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Abstract: In this paper, a novel application of industrial waste, namely red mud (RM), in the
abatement of two malodorous and harmful sulfur compounds, dimethyl disulfide (DMDS) and
methyl mercaptan (MM), is presented. The effects of calcination and activations with hydrochloric
acid or a mixture of hydrochloric and orthophosphoric acid on the properties and performance of RM
are compared using laboratory-scale experiments. The RM-based materials were characterized by
XRF, XRD, FE-SEM, N2-physisorption, TGA/DTA, and FTIR analyses. RM exhibits very promising
catalytic properties in the abatement of both DMDS and MM. The hydrochloric acid-activated RM
was the most active in both cases, which was explained by its rather high specific surface area
(144 m2 g−1), higher contents of Fe2O3 and TiO2, as well as lower content of phosphorus. For both
DMDS and MM, the main oxidation products were sulfur dioxide, carbon monoxide, and carbon
dioxide. DMDS was observed as a reaction intermediate in MM oxidation. While the final conversions
of DMDS and MM were high, the oxidation was not complete, indicated by the formation of carbon
monoxide. Nevertheless, the modified RM appears as a very interesting alternative to the existing
DMDS and MM abatement catalysts.

Keywords: circular economy; industrial waste; red mud; volatile organic compound; S-VOC; mal-
odorous organic compound; catalytic oxidation

1. Introduction

Red mud (RM) is a waste formed during aluminum oxide production from bauxite ore.
RM contains mainly Fe, Al, Ti, and Si in oxide- and hydroxide forms and has a pH in the
range of 10–12.5. RM is not a homogenous material, and the characteristics of RM depend
on the quality of bauxite ore and the setting parameters of the Bayer process [1]. When
producing one ton of aluminum oxide, one to two tons (dry weight) of bauxite residues is
formed [2]. The global annual production rate of RM is over 120 million tons [3]. Due to the
high production rate leading to massive stockpiling and potentially serious environmental
hazards [4], it is necessary to find new ways to use RM. On the other hand, the catalysts
contain several elements and compounds that are included in the EU critical raw materials
list [5]. Therefore, finding alternative raw materials for catalysts and potential new catalytic
materials is of utmost importance.

The utilization of RM has been studied in several types of applications. The poten-
tial applications include the use of RM in building materials, metal recovery, pigments
and paints, ceramic production, soil amendment, catalysts and catalyst supports, and
as adsorbents in environmental applications [2,6]. RM has been used, for example, as a
catalyst or catalyst support in the oxidation of methane [7], propane [8], toluene [9], carbon
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monoxide [10], and phenol [11] in addition to hydrogenation [12,13], hydrodechlorination
of tetrachloroethylene [14] and biodiesel production [15].

RM could be utilized in several environmental remediation applications, and regarding
waste gas and typical air pollutants, RM has been studied in the removal of VOCs, SO2,
CO, and NO2 [16,17]. Among sulfur compounds, RM has been studied in the removal of
hydrogen sulfide (H2S) [18]. In that application, RM was used as a suspension in distilled
water, and H2S gas was removed as FeS2, FeS, S, and sulfide minerals [18].

When secondary materials and wastes, such as RM, are used as a starting material for
adsorbents or catalysts, pretreatment and activation treatments are required. Activation
with acid is known to increase the specific surface area of RM [12,13,19]. For example, in
the study of Pratt and Christoverson [13], activation of RM with HCl increased the specific
surface area and decreased the amounts of Na and Ca in RM. Higher surface areas and
larger pore volumes are beneficial in both adsorption and catalysis.

In this study, RM modified in four different ways was studied in the abatement of
sulfur-containing emissions using dimethyl disulfide (DMDS) and methyl mercaptan (MM)
as the model compounds. The abatement of sulfur-containing emissions can be realized,
for example, by catalytic oxidation and adsorption [20,21]. From the environmental point
of view, the utilization of industrial wastes and side-streams as adsorption materials and
catalysts forms an interesting research area supporting the circular economy approach.
These materials, such as RM, have the potential to be used either directly as catalysts or
as compound sources in catalyst preparation, and they give the advantage of replacing
pristine natural resources and therefore offer both environmental and economic benefits [22].
Based on the literature, it is expected that RM could have both adsorptive and catalytic
properties [2,23].

DMDS and MM are malodorous, and they originate, for example, from pulp mills [24]
and wastewater treatment plants [25]. DMDS can be classified as a sulfur-containing volatile
organic compound (S-VOC). VOCs, in general, form a significant group of air pollutants.
They contribute to global warming, stratospheric ozone depletion, and photochemical
ozone formation at the ground level. Some VOCs, such as benzene, formaldehyde, and
furans, have human health effects due to their toxicity or carcinogenicity [26].

DMDS (boiling point 110 ◦C) and MM (boiling point 6 ◦C) have negative health effects
on humans [27,28]. They are a nuisance to people even at very low concentrations due to
their low odor thresholds [24], which are at ppb-level [29], the threshold limit of MM being
lower than that of DMDS. The effects of short-term exposure to higher concentrations of
DMDS include irritation of the eyes and respiratory tract, mild skin irritation, and possible
effects on the central nervous system [27]. The effects of short-term exposure to higher
concentrations of MM may be more severe, leading even to respiratory depression. High
exposure levels of MM may cause unconsciousness and death [28].

The occupational exposure limit (OEL) for both DMDS and MM is 0.5 ppm [27,28].
In addition to the OEL, in Finland, for example, there are guideline values for air quality
defined in the decision made by the Council of State [30]. These guidelines are meant
to be used already at the planning stage of the infrastructure to prevent adverse health
effects. The limit value for total reduced sulfur compounds (TRS) in Finland is 10 µg m−3,

measured as the second highest daily value of the month and reported as sulfur at 20 ◦C
and 1 atm [30]. In addition to these limit values, companies can naturally have their own
emission limit values set by the environmental authorities. All these lead to the outcome
that TRS emissions need to be prevented or treated.

The aims of the current work were to discover the possibility of utilizing modified
RM in the abatement of MM and DMDS. The RM was modified in four different ways,
and the abatement efficiencies of the modified materials were evaluated in the gas-phase
abatement of MM and DMDS. The used materials were characterized using several physico-
chemical methods.
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2. Materials and Methods
2.1. Pretreatment and Activation of Red Mud

RM originally received in a sludge form (pH around 11–13), was filtered and washed
with distilled water, followed by drying at 110 ◦C in a heated cabinet overnight. The dried
RM was divided into four (4) fractions that were each pretreated and activated in different
ways (Table 1).

Table 1. Summary of the pretreatment and activation of red mud (RM).

Pretreatment
Filtration,

Washing, Drying
Acid Treatment

HCl
Acid Treatment
HCl + H3PO4

Calcination Crushing

WRM Washed RM x x
CRM Calcined RM x x x
ARM HCl-activated RM x x x x

PARM HCl + H3PO4 -activated RM x x x x

The pretreatments of the RM were the following: (1) The first fraction, washed red
mud (WRM), was separated and crushed to be used as it was after washing and filtration.
(2) The second fraction, called the calcined red mud (CRM), was further calcined in a
muffle furnace at 500 ◦C for 2 h. (3) The third fraction, HCl-activated red mud (ARM),
was treated according to a dissolution/precipitation process introduced by Pratt and
Christoverson [13,31]. The RM was mixed with distilled water to reach a 5 wt-% RM
mixture. After stirring, 8 wt-% of hydrochloric acid (HCl, 36–38 wt-% BAKER ANALYZED,
J.T.Baker) was added, and the mixture was boiled for ~20 min under stirring. Distilled
water was then added until the mixture reached the total volume of 1.3 L. Ammonium
hydroxide (NH4OH, 25% BAKER ANALYZED, J.T. Baker) was used to adjust the pH to the
value of 8.3. The suspension was kept at ~50 ◦C for 10 min. The mixture was then filtered
and washed 3 times with distilled water. ARM was also dried at 110 ◦C overnight and then
calcined at 500 ◦C for 2 h, identical to CRM. (4) The fourth fraction, HCl + H3PO4 -activated
red mud (PARM), was prepared according to the method introduced by Álvarez et al. [12].
This activation method was originally based on the method of Pratt & Christoverson [13],
but in addition to HCl, orthophosphoric acid (H3PO4, 85%, Merck Millipore, Burlington,
MA, USA) was used. Phosphorus (P) has previously been shown to increase the stability,
acidity, specific surface area, and pore volume of the Al2O3 catalyst [32]. The pretreatment
of PARM was similar to that of ARM, except that the acid treatment was conducted with a
mixture of HCl and H3PO4 with the ratio aiming for 4 wt-% of P in the calcined material.
Each RM fraction was also crushed into a finer particle size.

2.2. Abatement of DMDS and MM

Catalytic and adsorptive properties of different RM fractions were explored separately
with DMDS (>99%, Merck, Rahway, NJ, USA) and MM (2000 ± 2 mol-ppm, AGA) in
the air. The experimental set-up (Figure 1) consisted of an evaporator through which
DMDS or MM, and air were fed and a tubular quartz reactor inside a vertically aligned
furnace. The temperature was measured outside the reactor and corrected to correspond to
the inside temperatures using equations generated based on the temperature calibration.
The parts of the set-up were connected with heated Teflon lines, and the gases were
analyzed with an FTIR gas analyzer (Gasmet CR-2000, resolution 8 cm−1, wavenumber
range 600–4200 cm−1). Gas analysis was conducted every 30 s. Compounds included
in the analysis were water vapor (H2O), carbon dioxide (CO2), carbon monoxide (CO),
nitrogen monoxide (NO), nitrogen dioxide (NO2), nitrous oxide (N2O), sulfur dioxide
(SO2), methane (CH4), sulfur trioxide (SO3), methyl mercaptan (CH4S), dimethyl sulfide
(C2H6S), dimethyl disulfide (C2H6S2), and methanol (CH4O). Compressed air used in the
experiments contained some CO2 (ca. 400 ppm). The FTIR analysis used in the activity
experiments has a detection limit of 2 ppm.
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Figure 1. Illustration of the experimental set-up used in the activity tests (DMDS: dimethyl disulfide,
MM: methyl mercaptan).

RM was packed in the reactor between two wads of quartz wool. The total gas flow
through the RM bed was 1 L min−1 in all the experiments performed. The amounts of
RM, the initial feeds of DMDS, and the WHSV (weight hourly space velocity) values in the
DMDS experiments are presented in Table 2. In the MM experiments, 0.15 g of WRM, CRM,
ARM, or PARM was used, the MM feed was 120 ppm, and WHSV was 400 L h−1 g−1. In
each experiment, the heating rate was 5 ◦C min−1, starting from 30 ◦C and going up to
about 500 ◦C or to the temperature of 100% conversion. Each experiment was repeated at
least twice to verify the results. Before the actual experiments, reference experiments were
conducted with both an empty reactor and a reactor packed with quartz wool in order to
study the thermal oxidation of DMDS and MM.

Table 2. Amounts of RM, the feed concentrations, and weight hourly space velocities (WHSV) in the
DMDS experiments (WRM: washed RM, CRM: calcined RM, ARM: HCl-activated RM, PARM: HCl +
H3PO4 -activated RM).

Experiment Amount of RM DMDS Feed WHSV

(g) (ppm) (L h−1 g−1)

Thermal - 55 -
Thermal 110 - 110 -
WRM 0.30 0.30 55 200
CRM 0.30 0.30 55 200
ARM 0.30 0.30 55 200
ARM 0.15 0.15 55 400

ARM 0.15 DMDS 110 0.15 110 400
PARM 0.15 0.15 55 400

2.3. Characterization of Red Mud

The major elements and their relative amounts in the RM fractions were determined
with an XRF Spectrometer (PANalytical AXIOSmAX 4 kW PW2450 equipped with Omnian
software (SuperQ software Ver. 5.3C, Omnian Standardless method for analysing concen-
trations.)) (Produced by Malvern Panalytical B.V.—Amelo, The Netherlands). Analysis was
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made using the loose powder method. The crystalline phase compositions of all the RM
fractions were analyzed by XRD (Siemens, Karlsruhe, Germany) using a Siemens D5000
diffractometer equipped with a Cu (λCu = 1.542 Å) anode X-ray tube and a secondary
monochromator (graphite). The database used in the interpretation of the results was
ICDD (International Center of Diffraction Data) PDF-2 release 2006. The crystallite size
of hematite (Fe2O3) in each RM fraction was calculated using the Scherrer equation. The
relative amounts of phases were evaluated using the Semi-Quantitative RIR (Reference
Intensity Ratio) method. The method is based on the relative intensities of the reference
phase and aluminum oxide. A differential scanning calorimeter with a thermogravimetric
analyzer (TGA/DTA, NETZSCH STA 409 PC/PG) equipped with a mass spectrometer (Net-
zsch QMS 403 C Aëolos) was used for analyzing the non-calcined RM fraction, i.e., WRM
(washed red mud). The analysis was conducted under synthetic air (80% N2, 20% O2), and
the temperature was increased from 30 ◦C to 1000 ◦C at a rate of 20 ◦C min−1.

Nitrogen physisorption measurements at −196 ◦C were performed on an automated
volumetric apparatus ASAP2020 Micromeritics after degassing the samples at 150 ◦C under
1 Pa vacuum for 2 h. The specific surface area, SBET, was evaluated from the nitrogen
adsorption isotherm in the range of relative pressure p/p0 = 0.05–0.25 using the standard
Brunauer–Emmett–Teller (BET) procedure [33,34]. The mesopore surface area, Sm, and the
micropore volume, Vµ, were determined by the t-plot method [35,36]. The net pore volume,
Vnet, was calculated for p/p0 = 0.988. The pore-size distribution (pore radius 100–102 nm)
was evaluated from the adsorption branch of the nitrogen adsorption-desorption isotherm
by the Barrett–Joyner–Halenda (BJH) method via the Roberts algorithm, using the assump-
tion of a cylindrical-pore geometry [37,38]. The Lecloux-Pirard standard isotherm [39] was
employed for the t-plot as well as for the pore-size distribution evaluation. The uncertainty
of textural properties determined based on physisorption analyses is less than 5%.

The calculations of the optimal arrangements of DMDS and MM molecules were per-
formed with the Gaussian 03 program package [40]. The equilibrium geometries were opti-
mized with the hybrid density functional B3LYP in combination with the 6 − 31 + G(d,p)
basis set. The molecular dimensions of the optimized molecules of DMDS and MM were
evaluated using the Avogadro advanced molecule editor and visualizer.

High-resolution images of the surfaces of the RM fractions were gained with a Field
Emission Scanning Electron Microscope (FE-SEM; Zeiss SIGMA, Jena, Germany) using an
accelerating voltage of 5.0 kV.

An FTIR (Bruker Vertex 80v, optical resolution 4 cm−1, scanning speed 10 kHz) spec-
trometer equipped with a diffuse reflectance cell (Harrick The Praying Mantis) was used to
study the composition of the RM fractions before and after the experiments and to examine
the sulfur compounds possibly adsorbed on the RM surface during the tests. The actual
measurements were conducted using fresh material as the background. The resulting
difference spectrum was then used in the identification of the compounds on the surface.
The difference spectrum was measured using a fresh sample as the background.

A Field Emission Scanning Electron Microscope (FE-SEM; Zeiss SIGMA) equipped
with an Energy-Dispersive X-ray Spectroscopy (EDS; EDAX, Apollo X) elemental analyzer
was applied for studying possible sulfur adsorption on the RM surface after the experiments.
The accelerating voltage used was 15.0 kV.

The nature of RM is one of the limitations of this study. The used RM in this study is
an individual sample from one industrial site. Moreover, the particular sample received for
this study was not completely homogenous. WRM, CRM, ARM, and PARM were crushed
into a finer particle size, but they were not sieved systematically into a certain grain size.
Some error in the results comes from the gas analysis, e.g., in our earlier experiments, we
estimated that in the laboratory scale experiments, the analysis error is ±2 ppm [41].
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3. Results and Discussion
3.1. Characterization of Red Mud
3.1.1. X-ray Fluorescence Spectroscopy (XRF)

According to the XRF analysis (Table 3), the major metals of the red mud (RM) were
iron (Fe) and aluminum (Al), as expected. The measured phosphorous (P) content of the
HCl + H3PO4 -activated PARM was 4.3 wt-%, which is slightly higher than the target value
of 4 wt-% due to the initial P content of RM. The acid treatments removed Na efficiently,
while the Ca removal was not complete. In addition to the elements mentioned in Table 3,
also K, V, Ni, Cu, Zn, Ga, Sr, Y, Zr, La, Ce, and Pb were found in the XRF analysis in
proportions lower than 0.2%.

Table 3. Elemental composition (wt-%) of the RM fractions (WRM: washed RM, CRM: calcined RM,
ARM: HCl-activated RM, PARM: HCl + H3PO4 -activated RM).

Major Elements (wt-%)
WRM CRM ARM PARM

Fe 40 40 43 37
O 35 35 36 38
Al 9.9 9.9 11 11
Ti 4.1 4.1 4.3 3.8
Ca 2.9 2.9 0.4 1.5
Na 2.8 3.1 <0.1 <0.1
Si 2.5 2.4 2.4 2.5
P 0.8 0.8 0.8 4.3

Mn 0.8 0.8 0.8 0.7
Cr 0.2 0.2 0.2 0.2
Mg 0.1 0.1 0.1 0.1
S 0.1 0.1 0.1 0.0
Cl 0.1 0.1 0.3 0.1

3.1.2. X-ray Diffraction (XRD)

In the X-ray diffraction (XRD) analysis (Table 4, Figure S1), the main phases identified
in WRM were hematite (Fe2O3, ICDD 01–087–1164 for WRM and 01–089–8104 for CRM,
ARM, and PARM), anatase (TiO2, ICDD 01–089–4921), rutile (TiO2, ICDD 01–089–4920),
gibbsite (Al(OH)3, ICDD 01–074–1775), boehmite (AlO(OH), ICDD 01–083–1505), goethite
(FeO(OH), ICDD 01–081–0464) and calcite (CaCO3, ICDD 01–071–3699). In calcination
(500 ◦C, 2 h), the Al(OH)3 and FeO(OH) phases were removed, which can be observed
from the XRD results of CRM. Al(OH)3 transforms into AlO(OH) at 300 ◦C [32], and
AlO(OH) is known to change into high surface area γ-Al2O3 when the temperature is
around 500 ◦C [42]. Characteristic peaks of γ-Al2O3 were not observed due to their lower
intensity compared to some other peaks in the same 2θ-range. The presence of γ-Al2O3 in
the RM calcined at 500 ◦C has been observed earlier by Lamonier et al. [9].

After acid treatments, the CaCO3 phase was removed since ARM and PARM only
showed the presence of most stabile oxides, i.e., hematite (Fe2O3) as well as both anatase
and rutile (TiO2). According to the XRD analysis, the crystallite size of Fe2O3 was ~300 Å
for WRM and ~200 Å for CRM, ARM, and PARM. With ARM, the percentage of Fe2O3 was
the highest, and its crystallite size was the smallest (Table 4).

In addition to the main crystalline phases, a peak at 2θ value 14◦ was observed for
WRM and CRM. This may indicate the presence of sodium aluminum silicate hydroxide
hydrate (Na8(AlSiO4)6(OH)2·4H2O, ICDD 00–041–0009). In WRM and CRM, the presence
of a phase containing both sodium (Na) and silicon (Si) is possibly based on the elemental
analysis. All RM fractions contained Si, and since other compounds of Si were not visible
in the XRD analysis, it can be concluded that Si was present in ARM and PARM in a
non-crystalline form.
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Table 4. Evaluation of the proportions of different compounds in the RM fractions according to
the XRD analysis (Reference Intensity Ratio method, RIR) and the crystallite size of hematite in
each fraction calculated with the Scherrer equation (WRM: washed RM, CRM: calcined RM, ARM:
HCl-activated RM, PARM: HCl + H3PO4 -activated RM).

Evaluated Percentages in Fractions (%)
WRM CRM ARM PARM

Hematite Fe2O3 30 59 86 83
Anatase TiO2 4 5 9 10
Rutile TiO2 3 2 5 7

Gibbsite Al(OH)3 10
Boehmite AlO(OH) 8
Goethite FeO(OH) 27

Sodium Aluminum Silicate Hydroxide Hydrate Na8(AlSiO4)6(OH)2·4H2O 13 30
Magnesium Titanium Oxide (Mg0.3Ti2.7)O5 4

Calcite CaCO3 4 5
Crystallite size of hematite Å (Scherrer) 312 222 204 214

3.1.3. Thermogravimetric Analysis

About a 10% mass loss took place during the calcination of CRM (500 ◦C for 2 h). This
is consistent with the thermogravimetric analysis (TGA, Figure S2) of the washed WRM,
where a 10.7% mass loss took place up to 500 ◦C. The weight losses and the corresponding
temperature ranges in the analysis of WRM were 2.9% (30–250 ◦C), 6.3% (250–360 ◦C),
and 4.4% (360–1 020 ◦C), resulting in the total mass loss of 13.6%. The weight losses were
connected to the releases of H2O and CO2, and a similar behavior has been verified by
other studies [18,43].

The differential thermal analysis (DTA, Figure S1) curve showed a small endothermic
peak at around 100 ◦C that was related to the release of the surface water. The next weight
loss up to ~300 ◦C in TGA was a result of the release of water existing deeper in the structure
of WRM. A significant H2O release was observed up to 400 ◦C, and a second minor release
of H2O was observed at around 520 ◦C. The decomposition of gibbsite (Al(OH)3) into
Al2O3 and H2O takes place at 300–550 ◦C [44].

Calcite in RM has been reported to decompose into CaO and CO2 at 600–800 ◦C [44].
This is in accordance with the release of CO2 in our study. The decomposition of gibbsite
and calcite was confirmed by the XRD analysis (Table 4). A smaller release of CO2 at around
200–400 ◦C could be explained by the oxidation of some residual carbonaceous matter.

3.1.4. Nitrogen Physisorption

The specific surface area (SBET) was evaluated for the raw RM to examine the effect of
washing on the surface area. The sample was prepared by drying it overnight at 110 ◦C
and crushing it. The SBET of raw RM was ~15 m2 g−1. All treatments increased the specific
surface area of RM (Table 5). The SBET of washed WRM was 2.7 times that of the raw
RM. A similar observation was made by Muhammad et al. [45] as they saw that removing
impurities from RM by washing it with ultrapure water slightly increased the surface
area by enhancing the porosity. Calcination increased the surface area by 44% (CRM
versus WRM). Acid treatment increased the surface area even more. Activation with HCl
increased the specific surface area more than activation with a mixture of HCl and H3PO4.
The specific surface area of the HCl-activated ARM was 144 m2 g−1 which is 9.6 times that
of the raw RM and clearly the highest of all the specific surface areas determined. The
highest proportion and smallest crystallite size of hematite had a positive effect on the
surface area of ARM. According to Klose et al. [46], a catalyst prepared from waste material
and containing mainly iron oxide as the active compound should have a specific surface
higher than 100 m2 g−1, while typical adsorbents may possess surface areas of even up to
3000 m2 g−1 [47]. The criterion of Klose et al. [46] was met by ARM and PARM.



Resources 2023, 12, 9 8 of 22

Table 5. Textural properties of the samples determined by nitrogen physisorption at −196 ◦C.
SBET = specific surface area, Sm = Mesopore surface area, Vµ = Micropore volume, and Vnet = Net
pore volume (for p/p0 = 0.988) (WRM: washed RM, CRM: calcined RM, ARM: HCl-activated RM,
PARM: HCl + H3PO4 -activated RM).

Sample SBET Sm Vµ Vnet
(m2 g−1) (m2 g−1) (mm3

liq g−1) (mm3
liq g−1)

WRM 41 25 10 178
CRM 59 38 14 211
ARM 144 91 34 293

PARM 108 70 23 358

The results of the XRF analysis (Table 3) correlate well with the observed specific
surface areas. The amounts of sodium (Na) and calcium (Ca) decreased markedly in
the acid treatments (ARM and PARM), and the decrease in the amount of Ca was more
significant in the case of ARM, which might have resulted in a better-developed porous
structure comprising of smaller mesopores and thus showing higher specific surface area.
These results are supported by the earlier studies discussing the correlation between the
HCl treatment and acid-soluble salts [19,48] and the amounts of Na and Ca [13] in RM;
fractions containing less Na and Ca have higher surface areas.

The shapes of all adsorption-desorption isotherms (Figure 2a,b) correspond to the
combination of Type IV and I isotherms according to the IUPAC classification [34]. This,
in general, confirms the mesoporous character of all the RM samples with a minimum
contribution of micropores. However, differences exist in the pore structure morphology
between the individual fractions (Table 5). All RM fractions included some micropores
(10–34 mm3

liq g−1), even if they were dominantly mesoporous, showing wide and well-
accessible mesopores with pore diameters above 2 nm. When considering PARM and
ARM, the RM fractions possessing the highest surface areas, PARM mainly showed larger
mesopores with a radius of 2–10 nm, contrary to ARM, which had dominantly smaller
mesopores with a radius of 1.5–5 nm.
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Figure 2. Nitrogen adsorption-desorption isotherms of (a) WRM (washed RM, solid black line) and
CRM (calcined RM, grey dashed line) and (b) ARM (HCl-activated RM, solid grey line) and PARM
(HCl + H3PO4 -activated RM, black dashed line).

A similar feature of washed WRM and HCl + H3PO4 -activated PARM is that both
fractions showed the adsorption-desorption isotherms with a relatively narrow hysteresis
loop at higher relative pressures (above p/p0 ~ 0.7 and 0.55, respectively). This corresponds
well to monodisperse mesopore-size distributions with a maximum pore radius of 18 nm
for WRM and 4.5 nm for PARM (Figure 3a,b). The existence of smaller mesopores in
PARM correlates to the higher mesopore surface area and the higher net pore volume of
this sample.
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Figure 3. Pore-size distributions of (a) WRM (washed RM, solid black line) and CRM (calcined
RM, grey dashed line) and (b) ARM (HCl-activated RM, solid grey line) and PARM (HCl + H3PO4

-activated RM, black dashed line).

The CRM and ARM showed the adsorption-desorption isotherms with a broad hys-
teresis loop (Figure 2a,b). The shape of hysteresis loops of CRM and ARM corresponds to
the possible presence of non-rigid aggregates of plate-like particles in both RM fractions.
From Figure 3a,b, it is evident that the two materials had both smaller and larger mesopores.
From the comparison of pore-size distributions of CRM and ARM, it is also evident that
the ratio of smaller mesopores in CRM was lower than in ARM. This feature corresponds
to a smaller mesopore surface area and a lower net pore volume of CRM.

Due to the presence of additional smaller mesopores, ARM showed a higher specific
surface area than PARM. The net pore volume of PARM was the highest of all the RM
fractions, and the major difference in the composition of PARM compared to the other
fractions was the higher phosphorus (P) content (4.3%).

Based on the Gaussian advanced molecule optimizer and the Avogadro advanced
molecule editor and visualizer modeling, both DMDS and MM molecules show dimensions
below ~5.8 Å (i.e., below 0.58 nm) (Figure 4). Concerning the dimensions of both molecules
and the determined textural properties and pore-size distributions of RM samples, it can be
stated that both compounds can penetrate well into the pores of all RM fractions, and thus
their surface can be effectively used for oxidation reactions or adsorption. Since the pores
in both ARM and PARM are large enough for DMDS and MM, the pore size distribution is
not likely to be the decisive parameter explaining the difference in the abatement of these
compounds between ARM and PARM.
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3.1.5. Field Emission Scanning Electron Microscopy

The Field Emission Scanning Electron Microscopy (FE-SEM) images of the red mud
(RM) fractions are shown in Figure 5. While WRM and PARM were composed of granular-
shaped aggregates, CRM and ARM seemed to be mixtures of plate-like and granular-like
particle aggregates. This is consistent with the physisorption results, where the shapes of
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hysteresis loops of CRM and ARM (Figure 2a,b) indicate the existence of plate-like particles
and the polydisperse porous character of these fractions.
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Figure 5. FE-SEM images showing the particle morphology of WRM (washed RM), CRM (calcined
RM), ARM (HCl-activated RM), and PARM (HCl + H3PO4 -activated RM).

3.2. Abatement of DMDS and MM

The performance of different RM fractions in the DMDS and MM abatement is ex-
pressed as the conversion vs. temperature graphs for DMDS (Figures 6 and 7) and MM
(Figure 8). The results of the experiments with quartz wool did not differ significantly from
the results of the experiments conducted with an empty reactor (Thermal, dashed lines in
the figures).

The results show the clear enhancing effect of RM on the conversions of DMDS and
MM. ARM evidently improved the removal of both compounds, which can be observed
with the lowest temperature of the 50% and 100% conversion or the temperature of the
maximum conversion, indicated as T50, T100, and Tmax, respectively (Tables 6 and 7). The
performance of PARM appeared to be weaker than that of WRM and CRM in the case of
MM oxidation. The situation was the opposite in the case of DMDS.
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Figure 8. The activity of WRM, CRM, ARM, and PARM in the MM abatement (MM 120 ppm)
(WRM: washed RM, CRM: calcined RM, ARM: HCl-activated RM, PARM: HCl + H3PO4

-activated RM).

Table 6. T50 and Tmax values and SO2 yields and CO concentrations at Tmax in the DMDS exper-
iments (WRM: washed RM, CRM: calcined RM, ARM: HCl-activated RM, PARM: HCl + H3PO4

-activated RM).

Experiment T50 Tmax SO2 CO

(◦C) (◦C) (%) (ppm)

Thermal 470 480 1 45 <10
Thermal 110 460 480 1 65 20
WRM 0.30 300 480 2 40 <10
CRM 0.30 310 460 2 55 40
ARM 0.30 220 280 1 55 15
ARM 0.15 250 310 1 60 20

ARM 0.15 DMDS 110 270 320 1 70 30
PARM 0.15 300 350 1 65 15

1 Maximum conversion 100%; 2 Maximum conversion ~100% (see Figure 6).

Table 7. T50 and T100 values and DMDS concentrations at T100 in the MM experiments (WRM:
washed RM, CRM: calcined RM, ARM: HCl-activated RM, PARM: HCl + H3PO4 -activated RM).

Experiment T50 T100 DMDS

(◦C) (◦C) (ppm)

Thermal 250 330 65
WRM 0.15 30 1 230 55
CRM 0.15 30 1 210 55
ARM 0.15 30 1 190 50

PARM 0.15 60 210 50
1 T50 already reached at the beginning of the experiment.
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The amount of ARM and PARM used in the DMDS experiments presented in Figure 6
(0.15 g) was half the amount of WRM and CRM (0.30 g), which means that the enhancement
in the conversion gained by ARM and PARM was even more pronounced than what is
visible from the figure. The results of the DMDS experiments show that both the amount of
ARM and the concentration of DMDS influenced the abatement results (Figure 7). Over
ARM, there was a decrease of around 250 ◦C in T50 and a decrease of 200 ◦C in T100 when
compared to the thermal oxidation results.

The 100% conversion of DMDS was reached over ARM and PARM below 350 ◦C
(Figures 6 and 7, Table 6). Over PARM, the T100 was higher than over ARM. Over WRM and
CRM, the maximum DMDS conversions reached at 500 ◦C were less than 100%, even though
in the reference experiment with an empty reactor T100 was 480 ◦C. The improvement was
seen in the T50 values of WRM and CRM (300 ◦C and 310 ◦C, respectively), which were
significantly lower than in the thermal experiment (470 ◦C). The conversion curve of thermal
oxidation of DMDS is very steep, and T100 was quickly reached after reaching the light-off
temperature of oxidation (Figure 6). In the presence of activated RM, after the initial fast
reaction, the conversion curves appear more gradual, demonstrating a lower reaction rate
at the higher reaction temperatures. This may indicate some mass transfer limitations. The
final increase in the conversions of MM and DMDS seems to appear at the temperature
range where thermal oxidation reactions are already initiated (Figures 6 and 7).

MM is oxidized both thermally and over the modified RMs at lower temperatures
than DMDS (Figure 8). The lowest T100 (190 ◦C) was achieved with ARM. Over WRM,
CRM, and ARM, MM conversions higher than 50% were reached at the very beginning of
the experiment (30 ◦C) and over PARM at ~60 ◦C. MM was no longer detected in the outlet
gas flow when the reaction temperature reached 190–230 ◦C. In the MM experiments, T100
was thus decreased by 100–140 ◦C when compared to thermal oxidation, and the decrease
in the T50 was even more significant.

3.3. Selectivity

In addition to the conversion of the reactants, the formation of the oxidation products
(Figures 9–13) must also be considered when evaluating the potential efficiency of RM in
the oxidative abatement of DMDS and MM. The desired products in the total oxidation of
DMDS and MM are SO2, CO2, and H2O. The evaluation of the total oxidation is thus based
on the formation of SO2 and CO2.
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3.3.1. Evaluation of Total Oxidation Potential

In the thermal DMDS experiments at Tmax, the formation of CO2 was only minor,
and thus the oxidation was not complete. The SO2 yields with 55 ppm and 110 ppm of
DMDS were 45% and 65%, respectively. CO formation at Tmax was higher with higher
DMDS concentration (Table 6). This information can be used as the reference situation
when evaluating the total oxidation of DMDS over the modified RMs.
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ARM showed the lowest T50 and T100 values in DMDS oxidation. However, DMDS
oxidation over ARM was not complete, which can be seen from the relatively high amount
of formed CO and low amount of CO2 (Table 6 and Figure 9). In the DMDS experiments,
significant CO2 formation at Tmax was observed only with WRM and CRM (Figure 9).
With ARM and PARM, the formation of CO2 was only slightly higher than in the thermal
experiments. Over PARM at Tmax, the formation of CO2 was less than over WRM and CRM.
However, over WRM and CRM, the 100% conversion was not reached at the temperature
range of the experiments. The amounts of WRM and CRM used in the experiments were
higher than the masses of ARM and PARM, which may affect the results. Lower WHSV
resulting from higher mass of the material increases the residence time of reactants in the
test material bed (Table 2). In the thermal DMDS experiment, the CO2 concentration at
Tmax was lower than in the experiments over WRM and CRM. In the TGA/DTA analysis
conducted with WRM, a minor release of CO2 occurred at 200–400 ◦C. CO2 detected in the
activity experiments with WRM and CRM might not have been an oxidation product but
may have originated from carbonaceous residue or calcite present in WRM and CRM. The
result implies that WRM and CRM were not stable in the experimental conditions.

The yield of SO2 during the DMDS oxidation varied with different RM fractions
(Figure 10). The highest SO2 yield at Tmax was reached over 0.15 g of ARM with 110 ppm
of DMDS (Table 6). The formation of SO2 was also promoted by PARM. Both formations of
SO2 and CO were slightly higher with RM compared to the thermal experiments (Table 6).

In the thermal MM experiment, at Tmax, the intermediate DMDS concentration was
65 ppm, and CO2 was not detected. With WRM and CRM at Tmax, the intermediate DMDS
concentration was 55 ppm, and the formation of CO2 was observed. With ARM and PARM
at Tmax, the intermediate DMDS concentration was 50 ppm, and CO2 was not detected.
WRM and CRM seem to promote the total oxidation of both DMDS and MM better than
the more active materials, i.e., ARM and PARM, based on the CO2 formation. However,
CO2 produced due to changes in the composition of WRM and CRM is also possible based
on TGA analysis.

In the MM experiments, the SO2 formation was detected only over PARM at T100,
indicating the absence of total oxidation. Later, when the temperature was increased, SO2
formation was observed due to the further oxidation of reaction intermediates. With ARM,
SO2 started to form only after 100% conversion of MM was reached.

3.3.2. Formation of Reaction Intermediates

In addition to CO, CO2, and SO2, minor amounts of, e.g., dimethyl sulfide and
methanol were detected in some experiments as intermediates during the DMDS oxi-
dation. The concentrations of these products at temperatures up to the Tmax were less than
10 ppm.

In the case of MM oxidation (Figures 11 and 12), DMDS is formed as a reaction
intermediate before the formation of the total oxidation products. It is known that the partial
oxidation of MM, for example, on activated carbon goes via the following reactions [49]:

2CH3SH + 0.5O2 → (CH3)2S2 + H2O (1)

(CH3)2S2 + 3.5O2 → 3H2O + 2CO2 + (2/n)Sn (2)

S + O2 → SO2 (3)

The temperature required for the formation of DMDS from MM is rather low since
it was already observed at the beginning of the experiments. The presence of DMDS
was potentially caused by the thermal reaction in the heated lines of the reactor set-up,
but it might also appear as an impurity in the MM gas cylinder. At the beginning of the
experiment, when feed amounts of the reactants were verified via the by-pass line, the
amount of DMDS observed was at a level of 10–20 ppm, and the amounts higher than that
are only considered when evaluating the results.
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In the experiments with MM over WRM, CRM, and PARM, the concentration of DMDS
increased to a rather steady value (~50 ppm over WRM and CRM, ~45 ppm over PARM)
at temperatures lower than 100 ◦C, reaching the maximum value (~55 ppm over WRM
and CRM, ~50 ppm over PARM) at ~200 ◦C and then started to oxidize further (Figure 12).
ARM, which performed best in both DMDS and MM oxidation, differed significantly
regarding this phenomenon. Over ARM, the maximum concentration of DMDS (~70 ppm)
was already reached at ~60 ◦C, after which DMDS started to oxidize further. It can be
concluded that, at low temperatures, DMDS is effectively formed from MM in the presence
of RM. SO2, CO, and CO2 are formed later after further oxidation of DMDS.

The behavior of DMDS during the MM experiments is in accordance with the results
of DMDS oxidation experiments. Oxidation of DMDS formed as an intermediate in the
MM experiments over ARM took place at approximately the same temperature as in the
experiments conducted with DMDS as the reactant (Figures 7 and 11). The MM oxidation
mechanism via the formation of DMDS has also been reported before [21,49,50].

Paredes et al. [7] were the first to study a red-mud-based catalyst in an oxidation
reaction. They also studied the effect of P as a promoter when comparing RM, ARM, and
PARM with hematite and a commercial Cu-Cr-Ti catalyst in the catalytic combustion of
methane. In their study, ARM was more active in the total combustion of methane than
PARM. ARM also had better resistance to deactivation. These results are in accordance
with the activity results gained in this study for MM and DMDS oxidation, where it seems
that the P content has a negative impact on the performance of PARM.

Chu et al. [51] have studied earlier a MnO/Fe2O3 catalyst in DMDS oxidation. A
cylindrical catalyst with a mass of ~0.37 g was used. The T50 values observed for the 50 and
100 ppm experiments were 260 ◦C and 280 ◦C, respectively, and T100 was 370 ◦C for both
concentrations. In our case, ARM seems to be equivalent or even better since over 0.30 g of
ARM and 55 ppm of DMDS, the T50 and T100 values were 220 ◦C and 280 ◦C, respectively,
and since a higher WHSV value (200 L h−1 g−1 compared to 25 L h−1 g−1) and a lower
mass of ARM was used in the RM experiments. However, the shapes of the materials used
were different. In our case, total oxidation was not reached. In the study of Chu et al. [51],
selectivity and total oxidation were not discussed.

Wang & Weng [52] studied γ-Al2O3-supported single-metal and mixed-metal oxides
in DMDS oxidation. 0.5 g of catalyst and 84 ppm of DMDS were used. Among the catalysts
studied, there was one with 5% Fe2O3 on Al2O3. With the Fe2O3/Al2O3 catalyst at a
reaction temperature of 260 ◦C, the DMDS conversion reached 21%, and the yields of SO2
and COx were 12% and 8%, respectively. In our study, over 0.30 g of ARM at 260 ◦C, the
conversion of DMDS (feed 55 ppm) was ~85%, and the SO2 yield was ~45%. WHSV was
higher in our experiments (200 L h−1 g−1 compared to 40.8 L h−1 g−1), but the DMDS
concentration was higher in the study of Wang & Weng [52]. The better result received in
the case of ARM may be due to the significantly higher amount of Fe2O3 in the material.

These comparisons clearly show the very good potential of RM, an industrial waste
material, to be used as a raw material for an S-VOC treatment catalyst. As the next step
in the research, the addition of active phases on the ARM could be considered to improve
total oxidation performance.

3.4. Post-Characterization of the Modified RMs

In order to find out more information on the surface characteristics of the modified
RMs, the DRIFT spectra of the fresh and used materials were recorded. All the DRIFT
spectra (Figures 14 and 15: fresh and used materials, Figures S3–S11: The DRIFT spectra
for all DMDS and MM experiments) showed the presence of a significant amount of
moisture visible from the wide absorption feature of surface hydroxyl groups observed
between ~2600–3800 cm−1. In addition, the fresh WRM showed small sharp peaks at
3620 cm−1 and 3523 cm−1 that represent either metal–OH vibrations or the spectral features
of kaolinite (Al2Si2O5(OH)4) [53]. The other materials showed similar smaller peaks at
around 3737 cm−1. These might be related to surface Ti–OH groups since all the materials
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included anatase and rutile [54]. All the materials (fresh and used) also showed peaks
at around 1630 cm−1, indicating the presence of molecularly adsorbed water [55]. These
peaks were better resolved for ARM and PARM. The WRM and CRM spectra were very
similar to each other. The difference is observed with ARM and PARM, where peaks at
1411 cm−1 and 1469 cm−1 disappear. These are related to V3 vibrations of calcite. This
result is supported by XRD analysis where calcite was observed for WRM and CRM, and it
was removed during acid treatments to prepare ARM and PARM [56].
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When the DRIFT spectra of the fresh materials are compared with the spectra of
the materials used in DMDS and MM abatement, it can be observed that, after DMDS
abatement, a new spectral feature appears at around 1207 cm−1 for WRM and CRM. A
similar peak is observed at a slightly higher wavenumber for ARM and PARM at around
1230–1250 cm−1. The difference spectrum shows that the peak is less pronounced for ARM
and PARM. The peak appearing at around 1207–1250 cm−1 is most likely the stretching
vibration of the S–O bond of sulfate groups, which changes the position due to the change
in the material composition after different types of treatments [57,58].

Very similar observations can be made in the case after the MM abatement concerning
the peaks appearing in the range 1200–1250 cm−1 for the used materials. Comparison of
the spectra also allows the observation that there are fewer sulfates present in ARM and
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PARM. In addition to a slightly larger OH–vibration at around 1630 cm−1, the materials
also showed a new peak appearing at 1683 cm−1. This peak was weaker in the case of ARM
and PARM, and it was also related to OH stretching vibration [59]. In all the cases, for the
used materials, new peaks also appeared at 2920 cm−1 and 2854 cm−1. These were related
to the C–H stretching of most probably methoxy species due to the dissociative adsorption
of MM and DMDS on the materials [60].

FE-SEM/EDS showed that the amount of sulfur on the surface of the RM samples used
in the DMDS and MM abatement varied between 0.2–1.0 wt-%. The highest values were
observed on the surfaces of WRM and CRM and the lowest were with ARM and PARM.
This is consistent with the FTIR studies. Sulfur was found to be uniformly distributed on
the surface of the analyzed samples, except in the case of the sample used in the DMDS
experiment over 0.30 g of CRM. There were some indications of S and Ca being found
in the same locations on the RM surface. Ca was observed to be in the form of CaCO3
in the WRM and CRM. Earlier studies show that calcite can adsorb compounds such as
MM and DMDS [61], and it seems to have an influence on adsorption in this case as well.
Moreover, ARM and PARM had the lowest amount of Ca in their elemental composition,
and the lowest amount of S detected on their surface. These results give indications that
ARM and PARM are less prone to deactivation caused by sulfur than WRM and CRM,
which contain more Ca. Therefore, ARM and PARM are also more interesting materials for
further studies.

4. Conclusions

Industrial waste, red mud (RM), modified in four different ways, was studied in the
abatement of dimethyl disulfide (DMDS) and methyl mercaptan (MM). RM enhanced the
oxidation of both DMDS and MM compared to thermal experiments and was found to be a
highly potential raw material for the development of alternative catalysts for the abatement
of these compounds. Activation with a dissolution/precipitation method applying HCl
greatly improved the oxidation properties of RM (ARM). ARM performed best in the
abatement of both DMDS and MM. HCl + H3PO4-activated PARM, which was efficient in
the DMDS conversion, was not equally good in MM abatement at lower temperatures. The
reasons for the performance improvement were the increase in the specific surface area and
changes in the RM composition due to the activation. Moreover, calcination had a positive
effect on the properties of RM. ARM had the highest specific surface area of the materials.

Catalytically active metals and metal oxides such as hematite (Fe2O3), anatase (TiO2),
and rutile (TiO2) were found in all the materials. The contents of these compounds were the
highest for ARM and PARM. The higher activity of these RM-based materials in the DMDS
and MM oxidation, compared to thermal oxidation, is most likely due to the presence
of these compounds. The lower content of Ca seems to improve the durability of the
material since the used ARM and PARM had lower sulfur contents on their surfaces after
the experiments compared to the two other materials. The results show the very interesting
performances of the modified RMs, but suitable catalytically active compounds could be
added to RM to enhance the total oxidation reactions further.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/resources12010009/s1, Figure S1: XRD patterns of WRM (washed
RM), CRM (calcined RM), ARM (HCl-activated RM) and PARM (HCl + H3PO4 -activated RM).
Hematite HE, anatase AN, rutile RU, gibbsite GI, boehmite BO, goethite GO, calcite CA and sodium
aluminum silicate hydroxide hydrate SO are presented in the figure; Figure S2: Thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) of WRM (washed RM) and formation of H2O
and CO2 during the analysis measured with mass spectrometry; Figures S3–S11. The DRIFT spectra
for all DMDS and MM experiments are presented below. For each experiment, spectra for fresh and
used RM samples are presented, in addition to the difference spectrum representing the adsorption
on the material during the experiment (WRM: washed RM, CRM: calcined RM, ARM: HCl-activated
RM, PARM: HCl + H3PO4 -activated RM).

https://www.mdpi.com/article/10.3390/resources12010009/s1
https://www.mdpi.com/article/10.3390/resources12010009/s1
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