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Abstract: Red mud (RM) alone as an adsorbent for phosphorus shows unsatisfactory adsorption 

performance. This paper studied the wettability of katoite (the main component of RM) and its 

adsorption of phosphate. We also analysed the adsorption law of phosphate-containing water clusters 

on the katoite surface from bond length changes of the unit cell, adsorption equilibrium conformation, 

radial distribution function, interaction energy, adsorption isotherm and adsorption heat. found that 

kattenite has good wettability and the adsorption of phosphate is the result of van der Waals force and 

hydrogen bond. 

Keywords: red mud, katoite, density functional theory, molecular dynamics, wettability, adsorption. 

1 Introduction 

Red mud (RM) is a solid waste product from the industrial production of Al2O3, which acquires its 

name because it is brown or russet due to iron oxide. RM is mainly produced by the Bayer method 

worldwide[1]. The specific surface area of RM measured by the Brunauer–Emmett–Teller (BET) 

method is about 10~25 m2g. Particle size analysis by laser diffraction reveals that particles with a 

diameter of less than 2 μm account for more than 60% of RM. Because of its small particle size, large 

specific surface area and multiphase mineral composition, RM has a unique cemented porous structure 
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with high porosity, demonstrating a certain adsorption capacity. Compared with traditional and 

commonly used adsorbents, RM is more economical and environmentally friendly. 

However, RM alone as an adsorbent for phosphorus shows unsatisfactory adsorption performance. 

Studies have shown that the unmodified RM surface has a poor wetting effect, low activity and a small 

specific surface area. Moreover, basic groups on the RM surface result in more negative charges of RM 

under high-pH conditions, which enhances the repulsion of phosphate and thereby leads to 

unsatisfactory phosphorus adsorption performance of the undisturbed RM[2, 3]. However, RM can be 

used as the main material to adsorb phosphorus-containing wastewater. Many scholars have researched 

this. In 1977, Shiao and Akashi[4] first proposed to use hydrochloric-acid-acidified RM to adsorb 

excess phosphorus in water. Subsequently, Verma et al[5]. used orthogonal flow microfiltration to 

remove phosphate in water. Wang[6] and Zhao [7]used RM as the main raw material for acid thermal 

activation and developed a new type of RM particle adsorption material for removing phosphorus in 

water bodies. However, the introduction of excessive acidic substances and the use of high temperature 

in acid thermal activation increase the adsorption cost, and the preparation and adsorption of acid 

thermal activation increase the environmental risk of the entire adsorption system. 

Studies on the adsorption behaviour of RM as the main adsorbent material mostly adopt modern 

instrumental analysis to illustrate the bonding or physical or chemical adsorption between phosphate 

and certain RM components[8, 9]. This paper studies the reasons for the unsatisfactory adsorption 

performance of undisturbed RM from the perspective of wettability. Both wettability and 

adsorption energy provide strong evidences to explain adsorption. Taking Katoite, the main 

substance in the undisturbed RM, as the research object, we study the wettability of Katoite and its 

adsorption against phosphate from a microscopic point of view. Thierfelder、Qiu、Zhang et 

alperformed molecular simulations to study the adsorption of gas by the pore structure. Thierfelder [10]  

studied the adsorption of graphite on the methane surface using grand canonical Monte Carlo 

simulations and predicted the adsorption isotherms of methane at different temperatures and pressures. 

Qiu[11] used density functional theory (DFT) to study the adsorption behaviour of methane gas on the 

coal surface model and found that the interaction energy increases as the adsorbate system increases. 

Zhang[12] calculated the dynamics relaxation of gas molecules on the adsorbate in the range of 0.1–10 
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Mpa and found that when the pressure is more than 8 Mpa, the adsorption amount of gas molecules 

remains unchanged. 

This paper studied the reasons for the unsatisfactory adsorption performance of undisturbed RM 

from the perspective of wettability. Both wettability and adsorption energy provide strong evidence to 

explain adsorption. Taking katoite, the main component of undisturbed RM, as the research object, we 

studied the wettability of katoite and its adsorption of phosphate from a microscopic point of view.  

Due to the complex characteristics of RM components, we used Materials Studio simulation 

software to study the crystal structure of katoite. Few studies have used molecular dynamics (MD) to 

simulate the wettability of the katoite surface and its adsorption of phosphate. Through simulation 

calculations based on DFT and MD, we analysed the adsorption law of water clusters and 

phosphate-containing water clusters on the katoite surface from bond length changes[13-15] of the unit 

cell, adsorption equilibrium conformation[16-18], radial distribution function (RDF)[19-21], 

interaction energy[22, 23], adsorption isotherm[24] and adsorption heat[25, 26]. According to the 

wettability characteristics, the process and mechanism of action of phosphate on the katoite surface 

were also analysed[27]. 

2 Materials and Methods 

2.1 Materials 

Katoite belongs to the hydrogrossularite group of minerals and has a cubic crystal structure[28]. 

RM was obtained from Guizhou Huajin Aluminum Co., Ltd. (China). After drying at 50°C for 12 h 

with a moisture content of 30%, the RM was ground using a planetary ball mill to a thickness of 0.075 

mm and then sieved. 

2.2 X-ray diffraction analysis 

X-ray diffraction (XRD; PANalytical, X'Pert PRO, UK) was performed for qualitative and 

quantitative analyses of the phase and crystal structure of RM. The raw data were processed using Jade 

software according to the Powder Diffraction File database, followed by peak fitting and mineral 

composition identification. A Cu target Kα ray source (λ = 0.154 nm) with a tube voltage of 40 kV and 
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a tube current of 40 mA was used. Step scanning was adopted with a step size of 0.05, a scan speed of 

0.5°/s and a scan range of 10°–70°. 

2.3 Scanning electron microscopy–X-ray energy spectrum analysis 

Scanning electron microscopy (SEM; ZEISS Merlin Compact, Germany) was performed to 

examine the surface structure of RM. X-ray energy spectroscopy (EDS; Oxford X-MAX-20 mm2, UK) 

was performed to determine the elemental composition distribution on the RM surface. The 

characteristic X-rays emitted by different elements have different frequencies, that is, different energies, 

and the elements can be determined only by the energy detection of different photons. The element 

content was determined by quantitative analysis without standard samples. The point analysis method 

of an X-ray energy spectrometer supports the simultaneous detection of multiple elements, with a fast 

analysis speed, a small analysis volume and high sensitivity, so it was used for rapid fixed-point or 

microarea element analysis of RM to determine the presence of katoite[29, 30]. 

2.4 Model selection and calculation 

The crystal unit cell of katoite was derived from the FindIt database, and models of PO4
3–, HPO4

2–

and H2PO4
1– ions were plotted using Materials Studio simulation software. The constructed models 

were subjected to geometry optimisation to find the reasonable molecular structure of the system and 

the configuration under the state of minimum energy so that dynamics calculation could be performed. 

The CASTEP module in Materials Studio was used for geometry optimisation of the models based 

on DFT. Local density approximation (LDA) and generalised gradient approximation (GGA) were 

selected for functional methods, including LDA-CA-PZ, GGA -RPBE, GGA-PBESOL, GGA-PBE, 

GGA-PW91 and GGA-WC. To calculate the exchange correlation functional, the fixed cut-off energy 

was set to 380 eV and the k-point in the Brillouin zone was set to 1 × 1 × 1. 

In terms of the geometrically optimised configuration, the adsorption behaviour of 

phosphate-containing water clusters on the surface model of katoite and wetting-modified katoite was 

subjected to dynamics relaxation with the Forice module. The precision control was set to ultrafine, the 

canonical ensemble (NVT) was selected, the initial speed was set to random at a time step of 1 fs, the 
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total calculation time was 50 ps, the temperature control function was Nose (by constant temperature 

calculation, the real NVT ensemble is achievable) and the ability field was a COMPASS force field. 

At the same time, the Sorption module was used to calculate the adsorption isotherms and stable 

adsorption sites of PO4
3–, HPO4

2–and H2PO4
1–ions on the katoite surface. 

3 Results and Discussion 

3.1 Phase analysis of RM 

As shown in table 1, RM qualitative analysis results based on Rietveld method shows that the 

minerals from left to right were katoite, calcite, hematite, cancrinite, diaspore, anatase, kaolinite, 

clinochlore and muscovite. The katoite content was 39.1%, and the lattice constants were a = b = c = 

10.8855 Å and α = β = γ = 109.4721° (space group Ia–3d). 

Table 1 RM qualitative analysis results based on Rietveld method 

Samples 
Mineral phase content (% by weight wt%) 

Katoite Calcite Hematite Cancrinite Diaspore Anatase Kaolinite Cilnochlore Muscovite 

RM 

samples 
39.1 7.4 5.3 26.1 1.3 1.5 3.6 12.9 3.0 

3.2 Scanning electron microscopy and X-ray energy spectrum analysis results 

Fig. 1(a) is an enlarged view of the RM surface, and Fig. 1(b) is the EDS spectrum inside the box 

in Fig. 1(a). Fig. 1(a) shows that the RM surface had an irregular shape, a loose structure and large 

interparticle voids. Fig. 1(b) shows that the scanning point contained three elements (O, Al and Ca), 

which is consistent with the main elements in the molecular formula of katoite (Ca3Al3.5O4.5(OH)7.5). 
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Figure 1 Scanning electron micrograph of RM (a) and X-ray energy spectrum at bright spot (b) 

3.3 Geometry optimisation of the adsorption structure 

Before dynamics relaxation, the geometry optimisation of different cross-linking functionals was 

performed on katoite. The total energy of the system is shown in Table 2. The smaller the total energy 

of the system, the more stable the crystal structure. When katoite adopted the exchange correlation 

functional GGA-PW91, the system energy was the lowest, that is, the crystal structure was in the most 

stable state (Table 2). Analysis of the most stable configuration of katoite shows that the valence 

electron orbital for optimisation of Al and O atoms in katoite is 3s23p1. Fig. 2(a) shows the katoite 

structure before geometry optimisation, in which the Al–O bond length is 1.918 Å. Fig. 2(b) shows the 

calcium structure after geometry optimisation, in which the A–O bond length is 1.902 Å. The Al–O 

bonds in the optimised structure were all smaller after optimisation, indicating that the optimised 

katoite surface possesses stronger electronegativity. 

To illustrate in detail the electronic structure on the katoite surface, the density of states (DOS) 

and the partial density of states (PDOS) were compared. As shown in Fig. 2(b1), the electronic energy 

levels of katoite were mainly distributed between −40 and 8 eV. According to the distribution 

characteristics of valence electrons and the number of atoms in the unit cell, the number of theoretical 

Al atoms of katoite was 8 before optimisation. The number of valence electrons was 26.982 before 

optimisation and 27 after optimisation. The two were basically the same, indicating balanced 

distribution of electrons in the overall system. As shown in Fig. 2(b2), a new peak appeared in the 

partial-wave-state density of O atoms near the Fermi level. Thus, O atoms have higher electronegativity 

in the katoite system. 
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Table 2 Total energy of the katoite system under different cross-linking functionals  

Name  LDA-CA-PZ GGA-PBESOL GGA-RPBE GGA-PBE GGA-PW91 GGA-WC 

Energy(eV)  −34292.0655 −34330.7725 −34206.1681 −34309.9044 −34336.3608 −34246.8558 

LDA, local density approximation; GGA, generalised gradient approximation. 
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Figure 2 Structure and total density of states (b1) O, Al partial density of states (b2) before (a) and after (b) 

geometry optimization of Katoite. The dotted line is the Fermi level 
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3.4 Dynamics relaxation 

As the adsorption in the system progresses, the system energy fluctuation gradually stabilises, so it 

can be used to judge the system balance. Fig. 3 (a) shows the change in system energy with time during 

dynamics relaxation. The total energy of the three phosphate-containing water clusters stabilised after 5 

ps, that is, the system reached equilibrium at 5 ps. In addition, among the three water clusters, the 

HPO4
2–-containing water cluster possessed the smallest energy when it reached a stable state, followed 

by the H2PO4
–-containing water cluster and then the PO4

3–-containing water cluster. 

During dynamics relaxation, the three water clusters interacted on the katoite surface and the 

system configuration changed dynamically. As shown in Fig. 3(b), the three water clusters showed a 

similar reaction process on the katoite surface. In the initial state, the PO4
3–-, HPO4

2–- and H2PO4
–

-containing water clusters in a1, b1 and c1 were all on the katoite surface. After the reaction, the 

configuration of water molecules and phosphate in the system changed to downward O atoms. For 

instance, the PO4
3–-, HPO4

2–- and H2PO4
–-containing water clusters in a2, b2 and c2, migrated towards 

the katoite surface and then adsorbed to the crystal surface. Finally, the wetting film on the surface of 

the phosphate-containing water clusters was broken and the number of hydrogen bonds in the cluster 

decreased, so the water molecules and phosphate adsorbed to the katoite surface. As shown in Fig. 

3,comparison of the PO4
3–-, HPO4

2–- and H2PO4
–-containing water clusters in a2, d2 and b2 showed 

that the phosphate-containing water clusters completely spread on and adsorbed to the surface of the 

wetting-modified katoite, indicating that the katoite surface has significant wettability. 
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Figure 3 (a)Total energy change of phosphate-containing water clusters on the katoite surface; (b)Dynamics 

relaxation of phosphate-containing water clusters on the katoite surface. (a1, a2) are PO43–-containing water 

clusters, (b1, b2) are HPO42–-containing water clusters and (c1, c2) are H2PO4–-containing water clusters. 

3.5 Radial distribution function 

We thoroughly studied the adsorption distribution characteristics of the three phosphate-containing 

water clusters on the katoite surface. Fig. 4 reveals the RDFs of O atoms and H2O on the katoite 

surface in different phosphate-containing water clusters adsorbed by katoite, as well as O atoms and 

PO4
3–, HPO4

2–and H2PO4
–. Fig. 4 shows that among the three systems in which katoite and 

wetting-modified katoite adsorb phosphate-containing water clusters, two obvious peaks appeared in 

O-H2O, O-PO4
3–, O-HPO4

2–and O-H2PO4
–. This also confirmed that in geometry optimisation, O atoms 

on the katoite surface possess higher electronegativity. The peak strength of the RDF of O atoms and 

phosphate from high to low was as follows: O-PO4
3–, O-HPO4

2–and O-H2PO4
–. This showed that the 

adsorption capacity of phosphate on the katoite surface from strong to weak is H2PO4
–> HPO4

2–> PO4
3–
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Figure 4 Radial distribution function of phosphate ion (a) hydrogen phosphate ion (b) dihydrogen phosphate 

ion (c) 

3.6 Adsorption energy and adsorption heat 

Adsorption energy and adsorption heat are the energy and thermal effects created during the 

adsorption process. Adsorption is a process in which the molecule moves from fast to slow speed and 

finally stays on the adsorption medium surface. When the speed decreases, a part of energy and heat is 

released. This part of energy is known as adsorption energy and adsorption heat, respectively. When 

interacting with the same mineral surface, different kinds of substances exhibit different surface 

adsorption energies and adsorption heat. The adsorption strength of phosphate-containing water 

clusters and the katoite surface can be determined through the adsorption energy and adsorption 

heat.The adsorption heat in physical adsorption is equal to the sum of the condensation heat and 

wetting heat of the adsorbate, which is generally several hundred to several thousand joules per mole 

and does not exceed 40 kJ/mol to the maximum. Adsorption heat is greater in chemical adsorption, 
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generally 84~417 kJ/mol, than in physical adsorption. 

Table 3 shows that katoite had lower adsorption energy for H2PO4
–-containing water clusters than 

that for HPO4
2–- and phosphate PO4

3–-containing water clusters, indicating that the katoite surface’s 

adsorption strength of phosphate-containing water clusters is ranked in descending order as H2PO4
–> 

HPO4
2–> PO4

3–. Table 3 also shows that the adsorption of H2PO4
–-and HPO4

2–-to the katoite surface 

was accompanied by chemical adsorption, while that to PO4
3-was only physical adsorption. 

Table 3 Adsorption energy of the three phosphate-containing water clusters and adsorption heat of 

the katoite surface 

Name 
Adsorption 

energy (Kcal/mol) 

Adsorption heat 

(Kcal/mol) 

PO4
3-+H2O −50290.1033 41.3099 

HPO4
2-+H2O −52453.1219 85.8687 

H2PO4
-+H2O −53668.1989 88.3281 

3.7 Adsorption isotherm 

As shown in Fig. 5, the adsorption isotherms of the three phosphate ions on the katoite surface 

were calculated at 298 K. The adsorption isotherms of PO4
3–, HPO4

2–and H2PO4 on the katoite surface 

exhibited type I Langmuir adsorption behaviour. At the same temperature, the adsorption capacity 

increased with an increase in adsorption pressure. The adsorption capacity of the three phosphate at the 

same adsorption pressure was ranked in descending order H2PO4
–> HPO4

2–> PO4
3–. 
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Figure 5 The adsorption isotherms of the three phosphate ions on the Katoite surface  

3.8 Adsorption structure 

Fig. 6(a–c) shows the structure of PO4
3–, HPO4

2–and H2PO4
–, respectively, adsorbed on the katoite 

surface. The distance between the oxygen atom in PO4
3–, HPO4

2–and H2PO4
–and the oxygen atom on 

the katoite surface was ranked in descending order as O121-H = 1.674 Å in H2PO4
–, O120-H = 1.835 Å in 

HPO4
2–and O124-H = 1.912 Å in PO4

3–. This indicates the presence of hydrogen bond interaction 

between O atoms of the phosphate and H atoms on the katoite surface. In addition, the adsorption 

strength of katoite for phosphate was ranked in descending order as H2PO4
–> HPO4

2–> PO4
3–. 

 

Figure 6 Adsorption configuration of adsorbate on the Katoite surface  

4 Conclusion 

Using simulation calculations based on DFT and MD, we examined the wetting adsorption 

characteristics of three water clusters (PO4
3–, HPO4

2–and H2PO4
–) on the katoite surface. The main 

conclusions are as follows: 

(1) The katoite surface has good wettability. The adsorption capacity of katoite for phosphate in 

descending order is H2PO4
–> HPO4

2–> PO4
3–. 
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(2) The adsorption of the katoite surface for H2PO4
–and HPO4

2–is accompanied by chemical 

adsorption, while that for PO4
3–is only physical adsorption. The adsorption conforms to the Langmuir 

isotherm adsorption model. 

(3) The internal cause (mechanism) of the adsorption of phosphate to the katoite surface is the 

result of the combined effect of van der Waals forces and hydrogen bonds between adsorbent and 

adsorbate molecules. 

 

Figure Legends 

Fig.1 Scanning electron micrograph of RM (RM) (a) and X-ray energy spectrum at the bright spot (b) 

Fig. 2 Structure and total density of states (DOS) (b1) and O and Al partial density of states (PDOS) 

(b2)before (a) and after (b) geometry optimisation of katoite. The dotted line is the Fermi level. 

Fig. 3  (a)Total energy change of phosphate-containing water clusters on the katoite surface; 

(b)Dynamics relaxation of phosphate-containing water clusters on the katoite surface. (a1, a2) are 

PO4
3–-containing water clusters, (b1, b2) are HPO4

2–-containing water clusters and (c1, c2) are H2PO4
–

-containing water clusters. 

Fig. 4 Radial distribution function of PO4
3–(a), HPO4

2–(b) and H2PO4
–(c) 

Fig. 5 Adsorption isotherms of the three phosphate ions on the katoite surface 

Fig.6 Adsorption configuration of the adsorbate on the katoite surface 
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