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Abstract This article refers to the mineralogical compo-

sition and phase transformations of Greek nickeliferous

laterites and to their metallurgical behaviour, during pre-

heating and reduction with carbon monoxide. Transforma-

tion of goethite to hematite and decomposition of chlorite and

serpentine, were identified during preheating. Higher iron

metallization was achieved for the ore in which goethite is the

main iron mineral and reduction goes up to 95%, whereas it

goes up to 50% for the ore in which hematite is the main iron

mineral. The higher reducibility, however, seems to be due to

the higher specific surface area of the goethitic type of ore.

Keywords Laterite � Phase transformation �
Pyrometallurgy � Reducibility

Introduction

Nickel oxides (laterites) and nickel sulfides comprise the

two types of ores used in industrial practice for nickel

production. Today, world nickel supply is covered pre-

dominantly by sulfide ores (60% against 40% by laterites).

Participation of laterite ores, however, has risen from about

10% before 1950 to about 42% in 2003 [1]. And by taking

into consideration that any additional nickel demand is

expected to be mainly satisfied by mining of laterite

deposits, the optimization of the metallurgical laterite

processing methods constitutes a great challenge for the

nickel industry.

Laterite deposit profiles are classified into the following

categories, mainly according to their mineralogical content,

[1]: (i) Limonite zone, (ii) Nontronite zone (iii) Serpentine zone

and (iv) Garnierite zone. Laterite ores are classified in three

classes on the basis of their Fe and MgO content [2]: (i) Class

A—garnieritic type of laterites (Fe\12% and MgO[25%).

ii) Class B—limonitic type of laterites (high Fe content,

15–32% or[32% and MgO\10%) and iii) Class C—inter-

mediate type of laterites, that lie between garnieritic and limo-

nitic type of ores (Fe 12–15% and MgO 25–35% or 10–25%).

One of the commonly used processing methods for

nickel extraction via pyrometallurgical treatment of later-

itic ores includes Electric Furnace (E/F) smelting to fer-

ronickel (Fe-Ni), with a precedent step of preheating and

roasting reduction, in Rotary Kiln (R/K) [3]. The target of

this work is the mineralogical study of different types of

Greek laterite ores, as well as the study of various phase

transformations of the ores during preheating and reduc-

tion, in order to understand better the extent of their effect

on the final reduction obtained.

Greek laterites used for Fe-Ni production, are classified

to be of the limonitic type (Class B) and the intermediate

type (class C). The main steps involved in the pyrometal-

lurgical treatment of the Greek nickeliferous laterites, the

so called ‘Larco Process’, have already been discussed [4].

Experimental

Characterization of samples

Three different Greek laterite samples were investi-

gated in the present study: Evia island ore (Ore A),
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Lokrida ore (Ore B) and Kastoria ore (Ore C), which com-

prise the main laterite feed of the rotary kilns in the Greek

nickel industry. Samples of about 100 kg from each laterite

type were collected from the homogenized ore heaps (of

approximately 5,000 tons each), ready to be fed to the

metallurgical plant. The size analysis of the ores carried out

by dry sieving is given in Table 1. It can be seen that the finer

fraction (-1 mm) is quite high, ranging from approximately

19 to 27.5%. This constitutes an important operational factor

affecting both steps, i.e. roasting and smelting, since it is

intimately related with the high amount of dust material in

the rotary kilns and also with the lower height of calcine-

self-lining, used for protection of Electric Furnace walls

from the slag chemical attack.

Chemical analysis of the three bulk ore samples, as well

as the (-12.5 ? 9.5 mm) fraction from each one of the ore

samples, which were used for the present reduction

experimental study, is given in Table 2. The chemical

analysis of the samples was carried out by Atomic

Absorption Spectroscopy (AAS), using a Perkin Elmer

2100� instrument. It is deduced that Ores A and B are

typical limonitic type (Class B) ores. Ore C is very close to

the intermediate type (Class C), given that its chemical

analysis does not exactly meet with the requirements of the

classification methodology, mentioned previously.

The raw and thermally treated laterites were studied by

X-ray diffraction (XRD), Mössbauer spectroscopy and

thermo-gravimetric (TG/DTG) and differential thermal

analysis (DTA). X-ray powder diffraction patterns were

obtained using a Siemens D-5000 diffractometer, with Ni-

filtered CuKa radiation (k = 1.5405 Å) operating at

40 kV, 30 mA. Differential thermal analysis (DTA) and

thermogravimetric analysis (TG/DTG) were obtained

simultaneously using a Mettler Toledo 851 instrument. The

samples were heated from 20 to 1000 �C at a constant rate

of 10 �C min-1.

As revealed from the XRD patterns (Figs. 1 and 2), the

samples of Ores A and B mainly consist of hematite

(a-Fe2O3), as indicated by the characteristic peaks at

d104 = 2.69 Å, d116 = 1.69 Å, d110 = 2.51 Å). Quartz

(d101 = 3.34 Å, d100 = 4.26 Å) and calcite (d104 = 3.03 Å)

are also present in considerable amounts (Figs. 1 and 2). The

main Ni-bearing phase is chlorite [(Mg, Ni, Fe, Al)6 (Al, Si)4

O10 (OH)8] [5, 6].

In Ore C (Fig. 3) iron is mainly found as goethite

(a-FeOOH, d110 = 4.18 Å, d130 = 2.69 Å, d111 = 2.45 Å)

Table 1 Size analysis of the laterite samples

Particle size/mm Weight/% Screen opening/mm Cumulative weight/%

Ore A Ore B Ore C Ore A Ore B Ore C

?16.0 9.5 8.5 9.8 ?16.0 9.5 8.5 9.8

-16 ? 12. 5 6.2 5.1 3.9 ?12. 5 15.7 13.6 13.6

-12.5 ? 9.5 7.5 4.7 8.9 ?9.5 23.3 18.3 22.6

-9.5 ? 6.3 10.3 8.9 13.3 ?6.3 33.6 27.1 35.8

-6.3 ? 3.3 17.1 14.9 18.5 ?3.3 50.7 42.1 54.3

-3.3 ? 1.7 18.4 17.7 14.3 ?1.7 69.1 59.8 687

-1.7 ? 1.0 12.1 12.8 8.7 ?1.0 81.2 72.6 77.4

-1.0 18.8 27.4 22.6 -1.0

Table 2 Chemical analysis of the laterite samples (on a dry basis)

Component Ore A Ore B Ore C

(Bulk) (-12.5 ? 9.5) mm (Bulk) (-12.5 ? 9.5) mm (Bulk) (-12.5 ? 9.5) mm

Fe2O3 37.1 37.6 47.7 40.7 26.0 25.2

NiO 1.23 1.12 1.02 0.99 1.5 1.27

SiO2 32.8 35.8 23.0 31.5 36.7 38.7

CaO 2.9 3.2 2.4 3.7 6.0 4.1

MgO 3.5 3.2 3.0 2.1 11.9 11.4

Al2O3 5.2 5.0 10.4 8.0 1.1 1.1

Cr2O3 2.6 2.4 2.2 2.0 1.1 1.2

Mn3O4 0.3 0.4 0.4 0.3 0.5 0.5

L.O�I. 5.7 5.8 7.8 8.0 15.9 13.2

134 E. N. Zevgolis et al.

123



and the main Ni-bearing mineral phase is serpentine

[(Mg, Fe, Ni)6Si4O12(OH)6, d101 = 7.3 Å)].

Mössbauer spectroscopy has been used in the present

study for additional quantitative and qualitative appraisal

of the iron phases, mainly hematite and goethite, in Ore C.

Mössbauer spectra were collected using a conventional

transmission spectrometer with a 57Co(Rh) source moving

with constant acceleration at RT. The relative weights of

the iron phases present in these samples are determined

from their sub-spectral areas. From the spectra, e.g. Fig. 4,

we find that about 80% of the iron content of the sample is

present in the form of goethite, 4–5% in the form of

hematite and about 13% is ferric iron, which could not be

ascribed to any particular certain iron mineral phase.

It is noted that hematite in Ore C, although determined

by Mössbauer spectroscopy, is not identified by XRD

analysis, as seen in Fig. 3. This is attributed to the fact that

mineral phases present in such a low content, cannot be

determined with X-ray analysis.

TG/DTA diagrams of the pulverized (-200 Mesh) lat-

erite samples, are presented in Figs. 5–7. Four main ther-

mal effects are observed in Fig. 5 (Ore C). The DTG curve

of Ore C (Fig. 5) shows four intense peaks at about 100,

300, 600 and 800 �C with a mass loss of 0.6, 2.67, 1.96 and

2.16%, respectively. The first endothermic peak at about

100 �C corresponds to the elimination of water absorbed.

The second endothermic peak at about 310 �C corresponds
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to the dehydroxylation of poorly crystallized goethite

which is transformed into hematite [7–10] in accordance

with Eq. 1.

2a� FeOOH! a� Fe2O3 þ H2O ð1Þ
The third endothermic peak at about 600 �C, as well as

the exothermic peak at about 830 �C (Fig. 5) represent

nickeliferous serpentine [11]. The exothermic peak at

830 �C has been also attributed to recrystallisation phe-

nomena. The fourth endothermic peak at about 780 �C is

attributed to calcite decomposition.

Due to the presence of chlorite in Ores A and B an

endothermic peak at about 550 �C occurs in DTA diagrams

(Figs. 6 and 7). Furthermore, the smaller particle size of

calcite in Ores A and B shifts the endothermic peak corre-

sponding to the calcite decomposition to lower temperatures.

The specific surface area of Ores A and C was deter-

mined by nitrogen physisorption using a single-point

Brunauer–Emmett–Teller (BET) method. Before each

measurement the sample was degassed at 250 �C for at

least 1 h. It is noted that although the-12.5 ? 9.5 mm

fraction was used for the conduction of the present pre-

heating and reduction experimental work, the specific

surface was determined for the -1.7 ? 1 mm fraction of

the original sample, due to the limitations of the instrument

for the surface are measurement. The specific surface area

of Ore A was determined to be 15.52 m2 g-1 while the

respective value for Ore C was 82.43 m2 g-1, that is

indicative of the remarkably higher free surface area of the

Ore C.

Preheating and roasting reduction

Preheating and reduction experiments of the laterite sam-

ples were conducted in an apparatus appropriate for

determination of the reducibility of iron ores according to a

standard ASTM test method [12]. A thorough description

of both the experimental set-up, as well as the preparation

of the test samples and the step-by-step conduction of the

experiments, has already been discussed [13]. The main

steps of the experimental procedure in brief, involved the

following: (i) preheating of the test sample (500 g) at a

specified size range (-12.5 ? 9.5 mm) in a fixed bed at

the desired temperature. This includes the steps of heating

from 25 �C to the desired temperature at a constant rate of

14 �C/min and calcination at the same temperature under

N2 flow, until no further weight loss is recorded for at least

15 min, (ii) isothermal reduction of the test sample at the

specified temperature using a reducing gas mixture con-

sisting of CO and N2, (iii) weighing of the test sample at

given time intervals and calculation of the state of reduc-

tion relative to the ferric iron state, (iv) cooling to room

temperature, at a low N2 flow rate.

The experimental procedure of the present study inclu-

ded separate preheating and roasting reduction tests. The

scope of preheating tests was to examine the mineral phase

transformations that take place, as well as the changes of

free surface area of the preheated laterite samples. It is

obvious that during preheating, no reduction occurred.

Roasting reduction tests were conducted to determine

mineral phase transformations during this step and to

examine the effect of the mineral and physical properties of

the raw laterite samples to the reduction. The degree of

reduction after time t, Rt, relative to the ferric iron was

calculated according to the requirements of the ASTM

standard test method by the following general equation:

Rt ¼ mt=Oxhð Þ � 100� ð2Þ

where mt is the mass loss, in grams of the test sample after

reduction time t.

Oxh is the hypothetical oxygen content of test sample at

0% reduction state of the iron and nickel oxides, i.e.

assuming that the only iron and nickel oxides present in the

laterite sample are Fe2O3 and NiO, respectively. Further

mathematical analysis of the parameter Oxh has already

been discussed [13].

Phase transformations during preheating

of the (-12.5 ? 9.5) mm fraction

Laterite samples of approximately 500 g each were pre-

heated at specified temperatures, remaining at the desired

temperature for 80 min. The criterion for the choice of the

80 min calcination time was that no weight loss was taking

place after 80 min, so this was the starting point of the

reduction according to the requirements of the ASTM

method. Preheating temperatures were taken to be 850 �C

for Ores A and B and 400 and 850 �C for Ore C. TG/DTA

graphs (Figs. 5–7) indicate that at temperatures above

800 �C, chlorite mineral phase transformation for Ores A

and B is taking place and also serpentine transformation for

Ore C. Moreover, Ore C was preheated at 400 �C, in order

to verify the transformation of goethite. In Figs. 8–10 the
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X-ray diagrams of the preheated samples at the specified

temperatures are presented.

It is deduced that in the case of hematitic type laterite

ores A and B, preheating at 850 �C results in the decom-

position of chlorite (Figs. 8 and 9). Additionally, preheat-

ing of Ore C at 400 �C results in the transformation of

goethite to hematite (Fig. 10). The aforementioned affirms

the conclusion deduced by the endothermic peak at about

300 �C on the DTA diagram, which was ascribed to the

goethite dehydroxylation. Preheating of Ore C at 850 �C

results in the decomposition of serpentine.

The specific surface area determination method of BET

was also applied to samples of Ores A and C, calcined for

80 min at 750 �C, in order to examine the effect of pre-

heating on the surface area. The specific area values for Ores

A and C were 8.73 and 53.35 m2/g, respectively, at 750 �C.

Moreover, within the framework of examining the effect

of preheating temperature on the surface area of Ore C

because of the phase transformation of goethite, its specific

surface area was also determined after preheating at 400 and

900 �C. The results are presented in Fig. 11. As it can be

seen, dehydroxylation of goethite at temperatures around

400 �C may result in the increase of its specific surface area

due to removal of chemically bonded water which may

cause the ‘‘opening’’ of the goethite mineral structure. On

the contrary, preheating at higher temperatures (750 or

900�C), leads to decrease of specific surface area of both

Ores A and C, probably due to coalescence of the narrow

pores due to high temperature treatment. The inversely

proportional relationship among temperature—within the

range 400–900 �C—and specific surface area, comes in

agreement with the conclusions deduced by former reduc-

ibility studies of iron ores with gaseous reducing agents [14].

Reduction of the (-12.5 ? 9.5) mm fraction

In Fig. 12 reduction of the (-12.5 ? 9.5) mm fraction, in

each of the three laterite samples at temperatures 800, 850

and 900 �C is presented. A detail investigation of reduction

as a function of the main reduction parameters such as ore

grain size, gas flow rate and others, has been conducted

elsewhere [13]. It is apparent from Fig. 12 that reduction

progresses with a much higher rate in the case of inter-

mediate type Ore C, than in the case of limonitic Ores A

and B. Moreover, reduction degree is around 33 and 38%

for Ores A and B, respectively, and 75–92% for Ore C,

within the temperature range examined. In the case of Ore
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C, it can be seen that among 800 and 850 �C there is a

noticeable increase in the reduction degree. In all other

cases reduction is not affected by temperature within the

temperature range examined.

In Figs. 13 and 14, XRD analysis of the reduced sam-

ples of Ores A and C, at temperatures 800, 850 and 900 �C

is presented. Quartz (d101 = 3.34 Å, d100 = 4.26 Å),

magnetite (Fe3O4, d311 = 2.53 Å, d440 = 1.49 Å) and

metallic iron (a-Fe, d110 = 2.03 Å, d211 = 1.17 Å), are the

mineral phases common in all reduced samples of Ores A

and C. It is also mentioned that calcite does not appear in

samples reduced at temperatures higher than 800 �C, due to

its thermal decomposition to CaO and CO2(g) at 850 �C,

approximately. As deduced from Fig. 15, where the X-ray

diagram of Ores A and C reduced at 850 �C is presented,

(based on a qualitative appraisal), metallic iron content is

much higher in Ore C than in Ore A. This also holds for the

other two temperatures examined. These results, are in

agreement with those of chemical analyses of the reduced

material from Ores A and C. Apart from the aforementioned
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mineral phases, the main mineralogical phase of fayalite

(2FeO.SiO2) from the reduced Ore A was detected. Fayalite

presence is mainly ascribed to the chlorite thermal

decomposition and to the reduction process at the examined

temperature range.

Conclusions

This article is focused on the mineralogical composition of

the Greek nickeliferous laterites, as well as its effect on the

metallurgical behaviour of these ores, during their preheat-

ing and reduction with a gaseous reducing mixture (CO-N2).

As it was verified by XRD analysis, Mössbauer spec-

troscopy and TG/DTA analysis, hematite (Fe2O3) is the

only iron mineral phase in the limonitic type of the Greek

laterites (Ores A and B). Goethite (a-FeOOH) is the main

iron mineral in the intermediate laterite type. Chlorite

[(Mg, Ni, Fe, Al)6 (Al, Si)4 O10 (OH)8] and serpentine (Mg,

Fe, Ni)6Si4O12(OH)6, are the main nickel bearing phases

regarding limonotic and intermediate type laterites,

respectively. Preheating of limonitic type of ore at 850 �C

results in chlorite decomposition. Preheating of the inter-

mediate type at 400 �C, results in transformation of goe-

thite to hematite, whereas preheating at 850 �C results in

the respective decomposition of serpentine.

Reducibility of intermediate type of Greek laterites is

considerably higher than that of the limonitic type under

the same experimental conditions. Reduction degree

reaches maximum values of approximately 40% for the

limonitic type of ore. The respective value for the inter-

mediate type of laterite is 95%. Temperature does not

affect reduction within the range of 800–900 �C, for the

limonitic type of ore. For the intermediate type of ore,

reduction increases when temperature increases from 800

to 850 �C. Specific surface area of intermediate type of

laterite is much higher than that of limonitic type and this

affects significantly the reducibility of the ore.

Mineralogical analysis of the reduced laterite samples

indicated that reduction of ferric to metallic iron is much

higher in the intermediate type of laterite ore than in the

limonitic type, verifying the results of chemical analyses.

Magnetite is also identified in the reduced samples of both

types of laterites, and also fayalite (2FeO � SiO2) in the

limonitic type of laterites.
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