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Abstract

Acidic wastewater generated during sulfuric acid leaching of reduced tionite within the
EUROTITAN process was treated using three low-cost adsorbents: fly ash, bentonite, and
red mud slag. Tionite is a solid residue originating from the sulfate route of TiO: produc-
tion, whereas the investigated wastewater is a secondary acidic stream produced during
hydrometallurgical treatment of reduced tionite. The initial wastewater was characterized
by low pH and elevated concentrations of Fe, Al, Ti, B, Cu, Mn, Pb, Cr, and Li. Batch
adsorption experiments were carried out by varying contact time from 4 to 24 h and ad-
sorbent dosage from 5 to 15 g/L. The results showed distinct selectivity depending on
adsorbent type and solution chemistry. Bentonite exhibited the most stable performance,
achieving nearly complete removal of Pb, Cu, B, and Li, while Fe and Al were only par-
tially removed and Ti removal remained limited. Fly ash showed high affinity toward Pb
and Cu, but its performance was strongly affected by dosage and contact time. Red mud
slag demonstrated excellent Pb removal, high Cu removal, and time- and dosage-depend-
ent Ti removal, although partial dissolution of Fe- and Al-bearing phases occurred under
strongly acidic conditions. Overall, the results confirm that industrial by-products and
natural clay materials can contribute to partial purification of acidic metallurgical
wastewater, while additional neutralization or polishing steps are required for complete
treatment.

Keywords: acidic wastewater; adsorption; red mud slag; fly ash; bentonite; heavy metals;
titanium processing

1. Introduction

The processing of titanium-bearing secondary raw materials is becoming increas-
ingly important as industry seeks to reduce dependence on primary ores and improve the
use of existing metallurgical residues. One such material is tionite, a solid residue gener-
ated in the sulfate route of titanium dioxide production. Although it is often treated as a
waste stream, tionite can still contain valuable titanium phases and therefore represents a
potential secondary titanium resource. Previous studies have shown that titanium can be
recovered from tionite through alkaline hydrothermal conversion followed by washing
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and sulfuric acid leaching, confirming the technical potential of this material for further
valorization [1]. However, hydrometallurgical processing of such residues inevitably pro-
duces acidic liquid streams containing dissolved metals and residual acid, which must be
treated before discharge or possible reuse within the process.

Acidic wastewater from titanium-bearing materials is especially challenging because
it may contain a complex mixture of dissolved elements, including Fe, Al, Ti, Mn, Cu, Pb,
Cr, Li, and B. Similar problems are observed in the sulfate process for titanium dioxide
production, where large amounts of waste acid and acid wastewater are generated and
where recovery or treatment of sulfuric acid and dissolved metals remains an important
technological and environmental issue [2,3]. Conventional methods for treating metal-
containing acidic wastewaters include neutralization, chemical precipitation, ion ex-
change, membrane separation, electrochemical processes, and solvent extraction [4]. Alt-
hough these methods can be effective, they may require high reagent consumption, gen-
erate secondary sludge, or involve relatively expensive equipment and process control.
For this reason, adsorption using low-cost materials has remained an attractive option,
especially as a preliminary or polishing treatment step for complex industrial effluents
[4,5].

Earlier reviews have shown that low-cost adsorbents, such as clays, zeolites, fly ash,
red mud, agricultural residues, and other waste-derived materials, can remove selected
heavy metals from aqueous solutions with competitive performance compared with more
expensive commercial adsorbents [5]. The efficiency of adsorption depends strongly on
the chemical composition and structure of the adsorbent, solution pH, contact time,
sorbent dosage, initial metal concentration, and the presence of competing ions [4-6].
These factors become even more important in strongly acidic media, where adsorption
can be accompanied by dissolution of the adsorbent itself, hydrolysis of dissolved species,
or precipitation reactions.

Fly ash has been widely investigated as a low-cost adsorbent for wastewater treat-
ment because of its aluminosilicate matrix, variable calcium content, and the presence of
iron and aluminum oxides. These components may provide active sites for ion exchange,
surface complexation, and, in some cases, precipitation-assisted removal of dissolved met-
als. Several studies have confirmed the potential of raw or modified fly ash for the removal
of Pb, Cu, Ni, Zn, Mn, Fe, Al, and other metal ions from aqueous solutions and acid mine
drainage [6-8]. However, its performance can vary significantly depending on ash com-
position, alkalinity, particle structure, and the acidity of the treated solution. In acidic ef-
fluents, fly ash may act both as a sorbent and as a reactive material, but partial dissolution
of aluminosilicate and oxide phases can also occur.

Bentonite is another well-known adsorbent used for the removal of metal ions from
water and wastewater. Its adsorption behavior is mainly related to the presence of smec-
tite minerals, particularly montmorillonite, which has a layered structure, high specific
surface area, swelling ability, and exchangeable interlayer cations. These properties allow
bentonite to retain metal ions through ion exchange, electrostatic attraction, and surface
complexation [9,10]. Bentonite and montmorillonite-based materials have been success-
fully studied for the adsorption of Pb, Cu, Cd, Zn, Ni, Cr, and other contaminants from
aqueous media [9-11]. Compared with many industrial by-products, bentonite is often
more stable and predictable as an adsorbent, although its ability to neutralize strongly
acidic wastewater is limited.

Red mud and red-mud-derived materials are also highly relevant for wastewater
treatment. Red mud is a major by-product of the Bayer process for alumina production
and is produced in very large quantities worldwide. Its disposal is difficult because of
high alkalinity, fine particle size, and the presence of metal oxides and trace elements. At
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the same time, these characteristics make red mud a potentially useful secondary raw ma-
terial and environmental adsorbent. The literature shows that raw, activated, neutralized,
and thermally treated red mud can remove metals, metalloids, phosphates, fluorides,
dyes, phenols, and other pollutants from water and wastewater [12-14]. The adsorption
properties of red mud are mainly associated with Fe-, Al-, Ca-, and Ti-bearing phases,
which can participate in surface complexation, electrostatic interactions, and precipitation
reactions.

Recent studies have extended this concept from raw red mud to red-mud-derived
slags produced during metallurgical reduction processes. This is important because re-
duction changes the mineralogical composition, alkalinity, surface chemistry, and leach-
ing behavior of the material. Previous research demonstrated that slag derived from hy-
drogen plasma reduction of red mud can be used as a low-cost adsorbent for phosphate
removal from aqueous solutions. Under acidic conditions, phosphate removal efficiency
of approximately 90% was achieved, indicating that H>-reduced red mud slag has signif-
icant potential as an adsorbent and that hydrogen-based metallurgical residues can be
further valorized in environmental applications [15]. In addition, red mud utilization has
been reviewed as a broader circular-economy route, including construction applications,
metal recovery, wastewater treatment, soil remediation, and other environmental uses
[13].

Despite the growing number of studies on low-cost adsorbents, most published
works focus on synthetic single-metal solutions or relatively simple aqueous systems.
Much less attention has been given to real acidic wastewater generated during the hydro-
metallurgical processing of titanium-bearing secondary materials. Such wastewater is
more complex because several dissolved metals are present simultaneously, while the low
pH can strongly influence both adsorption efficiency and adsorbent stability. Therefore,
comparative studies using real process wastewater are necessary to understand which
materials are suitable for practical treatment and which limitations must be addressed
before scale-up.

Previous studies confirm that fly ash, bentonite, and red-mud-based materials can
remove selected metal ions from aqueous solutions, mainly through ion exchange, surface
complexation, electrostatic interaction, and precipitation-assisted mechanisms. Modified
fly ash has been successfully applied for the treatment of acid mine drainage containing
Fe, Al, Pb, Mn, Ni, and Zn, showing that fly ash-based materials can be suitable for acidic
multi-metal systems. Bentonite and activated bentonite have also shown high affinity to-
ward Pb(II) and Cu(ll), especially due to exchangeable cations, surface hydroxyl groups,
and negatively charged clay surfaces. Red mud and red-mud-derived materials are
widely reported as promising adsorbents because of their Fe-, Al-, Ca-, and Ti-bearing
phases. However, most available studies focus on synthetic single-metal solutions, modi-
fied adsorbents, or acid mine drainage, while real acidic wastewater generated during
tionite processing remains insufficiently investigated. Therefore, the present study pro-
vides a comparative evaluation of these adsorbents under realistic acidic process-
wastewater conditions [16-18].

To avoid ambiguity, the waste stream investigated in this work is defined as acidic
wastewater obtained after sulfuric acid leaching of reduced tionite and subsequent wash-
ing of the solid residue. The solid precursor, tionite, originates from the sulfate route of
TiO:z production, whereas the liquid stream treated in this study was generated during
the EUROTITAN processing route. Therefore, this wastewater differs from conventional
acidic effluents directly produced during TiOz hydrolysis in the industrial sulfate process.

In this study, acidic wastewater generated during sulfuric acid leaching of reduced
tionite within the EUROTITAN process, a circular hydrometallurgical-metallurgical
route developed for titanium recovery from secondary raw materials [19], was treated

https://doi.org/10.3390/met16070781



Metals 2026, 16, 781

4 of 19

using three low-cost adsorbents: fly ash, bentonite, and red mud slag. The influence of
sorbent type, contact time, and sorbent dosage on the removal of selected dissolved spe-
cies was systematically evaluated. The novelty of this work lies in the comparative treat-
ment of real acidic tionite-leaching wastewater using both conventional low-cost adsor-
bents and a red-mud-derived slag generated within the same circular processing frame-
work. In this way, the study connects wastewater purification with waste valorization and
contributes to the development of more sustainable treatment routes for acidic metallur-
gical effluents.

2. Materials and Methods

The generated wastewater originated from sulfuric acid leaching of reduced tionite
and subsequent washing of the solid residue with distilled water.

The results presented in Table 1 indicate a highly acidic effluent (pH = 1.51), confirm-
ing the presence of residual sulfuric acid after leaching. Iron (205.54 ppm) and aluminum
(83.71 ppm) are the dominant dissolved species, which is consistent with the mineralogi-
cal composition of reduced tionite and the partial dissolution of Fe- and Al-bearing phases
under acidic conditions. Titanium concentration is relatively low (12.41 ppm), suggesting
limited solubility of Ti species in sulfuric acid under the applied leaching parameters.
Trace elements such as Mn (8.80 ppm), Pb (2.84 ppm), Cu (3.18 ppm), Cr (1.34 ppm), Li
(2.04 ppm), and B (11.19 ppm) were also detected, reflecting minor phase dissolution and
possible impurity release during leaching.

Table 1. Results of wastewater analysis.

Parameter Unit Value
pH - 1.51
TiO:2 ppm 12.41
Al ppm 83.71
B ppm 11.19
Cr ppm 1.34
Cu ppm 3.18
Fe ppm 205.54
Li ppm 2.04
Mn ppm 8.80
Pb ppm 2.84

Overall, the composition confirms that the wastewater is metal-rich and strongly
acidic, requiring neutralization and selective precipitation or advanced treatment prior to
discharge or reuse within the EUROTITAN process flowsheet.

Three low-cost materials were evaluated as potential adsorbents for wastewater
treatment within the EUROTITAN framework: fly ash, and red mud slag (RMS), and nat-
ural clay-bentonite. Fly ash was selected due to its aluminosilicate composition and de-
veloped high specific surface structure, which can promote metal adsorption through ion
exchange and surface complexation. Bentonite, a clay material rich in montmorillonite,
was included because of its high specific surface area and swelling capacity, providing
active sites for cation retention. Red mud slag (RMS), obtained after thermal treatment of
bauxite residue, was investigated due to its high content of Fe-, Al-, and Ti-based oxides,
which are known to exhibit strong affinity toward dissolved metal species under acidic
conditions.
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2.1. Red Mud Slag (RMS)

Red mud slag (RMS) used in this study was obtained as the slag fraction after car-
bothermal reduction of red mud and subsequent magnetic separation of metallic iron [20].
The non-magnetic slag was ground and applied as an adsorbent in the wastewater treat-
ment experiments. Its chemical and mineralogical characteristics are directly related to the
high-temperature reduction step and CaO addition during processing.

The elemental composition of RMS, determined by XRF analysis (Ametek X-Ray flu-
orescence, SPECTRO Analytical Instruments GmbH, Kleve, Germany), is presented in Ta-
ble 2. The results clearly show that calcium is the dominant component of the slag, reflect-
ing the intentional addition of CaO as a flux during carbothermal reduction. Aluminum
and iron remain present in significant amounts, while titanium and silicon are retained in
the slag due to their limited reducibility under the applied conditions.

Table 2. Elemental composition of carbothermally reduced red mud slag (RMS).

Element Concentration (wt.%)
Ti 5.6
Fe 8.1
Al 12.0
Si 6.3
Ca 24.5

Compared to the original red mud, which contained only minor calcium, the reduced
slag shows strong enrichment in Ca. The decrease in iron content is consistent with partial
reduction to metallic Fe and its removal by magnetic separation. Titanium remains incor-
porated in the slag phase, which is particularly relevant for its subsequent behavior in
acidic media.

Mineralogical characterization was performed by X-ray powder diffraction (Bruker
X-ray Diffraction (XRD), Bruker AXS GmbH, Karlsruhe, Germany), and phase identifica-
tion was carried out using the ICDD database.

The diffractogram of the reduced slag (Figure 1) confirms complete transformation
of the initial red mud mineral phases. Hematite and other original oxide phases are no
longer detected. The dominant crystalline phases in RMS are perovskite (CaTiOs) and geh-
lenite (Ca2Al(AlSi)Oyr), with minor magnetite (FesOs). The absence of hematite confirms its
full reduction during carbothermal processing, while the presence of perovskite indicates
that titanium remains in a stable oxidized form within the calcium-rich matrix.

Overall, RMS can be described as a calcium-aluminosilicate slag containing residual
titanium and iron incorporated in stable crystalline phases. This chemical and structural
composition plays a decisive role in its interaction with acidic wastewater and directly
influences its adsorption behavior.
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Figure 1. XRD analysis of RMS.

2.2. Bentonite

Bentonite is a naturally occurring clay material, predominantly composed of smectite
minerals (most commonly montmorillonite). Its key characteristic is a layered structure
with a high specific surface area and the ability to swell in the presence of water. This
swelling behavior, combined with a permanent negative surface charge, makes bentonite
highly effective for adsorption processes. In aqueous systems, cations can be exchanged
within the interlayer space, while surface hydroxyl groups can participate in complexa-
tion reactions. Because of these properties, bentonite is widely used for the removal of
heavy metals, dyes, and other contaminants from wastewater.

The chemical composition of the bentonite (Table 3) used in this study, determined
by XRF analysis, is presented in the table above. The results indicate that silica (5iOz) is
the dominant component, accounting for approximately 61 wt.%, which is typical for alu-
minosilicate clays. Aluminum oxide (Al20s) is the second major constituent (14.59 wt.%),
confirming the aluminosilicate framework structure of the material. The relatively high
loss on ignition (L.O.I., 13.2 wt.%) reflects the presence of structurally bound water and
hydroxyl groups, which are characteristic of clay minerals.

Table 3. Elemental composition of bentonite.

Component wt.%
L.O.L 13.2
Na20 2.04
MgO 222
ALOs 14.59

5102 61.03
SOz 0.37
Cl 0.46
K0 0.76
CaO 0.77
TiO:2 0.22
Fex0s 4.04
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Minor oxides such as MgO (2.22 wt.%), Na2O (2.04 wt.%), CaO (0.77 wt.%), and K20
(0.76 wt.%) represent exchangeable cations located within the interlayer structure of ben-
tonite. These cations play a crucial role in adsorption, as they can be replaced by metal
ions from solution through ion-exchange mechanisms. Presence of Fe2Os (4.04 wt.%) sug-
gests that iron is incorporated within the clay structure or as minor oxide phases, which
may further contribute to adsorption through surface complexation.

Trace components such as TiOz, SOz, and Cl are present in small amounts and have
a limited direct impact on adsorption performance. Overall, the composition confirms that
the material is a typical aluminosilicate bentonite with moderate cation exchange capacity
and significant potential for interaction with dissolved species.

The XRD pattern of the bentonite sample indicates a complex mineral assemblage
rather than a single pure clay phase. Reflections assigned to aluminosilicate phases and
minor Fe-Ti-bearing phases were observed. However, the amorphous and poorly crystal-
line clay fraction was not quantified because no internal standard or full quantitative
Rietveld refinement was applied. Therefore, the XRD results are discussed qualitatively.
Considering the low CaO content determined by XRF, the previously assigned high rela-
tive abundance of anorthite should be treated with caution and was not used for quanti-
tative interpretation. The relatively high LOI is attributed mainly to physically adsorbed
water, interlayer water, and structural hydroxyl groups typical of clay minerals, rather
than to anorthite. The adsorption behavior of bentonite is therefore primarily related to
its clay fraction, exchangeable cations, and surface hydroxyl groups, while crystalline ac-
cessory phases may contribute only partially.

The XRD pattern (Figure 2) confirms that the bentonite sample contains a complex
mineral assemblage with aluminosilicate phases and minor Fe-Ti-bearing accessory
phases. Because the amorphous and poorly crystalline clay fraction was not quantified by
internal-standard XRD or full Rietveld refinement, the phase composition is discussed
only qualitatively. The adsorption behavior is therefore mainly attributed to the clay frac-
tion, exchangeable cations, and surface hydroxyl groups, while crystalline accessory
phases may contribute only partially.
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Figure 2. XRD analysis of bentonite.

In comparison to red mud slag, which is dominated by calcium-rich phases formed
at high temperature, bentonite retains a hydrated, layered structure. This structural dif-
ference is essential, as bentonite primarily interacts with contaminants through ion ex-
change and surface adsorption, whereas RMS behavior is more strongly governed by its
mineral phases and surface chemistry developed during thermal processing.

2.3. Fly Ash

Fly ash is a fine particulate material generated during the combustion of coal, con-
sisting primarily of amorphous and crystalline aluminosilicate phases. Due to its rela-
tively high surface area and the presence of reactive oxides, fly ash is widely investigated
as a low-cost adsorbent for wastewater treatment. Its adsorption behavior is governed by
a combination of surface complexation, ion exchange, and, in some cases, precipitation
reactions, particularly in systems containing calcium.

The chemical composition of the fly ash (Table 4) used in this study, determined by
XRF analysis, is presented in the table above. The results show that silica (5iO2) is the
dominant component (44.21 wt.%), followed by aluminum oxide (Al20s, 19.06 wt.%) and
calcium oxide (CaO, 20.98 wt.%). This composition indicates a typical aluminosilicate ma-
trix with a relatively high calcium content, which can significantly influence its reactivity
in aqueous systems.

Table 4. Elemental composition of fly ash.

Component wt.%
SiO:2 4421
ALOs 19.06
Fe:0s3 8.56
CaO 20.98
MgO 2.33
SOs 1.78
K20 1.55

The presence of FexOs (8.56 wt.%) suggests that iron oxides are also an important
component, potentially contributing to adsorption through surface complexation mecha-
nisms. Minor oxides such as MgO (2.33 wt.%), SOs (1.78 wt.%), and K20 (1.55 wt.%) are
present in smaller amounts but may still affect the overall surface chemistry and interac-
tion with dissolved species.

The relatively high CaO content is particularly relevant, as it can promote precipita-
tion reactions and pH increase in aqueous systems, enhancing the removal of certain metal
ions. At the same time, the aluminosilicate framework provides active sites for adsorption
and ion exchange. Overall, this composition suggests that fly ash can act as a multifunc-
tional material, combining adsorption and chemical precipitation mechanisms in
wastewater treatment processes.

The XRD pattern of the fly ash sample (Figure 3) shows the presence of two main
crystalline phases: quartz (SiO2) and mullite (AlsSi2O13). The most intense diffraction peak
is assigned to quartz, which confirms that crystalline silica is the dominant identifiable
mineral phase in the fly ash. Quartz is commonly present in fly ash as a thermally stable
mineral that remains largely unchanged during coal combustion.

Mullite is also clearly identified through several characteristic peaks. Its presence is
typical for fly ash because mullite forms during high-temperature transformation of alu-
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minosilicate minerals originally present in coal. The coexistence of quartz and mullite in-
dicates that the fly ash contains a significant inorganic aluminosilicate fraction with rela-
tively stable crystalline phases.

Besides the sharp crystalline peaks, the diffractogram also shows a raised and irreg-
ular background, especially in the lower and middle 20 region. This is characteristic of an
amorphous aluminosilicate glass phase, which is usually one of the most important com-
ponents of fly ash. The amorphous phase is significant because it strongly influences the
pozzolanic activity and reactivity of fly ash in cementitious or adsorption-related applica-
tions.
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Figure 3. XRD analysis of fly ash.

The amorphous fraction was not quantified in this study because no internal stand-
ard or quantitative Rietveld refinement was applied. Based on the XRD background and
XRF composition, the amorphous component can be assigned mainly to an aluminosili-
cate glass phase containing Si, Al, Ca, and minor Fe/Mg species. However, its exact pro-
portion and composition require additional quantitative XRD or complementary methods
and are therefore not reported here.

In comparison to bentonite, which relies mainly on its layered structure and cation
exchange capacity, fly ash exhibits a more heterogeneous behavior due to its mixed amor-
phous-crystalline structure and higher calcium content. This makes its performance
strongly dependent on solution chemistry, especially pH and ionic composition.

Titanium concentration in the liquid samples was determined spectrophotometri-
cally and expressed as TiO: equivalent (Shimadzu UV-1800 Shimadzu Corporation,
Kyoto, Japan). The analysis was performed by measuring absorbance at the characteristic
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wavelength of the Ti complex formed during the spectrophotometric procedure. Calibra-
tion curves were prepared using standard titanium solutions, and all measurements were
conducted against appropriate reagent blanks to ensure accuracy and reproducibility.

The concentrations of Al, B, Cr, Cu, Fe, Li, Mn, and Pb were quantified using an in-
ductively coupled plasma optical emission spectrometer (ICP-OES, Agilent Technologies
5100, Victoria, Australia). Prior to analysis, samples were filtered when necessary and di-
luted to fall within the linear calibration range. Multi-element standard solutions were
used for calibration, and quality control was maintained through repeated measurements
and standard verification.

Solid materials (raw adsorbents and post-treatment residues) were analyzed by X-
ray diffraction (XRD) to identify crystalline phases.

This combined analytical approach ensured comprehensive monitoring of both the
aqueous phase and solid adsorbents throughout the purification process.

3. Experimental Section

A systematic batch adsorption study was conducted to evaluate the influence of con-
tact time, sorbent dosage, and sorbent type on wastewater purification efficiency. In total,
27 experiments were performed, combining three different sorbents (fly ash, bentonite,
and red mud slag-RMS), three contact times (4, 12, and 24 h), and three sorbent dosages
(5, 10, and 15 g/L).

For each sorbent, nine experimental conditions were tested. The selected contact
times allowed evaluation of both short-term adsorption kinetics (4 h), intermediate (12 h),
longer time conditions (24 h). Variation in sorbent dosage enabled assessment of the effect
of available active surface sites and solid-to-liquid ratio on metal removal efficiency.

The aim of the design was not statistical hypothesis testing, such as a t-test or
ANOVA, but comparative evaluation of adsorbent performance under selected treatment
conditions.

Each experimental condition, presented in Table 5, was carried out as one batch ad-
sorption experiment. Independent duplicate or triplicate batch tests were not performed
for each condition. The initial wastewater composition was kept constant in all experi-
ments because the aim of this work was to compare the performance of different low-cost
adsorbents under the same real process-wastewater conditions. Because independent du-
plicate or triplicate batch experiments were not performed, standard deviations and error
bars are not reported.

Table 5. Design of experiments.

No. Time (h) Sorbent Dose (g/L) Sorbent Type
1 4 5 Fly Ash
2 4 10 Fly Ash
3 4 15 Fly Ash
4 12 5 Fly Ash
5 12 10 Fly Ash
6 12 15 Fly Ash
7 24 5 Fly Ash
8 24 10 Fly Ash
9 24 15 Fly Ash
10 4 5 Bentonite
11 4 10 Bentonite
12 4 15 Bentonite
13 12 5 Bentonite
14 12 10 Bentonite
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15 12 15 Bentonite
16 24 5 Bentonite
17 24 10 Bentonite
18 24 15 Bentonite
19 4 5 RMS
20 4 10 RMS
21 4 15 RMS
22 12 5 RMS
23 12 10 RMS
24 12 15 RMS
25 24 5 RMS
26 24 10 RMS
27 24 15 RMS

This experimental design ensured a structured comparison between materials and
operational parameters, allowing identification of optimal treatment conditions in terms
of removal performance and process efficiency. The approach also provides a basis for
evaluating adsorption behavior trends, including dose dependent removal, time depend-
ent, and comparative sorbent performance under acidic wastewater conditions generated
within the EUROTITAN process.

4. Results and Discussion

The removal of dissolved species from strongly acidic tionite-leaching wastewater
cannot be interpreted only as simple adsorption. Due to the low initial pH and the com-
plex multi-element composition of the wastewater, several simultaneous processes may
occur, including surface adsorption, ion exchange, surface complexation, partial neutrali-
zation, hydrolysis or precipitation of metal species, and partial dissolution of the adsor-
bent matrix. Therefore, the removal efficiencies reported in this study represent net re-
moval from the liquid phase and reflect the balance between adsorption/precipitation and
possible release of elements from the sorbent itself.

This section presents a systematic evaluation of the adsorption performance of fly
ash, bentonite, and red mud slag (RMS) for the treatment of acidic wastewater generated
during sulfuric acid leaching of reduced tionite within the EUROTITAN process. The dis-
cussion focuses on the influence of contact time, sorbent dosage, and sorbent type on the
removal efficiency of dissolved metal species, as well as on the corresponding changes
observed in the solid phase after treatment.

The graphical presentation focuses on Ti, Fe, Cu, and Pb because these elements are
the most relevant indicators of treatment performance in the investigated wastewater. Fe
and Ti were selected due to their importance in the tionite-processing route, while Cu and
Pb were selected due to their environmental relevance and high removal response. The
remaining elements, B, Cr, Li, and Mn, together with the final pH values, are presented in
tabular form to provide the complete dataset without overloading the figures.

The removal efficiencies of B, Cr, Li, and Mn, together with the final pH values after
sorption, are presented in tabular form to ensure completeness of the dataset while main-
taining readability of the main figures. All removal results are expressed as percentage
removal efficiency relative to the initial concentration in the untreated wastewater.

For full transparency and reproducibility, a comprehensive Supplementary Tables
S1-S3 provides the complete dataset, including initial and final concentrations of all ana-
lyzed elements expressed in ppm.

The results are presented separately for each adsorbent. For each material, the re-
moval efficiencies are plotted as a function of sorbent dosage, while the three subfigures
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correspond to contact times of 4, 12, and 24 h. This format allows a more direct comparison
between the experimental parameters and the observed removal behavior.

4.1. Adsorption of Heavy Metals Using Fly Ash as Adsorbent

The first set of experiments (Nos. 1-9) evaluates the performance of fly ash as an ad-
sorbent under varying contact times (4, 12, and 24 h) and sorbent dosages (5, 10, and 15
g/L). This subsection presents the removal efficiencies of selected metals (Ti, Cu, Fe, Pb),
while complementary data for B, Cr, Li, Mn, and post-treatment pH are summarized in
Table 6 and Supplementary Table S1.

From Figure 4, it can be seen that fly ash performance depended on both contact time
and sorbent dosage. At 4 h, shown in Figure 4a, the removal behavior was not uniform.
Cu and Pb showed high removal at the lowest sorbent dosage, but their removal de-
creased at the intermediate dosage. At the highest dosage, Pb removal increased again,
while Cu removal only partially recovered. Ti removal was low at lower dosages and in-
creased only at the highest dosage, whereas Fe removal remained limited.

After 12 h of contact, Figure 4b shows a more stable behavior for Cu and Pb, with
high removal efficiencies across all tested dosages. Ti removal also increased with increas-
ing fly ash dosage, reaching its highest value at the highest dose. In contrast, Fe removal
remained low and decreased to nearly zero at higher dosages, indicating that fly ash was
not effective for Fe removal under these acidic conditions.

At 24 h, shown in Figure 4c, Cu and Pb removal remained high and relatively stable
over the investigated dosage range. However, Ti and Fe removal were low, with values
close to or equal to 0% under some conditions. This indicates that prolonged contact did
not improve the retention of these elements when fly ash was used.

Overall, fly ash showed good potential for Cu and Pb removal, while Ti removal was
strongly dependent on the applied dosage and contact time. Fe removal was generally
poor. The results also show that removal efficiency was not always proportional to sorbent
dosage, which suggests that fly ash behavior in acidic wastewater is affected by both ad-
sorption and partial dissolution of its reactive components.
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Figure 4. Removal efficiency of selected elements using fly ash at contact times of (a) 4 h, (b) 12 h,

and (c) 24 h, as a function of sorbent dosage.

A removal efficiency of 0% means that no net removal was achieved, because the final
concentration was equal to or higher than the initial concentration. This is consistent with
the increase in aluminum concentration after treatment, presented in Supplementary Ta-
ble S1, and confirms that partial dissolution of the fly ash matrix occurred in the acidic
wastewater.

Table 6. Removal efficiency of fly ash.

Sorbent B Removal Ef- CrRemoval Li Removal Ef- Mn Removal pH After

No. Time (h) Dose (g/L) ficiency (%) Efficiency (%) ficiency (%) Efficiency (%) Sorption
1 4 5 90.71 24.63 94.12 21.84 1.54
2 4 10 0 0 0 0 1.68
3 4 15 0 0 0 0 1.69
4 12 5 96.51 23.13 39.70 0 1.74
5 12 10 94.10 21.64 0 0 223
6 12 15 92.76 29.85 0 0 3.38
7 24 5 89.45 27.61 91.66 21.36 1.70
8 24 10 79.35 26.11 83.33 14.22 1.67
9 24 15 70.42 24.62 75.49 5.10 1.63

Table 6 further shows very high removal efficiencies for boron in most experiments,
except for experiments 2 and 3 (higher dosages at 4 h), where no effective removal was
observed. Chromium removal remains consistently low, indicating weak interaction with
fly ash under these conditions. Manganese removal is also limited, while lithium follows
a trend similar to boron, with high efficiencies in selected experiments but reduced or
negative performance at higher dosages (experiments 5 and 6).

The final pH values show that fly ash had a limited and condition-dependent neu-
tralizing effect. The highest pH was obtained at 12 h and 15 g/L, while lower values were
observed under most other conditions. This indicates that pH change was not controlled
only by sorbent dosage, but also by contact time and partial dissolution of reactive fly ash
components.

Overall, the results demonstrate that fly ash exhibits selective adsorption behavior,
with strong affinity toward Pb, Cu, and B, moderate and condition-dependent removal of
Ti, and limited effectiveness for Fe, Cr, and Mn in highly acidic wastewater generated
within the EUROTITAN process.
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4.2. Adsorption of Heavy Metals Using Bentonite as Adsorbent

The second set of experiments (Nos. 10-18) evaluates bentonite as an adsorbent un-
der identical operational conditions (4, 12, and 24 h; 5, 10, and 15 g/L), allowing direct
comparison with fly ash performance. In this case, aluminum was also included in the
graphical representation due to its significant concentration in the initial wastewater and
its interaction with clay-based materials.

From Figure 5, it can be observed that bentonite showed very stable and efficient
removal of Cu and Pb under all tested conditions. Their removal efficiencies were close to
100% at 4, 12, and 24 h, with only minor changes as the sorbent dosage increased. This
indicates that near-complete removal of Cu and Pb was already achieved at the lowest
tested dosage, so further dosage increase had only a limited additional effect.
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Figure 5. Removal efficiency of selected elements using bentonite at contact times of (a) 4 h, (b) 12
h, and (c) 24 h, as a function of sorbent dosage.

Titanium removal remained low throughout the experiments. At all contact times, Ti
removal was below 20% and changed only slightly with increasing sorbent dosage. This
shows that bentonite was not effective for Ti removal under the investigated acidic con-
ditions.

Fe showed moderate removal efficiencies compared with Cu and Pb. Fe removal re-

mained relatively stable, generally around 35-40%, with only small changes depending
on contact time and dosage.
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Overall, bentonite demonstrated the most consistent performance among the tested
materials. It was highly effective for Cu and Pb removal, while Ti removal remained lim-
ited. Fe was only partially removed under the tested acidic conditions. Therefore, benton-
ite can be considered suitable for Cu and Pb removal from acidic wastewater, but less
effective for Ti and only moderately effective for Fe.

Table 7 further demonstrates highly consistent behavior for boron and lithium, with
removal efficiencies close to 100% in all experiments. Chromium removal is moderate but
significantly lower than B and Li, while manganese shows the lowest efficiency among
the analyzed elements.

Table 7. Adsorption efficiency of bentonite.

Sorbent B Removal Ef- CrRemoval Li Removal Ef- Mn Removal pH After

No Time (h) Dose (g/L) ficiency (%) Efficiency (%) ficiency (%) Efficiency (%) Sorption
10 4 5 99.19 36.56 100.00 27.37 1.59
11 4 10 99.00 41.04 99.50 25.21 1.52
12 4 15 98.74 48.50 98.52 26.62 1.54
13 12 5 99.19 36.56 100.00 26.18 1.52
14 12 10 99.01 41.04 99.50 25.26 1.47
15 12 15 98.65 47.76 98.52 26.18 1.47
16 24 5 99.19 35.82 99.50 25.26 1.46
17 24 10 99.01 42.53 99.50 26.04 1.45
18 24 15 98.65 46.26 98.52 24.27 1.43

The pH values after sorption remain within a narrow range (1.43-1.59), indicating
that bentonite does not significantly neutralize the acidic wastewater. This suggests that
metal removal is primarily governed by surface adsorption and ion exchange rather than
precipitation induced by pH increase.

Overall, bentonite demonstrates highly stable and reproducible performance across
the tested conditions, particularly for Pb, Cu, B, and Li, while showing limited efficiency
for Ti and moderate affinity toward Fe, and Cr under the tested acidic conditions.

4.3. Adsorption of Heavy Metals Using RMS as Adsorbent

The third series of experiments (Nos. 19-27) investigates the adsorption performance
of red mud slag (RMS) under the same operational conditions, enabling direct comparison
with fly ash and bentonite. Aluminum is not included in the graphical presentation due
to its elevated concentration after treatment, which is attributed to partial leaching from
the RMS (see Supplementary Table S3).

From Figure 6, it can be observed that RMS showed very high and stable Pb removal
under all tested conditions. Pb removal was close to complete at 4, 12, and 24 h, with only
minor changes as sorbent dosage increased. This indicates that RMS was highly effective
for Pb removal even at the lowest tested dosage.
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Figure 6. Removal efficiency of selected elements using RMS at contact times of (a) 4 h, (b) 12 h, and
(c) 24 h, as a function of sorbent dosage.

Copper removal was also high in most experiments. At 4 h and 12 h, Cu removal
remained above 90% across the tested dosage range. At 24 h, Cu removal was lower at the
lowest dosage but increased again at higher dosages. This shows that RMS was generally
effective for Cu removal, although its performance was slightly more affected by contact
time and sorbent dosage than Pb removal.

Titanium removal showed the strongest dependence on sorbent dosage. At the low-
est RMS dosage, Ti removal was very low. However, removal increased clearly with in-
creasing dosage and reached high values at the highest sorbent dosage for all contact
times. This indicates that higher RMS loading was important for efficient Ti removal from
acidic wastewater.

Fe removal remained low in most experiments. This can be explained by the compo-
sition of RMS, which contains Fe-bearing phases that may partially dissolve under acidic
conditions. Therefore, the apparent Fe removal was limited, even when adsorption or re-
tention of Fe may have occurred.

Overall, RMS demonstrated excellent performance for Pb removal and very good
performance for Cu removal. Ti removal was strongly dosage-dependent and became ef-
ficient only at higher RMS dosages. In contrast, RMS was not effective for Fe removal
under the investigated acidic conditions. Therefore, RMS can be considered a promising
adsorbent for Pb, Cu, and Ti removal, but not for Fe removal from this type of wastewater.

Table 8 shows that boron removal remains high under most conditions. Lithium
demonstrates variable behavior: very good removal at 12 h with lower dosage (experi-
ment 22), limited removal at short contact time, and reduced performance at prolonged
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contact or higher dosages. Chromium removal improves with increasing dosage and time,
reaching a maximum of approximately 50% at 24 h and 15 g/L (experiment 27), although
overall efficiency remains moderate. Manganese removal is generally low, with measura-
ble removal (~20%) only at 12 h and lower dosage, indicating limited affinity of RMS to-
ward Mn under the tested acidic conditions.

Table 8. Removal efficiency of RMS.

Sorbent B Removal Ef- CrRemoval LiRemoval Ef- Mn Removal pH After

No Time (h) Dose (g/L) ficiency (%) Efficiency (%) ficiency (%) Efficiency (%) Sorption
19 4 5 96.15 18.65 42.64 0 1.71
20 4 10 93.83 18.65 343 0 2.01
21 4 15 91.33 16.41 0 0 3.05
22 12 5 89.45 28.35 93.62 22.20 1.67
23 12 10 80.87 29.10 86.27 17.54 217
24 12 15 71.04 26.11 79.41 6.02 2.98
25 24 5 95.97 17.91 21.07 0 1.87
26 24 10 93.29 31.34 0 0 3.55
27 24 15 91.86 50.74 0 0 3.70

The different behavior of the three adsorbents can be directly related to their chemical
and mineralogical composition. Fly ash contains a mixed aluminosilicate matrix with rel-
atively high CaO and Fe20s contents, which can promote partial neutralization, precipita-
tion-assisted removal, and surface complexation. However, under strongly acidic condi-
tions, the same reactive phases may partially dissolve, explaining the release of Al and the
unstable removal behavior of some elements. Bentonite is dominated by aluminosilicate
clay phases with exchangeable cations and surface hydroxyl groups. Its limited effect on
pH suggests that Pb, Cu, B, and Li removal is mainly governed by ion exchange and sur-
face adsorption rather than precipitation. RMS contains Ca-, Fe-, Al-, and Ti-bearing
phases formed during high-temperature red mud processing. These phases provide reac-
tive surfaces for Pb and Cu retention, but partial dissolution of Fe- and Al-bearing phases
under acidic conditions limits the net removal of Fe and Al. Therefore, adsorbent compo-
sition controls not only adsorption efficiency but also material stability in acidic
wastewater.

Overall, RMS demonstrates strong performance for Pb and Cu, time- and dosage-
dependent behavior for Ti, and moderate to low efficiency for Fe, Cr, Mn, and Li in highly
acidic wastewater generated within the EUROTITAN process.

The results indicate that low-cost adsorbents can contribute to the partial purification
of acidic tionite-leaching wastewater, particularly for Pb, Cu, B, and Li removal. However,
due to the very low initial pH and the incomplete removal of Fe, Al, Ti, Cr, and Mn under
some conditions, adsorption should not be considered as a complete stand-alone treat-
ment process. Instead, these materials are more suitable as a preliminary treatment or pol-
ishing step within a broader wastewater-treatment scheme that may include neutraliza-
tion, precipitation, filtration, and final pH adjustment before discharge or reuse. The ob-
tained results are generally consistent with previous studies reporting the applicability of
low-cost aluminosilicate, clay, and red-mud-based adsorbents for the removal of metal
ions from aqueous systems.

5. Conclusions

This study evaluated the potential of fly ash, bentonite, and red mud slag (RMS) for
the treatment of highly acidic wastewater generated during sulfuric acid leaching of re-
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duced tionite within the EUROTITAN process. The results confirm that sorbent type, con-
tact time, and dosage significantly influence removal efficiency, with distinct selectivity
observed for different metal species.

Bentonite demonstrated the most stable and reproducible performance across the
tested conditions, achieving nearly complete removal of Pb and Cu, as well as consistently
high efficiencies for B and Li, while maintaining minimal changes in pH. In contrast, fly
ash exhibited selective behavior, showing high removal of Pb and B but limited efficiency
for Fe and Cr, and condition-dependent performance for Ti. RMS showed excellent affin-
ity toward Pb and high Cu removal, while Ti removal strongly depended on both contact
time and sorbent dosage, indicating that sufficient RMS dosage was necessary for efficient
Ti removal.

Iron removal remained generally low for fly ash and RMS, likely due to partial dis-
solution of Fe-rich phases under strongly acidic conditions. In some cases, increased alu-
minum concentrations after treatment confirmed leaching from the sorbent matrix, par-
ticularly for fly ash and RMS. Chromium and manganese removal efficiencies were mod-
erate to low across all materials, indicating limited interaction under the tested conditions.

Overall, the findings demonstrate that industrial by-products (FA and RMS) and ben-
tonite clay can serve as effective and low-cost materials for partial purification of acidic
metallurgical wastewater, particularly for Pb, Cu, and B removal. However, complete
treatment would require integration with additional neutralization or polishing steps to
address elements exhibiting limited adsorption under highly acidic conditions.
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