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THE REACTION: OF SO, WITH METAL OXIDES

Beat Meyer
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Chemlstry Department, University of Washlngton, Seattle
- and
C. Carlson

Chemlstry Department, Un;versity of Washlngton, Seattle

- ABSTRACT -
Data is presented'on.soé ebSOrption,by Cao, Ca(OH)2 and CaCO3 in
gaS—Solid‘end gas-aqueous solution reactions. The results indicate that -

CaSO3 is formed in both systems via intermediate hydroxides by ionic acid-

" base type reections. Analysis of the reaction mechanism explains experi-

- mental evidence that limestone injection as commonly practiced is intrin-

sically inefficient, and that optimum yields are obtained when limestone is

v preheated«:“
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INTRODUCTION

SO2 reaété Qith\alkéli ana.alkaling earth oxides to yield metal
sulfite (3303). Ifibkygen is.pfgseht, part of the sﬁlfite.is‘éonVérted
to MSO,. \This £eaction“istsed for the removal of Soz»from coal combustion
gases invéoal fired'pdwer plants.  Eiue éases fromipdwé? plants constitute
an attraétivé'syétéh for basic'résearch;vbecause_fhg éhysiCal properties
and chemical co@positfon of the system are caiéfuiiy contrblled to optimize

energy conversion. SO, removal constitutes a special challenge, because

2
Soz cbncenﬁrations are small and gas voluﬁés vefy‘laige. In a large power
plant, chahgingfthe‘yieid‘by one pé:éeht c&h amount to métal oxidéAgévings
of many Céfloads a day. | |
‘The u§é of oxides”to reduce 302.15 not new. 'Limestoné;wﬁigh calcines
in the combusﬁion chamber, has been used forvover one hundred years
to reduce boiler corrosion. Since the thirties metal oxides héve been
used in Englénd, Germany and other countries to reduce S0, emission.
However, up tb now, the application on full industrial scale is far from
satigfactory apd yieids are far below "theoreticalﬁ; aﬁ least partly, be-
cause £he basic chemistry is not fully known. There are two reasons fﬁr
this: Thgifiist.is that the.réaétion ié very complex,_épd'thé éecondjis
that,'iﬁ the last twenty years, most réseargh has focused on'selecf;'

praétical sYstems, and only very littel research has been'doné on the

basic chemistry (1)..



In the'last few years an effort has been médé tb femedy this situation.
A large number of government contract ;eports, governhent studies and
papers inﬁﬁhe’enéihéetiné'litéréture have éppearéd.(2;3);lt'i§ impossible
to give heré:é cémpléte list of refereﬂéeé beéaﬁsé the n&mber-of reports
is too lérée,'and>ﬁéhy éréidiffiCult'to obtain.

In this paper, wé;wili-reporﬁ some of our feceﬁﬁ research results
and céfreléfélthém'w1£h-the p£eseﬁt kﬁoﬁiééée:af ﬁhié field: Most of
our discussion will be ﬁased on'caICium Cdméounds, beeause iihestone is

the cheapestJSOutceFOf oxide.
REACTION SYSTEM

We proceed here in two steps, First,‘we_diséuss_an;ideal éystem)
, ce e - SEEPSy. - . , _ ‘

where only the reaction between pure metal oxide_qndxpure’soz»is;consid-

ered, and then we tackle the real system where processes between all

components of the flue gas are studied. .

The net reaction of the ideal system, sulfur oxide with metal oxide,, 

‘can be written

MO(g) * SOy(g) * 12 0y(g) T M504

This gas~solid reaction doés not oqcﬁr in one simple step. 802

first absorbs on the'oxide'surface, forming a sulfite which is later

partly oxidized. The reaction speed depends on temperature, SO2 concen-

tration, and the metal oxide particle size and surface properties. If

5



" that both CaO and CaSO

the metal:iéiéalcium; the reactibh is fuééher compiicﬁted by the fact
4‘§én exist in polymorphic forms. iEach>for@ has ;
different feéctivity. The chémically best known céﬁéfis the révérse of
reaction I,‘the burning”of‘gypsum. Three forms of QYpSum‘éxisé: @ or
(I) gypsum, the-hiéh'temperaﬁurevfbrm; B or (If) gypsﬁm; insoluble anhy-
drite, aﬁdlf or (III gypéﬁm;'soiuble anhydfite. During the bﬁrning of
gypsum,‘ué"fdﬁfour~phA§e§, inclh&ihq-a‘melﬁ; can be pféﬁeﬁt. o
A qualifative méaédré.for tﬂé.télétiée reactiviéy\éf caléium oxi&e
is shown in Fiéure 1. figure I‘répresents break throﬁgﬁv¢urves for 502
passed thrdﬁgﬁ‘a fixéd‘bed of Vafibus fbrmé of calciﬁ@VSXide, aﬁd pre-
cursors of b#idé.' In this, and’all<f§llowing curves,‘exéeriméntél condi-

tions are indicated in the caption. In the ideal system, a gas mixture

of_95%‘N and 5% SO. is used. Calcium oxide, and all other metal oxides}

2 2

always absorb le"s‘sf.SO2 than hYdroxidéﬁ, Based on our data on many ‘metal

oxides studied under various conditions, we will later postulate that at

low temperature 502

does not measurably react with dry metal oxides and

-that the reaction indicated in Figure 1 is due to the presence of traces

Of.hydroxide._ .

~In the reﬁl sgstém, iﬂQolving flue géseéyand commercial_oxides, the
presence of"all other flﬁe gas constituents must be cohsideré&. In proxi,
the "metal oxide" is normally not an 6kiae, but an “"oxide equivalenﬁ", a

material which during the course of the reaction is partly converted to

an oxide, or.a hydroxide. The most common source of oxide in industry




is limestone or dolomite. These carbonates are "calcined" during the

reaction, forming oxides. The pure carbonates are p'oorvso2 absorbers ~
(Figure»l). ‘
We wiil'discuséureactipns in the realichemical'systeﬁ in three steps:

preliminary reactions which are necessary to transform the precursor into

the reagent, the main reaction which consists of the absorption and the

combination of 802

’with the metal oxide, and competing*reactions'which

consume oxide and thus reduce the yield of sulfite..

The preliminary reactions involve equilibria with CO, and HO

2 2
. > .
Ca(OH), + Ca0 + HO . -~ » ID

Caco, < ca0 + CO, u | 33

TheIfirsijéf{thééé_isimbst.iﬁportanﬁ; bedéuse_fiﬁe gas coﬁﬁéiné 8%
Hzo, and'as_sh6ﬁn'ih Figuré'l, hydrokides re&ct mhéﬁvsettef with SO2 than
oxides. _Eigﬁré 2 shows thé thermodynamic equilibria of the.reactioh. The:
~equilibrium constants are computed for standard conditions, and not for
a.flue gas.‘ The aécuracy of literature daté is so poor that correction
to flue gés conditidné seems'premature; _Figurevé Shows that in reaction
I, above 9@65?, ihe‘formation of oxide is favo;ed.viHowever,'éVen.at
2000°F,'tfac§s of hydroxide (abéﬁt lolppm)'remain; In réality;'heafed
hydroxidévconverts to.a much smaller extent than indicated, because

the dehydration is very slow. Reaction III, the “calcination" of limestone -

is also crucial, because the carbonate must be decomposed before 502



absorption caﬁ oécur. ‘The eq@ilibriﬁm cu?ves in Figure 2 show that
célcination éets in at about 1700;F. Increasing temperature favor
equilibriﬁm aﬁd kinetics;. Théreforé, limesténe shouid be injected at
the higheét,possiﬁlevtehperatufefv However,'a_cbmparispn of equilibrium

IIT with that of.the;abatement reactions shows that the SO, absorption

2

is reduced with temperature. This, and "dead burning" of limestone,

establish an upper temperature limit for this reaction.

The main reaction and cogpeting,reactions include

~ ca(om), + so, caso, + H,0 W
Cao # so#__v caso, v
c.axs(’)3 +1/2 0, 3 Caso, o S |
Caso, + ;dz‘ + caco, +1562‘ . VII

S0, +1/20, 3 SO, o . vIII
_-'_nzo + S0, 2 Hs0, . I
H0 + SO, z H,S0, X

It is not practical to discuss here all of these reactions. Each of
them is complicated and worth a detailed, separate discussion. From now

on we restrict discussion to systems which correspond to industrial
abatement conditions as encountered in coal fired power plants. -
_ ,é
REACTION CONDITIONS !

The reaction system consists of two parts, the flue gas and the solid

metal compound. Flue gas contains approximately 75% Nz, 8% Hzo, 14%'C02,



3% oz'and 0.1 to 1% SO In additipn,/it contains slag. Whilte the flue

2
gas components and propeftiés aie given quahtities, the metal oxide.addi— 3
tive is a ffée paraméte:.zgxn étésént.p:acﬁicé;:pbwderéd:sdlid metal
coméounds Aré injeéted'in the hot gas stream. Howevef, pré?afation%_éie'
under way'fdr léige,scalé teétsnéf)the Eeactioh §f 1imes£oné sluriied in
water with fluezgéégswﬁithdféwn ffom:thébai?'ét;ﬁéatér;if

Solid-Gas Reactions

Figﬁrév3“$h6§s tﬁehﬁemperature vs. timé'étofilé éf the.flueIQas'
stream, and tﬁe locaﬁion of limestoﬁe injection points.v fo: technical
reasons, four pointstafe preferfed::-(é).ihjéctidn;_together with éoél,v
into the flame, (b)'ihjéction in.ﬁhe main combustioh éﬁambéf;_abdve the
water’cooled.wall, (c)vinjectidn ih»ﬁhe supefhéatérfjbr (df‘injectiohv
before the air preheaéef. Injéétidh'ihto tﬁe'flamé;"altﬁéuqh c;n;eﬁieﬁt;'
vis hhsuiEane; Sééausé'ét‘the;flgmé temperature 3060Mto_4000°F;:£ﬂé
"equilibrium of reaction.; ahd V are shifted_in tﬁé wrong direétion; In
additibn, cdlc;nation ofvlimestone at.thisvfemperature leads to an eutectic
mixture of CaO with residual carbonate, aﬁd the‘métetial melts and is
Surnt deﬁd;_

o Thé’preferred process is injectioﬁ in the main chémber, ébove:the
water wall. At this poiﬁf the tempe;ature f;uctuétes between 1800 to
2400°F. Figure 2 shows th#t at this temperature carbonates are calicined
and that sulfites can be formed. If it Qould be feasible to control the

reaction, injection at this temperature would be theoretically ideal.
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Hdﬁever,*wé.ﬁiil séé thatvfhé seqhehée of reaétions is cémplex, and so
slow tﬁathéonvéfgidh is intfinéi@ally imcbmpléte."injéctioh at the
Suﬁérheaté? would yield best sulfite formation in feaction VII, but at
‘this point calciﬁatiohiis too slow. Therefore, the material must be

preheated tp be effective. In the air preheater, at a temperature of

700°F to_350°F;;the équi1ibria would be'getter, But'fhe”kinetiéé are
slower. |

Gas Liquid
If S0, ¢¢ntainiﬂqlflue qaé isibﬁbbled'th;ough an.aquéous slurry or

‘solutiogiof lime or limestone, almost 100% yield is obtained. We now

discuss this reaction, because it helps in understanding the chéﬁiéal"
steps of the gas-solid system.
In water about 0.0l g of limestone will dissolve in 1 liter of

water (Table I). The solubility depends on temperature pH_andFCO partial

2
pressure. A saturated solution has a pH = 8.6 and the following equilibria
occur:

Pxelimihary-reactions; »

+2

H,0 +CaCO,  *Ca - + HCOy + OH . XI
a2+ n0 o+ CalOH).  CaoH + u‘d+t XII
2 2 2" 3
o - " .
50, + H0 > HSOy + HO XIII
Main reaction: '
| Ca0_H + HSO, + CasoO, R _ XIV



Reactions XI to'XIV.are much more complex than written and invoiue
ions, dissociation and autodissoc1ation of acids and bases, and precipi-
tation of 1nsoluble Caso (Table I).v The equilibria are very pH sensi-
tive (4). The reactions are quick, and diffu51on limited. Thus, the
reaction speed changes w1th concentration. In the pressure of oxfcen,

- sulfite may oxidize to ‘the much more soluble sulfate._ Figure 4 shows a
breakthrough ‘curve for so in solution containing dissolved limestone.
The chart shows that the calcium salt absorbs 302 at a ratio of 1:1.

The same figure ‘also shows the pH change.' A saturated 1imestone solution

has about pH 12. since flue gas contains 14% Co2 the solution<quickly

saturates with carbonate which acts as a buffer. Acid-base constantsifor
some of thechmponentsVarehshoﬁn-in Table I1. _As136é:absorption proceeds.
the pH droosfand the soiubility.ofﬁébz reahéeé, and.the reaction sichs_
down. If O fis'present,}suifite is‘nartly oridised to sulfate. vThis_
reaction is quickest at pH 6.8. It does not harkediyrchange the So2
capacity of ‘the solution. _However,.sulfate.reduces the solubility of
sulfite by up to 20%.‘ the situation is further comblicated by the fact
that during oxidation'various_thionates are_formed. Their‘yields and
stabilities“depend on pH‘and temperature.: o

In aqueous solution the role of the metal oxide is twofold. Its

base character established the pH which induces absorption of S0,

2 by con-

version into Hsog and so;

thevpresehce of SO, determines the concentration of ions.

2 ions, and the solubility of the metal oxides in



Reaction mechanism

The solvétion §f_302 ié'iénic, as shown in Figure 5. fhe metal ion
doeé ﬁét ééfticipate inithé sqlvation.‘ Thus, the mebhénism is thebsame
for all'diséolved‘ﬁetél_ions; S

In thé'gés-phase the:feacfién mech#hism has ﬁét béeh éxplainéd.
Fiéﬁre_s éhowé.ahbrbéoséd ?eacticn mechanism for the oxide and the hydrox-
ide. After redc£idﬁ, the nascent water mdleéule may_hydr§iize a neighbor-
ing calcium conﬁaihing‘moieéhléiahd aéﬁf;s a éatélyst; ‘in thé hydroxide
- the electron transfér7is enhahéed_bécause of the bolé:ization offered by
the OH gfoup.f This>$ﬁ§ges£s fhat‘the'ionic.réaction is qaﬁalyzed by

moisture. ’This ishindeed observed. Flue gases contain 8% water} and

2

more steam enhances absorption further. The hydroxide is such an effi-

absorb better than-a dry'so mixture, as shown in Figure 7. ‘Addition of
cient absorber that it seems likely that in a mixed oxide—hydroxide all
~absorption occurs via hydroxide.‘

Competing Zeactions

If we take another look at the equilibria in Figure 2, we see that

react alone, the best. thermodynamic

if metal oxide, or hydroxide and‘so2

condition is established at low temperature. However, reaction is then
very slow. 1In addition, competing reactions set in, such as carbonate

formation from CO, in the flue gas.' Absorption of CO

5 competes up to

2

1600°F. However, at that temperature the-equilibrium of reaction V shows

absorption is

that the yiéld of sulfite is small. In a real gas, CO2



_~10-

gnﬁma‘than shown in Figure 2, because the C02 concentration is ten to one

hundred times larger than that of soz. Figure 8 shows experimental data

of the effect of CO. on the absorption of SO

5 ‘on Ca(OH) at 800°F.

2.

Direct conversion ‘of carbonate into sulfite

The most convenient way to treat flue gases with metal oxide is
inJection as a dust, which is then swept With the gas through the heat
_ exchanger 1nto the electrostatic prec1pitator.' The»transxt time for a
particle is less.than a second; thus; kinetics are“of crnciai‘importance.
A good stndy;ofikineticsvhasibeen reported by sorgwardt (6). It indicates
2

CaCO3 + 802 pe CaSO3 + C02 v o XV

that the exchange reaction of limestone with SO

‘is,criticaiiy slow. It can-be anticipatedfthat reaction'speed increases
with temoerature. rHoﬁeveraiwe mentioned earlier that the net reaction I,
and the exchange'reaction XV, are not simhlevone steo processes.

. The reaction of limestone is limited hy chemical collision probabili-
ties‘andvdiffusion.b It depends on the surface, particle size and crystal
structure. If cold limestone is injected, reaction XV does not occur.
Instead;‘a Vhole sequence of events occurs. First, the particle is heated
by thermalvradiation from the gas.-'The absorbed heatiis partly used for _
dissociation‘of the carbonate'and vaporization of residual noisture. After
initial overheating, the particle bursts explosively and leaves a perous
structnre. ‘The effect of the decomposition and expansion is so large thati

limestone injected into a hot heater disintegrates into a fine dust. The .
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particle size'is virtually independént of the original particleQ Although
the resultant material is.very‘reactive;'it may not absorb so2 to the full

extent thermodynamically predicted, because the SO, must diffuse against

2

the stream of cooler g&s emanating frqm’the particie.' At the same time,
the particle is cooled because bursting is almost adiabatic . By the
time all thesé prdcésses are over; the pafticle has been transferred to a
cooler zopeiand absorbs COZ;H§® andv“.so2 indiscriminately.

If 1iméstone ié'injegtéd at_a hoter plaéé, it'may over-heat in the

97 until a.CaC03-Cao eutectic mixture forms and melts. The

presence of. CO
resulting annealing of the surface has been observed with electron micro-
scopy. (7) A “burnt“'particle'doés not absorb SO,- Thus, direct conver- -

sion of carbonate into sulfite is intrinsically ineffiéient.
CONCLUSION

Our experiments have shown that dry solid Ca0- is a poor absorber of

802 gas. 'S0

2 absorption is, however, enhanced by partial hydrolysis of

the surface. After inducing the reaction of SO, and CaO, water can

2
vaporize or act as a catalyst by hydroliiinéxneiéhboring calcium contain-
ing molecules. In labqrétory.simglation of'phe'ieai.system, the best
yield 6f reaction I or V-is obtained if fresle'calcined_liméstéhe is
injected in the temperature range between 760?? to 1600°E; _In this
'temperatﬁré range, steaﬁ from ﬁhé flue éas activates the oxide surface.

This catalizes the absorption of SO, and favors the eXéhange between SO

2 2.
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and coé (Curve V in Figure 2). The proposed reaction mechanism is shown
ianiguré 6. The absorption corresponds to an acid-base neutralization.
Analysis of our data shows that the commonly used method of lime-
stone injection at 2000°F is intrinsically inefficient, because calcina-
tion and aBSOrp;ion of 502 from flue gas in one operation cannot be
achiéved,in the available short transit time. Physical processes occur-
ing during heating of the particles deaiy reacﬁion until the gas tempera-
ture is so low that C02 andlazo compete with-so2 absorption. If ;ime-

stone is injected at a higher temperature, the particles burn "dead". The

most effiéient S0_ absorption can only be obtained by preheating or pre-

2

calcination of lime, or by using a fixed bed process.
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TABLE I

(a)

Solubility of Ca Compounds in Water

Solubility
v in ng/1
Compound . ___at 30°C ' at 100°C
CaCO3 : 14 17
Caso, 46.3 o 7.9
Caso 6000 ‘ 2000

(a) The solubilities are given in weight of the anhydrous
compound. Each compound can occur in several hydrated

forms, each of which behaves somewhat differently.

")
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TABLE II

Acid Constants at 25°C

_Supstance K X,

H,CO - ax1077 4 x 10°
23 . - |

H,504 R U 10

H,50, R 10° ' 10

CaOH 10 <10°



Figure 1: Break-through curves for artificial flue gas (8% H

Figure

Figure

Figure

Figure
Figure

Figure

Figure

4:

Proposed mechanism for SO
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Figure Captions

20, 75% N2,

14% Coz, 3% soz) passing through a fixed bed containing 20 g

of a) Fredonia limestone (Paducah, Kentucky), b) analytical

grade CaCoO

3 c) analytical grade Ca(OH) ,, and d) Fredonia

limestone, calcined §t 1500°F under vacuum.

Temperature dependénqé of equilibrium constants for nine SO,
abatement reactions. Data from réferences 4 and 5.

Profile of temperature versus transit time for flue gas. from
a large coal dust fired power plant.

Break-thrbuqh curve and pH vs. time curve for 200 ml HZO

containing 1 g of a) analytical grade CaCO_,, b) Fredonia

3

limestone, and c) pure water. Curve 1 results when Co2 is
present; curve 2 results if CO2 is abgent from the gas.

Mechanism of hydration of SOZ'
2 absorption on metal oxides.

Effect of hydration on 502 absoyption of dry calcium oxide.

a) Dry CaO; b) CaO treated with 90% N2, 10% H20 at 900°F

for twenty minutes.

.Effect of CO, on SO, capacity of Ca(OH)z. a) Synthetic flue

2 2

gas, b) same without C°2'

Y
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This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission: '

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used Iin the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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