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A B S T R A C T   

A rotating advanced oxidation contactor (RAOC) equipped with TiO2/zeolite composite sheets was developed to 
inactivate the plant pathogenic bacterium Ralstonia solanacearum in drainage solution (DS) from a hydroponic 
system. The inactivation efficiency of R. solanacearum in DS and pure culture solution (PS) by the RAOC was 
compared with that achieved by a submerged composite sheet photocatalysis reactor (SSPR). The initial number 
of living bacteria (N0) was adjusted to around 106–107 CFU mL− 1. The inactivation efficiency of R. solanacearum 
by the SSPR at 4.0 × 107 CFU mL− 1 of N0 significantly decreased compared with that at 1.8 × 106 CFU mL− 1 of 
N0 owing to the attenuation of UV intensity by light absorption and scattering by solids derived from 
R. solanacearum, while the RAOC achieved >2-log inactivation during 24 h of treatment regardless of N0. The 
inactivation of R. solanacearum by the RAOC decelerated after 6 h, possibly because of competition for reactive 
oxygen species between R. solanacearum and products accumulated by inactivation of R. solanacearum. The ratio 
of rate constants for inactivation of R. solanacearum in DS to that in PS by the RAOC was 8 times that for the 
SSPR. This shows that the RAOC greatly mitigates the light attenuation and inhibitory effects of coexisting 
substances on inactivation of R. solanacearum in the DS. The RAOC is therefore a promising and upscalable 
photocatalytic reactor for efficient inactivation of R. solanacearum in DS.   

1. Introduction 

The global population will rise from around 7 billion people in 2010 
to nearly 10 billion by 2050 [1], and food production in 2050 will need 
to be increased by 56 % compared with that in 2010 [2]. Agriculture 
plays an essential role in food production. Soil culture has greatly 
contributed to vegetable production, but suffers problems such as 
excessive use of water [3,4], emission of greenhouse gases including 
nitrous oxide [5,6], and occurrence of soilborne diseases [7,8]. Thus, 
hydroponic culture—an approach for growing plants without soil that 
involves using nutrient solutions in water—has been used in farming as 
an alternative to soil culture. The closed hydroponic system enables one 
to save water and nutrients by cyclic use of the drainage solution (DS) 

and exhibits higher yield per unit area than soil culture [9–11]. 
Although the hydroponic system can avoid occurrence of soilborne 
diseases, plant pathogens can invade the system via various routes such 
as from the substrate, seeding, and soil surrounding the hydroponic 
greenhouse [12], resulting in significant decrease in crop yield. 

Disinfection of the DS to inactivate plant pathogens (e.g., Fusarium 
spp.) has been explored by a wide variety of approaches such as heating 
[13], membrane filtration [14,15], chlorination [16], liming [17], 
ozonation [18], corona plasma [18–23], ultraviolet (UV) irradiation 
[24], and photocatalysis [25,26]. Heating and membrane filtration have 
limitations such as high running cost and a requirement for periodic 
cleaning maintenance. Although chlorination is cost-effective, contin-
uous addition of chlorine may have an adverse impact on the plants such 
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as formation of chloramines, which have detrimental effects, via the 
reaction of ammonia and residual chlorine or sodium hypochlorite in the 
nutrient solution [16,27]. Ozonation and corona plasma generate highly 
reactive oxygen species (e.g., hydroxyl radicals), and a huge amount of 
electrical energy is required for the operation. 

Inactivation of plant pathogens using UV irradiation and a photo-
catalyst such as titanium dioxide (TiO2) has been reported 
[24–26,28,29]. Photocatalysts produce reactive oxygen species (e.g., 
hydroxyl radicals) under UV irradiation, and photocatalysis is expected 
to be an energy-saving advanced oxidation process (AOP) because 
sunlight can be used as the light source. However, the efficiency of 
inactivating pathogens by UV-based AOPs including photocatalysis de-
creases with increasing reactor volume because of scattering and 
attenuation of light in water [28,29]. 

Economic losses due to bacterial wilt disease, which is caused by the 
soilborne plant pathogenic bacterium Ralstonia solanacearum, are a 
growing agricultural concern worldwide. Infection of hydroponically- 
cultivated tomato (Solanum lycopersicum) by R. solanacearum has been 
reported [30]. R. solanacearum infects into plant root and colonizes the 
intercellular spaces of the root. Subsequently, R. solanacearum invades 
xylem vessels and reduces sap flow by growth of bacterial cells and 
formation of exopolysaccharide slime, resulting in the development of 
wilting symptoms [31,32]. In closed hydroponic systems, 
R. solanacearum is diffused throughout the cultivation facility in the 
recirculating DS, and eradicating R. solanacearum is very difficult after 
the appearance of symptoms. Hence, development of disinfection tech-
niques for DS containing R. solanacearum is urgently required. Corona 
plasma is the only technology that has been applied for R. solanacearum 
inactivation, and the corona discharge reactor showed good perfor-
mance in repetitively and continuously inactivating R. solanacearum in 
artificial nutrient solution [19–21,23]. However, previous studies have 
not assessed the inactivation of R. solanacearum in an actual DS, and 
have not considered the inhibitory effects of coexisting substances in the 
DS on the inactivation efficiency. We previously investigated the DS 
water quality from hydroponic system and revealed that DS contains a 
wide variety of coexisting substances at high concentration [33]. Eval-
uating the inactivation efficiency in actual DS instead of artificial 
nutrient solution is also important because some of organic compounds 
such as carboxylates exhibit a lower reactivity with hydroxyl radicals 
[34,35]. In addition, the corona discharge reactor requires continuous 
air flow as well as high voltage to produce reactive oxygen species and is 
hard to scale-up. From an engineering viewpoint, the development of an 
upscalable reactor for inactivating R. solanacearum in DS is of great 
importance. 

We have fabricated a composite sheet with TiO2 and adsorbent (e.g., 
zeolite) using a papermaking technique to easily separate the functional 
materials from treated water [36,37], and developed a rotating 
advanced oxidation contactor (RAOC) equipped with the TiO2/zeolite 
composite sheets [38,39]. In the RAOC, the top part of the disk is illu-
minated with UV light for photocatalysis, and the bottom part of the disk 
is immersed in water for adsorption of organic contaminants. By rotating 
the disk, the photocatalysis and adsorption occur continuously. The 
RAOC shows excellent performance for removing trace organic con-
taminants from actual wastewater and greatly mitigates the inhibitory 
effects of coexisting substances in addition to light attenuation as the 
photocatalysis is performed in an extremely thin water film [40,41]. We 
have found that water temperature and UV intensity are key factors for 
controlling the performance of RAOC treatment [41,42], and this tech-
nology is expected to be cost-effective and energy-saving for treatment 
of organic contaminants in reverse osmosis concentrate from water 
reuse [43,44]. The RAOC is an upscalable reactor and applicable to 
actual wastewater treatment systems to remove trace organic contami-
nants. However, no previous research has applied the RAOC to disin-
fection of DS infested by R. solanacearum. 

In this study, the efficiency of inactivation of R. solanacearum by an 
RAOC equipped with TiO2/zeolite composite sheets was evaluated in 

comparison with that by a submerged composite sheet photocatalysis 
reactor (SSPR). In addition, fluorescent protein-labelled R. solanacearum 
was used to estimate the material that captures and inactivates the 
R. solanacearum in the TiO2/zeolite composite sheet. The inhibitory ef-
fects of coexisting substances in the DS on inactivation of 
R. solanacearum were investigated by comparing the inactivation effi-
ciencies in pure culture solution (PS) and DS. To the best of our 
knowledge, this is the first report of development of an upscalable 
photocatalytic reactor to inactivate R. solanacearum in DS. 

2. Materials and methods 

2.1. Materials 

The sources of chemicals are provided in Appendix A Text S1. 
R. solanacearum strain OE1–1 [45] was selected as the target strain in 
this study and was incubated in B medium [46] by shaking at 28 ◦C for 
24 h to reach stationary phase [nearly 109 colony-forming units (CFU) 
mL− 1]. To visualize the distribution of R. solanacearum on the sheets, a 
green fluorescent protein (GFP)-labelled R. solanacearum strain OE1–1 
(GFP-labelled R. solanacearum) [47] was used. The DS from a hydro-
ponic system for eggplant cultivation (Kochi, Japan) was collected on 
December 18, 2019. The DS quality is summarized in Table 1. Electric 
conductivity and pH of the DS were measured immediately after sam-
pling. The wide range of electric conductivity value was observed 
(20–472 mS m− 1) in our previous study [33], and the value measured in 
present study was within the range. Suspended solids concentration in 
the DS was below the detection limit, and the DS was stored at 4 ◦C after 
filtration with glass fiber filtration papers (Whatman GF/B, Pittsburg, 
PA, USA). Because the DS might contain bacteria in addition to 
R. solanacearum, the DS was sterilized at 121 ◦C for 30 min using a high- 
pressure steam sterilizer (MLS-3030, PHC Holdings Corporation, Tokyo, 
Japan) before conducting disinfection experiments, and R. solanacearum 
cells were added to the sterilized DS. The DS water quality before and 
after sterilization is shown in Appendix A Table S1. 

2.2. Configuration of reactors 

The polyethylene terephthalate (PET) fiber, zeolite, TiO2, and TiO2/ 
zeolite containing sheets were prepared using a dual polymer retention 
system. PET fiber sheet (containing 6.25 g of PET fibers), zeolite sheet 
(containing 6.25 g of PET fibers and 3.125 g of zeolite), TiO2 sheet 
(containing 6.25 g of PET fibers and 3.125 g of TiO2), and TiO2/zeolite 
composite sheet (containing 6.25 g of PET fibers, 3.125 g of zeolite, and 
3.125 g of TiO2) were obtained. The details of preparation and physi-
ochemical properties of the TiO2/zeolite composite sheet are shown in 
our previous study [37]. We previously confirmed that TiO2 and zeolite 
particles were uniformly dispersed within TiO2/zeolite composite sheet, 
and the composite sheet has high durability toward UV irradiation [37]. 

Table 1 
DS water quality.  

Index Unit Value 

pH –  6.2 
EC mS m− 1  26.4 
M-alkalinity mg CaCO3 L− 1  23.5 
DOC mg C L− 1  9.33 
Absorbance at 365 nm cm− 1  0.10 
Na+ mg L− 1  19.6 
NH4

+ mg L− 1  2.02 
K+ mg L− 1  431 
Mg2+ mg L− 1  91.6 
Ca2+ mg L− 1  109 
Cl− mg L− 1  1.48 
NO3

− mg L− 1  1060 
SO4

2− mg L− 1  233 
PO4

3− mg L− 1  224  
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In the present study, the SSPR and RAOC were configured as shown in 
Fig. 1. In the SSPR, the TiO2/zeolite composite sheet with effective area 
of 9 cm2 (1.8 cm × 5 cm) was completely immersed in a glass vial filled 
with test culture solution (0.05 L), and the vial was illuminated with a 
UVA light source (λ = 350–400 nm, maximum wavelength 365 nm, 
FL287-BL365, Raytronics Corporation, Saitama, Japan). A UVA light 
source was chosen because solar light is expected to be used in future 
applications. In the RAOC, two pieces of TiO2/zeolite composite sheet 
with an effective area of 449 cm2 for each piece were fixed (one on each 
side) on a disk with diameter of 24 cm. The bottom part of the disk (45 % 
of the disk area) was submerged in a tank (25 cm × 7 cm × 14.5 cm) 
filled with test culture solution (2 L) for adsorption, and the top part of 
the disk (55 % of the disk area) was illuminated with the UVA light 
source (FL287-BL365) to achieve photocatalysis. The rotation speed of 
the disk was controlled at 10 rpm by a motor. A UV radiometer (UV- 
340C, Custom Corporation, Tokyo, Japan) was used to measure the UV 
intensity at the surface of the vial or disk. 

2.3. Inactivation of R. solanacearum 

Cultures of R. solanacearum for inactivation were prepared by 
diluting the bacterial cells using PS or DS, and the number of initial 
living bacteria (N0) was adjusted to around 106–107 CFU mL− 1. In this 
study, 10 mM MgSO4 was used as the PS. Inactivation tests of 
R. solanacearum were performed using the SSPR or RAOC. The experi-
mental conditions are summarized in Table 2. R. solanacearum was used 
in RUNs X1–X7, and GFP-labelled R. solanacearum was used in RUNs 
Y1–Y5. RUNs X1 and Y1–Y4 were conducted in dark, and RUNs X2–X7 
were performed with UV illumination of 1 mW cm− 2 (corresponding to a 
UV fluence rate of 3.6 × 103 mJ cm− 2 h− 1). In RUN Y5, four pieces of 
sheet with an effective area of 224.5 cm2 for each piece were fixed on a 
disk with a surface area of 898 cm2, and the experiment was performed 
during 0–6 h in dark and 6–12 h with UV illumination of 1 mW cm− 2. 

The water temperature was adjusted to 25 ± 1 ◦C. At the designated 
time, 1 or 10 mL of treated solution was taken, and the number of living 
bacteria (N) and the UV spectrum were measured. The glassware and 
reactor were sterilized before conducting disinfection experiments. All 
tests were carried out twice. 

2.4. Analytical methods 

2.4.1. Quantitative methods 
N0 and N were measured using the dilution plate technique. The 

sample was diluted using 10 mM MgSO4, and 100 μL of sample were 
spread on a plate containing BG medium [46]. To measure the N in the 
sheet, we referred the standard methods for DNA extraction [48]. The 
sheet sample (2 cm2) immersed in the PS (1 mL) was vortexed for 5 s, 
and the N in the solution was measured. To selectively incubate 
R. solanacearum, the antibiotic polymyxin B sulfate was added to the BG 
medium [49]. The plate was incubated at 28 ◦C in the dark, and colonies 
were counted after 48 h [50]. A spectrophotometer (Biospec-1600, 
Shimadzu Corporation, Kyoto, Japan) was used with a quartz cell (light 
path length 1 cm) to measure absorbance at 660 nm (A660), 365 nm 
(A365), and 230 nm (A230), and the initial values (A0,660, A0,365, and 
A0,230) in RUNs X2–X5 are summarized in Table 2. The bacterial dis-
tribution on the sheets was observed using epifluorescence microscope 
(BX51, Olympus Optical Co., Tokyo, Japan). Analytical methods for 
dissolved organic carbon (DOC) and inorganic ions are given in Ap-
pendix A Text S2. 

2.4.2. Kinetic analysis 
Chick-Watson model [51,52] has been used for analyzing the inac-

tivation kinetics of bacterial pathogens by photocatalysis [53,54]; thus, 
the model was used in this study. Chick-Watson equation is expressed as 
follows: 

UVA
(1 mW cm−2)

TiO2/zeolite composite sheets fixed on disk (one on each side)
(φ = 24 cm, 898 cm2, submergence ratio 45%)

Stirrer

Fixing tool
(e.g., tweezer)

TiO2/zeolite
composite sheet

(9 cm2)

UVA
(1 mW cm−2)

Culture solution
(0.05 L)

Culture solution
(2 L)

Motor
(10 rpm)

(a) (b)

UVA
(1 mW cm−2)

Motor
(10 rpm)

Stirrer

Culture solution
(0.05 L)

TiO2/zeolite
composite sheet

(9 cm2)

UVA
(1 mW cm−2)

Fixing tool
(e.g., tweezer)

Stainless tank filled with 
culture solution (2 L)

UVA
(1 mW cm−2)

TiO2/zeolite composite sheets fixed on disk (one on each side)
(φ = 24 cm, 898 cm2, submergence ratio 45%)

Fig. 1. Configuration of reactors. a. Submerged composite sheet photocatalysis reactor (SSPR); b. Rotating advanced oxidation contactor (RAOC).  
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dN
dt

= − kN (1)  

where k is the rate constant for inactivating R. solanacearum (h− 1), and t 
is UV irradiation time (h). The definitions of N and N0 are given above. 

2.4.3. Statistical analysis 
The effect of N0 on R. solanacearum inactivation and the inhibition of 

inactivation of R. solanacearum by coexisting substances in DS were 
evaluated by statistically analyzing the rate constant for R. solanacearum 
inactivation. One-tailed t-test for equal variances was performed using 
Microsoft Excel Version 16.60. The significance level was set at p 
value<0.05. 

3. Results and discussion 

3.1. Inactivation of R. solanacearum in the PS by the SSPR 

The inactivation behaviors of R. solanacearum in PS by the SSPR are 
shown in Fig. 2a (RUNs X1–X3). In RUN X1 (dark conditions), log (N/ 
N0) slightly decreased until 2 h through adsorption by the TiO2/zeolite 
composite sheet and then gradually increased during 3–24 h by bacterial 
growth. In RUN X2 (with UV irradiation), log (N/N0) continuously 
decreased, and nearly 2-log inactivation was achieved during 24 h of 
SSPR treatment. We confirmed that R. solanacearum continued to grow 
in the absence of the composite sheet and UV irradiation, and it was not 
inactivated by irradiation with the UVA light used in this study (Fig. S1). 
This shows that R. solanacearum is inactivated through photocatalysis by 
the TiO2/zeolite composite sheet under UV irradiation. In RUN X3 (with 
UV irradiation), only 0.5-log reduction was observed during 24 h of 
SSPR treatment, and the inactivation efficiency of R. solanacearum in 
RUN X3 significantly decreased compared with that in RUN X2. Because 
a linear relationship was observed between ln (N/N0) and time during 
0–6 h, the k for inactivation of R. solanacearum were determined from 

the slopes of the regression lines during 0–6 h (Fig. S2). The k value in 
RUN X3 (kX3, 3.20 × 10− 2 h− 1) was an order of magnitude lower than 
that in RUN X2 (kX2, 4.09 × 10− 1 h− 1). The behaviors of GFP-labelled 
R. solanacearum in PS by the SSPR are shown in Fig. 3a (RUNs 
Y1–Y4). In RUNs Y1–Y4, log (N/N0) did not change. The N in the sheet is 
shown in Fig. 4. In RUNs Y1–Y4, the living bacteria were detected from 
each sheet. This indicates that the GFP-labelled R. solanacearum was 
captured by the sheet. The fluorescence images of each sheet after 6 h of 
SSPR treatment are shown in Fig. 5. The PET fibers are narrow (Fig. 5a, 
b, c, and d), and flocs containing TiO2 particles were observed inside the 
fiber network (Fig. 5c and d). Although flocs of zeolite particles could 
not be observed by fluorescence microscopy (Fig. 5b), we previously 
confirmed that particles of TiO2 and zeolite are uniformly dispersed 
within the TiO2/zeolite composite sheet by scanning electron micro-
scopy/energy dispersive X-ray spectroscopy [37]. The GFP-labelled 
R. solanacearum was observed on PET fiber and the flocs of TiO2 parti-
cles from all types of sheet (Fig. 5a, b, c, and d), and mainly observed on 
PET fibers. We deduce that PET fibers in the TiO2/zeolite composite 
sheet play an important role in capturing R. solanacearum. Time profiles 
of A660 and A365 are shown in Fig. 6. A660 is used to evaluate the 
turbidity of water containing solids. The value of A0,660 in RUN X3 was 
higher than that in RUN X2 as was N0 (Table 2) because more solids 
derived from R. solanacearum were observed in RUN X3. A decrease in 
A660/A0,660 due to the SSPR treatment was confirmed in both RUN X2 
and RUN X3 (Fig. 6a). During 24 h of SSPR treatment, A660/A0,660 
reached zero in RUN X2, while it remained around 0.5 in RUN X3. A365 
was also measured because a UVA light source, whose maximum 
wavelength was 365 nm, was used in this study. The values of A365/ 
A0,365 at 24 h in RUN X2 and RUN X3 were 0.18 and 0.46, respectively 
(Fig. 6b). This indicates that UV-absorbing substances remained at a 
higher concentration in RUN X3 than in RUN X2 and the photon flux on 
the TiO2 surface in RUN X3 was lower than that in RUN X2. Previous 
studies showed that solids strongly affect the photocatalytic perfor-
mance of TiO2 because of light scattering by the solids [55,56]. We 

Table 2 
Experimental conditions.  

RUN Sheet* Reactor Target Solvent N0 

(CFU mL− 1) 
A0,660 

(− ) 
A0,365 

(− ) 
A0,230 

(− ) 
UV intensity 
(mW cm− 2) 

X1 TiO2/zeolite SSPR R. solanacearum PS 2.6 × 106 – – – 0 (dark) 
X2 TiO2/zeolite SSPR R. solanacearum PS 1.8 × 106 0.004 0.013 0.076 1 
X3 TiO2/zeolite SSPR R. solanacearum PS 4.0 × 107 0.023 0.084 0.504 1 
X4 TiO2/zeolite RAOC R. solanacearum PS 3.0 × 106 0.002 0.009 0.055 1 
X5 TiO2/zeolite RAOC R. solanacearum PS 3.0 × 107 0.021 0.088 0.498 1 
X6 TiO2/zeolite SSPR R. solanacearum DS 2.9 × 106 – – – 1 
X7 TiO2/zeolite RAOC R. solanacearum DS 2.5 × 106 – – – 1           

Y1 PET SSPR GFP-labelled 
R. solanacearum 

PS 1.9 × 106 – – – 0 (dark) 

Y2 Zeolite SSPR GFP-labelled 
R. solanacearum 

PS 1.9 × 106 – – – 0 (dark) 

Y3 TiO2 SSPR GFP-labelled 
R. solanacearum 

PS 1.9 × 106 – – – 0 (dark) 

Y4 TiO2/zeolite SSPR GFP-labelled 
R. solanacearum 

PS 1.9 × 106 – – – 0 (dark) 

Y5 PET 
Zeolite 
TiO2 

TiO2/zeolite 

RAOC GFP-labelled 
R. solanacearum 

PS 2.0 × 106 – – – 0 (0–6 h, dark) 
1 (6–12 h) 

PET: polyethylene terephthalate 
SSPR: submerged composite sheet photocatalysis reactor 
RAOC: rotating advanced oxidation contactor 
GFP: green fluorescent protein 
PS: pure culture solution 
DS: drainage solution from a hydroponic system 
N0: the number of initial living bacteria 
A0,660, A0,365, A0,230: initial values of absorbance at 660 nm, 365 nm, and 230 nm. 

* The PET fiber sheet, zeolite sheet, TiO2 sheet, and TiO2/zeolite composite sheet were used in this study. In RUN Y5, four pieces of sheet with an effective area of 
224.5 cm2 for each piece were fixed on a disk with a surface area of 898 cm2. 
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deduce that the significant decrease in k value with increase in N0 from 
1.8 × 106 CFU mL− 1 to 4.0 × 107 CFU mL− 1 might be attributed to the 
attenuation of UV intensity by light absorption and scattering by solids 
derived from R. solanacearum. 

3.2. Inactivation of R. solanacearum in PS by the RAOC 

The inactivation behaviors of R. solanacearum in PS by the RAOC are 
shown in Fig. 2b (RUNs X4 and X5). The RAOC successfully inactivated 
R. solanacearum under UV irradiation, and >2-log inactivation was 
achieved during 24 h of RAOC treatment in both RUNs X4 and X5. The 
inactivation behavior in RUN X5 was similar to that in RUN X4, despite 
the presence of R. solanacearum at one order of magnitude higher N0. In 
RUN Y5, log (N/N0) was almost stable during 0–6 h and decreased 
during 6–12 h (Fig. 3b). As shown in Fig. 4, the N in the PET fiber sheet 
and zeolite sheet at 6 h was almost same with that at 12 h, while the N in 
the TiO2 sheet and TiO2/zeolite composite sheet at 12 h was signifi-
cantly lower than that at 6 h. This shows that R. solanacearum is inac-
tivated through TiO2/UV photocatalysis. Therefore, R. solanacearum 
captured by the sheet is inactivated through photocatalysis by the TiO2/ 
zeolite composite sheet under UV irradiation. From the behavior of 

A660/A0,660 (Fig. 6a), the solids were completely removed during 24 h of 
RAOC treatment in both RUNs X4 and X5. The values of A365/A0,365 at 
24 h in RUN X4 and RUN X5 were 0.17 and 0.05, respectively (Fig. 6b). 
This indicates that almost all UV-absorbing substances were removed 
during 24 h of RAOC treatment during 24 h of the RAOC treatment in 
both RUNs X4 and X5. Although the rate of inactivation of 
R. solanacearum by SSPR in RUN X3 significantly decreased compared 
with that in RUN X2 owing to the attenuation of UV intensity by solids 
(p < 0.05), the k value in RUN X4 (kX4, 7.02 × 10− 1 h− 1) was almost the 
same as that in RUN X5 (kX5, 4.92 × 10− 1 h− 1) (p > 0.05). To quanti-
tatively evaluate the effect of N0 on R. solanacearum inactivation by each 
reactor, ratios of k values during 0–6 h (kX3/kX2, kX5/kX4) were calcu-
lated, and kX5/kX4 was compared with kX3/kX2. kX5/kX4 (7.01 × 10− 1) 
was around 9 times higher than kX3/kX2 (7.82 × 10− 2), showing that the 
RAOC greatly improves the attenuation of UV intensity compared with 
the SSPR. 

Fig. 2. Inactivation of Ralstonia solanacearum in pure culture solution (PS) by 
the SSPR (a, RUNs X1–X3) and the RAOC (b, RUNs X4 and X5). The N0 in RUNs 
X1, X2, X3, X4, and X5 were 2.6 × 106, 1.8 × 106, 4.0 × 107, 3.0 × 106, and 3.0 
× 107 CFU mL− 1, respectively. In RUNs X1–X5, the water temperature was 
adjusted at 25 ± 1 ◦C. RUN X1 was conducted in dark, and RUNs X2–X5 were 
performed with UV illumination of 1 mW cm− 2. The plots are the average of 
measured values, and error bars denote the range of measured values (n = 2). 
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Fig. 3. Behaviors of GFP-labelled R. solanacearum in pure culture solution (PS) 
by the SSPR (a, RUNs Y1–Y4) and the RAOC (b, RUN Y5). The N0 in RUNs 
Y1–Y4 and Y5 were 1.9 × 106 and 2.0 × 106 CFU mL− 1, respectively. In RUNs 
Y1–Y5, the water temperature was adjusted at 25 ± 1 ◦C. RUNs Y1–Y4 were 
conducted in dark. RUN Y5 was conducted during 0–6 h in dark and performed 
during 6–12 h with UV illumination of 1 mW cm− 2. The plots are the average of 
measured values, and error bars denote the range of measures values (n = 2). 
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3.3. Deceleration of inactivation of R. solanacearum in PS during 
treatment 

Behaviors of log (N/N0) during 0–6 h were different from those 
during 6–24 h in RUNs X2, X4, and X5 (Fig. 2). Regression lines during 
0–6 and 6–24 h were drawn (Fig. S2), and the k values in each time range 
in RUNs X2–X5 were determined from the slopes of the regression lines 
(Fig. 7a). In RUNs X2, X4, and X5, the k values during 6–24 h (1.33 ×
10− 1 h− 1 in RUN X2, 9.64 × 10− 2 h− 1 in RUN X4, and 1.04 × 10− 1 h− 1 in 
RUN X5) were significantly lower than those during 0–6 h (4.09 × 10− 1 

h− 1 in RUN X2, 7.02 × 10− 1 h− 1 in RUN X4, and 4.92 × 10− 1 h− 1 in RUN 
X5). In RUN X3, the k value during 6–24 h (4.98 × 10− 2 h− 1) was almost 
same as that during 0–6 h (3.20 × 10− 2 h− 1) because the R. solanacearum 

was hardly inactivated by the SSPR. Singh et al. (2016) applied a pulsed 
power technique to inactivate Escherichia coli, which is a Gram-negative 
bacterium, in water and investigated the inactivation mechanism of 
E. coli by the reactive oxygen species including hydroxyl radicals [57]. 
They found that inactivation of E. coli proceeds, in sequence, by for-
mation of micropores caused by damage to the cell wall and cellular 
membrane, leakage from the cytoplasm, cell clumping, and accumula-
tion of cell debris. They also mentioned that formation of micropores 
leads to release of proteins to the outside of the cell, and DNA inside the 
cell is damaged by the reactive oxygen species, resulting in the inacti-
vation of E. coli. Benabbou et al. and Marugán et al. explored the kinetics 
of inactivation of E. coli by photocatalysis using TiO2 and mentioned that 
the competition for reactive oxygen species between E. coli and the 
organic matter derived from inactivated E. coli is important for modeling 
[58–60]. R. solanacearum is also a Gram-negative bacterium, and the 
inactivation mechanism of R. solanacearum might be similar to that of 
E. coli. Organic matter containing aromatic moieties or peptide bonds (e. 
g., protein and phenol) absorbs light at 230 nm, while DNA exhibits 
weak absorption of light at 230 nm [61]; thus, the behavior of A230 was 
explored to monitor the release of organic matter from the cell if cell 
membranes were being damaged (Fig. 7b). A660 and A365 tended to 
decrease with the treatment (Fig. 6), but the behavior of A230 was totally 
different. In RUN X2, A230/A0,230 increased until 4 h and then decreased 
during 4–24 h. In RUN X3, A230/A0,230 tended to increase until 24 h. In 
RUN X4, A230/A0,230 decreased until 3 h and then became stable. In RUN 
X5, A230/A0,230 decreased until 2 h and then continuously increased 
until 24 h. The increase in A230 might be attributed to proteins released 
outside the cell and products derived from cell lysis. In previous studies, 
deactivation of TiO2 by accumulation of organic compounds has been 
reported [62,63]. The deactivation of TiO2 by accumulation of 
byproducts may be a reason for the deceleration of inactivation of 
R. solanacearum. We deduce that the inactivation of R. solanacearum 
decelerated after 6 h, possibly because of competition for reactive oxy-
gen species between R. solanacearum and the products accumulated by 
inactivation of R. solanacearum. 

3.4. Inhibitory effects of coexisting substances in the DS on inactivation of 
R. solanacearum by SSPR 

In RUN X6, the inactivation efficiency of R. solanacearum in DS by the 

Fig. 4. The number of living bacteria (N) in each sheet. In RUNs Y1–Y4, the 
sheet was taken at 6 h. In RUN Y5, the sheet was taken at 6 h and 12 h. The 
plots are the average of measured values, and error bars denote the range of 
measures values (n = 2). 
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Fig. 5. The fluorescence images of PET fiber sheet (a, RUN Y1), zeolite sheet (b, RUN Y2), TiO2 sheet (c, RUN Y3), and TiO2/zeolite sheet (d, RUN Y4). RUNs Y1–Y4 
were conducted in dark. Sheet samples were taken after 6 h of SSPR treatment, and the surface of sheet was observed using fluorescence microscope. 
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SSPR was assessed (Fig. 8). Log (N/N0) slightly decreased, and only 0.1- 
log reduction was observed during 6 h of SSPR treatment. The k value in 
RUN X6 (kX6, 4.74 × 10− 2 h− 1) was an order of magnitude lower than 
that in RUN X2 (kX2, 4.09 × 10− 1 h− 1), despite N0 being nearly the same. 
This shows that coexisting substances in the DS strongly inhibited the 
inactivation of R. solanacearum (p < 0.05). The DS used in this study 
contains organics and inorganics at high concentration (Table 1). In 
hydroponic systems, organic matter is released from substrate and plant 
roots to the culture solution. Some organics absorb UV light and 
decrease the production of hydroxyl radicals and holes (h+) [64–66]. 
Anions such as HCO3

− /CO3
2− scavenge hydroxyl radicals and are strong 

inhibitors of photocatalysis of target compounds [67]. Therefore, the 
SSPR is not an applicable reactor for the inactivation of R. solanacearum 
in DS, and development of a reactor that mitigates the light attenuation 
and inhibitory effects of coexisting substances is essential. 

3.5. Mitigation of inhibitory effects of coexisting substances in the DS on 
R. solanacearum inactivation by the RAOC 

In RUN X7, the inactivation efficiency of R. solanacearum in DS by 
using the RAOC was investigated, and >2-log inactivation was achieved 
during 24 h of RAOC treatment (Fig. 8). The k value during 0–6 h in RUN 
X7 (kX7, 6.44 × 10− 1 h− 1) was nearly same as that in RUN X4 (kX4, 7.02 
× 10− 1 h− 1), showing that the RAOC mitigates the inhibitory effects of 
coexisting substances in the DS on inactivation of R. solanacearum (p >
0.05). The SSPR could not inactivate R. solanacearum in the DS because 
of strong inhibition by coexisting substances. In contrast, the RAOC 
showed excellent performance in inactivation of R. solanacearum. For 
quantitative evaluation of the mitigation of inhibition, the ratio of k 
values in PS and DS by each reactor (kX6/kX2, kX7/kX4) was determined. 
kX7/kX4 (9.17 × 10− 1) was nearly 8 times kX6/kX2 (1.16 × 10− 1), 
demonstrating that the RAOC strongly mitigates the inhibitory effects of 
coexisting substances in the DS on inactivation of R. solanacearum. In the 
RAOC, the attenuation of UV intensity by water was negligible. We 
previously found that a RAOC effectively removed 1,4-dioxane from 

Fig. 6. Time profile of ratio of absorbance at 660 nm to the initial value (a, 
A660/A0,660) and 365 nm to the initial value (b, A365/A0,365). The SSPR was used 
in RUNs X2 and X3, and the RAOC was used in RUNs X4 and X5. The A0,660 in 
RUNs X2, X3, X4, and X5 were 0.004, 0.023, 0.002, and 0.021, respectively. 
The A0,365 in RUNs X2, X3, X4, and X5 were 0.013, 0.084, 0.009, and 0.088, 
respectively. In RUNs X2–X5, pure culture solution (PS) was used as solvent, 
and the water temperature was adjusted at 25 ± 1 ◦C. RUNs X2–X5 were per-
formed with UV illumination of 1 mW cm− 2. The plots are the average of 
measured values, and error bars denote the range of measured values (n = 2). 

Fig. 7. Pseudo-first order rate constants (k) for inactivation of R. solanacearum 
during 0–6 and 6–24 h in RUNs X2–X5 (a), and time profile of the absorbance 
ratio at 230 nm to the initial value (b, A230/A0,230). The SSPR was used in RUNs 
X2 and X3, and the RAOC was used in RUNs X4 and X5. The A0,230 in RUNs X2, 
X3, X4, and X5 were 0.076, 0.504, 0.055, and 0.498, respectively. In RUNs 
X2–X5, pure culture solution (PS) was used as solvent, and the water temper-
ature was adjusted at 25 ± 1 ◦C. RUNs X2–X5 were performed with UV illu-
mination of 1 mW cm− 2. The plots are the average of measured values, and 
error bars denote the range of measured values (n = 2). 
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landfill leachate containing coexisting substances at high concentration, 
and discussed the mechanism of mitigation of the inhibitory effects of 
the coexisting substances [40]. In the RAOC, the attenuation of UV in-
tensity is negligible because the average thickness of the water film that 
is formed on the disk is only 1.3 × 102 μm, and the very thin water film 
contributed to efficient removal of 1,4-dioxane from landfill leachate 
[40]. The mechanism of mitigation of the inhibition of R. solanacearum 
inactivation might be similar to that reported in our previous study. 
Corona plasma-based inactivation technology for R. solanacearum has 
been reported [19–21,23], but previous studies have not determined the 
inactivation efficiency of R. solanacearum in actual DS. In addition, the 
corona plasma reactor cannot easily be scaled-up because the corona 
plasma is generated in a very narrow cylinder under high voltage and 
continuous air flow. The RAOC showed excellent performance in the 
inactivation of R. solanacearum in the DS under irradiation by UVA light, 
which is abundant in sunlight, and thus this will be an energy-saving 
reactor for the disinfection of DS containing R. solanacearum. The 
RAOC is therefore a promising and upscalable photocatalytic reactor for 
efficiently inactivating R. solanacearum in DS. 

4. Conclusions 

In this study, an RAOC equipped with TiO2/zeolite composite sheets 
was developed to inactivate R. solanacearum in DS. The inactivation 
efficiency of R. solanacearum in the DS by the RAOC was evaluated by 
comparing with that by a SSPR. Inhibitory effects of coexisting sub-
stances in the DS on the inactivation of R. solanacearum were investi-
gated. The mechanism of mitigation of the inhibition was also assessed. 
The main findings are: 

• The SSPR inactivated R. solanacearum in the PS through photo-
catalysis by the TiO2/zeolite composite sheet, but the inactivation 
efficiency at 4.0 × 107 CFU mL− 1 of N0 significantly decreased 
compared with that at 1.8 × 106 CFU mL− 1 of N0 owing to the 
attenuation of UV intensity by light absorption and scattering by 
solids derived from R. solanacearum. The GFP-labelled 
R. solanacearum was mainly observed on PET fibers in the TiO2/ 
zeolite composite sheet.  

• The RAOC achieved >2-log inactivation during 24 h of treatment 
regardless of N0. R. solanacearum captured by the sheet was 

inactivated through photocatalysis by the TiO2/zeolite composite 
sheet under UV irradiation. kX5/kX4 was around 9 times higher than 
kX3/kX2. This shows that the RAOC greatly improves the attenuation 
of UV intensity compared with the SSPR.  

• A deceleration of inactivation of R. solanacearum and an increase in 
A230 were observed in RUNs X2–X5. The increase in A230 might be 
attributed to proteins released outside the cell and products derived 
from cell lysis. We deduce that the inactivation of R. solanacearum 
decelerated after 6 h, possibly because of competition for reactive 
oxygen species between living R. solanacearum and the products 
accumulated by inactivation of R. solanacearum.  

• Coexisting substances in the DS strongly inhibited the inactivation of 
R. solanacearum by the SSPR; only 0.1-log reduction was observed 
during 6 h of SSPR treatment. In contrast, the RAOC showed excel-
lent performance in inactivation of R. solanacearum in the DS, and >
2-log inactivation was achieved during 24 h of RAOC treatment. kX7 
was nearly the same as kX4, and kX7/kX4 was nearly 8 times kX6/kX2, 
showing that the RAOC mitigates the light attenuation and inhibitory 
effects of coexisting substances on inactivation of R. solanacearum in 
the DS. This might be because of the very thin water film used by the 
RAOC.  

• The RAOC is a promising and upscalable photocatalytic reactor for 
efficiently inactivating R. solanacearum in DS. 
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