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ARTICLE INFO ABSTRACT

Keywords: - This study investigates the structural, optical, and catalytic properties of mafic rock grains derived from Gabbro
Photocatalytic rocks collected in the United Arab Emirates are to evaluate their potential as alternative catalysts for environmental
Gabbro

applications. Nitrogen adsorption and desorption analysis revealed mesoporous and macroporous structures with
€O, fixation low specific surface area (0.56-4.96 m%/g). UV-Vis spectroscopy showed that the analyzed gabbroic rocks have
NO, reduction band gap energies that are suitable for photocatalytic activity under illumination with visible light. The results of
CO oxidation the photocatalytic experiments carried out under simulated sunlight showed the superior ability of the invested
Wastewater treatment gabbro rock to oxidise 4-nitrophenol dissolved in water with a degradation extent of up to 65.4 %. The pho-
todegradation of 2-propanol in air under simulated sunlight was also successful with acetone as the only formed
intermediate. Thermocatalytic tests showed a significant NO, reduction activity of the investigated gabbroic
rocks at temperatures above 125 °C with the highest NO5 reduction rate of 17.5 %. The implementation of light
radiation enabled the reduction of NO, by the studied gabbroic rock at temperatures below 120 °C. CO
adsorption and its photoconversion to CO was observed in the analyzed samples. Most of the CO; formed from
CO is not released into air, as it is captured on the surface of the rocks in the form of carbonates. The high
catalytic activity and CO and CO, adsorption ability can be correlated to the properties of the rocks’ surface. The
results underline the potential of gabbroic rocks as efficient and sustainable catalysts for pollutant degradation
and NO; reduction in environmental remediation processes. These results are not only environmentally relevant
for air and water quality in the various regions where gabbroic rocks occur but also pave the way for their use as
commercial photocatalysts.

Environmental remediation

1. Introduction values for NO, to 10 pg m 2 and for CO to 4 mg m™S; yet ground-level
measurements show that more than three-quarters of the monitored

Reactive nitrogen oxides (NOy), carbon monoxide (CO), volatile urban population continues to inhale concentrations above these limits,
organic compounds (VOCs) and phenolic residues remain among the with concomitant cardiopulmonary burdens and excess mortality (WHO
most pervasive contaminants in contemporary air- and water-sheds. In global air quality guidelines, 2021). CO is simultaneously a regulated
2021 the World Health Organization lowered the annual guideline toxicant and a feedstock that escapes from reforming, steel and
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petrochemical operations, while alcohol-based solvents such as 2-prop-
anol constitute a major fraction of indoor VOC episodes. In the aqueous
compartment, the electron-withdrawing nitro-group of 4-nitrophenol
confers exceptional stability, so the molecule frequently survives con-
ventional biological treatment and accumulates downstream. These
multi-pollutant scenarios call for abatement processes that are simul-
taneous, mild in operating conditions and powered, as far as possible, by
inexhaustible energy sources. Conventional methods for mitigating
these pollutants, including adsorption, thermal catalytic conversion, and
biological treatments, often face limitations such as high operational
costs, incomplete degradation, secondary pollution, and substantial
energy requirements (Badamasi, 2025; Li and Wang, 2024; Wang et al.,
2025; Wang et al., 2024). Consequently, the development of sustainable,
efficient, and cost-effective remediation strategies remains a priority for
environmental researchers worldwide.

Photocatalytic degradation has emerged as a promising alternative
due to its inherent advantages, including the utilization of abundant
solar energy, ambient operational conditions, and the capability to
achieve near-complete mineralization of pollutants into benign products
such as CO, and water (Chen et al., 2025; Pavel et al., 2023). For
instance, the photocatalytic oxidation of carbon monoxide to carbon
dioxide presents an effective, environmentally benign strategy that le-
verages solar energy, circumventing the high temperatures and signifi-
cant energy consumption associated with traditional catalytic processes
(Chen et al., 2025; Pennington, 2020). Likewise, photocatalytic oxida-
tion of 2-propanol vapors represents a green approach to air purifica-
tion, effectively transforming volatile organic pollutants into harmless
compounds without generating secondary contaminants (Wu and
Zhong, 2025; Zhang, 2022). Furthermore, photocatalysis provides a
valuable method for treating aromatic pollutants in aqueous solutions,
such as 4-nitrophenol, converting them into non-toxic end products
through reactive oxygen species (ROS)-mediated pathways, thus
significantly improving water quality (Takhar and Singh, 2025; Liu
et al., 2025; Zhang et al., 2025). The photocatalytic degradation of ni-
trogen dioxide (NOy), particularly when integrated into photothermal
catalytic approaches, represents a cutting-edge technique capable of
converting NO, efficiently into environmentally benign species (N3 and
O7). This combined effect of photocatalytic charge generation and
thermal activation allows degradation to proceed under relatively mild
conditions, making it an energy-efficient and sustainable alternative to
conventional thermal catalysis (Xue et al., 2024; Yu, 2024).

Despite these notable advantages, photocatalysis is not without
limitations. The efficiency of photocatalytic processes is significantly
influenced by factors such as catalyst composition, charge carrier
recombination rates, limited visible-light responsiveness, catalyst
instability, and potential formation of intermediate products with un-
known toxicity. Moreover, practical implementation remains con-
strained by challenges in catalyst recovery and reuse, necessitating
research into cost-effective and stable materials with robust photo-
catalytic performance under solar irradiation (Chen et al., 2025; Pavel
et al., 2023; Lee et al., 2023).

Prior work has demonstrated that naturally occurring rocks and
minerals can participate in heterogeneous photocatalysis or serve as
effective supports. For instance, basalt and granite powders have been
used to discolor industrial dyes through combined adsorption—photo-
catalytic effects, and basalt powders have been tested as (photo-)Fenton
catalysts for dye degradation (Almeida et al., 2022). Natural volcanic
materials (e.g., pumice, volcanic ash) have also been used as low-cost
supports for TiOq (Esparza et al., 2011), and zeolite-based composites
(TiOy/zeolite, ZnO/zeolite, Fe,03/zeolite) are now a mature platform
for water and air purification, including NOx removal in flow reactors
(Armakovi¢ and Armakovi¢, 2025).

Recent efforts have focused on exploring naturally abundant, stable,
and cost-effective materials as potential photocatalysts. In this context,
gabbro, a widespread igneous rock, emerges as an intriguing candidate
for environmental remediation due to its robust mineralogical
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composition and physicochemical durability. Gabbro forms through the
crystallization of basaltic magma trapped within the continental crust
and represents a significant component of the lower oceanic crust. This
rock type is frequently encountered across diverse geological settings,
from mountain belts to oceanic domains. Petrologically, gabbro is the
intrusive (coarse-crystalline) equivalent of basalt (fine-crystalline) and
shares essentially the same bulk composition.

In the UAE, the active hard-rock quarrying industry extracts from the
Semail ophiolite (Goodenough, 2010; Searle et al., 2015), where gabbro
is abundant and supplies most “hard” aggregate. Therefore, gabbro
tailings are the locally available, low-value byproduct to be utilized.
Additionally, amphibole- and Fe/Ti-bearing phases common in gabbroic
variants provide redox-active centers and visible-light absorption that
(as we demonstrate) correlate with activity. For these reasons, gabbro
tailings are the practical and scientifically justified choice here, even
though basalt would have a similar composition.

In the United Arab Emirates (UAE), gabbro constitutes a major part
of the Semail ophiolites, which form the geological backbone of the
Hajar Mountains. The Semail ophiolite represents former Mesozoic
oceanic crust (Tethys Ocean), tectonically emplaced against the passive
Arabian continental margin, resulting in several generations of gabbroic
rocks reflecting multiple magmatic events (Goodenough, 2010; Searle
et al., 2015).

Characteristically, gabbro is dominated by Ca-plagioclase feldspar
and pyroxenes (primarily clinopyroxene), with minor occurrences of
olivine and amphibole. Plagioclase feldspars, primarily constituting
albite-anorthite solid solutions, significantly contribute to the physical
and chemical robustness of gabbro, making it desirable for various
architectural, infrastructural, and coastal protection applications due to
its hardness, durability, and aesthetic properties. Pyroxenes, character-
ized by their varied composition and robust crystalline structure, offer
reactive surfaces potentially conducive to photocatalytic processes.
Amphibole-rich varieties of gabbro, typically containing titanian par-
gasite, further enhance the chemical diversity of the rock and potentially
amplify its photocatalytic efficacy.

This study investigates the novel application of waste-derived
gabbroic rock fragments and powders from quarrying operations in
the UAE, materials traditionally regarded as low-value quarry byprod-
ucts due to size constraints. By repurposing these gabbroic residues as
effective photocatalysts, this research not only addresses environmental
remediation challenges but also promotes economic and environmental
sustainability by transforming waste into value-added resources. To the
best of our knowledge, this is the first detailed study of UAE gabbro
quarry tailings used directly (without functionalization) as a solar-
responsive catalyst for simultaneous remediation across air (NO;
reduction, CO oxidation, 2-propanol oxidation), and water (4-nitro-
phenol degradation) under simulated solar and visible-light irradiation.

Our work assesses unmodified UAE gabbro tailings as a standalone
photocatalyst for removing both gaseous and aqueous pollutants under
solar and visible light. We connect its activity to mineralogical and
acidic features measured on representative quarry waste streams.
Additionally, through thorough characterization and testing of various
gabbro samples, this study aims to reveal the potential of gabbroic
materials in advanced photocatalytic applications, supporting the
broader goal of sustainable environmental remediation.

2. Experimental
2.1. Materials collection and preparation

The material was procured from a commercial supply of inert ag-
gregates widely utilized in construction and road-surfacing (tarmac)
applications. The aggregates were extracted from multiple quarry sites
located within the Hajar Mountains of the United Arab Emirates (UAE),
specifically in the Emirates of Ras Al Khaimah, Fujairah, and Sharjah.

The five gabbro batches investigated here (ML, 2010; ML 105, ML
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2520, ML 05, ML 32) were collected as tailings generated during the
crushing and grading of construction aggregates by quarries that supply
the Abu Dhabi Emirate. The intentional design choice was to evaluate
whether representative waste streams, as received and without miner-
alogical pre-selection or functionalization, exhibit sufficient photo- and
photothermal activity to support commercial waste valorization.
Consequently, the codes “ML x x x x ” denote supplier batch identifiers
rather than stratigraphic units; minor differences in amphibole/feld-
spar/pyroxene proportions, as well as Fe/Mg content (documented by
XRD, XPS, and ICP), were accepted as typical of industrial feedstocks.
This study therefore does not aim to identify an ‘optimal’ gabbro sub-
type, but to quantify the performance range and structure-function
patterns across realistic quarry waste likely to be available at scale for
low-cost environmental remediation.

Commercially available anatase TiO, (DT-51), supplied by Crista-
lActive®, was utilized as a benchmark photocatalyst. The reagents 2-
propanol and 4-nitrophenol were obtained from Sigma Aldrich (Ger-
many). Gaseous reagents, namely carbon monoxide (CO), oxygen (O2),
Zero air, and nitrogen dioxide (NO3), were sourced from Air Products
Gulf Gas LLC. Elation multi element ICP (Product: 89,186.180) was
obtained from VWP Chemicals (Belgium).

2.2. Material characterization

Five samples (ML, 2010; ML 105, ML 2520, ML 05, and ML 32) were
selected from processed aggregate for detailed analysis. Rock fragments
were embedded in epoxy resin and prepared as petrographic thin sec-
tions to facilitate textural and compositional characterization. Petro-
graphic observations of mineralogical compositions were conducted
using standard microscopy techniques on thin sections ranging from 30
to 50 pm in thickness. The examined rock fragments were angular to
sub-angular, exhibited medium to low sphericity, and varied in size from
4 cm down to 4 mm.

Crystalline structures of the catalysts were characterized using a
PANalytical Empyrean X-ray diffraction (XRD) diffractometer employ-
ing Cu Ko radiation (A = 1.54 A), with a scanning step size of 0.0167°
across a 20 range from 10° to 90° over a 2-h duration.

Elemental compositions were analyzed using inductively coupled
plasma optical emission spectroscopy (ICP-OES) on an iCAP 7600 Duo
spectrometer (Thermo Fisher Scientific, Germany), coupled with an
ASX-560 autosampler from Teledyne CETAC Technologies. Prior to
analysis, approximately 15 mg of each sample were digested using a
CEM Mars 6 microwave digestion system (CEM Corporation, Matthews,
NC, USA). Digestion involved heating the samples to 210 °C with a
ramping period of 20 min from room temperature, followed by a 30-min
holding period at 210 °C, in a 10 mL acid mixture of concentrated HNOs,
HCI, and H3SO4 (volumetric ratio of 1:3:12).

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed using an Escalab Xi + spectrometer (Thermo Fisher Scientific)
equipped with a monochromatic Al Ka X-ray source (spot size of 650
pm). The analysis employed a standard lens mode with a constant
analyzer energy (CAE) mode at a pass energy of 100.0 eV, an energy step
size of 1.000 eV, and a total of 1361 energy steps.

Nitrogen adsorption/desorption isotherms were obtained at —196 °C
utilizing a Micromeritics TriStar II 3020 analyzer. The specific surface
area was calculated using the BET, and pore-size distributions were
obtained by applying the Barrett-Joyner—Halenda (BJH) method. Prior
to analysis, samples underwent pretreatment in a Micromeritics
SmartPrep degasser under nitrogen flow (Linde, purity 6.0), initially for
60 min at 90 °C, followed by an additional 240 min at 180 °C.

The acidic properties of catalysts were investigated using a Perki-
nElmer Pyris 1 thermogravimetric analyzer (TGA). Samples were
initially heated in air at 200 °C for 10 min and subsequently cooled to
120 °C. At this temperature, the catalyst surfaces were saturated with
pyridine by exposure to a nitrogen-pyridine gas mixture for 10 min,
followed by purging with pure nitrogen for an additional 90 min to
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remove excess pyridine. Temperature-programmed desorption (TPD)
measurements were then carried out by ramping the temperature to
750 °C at a rate of 20 °C/min. Additionally, UV-Vis diffuse reflectance
(UV-Vis DR) spectra were recorded using a PerkinElmer Lambda 650
spectrophotometer equipped with a Harrick Scientific Praying Mantis
DRP-SAP accessory. The data were recorded in diffuse reflectance mode
and absorbance trends were reported in the results.

The spectra of solid-state photoluminescence (PL) were recorded
with a Horiba Fluorolog-QM 75-22-C spectrofluorometer equipped with
a 75 W xenon lamp, double monochromators and a cooled R928 pho-
tomultiplier tube (PMT) detector. The measurements were performed at
excitation wavelengths of 240 nm (emission range: 260-600 nm), 444
nm (465-760 nm) and 600 nm (620-870 nm) with identical settings:
excitation/emission slits set to 8 nm, step size of 0.5 nm and integration
time of 1 s. For measurements in the extended emission range
(850-1180 nm) at 600 nm excitation, an InGaAs detector was used (slits:
8 nm, step size: 0.5 nm, integration: 0.5 s). The fluorescence lifetime was
measured by time-correlated single photon counting (TCSPC) with the
same instrument. Excitation was performed with a DeltaDiode 325 nm
LED or a DeltaDiode 495 nm pulsed laser (spectral profiles in Fig. S1,
Supplementary Material). A picosecond photon detector (Horiba, model
PPD 850) replaced the PMT detector for TCSPC analysis. The instrument
response function (IRF) was determined using a LUDOX SM-30 colloidal
silica solution. Lifetime data were analyzed using FelixFL spectroscopy
software.

Images of the catalysts’ morphology and elemental composition were
obtained using a field emission scanning electron microscope (SEM, Carl
Zeiss SUPRA 35 VP) equipped with an energy-dispersive X-ray detector
spectrometer (EDX) Inca 400 from Oxford Instruments.

2.3. Photocatalytic tests

2.3.1. Oxidation of 2-propanol and conversion of CO to CO2

The photocatalytic oxidation of 2-propanol was evaluated under
simulated solar irradiation using a LOT Quantum Design LS0606 solar
simulator equipped with a 1000 W Xenon lamp and an AM1.5G filter. A
gas-phase batch reactor with a volume of 340 mL containing 1 g of
catalyst was initially purged with pure oxygen for 20 min. Subsequently,
2 pL of liquid 2-propanol was introduced into the reactor. The reactor
was maintained in darkness for 2 h to ensure adsorption equilibrium.
Throughout the experiment, temperature stability at 20 °C was achieved
by circulating water through the reactor jacket. Gas-phase reaction
products were periodically sampled using gas-tight syringes with ca-
pacities ranging from 0.5 to 5 mL. The collected samples were analyzed
using two gas chromatographs (GCs): a Shimadzu GC-2014 equipped
with both thermal conductivity (TCD) and flame ionization detectors
(FID) along with a methanizer line for CO; quantification, and an Agi-
lent 7890B GC equipped with an FID and a capillary column (Agilent,
19091N-133 HP-INNOWax, dimensions: 30 m x 250 pm x 0.25 pm) for
analyzing 2-propanol and acetone.

The photocatalytic activity towards the photooxidation of carbon
monoxide (CO) to carbon dioxide (CO2) was assessed using the same
reactor setup. The reactor was initially purged for 20 min with a gas
mixture containing 100 ppm CO in zero air. After a stabilization period
of 2 h in darkness, the system was illuminated using the same LS0606
solar simulator described previously. Reaction products were sampled
using a 5 mL gas-tight syringe and subsequently analyzed by GC-TCD-
FID (Shimadzu GC-2014).

2.3.2. Liquid-phase 4-nitrophenol photodegradation reactivity test

A cylindrical beaker containing 250 mL of an aqueous solution with
an initial concentration of 5 ppm 4-nitrophenol and 100 mg of catalyst
was utilized as the photoreactor under continuous stirring conditions.
Prior to illumination with the previously described LOT Quantum
Design LS0606 solar simulator, the suspension was kept in darkness for
30 min to achieve adsorption-desorption equilibrium. A control
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experiment conducted in the absence of illumination was performed to
determine the adsorption capacity of the gabbro samples and to verify
their photocatalytic performance. Liquid aliquots were periodically
collected using a syringe fitted with a 0.22 pm nylon filter and analyzed
via high-performance liquid chromatography (HPLC, Thermo Scientific
Dionex UltiMate 3000 with photodiode array detection). An Acclaim-
120 C18 reversed-phase analytical column was employed under the
following operational conditions: injection volume of 50 pL, flow rate of
0.8 mL/min, and detection wavelength set at 315 nm. The mobile phase
comprised a ternary mixture of water (33 %), acetonitrile (34 %), and
methanol (33 %), with all chromatographic runs conducted at ambient
temperature. Following the photooxidation experiments, the extent of
total organic carbon (TOC) decomposition was quantified using a Shi-
madzu TOC-L analyzer.

2.3.3. Reduction of NO2

Photocatalytic and thermocatalytic reduction experiments for the
conversion of nitrogen dioxide (NO3) were conducted in a temperature-
controlled Harrick Praying Mantis reaction chamber, specifically
designed for Raman spectroscopy studies. For optimal light absorption,
the catalyst was uniformly packed to a thickness of 4 mm (approxi-
mately 120 mg). A Pfeiffer Vacuum OmniStar mass spectrometer was
employed to monitor gaseous reaction products in real-time.

Initially, catalyst samples underwent a pretreatment stage by heating
them in pure argon at 350 °C for 30 min. After cooling to 30 °C, a re-
action gas mixture containing 5000 ppm NO2 and 5 % Hp in Ar, flowing
at a rate of 70 mL/min, was introduced for 1 h to achieve system sta-
bilization. Subsequently, thermocatalytic experiments were performed
by heating the samples from 30 °C to 300 °C at a ramp rate of 12 °C/min,
to establish the optimal temperature range for effective NO, reduction.

Photothermal experiments utilized the same pretreatment condi-
tions, followed by controlled temperature steps from 30 °C up to 120 °C,
with increments of 30 °C. At each temperature increment, catalyst sta-
bilization was first ensured in dark conditions for 15 min, after which
samples were illuminated for additional 15 min using visible light pro-
vided by a Schott KL 2500 LED light source. The energy spectrum of the
employed Schott KL 2500 LED is reported in Fig. S2 of the supplemen-
tary material. The irradiance of the Schott KL 2500 LED fiber output at
the sample surface was measured using a Thorlabs PM400 power meter
with an $121C photodiode sensor, yielding a value of 1.04 W cm™2.
Based on the spectral distribution shown in Fig. S2 and using a spectrum-
weighted average wavelength of 470 nm, corresponding to the LED
emission maximum, the photon flux was calculated as 2.46 x 10?2
photons m~! s71, equivalent to 4.1 x 1072 mol photons m 2 s~

3. Results and discussion
3.1. Material characterization

The studied samples mainly contain clinopyroxene (CPX), plagio-
clase (PL), and minor amounts of amphibole and olivine (OL) minerals,
as confirmed by the XRD results reported in Fig. 1. The composition of
the samples is mostly homogeneous and represented by fragments of
gabbro and olivine-gabbro.

The morphological characteristics of the investigated gabbroic rock
fragments were examined by scanning electron microscopy (SEM), as
shown in Fig. S3 (Supplementary Material). The SEM images reveal
heterogeneous surface morphologies typical of crystalline rock frag-
ments, characterized by angular to sub-angular particle shapes,
medium-to-low sphericity, and irregular surface topography. The
observed surface features include sharp edges, cleavage planes, frac-
tures, and distinct grain boundaries, clearly indicative of brittle frac-
turing during sample preparation. Notably, sample ML 2520 exhibits
larger, visually distinct mineral grains, whereas samples ML 05 and ML
105 display comparatively finer-grained textures and greater structural
complexity.
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Fig. 1. XRD diffractograms of the investigated gabbroic samples.

The analyzed gabbroic samples predominantly comprise oxygen,
silicon, aluminum, calcium, Magnesium, and iron (Table 1 — EDX re-
sults). Specifically, oxygen and silicon exhibited relatively constant
atomic concentrations across all investigated samples, ranging between
46.8 and 49.1 wt% for oxygen and 19.8-23.3 wt% for silicon. Notable
variability, however, was observed in the concentrations of aluminum,
calcium, magnesium, and iron. Aluminum concentration varied from a
minimum of 8.6 wt% in sample ML 105 to a maximum of 11.3 wt% in
sample ML 05. Calcium exhibited significant variation, ranging from 6.6
wt% (ML 05) up to 12.1 wt% (ML 2520), almost double that of MLO5.
Magnesium content also varied notably between samples, with the
highest concentration recorded in ML 2010 (7.9 wt%) and the lowest in
ML 32 (4.9 wt%). Similarly, iron ranged between 2.4 wt% (ML 32) and
5.8 wt% (ML, 2010). Additionally, minor constituents detected in the
samples include sodium, potassium, chromium, titanium, manganese,
and sulfur, each present at atomic concentrations below 1 wt%,
reflecting their subordinate role within the mineralogical composition of
the gabbroic rocks.

The elemental compositions of the gabbroic samples obtained via
ICP-OES analysis generally show consistency with the EDX-derived mass
percentages, affirming the reliability of the compositional data despite
methodological differences (Table 1). ICP results confirmed that
aluminum (Al), calcium (Ca), magnesium (Mg), and iron (Fe) remain the
dominant metal constituents, aligning closely with the EDX data.
However, noteworthy variations are observed in the absolute elemental
concentrations measured by ICP compared to EDX, likely attributable to
the surface sensitivity of EDX versus the bulk sensitivity of ICP. For
instance, sample ML 32 exhibited a significant disparity in Mg concen-
tration (16.82 wt% from ICP vs. 4.9 wt% from EDX), suggesting a het-
erogeneous distribution of Mg-bearing phases between surface and bulk.
Similar observations were evident for Al in ML 2520 (21.43 wt% ICP vs.
8.8 wt% EDX) and ML 105 (17.09 wt% ICP vs. 8.6 wt% EDX). Never-
theless, trends among samples for Fe and Ca remained comparable in
both ICP and EDX analyses, confirming their relative homogeneity
across samples. Minor elements such as Na, K, Cr, Ti, and Mn showed
pronounced detection and quantification improvements by ICP due to its
superior sensitivity, revealing higher concentrations (e.g., Mn ranging
from 1.15 to 2.17 wt% ICP vs. below detection limit by EDX). Collec-
tively, ICP-OES complements EDX by providing enhanced quantification
accuracy and deeper insights into elemental distribution, which is
crucial for correlating catalytic activity to compositional features in
gabbroic materials. The elemental compositions of the gabbroic samples
obtained via ICP-OES analysis generally show consistency with the EDX-
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Table 1
SEM-EDX and ICP analysis of the investigated gabbro rocks.
Element Samples
ML 05 ML 32 ML 105 ML 2010 ML 2520
EDX ICP EDX ICP EDX ICP EDX ICP EDX ICP
O 49.1 n.a. 48.2 n.a. 48.2 n.a. 47.6 n.a. 46.8 n.a.
Si 22.1 n.a. 21.3 n.a. 23.3 n.a. 19.8 n.a. 22.3 n.a.
Al 11.3 15.64 10.5 18.67 8.6 17.09 11.0 12.41 8.8 21.43
Ca 6.6 12.88 119 13.12 8.6 11.16 6.6 7.24 12.1 11.6
Mg 6.6 12.42 4.9 16.82 6.5 6.95 7.9 7.96 6.7 9.12
Fe 3.8 6.28 2.4 7.03 3.5 5.45 5.8 5.55 2.8 6.46
Na 0.4 1.30 0.8 1.48 1.2 0.71 1.2 0.68 0.5 1.14
K 0.04 1.29 0.02 1.44 0.01 0.24 - 1.03 - 0.58
Cr 0.02 1.78 - 2.02 - 1.57 - 1.93 - 2.17
Ti 0.02 1.08 - 0.45 0.08 0.72 - 0.58 0.03 0.55
Mn 0.03 2.06 - 1.94 - 1.18 0.06 1.15 - 1.3
S 0.01 - - - - - - - - -

derived mass percentages, affirming the reliability of the compositional
data despite methodological differences. The ICP results confirmed that
aluminum (Al), calcium (Ca), magnesium (Mg), and iron (Fe) remain the
dominant metal constituents, aligning closely with the EDX data.
However, noteworthy variations are observed in the absolute elemental
concentrations measured by ICP compared to EDX, possibly attributable
to the surface sensitivity of EDX versus the bulk sensitivity of ICP. For
instance, sample ML 32 exhibited a significant disparity in Mg concen-
tration (16.82 wt% from ICP vs. 4.9 wt% from EDX), suggesting het-
erogeneous distribution of Mg-bearing phases between surface and bulk.
Similar observations were evident for Al in ML 2520 (21.43 wt% ICP vs.
8.8 wt% EDX) and ML 105 (17.09 wt% ICP vs. 8.6 wt% EDX). Never-
theless, trends among samples for Fe and Ca remained comparable in
both ICP and EDX analyses, confirming their relative homogeneity
across samples. Minor elements such as Na, K, Cr, Ti, and Mn were
detected only by ICP due to its superior sensitivity (e.g., Mn ranging
from 1.15 to 2.17 wt% ICP vs. below detection limit by EDX). Collec-
tively, ICP-OES complements EDX by providing enhanced quantification
accuracy and deeper insights into elemental distribution, which is
crucial for correlating catalytic activity to compositional features in
gabbroic materials.

The mineralogical compositions of the investigated gabbroic rock
samples were determined using X-ray diffraction (XRD) analysis. Fig. 1
presents the XRD diffractograms of the five samples analyzed, and the
results of quantitative phase identification using HighScore software are
summarized in Table 2.

Table 2

XRD quantitative results of the investigated gabbro rocks.
Mineral Sample

ML 05 ML 32 ML 105 ML 2010 ML 2520

Antigorite” 18 25 8 - -
Ferro-pargasite” 22 - - - -
Albite (Ca-bearing)® 35 - 45 31 -
Albite? - 38 - - -
Anorthite® 25 - - - -
Hornblende' - 17 31 27 13
Diopside® - 20 16 - -
Chlorite-serpentine” - - - 42 9
Plagioclase' - - - - 78

2 (Mg, Fe)3Si;0s0H,.

b NaCao(Fe3"Al)(SigAl2)O22(OH)>.

¢ (CaNa)Al,SiOs.

4 (Na)Al,Si,Og.

€ CaNaAlzsizog‘

f (Ca,Na),(Mg,Fe,Al)s(ALSi)gO02,(OH),.

8 MgC3.51206

f“ (Mg,Fe)3(Si,Al)4010(0H),-(Mg,Fe)3(OH)s/Mg3Sia05(0OH) 4.
! Na(Ca)AlSi3Os.

The analysis indicates that samples ML 05 and ML 105 primarily
consist of anorthite-poor, Ca-bearing albite plagioclase, accounting for
35 wt% and 45 wt% of their composition, respectively. Additionally,
serpentine polymorphs (antigorite) were identified in ML 05 (18 wt%)
and ML 105 (8 wt%). Sample ML 05 uniquely features ferro-pargasite,
constituting 22 wt% of its composition, while ML 105 contains sub-
stantial quantities of hornblende (31 wt%) and diopside (16 wt%).

Sample ML 32 predominantly comprises albite (38 wt%), accompa-
nied by significant quantities of antigorite (25 wt%), diopside (20 wt%),
and hornblende (17 wt%). The ML 2010 sample is characterized by a
high content (42 wt%) of chlorite-serpentine aggregates, along with
notable proportions of Ca-bearing albite (31 wt%) and hornblende (27
wt%). Lastly, ML 2520 is distinguished by its substantial plagioclase
content (78 wt%), with minor inclusions of hornblende (13 wt%) and
chlorite-serpentine aggregates (9 wt%). The diversity in mineral phases
across these gabbroic rocks reflects variations in their geological for-
mation processes and could influence their physical and chemical
behavior in environmental remediation applications.

The mineralogical compositions obtained through XRD analysis offer
valuable insights into the potential photocatalytic properties and per-
formance of the investigated gabbroic rock samples. The dominance of
plagioclase minerals such as albite and Ca-bearing albite in samples ML
105, ML 05, ML 2520, ML 32, and ML 2010 suggests structural and
chemical stability during photocatalytic processes due to their inher-
ently robust crystalline frameworks. The substantial presence of
amphibole minerals, specifically hornblende in ML 105 and ML 2010
and ferro-pargasite uniquely in ML 05, is particularly significant because
these minerals contain iron in various oxidation states (Fe2+, Fe3+),
potentially enhancing visible-light absorption and redox catalytic ac-
tivity through efficient charge-transfer processes. Additionally, the
notable occurrence of serpentine polymorphs (antigorite) in ML 05, ML
32, and ML 105, and chlorite-serpentine aggregates in ML 2010, in-
dicates an improved surface adsorption capacity, which can enhance
pollutant-catalyst interactions and thus promote the photocatalytic
degradation of organic species such as 4-nitrophenol. The presence of
clinopyroxene mineral diopside in ML 32 and ML 105 further suggests
enhanced catalytic activity due to active redox sites involving divalent
cations (Ca2+, Mg2+), beneficial for reactions involving oxidation of
gaseous pollutants like CO. Therefore, the diverse mineralogical char-
acteristics reflected in XRD results rationalize the variations observed in
the photocatalytic performance among the studied gabbro samples,
underpinning their promising applicability for targeted environmental
remediation processes.

The elemental surface compositions of the gabbroic samples ob-
tained by XPS analysis (survey spectra — Fig. 2-a, and Table S1) indicate
that oxygen and silicon are the predominant constituents across all
analyzed samples, followed by aluminum, magnesium, calcium, iron,
sodium, and traces of titanium, chromium, and manganese. The surface
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Fig. 2. XPS characterization of gabbroic samples: (a) Survey spectra of samples ML 05, ML 32, ML 105, ML 2010 and ML 2520. Detailed XPS scans for sample ML 05
illustrating elemental oxidation states and surface coordination environments for (b) aluminum (Al 2p), (c) oxygen (O 1s), (d) silicon (Si 2p), (¢) magnesium (Mg 1s),
(f) calcium (Ca 2p), (g) iron (Fe 2p), and (h) sodium (Na 1s). Fitted peaks indicate distinct oxidation states and coordination environments as discussed in the text.

elemental distribution observed by XPS generally corroborates the
compositional data from EDX, highlighting oxygen as the dominant
species (~64.7 at.% for ML0O5), with silicon (~19.2 at.%) and aluminum
(~5.9 at.%) consistently abundant among all samples. Since the
mineralogical compositions across the analyzed gabbroic samples
exhibit substantial similarity, differing primarily in relative mineral
proportions, only MLO5 was selected as a representative sample for

detailed XPS analysis to elucidate oxidation states and surface coordi-
nation environments relevant to catalytic behavior and surface reac-
tivity (Fig. 2-b to 2-h, Table S2 of supplementary data). Detailed XPS
results for other samples are reported in supplementary data Fig. S4-S7
and Tables S3-S6.

The aluminum present in sample MLO5 (Fig. 2b) predominantly ex-
ists in the AI>* oxidation state, as confirmed by XPS analysis of the Al 2p
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region, which exhibits two distinct peaks centered around 74-75 eV
(peak max = 73.75 eV) and 76-77 eV (peak max = 76.81). These peaks
correspond to different aluminosilicate coordination environments: the
lower binding energy peak (74-75 eV) likely represents octahedrally
coordinated AI3* within ferro-pargasite amphibole structures, while the
higher binding energy peak (76-77 eV) is attributed primarily to tetra-
hedrally coordinated Al** present in feldspar minerals such as albite or
anorthite. The Al 2p peak observed at 76.81 eV corresponds to the AI>*
2ps3,7 state, indicative of aluminum predominantly in tetrahedral coor-
dination (AlO4) within aluminosilicate minerals. According to the In-
ternational XPS Database, Al 2p binding energies vary depending on
chemical environment: aluminosilicates typically occur around 74.4 eV,
Al,03 around 74.6 eV, Al-OH species like AIOOH or boehmite at ~75.7
eV, and halide-bound Al (e.g., AlF3) can reach ~77.0 eV (Llc). Mean-
while, specialized XPS reference compilations (e.g., XPSfitting) note that
mixed Al-O/OH/hydroxide species often result in Al 2ps/o peaks
ranging from ~75.4 to 76.4 eV, depending on hydration/coordination
(Llc). The absence of peaks around 72-73 eV further confirms the lack of
metallic aluminum (AIO), reinforcing that aluminum is present in
oxidized aluminosilicate phases within the MLO5 sample.

The XPS analysis of the O 1s region for sample MLO5 reveals two
distinct peaks at approximately 532.43 eV and 530.81 eV (Fig. 2c). The
dominant peak at 530.81 eV, which accounts for approximately 94.36 %
of the peak area, is associated primarily with lattice oxygen (0%") pre-
sent in metal oxides and silicate frameworks typical of minerals such as
amphiboles, plagioclase feldspars, and pyroxenes found in gabbroic
rocks. The minor peak at 532.43 eV (5.64 % of the total peak area)
typically corresponds to surface-bound hydroxyl groups (-OH) or
adsorbed water molecules, reflecting hydration or hydroxylation of
mineral surfaces. The presence of these two peaks confirms that oxygen
in MLO5 predominantly exists as lattice oxygen bound within the crystal
structures of silicate minerals, along with a small contribution from
hydroxyl groups or adsorbed water at mineral interfaces (Lee et al.,
2016). This interpretation is consistent with the mineralogical charac-
teristics of gabbroic rocks, which contain a mixture of silicate minerals
and potentially hydroxylated surface sites due to exposure to environ-
mental moisture.

The XPS spectrum of the Si 2p region for sample MLO5 reveals three
distinct peaks at binding energies of approximately 105.74 eV, 104.55
eV, and 101.69 eV (Fig. 2d). The primary peak at 104.55 eV, constituting
approximately 68.13 % of the total peak area, is characteristic of silicon
in the Si** oxidation state, typically present in tetrahedral coordination
within silicate minerals such as plagioclase feldspars, amphiboles, and
pyroxenes commonly found in gabbroic rocks. The peak at 105.74 eV
(3.33 % area) may represent silicon in surface or hydrated silicate en-
vironments, possibly reflecting non-lattice silicon such as surface-
adsorbed silicic acid species or hydrated silica (Kaur et al., 2016; Eray
et al., 2020). The lowest binding energy peak at 101.69 eV (28.53 %
area) indicates a less oxidized state, potentially signifying partially
reduced silicon species (Si2+, Si3+) or sub-stoichiometric silicon oxide
environments, which could be attributed to minor surface reduction
processes or structural defects within the minerals (Kaur et al., 2016;
Eray et al., 2020).

The XPS spectrum of the Mg 1s for sample MLO5 reveals three
distinct fitted peaks at binding energies of approximately 1305.13 eV,
1303.02 eV, and 1301.96 eV (Fig. 2e). The main peak at 1305.13 eV,
which accounts for approximately 58.03 % of the peak area, can be
assigned to Mg?* ions typically observed in silicate minerals such as
serpentine or amphiboles. The second peak at 1303.02 eV, accounting
for 36.22 % of the total peak area, also corresponds to Mg?* but in-
dicates a slightly different chemical or coordination environment, likely
reflecting magnesium ions in varying mineral structures or at distinct
crystallographic sites within the minerals (Ye et al., 2025. The smallest
peak at 1301.96 eV (5.75 % area) is also indicative of Mg?", potentially
representing surface-related species or minor coordination variations
(Chatla et al., 2022). Magnesium typically exhibits only a single
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oxidation state (Mg2+) in natural minerals, and thus no lower oxidation
state or elemental magnesium (Mgo) peaks are observed. Furthermore,
the Mg 1s core level is a singlet peak without spin-orbit splitting, unlike
the Fe 2p or Ca 2p levels, simplifying the assignment to Mg?" across
these peaks. This analysis confirms the presence of Mg?* ions within
distinct coordination environments in the MLO5 sample, consistent with
its mineralogical composition comprising primarily
magnesium-containing silicates such as amphiboles and serpentine.

The XPS spectrum of sample MLO5 for the Ca 2p region clearly shows
two peaks due to spin-orbit splitting (Fig. 2f). The peak at approximately
347.21 eV corresponds to the Ca 2pg/, state, while the peak at 351.12 eV
represents the Ca 2p; » state (Kumar, 2020). Both peaks confirm that
calcium is exclusively present in the Ca?" oxidation state. The clear
spin-orbit splitting and absence of lower binding energy peaks further
confirm the absence of elemental calcium (Ca’) and support the pres-
ence of Ca%* ions, most likely within calcium-bearing minerals such as
plagioclase (anorthite) or amphiboles, consistent with the mineralogical
composition of the analyzed rock sample.

The XPS spectrum of the Fe 2p region for sample MLO5 shows mul-
tiple fitted peaks due to the characteristic spin-orbit splitting and the
associated satellite structures commonly observed in iron compounds
(Fig. 2g). Specifically, the Fe 2p core level splits into two principal
peaks, Fe 2p3,5 and Fe 2p;,». In MLOS5, the peak at approximately
709.45 eV (26.82 % peak area) can be assigned to Fe 2p3/5, predomi-
nantly indicative of Fe?* in iron-bearing minerals (Tolj, 2021). The peak
at around 712.88 eV (25.24 % peak area) corresponds to Fe 2ps/s
typically associated with Fe>* species, consistent with oxidized forms of
iron within silicates or oxides (Tolj, 2021). The higher binding energy
peaks at 723.44 eV (24.21 % peak area) and 731.21 eV (23.73 % peak
area) correspond to the Fe 2p, » components of Fe>™ and Fe3*, respec-
tively (Tolj, 2021; Karami et al., 2021). These peaks collectively confirm
the coexistence of both Fe?™ and Fe3' oxidation states within the
analyzed sample MLO05, suggesting a mixed-valence nature of iron in the
minerals, consistent with the presence of amphiboles (such as
ferro-pargasite) and other iron-containing silicates identified in this
rock. The clear separation and presence of satellite peaks further support
this interpretation, providing a comprehensive understanding of the
iron oxidation states in the MLO5 sample.

The XPS analysis of the Na 1s region for sample MLO5 shows two
distinct fitted peaks at binding energies of approximately 1072.90 eV
and 1070.81 eV (Fig. 2h). These peaks represent sodium in the Na®*
oxidation state (Ivanova, 2016; Kalapsazova et al., 2014), as sodium
commonly occurs as Na® in geological materials and minerals. The
presence of two peaks indicates two slightly different chemical or
structural environments of sodium ions, potentially arising from distinct
crystallographic positions within sodium-containing minerals (e.g.,
feldspars or amphiboles).

Tables S1-S6 summarize the XPS characterization results; Table S1
presents survey spectra data showing binding energies and atomic per-
centages of the surface elements across all analyzed gabbroic samples
(ML 05, ML 32, ML 105, ML, 2010; and ML 2520) while Table S2 to
Table S6 provides a detailed peak analysis of all five sample (ML 05, ML
32, ML 105, ML, 2010; and ML 2520), including binding energies, peak
areas, oxidation states, and coordination environments of key elements.

The results of the Ny adsorption/desorption analysis shown in Fig. 3
indicate that the investigated gabbro samples exhibit type IV isotherms
with H3-type hysteresis loops, classifying them as mesoporous materials
with slit-like interparticle pores according to IUPAC standards
(Sotomayor et al., 2018), with pore sizes predominantly in the range of
2-50 nm. BJH analysis of the desorption branch (Fig. 3b-Table 3) re-
veals narrow pore-size distributions with mean pore diameters in the
6.9-8.1 nm range, confirming that the pore volume is predominantly
associated with mesopores (2-50 nm). The distinct hysteresis loops
observed suggest capillary condensation within these mesopores, a
feature beneficial for photocatalytic reactions due to enhanced diffusion
and interaction of reactants within the pores. Furthermore, the
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Fig. 3. a) N, adsorption-desorption isotherms of synthesized materials, and b) corresponding BJH pore size distributions.

Table 3

Textural properties (specific surface area (Sggr), pore volume (Vpore), and pore
diameter (dpore)) of the gabbro samples and TiO, benchmark. Total organic
carbon (TOC) disappearance (%) measured at the end of 4-nitrophenol photo-
oxidation runs. Concentration and surface density of acidic sites determined
with the temperature programmed desorption (TPD) of pyridine on the studied
solids. Band gap (BG) energies of the studied samples.

Sample SBET Viore dpore  TOC  Quantity of Density of BG

acid sites acid sites
m%/g em®/ nm % pmol/g pmol/m? eV
8

ML 2.08  0.004 7.1 54 6.9 3.3 2.66

2010
ML 105 3.65 0.007 7.6 60 11.0 3.0 2.77
ML 0.56  0.001 74 51 2.4 4.3 2.77

2520
ML 05 4.96 0.008 6.9 20 13.5 2.7 3.06
ML 32 295 0.006 8.1 47 8.0 2.7 2.00
“TiOy 81.0 0.290 143 8 / / 3.30

# Commercially available anatase TiO, DT-51 provided by CristalActive®.

adsorption isotherms exhibit a pronounced rise near p/po = 1, indicative
of macroporosity (>50 nm) (Bertier et al., 2016), which can facilitate
efficient mass transport, thus potentially benefiting photocatalytic per-
formance by reducing mass transfer limitations. Despite their advanta-
geous pore features, the specific surface areas (Sggr) of the analyzed
gabbroic rocks are relatively low (Table 3), ranging from 0.56 m2/g (ML
2520) to 4.96 m%/g (ML 05), significantly lower compared to commer-
cial TiO, (81.0 m2/g). Sample ML 05, which possesses the highest
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surface area among the studied solids, may offer superior photocatalytic
sites due to increased surface-active sites availability. However, its
relatively low photocatalytic activity in specific reactions such as
4-nitrophenol oxidation (20 % TOC removal, shown in the following)
suggests that factors beyond surface area, such as band gap energy,
surface acidity, and recombination dynamics of photogenerated charge
carriers, significantly influence the photocatalytic performance. Sam-
ples ML 105 and ML 2010, with moderate specific surface areas (3.65
and 2.08 m%/g, respectively) yet notable catalytic performance (TOC
removal of 60 % and 54 %, respectively, as shown in the following),
underscore the importance of balanced textural, electronic, and acidic
properties in determining photocatalytic effectiveness. These results
highlight the potential of mesoporous and macroporous structures in
gabbroic rocks for photocatalytic applications, although further opti-
mization of their textural and surface characteristics would likely
enhance their performance relative to commercial photocatalysts.

The UV-Vis diffuse reflectance spectra (DRS) of the analyzed gabbro
samples (Fig. 4a) show clear absorption features that provide informa-
tion about their mineralogical and chemical composition. The spectra
show significant absorption in both ultraviolet (<400 nm) and visible
light (>400 nm) regions, indicating the materials’ potential for photo-
catalytic activity in a broad spectrum of light wavelengths. The band gap
energies calculated with the Kubelka-Munk function (Fig. 4b) range
from 2.00 to 3.06 eV (Table 3) and reveal that the investigated gabbroic
rocks are able to generate charge carriers when irradiated with visible
light. A prominent absorption band appears near 260 nm, typically
associated with ligand-to-metal charge transfer transitions from 0%~ to
transition metal cations Singh and Singh, 2001; May and Dempsey,
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Fig. 4. a) UV-Vis absorbance spectra of the investigated gabbro rocks and the corresponding b) Kubelka-Munk function with the determination of the band gaps (BG)

of the analyzed materials.
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2024). In gabbroic samples, Fe3*, Ti**, and Cr®* likely contribute to this
feature, as these elements are known to induce such transitions when
incorporated into silicate mineral lattices (Singh and Singh, 2001; May
and Dempsey, 2024). Trivalent iron, especially when present in tetra- or
octahedral coordination, is a well-documented cause of UV absorption
(Sherman, 1985; Malik et al., 2020). Similarly, even traces of titanium
and chromium can significantly affect UV-Vis spectra through strong
charge transfer interactions. In the visible region (400-800 nm), the
spectra exhibit broad absorption features that are characteristic of
electronic d-d transitions in the d- orbitals of transition metal ions,
especially Fe?™ and Fe®'. Fe?' typically contributes to absorptions
ranging from the near infrared to the red region of the visible spectrum,
while Fe>* produces broad bands in the blue to green region (400-600
nm) depending on its crystal field environment (Saito, 2025; Lin et al.,
2013). In addition, the intermittent charge transfer between Fe?t and
Fe®t ions likely contributes to the continuous absorption observed
throughout the visible spectrum. This broad absorption profile is
consistent with the characteristic dark, greenish-grey coloration of the
investigated gabbroic rocks. Some samples also show localized absorp-
tion features around 700 nm. These bands are less intense, but still
significant, and may originate from d-d transitions of Mn>*, which is
known to absorb in the red to near-infrared region (Czaja et al., 2018).
Fe3" ions in distorted octahedral sites may also contribute to this
feature. The presence of Cr>*, even in trace amounts, can further explain
the absorption around 680-700 nm, depending on the structure of the
host mineral (Taran et al., 1994). Moreover, defined absorption features
near 700 nm may indicate the presence of Fe-rich secondary minerals
such as chlorite or serpentine, especially under geochemical conditions
that favor their formation (Kamps et al., 2018). These minerals often
exhibit diagnostic spectral signatures in this range when they are
enriched in iron relative to magnesium.
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Solid-state PL measurements in which gabbro samples were excited
at 240 nm were recorded and the PL emission was acquired in the range
between 260 and 600 nm (Fig. 5a). A minor emission peak was obtained
at 300 nm, which is probably due to the intrinsic luminescence of the
silicate framework, especially related to defect states in the silica-rich
mineral matrix. In silicate minerals, such emissions in the UV range
can originate from non-bridging oxygen hole centers, oxygen vacancies
or self-trapped excitons (Song et al., 2000; Sutowska et al). These are
intrinsic lattice defects that often form during geological processes,
especially under high pressure and temperature conditions to which
gabbro is exposed during its formation in the lower crust. The intense
emission at 400 nm is most likely due to defect-induced luminescence or
impurity-induced transitions, especially in Fe3*, Ti** or possibly Cr3*.
When excited with high-energy UV light (e.g. 240 nm), charge transfer
transitions can occur, most commonly from 02~ to Fe>* and the
recombination of these excited states can lead to photon emission in the
violet to blue range (Devaraja, 2015; Page et al., 2010; Kumar et al.,
2003). Ti4+, when present in a distorted octahedral environment, can
also contribute to blue luminescence through charge transfer mecha-
nisms. The strong intensity of the 400 nm peak indicates that these types
of recombination centers are relatively common or highly efficient in the
studied gabbroic rocks (Somakumar, 2023).

When the gabbroic rock samples were excited at 444 nm and the
emission measured in the range from 465 to 760 nm (Fig. 5b), a clear
emission peak was observed at 490 nm, followed by a gradual decrease
in intensity with a tail extending to longer wavelengths. The peak at 490
nm is in the blue-green region of the visible spectrum and is charac-
teristic of Mn?* ions substituted in silicate mineral lattices. In particular,
Mn?* in tetrahedral or distorted octahedral coordination often emits at
wavelengths between 480 and 520 nm due to the 4T, — ®A; transition,
which is spin-forbidden but can become partially allowed depending on
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Fig. 5. Results of solid-state photoluminescence (PL) measurements of the investigated gabbroic rocks, performed with Xe light excitation at a) 240 nm, b) 444 nm
and c) 600 nm using a PMT detector. The measurements shown in Figure d were carried out under 600 nm excitation with an InGaAs detector.
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the symmetry of the local environment (Artem’ev et al., 2019; Abdel--
Hameed et al., 2019). Such emissions are commonly seen in feldspar
minerals found in many gabbroic rocks and reflect the presence of trace
amounts of Mn incorporated during mineral crystallization (Gaft et al.,
2005). The broad tail that follows the peak and extends to about 750 nm
indicates the presence of multiple overlapping emission processes or
defect-related recombination pathways. This type of gradual decrease in
intensity is typical of phonon-coupled luminescence, where the excited
electrons interact with lattice vibrations before recombining, as well as
transitions from structural defects or Fe>' centers that emit weaker and
over broader energy ranges (Somakumar, 2023).

Solid-state PL. measurements were also carried out at an excitation
wavelength of 600 nm. The results in Fig. 5c show a weak emission
signal that starts at 620 nm and gradually decreases in intensity until
about 750 nm, after which no further emission is observed. This spectral
behavior indicates that the excitation energy at 600 nm (which corre-
sponds to about 2.07 eV) is probably too low to efficiently excite the
main luminescence centers in the sample. The observed weak emission,
which decays at 750 nm, indicates the presence of low efficiency
recombination processes or residual emission from defect-related states,
but no strong or well-defined emission centers are active under this
excitation (Guesmi, 2023). There are several possible explanations for
this behavior. One of these is the inefficient excitation of transition
metal ions. At 600 nm, the excitation energy is not sufficient to trigger
charge transfer transitions or high-energy d-d transitions in Fe>*, Ti**
or Cr’*, which are responsible for the stronger emissions observed at
shorter wavelengths (e.g. 240 or 444 nm) (Gao, 2025; Ichikawa et al.,
2022. Another possible explanation could be the lack of suitable lumi-
nescence centers in this spectral range. Common NIR-active rare earths
(e.g. Nd>*, Er®*, Yb®), emitting in this range, are either not present in
our analyzed samples or below the detection limit (Rabouw et al., 2018).
The results of the XRD and SEM-EDX elemental analysis (see text below)
support this assumption, as such lanthanides could not be detected. In
addition, Fe-related quenching could also occur. Iron, especially Fe?*
and Fe3", can act as a luminescence quencher in silicate matrices and
suppress the emission from nearby centers. This effect is stronger at
lower excitation energies, where inefficient excited states can be further
deactivated in a non-radiative manner (Wei, 2019). Finally, measure-
ments with 600 nm excitation using an InGaAs detector in the near
infrared range between 850 and 1180 nm showed no emission from the
samples (Fig. 5d). The absence of luminescence in the near infrared
suggests that the examined gabbroic rock does not contain NIR-active
luminescent centers, such as rare earth ions, which are normally
responsible for emissions in this spectral range. In addition, the rela-
tively high concentrations of iron in the samples probably promote
non-radiative quenching mechanisms that suppress possible lumines-
cence at longer wavelengths. The photoluminescence behavior of the
studied gabbroic rock samples reflects the presence of defect centers and
traces of transition metal ions (especially Mn?", Fe3*, Ti**) embedded in
the silicate mineral matrix. These centers are effectively excited by
high-energy UV and blue light, resulting in emissions in the 300-500 nm
range, with weaker and broad emissions extending into the red region.
In contrast, low energy excitation (600 nm) does not produce significant
luminescence and no NIR emission is observed, confirming the absence
of rare earths or NIR active defect centers.

Time-correlated single photon counting (TCSPC) analysis was per-
formed on the examined gabbro rock samples to investigate the dy-
namics of charge carrier recombination after excitation at different
wavelengths. The average photoluminescence decay time of charge
carriers (7g) in the examined solids were extracted from the decay
curves (Figs. S8 and S9) obtained upon excitation of the investigated
materials at 325 nm (DeltaDiode LED light source) and 495 nm (Del-
taDiode laser light source) by using a multi-exponential fitting:

YAT
ZAiTi

(€8]
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where A; are the amplitudes/weighting (pre-exponential) factors and z;
corresponding lifetimes (Table S7, supplementary data). Interestingly,
the rank order of the 7,4y, of the investigated rocks observed at these two
excitation wavelengths (Fig. 6 and Table S7, supplementary data) were
of opposite nature, indicating fundamentally different recombination
mechanisms or activation of the luminescent centers depending on the
excitation energy (D’Amico et al., 2009). The excitation at 325 nm
corresponds to a relatively high photon energy in the near UV range,
which is sufficient to excite charge carriers across wide band gaps or to
transport electrons from the valence band to higher energy defect states
or transition metal centers. This higher energy excitation is likely related
to intrinsic defects in the silicate lattice, such as oxygen vacancies,
non-bridging oxygen hole centers or self-trapped excitons, as well as
charge transfer transitions involving Fe>* or Ti** ions (D’Amico et al.,
2009). The recombination lifetimes under this excitation therefore
reflect the dynamics of these high-energy electronic states and their
associated defect complexes. On the other hand, excitation at 495 nm
corresponds to a lower photon energy in the visible range, which can
selectively excite different luminescence centers, such as Mn?" ions or
other transition metal impurities embedded in the silicate matrix (Gao,
2025). These centers often have narrower energy levels and exhibit
different electron-phonon coupling strengths, which can lead to
different recombination rates compared to the higher energy states
reached at 325 nm. The observed opposite trends in average lifetimes
suggest that the processes dominating luminescence at these two exci-
tation energies are different and may even compete with each other. For
example, a longer lifetime at 325 nm excitation could indicate fewer
non-radiative pathways and more stable excited states associated with
intrinsic defects or charge transfer centers, while the shorter lifetime at
495 nm could imply more efficient non-radiative relaxation or stronger
quenching of Mn?* or other impurity-related emissions. Conversely, a
shorter lifetime at 325 nm and a longer lifetime at 495 nm could indicate
fast recombination of high-energy carriers and more stable lumines-
cence of impurity centers at lower excitation energy. In addition, the
difference in lifetimes may be influenced by the local crystal field
environment, defect concentration and the presence of quenching ions
such as Fe?" and Fe", which are known to facilitate non-radiative decay
channels. These factors influence the balance between radiative and
non-radiative recombination and thus characterize the overall lumi-
nescence decay dynamics. The TCSPC results illustrate the complex
photophysical behavior of gabbroic rocks in which multiple lumines-
cence centers with different recombination kinetics coexist.

9
m Aexc =325 nm, A, =410 nm
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Fig. 6. The diagram illustrates the increase in the average lifetime (z4y.,) of the
gabbroic rocks analyzed, as determined from the various light excitations
shown in Table S7 and Figs. S8 and S9.
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The acidic properties of the investigated catalysts were assessed by
temperature-programmed desorption (TPD) of pyridine using ther-
mogravimetric analysis (TGA). The obtained profiles (Fig. 7) illustrate
similar patterns of pyridine desorption among the analyzed samples,
characterized by three distinct desorption peaks occurring around
300 °C, 390 °C, and between 600 and 640 °C. The predominant peak
observed in the temperature range of 600-640 °C indicates that most of
the surface acidic sites in these gabbroic rocks are strongly acidic.
Notably, sample ML 32 uniquely exhibited an additional intense peak at
approximately 390 °C, signifying a balanced distribution of both strong
and weak acidic sites. Strong acidic sites are particularly beneficial for
photocatalytic processes as they enhance surface reactivity and improve
the adsorption capacity for the molecules (Jia, 2022). The relationship
between specific surface area and acidic properties (Table 3) suggests
that samples with higher surface areas generally exhibit a higher total
quantity of acidic sites. From a photocatalytic perspective, the presence
of a significant number of strong acidic sites, as seen in ML 105 and ML
05, likely facilitates improved adsorption and activation of reactant
molecules, thus enhancing their potential efficacy in photocatalytic
degradation reactions. Conversely, the balanced acidic profile of ML 32
may promote effective intermediate adsorption-desorption dynamics,
potentially reducing recombination losses and favoring enhanced pho-
tocatalytic performance in pollutant degradation processes.

3.2. Catalytic tests

3.2.1. Photooxidation of 2-propanol and CO

The concentration-time profiles for 2-propanol oxidation (Fig. 8)
reveal three distinct behaviours that depend on the balance between
surface adsorption and photo-reactivity. ML 105 and ML 05 exhibit the
largest initial uptake of 2-propanol in the dark, reflecting the highest
specific surface areas of series (4.96 and 3.65 m? g1, respectively) and
the greatest total concentration of Brgnsted-type acid sites (13.5 and
11.0 pmol g~1) that anchor the alcohol through hydrogen bonding to
surface O-H groups. Upon illumination, both samples release part of the
pre-adsorbed alcohol (photodesorption), after which a steady decrease
resumes as the photochemical route predominates. By contrast, ML 2010
and ML 2520 show continuous removal of 2-propanol even in the dark
because their lower acid-site density is compensated by mineral phases
rich in Fe-bearing chlorite/serpentine that supply stronger Lewis bind-
ing centers. The photonic step simply accelerates a process that is
already adsorption-limited. The net outcome is that ML 2010, which
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Fig. 7. TPD of pyridine from the surface of the studied materials.
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combines a moderate surface area (2.08 m? g’l) with an optimal dis-
tribution of medium/strong sites, achieves the highest acetone yield
(8.5 pmol/L after 21 h) and the largest rise in CO,, confirming deeper
mineralization. In contrast, the short average charge-carrier lifetime
measured for ML 05 (0.70 ns at 325 nm excitation) limits interfacial
redox turnover despite its large surface reservoir. These trends demon-
strate that visible-light performance scales with the product of charge-
carrier lifetime, accessible acid sites and mineralogical redox centers
rather than with surface area alone.

Photo-excitation of the silicate framework (Eg = 2.0-3.1 eV) creates
conduction-band electrons localised on Fe?*/Ti®" centers and valence-
band holes delocalised on lattice O 2p orbitals. The holes abstract an
a-H from adsorbed 2-propanol to form the (CH3)2COH radical, which
rapidly dehydrogenates on adjacent Lewis acidic Mg?"/Ca?" sites to
acetone. Electrons reduce molecular Oy chemisorbed on Fe3* sites to
Oye’; protonation yields HOze/H202 and finally eOH, which oxidise
acetone step-wise to acetate, formate and ultimately CO,. Strong
Brgnsted sites stabilize the initial alcohol while medium-strength sites
promote desorption of acetone, preventing catalyst poisoning. Simple
schematic steps include: (i) band-gap excitation, (ii) hole-driven H-
abstraction, (iii) electron-driven formation of superoxide/hydroxyl
radicals, and (iv) sequential oxidation of acetone to CO,.

CO photooxidation to CO5 (Fig. 9) uncovers a different hierarchy. ML
105 and ML 32 exhibit the fastest disappearance of CO and the largest
formation of CO5, whereas ML 2520 has a minor photocatalytic activity.
Here, intrinsic acidity is less important than the lifetime of photo-
generated charges and the ability of Fe-, Mn- and Ti-bearing amphiboles
to cycle between adjacent redox states. ML 32, although moderate in
surface area, possesses the longest carrier lifetime (1.65 ns at 325 nm)
and contains 20 wt % diopside and 17 wt % hornblende, minerals that
host Fe3* /Fe?t couples able to mediate fast electron transfer. ML 2520,
dominated by plagioclase (78 wt %) and exhibiting the lowest surface
area (0.56 m? g’l) and acid-site concentration (2.4 pmol g’l), lacks
sufficient redox centers or adsorption capacity, explaining the absence
of measurable activity.

Photocatalytic CO oxidation proceeds through initial CO chemi-
sorption on unsaturated Fe3* or Mg?* centers to form surface carbonyl
species. Valence-band holes oxidise the adsorbed CO to a CO; inter-
mediate that is rapidly attacked by superoxide or surface -OH groups
generated by conduction-band electrons reacting with Oy and H20. The
resulting CO2 may either be released or react further with basic oxo-
bridges to yield surface carbonates. A tentative schematic of the whole
reaction therefore includes (i) CO binding to Fe3+, (ii) hole-mediated
one-electron oxidation to CO5, (iii) electron-mediated O, activation,
(iv) coupling to yield CO5 and (v) subsequent carbonate trapping. Based
on the results shown in Fig. 9, most of the gabbro samples are able to
adsorb CO in the dark and, given the limited CO3 released into the gas
phase during the tests, the formation of carbonates on the surface of
gabbro samples is likely. The relatively modest amount of CO5 detected
in the gas phase, together with literature reports on carbonate formation
on oxide surfaces, suggests that a fraction of the photogenerated CO5
may be transiently retained as surface carbonate/bicarbonate species;
however, dedicated in-situ spectroscopic or isotopic studies would be
required to confirm and quantify this effect.

These two case studies underscore that the gabbro catalysts function
as natural, multi-mineral heterojunctions in which light harvesting,
charge separation, adsorption and acid-base chemistry are spatially
distributed over complementary mineral phases. Engineering the rela-
tive abundance of amphibole/chlorite (for redox activity) and feldspar/
pyroxene (for acid sites and adsorption) therefore provides a rational
route to optimize selectivity and durability in either dehydrogenation-
type VOC oxidation or direct CO photo-oxidation.

3.2.2. Liquid-phase 4-nitrophenol photodegradation
The time-profiles of 4-nitrophenol photodegradation in Fig. 10
reveal that illumination, rather than mere adsorption, governs the
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degradation of 4-nitrophenol on the five gabbroic powders. In darkness
all samples removed <3 % of the pollutant, whereas simulated sunlight
resulted in a monotonic decrease of c¢/c that, after 24 h, reached 0.35
for ML 105, 0.41 for ML 2010, 0.43 for ML 2520, 0.50 for ML 12 and
0.77 for ML 05, while anatase TiO5 levelled off at 0.86. The trend mirrors
the total-organic-carbon abatement measured at the end of the run i.e.
60 % for ML 105, 54 % for ML 2010, 51 % for ML 2520, 47 % for ML 12
and only 20 % for ML 05. The TOC results indicates that the disap-
pearance of 4-nitrophenol is mainly due to its complete degradation into

12

inorganic end-products such as COy and water, rather than partial
degradation into intermediate compounds retaining the chromophoric
structure.

Three physicochemical descriptors appear to steer the activity,
namely surface acidity, optical absorption energy and charge-carrier
dynamics. Temperature-programmed desorption of pyridine shows
that ML 105 hosts the largest population of Brgnsted/Lewis sites (11
pmol g~ 1) and ML 2520 the highest density per unit area (4.3 pmol m~2),
whereas ML 05 possesses many sites but of weaker strength, as evident
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Fig. 10. Photooxidation of 4-nitrophenol dissolved in water in the presence of
the analyzed gabbro samples under simulated sunlight (open symbols) and in
the dark (full symbols).

by its dominant desorption peak below 400 °C. Strong acid sites stabilize
the phenolate form of 4-nitrophenol once it is photoadsorbed on the
catalyst surface from solution, orienting the nitro group toward surface
holes and favoring oxidative denitration. The optical band gaps follow
the order: ML 32 (2.00 eV) < ML 2010 (2.66 eV) ~ ML 105 ~ ML 2520
(2.77 eV) < ML 05 (3.06 eV) < TiO, (3.30 eV). Under the AM1.5
spectrum this translates into progressively smaller photon flux available
for ML 05 and for anatase, which explains their inferior rate constants
despite their higher BET area (4.96 and 81 m? g}, respectively). Finally,
time-correlated single-photon-counting indicates that the longest
average lifetime of 325 nm-generated excitons belongs to ML 32 (1.65
ns) and ML 105 (1.47 ns), whereas ML 05 recombines within 0.70 ns. A
longer residence time of separated charges increases the probability that
valence-band holes oxidise adsorbed organics before geminate recom-
bination occurs, rationalizing the superior quantum efficiency of ML 105
and the average performance of ML 32 despite its moderate acidity.

Mineralogical and elemental evidence supports these structure-
activity correlations. Hornblende and diopside, both rich in Fe3'/
FeZ*, represent 31 wt % of ML 105, while chlorite-serpentine account
for 42 wt % of ML 2010. The coupled presence of Fe/Mg silicates and
trace Ti (0.08 at % in ML 105) favors intervalence charge-transfer
transitions that red-shift the absorption edge and create internal Fe?*
 Fe* traps able to postpone e /h™ recombination. SEM-EDX further
shows that ML 105 is enriched in Ca (8.6 at %) and Mg (6.5 at %), cations
that promote Lewis acidity by polarizing surface silanols. Conversely the
overwhelming plagioclase content of ML 2520 (78 wt %), although
virtually non-porous (0.56 m? g~1), still enables suitable activity thanks
to its exceptionally concentrated acidic sites, evidencing that reactivity
here is controlled by site quality rather than by geometrical area alone.

Taken together, these observations converge toward a classical het-
erogeneous photocatalytic mechanism, modulated by the mixed-oxide
nature of gabbro. Upon photon absorption electrons are excited to a
conduction manifold dominated by Fe 3d/Ti 3d levels, leaving holes in O
2p-based valence states. Conduction-band electrons reduce dissolved
oxygen to superoxide, whereas valence-band holes and surface ¢OH
formed from water oxidation initiate electrophilic attack on the para-
nitrophenolate. Successive reactions cleave the nitro group to nitrite/
nitrate, add hydroxyls to the ring, and finally open the aromatic cycle to
yield short-chain acids that photomineralise to COs, as corroborated by
the TOC data. Surface Brgnsted sites facilitate the first deprotonation
and anchor intermediates, while strong Lewis sites stabilize transient
radicals long enough for oxidative fragmentation.
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The schematic highlights the converging oxidative and reductive
half-cycles operating on the heterogeneous surface. The coexistence of
Fe?* and Fe* centers in hornblende and chlorite not only narrows the
apparent band gap but also provides internal redox couples that shuttle
electrons toward adsorbed oxygen, sustaining the formation of reactive
oxygen species even when UV flux is limited. This synergy between
broad-band light harvesting, resilient acid sites and delayed recombi-
nation underpins the superior photomineralisation capacity of ML 105
and ML 2010 over conventional TiO,, pointing to gabbro waste as a low-
cost, solar-responsive catalyst for water purification.

3.2.3. NO; Photoreduction

The temperature-dependent experiments, in dark conditions,
confirm that all five gabbro samples begin to reduce NO, only after they
have been heated above about 125 °C, but the extent of conversion and
the temperature at which the reaction initiates vary markedly (Fig. 11a).
Sample ML 2010 is the most active, removing 17.5 % of the inlet NO,
and doing so at the lowest onset temperature, while ML 2520, ML 32 and
ML 105 cluster around 11-12.5 % and ML 05 reaches 13.8 %. The su-
perior behavior of ML 2010 matches its relatively open pore system (7.1
nm average diameter) and its balanced concentration of strong acid sites

T
I
I
[
I

100

Product selectivity / %

Fig. 11. a) Temperature-dependent relative NO, conversion on investigated
gabbro samples. b) Calculated relative percentage selectivity of the three main
products (NO, N-O, and N) in the temperature range of 30-300 °C for the
analyzed materials.
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(6.9 pmol g1, 3.3 pmol m~2), which favor NO, adsorption and nitrate
formation without creating an over-saturated surface. X-ray diffraction
shows that ML 2010 contains a high fraction of chlorite-serpentine and
hornblende, phases rich in Fe and Mg that are able to shuttle electrons
between Fe?*/Fe3* couples during reduction steps.

Selectivity measurements give additional insight (Fig. 11b). Nitrogen
is the desired product, whereas NO and N3O are undesirable in-
termediates due to their environmental adverse effects (Obalova, 2021).
ML 05, the sample with the highest total acidity (13.5 pmol g ) but also
the broadest distribution of acid strengths, steers the reaction most
cleanly towards N, reaching about 70 % selectivity. ML 2520, with
fewer but very dense Lewis sites (4.3 pmol m~2), over-stabilizes NO* and
shows only 40 % Nj. The comparison indicates that a mixture of mod-
erate and strong acid sites, rather than a preponderance of either
extreme, allows adsorbed NOy species to couple and desorb as Nj instead
of leaving the surface prematurely as NO or decomposing to N2O.

When the same solids are exposed to visible light in the 30-120 °C
range, the results change significantly (Fig. 12). No sample shows ac-
tivity in the dark at 30 °C, but a 15-min irradiation step immediately
triggers measurable conversion on every sample. Again ML 2010 re-
sponds most strongly with light-assisted conversion of 6 % at 90 °C,
whereas the other samples remain near 2-3 % except ML 05, which
benefits synergistically from mild heating and reaches 10 % at 90 °C.
The benign response to light correlates with the measured band gaps. ML
32 has the narrowest optical gap (2.0 eV) and absorbs visible photons
most efficiently, but its moderate acidity limits the surface coverage of
NO, intermediates. ML 2010 and ML 105 possess slightly wider gaps
(2.66-2.77 eV) yet compensate with abundant adsorption sites, so their
overall photo-thermal rates are highest. The low-area ML 2520 (0.56 m>
g~ 1) absorbs enough light to form charge carriers but lacks adsorption
capacity and therefore lags.

Taken together, the data suggest a reaction scheme in which NOy
first chemisorbs as nitrate or nitrite on Lewis-acidic cation sites (mainly
Mg?*, Fe3* and Ca?* exposed at feldspar or hornblende terminations).
Visible photons promote electrons from the valence band of the silicate
framework (or Fe-O clusters) into the conduction band. The accompa-
nying holes are quenched by Hj, generating protons that remain at the
surface. Conduction-band electrons reduce adsorbed NO; to NO*, then
further to NoO*. Protons add to these intermediates, lowering activation
barriers. A second electron-proton pair cleaves NoO* to Ny and surface
OH, and the latter is re-oxidized by holes to release /40 and regenerate
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Fig. 12. Curves of NO, reduction in the dark as a function of temperature (solid
curves with full symbols) and NO, reduction using visible light as a function of
temperature (dashed curves with empty symbols) on investigated gab-
bro samples.
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the site. In concise form:

2H,0 + 4h* — 4H' + O, (€]
NO,(ads) +2e” +H" — NO(ads) + OH~ @
2NO(ads) +2e~ +H" — N,O(ads) + OH~ 3)
N>O(ads) +2e~ +2H" —» N, + H,0 ()]
40H™ +4h' - 0, + 2H,0 5)

This sequence is facilitated by adjacent Brgnsted and Lewis centers
that stabilize the anionic intermediates and by the iron-bearing minerals
that act as internal redox mediators. Mild heating (up to 90 °C) accel-
erates surface diffusion of NO* and N,O*, allowing the bimolecular N-N
coupling and the final N5O dissociation step to keep pace with photo-
generated electrons.

The combination of low band-gap energy, a network of well-
distributed acid sites and iron-rich silicate domains explains why
quarry waste gabbro, despite its modest surface area, rivals or exceeds
TiO4 under visible light for NO, removal. By choosing rocks such as ML
2010 for rate and ML 05 for selectivity, or by blending them, one can
design passive surfaces and filters that convert traffic exhaust into
benign nitrogen at temperatures easily reached in hot climates or under
mild solar heating.

Photothermal experiments (Fig. 13) further clarify the effect of
illumination on product distribution during NO2 reduction. For both
representative samples, ML 05 and ML 2010, visible-light irradiation
results in high selectivity for Ny even at low temperatures (30-90 °C),
while the formation of NO and N3O remains limited throughout this
range. Under purely thermocatalytic conditions, significant N2 forma-
tion occurs only as the reaction approaches the thermal ignition tem-
perature (approximately 120 °C). As the temperature increases, the
photothermal selectivity profiles gradually converge with those ob-
tained in the dark, and at the ignition temperature both conditions yield
comparable product distributions dominated by Nj. These results indi-
cate that illumination effectively lowers the activation temperature
required for NOy reduction without altering the overall reaction
pathway, while simultaneously enhancing N» selectivity and suppress-
ing the formation of undesirable intermediates at mild temperatures.

4. Conclusions

In this study, mafic plutonic rock samples (gabbro, olivine gabbro)
collected in the United Arab Emirates were characterized and tested for
the first time as photocatalysts in the oxidation of CO and 2-propanol in
air under simulated solar and in the reduction of NO; under visible light
irradiation. The investigated gabbro rock samples were also tested as
photocatalysts in water treatment for the photodegradation of 4-nitro-
phenol. The Ny adsorption/desorption analysis shows that the used
gabbroic materials exhibit mesoporous and macroporous properties,
with low specific surface areas (between 0.56 and 4.96 m2/g) compared
to commercial TiO,. The results of the SEM-EDX analysis show that the
surfaces of the analyzed rocks consist mainly of O, Si, Al, Ca, Mg and Fe,
whereby the element concentrations vary considerably between the
samples. The UV-vis DR analyses show that the studied gabbroic rocks
have a lower band gap energy than TiO,, which allows the absorption of
light in both the UV and visible spectrum.

In the photodegradation runs of 2-propanol performed under simu-
lated sunlight, ML 2010 showed the highest catalytic activity and pro-
duced 8.5 pmol/L acetone after 21 h of illumination. In the oxidation of
4-nitrophenol, ML 105 showed the highest oxidation rate (65.4 %),
followed by samples ML 2010 (59.3 %) and ML 2520 (57.3 %). The
samples ML 105 and ML 32 showed the highest conversion of CO to CO,
and also the greater extent of adsorption of CO in the dark. Thermal
catalytic NO, reduction experiments showed that all gabbro samples
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Fig. 13. Photothermal NO; reduction over ML 05 and ML 2010 and the related product selectivity.

effectively reduced NO, at temperatures above 125 °C, with sample ML
2010 achieving the highest NO; reduction extent of 17.5 %. The selec-
tivity in the formation of Ny, the most desired product of NO, reduction,
was highest for ML 05 (~70 %) and lowest for ML 2520 (~40 %).
Photothermal NO; reduction experiments conducted between 30 and
120 °C showed that visible light illumination increased the NO3 reduc-
tion rates of all gabbroic rocks analyzed. In particular, ML 2010 showed
the highest photothermal catalytic activity under the studied experi-
mental conditions. A balanced ratio of strong and moderate acidic sites
improves the catalytic efficiency of the investigated gabbroic rocks by
enhancing adsorption (CO to CO; photoconversion, 2-propanol con-
version), surface reaction rates (NO reduction) and desorption steps (4-
nitrophenol oxidation), thus increasing the overall catalytic activity. All
investigated gabbro samples showed higher photocatalytic activity than
TiO5 under the investigated reaction conditions.

The results of the study presented here show that the investigated
gabbroic rocks have a promising potential as photocatalysts, especially
for applications related to the degradation of organic and inorganic
pollutants in air and water and for NOy reduction. Their broad light
absorption, highly acidic sites and diverse mineral composition
contribute to their functional versatility and make them a valuable
alternative to conventional materials such as TiO». For the first time, this
naturally occurring gabbro materials are shown to exhibit both oxida-
tive and reductive photocatalytic properties when activated under solar
radiation and can also store oxidized carbon in the form of carbonates.
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