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Abstract 15 

Intimately coupled photocatalysis and biodegradation (ICPB) is an emerging 16 

technology that has potential applications in the degradation of bio-recalcitrant 17 

pollutants. However, the interaction principles between photocatalysts and biofilms in 18 

ICPB have not been well developed. This article covers a cooperative degradation 19 

scheme coupling photocatalysis and biodegradation for efficient degradation and 20 

mineralization of ciprofloxacin (CIP) using ICPB with B-doped Bi3O4Cl as the 21 

photocatalyst. In consequence, a removal rate of ~95% is reached after 40 d. The 22 

biofilms inside the ICPB carriers can mineralize the photocatalytic products, thus 23 

improving the removal rate of total organic carbon (TOC) by more than 20%. Interior 24 

biofilms are not destroyed by CIP or photocatalysis, and they adapt to ICPB of CIP by 25 

enriching in Pseudoxanthomonas, Ferruginibacter, Clostridium, Stenotrophomonas 26 

and Comamonas and reconstructing their microbial communities using energy 27 

produced by the light-excited photoelectrons. Furthermore, this research gives new 28 

opinion into the degradation principles of the ICPB system.  29 
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1. Introduction 32 

As a kind of generally used drugs and refractory organic pollutants (ROPs) existing 33 

in various aquatic environments, the environmental fate and toxicological 34 

characteristics of antibiotics have attracted much attention (Mirzaei et al., 2017; 35 

Leong et al., 2016). Ciprofloxacin (CIP) is one of the most frequently used antibiotics 36 



for the treatment of human bacterial infections, and is also an animal-feed additive for 37 

accelerating animal growth (Kolpin et al., 2002; Yu et al., 2016). However, CIP 38 

molecules are widely gathered in the aquatic environment after animal use, producing 39 

grievous injury to human and animal health by triggering bacterial resistance (Qiao et 40 

al., 2018). Moreover, CIP as a fluoroquinolone drug containing F atom is permanent 41 

and difficult to be degraded by conventional water treatment technologies, which has 42 

become a difficult problem. 43 

Photocatalytic oxidation is a promising mean to partly convert the complicated 44 

construction of molecules like CIP into biodegradable products (Zhang et al., 2016), 45 

but complete mineralization is economically prohibitive and practically difficult, and 46 

the rapid chemical reactions without distinction in the process of photocatalytic 47 

oxidation generally cause the accumulation of deleterious by-products and excessive  48 

residue of oxidation products (Park et al., 2017; Fu et al., 2021; Wang et al., 2015). 49 

Although antibiotics are expected to be biodegraded, a severe bottleneck is the slow 50 

or non-existent biodegradation of many antibiotics (Kong et al., 2019; Zhang et al., 51 

2018). At present, the indirect coupling of photocatalytic oxidation pretreatment 52 

process and biodegradation process is widely used for antibiotic wastewater treatment. 53 

In the indirect coupling technology, photocatalytic oxidation technology, as a 54 

pretreatment technology, initially destroys the structure of organic pollutants that are 55 

difficult to biodegrade, reducing the toxicity to microorganisms in subsequent 56 

biological treatment tank. When the wastewater enters the biological treatment tank, 57 

further degradation and mineralization of the organic compounds take place. This can 58 



save operating costs on the premise of improving the mineralization of pollutants. 59 

However, there are still some problems, and its feasibility in reality is not ideal. First, 60 

the indirect coupling technology does not continuously detoxify and requires two 61 

reactors, photocatalytic oxidation and biodegradation, which increases its footprint 62 

and construction cost. Secondly, the oxidation by photocatalysis is non selective and 63 

occurs rapidly, so it is very difficult to control the product in the readily biodegradable 64 

stage, which greatly increases the regulation difficulty of the indirect coupling reactor 65 

(Marsolek et al., 2008).  66 

Intimately coupled photocatalysis and biodegradation (ICPB) process emerged in 67 

recent years reveals enormous potential to enhance the removal and mineralization of 68 

recalcitrant pollutants, and can well solve the disadvantages of indirect coupling 69 

technology (Marsolek et al., 2008; Zhou et al., 2015). In a typical ICPB system, 70 

photocatalysts are loaded on the outside surface of macro-porous carriers and biofilms 71 

are accumulated within the inner macropores. With UV or visible light irradiation, 72 

photocatalysis first attacks the refractory contaminants to produce biodegradable 73 

intermediate products, which are rapidly depleted and mineralized by the interior 74 

microorganism (Marsolek et al., 2015; Li et al., 2012a). Because of the protection of 75 

the carrier, the biofilms can well protect them from poisons and oxidants. In addition, 76 

it has been proved that microorganisms can stimulate growth, maintain cell 77 

metabolism, regulate community structure, and conduce to environmental restoration 78 

by using light excited electrons through semiconductor photocatalysis. With the 79 

repetition of the complex degradation process, the pollutants are effectively removed. 80 



So far, ICPB has been applied to denitrification, dechlorination, and degradation of 81 

dyes and antibiotics, exhibiting its applications potential in actual wastewater 82 

treatment (Wen et al., 2012; Zhou et al., 2017; Li et al., 2012b; Xiong et al., 2017). 83 

ICPB can overcome the incomplete mineralization by single photocatalysis and the 84 

limited efficiency on recalcitrant pollutants by single biodegradation. However, the 85 

mutual effect of photocatalysis and biodegradation on each other in ICPB have not 86 

been thoroughly explored.  87 

Therefore, we coated porous carriers with B/Bi3O4Cl and then cultivated formerly 88 

acclimated activated sludge to form biofilms in the carriers. An ICPB system was 89 

established by irradiating the carriers with visible light. The removal efficiency, the 90 

stability of the novel ICPB system, the resulting biotoxicity, and biotransformation in 91 

this process were assessed. In the meantime, the degradation pathway of ICPB was 92 

deeply studied. The outcomes confirmed that photocatalytic degradation and 93 

microbial metabolic degradation occurred synergistically was an effective mean to 94 

improve the removal efficiency of the ICPB process.  95 

2. Materials and methods 96 

2.1. Chemicals and reagents 97 

Ciprofloxacin standards were sourced from Merck KGaA. Methanol, and formic 98 

acid employed were of high-performance liquid chromatography (HPLC) grade and 99 

were bought from Sigma-Aldrich Co. LLC. (USA). The other chemicals and reagents 100 

were of analytical grade and obtained from Kemat Chemical Technology Co. LTD. 101 

(Tianjin, China). 102 



2.2. Carrier and B-Bi3O4Cl (B-BOC) coating procedure 103 

The carrier employed in this study was a commercial polyurethane sponge cube 104 

with an average side length of 10.0 mm (Fig. S1, Supplementary Material). The 105 

specific surface area of the carrier is 1.9 m2/g, containing macropores of 300⁓800 μm, 106 

and the porosity is about 98%. 107 

In this research, cheap and efficient ultrathin B-BOC nanosheets were used as 108 

photocatalysts. We synthesized B-BOC using a solvothermal way (Dong et al., 2021). 109 

The detailed fabrication methods and characterization of B-BOC are illustrated in the 110 

Text S1, Fig. S2 and S3. We took the following measure for coating: first, 2.0 g 111 

B-BOC were dissolved in 20 mL C2H5OH to obtain a homogeneous suspension, and 2 112 

mL HNO3 was diffused into the solution. Then, the above-mentioned solution was 113 

heated to 80 ℃ under ultrasonic vibration for 30 min. Then, the carrier cubes with a 114 

volume ratio of 1:1 (V/V) were added to the above dispersed B-BOC solution, and 115 

ultrasound was continued for 30 min. Finally, the loaded carriers were dried at 60 ℃, 116 

the resulting coated carrier is called sponge@B-BOC, and the weight ratio of B-BOC 117 

loaded on carriers to pure carriers is about 2:1. 118 

2.3. Biofilm cultivation 119 

The activated sludge was collected from aerobic sludge of sewage treatment plant, 120 

and cultivated in an internal circulation airlift-driven fluidized bed reactor. The 121 

synthetic nutrients contained 432 mg/L C6H12O6, 137 mg/L peptone, 10 mg/L 122 

(NH4)2SO4, 50 mg/L KH2PO4, 50 mg/L Na2HPO4·2H2O, 50 mg/L MgSO4, 5 mg/L 123 

CaSO4·2H2O and 10 mg/L FeCl3. Subsequently, 30.0 mg/L CIP was added during 124 



microbial acclimation for about 50 days. After the microbes were acclimated and 125 

stabilized, the sponge@B-BOC were mixed in the activated sludge reactor for 10 days 126 

for microbial colonization and the nutrient solution was refreshed every two days. 127 

Finally, the sponge@B-BOC of growing biofilm was obtained, which was denoted as 128 

sponge@B-BOC@biofilm. 129 

2.4. Experimental setup and protocols 130 

The ICPB reactor is an internal circulation airlift-driven fluidized bed reactor with a 131 

working volume of 800 mL is presented in Fig. S4. Its configuration details are shown 132 

in Text S2. Air was provided to the internal circuit of the reactor through a 35 W 133 

aeration pump at the bottom of the reactor. An LED panel (42 W) with a wavelength 134 

of 420 to 800 nm was adopted as a visible light source. 135 

The original concentration of CIP in the degradation experiments was 30.0 mg/L. 136 

The following control systems were also designed for comparison with the ICPB 137 

system: photocatalysis (P) system, which was carried out under visible light without 138 

carriers; biodegradation (B) system, which was evaluated with 139 

sponge@B-BOC@biofilm, but in the dark; visible-light-induced photocatalysis (PC) 140 

system, which used sponge@B-BOC; and adsorption (AD) system, which used 141 

sponge@B-BOC without light. All the aforesaid schemes were implemented in 142 

individual reactors with the identical configuration.143 



2.5. Analytical methods 144 

The concentration of CIP was measured by high performance liquid 145 

chromatography (HPLC) with UV detection at 270 nm, equipped with a 4.6×250 mm, 146 

5 μm Athena HILIC C18 column. Each sample was filtered through a 0.22 μm 147 

membrane filter before analysing. The optimized mobile phase consisted of 20% 148 

water/formic acid (9/1, V: V) as phase A, and 80% methanol as phase B at a flow rate 149 

of 1.0 mL/min. A 20.0 μL sample was injected into the column, and the column 150 

temperature was 40 ℃. 151 

The degradation products of CIP were tested by ultra-performance liquid 152 

chromatography tandem mass spectrometry (UPLC-MS). Chromatographic separation 153 

of the degradation products was carried out on an ACQUITY UPLC bridged ethylene 154 

hybrid (BEH) C18 Column (1.7 μm, 100×2.1 mm) with an injection volume of 20.0 155 

μL. The mobile phase composed of 33% methanol and 67% phosphoric acid aqueous 156 

solution (0.5%) at a flow rate of 0.25 mL/min. 157 

Characteristics of B-BOC are shown in Text S3. Sample pretreatment methods for 158 

microstructure observation of biofilm by scanning electron microscopy (SEM) and 159 

biofilm staining process for confocal laser scanning microscopy (CLSM) imaging 160 

were provided in Text S4 and Text S5, respectively. The total organic carbon (TOC) 161 

was conducted using a TOC analyzer (Shimadzu, Japan). COD analysis was measured 162 

using a COD quick detector (LianHua Tech-Co., Ltd., China). 163 

The activity of biofilm on sponge carrier was analyzed by the measurement of 164 

Dehydrogenase Activity (DHA). DHA was determined by triphenyltetrazolium 165 



chloride (TTC) colorimetry. Specific measurement steps were provided in Text S6, 166 

and the corresponding standard curve was shown in Fig. S5. 167 

2.6. Photo-electrochemical measurements 168 

Photo-electrochemical characterizations were carried out in a standard 169 

three-electrode system by an electrochemical station (CHI660D) where blank or 170 

modified stainless steel wire (1.0×1.5 cm) as the working electrode, the carbon rod as 171 

the counter electrode, and the Hg/Hg2Cl2 electrode as the reference electrode. The 172 

electrolyte was 0.5 M NaSO4 solution. We obtained transient photocurrents and 173 

electrochemical impedance spectroscopy (EIS). Moreover, the light density employed 174 

was 80 mW/cm2. 175 

2.7. Microbial community analysis 176 

Biological samples were gathered to research the bioconversion that operated when 177 

ciprofloxacin was removed from the ICPB system. The microbial community 178 

structure was performed by polymerase chain reaction amplification followed by 179 

high-throughput sequencing technology (Illumina, Hiseq 2500, USA) and then 180 

assayed by Sangon Biotech Co., Ltd. (Shanghai, China). DNA extraction was carried 181 

out employing the DNA Spin Kit (Omega Biotek, Norcross, GA, USA). 338F 182 

(ACTCCTACGGGAGGCAGCAG) and 806R (GGACTACHVGGGTWTCTAAT) 183 

primers were selected to amplify the bacterial 16S rRNA V3-V4.  184 

3. Results and discussion 185 

3.1. ICPB fabrication for CIP degradation 186 

The sponge@B-BOC@biofilm was gained by simple impregnation and biofilm 187 



cultivation, that is, a blank polyurethane sponge was immersed in B-BOC alcohol 188 

solution. After a simple heat treatment at 80 ℃ in the ultrasonic apparatus, 189 

sponge@B-BOC could be obtained. The sponge@B-BOC@biofilm was then 190 

successfully combined by biofilm cultivation on sponge@B-BOC for 10 days, as 191 

described in Fig. 1a. SEM images show the surface morphology of the sponge carrier 192 

before and after B-BOC coating, exhibiting 300-800 μm macropores and large 193 

specific surface area (Fig. 1b). In the Fig 1c, the B-BOC catalysts are more uniformly 194 

and densely attached to the bone surface of the sponge carrier, its original network 195 

skeleton is fully preserved. Moreover, the high-magnification amplified SEM diagram 196 

more fully proves that the catalysts are well loaded onto the bone structure of the 197 

sponge carrier, and a catalyst film has been formed, distributed on the bone structure 198 

inside and outside the carrier; meanwhile a good deal of B-BOC nanosheets are 199 

observed on the sponge surface (Fig. S6a-c). Fig. S6d displays TEM image of 200 

ultra-thin B-BOC nanosheets with a size of about 200 nm. The ultra-thin B-BOC 201 

nanosheets can provide more reactive sites. X-ray diffraction (XRD) pattern is shown 202 

in Fig 1d, which also indicates B-BOC was successfully loaded on the sponge. The 203 

XRD peaks of the B-BOC nanosheets reveals a pure monoclinic BOC crystal phase 204 

(JCPDS No. 86-2221) (Li et al., 2016). In addition, no other impurity phase is 205 

observed, indicating that B doping does not change the crystal phase. This result 206 

proves that B-BOC nanosheet is successfully prepared. In addition, the loading effect 207 

of the catalysts is well, which is conducive to the occurrence of subsequent 208 

photocatalytic reactions. Meanwhile, the rough and uneven surface of the catalysts 209 



facilitates the attachment and growth of microbes. 210 

Fig. 1e and f show the exterior and interior of sponge@B-BOC@biofilm. We can 211 

see that both the outside and inside of the carrier are covered with a thick biofilm. 212 

After using these carriers for separate biodegradation (B) and intimately coupled 213 

photocatalysis and biodegradation (ICPB), the biofilms on the carriers have different 214 

performance. As can be observed from Fig. S6e and f, in the B process, there is a 215 

certain amount of biofilm inside and outside the carrier after 40 days of operation. 216 

However, the biomass and biofilm thickness inside the carrier are not as large as the 217 

CIP degradation process by ICPB, and the growth of the biofilm is not as good as the 218 

direct coupling process. This may be due to the lack of nutrients. In contrast, the 219 

carrier in the ICPB is relatively stable. After 10 days of operation, a portion of the 220 

catalysts has been exposed outside the carrier (Fig. 1g, h). After 40 days of reaction, 221 

the biofilms on the outside surface of the carrier basically fall off, which is due to the 222 

double destructive effect of antibiotics and oxidation of free radicals during the 223 

photocatalytic process on microbes, resulting in a large area of biofilms on the surface 224 

of the carrier falling off, and a large area of B-BOC are exposed (Fig. 1i). Biofilm 225 

shedding on the outside surface of the carrier and exposure of the photocatalysts allow 226 

more efficient photocatalytic and biodegradation processes. However, there is still a 227 

large amount of biofilm attached to the bone structure inside the carrier (Fig. 1j). The 228 

difference between the amount of biofilm inside and outside the carrier also reveals 229 

the essence of the ICPB process, that is, when the sponge@B-BOC@biofilm comes 230 

into contact with the CIP solution, the photocatalyst attached to the surface of the 231 



carrier catalytic CIP undergoes photocatalytic oxidation reaction, which causes the 232 

CIP to be oxidized into small molecules with a relatively simple structure and low 233 

toxicity, and the internal microorganisms use these small molecules as carbon sources 234 

for their own growth and reproduction to effectively degrade and mineralize the 235 

organic matter (Zhang et al., 2010). During the ICPB reaction, microbes can be 236 

protected inside the carrier and are not be damaged by free radicals. At the same time, 237 

the light-excited photoelectrons can be collected by microorganisms to promote their 238 

growth and regulate the microbial community to adapt to the unfavorable 239 

environment.  240 

3.2. Enhanced CIP and TOC removal by ICPB 241 

The carrier dosage (volume ratio to reactor solution) and light intensity play 242 

important roles on CIP degradation in ICPB system, so the effect of the addition 243 

amount of sponge@B-BOC@biofilm and light intensity on the degradation 244 

performance of CIP was investigated. As the dosage of sponge@B-BOC@biofilm 245 

increased, the removal rate of CIP in ICPB reaction becomes higher and higher, as 246 

shown in Fig. 2a. However, the total removal capability is equivalent between 30% 247 

and 40% dosages, and very high dosages may affect the light transmittance. Further 248 

study was then conducted to determine the optimal light intensity. As shown in Fig. 2b, 249 

the optimum light intensity is 50 klux, and the corresponding CIP removal rate could 250 

be achieved 91.2% within 12 h. However, the reaction rate of ICPB system decreases 251 

slightly with the increase of light intensity (60 klux). This can be attributed to the 252 

inhibiting action of strong light intensity on biofilm, which affects the removal 253 



efficiency of CIP in the ICPB system. Therefore, considering the cost of catalyst and 254 

energy consumption, we chose 30% sponge@B-BOC@biofilm dosage and 50 klux in 255 

the subsequent experiments. 256 

The different results of concentration change protocols during short-term tests (12 h) 257 

are presented in Fig. 2c. Under the illumination of visible light (P) alone, CIP cannot 258 

be effectively removed, indicating that CIP does not have direct photolysis in visible 259 

light. For absorptivity (AD), the final degradation rate of the sponge carriers is 40%. 260 

In addition, the bio-removal rate is 51.9% after 12 h, even if the microorganisms had 261 

been cultivated in 30.0 mg/L CIP for 50 days. Therefore, we speculate that CIP cannot 262 

be effectively degraded in the natural environment. The removal rate of CIP by 263 

photocatalytic oxidation (PC) is significantly improved, indicating that the prepared 264 

B-BOC catalyst has good visible light response ability. After coupling biodegradation, 265 

the degradation rate of ICPB to CIP is higher than that of PC, which is related to the 266 

biofilm response behavior on the sponge carrier. On the one hand, the shedding of the 267 

biofilm on the outer surface of the carrier exposes wide-spread catalysts and enhances 268 

the photocatalytic degradation efficiency of CIP, meanwhile, the adaptation of the 269 

biofilms inside the carrier to the environment can also promote their utilization of CIP 270 

photocatalytic intermediates. 271 

After fitting the degradation curve of CIP in PC and ICPB with quasi first-order 272 

kinetics, the change of reaction rate constant (k) can better reflect the removal rate of 273 

CIP in PC and ICPB. The first-order kinetic equation is as follows: 274 

ln(Ct/C0) = kt                                                        (1) 275 



Where k (h-1) is the CIP degradation rate constant, t (h) is the reaction time, and Ct 276 

and C0 represent the concentration of CIP at t time and starting time, respectively. 277 

Fig. 2d and Table S1 shows the kinetic parameters of CIP degradation in PC and 278 

ICPB. The degradation rate constant k of CIP by photocatalytic oxidation alone is 279 

0.103 ± 0.017 h-1, while the degradation rate constant k of CIP in direct coupling 280 

reaction is 0.154 ± 0.019 h-1. It can be seen that ICPB has higher CIP degradation 281 

efficiency than PC, which may be related to the utilization of intermediate products by 282 

biofilm in ICPB. In ICPB, CIP do not be effectively degraded by organisms, so the 283 

degradation of CIP is primarily caused by the oxidation of active species produced by 284 

photocatalysis, and these active species have no selectivity for substrates during 285 

oxidation reaction. Therefore, the utilization of intermediates by biofilms in the 286 

carrier can reduce the competition of intermediates for active species, so that more 287 

active species participate in the removal of CIP, making the removal rate of CIP by 288 

ICPB faster than that of PC. 289 

This finding can be further confirmed by the UV-vis spectrums of CIP solutions in 290 

the degradation process. In Fig. S7a, there is only adsorption in AD, and the 291 

characteristic adsorption wavelength (278 nm) of CIP in UV-vis spectra at different 292 

times has not changed, only the absorbance is gradually decreasing. The UV-Vis 293 

spectrums at different times in B reaction have the same change trend as AD, 294 

indicating that the biofilm in B does not directly use CIP for metabolism (Fig. S7b). 295 

Li Bing et al. discussed the degradation mechanism of various antibiotics in the 296 

activated sludge system, they found that the adsorption of activated sludge was the 297 



main reason for the reduction of CIP concentration (Bing et al., 2010). The difference 298 

of CIP adsorption between AD and B is mainly caused by the falling off of biofilm on 299 

the inner and outer surfaces of the carrier in B reaction. The absorbance of 300 

characteristic absorption wavelength of CIP in PC and ICPB decreases gradually (Fig. 301 

S7c, d). The decrease of CIP absorbance is higher than that of PC, indicating that the 302 

biofilm on the carrier cannot only survive in adverse environment in ICPB, but also 303 

maintain metabolic activity and participate in the removal process of CIP. 304 

The changing trend of TOC and COD in CIP solution during the reaction can also 305 

prove the use of photocatalytic intermediates by organisms in ICPB. In Fig. 2e, the 306 

degradation efficiency of photocatalytic oxidation on CIP is as high as about 80%, but 307 

the removal rate of TOC is much lower than that of CIP, which indicates that 308 

photocatalysis has a poor effect on CIP mineralization. On the contrary, the 309 

participation of organisms makes the degradation rate of TOC by ICPB significantly 310 

improved. The direct utilization of intermediate products by biofilm in ICPB is an 311 

important reason for the survival of biofilm inside the carrier, and it is also an 312 

important advantage of direct coupling compared with indirect coupling. The same 313 

conclusion is reached in the COD analysis (Fig. S8). 314 

To test the stability of ICPB system for degrading CIP, the consecutive B, PC and 315 

ICPB with a hydrodynamic residence time (HRT) of 12.0 h were measured for 40 316 

days (Fig. 3a, b). Fig. 3c is the photograph of the entire degradation equipment in this 317 

test. After the first few cycles of operation, the removal rate of CIP by the B alone 318 

increasingly promoted. This may be due to the absorption capacity of the biofilms. 319 



However, the degradation rate decreases significantly after 22 days, owing to the 320 

shedding of the biofilms and the desorption of CIP. The PC system shows favourable 321 

removal properties for CIP. However, the PC removal rate begins to decline after 18 322 

days, and the final removal rate can only reach 65.1%. This may be because the 323 

catalytic activity of the photocatalysts decreases after a long time of irradiation and 324 

operation. Differently from B and PC, the biofilms attach to the outside of the carriers 325 

are rapidly shedding in the ICPB process for the first 10 days due to the unstable stage 326 

of the reaction, resulting in a variable CIP removal efficiency. Apparently, the CIP 327 

concentration decreases gradually and the removal efficiency tends to be stable after 328 

10 days, which may be due to the shedding of the biofilm outside the carriers, thus 329 

exposing the photocatalysts to form an ideal ICPB system, indicating that the ICPB 330 

system can maintain good degradation stability and adapt to adverse environment. 331 

To test transient free radical intermediates in the PC and ICPB system, ESR pattern 332 

was carried out. The ·OH signal caught by DMPO is observed both in the PC and 333 

ICPB system in Fig. 3d. Notably, the VB potential of the B-BOC nanosheets shows a 334 

higher oxidation potential (2.59 eV) (Shi et al., 2018), consequently the OH- is 335 

oxidated by h+ to form ·OH (Fig. S9). Compared to PC system, the spectrum intensity 336 

of ·OH have little change in the ICPB system. In addition, the e- on the BOC-B 337 

surface is captured by O2 to form ·O2
- (Fig. S9). In Fig. 3e, the ESR signal of 338 

DMPO-·O2
- appears in both PC and ICPB systems, and the ICPB system exhibits 339 

much stronger signal. The enhanced ·O2
- spectrum may be caused by the presence of 340 

additional photoelectron transfer between B-BOC and biofilm. The ESR results 341 



indicate that ·OH and ·O2
- are the main active species in the ICPB system. 342 

3.3. Photo-electrochemical measurements 343 

The ICPB process cannot merely be divided into B and PC degradation. Full 344 

exposure to visible light caused photoelectrons transfer between the two connected 345 

sections (Ding et al., 2018). The links between the photocatalyst and microbes 346 

contribute to the degradation of CIP. The electron transfer between B-BOC and 347 

microbes was studied by photo-electrochemical experiments under visible light 348 

illumination. In electrochemical testing, blank and coated stainless steel mesh were 349 

used as photoanode, due to the wire composition and mesh structure of the stainless 350 

steel mesh resemble the sponge carrier.  351 

A photocurrent is promptly generated after B-BOC is irradiated with visible light 352 

(Fig. 4a), indicating that B-BOC acts as photocatalyst and has the fast photoelectron 353 

transmission speed. In theory, when the electrode is covered by microorganisms, the 354 

resulting photocurrent will be decreased, because light cannot reach the photocatalysts, 355 

and microbes are not sensitive to the illumination of light. Nevertheless, when the 356 

electrode is covered by microorganisms, the photocurrent does not decrease or even 357 

rise slightly, and the additional photocurrent is due to the photoelectrons transfer 358 

between B-BOC and biofilms.  359 

In addition, the electron transport between B-BOC and microbes was further 360 

elucidated by photoelectrochemical impedance spectroscopy analysis. It is obvious 361 

that the size of the semicircle of ICPB system is smaller than the PC system (Fig. 4b). 362 

Therefore, the ICPB system is more conducive to electron transport than the 363 



photocatalysts. This means that the ICPB system can produce more electrons for 364 

transfer than the PC system, confirming that there are photoelectrons transfer between 365 

B-BOC and microbes under the light. 366 

The open-circuit potential decay (OCPD) results of PC and ICPB system can give 367 

further substantial evidence for the existence of electron transfer between B-BOC and 368 

microbes. The time dependence of OCPD was operated with light on and off. When 369 

the light is on, there is a significant response of 0.12 V open-circuit potential (OCP) 370 

under single photocatalyst. When biofilm and catalyst are present together, it can be 371 

observed that OCP is enhanced by 0.03 V (Fig. 4c). Obviously, under ICPB system, 372 

B-BOC@biofilm shows a slower OCPD rate than that under PC system, indicating 373 

the delayed reorganization kinetic of electrons. When the open circuit lighting is 374 

interrupted, because of the recombination, the extra electrons are removed, and the 375 

OCPD rate is directly relevant to the electron lifetime with the following formula (Li 376 

et al., 2018): 377 

                                                 (2) 378 

Where, kB is Boltzmann’s constant, T is the temperature, and e is the elementary 379 

charge. 380 

The photogenerated electrons lifetime (τ) can be computed by OCPD (Fig. 4d). 381 

This demonstrates the electron lifetime of B-BOC@biofilm is longer, indicating the 382 

reaction in the ICPB system involves more electrons, which certifies the existence of 383 

photoelectron transfer between the photocatalyst and the biofilm as well.384 



3.4. Proposed removal mechanisms of CIP in the ICPB system 385 

The intermediate products generated in the ICPB system were explored by 386 

UPLC-MS. Combined with literature reports and mass spectrometry information on 387 

intermediate products (Fig. S10 and Table S2), we speculated about the probable 388 

removal pathways of CIP in ICPB system (Fig. 5). The key groups in CIP such as 389 

formamide, hydroxyl, keto, dimethylamino and other products can be oxidized to 390 

form intermediate products with low toxicity in separate PC process (Zhang et al., 391 

2015). As observed from Table S3, products with M/Z=348, 316, 288 and 291 do not 392 

disappear with increased reaction time, and no small molecule intermediates are 393 

detected in the PC. This means that the active species produced by PC alone cannot 394 

further mineralize these products (Fig. 5, PC accumulated intermediates). 395 

Some small molecule intermediates with M/Z of 245, 263, 274, 156 and 154 are 396 

detected in the ICPB (Fig. 5, ICPB produced intermediates) after coupled B, and the 397 

appearance of these products shows that organisms can use photocatalytic 398 

intermediates in the ICPB and further mineralize these products into small molecule 399 

products through metabolic activity (Xie et al., 2018). The bio-photocatalytic system 400 

supports the long-term performances of ICPB in treating CIP removal and 401 

mineralization. 402 

To predict the toxicity of CIP and its degradation intermediates to aquatic 403 

organisms in the PC and ICPB degradation, the acute and chronic toxicities were 404 

computed at three nutrient levels. In the Fig. 6 and Table S4, the acute toxicity to fish 405 

and daphnia is estimated to be LC50, that to green algae is EC50, and the acute toxicity 406 



of CIP are 13131.42, 1240.43 and 1621.63 mg/L, respectively. The chronic toxicity 407 

(ChVs) of CIP to fish, daphnia and green algae are 1553.59, 81.27 and 455.22 mg/L, 408 

respectively. According to Chinese hazard evaluation guidelines for new chemical 409 

substances (HJ/T 154-2004) and European Union criteria, CIP is harmless to aquatic 410 

organisms (Miklos et al., 2018). 411 

For the chronic and acute toxicities of products, except H and K, most 412 

intermediates are harmless to three aquatic organisms. The LC50s of fish and ChVs of 413 

green algae of all intermediates are greater than 100.0 and 10.0 mg/L in the four 414 

degradation pathways, respectively, indicating that these products have no acute 415 

toxicity to fish and no chronic toxicity to green algae. In degradation pathway 1, there 416 

are no chronic and acute toxicity at three trophic levels. However, a complex trend is 417 

observed in the toxic evolutions of degrading intermediates in pathways 2, 3 and 4. H 418 

and K are harmful to both fish and green algae and toxic to daphnia. In general, the 419 

dangerous products will be generated in the ICPB degradation process using the 420 

boron-doped bismuth oxychloride nanosheet catalysts. However, these intermediates 421 

can be further detoxified by decomposition of active species and microbes into CO2 422 

and H2O after sufficient reaction time, indicating that the ICPB system is very 423 

effective for CIP detoxification (Nie et al., 2022). 424 

The survival of microorganisms on the carrier was shown by CLSM (Fig. 7a). 425 

From the overall distribution of active bacteria and dead bacteria, the ICPB system 426 

can protect the microorganisms inside the carrier to a greater extent compared with 427 

the B system. It can be observed that active bacteria decreased in the ICPB and B 428 



degradation, indicating that the microbes on the carrier at the beginning of the 429 

reaction have been harmed to a certain extent due to the action of CIP and superoxide 430 

radicals and hydroxyl radicals in the ICPB reaction. However, the difference between 431 

the ICPB reaction and the B process is that active bacteria and dead bacteria do not 432 

change much in the ICPB reaction during the whole reaction, which shows that the 433 

toxicity and complexity of CIP are reduced through the PC process. Meanwhile, the 434 

microbes inside carrier are protected due to the mesh structure of the carrier, so that 435 

there are still a mass of active bacteria in the system at the end of reaction. In addition, 436 

the proportion of active bacteria decreased significantly, and the proportion of dead 437 

bacteria increased obviously during the B reaction. This is because the degradation 438 

effect of microbes on CIP is very small, and with the deepening of the toxic effect of 439 

CIP on bacteria, the biofilm on the carrier falls off. These results agree with the 440 

literature (Man et al., 2005; Li et al., 2011). 441 

The microbial community analysis shows that the bacterial communities are 442 

adjusted after a longer removal procedure. Fig. 7b and Fig. S11 clearly present the 443 

microbial community analysis at the genus level. Prior to the reaction (initial), the 444 

dominant genera are composed of Zoogloea, Acinetobacter, Acidororax and 445 

Lactobacillus, which are common genera in the sewage treatment processes (Zhang et 446 

al., 2011; Liu et al., 2010). While a new genus emerges in ICPB, Pseudoxanthomonas, 447 

which is reported to be inherently resistant to CIP (Mohammadi et al., 2013; Olivares 448 

et al., 2008; Walsh et al., 2013). Meanwhile, the relative abundance of 449 

Ferruginibacter, Clostridium, Stenotrophomonas and Comamonas are also gradually 450 



increasing, and some Clostridium and Stenotrophomonas have the ability to cut 451 

aromatic rings as the reaction progresses (Wojcieszynska et al., 2011). There are 452 

numerous literature reports that Ferruginibacter and Comamonas possess the ability 453 

of aromatic compounds and their derivatives degradation (Huang et al., 2016). The 454 

changes of microbial community richness and diversity in ICPB are shown in Table 455 

S5. After ICPB reaction, the Chao 1 and ACE indices of biofilm increased by 23% 456 

and 20%, respectively. The Simpson indices decreased while the Shannon indices 457 

increased. The increase of Chao 1, ACE and Shannon indices and the decrease of 458 

Simpson indices show that the biofilms adapt to CIP, active species and other adverse 459 

environmental factors through the succession of its own community structure in ICPB, 460 

resulting in the increase of microbial community richness and diversity. In addition, 461 

abundant Lysinibacillus, Pseudomonas, Burkholderia, and Bacillus have the ability to 462 

transfer extracellular electrons, exhibiting the potential of photoelectrons transfer 463 

between the microorganisms and photocatalysts (Nandy et al., 2013; Huang et al., 464 

2011). The energy generated by the light-excited photoelectrons can be utilized by 465 

microorganisms to rebuild their microbial communities to adapt to the environment. 466 

The succession of biological community structure is a manifestation of adaptation to 467 

the CIP environment, which is of great significance to the survival of biofilms. 468 

The change of Dehydrogenase Activity (DHA) is also a manifestation of biological 469 

self-regulation and adaptation to ICPB system. Dehydrogenase is the key enzyme that 470 

converts glucose into pyruvate in glycolysis pathway, which is often used to 471 

characterize the activity of microorganisms. Fig. 7c shows the DHA of biofilm on the 472 



carrier in ICPB system. In the first 15 days of ICPB reaction, the DHA of biofilm 473 

decreased by 31.17%, which is mainly due to the double damage of microorganisms 474 

by high concentration antibiotics and oxidative free radicals in the initial stage of the 475 

reaction, and do not adapt to the environment of ICPB reaction. Moreover, the area of 476 

photocatalysts exposed on the outside surface of the carrier is small, and the amounts 477 

of intermediate products produced by photocatalytic oxidation are less, which leads to 478 

the shortage of microbial carbon source. When the carbon source in the environment 479 

is insufficient, organisms produce less dehydrogenase to participate in glycolysis 480 

process, resulting in a temporary decline in biological activity (Ma et al., 2015).  481 

The initial stage is also the time for microorganisms to adapt to the environment. 482 

With the falling off of the biofilm on the carrier surface, a large number of catalysts 483 

are exposed, which cannot only reduce the CIP concentration in the solution, but also 484 

provide more carbon sources for microbial growth. Therefore, by the 40th day, the 485 

DHA of biofilm basically recovered to the unreacted level. This also shows that 486 

microorganisms begin to gradually adapt to the environment of 487 

photocatalysis-biodegradation synchronous reaction in the middle stage of ICPB 488 

reaction. At the same time, the presence of microorganisms prompts PC to oxidize 489 

CIP into small molecular substances with relatively simple structure and low toxicity.  490 

The microorganisms in the biofilm begin to play a role and the biological activity 491 

increased. The recovery of DHA also just proves the existence of biological effects in 492 

the process of direct coupling reaction.493 



4. Conclusions 494 

In this work, the novel ICPB system significantly improves the degradation and 495 

mineralization efficiency of CIP using visible light. A degradation rate of ~95% is 496 

reached after 40 days demonstrates the ICPB system has excellent degradation 497 

stability. Furthermore, the participation of organisms makes the mineralization rate of 498 

CIP increase by 20%. Interior biofilms evolve to being enriched in 499 

Pseudoxanthomonas, Ferruginibacter, Clostridium, Stenotrophomonas and 500 

Comamonas and regulating their microbial communities using the energy source 501 

produced by photoelectrons. Moreover, the diversity and abundance of microbes are 502 

enhanced, realizing multifold CIP removal pathways. The advantages of ICPB lie in 503 

the complementarity of photocatalysis and biodegradation. Therefore, ICPB enhances 504 

degradation and mineralization of CIP, and the lack of cytotoxic effects of its 505 

effluents. 506 
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Figure captions 665 

 666 

Fig. 1. (a) Schematic diagram of the synthetic routes of sponge@B-BOC@biofilm. 667 

SEM images of (b) sponge, (c) sponge@B-BOC, (d) XRD patterns of blank sponge, 668 

B-BOC and sponge@B-BOC. SEM images of (e) surface and (f) core of 669 

sponge@B-BOC@biofilm, after sponge@B-BOC@biofilm operation for (g, h) 10 670 

days and (i, j) 40 days in the ICPB system. 671 



 672 

Fig. 2. (a) The CIP degradation of ICPB system at different (a) carrier dosage and (b) 673 

light intensity. (c) Removal of CIP and (d) first-order rate constants of CIP removal in 674 

P, AD, B, PC, and ICPB systems. (e) The TOC removal rate after B, PC, and ICPB 675 

operation after 12 h. 676 



 677 

Fig. 3. (a), (b) B, PC and ICPB degradation in the perturbation system. (c) The photo 678 

of CIP (totally 30 mg/L) degradation device. ESR spectra of B-BOC and 679 

B-BOC@biofilm in the existence of (d) DMPO-·OH and (e) DMPO-·O2
-, 680 

respectively. 681 



 682 

Fig. 4. (a) Photocurrent responses, (b) photo-electrochemical impedance spectroscopy 683 

and (c) time dependence of open circuit potential of PC and ICPB system. (d) 684 

Electron lifetime as a function of open-circuit potential. 685 



 686 

Fig. 5. The possible transformation pathways of CIP degradation.687 



 688 

Fig. 6. Acute and chronic toxicity evolution of CIP and its degradation intermediates 689 

toward three aquatic organisms using EPI Suite software with ECOSAR program.690 



 691 

Fig. 7. (a) The CLSM images of CIP degradation during ICPB and B systems. (b) 692 

Relative abundances of the biofilm genera before (Initial) and after (ICPB) the 693 

degradation experiment. (c) Variation of microbial dehydrogenase activity during CIP 694 

degradation by ICPB. 695 

 696 

 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 



Supplementary materials 705 

 706 

Enhanced antibiotic wastewater degradation by intimately 707 

coupled B-Bi3O4Cl photocatalysis and biodegradation reactor: 708 

Elucidating degradation principle systematically 709 

Yilin Dong a,b, Dongyu Xu a,b, Jie Zhang a,b, Qiuwen Wang a,b, Shaoxuan Pang a,b, 710 

Guangming Zhang a,b, Luiza C Campos c, Longyi Lv a,b, Xiaoyang Liu a,b, Wenfang 711 

Gao a,b, Li Sun a,b, Zhijun Ren a,b,*, Pengfei Wang a,b,* 712 

a School of Energy and Environmental Engineering, Hebei University of Technology, 713 

Tianjin 300401, China 714 

b Tianjin Key Laboratory of Clean Energy and Pollutant Control, Tianjin 300401, 715 

China 716 

c Department of Civil, Environmental and Geomatic Engineering, University College 717 

London, London WC1E 6BT, United Kingdom 718 

*Correspondence to: Z. J. Ren (E-mail: renzhijun2003@126.com) & P. F. Wang 719 

(E-mail: pengfeiwang@hebut.edu.cn) 720 

 721 

 722 

 723 

 724 

 725 

 726 



Text S1. Preparation of B-BOC photocatalyst 727 

0.243 g of Bi(NO3)3·5H2O, 0.2 g polyvinyl pyrrolidone (PVP, K30) and 0.3 mL 728 

H3BO3 solution (20 g/L) were diffused into 15 mL mannitol solution (0.1 mol/L) to 729 

acquire solution A. Totally, the solution B was obtained by 0.5 mmol NaCl dissolved 730 

into 3 mL mannitol solution (0.1 mol/L). Then, solution B and solution A by magnetic 731 

stirring for 30 min, adjust the pH to 11.5 with NaOH solution (2 M). After that, the 732 

suspension was sealed in a 50 mL Teflon-lined stainless-steel autoclave, and then the 733 

autoclave was kept at 160 °C for 24 h in oven. After cooled down to normal 734 

temperature, the solid substances were gathered by centrifugation and washed with 735 

deionized water and anhydrous ethanol for three times, respectively, then dried under 736 

vacuum at 60 °C all night.  737 
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 747 

 748 



Text S2. Experimental set-up. 749 

CIP degradation was conducted in an internal loop airlift-driven fluidized bed 750 

reactor with a working volume of 800 mL (Fig. S4). The reaction device is made of 751 

plexiglass, which is mainly composed of two inner and outer hollow cylinders. The 752 

height of the outer hollow cylinder is 220 mm, and the outer diameter and inner 753 

diameter are 100 mm and 90 mm, respectively. The height of the inner concentric 754 

annular column is 170 mm, the outer diameter and inner diameter are 60 mm and 50 755 

mm, respectively, and four 20 mm×20 mm rectangular channels are set at the bottom. 756 

The inner annular cylinder is nested in the annular space between the outer annular 757 

cylinder and the bottom aeration disc. The bottom of the reactor is provided with an 758 

aeration disc with the same diameter as the inner wall sleeve. 759 
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Text S3. Characteristic of B-BOC 771 

The morphology of B-BOC was observed by using an SU8000 scanning electron 772 

microscope (SEM, Hitachi, Japan) at an accelerating voltage of 3-5 kV and a Tecnai 773 

G20 (FEI Co., Holland) microscope operated at an accelerating voltage of 200 kV. 774 

The transmission electron microscopy (TEM) images were tested using Tecnai G2 775 

and FEI Co to acquire morphology of the photocatalysts. Powder X-ray 776 

diffractometry (XRD) was obtained by a Bruker D8 diffractometer with Cu Kα 777 

radiation. The specific surface area tests were performed with an ASAP 2020 system 778 

using the Brunauer-Emmett-Teller (BET) method. The pore size distributions were 779 

estimated by the Barret-Joyner-Halenda (BJH) method. X-ray photoelectron 780 

spectroscopy (XPS) was collected by a 5300 ESCALAB spectrometer to explore the 781 

surface chemical element. UV-Vis absorption spectra of the photocatalysts were 782 

proceeded using a UV-vis spectrophotometer (U-3900H, Shimadzu). 783 
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Text S4. Pretreatment for SEM observation 793 

Biofilms attached to carriers were prepared for SEM by washing them with 0.01 M 794 

phosphate buffered saline (PBS) and fixing them with 2.5% (wt) glutaraldehyde for 795 

30 min, and then frozen at -20 °C. We visualized interior of the carriers by slicing the 796 

carriers with a sterile razor blade prior to gold coating and then observed with an 797 

SEM instrument (JSM-7500F; Japan). 798 
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Text S5. Staining and confocal laser scanning microscopy (CLSM) imaging 815 

The carrier samples attached with biofilm were washed with PBS for three times, 816 

fixed with 4 wt% paraformaldehyde at 4 °C for 4 h, and then washed with PBS again. 817 

Then the pretreated samples were frozen and sliced. Followed by staining using 818 

staining activity assay kit (L-7012, LIVE/DEAD® BacLight TM, USA). The sections 819 

were then placed on microscope slides and analyzed using a CLSM instrument 820 

(LEICA TCS SP5, Germany). 821 
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Text S6. Measurement of Dehydrogenase Activity (DHA) 837 

First, 20 sponge carriers were removed from the reactor and placed in a 50 mL 838 

centrifuge tube. Add 2.5 mL distilled water, 5 mL TTC solution (4 mg/mL), 2 mL 839 

glucose solution (0.1 mol/L) and 2 mL Tris-HCl buffer solution (7.874 g/L, pH = 8.4) 840 

successively. Put the centrifuge tube into an oscillator (200 rpm) and shake for 20 min. 841 

Then put it into a constant temperature incubator (37 ℃) for 1 h, and drop 842 

concentrated sulfuric acid to terminate the reaction. Finally, triphenylmethane (TC) in 843 

the solution was extracted with 5 mL toluene, and the centrifuge tube was placed in an 844 

oscillator to vibrate (200 rpm) for 30 min before ultrasonic treatment 8 min. The 845 

mixed solution is centrifuged at the speed of 4000 rpm for 5 min after standing for 3 846 

min. The supernatant is taken to measure its absorbance at 485 nm. The 847 

dehydrogenase activity of the sample can be obtained by comparing with the standard 848 

curve. 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 



Table S1. First-order loss rates of CIP (k) based on First-order kinetic simulation in 859 

PC and ICPB protocols. 860 

 k/h-1 R2 

ICPB 0.15 0.94 

PC 0.10 0.91 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 

 871 

 872 

 873 

 874 

 875 

 876 

 877 



Table S2. Identification of the possible CIP degradation products by LC-MS under 878 

visible light irradiation. 879 

Compounds Formula m/z 

 

Proposed structure 

 

CIP C17H18FN3O3 332 

 

A C17H18FN3O4 348 

 

B C17H16FN3O5 362 

 

C C17H16FN3O5 362 

 

D C16H16FN3O4 334 

 

E C16H17N3O4 316 

 

F C15H16FN3O3 306 

 

G C15H17N3O3 288 

 



H C13H13N2O3 245 

 

I C13H10N2O5 274 

 

J C14H11FN2O4  291 

 

K C13H11FN2O3 263 

 

L C7H6FNO2 156 

 

M C7H7NO3 154 

 

 880 

 881 

 882 

 883 

 884 

 885 

 886 

 887 

 888 

 889 



Table S3. Sampling time of and detected intermediate products ( :detected 890 

intermediate products). 891 

Sampling 

time (h) 

Intermediate products (M/Z) 

332 362 334 306 348 316 291 288 245 274 263 156 154 

Initial              

2 

PC              

ICPB              

4 

PC              

ICPB              

6 

PC              

ICPB              

8 

PC              

ICPB              

10 

PC              

ICPB              

12 

PC              

ICPB              

 892 

 893 

 894 

 895 

 896 



Table S4. Theoretical calculated data of aquatic toxicity of CIP and its degradation 897 

intermediates. 898 

  Acute toxicity 

LC/EC50 (mg·L-1) 

Chronic toxicity 

ChV (mg·L-1) 

 m/z Fish Daphnid Green Algae Fish Daphnid Green Algae 

CIP 332 13131.42 1240.43 1621.63 1553.59 81.27 455.22 

A 348 52549.06 4478.23 7177.09 8508.76 265.45 1870.63 

B 362 84487.11 6963.03 11923.15 15149.01 399.53 3033.57 

C 362 2.37×105 3.30×105 1,21×105 1.94×105 30476.44 14351.49 

D 334 1.41×105 11096.86 20792.34 29027.43 609.16 5119.36 

E 316 1.81×105 13888.21 27250.19 39922.38 745.31 6597.62 

F 306 47270.91 4021.27 6467.45 7695.74 237.96 1683.51 

G 288 60239.46 5006.45 8431.79 10528.80 289.62 2158.28 

H 245 1648.64 17.84 47.28 9.15 0.57 78.41 

I 274 4212.61 3014.28 1696.70 1392.18 438.47 494.84 

J 291 10323.43 8571.98 4387.36 4179.46 1126.60 1045.67 

K 263 1283.55 19.07 45.48 7.06 0.54 76.91 

L 156 1053.02 372.42 1384.45 56.71 42.58 663.67 

M 154 4005.65 1932.88 8458.99 324.58 202.28 3101.89 

Table S5. Richness and diversity indices obtained by high throughput sequencing. 900 

Very toxic Toxic Harmful Not harmful 



Samples Chao1 indexes ACE indexes Simpson indexes Shannon indexes 

Initial 1329 1583 0.073 4.30 

ICPB40 1631 1892 0.054 6.74 
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 915 

Fig. S1. Picture of polyurethane sponge carriers.  916 
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 931 



 932 

Fig. S2. (a) Ultraviolet-visible diffuse reflectance spectra of B-BOC with the inset 933 

showing the band gap energy (Eg) of B-BOC. (b) N2 adsorption/desorption isotherm 934 

curve and (c) BJH pore size distribution of B-BOC. 935 

The absorption property and energy band characteristics of as-prepared B-BOC 936 

photocatalyst were analyzed by UV-vis diffuse reflectance spectra (DRS) as displayed 937 

in Fig. S2a. A broad light absorption centered at 503 nm was observed for B-BOC in 938 

the visible light range, which implies that B-BOC is easy to produce photogenerated 939 

charge carriers, thus enhancing its photocatalytic efficiency. The curves of conversion 940 

(ahν)n/2 versus hν were plotted by absorption spectrum, and the band gap energies (Eg) 941 

were calculated by using the formula: ahν = A(hν - Eg)
n/2, in which a, h, ν, A and Eg 942 

represent the absorption coefficient, Planck constant, light frequency, proportionality 943 

constant and the band gap, respectively (Che et al., 2018). Note that the optical 944 



transitions type of a semiconductor decides the value of n. As previously reported, the 945 

value of n for BOC is 1 (Xu et al., 2014). As shown in Fig. S2a (inset), evidently, 946 

B-BOC has an energy gap of 2.66 eV, resulting B-BOC has a wide absorption of 947 

visible light. 948 

In order to evaluate the effect of specific surface areas on degradation performance, 949 

the pore size distribution and specific surface areas of the prepared sample were 950 

analyzed by BJH and BET methods. As shown in Fig. S2b, the isotherm of the 951 

material showed Type IV curve with a hysteresis loop at a high relative pressure 952 

between 0.6 and 1.0 (Huang et al., 2014). The shape of the hysteresis loop is close to 953 

Type H3, indicating the sample is a meso-porous structure (Liu et al., 2018). This 954 

result is further supported by the pore size distribution (Fig. S2c). The specific surface 955 

area of B-BOC is 28.459 m2g-1.  956 

 957 

 958 

 959 

 960 

 961 

 962 

 963 

 964 

 965 

 966 



 967 

Fig. S3. (a) XPS survey spectra, (b) valence-band (VB) XPS spectra, (c) B 1s XPS 968 

spectra, (d) O 1s XPS spectra, (e) Cl 2p XPS spectra, (f) Bi 4f XPS spectra of the 969 

B-BOC. 970 

It is worth noting that the XPS survey spectra showed that all the elements of Bi, O, 971 

Cl and B were present in the B-BOC photocatalyst (Fig. S3a). In addition, the VB of 972 

photocatalyst was determined by XPS valence spectra (Fig. S3b). And the VB 973 



maximum of B-BOC is assessed to be 2.59 eV, which can be used to calculate the 974 

band structure of the sample in subsequent studies. The doping state of B was 975 

analyzed by X-ray photoelectron spectroscopy (XPS) (Fig. S3c-f). As shown in Fig. 976 

S3c, the B 1s peaks are observed at binding energy of 190.7 eV and 192.4 eV for 977 

B-BOC, which belong to the Bi-B bonds and B-O bonds, respectively (Yu et al., 978 

2019). Furthermore, the peaks of O 1s were located at 529.8 eV, 531.1 eV and 532.2 979 

eV, corresponding to Bi-O bonds, O-H bonds and B-O bonds, respectively (Fig. S3d) 980 

(Yang et al., 2016). Then, in the high-resolution Cl 2p spectra of B-BOC (Fig. S3e), 981 

the Cl 2p peaks of 198.5 eV and 196.9 eV correspond to the 2p3/2 and 2p1/2 orbitals of 982 

Cl-, respectively. At the same time, Bi 4f XPS spectra showed two peaks at 163.4 eV 983 

and 158.1 eV, which were equivalent to the Bi 4f5/2 and Bi 4f7/2, and distributed to 984 

Bi3+ in the sample (Fig. S3f). 985 
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 993 

Fig. S4. Schematic diagram of the photocatalytic circulating-bed biofilm reactor. 994 
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Fig. S5. TTC-DHA standard curve. 1009 
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 1024 

Fig. S6. (a, b, c) SEM images of sponge@B-BOC. (d) TEM images of B-BOC 1025 

nanosheets. SEM images of (e) surface and (f) core of after 1026 

sponge@B-BOC@biofilm operation for 40 days in the B system. 1027 
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 1039 

Fig. S7. Changes of UV-vis spectrums of CIP solutions in (a) AD, (b) B, (c) PC and (d) 1040 

ICPB along the operating time of 12 h. 1041 

 1042 

 1043 

 1044 

 1045 

 1046 

 1047 

 1048 

 1049 

 1050 



 1051 

Fig. S8. The COD removal rate after B, PC, and ICPB operation after 12 h. 1052 

As can be seen from Fig. S8, the removal rate of COD is 27.3% in the separate 1053 

biodegradation (B), indicating that CIP is difficult to biodegradate, which is basically 1054 

consistent with the degradation efficiency of CIP in B. The removal efficiency of CIP 1055 

by photocatalytic oxidation is about 80%, while the removal rate of COD is much 1056 

lower than that of CIP, which indicates that photocatalysis has a poor effect on CIP 1057 

mineralization. Many researchers have found that CIP is difficult to be completely 1058 

mineralized by advanced oxidation. In comparison, the biological participation makes 1059 

the removal rate of COD by ICPB significantly improved. Among the intermediates 1060 

produced by photocatalysis in ICPB, the biodegradable intermediates are directly 1061 

utilized by organisms, which not only maintains the activity of biofilm, but also 1062 

improves the degradation and mineralization efficiency of CIP. 1063 



 1064 

Fig. S9. Schematic energy level diagram of B-BOC. 1065 
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 1069 
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 1074 

Fig. S10. M/z of CIP and intermediates eluted at different time. The parent ions 1075 

correspond to the pseudo molecular peak ions [M+H]+. 1076 
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 1090 

Fig. S11. Pyrosequencing results of DNA from the microbial community before 1091 

(Initial) and after (ICPB) the ICPB degradation at the genus levels. 1092 
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