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7his re?ort describes t~e results of :he theore:ical 

a:-ic expcri:ncr.tal ;:,rogra:r: that Radiar. co:-icuctec to characterize 

:he coprecipitatio:1 of calcit.:.~ sulfate with calcium sulfite 

~he existence o= a coprecipitation product had been 

hypo:hesizec to exp:ai:1 the mechanism by which sulfate could be 

preci}ita:ed frol'l a scrubber soluticr. subsa:ura:ed with respec: 

:o calciu~1 sulfa:e. Long te:::T1, steady-s::ace opera:icn of :'..il'le 

2.:-:·::. li.;:ies'.:one S02 sc-•:bb'ng systems wi::h oxidatio:1 rates below 

20% has bec:1 achieved with liquors subsaturated with respect 

to all know:1 calciura sulfate solid :orms. t·:cver:heless, sulfate 

~s :r:casured i~ t~e solids precipitated fro~ these svste:ns. 

The existence of a calciul'l sulfa:e-calciu;;: sul:ite 

so~:_d sclc.tioi"l :las been confirned ex?erinenta~ly ar:d a t:leo:--eticc.l 

fo~~~lation has bee:1 established. Calciu;;: sul:ite he:::ihydrate 

was precirita:ed under controlled laboratory conditions fro:n 

solutions subsaturated in calciu.~ sulfate. Specific chcl'lical 

a:1alysis and in:rarcd spectroscopic techniques were used to 

ide~tify sulfate in the solids. 

The sulfate content in the precipitate was studied 

as a fur.ction of the relative satur-ation of calcit.:.r:i sulfate 

a;-id t::c p:::-ecipi::ation rate of calcium sulfite hen:ihydrate. 
Also, the effects of high e1agncsiu.~ and chlorides concentra:icr:s 

a~c li~estonc and lime dissolution on the sulfa:e content of 

the solids were ~eas~red. 
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l.:J 

An ex?erii;1er.tal anc t:ieo:::-etical study of fr.e calciur.1 

su:fite-sulfate sol~c so:ution for:natior. :i&s been conductec fo:::­

t:ie Envi:::-onr.1ental ?rotectior. Agency (EPA) by Radian Cor?oration. 

Racian has cor.fir:r.ed the hypothesis of R. E. Bo::g'.·Jardt and others 

tha: the suifate is re:.:oved fro:.: solution durir.g subsaturated 

(CaS0 .. -2ri 2 0) operation in pilot plant tests by the fomation of 

a "soli::1 solution" of calcium sulfite ar.d calciur:i sulfate. The 

sulfi:e oxidation rate has been ic.entifiec by Radian as the 

crit~c~l co~:rc: t'ar~~ctcr fo~ C?eraticn o: the S02 scr~J~e~ 

s~bs~t~r~:ed witt ~cspect to gypscrr. 

:his report c.oes not contain a ccoplete explanation 

of ali of the experiiental ar.d field data that have been 

accu::-. ...:.12.tec relating :o the coprecipitatior. of sulfate with 

calciu:.: sulfite r:e:.:ihydrate. Nor is a theoretical exp:::-ession 

offered that accounts for all of the expericer.tal results ob­

tc",ir.ec. fror.i this p:::-o 6ra:Ti. The p:::-oblem r.iay be a result of 

seve:::-al factors incluc.ing: 

• � ... i... �.... .- ,_ ..difficulties associated .... ; control 

of all experir.iental va:::-iables ar.d 

• � inccrr.ple:e unde:::-standing of all the 

factors involved in the phenooenor. of 

coprecipitation. 

The expe:::-ioental data of this prograo are presented 

in this :::-epor: along with a critical assessment of the validity 

of the data. Or. the posi:ive side, this study has shown that 

the st:::-ongest correlating factor relating to the sulfate conter.t 

of ~he co?::ecipitate is the relative satura~ion of calciu~ 

-1­
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fulfate heDi~ydrate in the aqueous phase. This and the 

demonstrated absence of a major kinetic effect indicate that 
the coprecipitation of sulfate with calcium sulfite hemihydrate 
is basically an equilibriu.~ controlled process. 

This work has successfully shown the existence of a 

solid solution of sulfate with calcium sulfite hemihydrate by 

direct verification using infrared spectroscopy. A relationship 

has also been formulated to predict the sulfate content of the 

solids during subsaturated (gypsu."ll) operation based on the solution 

co:npositio:i. 

A S'...lr.irr,ary � of the results of this program follows. 

1.1 � Verification of :he Existence of the Calcium 

Sulfite-Sulfate Solid Solution 

Chemical analyses of solids precipitated from solutions 

?re?arec under controlled laboratory conditions to be super­

saturated in CaSO;·~H20 and S'...lbsaturated in CaS0"·2H 2 0 have 
verifie~ the presence of sulfate. Infrared spectral analysis 

was also used to confirm the presence of sulfate in the solids. 

A-ray diffraction patterns of the sulfate-containing 

solicts were essentially indistinguishable from the patterns of 

pure CaSO,·~H 2 0. No separate crystalline phase containing 

sulfate could be identified by this method. 

The infrared spectra not only were used to substantiate 
the presence of sulfate in the solids, but also provided direct 

evidence of the existence of a coprecipitation product. The ab­
sorption patterns in the 1100-1200 cm-: region assigned to the 

sclfate ion are quite different for sulfate as a pure gypsum 

phase fro~ sulfate in solid solution. 
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To ceter::i:.ne w~ether the copreci?i:a:e is in 

the:-::;ocyna.~::ic eqt:ilibriur.: wi:h the soLit:.on fror:i Khich i:: is 

gro·,.;-r. c:::- :.s a result of kinet:.c effec:s. so:r.e long-:e:-r.1 

equilibration tests were concucted. Solids were allowed to 

cone tc ec:uilibri:i!!l ~-:i:h solutior,s containing calciur.i, st:l.f2.te 

anc cag~esit:~ concen:rations identical to their concentrations 

in the fo::.utions :ro:r. wl:ich the solids were precipitated. A::e:: 

as long as four weeks, the liquid ?hasc was found to be satu:-2.tcd 

wit:, c2.:.ciu::i s-.ilfite l:eoihydrate 2.nd still st:bs.::.:uratcc: in 

ca_c:.uc s~lfate c:ihydrate. The sulfa:e content of the solids 

did r:o: ctangc substar:tial:.y durir:g these :ests. 

l. 2 Qt:2ntitative !ieasure:r.ent of t'.,e Sulfate Cor:ten: of 

the Calciu~ St:lfitc-Sulf2.tc Solid Solution 

An analy:ical techn:.qt:e was developed durir:; this 

pYog:-ac fc:- t'.,e S?ecific de:e~:.nat:.on of sul:a:e :.n solids 

typ:.cal:.y p:-eci?itated in line and li~estone-based SO, scrub~ers. 

?:-eviously, r.he sulfate cor:cen:ration neasurenents we:-e obtained 

by a Cif:erer.ce tec!'.:1i~ue. A ::,cr:ion of ::le sa~ple was analyzed 

for total sulfite. A secor.d ?Ortion treated to oxidize all of 

the s'...llfi:e to sulfate w2.s then analyzed for s:ilfate. ':'he 

c.ifferer,cG in t:1ese two values .r;ives :he original se:..fate value. 

\fae,, the s·Jlfa:e :..evel is lo.-; cor:lpa:::ed to the sulfite concentra­

tio~. :~e erYOY of this techniq~e becones quite large. 

Tne S?ecific sulfate technique selected for this 

prog:-aQ can be used to deter8ine salfate concen:rations ir: :he 

range of in:erest to within ±5% of the actual value, e.g. 10!.5%. 

Infrared analysis was also used to quantitatively 

neasu:-e the suifate concent:-ations in the solid solution san~les. 

The infrared spectral technique was calibrated by initially 

rat:o~ng the solid sola:ion sulfate absor?tivity at 1220 c~-i 

-3­

http:Cif:erer.ce
http:de:e~:.nat:.on
http:St:lfitc-Sulf2.tc
http:ca_c:.uc
http:st:l.f2.te
http:soLit:.on
http:ceter::i:.ne


to t~e absor?tivity of the water of hydration band at 1620 err. - I 

A correlation was then established relating this ratio to the 

sulfate content as deternined chemically. Though not as sensi­
tive as the specific sulfate technique, the infrared technique 
is much faster and can also be used to distinguish the forms of 
sulfate present. 

1. 3 Development of Sampling Methods for Slurries 

Contair.ing High-Liquid Phase Magnesium 

Concentrations 

One of the difficult problems in characterizing the 

solids precipitated from solutions containing high magnesium 

concentra:ions is the contarr.ination of the solids by the high 

concentration of dissolved magnesium sulfate. This contamina­

tion results from the adhesion of the liquid phase to the 

filtered solids with subsequent crystallization of the magne­

sium sulfate during drying. Sampling and sample handling tech­

niques have been developed which minimize this interference. 

1.4 � Effect of Relative Saturation of Calcium Sulfate 

Hernihvdrate 

The calcium sulfate hemihydrate (CaSQ4•~H20) relative 

saturation has been determined to be the most significant 

correlating variable associated with the formation of the 

calciu.~ sulfite-sulfate solid solution in the laboratory studies 

conducted by Radian. These studies have shown that the sulfate 

content of the solids, i.e., the sulfate mole fraction of the 

precipitated solids, varies most rapidly from Oto 0.12 as the 

calciurr. sulfate hernihydrate relative saturation ranges from 

0 to 0.20. The sulfate mole fraction in the solid solution 

rises to 0.16 at a hemihydrate relative saturation of 0.45, the 

point at which the solution is also saturated with respect to 

gypsu.~. 
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These res;.ilts are ccr.sis:en: wi~h the cheery ccvclc?cd 

in e-:=.rly p:1ases cf the expe:-ir::e:1tal pYograr:i 1.·.Thic:l s~ates tf:at :he 

eq;.iilibri;.i:i: cor.trib·J:ion to t:ic s·..1lfate ccr.tent o: the solid 

so:ution will be a function of the calci;.i~ s;.ilfate heoihydrate 

rela:ive sa:uratior.. The relationship that predicts :he sulfate 

oole :raction :ro~ the rela:ive sa~uration is given in EGuation 

1-1. 
(1-1) 

x · Ee xp ( 1 ~ 9x , . c - l · 4 5CaSG, · ;;H. 0 , .., · · C2.SO, · ,.,H, 

the :::-elativc sat~ration of calciur:; 

sulfate hemihycrate in the liquid 

p:-iase' anc 

X the rrcolc :raction of sulfate in the
Caso .. · :~H:C 

solid ;:-hc:st. 

' l . J - Effect of the Calci;.in Sulfite ?reciDitation Ra:e 

Ex;iericental :::-esults have sho;-;r. the calcium s;.il:ite 

preci?itation rate does not have a oeasurable effect on the amount 

of sulfate coprecipi:ated with calciuo s;.ilfite as a solid solution 

This was true for preci~itation fro~ solutions both high anc low ~n 
oagnesi·Jo c0nccr.tration2. In other words kinet:'..c effects co 

not B?pear to be significant in the coo;iosition of solid solution 
witnin the precipitation range studied, na~ely 0.001-1.7 milli­

rr.olcs/g-r:iin. These ::-esults in conju::1ction with the calciuo 

sulfate relative satu::-ation data io;ily that :or all practical 

?t:rposes the co:i?ositio::1 of the calcium s-.ilfite-s-.ilfate solid 

solution ~s deter:ni::1ed by a~ equilibriuo condition and no~ 

-5­
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1.6 � Effect of Magnesiurr. and Carbonate Liouid-Phase 
Concentration on the Precipitation Rate of Calcium 
Sulfite Hernihydrate 

Prelininary data from several kinetic experinents show 
that liquid-phase magnesium and carbonate ions may inhibit the 

precipitation rate of calciu.~ sulfite hemihydrate. Nucleation 

in a calcium chloride-sodium sulfite system normally occurs at 

a calcium sulfite hemihydrate relative saturation of approxi­

mately 3.0. With the addition of magnesium, calcium sulfite 
hernihydrate relative saturations of 8-15 have been observed at 
precipitation rates significantly lower than those observed in 

the pure system indicating a decrease in the nucleation rate. 

The adcition of the carbonate ior. to a calcium sulfite-sulfate 

system required a CaSQ3•\H20 relative saturation of 5.3 to ob­

tain the same precipitation rate measured at a relative satura­

tion of 2.3 in a carbonate-free solution. 

The implication of these observations may have a 

significant inpact on S02 scrubber system design and warrant 

adcitional experimental studies. 

1.7 � Coprecipitation of Calcium Carbonate with the Calciu.~ 

Sulfite-Sulfate Solid Solution 

Qualitative results from infrared spectral analyses 
of solids precipitated from liquors containing carbonate indi­

cate that carbonate is coprecipitated with the calcium sulfite­

sulfate solid solution. This is particularly evident in the 

I.R. spectra of scrubber solids from Pennsylvania Power & 

Light's Sunbury pilot unit where evidence of matrix isolated 

carbonate was observed. This coprecipitation of carbonate im­

pacts on the maximum limestone utilization which can be achieved 

and may have an effect on the sulfite to sulfate ratio that can 

be coprecipitated. Based on these results, additional study of 

the coprecipitation of carbonate with the calcium sulfite­

sulfate solid solution is recommended. 
-6­



2.C B/,C:ZGiWC:D A3D AP?RO,\C:1 

Pilot plane studies conducted bv EPA at Research 

Trian~le Park and full-scale operation at various ?lanes in the 

[.S., Ja?an and Er.;lancl have denonstratec that both li:ne anc 

li:.:estone S0 2 scrubbers can O?era:e u.1sa:urated wit':1 respec: to 

gypsu::i even under tight "closed-loop" opcr.ition. T=iis fact 

o:fcrs an opportur.i ty. if the pr.eno:nenon responsible ca:: be 

uncerstooc a:icl cor.trollec, to effectively reduce gypsu::-.-scaling 

po:en:ial w~ich has persis:ed as cr.e of the principal reliability 

proble::-_s of l:.:::e anc: lir.:estone flue gas desulfu,ization systet'1s. 

The fc:-oation of a "solid solutior," of calcicr::i sulfite 

and ca:.ciu;:i sulfate J:-.as been suggested by R. H. Bo::.-g,,ardt and 

others as the probable rrcechanis:n responsible for the sulfate 

purge which leads to unsaturatec operation. Several variables 

such as sulfate cor.cen:ratio.1, sulfite preci?itation rate and 

concencr2.tion of cr.loridc and r.:ag:-u:::siu:r. h2.ve been ider.ti::ied fro:n 

field stcdies as influencing the co~position of the solid solu­

tion. 

Radian has conducted a theoretical and experi;:iental 

study to characterize the chcoical fac:ors wtich affect the 

for:;..1tion of c:1e solid sol".J:io:1. The objectives of this study 

~..:ere tc: 

o � devclo? a ccnsiste:1t theoretical basis 

for exa~ining field and laboratory data, 

• � revie~ available field data relative to 

ensaturated operation. 
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• 	 Cevelop, if necessa~)'·, sai-:iplir.g, sa:Y.p2.c 

handlinc, and analytical methods which 
arc consister.t with accu=ate measu=cmcnt 
of sulfite ar.d sulfate in both liquid 

and solid phases, 

• � study the a?plicatior. of physical ar.d 

analytical techniques wr.ich can be 

uscc to establis~ direct evidence of 

the coprecipitatior. of sulfate with 

calcium sulfite te~ihydrate, 

• � conduct equilib=iuo studies to establish 

w!-,etr:er or not a solid solution will 

precipitate fro~ various solutior.s 

near e"uilibriu~. 

• � cond~ct kinetic studies using a l:oe or 

limestone slurry ar.d a clear liquor 

characteristic of either lime or lime­

stone scrubjers to deterrr.ine the effects 

of the sulfite precipitation rate, 

tecperature and scrubber liquor compo­

sition with emphasis on magnesiu.~ and 

chloride, and 

• � develop a theoretical frar:iework for 

liquid/solid equilibrium or kinetics 

in such a manr.er that it can ~e used 

for predicting conditions necessary 

for unsaturated operation of lime and 

limestone scrubbers as a function of 

liquor composition and oxidation. 
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3.0 TEEO?.:::CCAL FR.:..:-'.E,-:O?J( O? ::-lE CALC:C·! SU"'....?IT:'::-SlJ":..F?.TE 

SOLID SOLUTIC!\ 

Coprecipitation oay be controllec by equilibriuo 

effects, kir.e:ic effects, or a coobination of the two. If a 

true solic solution is fornec as a result of the coprecipita­

tio:1 of calci;.m sulfite and calciur:-, sulfate, t:1en fundaoenta::.. 

ther.::ocyna:r.ics ca:1 be used to describe the equilibrium rela­

tions'.,i?s i·,r.ich cont:::ol solid and liquid phase corrpositions. 

Or. the ocher hand, if sulfate tencs to be ir.corporated in:o 
. , .the solid phase by l.:1C l.US 1.on' then the kinetics of sulfite 

p:::eci?itatior. shoulc be an i~pcrtant factor. In this latter 

case, :he sul:ate/sulfite :::acio in the coprccipi:aced solids 

would be expec:ed to be a direct function of the growth ra:e 

of calciu~ sulfite solids. 

It is i:::portant to distinguish between these two 

possibilities for the follo~ing reasons. If the formation of 

a solid solution is the dorr.inan: rr.echaniso of coprecipitation, 

the systerr. sulfite oxicatior. race will dete:::r:iine whether sub­

sacurated O?era:ion is ?Ossible. On the other hand, if kinetic 

effects are significant, then systeQ design (in addition to 

oxica:ion control) can be used to optimize cop:::ecipitation 

ar.d avoid sulfate scalir.g. 

The existence of a solid solution in equilibriuo wi:h 

a liquid phase can be describe~ thermodyna~ically through 

i thcheD~cal potentials. The chemical potential, µij' of the 
ccrr.ponent in the j th phase may be writte:1 as, 

µ?. + RT;.:1a .. (3-1)
l.J l.J 
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Y.7 :le re: the stanGacd state cr.c8~cal potential, 

iccal gas constan:, 

T the absolute te~?erature, and 

. . - h . th .t h.e activ~ty o: t c 1- conponent in t:~e 

.thJ-phasc. 

In this analysis, the following designations ~ill 

apr,ly. 

i 

i 

s ~> Solid 

j £ - > Liquid 

The standard state of the solid p~ase will be defined as the 

?Ure co~ponen:. For a solid solution oixture, devia:ions froI 

idea: solutions will be based on mole fractions. Solid phase 

activity coefficients, oi' are defined by Equation 3-2. 

(3- 2a) 

(3-2b)a~s 

where the x's are the solid phase ffiole fractions. 
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The choice of the heT.ihydrate of calcium sulfate 

as the fora of the solid phase was selected since the calcium 

sulfi:e host watrix is a hemihycra:e. This situation car. be 

irr.agined ~y simply replacing a sulfite ion with a sulfate ion. 

However, the mathema::ical formulation could be developed for 

:he dihydr3te of ca:ciurr. sulfate equal:y as well. Direct 
n,easurerrent of the solids subsequently gave a mole ratio of 

total S to wa:er of 2:1 which is consistent with the hemihydrate 
model. 

The ac:ivities of CaSO,·\;E20 and CaS0,·\'!-120 in the 

liquid phase are defined in Equation 3-3: 

2"" (3-3a)aca++ aso; , a . aH-0
] ;,:, 

!2 (3-3b)a -- ( aca++ aso= aH 0 
' 2 

The liquid phase is in equilibrium with the solid �

phase when the chemical potentials of all components in both �

phases are equal. Equating chemical potentials gives �

Equation 3-4. �

(3-4)
;..tis 

Substituting the definitions in Equations 3-1 and �

3-2 into 3-4 gives Equation 3-5. �

= (3-5) 
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Equa:ion 3-5 rr~y ~e solved £or the activities: 

(3- 62) 

(3-6b) 

The equilibriu~ constant, Ki, is the solubility 

product constant. This n~y be seen by considering the lirriting 

cases cf the p~~e corrponents and by noting that: 

li:n Ci 1. ( 3- 7)
Xi =l 

The relatic~ship ~etween the solid and liqu~d at 

equilibriu~ for bot~ species is written out in EX?licit form 

in Equation 3-8. 

(3-8a)K: c i xe c:;o . 'H oa- 3 7, 2 

(3-8b)K202 xe so LH oa 4 • "2 : 

Dividin6 both sides of Equation 3-Sb by the solubility 

product constant, K,, gives Equation 3-9, the left-hand side of 

Equation 3-9 is, by definition, tr.e relative saturation of 

easo •. ~H; in the liquid ?hase. 

(3- 9)
R. S. CaSO · .!-H-,0 ' , . 
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The ~athe~atical fore of the solid phase activity 

coefficien: can be esticated from :he empirical correlation of 

:he lis~id ?hase calci~~ sulfate relative saturation with the 

sulfa:e mole fraction in the corresponding solids. The relation 

given in Escatio~ (3-18) gives the desired functional fore to 

:C.:qca:ion (3-9), 

1:-: (3-10) 

where t2e constants J: and J2 are calculated from the experi~ental 

da~.a. 

Sujstitu:ing this rela:icr.ship for the activity 

coe~ficicr.t into Eq~~ticn (3-9) gives: 

The mole frac:ior. of sulfate in the solids can be 

calcu:a:ed ~rec E~cation (3-12) given the relative saturation o~ 

:alciu~ sclfate hemihydrate in the aqueous ?hase from which the 

s~:~ds are p~ecipi:a:ed. 
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4.0 EXFERI)IL',TAL AF?ROAC!: 

An experi~ental program was established to characterize 

the nature of :he rr.echanis~ leading :o coprecipitation of sulfate 

Cor.t=olled experimental cor.ditions were used :o 

first verify the existence of a coprecipitatior. product and then 

tc, measure the effects of solution composition. The precipitation 

rate and some measure of the sulfate ccncen:raticn were the prioary 

varia!,les to be stuciec 

:he cxperioer.tal apparatus and sa;:ip:ir.g and ana:ytical 

tcciniq~es usec during this progra.:i are described ir. chis section. 

Ad~it~cnal details are presented in A?pen2ix C. 

7he experirr.er.tal studies were dividec ir.co the followi~~ 

a:rens: 

selectior. and dcve:.oprr.ent of sarr.pling ar.c 
analytical methods which are consiste~t 
with :he accurate measurement of sulfite 
and sulfate in 8cth the liquic and solic 
phases, 

a series of experiments at lcw sulfite• orcci~itation rates to establish whether 
or not a solid solution will precipitate 
fro:r, solutions near ec;uilibriu.:i, 

a series of ex?erinents at highe= precipita­• tion rates to detern:ine if kinetic effects 
are significant, 

investigation of the effects of:• 
dissoived r:iagncsiL:E 

ter:i;:,eratu=e 

io~ic 5tre~gth (NaCl), 

dissolving lirr.estone and lime 
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• � i:-ivestiga:io~ of the a?p:icacility of 
selected physical :ech:-iiques in the iden:i­
fica:ior., charac:crization and oeasureoer.t 
of the solid solution. 

Results of this prograrr. arc co~pared to results 

obta:..r.cd :..n field st~dies to cbta~~ a co~s~stcr.t thcore:ic~l 

frar.1e~-.~o:-k fo:· pred:..ctir.g conditions r:ecessa~y for unsaturated 

O?eratior, (gy?s·..::r,) of :'..ioc a:-id li:r.estone scrubbers. A sche:::atic 

flc,,· o: the correl&.:icr, o: &.11 availa"::>le da:a is sr:o~m i:-i Fig·.1re 

4-1. 

4.1 

Experi:::c:-ital equip:::c:-i: utilized durir.g this prograo 

consistec..: o::: two e~uili"::>riun apparatuses, a kinetics reactor 

Sarlv Ph~se Eouil:..b~iuz Anparat~s 

';:he first equilibri'.l::: ap;rnratus constructed was designed 

:o estab:'.is:-i ·..;het!:er a solid solu:ion would precipitate ::::-or:-. 

various sol·.1:ic:,s near equi:!..ibriu:r. ar.d to establish a quantitative 

relatio~sr.ip between the equilibriu::: liquid and the solid phase 

co::i~os :!.. : ::...o:-:.s. 

This equilibriu~ apparatus consisted of a closed-loop 

systeo in which water could be rer:-.oved from a solution containing 

calciu::: sulfite a~d calciuo sulfate by ffieans of evaporatio:1. The 

eva,)cratec..: water was condensed a:1d passed :!:rough a calciu~ sul:::i:e 

sa:urator and then the solution was sent '.)ack to the precipitation 

vesse~. Evapora:icn ~as regu:atec by so:u:ion te~perat~ce a:-id 
systerr vacuuc control. 

-15­
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T~is experi:;:c:1:al approach in the equilibrium sc~dies 

was tc~ci~~tcd i~ t~e ca~ly ?hases o! t~e test p~og~~~ due to 

the i~~rac:icality of long cxperi~cn:al run tices (one to four wee~s). 

Oxi~2t~~~ a~~ o:~er opcrat~c~al F~O~lc~s also prevented the 

practical application of this equilibriu~ approach over the re­

q~~~ed r~~ tices. 

T~is eqLi?cer.t, Figure 6-2, was designed to ob:ai:1 

eq;.iilijri~= data frco solids grown durir.g the kine:ics phase o: 

:his prcject:. The solids we~e eq~ilibrate~ wit~1 a l~quor si~~lar 

to :nat :..: w\.1::.cr, it was grown, ::J-:;.is allowing tJ-:e rela::ive infl;.ie;-ice 

cf :he eq·.:i }_ibriu:;: and kine:ic ef:ec:s on the sulfate cor,tent of 

t~e so!ic:s tc be se?aratec: and quantified. 

Ar. CX?Cr:..=ental apparat~s was designed anc: constr;.icted 

to accor._-;-,o::Ls.te six ex,:,eri:!ler.ta:'.. Y,ms simultanec;.isly a: a con­

trol:i..ed ::e::,perat·ure in a:1 inert atoosphere. A large plexiglas 

bcx was fabrica:ed and servec: as the enclosure. Heat laops 

connected :o a tcipcra:;.ire controller and ther:!listor systeo 

r..air,:aincc: :he enclosure at a car.trolled te:::j:Jcra:.1re while two 

fa~s circ~late~ nitrcge~ to ni~i~~ze te3perature gradients withi~ 

t~e box. Tr.e~cocete~s suspe~ded £rorr. the top of t~e box a~ 

several locations were ~sed to monitor the temperat~re. Nitrogen 

entere~ :he enclosu~e on the back side o: the fans providing a 

cons:ant oxygen purge cf tne en::.osure. 

P:.exig:.ass cylir.C:crs with an intE.rr.al voL.:..'Tle of 570 r:i: 
were chargec: with appro~ria:c solic:s and liq;.iors. 7hese solu­

tions :jcn were thoro;.ig~ly :!lixcd on a tu~bling device designed 

especially for horizontal rotation of the cylinders at a constant 
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s~eec for long rcriocs of ti~e. Cera~ic cylinders were used within 

the ccc:ai::ers :o produce grincing to ex?cse new surfaces of the 

crystals for disso:utio:: and precipitation. Addit:.o:1a::.. detai~s 

cf t~is experi~e:::al technique are contained in Appendix C. 

A sa:r.pling procedure was designed to ensure co::sistent 

anJ accura:e rneas~reoents of sulfi:e and s~lfa:e in both the 

A pictorial re?resenta:ion of the 

sa::-.p:..i::g t-:--air. uti:..ized i:: t:"!ese equilib:-iu:r. st·.1dies is sho,m 

Tc~pe~at~~c a~l p~ mcasure~e~ts of t:-le e~u~li­

br2:e:d so:..utions ,,ere :2;<e:1 just ?:-ior to sanple co:lec:ion. 

R.:~;>id ::..ic.·...1iC t=-:-lase s2:::pling to ;,rov:.de a:1 c..q~eous st:lf:.:e sa::--qle 

a::d a di:..u:ed fi::.:ra:e sa::i?:!.e was acco:np;.ishcd ::,y using a pc:-i­

sta:..tic pu::ip anc a 47 :.~ fi:!.ter. All sa:r.pling lines ~ere kept 

as s::o:-r as pcssible and a constan: purge of nit-:--ogen was 

0:rec:e:1 c.: ::"1e s2rJ?le ?Or~ in tl:e vessel. at all tioes d~ri:1G 

sa::-p_ic[ to ~ini~ize any liquid contact with air. Afte:­

collec~i.cn o:. tr.e t:,•o liquic sa::-.ples. the equi:ib::-atec solids 

~ere ott~l~ed by f~l~ratic~ of the slur~y. ihe filtration was 

done i~ a ~itrogen at=csphere. 

Kinetic A~~a~a:us 

Tie kinetic apparatus, sho~n in Figures 4-4 and 

4-5, served as a ?recipita:ion dev~ce to q~a~tify the influecce 

of solutioc co~pos~tion on the forrnacicn of the cop:-ecip~tate. 

Wit~ t~is f!ow-through systec, experimental conditions such as 

te=pe:-ature, calcium sul:ite precipitation rate and relative 

sa:u:-ation of calcium sulfate cac all be varied independently 

to si~ulate :l:.e reacco:- cocpositions necessary for this study. 
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Ihe primary com?onents of the kinetics apparatus are: 

• � a continuous liquid/slurry feed system, 

• � a reactor, 

• � a grinder, 

• � a continuous ~ixed product removal system 

and 

• � a pH monitor. 

The continuous liquid/slurry feed system provided two well-defined 

feed streams to the reactor where precipitation occurred. A 

continuous rr.ixed product removal system and grinder were incor­

porated into the kinetics apparatus in order to maintain a constant 

slurry density and ?article size in the reactor. The pH of 

the reactor effluent was monitored in a flow-through cell immediately 

downs:ream of :he filter. 

Each component of the kine:ics apparatus was periodically 

checked to ensure that consistent and accurate measurements of 

the individual test parameters were being maintained. Additional 

de:ails of the kinetics apparatus are given in Appendix C. 

4.2 Sanoling Technicues Utilized in Kinetic Exneriments 

The sampling train and procedures were designed to 

o~:ain consistent and accurate measurements of the composi­

tions of both the liquid and solid phases. All sampling 

lines and fittings were nalgon and teflon to minimize chemical 

cianges in the samples. For t~e most part saT-pling provisions 
were incor?orated in tie ex?erinental apparatus flow systeT. 
(see Figure 4-4). 
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Feed stream samples were obtained by diverting the 
feed liquors through three-way stopcocks located in front of 
the reactor into prepared sample bottles. The reactor effluent 

liquor passed through the pH monitor and was collected for 

analysis. Precipitated solids were recovered from the reactor 

by filtering a portion of the slurry removal stream. 

Sufficient samples were taken during each run to 

characterize the streams entering and leaving the reactor. 
Diluted filtrate samples were taker. from the two feed streams 

and the reactor effluent after the line-out period of approxi­

mately three solids residence times. Aqueous sulfite samples 

were taken in a similar fashion and were used with the pH 

measure~ents to monitor the approach to steady state. Periodic 

slurry sarr.ples were taken and filtered to obtain the weight 

percent solids ir. the reactor. After the system had been operated 

for three solids residence times, the reactor solids were 

collected, washed and dried. 

A sampling procedure was developed to minimize 

contamination during sampling of the solids frorr. high magnesiurr. 

sulfate liquid phase concentrations. Basically this technique 

consists cf a rapid separation of the precipitated solids 

from the liquid phase. This separation was achieved with a 

pressurized filtering system using polycarbonate filter membranes. 

The solids are then twice slurried in a saturated calcium 

sulfite solution and filtered. Next the solids are rinsed 

with acetone and allowed to dry in an inert atmosphere. 

Detailed descriptions of this and other sampling techniques are 
included in Appendix C. 
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The analytical rr.ethods used during this prograrr. are 

breifly discussed in this section. A nore detailed description 

of each ?rocedure is included in A?pendix D. 

For the most part the analytical techniques used were 

those previously selected and modified by Radian for S0 2 scrubber 

slurry analyses. A more sensitive sulfate procedure for solids 

analysis was developed especially for this program. 

Chemical A.,alysis of Liquid Phase Samples 

Calcium, sodium and magnesiun analyses on the filtered 

feed and reactor effluent streans were performed by atonic a~­

sor?tion spectroscopy. Liquid phase sulfite measurements were 

nade using an iodometric back titration with sodium arsenite. 

The end point of the titration was determined amperirnetrically. 

Aqueous sulfate concentrations were measured by 

substracting the sulfite concentration from a total sulfate plus 

sulfite ~easurement. The latter value was obtained by first 

oxidizing the sulfite to sulfate and then measuring the resultant 

total sulfate. The sulfate analytical procedure consists of an 

initial cation exchange process followed by an evaporation step 

at 75°c. The resulting sulfuric acid is then titrated with a 

standard NaOH solution to determine the quantity present. 

The chloride analyses of the aqueous samples were made 

using a ?Ctentiometric titration techniGue usin~ a standardized 

1ilver ni~ra:e solucicn as the ci:rant. Carbona:e analyses 

~ere rr.ade by first acidifying the solution. A nitrogen swee? 

gas was then passed through the acidified solution. 7he CO 2 

content of the sweep gas was measured with a nondispersive 

infrared analyzer. 

-25­



Analytical Technicues for Solids Characterization 

Both chemical and instrumental techniques were used 

to determine the chemical composition of the solids preci?itated 

in the laboratory studies. These techniques were also applied 

to some solids field saoples from lime- and limestone-based S02 

scrubbing units. Specific chemical analyses of the solids were 

~ade to determine the calcium, sulfate and sulfite concentration 

~lagnesiu~. chloride and car~onate analyses of the solids were 

run periodically. Additional characterization of the solids 

was acco~plished using such instrumental techniques as infrared 

spectroscopy, dif:erential scanning colori~etry, X-ray diffraction 

and thermogravimetry. 

The speci:ic sulfate, sulfite and carbonate analyses 

were carried out directly on a portion of the sample. The 

remaining chemical species were determined subsequent to the 

dissolution of a portion of the sample. The solids were dissolved 

in an acidic peroxide solution. Aliquots of this solution were 

then analyzed for calcium, magnesium, sodium, chloride and total 

sulfur using the same procedures described for the liquid phase 

analyses. 

A specific sulfate analytical procedure was developed 

during this program to accurately measure the sulfate concentra­

tions in the precipitated solids. A weighed quantity of solid 

samples was dissolved in an oxygen-free acidic solution. 

CO2 was bubbled through the solution to remove the sulfite as 

SO,. Once the dissolution was complete the solution was removed 

and the sulfate level was determined by the ion-exchange, titri­

metric sulfate oethod. This technique provided improved accuracy 

in the sulfate determinations over the concentration range en­

countered in ccprecipitate solids. 
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The presence of :arge excesses of calciu~ carbonate 

with the copreci?itate solids tends to cause some error in this 

sulfate deter~ination. This situation developed during some 

of the limestone slurry tests where low utilization was encounterec. 

Additional characterization of the solids ~as done 

using infrared spectroscopy (IR), differential scanning colorimetry 

(DSC), X-ray diffraction, and thermogravimetric analysis (TGA). 

Infrarec spectroscopy was used to qualitatively and quantitatively 

measure the sulfate in the solid solution samples. The presence 

of gy?su~ i~ the solids was identified by IR, DSC or X-ray 

di:fraction. 

X-ray diffraction was used to measure the crystalline 

phases present i~ :he precipitated solids. However, the 

diffraction oatterns for the solid solution samoles were indi~­

tinguishable from that of oure calcium sulfite hemihydrate. 

The dehydration temperatures as well as the quantities 

of water lost from the solids were determined using DSC and TGA 

methods. 

4.4 Experimental Calculations 

This section contains a brief description of the 

calculations utilized in the data analysis of the experimental 

runs. Liquid phase calculations included computation of the 

activities of each of the ions and relative saturations of 

calcium sulfite hemihydrate and calcium sulfate hemihydrate 

and dihydrate by Radian's aqueous ionic equilibriuo program. 

:he calcium sulfite preci?itation rate was calculated froo 

inlet and effluent aqueous sulfite concentrations and flow rates. 
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Solid phase calculations included the determination 

of the sulfate and sulfite mole fractions of the precipitated 

product based on the che~ical analysis of the solids. The sulfite 

precipitation rate was also calculated from the measured 

slurry re~oval rate, weight percent solids and the solids analysis. 

The sulfate precipitation rate was based on the sulfite preci­

pitation rate and the sulfate to sulfite ratio in the solid. 

These rates were nornalized by dividing by the mass of the 

seed crystals in the reactor. 

Solid and liquid mass ~alances across the reactor 

were calculated to evaluate the reliability of the data collected 

for each expsri~ental run. Total solid and liquor inlet molar 

rates were calculated and compared to total outlet solid and liquid 

molar rates. Agreement within expected experimental error of 

the total inlet and outlet mass rates supported the accuracy of 

the measured flowrates and chemical analyses. The calcium, 

sulfite, and sulfate precipitation rates based on liquid analyses 

were compared for consistency with the corresponding precipita­

tion rates based on solids analyses. Detailed equations used in 

calculations are presented in Appendix C. 
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5.0 RESULTS 

This section presents the results of the experimental 

studies designed to characterize the formation of the calcium 

sulfite/sulfate coprecipitation phenomenon. Results of the 

physical techniques used to identify, characterize and measure 

the solid solution are also presented. The qualitative and 

quan:~tative effects of the following variables on the solid 

solution com?osition were evaluated: 

• � relative saturation Qf calcium sulfate 

hemihydrate, 

• � calciu.~ sulfite precipitation rate, 

• � lime and limestone slurries, 

• � magnesium concentration, 

• � temperature, and 

• � ionic strength or sodium chloride 

concentration. 

The experimental results of these parameter studies were inter­

preted within the framework of the theoretical relations described 

previously. Namely, the activity product of the aqueous phase 

calcium sulfate was correlated to the sulfate content of the 

precipitated solids. The precipitation rate had no measurable 

effect on the amount of sulfate incorporated into the solids. 

A su=ary of the analytical results as well as the 

calculated values for the experiments conducted during this 

program are presented in Tables 5-1, 5-2, 5-3, 5-4 and 5-5. 
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T~e opera:ing conditions for each test are included in Ta~les 

5-1 and 5-2 wit~ the steady-state lisuitl and solid analyses. 

The aqueous co~?ositions are given in oilligraos per liter in 

Table 5-1 and in rnillimoles per liter in Table 5-2. 

The cooputer calculated activities and relative 

sa:urations of the pertinent aqueous constituents are given in 

Table 5-3. :he weight percent suspended solids, calciu.7. sulfite 

preci?itation rate and the dilution fraction of :he product 

solids are also incluced ir. this table. 

Experi~ental results o~tained in the equilibration 

studies are presented in Tables 5-4 and 5-5. The duration of 

equilibration of precipitated solids with their mother liquor 

is given in rnin-.ites. The original sulfite arid s;.ilfate !I:ole 

fractions of the solids before equilibration are reported as 

are the cole fractions after eq;.iilibration. 

5.1 � Phvsical Characterization of the Calcium Sulfite­

Sulfate Solid Solution 

5. 1. 1 � Qualitative Ao~lica:ior. of Infrared Spectral Analysis 

Infrared spectroscopy was successfully used to confirn 

the presence of sulfate in the calcium sulfite solids. The 

infrared absorption due to the sulfate ion showed that the 

incorporation occurred by the substitution of a sulfate ion for 

a sulfite ion in the crystal lattice. The vibrational spectral 

structure of any pure phase sulfate co~pound such as CaS0.·2H 2 0 

in the 1100 crn- 1 region is characteristically broad with little 

or r.o resolution of the three conponent bands. In case of the 

w.atrix isolation as occurs in a solid solution, the peak positions 

s~if: and a greater degree of resolution can be observed. Solids 
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identified as containing sulfate by che~ical analysis and spectro­

scopically a?pearcd to be solid solutions were analyzed by X-ray 

diffraction and differential scanning colorimetry. Both techniques 

failed to show the presence of a pure phase sulfate com?ound, 

specifically indicating that no gypsum was present. 

For comparative purposes, the IR spectra of pure calcium 

sulfite hemihydrate and calcium sulfate dihydrate are shown in 

Figure 5-1. The absorption structures of interest are the rr.ajor 

sulfite band at approximately 980 cm- 1 and the sulfate band near 
1 1 11:30 c~- • The structure in the 3200-360C cm- and 1600-1700 cm-

ranges arc a result of the waters of hydration of the two solids. 

The absorption bands in the 600-700 co- 1 region are due to the 

sulfite and sulfate ions but are not as distinctive as the major 

bands. 

The infrared spectra of two solid samples fro~ the 

experimental precipitation studies are shown in Figure 5-2. The 

upper spectrum is that of the solids precipitated from a solution 

supersaturated in calcium sulfite hemihydrate and subsaturated 

with respect to calciu.~ sulfate dihydrate. The band structur~ 

encircled is indicative of the IR absorption due to matrix 

isolated sulfate ion. 

T:~e lower spectrum is that of the solids precipitated 

from a solution supersaturated in both calcium sulfite hemihydrate 

and calcium sulfate dihydrate. In this case, the structure in 

the sulfate sorption region shows the presence of sulfate as both 

pure phase gypsum and in solid solution with calcium sulfite 

herr.ihydrate. The presence of gypsum was verified using X-ray 

diffractions and DSC analyses. 

The following is a simplified explanation of the spectral 

differences of the sulfate ion in a pure phase crystal or in solid 
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,·~L:.::.:::r. ,;.;:.:h a:-iother co:r.pc1:r.d. I:1 tr:e :irst p:.ace, ::l-.e acso::-p · 

:ior. of electromagnetic radiation ir. this spectral region results 

f::-o~ a c:::~pling o: the incident radiation with the vib::-ational 

~odes of the sulfa:e ion. Quantum theo::-y predicts three differ~~: 

frequencies. Ir. the case of a pure phase sulfate compound, the 

fre~uency ran6e of these vib::-ations is broadened due to the 

interaction or coupling of the vibrational oodes of neighboring 

sulfate ions. The matrix isolatio:1 of sulfate ions in the solid 

iolution effec:ively dilutes the sulfa:e ions as compa::-ed tc a 

?U::-e phase systeo and thus :-educes t:ie =oup!ing effect. 7he 

f::-e~uency sh:.fts and narrowing of the bands are a direct result 

of the cecouplini of t~e intermolecular interaction of the 

3ulfate ~o~ vib~ationa: ~odes. 

Thus, the coobinatio:1 of these i:-istru~ental techniques 

has been used to verify the existence of the coprecipitation of 

sulfate with calciu~ sulfite as a solid solution. In addition, 

::.c was de~or.strated that the IR spectroscopy can be used to 

dis:i:1guis:i betwcer, the sulfa,;e in a solid solution or as gypsur.:. 

5.1.2 Quantitative Aoolication of Infrared Spectral Analysis 

Infrared analysis was also used to quantitatively 

oeasurc the sulfate concentra1:ion in the solid solution. The 

:echr.ique was initially calibrated by cooparison o: the ratio 

of the sulfate absorbance at 1220 cm-: to that of the water band 

at 1620 cm- 1 with sulfate concentrations determined by the 

specific chemical method. In the absence of gypsu.~, the follo~ing 

equation is used to calculate mole fraction of sulfate, x50 ._ 2 �

:~ a solid fron t~e ir.:rarec sorptio~ measurements: �
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Tb 
(log )T so" -2 

Aso.-·:so"-
2 = cso"- 2 

= k k 
:n (5-1)xso_-: ..,_ 2C.. Tb 

.t1? 0 AH20J.s (log ) H2 0 
Tm 

whe:::-e, 

c __ 2 = the concentration of sulfate in the solids
50 

(mole so.- 2 /g sam?le), 

the concentration of sulfate plus sulfite in 

the solids (mole so.- 2 + So;- 2 /g SBID?le), 

concent:::-ation of the hydration water in the 
solids (mole H20/g sanple), 

k = a constant, 

1Aso.-~ = the IR absorbance at 1220 cm- , 

the IR absorbance at 1620 crn- 1 
, and 

T. IT = the ratio of the percent transmission values at 
D !TI 

the base line and transmission minimum for the 

appropriate band. 

The correlation of the spectral and chemical results 

are shown graphically in Figure 5-3. The accuracy limits at the 
95% confidence level is ±.02 in the sulfate mole fraction based 

on a linear least square fit to the data. 

5. 1. 3 Thenr.al Analysis 

Two instrumental techniques based on the thermal 

propert~es of solids were evaluated as methods to characterize 
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.:he ca::.ciu:i1. s,.1lfite-sul:::ate solid solutior.. The ratio of the 

waters of hydra:ion to the total sulfur for the solid solutions 

was investigated by these techniques. 

The theroogravimetric analysis (TGA) determines the 

weight change upon the loss of water as the temperature of the 

sample is raised past the dehydration temperature. Both the 

,,,eight loss and t:-ie temperature of dehydration are useful to 

characterize the solids. The other thermal technique is differ­

ential scanning colorimetry (DSC). The enthal?Y change as a 

:::.1nction of sa~ple temperature is Ieasured ~y this mettod. 

Quantitative TGA measuremen:s were made on the solids 

?reci?itated from Experirr.ents K-47 ar.d K-53. From the weight 

loss associated with the dehydration of the solid solution 

sa;;iples, solids from Run K-47 ~,ere founc to contain 3.8~.2 r.nno:e 

H2 0/grar:1 anc: tl:ose from Run _K-53 consisted of 3.9::.2 =iole H2 0/ 

gra:n. T:-iese two values give a r:10le ratio of wate:-s of hyd:-ation 

to total sulfur o::: .50 and .52 respectively. If :he sulfate had 

been associated with two ,;ate:-s of hydration, a :nole ratio of 

a?proximately .7 would be expected. 

Differential scanning colorimetry was also used to 

c:-iaracterize the ?recipitated solids by monitoring the enthalpy 

~:iange as a :::ur.ction of te:nperature. Phase changes, marked :iy 

rapid changes in the heat capacity, were observed in the temper­

ature ra.~ges of 120-140°C for gypsum and 350-430°c for calciu~ 

sulfite hcmihydrate and the solid solutions. These changes are 

associated with :he loss of wa:ers of hydration. A DSC scan of 

solids from Run K-37 is shown in Fig~re 5-4. Additional scans 

of the solids fror:i other runs are included in Appendix E. 
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T:1e change in enthalpy at 120-140°C for the solics 
::ro:r. K-37 results fro:r. the cndother:::ic cer.ydration of gy?su::r.. 
Tr.c scco1,d cha..,gc at 350-400°C is t::.c de:,ydration of t!:ie solic 
solution. Solies in which no gyps~~ was found also showed no 

enthal?Y change at 120-140°C. 

Three distinct patterns have been o~servec in the 

350-430°c range which result from the dehydration of CaS01·%H20 

and solid solution. These include an endothernic reaction at 

410°c, anc a conplex endother::iic reaction in the range of 350­

4C00c. Possible explanations for the three different patterns 

incluce a different crystal structure o: the calciun sulfite 

!"ie:r:ihydratc resulting froa i.np"Jrit:.es, suc:1 as sulfate, in t:-ie 

c:-ystal and/or ;:iarticle size. X-ray powder diffraction pa:terns 

· :~c iden::.fiec only one crystalline structure of calciu~ sulfi:e 

he::iihydrate. This ?at:ern is consistent with literature values 

(TE- 05 5) a:-id s ta:1 <lards prepaced in the labora :ory. The co::ip lex 

endother::iic reactions between 350-400°c were observed only in 
runs utilizinc t:-ie grinder in line. 7h1.·s 1.·s ~ · ct· ~· o ~ a s~ron2 in ica~~cn 
that particle size may have an effec: on the tempe;:-ature 

of dehydratio::1 cf the calciu.'11 sulfite :-iemihydrate during analysis 
ty DSC. 
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:-i.G DISC.JSSIOi: or IESC:..:rs 

Tne inter?ret.::.tion of the CX?erioental results presentec: 

in Sec:icr. 5.0 are discussed ir. this section. The effects of 

the tested para~eters on the sulfate content of the ?reci?itated 

sc::..ic:s are evaluated ancl correlations are made where a?propriate. 

Xuch of the ex?erioer.ted data reported in Section 5.0 

is ~nvalida:ed by the accur~e~ce of one o= ~c~e opcra=ional 

difficulties. 1.f.-iile t!-.ese results were re?ortcd fer COD?lecc­

ness, they were not incluc:ed ir. the data used to arrive at the 

conclusions presented in this section. Possi~le reasons for 

scDe of th:se cifficultics arc discussed. 

A series of long term equilibraticn studies were 

concuctcc: to de:crcinc the stabi:ity of the solid solutions 

ir. t'he presence of solutions of sioilar concentrations as the 

liquors frco w'hich they --,;ere ir.i:ially precipita:ed. In addition, 

pure calciu:n sulfite herr;ihyc!rate crystals were also subjectec: 

to long tern contact with these liquors to determine the degree 

of s-.ilfate incor?:::ration near the equilibriurr. of calciuo sulfite 

he~i'hycrate. Solid solution solids were placed in water saturatec: 

with calcium sulfite but with no s-.ilfate present. 

The solids ar.d test solutions were sealed into cylindrical 

plexiglas vessels with several cera~ic grinding cylinders. The 

containers were rr.aintaine<l in ar. inert atoosphere at so0 c for 

the cura:icn o~ the tests. The saoples were mechanically rotated 

co provide grinding of the solids to expose fresh surfaces 

throughout the test period. 

The solid solutio~ in co~tact ~ith the liquor con:aining 

nn s·..!lfo :c sl:o,,ed a s::.all decrease, ",0. 01 mole fraction, in S'..!lfa:e 

c~nr~~=- :he sulfi:e in ccncac: with liquor almost sa:u~ated with 
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[Y?S~~ geined a small amount of sulfa:e c~o.01 ~ole frac:io~). 
Solid solutions in contact with their equilibriua liquors showed 

no char.gt:. Solies containing gyps·..2m had the gypsur:i dissolved 

~hen in contact wit~ the subsa:u=atec'. liquors. 

This �ir.dicates that: 

o � once formed the interior cf a solid 

solution particle is protected from 

the solution by low solid state 

dif~usior:. a:id 

• � gypsun canno: co-exist with solic'. 

solution in a subsa:urated solu:ion. 

The specific classifications of experime:ital difficul:!~s 

experiecced were: 

o � supersaturation of the reactor liquor 

with respect to gypsu~, 

• � the presence of gypsc::r. in :he precipitatec'. 

solids as identified by infrared 

spectroscopy, x-ray diffraction or differential 

scanning colorice:ry, 

• � calciuo carbonate in the solic'.s in excess 

of 60 weight percent, and 

• � insufficient approach to sys:e:r. lineout 

with respect to the precipitated solids, 

i.e., e-T/: > .35. 

The exj)eri!'.lents c'.isregardec. on the basis of these 

criteria are listed in Table 6-1. The rer:iainder of the experi­

::ier,u,:. r~1ns ·.,;-iich ,,;ere used to develop the corre:!.atio:1s prese:~:~c 

i ~ : 1: ~- .s ~ C". ...• ·.-. ::.: • t:. a.:- t g:.. ",: e: r. :.::. Tab l e E- : . 
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Ef~ect of Re:a~ive SatLr2t~r~ of CaSO_ ·~H C 

7he aqueous phase relative saturation of calcium sulfa~e 

~e~ihycrate was found to exhibit the most significant effect on 

:~e COw?OSition of the solid solution based on the results of the 

:a~oratory studies conducted by Radian. These weasurements 

showed that the sulfate content of the solid solution varies most 

rapidly with the calcium sulfate hemihydrate concentration between 

relative saturation values of 0-0.2. At values higher than 0.2, 

Lr.e chan6e in solid composition is less rapid. At compositions 

atove a relative saturation of 0.45, the solution becomes super­

.. ·· -~,.,raced ir. gypsum. Fu:::-ther precipitation of sul:::ate may occ"t;r 

as gypsum as well as in the solid solution. The presence of 

gvpsum in the solids complicates the determination of the sulfate 

c~r.ter.t of the soli~ solution: 

The relation between the sulfate mole fraction in the 

sc,l:.ds anc the relative saturation o{ .CaSO" -~H20 in the aqueous 

;::,~ase is shov."11 gra;>hically in Figure 6-1. This correlation 
represents only the experiments referred to as clear liquor runs 

:n Table 6-2. 

A theoretical fit of the data was made based on the 

equilibrium relationship derived by P. S. Lowell as developed ir. 
Section 3.0. At equilibrium, the relation between the liquid and 

solids coffi;>ositions with respect to sulfate can be written as: 

(6-1) 

The forr:: of tne solid phase activity coefficient, o, was empirically 

chosen as: 

(6-2 a) 
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ex;:,(=,, + (6-2b~ 

:',1 e arbitrary constant:s, ::, 1 and o,, must be cieter.;iinec from 
· 1 data. The rn,ole ~raction of sulfate in theexper~rnenta solids 

~ay be written implicitly as a function of the relative saturation 

o: CaS0,.·'2H20. 

( 6- 3) 

or 

(•, . ... . ( 6-4),·"i ..
~laSJ .. ·~H:() 

Based u?on the data in Figure 6-1, a least squares fit 

gave va!ues of ~1 and a: of -1.94 and 22.5, respectively. Given 

the sulfate mole fraction, the relative saturation may be cal­

culated directly from Equation 6-4. Given the relative saturation, 

the sulfate mole fraction may be calculated by an iterative pro­

cedure. 

The relationship between the mole fraction of solid 

solution sulfate and the relative saturation of calcium sulfate 

hernihydrate for all of the acceptable experimental tests, see 

Table 6-2, is shown in Figure 6-2. A least squares fit gave values 

of o 1 and ~ 2 of -1.45 and 15.9, respectively. The theoretical 

fit to the clear liquor data is included for comparison in 

Figure 6-2. 

Although a slight increase is noted in the predicted 

sulfate content in the solids from a fit to all of the data as 
compared to the clear liquor data, the difference is small 

compared to the overall Seutter in the data. 
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:~e p~eci~i:a:~0~ ~a~e cf t~e solid s~lu~ion appears 

to be a function o:: the sul::ite relative saturation. The sulfate 

p=eci?itaticn ra:e would be equal to the solid solution precipi­

ta:ion rate tioes the mcle f=action sulfate as calculated f=om 

Lqu.:i.::.c:1 6-3. 

6.2 Effec: of Calcium Sulfite Precinitaticn Rate 

···1·- · t _,., '"'"'"' ·· ~1, si·~n of sul.ca- 0 

in the calciu~ sulfite he~ihyd=atc lat:icc is a kinetic ?hcno~enc~. 

If this is the case, one would expect a dependence of sulfate in 

the :;olic as a f:.::1ction of precipitation rate. 

Th e y;oss1ui :._y cxis s _.,a~ d.e ... n_ u. ~- ~ -­

R~dia~ l~jcratory exper~~e~:al rcs~lts do ~ot show a~y 

tlisce=::iclc dc;:>cndc:1ce of sulfate co::1tent 0::1 t:1.z. -;ireci;:>i'.:atior: 

ra:e. :his lac~ of deper.de:1ce cf sulfate in the solids as 

" i:"cl:~c~io:-: o:: p=eci?itat:'..or. =ate is shown g:?:"aphic:d:..y in Figt:=e f-3. 

The data in Figure 6-3 span a range of precipitation 

rates fro~ 0.801-1. 73 rrnoles/g-~in. The sulfate content of t!"lc 

solic:s i:1 tl:is correlation •..;i.Js corrected ::or the effect of 

calciu~ sulfate hcnihydrate relative saturation ~y dividing the 

me&surcc sulfate mole fractic~ ~y the mole fraction predicted 

by Equatio:1 6-4. A linear least square fit was made of the data 

which showed the results to be unifor~ly scatte=ed about a 

nolc fraction ratio of one. This indicates that even though 

there is consicerable scatte= in the data no consistent dependenc2 

o~ the prcci?itation rate is evident. 
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-; . 3 Li::-.e.st:::;:--:.e Tc=:.:=:t:s 

Experirr.encal studies were conducted to measure the 

infl'..!cr:cc cf li::1e and li:r.cs:one on t:ic forma:ior. of t:1e calciu::i 

sulfite-sulfate solid solution. Any e~fects of lime and lioe­

stone were expected to result from increased preci?itation 

effects rcs,1iting fro:!: localized areas of high calcium sul=ite 

he~~hydr~tc ~clntivc satura~~ons. Such concentration gradic~ts 

mcy arise frc::i :he dissolution of li~c or li~estone solids. 

The ex?cri~or.ta: data are ccrr.?ared gra?hically to the clear 

lisuor rcsul:s in Figure 6-2. The coie fractior. cf sulfate 

1~ the solids p=ec~pitatcd fron ~~c li~1e ex?eYi~ents are h~g~e= 

than in the clear liquor solids. However, due to the limited 

r.~~ber of da:a poir.:s and the coincidence cf hieh levels c= 

~agncsi~~ a~~ chlori~c cocce~:r2tic~s in the test solutions 

with ~est lime rur.s, rte evidence is inconclusive that the 

prcse::ce cf li:re substantially enhance the sulfate content of 

the soli~ solu:ion. 

The li~estonc data scatter arour.d the clear liquor 

~ice anc ap?ea~ :o have an enhanced sulfate mole fracticn. 

7he relRtively s~all nurr:ber of dRta points again makes drawing 

cor.::l..:sio;-:s ri.s:Zy. Again coincidence of high r.iagnesil;,m and 

chloride concentration clouds the issue. 

6.4 Effects of High Levels of Chloride and Mar,nesium 

The effects of rragnesiu~ and chloride on the sulfate 

content o: tr.e solids is difficult to ascertain from the expcri­

oenta1 daca. The primary problem arises from the fact that the 

only s:.iccessf-.11 reactor test at high rr:agnesium and chloride 

levels were also lime runs. These resulcs are displayed 

gra?hica!ly in Figure 6-4. Fur:her c~aracterization o= the 

-64­

http:s:.iccessf-.11
http:ex?cri~or.ta


pr~~c::..p:..r.a ti or: :::'::-or:1 solutions hi.g:1 i:1 n:u,~ncs1:..1::1 ar:d cl-.l8riCe 

are ~ecde~ tc ~cantify t~e c~fects of :hc3c ~J::s. 

be inhibits~ by the high concect:a:ions o~ t~ese iocs. A 

~as also fo~nrl whe:1 low concect:acions of 

p:esen: in the liqccr. 

6.5 

Expcri=c:1tal =cas~rc~cc:s carried out at LC, SO, 

a~d 6C0 c s~:~~2d o~:y a sl:.g~t effec~ of ~cffipc~ature o~ :he 

Tr.is cc:1c:.usic:1 

is based o:-; :-cs1.:::.1.:s fro:;: five ex?c~:.~ental :-"Jns, :C-50, 51, 
: ') ·..;i :.:1: s:.::.i~ e.r solutior:. co::-.pos:.t.:.0:1 a::.d calc:..t:~ 

::::1 orc'er :o r.crc.R}.:.,,e the results the ratio cf o'.lse:··,•e:: 

::o ca: c;.:::..2Le<.l v2l·,:es of s:.ilfate Z:t:le .:":.-&ction in t=-:e scliC v.,as 

T~is =a~io :.s presented i~ Figure 6-4 as a filnctio1: 

The teiperature effect in ?igure 6-4 represects 

a deviH:ic~ n~ 0.3% per degree C frcrn S0°c whic~ is the :e=peru­

:·..1:-e a.: w1-:~c.<--: r.iost o: the data we:-e taker... 
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Figure 6-4 Efh•,·t of High Chloride und Magnesium Cnn,·PnL1·,1tions 

Of Sul tan, Contf'nt of Suli<l S0l11llu11 
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7.C REVIE'.: O? P::...;:,E ;.:E) PILOT PLX,T DAi'A 

As ?&Y-: of this p::-og:.-arE pilo!: planL and full-sci:!lc 

syste~1 perfcy~:a~ce d2ta relatin~ to t~e coprecip~tation 

;:::1c::;o..1c.::o:--. wr.icl: were availa'.Jle to EPA .;ere reviewed by Rac.:.a:--•. 

The p~~?ose cf this data review was twofold: 

to de:ine ranges of operatior. conditions 

u:1der ,;.;!-:ich copreci?i tat ion is observec. 

to occur. This in:or:r:atio:--. is i:::?ortant 

because it identi:ied the variables to be 

ccr.sidered in the ex?erioer.ra: ?hases 

of the p::-cgrc:r., a:1C. 

v � to provide a basis fer co~pari~z t~e 

results obta~.ned in the Ra~ian 

labora~ory experioe:::ts ~it~ actual 

The Enviro=Ie:1tal Protection Agency has obtained a 

co::e:ic:crable 2::::11.:nt o: d.::ta en calcium sulfite/sulfate copre:cip­

itc:tio:--, i::1 lir::e and lioestor.e wet scrubbing systeos ir. pilot 

plan: studies co::1~ucted at Rescarc~ ~riar.gle Park, North Carolin.::. 

l::1 addition, data have been SU?plied to EPA by Imperial Che:::ica: 

Industries (ICI) 0::1 their Bankside Power Pla:1t, by Arthur D. 
Little, Inc, (AJL) in t:-.e report "Scale Co:1:rol in Lioesto:1e Wet 

Scru'.ib:r. 6 Syste,ns", by Bechtel Cor?oration on t:-ie S::aw:-iee Test 

F2.-:1 h ty, and by ::..ouisville Gas ancl Electric (LG&E) on their 

P2cidy' s :<'Jr: Sc:-u:iber. 

7:ie ICI ar:c ADL t:aca t:ransoitted to us we:-e incorr:p,.e:e 

a~ fa:· as t:-.is prog:-a7"1 was cor.cerned since no liquor coo?ositicns 

er told tanj data were :-e?urted. COQ?lete liquid and solid phase 

ano.lyscs for 2 sig:ii:icar.t frac::.on of the LG&E test runs •..,ere 
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Fo~ ~h~s ~cason, aloost all of the test da:a 

stt:Uie.-::. 

?,eview of EP."./~T:' c'.ctc. inch:c'.ec'. conversion of repor:ed 

liquid a::id solid conccn:rations from a weigh: basis to a nolar 

basis. :hcse concentra:icns were then in?ut :o Radian's aqueous 

ionic equilibrium program for calcula:ion of solution ac:ivities 

anc'. relaLive satura:ions. Sulfite and sulfate mole fractions 

Calciurr. sulfite 

fro~ rerorted inlet and o~tlet ::..quor ccm?csiticns and flow rates. 

Calc~·J:r. su:.:"Cltc prccip:..:f.:io~ !"2te.s ·were ca.lct::.ated fron ::le 

system c~idation ra:e and sulfi:e ?reci?itaticn rate. EPA/R:'P 

a~d LG&E d~~a are prese~tec'. in A?pendix B along with calculated 

activiti.es, rela:ive sat~~a~ions and ~cle fractions. T~ese 

val~es ~ere used in dcfi~i~g the variables considcrc~ in the 

cxperi~e~tal ?hase ef this ~rojcc:. 

L,e EPA/RTF., LG&E ar.d Sha~-,nec cat.:i were ana:..yzed 

accorc.in;:; to the theoretical framework dcve:..opcd by Rc1dian and 

in view cf the labora:ory results of t~is expcrincntal progra~. 

T1~e the:cret:icc1l fra~e:·.vo~k a:id Radian expe!""i8eEta: Cata suggcs: 

thtt t~e s".llfate cole :::ractic~ is jes: correlated w~t~ etc 

rela·;~ve s2:T::-atior: of cc:lcii..:rr. su:i.:::ate hen:ihydrate. The res".llts 

of a ;ra?r.ical analysis o::: this correlation for the EPA/R7P 

a~d LG&~ date is shown ir: Figure 7-1. 

There is a significanr. degree of scatter i~ the data. 

?a~~- of this sc~:ter is very likely due to analytical i~acc~racies 

i:1 t:·1e C:c:ter:::d.::a~io:-1 o: t~e sul::::ite conte~t c~ the solids. 

Corrcla::ic:·, o: these pilot uni: data ;;:.th liquic'. pl,ase ?rope:::-tie, 
is difficul: since a change in one para~eler is us".lally acco~­
pa~~e~ by ot~:e~ changes. T~e ~igl: degree er scatter observed in 
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E::-:µe:-::.1.:t::-:tc.:.: C.ri~:A f:-orn E?A' s c.lkalj sc:-;..1:)bi.r.3 test 

:2.ci ::. :_y :.::ic:2:eC 2: TVA'~. Shc.\-:ri.ee Fo-..;e:- Sta:ior. in ?aCucc:1, 

by Ee:hte::.. Co~~arntic~. 

T~c sul~~~c cor.tc~: of 

t~c soliJ~ hes ~cc~ co~pa~~d with ~he liquid ?base relative 

s~-·q·z.-.! ----1-- cf c2lci·...1;:. st.:.:..fat.e 2.s a fun::ion of tir.1e :'er both 

T:1is a::..lo;-;:s t::.e soliC:s resiC.ence tir.:e 

co:nparisons 

Figi.;re 7 - 2. 

a:i in tr.e sc1lfate rr:cle :'ractio:1 

a decrease i~ evnsu~ rela:ivc s~tu~a:ion 

:o subsatura:cd C?cra:ion ~as acccopan~ed by a iene=al decrease 

in t~e s~lf2tc cc~cc~:ratio~ in the soli~s. 
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8. ,) ~\!:.ce::~~-:~:~:J ..:.T T :-r:~~ 
·--·-··---··. -- ·--·-·· - ---­

of :~c- ~:c:id £0:. .....1:::..c::: r:2.,..:2 bet?:1 cha~ac4:erized du:-i:15 this ;1~og:-2~::. 

Ho~cvcr, ~:~re p~cc:.p:..tatio~ ~eas~=ccc~:s are ~eqeired to fully 

q:.~~:-:tif: 1 tl:c: e:£ccts of r::..,:;h conc-2!;.t~-~::..or.s of ~a.g:1e:s:.u!:l ~:-:d 
. - . .c::~cric.e. 

- -:: ,.. .: (Jr -- .r ... ·- .--. <". ,... ' ..; c:· r ('I ·1 •• ; '.)J': "0 l .; _: r ........- ("> ... .: .: ...... t . ,.J .: ~ t· 1~.; . ... .,. - ~ ~ 
.... -· __ • , \_, 1. _ •• _ _ ....., .... ..... • ..., .... J,_ .._ •• _. • .:;, __ .!. '-..., ,.., ..... L: _ F ... _t...:. c,.... .L.. ~. ..... • J,_ s p _ \> ~ r c.:.,.1 . 

:·,,,:e:":. th<::.:~~""! sor:l? rE.-fi71p:-:-,ent kAY st l11 je re~1...1:.:::-ed tc 

s.:.J.c·..: f::-:,::c:.. Frt::Ci..cLio~-;. of :.i1c sc.:.fc.::e cc1nt...er1t o: :.he Si'.)~_iC. 

sol~cio::, :jc ~2scl:s ?~od~ccd :~~s f2~ provi~c a b8sic ~~der­

sLn1:d~~; o~ :hc:c ~nc:ors :i2t nost significnGtly i11fJ.~ence the 

co~:e~: of :~e soli~ s~:~:~c~ w~ich includes the e~fects of 

s~c~ s~ec~es 2s chloride an~ ~agnes~~a an~ :he dissolution of 

l i r!':E ~ore of the ~iel~ scrub~er results. 

llc~ev~r. ~~~yr,£ ~he apparent ~nco~sis:e~c~es be:ween laboratcJry 

resc!:s a~J field data ~ay, in fact, ~e due to saTp!ing and 

ar:aly:ic2l cliff:cul~ies arising under field condi:ions. 

First, the, prese:1ce of 
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high concentra:ior. of magnesium and chloride in the solution 

appear to have an overall inhibiting effect on the precipitation 

rate of calciur.: sulfite and/or the solid solution. The presence 

o: small quantities of dissolved carbonate also exhibited an 

inhibitive effect on the precipitation rate. Since this rate 

is very important in the overall design and operation of lime and 

limestone scrubbers operating at low oxidation, an understanding 

of the exact effect of these species on the precipitate rate 
is needed. 

The second finding relates to the apparent coprec1p1ta­

tion of carbonate with calcium sulfite. Some preliminary assessments 

of infrared spectra of some of the limestone products indicate 

the presence o: carbonate in the calcium sulfite hemihydrate 

crystal. This could have a significant effect on the maximum 

~tilizatio~ of :i~es:one achievable at low oxidation conditions. 

Since the subsaturated operation of an S0 2 scrubbing 

system based on the addition of lime or limestone will depend 

or. the degree of oxidation of sulfite to sulfate, an understanding 
of the parameters important in this oxidation process is important. 

A full characterization of the sulfite oxidation mechanism may 

lead to a method of controlling the oxidation rate. For example, 

some Russian studies, in which sulfite oxidation rates were 
measured as a function of pH and transition metal concentrations, 

have sho~-n that under certain conditions the presence of some 

of these metals can actually inhibit the oxidation. It is 

recommended that a controlled laboratory study be conducted to 

more fully investigate these preliminary findings and relate 
this information to the control of oxidation in an actual 

scrubbing system. 
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