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Abstract - In this paper, the beneficiation of the Upper Group 2 (UG-2) plant tailings was investigated to recover chromite. Multiple
linear regression analysis was applied to estimate the recovery and grade of chromite. A detailed chemical and mineralogical
characterization of the UG2 plant tailings was conducted using X-ray fluorescence (XRF) and Scanning electron microscopy (SEM) with
energy dispersive X-ray spectroscopy (EDS) for elemental composition and surface morphology respectively. The results showed that
the major elements in the chromite plant tailings are Fe (12.96 wt%), Cr (10.97 wt%) and Si (15.64 wt%). The major mineral phases are
quartz, spinel, magnesiochromite and aluminosilicates. The results attained from the Microtrac particle analyser indicated that 80% of
the particles are < 95 um and only 6% was less than 10um. The highest recovery of Cr,O3 was found to be 67.27% at a grade of 21.87%
chromite. Multiple linear regression equations were created based on the experimental results to forecast the recovery and grade of the
chromite concentrate, and the regression coefficients between experimental and anticipated values were poor for grade and good for
recovery (R2 values of 0.18 and 0.66, respectively). It was concluded that the generated MLR equations can be used to forecast the
recovery of chromite from UG-2 plant tailings.
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1. Introduction

Chromite is one of the most important metals in the world with a variety of uses and it is highly in demand globally.
Significant deposits of chromite can be found in South Africa (accounting for 95% of chromite in the world together with
Kazakhstan), Canada, Finland and Madagascar [1]. In South Africa, chromite is found within the Bushveld Igneous Complex
(BIC). The BIC is remarkably large, and it is known for its mineral wealth. It is the largest layered intrusion in the world [2]
and it consists of three limbs, namely the eastern limb, the northern limb and the western limb. The BIC consists of 13
chromite layers grouped into Lower Group (LG), Middle Group (MG) and Upper Group (UG), which occur in the Lower
Critical Zone, between the Lower Critical Zone and the Upper Critical Zone and in the Upper Critical Zone, respectively [3].
The UG-2 is predominantly the major chromite seam in the Bushveld Complex [2]. The UG-2 contains 60-90 vol% chromite
with Cr/Fe between 1.3 and 1.4 and 43.5 wt% Cr,Os average.

Due to the depletion of high-grade chromite, chromite recovery from chromite tailings has become the main focus of
research [4] to avoid losing valuable minerals to slimes dam. Characterization results are used to pre-determine the
appropriate method for the concentration of tailings. Different authors have investigated the recovery of chromite from
chromite tailings using shaking tables and spirals [4, 5]. [4] investigated the effect of the following operating parameters of
the shaking table on chromite recovery from chromite tailings: feed rate (g/min), wash water (I/min), and table slope
(degrees).

This study investigated the effects of the operating parameters of a Wilfley shaking table on the recovery and grade of
the chromite. Multiple linear regression was then used to predict the grade and recovery of the chromite.

2. Methodology.
2.1.Materials and methods

The UG-2 tailing sample used in this project was obtained from one of the UG-2 processing plants in the Northwest
Province, South Africa. The particle size distribution of the as-received sample was determined using a Microtrac Particle
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Size Analyser. The chemical composition and mineralogy were determined using Rigaku ZSX Primus II X-ray fluorescence
(XRF) and scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) respectively.

2.2.Design of shaking table experiments

For the purpose of recovering chromite from the chromite plant tailings, a response surface methodology using Minitab
software was used. The Box-Behnken Design was selected with 4 factors, which gives a set of 27 runs for the optimization
study. Feed rate, wash water rate, frequency and tilt angle are the parameters that were investigated to determine and
understand their effect on the responses, i.e. grade and recovery.

Table 1: Values for four different operating variables used in the shaking table experiments

Runs Feed rate Wash water azgfe Frequency
1 25 300 2 50
2 40 300 2 35
3 25 300 5 35
4 25 100 5 20
5 25 300 5 35
6 10 300 2 35
7 10 500 5 35
8 10 300 8 35
9 25 500 5 50
10 25 300 8 20
11 25 300 2 20
12 40 300 5 50
13 25 100 8 35
14 25 500 2 35
15 40 100 5 35
16 25 300 5 35
17 25 500 5 20
18 10 300 5 20
19 40 500 5 35
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20 25 300 8 50
21 25 100 2 35
22 10 100 5 35
23 40 300 5 20
24 25 100 5 50
25 40 300 8 35
26 10 300 5 50
27 25 500 8 35

2.3 Wilfley shaking table experiments

Buckets were prepared for sample collection and the parameters of the shaking table (flowrate, deck tilt angle and
frequency) were set depending on the run according to Table 1. The feed of about 650g dry solids was poured into the feeder
for the 27 runs. The feeder and the shaking table were then started. Concentrates, middlings and tailings products were
collected and from the products, 50g from concentrates and tailings were riffled out for characterization using XRF. The
recovery is a qualitative and quantitative parameter of the beneficiation efficiency expressed in the percentage of the total
mineral or metal contained in the ore. Final concentrate recoveries in the product were calculated according to equation 1.

Cc

Where:
R: chromite recovery (%)
C: the total mass of concentrate (g)
c¢: chromite grade in concentrate (%)
F: the total mass of feed (g)
f: chromite grade in feed (%)

2.4 Application of Multiple linear regression
The experimental data was applied to multiple linear regression on the Statistical Package for Social Sciences (SPSS)
software to investigate the relationship between the dependent and independent variables [1].

3. Results and discussion
3.1. Particle size distribution

The particle size distribution curve for the feed sample is shown in Fig. 1. The results indicate that 80% of the particles
are < 95 um. 6% was less than 10pm, indicating that the sample contains less slimes and is suitable for concentrating using
gravity concentration.

3.2. Chemical composition of the as received sample

Elemental composition of the as received sample was determined using XRF and the results are shown in Table 1. The
major elements were 12.96% Fe, 10.97% Cr and 15.64% Si. The chromite content was found to be 16.03% indicating that
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this is a low-grade material. Any chromite content lower than 40% is regarded as low-grade ore and needs to be beneficiated

[7].
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Fig.1: Particle size distribution of the chromite plant tailings sample

Table 2: Chemical composition of the as-received UG2 chromite tailings.

Element | Fe Cr Si Al Mg Ca Ti Na Ni Mn

%Wt 1296 |1097 [15.64 | 833 4.32 4.93 0.38 0.20 0.20 016

3.3 Mineralogical composition of the as received sample

The SEM analyser was used to analyse the surface morphology of the UG-2 chromite tailings, and the results are
shown in Fig. 2. The morphology shows that the mineral phases are well liberated and there is no need for further milling.
Probable mineral phases found in the sample are quartz, magnesiochromite, aluminosilicates and spinels according to
spectrumsl, 2, and 3.
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Fig. 1: Micrographs of UG2 tailings showing spectrum 1, 2 and 3.

3.3. Shaking table experimental results

The shaking table experiments were conducted, and the results are shown in Table 3. Based on the results, the
concentrates had a grade of less than 40%, meaning that they are below a saleable grade. For the best results of the shaking
table experiments, the effects of feed rate value (X1), the wash water rate (X2), the tilt angle (X3) and frequency of the
shaking table(X4) were examined. The maximum grade and recovery were found to be 26.98% and 67.27% respectively.
The maximum grade was obtained after conducting run number 24 with the following operating parameters: feed rate of
25kg/hr, wash water rate of 100kg/hr, a tilt angle of 5 degrees and frequency of 50 Hz. The minimum grade of the chromite
concentrate found was 10.60% at run number 12, at a feed rate of 40kg/hr, wash water rate of 300kg/hr, a tilt angle of 5
degrees and frequency of 50 Hz. The maximum recovery was found to be 67.27% at run number 1 with the following
conditions: feed rate of 25kg/hr, wash water rate of 300kg/hr, a tilt angle of 2 degrees and frequency of 50 Hz. The minimum
recovery was found to be 2.42% at run number 25 with the following conditions: feed rate of 40kg/hr, wash water rate of
300kg/hr, a tilt angle of 8 degrees and frequency of 35 Hz. It was obtained from these results that the frequency was
determined to have a significant effect on the recovery and grade. However, the grades of the chromite in the concentrate are
very low.

3.4. Multiple linear regression application

In predicting of the results, the dependent variables, which were related to the recovery (%) and the grade (% Cr,03)
of the chromite concentrate, were corelated with independent variables, which were X1 (the feed rate value), X2 (the wash
water rate), X3 (the tilt angle, degrees) and X4 (the frequency). The most reliable regression equations that were obtained by
multiple linear regression in determining the recovery and grade of concentrate as a result of the concentration of the chromite
tailings with shaking table were the following equations:
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Recovery % = 67.15 — 0.427X1 + 0.017X2 — 7.647X3 — 0,124X4 @)
Grade % = 16.529 + 0.108X; — 0.818X, + 0.75X, 2)

The predicted results were obtained using SPSS software, which used the grade and recovery obtained from the
experiments. The predicted results are shown in Table 3 together with the number of runs and conditions. The best recovery
of 67.27 % was obtained at a feed rate value of 25kg/hr, the wash water of 300kg/hr, the frequency of 50Hz and the angle of
2 degrees at a grade of 21.87% Cr,O3. The maximum grade of 26.89 % Cr,O3 was obtained at a feed rate value of 25kg/hr,
the wash water of 100kg/hr, the frequency of 50Hz and the angle of 5 degrees. The best predicted results were obtained at a
feed rate value of 40kg/hr, the wash water of 300kg/hr, the frequency of 35Hz and the angle of 2 degrees for recovery
(35.74% vs 35. 45%)

Table 3: Number of runs with predicted results from Multiple linear regression

Feed Wash Tilt Grade [PredictedPredicted
Test run_rate water angle Frequency|Recovery (% wt recovery grade
number |(Kg/hr) |(Kg/hr (degrees)|(Hz) (%) Cr:03) (%) (% wt Cr:03)
1 25 300 2 50 67.27 21.87  40.00 18.80
2 40 300 2 35 35.74 13.77  35.45 19.29
3 25 300 5 35 3.03 16.72  |18.92 15.22
4 25 100 5 20 21.31 17.25 |17.43 15.79
5 25 300 5 35 2.66 14.5 18.92 15.22
6 10 300 2 35 54.45 14.68  48.26 16.06
7 10 500 5 35 42.41 1521 [28.66 11.91
8 10 300 8 35 0 0 2.38 11.15
9 25 500 5 50 0.74 10.78  20.40 14.65
10 25 300 8 20 0 0 -2.17 11.64
11 25 300 2 20 38.39 14.97 43.71 16.55
12 40 300 5 50 2.77 10.6 10.65 17.96
13 25 100 8 35 6.95 19.04 |-7.36 14.46
14 25 500 2 35 43.2 14.51 145.19 15.98
15 40 100 5 35 5.7 1427  9.17 18.53
16 25 300 5 35 5.96 11.79  [18.92 15.22
17 25 500 5 20 13.9 16.47 24.11 12.40
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18 10 300 S 20 40.97 15.55 27.18 12.48
19 40 500 S 35 21.25 16.27 |15.84 15.14
20 25 300 8 50 4.32 12.72  }-5.88 13.89
21 25 100 2 35 54.07 18.69  38.52 19.37
22 10 100 S 35 2.65 1493  21.99 15.29
23 40 300 S 20 9.6 23.64 |14.36 15.71
24 25 100 S 50 3.91 26.98 |13.72 18.03
25 40 300 8 35 2.42 19.65 1043  |14.38
26 10 300 S 50 13.9 18.42  23.47 14.73
27 25 500 8 35 4.14 17.62  -0.69 11.07

The % recovery of the predicted variable is lower than that of the actual experiment. Multiple linear regression graphs
were plotted to determine the relationship between the variables and for grade. The relationship was found to be weak because
the R? is 0.18 and the relationship between variables for recovery were strong because the R? is 0.66.

25

60
50
20 " ° o °*.-
[ J [ J .
X ® e 40 °
L A A A TR TLLL A = @
B 15 .0‘J~ L 9 ® y£0.6631x+6.3728
W | e ® 3 30 = R2=0.6631
- &9 =0.1799x + 12.48 bt °
2 [ ] ® R2_ N [ J
8 10 R2=0.1799 20 @go® .-
5 ge -8
5 2 Lo
s O 0
o % 10 .'.,.
5 s
0 L P 20 40 60 80
0 -10 @
0 5 10 15 20 25 30 20
Experimental grade % Experimental % recovery
(2) (b)
Fig. 2: Relationship between experimental and predicted values for the grade (a) and the recovery (b) of the chromite
concentrate

The low grade of chromite from the concentrate shows that the separation of minerals (silica and chromite) is not
efficient. This is due to the particle size of the UG-2 plant tailings. According to [2], the shaking table can only be used for
particles ranging from 50 microns to 1000 microns. Based on the PSD curve of the UG-2 plant tailings, about 50% of the
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particles are less than 50 microns, classifying the sample as a very fine sample and this reduce the efficiency of a shaking
table.

4. Conclusion

The aim of this project was to recover the chromite from chromite plant tailings and use the multiple linear regression
analysis to predict the grade and recovery of the chromite. The chromite plant tailings sample was a fine low-grade material
that needed no further milling. A Wilfley shaking table can be used as a preconcentration equipment for the chromite
recovery. MLR can be used to predict chromite recovery whilst using a shaking table, but it cannot be used to predict the
chromite grade. However, it can be concluded that the shaking table is inefficient for the sample used for this experiment
due to entrainment of the particles and could not produce a saleable product. It is recommended that enhanced gravity
concentration methods be used to recover the chromite from the UG-2 plant tailings for higher grades and recoveries.

Acknowledgements

Acknowledgement is given to Jubilee Metals for the sample provided and the University of Johannesburg for
laboratory facilities and the National Research Foundation of South Africa [Grant number 132291] for the financial
support of this project.

References

[1] N.Koleli and A. Demir, “Chromite”, In Environmental materials and waste, Academic Press pp. 245-263, 2016.

[2] M.M. Langa. P. J. Jugo. M. I. Leybourne. D. F. Grobler. J. Adetunji and H. Skogby. "Chromite chemistry of a massive
chromitite seam in the northern limb of the Bushveld Igneous Complex. South Africa: correlation with the UG-2 in
the eastern and western limbs and evidence of variable assimilation of footwall rocks." Miner. Depos. pp. 31-44, 2021.

[3] T.Dzvinamurungu. D. H. Rose. K. S. Viljoen and. A. F. Mulaba-Bafubiandi. "A Process Mineralogical Evaluation of
Chromite at the Nkomati Nickel Mine, Uitkomst Complex, South Africa.” Minerals, vol.10, no. 8, pp.709, 2020.

[4] O. Ozcan. "Investigation of chromite recovery possibilities from coarse and fine plant tailings." J. Min. Sci., vol. 61.
no. 2. pp. 69-81, 2021.

[5] M. Ramudzwagi, N. Tshiongo-Makgwe and W. Nheta. “Recent developments in beneficiation of fine and ultra-fine
coal-review paper”. J. Clean. Prod., vol. 276, pp.122693, 2020.

[6] U. Ulusoy and O. N. Atagun. "Particle shape characterization of shaking table streams in a Turkish chromite
concentration plant by using dynamic imaging and microscopical techniques." Part. Sci. Technol., vol. 41. no. 2. pp.
141-150, 2023.

[7] A. K. Bhandary, R. D. Mukherjee and M. Chaudhuri. "Mineralogical studies and optimization of tabling parameters
of low-grade chromite ore by box behnken design of experiments." JOM., vol. 32. no. 4. pp. 174-185. 2022.

[8] M. Ozyurta. Y. Cebecib and S. L. Ergiin. "Recovery of chromite from concentrator plant tailings.” J. Min. Sci., vol.
62,no. 1. pp. 17-21, 2022.

[9] F.K.Mulenga. A. A. Mkonde and M. M. Bwalya. "Effects of load filling. slurry concentration and feed flowrate on
the attainable region path of an open milling circuit." Miner. Eng., vol. 89. pp. 30-41. 2016.

MMME 117-8



