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rinciples calculations and
experimental study on the photocatalytic
mechanism of natural dolomite

Xiaomin Hou, Qi Cheng, Jianrong Wang, Qingfeng Wu * and Weibin Zhang *

Mineral-based photocatalysts have received great attention due to their low cost. In this study, the

photocatalytic activity of natural dolomite and its mechanism were investigated based on designed

experiments and first-principles calculations. The kinetic study showed that natural dolomite showed

notable photocatalytic activity for the degradation of target compounds including methylene blue,

diphenhydramine, and tetracycline. The EPR analysis demonstrated that O2
�c, cOH, and 1O2 were

produced in the dolomite system under simulated sunlight irradiation. The first-principles calculations

indicated that the isomorphous substitution of Fe2+ for Mg2+ in the dolomite lattice led to the impurity

levels appearing in the forbidden band, which caused a significant decrease of the band gap from 5.02

to 1.63 eV. As a result, natural dolomite could act as a semiconductor photocatalyst in photochemical

reactions due to the substitution of Mg2+ by Fe2+. Under simulated sunlight irradiation, photogenerated

electron–hole pairs in the natural dolomite were separated and transferred to the surface, and then

formed reactive radicals through further reactions, thereby enhancing the degradation of target

compounds. This research may contribute to the understanding of the photocatalytic activity of natural

minerals.
1. Introduction

Natural minerals are widely distributed at the Earth's surface.
As important raw materials, they are extensively used in the
different branches of industry. In the eld of heterogeneous
photocatalysis, it has been widely recognized that natural
minerals may play an important role as photocatalysts or
substrates of photocatalysts due to their low cost.1–7 So far,
a large number of studies have been carried out to investigate
the photocatalytic activity of natural minerals, and to further
develop mineral-based photocatalytic applications. For
example, the photocatalytic activity and mechanisms of natural
semiconducting minerals, including rutile,7,8 iron oxides,9

sphalerite,7,10 and manganese oxides,11 have been widely
studied via experiments and theoretical calculations, and their
applications as photocatalysts in the degradation of toxic and
hazardous pollutants are also conducted. A recent study re-
ported the application of natural wolfremite as a novel visible-
light photocatalyst for organics degradation.12 In addition, an
excellent review by Lu provides overviews of various natural
minerals as potential photocatalysts.13 Besides semiconductor
minerals, several clay minerals such as montmorillonite14,15 and
kaolinite,16 were demonstrated to have photocatalytic activity
neering, Yangtze University, 1 Nanhuan
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under simulated sunlight irradiation. Moreover, many studies
reported that natural minerals were used as substrate materials
to synthesize photocatalysts for the enhancement of photo-
catalytic activity.17

A comprehensive understanding of the photocatalytic prop-
erties of natural minerals is important to develop mineral-based
photocatalytic applications. However, most studies center on
natural semiconductor minerals, and few studies focus on the
photocatalytic properties of natural carbonate minerals. Dolo-
mite is a double-carbonate mineral with chemical formula
CaMg(CO3)2, and its theoretical compositions consist of 30.41%
CaO, 21.86% MgO, and 47.73% CO2. In natural dolomite,
a isomorphous substitution of Mg2+ by Fe2+ is oen observed.18

As an inexpensive material, dolomite is widely used in different
industrial elds, such as building construction, ceramic and
plastic production, iron and steel making, soil remediation, and
effluent treatment.19–21 Besides these traditional applications,
the dolomite is also applied in the synthesis of composite
catalysts. Some studies reported the applications of dolomite
based catalyst in the removal of acidic gaseous pollutants and
the production of biodiesel and glycerol carbonate.22,23

To the best of our knowledge, there is no studies on the
photocatalytic properties of natural dolomite. If natural dolo-
mite has photocatalytic activity under sunlight irradiation, it
may be used as a novel low-cost photocatalyst, or used to
synthesize dolomite-based photocatalyst. Based on this idea, we
planned to investigate the photocatalytic properties of natural
© 2021 The Author(s). Published by the Royal Society of Chemistry
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dolomite, and further discussed its photocatalytic mechanism
under sunlight based on the rst-principles calculations. This
research will contribute to the understanding of the photo-
catalytic activity and mechanism of natural minerals.
2. Materials and methods
2.1 Materials

The natural dolomite sample used in this work was obtained
from Jinyuan Co., Ltd (Zhengzhou, China). Methylene blue (MB),
diphenhydramine hydrochloride (DP), and tetracycline hydro-
chloride (TC) with purity >98% were purchased from Sinopharm
Chemical Reagent Co., Ltd (Beijing, China). Chemical reagents
including acetonitrile, acetic acid, methanol, and triethylamine
were high-performance liquid chromatography (HPLC) grade,
and purchased from J&K Chemical Co., Ltd (Beijing, China). The
spin-trapping reagents 2,2,6,6-tetramethylpiperidine (TEMP) and
5,5-dimethyl-1-pyrroline N-oxide (DMPO) used for electron para-
magnetic resonance (EPR) experiments were supplied by Tokyo
Chemical Industry Co., Ltd (Tokyo, Japan). Milli-Q water (18
MU cm�1) was used to prepare all solutions.
2.2 Pre-treatment and characterization of the natural
dolomite sample

The natural dolomite was rst passed through a 100-mesh sieve
to obtain a uniform particle size. Then, the obtained sample was
cleaned by Milli-Q water for four times, and dried in room
temperature for 24 h. No chemical treatments were conducted on
the sample in order to preserve its natural attributes. The
morphology of the dolomite sample was recorded by a JEOL, JSM-
7610F scanning electron microscope (SEM). Powder X-ray
diffraction (XRD) pattern was obtained with a Philips X'Pert-Pro
diffractometer equipped with Cu-Ka radiation, monitoring in
the range from 2q ¼ 5 to 80�, and the collected data were pro-
cessed using MDI Jade soware (version 6.5). The elemental
composition of the dolomite sample was quantied using a S4
Pioneer X-ray uorescence (XRF) spectrometer (Bruker AXS,
Germany). The UV-Vis diffuse reectance spectra (DRS) of the
natural dolomite were measured by a UV-Vis spectrophotometer
(U4100, Hitachi) with an integration sphere.
Fig. 1 SEM image of the natural dolomite at different magnifications.
2.3 Photocurrent measurement

The photocurrent measurements were performed on a CHI-660C
electrochemistry workstation (Chenhua, China) with a three-
electrode system: the dolomite-coated FTO glass (effective area
is 1.0 cm2) as the working electrode, a saturated calomel elec-
trode (SCE) as the reference electrode, and a Pt wire as the
counter electrode. The supporting electrolyte was a 0.5 M Na2SO4

aqueous solution. A 150 W xenon light resource with a reector
(300–800 nm) was used as the irradiation source. The photocur-
rent response was carried out at a constant potential of +0.4 V to
the working photoanode. A manual shutter controlled the expo-
sure time of the sample to the light with a interval of 20 s.
© 2021 The Author(s). Published by the Royal Society of Chemistry
2.4 Photoactivity evaluation

Photocatalytic degradation was performed in a PR22-25 photo-
chemical reactor (PerfectLight, China), which is equipped with
a PLS-SXE300UV xenon light resource and a DC-0506 water-
cooling system (HengPing, Shanghai). The output wavelength
range of xenon lamp is in the range between 300 and 800 nm,
and the light power input into the reactor was about 120 mW
cm�2. During irradiation, the mixture was stirred constantly,
and the temperature in the reactor was maintained at 4 �C
through circulating water. For each experiment, 0.5 g dolomite
sample was dispersed in 100 mL MB (10 mg L�1), DP
(20 mg L�1), or TC (20 mg L�1) solution in the 250 mL reactor.
And then, the solution containing dolomite was magnetically
stirred for 1 h to establish the adsorption equilibrium. At the
end of equilibrium, the suspension began to be irradiated. A
2 mL aliquot of the suspension was collected at 15 min inter-
vals, ltered through a 0.22 mm membrane, and analyzed by
HPLC or UV-Vis spectrophotometer. All experiments were per-
formed in duplicate for each condition.
2.5 Analytical determination and detection of reactive
species

The concentration of MB was measured by a UV-vis spectro-
photometer (Shimadzu, UV 2450) at the maximum absorption
wavelength of 664 nm. The concentrations of DP and TC were
determined with a ShimadzuHPLC (LC-20) equipped with a C18
ODS reversed phase column (4.6 mm � 150 mm, 5 mm) and
a SPD20 UV detector. For the determination of DP, the mobile
phase consisted of 25mM acetic acid and acetonitrile (60 : 40, v/
v), with pH adjusted to 6.0 � 0.1 using triethylamine. While for
the determination of TC, the mobile phase was composed of
0.01 M oxalic acid, acetonitrile, and methanol (65 : 25 : 15, v/v).
The detector wavelengths for DP and TC determination were set
to 220 and 355 nm, respectively. Isocratic elution was performed
at a ow rate 0.8 mL min�1. The injection volume was 20 mL,
and oven temperature was kept at 35 �C.

EPR signals of reactive radicals trapped by TEMP and DMPO
were detected on a Bruker EMXplus EPR spectrometer equipped
with an situ irradiation source (a Quanta-Ray Nd:YAG laser
system with l ¼ 355 nm). The operating parameters were set as
follows: center eld 3227.67 G; microwave frequency 9054.62
MHz; power 0.998 mW.
RSC Adv., 2021, 11, 24416–24423 | 24417
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Fig. 2 XRD pattern of the natural dolomite and analysis with MDI Jade
6.5 software.

Table 1 Elemental compositions of natural dolomite determined by
X-ray fluorescence spectrometer

Composition (%)

CO2 MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Fe2O3

52.6 23.8 0.153 0.135 0.008 0.048 0.014 21.4 1.84
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2.6 Method of calculation

To probe the photocatalytic mechanism of natural dolomite, the
rst-principles calculations based on the density functional
theory (DFT) were carried out using the Vienna Ab initio Simu-
lation Package (VASP).24 The generalized gradient approximation
(GGA) with the Perdew–Burke–Ernzerhof (PBE) parametrization
were employed to deal with the exchange–correlation func-
tional.25,26 The energy cutoff for plane-wave basis was set at
500 eV, and a 4 � 4 � 1 Monkhorst–Pack k-point mesh was used
for the Brillouin zone integration.27,28 For each calculation, the
convergence thresholds for the maximum energy change and
force were 1.0 � 10�5 eV per atom and 0.01 eV Å�1 per atom,
respectively. As shown in Fig. 7(a), a 2 � 2 � 1 supercell
Fig. 3 The UV-Vis diffuse reflectance spectra of natural dolomite (a), an

24418 | RSC Adv., 2021, 11, 24416–24423
(including 6 C, 18 O, 3 Mg, and 3 Ca atoms) was built to model
the natural dolomite, and the lattice parameters of unit cell were
a ¼ b ¼ 4.81 Å, c ¼ 16.01 Å.29 To simulate the isomorphous
substitution of Fe2+ for Mg2+ in natural dolomite, the Mg2+ ions
in the unit cell are randomly replaced by Fe2+ ions, with the
number of Fe2+ ions varying from 1 to 9. The random substitution
of 3 Fe2+ for 3 Mg2+ in the unit cell is shown in Fig. 7(b).
3. Results and discussion
3.1 Characterization results

SEM images of the natural dolomite are depicted in Fig. 1,
which indicated a smooth surface morphology, characteristic of
dolomite. Such a microstructure was attributed to the deposi-
tion environment of carbonates, and generally led to low
internal porosity and surface area.

The XRD pattern of the sample showed that characteristic
reections of dolomite (Fig. 2). Main peaks of the dolomite
sample located at 31.0, 33.5, 37.3, 41.1, 44.9, and 50.5�, which
was consistent with that reported by Sdiri.30 No obvious peaks of
impurities was observed, indicative of a high purity dolomite.

Chemical compositions of the dolomite sample determined
by XRF analysis showed high amounts of CaO and MgO (Table
1), indicating a high purity dolomite. Besides, the dolomite
sample also contained a small amount of impurities, such as
SiO2, Al2O3, and Fe2O3. Among of them, the content of Fe2O3

reached 1.84%, which could be ascribed to the isomorphous
substitution of Mg2+ by Fe2+ in the dolomite lattice.

The UV-vis DRS spectra of the sample is shown in Fig. 3. It
indicated that the natural dolomite exhibited signicant
absorption in the wavelength range of 200–600 nm, with
a absorption maximum at 228 nm (Fig. 3(a)). Based on this
spectra, the energy band gap of the natural dolomite obtained
from extrapolation of linear portion of the absorption edge was
estimated to be 1.28 eV,31 suggesting a semiconducting nature
(Fig. 3(b)).
3.2 Photocatalytic degradation of MB, DP and TC by natural
dolomite

To examine the photocatalytic activity of natural dolomite, the
MB, DP, and TC were selected as target compounds to model
d the estimated band gap (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04525c


Table 2 Fitted parameters for MB, DP, and TC photodegradation in
the absence and presence of natural dolomite by pseudo-first-order
model

Reaction condition KDP (min�1) R2

MB in water (0.46 � 0.02) � 10�2 0.994
MB + dolomite (0.87 � 0.07) � 10�2 0.967
DP in water (0.16 � 0.02) � 10�2 0.998
DP + dolomite (1.29 � 0.08) � 10�2 0.982
TC in water (0.091 � 0.004) � 10�2 0.991
TC + dolomite (2.13 � 0.08) � 10�2 0.993
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organic pollutants. MB is a dye, a compound widely used in
evaluating the catalytic performance of photocatalyst. DP and
TC are two pharmaceuticals, which belong to emerging pollut-
ants. Fig. 4 displays the photodegradation of MB, DP, and TC
versus irradiation time in the absence and presence of natural
dolomite, as well as the dark controls with dolomite. The
degradation rates for MB, DP, and TC in pure aqueous phase
were 53%, 12%, and 7%, respectively, and the photolysis
kinetics obeyed the pseudo-rst order kinetics, with rate
constants 0.46 � 10�2, 0.16 � 10�2, and 0.09 � 10�2 min�1

(Table 2). When the natural dolomite was added to the solution,
the degradation rates for MB, DP and TC increased to 79%, 62%
and 80%, respectively, with the corresponding rate constants
increased to 0.87 � 10�2, 1.29 � 10�2, and 2.13 � 10�2 min�1

(Table 2). The dark controls were performed to determine the
adsorption of target compounds on the dolomite during irra-
diation. The results showed that the loss of MB, DP, and TC
caused by adsorption were about 11%, 5%, and 9%, respec-
tively. Apparently, the degradation rates calculated aer
deducting the amount of adsorption signicantly increased in
the presence of natural dolomite. This result suggested that the
natural dolomite had notable photocatalytic activity, and could
be use as a potential photocatalyst. In addition, from an envi-
ronmental perspective, the natural dolomite may also play an
important role in environmental self-purication.
Fig. 4 Photocatalytic degradation of MB (a), DP (b), and TC (c) in the pre
DP, and TC are 10, 20, and 20 mg L�1, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
In order to evaluate the recyclability and stability of the
natural dolomite in the photocatalytic applications, cycling
experiments were performed. The results illustrated that the
degradation rate for DP, MB, and TC was 62%, 78%, and 79% in
the rst cycle, respectively, but signicantly decreased to 30%,
46%, and 66% in the second cycle (Fig. 5). At the end of 3 cycles,
the photocatalytic activity of the natural dolomite further
decreased, suggesting that deactivation of the dolomite could
occurred aer repeated applications.
3.3 Detection of reactive oxygen species

Usually, photogenerated reactive oxygen species (ROS),
including hydroxyl radical (cOH), superoxide anion radical
sence of the natural dolomite (0.5 g). The initial concentrations of MB,

RSC Adv., 2021, 11, 24416–24423 | 24419
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Fig. 5 Photocatalytic activity of the natural dolomite after repeated
use for 3 times.
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(O2
�c), and singlet oxygen (1O2) are oen considered to play

a crucial role in photocatalytic reactions. Therefore, it is
reasonable to speculate that the enhanced degradation of target
compounds may also be attributed to the photogenerated ROS
in the dolomite system. As such, the EPR spin-trapping
Fig. 6 EPR spectra of the TEMP–1O2 (a), DMPO–cOH (b), and DMPO–O2

sunlight irradiation.

24420 | RSC Adv., 2021, 11, 24416–24423
experiments was performed to determine the ROS produced in
the irradiated dolomite system. As shown in Fig. 6, no obvious
signal was detected in the dark condition, but aer irradiation,
the characteristic peaks of TEMP–1O2, DMPO–O2

�c, and DMPO–
OH adducts appeared, and gradually strengthened with the
irradiation time. This result clearly demonstrated the genera-
tion of 1O2, O2

�c, and cOH in the dolomite system under
simulated sunlight irradiation. Furthermore, the strong signals
indicated that the radicals generated in the dolomite system
was considerable. These reactive radicals further reacted with
target compounds, resulting in their enhanced degradation.
3.4 Photocatalytic mechanisms of the natural dolomite

Density functional theory calculations were performed to
further probe the photocatalytic mechanism. Fig. 8 displays the
electronic band structure of pristine and Fe2+-substituted
dolomite. For the pristine dolomite, the band gap energy is
calculated to be 5.02 eV (Fig. 8(a)), which is consistent with the
result previously reported by Hossain et al.32 With the substi-
tution of 3 Mg2+ ions by 3 Fe2+ ions, there are two impurity levels
appearing in the forbidden band, causing the maximum band
gap to be reduced to 2.04 eV (Fig. 8(b)). As more Mg2+ are
substituted by Fe2+ ions, more impurity levels arise in the
forbidden band, and the impurity bands widen, thereby causing
�c (c) adducts generated in the natural dolomite system after simulated

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The optimized structures of (a) the 2 � 2 � 1 dolomite supercell, and (b) the supercell with substitution of 3 Fe2+ for 3 Mg2+.
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a further decrease of the band gap. When 9 Mg2+ ions are
replaced, the maximum band gap decreases to 1.63 eV
(Fig. 8(d)), which is close to the band gap (1.28 eV) estimated
from the UV-Vis reectance spectra of the natural dolomite
(Fig. 3(b)). The decrease of band gap from 5.02 to 1.63 eV
Fig. 8 Band structures of dolomite supercell with 0 (a), 3 (b), 6 (c), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
suggests that the natural dolomite could exhibit the character-
istics of a semiconductor photocatalyst aer partial substitution
of Mg2+ by Fe2+.

Densities of states (DOS) for pristine and Fe2+-substituted
dolomite is presented in Fig. 9. According to the DOS, the
9 (d) Fe2+ substitution. The Fermi level is set to 0.

RSC Adv., 2021, 11, 24416–24423 | 24421
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Fig. 9 Density of state of pristine (a) and 3 Fe2+-substituted (b) dolomite. The Fermi level is set to 0.
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valence band is mainly composed of O 2p state, and the
conduction band consists of O 2p, C 2p, Mg 3p, and Ca 3d
states, but the role of C 2p state is major (Fig. 9(a)). The two
impurity bands appearing in the forbidden gap are predomi-
nantly contributed by Fe 3d and Ca 3d states (Fig. 9(b)), and
show more delocalization with the increasing concentration of
Fe2+.

In summary, the results obtained from theoretical calcula-
tions demonstrated that the substitution of Fe2+ for Mg2+ in the
dolomite lattice resulted in the decrease of band gap, which
caused the natural dolomite to exhibit photocatalytic activity.
To further verify the photocatalytic mechanism, photocurrent
wasmeasured for the natural dolomite (Fig. 10). It was clear that
obvious photocurrent response were observed, indicating
a photoinduced electrons and holes separation.
Fig. 10 Photocurrent of the natural dolomite under simulated sunlight
irradiation.

24422 | RSC Adv., 2021, 11, 24416–24423
On the basis of the above results, the photocatalytic mech-
anism for the natural dolomite was proposed. Under simulated
sunlight irradiation, photoinduced electrons and holes separate
and migrate to the dolomite surface (eqn (1)). Then, further
reactions according to eqn (2)–(6) led to the formation of cOH
and O2

�c. As to the generation of 1O2, it might be ascribed to the
energy transfer between excited dolomite and dissolved oxygen
in aqueous solution (eqn (7)).

Dolomite + hn / h+ + e� (1)

H2O + h+ / cOH + H+ (2)

O2 + e� / O2
�c (3)

O2
�c + H+ / HO2c (4)

2HO2c / H2O2 + O2 (5)

H2O2 + O2
�c / cOH + OH� + O2 (6)

Dolomite* + O2 /
1O2 + dolomite (7)

Besides, considering the release of trace Fe ions into the
solution during irradiation, it could be speculated that the
photo-Fenton-like reaction induced by released Fe ions might
also contribute to the degradation of target compounds.
4. Conclusion

For the rst time, the photocatalytic activity of natural dolomite
was investigated using MB, DP, and TC as target compounds,
and the mechanism was further discussed based on EPR anal-
ysis and the rst-principles calculations. The results indicated
that the natural dolomite had notable photocatalytic activity for
the degradation of the target compounds. The EPR analysis
© 2021 The Author(s). Published by the Royal Society of Chemistry
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demonstrated that 1O2, O2
�c, and cOH generated in the irradi-

ated dolomite system, and are responsible for the accelerated
degradation of target compounds. The rst-principles calcula-
tions indicated that the partial substitution of Fe2+ for Mg2+ in
the dolomite lattice led to the impurity bands appearing in the
forbidden gap, causing a signicant decrease of band gap.
Therefore, the natural dolomite could exhibit the properties of
semiconductor photocatalyst in photoreactions. Based on these
results, the mechanism of natural dolomite photocatalysis was
proposed. First, the dolomite excited by simulated sunlight
generates electrons and holes, which subsequently migrate to
the dolomite surface, and react to form ROS via further reac-
tions. Second, the ROS react with target compounds to cause
their degradation.
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