cooled and 
water condensed in an ice bath. The SO2 concentration 
was measured with a pulsed fluorescent SO2 analyzer 
(ThermoElectron Model 40). A bypass of the reactor 
was provided to allow preconditioning of the bed and 
stabilization of gas flow at the desired SO2 concentra 
tion. Prior to each run the bed was humidified by pass 
ing pure nitrogen at a relative humidity of about 98% 
for 6 minutes and then pure nitrogen at a relative hu 
midity at which the experiment was to be performed for 
10 minutes. 
Most of the experiments were performed at a relative 

humidity of 54% with some experiments at 17% and 
74%. At typical flue gas conditions, 17, 54, and 74% 
relative humidity corresponds to 38, 9.5°, and 4.7 C. 
approach to saturation, respectively. Reactor tempera 
ture was 95, 66, and 64.4° C. for 17, 54, 74% relative 
humidity, respectively. Common purity (99.5%) nitro 
gen at 4.6 l/min (O.C., 1 atm) was used as a carrier gas. 
The nominal concentration of SO2 was 500 ppm and 
exposure time of the sample to the sulfurized gas was 1 
hour. 

Preparation of the Samples 
The sample preparation consisted of two essential 

steps: stirring and drying. In every experiment 0.4 of 
reagent grade Ca(OH)2 was used. This amount of lime 
was slurried with fly ash or other additive at the desired 
weight ratio. The water to solids ratio was between 10:1 
and 20:1-most often 15:1. A propeller stirrer at 350 
rpm was used to agitate the slurry. Slurrying time var 
ied from 2 to 24 hours and the temperature of the slurry 
was set at 25 to 92 C. 
Two different methods of sample preparation was 

used during this study. In atmospheric drying, samples 
were not filtered after slurrying and were dried over 
night in an atmospheric over at 85°-90° C. It took sev 
eral hours to evaporate the water. The new drying 
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procedure-vacuum drying-was introduced to mini 
mize the additional reaction time of a wet sample in 
high oven temperature (85-90 C). In this method the 
samples were vacuum filtered (about 5 min) and subse 
quently vacuum dried (about 10 min) at 95 C. The time 
of vacuum filtering and drying depended on the fineness 
of the sample and was monitored by the thermocouple 
placed in the dried sample and connected to the temper 
ature recorder. In this way the moment when all the 
free moisture was evaporated could be easily seen and 
vacuum drying stopped, therefore minimizing the resi 
dence time of the sample in the oven. 

Characterization of the Samples 
Four different fly ashes were slurried with Ca(OH)2. 

The characterization of fly ashes is given in Table I. 
During the experiments on slurrying conditions, a new 
batch of fly ash IV was used. It was obtained from the 
same vendor and was produced by burning coal from, 
reportedly, the same source. These samples were char 
acterized by scanning electron microscopy (SEM). The 
composition of the particles has been found using 
Kevex Micro-X 7000 X-ray Energy Spectrometer 
(XES). Mean particle size was determined using the 
Hiac-Royco particle counter. 

TABLE I 
Fly Ash Characterization 
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sion of Ca(OH)2 increased with increasing loading of fly 
ash. The increase of fly ash loading from 0.5 to 20 in 
creased the Ca(OH)2 utilization from 17 to 78%. An 
SEM photograph of fly ash Islurried with Ca(OH)2 at 
the low loading of 0.5 demonstrated that the deposit is 
very slight and unreacted chunks of Ca(OH)2 were seen 
next to fly ash particles. 
The Effect of Reagent Grade Additives 
The other main components of fly ash were also 

investigated. Reagent grade Al2O3, Fe2O3, and H2SiO3 
(silicic acid) were used as a source of alumina, iron, and 
silica, respectively. Fly ash was simulated as a mixture 
of three substances: 49% H2SiO3, 29%. Al2O3, and 22% 
Fe2O3 (weight %). Atmospheric drying was used for 
the preparation of samples. The results are presented in 
FIG. 5, giving the conversion of Ca(OH)2 at RH 54%. 
During these experiments Ca(OH)2 was slurried with 
additives for 4 hours at 65 C. As can be seen from FIG. 
5, 1.6 g of mixture slurried with 0.4 g of Ca(OH)2 mod 
elled closely the utilization when fly ash I was used (30 
and 27%, respectively). This again implies that calcium 
content of fly ash is not of primary importance, since 
the utilization of added Ca(OH)2 was even higher when 
no fly ash-bound calcium was present. Next 0.4 g of 

Fly Ash 
IV 

San Miguel 
Electric Coop. 
San Miguel, TX 

lignite 

152 
66 68 
4 2 
18 14 
10 10 

I I III 

Power Plant Bull Run Plant Gibson Plant Seminole 
TVA Public Service Electric Coop. 

of Indiana Palatka, FL 
Coal Type bituminous bituminous bituminous 
XES Analysis 
weight % 
Ca 34 5 4. 
Si m 42 41 59 
Fe 6 3. 5 
Al 16 20 20 
Mass Median 19 9 14 
Particle Size um) 
Old Batch 
New Batch 

The Effect of Fly Ash Type and Ratio 
Four samples of fly ash were slurried with 0.4 g of 

lime at a fly ash loading of 4 (4 g fly ash/g Ca(OH)2) for 
4 hours at 65 C. and reacted at a relative humidity of 
54% (RH 54%). Atmospheric drying was used for the 
preparation of samples. The samples having the best and 
the worst performance at RH 54% were also tested at 
the extreme humidities of 17% and 74%. The results of 
these experiments are presented in FIG. 3. Also shown 
in FIG. 3 are the conversions when lime only was ex 
posed to the sulfurized gas. As can be seen, all fly ashes 
improved the utilization at every RH investigated. Sam 
ples with fly ash loading of 16 (slurried at the same 
conditions as above) enhanced utilization of RH 54% to 
a greater extent than was the case for fly ash loading of 
4. The utilization of lime was 67,79, 65, 71% when fly 
ash I, II, III, IV was used, respectively. These values 
were much higher than the ones presented in FIG. 3. 
Based on these two series of experiments no correlation 
was found between SO removed and calcium content of 
fly ash sample. SEM photographs of the mixtures of 
Ca(OH)2 with fly ash II, III, and IV at fly ash loading of 
4 demonstrated a highly irregular deposit covering the 
spherules of fly ash in every picture. 

Fly ash I was selected to test the effect of fly ash 
loading on the utilization of lime. The results of experi 
ments at RH 54% are presented in FIG. 4. The conver 
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Ca(OH)2 was slurried separately with each component 
used to simulate the fly ash. Component loading was 
kept the same as it was when 1.6 g of mixture was used 
(i.e., 0.78 g, 0.47 g, and 0.35 g of H2SiO3, Al2O3, Fe2O3 
were used, respectively). 
The addition of silicic acid had the most significant 

effect, increasing Ca(OH)2 utilization from 12 to 40%. 
No SO2 removal was observed when silicic acid alone 
was exposed to simulated flue gas. FIG. 6 gives the 
effect of silica loading on conversion at RH 17 and 54%. 
Silicic acid was used for most of these experiments. 
SEM photographs were taken of samples of silicic 
acid/Ca(OH)2 slurried at 65° C. for 4 hours at silicic 
acid loading of 4 and 10, respectively. In both, highly 
developed surface of irregularly shaped particles were 
seen. Some experiments were performed with artificial 
precipitated silicas of extremely high surface areas. 
They were Zeothix 265 and Zeofree 80 of surface area 
250 and 140 m2/g, respectively (samples and surface 
area data obtained courtesy of Huber Corp.). However, 
these substances did not enhance Ca(OH)2 utilization 
significantly better than silicic acid (FIG. 6). As can be 
seen from FIG. 6, both values of RH tested, Ca(OH)2 
utilization increased with the increasing loading of si 
licic acid. The comparison of the results presented in 
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FIGS. 4 and 6 shows that silicic acid promotes Ca 
(OH)2 utilization better than fly ash. For example, at 
RH 54% and fly ash loading of 8 (total fly ash) the 
conversion of Ca(OH)2 was 78% when silicic acid was 
used and 61% when fly ash I was used. 

Reactivities of fly ash and silicic acid should be com 
pared on the basis of silica content. Assuming that fly 
ash I is 50% silica, a silicic acid loading of 8 should be 
compared to fly ash I loading of 16 (conversions of 78 
and 68%). The difference between silicic acid and fly 
ash is more apparent at lower loadings. For silicic acid 
loading of i, conversion was 53% and for the fly ash I 
loading of 2 it was 32%. This comparison shows that 
Ca(OH)2 conversion depends on the reactivity of sili 
ceous material used. 

Experiments were performed at RH of 54% with 
precipitated calcium silicate XP-974 (also from Huber 
Corp., surface area of 215 m2/g, average particle size 
6.1 um). The sample was taken "as received' and was 
not slurried. As SEM photograph of this sample 
showed the particle of calcium silicate as having an 
irregular surface area similar to that produced when 
silicic acid and Ca(OH)2 were slurried. 
The effect of alumina loading was tested using two 

sources of alumina. The results of experiments at 54% 
RH are shown in FIG. 7. As can be seen, when reagent 
grade Al2O3 was used, increasing the loading did not 
change SO2 removal. No SO2 removal was observed for 
Al2O3 alone. The removal increased with increasing 
loading of alumina when activated alumina of chro 
matographic grade (80-200 mesh) was used. However, 
activated alumina alone removed SO2. The adsorptive 
capacity of activated alumina was calculated as 0.023 g 
of SO2 per gram. Based on this value, the corrected 
SO2 removal has been determined due to the possible 
formation of calcium aluminates. The empty points in 
FIG. 7 (o) represent the overall removal of SO2 while 
the filled points (o) show the corrected values. These 
corrected values are lower than the ones observed for 
the same loading when silicic acid was used instead of 
alumina. Therefore, the silica content of fly ash is 
mainly responsible for the enhancement of Ca(OH)2 
utilization. 
The Effect of Slurrying Conditions 
Slurrying tests were performed at 25, 45, 55, 64, 

and 92 C. and time was varied from 2 to 24 hours. The 
samples for these tests were prepared by vacuum filtra 
tion and vacuum drying. Both old and new batches of 
fly ash IV were used as a source of silica at 16 g fly 
ash/g Ca(OH)2. Relative humidity during exposure was 
54%. The results are presented in FIG. 8. 
As can be seen, the temperature was the decisive 

parameter affecting the process. The results show that 
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resulting solid had better reactivity for SO2 removal 
than that formed below 65 C. When tested by Differen 
tial Scanning Calorimeter (DSC) the solids formed at 
65 C. and 92 C. have an additional endothermic peak 
between 416 and 465K. No peak was observed for sam 
ples slurried at 25, 45° and 55° C. The effect of a step 
change in reactivity also took place when fly ash III 
was slurried with Ca(OH)2 at the fly ash loading of 16:1 
at 65° and 45' C. The conversion of Ca(OH)2 was 63 
and 43%, respectively. 
SEM photographs were taken to document the devel 

opment of the surface area of the samples. In samples 
slurried for "O' time, separate fly ash spheres with 
smooth surfaces (as in an unslurried fly ash) and irregu 
lar particles of lime were seen. After 24 hours of slurry 
ing at 25 C., the particles were covered with tiny de 
posits. The product on the surface of the fly ash became 
more densely precipitated after 24 hours of slurrying at 
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there is a critical slurrying time for every temperature 
tested after which Ca(OH)2 conversion reaches a maxi 
mum value. Ca(OH)2 conversion converged on 40% 
after 16 hours of slurrying at 25° C. and 80% after 5 
hours at 92 C. It took 15 hours to converge on 80% 
conversion of Ca(OH)2 when slurrying at 65° C. Com 
pared with 12% utilization of Ca(OH)2 alone at 54% 
RH, the 80% utilization of fly ash/Ca(OH)2 slurried at 
65 C. was dramatically improved. 
The maximum utilization of Ca(OH)2 is not a uniform 

function of slurry temperature (40, 50, 55, 80, and 80%, 
for 25, 45", 55, 65, and 92 C., respectively). There 
appeared to be a discontinuity between 55 and 65 C. 
slurrying temperature that may indicate a change in the 
hydration state of the calcium aluminum silicate. The 
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65 C. Increasing the temperature of slurrying to 92 C. 
resulted in a very well developed surface area of the 
deposit. 
The Effect of Calcium Sulfite/Sulfate 
Calcium sulfite or calcium sulfate were slurried with 

Ca(OH)2 to simulate the recycle of spent lime. Labora 
tory produced calcium sulfite hemihydrate (90% 
CaSO3 12H2O -- 10% CaSO4) and reagent grade cal 
cium sulfate dihydrate were used in these experiments. 
Vacuum drying was used for the preparation of the 
samples. Samples of fly ash IV/Ca(OH)2/CaSO3 at a 
weight ratio of 16:1:4 were slurried for 6 hours at 25, 
45, and 65 C. The resulting conversions of Ca(OH)2 
were 41, 61, and 74%, respectively. Conversion of the 
fly ash/Ca(OH)2/CaSO3 sample at a weight ratio of 
16:1:4 slurried for 6 hours at 65 C. was higher than 
conversion of the corresponding fly ash/Ca(OH)2 sam 
ple at a weight ratio of 20:1, which was 70%. Samples 
at a weight ratio of 16:1:1 were slurried for 6 hours at 
25° and 65 C. and yielded Ca(OH)2 conversions of 21 
and 61%, respectively. SEM photographs of the fly ash 
IV/Ca(OH)2/CaSO3 samples at weight ratios of 16:1:4 
and 16:1:1 demonstrated long crystals that may be cal 
cium aluminate sulfate hydrates (ettringite) of general 
formula 3CaO Al2O3 3CaSO4 xH2O (x is most often 
within the range 30–32). These long crystals were not 
formed when only calcium sulfite was slurried with 
Ca(OH)2 for 6 hours at 65° C. and at the weight ratio of 
4:1 (Ca(OH)2 conversion was 16%). Separate clusters of 
calcium sulfite and Ca(OH)2 were visible by SEM. It 
may be that the formation of ettringite provides addi. 
tional potential for SO2 removal. 
Two ratios of fly ash/Ca(OH)2/calcium sulfate were 

tried. At a ratio of 16:1:4, Ca(OH)2 conversion was 60% 
for samples slurried for 6 hours at both 25 and 65 C. 
At a lower ratio of 16:1:1, the conversion was 51 and 
31% for samples slurried for 6 hours at 65 and 25 C., 
respectively. SEM photographs of the sample at a 
weight ratio of 16:1:4 slurried for 6 hours at 65 C. 
revealed fly ash speres with the precipitate on the sur 
face, as well as calcium sulfate and long crystals (ettrin 
gite). 

Both calcium sulfite and calcium sulfate improved the 
utilization of Ca(OH)2 after slurrying the samples for 6 
hours at 25 C. and a weight ratio of 16:1:4. However, at 
a fly ash/Ca(OH)2/CaSO3 ratio of 16:1:1, the conver 
sion for samples slurried for 6 hours at 25 and 65 C. 
was lower than when fly ash was slurried at the same 
conditions with Ca(OH)2 alone (21, 61, and 67%, re 
spectively). 
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The Effect of Fly Ash Particle Size 
Fly ash IV was wet-sieved into five fractions which 

are characterized in Table II. The fractionated fly ash 
was slurried with 0.4 g of Ca(OH)2 at a loading of 16 for 
6 hours at 65° C. Vacuum drying was used for the prep 
aration of samples. The results of these experiments are 
shown in Table II. Also shown in Table II is the base 
case conversion of Ca(OH)2 when it was slurried with 
fly ash IV ("natural"-whole spectrum of particle size). 
Calculated weighted average from obtained fractional 
conversions was 52%. The reason why the weighted 
average is lower than the base case (52 and 67%, respec 
tively) may be that imperfect wet-sieving left fine parti 
cles agglomerated with coarse fractions. The general 
trend was that for the same fly ash loading, the conver 
sion increased with the decreasing particle size of fly 
ash. An increase of the fly ash loading from 156 to 30 
when the finest fraction of fly ash was used (ds 20 um) 
resulted in an increase of Ca(OH)2 conversion from 76 
to 92%, An increase of fly ash loading from 16 to 25 

O 
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when coarser fraction was used (45 um <ds 75 um) 
resulted in an increase of Ca(OH)2 conversion from 42 
to 52%. 

TABLE II 
Fractional Characterization of Fly Ash IV 

Composition 
Fraction Particle Diameter Weight Fraction Con 
Ca(OH)2 um) (%) Ca Si version 

l d is 125 5 12 63 24 
2 75 & d is 125 13 . 8 55 28 
3 45 ( d is 75 20 9 60 43 
4 20 < d is 45 12 14 67 SO 
5 d is 20 402 4 63 77 
6 0 < d is 125-- 100 15 68 67 

Weight percent, normalized Energy Dispersion Spectrometry results. 
All losses during wet-sieving assumed for the finest fraction. 

Alternate Sources of Silica 
Several alternative sources of silica were tested. 

These included siliceous clays (kaolinite and bentonite) 
and talc (MgO 4SiOSO2H2O). Kaolinite of the molecu 
lar composition Al2O3 2SiO2.2H2O is the principal con 
stituent of kaolin and the most frequently occurring 
component of clays. Bentonite (montmorillonite clay) 
of general formula Al2O3 4SiO2 H2 H2O exists as very 
fine particles (up to 60% below 0.1 um), which form 
colloidal solutions with water. Montmorillonite No. 24 
(Ward's Classification) was tested. All samples were 
slurried for 6 hours at 65° C. at clay loading of 2. Mont 
morillonite was also tested at loading of 16. The conver 
sions of Ca(OH)2 were 39, 25, and 23% for montnoril 
lonite, kaolinite, and talc, respectively (at loading of 2). 
At similar slurrying conditions and loading of 2, fly ash 
I promoted Ca(OH)2 utilization to 28% (fly ash Islur 
ried at 65° C. for 4 hours only). At montmorillonite 
loading of 16, it increased the conversion to 61%, which 
was slightly less than fly ash I and fly ash IV. An SEM 
photograph was taken of the sample of montmorillonite 
clay No. 24 slurried with reagent grade Ca(OH)2 at 
loading of 16 for 6 hours at 65 C. The highly irregular 
particle surface which was observed was reminiscent of 
the appearance of silicic acid/Ca(OH)2 samples and of 
the deposit on the surface of the fly ash spheres. 

In conclusion, enhanced performance of spray 
dryer/bag filter systems with recycle of fly ash an cal 
cium solids is probably due to the reaction of Ca(OH)2 
with fly ash to produce calcium silicates. The calcium 
silicate solids were found to have greater surface area 
than the unreacted Ca(OH)2 and are more effective for 
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gas/solid reactions. Moreover, calcium silicates were 
found to be more reactive than aluminates or ferrites. 
The available silica content of the fly ash is more impor 
tant. Increased time and temperature gave more reac 
tive solids from the reaction of lime and fly ash and 
solids formed above 65 were substantially more reactive 
than solids formed at lower temperatures. 

Experiments with silicic acid and fly ash support the 
hypothesis that the reaction of added Ca(OH)2 and 
silica from fly ash is responsible for the enhancement of 
Ca(OH)2 utilization when slurried with fly ash, as com 
pared with the utilization of lime alone. The newly 
formed solids are of high surface area and are highly . 
hydrated. Prior to the formation of highly reactive 
solids of calcium silicate hydrates two steps apparently 
need to take place: Ca(OH)2 dissolution and digestion of 
silica from the fly ash. Since Ca(OH)2 dissolution is very 
fast compared with fly ash dissolution, digestion of 
silica from fly ash seems to be the rate controlling step. 
This was confirmed by experiments with silicic acid, 
precipitated silica, and precipitated calcium silicate. 
However, the high price of precipitated silica 
($750-1750/ton) make it noneconomic. Therefore en 
hanced calcium silicate hydrate formation should be 
sought by carefully selecting slurrying conditions 
rather than using costly additives. 

Experiments showed that increasing slurrying time 
and temperature can dramatically enhance the utiliza 
tion of Ca(OH)2. At each temperature the Ca(OH)2 
utilization asymptoted to a specific maximum value 
with increasing time. The time needed to achieve the 
maximum utilization varied and was generally higher 
for lower slurrying temperatures. A step increase of 
reactivity was observed between solids slurried at 55 
and 65 C. It took 15 hours to converge on 80% conver 
sion of Ca(OH)2 at 65° C. 
When lime was slurried with fly ash and calcium 

sulfite or calcium sulfate the formation of ettringite was 
observed. The addition of calcium sulfite/sulfate en 
hanced utilization when slurried at 25 C. at the fly 
ash/lime/calcium salt weight ratio of 16:1:14. The ef. 
fect was dramatic when calcium sulfate was used. 

Experiments with clays as an alternate source of silica 
proved that they also may be effective in the formation 
of calcium silicate hydrates. Montmorillonite per 
formed as well as fly ash at a loading of 2. At high 
loading it was only slightly less effective. The use of 
clays in the place of fly ash offers the advantage of 
uncontaminated by-product fly ash. 
Also from the above presented results it becomes 

clear that fly ash TAMO (total alkaline metal oxide 
content) has no decisive effect on the removal of SO2 in 
the spray dryer when slurried alone, the recycle of 
spray dryer/bag filter off-product provides the oppor 
tunity for unspent Ca(OH)2 to be reacted with fly ash in 
addition to providing the unspent Ca(OH)2 with an 
other chance to see and react with SO2, enhancing the 
reaction of Ca(OH)2 with fly ash in the recycle system 
should improve the overall performance of the spray 
dryer/bag system. 
The advantage of highly reactive solids may be fully 

utilized in a commercial unit after optimization of the 
recycle conditions. Presently it is commercial practice 
to design the recycle tank for about 2 hours residence 
time. At ambient temperature or adiabatic conditions 
the effect of heat evolving when warm spray dryer 
solids are added is negligible. As shown by the results of 
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this study, it would be preferred to increase the size of 
recycle tank up to 6 hours, preferably even 8 hours. The 
temperature of the slurry should preferably not be 
lower than 65° C. to take advantage of a steep change in 
a reactivity of solids. One option to provide the neces 
sary amount of heat would be to add fly ash directly to 
the CaO slaker. The recycle tank should be designed 
carefully to avoid problems with plugging from reac 
tion products and excessive deposit built-up on the 
walls. 

It is possible that the spray dryer could be operated 
with wider approach to the saturation temperature be 
cause more reactive solids would be sprayed. Addi 
tional increase of Ca(OH)2 reactivity in the fly ash 
Ca(OH)2 system might be possible with. deliquescent 
salt additives. Sand bed studies showed the increase of 
Ca(OH)2 reactivity when calcium and sodium salts 
were used. Sodium and calcium salts are widely used as 
cement retarders and by analogy they should work well 
also in the fly ash system. 
The lab scale experiments also indicate that dry injec 
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an additional 30 hours in the presence of the added 
NaOH, the SO2 removal increased to a range of about 
58, when reacted with gas at 65° C., to about 30, when 
reacted with gas at about 92 C., and to about 22, when 
reacted with gas at about 125 C. When this concentra 
tion of NaOH was slurried for only 4 hours, the SO2 
removal observed ranged from about 64, at 65 C., to 
about 20, at 92 C. A longer slurrying time prior to 
NaOH addition gave similar results. The addition of 
0.25M NaOH demonstrated only slight improvement 
over control. However, in all cases, it was observed that 
the addition of NaOH to the slurry improved SO2 re 
moval efficiency. 
SORBENTS PREPAREDAT TEMPERATURES 

BETWEEN 100 and 200 C. 

A generalized flowsheet including the major embodi 
ments of processes according to this aspect of the inven 
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tion of solids into the duct should be accompanied by 
humidification of the gas. High humidification could be 
used in installations with ElectroStatic Precipitators 
(ESP). One option is that the dry solids would be pro 
duced outside the system and then injected into the duct 
and later humidified. Second is that the reacted slurry of 
fly ash and lime would be introduced into spray dryer 
operating at wide approach to the saturation. This spray 
dryer would operate as dryer and absorption of SO2 
would be of secondary concern. Spray dryer-dry solids 
would be then passed into the duct where they would 
contact humidified gas. Dry injection in the system with 
ESP requires additional laboratory studies of the rates 
of reaction at short times. 
The idea of producing the reactive solids could be 

also retrofitted into existing desulfurization installa 
tions. It should be feasible for example to collect the 
product solids from Limestone Injection Multistage 
Boiler (LIMB), slurry them at favorable conditions and 
redistribute. The typical product of LIMB is CaO, 
CaSO4, and fly ash at the ratio of 3:1:2, which could be 
simulated in sand bed reactor. 

Still another possibility would be Slurry Atomization 
into Multistage Burner (SAMB) which would consist of 
spray drying of lime/fly ash slurry at burner tempera 
tures and collecting the dry solids in either ESP or bag 
filter after additional humidification in the duct. 

EXAMPLE II 

THE EFFECT OF NaOH ADDITION TO THE 
SLURRY 

It has also been observed that the addition of sodium 
hydroxide to the slurry serves to potentiate the slurry's 
sulfur-adsorbing capability, possibly due to the in 
creased formation of calcium silicates and aluminates at 
more alkaline pH's. In FIG. 9, about 1 part Ca(OH)2 
was slurried at 65 C. for 6 hours with 4 parts fly ash and 
4 parts CaSO3, but without the addition of NaOH. SO2 
removal (moles SO2/100 moles Ca(OH)2) ranged from 
about 20, when solids were reacted with gas at about 
65 C., to about 10, when reacted with gas at about 92" 
C. 
When 0.03M NaOH was added to a level of 10 mole 

%, the SO2 removal ranged from about 22, when re 
acted with gas at 65 C., to about 10, when reacted 
with gas at about 105. When 0.08M NaOH was added 
after the slurry was slurried for 6 hours, and then dried 
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tion is shown in FIG. 10. The sorbent is prepared by 
mixing water, calcium source, and the silica source in a 
pressurized hydrator/mixer at elevated temperature. A 
sufficient quantity of water (greater than 60 wt.%) is 
added to maintain the mixture in a slurry form, the 
water acting as a medium for reactions between lime 
and silica source to form calcium silicate hydrates. As 
with temperatures below 100, at pressure hydration 
temperatures above 100 and below 200° C., virtually 
any composition which includes a source of calcium 
alkali CaO or Ca(OH)2) may be employed in the prac 
tice of the present invention For example, calcium alkali 
in the form of lime, slaked lime, hydrated lime, calcitic 
lime, dolomitic lime, carbide lime, calcium hydroxide or 
calcium oxide may be employed. For economic reasons, 
due to its lower cost, a preferred embodiment of the 
present invention employs lime or slaked lime. 

Similarly, virtually any composition which includes a 
calcium reactive silica may be employed, wherein a 
calcium-reactive silica is defined as a source of silica 
which is readily soluble in alkaline solutions. Such com 
positions include, but are not limited to, fly ash, diato 
maceous earth, clay, bentonite, montmorillonite, or 
silicic acid. Again, for economic reasons, one would 
generally prefer to employ fly ash in that fly ash is a 
natural by-product of coal combustion and is therefore 
readily available at coal burning power plants More 
over, fly ash may be included in the slurry in the form 
of spent solids recycled. When fly ash and line are the 
raw materials, the weight ratio is preferably in the range 
of 1:1 to 3:1. When clay, diatomaceous earth or recycle 
Solids is used as the silica source and lime is the calcium 
source, the silica to calcium ratio is preferably less than 
2:1. The current invention enables the use of relatively 
low fly ash/line or silica/calcium ratio to reduce the 
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raw material consumption rate, the size of the hydrator 
and the energy requirement. 
Another step of the most general process of the pres 

ent invention involves heating the slurry to an optimum 
temperature range or thermal window and maintain the 
slurry temperature within the thermal window for a 
period of time. Since the optimum temperature range is 
higher than 100° C., the pressure inside the hydrator/- 
mixer is necessarily kept above atmospheric pressure. 
The preferred temperature range of this thermal win 
dow varies with the type of silica used, the ratio of 
calcium/silica mixed and the mixing time employed. In 
the case of a typical coal-fired power plant using lime 
and fly ash (including fly ash in recycled solids from the 
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particulate collector), the temperature range of the 
preferred thermal window will typically be on the 
order of about 110' to 180 C. and a corresponding 
pressure range of about 20 to 100 psia. An even more 
preferred temperature window ranges from between 
about 140 and 160 (3 to 7 psia), wherein a particularly 
active sorbent is produced. The fly ash to lime weight 
ratio charged to the hydrator is preferably controlled in 
the range of 1:1 to 3:1. 

However, broadly speaking, advantages may be real 
ized with virtually any of the aforementioned calcium 
and silica sources, wherein the sorbent activation is 
conducted at between about 100 and 200 C. (1 to 15 
psia). Controlling the temperature and pressure to 
within this thermal window is believed to result in the 
production of a highly sulfur-reactive species of cal 
cium silicate hydrate. 
Another advantage of the above described thermal 

window is the reduced reaction time required to 
achieve optimal reactivity. For example, at slurrying 
temperatures below 100 C., optimal reactivity is 
achieved in 6 to 12 hours or more. However, at temper 
atures above 100° C., optimal reaction times are reduced 
to below 4 hours and, at the most preferred range of 
140 to 160 C., the optimal reaction time is reduced to 
less than about 1 hours. The significant reduction in fly 
ash to lime ratio and reaction time results in consider 
able savings in capital cost (smaller hydrator, conveyor, 
and storage tanks) and operating cost (lower energy and 
raw material consumption) makes the current invention 
an economical and technically desirable process for 
application to large coal-fired power plants. 

After the slurry has been adequately mixed and 
heated, a drying means is preferable included to dewa 
ter and dry the slurry into discrete, fine powders. In this 
embodiment, the drying means can be employed in the 
form of a fluidized bed, flash dryer, spray dryer or other 
means known in the art. Oven drying followed by 
crushing and screening can also accomplish the pur 
pose. The drying means may also employ a dewatering 
device, for example a vacuum or centrifuge device, 
before the primary drying means. 
The dry silicate hydrates are used as the sorbent for 

dry flue gas desulfurization process. The dry flue gas 
desulfurization process includes a means for humidify 
ing the flue gas, means for admixing the flue gas with 
the solid component to provide a gas/solid suspension, 
and means for separating the solid product from the 
gas/solid suspension before the flue gas is directed to a 
stack as shown in FIG. 10. 
The most convenient means of achieving a humidifi 

cation of gas will be through the utilization of water, for 
example, mixed with the gas with a spray of fine water 
droplets. The gas is preferably conditioned to a relative 
humidity of between about 20 to 90%. Additionally, the 
temperature of the hot flue gas (generally between 
about 150' and 300° C.) is preferably conditioned to 
between about 50' and 100 C. 
The dry calcium silicate hydrates can be transported 

into the flue gas stream by conventional dry solids injec 
tion means such as pneumatic or mechanical conveyor. 
The means for admixing the flue gas and the injected 
sorbent can be a section of ductwork, a gas/solid con 
tractor such as a moving bed or a circulating fluidized 
bed, or the like. 

It is commonly known in the art that low flue gas 
temperature and high humidity increase sulfur dioxide 
solubility and reactivity with sorbent. The gas/solid 
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admixing means provides intimate sulfur dioxide/sorb 
ent contact and lengthens the contact time which would 
enhance mass transfer and overall sulfur dioxide re 
moval efficiency. 

Following the gas/solid admixing, the sorbent used 
and sulfur dioxide absorbed should be separated from 
the gas stream. The separating means including bag 
house, electrostatic precipitator, mechanical impactor 
or cyclone. Additional sulfur dioxide removal is ob 
tained if a long solids residence time device such as a 
baghouse is used as the particulate collector. The solids 
collected can be recycled to the hydrator as the silica 
source to produce more reactive calcium silicate hy 
drates for further sulfur dioxide removal. 

EXAMPLE III 

SORBENTS PREPAREDAT ELEVATED 
TEMPERATURES 

Various experiments have been performed in support 
of this aspect of the invention Calcium silicate hydrates 
were prepared in a pressure reactor (300 ml) by mixing 
line and siliceous material at elevated temperature. The 
pressure reactor was equipped with a stirrer and an 
electrical heater controlled by a thermocouple inside 
the reactor. After reactants (lime and siliceous material) 
were placed in the reactor, the vessel was sealed and 
heated electrically. Pressurized water was injected into 
the reactor when the temperature reached the experi-. 
mental value. The reactants and water were vigorously 
stirred for a designated time period. After completion of . 
each run, the reactor vessel was opened and the product 
was removed and dried. 
The reactivity of the calcium silicate hydrates pro 

duced was evaluated in an apparatus similar to that 
shown in FIG. 2 and discussed above. Briefly, a glass 
reactor (40 mm in diameter, 120 mm in height) was 
packed with the dried calcium silicate hydrates mixed 
with 40 g of 100 mesh, silica sand to prevent channel 
ling. The reactor was immersed in a water bath thermo 
stated to within approximately 0.1° C. Simulated flue 
gas was obtained by mixing nitrogen and sulfur dioxide 
(500 ppm) from gas cylinders. The flow of gas was 
monitored using rotameters. Water was metered by a 
syring pump, evaporated, and injected into dry gas to 
control the humidity at 60%. The SO2 concentration 
coming in and going out of the glass reactor was mea 
sured with a pulsed fluorescent SO2 analyzer (Thermo 
Electron Model 40). Exposure time of the packed bed to 
the gas was 1 hour. The reactivity of the calcium silicate 
hydrates tested was described by conversion of lime 
Ca(OH)2) added to the reactor. Conversion of Ca 
(OH)2 is the number of moles of SO2 reacted per mole of 
Ca(OH)2 used, multiplied by 100 percent. 
The results of the first set of experiments are pres 

ented in FIG. 11 as a plot of product reactivity vs. 
preparation time (employed for heating the lime and fly 
ash slurry). The upper curve represents the reactivity of 
calcium silicate hydrates prepared under pressure at 
150° C. The lower curve represents reactivity of prod 
uct prepared in an open beaker at atmospheric pressure' 
and heated to 90° C. It is apparent that the pressure 
hydration resulted in a much more reactive product 
than atmospheric hydration. Since the upper curve 
leveled off after about 4 hours, it means that only 4 
hours or less preparation time is required to achieve the 
'maximum effect of pressure hydration. 



5,047,221 
23 

The effect of temperature of pressure hydration was 
investigated during the second set of experiments. As 
shown in FIG. 12, the reactivity of the calcium silicate 
hydrates produced under pressure demonstrated sur 
prisingly good reactivities when prepared at tempera 
tures between 100 and 200 C., and peaked at tempera 
ture about 140 and about 160 C., evidencing the ther 
mal window effect. The data shown in FIG. 12 indi 
cated that when preparation temperature exceeded 160 
C. the reactivity dropped precipitously, with tempera 
tures above 200 C. being much less reactive. 

Surface area of the calcium silicate hydrates was 
measured during a third set of experiments. FIG. 13 
represents the correlation of reactivity with B.E.T. 
surface area. This figure shows that, in general, the 
reactivity correlated quite well with the B.E.T. surface 
area and that it increased with the increasing surface 
area of the product. The three data points expressed as 
open circles represent reactivity of calcium silicate hy 
drates produced at temperatures below the thermal 
window of 140 to 160° C. It is apparent that the surface 
area of those products had not been fully developed, 
probably resulting in a shortage of reaction sites and, 
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(a) preparing an aqueous slurry comprising a calcium 

alkali together with a calcium-reactive silica or 
alumina which are present in amounts sufficient to 
allow for the formation of a sulfur dioxide-absorb 
ing component which includes a calcium silicate or 
calcium aluminate; 

(b) heating the slurry to a temperature between about . 
120' and 180° C. to facilitate in the formation of the 
sulfur dioxide-absorbing component; 

(c) contacting the gas with the slurry in a manner 
sufficient to allow for the absorption of sulfur diox 
ide by the absorbing component; and 

(d) separating the absorbing component in the form 
of spent solids from the gas. 

2. The process of claim 1 wherein the calcium alkali 
is introduced into the slurry in the form of lime, slaked 
line, hydrated lime, calcidic lime, dolomitic lime, cal 
cium hydroxide or calcium oxide. 
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hence, low reactivities. On the other hand, the two open . 
squares on FIG. 13 represent reactivities of calcium 
silicate hydrates produced at temperatures higher than 
the thermal window of 140 to 160° C. The reactivities 
of those two data points do not fit the correlation curve 
with B.E.T. surface area as shown in FIG. 13, although 
moderate to high surface area was obtained, the reactiv 
ity was extremely low. 
To further investigate the temperature effects on 

product reactivity, the crystal morphology was exam 
ined by scanning electron microscope. It was found that 
the calcium silicate hydrates produced within the ther 
mal window are gel-like, amorphous particles. How 
ever, needle-like, well-defined crystals were formed 
when the temperature is above the optimal temperature. 
Apparently, the high temperature caused solid phase 
transition and a different crystal was formed. This new 
crystal, although still possessed moderately large sur 
face area, was not nearly as reactive toward sulfur diox 
ide. It is possible that this new crystal has a composition, 
e.g., containing very little hydrated water molecule, 
that is unfavorable toward sulfur dioxide absorption. It 
is also possible that the high temperature caused struc 
tural property changes and resulted in low reactivity. 
Therefore, the combination of degree of crystallization 
transition of the final product's composition and the 
clay-like structure's temperature sensitivity could ac, 
count for thermal window effect. 

Further experimentation was conducted in order to 
demonstrate the surprising reduction in treatment time 
provided by the use of elevated temperatures. In partic 
ular, experiments were conducted wherein the incuba 
tion times required to approximately double the reactiv 
ity of the sorbent were determined. From the results 
shown in FIG. 14, it is apparent that sorbents produced 
the reactivity of temperatures above about 100° C. and 
below about 200 C. are at least doubled in less than 6 
hours. Moreover, in the more preferred range of about 
120 to about 180° C., reactivities are doubled in less 
than about 2 hours. Surprisingly, at the most preferred 
temperature range of about 140 to about 160° C., sor 
bent reactivities were doubled in less than 1 hour. 
What is claimed is: 
1. A process for reducing the level of sulfur dioxide in 

a sulfur dioxide-containing gas, comprising the steps of: 
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3. The process of claim 1 wherein the slurry com 
prises a mass ratio of calcium-reactive silica or alumina 
to calcium alkali ranging from about 1:1 to about 3:1, 
respectively. 

4. The process of claim 1 wherein the slurry com 
prises about 1 to 2 moles of calcium alkali for every 
mole of sulfur to be removed from the gas. 

5. The process of claim 1 wherein the slurry is heated 
to a temperature of between about 100 and about 200 
C., and a pressure of between about 1 and about 15 for 
about 0.5 and about 6 hours to facilitate in the formation 
of the sulfur dioxide absorbing component. 

6. The process of claim 1 wherein the slurry is heated 
to a temperature of between about 120 and about 180 
C., and a pressure of between about 20 and 150 psia, for 
between about 0.5 and about 4 hours, to facilitate in the 
formation of the sulfur dioxide absorbing component. 

7. The process of claim 1 wherein the slurry is heated 
to a temperature of between about 140 and about 160, 
and a pressure of between about 50 and 90 psia, for 
between about 0.5 and 4 hours, to facilitate in the forma 
tion of the sulfur dioxide absorbing component. 

8. The process of claim 1 wherein step (c) comprises: 
(a) atomizing the slurry into a stream of the sulfur 

containing gas; O 
(b) Drying the resulting atomized droplets so as to 
form a gas/solid suspension having a gaseous com 
ponent and a solid component which includes the 
sulfur dioxide-absorbing component; and 

(c) retaining the gaseous and solid components in 
contact in a manner sufficient to allow for the ab 
sorption of sulfur dioxide by the absorbing compo 
nent. 

9. The process of claim 8 further comprising directing 
the gas/solid suspension onto a reaction surface to 
allow for deposition of the solid component onto the 
surface; and passing the suspension over the deposited 
solid component to further effect the absorption of 
sulfur dioxide by the absorbing component and to effect 
a separation of the gas from the solid component. 

10. The process of claim 9 wherein the reaction sur 
face comprises a bagfilter. - 

11. The process of claim 9 further comprising carry 
ing the gas/solid suspension in a stream to allow for 
substantial contact between the gaseous and solid com 
ponent and separating the solid component from the gas 
by means of an electrostatic precipitator or cyclone. 

12. The method of claim 1 further comprising recy 
cling a portion of the spent solids to the aqueous slurry. 
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13. A process for reducing the level of sulfur dioxide 
in a sulfur dioxide-containing gas, comprising the steps 
of: 

(a) preparing an aqueous slurry comprising a mass 
ratio of a calcium-reactive silica or alumina to cal- 5 
cium alkali ranging from about 1:1 to about 3:1, 
respectively, with about 1 to about 2 moles of cal 
cium alkali for every mole for sulfur to be removed 
from the gas; 

(b) heating the slurry to between about 100' and 200 
C. for between about 0.5 and 6 hours; 

(c) atomizing the slurry into a stream of the sulfur 
dioxide-containing gas; 

(d) drying the resulting droplets so as to form a gas/- 
solid suspension having a gaseous component and a 
solid component which includes a sulfur dioxide 
adsorbing component; 

(e) retaining the gas/solid suspension in a stream to 
allow for the absorption of sulfur by the absorbing 
component; and 

(f) removing the sulfur dioxide from the gas by sepa 
rating the solid component from the gaseous com 
ponent. 

14. A process for reducing the level of sulfur dioxide 
a sulfur dioxide-containing gas, comprising the steps of: 

(a) preparing an aqueous slurry comprising a calcium 
alkali together with a calcium-reactive silica or 
alumina which are present in amounts sufficient to 
allow for the formation of a sulfur dioxide-absorb 
ing component which includes a calcium silicate or 
calcium aluminate; 

(b) heating the slurry to a temperature between about 
100' and 200 C. to facilitate in the formation of the 
sulfur dioxide-absorbing component; 

(c) drying the slurry to provide a solid component 
which includes the sulfur dioxide-absorbing con 
ponent; - 

(d) conditioning the gas to a relative humidity of 
between about 50 and 95% and a temperature of 
between about 120 and 40 C.; 

(e) contacting the conditioned gas with the solid com 
ponent for a period of time sufficient to allow ab 
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26 
sorption of gaseous sulfur dioxide by the solid com 
ponent; and 

(f) separating the solid component, in the form of 
sulfur dioxide-adsorbed solids, from the gas. 

15. The process of claim 14 wherein the relative hu 
midity of the humidified gas is between about 20% and 
90% and its temperature is between about 60' and 100' 
C. 

16. The process of claim 14 wherein the relative hu 
midity of the humidified gas is between about 30% and 
70% and its temperature is between about 65° and 85 
C. 

17. An improved method for reducing the level of 
sulfur dioxide in a sulfur dioxide-containing gas which 
method includes slurrying a sulfur dioxide-absorbing 
composition which includes slaked lime and fly ash and 
contacting the gas with the slurry to absorb sulfur diox 
ide from the gas, wherein the improvement comprises: 

heating the slurry to between about 100' and 200° C. 
for a period of time sufficient to facilitate the for 
mation of calcium silicates or aluminates in the 
slurry prior to contacting the gas with the slurry. 

18. A process for reducing the level of sulfur dioxide 
in a sulfur dioxide-containing gas, comprising the steps 
of: 

(a) preparing an aqueous slurry comprising a calcium 
alkali together with a calcium-reactive silica or 
alumina in the form of diatomaceous earth, which 
are present in amounts sufficient to allow for the . 
formation of a sulfur dioxide-adsorbing component 
which includes a calcium silicate or calcium alumi 
nate; 

(b) heating the slurry to a temperature of between 
about 40' and about 200° C. for a period of time 
sufficient to facilitate in the formation of the sulfur 
dioxide-absorbing component; 

(c) contacting the gas with the slurry in a manner 
sufficient to allow for the absorption of sulfur diox 
ide by the absorbing component; and 

(d) separating the absorbing component in the form 
of spent solids from the gas. 

k s k k 
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