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The enhanced visible-light-induced photocatalytic
activities of bimetallic Mn—Fe MOFs for the highly
efficient reductive removal of Cr(vi)}

Zohreh Garazhian, Alireza Farrokhi, (2 * Abdolreza Rezaeifard,*
Maasoumeh Jafarpour“® and Rouhollah Khani

The photocatalytic efficiencies of bimetallic MOFs, namely STA-12-Mn-Fe, for the reductive removal of
Cr(vi) were explored. The best effective variable values were obtained and correlation between the
response and influential variables was optimized via experimental design methodology. Complete
Cr(vi) removal was achieved under natural sunlight and fluorescent 40 W lamp radiation at pH 2, with
an initial Cr(vi) concentration of 20 mg L™, and 10 mg of photocatalyst within 30 min. A pseudo-first-
order rate constant of 0.132 min~! at T = 298 K was obtained for the Cr(vi) reduction reaction. The
title catalysts revealed high performance in the visible region based on photoefficiency measurements,
while improved activity was observed compared to the corresponding single-metal MOFs under
natural sunlight, highlighting the synergistic effect between the two metal ions. Trapping experiment
results proved that direct electron transfer is the main pathway during the photocatalytic Cr(vi)

rsc.li/rsc-advances reduction process.

1. Introduction

Polluted wastewaters and groundwater from rivers, lakes, and
seas are of special interest to researchers working on water
depollution and environmental protection." Indeed, water
quality standards and rules of pollutant prevention have
become stricter in many societies. The search for environmental
remediation as well as clean, sustainable, and renewable energy
has induced profuse research interest in photocatalysis, which
is a powerful method for utilization of sunlight as the main and
sustainable energy source.”> The developing fields of photo-
catalysis include CO, reduction into organic fuels, water split-
ting for H, generation, and removal of environmental
pollutants.>* Recent advancements in photocatalysis mostly
emphasize the procedures to increase light absorption, prevent
hole-electron recombination, and enhance the charge exploi-
tation of the photocatalyst to optimize the light energy conver-
sion efficiency.*” Owing to the vast utilization of light,
heterogeneous photocatalysis has to be an efficient and green
method.®* Due to the instantaneous charge separation, the
moderate tunability, and chemical instability, the application of
prevalent semiconductors as photocatalysts is restricted, and
researches are concentrated on finding novel, tunable and
efficient photocatalysts.”
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Compared with conventional inorganic semiconductors,
metal-organic frameworks (MOFs), a category of porous mate-
rials built from metal ions and organic linkers, have been lately
considered as photocatalysts owing to their striking advantages
in the following features: (1) the high porosity of MOFs permits
the availability of catalytic sites and accelerates the transport of
reactants; (2) the tunability of MOFs creates an excellent
opportunity to develop the light response over the visible range;
(3) the crystalline nature of MOFs limits the structural defects,
which are centers of charge recombination, and greatly reduces
hole-electron recombination; (4) the well-defined MOF struc-
tures have great promise in the realizing of structure-activity
relations.'**

Mixed-metal MOFs having more than one metal in the
chemical structure are particular instances of structure
tunability in MOFs.™ These MOFs provide features in terms of
multi-functionality and tuning of the structure to a specific
application. Due to the probable synergistic effects that derive
from the existence of two or more metals, mixed-metal MOFs
can display higher efficiency compared to single-metal MOFs."
Mixed-metal MOFs can also have better stability, increasing the
strength of the framework, making them adequate for broad
applications.'” Because of these merits, interesting studies on
the catalytic removal of several organic and inorganic pollutants
with MOF-based photocatalysts have recently been reported.**"
However, these researches are limited to MOFs made of
carboxylic acid and imidazolate ligands, and those containing
phosphonic acid ligands have been rarely used.'®>°
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Encouraged by the promising results on the photocatalytic
performance of phosphonate-based MOFs in dye degrada-
tion,™?* herein, we extend our research toward photocatalytic
removal of Cr(vi) as a notorious environmental pollutant, using
phosphonate-based bimetallic STA-12-Mn-Fe MOFs with
various amounts of Fe(u) and Mn(u) ions under natural sunlight
and fluorescent lamp radiation. The CCD (central composite
design) method was used to optimize the main factors in the
photocatalytic reaction (Cr(vi) concentration, pH, irradiation
time and photocatalyst mass). The title MOFs exhibited high
photocatalytic efficiency and excellent reusability during Cr(vi)
reduction under natural and artificial irradiation. Also, a plau-
sible photocatalytic mechanism is suggested based on a set of
scavenging experiments.

2. Experimental

2.1. Reagents

All reagents were used as received and without further purifi-
cation. Ferrous chloride tetrahydrate (FeCl,-4H,0), man-
ganese(n) acetate tetrahydrate (Mn(OAc),-4H,0), potassium
dichromate (K,Cr,O;), piperazine, formaldehyde, H,SO,,
ammonium oxalate ((NH,4),C,0,), ethanol, methanol, citric
acid, formic acid, KOH and Na,EDTA were purchased from
Merck. Distilled water was used for the preparation of the
solutions.

2.2. Preparation of the organic linker (H,L)

An organic ligand with a structure of N,N'-piperazinebis-
(methylene)bisphosphonic acid, H,O03;P-CH,-NC,HgN-CH,-
PO;H,, was prepared according to a reported method,** and was
characterized by NMR and IR (ESI, Fig. S1-S4t).

2.3. Preparation of the bimetallic MOFs

MOFs with the structure of STA-12-Mn-Fe containing various
amounts of iron and manganese ions were synthesized and
characterized according to a method reported previously*® (ESI,
Table S1 and Fig. S5-S97).

2.4. Instrumentation

HANNA (HI 2211 pH/ORP meter) and Hettich (ZENTRIFUGEN
ROTOFIX 32 A) centrifuge devices were used for sample
separation. The IR spectra were collected with a Shimadzu 800
FT-IR spectrometer. Design-Expert software version 10.0
(StatEase Inc., Minneapolis, MN, USA) was applied for exper-
imental design analysis. PXRD data were collected using an
X'Pert PRO diffractometer with Cu-Ko radiation. Elemental
analyses were carried out with ICP-AES (PerkinElmer Optima
7300 DV). Also, energy-dispersive spectroscopy mapping was
used to study the distribution of elements in the surface of the
as-prepared MOFs. UV/visible DRS spectra were recorded with
an Avantes spectrometer (Avaspec-2048-TEC). NMR spectra
were recorded with a Bruker (Avance DRS) 500 spectrometer.
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2.5. Procedure for Cr(vi) photoreduction

The photocatalytic reduction of Cr(vi) was performed in a glass
beaker (50 mL) containing 40 mL of a solution of Cr(vi)
(20 mg L") adjusted to pH = 2 using H,SO, (2 M) under stir-
ring. 5 mg of hole scavenger reagent and 10 mg of STA-12-Mn-
Fe were added into the beaker. The reaction mixture was stirred
for 40 min in the dark, to afford adsorption equilibrium
between the catalyst surface and reactants. After that, the
reaction suspension was exposed to natural sunlight radiation
under stirring on sunny days in May between 10:00 AM and 2:00
PM,** and also under a fluorescent lamp (CFL) at a distance of
10 cm. At certain periods, 2 mL of the reaction mixture was
extracted and centrifuged to eliminate the MOF. The amount of
Cr(vi) removal was analyzed by an Analytik Jena SPECORD PLUS
UV-visible spectrophotometer and specified at 540 nm using the
DPC (diphenyl carbazide) method.*

2.6. Effective species evaluation tests

To elucidate the active species involved in the photocatalytic
Cr(vi) reduction, trapping tests were done with diverse types of
scavengers. Therefore, chloroform (as O, scavenger), meth-
anol (as 'OH scavenger) and AgNO; (as electron scavenger) were
added to the reaction during the catalytic experiments.

2.7. Procedure for photoefficiency assessments

A fluorescent 40 W lamp was utilized as an artificial visible
radiation source equipped with cut-off filters: a solution
mixture of KMnO,, MB (methylene blue) and phenol red to
irradiate at A = 760 nm with lux = 1093;>* a mixture of KMnQO,,
Cu(NO;3), and KCrO, to illuminate at A = 600 nm with lux =
4895; a green filter (Leybold Heraeus GmbH 46807) to illumi-
nate at A = 530 nm with lux = 7145; a blue filter (Leybold
Heraeus GmbH 46811) to illuminate at A = 450 nm with lux =
5773; and a solution of MB to irradiate at A = 415 nm with lux
= 2786 were used as filters in this research. The reduction of
Cr(vi) was accomplished based on the aforementioned
method.

3. Results and discussion

3.1. Primary assessment of the photocatalytic activities

Knowing that Cr(vi) reduction is favored at low pH condi-
tions,* the preliminary tests for Cr(vi) reduction were per-
formed at pH = 2 at ambient temperature in darkness and
sunlight, in the absence and presence of catalyst and with
ethanol as hole scavenger (for more information on catalyst
identification and data analysis, see ESIf and ref. 19). In the
absence of light, photocatalyst and hole scavenger, no Cr(vi)
removal occurred, evidence that STA-12-Mn-Fe acts as a pho-
tocatalyst and MOF, light and hole scavenger are vital for
triggering the Cr(vi) reduction (Fig. 1a). Additional experi-
ments were also conducted in the presence of various hole
scavengers such as EDTA, citric acid, formic acid, ethanol,
methanol and ammonium oxalate under the same conditions
(Fig. 1b). Ammonium oxalate demonstrated the most efficient
hole scavenging activity for photoreduction of Cr(vi) with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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bimetallic STA-12-Mn-Fe (50 : 50). This could be due to the
capability of ammonium oxalate to rapidly adsorb on the MOF
and so contribute effectively in the catalytic reaction. Also,
oxalate ions are able to produce CO,’ radicals, which can
transfer electrons more efficiently to the holes of the photo-
catalyst.>**” Therefore, hole-electron recombination is
reduced efficiently and more electrons are available for the
reduction of Cr(vi). Based on these results, (NH,),C,0, was
chosen for further investigations.

Further investigation showed that ammonium oxalate
amount greater than 5 mg did not increase the efficiency of the
Cr(v1) reduction process.

3.2. Experimental design and the development of
a regression model equation

CCD? as a multivariate technique was used to avoid the
requirement for a vast number of tests, which extremely
increases the cost and required time. Also, this technique is
predominantly used for modeling experiments, assessing the
effective variables, and seeking optimal conditions of a process.
The pH (A), concentration of Cr(vi) (B), amount of catalyst (C)
and time of irradiation (D) were selected as the main variables.
Thirty randomized experiments were designed based on the
CCD in three blocks (each block has three replicates). The
appropriate limits for the above parameters, symbols and units
specified based on initial tests are presented in Table 1. The
best correlation between the reduction percentage of Cr and
input parameters was selected in terms of the following
equation:

Cr(vi) removal (%) = +40.85 — 22.00 x 4 — 13.09
x B+0.76 x C+1.89 x D + 10.63
X AB + 6.18 x CD + 5.46

x A%+ 6.62 x B’ (1)
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Fig. 1
photocatalytic reaction with STA-12-Mn-Fe (50 : 50).
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Table 1 Effective factors and their values in the CCD for Cr{vi)

reduction

Factor Symbol  Unit —-a« -1 0 +1 +a
pH A — 1 2 3 4 5
Cr(v1) conc. B mg 10 20 30 40 50
Amount of catalyst C mg 5 10 15 20 25
Time D min 10 30 50 70 90

Based on the variance analysis (ANOVA), the model was
significant as well. The excellent predictability of the model was
supported with the non-significant lack of fit (P > 0.05) (Table
S$21). The R* values (0.97 and 0.96) are near to 1.0, confirming
the goodness of the fit.

3.2.1. Appraisal of diagnostic and response surface plots.
As shown in Fig. 2a, apparent dispersal in the collected data
points is not observed, which is favorable and indicates the
normal distribution of the data.** Comparative effects of all
factors on the Cr(vi) reduction are depicted in the perturbation
plot (Fig. 2b). A sharp curvature in the pH and Cr concentration
curves demonstrates that the Cr(vi) reduction was highly
sensitive to these factors.** The approximately flat lines of the
time and amount of catalyst show a small sensitivity of the Cr(vi)
reduction to variation in these parameters. Therefore, Cr(vi)
concentration and pH are the critical factors in this research.
The experimental and predicted amounts are quite close to each
other (Fig. 2¢), confirming that the presented model correctly
estimates the correlation between the influential factors on the
response.*

The simultaneous effect of pH and Cr(vi) concentration on
the reduction of Cr(vi) is depicted in the contour plots (Fig. 3a)
and three-dimensional response surface (Fig. 3b). These plots
demonstrate that the removal of Cr(vi) increases with a decrease

(b)
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(a) The initial evaluation of different variables in the photocatalytic reduction of Cr(vi). (b) The effects of various hole scavengers in the
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Fig. 2
predicted data for Cr(vi) reduction.

in the pH. The inverse relation between reduction performance
and pH could be the result of the redox process in eqn (2):

Cr,07%~ + 6e” + 14H* — 7H,0 + 2Cr** (2)

Besides, the maximum removal was observed when the
concentration of Cr(vi) was 20 mg L™". With regard to the plots,
3D plots (Fig. 3c-f) and Table S2,7 the interactions between
other factors such as the time, pH, and amount of catalyst were
not significant.

3.2.2. Optimized parameters for the reduction of Cr(vi).
The desirability function approach (1.0 (very desirable) to 0.0
(undesirable)) was utilized to obtain the optimized reduction
conditions. According to the desirability score of 1.00,
maximum Cr(vi) removal was achieved for the following optimal
conditions: pH = 2, concentration of Cr(vi) = 20 mg L,
amount of catalyst = 10 mg and time = 30 min. The results of 3
replicates at the defined optimal conditions have good

21130 | RSC Adv, 2021, 1, 21127-21136
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(a) Residuals in the normal probability plot. (b) A perturbation plot for the removal of Cr(vi) over STA-12-Mn-Fe (50 : 50). (c) Actual data vs.

proximity with predicted data. Moreover, our results revealed
that changes in the molar ratio of Mn and Fe in the as-prepared
bimetallic MOFs does not alter their efficiency and excellent
performance for Cr(vi) removal was observed for all the ratios
used in this work under both light sources (Fig. 4). Nevertheless,
when we compared our results with those obtained when using
single-metal MOFs STA-12-Fe, reported in our previous work,*?
an improved activity of bimetallic STA-12-Mn-Fe in the reduc-
tive removal of Cr(vi) under natural sunlight was observed (99%
removal in 5 min against 98% removal in 20 min; Fig. 4). This
can be attributed to the lower band gap and the synergy of Fe
and Mn ions in STA-12-Mn-Fe.

3.3. Photochemical activity of STA-12-Mn-Fe

As mentioned in Section 3.1, performing a control reaction in
the dark did not change the concentration of Cr(vi). Never-
theless, the reaction under natural sunlight showed complete
removal of Cr(vi) in less than 30 min, demonstrating the visible

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Three-dimensional and contour plots for the removal of Cr(vi) showing the effects of (a and b) Cr(vi) concentration and pH, (c and d) pH

and the amount of catalyst, and (e and f) pH and reaction time.

light activity of the photocatalyst. The optical properties of the
prepared samples were assessed with UV-visible DRS
(Fig. S57). The band gaps of these samples, evaluated from the
Tauc plots, are about 2.3 eV (insets of Fig. S5). According to
the band gap values, all of these MOFs could be visible light-
sensitive photocatalysts. The effect of diverse visible-light
wavelengths on Cr(vi) reduction with SAT-12-Mn-Fe (50 : 50)
was explored under irradiation of a CFL lamp utilizing various
filters (see Section 2.7). To specify whether the reduction
reaction happened via a thermo-catalytic or a photo-induced
process, the apparent quantum efficiency (AQE) as a useful
tool was estimated by eqn (3):**3*

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

AQE = no. reacted molecules/no. incident photons (3)

The values of AQE calculated for SAT-12-Fe-Mn (50 : 50) at
different wavelengths of 415, 450, 530, 600, and 760 nm under
CFL radiation reached 0.034, 0.013, 0.01, 0.003, and 0.004,
respectively. These results are in good accord with the diffuse
reflection spectra (Fig. 5), which confirm the visible-light
activity of the MOFs under optimized conditions.

3.4. Kinetics analysis

The kinetic study of Cr(vi) photoreduction over STA-12-Mn-Fe
(50 : 50) shows that the reaction follows the pseudo-first-order

RSC Adv, 2021, 1, 21127-21136 | 21131
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Fig. 4 Time-dependent Cr(v) reduction under natural sunlight (left) and a CFL lamp (right) with various MOFs. Reaction conditions: 40 mL of
Cr(vi) solution, 20 ppm; pH = 2; 5 mg of ammonium oxalate; 10 mg of catalyst.

kinetic model: In(C/Cy) = kapp X t, Where Cj is the Cr(vi) initial
concentration, C is the Cr(vi) concentration at time ¢, and kypp, is
the apparent rate constant, which is the slope of the plot
depicted in Fig. 6. The value of k,p, was determined to be
0.132 min~ " at T = 300 K by linear regression of the R* value of
0.9729 (Fig. 6).

3.5. Mechanism of photoassisted Cr(vi) reduction

Radical scavenging tests were performed to identify the active
species in the photocatalytic reduction (Fig. 7). After that,

a proposed mechanism for the process was elucidated.
Among various scavengers, only AgNO; (e~ scavenger)
extremely inhibits the Cr(vi) reduction. This finding suggests
that the catalytic reaction proceeds solely through direct
electron transfer from the MOF surface to Cr(vi) ions and
other active species (0,"”, h" and 'OH) do not affect the
process.

The band gap (E,) of STA-12-Mn-Fe (50 : 50) estimated by the
Tauc plot (Fig. S51) was found to be 2.3 eV. Furthermore, the
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Fig. 5 The absorption spectrum of STA-12-Mn-Fe (50 : 50) (solid line) and action spectrum for the removal of Cr(vi) in the optimal situation

under CFL radiation (red points).
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Fig. 7 Radical trapping tests in photocatalytic Cr(vi) reduction with
STA-12-Mn-Fe (50 : 50) (amount of trapping agent = 10 mg).

conduction band (CB) and valence band (VB) positions of the
photocatalyst were evaluated with the following equation:*

ECB = E() + 0059(13HPZC — pH) - X - OSEg (4)

Ecp refers to the potential of the CB. The value of E, is 4.5 eV.
PHpzc (the isoelectric point of MOF) value is 4.6 (Fig. S71). X
(the bulk electronegativity of catalyst) demonstrates the
geometric average of the absolute electronegativities of atoms
in the MOF structure.** The value of X for STA-12-Mn-Fe
(50 : 50) is 6.65 eV. Thus, the VB and CB potentials are calcu-
lated as —5.44 eV and —3.15 eV, respectively. As shown in
Fig. 8, the CB of the photocatalyst is above the reduction
potential of Cr(vi)*” and the VB of MOF is below the oxidation

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

potential of oxalate,*® which are adequate for electron and hole
transfer and confirm the photocatalytic ability of STA-12-Mn-
Fe for removal of Cr(vi).

A likely mechanism for Cr(vi) removal under visible light by
STA-12-Mn-Fe is depicted in Fig. 8. In the structure of STA-12
MOFs, the chains built from edge-shared MNO; octahedra are
connected via organic linkers (H,L).* It is noteworthy that the
organic ligand in the catalyst structure is not visible light active.
However, the metal-containing chains in the photocatalyst can
absorb visible-light photons and produce hole-electron pairs.
In the reaction mixture, Cr(vi) reacts with the electrons and the
holes interact with oxalate ions as a scavenger. Thus, the hole-
electron recombination is disrupted and Cr(vi) reduction
proceeds efficiently.

3.6. Reusability and stability tests

The reusability tests for STA-12-Mn-Fe (50 : 50) in the Cr(vi)
reduction reaction reveal that the photocatalytic efficiency of
the MOF does not diminish after four runs and the catalyst
remained stable during the reaction (Fig. S8t). Also, the PXRD
and IR analyses show that the chemical structure of the pho-
tocatalyst has not altered after four consecutive catalytic
processes (Fig. S9t). Furthermore, elemental analysis of the
MOF after reaction demonstrated 1% and 0.5% decrease in Mn
and Fe, respectively, confirming the durability of STA-12-Mn-Fe
in the catalytic process.

To show the activity of this photocatalytic system, the
results obtained for the reduction of Cr(vi) in the presence of
STA-12(Fe) were compared with those reported for other MOFs
under sunlight irradiation (Table 2). All parameters confirm
that this photocatalytic system is highly efficient for the
removal of Cr(vi) in comparison to other systems, including
short reaction time, low catalyst loading, high removal
percentage, using a sustainable light source, and conditions
used.
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Fig. 8 A schematic diagram of Cr(vi) removal with the STA-12-Mn-Fe (50 : 50) photocatalyst under visible light irradiation.
Table 2 A comparison of the photocatalytic activity of STA-12(Fe) with that of other reported MOFs under sunlight irradiation®
MOF Cr(vi)/MOF conc. (mg L) Light/time for reduction (min) Removal (%) Ref.
MIL-53(Fe) 20/1000 $S/40 98 40
Zn-MOF 20/1000 NS/90 93 25
UiO-66-NH,(Zr) 5/— SS/120 98 41
NNU-36 10/375 SS/60 95 42
JLU-MOF60 80/400 SS/70 98 43
NNU-37 10/625 SS/110 91 44
STA-12(Fe) 30/250 NS/25 98 32
STA-12-Mn-Fe 20/250 NS/5 99 This work

%8S = simulated sunlight; NS = natural sunlight.

4. Conclusions

Five bimetallic MOFs with the formula STA-12-Mn-Fe have been
applied to the visible-light-driven photocatalytic removal of Cr(vi).
CCD was utilized for the modeling and optimization of the
reaction parameters, including different influential factors, such
as catalyst mass, irradiation time, Cr(vi) concentration, and pH.
The results revealed that all ratios of Fe(n) and Mn(xu) ions in the
structure of STA-12-Mn-Fe provide efficient photocatalysis under
natural and artificial visible light and present superior recycla-
bility and stability for the reduction of Cr(vi). Due to the lower
band gap and probable synergistic effects that derive from the
existence of Mn and Fe ions, STA-12-Mn-Fe displays higher
efficiency than single-metal MOFs. Radical scavenging tests show
that direct electron transfer to Cr(vi) ions is the main mechanism
during the photocatalytic reduction process. This research could
provide a novel visible-light ARP for water treatment and it could
expand the applications of bimetallic MOFs in environmental
remediation and chemical synthesis.
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