
npj | clean water Article
Published in partnership with King Fahd University of Petroleum & Minerals

https://doi.org/10.1038/s41545-025-00455-5

Novel MoS2/BaSO4/zeolite
heterostructure composite for the
enhanced visible-light photocatalytic
degradation of sulfadiazine
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Yi Chen 1 , Yue Jin1, Honglin Zhu2, Haolan Zhang1, Luyu Wei1, Yan Tang1, Rui Wang3, Dayu Zhou1 &
Jinchuan Gu1

Molybdenum disulfide (MoS2) can be used as a potential photocatalyst for the removal of emerging
contaminants (ECs) under visible light (Vis). However, the high carrier recombination rate and
aggregation restrict pure MoS2 application. The hydrothermal method was used to prepare a novel
MoS2/BaSO4/zeolite (Z) composite (MBZ), which was used to activate peroxymonosulfate (PMS)
under visible light for sulfadiazine (SDZ) degradation. TheMBZ showed amoderate Eg value (2.59 eV),
indicating good visible-light absorption. The physicochemical and photoelectrochemical properties
were analyzed, revealing that the hybridMBZ significantly enhanced photoinduced carrier generation,
separation, and transfer. The MBZ exhibited 2.38-, 3.24-, and 1.36-fold higher SDZ removal reaction
rates than Z, BaSO4, and MoS2 in the PMS/Vis system. The addition of EDTA-2Na notably decreased
the degradation rate (79.58–89.88%), indicating the significant role of h+. This work provides a new
approach to the design of semiconductor/insulator photocatalysts and constructs a promising
catalytic oxidation system for the green remediation of EC wastewater.

Nowadays, emerging contaminants (ECs) from antibiotics are frequently
identified worldwide, raising significant concerns globally1–3. It is estimated
that the global daily-dose antibiotic consumption by humans will reach 84
billion by 20304–6. Sulfadiazine (SDZ) is widely used to treat diseases caused
by bacterial infections7,8. After ingestion, 70%–90% of the SDZ is excreted
into natural water via urine and feces7. Due to its long half-life, SDZ can
accumulate continuously in the environment, potentially leading to the
emergence of superbugs and resistant genes that pose significant risks to
ecosystems and human health. Therefore, developing effective antibiotic
degradation techniques is imperative.

The primary techniques currently used for SDZ wastewater treatment
include physical9,10, biological11,12, and advanced oxidation processes
(AOPs)7,13–16. AOPs can efficiently degrade SDZby generating various active
substances. In particular, the photocatalytic oxidation process has attracted
considerable attention due to its eco-friendly characteristics. The degrada-
tion efficiency of this technique is mostly influenced by the light source and
photocatalyst. Although ultraviolet (UV)-driven photocatalysts and cata-
lytic systems have been extensively studied13,17,18, sunlight is mainly

concentrated in the visible region, with UV light only accounting for about
4%–5%19,20. Therefore, developing new visible-light photocatalysts is
essential for the efficient use of sunlight to catalyze SDZ degradation.

Many semiconductors have been developed in recent decades that are
considered potential photocatalysts, including C3N4

21,22, metal oxides (TiO2,
ZnO, etc.)23–28, and metal sulfides (MoS2, CuS, etc.)

29–32. MoS2 has attracted
considerable attention due to its cost-efficiency and excellent visible-light
absorption capacity, which is attributed to its narrow bandgap
(0.9–1.9 eV)31,33,34. MoS2 irradiation with light exceeding or equal to its
bandgap energy produces electrons (e−) and holes (h+)31,35, which can
combine or react with O2, OH

−, and H2O to generate active substances for
SDZ degradation. However, Zhang et al. 36 showed that the transient pho-
tocurrent density response and surface photovoltage (SPV) spectral signal of
pure MoS2 are exceedingly weak, implying low charge carrier separation.
Various studies have confirmed the slow charge carrier transfer rate of pure
MoS2 via photoluminescence spectra (PL) and electrochemical impedance
spectroscopy (EIS) analysis37–40. In addition, the scanning electron micro-
scopy (SEM) images of the pure MoS2 show agglomeration38,41,42, which
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reduces its photocatalytic capacity. Since the application potential of pure
MoS2 is limited by its high carrier recombination rate and aggregation, it is
necessary to design a novel heterostructured MoS2 composite to address
these issues simultaneously.

Insulator-based (wide-bandgap) photocatalysts have attracted sub-
stantial domestic and global research attention in recent years due to their
abundant yield, cost-efficiency, and environmental friendliness43–45.Hao et al.
46 indicated that SiO2 increased the specific surface area of SiO2/g-C3N4 and
facilitated the separation and transfer of electron-hole pairs. Wang et al. 47

constructed a BaCO3/BiOI heterojunction, which effectively transferred e−

fromthe semiconductor to the insulator, enhancingcharge carrier separation.
Cui W et al. 48 synthesized BaSO4 with Ba vacancies to give the insulator
BaSO4 semiconductor-like photocatalytic properties. Mohsen A et al. 49 used
a one-step hydrothermal method to synthesize nano-BaSO4, which showed
excellent catalytic degradation ability of methylene blue at UVA
(320~400 nm). Chen et al. 45 used CaCO3 to effectively restrict the combi-
nation of AgBr electron-hole pairs. The pseudo-first-order kinetic constant
for tetracycline (TC) degradation by AgBr-CaCO3 under visible light was
seven-fold higher than AgBr. Additionally, BaSO4-CuS was prepared via in-
situ sedimentation and precipitation. The composite showed a smaller elec-
trochemical impedanceNyquist semicircle diameter, a strongerphotocurrent
response, andweakerPL intensity thanpureCuS50. Therefore, itmay facilitate
rapid light-induced carrier separation and transfer by constructing hetero-
junctions with MoS2 using wide-bandgap insulators.

Fixing the nano-semiconductor photocatalysts on a suitable supporter
to improve its dispersibility can effectively inhibit aggregation and improve

its photocatalytic activity. Zeolite is an effective supporter of semiconductor
photocatalysts due to its excellent surface area and abundant active Lewis
acid sites51–55. Yang et al. 56 dispersed g-C3N4/AgCl on the surface of ZSM-5,
which significantly improved charge separation. The photocatalytic visible-
light activity of the composite was 3.59-fold that of g-C3N4/AgCl. Tang J
et al. 57 loaded TiO2 nanosheets onto hydrophobic NaY zeolite, which sig-
nificantly enhanced the adsorption capacity, carrier separation efficiency,
and mineralization capacity of the composite catalyst. Li et al. 58 uniformly
dispersed nano-Co3O4 on hollow ABW zeolite via impregnation, sub-
stantially improving the degradation efficiency of organic dyes by coupling
adsorption and photocatalysis. Therefore, using zeolite as a supporter for
MoS2 not only addresses the aggregation issue but also improves the low
contact between MoS2 and SDZ and the high carrier recombination rate.

This work designs a novel MoS2/BaSO4/zeolite composite (MBZ) and
effectively applies it for photocatalysis in conjunction with perox-
ymonosulfate (PMS) activation to degrade SDZ. In particular, the changes
in the physicochemical properties, photo-responsiveness, and charge
separation and transfer characteristics of the composite are investigated,
while themechanismbehindenhancedvisible-lightphotocatalytic activity is
clarified. The SDZ degradation mechanism is determined via systematic
photocatalytic experiments and performance analysis.

Results and discussion
Structural characterization
The XRD pattern (Fig. 1a) of Z showed an analcime-C type structure
(JCPDS No. 41-1478). As illustrated in Fig. 1b, the pure BaSO4 displayed a

Fig. 1 | The crystal and pore structure characterization of the samples. aThe XRD
pattern of Z. b The XRD patterns of pure BaSO4 and pure MoS2, as well as the fresh
and initially usedMBZ. In both (a) and (b), the black clubs represent analcime-C. In
(b), the diamond (and green line) and the black circles (and blue line) refer to BaSO4

and MoS2, respectively. The black and red lines represent fresh and initially used

MBZ, respectively. c The N2 adsorption-desorption isotherms of the samples. d The
pore size distribution of the samples. In both (c) and (d) the gray, orange, green,
black, and red sphere lines or straight lines refer to BaSO4,MoS2, and Z, as well as the
fresh and initially used MBZ, respectively.
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significant diffraction peak (JCPDS No. 24-1035), while that of the pure
MoS2 was relatively weak (JCPDS No. 37-1492). The MBZ XRD pattern
presented obvious BaSO4 diffraction peaks at 20.451°, 22.788°, 24.871°,
25.840°, 26.839°, 28.746°, 31.520°, 32.716°, 36.160°, 38.696°, 39.455°,
40.777°, 42.590°, 42.908°, 43.983°, 47.001°, and 48.999°. TheMBZ exhibited
no noticeable characteristic MoS2 peaks, which was attributed to the weak
intensity of pure MoS2, while those at 15.841° and 25.991° were ascribed to
Z. The characteristic Z peaks were significantly reduced in theMBZ, which
were mainly related to MoS2 coverage and the X-ray absorbent ability of
BaSO4. Except for a slight intensity decline, the MBZ diffraction peaks
remained mostly unchanged, indicating a relatively stable MBZ crystal
structure.

As shown in Fig. 1c, the N2 adsorption-desorption isotherms of the
MBZwas accompanied by anH3-type hysteresis loop, whichwas attributed
to the slit pores formed by MoS2 sheet accumulation. The SBET and Vtot of
the MBZ significantly exceeded that of the pure substances (Z, BaSO4, and

MoS2) by about 8.96–18.45m²/g and0.061–0.081 cm³/g, respectively (Table
1).TheMBZpore volume increasednoticeably after application (Fig. 1d and
Table 1), indicating that the catalytic reactionaffected theMBZpore size and
structure.

The SEM images of Z showed cubic, spherical shapes characteristic of
analcime-Cmorphology (Fig. 2a). TheMBZ surfacewas coveredwithMoS2
sheets with a distinct edge-like structure, which provided more active sites
(Fig. 2b1, b2). In addition, it can be inferred that the Z and BaSO4 surfaces
are successfully covered with MoS2 sheets during hydrothermal treatment.
This was confirmed by the EDS spectra and elemental distribution (Fig.
2c1–c3) of the MBZ. Compared with Fig. 2b2, d, the MBZ surface mor-
phology displayed no significant changes after the catalytic reaction.
However, EDS (Supplementary Fig. 1) showed that the Al, Si, and Ba
content on the MBZ surface increased after the catalytic reaction, while the
Mo, S, and Fe levels decreased, which was related to surface element
leaching.

XPS energy spectrum
The XPS wide-scan spectra (Supplementary Fig. 2) indicated that the MBZ
contained Ba, Mo, O, and S elements, showing successful BaSO4 and MoS2
hybridization with Z. The two characteristic peaks of the pure BaSO4 at
780.62 eV and 795.92 eV (Fig. 3a) corresponded to Ba 3d5/2 and Ba 3d3/2

50,
which shifted to higher bonding energies at 780.65 eV and 795.95 eV after
MBZ formation. The S 2p spectrum of the MBZ (Fig. 3b) presented two
deconvoluted peaks at 161.31 eV and 162.70 eV, which were associated with
the S 2p3/2 and S 2p1/2 of S

2− oxidation states in MoS2
59–61. The characteristic

peaks at 168.99 eVand170.40 eVwere related to the SO4
2− inBaSO4.TheMo

3d high-resolution spectrum of MoS2 at bonding energies of 228.9 eV and
232.2 eV (Fig. 3c) corresponded toMo 3d5/2 andMo 3d3/2

62–64, which shifted
toward lower energies at 228.06 eV and 231.65 eV after hybridization with Z
and BaSO4. Additionally, the O 1s characteristic peaks (Fig. 3d) of BaSO4

shifted to higher bonding energies. The characteristic peaks of the major

Table 1 | The textural properties of Z, BaSO4, andMoS2, aswell
as the fresh and initially used MBZ

Samples SBET Vtot BJH adsorption pore size
distribution (%)

m²/g cm³/g ≤2 nm 2~50 nm ˃50 nm

Z 16.67 0.059 1.62 67.78 30.60

BaSO4 10.61 0.063 0.82 75.62 23.56

MoS2 20.10 0.079 0.76 72.14 27.10

Fresh MBZ 29.06 0.140 0.82 67.39 31.79

Used MBZ 48.96 0.219 1.61 65.53 32.86

SBET BET surface area, Vtot total pore volume.

Fig. 2 | The surfacemorphology and elemental composition of the samples. aThe
SEM image of Z. b The SEM images of the fresh MBZ. c1, c2 The EDS spectra of the
fresh MBZ. The individual elemental content is as follows (at. %): 16.25% O, 0.60%

Na, 0.17% Al, 52.27% Si, 24.41% S, 0.03% Fe, 6.15% Mo, and 0.12% Ba. c3 The
elemental distribution in the freshMBZ. dThe SEM image of the initially usedMBZ.
The scale bars are 5 μm (white), 1 μm (orange), and 2.5 μm (yellow), respectively.
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Fig. 3 | High-resolution XPS spectroscopic detec-
tion results for the samples. a The high-resolution
XPS spectra of the BaSO4 andMBZ for Ba 3d. b The
high-resolution XPS spectra of the BaSO4, MoS2,
andMBZ for S 2p. cThehigh-resolutionXPS spectra
of the MoS2 and MBZ for Mo 3d. d The high-
resolution XPS spectra of the BaSO4 and MBZ for
O 1s.

Fig. 4 | The photoelectrochemical properties of the
samples. a The UV-Vis DRS spectra of Z, MoS2,
BaSO4, and MBZ. b The bandgap energy spectra of
Z, MoS2, BaSO4, and MBZ. c The photo-
luminescence spectra of Z, MoS2, BaSO4, and MBZ.
d The EIS Nyquist plots of Z, MoS2, BaSO4, and
MBZ. e The photocurrent responses of Z, MoS2,
BaSO4, and MBZ. The green, gray, pink, and blue
lines or spheres represent Z, MoS2, BaSO4, and
MBZ, respectively.
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elements (Al, Si, andO) in Z (Supplementary Fig. 3) and all the elements (Ba,
S, and O) in BaSO4 shifted toward higher bonding energies after hybridiza-
tion, while those of MoS2 moved to a lower level, demonstrating a strong
interaction and electron transfer between BaSO4, MoS2, and Z.

The photoelectrochemical properties of the photocatalysts
Fig. 4a displays the UV-Vis DRS spectra, Z exhibited absorption between
200 nmand300 nm(UV light). ThepureBaSO4presented almostnegligible
absorption properties throughout the spectral band. A distinct red shift was
evident in the DRS of the MBZ after adding MoS2, implying a significant
improvement in the visible-light absorption properties. The corresponding
bandgap energy (Eg) of the photocatalysts was calculated using Tauc’s
relation (Eq. (1))65,66, yielding values of 4.15 eV, 1.80 eV, 4.07 eV, and
2.59 eV for Z,MoS2, BaSO4, andMBZ, respectively (Fig. 4b). Themoderate
Eg value of the MBZ indicated good visible-light absorption.

ðαhνÞ ¼ Aðhν� EgÞn ð1Þ

The photocatalytic activity was affected by the light absorption capacity
and response range, as well as the separation efficiency of the photogenerated
carrier. PL analysis (Fig. 4c) indicated that the Z, MoS2, BaSO4, and MBZ

showed different characteristic intensity peaks at around 530 nm
(Z > BaSO4 >MoS2 >MBZ). MBZ showed the lowest emission intensity,
indicating a lowerphotoelectron-hole recombination rate and efficient charge
separation compared to the others29,67. This was attributed to the formation of
theMBZ hybrid structure, which effectively inhibited photogenerated carrier
recombination60,68. The electron transfer rate of the photocatalyst was eval-
uated via EIS, and the results are shown in Fig. 4d. The smaller semicircle
diameter in the EIS Nyquist plots indicated that the material displayed lower
electrochemical impedance and a faster charge transfer rate69,70. The MBZ
exhibited the highest charge mobility, as well as the smallest semicircle dia-
meter, indicating that the hybrid Z, MoS2, and BaSO4 combination sig-
nificantly weakened the photoinduced electron transfer resistance. The
photocurrent response of the photocatalysts was analyzed under visible-light
irradiation. As shown in Fig. 4e, theMBZ exhibited the highest photocurrent
density, illustrating that hybrid structure formation acceleratedphotoinduced
charge generation and separation50,71. These results showed that the Z,MoS2,
and BaSO4 hybrid combination significantly enhanced the generation,
separation, and transfer of the photoinduced carriers.

The photodegradation of sulfadiazine
The photocatalytic properties were evaluated via SDZ removal experiments
(Fig. 5a). SDZ removal was challenging when using only MBZ (25.89%) or

Fig. 5 | The photodegradation of sulfadiazine by different photocatalysts. a The
SDZ photodegradation by Z, BaSO4, MoS2, andMBZ in the different systems. bThe
SDZ photodegradation reaction rates of Z, BaSO4, MoS2, and MBZ in the different
systems. The yellow, green, blue, dark purple, pink, gray, and black lines or bars
represent Z/PMS/Vis, MoS2/PMS/Vis, BaSO4/PMS/Vis, MBZ/Vis, PMS/Vis, MBZ/
PMS and MBZ/PMS/Vis, respectively. c The impact of the synthesis conditions on
MBZ with varying Mo concentrations (CMo). The light blue, blue, green, gray, pink,

and purple symbols refer to CMo = 1 mM, 3 mM, 4 mM, 5 mM, 6 mM, and 7 mM,
respectively. d The impact of the synthesis conditions onMBZ with different added
BaSO4 quantities (x g BaSO4/1 g zeolite = x/1). The light blue, blue, gray, green,
purple, orange, pink, and gray symbols refer to x = 0.05, 0.1, 0.3, 0.4, 0.5, 0.6, 0.7, and
0.8, respectively. (Conditions: 25 °C, [SDZ] = 20 mg/L, [Photocatalyst] = 0.2 g/L,
[PMS] = 0.31 mM, and initial pH = 6.8, [P visible light] = 90W).
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PMS (32.46%) under visible-light irradiation, reaching a rate of 69.58% in
180min when using MBZ to activate PMS. The SDZ removal efficiency of
MBZ/PMS/Vis (99.01%) increased significantly and was about 73.12% and
29.43% higher than MBZ/Vis and MBZ/PMS, respectively, suggesting
excellent synergy between MBZ and PMS activation under visible light. In
thePMS/Vis system, the SDZ removal efficiency ofMBZwasnotably higher
thanZ, BaSO4, andMoS2. TheMBZ reaction ratewas 2.38-, 3.24-, and 1.36-
fold that of Z, BaSO4 andMoS2, respectively (Supplementary Fig. 4 and Fig.
5b). These results demonstrated the importance of MBZ hybrid structure
formation, which was also confirmed in Supplementary Fig. 5.

DuringMBZ hybrid structure formation, theMo concentration (CMo)
directly affected MoS2 production. The degradation efficiency increased
from 67.30% to 99.01% as the CMo increased from 1mM to 5mM (Fig. 5c).
However, when the CMo increased to 6mM and 7mM, the SDZ removal
rate decreased to 95.54% and 89.17%, causing excess MoS2 accumulation
and reducing active surface site exposure. The effect of the added BaSO4

quantity showed a similar trend (Fig. 5d). These results indicated that the
CMo and added BaSO4 quantity were crucial for improving the MBZ cata-
lytic activity.

Practical application capacity
As shown in Fig. 6a, HCl-regulated acidic conditions promoted the SDZ
degradation ability of the MBZ/PMS/Vis system, while this capacity was
inhibitedbyNaOH-regulated alkalinity.Whenthe initial pH increased from
3 to 6.8, the SDZ removal rate declined from 100% to 99.01% in 180min.
Further increasing the initial pH to 8–10 significantly decreased the SDZ
degradation rate to between 15.80% and 7.73%. This was primarily attrib-
uted to theMBZ surface charge,which increased at a higher pHand became
negative at a solution pH exceeding 2.10 (Supplementary Fig. 6). Therefore,

MBZ repelled HSO5
− in alkaline conditions (Supplementary Fig. 7). This

inhibited the contact reaction betweenMBZandPMS,which reduced active
substance production. However, acidic conditions regulated by HNO3 and
H2SO4 significantly reduced the ability of the MBZ/PMS/Vis system to
degrade SDZ (Supplementary Fig. 8). This was contrary to the HCl reg-
ulatory effect and was possibly related to the role of anions (Cl−, NO3

−,
and SO4

2−).
In particular, the inorganic anions commonly found in natural water

significantly impact pollutant degradation. Fig. 6b shows the effect of Cl−,
SO4

2−, and NO3
− on the SDZ removal efficiency. Cl− accelerated SDZ

degradation, which was attributed to the production and participation of
chlorine-based radicals72–74. SO4

2− and NO3
− significantly inhibited SDZ

removal inMBZ/PMS/Vis since they interactedwith ‧OHand SO4
‧− to form

less reactive substances72,75. Furthermore, studies have suggested that the
presence of nitratemay compete for radiation76,77. The results elucidated the
reasons contributing to the differences in HCl, HNO3, and H2SO4 acidity
regulation.

Theability of theMBZ/PMS/Vis systemtodegradeSDZ inactualwater
was explored using tap water, Tianlai Lake water (Xihua University,
Chengdu,China), andTuojiangRiverwater (Chengdu,China).As shown in
Fig. 6c, the ability of theMBZ/PMS/Vis system to effectively degrade SDZ in
actual water decreased significantly. This was attributed to the presence of
inorganic anions (SO4

2−, NO3
−, etc) and the alkalinity of the water (Sup-

plementary Table 1).
Besides SDZ, the degradation rates of TC and norfloxacin in theMBZ/

PMS/Vis systemwere 96.62% and 97.55%, respectively (Supplementary Fig.
9). The results indicated that MBZ could degrade a wide range of antibiotic
organics. The reusability of MBZ was investigated by monitoring the
degradation rate in theMBZ/PMS/Vis system forfive consecutive cycles. As

Fig. 6 | The practical application capacity of MBZ. a The effect of the initial pH
value regulated by HCl and NaOH. The gray, pink, blue, black, purple, orange, and
khaki symbols refer to pH = 3, 4, 5, 6.8, 8, 9, and 10, respectively. b The effect of the
coexisting inorganic anions (black-control group, red-coexist Cl−, blue-coexist
SO4

2−, and green-coexist NO3
−) on SDZ photodegradation. c The SDZ removal in

actual water (black-deionized water, red-tap water, blue-river water, and green-lake
water). d The reusability of the MBZ in the MBZ/PMS/Vis system. (Conditions:
25 °C, [SDZ] = 20 mg/L, [Photocatalyst] = 0.2 g/L, [PMS] = 0.31 mM, and initial
pH = 6.8, [P visible light] = 90W).
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shown in Fig. 6d, the SDZ removal rate decreased to 88.23% after three
cycles,while it remained above75%afterfive cycles.Thedecrease in theSDZ
removal rate was mainly related to the loss of active components on the
MBZ. Therefore, the leaching elements in the SDZ solution were detected
via ICP-OES after the catalytic reaction. The results showed a small amount
of Fe (0.158mg/L) and Ba (0.057mg/L), as well as 1.161–4.095mg/L of Na
and Al and a high concentration of Mo (15.407mg/L) in the solution
(Supplementary Fig. 10). The reduced catalytic activity was primarily
attributed to the leaching of these substances.

The photodegradation process and mechanism
Reactive species play a critical role in the PMS and photocatalytic reaction
system. A range of quenching experiments were performed to investigate
the active species during SDZ degradation in the MBZ/PMS/Vis system.
TBA, p-BQ, EDTA-2Na, and FFA were used as the ·OH, O2

.−, h+, and 1O2

trapping agents, respectively. MeOHwas used as a scavenger for SO4
·− and

⋅OH since it reacted to both radical species (k(MeOH,
·OH) = 9.7 × 108M−1 s−1, k(MeOH, SO4

·−) = 2.5 × 107M−1 s−1)14.
As illustrated in Fig. 7a, the SDZ removal rate decreased from 99.01%

to 59.40–49.42% (a reduction of 39.61–49.59%) after adding MeOH to the
reaction system. At the same dosage, the inhibitory effect of TBA was
distinctly lower than that of MeOH, displaying a reduction of 4.90–26.14%
(Fig. 7b). These results suggest that both SO4

·− and ⋅OH promote the
degradation process. As shown in Fig. 7c, d, FFA and p-BQ significantly
inhibited the reaction, indicating the presence of 1O2 and O2

.−, which sub-
stantially impacted the SO4

·− and ⋅OH in the system. EDTA-2Na displayed
the strongest inhibitory effect (a reduction of 79.58–89.88%) on SDZ pho-
todegradation (Fig. 7e). This implies that h+ has the highest impact on the
degradation of SDZ in the MBZ/PMS/Vis system.

The ROS in the MBZ/PMS/Vis system was investigated via electron
spin resonance (ESR) tests using DMPO and TEMP as trapping agents. As

depicted in Fig. 7f, strong DMPO-·OH, DMPO-SO4
·−, TEMP-1O2, and

DMPO-O2
·− adduct signals were detected in the system under visible-light

irradiation.
Notably, the photocatalytic ability of the photocatalyst was closely

related to its band structure. The bandgap energy and band orientation of
the heterojunction directly affected photogenerated electron and hole for-
mation and carrier migration direction. The valence band (VB) and con-
duction band (CB) of the MoS2 and BaSO4 were calculated using the
following formulas (Eqs. (2) and (3))45,59,78:

ECB ¼ X� Ee � 0:5 Eg ð2Þ

EVB ¼ ECB þ Eg ð3Þ
EVB,ECB, andE

e represent theVB edge potential, theCB edge potential,
and the free electron energy on the hydrogen scale (4.5 eV), respectively. X is
the absolute electronegativity of the photocatalyst and can be derived from
the absolute electronegativity of its constituent atoms (XMo = 3.9 eV,
XS = 6.22 eV, XBa = 2.4 eV, XO = 7.54 eV)79. The geometric mean values80,81

of MoS2 and BaSO4 are 5.32 eV and 6.03 eV50, respectively.
TheDRS results (Fig. 4b) showed that theEg values ofMoS2 andBaSO4

were 1.80 eVand4.07 eV, respectively.UsingEqs. (2) and (3), theECB values
of MoS2 and BaSO4 were calculated as−0.08 eV and−0.505 eV, while the
EVB values were 1.72 eV and 3.565 eV, respectively.

The Mott–Schottky plots (Supplementary Fig. 11) showed positive
MoS2 and BaSO4 slopes, indicating that they were n-type semiconductors.
The n-type materials demonstrated that the carriers of the pure MoS2 and
BaSO4 were primarily electrons. Previous studies showed that the Fermi
levels (Ef) ofMoS2 andBaSO4were close to their respectiveECB levels

29,50,60,82.
WhenMoS2 and BaSO4 came into contact, electrons were transferred from
BaSO4 (higher Ef) to MoS2 (lower Ef), resulting in an unequal Ef shift and

Fig. 7 | Reactive species analysis results via quenching experiments and ESR tests.
a The impact of MeOH on SDZ photodegradation in the MBZ/PMS/vis system.
b The impact of TBA on SDZ photodegradation in the MBZ/PMS/vis system. c The
impact of FFA on SDZphotodegradation in theMBZ/PMS/vis system. dThe impact
of p-BQ on SDZ photodegradation in the MBZ/PMS/vis system. e The impact of
EDTA-2Na on SDZ photodegradation in the MBZ/PMS/vis system. In (a–e), the
gray symbols represent the control group. In (a–c), the pink, green, and blue symbols
refer to quencher concentrations of 20 mM, 50 mM, and 100 mM, respectively. In

(d), the pink, green, and blue symbols refer to p-BQ concentrations of 0.5 mM,
1 mM, and 2 mM, respectively. In (e), the pink, green, and blue symbols refer to
EDTA-2Na concentrations of 5 mM, 10 mM, and 20mM, respectively. f The ESR
spectra of DMPO-·OH (black club), SO4

·− (black circle), TEMP-1O2 (spade), and
DMPO-O2

·− (black square) in the MBZ/PMS/vis system. (Conditions: 25 °C,
[SDZ] = 20 mg/L, [Photocatalyst] = 0.2 g/L, [PMS] = 0.31 mM, and initial pH = 6.8,
[P visible light] = 90W).
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equilibrium83,84. This was also confirmed by the high-resolutionXPS spectra
of theMBZ forBa3d, S 2p, andMo3d (Fig. 8).TheECB (−0.505 eV) andEVB
of the pure BaSO4 satisfied the conditions for⋅O2

·− (O2/O2
·− =−0.33 eV)

and ·OH (H2O/·OH= 1.99 eV) formation85,86, respectively.
As shown in Fig. 8a–c, a significant shift was evident in the high-

resolution XPS spectra of MBZ Ba 3d, S 2p, and Mo 3d after application,
indicating an electron gain and loss process on theMBZ surface. The Ba 3d
peaks (Fig. 8a) shifted to higher bonding energies, indicating that the Ba
underwent electron loss. The S 2p peak shift (Fig. 8b) was associated with
both BaSO4 and MoS2. The XPS spectrum of Mo 3d (Fig. 8c) was also
analyzed, showing that the Mo 3d5/2 spectra in the MBZ (Fig. 8d) at
227.83 eV87, 229.07–229.10 eV, and 234.00 eV88,89 corresponded toMo(IV),
Mo(V), andMo(VI), respectively. After application, the Mo(IV) content in
the MBZ increased by 13.63%, while Mo(V) and Mo(VI) decreased by
5.45% and 8.18%, respectively. This was attributed to the reaction between
high-valent molybdenum and PMS (Eqs. (5–7))89–91. Previous studies have
shown that the iron on the MBZ surface may undergo the reactions deli-
neated in Eqs. (7–10)89,90,92,93, while XPS is difficult to detect due to its low
content (Supplementary Fig. 12).

MoðVÞ þHSO5
� ! SO4

�� þ OH� þMoðVIÞ ð4Þ

MoðVIÞ þHSO5
� ! SO5

�� þHþ þMoðIVÞ ð5Þ

MoðIVÞ þHSO5
� ! SO4

�� þ OH� þMoðVÞ ð6Þ

2FeðIIIÞ þMoðIVÞ ! 2FeðIIÞ þMoðVIÞ ð7Þ

FeðIIÞ þHSO5
� ! SO4

�� þ OH� þ FeðIIIÞ ð8Þ

FeðIIÞ þHSO5
� ! SO4

2� þ �OHþ FeðIIIÞ ð9Þ

FeðIIIÞ þHSO5
� ! SO5

�� þHþ þ FeðIIÞ ð10Þ

These results elucidated the possible photodegradation mechanism of
theMBZ/PMS/Vis system (Fig. 9).WhenMBZwas exposed to visible-light
irradiation, the e− transferred from the VB to the CB (MoS2), while the h

+

remained in theVB.Here, the e−directly reactedwithO2,whichdissolved in
water to form O2

·− (Eq. (11))74. If PMS was present, it acted as an electron
acceptor to capture the e− and produce SO4

·− and ·OH (Eqs. (12) and
(13))63,72. In addition, PMS can react with molybdenum/iron (which on the
surface of the MBZ and leaching in solution) (Eqs. (4)–(10)). Some PMS
molecules were also self-degraded into SO4

·− and OH−/·OH under visible-
light excitation (Eq. (14))72,94,95. The PMS displayed substantial decom-
position as the reaction time increased (Supplementary Fig. 13). Further-
more, h+ can be utilized in various processes, including direct oxidative SDZ
decomposition and during the reaction with H2O or -OH to generate ·OH
(Eq. (15))72,96. In addition, ·OH reacts with H2O2 to form O2

·− (Eq. (16)),
which further reacts with ·OH to produce 1O2 (Eq. (17))

63,72,74. 1O2 can also
be generated using Eq. (18)97,98. The quenching experiments showed that
SO4

·−, ·OH, O2
.−, h+, and 1O2 promoted SDZ degradation, while O2

.−, 1O2,
andh+ exhibited themost significant influence. Therefore, this process (Eqs.
(11–18)) promoted e− and h+ separation, accelerated PMS activation, and
enhanced active substance generation, which facilitated effective SDZ

Fig. 8 | The high-resolution XPS spectra of the fresh and used MBZ. a The high-
resolution XPS spectra of the MBZ for Ba 3d before and after the first application.
b The high-resolution XPS spectra of the MBZ for S 2p before and after the first

application. c, d The high-resolution XPS spectra of the MBZ for Mo 3d before and
after the first application.
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degradation.

O2 þ e� ! O2
�� ð11Þ

HSO5
� þ e� ! HSO4

�� þH2O2 ð12Þ

HSO5�þe� ! SO4
�� þ �OH ð13Þ

HSO5
� þ hv ! SO4

�� þ �OH=OH� ð14Þ

hþ þ OH� ! �OH ð15Þ

�OHþH2O2 ! 2O2
:� þ 2Hþ ð16Þ

O��
2 þ �OH ! OH� þ1 O2 ð17Þ

HSO�
5 þ SO2�

5 ! SO��
4 þHSO�

4 þ1 O2 ð18Þ

The SDZdegradation intermediates in theMBZ/PMS/Vis systemwere
identified via ultra-high-performance liquid chromatography-mass spec-
trometry. Supplementary Table 2 summarizes the main intermediates. The
five possible SDZ photodegradation pathways in theMBZ/PMS/Vis system
were proposed based on the detected products and previous studies
(Fig. 10).

In pathway I, the reactive species hydroxylated the SDZ to P1, which
was methylated to P2. The C–N bond connecting the pyrimidine and
benzene ringwas broken to formP4. In addition, P1 could also be converted
to P2 by opening the ring. In pathway II, the SDZwas hydrolyzed to P5 and
P6, which underwent smiles-type rearrangement to produce P775. P6 could
also be converted to P8. In Pathway III, the S–C and S–N of SDZ were
attackedby the reactive species, extrudingSO2 to formP9,whichwas further
converted to P1013. In pathway VI, a reactive species attack broke the SDZ
C–N bond to form P11. In pathway V, the SDZ was transformed into P12

via the open-loop process. Either way, these intermediates were eventually
further oxidized to CO2 and H2O.

In summary, this study successfully prepares a novel MBZ composite.
Electrons are transferred from BaSO4 to MoS2 when the two come into
contact. The MBZ shows good visible-light absorption ability. The Z, MoS2,
and BaSO4 system significantly enhances photoinduced carrier generation,
separation, and transfer. The MBZ/PMS/Vis system exhibits an excellent
SDZ removal rate due to the synergistic effect between MBZ and PMS acti-
vationunder visible light. In the system,h+has themost significant impact on
SDZ degradation, followed by 1O2 and O2

.−. SDZ undergoes hydroxylation,
methylation, ring-opening, and is further oxidized into CO2 and H2O. MBZ
can also degrade a wide range of antibiotic organics. This study shows that
combining zeolite with an insulator, and a semiconductor displays promise
for realizing efficient catalytic degradation in EC-polluted water.

Methods
Chemical reagents
The sodiumhydroxide (NaOH), sodium thiosulfate (Na2S2O3), and ethanol
(CH3CH2OH) were obtained from Chengdu Kelong Chemicals Co. Ltd.
The sodium silicate (Na2SiO3•9H2O), ammonium molybdate tetrahydrate
(H24Mo7N6O24•4H2O), L-cysteine (HSCH2CH(NH2)CO2H, 99%), barium
sulfate (BaSO4), SDZ (C10H10N4O2S, 98%), p-benzoquinone (p-BQ,
C6H4O2, 97%), ethylenediaminetetraacetic acid disodium salt dihydrate
(EDTA-2Na, C10H14N2Na2O8•2H2O, 98%), and tert-butyl alcohol (TBA,
C4H10O, 99.5%) were purchased from Shanghai Aladdin Bio-Chem
Technology Co. Ltd. The furfuryl alcohol (FFA, C5H6O2, 98%) was sup-
plied by ShanghaiMacklinBiochemicalTechnologyCo. Ltd.,while thePMS
(KHSO5•0.5KHSO4•0.5K2SO4, ≥ 47%) was obtained from Shanghai Yua-
nye Bio-Technology Co. Ltd. The formate (CH2O2, HPLC, ≥98%), acet-
onitrile (CH3CN, HPLC), and methanol (MeOH, CH3OH, HPLC) were
purchased from ANPEL Laboratory Technologies (Shanghai) Inc.

Preparation and characterization of the photocatalyst
Lithium siliconpowder (LSP,mainly consisting of (wt%) 13.29%Al, 26.61%
Si, and 0.42% trace Fe, etc.) was used as the raw zeolite material. Here, 3 g of
NaOH, 7.1322 g of Na2SiO3•9H2O, and 6 g of LSP were mixed with 20mL

Fig. 9 | The possible photodegradation mechanism of the MBZ/PMS/Vis system.
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of deionized water in a 100mL beaker. Themixture was stirred for 2 h until
dissolved completely and hydrothermally treated in an autoclave at 140 °C
for 5 h. The product was filtered, washedwith deionizedwater until neutral,
dried at 105 °C, and labeled as Z.

Then 0.8828 g of H24Mo7N6O24•4H2O and 2.4477 g of
HSCH2CH(NH2)CO2H were dissolved in 30mL deionized water and
prepared into solutions A and B, respectively. Solution B was slowly poured
into A and mixed thoroughly via continuous stirring. Then, 1 g of Z and
0.3 g of BaSO4 were added and continuously stirred for 10min. After
ultrasonication for 30min, the sample was immediately transferred to a
100mL autoclave andhydrothermally treated at 220 °C for 24 h. Finally, the
subsequent aqueous solutionwasultrasonicated (40 kHz, 150W, and25 °C)
for 10min, cleanedwith ethanol and deionizedwater, and dried at 80 °C for
12 h to obtain the MBZ (Fig. 11).

The crystal-phase structure of the photocatalyst was analyzed via
SmartLab X-ray diffraction (XRD, Rigaku) at 2θ from 5° to 80° (at a

scanning step of 0.02°/s). The XRD test used Cu Kα (λ = 1.5406 Å) as the
radiation source, an acceleration current of 25mA, and a voltage of 40 kV.
SEM (Thermo Scientific Apreo 2C) was used to observe the surface mor-
phology of the photocatalyst, while the elemental compositionwas analyzed
using an Ultim Max 65 (Oxford). X-ray photoelectron spectroscopy (XPS,
AXIS Ultra DLD, Kratos) was conducted using Al Kα radiation (1486.6 eV,
150W). The visible-light absorption performance of the photocatalyst was
measured using UV-3600 PLUS ultraviolet and visible spectrophotometers
(Shimadzu, 800–200 nm). The PL spectra were obtained at an excitation
wavelength of 400 nm (Edinburgh FLS1000/FS5).

TheEIS (0.5MNa2SO4) and transient photocurrent response (2.5mM
K3[Fe(CN)6]) of the photocatalyst were measured using a CHI 760E elec-
trochemical workstation (CH Instruments Inc.) in a cell with three elec-
trodes. Ag/AgCl, a platinum plate, and ITO were used as the reference
electrode, counter electrode, and working electrode, respectively. A 10mg
powder samplewasdispersed in a 1mLethanol solution, afterwhich a50 μL

Fig. 10 | The possible photodegradation pathways of the sulfadiazine in the MBZ/PMS/Vis system.

Fig. 11 | A diagram of the MBZ preparation
procedure.
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Nafion solutionwas added and ultrasonicated for 30min to form a uniform
suspension. Then, 100 μL of the suspension was added drop-wise onto the
ITOglass anddried naturally at room temperature for the photoelectric test.
A transient photocurrent response test was performed using a 500Wxenon
lamp (full spectrum) with 0.5 V applied bias. EIS was performed at a fre-
quency of 0.1 Hz–100 kHz.

Photocatalytic experiments
Here, 0.02 g MBZ was added to a 100mL SDZ solution (20mg/L, 25 °C,
300 rpm) and reacted in the dark to achieve adsorption-desorption equili-
brium. Then, 0.02 g (0.31mM) PMSwas added to themixture and exposed
to visible light. At the interval time, 3mL of the reaction solution was
separated and quickly passed through a 0.22 μm polytetrafluoroethylene
(PTFE) filter membrane, placed in a chromatographic bottle containing a
0.1mL (0.2mol/L) sodium thiosulfate solution, and quantitatively analyzed
at 265 nmusing a liquid chromatograph (LC-16, Shimadzu). The initial pH
of the SDZ solution was adjusted with 1mol/L NaOH or HCl.

Previous research indicated that the SDZ degradation conformed to
pseudo-first-order kinetics. Therefore, this kinetics model (Eq. (19)) was
used to fit the experimental results75,99:

ln
Ct

C0
¼ �k � t ð19Þ

whereC0 andCt represent the SDZconcentration at the initial and t reaction
time (min) (mg/L) and k is the pseudo-first-order kinetic rate con-
stant (min−1).

Analytical methods
The SDZ concentrationwas determinedusing a liquid chromatograph (LC-
16, Shimadzu) equipped with a C18 chromatographic column
(150mm× 4.6mm, 5 μm, Agilent). The mobile phase (0.5mL/min) con-
sisted of methanol and 0.5% formic acid. The methanol ratio included
formic acid (0.5%, V:V = 20:80), while the column temperature was 30 °C
and the sample injection volume was 20 μL.

The SDZ photodegradation intermediates were analyzed using ultra-
high-performance liquid chromatography-mass spectrometry (Ultimate
3000 UHPLC-Q Exactive, Thermo Scientific). An Eclipse Plus C18 column
(100mm× 4.6mm, 3.5 μm)was used for SDZ and intermediate separation,
with a mobile phase (0.3mL/min) comprising a 0.1% formic acid solution
and acetonitrile (V:V = 30:70), an injection volume of 10 μL, and a column
temperature of 30 °C. The mass spectrometer was operated in positive
(3.8 kV) andnegative (2.8 kV) ionizationmodes, and thedatawere obtained
in a scan range of 50–600m/z.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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