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ABSTRACT: Photocatalysis has been recognized as a viable technology
for pollutant degradation in wastewater, owing to its ability to generate
reactive radicals under photoirradiation. Among these, sulfate radicals

·SO( )4 have been attracting significant attention due to their strong
oxidizing properties; yet the specific mechanism of action has remained
elusive thus far. In this study, defective NH2-MIL-88B (DNMB) is
prepared via a facile hydrothermal procedure in the presence of potassium
sodium tartrate and found to facilitate the production of sulfate radicals
from sulfate anions under visible light irradiation, due to partial reduction
of Fe3+ to Fe2+ in the NMB skeleton by the added tartrate that enriches the
Fe3+/Fe2+ redox couples, in addition to other reactive species like
superoxide radicals and hydroxy radicals. This effectively improves the
degradation efficiency toward a variety of organic pollutants, including antibiotics such as tetracycline (TC), sulfamethoxazole
(SMX), and levofloxacin (LEV), as well as common organic contaminants like bisphenol A (BPA) and rhodamine B (RhB), as
compared to pristine NMB. Specifically, after 40 minutes of visible light irradiation, the degradation rate increases from 61.5% to
92.1% for TC, from 76.1% to 89.4% for SMX, from 60.5% to 75.2% for LEV, from 61.7% to 91.2% for BPA, and from 78.4% to
94.8% for RhB. The primary active species are identified to be sulfate radicals, with minor contributions from holes, superoxide
radicals, and hydroxyl radicals, as demonstrated in quenching experiments and electron spin resonance measurements, and further
confirmed by theoretical studies. Degradation pathways for the various pollutants are then proposed based on results from Fukui
index calculations and liquid chromatography−mass spectrometry analysis. These results underscore the crucial role of structural
engineering in driving the advancement of green and sustainable technologies for environmental engineering.

■ INTRODUCTION
Discharge of organic pollutants from industrial wastewater and
domestic sewage has posed a significant challenge to both
ecological environments and human health.1−4 These
pollutants are diverse in nature and may contain substances
that exhibit high stability and low biodegradability and are
difficult to eliminate by conventional water treatment methods,
such as chemical oxidation and biodegradation.5−8 As a result,
development of efficient, green, and sustainable technologies
for pollutant removal has become a key research focus and
technical challenge in the field of environmental science and
engineering.9−13

In recent years, photocatalysis has emerged as an attractive
advanced oxidation technology toward pollutant degrada-
tion,14−16 where the effective separation of the electron−hole
pairs facilitates the photocatalytic production of holes (h+),
superoxide radicals ·(O )2 , and hydroxyl radicals (•OH),
among others.17−20 Sulfate radicals ·(SO )4 have also garnered
increasing attention due to their strong oxidizing property and
high selectivity.19,21 Thus, far, ·SO4 radicals are generated

mostly from the activation of persulfate (S O )2 8
2 and perox-

ymonosulfate (PMS, (HSO )5 ions. For example, Meng et al.22

prepared composite catalysts based on biochar-supported
cobalt single atoms, which completely degraded acetamino-
phen in 11 min due to effective activation of PMS by the CoN3
moiety to produce ·SO4 . Ren et al.23 used high-density
polyethylene waste as a raw material to prepare single-atom
catalysts with the FeN4Cl coordination moieties dispersed
within a graphene scaffold (Fe−N/Cl−C), where the axial
chelation of chloride enhanced the PMS activation by the FeN4
sites, leading to rapid degradation of diverse pollutants.
Nevertheless, studies of direct activation of sulfate anions

(SO )4
2 to produce ·SO4 have been scarce and mostly confined
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to phenomenological observations and performance validation,
without systematic and in-depth analyses of the specific
mechanisms of the activation process and ensuing photo-
catalytic degradation. In addition, the attack of ·SO4 to
pollutant-specific sites, the intermediates and reaction path-
ways involved, as well as their synergistic effects with other
reactive species have not been fully understood. This has
limited the further application in practical water treatment.21,24

NH2-MIL-88B (NMB), a typical metal−organic framework
(MOF) material, has attracted widespread attention for
environmental remediation, thanks to abundant active sites,
good chemical and thermal stability, and large surface area.
Moreover, the iron centers in NMB can participate in catalytic
(Fenton) reactions through the Fe3+/Fe2+ redox couple.5,25,26

In this study, a defect-engineered NMB (DNMB) material was
prepared hydrothermally with the addition of potassium
sodium tartrate in sample synthesis and found to significantly
enhance the generation of ·SO4 from SO4

2 , due to partial
reduction of Fe3+ to Fe2+ within the NMB skeleton by the
added tartrate that enriched the Fe3+/Fe2+ redox couples. In
fact, upon the addition of sulfate ions, the degradation
efficiency by DNMB toward various pollutants was signifi-
cantly improved, ranging from antibiotics such as tetracycline
(TC), sulfamethoxazole (SMX), and levofloxacin (LEV) to
common organic contaminants like bisphenol A (BPA) and
rhodamine B (RhB), as compared to NMB. In quenching and
electron spin resonance (ESR) measurements, ·SO4 was
identified as the major active species, with minor contributions
from holes (h+), superoxide radicals ·(O )2 , and hydroxyl
radicals (•OH). Based on results from Fukui index calculations
and liquid chromatography−mass spectrometry (LC-MS)
measurements, the atomic sites of radical attacks were
identified and the degradation pathways were proposed for
the various contaminants.

■ EXPERIMENTAL SECTION
Chemicals. The chemicals were all obtained from Shanghai

Maclin Biochemical Co. and used as received. Water was provided
with a Barnstead Nanopure Water System (resistivity 18 MΩ cm).
Synthesis of Defective NH2-MIL-88B. In brief, 5 mmol of ferric

chloride (FeCl3·6H2O), 5 mmol of 2-amino terephthalic acid, and
0.25 mmol of potassium sodium tartrate were mixed under sonication
for 30 min in 25 mL of dimethylformamide (DMF). The solution was
then poured into a 50 mL polytetrafluoroethylene reactor, where 2
mL of a 2 M NaOH solution was added to adjust the pH. The sealed
reactor was heated in an oven for 12 h at 100 °C. Upon completion of
the reaction, the precipitates were obtained by centrifugation, washed
with DMF three times, and then dried at 120 °C for 12 h. The
resulting product was referred to as DNMB. The control sample of
NMB was synthesized in the same fashion but in the absence of
potassium sodium tartrate (Table S1).
Characterization. Scanning electron microscopy (SEM) was

performed using a Hitachi S-4800 microscope, while transmission
electron microscopy (TEM) was conducted with an FEI-Tecnai G2
F20 instrument. X-ray diffraction (XRD) analysis was carried out
using a Shimadzu XRD-6100 diffractometer with Cu Kα radiation.
XPS characterization was performed on a Thermo Fisher Scientific
ESCALAB 250 system, with spectral calibration standardized against
the adventitious carbon C 1s peak (284.8 eV). ESR spectra were
collected on a Bruker A300 spectrometer. Raman spectra were
collected in backscattering geometry using a Horiba miniature Raman
spectrometer. Fourier-transform infrared (FTIR) spectra were
obtained using a Bruker Tensor II FTIR NEXUS spectrometer at
room temperature in the 800−4000 cm−1 range. The UV−visible
diffuse reflectance spectroscopy (DRS) measurements were carried

out on a Shimadzu UV-2600 spectrophotometer. Steady-state and
time-resolved photoluminescence (PL) characteristics were analyzed
using an Edinburgh FLS1000 fluorescence spectrometer. Electro-
chemical characterization was performed on a CHI 760E electro-
chemical workstation, and nitrogen adsorption−desorption experi-
ments were conducted with a Micromeritics ASAP2460 analyzer to
obtain isotherm data. The surface hydrophilicity of the samples was
assessed using a Tantec CAM-PLUS contact angle meter.
Photocatalytic Degradation of Pollutants. In brief, 25 mg of

the NMB or DNMB sample prepared above was dispersed into a
pollutant solution (i.e., TC, SMX, LEV, BPA, RhB, and actual
wastewater, 50 mL at 20 mg L−1), along with a calculated amount of
sodium sulfate (Na2SO4). The mixture was stirred in the dark for half
an hour to reach an adsorption/desorption equilibrium before
simulated sunlight irradiation (>420 nm) with a Perfect light
FX300 xenon lamp (300 W, with a UV cutoff filter). Sampling was
conducted at 10 min intervals by extracting 2.0 mL aliquots from the
reactor, followed by centrifugation for photocatalyst removal. The
resulting supernatant underwent UV−vis spectroscopic analysis, with
the degradation efficiency quantified through monitoring absorbance
reduction over time.
Recycling Tests. The stability and reusability of the NMB and

DNMB samples was examined by executing the photocatalytic
experiment over four repetitions. After each test, the photocatalysts
were harvested, thoroughly washed with ethanol and water, and then
dried at 60 °C prior to the subsequent test.
Photoelectrochemistry. Photoelectrochemical measurements

were performed using a standard three-electrode system within a
0.1 M Na2SO4 electrolyte under visible-light irradiation from a 300 W
xenon source. The electrochemical cell comprised a platinum wire
counter electrode and a saturated calomel reference electrode (SCE).
For working electrode preparation, 5 mg of the NMB or DNMB
powder was ultrasonically dispersed in 1 mL ethanol for 10 min. A 0.1
mL aliquot of the homogeneous suspension was then deposited onto
fluorine-doped tin oxide (FTO) glass substrates (1 cm × 2 cm) and
thermally annealed at 60 °C for 12 h to ensure adhesion.
Computational Study. The Fukui function ( f) has been

extensively utilized in computational chemistry to identify and
characterize molecular sites susceptible to electrophilic, nucleophilic,
and radical attacks.27,28 It is defined as
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The Fukui function formalism defines ρ(r) as the spatial electron
density distribution, where the system’s total electron count (N) and
external potential (v) are respectively encoded in the partial
derivatives. For atomic-resolution analysis, this reactivity descriptor
adopts condensed representations using atomic population numbers
to approximate localized electron densities. Specifically, the
condensed Fukui function (CFF) quantification involves three
distinct reaction contexts:

=+
+f q qNucleophilic attack : k N

k
N
k

1 (2)

=f q qElectrophilic attack : k N
k

N
k

1 (3)

= +f q qRadical attack : ( )/2k N
k

N
k0

1 1 (4)

In the electronic state descriptor framework, qk quantifies the
localized electronic charge distribution at atomic site k. Whereas the
Fukui index establishes comparative reactivity profiles across
molecular domains, elevated CFF magnitudes correlate strongly
with nucleophilic susceptibility. Given the predominance of ·SO4
radicals as the dominant oxidative agent, the radical-attack-specific
CFF formalism (eq 4) served as the principal metric for evaluating
pollutant degradation pathways, with particular emphasis on site-
specific reaction probabilities.
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■ RESULTS AND DISCUSSION
Structural Features. The structures of the samples

obtained were first probed by XRD measurements. From
Figure 1a-b, NMB can be observed to exhibit three diffraction
peaks at 2θ = 7.3°, 8.8°, and 9.9° that can be ascribed to the
NMB (100), (002), and (101) crystal planes, respectively.10

DNMB displayed similar XRD patterns, but the (002) and
(100) peaks can be seen to shift to a slightly higher diffraction
angle at 7.5° and 9.0°, and the (101) peak to a lower
diffraction angle at 9.8°, suggesting expansion of the NMB
lattices most likely due to the formation of structural defects as
the sample was synthesized in the presence of potassium

sodium tartrate. This is in good coincidence with a growth of
the specific surface area, pore diameter, and pore volume, as
manifested in nitrogen sorption measurements (Table S2, vide
infra).29

Indeed in TEM measurements (Figures 1c,d and S1a,b),
NMB can be seen to display a smooth, elongated spindle
morphology, while the addition of potassium sodium tartrate
led to a roughened surface of the DNMB sample, consistent
with an increase of the surface area and crystal damage.30 This
morphological variation is also manifested in SEM measure-
ments (Figure S1c,d), with a slight increase of the sample size
from ca. 0.55 μm for NMB to 0.78 μm for DNMB (Figure S2).

Figure 1. (a) XRD patterns of NMB and DNMB, with the range of 6° to 10° zoomed in in (b). TEM images of (c) NMB and (d) DNMB. Scale
bars are both 100 nm. (e) EDS-based elemental maps of NMB. Scale bar 2 μm. (f) High-resolution XPS scans of the C 1s, O 1s and Fe 2p electrons
of NMB and DNMB. (g) Schematic illustration of oxygen vacancy in NMB.
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Elemental mapping via energy-dispersive X-ray spectroscopy
(EDS) further demonstrated homogeneous spatial distribu-
tions of Fe, O, C, and N across the NMB specimen, as
illustrated in Figure 1e.
NMB demonstrates anisotropic crystallization along the

(001) crystallographic axis, with (101) facet planes dominating
its surface morphology. The framework architecture features
Fe3+ trimers bridged by carbonate ligands, where each iron
center achieves pentagonal coordination through μ3-O bridges
and carboxylate (−COO−) moieties. This coordination
geometry generates undercoordinated metallic vertices pro-
truding into hexagonal nanochannels. Along these (001)-
aligned unidimensional pores reside coordinatively unsaturated
sites (Fe-CUS), which mediate anion-dependent charge
transfer dynamics and interfacial hydration processes (Figure
1g).31 Crucially, the thermally activated Fe3+/Fe2+ redox
couples at these CUS loci constitute catalytically active
domains for surface-mediated reactions.
XPS analysis systematically probed the valence states and

elemental signatures of NMB/DNMB systems. Survey spectra
(Figure S3) confirm characteristic core-level emissions: C 1s
(∼284 eV), O 1s (∼530 eV), and Fe 2p (∼711 eV) align with
literature benchmarks.5,32 High-resolution deconvolution re-
veals three carbonaceous configurations in both materials
Figure 1f (left): graphitic C=C (284.80 eV), heteroatom-
bonded C−N/O (286.02 eV), and carbonyl C=O (288.69 eV).
Oxygen speciation analysis (Figure 1f,middle) delineates three
distinct states�lattice Fe−O (530.30 eV), defective O−C/
oxygen vacancy (OV) (531.88 eV), and surface-adsorbed C=O
(533.40 eV)�demonstrating comparable oxygen coordination
environments between NMB and DNMB.33,34 Yet the Fe 2p
spectra are markedly different (Figure 1f, right). NMB can be
seen to possess two doublets at 711.61/725.13 eV and 713.74/
727.58 eV, corresponding to the Fe3+ 2p3/2/2p1/2 electrons
(the related satellite peaks can be found at 717.27 and 729.68
eV), while DNMB consisted of three doublets, 710.17/723.41
eV for Fe2+, 710.93/725.05 eV and 712.80/726.03 eV for
Fe3+.1 This indicates partial reduction of Fe3+ to Fe2+ during
sample synthesis by the addition of potassium sodium tartrate.
Also, the binding energies of the Fe3+ species can be seen to
exhibit a small red-shift from DNMB to NMB, likely due to

enrichment of OV in the former (Figure 1g). Notably, the
cycling between Fe2+ and Fe3+ can contribute to the generation
of reactive species during photocatalytic degradation.35

ESR measurements yielded consistent results (Figure S4),
where both NMB and DNMB can be seen to exhibit a spectral
feature at g = 2.003, confirming the formation of OV within
the samples. In addition, the peak-to-peak intensity is
noticeably greater for DNMB than for NMB, indicating a
significantly increased concentration of OV in the former.36

This is in good agreement with the partial reduction of Fe3+ to
Fe2+ during sample synthesis by potassium sodium tartrate, as
observed in XPS measurements (Figure 1f).
OV served as catalytic accelerators for molecular oxygen

adsorption-activation synergy. DFT simulations leveraged
three defect configurations (Oa, Ob, Oc) to elucidate O2
activation mechanisms (Figure S5). The Oa site correlates
with coordinatively unsaturated Fe centers in pristine NMB,37

while the Ob/Oc defect pairs�localized at Fe−O bonds in
DNMB as evidenced by XPS and ESR�were systematically
modeled. NMB’s O2 adsorption demonstrated an O−O bond
length of 1.257 Å with a −1.0961 eV binding energy (Figure
S5a). Contrastingly, DNMB’s defective systems exhibited
progressive O−O bond elongation (1.265→ 1.276 Å) coupled
with strengthened adsorption energetics (−1.3072 → −2.3198
eV). This comparative analysis revealed that defect engineering
creates thermodynamically favorable O2 activation pathways,
establishing OV-mediated adsorption as the photocatalytic
rate-determining step.
The hierarchical porosity and surface accessibility were

probed via N2 physisorption analysis, capitalizing on MIL-
88B’s intrinsic framework adaptability that enables reversible
pore modulation (termed ″’breathing″ behavior). Both
materials displayed Type III adsorption profiles with H4
hysteresis (Figure S6), characteristic of mesoporous slit-shaped
architectures. Quantitative analysis revealed DNMB’s substan-
tially improved textural parameters, exhibiting a 7-fold
enhancement in specific surface area (35.05 vs 4.90 m2 g−1)
and augmented total pore volume (0.24 vs 0.033 cm3 g−1)
relative to NMB (Table S2).26,38 This textural optimization
correlates with defect-induced structural modifications (Figure

Figure 2. (a) Photocatalytic degradation of TC by NMB, DNMB, SO4
2 , and DNMB/SO4

2 . SO4
2 concentration 10 mg L−1 (pH = 7). (b)

Comparison of the corresponding degradation performance of DNMB/SO4
2 toward various pollutants after 40 min’s visible light irradiation (TC,

BPA, RHB, SMX, and LEV).
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1d), establishing enhanced reactant accessibility as a critical
enabler for photocatalytic efficiency amplification.
Consistent results were obtained from electrochemical

studies. From the transient photocurrent response profiles
(Figure S7a), DNMB can be seen to exhibit a drastically
greater photocurrent density than NMB; and from the Nyquist
plot of the electrochemical impedance (Figure S7b), the
charge-transfer resistance (RCT) was evaluated to be ca. 6.3 kΩ
for NMB, and markedly lower at 4.2 kΩ for DNMB, suggesting
significant enhancement of charge transport kinetics in the
latter.39

Meanwhile, steady-state PL measurements were conducted
to examine the carrier separation efficiency of the samples. As
shown in Figure S8a, NMB and DNMB both exhibited an
emission peak at ca. 475 nm under 380 nm photoirradiation.
Yet, the peak intensity was significantly reduced for DNMB as
compared to that of NMB, signifying that the recombination of
photogenerated electrons and holes was drastically impeded
(which was beneficial for photocatalysis).40 At the same
excitation wavelength, time-resolved PL spectra were recorded
for both samples (Figure S8b), and the data were fitted with a
biexponential function, where the average carrier lifetime was
estimated to be 2.99 ns for NMB and prolonged markedly to
4.32 ns for DNMB (Table S3), in line with results from the
above photocurrent, impedance, and PL studies.

Finally, the hydrophilic properties of the samples were tested
by water contact angle experiments. From Figure S9, NMB can
be seen to exhibit a water contact angle of 18.31°, in
comparison to only 6.47° for DNMB. The increasing
hydrophilicity of the latter is consistent with the formation
of structural defects, which would facilitate the interaction
between the sample and pollutants, a critical step in the
photocatalytic degradation.41

Sulfate-Promoted Degradation of Pollutants. The
degradation efficiency of TC by NMB and DNMB was first
assessed and compared without and with the addition of SO4

2

(10 mg L−1). From Figure 2a,b, one can see that the NMB or
SO4

2 alone exhibited only limited degradation of TC with a
degradation efficiency of ca. 61.5% and 15.7% and degradation
rate constant (k) of 0.0083 and 0.0013 min−1 (Figure S10)
after 100 min of visible light irradiation, respectively; and the
degradation efficiency was drastically improved with DNMB,
reaching a degradation efficiency of ca. 92.8% and k = 0.0186
min−1. The performance was further enhanced with DNMB/
SO4

2 (10 mg L−1 represented the optimal concentration of the
added Na2SO4, Figure S11), achieving ca. 86.8% degradation at
only 20 min (k = 0.0194 min−1), in comparison to 69.4% for
DNMB alone, indicative of the significant impacts of SO4

2 on
the degradation performance.

Figure 3. (a) Degradation efficiency of TC by DNMB/SO4
2 without and with the addition of different scavengers. ESR spectral profiles of (b)

DMPO- ·O2 , (c) TEMPO-h
+ and (d) DMPO-•OH/ ·SO4 generated by DNMB/SO4

2 after exposure to visible light for up to 10 min, in comparison
to those acquired in the dark. Na2SO4 concentration 10 mg L−1 (pH = 7).
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The photocatalytic activity of DNMB/SO4
2 was also

markedly enhanced toward various other pollutants, as
compared to DNMB alone. From Figure 2, it can be seen
that after visible photoirradiation for 40 min, the removal rate
increased significantly from 76.1% to 89.4% for SMX, from
60.5% to 75.2% for LEV, from 61.7% to 91.2% for BPA, and
from 78.4% to 94.8% for RhB. Since the photocatalytic activity
of (D)NMB relied primarily on the redox property of the Fe3+/
Fe2+ couples in the sample,32,42 the enhanced degradation
performance observed with DNMB/SO4

2 was most likely due
to the continuous switching of the Fe3+/Fe2+ unsaturated
coordination sites that promoted the activation of SO4

2 and
production of sulfate radicals.

■ REACTION MECHANISM
Determination of Active Species. Radical scavenging

experiments have systematically identified reactive species in
the photocatalytic system using species-specific inhibitors:
ammonium oxalate (h+), benzoquinone ·(O )2 , ascorbic acid

·(SO )4 , and tert-butanol (•OH).27,43−45 As shown in Figure 3a,
the DNMB/SO4

2 system’s TC degradation efficiency under
visible light irradiation for 100 min displayed differential
scavenging responses, decreasing from 92.1% to 84.5% (BQ),
86.2% (AO), 41.7% (AA), and 67.4% (TBA). The pronounced

50.4% efficiency suppression by ascorbic acid strongly
implicates sulfate radicals�generated via photoinduced SO4

2

reduction�as the predominant oxidative mediators. Secon-
dary contributions arose from superoxide radicals (8.6%
inhibition), hydroxyl radicals (24.7%), and hole-mediated
pathways (5.9%), collectively verifying the multimechanistic
nature of the photocatalytic process.
Consistent results were obtained in ESR measurements

using spin-trapping agents of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO).46,47 It can be clearly seen that superoxide radicals

·(O2 , Figure 3b), holes (h
+, Figure 3c),48 sulfate radicals ·(SO )4

and hydroxyl radicals (•OH) (Figure 3d)49,50 were readily
produced by DNMB/SO4

2 under visible light irradiation, and
the signals became intensified with prolonged exposure to
photoirradiation, in sharp contrast to the featureless profiles
observed in the dark. This suggests that the photocatalytic
activity toward pollutant degradation was indeed due to the
synergistic contributions of these reactive species.
Degradation Mechanisms. To unravel the generation

mechanisms of the aforementioned reactive species, the energy
band structures of DNMB and NMB were analyzed using
solid-state UV−vis spectroscopy and Mott−Schottky measure-
ments. From Figure 4a, one can see that whereas both DNMB
and NMB exhibited wide absorption bands spanning 200 to

Figure 4. (a) UV−vis DRS curves and (b) the corresponding Tauc plots of NMB and DNMB. Mott−Schottky plots of (c) NMB and (d) DNMB
at different frequencies.
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1500 nm, the DNMB sample showed enhanced absorption
between 300 and 600 nm. This may be ascribed to potassium
sodium tartrate added during the synthesis of DNMB, where
the carboxyl functional groups of tartrate enhanced the π−π*
conjugation of the organic ligands in DNMB.32,51 The
prominent absorption in the visible light range was due to
the Fe−O clusters and amino moieties within the organic
linkers. The associated Tauc plots (Figure 4b) reveal that the
bandgap was ca. 2.67 eV for NMB and somewhat lower at 2.58
eV for DNMB.
Additionally, results from Mott−Schottky measurements

(Figure 4c,d) indicate that both NMB and DNMB exhibit a
positive slope at various frequencies, confirming their n-type
semiconductor characteristics.36 Based on the linear regression
intercepts, the flat band potential (EFB) was evaluated to be
−0.71 V for DNMB (vs SHE, standard hydrogen electrode)
and −0.96 V for NMB (Table S4). The downshift of EFB in
DNMB is attributable to the enrichment of OV in the sample
(which was confirmed in ESR measurements, vide infra).
The electronic band alignment and associated redox

pathways in the DNMB/SO4
2 system is mechanistically

illustrated in Figure 5. Comparative analysis reveals that
NMB exhibits conduction/valence band potentials at −1.02 V/
+1.65 V (vs SHE), while defect engineering shifts these to
−0.77 V/+1.81 V for DNMB. Crucially, both materials’
conduction bands surpass the thermodynamic thresholds for
O2 reduction to

·O2 (−0.33 V) and H2O2 generation (+0.69
V), enabling photoelectron-mediated oxygen activation
through eqs 5-7. The valence band potentials, however, remain
below the H2O/•OH oxidation potential (+1.99 V), excluding
direct hole-mediated hydroxyl radical formation. Instead, ESR-
detected •OH likely originates from iron-catalyzed Fenton
cycling (eq 8) and secondary Haber-Weiss reactions (eqs 8-9),

as substantiated by the scavenging experiments and prior
mechanistic studies.,5,25,26

The ·SO4 radicals were then produced either by •OH
reduction or h+ oxidation of SO4

2 anions adsorbed on the
DNMB surface (eq 10),52,53 and participated in the photo-
catalytic degradation of the organic pollutants (eqs 11,12). The
reaction mechanism can be summarized in the following steps.

+ ++hvDNMB h e (5)

+O e O2 2 (6)

+· +O 2H H O2 2 2 (7)

+ + + •+ +H O Fe Fe OH OH2 2
2 3 (8)

+ ++ · +Fe O O Fe3
2 2

2 (9)

• + ++ · +hv/h / OH SO SO H /OH4
2

4 (10)

+ +·SO pollutants CO H O4 2 2 (11)

• + +OH pollutants CO H O2 2 (12)

Frontier molecular orbital theory and Fukui index
calculations were then conducted to unravel the specific
degradation pathways and reactive sites of the pollutant
molecules. Figure 6a presents the HOMO and LUMO of TC
which is composed of benzene rings, enol groups, and ketone
groups.54,55 Frontier orbital analysis reveals distinct electron-
transfer propensities across the studied pharmaceuticals. For
TC derivatives (Figure 6a), the electron-donating HOMO
localizes at the C4 aromatic ring with diethylamino substituent
(N(CH3)2), creating an electrophilic susceptibility hotspot for
radical oxidation processes.56 Conversely, the electron-accept-

Figure 5. Band structure and reaction mechanism of the DNMB/SO4
2 system.
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ing LUMO occupies π*-antibonding orbitals that mediate
nucleophilic attack patterns. This electronic polarization
dictates preferential electron depletion at the C4 pharmaco-
phore during oxidative degradation. Comparative molecular
orbital mapping shows contrasting reactivity landscapes: SMX
(Figure 6b) exhibits HOMO−LUMO separation across its
benzenoid system, rendering the aromatic ring susceptible to
simultaneous electrophilic/nucleophilic assaults that induce π-
system rupture.2 LEV (Figure 6c) demonstrates spatial
segregation of frontier orbitals-the HOMO concentrates on
the fluorinated benzene moiety while the LUMO populates the
quinolone core’s oxazine-nitrogen heterocycle, establishing
distinct sites for oxidative versus reductive transformation
pathways. This indicates that these regions are more
susceptible to nucleophilic attacks, primarily by sulfate radicals
and hydroxyl radicals. In the case of BPA (Figure 6d), the
HOMO is concentrated on the carbons of the substituted
groups, while the LUMO is concentrated on the carbons of the
unsubstituted groups. This suggests that substitution and
elimination reactions are likely to occur at the ortho positions
of the benzene ring, ultimately leading to ring-opening
degradation.57 Finally, for RhB (Figure 6e), due to its complex
electronic structure, the calculations of HOMO and LUMO
consider electrons in the spin-up (α) and spin-down (β)
configurations, with α-HOMO and β-HOMO determined
separately.58 The results suggest that nucleophilic attacks
preferentially occur at the triple bonds, with ring-opening
reactions identified as the key degradation step. These findings
elucidate the molecular-level mechanisms by which radicals
interact with pollutants, highlighting the importance of specific
functional groups and molecular sites in driving degradation
pathways.
Based on the above computational results, in combination

with Fukui index calculations and LC-MS results (Figures
S12−S16), the possible degradation pathways of the pollutants
were proposed.59 For TC (Figure S17), the f0 values are the

highest at C22 (0.046) and C31 (0.040), while the f+ values
are maximized at C2 (0.080) and C18 (0.077). Figure S18
illustrates the possible pathways of TC degradation, informed
by the Fukui indices and intermediates identified by LC-MS
measurements. Three distinct degradation trajectories emerged
for TC mineralization (Figure S18). Pathway 1 initiates with
hydrolytic decarboxylation generating P1−1 (401 m/z),
progressing through sequential amine group elimination and
structural simplification to phenolic derivatives (P1−5, 94 m/
z). Parallel pathway 2 involves keto-intermediate formation
(P2−1, 408 m/z; P2−2, 365 m/z) via oxidative dehydration,
converging with Pathway 1 at the pivotal P1−3 (267 m/z)
node. The dominant Pathway 3 exhibits branched reaction
cascades: initial N-demethylation produces P3−1 (380 m/z),
followed by aliphatic chain β-scission yielding P3−2.
Subsequent cycloreversion events generate low-molecular-
weight fragments (P3−3/4/7:262−156 m/z), which undergo
oxidative defunctionalization to terminal metabolites (P3−8/
9:126−112 m/z). Critical decarboxylation steps ultimately
mineralize aromatic residuals into H2O and CO2 through
radical-mediated C−C bond cleavage.60,61
Fukui function analysis of SMX revealed distinct reactivity

hotspots, with maximal electrophilic (f+) indices at C2
(0.0789) and C4 (0.0743), and nucleophilic (f0) propensity
at N7 (0.0758) and N13 (0.0661), as illustrated in Figure S19.
Four interconnected degradation pathways were mechanisti-
cally resolved (Figure S20): (1). Hydroxylation-driven
scission: SMX undergoes hydroxylation to form P1 (269 m/
z) and P2 (267 m/z), followed by N−S bond cleavage yielding
P3(1) (171 m/z) and P3(2) (98 m/z), which further
mineralize to P4 (107 m/z) and terminal products. (2).
Deamination cascade: P3(2) undergoes β-elimination at N7/
N13 to generate P5 (99 m/z), progressing toward full
mineralization. (3). Aromatic core decomposition: Cyclo-
reversion of SMX produces P6 (157 m/z), which via oxidative
deamination transforms into P7 (142 m/z). (4). Multistep
defunctionalization: Sequential hydroxylation and ring ex-
pansion generate P8 (246 m/z), subsequently converted to P9
(218 m/z) through coupled dehydroxylation/deamination. All
pathways converge via radical-mediated C−N bond cleavage
and aromatic ring fragmentation.9,62,63

Computational analysis of LEV demonstrated that the C8
and O15 positions exhibit the highest susceptibility to radical
attacks (as reflected by f+ and f0 values, Figure S21), with three
distinct degradation pathways identified (Figure S22). Pathway
1 begins with pyrazole ring cleavage (362 m/z), forming
intermediate P1 (334 m/z). This intermediate undergoes
sequential defluorination and decarboxylation to yield P2 (356
m/z), while concurrent oxidation-mediated deprotonation of
the carboxylic acid group generates P3 (276 m/z). Pathway 2
involves piperazine ring cleavage followed by defluorination to
produce P4 (276 m/z), which is further degraded via
decarboxylation and quinoline ring-opening into P5 (194 m/
z). Pathway 3 initiates with piperazine ring cleavage to form P6
(321 m/z). Conversion of the tertiary amine to a secondary
amine yields P7 (294 m/z), with subsequent decarboxylation
and ring cleavage reactions progressively degrading the
intermediate into P8 (179 m/z) and P9 (195 m/z). Extended
degradation drives continuous molecular weight reduction,
ultimately generating low-molecular-weight species P10−P13
(54−93 m/z). Experimental validation confirms that pro-
longed degradation achieves complete mineralization of active
pharmaceutical constituents into inorganic end-products.57,64

Figure 6. Frontier molecular orbital theory HOMO−LUMO for (a)
TC, (b) SMX, (c) LEV, (d) BPA and (e) RhB.
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For BPA, computational analysis identified C3 (f+ = 0.0661)
and C12 (f+ = 0.0649) as the most electrophilically reactive
sites, while C3 (f0 = 0.0601) and C14 (f0 = 0.0576) exhibited
maximum radical scavenging potential (Figure S23). These
reactivity patterns govern two distinct degradation mechanisms
(Figure S24). Pathway 1 initiates with hydroxyl group
elimination from BPA, generating intermediate P1 (211 m/
z). Subsequent cleavage of the C−C bond bridging the
benzene ring and isopropyl group under electrophilic
conditions converts the electron-rich aromatic system into 4-
isopropylphenol (P2, 151 m/z). Via intramolecular dehydra-
tion, P2 isomerizes to 4-isopropenylphenol (P3, 119 m/z),
which undergoes further structural rearrangement to yield P4
(103 m/z). Pathway 2 commences with hydroxylation-driven
photo transformation of BPA, forming hydroxylated derivative
P5 (243 m/z). Sequential dehydration and oxidative ring-
opening reactions then produce quinone (P6, 241 m/z) and
carboxylic acid (P7, 289 m/z) intermediates. These aromatic
byproducts progressively degrade into low-molecular-weight
species, exemplified by ring-opened intermediate P8 (115 m/
z), before ultimate mineralization into inorganic end-
products.2,65

For RhB, computational analysis identified C7 (f+ = 0.074),
C11 (f+ = 0.0591), and C2 (f+ = 0.0591) as the most
electrophilically reactive sites, while N36 and N37 exhibited
the highest radical scavenging capacity (f0 = 0.0558 for both,
Figure S25). Degradation primarily targets peripheral carbon
chains through two mechanistic routes (Figure S26). Pathway
1 involves sequential N-demethylation reactions, generating
isomeric intermediates P1 and P2 (415 m/z). Pathway 2
proceeds via hydroxylation to form oxidized derivative P3 (459
m/z), followed by ethylation and hydroxylation steps yielding
P4/P5 (359 m/z) and P6 (379 m/z). Concurrently, chromene
ring cleavage and oxidative ring-opening reactions produce
aromatic fragments P9 (230 m/z) and aliphatic species P10
(85 m/z). Systematic degradation ultimately achieves complete
fragmentation of the conjugated xanthene structure into low-
molecular-weight mineralization products.58,66

The toxicity profiles of both parent pollutants and their
degradation intermediates were assessed using the Toxicity
Estimation Software Tool (T.E.S.T.), with evaluations
encompassing mutagenicity, developmental toxicity, and rat
oral LD50 (Figures S27−S31). Analytical data indicate that
most degradation products exhibited reduced toxicity

compared to the original contaminants. Although a minor
fraction of intermediates displayed transiently elevated toxicity
relative to their parent compounds, these effects were
substantially diminished in subsequent degradation stages.
These findings collectively demonstrate that the photocatalytic
process achieves dual objectives: efficient pollutant degradation
and mitigation of secondary contamination risks associated
with toxic intermediates.
In summary, the reaction mechanism of the DNMB/SO4

2

system can be described as follows: upon exposure to visible
light, photogenerated electrons and holes lead to the
production of various reactive species, such as ·O2 , H2O2,
•OH and ·SO4 (eqs 5−10).52,53 Based on the calculations of
HOMO, LUMO, and Fukui indices, the specific degradation
sites of the pollutants can then be identified. The redox cycling
between Fe2+ and Fe3+ in DNMB further facilitates these
processes. In conventional MOF systems, the redox cycling is
hindered due to the depletion of Fe2+. However, the addition
of SO4

2 promotes the reduction of Fe3+ to Fe2+ through the
participation of photogenerated electrons, thereby sustaining
the redox cycle.15,67 The changes in metal valence states
significantly enhance the production of reactive radicals while
boosting the efficiency of the separation of electron−hole pairs.
Compared to conventional degradation systems, the introduc-
tion of SO4

2 substantially enhances the photocatalytic
degradation efficiency of organic pollutants. The strong
nucleophilicity of sulfate radicals synergizes with hydroxyl
radicals to target electron-deficient and electron-accepting
sites. Moreover, the interplay between sulfate radicals and the
intrinsic Fe3+/Fe2+ redox cycles in DNMB ensures continuous
electron transfer and maintains a high Fe2+ concentration,
overcoming the limitations of conventional MOF systems
where the Fe2+ levels rapidly decline. These unique advantages
of the DNMB/SO4

2 system correlate well with the significant
performance enhancement observed above.
Impacts of Solution Parameters. Based on the

aforementioned mechanism, the impacts of solution conditions
on the photocatalytic performance was further examined. From
Figure S32, the degradation efficiency for the five pollutants by
DNMB/SO4

2 can be found to reach a maximum mostly at
slightly acidic/neutral pH.68−72

Figure 7. Photocatalytic degradation of (a) PG and (b) SM by DNMB/SO4
2 in actual biological wastewater. Na2SO4 concentration 10 mg L−1.
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In natural water systems, the presence of other cations and
anions may also affect the catalytic performance. From Figure
S33, it can be observed that common cations (e.g., Na+, K+,
NH4+, and Ca2+) slightly reduced the photocatalytic
degradation performance. For instance, after 100 min of
irradiation, the efficiencies of TC degradation diminished from
92.6% to 74.2%, 61.5%, 62.5%, and 68.6% in the presence of
Na+, Ca2+, K+, and NH4+, respectively. Similarly, the
degradation efficiencies decreased from 89.4% to 75.1%,
72.8%, 73.9%, and 68.2% for SMX, from 75.2% to 56.0%,
54.0%, 62.9%, and 59.1% for LEV, from 91.2% to 63.6%,
60.1%, 48.9%, and 71.5% for BPA, and from 94.7% to 80.1%,
78.2%, 76.3%, and 80.5% for RhB. Among these pollutants,
BPA exhibited the most pronounced decline in degradation
efficiency. Similarly, common anions such as Cl− and others
(Figure S33) showed a comparable diminishing trend of the
degradation efficiency, likely because of interference of
electrostatic interactions between the pollutant molecules
and the catalysts (vide ante).
Application in Actual Biological Wastewater Treat-

ment. The potential application of the DNMB/SO4
2 system

was further evaluated using actual wastewater samples.
Biological wastewater was obtained from the Institute of
High Energy Physics, Chinese Academy of Sciences. The
characteristics of the wastewater are summarized in Table S5,
and penicillin G (PG) and streptomycin (SM) were selected as
the target pollutants. As manifested in Figure 7, the
degradation efficiencies of PG and SM in actual wastewater
were ca. 46.9% and 66.6% after 40 min’s visible light irradiation
by DNMB alone, in comparison to 69.3% and 79.7% in
ultrapure water. This was most likely ascribed to other organic
compounds present in the wastewater that quenched the
reactive radicals and hindered the degradation process.
Nevertheless, upon the addition of Na2SO4 (10 mg L−1) the
degradation rate was markedly enhanced to 57.1% for PG and
72.4% for SM. This indicates that the addition of SO4

2 can
effectively mitigate the negative impacts of organic substances
in actual wastewater on the pollutant removal, most likely due
to the strong oxidizing property of ·SO4 .
Cycling Performance. Notably, DNMB exhibited ex-

cellent reusability. In six consecutive cycles, the degradation
efficiency of the five contaminants showed only a slight decline
(Figure S34a-e). XRD measurements (Figure S34f) confirmed
that the structure of DNMB remained largely intact, indicating
its high structural stability. XPS measurements of the Fe 2p
electrons yielded consistent results in terms of the Fe2+:Fe3+
atomic ratio and binding energies (Figure S35).
Photocatalyst Performance Comparison. Notably, in

comparison to relevant catalysts described recently in the
literature toward the photocatalytic degradation of pollutants,
DNMB/SO4

2 was actually highly comparable to the best
catalysts within the context of degradation efficiency and
reaction time (Table S6), highlighting the unique potential of
self-excited sulfate in photocatalysis.

■ CONCLUSION
In this study, NMB was prepared by a facile hydrothermal
procedure, and defects were markedly enriched by adding
potassium sodium tartrate during hydrothermal synthesis. The
resultant DNMB exhibited improved photocatalytic activity
toward the degradation of diverse organic pollutants, and the
performance was further enhanced by the addition of sulfate

anions, due to the formation of strongly oxidizing sulfate
radicals that was facilitated by the Fe3+/Fe2+ redox cycles. This
was indeed validated by results from quenching experiments,
ESR studies, theoretical calculations and LC-MS analyses,
where the corresponding reaction pathways and mechanisms
were proposed. Such a unique activity of the DNMB/sulfate
system could be exploited for practical applications, as
manifested in the effective degradation of organic pollutants
in actual biological wastewater. These result underscore the
critical impacts of structural engineering on advancing the
development of green and sustainable environmental tech-
nologies.
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