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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• S. oneidensis bio-recover Cd as CdS for 
visible light photocatalytic degradation. 

• Self-assembled intimately coupled 
photocatalysis-biodegradation system 
(SA-ICPB). 

• Photocatalysis and biodegradation effi
ciency is enhanced in the bio-hybrid 
system. 

• SA-ICPB prefers aerobic conditions and 
works differently anaerobically.  
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A B S T R A C T   

Electrochemical bacteria Shewanella oneidensis MR-4 (MR-4) was used to biologically generate cadmium sulfide 
(bio-CdS) nanocrystals and construct a self-assembled intimately coupled photocatalysis-biodegradation system 
(SA-ICPB) to remove cadmium (Cd) and tetracycline hydrochloride (TCH) from wastewater. The characterization 
using EDS, TEM, XRD, XPS, and UV–vis confirmed the successful CdS bio-synthesis and its visible-light response 
capacity (520 nm). 98.4% of Cd2+ (2 mM) was removed during bio-CdS generation within 30 min. The elec
trochemical analysis confirmed the photoelectric response capability of the bio-CdS as well as its photocatalytic 
efficiency. Under visible light, SA-ICPB entirely eliminated TCH (30 mg/L). In 2 h, 87.2% and 43.0% of TCH were 
removed separately with and without oxygen. 55.7% more chemical oxygen demand (COD) was removed with 
oxygen participation, indicating the degradation intermediates elimination by SA-ICPB required oxygen 
participation. Biodegradation dominated the process under aerobic circumstances. Electron paramagnetic 
resonance analysis indicated that h+ and ⋅O2

- played a decisive role in photocatalytic degradation. Mass spec
trometry analysis proved that TCH was dehydrated, dealkylated, and ring-opened before mineralizing. In 
conclusion, MR-4 can spontaneously generate SA-ICPB and rapidly-deeply eliminate antibiotics by coupling 
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photocatalytic and microbial degradation. Such an approach was efficient for the deep degradation of persistent 
organic pollutants with antimicrobial properties.   

1. Introduction 

The widespread of antibiotics and heavy metals (HMs) has led to 
severe risks to the ecosystem and human health [5,24]. Antibiotics and 
HMs have been widely used in the livestock industry to treat animal 
infections, prevent disease, and promote growth [22]. The global vet
erinary antibiotics consumption reached 93,309 tons in 2017 and is 
expected to reach 105,596 tons by 2030 [40]. However, 60–90% of 
veterinary antibiotics and 80–90% of HMs additives are excreted into 
the environment along with animal feces and urine [13], causing serious 
ecological risks [14]. HMs concentration in livestock waste in Shanxi, 
China, reached 2153.9–2755.2 mg/kg [11], while tetracycline (TCH) in 
livestock sludge in Heilongjiang, China, was as high as 30.5–388.70 
ug/kg [43]. As a result, HMs and antibiotics coexist in the husbandry 
wastewater, causing severe concerns about the combined contamination 
[58]. 

Numerous physical and chemical methods have been used to treat 
polluted wastewater, such as redox, adsorption, ion exchange, and 
advanced oxidation processes (AOPs) [36,52,57]. Recently, the inti
mately coupled photocatalysis and biodegradation (ICPB) methods have 
been used to remove a variety of organic pollutants such as chlor
ophenols [44], polycyclic aromatic hydrocarbons [35], and antibiotics 
[9,50]. In an ICPB, the porous carrier surface supports the photocatalyst, 
while the inner layer is used to load microorganisms. ICPB combines the 
advantages of photocatalytic and biological degradation. ROS generated 
by photocatalysis cracks refractory pollutants with antimicrobial prop
erties that microorganisms cannot utilize [31]. The biodegradable in
termediates are transported to microorganisms rapidly to achieve deep 
degradation due to the close adjunction of microorganisms and photo
catalysts. Compared with traditional photocatalysis, ICPB is less prone 
to accumulate photocatalytic products, which can be readily eliminated 
by coupled biodegradation [61]. 

However, there are some challenges. Most ICPB systems target a 
single pollutant, while multiple pollutants coexist in actual contami
nated sites, which may decrease microbial metabolic activity and reduce 
system efficiency. Besides, constructing ICPB requires artificial synthesis 

and loading of photocatalysts, involving many organic reagents and 
sophisticated processing. The process is easy to cause secondary pollu
tion and cannot remove or recover HMs in sewage. These shortcomings 
limit the cost-effective and environmentally safe operation of ICPB. 
Naturally, using microorganisms to generate photocatalysts and self- 
assemble a microbial-photocatalysis system is in thought. Microorgan
isms can use the polysulfide compounds in wastewater to biosynthesis 
sulfides [10,37]. For example, Shewanella oneidensis can convert poly
sulfide compounds into S2- through various pathways (SirACD、 
PsrABC、MdeA、SO_1095, and SseA) to achieve HMs recovery as sul
fides (e.g., CdS) [46]. The process avoids the chemical synthesis and 
adoption of photocatalysts and recovers HMs for further use. 

Based on the above facts, this study constructed a self-assembled 
intimately coupled photocatalysis and biodegradation system (SA- 
ICPB) using Shewanella oneidensis MR-4 to remove Cd and TCH simul
taneously. Bio-generated CdS nanoparticles (Bio-CdS) and bacteria cells 
coexisted on a porous carrier to combine photocatalysis with biodeg
radation. Multi techniques were applied to characterize the morphology 
and verify the potency. Besides evaluating pollutants removal efficiency, 
electrochemical analysis, electron paramagnetic resonance, and mass 
spectra were used to speculate the potential degradation pathways and 
mechanisms. The results support the feasibility of the SA-ICPB and the 
potential for synchronous removal of HMs and antibiotics. The current 
research is expected to provide a novel approach for the depth treatment 
of contaminated wastewater, which also gives a new perspective on 
combining chemical and biological techniques in the environmental 
field. 

2. Material and methods 

2.1. Bacteria cultivation and CdS biosynthesis 

The electrochemical bacteria Shewanella oneidensis MR-4 (MR-4) was 
used to construct a self-assembled intimately coupled photocatalysis and 
biodegradation (SA-ICPB) system. The strain was obtained from Dr. 
Likai Hao of the Institute of Geochemistry, Chinese Academy of Sciences 
(Strain number: CICC 25104 and NCBI sequence number: 
NC_008321.1). For cultivation, the bacteria were added to LB medium 
and incubated at 200 rpm/min at 30 ◦C for 12 h, centrifuged at 6000 
rpm for 6 min, and the collected bacterial cells were washed with PBS 
buffer (Table S3) 3 times [1]. Then the initial optical density of 0.52 (OD 
600, 4~6 × 106 CFU/mL) was adjusted and suspended in 50 mL inor
ganic salt medium (Table S1). The bacterial suspension was added to a 
100 mL serum bottle and bubbled with high-purity nitrogen for 10 min. 
The serum bottles were sealed with aluminum caps with a butyls rubber 
stopper and incubated in a shaker (30 ◦C, 200 rpm/min) for 12 h. Then 2 
mM CdCl2 was added [48]. The cultivation continued for 24 h, and the 
yellow precipitate at the bottom was collected by centrifugation at 6000 
rpm for 6 min later. The precipitate (biogenerated CdS, bio-CdS) was 
rinsed twice with PBS and fixed with 2.5% glutaraldehyde for 6 h at 4 ◦C. 

After gradient dehydration with ethanol, CO2 critical point drying, 
and gold spraying, the morphology and elemental composition of bio- 
CdS were analyzed using a scanning electron microscope (SEM, ZEISS 
GeminiSEM 300, Germany) with energy dispersive spectroscopy (EDS) 
[49]. The extracellular distribution and lattice fringe patterns were 
analyzed by transmission electron microscopy (TEM, JEOL JEM 2100 F, 
Japan) [15]. An X-ray powder diffraction spectrometer (XRD, Thermo 
Scientific K-Alpha, USA) was also used to validate the crystal structures. 
The valence changes of Cd and S in the bio-CdS were determined by 
X-ray photoelectron spectroscopy (XPS, Thermo VG Scientific, ESCALAB 
250, USA). In addition, the UV–visible diffuse reflectance spectrum 
(UV–vis DRS, Shimadzu UV-3600I Plus, Japan) was used to determine 

Nomenclature 

TCH Tetracycline hydrochloride 
COD Chemical oxygen demand 
HMs Heavy metals 
Cys Cysteine 
AOPs Advanced oxidation processes 
ROS Reactive oxygen species 
EPS Extracellular polymeric substances 
Bio-CdS Biologically produced cadmium sulide 
LD Light degradation 
PA Physical adsorption 
PT Photocatalysis treatment 
BD Biodegradation 
BA Biological Adsorption 
BT Biological treatment 
PD Photocatalytic degradation 
SA-ICPB Self-assembled intimately coupled photocatalysis and 

biodegradation 
EET Extracellular electron transport  
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the optical absorption properties. A steady/Transient State Fluorescence 
Spectrometer (PL, Edinburgh FLS-980, UK) was used to determine the 
separation and recombination ability of photogenerated electrons and 
holes of bio-CdS [42]. 

2.2. System Construction 

Sterile polyurethane sponge cubes from Aiqin Environmental Pro
tection Co. LLC., Wuxi, China (dimensions 1 cm × 1 cm×1 cm, 90% 
porosity) were used as a carrier to construct SA-ICPB. The cubes were 
immersed in an LB medium of MR-4 to load the bacterial cell. The me
dium was replaced every 3 days for 7 days. Then the cubes were 
removed and washed with sterile water twice to remove the residual 
medium. The loaded sponge cube was transferred into a 100 mL serum 
bottle containing 50 mL inorganic salt medium with 5 mM cysteine. The 
bottles were bubbled with high-purity nitrogen for 10 min to eliminate 
oxygen. Then, the serum bottles were sealed with aluminum caps with 
butyl rubber stoppers and placed in a shaker (30 ◦C, 200 rpm/min) for 
12 h before adding 2 mM CdCl2. 

During SA-ICPB assembly, Cd2+ was removed due to bio- 
precipitation. The following groups were set to investigate the 
removal process: SA-ICPB, as described above; Physical Adsorption 
(PA), using the unloading sponge to remove Cd2+; Biological Adsorption 
(BA), using the bacteria cell to remove the Cd2+. The atomic absorption 
spectrometer (PinAAcle900T, USA) measured the Cd2+ concentration at 
0, 30, 60, 120, 240, and 480 min 

2.3. Effect evaluation of the system 

2.3.1. TCH and COD elimination 
After construction, 5 g/L TCH (C22H24N2O8 HCl, 98%, Sigma-Aldrich 

Co.LLC., USA) was added to reach 30 mg/L TCH in the medium. Then 
the pollutants removal test was conducted (120 rpm, 28 ◦C). Besides SA- 
ICPB, the following groups were set to investigate the pollutants removal 
mechanism. Light Degradation (LD): only use visible light to test TCH 
removal by photolysis; Physical adsorption (PA): only use the sponge 
carrier to test TCH removal by adsorption (dark); Biodegradation (BD): 
only use the bacteria cell to test TCH removal by biological effect (dark); 
Photocatalytic degradation (PD): only use bio-CdS to test TCH removal 
by photocatalytic effect under visible light, the bacteria were inacti
vated. Besides, the influence of oxygen was considered to explore the 
effect of microbial and photocatalysis degradation (bio-CdS). The LED 
lamp board provides visible light, and the optical density is adjusted to 
5.38 × 10− 5 einstein/(L⋅s). TCH concentrations (2, 4, 6, 8, 12 h) were 
determined using an Agilent 1290 HPLC with a 4.6 × 50 mm, 5 µm 
wondasil C18 column. The column temperature was 30 ◦C, and the 
wavelength of the ultraviolet (UV) detector was set to 355 nm. The 
mobile phase consisted of 0.01 M oxalic acid (76%, v/v), acetonitrile 
(16%), and methanol (8%) at a flow rate of 1.0 mL/min. Chemical ox
ygen demand (COD) was determined using commercial reagents ac
cording to the protocal (Hach Company, Loveland, CO) [6]. 

2.3.2. Degradation process and mechanism 
The degradation intermediates of TCH were analyzed by Agilent 

LC1290-QQQ-6470 liquid chromatography-mass spectrometry (LC-MS). 
The mobile phase consisted of 20% (v/v) acetonitrile and 80% 0.1% 
formic acid in water at a flow rate of 0.35 mL/min. The injection volume 
was 10 μL, and the column temperature was 30 ◦C. MS was performed in 
positive ion mode using ESI under the following conditions: capillary 
voltage 3500 V, cone voltage 29 V, source temperature 150 ◦C, solvent 
removal temperature 350 ◦C, conical gas flow rate 50 L/h, and gas flow 
rate 600 L/h. The scanning mass range is 50–1000 m/z. To study the 
photocatalytic degradation, the hydroxyl radical scavenger (tert- 
butanol, TBA), the superoxide radical scavengers (p-benzoquinone, p- 
BQ) and the hole sacrificial agent (ammonium oxalate, AO) were 
introduced [47]. An electron paramagnetic resonance spectrometer 

(EPR/ESR, Bruker A300, Germany) was also used to measure the free 
radicals in the reaction process, where DMPO and TEMPO were used as 
free radical trapping agents [7]. 

2.4. Electrochemical analysis of the system 

Electrochemical tests were conducted to study electron transport at 
the microbial-photocatalyst interface. An electrochemical workstation 
(Ch660e, Shanghai Chenhua Instrument Co., Ltd., Shanghai, China) 
with a three-electrode system was employed. Working electrode, 1 × 1 
cm2 stainless steel mesh; Counter electrode: a platinum sheet; Reference 
electrode: Ag/AgCl saturated electrode; Electrolyte: 0.1 M PBS. The 
dissolved oxygen was removed by bubbling with high-purity nitrogen 
for 15 min before use. The surface of the electrolytic cell is wrapped with 
tin foil to simulate the dark environment. However, a window is left on 
the side of the working electrode to test the photovoltaic effect. 

The following groups were set: SA-ICPB (working electrode loaded 
with biofilm and bio-CdS), BT (biological treatment, working electrode 
loaded with biofilm), PT (photocatalysis treatment, working electrode 
loaded with bio-CdS), and Blank as control. Cyclic voltammetry (CV) 
was conducted to detect the electron transfer at the interface of elec
trodes. The instantaneous photocurrent response (TPC) was also 
measured by the timed current method to evaluate the photogenerated 
electron-hole separation in the photoelectrode. Linear scanning vol
tammetry (LSV) was used to measure the linear change of current with 
voltage in different systems within a specific range of electric potential 
windows, which was used to evaluate the electron transfer ability [9]. 

2.5. Statistical analysis 

All the tests were performed in triplicates (n = 3). The experimental 
data were evaluated with a one-way analysis of variance (ANOVA) to 
calculate the mean and standard deviation values using the SPSS pack
age (version 21.0). Moreover, the mean values were compared based on 
Fisher’s least significant difference (LSD) procedure at a significance 
level of P < 0.05. All the figures were plotted with Origin 2021 software. 

3. Results and discussion 

3.1. Characterization of bio-CdS 

Before the bio-generation, the media was transparent, with the white 
sponge cube floating inside. However, the metabolism of MR-4 gener
ated a large amount of yellow substance on the carrier and in the media 
(Fig. 1a). After bio-generation, a single cube was loaded with about 2.2 
mg product (Fig. S2a). The SEM result indicated that the biosynthesized 
nanoparticles were uniformly distributed on the bacteria and the carrier 
surface, with size mainly between 40 and 50 nm (Fig. 1b). Although 
small aggregates sparsely presented outside the cell, no large spherical 
aggregates were formed. Fig. 1c shows the presence of microbial 
nanowires, which may contribute to the microbial extracellular electron 
transport (EET) process. TEM (Fig. 1d-e) showed that the nanoparticles 
were tightly attached to the cells, and their actual size may be smaller. 
However, due to the inevitable adsorption of extracellular polymeric 
substances (EPS) [2], bio-CdS were stacked to form small CdS aggre
gates, which was consistent with the SEM results. HRTEM image 
(Fig. 1f) showed the crystal plane spacing of bio-CdS (0.34, 0.29, and 
0.175 nm) is in good agreement with (111), (220), and (311) of haw
leyite. The EDS surface scanning map (Fig. 1g-i) showed that the 
nanoparticle’s atomic ratio of Cd and S was about 1:1. 

The XRD analysis (Fig. 2a) matched the three most substantial peaks 
at 26.51◦, 43.96◦, and 52.13◦. The corresponding lattice surfaces were 
(111), (220), and (311), which corresponded to the crystal planes of 
hawleyite (JCPDS, 10–0454). The results were consistent with the 
HRTEM image (Fig. 1c). XPS spectra (Fig. 2b-d) showed that Cd 3d5/2 
(404.80 eV) and Cd 3d3/2 (411.60 eV) have similar binding energies 
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Fig. 1. (a) Before and after the construction of self-assembled ICPB (SA-ICPB) system. (b) SEM images of polyurethane sponge carrier incubated for 12 h (inset: 
histograms of the particle size distribution of bio-CdS); (c) Microbial nanowires on the surface of bacteria. (d) STEM image of microorganism and bio-CdS nano
particles. (e) Dimensions of bio-CdS in STEM images. (f) HRTEM image of bio-CdS; (g-i) EDS surface scanning results of microbial coated CdS nanoparticles. 

Fig. 2. (a) XRD spectrum of the bio-CdS. (b-d) XPS spectrum of the bio-CdS. (e) UV–vis diffuse reflection spectrum of bio-CdS. (f) PL excitation spectrum of bio-CdS.  
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compared to the standard Cd 3d5/2 (405.10 eV) and Cd 3d3/2 
(411.70 eV), indicating a clear Cd2+ signal. The S 2 P orbital also 
showed an obvious S2- signal. The above result confirmed the successful 
biosynthesis of CdS. By UV–vis DRS (Fig. 2e), the product showed a 
strong absorption at 520 nm with a direct bandgap energy of 2.28 eV 
(Fig. S2c). Compared with chemically synthesized CdS, the bio-CdS has a 
smaller band gap, positively affecting the photocatalytic reaction [23]. 
CdS have an EVB and ECB of 1.67 eV and − 0.58 eV, respectively [41]. 
With an EVB lower than 1.99 eV, CdS cannot oxidize the H2O and gen
erate⋅OH. However, with an ECB lower than − 0.33 eV, CdS can reduce 
O2 and generate⋅O2

- , contributing to the degradation of pollutants [27]. 
By PL analysis (Fig. 2f), the bio-CdS showed a decreased fluorescence 

intensity compared with chemically generated CdS (Fig. S2d). Fluores
cence intensity indicated the recombination efficiency of electrons and 
holes separated under light irradiation [16]. The relatively lower fluo
rescence emission indicated the slowed photogenerated electron-holes 
recombination and higher light energy utility efficiency and photo
catalytic activity of the bio-CdS, probably due to the structural differ
ence [23]. 

3.2. Evaluation of pollutant removal 

During SA-ICPB construction, Cd2+ was removed due to adsorption 
by the carrier, adsorption/accumulation by the bacteria, and copreci
pitation as CdS. With an initial Cd2+ at 2 mM, Cd2+ removal in the SA- 
ICPB group reached 98.52% in 30 min (Fig. 3a), which was far higher 

than biological adsorption (BA, 10.17%) and physical adsorption (PA, 
23.67%). The results indicated coprecipitation as CdS was the main 
route for Cd2+ removal [17] and constructing SA-ICPB efficiently 
recovered HMs resources from wastewater [38]. 

Fig. 3b-d presented the dynamic removal of TCH and COD. Physical 
adsorption (PA) removed 39.6% and 28.3% of TCH under aerobic and 
anaerobic conditions in 12 h, respectively. The result indicated that the 
carrier adsorption and natural oxidation slightly contributed to TCH 
removal [4]. Biological degradation (BD) removed 84.3% and 12.6% of 
TCH under aerobic and anaerobic conditions. With oxygen as the elec
tron acceptor, MR-4 can degrade TCH more efficiently. Without oxygen 
and other electron acceptors (e.g., ferric iron), the growth and meta
bolism of MR-4 become slower, and bacteria biosorption could be the 
main contributor to TCH removal [3]. However, the metabolism of MR-4 
was vigorous under aerobic conditions, and TCH removal was caused by 
biosorption and biodegradation, with biodegradation playing a major 
role. As described in Fig. 3d, BD showed a similar COD removal effi
ciency with or without oxygen supply (P＞0.05), although more TCH 
was removed aerobically. Previous reports have documented that the 
biodegradation of antibiotics such as TCH could be hard and incomplete 
[8]. Therefore, high-level COD resided, which was an obstacle to the 
biological treatment of such complex organics. 

The light degradation (LD) and the photocatalysis degradation (PD) 
also removed a certain amount of TCH. The photodegradation property 
of TCH could be responsible for the removal, leaving high-level in
termediates and COD retention [34]. However, PD removed 71.22% and 

Fig. 3. (a) Heavy metal removal during SA-ICPB construction. (b) Antibiotic removal under aerobic conditions. (c) Antibiotic removal under anaerobic conditions. 
(d) COD removal under aerobic and anaerobic conditions. Note: In Fig. 3a, SA-ICPB, self-assembled intimately coupled photocatalysis and biodegradation system; 
Physical Adsorption (PA), using the unloading sponge to remove Cd2+; Biological Adsorption (BA), using the bacteria cell to remove the Cd2+. In Fig. 3b-d, SA-ICPB 
was used as the experimental group; Light Degradation (LD), under visible light without carrier or bacteria to investigate the effect of photolysis; Physical Adsorption 
(PA), to test the adsorption effect of the carrier under darkness; Biological Degradation (BD), considered TCH removal by bacteria, without carrier or light; Pho
tocatalytic Degradation (PD), to test the effect of photocatalysis under visible light and the bacteria were inactivated. 
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99.66% more COD than LD, with and without oxygen, respectively. The 
result indicated that photocatalysis contributed significantly to TCH 
degradation, while single light degradation merely cracked or trans
formed the molecule [12]. SA-ICPB showed the highest pollutants 
removal, which removed 8.50–59.40% more TCH and 11.33–23.98% 
more COD than others aerobically, 9.40–82.30% more TCH and 
5.97–14.83% more COD than others anaerobically. SA-ICPB functioned 
much better with oxygen and eliminated TCH entirely in 12 h. Notably, 
SA-ICPB removed 87.20% of TCH in 2 h aerobically but only 43.0% of 
TCH anaerobically. The result indicated that SA-ICPB could rapidly and 
profoundly degrade antibiotics, but the metabolism and respiration of 
the biofilm (MR-4) required oxygen as the electron acceptor. 

Antibiotics could inhibit single biodegradation and reduce effi
ciency. While photocatalytic degradation is incomplete and prone to 
generating possibly toxic intermediates [20]. The synergistic photo
catalysis and biodegradation in SA-ICPB overcome the shortcomings 
[25]. Photocatalysis readily broke down the ring-shaped molecule, 
leaving intermediates with simple structures and higher biodegrad
ability for microbial metabolism. Biodegradation rapidly eliminated 
these photocatalytic products and avoided their competition for free 
radicals. Thus, the free radicals from photocatalysis react more readily 
with TCH, speeding up the reaction [45]. 

To investigate sustainability, 5 cycles of repetitive experiments were 
conducted (Fig. S3). After cycling, the TCH removal rate by SA-ICPB 
decreased slightly but was still above 90%. However, the removal of 
COD increased. The falling of bio-CdS from the carrier and the shielding 
of bacteria biofilm could have decreased photocatalysis efficiency and 
TCH removal. Nevertheless, the bacterial biofilm continuously grows 
and becomes more stable, which can degrade TCH and intermediate 
more efficiently, resulting in better COD elimination. In conclusion, the 
result indicated that SA-ICPB could perform efficiently under cycling 
conditions. 

3.3. Photocatalytic mechanism of the bio-CdS 

Employing ROS quenching experiment and the ESR analysis, the 
effect of photoinduced active substances was investigated (Fig. 4). The 
photocatalytic degradation of TCH by bio-CdS was significantly inhibi
ted by the h+ scavenger AO and O2

- scavenger p-BQ by 26.23% and 
16.35%, separately. However, the inhibition of ⋅OH scavenger TBA was 
limited (10.80%). The phenomenon indicated that⋅O2

- and h+ played a 
major role in TCH degradation, while the contribution of ⋅OH was 
minor, consistent with previous reports [51,59]. Fig. 4b revealed the 
second-order kinetics equation of photocatalytic degradation of TCH by 
SA-ICPB with or without scavenger (expressed as a linear fit of 1/Ct~t, 
where Ct is TCH concentration at a given time). The k value in SA-ICPB 
was higher than that with a scavenger. AO and p-BQ significantly 
reduced the k value, while the influence of TBA was minimal. The ESR 
analysis (Fig. 4c) also showed a far stronger signal of ⋅O2

− and h+

than⋅OH and H2O2. The above result indicated that h+ and ⋅O2
− played a 

crucial role in the photocatalysis process, while the effect of H2O2 and 
⋅OH were negligible [53,56]. Under visible light irradiation, the pho
togenerated electrons of bio-CdS are easily transferred to the conduction 
band (CB), while the h+ accumulates on the valence band (VB), leading 
to effective charge separation. Thus, the electrons accumulated on CB 
can reduce O2 to ⋅O2

− , which oxidizes the organic molecules with the h+

on VB [60]. 

3.4. Electrochemical analysis 

Fig. 5 presented the CV and LSV curves of SA-ICPB with or without 
light radiation. The balk electrode showed no prominent redox peak 
(Fig. 5a). However, a reduction peak of − 310 mV (EPc) and an oxidation 
peak of − 115 mV (EPa) were observed when the bacteria were loaded 
(Fig. 5a), which may be caused by the EET via cytochrome C in the cell 
membrane [32]. The CV curves of the blank and BT showed no differ
ence under light or darkness (not shown in the figure). Notably, no 
prominent redox peak was found in PT with or without illumination 
(Fig. 5b), indicating bio-CdS won’t influence the electrochemical 
response of other constituents in SA-ICPB (e.g., bacteria cell). 

Fig. 5c shows the electrochemical response of SA-ICPB. Under 
darkness, prominent redox peaks were observed at − 155 mV (oxidation 
peak) and − 310 mV (reduction peak). Compared with BT, the peak 
current of SA-ICPB under dark decreased, probably due to the coating 
and resistance of bio-CdS. Under the light, the current intensity of SA- 
ICPB increased, and the oxidation and reduction peak positions shif
ted. The phenomenon could be caused by the separation of electron-hole 
pairs generated by bio-CdS under light excitation. The bacteria- 
produced electrons may combine with holes, thus accelerating the EET 
process [54]. Therefore, the enhanced pollutants removal efficiency of 
SA-ICPB. 

Fig. 5d shows the instantaneous photocurrent test of each treatment 
under no bias voltage. When bio-CdS (PT) was illuminated, the photo
generated electron-hole pair was separated, generating an instantaneous 
photocurrent. The current returned to zero immediately after the light 
source was turned off, indicating that the current was generated entirely 
by photoexcitation. Nevertheless, the current peak dropped quickly 
during the light period, indicating fast recombination of photogenerated 
electron-hole pairs, which could adversely affect photocatalytic effi
ciency [18]. However, no such phenomenon was observed when bio-CdS 
was loaded with microorganisms (SA-ICPB), indicating a positive effect 
of microorganisms in slowing the photogen-hole recombination. The 
lower photocurrent of SA-ICPB than PT was due to biofilm obstructing 
the light to photocatalysts [9]. 

To further confirm the electronic interaction between CdS and mi
croorganisms in SA-ICPB, an LSV test was performed (Fig. 5e). In the 
dark, SA-ICPB showed higher current strength than PT and BT, which 
was consistent with the CV curve. Under the light condition, the 

Fig. 4. (a) Free radical trapping experiment of SA-ICPB. (b) Fitting curves of the corresponding 1/Ct second-order reaction kinetics with time. (c) ESR spectra of bio- 
CdS materials. 
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photocurrent gradually increased with electrode potential. At 0.9 V, the 
SA-ICPB and PT produced 430.5 μA/cm2 and 203.1 μA/cm2 photocur
rents, respectively. The result indicated that SA-ICPB could pump more 
electrons, implying the electronic interaction between CdS and micro
organisms in the SA-ICPB system [55]. The conductive nanowires of 
MR-4 (Fig. 1c) also contributed. In summary, the photocatalytic oxida
tion, microbial metabolism, and electron interaction at the interface 
played a synergistic role in TCH degradation in SA-ICPB. 

3.5. Degradation process and mechanism 

In the SA-ICPB system, TCH was destroyed due to the attack of 
photocatalysis-produced ROS on the high electron density part of the 
TCH molecule, such as the double bond, phenolic hydroxyl, amine, and 
dimethylamino group [19]. Bacteria then utilized the product. By LC-MS 
analysis, three degradation pathways of TCH were deduced (Fig. 6). 

Pathways 1 and 2 shared the same initial intermediate P2 (m/ 
z = 437.2). Radical species attacked the lower energy N-C bond on C4 
and the double bond on C6a-C7 of TCH (P1, m/z = 445) to generate P2. 
In pathway 1, the oxidation of P2 (m/z = 437.2) to a keto group can 
form P4 (m/z = 432.2), which was oxidized to P6 (m/z = 401.3). After 
that, some unique intermediates were identified before finally degrading 
to CO2, H2O, and inorganic ions. For example, P12 (m/z = 242.1) and 
P13 (m/z = 235.1) were only found under aerobic conditions, while P21 
(m/z = 131.2), P22 (m/z = 122.1), and P23 (m/z = 163.1) were 
observed only under anaerobic conditions. In pathway 2, P2 was 
transformed to P4, P7 (m/z = 393.2), P8 (m/z = 379.3) and P9 (m/ 
z = 423.3) through deamidation, deamination and hydroxylation. Sub
sequently, P16 (m/z = 326.7), P17 (m/z = 340.2), P18 (m/z = 283.1), 
P19 (m/z = 318.1), P20 (m/z = 357.3) were generated. These in
termediates underwent hydroxylation, dealkylation, dehydration, ring 
opening and other reactions to produce P21, P22, P23, P24 (m/ 
z = 100.2), and P25 (m/z = 105.1). During this process, P18, P21, P22, 
and P23 appeared only under anaerobic conditions. 

In pathway 3, the C11A-C12 double bond of TCH was first attacked 
to form P3 (m/z = 460.2). The C2-C3 double bond was then attacked, 

generating P5 (m/z = 476.2). Afterward, the C6a-C7 double bond was 
oxidized, resulting in a ring-opening reaction to form P10 (m/ 
z = 525.2). Subsequently, the methyl group at the C6 position and the 
amine methyl group at the C4 position were attacked, resulting in P14 
(m/z = 481.2) and P15 (m/z = 388.2). P14 and P15 were further lysed 
or transformed to generate a series of low-molecule compounds (P21- 
P25) before being mineralized [30]. 

In summary, single photolysis and photocatalysis may mainly 
convert TCH into high molecule products (4-ring products, P2-P9) 
through hydroxylation, bond breaking, NH3 and H2O loss, and deme
thylation. Such a process cannot completely degrade such polycyclic 
chemicals, leaving intermediates for further treatment [21,33]. In this 
study, these 4-ring compounds were further destroyed by the synergistic 
effect of biological and photocatalytic degradation, generating P10-P25 
before finally mineralizing. Notably, the intermediates species under 
aerobic conditions were fewer than anaerobic conditions. A possible 
explanation was that with oxygen as the acceptor of the biogenic elec
trons, aerobic respiration might lead to a different metabolism pathway 
than anaerobic degradation, where TCH and its degrading intermediates 
accept the electrons. Besides, oxygen in water may lead to increased ROS 
(e.g., ⋅O2

- ), accelerating organic degradation and producing different 
intermediates [39]. Furthermore, MR-4 grows and metabolizes faster 
aerobically [29]. Therefore, certain intermediates appearing in anaer
obic conditions may not be produced or cannot be easily identified. 

The current study realized the in-situ deposition of Cd2+ and S2- 

through the metabolism of a representative electrochemical bacteria, 
S. oneidensis MR-4. Compared with other ICPB systems (Table S6), the 
SA-ICPB spontaneously loaded visible-light photocatalyst (bio-CdS) and 
biofilm onto the carriers (Fig. S7). In the SA-ICPB, AOP was combined 
with biodegradation without injuring bacterial metabolism but relived 
the biotoxicity of the pollutants towards microorganisms [26]. The 
organic binding of MR-4 with CdS is beneficial to the extracellular 
electron transfer process of bacteria (Fig. S6), which could have 
improved the microbial metabolism and the light energy utilization ef
ficiency by the bio-CdS [28]. Due to the varied metabolism pathway of 
MR-4 and the changed internal effect of the bio-hybrid system, SA-ICPB 

Fig. 5. (a) CV curves of working electrode loaded with bio-CdS (PT) under light/dark. (b) CV curves of the blank working electrode (Blank) and electrode loaded 
with S. oneidensis MR-4 (BT). (c) CV curves of working electrode loaded with CdS and MR-4 (SA-ICPB) under light/dark. (d) Instantaneous photocurrent testing of SA- 
ICPB and PT. (e) LSV curves under light/dark. 
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showed a better performance for organic elimination with oxygen sup
ply. The interaction of biogenerated nanomaterial with microbial cells 
under various circumstances should be explored for further develop
ment and application of such a bio-hybrid system. 

4. Conclusion 

Using microbial metabolism, SA-ICPB was spontaneously con
structed for HMs recovery as sulfide photocatalysts and the deep 
degradation of antibiotics. SA-ICPB successfully combined biodegrada
tion with photocatalytic degradation, providing a novel approach to 
eliminate such persistent antimicrobial organic pollutants. SA-ICPB can 
effectively remove TCH and COD under aerobic and anaerobic condi
tions through varied pathways, while better performance relies on ox
ygen participation. Photocatalysis effectively improved pollutants’ 
biodegradability, overcoming the difficulty of biodegradation on anti
microbial substances. Biodegradation contributed to the intermediates’ 
elimination, which was a drawback of photocatalysis. The synergistic 

effect of photocatalysis-biological degradation further improved effi
ciency. This study deepens the understanding of bacteria-photocatalyst 
interactions and the working mechanism of the biological- 
photocatalytic approach, which also expands the practical application 
of electrochemical bacteria in environmental remediation. 
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Environmental Implication 

In this study, a self-assembled ICPB (SA-ICPB) was constructed using 
the electrochemical bacterium S. oneidensis MR-4 to remove cadmium 
(Cd) and tetracycline hydrochloride (TCH). Biogenerated CdS nano
particles (Bio-CdS) coexist with bacterial cells on porous carriers to 
achieve the combination of photocatalysis and biodegradation. SA-ICPB 
can effectively remove TCH and COD through multiple pathways in both 
aerobic and anaerobic conditions. These results support the feasibility of 
SA-ICPB and the potential for simultaneous and efficient removal of HMs 
and antibiotics. The present study is expected to provide a new method 
for the advanced treatment of contaminated wastewater, whose devel
opment is significant. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2023.131018. 
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