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A hierarchical Ca/TiO2/NH2-MIL-125
nanocomposite photocatalyst for solar visible light
induced photodegradation of organic dye
pollutants in water†
Najmeh Ahmadpour,a Mohammad Hossein Sayadi
and Shahin Homaeigohar bc

*a

In this study, for the ﬁrst time, the Ca/TiO2/NH2-MIL-125 nanocomposite photocatalyst was synthesized for
the purpose of photodegradation of Methyl Orange (MO) and Rhodamine B (RhB) dyes under visible light
irradiation. The structural and chemical properties of the nanocomposite photocatalyst were
characterized through FTIR, XRD, TGA, PL, XPS, ICP-OES and UV-DRS. For the photodegradation
eﬃciency analysis, the eﬀect of pH (3, 5, 7, 9, and 11), photocatalyst dosage (0.1, 0.2, 0.4, 0.6, and 0.8 g
L1), dye concentration (1–40 mg L1), and contact time (10–120 min) was precisely evaluated. The
largest photodegradation eﬃciency for RhB and MO dye models was 82.87% and 86.22%, respectively,
that was obtained under optimal conditions in terms of pH and photocatalyst dosage and for Ca(30%)/
TiO2/NH2-MIL-125. The photodegradation process of the dyes complied well with the ﬁrst-order kinetic
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model. Moreover, the nanocomposite photocatalyst showed consistent photodegradation eﬃciency and
after 6 successive cycles with fresh dye solutions, it could still perform comparably well. Taken together,
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Ca/TiO2/NH2-MIL-125 photocatalyst is able to show a high photodegradation eﬃciency for dye
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pollutants and optimum stability and reusability.

1. Introduction
In recent decades, with the rapid development of industrial
activities and with population growth, the discharge of highly
toxic substances in water resources has dramatically
increased.1,2 The presence of organic matter, including dyes, in
water streams, is undesirable even in small amounts and can
prevent the penetration of light and oxygen into water and
thereby decline the activity of photosynthetic and aquatic
organisms.3 Sewage from the textile industry contains a signicant quantity of unstable dyes and mineral salts. To control the
adverse impacts of the sewage disposal, degradation and
removal of the existing chemical pollutants from wastewater is
of utmost importance.4 Dye compounds are oen resistant to
biodegradation due to their complex structure. These
compounds are toxic, mutagenic and carcinogenic5 and must be
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removed from waste water. Typically, dye is separated from
industrial wastewater by coagulation, clotting, biological treatment,6 chemical oxidation, electrochemical treatment,7 ion
exchange,8 and surface adsorption.9,10 Despite showing various
merits, such methods are solely able to transform the dye
molecules from one phase to another,11 and do not entirely
“eliminate” or “decompose” them. This deciency could be
challenging because disposal of the dye-derived sludge is
problematic.12 For such a reason, the degradation processes
such as photocatalysis, i.e. advanced oxidation process (AOP)
that allow decomposition of dye to nontoxic metabolites are
preferred.13
Photocatalytic oxidation technology based on implementation of semiconductors has attracted a great deal of attention
for environmental remediation due to the possibility of using
solar energy as an abundant energy source, high conversion rate
of solar energy, and high oxidation potential.14 In recent years,
TiO2 nanoparticles have been considered as one of the most
promising photocatalysts due to their high photocatalytic
activity, stability, low cost and environmental compatibility.15–17
Due to a high band gap energy (3.2 eV), this metal oxide is
activated merely by ultraviolet (UV) irradiation. Thus, the photodegradation processes based on TiO2 are not that versatile
and economical. To address this concern, applicability of TiO2
must be extended to solar visible light range, e.g. via doping that
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narrows the band gap, to assure cost and energy eﬃciency of the
photocatalytic process. As another limitation, the recombination rate of electron–hole pairs created in TiO2 is high and this
renders it less attractive for photocatalytic processes due to
a low quantum eﬃciency.18 To overcome this deciency,
another catalyst should be coupled with TiO2 to minimize
recombination of electrons–hole pairs.19
In the last two decades, TiO2 has been either doped with
metal and non-metallic materials20 and/or coupled with other
semiconductors21 to be active under sun light. Regarding the
former approach, doping of TiO2 with metal nanoparticles has
drawbacks such as thermal instability and increased recombination rate of electron–hole pairs.22 Whereas, coupling of TiO2
with the semiconductors whose band gaps match that of it, is
a more practical approach to create visible light driven TiO2
photocatalysts. Additionally, this strategy is simple and the
matched semiconductors are abundant.23
As a matched semiconductor for TiO2, metal–organic
frameworks (MOFs) have been frequently studied. MOFs
comprising metal clusters interlinked with organic linkers,
show a large surface area, high porosity and tunable pore size,
thus can potentially be used for various advanced applications
in energy, biomedicine, and water treatment.24,25 These
compounds contain electron-releasing groups and due to their
appropriate optical response are considered suitable photocatalysts, that can be used in many relevant applications such as
removal of organic pollutants.26 For instance, MOF-5,27 UiO66(Zr), ZIF-8,28 and MIL-125(Ti)23 have served as semiconductor photocatalysts. However, such semiconductor MOFs
are hardly operative for solar visible light photocatalysis, unless
their organic linkers or metal clusters are properly modied.29
As an example, NH2-MIL-125(Ti) is the isostructural MOF of
MIL-125(Ti) and comprises cyclic Ti8O8(OH)4 oxoclusters and 2aminoterephthalate ligands. Thanks to its amino functional
groups, NH2-MIL-125(Ti) shows an absorption spectra extending into the visible-light region (550 nm).30 Wang et al.31
developed NH2-MIL-125(Ti) as a multifunctional photocatalyst
and validated that it can reduce Cr(VI) through its optimized
photocatalytic activity under solar visible light.
As aforementioned, MOFs can be considered as matched
semiconductors for TiO2. This strategy has proven to be eﬃcient
for minimization of the chance of recombination of photogenerated electrons and holes. For instance, Zeng et al.32
synthesized TiO2/ZIF-8 nanobers that were able to show an
improved photodegradation eﬃciency for RhB as compared to
TiO2 or ZIF-8. Such an extraordinary photocatalytic activity was
ascribed to the N–Ti–O chemical bond, developed by sonochemical treatment, between TiO2 and ZIF-8 that possibly
lowers recombination of the electron–hole pairs. The synergetic
eﬀect of MOF and TiO2 in provision of an enhanced photocatalytic performance can be further supported by inclusion of
metal nanoparticles as co-catalysts. In this regard, the photocatalytic activity of TiO2/MOFs has been improved with incorporation of metal nanoparticles as seen for Pd/TiO2/MIL125(Ti)33 and Cu/TiO2/MOF34 under visible light. While coexistence of noble metal co-catalysts and TiO2 leads to formation of a Schottky junction on the interfacial surface, thereby
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facilitating charge-transfer,33 alkaline earth metals can raise the
number of surface reactive sites for adsorption and support
charge separation,35,36 thus increase the photodegradation eﬃciency. Among the alkaline earth metals, calcium is outstanding
thanks to its excellent biocompatibility and environmentally
friendliness, abundancy in the soil, and low cost. To the best of
our knowledge, calcium has never been considered as a cocatalyst for TiO2/MOFs. In this study, we aim to synthesize Ca/
TiO2/NH2-MIL-125 nanocomposites and challenge their applicability with respect to photocatalytic degradation of MO and
RhB dyes.

2.

Materials and methods

2.1. Materials
Amino terephthalic acid (H2ATA), dimethyl formamide (DMF),
tetrabutyl titanate (TBT), calcium nitrate (Ca(NO3)2), hydrochloric acid (HCl), sodium hydroxide (NaOH), and methanol
were purchased from Merck (Darmstadt, Germany). TiO2
powder (Degussa; P25) was obtained from Degussa (Germany).
Methyl orange and rhodamine B dyes were purchased from
Sigma Aldrich (US). All the chemicals were of analytical grade
and used without purication.
2.2. Preparation of TiO2/NH2-MIL-125
NH2-MIL-125 was synthesized through a modied solvothermal
method.30 In this method, amino terephthalic acid (H2ATA)
(0.5 g, 3 mmol) as a linker and TBT (0.26 mL, 0.75 mmol) were
added to DMF (9 mL)–methanol (1 mL) mixture solvent. The asmade solution was stirred at room temperature for 30 minutes,
then transferred into a 50 mL Teon liner and heated at 150  C
for 72 hours. The suspension formed aer the hydrothermal
treatment was cooled down to room temperature and then
ltered. The ltrate was washed twice with DMF, to remove the
unreacted organic ligands, and then washed several times with
methanol to exchange DMF with methanol. Finally, the obtained yellowish powder was dried in the vacuum oven for 6
hours at 60  C. For preparation of TiO2/NH2-MIL-125, the same
entire procedure was followed, except that 0.3 mg of P25 powder
was added to the mixture solution of NH2-MIL-125 and stirred
for 30 minutes. Eventually, the resulting mixture was washed
several times with DMF and methanol and was dried at 60  C for
4 hours under vacuum.23
2.3. Preparation Ca/TiO2/NH2-MIL-125
Ca/TiO2/NH2-MIL-125 photocatalyst was prepared through
a solvothermal process. For this purpose, TiO2/NH2-MIL-125
was dissolved in Ca(NO3)2$4H2O at room temperature and
stirred for 20 min to end up with a homogenous solution. To
prepare Ca/TiO2/NH2-MIL-125 nanocomposite with diﬀerent Ca
concentrations of 5, 10, 20, 30, and 40%, diﬀerent weight
percentages of the calcium precursor were used. The resulting
solution was then transferred to a 100 mL reaction vessel,
wherein it was heated for 2 days at 90  C. The formed crystals
were washed with DMF and then centrifuged and dried to
obtain Ca/TiO2/NH2-MIL-125 with diﬀerent percentages of Ca.37
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2.4. Characterization of Ca/TiO2/NH2-MIL-125
nanocomposite
The crystalline structure of the nanocomposite photocatalyst was
characterized by X-ray diﬀraction (Rigaku MiniFlex 600, Japan)
using Cu-Ka radiation (l ¼ 0.15418 nm). X-ray Photoelectron
Spectroscopy (XPS) (Thermo Scientic K-Alpha X-ray Photoelectron
Spectrometer, USA) and Fourier Transform Infrared Spectroscopy
(FTIR) (Shimadzu, FTIR1650 spectrophotometer, Japan) were also
applied to determine the chemical features of the nanocomposite
photocatalyst. The UV-Vis spectra of the specimens were measured
by a UV-Vis spectrophotometer (Shimadzu, UV-2550, Japan). Thermogravimetry analysis (TGA) was done using a Perkin Elmer device
(USA) with a heating rate of 10  C min1 under nitrogen atmosphere. The amount of Ca in the nanocomposite samples was
determined by inductively coupled plasma-optical emission spectrometry (ICP-OES, Leeman Direct Reading Echelle). The photoluminescence (PL) spectra were measured by using an excitation
wavelength of 300 nm in an Agilent instrument (model G9800A).
Zeta potential measurements were performed to assess zeta
potential and isoelectric point of the nanoparticles using a Zetasizer
(3000HS) machine. The mineralization degree was determined via
total organic carbon (TOC) measurements by using an Analytik Jena
device (Germany).
2.5. Photodegradation test
Batch photodegradation experiments were performed in
a 1000 mL reactor containing 50 mL of dye solution (20 mg L1)
and 50 mg photocatalyst at room temperature. In each experiment, a certain amount of the photocatalyst (0.1, 0.2, 0.4, 0.6
and 0.8 g L1) was added to the reactor and the whole assembly
was irradiated with the simulated visible light by a 300 W Xelamp. 50 mg of photocatalyst Ca/TiO2/NH2-MIL-125 was added
to 50 mL of MO and RhB dyes solutions with an initial
concentration of 20 mg L1, stirred in dark condition for 30 min
to obtain adsorption–desorption equilibrium.
The eﬀect of pH on the photodegradation eﬃciency of the
photocatalyst was also probed. For this sake, pH values (3, 5, 7, 9
and 11) of the dye solutions were adjusted by addition of HCl (0.1
M) and NaOH (0.1 M) and controlled using a pH meter (Istek,
915PDC, Korea). Over a 120 min time period, aer each 30 min,
5 mL of the dye solution was taken and centrifuged immediately
and the dye concentration was determined by a spectrophotometer
(at the characteristic wavelength of 464 nm and 554 nm for MO and
for RhB, respectively). The absorption intensity was correlated to dye
concentration through a previously established calibration curve.
The photodegradation eﬃciency of MO and RhB was calculated via
the eqn (1):
Photodegradation efficiency ð%Þ ¼

C0  Ct
 100
C0

(1)

where C0 and Ct are the initial and momentary concentration of
dye, respectively.
2.6. Photocatalytic nanoparticle shelf life analysis
To characterize the shelf life of the nanocomposite photocatalyst, the most optimum composition, as determined
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through the photodegradation tests, i.e. Ca(30%)/TiO2/NH2MIL-125 (0.2 g L1) was suspended in 20 mL deionized water
and sonicated for 15 minutes. The resulting suspension was
kept for 1, 2, 4, 6, 9 and 12 months at 30  C. During this period,
the suspension was stirred periodically. Finally, the Ca(30%)/
TiO2/NH2-MIL-125 photocatalyst was separated through centrifugation and washed 3 times with methanol to remove residual
water. The photocatalyst was eventually dried under vacuum for
24 hours and used for further analysis.

3.

Results and discussion

3.1. XRD analysis
XRD was used to determine the crystalline structure of the nanocomposite photocatalyst. Fig. 1a shows the XRD patterns of the
various photocatalysts synthesized in this study. In this gure, the
peaks appearing at 30.27 , 35.21 , 47.76 , 53.83 and 57.7 are
correlated to the TiO2 anatase crystalline planes of (220), (311), (200),
(422) and (511), respectively (according to JCPDS 21-1272).38 The
peaks present at 5.7 , 7.5 , and 10 are attributed to (200), (210) and
(220) crystalline planes of NH2-MIL-125, respectively.39 Co-existence
of the peaks relevant to TiO2 and NH2-MIL-125, in the spectra of
TiO2/NH2-MIL-125 implies successful synthesis of this nanocomposite photocatalyst. Aer inclusion of Ca, however, no new
distinct peak emerges, probably due to the low concentration of the
Ca added. This nding has been previously reported by other
researchers, as well.40,41
3.2. FTIR analysis
To investigate the surface chemistry of Ca(5, 10, 20, 30, and 40%)/
TiO2/NH2-MIL-125 photocatalysts, FTIR analysis was performed.
As shown in Fig. 1b, the peaks seen at 1384, 1235, 1660, and
1680 cm1 correspond to the carboxylic acid group, CN group,42
symmetrical and asymmetrical groups of carboxylic acid,43 and NH
group23 of NH2-MIL-125, respectively. TiO2/NH2-MIL-125 showed
extra peaks at 450, 1410, and 3418 cm1 attributed to stretching
vibrations of Ti–O,44 carboxylic group, and OH group,45 respectively. As can be seen, inclusion of calcium does not lead to any
signicant change in the position of the peaks of TiO2/NH2-MIL125, implying no particular destruction of NH2-MIL-125 structure.
3.3. Thermal stability analysis (TGA)
Thermal stability of Ca(5, 10, 20, 30, and 40%)/TiO2/NH2-MIL125 photocatalysts, was characterized through TGA analysis.
As shown in Fig. 1c, in the case of control (TiO2) sample, weight
loss aer the entire heating cycle was only 3.84%, most likely
due to residual alcohol or water evaporation. With respect to the
other samples, weight declined in three stages: (1) between 50
and 150  C due to evaporation of residual water; (2) between 150
and 300  C, due to the exclusion of organic ligands present in
the reaction,46 and (3) between 300 and 500  C due to thermal
degradation of NH2-MIL-125. NH2-MIL-125 alone shows an
optimum thermal stability,23 that is further promoted by
inclusion of TiO2 and Ca. This behavior can be ascribed to the
fact that the thermal breakdown of ligands, including DMF and
H2ATA, is reduced.26
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Fig. 1 (a) XRD, (b) FTIR, (c) TGA and (d) UV-Vis DR spectra of the Ca/TiO2/NH2-MIL-125 nanocomposite photocatalysts (note that TiO2 and TiO2/
NH2-MIL-125 were considered as the controls).

3.4. UV-Vis diﬀuse reectance spectra (DRS) analysis
As can be seen in Fig. 1d, the Ca(5, 10, 20, 30, and 40%)/TiO2/
NH2-MIL-125 photocatalysts show an almost identical UV light
absorption intensity, originated from the presence of TiO2
anatase phase.33 Among these compositions, the UV light
absorption intensity rises proportional to Ca content and the
respective peaks also red shi. The former observation might
stem from the formation of the Schottky junctions between TiO2
and Ca, which facilitate the charge transfer. Also, plasmon
resonance levels, arisen from the mass oscillation of conduction band electrons, and their interaction with electromagnetic
radiation could play a role in the enhanced absorption of UV
light. However, the plasmonic band of Ca in the solar light
region was not observed due to the tiny size of the particles and
the low calcium content.45 Therefore, the enhanced light
absorption capacity of the nanocomposite photocatalysts
potentially leads to an increased photocatalytic eﬃciency and
thereby a higher photodegradation rate of organic pollutants.
3.5. XPS analysis
The surface chemistry of the Ca/TiO2/NH2-MIL-125 nanocomposite photocatalyst was probed through XPS analysis.
Fig. 2a shows the general XPS spectrum of the sample, implying
the presence of O, Ti, N, C, and Ca. As shown in Fig. 2b, the

This journal is © The Royal Society of Chemistry 2020

connection energy of Ti2p1/2 and Ti2p3/2 is represented in the
peaks appearing at 458.5 and 464.5 eV, respectively, assigned to
Ti4 mode in the Ti–O band.44 The O1s spectra are shown in
Fig. 2c, wherein the peaks emerged at 530.4, 529.4, and 529.9
can be assigned to carboxyl group, oxy titanium cluster, and OH
species, respectively.33,47,48 According to C1s spectra, Fig. 2d, the
peaks appearing at 284.8 eV, 284.5 eV, 288 eV, and 285.2 eV are
assigned to CN, CC, C]O, and C]C, respectively.48 In Fig. 2e,
demonstrating the N1s spectra, the peaks at 399.5 eV and
401.6 eV represent the amine group of NH2-M125 to –NH2
(–NH– and –N]).31 Lastly, Fig. 2f shows the Ca2p spectra with
the peaks at 350.6 and 347 eV that are attributed to Ca2p1/2 and
Ca2p3/2.36
3.6. Photoluminescence analysis
Photoluminescence (PL) spectroscopy was performed to characterize the electron transfer behavior of the nanocomposite
photocatalyst and its ability in separation of light-generated
charge carriers. Fig. 3a shows that a sharp peak appears at
466 nm, that is attributed to the intensive PL emission of TiO2,
due to the high recombination rate of electrons–hole pairs.
Compared to TiO2, the uorescence intensity of TiO2/NH2-MIL125 and Ca/TiO2/NH2-MIL-125 decreases dramatically, implying
the enhanced carrier separation eﬃciency of these
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XPS analysis of Ca/TiO2/NH2-MIL-125 photocatalyst: (a) general XPS spectrum of the compound, and (b) Ti2p, (c) O1s, (d) C1s, (e) N1s and
(f) Ca2p spectra.

Fig. 2

photocatalysts. Among the Ca doped photocatalysts, the lowest
PL intensity belongs to Ca(30%)/TiO2/NH2-MIL-125, witnessing
its lowest recombination rate of electrons–hole pairs. It also
shows the most eﬃcient separation of electrons–hole pairs and
the longest carrier length. In fact, with the larger addition of Ca,
the number of trapping sites for the light-emitting electrons
declines and thus a lower PL peak intensity is arisen.
3.7. Photodegradation eﬃciency of the nanocomposite
photocatalysts
Photocatalytic degradation of MO and RhB dye models by the
synthesized nanocomposite photocatalysts was thoroughly
investigated. In order to maintain a balance in the absorption–
desorption performance of the photocatalyst, the dye solution

was rst kept in dark for 30 minutes. Aerwards, the photodegradation experiments, taking into account parameters such
as the photocatalyst dosage of 0.2 g L1, the dye concentration
of 5 mg L1 and pH 7 were carried out. As shown in Fig. 3b and
c, the highest photodegradation eﬃciencies were recorded as
much as 87.29% and 83.12% for MO and RhB, respectively. The
best photodegradation performance belonged to Ca(30%)/TiO2/
NH2-MIL-125, due to the least recombination rate of electrons–
hole pairs.
The highest dye photodegradation eﬃciency was achieved by
Ca(30%)/TiO2/NH2-MIL-125 catalyst, thanks to a reduced
recombination rate of electrons–hole pairs. Accordingly, this
particular photocatalyst was based for the next measurements.
Among the studied photocatalysts, TiO2 and TiO2/NH2-MIL-125

Fig. 3 (a) Photoluminescence (PL) analysis of Ca/TiO2/NH2-MIL-125 photocatalyst, visible light induced photodegradation eﬃciency of Ca/
TiO2/NH2-MIL-125 photocatalyst over a 120 min time period for MO (b) and RhB (c).

29812 | RSC Adv., 2020, 10, 29808–29820
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showed the lowest photodegradation eﬃciency. Upon inclusion
of Ca, the photodegradation eﬃciency increased signicantly.
The NH2-MIL-125 phase facilitates the dye removal through dye
adsorption as well as increased light absorption. Mahmoodi
et al. also believe that Ca transmits plasmon energy and helps
the charge transfer between TiO2 and NH2-MIL-125(Ti) (NMT)
phases, thereby increasing photocatalytic degradation. Such
a synergistic photodegradation eﬀect has been previously reported for a photocatalyst composed of Ag/AgCl@CoFe2O4/NH2MIL-125(Ti) (CFNMT). This nanocomposite photocatalyst is
able to remove 93% RhB which is superior to that of Ag/AgCl,
NMT, and CFNMT alone.49
3.8. The eﬀect of pH
The dye photodegradation eﬃciency of Ca(30%)/TiO2/NH2-MIL125 photocatalyst was evaluated under diﬀerent pH values of 3,
5, 7, 9, and 11. As mentioned earlier, in these measurements,
the photocatalyst dosage of 0.2 g L1 and MO and RhB dye
concentration of 5 mg L1 were taken into account.
As shown in Fig. 4a and b, the highest and lowest dye photodegradation eﬃciency are observed at pH 5 and pH 11,
respectively. Aer 120 minutes visible light irradiation, the dye
degradation eﬃciency was 68.35% (pH 3), 83.21% (pH 5),
53.25% (pH 7), 34.87% (pH 9) and 31.2% (pH 11) for MO and
70.87% (pH 3), 81.36% (pH 5), 56.85% (pH 7), 38.74% (pH 9)
and 30.12% (pH 11) for RhB. As can be observed, in general
lower pH values are more eﬀective in MO and RhB dyes removal
eﬃciency. Protonation of the surface of the photocatalyst at
acidic pH values facilitates electrostatic interaction with anionic
dye models and raises their adsorption and later their photodegradation. Surprisingly, pH 5 provides better photodegradation conditions than pH 3 does, most likely due to an
excessive density of protons at pH 3 that potentially inactivate
hydroxide ions and thereby lower the number of active radicals
aer light irradiation.
The isoelectric point of the photocatalyst is 4.6, thus at pH
values below pHpzc, the surface is highly protonated and thus
positively charged. In contrast, at pH values over 4.6, due to the

RSC Advances
extensive presence of OH ions, the surface is negatively
charged, Fig. 4c. Considering the negative charge and anionic
nature of the dye models, protonation of the functional groups
of the photocatalyst at low pH values is favorable for electrostatic interaction between the dye molecules and the photocatalyst surface. Moreover, abundance of H+ ions in an acidic
medium brings about large formation of hydroxyl radicals,
thereby engendering high photodegradation extent of organic
pollutants.42 In contrast, in an alkaline medium, the negatively
charged sites are abundant. This feature leads to electrostatic
repulsion of the dye molecules and poor dye degradation.
Furthermore, the amount of insoluble compounds formed
during the reaction rises. This consequence reduces the transmitted light intensity and thereby hampers formation of
hydroxyl radicals and lowers the photodegradation eﬃciency.
3.9. The eﬀect of photocatalyst dosage
In this part, the eﬀect of photocatalyst dosage (0.1, 0.2, 0.4, 0.6 and
0.8 g L1) on photodegradation extent of MO and RhB dye models
was investigated. As shown in Fig. 5a, up to a certain limit, the
larger the photocatalyst dosage, the higher the photodegradation
eﬃciency is. This limit for MO and RhB dye models is 0.4 and 0.2 g
L1, respectively. At such dosages, the number of reactive sites
increases proportional to the density of the photocatalyst particles
and thereby the interaction of the dye molecules and their
adsorption level as well as the number of the produced OH reactive
radicals rise. Aerwards, the photodegradation eﬃciency declines
with the photocatalyst dosage, most likely due to large aggregation
of the photocatalyst particles that renders their surface less
exposed to the dye solution and also reduces the intensity of the
transmitted light into the solution.50,51
3.10.

Eﬀect of initial dye concentration

The eﬀect of initial dye concentration on photocatalytic degradation
of MO and RhB by Ca(30%)/TiO2/NH2-MIL-125 was determined. For
this purpose, optimal photocatalyst dosages of 0.4 g L1 for MO and
0.2 g L1 for RhB and optimum pH of 5 were considered. As shown

The eﬀect of pH on photocatalytic degradation of MO (a) and RhB (b) by Ca(30%)/TiO2/NH2-MIL-125 (dye concentration: 5 mg L1,
photocatalyst dosage: 0.2 g L1, visible light irradiation); (c) zeta potential measurement at diﬀerent pHs.

Fig. 4

This journal is © The Royal Society of Chemistry 2020
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Eﬀect of photocatalyst dosage on photocatalytic degradation of MO (a) and RhB (b) (dye concentration: 5 mg L1, pH ¼ 5, visible light
irradiation). Eﬀect of initial dye concentration on photocatalytic degradation of MO (c) and RhB (d) (pH ¼ 5, photocatalyst dosage: 0.4 g L1 for
MO and 0.2 g L1 for RhB, visible light irradiation).
Fig. 5

in Fig. 5c and d, the photodegradation eﬃciency decreases with
increasing the initial dye concentration. The highest and lowest dye
removal took place for 5 and 40 mg L1 initial dye concentrations,
regardless of the dye type. Also, with increasing the contact time
between the dye molecules and the photocatalyst, the removal
eﬃciency is promoted. This feature is ascribed to the increased
density of the cavities and thereby larger production of H+ and OH
ions over time.52 The greater photodegradation eﬃciency at low
initial dye concentrations is justied by the larger density of
hydroxyl radicals and more eﬀective excitation of the photocatalyst
nanoparticles under visible light irradiation.53 However, at a xed
photocatalyst dosage, when the initial dye concentration rises, an
insuﬃcient density of hydroxyl radicals is available that cannot
eﬀectively degrade the dye molecules. Therefore, photodegradation
eﬃciency at high initial dye concentrations drops. Another reason
for this loss in photodegradation eﬃciency is the light absorption by

29814 | RSC Adv., 2020, 10, 29808–29820

the dye molecules that prevent the transfer of photons to the photocatalyst surface.54
3.11.

Photodegradation kinetics

The kinetics of the photodegradation reactions was determined
to further comprehend the involved mechanisms. Similar to
many other relevant studies, the rst-order kinetic model was
used to uncover the mechanism of photocatalytic degradation
of the dye models. In this regard, the Langmuir–Hinshelwood
(L–H) model was employed to explain the photodegradation
mechanism of MO and RhB dyes under the most optimum
conditions (eqn (2) and (3)):
C ¼ C0 ekapp t

ln

C
C0

(2)


¼ kapp t

(3)
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Kinetic plots of photodegradation process of MO (a) and RhB (b) (dye concentrations: 1–40 mg L1, pH 5, photocatalyst dosage: 0.4 g L1
for MO and 0.2 g L1 for RhB).
Fig. 6

where C and C0 are the momentary and initial dye concentrations, respectively. k and t are the reaction rate and time
constants, respectively.55

Fig. 6a and b imply the linearity of the ln(C0/Ct) curves versus
time, as well as their high correlation coeﬃcient, respectively.
As can be seen in ESI Table SM1,† k declines with increasing the

Fig. 7 Reusability of Ca(30%)/TiO2/NH2-MIL-125 photocatalyst after 6 cycles of photodegradation of MO (a) and RhB (b). (c) XRD pattern of the
photocatalyst before and after 6 cycles photodegradation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 TOC degradation in the MO (a) and RhB (b) dye solutions by Ca(30%)/TiO2/NH2-MIL-125 in diﬀerent concentrations (dye concentration:
5 mg L1 and pH ¼ 5).

dye concentration, most likely due to formation of intermediate
products that lower the amount of hydroxyl radicals, thereby
negatively impacting the photodegradation eﬃciency at larger
dye concentrations.56

process, implying the excellent stability of the nanocomposite
photocatalyst. This fact was further veried by XRD test. As
shown in Fig. 7c, aer 6 cycles of reuse, no obvious structural
change can be traced in the photocatalyst.

3.12.

3.13.

Reusability and stability

Reusability and stability of a photocatalyst are among the most
important factors inuencing its practical applications. To
probe how reusable and stable the photocatalyst is, aer each
photodegradation cycle, it was collected, washed with water and
methanol and eventually dried at 90  C for 24 hours under
vacuum. The as-recycled photocatalyst was used for new photodegradation tests under optimal conditions. As shown in
Fig. 7a and b, the photodegradation eﬃciency in the rst cycle
was 86.22% (MO) and 82.87% (RhB), and aer 6 cycles it drops
to 73.29% (MO) and 69.18% (RhB). Such an insignicant loss in
photodegradation eﬃciency indicates the promising reusability
of this photocatalyst. Interestingly, the ICP-OES analysis of the
nanoparticles showed that only 2% Ca is lost during the whole

Total organic carbon (TOC) analysis

TOC analysis was performed to evaluate the TOC removal
through the photodegradation process using Ca(30%)/TiO2/
NH2-MIL-125. As shown in Fig. 8a and b, the TOC removal
percentage was 43.02% for MO and 39.47% for RhB containing
solutions, while the photodegradation eﬃciency for these dyes
was notably higher. Such a discrepancy stems from the presence
of mediators (byproducts) formed during the photocatalytic
process.57
3.14.

The water aging of photocatalytic nanoparticles

The aging time of the nanocomposite photocatalyst (Ca(30%)/
TiO2/NH2-MIL-125) might alter through time dependent
microstructural change and aﬀect the dye photodegradation
eﬃciency. To assess the shelf life of Ca(30%)/TiO2/NH2-MIL125, variation of photodegradation eﬃciency of the photocatalyst over a time period of one year at intervals of 1, 2, 4, 6, 9,
and 12 months was monitored. As shown in Fig. 9, as long as the
photocatalyst is aged, its dye photodegradation eﬃciency
declines. The ideal photodegradation selectivity for MO over
RhB by the photocatalyst was obtained using the isotherm, eqn
(4):58
S¼

Eﬀect of water aging on MO and RhB photodegradation eﬃciency by Ca(30%)/TiO2/NH2-MIL-125.

Fig. 9

29816 | RSC Adv., 2020, 10, 29808–29820

qMO =CMO
qRhB =CRhB

(4)

where S is the ideal selection indicator for photodegradation,
qMO and qRhB are the MO and RhB equilibrium adsorption
eﬃciency, respectively. C is MO and RhB concentration.
According to Fig. 9, with increasing the aging time of the photocatalytic nanoparticles, their photodegradation selectivity for

This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Mechanism of photodegradation process of MO and RhB by Ca(30%)/TiO2/NH2-MIL-125 photocatalyst.

MO rises. This issue could be related to increment of the zeta
potential with aging time (Table SM2†), and bond dissociation
between the metal cluster and the ligand,59 that leads to exposure of carboxyl groups. As a result, the electrostatic interaction
between the anionic color (MO) and the positively charged
nanoparticles increases.
3.15.

Photodegradation mechanism

As shown in Fig. 10, under visible light radiation, electrons in
the TiO2 valence band (VB) are stimulated and jump to the
conduction band (CB), leading to the production of electrons
and holes. Due to the high conductivity of calcium, such electrons are transferred from the TiO2 CB to the calcium surface
and react with the oxygen at the TiO2 surface, thereby generating radical O2. At the same time, the electrons in the TiO2 (CB)
and the charge carrier generated are transferred to NH2-MIL125 and thereby reduce the recombination rate of electron–
hole pairs. In addition, the holes in the TiO2 (CB) can oxidize
water and improve the photocatalytic eﬃciency. In general, cO2
and cOH radicals and holes are the main charge carriers and
oxidizing agents in the photodegradation process of the organic
dye pollutants. In our system, the synergistic eﬀect between
NH2-MIL-125 and Ca signicantly improves the photocatalytic
function of TiO2 and enables it to photodegrade MO and RhB
dyes more eﬃciently. The main photodegradation reactions are
as follow:
UV light

Ca=TiO2 =NH2 -MIL-125 ! hþ þ e

(5)

e + O2 / cO2

(6)

cO2 + pollutant / CO2 + H2O

(7)

h+ + pollutant / CO2 + H2O

(8)

h+ + H2O / cOH + H

(9)

cOH + pollutant / CO2 + H2O

(10)

This journal is © The Royal Society of Chemistry 2020

4. Conclusion
We successfully synthesized highly reactive and stable nanocomposite photocatalysts composed of Ca/TiO2/NH2-MIL-125
via a solvothermal treatment and used them for photodegradation of MO and RhB dye models. The results showed
that Ca(30%)/TiO2/NH2-MIL-125 was the most eﬃcient photocatalyst with the largest photodegradation eﬃciency under
visible light irradiation. This superior photocatalytic activity
could be attributed to the narrow band gap of the photocatalyst
and the synergistic eﬀect of the constituting materials. In terms
of kinetics, the photocatalytic reactions complied well with the
rst-order kinetic model. Interestingly, the photodegradation
eﬃciency of the photocatalyst did not decline notably aer 6
times reuse, implying its promising stability and reusability.
Taken together, the developed nanocomposite photocatalyst is
robust and persistent in terms of photodegradation performance, and can remove hazardous dye pollutants from water in
an environmentally friendly manner.
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