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Abstract. In this study, the possibility of using slag derived from hydrogen-plasma reduction of red mud (H2RMS) as a 

low-cost adsorbent for phosphate removal from aqueous solutions was investigated. Batch adsorption experiments were 

conducted to evaluate the effects of contact time, solution pH, sorbent dosage, and initial phosphate concentration under 

controlled laboratory conditions. Phosphate concentrations were determined spectrophotometrically using the ammonium 

molybdate method. These results demonstrated that phosphate adsorption onto H2RMS is strongly pH-dependent, with 

maximum removal efficiency achieved under acidic conditions (pH ≈ 2). Adsorption equilibrium was achieved after 

approximately 18 h of contact time. Increasing the sorbent dosage enhanced phosphate removal efficiency, although 

improvements became marginal beyond a dosage of 10 g/L. At optimal conditions, phosphate removal efficiency of 

approximately 90% was achieved. These findings indicate that H2RMS shows significant potential as an effective 

adsorbent for phosphate removal, offering a possible pathway for the valorization of metallurgical waste residues. 
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1. Introduction 

Phosphorus is a crucial element for biological systems 

and supports global agricultural productivity through its 

central role in fertilizer production. The mismanagement 

of phosphorus in agriculture and municipal wastewater 

has become a primary driver of eutrophication in 

freshwater and coastal ecosystems, leading to algal 

blooms, hypoxia, biodiversity loss, and adverse socio-

economic impacts on fisheries and potable water 

supplies [1]. Traditional phosphorus removal 

technologies in wastewater treatment, such as chemical 

precipitation, biological nutrient removal, and 

membrane separation, are often obstructed by high 

operational cost, complex process control, and the 

generation of substantial sludge or chemical waste [1,2].  

Adsorption has emerged as an attractive approach for 

phosphate removal due to its operational simplicity, 

adaptability to varied wastewater chemistries, and 

potential for material regeneration [3]. In adsorption 

systems, phosphate uptake mechanisms frequently 

involve electrostatic interactions, surface complexation, 

and ion exchange; adsorption efficiency is strongly 

influenced by material properties such as surface area, 

surface charge, and the presence of active metal 

oxyhydroxides [4–8]. 

Among the extensive range of adsorbent materials, 

industrial by-products and residues have drawn attention 
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as cost-effective and sustainable alternatives to 

conventional engineered adsorbents [9, 10]. One such 

by-product is red mud, a highly alkaline solid residue 

generated during alumina production in the Bayer 

process. Red mud contains significant amounts of iron, 

aluminum, calcium, and silica oxides and its production 

is approximately 1-2 t per 1 t  of alumina. That results in 

hundreds of millions of tonnes of annual global 

generation [11]. The large volumes and disposal 

challenges associated with red mud have encouraged 

research into its valorization for environmental 

remediation and resource recovery. 

Red mud and its modified derivatives have been 

investigated for the adsorption of various aqueous 

contaminants, including heavy metals, arsenate, and 

dyes; more recently, a growing body of literature has 

explored its application for phosphate removal from 

aqueous solutions [12, 13]. Early studies on red mud as 

a phosphate adsorbent demonstrated that pre-treatment 

methods, such as acid activation or acid-thermal 

treatment, increase surface area and pore volume, 

leading to enhanced adsorption capacity compared to 

untreated red mud. These studies also revealed that 

phosphate adsorption by red mud is strongly dependent 

on solution pH, with higher uptake at acidic pH values, 

and can be described using kinetic and equilibrium 

models [14]. Adsorption mechanisms have been 

modeled through Langmuir and Freundlich isotherms, 
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indicating both monolayer and heterogeneous surface 

interactions depending on the treatment and material 

form [15–17]. 

Recent work has extended red mud relevance by 

combining it with other materials, such as biochar, to 

form composite adsorbents with enhanced performance. 

For example, red mud-modified biochar beads 

demonstrated improved phosphate adsorption capacity, 

with mechanisms attributed to electrostatic attraction, 

chemical precipitation (e.g., formation of AlPO4 and 

FePO4), and physical sorption, and showed potential for 

phosphate recovery and slow-release fertilizer 

applications [14, 18]. In one of the previous researches 

red mud slag from carbothermal reduction was used for 

phosphate removal and it has showed potential for 

successful removal reaching 86% of removal efficiency 

[19]. 

Despite extensive research on phosphate adsorption 

using raw and carbothermally reduced red-mud-based 

materials, the potential of slag produced via hydrogen 

plasma reduction of red mud (H2RMS) remains largely 

unexplored. Hydrogen plasma processing introduces 

fundamentally different physicochemical conditions 

compared to conventional carbothermal reduction, 

resulting in distinct phase composition and surface 

properties that may significantly influence adsorption 

behavior. Systematic evaluation of H2RMS under 

variable operational parameters, such as contact time, 

solution pH, sorbent dosage, and initial phosphate 

concentration is essential to assess its suitability as an 

alternative adsorbent. Exploring this material 

contributes to the development of low-carbon, waste-

derived adsorbents and provides new insights into the 

valorization potential of hydrogen-based metallurgical 

residues for phosphate removal. 

2. Experimental 

2.1. Materials and reagents 

The red mud used in this study was obtained from the 

alumina production plant Nova Alumina Ltd. (Zvornik, 

Bosnia and Herzegovina).  

The reagents were purchased from Semikem LTD, 

Vogošća, Bosnia and Herzegovina (Potassium 

dihydrogen phosphate, KH2PO4) and Sigma-Aldrich 

Chemie GmbH, Steinheim, Germany (hydrochloric acid 

HCl; sodium hydroxide pellets, NaOH; ammonium 

molybdate, (NH₄)₆Mo₇O₂₄ ).  All chemicals used in this 

study were of analytical grade and were used without 

further purification. 

2.2. Methods and equipments 

2.2.1. Obtaining and characterization of the adsorbent 

material 

The adsorbent used in this study was obtained from red 

mud after hydrogen plasma reduction, carried out in 

collaboration with the Max Planck Institute for 

Sustainable Materials (MPI-SusMat), Düsseldorf, 

Germany. Hydrogen plasma reduction of the bauxite 

residue was performed in an electric arc furnace (EAF, 

custom-designed experimental setup) designed for high-

temperature plasma processing. In this system, the 

charge material is exposed directly to the electric arc 

generated between graphite electrodes, enabling rapid 

heating and reduction reactions at temperatures 

approaching 1800 °C [19, 20].  

During the process, the furnace chamber was 

operated under a controlled atmosphere consisting of 

argon with approximately 10 % hydrogen. Under these 

conditions, iron oxides present in red mud are reduced 

to metallic iron, which separates from the remaining 

oxide melt. The process results in the formation of two 

phases: a metallic iron fraction and a slag phase enriched 

with oxides of aluminum, titanium, silicon, and calcium. 

The slag phase obtained after separation was used as the 

adsorbent material in the present work. 

The mineralogical composition of the H2RMS 

adsorbent was analyzed using X-ray diffraction (XRD) 

with a Bruker D8 Advance diffractometer (Bruker AXS 

GmbH, Karlsruhe, Germany). Phase identification was 

performed using Diffrac.EVA software (Bruker AXS, 

Germany) by comparing the obtained diffraction 

patterns with the reference database. 

The elemental composition of the adsorbent material 

was determined using X-ray fluorescence spectroscopy 

(XRF) with an AMETEK spectrometer (AMETEK Inc., 

Pennsylvania, USA). 

2.2.2. Determination of phosphate 

Phosphate concentrations in aqueous samples were 

determined using the molybdenum blue 

spectrophotometric method, in which phosphate ions 

react with ammonium molybdate under acidic 

conditions to form a phosphomolybdate complex that is 

subsequently reduced to a blue-colored compound 

measurable by UV–Vis spectrophotometry at 880 nm. 

The absorbance of the developed color is proportional to 

the phosphate concentration in solution. 

All calibration standards and sample measurements 

were prepared and analyzed in accordance with the 

Water quality—Determination of phosphorus—

Spectrometric method using ammonium molybdate 

(BAS ISO 6878:2004) standard [22].  

For each sample, absorbance measurements were 

performed in triplicate using the UV–Vis 

spectrophotometer. The reported phosphate 

concentrations represent the average of three successive 

measurements, and the corresponding standard 

deviation was calculated to assess the analytical 

repeatability of the method. 

2.2.3. Batch adsorption experiments 

Phosphate adsorption experiments were carried out 

under batch conditions at room temperature. The effects 

of contact time, solution pH, sorbent dosage, and initial 

phosphate concentration on adsorption performance 

were systematically investigated. 

A known mass of H2RMS adsorbent was added to 

Falcon tubes containing phosphate solution of a defined 

initial concentration. The tubes were placed horizontally 

on a laboratory shaker and mixed at a constant speed of 

120 rpm to ensure homogeneous mixing. The pH of the 

solution was adjusted to the desired value prior to the 

adsorption experiments using appropriate acidic or 

alkaline solutions. 

After the predetermined contact time elapsed, the 

solid and liquid phases were separated using a 
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laboratory centrifuge. The supernatant was carefully 

decanted and further filtered through qualitative filter 

paper (blue ribbon) to remove any remaining suspended 

particles. The residual phosphate concentration in the 

filtrate was measured using a UV–Vis 

spectrophotometer (Shimadzu UV-1800, Japan).  

2.2.4. Evaluation of adsorption performance 

The adsorption performance of H2RMS was evaluated 

in terms of phosphate removal efficiency and adsorption 

capacity.  

The adsorption capacity at equilibrium, qe (mg/g) 

was calculated using the mass balance equation: 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
  (1) 

The phosphate removal efficiency (R, %) was 

calculated as: 

𝑅 =
(𝐶0−𝐶𝑒)

𝐶0
100  (2) 

where C0 (mg/L) is the initial phosphate concentration, 

Ce (mg/L) is the equilibrium phosphate concentration, V 

(L) is the volume of the solution, and m (g) is the mass 

of the adsorbent. 

3. Results and discussion 

3.1. Characterization of the adsorbent material 

The chemical composition of the H2RMS slag 

determined by XRF analysis is presented in Table 1. 

Table 1. Chemical composition of hydrogen-plasma-reduced 

red mud slag (H2RMS) [21] 

Compounds 
Content 

(mass %) 

FeO 20.2% 

Al2O3 17% 

SiO2 14% 

TiO2 10.2% 

The H2RMS is primarily composed of iron oxide 

(FeO), alumina (Al2O3), silica (SiO2), and titanium 

dioxide (TiO2), which together constitute the dominant 

oxide phases of the material. The high content of iron- 

and aluminum-based oxides is particularly relevant for 

phosphate adsorption, as these phases are known to 

provide active surface sites for phosphate binding under 

acidic conditions. 

 
Figure 1. XRD analysis of H2RMS [21] 

Phase composition of the H2RMS was analyzed by 

X-ray diffraction (XRD). The XRD patterns confirmed 

the complete reduction of hematite originally present in 

red mud. Hematite was transformed into magnetite, 

wüstite, and/or metallic iron, indicating the high 

efficiency of iron reduction during the plasma-thermal 

process. 

In addition, ilmenite presence (FeTiO3) was 

detected, suggesting that titanium remained chemically 

stable during hydrogen plasma treatment and did not 

participate in the reduction reactions. The XRD analysis 

identified silicon oxide (cristobalite) as the dominant 

crystalline phase. Aluminum- and calcium-containing 

phases, although confirmed by ICP analysis, were not 

detected by XRD, indicating that these elements were 

predominantly present in amorphous phases that cannot 

be seen by X-ray diffraction. 

3.2. Effect of the contact time 

The effect of the contact time on phosphate adsorption 

by H2RMS was investigated over a time range of 1 to 24 

h (1, 3, 6, 9, 12, 18, and 24 h). These experiments were 

conducted using a sorbent dosage of 5 g/L, an initial 

phosphate concentration of 14.34 mg/L, and a solution 

pH of 2.21. The acidic pH was intentionally selected 

based on previous findings indicating that red mud and 

red-mud-derived slags exhibit improved phosphate 

uptake under strongly acidic conditions. 

 

Figure 2. Effect of contact time on process efficiency (14.34 

mg/L, pH = 2.21) 

As shown in Figure 2, phosphate removal increased 

progressively with contact time, indicating continuous 

occupation of available adsorption sites on the H2RMS 

surface. A rapid increase in removal efficiency was 

observed during the initial hours of contact, which can 

be attributed to the abundance of active surface sites and 

a high concentration gradient between the solution and 

the adsorbent surface. With increasing contact time, the 

rate of phosphate uptake gradually decreased, 

suggesting partial saturation of adsorption sites. 

Adsorption equilibrium was reached after 

approximately 18 h (1080 min), at which a removal 

efficiency of 88.5% was achieved. Further prolongation 

of the contact time to 24 h resulted in only a marginal 

increase in removal efficiency, indicating that 

equilibrium conditions had already been established. 

This behavior is characteristic of adsorption processes 

governed by surface complexation and diffusion-

controlled mass transfer, where the adsorption rate 
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decreases as surface sites become progressively 

occupied. 

3.3. Effect of solution pH 

After establishing the optimal contact time of 18 h, the 

influence of solution pH on phosphate adsorption was 

examined over a wide pH range (approximately pH 1 to 

pH 12). The results are presented in Figure 3. 

 

Figure 3. Effect of solution pH on process efficiency 

The adsorption efficiency of phosphate onto H2RMS 

exhibited a strong dependence on solution pH. The 

highest removal efficiency was observed under acidic 

conditions, with a maximum at pH ≈ 2. As the pH 

increased beyond this value, a pronounced decline in 

adsorption efficiency was recorded. 

This behavior can be explained by changes in both 

phosphate species present and the surface charge of the 

adsorbent. Under acidic conditions, the H2RMS surface 

is likely protonated, promoting electrostatic attraction 

between positively charged surface hydroxyl groups and 

negatively charged phosphate species (primarily 

dihydrogen phosphate, H2PO4
-). In addition, iron- and 

aluminum-containing phases present in the slag can 

form inner-sphere surface complexes with phosphate 

ions, further enhancing adsorption at low pH [6].  

At higher pH values, increased competition with 

hydroxyl ions and progressive deprotonation of surface 

functional groups reduce electrostatic attraction and 

inhibit phosphate binding. The observed pH dependence 

is consistent with adsorption mechanisms reported for 

iron- and aluminum-rich adsorbents derived from red 

mud and other metallurgical residues [23–25]. 

3.4. Effect of sorbent dosage 

The effect of sorbent dosage on phosphate adsorption 

was investigated using four different H2RMS dosages: 

1, 5, 10, and 20 g/L All experiments were conducted at 

a contact time of 18 h and pH ≈ 2. The results are shown 

in Figure 4. 

An increase in sorbent dosage resulted in a 

corresponding increase in phosphate removal efficiency, 

reflecting the greater availability of adsorption sites with 

increasing amounts of adsorbent. At a dosage of 1 g/L, 

removal efficiency was relatively low, while a 

substantial improvement was observed at 5 g/L. 

However, further increasing the dosage beyond 10 

g/L led to only minor improvements in removal 

efficiency. At dosages of 10 and 20 g/L, phosphate 

removal efficiencies of 94.3% and 96.3%, respectively, 

were achieved. This behavior suggests that, beyond a 

certain adsorbent concentration, the system becomes 

limited by the available phosphate ions rather than by 

the number of active adsorption sites. 

 

Figure 4. Effect of sorbent dosage on process efficiency 

From a practical perspective, these results indicate 

that increasing the sorbent dosage above 10 g/L does not 

provide a significant benefit and may be economically 

inefficient for large-scale applications. 

3.5. Effect of initial phosphate concentration 

The influence of initial phosphate concentration on 

adsorption performance was evaluated by comparing 

solutions with different concentrations relative to the 

base concentration of 14.43 mg/L. A five-fold higher 

concentration (71.7 mg/L), a five-fold lower 

concentration (2.86 mg/L), and a ten-fold lower 

concentration (1.43 mg/L) were tested. All experiments 

were performed using a sorbent dosage of 5 g/L, pH ≈ 

2, and a shaking speed of 120 rpm at room temperature. 

 

Figure 5. Effect of initial phosphate concentration on process 

efficiency 

As illustrated in Figure 5, the highest removal 

efficiency (88.55%) was obtained at the initial 

phosphate concentration of 14.43 mg/L A very similar 

removal efficiency (87.59%) was observed at the five-

fold lower concentration, indicating that H2RMS is 

effective for phosphate removal at low to moderate 

phosphate levels. 

At the highest initial concentration (71.7 mg/L), the 

removal efficiency decreased, which can be attributed to 

saturation of available adsorption sites and insufficient 

sorbent capacity relative to the phosphate load. These 

results suggest that H2RMS is particularly suitable for 

phosphate removal from wastewaters with low to 

moderate phosphate concentrations, such as municipal 

effluents or secondary treatment streams. 
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4. Conclusions 

This study demonstrated the potential of slag derived 

from hydrogen plasma reduction of red mud (H2RMS) 

as an effective adsorbent for phosphate removal from 

aqueous solutions. Batch adsorption experiments 

showed that phosphate adsorption potential by H2RMS 

is strongly influenced by contact time, pH of the 

solution, sorbent dosage, and initial phosphate 

concentration. Adsorption equilibrium was achieved 

after approximately 18 h, indicating relatively rapid 

achievement of equilibrium conditions. 

The adsorption process exhibited strong pH dependence, 

with maximum phosphate removal observed under 

strongly acidic conditions (pH ≈ 2). This behavior can 

be attributed to favorable electrostatic interactions and 

surface complexation between phosphate species and 

iron- and aluminum-containing phases present in the 

slag. Increasing the sorbent dosage enhanced phosphate 

removal efficiency; however, improvements became 

less significant beyond a dosage of 10 g/L. The 

adsorbent demonstrated high removal efficiencies for 

low to moderate initial phosphate concentrations, with 

approximately 90% removal achieved at initial 

concentrations of 2.9-14.4 mg/L. 

Overall, the results indicate that H2RMS represents a 

promising low-cost adsorbent for phosphate removal, 

offering a viable pathway for the valorization of 

metallurgical waste residues. Future work should focus 

on adsorption capacity modeling, investigation of the 

possibility for regeneration and reuse of the adsorbent, 

and evaluation of performance in real wastewater 

systems to further assess the practical applicability of 

this material. 
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