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Abstract 

 

Organic impurities in bauxite severely hinder the normal production of alumina. This study 

proposes a low-temperature ultrasonic-enhanced alkaline leaching process aimed at directly 

separating organic impurities from bauxite and purifying the leachate through H2O2 oxidation and 

CaO precipitation. Under optimal conditions of ultrasonic power at 550 W, temperature at 80 °C, 

time at 60 min, and NaOH concentration at 200 g/L, the leaching rate of organic carbon from 

bauxite reached 91.02 %, an improvement of 19.01 % compared to traditional leaching methods. 

XRD analysis of bauxite samples before and after leaching, along with results from XRF, carbon-

sulphur analysis, SEM-EDS, and AFM, confirmed the effective separation of organic impurities 

without causing any loss of bauxite, with the alumina to silica ratio increasing to 34.13. 

Subsequently, 20 % H2O2 and 800 mL/g of CaO were added to the leachate. Under ultrasonic 

power of 550 W and oxidation at 90 °C for 60 min, the organic carbon removal rate was 71.35 %. 

GC-MS analysis confirmed the successful removal of major organic compounds from the 

leachate, while the XRD results of the oxidation residue indicated that organic compounds were 

ultimately removed in the form of CaC2O4·H2O and CaCO3. Furthermore, the study elucidated 

the radical reaction mechanism of H2O2 in oxidizing organic compounds in alkaline solutions. 

The proposed process operates at low temperatures and atmospheric pressure, generating no waste 

during the process, making it a clean, low-energy, and efficient method for the direct separation 

of organic substances from bauxite. 

 

Keywords: Ultrasonic-enhanced leaching, Bauxite, Organic impurities, H2O2 oxidation, Clean 

processing. 

 

1. Introduction 

 

Alumina has been widely used in multiple fields such as ceramic manufacturing, electronics 

industry, catalyst preparation, construction materials, laser materials, and high-temperature 

materials due to its excellent properties and characteristics including low density, high melting 

point, high boiling point, strong corrosion resistance, and high hardness [1, 2]. Currently, on a 

global scale, the Bayer process, which utilizes bauxite as the raw material, remains the primary 

method for alumina production [3, 4]. However, due to the presence of a certain proportion of 

organic impurity in bauxite and the continuous accumulation of organic impurity during the Bayer 

liquor circulation process [5], the harm caused by organic impurity has long constrained the 

sustainable development of the alumina industry [6, 7]. 
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Almost all the organic impurity in the Bayer process is introduced by bauxite, making the harm 

caused by organic impurity an inevitable issue [8]. In the dissolution process of bauxite, organic 

impurities will also dissolve in the sodium aluminate solution [9]. After the organic impurities 

dissolve in the sodium aluminate solution, they first alter the physical and chemical properties of 

the solution. One significant change is the increase in the dynamic viscosity of the sodium 

aluminate solution [10]. This not only makes the separation of red mud more difficult but also 

reduces the decomposition rate of seed, resulting in a decrease in the precipitation rate of 

aluminium hydroxide [11]. Secondly, the dissolved organic impurities form a layer of organic 

film on the surface of bauxite, which hinders the chemical mass transfer between the alkaline 

solution and the ore, directly reducing the leaching rate of alumina [12]. In addition, organic 

impurities can lead to a finer particle size and reduced strength of the resulting aluminium 

hydroxide products. This is detrimental to sedimentation and classification processes of 

aluminium hydroxide [13, 14]. Furthermore, organic impurities can decrease the whiteness of the 

final alumina product, resulting in lower product quality and impacting economic returns [15]. 

Lastly, the precipitation of low-molecular-weight oxalates can lead to accelerated scaling rates in 

decomposition tanks and reduce the lifespan of equipment [16, 17]. There is experimental data 

indicating that when the organic substance content in the Bayer liquor is 2.57 g/L, the seed 

decomposition rate decreases by 3.45 % [18]. In addition, for every 1 g/L increase in sodium 

oxalate concentration, the alumina output concentration will decrease by 1–2 g/L [19]. Therefore, 

it is essential to find a way to remove organic impurities from the Bayer process for the 

development of the alumina industry. 

 

Currently, there are publicly reported methods for removing organic impurities from the Bayer 

process: bauxite roasting [20–22], mother liquor roasting [23], flotation [24, 25], crystallization 

[26], precipitation [27–29], ion exchange [30-32], membrane treatment [33,34], and wet oxidation 

[35, 36]. The above methods have their own advantages and limitations, which hinder their 

widespread adoption and implementation on a large scale. Compared to the enormous energy 

consumption generated by pyrometallurgical processes such as roasting, hydrometallurgy 

technology has more advantages. 

 

In recent years, ultrasound has shown unique advantages as a novel intensification technology in 

the field of metallurgy [37]. Ultrasound is a type of mechanical wave with a frequency higher 

than 20 kHz, possessing high energy and short wavelength. During the wet leaching process, the 

cavitation and mechanical vibration effects generated by ultrasound can enhance the mass transfer 

of microbubbles formed in the liquid between the liquid and solid phases, and accelerates the 

movement of solid particles and uniformly disperses them in the solution [38]. When the 

microbubbles burst, not only does the solution's temperature temporarily increase, but microjets 

are also created at the solid-liquid interface. This reduces the thickness of the diffusion layer at 

the solid-liquid interface through stripping and erosion, generates new reaction interfaces, and 

accelerates the leaching reaction rate [39]. Compared to conventional leaching, ultrasound-

enhanced leaching has the advantages of improved leaching effect and shortened leaching time, 

thereby reducing the apparent activation energy of the reaction and decreasing energy 

consumption [40]. 

 

In conclusion, this study utilized low-temperature ultrasonic-enhanced alkaline leaching to 

directly separate organic impurity from bauxite, and completed a closed-loop process by purifying 

the leaching solution through H2O2 wet oxidation and CaO precipitation. The effects of different 

experimental parameters (ultrasonic power, temperature, time and NaOH concentration) on the 

leaching rate of total organic carbon (TOC) were investigated. Furthermore, H2O2 oxidation and 

CaO precipitation technology were employed to oxidize and precipitate organic substances in 

leaching solutions to achieve the goal of recovering the leaching solution. The study also 

discussed the reaction mechanism of H2O2 oxidizing organic substance in alkaline solution.  
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2. Materials and Methods 

 

2.1 Materials 

 

The material used in this experiment was bauxite provided by an alumina factory in Yunnan 

Province, China. After the raw ore was retrieved, it was processed by crushing, grinding, ore 

screening, and other processes, and the -80 mesh (< 0.177 mm approx..) was dried for 10 hours 

as material. The analytical grade pure sodium hydroxide, calcium oxide, and hydrogen peroxide 

used in the experiment were sourced from Tianjin Feng Chuan Chemical Reagent Co., Ltd. 

 

2.2 Experimental Equipment and Methods 

 

The equipment used in this study is a heatable ultrasonic generator, manufactured by Shanghai 

Shengxi Ultrasonic Instrument Co., Ltd. The ultrasonic power ranges from 0 to 550 W, the 

ultrasonic frequency is 40 kHz, the heating power is 2000 W, and the temperature control range 

is from room temperature to 99 ℃. 

 

As shown in Figure 1, the bauxite and a certain concentration of NaOH solution are mixed in a 

500 mL PTFE beaker according to a certain liquid-solid ratio (L/S) and put into the ultrasonic 

generator that has been preheated to the set temperature, and leaching for a specific duration. The 

present study investigated the impact of various leaching conditions on the leaching rate of TOC 

in bauxite. Then, H2O2 and CaO were mixed with the leaching solution in a PTFE beaker with a 

certain proportion and put into the ultrasonic generator that has been preheated to the set 

temperature and oxidized for a specific duration. The organic substance in the leaching solution 

is removed. 

 

 
Figure 1. Schematic diagram of the process in this study. 

 

2.3 Detection of TOC 

 

In a 500 mL conical flask, 2 mL of the obtained filtrate, 100 mL of deionized water, and 10 mL 

of 20 % sulphuric acid solution are sequentially added. Then the liquid preparation is boiled and 

titrated while hot with 0.01 mol/L KMnO4 solution until a pale pink colour is achieved and 

remains unchanged for 30 s. The volume of KMnO4 solution added is recorded as Va.  

The next step consists in adding to the preparation, after its cooling down to room temperature, 

sequentially 10 mL of 0.01 mol/L KMnO4 solution and 5 mL of sulphuric acid-silver sulphate 

solution. The new liquid preparation is boiled for 10 min, then 10 mL of 0.01 mol/L Na2C2O4 
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solution is added meanwhile the boiling continues. While hot, the preparation is titrated with 

0.01 mol/L KMnO4 solution until a pale pink colour is achieved and remains stable for 30 s. The 

new added volume of KMnO4 solution is recorded as Vb.  

The concentration of TOC in the solution is calculated using Equation (1). 

 

                      CTOC = 
CKMnO4 × (Va + Vb)

2
 × 

5

2
 × 

24

134
 (1) 

 

where: 

 CTOC concentration of TOC, g/L 

 CKMnO4 concentration of KMnO4, 0.01 mol/L 

 

The formula for calculating the TOC leaching rate is shown in Equation (2). 

 

  φ = 
V × C

MC
  (2) 

 

where: 

φ  TOC leaching rate, % 

V volume of the obtained leaching solution, L 

C TOC content of the leaching solution, g/L 

MC TOC content in bauxite, g 

 

Equation (3) was used to calculate the removal rate of TOC in the leaching solution. 

 

  η = (1 −
V2 × C2

V1 × C1
) × 100 % (3) 

 

where: 

η removal rate of TOC, % 

V 2000 mL 

V2  volume of the filtrate after filtering the oxidized slag, (mL 

C1  TOC content in the leaching solution, g/L 

C2 TOC content in the solution after oxidation, g/L 

 

3. Results and Discussion 

 

3.1 Mineralogical Study of Organic Substances  

 

The XRD and XRF analysis results of bauxite are shown in Figure 2 and Table 1, respectively, 

with the carbon content measured by the carbon/sulphur analyser. Figure 2 shows that the main 

mineral phases of the bauxite are diaspore (AlO(OH)), pyrite (FeS2), anatase (TiO2), hematite 

(Fe2O3), kaolinite (Al2Si2O5(OH)4), and Pyrophyllite (Al2Si4O10(OH)2). From Table 1, it can be 

observed that the total carbon (TC) and TOC contents of 0.69 and 0.59 %, respectively. The 

alumina to silica ratio (A/S) of the bauxite is 9.91. To obtain a more detailed understanding of the 

existence state of the carbon element, Figure 3 presents the results of SEM-EDS analysis of the 

material. In all the following EDS images, the presence of the Cu element is solely due to the 

background (in order to avoid the influence of conductive adhesive on the C element, copper foil 

was uniformly used for sample preparation). 
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Figure 2. XRD analysis results of bauxite. 

 
Table 1. Chemical composition analysis of bauxite. 

Component Al2O3 Fe2O3 SiO2 TiO2 CaO CT CToc 

Content (wt.%) 34.10 23.03 3.44 1.10 0.04 0.69 0.59 

 

Figure 3a illustrates that the material consisted of particles of varying sizes. Although the various 

elements are unevenly distributed in the material, the mineral particles of diaspore, pyrite, and 

silicon minerals can be determined from the distribution areas and overlapping conditions of 

different elements. Furthermore, the surface of diaspore particles is relatively smooth, while the 

surfaces of pyrite and silicate mineral particles are rough, as shown in the Figure 3d. The 

distribution of carbon element is relatively dispersed, and no obvious mineral structure has been 

formed. Figure 3b displays the results of EDS analysis for the region shown in Figure 3a. It can 

be observed that the carbon element content is significantly higher than that detected by the 

carbon/sulphur analyser, indicating that carbon element is mainly distributed on the surface of the 

mineral. Therefore, during the element surface scan, the content of carbon element is relatively 

high. 

 

The EDS spectra of points 1, 2, and 3 in Figure 3e are shown in Figs. 3f, g, and h, respectively. 

Points 1 and 2 are located in areas on diaspore, where the carbon element content is lower than 

the level that in Figure 3b. Due to the relatively smooth surface, the adsorption of organic 

substance on its surface is poor, resulting in a lower carbon element content. On the other hand, 

point 3 is in an area on a pyrite where the carbon element content is significantly higher than that 

in Figure 3b. Because of its relatively rough surface, the adsorption of organic substance on its 

surface is stronger, leading to a higher carbon element content.  

 

By examining the chemical bonding patterns between carbon atoms and between carbon atoms 

and other atoms, it is possible to ascertain the predominant presence of organic carbon within the 

material. Figure 4 illustrates the findings. The X-ray photoelectron spectroscopy (XPS) spectrum 

in Figure 4a shows a full element scan. In Figure 4b, the high-resolution C 1s XPS spectra validate 

the existence of two primary bonding states of carbon atoms in the material: C=C (at 

approximately 283.6 eV) and C-C (at around 284.6 eV) bonds. Notably, the peak corresponding 

to the C=C bond displays the highest peak area, suggesting that the carbon element predominantly 

occurs in the form of organic carbon bonding in the material. Additionally, Figure 4c-f display the 

bonding configurations of the other four main atoms in the material, aligning with findings from 

XRD and SEM-EDS analyses. 
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Figure 3. The SEM image (a), elemental surface scan (b), elemental mapping (c), main 

mineral markers (d), SEM image magnification (e), and EDS spectra of points 1 (f), 2 (g), 

and 3 (h) of the material. 

 

 

(c) 

(a) 

(d) 

(e) 
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Figure 4. The XPS survey results of material. 

 

According to the aforementioned mineralogical study of organic substances, it has been found 

that organic substances do not form mineral structures within bauxite. Instead, they adhere to the 

surface of bauxite, particularly concentrating on the surfaces of iron minerals and silicon minerals. 
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3.2 Effects of different factors on the leaching rate of TOC 

 

3.2.1 Effect of ultrasonic power 

 

Ultrasonic is a novel hydrometallurgy strengthening technique. The cavitation effect and 

mechanical vibration effect generated by ultrasonic waves are the essence of its ability to 

strengthen leaching processes. The cavitation effect refers to the dynamic process of growth and 

collapse that occurs when microbubbles in a liquid vibrate under the action of sound waves, at a 

certain sound pressure level. It is the primary way of energy transfer between ultrasound and 

liquids. The mechanical vibration effect can accelerate the collision between the leaching solution 

and the ore, continuously corroding the mineral surface by the leaching solution. Under the 

conditions of leaching temperature of 80 °C, L/S of 10 mL/g, and NaOH concentration of 200 g/L, 

the effect of ultrasonic power (0-550 W) on the leaching rate of TOC was studied, and the results 

are shown in Figure 5. 

 

 
Figure 5. The variation of TOC leaching rate with time under different ultrasonic power.  

 

From Figure 5, it can be seen that after ultrasonic-enhanced leaching, the leaching rate of  TOC 

is significantly higher than that of conventional leaching (ultrasonic power equal to 0). 

Furthermore, compared to conventional leaching, the efficiency of ultrasonic-enhanced leaching 

is also higher. The leaching rate of TOC of 60 min of ultrasonic-enhanced leaching at 220 W has 

exceeded the leaching rate of TOC of 100 min of conventional leaching. The reason is that, as 

clarified in Section 3.1, organic substances are mainly attached to the surface of bauxite, without 

forming a mineral structure. Under the cavitation effect and mechanical vibration effect of 

ultrasound, the chemical mass transfer between the alkaline solution molecules and organic 

substances is accelerated, and the detachment of organic substances attached to the surface of 

bauxite is promoted. Based on the experimental results, a 550W ultrasonic power was ultimately 

chosen for subsequent research. 

 

3.2.2 Effect of leaching temperature 

 

Figure 6 shows that increasing the temperature can significantly improve the leaching rate of 

TOC. However, after surpassing 80 °C, further elevating the temperature resulted in little to no 

change in the leaching rate of TOC. The organic impurities in bauxite mostly exist in the form of 

humus, with a small portion present in the form of asphalt. Asphalt does not dissolve in the Bayer 
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Figure 7. The variation of TOC leaching rate with time under different NaOH 

concentration. 

 

3.3 Leaching kinetic research 

 

Studying the kinetics of the leaching process can help identify the controlling steps, which is 

crucial for enhancing the leaching rate. The leaching of organic carbon from the surface of bauxite 

is a heterogeneous solid-liquid phase reaction. In this study, the organic carbon content was 

relatively low, and SEM-EDS analysis of the material shows that the organic substance does not 

form mineralized tissue but rather adheres to the surface of the bauxite. The main composition 

and particle size of the ore remain unchanged before and after leaching. Therefore, kinetic studies 

can benefit from the application of the shrinking core model. According to the theory of the 

shrinking core model, the reaction rate is influenced by two factors: the chemical reaction rate at 

the interface between the material and the product (chemical reaction control) and the diffusion 

rate of the liquid phase in the product layer (diffusion control). The kinetic equations are shown 

as Equations (5) and (6) [41, 42]. 

 

Chemical reaction control: 

 1 − (1 − x)
1

3⁄  = kt  (5) 

 

Diffusion control: 
 

 1 −
2

3
x − (1 − x)

2
3⁄
 = kt  (6) 

 

where: 

x leaching rate of organic carbon, % 

k reaction rate 

t leaching time, min 

 

 The Arrhenius equation is used to determine the activation energy of a reaction, as demonstrated 

in Equations (7) and (8).  
 

 k = A e−
Ea

RT   (7) 
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 ln k = −
Ea

RT
+ ln A (8) 

 

where: 

A pre-exponential factor 

Ea activation energy, J/mol 

R ideal gas constant, 8.314 J/mol·K 

T leaching temperature, K. 

Equation (8) presents the logarithmic form of Equation (7). 

 

Based on the experimentally obtained organic carbon leaching rates at different temperatures, 

linear fitting results for chemical reaction control and diffusion control were graphed as presented 

in Figures 8a and 8b based on the kinetic equations. The results reveal that both models exhibit 

high regression coefficients (R2). The Arrhenius plots for the two control models are displayed in 

Figures 8d and 8e. The activation energy for the chemical reaction control model was calculated 

to be 34.26 kJ/mol, whereas for the diffusion control model, it was determined to be 59.33 kJ/mol. 

 

In the leaching kinetics of solid-liquid heterogeneous reactions, the activation energy controlled 

by chemical reaction typically exceeds 40 kJ/mol, while the activation energy for reactions 

controlled by diffusion usually ranges between 8–20 kJ/mol. Additionally, Figures 8a and 8b 

indicate that the chemical reaction control model exhibits a better regression coefficient. Thus, 

based on the regression coefficients and activation energy values of the control models at various 

temperatures, this study concludes that the ultrasonically enhanced leaching of organic substance 

on bauxite surfaces is concurrently governed by chemical reactions and diffusion, and the 

activation energy is 34.26 kJ/mol. 

 

From the variation of organic carbon leaching rate with time at different leaching temperatures in 

Figure 6, it can be observed that at temperatures below 70 °C, the increase in organic carbon 

leaching rate with temperature remains basically consistent at the same time, and the leaching rate 

of organic carbon continues to rise steadily with prolonged time, still increasing up to 100 min. 

This is a typical phenomenon of a diffusion control leaching process, as the leaching proceeds 

slowly and relatively consistent in rate under diffusion control. When the temperature is increased 

from 70 °C to 80 °C, the increase in organic carbon leaching rate at the same time is significantly 

greater than at temperatures below 70 °C. Furthermore, compared to temperatures below 70 °C, 

the leaching reaction of organic carbon is essentially completed by 60 min at 80 °C. This is a 

typical phenomenon of a leaching controlled by chemical reaction, as reactions proceed rapidly 

the rate of change is significant under chemical reaction control. This also indicates that the 

ultrasonic-enhanced leaching process of organic carbon in this study is jointly controlled by 

chemical reaction and diffusion. 

 

3.4 Analysis of bauxite after leaching 

 

The bauxite obtained under the optimal conditions of conventional leaching (leaching temperature 

80 °C, leaching time 80 min, NaOH concentration 200 g/L, without ultrasonic enhancement) and 

ultrasonic-enhanced leaching (leaching temperature 80 °C, leaching time 60 min, NaOH 

concentration 200 g/L, ultrasonic power 550 W) were analysed by XRD, XRF, carbon/sulphur 

analyser, SEM-EDS, and Atomic Force Microscope (AFM). The obtained results were compared 

with the various analysis results of the original bauxite. 
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Figure 8. The fitting curve of chemical reaction control (a) and lnk -1000/T (c); The fitting 

curve of diffusion control (b) and lnk -1000/T (d). 

 

3.4.1 XRD, XRF and carbon/sulphur analyser analysis 

 

Figure 9 shows the comparison of XRD patterns of original bauxite, after conventional leaching 

and ultrasonic-enhanced leaching. It can be observed that the diffraction peaks of diaspore remain 

largely unchanged before and after leaching, but the diffraction peak of kaolinite at 2θ value of 

9.92 degrees disappears significantly. By comparing the main chemical composition content of 

the samples in Table 2 with Table 1, it can be seen that after leaching, the content of Al2O3 is 

enriched, the content of SiO2 is significantly reduced, and from the results of carbon and sulphur 

analyser, it is evident that the CTOC content decreases significantly. Furthermore, the percentage 

of Al2O3 content in bauxite after ultrasonic-enhanced leaching is higher than that after 

conventional leaching, while the percentages of CTOC and SiO2 content are lower. These results 

demonstrate that low-temperature alkaline ultrasonic-enhanced leaching can effectively separate 

organic substance in bauxite without losing alumina, reducing silica content. Ultrasonic-enhanced 

leaching of bauxite not only removed 91.02 % of organic carbon but also increased the A/S of the 

bauxite to 34.13, which is very beneficial for the subsequent Bayer leaching process. 

 

Table 2. Chemical composition of bauxite after leaching. 

Component (wt.%) Al2O3 Fe2O3 SiO2 TiO2 CaO CToc 
Conventional leaching         34.89 27.21 1.57 1.41 0.08 0.11 

Ultrasonic-enhanced leaching   39.25 29.75 1.15 0.87 0.05 0.06 
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Figure 9. XRD analysis results of original bauxite, after conventional leaching and 

ultrasonic-enhanced leaching. 

 

3.4.2 SEM-EDS analysis 

 

By comparing Figure 10 and Figure 3, it is evident that before leaching, the distribution of carbon 

elements in bauxite is relatively extensive and dense. However, after conventional leaching 

treatment, the distribution area of carbon elements narrows, and the density decreases accordingly, 

indicating the removal of organic substance. EDS results from the overall area and three different 

positions all show a significant decrease in carbon element content compared to the original 

bauxite (Figures 10b, 10f, 10g and 10h). Compared to Figure 10, Figure 11 indicates that after 

ultrasonic-enhanced leaching treatment, the carbon element content is further reduced, and carbon 

elements are hardly found in the SEM area. EDS results also confirm that after ultrasonic-

enhanced leaching treatment, only trace amounts of carbon elements are present in the bauxite.     

Importantly, intact diaspore particles can be observed, confirming that the process of this study 

effectively separates organic substance from bauxite while preserving intact diaspore particles. 
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Figure 10. The SEM image (a), elemental surface scan (b), elemental mapping (c), main 

mineral markers (d), SEM image magnification (e), and EDS spectra of points 1 (f), 2 (g), 

and 3 (h) of the bauxite after conventional leaching. 
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Figure 11. The SEM image (a), elemental surface scan (b), elemental mapping (c), main 

mineral markers (d), SEM image magnification (e), and EDS spectra of points 1 (f), 2 (g), 

and 3 (h) of the bauxite after ultrasonic-enhanced leaching. 
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3.4.3 AFM analysis 

 

The AFM was used to detect the two-dimensional (2D) and three-dimensional (3D) surface height 

morphology features of different samples. The NanoScope Analysis 3.00 software was used to 

analyse the height probability cumulative distribution curve of the AFM images. The results are 

shown in Figure 12. The surface roughness of the samples can reflect the degree of erosion of 

NaOH solution on the sample surface. The average surface roughness and root mean square 

roughness of different samples are shown in Table 3. 

 

The 3D height morphology images of different samples (scanning range of 2 × 2 μm) and height 

probability distribution curves show that, under the same height scale of 0–12 nm, the heights of 

peaks on the original bauxite surface are relatively uniform with small height differences 

(Figure 12a2). 90 % of the peak heights are below 9.24 nm (H90 = 9.24 nm), and there are no peaks 

with heights exceeding 12 nm (Figure 12a3). After conventional leaching, the height differences 

of peaks on the bauxite surface increase (Figure 12b2), with peak heights concentrated between 

9.86–10.79 nm (as shown in Figure 12b3, H10 = 9.86 nm, H90 = 10.79 nm). After ultrasonic-

enhanced leaching, the height differences of peaks on the bauxite surface further increase 

(Figure 12c2), with a large number of peaks exceeding 12 nm. More than 50 % of the peaks have 

heights exceeding 11.82 nm, and more than 10 % of the peaks exceed 12.13 nm (Figure 12c3). 

 

The study in Section 3.1 has shown that organic substance does not form mineral structures in 

bauxite, but instead adsorbs on the surface of the bauxite, such as humic substances. So, the peaks 

on the sample surface are mainly mineral structures (such as diaspore, pyrite, hematite, etc.), with 

organic substance either adsorbed on the surface of these peaks, or filling the valleys between 

peaks, or accumulated on the mineral surface, forming some peaks. Therefore, as seen in 

Figure 12, the peak distribution on the surface of the original bauxite is the most within the same 

scanning range. Moreover, Table 3 shows that the surface roughness value of the original bauxite 

is the smallest, at Rq = 0.605 nm, because organic substance filling in the valleys between peaks 

would raise the original datum plane height of the mineral surface, making the peaks shorter. 

Organic substance adsorbed on the peak surface or forming peaks would make the mineral surface 

smoother, reducing surface roughness. After conventional leaching, NaOH reacts with organic 

substance, causing individually formed organic substance peaks to dissolve, reducing the number 

of peaks on the bauxite surface. Organic substance adsorbed on the peaks is stripped off, making 

the peaks slimmer. Organic substance filling in the valleys between peaks reacts with NaOH, 

lowering the mineral surface datum plane height, causing the peaks to become taller, and 

increasing surface roughness. All of these are confirmed by Figs. 12b2 and 12b3, and Table 3, 

showing that the number of prominent peaks on the surface of bauxite decreases, becomes higher, 

and the surface roughness increases (Rq = 0.675 nm) after conventional leaching. 

 

The cavitation effect and mechanical vibration effect of ultrasound enhance the etching action of 

NaOH solution on the bauxite surface, strengthening the reaction between NaOH and organic 

substance. After ultrasound-enhanced leaching, within the same scanning range, there are fewer 

peaks on the bauxite surface, they are taller, and the surface roughness is further increased 

(Rq=1.290 nm), but the main peaks formed by minerals still exist (as shown in Figures 12c2 and 

12c3, and Table 3). This indicates that ultrasound-enhanced leaching of bauxite effectively 

achieves the separation of organic substance without leaching out alumina.  
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Figure 12. The AFM 2D and 3D surface height morphology features and height 

probability distribution curves of the original bauxite (a1, a2, and a3), after conventional 

leaching (b1, b2, and b3), and after ultrasonic-enhanced leaching (c1, c2, and c3). 

 

Table 3. Surface roughness of different samples (nm). 

Surface roughness 

Sample 

Original bauxite Conventional leaching 
Ultrasonic-enhanced 

leaching 

Rq 0.605 0.675 1.290 

Ra 0.353 0.432 0.448 

 

3.5 GC-MS analysis of the leaching solution 

 

The original solution obtained from the experiment was first subjected to derivatization with 

saturated n-butanol, followed by esterification using 50 % hydrochloric acid. Finally, the 

esterification liquid was dehydrated using anhydrous magnesium sulphate to obtain the test 

solution. The test solution was filtered through a 0.22 μm microporous membrane filter and 

directly subjected to GC-MS analysis. The instrument model is 7890A-5975C gas 

chromatography-mass spectrometry (GC-MS) system, manufactured by Agilent Technologies, 

Inc. The results are shown in Figure 13. 

 

From Figure 13, it can be seen that the types of organic substances and the relative abundance of 

major organic substances in the ultrasound-enhanced leachate are greater than those in 

conventional leachate, which once again confirms the advancement of ultrasound-enhanced 

leaching.  

 

The peaks and residence times in Figure 13 were compared with the standard peaks in the 

database. The formed organic acids include 2-methylpropanoic acid, butanoic acid, stearic acid, 

formic acid, trans-butenedioic acid (fumaric acid), oxalic acid (ethanedioic acid), benzoic acid, 
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hexanoic acid, succinic acid (butanedioic acid), glutaric acid, 2-butenedioic acid, heptanedioic 

acid, hexadecanoic acid, dodecanoic acid, tridecanoic acid, octanedioic acid, nonanedioic acid, 

hexanedioic acid, octadecadienoic acid. The organic acids with higher contents in terms of relative 

content from high to low are: butanedioic acid, trans-butenedioic acid, butanoic acid, stearic acid, 

benzoic acid, oxalic acid, hexadecanoic acid, glutaric acid, dodecanoic acid. Alkane substances 

include: 2,3-dimethylpentane, 3,4-dimethylhexane, ethylene oxide, 2-methylpropane, 

dimethylisobutoxysilane, 1,1-diisobutoxyisobutane, 2-methylpropane, butane, 1,1-

dibutoxybutane, n-octadecane, 2,2-dimethyleicosane, 1,1-dimethylethyl cyclohexane, 1,1,3-

trimethyl cyclopentane, with the higher content of alkane being: dimethylisobutoxysilane, 1,1-

diisobutoxyisobutane, 2-methylpropane, 3,4-dimethylhexane, 2,2-Dimethyleicosane. Other 

organic substances include but are not limited to: butene, benzene, acetone, formaldehyde, phenol, 

and ketone, but overall, the content of these types of organic substances is very low. 

 

 
Figure 13. Total ion chromatography (a) and local magnification (b), (c), (d), (e) of the 

esterification solution of the conventional leaching solution, ultrasound-enhanced leaching 

solution, and H2O2 oxidation-CaO precipitation solution. 
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3.6 The H2O2 oxidation-CaO precipitation of the leaching solution 

 

The methodology is the following: 

Take the ultrasound-enhanced leaching solution obtained under the optimal condition of 2000 mL 

and place it in a PTFE beaker. H2O2 and CaO should be added at 20 % and 800 mL/g, respectively. 

Then put the beaker into the ultrasonic generator that was heated to 90 °C in advance, and oxidize 

it for 60 min under stirring conditions. After filtration, the TOC concentration in the oxidation 

solution was determined to be 0.16 g/L, whereas in the leaching solution it was 0.56 g/L. The 

calculated TOC removal rate of 71.35 %, obtained using Equation (3). Furthermore, Figure 13 

shows that after treatment with H2O2 and CaO, most of the organic acids and alkanes in the 

leaching solution can be oxidized and removed, with residual organic substances mainly 

consisting of benzene derivatives. 

 

During the degradation process of organic substances, a single reactant can generate multiple 

intermediate products throughout the oxidation process. The reaction mechanism of these 

intermediate products is also quite complex. In the solution, the oxidation mechanism of 

polymeric organic substances involves the transfer of electrons from the polymer to the oxidizing 

agent. This transfer leads to the formation of reactive free radicals or ions, which then react with 

other molecules in the solution. These reactions result in the cleavage of chemical bonds within 

the polymer, leading to the degradation of the polymer chains. In addition, the oxidizing agent 

can directly react with the polymer, causing further degradation of the organic substance. Overall, 

the oxidation mechanism of polymeric organic substances in solution involves complex 

interactions of electron transfer and free radical reactions [43]. 

 

In the process of organic substance degradation by H2O2 oxidation, H2O2 easily decomposes into 

HO2
- (Eq. (9)), which promotes the decomposition of H2O2 to form hydroperoxyl radicals (HO2‧

) and hydroxyl radicals (HO‧) (Equation (10)). HO2‧ further decomposes to form superoxide 

anion radicals (O2
-‧) (Equation (11)). The hydroxyl radical (‧OH) can be regarded as the neutral 

form of the hydroxide ion (OH-) with one electron lost, and it possesses an extremely strong 

oxidative capacity (oxidation-reduction potential of 2.8 V). It is the second strongest oxidant in 

nature after fluorine (oxidation-reduction potential of 3.05 V). The products of superoxide radicals 

are all powerful oxidants that can oxidize unsaturated fatty acids in lipids to form lipid peroxides. 

The effectiveness of H2O2 in removing organic substances is primarily determined by the 

combined action of the generated HO2‧ intermediate and HO‧. 

 

 H2O2 → H+ + HO2
- (9) 

 

 H2O2 + HO2
- → HO2

• + HO‧ + HO-  (10) 

 

 HO2
• → O2

-‧ + H+ (11) 

 

Taking the oxidation of Na2C2O4, which poses great harm in the Bayer liquor, as an example, the 

total reaction equation for its oxidation is shown in Equation (12). According to the calculations 

using HSC 6.0 software, within the temperature range of 0 to 100 ℃, the standard Gibbs free 

energy of Equation (12) was determined to be negative, as illustrated in Figure 14. This suggests 

that Equation (12) is thermodynamically feasible. Moreover, the standard Gibbs free energy 

decreases with increasing temperature, indicating that higher temperatures favour the oxidation 

of organic substances. 

 

 H2O2 + Na2C2O4 + 2NaOH → 2Na2CO3 + 2H2O  (12) 

 

The specific oxidation process of C2O4
2- is illustrated in Figure 15. One COO- group of C2O4

2- is 
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