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This report describes the results of che theoretical
ancd experimenteal pregram that Radian concducted to characterize
the coprecipitation of celcium sulfate with calcium sulfitce
nemihydrate.

The existence of a coprecipitetion product hac been
hypothesized to explain the mechanism by which sulfate could be

precinsitated from a scrubber soluticn subsaturated with respect

to calcium sulfate, Long tern, steadv-state operaticn of lime
and limestone S0 scwubbing systems with oxidation rates below

20% has been achieved with liguors subsaturated with resgpect
k.a

to all known calcium sulfate solid forms. EKevertheless, sulfate
2S5 m

casurec in the solids precipitated from these svstems.

The existence of a calcium sulfate-calcium sulfire
s0ild sclution has been confirmed experimentaily and a theoreticel
formulation has been establisned. Calcium sulfite hemihydrate
was precipitated under contrclled laboratory conditions from
solutions subsaturated in calcium sulfate. Specific chemiceal
analvsies and infrared spectroscopic techniques were used to
icdentify sulfate in the solids.

The sulfate content in the precipitate was studied
as & function of the relative saturation of calcium sulfate
and the precipication rate of calcium sulfite hemihvdrate.
Also, the effects of high magnesium and chlorides concentraticns
anc limestone anc lime dissolution on the sulfate content of

the solids were measured.
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SUDMARY AND COSCLUSICHNS

—
<o

an experimental anc theoretical study of the calcium
su.fite-sulfate solic¢ soiution formation has been conductec for
the Environmental Protection Agency (EPA) by Radian Corporation.
Racian has confirmed the hypothesis of R. H. Borgwardt and others
thaz the suifate is removed from solution during subsaturated
(CaSO.-2E,0) operation in pilot plant tests by the formation of
a "solid solution'" of calecium sulfite and calcium sulfate. The
sulfize oxidation rate has been icdentifiec by Radian as tne
critical conurol peremccer for cperaticn of the SO, scrubdber
subsaturated with respect to gypsum.

This report does not contain a ccomplete explanaticn
cf all of the experimentzl and field data that have been
accunulated relating to the coprecipitatiorn of sulfate with
calciuvm sulfite hemihydrate. Nor is a theoretical expression
offered that accounts for all of the experimental results ob-
taired from this program. The problem may be a result of

several factors including:

® difficuelties associared with control

all experimental variables and

* incemplete understanding of all the
factors involved in the phenomenon of

coprecipitation.

The experimental data of this program are presented
in this report along with a critical assessment of the validity
of the data. On the posizive sicde, this study has shown that
the strongest correlating factor relating te the sulfate content
of the coprecipitate is the relative saruration of calcium
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csulfate hemihydrate in the agueous phase. This and the
demonstrated absence of a major kinetic effect indicate that
the coprecipitation of sulfate with calcium sulfite hemihydrate

is basically an ecuilibrium controlled process.

This work has successfully shown the existence of a
solic 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
solicds during subsaturated (gypsum) operation based on the solution

composition.

A surmary of the results of this program follows.

Verification of the Existence of the Calcium
‘Sulfite-Sulfate Solid Solution

o
—

Chemical analyses of solids precipitated from solutions
preparec under controlled laboratory conditions to be super-
saturazed in CaSO;-%H,0 and subsaturated in CaS0.-2H.0 have
verifiec the presence of sulfate. Infrared spectral analysis

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

X-ray diffraction patterns of the sulfate-containing
solids were essentially indistinguishable from the patterns of
pure CaS0;-%H.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

sulfate ion are quite different for sulfate as a pure gypsum

phase from suliate in sclid solution.



To cetermine wnhether the coprecipizarze is in
thezmodvnanic equilibrivm with the solution frem which it is
grown cr Is a result of kinetic effects, some long-tern
equilibration tests were concucted. Solids were allowed to
come tc ecuilibrium with solutions containing calcium, suifate
anc¢ magnesium concentrations identical to their concentrations
in the soiutions from which the solids were precipitated. After
as leng as four weecks, the licuid phase was found to be saturated
with calcium sulfite hemihydrate and still subsaturated in
calcium sulfate cdihydrate. The sulfate content of the solids

é¢id no:z crange substantially during these tests.

1.2 Quantitative lieasurement of the Sulfate Cornten: of

the Calcium Sulfite-Sulfate Solid Solution

An analv:tical technigue was developed during this
prograr for the specific determination of sulfate in solids
tvpically precipitated in lime and limestone-based 50; scrubbers.

ca
Previously, the sulfate ccrcentraticn measurements were obtained
bv a differernce technigue. A porzion of the sample was analvzed
for total sulfite. A second pcriticn treated to oxidize all of
the sulfi<e to sulfste was then analyzed for sulfate. The
cifference in these two values gives <the original sulifate value.
Wher the sulfate level is low compared to the sulfirte concentra-

tion, the error of this technique becomes quite large.

The specific sulfate technique selected for this
program can be used to determine sulfate cencentrations in the

may

range of interest to within 25% of the actual value, e.g. 10+.5%.

Infrared analysis was alsoc used to gquantitatively
measure the sullate concentrations in the solid solution samples.
The infrarec spectral technique was calibrated by initially

ratioing the solid solution sulfate abscrptivity at 1220 cm '

-3-
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to the absorptivity of the water of hydration band at 1620 cm” '
A correlation was then established relating this ratio to the
sulfate content as determined 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

Containing High-Liquid Phase Magnesium

Concentrations

One of the difficult problems in characterizing the
solicds precipitated from solutions containing high magnesium
concentrations is the contamination 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

Hemihvdrate

The calcium sulfate hemihydrate (CaSO.*%H.0) relative
saturation has been determined to be the most significant
correlating variable associated with the formation of the
calcium 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 0 to 0.12 as the
calcium sulfate hemihydrate relative saturation ranges from
0 to 0.20. The sulfate mole fraction in the solid solution
rises to 0.16 at a hemihvdrate relative saturation of 0.45, the
point at which the solution is also saturated with respect to
gypsum.

b=



These results are ccnsistent wiih the theory cevelcred

in ezrly phases cf the experimental

program which states that the

equilibrium contribuzion to the sulfate cernrtent ci the solid

solution will be a function of the calcium sulfate hemihydrerc

relazive saturation. The relationship that predicts the sulfate

mole fraction from the relative saturaticn is given in Equation

-1

PR X b
ZaSs. 7.0 CaSCT.-zhH.

0 .eXp(li'QXCaSOh'%H?O

R ~ bal ctive ctu i a -
SCaSuu-%H-o the relative seturation of calcium

sulfate hemihycrate in the liquid

phase, and

X cac0. - LH,C = the mole

—a
n

Effect of the Calecium Sulfite Precipitarion Rate

Experimental results have shown the calcium sulfite

precipitaticn rate dces not have a

rieasurable effect on the amount

of sulfate coprecipitated with caleium sulfite a2s a s0lid solutiorn

This was true for precipiration from solutions both high and low

nmagnesium concentrations. In other words. kinetic effects co

not appear to be significant in the composition of solid solution

witnin the precipitation range studied, namely 0.001-1.7 milli-

moles/g-min. These results in coniunction with the calcium

sulfete relative saturation data imply that for &ll practical

purposes the composition of the calcium sulfice-sulfate sclid

solution Is determined by an ecuilibrium condition and not

simpiv hv inclusion.
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1.6 Effect of Magnesium and Carbonate Liguid-Phase

Concentration on the Precipitation Rate of Calcium

Sulfite Hemihydrate

Preliminary data from several kinetic experiments show
that liquid-phase magnesium and carbonate ions may inhibit the
precipitation rate of calcium 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
hemihydrate 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 addition of the carbonate ion to a calcium sulfite-sulfate
system required a CaSO3;+%H,0 relative saturation of 5.3 to ob-
tain the same precipitation rate measured at a relative satura-

tiorr of 2.3 in a carbonate-free solution.

The implication of these observations may have a
significans impact on SO: scrubber system design and warrant

additional experimental studies.

1.7 Coprecipitation of Calcium Carbonate with the Calcium
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-
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BACKGROUND AnD AFPPROACH

Pilot plant studies concuctec bty ZPA at Research
Triangle Park and full-scale operation at various plants In the
U.S., Japarn and Ergland have demonstratec that both lime and
limestone SO, scrubbers can operate unsaturated with respect to
gvpsun even under tight '"closed-loop" operation. This fact
oifers an opportunity, i1f the phenoﬁenon responsible can be
uncerstecod and controlied, to effectively reduce gypsum-scaling
pocential wnich has persisted as ore of the principal reliability

protlexs of lime and limestone flve gas desulfurization systems.

The fcrmation of a "solid solution” of calcium sulfice
and caicium sulfate has been suggested by R. H. Borgwardt and
others as the probabtle mechanism responsible Zor the sulfate
purge waich leads to unsaturated operation. Severzl variables
such as sulfate concentration, sulfite precipitation rate and
concentration of chloride and magnesium have been iderntified from
field etudies as influencing the composition of the solid solu-

tion.

Radian has conducted a theoretical and experimental
study to characterize the chemical factors which affect the
formation of the solid solution. The objectives of this study

were toe:

° develop a consistent theoretical basis

for examining field and laboratory date,

' review available field data relative to

unsaturated operation.



cevelop, if necessary, sampling, sample
handling, and analytical methods which
are consistent with accurate measurcment
cof sulfite and sulfare in both liguid

and solid phases,

study the zpplication of physical and
enalvtical techniques wnich can be
usecd to establish direct evidence of
che ccprecipitation of sulfate with

calcium sulfite hemihydrate,

cenduct equilibrium studies to establish
whether or not a solid solution will
precipitate from various solutions

near equilibriun,

conduct kinetic studies using & lime or
limestene slurry arnd a clear liquor
characteristic of either lime or lime-
stone scrubbers to determine the effects
of the sulfite precipitation rate,
temperature and scrubber liquor compo-
sicion with emphasis on magnesium and

chloride, and

develop a theoretical framework for
liquid/solid eguilibrium or kinetics
in such a manner that it can be used
for predicting conditions necessary
for unsaturated operation of lime and
limestone scrubbers as a function of

liquor composition and oxidation.



3.0 TEECFCTICAL FRAMEWORK OF THE CALCIUM SULFITZ-SULFATE
SOLID SOLUTICN

Coprecipitaticn may be controlled by equilibrium

effects, kiretic effects, or a combination of the two. 1If a
truc sclic solution 1is formed as a result of the coprecipite-
tion of czlcium sulfite and calcium sulfate, then fundamental
thermodyneamics can be used to describe the equlilibrium rela-
tionships which control solid and liquid phase compositions.
On the other hand, if sulfzte tends to be incerporated into
tke solid phase by inclusion, then the kinetics of sulfite

precipitation shculd be &n impertant factor. In this latter
case, the sullate/svlfite ratio in the coprecipitared solids
would be expected to be a direct function of the growth rate

of calcium sulfite solids.

It is Important to distinguish btetween these two
possitilities fer the following reasons. 1If the formation of
a sclid soiution is the dominant mechanism of coprecipitation,
the svstem sulfite oxidation rate will determine whether sub-
saturated operation is possible. On the other hand, if kinetic
effects are significant, then system design (in addition to
oxicdation contreol) can be used to optimize coprecipitation

arnd avoid sulfate scalirg.

The existence of a solid solution in equilibrium with

a liquid phase can be describecd thermodynamically through

chemiceal potentials, The chemical potential, u*j' cf the 1rh

ccrponent in the _tH phase may be written &s:

“i500 T u{j + RTinaij (3-15



where: L{j = the standard state chemical potential,
R = iceel gas constant,
T = the absolute temperature, and
. _ e P .th C ey
;5 = tEg activity of the i— component in the
328 phase.

bed

applv
i = 1
i = 2
;5 = s
3= ok
The standard state of

pure component.
icdeal

activity coefficients, Gy

where

n this analysis, the

the solid phase
For a solid sclution

solutions will be based on mole

following designaticns will

;;’_H_O

will be defined as the

mixture, deviations from

fractions. Solid phase
P

, are defined by Egquation 3-2.

(3-2a)

(3-2b)

.f_'zx,_

the x's are the solid phase mole fractions.



The choice of the hemihydrate of calcium sulfate
as the form of the solid phase was selected since the calcium
sulfize host matrix is a hemihydrate. This situation can be
imagined by simply replacing a sulfite ion with & sulfate ion.
However., the marhematical formulation could be developed for
the dihyvdrate of calcium sulZate equally as well. Direct
neasurement of the sclids subsequently gave a mole ratio of

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

The activities of CaSO: %K:0 and CaSO.-%3H:0 in the

liquid phase are defined in Equation 3-3:

Mmoo

LS

a .. T Ecatt aSO?

N
AY

(3-3b)

oo
o

3¢ T 2catt o7

The liquid phase is in equilibrium with the solid
phase when the chemical potentieals of all components in both
phases are equal. Equating chemical potentials gives

Eguation 3-4.

(3-4)

“is  Fig

Substituting the definitions in Equations 3-1 and

3-2 into 3-4 gives Equation 3-5.

»? + RT &n c.x;, = w., + RT in a (3-5)

“is 1

-11-



Equation 3-5 may be solved for the activitles:

-(us.-w: )/RT
= e (ullu 1ls (3'6&)

[WH
o)

Q
w

- K. (3-6b)

(=]

The equilibrium comstant, K;, is the solutility
product constant. This may be seen by considering the limiting

cases of the pure components anc by roting that:

fl
s

lim o,

xi =1 i : (3-7)

The relationship betweenrn the solid and liguid at

equilibrium for both species is writter out in explicit form

in Zgueation 3-8.

1
L el _
3cat+ 2507 2H.0 -~ N:€1 ¥Cas0,-3H,0 (3-8a)
a dan= a25 K-0g, x (3-8b)
cat+ 3507 28,0 292 XCag0, - 4H:0 )

Dividing both sides of Equation 3-8b by the solubility
product constant, K., gives Equation 3-9, the left-hand side of
Equation 3-9 is, by definition, the relative saturation cf
CaSO.-%H; in the liguid phase.

(3-9



The mathenmatical form of the solid phase activity
coefficiens can be estimatec from the empirical correlaticn of
“he liguid phase calcium sulfate relative saturation with the
sulface mole fraction in the corresponding solids. The relation

‘ven i» Equatior (3-10) gives the cesired functional form to

by

guazion (3-9),

where the constants x: and x:; are calculated from the experimenta
data.

Substi relationship for the activicy

i
ccelficicnt into

€aS0. 3E:0 T XCuS0..3u,0 S¥P(31 F caXgigp yH,0) (3-12)

The mole fraction of sulfate in the sclids can be
calculatecd frem Eguation (3-12) given the relative saturaticn of
caleium sulfate hemihyvdrate in the agueous phase from which the

e

-13-



4.C EXFERIMENTAL AFPROACE

An experimental program wes established to characrerize
the nature of the mechanism leading zo coprecipitation of sulfate
with CaS0.-%H,0. Controlled experimental conditions were used to
first verify the existence of a coprecipitation product and then
to measure the effects of sclurion composition. The precipitation

rate and some measure of the sulfate concentraticn were the primary
variables to be stuciec.

The experimental apparatus znd sampling and analyticel

tecaniques uvsec during this program are described in this section.

(OSSN

Additicnal detesils are presentecd in Anpencdix C.

~h s B Y Coaa s - .
The experimental studies were divided inro the Zollowing

° celectior. and devel_oprent of sampling ancd
analytical methods which are consistent
with the accurate measurement of sulfite
and sulfate in beth the liquid and sclic
phases,

Y 2 series of experiments at lcw sulfite
precipitation rates to establish whether
or not a solid solution will precipitate
from solutions near ecuilibrium,

° a series of experiments at higher precipita-
tion rates to determine if kinetic eifects
are significant,

° investigation of the effects of:

. éissolved magnesium

. terperature
. iornic stremgth (NaCl),
. dissolving limestone and lime

“14-



. investigation of the appiicability of
selected phveical :euhnlques in the idenzi-
ficezion, cheracrerization and measurenent
of the solid sclution.

Results of this program are compared to results
obtained in field studies to cbtain a consistent theoretical
framework for predicting conditions necessary for unsaturated
operation (gvpsum) of lime and limestone scrubbers. A schematic

flew of the correiaticn of &ll available data is shown in Figure

4.1 Sescription of IZguipments

Experimental equipment utilized during this progranm

consisted of two eguilidrium apparatuses, a kinetics reactor
and approprizte sampling trains for each.

Phese Zguilibrium Avparatus

G
™
A
ps
“

The first equilibrium apparatus constructed was designed
20 esteblish whether a solidé solutzion would precipitate Irom
various soluticns near ecuilibrium and to establish a gquantitative
relationship between the equilibrium liguid and the solid phase

compositions.

This equilibrium apparatus consistec of a closec-loop
system in which water could be removed from a solution containing
calcium stlfite and calcium sulfate by means of evapecration. The
evapcrated water was condensed and passed through a calcium sulfite
saturator and then the sclution was sent back to the precipitaticn
vesse.. Evaporaticn was regulated by solution temperature and

system vacuaum cortrol.
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al approach In the eguilibrium studies

Tige

23
rt

e .

was terminated in the early phases of the test progranm due to

the Impracticality of long experimenzel run times (one to four weeks).
other operaticnzal preblems also prevented the

lication of this equilibrium approach over the re-

Ecuilibration Apnaratus

This equiopment, Figure 4-2, was designed to ct:tain

ecuilibrium date frcm solids grown during the kirerics phase oI

ect. The sclids were equilibrated with a liquor similar

e

this proj

that I which it was grown, thus allcwing the rela:zive influence

rt

(o]
O

the equilibrium and kinetic effects on the sulfate content of

Ish

e 30lics toc be separated and cquantified.

ct

ratus was designed and constructec

)

An experimentel appy
accommodate six experimental runs simultenecusly at a con-
lied temperature in an inert atmosphere. A large clexiglas

e}
cx was fabricered and servec &s the enclosure. Hezat lamps

O
)

nected ¢ temperature controller and thermistor systen

1 o0 o
8

ncained the enclosure at & controlled temperature while two

+
e

ns circuleted nitreoger to mirnimize temperature gradients within
e box. Therrnomecters suspended from the top of the box at

several locations were used to monitor the temperature. Nitrogen
entered the enclosure on the back side of the fans provicding a
co

nstant oxygen purge cf the enclosure.

Plexiglass cylincers with an interral volume of 57C ni
were cnhargec with appropriate solids and ligquors. These solu-
tions then were thorcoughly mixed on a tumbling device designed

especially for horizontal reotation of the cylinders ar a constant


http:intE.rr.al
http:ex,:,eri:!ler.ta
http:accor._-;-,o::Ls.te
http:w\.1::.cr

PLEXI-GLAS

BOX

{--YHEHMOML’TFR
it

('/'."/" - \\\

570 ML

FIGURE 4-2.

EQUILIBRIUM EXTRACTION APPARATUS

Oy

TEMPERATURE
CONTROLLER

BOTTLE



steec for long periods of time. Ceramic cylinders were used wi
the containers to produce grincing to expose new surfaces of the
crystais for dissclution and precipitation. Additional cetaills
cf this experimenzal technique are contained in Appendix C.

irg procedure was designed to ensure consistent
nd accurdte measurements of sulfize and sulfate in both the

a
liquid and solid phases. A pictorial representazion of the

gaTrling train uvrilized in these eguilibrium studies is shown
in Figure 4-3. Temperature and pH measurements of the equili-

cd solutions were tfaxen just prior to san ple cclleczion.
Rzpid licuid phase sampling to provide an agueous sulfize sample
and o diluted filtrate sample was accompiished by using & veri-
staltic pump &ancd a 47 mm filter. All sampling lines were kept

es shorrt eg possible and @ constant purge of nitrogen was
Gireczed 2% the semple nort in the vessel at all times during
sampling te minimize any liquid contact with air. After
collecticn ol the two 1iguid samples, the equiiibrated solids

e

. " b
were ghbta

J

d by fileraticn of the slurry. The filtration was

done ir a2 nitrogen atmocsphere.

The kinetic apparatus, shown In Figures 4-4 and
4-5, served as a precipitation device to quantify the influernce
of solution composition on the formaticn of the coprecipitate.
With this flilow-through system, experimertal conditions such as
temperature, calclum sulfite precipitation rate and relative
saturation of calcium sulfate can all be varied indepencdently

to simulate the reactor compositions necessary for this study.
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The primary components of the kinetics apparatus are:

] a continuous liquid/slurry feed system,

. a reacctor,

° e grinder,

. a continuous xixed 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
continucus mixed product removal svstem and grinder were incor-
porated into the kinetics apparatus in order to maintain a constant
slurry density and particle size in the reactor. The pH of

the reactor effluent was monitored in a flow-through cell immediately
downs<ream of rhe filter.

Each component of the kinetics apparatus was periodically
checked to ensure that consistent and accurate measurements of
the individual test parameters were being maintained. Additional
dezails of the kinetics apparatus are given in Appendix C.

I~
[

Sampling Technicues Utilized in Kinetic Experiments

_ The sampling train and procecures were designed to
obtain consistent and accurate measurements of the composi-
tions of both the liquid and sclid phases. All sampling

lines and fittings were nalgon and teflon to minimize chemical
changes in the samples. For the most part sampling provisions
were incorporated in the experimental apparatus flow system
(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 taken from the two feed streams
and the reactor effluent after the line-out period of approxi-
macely three solids residence times. Aqueous sulfite samples
were taken in a similar fashion and were used with the pH
measurements to monitor the approach to steady state. Periodic
slurry samples were taken and filtered to obtain the weight
percent solids in 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 from high magnesium
sulfate liquid phase concentrations. Basically this technique
censists of 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 sclids are then twice slurried in a saturated calcium I
sulfite solution and filtered. Next the solids are rinsed
with acetone and allewed to dry in an inert atmosphere.

Detailed cdescriptions of this and other sampling techniques are
included in Appendix C.
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-.3 Analytical Technigue

The analytical methods used during this program are
breifly discussed in this section. A more detailecd description
of each procedure is included in Appendix D.

For the most part the analytical techniques used were
those previousiy selected and modified by Radian for S0, scrubber
slurry analyses. A more sensitive sulfate procedure for solids
analysis was developed especially for this program.

Chemical Analysis of Liquid Phase Samples

Calcium, sodium and magnesium analyses on the filtered
feed and reactor effluent streams were performed bv atomic ab-
sorption spectroscopy. Liquid phase sulfite measurements were
nade using an ifodomerzric back titration with sodium arsenite.
The end point of the titration was determined amperimetrically.

Aquecus sulfate concentrations were measured by
substracting the sulfite concentration from a total sulfate plus
sulfite measurement. The latter value was obtained by first
oxidizirg the sulfite to sulfate and then measuring the resultant
total sulfaze. 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 potertiometric titration technigue using a standardized
iilver mirtrate solutien as the titranc. Carbonate analvses
were made by first acidifying the solution. A nitrogen sweep
gas was then passed through the acidified solution. The CO,
content of the sweep gas was measured with a noncispersive
infrared analyzer.
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Analytical Technicues for Solids Characterization

Both chemical and instrumental techniques were used
to determine the chemical composition of the solids precipitated
in the laboratory studies. These techniques were also applied
to some solids field samples from lime- and limestone-based SC;
scrubbing units. Specific chemical analyses of the solids were
made to determine the calcium, sulfate and sulfite concentration
Magnesium, chloride and carborate analyses of the sclids were
run periodically. Additional characterization of the solids
was accomplished using such instrumental techniques as infrared
spectroscopy, differential scanning colorimetry, X-ray diffraction

and thermogravimetry.

The specific sulfate, sulficte 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 sclution. Aliquots of this solution were
then analyzed for calecium, magnesium, sodium, chloride arnd 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.
€O, was bubbled through the solution to remove the sulfite as
50:. Once the dissolution was complete the solution was removed
and the sulfate level was determined by the ilon-exchange, titri-
metric sulfate method. This technique provided improved accuracy
in the sclfaze determinations over the concentration range en-
countered in coprecipitate solids.
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The presence of large excesses of calcium carbonate
with the coprecipitate solids tends to cause some error in this
sulfate determination. This situation developed during some

of the limestone slurry tests where low utilization was encountered.

Additional characterization of the solids was done
using infrared spectroscopy (IR), differential scanning colorimetry
(DSC), X-ray diffraction, anc thermogravimetric analysis (TGA).
Infrared spectroscopy was used to qualitatively and quantitatively
measure the sulfate in the sclid solution samples. The presence
of gypsum in the solids was identifiec by IR, DSC or X-ray
diffraction.

X-ray diffraction was used to measure the crvstalline
phases present in the precipitated scolids. However, the
diffraczion patterns for the solid solution samples were indis-

tinguisnable from that of pure calcium sulfite hemihydrace.
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 secrion 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
caleium sulfite hemihydrate and calcium sulfate hemihydrate
and dihydrate by Radian's aqueous ionic equilibrium program.
~he calcium sulfite precipitation rate was calculated from
inlet and effluent aqueous sulfite concentrations and flow rates.



Solid phase calculations included the determination
of the sulfate and sulfite mole fractions of the precipitated
product based on the chemical analysis of the solids. The sulfize
precipitation rate was also calculated from the measured
slurry removal rate, weight percent sclids 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 normalized by dividing by the mass of the

seed crysrals in the reactor.

Solid and liquid mass balances across the reactor
were calculated to evaluate the reliability of the data collected
for each experimental run. Total solid and liquor inlet molar
rates were calculated and compared to total outlet solid anc 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
paysical techniques used to identify, characterize and measure
the solid solution are also presented. The qualitative and
quantitative effects of the following variables on the solid

solution composition were evaluated:

. relative saturation of calcium sulfate
hemihydrate,

® calcium 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. WNamely, the activity product of the aqueous phase
calcium sulfate was correlated to the sulfate content of the
precipitatec solids. The precipitation rate had no measurable

effect on the amount of sulfate incorporated into the solids.

A summary 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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TABLE 5-2 {continued)
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Tne cperacing conditions for each test are included in Tables
5-1 and 5-2 with the steady-state liquid anc solid analyses.
The aqueous compositions are given in milligrams per liter in

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

The computer calculated activities and relative
saturations of the pertinent aqueous constituents are given in
Table 5-3. The weight percent suspended solids, calcium sulfite
precipitation rate and the dilution £fraction of the product

solide are also inclucded in this table.

Experimental results obtained in the eguilibration
studies are presented in Tables 5-4 and 5-5. The duration of
equilibration c¢f precipitated solids with their mother liquor
is given in minutes., The original sulfite and sulfate mole
fraccions of the solids before equilibration are reported as

are the mole fractions after equilibration.

5.1 Phvsical Characterizaticn of the Calcium Sulfite-

Sulfate Solid Solution

5.1.1 Qualitative Application of Infrared Spectral Analysis

Infrared spectroscopy was successfully used to confirm
the presence of sulfate in the calcium sulfite solids. The
infrared absorption due to the sulfate ion showed that the
incorporaticn 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 compound such as CaS0,-2H,0
in the 1100 cm™! region is characteristically broad with little
or no resolution of the three component bands. In case of the
matrix isolation as occurs in a solid solution, the peak peositions
shif:c and a greater degree of resolution can be observed. Sclids

-41-



idenrified as containing sulfate by chemical analysis and spectro-
scopically appeared 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 compound,

specifically indicating that nec 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 absorptior structures of interest are the mejor
sulfite band at approximately 980 cm™' and the sulfate band near
1136 cx™!. 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 cm™!
sulfite and sulfate ions but are not as distinctive as the major

bands.

region are due to the

The infrared spectra of two solid samples from the
experimental precipitation studies are shown in Figure 5-2. The
upper spectrum is that of the solids precipitated from a sclution
supersaturated in calcium sulfite hemihydrate and subsaturated
with respect to calcium sulfate dihydrate. The band structure
encircled is indicative of the IR absorption due to matrix

isolated sulfate ion.

The lower spectrum is that of the solids precipitated
from a solution supersaturated in both calcium sulfite hemihydrate
and calcium sulfate dihydrate. 1In 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
hemihydrate. The presence of gypsum was verified using X-ray
diffractzions 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

-472-
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sclucion with ancther compcund. In the first place, the absorp-
~ion of electromagnetic radiation ir this spectral region results
from & coupling of the incident radiation with the vibrational
modes of the sulfate ion. Quantum theory predicts three differen:
frequencies. 1In the case of a pure phase sulfate compcocund, the
frecuency range of these vibrations is broadened due to the
irnteraction or coupling of the vibrational modes of neighboring
sulfate ions. The matrix isolation of sulfate ions in the solid
solution effectively dilutes the sulfate ions as compared tc a
oure phase system and thus reduces the coupling effect. The
frequency shifts and narrowing of the bands are a direct result
of tne cdecoupling of the intermolecular interaction of the

sulfate ion vibrationel modes.

Trus, the comdbination of these instrumental techniques
has been used to verify the existence of the coprecipitation of
sulfate with calcium sulfite as & solid solutien. In addition,
it was dermonstrated that the IR spectroscopy c¢an be used to

discinguisih betweer the sulfare in a solid solution or as gypsun.

5.1.2 Quantitative Application of Infrared Spectral Analysis

Irfrared analysis was also used to quantitatively
neasure the sulfate concentration in the solid solutien. The
technique was initially calibrated by comparison of the ratio
of the sulfate absorbance at 1220 em ® to that of the water band
at 1620 em™! with sulfate concentrations determined by the
specific chemical method. In the absence of gypsum, the following
equation is used to calculate mole fraction of sulfate, x

S0.7°?
in & solic from the infrarecd sorption measurements:
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T
¢ c A (log 2 ) 50,7 ¢
_ S0."*_ 7S0.7° SO.-*¢_ m 5.1
% .: = = = k = k ( )
SC Cm 2C.. A, ’I‘b
Ts 520 20 (log =2 ) H.0
& T 2
m
where,
Cgp -2 = the concentration of sulfate in the solids
"
(mole SO.~%/g sample),
C; = the concentration of sulfate plus sulfite in
8

the solids (mole SO.-? + S0;~*/g sample),

CH-O = concentration of the hydration water in the
‘ solids (mole H,0/g sample),

k = a constant,

= the IR absorbance at 1220 ecm™?,

>
w
c
1
(X
|

Aqu = the IR absorbance at 1620 cm™ !, and

T, /T_ = the ratio of the percent transmission values at
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 Thermal Analysis

Two instrumental techniques based on the thermal
properties of solids were evaluated as methods to characterize
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the calcium sulfite-suliate sclid solutiornn. The ratio of the
waters of hydration to the total sulfur for the solid solutions

was investigated by these techniques.

The thermogravimetric analysis (TGA) determines the
weight change upon the loss of water as the temperature cof the
sample is raised past the dehydration temperature. Both the

welght loss and the temperature of dehydration are useful to

characterize the solids. The other thermal technique is differ-
ntial scanning colorimetry (DSC). The enthalpy change as a

1

Lo

Ianction of sarmple temperature is measured by this msthod.

Quantitative TGA measurements were made on the solids
precipitated from Experiments K-47 and K-53. From the weight
ioss associated with the dehydration of the solid solurion
samples, solids from Run K-47 were found to contain 3.8:z.2Z2 mmole
H:O/gran ancé those from Run K-53 consisted of 3.92.2 mmole H,0/
gram. These two values give a mole ratio of waters of hydration
to total sulfur of .5C and .52 respectively. 1If the sulfate had
been associated with two warters of hvdration, a mole ratio of

approximately .7 would be expected.

Differential scanning colorimetry was alsoc used to
characterize the precipitated solids by monitoring the enthalpy
chenge as a furction of temperature. Phase changes, marked by
rapid changes in the heat capacity, were observed in the temper-
ature ranges of 120-1409C for gypsum and 350-430°C for calcium
sulfite hemihydrate and the solid solutions. These changes are
associated with the loss of waters of hydration. A DSC scan of
solids from Run K-37 is shown in Figure 5-4. Additional scans

cf the solids from other runs are included in Appendix E.
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The change in enthalpy at 120-140°9C for the solicds
Irom K-37 results from the endothermic dehydration of gypsum.
The second change at 350-400°C is the dehydration of the solid
solution. Solids in which no gypsum was found also showed no

er.thalpy change at 120-140°C.

Three distinct patterns have been observed in the
350-4300C range which result from the dehydration of CaS0,-%H.O
and so0lid solution. These include an endothermic reaction at
410°C, and a complex endothermic reaction in the ranges of 350-
400°C. Possible explanations for the three different patterns
include a different crystal s<tructure of the calcium sulfite
hemihydrate resul:zing from impurities, such as sulfate, in the
crvstal anc/or particle size. X-ray powder diffraction patterns
"ave identified crnly one crystallire structure of calcium sulfice
hemihydrate. This pattern is consistent with literature values
(TE-0535) and standards prepared in the labora:zory. The complex
eandothermic reactions between 350-400°C were observed only in
runs utilizing the grinder in line. This is a strong indicacZen
that particle size may have an effect on the temperature
of dehydration cf the calcium sulfite hemihydrate during analysis
tv DSC.
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5.0 DISCUSSION OF RESULTS

The interpretztion of the experimental results presented
in Section 5.0 are discussed in this section. The effects of
the testec parameters on the sulfate content of the precipitated

sciids are evaluated and correlations are made where appropriate.

Yuch of the experimented cdata reported in Section 5.0
is Invaiidazed by the occurrence of one or mcre operational
ificulties. While these results were reported for complete-
ness, they were not inclucded ir the data used +o arrive atr the
conclusicns presented in this section. Possible reascns for

scme of these difficultiecs are discussed.

A series of long term equilibration studies were
concucted to dezermine the stability of the solid soluticens
in the presence of solutions of similar concentrations as the
licuors £frem whicn they weve initially precipnitated. In addition,
pure calcium sulfite hemihydrate crystals were also subjected
to long term contact with these liquors to determine the degres
of sulfate incorpcration near the equilibriuvm of calcium sulfice
hemihydrace. Sclid solution solids were placed in water saturatec

with calcium sulfite but with no sulfate present.

The solids and test solutions were sealed inzo cylindrical
plexiglas vessels with several ceramic grinding cvlinders. The
containers were maintained in an inert ztmosphere at 50°C for
the duration of the tests. The samples were mechanically rotated
to precvide grinding of the solids to expose fresh surfaces

throughout the test period.
The solid solution in contact with the liquor containing

nae sulfa-e showed 2 small decrezse, ~0.01 mole fraction, in sulfa=s

contznt.  The sulfize In ceontect with licuor almost sazurared wich
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psum gained a emall amount of sulfaze (.0.01 mole fractiorn).
lid solutions In contact with their equilibrium ligucrs showed
no change. Solids containing gypsum had the gypsum dissolved

when In contact with the subsaturated licguors.
This indicates that:

° once formed the Interior cf & solid
solution particle is protected from
the solution by low solid state

diffusion and

) gypsun cannor co-exist with sclic

solution in a subsaturated solurtion.

The specific classifications of experimental difficuliies

experienced were:

° supersaturation of the recactor liguor

wizth respect to gypsum,

. the presence of gypsum in the precipitated
solids as identified by infrared
spectroscopy, X-ray diffraction or differential
scanning colorimertry,

. calcium carbonate in the solids in excess

of 60 weight percent, and

s insufficient approach to system lineocut
with respect to the precipitated solids,
i.e., e"T/7» 35

The experiments disregardec on the basis of these
criteria are listed in Tzble 6-1. The remainder of the experi-

mental runs which were used to develop the correlations present:ic

<for ave giwven in Table €-2.
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fer m e mmm m o e mmew e = e s - = - - - e . - St e s e a e cqma — g e e eas e . e -

Male Fraction

" " + - - . Sulfate In
Ron ) _.lin ) Mp un o l-jl.. . ,f._n. o 'ﬂ”" . ca-s_n_,:.}-p[,_n_ o (:‘ng:u—f‘gu,vn _ Sullda Clasaif Teat lon Beldet b Cilterln
X-61 14.9 . 10 - 19.4 6.2 fo0 L. 46 74 1 bmeest iz STy
K 61n 17.6 m» S4B - L} 1000 5.07 .68 .09 Limeagane (Mp) roa, - 1.2
K-t/ 1).8 - 1420 IRA R.7 290 1.t LA .o L{meatone fatfia > .6
K-07% 1.7% 574 Mo - 195 Ton 9.R 3t 05 Limeatnne (Mp) Aty >~
[ S 7.0 510 nz - 140 [Y%) 5.7 .M 0% Limeatone (Mp) Calily > 6
X-67 6.98 46 312 - 159 527 7.5 19 .03 Limratene (Mp) Caty > . h
£-6A 1.1 404 296 - 92 A4n 4ot .27 L04 Limeatone (Mp) CaClry ~ .6

i e i ——— e = Cm e e ————— i — e e e ——— ——— e e p e —

r.a9, = reiative aaturatlon of CaS042h30



..gg-

1tan l'v”
C-R - n.7
k-9 iy
F-10 1.1
k-1 a.h
K 2?2 R.S
k-6 A.9
K f 12.7
k-9 Le.7
K-10 Q.7
K-11 17.6
K-12 12.0
K11 1.9
K-1h 1.1%
K-16 1R
K-117 15.9
K-11 19.9
K-19 17.1
K-20 7.
K-21 7.4

(cont Inued)

TABLFE 6-2.

Liquid Analysmea (anmslen/U)

Na

0.1

6.4
17.4
1.6
6.8
51.6
7h.R
25.7
2404
h.9
38.2
7.6
2004
In. 0
12.6

J.R

22.4h

.20

n.Aa

1.6

42.0

40.9

h?

a0,y
< h
RA
17
.17
.17

Y

.66

.17

t.07

A7

T2

67

.Im

|

il

EXPERITMENTAL

.71

143

th.h

RESULTS O

Relntive Saturat fon

Casty Y5, 0

i
1.70
1.90
1.44

?2.54

7.7
2.606

2.606

Cano, - Y

14

.M

.70

1A

.22

21

21

20

.20

.29

A7

-

R CORRELATIONS

Mate Fract lon
Sulfate In

Aol lda

1

AR

A

LA

14

Clasa b bean ton

[ ir‘.n
Clear
e
Clhear
ooy
Clear
Clear
lear
ey
Clenar

Clear

Hem

feear

Aear

ear

“tear

LYY

NELET)

REART

LTproy
e
Llgum
| ALRTTIIEN
Lhgnor
Ll
A quny
Elhreonr
Liquor
Lbrpar
Lligquar
Llques
ey
Llquer

Il

e

1 Loy

RETTID

LIquar



-gg-

Ligqutd Apnbgnea (amolen/1) Relatlve Saturatfon
Hale Feactiom
" " ' . ~ Sulfate In
Yo # (] Hgp Ha ol n0y 800y, Casiy- %0 19, S0 Gellila Clan<ttbent Loy

K- 24 (] - 5.8 1.0 1.4 1. . 1) L A5 e

K- 17,9 - 14 .0 1. 1.4 5.50 .0 R Limeatane
k-7 1. - 184 M5 1. 619 5.9 R .1 Liment e
K- 12 12.6 - L] R1.9 Rk 6.1 R4 19 .20 Limestone
r-1n L ] ~ L1 7.6 512 21.6 7.% .19 G L.Ime

K-19 194 49 778 594 50,7 7 2.1 L A6 flme (1)

K 4h? . (4] 135 L 3.7 N7 13.3 32 16 b (Mg )
K-h6 74 .6 240 a0.0 IRA m.y Hn .7 A I3 Lime (Hp)
K-417 22.7 154 45,4 [[AL] 12.9 m h.? 76 15 Lime (1ip)
K-h0 n.m 570 4.0 AAn n.y A% 4 b 2% i Llme (Hp)
K-h9 25.9 N hh 4 R51 .69 74 .19 .19 AN Lime (g}
K-y} 2.%1 - L1 At 1,90 i.8 6.6 .m Nl Clear Liquer
K-51 9.07 - A1.0 AL.0 t.RA R_hh 6.4 S0 .9 Clear Liquer
K-452 9.M - A2.8 A6 1.59 7.90 5.h Al At Clear Lhgum
K-53 (.97 - 4).6 m.6 1.44 9. hh L ] .11 BRI (lear Llipner
K-56 14.7 - A7.0 ) 2.08 R.76 il 14 09 Cloar Ltquot
K -60 h.2h - 45.6 - m.9 14.4h 3.1 .0nn A2 LAmiselone
K-61 h. 20 - m.a - 0.9 .7 .16 2% .on Elmeetone

(cont inued)



g
aanby

1omb )y

mal

auay)

nrayy

Werg Qe g g paaset],y

AN vl
[N ule
- vo-
e LT

R ey
YR IUSYILS
Ha A djuy

otug - Suse

[ SN Y0 ' b

[ 96

ye . yu e
Yyt 'R
e s

vup N Uy aapiig Sy

(pPonuyunoy /-9 UVl

72

(¥

e

[N

Ul

NOUU) O WOPIANES OAJRV|Od - "B )
UML) - [} Li-A
VUL E (3} Ut A
u'Yye - t'h 69 A

il - e Ul £9-M4
_.x: §oweg
Kpuny pubyy
-



. LiZect of Relstive Saturaticn of CaSd_.-zH C

The acueous phase relative saturation of calcium sulfa:e
neminvcrate was found to exhibit the most significant effect on
the compositicn of the solid solution based on the results of the
laboratory studies conducted by Radian. These measurements
showed that the sulfate content of the solid solution varies most
rapicly with the calcium sulfate hemihydrate concentration between
relative saturation values of 0-0.2. At values higher than 0.2,
the change in solid composition is less rapid. t compositions
atove a relative saturation of 0.45, the solution becomes super-
<:turated in gypsum. Further precipitation of sulZate may occur
2s gvpsum as well as in the solid scolution. The presence of
gvpsum in the solids complicates the determination of the sulfate

centent of the solid solution.

The relation between the sulfate mole fraction in the
sclids anc the relative saturation of .CaSO.-%H:0 in the aqueous
rhase is shown graphically in Figure 6-1. This correlation

represents only the experiments referred to as clear liquor runs

in Table 6-2.

A theorecical fit of the data was made based on the
equilibrium relationship derived by P. S. Lowell as developed irn
Section 3.0. At equilibrium, the relation between the liquid and
solids compositions with respect to sulfate can be written as:

fca™  %0.© 2 H:0 (6-1)

k.5. " K = Jcas0.-31,0  *CaS0.-%H,0
CaS0.-%H-0 ksp Ca50., - X0 CaSO.-%H, RE

The form of tne solid phase activity coefficient, o, was empirically

chosen as:

. = A 6—2a
In 2= 00+ 22 ¥ o000 ( )
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= exp(u: % p . 6-2b,
Oi o= oexpl + 32¥eeq gm0 ( ;
Thre arbitrary constants, a; and a., must be determined from
experimental data. The mole fraction of sulfate in the solids

may be written implicitly as a funcrtion of the relative saturation

of CaS0. %H,0.

R.S

. = o e = a3 ) . T 6-3
Reas0. R0 - ¥ (7R T G%¥cag0, H:0 caso.-yH:0  (6-3)

or

exp (ng + 7w i \ (6-4)

Based upon the data in Figure 6-1, a least squares fit

gave values of -, 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
hemihydrate for all of the acceptable experimental tests, see
Table 6-2, is shown in Figure 6-2. A least squares fit gave wvalues
of a; and o, 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 ligquor data, the difference is small
compared to the overall scatter in the data.
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Figmre 6-2 Compartson of Lime and Limcestone Experiments With
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“he precipitation rate cf the solid solution appears

to be a function of the sulfite relative saturation. The sulfate
precipitaticn rate would be ecual to the solid solution precipi-
tation rate times the mcle fraction sulfate as calculated from
Equazicn 6-3.

[w )Y
ko

Effec: of Caolcium Sulfite Precipitaticn Rate

The possibilizy exists that the inclusion of sulface

cium sulfite heminydrate lattice is a kinetic phenomencrn.

|

in the ca
is the case, one would expect a depencdence of sulfate in

the s0lid as a function of precipitation rate.
cratory experimental results do rnot show any
d of sulfate content on the pr
2 of deperdence cf sulfate in the s
. .

c c
3z furction of precipitation rats is shown graphically in Figuwe €-2.

The data in Figure 6-3 span a range of precipitation
ratecs from 0.001-1.73 mmoles/g-min. The sulfate content of the
solids in this correlation was corrected for the effect of
caicium sulfate hemihydrate relative saturation by dividing the
measurec sulfate meole fracticn by the mole fraction precdicted
py Equation 6-4. A linear least square fit was made oif the data
which showed the results to be uniformly scattered about =
nmole fraction ratio of one. This indicates that even though
there is consicderable scatter in the data no consistent dependenc:

on the precipitation rate is evident.

-62-


http:p=eci?itat:'..or

..89-

Ratio of Observing to Calculate Sulfate Mole Fractions

(x obs/x calcg)

0.

0

Figure 6-3 Sulfate Content of Sollds as a Founctlon ol Caso, - %1,0

Preciplitation Rate

S
0.2 0.4 0.6

Precipitation Rate ot Caleium Suliite Nembhydrate (mmole/g-min)



5.3 Compar_.scn of Lim nd Limestone Tezsts wWizh

n

I

g
Clesy Ticucr Resulgs

Experimental studies were conducted tc measure the
influence ¢f lime and limestone on the formation of the calciunm
sulfite-sulfate sclid solution. Any effects of lime and linme-
stone were expected to result from increased precipitation
effects resulting frem localized areas of high calcium sulfite

¢ relative saturations. Such concentration gradients
se freom the dissolution of lime or limestone solids.
The experimental data are cempared graphically to the clear

liguor results in Tigure &-2. The mole fraction of sulfate

i
in the solids precipitated from the lime experiments are higher
shan in the clear ligquor solids. However, due to the limited
nurber of daca pointe and the ccincidence of high levels cof
magnesium and chloride concentraticns in the test solutions
ik most lime rurs, the evidence is inconclusive that the
presence of lime substantially erhance the sulfate content of
o

e s0lid solucion.

The limestonec cate scatter avound the clear liquor

lire and appear co have an enhanced sulfate mole fracticn.

-4
i }
5}
gt
(]
H

atively small number of data poirnts again makes drawing
conclusions risky. Again coincidence of high magnesium and
chloride concentration cloucds the issue.

6.4 Effects of High Levels of Chloride and Magnesium

The effects of magnesium and chloride on the sulfate
content oI the solids is difficult to ascertain from the experi-
mental data. The primsry problem arisec from the fazet that the
only successiul reactor test at high magnesium and chloride
levels were also lime runms. These resuirs are displayed

gradhically in Figure 6-4. Further characterization of the
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precipitacion Zrom solution
e

are needed tc guantifiv th

. e e e el
e CDredaioica )l

be Inhibited by the high concerntrations of these icms. A

similar effec. was also feund when low concentrations of

carbenate were present 1n the liguor.

Experimental measurcements cerried out at LG, 390,
f temperature cn <he

e o
fate ard sulfite. This ceonclusioeon

1 order <o normal.ze the results the ratic of observed
0 catculeted values of sulfate mole Zraction in the seclid was
coimputed, This vatio Is presented in Figure 6-4 as a function

of temperature. The temperature effect in Figure 6-4 represents
e - . £ O C
a deviaticn of J.8% per degree C from 50°C which is the tempera-

“are at which most of the data were taken.
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7.0 REVIEW OF PLANT AND PILOT PLANT DATA

As parz of this program pililot plant and full-scale

system periormance dzta relating

to the coprecipitation

pacnconmenon which were available to EPA were reviewed by Radian.
Trhe purpose cf this data review was twofold:

° to define ranges of operation conditions
' under which coprecipitation is observed

tc occur. This information is important
because it Identified the variebles %o be
considered in the experimenta. phases
of the pregram, and

© to provide a basis for comparirg the

o ed in the Radian
e

riments with actual

n
(@}
{
[
o
&)
T
[
*J
~
ind)
O
'i

Tiarnce.

The Envirommental Protection Agency has obtained a
concideradble amount of cdata cen calcium sulfite/sulfate coprecip-
itation in lime ancd limestone wet scrubbing systems in pilot

clant stucdies conducted at Research Triarngle Park, Nerth Carolina.

(o]

4

In adcizien, data hawve been suppliec to EPA by Imperial Chemical

Incustries (ICI) on their Bankside Powexr Plant, by Arthur D.
Littie, Inc. (ADL) in the report "Scale Control in Limestone Vet
Scrubbling Systems', by Bechtel Corpcration on the Shawnee Test

bv Louisville Gas and Electric (LG&Z) on their

c
addy's Run Scrubber.

The ICI andé ADL data transmitted to us were incompiete

s this program was concerned since no liquor compositions

or hold tank data were reported. Complete liquid and solid phase
i

i ficant fracticn of the LG&E test runs were
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a.so 1oz availaedble. For cthis rcason, almost all of the test cat
c

a
onsicered are hased upen EPA/RTP pilot plarnts and Rechtel-Shawnee

Review of EPA/RTI? cdate included conversion of reported
liquid and solid concen:zrations from & weight basis to a molar
basis. These concentrazicns were then input <o Radian's aqueous

ionic sguilibrium program for calculacion of solution activities

and¢ relative saturazions. Sulfite and sulfate mole fractions
were calculated from solids concentrations. Calcium sulfite

precinitation rates in the sealed hcld tanks were calculated

from repforted inlet and outlet iicuor ccmpesiticas and flow rates.

Calecium sulfate precipi-zation rates were calculated from the

system cxidation rate and sulfite precipitatien rate. EPA/RIP :
and LG&E date are presentec in Appendix B along with calculatecd

activities, relazive saturrations and mcle fractions. These

values were used in defirning the varisbles considerecd in the

experimental phase ¢ this »orojce:z.

Tae EPA/RTIP, LC&E ard Shawnee data were analvzed
accordéing to the thcoretical framework developed by Radian and
in view ci the laboratoxy results of this experimental progrenm
The thecretical framework &nd Radian experimental cata sugges:

£ L

thet the gulfate mole fracticn is bSesz corvelared with th

(&)

relative caturation of calcium sulfate hemihvdrate. The results
of a graphicel analysis of this correlation for the EPA/RTP

and LG&E date is showrn i Figure 7-1.

a significant degree of scatter in the data.
Pari of this scatter is very likely due to analytical inaccuracies
Cetermination of the sulfate content c¢? the solids.

3
Corrclaticn of these pilot unit data with liguic phase properties 3
i r

is difficult since a change in one parameter is usually accom-
panied by other changes. The high degree of scatter observed in
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Exveriizental data from EPA's zlkali scrubbing
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Development of a velationship to predict the sulfate
corzers of +the ws¢lid sclution which includes the effects of
such species as chloride and magresium and the dissolution of
lime or limes*one may evplain more of the field scrubber resulrs.
ewever, many of the apparent Inconsistencies between laboratory
resulss and field data may, in fact, be due to sampling and

1

é¢ifiiculiles arising under field conditiors.

D

xperimental phase of this progran tws

Durizg the

reloted phencrmera were enccuntered. First, the presence of
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high concentration of magnesium and chloride in the solution
appear to have an overall inhibiring effect on the precipitation
rate 0f calcium sulfite and/or the sclid solution. The presence
of small quanrtities 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 coprecipita-
tion of carbonate with calcium sulfite. Some preliminary assessments
of infrared spectra of some of the limestone products indicate
the presence of carbonate in the calcium sulfite hemihydrate
crystal. This could have a significant effect on the maximum

utilization of Zimestcone achievable at low oxidation conditions.

Since the subsaturated operation of an S$0; 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 paramerers 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 shown 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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