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A B S T R A C T   

Sulfadiazine (SDZ), as a broad-spectrum pharmaceutical antibiotic, has drawn extensive attention owing to its 
wide application and persistence. Photocatalytic oxidation has been considered as a high-efficiency and 
environment-friendly technology for degrading organic contaminants. A novel BiOI/UiO-66 p-n heterojunction 
(BiU-x) was fabricated via the in-situ deposition of p-type BiOI nanoplates on n-type UiO-66 octahedrons with the 
aid of a controlled precipitation method. The optimizing BiU-9 heterojunction exhibited a remarkably enhanced 
photocatalytic efficiency in removing SDZ, in which the SDZ (5 mg/L) removal efficiency over BiU-9 (0.5 g/L) 
reached nearly 100 % within 90 min of visible light irradiation. The influence of some important environmental 
factors (e.g., photocatalyst dosage, pH, co-existing inorganic anions and real sunlight irradiation) were sys-
tematically investigated. Such improvement mechanism should be assigned to the following three factors. Firstly, 
the introduction of narrow gap semiconductor BiOI effectively improved photo adsorption capacity. Secondly, 
benefiting by the large specific surface area, the involvement of UiO-66 contributed to boost the surface active 
sites. Most importantly, an internal electric field at the contact interface between UiO-66 and BiOI accelerated 
the separation of photo-generated electrons and holes. Furthermore, ⋅O2

− and photo-generated holes were 
identified as the dominating reactive species accounting for the SDZ removal. The decomposition pathways of 
SDZ and ecotoxicities of the intermediates were analyzed via combing with LC-MS/MS and T.E.S.T theoretical 
calculation. This work may provide an alternative way for enhanced photocatalytic performance of MOF-based 
materials through construction of p-n heterojunction with bismuth-based semiconductors.   

1. Introduction 

Sulfadiazine (SDZ, C10H10N4O2S) is one of the synthetic sulfanil-
amide antibiotics, has been diffusely utilized in the treatment of human 
diseases and animal feeding. In China, approximately 1260 tons of SDZ 
can be consumed every year, making it the second largest used antibiotic 
in commonly used sulfanilamide antibiotics [1]. Owing to its long 
persistence and high mobility, SDZ has been frequently found in various 
aquatic environments, such as surface waters [2], industrial effluents [3] 
and wastewater treatment plants (WWTPs) [4]. Therefore, the abuse of 
SDZ and its long-term exposure property will inevitably cause potential 
ecological risk. Considering that SDZ possesses low biodegradability and 

high stability [5], it cannot be efficiently eliminated by traditional water 
treatment technologies, such as adsorption and biological technologies 
[6–8]. The adsorption-based technologies benefit the advantages like 
simplicity of design and ease of operation. However, secondary 
contamination from adsorbents strongly limits its development and 
applications [9]. Escher and co-workers [10] suggested that only 60 % of 
toxic pharmaceuticals could be removed during the biological treatment 
processes. In addition, the efficiency of traditional biological treatments 
in removing sulfonamides is markedly dependent on seasonal variations 
[11]. As a result, a novel technology to effectively treat SDZ-containing 
wastewaters is urgently anticipated. 

The feasibility of advanced oxidation processes (AOPs) to remove 
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sulfonamide antibiotics in wastewaters has been widely demonstrated 
[12,13]. The heterogeneous photocatalysis, belonging to the AOPs, is an 
environmentally friendly option for eliminating persistent organic pol-
lutants [14]. Owing to its merits of remarkable efficiency, mild reaction 
conditions and long-term stability, photocatalytic oxidation technology 
can directly utilize real sunlight as reaction energy to drive the 
decomposition and eventual mineralization of organic pollutants. Thus, 
it has gradually become an appealing strategy for dealing with different 
environmental issues [15,16]. However, the kernel of photocatalysis is 
the development of new photocatalysts with excellent sunlight har-
vesting and sufficient separation efficiency of photo-generated charge 
carriers. Within them, bismuth oxyhalides (BiOX, X = Cl, Br, I) show 
huge potential in photocatalytic purification of organic contaminants 
under the illumination of visible light by virtue of unique electronic 
band structure, low toxicity, controlled morphology and reasonable 
chemical stability [17]. Among BiOX photocatalysts, BiOI is a p-type 
semiconducting material with layered crystal configuration. The narrow 
band gap of BiOI (1.72–1.94 eV) enables it to possess impressive pho-
tocatalytic performances for organic contaminants decomposition under 
both UV and visible light irradiation [18]. However, BiOI with 2D 
lamellar structure is liable to agglomerate, resulting in restricted active 
sites limited its adsorption capacity for target pollutants [19]. Further-
more, pristine BiOI has high recombination rate of charge carriers, 
which severely limits the generation of active species during photo-
catalytic process [20]. Therefore, it is of significant interest to develop 
an outstanding BiOI-based photocatalyst with improved photocatalytic 
performance for purifying SDZ-containing wastewater. 

Currently, the fabrication of p-n heterojunction has been perceived 
as an ideal methods to suppress the recombination of photo-generated 
carriers due to the presence of a powerful internal electric field (IEF) 
at the interface of p-n heterojunction, which is beneficial to efficiently 
facilitate the separation of charge carriers with the aid of opposite 
migration of photo-generated electrons and holes, resulting in the 
prominent improvement of photocatalytic activity [21,22]. For 
example, some BiOI-based p-n heterojunctions have been constructed 
consequently, such as BiPW12O40/BiOI [23], BiPO4/BiOI [24], BiOI/ 
ZnO [25] and g-C3N4/BiOI [26]. The above binary photocatalysts have 
successfully achieved the spatial separation of photo-generated electron- 
hole pairs. 

Unlike traditional semiconductor photocatalysts, metal–organic 
frameworks (MOFs) are periodic crystalline structures consisted by self- 
assembly of organic ligands and metal ions [27]. Benefiting from the 
merits of large specific surface area [28], adjustable structure and 
semiconductor property, MOFs can be directly used as photocatalysts or 
acted as the carriers for supporting bismuth-based photocatalysts. For 
one thing, this can enhance the transfer of photo-generated charge 

carriers. For another, it is feasible to regulate the growth of bismuth- 
based semiconductors on the surface of MOFs and reduce their 
agglomeration, thereby exposing more active sites. In 2021, our 
research group summarized the photocatalytic applications of MOF/ 
bismuth-based semiconductor composites (MBCs) [16], we found that 
most of MBCs could be classified as I-scheme, II-scheme or Z-scheme 
heterojunctions and their applications for removal of antibiotics were 
still preliminary. As a consequence, it is indispensable to integrate the 
superiorities of BiOI and MOF into a p-n heterojunction photocatalyst to 
efficient removal of SDZ antibiotic. 

Among the different types of MOFs, Zr-based MOFs possess stronger 
chemical and thermal stability. Particularly, UiO-66 (Zr24O120C192H96) 
is a star Zr-based MOF and has been diffusely applied in the field of 
photocatalytic reactions [29]. More importantly, UiO-66 shows good 
structural stability in water environments and typical n-type property 
[30]. Enlightened by above facts, BiOI/UiO-66 p-n heterojunctions (BiU- 
x) with nanoplate-on-octahedral heterostructure were successfully 
fabricated via in-situ precipitation route. Integrating UiO-66 with BiOI 
was expected not only to effectively prevent the BiOI aggregation, but 
also to improve the photo-adsorption capacity and to inhibit the 
recombination of electron-hole pairs, resulting in the remarkable 
enhancement of the photocatalytic degradation of SDZ under visible 
light and real sunlight through the synergistic effect. Various factors 
were systematically explored, such as photocatalyst dosage, pH and co- 
existing inorganic anions. Moreover, the photocatalytic degradation 
pathways and reaction mechanism were investigated based on LC-MS/ 
MS analysis, photo-electro-chemistry characterization, energy band 
alignment and active species determination. Additionally, the ecotox-
icities of degradation intermediates were analyzed by T.E.S.T. tool on 
the basis of quantitative structure–activity relationship. 

2. Experimental 

2.1. Materials and reagents 

Anhydrous Zirconium (IV) chloride (ZrCl4, 98 %, CAS: 10026-11-6), 
terephthalic acid (H2BDC, 99 %, CAS: 100-21-0), tertbutyl alcohol (TBA, 
99.5 %, CAS: 75-65-0), acetonitrile (99.8 %, CAS: 75-05-8) and sulfa-
diazine (SDZ, 99 %, CAS: 68-35-9) were purchased from J&K Scientific 
Technology Company. Diethylene glycol (DG, 98 %, CAS: 111-46-6), 
potassium iodide (KI, 99 %, CAS: 7681-11-0), L-histidine (99 %, CAS: 
71-00-1) and phosphoric acid (PA, 85 %–90 %, CAS: 7664-38-2) were 
obtained from Shanghai Macklin Biochemical Company. N,N’-dime-
thylformamide (DMF, 98 %, CAS: 68-12-2), acetic acid (HAC, 98 %, CAS: 
64-19-7), ethanol (EtOH, 99 %, CAS: 64-17-5), hydrochloric acid (HCl, 
37 %, CAS: 7647-01-0), sodium hydroxide (NaOH, 97 %, CAS: 1310-73- 

Scheme 1. Schematic illustration of in-situ precipitation route for preparing BiU-x heterojunctions.  
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2) and triethanolamine (TEA, 99 %, CAS: 102-71-6) were purchased 
from Tianjin Fu Chen Chemical Reagents Factory. Bismuth nitrate 
pentahydrate (Bi(NO3)3⋅5H2O, 99.9 %, CAS: 10035-06-0) was obtained 
from Shanghai Aladdin Bio-Chem Technology Company. p-Benzoqui-
none (BQ, 99 %, CAS: 106-51-4) were purchased from Tianjin Guang Fu 
Fine Chemical Research Institute. 

2.2. Photocatalysts preparation 

2.2.1. Synthesis of UiO-66 
UiO-66 was synthesized through solvothermal method according to 

the reported study with slightly modification [31]. Typically, ZrCl4 (40 
mg, 0.1716 mmol) and H2BDC (28.5 mg, 0.1716 mmol) were dispersed 
in 5 mL DMF, respectively. Then HAC (3.0 mL) was introduced into the 
former suspension, and the obtained mixture was encapsulated in a 
Teflon-lined autoclave with a volume of 25 mL and heated at 120 ◦C for 
24 h. After that, the white precipitates were rinsed with DMF for three 
times and obtained via centrifugation process. Eventually, the white 
UiO-66 powders were dried in an oven at 60 ◦C overnight for follow-up 
applications. 

2.2.2. Fabrication of BiU-x heterojunctions 
The BiU-x heterojunctions were fabricated via a mild diethylene- 

glycol-assisted in-situ precipitation method at room temperature, as 
schematically illustrated in Scheme 1. Typically, 485 mg Bi(NO3)3⋅5H2O 
was dispersed into 20 mL DG to get a uniform solution A. Then, different 
amounts of UiO-66 octahedrons (10 %, 30 %, 50 %, 70 %, 90 % and 110 
% to the weight of stoichiometric prepared BiOI, respectively) were 
added into 8.3 g/L KI solution, and the solution B was obtained via the 
continuous stirring for 60 min. Subsequently, the solution B was drop-
wise added into the solution A and the formed isotropical solution was 
kept stirring for 180 min. The solid samples were withdrawn by 
centrifugation with ethanol and ultrapure water for least three times. 
After drying in a vacuum oven at 80 ◦C for 12 h, the BiU-x hetero-
junctions were finally collected. BiU-x with UiO-66:BiOI mass percent-
ages of 10 %, 30 %, 50 %, 70 %, 90 % and 110 % were named as BiU-1, 
BiU-3, BiU-5, BiU-7, BiU-9 and BiU-11, respectively. The pristine BiOI 
was synthesized by the similar procedure except for adding UiO-66 
octahedrons. 

Besides, the details of the electrochemical measurements including 
photocurrent density, Mott-Schottky curves and EIS (electrochemical 
impedance spectra) were shown in Electronic Supplementary Informa-
tion (ESI). 

2.3. Characterizations 

The powder X-ray diffraction (PXRD) patterns were examined on a 
DX-2700B X-ray diffractometer. The Cu Kα line was used as the radiation 
source. Fourier transform infrared spectra (FT-IR) were collected on a 
Nicolet 6700 infrared spectrophotometer. The UV–vis diffuse reflec-
tance spectra (UV–vis DRS) were measured by a PerkinElmer Lambda 
650S spectrophotometer with BaSO4 as the reference. The morphologies 
were determined by a Hitachi SU8020 scanning electron microscopy 
(SEM), JEM 1200EX transmission electron microscopy (TEM) and Tec-
nai G2 F20 high resolution transmission electron microscope (HRTEM). 
The X-ray photoelectron spectra (XPS) and valence band X-ray photo-
electron spectra (VB-XPS) were acquired by a ThermoFisher Escalab 
250XI electron spectrometer with Al Kα radiations. The Brunauer- 
Emmett-Teller (BET) surface area and N2 adsorption–desorption 
isotherm were obtained by a Micromeritics ASAP 2460 physical 
adsorption instrument. The photoluminescence (PL) spectra were 
detected by a Hitachi F-7000 fluorescence spectrophotometer. 

2.4. Photocatalytic test 

The photocatalytic efficiencies of the UiO-66, BiOI and BiU-x were 

assessed by the decomposition of SDZ aqueous solution under visible 
light and real sunlight illumination. A multitube photocatalytic reactor 
(PCX50C, Beijing Perfectlight Technology Company) was used to carry 
out photocatalytic experiments, its appearance and structure were 
shown in Figure S1. A 5 W LED lamp worked as the illumination source. 
The initial pH of SDZ solution was regulated by NaOH or HCl. For each 
experiment, a certain amount of photocatalyst was added into 50 mL of 
SDZ aqueous solution (5 mg/L) under magnetic stirring. Before photo-
catalysis process, an adsorption–desorption equilibrium was obtained in 
a darkness circumstance. At a certain interval, 2.5 mL of the mixture was 
taken out and filtered via a 0.22 μm Nylon membrane for follow-up 
analysis. The concentration of SDZ was monitored by a Vanquish Duo 
high performance liquid chromatograph (HPLC, Shimadzu) equipped 
with a C18 column (2.1 mm × 250 mm, 5.0 μm). The mobile phase 
consisted of acetonitrile/phosphoric acid (45/55, v/v) at a flow rate of 
0.8 mL/min. The column temperature was maintained at 40 ◦C and the 
UV detection wavelength was set as 355 nm. The determination of the 
photodegradation products was performed by a Thermo Dionex Ulti-
Mate 3000 ultra-performance liquid chromatography equipped with a 
Thermo Scientific Q Exactive. Eclipse Plus C-18 chromatographic col-
umn (100 mm × 4.6 mm, 3.5 μm) was used to separate the different 
types of organic compounds. The mobile phase was consistent with 
HPLC analysis but the flow rate was set as 0.5 mL/min. The MS spectra 
were recorded over the range of 50–600 m/z. The photocatalytic effi-
ciency was calculated by the Eq. (1): 

Degradation (%) = (1 − Ct/C0) × 100 % (1)  

where C0 and Ct denoted the SDZ concentrations in the initial and 
photodegraded samples at given sampling intervals, respectively. 

2.5. Design and analysis of co-existing inorganic anions 

To evaluate the influences of co-existing inorganic anions on the SDZ 
removal more scientifically, response surface methodology (RSM) was 
used to design experiments and assess the interaction effect of the 
inorganic anions [32]. 

2.5.1. Experimental design of Box-Behnken 
The experimental design of Box-Behnken was used to evaluate the 

effect of four operating parameters more accurately and systematically, 
i.e., Cl− (mg/L), SO4

2− (mg/L), NO3
− (mg/L) and HCO3

− (mg/L), which 
were labeled as A, B, C and D, respectively. The above chosen parame-
ters were deemed as the independent variables and the degradation 
efficiency (%) after photocatalytic process was selected as the dependent 
variable (response). The concentration ranges of four inorganic anions 
were based on the previous reports [33,34], as illustrated in Table 1. In 
view of the above, 29 sets of experiments were defined for these four 
independent variables at three levels (coded as − 1, 0, +1). 

2.5.2. RSM model 
With respect to RSM, a second-order polynomial equation (Eq. (2)) 

was acquired to model the photodegradation efficiency as a function of 
the above mentioned independent variables. 

Table 1 
The levels and ranges of variables in Box–Behnken statistical experiment design.  

Independent variables Symbol Coded variable level 

Low (− 1) Center (0) High (+1) 

Cl− , mg/L A 0 1400 2800 
SO4

2− , mg/L B 0 80 160 
NO3

− , mg/L C 0 3.55 7.1 
HCO3

− , mg/L D 0 11 22  
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Y =β0 + β1A+ β2B+ β3C+ β4D+ β12AB+ β13AC+ β14AD+ β23BC
+ β24BD+ β34CD+ β11A2 + β22B2 + β33C2 + β44D2 (2)  

where Y is the degradation efficiency (%) (response), β0 represents the 
interception coefficient, β1, β2, β3, and β4 are the coefficients of the in-
dependent variables, β11, β22, β33, and β44 are the quadratic terms, and 
β12, β13, β14, β23, β24, and β34 are the interaction coefficients [35]. 
Furthermore, we used Design-Expert® software (Minneapolis, USA) to 
accomplish the analysis of variance (ANOVA) and optimization of 
photocatalytic efficiency. 

2.6. Identification of reactive species 

To ascertain the contributory roles of the generated reactive species 
during photocatalytic process, the sacrificial agents such as TBA (50 
mmol/L), p-BQ (1 mmol/L), L-histidine (1 mmol/L) and TEA (50 mmol/ 
L) were separately added in SDZ aqueous solution to capture hydroxyl 
radicals (⋅OH), superoxide radicals (⋅O2

− ), singlet oxygen (1O2) and 
photo-generated holes (h+). The electronic spin resonance (ESR) mea-
surements were carried out using a Bruker A300-10/12 Electron para-
magnetic resonance spectrometer to verify the generation of ⋅OH and 
⋅O2

− during photocatalytic process. Generally, 10 mg of photocatalyst 

Fig. 1. (a) PXRD patterns and (b) FT-IR spectra of the BiOI, UiO-66 and BiU-x samples.  

Fig. 2. SEM and TEM micrographs of (a, d) UiO-66, (b, e) BiOI, (c,f) BiU-x heterojunction photocatalyst; (g)-(i) HRTEM micrographs and SAED pattern of the selected 
BiU-x heterojunction photocatalyst. 
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was dispersed in 5 mL methanol, then the signals of ⋅OH and ⋅O2
− can be 

captured by 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and the adducts 
of DMPO-⋅OH and DMPO-⋅O2

− will be detected by ESR technique. 

2.7. Density functional theory (DFT) calculations 

DFT calculation based on Fukui index was introduced to study the 
reactive sites of SDZ molecule under the attack of different active spe-
cies. Considering that the free radicals produced by this reaction system 
were electrophilic, therefore Fukui index representing electrophilic (f − ) 
attack was analyzed [36]. These Fukui values were obtained from the 
Peking University Reactive Sites for Organic Compounds Database 
(PKU-REOD) [37], and the DFT calculations were accomplished by the 
Gaussian 16C.01 software. Natural population analysis (NPA) charge 
was used to evaluate the electron activity [38]. The geometrical opti-
mization of molecule and vibrational frequencies calculations were 
conducted using the B3LYP method with 6–31+G(d,p) basis set. 

3. Results and discussion 

3.1. Characterization 

3.1.1. PXRD and FT-IR spectra 
PXRD was used to characterize the crystal structures of the prepared 

materials. As depicted in Fig. 1(a), the main diffraction peaks of pristine 
UiO-66 were in line with the results reported in our former reports 
[39,40], indicating that UiO-66 was successfully synthesized in this 
work. With regard to BiOI, the characteristic diffraction peaks centered 
at 9.6◦, 29.6◦, 31.6◦, 45.4◦ and 55.1◦ were corresponded to the (001), 
(102), (110), (200) and (212) crystalline planes of tetragonal BiOI 
(JCPDS No. 73-2062). No presence of diffraction peaks from impurities 
suggested its high purity. Obviously, the PXRD patterns of BiU-x het-
erojunctions contained the whole of diffraction peaks of UiO-66 and 
BiOI, respectively, suggesting the co-existence of UiO-66 and BiOI in the 
as-prepared heterojunctions. More importantly, it can be found that the 
intensities of the (111) and (200) peaks from UiO-66 at 7.4◦ and 8.5◦

gradually strengthened in the patterns of BiU-x heterojunctions with the 
increasing of UiO-66 content, indicating that the precipitation of BiOI 
still preserved the crystal texture of UiO-66 framework. 

The FT-IR spectra were used to confirm the chemical bonding and 
functional groups of pristine UiO-66, BiOI and BiU-x heterojunctions 
[41]. As illustrated in Fig. 1(b), the wide adsorption bands at 
3200–3500 cm− 1 were ascribed to the stretching vibration of O–H from 
absorbed H2O molecules [42]. As for pristine BiOI, the adsorption peak 
at 515 cm− 1 in the spectrum was assigned to symmetrical A2u-type vi-
bration of the Bi–O bond [43]. In the FTIR spectrum of UiO-66, the main 

peaks at 1582 cm− 1 and 1621 cm− 1 should be attributed to the C––O 
stretching modes and vibrations from benzene ring structures [44]. 
Another characteristic peaks ranging from 1400 to 1500 cm− 1 verified 
the existence of C––C and C–C functional groups originated from the 
organic ligand in MOFs [45]. Moreover, the characteristic peaks located 
at 664 cm− 1 and 765 cm− 1 were associated with C–H and O–H vi-
bration modes [46]. In addition, the main peaks ranging from 800 to 
600 cm− 1 were ascribed to O–Zr–O groups [47]. It was a remarkable fact 
that compared with the wider adsorption band of Bi–O (centered at 515 
cm− 1) for pristine BiOI, the corresponding peaks became more intense in 
the BiU-x heterojunctions, which might be ascribed to the creation of 
close interfacial contact between UiO-66 and BiOI. 

3.1.2. Morphology features 
The external micro topographies and the microstructures of the 

representative samples were investigated by SEM, TEM and HRTEM. As 
depicted in Fig. 2(a) and (d), UiO-66 exhibited uniform and smooth 
octahedral structure with diameter about 500 nm. The pristine BiOI 
structure was composed of plenty of nanoplates with size of 50–200 nm 
(Fig. 2(b) and (e)). After combination, it could be clearly seen that the 
UiO-66 and BiOI was in-situ assembled together, the BiOI nanoplates 
were stacked on the surfaces of UiO-66 and relatively large UiO-66 oc-
tahedrons acted as an ideal platform for BiOI nanoplates to grow on. 
Furthermore, the morphological and structural features of BiU-x was 
analyzed by TEM and HRTEM (Fig. 2(g)-(i)). Importantly, the HRTEM 
image (Fig. 2(h)) exhibited the close interfacial contact between UiO-66 
and BiOI, further proving the formation of heterostructure. Moreover, 
some lattice fringes were arranged regularly and can be detected in 
Fig. 2(h) suggested that the BiU-x sample possessed good crystallinity of 
BiOI. And the lattice fringes of 0.308 nm and 0.366 nm can be associated 
with the (102) and (101) planes of BiOI [48,49]. At the same time, a 
sequence of concentric rings in the SAED (Fig. 2(i)) should be assigned to 
the (102) and (200) planes of BiOI (JCPDS No. 73-2062) [50,51]. To 
further illustrated the distribution of BiOI on UiO-66, EDS-mapping was 
depicted in Fig. S2. The elements of Bi, Zr, I and O were clearly observed, 
and their distributions were homogenous. 

Based on the SEM, TEM and HRTEM results, the generation process 
of BiU-x was proposed as illustrated in Scheme 1. Firstly, diethylene 
glycol can interact with Bi3+ to generate homogeneous alkoxides solu-
tion (Bi(C4H9O3)2+), which was beneficial to prevent the hydrolysis of 
Bi3+ cations and its high homogeneity level was conducive to combine 
with the other materials. Meanwhile, KI solution was fully dispersed 
with UiO-66 octahedrons, resulting in I− anions surrounded around UiO- 
66. After the addition of solution B, Bi(C4H9O3)2+ will react with I− to 
generate BiOI nanoplates. To keep low surface energy, these BiOI 
nanoplates were inclined to in-situ deposition on the surface of UiO-66 

Fig. 3. (a) UV–vis DRS spectra and (b) the Eg plots of BiOI, UiO-66 and BiU-x heterojunctions.  
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Fig. 4. XPS spectra of the BiU-9 heterojunction. (a) survey, (b) C 1 s, (c) O 1 s, (d) Zr 3d, (e)-(f) Bi 4f and I 3d high-resolution spectra of BiU-9 and pristine BiOI.  
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octahedrons. Therefore, it was reasonable that the close interfacial 
contact might be contributed to the separation of charge carriers and 
facilitate a synergetic effect to enhance the photocatalytic activity. 

3.1.3. N2 adsorption and UV–vis DRS analysis 
In general, larger specific surface area (SBET) was contributed to 

promote photocatalytic activity owing to the presence of numerous 
active sites can absorb and diffuse target organic pollutants via the 
interconnected porous structure [52]. The N2 adsorption–desorption 
isotherms of the prepared materials were depicted in Figure S3. Clearly, 
UiO-66, BiOI and BiU-x heterojunctions exhibited Type IV isotherms on 
the basis of the IUPAC classification, indicating the existence of meso-
porous structures. Furthermore, the shape of the hysteresis loop at high 
P/P0 ranging from 0.8 to 1.0 belonged to Type H3, revealing that the 
existence of slit-shaped pores on account of aggregation of plate-like 
samples [53], which can be proved by SEM and TEM results. More-
over, the BET surface areas, average pore sizes and pore volumes of all 
samples were exhibited in Table S1. The BET specific surface area of 
pristine BiOI was merely 23.80 m2/g. However, it can be found that the 
specific surface areas of the BiU-x heterojunctions progressively 
increased with the increasing of UiO-66 mass percentage, even though 
they displayed moderate reduction in SBET values as compared to pris-
tine UiO-66. Especially the BiU-11 sample, whose specific surface area 
reached to 500.99 m2/g. Hence more active sites would be provided by 
BiU-x heterojunctions to harvest photo-generated charge carriers for 
further photocatalytic process. 

The optical adsorption property was a crucial factor for affecting the 
photocatalytic activity, in particular with respect to photocatalytic 
degradation of organic pollutants under visible light irradiation [54]. To 
explore the light adsorption capacities of pristine UiO-66, BiOI and BiU- 
x heterojunctions, the UV–vis DRS were systematically analyzed, as 
depicted in Fig. 3(a). As to pristine UiO-66, the adsorption wavelength 
was about 320 nm, demonstrating that UiO-66 could merely respond to 
the UV light. However, BiOI displayed a robust photo adsorption ca-
pacity ranging from UV to visible light. It was notable that the BiU-x 
heterojunctions exhibited the broader photo adsorption regions and 
their adsorption capacities for visible light were appreciable as 
compared to that of pristine UiO-66, which should be attributed to the 
existence of BiOI in BiU-x heterojunctions was inclined to improve the 
photon response ability. Furthermore, the band gaps (Eg) of the as- 
prepared samples were also estimated by Kubelka-Munk function Eq. 
(3) [55]: 

αhv = A
(
hv − Eg

)n/2 (3)  

where a, h, v and A are adsorption coefficient, Planck’s constant, fre-
quency of light and a constant, respectively. The n values were decided 
by the properties of the transition of semiconductors (n = 4 represented 
indirect transition, whereas n = 1 represented direct transition). Ac-
cording to the reported studies, UiO-66 was subjected to direct transi-
tion and the n value was 1 [56], while BiOI can be deemed as indirect 
transition and its n value can be evaluated as 4 [57]. As depicted in Fig. 3 
(b), the Eg values of BiU-1, BiU-3, BiU-5, BiU-7, BiU-9 and BiU-11 were 
calculated as 1.84, 1.88, 1.89, 1.9, 1.95 and 1.99 eV, respectively, 
implying that the BiU-x heterojunctions were visible-light-driven 
photocatalysts. 

3.1.4. XPS analysis 
To manifest the chemical states of the as-prepared BiU-x hetero-

junctions, BiU-9 was chosen as the representative photocatalyst to 
perform XPS analyses (Fig. 4). As exhibited in Fig. 4(a), the full XPS 
survey spectrum of the BiU-9 indicated that it was mainly composed of 
C, O, Zr, Bi and I elements. High-resolution C 1 s, O 1 s, Zr 3d, Bi 4f and I 
3d spectra in the BiU-9 were illustrated in Fig. 4(b)-(f). The C 1 s spec-
trum displayed three peaks centered at 288.7, 286.5 and 284.5 eV, 
respectively, which can be indexed to the O–C––O, C–O and C–C 
chemical bonding from UiO-66 [58–60]. The O 1 s spectrum of the BiU-9 
in Fig. 4(c) was divided into two peaks at 531.9 eV and 530.2 eV, which 
can be associated with –OH and Bi–O functional groups, respectively. 
From Fig. 4(d), the high-resolution Zr 3d spectrum for the BiU-9 can be 
fitted by two peaks centered at 185.6 and 183.0 eV, which can be 
ascribed to Zr 3d3/2 and Zr 3d5/2, respectively. Furthermore, Fig. 4(e) 
exhibited two distinct peaks at 164.8 eV and 159.4 eV in the Bi 4f high- 
resolution spectrum, which were indexed to Bi 4f5/2 and Bi 4f7/2, 
revealing that the valence of Bi in the BiU-9 was + 3 [61,62]. Mean-
while, the I 3d spectrum (Fig. 4(f)) exhibited two distinct peaks at 630.8 
eV and 619.3 eV, which corresponded to the I 3d3/2 and I 3d5/2 of BiOI, 
respectively [63]. More importantly, it can be found that the binding 
energies of Bi 4f and I 3d were shifted toward higher binding energies 
after combination of UiO-66 octahedrons. This experimental phenome-
non provided solid evidence for the strong interfacial contact between 
UiO-66 and BiOI, the tight growth of BiOI on UiO-66 octahedron might 
intensively promote the charge carriers separation efficiency in the BiU- 
x heterojunctions. 

Fig. 5. (a) Photocatalytic degradation of SDZ over UiO-66, BiOI and BiU-x heterojunctions under visible light and (b) the reaction rate constants. Condition: SDZ = 5 
mg/L, photocatalyst dosage = 0.5 g/L, pH = 5.6. 
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3.2. Evaluation of photocatalytic performance 

The photocatalytic performances of the UiO-66, BiOI and BiU-x were 
firstly assessed by SDZ degradation under visible light illumination. It 
could be seen in Fig. 5(a) that the self-degradation of SDZ can be 
neglected after 90 min of photocatalysis process. Meanwhile, it was 
obvious that the SDZ cannot been photodegraded by pristine UiO-66. 
Moreover, it was obvious that pristine BiOI exhibited relatively low 
photocatalytic efficiency, only 61.1 % of SDZ can be removed after 90 
min visible light irradiation. Nevertheless, the photodegradation effi-
ciencies of SDZ over BiU-1, BiU-3, BiU-5, BiU-7, BiU-9, BiU-11 hetero-
junctions reached to 94.3 %, 94.9 %, 95.9 %, 98.2 %, 99.9 %, 93.6 % in 
the same conditions, respectively. For the sake of comparing the quan-
titative clearly, the pseudo-first-order model of SDZ decomposition was 
investigated by Eq. (4) [64]: 

− ln(Ct/C0) = kt (4)  

where k denoted the corresponding degradation rate constant. As 
exhibited in Fig. 5(b), the photodegradation rates of SDZ over the 
photocatalysts can be arranged in the order of BiU-9 > BiU-7 > BiU-5 >
BiU-3 > BiU-1 > BiU-11 > BiOI > UiO-66. The largest reaction rate 
constant of BiU-9 heterojunction was 0.0644 min− 1, which was 1280 
and 2.3 times higher than that of pristine UiO-66 and BiOI, respectively. 
The above results demonstrated that the presence of an intimate inter-
action between UiO-66 and BiOI, thus promoting the separation of 
charge carriers, which were consistent with the above characterization 
analysis. 

3.2.1. Effect of photocatalyst dosage 
In general, the kinetic behavior of a photocatalyst on organic 

pollutants degradation is susceptible to reaction system parameters. 
Therefore, the influence of BiU-9 dosage (0.1–0.7 g/L) was explored, 
and the results were illustrated in Fig. 6. As illustrated in Fig. 6(a), the 
degradation efficiency of SDZ gradually enhanced to the peak value of 
99.9 % as the BiU-9 dosage increased from 0.1 to 0.5 g/L. However, 
when the BiU-9 dosage exceeded 0.5 g/L, the reaction rate dropped 
dramatically (Fig. 6(b)). This was because the as-prepared BiU-9 not 
only absorbed photons but also reflected and refracted it. When BiU-9 
dosage attained the optimizing level, the visible light transmittance of 
the reaction system tended to reduce prominently, which may affect the 
full use of photons and result in weakening photocatalytic efficiency 
[65]. The turbidities measured in this study for the dosage of BiU-9 
raising from 0.1 g/L to 0.7 g/L were 326, 721, 1108 and 1660 NTU, 
respectively, which further testified the above hypothesis. In addition, 
the BiU-9 might be inclined to aggregate when its dosage attained a 
given value [66]. This aggregation could diminish the exposed active 
sites for photodegradation of SDZ molecules. In addition, we systemat-
ically compared the efficacy of the reported photocatalysts for treating 
SDZ, as shown in, Table 2. Obviously, the as-prepared BiU-9 possessed 
considerable photocatalytic efficiency and low energy consumption. 
Considering that the LED lamp has long time, poor heat generation, 
excellent mechanical stability and without hazardous mercury [67], 
therefore the constructed BiU-9/LED lamp system was more feasible for 
actual applications. 

3.2.2. Effect of initial solution pH 
The photocatalytic efficiency significantly relies on the solution pH 

owing to it could influence the surface charge property of a photo-
catalyst, the pollutant state and the formation of reactive oxygen species 
(ROSs) [77,78]. Therefore, the SDZ removal efficiency was investigated 

Fig. 6. (a) Photocatalytic degradation of SDZ with different BiU-9 dosages and (b) the reaction rate constants. Condition: SDZ = 5 mg/L, pH = 5.6.  

Table 2 
Comparison of the SDZ photocatalytic degradation performances accomplished by the previous reported photocatalysts.  

Photocatalyst SDZ concentration (mg/L) Irradiation time (min) Dosage (g/L) Efficiency (%) Lighting equipment Reference 

Zn3(PO4)2/BiPO4 10 240 1 99 35 W UV–C lamp [61] 
g-C3N4/carbon dots 2.5 60 0.4 100 500 W Xe lamp [68] 
Cv-CNNs 10 90 0.2 100 300 W Xe lamp [69] 
Zn1-xMgxFe2O4 10 90 0.3 100 300 W Xe lamp [70] 
AQ2S@rGO 10 150 0.1 100 300 W Xe lamp [71] 
Au-BiOBr-Co3O4 20 120 1 100 300 W Xe lamp [72] 
Ag/S-BiVO4 5 240 1 100 500 W Xe lamp [73] 
BiVO4/NaBiO3 10 60 0.2 94 500 W Xe lamp [74] 
TiO2 10 90 1 100 300 W Xe lamp [75] 
Fe3O4/BiOI 20 120 1 85 300 W Xe lamp [76] 
BiU-9 5 90 0.5 100 5 W LED visible light This work  
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when the initial pH values ranged from 4.0 to 10.0. The SDZ concen-
tration and BiU-9 dosage maintained at 5 mg/L and 0.5 g/L, respec-
tively. As exhibited in Fig. 7(a), the effect of initial pH on the adsorption 
of SDZ over the BiU-9 was negligible, which was quite different from 
previous studies about SDZ photodegradation [79,80]. According to the 
pKa1 and pKa2 values of SDZ were 1.57 and 6.5, respectively [81]. 
Therefore, when the solution pH was between 4.0 and 10.0, the SDZ 
molecules were uncharged or negatively charged (the pH-dependent 
states of SDZ could be expressed as the Eq. (5)). As shown in 
Figure S4, the point of zero charge (pHpzc) of BiU-9 was approximately 
3.15, indicating that the surface of BiU-9 was negatively charged when 
pH values above 3.15. Hence the SDZ adsorption capacities over the BiU- 
9 at different pH values were extremely weak due to the electrostatic 
repulsion. 

Apparently, the photodegradation efficiencies of SDZ at pH values 
being 4.0–10.0 could reach up to 99.9 % after 90 min of visible light 
illumination, suggesting that decomposition of SDZ by the as-prepared 
BiU-9 worked efficiently over a relatively wide pH range. As shown in 
Fig. 7(b), the k values followed the order of pH = 5.6 (0.06019 min− 1) >
pH = 7.0 (0.05833 min− 1) > pH = 6.0 (0.05812 min− 1) > pH = 8.0 
(0.04944 min− 1) > pH = 4.0 (0.0423 min− 1) > pH = 10.0 (0.02466 
min− 1). At the pH range of 5.6–7.0, the SDZ molecule was neutrally 
charged, which might promote it to interact with the –OH groups from 
BiU-9 via surface OH–π interactions or transition-metal cation–π in-
teractions [82]. Therefore, the improved interaction between SDZ and 
the surface functional groups from BiU-9 made the photocatalytic re-
action more efficient at the pH range of 5.6–7.0. Meanwhile, it can be 
observed that the photocatalytic efficiencies were inclined to decline at 
pH = 4.0 and 10.0, which was mostly because the abundant H+ ions at 
acidic condition might lead to the more consumption of ⋅O2

− generated 
during the photocatalytic process, as shown in Eq. (6) [83]. Normally, a 
growing pH was conducive to the generation of more ⋅OH via Eq. (7) 
[84]. Nonetheless, a decrease in the photocatalytic performance was 
seen at pH = 10.0, revealing the ⋅OH played a minor role for SDZ 
decomposition. On the other side, as the pH values raised up, the 
oxidizing capacity of the photo-generated h+ will be decreased owing to 
its electro-positivity [85]. 

⋅O−
2 + 2H+ + e− → H2O2 (6)  

h+ + OH− → ⋅OH (7)  

3.2.3. Effect of co-existing matters 
As is well known, the real wastewater contains a mass of inorganic 

anions, and those inorganic anions play important roles in photo-
catalytic process [86]. Therefore, the effect of Cl− , SO4

2− , NO3
− and HCO3

−

on the photodegradation of SDZ was investigated with the aid of Box- 
Behnken experimental design methodology. In detail, Cl− , SO4

2− , NO3
−

and HCO3
− were denoted as 4 experimental variables A, B, C and D. 

According to the background concentrations of the above anions in real 
industrial pharmaceutical wastewater [33,34]. Table S2 (a total of 29 
runs) showed the effects of various variables on the SDZ removal effi-
ciency over the BiU-9 under visible light illumination. More critically, a 
quadratic polynomial model was acquired to quantitatively estimate the 
relationship between the response (Efficiency%) and independent vari-
able, as described in Eq. (8): 

Efficiency% = 69.78 − 5.05A − 3.11B − 0.4C − 8.2D+ 0.12AB
− 0.05AC + 0.41AD+ 0.23BC + 0.045CD+ 0.17A2

+ 0.14B2 − 0.77C2 − 1.29D2

(8) 

To determine the satisfactoriness of the predicted model, the ANOVA 
analysis was also conducted in this study. As shown in Table S3, sig-
nificant parameter (p-value) of the obtained model was < 0.0001, and 
the R2 and R2

adjusted values were 0.99 and 0.98, respectively, implying 
that the predicted data were consistent with the predicted data. More 
importantly, on the basis of the F-values of variables, a conclusion can be 
drawn that the effects of four variables on SDZ degradation followed the 
order of: D (1083.12) > C (409.93) > A (155.92) > B (2.61), revealing 
that the inhibition effect of these anions was in the order as follows: 
HCO3

− > NO3
− > Cl− > SO4

2− . Furthermore, interference degree of co- 
existing anions on degradation of SDZ over BiU-9 under visible light 
irradiation can be explained as the following. Fig. 8(a) showed the effect 
of HCO3

− and Cl− on the SDZ removal efficiency while the concentrations 

Fig. 7. (a) Effects of various initial pH values on SDZ removal, (b) the reaction rate constants. Condition: SDZ = 5 mg/L, BiU-9 = 0.5 g/L.  

(5)  

T. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 451 (2023) 138624

10

of SO4
2− and NO3

− were maintained at 71.35 and 3.93 mg/L, respectively. 
Apparently, the removal efficiency decreased as the concentrations of 
HCO3

− and Cl− simultaneously increased. Similar trends could also be 
found in Fig. 8(b) and (c), in which the photocatalytic degradation ef-
ficiencies also remarkably decreased when the concentrations of HCO3

− , 
NO3

− and SO4
2− increased. This result indicated that the co-existence of 

HCO3
− could display a considerable antagonistic effect in SDZ removal 

compared with the photocatalytic reaction system contained the above 
anions individually. Fig. 8(d) depicted the effect of NO3

− and SO4
2−

concentrations on the removal efficiency for HCO3
− and Cl− concentra-

tions of 8.03 mg/L and 416.22 mg/L, respectively. Because the 
increasing NO3

− concentration was less significant for SDZ removal in 
comparison to the increasing of HCO3

− concentration, thus the increasing 
concentrations of NO3

− and the other co-existing anions had less antag-
onistic effect in photocatalysis process. Similar trend can also be found 
in Fig. 8(e), in which the variables of RSM were NO3

− and Cl− . Fig. 8(f) 
displayed the effect of SO4

2− and Cl− concentrations on the removal ef-
ficiency. It was not difficult to find that the removal efficiency was also 
reduced to some extent as the concentrations of SO4

2− and Cl− increased. 
Based on the RSM analysis, the maximum photodegradation efficiency 
will be achieved by providing the minimum concentrations of inorganic 
anions. 

As a whole, the pervasive inhibitory phenomena can be attributed to 
the electrostatic repulsion effect (Fig. 8). With the increasement of the 
above anions, the electrostatic repulsion effect will be strengthened, 
thus weakening the adsorption capacity of the as-prepared BiU-9. It 
should be noted that obvious inhibition effect happened for HCO3

− , it 
was mainly due to the solution pH significantly increased with the 
addition of HCO3

− , which can remarkably impair the photocatalytic ef-
ficiency. Previous studies suggested that HCO3

− played an important role 
in scavenging ⋅OH as illustrated in Eq. (9). As mentioned in section 3.2.2, 
⋅OH hardly worked in this reaction system, thus the change of pH was 
the key factor affecting the photocatalytic efficiency. With respect to 
NO3

− , it can consume photo-generated electrons [87], leading to reduce 
yield of ROSs, such as ⋅O2

− , which might possess strong oxidation ca-
pacity for SDZ decomposition. And Cl− might act as scavengers for the 
photo-generated holes as illustrated in Eq. (10) [88]. Although the 
formed Cl⋅ radical had a considerable reactivity, it was less reactive than 

holes, thereby reducing the photocatalytic activity.  

HCO3
− +⋅OH →⋅CO3

− + H2O                                                            (9)  

Cl− + h+ → Cl⋅                                                                            (10) 

Previous studies also suggested that natural organic matter (NOM) in 
water environments influences the effectiveness in photocatalytic 
degradation of target organic pollutants through inner filter effect, ROSs 
scavenging and competitive adsorption [89–91]. Therefore, the SDZ 
photodegradation efficiencies affected by humic acid (HA) in water 
were shown in Figure S5(a). The photocatalytic efficiencies decreased 
with the increase of HA concentrations (2.5–10.0 mg/L). And the reac-
tion rate dropped to 0.0086 min− 1 when the co-existing HA concen-
tration reached to 10 mg/L (Figure S5(b)), which was also found in the 
previous studies for the oxidation of sulfanilamide antibiotics by other 
types of photocatalysts [92,93]. As mentioned in 3.2.2, the SDZ 
adsorption capacity over the BiU-9 was extremely weak due to the 
electrostatic repulsion, implying that there was no obvious competitive 
adsorption between SDZ and HA. Therefore, the inhibitory effect of HA 
was attributed to that the HA can react with the ROSs due to the non- 
selective nature of the ROSs and reduced effectiveness of the ROSs in 
the corresponding photocatalytic process. 

3.2.4. Evaluation of actual application performance 
To further asses the real application potential of the constructed 

reaction system, the photocatalytic activities of pristine UiO-66, BiOI 
and BiU-9 were investigated under real sunlight illumination. As 
depicted in Fig. 9(a), the self-degradation of SDZ under real sunlight was 
negligible. However, when the above photocatalysts were added, the 
SDZ photodegradation efficiencies greatly increased to 62.0 % and 73.6 
% for pristine UiO-66 and BiOI, respectively. Obviously, the BiU-9 
exhibited higher photocatalytic activity to SDZ, approximately 100 % 
of SDZ was removed within 60 min of sunlight irradiation. The above 
results might be ascribed to the broad-spectrum of sunlight, especially 
the involvement of UV light, which was further testified by the UV–vis 
DRS spectra of UiO-66, BiOI and BiU-x heterojunctions (Fig. 3(a)). 
Therefore, it revealed that the BiU-x heterojunctions can be deemed as 
potential sunlight-driven photocatalysts. 

Fig. 8. 3D plots of binary interaction of co-existing anions (Cl− , SO4
2− , NO3

− and HCO3
− ) versus photocatalytic efficiency of BiU-9.  
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Meanwhile, the stability and reusability of a given photocatalyst are 
essential for its actual applications. Thus, the stability test of represen-
tative BiU-9 was assessed under visible light irradiation. As illustrated in 
Fig. 9(b), it was fascinating that no remarkable decrease was found in 
SDZ removal efficiency after 5 consecutive operations, and the corre-
sponding photocatalytic efficiency also reached above 90 %. Further-
more, possible structural and surface change of BiU-9 were investigated 
before and after cyclic runs. As shown in Fig. 9(c), the fresh and used 
samples displayed similar PXRD patterns, suggesting that the BiU-9 
retained its framework structure. XPS spectra (Figure S6) confirmed 
that the BiU-9 had no obvious structural and surface change after 5 runs 
in contrast to the fresh sample. Meanwhile, it can be found that the BiU- 
9 still kept its nanoplate-on-octahedral heterostructure (Fig. 9(d)), 
indicating that the as-prepared BiU-x heterojunctions were promising in 
actual photocatalysis application for environmental remediation. 

3.3. Photocatalytic mechanism 

The recombination property of photo-generated electron-hole pairs 
is a key parameter that determines the photocatalytic performance 
[94–97]. Hence PL, photocurrent responses and EIS analysis were 
implemented. Firstly, the PL spectra of the as-prepared photocatalysts 
were carried out to explore the recombination characteristics of charge 
carriers, as shown in Fig. 10(a). Obviously, the PL intensities emitted by 
BiU-x heterojunction were weaker than those of pristine UiO-66 and 
BiOI, suggesting that more sufficient migration and transfer of electrons 
and holes were achieved in BiU-x photocatalysts to boost the 

photocatalytic SDZ elimination. Furthermore, as the BiU-9 sample dis-
played the lowest PL signal, revealing that it exhibited better charge 
carrier separation than the other BiU-x heterojunctions. Secondly, to 
deepen understanding of photo-generated carriers separation behavior, 
photocurrent response curves of UiO-66, BiOI and the BiU-9 hetero-
junction were measured during on/off light illumination for three cycles 
(Fig. 10(b)). As the light turned on, the maximal photocurrent densities 
generated by UiO-66 and BiOI were merely 0.0196 and 0.625 μA/cm2, 
respectively. Intriguingly, the as-prepared BiU-9 heterojunction dis-
played improved photocurrent density, revealing that more available 
charges could effectively contribute to the photodegradation process. 
Thirdly, EIS curves was also applied to study the interface charge 
resistance of different photocatalysts [98]. Normally, a smaller semi-
circle diameter in the EIS spectra suggests a lower charge impedance. As 
shown in Fig. 10(c), the BiU-9 possessed the smallest arc radius among 
all the photocatalysts, indicating the fastest interfacial charge transfer 
and maximum separation efficiency of electron-hole pairs were achieved 
by the BiU-9. Based on the aforementioned characterizations, it can be 
concluded that the fabrication of heterojunction between UiO-66 and 
BiOI was conducive to suppress the recombination of charge carriers, 
thereby improving the photocatalytic efficiency. 

The reactive species are of crucial importance for the heterogeneous 
catalytic process, the radical capture experiment was reasonably 
designed and used to ascertain the dominating species for SDZ removal 
and reveal the photodegradation mechanism. As shown in Fig. 10(d), 
TEA, p-BQ, L-Histidine and TBA were selected to scavenge of h+, ⋅O2

− , 
1O2 and ⋅OH reactive species, respectively [99,100]. The SDZ 

Fig. 9. (a) Photocatalytic degradation of SDZ over pristine UiO-66, BiOI and BiU-9 under real sunlight irradiation and (b) cyclic experiment for photodegradation of 
SDZ over the BiU-9 under visible light illumination; (c)-(d) PXRD and SEM image of the BiU-9 before and after the cycling experiment. 

T. Wang et al.                                                                                                                                                                                                                                   



Chemical Engineering Journal 451 (2023) 138624

12

degradation efficiency decreased dramatically after introducing TEA, 
suggesting that h+ dominated the degradation of SDZ over the BiU-9. 
Furthermore, the SDZ removal efficiency reduced to some degree with 
the addition of p-BQ and L-Histidine, suggesting that ⋅O2

− and 1O2 were 
also involved in the removal of SDZ. However, the presence of TBA had a 
negligible inhibition on the decomposition of SDZ, revealing that ⋅OH 
was not the main free radical for removal of SDZ. These results were 
consistent with the analysis about the influence of pH on photocatalytic 
process. 

In addition, the Mott-Schottky curves were tested to confirm the 
semiconductor types and identify the flat band potential (Efb) of UiO-66 
and BiOI, respectively [101]. Generally, the Efb can be obtained ac-
cording to the Eqs. (11) and (12) [102]. The ε0 and ε represented the 
vacuum dielectric constant and relative dielectric constant. Nd, e, C, Na, 
E, KB and T were the donor density, electronic charge, interface capac-
itance, acceptor density, applied potential, Boltzamann constant and 
absolute temperature, respectively. As shown in Fig. 11(a)-(c), the Efb 
values of UiO-66, BiOI and BiU-9 were determined to be − 1.04, 1.5 and 
− 0.78 eV vs. Ag/AgCl, respectively. More importantly, the positive slope 
proved that UiO-66 belonged to n-type semiconductor, whereas the 
negative slope confirmed the p-type property of BiOI. As it can be 
deemed that Efb of a semiconductor is equal to its Fermi level (EF) [25]. 
Thus based on the Nernst formula (Eq. (13) [103], the EF values of UiO- 
66, BiOI and BiU-9 were calculated as − 0.843, 1.697 and − 0.583 eV vs. 
NHE. To ascertain the band alignments of pristine UiO-66 and BiOI, the 
VB-XPS spectra were used to measure their highest occupied molecular 
position (EHOMO) and valence band position (EVB) (Fig. 11(d)). And the 

corresponding normal hydrogen electrodes were calculated by the Eq. 
(14) [104], where Φ and EVB-XPS referred to electron work function of the 
analyzer and the value of valence band maximum. Therefore, EHOMO and 
EVB of UiO-66 and BiOI were calculated as 3.06 and 1.94 eV vs. NHE. By 
means of the Eq. (15), the ELUMO and ECB of UiO-66 and BiOI were − 0.88 
and 0.18 eV vs. NHE, respectively. 

C2/1 = 2
/

eεε0Nd(E − Efb − KBT
/

e) n − type (11)  

C2/1 = 2
/

eεε0Na(E − Efb − KBT
/

e) p − type (12)  

ENHE = EAg/AgCl + 0.197 (13)  

EVB(HOMO) = Φ + EVB− XPS − 4.44 (14)  

Eg = EVB(HOMO) − ECB(LUMO) (15) 

On the above bases, the credible reaction mechanism for the pho-
todegradation of SDZ over BiU-x photocatalyst was illustrated in Fig. 12. 
Prior to possessing any contact, the band alignment between UiO-66 and 
BiOI can be classified as type I lineup, which was detrimental to efficient 
separation of photo-generated charge carriers, thus contradicting with 
obtained photoelectrochemical analysis. However, after contact, the 
BiU-x p-n heterostructure was built. By reason of the discrepancy in their 
EF values, the EF tended to shift to achieve a new equilibrium (− 0.583 eV 
vs. NHE) and their band structures will be subsequently rearranged 
[105]. As a result, an IEF at the interface between UiO-66 and BiOI could 
be formed, making BiOI negatively charged and UiO-66 positively 

Fig. 10. (a) Steady-state PL spectra of pristine UiO-66, BiOI and BiU-x heterojunctions, (b) photocurrent response densities and (c) EIS Nyquist plots of UiO-66, BiOI, 
BiU-9, (d) photocatalytic degradation of SDZ over the BiU-9 with the presence of various scavengers. 
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Fig. 11. Mott-Schottky curves of (a) UiO-66, (b) BiOI and (c) BiU-9; (d) VB-XPS spectra of UiO-66 and BiOI.  

Fig. 12. Possible photocatalysis enhancement mechanism of the BiU-x p-n heterojunctions.  
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charged at the interfacial area. When BiU-x photocatalysts absorbed 
luminous energy from light sources, the electrons and holes were 
generated from UiO-66 and BiOI (Eqs. (16)–(18)). Since the ECB and EVB 
of BiOI were more negative than that of UiO-66, the photo-generated 
electrons in BiOI were inclined to thermodynamically move to the 
LUMO of UiO-66, whereas the photo-generated holes in the HOMO of 
UiO-66 thermodynamically injected into the VB of BiOI. Being 
compared with the standard reaction potential of O2/⋅O2

− = − 0.33 eV vs. 
NHE [106], the electrons gathered on the LUMO of UiO-66 (-0.62 eV vs. 
NHE) were still negative enough to react with O2 to yield ⋅O2

− radicals 
(Eq. (19)). Nonetheless, the holes on the VB of BiOI were incapable of 
generating ⋅OH due to its EVB (− 0.34 eV vs. NHE) was less positive than 
the oxidation potential of OH− /⋅OH = 2.40 eV vs. NHE [107], which was 
consistent with pH-influence and radical trapping experiments. 
Furthermore, ESR was introduced to validate the generation of ⋅O2

− and 
⋅OH over different photocatalysts. As to pristine UiO-66, DMPO-⋅OH and 
DMPO-⋅O2

− adducts can be detected under Xe lamp illumination 
(Fig. 13), revealing that ⋅O2

− and ⋅OH were reasonably generated for 
UiO-66 upon photoexcitation process. Oppositely, negligible DMPO-⋅OH 

and DMPO-⋅O2
− signals were captured in the ESR spectra of BiOI. As to 

BiU-9, only the DMPO-⋅O2
− adduct can be detected by ESR technique, 

verifying ⋅OH could be excluded from this reaction system. Besides, 
under such circumstances, a portion of ⋅O2

− might react with photo- 
generated electrons to generate 1O2 [108], as illustrated in Eq. (20), 
which also participated the SDZ removal. At the same time, the holes 
congregated on the VB of BiOI triggered the direct oxidation of SDZ 
owing to its considerable oxidative capability. In brief, by virtue of p-n 
heterojunction, the BiU-x photocatalysts exhibited good potential in 
treating pharmaceutical antibiotics. 

BiU − x + hv→BiU − x (h+
, e− ) (16)  

e− (BiOI) + UiO-66 → UiO-66 (e− ) (17)  

BiOI + h+ (UiO-66) → BiOI (h+ ) (18)   

O2 + e− →⋅O2
− (19)  

⋅O2
− + e− → 1O2                                                                           (20) 

Fig. 13. DMPO-⋅OH and DMPO-⋅O2
− adducts detected by ESR technique. (a, d) UiO-66, (b, e) BiOI and (c, f) BiU-9.  

Fig. 14. (a) The chemical structure and (b) Fukui index and NPA charge distribution of SDZ.  
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h+/⋅O2
− /1O2 + SDZ → CO2 + H2O + Small molecules                        (21)  

3.4. SDZ degradation pathway, DFT calculation and ecotoxicity analysis 

To predict the SDZ degradation pathway more accurately and 
considering that the dominant reactive species in this reaction system 
were h+, ⋅O2

− , 1O2, DFT calculations were used to obtain the Fukui index 
based on electrophilic attack (f− ) on the basis of natural population 
analysis (NPA) charge distribution of SDZ molecule. From Fig. 14(a)-(b), 
the C10 (0.11669), N14 (0.15921), C7 (0.07676) and N3 (0.07534) sites 
exhibited a relatively high f− values. Combined with the Fukui index and 
photodegradation intermediates resolved by LC-MS, three reliable 
photocatalytic degradation pathways of SDZ were depicted in Fig. 15. 

In the first pathway, reactive h+ was inclined to attack the S–N bond 
of SDZ, resulting in a structural rearrangement to generate compound P1 
[109,110]. Subsequently, the formed P1 might be attacked by ⋅O2

−

radicals to form the intermediate P2. Then the C–N bond of P2 between 
aniline and 2-oxoprimidine was ruptured by h+, which was beneficial to 
the transformation of intermediate P3. The intermediate P4 could be 
generated from the P3 via a ring-opening process under the oxidation 
reaction of h+, ⋅O2

− and 1O2 reactive species. 
In the second pathway, the ⋅O2

− radicals also preferred to attack the 
S–N bond of SDZ molecule as N3 possessed a relatively high f− value, 
which led to generate hydroxylated compound P5. Considering that the 
f− value of N14 was up to 0.15921, thus P5 can produce the intermediate 
P6 due to electrophilic ⋅O2

− attack of amino groups. Considering that the 
C10 displayed the second highest f− value of 0.11669, revealing that 
C–S bond in P6 was highly vulnerable to electrophilic attack. Hence the 
P6 will be directly ruptured by h+ to generate P7. 

In the third pathway, under the attack of h+, SDZ molecule can be 
transformed into the intermediate P8. Subsequently, the presence of ⋅O2

−

and 1O2 reactive species were tended to attack the aromatic rings via the 
electrophilic effect, and then the compound P9 could be thereupon 
formed with the aid of hydroxylation process. Finally, after the ring- 
opening process, the intermediate P9 was further cracked to the P10. 
More importantly, as the photodegradation process continued, the 
above small organics will ultimately be decomposed into CO2 and H2O. 

The bioaccumulation factor and developmental toxicity of SDZ and 

the corresponding intermediates were assessed through Toxicity Esti-
mation Software (T.E.S.T.) [111]. It was obvious that a large proportion 
of the intermediates showed lower values of bioaccumulation factor 
(Figure S7(a)), suggesting the process of SDZ photodegradation was also 
accompanied by the detoxification effect. Moreover, it was worth noting 
that the developmental toxicity index of SDZ was 0.9, meaning that it 
can be deemed as a “developmental toxicant”. But a great number of 
photocatalytic degradation products showed relatively lower values of 
developmental toxicity (Figure S7(b)). Comprehensive results showed 
that photocatalytic process over BiU-x heterojunctions system can not 
only efficient degradation of SDZ, but also reduce its ecotoxicity. Thus, 
the constructed photocatalytic system can be considered as a “green” 
technology due to its property of toxicity attenuation, revealing huge 
actual potential in eliminating SDZ in water environments. 

4. Conclusions 

In summary, a series of BiU-x heterojunctions with nanoplate-on- 
octahedral heterostructure were firstly fabricated via a controlled pre-
cipitation method, which overcame the shortcomings of traditional 
preparation methods for fabricating MBCs, such as the requirement of 
high temperature and pressure. The in-situ deposition of p-type BiOI 
nanoplates on the surface of n-type UiO-66 octahedrons can effectively 
inhibit the electron-hole recombination and distinctly broaden the 
visible-light adsorption region, thus resulting in the remarkable photo-
catalytic activity towards the SDZ photodegradation under low-power 
visible light and real sunlight. The trapping experiments and ESR anal-
ysis corroborated the significant roles of h+ and ⋅O2

− in the SDZ removal. 
Wide pH operating range (4.0–10.0), impressive environmental resis-
tance for the co-existence of inorganic anions and mild toxic of photo-
catalytic intermediates demonstrated that the as-prepared BiU-x 
heterojunctions possessed good practical potential. Moreover, this 
research supplied a promising strategy to design and fabricate new p-n 
type MBCs for effectively eliminating pharmaceutical antibiotics. 
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Fig. 15. Proposed pathways for SDZ degradation in the BiU-9 photocatalytic process.  
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