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The effects of zircon-graphite ratio, acid concentration and temperature on cyclic 

voltammograms were investigated to understand the dissolution process of zircon. The 

dissolution rate of zircon (ZrSiO4) was low at low applied reduction potentials (<-0.30 

V) and temperatures (<75�q C). At more negative potentials and higher temperatures, the

dissolution rate of zircon was increased through increasing rate of the reduction of Zr4+.

The dissolution rate was also increased on increasing alkali concentration up to 3 mol

dm-3; and at higher alkali concentration and higher reduction potentials, it was

decreased due to the starting of H2 gas evolution which eventually decreased the active

surface area of zircon pellet by adsorption. The values of Ea in the higher (~ 85�q C),

intermediate (~70�q C) and lower (~30�q C) temperature regions are 23±1 kJ mol-1,

45±10 kJ mol-1 and 20±5 kJ mol-1, respectively. The values of Ea, at low temperature

region suggested that the process was diffusion controlled; and with the rise of

temperature, the diffusion layer/film was anyhow destroyed to convert the process to be

chemical controlling at ~70�q C. Low value of activation energy at higher temperature

was an indicative to two parallel reactions.

The dissolution of storage battery waste product (PbSO4) could not be obtained in 

HNO3 solution without the addition of graphite in battery waste due to low conductivity 

of battery waste product (PbSO4). The dissolution rate of lead from storage battery 

waste product (PbSO4) was low at applied reduction potentials up to -0.52 V and 

temperatures below 60�q C. At higher temperatures, the dissolution rate of lead from 

battery waste product (PbSO4) was increased through increasing rate of the reduction of 

PbO2 and PbSO4. The dissolution rate of lead was also increased on increasing HNO3 

acid concentration up to 1 mol dm-3; and at more higher HNO3 concentration (�“��������mol 

dm-3), the slow increasing rate of the dissolution of lead from storage battery waste was 

observed due to the starting of H2 gas evolution resulting in the decrease of the active 

surface area of storage battery waste pellet by adsorption. The values of Ea in the higher 

(�“�����q C)) and lower temperature regions (�’���� �q C) were estimated to be 45±5 kJ mol-1 

and 2±1 kJ mol-1, respectively. The values of Ea suggested the existence of a diffusion 

film at lower temperature which was believed to be destroyed at higher temperature. At 

lower temperature region, the process was diffusion controlled and with the rise of 

temperature, the process became chemically controlling. 
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Figure 1.3 South-eastern coastal region and ilands of Bangladesh. 

The total amount of heavy mineral contents in the raw sands varies from about 5 

to 50%. Table 1.4 shows the percentage of some valuable minerals in the beach sands 

of different localities in Bangladesh. These coastal sands have been found to contain 

more than 10% heavy minerals which are in turn contains about 27% ilmenite54.       
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requirement and waste handling. Certain other restrictions should be noted here. Ilmenite 

with high chromium content cannot be used in the sulphate process, because of the 

deterioration of the color of the product by the presence of chromium compounds. On the 

other hand magnesium, manganese and other alkaline earth metals in the starting material 

may cause operational difficulties in the chloride process. For either process, however, 

less sulphuric acid or chlorine is required and less by-products or waste products are 

formed with increasing percentages of titanium dioxide in the feed material. 

Now-a-days, the feed material for the sulphate process has been significantly 

upgrated (w.r.t. titanium dioxide content) by the slag process. The uses of slag reduce 

both the quantities of sulphuric acid required and the waste produced. It is an 

electrothermal process which produces slag containing about 70% titanium dioxide. 

The slag is however easily attacked by sulphuric acid because of the fact that titanium 

exists as a mixed magnesium-iron titanate and not rutile. 

For the manufacture of titanium dioxide the world supply of raw materials are at 

present: USA ilmenite 21.50%, Australian ilmenite 16.50%, Norwegion ilmenite 15%, 

other ilmenite 9.50%, Australian rutile 9.50%, synthetic rutile 1.50%, other rutile 

1.50% and slag 25%. It is evident that the world supply of ilmenite is more prominent 

than that of rutile.  

Table 1.8 Ilmente deposits which are being worked today in the world 

Country  Reserves of 
titanium bearing 
are (million ton) 

Titanium dioxide 
content of 
deposit (%) 

Titanium dioxide 
content of mineral after 
treatment (%) 

Canada 200-220 35 37 

USA-New-York 100 17 43 

Virginia  5 8 44 

Florida 180 0.5-3 63 

Norway 250 17 43 

Finland 50 13.5 44 

India 100 20-40 59 

South-Africa 20 5 49 

Australia 15 30 50-60 
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c) Physical or chemical interaction between the electrodes/electrolytes and the 

electrode products. The electrode products can attack the electrode so as to 

shorten the electrode life. The electrode products may also react with the 

electrolyte causing contamination of the final product. 

d) Unproductive simultaneous electrode reactions. These commonly arise from the 

deposition or dissolution of some extraneous substance present as an impurity 

or even as a necessary component of the electrolyte. 

e) Generation of heat. The amount of heat produced in an electrolytic cell is 

directly proportional to the resistance of the current path and to the square of the 

current. Thus, the current efficiency is raised by an increase in conductivity of 

the electrolyte and by a decrease in current. 

The electrolysis operation is accomplished by passing a direct current or a 

rectified alternating current through the cell. The source of electromotive force may be 

a storage battery. 

1.13 Electrochemical Techniques 

The electrochemical techniques under four main headings are discussed below: 

1.13.1 Precipitation of metals from aqueous leach liquors by electrolysis using 
insoluble anodes 

The technique embodies the preparation of an electrolyte enriched in metal ions 

and deposition of the metal from the electrolyte using suitable insoluble electrodes. 

Depending on the mode of electrolyte preparation and metal deposition the technique 

includes electrowinning, electroplating, electroforming and electrotyping, and metal 

powder production. In all these cases the purity of the electrolyte plays an important 

and vital role in the maintenance of a high current efficiency and physical nature of the 

deposit. Among the impurities, those at high concentration and with similar potentials 

under the existing conditions are likely to be going into the solution or be co-deposited. 

However electrolyte with high desired metal ion concentration produces sound deposits 

at high current density and reduces the tendency for co-deposition of impurities 

dissolved in electrolyte. Again, increasing amount of free acid in the electrolyte 

increases the conductivity of the electrolyte but at the same time evolution of hydrogen 

also increased, which decreases the efficiency of the cell. 
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diffracion, IR spectroscopy, proton resonance and chemical analysis were studied. 

Sabanove et al.197studied the effect of conditions for the thermal hydrolysis of Ti and 

sorption properties of the resulting product which was prepared from the leaching of 

ilmenite in sulphuric acid.  

Leaching of ilmenite in sulphuric acid mixed with others was also reported. 

Leaching of ilmenite with a mixture of sulphuric acid and sodium chloride by 

Farbenind198, and with a mixture of sulphuric acid and potassium sulphate solution at 

350�qC by Tung et al.199 were reported. Manufacture of rutile from ilmenite in sulphuric 

acid and regeneration of sulphuric acid from the waste solution were investigated by 

Nayar200. Removal of P from P containing ilmenite with dilute sulphuric acid at 30�q C 

was reported by Maksimovaet al.201. A study on the leaching of ilmenite in sulphuric 

acid for V and Cr removal was done by Achim202. Heribet et al.203 investigated the 

concentrated titanyl sulphate solution obtained from leaching of ilmenite cake for 

subsequent formation of titanium dioxide. The cake was prepared by continuous 

treatment of ilmenite with concentrated sulphuric acid. This was then dissolved in 

titanium slag leaching solutions. The final titanyl sulphate solution did not tend to 

hydrolyze prematurely and was used for the hydrolytic precipitation of TiO2 without 

preliminary thickening. Pashuta and Kuznetsov204 investigated the preparation of 

titanium dioxide by leaching of a melt obtained by sulphatization of titanium containing 

raw materials. Leaching was conducted in the presence of polyacrylamide. The leach 

liquor was reduced by hydroxyethylated alcohol and the solid slurry was removed by 

setling. This was then hydrolyzed and calcined to get TiO2.  

2.1.4 Leaching of ilmenite by hydrochloric acid solution 

There are substantial number of published works related to either only direct 

leaching of ilmenite in hydrochloric acid or pre-leaching and leaching in hydrochloric 

acid by processing for obtaining TiO2. Some of them are noted in the following 

paragraphs.  

Works 205-209 on the direct leaching of non-pretreated ilmenite with hydrochloric 

acid of different concentration to achieve either partial dissolution or complete 

dissolution with an aim to prepare pigment grade titanium dioxide were reported. 

Besides these works, leaching of phosphorus containing ilmenite in hydrochloric acid 
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ilmenite is enhanced, while the titanium loss is reduced. Increasing concentration of 

Fe2+ has an adverse effect on the beneficiation of TiO2. In contrast, the dissolution of 

iron from ilmenite is accelerated by increasing concentrations of H2SO4, up to 40 wt % 

H2SO4. SEM analyses of the leach residues under different leaching conditions indicate 

that severe agglomeration occurs among the primary hydrolysate particles at high 

concentrations of H2SO4 or with the addition of ferrous sulfate (FeSO4). Furthermore, a 

compact layer is formed on the surface of unreacted ilmenite particles, thus retarding 

the ilmenite leaching. The agglomeration might have resulted from the adsorption of 

H2SO4 on the primary particle surfaces, as revealed by energy-dispersive X-ray 

spectroscopy (EDX) and thermogravimetric analysis (TGA). The optimal conditions for 

the beneficiation process are as follows: H2SO4 concentration 40 wt %, acid/ore mass 

ratio 2:1, reaction temperature 150�q C, and reaction time 3 h. Thus, a Ti-rich material 

with a TiO2 content of ~85 wt % is obtained. Moreover, the results demonstrate the 

technical feasibility of upgrading Panzhihua ilmenite in 40 wt % sulfuric acid obtained 

by concentrating the diluted acid waste discharged from the sulfate TiO2 process. 

Gireesh et al.253 have reported the reduction of iron content of ilmenite by 

leaching the ore with hydrochloric acid. The enriched TiO2 mineral thus obtained is 

called synthetic rutile (SR) or beneficiated ilmenite (BI). The quality of the synthetic 

rutile (in terms of TiO2 content) mainly depends on the condition of leaching process. 

The study envisages the effect of acid concentration, temperature, and agitation speed 

on the leaching of the ore. The kinetics of the leaching reaction follows the first order at 

normal and stimulated leaching conditions. The highest rate constant value of 

5.18×10�í��min�í�� is observed for leaching the ilmenite with 30% hydrochloric acid under 

700 rpm and at 70�q C�����7�K�H���H�Q�W�K�D�O�S�\���F�K�D�Q�J�H���L�Q���W�K�H���U�H�D�F�W�L�R�Q�����û�+�����L�V���F�D�O�F�X�O�D�W�H�G��as 24.157 

kJ mol-1, �D�Q�G�� �W�K�H�� �H�Q�W�U�R�S�\�� �F�K�D�Q�J�H�� �L�Q�� �W�K�H�� �U�H�D�F�W�L�R�Q�� ���û�6���� �L�V�� �F�D�O�F�X�O�D�W�H�G�� �D�V�� ������������kJ mol-1. 

�7�K�H���S�R�V�L�W�L�Y�H���Y�D�O�X�H���R�I���û�+���L�Q�G�L�F�D�W�H�V���W�K�H���H�Q�G�R�W�K�H�U�P�L�F���Q�D�W�X�U�H���R�I���U�H�D�F�W�L�R�Q�����7�K�H���Y�D�O�X�H���R�I���û�*��

at different temperature is found to be negative indicating the feasibility of the process 

and the spontaneous nature of the reaction. The addition of gypsum enhances the 

leaching process. The rate constant is increased with the increase in the gypsum 

concentration in leaching process. The rate constant is increased to 6.15×10�í�� min�í�� by 

introducing 100 mg of gypsum in the leaching process carried out with 30% 

hydrochloric acid at 70�q C and 500 rpm. 
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2.1.8 Works on ilmenite processing carried out in the Metallurgical Research 
Laboratory of the Department of Applied Chemistry and Chemical 
Technology/ Engineering, Rajshahi University 

Biswas and Mondal269 worked on the dissolution of titanium and iron from ilmenite 

sand (<130 �Pm particles) in various inorganic acids to indicate that only hydrofluoric 

acid was effective. Leaching in hydrofluoric acid was investigated as regards to contact 

time, acid concentration, solid to liquid phase ratio, number of leaching stages and 

temperature. About 81% titanium was dissolved within 5 h by 6.4 mol dm-3 hydrofluoric 

acid at boiling point, while only 26% iron was dissolved. Multi-stage leaching was not so 

advantageous, but the extent of leaching increased greatly with temperature. The 

optimum solid to liquid phase ratio was found to be 1/20 kg dm-3. 

Biswas et al.270 recovered pigment grade titanium dioxide (99.90% (wt.) TiO2 and 

0.004% (wt.) Fe) from the hydrofluoric acid leach solution of ilmenite using the 

following steps: (1) precipitating out of the Ti and Fe compounds from fluoride leach 

solution using sodium hydroxide solution; (2) oxidizing Fe(II) to Fe(III) using HNO3 

acid; (3) dissolving the solid mass in 7.5 mol dm-3 HCl; (4) extracting most of the 

Fe(III) by a two-stage methylisobutylketone (MIBK) extraction; (5) adjusting the pH of 

the aqueous phase to zero in order to extract titanium with di-2-ethylhexylphosphoric 

acid (D2EHPA) and leave siliceous materials in the aqueous phase; (6) stripping the 

organic phase with 0.50 mol dm-3  Na2CO3 solution to get a quantitative precipitation of 

metatitanic acid; and (7) filtration of the aqueous suspension of metatitanic acid, oven-

drying and finally ignition at 1000o C. The overall recovery yield of TiO2 from the 

leach solution was greater than 92.50% (wt.). The MIBK, HCl and D2EHPA could be 

recovered and recycled. 

The ilmenite fraction of beach sand of Bangladesh has been reported to be 

processed through salt (NaCl, NaNO3 and Na2SO4)–water vapor roasting, followed by 

hydrochloric acid leaching by Biswas et al.271. The optimum conditions for roasting are: 

800�q C (885�q C for Na2SO4); 90 min (75 min for NaCl); ilmenite to salt (wt.) ratio 1.70 

for NaNO3, 2.00 for Na2SO4 and 0.67 for NaCl; N2 flow rate 84 cm3 min-1; and water 

vapor pressure 0.042 bar. For the optimum leaching for ore, with a solid to liquid phase 

ratio (S/L) of 0.02 kg dm-3, a HCl concentration of 6 mol dm-3 (2 mol dm-3 for Na2SO4), a 

temperature of �a110�q C, and a pulp agitation speed of �a350 min-1 are required. Under the 



 67

structural aspects of zirconium chemistry, and others on the separation of zirconium 

and hafnium, aqueous chemistry and ion exchange properties of zirconium  

compounds. In general the data in the present review are drawn from publications since 

1960, although references to earlier work are included where necessary to complete the 

picture. The discovery that the thermal neutral cross section capture of zirconium 

containing the natural 2% hafnium contest was largely due to the very high thermal-

neutral cross-section of the hafnium stimulated the present interest in the chemical and 

physical properties of these elements. The use of hafnium-free zirconium alloys for 

cladding nuclear fuels and the use of hafnium for control rods in nuclear reactors 

account for the fact that much of the recent literature deals with the reduction, purity, 

working properties, and alloy formation of these elements.  

Nawrocki et al.300 have been reported the purpose of this review is to shed some 

light on the complex properties of zirconia’s surface chemistry in order to better 

understand its behaviour under chromatographic conditions. We emphasize the great 

differences between the much better known chemistry of silica surface and the 

chemistry of zirconia’s surface. The review describes both physical and chemical 

properties of zirconium dioxide for a chromatographic point of view. The chemistry of 

monoclinic zirconia surface is developed from its underlying crystalline structure. The 

paper describes the dependence of the specific surface area, pore volume, porosity and 

mechanical strength on thermal treatment. Methods of synthesis of chromatographically 

useful zirconia are out lined. The review also covers the adsorption properties of 

zirconica at both gas-solid and liquid-solid interfaces. Adsorption of water, graphite 

dioxide, graphite monoxide, and ammonia are described and the controversies 

concerning the surface concentration of adsorption site are presented. The complex 

chemistry of a zirconia surface is pointed out and the importance of ligand exchange 

reactions is emphasized. In contrast to a silica surface, ligand exchange plays an 

important role in liquid chromatographic applications of zirconia. Strong, hard lewis 

acid sites, present on a zirconia surface, can interact with hard Lewis bases and these 

interactions, sometimes troublesome, can be successfully exploited even for protein 

separations. Zirconia’s surface can be modified in many ways: dynamically by addition 

of competing Lewis bases to the mobile phase or permanently, by covering its surface 

with polymers or by depositing graphite. The review also shows that the main difficulty 
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the apparent distribution ratio (D) is increased for a particular set of experimental 

parameters. The system has been thoroughly investigated for 1- and 30- d ageing. In 

both cases, the apparent equilibration time is 15 min. D is decreased with increasing 

Zr(IV) concentration in the aqueous phase but the nature depends on ageing. In both 

cases of ageing, logD Vs. -log[HCl] plots are peculiar in nature. For 1-day ageing, the 

slope is ~-1 above 3 mol dm-3 HCl and also below 0.3 mol dm-3 HCl, and is zero within 

0.3-3.0 mol dm-3 HCl. In contrast, for 30-d aged system, the slope is ~ -2 above 2 mol 

dm-3 HCl, ~-1 below 0.5 mol dm-3 HCl, and zero between 0.5 and 2.0 mol dm-3 HCl. 

The extractant dependencies are 2 and 4 for 1- and 30-d aged systems respectively. 

Chloride ion has a larger effect on D for the 1-d aged system, but no effect on D for the 

30-d aged system. From the temperature dependence data, �' H values have been 

determined. The possible extraction equilibrium reactions have been suggested and 

supported by the loading tests, as well as, by the molecular weight, Zr/P ratio, Zr/Cl 

ratio and infrared spectral data of the extracted species. 

Biswas and Hayat313 have also reported the kinetics of the extraction of zironium 

(IV) from chloride media by D2EHPA in kerosine have been investigated by the single 

drop technique for 1-d ageing of the aqueous phase. The flux equation have been 

derived for three aqueous acidities of 0.10, 1.00 and 5.00 mol dm-3 HCl, respectively, 

as: J (kmol m-2 s-1)= 10-5.37 (1+0.00036 [Zr(IV)-1)-1 [H+] [H2A2](0) (1+0.69 [Cl–]), J 

(kmol m-2 s-1)=10-5.77 (1+0.0056 [Zr(IV)-1)-1 [H2A2](0) [Cl-]) and J (kmol m-2 s-1)=10-6.62 

(1+0.0056 [Zr (IV)-1)-1 [H+] [H 2A2](0) [C
l-]). The value of Ea (kJ mol-1), �' H�r (kJ mol-1) 

and �' S�r for each of the above conditions have been estimated to be 8.60, 7.70 and -425; 

19.20, 16.80 and -369; and 26.40, 23.40 and -330, respectively, in the higher 

temperature region (htr) of investigation; and 89.60, 76.60 and -192; 69.50, 71.90 and -

187; and 59.90, 60.10 and -205, respectively, in the lower temperature region (ltr). On 

the basis of these rate data, the mechanisms of extraction in different conditions have 

been suggested. 

Biswas et al.314 have reported the kinetics of the extraction of zironium (IV) by 

D2EHPA investigated by the Lewis cell technique for 1-day ageing of the aqueous 

phase and compared with those obtained from the single drop technique. The mass 
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found to be 1.20�r0.15 at 0.20 V and 0.90 at -04.0 (40�q C), and the apparent activation 

energy is 35 kJ mol-1 in 1 mol dm-3 HNO3 at 0 V, suggesting that the process is 

controlled by a chemical or electrochemical reaction. At higher biases the RDE of PbS 

dissolves for the most part anodically, showing the highest rate at ~0.70 V, whereas the 

rate as a function of acid concentration is maximal in 1 mol dm-3 HNO3. The yield of 

sulfate increases with potential and is small for the leaching of both compact and 

ground galena, while its reaches 50% in the case of a flotation lead concentrate. Ferric 

ions catalyze the dissolution of compact and especially, ground galena, with the peak 

rate at the potential of immersed platinum electrode of 0.40-0.50 V. The Fe3+/Fe2+ 

couple is concluded to act as an intermediator for the electron transfer between nitrate 

ions and the solid, indicating that the dissolution is electrochemical in nature. 

A steady state potentiostatic experiments323 on a  galena rotating disc electrode in 

perchlorate solutions of varying pH values indicated that the primary reactions 

governing the anodic dissolution was PbS �o  Pb2+ + S +2e. A mechanism involving 

sulphur intermediate is proposed for this process. Cyclic voltametric studies with the 

use of rotating ring-disc electrodes in perchlorate and sulphate solutions revealed that 

the pH value at the electrode surface had a marked effect on the anodic dissolution. The 

morphology of the anodically produced sulphur had a bearing on the active-passive 

behaviour of galena. The species responsible for the passivation of the galena surface in 

sulphate and perchlorate solution were shown to be the basic lead sulphates. 

The pyrometallurgic processing of the exhausted batteries has been reported by 

Smanitto et al.324. The recovery of metallic lead generates great amount of a by-product 

called slag. The slag is composed mainly of iron (�|60%) and lead (�|6%) and this residue 

cannot be disposed in conventional landfill due to the high lead content. This work 

presents a new methodology for the extraction of lead from slag, based on the 

complexing effect of EDTA, a chelating ligand that has the ability to solubilize several 

heavy metals. As the iron (Fe2+/Fe3+) have a formations constant with EDTA fluoride ion 

(F-) was employed to mask the iron ions. The tests were carried out on a qualitative way 

confirming the lead extraction by the formation of a yellow precipitate of lead iodide. 

In order to recover lead from the zinc leaching residues developed by Zheng et 

al.325, a new technology involving selective reduction of lead sulfate to lead sulfide 
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c) Standard Iron(III) Solution 

Exactly 0.864 g Analytical Reagent Grade ferric ammonium sulphate 

[NH4Fe(SO4)2.12H2O] was weighed out in a 1000 cm3 volumetric flask and dissolved 

in water. To the solution a few drops of concentrated hydrochloric acid and a few drops 

of 2% potassium permanganate solution were added. The solution was then made upto 

the mark with water. Then  

1 cm3 �A��0.0001 g of Fe 

d) Ammonium Thiocyanate Solution 

An aliquot of 152 g of A.R. grade ammonium thiocyanate was dissolved in water 

in 1 dm3 volumetric flask, and the solution was made up to the mark with distilled 

water. The resulting solution was calculated as 2 mol dm-3. This solution is used as 

colouring agent in iron estimation. 

e) Pyrocatechol Violet Solution 

Pyrocatechol violet is a dye soluble in distilled water. Generally, 40 mg of dye 

was dissolved in water in a 100 cm3 volumetric flask and it was made up to the mark by 

adding distilled water. It was used to estimate zirconium(IV) in solutions. 

f) Standard Zirconium(IV ) Solution 

Standard zirconyl chloride (ZrOCl2.8H2O) solution (supplied by BDH) was used 

as a source of standard zirconium(IV) solution required in the construction of 

calibration curbe for the spectrophotometric estimation of Zr(IV). 1 cm3 of standard 

zirconyl chloride solution ���{ 1mg of Zr �{ 0.001g of Zr 

g) Ethylenediamine Tetraacetic Acid (EDTA) Solution:  

The EDTA solution was prepared by taking 40 g of disodium ethylenediamine 

tetraacetic acid dissolved in water in a 1 dm3 volumetric flask and water was added up 

to the mark and shaked well. EDTA solution was used for the estimation of zirconium 

in the aqueous phase. 

4.4 Experimental Techniques 

4.4.1 Preparation of ilmenite, zircon and lead sulphate sample 

The samples i.e. ilmenite and zircon used in the investigation was collected in a 

single lot from Bangladesh Atomic Energy Commission's Pilot plant for separation of 






















































































