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Abstract

:

In order to control the cyanobacterial blooms in eutrophic water, an Ag/AgCl@ZIF-8 floating coating was prepared by a dip-coating method with a sponge, innovatively employed as a carrier for the removal of algae in natural water samples. The as-prepared photocatalyst was characterized by X-ray diffraction (XRD) and field emission scanning electron microscopy (SEM). The effects of this Ag/AgCl@ZIF-8 coating on algal removal and phytoplankton community structure in natural water samples with cyanobacterial blooms were investigated under sunlight. Results showed that Ag/AgCl@ZIF-8 distributed uniformly on the surface of the coating with good stability and algae removal efficiency in water bodies. After 6 h of exposure under sunlight, the chlorophyll a in the natural water samples was degraded by 99.9%, the densities of Microcystis aeruginosa were reduced by 92.6% and the densities and biomass of the other algae decreased by about 80%. Meanwhile, the content of colored dissolved organic matter (CDOM) in the samples was decreased, effectively controlling the cyanobacterial blooms. It was found that O2•− played the main role in the photocatalytic inactivation. In conclusion, the Ag/AgCl@ZIF-8 coating has a promising application potential for the removal of harmful cyanobacteria, and provides a new idea for the control of cyanobacterial blooms in water bodies.
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1. Introduction


With the acceleration of urbanization and industrialization, eutrophication and climate change are causing a global increase in the frequency and severity of harmful cyanobacterial blooms [1]. It has been reported that nearly half of the lakes in Europe, Asia and America are eutrophicated, and a quarter of them have recorded outbreaks of cyanobacterial blooms [2], which has a long-term negative impact upon drinking water quality, fishery and tourism [3,4]. Up to now, numerous techniques have been proposed to control cyanobacterial blooms, including physical [5,6], chemical [7,8] and biological methods [9,10]. In recent years, the application of photocatalysis has been studied in controlling cyanobacterial blooms. Photocatalysis is the acceleration of a chemical reaction stimulated by light with the aid of a photocatalyst, which is usually a semiconductor [11]. The combination of semiconductors and the way of combining them are also important for the catalyst response. Moreover, the dispersion grade of semiconductors and the catalyst or support presents an influence on reaction efficiency and band gap [12].



Since it was found that the TiO2 electrode can decompose water under light conditions [13], photocatalytic oxidation technology has attracted increasing attention from researchers worldwide. With the rapid development of this technology, it shows great potential for future application in the field of water treatment.



At present, nanomaterial is one of the most popular photocatalysts for its high activity, good chemical stability, being non-toxic, easy to obtain, at low cost, an abundant raw material and possessing strong adsorption ability [14], and has been widely used in various photocatalytic oxidation reactions, which strongly promote research in pollution control. The Nano-photocatalyst can produce reactive oxygen species (ROSs) under irradiation, and the generation of ROSs can cause irresistible damage to microorganisms and various chemical pollutants [15,16]. It is an effective and low-cost new control method for cyanobacterial blooms.



Metal-organic frameworks (MOFs) are a kind of porous crystals with periodic multidimensional network structure, formed by coordination of metal ions and organic ligands, and have been widely used in many fields, such as separation [17], adsorption [18], catalysis [19], gas storage [20], sensor [21], and battery [22], based on their large specific surface area, high porosity, good thermal stability and easily-controlled physicochemical properties [23,24]. MOF materials have also achieved remarkable results in the environmental field [25,26,27], being considered as one of the most effective methods to solve current environmental problems [28]. Therefore, MOFs have broad prospects in preventing, controlling and mitigating harmful algal blooms in waters.



However, the research on using MOF nanomaterials to control algae is still in its infancy, and several problems exist in practical use, as follows: (1) The existing catalysts are mainly in powder form, which is difficult to be recycled, and may cause secondary pollution that adversely affects aquatic organisms [29]; (2) Most of the catalysts are suspended in water, which is suitable for homogeneous pollutants in water, while algae mainly grow upon the surface of the water [30]; (3) Pure MOFs need to improve the catalytic performance by modification for their limited catalytic capacity [31]; (4) There are more complex substrate background and various species of algae in natural water, which will affect the photocatalytic removal of Microcystis aeruginosa (M. aeruginosa).



It has been widely reported that ZIF-8, constructed from Zn2+ and imidazolate organic ligands, exhibits higher thermal and chemical stability compared to other MOFs [32]. Ag and Ag compounds are often used as a modified material for the synthesis of catalysts or heterostructures [33], due to their electron trapping ability and localized surface plasmon resonance (LSPR) effects [34]. In our previous study [35], MOFs modified by Ag/AgCl have a good degradation effect on pharmaceutical and personal care products (PPCPs). Therefore, Ag/AgCl was selected as the modifier of ZIF-8 to study its effect and the mechanism of algae removal. In this study, ZIF-8 was modified by Ag/AgCl to synthesize Ag/AgCl@ZIF-8, improving the light absorption properties and catalytic activity, and this Ag/AgCl@ZIF-8 coating was prepared by a dip-coating method using a sponge treated with sodium dodecyl benzene sulfonate (SDS) as a carrier. As a common load material, the sponge is easy to promote in practical applications for its advantages of low cost and easy access. Additionally, the sponge is a porous material that can float upon the surface of the water and adsorbs large numbers of algae cells, which is beneficial for the material to absorb sunlight and to have contact with algae on the surface of the water body. Floating and coating material can not only improve the efficiency of photocatalytic algae removal, but is also beneficial to recovery and reuse to avoid secondary pollution.



In this paper, the natural cyanobacterial bloom samples were taken as the research object to explore the catalysis potential of Ag/AgCl@ZIF-8 coating to solve the natural bloom problem under sunlight. The effects of the Ag/AgCl@ZIF-8 coating on M. aeruginosa and other phytoplankton in natural water samples were studied by detecting the density and biomass of phytoplankton, the content of chlorophyll (Chl) a, the changes of community structure, and its diversity index. Both the effect and mechanism of algal removal by the new nano-coating material in natural waters were further investigated, thus providing a theoretical foundation for the future application of Ag/AgCl@ZIF-8 coating in the natural water bodies.




2. Results and Discussion


2.1. Characterization of Photocatalysts


The crystallographic structure of the prepared Ag/AgCl@ZIF-8 powder and coating were examined by XRD. The XRD patterns of Ag/AgCl@ZIF-8 powder and coating are illustrated in Figure S4. Ag/AgCl@ZIF-8 exhibits diffraction peaks at approximately 2θ = 27.89°, 32.30°, 46.30°, 54.88°, 57.52° and 76.78°, which can be ascribed to the (111), (200), (220), (311), (222) and (420) reflections of AgCl [36]. Except for the distinct diffraction peaks of AgCl, the characteristic peaks at 2θ = 7.39°, 10.42°, 12.78° and 18.08° can be ascribed to the (011), (002), (112) and (222) reflections of ZIF-8 [27]. All peaks are sharp and clear, suggesting that Ag/AgCl@ZIF-8 was successfully synthesized. Meanwhile, except that the peak intensities of Ag/AgCl@ZIF-8 coating were weaker than that of powder, all characteristic peaks of the coating were well consistent with that of powder, indicating that the structure of Ag/AgCl@ZIF-8 does not change after modified with SDS.



As shown in Figure 1a,b, the blank sponge was light yellow, and the appearance of the sponge was purple-black after being loaded with Ag/Agcl@ZIF-8, indicating that Ag/Agcl@ZIF-8 was successfully loaded onto the sponge. It can be seen from the SEM images (Figure 1c,e) that the blank sponge has a three-dimensional network structure with a smooth surface and no impurities. The microstructure of this sponge reveals its macroporosity. These pores may help in the transportation of reactant/product during the reaction. Also, its porous surface allows an immobilization of more catalysts for more surface reaction sites. The surface of the sponge became rough after being loaded with Ag/Agcl@ZIF-8 (Figure 1d,f), and the photocatalysts almost covered the skeleton of the sponge completely, and distributed evenly without excessive accumulation. This indicated that the dip-coating method could effectively and uniformly load Ag/AgCl@ZIF-8 onto the floating carrier. According to our previous studies [35], the zeta potential of Ag/AgCl@ZIF-8 exhibits a positive surface charge in a neutral environment. SDS is a commonly-used anionic surfactant that can attract Ag/AgCl@ZIF-8 to the sponge treated with SDS by electrostatic effect. Meanwhile, 2-methylimidazole of ZIF-8 contains an imidazole ring, which can also be attracted to the surface of the sponge by π-π interaction with the benzene ring of SDS. The loading of the catalyst did not change the pore structure of the sponge, and the carrier still maintained the original physical properties, meeting the test requirements.




2.2. Effect of Coating Treatment on Algae in Environmental Water Samples


2.2.1. Morphological Changes in Algal Cells


The change of cell morphology and color of samples are shown in Figure 2. It can be seen that the natural water sample was yellow with high chrominance. After 6 h of photocatalytic reaction, the color of the algal solution in the control group did not change, while the color of the algal solution in the experimental group was obviously faded, and the solution became transparent and clear. Before the experiment, the cell morphology of M. aeruginosa was regular, and the cells were stained uniformly by Lugol’s iodine solution. However, the cells of M. aeruginosa were agglomerated and became greenish, and could not be stained by Lugol’s iodine solution after the reaction. Furthermore, it can be seen from Figure 2b,c that the boundaries between cells and the outline of the cells became blurred, which implied the cell structure was dissolved. These results suggested that the Ag/AgCl@ZIF-8 coating can cause irreversible damage to algae cells in natural water samples under sunlight.




2.2.2. The Density and Biomass of Phytoplankton


Chl a acted as an essential pigment in the photosynthetic system of algal cells. As can be seen from Figure 3a, the content of Chl a was reduced significantly by the Ag/AgCl@ZIF-8 coating. After the reaction for 1 h, more than 20% of Chl a was degraded, and the Chl a content in the algal solution was rapidly reduced after 4 h, indicating that the algal cell defense system collapsed at this time, and the oxidative stress of the external environment caused a large number of the algal cells to die. As the reaction continued, Chl a was continuously degraded, and the content of Chl a in the water sample was almost reduced to zero after the reaction. In contrast, the Chl a content in the control group showed no apparent changes during the reaction.



The changes in algal density in the solution can directly reflect the inactivation of M. aeruginosa. As can be seen from Figure 3b, the initial density of M. aeruginosa in the natural water sample was 3.6 × 106 cells/mL. After 1 h, the algal density of the experimental group decreased to 2.4 × 106 cells/mL, which decreased by almost a third. After 3 h, more than half of the M. aeruginosa were inactivated, and after the reaction, the density of M. aeruginosa was only 2.7 × 105 cells/mL, which was 7.4% of the initial density. The density of algae in the experimental group decreased obviously during the whole reaction process. However, a reduction of the density of algae which occurred in the first 3 h can be ascribed to the increase in water temperature. The density of algae in the control group remained stable afterwards.



The density and biomass of other phytoplankton changes in samples during the photocatalytic treatment are shown in Figure 3c,d. Except for M. aeruginosa, the density of phytoplankton in the solution was 55.9 × 106 cells/L before the experiment. After 1 h of the experiment, the density of phytoplankton in the solution decreased rapidly to 17.1 × 106 cells/L, which was 30.6% of the initial amount. Then, the density decreased slowly to 11.8 × 106 cells/L at the end of the experiment. However, the density of phytoplankton in the control solution did not change significantly during the photocatalytic process, indicating that the growth of phytoplankton except for M. aeruginosa was not affected by sunlight in a short time. The changing trend of biomass corresponded to that of density. Before the start of the reaction, the biomass of phytoplankton except for M. aeruginosa in the solution was 2.77 mg/L, and after 6 h, the biomass was significantly reduced to 0.48 mg/L, which was 17.3% of the initial value. The biomass of the control group did not change significantly during the reaction. This indicated that the Ag/AgCl@ZIF-8 coating could effectively reduce the density and biomass of phytoplankton in natural water samples under sunlight. The coating performed a significant effect upon algae removal with low dose and high removal rate, compared with other photocatalysts reported in the literature. A comparison with other photocatalyst has been shown in Table S2.




2.2.3. Community Structure of Phytoplankton


Changes of phytoplankton biomass and community structure over time during photocatalysis were shown in Figure 4. It can be seen that the total biomass in the initial water sample was about 2.7 mg/L, and there was no significant change of the phytoplankton community structure in the photocatalytic reaction process in the control group. After 1 h of reaction, the total biomass in the experimental group reduced from 2.7 mg/L to 0.8 mg/L; the biomass of Chlorophyta reduced from 1.67 mg/L to 0.63 mg/L, that of Bacillariophyta reduced from 0.66 mg/L to 0.09 mg/L, that of Cyanophyta reduced from 0.20 mg/L to 0.06 mg/L, and continued to reduce over time. After 6 h, the total biomass in the water was less than 0.5 mg/L, which was 80% less than the initial value.



It can be seen from Figure 4b that there were no significant changes in the phytoplankton species in the control group, while that in the experimental group decreased significantly. After 6 h of photocatalytic oxidation, the species of Chlorophyta was reduced by half, and Euglenophyta, Chlorophyta and Cryptophyta were not detected. The total species of Chlorophyta was reduced by more than half from 26 to 11. In the photocatalytic process, the species of Chlorophyta, Bacillariophyta and Chlorophyta in the control group and the experimental group were always the main species, and the number of the three phyla reached more than 80% of the total number. In the control group, there was no significant change in phytoplankton community structure during the reaction process, with Chlorophyta accounting for about 50%, Bacillariophyta accounting for about 22% and Cyanophyta accounting for about 18%. Thus, the community structure of phytoplankton in the experimental group showed dynamic fluctuation, with the proportion of Cyanobacteria being decreased to only 10%. The results show that the Ag/AgCl@ZIF-8 coating could alleviate the problem of algal bloom by reducing the proportion of Cyanobacteria in phytoplankton under sunlight.




2.2.4. Diversity Index of Phytoplankton


The dynamic changes in the diversity index were shown in Figure S5. The Shannon-Werner index, richness index and uniformity index of the natural water samples were 2.272, 4.0717 and 0.7101, respectively. During the experiment, the Shannon-Werner index of the control group was always above 2, indicating that the species diversity of water samples was always at a high level. The range of the Shannon-Werner index, richness index and uniformity index were 2.272–1.468, 4.0717–2.3021 and 0.7101–0.5723, respectively, which were always lower than those of the control group. Besides, all of the three indices show an attenuation trend, which indicates that Ag/AgCl@ZIF-8 coating could reduce the diversity of phytoplankton in water samples under sunlight.




2.2.5. CDOM


CDOM plays a vital role in DOM, which can absorb ultraviolet light and blue light and be colored [37]. The high concentration of CDOM in the lake will significantly increase the absorption of light by the water bodies, whereas it reduces the reflectance of water bodies to light, which is an important reason for the occurrence of black bloom [38]. CDOM is mainly composed of proteinoid and Humic-like substances. Generally, it comes from the input of exogenous humic acid and the endogenous degradation of aquatic plants [39]. Moreover, it was found that changes in CDOM content can significantly change the community structure of microorganisms in water [40]. Therefore, it is of considerable significance to pay attention to the content change of CDOM in natural water to evaluate the effect of the Ag/AgCl@ZIF-8 coating on algal removal in natural water.



Three-dimensional fluorescence scanning was performed on the algal solution in the reaction process, and the results were shown in Figure 5. Three peaks were observed in the fluorescence spectrum with λex/λem = 285 nm/325 nm, 225 nm/325 nm, and 250 nm/450 nm, which were ascribed to be tryptophan-like, tyrosine-like and fulvic-like, respectively. The original sample contained only two fluorescence peaks of tryptophan-like and tyrosine-like, which represented the biochemical organics with rich activities. With the increase of photocatalytic treatment time, the content of tryptophan-like and tyrosine-like gradually decreased, indicating that the biological activity in the water sample decreased. At 4 h after the reaction, fulvic-like was found in the solution, which was attributed to tryptophan-like and tyrosine-like being degraded and transformed into fulvic-like. In the control group, tryptophan-like and tyrosine-like increased first and then decreased, which was mainly because the light in the first 2 h stimulated some intracellular enzymes that promoted the proliferation of algal cells. Then, algal cells adapted to the stimulation of sunlight and returned to the normal growth state. These experimental results demonstrate that the Ag/AgCl@ZIF-8 coating could degrade algal metabolites and effectively avoid secondary pollution caused by algal cell rupture when applied to remove M. aeruginosa in natural waters.





2.3. Stability of Coating


Four recycling runs of photocatalytic degradation experiments were conducted to illuminate the stability of our Ag/AgCl@ZIF-8 coating (Figure S6). A slight decrease from 99.9% to 94.0% was noticed for the photo-degradation of Chl a after the fourth cycle. After the reaction, no obvious Ag/AgCl@ZIF-8 solid was observed at the bottom of the beaker, and the appearance of Ag/AgCl@ZIF-8 coating showed no significant changes, indicating that the coating prepared by the dip-coating method had good adhesion and recyclability. The reduction of photocatalytic activity of the catalyst was attributed to the loss in the recycling and cleaning process.




2.4. Mechanism of Photocatalytic Algal Removal by Ag/AgCl@ZIF-8 Coating


The result of quenching experiments is shown in Figure 6. Chl a in the sample was removed entirely after 4 h of the experiment when quencher was not added. After the addition of benzoquinone (BQ), photocatalytic algal removal was significantly inhibited, and the removal rate of Chl a was less than 40% after 6 h, indicating that O2•− was the main active species in the reaction process. This may be because BQ converted O2•− into O2 in the reaction process, preventing the destruction of algal cells by O2•−. After sulfur monoxide (SO) was added, the trend of photocatalytic algal removal was consistent with that of the experimental group, with a slight decrease in the rate, but no obvious inhibitory effect. This indicated that •OH plays a role in the reaction, but it is not the main active material. After the addition of isopropyl alcohol (IPA), the inhibitory effect of IPA on the removal of Chl a was almost negligible, and all of the Chl a was also removed at 4 h. This illustrates that O2•− is the predominant active substance responsible for the photocatalytic process.



According to the quenching experiment results, a possible mechanism of Ag/AgCl@ZIF-8 coating on algae is proposed according to Figure 7. ZIF-8 cannot be inspired under sunlight for its wide energy band. However, it is possible for Ag/AgCl by the condition that the incident photon energy is greater than the bandgap value of Ag/AgCl. After that, the electrons transfer from the valence band (VB) to the conduction band (CB) forming h+ in the VB. Therefore, h+ reacts with H2O to form •OH, which inactivates the algal cells. It is speculated that Ag0 is wrapped on the surface of Ag/AgCl and forms a heterojunction with ZIF-8, which forms a bridge connecting Ag/AgCl and ZIF-8, facilitating the transfer of e− to the surface of ZIF-8, achieving effective separation of electron-hole pairs, and reducing the recombination to some extent [35]. Only when the CB position of materials is more negative than O2/O2•−, can O2 be reduced to O2•−, and the more negative the position is, the easier it is to reduce O2. The CB potential of Ag/AgCl (−0.09 eV vs. NHE) is close to that of O2/O2•− (−0.046 eV vs. NHE), which is unfavorable to the formation of O2•−, while the CB potential of ZIF-8 (−0.86 eV vs. NHE) is more negative than O2/O2•− [41]. Therefore, e− reacts with O2 adsorbed on the surface of ZIF-8 to form O2•−, which acts on the cell wall and cell membrane and thus leads to cell rupture.





3. Materials and Methods


3.1. Synthesis of Ag/AgCl@ZIF-8 Photocatalyst


Ag/AgCl@ZIF-8 was prepared following the procedures according to our previously-reported process [35]. Typically, 2.348 g of Zn(NO3)2·6H2O and 5.192 g of 2-methylimidazole were dissolved in 160 mL of methanol to form solution A and solution B, respectively. Solution A was rapidly poured into solution B under magnetic stirring, and vigorously stirred at room temperature for 2 h. The resulting precipitate was harvested by centrifugation and washed three times with absolute ethanol. Finally, ZIF-8 was obtained after being kept at 343.15 K for 12 h.



0.2 g of ZIF-8 was dispersed in 14 mL of 53.7 mM AgNO3 water-ethanol (v/v = 1:6) mixture under magnetic stirring for 3 h. Then the solution was added dropwise into 98 mL of 10.48 mM NaCl water-ethanol (v/v = 1:6) mixture within 20 min and stirred at room temperature for 10 h. The solution was changed from white to light blue. In order to get Ag/AgCl@ZIF-8, the resultant products were washed three times with deionized water to remove excess sodium chloride followed by drying at 343.15 K for 12 h.




3.2. Preparation of Ag/AgCl@ZIF-8 Coating


The Ag/AgCl@ZIF-8 coating was prepared by the dip-coating method (Figure S1). Two pre-washed sponges (4 cm × 4 cm) were immersed in 50 mL of 3.0 g/L sodium dodecyl benzene sulfonate (SDS) solution, oscillated on a shaker for 30 min, then washed to remove excess SDS and dried at drying oven to obtain the SDS-modified sponges. Then, two SDS-modified sponges were immersed in 50 mL of 2.5 g/L Ag/AgCl@ZIF-8 aqueous solution, oscillating on a shaker for 2 h. Finally, the Ag/AgCl@ZIF-8 coating was given after being dried at 363.15 K for 12 h while turning over the sponge every few minutes until the water on the surface evaporates completely to prevent the catalyst precipitating.




3.3. Characterization


The X-ray diffraction (XRD) patterns were identified by X-ray diffractometry (Rigaku, Ultima IV, Tokyo, Japan) using Cu Kα radiation (λ = 0.15406 Å, 40 mA, 40 kV) at a scanning speed of 20°/min, in the 2θ range of 5–80°. UV-visible (UV-vis) diffuse reflection spectra were obtained using a UV-vis spectrophotometer (Perkin-Elmer, Lambda950, Waltham, MA, USA) in the range of 300–800 nm with BaSO4 as a reflectance standard. The size and morphology of the samples were observed by scanning electron microscope (SEM) (Hitachi, S-4800, Tokyo, Japan) with an acceleration voltage of 5 kV and an acceleration current of 7 μA.




3.4. Algae Density and Diversity Index


The diluted algae solution was fixed with a certain amount of Lugol’s iodine solution, and a 0.1 mL sample was taken under the optical microscope for plankton count analysis. The intelligent identification system software (WSeen, AlgaeC, Hangzhou, China) was used to identify species of algae and calculate the algae density, phytoplankton biomass, Shannon-Werner index, richness index and uniformity index automatically.




3.5. Natural Water Samples


The natural water samples were taken from the landscape lake (Figure S2) in Fuzhou University Zhicheng College, located in Gulou District, Fuzhou (119°16′12″E, 26°04′38″N). The area of the lake is about 7,536 m2, and the depth is about 2.0 m. The pH, turbidity, and temperature of the lake water were measured on the spot. The water samples were taken back for the basic water quality indices determination (Table S1) and algae species identification. The lake has a large amount of suspended matter and high turbidity, belonging to a heavily eutrophic water body.



A total of 6 phyla and 26 genera of phytoplankton were found in the natural lake water (Figure S3), and there were 10 genera and 25 species which belonged to Chlorophyta, 7 genera and 12 species belonged to Bacillariophyta, 4 genera with 8 species belonged to Cyanophyta, 2 genera and 6 species belonged to Euglenophyta, 1 genus and 3 species belonged to Crytophyta and 2 genera along with 2 species belonged to Chrysophyta, accounting for 44.6%, 21.4%, 14.3%, 10.7%, 5.36% and 3.57% of the total species, respectively. The number of phytoplankton species in the lake is Chlorophyta > Bacillariophyta > Cyanophyta > Euglenophyta > Cryptophyta > Chrysophyta. The species M. aeruginosa, Chlamydomonas reinhardtii, Pseudoanabaena mucicola and Nitischia palea comprised the majority of algae species in the lake. The density of M. aeruginosa was 3.6 × 109 cells/L which was the highest, and much larger than the number of other algae in the water. Therefore, M. aeruginosa and was studied separately from other algae to analyze the effect of the coating on algae in the natural water more accurately.




3.6. Removal of Algae in Natural Water Samples by Coating


An Ag/AgCl@ZIF-8 coating was added in 100 mL water samples as the experimental group. The experiment was conducted under sunlight with the low-speed magnetic agitation simulating the flow turbulence of natural water bodies. The control group was conducted under the same conditions with a blank sponge. A certain amount of suspension was withdrawn every 1 h to measure the density of algae, the biomass and species of phytoplankton, and the content of chlorophyll (Chl) a and colored dissolved organic matter (CDOM).



3.6.1. Chlorophyll a


The content of chlorophyll a was measured, referring to China EPA standard methods [42]. 8 mL of the sample was taken at 0, 1, 2, 3, 4, 5 and 6 h after the experiment; then a suction filtration was used to attach algae cells onto cellulose acetate membranes. These filter membranes were put into the centrifuge tubes, then frozen for 1 h at 253.15 K and thawed 1 h at room temperature. This process was repeated three times. Centrifuge tubes were vibrated in a vortex mixer for 20 s after adding 90% acetone and being refrigerated at 277.15 K for 4 h in darkness. After that, these samples were vibrated in the vortex for 20 s and centrifuged at 3500/min for 15 min, then the UV-visible spectrophotometer (Shimadzu, UV-Vis2450, Kyoto, Japan) was employed to measure OD630, OD647, OD664 and OD750 of the supernatant. The Chl a content was calculated following Equation (1).


Chlorophylla(mg/L) = [11.85(OD664−OD750)−1.54(OD647−OD750)−0.08(OD630−OD750)]V1V2L



(1)








3.6.2. Colored Dissolved Organic Matter


The determination of CDOM in samples was analyzed by a three-dimensional fluorescence spectrometer (Edinburgh, FS5, Edinburgh, UK). Xenon lamp was used as the excitation light source. The excitation wavelength was 200–550 nm, the emission wavelength was 200–600 nm, the slit width was 5 nm, and the step distance was 5 nm. Deionized water was used as the blank correction detection result.




3.6.3. Reactive Oxygen Species


The reactive oxygen species (ROSs) produced in the process of photocatalytic experiments can be characterized by free radical quenching experiments. The experiment was based on the fact that quenching agents can reduce the photocatalytic efficiency by capturing free radicals or competing with free radicals [43]. It has been widely found that •OH, O2•− and h+ are the main ROSs in a photocatalytic reaction. Therefore, 1 mM isopropyl alcohol (IPA), benzoquinone (BQ) and sulfur monoxide (SO) were added into 100 mL samples as the quenching agent of •OH, O2•− and h+, respectively [44]. Then the content of Chl a was measured every hour to indicate the photocatalytic activity of the coating.






4. Conclusions


Ag/AgCl@ZIF-8 can be loaded effectively and uniformly onto sponges treated by SDS with a dip-coating method. Ag/AgCl@ZIF-8 coating can effectively reduce the density and biomass of phytoplankton, change the community structure of phytoplankton, and decrease the proportion of Cyanobacteria in the algal blooms water. In this study, the density and biomass of phytoplankton in water samples except M. aeruginosa were reduced by 78.8% and 82.7% in 6 h, respectively. The density of M. aeruginosa decreased to 7.4%, and 99.9% of Chl a was removed. All of the Shannon-Wiener index, richness index and uniformity index show an attenuation trend, and the diversity of phytoplankton in water was reduced. In addition, the coating can reduce the content of CDOM in water, degrading algal metabolites and reducing the possibility of a recurrence of algal blooms. After four recycling experiments, the removal rate of Chl a by coating can reach 94%, indicating that the coating had a good recycling performance. In the reaction, the contribution of ROSs is O2•− > h+ > •OH. A series of injuries on physiological metabolism occurred with the accumulation of ROSs in algal cells. The boundaries between cells and the outline of cells became blurred, and the cell structure was dissolved. This study has demonstrated Ag/AgCl@ZIF-8 coating as an effective solution to cyanobacterial blooms and provided a novel water remediation method to remove algae and pollutants from water.








Supplementary Materials


The following are available online at https://www.mdpi.com/2073-4344/9/8/698/s1, Chemicals and reagents, Figure S1: Dip-coating preparation process, Figure S2: (a) Photographs of lakes and (b) sampling points for actual water sampling, Figure S3: Species composition of phytoplankton in natural landscape lake, Figure S4: XRD patterns of Ag/AgCl@ZIF-8 powder and coating, Figure S5: Diversity index of algae during photocatalytic algal removal process: (a) Shannon-Werner index, (b) richness index and (c) uniformity index, Figure S6: Reusability of Ag/AgCl@ZIF-8 coating for photodegradation of chlorophyll a, Table S1: Basic water quality index, Table S2: Comparison with other photocatalyst reported in the literature.





Author Contributions


G.F., S.W. and Z.Z. conceptualized and supervised. Z.C. and X.Z. performed experimental work. All the authors contributed in writing, editing, and analysis.




Funding


This research was funded by the National Natural Science Foundation of China (No. 51778146 and No. 51778082), the Outstanding Youth Fund of Fujian Province in China (No. 2018J06013), the Technical Research Project of Shenzhen Municipal Science and Technology Innovation Commission in China (No. 20170422), and the Open Project Program of National Engineering Research Center for Environmental Photocatalysis (No. NERCEP-201901).




Acknowledgments


The authors would like to thank the reviewers and editors for their valuable remarks and comments that greatly improved the quality of the paper.




Conflicts of Interest


There are no conflicts to declare.




References


	



Huisman, J.; Codd, G.A.; Paerl, H.W.; Ibelings, B.W.; Verspagen, J.M.H.; Visser, P.M. Cyanobacterial blooms. Nat. Rev. Microbiol. 2018, 16, 471–483. [Google Scholar] [CrossRef] [PubMed]

	



Ndlela, L.L.; Oberholster, P.J.; Van Wyk, J.H.; Cheng, P.H. An overview of cyanobacterial bloom occurrences and research in Africa over the last decade. Harmful Algae 2016, 60, 11–26. [Google Scholar] [CrossRef] [PubMed]

	



Qin, B.Q.; Zhu, G.W.; Gao, G.A.; Zhang, Y.L.; Li, W.; Paerl, H.W.; Carmichael, W.W.; Margles, S.W.; Peterson, R.B.; Ervin, J. A drinking water crisis in Lake Taihu, China: Linkage to climatic variability and lake management. Environ. Manag. 2010, 45, 105–112. [Google Scholar] [CrossRef] [PubMed]

	



Shi, K.; Zhang, Y.; Zhou, Y.; Liu, X.; Zhu, G.; Qin, B.; Gao, G. Long-term MODIS observations of cyanobacterial dynamics in Lake Taihu: Responses to nutrient enrichment and meteorological factors. Sci. Rep. 2017, 7, 40326. [Google Scholar] [CrossRef]

	



Alam, Z.B.; Otaki, M.; Furumai, H.; Ohgaki, S. Direct and indirect inactivation of Microcystis aeruginosa by UV-radiation. Water Res. 2001, 35, 1008–1014. [Google Scholar] [CrossRef]

	



Park, J.; Church, J.; Son, Y.; Kim, K.T.; Lee, W.H. Recent advances in ultrasonic treatment: Challenges and field applications for controlling harmful algal blooms (HABs). Ultrason. Sonochem. 2017, 38, 326–334. [Google Scholar] [CrossRef]

	



El-Sheikh, S.M.; Zhang, G.; El-Hosainy, H.M.; Ismail, A.A.; O’Shea, K.E.; Falaras, P.; Kontos, A.G.; Dionysiou, D.D. High performance sulfur, nitrogen and carbon doped mesoporous anatase brookite TiO2 photocatalyst for the removal of microcystin-LR under visible light irradiation. J. Hazard. Mater. 2014, 280, 723–733. [Google Scholar] [CrossRef] [PubMed]

	



Kondzior, P.; Butarewicz, A. Effect of Heavy Metals (Cu and Zn) on the Content of Photosynthetic Pigments in the Cells of Algae Chlorella vulgaris. J. Ecol. Eng. 2018, 19, 18–28. [Google Scholar] [CrossRef]

	



Starling, F.L.D.R. Control of eutrophication by silver carp ( Hypophthalmichthys molitrix ) in the tropical Paranoá Reservoir (Brasília, Brazil): A mesocosm experiment. Hydrobiologia 1993, 257, 143–152. [Google Scholar] [CrossRef]

	



Belal, E.B.; Khalafalla, M.M.E.; El-Hais, A.M.A. Use of spirulina (Arthrospira fusiformis) for promoting growth of Nile Tilapia fingerlings. Afr. J. Microbiol. Res. 2012, 6, 6423–6431. [Google Scholar] [CrossRef]

	



Reddy, P.V.L.; Kim, K.H.; Kim, Y.H. A Review of Photocatalytic Treatment for Various Air Pollutants. Asian J. Atmos. Environ. 2011, 5, 181–188. [Google Scholar] [CrossRef]

	



Reinosa, J.J.; Docio, C.M.Á.; Ramírez, V.Z.; Lozano, J.F.F. Hierarchical nano ZnO-micro TiO2 composites: High UV protection yield lowering photodegradation in sunscreens. Ceram. Int. 2018, 44, 2827–2834. [Google Scholar] [CrossRef]

	



Fujishima, A.; Honda, K. Photolysis-Decomposition of Water at the Surface of an Irradiated Semiconductor. Nature 1972, 238, 238–245. [Google Scholar] [CrossRef] [PubMed]

	



Fujishima, A.; Honda, K. Electrochemical Photolysis of Water at a Semiconductor Electrode. Nature 1972, 238, 37–38. [Google Scholar] [CrossRef] [PubMed]

	



Cho, M.; Chung, H.; Choi, W.; Yoon, J. Linear correlation between inactivation of E. coli and OH radical concentration in TiO2 photocatalytic disinfection. Water Res. 2004, 38, 1069–1077. [Google Scholar] [CrossRef] [PubMed]

	



Youngmin, K.; Min, H.H.; Wang, L.; Ikjoon, K.; Yeoheung, Y.; Hyoyoung, L. Solar-light photocatalytic disinfection using crystalline/amorphous low energy bandgap reduced TiO2. Sci. Rep. 2016, 6, 25212. [Google Scholar]

	



Kadioglu, O.; Keskin, S. Efficient separation of helium from methane using MOF membranes. Sep. Purif. Technol. 2018, 191, 192–199. [Google Scholar] [CrossRef]

	



Li, J.; Wang, X.; Zhao, G.; Chen, C.; Chai, Z.; Alsaedi, A.; Hayat, T.; Wang, X. Metal-organic framework-based materials: Superior adsorbents for the capture of toxic and radioactive metal ions. Chem. Soc. Rev. 2018, 47, 2322–2356. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.Z.; Zhang, R.; Jiao, L.; Jiang, H.L. Metal Organic framework-derived porous materials for catalysis. Coord. Chem. Rev. 2018, 362, 1–23. [Google Scholar] [CrossRef]

	



Li, H.; Wang, K.; Sun, Y.; Lollar, C.T.; Li, J.; Zhou, H.C. Recent advances in gas storage and separation using metal–organic frameworks. Mater. Today 2018, 21, 108–121. [Google Scholar] [CrossRef]

	



Kubacka, A.; Fernandez-Garcia, M.; Colon, G. Advanced nanoarchitectures for solar photocatalytic applications. Chem. Rev. 2012, 112, 1555–1614. [Google Scholar] [CrossRef] [PubMed]

	



Liang, Z.B.; Qu, C.; Guo, W.H.; Zou, R.Q.; Xu, Q. Pristine Metal-Organic Frameworks and their Composites for Energy Storage and Conversion. Adv. Mater. 2018, 30, 1702891. [Google Scholar] [CrossRef]

	



Zhu, Q.L.; Xu, Q. Metal-organic framework composites. Chem. Soc. Rev. 2014, 43, 5468–5512. [Google Scholar]

	



Slater, A.G.; Cooper, A.I. Function-led design of new porous materials. Science 2015, 348, aaa8075. [Google Scholar] [CrossRef] [PubMed]

	



Dias, E.M.; Petit, C. Towards the use of metal–organic frameworks for water reuse: A review of the recent advances in the field of organic pollutants removal and degradation and the next steps in the field. J. Mater. Chem A 2015, 3, 22484–22506. [Google Scholar] [CrossRef]

	



Zhao, M.; Yuan, K.; Wang, Y.; Li, G.; Guo, J.; Gu, L.; Hu, W.; Zhao, H.; Tang, Z. Metal-organic frameworks as selectivity regulators for hydrogenation reactions. Nature 2016, 539, 76–80. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.B.; Wen, Z.D.; Wu, Z.L.; Luo, X.T. Synthesis of ZnO/ZIF-8 hybrid photocatalysts derived from ZIF-8 with enhanced photocatalytic activity. Inorg. Chem. Front. 2018, 5, 687–693. [Google Scholar] [CrossRef]

	



Liu, Y.; Tang, Z. Multifunctional nanoparticle@MOF core-shell nanostructures. Adv. Mater. 2013, 25, 5819–5825. [Google Scholar] [CrossRef]

	



Nel, A.; Xia, T.; Mädler, L.; Li, N. Toxic potential of materials at the nanolevel. Science 2006, 311, 622. [Google Scholar] [CrossRef] [PubMed]

	



Song, J.; Wang, X.; Ma, J.; Wang, X.; Wang, J.; Zhao, J. Visible-light-driven in situ inactivation of Microcystis aeruginosa with the use of floating g-C3N4 heterojunction photocatalyst: Performance, mechanisms and implications. Appl. Catal. B Environ. 2018, 226, 83–92. [Google Scholar] [CrossRef]

	



Jagadeesh, R.V.; Murugesan, K.; Alshammari, A.S.; Neumann, H.; Pohl, M.M.; Radnik, J.; Beller, M. MOF-derived cobalt nanoparticles catalyze a general synthesis of amines. Science 2017, 358, 326–332. [Google Scholar] [CrossRef] [PubMed]

	



Cravillon, J.; Munzer, S.; Lohmeier, S.J.; Feldhoff, A.; Huber, K.; Wiebcke, M. Rapid Room-Temperature Synthesis and Characterization of Nanocrystals of a Prototypical Zeolitic Imidazolate Framework. Chem. Mater. 2009, 21, 1410–1412. [Google Scholar] [CrossRef]

	



Chen, F.; Yang, Q.; Wang, Y.; Zhao, J.; Wang, D.; Li, X.; Guo, Z.; Wang, H.; Deng, Y.; Niu, C.; et al. Novel ternary heterojunction photcocatalyst of Ag nanoparticles and g-C3N4 nanosheets co-modified BiVO4 for wider spectrum visible-light photocatalytic degradation of refractory pollutant. Appl. Catal. B Environ. 2017, 205, 133–147. [Google Scholar] [CrossRef]

	



Wang, W.; Li, G.; Xia, D.; An, T.; Zhao, H.; Wong, P.K. Photocatalytic nanomaterials for solar-driven bacterial inactivation: Recent progress and challenges. Environ. Sci. Nano 2017, 4, 782–799. [Google Scholar] [CrossRef]

	



Fan, G.D.; Zheng, X.M.; Luo, J.; Peng, H.P.; Lin, H.; Bao, M.C.; Hong, L.; Zhou, J.J. Rapid synthesis of Ag/AgCl@ZIF-8 as a highly efficient photocatalyst for degradation of acetaminophen under visible light. Chem. Eng. J. 2018, 351, 782–790. [Google Scholar] [CrossRef]

	



Liu, J.X.; Li, R.; Hu, Y.Y.; Li, T.; Jia, Z.H.; Wang, Y.F.; Wang, Y.W.; Zhang, X.C.; Fan, C.M. Harnessing Ag nanofilm as an electrons transfer mediator for enhanced visible light photocatalytic performance of Ag@AgCl/Ag nanofilm/ZIF-8 photocatalyst. Appl. Catal. B Environ. 2017, 202, 64–71. [Google Scholar] [CrossRef]

	



Song, K.; Shang, Y.; Wen, Z.; Jacinthe, P.A.; Liu, G.; Lyu, L.; Fang, C. Characterization of CDOM in saline and freshwater lakes across China using spectroscopic analysis. Water Res. 2019, 150, 403–417. [Google Scholar] [CrossRef]

	



Duan, H.; Ma, R.; Loiselle, S.A.; Shen, Q.; Yin, H.; Zhang, Y. Optical characterization of black water blooms in eutrophic waters. Sci. Total Environ. 2014, 482, 174–183. [Google Scholar] [CrossRef] [PubMed]

	



Arvola, L.; Aijala, C.; Lepparanta, M. CDOM concentrations of large Finnish lakes relative to their landscape properties. Hydrobiologia 2016, 780, 37–46. [Google Scholar] [CrossRef]

	



Claudia, P.; Daniel, C.; Jakob, P.; Ruben, S. Alteration of chromophoric dissolved organic matter by solar UV radiation causes rapid changes in bacterial community composition. Photochem. Photobiol. Sci. 2009, 8, 1321–1328. [Google Scholar]

	



Liu, J.; Rui, L.; Wang, Y.; Wang, Y.; Zhang, X.; Fan, C. The active roles of ZIF-8 on the enhanced visible photocatalytic activity of Ag/AgCl: Generation of superoxide radical and adsorption. J. Alloy. Compd. 2017, 693, 543–549. [Google Scholar] [CrossRef]

	



EPA. Methods for Water and Wastewater Analysis; Environmental Science Publishing House of China: Beijing, China, 2012. [Google Scholar]

	



Azimi, S.; Nezamzadeh-Ejhieh, A. Enhanced activity of clinoptilolite-supported hybridized PbS–CdS semiconductors for the photocatalytic degradation of a mixture of tetracycline and cephalexin aqueous solution. J. Mol. Catal. A Chem. 2015, 408, 152–160. [Google Scholar] [CrossRef]

	



Lai, C.; Zhang, M.; Li, B.; Huang, D.; Zeng, G.; Qin, L.; Liu, X.; Yi, H.; Cheng, M.; Li, L.; et al. Fabrication of CuS/BiVO4 (040) binary heterojunction photocatalysts with enhanced photocatalytic activity for Ciprofloxacin degradation and mechanism insight. Chem. Eng. J. 2019, 358, 891–902. [Google Scholar] [CrossRef]








[image: Catalysts 09 00698 g001a 550][image: Catalysts 09 00698 g001b 550]





Figure 1. Photos of sponge (a) without photocatalyst and (b) with Ag/AgCl@ZIF-8 coating, scanning electron microscopy (SEM) images of sponge (c), (e) without photocatalyst and (d), (f) with Ag/AgCl@ZIF-8 coating. 
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Figure 2. Cell morphology (a) before and (b) after the experiment of M. aeruginosa, (c) M. aeruginosa and (d) changes of color of algal solution. 
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Figure 3. Changes of (a) relative chlorophyll (Chl) a content, (b) density of M. aeruginosa, (c) density and (d) biomass of other phytoplankton. 
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Figure 4. Changes of algae (a) biomass, and (b) community structure. 
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Figure 5. Three-dimensional fluorescence spectrum of colored dissolved organic matter (CDOM) during the photocatalytic removal of algae. 
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Figure 6. Effect of quenchers on photocatalytic activity of Ag/AgCl@ZIF-8 coating. 
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Figure 7. Possible mechanism of the Ag/AgCl@ZIF-8 coating on the photocatalytic removal of algae. 
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