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Abstract

Environmental pollution from ozone and wastewaters containing dyes from various in-
dustries is an important problem for humanity. In this study, novel composite catalysts
based on manganese carbonate ore from the Obrochishte deposit, Bulgaria, were used
successfully in two environmentally relevant catalytic processes—the ozone decomposition
and photocatalytic decolourization of Malachite Green (MG) dye under UV illumina-
tion. Manganese carbonate ore/NiO, manganese oxides, and silver-containing composites
were synthesized via co-precipitation, followed by calcination at 500 °C or hydrothermal
treatment at 160 °C, and then thermal treatment. The phase and elemental composi-
tion, structure, morphology, and textural characteristics of the obtained composites were
investigated using powder X-ray diffraction analysis, wavelength-dispersive X-ray fluo-
rescence, Fourier-transform infrared spectroscopy, scanning electron microscopy, nitrogen
adsorption—desorption isotherms, and the BET method. The materials exhibit a meso-
porous structure. The results established that the thermally treated MnCOj3 ore/NiO,
manganese oxides, and Ag-containing composites demonstrate a higher catalytic efficiency
for the removal of ozone (85%, 93%, and 99%) in comparison with hydrothermally treated
analogues—79%, 66%, and 98%, respectively. The thermally treated manganese carbonate
ore/silver-containing composite exhibits the highest photocatalytic ability (83% degree of
decolourization of MG dye) compared to the other investigated catalysts.

Keywords: manganese carbonate ore; composite; ozone decomposition; catalyst; dye;
Malachite Green; decolourization; pollution

1. Introduction

Nowadays, environmental contamination poses a significant challenge to sustainable
development, related to factors such as industrialization, population growth, and urban-
ization. The most urgent problems are ozone contamination and the pollution of natural
water sources, which adversely affect human health and ecosystems [1,2]. Ozone (O3)
contamination in the troposphere has become increasingly serious in densely populated
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regions and countries in recent years [1,3]. Ozone is a strong oxidant, and excessive con-
centrations are harmful to ecosystems and can cause many health problems [4]. The issue
of elevated ozone concentrations in confined spaces (such as indoors or in aircraft cabins)
also requires attention [3,5]. The outside air supplied to aircraft cabins must be purified of
ozone before it can circulate. In offices, cooling air from laser printers and photocopiers can
release significant amounts of ozone generated by corona discharge processes and must
be treated before being released into the environment. Ozone emissions from sterilization,
deodorization, and wastewater treatment units also need to be reduced [6]. Therefore,
the investigation of ozone decomposition is an important and urgent task for protecting
human health and the environment [3,7]. In comparison with other methods for ozone
treatment, catalytic decomposition is the most promising method for removing ozone at
low temperatures or even under moist conditions due to its greater efficiency, higher safety,
and better economy [8]. For this reason, it is a huge challenge to produce O3 decomposition
catalysts with long-term stability, high activity, and high humidity resistance at ambient
temperature in order to effectively reduce the destructive impact of ozone contamination
on environmental and human health [4,9,10].

The existence of dyes in waters, even at very low concentrations, can be easily recog-
nized and treated from an ecological perspective. This effect decreases the photosynthetic
action in the ecosystem. Malachite Green (MG) dye can be found in wastewaters. This dye
is a carcinogenic organic molecule which is still illegally utilized as a dye for silk, as a food
colouring additive, and in wool, jute, leather, cotton, and paper. The carcinogenic and geno-
toxic effects of Malachite Green dye on the immune and reproductive systems have been
established [11,12]. One of the new methods for the treatment of wastewater containing
dyes is their photocatalytic degradation in solutions irradiated with UV illumination using
an appropriate photocatalyst [13].

As an important strategic mineral resource, manganese ores are related to economic
and social development and have been widely used as desulfurizers, deoxidizers, and alloy-
ing agents in steel manufacturing. Moreover, manganese compounds find applications as
magnetic materials, electrode materials, catalysts, and building materials [14]. Manganese
carbonate and manganese oxide ores are the two most important types of manganese
resources found in nature, of which manganese carbonate ore accounts for more than
two-thirds, about 73%, of the total manganese reserves [15]. In order to prepare more
practical catalysts for applications of various scales in ozone and wastewater treatment to
remove organic contaminants, natural minerals are an alternative to synthetic catalysts due
to their lower cost, presence in large amounts in the Earth’s crust, and environmentally
friendly behaviour [16,17].

G. Ye et al. reported the preparation of manganese ore/cobalt oxide composites via a
oxalic-acid-assisted sol-gel method and investigated their catalytic ability in the oxidation
degradation of gaseous chlorobenzene [18]. Manganese modified silicate ore catalysts were
synthesized by the impregnation method and demonstrated an enhanced catalytic ability
for the degradation of ciprofloxacin [19]. The silicate ore as a catalyst support was modified
by the immobilization of cobalt oxide using the incipient wetness impregnation method.
The prepared materials were highly efficient in catalytic ozonation for the degradation of
tetracycline hydrochloride [20]. Silicate-ore-supported Fe,O3; were prepared and tested
successfully for the catalytic ozonation of sulfamethoxazole [21]. The obtained Fe304/GO
composite with iron derived from coastal Glagah Kulon Progo ore was investigated as a
photocatalyst in the degradation of methyl orange dye. The degree of degradation (99.05%)
was achieved under UV illumination for 240 min [22]. The hematite ore/ZnO composite
was synthesized by the hydrothermal method. This composite possesses excellent photo-
catalytic efficiency towards the degradation of methylene blue dye under visible light [23].
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M.L. Yola et al. established the high photocatalytic and adsorption ability of the prepared
silver nanoparticles/colemanite ore waste composite for the removal of Reactive Yellow
86 and Reactive Red 2 from single and binary dye aqueous solutions [24]. S. Shenoy et al.
determined that the obtained «/v Fe;O3 (derived from hematite ores)/C3N4 degraded
an aqueous solution of ofloxacin under visible light with remarkable efficiency [25]. The
Fe,O3-TiO, nanocomposite was synthesized from ilmenite ore by a thermal treatment at
700 °C and, after that, subjected to a ball-milling process for 4 h [26]. The tridoping of S, N,
and C into TiO, extracted from ilmenite ore by a hydrothermal process manifested an excel-
lent catalytic activity toward the degradation of tetracycline [27]. Nanosized 5042~ /TiO,
nanoparticles were successfully prepared from TiO, (obtained from Binh Dinh ilmenite
ore) and exhibited an enhanced catalytic ability towards Rhodamine B degradation under
visible and solarlight [28]. The sulfated Fe,O3-TiO, composite was synthesized by the
treatment of ilmenite ore with sulfuric acid by Y.R. Smith et al. [29]. The sample calcined at
500 °C showed the highest photocatalytic activity [29]. ]. Chen et al. obtained the Bi;O3
photocatalyst from bismuthinite ore [30]. The 3-Bi,O3 demonstrated much higher photo-
catalytic activities than « and §-Bi; O3 for the degradation of rhodamine B under visible
light [30]. In the literature studies about the preparation and catalytic behaviour of MnCOs3
ore/manganese oxides; NiO- or silver-containing composites are almost missing.

The main goals of the present study are the preparation of novel manganese carbonate
ore/NiO, manganese oxides or Ag-containing composites using natural manganese ore
from Obrochishte deposit, Bulgaria, and their environmental application as catalysts for
ozone decomposition and the UV-initiated decolourization of Malachite Green dye.

2. Materials and Methods
2.1. Preparation of Composites Based on Manganese Carbonate Ore

Natural manganese carbonate (MnCO3) ore (mineral name rhodochrosite) was col-
lected from the Obrochishte manganese deposit, Varna District, northeastern Bulgaria
(Figure 1). The deposit belongs to the Varna Manganese Ore District and represents one of
the largest Early Oligocene sedimentary—oolitic manganese deposits in Europe. The ore
occurs within laminated marls, clays, and carbonates, reflecting deposition in a shallow-
marine environment with low detrital input [31-35].

Figure 1. The Obrochiste deposit, Bulgaria.
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The composites based on manganese carbonate ore were prepared using two synthetic
approaches I and II:

(I) The 0.15 M aqueous solutions of AgNOj5 (Valerus Co., Sofia, Bulgaria), Mn(NOj3)-6H,O
(Valerus Co., Sofia, Bulgaria), or Ni(NO3),-6H,O (Valerus Co., Sofia, Bulgaria) were sub-
jected to constant stirring for 10 min. After that, the 3 g thermally treated (500 °C) MnCOj3
ore was added to the solution of nitrate precursor at constant stirring for 10 min. The man-
ganese carbonate ore was thermally treated to eliminate the moisture and volatile organic
pollutants. The precipitant 2M NaOH (Valerus Co., Sofia, Bulgaria) was added drop by
drop in the mixture of aqueous solution of nitrate precursor and manganese carbonate ore
until pH reached 10 at continuous stirring. After precipitation procedure, the suspension
was ultrasonically treated for 10 min, and then it was stirred for 1 h. The obtained precipi-
tate was filtered and washed with distilled water several times. The obtained precipitate
was dried at 50 °C and thermally treated at 500 °C for 3 h in air. The obtained samples were
denoted as AT, MT, and NT.

(II) The samples AH, MH, and NH were obtained using hydrothermal synthesis.
The resulting mixture from 3 g MnCOj3 ore and nitrate precursor (aqueous solutions of
0.15M AgNOs (Valerus Co., Sofia, Bulgaria), Mn(NO3),-6H,O (Valerus Co., Sofia, Bulgaria)
or Ni(NOs3),-6H,O (Valerus Co., Sofia, Bulgaria) and 2M NaOH were transferred into an
autoclave at 160 °C for 8 h. The so-obtained precipitates were washed and dried up in an
oven, after which they were treated at 500 °C for 3 h in air. The two synthetic approaches for
the preparation of manganese carbonate ore/NiO, manganese oxides or silver-containing
composites are presented on the Figure 2.

Natural manganese carbonate ore
Obrochishte deposit, Bulgaria

' Thermal treatment (500°C)

Thermally treated manganese carbonate ore
+ +
0.15M aqueous solutions of 0.15M aqueous solutions of
AgNO;, Mn(NO,),.6H,0 or AgNO;, Mn(NO,),.6H,0 or
Ni(NO,),.6H,0 Ni(NO,),.6H,0 , 2M NaOH
Precipitant
2M NaOH - Hydrothermal
pH=10 synthesis
Suspension (160°C; 8h)
Ultrasonictreatment (10 min)
Stirring (1 h)
Filtered, washed Filtered, washed
and dried at 50°C and dried at 50°C
=2 Precipitates —ee Precipitates
Thermal treatment
(500°C; 3h) 500°C; 3h
NT MnCO;ore/NiO NH MnCO; ore/NiO
MT MnCO, ore/manganese oxides MH MnCO, ore/manganese oxides
AT MnCO, ore/Ag containing composite AH MnCO, ore/Ag containingcomposite

Figure 2. General preparation scheme for the synthesis of manganese carbonate ore/NiO, manganese
oxides or silver-containing composite photocatalysts (NH, NT, MH, MT, AH, and AT).
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2.2. Physicochemical Characterization of Prepared Composites Based on Manganese Carbonate Ore

The powder X-ray diffraction (PXRD) analysis was performed on an X-ray powder
diffractometer “Empyrean” (Malvern Panalytical, Almelo, Netherlands) within the range of
20 values between 3° and 90° using Cu Ka radiation (A = 0.154060 nm) at 40 kV and 30 mA.
The presence of phases was determined using High Score Plus, Version 4.9 (4.9.0.27512)
software. The average crystallite size of phases was determined using the Powder Cell 2.0
software [36].

FT-infrared spectra were collected on a Tensor 37 spectrometer (Bruker, Berlin, Germany)
in the spectral region 4000400 cm !, using KBr pellet technique at room temperature.

The elemental composition of the samples was determined by wavelength-dispersive
X-ray fluorescence (WDXRF) using a Rigaku Supermini200 spectrometer (Osaka, Japan).
Measurements were carried out at 50 kV and 4.0 mA. Powdered samples were pressed
into pellets with a diameter of 40 mm. Analyses were conducted under vacuum, with a
Pd-anode X-ray tube as the primary radiation source. Data acquisition and processing
were performed with the ZSX software package (v.7.67), applying the semi-quantitative
SQX method.

The specific surface area, pore volume, and pore size distribution of the studied
samples were determined by low-temperature (77.4 K) nitrogen adsorption using a Quan-
tachrome Nova 1200e (Boynton Beach, FL, USA) apparatus. The specific surface area was
determined according to the BET method. The pore size distribution was calculated by
the Barrett—Joyner-Halenda (BJH) method, using the desorption branch of the isotherm.
Total pore volume (V) and average pore diameter (D,,) were calculated according to the
Gurvich rule at a relative pressure close to 0.99. The samples were degassed at 110 °C
for 18 h.

The surface morphology of the samples was investigated using scanning electron
microscopy (SEM) with scanning electron microscope (JEOL SEM JSM-6390, Tokyo, Japan)
with accelerating voltage of 20 keV. Samples were coated with thin layers of carbon.

2.3. Ozone Decomposition Study

The ozone conversion was examined by observing changes in ozone concentration.
The experiment was carried out in a glass tube reactor containing 0.2 g of catalyst. Ozone
was generated by passing dried oxygen (99.99% purity) through a 4-9 kV discharge in a
self-made tubular ozone generator. An ozone-oxygen mixture, with an initial concentration
of up to 11,000 ppm, was passed through the reactor at an ozone flow rate of approximately
6.0 L/h at room temperature. The ozone concentrations at the inlet and outlet of the
reactor were measured using a BMT 964 UV absorption-type of ozone analyser (Stahnsdorf,
Germany) for residence time 200 min.

The ozone conversion was examined by observing changes in ozone concentration.
The time—conversion degree dependence has been measured in the course of 200 min time
interval over the studied samples. The activity of the catalysts was calculated on the basis
of the following equation:

C—C
0

Osconversion = x 100% (1)

where Cy and C are inlet and outlet concentrations of ozone, respectively.

2.4. Photocatalytic Activity Tests

The photocatalytic decolourization of Malachite Green oxalate (MG) dye (Sigma-
Aldrich, St. Louis, MO, USA) as a model contaminant with an initial concentration of
aqueous solution of the MG dye at 5 ppm and pH = 5.9 has been investigated. The
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prepared composites based on manganese carbonate ore as photocatalysts were used.
Polychromatic UV-A lamp (Sylvania BLB, 18W) with an emission maximum at 365 nm and
illumination intensity 2.6 mW /cm? was used. The photocatalytic tests were carried out in
semi-batch slurry photocatalytic reactor equipped with two frits blowing tiny bubbles of
air (continuous flow) in order to saturate the solution in dissolved oxygen using 0.075 g
of photocatalyst and 75 mL of dye solution under constant stirring and air flowing. In
order to reach the adsorption—desorption equilibrium state, the studied systems were left
in the dark for about 30 min before switching on the UV illumination for residence time
of 150 min. The powder was separated from the aliquot solution by centrifugation. After
that, the change in absorbance during the photocatalytic tests was monitored by Cary
4000 UV-Vis Spectrophotometer (Agilent, Santa Clara, CA, USA) in the wavelength range
from 200 to 800 nm (Amax = 618 nm for MG). Then, the photocatalyst powder, together
with the aliquot solution, was returned into the reaction vessel, which ensured operation
under constant volume and amount of the photocatalytic sample (to maintain the ratio of
mg of catalyst: mL of solution). The degree of dye decolourization was calculated using
the following dependence:

Degree of decolourization (%) = ((Cop — C)/Cp) x 100 2

where Cy and C were initial concentration before turning on the illumination and residual
concentration of the dye solution after illumination for selected time interval.
The apparent rate constants (kpy) were calculated assuming a pseudo-first-order

ln<%) = tkapp 3)

where Cy and C are, respectively, initial concentration before turning on the illumination

kinetic reaction:

and residual concentration of the dye solution after illumination in the course of given
time interval.

The adsorption capacity (in darkness for 30 min) of the materials was calculated
using Formula (4):
(Co—C).V
Q=" (4)
where Cj is initial dye concentration, C is dye concentration after 30 min, V is solution
volume, and m is sample mass.

3. Results and Discussion

3.1. Characterization of Prepared Composites Based on Manganese Carbonate Ore
3.1.1. Powder X-Ray Diffraction Study of Prepared Composites Based on Manganese
Carbonate Ore

The powder X-ray diffraction analysis of the initial manganese carbonate ore established the
presence of thodochrosite (MnCO3) (Ref. Code: 01-073-4352), muscovite (KAl (Si,Al)4O10(OH);
(Ref. Code: 00-058-2037), and montmorillonite ((Ca,Na)y3Aly(Si,Al)4O10(OH),xH,O) (Ref.
Code: 00-060-0319). The montmorillonite phase observed in the starting manganese
carbonate ore disappeared at the thermally treated one (Figure 3). The recorded pow-
der X-ray diffraction patterns of the synthesized composites based on manganese car-
bonate ore (MT, MH, NT, NH, AT, and AH) are also illustrated at Figure 3. The illite
(Ko 5(ALFe,Mg)3(5i,Al)4019(OH); (Ref. Code: 00-009-0343), bixbyite (Mn,O3) (Ref. Code:
01-082-9911), pyrolusite (MnO;) (Ref. Code: 03-065-2821), and hausmannite (Mn3O4) (Ref.
Code: 04-006-8109) phases are registered in the PXRD pattern of the MT composite. The
MH material contains hausmannite, rhodochrosite, and bixbyite. The PXRD patterns of the
manganese carbonate ore/nickel oxide-based composites NT and NH show the existence
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of the NiO (Ref. Code: 00-022-1189), glauconite ((K,Na)(Fe+3,A1,Mg),(5i,Al)4019(OH)7)
(Ref. Code: 00-002-0466), muscovite, and bixbyite phases, respectively. The presence of Ag
(Ref. Code: 00-004-0783), AgrO3 (Ref. Code: 04-005-4327), and bixbyite is registered in the
PXRD patterns of the AH and AT composites and, additionally, the rhodochrosite phase
in AT. The prepared materials possess a mean crystallite size of 8-15 nm for NiO, Mn, 03,
Mn3z0Oy4, and MnO, and 5067 nm for the silver-containing phases, respectively.

Mn ore natural
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Figure 3. PXRD patterns of natural manganese carbonate ore (untreated and thermally treated);
prepared MnCOj3 ore/NiO, manganese oxides or Ag-containing composites (NH, NT, MH, MT, AH,
and AT).

3.1.2. Wavelength-Dispersive X-Ray Fluorescence Analysis of Prepared Composites Based
on Manganese Carbonate Ore

The results obtained by the WDXREF analyses for the elemental composition of natural
manganese carbonate ore (non-treated and thermally treated) and the obtained composites
based on manganese carbonate ore are presented in Table 1. The initial MnCOj ore contains
51-52 wt.% Mn, together with significant amounts of Si, Mg, Ca, and Al, and is consistent
with a manganese carbonate mineral such as rhodochrosite, associated with certain amounts
of silicate phases such as illite (muscovite) and possibly smectite (montmorillonite). A
notable enrichment of Mn (up to 73.8 wt.%) was detected in the MT composite obtained by
thermal treatment. Silver- and nickel-modified systems also show enhanced metal fixation
under thermal conditions, with AT reaching ~48 wt.% Ag and NT exhibiting increased
Ni contents. Hydrothermal treatment results in a similar Mn enrichment (72.3 wt.% in
MH), though slightly lower than in the thermally treated samples, reflecting dissolution—
reprecipitation processes. Nickel incorporation is particularly effective under hydrothermal
conditions, with NH reaching ~40 wt.%. In contrast, the silver contents in AH (~45 wt.%)
are slightly reduced compared to AT, likely due to the partial redissolution or complexation
of the silver phases. Trace elements such as Sr, Cu, Ti, and V display selective behaviour,
being either enriched or depleted depending on the stability of their host phases under
different treatment conditions. In summary, thermal treatment effectively concentrates
the Mn and stabilizes the added metals, while hydrothermal processing enhances the
incorporation of transition metals, particularly Ni, into the manganese-bearing phases.
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Table 1. Elemental composition of a natural manganese carbonate ore (untreated and thermally treated) and prepared MnCOj3; ore/NiO, manganese oxides, or
Ag-containing composites (NH, NT, MH, MT, AH, and AT) analyzed by WDXRE.

MnCO3

e MaCOs Sendwd | Toy.” | Sandd g Swdnd gy Swded g Sedn gy Swdnd g Swdd gy Snd
(Calcined)

Na 0.418 +0.028 0.295 +0.036 0.316 0.033 0.363 +0.064 0.240 +0.103 0.915 +0.040 0.337 +0.085 0.989 +0.045
Mg 6.40 +0.172 6.44 +0.075 3.86 0.052 3.93 +0.093 3.36 +0.117 343 +0.227 5.20 +0.077 451 +0.149
Al 4.06 +0.038 411 +0.017 2.28 0.018 2.12 +0.030 2.14 +0.008 2.12 +0.017 3.07 +0.029 2.30 +0.058
Si 252 +0.066 25.3 +0.057 13.8 0.115 13.0 +0.088 13.3 +0.057 13.6 +0.057 18.9 +0.145 13.6 +0.185

0.240 +0.010 0.240 +0.005 0.135 0.009 0.136 +0.004 0.136 +0.003 0.141 +0.008 0.197 +0.018 0.178 +0.008
S 0.176 +0.005 0.455 +0.008 0.150 0.223 0.162 +0.032 0.232 +0.007 0.126 +0.004 0.294 +0.004 0.138 +0.005
Cl 0.0190 +0.003 0.0167 +0.004 - - - - 0.0194 +0.003 - - 0.0157  £0.004 - -
K 1.14 +0.021 1.15 +0.006 - - - - 0.604 +0.012 0.745 +0.014 0.840 +0.009 0.699 +0.012
Ca 7.01 +0.014 7.21 +0.023 2.44 0.040 3.16 +0.013 3.92 +0.003 418 +0.018 3.46 +0.011 3.77 +0.008
Ti 0.207 +0.014 0.150 +0.014 0.155 0.070 - +0.072 0.115 +0.012 0.123 +0.004 0.119 +0.011 0.137 +0.005
v 0.0620 +0.024 0.0610 +0.025 - - - - - - 0.0350 +0.003 - - - -
Mn 51.6 +0.120 51.0 +0.033 26.9 0.088 30.2 +0.088 73.8 +0.145 72.3 +0.305 26.6 +0.033 31.5 +0.152
Fe 3.40 +0.026 3.50 +0.034 1.88 0.013 2.03 +0.025 2.15 +0.025 2.02 +0.010 1.71 +0.008 2.03 +0.013
Ni 0.0440 +0.001 0.0506 +0.004 - - - - 0.0443 +0.012 - +0.005 39.2 +0.145 40.1 +0.176
Cu 0.0263 +0.001 - - 0.0322 0.001 0.0466 40.001 - - 0.0375 £0.000 0.0795  +£0.009 0.0679  £0.005
Sr 0.0289 +0.001 0.0394 +0.001 - - - - - - 0.0247 +0.002 - - 0.0320  £0.008
Ag - - - - 48.1 0.120 449 +0.120 - - 0.156 +0.011 - - - -
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3.1.3. SEM Analysis

Morphologically, the obtained MnCOj3 ore/NiO, manganese oxides, or Ag-containing
composites are examined by scanning electron microscopy as illustrated on Figure 4. Most
SEM micrographs reveal agglomerations of irregularly shaped particles. The porous struc-
ture of the investigated samples is also observed. The obtained MnCOj3 ore/manganese
oxide composites (MT and MH) consist of more rounded sphere-like particles dominating
in the case of thermally synthesized material (MT).

10 25 SEI 20kV  X10,000 * d4pm 10 25 SEI

10 22 SEI e 10 22 SEI

20kV  X5,000 10 25 SEI 20kV  X10,000 1pm 10 25 SEI

20V X6,000 5pm. /01025 SEI 20KV X10,000 1pm 10 25 SEI

Figure 4. SEM images of synthesized MnCO3 ore/NiO, manganese oxides or Ag-containing compos-
ites (NH, NT, MH, MT, AH, and AT).
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3.1.4. Fourier-Transform Infrared Investigations of Prepared Composites Based on
Manganese Carbonate Ore

The infrared spectra of synthesized manganese carbonate ore/NiO, manganese oxides,
or silver-containing composites are a superposition of the absorption peaks of the different
phases, which leads to the broadening and shifting of the peak maxima (Figure 5).

Mn-O Si-O

Intensity/a.u.

| i [ ) I I i I ¥ 1
500 1000 1500 3000 3500 4000

wavenumber/cm™’

Figure 5. FT-IR spectra of synthesized manganese carbonate ore/NiO, manganese oxides, or silver
containing composites (NH, NT, MH, MT, AH, and AT).

Manganese oxides (Mn;O3; Mn3O4; and MnO,) demonstrate intensive absorption in
the 400-700 cm ! spectral range due to the Mn-O stretching vibrations. The maximum in
the MT, MH, and AT samples is around 525-528 cm~1, while, in the NT and NH samples,
the maximum is around 465 cm~!, which is probably due to the silicate bending vibrations,
which also contribute to the intense absorption in this spectral range. The influence of the
Ni-O stretching vibrations is visible near 600 cm~!.

The characteristic absorption bands of the carbonate group (CO32~) are visible in the
MH, MT, AH, and AT samples, but are stronger in the MH sample obtained by hydrother-
mal synthesis. The most intense are the peaks of asymmetric carbonate stretching near
1415-1420 cm L. The other peaks of the carbonate group bending vibrations are also more
clearly expressed in the hydrothermally treated samples MH and AH. These peaks are
evidence for the presence of rhodochrosite. This observation is in agreement with the XRD
data according to which rhodochrosite was identified in the hydrothermally synthesized
MH and AT sample.

In all samples, intense absorption around 1020 cm~! in the Si-O stretching range
is observed, indicating the presence of silicates. Phyllosilicates (mica; illite; glauconite;
muscovite; and clay minerals) are aluminosilicates with a silicate framework with inten-
sive absorption near 1000 cm~! and hydroxyl groups with an OH stretching peak above
3600 cm 1. Water molecules are also detected in the MH, MT, NH, and NT samples with a
broad band at 3400 and 1640 cm ™! [37-40].
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3.1.5. Textural Characteristics of Prepared Composites Based on Manganese Carbonate Ore

The nitrogen adsorption—desorption isotherms and the pore size distributions of the
catalysts based on manganese carbonate ore (AT, AH, MT, MH, NT, and NH), as illus-
trated in Figure 6, reveal type II isotherms, which are indicative of mesoporous structural
characteristics. All samples exhibit capillary condensation phenomena accompanied by
an H3-type hysteresis loop, in accordance with the IUPAC classification, suggesting the
presence of slit-shape pores between rigid particles. The isotherms of the investigated
composite samples (AT, AH, MT, MH, NT, and NH) are almost the same, except for (NH),
as no change in the type of isotherm and the type of hysteresis is observed.
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Figure 6. (a) Nitrogen adsorption-desorption isotherms and (b) pore size distribution of the synthe-

sized manganese carbonate ore/NiO, manganese oxides, or silver-containing composites (NH, NT,
MH, MT, AH, and AT).

The textural parameters of the prepared composite catalysts are placed in Table 2. The
texture of the obtained samples does not change significantly depending on the type of
treatment (thermal or hydrothermal). The results show the preservation of the pore volume
in all materials, while the average pore diameter decreased in the hydrothermally obtained
AH, MH, and NH samples. The specific surface area of the hydrothermally prepared
composite catalysts AH (73 m?/g) and NH (171 m?/g) increases compared to the thermally
synthesized AT (63 m?2/ g) and NT (137 m?2/ g) materials. An exception to this trend is
sample MH (119 m?/g), which has a lower specific surface area than that of MT (123 m?/g)
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composite. The NH composite exhibits the highest specific surface area (171 m?/g) in
comparison to those of the other samples.

Table 2. Textural characteristics of the investigated composite catalysts (AT, AH, MT, MH, NT, and
NH): specific surface area (Spgr), total pore volume (Vy), and average pore diameter (Day).

Sample SpeT, m?/g Vi, cm®/g D,y, nm
AT 63 0.2 12
AH 73 0.2 10
MT 123 0.3 10
MH 119 0.3 9
NT 137 0.3 9
NH 171 0.3 7

The results obtained from the powder X-ray diffraction analysis, wavelength-
dispersive X-ray fluorescence, Fourier-transform infrared spectroscopy, scanning electron
microscopy, nitrogen adsorption—-desorption isotherms, and BET method are in agreement.

3.2. Catalytic Ozone Decomposition over Prepared Composites Based on Manganese Carbonate Ore

The catalytic activity of the prepared manganese carbonate ore/NiO, manganese
oxides, or Ag-containing composites and natural manganese carbonate ore (untreated and
thermally treated) with respect to the ozone decomposition reaction in the gaseous phase

at room temperature is presented in Figure 7.
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Figure 7. Ozone conversion reaction over manganese carbonate ore/NiO, manganese oxides, or
silver-containing composite catalysts (NH, NT, MH, MT, AH, and AT).

The natural manganese carbonate ore from the Obrochishte deposit, Bulgaria was
investigated, but it showed low ozone decomposition activity (17%). An increase in catalytic
ability is established using calcined manganese carbonate ore (35%). Similar results about
the enhanced catalytic ability of calcined manganese and manganese sand ores from
Australia and local mines in China as compared to non-treated ores were observed by other
research groups [41-43]. The lower catalytic ability for ozone removal of the untreated
natural manganese carbonate ore could be due to the humidity from the residual hydrated
water deteriorating the catalytic efficiency [41]. The investigated manganese carbonate
ore/NiO, manganese oxides, or Ag-containing composite catalysts (NH, NT, MH, MT, AH,
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and AT) exhibit high catalytic activity and excellent performance for ozone decomposition
at room temperature over a 200 min period compared to the manganese carbonate ore.
These results indicate that adding transition metals or their oxides considerably improves
the catalytic efficiency, stability, and application of the investigated materials. Specifically,
the manganese carbonate ore/silver-containing catalyst synthesized hydrothermally and
the thermally treated composites achieved the highest ozone removal efficiencies of 98%
and 99%, respectively. The catalytic system manganese carbonate ore/NiO demonstrates
a lower degree of ozone decomposition than that of the manganese carbonate ore/silver-
containing system, pointing to the high redox properties of Ag in ozone decomposition [1].
The thermally obtained MnCOj3 ore/NiO and MnCOj3 ore/manganese oxides demonstrate
catalytic efficiency for the decomposition of ozone (85% and 93%) in comparison with
hydrothermally treated MnCOj3 ore/manganese oxides or NiO composites (66% and 79%),
respectively. In all studied samples, the thermally treated composites demonstrated that
higher efficiencies for the ozone decomposition reaction can be attributed to several factors
related to the changes in the catalyst structure and surface properties as listed in [44].
As observed by many researchers, thermal treatment can adjust the oxidation states and
redox properties of the metals and their oxides, affecting the catalyst’s ability to produce
reactive oxygen species that are essential for efficient ozone decomposition [45,46]. For
comparison, another research group, which has investigated the synthesized Mn;0O3 and
Mn30Oy catalysts, achieved 50% ozone conversion [47].

These results could be explained by considering the most probable mechanism of cat-
alytic ozone decomposition [41,48-53]. The overall ozone decomposition process consists
of the adsorption of the ozone molecule on the catalyst’s surface, and then its dissoci-
ation into an oxygen molecule and an atomic oxygen species. The surface properties
of the catalysts determine the characteristics of the surface-active sites and their quan-
tity. Manganese oxides exhibit surface reactivity due to their multiple oxidation states
(anJr /Mn3*/ Mn‘”), and the abundant oxygen vacancies facilitate the electron transfer
and stabilize the O, /0,2~ intermediates formed during O3 conversion [54]. During
the ozone decomposition over NiO, an electron transfer from Ni?* to ozone generates
Ni®* species and oxygen vacancies, promoting charge separation and enhancing catalytic
activity [55]. The presence of Ag nanoparticles primarily enhances electron transfer and
acts as efficient electron donors/acceptors, leading to an improved ozone decomposition
performance [56]. The remaining atomic oxygen species then reacts with another ozone
molecule to form either an adsorbed peroxide species (O,2~) or a superoxide species (0?7),
along with another oxygen molecule. Finally, the adsorbed peroxide or superoxide species
decompose into oxygen molecules and desorb from the catalyst surface, regenerating the
active sites, following Reactions (5)-(7):

O3+*—= 0O, +O* (&)
O*+ 03 — 02* + Oz (6)
Oy =0y +* (7)

The thermally treated samples (AT, MT, and NT) possess higher average pore di-
ameters (12, 10, and 9 nm) and demonstrate higher catalytic activity compared to the
hydrothermally synthesized AH, MH, and NH (10, 9, and 7 nm). The pore size and meso-
porous structure positively affect the ozone decomposition and facilitate the adsorption
and desorption of ozone molecules. The reason may be that the large average pore diame-
ter enhances ozone degradation by improving O3 diffusion and increasing the residence
time [57,58].

https:/ /doi.org/10.3390/environments13010011


https://doi.org/10.3390/environments13010011

Environments 2026, 13, 11

14 of 23

3.3. Photocatalytic Study of Prepared Composites Based on Manganese Carbonate Ore

The photocatalytic decolourization of Malachite Green dye was performed using the
obtained manganese carbonate ore/NiO, manganese oxides, or Ag-containing composites
(NH, NT, MH, MT, AH, and AT) as photocatalysts. Figure 8a,b present the concentration
changes C/Cy and kinetic curves of the UV-decolourization of Malachite Green dye as a
model contaminant as a function of the time of UV irradiation. Figure 9 represents the
UV-Vis absorption spectra of MG dye during the irradiation time period using prepared
manganese carbonate ore/NiO, manganese oxides, or silver-containing composites (NH,
NT, MH, MT, AH, and AT) as photocatalysts. The catalytic tests have revealed that, in
the course of the photocatalytic reaction, the thermally synthesized manganese carbonate
ore/silver-containing photocatalyst (AT) leads to the higher degree of decolourization
of the Malachite Green dye (83%) after 150 min of UV illumination compared to that of
the other studied composites (NH, NT, MH, MT, and AH). The thermally synthesized
MnCOj ore/NiO, manganese oxides, and silver-containing samples possess an enhanced
photocatalytic ability for the decolourization of Malachite Green dye (64%, 71%, and 83%)
compared to the hydrothermally treated MnCO3 ore/NiO, manganese oxides, and silver-
containing composites (59%, 43%, and 79%), respectively. The enhanced catalytic activity of
the thermally synthesized materials is favoured by their higher crystallinity, larger average
pore diameter, and rounded sphere-like particles (dominant in the case of MT), as confirmed
by PXRD, low-temperature nitrogen adsorption, and SEM studies.
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Figure 8. (a) Concentration ratio C/Cy of Malachite Green dye as a function of UV irradiation time
and (b) kinetic curves of UV-decolourization of Malachite Green dye using prepared manganese
carbonate ore/NiO, manganese oxides, or silver-containing composites (NH, NT, MH, MT, AH, and
AT) as photocatalysts.
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Figure 9. This figure presents UV-Vis absorption spectra of MG dye recorded over the irradiation
period using the prepared manganese carbonate ore/NiO, manganese oxides, or silver-containing
composites (NH, NT, MH, MT, AH, and AT) as photocatalysts.

Figure 10 presents the adsorption capacities of the composite materials after a 30 min
dark period. The adsorption capacities of the studied composite photocatalysts in-
crease in the following order: 0.06 mg/g (MH) < 0.069 mg/g (NH) < 0.074 mg/g (NT)
<0.132mg/g (MT) < 0.173 mg/g (AH) < 0.18 mg/g (AT). The photocatalytic results re-
veal that the adsorption capacity affects the photocatalytic performance: an increasing
adsorption capacity leads to an enhanced photocatalytic activity. The thermally synthesized
manganese carbonate ore/silver-containing material (AT) demonstrates the highest photo-

catalytic activity (kypp =13.2 x 1072 min~!) for the decolourization of MG dye compared
with the other materials (Table 3).
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Q, mg/g

Composites

Figure 10. The adsorption capacities (Q) (mg/g) of prepared manganese carbonate ore/NiO, man-
ganese oxides, or silver-containing composite photocatalysts (1-AT, 2-AH, 3-MT, 4-NT, 5-NH, and
6-MH). after 30 min dark period.

Table 3. The adsorption capacities Q after 30 min dark period, decolourization at 150 min, and
apparent rate constants (kzpp) of photocatalytic discolouration of MG.

Samples Q (mg/g) Decolourization (%) kapp x 1073 (min—1)
AT 0.18 83 13.2
AH 0.173 79 11.6
MT 0.132 71 10.4
NT 0.074 64 6.7
NH 0.069 59 6.3
MH 0.06 43 4

The improved photocatalytic efficiency of the manganese carbonate ore/Ag-containing
composites can be attributed to the enhanced charge separation and increased reactive
oxygen species generation enhanced by the silver nanoparticles [59,60]. According to the
literature, due to the surface plasmon resonance of the Ag species, the photo-induced h* on
silver nanoparticles can also oxidize the Malachite Green (MG) dye molecules. In addition,
the excellent electrical conductivity of the silver nanoparticles facilitates interfacial charge
transfer and effectively suppresses electron-hole recombination. The excess electrons
accumulated on the surface of Ag nanoparticles can either reduce the MG dye molecules
directly or be trapped by O, and H,O at the photocatalyst surface to form reactive oxygen
species such as O, or O, e. These reactive oxygen species further contribute to the
degradation of MG dye [61].

The photocatalytic ability of the synthesized composite photocatalysts based on man-
ganese carbonate ore could be explained with the following possible mechanism according
the literature data [12]. The synergistic effect between the components of the composite
photocatalysts leads to a faster production of oxidizing radicals, which enhances the de-
colourization of Malachite Green dye in aqueous solution [62]. The UV light illuminates
the surface of the catalyst and electrons in the valence band become excited from the
conduction band. This leads to the generation of positively charged holes in the valence
band. These holes can either oxidize the molecules’ dye into reactive intermediates due to
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their strong oxidative potential or react with water molecules to generate hydroxyl radicals
(#OH). Meanwhile, the excited electrons in the conduction band interact with oxygen, re-
ducing them to superoxide anion radicals (¢O, ™). Both ¢OH and ¢O, ™ are highly reactive
species that play a key role in the decolourization of dye molecules [12,62,63]. The studied
non-treated and calcined natural manganese carbonate ore do not exhibit photocatalytic
activity towards the decolourization of Malachite Green dye.

For comparison, other researchers who have studied Mny,O3—CeO; achieved 30% MG
dye decolourization after 120 min of UV illumination [64].

The reusability of the investigated composite catalysts based on manganese carbonate
ore are tested in three consecutive photocatalytic runs for the UV-induced decolourization of
Malachite Green dye. The photocatalytic results for the reusability of the studied manganese
carbonate ore/NiO, manganese oxides, or silver-containing composite photocatalysts (NH,
NT, MH, MT, AH, and AT) are presented on the Figure 11. As can be seen, the studied
MnCOj; ore/NiO, manganese oxides, or Ag-containing composite photocatalysts are stable
after three repeated photocatalytic cycles. The degree of the decolourization of Malachite
Green dye decreased very slightly starting from the first until the third photocatalytic run.
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Figure 11. Reusability tests for the prepared manganese carbonate ore/NiO, manganese oxides,
or silver-containing composite photocatalysts (AT, AH, MT, MH, NT, and NH), repeated 3 times,
presenting the degree of MG dye decolourization after 150 min under UV irradiation.

A powder X-ray diffraction study of the spent composite photocatalysts (AT, AH,
MT, MH, NT, and NH) after the photocatalytic decolourization of Malachite Green dye
and the catalytic decomposition of ozone was performed in order to evaluate a structural
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stability of the composites (Figures 12 and 13). A decreasing intensity of all reflections is
registered in all spent catalysts (AT, AH, MT, MH, NT, and NH) in comparison with the
fresh catalysts. A similar decreasing in the intensity of the diffraction peaks was proven
by other research groups [65,66]. The preservation of the phase composition of the spent
photocatalysts after a photocatalytic reaction is established by a PXRD analysis. This proved
the structural stability of the tested composite photocatalysts (AT, AH, MT, MH, NT, and
NH). Structural changes are registered in the case of spent catalysts after the reaction of
ozone decomposition. Decreasing of the Ag content, rthodochrosite (MnCO3), the illite,
glauconite, and muscovite phases in the spent catalysts after ozone conversion is observed.
Other research groups have reported similar structural changes of the catalysts after the
ozone conversion reaction [3,48,67].
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Figure 12. PXRD patterns of fresh composite photocatalysts (NH, NT, MH, MT, AH, and AT) (black
line) and spent catalysts after three consecutive photocatalytic runs (blue line).
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Figure 13. PXRD patterns of fresh composite photocatalysts (NH, NT, MH, MT, AH, and AT) (black
line) and spent catalysts after ozone decomposition (blue line).

4. Conclusions

The novelty of the present study is the successful preparation of new manganese
carbonate ore/NiO, manganese oxides, or silver-containing composites using natural
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MnCO;s ore by two synthesis approaches. The new aspect, regarding the use of a natural
manganese carbonate ore from the Obrochishte deposit, Bulgaria as precursor, is the fact
that it is a stable and low-cost natural material. The prepared materials possess an average
crystallite size of 8-15 nm for NiO, Mn;0O3, Mn3O4, and MnO; and 50-67 nm for silver
phases, respectively. The obtained composites based on manganese carbonate ore possess a
mesoporous structure. The slit-shape pores between rigid particles are established in all
investigated materials. The thermal treatment leads to the enhanced catalytic activity of
MnCOs3 ore/NiO, manganese oxides, or Ag-containing composites for the decolourization
of Malachite Green dye under UV irradiation and the removal of ozone in comparison
with hydrothermal procedure. The obtained manganese carbonate ore/Ag-containing
composite catalysts exhibit a high catalytic activity, achieving 98-99% ozone decomposition
and 79-83% MG dye decolourization. The prepared manganese ore-based composites
could find an environmental application as promising catalysts, especially for removal of
ozone and Malachite Green dye pollutants from atmosphere and wastewaters due to their
good stability, enhanced catalytic ability, and low cost.
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