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Abstract: The sodium leaching ratio (ηN) of ferric bauxite direct reduction process is much lower
than that of ordinary bauxite; thus, the former consumes more sodium than the latter. ηN can be
promoted by increasing the dosage of sodium or restricted by increasing the heating temperature and
time. However, the restriction effect of heating temperature is 16.67 times larger than that of heating
time, and the restriction effect decreases 47.03 times faster when heating temperature increases than
that process of heating time. These imply that ηN improves with the increasing sodium carbonate
dosage and the decreasing heating temperature.
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1. Introduction

Ferric bauxite is a typical refractory bauxite which has a wide distribution in Asia [1–3] and
Africa [1], however, it is improperly developed. The potential methods of treating ferric bauxite include
the extraction of alumina before iron [4,5], extraction of iron before alumina [6,7], beneficiation before
leaching [8], and biological technique [9,10]. Direct reduction before leaching is another method [11–13]
that has recently seen a boom. By adopting this technology, hematite and goethite in ferric bauxite
are reduced to granular iron in a carbothermic reduction process, and then iron powder is separated
from the sinter produced after the reduction. Iron powder may then be employed for producing steel
and casting after agglomeration, or used as a metallic powder material directly. Simultaneous with
hematite and goethite reduction, the additive of sodium carbonate reacted with diaspore and boehmite
then generates water-soluble sodium aluminate, which is then separated from the solution obtained
after leaching and utilized for alumina production. In the alumina leaching process, sodium is also
leached out and recycled partially. However, before reduction, iron-containing minerals react with
sodium carbonate to generate evaporable sodium ferrite, and silicon-containing minerals react with
sodium carbonate to generate nepheline [12,14]. These reactions reduce sodium leaching ratio and
increase alkali consumption. The Box–Benhken design [15] is typically adopted to conduct quantitative
research by determining the regression model. In this research, Box–Benhken design is utilized to
investigate the effects of heating temperature, heating time, and sodium carbonate dosage on sodium
leaching ratio and to understand the change patterns of these effects. The results of this study may be
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used to reduce the alkali consumption of the direct reduction of ferric bauxite. The findings may also
improve current alumina production.

2. Experimental

2.1. Experimental Methods

The experimental instruments employed in this investigation include a rod mill (Hengcheng,
XMB-70, Ganzhou, China), an electric box furnace (INCH, SX2-10-13, Changsha, China), an electronic
balance (Mettler, AR1140, Changzhou, China), a vacuum filter (Hengcheng, XTLZ, Ganzhou, China),
a magnetic separator (Yihao, CXG-99, Tangshan, China), and an electrothermal constant-temperature
dry box (Shuangxu, PH050, Shanghai, China).

The Chemical compositions of the ore and product were analyzed by an atomic absorption
spectrophotometer (Rayleigh, UV-9600, Beijing, China). The mineral composition of ore was examined
by an X-ray diffractometer, XRD (Rigaku, TTRIII, Tokyo, Japan). The morphology and chemical
composition of micro zone in samples were determined using a scanning electron microscope equipped
with an energy dispersive spectrometer, SEM-EDS (ZEISS, EVO 18, Jena, Germany).

The chemical and mineral compositions of ferric bauxite were examined by atomic absorption
spectrophotometer and XRD, respectively. The microstructure and chemical composition were tested
by SEM-EDS.

In the experiments, ore, sodium carbonate, and coal were crushed to 100% passing 2 mm, and
then mixed. The mixing ratio of ore and coal was 1:0.25, whereas the amount of sodium carbonate
was varied. In each unit experiment, 41 g of the mixed materials was transferred to a lidded 100 mL
graphite clay crucible. The crucible was then placed in a muffle furnace with an uncontrolled gaseous
atmosphere at 1100 to 1150 ◦C. A distance of more than 3 cm was left between the crucible lid and the
powder mixture in the crucible to prevent them from making contact with each other. After cooling,
the material was ground to 100% passing 74 µm at the grinding density of 50%, and then leached
under the conditions of water–solid ratio of 15:1, leaching temperature of 75 ◦C, and leaching time of
0.5 h. Sodium leaching ratio (ηN) was then calculated from Equation (1):

ηN =
46 · cN · Vol

106 · M · ωN
(1)

ηN, sodium leaching ratio, %;
cN, sodium concentration of lixivium, g/L;
Vol, volume of lixivium, L;
M, mass of raw material mixture adopted in each unit experiment, g;
ωN, mass fraction of sodium carbonate in raw material mixture, %.

The leaching residues were transferred to magnetic separators, and the iron powder was isolated
from tailing with a magnetic separation of 0.14 T. The entire flow chart adopted in the experiments is
shown in Figure 1, but only the sodium leaching part was investigated in this study.
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Figure 1. The entire flow chat adopted in the experiment. 

2.2. Ore Characteristics 

The ferric bauxite used was sampled from the Guangxi province of China. The chemical 
composition, SEM-EDS photos, and XRD image of the ferric bauxite adopted are presented in Table 
1 and Figures 2 and 3, respectively. 

Table 1. The chemical composition of the ferric bauxite adopted. 

Compositions Fe2O3 Al2O3 SiO2 TiO2 MgO CaO Na2O K2O P2O5 LOI
Content/% 41.13 33.02 12.22 1.49 0.68 0.63 0.32 0.06 0.04 8.97 
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Figure 2. The XRD image of the ferric bauxite adopted. 

Table 1 indicates that the iron and silicon dioxide of ferric bauxite are 28.79% and 12.22%, 
respectively. Figure 2 shows five main crystalline mineral phases in raw ferric bauxite: hematite, 
boehmite, diaspore, kaolinite, and goethite. Figure 3 reveals that the minerals in ferric bauxite are 
finely disseminated and symbiotic with one another, particularly the fine disseminated 
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2.2. Ore Characteristics

The ferric bauxite used was sampled from the Guangxi province of China. The chemical
composition, SEM-EDS photos, and XRD image of the ferric bauxite adopted are presented in Table 1
and Figures 2 and 3, respectively.

Table 1. The chemical composition of the ferric bauxite adopted.

Compositions Fe2O3 Al2O3 SiO2 TiO2 MgO CaO Na2O K2O P2O5 LOI

Content/% 41.13 33.02 12.22 1.49 0.68 0.63 0.32 0.06 0.04 8.97
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Figure 2. The XRD image of the ferric bauxite adopted. 

Table 1 indicates that the iron and silicon dioxide of ferric bauxite are 28.79% and 12.22%, 
respectively. Figure 2 shows five main crystalline mineral phases in raw ferric bauxite: hematite, 
boehmite, diaspore, kaolinite, and goethite. Figure 3 reveals that the minerals in ferric bauxite are 
finely disseminated and symbiotic with one another, particularly the fine disseminated 

Figure 2. The XRD image of the ferric bauxite adopted.

Table 1 indicates that the iron and silicon dioxide of ferric bauxite are 28.79% and 12.22%,
respectively. Figure 2 shows five main crystalline mineral phases in raw ferric bauxite: hematite,
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boehmite, diaspore, kaolinite, and goethite. Figure 3 reveals that the minerals in ferric bauxite are finely
disseminated and symbiotic with one another, particularly the fine disseminated silicon-containing
minerals distributed in hematite and diaspore grains (see points 5 and 6 in Figure 3a). Ferric bauxite
is characterized by the high contents of iron and silicon dioxide, as well as finely disseminated and
symbiotic silicon-containing mineral.

Proximate analysis and inorganic composition data of coal are shown in Tables 2 and 3,
respectively.

Table 2. Proximate analysis of the coal used.

Compositions Total Moisture (Mt) Volatiles (Vad) Ash (Aad) Fixed Carbon (FCad)

Content/% 9.16 39.42 5.07 46.35

Table 3. Inorganic composition of coal ash.

Component SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5

Content/% 38.0 21.37 36.19 1.9 7.15 0.43 1.38 0.84 0.41
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Figure 3. (a) The SEM image of the ferric bauxite adopted; (b) energy dispersive spectrometer image 
of point 1; (c) the EDS image of point 2; (d) the EDS image of point 3; (e) the EDS image of point 4; (f) 
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Research shows the appropriate model simulated by Box–Behnken is quadratic. The variance 
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non-dimensional number), F is the homogeneity test of variance, P is the probability of obtaining a 
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Using a quadratic model, it was calculated that R2 = 740.12/758.72 = 0.9755. This indicates that 
97.55% of the ηN changes coming from the factors have been considered. The lack of fit value and the 

Figure 3. (a) The SEM image of the ferric bauxite adopted; (b) energy dispersive spectrometer image of
point 1; (c) the EDS image of point 2; (d) the EDS image of point 3; (e) the EDS image of point 4; (f) the
EDS image of point 5; (g) the EDS image of point 6.

3. Results and Discussion

3.1. Leaching Rules

Coal dosage, heating temperature, heating time, and sodium carbonate dosage are the four
significant factors that influence ferric bauxite direct reduction and leaching process [14]. Among
them, coal dosage is usually determined by the hematite content of ore, and can hardly be changed to
promote ηN. Thus, only the effects of heating temperature, heating time, and sodium carbonate dosage
on ηN were measured in this research, and every experiment was conducted under a constant coal
dosage. The parameter scales were established under previously reported optimum conditions [16],
because ηN must be promoted on the premise of synthetically recovering iron and aluminum. In the
Box–Benhken design, the fluctuation range of each parameter scale is 10%. The Box–Benhken design
and experiment results are shown in Table 4.

Table 4. Box–Benhken design and experiment results.

No.
Experimental Factors

ηN (%)
Heating Temperature (◦C) Heating Time (min) Sodium Carbonate Dosage (%)

1 1035 49.5 85 66.05
2 1035 40.5 85 67.04
3 1035 45 93.5 66.49
4 1035 45 76.5 67.56
5 1150 49.5 76.5 63.75
6 1150 49.5 93.5 60.68
7 1150 40.5 76.5 64.04
8 1150 40.5 93.5 59.70
9 1150 45 85 59.23

10 1150 45 85 59.31
11 1150 45 85 59.55
12 1150 45 85 59.12
13 1150 45 85 59.47
14 1265 45 76.5 50.81
15 1265 45 93.5 51.52
16 1265 40.5 85 46.63
17 1265 49.5 85 45.30

Research shows the appropriate model simulated by Box–Behnken is quadratic. The variance
analysis of the regression models is shown in Table 5, where Df is the degrees of freedom
(a non-dimensional number), F is the homogeneity test of variance, P is the probability of obtaining a
result that is at least as extreme as the actually observed result, given that the null hypothesis is true.

Using a quadratic model, it was calculated that R2 = 740.12/758.72 = 0.9755. This indicates that
97.55% of the ηN changes coming from the factors have been considered. The lack of fit value and
the significance level of the model selected show that the model and experimental data fit well, using
quadratic to describe the quantitative relation between ηN and its influence factors is appreciated.
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Table 5. Variance analysis of regression models.

Source Sum of Squares Df Mean Squares F P-Value Prob > F Result

Model 740.12 9 82.24 30.95 <0.0001 Significant
A 663.85 1 663.85 249.85 <0.0001 Significant
B 0.03 1 0.03 0.13 0.7736 -
C 7.54 1 7.54 2.84 0.1359 -

AB 0.028 1 0.028 0.01 0.9213 -
AC 0.79 1 0.79 0.3 0.6033 -
BC 0.41 1 0.41 0.15 0.7077 -
A2 38.27 1 38.27 14.4 0.0068 -
B2 0.017 1 0.017 6.4378 × 10−3 0.9383 -
C2 32.41 1 32.41 12.2 0.01 -

Residual 18.6 7 2.66 - - -
Lack of Fit 18.48 3 6.16 203.26 <0.0001 -
Pure Error 0.12 4 0.03 - - -
Cor Total 758.72 16 - - - -

The confidence analysis of the quadratic model is shown in Table 6, where Df is the
degrees of freedom (a non-dimensional number), and VIF is the variance inflation factor
(a non-dimensional number).

Table 6. Confidence analysis of the quadratic model. VIF: variance inflation factor.

Factor Coefficient Estimate Df Standard Error 95% Cl Low 95% Cl High VIF

Intercept 59.33 1 0.73 57.61 61.06 -
A-Temperature −9.11 1 0.58 −10.47 −7.75 1.00

B-Time −0.2 1 0.58 −1.57 1.16 1.00
C-sodium carbonate −0.97 1 0.58 −2.33 0.39 1.00

AB −0.083 1 0.82 −2.01 1.84 1.00
AC 0.44 1 0.82 −1.48 2.37 1.00
BC 0.32 1 0.82 −1.61 2.25 1.00
A2 −0.31 1 0.79 −4.89 −1.14 1.01
B2 −0.064 1 0.79 −1.94 1.81 1.01
C2 0.27 1 0.79 0.9 4.65 1.01

The variance analysis of the regression models in Table 5 shows that the quadratic model fits the
data well. The response surfaces of the heating temperature–heating time plot and their corresponding
contours are shown in Figure 4. The response surfaces of the heating time–sodium carbonate dosage
plot and their corresponding contours are shown in Figure 5. The response surfaces of the heating
temperature–sodium carbonate dosage plot and their corresponding contours are shown in Figure 6.Minerals 2017, 7, 10 7 of 11 
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Figures 4–6 show that the value gradients correlated with heating temperature is much sharper
than that with sodium carbonate dosage and heating time. Exerting the minimal impact on ηN,
the effect of heating time is negligible. Namely, the significance of the influencing factors of ηN
can be arranged in descending order, as follows: heating temperature > sodium carbonate dosage >
heating time.

3.2. Quantitative Analysis of Leaching Model

The quadratic model suggested by Box–Behnken design is shown in Equation (2).

ηN = −3.01A2 − 0.064B2 + 2.77C2 − 0.083AB+ 0.44AC+ 0.32BC − 9.11A− 0.2B− 0.97C + 59.33 (2)

Generally, the changing rate and speed of a quantity can be described by calculating its
partial derivative and second partial derivative. Specifically, the effects of heating temperature (A),
heating time (B), and sodium carbonate dosage (C) on ηN changings mean promotion or restraint;
thus, these promotion or restraint effects can be investigated by calculating the partial derivative and
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second partial derivative of ηN. Necessary processes and the results of the calculation are shown in
Equations (3)–(8).

∂ηN
∂A

∣∣∣∣∣∣∣
A = 1150
B = 2700
C = 40.75

= −6.02A − 0.083B + 0.44C − 9.11 = −7138.2 (3)

∂2ηN

∂A2 = 6.02 (4)

∂ηN
∂B

∣∣∣∣∣∣∣
A = 1150
B = 2700
C = 40.75

= −0.128B − 0.083A + 0.32C − 0.2 = −428.21 (5)

∂2ηN

∂B2 = −0.128 (6)

∂ηN
∂C

∣∣∣∣∣∣∣
A = 1150
B = 2700 = 5054C + 0.44A − 0.97 = 1590.71
C = 40.75

(7)

∂2ηN

∂C2 = 5.54 (8)

Analysis shows that ∂ηN
∂A < ∂ηN

∂B < 0 when A = 1150 ◦C, B = 45 min, and C = 40.75%, indicating
that ηN is restricted with increasing heating temperature and heating time. In addition, the restriction
effect of the former is 16.67 times larger than that of the latter. ∂ηN

∂C > 0 means that ηN increases with

increasing sodium carbonate dosage. ∂2ηN
∂A2 = −6.02 < ∂2ηN

∂B2 = −0.128 < 0 indicates that the restriction
effects of heating temperature and time on ηN decrease, and the decrease of the former is 47.03 times

larger than that of the latter. ∂2ηN
∂C2 = 5.54 > 0 indicates that the promoting effect from the increase

in sodium carbonate dosage will become reinforced. Therefore, sodium leaching improves with
increasing sodium carbonate dosage and decreasing heating temperature. However, taking economic
effects into consideration, the increasing of sodium carbonate dosage means more materials costs,
while the decreasing of heating temperature reduces fuel consumption. Thus, in addition to the
technical factor, it is also necessary to perform a financial evaluation to verify the economic value of
these optimality conditions.

4. Conclusions

Ferric bauxite is characterized by high contents of iron and silicon dioxide, as well as finely
disseminated and symbiotic silicon-containing mineral. ηN can be promoted by increasing sodium
carbonate dosage. The promotion effect can be restricted by increasing the heating temperature and
time. The restriction effect of heating temperature is 16.67 times larger than that of heating time.
However, the decreasing effects of heating temperature and time on ηN both reduce when heating
temperature or heating time increase, but the effect of heating temperature weakens 47.03 times faster
than that of heating time. Therefore, in conclusion, sodium leaching improves with increasing sodium
carbonate dosage and decreasing heating temperature.
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