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a b s t r a c t

How to utilize inexhaustible solar light as a means of disinfection technology for its cheap and green

remains a challenge. In this work, core-shell ZnO@ZIF-8 was synthesized and used for bacterial inactiva-

tion synergizing with peroxymonosulfate (PMS) under visible light irradiation. It took 50 min to achieve

thorough sterilization for 7.5-log Escherichia coli (E. coli) cells in vis/PMS/ZnO@ZIF-8 system, compared

with that 4.5-log reduction completed in vis/PMS/ZnO system under the same conditions. The enhanced

photocatalytic disinfection mechanisms of fabricated ZnO@ZIF-8 were investigated by UV–vis diffuse re-

flectance spectra, electrochemical impedance spectra and Mott-Schottky plots. The promoted bactericidal

efficiency was attributed to higher charge-separation efficiency and stronger oxidation ability of photo-

generated holes. Moreover, it was found that 1O2 and •OH induced bacterial cell lesion process, and the

former was the main active species. The external reactive oxygen species (ROS) caused a series of cell

wall damage, intercellular ROS up-regulation and genome DNA unwinding, finally resulted in irreversible

bacterial death. A two-route mechanism in vis/PMS/ZnO@ZIF-8 system was proposed, in which the gen-

eration of 1O2 was supposed as the product of the oxygen oxidation of photo-generated holes and PMS

dissociation. Our work is expected to provide advanced information about a low-cost water disinfection

technology of visible light photocatalysis.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the growing number of global population and instabil-

ity of climatic conditions, how to guarantee drinking water safe

and accessible from contaminants and pathogenic microorganisms

is a major challenge. As mentioned in World Health Organization

(WHO) environmental daily report, around 80% human disease,

33% death and 80% cancer are originated from water. Moreover, the

WHO household survey shows that many people use drinking wa-

ter sources at high risk of fecal contamination, especially in rural

areas [1]. The unassured water containing morbific agents will re-

sult in severe diseases like cholera, malaria and gastroenteritis in

human body with a high probability. Besides, the COVID-19 glob-
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ally broke out in late 2019, scientists found that inadequate water

and sewer services might place inhabitants in remote communi-

ties at higher risk of virus spread [2,3]. Therefore, in efforts to con-

trol waterborne diseases and health issues, it is of vital importance

to find a convenient and efficient microbial pathogens disinfection

method.

So far, there has been a pile of water sterilization technolo-

gies such as chlorine, chlorine dioxide, ultraviolet and ozone dis-

infection [4,5]. Although chlorine disinfectants can efficiently in-

activate bacteria in aqueous, the formation of disinfection byprod-

ucts, which may have carcinogenic effects on human health, de-

veloped to be an emerging problem [6,7]. Ultraviolet light can di-

rectly destroy DNA and inactivate microorganisms, and no byprod-

ucts come into being in this process. However, still many bacte-

ria bring back to life after ultraviolet treatment [8], demonstrat-

ing it is not the optimal disinfection method. Compared with these

two approaches, ozone is of high sterilization efficiency and no by-
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produced toxic pollutants, but expensive [5,9]. Therefore, finding

a green and low-cost disinfection method is a matter of great ur-

gency.

Unlike those conventional reagents, visible light generated from

sunlight is nontoxic, inexpensive and endlessly renewable source

of clean energy, which can be considered extremely environmen-

tally friendly [10]. ZnO has become an alternative to TiO2 in pho-

tocatalytic reactions for its chemical and thermal stability, low cost

and opto-electronic properties. It is an n-type semiconductor with

a wide bandgap energy of 3.37 eV, but its low specific surface,

rapid recombination of photo-generated electrons and holes limit

its application. Fortunately, the photocatalytic performance of ZnO

can be altered by modifying physical properties such as crystalline

structure, morphology, or intrinsic defects as previous work re-

ported [11-13]. ZIF-8 is a zeolitic imidazole-based metal-organic

framework with large cavities interconnected by narrow windows,

displaying good properties in adsorption, drug delivery and catal-

ysis process [14], and it can be utilized to modify ZnO. In re-

cent years, advanced oxidation processes (AOPs) based on persul-

fate (PS) and peroxymonosulfate (PMS) have gained importance as

an alternative to traditional disinfection technologies [15-17]. How-

ever, there have been few reports on photocatalysis synergize with

PMS in water sterilization.

Herein, core-shell ZnO@ZIF-8 was fabricated by traditional pre-

cipitation and hydrothermal method. The physicochemical proper-

ties of synthesized sample were characterized by multiple tech-

nologies. The bactericidal efficiency towards Escherichia coli (E. coli)

in the presence of PMS and ZnO@ZIF-8 was investigated in de-

tail under visible light irradiation. Then, the photocatalytic pro-

motion mechanism was studied by photoelectrochemical meth-

ods including electrochemical impedance spectroscopy (EIS) spec-

tra and Mott-Schottky plots. Furthermore, the mechanisms of bac-

terial inactivation were systematically investigated by main reac-

tive species, cell morphology, antioxidation enzyme activity, inter-

cellular reactive oxygen species (ROS) and genome DNA integrity.

This work may provide innovative information to develop photo-

catalysts synergize with a thimbleful of PMS for low-cost and effi-

cient bacterial inactivation under solar light.

ZnO was prepared by a traditional precipitation method [18].

Briefly, 100 mL mixture of 0.03 mol/L zinc nitrate hexahydrate and

0.3 mol/L sodium stearate were kept stirring continuously at room

temperature for 3 h. The precipitate was centrifugated at 8000 rpm

and rinsed with deionized water for three times. Then the sample

was dried at 60 °C overnight and calcined at 450 °C for 2 h to get

faint yellow ZnO powder. The materials and reagents details were

listed in Test S1 (Supporting information).

Core-shell ZnO@ZIF-8 microspheres were synthesized by a

modified method that described by Yu et al. [19]. Typically,

10 mmol 2-methylimidazole was dissolved in 50 mL N,N-

dimethylformamide (DMF) and the solution was pre-heated at

70 °C. After that, 20 mL ZnO suspension (1 mmol ZnO dispersed

in 20 mL water) was dropwise added into the pre-heated solution

and the mixed suspension was heated at 70 °C with gentle stir-

ring for 5 h. The resulting white precipitate was centrifugated at

8000 rpm, rinsed with DMF and dried at 60 °C for 12 h. The char-

acterization details of the samples were provided in Test S2 (Sup-

porting information).

In this study, gram-negative E. coli was chosen as the model

bacterium to evaluate disinfection ability of vis/PMS/ZnO@ZIF-8

system. Typically, E. coli cells were cultured in a nutrient broth

medium at 37 °C with a shaking speed of 180 rpm in a con-

stant temperature shaker (ZHICHENG, Shanghai) and harvested

in the late logarithmic phase. Then bacteria were centrifuged at

8000 rpm for 3 min, the cells were washed three times and re-

suspended with sterilized saline (0.85% NaCl) solution. Bacterial

turbidity is typically measured at 600 nm in a spectrophotome-

ter and expressed as optical density 600 (OD600) [20]. E. coli con-

centration was controlled by OD600 at 0.1 and practical cell den-

sity was around 107.5 colony forming units cfu/mL according to the

plate count results.

The photocatalytic inactivation tests were conducted at 25 °C
using 100 mL quartz photo-reactor provided with a cooling water

system to maintain temperature during reaction. The bacteria so-

lution was irradiated by an 80 W light source, white LED lamps

of visible light (400–700 nm, CEL-LAB200E7, China Education Au-

light). Then a certain amount of PMS and ZnO@ZIF-8 were added

into the prepared E. coli solution. At given time intervals, aliquots

were collected from the mixture and uniformly spread on nutrient

agar plates after a serial of 10-fold dilutions with sterilized saline

solution. Then plates were incubated at 37 °C for 24 h and the vi-

able number of bacterial colonies was counted. The effects of dif-

ferent PMS concentrations, ZnO@ZIF-8 dosages, bacterial concen-

trations and pH values were studied. To analyze the influence of

pH, HCl (0.1 mol/L) and NaOH (0.1 mol/L) were added to adjust

the initial pH value. All the experiments were conducted in trip-

licate. The details for bacteria analytical methods can be found in

Test S3 (Supporting information).

The morphologies of ZnO microsphere and core-shell ZnO@ZIF-

8 were visualized by scanning electron microscopy (SEM). Low-

magnification SEM image (Fig. 1a) shows that ZnO particles exhibit

spherical shape and diameter ranges from 2 μm to 4 μm. High-

magnification SEM image (Fig. 1c) indicates that the flower-like

ZnO microspheres were formed by a large amount of nanosheets.

The SEM images of ZnO shelled with ZIF-8 at low and high magni-

fication were shown in Figs. 1b and d, respectively. It can be clearly

observed that the ZnO maintained its overall shape and become

more compact and denser after the growth of ZIF-8, suggesting

that the ZIF-8 growth took place at the outer surface of ZnO mi-

crospheres and the gaps between ZnO nanosheets.

Furthermore, transmission electron microscopy (TEM) was used

to study detailed structure of ZnO microspheres and ZnO@ZIF-8.

The TEM images (Figs. 1e and g) of ZnO core depicted the sed-

imentary ZnO nanosheets filling the whole spherical surface. Af-

ter the growth of ZIF-8 shell, there was a uniform layer of ZIF-8

covering the surface of ZnO core as Fig. 1f and h described. Due

to its nano-scale feature, some clusters of ZIF-8 can be observed

on the surface. By comparison, before and after the growth, mi-

crosphere surface become smoother and more compact, explicitly

demonstrating the formation of ZnO@ZIF-8 core-shell structure.

As Fig. 1i shown, the surface groups of ZnO spheres, ZIF-8 par-

ticles and core-shell ZnO@ZIF-8 were analyzed by FT-IR spectra.

The wide band at 3425 cm−1 is assigned to stretching vibrations

of intermolecular hydrogen bonds. The bands at 3134 cm−1 and

2929 cm−1 are attributed to the C–H bonds of methyl and imida-

zole ring, respectively [21]. The band at 1583 cm−1 is owing to the

stretching vibrations of C=N bonds in imidazole ring. The bands at

1311 cm−1, 1147 cm−1 and 757 cm−1 are ascribed to plane bend-

ing of imidazole ring. The peak at 1426 cm−1 corresponds to the

plane stretching of imidazole ring. The band at 995 cm−1 is due

to stretching vibrations of C–N bonds in imidazole ring [22]. And

the stretching vibration of C–N bonds in imidazole ring is located

at 995 cm−1. The band at 425 cm−1 is assigned to the stretch-

ing vibration of Zn-O moiety, indicating the preservation of ZnO

in the structure [23]. The FT-IR spectra demonstrate the success-

ful growth of ZIF-8 layer on ZnO spheres combining with SEM and

TEM results.

To study the crystallinity, phase characteristics and purity

of ZnO spheres, ZIF-8 particles and core-shell ZnO@ZIF-8, X-ray

diffraction (XRD) was conducted. It can be seen in Fig. 1j that

all diffraction peaks of synthesized ZIF-8 are same as the ones

of simulated ZIF-8, revealing the prepared material possesses

the same crystalline structure of ZIF-8. Meanwhile, the peaks
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Fig. 1. SEM images of (a, c) ZnO and (b, d) ZnO@ZIF-8. TEM images of (e, g) ZnO and (f, h) ZnO@ZIF-8. (i) FT-IR and (j) XRD spectra.

Fig. 2. (a) Bacterial inactivation efficiency in vis/PMS/ZnO and vis/PMS/ZnO@ZIF-8 systems. (b) Bacterial inactivation efficiency in vis/PMS/ZnO@ZIF-8 system and control

systems including vis, vis/PMS, vis/ZnO@ZIF-8 and PMS/ZnO@ZIF-8. Experimental conditions: T = 25 °C; [Catalyst] = 100 mg/L; [PMS] = 0.05 mmol/L; pH0 = 6.5; λ ≥ 400 nm.

from ZnO spheres totally match with the typical XRD spectra of

hexagonal wurtzite structure (JCPDS No. 36–1451). With these

known peaks, it can be easily to identify all the peaks from

ZnO@ZIF-8, which confirms the formation of ZnO@ZIF-8 core-shell

structures. The typical peaks of ZIF-8 are weak in ZnO@ZIF-8 owing

to its limited content and low crystallinity. XRD consequences are

consistent with SEM, TEM and FT-IR observations. No other peak

investigated exhibits the purity of core-shell ZnO@ZIF-8.

E. coli was chosen as the model pathogen in drinking

water to evaluate the disinfection efficiency of as-prepared

ZnO@ZIF-8. The bacteria inactivation behavior of vis (λ ≥
400 nm), vis/PMS, vis/ZnO@ZIF-8, PMS/ ZnO@ZIF-8, vis/PMS/ZnO

and vis/PMS/ZnO@ZIF-8 was investigated. At the beginning, the

sterilization efficiency variances between ZnO and core-shell

ZnO@ZIF-8 were explored. In vis/PMS/ZnO@ZIF-8 system, it took

50 min to inactivate 7.5-log E. coli and disinfection rate reached

99.99%, which was 40% higher than vis/PMS/ZnO system (Fig. 2a).

The reason might lie in the modified core-shell ZnO@ZIF-8 struc-

ture or plentiful activate sites provided by ZIF-8. As Fig. 2b shows,

visible light almost has no effect on bacteria biological activity. The

vis/ZnO@ZIF-8 system reduced only 0.6-log E. coli after 90 min, in-

dicating ZnO@ZIF-8 showed moderate responsivity to visible light

and finite activate species were produced. As a control, cytotoxi-

city of ZnO@ZIF-8 was studied in darkness, the results suggested

that ZnO@ZIF-8 was innocuous (Fig. S1 in Supporting informa-

tion). PMS, which can be activated by light, heat and transition

metal ions to generate free radicals, is a kind of strong oxidant

and is widely used in disinfection [24]. Karbasi et al. found that

the addition of 10 mg/L PMS could bring a 5-fold increase on E.

coli inactivation under visible light in their vis/PMS/3-D reduced

graphene oxide system [25]. In the case of vis/PMS, it was found

that around 2.3-log E. coli cells were inactivated in 10 min. The

limited inactivation efficiency may attribute to the low concentra-

tion of PMS. Interestingly, inactivation of 3.3-log viable cells was

reached in PMS/ZnO@ZIF-8 system, demonstrating there might be

a synergy effect between PMS and ZnO@ZIF-8. Notably, the inacti-

vation efficiency remarkably improved in vis/PMS/ZnO@ZIF-8 sys-

tem, which is 58% higher than in PMS/ZnO@ZIF-8 system. It ac-
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Fig. 3. Effect of experimental conditions on bacterial inactivation efficiency in vis/PMS/ZnO@ZIF-8 system: (a) PMS concentration, (b) catalyst dosage, (c) initial concentration

of E. coli, (d) initial pH.

complished thorough disinfection in 50 min, exhibiting the best

sterilization performance.

Further, PMS concentration, ZnO@ZIF-8 dosage, E. coli concen-

tration and initial pH were investigated in vis/PMS/ZnO@ZIF-8 sys-

tem. As shown in Fig. 3a, an increase of PMS concentration di-

rectly leaded to higher bacteria inactivation efficiency owing to

the growing activate species in solution. When PMS concentra-

tion reached 0.1 mmol/L, it only took 30 min to achieve entire

inactivation, which is three times faster than 0.03 mmol/L. The

bactericidal performance of 0.1 mmol/L PMS as a control group was

discussed in Fig. S2 (Supporting information), which indicated that

it spent 60 min to complete thorough disinfection. Similarly, the

bacteria inactivation efficiency has a positive correlation with the

catalyst dosage (Fig. 3b). The higher dosage of ZnO@ZIF-8 attained

the quicker sterilization. Increasing catalyst dosage can raise acti-

vate sites and then induced more activate species. Moreover, when

the cell concentration decreased to 106.5 and 105.5 cfu/mL, the full

inactivation was achieved within 30 min and 15 min, respectively

(Fig. 3c). In addition, the effect of pH on disinfection was studied.

The control experiments showed that pH ranging from 3 to 9 could

not result in bacteria inactivation (Fig. S3 in Supporting informa-

tion). In other words, the faint variation of bacteria biological acti-

vation caused by pH alone could be ignored. It is known that even

a weakly basic environment can activate PMS to generate reactive

oxygen species such as singlet oxygen, hydroxyl radical and super-

oxide anion [26]. As Fig. 3d presents, the inactivation efficiency ob-

viously improved in basic pH conditions, 10 min quicker than in a

neutral environment. Interestingly, when the initial pH of solution

decreased to acidic condition, the bacteria inactivation efficiency

was also enhanced and even behaved better than in basic solution.

When pH decreased to 3, it only took 30 min to accomplish thor-

ough disinfection. This may because the surface of E. coli is full of

various proteins causing the cell wall to be negatively charged. In

acidic conditions, protons neutralized the negative charge on the

bacteria surface, reducing electrostatic repulsion between the cells

and HSO5
−, thus improving bacterial inactivation efficiency of the

reaction system [27].

Fig. 4a illustrates the UV–vis diffuse reflection spectra and Tauc

curves of ZnO and ZnO@ZIF-8. The UV–vis DRS results demon-

strated that ZnO@ZIF-8 has a slightly better performance of light

diffuse reflection than ZnO, which means the ZIF-8 shell improves

the light utilization rate of ZnO. Then the optical bandgap was es-

timated by Tauc curves, the ZIF-8 shell reduced the band gap of

ZnO particle from 3.1 eV to 2.94 eV, exhibiting a wider utilization

of visible light.

In photocatalytic reactions, the migration and interface reac-

tion ability of charges in catalysts can be studied by electrochem-

ical impedance spectra Nyquist plots. Generally, a smaller arc ra-

dius implies smaller transfer resistance [28]. As shown in Fig. 4b,

ZnO@ZIF-8 has a smaller arc radius than ZnO, indicating a higher

charge-separation efficiency in the photocatalysis process, which

means better photocatalytic performance.

Moreover, to study the electronic properties of ZnO microsphere

and core-shell ZnO@ZIF-8, Mott-Schottky plots were carried out to

study the relation between applied potential and capacitance of

space charge region (Fig. 4c). Reversed sigmoidal plots were ob-

served with an overall shape that was consistent with that of typ-

ical n-type semiconductors [29]. The intersection points of the po-

tential and linear potential curves gave a flat band potential, which

was approximately −0.906 V and −0.257 V for ZnO and ZnO@ZIF-

8, respectively. Compared with the ZnO, the core-shell ZnO@ZIF-8

exhibited a positive shift on flat potential.

Since the conduction band position of n-type semiconductors

is close to the flat potential, the valence band position can be

reckoned by flat potential and energy band [30]. Based on the

above results of Tauc curves and Mott-Schottky plots, energy band

structures of ZnO and ZnO@ZIF-8 were proposed in Fig. 4d. As

described in the schematic, the photoelectrons in the conduction

band of ZnO@ZIF-8 (−0.26 V vs. NHE) cannot reduce the surface

absorbed O2 to O2
•− (−0.33 vs. NHE) [31]. However, due to the

efficient valence band of ZnO@ZIF-8 (2.69 V vs. NHE), the gen-

eration of •OH from OH− (2.68 V vs. NHE) [31] is theoretically

favorable. Besides, the photo-generated holes in valence band of

ZnO@ZIF-8 may oxidize O2 to produce 1O2 [32]. By and large, a

lower valence band edge provides holes with stronger oxidation

ability, and the valence band edge of ZnO@ZIF-8 is 0.48 V lower

than that of ZnO. Therefore, the higher charge-separation efficiency

and stronger oxidation ability of photo-generated holes might ac-
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Fig. 4. (a) UV–vis DRS and Tauc curves of ZnO, ZIF-8 and ZnO@ZIF-8. (b) Nyquist plots of ZnO and ZnO@ZIF-8. (c) Mott-Schottky plots of ZnO and ZnO@ZIF-8. (d) Energy

band structures of ZnO (in blue) and ZnO@ZIF-8 (in red). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.

count for enhanced disinfection efficiency of ZnO@ZIF-8 compared

with ZnO.

In order to find out the possible reactive oxygen species in the

vis/PMS/ZnO@ZIF-8 system, specific inhibitors were used to trap

potential reactive species. In detail, tert–butanol (TBA), methanol

and L-histidine were employed as inhibitors for •OH, •OH and

SO4
•−, and 1O2, respectively [33-35]. First of all, E. coli activities

in different inhibitor solutions were discussed. The control experi-

ments showed that 10 mmol/L TBA, methanol or L-histidine barely

affect the bacterial reproduction ability (Fig. S4 in Supporting in-

formation). As mentioned above, TBA is an efficient scavenger for
•OH and methanol for •OH and SO4

•−. It can be specific that there

were almost no different inhibitions on bacterial inactivation effi-

ciency between TBA and methanol, suggesting that SO4
•− may not

work in this case. But there still was a tender inhibition of TBA and

methanol on bacteria inactivation, indicating that a small quantity

of •OH existed in the system and acted on bacteria causing bacte-

rial death. As Fig. 5a displays, the addition of l-histidine remark-

ably inhibited the cell inactivation efficiency, demonstrating that
1O2 was the main reactive oxygen species.

To further identify the dominant ROS, EPR characterization was

carried out by using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as

spin trapping reagent for hydroxyl radicals and sulfate radicals

[36], and 2,2,6,6-tetramethylpiperidine (TEMP) for singlet oxygen

[37]. As shown in Fig. 5b, nearly no distinct signals of DMPO-

O2
•− and DMPO-•OH were observed in the system. The former

phenomenon was consistent with previous discussion of ZnO@ZIF-

8 photocatalytic performance. The latter might be attributed to

its low content of •OH in the system. Hence, the absence of

DMPO-•OH EPR signal was confirmed by a fluorescent method with

terephthalic acid as a probe [38]. We found that vis/ZnO@ZIF-8

system could produce very small amount of hydroxyl radicals,

while vis/PMS and PMS/ZnO@ZIF-8 systems had a higher gener-

ation of hydroxyl radicals (Fig. 5c), suggesting PMS could gen-

erate or oxidize hydroxyl to hydroxyl radicals in aqueous so-

lution [39]. Unsurprisingly, the fluorescent spectra intensity of

vis/PMS/ZnO@ZIF-8 was the highest, exhibiting a synergy effect be-

tween photocatalysis and PMS. Meanwhile, with prolonged reac-

tion time, the fluorescent intensity increased (Fig. 5d), revealing

the system kept producing hydroxyl radicals and contributed to a

better disinfection performance.

Since the reaction happened in saline solution, the detection of

NaClO was conducted. As previous research reports, celestine blue

(CB) could indicate the generation of NaClO. Normally, the maxi-

mum absorption wavelength of CB is around 650 nm, but would

blue shift to 520 nm when NaClO exists [40]. The results elabo-

rated that little NaClO was produced in vis/PMS/ZnO@ZIF-8 system

(Fig. S5 in Supporting information), then bactericidal efficacy of

NaClO is negligible. Besides, Zn2+ leaching in vis/PMS/ZnO@ZIF-8

system was detected and E. coli survival in different Zn2+ concen-

trations was studied (Fig. S6 in Supporting information), because

the high concentration of Zn2+ is nocuous to bacteria [41]. The re-

sults verified that 2.3 mg/L leaching Zn2+ was avirulent to E. coli,

the reactive oxygen species produced in the photocatalytic process

were the key factors of bacterial inactivation.

The cell walls of E. coli are more than envelopes protecting

the essential cell functions, they contain the systems of materi-

als transport and information transfer [42]. The integrity and per-

meability of cell wall and membrane are basic for bacteria daily

metabolism. Once gets broken, the cell would turn into inactiva-

tion. In this study, the integrity of cell membranes was investigated

by laser confocal scanning microscopy (LCSM) with cell membrane

fluorescent staining (Text S3 in Supporting information). As shown

in Fig. 6a, with the progress of reaction, the number of damaged

cell membranes increased. Till 50 min, almost all the cells died,

and membranes got smashed. Additionally, SEM was employed to

investigate the E. coli lesion process during the treatment, depict-

ing the cell wall tattered process vividly (Fig. S7 in Supporting in-

formation). The cell morphological structure was intact at the ini-

tial stage, then the cell wall got ruptured and totally changed to

fragmented, revealing the active species attacked the cell wall at

first [43]. Nevertheless, the LCSM results could only qualitatively

reflect a trend, but could not quantitatively analyze the results.

Then flow cytometer analysis of staining bacteria was conducted.

It can be seen in Fig. 6b, after a 30-min reaction, only 28.56%

cell walls got broken but soon reached 98.87% at 50 min, the re-

sults present a similar trend as LCSM. Besides, it can be clearly

observed that the ROS broken membranes slowly at the beginning
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Fig. 5. (a) Bacterial inactivation efficiency in vis/PMS/ZnO@ZIF-8 system with different free radical inhibitors. (b) EPR spectra of free radicals in vis/PMS/ZnO@ZIF-8 system.

(c) Fluorescence spectra of hydroxyl radicals in vis/PMS/ZnO@ZIF-8 system and control systems including vis, vis/PMS, vis/ZnO@ZIF-8 and PMS/ZnO@ZIF-8. (d) Fluorescence

spectra of hydroxyl radicals in vis/PMS/ZnO@ZIF-8 system. Experimental conditions: T = 25 °C; [ZnO@ZIF-8] = 100 mg/L; [PMS] = 0.05 mmol/L; pH0 = 6.5; λ ≥ 400 nm.

Fig. 6. Bacterial fluorescent staining in vis/PMS/ZnO@ZIF-8 system: (a) analysis of laser confocal scan microscopy, the scale bar is 10 μm. (b) Flow cytometer analysis.

Experimental conditions: T = 25 °C; [ZnO@ZIF-8] = 100 mg/L; [PMS] = 0.05 mmol/L; pH0 = 6.5; λ ≥ 400 nm.
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Fig. 7. (a) Bacterial SOD activity; (b) bacterial CAT activity; (c) Intracellular ROS levels of different bacteria inactivation systems; (d) DNA agarose gel electrophoresis of E.

coli in vis/PMS/ZnO@ZIF-8 system. Experimental conditions: T = 25 °C; [ZnO@ZIF-8] = 100 mg/L; [PMS] = 0.05 mmol/L; pH0 = 6.5; λ ≥ 400 nm.

but changed to be more efficient after 30 min, which is also consis-

tent with the results of plate count method (Fig. S8 in Supporting

information). In all, it can be confirmed that cell wall was dam-

aged in the inactivation process, which means E. coli lost its re-

production ability.

Moreover, to explore cell lesions mechanism caused by active

species generated in vis/PMS/ZnO@ZIF-8 system, two major intra-

cellular enzymatic activities were analyzed during the treatment

process. Normally, free radicals play an important role in organ-

isms to keep the metabolic process such as providing and transmit-

ting energy, transcribing and expressing information. Maintaining

the balance of oxidation and antioxidation in vivo is the basic guar-

antee for microbial metabolism, once broken, the oxidative stress

would be induced [44]. Superoxide dismutase (SOD) and cata-

lase (CAT) are major scavenging enzymes for cell defense against

oxidative stress [45]. As Figs. 7a and b display, in vis/PMS/ZnO@ZIF-

8 system, the SOD and CAT levels increased rapidly at the be-

ginning and reached the highest value at 30 min, then gradu-

ally decreased to the thorough bacterial inactivation. It indicates

that bacterial cells were encountering oxidative stress, which in-

ducing secreting a high concentration of antioxidation enzymes

to wipe out ROS. It can be speculated that the slow bacteria in-

activation rate at the initial stage was attributed to the enzyme

activities. However, cell apoptosis would be caused when ROSs

excessively attacking the cellular defense system. Besides, com-

pared with vis/PMS/ZnO@ZIF-8 system, the SOD and CAT levels in

vis/PMS and PMS/ZnO@ZIF-8 systems were much lower, suggest-

ing the lower oxidative stress in those systems and led to lower

bacterial inactivation efficiency. Additionally, oxidative stress can

up-regulate the intercellular reactive oxygen species level such as

O2
•−, •OH and H2O2, which would damage intercellular proteins

and organelles. To further study the intercellular ROS levels, a

widely-used fluorescent probe DCFH-DA was applied. In Fig. 7c, we

can see the intercellular ROS kept increasing with time, and the

intensity of vis/PMS/ZnO@ZIF-8 system was the highest. Then the

intercellular ROS would oxidize protein, cytoplasm and even DNA

(Fig. 7d), inactivating the cellular replication process through pre-

venting DNA from unwinding and finally leading to irreparable cell

injury.

Based on the above results, we propose a tentative mechanism

of bacterial inactivation in vis/PMS/ZnO@ZIF-8 system in Fig. 8.

Two major processes might happen in this system: (1) Photo-

generated electrons on the conduction band of ZnO@ZIF-8 trans-

fer to the adsorbed PMS and then lead to the sensitization of

PMS to generate SO4
•− (Eqs. 1 and 2), then SO4

•− oxidize H2O

to produce •OH (Eq. 3). The addition of PMS trapped CB elec-

trons could promote the reduction of electron-hole recombina-

tion, which further improving the photocatalytic process. Besides,

photo-generated holes on the valence band of ZnO@ZIF-8 oxidize

hydroxyl and O2 in aqueous to •OH and 1O2 (Eqs. 4 and 5). (2) The

adsorbed PMS on the surface of ZnO@ZIF-8 can spontaneously dis-

sociate to produce 1O2 (Eq. 6) [46]. In detail, rich holes of ZIF-8 can

assemble dispersive PMS molecules in water and provide a plat-

form for them to generate 1O2 as Eq. 6 describes. In consequence,
1O2 and •OH were the effective active species in vis/PMS/ZnO@ZIF-

8 system, in which 1O2 was the dominant ROS to inactivate cells.

vis + ZnO@ZIF − 8 → e−
CB + h+

VB (1)

HSO5
− + e−

CB → SO4
•−+ OH− (2)

SO4
•− + H2O → •OH + SO4

2− + H+ (3)

OH−+ h
+
VB → •OH (4)

O2 + h+
VB → 1O2 (5)

HSO5
− + SO5

2− → SO4
2− + HSO4

− + 1O2 (6)

In practical applications, the reusability and regeneration of

photocatalyst are of vital importance. In order to investigate the

reusability, used ZnO@ZIF-8 was collected by centrifugation and

washed in deionized water with 2-h ultrasound, then dried in a

thermostatic drying oven for reuse. The treated effluent was dis-

carded, and fresh bacterial suspension of 7.5-log cfu/mL would be

disposed with recycled catalyst. As the results are shown in Fig.
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Fig. 8. Schematic illustration of bacterial inactivation mechanism in vis/PMS/ZnOZIF-8 system.

S9 (Supporting information), in the previous three runs, almost all

of the bacteria could be inactivated in 50 min with the treatment

of vis/PMS/ZnOZIF-8, demonstrating a stable bactericidal efficiency.

Nonetheless, the inactivation efficiency fell to 67.32% and 61.3%

from 99.99% in the fourth and fifth run, respectively. The compo-

sition and structure of the used catalyst were analyzed by FT-IR

and XRD to search for a reason for those phenomena. The conse-

quences elaborated a significant reduction of ZIF-8 shell (Fig. S10

in Supporting information), which might due to photo-corrosion

on the surface of ZnO@ZIF-8 [47]. Hence, it is necessary to further

modify the photocatalyst to reduce photo-corrosion effect and im-

prove the reusability in practical applications. As previous studies

report, a polyaniline coat or a graphene shelter would be helpful to

enhance photo-corrosion resistance during the photocatalysis pro-

cess [48,49], which might be good means to modify ZnO@ZIF-8.

In this work, a core-shell ZnO@ZIF-8 was synthesized and ap-

plied for bacteria inactivation under visible light. We found that

the ZIF-8 shell was uniformly covered on the surface of ZnO core.

The ZIF-8 shell significantly enhanced photocatalytic bacteria in-

activation efficiency than pure ZnO microspheres and provided an

excellent surface for adsorbing dissociative PMS in aqueous. Be-

sides, it only took 50 min to achieve thorough bacteria inactivation

for 7.5-log cfu/mL and 30 min for 6.5-log cfu/mL, demonstrating

an efficient disinfection performance. The vis/PMS/ZnO@ZIF-8 sys-

tem remained excellent disinfection efficiency in different pH (3, 5,

7 and 9). The mechanism of enhanced photocatalytic performance

was analyzed by UV–vis DRS and photoelectrochemical methods

including EIS spectra and Mott-Schottky plots. The improved pho-

tocatalytic efficiency was attributed to the core-shell structure of

ZnO@ZIF-8, which led to a better charge-separation efficiency and

stronger oxidation ability of photo-generated holes. Then ROS in

the system were studied by free radical quenching experiments,

EPR characterization and fluorescent method, demonstrating •OH

and 1O2 were the active species in the system and the latter played

the leading role. Furthermore, the bactericidal mechanism was an-

alyzed by the integration of cell wall, enzyme activity, intercellular

ROS and genome size. We found that the active species in the sys-

tem attacked the cell wall first, broke the balance between cellular

oxidation and antioxidation, then induced up-regulation of inter-

cellular ROS to disintegrate cell and DNA. These results were ex-

pected to provide advanced information about water disinfection

and the visible light photocatalytic process.
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