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ARTICLE ABSTRACT

INFORMATION Low-grade chromite concentrate from the Tunga Kaduka Benue trough
region of north-eastern Nigeria is contaminated with iron and aluminium
impurities. To transform it into useful material, such impuririties must be
removed for it to be useful for the production of special steel and
ferrochrome alloys. Consequently, in this study, a Nigerian chromite was
treated by hydrochloric acid (HCI) solution. The influence of leaching
duration, acid concentration, reaction temperature, and particle size on the
extent of impurities dissolution was determined. From the results obtained,
the dissolution of iron and aluminium increases with increasing leaching time,
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fﬁmr:::f HCI concentration, reaction temperature, and decreasing particle size. Under
Chromite these conditions, the highest recovery of iron and aluminium was obtained to
Evaluation be 95.54 and 82.51%, respectively. The dissolution kinetics of iron and
Iron aluminium was evaluated by shrinking core models. The finding reveals that
Kinetics diffusion through the fluid was the leaching kinetics rate-controlling step of
purification iron and aluminium. The activation energy was found to be 25.33 k}/mol for

iron and 18.42 kJ/mol for aluminium. The residual samples at optimal
conditions as analyzed by X-ray powder diffraction and scanning electron
microscopy were found to

1.0 Introduction

While Chromium is naturally present in many ores, its economically viable form is chromite.
Chromite ore is inert and insoluble in water and some mineral acids while in spinel form
(Muthy et al, 2011). The spinel is the main mineral phase of the chromite ore with a
composition of AB,O,, where the divalent cation A can be Fe*" or Mg2+, and the trivalent cation
B can be Fe’*, Cr*, or AP*(Atalay and Ozhayoghu, 1989; Atalay and Ozhayoghu, 1989).
Consequently, the composition made Chromite ore a complex mineral with an admixture of
magnesium, iron, aluminium, and chromium in varying proportions depending on the deposit.
Iron can be replaced by magnesium and similarly, chromium by ferric iron or aluminium in the
spinel structure to improves Cr:Fe ratio in chromite (Kamolpomwijit et al., 2007). This is a
factor that would determine chromite quality for various industrial applications.

The major commercial chromite ore and concentrates-producing countries are South Africa,
Zimbabwe, India, and Kazakhstan. These countries represent 90% of world production as a
whole and Nigeria and others cover the remaining 10% (Kamari et al., 2001). South Africa has
reserves of about 3.1 billion tonnes, making the country a leading producer of chromite. This
is followed by Zimbabwe with reserves of about 140 million tonnes and resources of | billion
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tonnes (Morimoto et al., 1989; Cicek et al.,1998; Cicek et al.,2000; Ji, 2012). Nigeria’s output
is from podiform bodies on the Benue trough of the Zamfara state with reserves put at 65
million tonnes and further resources of 97 million tonnes which are yet to be mined for further
industrial applications (Abubakre et al., 2007).

Pure metallic chromium is difficult to produce because it is readily contaminated by many other
elements. Therefore, a large quantity of raw chromite ore needs to be mined and beneficiated
in various chrome ore beneficiation plants throughout the world to cater for the customized
needs of various ferroalloy plant industries (Zhang et al., 1989). The main purpose of the
beneficiating process is to render the ore concentrate physically and chemically suitable for
subsequent treatments which depend on the mineral characteristics of the ore deposits,
gangue mineral assemblage, and the degree of dissemination of constituent minerals (Tinjum
et al,, 2008; Wazne et al.,, 2008; Meegado et al., 1996; Atalay et al., 1981).

To cater for a possible menace that can be posed by the tailing disposal process, many alternate
methods have been proposed. The research works carried out by Amer and Ibrahim (1986)
on hydrometallurgical processing of low-grade chromite ore from Barramiya, Egypt, by
oxidative leaching in an autoclave reveals that, at a short processing time of 25 minutes, 90%
of chromium in the form of chromate was achieved in only one leaching stage. In addition,
some early papers examine the liquid-phase oxidation (LPO) procedure in treating chromite
ore tailings utilizing molten NaOH-NaNO3 medium or highly concentrated KOH-KNO3
aqueous solution under oxidative circumstances with air, oxygen, or nitrate as the oxidant.
(Banerjee et al., 2005; Hundley et al., 1985; Kashiwase et al., 1974). The yield of chromium
extraction in this technique has completely addressed the aforementioned threat of tailing
disposal with zero waste.

It is critical to design an eco-friendly and low energy cost beneficiation mechanism for treating
Nigerian origin chromite ore in order to serve as an alternative to other beneficiation
processes revealed by literature and to solve the problem associated with energy consumption
and equipment requirements for successful gravity separation and flotation process. The goal
of this study is to look into the effect of various parameters on the kinetics of chromite ore
dissolution in HCI solution. This aims to examine the dissolution mechanism and develop an
empirical equation linking the rate constant of ore leaching to particle size, system
temperature, and HCI concentration for the purpose of scaling up and process design for the
iron and steel industries.

2.0 Materials and Methods

2.1 Materials

The chromite sample used in this study was sourced from Tunga Kaduka (12°06'30"N
5°56'00"E), Anka Local Government of Zamfara state, north-western Nigeria. The ore was
crushed and pulverized into fine particles with the aid of a laboratory crusher and mill; and
sieved into four different particle sizes <78 pm, 110 pm, 218 pym, and 358 pm using the ASTM
standard sieves. Hydrochloric acid used was of analytical grade. All the solutions with specified
concentrations were prepared with distilled water.

2.2  Mechanical activation of chromite

A twin-bowl INSMART planetary ball mill (Model PBM-07) with an overall capacity of 500 mL
and a useful capacity of 250 mL was used for mechanical activation work on the chromite ore.
This was carried out at 300 r/min using |0 mm diameter stainless steel balls keeping the ball-
to-powder mass ratio at 10:1. Milling was carried out for the duration of | h (Kamari et al,,
1999).
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2.3 Experimental procedures

The leaching experiments were performed in a glass 250-mL flask equipped with a magnetic
stirrer using an agitation speed of 200 rpm and a reflux condenser to prevent evaporation loss,
which was bathed in a water bath. Chromite (2 g) was reacted with different concentrations
of hydrochloric acid (0.1-2.0 mol/L), with different hydrochloric acid/chromite mass ratios
(3:1-7:1 mL/g), different leaching times (15—120 min), and different leaching temperatures (28,
30, 40, 60 and 80 °C). After the acid leaching, the mixture was filtered through 0.5-um pore
size white filter paper using a pressure filtration unit and washed to separate the leached
residue and the solution. The Mg*" Fe’* and AP’* contents in the solutions were determined
using atomic Absorption Spectroscopy (AAS) and a flame photometer. The residue at optimal
conditions was analyzed by X-ray Fluorescence (XRF), scanning electron micrograph (SEM),
and X-ray diffraction (Kamari et al.,2001).

3.0 Results and Discussion

3.1 Ore Characterization

The X-ray patterns of the milled ore at two different particle sizes (75 pm and 210 pym) are
illustrated in Figure 1.
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Figure |: XRD spectra of raw grounded and harmer mill chromite ore to size (A) 210 pm
(B) 75 pm.

The XRD pattern of the 210 pym sample (Figure |(A)) indicates that the ore is primarily
comprised of chromite (FeCr,0;) {JCPDS No. 32-2007}, hematite (Fe,Os) {JCPDS No. 21 -
0034}, and alumina (Al,Os) {JCPDS No. 0I- 1338} phases. However, after 60 minutes of high
energy milling (Figure I (B)), the corresponding phases of quartz (SiO,), ilmenite), rutile (TiO,),
and bixbyite (Mn,O;) were slightly broadened and their intensity decreased due to the
refinement of crystalline grains and the accumulation of lattice distortion caused by ball impact
and collision. (Than et al,, 1970; Xu et al., 2005). The elemental composition by EDS of raw
chromite ore is presented in Fig. 2. The chemical composition of the raw chromite powder
examined by EDXRF gave 38.34% Cr, 33.80% Fe, 19.70% Al, 13.84% Si, 3.69% Mg, 0.14% Mn,
and 0.55% Ti by weight. Also, the EDS spectrum (Figure 2) was in support of EDXRF revealing
Cr,O; (20.3%), Fe,0O; (6.39%), SiO, (4.13%), and Al,O; (6.67%) as major constituents present
in the studied ore.
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Figure 2: EDS diffractogram of raw chromite powder

From the SEM result (Figure 3A), a distinct light grey region (A) and dark grey region (B)
denote the presence of manganese and ferro silicate compounds while Figure 3B&C indicate
distinctive textural features in the raw ore.

#.3 | TR e P
Figure 3: The microstructural morphology of the chromite powder (a)
(b) Photomicrograph at 310 pm (scale: 2/100 nm 4X)
(c) Photomicrograph at 78 pm (scale: 2/100 nm 4X)
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SEM image

The black cuboids’ mineral phase (1) is attributed to chromite (FeCr,0,), complemented with
the large coal brown region (2) which is attributed to thermally stable alumina and manganese
oxide, indicating bixbyite (Mn,0O;). Also, an admixture of iron and other trace impurities in the
form of haematite (Fe,Os) is present in the brownish region marked as (3) while the
predominant associated gauges are identified as siliceous compound (SiO;) can be found
underneath (Vandar et al., 1994; Zanello and Raspi, 1977).

3.2  Extraction results

3.2.1 Effect of leaching time

Based on the mineralogical analysis results, the effect of leaching time was first investigated
and the details are summarized in Figure 4.
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Figure 4: Influence of leaching time on Fe and Al dissolution from chromite ore
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As shown in Figure 4, the effect of the reaction time on the leaching efficiency of Fe and Al
atacid concentration of 0.5 mol/L, and 55°C.The leaching efficiency of Fe and Al into solution
increases as leaching time increases. This could be related to the creation of water-soluble Al
and Fe chlorides. When the leaching time was | h, the leaching efficiency of Fe and Al was
observed to be less than55%. Similarly, when the time was extended to |.5 h, the leaching
efficiency of Fe and Al further increased to 60%; and more than 68% of Fe and Al can be
leached out after 2 h. Also, Figure 3 shows that the dissolution rates of Fe and Al are very
close and reach an apparent steady-state within 2 h. Therefore, 2 h was agreed to be the
optimum duration for the leaching of Fe and Al.

3.2.2 Effect of HCI concentration
The effect of acid concentrations on the leaching are shown in Figure 5.

= 90 90 __
X so | 80 =X
§ 70 1 —o—Fe - 70 '§
g 60 | —m— Al 60 g
=2 50 - - 50 =
L 10 } 0 =
B 30 | - 30 B
S 20 20 S
o | o
£ 10 | - 10 £
< 01_ 7 7 , 5 =
o 01 0.5 1 15 2

Concentration of HCl used {M)

Figure 5: Influence of hydrochloric acid concentration on Fe and Al dissolution from

chromite ore
It can be seen that the acid concentration has a significant impact on the leaching efficiency of
Fe and Al, whose leaching efficiency was raised from 35 to 85% and 30 to 74% when the acid
concentration of HCI was varied from 1.0 mol/L to 2.0 mol/L respectively. This is due to the
acid concentration effect on increasing the H" activity that results in further dissolution of Al
and Fe impurity (Sun et al., 2007). The leaching efficiency reached the maximum value at the
acid concentration of 1.5 mol/L. The reason for this may be due to the chromite structure
collapsing at this concentration or Fe>* and AP’* species blocking H* diffusion (Wang et al.,
2008).

3.2.3 Effect of leaching temperature

Figure 6 shows the effect of reaction temperatures on the leaching efficiency of Fe and Al at a
hydrochloric acid concentration of |.5mol/L, time of 2 h and hydrochloric acid-to-chromite
ratio of 4 mL/g. As expected, the leaching efficiency of Fe and Al increases with rising
temperatures and the leaching efficiency of Fe and Al was up to 95.8% and 84.9% at 80 °C.
However, the temperatures that continue to rise is advantageous to the formation of jarosite
because of the presence of Fe, which could lead to a poor leaching efficiency of Al (Ayinla et
al., 2019). In addition, Al may also be incorporated into the leached residue as a result of the
precipitation of alunite and therefore cause a fall in the purity of silica gel (Baba et al., 2013).
Thus, the optimized condition of the leaching temperature is 80 °C.
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Figure 6: Influence of leaching temperature on Fe and Al dissolution from chromite ore
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3.2.4 Effect of particle size

The influence of particle size (78-358um) was also tested. A particle size value corresponds to
100% of the particles below that size. The results showed that the particle size affected the
iron and aluminium extractions (Figure 7)
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Figure 7: Influence of leaching particle diameter on Fe and Al dissolution from chromite ore

Figure 7 shows that the amounts of extracted iron and aluminium increased when the particle
size decreased. In the range of 358-78 ym, these trends became steeper because of the effect
of increased specific surface area. The results showed that grinding was beneficial to
extractions of the metal values because more grinding increased the iron and aluminium
extractions. However, this technique has technical and economic restrictions. When the
chromite ore samples were ground to 78 pm, the extracted iron and aluminium were about
95% and 89%, respectively.

3.3 Kinetics analysis

The reactions occurring during the leaching process are typically heterogeneous (Ekmekyapar
et al,, 2012) and the relevant kinetics follow the shrinking core model which was described by
Lid-dell in detail (Liddell, 2005). The following expressions can be used to describe the leaching
process kinetics (Levenspiel, 1999; Meegoda, 1999):

For diffusion control through the fluid film:

| = (1 —a)”® =kt (1
For solid product diffusion control:
I =3(1 —a)”?+2(l —a) =kt (2)
For surface chemical reaction control:
| = (1 —a)” =kt 3)

where ais the fractional conversion of iron and aluminium, t is the reaction time (min) and k
is the apparent rate constant(min—I). The overall rate of dissolution is controlled by the
slowest of these sequential steps. Values of Egs. (1) — (2) versus the reaction time were plotted
to determine the kinetic parameters and leaching rate controlling step comparing the R* values
to ascertain the most fitted. The results are shown in Table |.

Table I: Apparent rate constant (k) for kinetic models and correlation coefficient values

Temperature Diffusion through the product  Surface chemical reaction
°C layer
k(min-") R2 k(min-") R2

28 0.0029 0.9823 0.0011 0.7625

30 0.0027 0.9866 0.0016 0.8854
Iron 40 0.0035 0.9913 0.0020 0.8812

60 0.0045 0.9813 0.0025 0.7895

80 0.0046 0.9925 0.0028 0.8814
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28 0.0020 0.9856 0.0010 0.7120
30 0.0025 0.9830 0.0014 0.8812
Aluminium 40 0.0030 0.9825 0.0019 0.8945
60 0.0035 0.9914 0.0022 0.8350
80 0.0038 0.9923 0.0025 0.8912

It is obvious from Table | that the highest R* values were obtained for the diffusion through
the product layer. Additionally, in leaching processes, the dissolution ratio directly depends on
the activation energy, which can be calculated based on the Arrhenius equation (k = A X
e *"T"). Based on the Arrhenius activation energy theory, the Arrhenius equation was plotted
as In (k) vs. (1/T) for each temperature and the activation energies were calculated from the
slopes of straight lines (Figure 8A &B).
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Figure 8: Plot of Ink versus |/T for activation energy calculation: (A) graph for iron removal
(B) graph for aluminium removal

Where the slope is —Ea/R. The values of activation energies (Ea) and frequency factors (A, min®
") calculated from Arrhenius plot are 25.33 k|/mol for iron and 18.42 kj/mol for aluminium. It
has been previously stated that the typical activation energy for a chemically controlled process
is greater than 40 kJ/mol, while the activation energy of a diffusion-controlled process is usually
below 40 kJ/mol (Ekmekyapar et al., 2012). From the results obtained, it can be concluded that
the leaching process of iron and aluminium from low-grade chromite ore of Nigerian origin
using hydrochloric acid is controlled by the diffusion process. Consequently, the equations
representing the kinetics of the leaching process of iron and aluminium can be expressed
according to Egs. (7) and (8), respectively.

1=3(1 =)™ + 2(1 — @) = 0.7272 x e 83837 x ¢ (4)
| = 3(1 — @)?® + 2(I - o) = 0.9686 x e~'398314T x ¢ (5)

3.4 Residue analysis

XRF analysis was used for the elemental analysis of chromite ore concentrate after leaching
(Table 2). The amount of Fe and Al drastically decreases which gives rise to an increase in the
value of Cr in the chromite ore (54.46 %). An unexpected increase in Si and Ti content was
also observed during the leaching process. This could be due to un-dissolve silica-containing
minerals which are insoluble in the acidic solution.

Table 2: XRF analysis result of chromite or before and after acid leaching

Elemental composition Before leaching (%) After leaching (%)
Cr 38.34 59.22
Fe 33.80 5.76
Al 19.20 6.40
Si 13.84 23.07
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Mg 3.69 3.31
Mn 0.14 .19
Ti 0.55 1.07

The morphologies of the leaching residues obtained under optimum conditions were analyzed
by using the XRD method (Figure 9A-C).
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Figure 9: XRD spectra of leach residues at optimum conditions (a) at 30 min (b) 60 min(c)
120 min

In the diffractogram of leached residue (Figure 9c)), the presence of phases Cr,O; and MgCrO,
are indicated. The presence of un-reacted SiO, could not be identified in the diffractogram,
which may be due to the smaller amount compared with the other phases or their peak
intensity might be reduced due to the formation of new phases with somehow bigger grain
sizes. However, other peaks as indicated by the XRD pattern of the final acid leaching residue
comprised of TiO, and FeTiO; phases which did not react during acid leaching. To examine
the microstructure of the partially reacted chromite ore, the cross-section of the leaching
residue was polished and examined using SEM. The SEM of acid-leached residue after drying
along with water-washed residues after drying are shown Figure |0a-b.

20 pme EHT = 15.00 kV Signal A = SE2 Date 5 Aug 2016 100 pm* EHT = 15.00kv Signal A = SE2 Date :5 Aug 2016
WD = 6.3 mm Mag= 500X Time :16:11:26 WD = 6.3mm Mag= 200X Time :15:50:29

Figure 10: SEM images of leached residues at optimum leaching conditions

It is observed that smooth and nearly cubical grains (Figure 3(a)) of milled chromite ore are
completely transformed into porous and nodular clusters of particles after leaching (Figure
10(a)). During the water treatment of the leached residues, excess acid is removed along with
water-soluble titanates/ferrates causing the agglomerated form to collapse and particles
become mostly free (Figure 10(b)). Final acid leaching residue mostly contains unreacted
chromite, silica and rutile which were not converted during acid leaching.

4.0 Conclusions

In this study, acid leaching of Nigerian chromite ore by hydrochloric acid for purification of
low-grade chromite ore as potential raw material for the production of special steel and
ferrochrome alloys. In the range of studied parameters, the most suitable conditions for the
leaching process of iron and aluminium attained at temperature 80°C, 1.5 M HCI, L/S ratio =
20 g/L and 78 pm particle size dissolution. Under these conditions, it was found that iron
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leaching recovery of 95.54 % with a aluminium leaching recovery of 82.51% could be obtained.
The dissolution kinetics of iron and aluminium support diffusion as the rate-controlling step.
The activation energies were determined to be 25.33 and 13.42 kJ/mol for the leaching of iron
and aluminium, respectively. The residue evaluation was carried out using XRF, XRD and SEM
respectively, the obtained result clearly showed the presence of Cr,0O;, MgCrO, and SiO, as
the major mineral phase.
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