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photocatalytic reduction of Cr(VI) and synergistic
removal of organic pollutants under visible light
irradiation†
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Polluted wastewater containing organic pollutants and heavy metals is increasing and harms environmental

ecosystems and human health. Designing and producing an efficient photocatalyst is therefore crucial for

treating polluted wastewater. In this study, electron-deficient benzothiadiazole was used as the electron

acceptor, and electron-rich thiophene as the electron donor using a solvothermal method. The successful

preparation of a novel visible-light responsive donor–acceptor type covalent organic framework (HDU-26)

has been demonstrated using various characterization techniques. The conjugated structure of the

electron-donating and electron-accepting units promoted the charge transfer of the HDU-26

photocatalyst, effectively reduced the band gap, and suppressed the electron–hole (e−–h+) complexation.

The photocatalytic performance was investigated under the influence of different parameters. Under

optimal conditions, HDU-26 achieved a photocatalytic reduction efficiency of up to 99.5% for Cr(VI). Over

five reaction cycles, HDU-26 was still able to maintain a high level of photocatalytic activity, with the Cr(VI)

removal rate reaching 97.4%. The major active species for the photocatalytic reduction of Cr(VI) were e−

and ·O2
− radicals. In addition, the oxidation of organic matter results in an increase in photogenerated e−–

h+ separation. Moreover, the photocatalytic rate of HDU-26 was significantly accelerated due to the

synergistic effect in the mixed system of Cr(VI)/organic pollutants (RhB, MB, MO). In conclusion, the high

availability of active sites, excellent stability, and recyclability of HDU-26 indicate its potential applications

for removing organic pollutants and heavy metal ions from contaminated wastewater.

1. Introduction

As a vital component for human sustenance and progress, water
bodies have encountered diverse material contamination to
differing extents owing to the swift development of

industrialization. In particular, polluted wastewater comprising
organic and heavy metal elements is increasing, causing
harmful effects on the ecological system and jeopardizing
human well-being.1 Organic dyes in wastewater are generally
chemically stable and highly colored. Their persistence in
nature challenges the growth of aquatic flora and fauna and
poses significant risks to human health and the sustainable
development of ecosystems.2,3 Wastewater containing organic
dyes is commonly accompanied by Cr(VI), a heavy metal
pollutant. Cr(VI) is a highly toxic pollutant known for its
carcinogenic and mutagenic properties, which is typically used
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Environmental significance

With the rapid industrialization, water quality is deteriorating significantly. Pollution in wastewater, consisting of organic dyes and heavy metals, is on an
upward trend, harming ecosystems and survival of plants and animals. As an advanced oxidation technology, photocatalytic technology offers
straightforward operation, prompt reaction times, and environmentally friendly qualities. This technology possesses unparalleled benefits in purifying
contaminated water. Covalent organic frameworks possessing high specific surface area, intrinsic porosity, π-conjugated structures, excellent light
absorption, and adequate forbidden bandwidth are optimal for photocatalysts. These materials show promising potential for removing organic pollutants
and heavy metal ions from contaminated wastewater.
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in the tanning, electroplating, textile dyeing, petroleum refining,
and paint manufacturing industries.4,5 By contrast with Cr(VI),
Cr(III) is less hazardous and is a trace element essential for
normal human life activities.6,7 Consequently, reducing Cr(VI) to
Cr(III) has become a hot research topic in the environmental
field.

Contaminated wastewater must be rigorously treated and
purified before it can be discharged, which improves the quality
of the water environment and provides significant economic
advantages. Standard treatment methods, for instance,
membrane separation,8 chemical precipitation,9 adsorption,10

biodegradation,11 and photocatalytic techniques,12 have been
widely used to remove contaminated wastewater containing
organic dyes and Cr(VI). In particular, photocatalytic technology
is an advanced oxidation technology that uses green and
renewable light to photodegrade harmful substances,
converting solar energy into chemical energy. Compared to
other technologies, it has unrivaled advantages in treating
organic pollutants and is an easy-to-use, rapid response, and
environmentally friendly means of treating pollutants.13

As a type of organic porous material, covalent organic
frameworks (COFs), formed by covalent bonds interconnected
in a mesh-like structure, have become the focus of attention in
recent years.14 The unique topology, multiple cell
configurations, and adjustable apertures have greatly expanded
the range of applications for COFs.15 Furthermore, they exhibit
excellent photocatalytic performance with high carrier mobility,
broad light harvesting, and charge separation efficiency.16 The
π-conjugated structural units in donor–acceptor (D–A) type
COFs play a crucial role in light trapping. Herein, the
conjugated structure of the electron-donating and electron-
absorbing units can effectively promote the charge transfer on
the framework of COFs, thereby narrowing the bandgap,
broadening the absorption, and modulating the energy levels.17

The simultaneous construction of D–A framework materials
with uniformly arranged units facilitates the formation of
independent hole and singlet transport channels, which
promotes exciton segregation and suppresses electron–hole (e−–
h+) complexation.18,19 After a long exploration period, COFs
have shown significant value and potential in gas separation,20

multiphase catalysis,21 energy storage,22,23 drug delivery,24,25

and other fields.
Herein, we have successfully prepared a visible light-

responsive novel D–A type structural unit covalent organic
framework denoted as HDU-26 by a solvothermal method, using
electron-deficient benzothiadiazole as the electron acceptor and
electron-rich thiophene as the electron donor. The optical
properties, surface properties, and crystal structure of HDU-26
were characterized using different techniques, indicating that it
is an efficient photocatalyst for Cr(VI) reduction and synergistic
removal of organic pollutants. The study investigated the impact
of various factors, including initial pH, catalyst dosage, and
Cr(VI) concentration, on the photocatalytic reduction of Cr(VI).
The stability of HDU-26 was also examined under different
conditions. In addition, a potential mechanism for the effective
photocatalytic reduction of Cr(VI) by the HDU-26 photocatalyst

has been put forth, building upon free radical trapping
experiments and electron spin resonance spectroscopy (ESR)
signal monitoring.

2. Experimental
2.1. Materials

All materials, reagents, and solvents were obtained from
commercial sources. They were used as received without further
purification, including benzo[1,2-b:3,4-b′:5,6-b″]trithiophene-
2,5,8-tricarbaldehyde (BTT), 4,4′-(benzo[c][1,2,5]thiadiazole-4,7-
diyl)dianiline (BT), acetic acid (AcOH), 1,4-dioxane, mesitylene,
ethanol (EtOH), tetrahydrofuran (THF), sulfuric acid (H2SO4),
sodium hydroxide (NaOH), nitric acid (HNO3), N,N-
dimethylformamide (DMF), ethylenediaminetetraacetic acid
disodium salt (EDTA-2Na), isopropyl alcohol (IPA), acetone,
diphenylcarbazide (DPC), barium sulfate (BaSO4), potassium
dichromate (K2Cr2O7), rhodamine B (RhB), methylene blue
(MB) and methyl orange (MO), which were purchased from
Macklin's Reagent Co., Ltd, Jilin Chinese Academy of Sciences-
Yanshen Technology Co., Ltd, and Shanghai Aladdin Co., Ltd,
China. In addition, ultrapure water was used throughout the
experiment. Ultrapure water (18.25 MΩ cm) purified using an
ultrapure water system was used in all experiments.

2.2. Synthesis of HDU-26

The synthesis method of HDU-26 is shown in Fig. 1a. In the
present study, HDU-26 was successfully prepared based on a
solvothermal method by combining the acceptor unit BT (0.075
mmol, 23.9 mg) and the donor unit BTT (0.05 mmol, 16.5 mg)
in a 10 mL glass tube with 1,4-dioxane (0.625 mL), mesitylene
(0.208 mL) and AcOH (12 M, 0.166 mL). Ultrasonic treatment
was conducted for 20 min using an ultrasonic cleaner to achieve
homogeneous mixing of the reactants. The glass tube was
rapidly frozen in liquid nitrogen, sealed after three cycles of
degassing in the thawing mode of the freezing pump, and then
subjected to a 72 h condensation reaction at 120 °C. Following
cooling to room temperature, the product was separated by
centrifugation and washed alternately with THF and EtOH until
the supernatant was clarified. Eventually, after drying in a
vacuum oven at 60 °C for several hours, the corresponding
orange-colored HDU-26 was obtained in 90% yield.

2.3. Characterization

The details of HDU-26 are shown in the ESI.†

2.4. Photodegradation experiment

In the photocatalytic experiments, the reduction of Cr(VI) was
performed by exposing K2Cr2O7 solution to simulated visible
light (λ > 420 nm, 300 W xenon lamp with an optical power
density of 397 mW cm−2) to assess the efficiency of the prepared
HDU-26 catalyst. The photocatalytic reaction temperatures were
kept at 25 °C by passing circulating water to cool the reaction
system to eliminate the interference of the photocatalytic
reaction temperature. Initially, 8 mg of HDU-26 was dispersed
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in K2Cr2O7 solution (50 mL 10 mg L−1), and the initial pH of the
solution was adjusted to 3.0 with H2SO4/NaOH solution without
adding any sacrificial agent. The reaction was carried out in the
dark for 60 min to reach the adsorption–desorption equilibrium
and exclude the adsorption effect on the photocatalytic
reduction efficiency. After the dark reaction, the xenon lamp
was turned on, and 1 mL of the suspension was taken and
filtered through a 0.22 μm filter membrane after a period of
illumination. Finally, the DPC method measured the
absorbance at the maximum absorption wavelength of 540 nm
to evaluate the performance of the prepared photocatalyst HDU-
26 for the reduction of Cr(VI).

To further investigate the photocatalytic performance of
HDU-26, 8 mg of HDU-26 was added into a 50 mL mixed
solution containing 10 mg L−1 organic pollutants (RhB, MB,
MO) and 10 mg L−1 K2Cr2O7, respectively. The initial pH of
the solution was adjusted to 3.0, and the absorbance of RhB,
MB, MO, and Cr(VI) at 554, 664, 464, and 540 nm was
determined by UV-vis spectrophotometry. These absorbances
were used to calculate the change in concentration and
removal of organic pollutants and Cr(VI).

3. Results and discussion
3.1. Characterization of HDU-26

In order to analyze the crystal structure of HDU-26 with the
novel D–A structure, it was characterized using X-ray
diffraction (XRD). The strong diffraction peak of HDU-26 at

2.51° (2θ) corresponds to the (100) facet reflection. Three
other weak diffraction peaks appeared at 4.11°, 4.71°, and
6.17°, which corresponded to the (110), (200), and (210)
facet reflections, respectively (Fig. 1b). The crystal structure
was simulated employing Materials Studio (MS) software.
The data from the AA stacking simulation and the sample
powder diffraction peaks were in good agreement, with a
layer spacing of 3.53 Å. Therefore, it is concluded that HDU-
26 has been successfully synthesized and had a high degree
of crystallinity. The surface morphology of HDU-26 was
analyzed by transmission electron microscopy (TEM) and
scanning electron microscopy (SEM), and we found that
HDU-26 was mainly stacked in nanoscale rod-like structures
(Fig. 1c–e).

Besides, Fourier-transform infrared (FTIR), X-ray
photoelectron spectroscopy (XPS), and solid-state 13C nuclear
magnetic resonance (NMR) spectroscopy characterization
methods were used further to confirm the chemical
composition and structure of HDU-26. In the FTIR spectrum
of HDU-26 (Fig. 2a), the vibrational peaks of –NH2 at
positions 3200–3500 cm−1 in the BT monomer disappeared,
and the CO vibrational peak at position 1664 cm−1 in the
BTT monomer disappeared, while it was observed in HDU-26
the appearance of a new imine (CN) stretching vibrational
peak at position 1614 cm−1 with positions 1587 and 1253
cm−1 corresponding to CC and C–N stretching vibrational
peaks, respectively.26,27 The 13C NMR spectrum of HDU-26
(Fig. 2b) demonstrated that the characteristic signal peak of

Fig. 1 (a) Synthetic scheme of HDU-26. (b) Experimental and simulated XRD patterns of HDU-26. (c and d) SEM and (e) TEM images of HDU-26.
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the enamine carbon (CN) was at about 153 ppm, further
confirming the conversion of the monomer to highly
crystalline HDU-26 by condensation reaction.28 The presence
of C 1s, S 2p, and N 1s peaks in the full XPS spectrum
(Fig. 2c) further validated the presence of carbon, nitrogen,
and sulfur in the HDU-26 framework. The high-resolution C
1s region (Fig. 2d) displayed three peaks at 284.04, 284.8, and
288.17 eV, corresponding to CC, C–N, and CN–C carbons,
respectively.29 The high-resolution N 1s region (Fig. 2e)
displayed two peaks at 398.26 and 399.18 eV, corresponding
to CN and C–NH, respectively.28 The combined results of
these analyses indicate that the novel D–A structure of HDU-
26 has been successfully synthesized.

The N2 adsorption–desorption isotherm characterization
was used to obtain an understanding of the specific surface
area and porosity of HDU-26 (Fig. 2f). The adsorption started
to rise slowly near a P/P0 of 0.2, which indicated that a large
number of mesopores existed within the material, a type-IV
mesopore isotherm. The Brunauer–Emmett–Teller (BET)
specific surface area of HDU-26 was determined to be
1176.91 m2 g−1, and the pore size of HDU-26 was calculated
to be 4.0 nm by using the nonlocal density flooding theory
(NLDFT) model. Consequently, the high specific surface area
and nanoscale empty structure provide more active sites,
which favor the rapid migration of photogenerated charges
to the surface to participate in the photocatalytic oxidation–
reduction reaction.30

The chemical and thermal stability of HDU-26 was
explored. Thermogravimetric (TG) analysis showed that HDU-
26 had excellent thermal stability (Fig. 3a), with a weight loss
of 5.23% from 25–300 °C due to the volatilization of the
solvent on the surface of the material or some of the residual
solvent in the pores.31 As the temperature continued to
increase, the weight of HDU-26 decreased by 21.79% at
approximately 300–600 °C. When the temperature exceeded
600 °C, the weight of HDU-26 entered a rapid decrease phase
due to the decomposition of the skeleton.32 In addition,
HDU-26 was immersed in different solutions for 12 h,
including DMF, HNO3 (3 M), and NaOH (3 M). The thermal
stability of HDU-26 was analyzed from XRD patterns and FT-
IR spectra (Fig. 3b and c). The diffraction peaks of HDU-26
had the same positions in the XRD patterns and favorable
crystallinity was retained. The functional groups such as
imine (CN), CC, and C–N were still clearly observed in
the FT-IR spectra, which indicated that HDU-26 had excellent
chemical stability. Consequently, the potential of HDU-26
applications in various fields can be tapped.

The light absorption properties of photocatalysts are
closely related to the catalytic redox ability of the materials,
which led to the evaluation of the visible light absorption
properties of HDU-26 by UV-vis diffuse reflectance
spectroscopy (DRS). Due to the π–π conjugation effect, a
broad light absorption range of 400–600 nm was observed for
HDU-26 in the DRS spectrum (Fig. 3d), which was able to

Fig. 2 (a) FT-IR spectra of HDU-26. (b) 13C NMR spectrum of HDU-26. (c) XPS survey scan of HDU-26 and high-resolution XPS spectra of the C 1s
(d) and N 1s (e) regions. (f) N2 adsorption–desorption isotherms of HDU-26.
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capture more visible light. The optical band gap of HDU-26
was calculated from the following equation:33

(αhν)n/2 = A(hν − Eg) (3.1)

where α denotes the absorbance index, h denotes Planck's
constant, ν denotes the frequency of light, A is a constant, Eg
is the energy value of the bandgap, and n is a power index
determined by the type of optical jump, with n = 1 denoting a
direct jump and n = 4 denoting an indirect jump. Since the
hopping type of HDU-26 was direct, the bandgap energy was
calculated to be n = 1 by extrapolating a straight line on the
X-axis intersection, which resulted in a direct bandgap of
2.03 eV for HDU-26 (Fig. 3e). The narrower band gap
absorbed the visible light more efficiently, thus exhibiting
superior photocatalytic redox activity, an ideal photocatalyst
for photocatalytic research applications.

The Mott Schottky (MS) profile (Fig. 3f) was taken in
order to determine further the type of the two pure samples
and the associated flat-band potential (EFB). The positive
correlation between the C2 value and the potential value at
500, 1000, 1500 Hz implied that HDU-26 was a typical
n-type semiconductor. The MS spectrogram can be roughly
deduced from the fact that the EFB of HDU-26 was −1.05 V
concerning the Ag/AgCl electrode. In addition, the
conduction band (CB) potential of n-type semiconductors is
approximately 0.1 V negative than their EFB.

34 Therefore, the
ECB value of HDU-26 can be estimated to be −1.15 V

concerning NHE, corresponding to a valence band value
(VB) of 0.88 V.

3.2. Photocatalytic performance

In order to differentiate the photocatalytic and adsorption
properties of the HDU-26 catalyst, the photocatalytic Cr(VI)
(10 mg L−1, 50 mL) reduction efficiency of HDU-26 at pH =
3.0 was investigated (Fig. S1a†), where C is the Cr(VI)
concentration at the irradiation time t (min), and C0 is the
initial Cr(VI) concentration. When no catalyst was added, just
under visible light, Cr(VI) could not be reduced, indicating
that the Cr(VI) solution was stable and not easily reduced by
visible light, and the photocatalytic effect of the Cr(VI)
solution itself was negligible. With the addition of the
catalyst, there was almost no Cr(VI) adsorption under dark
conditions, indicating that light is an essential condition in
the HDU-26 photocatalytic reduction of the Cr(VI) reaction
system. Surprisingly, Cr(VI) was not adsorbed after adding 8
mg of HDU-26 to the solution for 60 min under dark
conditions, and the reduction efficiency of Cr(VI) was as high
as 99% after 60 min of visible light irradiation. Fig. S1b†
demonstrates that Cr(VI) could hardly be removed under dark
conditions with and without the addition of HDU-26. Fig.
S2a† shows the gradual evolution of the UV-vis absorption
spectra of the photocatalytic reduction of Cr(VI) by HDU-26 at
certain time intervals, and the intensity of the Cr(VI)
absorption peaks decreased rapidly until they disappeared

Fig. 3 (a) TG curve of HDU-26. XRD patterns (b) and FT-IR spectra (c) of HDU-26 before and after treatment under different harsh conditions. (d)
UV-vis DRS spectrum. (e) (αhν)n/2 vs. photo energy curve. (f) MS profile of HDU-26.
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within 60 min with the prolongation of the photocatalytic
reaction time. In summary, the novel D–A structure of HDU-
26 with an extended π-conjugated backbone obtained by the
Schiff base reaction exhibited a wide range of light-
harvesting ability and ultra-high photocatalytic activity in the
visible region. Previous studies have shown that the
π-conjugated structural units in D–A type COFs play a crucial
role in light trapping.18,35,36 Our conjugated structure had
thiophene in BTT as the electron-donor unit and
benzothiadiazole in BT as the electron-absorbing unit, and
this structure promoted the spatial segregation of charge
carriers, thus attenuating charge complexation and giving
HDU-26 excellent photocatalytic performance. Consequently,
the photocatalytic active sites are assumed to be mainly
located on the thiophene and benzothiadiazole units. This
work investigated the effects of varying the initial pH, catalyst
dosage and Cr(VI) concentration and synergistic removal of
organic pollutants on the photocatalytic reduction of Cr(VI) by
HDU-26.

3.3. Effect of different conditions on the photocatalytic
reduction of Cr(VI)

3.3.1. Effect of varying initial pH. The basic process of the
photocatalytic reaction is the adsorption of pollutants on the
surface of the catalyst. Then, under irradiation of visible

light, the catalyst absorbs the light energy, and the active
sites are excited to degrade the pollutant and complete the
purification of the water body. Consequently, the initial pH
of the solution is a crucial factor in the photocatalytic
reaction, affecting the form of the pollutant present and the
catalyst's active sites. To investigate the effect of pH on the
photocatalytic reduction of Cr, H2SO4 and NaOH were chosen
to adjust the system's pH in this test. As shown in
Fig. 4a and d, HDU-26 showed significant differences in the
photocatalytic reduction of Cr under different pH conditions.
At pH = 4.0–8.0, the photocatalytic efficiency of HDU-26
gradually decreased with increasing pH, and when pH = 8.0,
the photocatalytic efficiency was merely 17.5%, and the
proposed primary photoreduction reaction rate k was 0.00281
min−1. The photocatalysts adsorbed more Cr(VI) in the form
of Cr2O7

2−, HCrO4
− and CrO4

2− anions under acidic
conditions at low pH, and the abundant H+ also promoted
the transition from Cr(VI) to Cr(III), which enhanced the
efficiency and rate of photocatalytic reduction.37 Particularly
at pH = 3.0, the photocatalytic reduction efficiency reached
99.5% within 60 min, and the photoreduction rate constant
was 0.0849 min−1, which was 30.2 times higher than that at
pH = 8.0. The efficiency of the photocatalytic reduction of Cr
by HDU-26 was slightly decreased when pH = 2.0 was affected
by the catalyst's tendency to aggregate in strongly acidic
environments.38 From the zeta potential plot of HDU-26 (Fig.

Fig. 4 Impact of (a) initial pH, (b) catalyst dosage, and (c) Cr(VI) concentration on Cr(VI) photoreduction. (d) Primary photoreduction reaction rate k
for different initial pH values. (e) Primary photoreduction reaction rate k for different catalyst dosages. (f) Primary photoreduction reaction rate k
for different Cr(VI) concentrations.
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S2b†), its equipotential point is 4.5. Hence, under acidic
conditions, its photocatalytic reduction efficiency was higher
owing to the substantially positively charged surface and
electrostatic attraction by HDU-26. Under neutral or alkaline
conditions, Cr(VI) mainly exists as CrO4

2−.39 Due to the
substantial negative charge on the surface of HDU-26, which
generated electrostatic repulsion to CrO4

2−, and the presence
of Cr(OH)3 precipitates on its surface, the photocatalytic
active sites were reduced, which led to a decrease in its
photocatalytic effect (eqn (3.2)–(3.4)).40,41

Cr2O7
2– + 14H+ + 6e− → 2Cr3+ + 7H2O (3.2)

HCrO4
− + 7H+ + 3e− → Cr3+ + 4H2O (3.3)

CrO4
2− + 4H2O + 3e− → Cr(OH)3↓ + 5OH− (3.4)

3.3.2. Effect of varying catalyst dosage. The catalyst dosage
in the system significantly affects the reaction activity in the
photocatalytic process. The photocatalytic reduction efficiency
increased from 39.4% to 99.5% with a corresponding gradual
increase in k when the catalyst dosage was increased from 4 mg
to 10 mg in the system at pH = 3.0 (Fig. 4b and e). In particular,
when the catalyst dosage was 10 mg, the Cr(VI) reduction
reached 99.5% in only 40 min, with a maximum photoreduction
rate constant of 0.122 min−1. This improvement may be
attributed to the increased catalyst concentration leading to
enhanced photocatalytically active sites and light absorption.1

Notably, the photocatalytic reduction effectiveness was also at
the peak of 99.5% in 60 min when the catalyst concentration
was 8 mg. Considering the economic aspect, 8 mg was chosen
as the most favorable HDU-26 concentration in the system.

3.3.3. Effect of varying Cr(VI) concentration. The effect of
varying Cr(VI) concentration in the system on the photocatalytic
performance was investigated and is shown in Fig. 4c and f.
The photocatalytic reduction of Cr(VI) solutions with different
concentrations by HDU-26 showed that the photocatalytic
reduction efficiency was weakened with increased Cr(VI)
concentration, and the corresponding k decreased gradually.
For 5 mg L−1 Cr(VI) solution, the photocatalytic reduction
efficiency reached 99.2% in merely 20 min of visible light
irradiation, where k was 0.223 min−1 maximum. For solutions
containing 10, 15, and 20 mg L−1 Cr(VI) after 60 min of reaction,
the photocatalytic reduction efficiencies were 99.5%, 84.2%,
and 46.1%, respectively. The corresponding values of k were
0.0849, 0.0229, and 0.00922 min−1, respectively. When the
concentration of Cr(VI) increased, the amount adsorbed on the
surface of HDU-26 increased, occupying the adsorption sites on
the surface of the catalyst, hindering the transmission of visible
light, underutilizing light, and producing less active substances,
leading to the decrease of the photocatalytic reduction rate.42,43

3.3.4. Synergistic photocatalysis of Cr(VI) reduction and
degradation of organic pollutants. The potential application
of simultaneously removing Cr(VI)/organic dyes from
industrial wastewater is notable due to heavy metal
pollutants and other organic contaminants. The

photocatalytic activity of HDU-26 for the synergistic removal
of Cr(VI)/organic pollutants (RhB, MB, MO) was investigated (-
Fig. 5a–d). Due to the high specific surface area and suitable
pore size of HDU-26, it has strong adsorption and
photocatalytic ability for organic dyes (50 mL 10 mg L−1) in a
single system, and the removal rates of RhB, MB, and MO
were 82.6, 56.4, and 99.1%, respectively. The photocatalytic
experiments were carried out at pH = 3.0, where the surface
of HDU-26 was positively charged and had the most
substantial adsorption effect on the anionic dye MO, with an
adsorption efficiency of 73.7% in 60 min. When RhB, MB,
and MO were mixed with Cr(VI), their removal rates were
significantly increased to 97.2, 62.3, and 99.2%, respectively.
The Cr(VI) reduction rate in the RhB and MB mixed system
was also slightly increased. The improved photocatalytic
activity of the system was primarily caused by the enhanced
separation of photogenerated e−–h+ due to organic matter
oxidation, leading to a synergistic effect of Cr(VI) reduction
and organic matter degradation.5

3.4. Examining the stability and reusability of the HDU-26
photocatalyst

The stability and reusability of the catalyst in practical
applications are precious. The study tested the stability of HDU-
26 through multiple cycling experiments in the photocatalytic
reduction of Cr(VI) under optimal conditions. After each cycle,
HDU-26 was separated from the dispersion by centrifugal
separation. It was washed several times with 1 M HNO3 and
then with ultrapure water and EtOH. After drying the treatments
at 60 °C, the photocatalytic experiments were continued under
the same conditions. The test results are shown in Fig. 5e,
which showed that after five cycles, HDU-26 still achieved
97.4% Cr(VI) removal. Furthermore, the XRD pattern (Fig. S3a†)
after five cycles showed a well-structured crystal structure, the
positions of the characteristic peaks matched with those of the
pristine HDU-26, and the FT-IR spectra showed that the
functional groups on the surface were similar to those of the
fresh material (Fig. S3b†). The XPS spectra revealed that the
elemental composition of HDU-26 remained unchanged before
and after the photocatalytic reaction, except for Cr(VI), and the
C, N, and S binding energies of HDU-26 were consistent with
those measured before the photocatalytic reaction (Fig. S3c–f†).
As shown in Fig. 5f, two prominent characteristic peaks of Cr(III)
appeared at positions of 588.1 eV (Cr 2p1/2) and 578.6 eV (Cr
2p3/2), which indicated that Cr(VI) on the surface of the material
was reduced to Cr(III).44 The optimum results of the
photocatalytic reduction of Cr(VI) by HDU-26 were compared
with other porous catalysts, as shown in Table 1. In general,
HDU-26 demonstrates excellent stability and reusability in
photocatalytic reduction of Cr(VI), proving an effective solution
for treating polluted water.

3.5. Photocatalytic reduction mechanism analyses

To analyze the role of reactive substances in the Cr(VI)
reduction reaction, IPA, EDTA-2Na, and Na2S2O8 were added
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as ·OH, h+, and e− radical scavengers, respectively. As shown
in Fig. 6a, the introduction of IPA and EDTA-2Na into the
system significantly increased the reduction rate of Cr(VI) due
to the enhanced e−–h+ separation. Furthermore, IPA acted as
an ·OH scavenger and blocked the oxidation of Cr(III) on the
HDU-26 surface, preventing its conversion to Cr(VI).36,54 In
contrast, the reduction rate of Cr(VI) decreased significantly
after adding Na2S2O8, and it was only 29% after 60 min of
reaction. The reduction rate of Cr(VI) was decreased by the
addition of BQ. To prevent the formation of ·O2

−, the
photocatalytic reaction was carried out under N2 conditions,

and the reduction rate of Cr(VI) was also slightly inhibited. It
was demonstrated that e− and ·O2

− were important active
substances, among which e− played the critical role. The
generation of ·O2

− during the photocatalytic reduction of
Cr(VI) was further verified using ESR with 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trapping reagent. No
characteristic signal was detected under dark conditions, and
the characteristic signal of ·O2

− appeared after visible light
irradiation, which demonstrated that light exposure was
crucial for the production of the active species (Fig. 6b).
Moreover, to analyze the role of active substances in the

Table 1 Comparison of photocatalytic performance of typical porous materials for the reduction of Cr(VI)

Photocatalysts
Volume
(ml) pH

Dosage
(mg)

Concentration
(mg L−1)

Hole
scavenger

Irradiation
time (min)

Reduction
efficiency (%) Ref.

JOU-7 30 2.3 10 9 IPA 100 95.2 18
TPB-TP-COF 10 7 10 10 NA 105 80 35
Au@C2 30 2.3 10 9 IPA 120 98.2 36
Py–SO1 50 4 5 10 NA 90 93 44
20%COF-CNNS 20 3 20 10 NA 30 99 45
DTB-BT-COF 20 3 10 10 C2H5OH 15 99.6 46
COF-PDZ 60 7 15 10 NA 20 95 47
TzDa-COF 50 2 10 10 NA 100 40.5 48
TACTF 30 — 30 50 BnOH 120 75 49
dDAAQ-TFP 30 3 10 30 NA 90 96 50
UiO-66-NH2 40 2 20 10 NA 80 97 51
JOU-22(Fe) 20 3 10 4 NA 20 100 52
MIL-68(In)–NH2 40 2 40 20 NA 180 97 53
HDU-26 50 3 8 10 NA 60 99.5 This work

Fig. 5 (a–d) Photocatalytic reduction of Cr(VI) and synergistic removal of organic pollutants by HDU-26. (e) The reusability of HDU-26 in the
photocatalytic reduction of Cr(VI). (f) XPS spectrum of the Cr element on the surface of HDU-26 after the photocatalytic reduction.
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photocatalytic degradation of organic pollutants by HDU-26,
IPA, EDTA-2Na, and BQ were added as ·OH, h+, and ·O2

−

radical scavengers, respectively (Fig. S4a–c†). In three
different organic pollutant solutions, RhB, MB, and MO, the
addition of radical scavengers showed different degrees of
inhibition, indicating that the active substances involved in
the photocatalytic degradation of organic dyes are ·OH, h+,
and ·O2

−. The production of ·OH during photocatalytic
degradation of organic pollutants was further verified using
ESR characterization (Fig. S4d†).

Based on the above experimental analyses, Fig. 6(c) showed
the possible mechanisms of photocatalytic reduction of Cr(VI)
and synergistic removal of organic pollutants by HDU-26. The
CB potential of HDU-26 was −1.15 V, which was more negative
than the reduction potential of the Cr2O7

2−/Cr3+ couple (Eθ(Cr2-
O7

2−/Cr3+) = +1.33 V).39 From a thermodynamic point of view,
the photoreduction of Cr(VI) to Cr(III) was possible due to the
reducing properties of e−. On the one hand, the separation of
e−–h+ occurred after visible light irradiation, and the e− attached
to the surface of HDU-26 reduced Cr(VI) to Cr(III). On the other
hand, e− can reduce O2 in the system to ·O2

− (Eθ(O2/·O2
−) = −0.33

V), which further accelerated the photocatalytic reduction of
Cr(VI).45,55,56 Besides, h+ was presumably consumed by organic
pollutants, which promoted the effective separation of e−–h+

and inhibited the reoxidation of Cr(III). Consequently, the
photocatalytic reduction of Cr(VI) by HDU-26 exhibited excellent
performance with the addition of RhB, MB or MO.

4. Conclusion

The successful preparation of a novel visible-light responsive
D–A type covalent organic framework (HDU-26) was
demonstrated by analysis using various characterization
techniques. Electron-deficient benzothiadiazole acted as an
electron acceptor, and electron-rich thiophene acted as an
electron donor, effectively narrowing the band gap and
suppressing e−–h+ complexation. It was characterized in
various forms, showing excellent crystallinity, favorable
stability, and high specific surface area. The optimum
conditions for the photocatalytic reduction of Cr(VI) were

tested by varying the initial pH, catalyst dosage, and Cr(VI)
concentration. After 60 min of exposure to visible light at pH
= 3.0, the reduction efficiency of Cr(VI) (50 mL 10 mg L−1) by
8 mg HDU-26 was 99.5%. The Cr(VI) removal rate was still up
to 97.4%, with the crystal structure and morphology of HDU-
26 undamaged after five reaction cycles. The major active
species for the photocatalytic reduction of Cr(VI) were e− and
·O2

− radicals. Besides, the photocatalytic rate of HDU-26 was
significantly increased due to the synergistic effect in the
mixed system of Cr(VI)/organic pollutants (RhB, MB, MO).
Consequently, HDU-26 exhibits significant potential for
eliminating organic pollutants and heavy metal ions from
contaminated wastewater, owing to its abundant active sites
and broad visible light absorption capacity.
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