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ABSTRACT

Hydrometallurgical routes to eliminate the iron constituent from the mineral
ilmenite (FeTiO,) is a crucial step in the manufacture of high value inorganic
chemicals such as Titanium dioxide. In contrast to the acid mediated leaching
processes, the. Becher process has found world wide acceptance due to its
environmental advantages since a disposabte form of iron oxide and a liquid effluent
at near neutral pH are generated. In the Becher process, the metallic iron component
in reduced ilmenite is converted to iron oxide by means of an electrochemical
reaciton with dissotved uxygen followed by oxidation of ferrous to (erric iron,
hydrolysis and precipitation. Reduced ilmenite (average particle size 200 mm) and
precipitated iron oxtide particles (average particle size 1.06 mim) suspended in the
aqueous electrolyte constitute a unique multi-solid slurry system, whose inlluence
on mass transport of oxygen has not been studied so far. Mechanically agitated, air
sparged reactors are normally ciployed to satisly the simultaneous requirement of

solids suspension and gas dispersion.

Notwithstanding its environmental advantages, the Becher process is
extremely sluggish and needs significant improvements in its productivity to
compele with other processes. The absence ol an adequate engineering model has
prevented the identilication ol controlling steps and a systematic eflfort towards
process intensification. This thesis aims to accomplish this objective through the

development of an experimentally validated process model based on the rate

(iv)



determining steps, derived from an analysis of the kinetics of sub-processes, namely,
mass transfer between coarse active particles‘ (reduced ilmenite) and dissolved
oxygen, oxygen mass transfer between gas bubbles and aqueous electrolyte and the
homogeneous oxidation of ferrous to ferric iron in the aqueous phase. In view of the
unique complexity of the process, each of the rate determining steps were
experimentally investigated and interpreted with a view o obtain quantitative
expressions which then served as inputs to the overall process modcl. In order to
simulate the process as closely as possible to industrial conditions, the particle sizes,
solid loading and the reactor configuration have been chosen accordingly.  'The
effect of high solid loading on mass transfer rates, which has not been adequately
studied in the literature, also forms an important subject for study. The objective of
process intensification has been accomplished through the addition -of ferrous
chioride to the reacting solution, which Jeads (o an enhancement of gas-liquid mass
transfer rate by shifting the ferrous oxidation reaction from a slow reaction regime (o

fast reaction regime.

Chapter 1 gives a brief introduction to the subject of investigation, ils
relevance and scope in the light of the recent trends in the removal and control of
iron in mineral to material conversion processes. A critical review of state of art
both with respect to lhe- Becher process as weli as the rate determining sub-processes
serves (o identifly the knowledge gaps in the literature. Chapter II also gives an
up-to-date trend in the modelling of iron removal processes with respect to other

mineral leaching systems.

(v)



Chapter IlI describes the experimental investigations on attenuation of
solid-liquid mass transfer due to inert micro-particles and its semi-theoretical
interpretation in terms of mass transfer fouling. A range of micro-particles with
sizes ranging from 0.3 to 13 mm and density from 2600 to 5400 kg/m® were
investigated. Characterisation of the colloidal and rheological properties of the
micro-particle systems were carried out to aid in the interpretation of the mass
transfer attenuation phenomena as being controlled essentially by the
hydrodynamics of the system. Chapter IV describes the experimental investigations
and quantitative interpretation of gas-liguid mass transfer attenuation due to inert

micro-particles.

Chapter V and VI describe the development and experimental validation of
the models to describe the conversion versus time behaviour of the metallic iron
removal process for non-porous (iron particles) and porous (reduced ilmenite)
particles respectively. Besides predicting the isothermal and non-isothermal
behaviour, the models are able to describe the trends in the variation of pH and
oxidation reduction potential during the course of the reaction. Furthermore, the
model is also able to predict the conditions under which incipient passivation of iron
could occur at higher oxygen partial pressures (greater than 2.03x10* Pa). The
significant reduction in iron removal rates beyond a conversion of (.4 has been
explained as being due to hindered diffusion of oxygen in pores filled with

micro-particles.
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Experimental investigation and inlcrprclalion of process intensilication by
enhancement of gas-liquid mass transfer rates is described in Chapter VII. The
enhancement factors have beer-l computed based on the oxidation kinetics of ferrous
iron determined in Chapter V, and are found to closely agree with the experimentally
observed values, the maximum enhancement factor being 1.7. Thus a sound
theoretical basis and a validated engineering model has been established for
improving the productivity of the Becher process over a wide range of process

parameters with relevance to industrial application.
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LIST OF TABLES

Fage
2.1. Reported literature conditions for the production of synthetic i1
iron oxides
2.2. Gas-liquid mass transfer correlations in terms of energy 18
dissipation rate
2.3. Solid-liquid mass transfer correlations employing specific 22
power group :
2.4, Comparison of three phase hydrometallurgical oxygen 29
leaching models
3.1 Characteristics of inert particles in the micron range 36
3.2. Characteristics of inert particles in the sub-micron range 37
3.3. Range of process variables 40
3.4. Values of mass transfer atienuation factor (3} and threshold 48
volume fraction, ¢*, of the inert micro-particles
3.5. Values of a, b, m and n in Eq.3.10 for various micro-particles 52
3.6. Values of 1, at a volume fraction , ¢,,,, = 0.06 54
3.7. Zeta potentials of micro-particles 54
3.8. Solid-liquid mass transfer coefficient kg at various volume 64
fractions of cast iron particles in the presence of inert
micro-particles
4.1. Range of process variables 69
4.2. Relative volumetric gas-liquid mass transfer coelficients in 71

the presence of mixture of ilmenite and iron oxide particles -
comparison with individual coefficients

(viii)



5.1.

Maxirnum values of time constants for various sub-processes

76

under the operating conditions

5.2. Dimensional details of the reactor 78

5.3. Range of process variables 81

5.4. Minimum agitator speeds for suspension of iron particles, N, 81
(S

5.5. Comparison of experimental and predicted values of 91
dissolved oxygen concentration in the bulk liquid phase

6.1 Specific surface area and pore volume of reduced ilmenite 104
before and after leaching

6.2. Range of process variables 115

6.3. Minimum agitator speeds for suspension of reduced ilmenite 117
particles (210 - 250 um), N, {rev/S)

6.4. Range process variables studied during the kinetic study in 129
the presence of added iron oxide

6.5. Computed anodic potentials at various loading of reduced 133
ilmenite in Volts (d, = -210 - 250 um, g, = 1x10* m’/S, Pg, =
2.44x10° Pa)

6.6. Computed anodic polentials at various partial pressures of 133
oxygen in Volts (d, = -210 - 250 um, q, = 1x10* m’/S, w =
10% by weight)

7.1. Fe® concentration during iron removal process carried out 140
using FeCl, solution (mol/L)

7.2. Computed values of Hatta number and Enhancement (actor 143

corresponding to various Fe®" concentration

(ix)



LIST OF FIGURES

Page

1.1. Schematic description of two competing techniques for iron 3
removal from ilmenite

2.1. Profile of solution conditions during a typical plant scale 10
batch operation of reduced ilmenite

2.2. The system of iron oxide transformation 12

2.3. Schemalic representation of oxygen leaching step in Becher 16
process :

3.1. Details of the mechanically agitated contactor 38

3.2. Schematic diagram showing the experimental sel up. 39

3.3. Variation of solid-liquid mass transfer coefficient, k,, with 43
speed of agitator

3.4. Comparison of experimentai solid-liquid mass transfer data 44
with various correlations in terms of the specific group

3.5, Plot of relative-mass transfer factor, a, versus volume fraction 45
of micro-particles, ¢,

3.6. Plot of relative mass transfer factor, a, versus ¢¥/d, 46

. $* -

3.7. Plot of relative mass transfer factor, o, versus Y. for silicon 47
carbide particles

3.8. Piot of a (experimental) versus a (calculated) 49

3.9. Plot of volume fraction of micro-particies in the sub-micron 51
size range versus relative mass transfer factor

3.10. Plot of W, versus rclative mass transfer factor, o 53

3.11. Plot of In(T,* P,,)" versus a for inert particles in the micron 58
size range

3.12.Linear plot of In(T," P.) versus & -In(23.3 ¢,,,,) for inert 59

particles in the micron range

(x)



3.13.

Plot of relative mass (ransfer factor versus In{D/Dy) for inert 62
particles in the sub-micron range

3.14. Lincar plot of In{P,/P,) versus a -In(6.62 (j)?,,ﬁ for 63
sub-micron sized particles

4.1. Varialion of relative gas-liquid mass transfer coefficient with 70
volume fraction of iron oxide

4.2. Plot of relative gas-liquid mass transfer factor versus 72
volume fractions of ilmenite

5.1. Experimental equipment 80

5.2. A typical plot of percentage conversion of iron versus time 83

5.3. Parity plot of experimental and predicted rates 85

5.4. Comparison of experimentally obtained rates for various solid 86
loadings and rates predicted by the model in which
volumetric gas-liquid mass transfer coefficient is computed
from the correlation (kja,), = kg, (1- b)

5.5. Plot of Cy/Ro, versus a;', showing the progressive shift in 88
controlling step from solid-hiquid to gas-liquid with solid
loading

5.6. Concentration profiie of oxygen at high active solid loading 90

5.7. Variations of Fe®* ion concentration with solid-loading after 92
30 minutes of operation

5.8. Variations of oxidation reduction potential and pH with active 93
solid loading after 30 minutes of operation

5.9. Variation of Fe** ion concentration with partial pressure of 94
oxygen after 30 nunutes of operation

5.10. Variations of oxidation reduction potential and pH with 95
partial pressure of oxygen after 30 minutes of operation

5.11. Variations of oxidation rcduction potential and pH with 96

partial pressure of oxygen after 2 hours of operation

(x1i)



5.12. Comparison of experimentally obtained rates with rates

99

predicted by the model for various partial pressure of oxygen

5.13. Linear plot of Fe?* oxidation rate versus (C,2+C,C72°) 100

6.1. {(a) Variation of active surface area of reduced ilmenite with 110
conversion; (b) Variation of oxygen concentration at the
external surface of reduced ilmenite particle with conversion

6.2. (a) lllustration of shrinking core type reaction in porous 111
reduced ilmenite particle, (b) Illustration of a typical conical
pore

6.3. Conversion versus time plots for various loadings of reduced 119
ilmenite - model validation

6.4. Conversion versus time plots for various particle sizes - 120
model validation

6.5. Experimental and predicted conversions during isothermal 121
operation of 30°C

6.6. Experimental and predicted conversions during isothermal 122
operation at 50°C

6.7. Observed and predicted variations in temperature during 123
non-isothermal operation (R.I. particle size = 150 - 180 um)
for various solid loadings

6.8. Observed and predicted variations in tcmperature during 124
non-isothermal operation (R.I. particle size = 210 - 250 pm)
for various solid loadings

6.9. Observed and predicted variations in pH 125

6.10. Observed variations in ORP 126

6.11. Conversion versus time plots showing enhancement in iron 131
removal rate in the presence of added iron oxide

7.1. Conversion versus time plots showing enhancement in iron 137
removal rate in the presence of FeCl,.

7.2. Conversion versus lime plols for various combinations of 138

electrolyte concentrations.

(xii)



7.3. Variations of conversion with particle size in FeCl, solution

139
7.4. A typical plot showing pH variation during the iron removal 141
process in 0.25 M FeCl, solution
7.5. Experimental and predicted conversion in FeCl, solution at a 146
solid loading of 30% by wcight
7.6. Conversion versus time plots showing the influence of added 147

iron oxide in FeCl, leaching

(xiii)



NOMENCLATURE

Specific surface area of active particles, m’*

Aclive specific surface area at any time, m™

Equilibrium concentration of solute A in the liquid, kmol/m’
Concentration of oxygen in the bulk phase, kmol/m®
Concentralion of reactant B in the bulk liquid, kmol/m*
Particulate coneentration in the bulk liquid, kmol/m’

Drag coefficient

Concentration of Fe?* ions in the bulk liquid, kmol/m’

Concentration of metallic ion in the slurry, kmol/m’
Concentration of iron oxide in the slurry, kmol/m’

concentration of oxygen in the gas phase, kmol/m’
Concentration of H* ions in the bulk liquid, kmol/m’
Concentration of oxygen at the gas-liquid interface, kmol/m’
Concentration of solute in the inlet stream, kmol/m®

Initial concentration of solute in the bulk solution, kmol/m?
Concentration of OH’ ions in the bulk liquid phase, kmol/m?
Specific heat of ilmenite, kcal/kg.’K

Specific heat of water, kcal/kg °K

Concentration of oxygen at the surface of solid, kmol/m’
Surlace concentration of micro-particles, kmol/m’

Steady state concentration of solute in the reactor, kmol/m®

Final concentration of solute in the bulk solution, kmol/m*

{xiv)



Ha

;\'IIZO

(kya,),

Diameter of the agitator, m

Dilfusivity of solute B in the liquid

Effective diffusivity of oxygen in the pores, m*/S
diameter ol gas bubble, m

Diamelter of micro-particle, pm

diameter of active particle, pm

- Enhancement factor

Enhancement [actor for instantaneous reaction
Dwag force, N/m?

acceleration due to gravity, m/S?

tlatta number given by Eq.7.1.

Rate of formation of H,O from 11" and OH
ions, kmol/m?*.S.

Henry's law constant

Enthalpy, kcai/kg

Rate constant for homogeneous phase reaction, (kmol/m’)'S™

Volumetric gas-liquid mass transfcr coelficient, S

Volumetric gas-liquid mass transfer coefficient in the presence

of inert solids, S

solid-liquid mass transfer coefflicient, m/S
Partial pressure of oxygen, Pa

Critical agitator speed for solid suspension, §™
gas flow rate,n"/S
Radius of reduced ilmenite particle, m

(xv)



Bubble Reynold's number (v,d,0)/n

Rate of dissolution of iron, kmol/m?’S

Rate of reaction of Fe®* ions (through the homogeneous phase

reaction, kmol/m* §
Radius of the shrinking core, m

Rate of gas-liquid mass transfer, kmol/m>.S

Total rate of consumption of oxygen by electrochemical and
ferrous oxidation reaction, kmol/m®S

Rate of reaction of oxygen through the homogeneous phase
rcaction, kmol/m’ §

Rate of consumption of oxygen by the clectrochemical reaction,
kmol/m’ S
ksidp

D

Sherwood number,

Stokes number

Temperature, K

- Time, §

Volume of liquid in the reactor, m’
Vetocity of gas bubble, m/S

rms of velocity, m/S

Eddy fluctuation velocity, m/S
Volume of slurry in the reactor, m’
100 x weight of solid/weig.hl of slurry
Conversion

Number of moles B reacting with one mole of A

(xvi)



a - Relative mass transfer factor (ratio of solid-liquid mass transfer

coefficients in the absence and presence of inert micro-particies

B - mass (ransfer attenuation factor

Ap - op- o, kg/m’

AH - Heat of reaction for the formation of Fe,O; from Fe, kcal/knmiol
£ - Power dissipation, W/m’

¢ - Volume fraction of solids

¢ - Threshold volume fraction

(. - Volume [raction of micro-particles
n - Viscosity of liquid, kg/m S

Uy - Viscosity of liquid, m*/S

v - Kinematic viscosity of liquid, m’/S
v, - Kinematic viscosity of slurry, m'’/S
0 - Density of fiquid, kg/m’

Omp -~ Density of micro-particle

0, - Density of particle, kg/m’

Oy 7 - Density of slurry, kghn®
Abbreviations

RIL Reduced lmenite

(xvii)



CHAPTER 1

INTRODUCTION

An efficicnt and environmentally acceptable iron removal step is still a
distant goal in mineral conversion processes due (o the widespread occurrence of
iron as an impurity in almost all minerals. A number of alternative approaches have
been suggested ranging [rom conversion to iron oxides or its derivalive by
hydromeltallurgical routes or to the manufacture of metallic (pig) iron through
pyrometallurgical smelting.  The importance of iron control over thce years has
assumed tremendous recognition duc to the stricter environmental regulations as
well as the need to realise the economic potential in iron fraction which in some
cases may account for as much as 30% of the weight of minecral. The two
international conferences held in 1986 and 1996 on iron control in mineral
processing serve to highlight its current importance and highlight the state of art
(Dutrizac and Monhemius, 1986). In brief, the current approach to iron control in
mineral processing aims at efficient separation of the iron component as value-added

products so as to overcome solid disposal problems.

Iron removal and control constitutes a crucial step in the upgradation of
ilinenite ore to high value products such as synthetic rutile and titanium dioxide. Its
relevance to Indian cconomy conld be judged by the fact that 15% of the world's

premicr high grade ilmenite resources of approximately 700 million tonnes oceur in



the beach sands on the coast line stretching from Maharashtra to Kerala iﬁ the West
Coast and from Tamil Nadu to Orissa in the Last Coast. ‘The ilmenite ore (40-60%
TiO,) is upgraded in two stages, namely, conversion to synthetic rutile (92-95%
TiO,) followed by conversion to titanium dioxide (>99% TiO,). Thus, the major
proportion of iron removal (as much as 90%) is accomplished during the ilmenite to

synthetic rutile conversion stage.

The iron removal strategy -is the distinguishing feature among competing
processes for the manufacture of synthetic rutile. Benilite, Murso, Isihara, Becher
and Summit processes are the five different processes developed for the manufacture
of synthetic rutile. All these processes involve firstly, partial or complete reduction
of the iron oxidation state in the ilmenite crystal lattice by roasting with coal,
followed by selective leaching of the iron with HCI, H,SO,, FeCl, or aerated NH,Cl
solution.  However, over the years, only the Benilite and Becher processes
employing the hydrometallurgical route have proved to be commercially successful.
/A comparison of the iron removal strategies followed in two processes is given
Fig.1.  The Becher process has found world wide acceptance due to its
environmental advantages as well as the reduced capital and operating costs since
the conversion of metallic iron to iron oxides is carried out in a single step at near

ambient conditions.

Notwithstanding its advantages the iron removal step in the Becher process is

extremely sluggish (industrial batch reaction time of 14 hrs) and needs significant



limenite
(typical composition: FeliO; 60%
TiO, 35%, Fe,0,, FeO 5% inerts)

[ : 1
Benilite Becher
Partial reduction with coal Meta tlisation by reduction with coal
at 1073 -1173°K at 1273 - 1373°K

(Fe,0,+ C — 2Fe0 + CO)  (FeTiO, +C — Fe(M) + TiO, + CO)

Acid leaching with 30% HCI | Ammoniacal oxygen leaching in
at 403 K and 3 atm ambient conditions

FeO + 2HCI — FeCl, + 11,0 4Fc + 30, + 2x.H,0 — 2F¢,0;.xH,0

Pyrolytic acid regeneration at 1273 K Sepafaled iron oxides
4FeCl, + 4H,0 + O, » 2F¢,0, + 8HCI pH around 6.0

Separated iron oxides
chloride contaminated Fe,O,
pH around 1.0

Fig.1. Schematic description of two competing techniques for
iron removal from ilmenite



mprovements in its productivity. The absence of an adequate engineering model has
yresented the identification of rate controlling steps and a systematic effort towards
yocess intensification. This thesis aims to accomplish this objective through a
:ombination of experimental investigations and development of a process model,

ollowed by its experimental validations.



Chapter 11

STATE OF ART

Since the development of the Becher's process in Australia during 1965,
several investigations (Becher ef al., 1965) have been reported on the process
chemistry aspects aimed at understanding the role of clectrochemistry of metallic
iron dissolution, the role of NH,Cl in preventing 'in situ rusting' and the
mechanistic pathway [or the preparation of various types ol iron oxides. However,
there has not been any attempt in the literature aimed at the development of a
quantilative process model to identify the rate determining steps and to form a
basis for design of rcactors. This chapter, therefore, present a review of the process
chemistry aspects followed by the state of art in the mechanistic description of the
various sub-processes constituting the Beeher process. The objective of this
chapter is to identify the gaps in the knowledge-base which need to be fulfilled
prior to the development of a quantitative process model of the Becher's process

and its validation.

2.1. Description of the Becher Process
In this process, the iron(Il) and lron(IlI) content of the ilmenite is first
reduced to metallic iron in a rotary kiln at about 1150°C using a suitable coal as

both reductant and fucl in a rotary kiln. The overall reaction is:

FcO.Ti0, (S) + CS) > e (S) + Ti0, (S) + CO (g)  (@.1)



The material resulting from this step, known as reduced ilmenite, consists
of a matrix of rutile covered on the surface with metallic iron. In the second step,
the metallic iron is removed from the reduced ilimenite by an accelerated corrosion
reaction using oxygen dissolved in ammonium chloride solution. The product is
lermed as synthetic ratile, which is used as o fecdstock in the chloride route for the
production of TiO, pigment. ‘This process is now operated commercially in

Western Australia.

The second step of the Becher process, namely, the ammoniacal oxygen
leaching process, forms the subject for the present study. When this process is
carried out industrially on a batch mode, air is forced through a pulp consisting of
50% by weight reduced ilmenite in 0.1 M NHCH in a stirred slurry reactor. Heat
released in the exothermic corrosion reaction results in the temperature of the
system rising (o about 65-75°C. ‘Ihe oxidation of the iron metal i the reduced
ilmenite is usually completed in 14-16 hours (Bracanin et al. 1980). A varicty of
hydrated iron(Ill) oxides are formed as a by-product of the reaction and are

removed by means of cyclones. The overall leaching reaction can be expressed as

4Fe + 30, (aq) + x.H,0 - 2Fc,0,.xH,0 (2.2)

2.2. Reported Investigations on the Oxygen Leaching Process
Process Chemistry

The mechanism of iron lcaching in Becher process is essentially the

cleetrochemical corrosion of iron by dissolved oxygen (Becher ef al., 1965; FFarrow



et al., 1987) followed by oxidation of the ferrous iron species to ferric iron and its
subsequent hydrolysis and precipitation as hydrous iron oxides.

Anodic reaction

Fe° —» Fe® + 2e | (2.3)

Depending on the solution pH, the anodic reaction can proceed through any of the

following two mechanisms:

0, + 4H' + 46 = 24,0 (2.4)

0, + 2H,0 +4e -  40H (2.5)

Investigations on the kinetics of electrochemical dissolution of metaliic iron
from reduced ilmenite in oxygenated 0.1 M NI,C! solution were carried out by
Farrow et al. (1987) by polarisation and mixed potential measurcments. Elcctrodes
of both pure iron aﬁd reduced imenite-mujol oii paste were employed. Information
gbout the recaction mechanmism was oblained by constructing Evans diagram in
which the polarisation curves for the two half-reactions (the oxidation of iron and
the reduction of oxygen) were plotied on the same current-potential plot. It was
noted fhae the oxygen reduction corve qeached o timiting current which was
rotation speed dependent, and that the two polarisation curves attained the same
current magnitude in the region in which the oxygen reduction current was near the
limiting current. From this, the authors concluded that the electrochemical

dissolution of iron was controlled by oxygen diffusion to the iron surface. This fact

was further confirmed by mcasuring the potential of an iron dise clectrode reacting



with oxygen in 0.1 M NH,Cl as a function of the disc rotation speed, in which it

was noted that the mixed or corrosion potential increases with increasing rotation

speed.

The role of NH,CI: Prevention of 'in situ’ rusting

The role of NH,CI was identified by Farrow et al. (1987) as a buffering and
complexing agent, thus helping in prevention of 'in siw rusting’. The bulfering and

complexing action of NH,Cl was explained as follows:

The hydroxyl ions responsible for high surface pH values originale during
the cathodic reduction of oxygen according 1o Eq.(2.5). Unless these hydroxyl ions
arc removed from the surface by some ﬁmclmnism. they will react with the Fe?*
ions produced during the anodic half reaction given by Eq.2.1 o produce a
precipiate 0[‘ ferrous hydroxi(.lc in the pores or ncar the surface ol the reduced
iimenile. This solid malerial is readily oxidised [urther. The ammonium ion is

thought to prevent high surface pil values and the subsequent precipilation of

oxide by the reaction

NH} (ag) + OH™ (aq) —» NH; (aq} + H20 (2.6)

Complex ions of the type {Fe(NH,), (H,0),]** may be then formed by

reaction with the free ammonia

-

.
Fe(H,0)6]2* + xNI1; —» | Fe(NH,), (H,0)4, |* xH20 (2.7)



. o 2 - .
which would stabilize the Fe®" iron and allow it to move away from the metal
surface without being precipitated.  Precipttation would subscquently take place in
i

the bulk solution where the ptiis much lower causing reactions 2.6 and 2.7 (o be

reversed. Ammonia would be converted back 1o ammonium ion and then Fe®* -

ammonia complex would break up, liberating Fe®' ions.

Inlluence of process conditions on the transformations of iron oxide

Farrow ¢t al. (1987) QUrillg their investigations noted that the air saturated
0.1 M NH,CI solution at 70°C had an initial pH of about 5.4 which rose rapidly to
about 7.5 wpon addition of the reduced ilmenitc sample, As the reaction
proceeded, the pIT of the solution decreased from about 7.5 to 4.5 in the first hour,

and then moved sowly to a final pii of about 3.6, However, when NaCl was used

as the clectrolyte, the pH remained in the atkaline range itself. The by-product tron

oxides were identified as a mixture of hematite (O - Fe,Q,) and lepidocrocite (Y -

FeOOH) {rlom NH,CI leaching and a mixture of magnetite (Fe;0,) and goethite
-(a - FeOOH) from NaCl leaching. Hence they concluded that the pH of the bulk

solution is controlled by the type of oxide formed during the aeration reaction.

Ward et al. (1989) conducted a programme of Lests on site at the Westralion
sands Ltd.Synthetic Rutile plant at Capel to monitor the pH, Eh, Fe®*
concentration, (emperature and percent iron reacted af hourly intervals over the
duration of a typical plant acration operation. The results are reproduced in Fig.2.1.

To account for the pll changes observed, the competilion between the following

9
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acid consuming corrosion reaction and acid generating reactiont of hydrolysis of the

solubilised iron was proposed.

Fe+ O, +4H' - 2Fc¢* + 2H,0 (2.8a)

Fe?t + 10, + 31,0 > 2FcOOH + 411 (2.8b)

N . N . 2t . . .
The observed variations in Eh and T'e®™' ion concentrations during the process as

shown in Fig.2.1 were also explained by Ward et al. (1989} as the result of

compelifion between the above two reactions.

Table 2.1 Reported Literature conditions for the production of synthetic iron oxides
(Reproduced from Ward et al., 1989) '

" Phase Colour Formula ~ Anion Temp. pii
°C

Hydrated oxides green variable any 25-100 <7
Magnetite . black Fe,0, SO,” 95-100 <7
Hematile red a-Te,0, SO, 50-100 3-45
Maghemile brown a-Fe,0, SO,%, Cr 95-100 >7
Geothite ~ yellow a-FeQOOH S0.,%, Cr 80 2-3.5
Akageneite brown  (3-FcOOFH Cr 80 2-3.5
Lepidocrocite gold a-FeOOH SO, Cr 70 6-7

The rise in temperature is due to the exothermic nature of the rusting reaction.

Ward et af. (1989) lound that the iron oxide products from the particular
plant run varied with time, and confirmed that {epidocrosite initially precipitated
and later transformed to hematite and magnetite. Table 2.1 summarises the

conditions reported in the literature {or the formation of pure iron oxides. From

i



Hydrated oxides
"Green ruts"

Lepidocrocite

. - . - 3 - ‘r
Metallic ironT——Ferrous oxide— —» Magnelite s Maghemite

s

Ferrous hydroxide-—. - peryic oxyhydroxide —s Goethite Akaganeite

Feroxyhyte

Fig.2.2. The system of iron oxide transformation
(Reproduced.from Ward et al., 1989)
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this table it is clear that 'greenrusts' or hydrated oxides and lepidocrosite are formed
al lower temperatures in near neutral pH conditions. 1t is reported that these
unstable oxides arc transformed into different stable oxides depending on the
solution condition of pH, temperature and Fe®* concentration. Fig.2.2 shows the
pathways o a number of transformation 10 the more stable oxides. From these
information on iron oxide lr;'msfornmli(m and studics on variation of solution
properties during the ‘rusting' process (Ward er al 1989) confirmed that
lepidocrosite is initially formed at cooler temperatures and is transformed to more
stable iron oxides depending on pH, Eh, Fe®" concentration and temperature of the

solution to give a range of coloured products.

Oxygen leaching of reduced ilmenite at elevated temperatures and pressures

Recently Jayasckera er al. (1994) carried out studies on pressure leaching of
reduced ilinenite in NILCI solution at various temperatures, [nitially, they studied
the electrochemical aspects of iron dissolution by oxygen reduction in NH,CI
solution using rotating disc clectrode technigue over the temperature range
30-150°C and at a total pressure upto 780 kPa. Corrosion current densities were
determined by the Evan's diagrain and linear polarization method and showed that
the corrosion rate incrcases with increasing temiperatures and oxygen partial
pressures. It was shown that at higher partial pressures of oxygen (3x10° Pa} the
corrosion rate increases about Tour or five times as the temperature rises from 30 to
150°C. This is explained by the authors as being due (o the increased diffusivity of

oxygen al higher (cmperature,  However, in the air and oxygenated solutions, the

17



corrosion rate remained relatively unchanged between 30 and 80°C indicating that

the tncreased oxygen diffusivity balances the decrease in oxygen solubility.

Jayasckhera et al. (1995) also carried out investigations on leachig of
reduced ilmenite in agitated vessels over a range of oxygen partial pressures at
temperatures of 75 and 150"C. The results were in agreement with electrochemical
studies showing increase in iron removal rate with temperature and oxygen partial
pressure. Leaching of reduced ilmentte with air at 75°C took about 7 hours (o
reduce the restdual Fedmetal) content to a value around 1.7%, whereas the samne
result was achicved within one hour when pure oxypen was used at a temperature
of 130°C. By contrast, the total residual iron levels were substantially (about two
- times) higher than that results from conventiaonl leaching conditions, representing

asignificant problem of increased ‘in sttu rusting.
2.3. Mechanistic and kinetic aspects of sub-processes

Based on the process chemistry and from the gas-liquid-solid reactor
engineering aspects (Shaw, 1979; Fogler, 1986), the following rate steps or
sub-processes are identificd to constitule the overall oxygen leaching siep of the

Becher process carried out int a mechanically agitated reactor:

1. Oxygen mass transfer from the gas phase to the bulk liquid phase (gas-liquid
mass lransfer).
2. oxygen mass (ransfer from the butk liquid phase to the solid-surface

(solid-liquid mass transfer).

14



3. Diffusion of oxygen through the pores to the reacting surface {porous

dilfusion)
4. Electrochemical corrosion of iron by dissolved oxygen (surface reaction).
5. Oxidation of Fe** 10 Fe** in the bulk liquid phase.
6. Hydrolysis of Fe* (aq) and subsequent precipitation,

A schematic representation of the oxygen leaching process depicting all the
constituent steps are illustraled in Fig.2.3. It is important to note that the
sub-processes outlined above take place in slurries containing high solid contents
(typically 20-30% by weight} comprising of both macro (150-300 pm) and micro

(< 10 pmy} particles.

The rate of the overall process is determined by the rate of the slowest step,
which is known as the controlling step. 1If series-parallel steps are also involved,
therc can be more than one controlling step. For the development of a process
model, the kinetics of all sub-processes are to be known and the controlling steps
are to be identified. Hence, in the following sections, state of arl on the various
sub-processes with emphasis on the kinlet‘ics ol individual steps appropriate to the

conditions typical of the Becher process listed are reviewed.

L5
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Fig.2.3. Schematic representation of oxygen leaching step in
Becher process
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Gas-liquid mass transfer in the presence of suspended inert particles

Excellent review articles (Beenackers and Van Swaaij, 1993) highlight the
current understanding of the subject available. The typical correlations for
predicting volumetric  gas-liquid mass transfer cocfficients based on energy
dissipation rate is listed in Table 2.2. However, dircct relevance to the present work

are of those investigations dealing with:

a) influence of high solid loading on volumetric gas-liquid mass transfer

coefficient

b) influence of temperature, concentration of ions in the liguid and pl on the
volumetric gas-liquid mass transfer coefficient. The state of art in the above

arc crifically reviewed betow.

Investigations on the influcnce o‘f suspended inert particles on gas-liquid mass
transfer in mechanically agitated reactions (Joosten et al. 1977, Oguz et al. 1987,
Kojima et al., 1987; Lee et al., 1982) reveals that both microparticles (dp < 10
um) and macroparticles (dp > 10 pm) induce gas-liquid mass transfer attenuation.
Oguz et al. (1987) studied the influence of various inert microparticles and
correlated the reduced volumetric gas-liquid mass transfer coefficient in terms of
slurry  viscosity (Table 2.2). From the investigations employing inert
macroparticles (150 pum to 4 mm), Kojima et al obtained the following

relationship:

Lo - (l)_\, (2.9a)
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where (kg a,); is the reduced volumetric gas-liquid mass transfer coefficient in the

presence of solids and ¢, is the volume fraction of solids. Then the gas-liquid mass

transfer rate can be computed from the relationship.

R, = (k) (Ci-C) (2.9h)

Table 2.2. Gas-liquid mass transfer correlations interms of energy dissipation
rale '

Reference System Correlation

Linek et al. (1987) Clear water [(8.:13:495xu1016&x 1072593 yg04

Neale and Pinches Slurry kya, = 0.0069 (P/V)°% Vs
(1994)
Schlutier and Biological

kga, (vigh)'™ = 7.94x 10 {(P/V)/lo{vg") ]} e

Deckwer {1992)  system
{((]s/\/} (vighVi}" 2!

Oguz et al. {1987) Sturry in

kg3, [V/(qx3600)) = 2.173x10°{[PHg,x3600)}/
water

)2/]] }0.507

[Qsl (V5|g

Oguzeral. (1987) Slurry in - kya, = 6.6x107 (uy/p) " (P/V )7 {(g,/60)"*
water

From the investigations on a range of particle sizes (7 (0109 um), Lee er al
(l%Z) have introduced the following quantitative concepts for the adverse effect of

| inert solid particles on gas-liquid mass transfer rate.
- particles much smaller than the film thickness around the bubbie are supposed

to modify the diffusion path, similarly to heal conduction in porous media,

- particles of a size comparable to the film thickness may have a blocking effect

and reduce the surface area that is really active in mass transfer

- farger particles may cause deformation or even penetrations of the bubble

| #4



Inflence of process conditions and solution conditions on gas-liquid mass
transfer

Variation in temperature, pressure, ionic concentration, pH etc. induce
changes in gas solubility and diffusivity, which in (urn, result in variation in
gas-liquid mass transfcr rate. Influence ol the above parameters on gas solubility
and diffusivity has been well studicd (Charpentier, 1981; Rehm and Reed, 1985;

Harvey, 1996).
Enhancement in gas-liquid mass transfer rate due to suspended particles

| Enhancement in gas-liquid mass transfer  rate due to suspended particles
which are not inert, has been reported (Beenackers and Van Swaaiji, 1993) in the
loqlowing Cascs:

|

1
L 1

HF Particles in the mass transfer zone adsorh the translerred gas phase component

only physically (also known as the shuttle mechanism or grazing particles).

lf) Particles in the mass transfer zone catalyze a chemical reaction involving the
i

transferred gas phase component

) Particles in the mass transter zone react with the transferred gas phase

'component

‘ I’ . N
id) |Particles in the mass transfer zone dissolve and the dissolved reactant reacts

| with the transferred gas phase component

19



Anurag Mchea (1994) has given a quantitative deseription of the enhancement
in rate of gas absorption into reactive slurries constituted by fine particles of a
sparingly solublc rcactant when the particle size is smaller than the characteristic
diffusional length of the rcactive species. The use of fine particles with high
adsorption capability induced enhancement in gas-liquid mass transfer rate during

. . o . . s

catalytic hydrogenation of adiponitrilc over Rancy nickel particles (Vuillamin et a/,
1996). This has been explained as the result of solid particles acting as hydrogen

carriers and a 'shuttle mechanism'.

Solid-liquid mass (ransfer

The rale of transfer of a solule from the bulk liquid phase to the surface of

suspended solids is given by

Rsl = ks:l'as (Ch - C<) (210)

whete k,, is the solid-liquid mass transfer coefficient and C, and C, are the
conceutrations of the solute in the bulk liquid phase and ot the surface of the
particle, respectively. The mass transfer coefficient s related to  the
hydrodynamics and fluid properties through the relationship,

Sh = 2 + ARe™Sc¢" (2.11)

where A, m and n are constanis.

Pangarker et al. {1991} have summarised various solid-liquid mass transfer
forrelations along with various systems and techniques employed for the

Betermination of solid-liquid mass transfer coefficient in mechanically agilated

20



reactors. There are three approaches put forward in the I-iteralure for developing
solid-liquid mass-transfer correlations in mechanically agitated reactors. The first
approach is based on developing Reynolds number in Eq.2.11 in tcrms of the
reactor dimensions and agitater speed (Boon-Long et al., 1978). These correlations
are spectlic to geomelry and scale of the concerned reactors and hence do not find
general applicability. The second approach is based on the slip velocity theory
which states that the slip velocity of suspended particles can be taken as the
terminal seltling velocity of a particle in a stull (luid (Calderbank and Jones, 1961).

The particle Reynolds number is calculated in terms of this slip velocity.

The mechanically agitated system being characterised by turbulence, the most
reliable and widely uscd approaches for solid-liquid mass transfer correlations is
based on Kolmogoroff's theory of isotropic turbulence, a brief outline of which is
givcn by Sano er al. (1974} and Armanate ef af. (1989). Kolmogoroff postulated
that the characters of the smallest eddies in which the maximum energy dissipation
occur were dependent only on (he rate of energy dissipation per unit mass of fluid

and kinematic viscosity. He deduced the following equations from dimensional

reasoning
1= (vie)'" (2.12)
v, = (vie) " (2.13)

where 1] is the size of eddy in which the maximum energy dissipation occurs, € is

21



the power dissipated per unit mass of fluid and v, is the eddy fluctuation velocity.

Kolmogoroff gave the following expression for the rms ol velocity difference, vy

between two points at a distance, :
n<<d<<l, v, = (ed)™ (2.14)

d<<m, vy= (e/v)? (2.15)
" where L is the scale of turbulence.

Reynolds number calculated in terms of vy from Eq.2.12 can be substituted
into Eq.2.9 to obtain correlations in terms of speciflic power group E”Jd;B/V.

Correlations in terms of this specific power group, suggested by various

investigalors, are listed in Table 2.3,

Table 2.3. Solid-liquid mass transfer correlations employing the specific power

group

Particle Schmidt
Reference diameter number Solid-liquid mass transfer correlation

{mim) (S

T gy 062
Levins and 0.06-1.96 27-35x104  Sh=2+0.5 ( - ) Scl?
Glastonbury
{1972)
a4y 174
v Al Ep 1/3

Samoetal.  0.107-2.85  217-1410 Sh = {2 + 0'4(31 Sc ]¢C
{1974) . is the shape factor
Assief al. 0.02-096 269-11270 (1986)

J 5 R ﬁ MR 58 3 1/5.8
SII:lZ"‘ + 0.61( - ] Sc

elh ’_1,,'3 0,52 i
Amanatc and  0.006-0.424 420-1.3x105 Sh=2+5.2 ( S Sclh
Rirwan (1989) :

Y

di'e "o e 0.36
Levins (1969} 207-35000  Sh=2+ 047 Set-

M——— e e mn -
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Effect of sparged gas on solid-liquid mass transfer

Solid-liquid mass transfer in the presence of sparged gas has been shown 1o be
given by correlations in terms of specific power group such that the energy

dissipation rate € is the sum of the contributions of the sparged gas and the stirrer

(Asai et al., 1989).

Kinetics of metallic iron dissolution

The mechanism and kinetics of the electro-chemical dissolution of iron has
been well investigated, especially at ncutral pH conditions typical of Becher
process {Javancicevic and Bockris, 1986; Power and Ritchie, 1981). Eqs.2.3 to 2.5
describe the mechanism of etectro-chemical corrosion of iron in neutral solutions.
The concept of mixed potential may be cmpinycd to determine the kinetics (West,
1965; Shreir, 1994). The expression for cathodic potential E; and anodic potential

E, are:

E. =E2 +(RT/a.n F) In C; + (RT/a.n, F) Ini? - RT/a.n,F) Ini.

(2.16)
E, =£° - [R'T/ {1 - ax) n, Fliniyy + R /7[R /(0 - e In, F Iniy
(2.17)
.vipere
!
E°E’ - Standard electrode potentials for chathodic and anodic reactions,
‘c?! iaD -

Exchange current densities for cathodic and anodic reactions,
respectively.,
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Cathodic current, anadic corrent

=
]

a, - Cathodic transfer coefflicient, anodic transfer coefficient

n,n, -  Number of electrons involved in the cathodic and anodic
reactions, respectively

The kinelics of electrochernical corrosion is usually determined by measuring
lhe potentials and currents of the two half reactions separately using suilable
electrodes. Then the polentials and currents are ploiled on the same current
potential plot known as Evans diagram. The two polarisation curves will attain the
same current magnitude al the point corresponding to the corrosion current. Then
the corrosion rate can be computed [rom the corrosion current.

Ferrous oxidation reaction

Kinetics of ferrous oxidation by dissolved oxygen in acidic solutions has been
well studied with relevance to treatment of waste liquors (Iwai et al. 1979; lwai et
al. 1982), zinc pressure-leach process (Dreisinger and Peters, 1989) etc. The rate

equation is of the form

RFL‘Z" =kC$L‘2* ;'It P()z (2.18)

In sulphate solutions m = 2 whercas in chloride solutions m = 1. n varies from
-0.25 to -1 The rate is also reported to be dependent on sulphate concentration
(Dreisinger and Peters, 1989). Activation energy for the reactions is in the range

50 10 RO KJ/inol.
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Ferrous oxidation in atkaline solufions has been studied during tre preparation

of magnetite particles by the oxidation of aqueous ferrous hydroxide suspensions

{Sada er al 1990). ‘I'e reaction rate is zero order with respect to Fe?t

concentrattons and first order with respect to the concentrations of dissolved

oxygen. ln alkaline solutions the reaction is in fast reaction reginie.
Hydrolysis and Precipitation
During the oxygen leaching process, the metallic iron content of the reduced
ilmenite dissolves as Fe®' iron by the electrochemical rection, followed by the
';oxidation of Fe?' into Fe'. The formation of oxides of irons as a fine solid phasc
‘,is the result of hydrolysis of Fe'' in 1o soluble polymers and its subsequent
_ peecipitation (Blessa and Malijevie, 1989).
:llydrulysis
The two important mechanisms for the formation of Fe,04.H,O {rom
Fe(H,0)™* is olation and oxolation {Blesa and Matijevic, 1989).
iDfation
The evaluation of Fe,04,.xH,O from Fe(11,0),> by the olation mechanism

e be visualised as a polymerisation reaction upon deprotonation. The chain

Eeaction leading to hydroxo-bridged otigomers or polymers can be represented as

[Fe.(OH),, (H,0) ] .. |Fe,(OH),,, (H;0),,]°"™" +H
(2.19)



Olation processes are reversible and depolymerisation may be easily achieved by

acidifying the solutions.

Oxolation

The second type of polymerisation involved in the formation of hydrous

F&;,0,.xH,0 is oxolation. In this case, oxo-bridges are formed from two hydroxide

ligands through depolymerisation.

~Fe-OH+HO-Fe~ — Fe-0-Fe-+H,0 (2.20)
“The reactants are polymers of veriable size. Oxolation reaction is irreversible,
Precipitation

Solids can form dircctly from monomors or small oligomers as well as by the

intervention of larger polymers. Stable oxides are formed by the process of

issolution-recrystallisation of amorphous hydrous oxides, initially formed,
Fe' {ag) - Fe,0,.xH,0 (an) sa - FeOOH wa - Fe,04 (2.21)

Table 2.1 summarises various forms of iron oxides which can be precipitated
depending on the solutions conditions like temperature, pH, anions etc (Ward et

al., 1989).
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2.4. Analysis of Three phase llydrometallurgical Oxygen
Leaching Models

Accelerated corrosive leaching process for iron removal is essentially a three
phase (gas-liquid-solid) reaction system. General models for three phase slurry
leaching processcs in hydrometallurgy have been proposed by Papangelakis and
Demopoules (1992), and Dixon and flendrix (1993). Pressure leaching processes
for zinc, copper’, elc are typical examples, and a number of models [or them are

|
available (Papangclakis et af., 1986; Baldwin et al., 1995).

In general, a gas-liquid-solid leaching process in hydrometallurgy involves the

following reactions:

Algas) - Afaq) (2.22)

Afag) +bB (S) 5 <¢C(aq) + dD (aq) (2.23)

The main types of rate processes laking place during leaching are:

Kl) mass iransfcr of the reacting gas (usually oxygen) from the gas to aqueous

phase.

{2} mass transfer of the reacting gas {rom the aqueous phase to the solid surface,
(3) Reaction at the solid surface

(4} Oxidation of the dissolved metal in the aqueous phase

(5} Precipitation of the oxidised species.

In the case of porous solids, one more step is involved viz. prous dilfusion.
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Pressure leaching processes for the ores of zing, g()l(l and copper etc involve
the same rale processes as encouniered in the ammoniacal oxygen leaching process
for iron removal. In all these processes the reacting gas is oxygen and involve iron
dissolution, aqueous phase oxidation and precipitation. Pressure oxidation of

anscnopyrite is a typical exampale and involves the following iron dissolution,

aquevus phase oxidation and precipitation reactions:

4FeAsS (s) + 130, (g) + 6H,0 — 4H;AsO,4 (aq) + 4Fe?* (aq) + 450
(2.24)

2le?! (aq) + é()z (g} + 211" (aq) = 21 (ag) + H,0 (2.5)

Fe?* (aq) + H3As04 (ag) — FeAsQy (s) + 3H* (ag) (2.26)

Another closely related system is pyrite oxidation in alkali solution which also
_involves iron dissolution, aqucous phase oxidation and precipilation (Ciminelli and

Osseo-Assare, 1995).

Analysis and Comparison of various models

An analysis and comparison of various models lor the above systems can be

done as given in Table 2.4.
General Deliciencics of the maodel

The models of Papangelakis ef al. (1986); Lin and Sohn (1986); and Ciminelli
and Osseo-Asare (1995) do not take into account mass transfer steps or controlling

Cseps.  The rate of mass transfer during a process 1s dependent on reactor
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characteristics, operating conditions and parameters. A model which does not take
into account these aspects is not of general applicability. Papangelakis and

Demopoulos (1992) take into account all the constituent steps including (he mass

transfer steps but consider the extreme cases of Cp=C; and C,=0. The mode! of
Baldwin ef al. (1995) is reliable in this respect. However, the iron dissolution rate
is expressed in terms of solution concentrations without assuming any model for

heterogencous phase reactions involving particles. Even though the sysiems

involve the formation of an additional solid phase by precipitation during the
process, none of the models take into account the effect of this additional solid

phase on mass transler rates and reaction kinetics.

It is evidenl from the analysis of the models that they are specific to the
system concerned and do not find general applicability.  Tlence it is proposcd o

develop a model for the oxygen lcaching process in a mechanically agilated

contactor which take into account all the constituent steps as well as controlling
steps and predicts the rate, conversion and solution condition as a function of
various operating v.m'iuhlcs like air flow rate, power input, solid loading, particle
size, oxygen partial pressuee ete, The proposed model also takes imto account the

influence of the additional solid phase formed during the process on the mass
transfer rates and reaction kinetics.

2.5. Modelling of Oxygen Leaching in the Becher Process: Gap in
knowledge base

From the reported investigations on the oxygen leaching step of the Becher
process, it is clear that there has not been any clfort towards understanding the
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process from an engineering point of view. Analysis of the process from this point
of view showed that the literature data on the various sub-processes is not adeguate
for the development of a process model. The following additional aspects are to be
studied.
(1) Solid-liquid mass transfer to coarse active particles (reduced ilmenite
particles) in the presence of inert micro-particles (iron oxide particles).
(2) Gas-liquid mass transfer in the presence of two solid phases: coarse (reduced
ilmenite} and fine (iron oxide) solid phases.
{3) Gas-liquid mass transfer in the presence of coarse active particles (reduced
ilmenile).
(4) Kinetics of the ferrous oxidation reaction in the near neutral pH range.

| (3) Overall kinetics of the process
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Chapter HI

SOLID-LIQUID MASS TRANSFER IN THE
PRESENCE OF INERT MICRO-PARTICLES*

T'he work reported in this Chapter has the following objective, namely, to
develop a quantitative expression for predicting the mass transfer rates between a
dissolved component in liquid and a solid in the presence of inert micro-particles.
Since this problem has an intrinsic and widespread merit not yet addressed to by
other investigators, the scope of the work has been widened to investigale several
micro-particles over a wide size and density range. As we shall see later,
solid-liquid mass transfer attenuation due to the presence of inedt micro-particles

has been interpreted as "mass transfer fouling”.

Viewed as a three phase leaching reaction. the presence ol micro-particles
iron oxide precipitate) introduced additional complexily to the system under
investigation. ‘The micro-particles could be viewed cither as a separale phase or
its behaviour modelied through a pseudo fluid approach. The pseudo fluid
approach has been found (0 be E]l(|CquaIC for representing the hydrodynamic
behaviour as in fluidised beds (Gibiloro and Rapagna, 1991) where the effective

viscosity of the pseudo fluid is given by

*Extracts from (his chapter has bheen published as “Solid-hguid mass transfer in the presence of
micro-particles during dissolulion of iren tn a mechanically agitated contraclor”, K.5. Geetha,
G.D. Surendler, Hydromelllurgy, 36 419910, 231- 240,



4975 + 10 - (84/11)$23

=1+5.5¢m (3.1
101915 -25 (1 0]

p=l=x

where [1 is the pseudo fluid viscosity and ., is the volume fraction of the

micro-pariicles.

In this chapter, the pscudo fluid concept and the development of
micro-particle phase concept are explained with a view to describe the mass
transfer of a dissolved component between coarse particles and  liquid phase in
the presence of inert micro-particles. It is shown that the pseudo fluid concept is
not applicable and that presence of inert micro-particles must be treated as a

separale phase.

Micro-particle in a turbulent system

In a turbulent system, micro-particles may be defined as particles having
size less than the Kolmogoroff's length scale v (Armanate et al., 1989), which is
the size of the smallest eddies in which the maximum energy dissipation occurs
and is given by q.2.12. Tor the turbulent system investigated in the present
study, 1 was computed as 15 um. Hence the coarse active particles of size above
200 pm and inert micro-particles of size less than 13 pm employed in this study

are separated by the Kolmogoroff's length scale 1y .
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3.1. Materials and Mcthods

The cementation reaction between iron and copper (Agarwal ef al., 1988;

leceral, 1978) viz.
Fe + CuSO,4 — eSO, + Cu (3.2)

was employed to determine the solid-liquid mass transfer coefficient under the

following conditions:

(I} The pH was kept approximately constant at a valuc of 6.

{2) Inert atmosphere was maintained by nitrogen sparging.

(3) The reaction was carried out in the initial mass transfer controlted stage (t < 5

minutes).

@ Concentration of copper deposit was less than 2 g/m” (as compuied from total
surface area of solids and timc) to ensurc that the reaction is not influenced

by surface roughness (Majima e al., 1992).

Both the cementation and iron oxidation reactions are electrochemical in
mature controlled by 1he diffusion of cathodic reactant (diffusion of copper ion and

tved oxygen respectivety) and hence the cementation reaction is an ideal

mglogue (o study the solid-iquid mass transfer without interference from gas
as in the case of the iron oxidation reaction. Cast iron particles were used as
coarse active solid phasc while kaolin, silicon carbide, iron oxide alumina and

#atase were used as incrt micro-particles. The inert particles belonged (o two
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size ranges: micron and sub-micron ranges. Kaolin, silicon carbide and iron oxide
were in the micron size range (dp > lum) whereas alumina and anatase were in
the sub-micron range ((Jp < 1 um). The propertics of the micro-particles are given
in Table 3.1 and 3.2. Particle size distribution and surface area were obtained in a
Malvern particle size analyser (Malvern 5000). The size range of coarse active
particles (cast iron) used in the study have been so chosen that they correspond to

the size of ilmenite employed in industrial reactors.

Table 3.2. Characteristics of micro-particles in the sub-micron range

Density Mecan particle Specific surface
Substance kg/m' size area
pm m*/gm
Anatase 3,900 0.33 4.82
Zirconia 5.800 0.41 14.71
Alumina 10 3,600 0.70 8.56
. Alumina 20 3600 0.50 11.90
* Alumina 50 3600 0.42 14.41

The experiments were carried out in a mechanically agitated contactor

prbvndcd with a standard six - bladed Rushton turbine (Nagata.1975) and four

kqually spaced balfics. A sketch of the reactor with all dimensions are shown in
Fig.3.1. The contactor was used either in the batch or continuous mode depending
g the volume hold-up of coarsc active particles. Fig.3.2 depicts the experimental

#4-up. Power drawn by the agitator was measured by a power meter (Larson and
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Fig.3.1. Details of the mechanically agitated contactor

38

i |



—_—
j i —
5
6
1 —
=—t1 L_
2
|

1 Reactor

2 Gas sparger

3 Motor

L A.C.Power meter
5 Rotameter

6 Nitrogen Cylinder
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Toubro) while the impeller speed was measured by a tachometer. The range of
process parameters is given in Table 3.3,

Table 3.3. Range of process variables

Parameter Unit Range

Speed of rotation of agitator S-‘i‘ - 3-20

Size of cast iron particles pum 200, 300 and 450
Volume percentage of inert - 0.25-6.0
micro-particles

Volume percentage of cast iron - 1,1.8,33,6,9and 12.8
particles

The kinetics of the cementation reaction was determined at a temperature of
32+1°C. The variation in pH during the rcaction was negligible. The concentration
of cupric ions was delermined by means of titration against sodium thiosulphate
solution (Ychya, 1988). During continuous rcactor experinmients, samplcs were
drawn after the- reactor had reached steady statc and the analysis of copper was
carried out by atomic absorption speetroscopy (Electronic Corporation of India
Limilcd).‘ Prior to mass transfer investigations the micro-particles were kept in
copper sulphate solution so as to ensure that the surfaces of the micro-particles

were saturated with the dillusing ions.

Calculation of Mass ‘I'ransfer Cocflicient
The solid-liquid mass transfer cocfficient, K., in an agitated rcactor operating

in batch mode is obtained through a differential mass balance of the solute over
the reactor volume,
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-V(,Ch/dl = Vk,,-[:’lx ((:h - (‘\) (.3.3)

where C,, and C, arc the concentrations of solute in the bulk solution and at the

solid surface respectively. In the case of electrochemical reactions C, is always

zero. Hence integrating equation (5), we obtain:

-|I] (Cf/Co) = kﬁﬁlsl (3.4)

where C, and C, are the initial and final concentrations respectively of solute in the

bulk solution.

For the continuous stirced reaclor operating at steady state, the mass balance

{or the solute over the reactor volume 1s

F (Cf'n - C,sr) = ka!ascst (3.5)

where F is the flow rate of CuSO, solution, C,, is the inlet concentration of Cu®*

. . . 2h . .
ions and C,, is the steady state concentration of Cu®’ jons in the reactor,

3.2. Results and Discussion

The suitability of the cementation reaction to predict solid-liquid mass
transler coefficient in a mechanically aéitated contactor was verified by (wo
independent criteria,

(i) The identification of critical velocity for solids suspension.
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(i} Applicability of well established mass transfer correlations reported in the

lterature.

Figures 3.3 and 3.4 depict these independent verifications. From Figure 3.3,
the critical speeds for suspension tic between 9.5 and 10 s™. The critical speeds for
suspension were computed as 9.60, 9.72 and 9.88 s' using the Zwietering

- corrclation (Zwictering, 1958),

N DO = §v01 402 g (Ap/p) %5 BO1? (3.6)

where N_ is the critical speed, D, the agitator diameter, v the kinematic viscosily,
dp the average particle size, g the gravitational acceleration, AQ the density

difference, Q the fluid density, B = 10 x weight of solid/liquid, and S is a constant
repreéenting the type of agitator. The close agreement between these values is
satisfactory.  Similarly, IYig.3.4 shows that the experimentally obtained mass
transfer coefficients in this work agree well with the prediction of Sano's
comrelation {Sano et al., 1974},

Solid-liquid mass transfer in the presence of inert particles in the micron
range (d,,, > | pm)

The introduction of inert micro-particles decreases the mass  transfer
Boefficient Lo a significant extent. This important behaviour is shown in Fig.3.5 as
b plot of relative mass transler factor o (ratio ol mass transfer coefficients with

md wilhout the presence of micro-particles) versus the volume fraction of
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micro-parlicles (t[lml,). Again it s cvident that the magnitude of change differs
with the type of particles. A threshold value of volume fraction (¢*) below which
the mass transfer cocelficient is not affecled by the presence of micro-particles may
also be present. The values are normatised and reploted in Figures 3.6 and 3.7,

which could be represented by the expression:

a=1+B31In(p*/ Pum,) (3.7

The parameters (3 and (* are given in Table 3.4. Both [3 and ¢* could be

expressed as functions of thc density and average particle size of tnert

micro-particles as follows:

p=433x 107°d, 20,0 (3.8)
6=0.17d%)2 0,0 (3.9

Table 3.4. Values of mass transfer attenuation factor ([3) and threshold volume

factor ({p*) of the inert micro-particle

Micro-particle o B N B $*

Anatase ' 0.19 0.0020
Iron oxide 0.17 0.0027
Keolin ' 0.09 0.0034
Stlicon carbide 91.8 pm) 0.156 0.0028
Silicon carbide (5.7 pm) 0.131 (0.0030
Siticon carbide {12.3 pm) 0.086 0.0035

18
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e following ranges are covered
1.0<d,, <13 um

2600 < @,,, < 5300 kg/m’

0 < up < 0.06

Figure 3.8 shows the parity plot of experimental and calculated o values

om equation 3.7). The agreement is found o be satisfactory (standard deviation

3.6%).

lid-liquid mass transfer in the presence of inert particles in the sub-micron
nge (d,,, < 1 pm)

The magnitude of the attenuation in solid-liquid mass transfer cocfficient k,

shown in Fig.3.9 as a versus ¢,,, plots. Comparison of Figs. 3.5 and 3.9 clearly

ows that under the conditions of identical volume fractions, inert particles in the
b-micron range induce larger reduction in solid-liquid mass transfer rates than

1en they are in the micron size range.

1eological and Colloidal Characterisation of Micro-Particle Laiden Slurry

Rheological characterisation of micro-particle laiden slurry were carried out
order to determine whether the increase in the effective fluid viscosity, making
¢ of the pseudo fliid concept, can be attributed to the solid-liquid mass transfer

tenuation. The measurement of rheology of the suspensions were carried out in a

Rhcomat 30 viscometer at different volume fractions of the micro-particles and

were found to follow the Bingham plastic behaviour given by,
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T= 'I‘(, + Ly (3 10)
Where rl—‘o = aebq)’”ﬂ, “ — Inefl¢rnfl

The constants a, b, m and n were cstimated by the regression analysis of the

measured T, and p values and are listed in Table 3.5. The cffective viscosity U

of the suspenstons under the experimental conditions were computed from the

relationship.

n, = Thy | (3.11)

where 7y is the shear rate around (he impeller, which has been expressed by Kargi

and Moo-Young ( 1985) as
y=10x N

N is the agitator spced in ™. The computed U, values of various micro-particle
suspension at 2 volume fraction of 0.06 are listed in Table 3.6. Fig.3.10 is a plot of
U, versus relative mass transfer factor a for various micro-particles, which clearly

shows that the chang\e in the rheology of the of the fluid cannot be attributed to the

mass transler atlenuation,

Table 3.5. Values of a, b, m and n in Eq.3.10 for various micro-particles

a b m n
Anatasc 011 1310 1.04x10° 18.5
Kaolin 4.78x10” 24.10 1.16x10° 27.85
Iron oxide 0 0 5.05x10™ 22.52
Alumina 10 3.27x10° 24.9 2.5x10° 13.38
Alumina 20 1.85x10° 35.20 3.85x107 13.66
Alumina 50 0.20 27.55 5.16x10° 28.38
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Table 3.6. Values of L, at a volume fraction, §,,, = 0.06

W Pa. S

Anatase 5.3x10°

Kaolin 7.9 x10°
lron oxide 2.0x 10"

Alumina 10 6.8 x 10°
Alumina 20 1.0x 102
Alumina 50 - 1.1 x 107

The colloidal characterisation of the micro particle laiden slurry was carried
out by measuring the Zcta potentials of the slurries under the experimental
conditions (in 0.002 N CuSO, solution) in Zcta-Meter system 3.0 +. Zeta
potential of alumina is positive whereas for all other micro-particles it is negative
(Table 3.7). However, irrespective of the sign of the surface charge, all the
micro-particles induce significénl mass transfer attenuation. Thus, the mass
transfer attenuation due to the presence of micro-particles cannot be attributed to
its pscudo fluid behaviour or to its colloidal propertics.

Table 3.7. Zeta potentials of micro-particles

Zeta potential

Iron oxide - 33.2
Kaolin -21.4
Anatase -22.0
Alumina 32.96
Zirconia ‘ -17.4
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Mass Transfer Fouling due to inert micro-particles

In a mechanically agitated system, the coarse active particles can be
considered to be pseudo-slalionary compared to the inert micro-particles due to
the large difference in their relaxation times. Relaxation times Tp (defined as the
time it takes for a particle at rest to be accelerated within 63% of the fluid
velocity) of inert micro-particles lic in the range 10° (0 10" S, whereas thosc of
the coarse active particles are of the order of 107 S. Mass transfer attenuation
‘observed in this system can be explained by analogy with fouling of heat transfer
surfaces. Fouling of heat transfer surfaces is the net result of particle transport
towards the surface and its removal from the surface (Melo et al., 1988; Muller

Steinhagen et al., 1988; Epstein ¢t al.. 1988).

Brownian diffusion and incrtial impaction are considered (o be the main

mechanisms of particle transport towards the fouling surface (Muller Steinhagan

etal,, 1988). The type of mechanism that determines the transport rate has been

associated with the dimensionless relaxation time (T ") given by

T, = wk p,d,>/ 18uy (3.13)

P

where u* = f(riction velocity (u //2)

u = mean fluid velocity
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Various authors have given different ranges of Tp+ for the diffusion
controlled regime and inertia controlled regime to be effective. In the inertia

controlled regime, deposition vclocity is a function of Tp+ {(Papavergos and

Hedley, 1984).

For the micro-particle removal process, Rampal and Leighton (1994) have
provided an interpretation of the removal or resuspension of scdimented particles
from a surface in a turbulent system as the result of shear induced migration.

Shear induced diffusivity is given by Leighton and Acrivos (1986) as,

D, = ya?/D (3.14)

-

where D) is given by

D =42, (1 +1 ¢t (3.15)

Y is the shear rate, a the radies of the particle and <|),,,,, the volume fraction of

micro-particles.

When the inert particles are in the micron size range the dominant mechanism
of particle transport towards (he surface is inertial impaction, which is a function
of TPJr (Muller Steinhagen et al., 1988). The micro-particle concentration Cs_p

developed at coarse active particle surface as a net result of particle transport

towards the surface and shear induced removal from the surface will be a function

of Tp+ and shcar induced diffusivity D The surface concentration Cg‘P of
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micro-particles causes added resistance 1o molecular diffusion and hence results in
solid-liquid mass transfer fouling. The parallel plots (Fig.3.11) of a versus
In('l_'er.Pe,)’l where P, is the Peclet number in terms of shear induced diffusivily,
is in accordance with the above interpretation of mass transfer fouling. The
y-intercepts were eslimaled to be In 23.3¢y,, and the data were reploted as in

11g.3.12 leading to the final expression.
a-In (23.3¢m) = 0.33 In (St.P,) ™" +0.27 (3.16)

where Pe, is the Peclet number in terms of D

Sub-micron particles induced mass transfer fouling

When the particles are in the sub-micron range, the dominant mechanism of
particle (ransport (owards the fouling surface is Brownian diffusion
(Muller-Steinhagen et al., 1988). Brownian diffusion and shear induced diffusion
generate opposing flux such that at pscudo steady state conditions, the particle
flux duc to Brownian diffusion is balanced by the particle flux due to shear
induced diffusion at any point (-)n the coarse active particle surface. In other

words.

Cb.p

_Ds E— = DB (Cb,p - Cs,p) (317)
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where Cb_p and Cs‘p are the particulate concentration in the bulk liquid and at the

coarse active particle surface, respectively, and z is the distance along the coarse

active particle surface. Solution of Eq.3 is

C,, = Ce®™ + C,, (3.18)

where C is a constant.

In a turbulent system, according (o the surface renewal theory (Briens er al.

1993), the solid-liquid mass transfer coefficient k,, is related to the molecular

diffusivity Dy, and the surface renewal rate s viz.

k, (DyS)"? (3.19)

The presence of micro-particles has been found to decrease molecular

diffusivity and surface renewal rate (Fortuin and Klijn, 1982). Hence, the inert
particle concentration Cg, at the surface of the coarse active particle will reduce
the solid-liquid mass transfer coefficient so that the reduced mass transfer

cocfficient (K,,), and henee a will be « function of C.,_p. which in wrn is a function
of Dy/Dyand C, .
The magnitudes of D, of the inert sub-micron particles were computed from

Eq.(3.14) and magnitudes of Dy, were compulted as follows using the well known

expression reported in the literatie (Sami Sclinn ef af ., 1003}
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Dy, = kg T/ T, (3.20)

5: =1+1.45 ¢pm, (3.21)

where Ky is the Boltzman constant, 1y, is the Brownian diffusivity at infinitely

small concentration and ¢, is the volume fraction of micro-particle in the bulk

fiquid phase,

f, = 6npea (3.22)

where a is the radius of the micro-particle and y, is the clear liquid viscosity.

Shear induced diffusivity D, was computed from the settling velocity of the

particle in clear liquid.-

Fig.3.13 depicts a plot of a versus In(D/Dy) for various volume fractions. It

is evident that the mechanistic interpretation proposed here is essentially correct
since the slopes of the plots for various volume fractions are identical, the

y-intereept being dependent on volume fraction of micro-particles. The data was

normalised with respect to the bulk volume fraction @, and is given in Fig.3.14,
The factor is expressed as P.y/P,, where P, and P., are Peclct numbers

containing Dy, and D, respectively. The final expression is given by,

a-1n6.62 957 =011 1In (P /P.) - 18 (3.23)
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Solid-liquid mass transfer in the presence of inert micro-particles with high

volumne fraction on coarse active particles.

Mass transfer experiments were carried out with cast iron particles upto 40%
by volume in the absence and presence of inert micro-particles in the continuous
reactor. Solid-liquid mass transfer coefficients and relative mass transfer factors
are given in Table 3.8, from which it can be seen thatsthe mass transfer to active
particles is influenced predominantly by the volumetric hold-up of inert
micro-particles even at high volumetric hold-up of coarse active particles similar
to those encountered in industrial processes (Bracanin ef al, 1980). At comparabie
concentration, the inert micro-particles thus play the dominant role in reducing the
solid-liquid mass (ransfer cocfficient, the actual mechanism of which is still not
clear and require further study. An- agitator speed of 15 s' was used in the

experiiments to ensure suspension of active coarse particles.

Table 3.8. Solid-liquid mass trans(er coefficient, k), at various volume fractions
of cast iron particles in the presence of inert micro-particles

Volume of kg (um/S)
CaSt. ron Volume of kaolin " Volume of anatase micro-particles
particles . o
9%) micro-particles
3.8% 5.8% 2.6% 3.8%
0.7 390 (0.93)* 370 (0.88) 220 (0.52) 180 (0.43)
2.1 380 (0.90) IR0 (0.90) 250 (0.60) 210 (0.50)
4.3 400 (0.95) 360 (0.86) 240 (0.57) 190 (0.45)

. . . 1
*Values of a are given in brackets, agitator speed - 15°S
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3.3. Conclusions

1)

2)

3)

During the iron dissolution reaction iﬁ a mechanically agitated contactor, the
presence of inert micro-particles significantly reduced the solid-liquid mass
transfer coefficient, kg, by as much as 60%, depending on the volume fraction,
size and density of micro-particles. Under the conditions of identical volume
[ractions, inert particles in the micro size range induce more reduction in k,

than when they are in the sub-micron size range.

A new correlation was developed for the relative mass transfer factor, a, in
ferms of average particle size, density and volume fraction of the inert
micro-particles.  The mass transfer attenuation phenomena has been
interpreted in analogy with heat transfer fouling aﬁd modified correlations

were developed in terms of Peclet numbers and dimensionless relaxation time.

The reduction in the solid-tiquid mass transfer coeffictent was found to be

independent of the volume fraction of the coarse active particles.
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Chapter 1V

GAS-LIQUID MASS TRANSFER IN THE PRESENCE
OI" INER'T SOLID PARTICLES

The work reported in this chapter sceks to determine the magnitude and
manner of influence of the multi-solid - phase containing both coarse  and
micro-particles as gas-liquid mass transfer rates by an experimental technique,

namely, sulphite oxidation technique.

During the oxygen leaching process for iron removal, gas-liquid mass transfer
takes place in the presence of (wo types of solids viz. coarse solid phase (ilmenite,
(d;)ey = 200 um) and micro solid phase (iron oxide, (d,)a, = 1.06 um). There is
cxtensive data on gas-liquid mass transfer in the presence of inert solids (Scction
2.3) expressed in terms of slurry viscosity and volume fraction of solids-volumeiric
gas-liquid mass transfer coefficients in the presence of inert coarse particles have

been correlated by various fnvestigations (Beenackers ef af. 1993) as,
(kyag)s = kya, (1 -Dbé) ‘ (4.1)
flowever, there is not any information on how b varics with the type and size of the

solid particles. Also, there is not any information on gas-liquid mass transfer rate

in the presence of two Lype of solids - coarse and line particles.

Gas-liquid mass transfer rate measurements were carried out in the presence

of ilmenite particles and synthetie iron oxide particles (with no simultancous
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solid-liquid mass transfer) separalely and then in the presence of mixtures of these
fwo solid phases in an agitated reactor in order to find out the role of these
particles in modifying the gas-liquid mass transfer rate during the iron removal

process.

4.1, Materials and Methods

Dynamic methods for gas-liquid mass (ransfer rate measurements were not
found suitable for this study because of the fouling and damage to the measuring
probes caused by the solid particles. Sodium suiphile oxidation under the

conditions of slow reaction regime was sclected as the measuring technique (Ruchi

et al., 1985). The equation is
2Na,SO, + O, - 2Na,S0, (4.2)

In the slow reaction regime the rate of oxygen transfer through the gas-liquid
boundary is equal to the rate of oxygen consumption through reaction in the bulk

liquid and the concentration of oxygen in the bulk liquid is almost zero.
kyag (C;-0) =rg, (4.3)

where kg, is the volumetric gas-liquid oxygen mass transfer coelficient, C, is the
concentralion of oxygen at the gas-liquid interphase and rop, is the rate of reaction
of oxygen. From Eq.(4.1)

rs0, = 2!‘02 (4.4)

where fso, is the rate of oxidation of suiphite. From Eqs.(4.2) and (4.3)

I'so, = Zkg[agCi (4.5)
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For batch operation,

_— = Zkglag(-:i (46)

where Cso, is the concentration of sulphite in the reactor. Following the change in

concentration of sulphitc with time, the volumetric gas-liquid oxygen mass transfer
coefficient can be determined. The following conditions were maintained to

ensure the slow reaction regime (Ruchi ef al. 1985).

Na,SO, 800 mol m (initial concentration)
NallCO, 250 mol m”

Total tonic strength 250 ion m”

T J05+2'K

pHi 8.2 .

‘The experimental set up is the same as in Fig.3.2. Measurements were made
at a temperature of 305+1°K. Sulphite oxidation was carried out in a batch mode.
Steady stale conditions were realised after 30 minutes. Samples were withdrawn

at intervals of 10 minutes. The sulphite concentration was dctermined
iodimetrically.  Values of ks‘a,3 were calculated using Eq.4.5. When the
experiments were carricd out in the presence of iron oxide particles and ilmenite
particles, agitater speeds of 12 rps and 16 rps respectively were maintained in order

to ensure the suspension of solids. The ranges of parameters used are given in

Table 4.1,
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Table 4.1. Range of process variables

Parameter Unit Range
Speed of rotation of agitator ' rps 12,16
Size of ilmenite particles pum 225
Size of iron oxide particles um 1.05
Gas flow rale ' m’/S 3x10°
Volume percentage ilmenite - 0-7.1
Volume percentage of iron oxide - 0-3

4.2. Results

The volumetric gas-liquid mass transfer coefficient kg,ag was calculated with

reference to the liquid volume and not to the slurry volume

. The experiments with the slurry of ilmenite particles were carried out in the
absence of sun light in order to avoid the effect of photocatalytic oxidation caused
by ilmenite particles. Gas-liquid mass transfer rate measurements were also

carried out in slurries constituted by mixtures.

Upto a volume fraction of 0.001 of iron oxide there is negligible change in

kﬂﬂu. eyond this volume fraction a lincar decrease in kgﬁlg. The relative mass

transfer factor (kya,),/{k,a,) versus volume fraction of iron oxide is plotted in

Fig.4.1, leading to the following linear relationship.

(k a,)
R b @)

3 - 0.052

gidg
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Fig. 4.1. Vanation of relative gas—liquid mass transfer coefficient
with volume fraction of iron oxide.
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where kg|ag is the volumetric gas-liquid mass transfer coefficient in the presence of

iron oxide particles.

Reduction in gas-liquid mass transfer cocflicient in the presence of ilmenite
particles is depicted in Fig.4.2. An analysis of data lcads to the expression
(kgfag)s =1 ¢‘

kga,  0.45

where b is a function of the size and type of solids.

(4.8)

The observed decrease in gas-liquid mass transfer coefficient due to the
presence of inert solids is in accordance with the reported data (Section 2.3),

showing a linear decrease with volume fraction, ¢, of the solids, as given in Eq.4.1.

Gas-liquid mass trarisfer coefficients in the presence of both the solids
(ilmenite and iron oxide) are listed in Table 4.2. 1t can be seen that the mass
transfer rate is influenced predominantly by the volumetric hold up of

micro-particles even at high volumeltric hold up of coarse particles.

Table 4.2. Relative volumetric gas-liquid mass transfer coefficients in the presence
of mixture of ilmenite and iron oxide particles - comparison with
individual coefficients

Ghiron oxide Pitmenite (k glug) iron oxide (kglag) ilmenite (kglﬂg) mixture
kslag kglag kglag
0013 0.083 0183 0.180 0.361
0.026 0.066 0.361 0.146 0.507
(L039 0.052 (0.539 0.115 0.654
0.052 (L0313 0.717 0.073 0.790
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Fig. 4.2. Plot of relative gas-liquid mass transfer factor

versus volume fraction of ilmenite.
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4.3. Conclusions

1. . Reduced volumetric gas-liquid mass transfer coefficients in the presence of
iron oxide (micro) and ilmenite micro-particles were correlated in terms of

volume fractions of the particles.

2. Under comparable concentrations of micro and macro-particles,
micro-particles induced significant reduction in gas-liquid mass transfer

coefficient.
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CHAPTER V

INVESTIGATIONS ON OXYGEN LEACIHING
PROCESS FOR IRON REMOVAL FROM NON-POROUS
METALLIC IRON PARTICLES

The work reported in .lhis chapter is aimed at developing a steady state
process model for the ammoniacal oxygen leaching process for iron removal under
isothermal conditions. As a non-porous solid, metallic iron particles of size ranges
similar to ilmenite have been employed to experimentally measure the kinetics and

validate the model. As an important spin off(, the kinetic parameters of the ferrous

has also been determined*,

The following reaction sequence is proposed for describing the iron removal

process by oxygen leaching.

1. Reactions at the solid surface

(a) Anodic reaction

Fe° —  Fe*+2¢ (5.1a)
(b) Cathodic reaction:

O, + 2H,0 + 4¢¢ » 40H (5.1b)

*[ixtract from the work reported in this chapter has been published as "Modelling of ammoniacal
axypen leaching of myetatlic iron in o stirred slurry reaclor”, K.S. Geetha, G.D. Surender,

tlydrometallurgy, 44 (1997) 213-230.
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2. Reaction in the solid-liquid film

(a)Buffering action of NH} ions:

NHj + OH™ — NH3 + H,0 (5.2a)

(b) Complex formation:

Fe(H20)§+ + xNH; — [FC(NH3)X (HzO)é_,]Z"' + xH,O (5.2b)

3. Reactions in the bulk liquid

(@  |Fe(NH)x (H,0),,J* + H,0 » Fe(H,0)* + xNH,  (5.3..1)

NH, +H,0 — NiL} + Ol (5.3.2.2)

(b) Oxidation of ferrous ions

4Fe(H,0)% + O, + 4H* — 4Fe(H,0)¥ + 2H, O (5.3.b)

(c) Hydrolysis and precipitation

34 Hydrolysis and

FC(Hzo)(, - Fe,03.xH,;0 (5.3¢)

precipitation

5.1. Development of the model

A pseudo-steady state model for the constant rate phase of the iron
conversion process under isothermal conditions is proposed below, based on the

following assumptions.
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{a) liquid and gas phases are well mixed

(b the rate of clectrochermical dissolution of tron is controlled by the oxygen
mass transfer rate

(c) the oxidation of ferrous ions is in the slow reaction regime

(d}  the rate of hydrolysis of Fe™* ions is controlled by the rate of oxidation of
Fe®" ions in the bulk liquid phase

(e) ferrous ions ncither hydrolyse nor precipitate

These assumptions are based on a comparison of the time constants of the
sub-processes described in chapter 11 and given in Table 5.1, Assumption (b), in
particular, is based on the reporl. (Farrow et al. 1987) that the rate of electrochemical
dissolution of iron is given by the limiting current density of cathodic oxygen

reduction reaction.

Table 5.1. Maximum values of time constants for various sub-processes under the
operating conditions

Sub-process Time constant
(S)
Mixing 2.1
Gas-liquid mass transfer 9.3
Solid-liquid mass transfer - 4.6
Fe®* oxidation 9.7
Iydrolysis 10?

Taking an oxygen balance over the bulk liquid volume, V

V(dCb/dl) = nglag(Ci - Cb) - VkslaS(Cb - Cs) - VROz.h (5.4)
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where Roz,n is the rate of reaction of oxygen through the homogeneous phase

reaction (ferrous oxidation, Fq.5.3Db)).
From Eq.(5.1a), Eq.(5.1b) and Eq.(5.3h)

Ro,, = %Roz,s (5.5)

Where Ro,, is the rate of oxygen consumption by the electrochemical reaction.

Since the electrochemical dissolution of iron is controlied by the rate of

oxygen mass transfer (o the surface of iron particles:

C, =0 | (5.6)

and

R(_)Z'J = kslast (5.7)

From Egs. (5.4)-(5.7}

(dCy/dD) = kya,(C, - C,) -%ks[ascb (5.8)

Assuming steady state

kgiag(Ci- Cb) = %ks.asch 5.9)

The total rate of consumption of oxygen by electrochemical and ferrous oxidation

geaction is given by

Ro, = kgay(Cy - Cy) (5.10)
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From Eq.(5.9) and Eq.(5.10)

(C1/Ro,) = %[(l]k,.a,) + (1kgay)] (5.11)

From Eq.(5.1a), Eq.(5.1b) and Eq.(5.3b)

. Ro, (5.12)

wherce R, is the rate of dissolution of iron

5.2. Experimental

The iron removal process by oxygen leaching was carried out in a
mechanically agitated contactor. 'The dimensional details of the reactor are given in

Table 5.2. The characteristics of the coarse active particles (iron particles) were

Mesh size = +210 - 250 pm
Purity = 98%
Grade = Electrolytic

Table 5.2. Dimensional details of the reactor

Parameter Vaie

Internal diameter of the reactor 0.250 m
Diameter of six-bladed disc turbine 0.100 m
Length of blades 0.025 m
Width of blades 0.020 m
Diameter of axial flow turbine 0126 m
Distance between impeller and tank bottom 0.062 m
Number of bafiles 4
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The reactor was provided with an cxternal jacket for temperature control by the
circulation of water. A six-bladed disc turbine and a four-bladed axial flow (urbine
were used in the investigations. The cxperimental equipment is shown in Fig.5.1.

The ranges of process parameters studied are given in Table 5.3,

Prior to experimentation on the kinetics of the process, the agitator speeds for
the suspension of iron particles under various solid loadings and air flow rates were
delermined using the Zwielcring's criterion (the particles remain at the tank boltom
for less than 1 sec). Agitator speeds were kept above those required for suspension,
as given i Table 5.4, Tron oxide sturry samiples were drawn at regular intervals
dring the reaction, after ensuring that the mixing in the reactor was sufficient lo
maintain uniform suspension of iron oxide particles. The slurry samples were
aidified with 5 M HCI, boiled for 15 min and were analysed for iron. The removal
o iron from the metallic iron particles at various intervals of (ime was calculated

from the estimated values of the iron content of the samples. Iron oxide slurry
. . - 2+ . . ,
amples were also withdrawn for the determination of Fe ion concentrations. The

s of the slurry samples was reduced 1o a value around 3 in order to prevent further

aidation of ferrous ions and their subscequent precipitation. The slurry was then

fliered and FFe?* ion concentration was determined by colorimetry (Vogel, 1989).
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Table 5.3. Range of process variables

T "~ Parameter Unit Range
Power dissipation, € KW/m? 8-10
Gas flow rate, gs m3/s 8x10° - 2x10™
Weight percentage of iron particles, W - 5-40
Average size of iron particles, dp um 230
Partial pressure of oxygen, Fo, Pa 1.22x10* - 1.01x10°
Temperature, T K 305412

Table 5.4. Minimum agitator speeds for suspension of iron particles, N, (s')

_Welght“— ‘Air flow rate (mr'/s) Downward purnping axial
percentage Six-bladed disc tubrine flow turbine
of fron e
particles 0 Ixi0” 2x10" 0 Ix10* 2x10t
10 7.50 8.30 9.00 8.00 9.00 11.00
20 8.30 10.00 11.70 9.00 10.00 11.70
30 9.00 11.00 12.50 11.00 12.50 13.20
40 11.00 13.30 [5.00 i2.50 14.00 15.50

Iron oxide slurry was circulated with the help of a magnetic pump (scal-less
magnet driven monobloc chemical pump model} for on-line measurement of pH,
temperature and oxidation reduction potential (clectrodes provided by lon Exchange

Indiaj, A silver/silver chioride relference electrode was used for the measurcment of
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oxidation reduction potential. On-line  measurenicnt of dissolved oxygen
conceatration was carricd oul by using a dissolved oxygen meter (Oximeter, OX

196). The power inpul 10 the system was measured using an AC power meter

{Larson and Toubro),

5.3. Model validation
A tincar relationship between iron conversion {dissolution) and time was
observed for various process conditions investigated in this work at low partial

pressures of oxygen (<2.0x10%Pa). A typical plot is given in Fig.5.2.

The mass ftransfer coefficients required for the computation of iron
conversion rates from the madel equation; namely, the solid-liquid and gas-liquid
mass {ransfer coefficients, were calculated using the correlations reported in the
lilcfaturc. The various correlations for  volumieiric  gas-liquid mass  transfer

coefficient (kglag) used in the analysis are given in Table 2.3. The solid-liquid mass

transfer coefficient {K )} was calculated using Sano's correlation [Sano et al., 1974],
since it predicted the solid-liquid mass transfer rate 1n a similar system in a previous
study [Geetha and Surender, 1994, The saturation concentrations C;, of oxygen in
ammonium chloride solulic;n under various partial pressures of oxygen were found
{0 be the same as those in water {(within experimental error). Iron conversion rates

were computed from model equations and comparcd with experimentally obtained

values. Close agreemient between experimentat and predicted values of rates
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Fig.5.2. A typical plot of percentage conversion of iron versus lime.
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(Fig.5.3) was observed when the correlation proposed by Linck et al [1987] was

employed for computing k,,a,.

Voluinetric gas-liquid mass (ransfer coefflicients in the presence ol inert
coarsc particles have been correlated by various investigators (Beenackers and

Swaji, 1993) as
(kyay), = kya, (1 - bp) (5.13)

whcre (kglas)s is the volumetric gas-liquid mass transfer coefficient in the presence

of solids and ¢ is the volume fraction of solids. Experimental and predicted values

of iron conversion rates showed close agreement when b = 0, as shown in Fig.5.4.
This surprising results can be due to the fav;l that the coarse solids in the present
study are aclive to mass transfer, in contrast to the inert solids used by other
investigators [Beenackers and Swaji, 1993]. This aspect is discussed in Section 5.5

by suggesting a mechanism.

Table 5.5 compares the predicted and experimentally observed values of
dissolved oxygen conccntrations in the bulk liquid phase. While at low solid
loadings the experimental and predicted values are in agreement at higher solid
loadings (greater than 20% by wcight) the experimental values are lower than the
predicted values.  Aithough the experimentaily observed dissolved oxygen
concentrations approach zero when the solid loadings are above 25% by weight the
iron removal rates are well predicied by the imodel cquation. This important result is

discussed further.
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5.4. Shift in the controlling mechanism with solid loading

Linear plots of C,/Ro,, versus a;' are predicted by Eq.(5.11), derived from

the model proposed in this work. A typical plot is shown in Fig.5.5. The y intercept

¥, represents the resistance to gas-liquid mass transfer Rg, = lfkg,ag. At any point

on this line y -y, gives the resistance to solid-liquid mass transfer Ry = Lk a,. For
example, at a solid loading of 30% by weight (a;l = 5.5x10”* m), it is given by B' as

12.5 S. R, at both these points are given by A and B as 8 S. 1t is clear that, at

high solid loading, R, is negligible compared to R,,. This implies that, as the solid

loading increases, the controlling step shifts progressively from solid-liquid mass

transfer to gas-liquid mass transfer.

5.5. Discussion

Gas-liquid mass (ransfer at i\igh solid loading

Interaction between solid particles and gas bubbles has been studied
theoretically and experimentally by sevcral investigators with relevance to flotation
processes. The important factor characterising particle-bubble interaction is the

Stokes number, given by,

Sk =é (0p/0) (d,/dy) 'Rey, (5.14)

where @, and Q arc densitics of particle and Yiquid respectively, d; and d,, diameters

of particle and bubble, respectively, and Re, is the bubble Reynold's number. For

iron particles of 230 um diameter, Sk > 0.1 and particle-bubble collision
probability is high in this range (Finch and Dobby, 1990}, Particte-bubble collision
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is followed by a sliding motion of the particles over the bubble surface. Schulze
{1994) have given a corrclation for collision frequency in terms of energy dissipation

rale and number of particles and bubbles.

In the present study, for an air flow rate of 8x10° m'/s and an energy
dissipation rate of 10 kW/m’, average bubble diameter and the specific number of
bubbles were computed from bubble diameter, gas hold-up and specific surface area
of bubbles (Perry, 1984) as 3 mm and 1.6x10” m” respectively. For a particle
loading of 20% by wecight, the specific number of particles was computed as
6.?’3x1()° m™. Substituting these values in the correlation given by Schulze (1994),
particle bubble collision frequency per bubble is obtained as 5.38x10° S, This high
Irequency of collision indicales thaf liquid around the gas bubbles will be crowded
with particles, as shown in Fig.5.6. This causes obstruction in the diffusion path and
hinders the transfer of oxygen from gas-bubbles 1o the surrounding  liguid.
Negligible values of dissolved oxygen concentration in the bulk liquid phase at high
active solid loading can be accounted for by this phenomenon. Since the particles

are active, oxygen mass transfer takes place from the stagnant liquid surrounding

bubbles to the surface of the particles. As a consequence, a very low dissolved
oxygen concentration in the bulk liguid docs not result in retardation in iron
oxidation rates. A hypothetical concentration profile of oxygen for this condition is
shown in Fig.5.6. Further investigations are required to understand fully this

phenomenon of three-phase mass transfer under high active solid toadings.
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Table 5.5. Comparison of experimental and predicted values of dissolved oxygen
concentration in the bulk liquid phase

“Iron particles powé_r_ Air llow raic Iixperimental Predicted

(wt%) dissipation (m'7sx10% values of values of

(kW/m) dissolved oxygen  dissolved

‘ concentration, C, oxygen
(img/1) concentration,

C, (mg/)
5 10 3 3.50 3.18
10 10 3 1.90 1.92
15 10 8 0.70 1.34
20 10 8 0.10 1.00
25 10 8 0.00 0.78
5 15 8 3.90 3.46
10 15 8 2.60 2.14
15 15 8 1.30 1.50
20 15 8 0.50 1.28
25 15 8 0.00 0.96

Variation in pH, oxidation reduction potential and ferrous ion concentration of
the solution

Variation in ptl, oxidation reduction potential and Fe® ion concentration
with solid loading and partial pressure of oxygen during iron dissolution are given in
Figs.5.7-5.11. The oxidation-reduction potential of a solution is given by the Nernst

equation.

E = E,+ (2.3RT/nF) log (Fe®* /Fe*) (5.15)

where I, = the standard potential; F = Farady's constant; and n = the number of
clectrons transferred. The observed variations in oxidation-reduction potential and
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Fe®* ion concentration (Figs.5.7-5.10) are in accordance with the predictions of this

cquatiot.

It is observed that when solid loading varies, an increase in Fe?* ion
concentration (IFig.5.7) is followed by an increase in pH and a decrease in
oxidation-reduction potential (Fig.5.8). When solid loading increases, the number of

anodic sites prescnt per unit volume of slurry increases and causes a higher

. 2 ' . . . N . .
concentration of Fe®™ jons in (he solution resulting from anodic dissolution.

Correspondingly, pH increases as a result of the higher concentration of OH ~ ions
geheraled, due (o the cathodic reduction siep given by Eq.(5.1b}. However, when the
partial pressure of oxygen increases, Fe?' ion concentration becomes negligible
(Fig.5.9) and an increase in pH is followed by an increase in oxidation-reduction
potential (Fig.5.10}. The various frends observed in the variation of pll with a
variation in Fe** ion concentration and oxidation-reduction potential is due (o the

faster kinetics of homogeneous phase reaction at higher partial pressure of oxygen

(greater than 2.03x10° Pa).

Effect of partial pressure of oxygen

The rate of oxidation of Fe*' is proportional (o the partial pressure of oxygen
(Dreisinger and Peters, 1989). When the partial pressure of oxygen Po,, is greater

than 2.03x10* Pa, the hydrolysis of Fe’* ions is rapid (Biesa and Matijevic, 1989) (of
the order of 10* S'') compared to Fe?* oxidation, which becomes the controlling step.

Under these conditions, the I'¢™ ion concentration will be negligible and the
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oxidation-reduction potcntial assumes negative values. As the partial pressure of
oxygen is increased, the oxidation-reduction potential becomes positive and Fe*' ion
concentration decreases {approaches zero at 1.0x10° Pa). As shown in Figs. 5.10
and 5.11, oxidation-reduction potential increases with partial pressure of oxygen
uplo about 3.65x10" Pa and then levels off.  Under highly oxidising conditions
(positive oxtdation-reduction potential), the model is found not to be valid. The
deviation of the observed iron removal rates from predicted values is shown in

Fig.5.12. This can be attributed to passivation occurring at high oxidation

potentials and high pH values (pH > 8}.

5.6. Estimation of rate constant for ferrous oxidation reaction
In chloride solutions rate equation for ferrous oxidation reaction is of the

form (Dreisinger and Peters, 1989).
Rp2+ = k Cp2e C, (Ce)" (5.16)

The value of n has been reported by various investigators as -0.25, -0.36 and -1.
When the iron removal process is operated under steady state conditions, the rate of
iron removal is equal to the rate of ferrous oxidation rcaction. Hence, the rate of

lerrous oxidation reaction was compuled from the measured rate of iron removal

under various conditions in this study. Cg2+C,Cj. was also computed [rom the
measured values of C pe2e, Cp and pH. Plots of Rpe2r versus Cre2+Cp(Cy+)" were

drawn for the three values of n. The best linear plot (Fig.5.13) was obtained
when n = -0.36 and k was estimated 10 be 2.16 (mol/L)'S".
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Conclusions

1. A steady stale model for oxygen leaching process for iron removal in a
mechanically agitated reactor has been proposed incorporating solid-liquid and
gas-liquid mass lransfer sieps in series along with homogeneous phase
oxidation of fefrous iron in the bulk liquid phase. The model has been

validated for the initial linear phase of the overall process.
2. The rate of iron dissolution was insensitive to the loading of iron particles
which is explained as being due 1o the solid particles acling as oxygen sinks

inside an cncapsulated shell around the bubble.

3. I'he rate paramceters of ferrous oxidation reaction in the near neutral ptl range

have been estimated.
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Chapter VI

OXYGEN LEACHING PROCESS FOR 1RON
REMOVAL FROM A POROUS SOLID (REDUCED
ILMENITE): MODELLING AND EXPERIMENTAL

VALIDATION

This chapter describes a quantitative approach to predict the rate of iron
removal due to oxygen leaching of a porous solid containing metallic iron.
Reduced ilmenite obtained by high temperature reduction of ilmenite ore is used
as the porous solid in this study. Besides, the iron removal from reduced ilmenite
is a crucial unit process in the Becher process of synthetic rutile manufacture from
ilmenite and has tremendous indusirial significance.  Taking into account the
specific characteristics of reduced ilmenite, the model proposed in this chapter
extends the earlier model proposed in Chapter V for a non-porous solid. Since the
pore dimensions of reduced ilmenite ore is greater than the size of the precipitated
iron oxide particles, the presence of an internal sur{ace is likely to give rise to a
much slower iron removal rate duc (o restricted oxygen diffusion into pores filled
with iron oxide slurry than when the entire surface was external as in- the

non-porous solid.

0.1. Formulation of the Model

A model is developed for oxygen leaching process for iron removal from
porous reduced ilmenite particles under non-isothermal conditions based on the

following assumptions:
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Liquid and gas phascs are well mixed

The rate of electrochemical dissolution of iron is controlled by the oxyge
mass Lransler rate -

The oxidation of ferrous trons is in the slow reaction regime

The rate of hydrolysis of Fe'™ ions is controlled by the rate of oxidation of
Fe®* ions in the bulk liquid phase
IFerrous ions neither hydrolyse nor precipitate

Fe**-NH, complex formation and dissociation reactions are instantaneous

The diffusion of Fe’*-NH, complex from the reacting surface to the butk
liguid s very fast and is controlled by the diffusion of oxygen to the reactin

surface

Heat loss through the walls of the reactor is negligible compared to the loss

due to air sparging

Assumptions 1 to 5 are same as those employed in the earlier model (Chapter V)

and have been already explained. The remaining assumptions are to be justified by

the predictabitity of the model.

Temperature and humidity of the oxygen depleted air

From the measured wet bulb and dry bulb temperatures, the oxygen

depleted air Ieaving the reacting slurry was found to be saturated and in therimal

equilibrium with the slurry in the reactor.
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Distribution of mctallic iron in reduced ilmenite and the mode of dissolution

The metaltic iron s dispersed on the external surface as well as in the
pores of reduced ilemnite and constitutes only 23% of the total material. Since the
electrochernical dissolution of iron is controlled by oxygen mass transfer rate,
dissolution from the pores will ocewor afler dissolution from the external surface.
Orth and Liddel (1986} have -reporled increase in surface area during the initial
period of acid leaching of ilmenite particles. As evident from the SEM
photographs of reduced ilmenite particles, the surface is not at all smooth but
contains projecting globules and inner lowered surfaces. During dissolution some
of (he occluded surface will be opened leading to inerease in surface arca. The
mcasured surface area and pore volumes of reduced ilmenite before and after

reaction {Table 6.1) is also in accordance with this fact.

‘T'able 6.1. Specific surface arca and pore volume of reduced ilmenite

Specific surface area, m¥/gm Pore volume, cm’/gm
Particle size,
um Before reaction After reaction Before reaction Afler reaction
+150 -180 1.1463 3.1012 3x9x10™ 1.5x10
+210 -250 0.6636 2.2981 2.0x10* 1.3x10°

Hence the dissolution of metallic iron from reduced ilmenite is suggested

o be as follows:
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{a) Attime, t =0, the active surface area is a fraclion of the'total external surface

ared '

(b) As dissolution proceeds, more aclive sites are opened, i.e., a linear increase in

active surface area occurs from a conversion x = x,

{c} As dissolution proceeds further, the external deposit of iron gradually depletes,
i.c., a linear decrease in ac.livc surface arca occurs [rom a conversion x = x,

(d) When the external deposit of iron gets exhausted, iron dissolution starts from
the pores. When the conversion x = X;, iron dissolution follows shrinking core
mode!l controlled by diffusion of oxygen through the pores fifled by iron

oxide-slurry

Material balance in the liquid phase

Taking oxygen balance over the bulk liquid volume,

dC ,
V. '?d:_b =V [kg,ag (C, - Cp) -k, a, (C, - Cy) - Ron (6.1)

where Rg,, is the rate of reaction of oxygen through the homogeneous phase Fe®*

oxidation reaction (Eq.5.3(b). Rate of this reaction is given by,
R‘r.".:'.r - kc;.',leCh 7:;. (62)

where m varies from 0 to 1.
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From the stoichiomelry of reaction (5.3(b))

R%ﬂ:ian

k C[rczr Cf. ?}u

=

From Eqs.(6.1) and (6.3)

dc - ~ ™
V.5 2 [k (C-Ch) -k, a0 (C, - C) - TkCren C,C, |

By Fe®* ion balance over the bulk liquid volume V.,

deeu
dt

Rate of transfer of OH ions to the bulk liquid by reaction (5.1(b)

=V I:st,ras (Cb - C;) - kCFebe-C%]

:4kslas (Cb N Cs)

(6.3)

(6.4)

(6.5)

. . AR X ’
I" ions are produced by the hydrolysis of I'e™ ions. 1t is assumed that

hydrolysis reaction is very fast and hence it is controlled by the rate of Fe®'

oxidation reaction.

Le Bl . n ‘ . i * v
Pherefore, rate of hydrolysis of Fe'' jons = rate of Fe® oxidation

KCpCprorr Chie

According to the oxalation mechanism of hydrolysis (Blesa and Matijevic,

1989) cach Fe‘1l+ ion produees 3H" ions.
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Hence, rate of production of H' ions through hydrolysis reaction

= 3kaCFeZ+C}:+
Rate of consumption of H' ions by the reaction (5.3(b)} = kCpCprezr Chps

The ionic product, Cp» . Cop- of a dilute aqueous solution is always

10" (Vogel, 1989).

Cy+ .Co - = 10714 (6.6)

Let 7,0 be the rate of consumption of H' and OFH' ions for the formation of H,0

molecules,  The rate of accumulation of 11" and OIU ions over the bulk liquid

valume, V is given by,

dCOH_ = 4kslas (Cb - C;) -Ti.0 (67)
dt : 2
"thf' = 3kCyCre2 Cl5 - kCypCres Clt - 10 (6.8)

Eqgs.(6.7) and (6.8) arc combined to give

(JCHI
dt

= —--—-dc(;’:”” + ZkCFcZ* C;,C?;+ - 4ks.'a.9(cb - CS) (69)

Rate of iron dissolution
Since the clectrochemical dissolution of iron is controlled by oxygen mass
transfer rate to the surface, the rate of iron removal at any point of time is given

by,
dCFe

-V =2xVxkya, (Cp-C,) (6.10)
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Rate of formation of iron oxide

The overalt leaching and precipitation can be represented as
A4T¢ + 30, - 2V¢,0, (6.1 1)

Therefore the rate of formation of Fe,0, is given by,

Vi £‘:—::f(-)i = % Vkpag {C; - Cp) (6.12)

Variations in mass transfer cocfficients duc to the presence of precipitated

iron oxide

The influence of inert micro-partictes on solid-liquid mass transfer to
active particles has already been investigated and explained in detail in Chapter 3.
The correlation (Eg.3.7) was employed to compute the reduced solid-liquid mass
transfer coefficients at various amounts of precipitated iron oxide during the

PHOCESS,

16g.4.6 as well as reported correlations (Table 2.2) were employed (o
compute the reduced volumetric gas-liquid mass transfer coefficient so that the

surtable correfation could be setected by the predictability of the model.

Particic reaction model

At time t = (), active surface arca @, = a, (6.13)
When the conversion x = X,, @, increases according to

a, = ag (I +a{x-x)}hx >xl (6.14)

where a, 1s an empirical constand.
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When X = X,, a, decreases according to
a, = a, L1 - a,(x-x,)] (6.15)

where ag, is the value of @, at X = X, and &, is an empirical constani. Variation of

curface area with conversion is depicted in Fig.6.1(a).

At X = X;, external deposit of iron exhausts and porous diffusion and
reaction start. The reaction follows shrinking core model with porous diffusion

ontrol. This leads to development ol oxygen concentration at the particle surface

15 shown in Fig.6.1(b).

Reduced ilmenite particle undergoing shrinking core reaction is illustrated
in Fig.6.2(a). It is assumed that reduced ilmenite particle contains pores of conical

-shape. Consider a single pore as shown in Fig.6.2(b).

2 .2
| Internal surface area of the cone =nxRVyR"+h

2
= R JRZ + (R cosgj

= b, .t R*? (6.16)

where b, is a constanl.

Let n be the number of conical pores in a reduced ilmenite particle, then total

internal surface arca in the particle isn . b, .« R%

'.I'herefore, the specific inlernal surfacc area = b, . x R? {6.17)
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Fig.6.2(a) Illusiration of shrinking core type reaction in porous
reduced ilmenite particle,

Fig.6.2(b) lllustration of a typical conical pore
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where b, is a constant,

The constant b, can be evaluated by equating the measured specific internal
surface areato b, . & R?,

where R = d /2. (6.18)
At any time t, the reacting surface area a,; is the surface area of the pores in

the cone of thickness AR, (Fig.6.2a). Then a, is given by

a; = b,.n[R?- (R, - AR\ (6.19)

According to the shrinking core model,

xR’ -2xR]
X = | (6.20)

4 3
3J:R

ie. R=R(@1-x" (6.21)

Here the porous diffusion and hence the shrinking core type reaction starts from

X = X3. The normalized conversion X is given by
X =X- XJ. (6.22)

Therefore, R; = R(1 - X)'? (6.23)

When porous diffusion starts, concentration of oxygen at the external surface of

reduced ilmenite develops as shown in Fig.6.1(b).
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Take oxygen balance at the surface of the particle,

dc, _ D.,
dt = ksla.c (Cb = Cs) = n_,;(cs = O) R - R.‘

where D, is the effective diffusivity of oxygen in the pores.

(6.24)

Heat Balance

Taking heat balance over the reactor volume,

[WT (Cp')l.‘, +V.d, -(Cp)w] %T— = [enthalpy of entering air - enthalpy

SV AH, (6.25)

of leaving air +

Enthalpy of air in the range 30 to 70°C (Mcabe, 1976) is given by

11, = 3.09x10 "¢"™"" keal/kg. (6.26)

Heat of reaction, AH, for the formation of Fc,0; from Fe is given by Becher et

al. (1965) as 112k.cal/mole. Specific | heat of ilmenite is 0.15 k.cal’kg. °K
(Touloukin and Byco, 1970).
Varlation of solution propertics with temperature

Solution viscosity, oxygen solubility and diffusivity of oxygen varies with
temperature.

The solubility of oxygen or saturation concentration of oxygen in water C,
is given by the Henry's law,

C, = HP, (6.27)

where H is the Henry's law constant and P, is the partial pressure of oxygen.
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Variation of Henry law constant with temperature is reported by Harvery

(1996) by the relationship,

InH =In P*- 9.4/T* + 4.5(1-T*)%% / T* + 11.34 exp(1-T*) (T*)**
(6.28)

where P* is the vapour pressure, T* is the reduced temperature T/T¢ and Tc is

the critical temperature 647.14 °K.

From the prediction of Anilkumar Patwardhan (1986), vapour pressure of 0.1 M

NH,CI is same as that of pure water.

The correlation of Ping Han and David (1996) can be taken for the

prediction of temperature dependence of oxygen diffusivity in water:

log, [D/cm?s™] = -4.410 + 773.8/T - (506.4/T)? (6.29)

The viscosily data of waler in the range 30 to 70°C taken from Perry

{1984) follows the following lincar relationship,

u (Pa.S) = 8x10™- (T - 303) x 107 (6.30)

Variation of mass transfer coefficients with temperature
Variation of solid-liquid mass transfer coefficient Ky and volumetric

gas-liquid mass transfer coefficient k,a, results from the variations of liquid
viscosity and oxygen diffusivity. These variations were accounted for in the

correlations for respective mass transfer coefficients.
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Variation of Fe** oxidation rate with temperature

The effect of temperature on Fe* oxidation rate is given by the Arhenius
equation

k = ke™*T (6.31)
The activation energy E for this reaction has been estimated by various

investigators to be in the range 50 to 80 Ki/mol (lwai et al. , 1979; Iwai and

Hiroshi Majima, 1979).

6.2. Experimental

"The experimental set up used was the same as described in Section 5.2.
The reduced ilmenite was prepared from raw ilmenite taken from Chavara beach
sands by roasting with coal at 1050°C in a rotary kiln.
The ranges of process paramc!efs studicd are given in Table 6.2.

Table 6.2. Ranges of process variables

Parameter Unit Range
Power dissipation, e kW/m’ 12
Gas flow rate, qg m*/g 1x10*

Weight percentage of ‘ - -
reduced tlmenite, W

Particle size, d, pum +100-150, +150-+180, +200-250
Partial pressure of oxygen, Pa
Py
2
Temperature, T K 303-325




Characteristics of Reduced ilmenite

Particle size: The reduced ilmcenite prepared in the laboratory contained particles
in (he size range 60 10 300 pm. The three size ranges employed for carrying out
the experimental investigations are +100 -150 pm, +150-180 pm and +210

- 250 pm.

Iron content: Chemical analysis showed the total iron content of the reduced

ilmenilte as 28.5% and metallic iron content as 23%.

Specific surface area: Specific surface area measurements were done in BET
apparatus. The reduced ilmenite samples were degassed at 200°C for 4 hr prior to
the measurement, Specific surface area and pore volumes for different particle

sizes were obtained (Table 6.1).

The agitator specdsl for suspension of reduced ilmienite parlicles under
various solid loadings and air flow rates were determined using the Zwictering
criterion (the particles remain at the tank bottom for less than 1 sec). The
suspension speeds thus determined are given in Table 6.3. During experimentation
on the kinctics of the process, agilator speed was kept at 12 rev/s which is above
the suspension speeds for all the experimental conditions. Reduced ilmenite
samples were drawn at one hour intervals during the process. The drawn samples
were repealedly washed with water to remove iron oxide particles, washed with
acelone and dried. pH, temperature and oxidation reduction potential were

measurced using the on-line measurement sct up described in Section 5.2, The
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Table 6.3. Minimum agitator speeds for suspension of reduced ilmenite particles
(+210 - 250 mm), N,

Air flow rate {m’/s)

Weight percen-

Six-bladed disc turbine Downward pumping axial flo
iage of reduced turbine
ilmenite
' 0 Ix10*  2x10 0 1x10*  2x10°
10 5.83 6.67 6.80 6.67 6.67 7.50
20 5.83 6.67 7.5 6.67 7.5 8.33
30 6.67 8.33 9.17 7.5 9.16 10.00
40 7.92 9.17 10.00 8.33 10.00 11.67

chemical analysis for determining the total iron content of the reduced ilmenite

samples was carried out as [ollows:

0.5 gm of the reduc‘cd ilmcnite sample was fused with 10 gm potassium
bisulphate in a silica crucible at 900°C for half an hour. The fused concentrate
was cooled and dissolved in 20% sulphuric acid solution by boiling. The solution
was cooled and made up to 250 mt. 20 ml was pipetted out and heated to 60°C
with 5 ml concentrated HCl. SnCl, was added to this hot solution drop by drop till
the yellow colour disappears in order to reduce the ferric ion content to ferrous
slate. The solution was coolcd. 15 ml saturated mercuric chloride, 15 ml acid
mixture and 15 m] Zimmerman solution were added and titrated against standard
potassium dichromate solution using sodium diphcnylamine indicator. From the

titre value, the total iron content of the sample was calculated.
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6.3. Experimental Results and Model Validation
Conversion versus time plots {or various particle sizes and solid loadings,
both under isothermal and non-isothermal conditions are given in Figs. 6.3 to 6.6.
A linear relationship between the conversion (% removal of iron) and time is
observed throughout the 7 hours operation for 30% solid loading, whereas for the
solid loadings for 20% and IO%, the slope decreases towards the end. During
adiabatic operation, temperature rises {rom the beginning and attains a maximum
value within 3 hours and then remains steady or slowly decreases (Figs.6.7 and
6.8). As shown in Fig.6.9, there is an increase in pH at the beginning and then
decreases till the end of the process. Oxidation in reduction potential is negative

for most of the time and exhibit a tendency to fluctuate (Fig.6.10).

The developed model equations are first order linear differential equations
and were solved numerically using fourth order Runge Kutta method with
adaptive slep size control. Inpuis to the model are encrgy dissipation rate, air flow
rate, solid loading, average particle size of reduced ilmenite and partial pressure of
oxygen. Predicted conversion, temperature and pli for various solid loadings and
particle sizes are compared with experimental values in Figs.6.3 to 6.9 and are in

reasonable agreement.

Estimation of empirical constants in Eqs.6.13 to 6.15

Prediction of the initial rate for various conditions showed close agreement
with experimental values when the active surface area forms 0.25 fraction of the
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total external surface area. This finding is reasonable since metallic iron

constitules only around 25% ol the reduced ilimenile by weight,

Variation in iron dissolution rate as a result of variation in mass transfer
coefficients or surface area induces changes in liquid phase concentrations of Fe?*
ions, H* ions and OH’ ions, resulling in the variation of pH. Hence constants a,
and 4, in egs.0.14 and 6.15 wcre estimated such that the predicted pH and
conversion closely matches with cxperimental values for various conditions. The
conversion levels X, and X, were also delermined in the same manner. The

estimated values of parameters and conversion levels are

a, = 5x10™ a, = 3x107

x, =0.13 X, = 0.29

Estimation of conversion x,

According (o the assumption of mass transfer controlled electrochemical
dissolution of iron, iron dissolves from the pores only after the complete
dissolution of external deposite of iron. The observed decrease in iron removal
rale starts from the point which corresponds to the onset of porous dilfusion and
reaction. In a typical plot of conversion versus time slope of the cu ‘- ~-aasesg
drastically from this point. From the various experimental plots

versus time, this conversion was obtained as 0.4.
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Influence of the precipitated fine iron oxide particles on mass
transfer rates

One important aspect which is not considered in other multiphase leaching
models but encountered in the present model is the influence of the precipitated

fine solid phase on mass transfer rates.

Influence on solid-liquid mass transfer

Earlier work reported in Chapter III clearly brought out the fact that inert
microparticles reduce the solid-liquid mass transfer rate to coarse active particles
in a mechanically agitated contactor. The expression obtained from this study
(Eq.3.7) was employed to compute the reduction in solid-liquid mass transfer rate
caused by precipitated fine iron oxide particles during the iron removal process.
However, since the process was controlled by gas-liquid mass transfer under the

conditions studied (solid toading > 10% by weight of reduced ilmienite), reduction
in solid-liquid mass transfer cocfficient due to inert micro-particles hardly

induced any change in the predicted conversion.

Influence on gas-liquid mass transfer

Influence of inert micro-particles on gas-liquid mass transfer has also been
studied (Chapter 1V). Eq.4.6 was employed to compte the reduced volumetric
gas-liquid mass transfer cocfficient. However, upto a conversion of 0.4, from
where the porous diffusion starts, the amount of iron oxide formed is so small

(less than 2% by weight) that there is not any considerabie retardation effect.
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6.4, Effect of added iron oxide on the rate of iron removal

Additional experiments were carried out to investigate the effect of fine
iron oxide particles on the overall rate of fron removal by adding various amounts
of iron oxide to the system. The iron oxide used for this study was collected from
earlier experiments carried out on iron removal process. The collected iron oxide
was washed for a number of time to get free of reduced ilmenite particles, and

then dried. The characteristics of the iron oxide thus prepared were

(a) Characteristics of iron oxide

Mean particle size = 1.69 um
Specific surfaced area = 7.4109 m*/cc
Density = 5240 kg/m’

The process carried out with a mixture of reduced ilmenite and iron oxide
in a small agitated reactor set up, the details of which are given in Section 3.2.

Experimental paramelers investigated are listed in Table 6.4. The process was

Table 6.4. Range of process variables studied during the kinetic slurry in the
presence of added iron oxide

Paramneler Unit Range
Power dissipation, € kW/m® 22
Air flow rate, q, m'/S 3x10°*
Weight‘ percentage of reduced ilmenile, W - 5
Range of particle size of reduced ilmenite, d,,, pm +210 -250
Weight percentage of iron oxide - 1,3,6 and 10
Average particle size of iron oxide, d,,, pum 1.06
Temperature, T K 3032
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carried out for 2 hours and the rates were followed b-y drawing reduced ilmenite

samples at definite inlervals and carrying oul the total iron analysis as explained in

Seclion 6.2.

Enhancement in iron removal rate in the presence of added iron oxide

Conversion versus time plots for various amounts of added iron oxide are
depicted in Fig.6.11. An enhancement in iron removal rate, to a maximum of 1.5

times that obtained in normal iron removal process is clearly evident.

The observed phenomena is in accordance with the reporled fact (Speller,
1951) that iron oxide particles could enhance corrosion rates by getting reduced at

the cathodic sites through the mechanism
Fe** +e¢ — Fe™

This reduced iron oxide particles will again get oxidised in the presence of
oxygen. Hence, during the iron removal process, iron oxide particles get reduced
at the cathodic siles on the reduced ilmenile particles, go o the bubble surface and
get oxidised, then again go back to the particle surface. The observed
enhancement in iron removal rate can be attributed (o this shuttling mechanism of

iron oxide-particles.

However, the iron oxide particles can enhance the iron removal rate as
long as the dissolution takes place from the external surface of the reduced

ilmenite particles. The amount of iron oxide formed during this period is so small
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(less than 2% by weight) that there is not any considerable enhancement due to the

shuttling mechanism.

6.5. The active-passive transition

It is evident from Fig.6.3 that conversion decreases with solid loading,
according (o model predictions as well as experimental investigation. However,
when the oxygen leaching process was carried out with 5% by weight of reduced
ilmenite, it was observed that the conversion is even less than that obtained with
10% by weight. This phenomena could be explained as due to the active-passive

transition of electro-chemical reaction as follows:

When the potential of a metal exceeds that corresponding to equilibrium

between the metal and one of its oxides (Ey/En,0,), the appropriate oxide or

hydroxide should form on the melal surface. It is because such a film frequently
tends to confer protcction and slow down dissolution to aquo-ions that a metal in
this condition is said to be passive. Depending on the pH of the solution the onset
of passivation on iron metal occurs al potentials in the range 0 to 0.3 V (Shreir,
1994). The ancdic potential during electrochemical corrosion can be computed
from Eq.(2.17) if the corrosion. current i, = i, is known. Since the electrochemical
dissolution of iron during the oxygen leaching process is controlled by diffusion
of oxygen, the corrosion current can be computed from the rate of diffusion of
oxygen to the particle surface. The computed anodic potentials for various
loadings of reduced ilmenite are listed in Table 6.5, which shows that the potential

tends 1o be positive as the solid loading becomes less than 10% by weight, thus
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leading to passivation. Similarly, higher partial pressures of oxygen also lead to

passivation (l'able 6.6).

Table 6.5. Computed anodic potentials at various loadings of reduced ilmenite in
volts d, = +210 -250 um, q, = 1x10* m%/S)

Reduced ilmenite in slurry Symmetry factor Symmetry factor
(% by weight) a,= 0.5 a, =0.97
5 -0.410 0.06
10 -0.44 0.04
20 -0.428 -0.01
30 -0.429 -1.15

Table 6.6. Computed anodic potentials at various partial pressures of oxygen
{volts) (:Ip =+210 -250 um, q, = 1x10™ m'/S, W = 10% by weight

Partial pressure of oxygen Symmetry [actor Symmetry factor
(Pa x 107) a,=0.5 o, =0.97
2.44 -0.426 0.06
4.06 -0.39 0.10
7.31 -0.385 0.12
13.80 -0.383 0.13
20.30 -0.382 0.14
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6.6. Conclusions

1. Steady state model proposed for the non-porous iron particles has been
extended to predict the rate, temperature and pH during the unsteady state and

non-isothermal leaching of porous reduced ilmenite particles.
2. The model considers dissolution of iron from the external surface and from the
pores of reduced as two series steps, i.e., iron dissolution starts from the pores

only after the complete dissolution from the pores.

3. The sluggish kinetics towards the end of the process is due to the high

resistance to the diffusion of oxygen through the pores.
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Chapter V11

INVESTIGATIONS ON PROCESS
INTENSIFICATION BY ENHANCEMENT IN
OXYGEN MASS TRANSFER RATES

Since the iron removal by oxygen leaching process is controlted by oxygen
mass transfer, especialty by the gas liquid mass transfer at higher solid loading,
improved iron removal rate can be obtained only through an enhancement in
gas-liquid mass transfer rate. However, it has been shown in Section 6.5 that
higher oxygen mass (ransler rate (o the solid surface will lead to higher anodic
potentials resulting in passivation and 'in situ rusting’. Hence the optimum
strategy to obtain improved iron removal rate can only be the enhancement in
gas-‘liquid mass transfer and at the same time, providing an alternate route for the
cathodic reduction step not involving oxygen. This has been achieved by carrying
out the process in FeCl, solutions in concenlration ranging from 0.05 N t0 0.25 N,
Experimental investigations on the rate enhancement process and interpretation of
the results based on the classical theory of gas-liquid reactions form the theme of

this Chapter.

7.1. Experimental
Experimental equipment and process parameters studied were the same as

described in Section 6.2. Various electrolyle concentrations used were:
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0.1 M NH,Cl and 0.25 M FeCl,
0.1 M NH,Cl and 0.2 M FeCl,
0.1 M NH,Cl and 0.1 M FeCl,
0.1 M NH,C1 and 0.05 M FeCl,
0.1 M FeCl,
0.25 M FeCl

0.1 M N11,Cl and 0.5 M 11C)

During the 7 hours operation reduced ilmenite samples were drawn at one hour
intervals and total iron analysis was carried out as explained in Section 6.2. pH,

temperature and oxidation reduction potential of the reacting slurry were
monitered. Slurry samples were also withdrawn for determining Fe®* jon

concentration. The slurry was filtered and Fe®* ion concentration of the filtered

solution was determined by titration against potassium dichromate solution.

7.2. Results

Conversion versus time plois given in Fig.7.1 clearly show that the
presence of FeCl, in the solution produces enhancement in iron removal rate.
When the concentration of FeCl, is above 0.1 M, enhancement is almost same.
Fig.7.2 shows the conversion versus time plots for various concentrations of
electrolyte concentrations. It is evident that when FeCl, concentration is above

0.1 M, iron removal rate is independent of the presence of NILCL 14g.7.3 depicts
the variation of iron removal ratc with particle size in 0.25 M FeCl, solution. A
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Fig.7.1. Conversion versus time plots showing enhancement in iron
removal rate in the presence of FeCl,. Non-—isothermal operation.
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peak conversion of 85% was obtained within 7 hours for the particles in the size
range -150 + 100 um. Towards the end of the process, where the reaction is

controlied by porous diffusion, conversion increases with decrease in particle

size.
Variation of solution properties

During this improved iron removal process, the temperature profile was
same as in the normal iron removal process. The pH of the solution remained

acidic throughout the process, starting from a pH around 3 and stabilizing near a
pH 6, as shown in Fig.7.4. Throughout the process, Fe?* concentration remained
close to the starting value, as shown in Table 7.1.

In contrast to ammoniacal

oxygen leaching, the oxidation reduction polential always remained positive.

Table 7.1. Measured Fe* ion concentration during iron removal process carricd
out using FeCl, solution {moles/L)

R.L in

Initial concentration of EeCl, in the solution
slurry  Particle size

{moles/L)
{%by of RL{um) e o
weight) 0.05 0.1 0.2 0.25
_180 +150 0.18 10 0.16
10 -250 +210 0.18100.15
-150 +100 0.23100.21
20 -180 +150 0.08 10 0.06 0.2310 0.2

-250 4210 0.05t00.04 0.081t00.06 0.2t00.16 0.2100.18

30 -250 +210 0.18t0 0.14
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Fig.7.4. Atypical plot showing variation of pH during the iron
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7.3. Interpretation of Enhancement in Iron removal rate
Enhancement in gas-liquid mass transfer rate as a result of higher
concentrationn of Fe?" ions in the solution is attributed to the observed increase in

iron removal rate. Gas-liquid mass transfer enhancement occurs when the
homogeneous phase reaction is in the fast rcaction regime and hence the reaction

takes place in the gas-liquid film (Charpentier, 1981). Criteria for the reaction

regime is given by the Hatta number, Ha
Ha = (DakCgo)'*/ kg (7.1)

where D, is the diffusivity of the dilfusing gas and Cy, is the concentration of the

fiquid phase reactant.

The criteria are,

0.02 < Ha < 0.3, slow reaction regime

0.3 < Ha < 3, modecratcly fast reaction regime

The reaction takes place in the bulk liquid phase when it is in the slow
reaction regime. When the reaction is in the fasi reaction regime, part of the
rcaction takes place in the gas-liquid film and henee induces an enhancenent in
gas (ransfer across the gas-liquid boundary. The enhancement factor, E is defined
as

R, = Ek, Cy (7.2)

where R, is the rate of gas transfer
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Enhancement factor E is given by Charpentier (1981) as

) o . 172
5 - Ha [(E; - E) / (E, 1)]‘ _ (7.3)
tan{Ha [(E, - E) / (E; - 1)]"?

where E = 1 + (Dg/zD,) (Cy,/C,) (7.4)

From the above discussion, it follows that depending on the Fe*
concentration in the liquid phase, Fe** oxidation reaction can be in the slow or
fast reaction regime. Hatta number and enhancement factors computed for various

Fe?* concentrations are listed in Table 7.2. Hatta numbers for Fe**concentrations

Table 7.2. Computed values ol atta number and ctahancement factors
corresponding Lo various Fe** concentrations

Concentration of Fe** Hatta number Enhancement factor
C..2+ {(moles/L) Ha E
1x107 0.09 -
5x10% 0.6 1.17
0.10 0.9 1.25
0.20 1.27 1.48
0.25 ’ 1.42 1.7

of 0.05 M and above corresponds to fast reaction regime. This means that all the

experimentally investigated FeCl, concentrations correspond to fast reaction

regime of Fe?* oxidation reaction. 1x10° M Fe* concentration corresponds (o a
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typical case where the solution contains NH,Cl as the only electrolyte. Halla

number corresponding (o Lhis concentration is in the slow reaction regime.

Alternate cathodic reaction mechanism

When the Fe?* oxidation reaction is in the fast reaction regime, the liquid
phase concentration of oxygen will be almost zero and hence only negligible
amount ol oxygen will be trans(crred to the surface of reduced ilmenite particles.

In this case, reduction of oxygen (Eq.5.1b) cannot be the only cathodic reaction.

A possible mechanism in higher concentrations of Fe’* ions is reduction of Fe**

ions, viz.
Fe+e — Fe®* (7.5)

The Fe?* ions will again be oxidised in the gas-liquid film. Whatever be the
independent mechanisin, the overall iron removal reaction is represenied by
Eq.(6.11), and hence the rate of iron removal is proportional (o the total amount of
oxygen transferred to the liquid phase. Consequently the net result of

cnhancement in gas-liquid mass transfer is an enhancement in iron removal rale.

Comparison of predicted and observed iron removal rates
In the conventional ordinary iron removal process carried out in 0.1 M
NH,CI solution, the liquid phase concentration of oxygen is almost zero at high

solid loading {(say 30% by weight). Then gas-liquid mass transfer rate is given by

R, = k

B

C (7.6)

gl
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Therefore, according to the definition of énhancement factor, (E.7.2), the
enhanced gas-liq.uid mass transfer rate in FeCl, solutions can be obtained by
multiplying the gas-l‘iquid mass transfer rate in NH,ClI solution with the calculated
enhancement factor E. Hence, the iron removal rate for 30% by weight of reduced
ilmenite in 0.25 M FeCl, solution can be obtained, by multiplying the gns—l.iquid
mass transfer rate with the corresponding enhancement factor E. The observed and

predicted conversions are in reasonable agreement (Fig.7.5).

7.4. Influence of added iron oxide on the rate of iron removal in
FeCl, leaching

Experiments were carried out to investigate the effect of iron oxide
particles on the kinetics of oxygen leaching in FeCl, solution, using the same
materials and experimental procedure as described in Section 6.4. In contrast Lo
the finding of enhancement of iron removal rate in conventional oxygen leaching,
added iron oxide did not produce considerable change in the iron removal kinetics
in FeCl, leaching (Fig.7.6). This could be due to the absence of cathodic oxygen
reduction at the particle surface in FeCl, leaching, in which case iron oxidc cannot

have the role of 'shutling agent' as described in Section 6.4.
7.5. Conclusions

Enhancement in iron removal rate to a maximum of 1509 was realized
through the addition of FeCl, to the reacting solution. The role of FeCl, has been
interpreted as to produce enhancement in gas-liquid mass transfer rate by shifting

the ferrous oxidation reaction lrom a slow reaction regime to fast reaction regine.
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o&?ded iron oxide in FeCl, leaching. Non—isothermal gpergtion.
R in slurry= 108 by weight. Airflow rate= 1 X 107 m'/s
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Chapter VI

CONCLUSIONS

The oxygen leaching process [or iron removal in a mechanically agitated
reactor, being characterised by a multiphase system, is identified to involve the

[ollowing constituent steps or sub-processes:

1) Gas-liquid oxygen mass transfer

2) Solid-liquid mass transfcr

3} Electrochemical dissolution of iron at the solid surface (heterogeneous phase
rcaction)

4) Ferrous oxidation in the bulk liquid phase (homogeneous phase reaction)

5 Hydrolysis of ferrous irons and subsequent precipitation as iron oxides

From a literature review on the above sub-processes, it become evident that for
the development of a process model for the oxygen leaching process relevant to
industrial conditions, cxperimental investigations and interpretations have to be

carried out on the following aspects.

- influence of inert micro—.parlicles (precipitated iron oxide) on solid-liquid
mass transfer to coarse active particles (ilmenite particles)

- gas-liquid mass transfer in the presence of two solid phases, namely, coarse
(ilmenite) and fine (iron oxide) particles

kinctics of ferrous oxidation reaction at near neulrat pll conditions
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The influence of inert micro-particles on solid-liquid mass transfer rate was
studied scparately under simutated conditions crllploy;illg a sysiem involving tron
particles as coarse aclive particles and inert micro-particles of various sizes and
densities. Solid-liquid mass transfer rate measurements were carried out using a
novel technique, namely, the cementation reaction technique under controlled
conditions. The presence of inert micro-particles induced significant reduction in
solid-liquid mass transfer rate depending on the size, density and volume fraction,
The results were interpreted in terms of mass transfer fouling in analogy with heat

transfer fouling.  Separate correlations were developed for mass transfer

altenuation due o inert particles belonging to micron (d,,, > 1 pm) and sub-micron

d

mp < 1 pm) size ranges.

Gas-liquid mass transfer rate measurement were also carried out under
simulated conditions. Gas-liquid mass transfer attenuation due to iron oxide and

tmenite particles were correiated in terms of volume fractions.

Experimental investigations on the kinetics of oxygen leaching process for iron
removal from non-porous iron particles for an initial period of two hours at 30°C
showed that it was a constant rate phase and the rate was controlled by oxygen
mass transfer rate. As the solid loading increases, the controlling step shifts
progressively from solid-liquid mass transfer to gas-liquid mass transfer.  ‘I'he
results further indicate that the type of impeller does not make any perceptible
difference to the overall kinetics, if the energy dissipation is constant. The

developed steady state modcel having cnergy dissipation rate, air flow rate, particle
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size and solid loading as input variables was validated by the experimental data.
The rate of iron dissolution was inscnsilive to the loading of iron particles, which is
explained as being due to the solid particles acting as oxygen sinks inside an

encapsulated shell around the gas bubble. The observed variations in pH, oxidation
f . 2+ . . . .
reduction potential and Fe™ ion concentration are consistent with the overall

reaction mechanism proposed in this work.

The steady state model for non-porous iron particles was extended to predict
the unsteady stale kinetics of porous reduced ilmenite particles under
non-isothermal conditions. The model considers iron dissolution from external
surface and pores as two series steps: [irst tron dissolves from the external surface
and then on completion dissolution starts from inside the pores. Conversion,
ternperature and pH predicted by the model is in reasonable agreement with the
_experimentally oblaincd values. The sluggish kinctics towards the end of the
process is shown to be the resull of high resistance due to oxygen diffusion through
the pores filled with iron oxide slurry. Influence of iron oxide on the initial
kinetics of overall process was found to be an enhancement in iron removal rale,

which is explained as being due to a 'shuttling mechanism' of iron oxide particles.

Improved iron removal rate by about 150% was realized through the addition
of FeCl, 1o the reacting solution, which produces enhancement in gas-liquid mass
transfer rate by shifting the ferrous oxidation reaction from a slow reaction regime
to fast reaction regime. The experimental dala are quantitatively interpreted using

the classical theory of mass transfer with chemical reaction.
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Thus, in keeping with the objectives proposed in this work, a quantitative
process model relevant to industrial process conditions for the iron removal step in
the Becher process has been proposed and validated. More importantly, the model
identifies the controlling step as the oxygen mass ransfer siep and using this as a

novel way towards process intensification, has been demonstrated énd
quantitatively interpreted from classical theory of mass transfer enhancement in

fast reaction regime.
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