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And he thought of those he angered, 
For he was not a violent man, 
And he thought of those he hurt, 
For he was not a cruel man, 
And he thought of those he frightened, 
For he was not an evi] r.nn, 
And he understood. 
He understood himself 
Upon this he saw that when he was of anger or knew hurt or felt fear, 
It was because he was not understanding, 
And he learned compassion. 
And with his eye of compassion 
He saw his enemies like unto himself, 
And he learned love. 
Then he was answered. 

The Balance © 1970 
Graeme Edge 
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ABSTRACT 

The crystallization kinetics of hydronium jarosite have been 

studied in the area of the Fe^O^-SO^-H^O phase diagram where hematite 

is the stable phase. Hydronium jarosite has been shown to be a kinet-

ically favored intermediate to hematite over a wide range of chemical 

and thermal conditions. A model useful for predicting the crystal 

size distribution as a function of temperature, free acid and iron 

concentrations, and residence time has been developed. 

Hydronium, sodium, and potassium jarosite have been shown to 

convert, via a solid phase reaction, to hematite. A model useful for 

predicting the conversion rate as a function of temperature, free 

acid concentration, and particle size has been developed. 

A predictive model, the growing core model, has been de

veloped. It is useful for predicting the crystal size distribution 

and the product split between hydronium jarosite and hematite when 

both crystallization and conversion are occuring simultaneously. The 

cardinal assumption in this model is that crystal growth and conver

sion occur at separate cites on the crystal surface simultaneously. 

The model, with only one adjustable constant, has been verified with 

experimental results. 

The effect of double draw off (DDO) operation in this system 

has been demonstrated. It has been shown, via the growing core 

model and experimental results, that DDO operation can produce a high 

xi 



iron, low sulfur product. Without DDO operation, this high product 

quality can only be achieved through higher operating temperature, 

high neutralization rates, or very large vessel size. 



1. INTRODUCTION 

1•1 Iron Removal from Acid Leach Liquors 

Iron ranks as the fourth most abundant element in the earth's 

crust (1). In ore deposits of more valuable metals, iron is often 

present in higher concentration than the metal of interest (2). Only 

infrequently is an ore body completely free of iron. 

Pyrometallurgical processes are well suited to the treatment of 

iron-containing ores. In these processes, iron can be easily separated 

in a stable form, free of water soluble metallic species. Hydro-

metallurgical processes are not so well suited to the treatment of 

iron-containing ores. Iron sulphides tend to oxidize and iron oxides 

are soluble in the low pH solutions that many leach circuits utilize. 

This leads to high iron concentrations in high value leach solutions, 

©le high iron concentration interferes with the recovery of the high 

value metal and thereby iron removal becomes an issue of prime impor

tance. 

The development of iron removal processes for hydrometallurg-

ical leach liquors began in the zinc industry as early as 1930 with 

the Mitchell process (3). In the Mitchell process, iron was precip

itated as hydroxide. This precipitate was difficult to filter and sub

stantial amounts of zinc were lost in the iron residue. The Mitchell 

process was never commercialized. 

1 
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The first commercial iron removal process was the Jarosite 

process. It was developed independently by both Det Norske Zinkkompany 

A/S (4) and the Electronic Zinc Company of Australia (5) in 1958. The 

vise of the Jarosite process led directly to improved zinc recovery in 

the electrolytic process. The Goethite process for iron removal was 

developed and commercialized by the Societe de la Vielle Montagne (6) 

in 1968. It has seen use in the electroytic zinc process. The most 

recent iron removal process to be developed and commercialized is the 

Hematite process. It was developed by the Dowa Mining Company (7) in 

Japan, and it is being incorporated into the Akita Zinc Company 

electrolytic zinc process. 

These three iron removal processes are all presently in use in 

the electrolytic zinc industry. The Jarosite process is also in use 

in the copper industry. In 1974, the Duval Corporation patented a 

process for the hydrometallurgical treatment of chalcopyrite. The 

Jarosite process is used as the iron removal step (8). The Jarosite 

process is also a part of another hydrometallurgical process for 

chalcopyrite that is being developed by the Cyprus Metallurgical 

Processes Corporation (9). 

1.1.1 Iron Removal in the Electrolytic Zinc Industry 

Prior to the development of iron removal processes, the re

covery of zinc from calcined ore was accomplished via a process similar 

to that shown in Figure 1.1.1. In this process, only the zinc oxide 

portion of the roasted ore was leached. The zinc ferrite, containing 
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all of the iron in the original ore, was not solubilized. Thereby, 

15% of the zinc in the original ore was thus lost as zinc ferrite. 

With the advent of the Jarosite process, the flow sheet was modified 

as in Figure 1.1.2. Here, the zinc ferrite is leached with strong sul

furic acid. Iron is removed, and the zinc is returned to the process. 

If the Jarosite process (10) (Figure 1.1.3) is the iron removal 

step, the leach liquor leaving the strong-acid leach is partially 

neutralized with fresh calcined ore. The undissolved material is re

turned to the strong-acid leach and the clear liquor if fed to the 

Jarosite crystallizer. In the crystallizer, an oxidizing atmosphere is 

maintained by air injection. A monovalent cation is supplied by addi

tion of either ammonia, sodium carbonate, or potassium carbonate. 

Jarosite crystallizes as NH^, Na, OR, K—Jarosite: 

2 NH40H>| |"2 NH4Fe3(S04)2(0H)6 

Na~CO_ > + 3 Fe„ (SO .) + 10 H„0 ->< 2 NaFe_ (SO.) _ (OH) 
2 3 

K„C0 

4'3 2 | 3V 4'2 

2 K_Fe_,(S0 J„(0H), 
2 3 2 3 4 2 6 

+ 5 H2S04 1.1.1 

The jarosite residue is separated and the mother liquor is returned to 

neutral leach. 

If the Goethite process (11) (Figure 1.1.4) is the iron removal 

step, the leach liquor leaving the strong-acid leach is reduced using 

unroasted ore. The undissolved material is separated and returned to 

the neutral acid leach. The .mother liquor is neutralized with lime

stone up to a pH of 2.5-2.8. The precipitated gypsum is separated and 
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the mother liquor is fed to the goethite crystallizer. In the 

crystallizer, the solution is gradually oxidized. As the ferrous ion 

is oxidized it precipitates as Goethite: 

4 FeS04 + 4 ZnO + C>2 + 2 H20 -> 4 FeOOH + 4 ZnSC>4 1.1.2 

The goethite is separated, and the mother liquor is fed to the electro-

winning step. 

If the Hematite process (10) (Figure 1.1.5) is the iron removal 

step, the leach liquor leaving the strong-acid leach is reduced and 

neutralized as in the Goethite process. The mother liquor from the 

neutralization is fed to pressure reactors in which an oxidizing at

mosphere is maintained. Hematite is precipitated at 200°C. The 

hematite reaction is 

2 Fe2(S04)3 + 6 ZnO ->• 2 + 6 ZnSC>4 1.1.3 

Hematite is separated and the mother liquor is returned to the neutral 

leach. 

The Hematite process has not seen wide application. It has 

similar neutralization reagent requirements as the Goethite process. 

However, its energy demands are much higher due to the necessary ele

vated temperature. Although the Hematite product is more easily fil

tered than the Goethite product, it does contain about 3% residual 

sulfur. This makes the Hematite product unusable as direct feed for 

steelmaking. The mechanism by which sulfur is entrained will be cen

tral to the jarosite/hematite crystal transition to be discussed later. 
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The Jarosite and Goethite processes are competitive and have 

seen wide application in the electroytic zinc industry. The Goethite 

process has the advantage that less reagent is necessary. The diffi

culty with the process stems from the poor crystallization properties 

of goethite. Goethite crystals tend to be small and have poor crystal 

structure. Large amounts of zinc are entrained, and the filtration 

properties are poor. Furthermore, since goethite is soluble in acid 

the entrained zinc and the entrained precious metals cannot be redis-

solved in an acid wash. Sulfate ion (S0^=) is also entrained in the 

filtered goethite. 

The reagent demand in the Jarosite process (12) is dependent on 

which jarosite is formed. Ammonium jarosite is more soluble than 

sodium jarosite which is more soluble than potassium jarosite. So, if 

ammonium jarosite is produced, more neutralization will be required 

than if sodium jarosite is produced. Jarosite has the advantage that 

it has good crystallization properties. It forms large, single crys

tals that do not entrain zinc. It can also be acid washed because it 

is insoluble in acid. In this way precious metals which precipitate 

with the jarosite can be recovered from the jarosite filter cake. 

1.1.2 Iron Removal in Copper Hydrometallurgy 

Because of its superior crystal properties, the Jarosite pro

cess has found use in the copper industry (9). A ferric chloride/ 

cuprous chloride leach circuit for chalcopyrite is shown in Figure 

1.1.6. In the jarosite crystallizer, ferric and cupric ions are 
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regenerated and jarosite is crystallized. Jarosite entrains almost no 

cupric ion. The iron concentration is maintained at a low enough level 

in the circuit so that cuprous chloride crystallization can be per

formed prior to iron removal. The cuprous chloride crystals are of 

sufficient purity that wire bar grade copper can be directly produced 

in a hydrogen reduction furnace. The residual jarosite can be acid 

washed for precious metals if they are present. 

1.2 Previous Work on Iron Removal at the University of Arizona 

1.2.1 Jarosite/Hematite Crystal Transition Demonstration 

Work began on iron removal at the University of Arizona under 

the direction of Alan D. Randolph in 1974. David Milligan, then a 

graduate student, proposed the use of advanced crystallization tech

nology on the jarosite crystallizer. He assembled the stainless steel 

autoclave and accompanying equipment shown in Figure 4.1. The system 

was constructed such that both mixed suspension mixed product removal 

(MSMPR) and double draw-off (DDO) crystallization could be tested. 

In MSMPR crystallization, the solids and liquor are withdrawn from the 

crystallizer in a well mixed stream so that they have the same resi

dence time in the crystallizer. In DDO crystallization, two product 

streams are withdrawn. One stream is a well mixed sample as in the 

MSMPR crystallizer. The other is a filtered stream of clear liquor. 

By adjusting the ratio of mixed product removal to clear liquor re

moval, the residence time of the solids and liquor in the crystallizer 

can be independently set. 
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The DDO ejcperiments demonstrated that a retained bed of 

crystals in the crystallizer would improve the quality of the iron 

product. It was shown that under certain residence time conditions and 

moderate temperature (135-150°C) the iron product would contain up to 

60% iron and as little as 2%S. This represents an iron product that 

is 15% jarosite and 85% hematite. It was also demonstrated that 

+2 +2 +2 
divalent cations, Zn , Cu , and Al were completely rejected in the 

iron product (13). 

1.2.2 Jarosite to Hematite Conversion 

In 1975 another graduate student, Tom A. Headington, began a 

study of the hydrothermal conversion of jarosite to hematite (21). 

This study demonstrated that single jarosite crystals could be con

verted to single hematite particles via a solid phase, shrinking core 

type, conversion. This conversion was shown to take place at reason

able rates at moderate process conditions (135-185°C). This work was 

performed in batch experiments where jarosite crystals were slurried 

in acid and the mixture heated and held in the autoclave previously 

described. The effects of temperature, acid concentration, iron con

centration, and surface area of jarosite were studied. Models for the 

conversion rate, based on the shrinking core model, were developed. 

1.2.3 Jarosite Crystallization 

In 1977, the author began a study of the crystallization 

kinetics of jarosite (20) . The nucleation and growth rate kinetics 

were studied in a mixed suspension mixed product removal crystallizer. 
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In all cases, jarosite was produced at chemical conditions and at 

temperatures where hematite was the thermodynamically stable phase. 

This work clearly demonstrated that jarosite can be a kinetically 

favored intermediate in the formation of stable hematite. In this 

study, the effects of iron and acid concentration, temperature, and 

slurry density on the crystallization kinetics were determined. A 

correlation for nucleation and growth kinetics was developed. 

1.3 Scope and Goals of the Present Work 

The present work was begun in 1980. The goal of the work was 

to determine the mechanism of the jarosite/hematite crystal transition 

in an environment where nucleation, growth, and conversion of jarosite 

are taking place continuously, and to develop a model that can be used 

to predict the quality of the iron product as a function of process 

conditions. The model was developed based on the author's previous 

nucleation and growth study and Headington's work on jarosite conver

sion. Experimental data for simultaneous nucleation, growth, and 

conversion are presented. Demonstration runs for DDO results are also 

presented as well as a DDO model, with emphasis on long solids resi

dence times. 

The present work has been performed with synthetic leach 

liquors containing only ferric iron, sulfate ion, and water. The only 

jarosite that was crystallized and converted was hydronium jarosite. 

Commercially produced sodium and potassium jarosites were converted to 

hematite as a demonstration. The results were in agreement with those 



of Kunda and Veltman (14). The mechanisms presented here for the 

crystallization and conversion of hydronium jarosite should be the 

same for the other jarosites, although the kinetic constants will 

surely vary. 



2. Fe2°3 ~ S03 ~ H2° SYSTEM ' 

The Fe2°3 ~ ~ H^0 system exhibits complex chemistry. Many 

solid phases and some solid phase solutions have been found to exist 

at equilibrium. The equilibrium chemistry has been extensively stud

ied. The existance of kinetically favored intermediate solid phases 

has been established, although the non-equilibrium aspects of the sys

tem have not been studied in detail. The accepted equilibrium chemis

try of jarosite, goethite, and hematite will be described here. The 

currently accepted kinetic information on jarosite, geothite, and 

hematite will also be presented. 

2.1 Equilibrium Chemistry 

The definitive work on the equilibrium chemistry of the 

Fe^O^ - SO^ - H^O system was done in 1922 by Posnjak and Merwin (22). 

Their work is the most often quoted in the iron sulfate literature. 

Many of their results can be summarized in the triangular phase dia

grams which they present. One of these diagrams is reproduced here as 

Figure 2.1. 

The synthesis of hydronium jarosite (H^OFe^(SO^)^(OH)and 

the entire family of basic iron sulfates must be performed under care

fully controlled conditions. All of the basic iron sulfates, jarosite 

included, will decompose in the presence of water and the atmosphere. 

Posnjak and Merwin found that jarosite, the most basic of the family 

16 
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of basic iron sulfates, "crystallizes readily" in the temperature 

range from 25 to 170°C. Above 170°C jarosite was not found to be a 

stable phase under any chemical conditions. 

In an earlier study (15) Posnjak and Merwin found synthetic 

goethite (FeOOH) to be very similar in crystal structure to naturally 

occuring goethite and limonite. The single crystals are needle like 

and they form fibrous cakes. The cakes contain several percent solu

tion in the capillaries formed among the fibers. Some evidence of 

solid solutions of goethite and jarosite was found. This is repre

sented by the broken line separating the goethite and jarosite areas 

in the phase diagram Figure 2.2. 

Hematite (Fe^O^) exists as the stable solid phase in dilute 

sulfate solutions above 130°C. Hematite and jarosite share a tempera

ture boundry in the dilute region between 130 and 170°C. Given a 

dilute solution, along the boundry in Figure 4.2, in which jarosite is 

the stable phase, a slight increase in temperature will result in an 

abrupt change in the stable solid phase from jarosite to hematite. 

Equilibrium studies of the alkali jarosites, ammonium, 

sodium, and potassium jarosite, have also been performed. Similar 

studies were published by Brown (16) and Kubisz (17) in 1970. Each 

found it impossible to synthesize a pure alkali jarosite. Kubisz re

ports that even with a four-fold excess of sodium in solution a maxi

mum of 75% sodium jarosite (NaFe2(SO^)^(OH)&) with 25% hydronium jaro

site was produced. Brown's work indicates that the ratio of hydronium 

jarosite to alkali jarosite formed increases as the temperature 
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Figure 2.2. Phase Diagram for Fe^O^/SO^ Ratio of One. 

Posnjak and Merwin). 
- (After 



increases up to 170°C. Brown states that above 170°C the alkali 

jarosites cannot be produced. In these studies, and in work done by 

Dutrizac (18), it was found that jarosite will incorporate most mono

valent cations in the crystal structure, while it completely rejects 

valent cations. 

2.2 Kinetic Effects 

2.2.1 Formation of Solids from Solution 

Recently, work on the non-equilibrium formation of solids in 

the Fe2°3 ~ S03 ~ H2° s^stem ^as been performed. In 1976, Umetsu, 

Tozawa, and Sasaki (19) proposed a path for the formation of hematite 

that was acid concentration-dependent. At low acidity, hematite is 

said to be formed directly from solution. At modenate acidity the 

path below is proposed. 

3 Fe2(S04)3 + 14 H20 -»• 3 Fe^ " 4 S03 " 9 ̂ 0 +5 H2S04 

3 Fe203 * 4 S03 ' 9 H20 +3 H2S04 -• 2(Fe2C>3 * 2 SC>3 " t^O) 

+ Fe2(S04)3 + 10 H20 

2(Fe203 ' 2 S03 " H20) + 2 H20 2 Fe^ + 4 H2SC>4 2.2.1 

In Umetsu's experiments, only the quilibrium solid phase was 

analyzed. These were batch experiments, with liquid samples withdrawn 

every hour for 14-16 hours. The above hydrolysis path was proposed 

based on the iron content of the solution in contact with the solids. 

The proposed mechanism is a result of the fact that the iron content 
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of the liquid phase was observed to drop, increase slightly, then 

drop again as equilibrium is attained (Figure 2.3). 

As a result of some similar work by the author (20) , alternate 

mechanisms for hematite formation are proposed. Unlike Umetsu's work, 

this work was performed in a continuous crystallizer. In a continuous 

apparatus, accurate studies of very short resident time effects can be 

obtained. It was found that at very low acid concentrations, as low 

as pure ferric sulfate in dilute water solution, the first solid phase 

to form is jarosite. With a 20 minute residence time in the crystal

lizer, the solid phase was found to be pure hydronium jarosite by x-ray 

diffraction. This contradicts Umetsu's findings that at low acidity 

hematite is formed directly from solution. Of course, Umetsu's first 

sample was taken after a reaction time of one hour. 

At moderate acid concentrations, the author's findings agree 

with those of Umetsu that jarosite is the first, kinetically favored, 

solid phase to form. However, this jarosite has been found to convert 

via a solid phase transformation directly to hematite (21). Fe2°3 

• 2 SO^ • H^O has not been found as an intermediate solid phase. 

What has been found is that the kinetically favored yield of iron as 

jarosite is greater than the amount of iron present as hematite at 

equilibrium. Thus the sequential mechanism for hematite formation at 

moderate acid concentration is 

3 Fe2 (so4) 3 + 14 H20 -* 3 Fe^ • 4 SC>3 • 9 H20 + 5 H2SC>4 

3 Fe203 • 4 S03 • 9 H O + 6B SO (3 - £) Fe O + e F e
2

( S 0
4

)3 

+ 4 H2S04 + (5 + 3E)H20 



2 4 6 8 

TIME HRS. 
Mother Liow or Iron Concentration. — (After Umetsu et 
al.) . 
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This indicates the strength of jarosite as an intermediate. It is 

not only formed at a high rate, in easily filtered form, but more iron 

is removed from solution than equilibrium chemistry would predict. 

At high acid concentration, jarosite is the equilibrium solid 

phase. No conflict arises among Posnjak and Merwin, Umetsu et al., 

and the present work. 

2.2.2 Solid Phase Transformations 

Kunda and Veltman (14) have done work on both thermal and 

hydrothermal conversion of alkali jarosite to hematite. Their alkali 

jarosite starting material was produced from actual leach solutions 

and therefore contained significant quantities of hydronium jarosite. 

Their thermal decomposition work demonstrated that ammonium jarosite 

(NH Fe_(SO.) (OH).) can be converted to hematite in 2 hours at 400°C. 
4 3 4 2 6 

The resultant product, after water washing to remove (NH^^SO^ con

tained 52.1% iron and only 4.6% sulfur. This represents a 90% removal 

of sulfur. The conversion and sulfur removal should improve with 

longer residence time at 400°C. Similar results were obtained with 

sodium jarosite (NaFe^(SO^)^(OH)^). 

2 KH4Fe3(S04)2(0H)6 - 3 Fa203 +<NH4)2S04 .l.jSO, 

+ 3 H2° 

In their hydrothermal study, with excess ammonia present, it 

was found that 99% of the starting jarosite could be converted to 

hematite after one hour at 100°C. 
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2 NH4Fe3(S04)2(0H)6 + 6 NH^OH 3 Fe^ + 4(NH4)2S04 + 9 ̂ 0 

They show that the rate of conversion is increased by an increase in 

temperature or an increase in ammonia addition. They state that the 

reaction will not go to completion if insufficient ammonia is added. 

Work by Headington (.21) shows that pure hydronium jarosite can 

be converted to hematite in a hydrothermal conversion similar to that 

of Kunda and Veltman. Headington's results indicate that the rate of 

conversion is increased by an increase in temperature and a decrease 

in acid concentration. This corresponds to the findings of Kunda and 

Veltman with the addition of ammonia (a base) directly relating to acid 

concentration. Headington's work indicated, however, that the trans

formation will proceed to completion at moderate acid levels given 

sufficient time. This is consistant with the equilibrium work of 

Posnjak and Merwin. 

Headington further showed that the conversion takes place as a 

classical shrinking core-type reaction. The original jarosite crystals 

do not change size or shape. Their density decreases due to the loss 

of sulfuric acid and water. The resulting hematite forms an ash layer 

around the shrinking core of jarosite. See Figure 3.2.1. Headington 

showed that the conversion rate is dependent on the available surface 

area of jarosite. The rate of conversion is controlled by the rate of 

the chemical reaction in the early stage of conversion. Once a sub

stantial ash layer is formed, the rate of conversion is controlled by 

the rate of diffusion of sulfuric acid through the ash layer. 
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2.3 Operating Envelope for Continuous Production of Jarosite/ 
Hematite Transition Particles 

Part of the previously stated goal of this work is to 

characterize the mechanisms involved in the jarosite/hematite crystal 

transition in a continuous system. The equilibrium and kinetic effects 

discussed suggest that an envelope exists within which particles that 

are a mixture of jarosite and hematite can be continuously produced. 

From the equilibrium and kinetic effects discussed, it is clear that 

the primary variable in a continuous system is the residence time. 

From the equilibrium studies, it is clear that a continuous system 

with a very long residence time (.usually thought to be of no industrial 

significance) will produce hematite, the stable phase. Kinetic studies 

have shown that pure hydronium jarosite can be produced from a con

tinuous system operating in that area of the Fe2°3 ~ s°3 ~ H2° P^ase 

diagram where hematite is the stable phase. Therefore, an intermediate 

range of residence times must exist, within which transition crystals 

can be continuously produced. 

The residence time range within which transition crystals can 

be produced is dependent on the operating variables. At high temper

ature and low acid concentration, hematite stability is enhanced. The 

rate of conversion under these conditions will be increased. At low 

enough temperature and high enough acid concentration jarosite, and 

not hematite, can be the stable phase. The conversion rate at low tem

perature and high acid concentration can be very slow. The iron con

centration in the solution is also an important factor. Because it 
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does not effect the conversion reaction but only the yield of jarosite 

in a continuous process, it can be adjusted to increase or decrease 

the yield of jarosite in a particular product. 

There is, therefore, an operating envelope of temperature, 

acid and iron concentration, and residence time within which transition 

particles can be produced continuously. The equipment that will be 

used in these experiments will impose further restrictions on the di

mensions of the envelope. These restrictions will be discussed in the 

equipment and procedure section and a model will be presented for the 

over-all process yield of the stable hematite phase. 



3. THEORY 

3.1 Population Balance for Jarosite Crystallization Kinetics 

The Mixed Suspension Mixed Product Removal (MSMPR) crystallizer 

is a commonly used experimental tool for the determination of crystal

lization kinetics. The ideal MSMPR crystallizer is well mixed with the 

product stream being representative of the well mixed magma in the 

crystallizer. The supersaturation in the crystallizer gives rise to 

the formation of new crystals, nucleation, and the deposition of solute 

on existing crystals, growth. 

The population balance approach for describing the crystal size 

distribution (CSD) was first introduced by Randolph (23). This ap

proach, a balance on the number of crystals in a size range as a func

tion of size, will be used here to describe the expected CSD in an 

ideal MSMPR crystallizer at steady state. The development presented 

here is taken from the Theory of Particular Processes by Randolph and 

Larson (24) where a more detailed presentation can be found. 

The population balance for a well mixed system of constant 

volume is given as 

lr + V • v.n + (D - B) + ) = 0 3.1.1 
dt 1 L V 

The first term represents the change in the population density n, with 

time. The second term represents the convection of population density 

along any internal coordinate axis with the velocity along that axis 

27 
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v^. The third term accounts for the change in population density due 

to breakage. Breakage of practices results in the death D, of the 

original crystal and the birth B, of two or more daughter crystals in 

smaller size ranges. The last term represents the change in population 

density due to bulk flow out of (positive) and into (negative) the 

system. 

At steady state, with size as the only internal coordinate, 

with no breakage, and with no crystals in the feed streams and only 

one, well mixed, product stream, equation 3.1.1 becomes 

where the velocity along the size axis is 

dL 
G - dt 

and 

T = — 
Q 

In jarosite crystallization, as in many chemical systems, the linear 

growth rate G, is independent of size. This observation is known as 

McCabe's AL Law and allows equation 3.1.2 to be written as 

G ~ + J = ° 3.1.3 
dL T 

The population density at zero size n°, can be related to the 

o 
nuccleation rate B as 

dn 
dL 

_ dn 
L = 0 ~ dt 

dL 
L = 0 dt L = 0 
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or 

o a „ n = B G 

Equation 3.1.3 can be solved with this as the boundary condition at 

zero size. Thus 

L 
B° GT 

n = —e 3.1.4 

This equation represents the expected population density in an ideal 

MSMPR crystallizer with the stated assumptions. 

If a laboratory crystallizer can be designed and operated to 

meet the restriction of the ideal MSMPR crystallizer, and if the as

sumptions can be met, then crystallization kinetics can be obtained 

from steady state CSD samples. 

3.2 Shrinking Core Model for Jarosite to Hematite Conversion 

The shrinking core model, first developed by Yagi and Kunii 

(25) is the most often used model for fluid-solid non-catalytic reac

tions. The solid phase transformation of jarosite to hematite can 

take place as a classical shrinking core-type reaction. The model will 

be developed here in detail as it applies to the conversion of jarosite 

to hematite when no crystallization is taking place. The over-all 

reaction is given as: 

3 Fe203 • 4 S03 • 9 H20(s) * 3 1.^^, + 4 + 5 H.,0 3.2.1 

The reaction proceeds in three successive steps. 

1. Chemical reaction of jarosite to hematite liberates sulfuric 

acid. 
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Figure 3.2.1. Shrinking Core Model for the Conversion of 
Hydronium Jarosite to Hematite 
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2. Diffusion of sulfuric acid through the ash layer to the 

surface. 

3. Diffusion of sulfuric acid through the liquid film. Step 3 

will be ignored. In the well-mixed systems studied here, 

liquid phase diffusion will occur at high rates and will not 

effect the overall reaction rate. 

In the jarosite to hematite conversion, the original size and 

shape of the particle does not change. Sulfuric acid and water are 

lost as an ash layer of hematite is formed. The model presented here 

will be for spherical particles of unchanging size. It will be assumed 

that the reaction takes place only at the surface of the unreacted core 

of jarosite. Photographs of partially converted particles indicate 

that this is an acceptable assumption though not strictly true. Models 

with overall rate control by steps 1 and 2 will be developed separately. 

3.2.1 Chemical Reaction Controlling 

The rate of disappearance of jarosite in Equation 3.2.1 will 

be proportional to the exposed surface area of jarosite. This rate 

will also be proportional to the acid driving force. An equilibrium 

sulfuric acid concentration exists at which jarosite becomes the stable 

phase. The difference between this temperature-dependent equilibrium 

concentration and the bulk acid concentration will be the sulfuric acid 

driving force. Thus 

- = k A(t) (H - H) 3.2.2 
~dT~ ° 6 



3.2 

where 

A (t) = 4 TT r 2 
c 

and r is the radius of the unreacted core, r can be related to M. 
c c j 

dM. dM. dr ^ dr 

dt dr dt 4lT ^jrc dt 
c 

substituting into Equation 3.2.2 gives 

- dr k ( H - H ) 
= S §: 3.2.3 

dt p. 
3 

with boundary condition 

t = 0 

r = R 
c 

°  <k [  •  H ) " R o - r c '  3 - 2 " 4  

cv e 

is the solution to 3.2.3. It gives the reaction time t, in terms of 

the size of the unreacted core rc- This can be represented in terms 

of conversion as 

•ijr k ( H - H ). 
(1 - X) = 1 ° p t 3.2.5 

Pj R 

where 

M. 
X = 1 - M^ 

Given the bulk acid concentration and the particle size Equation 3.2.4 

predicts the conversion as a function of time. 
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3.2.2 Diffusion through the Ash Layer Influenced 

The rate of disappearance of jarosite when the diffusion of 

sulfuric acid through the hematite ash layer is influencing will be 

dependent upon the extent of reaction and the diffusivity of sulfuric 

acid in the hematite ash layer. The model development will be in two 

steps. First, the sulfuric acid concentration gradient between the 

reacting surface and the bulk will be determined. The rate of reaction 

will then be equated to the diffusion rate which will be integrated as 

in the previous case to obtain a relationship between conversion and 

time. 

The concentration gradient of sulfuric acid can be easily ob

tained only if a steady state assumption is made. The sulfuric acid 

continuity equation 

d(r2 ~~) = 0 3.2.5 
dr 

is true only if no acid accumulates within the ash layer. Because of 

the dilute acid concentrations, never in excess of 4%, this is an ac

ceptable assumption. 

Equation 3.2.5 can be solved for the concentration gradient 

with the standard boundary conditions 

r = R H. - H 
o 1 

d(H.) 
r = r -D ^ 1 = k ( H - H. ) 

c e dr c e x 
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The resultant sulfuric acid concentration gradient is 

r (R - r ) Da 
H. = H + ° °—r2 ( H - H. ) 3.2.7 

R 

where 

k R 
D =-JT°  
a D 

e 

The Damkohler number Da, relates the intrinsic reaction rate to the 

rate of diffusion. 

Now, conversion versus time may be obtained by integrating this 

concentration gradient into the initial rate expression. 

dM. 

•r-2- = k A (t) ( H - H. ) 3.2.8 
dt c e I 

By following the same procedure as in section 3.2.1, the solution of 

3.2.8 is 

t = 
p. R 

3 ° 
3 k ( H - H ) 

c e 
' X 1 + Da(1 - X)3f - (1 - X)3) dx 3.2.9 

(1 - x)* 

When the Damkohler number is zero, chemical reaction is controlling 

and Equation 3.2.9 reduces to Equation 3.2.5, as it should. When the 

Damkohler number is greater than zero, the reaction time for a given 

conversion in Equation 3.2.9 will be greater than that for Equation 

3.2.5. This increase in time represents the reduced reaction rate due 

to the resistance of the ash layer to diffusion. 



3.3 Growing Core Model for Jarosite to Hematite Conversion 
with Jarosite Crystallization 

In the two previous sections, models were developed that can 

be used to predict jarosite crystallization and conversion when they 

are occurring independently. In this section, a model will be present

ed that can be used to predict the particle size distribution (PSD) 

and the level of conversion of those particles when crystallization 

and conversion are taking place simultaneously. The population balance 

and the shrinking core model will be combined in an innovative way to 

accomplish this. 

The population balance for a well mixed system is: 

Q. n-
|S. + V • v. - n + (D - B) + E = 0 3.1.1 
ot  l V 

Imposing the same restrictions as in section 3.1 (steady state, no 

breakage, and clear feed) but introducing a second, assumed indepen -

dent, internal coordinate this becomes: 

, 3n a (un) n 
G  3 L  + - f e - L  +  7 - °  3.3. 1  

where the second internal coordinate axis is sulfur content, S (grams). 

The sulfur content of a particle has been chosen as a convenient mea

sure of conversion. The velocity along the sulfur axis, u, must be 

determined from a sulfur mass balance on a growing particle. 

As a particle grows and converts simultaneously, it gains 

sulfur by growth and loses it by conversion as given by the following 

growth/conversion reactions: 
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3Fa2(S°4)3(se) ^ 3FE203 • 4S03 • 9H20(S1 - 3FE.,03(S) 

+ 14H20 + 5H2S04 
(AQ) 

+ 4H2S04(AQ) + 5H2°(il) 

Growth Conversion 3.3.2 

A sulfur balance on a growing particle in terms of the velocity u, 

grams of sulfur per minute, is then 

u = 
8M 

E 
at 

8M 
s 

at 
3.1.2 

The mass growth rate can easily be expressed in terms of the linear 

growth rate. Thus 

3 

7r 9 ST. 
3.3.3 

a s 
at 

. 4 L 
8 (rTT (-) p ) 

o z s 
at 

2 G' 
= * PSL 2 

ir 2 3L 
2 Ps 8t 

3.2.4 

The mass conversion rate can be of two forms. As discussed in the 

preceding section, this rate can be controlled by either the rate of 

chemical reaction or the rate of diffusion of acid. In either case, 

the fastest rate occurs at the surface of the particle on which no ash 

layer has been formed. In the present situation, where fresh jarosite 

is being continuously deposited on the particle surface via growth, 

the conversion rate should be controlled by the rate of chemical reac

tion at the growing surface. The mass conversion rate can be 

expressed as 

at 
c = kc ( He - H ) A (t) f 3.3.5 
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where f represents the fraction of the total surface area A(t), 

available for conversion. The surface area in this case will be the 

growing surface of the particle. 

A(t) = 4TT(|)2 3.3.6 

Substituting 3.3.4, 3.3.5 and 3.3.6 into 3.3.2 gives 

2 C' 
u = 7TL (p ^ - k ( H - H ) f) 3.3.7 

^s 2 c e 

Substituting 3.3.7 into 3.3.1 

G ' lr+ Mj2  It+ 
T 

= 0  

where lands have been assumed to be independent and, 

G ® 
A = TT(ps ^ ~ kc( Hg - H ) f) 3.3.8 

If f is assumed to be independent of size then the general solution to 

this equation by the method of characteristics is 

__L 

n • (L, S) = C e G Th (t L3 - G'S) 3.3.9 
o 3 

where h is an arbitrary function to be determined by the boundary 

conditions. 

In a crystallizer where McCabe's AL Law applies and G is 

independent of size, a unique relationship exists between a crystal's 

size and the time since its nucleation, 0. Thus 

_ dL 
G = 5t 

J® 
i 0  

G dt = 
o d L  
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Or 

G0 = L 3.3.10 

The time since nucleation, 0, is the same as the reaction time t. 

Substituting 3.3.10 into 3.3.7 

2 
u = TTG2 ^ (ps f'"kc( .H^ - .H ) f) 3.3.11 

This equation can be solved with the condition that at t = 0 (i.e., at 

the time of nucleation), S = 0. This is a direct result of the defi

nition of S and the fact that nuclei are of zero size and mass. Thus 

S (t) =T7G'2^- (p f-k (H - .H ) f) 3.3.12 
3  s z  *•* e 

Replacing t here by equation 3.3.10 gives 

.3 ,Ps , , „ „ , f 
S(L) = ITL (— -k ( H - H ) -,) 3.3.13 

2 c e G' 

In doing this integration, what we have done is treat the internal 

sulfur axis just as we usually treat the size axis. It was shown by 

Randolph and White (26) that in a continuous crystallizer all the 

crystals do not grow at the same rate. Growth rate may be truly inde

pendent of size, but each individual crystal grows at a unique rate. 

The growth rate we see is an average rate. The variation from the 

average is so small that in continuous systems it is indiscernable. 

It can, however, be identified in batch experiments where an initially 

monosized distribution of crystals will "spread" due to the individual 

growth rates of the original crystals. 
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In writing equation 3.3.13, the average sulfur content versus 

size is what is represented. It is surely true that all of the par

ticles of a given size will not have the same sulfur content nor the 

same growth and conversion rates. But, it is also true that these 

variations will be indiscernable in continuous experiments. 

If equation 3.3.13 is substituted into equation 3.3.9, the 

argument of the arbitrary function h is identically zero. This 

indicates that the solution lies on a single characteristic, which 

can be represented as 

L 
0 GX 

n(L) = n e where 3.3.14 

3 Ps f 
S(L) = TTL - k ( H - H ) —) 3.3.15 

2 c e G 

is the sulfur distribution. 

These distributions may be integrated to give the total mass 

of sulfur per unit volume of solution leaving the system in the solid 

phase, ST. 

r 
ST = j n(L) S(L) dL 3.3.16 

The total mass of particles per unit volume is 

D k 
P v 

M = f°° L3 p k n(L) dL 3.3.17 
T JQ 

ST 
and the percent sulfur in the particles, —, is therefore 

T 

®T 2P
S f 

— If -k-J He - .H ) -) 3.3.18 
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Given the crystallization kinetics (G) , the conversion kinetics 

(kc>, and the bulk acid concentration (H ) this equation can be used 

to predict the percent sulfur. 

3.4 Growing Core Model with Size-Classified Removal 

In a double draw-off (DDO) crystallizer, one of the product 

streams is a mixed removal stream, while the other stream contains 

either clear liquor or clear liquor with only crystals smaller than 

a given size (L^) . (See Figure 3.4.1.) When no particles are removed 

in the clear liquor stream, equation 3.3.1 reduces to 

L 

, T >  0 ~ G T  3. 4 . 1  
n(L) = n e u 

where 

V 
Tu Q 

u 

In this case the previous analysis holds entirely. 

In the case where the clear liquor stream contains crystals 

smaller than size L^, the analysis becomes more complex. Equation 

3.3.1 reduces to 

n°e GT L < L 

n(L) = 3.4.2 

J* ( ± - - L )  __L _  
0Q G T T GT t s r n e  u e u  L  >  

The integration of this equation with equation 3.3.13 is more complex 

but a similar result will be obtained. 
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Figure 3.4.1. Schematic of DDO Crystallizer 
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In standard crystallization systems, the effect of DDO 

operation will depend on the kinetics of the particular system. In 

low yield systems, the yield will be improved because of the increased 

surface area of crystals. In general, growth rate will drop as resi

dence time increases resulting in a smaller increase in average size 

than the increase in residence time. 

In the jarosite/hematite system, these effects are present. 

But, the more important effect is on the sulfur content of the crys

tals. Due to the reduced growth rate and the constant conversion rate 

the sulfur content of the particles decreases as residence time 

increases. This results in a significant improvement in the iron 

content and therefore the quality of the product. This will be 

discussed in detail in Chapter 6. 



4. EQUIPMENT AND PROCEDURE 

4.1 Physical Equipment 

The experimental apparatus used throughout this study is shown 

in Figure 4.1. It consists of a draft tube baffled, stainless steel 

autoclave, a feed system, a product flow system, a separate sampling 

system, and control systems for both liquid level and temperature. 

Each of these subsystems will be described in the following paragraphs. 

The autoclave is heated with 120 pound steam. The steam is fed 

to both the jacket and an internal coil. The internal coil forms the 

draft tube. Four baffles are attached to the draft tube. A marine 

propellor is used for stirring. The circulation pattern is shown in 

Figure 4.1. The autoclave can operate at pressures up to 150 psig. 

It is well-sealed and can operate either batchwise or continuously. 

The feed system consists of a 100 1 polyethylene feed tank and 

® 
a positive displacement Milton Roy metering pump. The feed rate to 

the autoclave is set by the caliper on the feed pump. 

Two product flow systems are built into the system. The mixed 

product flow system consists of a 3/8 inch stainless steel dip tube in 

the autoclave, two double-pipe type coolers and an air operated valve. 

The clear liquor flow system consists of a multi-layer stainless steel 

screen inside the autoclave, a double pipe cooler, and the same air-

operated valve as the mixed removal system. 
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The sample system consists of a separate 1/4 inch dip tube in 

the autoclave, and a small external cooling coil. This system is kept 

free of liquor when it is not in use as the sampling system by also 

using it as the oxygen sparging system. 

The level control system consists of a platinum wire contact-

type Matheson level controller. The system operates on/off. In the 

batch experiments, the system is not used. 

In the MSMPR mode the product flows for approximately seven 

seconds out of every twenty. This pulsating flow allows for a high 

velocity in the product dip tube which provides a well mixed sample. 

The pulsating flow keeps the solids moving in the long product flow 

lines. 

In the DDO mode the level control system is regularly switched 

from the mixed flow line to the clear liquor flow system. By adjusting 

the time interval that each product is removed, the residence time of 

the liquid and solids can be adjusted. This will be discussed further 

in the procedure section. 

The temperature control system consists of a thermocouple in

side the autoclave and an on/off temperature controller. Temperature 

was controlled to within one degree centigrade. 

4.2 Experimental Procedure 

The same equipment was used for the four types of experiments 

in this study. The experimental procedure for each type was different. 

The procedure used in each type will be described here in chronological 
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order. The steps necessary to perform each experiment will be described 

in the order in which they are taken. 

4.2.1 MSMPR Jarosite Crystallization Experiments 

The feed tank was filled with twice-filtered ferric sulfate 

solution. This solution consisted of some filtered product from the 

previous experiment, make-up water, and either analytic grade ferric 

® 
sulfate or technical grade Ferri-Floc which contains only ferric 

sulfate and insoluable material. No monovalent cations were present 

in the feed, to insure that pure hydronium jarosite and no alkali 

jarosite was produced. 

At start-uj: , the crystallizer (autoclave) was filled with the 

slurry that was in it as the end of the previous experiment. This 

solution with its crystals was used in an effort to shorten the time 

necessary to achieve steady state. The crystallizer head was bolted 

down and the agitator started. The steam system was opened and blown-

down. The temperature controller was adjusted to the desired set point. 

The oxygen sparging system was opened and the oxygen pressure was ad

justed to 100 psig. When the crystallizer reached operating temper

ature, the feed pump was started and the caliper adjusted. The 

crystallizer was now operating and no further adjustment was usually 

necessary. 

The crystallizer was allowed to operate from three to five 

residence times before sampling began. Once sampling began, chemical 

and CSD samples were taken at the end of each residence time. Chemical 
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analysis was performed during the experiment. In every reported 

experiment, the crystallizer came to chemical steady-state within five 

to seven residence times. The crystallizer was allowed to operate for 

a total of ten residence times to insure that the CSD also achieved 

steady state. The CSD samples were saved for later analysis. 

At the end of each experiment, the steam system and the feed 

pump were shut-down. Cooling water was routed through the jacket and 

internal coil. Once the crystallizer had cooled to approximately 

65° C the oxygen sparging system was shut-off and the pressure in the 

crystallizer was bled down. The contents of the crystallizer were 

removed and stored for use as the initial charge in the next experiment. 

The crystallizer was washed-out with water. The hard scale which 

formed on all of the wetted internals of the crystallizer was not re

moved. This scale was only removed when plugging or loss of heat trans

fer demanded it. 

The chemical analysis procedure was a standard one for deter

mining ferric iron in sulfuric acid solutions. It is given in detail 

in Appendix A, but a brief description will be given here. 

A volumetric sample from the crystallizer was taken and fil

tered in a vacuum filter. The filter paper was weighted before and 

after to determine the crystallizer slurry density. One aliquot of 

the filtrate was analyzed for ferric ion by reducing the sample with 

reagent grade lead, and then titrating with diphenylamine indicator, 

using potassium dichromate to oxidize the ferrous ion back to ferric. 

Another aliquot of the filtrate was treated with monosodium phosphate 
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to release the sulfuric acid held in complex with ferric iron. This 

solution was then titrated to a pH of 4.0 with sodium hydroxide. This 

titration determined the total acid in the solution. Knowing the ferric 

iron concentration from the previous titration, the free sulfuric acid 

concentration was determined. 

The CSD analysis was performed with a PDI particle counter. 

The procedure is given in detail in Appendix A, but a brief description 

will be given here. 

A mixed sample was taken from the crystallizer. A well-mixed 

aliquot of this sample was diluted in a glycerol-water solution. This 

dilution served to stop the slow dissolution of the crystals in the 

mother liquor at room temperature. The glycerol provided a viscous 

media for suspending the particles. This mixture was counted with 

® . . 
the PDI instrument, which counts and sizes the crystals. The mini

computer uses the population balance approach (the slope and intercept 

of equation 3.1.4) to determine growth and nucleation rates. 

4.2.2 Batch Conversion Experiments 

The reactor (autoclave) was charged with a water and sulfuric 

acid solution which had been allowed to dissolve an equilibrium amount 

of jarosite. Pure hydronium jarosite was added to the reactor. The 

reactor head was bolted down and the agitator started. The reactor 

was purged with oxygen for several minutes to flush out any nitrogen. 

The oxygen-pressure was adjusted to 100 psig, the steam system opened, 

and the timer started. This procedure for choosing the zero time was 
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found to yield reproducible results because the reactor reached 

operating temperature so quickly, usually less than a minute. This 

choice of time zero should not have interfered with the kinetic re

sults . 

Samples were taken through the oxygen sparging system as in the 

previous experiments. In this case however, care was taken to remove 

only twenty mis. per sample. A maximum of five samples was taken per 

run. After each sample, the oxygen sparging system was reopened to 

return the unused sample to the reactor and to maintain the oxygen 

pressure. 

At the end of the run, usually 120 minutes after start-up, the 

steam system was shut down. Cooling water was routed through the jacket 

and coil. The oxygen pressure was released and the contents of the 

reactor filtered and analyzed. The analysis procedure was the same as 

previously described. 

4.2.3 MSMPR Jarosite/Hematite Transition Experiments 

The procedure here is the same as in the jarosite crystalli

zation experiments. The iron and acid concentrations in the feed, the 

temperature, and the residence time are adjusted to allow the production 

of transition particles. 

The sampling procedure is somewhat different. Because the 

earlier MSMPR experiments indicated that the crystallizer came to 

chemical steady state so quickly and held it so well, chemical analysis 

was performed only on the last three samples of the experiment. This 
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reduced chemical sampling procedure allowed some of the CSD analysis 

to be performed during the experiment. In this way, the point at 

which the CSD achieved steady state could be determined. 

It has been previously stated (Section 2.2.2) that the equilib

rium chemistry and kinetic effects limit the range in which transition 

particles can be produced. The equipment and procedure described here 

add further to those restrictions. Since 120 psig steam is the only 

heating source, the crystallizer could not be continuously operated 

above 158°C. The minimum attainable residence time was 18 minutes, due 

to the maximum flow attainable from the pump. Finally, no residence 

time greater than one hour was attempted. A one hour residence time 

demands an experiment of approximately ten hours. On the average, the 

laboratory crystallizer reliability would not allow a longer exper

iment . 

4.2.4 DDO Demonstration Experiments 

The procedure in the DDO experiments is the same as in the 

MSMPR experiments except for the feed and product flow systems. In 

these experiments the feed is routed into the crystallizer through the 

stainless steel screen. This is done to keep the screen free of 

crystals and scale. An extra air-operated valve is placed in the feed 

line so that when the clear liquor is removed the feed is temporarily 

shut-off. This prevents feed from short circuiting. 

The two product streams are withdrawn through the air-operated 

valve. Clear liquor is withdrawn for a given length of time. The 



product valves are switched and mixed product is then removed. For 

the typical twenty-minute liquor and forty-minute solids residence time, 

this system is operated five minutes on clear liquor, five on mixed 

product. No difficulty in achieving steady state was encountered. 

In these experiments, the equipment imposed one restriction 

on the operating ranges beyond those described in the previous section. 

In the MSMPR experiments, the total volume of feed liquor used in each 

experiment is the same regardless of the residence time (801). So the 

time from start-up to steady state changes but the amount of feed 

liquor consumed is constant. However, in the DDO experiments this is 

no longer true. The system comes to chemical steady state in the usual 

five to seven residence times. But the CSD takes approximately ten 

residence times, based on the solids residence time, to come to steady 

state. Thus, to obtain steady state with a twenty-minute clear liquor 

and forty-minute solids residence time, approximately 160 1 of feed is 

required. For this reason, it was impossible to run an experiment with 

greater than two-to-one ratio of solids to liquid residence time. 

Experiments with higher ratios were performed but the CSD did not 

achieve steady state. These experiments were not included in the model 

development but are shown in the results section. 



5. RESULTS 

The previously stated goal of this work was to determine the 

mechanism of the jarosite/hematite crystal transition in an environment 

where nucleation, growth, and conversion of jarosite are taking place 

continuously, and to develop a model that can be used to predict the 

quality of the iron product as a function of process conditions. In 

the theory section (3.3) of this work, it is asserted that the 

mechanisms for nucleation, growth, and conversion are the same when 

they occur simultaneously as when they occur individually. Models for 

the sulfur content of the solids produced and the particle size dis

tribution are also presented. In the following sections, the experi

mental evidence which supports these assertions will be presented. 

The predictive model will be developed in three steps. The 

jarosite crystallization kinetics will be correlated. The jarosite 

to hematite batch conversion kinetics will be modeled. This correla

tion and this model will be assembled via the growing core model 

(Section 3.3) to predict the crystallization kinetics and the sulfur 

content of the solids produced. Since the solids contain only jarosite 

and hematite, the sulfur content of the solids determines the iron 

content of the solids. 

52 
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5.1 Jarosite Crystallization Kinetics Correlation 

In the author's previous work (20), a correlation for the 

crystallization kinetics was developed. This correlation predicted the 

nucleation rate B^, 

B° 12.64 .. -.315 -2.025 ,Fe - (99.7 - .221 T),~*514 _ , , 
— =e M T ( -) 5.1.1 
T 1.86 T - 742.7 - H 

from the mother liquor iron and acid concentrations, the temperature, 

residence time, and slurry density. In that work, no effort was made 

to predict slurry density. In the present work, the kinetic correla

tion has been recast, and the slurry density has been predicted. 

The kinetic correlation has been recast for two reasons. 

First, the kinetic variable of prime interest in the present work is 

the growth rate, G. In the previous work, the growth rate was found 

by predicing the nucleation rate and then calculating the growth rate 

via the known slurry density. 

1 

G = (Mt/(6 p ky B° T4) 3 5.1.2 

Second, the previous correlation could not cover the wider range of 

operating variables that has been covered in the present work. 

In classical crystallization work, growth rate is usually 

correlated via a power law model in supersaturation. In this chemical 

system, supersaturation cannot be defined in its usual sense. Since 

jarosite is not an equilibrium solid, no saturation iron and acid 

concentration can be used. A driving force term, however, was 

defined. Thus, in 
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Fe - Fe 
D. F .  =  5 .1 .3  

HT 
s 

pseudo saturation levels of iron Fe ,, and acid H , are used. Both Fe 
S- & £» 

and Hg will be functions of temperature. These functions were deter

mined by the locus of the jarosite/solution boundary line on the phase 

diagrams of Posnsak and Merwin. The resultant, pseudo saturation 

driving is 

D  F  = Fe  -  (T -  399)  H 
(1 .367T -  564)Fe  -  H 

The form of the growth rate correlation chosen is 

G = Kq (D.F)A(B + (J-)C(Mt)D) 5.1.5 

The constants were determined with the previous jarosite crystalliza

tion data and the MSMPR Data of the present work. The final growth 

rate correlation is 

G =  1 .377  (D.F)°" 5 2 (0 .417  +  (^)  M^ 0 ' 2 2 8 )  5 .1 .6  

This correlation fits the data with a correlation coefficient of 0.944 

and an f-ratio of 23.6 .  

The slurry density should be dependent upon the same form of 

the driving force as the growth rate. The feed iron and acid concen

tration will be used in this driving force term. The form of the 

correlation chosen is 

M T =  K Y p p *20^ 5 .1 .7  
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this correlation predicts the iron yield to the solid phase. As con

version takes place, particle density drops. The slurry density may 

therefore drop with the same iron yield. 

The constants were determined using the same data as in the 

growth rate case. The final form of the correlation is 

This correlation fits the data with a correlation coefficient of 0.886 

with an f-ratio of 21. In developing this correlation, the feed iron 

and acid concentrations used were back-calculated. That is, the 

experimental mother liquor concentrations and slurry density were used 

to calculate the feed concentrations. The reasons for this will be 

discussed in the next chapter. 

used to predict the particle size distribution (PSD). Using the 

crystal mass balance 

"r - °-634 pp <D-F-f» °'778 <£> 

0 . 2 0  
5.1.8 

These correlations for growth rate and slurry density can tie 

0 3 4 m
t = 6 P kv 53 G T 5.1.9 

or 

0 3 4 
B = 1^/6 p kv G T 

the particle size distribution is then 

n 
0 - — 
B GT 
— e 5.1.10 
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5.2 Shrinking Core Model for Jarosite to Hematite Conversion 
with Chemical Reaction Controlling 

The results presented here are all those of Headington (21). 

No changes have been made except to make dimensions consistent with 

the present work. 

The conversion rate as stated in Section 3.2 is 

dM. 
~ 1= k A (t) (H - H) 3.2.2. 
dt c e 

In terms of conversion X, this was shown to be 

\ k (H - H) 
(1 - X) = 1 - C 'en t 3.2.5 

P • EU 
3 ° 

The equilibrium acid concentration, He, is different from the pseudo 

saturation acid concentration, Hs, previously discussed. Since hematite 

is the equilibrium solid, an equilibrium acid concentration does exist. 

It is the acid concentration at the jarosite/hematite boundary on the 

phase diagrams of Posnsak and Merwin. A straight line was fit to 

their data. The equilibrium acid concentration becomes 

He = 0.364 T - 99.5 5.2.1 

This relation gives exactly the values used by Headington. 

The specific rate constant kc was determined from the initial 

rate of reaction in runs where no acid was initially present. With no 

"o" , 
acid present, a plot of 1 - (1 - X) versus t will give a straight line 

with slope k"/P-R- (See Equation 3.2.5) For given size particles, 
c 3 

this plot is shown in Figure 5.2.1. 
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Assuming an Arrhenius type dependence on temperature, the 

specific rate constant can be expressed as 

E 
pm 

k = k e 5.2.2 
c o 

A plot of the natural logarithm of k^ versus ̂  will give kQ as its 

E 
intercept and -—as its scope. This is shown in Figure 5.2.2. 

K 

Equation 3.2.5 can now be used to predict conversion as a 

function of time,given particle size, acid concentration, and tempera

ture. Plots of this prediction with the experimental results are 

shown in Figures 5.2.3 and 5.2.4. The model fits the data well when 

there is no significant ash layer present. The actual fate is less 

than the predicted rate when a significant ash layer exists. 

5.3 Growing Core Model 

The predictive model for the percent sulfur in the solid 

product is given in the theory section as 

ST 2ps Pi (He " H) 
— = - (-x1 - k —S_- f) 3.3.18 
m

t Pp 
2 c G 

The only undetermined constant here is the fractional area f. 

f was determined, based on the best fit of Equation 3.3.18 to the 

experiment data, to be 0.251. All of the other parameters in this 

model have been previously determined. 

ST 
The algorithm used to predict the PSD and the percent iron, —' 

T 
in the solid product is given in detail in the Appendix. A brief 

description of calculations used to model the sulfar content of the 

experimental runs will be given here. See Figure 5.3.1. 
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(START) 

INPUT: FEED IRON AND ACID CON
CENTRATIONS, TEMPERATURE, 

AND RESIDENCE TIME 
X 

ASSIGN /)P= 3.1 ,ST/MT = 0.133 
(PURE JAROSITE) 

CALCULATE: MT EQ. 5.1.8 

CALCULATE: MOTHER LIQUOR IRON 
AND ACID CONCENTRA
TIONS VIA MASS 
BALANCE 
I 

CALCULATE: 6 EQ. 5.1.6 
ST/MTEQ.3.3.I8 
I 

CALCULATE: />PN VIA MASS 
BALANCE 

FALSE 

OUTPUT: MOTHER LIQUOR IRON AND ACID \ 
CONCENTRATIONS, PERCENT IRON 
AND SULFUR, AND PARTICLE 
DENSITY 

Figure 5.3.1. Flow Chart of Predictive Model 



The necessary input data are the feed iron and acid 

concentrations, the temperature, and the residence time of the mother 

liquor and the solids. The equilibrium acid concentration, and the 

pseudo saturation constants are calculated given the temperature. A 

slurry density is predicted assuming a particle density p^, in 

Equation 5.1.8. A mass balance is performed based on the feed concen

trations. These concentrations are used with Equation 5.1.6 to pre-

Sm 
T 

diet a growth rate G. —— is then calculated, assuming the same p as 

T 
in the M calculation, with Equation 3.3.18. This value of — is used 

T 
to calculate p^. The slurry density is corrected and the rest of 

the calculation repeated until the assumed particle density matches 

the calculated density. 

A scatter plot of all of the experimental data of the present 

study, the author's previous work,'and the data collected by Milligan 

is shown as Figure 5.3.2. The circled data points are those of 

Milligan. The experimental data cover a wide range of operating 

conditions. See Table 5.3.1. The model fits the author's experimental 

data with a correlation coefficient of 0.925. The fit to Milligan's 

data is with a correlation coefficient of 0.830. 
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Table 5.3.1 Range of Operating Variables 

Low High 

Feed Iron Concentration GPL 0.80 27.3 

Feed Acid Concentration GPL 0.80 20.2 

Temperature °K 140 163 

Liquid Residence Time minutes 18.6 88.2 

Solids Residence Time minutes 19.8 1708 



6. DISCUSSION OF RESULTS 

6.1 Jarosite as a Kinetically Favored Intermediate 

This work has shown jarosite to be a kinetically favored 

intermediate to hematite under a wide range of process conditions. 

The prime process advantage of crystallizing jarosite is that the 

crystals tend to be large with good crystal habit. This makes them 

easily filtered and washed. Another advantage is that jarosite pro

vides a route for iron to be removed from solution under milder process 

conditions. These milder process conditions, along with DDO operation, 

can lead to iron products that are essentially equivalent to products 

from the hematite process. 

The product formed in the hematite process contains approxi

mately 3% sulfur. It has always been assumed that this sulfur was 

present in the form of included sulphate or as solid solution. This 

work indicates that this sulfur content may be the result of unconver

ted, kinetically favored, jarosite within the hematite particles. This 

work indicates that the jarosite and hematite processes are related, 

and differ only in the severity of their operating conditions. 

Indeed, the biggest weakness of the jarosite process, the requirement 

for a monovalent cation, can be overcome by adjusting the operating 

conditions. Any monovalent cation incorporated in the jarosite will 

be regenerated when that jarosite converts to hematite. 

66 
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6.2 The Growing Core Model 

6.2.1 The Effect of Operating Variables 
on the Quality of the Solid Product 

The operating variables that affect the quality of the solid 

product are the feed iron and acid concentrations, the temperature, 

and the residence time. Each of these affects will be looked at sepa

rately. 

The feed iron concentration affects the yield (slurry density), 

the mother liquor iron concentration, and the growth rate. As the 

feed iron concentration rises above the pseudosaturation value the 

slurry density increases. However, all of the increased iron in the 

feed does not appear as increased slurry density. Some of it occurs as 

increased mother liquor iron concentration. This results in a higher 

growth rate. Each of these factors result in a solid product which is 

higher in sulfur. High sulfur of course means low iron and thus, 

a mostly jarosite product. This result is illustrated in Figure 6.2.1. 

The feed acid concentration affects the slurry denisty, the 

mother liquor acid concentration, the growth rate, and the conversion 

rate. At low feed acid concentration the yield is high, but so is the 

conversion rate. This leads to a slight improvement in product quali

ty at very low feed acid concentrations. As the feed acid concentra

tion increases, it supresses the yield and the growth rate. These 

effects tend to keep the mother liquor acid concentration relatively 
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low since acid is produced in large quantities when jarosite is 

formed. Overall this produces an improved product. The yield is low 

though, making this response of no real interest. See Figure 6.2.2. 

The temperature affects the pseudosaturation concentrations, 

the equilibrium acid concentration and the specific rate constant. 

At low temperatures the major effect is on the pseudosaturation 

values. No solids are formed. As the temperature increases, the 

yield increases rapidly. This effect overwhelms the effect on the 

specific rate constant and the product quality drops. Once the yield 

effect levels, the major effect of temperature is on the equilibrium 

acid concentration and the specific rate constant. Both of these ef

fects tend toward a higher quality product. This is illustrated in 

Figuer 6.2.3. 

The residence time affects the yield and the growth rate. 

These effects will be discussed for the case where the liquor and 

solids residence times are the same, i.e. MSMPR operation. The effect 

of retained solids, DDO operation, will be discussed separately. 

For MSMPR operation, as the residence time increases the yield 

increases slightly. However, the major effect is on the growth rate. 

As residence time increases the growth rate decreases. The product 

(GT) increases slightly, as G and T are not quite inversely propor

tional. The lower growth rate leads to an improved product quality, 

as illustrated in Figure 6.2.4. 

In DDO operation, these same effects become dramatic. In 

Figure 6.2.5 the product quality is plotted versus solids residence 
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time for both MSMPR and DDO operations. The figure indicates that a 

superior product is formed in DDO operation at solids retention times 

equivalent to an MSMPR run. This is due to the fact that the mother 

liquor acid concentration is lower in DDO operation. The conversion 

reaction forms acid. In DDO operation, this acid is washed out due 

to the higher liquor flow rates relative to solids flow. 

The major effects of DDO operation are in product yield and 

vessel size. The yield in Figure 6.2.5, based on the feed, is only 

slightly higher in the MSMPR case. In DDO operation, the feed rate 

increases as the ratio of solids to liquid residence time increases. 

For instance, at a solids retention time of 80 min., the feed rate in 

the DDO operation is four times that of MSMPR operation. Thus the pro

duction rate, yield times feed rate, is roughly four times greater 

in the DDO case. This means that the same vessel in DDO operation can 

process four times the feed and still produce a higher quality prod

uct than in MSMPR operation. The product and production improvement 

are limited only by the pumping problems that limit the slurry density 

that can be processed. 

6.3 Strengths and Weaknesses of the 
Growing Core Model 

The growing core model contains only one adjustable constant, 

f. The growth rate, slurry density, and conversion models were de

veloped independently and stand alone. Milligan's data were not used 

in any of the model development and thus were not used in the deter

mination of f. These facts, along with the good fit of the model to 
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all of the data lead to the conclusion that the growing core model is 

well justified. 

The growing core model is truly a predictive mode. The only 

data necessary to predict the PSD and the product quality given opera

ting conditions are the liquid and solid residence times. 

The only experimental problem encountered was the formation of 

scale in the experimental crystallizer. In section 5.1 it was noted 

that the feed iron and acid concentrations used in the model develop

ment were calculated based on mother liquor concentrations and slurry 

density. The reason for this was scale formation. The back-calculated 

feed concentrations were used because they provided better slurry den

sity and growth rate correlations. Scale formation should not be a 

major draw back in DDO operation, as scale formation can be minimized 

by high slurry densities. Furthermore, scale formation will not affect 

the mass balance of an industrial crystallizer/reactor as it does the 

laboratory apparatus because the surface to volume ratio will be vastly 

lower in industrial equipment. 

6.4 Impact of DDO Operation 

In section 6.2 the improvements in product quality and quantity 

with DDO operation versus MSMPR operation were demonstrated. In this 

section, a specific example of the overall strength of DDO operation 

over MSMPR operation with respect to vessel size, temperature, and acid 

concentrations will be presented. 
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Figure 6.2.5 indicates that with the given feed conditions, 

feed rate, and temperature, a solids residence time of 980 minutes will 

give a product containing less that 1% sulfur, with DDO operation. If 

the graph were extended, it would show that a residence time of 2200 

minutes is necessary with MSMPR operation to obtain a product with less 

than 1% sulfur. This corresponds to a vessel 110 times larger than 

that required in DDO operation. 

Given the same vessel size as for DDO operation, the same feed 

conditions, and feed rate as in Figure 6.2.5, the temperature in MSMPR 

operation would have to be 383°F to obtain a product with less than 1% 

sulfur. This increase in temperature would demand an increase in pres

sure to suppress boiling. These temperature and pressure conditions are 

within the range normally associated with the Hematite Process. 

Given the same vessel size as for DDO operation, and given the 

same feed rate and temperature as in Figure 6.2.5, the feed would have 

to be neutralized to a pH above 7.0 to obtain a solid product contain

ing less that 1% sulfur. These neutral conditions are similar to 

those associated with the Goethite Process. 

In order to obtain the same product quality from MSMPR opera

tion as from DDO operation, the vessel size, the temperature and pres

sure, or the pH must be increased. Larger vessel size indicates higher 

capital cost. Higher temperature and pressure indicate both higher 

capital and operating costs. Higher pH indicates higher operating 

cost. DDO operation is clearly the least expensive route to improved 

product quality. 
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6.5 Jarosite/Hematite Product as Iron Mill Feed 

As previously demonstrated, DDO operation can yield a solid 

product with less than 1% sulfur. This product contains at least 67% 

iron. With these product specifications, the solids are valuable as 

blast furnace feed (27). 

The sulfur content of the jarosite/hematite solids is higher 

than standard blast furnace feed. But, the iron content is approxi

mately 25% higher. The value of the increased iron content outweighs 

the penalty imposed due to the high sulfur content. The jarosite/ 

hematite solids would have to be pelletized and shipped to a blast 

furnace. The shipping charges will represent a major factor in the 

economics of the use of jarosite/hematite solids as blast furnace 

feed. 



7. SUMMARY AND CONCLUSIONS 

1. Hydronium jarosite will nucleate and grow in an environment where 

hematite is the stable phase. 

2. The production of hematite from ferric sulphate solutions over a 

wide range of operating conditions proceeds via a two-step mechan

ism which has hydronium jarosite as a kinetically favored inter

mediate. 

+2 +2 
3. Divalent cations such as Cu and Zn are completely rejected in 

the crystallization of jarosite. 

4. Slurry density and growth can both be modeled using pseudo satura

tion iron and acid concentrations as 

0 778 r °-20 
MT = 0.634 pp (D.F.f)U-"°2-!5 5.1.8 

0 52 T "0-50 _ 
G = 1.377 (D.F) (.417 + ̂  Mt *) 5.1.6 

where 

n F = Fe +—(T ~ 399) 5 1 4 
U' ' (1.367 T - 564) Fe-H 

5. The growing core model with chemical reaction controlling and only 

one adjustable parameter adequately predicts product size distribu

tion and quality. Thus, PSD is given conventionally 

n(L) = n°e GT 3.3.14 

Sm 2p p. . 
- S — k ( H - H ) | ) 3.3.18 

\ PA 2 c e G 
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6. The cardinal assumption in the growing core model, that growth and 

conversion both take place at separate sites on the crystal surface, 

is adequate to correlate the experimental results and predict prod

uct quality for DDO operation with extremely long solids residence 

time. 

7. DDO operation is a viable technique for producing blast furnace 

feed iron economically; capital cost, production rate and product 

quality would all be improved relative to MSMPR operation. 



APPENDIX A 

CHEMICAL AND PARTICLE SIZE ANALYSIS 

(A) Procedure for Determining Ferric Ion 

(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 Gm 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. 

(8) Add 15 ml of H^PO^ - H
2

S04 soluti°n anc^ 3 drops of dipheny-
lamine indicator. 

(9) Titrate with standard dichromate to a blue end point. 

(B) Calculation for Determining Ferric Ion 

Normality of 
Dichromate 

(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 NaCH to a pH of 4.0. 

80 
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(D) Calculation for Determining Free Acid. 

Total 
Acid 

= (49) 
Normality 
of NaOH 

r - 1 / 2  
[NaOH / 

Free Total 
Acid Acid 

- (1.75) Gm Fe +3A] 

(E) Standards 

(1) Potassium Dichromate: 
Add approximately 4.9 gm. K„ C U. to 1.0 L distilled 

2. R / 
water. 2 

Standardize by performing steps 2-9 for Ferric Ion procedure 
on a known weight of FeCl^-

Dichromate 
Normality 

Weight of Fe +3/ 55. 85 
Dichromate 

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

NaOH 
Normality 

= 0.1 

(3) Sodium Monosphosphate 
Add 50 gm of sodium monophosphate to 1.0 Z distilled water. 

(4) H3P04 ~ H2S°4 s°lut;*-on 

Add 150 MJL of 100% H^SO^ to 700 M& distilled water 

Add 150 M£ of 85% H^PO^ to the H2S04 water mixture 

(5) Diphenylamine Indicator 
Add 1.0 gm of diphenylamine to 100 M£ of 100% H^SO^ 

(F) Procedure for Determining Particle Size Distribution 

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

(2) Pipet 10 M£ of the well mixed sample into 80 Mil 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 
counter to fit the logarithm of the population density 
versus size data between 15 and 55 microns. 

Calculation of Dilution Factor 

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

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



APPENDIX B 

EXPERIMENTAL DATA 
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Table B-1. Demonstration Data of Milligan 

Mother 
Feed Liquor Percent 

Iron Acid Iron Acid Slurry Growth Iron in Residence 
Run Cone. Cone. Cone. Cone. Temp. Density Rate Solids Time Min. 

# GPL GPL GPL GPL °C GPL y/MIN % Liquid Solid 

12 4.87 7.99 4.56 8.80 154.4 0.89 0.250 35.00 19.8 19.8 
16 7.69 9.31 6.60 11.36 154.4 3.03 0.090 36.17 39.0 39.0 

24 7.94 9.39 6.18 13.22 162.8 5.01 0.217 35.18 39.0 39.0 
25 7.86 9.30 4.54 14.49 154.4 85.02 0.267 37.67 19.8 324 
26 7.91 9.22 4.64 20.98 154.4 7.43 0.142 44.01 36.6 704.4 
40 15.62 9.20 12.74 13.27 154.4 0.06 0.383 35.67 19.8 19.8 
43 7.70 10.09 12.37 19.64 154.4 121.5 0.005 35.33 88.2 660.6 
55 10.46 5.45 6.16 20.52 162.8 121.5 0.010 40.42 31.2 842.4 
56 11.0 6.23 6.94 16.65 143.3 146.7 0.013 43.91 19.2 323.4 

57 10.80 5.93 5.02 21.23 162.2 108.5 0.022 57.51 30 624 
58 10.47 6.14 6.29 15.45 143.3 160.4 0.011 53.4 19.2 741.6 
59 10.38 5.87 4.81 20.26 154.4 153.1 0.016 54.37 18.6 418.8 

60 16.05 12.13 4.28 21.49 154.4 172.6 0.010 57.3 19.2 1709.2 

61 16.24 12.33 5.74 16.72 143.3 181.4 0.006 57.52 19.8 1060.2 

63 16.03 10.34 3.65 22.36 154.4 141.0 0.013 59.14 18.6 300.6 

65 16.06 11.85 6.40 20.25 154.4 199.4 0.008 58.36 18.6 320.4 

66 15.59 0.78 7.45 14.54 143.3 231.5 0.035 39.41 18.6 192 

68 16.76 4.00 6.86 8.05 143.3 19.95 0.367 35.56 19.8 19.8 

69 16.85 4.22 6.36 17.21 143.3 121.5 0.017 55.87 18.6 210 

70 16.40 5.80 10.60 17.57 143.3 173.3 0.008 51.80 18.6 326.4 



85 

Table B-2. Jarosite to Hematite Batch Conversion Data—Initial 
Acid Concentration 0.0 GPL 

Run Temperature Time Percent 
Number °C Min Conversion 

1 176 0.0 0.0 
2.0 11.5 

10.0 71.7 
20.0 90.1 
60.0 96.7 

2 168 0.0 0.0 
2 . 0  

10.0 45.0 
20.0 75.2 
60.0 90.5 
120.0 92.6 

3 135 0.0 0.0 
2.2 8.4 
10.0 29.8 
20.0 41.6 
6 0 . 0  6 6 . 6  

120.0 79.9 

4 127 0.0 0.0 
2 . 2  

10.0 15.2 
20.0 25.1 
60.0 48.6 
120.0 61.3 

5 113 0.0 0.0 
2 . 2  

10.0 6.9 
20.0 11.2 
60.0 26.7 
120.0 43.0 



Table B-3. Jarosite to Hematite Batch Conversion Data—Initial 
Acid Concentration 0.0 GPL, Temperature 135° C 

Run CSD Time Percent 
Number Range Min Conversion 

11 < 38y 0.0 0.0 
10.0 23.0 
20.0 40.9 
40.0 64.0 
60.0 77.8 

120.0 90.6 

12 38-75y 0.0 0.0 
10.0 16.3 
20.0 29.9 

40.0 52.8 
60.0 67.0 

120.0 83.0 

13 > 75JJ 0.0 0.0 
10.0 9.9 
20.0 17.9 
40.0 34.1 
60.0 50.9 

120.0 69.9 
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Table B-4. Jarosiite Crystallization Data 

Mother Liquor Temper Residence Slurry Nuclei Growth 
Run Iron Acid ature Time Density Density Rate 
Number GPL GPL °K Min GPL #/CC-JJ Ji/MIN 

1 21.8 15.2 422 20 2.44 1612 0.990 
2 21.1 14.0 422 30 3.08 698 0.824 
3 22.0 15.3 422 40 2.81 527 0.598 
4 21.1 14.9 422 45 1.51 788 0.363 
5 21.4 16.3 422 60 2.00 1159 0.239 
6 21.6 15.0 413 20 0.01 1538 0.161 
7 16.6 14.2 430 20 14.3 5730 1.170 
8 18.0 10.3 422 20 12.6 6226 1.091 
9 20.8 18.4 422 20 3.3 9659 0.603 
10 18.3 14.6 422 20 0.41 585 0.766 
11 25.7 12.9 422 20 4.70 2859 1.018 



Table B-5. Transition Experiment Data 

Mother 
Liquor Percent 

Iron Acid Slurry Growth Iron in Residence 
Run Cone. Cone. Temp. Density Rate Solids Time Min. 
# GPL GPL °F GPL y/MIN % Liquid Solid 

23 0.88 5.02 300 0.55 0.312 52.4 20 20 

25 0.88 5.53 300 0.116 * 48.0 20 20 
26 0.73 6.29 300 0.483 0.275 48.0 20 20 

27 0.88 7.04 300 0.141 * 44.1 20 20 
28 0.88 5.53 300 0.287 0.410 48.2 20 20 

29 0.59 4.52 300 0.083 0.163 56.0 30 30 
30 1.76 6.00 300 0.565 0.154 43.7 40 40 
31 0.88 6.03 300 0.345 0.162 50.0 50 50 

32 0.41 5.00 300 0.709 0.070 56.4 60 60 
33 0.99 6.85 310 0.289 0.291 50.6 30 30 

35 1.57 5.83 300 0.357 0.248 47.8 20 40 
36 1.22 4.93 300 0.389 0.232 50.2 20 40 
37 0.64 3.42 300 0.880 0.240 54.0 20 40 
38 0.73 5.92 310 0.154 0.238 55.1 40 40 

•Particle size analysis in error due to counter/computer malfunction. 



APPENDIX C 

PREDICTIVE MODEL IN DETAIL 

Operating Data: Feed Iron Concentration 2.0 GPL 

Acid Concentration 5.0 GPL 

Temperature 300°F 

Residence Time Liquid 20 MIN 

Solid 40 MIN 

Step 1 Calculate pseudo saturation acid and iron, and 

equilibrium acid, H and specific rate constant k 
e c 

H = T°k - 399 
s 

Fe = (T°k)1.367 - 564 
s 

H = (T°k)0.364 - 99.5 

S 7 _ 13900 
k = 1.3 x 10 e RT 
c 

Step 2 Calculate driving force based at feed. 
(Fe )(Fe ) - H_ 

f _ f s f 
f "  Fe_ + (H JH,, 

r s f 

Step 3 Let p =3.1 and S/M = 0.133 (Jarosite) 
P 

Step 4 Calculate slurry density. 

Mt = 0.634 (D.F.f)°"778 (Ts/20)0"2 

MRS = MT TS/TL 
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Step 5 Calculate mother liquor iron and acid concentrations via mass 

balance. 

Fe = Fe - Mt(0.6994 - 2.637 S^/N^) 

H = Hf + MT (1.841 - 10. S^/iy 

Step 6 Calculate driving force based on mother liquor. 
Fe(Fe ) - H 

D F = 
* * Fe + (H )H 

s 

Step 7 Calculate growth rate. 

G = (D.f)° * 52 (0.3025 = 0.726 (T/20)"0'5 Mt°"228) 

Step 8 Calculate sulfur percent in solids. 
k (He-H) 

St/Mt = (0.4123 - f) 1/S.p 

Step 9 Calculate p via mass balance. 
P 

p = 1.545 + 11.69 S/M 
Kp T T 

Step 10 Compare old p^ with new pp. If the error is above the limit 

return to Step 4 with new values of ST/MT and p^. 

The output is given in Table C-l. 
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Table C-1. Predictive Model Convergence 

Mother Liquor Slurry Growth % Particle 
Iteration Iron Acid Density Rate Sulfur Density 
Number Fe H M G Sm .,,m p 

T T/MT p 

1 1.819 5.265 0.519 0.391 0.099 2.700 
2 1.809 5.331 0.486 0.388 0.116 2.778 
3 1.806 5.349 0.476 0.388 0.111 2.804 
4 1.805 5.354 0.473 0.388 0.109 2.812 
5 1.805 5.356 0.472 0.388 0.109 2.814 
6 1.805 5.356 0.472 0.388 0.109 2.814 



APPENDIX D 

MODEL PREDICTIONS FOR EXPERIMENTAL DATA 
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Table D-1. Model Predictions 

Slurry Growth Percent Percent 
Run Density Rate Iron in Sulfur in 
Number GPL y/MIN Solids Solids 

12 0.876 0.724 38.8 11.8 
16 1.317 0.698 38.8 11.8 
24 1.557 0.800 40.0 11.3 
25 1.624 0.284 45.2 9.4 
26 0.601 0.121 56.2 5.2 

40 4.362 0.540 39.9 11.4 
43 1.688 0.249 50.8 7.3 
55 4.211 0.539 40.3 11.2 
56 0.362 0.094 52.2 6.7 
57 0.732 0.158 59.2 4.1 

58 0.585 0.104 52.0 6.8 
59 0.742 0.155 51.4 7.0 

60 0.804 0.120 57.3 4.8 
61 0.651 0.103 52.1 ,6.7 
63 0.513 0.134 54.0 6.1 

65 0.842 0.179 48.3 8.2 
66 6.697 0.437 39.3 11.6 

68 1.959 1.276 36.3 12.8 
69 0.275 0.090 52.9 6.5 

70 0.634 0.139 45.5 9.3 
1 1.768 1.267 36.4 12.7 
2 1.943 1.101 36.7 12.6 
3 1.912 0.951 36.8 12.6 
4 1.837 0.872 37.0 12.5 

5 1.857 0.772 37.2 12.4 
6 0.001 0.001 36.6 12.6 

7 3.531 1.925 36.5 12.7 
8 4.060 1.913 36.1 12.9 

9 1.397 1.075 36.5 12.7 
10 1.768 1.050 36.7 12.6 
11 2.352 1.549 36.2 12.6 

23 0.272 0.286 43.9 9.9 
25 0.167 0.210 47.5 8.5 
26 0.157 0.203 47.9 8.4 
27 0.112 0.167 50.9 7.2 
28 0.198 0.234 46.0 9.1 
29 0.116 0.136 56.9 4.9 

30 0.479 0.306 43.1 10.2 
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Table D-1.—Continued 

Slurry Growth Percent Percent 
Run Density Rate Iron in Sulfur in 
Number GPL y/MIN Solids Solids 

31 0.207 0.158 52.6 6.6 
32 0.192 0.136 57.0 4.9 
33 0.260 0.241 48.9 8.0 
35 0.401 0.247 45.3 9.3 

36 0.385 0.232 46.3 9.0 
37 0.505 0.240 46.4 8.9 
38 0.194 0.177 56.1 5.3 



NOMENCLATURE 

2 
A(t) Time dependent surface area—cm 

B Breakage function—#/CC-y-MIN 

B° Nucleation rate—#/CC-MIN 

D Death function—#/cc-y-MIN 

Da Damkohler number—dimensionless 

2 
Dg Diffusivity—cm /SEC 

D.f. Pseudo driving force based on mother liquor—dimensionless 

D.f.^ Pseudo driving force based on feed—dimensionless 

Fe Iron concentration in mother liquor—Gm/L 

Fe^ Iron concentration in feed—Gm/L 

Fe Iron concentration at jarosite equilibrium—Gm/L 
s 

f Area fraction available for conversion—dimensionless 

G Growth rate (velocity down the size axis)—y/MIN 

H Sulfuric acid concentration in the mother liquor—Gm/L 

H Sulfuric acid concentration at jarosite/hematite equilibrium-
8 Gm/L 

Sulfuric acid concentration in feed—Gm/L 

H. Sulfuric acid concentration at interface—Gm/L 
l 

Hg Sulfuric acid concentration at jarosite equilibrium—Gm/L 

h Arbitrary function—dimensionless 

k (T) Specific rate constant—Gm/MIN 
c 

k^ Volume shape factor—dimensionless 
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L Linear size—y 

Fines size—y 

M. Mass of Jarosite—Gm 
D 

M Mass of Sulfur—Gm 
s 

M^ Slurry density—Gm/L 

n Population density—#/CC-y 

n° Nuclei density—#/CC-y 

n^ Population density in feed stream i—#/CC-y 

Flow rate of fines stream—CC/MIN 

Flow rate of feed stream—CC/MIN 

Qq Flow rate of mixed product stream—CC/MIN 

Original particle radium—y 

r Radium of unreacted core—y 
c r 

s Sulfur content—Gm 

S(L) Sulfur content as a function of size—Gm 

S(t) Sulfur content as a function of time—Gm 

St/Mt Percent sulfur in solid product—Gm/100 Gm 

T Temperature—°K 

t Time—MIN 

v Velocity down sulfur axis—Gm/MIN 

Velocity down ith internal coordinate—XX/MIN 

V Volume—CC 

X Conversion—dimensionless 

Pj Density of jarosite crystals—Gm/CC 

Density of particle—Gm/CC 
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p Sulfur content of pure jarosite—GmS/GmJ 
s 

T Residence time of mother liquor—MIN 

T Residence time of solids—MIN 
s 
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