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particle size. This would lead to an improved sludge quality and lower disposal costs.
The nucleation and crystal growth rates of calcium suifite hemihydrate were measured
in a continuous flow crystallizer. The effects of solution sulfate concentration,
residence time, suspension density and temperature on the rates were investigated. It
was determined that the nucleation rate was directly proportional to the suspension
density. The particle size distribution does not change when the suspension density is
changed. The growth rate was found to be directly proportional to the solids residence
time in the reactor. Therefore, particle size distribution cannot be increased by
increasing the residence time in the reactor.. The activation energy for CaS O3%H20

nucleation was estimated to be 4 kcal/mole within the temperatare range of 25 to 55 °°C.
The nucleation rate constant was pH dependent and had a maximum near pH 5.5.
Sulfate in solution inhibited nucleation. It was observed that there was a maximum in
the nucleation rate constant at pH 5.5.
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The rates of calcium sulfite dissolution, nucleation and crystal growth are
important in slurry scrubbing processes for flue gas desulfurization. The rates affect
the scrubber solution composition, SO» absorption, sulfite oxidation, and limestone
utilization. Sludge disposal is a significant cost in most slurry scrubbing processes for
flue gas desulfurization. The settling rate and settled density of the sludge are related to
the particle size distribution of the calcium sulfite particles.

The dissolution and precipitation rates of platelet shaped calcium sulfite crystals
were measured in a pH stat apparatus. The solution pH was varied from 3.0 to 6.0.
The effects of sulfate content in the solids and solution were also investigated. The
measured rates for the platelets were compared to the rates previously determined for
agglomerates. It was determined that there are subtle differences between platelet and
agglomerated calcium sulfite. The platelet sample with a low solid sulfate content
dissolved and crystallized slower than the platelet sample with a high solid sulfate
content. Low sulfate platelets also dissolved and crystallized slower than the
agglomerated samples. The inhibiting effect of dissolved sulfate was also greater for
the sample with low solid sulfate. The sample with high solid sulfate dissolved and
crystallized at approximately the same rate as the agglomerates.

Size distributions can be predicted if nucleation and growth rates are known.

These rates can also be used to examine prospects for increasing the calcium sulfite
vi
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Chapter 1

Background of Research

1.1 QOverview of Flue Gas Desulfurization

Sulfur dioxide into the atmosphere from coal fired power plants is a serious
pollution problem. A 1978 U.S. Environmental Protection Agency emissions report
states that 64 percent of SO; emissions are from coal fired power plants. This
contributes to the acid rain problem of forest damage and acidic lakes (Tomlinson,
1983).

Desulfurization of flue gas is used to reduce the SO; emissions from power
plants. The commercially accepted methods for flue gas desulfurization (FGD) are
known as throwaway scrubbing processes. In these processes SOy is removed from
stack gases with a lime or limestone slurry and CaSQ3/CaSQ;4 solids are produced.

1.1.1 Wet Slurry Scrubbing

Slurry scrubbing is the dominant commercial throwaway process. A simple
system is shown in Figure 1.1 (Rochelle and King, 1978). This process reacts lime
(CaO) or limestone (CaCO3) slurry with the flue gas in the scrubber. CaS03/CaSOy
solids are precipitated mainly in the crystallizer which is usually a stirred tank . Most of
the crystallizer liquid effluent is recycled to the scrubber. The liquid hold-up time is
generally between 10 and 20 minutes. This ensures that crystallization occurs in the
hold tank and not in the piping and spray headers of the scrubber. A portion of the
slurry is withdrawn for liquid/solid separation. This stream contains 5 to 15 weight

percent solids with most systems designed to handle 10 weight percent. The solids
1



residence time varies from 4 to 25 hours. Most systems are designed with solids
residence times on the order of 20 hours (Morasky , 1979 and Borgwardt ,1980).

One serious problem of wet slurry scrubbing systems is CaS03/CaSQq4 scaling
in the scrubber. The scrubber feed must not be supersaturated to CaSQ03/CaSO4. This
makes the crystallizer parameters and liquid circulation rates particularly important.

Solid waste disposal is another important problem in throwaway processes.
Particle size, shape and sulfate content of the solids effect the dewatering properties of
the sludge (Baczek et al., 1986). In particular, calcium sulfite tends to precipitate as
rosette shaped crystals in lime systems. Platelets are generally formed in limestone
systems (Phillips, 1972). Rosettes are more difficult to dewater than platelets and tend
0 be unstable in landfills.

A

0.05-0.10 m/] Dissolved
Solids
e ™\
Liquid

CaCOszaO /_,_

_— |
Flue Gas
Scrubber 5-1 5 %
Solids
Crystallizer
Solids

Figure 1.1. Simple Slurry Scrubbing



1.1.2 Clear Solution Scrubbing

The dual alkali process overcomes the scaling problem of wet slurry scrubbing.
S0; is absorbed in a clear solution or sodium sulfite to produce sodiuvm bisulfite. The
scrubbing solution is regenerated by lime of limestone to produce CaS03/CaSQy4
solids. A simple process diagram is shown in Figure 1.2. The solids concentration of
the scrubber effluent is 2-5 weight percent. This is lower than the simple lime or
limestone slurry processes. The residence time of the solids in the crystallizer is also

lower, approximately 100 minutes (Chang et al., 1982).

The solid/liquid separation system is more complex than wet slurry scrubbing.
Higher scrubber reliability, higher removal efficiency, and no contaminated liquid
effluent are considered major advantages (Cornel and Dahlstrom, 1973).

Recent experience with a limestone dual alkali process showed problems with
the build up of fine solids and high oxidation of sulfite to sulfate (Chang and Kaplan,
1983). This resulted in néedle—shaped crystals that were difficualt to dewater. This was
also observed by Simpson and Withelm (1985).
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Figure 1.2, Dual Alkali Process

1.1.3 Sprav Drving

Spray drying is a recent development for controlling SO7 emissions. It was
driven by the desire to obtain a cost effective method of controlling sulfur emissions
tfrom low sulfur coal (Doyle and Jankura, 1986). Tests are currently being run to
evaluate the feasibility of retrofitting spray dryers at existing power plants that burn
medium to high sulfur coal (Brown et al., 1988).

A typical dry scrubbing system is shown in Figure 1.3. A Ca(OH)> slurry is
fed to the spray dryer where it is contacted with the hot flue gas. SOy is absorbed by
the fine droplets and reacted to form CaS03/CaSQy solids. At the same time the hot
flue gas evaporates the water and a dry powder is produced. The dry CaS03/CaSOy4,
fly ash and unreacted Ca(OH); are collected by fabric filters or electrostatic precipitators
(Reinhauer, 1983 and Rochelle, 1982).



Spray dryer waste consists mainly of fly ash particles (75 weight percent)
mixed and coated with CaS03/CaS0y and unreacted Ca(OH);. The physical and
chemical properties of the spray dryer waste are similar to fly ash since fly ash is the
major fraction of the waste (Klimek et al., 1986). Particle size and shape of the

CaS03/CaSOy4 solids are not as important in dry scrubbing as they are in wet systems.

Warm Flue Gas
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Dryer

Flue Gas & Solids

iy

[ )=
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>
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Clean Gas to Stac

Baghouse

4

Sorbent Slurry Product Selids &
Tank F1y Ash Disposal

Figure 1.3. Spray Drying Process



1.2 Previous Work

The dissolution and crystallization of CaS03/CaSO4 are important in FGD
systems because they effect the scrubber solution composition. Therefore, they can
also effect SO absorption, sulfite oxidation and lime or limestone dissolution (Chan
and Rochelle (1982), and Jarvis et al. (1988)). Since stack gases contain oxygen some
of the sulfite will be oxidized to sulfate. A mixture of CaS03/CaSQ4 is obtained as the
product. The sulfate content of the solids can effect the crystal size and shape. Crystal
size and shape determine the ease of dewatering and thus the economics of waste
disposal.

1.21 Dissolution and Precipitation

A significant amount of work has been done to characterize and improve the
quality of the flue gas scrubber sludge. Philips et al. (1972) evaluated sludges from a
limestone and lime scrubbing systems. The limestone sludge contained platelet shaped
calcium sulfite hemihydrate crystals. Solids from the lime sludge were rosette shaped.
The settled density for the limestone sludge (48 wt. % solids) was greater than that for
the lime (34 wt. % solids). This results in easier dewatering of the limestone shudge.

Ottmers et al. (1974) performed experiments to measure the precipitation rate
of calcium sulfite. The rate was found to be first order relative to the supersaturation of
calcium sulfite. Meserole et al. (1983) determined the effects of high concentrations of
dissolved ions on the precipitation of calcium sulfite hemihydrate, gypsum and a solid
solution of calcium sulfite/calcium sulfate.

Jones et al. (1976) confirmed the formation of a solid solution of calcium
sulfite/calcium sulfate hemihydrate using x-ray diffraction and infra-red spectroscopy.
Setoyama and Takahashi (1978) determined that sulfate substitutes for sulfite in calcium
sulfite hemihydrate and that the substitution is a function of reaction temperature. The
calcium sulfate content in calcium sulfite hemihydrate was 10 wt. % at 15°C and



increased to 22 wt. % at 83°C. Edwards (1979) performed crystal sizing studies and
determined that the crystal size distributions obtained using a Coulter Counter were
reliable.

Tseng and Rochelle (1986 a,b) determined the dissolution and crystallization
rates of calcium sulfite in aqueous solutions as a function of pH, dissolved sulfite and
sulfate, and temperature. The dissolution rate was accurately modeled by assuming the
solids are spherical particles in an infinite stagnant solution and accounting for the effect
of solution equilibria on the mass transfer driving force. The crystallization rate
(correlated with BET surface area rather than size) was found to be second order
relative to the calcium sulfite supersaturation. The presence of sulfate in solution
reduces both the dissolution and crystallization rates. Several different seed crystals
were used in these studies. They varied in sulfate content and crystal habit
(agglomerates and rosettes).

1.2.2 Nucleation and Crystal Growth

Although there have been numerous studies of the precipitation rate of calcium
sulfite, separate nucleation and growth rate information is rare. A recent study by Kelly
(1983) measured the growth rate of calcium sulfite. He also performed experiments to
determine the effects of various chemical additives on the metastable limit and the
crystal habit. Alvarez-Dalama (1986) performed experiments to determine the
nucleation and crystal growth rates of calcium sulfite. Also investigated were the
effects of high chloride, magnesium, and sodium levels on the crystal habit. Both
Alvarez-Dalama and Kelly used a mixed-suspension-mixed-product removal (MSMPR)
crystallizer and analyzed the data by the population balance approach. This has the
advantage that both nucleation and growth rate determinations can be made at the same

time.

Benson et al. (1988) studied calcium sulfite crystallization in the magnesiuvm-

lime system. Their laboratory experiments confirmed industrial experience in which



longer residence times and higher solids density resulted in smaller particles. This is
the opposite of what occurs in limestone systems. The crystals that form in
magnesinm-lime systems are rosettes comprised of thin platelets. The rosettes are more
susceptible to breakage by agitators and pumps than the thicker platelet crystals formed
in limestone systems.

Many other researchers used the population balance approach to study different
systems. Randolph and Cise (1972) measured nucleation rates of the potassium
sulfate-water system. They correlated their data using a secondary power-law kinetic
model and found that the crystal growth rate of potassium sulfate was size dependent.

Grootscholten et al. (1982) studied the effect of impeller type in a MSMPR on
the secondary nucleation rate of sodium chloride. They found that a marine propeller
gave lower nucleation rates than a pitched blade impeller under identical conditions.

Youngquist and Randolph (1972) found a strong dependence of the stirring rate
on the nucleation rate of ammonium sulfate in water. They also found a linear
dependence of the nucleation rate on solids concentration. This indicates that nuclei are
generated by the collisions of the seed crystals with the impeller blades.

Girolami and Roussean (1985) studied the potassium alum-water system. They
concluded that size-dependent crystal growth is a manifestation of growth rate
dispersion. Size-dependent crystal growth occurs when a crystal grows at a different
rate when small than when large. Growth rate dispersion occurs when crystals grow at
different rates even though they have the same size. These two phenomena are very
difficult to distinguish since their effect on the crystal size distribution is the same:
higher nuclei population densities and an increase in the spread of the size distribution.
Several other studies (Bergland et al. 1982 and 1983, Liang et al. 1986, Garside and
Janic 1976) also found nuclei to have a distribution of growth rates but individual
crystals to have constant growth rates. Zumstein and Rousseau (1987) developed
models including both growth rate dispersion and size dependent growth. The
solutions to the population balance for a MSMPR and a batch crystallizer are given.



Gradual classification in continuous crystallizers can also give similar crystal
size distributions as growth rate dispersion and size dependent growth. This occurs
when residence time for small crystals is less than for large crystals. Bourne and
Zabelka (1980) show how the potassium alum - water system behaves when gradual
classification occurs due to inadequate mixing.

Impurities can have a appreciable effect on crystallization kinetics and crystal
habit. Shor and Larson {1971) studied the effects of various ionic additives and surface
active agents on potassiom nitrate crystals obtained from a continuous cooling
crystallizer. They found some ionic additives increase crystal size while surface active
agents decrease crystal size. Peters and Stevens (1982) found that the presence of iron
inhibited the growth of calcium carbonate and magnesinm hydroxide. Randolph and
Puri (1981) studied the sodium tetraborate decahydrate (borax)'system. They found
that surface active agents inhibited nucleation rates while ionic additives increased
nucleation. Both additives decreased the growth rate. Organic additives essentially
stopped nucleation at the ppm level. This system is of particular interest since it
exhibits classical secondary nucleation behavior.

A variety of crystallization systems have been investigated by many researchers.
Table 1.1 is a summary of the power law kinetic expressions that were determined for
CaS0s3 and other compouwds. These experiences can be used to analyze CaSQ3/CaSQy
crystallization, Secondary nucleation has been found to be the dominant nucleation
mechanism in crystallizers with significant solids concentration. Therefore,
CaS03/CaS0Oy4 data can be correlated using a power law kinetic expression. Propeller
type, level control and adequate mixing are a few important considerations in
crystallizer design. Deviations from ideal behavior (size independent growth) must be
analyzed carefully since a number of factors can give the same results. Impurities and
additives can have a dramatic effect on crystallization kinetics. This can be seen in the
kinetic order on the growth rate for the CaC0O3/Mg(OH)s system (Peters and Stevens,
1982). When iron is present the kinetic order increases from 2.0 to 13.9. This
indicates a drastic decrease in the crystal growth rate of CaCO3. Iron poisoned the
surface of the crystals and therefore reduced the amount of scale adhering to the reactor

walls. Impurities are particularly important in FGD systems where manganese,
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magnesium, aluminum, chloride, iron, adipic acid and thiosulfate are a few impurities

and additives present.

In general, if the exponent on the growth rate is near 1.0, the particle size

distribution does not increase if the solids residence time in the reactor is increased.

This is because the quantity Gt is constant (Randolph, 1971). Also, if the exponent on

the solids density (Mr) is near one, the shape of the particle size distribution curve is

independant of M.

Table .1 Summary of Power Law Expressions: Previous Work

Compound

CaS03/CaS0Oy
in Mg-Lime Systems

CaS03/CaS04 (with C1)
(with S§04=)

CaS03/CaSO4
Caso4%H20

CaSQ42HO

CaCO3/Mg(OH)p(no iron)
(with iron)

Borax

NH4NO3

NaCl (marine propelier)

(pitched blade)

KCl

Power Law Expression
RO = K ,GO63M 2.6
BO = K,GL1M0.6

BO = K,GL-1M22

B0 = K GO94M 1.1
BO = Kp(T)G3-19

RO = K,G148Mp1.27

BO = K,G20
Bo = K,G13.9

BO = K, G148\ 084
B0 = K,G1220,0.98

B9 = K,(RPM)2G2Mpl
B0 = K (RPM)23G 20l

BO = K(RPM)KG1.67-2.95)10.7-1.21

Reference

Randolph,Benson
Wilhelm (1988)

Alvarez-Dalama (1986)

Kelly (1983)
Sikdar, Ore,Moore (1980)

Etherton,Randolph (1981)

Peters, Stevens (1982)

Randolph, Puri (1981)

Youngquist
Randolph (1972)

Grootscholten, Leer,
Dejong (1982)

Quin et al. (1987)



1.3 __Scope of Investiocation

There are two major objectives of this work:
- Measure and model the dissolution rate of platelet samples of calcium
sulfite hemthydrate at conditions typical of FGD processes.
- Quantfy the nucleation and crystal growth of calcium sulfite
hemihydrate.

Two platelet samples of CaS03/CaSQO4 solids were obtained from industrial
scrubber systems. These solids were characterized by infra-red spectroscopy, scanning
electron microscopy, Coulter Counter particle size analysis and BET surface area
measurement. The pH-stat method was used to measure the dissolution, and
precipitation rates of the platelet seed crystals. The effects of pH, solution composition
and sulfate content of the seed crystals were studied and compared to previous work
using agglomerated seed crystals (Tseng, 1986).

The pH-stat apparatus was modified from a semi-batch system to a mixed-
suspension-mixed-product-removal (MSMPR) reactor in order to measure the
nucleation and crystal growth rates of calcium sulfite hemihydrate. The effects of pH,
solution sulfate concentration, solids residence time, solids concentration and
temperature on nucleation and growth kinetics were investigated. The product crystals
were characterized using scanning electron microscopy, iodine titration, BET surface
area (for representative solids only) and Coulter Counter particle size analysis.



Chapter 2

Batch Experiments with Platelets

2.1 Summary

The rates of calcium sulfite dissolution and crystallization are important in shurry
scrubbing processes for flue gas desulfurization. The rates affect the scrubber solution
composition, SO7 absorption, sulfite oxidation, and limestone utilization. The
dissolution and crystallization rates of platelet shaped calcium sulfite crystals were
measured in a pH stat apparatus. The solution pH was varied from 3.0 to 6.0. The
effects of sulfate content in the solids and solution were also investigated. The
measured rates for the platelets were compared to the rates previously determined for
agglomerates. It was determined that there are subtle differences between platelet and
agglomerated calcium sulfite. The platelet sample with a low solid sulfate content
dissolved and crystallized slower than the platelet sample with a high solid sulfate
content. Low sulfate platelets also dissolved and crystallized slower than the
agglomerated samples. 1he inhibiting effect of dissolved sulfate was also greater for
the sample with low solid sulfate. The sample with high solid sulfate dissolved and

crystallized at approximately the same rate as the agglomerates.

2.2 Dissolution

2.2.1 Theory

Calcium sulfite dissolution can be modeled as mass transfer from spherical

particles in an infinite stagnant solution. Tseng (1983) discusses in detail the mass
12



transfer theory and the effects of solution composition and particle size on calcium
sulfite dissolution. Briefly, the steady state mass transfer model assumes that chemical
equilibrium 1s maintained for all chemical species in the bulk solution, boundary layer
and at the particle surface. The Bechtel-modified-Radian Equilibrium Program (Lowell
et al., 1970) was used in the model to calculate the equilibrium constants. The
boundary conditions for the model are the solubility product (Ksp) of calcium sulfite at
the particle surface and the specified bulk concentrations. lonic neutrality and material
balances complete the equations that are needed to determine the concentrations of all

chemical and ionic species in the boundary layer. The two adjustable parameters in the
model are the solubility product (Ksp) and the Sherwood number (Sh).

The Kgpy (Equation 1) is important because it determines the boundary condition
sp &4 p .

at the particle surface.
Kgp =laca™ag037] (D

Solids with different sulfate content have different Kgp values. The Sherwood number

1s a dimensionless group for mass transfer (Equation 2).

sh =< @
For small spherical particles in a stagnant solution, the value of the Sherwood number
is 2.0, This result is obtained by solving the continuity equation for mass transfer
(Chan, 1981). For a siaigle spherical particle the rate of dissolution is given by

Equation (3).

dv  Shadp(DAC
.a.t_z___li.jg.__.,.,.), (3)

where AC=C-Cq

13
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The quantity DAC is calculated from the mass transfer model. Integration of Equation
(3) results in the volume fraction remaining of a single particle after time t. For a given
particle size distribution, the total fraction remaining is given by the summation over the
particle size distribution (Equation 4).

Vo kt M\l:.5
LA S (1 - 4
o= 201 - o) )
4
wherek:M
P

Deviations of the Sherwood number from 2.0 are due to the presence of large
particles, non-spherical particles or to mixing. Rochelle et al. (1983) used a correlation
by Calderbank and Moo-Young to model the limestone dissolution rate (Equation 3).
Equation 5 is a combination of the stagnant result and and agitation term for larger
particles. For large particles the second term dominates the dissolution rate. For smail
particles the first term (stagnant term) dominates.

i}n:_—{mc 2D dp + 0.13[@]”4
{ P Pe

2.2.2 Seed Crvstal Characterization

L

(Q__)QdeZ] (5)

Two samples of calcium suifite hemihydrate were obtained from industrial
scrubbers. Sample 1 was prepared from an industrial sample obtained from Acurex
Corporation . It was generated during pilot plant testing in which thiosulfate was used
as an additive to inhibit oxidation of sulfite to sulfate. The limestone present in this
sample was dissolved in the pH stat apparatus at a calcium sulfite saturation of
approximately 1.0. This partially dissolved sample was then grown in the pH stat with
the calcium sulfite saturation at approximately 5.0. The results are large single platelet
crystals (Figure 2.1)



Sample 2 was obtained from the hold tank of a scrubber from Houston
Lighting and Power (June, 1986). The limestone content was very low (2-5 wt. %).
The solids were rinsed with distilled water, filtered, and dried. The solids were
characterized (Table 2.1) by infrared spectroscopy (IR), scanning electron microscopy
(SEM), BET surface area measurement, and particle size analysis (Coulter Counter),
Table 2.2 contains the particle size distributions. SEM photographs of the two samples
are given in Figures 2.1 and 2.2.  Both samples were platelet crystals, but sample 1
was low in sulfate content (2.4+0.5 mole %) and had a particle thickness of
approximately 5 um. Sample 2 had a high sulfate content (1530.5 mole %) and a
thickness of less than 1 um. The median particle diameters for the samples were 16
and 14 2 um, respectively. The BET surface area for sample 1 (1.020.5 m2/g) was
less than that for sample 2 (2.840.2 m2/g). The error in the BET measurement is larger
for the low surface area samples. This is because in nitrogen absorption there is a large
error in the equilibrium pressure measurements at low pressures. Also included in
Table 2.1 are the characteristics of the agglomerated samples previously studied by
Tseng (1983). The Kgp and the Sherwood number will be discussed later.

2.2.3 Experimental Apparatus and Procedure

The dissolution rate of calcium sulfite hemihydrate was determined by the pH
stat method. The experimental apparatus was a batch slarry reactor with mechanical
stirring and gas sparging (Figure 2.3). Details of the batch reactor are shown in Figure
2.4, It was the same apparatus that was used in previous studies of calcium sulfite

dissolution and crystallization (1,4,5). The reactor solution contained 1.0 liter of 0.1 M
CaClp, 10 mM NapSO3 and 2 mM platelet seed crystals. The agitator speed was set at

700 rpms. The reactor was sparged with high purity Ny for a half hour before the
addition of the calcium sulfite seed crystals. This was done to remove oxygen from the

solution in the reactor. The gas sparger was lifted above the solution level to blanket it
with Ny during the rate measurement. This procedure reduces the oxidation of sulfite

to sulfate during the experiment. The pH was automatically controlled to * 0,02 units
by titrating with 0.02 to 0.2 M NapSO14. The experiments were performed at room

temperature.

15
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Table 2.1 Characteristics of Seed Crystals, Adjusted Sherwood Number
and Kg, of Calcium Sulfite (0.1 M CaClp, 10 mM NapSOs3, 23°C)

Crystal Habit Platelets Agglomerates (4,5)
Sample No. 1 2 Seed1 Seed3 Seed5
CaS04 Content (£0.5 mole %) 2.4 15 3.4 10.7 1.0
BET Surface Area (m2/g) 1.0£+0.5 2.8£0.2 19403 9.540.1 1.240.5
Median Size (£2.0 um) 16 14 16 13 18
Kgpx 107(no sulfate) (M2) 1.6£0.2  3.2404 2.720.4 3.4+04 24404
Sh (no sulfate)(#0.1) 2.0 3.8 3.4 3.8 4.0
Kgp x 107(10 mM sulfate)(M?2)  2.2+0.3 3.4+0.4 - - -
Sh (10mM sulfate )(20.1) 0.3 1.4 - - -

Table 2.2 Calcium Sulfite Particle Size Distributions

Coulter Counter TAII (Electrolyte: 4 wt% CaCla, 140, 200, and 400 um
apertures) :

Effective Diameter-lower limit CaSO3 Volume Percent

() Sample Number
1 2
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Figure 2.1 SEM Photograph of Sample 1 .

Magnification 540X

re 2,2 SEM Photograph of Sample 2
Magnification 600X
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Figure 2.4 Details of the Batch Reactor

As calcium sulfite dissolves, the pH increases. To keep the pH constant, HCl
was added to the reactor according to Equation (6).

CaSO35H0 + HCL — Cat+ + HSO3" + H20 + CI- 6

The HCI titration rate is not exactly equal to the calcium sulfite dissolution rate. There
is an equilibrium relationship which must be included (Equations 7,8).

HSO3™ Ka;504~ + 1t N



14K, [H™

=rmoles HCl
add@d Ka[H+]

moles CaSO, (8)

dissolved

The equilibrium constant K used in the rate calculation was determined experimentally
by Tseng (1983) and has the value 1.1x10-0 M2 in 0.1 M CaCly at 25°C.

In a dissolution experiment the fraction remaining, F, can be calculated from the
volume of HCI titrated as a function of time. With a numerical solution of Equation
(4), the value of kt can be calculated as a function of the fraction remaining and the
initial particle size distribution, #j. The time interval for 45 to 55 percent of the solids
to dissolve is measured. Then the experimental rate constant can be determined from
Equation (9).

. (k)ss - (ktas
k=55 s ©

2.2.4 Results and Discussion

The calcium sulfite hemihydrate dissolution rates were measured for platelet
seed crystals with different sulfate contents. The pH was varied from 3.5 to 4.2 in 0.1
M CaCly and 10 mM NapSQ03. With the large amount of Ca*™ in solution, the calcium
concentration did not change significantly during the dissolution experiment. The
sulfite and sulfate concentrations were the important factors. The results are compared
to previous work by Tseng (1986) in which the seed crystals were agglomerates.

2.2.4.1 Effects of Particle Size/Shape and Sulfate Content in the Solids

The dissolution rate constant is plotted as a function of pH for the two platelet
samples in Figure 2-5. The curves given in Figure 2-5 were calculated by the stagnant

solution mass transfer model. The Sherwood number (Sh) and the solubility product
(Ksp) were adjusted to give the best fit of the model for each seed crystal and each

20
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sulfate solution concentration (Table 2-1}. First the Sherwood number was
determined. Changes in the Sherwood number affect the vertical placement of the
curve. Then the Ksp was determined. The Ksp affects the equilibrium pH and
therefore where the slopé of the curve approaches infinity. The general shape of the
curve 1s not affected by reasonable values of Ksp and Sh. Therefore, once the

endpoints were fixed, intermediate predicted values of the rate constant and the
experimental values were close.,

1000
® Sample 1
10 mM Sulfate
Sample 2
100
Dissolution 10 mM Sulfate

Rate Constant
k x1E+10

mz2/s
{c ec)10

3.4 3.6 3.8 4.0 4.2 4.4 4.6

Figure 2.5 Effects of Solid and Dissolved Sulfate Content on Calcium
Sulfite Dissolution Rates and Equilibrinm p¥H.
(0.1M CaClp, 10mM NapS03, 23°C
Curves Calculated by the mass transfer model)

For a given Kgp, the predicted rate is directly proportional to the Sherwood
number. For example, the low sulfate platelet sample 1 has a measured dissolution rate
of 6.6 10.2x10-9 cm?/sec (at pH 3.5). A Sherwood namber of 2.0 and Kgp of 2.2x10-7



M2 results in a predicted rate constant of 6.5 x 10 cm?2/sec at pH 3.5. A £0.1 (5%)
change in the Sherwood number results in a £0.4x10-10 (6%) cm2/sec change in the
predicted dissolution rate constant. This change in the rate constant is approximately
the same as the experimental error. At pH values greater than 0.5 pH units below the
equilibrium pH, the predicted rate is insensitive to the value of the Kgp. Therefore, the
reported vaiues of the Sherwood number should be good within &5 percent.

Near equilibrium, the dissolution rate is very sensitive to the Kgp. The
confidence in the value of the Kgp is related to the accuracy in the measured value of the
pH. With the pH measurement good to +0.05, the Kgp1s accurate within 12 percent.
For example, the low sulfate platelet sample 1 has a measured dissolution rate of 3.5
£0.2x10-10 cm?/sec (at pH 4.1). A Sherwood number of 2.0 and Kgp of 2.2x10-7 M2
results in a predicted rate constant of 3.6 x 10-9 cm?/sec at pH 4.1. A #0.2x10-7 (10%)
change in the Kgp results in a £0.5x10710 (15%) cm?/sec change in the predicted
dissolution rate constant. This change in the rate constant is approximately the
experimental error.

The dissolution rate appears to be affected by both particle shape and the sulfate
content of the solids. The low sulfate platelets (sample 1) dissolved slower than the
other two samples and had the lowest equilibrium pH. The high sulfate platelets
(sample 2) dissolved at approximately the same rate as the agglomerated samples, but
sample 2 had a slightly higher equilibrium pH than the agglomerates. This is reflected
in the values of the Sherwood number and Kgp determined for each seed crystal. The
Sherwood number reflects the changes in agitation, particle size and shape. In these
experiments the Sherwood numbers for thin platelets (sample 2) and agglomerates are
3.4 t0 4.0. Large non-spherical particles and mixing can cause the Sherwood number
to be higher. Rochelle et al. (1983) used the Calderbank and Moo-Young expression

(Iiquation 5) to predict limestone dissolution rates. Equation 5 can be rewritten as

av .
= -KVplA[1+B V1] (10)
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where K. =613 ShD ACr2/3/p

0.080G7 81)]_;/4 D 273
Aoy
Pe v

Equation (10) can be set equal to the stagnant dissolution rate expression (Equation 3)
with the definition of the experimental rate constant substituted into Equation 3. The
result is Equation (11).

}f—dz [VplB3 + BV,23] (11)

Substitution for K and solving for the Sherwood number results in Equation(12).

h= <P
D AC(1+BV1/3)

(12)

The value of B was experimentally determined by Rochelie et al., (1983) to be
0.04 micron -1 for a similar reactor set up with similar agitation as Figure 2.4. Typical
values of D AC and k and an average particle size of 15 microns are listed below.

p = 0.0194 mole/cm? for calcium sulfite hemihydrate
k=5.0x 109 cm?%/sec

DAC=2x10%8 EE}Q.IESP_Q
liter-sec

The Sherwood number calculated from Equation (12) is 2.6. Therefore agitation and
larger particles account for a significant extent for the higher Sherwood number.

The value of the Ksp determined for each seed crystal appears to be dependent
on the solids BET surface area. Figure 2.6 is a plot of the Kgp as a function of the BET
surface area. The Kgp increased as the BET surface area of the solids increased. This
is the direction one expects the Kgp to change as a result of surface energy interactions
between liquid and solid.
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Figure 2.6 Solubility Product (Ksp) of Calcium Sulfite as a Function of
BET Surface Area

2.2.4.2 Effects of Dissolved Suifate

The effects of sulfate were determined by adding 10 mM NaySQy4 to the reactor
solution. This corresponds to a gypsum saturation of 1.0 (12). Figure 2.5 is a plot of
the experimental rate constant as a function of pH. The presence of sulfate inhibits the
dissolution rate of plateler calcium sulfite at low and high values of pH. Tseng (1986)
found that sulfate in solution also inhibited the dissolution rate of agglomerated calcium
sulfate. The amount that the rate decreased is approximately the same for sample 2 and
the agglomerates. Sulfate in solution has a slightly greater inhibiting effect on sample 1
with low sulfate and low surface area.

The mass transfer model can be used to model these results by reducing the
Sherwood number and Ksp (Table 2.1). This suggests that dissolution of calcium

sulfite in the presence of sulfate is still mass transfer controlled, but the effective area
for dissolution is reduced (Tseng, 1986). The sulfate ions may adsorb onto the large
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faces of the crystals which would leave only the edges available for dissolution. This
would result in slower dissolution rates in the presence of sulfate and also slower

dissolution rates for platelets than agglomerates,

2.3 Crvstallization

2.3.1 Experimental Apparatus and Procedure

The crystallization rate of calcium sulfite crystals was also determined by the pH

stat method. The agitator speed was set at 450 rpm. The reactor solution (0.1 M
CaClp, 10 mM NapSO3 and 1 mM platelet seed crystals) was sparged and blanketed

with Ny in the same manner as in the dissolution experiments, The experiments were

performed at room temperature.

When calcium sulfite crystallizes, SO3= is consumed according to Equation
(13).

Cat++ 803+ 20 > CaS03 0 (13)

This causes H' to be released into solution to maintain the equilibrium relationship
between SO3™ and HSO1~ (Equation 7).

This pH drop causes the pH stat to dispense NapSO3 to maintain the pH at the

original value. Therefore the crystallization rate of calcium sulfite is equal to the
titration rate of NapSOg. The crystallization rate was determined when the
concentration of solid calcium sulfite had doubled to 2ZmM. This rate was then

normalized by the BET swface area of the initial seed.

The crystallization rate was correlated as a function of calcium sulfite relative
supersaturation. Supersaturations were calculated by the Bechtel-modified Radian
Equilibrium Program (Lowell et al., 1970). The relative saturation is defined by:



_Acatt 8505

RS, = (14)
CaSO3 KSP

The value of the Ky, used in the correlation was based on the Kgp determined in the

dissolution experiments.

2.3.2 Results and Discussion

The calcium sulfite crystallization rates were measured for platelet seed crystals
with different sulfate contents. The solution pH was varied from 4.7 to 6.0 in 0.1 M
CaClp and 10mM NazSQs. This corresponds to a calcium sulfite relative saturation of
approximately 2 to 15. Sulfate was added to the reactor solution at pH 5.25 to quantify
the inhibiting effect of sulfate on platelet calcium sulfite. The results are compared with

previous work by Tseng (5) in which the seed crystals were agglomerates.

2.3.2.1 Crvstallization Rate Correlation

Tseng (1986) found that the crystallization rate of agglomerate seed crystals was
second order relative to the supersaturation of calcium sulfite and inversely proportional
to gypsum saturation (Equation 15). The crystailization rate is normalized by the BET
surface area of the solids. With that representation, the magnitude of the crystallization
rate for platelets is comparable to agglomerates.

2
R (0 g 7046 10x103RT) ROCag00 - 1 (1)

, ) =
1}1111—01112 RS CasS04

The gypsum saturation was taken to be 0.025 when no sulfate was added to the reactor.

Figure 2.7 is a plot of the crystallization rate as a function of relative
supersaturation for the two platelet seed crystals and the agglomerates previously
studied by Tseng. The order of calcium sulfite supersaturation dependence is 3.0+0.3
and 2.8+0.2 for platelet samples 1 and 2, respectively. The high sulfate platelets
appear to crystallize faster than either agglomerates or low sulfate platelets. Data taken
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at calcium sulfite relative saturations higher than 10 were excluded from this analysis.
At high satarations the crystallization rate was very fast. Nucleation and crystal growth
occurred before the seed crystals could be added to the reactor. This is higher than the
second order dependence determined by Tseng(1986). However, if only the data at
low supersaturations is analyzed, the order is closer to 2 which is in agreement with

Tseng.

The dependence of the growth rate on the supersaturation from these semi-batch
experiments can be used in Chapter 3 (continuous experiments) to predict the nucleation
rate as a function of supersaturation (see Section 3.4.5). Since continuous crystallizers
operate at supersaturations very close to zero, a second order dependence will probably

predict nucleation rates more accurately.

10000 &

1000 1

Crystal Growth
Rate
R x 1E+10
{mole/min-cm2)

10C ¢

% |ow Sulfate Solids
©  High Sulfate Solids

16

B Agglomerates
1 7
1 10 10¢
Relative Supersaturation of
Calclum Sulfite
[RS - 1]

Figure 2.7 Calcium Sulfite Crystallization Rate
{0.1M CaClp, 10mM Na2503, 23°C)

27



2.3.2.2 Effect of Gypsum Saturation

The effect of dissolved sulfate on the crystallization rate of platelet calcium
sulfite was determined by varying the gypsum saturation from 0.025 to 2.0 at a set pH
(5.25). Table 2.3 is a summary of these results. The crystallization rate decreased as
the dissolved sulfate increased for the low sulfate platelets (sample 1).

Tseng (1983b) found that crystallization rate was inversely proportional to
gypsum saturation. Correlation of sample 1 data results in a slightly higher sulfate
dependence, -1.4+0.3 (Equation 12). Again, if only the lower saturations are used to

determine the order, the value is closer to one which is in agreement with Tseng.

Rate o (RSCas0,) -1.4 (16)

The higher order could be due to the sulfate ions adsorbed onto the large faces
of the crystals. This would leave only the edges available for crystal growth and result
in slower crystallization rates in the presence of sulfate. Also, platelets would
crystallize slower than agglomerates.
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Table 2-3. Effects of Gypsum Saturation on the Crystallization Rate of
Calcium Sulfite Seed Crystals
(0.1 M CaClp, 10 mM NapS03, pH 5.25,23°C)

Seed Crystal RS(CaS0O3  RSCaSOa Rate (moles/min-cm?2)
Sample 1 6.8 0.025 3.1 x10-8
Low Sulfate 6.7 0.5 8.6 x10-9
Platelets 6.5 1.0 6.4 x10-9
6.3 2.0 1.2 x10-9
Sample 2 4.3 0.025 4.0 x10-8
High Sulfate 4.1 0.5 3.0 x10-9
Platelets
Agglomerates 5.2 0.025 2.0 x10-8
Seed 1 4.8 1.9 6.1 x10-9
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2.4  Nomenclature

a activity %))
C solute concentration in bulk liquid (M)
Cs solute concentration at particle surface (M)
d particle diameter {cm)
Dp Cat++ diffusivity (cm?/sec)
F total fraction of particles remaining
k dissolution rate constant (cm2/sec)
ke mass transfer coefficient (cny/sec)
Ka equilibriun constant
Ksp  calcium sulfite solubility product (M?)
M molarity (mole/liter)
R crystallization rate based on BET surface area (mole/min-cm?2)
RS relative saturation
Sh Sherwood number
t time (sec)
T temperature ( K)
v volume of single particle (cm3)
Vr total volume of particles (cm3)
Vo total initial volume of particles (cm?3)
Greek Symbols
e agitation power per gram solution (cm?2/sec3)
Pe density of solution (gm/cm3)
Y kinematic viscosity of solution (cm?/sec)
p crystal dersity ( 0.0194 mole/cm3)
o] fraction of total particle volume with diameters from dJ' to dj+1



Chapter 3

Nucleation and Crystal Growth

3.1 Suymmary

Sludge disposal is a significant cost in most slurry scrubbing processes for flue
gas desulfurization. The settling rate and settled density of the sludge are related to the
particle size distribution of the calcium sulfite particles. Size distributions can be
predicted if nucleation and growth rates are known. These rates can also be used to
examine prospects for increasing the calcium sulfite particle size. This would lead to an
improved sludge quality and lower disposal costs.

The nucleation and crystal growth rates of calcium sulfite hemihydrate were
measured in a continuous flow crystallizer. The effects of solution sulfate
concentration, residence time, suspension density and temperature on the rates were
investigated. It was determined that the nucleation rate was directly proportional to the
suspension density. The particle size distribution does not change when the suspension
density is changed. The growth rate was found to be directly proportional to the solids
residence time in the reactor. Therefore, particle size distribution cannot be increased
by increasing the residence time in the reactor. The activation energy for CaS 03-%{120

nucleation was estimated to be 4 kecal/mole within the temperature range of 25 to 55 °C.
The nucleation rate constant increased over the pH range of 4.5 to 5.5. Sulfate in

solution caused the nucleation rate to decrease.
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3.2 Theory

There are two major processes in crystallization:

1. Nucleation (new crystal formation)
2. Crystal growth

The driving force for both of these processes is the liquid supersaturation. Crystal
growth occurs at low levels of supersaturation, but nucleation does not (Kelly, 1983
and Otmers et al., 1974). Sometimes nucleation will not occur unless seed are
introduced (Strickland-Constable, 1980). Consequentially, for a guantitative study of
crystallization, nucleation and growth must be considered distinct phenomena.

3.2.1 Nucleation

There are three mechanisms of nucleation:

1. Homogeneous - formation of new crystals due to only the liquid
‘ supersaturation.
2. Heterogeneous - formation of new crystals due to the presence of
foreign insoluble material,
3. Secondary - formation of new crystals in the presence of the same

type of crystals.

In industrial crystallizers, secondary nucleation is the most important
mechanism. Clontz and McCabe (1971) demonstrated that contact energy and
supersaturation are important factors in new crystal formation. An empirical power law
expression has been found to adequately predict the nucleation rate (B%) for most
secondary systems. Equation 1 is the power law equation which shows that the

nucleation rate is a function of the suspension density (M) and supersaturation (s).

BO = J;My's! 10
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3.2.2 Crystal Growth

Crystal growth can be characterized by a three-step mechanism:

1. Diffusion of solute to the crystal surface.
2. Adsorption of the solute onto the crystal surface.
3. Integration of solute into the crystal lattice.

In a stagnant solution the linear crystal growth rate (G) is usually limited by the
diffusion rate and therefore proportional to the supersaturation {s).

dL

G=~d—-{—

= ks (2)

For agitated solutions the surface integration step usually controls. Burton, et al.,
(1951) state that growth along screw dislocations is the most probable. This is
represented by:

G = ks? (3)

Other mechanisms have been proposed such as the spiral growth mechanism by
Van Rosmalen (1981) for low values of supersaturation. He also stated that for high
supersaturations growth may be due to polynuclear surface nucleation. These
mechanisms can not be related to a second order function of supersaturation. To
account for the variety of growth mechanisms a power-law type expression is used

(Equation 4). Values of (1) range from one to two.
G = ks® 4)

The growth rate expression can be used to eliminate the supersaturation term in the
power law expression (Equation 5).

BO = kMG (5
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3.2.3 Population Balance

The crystallization process can be described in terms of a population balance.
It accounts for particles entering and leaving the system, and growth and breakage of
existing particles. The population balance for a system as derived by Randolph and
Larson (1971) is shown ia Equation (6).

dn  I(Gn) nd(InV) i Qx
é?-i-—"é'L—-l-D-B-i-_'a‘t—-—--Z“V— (6)

k

For a steady state system where breakage is negligible, and there are no particles in the
inlet streams, Equation 6 reduces to:

oGn nQ}
_ai“ + V =5 (7)

When the growth rate is independent of crystal size (McCabe's AL Law, 1929)
Equation (7) can be easily integrated to:

n = n° equ_é.;.) ®)

Substitution of the definition of the population density (Equation 9) into Equation (8)
and integration from size L to infinity results in an expression for the cumulative size
distribution (Equation 10).

dN
n=Sr ©

Ni =n°Ge exp(—hf—i) (10)
Gt
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A plot of InNp versus L should result in a straight line with an intercept of In(#°Gt) and

slope of —-(-}L—. The nucleation rate can be determined from Equation (11).
T

3t (d_%gt&l)ba{) = (d_}jdL(TIi}"JLmee (%%) =n"G Y

3.3 Experimental Apparatus and Procedure

The pH-stat apparatus was modified from a semi-batch system to a continuous
mixed-suspension-mixed-product-removal (MSMPR) reactor in order to measure the
nucleation and crystal growth rates of calcium sulfite hemihydrate (Figure 3.1). It
consisted of a jacketed, 500 mi agitated reactor with nitrogen sparging. The lid was a
rubber stopper (4 cm thick) that fitted tightly in the reactor. There were holes drilled
into the stopper for the agitator, thermometer, feed streams (5 cm apart), pH electrode
and titrant delivery tube. The agitator was a three blade marine-type propeller. The two
feed streams {CaCly and NapSQ3/NapSOy4 mix) were fed by a dual head MasterFlex
peristaltic pump with a 10 turn potentiometer speed control. The motor speed range
was 1 to 100 rpm. Size 13 tubing was used which corresponds to feed flow rates from
0.5 ml/min to 7 ml/min. All feed streams are fed below the liquid level. Fine taning of
the reactor pH was done with the pH stat apparatus using 1.0 M HCI as the titrant.
Titrant delivery was also below the liquid level.

Level control was also achieved with a MasterFlex peristaltic pump with size 16
tubing. The end of the tubing was cut at a slant and a small hole (0.5 cm in diameter)
was cut 1 cm above the slant. The level control tubin g was placed in the reactor with
the small hole at the desired liquid level. This was done to ensure that the contents of
the exit stream were the same as the contents of the reactor. The peristaltic pump was
set to pump at 25 ml/min.

Prior to all experiments the agitator and peristaltic pumps were calibrated. All

experiments were performed with an agitator speed of 370 rpm. Higher speeds caused



pH Stat Apparatus

HCI
Titrant

Nazsogma2304
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Reactor

Figure 3.1,

Experimental Apparatus
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the liquid level to vortex around the agitator shaft. Lower rpms did not produce
adequate mixing.

Initially, the reactor was filled with 500 ml of 0.1 M CaCly solution. This was
sparged with oxygen free ﬁ'itrogen for approximately one-haif hour while heating up to
the desired temperature (55°C). The pH electrode was calibrated at the reactor
temperature with a pH 7 buffer (potassium phosphate monobasic (0.05M) - sodium
hydroxide and a pH 5 buffer (adipic acid (0.005M) - sodium hydroxide, in 0.1M
caicium chloride) . Then 3-5 ml of 0.5M NazSO3 was added to the reactor and the pH
was adjusted to the desired value. The feed and level control pumps were started and
the pH stat apparatus turned on.

During each experiment the reactor pH and titrant demand were recorded on a
strip chart recorder. The flow rate of the exit stream was also monitored using a
graduated cylinder and stop watch method several times during the experiment. The
experiment was allowed to run for 6-7 residence times before slurry samples were
taken for analysis.

Approximately 40 ml of slurry was removed from the reactor with the level
control tubing immersed in the reactor. Ten mis of this slurry was filtered with a 0.5
micron Millex filter unit. The clear solution was immediately placed in a small sample
vial and capped. It was later (within 15 minutes) analyzed for total sulfite content using
iodine titration (Appendix A). One ml of the slurry sample was placed in 200 ml of 4
weight percent CaCly (filtered to 0.5 microns) for analysis in a Coulter Counter TAII
using a 400 micron aperture. The number of particles per ml and the particle size
distribution of the slurry were measured. Details of the Coulter Counter method are in
Appendix A. Slurry samples were taken 2-4 times before the experiment ended at
approximately 11 residence times. The contents of the reactor were vacuum filtered,
rinsed with approximately 100 ml of distilled water, vacuum dried at 80°C, weighed
and saved for later analysis.

It was found that after approximately seven residence times the number of
particles per ml (N) varied £ 10 percent. The particle size distribution was also
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constant after seven residence times (each channel was +10 percent of its previous
value). This was the experimental error of the Couiter Counter measurement. The
experiment was considered to be at steady state when 2-3 successive samples were
analyzed and did not vary more than 10 percent.

The data from the Coulter Counter was used to calculate the nucleation and
crystal growth rates. For example, a plot of Log Np (cumulative number distribution)
as a function of L (particle size) is shown in Figure 3.2 for Experiment G-30. From
the intercept the nucleation rate is calculated to be 1.510.2 x108 #/m3-sec. The slope
results in a linear growth rate of 6.7+0.1 x 10-9 m/sec. This typical experiment
produced solids that were rosette shaped. They varied in size from 10 to 160 um. The
average particle size was approximately 40 um. The calcium sulfite hemihydrate

content was 853 weight percent and the BET surface area was 4.2+0.1 m?%/gram.

The error in the nucleation rate depends on the errors in the slope and the total
number of particles per liter (NT). The slope of the line depends on the particle size
distribution and is not sensitive to small changes in each channel. Small changes are
considered to be 10 percent of the channel value. This is the error in the Coulter
Counter measurement. The slope error was within 2 percent for the majority of the
experiments and within 5 percent for all experiments (see Appendix C for slope error
analysis). The value of Nt has a 210 percent error. This results in an error in the
intercept and therefore an error in the nucleation rate of £10 percent due to Nt alone.
The total experimental error in the nucleation rate is between 10 and 15 percent for all
experiments.

The effects of slurry solids concentration, solids residence time, pH, solution
sulfate concentration, and temperature on the nucleation and growth rates were
investigated. The product solids were characterized using scanning electron
microscopy to determine crystal habit, lodine titration to determine sulfite content, and
Ny absorption to determine BET surface area (for representative solids only).
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Figure 3.2. Typical Cumulative Number Distribution Plot

Experiment G-30 (pH=6.5, T=55°C, 1=42 min.)
Feeds: 0.3M CaCl», 0.08/0.02 M Na3S03/N2>S04

3.4 Results and Discussiaon

The nucleation and crystal growth rates of calcium sulfite hemihydrate were
measured in a continuous flow crystallizer. The residence time of the solids was varied
trom 40 to 360 minutes. The solids density was varied from 7 to 90 grams per liter.
The reactor pH was varied from 4.25 to 6.5. The majority of the experiments were
performed at 55°C, but a few were pérformed at 25°C to determine the effect of
temperature on the nucleation and growth rates. The gypsum saturation in the reactor
was approximately 1.0 with a Ca** concentration of 100mM for these experiments. To
determine the effect of gypsum saturation on the nucleation and growth rates, the
gypsum saturation in the reactor was varied from zero to 0.7 with a Ca*t concentration
of ImM. The pH was 6.5 10 6.75. A summary of the experimental data is contained in
Table 3.1 and Table 3.2. This results in a power law equation that relates the
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nucleation rate, BO (#/m3-sec) as a function is given by Equation (12) where Mt and G
are the suspension density (kg/M?3) and linear growth rate (m/sec) respectively.

)MTLOGLO (12)

_ 3
BO = 2.7x1018exp( 4%0

Table 3.1 Summary of Experimental Data

Exp.# SIV)(end)  Mrlend) Box 10-8 Gx 109 pH =1

(mM) kg/m3 (#/m3-sec) (m/sec) (min)
Meas. Pred. Meas. Pred. :

Base Case

(55°C, Feed Streams: 0.3M CaClp, 0.08M NaxS03/0.02M NaxSO4)

G-13 3.5 5.7 6.0 2.0 1.9 5.2 5.5 42

G-20 2.7 6.8 6.0 2.3 1.9 5.3 5.5 42

Effect of Suspension Density

(2.4,4,12 times base feed concentrations for NapSO3z/NapSQs4 and CaCly)

G-22 3.2 150 132 3.3 4.2 5.5 55 42

G-31 24 265 27.0 3.5 3.7 1.6 5.5 125

G-21 2.7 443  27.0 17 7.9 5.0 55 42

G-19 42 815 798 23 23 5.0 55 42

Effect of Residence Time

G-24 2.1 6.3 6.1 i1 0.68 1.9 5.5 125

G-25 2.3 6.7 6.1 (.25 0.16 0.406 5.5 360

Effect of Temperature (28°C)

G-26 3.8 4.5 5.7 1.4 1.8 5.2 5.5 42

Three Feed System

(55°C, 0.36M CaCly,0.056M NaHS03/0.024M NapSOy, 0.275M NaOH)

G-15 1.7 8.9 6.3 1.5 9.0 6.0 42

G-16 0.8 7.8 6.2 1.1 9.0 6.5 42

Effect of Gypsum Saturation

(55°C, 0.3M CaCly, 0.1M NapS03/0 M NaaSQO4)

G-23 1.6 6.0 6.3 1.0 6.8 6.5 42

(55°C, 0.1M CaClyp, 0.3M NapS03/0 M NaaSQ4)

G-33 100 58 6.3 6.2 4.9 6.75 42

(55°C, 0.1M CaCly, 0.12M NapS03/0.16M NazSO4)
G-36 12 6.9 6.3 1.4 9.0 6.75 42



Table 3.1 (Confinned) Summary of Experimental Data

Exp. # SAV) (end)  Mry(end) Box 108 G x 109 pH 1
(mM) ke/m?3 (#m3-sec)  (m/sec) (min)
Meas. Pred. Meas, Pred

Effect of pH

G-35% 26.0 8.0 8.7 1.7 7.4 425 42
G-27 19.3 2.6 3.3 0.52 7.5 4.5 42
G-30 0.9 6.0 6.3 1.5 6.7 6.5 42
G-28 1.3 8.0 6.2 1.4 7.0 6.5 42

=
&,

* Feed concentrations double base case for NapSO3/NapSOy4 and CaCly

3.4.1 Effectof Residence Time

The nucleation and crystal growth rates were determined at three different
residence times: 40, 125, and 360 minutes. The suspension density was constant. The
power law expression (Equation 11) can be used to determine the kinetic order j which
relates the nucleation rate to the crystal growth rate. It was observed that the particle
size distribution is independent of the residence time.

Figure 3.3 is a plot of log BY (nucleation rate) as a function of log G (growth
rate). The slope of this line is ] = 0.940.1. Alvarez (1986) reported a value for the
growth rate order of 1.1. Kelly (1983) also reported values of 0.94 and 1.1. His
results also indicated that j does not vary significantly as a result of impurity addition to
the solution, These results were obtained using significantly smaller residence times
(10 to 30 minutes), smallér suspension densities (1 kg/m3), and a significantly different
experimental apparatus. The fact that j=1 implies that the growth rate and the nucleation

rate have the same dependence on solution saturation.

Benson et al. (1988) used a power law model with a factor included to account
for the power transferred to the slurry by the agitator, The experimental apparatus was
much different than the one used in this study and others. It consisted of an 11.4 liter
crystallizer with draft tubes and baffles. SOz was directly bubbled into the reactor or
sulfurous acid was one feed stream. The second feed stream was a lime/magnesium

hydroxide mixture. There was also a high speed centrifugal pump that circulated the

41



caleium sulfite solids between the crystallizer and an external vessel. They reported a
value for the growth rate order of 0.63. The shear stresses imposed on the particles by
the circulating pump caused the average particle size to decrease when the residence
time increased. In general, previous researchers have presented little theory to explain
observed growth rate orders. In the absence of known inhibitors, observed growth rate
orders are in the range of 0.6 to 2.0.

Since the presence of additives, residence time, suspension density and reactor
configuration (with low shear stress imposed on particles) do not affect the value of j
significantly , j is set equal to 1.0. A kinetic order of 1.0 means that the growth rates
change in proportion with the ratio of the residence times (Equation 13). Also, the
particle size distributions of the solids for different residence times are the same. This
is because the slope of the line in the cumulative population plot {see Figure 3.2) is
obtained by the particle size distribution. The slope is 1/Gt and since Gt is constant,
the particle size distributions are the same. Therefore, larger particles cannot be
obtained at longer residence times.

G171 =Gt (13)

However, the size of calcium sulfite particles have been found by other
investigators to be sensitive to the shear stress imposed on them by agitation and
circulation pumps. This causes smaller particles to be generated at longer holding
times. Different crystallizer configurations may have different growth rate orders.
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Figure 3.3 Plot to Determine the Growth Rate Order.
Effect of Residence Time

3.4.2 Effect of Susnension Density

The nucleation and crystal growth rates were determined at four suspension
densities from 7 kg/m3 to 90 kg/m3. The residence time was held constant at 42
minutes. The power law expression (Equation 11) was used to determine the kinetic
order i, which relates the secondary nucleation rate to the solids in suspension (MTi).

Figure 3.4 is a plot of log B? (nucleation rate) as a function of log Mt
(suspension density). The slope of this line is 1.0+0.2. Therefore, the secondary
nucleation is proportional to the suspension density. Table 3.1 contains the
experimental data for the different suspension densities and shows that the growth rate
is the same to within 10 percent except for Experiment G-31. Experiment G-31 was
performed at a higher residence time (t=125 min.). Since the growth rate order is equal
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to 1.0, the product of the residence time and growth rate should be a constant (Equation
13). Gr for the short residence time experiments (42 min.) was 2.0x10-7. Experiment
G-31 had a Grequal to 2.1x10-7. Therefore, changing the suspension density of a
system with linear secondary nucleation kinetics does not result in a size distribution

change and the nucleation rate increases proportionally with the suspension density.

1010:
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1 10 100

Suspension Density (kg/m3)

Figure 3.4 Plot to Determine the Effect of Suspension Density on
the Nucleation Rate

Other researchers studying calcium sulfite nucleation found that i is sensitive to
other ions present in solution and the configuration of the experimental apparatus,
Kelly (1983) found that 1 = 1.1. Alvarez-Dalama (1986) determired that i varied
between 0.6 and 2.2 depending on whether Cl- or SO4= was present. Benson (1988)
with different feed streams, the presence of magnesium, and much larger scale
experimental apparatus (with a circulating pump) determined that i=2.6. This higher
order means that smaller particles were obtained at higher suspension densities
probably due to the high shear stress imposed on the particles.
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Because i is greater than zero, this is a process of secondary nucleation. Nucei
are created by the interaction of solids with shear caused by pumps and agitation. This
mechanism should give i = 1. it does not appear that nuclei are produced by solid/solid
interactions. If solid/solid interactions were important, i would be greater than 1.

The suspension density was measured by collecting and weighing the solids at
the end of each experiment. It was also calculated using the difference between the
sulfite concentrations in the feed stream and the reactor. Table 3.1 also contains these
results. In most experiments the measured My is approximately 10 percent higher than
the predicted. Scale formation on the reactor sides would cause the measured values of
Mr to be higher than the predicted values. Two experiments produced less solids than
predicted. These experiments were performed at low temperature and low pH. The
total sulfite in solution for these experiments was greater than the base case. This is
expected since at low pH and low temperature the sulfite-bisulfite equilibrium favors
bisulfite. There are fewer sulfite ions in solution and therefore less solids precipitated.

Experiment G-21 had a much higher suspension density (44 kg/m?3) than the
predicted value (27 kg/m3). In this experiment the CaCl, feed line split towards the end
of the experiment. The NaySOs feed stream was still operating, Since the Ca++ ion is
in excess, more solids precipitated than expected.

In some of the preliminary experiments higher suspension densities also
occurred. This was due to a failure in the level control. The solids were not withdrawn
at a fast enough velocity. This caused a classified removal of the particles. More of the
small particles were removed from the reactor than large particles. The resulting

cumulative population plots were not straight lines (Figure 3.5).

Seven experiments failed due to improper level control. Four experiments
failed due to the feed lines failing. These data have not been included in this analysis
but are included in Appendix B. Seven additional experiments were not incuded in the
analysis due to miscellaneous preblems such as running out of sparge gas, incorrect
solution compositions, and pH electrode drift.
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Figure 3.5. Cumulative Number Distribution Plot that Indicates
Level Control Problems

Experiment G-18 (pH=5.5, T=55°C, 1=42 min.)
Feeds: 1.2M CaCla, 0.96M NaS03/0.24 NapSOq4

3.4.3 Effect of Temperature and pH

Experiments were performed at 28 °C to determine the effect of temperature on
the nucleation and growth rates. Table 3.1 shows that the growth rate is constant over
this range, but the nucleation rate increases as the temperature increases. The activation
energy for CaSO%HgO nucleation is estimated to be 4+1 kcal/mole (Equation 14).

4

x10%
BO=Kjexp( YMTi0GLO (14)
RT
The significance of the activation energy is not apparent i this complex system.
This is the activation energy for the nucleation rate as a function the growth rate. Tseng
(1983) found that the activation energy was 10 kcal/mole when he related the growth

rate as a function of calcium sulfite supersaturation to the second power. If we



substitute his value of the activation energy into Equation 14 we get an activation
energy of 14 kcal/mole when the nucleation rate is a function of calcium sulfite
supersaturation. This is consistent with surface kinetics mechanisms, but changes in
the rate expression will change the activation energy.

The nucleation and growth rates were determined for pH values of 4.25, 4.5,
5.5, and 6.5. The nucleation rate constant was calculated from Equation 14 for all pH
values. Figure 3.6 shows the nucleation rate constant (Kp) as a function of pH.
Although it appears that Ky, has a maximum value near pH 5.5, an error analysis shows
that the error in Ky is £35 percent for any single value of Ky (Appendix C). This
indicates that at low pH the value of Ky is significantly lower than at pH 5.5, but there

is no significant difference in the nucleation rate constant between pH values of 5.5 and
6.5.

This may be a tentative effect of pH, but in fact this might be an effect of
gypsum saturation (sulfate in solution). Since less solids precipitated at the low pH
values, there was more sulfate in solution (higher gypsum saturation). Gypsum
saturation decreases the nucleation rate constant (see Section 3.4.4).
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3.4.4 Effect of Gypsum Saturation

The effect of dissolved sulfate (gypsum saturation) on the nucleation and
growth rates was determined by a series of experiments in which the sulfite to calcium
ion ratio (S(VI)/Ca**) in the feed streams was varied from zero to 1.6. This
corresponds to a gypsum saturation change of zero to 1.0. Experiment G-28 had an
excess of calcium ion while G-33 and G-36 were high in sulfite. The reactor pH was
6.5 to 6.75. Table 3.2 summarizes these results (see Table 3.1 for the complete
experimental conditions). The nucleation rate constant (K,) was calculated from
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Equation 14. Gypsum saturations were calculated using the Bechtel-Modified-Radian-
Equilibrium Program (Lowell et al., 1970).

The weight percent CaSOg%HgO of the product solids was determined by

iodimetric titration. Table 3.2 shows that when there is no sulfate added to the feed
streams the solids are 98 weight percent CaS 03%%120. As the gypsum saturation

increases the weight percent CaSOg%HgO decreases. The S(VI) to Ca*+ ratio in the

feed does not have a significant effect on the sulfite content of the solids. It appears
that any sulfate in solution will end up in the solids up to approximately 80 weight
percent. Then if the gypsum saturation is greater than 1.0 gypsum will also be
precipitated.

Comparison of Experiments G-36 and G-28 indicate that nucleation and growth
kinetics are not a function of calcium concentration in solution. When there is no
sulfate added to the solution the nucleation rate constant (Kp) increases by an order of
magnitude over the experiments where sulfate is added. Clearly, the presence of sulfate
in solution inhibits nucleation when expressed as a function of the growth rate. This
was expected since in the batch experiments of Chapter 2, the presence of sulfate was
found to inhibit both the dissolution and crystal growth rates of calcium sulfite
hemihydrate. However, the nucleation rate is a stronger function of gypsum saturation
than the growth rate when both are expressed as functions of calcium sulfite and
gypsum supersaturation.

Since the nucleation rate is inhibited by the presence of sulfate (more so than the
growth rate), larger particles should be formed in the presence of sulfate. Therefore,
the use of oxidation inhibitors such as thiosulfate should actually reduce particle size
because the gypsum saturation is very low. However, the dewatering properties of the
low sulfate solids produced in the presence of thiosulfate are improved. Although the
mean particle size is smaller or about the same, the particle shape is different, The low
sulfate solids are thicker than the high sulfate solids (see Figures 2.1 and 2.2). These
are the two seed crystals used in the batch experiments in Chapter 2. They have about
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the same particle size distribution but were generated under potentially different
nucleation conditions.

Table 3.2 Effect of Gypsum Saturation

S(IV) S(Vh)

Exp. oot oo Kax1019 RS Cat*  sQV) CaSO%-HgO
MM MM  @#Hkg-m) Gypsum mM mM wt %
G-33 3.0 0 12 0 0.6 100 98
G-36 1.2 1.6 1.0 022 08 12 86
G-28 027 0.07 1.2 1.0 100 1.3 81

3.4.5 Growth Rate Correlation

The growth rate is typically predicted by a power-law type expression (Equation
4) that relates the growth rate to the liquid supersaturation as in Chapter 2.

G = ks* )

Unfortunately, lodimetric titration to determine the total sulfite in solution was not
accurate enough to distinguish small changes in supersaturation. This occurs when the
total sulfite is in the 1-10 mM range. For example, if the precipitation rate is 0.1 M in
42 minutes (as in experiment G-20) and it takes 30 seconds to take a sample, 1-2 mM
of sulfite could easily be lost as the solution approaches saturation. BMREQ was used
to calculate the supersaturations of the reactor solutions using the measured total sulfite.
In all cases, the supersaturations were very close to zero. Other researchers also
observed this (Alvarez-Dalama, 1986, and Kelly, 1983).

3.4.6 Three Feed Svystem

The experimental apparatus shown in Figure 3.1 has two feed streams, CaCly
and a NapS03/NapSO4 mixture. The feed streams were fed below the liquid level, The

crystals formed in all of these experiments were rosette-shaped. Figure 3.7 is an



example of the rosettes formed in the two feed system. There was some concern that
there was inadequate mixing at the end of the feed tubes. This would result in areas of
very high sulfite saturations. The Bechtel-Modified-Radian-Equilibrium Program
(Lowell et al., 1970) was used to calculate the calcium sulfite relative saturations
(RScasos) at the end of the feed tubes assuming an equal volume of feed and reactor
solution for the base case experiment (G-20). At the end of the NaasO3/NazS0Oy4 feed
tube the RScag03 is 15. The CaCly feed tube end has a RSca503 equal to 1.2. The
bulk solution sulfite saturation is 1.0. In these areas there could be extremely fast

nucleation resulting in rosette-shaped crystals.

Several experiments were performed with three feed streams to the reactor
instead of two. The three feed streams were CaClo, NaOH, and NaHS 03/NasSQyq mix
at flow rates that gave the same total reactor composition the same as the two feed
system. The three feed system was investigated because at the ends of the three feed
tubes there were not areas of high sulfite saturation. The RSc,503 at the end of the
NaHS03/NazS04 feed tube was calculated to be 0.6. The CaClo and NaOH feed tube
ends had sulfite saturations of 2.5 and 0.5 respectively. Hopefully platelets would be
formed. This was not the case. The crystals formed were rosette-shaped (Figure 3.8)
just as in the two feed system. In addition, pH control of the three feed system was
difficult. The pH varied as much as 0.5 units above and below the desired pH. The
nucleation rate constant (K,) was calculated to be 1.1x1018 compared to 2.7x1018 for
the two feed system. Considering the difficulty in pH control of the three feed system
this was acceptable. Therefore, the two feed system was used for all other
experiments.

There were no mixing problems detected in the batch crystallization
experiments in Chapter 2. In these experiments 0.02 to 0.2 M Na»SO3 was titrated into
0.1IM CaCly using the pH stat apparatus. These concentrations are comparable to those
in the two feed nucleation experiments. The crystal habit of the batch solids did not
change from platelet to agglomerates. A crystal habit change would indicate nucleation
in the mixing zone. Furthermore, the particle size distribution did not change in a

direction that would suggest that nucleation is occurring as a result of poor mixing.
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- Figure 37 SEM Photograph of Solids from Two Feed System

Magnification 200X

re 3.8 SEM Photograph of Solids from Three Feed System
Magnification 200X '
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3.5 Nomenclature

a activity (mole/liter)
B crystal birth function (#/m3-m-sec)
B®  crystal nucleation rate (#/m3-sec)
D crystal death function (#/m3-m-sec)
G linear crystal growth rate (m/sec)
k growth rate constant
kn nucleation rate constant
Ksp calcium sulfite solubility product (mole/liter)?
L crystal size (m)
Mr  total mass of particles (kg/m3)
n population density distribution function (#/m3-m)
n°  nuclei population density (#/m3-m)
N cumulative number distribution (#m3)
NL  number of particles greater than size L (#/m3)
Q volumetric flow rate (m3/sec)
RS relative saturation of calcium sulfite hemihydrate (acaaso3=/Ksp)
s supersaturation as 1-RS
t time (sec)
A total solution volume (m3)
Greek Symbols
T residence time (V/Q - sec)



Chapter 4

Conclusions and Recommendations

4.1 Dissolution and Crystallization

Platelet shaped solids are generally formed in limestone slurry scrubbing
processes. Agglomerates are formed in lime systems. Solids that have a high sulfate
content are thinner and have slower settling rates. Platelets have better dewatering
properties than agglomerates. Therefore it is important to determine the differences in
the dissolution and crystallization rates for platelets and agglomerates. It is also
important to determine if the solid sulfate content of the solids has an effect on the rates.

It was determined that there are subtle differences between platelet samples with
different solid sulfate contents. There are also differences between platelet and
agglomerated calcium sulfite. The platelet sample with a low solid sulfate content
dissolved and crystallized slower than the platelet sample with a high solid sulfate
content. Low sulfate platelets also dissolved and crystallized slower than the
agglomerated samples. The inhibiting effect of dissolved sulfate was also greater for
the sample with low solid sulfate. The sample with high solid sulfate dissolved and
crystallized at approximately the same rate as the agglomerates.

4,2 Nucleation and Cryvstal Growth

Nucleation and crystal growth rates can be used to predict particle size in

crystallizers. These rates can also be used to examine prospects for increasing the
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calcium sulfite particle size. This would result in faster settling rates and better
dewatering properties. The nucleation and crystal growth rates of calcium sulfite
hemihydrate were measured in a continuous flow crystallizer. Agglomerates were
formed in the continuous flow crystallizer. The effects of solution sulfate
concentration, residence time, suspension density and temperature on the rates were

investigated.

It was determined that calcium sulfite exhibits typical linear secondary
nucleation behavior which can be predicted by a power-law expression. The power
law expression relates the nucleation rate to the suspension density, growth rate,
temperature and other factors such as agitation. It was found that the nucleation rate
was directly proportional to the suspension density and proportional to the growth rate.
The particle size distribution does not change when the suspension density is changed.
Also, when the nucleation rate is proportional to the growth rate, the product of the
growth rate and the residence time is constant, Therefore the particle size distribution
does not increase if the residence time is increased.

The activation energy for C&SOS%HQO nucleation was estimated to be 4+1

kecal/mole. The nucleation rate constant was found to increase over the pH range of 4.5
to 5.5. Gypsum saturation in solution caused both the nucleation and growth rates to
decrease.

4.3 Industrial Anplications

The purpose of nucleation and crystal growth studies of calcium sulfite
hemihydrate are to improve the dewatering properties of the solids. This can be
achieved by increasing the particle size or by changing the crystal habit. Since the
nucleation rate is proportional to the growth rate, increasing the residence time of the
solids will not increase the the particle size. Also, the nucleation rate is proportional to
the suspension density. Increasing the suspension density will not change the particle
size. Other methods such as fines dissolution or classified solids removal must be used

to improve the particle size. Oxidation inhibitors can be used to reduce gypsum
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saturation and therefore grow thicker crystals. Other inhibitors could be used to change
the crystal habit (make platelets instead of agglomerates).

Gypsum saturation was found to inhibit the dissolution of calcium sulfite. In
forced oxidation systems, the calcium sulfite slurry is oxidized to calcium sulfate.
Therefore it is probable that calcium sulfite dissolution is an important limiting

mechanism in these processes.

4.4 Recommendations for Future Work

Calcium sulfite hemihydrate solids were formed as agglomerates in the
continuous flow crystallizer. To measure the nucleation and growth rates of platelets, a
different system must be used. A reactor that bubbles SO into a lime or limestone
slurry with a separate continuous flow crystallizer could be used to generate platelets.
This would be more like an industrial FGD system. The pepulation balance approach
could still be used to analyze the experiments.

Calcium sulfite has been found by others to be sensitive to the shear stress
imposed on the particles by circulation pumps and agitation. A pump could be added in
the experimental apparatus mentioned above to study the effects of high shear stress on
the nucleation and growth rates. This circulating pump could also use to investigate the
effects of fines dissolution on the particle size distribution and crystal habit. The effects
of agitator speed could also be studied. Determining the conditions under which
platelets are formed would be a major contribution to understanding FGD systems.
Possibly high shear stress imposed on the particles and fines dissolution are reasons
why platelets are formed.

It would be desirable to more ciosely simulate industrial solution compositions.
This study suggests that the calcium sulfite supersaturation is very low. If this is true
the interactions with sulfur dioxide removal and limestone dissolution are easily

estimated by assuming saturated solutions. However, accurate solubility data is



necessary. This study determined that the solubility product of calcium sulfite is

dependent on the sulfate content of the solids.

Additives and impurities are known to effect the nucleation and growth rates of
many solids including caicium sulfite. More experiments could be performed with
thiosulfate, or organic acids (additives in FGD systems) to determine their effects on
the nucleation and growth rates. They have been shown to coprecipitate with calcium
sulfite. Magnesium, iron, and manganese are known to inhibit limestone dissolution
and are also impurities present in FGD systems. Their effect on calcium sulfite
nucleation and crystal growth and also crystal habit could be investigated.
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Appendix A

Analytical Methods

A.l1 Todimetric Titration

The clear solution samples coliected during each experiment were analyzed for
their sulfite concentration by iodimetric titration. Two ml of the sample was placed in 5
ml of pH 6 acetate buffer solution. The acetate buffer solution was composed of 1 M
sodium acetate and 0.05 M acetic acid. A known amount of excess iodine was added to
the solution and then titrated with standard sodium thiosulfate using starch as an
endpoint indicator. For the blank test, the same procedures were repeated for 2 ml of
distilled water instead of sample. The concentration of sulfite in the clear solution

sample was determined from Equation A.1.

_M(B-S)

C=—57

(A.1)

where: C = Concentration of sulfite (mole/liter)
B = Volume of sodium thiosulfate used to titrate blank (ml)
S = Volume of sodium thiosulfate used to titrate sample (ml)
M = Concentration of sodium thiosulfate (mole/liter)
V = Volume of sample (ml)
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A.2 Coulter Counfer Methods

The slurry samples collected during each experiment were analyzed for the
number of particles per ml and particle size distribution. with a Coulter Counter TATI.
The Sample Stand II wis equipped with a 400 micron aperture which measures
particles in the 8-200 micron range. the electrolyte used was 4 weight percent CaCly
filtered to 0.5 pum. Before each experiment the aperture was calibrated with 40.16 um

standard particles.

One ml of the slurry was piaced into a round bottomed sample beaker that
contained 200 ml of electrolyte. For the experiments that had high solids concentration,
only 0.4 ml of slurry was used. This was necessary to keep the solids concentration in
the range for proper Coulter operation. The sampling switch was set in the
MANOMETER position which measures the number of particles in a selected volume
of electrolyte. Available volumes are 0.05, 0.5, and 2.0 ml. The 2.0 ml sample size
was used for all runs.

The number of particles in the 2.0 ml volume was measured 3 to 5 times and
averaged. Then the sampling switch was set to the TIME position and the particle size
distribution (in differential volume percent} was measured. The collection time was 30
seconds. This was done 3 times and the results averaged. Number and size
distribution data are in Appendix B. Dissolution or agglomeration the calcium sulfite

particles was not observed over the measurement time,

The total number of particles in 500 ml of sturry (NT) was calculated from
Equation A.2,

J
Nt =y = N(5.025x10%) (A2)

where: N = Number of particles collected in manometer mode.
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The number of pasticles in each channel was calculated using Nt and the
differential volume percentages. This method is based on the volumetric scaling in each
channel. A particle in channel 3 has twice the volume in channel 2. The population in
each channel (Pn) is calculated from the differential volume percentages (Vn) and the
relative numbers (Rn).

0 e Vn Rn Nt
T (ViR1 + VaRka +....VigR 16)

P (A.3)

Table A.1 Channel and Relative Numbers

Channel No. Relative No.
(n) (Rn)
16 1
15 2
14 4
13 8
12 16
11 32
10 64
9 128
8 256
7 512
6 1024
5 2048
4 4096
3 8192
2 16384
1 32768
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Appendix B

Experimental Data

B.1__ Bissolution Experiments

Seed Crystals: Sample 1 (Acurex Sample)

Solution Composition

Exp. pH Cat+ S(IV) S(VID) Dissolution Rate Constant
No. (mM) (mM) (mM) x1010 (ecm?/sec)
D-12 3.5 100 11 0 64.2

D-13 3.5 100 11 0 68.3

D2 375 100 11 0 28.7

D-10 3.75 100 11 0 26.1

D7 4.0 100 11 0 10.3

D-8 4.0 100 11 0 10.2

D-14 4.1 100 11 0 3.47

D-11 4.2 100 11 0 0.32

D-15 3.5 100 11 10 21.1

D-17 3.5 100 11 10 17.9

D-19 3.8 100 11 10 4.46

D-20 3.8 100 11 10 2.62

D-16 4.0 100 11 10 0.88

D-18 4.0 100 11 10 0.50
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Seed Crystals: Sample 2 (HLP Solids)
Solution Compesition

Exp. pH  Cat+ S(IV) S(VI) Dissolution Rate Constant
No. (mM) (mM) (mM) x109 (cm?/sec)
.26 3.5 100 11 0 27.2

I-28 3.5 100 11 0 21.8

I-22 3.7 100 11 0 14.9

125 3.7 100 11 0 15.6

123 3.9 100 11 0 7.98

.27 39 100 11 0 7.27

1-3 4.0 100 11 0 5.36

17 4.0 100 11 0 5.74

I-17 4.0 100 11 0 5.95

19 4.1 100 11 0 4,19

13 4.1 160 11 0 4.25

.10 4.2 100 11 0 2.44

I-14 4.2 100 11 0 2.55

111 4.3 100 11 0 146

I-15 4.3 100 11 0 1.68

I-19 4.3 100 11 0 1.42

I-12 4.4 100 11 0 0.27

I-18 4.4 100 11 0 0.26

Seed Crystals: Sample 2 (HLP Sclids)
Solution Composition

Exp. pH  Catt SAV) S(VD) Dissolution Rate Constant
No. (mM) (mM) (mM) x10? (cm?/sec)
I-31 3.5 100 11 10 10.2

I35 35 160 11 10 10.5

1-32 3.7 100 i1 10 527

36 3.7 100 11 10 545

I-33 3.9 100 11 10 2.82

-39 3.9 100 11 10 2.79

I-30 4.0 100 11 10 2.08

I-38 4.0 100 11 10 2.18

I-41 4.1 100 11 10 0.93

I-46 4.1 100 i1 10 0.88

1-40 4.2 100 11 10 041

I-44 42 100 11 10 0.62

1-49 42 100 11 10 0.53

I-51 42 100 11 10 0.61

1-42 4.3 100 11 10 0.24

I-52 43 100 11 10 0.13

I-54 4.3 100 11 10 0.18

.55 4.3 100 11 10 0.18



B.2 Crystallization Experiments

Seed Crystals: Sample 1 (Acurex Low Sulfate Sample)
Solution Composition

Exp. pH  Cat+ S{IV) S(VI) Relative Saturation  Growth Rate
N 9 ,_gmole

No. (mM) (mM) (mM) CaSOz CaSOy x10 (~~—-~—~—~min sz)

cC-1 47 100 10 0 2.0 0 1.05

C2 50 100 10 0 3.5 0 5.10

C-3 525 100 10 0 52 0 30.6

C-4 55 100 : 10 0 7.3 0 223

C5 6.0 100 10 0 11.3 0 895

C-6 525 100 10 5 5.1 0.5 8.60

C-7 525 100 10 10 5.0 1.0 9.55

C-8 525 160 10 20 4.8 2.0 1.18

Seed Crystals: Sample 2 (HLP High Suifate Sample)

N-5 48 100 10 0 1.8 0 0.70

N-2 50 100 10 0 2.8 0 12.8

N-1 525 100 10 0 4.3 0 40.1

N-3 55 100 10 0 5.9 0 207

N-4 6.0 100 10 0 9.1 ¢ 414

C-6 525 100 10 5 4.1 0.5 31
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Appendix C

Error Analysis

.1 ter nter Measuremen

The error in the number of particles in each channel depends on the total number of
particles per volume and the volume percent in each channel. This will only address the
error in the measured volume percent. The number of particles in each channel is given by
Equation A.3 (see Appendix A).

Pn = Vn Rn NT
(ViR1 + VoR2 +...V15R16)

(A.3)

The derivative the number of particles in each channel (Equation A.3)with respect to the
volume percent in each channel (R, is a constant) is Equation C.1.

- 2
P “Ni (ViR1 + VoRo + ....V16R15% Vi Ry .10
dVy (ViR1 +..Vi6R16)

Equation C.1 was evaluated for each channel number to get the change in the number of
particles in each channel. AVp is 10 percent of the volume percent in each channel (V).

This was done for each experiment using EXCEL. The change in slope of the cumulative
population curves was evaluated using STATVIEW.
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C.2_Power Law Expression

The error in the nucleation rate constant can be estimated from the power law

equation (Equation 14).
Be =Kj exp (ET)MTIGJ (14)
Take the natural log of Equation 14.
InBO = InK - %—i— iln Mt +InG (C.2)
The derivative of Equation C.2 is Equation C.3.
dlnB® = d{InKy,) - "E%"'"I‘"dEa + i d(InM7) + (InM7)di + idInG + (InG )dj (C.3)

Equation C.3 is solved for d{InK}) and calculated to be & 35 percent using the errors in
Mr, G, 1, ], BY, and E; given in Chapter 3.
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