International Journal of Minerals, Metallurgy and Materials

Volume 21, Number 10, October 2014, Page 955
DOI: 10.1007/s12613-014-0995-5

Ferronickel enrichment by fine particle reduction and magnetic separ ation

from nickd lateriteore

Xiao-hui Tang”, Run-zao LiuY, Li Yao™?, Zhi-jun Ji¥,Yan-ting Zhang"?, and Shi-qi Li”

1) School of Metalurgica and Ecologica Engineering, University of Science and Technology, Beijing 100083, China

2) Hebei Iron and Stedl Co. Ltd., Tangshan Branch, Tangshan 063020, China
3) Tianjin Pipe Group Co. Ltd., Tianjin 300301, China
(Received: 28 March 2014; revised: 14 May 2014; accepted: 20 May 2014)

Abstract: Ferronickel enrichment and extraction from nickel laterite ore were studied through reduction and magnetic separation. Reduction
experiments were performed using hydrogen and carbon monoxide as reductants at different temperatures (700-1000°C). Magnetic separa-
tion of the reduced products was conducted using a SLon-100 cycle pulsating magnetic separator (1.2 T). Composition analysis indicates that
the nickel laterite ore contains a total iron content of 22.50wt% and a total nickel content of 1.91wt%. Its mineral composition mainly con-
sists of serpentine, hortonolite, and goethite. During the reduction process, the grade of nickel and iron in the products increases with in-
creasing reduction temperature. Although a higher temperature is more favorable for reduction, the temperature exceeding 1000°C resultsin
sintering of the products, preventing magnetic separation. After magnetic separation, the maximum total nickel and iron concentrations are
5.43wt% and 56.86wt%, and the corresponding recovery rates are 84.38% and 53.76%, respectively.

Keywords: |aterites; ore reduction; magnetic separation; thermodynamics; fine particle metallurgy

1. Introduction

According to the survey report of the United States Geo-
logica Survey (USGS), approximately 60% of nickd re-
sources in the Earth’s crust are in the form of nickel laterite
ore, and the rest belongs to nickd-bearing sulfide ore [1].
More than 60% of the world's nickel production, however,
comes from nickd sulfide ore [2-4]. With the continuous
exploitation of high-grade nickel sulfide ore, the develop-
ment of nickel laterite ore will be the main direction of the
nickel industry in the future [5]. Nickel sulfide ore forms
nickel laterite ore in tropical or subtropical environments
through long-term wesathering, leaching, and sedimentation.
It is a hydrous and porous clay oxide minera made up of
iron, magnesium, and silicon; the ore is red in color due to
iron oxidation [6-7].

Currently, nickel laterite ore is difficult to concentrate
due to its low nickel content and the isomorphic goethite or
serpentine crystdline structure; thus, pyrometalurgica or
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hydrometallurgical production methods are exploited to
manufacture nickel meta from low-grade minerals. Py-
rometallurgical techniques, which involve drying, calcina
tion, reduction, and electric furnace smelting, are suited to
treat saprolite to produce a ferronickel or nickel sulfide
mette [8]. Some investigations have indicated that the ap-
propriate additives added to laterite ore could improve the
separation effect [9-11]; however, this process results in
high energy consumption, serious pollution, and reduction
of the ferronickel grade of the ores and products. For these
reasons, this technique has not been applied in industry yet.
Onodera, Agatzini-Leonardou, and others have studied ben-
eficiation methods for laterite ore [12-13]. The results re-
vedled that the consumption of acid caused the decrease of
recovery rate of nickel. Hydrometallurgical processes, in-
cluding high pressure acid leaching (HPAL), atmospheric
acid leaching, and ammonia-ammonium carbonate leaching
[14], are more appropriate for treating limonite ore that has
high iron content but low garnierite content. Ruan et al. [15]
employed the reduction roasting, ammonia leaching, ex-
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tracting, and bioleaching to extract nickel, cobalt, and iron
from low-grade nickel laterite ore. The leaching rate of
nickel and cobalt were 89.33% and 62.47%, respectively;
thus, the recovery rate of cobat was too low. Ammonia
leaching techniques are well suited for treating saprolite, in
which the cobat and iron content are low. The River and
Mountains Smelter of Nippon Yakim in Japan applied the
reduction roasting and magnetic separation to get ferronickel
products; the specific process included grinding for minerals,
briquetting with coal, roasting pellets, and magnetic separa-
tion [16].

At present, the pyrometallurgical techniques of nickel
laterite ore mainly involve adding some coke and coal pow-
ders into ores to reduce nickel and iron oxide by high tem-
perature roasting and then using the beneficiation methods
to enrich metdlic nickel and iron. In recent years, it is found
that the ultrafine mineral materials have better reactivity by
our research team. The reduction dynamics of ultrafine
mineral powders greatly improves by using hydrogen or
carbon monoxide as a reductant at a non-melt temperature,
and this process can obtain high-grade reduction products.
Our team named this oxide reduction scale effect as fine
particle reduction [17]. In this paper, H, and CO were used
as the reductants under high temperature and airtight condi-
tions to reduce nickel laterite ore, and the nickeliferous con-
centrations were then enriched by magnetic separation. The
entire process had a lower energy consumption and a less
pollution than the comparable methods, which could pro-
vide the materia basis for the production smelting of ferro-
nickel or nickel aloys.

2. Experimental
2.1. Materials

Nickel laterite ore studied in this paper came from Indo-
nesia. Hydrogen with a purity of greater than 99.99% was
employed as a gaseous reductant. To obtain a high reducing
atmosphere, semi-coke was put into the reforming furnace
to reform the blast furnace gas. This process mainly pro-
ducesthe following chemical reaction:

C+C0O,=2CO, AG® =166550-171T, J/mol 1)
where AG? isthe standard Gibbs free energy (Jmol™), and
T isthe temperature (K).

Table 1 shows gas composition in the blast furnace be-
fore and after reforming. In Table 1, the CO content of the
blagt-furnace gas increases to 48.85v0l% after reforming,
while the corresponding CO, content decreases to 1.44vol%.
According to calculation, ¢(CO) reaches 97.14vol% and in-
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creases by approximately 38.39vol% after reforming. The
reducibility of the blast-furnace gas is obvioudy elevated
after reforming. In this paper, the reduction process using
reforming gas as a reductant was referred as CO reduction.

Table 1. Gas composition in the blast furnace before and af-
ter reforming vol%

CO, ¢(CO)
Beforereforming 273 012 5240 2629 1846 5875
Afterreforming 462 003 4476 4885 144 9714

Note: ¢(CO)=V(CO)/[V(CO)+V(CO,)], where ¢(CO) represents
the reducibility of reformed gas, V(CO) the CO volume of re-
formed gas, and V(CO,) the CO, volume of reformed gas.

Composition H, O, N, CO

2.2. Characterization

The main chemical composition of the nickel laterite ore
was analyzed by atomic absorption spectrometry (AAS) and
sequential X-ray fluorescence spectrometry (XRF). X-ray
diffraction (XRD) were performed with Cu K|, radiation (50
kV, 200 mA) at a scanning rate of 5°/min from 10° to 90°. A
laser particle size analyzer was used to detect the particle
size digtribution of raw materids. Thermogravimet-
ric-differential thermal analysis (TG-DTA) was conducted
under a N, atmosphere (flow rate: 100 mL/min, heating rate:
5°C/min).

2.3. Reduction process

The nickel laterite ore contains a large amount of ab-
sorbed and crystallized water. Thus, the orewasfirst dried at
100°C for 10 h in adryer oven and then crushed using aroll
crusher. The crushed materials were sieved by a 100 mesh
screen. Because CO reduction was better than H, reduction,
the reduction products of CO reduction were magnetically
separated. The experimental processisshownin Fig. 1.
2.3.1. Thermodynamic analysis

The reduction of the nicke laterite ore can produce some
valuable metallic oxides, such as nickd and iron oxides,
which can be reduced into metal or protoxide. The nickel
oxide reduction process does not generate intermediate ox-
ides, but directly turns NiO into Ni. For iron oxide, however,
different products are generated at different temperatures
[18]. The specific reduction processis as
Fe,0; — Fe;0, — Fe (T < 570°C),

Fe,0; — Fes04 — FeO — Fe (T > 570°C).

The reduction of iron oxide has different reactions in dif-
ferent stages. The corresponding AG®  values are shown
inTable 2.



X.H. Tang et al., Ferronickel enrichment by fine particle reduction and magnetic separation from nickel laterite ore 957

Fig. 1. Flow diagram of the experiment.

Table2. AG® valuesfor reducing iron and nickel oxides by
H,or CO

Reaction
NiO + H, =Ni + H,0O
NiO + CO=Ni + CO,
3Fe,03 + Hy = 2Fe0, + H,0
3Fe,0O; + CO = 2Fe;0, + CO,
Fes04 + Hy = 3FeO + H,0
Fe;0, + CO = 3FeO + CO,
Fe;0, + 4H, = 3Fe + 4H,0
Fe;O, +4CO = 3Fe +4CO,
FeO+H,=Fe+H,0
FeO + CO=Fe+ CO,

AG® = A+BT,Jmal™*
AG® =-10104 — 32.40T
AG® =— 46719+ 043T
AG® =— 15547 — 74.40T
AG® =-52131 - 41.00T
AG® = 71940 - 73.62T
AG® =35380-40.16T
AG® = 142200 - 121.60T
AG® =-39328 + 34.32T
AG® =23430-16.16T
AG® =—-22800 + 24.26T

Mohamed [19] pointed out that iron and nickel oxides

could not be directly reduced step-by-step during the actual
experimental process. NiO and Fe,O3 could be combined to
generate NiFe,O,. In fact, the production of NiFe;O, is more
conducive for reduction.

The actual Gibbs free energy in the reduction process is
AG = AG® + RTInK, where K represents the entropy of
pressure or activity, and R the molar gas constant, 8.314
Jmol™-K™*, When the reaction reaches equilibrium, AG = 0
and thus AG® = —RTInK. The curve of reaction tempera-
ture vs. gas concentration can be obtained through the actual
partial pressure of product gases.

Fig. 2 shows the relationship between gas concentration
and reaction temperature using H, or CO as a reductant to
reduce NiO or FeO,. From the thermodynamic point of
view, NiO can be reduced at alower H, (CO) concentration
and alower temperature, while the iron oxide is divided into
Fe, FeO, and Fe;0, stable regions; and the iron oxide will
produce different products under different temperatures and
reduction atmospheres.

2.3.2. Reduction process by hydrogen

According to characterization of raw materials, a
fixed-bed fine particle reduction apparatus was designed as
shown in Fig. 3. The apparatus mainly includes (a) nitrogen,
(b) hydrogen, (c) flowmeter, (d) mixing chamber, (€) hori-
zontal resistance furnace, and (f) control cabinet. The ex-
perimental process for the laterite ore reduction is as follows:
(1) accurately add 10.0 g of the laterite ore sample into the
crucible and put the crucible into the tube furnace; (2) turn
on the nitrogen valve (flow rate of 1 L/min) until the furnace
temperature reaches the target temperature; (3) suspend the
nitrogen flow and, at the same time, turn on the hydrogen
valve (flow rate of 0.5 L/min) to start the reduction process,
(4) when the reduction process is completed, turn off
hydrogen, and turn on nitrogen (flow rate of 1 L/min) again
to let the hot reduced sample cool down to room tempera-
ture.

Fig. 2. Thermodynamics of hydrogen reduction (a) and carbon monoxide reduction (b).
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Fig. 3. Schematic diagram of the hydrogen reduction appa-
ratus.

2.3.3. Reduction process by carbon monoxide

To ensure the reduction atmosphere meet experimental
requirements, the blast furnace gas was reformed before the
reduction process. The diagram of a moving-bed apparatus
isshowninFig. 4.

Fig. 4. Schematic diagram of the carbon monoxide appar atus.

The apparatus mainly includes (a) blast-furnace gas, (b)
nitrogen, (c) reforming furnace, (d) flowmeter, (€) reduction
furnace, (f) control cabinet, and (g) dust clean device. The
reduction process used a mixed gaseous reductant, including
CO, CO,, and a trace amount of H,, which were metered
into the reactor. The reduction procedure involved putting
semi-coke into the reforming furnace, adjusting the furnace
inclination to 1° a 2.5 r/min (the corresponding reduction
time is 2 h), and flushing the tube with nitrogen prior to
heating. Reducing gases (flow rate of 1.5 m*h) were then
metered into the tube while it was heated to the target tem-
perature. At the same time, the materials were fed from the
furnace feeding mouth to begin the reduction reaction. Once
the reduction was complete, nitrogen (flow rate of 1.0 m¥h)
was metered into the reactor for cooling and protecting.
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2.4. M agnetic separ ation

To obtain higher-grade ferronickel concentrates, the
samples were ground in a prototype vibration mill for 10
min and separated using a SLon-100 cycle pulsating mag-
netic separator (1.2 T) with a working electrica current of
380 A (magnetic field intensity of 0.5 T).

3. Resultsand discussion
3.1. Characterization of raw lateriteore

The chemical composition of theraw nickel laterite oreis
shown in Table 3. The material contains approximately
1.99wt% Ni, 22.50wt% totd Fe, 26.48wt% MO, and
19.50wt% SiO,, which is typica of a high magnesium
saprolite ore.

XRD analysisin Fig. 5 reveals that crystalline phases in
the raw materials are mainly consisted of hematite [Fe,O4],
quartz [SIO], serpentine [M@:;Si;Os(OH),], hortonolite
[(MgFe);S,05(OH),4], and goethite [FEOOH]. Together
with these mgor phases, a smal quantity of kaolin
[Al;Si,05(0OH),] is observed.

Table3. Major chemical componentsof nickel lateriteore

wit%
Tota Fe . . Losson
(TFo Ni MgO SO, Al;O; CaO Cr,0Os igrition

2250 191 2648 1950 240 093 082 006 1358

Fig.5. XRD patternsof nickel lateriteore.

Fig. 6 reveals that the granularity of the raw materials
mainly ranges from 0.3-20 um. The particle size distribu-
tion is similarly concentrated. The average particle size of
the raw materids is 3 um, which belongs to the ultrafine
grain dust category and meets requirements for the fine par-
ticle reduction.
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Fig.6. Particlesizedigtribution of the raw materials.

The TG-DTA curves showing the thermal properties of
the laterite ore are presented in Fig. 7. The weight loss (Am)
process can be divided into four steps: (1) the TG curve de-
clines due to free water evaporation in the primary stage,
corresponding to a weight loss of 1.45%; (2) the endother-
mic DTA peak at 289°C is accompanied by a decline in the
TG curve, corresponding to crystallization water remova of
serpentine, goethite, and other complex compounds [20]; (3)
the endothermic peak centered at 657°C is caused by dehy-
droxylation of lizardite [21]; and (4) the exothermic peak at
841°C, which results from recrystallization of forsterite,
does not have any associated weight loss. The dehydration
process can be expressed by the following equations:

2FeOOH —2€ _,Fe,0,+H,0 T @)
Mg,Si,O, (OH), —¢»MgSiO, +Mg,SiO, +2H,0 T
©)

Fig. 7. TG-DTA curvesof thenickel lateriteore.

3.2. Hydrogen reduction

The relationship between temperature and the grade of
TFe and Ni in hydrogen reduction is shown in Fig. 8. When
the temperature rises from 700°C to 1000°C, the tota iron
content (TFe) increases from 25.25wt% to approximately

34.95wt%, and the corresponding nickel content increases
from 3.13wt% to 3.98wt%. This result shows that the nickel
laterite ore can be reduced by hydrogen, which aso enriches
nickel and iron in the raw materials. Raising the temperature
can increase the nickel and iron grades in the product; how-
ever, the temperature should not be too high, considering the
energy consumption of the reduction process and the sinter-
ing of the reduction products at 1000°C.

Fig. 8. Effect of reduction temperature on nickel-iron benefi-
ciation during hydrogen reduction (reduced for 2 h).

From the above discussion, the hydrogen reduction effect
was not significant, and the result was explained by the
presence of an isomorphism in the ore due to the replace-
ment of magnesium by nickel and iron [22]. To achieve
nickel and iron beneficiation, the structures of goethite and
hortonolite must be destroyed. In addition, a dynamic study
showed that the reactive mode was determined by reduction
temperature, while the controlling steps at the initial, middle,
and later stages were chemical reaction-, mixed-, and diffu-
sion-controlled, respectively [23].

The XRD pattern of the reduced nickel laterite ore is
shown in Fig. 9. According to this diffraction pettern, a se-
ries of FeNi and Fe are generated in the product, and parts of
forsterite [M@,SIO,4] and fayalite [Fe,SIO,4] are found. The
most important feature of this result is the transformation of
magnesium hydrosilicate to the forsterite phase in the re-
duced product.

3.3. Carbon monoxide reduction

Fig. 10 shows the grades of TFe and Ni as a function of
reduction temperature. With increasing reduction tempera-
ture, the TFe grade initially falls but exhibits a rising trend
overal. When the temperature rises from 700°C to 1000°C,
the nickel content increases from 3.07wt% to approximately
4.47wt%, and the corresponding iron content increases from
39.53wt% to 50.61wt%. The experimental results demon-
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strate that a higher temperature promotes higher nickel and
iron contents. Thisis attributed to the fact that increasing the
temperature improves the degree of metallization of both
iron and nickel and aso liberates more nickel and
iron-liberated silicates.

Fig. 9. XRD pattern of the reduction product at 1000°C by
hydrogen reduction.

Fig. 10. Effect of reduction temperature on nicke-iron ben-
eficiation (reduced for 2 h) during carbon monoxide reduction.

Fig. 11 shows the crystaline phase of the reductive
product analyzed by XRD. A series of forsterite [Mg,SiOy]
and fayalite [Fe,SiO,4] are generated in the product, and parts
of metallic Ni and metalic Fe are aso found. Combining
the reaults of Fig. 7 and Fig. 11, it can be concluded that
high temperature promotes the crystalline phase structure
trangition of laterite ore.

Comparing the reduction results of H, and CO, it is ob-
vious that the CO reductive effect is better than H, for the
improvement of nickel and iron grades. According to the
shrinking unreacted core model, the gaseous reduction of
the laterite ore is a complex multi-phase gas—solid reaction
congisting of three steps: external diffusion, internal diffu-
sion, and interfacia chemical reaction. Carbon monoxide is
able to accelerate the surface reaction rate, and the favorable
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dynamic condition is conducive to mass transfer and gase-
ous diffusion.

Fig. 11. XRD pattern of the reduction product at 1000°C by
carbon monoxide reduction.

3.4. Magnetic separation

Magnetic separation was carried out on the reduced ores
a different reduction temperatures ranging from 700°C to
1000°C; the results are shown in Fig. 12. When the tem-
perature is maintained at 700°C, the recovery rates of iron
and nickel are fairly low even though the nickel content is
approximately 3.57wt%; the iron and nickel recoveries are
40.75% and 45.23%, respectively, indicating a very low
production rate.

Fig. 12. Effect of reduction temperature on nickd-iron ben-
eficiation during magnetic separation.

By further increasing the reduction temperature to
1000°C, the metdllization ratio of total iron increases, and
the recovery rates of both iron and nickel increases rapidly,
with the maximum recoveries of 53.76% and 84.38%, re-
spectively. In addition, the nickd content increases from
3.57wt% to 5.43wt%. Fig. 12 shows the similar trend as
those in Figs. 8 and 10, this is, increasing the temperature
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results in the enhanced nickel content and recovery rate. The
results indicate that the physical separation method affects
the concentrations of nickel and iron, and a higher tempera-
ture can enhance the crystalline phase structure transition of
the laterite ore and promote the reduction rate of nickel and
iron oxides.

4. Conclusions

(1) Fine particle reduction and magnetic separation were
conducted on the nickel |aterite ore. The results indicate that
a higher temperature can enhance the crystaline phase
structure transition of the nicke laterite ore and increase the
reduction rate. Considering the energy consumption of the
reduction process and the sintering phenomenon of reduc-
tion products at 1000°C, however, the reduction temperature
should not be too high.

(2) The nickel and iron grades can be improved in the
reduction process. However, because nickel and iron replace
magnesium as an isomorphism in the ore, the reduction ef-
fects are not ideal, and the reductive products require further
nickel and iron enrichment by physical separation. After
magnetic separation, the maximum nickel and totd iron
contents of the concentrates are 5.43wt% and 56.86wt%,
with the corresponding recovery rates of 84.38% and
53.76%, respectively. The results show that nickel and iron
can be enriched by magnetic separation, but the iron recov-
ery rateisnot high.
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