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Abstract: 21 

The development of cost-effective water disinfection methods is highly desired to 22 

address the problems caused by outbreak of harmful microorganisms. Sulfate radical 23 

(•SO4
2-)-based advanced oxidation technology has attracted increasing attention. However, 24 

various catalysts or UV irradiation are usually used to activate persulfate (PS), which is 25 

high-cost and the recovery of nano-sized catalysts is also challenging. This work demonstrates 26 

a new method of catalyst-free activation of persulfate by visible light (VL) for bacterial 27 

inactivation. The 6-log of E. coli cells can be inactivated within 40 min and 7-log of E. coli 28 

cells could be inactivated within 120 min by the VL/PS system. The major responsive 29 

wavelength is 420 nm, and no heat activation of PS is found during VL irradiation. A 30 

synergistic effect with synergy factor of 51.2% is found when combining the VL irradiation 31 

with heating at 50 oC. The acidic pH is benefit for the VL/PS-triggered bacterial inactivation, 32 

while bicarbonate inhibits the E. coli inactivation at the range of 0.1 to 20 mg/L. Mechanism 33 

study indicates the main reactive species are •SO4
-, •O2

- and •OH, in which •SO4
- plays the 34 

most important role. The bacterial inactivation process shows to begin from outer membrane 35 

to intracellular components. Subsequently, the antioxidant enzyme (i.e. SOD, CAT) is induced, 36 

followed by damaging to the genomic DNA leading to fatal death of the cells. In addition, the 37 

VL/PS system is also applicable for the inactivation of other pathogenic bacteria, including 38 

Staphylococcus aureus and Pseudomonas aeruginosa, showing universality for water 39 

disinfection applications. This work not only provides a new cost-effective disinfection 40 

method without a catalyst, but also sheds light on understanding the bacterial inactivation 41 

mechanism by •SO4
2--based AOPs.  42 
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1. Introduction 44 

Depletion of water quality due to contamination of water bodies by recalcitrant 45 

compounds and microbial pathogens has become a serious global problem with increasing 46 

populations and uncertain global climate changes. In efforts to improve water quality, the 47 

inactivation of waterborne pathogens for provision of safe potable water has been taken as a 48 

priority in health programs, as huge occurrence of mortality especially in developing 49 

countries originating from microbial contaminated water (Catley-Carlson 2017, Montgomery 50 

and Elimelech 2007, Wang et al. 2017). Traditional water disinfection methods such as 51 

chlorination, ozonation and UV irradiation have many drawbacks and associated 52 

disadvantages (Dalrymple et al. 2010, Wang et al. 2015). For example, a number of 53 

microorganisms are resistant to UV irradiation and chlorination (Anastasi et al. 2013, Haaken 54 

et al. 2013, Rizzo et al. 2013); the high-cost and safety concerns of ozonation limit its 55 

practical application (Sichel et al. 2007); the formation of carcinogenic disinfection 56 

byproducts (DBPs) by chlorination and ozonation has become another serious environmental 57 

problem (Lu et al. 2018, Parker et al. 2014). Therefore, more safe and "green" water 58 

disinfection technologies are highly desired to achieve cost-effective inactivation of 59 

pathogens and elimination of disinfection debris.  60 

In recent decades, hydroxyl radical (•OH) based advanced oxidation processes (AOPs), 61 

such as Fenton, photo-Fenton, and electro-Fenton, have been widely investigated to be 62 

effective for the degradation of pollutants (Babuponnusami and Muthukumar 2012, Brillas et 63 

al. 2009, Giannakis et al. 2018). Nevertheless, huge amount of sludge, low optimal reaction 64 

pH, difficulties in the storage and transport of H2O2 still remain challenges (Guo et al. 2018, 65 
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Luo et al. 2014). Recently, AOPs based on sulfate radical (•SO4
2-) have attracted increasing 66 

attention because of its strong redox potential (2.5-3.1 V) similar to •OH (Guan et al. 2011). 67 

Under neutral or basic pH conditions, •SO4
2- can be converted to •OH, which exhibits a 68 

slightly higher redox potential than •SO4
2- (Liang et al. 2007). The half-life of the •SO4

2- 69 

(30-40 µs) is generally longer than that of •OH (less than 1 µs) (Farhat et al. 2015, Zhao et al. 70 

2017). In addition, compared to liquid H2O2, the solid persulfate (PS) is cheaper ($0.74/kg vs 71 

$1.5/kg of H2O2), more chemically stable, and more convenient to transport, store, and use in 72 

various applications (Duan et al. 2015). •SO4
2- based AOPs have been widely used for the 73 

degradation of various emerging organic pollutants, such as atrazine (Khan et al. 2017), 74 

carbamazepine (Liu et al. 2018), ampicillin (De Luca et al. 2017), etc. Recently, it has also 75 

been extended to the application of microorganism inactivation. For instance, 76 

Michael-Kordatou et al. (2015) have used UVC to activate PS for the inactivation of 77 

erythromycin (ERY)-resistant Escherichia coli cells, and total inactivation can be achieved 78 

within 90 min. Furthermore, natural pyrrhotite has also been found to be able to activate PS to 79 

produce •SO4
2- for the inactivation of Escherichia coli and Staphylococcus aureus, which was 80 

attributed to the Fe(II)-mediated activation of PS (Xia et al. 2017).  81 

Generally, PS activation can be initiated by physical methods such as UV irradiation, 82 

microwave and heating (An et al. 2015, Qi et al. 2017), or by chemical methods such as 83 

transition metals (e.g. Fe0, Fe2+, Cu2+, Ag+), bases, phenols, and quinones (Ahmad et al. 2013, 84 

Fang et al. 2013, Wang and Wang 2018). Recently, heterogeneous PS activation has been 85 

explored and various catalysts have been developed, such as transition metal-based catalysts 86 

(e.g. Fe3O4, CuO, Co3O4, etc.) (Du et al. 2017, Liang et al. 2012, Zhao et al. 2015) and 87 
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metal-free carbonaceous materials (carbon nanotube, graphene and nanodiamond, etc.) (Duan 88 

et al. 2015, Duan et al. 2016b, Kang et al. 2016, Lee et al. 2015). However, limitations for 89 

wide application of these catalysts still exist. For example, the complexity and mass 90 

production of these catalysts increase the practical application costs. In addition, the potential 91 

leakage of heavy metal ions (such as Co2+ and Cu2+) or other elements in the catalysts would 92 

cause secondary environmental pollution (Gao et al. 2017). Therefore, PS activation without 93 

the use of a catalyst is highly desired from the practical use point of view. Fortunately, 94 

sunlight has provided us an ideal and inexhaustible energy source for the PS activation. 95 

However, most of the present studies have only focused on UV irradiation for PS activation, 96 

which accounts for only 5% of the sunlight spectrum, while about 48% of the sunlight energy 97 

is in visible light (VL) region. But no studies have been conducted the VL-driven PS 98 

activation without catalyst for the application of bacterial inactivation even to insight into its 99 

underlying mechanisms. Therefore, it is very attractive to develop cost-effective VL/PS 100 

systems and study the feasibility for water disinfection.  101 

Herein, catalyst-free visible-light-irradiation was firstly utilized to activate PS for 102 

Escherichia coli inactivation, a model bacterial strain in water. The efficiency and feasibility 103 

of using the VL/PS system for bacterial inactivation was evaluated in terms of light 104 

wavelength, cell density, temperature, pH, bicarbonate, etc. The bacterial inactivation 105 

mechanisms in terms of major radical species and their roles in inactivation process were also 106 

studied. Several antioxidant enzymes, intracellular reactive oxygen species (ROSs) and 107 

chromosomal DNA destruction was monitored during the treatment process, and finally a 108 

possible bacterial inactivation mechanism was proposed. Moreover, the universality of VL/PS 109 
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system for inactivating other pathogenic bacteria was also attempted. As a proof-of-concept, 110 

this work may provide useful information on developing simple and cost-effective method for 111 

the inactivation of pathogenic microorganism in water-scarce regions using the inexhaustible 112 

sunlight as the energy source.  113 

2. Experimental Section 114 

2.1 Chemicals 115 

Potassium persulfate (PS), 5,5-dimethyl-1-pyrroline N-oxide (DMPO), 116 

4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) and coumarin were purchased 117 

from Aladdin, China. Bicarbonate (NaHCO3), tert-butyl alcohol (TBA) were obtained from 118 

Damao Chemical Reagent, China. Methanol was purchased from Guangzhou Chemical 119 

Reagent, China. All the reagents were analytical grade and prepared in ultrapure water 120 

(Millipore, Molsheim France). 121 

2.2 Experimental procedure 122 

E. coli was chosen as the model bacteria to evaluate the inactivation ability of the VL/PS 123 

system (Wang et al. 2018). In a typical experiment, bacterial cells were cultured in Nutrient 124 

Broth growth medium at 37 °C with shaking, and then harvested in the late exponential phase 125 

of growth. The harvested bacteria were centrifuged at 8000 rpm for 1 min, and the pellets 126 

were then washed with sterilized saline (0.9% NaCl) solution three times in a centrifuge tube 127 

and re-suspended in a sterilized saline solution to obtain suitable concentration of E. coli. 128 

Then, PS with different concentrations was added into 100 mL solution containing 107 cfu 129 

mL-1 bacterial suspensions. The solution was irradiated by a 300 W Xenon lamp equipped 130 

with a 420 nm cut-off filter. The VL irradiation was measured by a photometer (FZ-A, 131 
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PerfectLight, China) to be 220 mW/cm2. In order to study the effect of wavelength, the 132 

different monochromatic light (420, 450 and 550 nm) was used and the irradiation was 133 

adjusted to the same level of 35 mW/cm2. At different time intervals, aliquot samples were 134 

collected and uniformly spread on Nutrient Agar plates after serial dilutions using the 135 

sterilized saline solution. The plates were incubated at 37 °C for 24 h to determine the viable 136 

cell count. All the inactivation experiments were conducted in triplicate. The system 137 

temperature maintained at about 30 oC during the inactivation process. Control experiments 138 

without light irradiation were also conducted in triplicate. The effects of different PS 139 

concentrations, bacterial concentrations, temperatures and pH values were also studied. To 140 

analyze the influence of pH, appropriate amounts of H2SO4 (0.1 M) or NaOH (0.1M) was 141 

added to adjust the initial pH value. To test the universality, Gram-positive Staphylococcus 142 

aureus and Gram-negative Pseudomonas aeruginosa were also used, following similar 143 

experimental procedure as E. coli.  144 

 2.3 Analysis 145 

Sulfate radical was tested using Electron Paramagnetic Resonance (EPR) technology. 146 

Typically, a solution containing 10 mM DMPO and 2 mM PS was prepared and irradiated by 147 

visible light (λ ≥ 420 nm). After given time intervals, aliquots were collected and analyzed on 148 

a Bruker EMXPlus EPR spectrometer. The •OH production was monitored using coumarin as 149 

the trapping agent. A solution containing 1 mM coumarin, 2 mM PS was prepared and 150 

irradiated with different light conditions. At given time intervals, aliquots were taken and 151 

measured by a Fluorescence spectrometer at an emission wavelength of 460 nm with an 152 

excitation wavelength at 332 nm. Intracellular enzyme protein were extracted by Bacterial 153 
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Protein Extraction Kit (C600596，Sangon Biotech), then analyzed by Total Superoxide 154 

Dismutase Assay Kit with WST-8 (S0101，Boyotime) and Catalase Assay Kit (S0051，155 

Boyotime) to test the enzyme activity. PS concentration was measured using the KI 156 

colorimetric method at 400 nm according to reported method (Liang et al. 2008, Liu et al. 157 

2014, Feng et al. 2015) with a Varian Cary 500 UV-vis spectrophotometer. Intracellular 158 

reactive oxygen species were detected by Reactive Oxygen Species Assay Kit with 159 

fluorescent probe DCFH-DA (S0033, Boyotime). Chromosomal DNA was extracted using an 160 

Ezup Column Bacteria Genomic DNA Purification Kit (SK8255, Sangon Biotech), then 161 

verified by DNA agarose gel electrophoresis (0.6% agarose gel at 100 V for 30 min in 1 × 162 

TAE buffer).  163 

3. Results and Discussion 164 

3.1 Bacterial inactivation efficiency by VL/PS system  165 

The inactivation profiles of different concentrations of E. coli against the reaction time 166 

with PS under VL irradiation (λ ≥ 420 nm) are shown in Fig. 1(A). The VL spectrum is shown 167 

in Fig. S1, which shows that no UV irradiation is found. Fig. 1(A) shows that PS alone has no 168 

bactericidal effect on different concentrations of E. coli, indicating PS cannot be activated by 169 

bacterial cells under dark conditions. Impressively, under VL irradiation, remarkable bacterial 170 

inactivation efficiency was obtained with PS addition. 6 log of E. coli cells could be 171 

completely inactivated within 40 min, and 7 log of E. coli cells could be inactivated within 172 

120 min of VL irradiation with 2 mM PS. When the bacterial concentration was further 173 

increased to 108 cfu mL-1, about 4-log reduction of viable cells could still be achieved within 174 

120 min. The inactivation under full spectrum irradiation was also conducted to evaluate the 175 
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effect of solar light activated PS for disinfection. As expected, the inactivation efficiency was 176 

further enhanced and 7 log of cells could be inactivated within 40 min, suggesting PS can also 177 

be used to accelerate the solar disinfection (SODIS) process without catalysts, in which both 178 

UV and VL play important role in activating the PS for disinfection. In addition, the bacterial 179 

inactivation efficiency was closely related to the PS concentration in the PS/VL system. 180 

Negligible inactivation efficiency was found when the PS concentration was 0.5 and 1 mM. 181 

When the PS concentration was increased to 2 mM, the inactivation efficiency was greatly 182 

improved and 7-log reduction of viable cells could be achieved within 120 min of VL 183 

irradiation (Fig. 1(B)). Further increasing the PS concentration would also lead to increase of 184 

inactivation efficiency, and total inactivation of 7-log E. coli cells could be achieved within 80 185 

min when the PS concentration was increased to 4 mM. During the bacterial inactivation 186 

process in the VL/PS system, the decrease of system pH was observed and became more 187 

obvious with increasing PS concentration as shown in Fig. 1(C). When the PS concentration 188 

was 4 mM, the pH was decreased from 6.0 to 4.6 after the complete bacterial inactivation. 189 

The reason for the pH decrease may be partially due to H+ generation during the process of 190 

•SO4
2- consumption (Equation 1) (Liu et al. 2012). 191 

•SO4
2- + H2O → SO4

2- + •OH + H+                                    (1) 192 

In addition, the endo and exo-bacterial organic compounds attacked by •SO4
2--derived ROSs 193 

would release aliphatic acids, which also contributed to the pH decrease (Rincon and Pulgarin 194 

2004a). Previous studies have confirmed that PS can be activated by UV irradiation (254 nm 195 

or 365 nm) for organic pollutants degradation (Antoniou et al. 2010, Liu et al. 2016). 196 

However, studies about PS activation by VL are rather limited. Pan et al. (2018) have 197 
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investigated the light activation of PS for benzophenone-3 degradation, and the results 198 

showed that the degradation ratio was low (~ 20%) under pure VL irradiation (λ = 420 nm). 199 

Our present results confirm that PS can also be activated by VL for high-efficient bacterial 200 

inactivation without any artificial catalysts.  201 

To further evaluate the effectiveness of bacterial inactivation in the VL/PS system, 202 

bacterial regrowth test was conducted according to the method reported in the literatures  203 

(Wang et al. 2012, Rincon and Pulgarin 2004b,). After the complete inactivation of 7-log E. 204 

coli cells in 120 min (Fig. 1(A)), the reaction mixture (1 mL) was sampled in the culture 205 

medium (20 mL) and underwent a 96 h recovery period in dark to determine the bacterial 206 

regrowth. Results indicated that no detectable bacterial count was observed after 96 h 207 

incubation period, suggesting the bacterial inactivation by the VL/PS system lead to 208 

irreversible damage to the E. coli cells. Thus, the VL/PS treatment is a safe and effective 209 

method for water disinfection without detectable bacterial regrowth. 210 

To understand the mechanisms, the responsive wavelength in the VL region for bacterial 211 

inactivation were investigated. Fig. 2(A) shows the wavelength-dependent bacterial 212 

inactivation efficiency under monochromatic light irradiation with different band-pass filter. 213 

No UV irradiation was found in the monochromatic light spectra, confirming the purity of the 214 

monochromatic light (Fig. S1). Results show that a high bacterial inactivation efficiency was 215 

found at 420 nm light irradiation, and 7-log reduction of viable cells could be achieved within 216 

120 min. When extending the light wavelength to 450, 550 and 650 nm, the bacterial 217 

inactivation efficiency was decreased significantly, indicating the responsive wavelength in 218 

the visible light region is around 420 nm. As well known, sulfate radical reacts with 219 
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hydroxide or water to produce hydroxyl radical (•OH) (Furman et al. 2010, Gao et al. 2016b). 220 

Therefore, to further confirm the PS can be activated under VL irradiation, •OH production 221 

was monitored using coumarin as the trapping agent. Coumarin is believed to quantitatively 222 

react with •OH to produce highly fluorescent 7-hydroxylcoumarin with emission at 460 nm 223 

(Guan et al. 2008, Ishibashi et al. 2000, Ng et al. 2015). Fig. 2(B) shows the fluorescence 224 

spectra of the coumarin solution (1 mM) in the presence of PS under 420 nm of VL irradiation. 225 

It was found that the fluorescence intensity of 7-hydroxylcoumarin increased with irradiation 226 

time, suggesting PS can be activated to produce •OH under 420 nm VL irradiation. In addition, 227 

the apparent rate constant (k) for •OH generation was calculated following pseudo-first-order 228 

reaction kinetics based on previous literatures (Guan et al. 2008). As shown in Fig. 2(C), the 229 

generation of •OH increases linearly under 420 nm irradiation with apparent rate constant k = 230 

0.2522 min-1 (R2 = 0.992). When the light wavelength was extended to longer wavelength of 231 

450, 550, and 650 nm, the •OH generation gradually decreased almost to zero. This result 232 

matches well with the bacterial inactivation efficiency, suggesting the bacterial cells were 233 

inactivated as a result of PS activation to produce reactive species. It should be noted that 234 

slight •OH generation could be found under 450 nm of VL irradiation (k = 0.0469 min-1, R2 = 235 

0.994). However, almost no bacterial inactivation was obtained under this wavelength, which 236 

indicates that PS may also be activated under longer wavelength in the VL region (λ ≥ 450 237 

nm), but the generated reactive species are limited and unable to cause cell death. To further 238 

confirm the activation of PS, the consumption of PS was studied and the results were shown 239 

in Fig. 2(D). It was found that ~ 40 mg/L of PS (~ 7.8%) was decomposed under VL 240 

irradiation (λ ≥ 420 nm) during the bacterial inactivation process, which followed a first-order 241 
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reaction kinetic model (kps = 6.86 × 10-4 min-1, R2 = 0.995). In addition, similar PS 242 

consumption rate was found under 420 nm irradiation, while negligible PS was consumed 243 

under 450 nm and 550 nm irradiation. This result matched well with the bacterial inactivation 244 

efficiency in Fig. 2(A), further confirming the bacterial inactivation is caused by the 245 

consumption of PS with VL irradiation.  246 

To illuminate the roles of possible reactive species, different scavengers were used to 247 

trap potential reactive species in the VL/PS system, including methanol for •SO4
-, tert-butyl 248 

alcohol (TBA) for •OH and TEMPOL for •O2
- (Duan et al. 2016a, Liu et al. 2014, Wang et al. 249 

2011). In the control experiment without PS, no bacterial cell loss was observed by adding 1 250 

mM of each scavenger, indicating no toxicity of these chemical scavengers to the E. coli cells 251 

within the testing time period (Fig. S2). It is known that methanol can effectively scavenge 252 

both •SO4
- and •OH, while TBA is more efficient to scavenge •OH than that of •SO4

- (k•OH = 253 

5.2 × 108 M-1 s-1; k•SO4
- = 8.4 × 105 M-1 s-1) (Ahmad et al. 2013). As shown in Fig. S3, with the 254 

addition of methanol, the inactivation of bacteria was almost completely quenched, indicating 255 

the major reactive species in the VL/PS system are •SO4
- or •OH. In contrast, the addition of 256 

TBA only partially decreased the inactivation efficiency, suggesting both •SO4
- and •OH are 257 

involved in the bacterial inactivation process. The •SO4
- has both direct functions to cause cell 258 

death and indirect function by producing •OH to oxidize the cells. Furthermore, it was also 259 

found that the addition of TEMPOL could inhibit the bacterial inactivation, suggesting •O2
- 260 

also played an important role during the inactivation process. Furman et al. has indicated that 261 

PS can be activated by base and decomposed to sulfate and hydroperoxide anion (HO2
-), then 262 

the hydroperoxide anion reduces another PS molecule resulting in the formation of sulfate 263 
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radical and sulfate while the hydroperoxide is oxidized to superoxide (Furman et al. 2010). 264 

Therefore, it is found that PS can also be activated by VL to produce •O2
-. Based on the above 265 

results, the mechanisms in the VL/PS system go through the following reactions (Equations 2 266 

to 4):  267 

-
3OS-O-O-OS3

- + H2O → 2SO4
2- + HO2

- + H+                  (2) 268 

-
3OS-O-O-OS3

- + HO2
- → SO4

2- + •SO4
- + •O2

- + H+                   (3) 269 

•SO4
2- + H2O → SO4

2- + •OH + H+                          (4) 270 

The key step for the activation of PS is the generation of •SO4
-, therefore further tested 271 

experiments for the generation of •SO4
- by EPR spectroscopy was also conducted using 272 

DMPO as a spin-trapping reagent (Wei et al. 2017, Zhu et al. 2016). Fig. 3 shows the obvious 273 

signals of both DMPO-•OH (1:2:2:1) and DMPO-•SO4
- (1:1:1:1:1:1), indicating large 274 

quantities of both •OH and •SO4
- radicals were generated immediately in the VL/PS system. 275 

The signals corresponding to •OH became more pronounced with irradiation time, suggesting 276 

the conversion of •SO4
- to •OH. These results confirm the successful activation of PS by VL 277 

to produce •SO4
-, •OH and •O2

-, which then collectively cause the inactivation of bacterial 278 

cells.  279 

3.2 Influences of several factors to VL/PS system 280 

3.2.1 Effect of temperature for PS activation 281 

As well known, PS can be activated by heat (Ike et al. 2018, Waldemer et al. 2007, 282 

Zrinyi and Pham 2017). Since VL irradiation may cause initial temperature rise during the 283 

reaction process, to test the possibility of PS activation by heat or by VL irradiation, the effect 284 

of different temperatures on the PS activation was studied first for bacterial inactivation 285 

VL 
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without light irradiation. As shown in Fig. 4(A), no bacterial inactivation is found when the 286 

temperature is 30 and 40 oC, indicating PS cannot be activated for bacterial inactivation when 287 

the temperature is below 40 oC without VL irradiation. With VL irradiation, the reaction 288 

temperature is maintained at about 30 oC. Therefore, in the VL/PS system, the observed PS 289 

activation should not be attributed to heat activation. This results further confirm the 290 

activation of PS by VL instead of heat. When the temperature is increased to 50 oC, the 291 

control experiments without PS addition show that about 1.5 log of viable cells are inactivated. 292 

In contrast, all the 7.0 log of cells can be completely inactivated within 60 min with PS 293 

addition. Therefore, the intrinsic bactericidal effect at 50 oC plays a minor role and the 294 

bacterial inactivation is mainly due to the effect of PS, which also suggests that 50 oC is the 295 

effective temperature for the activation of PS for bacterial inactivation if no light is used. This 296 

result is consistent with previous reports that 40-50 oC is the effective temperature for heat 297 

activation of PS for the degradation of organic pollutants (Ike et al. 2018). In addition, the 298 

•OH generation was monitored under different temperatures as shown in Fig. 4(B). The high 299 

PL intensity indicates a large amount of •OH is produced, which matches well with the high 300 

bacterial inactivation efficiency at 50 oC. Moreover, the radical generation was further 301 

verified by EPR spectroscopy using DMPO as spin-trapping reagent. As shown in Fig. 4(C), 302 

the obvious and gradually amplified signals of DMPO-•OH (1:2:2:1) are observed with 303 

increasing temperatures from 30 oC to 50 oC, which is in agreement with the result in Fig. 304 

4(B). The corresponding PS decomposition rate was studied in Fig. 4(D). At 30 oC, negligible 305 

PS decomposition was found. The decomposition rate increased gradually at higher 306 

temperature, following the first-order kinetics with rate constant k to be 3.67×10-4 and 307 
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8.78×10-4 min-1 for 40 oC and 50 oC, respectively. It was noted that although 40 oC is 308 

ineffective for bacterial inactivation by PS, a small amount of •OH can be detected, which 309 

may be attributed to the fact that the generated radicals are not enough to overcome the 310 

bacterial defending systems resulting in negligible cell death.   311 

To study the possible synergistic effect of VL irradiation and heat activation of PS for 312 

disinfection, additional experiments were conducted under both VL irradiation and heating at 313 

50 oC. As shown in Fig. 4(E), the bacterial inactivation efficiency was significantly promoted 314 

and 7 log of cells could be inactivated within 30 min. The inactivation kinetic was calculated 315 

according to the log-linear-shoulder model proposed by Geeraerd et al. (2005) (Equation 5): 316 

log�N� = log �	10������ − 10��������� × e������ × ����� !
"#������ !�"�×�$����% + 10��������'                           317 

                                                                 (5) 318 

where N(0) is the initial cell destiny (cfu/mL), Nres is the residual cell density (cfu/mL), kmax is 319 

specific inactivation rate constant (min-1) and Sl is the shoulder length (min). The kmax was 320 

calculated to be 0.25, 0.38 and 1.29 min-1 for bacterial inactivation by VL/PS, heat/PS and 321 

VL/heat/PS, respectively. The synergy factor could be then calculated according to the 322 

reference (Metheniti et al. 2018) (Equation 6): 323 

             S�%� = 	100 �+,�-./�0�∑ �./.
�+,�-./�0

                                (6) 324 

where ki is the rate constant of each individual process, while kcombined is the rate constant of 325 

the combined process. The synergy factor was obtained to be 51.2%, suggesting the 326 

simultaneous use of VL and heat could result in synergistic effect rather than cumulative 327 

effect. The synergistic effect is important for practical application using solar light as the 328 

energy source, as sunlight irradiation will cause temperature rise which is expected to further 329 
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accelerate the disinfection process.  330 

3.2.2 Effect of pH, dissolved oxygen and inorganic ions 331 

Bacterial inactivation efficiency in the VL/PS system was found to be highly dependent 332 

on pH, and lower pH can obtain higher inactivation performance (Fig. 5(A)). The control 333 

experiments with PS alone in dark at different pH were also conducted. No significant cell 334 

loss occurred in the pH range of 5.0 ~ 9.0, and only 1.0 log reduction of cells was found at pH 335 

3.0 within 120 min, indicating the pH has no obvious inactivation effect on the cell viability 336 

(Fig. S2). E. coli is a representative of the large neutrophilic bacteria group, which grows 337 

optimally between pH 6.0 and 8.0. However, E. coli can also survive exposure to acidic pH 338 

(Lin et al. 1995). This acid tolerance response in E. coli involves acid-induced proteins that 339 

protect the cells from an acid shock (pH 3.0) (Heyde and Portalier 1990, Rincon and Pulgarin 340 

2004a). The variation of pH was monitored as shown in Fig. 5(B). The pH remained stable in 341 

acidic condition (pH 3.0 ~ 5.0), and decreased slightly in neutral condition (pH 7.0). Notably, 342 

the pH decreased significantly from 9.0 to 6.8 in basic condition. This result matched well 343 

with previous studies that alkaline condition could provoke an accelerated PS decomposition, 344 

release H+ and generate •OH radicals which is expected to increase the organic pollutant 345 

degradation activity (Furman et al. 2010). However, for bacterial inactivation in this study, 346 

acidic condition was found to favor the inactivation performance, and a significant decline of 347 

inactivation efficiency was observed with increasing pH values. This can be rationalized by 348 

considering the electrostatic adsorption of S2O8
2- to bacterial cell surfaces. E. coli exists 349 

predominantly in its deprotonated form at pH 3.0-11.0, therefore almost all of the cells had a 350 

negative charge under such conditions, which would lead to the electrostatic repulsion 351 
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between the deprotonated E. coli and S2O8
2-. A higher pH would further increase the 352 

electrostatic repulsion, resulting in declined bacterial inactivation efficiency. This result also 353 

indicates that the S2O8
2- is really adsorbed onto the cell surface, and simultaneously activated 354 

by VL to produce •SO4
-. The subsequent generating of •OH does not favor the disinfection 355 

efficiency, therefore the role of •SO4
- is more important than that of •OH radicals for bacterial 356 

inactivation, probably due to the fact that much longer half-life of the •SO4
2- could enable it to 357 

penetrate through the cell membrane into the intracellular components.  358 

The effect of dissolved O2 in the VL/PS system was also studied. As shown in Fig. 5(C), 359 

total inactivation of 7 log E. coli cells was obtained within 120 min under both air equilibrium 360 

and O2 purging, indicating the dissolved O2 play a minor role in the disinfection process. In 361 

addition, with N2 purging to create a complete anaerobic condition, the bacterial inactivation 362 

efficiency was only slightly decreased, further confirming that dissolved O2 and its derived 363 

reactive oxygen radicals (i.e. •OH, •O2
-) is not as important as •SO4

- for bacterial inactivation 364 

in this VL/PS system. Bicarbonate was the representative of inorganic carbon existed in 365 

natural water at the range of 0.1-50 mg/L, which can quench radicals to inhibit oxidation 366 

process (Wu et al. 2015). As shown in Fig. 5(D), a NaHCO3 concentration of 1 mg/L 367 

exhibited similar inactivation efficiency with that of no NaHCO3 addition; with further 368 

addition of NaHCO3, the inactivation efficiency decreased significantly in the presence of 5 369 

mg/L NaHCO3 and almost completely inhibited when 20 mg L-1 of NaHCO3 was used. The 370 

variation of pH was monitored during the reactions (Fig. 5(E)). It showed that the system pH 371 

was in the range of 6.2-7.8 with different concentrations of NaHCO3 before the disinfection 372 

reactions. During the bacterial inactivation process, the pH remained stable due to the 373 
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buffering effect of NaHCO3. However, the basic conditions from NaHCO3 would inhibit the 374 

bacterial inactivation process as discussed above (Fig. 5(A)). In addition, the bicarbonate 375 

could quench the •SO4
- to generate the •CO3

- with much lower redox potential (1.5 V) than 376 

that of •SO4
- (2.5-3.1 V) (Gao et al. 2016a, Miao et al. 2001). Therefore, both the basic pH 377 

and the quenching of •SO4
- would cause the detrimental effect to VL/PS system and greatly 378 

inhibit bacterial inactivation. The addition of other inorganic ions, including CH3COO-, SO4
2-, 379 

NO3
- and Cl- could also retard the bacterial inactivation (Fig. 5(F)). The Cl- was found to only 380 

slightly influence the bacterial inactivation. This could be due to the scavenging of •SO4
- by 381 

Cl- to produce Cl• which then re-combined to generate molecular chlorine (Cl2) (Rincon and 382 

Pulgarin 2004a). The disinfection ability of Cl2 is expected to compensate the loss of •SO4
-, 383 

leading to the insignificant influence of Cl-.  384 

3.3 Bacterial inactivation process and mechanism 385 

To understand the bacterial inactivation mechanism, the activities of several intracellular 386 

antioxidant enzymes were monitored respectively during the bacterial inactivation process. 387 

Superoxide dismutase (SOD) is a well-known antioxidant enzyme that catalyzes the 388 

decomposition of •O2
- to H2O2, while catalase (CAT) can further catalyze the decomposition 389 

of H2O2 to water and oxygen (Wang et al. 2013). Therefore, a higher SOD and CAT activity 390 

indicates the cells are encountering a more severe oxidative stress from the environment. The 391 

SOD and CAT activities were determined during the bacterial inactivation process. As shown 392 

in Fig. 6(A) and (B), in the initial 2 h, both SOD and CAT activity increased rapidly with 393 

irradiation time, which indicates there is a large amount of oxidative radicals attacking the 394 

bacteria at the beginning of the inactivation process, with the bacterial defense system 395 
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displaying a higher SOD and CAT activity to protect the bacterial cells. This observation 396 

matches well with the results of Fig. 1(A) which showed that the disinfection efficiency 397 

increased very slowly within the initial 2 h because these antioxidative enzymes protected the 398 

E. coli. After 2 h, both SOD and CAT activity gradually decreased as the bacterial inactivation 399 

process progressed. This result can be reasonably explained by the rapid increase of the 400 

disinfection efficiency after 2 h (Fig. 1(A)). It is because that when the amount of produced 401 

radicals exceeded the protection ability of the bacterial defense system, E. coli cells was 402 

severely damaged, and the activities of both enzymes decreased again. In contrast, negligible 403 

SOD and CAT activity was observed under light control (without PS) and dark control 404 

(without VL irradiation) conditions. This evidence further confirms the radical-induced 405 

oxidative inactivation of bacterial cells in the VL/PS system. Both VL and PS are the 406 

prerequisites for the bacterial inactivation.  407 

To further understand the intracellular oxidative stress, the intracellular ROS level was 408 

also tested using a DCFH-DA probe, which can be hydrolyzed to non-fluorescent 409 

dichlorofluorescein (DCFH) by esterase in the cells and can further be oxidized to produce the 410 

fluorescent dichlorofluorescein (DCF) by cellular ROS. As shown in Fig. 6(C), The 411 

intracellular ROSs level was found to increase steadily with the reaction time in the VL/PS 412 

system, while no intracellular ROSs promotion was found under light and dark controls, 413 

suggesting the cells are encountering ROSs attacking at all the time in the VL/PS process. 414 

When the accumulated ROSs overwhelmed the defense system, the cells were gradually 415 

damaged to death. The bacterial inactivation process was further observed by SEM 416 

technologies (Fig. 7). It showed that the untreated E. coli cell exhibits intact and smooth outer 417 
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membrane. After VL irradiation for 30 min, the outer membrane of the cell wall started to 418 

wrinkle and become rough, suggesting the bacteria suffered from external oxidative stress. 419 

With the time going to 60-90 min, the cell surface become rougher, and lots of holes were 420 

observed on the outer membrane. Finally, after 120-150 min of VL irradiation, the cell 421 

structure was completely ruptured, leaving only small pieces of cell debris. Therefore, the cell 422 

destruction process was confirmed from outer membrane to intracellular components. After 423 

the penetration of cell membrane, the oxidative radicals can subsequently injure the cells by 424 

reacting with various biomolecules, such as cytoplasmic protein and genome (Sun et al. 2014). 425 

As shown in Fig. 6(D), the destruction of genomic DNA was observed as the fluorescent 426 

intensity of the DNA bands started to fade with VL irradiation and almost disappeared with 427 

time prolonged to 12 h. Only severe damage to chromosomal DNA is lethal to the cells. 428 

Otherwise, cells in a viable but non-culturable state may still revive to cause the health risks 429 

in water (Zhang et al. 2015). Therefore, the new disinfection method of VL/PS can not only 430 

inactivate the bacterial cells, but also can kill the cells leaving no regrowth ability.  431 

Based on the above results, the bacterial inactivation mechanism in the VL/PS system is 432 

illustrated as shown in Fig. 8. At first, the S2O8
2- is activated by VL to produce •SO4

- in 433 

solution, which then partially transforms to •O2
- and •OH. The •SO4

- has much longer life 434 

time as well as stronger oxidation power than that of •O2
- and •OH, causing severe damage to 435 

the cell membrane. Subsequently, the radical species penetrated through the membrane and 436 

high levels of intracellular antioxidant enzyme are induced to annihilate the oxidative stress of 437 

ROSs. Finally, the defense systems are destroyed with increasing amount of ROSs, leading to 438 

carbonylation of cytoplasmic protein and damage to genomic DNA. It is noted that previous 439 
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studies have reported the activation of PS by various catalysts combined with VL irradiation 440 

(Tang et al. 2019, Yang et al. 2019). However, these studies have only focused on the effect of 441 

catalysts, and ignored the intrinsic effect of PS under VL irradiation, probably due to the low 442 

PS concentration and the recalcitrant organic pollutants. To the best of our knowledge, this is 443 

the first report about the PS activation by VL for bacterial inactivation without catalysts. The 444 

bacterial inactivation efficiency is closely related to PS concentration (Fig. 1(B)), suggesting 445 

sufficient PS concentration is crucial in the VL/PS system. Gao et al. (2017) has reported a 446 

catalyst-free activation of PS by VL for dye (i.e. RhB, Eosin Y) degradation, in which the 447 

dyes were functioned like photosensitizers to "catalyze" the reaction by exciting electrons to 448 

activate PS, instead of direct activation by VL in this study. In a recent study, Pan et al. (2018) 449 

has reported a very low efficiency (~ 20%) for the benzophenone-3 degradation by PS under 450 

VL (λ = 420 nm). In our study, the bacterial cells can absorb visible photons, which has been 451 

well proved in previous studies (Vermeulen et al. 2008, Kielbassa et al. 1997, Chen et al. 452 

2018). Therefore, besides the activation of PS by VL, the bacterial cells may be able to further 453 

accelerate the PS activation process by transferring the visible photon energy to activate PS, 454 

similar to the "photosensitization" mechanism. Therefore, it is expected that the PS with 455 

sufficient concentration can be activated by VL for dye degradation and bacterial inactivation, 456 

but may not for other organic contaminant which cannot absorb visible light, unless an even 457 

high PS concentration is used. 458 

3.4 Universality of the VL/PS system for water disinfection 459 

To further investigate the universality and potential application of the VL/PS system in 460 

water disinfection, other pathogenic bacteria including Staphylococcus aureus (S. aureus) and 461 
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Pseudomonas aeruginosa (P. aeruginosa) were also used to test the inactivation efficiency. S. 462 

aureus is a Gram-positive bacterium and a common cause of skin infections including 463 

abscesses, respiratory infections such as sinusitis, and food poisoning. As shown in Fig. 9(A), 464 

7-log of S. aureus could be also totally inactivated within 200 min under VL irradiation with 2 465 

mM PS. In contrast, no bacterial inactivation was found under dark and light conditions. P. 466 

aeruginosa is a Gram-negative bacterium and is a multidrug resistant pathogen associated 467 

with hospital-acquired infections (HAI) (Peleg and Hooper 2010). Similarly, VL/PS system 468 

also shows high inactivation efficiency for the P. aeruginosa, and 7-log of cells could be 469 

completely inactivated within 140 min (Fig. 9(B)). It is noted that the inactivation efficiency 470 

of three tested strains follows the order of: E. coli > P. aeruginosa > S. aureus. This can be 471 

explained by considering the different cell structure of Gram-positive and Gram-negative 472 

bacterium. The Gram-positive bacterium has a much thicker cell wall constructed by 473 

peptidoglycan layer (20-80 nm vs. 10 nm in Gram-negative bacterium), which make it to be 474 

more resistant to ROSs attacking (Chen et al. 2013). Therefore, S. aureus shows the lowest 475 

inactivation efficiency. In addition, due to the intrinsic multidrug resistant mechanism, P. 476 

aeruginosa is more resistant to adverse environment changes compared with E. coli, and 477 

therefore it shows lower inactivation efficiency than that of E. coli. Nevertheless, the VL/PS 478 

system is applicable to inactivate both Gram-positive, Gram-negative and multidrug resistant 479 

pathogens, showing great potential to be used for universal authentic water disinfection. It is 480 

noted that during the process, the consumption of PS will cause the increase of sulfate anions. 481 

According to the guidelines for drinking water quality by the World Health Organization 482 

(WHO), the limit above which sulfate anions affect the taste of drinking water is 250 mg/L 483 
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(Ioannidi et al. 2018). The PS consumption after the complete bacterial inactivation in the 484 

VL/PS system is ~ 43.6 mg/L (Fig. 2(D)), corresponding to sulfate anions of ~ 31 mg/L. 485 

Therefore, the increased concentration of sulfate anions is far less than the standard value 486 

(250 mg/L), and should not have obvious impact on water quality. 487 

The demands for "green" and sustainable development calls for new technologies 488 

without the use of a catalyst for environmental remediation using sunlight as the energy 489 

source, in order to overcome the high-cost and recycling problems of artificial catalysts. 490 

Previous studies have confirmed that UV light which accounts for ~5% of sunlight spectrum 491 

can be used for PS activation for organic pollutant degradation and bacterial inactivation, but 492 

ignored the intrinsic effect of VL which accounts for ~48% of sunlight spectrum. This study 493 

indicates PS can also be activated by VL for water disinfection, thus the sunlight usage can be 494 

improved from ~5% to ~53%. Although the VL response is only extended to 420 nm at this 495 

stage, it is expected that this work will open an avenue for on-going research efforts to further 496 

enlarge the light response, eventually achieving the ultimate goal of catalyst-free 497 

environmental remediation using inexhaustible solar energy. 498 

4. Conclusions 499 

In this study, a new catalyst-free visible light driven PS activation method was developed 500 

for water disinfection. Total inactivation of 6-log E. coli cells within 40 min and 7 log within 501 

120 min could be achieved under VL irradiation in the presence of 2 mM PS solution. 502 

Increasing the PS concentration in the range of 2 to 4 mM could further promote the bacterial 503 

inactivation efficiency, but no heat activation of PS effect was found during the VL/PS 504 

process. The major responsive wavelength was determined to be 420 nm by monochromic 505 
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light irradiation. The acidic pH is benefit for the VL/PS-triggered bacterial inactivation, while 506 

bicarbonate inhibited the E. coli inactivation at the range of 0.1 to 20 mg L-1 and dissolved O2 507 

plays minor roles in the inactivation efficiency. Mechanism study further indicates the main 508 

reactive species are •SO4
-, •O2

- and •OH, in which •SO4
- plays the most important role. The 509 

bacterial inactivation process was identified to begin from outer membrane to intracellular 510 

components. The S2O8
2- is activated by VL to produce oxidative radicals which cause the 511 

damage of cell membrane. Subsequently, several antioxidant enzymes, such as CAT and SOD 512 

are induced, followed by damage to the genomic DNA, leading to the cell death. Besides E. 513 

coli, other typical pathogenic bacteria including S. aureus and P. aeruginosa can also be 514 

effectively inactivated by this VL/PS system. This study not only provides a novel 515 

cost-effective method for PS-activated water disinfection without the use of a catalyst, but 516 

also provides new insights into understanding the bacterial inactivation mechanisms. The 517 

catalyst-free VL/PS system is also expected to find applications in other 518 

environmental-related purification.  519 
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Figure captions 743 

Fig. 1. (A) Sulfate radical-mediated bacterial inactivation efficiency in the VL/PS system with 744 

different cell densities (λ ≥ 420 nm; [PS] = 2 mM; T = 30 oC; [pH]0 = 6.0); (B) Bacterial 745 

inactivation efficiency in the VL/PS system with different PS concentrations and (C) 746 

variation of pH values during the inactivation in the VL/PS system (cell density = 7 log 747 

cfu mL-1; T = 30 oC; [pH]0 = 6.0). 748 

Fig. 2. (A) Bacterial inactivation efficiency under different monochromatic light irradiation; 749 

(B) Fluorescence spectra of coumarin solution (1 mM) in the presence of PS under 420 750 

nm of VL irradiation; (C) Fluorescence intensity at 456 nm under different 751 

monochromatic light irradiation; (D) PS consumption during the bacterial inactivation 752 

process under different VL wavelengths. Experimental conditions: cell density = 7 log 753 

cfu mL-1; [PS] = 2 mM; T = 30 oC; [pH]0 = 6.0. 754 

Fig. 3. Electron paramagnetic resonance (EPR) spectra of DMPO spin-trapping adducts 755 

(asterisk represent DMPO-•OH, and circle represent DMPO-•SO4
2-) in the VL/PS system. 756 

Experimental conditions: λ ≥ 420 nm; [PS] = 2 mM; T = 30 oC; [pH]0 = 6.0. 757 

Fig. 4. (A) Bacterial inactivation efficiency by heat-activated PS under different temperatures; 758 

(B) Fluorescence intensity of coumarin solution (1 mM) with emission at 456 nm by 759 

heat-activated PS (Excitation at 346 nm); (C) EPR spectra of DMPO spin-trapping 760 

adducts for PS activation at different temperatures; (D) Corresponding PS decomposition 761 

rate at different temperatures; (E) Bacterial inactivation efficiency by VL/PS, heat/PS 762 

and VL/heat/PS with kinetic study by log-linear-shoulder model. Experimental 763 

conditions: cell density = 7 log cfu mL-1; [PS] = 2 mM; [pH]0 = 6.0; for VL/PS, λ ≥ 420 764 
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nm, T = 30 oC; for heat/PS, T = 50 oC; for VL/heat/PS, λ ≥ 420 nm, T = 50 oC. 765 

Fig. 5. Bacterial inactivation efficiency in the VL/PS system: (A) Effect of different initial pH; 766 

(B) Variation of pH during the reactions with different initial pH; (C) Effect of different 767 

aeration conditions; (D) Effect of 0-20 mg/L bicarbonate; (E) Variation of pH during the 768 

reactions with bicarbonate; (F) Effects of different inorganic anions (0.1 M) on the 769 

bacterial inactivation efficiency in the VL/PS system. Experimental conditions: cell 770 

density = 7 log cfu mL-1; [PS] = 2 mM; λ ≥ 420 nm; T = 30 oC; [pH]0 = 6.0. 771 

Fig. 6. (A) CAT activity; (B) SOD activity; (C) Intracellular ROSs levels and (D) destruction 772 

of bacterial genomic DNA extracted from harvested cells during treatment in the VL/PS 773 

system. Experimental conditions: cell density = 8 log cfu mL-1; [PS] = 2 mM; λ ≥ 420 774 

nm; T = 30 oC; [pH]0 = 6.0. 775 

Fig. 7. SEM images of E. coli cell treated by the VL/PS system with different irradiation time: 776 

(A) 0 min; (B); 30 min; (C) 60 min; (D) 90 min; (E) 120 min; (F) 150 min. Experimental 777 

conditions: cell density = 7 log cfu mL-1; [PS] = 2 mM; λ ≥ 420 nm; T = 30 oC; [pH]0 = 778 

6.0. 779 

Fig. 8. Schematic diagram of the bacterial inactivation mechanism in the VL/PS system.  780 

Fig. 9. Bacterial inactivation efficiency for (A) S. aureus and (B) P. aeruginosa by the VL/PS 781 

system. Experimental conditions: cell density = 7 log cfu mL-1; [PS] = 2 mM; λ ≥ 420 782 

nm; T = 30 oC; [pH]0 = 6.0. 783 
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Fig. 7 860 
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Highlights: 

� VL was used to activate PS for bacterial inactivation without catalysts 

� Major responsive wavelength was found at 420 nm with no heat activation of PS 

� The •SO4
- was identified to play an important role in bacterial inactivation 

� Intracellular antioxidant enzymes were induced, followed by damaging to DNA 

� The VL/PS system showed excellent inactivation towards two pathogenic bacteria 


