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Abstract: This paper shows the preliminary results of an investigation into the possibility
of using red mud slag (RMS) for phosphate sorption from aqueous solutions. The red
mud slag was obtained from red mud treatment, specifically from carbothermal reduction
at high temperatures. This process resulted in forming a metallic phase (iron) and slag
enriched with other elements. The preliminary analysis of slag is performed to investigate
its potential for use as a phosphate sorbent in wastewater treatment. The slag is divided
into three categories. Two of them are obtained by sieving an original slag sample in the
fine fraction and the coarse fraction (the slag residual after sieving). The third sample
is the raw slag. After an experiment that included 24 h shaking of slag and phosphate
solution, the results show potential for using red mud slag in phosphate sorption. It is
an initial experiment that will be a starting point for further investigation of the sorption
characteristics of red mud slag.
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1. Introduction
Although it is an irreplaceable and biogenic element, phosphorus can be viewed as

a pollutant if it is present excessively in aquatic ecosystems. The presence of phosphates
in surface water can cause a well-known phenomenon of eutrophication, i.e., the gradual
“death” of the water body [1–3]. There are different ways in which phosphates can reach
surface water. The largest amount can occur as a result of leaching from agricultural areas,
where the excess phosphate originates from added artificial fertilizers. In addition, large
amounts of phosphates reach the water through the discharge of non-treated wastewa-
ter into recipients [4]. According to the legal regulations of the Republic of Srpska, the
maximum allowable concentration of phosphate (expressed as total phosphorus) ranges
from 1 to 2 mg/L (depending on the wastewater treatment plant’s capacity), where the
minimum reduction percentage should be 80% [5]. Phosphate removal from wastewa-
ter is based on various physicochemical and biological processes. Enhanced Biological
Phosphorus Removal (EBPR) is the most commonly used phosphorus removal process, in
which microorganisms remove excess phosphate from wastewater [6,7]. Non-conventional
procedures are often based on membrane processes and the use of certain sorbents [8–10].
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Sorption processes are gaining more importance, and numerous laboratory experiments are
performed to prove the sorption properties of certain materials and to ensure the recovery
of phosphorus at the same time, whether it is the sorption of phosphate from aqueous
solutions [11–13] or phosphate sorption from wastewater [9,14–16]. Those sorbents that are
created as by-products of certain industrial processes or treatments are of particular impor-
tance. By using such materials for the sorption of specific pollutants from wastewater, their
lifespan is extended, the use of commercial sorbents is reduced, the costs of wastewater
treatment are lowered, and the pressure on the environment is minimized.

The focus of the paper is the use of the slag derived from the treatment of red mud
(red mud slag—RMS) at high temperatures. Red mud is a highly alkaline byproduct
that is produced in large quantities during the processing of bauxite ore using the Bayer
process [17]. The wider application of red mud has not yet gained traction, and red mud is
mainly disposed of in open lakes and lagoons or stored in some other way [18]. With certain
treatments, red mud could be successfully used in construction, then as a source of useful
elements, and in various applications related to environmental protection [19]. Various
studies have investigated the use of treated red mud, or products formed after certain
treatments, for the sorption of phosphate from wastewater or aqueous solutions [20–24].

Carbothermal reduction of red mud is a treatment process which is performed at a
temperature of about 1600 ◦C. The goal of the treatment is to more efficiently extract certain
useful elements from the slag, such as iron, sodium, titanium, etc. [25,26]. The treatment
allows easier metal separation, with iron in the metallic form being separated using a
relatively simple magnetic separation technology, and certain metals, such as titanium,
being extracted by leaching from the resulting slag.

In this paper, a preliminary experiment was performed to determine whether RMS
is suitable as a potential sorbent of phosphate from aqueous solutions (and later from
wastewater), and these results are used only as a starting point for further research.

2. Materials and Methods
In this preliminary experiment, the red mud slag (RMS) is used as a potential sorbent

for phosphate anions (orthophosphate—PO4
3−) from aqueous solutions. The RMS is ob-

tained during the red mud treatment (carbothermal reduction) at 1600 ◦C, in a pilot-scale
electric arc furnace (Institute of Process Metallurgy and Metal Recycling—IME, RWTH
Aachen University, Aachen, Germany). Before the treatment, technical grade CaO (Otter-
bein, Großenlüder-Müs, Germany) is added as a fluxing agent. The primary product of
the red mud treatment by carbothermal reduction consists of a metallic phase, which is
separated magnetically, and the red mud slag.

A standard aqueous solution of phosphate was obtained by dissolving a certain
amount of potassium dihydrogen phosphate (KH2PO4, Semikem LTD, Vogosca, Bosnia
and Herzegovina) of analytical grade. Synthetic phosphate solution was made with an
initial concentration of phosphate of 9.728 mg/L. The measurement of the phosphate
concentration is conducted according to the standard Water quality—Determination of
phosphorus—Ammonium molybdate spectrophotometric method (EN ISO 6878:2004) [27].

The process of phosphate sorption from aqueous solutions using the red mud slag
was carried out under batch laboratory conditions, at the Faculty of Technology Zvornik.
The experiment was carried out in triplicate. A volume of 20 mL of solution with known
phosphate concentrations was pipetted into 50 mL falcon plastic tubes. Then, previously
measured masses of three categories of the RMS in the amount of 5 g/L (0.1 g/20 mL)
were added to the falcon tubes. The prepared tubes were placed on a horizontal laboratory
shaker, where the shaking speed was set to 120 rpm for 24 h. To separate the sorbent from
the sample solution, a laboratory centrifuge (Centric 322A, Tehtnica, Železniki, Slovenia)
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was used for 15 min at 6000 rpm. To separate the red mud slag from the sample solution
more efficiently, after centrifugation, the decantate was filtered using quantitative filter
paper (blue ribbon).

A Shimadzu UV/VIS spectrophotometer (Kyoto, Japan) was used to determine the
phosphate concentration in the sample solution, according to the standard method BAS ISO
6878:2006 [27]. All experiments were performed at room temperature, with three different
pH values. The first one was set as acidic (pH ≈ 3), the second one as alkaline (pH ≈ 11),
and the third group of the samples had a pH around neutral. This step aims to determine
which conditions regarding the pH will be most favourable for the phosphorus sorption
onto red mud slag.

3. Results and Discussion
Table 1 shows the chemical composition of the red mud and the RMS (after

magnetic separation).

Table 1. Chemical composition of the red mud and RMS (mass%).

Material Ti Fe Al Si Mg Ca Na

Red Mud 2.8 34.3 6.8 4.9 0.38 5.88 0.7

Slag (RMS) 5.9 8.2 12.2 6.4 0.52 24.6 1.1

Based on the chemical composition, it is possible to notice a significant increase in
calcium content, due to the addition of CaO during the treatment of the red mud.

Figure 1 shows the comparative results of the change in the final pH value and the
phosphate sorption efficiency depending on the initial pH value and the type of added
sorbent. The results are shown for three sorbents: finely ground red mud slag (FRMS), i.e.,
the fine fraction obtained by sieving the slag through a 150 µm sieve; slag remaining on the
sieve after sieving (RRMS); and unsieved raw red mud slag (RMS).

Figure 1. Comparative results of phosphate sorption potential using the red mud slag (pHi—initial
pH, pHf—final pH).

Regarding the pH change, a more significant change in the final pH value was recorded
for samples in an acidic environment. The finely ground sample (FRMS) showed the most
important change in the final pH value (pHf ≈ 9), while the RRMS and RMS fractions were
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comparable (pHf ≈ 7). In the case of the experiment at neutral initial conditions, the final
pH increased to approximately 9 for RRMS and RMS sorbents, and in the case of FRMS, the
final pH value was approximately 10. In alkaline conditions, pH change was not significant,
and all tested sorbents showed approximately the same final pH value (pHf ≈ 0 ± 0.40).
Since the red mud is a highly alkaline material, it could be assumed that slag itself also has
alkaline properties. Sorption experiments showed that the sample of finely ground slag
showed significantly better efficiency in removing phosphate from the solution than the
other two tested samples. For the sorption reaction, acidic conditions are more favourable.

In addition to the change in the final pH value, changes in the sorption efficiency are
also evident. The residual phosphate concentration in the solution depended more on the
type of added sorbent and its characteristics than on the pH value of the solution. The
lowest phosphate sorption efficiency was obtained in the case of applying the RRMS. Given
that the RMS was generated by red mud treatment at high temperatures, a certain metallic
phase was obtained in the slag. That metallic phase was primarily separated; however,
a percentage of it remained in the slag, and after sieving, it remained in the RRMS. For
the RRMS, a low sorption efficiency was expected. Sorption processes are generally more
effective with smaller particle sizes, which have a higher surface area for interaction. The
maximum sorption efficiency for the RRMS samples was about 20%. The RMS also did
not give much better sorption efficiency. The maximum sorption efficiency in this case
was about 30%. However, the fine fraction (FRMS) proved to be an effective phosphate
sorbent in this screening experiment. Given that the fine fraction consists of particles that
are smaller than 150 µm, it is expected that their adsorption capacity is higher, due to the
development of the specific surface and the availability of a greater number of sorption
sites. The maximum sorption efficiency for the FRMS ranged from 74% to 86%, which was
reached in an acidic environment. In such conditions, the best removal of phosphate from
the aqueous solution was achieved, where from the initial concentration of 9.728 mg/L, the
phosphate concentration was lowered to 1.364 mg/L.

4. Conclusions
This paper examines the potential for the red mud slag usage as a phosphate sorbent

in aqueous solutions. The red mud slag is obtained by carbothermal reduction of red
mud at high temperatures. Primary slag treatment involves the magnetic separation of
the metallic phase obtained by red mud reduction. By the subsequent sieving of the
RMS, the resulting fractions are finely ground slag (FRMS) and residue after sieving
(RRMS). These two fractions and the raw slag sample (RMS) were subjected to a screening
experiment to remove phosphate from an aqueous solution with an initial concentration of
9.728 mg/L PO4

3−. After 24 h of contact between the sorbent and the solution in three
different pH ranges (acidic, neutral, and alkaline), the obtained results indicated the best
option regarding the type of sorbent and pH conditions. It was visible that the concentration
of residual phosphate in the solution depended more on the type of added sorbent than on
the pH value of the solution. The best results in terms of efficiency were achieved for the
FRMS sorbent, i.e., the finely ground fraction of the slag, for the acidic initial conditions
(pH ≈ 3). In this case, a maximum sorption efficiency of 86% was achieved. These results
indicate that RMS can be used as a potential sorbent for phosphate from water with certain
treatments (sieving), because the fine fraction (RRMS), due to its larger specific surface area
and smaller particle size, has a better ability to be a sorbent for phosphate ions compared
to unsieved slag. Further investigation should be performed to determine the sorption
properties, kinetics, and chemistry of the phosphate sorption using the red mud slag.
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