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Abstract

:

The present study focused on investigating the high-temperature reduction of bauxite residue, also known as red mud. A series of reduction experiments on red mud was performed to investigate the influences of temperature (1400, 1450, and 1500 °C), reaction time (15, 30, and 60 min) and reductant addition (7 and 14% carbon). A reduction experiment using a combination of carbon and plastic in the form of linear low-density polyethylene (7% carbon and 5% LLDPE) was also tested. The experiments were carried out in a vertical tube furnace using a graphite crucible under an argon atmosphere. Phases formed after the reduction process was analyzed using a scanning electron microscope equipped with an energy dispersive spectroscopy detector. At 7% carbon addition for all reduction temperatures and times, the reduction process of red mud produced metal and slag. The metal mainly consisted of iron with main trace elements of Si, Ti, P, S, and V. The slag mainly consisted of Na2O, Al2O3, SiO2, CaO, and TiO2 components with residual iron oxide of less than 3.5 wt.%. Increasing the carbon addition to 14% at 1450 °C significantly increased the Si content in metal up to 19.1 wt.% and significantly decreased Na2O in slag to less than 0.1 wt.%. The experiment with 7% carbon + 5% LLDPE addition gave a similar reduction extent to the experiment with only 7% carbon addition. The combustion of the LLDPE occurred before the reduction took place, and hence the LLDPE did not significantly contribute to the reduction process.
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1. Introduction


Bauxite residue or red mud is a waste generated from the processing of bauxite into alumina through the Bayer process [1]. The quantity of red mud produced for every ton of alumina production is significant, and thus the storage of red mud is a challenge for alumina producers. Red mud storage pond dams sometimes collapse or fail due to heavy rains that cause flooding and breaching, posing a threatening environmental problem and safety issues. The utilization of red mud is one of the solutions that can minimize environmental and safety risks associated with red mud storage.



There are different themes of research on red mud utilization, one of which is research on the high-temperature reduction of red mud to produce metallic iron [2,3,4,5,6,7,8,9,10]. However, there is limited publication reporting research on the high-temperature reduction of Indonesian red mud, which has a higher Al2O3/Fe2O3 ratio and a lower TiO2 content than those in red muds of different origins reported in the literature [5,11,12,13,14,15,16].



This research aims to study the high-temperature reduction of Indonesian red mud. Thermodynamic evaluation has been carried out to understand the chemistry of the process. A series of laboratory-scale experiments have been performed using a vertical furnace to evaluate the reducibility of the red mud and the composition of phases formed by the reduction process.




2. Materials and Methods


The red mud used in this study is from Tayan, West Kalimantan, Indonesia. The red mud was ground and screened to obtain red mud particles with size less than 65 microns. The red mud was characterized using X-ray fluorescence (XRF, Rigaku WDXRF Supermini 200) and X-ray powder diffraction (XRD, Rigaku Smartlab SE) to determine its chemical composition and mineralogy. The XRF measured composition of red mud is provided in Table 1; each element was recalculated to a selected oxidation state. The red mud contained dominantly iron oxide, alumina, silica, and sodium oxide. XRD analysis in Figure 1 indicates the presence of hematite, gibbsite, quartz, calcite, goethite, and sodalite minerals in the red mud. Carbon powder (<100 µm) was used as a reductant. Using plastic material as reductant material to partially substitute the carbon powder was also tested by combining carbon powder and linear low-density polyethylene (LLDPE) in one of the experiments.



Thermodynamic analysis of the process was then performed using the red mud composition and mineralogy data. The thermodynamic aspect of the high-temperature processing of red mud has been analyzed by performing calculations using FactSage thermochemical software version 7.3 (CRCT-ThermFact Inc, Canada & GTT-Technologies, Aachen, Germany). FactSage is equipped with the most integrated databases in the field of thermochemistry. The FactSage databases contain all parameters of Gibbs energies for elements, compounds, and solutions in the gas, solid, and liquid phases. By defining the input parameters, the amount and composition of phases from a chemical process can be predicted by FactSage.



A series of lab-scale experiments in a vertical tube furnace was also carried out to investigate the actual reducibility of the red mud and the composition of phases formed after the high-temperature reduction process. The vertical tube furnace consisted of an alumina tube held by holders made of stainless steel. The tube was placed inside the vertical furnace and was electrically heated. A B-type thermocouple was installed inside the tube to accurately monitor the temperature around the sample during the reduction process. The total weight of red mud, carbon, and LLDPE mixture used in each experiment were less than 2 grams. The mixture was placed in a graphite crucible with 25 mm-OD. The sample in the crucible was inserted from the bottom of the furnace and was suspended using a platinum wire hook. The bottom of the furnace was then sealed by submerging it in water inside a bucket to eliminate air ingress from the surrounding atmosphere. An inert atmosphere inside the alumina tube was achieved by introducing argon gas. After the inside of the alumina tube was completely filled with argon, the sample in the crucible was lifted into the hot zone of the furnace. Different experimental parameters were tested which included temperature (1400, 1450 and 1500 °C), time (15, 30 and 60 min), carbon addition (7 and 14% (g-carbon/g-red mud) = 1 and 2 × stoichiometrical requirement for iron oxide reduction in the red mud), and LLDPE addition (0 and 5% (g-LLDPE/g-red mud) = 0 and 1 × stoichiometrical requirement, assuming the LLDPE is composed of 100% C2H4).



After each experiment, the sample was rapidly quenched by dropping the sample into the water to preserve phases formed at high temperatures. The quenched sample was dried, mounted in epoxy resin, and sectioned using a semi-automatic polishing machine. The polishing quality was checked using an optical metallurgical microscope. The microscopic detail inside the reduction product was then examined using a scanning electron microscope (SEM, JEOL JSM-6510A, Tokyo, Japan) with a secondary electron (SE) detector. The compositions of phases inside the reduction product were also analyzed semi-quantitatively using an energy dispersive x-ray spectroscopy (EDS) detector installed within the SEM.




3. Results and Discussion


3.1. Thermodynamic Analysis


The thermodynamic aspects of high-temperature processing of red mud were evaluated using FactSage thermochemical software with an initial mixture having a ratio of 7% carbon + 5% LLDPE addition. The temperature of the calculation varied from 300 to 2000 °C. FTmisc database was selected for the solid and liquid iron solutions. FToxid database was selected for molten slag and solid oxide solutions, such as spinel ((Fe,Al)3O4) and nepheline ((Na,K)AlSiO4). FactPS database was also selected for gas, pure elements, and stoichiometric compounds. The FactSage calculation showed that the red mud thermodynamically could be processed at high temperatures to produce metallic products. The calculation also provided information on the type and proportion of phases formed during the red mud’s high-temperature processing, as shown in Figure 2. The calculation result shows that the dominant phases are spinel, nepheline, and Na2Ca3Al16O28 at low temperatures (300 °C). The spinel is reduced into solid iron starting from approximately 600 °C. The solid iron will melt to liquid iron above 1300 °C, while nepheline, Na2Ca3Al16O28, and other oxide components will completely melt into molten slag above 1250 °C.




3.2. Laboratory Scale Experimentation


Laboratory scale experiments using a vertical furnace at different temperatures, reaction times, carbon additions, and LLDPE additions have been performed. The SEM microstructures for selected samples are shown in Figure 3. Figure 3a shows the microstructure of the sample from the experiment at T = 1450 °C and t = 60 minutes with 7% carbon addition. Figure 3b shows the sample’s microstructure from an experiment at T = 1450 °C and t = 60 minutes with 14% carbon addition. While Figure 3c shows the microstructure of sample from experiment at T = 1450 °C and t = 60 min with 7% carbon + 5% LLDPE addition. All microstructures show the formation of the metal phase and slag phase. The only difference was the sample from the reduction with 14% carbon addition, where the formation of solid Al2O3 was observed (Figure 3b).



The EDS measured compositions of phases in the samples from the reduction experiments are summarized in Table 2. The composition measurements show that the metals were mainly comprised of iron with Si, Ti, P, S, and V as main trace elements, while the slags were dominated by Na2O, Al2O3, SiO2, CaO, and TiO2.



At 7% carbon addition, the experimental results showed that the metal product was already formed from the red mud even at the lowest temperature of 1400 °C and the shortest time of 15 min. The minor element concentrations in the metal did not show a clear correlation with reduction temperature and time due to their low concentrations and the limitation of the present EDS measurement. The only noticeable correlations were found between the silicon concentration in the metal and the reduction time for reduction temperature of 1500 °C and the silicon concentration in the metal and the reduction temperature for reduction time of 60 min, as shown in Figure 4a. At 1500 °C, the silicon in metal increased with increasing reduction time. For reduction time of 60 min, the silicon in metal also increased with increasing reduction temperature. The increasing silicon in metal indicates an increasing reduction extent of the red mud. The slag compositions from reduction at different temperatures and times are summarized in Figure 4b. The slag from reduction at 1400 °C contained higher residual iron oxide (up to 3.5 wt.%) than the slags from reduction at higher temperatures.



Figure 5 shows the effect of carbon and LLDPE additions at T = 1450 °C on the metal and slag compositions. Increasing the carbon addition from 7% to 14% significantly increased Si content in metal from 1.95 wt.% to 19.1 wt.%. The increase in carbon addition from 7% to 14% also significantly decreased Na2O in slag from 7.4 wt.% to less than 0.1 wt.%. The Na2O in the slag was reduced to Na metal by the excess carbon, and the resulting Na metal was then vaporized due to its low boiling point of 882.8 °C. Finally, the decrease of SiO2 into Si in metal and the removal of Na2O into volatile Na resulted in the stabilization of solid Al2O3, as shown in Figure 3b.



The experiment with 7% carbon + 5% LLDPE addition gave similar metal and slag characteristics to those from the experiment with only 7% carbon addition. It appears that the LLDPE was combusted at a temperature below 1450 °C. The LLDPE was entirely consumed before the reduction process took place, and thus the reduction occurred mainly by the carbon reductant.



The present study shows that the metallic product can be produced by reducing red mud. Fully molten slag can be obtained without the addition of flux when carbon is added at its stoichiometrical requirement. The addition of carbon above its stoichiometrical requirement may promote the formation of a solid Al2O3 phase.





4. Conclusions


Thermodynamic analysis and laboratory-scale experiments have been performed to study the reduction of red mud between 1400 and 1500 °C. The thermodynamic evaluation shows that the red mud reduction at low-temperature results in a reduction product consisting of spinel, nepheline, and Na2Ca3Al16O28 solids. At above 1300 °C, the thermodynamical calculation indicates that the reduction product consists of liquid iron and molten slag. At 7% carbon addition, the experimental results show that metal product was generated from reducing red mud at all temperatures and times. The silicon in metal was found to increase with increasing reduction time and increasing reduction temperature. The slags were dominated by Na2O, Al2O3, SiO2, CaO, and TiO2, with the highest iron oxide residual found in the slag from reduction at 1400 °C. At 1450 °C, increasing the carbon addition from 7% to 14% significantly raised the Si content in metal from 1.95 wt.% to 19.1 wt.% and significantly decreased Na2O in slag from 7.4 wt.% to less than 0.1 wt.%. The LLDPE did not significantly contribute to the reduction process due to its elimination by combustion before the reduction process.
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Figure 1. X-ray diffraction pattern of red mud. 
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Figure 2. Type and proportion of phases as a function of temperature from reduction at 7% carbon + 5% LLDPE addition based on FactSage calculation. 
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Figure 3. Microstructures of quenched samples from experiments at T = 1450 °C and t = 60 min with: (a) 7% carbon addition; (b) 14% carbon addition; and (c) 7% carbon + 5% LLDPE addition. 
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Figure 4. The effects of temperature and time at 7%carbon addition on (a) silicon in metal; and (b) slag composition. 
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Figure 5. The effects of carbon and LLDPE additions at T = 1450 °C and t = 60 min on: (a) Silicon in metal; and (b) Composition of slag. 
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Table 1. Composition of red mud based on XRF analysis (wt.%).
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	Fe2O3
	Al2O3
	SiO2
	CaO
	Na2O
	TiO2
	V2O5
	Sc2O3
	SO3
	LOI





	30.9
	23.2
	15.4
	3.6
	8.9
	2.3
	0.17
	0.006
	0.40
	14.4
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Table 2. EDS measured compositions (in wt.%) of phases in samples from the high-temperature reduction of red mud.
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No

	
Sample

	
Phases

	
Fe*/

FeO

	
Si*/

SiO2

	
Al*/

Al2O3

	
Na*/

Na2O

	
Ca*/

CaO

	
Ti*/

TiO2

	
P*/

P2O5

	
S*/

SO3

	
V*/

V2O5






	
1

	
T = 1400 °C, t = 15 min,

7% carbon

	
Metal*

	
99.2

	
0.00

	
0.00

	
0.05

	
0.02

	
0.13

	
0.29

	
0.19

	
0.16




	
Slag

	
0.46

	
40.1

	
35.3

	
9.8

	
8.3

	
5.6

	
0.00

	
0.47

	
0.00




	
2

	
T = 1400 °C, t = 30 min,

7% carbon

	
Metal*

	
99.0

	
0.21

	
0.13

	
0.05

	
0.12

	
0.00

	
0.12

	
0.35

	
0.00




	
Slag

	
2.5

	
37.8

	
35.9

	
10.1

	
7.4

	
5.4

	
0.26

	
0.16

	
0.45




	
3

	
T = 1400 °C, t = 60 min,

7% carbon

	
Metal*

	
98.5

	
0.10

	
0.09

	
0.00

	
0.48

	
0.00

	
0.36

	
0.19

	
0.32




	
Slag

	
3.5

	
36.2

	
36.5

	
9.9

	
7.7

	
5.6

	
0.21

	
0.28

	
0.03




	
4

	
T = 1450 °C, t = 15 min,

7% carbon

	
Metal*

	
98.8

	
0.13

	
0.08

	
0.00

	
0.03

	
0.00

	
0.68

	
0.31

	
0.00




	
Slag

	
1.80

	
36.7

	
37.0

	
10.4

	
7.6

	
5.6

	
0.19

	
0.18

	
0.41




	
5

	
T = 1450 °C, t = 30 min,

7% carbon

	
Metal*

	
97.7

	
0.35

	
0.06

	
0.09

	
0.00

	
0.19

	
0.66

	
0.14

	
0.84




	
Slag

	
0.88

	
38.4

	
37.2

	
10.6

	
7.2

	
5.1

	
0.22

	
0.19

	
0.25




	
6

	
T = 1450 °C, t = 60 min,

7% carbon

	
Metal*

	
96.7

	
0.68

	
0.41

	
0.22

	
0.02

	
0.10

	
1.01

	
0.33

	
0.54




	
Slag

	
0.42

	
39.6

	
38.2

	
10.5

	
6.6

	
4.1

	
0.43

	
0.07

	
0.00




	
7

	
T = 1500 °C, t = 15 min,

7% carbon

	
Metal*

	
96.0

	
0.51

	
0.10

	
0.07

	
0.01

	
0.51

	
0.50

	
0.21

	
2.1




	
Slag

	
0.31

	
38.8

	
39.3

	
9.5

	
6.5

	
4.9

	
0.02

	
0.41

	
0.09




	
8

	
T = 1500 °C, t = 30 min,

7% carbon

	
Metal*

	
96.7

	
0.92

	
0.00

	
0.00

	
0.03

	
0.56

	
0.53

	
0.11

	
1.19




	
Slag

	
0.51

	
38.9

	
38.4

	
9.9

	
6.9

	
4.9

	
0.27

	
0.24

	
0.00




	
9

	
T = 1500 °C, t = 60 min,

7% carbon

	
Metal*

	
96.5

	
1.95

	
0.10

	
0.00

	
0.05

	
0.65

	
0.25

	
0.05

	
0.40




	
Slag

	
0.61

	
40.1

	
36.8

	
7.4

	
8.4

	
5.9

	
0.25

	
0.12

	
0.35




	
10

	
T = 1450 °C, t = 60 min,

14% carbon

	
Metal*

	
79.8

	
19.1

	
0.13

	
0.09

	
0.05

	
0.29

	
0.26

	
0.02

	
0.23




	
Slag

	
0.51

	
36.7

	
38.6

	
0.21

	
23.1

	
0.16

	
0.04

	
0.67

	
0.00




	
Al2O3

	
0.32

	
0.00

	
99.1

	
0.00

	
0.18

	
0.06

	
0.20

	
0.00

	
0.10




	
11

	
T = 1450 °C, t = 60 min,

7% carbon + 5% LLDPE

	
Metal*

	
98.3

	
0.41

	
0.07

	
0.08

	
0.02

	
0.44

	
0.51

	
0.09

	
0.08




	
Slag

	
0.60

	
38.7

	
36.7

	
9.8

	
7.4

	
5.9

	
0.00

	
0.26

	
0.63








Note: Metal* = elemental composition; Slag and Al2O3 = oxide composition.
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