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ABSTRACT

MODIFICATION OF MAGNETIC PROPERTIES OF SIDERITE BY
THERMAL TREATMENT

Alkac, Dilek

M. Sc, Department of Mining Engineering
Supervisor: M. Umit Atalay

September 2007, 113 pages

Obtaining high magnetic susceptibility phases ftaakimhan—Deveci siderite ore
via preliminary thermal treatment has been the dbéemiget of the thesis study.
Thermal decomposition characteristics of samplesgterchined by

thermogravimetric analysis (TGA), differential theal analysis (DTA), and

differential scanning calorimetry (DSC), were refered in advancement of the
study. Heat treatment experiments, particularlystiog, were carried out by
conventional heating and microwave heating. Ressifiswed that roasting of
Hekimhan—Deveci siderite samples could not be aeklidoy microwave energy
whilst conventional heating experiments recordedccess. Subsequent
low—intensity magnetic separation of roasted sampkve recovery above 90%,
where low-intensity magnetic separation of run—afemsample had failed.
Formation of high magnetic susceptibility phasess weerified by magnetic

susceptibility balance and x—ray diffraction an&yXRD), on roasted samples.



Statistical modeling was applied to determine th&naum conditions of roasting
in conventional heating system; based on heatingpéeature, time of heating,

particle size as factors.

It was concluded that roasting at T= 560 °C, fodB=minutes was adequate to
obtain desired results. Particle size was notetde¢anot much effective on the

process as other factors at the studied size range.

Kinetics E, n) and reaction mechanism for the thermal decompaosiin
conventional heating system were evaluated witliediht solid—state reaction

models by interpretation of the model graphs.

Three—dimensional diffusion reaction models repbtte characterize the thermal
decomposition well, with values of activation ener(E), E= 85.53 kJ/mol
(Jander); E= 85.49 kJ/mol, (Ginstling—Brounshtein).

Keywords: Siderite, Roasting, Magnetic SusceptihiliStatistical Modeling,
Three—Dimensional Diffusion Reaction Models.
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Hekimhan—Deveci siderit cevherinin s lleme tabi tutulmas yoluyla manyetik
fazlarn elde edilmesi tez camasnn temelini olturmutur. Numunelerin,
termogravimetrik analiz (TGA), tirevsel termal angDTA), ve tirevsel taramal
kalorimetre (DSC) yontemleriyle, belirlenen sl eflikleri ¢al mann
yonlendiriimesinde kullanImtr. Is| i lem deneyleri, kavurma lemi, hem
mikrodalga enerjisi hem de geleneksel yontemledegekletirilmi tir. Sonuclar
incelendiinde geleneksel stma yodntemiyle kavurmdemi gergekleirken
mikrodalga ile ilemin gergeklemedii gorilmdtir. Bunu izleyen diiik alan
iddetli manyetik ay rm yontemi % 90’ nn Uzerindeerimle sonuglanmtr;
tivenan cevherin ayn alaniddetinde manyetik ayrm gerceklaemi tir.
X n krnm (XRD) analizleri ve manyetik duyarld terazisi yard myla
manyetik duyarl | yiksek fazlar n oluu u ayr ca gosterilmiir.

vi



Ko ullar n saptanmas amac yla istatistiksel modellemggulanm tr; stma

scakl , stma suresi, parca boyutu incelenen faktdwleru tur.

Modelleme c¢almalar, kavurma deneyleri T= 560 °C s cakl kta, 45 dakika
sureyle gercekldirildi inde istenen sonuglar n elde edilmesi icin yeteldiu unu
kaydetmitir. Parca boyutunun, callan parca boyutu aralnda, ilem Uzerinde

di er faktorler kadar etkili olmad gorilmda tar.

Is | gzunme kinetii (E, n) ve reaksiyon mekanizmas geleneksel sdrs@minde
as| veri noktalar na uygun grafik modellerinin warland farkl kat hal
reaksiyon modelleri ile incelenntir. Ug boyutlu difizyon reaksiyon modelleri
deney verilerini kinetik a¢ dan en iyekilde temsil etmi, aktivasyon enerjileri (E),
s ras yla = 85.53 kJ/mol (Jander); E= 85.49 kJ/rt®Ginstling-Brounshtein) olarak

bulunmutur.

Anahtar Kelimeler: Siderit, Kavurma, Manyetik Dulbk, statistiksel

Modelleme, U¢ Boyutlu Diflizyon Reaksiyon Modelleri.
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CHAPTER 1

INTRODUCTION

Iron is one of the common metals used in indusay, well as being the
fundamental raw material used in ireteel industry; products are wide spread
even in daily uses. The total iron ore reservethefworld have been estimated as
370 billion tones; 160 billion tones is classifiad economical, while 210 billion
tones as potentially economical [Y Id z Necati, ZD0Classification is based on
extractability of the ore at the initial stage; remer extractability of the metal
value is the predominant criteria sought on thdofahg stages. Extractive
metallurgy has been utilized in obtaining the metalue, particularly
pyrometallurgy. Pyrometallurgy consists of therntiedatment of minerals and

metallurgical ores to enable recovery of valuabégais.

Qualifying for use in industry necessitates highonir grade moreover
the concentration of silica, sulphur, titanium, pploate, manganese and alkaline
content is required to be at low level. Qualifiedni ore reserves in Turkey are
noted in Sivas, Kayseri, Adana, Balkesir, Malatysgnd Ankara.
In addition there exist iron ore reserves{34% Fe) which may be rendered
qualified upon preliminary processing; specifically Malatya, Sivas, Erzincan,

Bingol, Kayseri, KahramanmaraBal kesir, Ayd n.

Of the qualified iron ore reserves in Turkey, thighlest iron metal content is
intensified in Divri i basin, the following table (Table 1.1) lists treserve values
on basis of location;



Table 1.1- Iron Ore Reserves in Turkey [Y Id z N&c2007]

RESERVE (1000 TONS) GRADE
LOCATION Proven Probable | Total | Workable | (%Fe)
Sivas- Divri i A Kafa 41,000 - 41,000 41,000 54
Sivas-Divri i B Kafa 10,000 - 10,000 10,000 56
Sivas-Divri i Dumluca 200 - 200 200 57
Sivas-Divri i Purunsur 100 1,800 1,90( 100 55
Sivas-Divri i Ta | ktepe 60 300 360 60 62
Sivas-Divri i Otlukilise 1,420 1,000 2,420 1,300 54
Sivas-Kangal Cetinkaya 3,500 - 3,500 3,000 54
Adana-Feke Attepe 10,000 - 10,000 10,000 5T
Kayseri-Karamadaz 800 1,000 1,800 300 51
Ankara-Bala-Kesikkopri 2,000 1,000 3,000 2,000 54
Bal kesir-Buyukeymir 3,690 5,400 9,090 340 53
Bal kesir-Saml - aml 684 257 941 543 58
Kayseri-P narba-Tac n 70 100 170 70 51
Kayseri—Yahyal -Karagat 9,480 15,000 24,480 2,500 54
Kayseri-Koruyeri 7,000 - 7,000 7,000 52
Adana-Yenigirei 40 100 140 40 57
Adana-Elmada 1,000 400 1,400 1,000 53
Kayseri-Ay gedi i 590 300 890 590 54
Adana-Uyuzp nar 236 - 236 236 58
Malatya-Hekimhan-Deveci 48,000 - 48,000 48,000 38
Sivas-Divri i-Ekinba 9,700 2,300 12,000 8,000 55
TOTAL 149,845 28,957 | 178,802 137,540 54




It has been reported that, yearly iron ore producis approximately 5 million
tones in Turkey Ore produced is processed in ksteel plants; Karabik,
skenderun, Erdi iron—steel works respectively [Anonim, 2001]. Availabyiliof
high grade iron ores is limited to 75 million tonegh iron grade 5362%. As a
matter of fact, scarcity of qualified iron ore igpfortunately, notified as the
potential risk that may come up in a while. Therefstudies have recently been

concentrated on upgrading of low grade iron oremess.

The iron ore reserve in Malatya-Hekimhan-DevedileBite (FeCQ) ore deposit, is
considered to be one of the potential areas ofarebe both due to tonnage and
the average iron grade, Fe%. Thermal decomposttaracteristics of the ore
under controlled heating conditions yield mineraddich may be readily

concentrated by magnetic separation.

At present, HekimhafDeveci siderite ore (38% Fe-8% Mn) from Malatya is
produced 500 thousand tons on yearly basis. Thesoldended with the blast
furnace feed, 20%, in sdemir irorsteel works [Anonim, 2001].
In conjunction with development strategies of aétion of siderite ore, significant

reduction in import of iron and scrap is foreseen.

The aim of present study is enhancement of coragorr of Hekimhan—Deveci
siderite ore by lowintensity magnetic separation, as a result of whlickct use of

ore in blast furnaces or blending at a greater @atnation may become possible.

The increase in iron content, Fe%, is specificadthreatment of siderite; hematite
( —Fe03) which is paramagnetic at room temperature or retign(FgO,) and
maghemite (— Fe0s) which are ferromagnetic may be obtained as eadyats of

thermal treatment.



Low-intensity magnetic separation offers advantagesh as low operational cost,
ease of operation, better control etc.; in lightdata of thermal decomposition
characteristics of siderite, low-intensity magnes@paration is expected to be the

method of concentration for the ore upon beingdaander controlled conditions.

Roasting, encompassing the conversion to oxide qurior to smelting, in air is
the fundamental heat treatment applied in the stlidg roasting experiments were
both carried out in microwave heating system anaventional heating system;
comparison of the methods has been given with oésjeepercent weight loss
obtained. Statistical modeling was made use of a@terthining the optimum
conditions yielding phases of high magnetic susbaipg. Furthermore kinetic
analysis of thermal decomposition was conductedhp@sing the reaction

mechanism and the activation energy for the reactio

Respective chapters of thesis améroduction, literature survey, materials and
methods, results and discussion, conclusions acmimenendationdnformation on

siderite, thermal characteristics, and microwavatihg is covered in chapter I
following the introduction, chapter |. Detailed datvith respect to mineral,

analyses conducted through out the study is givenapter Ill.

Chapter IV is composed of results of analyses atlwthe details have been given
in chapter lll. Finally, the conclusions of the djuare stated in chapter V along

with recommendations for further studies.



CHAPTER 2

LITERATURE SURVEY

2.1. Siderite

Siderite (FeC@ iron carbonate) is authigenic carbonate minérag commonly
found in hydrothermal veins and may also be depddily sedimentary processes.
In sedimentary rocks, siderite often forms at sivalburial depths and its elemental
composition is related to the depositional envirentnof the enclosing sediments.
Siderite theoretically consists of 62.1% FeO (48B&p and 37.9% COBeing a
member of calcite group together with calcite (Cgjc@olomite (CaMg(C6g).),
magnesite (MgCe¢), and rhodochrosite (MNGJ) Fe may be fully or partially
substituted by Mn, Mg, and Ca in siderite, formangpartial solid solution series.
As all members of calcite group, siderite crystali in trigonal system which is the
subdivision of hexoganal system; crystals are rhmmebral or of distorted

rhombohedral aspect.

Siderite is noted to be paramagnetic at room teatpe¥, having mass magnetic
susceptibility of 32—270*1® m®kg [Hunt et al., 1995], however due to both
compositional instability and susceptibility to dation, the mineral can acquire
remnant magnetization in oxidation process. Sidedisintegrates into strongly
magnetic magnetite and/or maghemite and weakly etaghematite upon being

heated in air [Freederichs et al., 2003; Pan e2@D0, 2002]. Pan et al. showed
that magnetite might form by decomposition of sigedirectly, or be produced as
results of oxidation reaction; it was also showat tinagnetite was transformed to
maghemite and hematite and that maghemite phaserelats/ely stable upon

further thermal treatment.



Moreover, metamagnetism was reported to be magmebperty of siderite,
gradually transforming into a ferromagnetic lattigehen exposed to strong
magnetic fields of 12—-14 T [Freederichs et al.,300

Defined as super linear increase in magnetizati@ar a range of magnetic field,
metamagnetism gives indications of spin—flip trtioes antiferromagnetic and
paramagnetic materials as transforming to parantegner ferrimagnetic,

ferromagnetic phases respectively.

At low temperatures siderite is antiferromagneti@t is the magnetic moments
oriented antiparallely in neighboring atoms, withleel temperature g of about
38 K derived from magnetization data [Mookherjiagét 1965; Freederichs et al.,
2003; Pan et al., 2000].

Siderite is mainly used as minor ore of iron foe urs blast furnaces, besides owing
to thermal decomposition characteristics it isizedl in paleomagnetic studies;
identification of siderite in bulk rocks and degail knowledge of its oxidation at
elevated temperatures are said to be essentialtddying reliability of recorded
geomagnetic fluctuations through geological time d arvariations in
paleoenvorienments [Pan et al., 2000, 2002; Freleret al., 2003]. In addition,
since roasting of siderite yields high pore voluanel high surface area species, the
end products are also used in capture of sulphaokidk (SQ) in a wide

temperature range [Jagtap et al., 1992; Bohm,e2@06].

Low grade siderite ore is treated in rotary fursaggelding products high in iron
grade in Turkey. The products are of quality thatyrbe directly fed to the blast
furnaces, via which iron is obtained in metal foasa result of smelting process.
On the other hand, the practical application i$ tadcined siderite is blended with
materials low in iron grade, such as hematité-€05), in preparation of feed to

blast furnace for smelting process [Atesok et24100].



2.2. Concentration Techniques Applied to Iron Ores

The important iron minerals are magnetites(®@, hematite (—Fe0Os), limonite
(FeO(OH).nHO), goethite (FeO(OH)), siderite (Feg)Opyrite (Fe9) and laterite
(hydrated oxide of iron or aluminum). Iron ores atenost entirely used in the

manufacture of pig iron and steel.

Nonmetallurgical uses are very few; spathic irom, @lso known as siderite, is
used for the production of the hydrogen by therstéeon process. Micaceous iron
ore, a variety of hematite, is used as a coatingernad in the preparation of

welding rods.

Pig iron ore (FgDHg) is used as a purifying and desulphurizing mateMagnetite
is used for the preparation of heavy media in eea@thing plants. Iron fines are

also used in pipe coating.

Concentration of iron ores is performed in two stgphysical concentration
referred to as beneficiation and processing by meathermal treatment to extract
the metal value. Beneficiation involves removalgahgue material as well as the
regulation of product size, or other steps suclagglomeration to improve its

chemical or physical characteristics prior to pesteg.

Iron ore beneficiation is fulfiled by milling (calhing and grinding); washing;
filtration; sorting; sizing; gravity concentratiomagnetic separation; flotation; and
agglomeration (pelletizing, sintering, briquetting, or nodulizing).
Milling operations are designed to produce unifasipe particles by crushing,
grinding, and wet or dry classification. Magnetieparation which may be
performed dry or wet is most commonly used; lowemsity magnetic field
separation is widely applied for concentration efrémagnetic ores. Iron-bearing
metallic mineral flotation operations are of twoim#éypes: anionic and cationic.
In anionic flotation, fine-sized crystalline iroxides, such as hematite or siderite,

are floated away from siliceous gangue materiah @igcquartz or chert.
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In cationic flotation, the silica material is fleat and the value-bearing minerals are
removed as underflow. Gravity concentration is useduspend and transport
lighter gangue (nonmetallic or nonvaluable rockagvirom the heavier valuable

mineral.

Three gravity separation methods have historidadlgn used for iron ore: washers,
jigs, and heavy-media separators. Following thelirpmeary beneficiation
activities, the iron concentrate is balled in druaml heated to create hardened
agglomerate. Agglomerates may be in the form ofefgl sinter, briquettes, or
nodules. The purpose of agglomerating iron ore igriprove the permeability of
blast furnace feed leading to faster gas-solid axnin the furnace. Smelting in
blast furnaces is the principal pyrometallurgicpplcation utilized in extracting

the metal.

Siderite is concentrated by high—intensity magne&paration; specifically there
exists a new technology for magnetic separatiosidérite [Xiong et al., 1998].
In the study, pulsating high gradient magnetic sgjgan (PHGMS) is applied to
beneficiate siderite, reporting the recovery oefsiderite at desired metallurgical

grade.

Due to the fact that siderite oxidizes to magnd€t#eO,4) or maghemite (Fe0s),
when exposed to air, low grade siderite ore istékan rotary furnaces to obtain
products high in iron grade. The products are €ethé blast furnaces to yield iron

(Fe) as result of smelting process.

2.3. Thermal Decomposition Characteristics of Sidéte

Factors affecting thermal decomposition of sideréported in literature are cited
asheating temperature, gaseous atmosphengstallinity, porosity particle size of
the ore, quantity of sampland availability of G [Pan et al., 2000; Dhupe et al.,
1990]. The process has been carried out in numbatnesospheres, i.e. He,oN

CO,, inert and under vacuum.



The studies on influence of experimental conditiblase indicated that siderite
decomposition yields hematite -Fe;03) in oxidizing environment, magnetite
(FesOy) in carbon dioxide atmosphere, while magnetite;Czeand wistite (FeO)
in inert atmosphere or in vacuum [Gotor et al.,@0Bokarn et al., 1990].

Considering different mechanisms of decompositiooppsed, it has also been
noted that alteration of siderite with temperatdepends on its starting chemistry
[Pan et al., 2002].

The theoretical data on the mineral points out #iderite has a characteristic
thermal curve with anendothermic effecdue to dissociation of FeC® at
475-540 °Cand subsequergxothermiceffect at 600-890 °Ccorresponding to
oxidation of Fe(JTeodorovich, 1961; Pan et al., 2000].

It has been stated that siderite decomposes irdogty magnetic magnetite and/or
maghemite and weakly magnetic hematite, upon béiegted in air, by the
following reactions [Pan et al., 2002].
3FeCQ Feg0O4+ 2CO+ CO
4Fes04+ O, 3 -Fe0st+ 3 -FeOs
3 -Fe0s+ 3 -Fe0sz+ 2CO  4Feg04+ 2CO

-Fe&03 -Fe0s

3FeCQ +0.5Q, Fe0s+ 3CG 2.1)

-F&03 -F&0s (2.2)

Detailed analyses has proven that susceptibilitysidirite increases between
400 °C and 530 °C, indicating formation of ferrimatic phases carrying natural
remnance, of which the vector sum of magnetic masm&noriented in a specific

direction parallely.



Upon continued heating, it has been observed thatférrimagnetic minerals
convert to hematite (Fe,O3) around 700 °C [Pan et al., 2000].

Beneficiation of artificial magnetite processednfran iron mineral containing
siderite (FeCG@) and ankerite (CaFe(GR) has been carried out on industrial scale.
Using the scheme of treating 0—30 mm Siderite & éitk iron ores with
magnetizing roasting at 800 °C, followed by wendimg and low-intensity wet
magnetic separation respectively. The recoverybleas reported as 80 % with Fe
content of 35 % [Morar et al., 1999].

Calcination of Hekimhan-Deveci siderite samples hasn studied, using rotary
furnace [Atesok et al., 2000]. It has been fourat #e% of calcined samples varies

between 56.02 % and 38 in relation to particle size fed to the furnace.

A study conducted on siderite ore for improvemenprocess conditions, namely
the process duration, has resulted that the madiibic of the magnetic properties
of mineral components in siderite ores by microwheating results in increasing

the efficiency of their magnetic separation [Znaaekova et al., 2005].

In that study pretreatment in a microwave oven \wigximum power of 900 W on
weakly paramagnetic ore (25.1% Fe, 9.6% ;piGf particle size 0.5-1mm for
10 min has been applied. Conclusion has been invte that 10 min heating
yielded essential change in the magnetic propeofi¢lse ore samples, and after 15
min, a rapid increase of magnetic susceptibilityg@avas observed, suggesting the

following mechanism for reactions;
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FeCQ FeO+CQ
6FeO +Q 2Fe04
4FeO+Q 2Fe0;
6Fe0; 4Fe0,+ O,

6FeCQ+ O, 2Fg04+ 6CQ (2.3)

The decomposition kinetics of various siderite haeen of interest, both due to
the complexity of process and practical use of petsl obtained by controlled
heating conditions [Gotor et al., 2000; Jagtapletl®92; Gokarn et al., 1990].
The mechanism of thermal decomposition has beesstigated, determining the
kinetic model [Gotor et al.,, 2000]. The conditioimsair atmosphere have been
investigated, specifically the kinetics, proposthg following mechanism for the
reactions [Gokarn et al., 1990].

FeC® FeO +CQ
4FeO FeOs+ Fe
3Fe0O+CQ FegOs+ CO
2FeO +CQ FeO3;+ CO
2Fe0, + CQ 3FeO; + CO
3FeO + HO 4Fg0,+ O,

2FeCQ +0.5G Fe0s3+ 2CO (2.4)
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2.4. Fundamental Applications of Microwave Heatingn Mineral Processing

Referencing the advantages offered by selectivevahonetric heating of minerals
by microwaves, there have been a number of studiesneans of microwave

treatment of minerals, investigating the methodstiization.

Particularly comminution studies have received matiention, upon obtaining

significant reductions in ore strength as resulhafrowave treatment.

The applications on coal cover the desulphurizasibies, enhancement of flow
characteristics in coal-water slurries and coahdmbility. For leaching practises,
microwave treatment has also been made use ofgroinng extraction efficiency
as well as reduction in required leaching time. fghcave heating has been applied
in environmental engineering; especially remedratd soil, waste processing, and

activated carbon generation are fields that haes Iseudied.

Dry comminution and liberation characteristics @&risus minerals have been
investigatedKingman et al., 2004]. The results have shown thatparticle size
has a significant effect on microwave heating beraand grindability of
preheated material. Carbonate minerals have bedadnas insensitive to
microwave while copper ore associated with sulpliide been found microwave
sensitive. Whereas, microwave treatment of coppefrom Cayeli Copper deposit
has been shown not effective on grindability chinastics, relating the results to
the ore composition; the effect of microwave treatinon chromite ore from Kef
Chromite deposit has also been investigated insdmae study. There has been
noted no significant change in grindability chaeaistics of chromite ore either,
suggesting that water quenching may enhance theatorn of cracks if used as the
cooling method following microwave treatment [GUng$998]. The influence of
high electric field strength microwave energy hasrbexamined, with the aim of
investigating the comminution behavior of ore teebat high microwave power but

for short residence times [Jackson et al., 2004].
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Preliminary tests in a single-mode microwave cagaye strength reductions of
50% at 10 kW of microwave power with a residenagetiof only 0.1 s, indicating

that high electric field strength is important retfailure of ore.

Using a multimode microwave cavity, the effect awer level and type of
applicator have been studied, treating lead—zimc with 15 kW of microwave
power for 0.5 s [Wang et al., 2005]. Drop weiglgtsewere used to quantify the
change in strength in terms of reduction in reguirmminution energy.

Reductions of up to 40% were achieved for partiolemean size.

There have been several attempts to minimize sulgloatent in coal using
microwave energy to assist coal desulphurizationdkan et al., 1998; Huang et
al., 2001]. Comparing the dielectric heating bebawaf minerals in a microwave
field, it is found that most of sulphide mineralave a strong ability to absorb
microwave energy and can be preferentially anddipheated to elevated

temperatures, whereas most of gangue mineralsaargparent to microwaves.

Amenability of lignite to desulphurization by magiee separation following
microwave heating has been studied, using microveses at 850 W, 2.45 GHz

with subsequent high intensity dry magnetic sepandAtalay et al., 2003].

Facilitator addition to enhance microwave heatiag been practiced [Marland et
al.,, 1998; Uslu et al., 2003]. Heating could not dhieved at initial attempts,
therefore magnetite, as an excellent microwaverabspwas added to systems to
obtain phases susceptible to magnetic separation.

Coal grindability has been one of fields of micreapplications in terms of coal
[Lester et al., 2004; Ozbayw et al., 2006; Marland et al., 1998]. It has been
shown thatnicrowave pretreatment reduces the viscosity aagthmping cost and
opens a new outlook for pipeline transport. Attesnipdve been made to quantify
the improvement of rheological characteristics doemicrowave pretreatment
[Meikap et al., 2005Marland et al., 1998

13



Microwave assisted operations in extractive metgylu have involved
consideration of the applications of microwave ggefor pyrometallurgy and

hydrometallurgy.

Reduction of metal oxides has been studied; emphgson the advantage of
volumetric heating, offered by microwave applicaio[Kingman et al., 1998].
Effect of microwaves on the leaching kinetics ofi@lerite in a solution of 1.0 M
FeCk and 0.1 M HCI at 95 °C has been investigated [Atgthsheh et al., 2004].
It was observed that the total zinc extracted dftemicrowave treatment, 650 W
at 2.45 GHz, reached 90% whereas under conventimaahing conditions,

the maximum zinc recovery was about 52%.

Microwave heating applications in environmental iaegring encompasses many
areas, including contaminated soil remediation, tevgsocessing, and activated

carbon regeneration.

Many soils and bodies of water throughout the wantd heavily contaminated,
heavy metal ions, including radio nuclides, are anajontaminants of soil and
ground water. It has been said that decontaminatfosoils polluted with heavy
metal ions is one of the most difficult problems oflean-up technology.
In one study, preliminary investigation has begrorted on the in situ remediation
of soils contaminated with toxic metal ions: Cd(INIn(ll), Th(IV), Cr(lll) and

mainly Cr(VI), by immobilization of the ions [Xiat@l., 2000]. In situ remediation
of toxic metal ions in soil using microwave enefggs been found viable, and
eventually economical (short heating times) metfadimmobilizing metals in

contaminated soils, making them virtually unleadbalget representing only one

type of soil.
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Microwaves are being investigated as a possib&rrent for many mixed wastes
including process sludge, incinerator ash, and elleteous wastes; scrap tyre
processing, plastic waste processing, treatmersienfage sludge, sterilization of
hospital wastes, and also packaging of wastes foaval utilization by microwave
processing. Microwave heating has been appliedrodyction-regeneration of
activated carbon, and treatment of compounds addoohto the carbon matrix in

environmental engineering applications [Jones.eRaD2].
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CHAPTER 3

MATERIAL AND METHODS

3.1. Siderite Samples

Siderite samples from Malatya—Hekimhan—Deveci weised in the study;
particularly being subjected to heat treatment. Themical analysis of samples
has been obtained by X—Ray Fluorescence (XRF).ahadysis was carried out on
powder samples (-75m), which were pelletized using wax material asdbir
measurements were done with XRF device, SPECTR@ifQ 3.1).

Fig.3.1- Spectro iQ X—Ray Flourescence Device
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3.2. Characterization of the Sample

The compositional and surface characterizationsashples were accomplished
using X-Ray Diffraction (XRD) analysis, and minagical analysis under

microscope.

Mineralogical analysis was carried out, under @itmicroscope, on thin—polished
sections of samples that were identified to diffeacroscopically; microscopic
analysis thus was conducted on three different EBsnphe samples were analyzed

in Geological Engineering Department at METU.

For XRD analysis, representative siderite samplesevwground to -75 pm size.
Samples prepared were sent to Department of ChgnastMETU for analysis.
Interpretation of X-Ray results has been made lysibftware designed for that
purpose; the outcome has also been checked by nsirggal cards, showing  d-
spacing values of minerals. The governing equatByagg’s Law is utilized for

interpretation of results;

n/ =2dsing (3.1)

n=1, = 1.54051 A° for the device used; the left sideeqgliation is constant,
therefore for any angle d-spacing is the changirarameter, hence the

characteristic of treated mineral on the basi®tdtive intensity of rays (Id).

Mass of sample reserved for experiments was dividptesentatively; 3 portions—
mass sized down to -20 mm (1/2), mass crushed.53 1&m (1/4), while (1/4) of
whole mass sized down to -2.36 mm for analysisti¢karsize distribution of
samples was determined by dry & wet sieve analgsesamples sized down to -
2.36 mm. Iron grade distribution on particle sizesvadditionally analyzed with the
same sieve set. Combination of methods [E 1028/ASEN46/ASTM, TS 1455;
see Appendix Creferred by standard procedures in total irotedrination have

been applied.
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3.3. Thermal Characterization of the Sample

Thermal decomposition characteristics of ore samplere initially determined by
thermogravimetric analysis (TGA), recording the @ in mass of sample with
respect to temperature. Representative samplesealere sized down to -75m,

and sent to central laboratory at METU for analysis

Differential Thermal Analysis (DTA) was requestesrh central laboratory to
confirm the results of TGA and to be utilized inné&iics interpretation.
DTA enabled understanding of heating profile in aflet endothermic and
exothermic parts of thermal decomposition of sigein air have been verified by

the results.

Originally siderite (ECQ;) and hematite (Fe,Os) are paramagnetic at room
temperature, while phases obtained after heatntesat wustite (EO), magnetite
(Fes04), and maghemite {Fe,O3) are ferromagnetic. Stability of magnetic phases
relies on the fact that heat treatment is performader controlled conditions.
Therefore the temperature range for the analysgslde®n set by using the results
of TGA analysis and curie temperatures, which hestemperatures above which
the species do not have magnetic properties, Ta{etdg)= 580 °C,
Tc(maghemite)= 600 °C, Tc(hematite)= 675 °C, Tairo770 °C.

3.4. Heating Experiments

Siderite samples were crushed down to - 20 mm &ret swith the sieve set,
+ 19 mm, 19+12.7 mm, 12.7+9.53 mm, 9.53+6.35 mi@5&.76 mm, 4.76+3.35

mm, - 3.35 mm, for heating experiments.

Microwave heating experiments involved treatment nmicrowave oven for
t= 2, 4, 6 minutes at power level P= 900 W, f= 2G13z.
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Conventional heating experiments were initiatedprupeceiving results of TGA
from central laboratory. Based on the results, wrkange has been decided to be
started at 465 °C, with the largest particle simctfon, +19 mm, available in
muffle furnace. The analysis was carried out on@as) at increments of 35 °C, up
to 605 °C. The percent weight loss of samples,eeiat air, against time has been

interpreted in terms of graphics.

Additionally heating experiments were carried out temperatures where
significant weight loss of the sample occured witli5 minutes. T= 550 °C,
T= 560 °C, T= 570 °C were the temperatures of treatment in this respect in
addition to the range studied, T= 465 °C— 605 °C.

3.5. Magnetic Susceptibility Analysis

Magnetic susceptibility determination has been agdshed throughmagnetic

susceptibility balancéSHERWOOD SCIENTIFIC, Fig. 3.2). The system is lmhse
on use of two pairs of magnets placed at oppositis,ecreating the magnetic field;
introduction of the sample into the magnetic fiattempts to deflect the beam and

the movement is optically detected.
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Fig.3.2— Sherwood Magnetic Susceptibility Balance

There are two kinds of magnetic susceptibility, ethis the ratio of the intensity of
magnetism induced in a substance to the magnetianeg or intensity of the field

it is subjected, measures; namely volume magnetsceptibility (,) and mass

magnetic susceptibility ).
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(v)= %_| , |I=Intensity of magnetism produced in a sahsé
H= Intensity of magnetic field appliegternally

(o= % d= density of the substance.

Magnetic susceptibility balance (MSB) utilized gvethe mass magnetic
susceptibility of the samples,f. The calculation of ¢) from the readings of

magnetic susceptibility is;

C’'L (,R- R.) (3.2)
1¢°" m

C= Calibration constant of the balance

()=

L= Length of sample in tube (cm)

m= Mass of sample (gram)

R= Reading on MSB of the sample in the tube

R= Reading of empty tube

Magnetic susceptibility measurements were conduaiadsamples heated at
various temperatures for different time periods)-of-mine sample (T= 25 °C),
first set (T= 510 °C, T= 560 °C, T= 605 °C at t=B0Onutes), second set
(T=465 °C, T=510 °C, T=560 °C at t=60 minutespeztively.

Presence of magnetic phases has also been vénfi¥éRD analysis conducted on
roasted samples. Heated samples were ground dowib tan, both for magnetic

susceptibility measurement and XRD analysis.
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3.6. Magnetic Separation

Assessment of applicability of magnetic concentratio final products has been
made by laboratory scale experiments; by wet logrisity magnetic separation
with DAVIS TUBE (Fig. 3.3).

Fig.3.3— Davis Tube Magnetic Separation Device

Samples, roasted at T= 560 °C for t= 45 minutesyrewprepared in
833+589 m size fraction. There groups of 10 g were takerbéotreated at
different currents (I); I= 0.1 A, 1=0.25 A, I= 054, corresponding to magnetic field
intensities of 0.046 T, 0.1037 T, 0.195 T respetyiv

Magnetic fractions obtained were collected, driadd weighed. Recoveries on
mass basis have been reported. In addition magseparation of run-of-mine
siderite sample was performed at the highest culegel, 1= 0.5 A (0.195 T).
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3.7. Statistical Modeling

Experimental methods have found increasing userimg of optimization of the
process; specifically, the goal of these methods iglentify the optimum settings
for the different factors that affect the proceBg.analysis of experimental data
with use of statistical techniques “empirical madebre designed. Empirical

models represent the relation defined by the datara the system studied.

Common method applied is one with all input factset at two levels each.
These levels are called “high' and “low' or "+H &', respectively. A design with
all possible high/low combinations of all the ingattors is called a full factorial
design in two levels. If there are k factors, eatl2 levels, a full factorial design

has 2 runs.

Design procedure includes planned steps for deteriion of the empirical model
in terms of regression analysis. Algebraic caleorabf regression coefficients of
interest is made bgnalysis of Variance (ANOVAgchnique. The empirical model

that results is as shown below;
Y=bo+biX+D:%+D:%+00X %+th =X %+tbH % X+tD 2% ™ X% (33)

Y= Response (Parameter of interest of the model)

xi= Coded Factors

i= Regression Coefficients

_(designlevkof factor) - (standardlevelof factor)
(distanceof highllow) level fromstandard level)

Coded x (3.4)
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In the models designed for “determination of optimaonditions for roastingf
siderite ore, yielding phases of high magnetic epsbility” , the response items
are “weight loss of siderite ore {R%)” and “lIron (Fe) content of roast@doduct
(R2, %)".

The model for R has comprised of temperature, time, and particle as factors
meanwhile computations for,fhave involved two level factorial design for two
factors (2), temperature and time;
a- Temperature’C), (X1)
b- Time (minutes), (¥
c- Particle Size (mm), (X

The data for modeling f#as been collected by following the standard onaléwo
level factorial design for three factors®qTable 3.1); experiments have been
conducted in the order shown in Table 3.1 and tims have been replicated for

three times (3 replicates).

Table 3.1 - 2two-level full factorial design table showing ruinsStandard Order

X1 | Xo | X
RUN

1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
5 -1 -1 1
6 1 -1 1
7 -1 1 1
8 1 1 1
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Determination of relation among temperature, time @on (Fe) content of roasted
products has been conducted through use of resuéisperiments with respect to
iron percentage. Table 3.2 gives the standard dodeéwo level factorial design for

two factors (9).

Table 3.2— 2two-level full factorial design table showing ruinsStandard Order

X1 X2

RUN
1 -1 -1
2 1 -1
3 -1 1
4 1 1

The design levels for each factor have been sketlasys;

Tiow=465°C  {ou=30 minutes  (Particle Sizg)=-4.76+3.35 mm
Thigh= 560 °C  Hgn= 60 minutes (Particle Sizg)=-22.23+19.05 mm

TstandarE 512.5°C EtandarE 45 mlnuteS (Partlde SI%%)]darE'ls.50+1l.20 mm
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3.8. Kinetic Analysis

Kinetic parameter determined in this study is atton energy along with the
reaction mechanism.

In isothermal experiments, run-of-mine (r.o.m.) aieed down to -20 mm was
used while -75 m was used in non-isothermal runs for TGA; heaattrent of
different sizes did not influence the kinetic paetens, in agreement with the
results of previous studies [Jagtap et al., 199@mples have been prepared under
same conditions and heating experiments were coaduc identical experimental

conditions. Calculations on isothermal runs areetdam the following equation;

f(x) = k(T) *t (3.5)

x= fractional conversion; t= time (minutes); T= teenature (Kelvin, K)

Expressions for f(x), reaction model, comprise ok tparticular fractional

conversion and related mechanism in terms of madkieal equations; once the
fractional conversion with respect to time, x vsdata is obtained by isothermal
experiments the calculation of f(x) values for givanversions is straight forward.
The linearity of line of data plotted, f(x) vs.i$, indicator of the degree of fit; the

slope gives the value of rate constant, k, at teatpee of interest.

26



Kinetic parameters determination in nonisothermabkrhas been through;

R E

In| f (X)|- 2In(T) @n(—) - — 3.6

[F(3]- 2in(M) @n(7) - = (3.6)
E= Activation Energy, kJ/mol

A
E

T=temperature (Kelvin, K)

As defined by the equation, the value(%) is obtained by the slope of line of

-In [f(X)] vs. (1/T); the degree of linearity ofdHine also verifies the consistency of
the model in representing the data. Eventuallyatiin energy, E, is calculated by

multiplication of the value of slope withuniversal gas constant,

R[R= 8.314%nol, Kl

In addition, conventional method of calculation Bfis by use of Arrhenius

equation.
k(T) =k, expt Ey) 37

k= Rate Constant; & Pre—exponentional Factor; E= Activation Energy

Rearrangement of the equation in exponentional fgeids;

_ 3.8
In(k) = In(k,) - Efp (3.8)

The slope of the plot -Ink vs. (1/T) giv%z/R), thus comparison of values obtained

both in isothermal and non-isothermal runs for teaction model of interest
becomes possible, reporting to be a good methadhetking the consistency. On
calculations, k values have been obtained by tbpesl of plots (k) vs. } in

isothermal runs; taking the natural logarithm ofv&lues gotten for constant

temperature of concern, the data for evaluatioAtlienius equation is gained.

27



CHAPTER 4

RESULTS AND DISCUSSION

4.1. Chemical Analysis of Siderite Samples

Results of chemical analysis have shown that, (F@) is the predominant element
within ore matrix, besides magnesium (Mg), alumin(Al), silicon (Si), calcium
(Ca), and manganese (Mn) have significant concioia The loss of ignition of
the sample is comparatively high, as characternigt@arbonate minerals. Table 4.1
lists notable values obtained in analysis.

Table 4.1- Chemical Analysis of Hekimhan—DevecieSi@ Samples

Component Concentration, %
MgO 2.86
Al>,O3 1.36
SiO, 5.67
CaO 1.39
MnO 5.54
FeOs; (Fe %= 37.69 53.89
Loss on Ignition 28.87

28



4.2. Characterization of Siderite Samples
4.2.1. X—Ray Diffraction Analysis

XRD profile of sample used in thesis study point$ the presence of carbonate
minerals, namely siderite, ankerite, dolomite, aaftite along with hematite, and

guartz. Fig. 4.1 gives the results of analysis @ply drawn intensity vs. 2

29



0€

14000

12000+

10000+

8000

INTENSITY

6000

4000~

2000+

FeCQ

FeCQ

CaFe(CQ),

CaMg(CQy).
cacq

FeCQ

Sio,

15

25

Fig.4.1- XRD Analysis of run-of-mine Sample, T=%5

35

55

65

75

85



4.2.2. Mineralogical Analysis

Mineralogical analysis, conducted on three differesamples, verifies the

following;

Sample: S-1

Subhedral calcite (CaG] with fine—average grain size, occurs as the gredant
carbonate mineral. Siderite (FegOs noted as lamellar, iron oxide stained,
subhedral crystals with perfect cleavage. Samphsists of ankerite (CaFe(G)p)
and dolomite (CaMg(C¢),) euhedral crystals in form of rhombohedrons.
Approximately lcm in thickness, silicate formations
(mainly thin—cryptocrystalline quartz, SiC& rare phyllosilicate forms) are
observed in the sample (Fig. 4.2, Fig. 4.3).

Calcite Grains

Siderite Grains

Fig.4.2— Calcite Grains (colorless sectio

Siderite Grains (brown colored section)
Ankerite Grains (S-1)
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Fig.4.3— Silicate Formations (S—1. Quartz

Sample: S-2

Sample is mainly made up of subhedral siderite,edtdl dolomite, ankerite
crystals microscopically (Fig. 4.4). Cracks fillegh with coarse grained calcite
grains are noticed. Remarking the occurrence @fratibns, there exist irregular
limonite (FeO(OH).nHO) traces.
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Siderite Grains

Fig.4.4- Siderite Grains (brown colored_section)
Dolomite Grains (S2)

Dolomite Grains

Sample: S-3

Limonite traced parts are observed within breceidured sample; there exist rare
subhedral ankerite and dolomite grains. Calcitgesn in two locations within the
sample. The sample consists of silicate formatigasticularly cryptocrystalline
guartz is observed along the cracks. Furthermageetbxist rare autigenic quartz
and phyllosilicate minerals (Fig. 4.5).
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Ankerite Grains

Siderite Grains

Quartz

Limonite

Fig.4.5- Siderite & Ankerite Grains in breccia texturedrf@tions traced with

Limonite & Quartz filled cracks (3)
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4.2.3. Patrticle Size Analysis

The results of the dry & wet particle size analysestabulated in following tables
(Table 4.2; Table 4.3). Fig. 4.6 gives the compuarisf analyses, on a graph drawn

cumulative undersize, % vs. nominal particle size,

Table 4.2— Results of Dry Particle Size Analysis

Sieve Size | Nominal Aperture | Weight Cumulative
Range (m) | Size (m) Percent, % | Undersize, %
+2400 2400 3.51 96.49
2400+1615 1615 21.42 75.07
1615+1168 1168 12.23 62.84
1168+833 833 11.31 51.53
833+589 589 10.82 40.71
589+417 417 10.60 30.11
417+250 250 8.72 21.39
250+150 150 6.93 14.46
150+106 106 4.54 9.92
106+75 75 5.25 4.67
-75 4.67

Table 4.3— Results of Wet Particle Size Analysis

Sieve Size | Nominal Aperture | Weight Cumulative
Range (m) | Size (m) Percent, % | Undersize, %
+2400 2400 2.72 97.28
2400+1615 1615 21.37 75.92
1615+1168 1168 19.36 56.56
1168+833 833 14.58 41.98
833+589 589 9.33 32.65
589+417 417 7.42 25.23
417+250 250 5.42 19.80
250+150 150 3.75 16.06
150+106 106 1.76 14.30
106+75 75 1.26 13.04

-75 13.04
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Given by Table 4.4, there is uniform distributiohimon grade on particle size,
except for the range where particle size is betwesg8 m and 833 m and for
the range where particle size is finer than i#b The value obtained for overal iron
grade as result of analysis conducted along wiyhparticle size analysis verifies
the consistency of distribution (Table 4.4), beimglose agreement with the value

obtained by chemical analysis of sample (Fe %= 37.69

Table 4.4— Results of Iron Grade Analysis on DritiBle Size Analysis Samples

Sieve Size | Nominal Weight | Iron Iron Grade

Range (m) | Aperture Percent, | Grade, | Distribution,
Size (m) % % %

+2400 2400 3.51 35.58 3.36
2400+1615 1615 21.42 37.2 21.42
1615+1168 1168 12.23 40.11 13.19
1168+833 833 11.31 40.45 12.30
833+589 589 10.82 38.2 11.11
589+417 417 10.60 36.11 10.29

417+250 250 8.72 37.11 8.70

250+150 150 6.93 36.22 6.75

150+106 106 4.54 38.29 4.67

106+75 75 5.25 38.15 5.38

-75 4.67 25.2 3.16
Feed 100.00| 37.32 100.00

37



4.3. Thermal Characterization of Siderite Samples

Thermal analyses, Thermogravimetric Analysis (TGAifferential Thermal
Analysis (DTA), and X—Ray Fluorescence (XRF) analysmve shed light to thesis
study in gathering the required data to initialitee experiments. Thereafter,
X—Ray Diffraction (XRD) analysis and magnetic sysdality analysis were used
in identification of the phases obtained.

4.3.1. Thermogravimetric Analysis

TGA demonstrates that the thermal decompositiothefsample starts at around
T= 465 °C, up to T= 650 °C significant weight lossthe sample is observed.
Thus, according to the analytical findings, eneflpw in form of heat to the

system is continuous at temperature range T= 46568D °C. Rate of weight loss
due to the heat flow to the system is most intensv temperatures between
T= 515 °C and T= 550 °C, indicative of endothermei@ctions. Hence endothermic
and exothermic parts of thermal decomposition reastare somehow determined

by TGA, relying on DTA for further details of reams.

Being mainly composed of carbonate minerals, TGAlekimhan—Deveci siderite
sample demonstrates the weight loss of sample psoapnately 30 %, reaching
steady state at around T= 700 °C. As seen on theefithere is no significant
change beyond T= 650 °C (Fig. 4.7). Temperaturgeasi thermal decomposition

reactions is thereby determined based on TGA,
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4.3.2. Differential Thermal Analysis

DTA has detailed the results obtained by TGA, exjig the nature of reactions
in course of thermal decomposition. Weight loss tlughermal treatment is most
intensive at around T= 55(; that is the reaction is endothermic up to T= 560
where exothermic reactions are detected by heatv fturve (Fig. 4.8).
There is slight weight loss noticed at temperatlire$50 °G-750 °C, indicated by
both heat flow curve and dTG curve.

Figure: Experiment: DilekAkinc 1Kasim 10C Crucible: Al 100 plI Atmosphere: N2

SETSYS - 1750 11/01/2006 Procedure: N (Zone 1) Mass (mg): 33,5
T T T T T T T T T T

T T T
#Heat FlowmW

| 15.0 ¢ B

T T T T
#TGI% d#TG/% /min

O_

| 125

| 100

o~

ST )
| -50
/
y

-
50 100 150 200 250 300 350 400 450 500 550 600 650 700 Sample temperature/T
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Fig.4.8— DTA of run-of-mine Sample, in air, heafsaim 25 °C to 900 °C
at 10 °C/min
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4.4. Heating Experiments
4.4.1. Microwave Heating

Microwave heating of samples did not yield sucadssésults with respect to
roasting, samples were not heated even at expdsuraicrowave energy for
t= 30 minutes. Weight loss obtained was not sigaift even tough time of

treatment was successively increased (Fig. 4.9).

There were no attempts in respect of microwaveitgdor longer periods since
conventional heating experiments were parallelyiedrout, recording significant
weight loss at t= 30 minutes. Considering that mali@r interaction of microwaves
with siderite sample could be achieved by use oifiifator, fine magnetite was

added to the system. However, heating could nenbanced.

Separately, the following figure (Fig. 4.10) demiates the weight loss of sample

heated by microwave oven for t= 6 minutes on pregaize fractions.
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4.4.2. Conventional Heating

Heating temperature and heating time have beenp#rameters analyzed in
conventional heating runs. Roasting was not ackiea T= 465 °C;

at temperatures T= 5080C, T= 535°C, in t= 45 minutes, roasting did occur,
relatively at a slower rate though. Enhancementaofipletion of weight loss has
been achieved at T= 55, T= 560°C, T= 570°C within 45 minutes. Heating
experiments has verified the analytical findingst@frmal analysis (TGA, DTA). It
has been shown that heating at high temperaturesres obtaining desired

changes in course of roasting process at shomesstbf treatment.

Fig. 4.11 gives the graphical representation aflteexperiments performed in the
range, T= 465°C-605 °C while fig. 4.12 demonstrates the results obtaiaed
T= 550 °C, T= 560°C, and T= 570°C. Data related to results obtained at
T= 605 °C indicated that weight loss of sampleshed to completion within 30
minutes. However, further analysis of samples,magnetic susceptibility and iron
grade analysis, has proven that it is not esseogiatate at high temperatures as
T= 605 °C.
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4.4.3. Comparison of Microwave Heating and Conventinal Heating

Hekimhan—Deveci siderite samples have not resportdechicrowave energy,
whereas conventional heating runs have yielded @ageresults. Comparison of

microwave heating to conventional heating is gikefow (Table 4.5, Fig. 4.13).

Table 4.5— Results of Microwave Heating & ConvenéibHeating Experiments

MICROWAVE HEATING CONVENTIONAL

HEATING
PERCENT WEIGHT LOSS, %

Size (mm) 2 4 6 T=560 °C, t=30
+19 0.012 0.014 0.024 24.07
19 -12.7 0.05 0.12 0.16 25.68
12.7 -9.53 0.016 0.041 0.127 28.05
9.53 -6.35 0.036 0.035 0.087 28.72
6.35-4.76 0.065 0.085 0.086 28.93
4.76 -3.35 0.065 0.073 0.15 29.40
-3.35 0.048 0.062 0.07 28.98
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4.5. Magnetic Susceptibility Analysis
4.5.1. Magnetic Susceptibility Balance

Having mass magnetic susceptibility of 32—270%1@%kg, siderite is classified
paramagnetic at room temperature. The value of mMmagmetic susceptibility has
been found as 92*10m?kg in analysis carried out on Hekimhan—Deveci side
samples at T= 25 °C. The results of magnetic suixity measurements verified
the increase in magnetic susceptibility at higheosdupon being heated at indicated
temperatures against time. It has been concludatl tieating for t= 30 minutes
may result in increase of magnetic susceptibilityvmled that samples are heated
at high temperatures (T= 560 °C; T= 605 °C). Inseeima magnetic susceptibility is
reported to increase against longer time of heatdy the other hand, there has
been noted no significant change on samples, where analyzed referencing the
TGA results, heated at T= 465 °C for t= 60 minutes.

Table 4.6 lists the results of analyses in detgduped on basis of time. Summary

of the results is seen on fig. 4.14 graphically.

Table 4.6— Results of Magnetic Susceptibility Measients

Sample Heating Heating Time Mass Magnetic
Temperature (minutes) Susceptibility (m*/kg)*10®
Q)

1 25 - 92.0

2 510 30 3721.4

3 560 30 18253.3

4 605 30 20758.1

5 465 60 84.6

6 510 60 5017.1

7 560 60 20530.0
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4.5.2. XRD Analysis

Variations in magnetic susceptibility of heated ptas have been checked in terms
of new phases formed by XRD analysis. Analysis d@ase on four sets of heated

samples.

1. T= 465 °C, t= 210 minutes; 2. T=560 °C, t= 4dibues;
3. T= 605 °C, t= 45 minutes; 4. T= 700 °C, t= 4huies.

Tough it is so verified by TGA, there has been date distinct variations of XRD
profile of the sample heated at T= 465 °C for Itinge period. Phases observed are
identical to run-of-mine sample at T= 25 °C destte fact that it was subjected to
the longest time interval of heat treatment amohg XRD analysis was also
performed on samples heated at T= 70Go check the consistency of results with
respect to new phases. XRD analysis has shownsttatite (FeCg), ankerite
(CaFe(CQ)y), dolomite (CaMg(CGg),), calcite (CaCg@), quartz (SiQ) along with
hematite (—FeOs) are present in run-of-mine sample (Fig. 4.1). Nefermed
phases, as results of thermal treatment, are ntietbe magnetite (E6,),
maghemite (- FeOs) (Fig. 4.15-Fig. 4.18). Hence increase in magnetic
susceptibility has been proved by identificationfefromagnetic phases in heated

samples in comparison to phases that are parani@ghebom temperature.

51



¢S

INTENSITY

7000

6000 -

5000 -

4000+

3000 A

2000 A

1000+

FeCQ

CaCQ
CaMg(CQ), FeCQ

CaFe(CQ),
-F&05

Sio,

15

25 35 45 55

Fig.4.15— XRD Analysis of Heated Samples, T= 465 °C

65

75



€S

INTENSITY

6000

5000

4000+

3000

2000 -

1000 -

- F&0s

F %04

15 25 35 45 55

Fig.4.16— XRD Analysis of Heated Samples, T= 560 °C

65

75



rS

INTENSITY

6000

5000 -

4000

3000+

2000+

1000

-F&03

Fe,0,

15 25 35 2 45

Fig.4.17— XRD Analysis of Heated Samples, T= 605 °C

55

65

75



i)

INTENSITY

7000

6000

5000 ~

4000

3000

2000~

1000

-Fe,0;

-F&0;

Fe,0,

-Fe,0s

-Fe0;

Fe,0,

15 25

Fig.4.18— XRD Analysis of Heated Samples, T= 700G0min

35

2

45

55

65

75



4.6. Magnetic Separation

Wet low intensity magnetic separation experimemtsi@ated samples yielded high
recovery. Magnetic recovery reported of increasairesf increasing of applied
current (Fig. 4.19). The values of recovery for04 A (0.046 T), 1=0.25 A
(0.2037 T), I= 0.5 A (0.195 T) were respectively0%, 98.46%, and 99.50%.
On magnetic separation of run-of-mine sample wigtviB tube at field intensity of

0.195 T, all reported to nonmagnetic fraction, h&sgy in no separation.
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4.7. Statistical Modeling

Regression analysis has been made by both tBiegign-Expert 7.1.1"program

and“Excel worksheets, same values have been obtained by two methadsnrs

of ANOVA; below follows the results of analysis ierms of mathematical
equations and related graphs. Table 4.7 gives timemsmry of order of input
parameters (B for each run; then comes the results of programiRf (weight loss

of siderite ore, %) (Table 4.9).

Table 4.7- Input Parameters for Design Model indatéd order [3 replicates]

FACTOR, FACTOR, FACTOR;
(TEMPERATURE) (TIME) (PARTICLE SIZE)
RUN A:A(C) B:B (minutes) C:C (mm) R,

1 1 -1 -1 27.91
2 1 1 1 30.2
3 1 -1 -1 27
4 -1 1 1 3.32
5 1 -1 1 21.16
6 1 -1 1 22.45
7 -1 1 -1 7
8 -1 1 1 3.49
9 -1 1 1 3.23
10 1 1 -1 29.82
11 -1 -1 -1 2.5
12 -1 1 -1 7.15
13 1 1 -1 30.1
14 -1 1 -1 6.9
15 1 1 -1 30.5
16 -1 -1 -1 2.93
17 1 -1 -1 26.85
18 1 1 1 30.33
19 1 -1 1 21.51
20 -1 -1 1 1.49
21 -1 -1 1 1.39
22 -1 -1 1 1.62
23 1 1 1 30.27
24 -1 -1 -1 2.85

58



Calculations comprising the ANOVA table are basadsom of results of runs;jy

multiplied by respective sign as indicated by thsign procedure (Table 4.8).

Table 4.8- Algebraic signs for calculating effeict®® designs

T t T*t P TP t*P T*t*P
- - + - + + -
+ - - - - + +
- + - - + - +
+ + + - - - -
- - + + - - +
+ - - + + - -
- + - + - + -
+ + + + + + +
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The values (contradtobtained in that manner are made use of in patipar of
ANOVA table;

(contras).

(Main Effect)=
nE2<)

, Coefficient of Estimatew

n: number of replicates; N: total number of runs
k: number of factors

Contras).’

SSF#; Mean Square:S%f , Ofnode™ Zk'la dfora= N-1, d&= dfiotar
n2
Chcmodel
MS
F value:( A/ISE)

,» Y

SS= (1)~ —— SS= SS+ S

(Contrast)

Temperature (T) 284.23
Time (t) 52.65
T*t 16.03

Particle Size (P) -31.05
T*P -1.47
t*P 9.79
T*P*t 24.25
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Table 4.+ Analysis of Variance (ANOVA) for 4

Response Ry
ANOVA for selected factorial model
Analysis of variance table
[Partial sum of squares - Type 1]
Sum of p-value
Source Squares df | Mean Square| F Value Prob > F
Model 3561.077 7 508.725 4094.506 < 0.0001 significant
A-A 3366.112 1 3366.112 27092.355 < 0.0001
B-B 115.500 1 115.500 929.616 < 0.0001
Cc-C 40.171 1 40.171 323.318 < 0.0001
AB 10.707 1 10.707 86.173 < 0.0001
AC 0.0900 1 0.090 0.725 0.4072 not significant
BC 3.993 1 3.993 32.142 < 0.0001
ABC 24.503 1 24.503 197.210 < 0.0001
Pure Error 1.988 16 0.124
Cor Total 3563.065 23




The Model F-value of 4094.506 implies the moddignificant. In respect of fact
that values of —Prob > F— less than 0.0500 imligsificant model terms, A (x

B (x2), C (), AB (X1*x2), BC (%*x3), ABC (X*X2*X3) report to be important
model terms while AC is insignificant, having a wal of 0.4072. Therefore

AC term (x*x3) may be omitted from the model equation to imprtheemodel.

Table 4.10- Statistical Parameters of the modéeRfor

Std. Dev. 0.352 R-Squared 0.999
Mean 15.499 Adj 0.999
R-Squared
CV.% 2.274 Pred 0.998
R-Squared
PRESS 4.473 Adeq 141.354
Precision

The "Pred R-Squared" of 0.998 is in reasonable emgemt with the
"Adj R-Squared" of 0.999. "Adeq Precision" measutfess signal to noise ratio;
considering that a ratio greater than 4 is desafdtio of 141.354 indicates an

adequate signal for the model.

Thus, the coefficients of model parameters equatiom as represented below
(Table 4.11);
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Table 4.11-Coefficients of factors in design mddelR;

Coefficient Standard 95% ClI 95% CI
Factor Estimate df Error Low High
Intercept 15.500 1 0.072 15.346 15.651
A-A 11.843 1 0.072 11.690 11.995
B-B 2.194 1 0.072 2.041 2.346
Cc-C -1.294 1 0.072 -1.446 -1.141
AB 0.668 1 0.072 0.515 0.820
AC -0.061 1 0.072 -0.214 0.0912
BC 0.408 1 0.072 0.255 0.560
ABC 1.010 1 0.072 0.858 1.163
R.=15.50+ 11.84«+ 2.1%- 1.28+ 0.6¢/x+ 0.4 108x> (4.1)

Referencing the model equation, it is seen thap&rature (x), time (%) affect the
weight loss process positively while particle s{zg) affects negatively; that is

increasing the temperature and time of operatiothe studied range, increases the
percent weight loss obtained. However decreasaiticfe size is necessitated to

get better results, though particle size is notmagh influencing the process as

temperature or time.

Graphical summaries for case statistics have baem dpy the following figures;

the first figure, normal probability plot, verifighat the residuals in design fof R

follow a normal distribution (Fig. 4.20).
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The degree of consistency of model on basis ofshet predicted values has been

checked on the following graph (Fig. 4.21).
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Design-Expert® Software

Predicted vs. Actual
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Fig.4.21—- Comparison of model results with Actuatiedin design for (B

Interactions of factors in model equation are repn¢éed (Fig. 4.22, Fig. 4.23,
Fig. 4.24, Fig. 4.25, and Fig. 4.26);
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Fig.4.22- Interaction of temperature fxand time (%) in model (R)
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Fig.4.23— Interaction of temperaturg)(and particle size gxin model (R)



Design-Expert® Software
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Fig.4.24- Interaction of time (¥ and particle size gxin model (R)
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Fig.4.25— Interaction of temperaturg)(Xime(x), and particle size g in model

(Ry)
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Design-Expert® Software Interaction
B:B

Ry— Weight Loss, %
31 —
# Design Points
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A B+ 1.000 535 |

X1=AA
X2=B:B

Actual Factor
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85 —

Fig.4.26— Interaction of temperaturg)(Xime(x), and particle size gin model
(R1)

ANOVA has once more been utilized in interpretatmindata for design of R
(Iron (Fe) content of roasted product, %); table24yives the input parameters for

two level factorial design for two factors.
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Table 4.12- Input Parameters for Design Model dhdated order [3 replicates]

FACTOR FACTOR
(TEMPERATURE) (TIME)
RUN A:A (°C) B:B (minutes) R

1 -1 -1 38.86
2 -1 1 38.45
3 1 1 51

4 -1 1 36.94
5 1 -1 37.2
6 1 1 56

7 1 1 55

8 -1 -1 37.19
9 1 -1 38.42
10 -1 1 41.32
11 1 -1 42.38
12 -1 -1 36.55

Table 4.13- 2two-level, full factorial design table showing ruinsStandard Order

& Algebraic signs for calculating effects iR @esigns

X1 | X | X3
RUN
1 -1 -1 -1
2 1 -1 -1
3 -1 1 -1
4 1 1 -1
T t T*t
- - +
+ - -
- + -
+ + +

(Contrast)

Temperature (T)] 52.23
Time (T) 49.65
T*t 41.43

The results of analysis is presented in table 4.14.
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Table 414- Analysis of Variance (ANOVA) for »

Response R>
ANOVA for selected factorial
model
Analysis of variance table
[Partial sum of squares -
Type 1l1]
Sum of p-value
Source Squares| df Mean F Value | Prob>F
Square
Model 539.605| 3 179.868 34.746 < 0.0001 | significant
A-A 214123 | 1 214.123 41.364 0.0002
B-B 192.881| 1 192.881 37.260 0.0003
AB 132,601 1 132.601 25.615 0.001
Pure Error 41.413 | 8 5.170
Cor Total 581.018| 11




The Model F-value of 34.746 implies that the modesignificant. All factors in

the model are counted significant with respect Boob > F” values;therefore A

(x1), B (%), AB (x1*X7) are significant model terms.

Table 4.15- Statistical Parameters of the modeRfor

Std. Dev. 2.2752 R-Squared 0.929
Mean 42.442 Adj 0.902
R-Squared
CV.% 5.360 Pred 0.839
R-Squared
PRESS 93.178 Adeq | 12.535
Precision

Adequacy of the model designed has been verifigh by F—statistics in ANOVA

and by the values of R—squared.

Table 4.16—Coefficients of factors in design mddelR;

Coefficient Standard 95% CI| 95% CI
Factor Estimate df Error Low High
Intercept 42.442 1 0.657| 40.928 43.957
A-A 4.224 1 0.657 2.709 5.738
B-B 4.009 1 0.657 2495 5523
AB 3.324 1 0.657 1.809  4.838
Final model equation (4.2) is thereby;
R.=42.44+ 42% + 4.0%+ 3.32x% (4.2)
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All factors, temperature, time, have approximatiyal influence on the response,
R.. In contrast to the model for;Rhe interactions have a marked effect; samples
treated at higher temperature for longer duratose to yield better results in the
studied range. Normal probability plot of residuatsdesign for R has been

presented in the figure below (Fig. 4.27).

ign- ® ;
Ll S G Normal Plot of Residuals
Rg-Iron (Fe) content of roasted pracucts, %
99 —
56 |
95 g o
36.55 E
z. a0 4 o
% 80 = B
48 70 = =]
O n "
50 = @
= >
© 30 u
g 20 2 ]
Z 104 =
5 € o
1]
I I I I I
161 0.80 0.01 083 164

Internally Studentized Residuals

Fig.4.27 Normality Plot of Residuals in Model for §R

Model validity in defining the Fe content of roa$teroducts has been confirmed

by plot of the values predicted by the model agéims actual data (Fig. 4.28).
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Design-Expert® Software Predicted vs. Actual

Ra-Iron (Fe) content of roasted products, % 56.00 —
56
36.55 51.00
el
5}
]
L
5 4600 —
[
—
o
41.00 —
36.00 —

3655 4141 4627 5114 56.00

Actual

Fig.4.28- Comparison of model results with Actual data isige for (R)

Interaction of factors in model equation is represd (Fig. 4.29);
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Design-Expert® Software Interaction

Rg—Iron(Fe) content of roasted products, % B: B
57 —

@& Design Points

m B--1.000
A B+ 1.000 515 —

X1=AA
X2=B:B

46 —|

R2

405 —

35

-1.00 -0.50 0.00 0.50 1.00
Al A

Fig.4.29- Interaction of temperature fxand time (¥) in model (R)

Two response items, namely weight loss of sidenteand Fe content of roasted
products, have been shown to differently definedebaon results of factorial
design, the weight of factors on the processes ntensity of each factor.
Emphasizing on the fact that direct inference by bsults of two models is not
proper, it may be said that increasing all threxdis as limiting the particle size in
a range defined by replicates of experiments gihes optimum conditions in
treatment of siderite ore. Nonetheless, verifiedhiggnetic susceptibility analysis
and XRD analysis as well, heating temperature isembofluential on roasting
process for the study. The fact has also been gubiatit statistically. Relying on
the results of modeling work and set of analyses d@oncluded that the optimum

conditions for the process is ensured at T= 56fdPG= 45 minutes.
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4.8. Kinetics of Thermal Decomposition of HekimharDeveciSiderite

Resulting characteristic TGA curve indicates thhaertmal decomposition of
Hekimhan-Deveci siderite starts at around T= 465tR€ temperature range of
thermal decomposition is T= 465 °C— 550 °C. Rarigeacess of interest has been
demonstrated by differential scanning calorime®$C) [Fig. B.1] curve as well,
the endothermic peak, maximum heat flow to theesystis confirmed to be at
around T= 550 °C.

Decomposing according to the reaction, Hekimfideveci siderite ore undergoes

oxidation reactions commencing at T= 560 °C up=®50 °C.

FeCQ FeO+CQ (4.3)

Subsequent to completion of intense decompositioimom carbonate at around
T= 550 °C, oxidation reactions take place in thetey, under presence of air;

possible set of reactions is as given below,

4FeO+Q 2 -Fe0; (4.4)
6FeO+ Q 2Fg0, 4.5)
4FeO+Q 2 -Fe0s; (4.6)

Kinetic models for solid state reactions (Table74.have been tested for ore of
interest by consideration of all factors statede Thterion, in assessing the model
validity with respect to recorded data, has beem d¢bnsistency of graphical
representation of data both for isothermal and swhermal runs.

Thereby Avrami Erofe’eyPower law andDiffusion (2)reaction models have been

found to represent the thermal decomposition diatailmed by experiments.
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Results of kinetic parameter

analyses by all

fouethods are given

(Fig. 4.30-Fig. 4.36), examining data from isothakrmnd non-isothermal runs as

discussed. Summary of parameter values obtaineddhranalyses are included on

the table (Table 4.17) for indicated reaction medel

Table 4.17- Kinetic Models for Solid State Reaction

Reaction Model f(x) n E (kJ/mol) R?
(reaction order)
1. Power Law 3"
n=1.0051 32.58 0.792
n=1.0437 30.85 0.787
n=1.1911 25.30 0.763
2. Exponentional Law In(x)
3. Avrami Erofe’ev [-In(1-x)}"
n>1
n=1.086 35.25 0.811
n=1.1215 33.71 0.807
n=1.2603 28.45 0.790
4. Prout-Tompkins In[x/(1-x)]
5. One-dimensional
Diffusion X2
6. Two-dimensional
Diffusion (1-x)In(1-x)+x
7. Jander Three-
dimensional [1-(1-x)"3? 85.53 0.860
Diffusion
8. Ginstling-
Brounshtein 85.49 0.858

Three-dimensional
Diffusion

[1-(2x/3)]- (1-x}°

9.

Geometric Models
(contracting area)

2[1-(1-x)"7]

10. Geometric Models

(contracting volume

3[1-(1-x)"]

11. Order of Reaction

Models (n=1)

-In(1-x)

12. Order of Reaction

Models (n=2)

1-x*

13. Order of Reaction

Models (n=3)

(1-x)°
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In(-In(1-x))

In(t)

-3,5

N505 o= 1.2603

Ngo0 o= 1.1215

Ns535 o= 1.086

-45

Fig.4.30- Fractional Conversion data evaluated fasafi
Erofe’ev Reaction Model vs. In(t) for determinatiohReaction

Order (n) Values

In(t)

270 3,20 3,70

@=Om=T=505 'C

=ty T=520 'C

== T=535'C

IN(X)

N505 0= 1.1911
N520 o= 1.0437

N535 o= 1.0051

Fig.4.31 - Fractional Conversion data evaluate@®bwyer Law

Reaction Model vs. In(t) for determination of ReatOrder (n)
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DIFFUSION MODEL |

0,014
0,012 =O=T=505 'C
——T=520"C
0,01 ——T=535'C
o
&
<. 0,008
<
=
0,006
0,004
0,002
0 ‘ ‘ ‘ ‘
0 20 40 60 80 100 120 140 160

time (minutes)

Fig.4.32 - Jander Three—dimensional Diffusion Mod@&ffusion Model I)

evaluated on basis of fractional conversion va(ugat different temperatures

DIFFUSION MODEL 1l

0,014
0,012
—O=T=505 'C
0,01 —#—T=520'C
. —o—T=535'C
X 0,008
4
[
& 0,006
&
0,004
0,002
o : ‘ ‘ ‘ ‘ ‘
) 20 40 60 80 100 120 140 160

time (minutes)

Fig.4.33- Ginstling— Brounshtein Thredimensional Diffusion Model
(Diffusion Model Il) evaluated on basis of fractadrtonversion value&) at

different temperatures vs. Timeé[8eaction model in table 4.17]
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AVRAMI| EROFE'EV

15

-In[(-In(2-x)*"-2in( )]
N
~

Nn= 1.2603; E=28.45 kJ/mol,’R0.7896
n= 1215; E=33.71 kJ/mol,R0.807
n= 1.086; E=35.28 kJ/mol,’R0.8112

—

14,5 =X==n="1.086"
——p="1.1215"
14,4
=Om=n="1.2603"
14,3 ! ! ! ! !
1,12 1,14 1,16 1,18 1,20 1,22 1,24

(1000/T)

Fig.4.34 - Avrami Erofe’ev Reaction Model evaluatdlifferent

conversion value&) at respective orders indicated vs. (1000/T)

POWER LAW

15,21

15,11

15,01

i
'S
©
=g

[N
>
©
s

-[In[(x) “™-2In(T)]

14,71+

N=1.1911; E=25.29 kJ/mol,’R0.7635
N=1.0437; E=30.85kJ/mol,’R0.7872
N=1.0051; E=35.58 kJ/mol,’R0.7928

=0~-n="1,0051"

=O=n="1,1911"
14,61
——n="1,0437"
14,51 T T T T T
1,13 1,15 1,17 1,19 1,21 1,23

(1000/T)
Fig.4.35 - Power Law Reaction Model evaluated tiedént

conversion value§&) at respective orders indicated vs. (1000/T)
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DIFFUSION MODELS

=
©
L

E=85.5. kJ/mol,
R*=0.8608

[DIFFUSION MODELI]
E=85.49 kJ/mol,

N

S

©
|

18,64

18,4

-[In(model eqn.)- 2In(T)]

18,24

=O=DIFFUSION MODEL |
=X=DIFFUSION MODEL Il

184

17,8 T T T T T
1,12 1,14 1,16 1,18 1,20 1,22 1,24

(1000/T)
Fig.4.36— Diffusion Reaction Models evaluated #edent

conversion value&) vs. (1000/T)

By use of Arrhenius equation in evaluating the datasothermal runs, activation
energy (E) values have been determined on bast¥ ahd &' reaction models in
table 4.17. The figure (Fig. 4.37) below showsdk&rmination of E by Arrhenius

relation in terms of graphical representation.
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Activation Energy by ARRHENIUS EQUATION

9,6

04l E=93.9¢ kJ/mol, R?>=0.9¢ (DIFFUSION MODEL I)

—— DIFFUSION MODEL I
—8— DIFFUSION MODEL |

9,2+

-In(k)
©

8,8 1
E=106.85 kJ/mol, B=0.97

8,61 (DIFFUSION MODEL 1I)

8.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘
1,21 1,22 1,23 1,24 1,25 1,26 1,27 1,28 1,29
(1000/T)

Fig.4.37 - Evaluation of results of heating expents, usindnk values obtained by

graphs of diffusion reaction models (Fig. 4.32;.A@3), by Arrhenius Relation

The reaction models being in origin sigmoid rataaipn (3 reaction model; table
4.17), acceleratory rate equatiori' feaction model; table 4.17), and deceleratory
rate equations [%& 8™ reaction models; table 4.17) respectively diffasieaction
models have better fit. Therefore, diffusion reactmodels, specifically-D, are
concluded to be models defining the thermal decaitipo kinetics among all

solid state reaction models.

In agreement with the outcome of the isothermakyadequacy of the diffusion
reaction models in representing the data has beafirmed by norisothermal

runs. The best degree of fit value®\Relongs to 3D diffusion reaction models.
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Examination of results in terms of degree of fiings about the conclusion that
three-dimensional diffusion models are the reaction mededpresenting the
thermal decomposition kinetics of Hekimh&reveci siderite ore. In contrast to the
study [Gokarn et al., 1990], the experimental d#itained on Hekimhafeveci
siderite ore proves to have a better fit 3eD diffusion modelsrather than

Avrami-Erofe’ev model

Type of ore treated reports to be the reason exipfithe difference in results;
furthermore consistency of diffusion models in d#sog the kinetics have also
been verified by influence of parameters such asmitel composition or

temperature range operated.

Reaction models determined for the process are;

Jander Three—dimensional Diffusion Model (Diffusidiodel 1): f(x) =[1-(1-x)"3?

Ginstling— Brounshtein Three—dimensional DiffusMndel (Diffusion Model I1):

f(x) = [1-(2x/3)]-(1-xf"

Evaluation of model equations vigrhenius relationgives comparable results for
activation energy, indicative of the fact that tieaction is diffusion controlled in
set conditions (Table 4.18).
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Table 4.18- Kinetic Parameters of Diffusion Reatfibodels

ISOTHERMAL RUNS | NON-ISOTHERMAL RUNS
ACTIVATION ENERGY (E) (kJ/mol)
DIFFUSION MODEL | 85.53 93.96
DIFFUSION MODEL I 85.49 106.85

Consequently it is seen that not only the resutes precise within identical

runs, ie. isothermal or non-isothermal rynbut also consistency is observed
among different runs, as expected. Anyhow, undgrcaicumstances, influence of
experimental conditions and of the studied rangevels as the characteristics of

material must be accounted in analyzing the results

Hekimhanr-Deveci siderite ore has a characteristic thermaleswon which intense
heat flow to the system, corresponding parts ob#remic reactions, is required
in the first place. Exothermic reactions take plaimiowing the thermal
decomposition, generating heat through the systiemccordance to the solid state
reaction models which are classified into subclkasseith respect to the
mechanism, that either the rate is acceleratodeoeleratory, the present study has
concluded that thermal decomposition is represebyediffusion reaction models,

particularly three—dimensional diffusion models.

Models of three—dimensional diffusion both give ritdeal results by different
methods; reliability of findings is thereby verifie On the other hand, it is
noteworthy to emphasize that the decomposition idérdge is influenced by

conditions of treatment, and also by the substitigtin chemical composition.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

Thermal characteristics of the Hekimhan—Devecirsiel®ore have been studied in
detail as well as the physical characteristics. Tdiwing conclusions can be

drawn on basis of thesis study, with remarks fothier studies;

Investigation of heating characteristics of materiaay be the key point in
success of probable concentration methods. The Ilsastpdied did not
respond to microwave heating; however,g conventiorgating

experiments yielded phases which could be condedtrdy magnetic

separation, particularly by low—intensity magnetparation.

Heating temperature, time of heating, and parsce have been identified
as the factors effective on heat treatment of tiee ldeating temperature is
the dominant factor on the weight loss of samplehbgting, influencing

process positively. In addition, the results of thmep experiments have
shown that increase of temperature, i.e T= 605&8\lted in attaining the
expected weight loss of sample in shorter timegaerChecking the results
on magnetic susceptibility basis, there noted sldjfierence between the
values, 4 (T= 605 °C, t= 30 minutes) = 20758.13 ¥kuy,

¢ (T= 560 °C, t= 45 minutes) = 20530.03/ky.
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Therefore it has been concluded that operating=80b °C is not essential,
considering the economics on one hand as well.optienum experimental
conditions for roasting, resulting in formation dfigh magnetic
susceptibility phases, have been found 560 °C, 48utes as heating

temperature and time of heating respectively.

The increase in iron grade, from 38 % Fe to 54.5 %hBe been found to
be influenced positively by heating temperature dimde of heating,

suggesting that increasing both factors in viewmatterial characteristics
may yield better results.

Three-dimensional  diffusion  models, particularly Jandernda
Ginstling—Brounshtein, are the reaction models es@nting the thermal
decomposition kinetics of HekimhabDeveci siderite ore. Activation
energies are E= 85.53 kJ/mol, E= 85.49 kJ/mol fodebs respectively. In
the sense that activation energy corresponds tagmeput requirement to
the system, heat input requirement may be intexdrby activation energy
values on kcallton of ore basis, E= 1.76%*1kcal/ton and

E= 1.761*10 kcall/ton respectively.
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The results of the thesis study have proven effedm improving set of
conditions implied for treatment of Hekimhan—Devesiderite ore.
Indicated optimum conditions, in literature, for edatment of
Hekimhan—-Deveci siderite ore were T= 800 °C forl&=minutes, which
resulted in a final iron grade of Fe= 59% at mo&ug, thesis study has not
only enhanced improvement of conditions, with apragimate final iron
grade of Fe= 55%, but also provided it viable tarelsterize the final
products in view of magnetic properties, giving way alternate use of
products such as direct feed material to smeltterahan being added in

fixed proportions.

Material characteristics of HekimhalDeveci siderite ore, such as crystal
structure, porosity, should be analyzed broadly daw reasonable
explanations for differences in results with respecmicrowave heating
and kinetic model from literature. Analyzing bdlderite samples with
fine grains and coarse grains under same conditizag enhance sought
explanations. Incidentally quantifying dielectricoperties of the material
may provide reasonings as for the relation betwengstal structure and

microwave heating, if any.
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APPENDIX A

XRD ANALYSES & QUALITY CARDS OF MINERALS
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Fig.A.4— XRD Analysis of Samples heated at T= 465 (2)
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4000/ ' . : ! ‘ —i
3000~ —
2000— _
1000~ -
O ot bt sttt s b W
20.000 40.000 60.000
— . 2theta(deg) I N
Peak no. 2theta FWHM d-value Intensity V1o Peak no. 2theta FWHM d-value Intensity /Io
1 24.900 0.176 3.5728 504 13 16 58.850 0.059 1.5678 263 7
2 26.800 0.059 3.3237 281 8 17 61.550 0.176 1.5054 344 9
3 32.150 0.235 2.7818 3881 100 /| (5, 18 61.750 0.059 1.5010 328 9
4 35.600 0.176 2.5197 429 12 19 61.950 0.059 1.4966 231 6
5 36.050 0.118 2.4893 206 6 20 62.650 0.059 1.4816 283 8
6 38.400 0.235 2.3421 374 10 21 62.800 0.118 1.4784 280 8
7 42.450 0.176 2.1276 522 14 22 62.950 0.059 1.4752 310 8
8 46.250 0.059 1.9612 548 15 23 63.300 0.118 1.4679 213 6
9 49.700 HARER 1.8329 219 6 24 64.900 0.118 1.4355 251 7
10 ..50.850 0.176 1.7941 262 T .25 65.250 0.059 1.4287 263 7
11 52.950 0.059 1.7278 1033 27 26 65.450 0.059 1.4248 345 9
12 54.150 0.059 1.6923 230 6 27 65.600 0.059 1.4219 306 8
13 56.250 0.059 1.6340 209 6 28 66.850 0.059 1.3983 203 6
14 57.100 0.176 1.6117 230 6 29 67.000 0.059 1.3955 347 9
15 58.350 0.118 1.5801 230 6 30 67.250 0.118 1.3910 236 7
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Raw Data

K,/r‘/" ‘\ : A

A
| Sample g T X-ray Cu/ 30 kV/ 15 mA Counter : Miniflex counter
File : T560T45.RAW Goniometer Miniflex goniometer 3
Comment Attachment Standard sample holder
Date : Nov-14-06 16:41:29 Filter : KBfilter Scan mode : Continuous
Operator i I.Monochro : Not used Scan speed : 2.000 deg./min.
C.Monochro : Not used Sampling width : 0.050 deg.
Divergence slit : Variable Scan axis : 2theta/theta
Scattering slit : 4.2deg Scan range : 5.000 -> 75.000 deg.
Receiving slit : 0.3mm Theta offset : 0.000 deg.
Memo
Intensity (cps)
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Fig.A.6— XRD Analysis of Samples heated at T= €D (1)
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Fig.A.9— XRD Analysis of Samples heated at T= 605 ° (2)
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Table A.1- XRD Quality Card of Siderite
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Table A.2— XRD Quality Card of Magnesite
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Table A.3— XRD Quality Card of Ankerite

104



Table A.4— XRD Quality Card of Dolomite
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Table A.5— XRD Quality Card of Magnetite
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Table A.6— XRD Quality Card of Hematite



Table A.7— XRD Quality Card of Iron
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Table A.8— XRD Quality Card of Quartz




APPENDIX B

DSC ANALYSIS OF RUN OF MINE ORE
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Fig.B.1- DSC Analysis of R.O.M. Ore
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APPENDIX C

ANALYSIS FOR DETERMINATION OF TOTAL IRON IN SIDERIT E
(FeCOs) SAMPLES

Determination of iron percentage in samples of ritielehas been carried out;

analysis has been done on -0.4 g- subsamples.

In experiments, subsamples prepared according dostandardsE877/ASTM;
TS 495 have been used. Combination of methods refelyesténdard procedures
in total iron determination has been applEd028/ASTM; TS 1455].

Briefly, the method is based on decomposition ef sdamples in certain chemicals
followed by titration with Potassium Dichromate. €ltsteps of the analysis
consisted of addition of hydrochloric acid (HCl)n tchloride (SnG)) solution,
hydrofluoric acid (HF).

500 ml flasks are used for treatment of samplestiHg of the solution follows the
preparation with HCI, Sngl and HF with standard amounts
[E246/ASTM; TS 1455].5 ml of Potassium PermangattKMnQ,) solution is
added with subsequent heating for 10 minutes, witthwoiling. Addition of other

chemicals is performed, i.mercury chloride (HgG) solution.

11z



Dilution is made with 200 ml of distilled water;eth the solution is treated with
acid mixture [sulphuric acid #$Oy); phosphoric acid (HPQy); distilled water],
boric acid (HBOs) solution and sodium diphenylamine sulphonate tgwiu
(SDAS) as indicator. Finally, the solution is ttrd with Potassium Dichromate

(K2Cr07) solution till the color of it turns from green pairple

The determination of percentage of iron (Fe %) iaden using the following

formula for computations;

Fedh = V(ml)” 0,5585 C1) -
masf samplgQg)

V= volume of KkCr,O7solution used in titration (ml)

In contrast to the standards, a volume of 3 mI@AS has been used in analyses.
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