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a b s t r a c t

Treatment of antibiotics contaminated water remains a global environmental challenge. In this study,

tetracycline (TC) was found to effectively sensitize pure TiO2 for visible light photocatalytic degradation

via a ligand-to-metal charge transfer mechanism. The sensitization was attributed to the formation of

TC-TiO2 complex and the overlap of the molecular orbitals of TC and the conduction band of TiO2. The

intermediate degradation products of TC, however, did not sensitize TiO2, which was the reason for the

low mineralization rate. Nevertheless, our results showed that the intermediate degradation products of

TC had significantly reduced bactericidal effects and less induction of antibiotic-resistance genes (ARGs).

This study showcases an effective treatment of antibiotics-containing wastewater using the most common

photocatalyst TiO2 with reduced risk in the spread of ARGs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetracycline (TC) and TC antibiotics are heavily used to treat

bacterial infections in humans and animals. Since TC are usually

not fully absorbed and more than half of them are released into

the environment, it remains an environmental challenge to address

the risk of antibiotics owing to their retained biological activity [1].

Studies have suggested that the accumulation of TC in wastew-

ater treatment plant lowers the effectiveness of microbial treat-

ment process and leads to the promotion of resistant strains [2].

The continuous release of TC into aquatic environment further pro-

motes the evolution of antibiotic resistance and exerts detrimental

effects to the untargeted organisms [3,4]. Therefore, it is essential

to explore effective treatment technology meanwhile to evaluate

their side effects, e.g., promotion of antibiotic resistance.

In recent years, photocatalytic technology based on visible

light-responsive semiconductor has been widely recognized as one

of the most promising strategies to solve the increasingly serious

environmental problems [5]. In order to improve the photocatalytic

performance of semiconductors, different heterojunction structures

have been widely studied in the fields of photocatalysis, photo-

electrochemistry and so on [6–8]. Titanium dioxide (TiO2), the

mostly studied photocatalyst has limited practical application due

to the inability to be activated by visible light [9]. By contrast, sen-
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sitization has recently emerged as an effective strategy as it does

not require additional equipment or material modification [10–12].

Among various sensitization methods, ligand-metal charge trans-

fer (LMCT) enhances the visible light reactivity of TiO2 through

the formation of ligand-TiO2 complexes [12]. Although there were

some studies mentioned the sensitization effect of antibiotics [13–

15], the underlining mechanism was not yet clear to allow us to

take full advantages of such sensitization strategy.

Not only the formation of TC-TiO2 complex, but the overlap

between the molecular orbitals of TC (i.e., the highest occupied

molecular orbital (HOMO) and lowest occupied molecular orbital

(LUMO)) and the conduction band (CB) of TiO2 could play a crit-

ical role in facilitating the electron transfer between TC and TiO2.

To validate this hypothesis, we set out to explore the sensitization

effect of TC to TiO2, the resulted visible-light activated photocat-

alytic degradation, and the extent of mineralization. The bacterici-

dal effects and the potential to induce antibiotic resistance genes of

the degradation products were also evaluated. Other typical antibi-

otics, i.e., norfloxacin (NOR) and sulfisoxazole (SSX) were selected

for comparison purpose.

Degussa P25 was used in this study to represent the most com-

mon TiO2, with typical transmission electron microscopic image

and X-ray diffraction pattern shown in Fig. S1 (Supporting infor-

mation). Adsorption under dark after 60min exhibited approxi-

mately 40% of TC (10mg/L) being adsorbed by TiO2 (0.5 g/L) (Fig.

1A). The following photocatalytic degradation upon light irradia-
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Fig. 1. (A) Photocatalytic degradation of TC by pure TiO2 under different wavelengths: λ > 420nm, λ > 470nm, and λ > 510nm. (B) TOC removal efficiency of TC under

visible light irradiation with TiO2. Conditions: [TiO2]=0.5 g/L, [TC]0 =10mg/L, and pH 5.5, λ > 420nm. (C) UV–vis absorbance spectra of pure TiO2, TC-TiO2, TC-NaF-TiO2,

and the TC degradation products (named as TC-d-P)-TiO2 complex powders. (D) Effect of fluorides on removal efficiency of TC with pure TiO2 under visible light irradiations.

Conditions: [TiO2]=0.5 g/L, [TC]0 =10mg/L, [NaF] = 0.1mol/L, and pH 5.5, λ > 420nm. (E) Full UPS spectrum of TiO2. (F) Frontier electron densities of LUMO and HOMO of

TC.

tion at different wavelengths (i.e., λ > 420nm, λ > 470nm, and

λ > 510nm) showed an increasing trend of degradation effica-

cies with decreasing wavelengths. Interestingly, even with the ir-

radiation wavelength well into the visible range, TiO2 still dis-

played a significant degradation compared to the effect of visi-

ble light alone (Fig. S2A in Supporting information). These results

suggested that the adsorption of TC on TiO2 rendered the com-

plex responsive to visible light, which could be attributed to the

LMCT sensitization mechanism. However, with a clear degrada-

tion observed, the extent of total organic carbon (TOC) removal

remained 35%−40% (Fig. 1B), showing limited extent of mineral-

ization. Similar phenomena were also observed in the case of SSX

and NOR, where both antibiotics could sensitize TiO2 but with lit-

tle success in complete mineralization (Figs. S2B-D in Supporting

information).

To verify the formation of TC-TiO2 complex played a key role

in the resulted sensitization, the ultraviolet-visible (UV–vis) ab-

sorbance spectra of TC-TiO2 complex was obtained. As Fig. 1C and

Fig. S3A (Supporting information) showed, TC-TiO2 complex had

clear light absorbance in the visible range (λ > 420nm) while

the pure TiO2 and antibiotics only absorbed in the UV region. Pre-

treatment of NaF that prevented the adsorption of TC on the sur-

face of TiO2 resulted no visible light absorbance, confirming that

the visible light responsiveness was a result of TC-TiO2 complex

formation. This was consistent with previous studies that showed

fluoride preferentially adsorbed on the surface of TiO2 and inhib-

ited the adsorption of other molecules [16]. In addition, NaF also

led to a significantly reduced degradation of TC, a consequence of

the reduced visible light responsiveness (Fig. 1D). Consistently, pre-

treatment of NaF to TiO2 also significantly reduced the sensitiza-

tion effects of SSX and NOR antibiotics (Figs. S3B-D in Supporting

information).

In order to demonstrate that the energy state overlap between

the HOMO/LUMO of the antibiotics and the CB of TiO2 determines

the occurrence of sensitization, the CB and valence band (VB) lev-

els of TiO2 were measured using ultraviolet photoelectron spec-

troscopy (UPS). Based on the UPS spectrum of TiO2 (Fig. 1E), the

Ecut value was 16.7 eV and the estimated Fermi level (EF) value was

−4.52 eV [17]. The distance from EF to the VB level (EVB) was ap-

proximately 3.2 eV, and the band edge of EVB was −7.72 eV [18]. As

the calculated TiO2 bandgap was 3.0 eV based on the UV–vis ab-

sorbance measurement (Fig. 1C), the CB level (ECB) of the TiO2 used

in this study was −4.72 eV. Using discrete Fourier transform calcu-

lation, the HOMO and LUMO values of TC were −6.35 and −2.16 eV,

respectively (Fig. 1F). The details of the molecular orbital of SSX

and NOR were summarized in Figs. S3E, F and Table S2 (Support-

ing information). These results confirmed that the HOMO/LUMO of

the antibiotics did overlap with the CB of TiO2, hence allowing the

electron to flow from the antibiotics to the TiO2 upon adsorption

to facilitate the LMCT sensitization.

To further investigate the degradation process of TC upon LMCT

sensitization, the generation of reactive oxygen species, includ-

ing superoxide (•O2
−) radicals, hydroxyl (•OH) radicals, and pho-

togenerated hole (h+) under visible light (λ > 420nm) irradi-

ation was identified using electron spin resonance (ESR) spec-

troscopy. 5,5-Dimethy-1-pyrroline N-oxide (DMPO) and 2,2,6,6-

tetramethylpiperidine 1-oxyl (TEMPO) were used as trapping

agents. The results revealed that •O2
− was generated in all three

types of antibiotic-TiO2 complexes (Fig. 2A and Fig. S4A in Sup-

porting information). As Fig. 2B and Fig. S4B (Supporting informa-

tion) showed, the signal from the antibiotic-TiO2 complexes upon

visible light irradiation decreased, indicating that h+ was gener-

ated in the system, resulting in TEMPO being oxidized to N-oxo-

ammonium salt [19,20]. However, the sensitization process did not

5219



C. Qin, J. Tang, R. Qiao et al. Chinese Chemical Letters 33 (2022) 5218–5222

Fig. 2. ESR spectra of pure TiO2 and the TC-TiO2 complex under visible light irradiations, (A) •O2
− , (B) h+ , and (C) •OH. Conditions: [TiO2]=0.5 g/L, [DMPO]=50 mmol/L,

[TEMPO] =50mmol/L, and λ > 420nm. (D) Effects of TBA (1mmol/L), N2 (introducing time 10min) or EDTA-2Na (1mmol/L) on degradation of TC under visible light

irradiations. Condition: [TiO2]=0.5 g/L, [TC]0 =10mg/L, pH 5.5, and λ > 420nm.

Scheme 1. Proposed mechanism of TC degradation by TiO2 through LMCT sensitization.

produce •OH (Fig. 2C and Fig. S4C in Supporting information). To

clarify the main radicals involved in the degradation of the antibi-

otics, EDTA disodium salt (EDTA-2Na), isopropanol (IPA), and N2

were used to quench h+, •OH, and •O2
−, respectively. It is worth

mentioning that a LMCT complex could be formed between EDTA-

2Na and TiO2 [11]. But due to the adsorption of antibiotics on TiO2

surface, the impact of EDTA-2Na on the sensitization was limited.

The results showed that N2 had the most significant effect on the

degradation rate, indicating that •O2
− played a vital role in the

degradation reaction of the three antibiotics (Fig. 2D and Fig. S5

in Supporting information). In addition, the degradation efficiency

of the antibiotics decreased after the addition of EDTA-2Na, in-

dicating that h+ also played a minor role in this process. How-

ever, the addition of IPA had no significant effect on the degra-

dation of the antibiotics, confirming that •OH was not involved in

the degradation mechanism, consistent with the ESR results. This

was in contrast to the UV-activated scenario, where •OH was the

main radicals produced by TiO2 (Fig. S6 in Supporting information)

[21].

Despite the clear evidence on the LMCT between antibiotics and

TiO2, the question that remained to be answered was the low TOC

removal rate. To assess whether the sensitization effect still ex-

isted after TC degradation occurred, solution containing the degra-

dation product (TC-D-P) after visible light irradiation for 120min

was filtered and mixed with uncoated TiO2 for 1h in the dark.

The resulted mixture was subjected to UV–vis and ESR characteri-

zations. The light absorbance spectrum of the mixture showed no

absorbance in the visible light range, similar to that of pure TiO2

(Fig. 1C, red line). Similar phenomena were also observed in the

case of SSX and NOR antibiotics (Figs. S3B and C). The ESR spec-

tra revealed that the key radical O2
− that facilitated the photocat-

alytic degradation was no longer generated in the mixture of TC

degraded products with TiO2 (Fig. S7 in Supporting information).

To further understand the photocatalytic degradation pro-

cess, the degradation products of TC were identified using high-

performance liquid chromatography with tandem mass spectrom-

etry (HPLC-MS). The possible TC degradation pathways were sum-

marized in Fig. S8 (Supporting information) [11]. Upon visible light

irradiation, TC lost its hydroxyl and methyl groups at first [23,24].

Subsequently, the loss of N dimethyl groups and the ring cleav-

age reactions occurred. Lastly, continued ring cleavage and hydrox-

ylation resulted in products with a smaller m/z [23]. The detailed

spectral information of multiple degradation products with differ-

ent mass to charge (m/z) was shown in Fig. S9 (Supporting infor-

mation). Previous studies proposed a more comprehensive degra-

dation pathway analysis based on the radicals attacking mecha-

nism of pollutants via DFT calculation with Fukui index and mass

spectrometry data, which is helpful to determine the structure of

the intermediates [25,26].

Moreover, three degradation products proposed in Fig. S8 were

selected to calculate their HOMO/LUMO orbitals (Table S3 and Fig.

S10 in Supporting information). The results showed that the HOMO
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Fig. 3. Concentration-response curves of Bacillus subtilis treated with TC (A), SSX (B), and NOR (C) and their degradation products (20h exposure). Conditions:

[NOR]0 =10mg/L, [TC]0 =10mg/L, [SSX]0 =10mg/L, pH 7.0 and degradation time=120min. (D) SYBR Green I/propidium iodide (PI) staining of the resistant and sensitive

strains of Bacillus subtilis treated with various antibiotics and their degradation products to show the live/dead cell ratios. ∗ indicates P < 0.05 compared with antibiotic and

its degradation product. Conditions: [NOR]0 =0.25mg/L (EC50), [TC]0 =3mg/L (EC50), [SSX]0 =10mg/L, and pH 7.0. Representative fluorescence microscopic images of Bacillus

subtilis stained with SYBR Green I/PI exposed to (E) ethanol (positive control), (F) sodium chloride (negative control), (G) TC, (H) TC-D-P, (I) SSX, (J) SSX-D-P, (K) NOR, and (L)

NOR-D-P. Dead bacteria in red and live bacteria in green. (M) The abundance of ARGs after the treatment of three antibiotics and their degradation products, respectively.

Conditions: [NOR]0 =10mg/L, [TC]0 =10mg/L, [SSX]0 =10mg/L, and pH 7.0.

of the three degradation products was lower than that of TC, which

made the photogenerated electrons easily recombined and could

not be transferred to the CB of TiO2. This was also likely the reason

why h+ could be detected on the mixture of degradation products

and TiO2 (Fig. S7C). These results suggested that the LMCT sensiti-

zation no longer existed after the initial degradation of TC or other

types of antibiotics, likely due to the incompatible energy state

overlap or no adsorption/complex formation between the degrada-

tion products and TiO2. This result offered an explanation on why

the photocatalytic degradation under visible light irradiation failed

to proceed to further the mineralization.

To depict a clearer picture, Scheme 1 summarized the mecha-

nism of LMCT sensitization. The major steps involved in this LMCT

sensitization was shown in Scheme 1A, including (1) the forma-

tion of a coordination complex between the antibiotics and TiO2,

(2) the generation of electrons and h+ via the photoexcitation of

the antibiotic molecules, (3) the transfer of the excited electrons to

the CB of TiO2 and the subsequent formation of •O2
− radicals [22].

The disappearance of LMCT sensitization effect was attributed to

two reasons. One, there was a change in the antibiotic-TiO2 inter-

face as degradation proceeded, including the disappearance of the

adsorption layer between the degraded products and TiO2, conse-

quently, the mixture containing degraded products and TiO2 exhib-

ited no response to visible light (Scheme 1B). Second, the degra-

dation products sensitized TiO2 and produce photogenerated elec-

tron under the excitation of visible light; however, owing to the

change in the molecular structure, the HOMO/LUMO of the degra-

dation products was no longer matched with the CB of TiO2. As

a result, the electrons failed to transfer but recombined with the

h+ (Scheme 1C). Due to the limited amount and the diversity of
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the intermediate products generated during photocatalytic degra-

dation, the molecular structure of the main byproducts could not

be accurately analyzed in this study. Further analysis on the in-

termediate products and calculation of their HOMO/LUMO orbitals

would certainly help further understand the sensitization mecha-

nism.

As previous studies reported, the antibiotic activity of TC de-

pended on the linear arrangement of the four rings and the two

chromophoric keto-enol systems [27]. Based on the analysis of

the degradation products, it was reasonable to expect that despite

the low mineralization of TC, the degradation would result in re-

duced bactericidal effects. To verify, the degradation products of

TC and the other two antibiotics were exposed to Bacillus sub-

tilis after which fluorescence signals were recorded to determine

the live/death ratio of the bacteria. Significant decrease in the in-

hibition rate of the degradation products of all three antibiotics

was observed (Figs. 3A-C). The live/dead ratios of Bacillus subtilis

exposed to the degradation products were all significantly higher

than the ones exposed to the antibiotics (Fig. 3D). The representa-

tive fluorescence images of the bacteria were shown in Figs. 3E-L.

Another important aspect related to the environmental risk

of antibiotics was its ability to induce antibiotic-resistance genes

(ARGs). To this end, biomass collected from an anoxic tank in the

Quyang wastewater treatment plant (Shanghai, China) was sub-

jected to the exposure of antibiotic solution (10mg/L) before and

after photocatalytic degradation. Specific experimental method was

summarized in Supporting information. The results revealed that

the abundance of the ARGs of the biomass treated with the degra-

dation products of TC and SSX decreased significantly (Fig. 3M).

However, the degradation products of NOR showed a higher in-

duction of ARGs compared to the NOR. Similar trend was re-

ported in other studies [28]. It is speculated that although the

molecular structure had changed, the NOR degradation products

could still bind to the active site of DNA gyrase, and even with

a greater binding affinity, resulting in an enhanced stimulation of

resistance mutations. This was another important point for future

investigations.

In summary, our study demonstrated the visible light degrada-

tion performance of TC by TiO2 via a LMCT sensitization mecha-

nism. The degree of sensitization was determined by the formation

of a visible light responsive TC-TiO2 complex via surface adsorption

and the overlap of HOMO/LOMO of TC and the CB of TiO2. Inter-

estingly, only TC but not the degradation products had the sen-

sitization effect. Although the photocatalytic degradation did not

achieve high mineralization, the degradation products showed sig-

nificantly reduced bactericidal effects and less induction of ARGs,

except for NOR. This study provided a case study on the forma-

tion of LMCT complexes that initiated photocatalytic conversion or

self-degradation. It also paved the way for an effective treatment

of antibiotics-containing wastewater using the most common pho-

tocatalyst TiO2.

Declaration of competing interest

The authors declare that they have no known competing finan-

cial interests or personal relationships that could have appeared to

influence the work reported in this paper.

Acknowledgments

This work received the financial support from the National Nat-

ural Science Foundation of China (No. 21777116) and the Funda-

mental Research Funds for the Central Universities. We would like

to express our gratitude to Professor Xia Siqing’s research group

and Dr. Si Pang of the College of Environmental Science and Engi-

neering of Tongji University for their assistance in the detection of

antibiotic-resistance genes.

Supplementary materials

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.cclet.2022.01.067.

References

[1] R. Gothwal, T. Shashidhar, Clean (Weinh) 43 (2015) 479–489.

[2] Y. Dai, M. Liu, J. Li, et al., Sep. Sci. Technol. 55 (2020) 1005–1021.
[3] Q.Q. Zhang, G.G. Ying, C.G. Pan, Y.S. Liu, J.L. Zhao, Environ. Sci. Technol. 49

(2015) 6772–6782.
[4] Y. Ding, W. Zhang, C. Gu, I. Xagoraraki, H. Li, J. Chromatogr. A 1218 (2011)

10–16.
[5] S. He, C. Yan, X.Z. Chen, et al., Appl. Catal. B 276 (2020) 119138.

[6] Y. Chen, J.F. Li, P.Y. Liao, et al., Chin. Chem. Lett. 31 (2020) 1516–1519.

[7] S. Huang, T. Ouyang, B.F. Zheng, M. Dan, Z.Q. Liu, Angew. Chem. Int. Ed. 60
(2021) 9546–9552.

[8] Y. Jiang, Y. Qin, T. Yu, S. Lin, Chin. Chem. Lett. 32 (2021) 1823–1826.
[9] D. Awfa, M. Ateia, M. Fujii, M.S. Johnson, C. Yoshimura, Water Res. 142 (2018)

26–45.
[10] H. Kyung, J. Lee, W. Choi, Environ. Sci. Technol. 39 (2005) 2376–2382.

[11] G. Kim, W. Choi, Appl. Catal. B 100 (2010) 77–83.

[12] G. Zhang, G. Kim, W. Choi, Energy Environ. Sci. 7 (2014) 954–966.
[13] T. Paul, P.L. Miller, T.J. Strathmann, Environ. Sci. Technol. 41 (2007) 4720–4727.

[14] N. Hasan, G.H. Moon, J. Park, J. Park, J. Kim, Sep. Purif. Technol. 203 (2018)
242–250.

[15] S. Wu, H. Hu, Y. Lin, J. Zhang, Y.H. Hu, Chem. Eng. J. 382 (2020) 122842.
[16] J. Ryu, W. Kim, J. Kim, J. Ju, J. Kim, Catal. Today 282 (2017) 24–30.

[17] C.F. Liu, T.P. Perng, Int. J. Hydrogen Energy 45 (2020) 149–159.

[18] X. Yang, E. Aydin, H. Xu, et al., Adv. Energy Mater. 8 (2018) 1800608.
[19] P.J. Wright, A.M. English, J. Am. Chem. Soc. 125 (2003) 8655–8665.

[20] G. Wang, R. Huang, J. Zhang, et al., Adv. Mater. 33 (2021) 2105904.
[21] X.D. Zhu, Y.J. Wang, R.J. Sun, D.M. Zhou, Chemosphere 92 (2013) 925–932.

[22] S. Zhang, Z. Yin, L. Xie, et al., Ceram. Int. 46 (2020) 8949–8957.
[23] J. Zhang, Y. Gao, X. Jia, et al., Sol. Energy Mater. Sol. Cells 182 (2018) 113–120.

[24] L. Jing, Y. Xu, J. Liu, et al., Appl. Catal. B 277 (2020) 119245.
[25] J. Qi, J. Liu, F. Sun, et al., Chin. Chem. Lett. 32 (2021) 1814–1818.

[26] J. Ma, L. Chen, Y. Liu, et al., J. Hazard. Mater. 418 (2021) 126180.

[27] W. Dürckheimer, Angew. Chem. Int. Ed. 14 (1975) 721–734.
[28] D. Wang, Q. Ning, J. Dong, B.W. Brooks, J. You, Environ. Pollut. 262 (2020)

114275.

5222


