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ABSTRACT

The crystallization kinetics of tiydonium jarosite have been 

studied in that region of the Fe^O^-SO^-H^O phase diagram where 

a-hematite is the equilibrium solid phase.

An eight litre draft tube baffled pressure crystallizer has 

been used to simulate an ideal mixed suspension mixed product removal 

(MSMPR) crystallizer. The steady-state MSHPR model with both size 

independent and size dependent growth rates have been used to analyze 
the experimental crystal size distributions•

The important system parameters ? temperature9 free acid and 
ferric ion concentration, and residence time have been studied. An 

overall kinetic model useful for predicting crystal size distributions 

from operating parameters and yield has been developed.



INTRODUCTION

Jarosite is a generic term which refers to the family of basic

iron sulfates having the general formula (M+) ( Fe^* (SO^^* (OH)^) , where 
4-the (M ) represents a monovalent cation. The specific jarosite studied 

here is hydronium jarosite, the (H+) is the hydronium ion, (Ĥ o"*") .
Sodium, potassium, ammonium and hydronium jarosite are the most common 
jarosites. It has been shown (2,13) that even when it is attempted 

under laboratory conditions, it is not possible to make sodium, potassi

um, or ammonium jarosite without coprecipitating hydronium jarosite.

Thus, the kinetics of hydronium jarosite crystallization are important 
to the crystallization of the other jarosites.

Industrially, jarosite is produced in order to remove iron from 

hydr©metallurgical solutions. Because iron is the most abundant metal 

in nature, and since it is often found along with other, more precious, 
metals in ore deposits (4) the removal of iron from hydrometallurgieal 

solutions is a common goal. There are several reasons for which iron 

must be removed from a hydrometallurgieal process. First, and foremost, 

the removal of iron usually increases both the yield and the purity of 

the metal of interest. Second, the removal of iron, in an environmen

tally suitable state, usually eliminates a pollution problem. Finally, 

the removal of by-product iron in a salable form can have a beneficial 

economic impact on the overall process.
The jarosite process, the production of by-product jarosite from 

a high value hydrometallurgieal solution, has several advantages over



other iron removal techniques. It has been shown (4) that when jaro- 
site is produced from a solution containing a high concentration of 
copper, nickel, cobalt, or zinc none of these metals appear in the jaro- 

site cake as these metals do not co-precipitate with iron in jarosite. 

Further, the jarosite product is easily filtered and washed. The 

jarosite process is also very efficient in removing iron from a complex 
solution. These attributes of the jarosite process have made it 

attractive as an iron removal technique in the past. Recently, Kunda 

and Veltman (8 ) and Headington (6) have shown, that jarosite can be 
hydrolyzed to a hematite product of sufficient purity to be salable as 

blast furnace feed. This is an important economic factor and may 

make the jarosite process even more favorable in the future. An 

alternate, and perhaps more attractive, hematite use would be to reduce 

the product in a hydrogen atmosphere to produce a high grade dispersed 

phase iron cementation feed.

The jarosite process was first used industrially in 1958. It 
was introduced into the electrolytic zinc industry to increase the yield 

of zinc. Since then it has been used in zinc production by many of the 
free world countries ( A ) .  The jarosite process will also be used for 

removing iron from a proposed hydrometallurgical circuit for winning 

copper from chalcopyrite ore (9). These two industrial uses of the 

jarosite process will be discussed in some _detail.

Jarosite Process in the Electrolytic Zinc Industry

Prior to 1958 the efficiency of recovery of zinc was limited by 

the concentration of iron in the zinc ore. This was due to the fact



that, when zinc ore is roasted to zinc oxide, ZnO, all of the iron in 

the ore converts to zinc ferrite, ZnOrFegO^. Zinc ferrite is insol

uble in dilute acid. Prior to 1958 the calcine, containing both the
zinc oxide and ferrite, was leached with dilute acid leaving the

zinc ferrite as tailings. In 1958 the jarosite process was developed 

simultaneously in Norway, Spain and Tasmania (5). Although the exact 

flowsheet varies, a general description of the jarosite process' use 
in the zinc industry is possible.

The addition of the jarosite step in the zinc process does not

affect the standard weak acid calcine leach which leaves zinc ferrite 
tailings. However, these tailings are no longer dumped. They are 
leached with strong acid. This leach completely solubilizes the zinc 
ferrite. Jarosite is precipitated from this low pH leach solution 

by heating it to 95-100°C and holding it in a batch for approximately 

three hours. At the end of the batch the pH,is adjusted to a value, 

of 5.0 to complete the iron removal. The clear liquor is advanced to 

electrowinning and the jarosite is dumped.

The net effect of the jarosite process addition to the electro
lytic zinc circuit is the replacement of iron removal as zinc ferrite 
with iron removal as jarosite. This has led to a 5 to 15% increase 

in zinc recovery efficiency, depending on the concentration of iron 

in the original zinc ore (15).

Jarosite Removal in a Chaleopyrlte Copper Process
Presently there is no satisfactory hydrometallurgical process 

to treat chalcopyrite concentrates. However, a new process proposed



and developed by Cyprus Metallurgical Processes Corporation _ which 

incorporates the jarosite process. has shown promise on the pilot plant 
scale (9), Details of this process are not available but a general 

description is possible.
The process is based on the well-known ferric chloride/cupric 

chloride leach of chalcopyrite. The resulting cuprous chloride is 

crystallized and separated from the mother liquor. The cuprous chloride 
crystals are reduced with hydrogen in a fluidized bed reactor. The 

resulting copper is of wire bar grade. The mother liquor from the 

cuprous chloride crystallization step is fed to the jarosite process. 

Here, the mother liquor is heated and oxidized with air in open tanks. 

Jarosite is crystallized and the ferric chloride/cupric chloride leach 

solution is regenerated. The clear liquor is returned to the leach 

circuit and the jarosite is washed and dumped. In this process, 
where chalcopyrite ore is the feed, the jarosite process is an ideal 

iron removal step because it removes sulfur from the circuit as well 
as iron.

Scope and Goals

The jarosite process, as it has been employed in the zinc 

industry and as it is proposed for use in the copper industry, is a 

viable alternative for iron removal. The common step in the various 

forms of the jarosite process is the crystallization of one of the 

jarosites. Hydronium jarosite is always crystallized along with each 

of the other jarosites. In this study the crystallization kinetics 

of hydronium jarosite have been investigated. Continuous,



5
steadystate experiments have been performed to determine the important 
crystallization parameters. A model has been developed to predict 
crystal size distribution from these process parameters.



EQUIPMENT AND PROCEDURE

The experimental apparatus used in this investigation is shown

in Figure 1. The apparatus consists of a feed system with a posi
tive displacement pump, an agitated draft tube/baffled stainless steel 

crystallizer, a product flow system, a separate sampling system, and 

control system for both liquid level and temperature. Each of these 

systems will be discussed in the following paragraphs.
The feed system consists of a one-hundred-liter polyethylene 

feed tank and a Milton Roy positive displacement metering pump. The 

synthetic leach solutions are made up and stored in the feed tank. The 
feed is pumped into the crystallizer with the flow rate of the feed 

liquor set with the caliper on the pump. The flow rate is checked 

during every experiment by measuring the crystallizer product flow with 

a volumetric flask and a stopwatch.

The crystallizer is an eight—liter jacketed Stainless steel

autoclave. One hundred twenty pound Steam, the only heating source,

is fed to the jacket and to an internal coil. This internal steam coil 
forms the draft tube. The crystallizer is baffled;, The crystallizer 

has an agitator fitted as shown in the figure which draws the flow down 

through the draft tube. Oxygen is sparged into the crystallizer 

through the sampling system to maintain a constant total pressure of 

one hundred pounds per square inch. The crystallizer and all of its 

internals are designed to meet the requirements of an ideal mixed 

suspension mixed product removal crystallizer. These requirements and
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the necessary design considerations will be discussed further in the 
theory section of this thesis.

The product flow system consists of a set of double pipe 
coolers with associated piping and an air operated on/off control valve. 
The Valve is operated by a platinum wire contact-type Matheson level 

controller. This on/off type of product flow control operates approx

imately seven seconds on and twenty seconds off. This pulsating, flow 

allows for a high velocity in the product tube inside the crystallizer, 

and facilitates the taking of a representative sample from the suspen

sion in the crystallizer. The pulsating high velocity flow helps to 
keep the crystals suspended and moving through the product flow lines.

The sampling system is completely separated from the product 

flow system. It consists of a separate dip tube inside the crystal*- 

lizer, a separate cooling coil, and a manual valve. This sytem is 

used only for sampling and the system is kept clear at all other times 

by using it to sparge oxygen into the crystallizer.

The experimental procedure consists of both operating procedure 

of the apparatus and the analytic procedures. Each will be discussed 

here.
The operating procedures will be described in chronological 

order. That is, the steps necessary to perform an experiment will be 

described in the order in which they are taken. Before an experiment 

can begin, the feed solution must be made-up. The feed solution is 

made-up with analytic grade ferric sulfate or industrial grade Ferri
mFloe which contains only ferric sulfate and insoluable material. No
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monvalent cations are added to the feed to insure that only hydonium 
jarosite and no other jarosite is formed.

The feed solution is made-up and allowed to sit for at least 

twenty—four hours. The mixture is then filtered at least twice before 
being mixed into the feed tank. The ferric iron and sulfuric acid 

concentrations in the feed tank are verified by analyzing the feed just 
prior to each experiment.

At start-up, the crystallizer is filled with the solution that 

was left in it at the end of the previous experiment, including crystals. 
This is done in an attempt to reduce the time from start-up to steady 

state. Once the crystallizer is charged» the temperature controller is 

turned on at the steady state set point. The agitator is started and 

the crystallizer is allowed to come to operating temperature. At the 

same time the oxygen sparging system is opened to allow the crystallizer 

to come to operating pressure. Once the crystallizer reaches operating 

temperature the feed pump is started and the caliper on the pump ad

justed to the desired set point. The crystallizer system is now 

operating and no further adjustments are usually necessary.
The crystallizer is allowed to operate for three to five resi

dence times befpre any samples are taken. Once sampling begins, 

samples are taken at the end of each residence time. During the ex

periment, only chemical analysis is performed on each sample, with the

size distribution samples being saved for later analysis. In all 
reported experiments the crystallizer came to chemical steady state 

within five to seven residence times. In each experiment the crystal

lizer was allowed to operate for ten residence times to allow the

crystal-size distribution to come to steady state.
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At the end of each experiment the temperature controller and 

the feed pump are shut down and cooling water is fed to the crystallizer 

jacket and internal coil. Once the crystallizer has cooled and the 

internal pressure has been relieved through a Bleed valve, the entire 

contents of the crystallizer are removed and stored as the start-up 
charge for the next experiment. The crystallizer is cleaned after

each run to remove loose scale. The hard scale which forms on all

of the wetted parts of the crystallizer is removed only when plugging 
problems or loss of heat transfer demand it.

Both chemical and particle size distribution analysis were 

performed. The purpose of the chemical analysis is to determine 
ferric ion and sulfuric acid concentrations. The detailed procedure 

for these analyses is given in Appendix A. , but a brief description 
will be given here.

A volumetric sample of the crystallizer slurry is taken and 

filtered in a vacuum filter. The filter paper is weighed before and 

after to determine the slurry density in the crystallizer. One aliquot 

of the filtrate is analyzed for ferric ion by reducing the ferric iron 
in the sample with reagent grade lead, and then titrating VIth potas
sium dicrornate, using diphenilamine indicator, to oxidize the ferrous 

ion back to ferric. Another aliquot of the filtrate is treated with 

monosodium phosphate to free any sulfuric acid bound in the ferric 
sulfate complex and titrated with sodium hydroxide to pH = 4,0. This 

titration determines the total acid in the sample. Knowing the ferric 

ion concentration from the previous procedure, the free sulfuric acid 

concentration can be calculated.
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The particle-size distribution analysis was. performed using a 

Particle Data Corporation Electrozoni^ particle counter.,. As with the 
chemical analyses, a general description of the particle.counting tech

nique will he presented here, with the detailed technique given in 
Appendix A .

A mixed sample is taken from the crystallizer and a well mixed 

aliquot is then diluted with a glycero1-water solution. This dilution 

serves to stop the slow dissolution of the particles in their mother 

liquor at room temperature as well as providing a viscous medium for 
particle suspension. This mixture is then counted on the particle 

counteri The particle counter, with its associated mini-computer, 

counts and sizes the particles. The minicomputer uses the population 

balance approach, which will be developed in detail in the theory 

section of this thesis, to calculate the nucleation and growth rate 

kinetics from the size distribution data.

Equipment and Procedure Problems 

The only equipment problem encountered was plugging. The air 
operated automatic valve is the only restriction in the product flow 

system and it caused some problems. The valve never plugged with the 

crystallizer slurry alone, but it did plug with small.bits of scale.

This problem occurred more frequently shortly after start-up. Often

the valve had to be dismantled and cleaned.' This plugging problem 

never resulted in total shut-downs and, was more an annoyance than a 

major problem.

The plugging which did result in total shut-down occurred, almost
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exclusively, in the product flow line inside the crystallizer. Usually 
a piece of scale too large to pass through the product flow dip tube 

would lodge in the end of the dip tube plugging the line. Although 

the product flow line is designed so that oxygen can be used to back- 

flush the product dip tube, plugging of this tube was the major cause 
for crystallizer shut-downs.

Overall, the plugging problems are not severe and probably could 

be eliminated by continuous operation rather than the intermittent 
operating used in the laboratory equipment.

No problems were encountered with the chemical analysis proce

dures. The problems encountered in the size distribution analysis 
procedure are more problems of theory than of procedure and will be 

discussed in the theory section of this thesis.



THEORY

Fe„0„ - SO^ - H„0 SYSTEM  z— j  — J----Z — ^ —

The chemical system Fe^O^ - SO^ - H^O has been studied exten
sively. This chemical system is complex and a moderate amount of 
uncertainty still remains as to its basic chemistry. Jarosite has 

been recognised as an important solid phase in the system for some

time. The synthesis of jarosite was first described by Mitscherlich
in 1861.■ Some of the history of jarosite synthesis and the currently 

accepted facts about the system Fe^Og - SOg - H^O will be described 

here.

In 1922s a definitive study of the liquid equilibrium space 

for the system FUgO^ - SOg — H^O was published by Posnj ak and Merwin 

(10). This study is often quoted in the iron sulfate literature. Many 

of the contributions that this study made to the body of knowledge of 

the FegOg - SOg - HgO system can be summarized in phase diagrams.

One of the phase diagrams developed by Posnj ak and Merwin, for 140°C, 

is presented here as Figure 2. This phase diagram indicates that 
there are five equilibrium solid phases which exist at 140°C. Hydro- 

nium jarosite is the most basic of the four basic iron sulfates.

Posnjak and Merwin state that hydronium jarosite "crystallizes easily"
oand that it "is stable from 25-170 C in certain solutions".

None of the conclusions of Posnj ak and Merwin have been con

troverted. However, their study deals with equilibrium rather than

13



HgO

Figure 2. Fe^O^ - SO^ - H^O - Phase Diagram
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rate-inf luenced chemistry.„ One attempt at describing the non- 

equilibrium solids formed in the FegO^ - SO^ - H2O system was published 
by Umetsu et al. (16) in 1964. Umetsu states that as the free acid 

concentration in the reaction medium increases the solids formed range 

from a-hematite, Fe^O^, to hydronium jarosite, 2(H^OFe^(SO^)^(OH)^, to 

ferrihydroxysulfate, FeOHSO^. This is consistent with the equilibrium 

work done by Posnjak and Merwin.

Umetsu also states that at low acidity the equilibrium solid 

FegOg precipitates directly from solution. Umetsu goes on to state 

that at moderate acidity, where Fe^O^ is the equilibrium solid,

2(H^O^e^XSO^)2 (OH)^ precipitates from solution. This compound reacts 

further to form FeOHSO^ and finally stable Fe20g is produced.
Recent work done at The University of Arizona, Headington (6), 

controverts these findings of Umetsu. Headington has shown that in 

the portion of the Fe^D^ - SO^ - ^ 0  phase diagram where Fe^D^ is the 

stable solid, 2(Hg0 )Fe2 (S0 ^)^(OH)g crystallizes from solution. If the 

reaction time is sufficiently long this hydronium jarosite will convert 
to a-hematite in a shrinking core-type solid state transformation.

This same result with mixtures of alkali-hydronium jarosite has been 

reported by Kunda and Veltman (8).

In all of the data reported here, hydronium jarosite was crys

tallized in the region of the Fe^Og - SO^ - HgO phase diagram where 
a-hematite is the equilibrium solid phase. The.identity of hydronium 

jarosite was confirmed by x-ray diffraction analysis. The fact that 

hydronium jarosite will crystallize in the region of the phase diagram
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where a-hematite is the stable phase indicates that hydronium jarosite 

is the kinetically favored solid phase. Headington has shown that in 

the overall hydrolysis reaction the solid phase conversion of hydronium 
jarosite to a-hematite is the rate limiting step. In this shrinking 
core-type reaction the initial particle size and the particle size 
distribution are important factors (2) in the overall rate of a-hematite 

production.
Two authors. Brown (2) and Kubisz (7), have studied the synthe

sis and the chemical and physical properties of alkali-hydronium jaro

site mixtures. Under widely differing operating conditions, Brown 
at 25°C and Kubisz from 95°C to 210°C both found that pure alkali- 
jarosite cannot be synthesized. Some hydronium jarosite is always 

formed regardless of the level of excess sodium or potassium used.

They go on to state that pure hydronium jarosite can be crystallized 

if no monvalent cations are present in the crystallization medium.

For this reason care was taken that no monovalent cations were intro
duced into the present experimental apparatus.

The fact that hydronium jafosite always crystallizes with the 

alkali jarosites indicates that the crystallization kinetics of hydro

nium jarosite are important in the study of iron removal by jarosite 

precipitation. This study can thus be used as a basis for studying 

the crystallization kinetics of the alkali jarosite.

MSMPR Model
The ideal Mixed Suspension Mixed Product Removal (MSMPR) crys- 

tallizer is well mixed and the product removed is a representative



sample of the mixed magma in the crystallizer. It is assumed that the 
supersaturation present in the crystallizer gives rise to the formation 

of new crystals (nucleation) and the deposition of solute on the exist

ing crystals (growth),
A draft-tube baffled stainless steel autoclave was used in this 

study. ■ The autoclave was well mixed and the product flow and sample 
system were designed so that representative samples were taken. This 

crystallizer configuration is often used in industry and in laboratory 

work and has been found to meet the requirements of the ideal MSMPR 
model.

The population balance approach for describing the crystal size 

distribution (CSD) was first introduced by Randolph (11). This 

approach, a balance on the number of crystals in a given size range as 

a function of size, will be used here to describe the expected CSD in 

an ideal MSMPR crystallizer at steady state. .This treatment can be 

found in more detail in Randolph (12).

In a steady state MSMPR crystallizer the number of crystals in 
a given size range, say from to must be constant. That is, 

the number of crystals entering the size range must equal the number 
leaving the size range in a given time. We define the population 

density n to be the number of crystals in a given size per unit volume 

of crystallizer and V the total crystallizer volume. Then the number 
of crystals entering a size range due to.growth in a time interval 

At is given by
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and are the population density and the growth rate at size L^. 

Likewise the number of crystals leaving the size range due to growth 
is given by

Vn2 G2 At (2)

If we assume that the feed stream contains no crystals then there are 

no external crystals entering the size range. If the product flew 

from the crystallizer is a representative sample of the mixed magma in 

the crystallizer, then the crystals leaving the size range due to bulk 

flow is given by

Qn (L2-L1) At (3)

where n is the average population density in the size range Lg to 

and Q is the volumetric flow rate. The balance of particles entering 

and leaving a size range is thus given by

Vn^ G^ At - Vh2 G2 At = Qn AL At (4)

Rearranging this expression and taking the limit as AL •* 0 we obtain

V = - Qn (5)

This is the differential form of the population balance for the MSMPR 
crystallizer. ,

In order to determine the integrated form of the population 

balance for an ideal MSMPR crystallizer it is necessary to determine 

the relationship between growth rate and size. Assuming that growth 

rate is independant of size (McCabe’s AL Law) the integrated population 

balance becomes

n = n° exp(-L/Gt) (6)
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where n° is the population density of nuclei and r = V/Q is the resi
dence time of the crystallizer.

Plotting the logarithm of n versus L yields a straight line with 
a slope of - -*-/Gt and an intercept of n°. Therefore, a well designed 
laboratory crystallizer of the MSMPR configuration can be used to 

obtain nucleation and growth rate kinetics of a given system. This 

MSMPR model, assuming McCabe's AL Law,is the model that the PDI counter/ 

minicomputer system uses to establish nucleation and growth kinetics 

from crystallizer crystal size distribution samples.

A modified version of this model was also used for data analysis. 
The modification developed by Rousseau and Woo (14).replaces McCabe’s 
-AL Law with the Abegg - Stevens -Larson model (1)

G = G0 (l+YL)b (7)

using this expression equation (5) can be integrated to obtain

n = n°(l + — r) bexp((l-(l + 7r 1r)1"'b)/(l-b)) (8)to0T tr0T
where y has been replaced by 1/G0t. Note here that when b = 0.0, 
equation (8) reduces to equation (6). Equation (8) yields a curved 

logarithm of n versus L plot. This fact will be discussed further in 

the results section of this thesis.



RESULTS

Constraints arid Operating Conditions

The experimental work was designed so that the crystallization 
kinetics could be determined as. a function of free acid and iron con

centration, residence time, and temperature. The range of these 

variables and the resulting crystallization kinetics are shown in Table 

1. The range of operating conditions is narrow, for the following 

reasons.
All experiments were performed in the region of Fe^O^ - SO^ - 

H^O phase diagram where FegO^ is the stable phase. This directly 
imposes an upper limit on the acid and iron concentration. Operating 

in a region where Fe^Og is the thermodynamically stable phase imposes 

another constraint. Previous work (6) showed that if the residence 

time is long, the free acid .concentration low and/or the temperature 

high, then hydroninm jarosite crystals will begin to convert to 

a-hematite. As previously stated<; the conversion of hydronium jaro- 

sfte to a-hematite proceeds as a shrinking core-type reaction. Initial 

conversion forms a crust of a-hematite on the surface of the hydronium 
jarosite crystal. Therefore, when a particle of hydronium jarosite 

begins to convert to a-hematite, no further jarosite will be deposited 
on the particle and it will stop growing. This mechanism produces 

an abnormal crystal size distribution, making it impossible to deter
mine true crystallization kinetics. Such partial conversion places 

an upper limit on retention time and temperature and a lower limit



Table la Summary of Results

Ferric
Ion
Concen
tration
g/L

Free
Acid
Concen
tration
g/L

Temper
ature
°K

Resi
dence
Time
Min

Slurry
Density
g/L

G t G(L) Model G = Go(14-L/G0 )6 Model

Nuclei
Density
#/cc.pm

Growth
Rate
p/min

Nuclei
Density
#/cc.pm

Growth rate 
p/min

21.8 15.2 422 20 2.44 1612 0.990 2924 0.1510

21.1 14.0 422 30 3.08 698 0.824 2300 0.1133

22.0 15.3 422 40 2.81 527 0.598 925 0.1043

21.1 14.9 422 45 , 1.51 788 0.363 1555 0.0697

21.4 16.3 422 60 2.00 1159 0.239 1669 0.0551

21.6 15.0 413 20 0.01 1538 0.161 46 0.1080

16.6 14.2 430 20 14.3 5730 1.170 4386 0; 2123

18.0 10.3 422 20 12.6 6226 1.091 4743 0.2019

20.8 18.4 422 20 3.30 9659 0.603 82 0.398'

18.3 14.6 422 20 0.41 585 0.766 259 0.1773

25.7 12.9 422 20 4.70 2859 1.018 3425 0.1710
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on retention time and temperature and a lower limit on free acid con
centration.

At the opposite end of the spectrum if the iron concentration 

and/or the temperature is too low, or if the free acid concentration is 

too high, no solids will be formed. Therefore, there are upper and 

lower limits on all of the independent variables in the study. The 

operating range studied tended to be conservative. That is, every 

effort was made to avoid the possibility of producing a-hematite while 
allowing for the risk that no solids would be formed in a particular 

experiment.

This is conservative in the sense that in a given experiment 

small quantities of a-hematite formed might go unnoticed whereas if no 

solids formed it would be obvious.

Crystal Size Distribution
The crystal size distributions (CSDs) obtained do not exactly 

fit the ideal MSHPR model. Plots of the logarithm of n versus L do 

not result in straight lines over the entire size range (see Figure 3). 

However, the crystallizer did come to chemical steady-state within 
five to seven residence times While the CSD came to steady-state within 
ten residence times (see Appendices E and F). In almost all cases the 

only deviation from the. ideal MSMPR model was upward curvature of the 

semilog population density plots below a size of approximately fifteen 

microns. There are several possible explanations of this phenomena.

It is possible that product classification occurred, with small 

crystals being preferentially removed from the crystallizer.
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Because the product flow is controlled.on/off, the product flow 

dip tube inside the crysta3J.iz.er acts as a settling chamber while the 

flow is off. Small particles left in the tube at the end of one pulse ' 

may remain in the tube until the next pulse while the larger particles 

settle out of the tube. However, this affect should alter the CSD 

at a larger size than is observed. See Appendix C. Further the 

volume of the product flow dip tube is only ten percent of the total 

product that is discharged in each pulse.
Another mechanism which could account for product classifica

tion at the product dip tube is non-isokinetic sampling. Fine parti

cles will be preferentially removed if the fluid velocity in the product 

dip tube during flow is signficantly higher than the fluid velocity of 
the mixed magma inside the crystallizer. For this reason, and to 

alleviate plugging problems, a moderately large dip tube was used.

Neither of these possible problems with the crystallizer design 

is believed to be the cause of the unusually high numbers of small crys

tals. Both of the mechanisms mentioned result in product classifica

tion. Product classification results in the CSD of the .product stream

being different from that in the crystallizer itself. Oh several occa
sions samples were taken directly from the crystallizer as soon as 

possible after shut-down. These samples showed that the CSD in the 

crystallizer was essentially the same as the CSD in the product flow.

This is excellent evidence that no product classification was taking 

place.
One other possible mechanism for unusually large numbers of . 

small crystals present has been investigated. There would be more
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small crystals than expected if small particles preferentially convert 
to a-hematite and thus stop growing or if small portions of larger 

crystals convert to a-hematite and break-off from the larger crystals. 

Photomicrographs show some small red.crystals (a-hematite is dark red 

or purple while hydronium jarosite is bright yellow). Because there 

is so little mass.contained in these small crystals in question it has 

not been possible to determine if they are a-hematite.

The final possible cause of the observed deviation from ideality 

is size-dependent growth rate. . As has been previously mentioned» 

size-dependent growth rates result in curved plots of the logarithm of 
n versus L, When the growth rate of crystals increases with particle 

size the b parameter in the Abegg, Stevens, and Larson model is posi

tive and the plot of the logarithm of n varsus L will be concave up.

The fitting of the experimental data using this size dependent growth 

rate model #ill be discussed further in the next section of this thesisv

Crystallization Kinetics 

The detailed methods used to determine the crystallization 

kinetics from the experimental CSD. ate given in Appendix B. A brief 

outline will be included here.

Linear Growth Rate Model
Six-1 crystallizer Samples were analyzed for each experiment.

The growth rate for each sample was determined by using the least 

squares fitting capability of the PD3® counter/minicomputer. A 

straight line was fit to the experimental CSD over the size range from 

fifteen to fifty-five microns. . Figure 3 is a typical sample. The
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deviation of the experimental data from the straight line below fifteen 
microns in this sample is typical.

The reported growth rate was arrived at by calculating a 

weighted average of six sample growth rates. The averaging procedure 
follows.

The slurry density in a crystallizer can be calculated from

the CSD as f” ' s
= | pk^nL dL (1)

** o

Substituting the population density from the MSMPR model and integrat- 

ing = 6pkvn°(GT)4 (2)

This equation is used by the PD]® counter to calculate the slurry den

sity based on the experimental CSD. The actual slurry density for a 

given experiment was determined by averaging six separately filtered 

and Weighed samples.
It was assumed that the agreement of the calculated slurry den

sity (from Eq. 2) with the experimental slurry density is a good measure 

of the agreement of the MSMPR growth rate to the actual growth rate.

The reported growth rate was an average of the MSMPR growth rates 

weighted by the inverse square of the difference between the experimen

tal and calculated slurry densities. Thus

v r f 1 'i2iEi Mi (M
E Mi

Gr ~ f r 1 \2 (3)

-  V  %
where is the reported growth rate, is the experimental slurry

E
density and G ^  and are the MSMPR growth rate and slurry density.
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The reported nucleation rate was calculated by using .the growth rate 

calculated by equation (3) and rearranging equation (2).

tokv(Gr,')

Non-Linear Growth Rate Model
Six sample growth rates for each experiment were determined 

by fitting the experimental CSD’s with the Rousseau and Woo expression 

for population density

n = n°(l + k/G t) ^exp(l-(l +^/G t)^ /(1-b)) (5)o o
Through trial and error it^was found that the best overall fit to the 
experimental data could be obtained, by using b = 0 .75 and matching the 
experimental population density exactly at thirty microns.

The procedure for calculating a weighted growth rate is the 

same as previously described.

Overall Kinetic Model 

The crystallization parameters obtained in this study were 

correlated for both the linear and non-linear growth rate models.

The maj or problem in developing these correlations was in f inding a 

reasonable form. The form of kinetic models is generally based on 

thermodynamic considerations with the kinetic driving forces usually 
assumed to be the same as the thermodynamic driving.forces. As 

hydronium jarosite is not a thermodynamically stable compound the form 

of the best kinetic model was not obvious.
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It is clear from the data that a type of thermodynamic driving 

force for crystallization does exist with respect to ferric ion and 

free acid concentration. It is also evident that nucleation rate B°
is dependent upon yield,. The final form of the kinetics model used is

(6)

where B°/Hrp is the specific nucleation rate, [a(T)J and [b (T) ] are the 

temperature-dependent pseudo thermodynamic equilibrium concentrations 

of ferric ion and free acid, and i, j , K^, &, and m are adjustable param

eter., The pseudo equilibrium concentrations were found as functions 

of temperature by fitting the locus of the triple point (Fe^O^ - 

SFe^O^ °4S0g°SHgO) on the phase diagrams developed by Posnjak and Merwin. 
The adjustable parameters were determined using a multiple linear re

gression program developed by J.W. White at The University of Arizona.

The final form of the correlation for the linear growth rate model is 

as follows:
„o„. 12.64 .. -0.315 -2.025 r(Ee+3) -  (9 9 .7 -0 .2 2 1T ),'0-514 . . .
B /MI  = e “ l  T [ 1.86T-742.7-IH+; ] (7)

This model has a correlation coefficient R = 0.861, and an f-ratio 

= 50.0.
No exponential type correlation could be found for the non

linear growth rate model. The best correlation that could be obtained 

for the non-linear growth rate is.the linear correlation;

= 169.2 - 86.7G - 122.Or +  158.0 "-2 {S']̂  (8)
where R = 0.968 with a f-ratio 20.0

This correlation can be used to model the data, but it has no 

physical significance. The correlation based on the linear growth
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rate model can be used to predict the CSD for a given set of operating 

conditions. The detailed procedure for this is given in Appendix IV.
A plot indicating the goodness of fit for this model is given as 
Figure 4.

This model is not put forth as representing all of the factors 
which influence nucleation or the true mechanisms of nucleation. Any 

use of this model outside of the range of variables from which they 

were developed should be done with great care.

The overall kinetic model based on the linear growth rate 

analysis. Equation (7), indicates that the specific nucleation rate, 

B0/M̂ , will decrease as the independent variables (retention time, 

temperature, free acid concentration, and ferric ion concentration) 
increase. The slurry density M^, increases as retention time, tem

perature and ferric ion concentration increase while it decreases as 

the free acid concentration increases. Therefore, the average parti

cle size (G ) will increase as the residence time, temperature, and 
ferric ion concentration increase and it will decrease as the free 
acid concentration increases; See Appendix D.

In the overall hydrolysis reaction to a-hematite the particle 

size distribution plays an important role (3). The conversion of 

hydronium jarosite to a-hematite is a solid phase shrinking core-type 

reaction. The particle size distribution of the a-hematite will be 

set by the crystal size distribution of the original hydronium jaro

site. A balance will have to be struck between the handling and 

filtration efficiencies of large particles and the rapid conversion
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Figure 4. Scatter Plot for Actual B0/ ^  versus Calculated by
Equation (6).



time of small crystals „ This will be an optimization problem in the 
overall hydrolysis reaction model0



SUMMARY AND CONCLUSIONS

A series of steady state mixed suspension mixed product removal 

crystallization experiments were performed. The following con

clusions can be drawn from these data;

(1) Hydronium jarosite can be crystallized and recovered from 

a medium where cx-hematite is the thermo dynamically stable phase.
(2) The laboratory crystallizer used is nearly an ideal mixed 

suspension mixed product removal crystallizer« Deviations from 
ideality observed are inherent in the chemical system.

(3) A correlation useful for predicting crystal size distri

butions for given operating conditions are developed. Thus

n°/M = *12.64 -0.315 -2.025 r(Fe+3) - (99.7 - 0.221T)i~ 0 ’514
x ^1 L1.86T - 742.7 - [H+] J

This correlation is based on the linear growth rate model.
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FUTURE WORK

The work done previous to this study'by Headington (6) has 
shown that hydronium jarosite will hydrothermally convert to a—hematite 
by a shrinking core-type reaction. Headington determined the important 

parameters in the kinetics of:this solid phase transformation and 
developed a mathematical model to predict the rate of conversion of 

hydronium.jarosite to a-hematite.

The important parameters in the crystallization kinetics of 

hydronium jarosite in that, portion of the FegO^-SO^-HgO phase diagram 

where a-hematite is the stable phase;.have been determined in the pre

sent, study. A mathematical model for .predicting, the crystal Size 

distribution of hydronium jarosite crystals under given operating con
ditions has been developed.

The work which remains to be done is the wedding of these two 

studies into an overall reaction engineering model for the simultaneous 

crystallization of. hydronium jarosite and conversion of existing hydron

ium jarosite to a-hematite in the same unit operation. Further experi
mental work using the same equipment that was employed in this study 

should be undertaken. Continuous experiments should be used to demon

strate that a-hematite can be produced in a single drystallizer/reactor 

with a .retained bed of crystals. A complete reactor engineering model 

predicting the particle size distribution and the yield of a-hematite for 

a single stage double draw-off crystallizer/reactor should be developed.
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APPENDIX A

CHEMICAL AND PARTICLE SIZE ANALYSIS

(A) Procedure for Determining Ferric ton

(1) Filter 50 ml of crystallizer sample

(2) Pipet 2 ml of the filtered sample into a 200 ML flask.
(3) Dilute with 100 ml of distilled water.

(4) Add 25 ml of 10% HC1.

(5) Add 15 Cm of analytic lead shot.

(6) Heat to boiling and boil for 5 minutes after solution turns
clear.

(7) Decant the clear solution into a 200 ml beaker. Wash the
lead and add the Wash water to the 200 ML beaker.

Add 15 ml of H3PO4 - H2SO4 solution and 3 drops of dipheny-
lamine indicator.

Titrate with standard dichrornate to a blue end point.

(B) Calculation for Determining Ferric Ion

vo«/l = (55.85).

(C) Procedure for Determining Free Acid

(1) Filter 50 ml of Crystallizer sample
(2) Pipet 2 ml of filtered sample into a 400 ML beaker.

(3) Dilute with 200 ml of distilled water.

(4) Add 4 ml of Monosodium phosphate solution.
(5) Titrate with standard NaOh to a pH of 4.0

ML of. Dichromate_



35
(D) Calculation for Determining Free Acid.

Total = ,, . I" Normality , ML L
Acid K ) I of NaOH J [ NaOHj _

Gm Fe+3/L

(E) Standards

(1) Potassium Bichromate:
Add approximately 4.9 gm. to 1.0 L distilled
water. 2

Standardize by performing steps 2-9 of Ferric Ion procedure 
on a known weight of FeClg.

M&Bichromate
Normality Weight of Fe+ /55.85 DichromateJ

(2) NaOH
Add 4.0gm of NaOH crystals to 1.0 SL distilled water

(3) Sodium Monophosphate
Add 50 gm of sodium monphosphate to 1.0 £ distilled water,

(4) HgPO^ - EgSO^ solution
Add 150 M£ of 100%"H2S04 to 700 MS. distilled water

Add 150 -MS, of 85% H^PO^ to the H^SO^ water mixture

(5) Diphenyiamine Indicator
Add 1.0 gm of diphenyiamine to 100 MS, of 100% ^80^

(F) Procedure for Determining Particle Size Distribution

(1) Take a well mixed sample from the crystallizer.

(2) Pipet 10 MS, of the well mixed sample into 80 MS, of standard
counting solution.
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(3) Count this solution on the particle counter using a dilution

factor of 4,5.
(4) Use the least squares fitting capability of the particle count

er to fit the logarithm of the population density versus' 
size data between .15 and 55 microns.

(G) Calculation of Dilution Factor

Dilution _ ^ 5 (#/2cc. counting solution)*(90 cc counter solution)
Factor ° 10 cc crystallizer solution

R* The PDI counts all of the particles present in 2 cc. of the 
counting solution.



APPENDIX B

DETERMINATION OF NUGLEATION AND GROWTH BATE KINETICS

(A) Size Independent Growth Rate Model

The least squares fitting capability of the PDI^ counter/mini

computer system is used to fit a plot of the logarithm of n versus L 
with a straight line over the size range of 15 to 55 microns. A graph 

of both the actual data and the computer calculated straight line is 

plotted. The intercept of the straight line is printed as the 

nuclei density and the slope of the line is printed as G Thus with

the known residence time input, the crystallization kinetics for each
Rsample are found directly from the PDI counter/minicomputer.

(B) Size Dependent Growth Rate Model
This method for determining crystallization kinetics is presented 

in detail in Rousseau and Woo (14)

Using the Abegg, Stevens and Larson model for size dependent 

growth ,

G =  G0 (H-X)b ; b > 0 (1)
the integrated population balance becomes

n = n0(l+L/GoT)"bekp((l-(14-Ij/GoT)1”b)/(l-b)) (2)
The slurry density is given as

00

nL3dL (3)
o
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Mt = 6pkv
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Hj, = 3pkv n° (G0t) 4 exp(l/(l-b)) $ . (4)

yo CO

where $ = j  ¥(^- - 2 exp (-¥/(1-b) ) d¥ (5)

Since 0 is a function of b only, Rousseau and Woo have integrated equa
tion (5) and plotted versus b, where

= •*"/(1-b) exp(V (1-b) 0 (6)

(See Figure Bl)

Given an experimental CSD the crystallization kinetics can be 

found using the following trial and error procedure.

(1) Assume a value of G0t. The value of C% is determined by the 
assumed value of b.

(2) Calculate n° = n(l+g~) bexp(-(1-(1+L/G0t) 1-b) / (1-b))

(3) Calculate the new value for Q0

G0t = [MT/Cjpk-v n°] ^

(4) Repeat steps (2) and (3) until error in G0r is within acceptable 

limit (.1%).
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Figure Bl. Factors for calculation of and



APPENDIX C

PRODUCT CLASSIFICATION DUE TO SETTLING THE PRODUCT DIP TUBE

The product tip tube is immersed approximately 20 centimeters 

into the crystallizer. Settling occurs over this length when the 

product flow is off. The settling velocity of the particles inside 

the dip tube can be described by Stoke's Law for spheres

_ °p2 < y p >
T 18u

(This is a good approximation because the particles are nearly spheri

cal and the fluid is quiet inside the tube when the flow is off.)

The percentage of particles of a given size that would settle 

out of the dip tube while the flow is off has been calculated and 

plotted as a function of size. See Figure Cl.
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APPENDIX.D

PROCEDURE FOR PREDICTING CRYSTAL SIZE DISTRIBUTION FROM 
YIELD AND OPERATING CONDITIONS

The overall kinetic model along with the mass balance can be 

used to predict the CSD. The procedure.for characterizing and pre

dicting the CSD from the operating parameters follows.

The population average size; L^q is often used to characterize

the CSD.

The population average size is defined as

SCO L n d Ln
■L » "  -{ n d L Jo

If the MSMPR negative exponential distribution is substituted for n here 
and the expressions integrated

.■$" L expC-L/Gr) dL
F lo = 5 exp(-L/Gr) dL

L10 = Gt 
Likewise, the mass balance

Mt = 5" nL3dL

Becomes

= 6pkv n° (Gt)^ where n° =
42
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This can be rearranged and solved for Gt

(Gt)3 = Bj/epk^ B° r

Therefore

where Mrp is the crystallizer yield and B° is the nuclear ion rate pre
dicted from the overall kinetic model

r(Fe+3) - (99«7—0.221T)_ " 5 
1 1.86T-742.7-(H+) J

The mass balance and the kinetic model are coupled through the

yield, The yield is dependant on the chemical environment and
the residence time in the crystallizer.

An example illustrating the practicle use of these equations
follows.

Consider an experiment with the following chemical conditions, 
residence time, and yield:

Free acid cone. 20 g/L

Ferric ion cone 20 g/L
Temperature 420°K

. Residence time 20 min

Yield 7
From the Kinetic model

B° = 3240 #/cc min

From . the Mass Balance =

L1() = (Gt) = 22.3p



Now, if only the residence time is changed such that

T2 ' 2 T1
Then: r = 40 min

B° = 796 #/cc min 

L50 = 28.3 y
indicating that even if the yield does not increase, the average 

particle size will increase as the residence time increases.

A table illustrating the effect of the independ nt variables 
on the average size, follows:



APPENDIX E

RAW CHEMICAL DATA

Run #  2i_
Temperature °K 422 

Residence Time (6) min 20

# of e’s 
SINCE 
START UP

C R Y S T A L  L I Z E R  E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 21.5 19.5

6 21.8 14,7

7 22.0 14.7

8 21.8 15.7

9 21.8 15.2

10 21.8 15.2

45
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Bun # 2

Temperature °K 422

Residence Time (6) min 30

■# OF 8*8 
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 21.2 13.3

6 2 0 .9 14.8

' 7 21.2 14.3

8 20.9 13.8

9 21.2 13.8

10 20.9 14.3
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Run' # 3

Temperature °K 422

Residence Time (6) min

# OF 0*8 
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 21.1 18.1

6 22.0 15.2

7 21.8 16.2

8 22.0 15.3

9 22.0 15.3

10 22.0 15.3
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Run # 4

Temperature °K 422

Residence Time (0) min 45

# OF 0’s 
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
• FERRIC ION 

CONC. g/L
FREE ACID 
CONC. g/L

5 X X

6 21.1 15.0

7 20.5 16.0

8 21.1 X

9 21.1 14.9

10 21.1 14.9



Temperature °K 422 

Residence Time (0) min

# o f e's 
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 21.6 . 19.3

6 21.1 - 17,

7 21.9 15.9

8 21.6 16.4

9 21.4 16.3 .

10 21.4 16.3



50

Run # _6_

Temperature °K .̂ 3̂

Residence Time (0) min

# of e’s 
smcE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

■5 X X

6 21.1 15.9

• 7 21.9 13.0

8 21.6 14.5

9 21.6 15.0 .

10 21.6 15.0



51

Run #  7_

Temperature °K ^30

Residence Time (6) min _2D.

# OF 6*8 
SINCE 
START UP

C R Y  S T A L L !  Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 16.6 14.2

6 16.6 14.3

' 7 16.6 13.2

8 16.6 14.2

9 16.6 . 14.2 .

10 16.6 14.2



52

Run # 8

Temperature °K 422

Residenee Time (6) min

# of e’s
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L'

5 19.7 7.8

6 17.7 10.3

7 18.0 9.8

8 18.5 , 9.8

9 18.0 10.3

10 18.0 10.3
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Run #  9_

Temperature °K 422

Residence Time (6) min 20

# of e’s
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC, g/L

FREE ACID 
CONC. g/L

5 20.8 18.8

6 21.1 18.3

7 21.1 17.9

8 20.8 18.4

9 20.8 18.4

10 20.8 18.4
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Run #

Tenperature °K 

Residence Time (6) min

# of e’s ■
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 18.3 12.2

6 18.3 13.7

7 18.5 14.1

8 18.0 15.1

9 18.3 14.6

10 18.3 14.6
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Run ft 11

Temperature °K ^ 2

Residence Time (6) min 20

ft of e's 
SINCE 
START UP

C R Y S T A L L I Z E R E F F L U E N T
FERRIC ION 
CONC. g/L

FREE ACID 
CONC. g/L

5 25.9 12.4

6 27.0 12.3

7 25.6 12.9

. . 8 25.8 12.9

9 25.6 12.9

10 25.7 12.9



APPENDIX E

PARTICLE COUNTS

For each run .three crystallizer samples were each analyzed 

twice. For run number 8 the complete computer generated output 

for all 6 analyses is given. For the other runs the data is sum

marized in tabular form.

Run # 1

Sample
#

B°
#/cc-min

G
y/min 15

L O G
30

n A T  
45 55 y

106 4176 1.206 11.4 3.37 2.97 2.77 2.57

106 3674 1.116 8.62 3.35 3.00 2.80 2.65
107 3183 .978 4.63 3.30 2.80 2.45 2.25

107 2875 1.01 3.01 3.29 2.75 2.45 2.30

Run # 2

113 2215 1.38 46.3 3.175 2.80 2.70 2.65

113 1537 1.12 7.44 3.15 2.865. 2.725 2.65

114 1887 .86 9.43 3.30 2.75 2.55 2.45
114 1104 .80 1.94 3.10 2.80 2.69 2.45
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Run #3

Sample
#

B°
#/cc-min

G
p/min

Mm
g/L

L 0 
15

G n 
30

A T 
45 55 y

116 1300 .487 3.75 3.07 2.80 2.335 2.075
116 1250 .498 3.37 3.00 2.765 2.29 1.90

117 432 .663 3.14 2.65 2.25 2.05 1.90

117 406 .607 2.91 2.625 2.30 2.10 2.00

118 1353 .463 3.34 3.00 2.80 2.335 2.13

118 1162 .510 3.18 3.00 2.765 2.25 2.065

Run #4 
122 2034 .603 7.90 3.00 2.65 2.50 2.20

122 2407 .289 1.030 3.15 2.45 2.00 1.80

123 2732 .271 0.963 3.20 2.465 2.00 1.73

123 2701 .368 1.690 3.00 2.70 2.20 2.00

124 1777 .410 2.98 3.00 2.50 2.20 1.975

124 2928 .351 1.88 3.05 2.69 2.25 2.00

Run #5

125. 4912 .195 1.52 3.00 2.85 2.25 1.975
125 4208 .189 1.68 2.95 2.765 2.20 1.90
126 3649 .325 5.27 , 3.25 2.87 2.53 2.20

126 3112 .241 1.93 2.95 2.80 2.40 2.15
127 . 2325 .477 10.5 3.30 2.65 2.55 1.95
127 2125 .470 10.25 3.20 2.50 2.25 2.00
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Run #6
Sample

#
B°
#/ec-min

G
u/min

Mt
g/L

L
• . 15

0 G n 
30

AT
45 55 y

133 1589 .160 .010 -1.95 0.80 0 0

133 1724 .157 .018 2.00 0.975 0.32 0

134 194 .250 .0040 1.40 0.18 0 0

134 326 .241 .0046 1.60 0.48 0 0

135 833 .166 .0060 1.80 0.45 0 0

135 1027 .162 .0082 2.00 0.885 0.20 0

Run # 7
148 7546 1.72 60.3 3.47 3.27 3.07 2.90

148 6446 1.268 20.5 3.50 3.20 2.93 2.73

149 5473 1.205 • 17.3 3.40 3.15 2.70 2.365

149 5789 1,28 19.12 3.37 3.13 2.87 2.67

150 6121 1.36 21.20 3.40 3.175 2.90 2.75
150 5439 0.888 5.94 3.30 3.10 2.67 2.40

Run #9 
136 510 .682 .252 2.50 1.90 1.475 1.075

136 724 .651 .277 2.65 2.00 1.675 1.09

137 388 .556 .104 2.35 1.65 1.05 1.50

137 277 .601 .095 2.25 1.60 0.975 0.575
138 306 .566 .086 2.30 1.50 1.00 0.75

138 493 .575 .925 2.45 1.765 1.15 0.975
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Run #10

Sample
#

B°
#/cc-min

G
y/min 15

LOG n 
30

AT
45 55 y

139 543 .82 .467 2.65 1.95 1.60 1.40

139 585 .800 .488 2.63 1.96 1.635 1.40

140 508 .656 .224 2,55 1.85 1,35 1.10

140 724 .641 .292 2.82 1.975 1.75 1.42

141 341 .629 .133 2.35 1.65 1.15 0.80

141 292 .622 .121 2.30 1.625 1.10 0.765

Run # 11 

145 4214 1.08 8.26 3.33 2.97 2.70 2.40

145 4470 1.019 7.37 3.37 2.97 2.69 2.365

146 4100 0.950 5.49 3.365 2.90 2.67 2.365
146 4057 0.983 6.00 3.40 2,93 2.64 2.40

147 4386 1.44 20.3 3.40 3.00 2.837 2.70

147 . 4443 1.26 13.72 3.366 2.965 2.80 2.60
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PARTICLE COUNTS RUN #8

4 .00+-----
3.93- 
3.S7- 
3«SO —
3.73-
3.67-
3.60— .
3.53-— . *
3.47- . *. *
3.40- .**
3•33— *.— * «
3.27- ***.#*.
3.20- *.

* ****
3.13- *

***
3.07- .**

— * . #
**

2.93- " **.**
2.87- * .*

**
2.80- * **
2.73- * ***
2.67- ** 

TRANSFER POP. DENSITY UP TO* L=60 tLEAST SGRS
2.60- OVER L=15 TO L=55
2.53- POP. AVERAGE SIZE=24.06,MICRONS
2.47- 0=1.20305,MICRONS/MIN.
2.40- T AU=20,0,MIN.
2.33- B0= 5716,N0./CC-MIN.*
2.27- MT=15.5097,GRAMS/LITER
2.20- RHO= 3♦100,GRAMS/CC
2.13- R=- .99476

S E P=+/- .04971622.07- N(0)=3.6768

0 7 . 5 0 1 5 . 0 0 2 2 . 5 0 3 0 . 0 0 3 7 . 5 0 4 5 . 0 0 5 2 . 5 0

*
*
*
*

*.**.
*

6 0 . 0 0
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PARTICLE COUNTS RUN P8

4 • 00+-
3.93-
3.87-
3.50-
3.73-
3.67-
3.60-

5.47-
3.40- 
3 ♦ 33-
3.27-
3.20-
3.13-
3.07- 
3\00+- 
2.93- 
2.57- 
2.80- 
2.73- 
2. o7- 
2.60- 
2.53-
2.47-
2.40- 
2.33-
2.27-
2.20-
2.13-
2.07-
2.00+-0

*.***.**

** **** ' **.***.******. * ** ,**. X* ■+-**- •*+•*******X*.***** . X*

TRANSFER POP, DENSITY UP TO L=60 +LEAST SQRS OVER L=15 TO L=55
POP. AVERAGE SIZE=36,16tMICR0NS

* 0=1.80777,MICRONS/MIN.
TAU=20.0,MIN »
B0= 5949,NO♦/CC-MIN.
MT=54.7620,GRAMS/LITER
RHO= 3.100,GRAMS/CC
R=- .98530 
SEP=+/- .0558417N < 0)=3.5173

 +------ +------ +------ +---  — +-- — +------ +------+
7.50 15.00 22,50 30.00 37.50 45.00 52.50 60.00
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PARTICLE COUNTS RUN //8

3.;o- *
/. 30 - 4-

3.-?0- . *
*

3.60“ ♦ *. *: .*
**

3,40- *.
—  *  «

3.30- *** ♦
*****

3.20- - *.*
% *4

1. 1. - **
***

; t*.*
2.2 0- * **

* .
2.70- **.***.
2.30- * .*
2.50- ***
2.,40- t*
2.30-
2.20- 
2.10-
2. CO >--------+-------+--------+------- +-------+-------4--------- +------+

TRANSFER FOR. DENSITY UR TO L=uO tLEAST 3GRS
OVER L-15 TO L=55

1.30- FOR. AVERAGE SIZE=19.30,MICRONS
1.70- * li= .96495,MICRONS/MIN.
l.oO- T4U=20.0,MIN.
- B0= 6954,NO♦/CC-MIN*
: '40~ nT=9.73o56,GRAMS/LITER
1.30- RHu= 3.100,GRAMS/CO
1.30- R=- .9^334

SEP=+/- .0699649
1 N<0)=3.d577

0 7 . 5 0 1 5 . 0 0 2 2 . 5 0 3 0 . 0 0 3 7 . 5 0 4 5 . 0 0 5 2 . 5 0 6 0 . 0 0
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PARTICLE COUNTS RUN //8

93-
S7-
ac-  

73- 
67 -
w0“

*?3-

*
*
*
*
*
*

.***

K*** * #
* *

* .t2v- t: t**
* .*

13- ***.
0 — * *  •**w 0 4 —--—-r————— ****. t

*

*

3“’- t *
x .t. *

"v- * ♦
*

•**'- *

*
6" - TRANSFER POP. DENSITY UP TO L=60 *LEAST SQRS X 
-v- OVER L»15 TO L=55

POP. AVERAGE SIZE=28.3G,MICRONS
47* G=1.41913,MICRONS/MIN.
4 A- TAU=20.0,rtIN.
-3- v &0= 64S6,NO»/CC-MIN.
3 - MT*28.836 L,GRAMS/LITER
1C- r:HC= 3. ICO 7 GRAMS/CC
—  _ R=- .98994

S£P=+/- .0536489
,7 - N(0)=3.o600

*’.50 15.00 22.50 30.00 37.50 45.00 52.50 60.00
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PARTICLE COUNTS RUN #8

4.00 +------+—--
3.93-

*
3.37-
3.30- *
3.73- *
3.o7- . *
3.30- .

-. So-

*
*

*

3.53- . *
3.4 "- . *
3.40- **
3.33- *.— * .
3.27- **** *

— *.
3.20- • *.— **«
3.13- ******* *
3.07- .* *
3, 30+—
2.93- ***
2.37- **.*— $ «
2.30- * .

** .
:,"3- *****
:. 37- ***

TRANSFER POP. DENSITY UP TO L-=60 ♦LEAST SQRS 2.ov- OVER L=15 TO L=55 %
POP. AVERAGE SIZE=23.98,MICRONS

2.47- G=l.19877,MICRONS/MIN.
2.40- * T AU=20.0,MIN *
2.32- BO* 6078,NO./CC-MIN.
2.27 MT=16.3144,GRAMS/LITER
2.20- RHO= 3.100,GRAMS/CC
2.13- R=- .99018

SEP=+/- .0635714
2.07- N (0)=3.7050
2 . 00t ------------ + ------— — — + — — ---- + — — — — — + — — ------- + —  — — - - + ----------- + ---- — — — — +

0 T.30 13.00 22.50 30.00 37.50 45.00 52.50 60.00
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PARTICLE COUNTS RUN //8

4.00 + - 
3.9 0-
3.30-
3.70- 
3.60-
3.50-
3.40-
3.30- 
3.21- —
3.10- 
3.00+-
2.90-
2.30-
2.70- 
2. oO-
2.50-
» -2.40-

2.30- 
2.20-
2.10-
2.00 h-
1.90-
1.30-
1.70- 
1 « 60-
1.50-
1.40-
1.30- 
1 .20- 
1 .10-

-+------4--------+-
*
*
kk

♦ &. *
**

*.** . 
****

♦***
***

*
****

****.*
* ***.

* .
*****

**.* .***.
* .

---- +-------+------ +—  ---- 4----
TRANSFER POP. DENSITY"UP TO L=oO 
OVER L=15 TO L=55
POP. AVERAGE SIZE=17.59,MICRONS
G= .37927,MICRONS/MIN.
T AU=20♦0,MIN♦
B0= 6754,N0./CC-MIN.
MT=7.15394,GRAMS/LITER
RHO= 3.100,GRAMS/CC
R=- .99541 
SEP=+/- .0636445
N (0;=3.3854

+--------4LEA3T oQ i\3

1, 00 : - 
0

---+.
7.50

 +-
15.00

 + .
22.50 30.00

 +.
37.50 45.00

  I — — — — +
52.50 60.00



NOMENCLATURE

B° - Nucleation Rate No. /cc min
b - Size dependant growth constant, b <1.0

0^ - Particle Diameter, y

Fe — Ferric ion concentration, g/L

G - Growth rate, y/min

Go - Growth rate of zero-sized crystals, y/min

H+ - Free Acid concentration, g/L

ky. - shape, factor, ir/g for spheres

.L - Length, y
M"£ - Slurry density, g/cc

n - Population Density, No,/cc ym

Q - Flow Rate, l/min

T - Temperature, °K

Uf - Terminal Settling Velocity, cm/s

V — Volume, 1
At - Time interval, min

p m Density, Gm/cc

t - Residence time, min
u - Viscosity, g/cm/s
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