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Preparation of Mn,0O3/MIL-100(Fe) composite and
its mechanism for enhancing the photocatalytic
removal of rhodamine B in watert

*bc

Nguyen Trung Dung,*® Tran Thi Hue,® Vu Dinh Thao® and Nguyen Nhat Huy
In this study, Mn,Os/MIL-100(Fe) composite was successfully synthesized by the hydrothermal method and
applied for photocatalytic removal of rhodamine B (RhB) in water. The physical and chemical properties of
the synthesized materials were characterized by XRD, FTIR, SEM, UV-visible, and BET analyses. Experimental
results showed a great enhancement in the photocatalytic ability of the Mn,O3/MIL-100(Fe) composite as
compared to individual Mn,O3 or MIL-100(Fe) under visible light and persulfate activation. The affecting
factors such as pH, photocatalyst dose, RhB concentration, and Na,S,Og concentration were
investigated to find out the best conditions for efficient photocatalysis. By conducting a radical
quenching test, all radicals of HO", SO4°~, 1O,, and O,"~ were found to be important in photocatalytic
decomposition. The mechanism was proposed for the enhancement of photocatalytic RhB removal via
band potential calculation, charge separation, surface redox reaction, and key reactive oxidation species.
With its durability, reusability, and high efficiency, the Mn,O3z/MIL-100(Fe) composite emerges as
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Introduction

The textile and dyeing industry is one of the main contributors
to the economies of developing countries such as Vietnam. Dyes
have become widely produced and used not only in the textile
industry but also in the food industry and in biotechnology.
Rhodamine B (RhB) is an organic dye that is representative of
the group of xanthene dyes. It is widely used for coloring in the
fiber industry, laboratory staining, and cytological testing
because of its stable properties, fast coloring, and low cost as
compared to other industrial color products. Therefore, the
amount of wastewater from the textile industry in general, and
RhB in particular, discharging into the water environment is
very large, which brings many risks to ecosystems and human
health."” Wastewater containing dyes is difficult to treat due to
the persistent and complex structure of the dyes, which resist
conventional biological treatment such as aerobic and anaer-
obic processes. As alternatives to biological treatment, physi-
cochemical processes for the treatment of RhB have been
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a potential photocatalyst working under visible light for application in wastewater treatment.

studied extensively, including adsorption,** photocatalysis,**°
electrochemical-Fenton," biological treatment, and filtration.*
Among them, advanced oxidation processes, particularly pho-
tocatalysis, are usually considered as some of the most suitable
techniques for the treatment of RhB and other dyes due to their
being highly efficient, low-cost, and environment-friendly
techniques. Persulfate-based photocatalysis has attracted
much research attention since sulfate radical (SO,"”) has
advantages over hydroxyl radical in the degradation of organics
in water such as faster reaction rate (10°-10° M~" s™'), higher
oxidation potential (2.5-3.1 V), longer lifetime (30-40 us as
compared to 1 us of HO"), broader pH range, wider application,
and higher degradation efficiency."®"* Sulfate radical can be
generated by activation of persulfate via traditional methods
such as using UV, heat, ultrasonication, transition metals, and
photocatalysts.’'® Among them, the activation of persulfate by
photocatalysis is usually considered as a green and promising
route due to its low energy consumption, high recyclability, and
lower photoexcited electron-hole recombination.

In recent years, manganese oxides have attracted more
attention due to their practical application in many fields of
study such as photocatalysis, fluorescence, gas sensors, elec-
trochemical films, and lithium batteries. Among the manganese
oxides, Mn,0O; is the most widely used photocatalyst under
visible light, which exists in different morphologies**° and can
be prepared by different methods such as hydrothermal and
precipitation.”?" Mn,0O; nanomaterials were synthesized and
applied as photocatalysts for environment treatment such as
degradation of ciprofloxacin,”>** decompositions of ammonium

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and nitrate to N,,” reduction of CO,,>* and elimination of heavy
metals such as As(ur) and As(vi).>* MIL-100(Fe), a type of metal-
organic framework, has received lots of attention due to its
hollow cage structure with a large specific surface area and high
pore volume. Among preparation methods, the hydrothermal
method is the preferred choice because of its simplicity, ease of
implementation, and high efficiency.”** In the environmental
field, MIL-100(Fe) is also capable of removing many pollutants,
such as heavy metals (Cr®"),>** RhB,*** tetracycline antibi-
otic,** and microcystin-LR.** Although both Mn,0; and MIL-
100(Fe) can be used as photocatalysts under visible light due
to their low bandgaps (i.e., 1.44 eV and 2.6-2.7 eV, respectively),
the high recombination of photoexcited electrons and holes in
these two individual materials hinders their practical applica-
tion for photocatalysis. Therefore, a composite of Mn,0; and
MIL-100(Fe) could be a potential material for enhancing pho-
tocatalytic activity via effective charge separation, which has not
been reported in the literature.

In this study, Mn,0;/MIL-100(Fe) was synthesized by the
hydrothermal method and applied for photocatalytic degrada-
tion of RhB under visible light irradiation and persulfate acti-
vation. Factors that affect the RhB degradation efficiency such
as solution pH, material dosage, RhB concentration, and
Na,S,0g concentration were investigated. Besides, durability
and reusability tests were also conducted for evaluating the
applicability of the material.

Experimental
Material synthesis and characterization

RhB was imported directly from Macklin (China). The chem-
icals for material synthesis (e.g., KMnO,, polyvinylpyrrolidone
(PVP), iron powder, benzene-1,3,5-tricarboxylic acid (H3;BTC),
and ethanol) and for photocatalytic experiments (e.g., sodium
persulfate, NaCl, NaOH, HNOj;, HCl, HF, and H,SO,) were all
pure chemicals (=99%) from China.

Mn,0O; was prepared by the hydrothermal method using
KMnO, precursor.”* At first, PVP solution was prepared by dis-
solving 1 g of PVP in 10 mL of ethanol and KMnO, solution was
prepared by stirring 0.4789 g of KMnO, in 15 mL of double-
distilled water. The two solutions were then mixed and vigor-
ously stirred at room temperature for 10 min and transferred to
a 100 mL Teflon autoclave containing 40 mL of hot double-
distilled water at 90 °C. After that, the mixture was hydrother-
mally treated in the Teflon autoclave at 180 °C for 3 h and then
allowed to cool to room temperature. The collected brown
powder was centrifuged and rinsed several times with each of
double-distilled water and ethanol. Finally, the material was
subsequently dried at 80 °C for 12 h and heated at 700 °C for 4 h
at a heating rate of 2 °C min~" to obtain Mn,0; black powder.

Mn,05/MIL-100(Fe) materials with different weight ratios of
MIL-100(Fe) (i.e., 50, 60, 70, 80, and 90%) were synthesized by the
hydrothermal method.** A pre-calculated amount of Mn,0O; was
dispersed in a glass beaker containing 10 mL of double-distilled
water and ultrasonically treated for 30 min. The suspension then
had added to it 0.082 g of iron powder and 0.206 g of H;BTC and
stirred for 30 min. The suspension was subsequently transferred to
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the Teflon autoclave and hydrothermally treated at 150 °C for 4
days. After cooling down to room temperature, the material was
centrifuged and rinsed with double-distilled water at 80 °C and
ethanol at 60 °C before drying at 150 °C for 24 h. MIL-100(Fe)
material was synthesized using the same procedure but without
the addition of Mn,O;. The Mn,03/MIL-100(Fe) composite was
denoted as M100Mn. For comparison purposes, a physically mixed
Mn,05/MIL-100(Fe) material with a MIL-100(Fe)/Mn,0; weight
ratio of 60 : 40 was prepared by directly mixing pre-determined
amounts of Mn,O; and MIL-100(Fe) in ethanol under ultra-
sonication and stirring at room temperature for 48 h, following by
centrifugation and drying at 80 °C for 12 h.

The synthesized materials were characterized by X-ray
diffraction (XRD, D8 Advance, Bruker, Germany) for studying
the crystalline structure and Fourier-transform infrared (FTIR)
spectroscopy (Spectrum Two, PerkinElmer, USA) for exploring
the surface bonding and functional groups. The morphology
and the surface elemental composition of the materials were
examined by scanning electron microscopy (SEM, S-4800,
Hitachi, Japan) coupled with energy dispersive X-ray spectros-
copy (EDX) and EMSA/MAS spectral data file. The surface area
and porous structure of the materials were analyzed by the
Brunauer-Emmett-Teller (BET) method using a surface area
and porosity analyzer (TriStar II Plus 2.03, Micromeritics, USA).
The UV-visible absorption spectra and the bandgap energy of
the material were obtained by UV-visible diffuse reflectance
spectroscopy using a spectrophotometer (V670, Jasco, Japan).

The pH,,. of the material was determined by the titration
method. Six conical flasks containing 12.5 mL of 0.1 M NaCl
were prepared and the initial pH of these solutions (pH;) was
adjusted in the range of 2-11 by adding 0.1 M HCI or NaOH
solutions. Each flask then had added to it 0.025 mg of material
and was shaken for 48 h. After that, the material was removed by
settling and filtering and the pH of the filtered solution was
measured (pHy). The pHp,. was estimated at the pH; value that
does not change with the addition of the material (pH; = pHy).

Photocatalytic degradation of RhB

The photocatalytic activity of the material was evaluated
through its ability for persulfate activation and photocatalytic
degradation of RhB at room temperature (25 + 2 °C) using
a batch reactor. The light source in this experiment was a 40 W
L4X LED, with the highest intensity at a wavelength of 446 nm.
The distance from the lamp to the solution in a water-jacketed
beaker was kept constant at 9 cm in all experiments. The pH of
the RhB solution was adjusted by adding 0.05 M NaOH or H,SO,
solutions. Before photocatalytic tests, the photocatalyst was
added into the RhB solution and stirred in the dark for 30 min
to reach the adsorption equilibrium. After that, Na,S,0z was
added to the solution and continuously aerated with air. The
light was then turned on for photocatalytic reaction. During the
experiment, 4 mL of the sample was taken, centrifuged, and
sent for RhB analysis by measuring the absorbance at 554 nm
using a spectrophotometer (Libra SP60, Biochrom, UK).

To determine the suitable conditions for photocatalytic
degradation of RhB using M100Mn, the affecting factors were
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investigated in a range of solution pH (2-11), photocatalyst
dosage (0-1000 mg L"), RhB concentration (15-50 mg L"),
and Na,S,0g concentration (100-500 mg L™ ). To evaluate the
reusability of the material, the photocatalyst was separated
from the dye solution by centrifugation after each reaction cycle
and then washed with water and ethanol to remove the RhB on
the surface of the catalyst. Next, the material was dried in
a vacuum oven at 80 °C for 5 h before using it for the next cycle.
Each cycle of the photocatalytic reaction was performed in the
presence of Na,S,05 and under aeration conditions. To deter-
mine the major reactive oxygen species, a quenching test was
conducted by adding radical scavenging agents with a concen-
tration of 10 mM, namely ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na, for photoexcited holes h'), tert-
butanol (TBA, for HO’), p-benzoquinone (p-BQ, for O, "), fur-
furyl alcohol (FFA, for 'O, and HO"), and phenol (PheOH, for
SO, and HO"), before turning on the light for the photo-
catalytic reaction.

All the photocatalytic experiments were repeated 3 times and
the average values were reported in this study. The RhB degra-
dation efficiency (H, %) and the rate constant of the pseudo-
first-order kinetic model (kapp, min~") were determined by the
following formulas:

G — G

H (%) = a ' % 100 (1)

C
In (at)) = —kypp X ¢ @

where C, and C, (mg L") are the concentrations of RhB at the
initial and determined times, respectively.

Results and discussion

Characteristics of the synthesized materials

XRD patterns of Mn,0O3;, MIL-100(Fe), and M100Mn(60 : 40)
materials are plotted in Fig. 1(a). In the XRD pattern of Mn,0Os3,
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diffraction peaks are observed at 26 of 23.2, 33.0, 38.3, 45.2,
49.4,55.2, and 65.9°, corresponding to the planes of (211), (222),
(400), (332), (431), (440), and (622) of Mn,0; crystals (JCPDS
card no. 41-1442). Diffraction peaks of MIL-100(Fe) are located
at 20 of 3.4, 4.0, 5.9, 6.8, 7.0, 10.2, 10.8, and 11.0°, assigned to
the planes (220), (311), (511), (660), (842), (440), (600), and
(422).2%353¢ In addition, no other impurity peaks were detected,
which demonstrates that the synthesized MIL-100(Fe) and
Mn,0; are of high purity and well crystallized. The XRD peaks of
the M100Mn(60 : 40) material are in good agreement with the
respective peaks of Mn,O; and MIL-100(Fe), demonstrating the
successful synthesis of Mn,0;/MIL-100(Fe) with a good combi-
nation between the two materials.

As seen in Fig. 1(b), there are two bands at 645.9 and
558.34 cm ' in the FTIR spectrum of Mn,O;, which are
assigned to the characteristic Mn-O stretching vibration of
Mn(m) oxide.*”?* In the MIL-100(Fe) spectrum, a peak at
3380.21 cm™ ' is attributed to the vibration of the O-H group,
showing the presence of adsorbed water. The strong peaks at
812 and 710.89 cm™ ' are characteristic of the 1,3,5-tri-
substitution of the benzene ring. The peaks observed at
1628.86, 1450.31, and 1382.54 cm ™' are assigned to asymmet-
rical and symmetrical vibrations of the corresponding carboxyl
group. The high-intensity peak at 1709 cm ™" corresponds to the
stretching vibration of the C=0 group in 1,3,5-BTC. There is
also a peak at 459.01 cm™ " associated with Fe-O stretching
vibrations. The above results showed that the MIL-100(Fe)
structure contains the 1,3,5-BTC base frame while losing the
bond of the carboxyl group of 1,3,5-BTC, proving the bond
formation of Fe ions and organic ligand of 1,3,5-H;BTC, which
is consistent with previous studies.”®*' The decrease of Mn,03
peak intensity and the presence of MIL-100(Fe) peak in the
spectrum of the M100Mn(60 : 40) material proved the success-
ful synthesis of Mn,03;/MIL-100(Fe) composite by the hydro-
thermal method (Fig. 1(b)).
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Fig. 1 (a) XRD patterns and (b) FTIR spectra of Mn,Oz, MIL-100(Fe), and M100Mn(60 : 40).
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Fig. 2 shows the SEM results of the synthesized materials. As
seen in Fig. 2(a), Mn,Oj; has a relatively uniform particle size in
the range of 100-150 nm, which is consistent with previous
publications.* Regarding MIL-100(Fe) (Fig. 2(b)), it has irreg-
ular polyhedral morphologies with particle size from 150 to
600 nm, which is also consistent with previous results from the
literature.**® The morphology of M100Mn(60 : 40) is similar to
that of Mn,03, but with a rougher surface (Fig. 2(c)), resulting
from the combined structure of Mn,0; and MIL-100(Fe). EDX
result reveals that the main components of the
M100Mn(60 : 40) material are Fe, Mn, C, and O (Fig. S1 of ESIY),
proving that the M100Mn material was successfully synthesized
with a combination of MIL-100(Fe) and Mn,0; without other
impurities.

The N, adsorption-desorption isotherms, as well as the pore
size distributions, of Mn,03, MIL-100(Fe), and M100Mn(60 : 40)
materials are presented in Fig. 3(a) and S2. Mn,0; shows
a slightly porous structure and its isotherm can be classified as
a type III adsorption isotherm. It has a low surface area of 12.51
m?g ', alow pore volume of 0.051 cm® g™, and a large pore size
of 20.28 nm. In contrast, MIL-100(Fe) shows a highly porous
structure with a type II adsorption isotherm, a very high surface
area of 1160.73 m> ¢~ ', a high pore volume of 0.67 cm® g™, and
a very low pore size of 1.94 nm. Hence, the porous structure of
Mn,0; was significantly increased when combined with highly
porous MIL-100(Fe) material, making M100Mn(60 : 40) exhibit
a type II adsorption isotherm with a high surface area of 766.45
m?® g7', a pore volume of 0.30 cm® g™ ', and a pore size of
3.22 nm. Therefore, the structure of M100Mn(60 : 40) is not only
highly crystalline (from XRD results) but also highly porous with
uniform pore size distribution (from BET results), which could
be promising for adsorption and photocatalytic applications.

The results from UV-visible light absorption of the materials
are presented in Fig. 3(b). The bandgap energies of Mn, O3, MIL-
100(Fe), and M100Mn were calculated via the Kubelka-Munk
equation to be 1.44, 2.94, and 2.72 eV, respectively, which are
consistent with previous results in the literature.>*">*?%> From
the UV-visible absorption spectra, the absorption edges of the
Mn,03;, MIL-100(Fe), and M100Mn(60 : 40) materials were
determined to be 861, 420, and 454 nm, respectively. The visible
light absorption of M100Mn was improved as compared to MIL-
100(Fe) due to the combination with Mn,0s. This proved the
successful combination of Mn,0; and MIL-100(Fe) in the
composite structure of the M100Mn material. The
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enhancement of visible light absorption can improve the light-
harvesting ability, suggesting an improvement of the photo-
catalytic activity of the M100Mn material under visible light
conditions.

The thermal stability of Mn,0;, MIL-100(Fe), and
M100Mn(60 : 40) was examined by TGA from 50 to 900 °C, and
the results are shown in Fig. 4. When the temperature increases,
the weight of the Mn,0O; material is almost unchanged, indi-
cating that the Mn,O; material is stable in the temperature
range up to 900 °C. When the temperature is raised above
900 °C, Mn,0; would be converted to Mn;0,.*"** Regarding
MIL-100(Fe), there are 3 stages of weight loss observed. The first
stage of 31.9% weight loss in the temperature range of 50-
150 °C corresponds to the removal of physically adsorbed water
molecules trapped inside the pore of MIL-100(Fe). The second
stage with a very low weight loss of 3.20% at 150-350 °C is
attributed to the removal of chemically adsorbed water mole-
cules and carboxylic groups, proving that MIL-100(Fe) is stable
in this temperature range. Significant weight loss of 74.403% is
observed in the third stage with a temperature range of 350-
410 °C. At above 350 °C, the structural collapse of MIL-100(Fe)
upon ligand decomposition involves H;BTC combustion, MOF
structure destruction, and organic matter evaporation. A
significant weight loss then begins at 400 °C, due to the
continuing breakdown of the framework accompanied by
a reduction in the amount of iron present in the structure. The
degradation of the third stage ends at 410 °C, indicating that
MIL-100(Fe) is completely decomposed to Fe,Os;. Hence, the
overall thermal stability of the synthesized MIL-100(Fe) sample
is determined at below 350 °C, which should be activated at
a temperature between 150 and 350 °C before application for
adsorption and catalysis.**™*

The overall trend of weight loss in the M100Mn(60 : 40)
material is similar to that in MIL-100(Fe). The weight loss is
attributed to the loss of water molecules and solvents below
250 °C. Framework breakdown of both MIL-100(Fe) and
M100Mn(60 : 40) composite material occurs in the range 250-
381 °C due to the carboxyl breakdown of trimesic acid. There-
fore, the new composite material is stable below 250 °C. The
structure collapses after being heated at temperatures greater
than 381 °C, indicating that M100Mn(60 : 40) is more thermally
stable than MIL-100(Fe) because of its thermal stability
enhancement from combination with Mn,0O; and that the effect

Fig. 2 SEM images of (a) Mn,Os3, (b) MIL-100(Fe), and (c) M100Mn(60 : 40).
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of temperature on the stability of the material can be ignored
during the photocatalytic process.

Photocatalytic degradation of RhB using the M100Mn(60 : 40)
material

The pH value is of significance and has an impact on the
adsorption capacity and reaction rate of heterogeneous catalytic
reactions, thus affecting the entire photocatalytic process as
well as the efficiency of the reaction. Fig. 5(a) presents the effect
of pH on the photocatalytic degradation of RhB using the
M100Mn/Na,S,04/RhB/Vis system with RhB concentration of
25 mg L', M100Mn dosage of 500 mg L', Na,S,05 concen-
tration of 300 mg L', and temperature of 25 °C. The RhB
degradation efficiency after 90 min of reaction increased from
93.92% at pH 2 to 95.91% at pH 3, but then gradually decreased
to 76.42% with a further increase of pH up to 11. The better
performance of the M100Mn material can be explained by its
isoelectric point, which was determined as pHp,. of 4.65
(Fig. S31). When the solution pH is less than pH,,., the surface
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of the material is positively charged and promotes the adsorp-
tion of persulfate anion (S,04>") onto the surface, and thereby
enhancing persulfate activation ability to form reactive oxygen
species. When the solution pH is greater than pH,, the
negative surface of the material reduces the persulfate anion
adsorption and thus reduces the treatment efficiency. However,
at pH 2, the amount of proton H" exceeds a certain threshold,
which leads to a decrease in the reaction rate. Therefore, the
acidic condition is favorable for photocatalytic reaction and pH
3 (with RhB degradation rate constant of 0.0393 min~"; Fig. S41)
was then chosen for further investigations.

The degradation of RhB was studied under different condi-
tions of visible light, Na,S,0g, and catalyst presence, and the
results are presented in Fig. 5(b). Photolysis alone (i.e., Vis:
visible light only, without Na,S,0g and photocatalyst) led to very
low RhB degradation, which can be negligible during the reac-
tion. Adding Na,S,0s under visible light irradiation (ie.,
Na,S,04/Vis) enhanced the RhB degradation efficiency to
28.69%. Although it is a notable improvement, this photolytic

© 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/d1ra03496k

Open Access Article. Published on 24 August 2021. Downloaded on 7/15/2025 3:04:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

0.0

LI I |
0 10 20 30 4

T T T T T T T T T

50 60 70 80 90 100

Time (min)

—— Mn,0,/Na,S,0/Vis
—8— MIL-100(F ¢)/Na,S,0,/Vis

0.2 +—A—M100Mn (90:10)Na,S,0,/Vis

—¥— M100Mn (80:20)'Na,$,0,/Vis
—— M100Mn (70:30)/Na,S,04/Vis

0.0 -—€—M100Mn (60:40)/Na S0,/ Vis|

—»—M100Mn (50:50)/Na,S,0,/Vis|

‘\'\4\—4

LA I L L |

0 10 20 30 40

LINLE L L L |

50 60 70 80 90

Time (min)

T

100

(e)

—=—15mg/L RhB
—e—25mg/L RhB
—4&—30mg/L RhB
—v—40mg/L RhB
—— 50 mg/L RhB

LA B B L A L L L B A
0 10 20 30 40 50 60 70 80 90 100

Time (min)

C/Co

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

0.1 -

View Article Online

RSC Advances

-m-Vis
1-8-Nay$,0g/Vis

& Mn703/Vis

|- Mn)03/Nap S, Og/Dark
1o MIL-100@Fe)Vis

¢~ MIL-100(Fe)/NayS,0g/Dark
- M100Mn/N2 S 0g/Vis

-@- M100Mn/NapS>0g/Dark
A~ M100Mn/Vis

| ] L SR R |

50 60 70 80 90

Time (min)

100

%

0.0 & Mn03Nay5,08/Vis
- MIL-100(Fe)/Na)$Og/Vis
01 +——TF——T—T 71—
0 10 20 30 40
1.0 (@)
0.8 -
0.6
0.4 -
—a— (0 mg/L M100Mn
024 100 mg/L M100Mn
—&— 300 mg/L M100Mn
—¥— 500 mg/L M100Mn
0.0 —¢— 750 mg/L M100Mn
—<4— 1000 mg/L M100Mn
—TT T

0.0

L L L

0 10 20 30 40 50 60 70 80 90 100
Time (min)

®

—=— 100 mg/L Na,S 0,
—+—200 mg/L Na,S,
—4&—300 mg/L Na,S,0,
—v—400 mg/L Na,S 0,
—— 500 mg/L Na,S 0,

OS

S e LI B B B R B B B R
0 10 20 30 40 50 60 70 80 90 100

Time (min)

Fig. 5 Effects of (a) solution pH, (b) reaction systems, (c) MIL-100(Fe) : Mn,O3 weight ratio, (d) M100Mn dosage, (e) RhB concentration, and (f)
Na,S,0Og concentration on the photocatalytic degradation efficiency of RhB.

oxidation cannot be used due to its still low degradation effi-
ciency. Without Na,S,0g, the RhB photocatalytic degradation
efficiencies after 90 min using Mn,0;, MIL-100(Fe), and

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

M100Mn were 14.38, 27.21, and 21.59%, respectively, under
visible light. In the presence of Na,S,0g but without visible
light, the chemical degradation efficiencies using these
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materials were 9.71, 12.23, and 46.74%, respectively. The pho-
tocatalytic RhB degradation efficiencies under visible light and
persulfate activation of pure Mn,0; and MIL-100(Fe) were low at
35.97 and 68.77%, respectively, which is due to the rapid
recombination of photoexcited electron and hole pairs in these
two materials. Meanwhile, the RhB degradation efficiency was
greatly enhanced to 95.91% when using the M100Mn
composite. The RhB degradation rate constant using M100Mn
was 7.72 and 2.67 times higher than when using Mn,0; and
MIL-100(Fe), respectively (Fig. S51). This proves the enhance-
ment of electron transfer between single materials in the
composite, thus reducing the electron-hole recombination
potential and improving the photocatalytic activity. Meanwhile,
the presence of Na,S,0g would increase the formation of reac-
tive oxygen species, thus significantly improving the photo-
catalytic efficiency of the material, proving the important role of
the simultaneous presence of photocatalyst, visible light, and
Na,S,0g in RhB degradation.

The effect of MIL-100(Fe) content (i.e., 50-90%) on the
photocatalytic performance of M100Mn is illustrated in
Fig. 5(c). The degradation efficiency increased from 87.26 to
95.91% with an increase of MIL-100(Fe) content from 50 to 60%
but gradually decreased to 76.49% with a further increase of
MIL-100(Fe) content up to 90%. The M100Mn composite with
the MIL-100(Fe) : Mn,0; weight ratio of 60 : 40 had the highest
RhB degradation efficiency with a rate constant of 2.28, 2.11,
1.95, and 1.70 higher than those of M100Mn material with MIL-
100(Fe) : Mn,0O; weight ratio of 90: 10, 80:20, 70 :30, and
50 : 50, respectively (Fig. S61).

The photocatalytic activities of M100Mn(60 : 40) composites
synthesized by the hydrothermal and physical mixing methods
were also compared. As seen in Fig. S7,f the RhB degradation
efficiency after 90 min of reaction was 95.91% for
M100Mn(60 : 40) prepared by the hydrothermal method and
80.53% for that prepared by the physical mixing method. The
RhB degradation rate constant of M100Mn(60 : 40) prepared by
the hydrothermal method was 1.9 times higher than that of
M100Mn(60 : 40) prepared by the mixing method. The physical
mixing method has the advantages of simplicity and ease of
operation. However, it is hard to achieve the highly homoge-
neous dispersion of small Mn,0O; on the surface of the MIL-
100(Fe) material. Moreover, the physical links between the
two materials in the physical mixing method are not as good as
those in the hydrothermal method. These issues could result in
high electron-hole recombination in each material, which
decreases the photocatalytic activity.*”*®

The UV-visible absorption spectrum of RhB in Fig. S81 shows
that the characteristic absorption peak at 554 nm of RhB did not
shift during the reaction period. The spectral intensity
decreased sharply after the first 15 min and almost disappeared
after 90 min. The M100Mn composite is effective for the acti-
vation of Na,S,05 to form reactive oxygen species, which can
completely break down the structure of RhB.*

The effect of M100Mn(60 : 40) dosage (in the range of 0-
1000 mg L") on RhB degradation efficiency is demonstrated in
Fig. 5(d). At low dosages, the degradation of RhB increased from
28.69 t0 95.91% with an increase of the catalyst dosage from 0 to
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500 mg L' (Fig. 5(d)), corresponding to an increase of rate
constant from 0.0038 to 0.0363 min~ " (Fig. S97). However, when
the catalyst dosage increased from 500 to 1000 mg L', the RhB
degradation changed insignificantly. It can be explained in that
an increase in the catalyst dosage results in an increase in
surface active sites for photocatalysis as well as persulfate
activation and thus reactive oxygen species formation for faster
RhB degradation.>*® However, when the content of M100Mn
catalyst material is in excess, there is not sufficient persulfate
activation at a constant Na,S,0g concentration, resulting in the
unchanged degradation efficiency. Therefore, 500 mg L™ ' was
chosen as a suitable M100Mn dosage for further experiments.

Fig. 5(e) presents the degradation efficiency of RhB under
different initial RhB concentrations from 15 to 50 mg L. It can
be seen that the degradation efficiency decreased continuously
with an increase of RhB concentration. As provided in Fig. S10,
the rate constant gradually decreased from 0.0404 to
0.0086 min~ " when the RhB concentration increased from 15 to
50 mg L. This can be explained by the fact that an increase in
the number of dye molecules leads to a longer time to complete
the RhB decomposition, resulting in a decrease in treatment
efficiency.” Besides, the rate of the photocatalytic reaction
depends largely on the formation of reactive oxygen species on
the photocatalytic surface and on the types of reactive oxygen
species that are produced to attack and weaken the structure of
RhB.*"** The increase in the initial concentration of RhB causes
a large amount of adsorbed RhB on the active centers of the
catalyst, thus interfering with the adsorption of S,04>~ on the
surface and reducing the rate of formation of reactive oxygen
species (e.g., sulfate and hydroxyl radicals) and therefore the
degradation of RhB. Besides, an increase of RhB concentration
could prevent the transmission of light in the solution, thus
reducing the ability of the photocatalyst to absorb photons,
resulting in a significant reduction in photocatalytic degrada-
tion. Therefore, an RhB concentration of 25 mg L™ " was then
chosen for subsequent experiments.

The effect of the Na,S,0g concentration on the degradation
of RhB is shown in Fig. 5(f). It is obvious that the degradation of
RhB was proportional to the Na,S,0g concentration. When the
concentration of Na,S,0jg increased from 100 to 300 mg L™ ", the
RhB degradation efficiency after 90 min increased from 81.01
and 95.91% (Fig. 5(f)), and the rate constant increased from
0.0172 to 0.0363 min " (Fig. S117). This is because the increase
in Na,S,05 concentration enhances the persulfate activation to
produce more reactive oxygen species, which leads to a corre-
sponding increase in RhB degradation. However, when using
high Na,S,05 concentrations of 400 and 500 mg L™, both the
degradation efficiency and rate constant did not change
significantly. The reason may be due to the side effect of
excessive Na,S$,0g forming a weaker oxidizing radical (S,05 ")
as in Re. (3). Therefore, a Na,S,05 concentration of 300 mg L™
was selected for the subsequent experiments.

S,04%™ + S04~ — SO + S,04° ™ (3)

The reusability and stability of the catalyst are significant
indicators of its feasibility and applicability in practice. The

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reusability of the prepared M100Mn was evaluated via five cycles
of reaction. As shown in Fig. 6(a), the RhB degradation effi-
ciency slightly decreased from 95.91 to 91.78% after the first
three cycles, and to 77.96% after the two next cycles, proving its
relatively good recyclability and stability. The reduction in the
RhB degradation efficiency can be attributed to the partial
destruction of the photocatalyst structure and the loss of some
photocatalyst mass during washing for reuse. Also, the adsor-
bed RhB or intermediates and by-products on the photocatalyst
during the previous test were not completely eliminated,
causing a decrease in the RhB degradation in the subsequent
cycles.

Besides, the durability of M100Mn after five cycles was
evaluated by FTIR (Fig. 6(b)). The FTIR characteristic peaks of
the M100Mn material were not significantly changed after five
cycles of reuse, showing that the material was not poisoned by
intermediates of the process of RhB degradation. However, the
intensity of the characteristic peak slightly decreased after the
first three cycles and obviously decreased after the fourth and
fifth cycles, signifying the loss of metal ions from the surface of
the photocatalyst. This is evidenced by the significant decrease
in the peak at a wavenumber of 459.01 cm ™" corresponding to
the Fe-O bond after the fifth cycle.

Proposed mechanism for photocatalytic degradation of RhB
by the M100Mn material

In a regular photocatalytic reaction, photoexcited holes (h"),
superoxide radical (O, ), and hydroxyl radical (HO") are usually
the main reactive species for the degradation of organic
pollutants in water.* In this study, radical scavengers TBA,
PheOH, FFA, p-BQ, and EDTA-2Na with a concentration of
10 mM were used for quenching the oxidation activity of HO",
S04 /HO", '0,/HO’, 0,7, and h*, respectively. There was
a decrease in the RhB degradation rate constant (see Fig. S12+)
and efficiency (see Fig. 7) from 95.91% (without scavengers) to
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Fig. 7 Degradation efficiency of RhB in the presence of different
radical scavengers.

81.14, 78.10, 77.77, 74.04, and 70.01% in the presence of TBA,
PheOH, FFA, p-BQ, and EDTA-2Na, respectively. However, these
insignificant reductions indicate that HO", SO, ", '0,, 0, ",
and h* play important roles in the photocatalytic degradation of
RhB under visible light and persulfate activation. Besides,
a decrease in RhB degradation efficiency after 90 min of reac-
tion from 95.91% (under air aeration) to 87.39% (with N,
aeration) proved the important role of oxygen in the photo-
catalytic reaction, suggesting the contribution of O, as an
electron scavenger for reducing the electron-hole recombina-
tion and as a source for the formation of O, radicals.

A comparison of M100Mn with other materials for persulfate
activation for RhB removal is summarized in Table 1. Although
the tested conditions were different for each study, the
M100Mn/PS/Vis system at the optimum conditions in this study
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shows many advantages such as using environment-friendly Fe
and Mn, removal of high RhB concentration (25 mg L™ ") within
a short time (90 min), low persulfate consumption (1.26 mM),
and especially use of low-cost LED light, all of which are
promising for large-scale application.

The mechanism for photocatalytic removal of RhB under
visible light and persulfate activation relates to the charge
transfer on the surface of the M100Mn material. The energy
levels of valance band (Eyg) and conduction band (Ecg) are
calculated via bandgap energy (E,) by the following
equations.***®

EVB:X—EC+O.5><Eg (4)
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Ecg = Evg — E, (5)
where X is the electronegativity of the material and E. is the
energy of free electron (=4.5 eV vs. SHE).

From UV-visible diffuse reflectance spectroscopy results, the
bandgap energies of MIL-100(Fe) and Mn,0O; materials were
determined to be 2.94 eV and 1.44 eV, respectively. The Eyg and
Ecg values were then calculated to be 2.44 and —0.5 eV,
respectively, for MIL-100(Fe), and 0.34 and —1.1 eV, respec-
tively, for Mn,0;. Based on these band energy values, the
combination of Mn,0; and MIL-100(Fe) in M100Mn material as
well as its mechanism for removal of RhB is proposed in Fig. 8.

Under visible light irradiation, the electrons (e”) from the
valance bands of Mn,0; and MIL-100(Fe) jump to the

Table 1 RhB removal by various heterogeneous catalysts with persulfate activation

Catalyst Reaction conditions

Performance Reference

Mn,03/MIL-100(Fe) RhB: 25 mg L™ %; catalyst: 500 mg L™ %;

(60%) persulfate: 1.26 mM; pH 3.0; temperature:
25 °C; lamp: LED (40 W)
MIL-88A RhB: 10 mg L™ %; catalyst: 500 mg L™ %;

persulfate: 1.68 mM; pH 3.0; temperature:
40 °C; lamp: UVA (9 W)

MIL-53(Fe)/BiOCl
(0.6:1)

RhB: 20 mg L™ %; catalyst: 500 mg L %;
persulfate: 2.1 mM; pH 3.0; temperature:
25 °C; lamp: xenon (350 W) with a 420 nm
cut-off filter

Fe’/C3N, RhB: 20 mg L™ '; catalyst: 400 mg L™ ";
persulfate: 3 mM; pH 3.5; temperature:

30 °C; lamp: metal halide-xenon (350 W)
with a 400 nm cut-off filter

RhB: 10 mg L™'; catalyst: 400 mg L™*
persulfate: 6 mM; pH 7.0; temperature:

30 °C; lamp: xenon (50 W) with a 400 nm cut-
off filter

RhB: 20 mg L ; catalyst: 500 mg L™
persulfate: 1 mM; pH 4.6; temperature:

25 °C; lamp: xenon (500 W) with a 420 nm
cut-off filter

CeO,@LDH

BiOI/Fe;0, (5 : 1)

TiO,/FeOCl (20%) RhB: 5 mg L™ %; catalyst: 400 mg L™
persulfate: 1.48 mM; no pH adjustment;

temperature: 25 °C; lamp: LED (50 W)

TiO,/carbon dots RhB: 5 mg L™ "; catalyst: 400 mg L™ ;
persulfate: 1.48 mM; no pH adjustment;

temperature: 25 °C; lamp: LED (50 W)

ZnO/CuBi,0, (5%) RhB: 5 mg L™ '; catalyst: 400 mg L™
persulfate: 1.48 mM; no pH adjustment;

temperature: 25 °C; lamp: LED (50 W)

ZnS/ZnFe,0, RhB: 20 mg L™ '; catalyst: 400 mg L™ %;
persulfate: 0.37 mM; no pH adjustment;
temperature: 25 °C; lamp: low-pressure

mercury UV (6 W, 254 nm)
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95.91% of RhB was removed in 90 min with This work
Kapp = 0.0363 min~'; HO", 8O,", '0,, 0,7,

and h" play important roles in the

photocatalytic degradation of RhB

80% of RhB was removed in 120 min with 60

Kapp = 0.131 min~'; SO, and HO" were the

main reactive oxygen species determining

the RhB oxidation

99.5% of RhB was removed in 30 min with 61
Kapp = 0.157 min~'; SO, ~ and HO" were the

main reactive oxygen species, along with

electrons and holes (h"), determining the

RhB oxidation

97% of RhB was removed in 40 min with k,,, 8
=0.156 min~'; h" and SO, ™~ played

important roles in the oxidation process

96.9% of RhB was removed in 30 min with 62
Kapp = 0.0809 min~"; SO,"~, 0,'~, and HO"

were the main reactive oxygen species

determining the RhB oxidation

98.4% of RhB was removed in 30 min with 58
kapp = 0.130 min~%; SO,"~ and HO" were the

main reactive oxygen species, along with

photoexcited holes (h"), determining the

RhB oxidation

64.6% of RhB was removed in 90 min with 63
Kapp = 0.0378 min~%; SO,"~, 0,’~, and HO’

were the main reactive oxygen species, along

with photoexcited holes (h"), determining

the RhB oxidation

67% of RhB was removed in 240 min with 64
Kapp = 0.0439 min™"; SO,"~ and O,"~ were

the main reactive oxygen species, along with
photoexcited holes (h"), determining the

RhB oxidation

100% of RhB was removed in 210 min with 65
Kapp = 0.0178 min~*; SO,"~, 0,"~, and HO’

were the main reactive oxygen species, along

with photoexcited holes (h"), determining

the RhB oxidation

97.67% of RhB was removed in 90 min with 66
Kapp = 0.03815 min~'; SO,"~, O,"~, and HO’

were the main reactive oxygen species

determining the RhB oxidation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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corresponding conduction bands of the materials and leave
holes (h") in the valance bands (Re. (6)). These photoexcited
electron-hole pairs are easily recombined together with a very
short lifetime unless they are separated and consumed. In the
M100Mn material, the electromagnetic field at the interface of
Mn,0; and MIL-100(Fe) helps to move the electrons and holes
in opposite ways.>® Specifically, the electrons from the conduc-
tion band of Mn,O; transfer to the conduction band of MIL-
100(Fe) with higher potential. In contrast, the holes from the
valence band of MIL-100(Fe) transfer to the valance band of
Mn,0; with lower potential. Hence, the recombination of
electrons and holes is effectively limited and they can easily
move to the surface of the corresponding materials for partici-
pating in the reduction and oxidation reactions. Since the Ecp of
MIL-100(Fe) is more negative than the potential of the 0,/0,"
redox couple (—0.33 V), the electrons are oxidized by dissolved
oxygen (O,) and persulfate (S,05>") to form superoxide radicals
(05"7) (Re. (7)) and sulfate radicals (SO," ) (Re. (8)). This process
fosters the electron transfer from Mn,0O; to MIL-100(Fe) and
inhibits photoexcited electron-hole recombination. On the
other hand, the Eyg of Mn,0; is lower than the potential of the
H,O/HO' redox couple (2.4 V); thus the photoexcited holes on
Mn, 03 cannot react with H,O to produce hydroxyl radical (HO"),
which is consistent with the above described h* quenching test
by using EDTA-2Na. Here, h* directly oxidize RhB into products
and intermediates. Besides, the sulfate radicals in the solution
could react with water to produce hydroxyl radical (HO") (Re.
(9)). There is also the production of singlet oxygen (*0,) via the
interaction between superoxide and hydroxyl radicals (Re. (10)).
The presence of metal ions such as Fe>" and Mn®" on the surface
of M100Mn activates S,04>~ to become Fe*", Mn**, and sulfate
ion (SO,>7) (Re. (11) and (12)). Moreover, Fe** and Mn*" are also
reduced by S,04>" to form Fe**, Mn®", and persulfate (S,05" ")
with weak oxidation property (Re. (13) and (14)).>” Furthermore,
Fe** and Mn*" are reduced to Fe** and Mn** by photoexcited
electrons (Re. (15) and (16)), which enhances the charge sepa-
ration.®*® In addition, since the potentials of Fe**/Fe** and
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Fig. 8 The proposed mechanism for photocatalytic degradation of
RhB by M100Mn(60 : 40) under visible light and persulfate activation.
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Mn**/Mn** redox couples are 0.77 V and 0.15 V, respectively, the
reactions of Fe** and Mn** thermodynamically occurred, which
boosts the internal charge transfer (Re. (17)).> The RhB adsor-
bed on the material surface would be easily oxidized by reactive
oxidative species (e.g., O, ", 'O,, SO,"~, and HO’) and photo-
excited holes (h*) to form mineralized products of CO, and
water (Re. (18)).

MIL-100(Fe)/Mn,Os + i — MIL-100(Fe) (¢ ) + Mn,Os (h*)(6)

e +0, > 0y (7)

e+ $,05° — S04 + S04 (8)
SO, + H,0 — SO, + HO" + HO™ (9)
0, + HO" —» HO™ + 'O, (10)

Fe?* + S,05°~ — Fe* + S0, + SO~ (11)
Mn** + S,042 — Mn** + SO, + SO, (12)
Fe'* + $,05° — Fe?* + S,04 (13)
Mn** + S,04>” — Mn?" + S,0¢" (14)
Fe'* + e — Fe?* (15)

Mn** + e~ — Mn** (16)

Mn*" + Fe** — Mn** + Fe?* (17)

[h*, 057, '0,, S04, HO'] + RhB — mineralized products +
CO, + H,0 + SO+~ (18)

Conclusions

The study was successful in the synthesis of a highly pure
M100Mn composite with both advantages of highly crystalline
and porous structure from Mn,0; and MIL-100(Fe) for effective
photocatalytic degradation of RhB in water under visible light
and persulfate activation. The suitable material was found to be
MIL-100(Fe)/Mn,0O; with a weight ratio of 60/40 and reaction
conditions of pH 3, M100Mn dosage of 500 mg L™, RhB
concentration of 25 mg L', and Na,S,0s concentration of
300 mg L leading to high RhB degradation of 95.91% after
90 min of the experiment. The radical quenching test showed
that HO", SO,"~, '0,, O,"7, and h* are all important reactive
species and oxygen has a significant role in the photocatalytic
reaction. A mechanism was also proposed for the oxidation of
RhB catalyzed by the M100Mn composite. Besides, the stability
and reusability of M100Mn were evaluated over 5 experimental
cycles, proving its practicability for wastewater applications.
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