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Abstract: The conversion mechanism of Al-goethite under the action of different additives (lime or reductant for 
typical or reductive Bayer digestion) was investigated by thermodynamic calculation, XRD, and SEM−EDS. The results 
show that the formation of Fe-substituted hydrocalumite is crucial to converting Al-goethite to hematite during Bayer 
digestion by adding lime. However, the conversion proceeds more easily under the action of reductant due to the rapid 
formation of magnetite. Additionally, Bayer liquor composition significantly affects the product composition and also 
the conversion rate of Al-goethite. Compared to typical Bayer digestion with Al-goethite containing gibbsitic bauxite as 
raw material, the red mud yield of reductive Bayer digestion decreases from 39.02% to 31.19%, and the grade of TFe in 
red mud increases from 41.66% to 53.80%. 
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1 Introduction 
 

Alumina production worldwide reached 133 Mt 
in 2020 [1]. Nearly half of them are produced using 
gibbsitic bauxite from Guinea, Australia, and 
Indonesia. The prevalence of a certain amount of 
Al-substituted goethite (Al-goethite) in these 
bauxites is the main reason for the loss of alumina 
during the Bayer digestion process and the low 
beneficiation efficiency of iron minerals in red  
mud [2]. Also, the settling- separation performance 
of red mud slurry would be deteriorated due to the 
remainder goethite and the reversed boehmite [3−5]. 
Therefore, the rapid conversion of Al-goethite is of 
great importance for the optimization of the Bayer 
process and the comprehensive utilization of 
gibbsitic bauxite. 

The phase conversion of Al-goethite in the 
pyrometallurgical process has been extensively 
investigated and numerous processes such as 

heating [6,7], mechanical grinding [8], and 
reductive roasting [9−13] have been proposed. 
However, these processes faced the problems of 
high energy consumption and huge equipment 
investment. Currently, more than 95% of alumina is 
produced by using the Bayer process, therefore, the 
hydrothermal conversion process which can 
incorporate into the current Bayer system has 
attracted much attention. Specifically, increasing 
the temperature, the concentration of caustic soda 
(especially in Bayer liquor composition, e.g., the 
concentration of caustic alkali and alumina) and 
adding hematite seed [14−17] are all beneficial to 
the conversion. In addition to the above measures, 
the use of additives is a common strategy, which 
consists of the following two main categories. 

(1) Adding lime or other calcium-containing 
compounds. Studies [18,19] have shown that 
adding lime can promote the conversion of Al- 
goethite, but the mechanism is still unclear. One 
view [20] is that Ca(OH)2 reacts with Al-goethite  
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at high temperatures to form the unstable 
intermediate compound 3CaO·Fe2O3·2H2O, which 
further gradually dissociates into Fe2O3 and 
Ca(OH)2. Another view [21] is that the conversion 
of Al-goethite is blocked by the formation of 
sodium titanate (Na2O·3TiO2) wrapped around the 
surface of Al-goethite during the Bayer digestion 
process, and the addition of lime effectively 
eliminates this blocking effect by converting 
sodium titanate to the more crystalline calcium 
titanate. 

(2) Add reducing agents such as sugar, 
glycerol, and ferrous sulfate. LI [22] reports that the 
addition of 2% lime and 20 g/L glucose during the 
high-temperature digestion of Jamaican bauxite can 
achieve the conversion of iron minerals, resulting  
in coarse-grained red mud with a small specific 
surface area and improved settling and separation 
properties. LI et al [23] investigated the reaction 
behavior of Al-goethite in a high-iron gibbsitic 
bauxite from the Guangxi region in China and 
found that adding a reducing agent at 236 °C can 
promote the conversion of Al-goethite. PASECHNIK 
et al [24] proposed a method of hydrothermal 
digestion for handling red mud with the addition of 
FeSO4 and lime, in which both the digestion of 
diaspore in the red mud and the conversion of 
hematite to magnetite can be implemented 
simultaneously. A recent study [25] has further 
demonstrated that accelerating this conversion 
facilitates the enrichment and beneficiation of iron 
minerals in the red mud. However, it should be 
noted that the above-mentioned studies do not 
provide a good explanation of the microscopic 
mechanism of Al-goethite conversion in the typical 
or reductive Bayer digestion process. 

In this work, the mechanism of lime/reductant 
promotion of Al-goethite conversion was firstly 
analyzed based on thermodynamic calculations. 
Then, X-ray diffraction (XRD), scanning electron 
microscope (SEM), and energy dispersive 
spectrometer (EDS) were adopted to investigate  
the microscopic mechanism of the Al-goethite 
conversion. Finally, the validation was conducted in 
the Bayer digestion of gibbsitic bauxite. 
 
2 Thermodynamic analysis 
 

When the substitution ratio 𝑥 of Al in Al- 
goethite [Fe1−𝑥Al𝑥O·OH] was in the range of 0−0.33 

(molar fraction), the thermodynamic calculation 
was carried out by setting 𝑥 to be 0, 0.05, 0.20, and 
0.33, respectively [26]. To clarify the degree of 
difficulty in the conversion of Al-goethite with 
different amounts of Al substitution, possible 
reactions of Al-goethite with reductant (hydrazine 
hydrate used in this case) during reductive Bayer 
digestion were speculated according to the   
reports in Ref. [27]. Besides, the reaction products 
of CaO·Al2O3·Fe2O3 in Bayer liquor [28,29]   
were expressed as 3CaO·(Fe2O3)𝑥·(Al2O3)1−𝑥·6H2O 
(C3F𝑥A1−𝑥H6), and their thermodynamic data can be 
obtained using a Gibbs free energy estimation 
method [30]. Possible reactions of Al-goethite with 
lime or hydrazine hydrate in Bayer digestion are 
listed in Table 1, and the corresponding calculated 
Gibbs free energy changes ranging from 373 to 
573 K were plotted in Fig. 1. 
 
Table 1 Possible reactions of Al-goethite with lime or 
hydrazine hydrate in Bayer digestion 

Reaction Substitution 
ratio No.

Fe(1−𝑥)Al𝑥O·OH+𝑥OH−= 
(1−𝑥)/2Fe2O3+ (1−3𝑥)/2H2O+ 𝑥Al(OH)4

− 

𝑥=0 (1)𝑥=0.05 (2)𝑥=0.2 (3)𝑥=0.33 (4)

FeO·OH+Al(OH) 4
−+3CaO+4H2O= 

3CaO·(Fe2O3)0.5·(Al2O3)0.5·6H2O+OH−  (5)

FeO·OH+1/12N2H4·H2O= 
1/3Fe3O4+1/12N2+3/4H2O  (6)

 
From Fig. 1, the ΔrGm values for Reactions 

(1)−(4) were negative in the temperature range  
from 373 to 573 K, indicating that the reaction of 
Fe1−𝑥Al𝑥O·OH (𝑥=0, 0.05, 0.20, 0.33) dehydrated to 
form Fe2O3 could spontaneously occur in Bayer 
liquor at above 373 K. However, even at 573 K, the 
Gibbs free energy changes for Reactions (1)−(4)  
are only −5.30, −2.51, −2.22, and −1.71 kJ/mol, 
respectively. This finding is consistent with the fact 
that goethite and Al-goethite are difficult to 
transform during the Bayer digestion process. In 
addition, the conversion of Al-goethite becomes 
more difficult due to increasing Al substitution, 
which is also consistent with previously reported 
results [31]. The Gibbs free energy change for 
Reaction (5) demonstrates that C3F0.5A0.5H6 could 
be formed thermo-dynamically in Bayer liquor with 



Guo-tao ZHOU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3077−3087 3079

 

 

Fig. 1 Relationships between ΔrGm and temperature for 
reactions in Table 1: (a) Reactions (1)−(6); (b) Enlarged 
map of rectangle in (a) 
 
lime. This phenomenon implies that the reason for 
facilitating the conversion of goethite may be due to 
the formation of the corresponding Fe−Al−Ca 
compounds. The Gibbs free energy change of 
Reaction (5) increases with increasing temperature. 
This reason may be due to the easy decomposition 
of C3F0.5A0.5H6, which is consistent with literature 
report [20]. In the presence of reductant (hydrazine 
hydrate), goethite can be transformed directly into 
magnetite according to Reaction (6) and the trend 
of this reaction becomes more obvious with the 
increasing temperature. The comparison between 
Reactions (5) and (6) indicates that the amounts of 
lime and hydrazine hydrate required to transform 
1 g of goethite were 1.888 and 0.047 g, respectively. 
The smaller amount of hydrazine hydrate required 
to achieve complete conversion of the goethite 
compared to the lime additive, meaning that 
reductive digestion may be more advantageous. 

 
3 Experimental 
 
3.1 Materials 

The preparation methods of Al-goethite   
were based on previous report [32]. Briefly, about  
5 and 0.5 mol/L KOH solutions were successively 
added to the mixture of Fe(NO3)3·9H2O and 
Al(NO3)3·9H2O solutions at a rate of 20 mL/min to 
adjust the pH at 12.8±0.1. The suspensions were 
stirred for 60 min and aged at 70 °C for 14 d. The 
final product was washed with deionized water, 
dried in an oven at 50 °C, and stored in 
polypropylene containers in a desiccator. The XRD 
pattern and SEM image of the synthetic Al-goethite 
particles are shown in Fig. 2. The characteristic 
peaks of the Al-goethite samples match well with 
the standard card of goethite (ICSD No. 29-0713), 
revealing that no other Fe-bearing phase exists. The 
high peak intensities indicate good crystallinity of 
the samples. The SEM image of pure Al-goethite 
shows typical acicular and rod-like morphology, 
and the length and width are approximately 1 and 
0.2 μm, respectively, indicating the presence of  
only one phase, which is highly consistent with  
the powder XRD results. The chemical composition  
 

 
Fig. 2 XRD pattern (a) and SEM image (b) of synthetic 
Al-goethite 
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analysis by using an inductively coupled plasma 
emission spectrometer (ICP-OES) shows that the 
main content is iron oxide (85.84 wt.% Fe2O3) 
followed by aluminum oxide (3.05 wt.% Al2O3), 
thus forming Al-goethite. 

The bauxite used in the experiments was a 
Guinea gibbsitic bauxite with a composition of 
42.47 wt.% Al2O3, 24.34 wt.% Fe2O3, and 2.32 wt.% 
SiO2. The mineral compositions of gibbsitic 
bauxites were estimated via XRD and chemical 
analyses, and the semi-quantitative results are listed 
in Table 2. Al-goethite and boehmite account for 
16.9 wt.% and 2.3 wt.% in gibbsitic bauxite, 
respectively. Therefore, high-temperature Bayer 
digestion should be adopted to improve the  
alumina recovery. The Bayer liquor was prepared 
by dissolving Al(OH)3 and NaOH. Lime (CaO)  
was obtained by roasting CaCO3 in the muffle 
furnace at 950 °C for 120 min. Fe(NO3)3·9H2O, 
Al(NO3)3·9H2O, KOH, NaOH, CaCO3, and Al(OH)3 
were of analytical grade (>99%) and purchased 
from Shanghai Macklin Biochemical Co., Ltd., 
China. 
 
Table 2 Estimated mineral compositions of gibbsitic 
bauxite (wt.%) 

Gibbsite Boehmite Hematite Al-goethite 

59.6 2.3 10.8 16.9 

Kaolinite Quartz Anatase Rutile 

1.3 1.8 1.5 1.2 
 
3.2 Methods 

Simulated digestion experiments were carried 
out in the molten mixed nitrate salt cells 
(YYL−150ML/6, Dingda Chemical Machinery Co., 
Ltd., China). Starting materials, namely, 1 g 
Al-goethite samples (or 23.6 g gibbsitic bauxite) 
and additives (lime or hydrazine hydrate), reacted 
with 100 mL Bayer liquor in a 150 mL sealed 
rotating steel reactor immersed in molten-mixed 
nitrate salt cell at a preset temperature of 533 K.  
In the process of digesting gibbsitic bauxite, 
2×d15 mm and 2×d4 mm steel balls were added 
into the reactor in advance to enhance stirring. After 
the reaction, the reactors were taken out of the  
cell and immediately cooled with tap water. 
Subsequently, the obtained slurry was filtered, and 
the filter cake was washed with hot water and dried 
at 100 °C for 6 h before analysis. The N2H4·H2O 

was of analytical grade (>98%) and purchased from 
Shanghai Aladdin Biochemical Technology Co., 
Ltd., China. 
 
3.3 Characterization 

The mineral phases were characterized by an 
X-ray diffractometer (Empyrean2, PANalytical, 
Netherlands) using Cu Kα radiation at a scan rate of 
5 (°)/min. Microscopic surface morphology and 
microscale composition analysis were conducted 
with a field emission scanning electron microscope 
(MIRA3-LMH, TESCAN, Czech Republic) and an 
energy dispersive spectrometer (EDX-MAX20, 
Oxford, England). Chemical analysis of samples 
was performed via the fusion method (750 °C for 
15 min with a mixture of NaOH followed by direct 
dissolution in boiling deionized water) with an 
inductive coupled plasma emission spectrometer 
(ICAP7400 Radial, Thermo Fisher Scientific, 
USA). 

The proportion of converted Al-goethite 
relative to the total iron oxides was employed to 
present the extent of the goethite conversion [33]. 
The goethite (110) peak from the XRD patterns 
along with the hematite (110) and magnetite (311) 
peaks was used to calculate the recovery rate of 
Al-goethite (η(AG)) (Eq. (7)). The intensities were 
calculated from areas under the peaks.  

η(AG)=1− (goethite,110)

(goethite,110) (hematite,110) (magnetite,311)
 

I
I I I+ +

(7) 

 
where I was the intensity of the corresponding 
goethite, hematite, and magnetite peak at crystal 
planes (110), (110), and (311), respectively. 

The alumina recovery during Bayer digestion 
was calculated with Eq. (8):  

η(Al2O3)= 1 2

1

(A/S) (A/S) 
(A/S) 1

−
−

                 (8) 
 
where η(Al2O3) is the recovery of alumina, and 
(A/S)1 and (A/S)2 are the mass ratios of alumina to 
silica in gibbsitic bauxite and red mud, respectively. 
 
4 Results and discussion 
 
4.1 Conversion of Al-goethite by adding lime 

Thermodynamic analysis results reveal that 
Al-goethite can react with lime to form C3F0.5A0.5H6 
in the Bayer liquor, which may have an impact on 
the conversion of Al-goethite to hematite. To clarify 
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the promotion mechanism, the interaction behavior 
of lime (0.2 g) and Al-goethite (1 g) was studied 
separately at 260 °C for 40 min under various 
compositions of the Bayer liquor (the concentration 
of Na2OK (caustic alkali in Na2O) remained 
consistent at 170 g/L, and those of Al2O3 were 90 
and 193 g/L, corresponding to αk (the ratio of the 
concentration of Na2OK to that of Al2O3) being 3.12 
and 1.45, respectively. The XRD patterns of 
Al-goethite conversion products and the η(AG) 
calculated according to Eq. (7) are shown in Fig. 3 
and Table 3, respectively. Combined with the blank 
experimental results in Fig. 3 and Table 3, it can be 
found that the spontaneous conversion process of 
synthetic Al-goethite in Bayer liquor is relatively 
slow. The conversion rate of Al-goethite is less than  
 

 

Fig. 3 XRD patterns of reaction products of Al-goethite 
and lime in Bayer liquors with different αk (1 g 
Al-goethite, 0.2 g lime, T=260 °C, t=40 min, 100 mL 
Bayer liquid, and 170 g/L Na2OK): (a) αk=1.45;       
(b) αk=3.12 

Table 3 Influence of αk and lime dosage on conversion 
rate of Al-goethite to hematite (1 g Al-goethite, 260 °C, 
40 min, 100 mL Bayer liquid, and 170 g/L Na2OK) 

No. αk Lime dosage/g η(AG)/% 

1 1.45 0 9.45 

2 1.45 0.2 39.63 

3 3.12 0 14.78 

4 3.12 0.2 100 
 
20% in either αk=1.45 or αk=3.12 Bayer liquor 
under high-temperature Bayer digestion conditions. 
Increasing the αk of Bayer liquor favors the 
conversion, but the efficiency is very limited, with 
η(AG) only ranging from 9.45% to 14.78%, 
indicating that αk is not a key factor that influences 
the conversion of Al-goethite under these 
conditions. The reason is that synthetic Al-goethite 
is stable and difficult to convert in the absence of 
additives. In contrast, the promotion of Al-goethite 
conversion by adding lime and increasing the αk can 
be seen in the control group results with the 
conversion rate of Al-goethite increasing from  
9.45% and 14.78% to 39.63% and 100%, 
respectively. From the diffraction patterns of the 
corresponding products, the hydrocalumites formed 
by lime reaction in Bayer liquors with different αk 
differ significantly, as 4CaO·3Al2O3·3H2O and 
3CaO·Al2O3·6H2O, respectively. Therefore, the 
effect of lime on upgrading the conversion of 
Al-goethite may be related to the presence of 
calcium and aluminum compounds with different 
morphologies. 

It should be noted that the expected interaction 
products of Al-goethite and lime were not observed 
in the XRD patterns (Fig. 3). Hence, the SEM and 
EDS analyses of the reaction products formed in 
Bayer liquors with different αk were performed, and 
the results are shown in Fig. 4. From Fig. 4, the 
products contain mainly unconverted rod-shaped 
Al-goethite and cubic hydrocalumite. The EDS data 
further indicate that the Ca/Al molar ratios are 1.24 
and 1.99, respectively, both higher than the 0.67 and 
1.50 determined by diffraction results in Fig. 3. The 
results indicate that the surface Al atoms should be 
replaced by the detected Fe atoms to form the 
Fe-substituted 4CaO·𝑥Fe2O3·(3−𝑥)Al2O3·3H2O or 
3CaO·𝑥Fe2O3·(1−𝑥)Al2O3·6H2O hydrocalumites.  
In addition, it can be inferred from good cubic 
morphology of the Fe-substituted hydrocalumite  



Guo-tao ZHOU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 3077−3087 3082

 

 
Fig. 4 SEM images and and EDS spectra of reaction products of Al-goethite and lime in Bayer liquor with different   
αk (1 g Al-goethite, 0.2 g lime, 260 °C, 40 min, 100 mL Bayer liquid, and 170 g/L Na2OK): (a) αk=1.45; (b) αk=3.12 
 
products that the embedding of iron ions     
occurs during the hydrocalumite crystallization. 
Meanwhile, it is further suggested that the 
hydrocalumite forms faster instead under the 
condition of low αk, resulting in the inability to 
embed more iron ions simultaneously, which is the 
main reason for the weak lime promotion under this 
condition. 

In summary, it can be concluded that calcium- 
containing additives can promote the conversion of 
Al-goethite to hematite from the substitution of Fe 
and Al elements occurring during the formation of 
Fe-substituted hydrocalumite, rather than the direct 
formation of iron−calcium compounds. 
 
4.2 Conversion of Al-goethite by adding 

reductant 
In previous studies [34−36], adding reductant 

(iron) in the reductive Bayer digestion was 
conducive to the conversion of hematite to 
magnetite, and the reaction was carried out from the 
outside to the inside of the iron mineral particles.  
To recover alumina from Al-goethite, structural 
reconstruction of Fe-bearing minerals is inevitably 
required, so the reaction process may differ 
significantly from that of hematite. To clarify the 

mechanism of this process, the behavior of the 
reductant (hydrazine hydrate, 0.2 g) and Al-goethite 
(1 g) was examined under typical caustic ratio 
conditions of the digestion liquor at 260 °C. The 
XRD patterns of conversion products and η(AG) 
are shown in Fig. 5 and Table 4, respectively. 

From Fig. 5 and Table 4, under the action of 
reductant for 40 min, the Al-goethite is completely 
converted and the η(AG) has reached 100%. 
Comparing the data in Table 4, it can be found that 
the adding reducing agent has a much higher 
conversion promotion effect than adding lime,  
and the conversion efficiency improvement for 
Al-goethite in low αk Bayer liquor is also 
considerable, implying that the difference in the 
action of reducing agent and lime should be  
related to the microscopic reaction mechanism of 
Al-goethite. From Fig. 5 and Table 4, it is known 
that η(AG) does not differ much under different αk 
conditions (αk=1.45 and αk=3.12), but the product 
composition varies significantly. 

At 40 min of reaction, the conversion product 
in the low αk Bayer liquor was dominated       
by hematite, while in the high αk Bayer liquor     
it corresponded to magnetite. Meanwhile, only 
characteristic peak of magnetite appears in the  
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Fig. 5 XRD patterns of reaction products of Al-goethite 
and hydrazine hydrate in Bayer liquor for 20, 40, and 
60 min (1 g Al-goethite, 0.2 g hydrazine hydrate, 260 °C, 
100 mL Bayer liquid, and Na2OK 170 g/L): (a) αk=1.45; 
(b) αk=3.12 
 
Table 4 Influence of αk and time on conversion rate of 
Al-goethite to hematite and/or magnetite (1 g Al-goethite, 
0.2 g hydrazine hydrate, 260 °C, 100 mL Bayer liquid, 
and 170 g/L Na2OK) 

No. αk Time/min η(AG)/% 

1 1.45 20 19.24 

2 1.45 40 100 

3 1.45 60 100 

4 3.12 20 11.73 

5 3.12 40 96.17 

6 3.12 60 100 
 
diffraction pattern of the product obtained in the 
low αk Bayer liquor at 60 min. The results suggest 
that the conversion of Al-goethite to magnetite 
during the Bayer process evolved in two ways:   
(1) when the αk is low, hematite as interphase can 

be firstly formed, and hematite is then converted to 
magnetite; (2) when the αk is high, Al-goethite is 
directly and efficiently transformed to magnetite. It 
should be noted that the Fe ions in Al-goethite and 
hematite are Fe(III), but the reducing agent still 
significantly facilitates the conversion of Al- 
goethite to hematite, which is not well explained  
by the relationship between the αk and the 
concentration of Fe(III) in Bayer liquor. Based on 
the obvious diffraction peaks of magnetite in the 
reaction product at 20 min, we believe that the 
reason for this process may come from the fact that 
the Al-goethite was firstly transformed to form part 
of the magnetite, which underwent structural 
reconstruction and formed more reactive sites, in 
turn leading to the rapid dissolution of Al-goethite 
and its massive crystallization and precipitation  
into hematite in the oxidizing atmosphere of the 
high-temperature aqueous solution system. 

In order to further understand the Al-goethite 
conversion process, the SEM images of the reaction 
products following the treatment of Al-goethite and 
hydrazine hydrate mixture in Bayer liquor at 260 °C 
for different time are shown in Fig. 6. Consistent 
with the above analysis, the formation of 
microcrystalline minerals on the surface of 
Al-goethite was observed in SEM images of the 
initial conversion product (20 min) of low αk Bayer 
liquor, which, combined with diffraction results, 
should be the initial formation of magnetite. As the 
reaction time increased to 40 min, hexagonal flaky 
hematite was observed as shown in Fig. 6(b). The 
hexagonal flaky hematite is further dissolved and 
resolved into magnetite as the reaction time 
continues to increase to 60 min, as demonstrated in 
Fig. 6(c). The SEM images of the reaction products 
from the treatment of Al-goethite and hydrazine 
hydrate mixture in Bayer liquor with αk=3.12 at 
260 °C for different time (Figs. 6(e−f)) also show 
that the hydrothermal conversion of Al-goethite to 
magnetite experiences Al-goethite dissolution, fine 
grain magnetite crystallization precipitation and 
growth. 

Therefore, by studying the interactions 
between the reducing agent and Al-goethite, it   
can be concluded that the reducing agent can 
significantly promote the conversion of Al-goethite 
to hematite or magnetite. Moreover, the degree of 
promotion is better than that of lime additives. 
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Fig. 6 SEM images of reaction products of Al-goethite and hydrazine hydrate in Bayer liquor with different αk for 
different time (1 g Al-goethite, 0.2 g hydrazine hydrate, 260 °C, 100 mL Bayer liquid, and 170 g/L Na2OK): (a) αk=1.45, 
20 min; (b) αk=1.45, 40 min; (c) αk=1.45, 60 min; (d) αk=3.12, 20 min; (e) αk=3.12, 40 min; (f) αk=3.12, 60 min 
 
4.3 Conversion of Al-goethite in gibbsitic bauxite 

during Bayer digestion 
The conversion mechanism of pure Al-goethite 

promoted by adding lime or hydrazine hydrate  
has been previously clarified. Therefore, digestion 
experiments of a high-iron gibbsitic bauxite were 
conducted using 23.6 g of bauxite and 100 mL of 
Bayer liquor (170 g/L Na2OK and αk=3.12) at 
260 °C for 60 min to further verify the above- 
mentioned results and elaborate the influence of 
goethite conversion on the form and enrichment 
degree of Fe minerals in the red mud. Either lime 
(4 wt.% of the bauxite) or hydrazine hydrate 
(0.9 wt.% of the bauxite) was added. Table 5 and 
Fig. 7 show the chemical and mineral component 
analyses of the resultant red mud. 

In Table 5, the η(AG) and η(Al2O3) in the 

typical Bayer digestion are only 30.59% and 
91.50%, respectively, indicating that substantial 
Al-goethite is present in the red mud. This result is 
consistent with the previous analysis that the 
conversion of Al-goethite is difficult during Bayer 
digestion. However, the addition of lime or 
hydrazine hydrate can improve the conversion of 
goethite or Al-goethite to hematite in Bayer 
digestion. Under the action of 4.00% lime or   
0.90% hydrazine hydrate, the conversion rate of 
Al-goethite is 100%. The XRD results in Fig. 7 
further indicate that the red mud generated from 
reductive Bayer digestion is mainly composed of 
hematite rather than magnetite, which is consistent 
with the result that reductant greatly promotes the 
conversion of Al-goethite to hematite when the αk  
is low. 
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Table 5 Experimental results of gibbsitic bauxite digested with various additives (23.6 g bauxite, 100 mL Bayer liquid, 
170 g/L Na2OK, αk=3.12, 260 °C, and 60 min) 

Additive Dosage/% Red mud yield/%
Chemical composition/wt.% 

η(AG)/% η(Al2O3)/%
Al2O3 SiO2 TFe 

Null − 36.28 10.35 4.19 46.98 30.59 91.50 

Lime 4.00 39.02 6.27 4.44 41.66 100 97.61 

Hydrazine hydrate 0.90 31.19 6.07 4.86 53.80 100 98.56 
 

 
Fig. 7 XRD patterns of gibbsitic bauxite digested with 
various additives (23.6 g bauxite, 100 mL Bayer liquid, 
170 g/L Na2OK, αk=3.12, 260 °C, and 60 min) 
 

The η(Al2O3) values reached 97.61% and 
98.56% with adding lime and hydrazine hydrate, 
respectively. However, the TFe grade in the red 
mud is only 41.66% due to the inevitable increase 
in the amount of red mud because of the Ca-bearing 
additives; whereas the TFe in the red mud with a 
reducing agent is as high as 53.80%, which can 
further synergize the disposal of the steel industry. 
Therefore, reductive Bayer digestion is more 
conducive to the resource utilization of red mud. 
 
5 Conclusions 
 

(1) Lime additives can promote the conversion 
of Al-goethite to hematite from the substitution of 
Fe and Al elements during the formation of 
Fe-substituted hydrocalumite, rather than directly 
forming iron and calcium compounds. The higher 
the αk is, the higher the Fe substitution rate in the 
formed hydrocalumite is. 

(2) The reducing agent can significantly 
promote the conversion of Al-goethite, which is 
better than lime additives. When the αk is high, 
Al-goethite is directly converted to magnetite under 
the action of the reducing agent. When the αk is low, 

hematite is firstly formed in large quantities. 
(3) The addition of lime or a reducing agent 

can improve the hydrothermal conversion of 
Al-goethite in gibbsitic bauxite during Bayer 
digestion, which increases the digestion ratio of 
alumina. Meanwhile, the use of a liquor reducing 
agent can significantly reduce the production of red 
mud, thereby greatly increasing the iron concentrate 
grade of TFe in the red mud to 53.80%. 
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还原拜尔法溶出三水铝石矿中铝针铁矿的强化转化机理 
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摘  要：通过热力学计算、XRD 与 SEM−EDS 研究不同添加剂(石灰/还原剂分别对应典型/还原拜耳法溶出)作用

下铝针铁矿的转化机理。结果表明，形成含铁水铝钙石相是石灰促进这一转化的主要机制；而在还原剂作用下，

由于磁铁矿的生成，铝针铁矿的转化更易发生。此外，拜耳溶液成分显著影响针铁矿转化过程产物组成和转化速

率。与以含铝针铁矿的三水铝石为原料的典型拜耳法溶出相比，还原拜耳溶出赤泥的产出率由 39.02%降低至

31.19%，总铁含量(TFe)由 41.66%提高至 53.80%。 

关键词：铝针铁矿；转化机制；含铁水铝钙石；磁铁矿；拜耳法 
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