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ABSTRACT

The removal of iron from acidic waste liquors in the form of 
basic iron sulfates and the kinetics and mechanisms of the conversion of 
the basic iron sulfates to hematite have been studied in the 
Fe203-H20-H9S04 system.

It has been found that iron may be removed from solution in the 
form of basic iron sulfates by pressure hydrolysis in a reactor- 
crystallizer operating in the range 135-170°C. It has also been found 
that the basic iron sulfates may be converted to hematite in a pressure 
reactor operating in the temperature range 150-170°C.

The mechanism of the conversion was found to be a shrinking-core 
type, hydrothermal decomposition. A kinetic model based on the 
shrinking core theory was developed which predicts the rate of conver
sion as a function of temperature, acid concentration, and the initial 
crystal size distribution. It was found that the rate of conversion 
increased with increasing temperature, increased with increasing basic 
iron sulfate surface area, and decreased with increasing acid 
concentration.
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INTRODUCTION

The problem of waste iron in acidic process liquors and in solid 
residues has not yet been resolved to the satisfaction of either the 
engineer or the environmentalist. Until recently, the removal of iron 
from pickle liquors or hydrometallurgical leach solutions has been 
studied with only two purposes in mind: 1) to separate the iron, which
is present as an impurity, from the main metal values of the leach 
liquors; and 2) to remove iron from acidic process liquors and pickling 
liquors in order primarily to regenerate the acid for recycle. Today, 
however, other incentives are present; the recovery of by-product iron 
and acid from acidic waste solutions would also: 1) eliminate the tre
mendous waste associated with the permanent loss of these potentially 
valuable and non-inexhaustib1e natural resources and 2) eliminate the 
pollution problem associated with the disposal of large amounts of these 
solutions. Additional benefits could be realized if the iron is removed 
in a form which could be sold to the iron industry, possibly as a feed
stock to the blast furnace.

The need for an efficient process to accomplish these objectives 
is demonstrated by the fact that even the steel industry has failed to 
develop a generally accepted method for the treatment of their spent 
pickle liquor solutions. . A similar problem exists in the non-ferrous 
minerals industry. In an effort to eliminate the gaseous pollution 
associated with existing pyrometallurgical processes, new



hydrometallurgical processes are being developed for the primary extrac
tion of many metals. However, these processes have created pollution 
problems of their own, mainly in the form of iron contamination.

The seriousness of the problem is indicated by the wide Variety 
of state and federal laws which have been designed to minimize or at 
least regulate the amount of heavy metal contamination allowable in 
aqueous waste streams. The current policy of both state and federal 
regulations is that industry must comply with existing standards within 
the limits attainable with existing technology. However, as the 
standards become more stringent, better methods will have to be 
developed.

The major source of.iron in industrial process liquors is* of 
course, in the steel industry. In the pickling process in particular, 
tremendous amounts of iron go into solution. With the introduction by 
the steel industry of hydrochloric acid rather than sulfuric acid for 
pickling, a great deal of research has been carried out to develop more 
economic pollution-free processes for recovering iron and recycling acid 
from the spent pickle liquors. Ultimately, the by-product economics 
(recovery of acid and iron) will probably determine which pickling pro
cess will be retained permanently.

In hydrometallurgical processes, the problem with iron arises 
because of its high reactivity and abundance. In many ore bodies, for 
example, the iron content is often greater than that of the primary 
metal which is to be recovered. Iron is usually present as pyrite or 
else complexed with the primary metal. Then, during the leaching or



extraction stage, the iron goes into solution- along with the main metal 
values. Eventually, the iron build-up in these solutions becomes so 
great that they are rendered unfit for recycle back to the main process. 
At this point, the waste streams are usually dumped, not only creating a 
pollution problem, but also a tremendous waste of potentially non
in exhaustible natural resources. Other major sources of iron in aqueous

i - 1
waste streams include: the cementation of more reactive metals -on
sponge or scrap iron, electrolytic zinc manufacture, titanium pigment 
manufacture, and the proposed leaching of smelter slags from the copper 
smelting industry.

Currently there are a variety of processes used to attack the 
problem of iron contamination. In the steel industry, there are several 
methods of complex regeneration of pickle liquors available (1). More 
recently, the Pori Process (2) has demonstrated the feasibility of pro
ducing a dense slurry of hematite from ferrous chloride solutions at low 
temperatures. Also, the Lummus Company (2) has patented a process for 
use in HC1 leach systems for pyritic ores which may also be applicable 
for HC1 liquor solutions. In this process, the ferrous chloride solu
tion is oxidized and then hydrolyzed at elevated temperatures and pres-

■ I
sures to produce hematite and regenerate HC1. In 1967, Sherritt Gordon 
Mines Limited (2) developed a hydrometallurgical process for the 
recovery of iron from pyritic concentrates. In this process, the preg
nant leach solution is stripped of its primary metals, copper, nickle, 
and cobalt, by cementation on sponge iron, and the resulting ferrous 
sulfate solution is oxidized, then hydrolyzed at 400°F to produce a



mixture of hematite and basic iron sulfates which are then pelletized 
and roasted to remove the remaining sulfur. To date, the Sherritt pro
cess- is the only one which proposes to recover a saleable iron product 
from a sulfate medium (2). There are, however, several methods availa
ble for use in hydrometallurgical systems which will yield a discard, iron 
residue. One such method is jarosite precipitation. Recently, the 
minerals industry has shown much interest in the formation of jarosites 
as a means of removing unwanted iron, alkali metals, or sulphate iron 
from hydrometallurgical leaching solutions. A form of jarosite precipi
tation is now being used in the zinc industry to purify the acidic 
leach solutions prior to recovery (3). This process is also being con
sidered for, use in the copper industry for the.removal of unwanted.iron 
from their acidic leaching solutions. The main advantage of this pro
cess over similar processes such as the geothite process is that it does 
not precipitate divalent cations such as zinc or copper. Instead, the 
process produces an easily filterable, solid iron residue at relatively 
mild conditions with almost complete removal of iron. The solid, how
ever, is not considered to be a useful product, and has several disad
vantages when compared to hematite. First, because of its high sulfur
content, the j arosite cannot be used as a feedstock to other processes.
Second, because the jarosite is not totally inert, disposal of the 
residue creates a potential pollution hazard. In this case, the problem 
is to prevent iron contamination of local ground water by natural 
decomposition of the iron-containing salts. The pollution-conscientious
Japanese were the first to recognize this problem. In an article by



Umetsu and Tozawa (4, p. 3), they state, "Jarosite can result in 
serious environmental problems. In Japan, iron in leach solutions has 
to be removed as a more inert, stable, and recoverable compound than 
jarosite. For this purpose hematite is more suitable." A third disad
vantage of jarosite is its poor geotechnical properties and its rela
tively low bulk density compared to hematite, which properties make 
handling and storage a problem. Also, because of the small particle 
size, a potential dust problem exists if either solid is stored in the 
open. The optimal solution to the problem, as suggested by Rastas, 
Fugleberg and Huggare (5), is to remove the iron from solution as jaro
site at mild conditions, then, in a second step, convert the jarosite to 
hematite, which could be used as a .raw material in the iron blast fur
nace. This is one of the possibilities which was investigated in the 
present study.

Another possibility is the continuous production of hematite in 
a retained bed reactor. In a study by Randolph and Williams (6), it was 
discovered that iron could be removed from solution as hematite when the 
process was conducted using a retained bed crystallizer (i.e., the 
solids were retained in the reactor for a longer residence time than the 
liquid). Otherwise, identical conditions, but with a mixed discharge 
mode of operation, resulted in the production of basic iron sulfates.
It was also discovered that the rate of iron removal was increased when 
using the retained bed mode. These observations, together with the fact 
that the process was run at temperatures well below those of the hema
tite process, provided the incentive for this investigation.



A process similar to that proposed by Rastas et al. (5) was pro
posed by Bruhn, Gerlach, and Pawlek (7) for the regeneration of sulfuric 
acid and recovery of iron from spent pickle liquors. In this process, 
the iron is removed from solution as a mixture of basic iron sulfates 
which are filtered and then reslurried in water and hydrolyzed 
separately to form hematite and acid, the latter being returned to the 
pickling process, while the hematite may be used as a feedstock to the 
blast furnace. .

Even though the hydrolysis of ferric sulfate solutions to pro
duce basic iron sulfates has been studied in some detail (8-10), the 
subsequent conversion of the basic iron sulfates to hematite, whether in 
situ or separately, has received relatively little attention. At best, 
the reaction has been studied only qualitatively (5). In this investi
gation, however, the production of hematite from synthetic waste liquors 
has been studied in some detail with emphasis on the kinetics and 
mechanisms of the conversion of basic iron sulfate to hematite.



REVIEW OF IRON HYDROLYSIS

As mentioned previously, there are several processes being used 
or being considered for the removal of iron from acidic process liquors 
which utilize various forms of hydrolysis reactions. A complete review 
of these processes is given by Gordon and Pickering (11); a brief sum
mary with the associated hydrolysis reactions is given below.

Geothite Process
This process was originally developed as a purification step for 

the removal of iron from post leach solutions prior to the recovery of 
zinc. It was devised to reduce the soluble iron concentration from 
around 30 gm/1 to less than 1 gm/1. The essential feature of the pro
cess is to maintain the concentration of ferric ion in solution at 
around 1 gm/1. This is done by controlled oxidation of ferrous ion with 
oxygen or air prior to the hydrolysis step. Also, the pH of the solu
tion must be carefully maintained within the range 2-3.5 to insure that 
none of the other basic iron sulfates are formed. The hydrolysis reac
tion which occurs at temperatures below 100°C can be represented as 
follows (12):

Fe2(S04)3 + 4H20 = 2Fe00H + SH^SO^ (1)

Even though the process was developed for use in the zinc industry, it 
has potential applications in the purification of impure leach liquors
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from a variety of hydrometallurgical processes, including the recovery 
of copper, nickel, and cobalt (12). One problem that has prevented 
adaptation of the geothite process to copper liquors (13) is the loss of 
copper ions coprecipitated in the geothite matrix. Such copper losses do 
not occur with hematite or jarosite precipitation.

Jarosite Process 
This process which was also originally developed for use in the 

electrolytic zinc industry, has the advantage of achieving almost com
plete removal of iron from solution by the formation of highly stable 
metal jarosites. It has the disadvantage that reagent addition in the 
form of cations is required for the formation of the metal jarosites 
(without which a less stable hydronium jarosite would be formed). The 
general reaction for the process is shown below:

3Fe2(S04)5 + 14H20 = 2(H30)Fe3(SC>4) 2(0H)6 (S) +

(2)

By the replacement of in equation (2) with NH4+, K+, or Na , the
solubility of jarosite is considerably lowered, resulting in much 
greater removal of iron. However, the solid residue from the process is 
not considered to be a useful product and may even create a pollution 
problem if improperly disposed of (5).

Hematite Process 
In this process, iron is hydrolyzed directly from ferric ion in 

solution to a solid usable product, hematite. The process has the



advantage that no reagent addition is involved; however, in order to 
achieve acceptable reaction rates high temperatures (240°C) are 
required. The process also has the advantage that complete acid regen
eration is possible. However, if the acid concentration becomes too 
high, a mixture of hematite and basic iron sulfates will be formed. The 
reaction is given by:

Fe2(S04)3 + 3H20 = Fe203(S) + SĤ SÔ  (3)

From a more fundamental approach, the most comprehensive study 
concerning the formation of iron-containing solids in the Fe?03-H20-H2S04 
system was that conducted by Posnjak and Merwin (14). In this study, 
the solid-liquid equilibrium relationships of the system at different 
temperatures up to 200°C were investigated. A typical isotherm for the 
system is shown in Figure 1. From this diagram, it is possible to pre
dict which one of the numerous solid compounds will exist at equilibrium 
for a given acid and iron concentration. For example, at 140°C, there 
are three basic salts which are stable: Fe203-3S03-6H20, Fe203-2S03-H?0,
and 3Fe203-4S03-9H20. The latter salt, which may also be written 
(H30)Fe3(S04)2(OH)^, was used as a basis for this investigation. It 
occurs naturally as the mineral carphosiderite and may be regarded as a 
hydronium jarosite. The jarosites are a series of compounds having the 
general formula MFe3(S04)s(OH)^ where (M = Na+, K+, Rb+, NH4 , Ag+,
H^0+). In the presence of these monovalent ions, ferric sulfate solu
tions hydrolyze, at elevated temperatures, to precipitate the corre
sponding metal jarosite or a mixture of the jarosite and carphosiderite.
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Figure 1. Equilibrium Phase Diagram for the Fe 0_-S0„-H 0 System 
at 140°C. 2  ̂ 2
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Divalent ions such as cupric ion have no appreciable effect on the pre
cipitation of iron.

Since most industrial processes operate far from equilibrium, 
the diagrams of Posnjak and Merwin (14) cannot be used a priori to pre
dict which of the solid compounds will be formed for a given set of pro
cess conditions. In such situations, it is the relative rates of 
hydrolysis rather than the equilibrium relationships which dictate the 
product compositions.

There have been several excellent studies made concerning the 
rates of hydrolysis of iron and the subsequent solids formed in the 
Fes0^-H20-H2S04 system. Bruhn et al. (7) investigated the hydrolysis of 
ferric sulfate solutions containing varying amounts of free sulfuric 
acid at temperatures up to 200°C. Bruhn et al. discovered that mixtures 
in those regions of Posnjak and Merwinfs (14) diagrams which showed 
Fe^O^ to be stable phase always precipitated basic iron sulfates along 
with Fe203. In other words, even though the formation of hematite was 
favored thermodynamically, kinetics favored the formation of the basic 
iron sulfates. Kinetic studies on the system by Bruhn et al. produced 
an overall rate expression for the hydrolysis of ferric ion to hematite 
in the temperature range 160-200°C as:

- = K1e"13’300/RT[Fe'‘'3] - I<2[H+] (4)

This equation predicts that the rate of iron removal from solution 
increases with increasing temperature and iron concentration and
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decreases with increasing acid concentration. Bruhn et al. (7) hypothe
sized that the reaction actually proceeds in two stages:

Fe^(SO^)^ + H^O -> basic iron sulfate + H^SO^ (5)

and

Basic iron sulfate + H^O -> Fe203 + H^SO^ + H^O (6)

This mechanism seems to be consistent with the proposed rate equation.
If the first reaction is considered to be a reversible, elementary reac
tion, the rate of hydrolysis should be proportional to the concentration 
of ferric ion and inversely proportional to the concentration of acid as 
predicted by equation (5). Bruhn et al. concluded that the first reac
tion is relatively fast, while the second reaction proceeds slowly at 
high acid concentrations, thus becoming the rate-controlling step for 
the formation of hematite in the system.

In a more recent study by Umetsu and Tozawa (8), the hydrolysis 
of ferric sulfate solutions at elevated temperatures was studied with 
respect to rates of hydrolysis and the solid product compositions for 
different conditions of temperatures, iron, and acid concentrations. 
Umetsu and Tozawa concluded that the hydrolysis of ferric sulfate solu
tions can be seen to proceed in the three ways depending upon the acid 
concentration:

Fe2(S04)3(Aq.) + Fe^, (7)
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FezCSO^j^CAq.) (HgOjFegCSO^jzCOH)^ -+ FezO^ (8)

FegCSO^jgCAq.) -» FeOHSO^ (9)

Umetsu and Tozawa (4) point out that the process of hydrolysis changes 
from (7) through (9) with an increase in the concentration of free sul
furic acid, and also the composition of the precipitate changes from 
Fe^Og to FeOHSO^. However, these phenomena must be confirmed by 
detailed study in the future.

After a review of the existing technology, it becomes apparent 
that modern methods of metal processing will require some form of 
hydrolysis reaction to deal with the iron problem. The fact that ferric 
ion can be preferentially removed from leach solutions in the lower pH 
range at elevated temperatures, whereas most metallic ions, other than 
ferric ion, still remain in solution, makes hydrolysis a very attractive 
process for the removal of iron from such solutions.

As discussed earlier, the composition of the hydrolysis product 
depends upon the process conditions at which it is formed (i.e., tempera
ture, pressure, composition, and residence time). Therefore, any pro
cess which lowers the severity of these conditions while still forming 
an acceptable solid product will have an edge over other similar pro
cesses. For example, the production of hematite from the hematite pro
cess carries the economic burden of maintaining the reaction at a 
temperature in excess of 240°C, whereas basic iron sulfate precipitation 
and subsequent conversion to hematite can be accomplished at lower



temperatures. As Rastas et al. (5, p. 17) state, "It is possible to 
convert the iron precipitate (hydronium jarosite) in an autoclave at a 
temperature of 160 to 200°C. In this case,the operating conditions are 
in a range where hematite is the stable phase." Lower temperatures, of 
course, mean slower reaction rates and, thus, longer residence times; 
however, this drawback can be overcome by the use of a retained bed 
reactor which increases the solids residence time without affecting that 
of the liquid.



EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental apparatus used in this investigation is shown 
Schematically in Figure 2. The equipment consists of three major sub
systems which are: 1) the autoclave and stirring assembly, 2) the oxy
gen sparging and sampling system, and 3) the temperature control system. 
These systems have been segregated in the diagram for ease of identifi
cation. Liquid and gas flow streams are shown by solid lines, while the 
temperature control system is designated by dashed lines. In the fol
lowing sections, each of the three, subsystems will be described in some 
detail, and then the procedure followed in the experimentation will be 
outlined. In general, the equipment was designed for batch runs as is 
shown by the diagram. However, by making several simple changes, it can 
be modified for continuous operation. Because of the corrosive nature 
of the solutions, type 316 ss was used for reactor, valves, fittings, 
and all process flow lines.

Experimental Apparatus

Autoclave and Stirring Assembly
The autoclave is a 200 psi, one-gallon, type 316 stainless steel 

Benco unit with removal baffles, internal 3/8 inch stainless steel 
heating-cooling coils, and external heating jacket. The unit was pur
chased through the Bench Scale Equipment Company, Dayton, Ohio. The 
stirring assembly consists of a 12 inch shaft and impeller with a spring

IS .



Figure 2. Schematic of Reactor and Auxiliary Equipment.
B bleed valve R
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Figure 2. Schematic of Reactor and Auxiliary Equipment
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loaded mechanical seal. The shaft is driven by a belt .connected to a 
1/4 horsepower variable-speed motor allowing stirring rates to 1000 rpm. 
A hand-held tachometer was used to calibrate, the speed of the impeller.

Oxygen Sparging: and-. S amp ling Sys tern
The oxygen sparging system was designed to keep an oxidizing 

atmosphere in the reactor. Oxygen was continuously fed through a pres
sure regulator connected to a supply tank and bled off through a bleed 
valve located on the top of the reactor. As shown in the schematic, the 
oxygen inlet system was designed to baekflush the batch sampling tube 
during periods of inactivity. The sampling system consists of a 1/4 
inch stainless steel tube located near the impeller at the bottom of the 
reactor. The sampling tube was connected to cooling coils which were 
immersed in a water bath. Room-temperature cooling water was sufficient 
to reduce the temperature of the liquid samples to well below the normal 
boiling point.

Temperature Control System
Heat was supplied to the jacket and coils of the reactor from a 

120 psi steam source. This allowed temperatures up to 175°C. The 
desired reactor temperature is set on the calibrated recorder-controHer. 
The temperature is monitored by a copper-constantan thermocouple placed 
in a thermowell on the reactor. The control loop is shown by the dashed 
lines on Figure 2. Basically, it consisted of a simple on-off control 
scheme. If the reactor temperature was below the set point temperature, 
the automatic valve on the steam line would open and remain open until



the temperature reached the set point temperature at which point the 
valve would be closed. This simple on-off control scheme results in 
cycling of the temperature about the set point, but not more than a few 
degrees.

Experimental Procedure 
System variables of experimental interest with respect to the 

basic iron sulfate-to-hematite conversion studies are temperature, acid 
concentration, and initial crystal size distribution. Drive speed, 
oxygen partial pressure, and ferric ion concentration were not consid
ered to be critical variables but their values were always recorded.

Reactor Preparation
In the batch and continuous hydrolysis runs, the reactor was 

initially charged with three liters of ferric sulfate solutions con
taining varying amounts of sulfuric acid. In the batch conversion 
studies, the reactor was charged with 100 grams of solids, slurried in 
three liters of water containing varying amounts of sulfuric acid. The 
vapor space above the liquid was flushed for several minutes with oxygen 
to drive out the nitrogen, creating an oxidizing atmosphere. The reac
tor was then pressurized with oxygen and the bleed valve was opened to 
insure a continuous flow of oxygen through the reactor. The agitation 
speed was then set and the drive turned on. Since agitation was not 
thought to be a critical variable, the impeller was run at the minimum 
speed possible which would insure a uniform slurry density; this, of 
course, varied with different particle size distributions. After
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several minutes of mixing, the temperature control system and the timer 
were turned on simultaneously. The reactor was rapidly brought up to 
the desired operating temperature. Once: the temperature ...was reached, 
the oxygen pressure was adjusted to insure a minimum of 100 psi oxygen 
partial pressure.

Reactor Sampling
Samples were taken at predetermined times, usually at 10, 20,

40, 60, and 120 minutes into the run. To take a sample, the oxygen flow 
to the reactor was shut off and the sample valve opened, allowing the 
slurry to flow through the sample cooling coils into an Erlenmeyer 
.flask. Approximately 20 milliliters of sample were taken. After 
sampling, the sample valve was closed and the oxygen valve was opened to 
restore the oxygen flow to the system and to backflush the sampling 
line.

The sample slurry was filtered through a buchner funnel, 
separating the liquids from the solids. The solids were saved for 
microscopic examination and the liquid was analyzed for sulfuric acid 
and iron content. A technique was devised which allowed the same sample 
to be used for both determinations, thus not requiring excessive liquid 
volumes to be taken from the system and simplifying the bookkeeping 
associated with separating the original sample.

At the end of the sampling period, usually about 120 minutes, 
the impeller drive and steam supply were shut off. Cooling water was 
then run through the reactor heating coils and jacket to facilitate 
cooling of the reactor internals. Once room temperature was reached.
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the contents of the reactor were filtered and the samples weighed and 
analyzed to determine a mass balance. The reactor was then dismantled 
and washed in preparation for the next run.

Problem Areas in Apparatus and Procedure

Apparatus Design
The only major equipment problem encountered was corrosion.

After one year of intermittent use, a band of pockmarks formed at the 
liquid level mark near the top of the reactor. The corrosion was severe . 
enough to cause losses when the liquid level was above the pockmarks.
To combat this problem, the steam jacket was sealed off and the initial 
charge to the reactor was kept below the pockmarks.

Procedure Problems
Most of the small procedural problems were solved by experience 

with the equipment. The only major procedural problem which could have 
affected the results was the starting time chosen for reaction initia
tion. Since it is not possible in reality to have a step increase in 
temperature from the initial temperature of the reactants to the desired 
operating temperature, the time of reaction initiation is not well- 
defined. For the mechanism studies, exact time vs. concentration data 
was not critical. However, in a kinetic study, accurate information 
regarding reaction initiation and subsequent concentration vs. time data 
is needed in order to insure precise, reproducible results for modeling 
accuracy. Since the solid phase reaction was relatively slow at lower 
temperatures, it was decided to start the timer at the instant when the
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steam was turned on. This procedure will have little effect on the 
kinetic data and has the advantage that the starting conditions can be 
easily duplicated.



THEORY

Two parallel mechanisms have been proposed for the production of 
hematite in the retained bed reactor (6):

Basic iron
sulfate

The top mechanism represents direct nucleation of ferric ion in solution 
to hematite and growth on existing hematite. It was originally thought 
that operating a reactor in the retained bed mode shifted the overall 
operating point to a region in the equilibrium phase diagram where hema
tite rather than basic iron sulfate was the stable phase. Thus, hema
tite would be formed directly from solution according to the following 
reaction:

250°C
Fe2(S04)3 + 3H20  > Fe203 + SĤ SÔ  (10)

This is simply the overall reaction for the hematite process. However, 
the hematite process requires temperatures in excess of 250°C to achieve 
acceptable reaction rates. Since the retained bed reactor produced 
hematite at temperatures well below 250°C, another explanation was 
sought.

22
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The lower route of the above two reaction postulates represents 
a two-step mechanism for the production of hematite. In the first step,
ferric ion in solution is hydrolyzed to form basic iron sulfate. This
reaction is simply that of the jarosite process:

3Fe2(S04)3 + 14H20 -> SFe^MSCygi^OCs) + 5^50^ (10a)

According to Figure 1, this jarosite nucleates and grows in a metastable 
region of the phase diagram; i.e., a region where hematite is the ulti
mate stable phase. The second step is the conversion of basic iron sul
fate (hydronium jarosite) to hematite. The equation for this reaction 
can be obtained by subtracting equation (10a) from the overall equation 
for the retained bed reactor:

[3Fe2(S04)3 + 9H20 + S F e ^  + O H ^ ]

- [3Fe2(S04)3 + 14H20 -+ S F e ^ - 450^ 9H20 + 5H9SC>4

= 3Fe203-4S03"9H20 -> 3Fe203 + 4H2S04 + 5H20

(ID

Equation (11) is identical to the equation proposed independently by 
Rastas et al. (5). Since the reaction requires an aqueous environment, 
equation (11) should be written as:

3Feo03-4S03-9H?0 + n ^ O  •+ 3Fe203 + 4H2S04 + (5+n)H20

(12)
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indicating that the reaction is not a simple thermal decomposition but 
rather a hydrothermal decomposition.

Kinetics
In the proposed two-step mechanism, the first step (jarosite . 

crystallization) was found to proceed in the metastable region at a fast 
rate, while the j arosite-to-hematite conversion step was relatively 
slow, thus determining the overall rate of the reaction. For this 
reason, the kinetics of the conversion of hydronium jarosite to hematite 
assumes primary importance and received most of the attention in this 
study.

A kinetic study can provide much valuable information about a 
system, both quantitative and qualitative. From a practical viewpoint, 
a knowledge of both the kinetics and mechanisms of a system can provide 
vital engineering data, eventually leading from bench scale to pilot 
operations and ultimately to a full-scale operation.

There are two approaches available to attack the problem: an
engineering approach and a more fundamental reaction mechanism and 
kinetics approach. The engineering approach is usually begun with a 
variable study. By varying the critical parameters of operation within 
the limits encountered in industry, valuable information and insight 
leading to the selection of the optimal operating conditions can often 
be obtained. In the fundamental approach, as the name implies, detailed 
studies leading to a fundamental understanding of both the reaction 
mechanism and kinetics is obtained at the bench scale. This information 
is then used for scale-up to pilot sized operations or directly for a
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final process design. In this investigation, both approaches were used 
to some extent. A variable study was performed initially to gain infor
mation about the mechanisms of the reaction from which a kinetic model 
was then formulated.

Kinetic Modeling 
Two forms of kinetic models are usually considered when trying 

to fit experimental data to a rate equation: empirical models and
mechanistic models. In empirical models, as the word implies, one 
relies upon experimental data and observations rather than theory to 
build a kinetic rate equation. The result is usually expressed in the 
form of a power-law for the reaction rate. This approach has been 
successful in analyzing kinetic data from reactions of unknown mechan
isms. If the mechanism is known, however, it is preferable to use the 
mechanistic approach. In the mechanistic approach, a kinetic rate 
expression is formulated directly from a fundamental knowledge of the 
mechanism of the reaction. If the mechanistic model corresponds closely 
to what actually takes place, then the rate expression should be able to 
predict or describe the actual kinetics. For the engineer who must 
ultimately use the kinetic rate expression, it is important that it be 
the closest representation of reality which can be treated without too 
many mathematical complexities. As Levenspiel (15, p. 359) suggests, "It 
is of little use to select a model which very closely mirrors reality 
but which is so complicated that we cannot do anything with it. Unfor
tunately, this all too often happens."
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Shrinking Core Model 
A possible kinetic formulation to model liquid-solid reactions 

which occur at the surface of the solid is the shrinking core model.
The model was first developed by Yagi and Knuii (16) . A large class of 
shrinking core models has been developed for different systems, 
depending on the limiting assumptions and kinetic expressions for each 
individual case. The general idea of shrinking core models is outlined 
below.

Consider the following general reaction for a heterogeneous
system:

A (L) + B(S) C(L) + D(S) t 13)

where the solid B is initially a sphere of radius rQ in contact with the 
fluid A. It is assumed that the reaction occurs first at the outer skin 
of the particle. The zone of the reaction then moves into the solid as 
the unreacted portion maintains its spherical shape, leaving behind a 
completely converted inert solid or "ash" layer. Thus, at any time 
prior to complete conversion, there exists a "shrinking core" of 
unreacted material surrounded by an expanding inert product layer.

An isothermal reaction is visualized as occurring in five suc
cessive steps:

1. Diffusion of liquid reactant A through the film surrounding the 
particle to the outer surface of the ash layer.

2. Diffusion of A through the ash layer to the surface of the 
unreacted core.
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3. Reaction of A with the solid at the ash-core interface.
4. Diffusion of the liquid product C back through the ash layer to

the exterior surface of the solid.
5. Diffusion of the liquid product C from the film into the bulk of

the liquid.
Each one of these steps represents a potential resistance to the reac
tion’s progress. However, depending upon the particular system under 
consideration, the mathematics can be simplified if certain of these 
steps are not actually rate-controlling.

Consider the proposed reaction for the conversion of hydronium 
jarosite to hematite:

3Fe203 4S03 9H20(s) + 12H20 S F e ^ C s )  + 4H2SC>4 + (5+n)H?0

(12)

If the solution consists essentially of water (as is the case even for 
high acid concentrations), steps 1 and 2 of the reaction sequence do not 
contribute to the resistance of the reaction. Thus, the apparent reac
tion rate will be controlled by steps 3, 4, and 5: the intrinsic reac
tion rate at the jarosite-hematite interface, and the rate of diffusion 
of the acid from the reaction site to the bulk solution. This situation 
is shown schematically in Figure 3, where C^, C^, and represent the 
acid concentrations at the reaction interface, the liquid-solid inter
face, and the bulk solution, respectively. Based on this simplified 
reaction sequence, two kinetic models were proposed to fit the data.
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REACTED HEMATITE ASH LAYER

C, = bulk solution  
concentration

C = solution concentration  
at liqu id-solid  surface

C. = solution concentration  
at reaction interface

ASH BOUNDARY 
DIFFUSION LAYER

UNREACTED CORE 
HYDRONIUM JAROSITE

LIQUID BOUNDARY 
DIFFUSION LAYER

Figure 3. Shrinking Core Model for the Conversion of Hydronium Jarosite 
to Hematite.



Model 1-A

If the concentration of acid in the bulk solution is low, thus 
providing a large concentration gradient for diffusion and the system is 
well agitated, steps 4 and 5 may also be neglected. In addition, because 
of the low acid concentration, there is essentially no thermodynamic 
resistance to the reaction. In this case, the rate of reaction is 
simply proportional to the available surface area of the unreacted core. 
This may be expressed mathematically as:

5r= k(T) A(t) (14)

3where n = the mass of jarosite/crystal, (4nr p/3), grams;
t = time, minutes;

2k(T) = temperature-dependent reaction rate constant, gm/cm -min;
2A(t) = time-dependent surface area of jarosite, cm /crystal; and

3p = crystal density, gm/cm .
Defining X, the fractional conversion, as:

3
X = 1 n 1 r (15)n 3o ro

and making the substitutions:
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equation (14) becomes:

i t = (1 • x)2/3 os)

Integrating, equation (18) becomes:

1 - (1 - X)1/3 = —  t (19)
pro

1/3A plot of the experimental data as 1 - (1 - X) vs. t should 
yield a straight line if the basic shrinking core model accurately 
describes the situation; however, if other phenomena are present which 
are not accounted for in the model, the actual data may deviate from the 
predicted response, as shown below:

Predicted response —  
Actual data •

x

rH

Time, t
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In this case, even though the model does not fit the data over the 
entire range, the initial rate data can be used to solve for the rate 
constant k(T); however, in order to be phenomenalogically correct, a new 
rate equation must be formulated to account for the retardation of the 
reaction. A possible empirical formulation, which suggests that a 
buildup of acid is responsible for the retardation is proposed in 
Model 1-B.

C, = the initial acid concentration, gm/ml; and bo
v = the slurry volume, ml.

Substituting equations (16), (17), and (21) into equation (20), with the 
initial concentration = 0, equation (20) becomes:

Model 1-B
The rate equation for this model is shown below:

= k(T) A(t) - (20)

where

(21)

dx = 3k(1 - X) 
dt ' pro

2/3
p r

(22)

where k ’̂  = 0.407 > k^/v. Integrating, equation (22) becomes:



Once k ’̂  is known, equation (23) can be used to solve for the time 
required for a given fractional conversion of a crystal with initial 
radius rQ. As is seen by equation (23), the conversion time is inversely 
proportional to the initial crystal size of the jarosite. Larger 
particles will, of course, take longer to be converted. For a distribu
tion of particles sizes, the conversion is:

r
X = / Woi(r)Xi(r)dr (24)

o

where ^0^(r) i-s the initial weight fraction distribution of crystal 
sizes rQ  ̂and is the corresponding fractional conversion.

A distribution of crystal sizes would thus predict a higher 
initial conversion and a longer reaction time for total conversion than 
would be expected from the prediction using an average crystal size. 
However, if the initial CSD is fairly narrow, it should be possible to 
use the average crystal size in the model.

Model 2-A
In an effort to explain the retardation of the reaction, due to 

the presence of acid, using a mechanistic approach, a second model was 
proposed. Again, if diffusion of the products is not considered to be 
rate-controlling, steps 4 and 5 of the proposed reaction sequence may be
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neglected. If these assumptions are made, the following rate expression 
may be formulated:

-  K rce m  -  % ]

where C^(T) = the temperature-dependent equilibrium concentration of 
acid, gm/ml;

= the bulk acid concentration, gm/ml; and 
K = global rate constant, cm/min.

Unlike model 1-A, this model predicts a retardation of the sur
face reaction as the bulk acid concentration increases. The back pres
sure effect, due to the acid, can be explained on the basis of the equi
librium diagrams of Posnjak and Merwin (14) . Figure 4, which is a 
blow-up of Figure 1, shows only the "water corner" of the ternary dia
gram for the system at 140°C; it can be seen that the composition of the 
stable solid product changes from hematite (Fe^O^) to hydronium jarosite 
(3Fe202e4S03e9H?0) as the acid concentration increases. Thus, if hydro
nium jarosite is slurried in a solution of concentration Ĉ , in which 
hematite is the stable phase, there will exist a thermodynamic driving 
force proportional to (C^ - C^), favoring the conversion of the jarosite 
to hematite. As the acid concentration of the bulk solution increases, 
the driving force will decrease until it vanishes when = Ĉ , at which 
point jarosite becomes the stable solid and the reaction stops.

Following a procedure similar to that used in the analysis of 
model 1-A, the integrated form of equation (24) becomes:
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10% Fe20g

Solution
100% FLO 10% SO31 2 3 4 5

Figure 4. System Fe^O^-SO^-H^O Equilibrium at 140°C.
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(25)

A plot of the initial rate data in the form of 1 - (1 - X) vs. t
should yield a straight line from which the reaction rate constant can 
be extracted. If the plot is not linear over the entire range, it may 
be an indication that, in the latter stages of the reaction, in which 
there is a substantial hematite crust, diffusion has become rate- 
controlling; in which case, a modification of model 2-A must be made.
This final model, which includes both acid back pressure and acid diffu
sion resistance through the hematite crust is described below.

Model 2-B
Model 2-A assumes that the concentration of acid at the jarosite- 

hematite interface is the same as that of the bulk solution. During the 
initial phase of the reaction, this is probably a valid assumption; how
ever, as the hematite crust builds up, diffusion of acid through the 
crust may, in fact, become rate-controlling. In this case, the two con
centrations will not be the same. Since it is the concentration of acid 
at the interface which controls the rate of the surface reaction, it 
must somehow be related to the bulk acid concentration, which is the 
only concentration that can be measured directly. In order to accomplish 
this, model 2-B was developed. The initial rate expression for this 
model is similar to that for model 2-A:

= K A ( t )  [Cem  - c . ] (26)
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The only difference is that the driving force for the reaction is now 
proportional to the equilibrium acid concentration, C^, minus the inter
facial acid concentration, (h , instead of the bulk acid concentration,

S-
If a concentration gradient exists, as is shown in Figure 3, 

and if a quasi-steady state diffusion field is assumed with no accumula
tions, a mass balance on the acid yields the following equation and 
boundary conditions:

d(r2 ^  ) = 0 (27)

c(r0) = CQ

" D IF = K[Ce " Ci]

where D = the diffusivity of sulfuric acid in the hematite ash layer, 
2cm /sec. Solving this system for Ch yields:

r, (r - r )K
ci = cb - [ b- -70—  - -  He, - ce) (28)

This equation relates the interfacial acid concentration to the bulk 
acid concentration. Note that, as K-K) or as D-x” (i.e., the rate of the 
surface reaction becomes controlling), (% reduces to C^, and model 2-B 
reduces to model 2-A.
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By making the following substitution:

rb = ro (l - X)1/3 (29)

where X = the fractional conversion, and defining the Damkohler number 
(which is an index relating the intrinsic reaction rate to the rate of 
diffusion) as:

Kr
Da = V  (30)

equation (28) may be rewritten in dimensional form as

C, -
Ci - Ce = - T T T -

where

f = f(X,Da) = Da (l - X)1/3[l - (1 - X)1/3] (32)

Substituting equation (31) into the original rate equation and pro
ceeding as in model 1-A yields the final result:

x 1 + f  3KCc - cb)

oZ r̂r̂?73dx= r it
Thus, knowing the density of the jarosite, the diffusivity of 

the acid and the bulk acid concentration at which the reactor is oper
ating, equation (33) can be used to predict the required conversion time 
for a particle of initial radius rQ, as a function of the reaction rate
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constant and the equilibrium concentration, which are in turn functions 
of the operating temperature.

Again, as in model 1-B, the fractional conversion for a distri
bution of particles may be calculated from equation (24). The fit of 
experimental data to these shrinking core kinetics models will be dis
cussed in a subsequent chapter.



DISCUSSION OF RESULTS

The experimental work was concentrated in two main areas.
First, the continuous hydrolysis of ferric sylfate solutions wag studied 
with respect to the conditions required for the formation of hydronium 
jarosite. Also, the effect of hematite seed and foreign metal ions on 
the batch hydrolysis of iron-containing solutions was studied. In the 
second main area of investigation, the kinetics and mechanisms of the 
conversion of hydronium jarosite to hematite was studied in a batch 
reactor.

In the kinetic study, the effects-' of acid concentration, 
temperature, and the initial crystal size distribution on the conversion 
rate of jarosite to hematite was studied with the intent of developing a 
useful kinetic model.

In the mechanism study, the object was to determine the funda
mental mechanism for the production of hematite in the retained bed 
reactor, i.e., was hematite formed directly from ferric.ion, or was the 
process indeed a two-step mechanism with the formation of basic iron 
sulfate occurring first, followed by the conversion of basic iron sul
fate to hematite? It was also desired to determine the actual reaction 
mechanism for the conversion of basic iron sulfate to hematite, and the 
optimal process conditions for this conversion.

39



Hydrolysis of Ferric Sulfate Solutions
40

Production of Hydronium Jarosite
Depending upon process conditions of temperature, pressure, acid 

concentration, and- iron concentration,•. an entire family of iron- 
containing solids ranging from the simplest (hematite) to complicated 
acid and basic iron sulfates can be formed during hydrolysis. In a 
kinetics study, however, it is desirable to start with pure reactants. 
For this purpose, hydronium jarosite (3Fe202^SO^'PH^O) was chosen as 
the starting material. Therefore, it was necessary to produce large 
amounts of pure hydronium jarosite for the subsequent reaction and 
mechanism studies.

For the production of hydronium jarosite, the reactor was set up 
to operate in the continuous mode. The operating conditions (acid con
centration, iron concentration, and temperature) were estimated from the 
literature (5,14). When the process reached steady state (i.e., when 
the iron concentration in the effluent stream remained constant), solid 
and liquid samples were taken and analyzed for the iron-to-sulfate ratio 
and ferric ion and acid concentration, respectively. When the iron-to- 
sulf ate ratio matched that of hydronium jarosite, the operating condi
tions were recorded and the solid samples were submitted for X-ray 
diffraction analyses for further identification. The results of the 
X-ray analyses confirmed that the solid was indeed hydronium jarosite. 
Thus, it was found that iron may be removed from ferric sulfate solu
tions as hydronium jarosite by continuous hydrolysis in a 
reactor/crystallizer operating at the following conditions:
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Temperature 160 C
Pressure 130 psi
Iron concentration:

Feed 24.4 gm/1
Effluent 17.6 gm/1

Acid concentration:
Feed 15.1 gm/1
Effluent 26.2 gm/1

Mean residence time 10.8 minutes

Effect of Hematite Seed on the Removal of Iron 
from Ferric Sulfate Solutions

In an effort to explain the increase in the iron, removal rate, 
observed by Randolph and Williams (6) when using the retained bed 
crystallizer, a study was initiated to determine the effect, if any, of 
hematite seed on the removal rate of iron from synthetic leach solutions. 
Initially, it was hypothesized that the cause of the increased iron 
removal rate was due to the increase in the solids slurry density 
resulting from retaining the solids within the reactor. In other words, 
by retaining the solids, the available surface area for growth was sub
stantially increased. If this were indeed true, a dense bed of hematite 
crystals should also increase the rate of removal of iron in a batch 
hydrolysis run. In order to test this hypothesis, solutions of ferric 
sulfate containing varying amounts of free sulfuric acid were hydrolyzed 
with and without an initial charge of hematite. The results are shown 
in Figure 5.
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Figure 5. The Effect of Hematite Seed on the Iron Removal Rate.
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From Figure 5, it is obvious that the presence of hematite 
crystals has little effect upon the removal of iron from solution at 
temperatures less than 160°C. This ,is consistent with the findings of 
Davey and Scott (12) who, in a similar investigation, reported that 
the addition of different seed materials including hematite to other
wise identical runs had no significant effect on the nature of the final 
product or the iron concentration of the filtrate.

Effect of Foreign Metal Ions 
In most cases, industrial leach solutions contain a variety of 

unwanted metal ions in addition to iron. In order to test the applica
bility of this hydrolysis process for potential use with industrial 
leach liquors, several batch runs were made using copper leach solutions 
from the Hecla Mines Lakeshore plant. These solutions contained 
copper (~53 gm/1) and iron as ferric ion (̂ 3 gm/1) in addition to small 
amounts of sodium, potassium, and aluminum. Batch hydrolysis runs for 
three hours at 165°C produced the following results:

1. For solutions containing relatively high concentrations of sodium 
or potassium (greater than 0.5 gm/1), iron was removed as a 
stable compound sodium or potassium jarosite; otherwise, iron 
was removed as hydronium jarosite which could be subsequently 
converted to hematite. Aluminum was detected in trace amounts
in the solid precipitate as the stable compound alunite.

2. Attempts to hydrolyze the alkali-metal jarosites to hematite 
(five hours at 165°C) failed completely.
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3. In all cases, the iron was almost totally removed when sodium 

or potassium was present in the leach solution. Final iron con
centrations as low as 0.26 gm/1 were obtained.

The presence of foreign metal ions, especially the alkali-metals, . 
seems to have both advantages and disadvantages. When the sodium or 
potassium levels are high, virtually all of the iron can be removed from 
solution as highly stable metal jarosites, while the copper is rejected. 
Even though these compounds cannot be easily upgraded to a useful form, 
because of their stability, they may be environmentally acceptable for 
solid landfill disposal, whereas hydronium jarosite is not.

Mechanisms...
The mechanistic studies included two independent but related 

investigations. First was determination of the mechanism for the pro
duction of hematite in the two-gallon retained bed reactor. In a 
follow-up study, the fundamental reaction mechanism for the conversion 
of basic iron sulfate to hematite was determined. As it turned out, 
this latter reaction mechanism was essential in explaining the differ- . 
ence in behavior between mixed discharge and retained bed operation of 
the two-gallon reactor.

In order to test the proposed two-step mechanism for the produc
tion of hematite in the retained bed reactor, a series of batch and con
tinuous runs were made. In the continuous runs, dilute Solutions of 
ferric sulfate, initially free of acid, were fed into the reactor. The 
reactor was initially filled with water at a temperature of 165°C and a
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pressure of 130 psig. By initially, filling the reactor with water and 
then turning on the feed pump, a situation was created at the beginning 
of the run in which ferric ion was present in dilute concentrations. At 
these conditions, according to the equilibrium phase diagram of Posnjak 
and Merwin (14), the stable solid product formed should be hematite.
Hie reactor was operated in the mixed suspension mixed product removal 
mode (as opposed to the retained bed mode), with a mean residence time of 
8-10 minutes. The following observations were made:

1. At two minutes into the run, yellow solids were detected in the 
effluent stream. The solids ranged in size,from 4 to 20 microns 
and analyzed 34-35 percent by weight iron. The solids were not 
subj ect to X-ray ana.lysis for :further identification; however, 
they were thought to belong to the family of basic iron sul- 
fates, probably FeOHSO^.

2. During the next five minutes, the color of the solids in the 
effluent stream gradually changed from yellow to dark red. The 
red solids analyzed 64.4 percent by weight iron, almost pure 
hematite.

3. The acid concentration continued to increase as predicted by 
equation (12).

4. At eight minutes into the run, the color of the solids began to 
change again> this time from red back to yellow.

These observations were interpreted as follows.
Initially, thermodynamics favored the formation bf red hematite; 

however, because of the relatively low temperatures, kinetics favored
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the formation of the yellow basic iron sulfates. Thus, yellow solids 
were nucleated and grew from solution in a metastable region of the 
phase diagram. However, because of the thermodynamic pressure, they 
began an immediate transformation (which was relatively fast due to the 
low initial acid concentration) to the more stable hematite. As the acid, 
concentration continued to increase, yellow solids continued to nucleate 
directly from solution; however, because of the increasing acid concen
tration, the time required for the conversion of basic iron sulfate to 
hematite increased beyond that of the residence time of the reactor.
Thus, the hematite which had been formed previously was flushed out of 
the reactor while the yellow basic iron sulfate continued to nucleate 
and grow, only partially converting.: This run points out the need, for
retained bed technology for the continuous production of hematite, 
namely to allow the solids a long enough time to convert to hematite 
even at high acid concentrations.

Once the mechanism for the continuous production of hematite had 
been confirmed to be a two-step process, with the conversion of basic 
iron sulfate to hematite being the rate limiting step, investigation of 
the fundamental reaction mechanism was begun. This investigation con
sisted of a series of batch runs which were designed to study the reac
tion qualitatively in order to formulate a mechanism for later kinetic 
studies and to determine a method for following the progress of the 
reaction. The equation representing the reaction under consideration, 
derived in the theory section, is shown below: /
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3Fe203 •4S03-9H20 + nH20 t 3Fe903 + 4H2S0^ + (5+n)H20

(12)

If equation (12) is indeed correct, it should be possible to produce a 
batch of hydronium jarosite by step one of the two-step process; then, 
filter, wash, and re-slurry it in water and convert it to hematite 
batchwise in an autoclave at elevated temperatures and pressures. This, 
in fact, was done with the following observations:

1. The solids gradually changed color from yellow to dark red as 
the composition changed from an average of 13.6% sulfur and 34% 
iron to 2.8% sulfur and 62% iron.

2. Microscopic examination indicated a shrinking core type 
reaction.

3. Sulfuric acid was produced in an amount consistent with the 
stoichiometry of equation (12), thus providing a convenient 
method for measuring reaction progress.

4. Essentially no iron was found in solution until the acid concen
tration became relatively high (5-7 gm/1).

These observations were interpreted as follows.
The batch runs described above suggest that basic iron sulfates 

are converted to hematite by chemical reaction with water. Even though 
the exact role of the water in the reaction is not entirely understood, 
it is evident that water is necessary for the reaction to occur. That 
is, dry roasting of hydronium jarosite at comparable temperatures will 
not convert it to hematite. The necessity of water may help to explain 
the shrinking core nature of the reaction. Initially, only the outer
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surface of each crystal is in contact with water and it is here that the 
reaction begins. Then, as the reaction proceeds, the acid which is pro
duced diffuses away to the bulk solution by virtue of the existing con
centration gradient, leaving behind a "shrinking core" of unreacted 
hydronium' jarosite surrounded by a more porous hematite ash layer. The 
fact that no iron goes into solution by virtue of the jarosite-to- 
hematite conversion indicates that water participates in a capacity 
other than as an active reactant, perhaps simply allowing the acid back 
pressure (formed by reaction) to diffuse, thus continuing the reaction. 
Thus, considering all of the evidence, the reaction mechanism can be 
described as a shrinking-core type, hydrothermal decomposition«

Kinetics
The purpose of the kinetics study was to determine the effect of 

critical process variables upon the rate of conversion of hydronium 
jarosite to hematite. With the aid of this information, it should be 
possible: 1) to determine optimal conditions for the production of
hematite, and 2) to predict the rate of conversion in terms of process 
variables. In order to gain this information, a series of experiments 
was designed to measure the effect of temperature, free acid concentra
tion, and the initial crystal size distribution upon the fractional con
version of hydronium jarosite to hematite. The experiments were carried 
out in a batch reactor with the following parameters held constant:
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1. Initial slurry density = 100 grams/3000 ml solution.
2. Pressure = 150 psig (including an oxygen partial pressure of 

80-100 psia depending upon the temperature).
3. Initial CSD.
4. Drive speed (400-500 RPM).

Temperature Effects
The temperature range investigated (113-176°C) was limited by 

the use of 120 psig steam as a heating source. In this series of runs, 
the initial CSD and acid concentration were kept the same, while the 
temperature was varied over a range. The results are shown in Figure 6. 
As expected, the reaction rate increased with increasing temperature 
according to an Arrhenius-type exponential reaction rate dependence. 
Using this data and the method of initial rates, the intrinsic activa
tion energy for the reaction was determined to be 13,900 cal/gm-mole 
(see Figure 7). This activation energy is close to that determined by 
Bruhn et al. (7) (13,300 cal/gm-mole) for the production of hematite 
from ferric ion in solution; thus, it appears that the rate-controlling 
step for both reactions (conversion of basic iron sullfate to hematite) 
is the same. This rather high activation energy suggests that the rate- 
controlling step is no doubt kinetics, rather than diffusion, limited.

Effect of Crystal Size Distribution 
on Percent Conversion

In this series of runs, the hydronium jarosite produced in the
continuous runs was screened into three size fractions:
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CSD 1 > 38 u 
CSD 2 38-75 u
CSD 3 < 75 u

These size fractions were then analyzed using the Particle Data Cello- 
scope particle size analyzer to determine their crystal size distribu
tions (see Appendix C). Each sample was then slurried in water and 
hydrolyzed at 135°C to produce hematite. The results are shown in 
Figure 8.

Figure 8 clearly demonstrates that the reaction rate is area- 
dependent. Even though the slurry density of each charge to the reactor 
was the same, the rate of conversion increased as the mean crystal size 
decreased, thus increasing the, specific surface area.

Effect of Acid
In this series of runs, the initial free acid concentration was 

varied from 0 to 23.2 gm/1, while the other variables remained constant. 
The effect of acid on the conversion of jarosite to hematite is shown in 
Figure 9. This figure demonstrates that the rate of conversion is 
decreased as the bulk acid concentration is increased. The reason for 
the retardation of the reaction could be thermodynamic or kinetic. 
According to the equilibrium diagrams of Posnjak and Merwin (14), at 
high acid concentrations, hematite is no longer the stable phase. Thus, 
as the acid concentration increases, the thermodynamic pressure for the 
conversion of basic iron sulfate to hematite decreases. This fact, how
ever, does not account for the S-shaped response curves shown in 
Figure 9, which seem to contradict the first-order dependence discovered
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by Bruhn et al. (7). In order to explain this phenomena, a closer look, 
at how the experiments were conducted must be made.

By removing the jarosite crystals, from the mother liquor from 
which they were formed, and then re-slurrying them in water containing 
free acid (but no iron), an artificial situation was created in which 
the solids were no. longer in contact with a saturated solution. In 
order to relieve this unstable situation, the crystals will immediately 
begin to dissolve according to the reaction:

Fe203-4S03-9H20 + SH^SO^ X 3Fe2(S0^)Aq. + 14^0 (12)

This reaction, like the jarosite-to-hematite conversion, takes place at 
the: crystal surface; Thus, until the iron concentration builds up to 
the saturation level for the existing temperature and acid concentration, 
this competing reaction will continue to occur at the jarosite surface, 
contributing a resistance to the jarosite-to-hematite reaction in addi
tion to the intrinsic thermodynamic resistance due to the presence of 
acid. This hypothesis was tested by slurrying hydronium jarosite crys
tals in water containing high concentrations of free acid and allowing 
the solution to reach equilibrium with respect to ferric ion prior to 
beginning the jarosite-to-hematite conversion. In such cases, the 
initial retardation was not as severe as that shown in Figure 9 and the 
response was not S-shaped. Similarly, in continuous systems, where the 
solids are in contact with the saturated mother liquor, the only resis
tance to the reaction is thermodynamic, as all conversion takes place in 
the always-saturated mother liquor.



RESULTS OF MODELING

Four models, all based upon the shrinking core concept, were 
tested. Model 1-A was developed in order to test the basic shrinking 
core model in the absence of any retardation effects. In model 1-B, 
which is an extension of model 1-A, the acid back pressure effect was 
treated using an empirical approach. In models 2-A and 2-B, however, a 
mechanistic approach was used to explain the retardation phenomena. The 
only difference between these two models is that model 2-A neglects dif
fusion of the acid formed at the reaction interface, whereas model 2-B 
does not.

Model 1-A
The data from runs 1 through 13 were used to determine the 

effects of temperature, acid concentration, and the initial specific 
surface area on the rate of conversion of hydronium jarosite to hema
tite. As a first approximation, model 1-A, as presented in the theory 
section, was used in conjunction with the initial rate data from runs 
11, 12, and 13 to determine the reaction rate constant K(T). A value of
K(T) was calculated for each run by equating the initial slope, from the

1/3plots of 1 - (1 - X) vs. t, to the grouping K(T)/pro and then solving 
for K(T). These plots are shown in Figure 10. • Note that as the slope 
increases the crystal size, r , decreases. Thus, the values obtained 
for K(T) by this method should be approximately the same even though the
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initial CSD’s were different. Also, since there was no acid present 
initially, limiting diffusion control of the reaction, which would have 
the effect of lowering the apparent reaction rate, the values obtained 
for K(T) should be representative of the intrinsic rate constant which 
is a function of temperature only. If this is the case and the familiar 
Arrhenius-type temperature dependence is assumed, in which.

K(T) = Ko e"E/RT

an average value of Kq may be calculated which can be used in conjunc
tion with the activation energy calculated from the temperature-dependent 
runs to predict responses at other temperatures.

The validity of the approach outlined above is substantiated by 
Figure 10. As this figure shows, the data are linear, as predicted by 
model 1-A, during the initial phase of the reaction in which there was 
little or no acid present. Even though a hematite crust is formed 
almost immediately, creating an ash boundary diffusion layer through 
which the liquid products must diffuse, no retardation of the reaction 
is observed until the bulk acid concentration becomes relatively high 
(5-7 gm/1). This indicates that diffusion of acid through the ash layer 
to the bulk solution is not rate-controlling, at least not at low bulk 
acid concentrations where a high concentration gradient exists for mass 
transfer. Another interesting observation from Figure 10 is that the 
time at which the actual response begins to deviate from the predicted 
response increases as the mean crystal size increases. For example, 
considering run 13 in which the mean particle size is the greatest and.



thus, the reaction rate is the slowest, no retardation is detected until
almost 60 minutes into the run.

Using the methods described above, values of K(T) for runs 11,
-5 -512, and 13 were calculated to be: 4.12 x 10 , 4.60 x 10 , and

r 24.21 x 10 gm/min-cnT. From these values and the Arrhenius rate equa-
3 2tion, an average value for Kq was determined to be 1.3 x 10 gm/min-cm . 

The slight variation in the experimentally determined K values was not 
surprising since the shape, texture, and overall gross morphology of the 
solids changed slightly with the different size fractions. The particles 
in the smallest size range were somewhat irregular in shape but with 
smooth surfaces; whereas the larger sized particles were almost perfect 
spheres but with very rough surfaces, incidating that they are probably 
aggregates of many smaller crystals, even though they behaved as 
entities.

As shown in Figure 10, model 1-A could be used to predict the 
experimental response only during the initial phase of the reaction.
Thus, the next step was to build upon this model in a manner which would 
predict a retardation of the reaction as the acid concentration 
increased. This was done in model 1-B.

Model 1-B
The initial rate expression for this model is the same as that 

proposed in equation (20):
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It predicts that the reaction rate will decrease as the acid concentra
tion, due to the reaction, increases. The model is both mechanistic and 
empirical. The acid back pressure term is totally empirical. The first 
order dependence upon acid concentration was suggested by Bruhn et al.
(7) in a similar study. K.’ is simply a proportionality constant. If it 
is indeed a true constant, it should be possible to calculate K1 by 
data fitting at one set of conditions then, using that value, one should 
be able to predict responses at other conditions.

Following the procedure outlined in the theory section, the 
initial rate equation was solved and then integrated numerically using 
experimental data to determine.the constant. K*. The value of K* which 
gave the best fit to the data was 0.0051. 1/min. This value was then 
used in conjunction with equation (23) to predict responses for runs 11, 
12, and 13. For runs 12 and 13, in which narrow size distributions were 
used, a mean particle size was estimated from the population density 
plots shown in Appendix C. In run 11, however, in which a much broader 
distribution was used, the population density distribution was converted 
to a weight function distribution for use in equation (24). The pre
dicted responses and the experimental data for the three runs are shown 
in Figure 11.

As seen from Figure 11, model 1-B was able to adequately fit the 
data for runs with low acid concentrations; however, little success was 
obtained in modeling runs with high initial acid concentrations. In 
order to handle this situation, models 2-A and 2-B were proposed.
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Model 2-A

The initial rate expression for model 2-A, which was discussed 
in the theory section, is shown below:

- fjT = K(T) A(t) [Ce(T) - Cb]

Although this model is also based on the shrinking core concept, it 
differs from previous models in that a more fundamental approach is used 
to explain the back pressure effect due to the acid. The form of the 
rate equation suggests an analogy to the equations of transport in which 
the quantity being transported is proportional to a gradient driving 
force. In this case, it is the reaction rate which is proportional to a 
thermodynamic driving force, [C^(T) - C^].

The model predicts that the reaction rate will be a maximum when 
Cy is zero, i.e., when the solids are slurried in water containing no 
acid. It also predicts that the reaction will stop when the bulk acid 
concentration is equal to the equilibrium concentration for the oper
ating temperature. Both of these phenomena were observed experimentally;
thus, the asymptotes of the model appear to be correct.

The integrated form of model 2-A is similar to that of model 1-A 
and essentially the same method can be used to extract the rate con
stants. However, the values and units of the rate constants will be dif
ferent because of the basic differences in the models.

In order to test the model, runs 12 and 13 at low acid concen
trations and run 18 at a high initial acid concentration, were chosen.
Unfortunately, run 18 was the only high acid run which was suitable for
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testing the model which was developed to simulate the conversion of 
hydronium jarosite to hematite in a continuous reactor/crystallizer. In 
the other high acid runs, conditions were, such that a competing reaction 
(the dissolution of hydronium jarosite) created situations in which the 
initial rate data was not representative of the behavior of a continuous 
system. For runs 12 and 13 at 135°C and for run 18 at 168°C, the corre
sponding values of Ce(T;) were calculated from the equilibrium data of 
Posnjak and Merwin (14). The values are 49 and 61 gm/1, respectively. 
Using this data in conjunction with equation (25), the rate constants 
for runs 12, 13, and 18 were calculated to be 9.5 x 10 \  8.71 x 10- ,̂ 
and 1.56 x 10 cm/min, respectively. The experimental data and the 
curves corresponding to the values predicted by model 2-A for runs 12, 
13, and 18 are shown in Figures 12, 13, and 14 as a limiting case of 
model 2-B in which the Damkohler number is zero.

Model 2-B
As stated previously^ the only difference between model 2-A and 

2-B is that in model 2-B the acid concentration at the jarosite-hematite 
interface is used in the initial rate expression in place of the bulk 
acid concentration.

The integrated form of model 2-B is shown in equation (33). If 
the diffusivity of sulfuric acid in a porous ash layer is known, this 
equation can be used to directly predict conversion rates. However, if 
the diffusivity is not known, another approach must be used. Since 
equation (33) is implicit in the diffusivity, it can be integrated 
numerically to generate a series of X vs. t values for different values
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of the Damkohler number. The curves corresponding to these values can 
then be plotted and compared to the experimental data. This was done 
for runs 12, 13, and 18. The results areshown in Figures 12, 13, 
and 14. By plotting the predicted responses as a function of the 
Damkohler number, it Mas hoped that some insight as to the controlling 
mechanism of the reaction at different acid concentrations could be 
gained. As explained earlier, the dimensionless Damkohler number 
(KrQ/D) represents an index relating the relative reaction rate to the 
rate of diffusion. If the reaction rate is fast, i.e., K is large, then 
the Damkohler number will be large, indicating that the system is mass 
transfer limited. A similar situation exists if D is small, i.e., if 
the diffusion rate is slow enough, mass transfer can become rate 
limiting regardless of the reaction rate. On the other hand, if K is 
small and D is large, thd system will be kinetics limited. In the limit 
as D->0, diffusion can be neglected completely. Such is the case for 
runs 12 and 13 in which the solids were slurried in water containing no 
acid. As shown in Figures 12 and 13, a Damkohler number of 0 best fits 
the data until late in reaction when a substantial hematite crust is 
present and when the bulk acid concentration has built up, both of which 
tend to decrease the diffusion rate, thus increasing the Damkohler 
number.

In run 18, shown in Figure 14, a different situation exists. In 
this case, the solids were slurried in solution containing a relatively 
high initial acid concentration (11 gm/1). Because of the higher initial 
acid concentration, the gradient for diffusion of the acid formed at the
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reaction interface is lowered, thus lowering the apparent reaction rate. 
This is reflected in Figure 14 which shows that a Damkohler number of 
three best fits the experimental'dataf A Damkohler number of this mag
nitude is considered to be in the transition region where neither 
kinetics nor mass transfer, is considered to be rate-controlling; how
ever, both are important and should be considered in modeling.

From the definition of Damkohler number and using a mean 
particle size of 0.004 cm, a diffusivity for sulfuric acid in the ash 
layer was determined to be 2.08 x 10  ̂cm^/min. Using this value for 
the diffusivity and knowing the initialxCSD, equation (33) can be used 
to predict,the required conversion time, for a slurry of hydronium 
jarosite in a continuous reactor operating at a given steady-state acid 
concentration and temperature.



SUMMARY AND CONCLUSIONS

A series of batch and continuous runs in a reactor at elevated 
temperatures and pressures was used to study the removal of iron from 
acidic solutions in the form of basic iron sulfates and the subsequent 
conversion of the basic iron sulfates to hematite. The following 
specific conclusions were made:

1. The production of hematite from ferric sulfate solutions con
taining varying amounts of free sulfuric acid in the temperature 
range 135-175°C proceeds in two stages:

1. 3[Fe2(S04)3] + 14H20 -> SPe^^^SO^-g^O + SH^SO^

2. 3Fe203-4S03-9H20 -> 3Fe2C>3 + SHyO + 4^50^

Reaction (1), which represents the nucleation and growth of 
hydronium jarosite is a relatively fast reaction. Reaction (2), 
which represents the conversion of hydronium jarosite to hema
tite, is much slower, especially in the lower pH region.

2. The reaction mechanism for the conversion of hydronium jarosite 
to hematite is a shrinking-core type, hydrothermal 
decomposition.

3. The rate of conversion of hydronium jarosite to hematite is 
increased with increasing temperature, and specific surface area, 
and decreased with increasing acid concentration.
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The application of hydrothermal precipitation to produce hema
tite from industrial acidic leach solutions is limited by the 
presence of monovalent cations such as sodium or potassium. 
Divalent ions such as copper are rejected.
The presence of a retained bed of hematite crystals has essen
tially no effect on the rate of removal of iron from solution 
in the temperature range 135-175°C.
Model 1-B, shown below in differential form,

- 1.3 x lO*5 e-13,900/RT _ 0.0051 [H+]

may be used to predict reaction rates for the batchwise conver
sion of hydronium jarosite to hematite at low initial acid 
concentrations.
Model 2-B, shown below in differential form,

- 5i= K LCeCT) - co]

may be used to predict reaction rates for the conversion of 
hydronium jarosite to hematite in a continuous reactor, where 
Ce(T) and K are evaluated at the steady-state temperature and 
acid concentration.



APPENDIX A

EXPERIMENTAL DATA

Temperature Runs (1-5)
The following parameters were held constant:
Total pressure: 150 PSIG
Drive speed: 500 RPM
Liquid loading volume: 3000 ML
Initial acid concentration: 0 GM/L
Solids loading weight: 100 GM Hydronium Jarosite

Acid Runs (6-10)
The following parameters were held constant:

Total pressure: 150 PSIG
Drive speed: 500 RPM
Liquid loading volume: 3000 ML
Temperature: 1-6 8°C
Solids loading weight: 100 GM Hydronium Jarosite

CSD Runs (11-13)
The following parameters were held constant:
Total pressure: 150 PSIG
Drive speed: 450-500 RPM
Liquid loading volume: 3000 ML
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4. Temperature: 135°C
5. Solids loading weight: 100 GM Hydronium Jarosite

Hematite Seed Runs (15 and 16)
The following parameters were held constant:

1. Total pressure: 150 PSIG
2. Drive speed: 500 RPM
3. Liquid loading volume: 3000 ML
4. Temperature: 168°C
5. Solids loading weight: 0

Runs 14 and 17 
The following parameters were held constant::,

1. Total pressure: 150 PSIG
2. Drive speed: 500 RPM
3. Liquid loading volume: 3000 ML
4. Temperature: 168°G
5. Solids loading weight: 150 GM Hematite
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Run 1. T = 176°C.

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE.

%
Gonv.

0.0 0.00 0.00 0.00 0.00 0.0
2.0 1.50 0.00 1.55 0.00 11.5
10.0 9.55 0.75 9.77 0.42 71.7
20.0 11.90 0.55 12.24 0.31 90.1
60.0 12.80 0.75 13.14 0.42 96.7
120.0 (No sample taken. Color of filtrate green.)

Run 2. T = 168°C.

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 0.00 0.00 0.00 0.00 0.0
2.0 (No sample taken.)

10.0 5.95 0.25 6.12 0.14 45.0
20.0 9.90 0.30 10.20 0.16 75.2
60.0 11.95 0.45 12.30 0.25 90.5
120.0 12.25 0.68 12.57 0.38 . 92.6

Run 3. T = 135°C.*

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 0.00 0.00 0.00 0.00 0.0
2.2 1.10 0.00 1.14 0.00 8.4
10.0 4.00 0.50 4.05 0.28 29.8
20.0 5.60 0.90 5.65 0.50 41.6
60.0 9.00 1.60 9.05 0.90 66.6
120.0 10.60 1.30 10.77 0.72 79.0
*At start-up the temperature went to 150°C.



Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Cony.

0.0 0.00 0.00 0.00 0.00. 0.0
2.2 (No sample taken.)
10.0 2.05 ' 0.35 2.06 0.19 15.2
20.0 3.35 0.50 3.40 0.27 25.1
60.0 6.55 1.10 6.61 0.61 48.6
120.0 8.25 1.40 8.32 0.77 61.3

Run 5. T = 113°C.

Time ML ML . GM/L GM/L %
(Min) NaOH D.C. Acid FE Conv.

0.0 0.00 0.00 0.00 0.00 0.0
2.2 (No sample taken.)
10.0 0.90 0.00 0.93 0.00 6.9
20.0 1.50 0.20 1.52 0.11 11.2
60.0 ' 2.50 0.60 3.62 0.33 26.7
120.0 6.55 1.70 5.83 0.94 43.0

Run 6. T = 168°C.

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 0.00 0.00 0.00 0.00 0.0
2.0 1.50 0.00 1.55 0.00 11.5
10.0 9.55 0.75 9.77 0.42 71.7 .
20.0 11.90 0.55 12.24 0.31 90.1
60.0 12.80 0.75 13.14 0.42 96.7
120.0 (No sample taken. Color of filtrate green.)
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Run 7. Acid concentration = 5.7 GM/L.

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 5.50 0.00 o.oo 0.00 0.0
2.0 5.40 0.70 0.00 0.39 0.0
10.0 8.70 1.10 3.13 0.61 23.1
20.0 12.70 1.90 7.15 1.05 52.6
60.0 16.50 0.80 11.26 0.44 82.9
120.0 17.45 0.55 12.30 0.31 90.5

Run 8. Acid concentration = 11.4 GM/L.

Time
(Min)

ML
NaOH

ML.
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 11.10 0.00 0.00 0.00 0.00
2.0 10.90 0.80 0.00 0.44 0.00

10.0 11.50 1.65 0.18 0.92 1.40
20.0 13.10 2.00 1.51 1.11 11.15
60.0 21.20 2.60 8.29 1.44 61.03
120.0 22.15 1.30 11.33 0.72 83.40

Run 9. Acid concentration = 17.2 GM/L.

Time
(Min)

ML
NaOH

ML
"D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 16.60 0.00 0.00 0.00 0.0
2.3 16. SO 1.45 0.00 0.80 0.0

10.0 17.25 3.20 0.14 1.80 0.9
20.0 17.50 3.20 0.42 1.80 3.1
60.0 21.10 2.85 4.23 1.60 31.2
120.0 25.10 1.60 • 8.57 0.89 63.1
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Run 10. Acid concentration = 23.2 GM/L.

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 22.30 2.85. 0.00 1.58 0.0
2.2 23.00 ■ 5.55 0.00 3.10 ■ 0.0
10.0 23.20 5.40 0.00 .3.00 0.0
20.0 23.25 6.90 0.42 3.60 1.7
60.0 24.20 6.00 1.46 3.34 10.7
120.0 27.00 7.30 5.19 4.06 38.2

Run 11. Size = CSD 1 < 38 y.
i

Time ML ■ ML. GM/L GM/L %:
(Min) NaOH D.C. Acid FE Conv.

0.0 0.00 0.00 0.00 0.00 0.0
10.0 3.05 0.20 3.12 0.11 23.0
20.0 5.45 0.55 5.56 0.31 40.9
40.0 8.50 0.85 8.69 0.47 64.0
60.0 10.45 1.60 10.59 0.89 77.8
120.0 12.25 2.35 12.30 1.31 90.6

Run 12. Size = CSD 2, 38-75 y.

Time ML ML GM/L GM/L %
(Min) NaOH D.C. Acid FE Conv.

0.0 0.00
10.0 2.15
20.0 4.00
40.0 7.20
60.0 9.15
120.0 11.25

0.00 0.00
0.00 2.22
0.50 4.04
1.80 7.10
2.40 9.09
2.35 11.27

0.00 0.0
0.00 16.3
0.27 29.9
1.00 52.8
1.33 67.0
1.31 83.0
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Run 13. Size = CSD 3 > 75 i-i.

Time ML ML GM/L GM/L %
(Min) NaOH B.C. Acid FE' Conv.

0.0 0.00 0.00 0.00 0.00 0.0
10.0 1.30 0.00 1 .35 0.00 9.9
20.0 2.35 0.00 2.43 0.00 17.9
40.0 4.50 0.20 5.02 0.11 . 34.1
60.0 6.75 0.45 6.92 0.25 50.9
120.0 7.35 1.20 9.50 0.66 69.9

Runs 14 and 15. Run 14: initial acid = 5 GM/L, initial
solids = 150 GM Fe2Q3; Run 15: initial
acid = 5 GM/L, initial solid =0.

Time
(Min)

Run 14 Run 15
ML
B.C.

GM/L 
' FE

ML
B.C.

GM/L
FE

0.0 28.55 15.9 28.55 15.9
5.0 12.75 7.1 14.20 . 7.9
10.0 10.40 5.8 11.85 6.6
20.0 9.35 5.2 . 9.35 5.2
60.0 7.35 4.1 8.45 4.7

120.0 6.30 3.5 6.80 3.8
180.0 5.40 3.0 4.85 2.7



Rims 16 and 17. Run 16: initial acid = 30 GM/L, initial
solids = 0 GM Run 17: initial
acid = 30 GM/L, initial solids = 50 GM
Fe2°3-

Run 16 .., Run 17 . .
Time ■ 
(Min)

ML
D.C.

GM/L
FE

ML GM/L 
D.C. FE

0.0 44.70 24.9 44.70 24.9
5.0 44.35 24.7 (No sample)
15.0 44.50 24.8 41.30 23.0
60.0 37.10 20.7 36.10 20.1
120.0 33.00 18.4 32.30 18.0
180.0 30.10 16.8 30.90 17.2
240.0 28.55 15.9 29.10 16.2

Run 18. Acid concentration = 10.9 GM/L.*

Time
(Min)

ML
NaOH

ML
D.C.

GM/L
Acid

GM/L
FE

%
Conv.

0.0 15.75 5.50 0.00 3.10 0.0
2.2 (No sample taken.)
10.0 18.40 4.85 2.50 2.70 18.5
20.0 19.05 4,15 3.80 2.30 28.0
60.0 24.00 2.85 9.23 1.58 68.0
120.0 26.00 0.85 11.95 0.47 88.0
*Saturated solution.



APPENDIX B

VOLUMETRIC ESTIMATION OF FREE ACID IN 
FERRIC. SULFATE SOLUTIONS

The red precipitate formed when solutions containing iron are 
titrated with caustic makes it difficult to detect the endpoint of 
neutralization. This method takes advantage of the white compound 
formed by precipitation of iron as a phosphate and the fact that mono- 
sodium phosphate is neutral to methyl-orange indicator. The acid 
equivalent to ferric iron is deducted from the total acid found, the 
excess being due to the free acid in solution. This method requires 
that the iron concentration must also be determined. This is done in a 
separate titration with dichromate; however, the same sample can be used 
for both determinations.

Procedure
1. Pipet 10 ml of the liquid sample into a 200 ml beaker.

2. Dilute to 25 mil with distilled water.
3. Add an excess of monosodium phosphate and a few drops of the

indicator (methyl-orange).
4. Titrate the solution with caustic to a color change from red to 

yellow (or to pH 4).
5. Dilute the sample to 100 ml with 10% HC1 and heat to boiling.
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Add 20 gm of test lead (to reduce Fe to FeJ and boil for five 

minutes.

Remove the solution from the heat and cool in a water bath. 

Decant the solution into a 500 ml Erlenmeyer flask. Wash the 

test lead and residue with several small volumes of distilled 

water. Add the wash water to the Erlenmeyer flask.

Add 15 ml of the H^PO^-H^SO^ solution, 3 drops of diphenlysmine 

indicator, and dilute to about 200 ml with water.

Titrate with standardized dichromate (0.1 N) to a blue endpoint.

Free acid (GM/L):

Reaction:

Fe2(S04)3 + 2NgH2P04 + X FREE ACID

= 2FeP0. + NaoS0 + X FREE ACID + 2H-S0, 4 2 4 2 4

FREE ACID = TOTAL ACID - Combined Acid

where

TOTAL ACID = 4.9 (N Base)(ML Base)

Combined Acid = 1.75 (GM/L Fe)

FREE ACID = 4.9 (N Base)(ML Base) - 1.75 (GM/L Fe) 

Iron (GM/L - liquid):

Calculations

GM/L Fe = (55.85)(N Dichromate)(ML Dichromate) 
10

Iron (% by weight - solid):

% Iron = (ML Dichromate)(N Dichromate)(55.85) 
10 (Sample Weight)
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-o conversion: 

Reaction:

3Feo03«4S03-9H?0 *> SFe^CL + 4H2S04 + 5H?0

Basis:

100 GM 3Fe203-4S03-9H20/3000 ML

Define:

X = Fractional conversion

X = GM/L acid produced
GM/L acid produced at 100% conversion 

GM/L acid produced at 100% conversion

100 GM 3Fe203 -4S03'9H20 Mole 3Fe2C y 4 S 0 3*9H90
3 liters solution 962 GM 3Fe2C>3 4S03 9H20

4 Moles H2S04 98 m  acid
1 Mole 3Fe203*4S03*9H90 Mole acid

= 13.58 GM/L H?S04

GM/L acid produced = Total free acid - initial free acid

- acid combined + acid consumed

where

Total free acid = 4.9 (N Base)(ML Base) GM/L 

Initial free acid = Acid added initially GM/L 

Acid combined = (1.75)(GM/L Fe)

Acid consumed = (1.46)(GM/L Fe)

[This is the acid consumed by the dissolution of hydronium jaro- 

site 3Fe903-4S03*9H20 + SH2S04 -> 3Fe2(S04)3 + 14^0.]
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for N Base = 0.212 and 10 ML samples GM/L acid produced 

= (1.036)(ML Base) - (0.16)(ML Bichromate)

Standards

One gram of ferrous ammonium sulfate [Fe(NK4)9(SO^)^'dH^O] will 

provide a titration of about 25 ml with 0.1 N dichromate. The iron salt 

should be weighed, placed in a 500 ml Erlenmeyer flask, and dissolved in 

about 100 ml of water. Then, complete steps 9 and 10 above. The nor

mality of the dichromate is given by:

(Weight Fe(NH4)2S04 -6H20)(1000)
N ~ (ml dichromate)(392.14)

0.01 N dichromate should be standardized against 0.1 g ferrous ammonia

sulfate. The normality calculation is the same:

1. Diphenylamine indicator: dissolve 1.0 g of diphenylamine in

100 ml of concentrated sulfuric acid.

2. Methyl-orange: dissolve 3 gm of methyl-orange in 100 ml 

distilled water.

3. Sodium monophosphate: dissolve 50 gm of sodium monophosphate in

1 liter of distilled water.

4. Phosphoric-sulfuric acid mixture: add 150 ml of concentrated

H2SC>4 to 700 ml of water. Add 150 ml of 85.0% H^P04 to the

water-H2S04 mixture.

5. Potassium dichromate titer: a 0.1 N dichromate solution is pre

pared by dissolving 4.904 g K^Cr^O^ in a liter of water.



APPENDIX C 

POPULATION DENSITY PLOTS
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