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ABSTRACT

This study was conducted to test the applicability of hydroxy radical reactor system, which applied advanced
oxidation processes, to sterilize pathogenic bacteria for nutrient solution recycling in closed hydroponics.
Removal efficiency was tested on 25 L of nutrient solution maxed with 10 mL culture solution of bacteria, £.
coli, and R. solanacearum in a pilot tank. The testing conditions included various levels of hydroxy radicals
resulting from air flow rates of 40, 80, and 120 L min™, and 12 hours processing time. The removal of bacteria,
E. coli, and R. solanacearum by hydroxy radical in nutrient solution was significantly increased with an
increase in the flow rate of the air from 40 L min” to 120 L min™'. The optimum removal efficiency was
achieved at an air flow rate of 120 L min™ for 2 hours treatment. There were no significant differences in
removal efficiency among bacteria, E. coli, and R. solanacearum for tested level and time of hydroxy radical.
These results verified the efficiency of hydroxy radical in removing the pathogenic bacteria and the
applicability of hydroxy radical reactor system in the field.

Keywords: Hydroxy radical, Advanced oxidation processes, R. solanacearum, Nutrient solution, Closed
hydroponics
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Introduction

T A= ESfe tiAlste] Asof B ot F7|9%ES 01T 3
= Ao = AQdupHo] AFEs, 7| ARk HAl EA el Blwsto] -selo] oF 15-30% H e =l X1
VEH FAES ti AR AlAIA 0= AEAN] T e EE i vlEe] Mg o]l 17kl {2
AFEE A S 0l= AR SR A Sl A & 7 A WA e ALESHA] F7Fste] 20201 0fl= 3,800 ha =2
Eojut I HIFo] A AVAAEA 5 5.3% 2 A 702 St (Lee, 2014; Nam, 2004; No, 2003).
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ofa}t skd 9 EQRS @ FA|7]= lo] Ht (Nam, 2004). B £8H4]8 27]0] | u]-g0] F27}1E] 29t oFef
o] 9F30% HE== AAFEGHe 24 vl AA4EESF (400 kg ha!), =4 (2700 ton ha™)S AeFst 4= 9lo] ZA|1A,

o2 e [afgh HhAlo|Th (Lee, 2014).

AAE o2 SABA 712 SR 5AHE QPSS R SHHA] FAlo s AAE A&7 s oA Eshe
LI U= ol Q= gl oM = e Rl = sk ] 4 A A8EA] Z1A1-E flste]
U A7)E (T84 20mg LY, 5291 0.2 mg L) Z38kstal 912 ™ (Kim et al., 2000) -4FEo] ot 8421
% o= Sk IgellA Hf o & QIgh e @ ¢o] glojof itk Zho| il o] ol AAE-S Stist
0 Qiek e EuEre] o2 BEES OF 5% 0= U (40%), UETHE (100% HAISH 5 A%l ]
wale] @S] Az AFEo]tt (Cho et al., 2000; Nam, 2004; No, 2003).

T3 AHIAL AL QI AR1 AP AR Slof|A] B AR B 0 2 2 w7 whizol WHolE EA Foll th-85h= #F
A 285 o] uf¢- HEsict. Eo] AW 2% 5 B4 Z7o] FdoH Tl E= 2HE2] ZAIH (root zone)

HIH51A] TAoh= -2 Folegto]| whatba] AV A2 i 2k 7F5/do] ATt (Lee et al., 2005; Yun
etal., 2004). TEpA] 7]E9] HI=RHA] 72l WALS 8l 0 2 A%kl Qleiide FAxA, FH s 7]
=3} tlEo] Agolohs YRS Gta 0 2 Adoh= FRTH7|&0] Hgo] ufe- a5t (Nam, 2004).

A7 e 2 AL, QEA 2, A7)7FE A, Hefloab, viatolaby, @ @ EAe], -5k ey
> i Fzlo] A%fof| &85 11 9121} (Cho et al., 2000), ]
25874 T tEo] AEe] 7R g2 oFA7EA] mlERt AdHlolth 1 EA2]7 | (AOPs)2 @7 OH= 2
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12578219701 dH] o] % vl=r, 13 Ao A7tE 0] 19801 SHEE| A=t Sk
ol F8et=7] Al e, FAlE iU, TR A 52 FH R AR aade AsA7 e 0/H 0., 05UV, TiOy/
H,0,, UV/H,0,, 03/TiO,, Os/Metallic oxides 5 o8] HHE0] F-d o] HlaeAig] g4l A-851a It} (Guzzella
et al., 2002; Mamesh et al., 2006; Vogelpohl and Kim, 2004).

1 Aol T A7l (AOPS)S HiRho 2 nlAe Ui el 89S BEuAR ARt Heie AP e
ZH= OHEHTIZ A48 A S TAdste] 212l 1al2 A o) W ea- AShe R4S ASoRA &

SVIFGAZA @) 218 7Fs o] A Bkt stck
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Materials and Methods

UYHAREX| Y TR LAY R] = AOPs Y2l E A-8sto] ARl AL stof| Fdf Sat80 =

* HO, * /H;0,9] B EA] 2it)Z-2 WAA17] 0, A eitfd-2 2/ ol25x 4145] §Eg5te] OHeH 2 Al

3 °er AtElo] Zket OHEHHZ A3 Fig. 10014 Urebd 2t Zo| AR Al i o] Ui [ dd-7& st

A F2Feho 24 B2l jEE-& 852 0 2 {Leololy, FEm AEHESA] (cartridge) & ARSI OHE T 5%

£ SEAE 5 U= oPolet whEha] A= Fig. 220 o] ©ddA] tlof] 33-5)] 5873 4] (cartridge)

£ A&7 0 2 vjgsto] A o] whebA ol 85 A5 oAl AT 4 Sk 2 A= 7=
cartridge¥H= BAGTo] 2245131k

Ultraviolet Photocatalytic
lamp Glass fiber

0 0

Fig. 1. Cartridge of hydroxy radical generation.

Aol ARGt G EA = Fig. 33t o] 37155784, 0; A, F2384df- OHEtH 2 882 9 ¢
22 A= R0, OHZFHZE /g5t ol AF8SH UV 392 200~280 nm 2] TP, S41 7 254 nmE
ZE=16 W RIS ARESIGATE Oy TR = A4S AR 7390l EA == 052 2F 1S g hr, B71E ©]-85H]
SHA| = 0; /3582 2F 10% F =7t =™ o|wfoll 3718372 120 L min™ o[t} OH=HZo]| oJ¢t HskAe| a-g&
2 grlstr] Yske] 27155 40, 80, 120 L min' 2 ZATH 4= T2 51921, Pilot FF2=30 cm x 30 cm x
40 cmEZ o E R A|Z5FH A, EAESS 4 0] §HE HrFsto] 80 mm (0.02 mm) size =2 A5 A7 A]
7R R2ARPAR] SH3L, 571590 = S5k A 2sto] ARt 30He A2 aints A5 4 es 245
= Al
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Fig. 3. Schematic diagram of hydroxy radical reactor system for the nutrient solution sterilization.

O|ME M8 ol A A2 bacteria, E. coli, R. solanacearum% th4© 2 SH3ITE. Bacteria+ nutrient broth

M A 55 HESto] 37°ColA] 25417 HjedRt Sof] w-& STH SN, E. coliw THPRO] S013= AR
Tl lactose bouillon= 10 mLA] 217 UHbA vt} 52 17‘?_} o 2 JAHE= AR Al E FEste] 37°C
ofl Al 24417t BlGRS 7t Fofl 7R AR AT tid=t SPAAIRZEA] ER1st] E. coliE SHESIIE R.
solanacearum-2 ETFE. A Az 258 F-2]5}1] nutrient brothf] &5} 30°CflA] 150 rpm S 36 A7 vl
SF oh2ofl AR (4,000 rpm, 15 min)5Ho] o stock= 2HESHTE

UMZH X OME AFAHYE JI2 o] ERFE -84l (KNOs, 404 g, NH;HPO, 476 g, Ca(NOs),-
4H,0 354 g, MaSO, - TH0 246 9)& 24 =1 2 A z:510] Aalof| ALg-a19IT). 123t 9o 25 L2 40 cm x 40 om X
40 cm pilot -850 @11, oFol Ad-Ald-8.0 2 SR St bacteria, E. coli, R. solanacearum W84S 10 mLA 2t
7} FHo] HEsto] 271 nAE T s AAS Sl W75 A% AFsoto] At E-S 3ol 25~28°C A=

ol BANFATEE 40, 80, 120 L min' & Z4510] OH}]Z A2l ther shoirt

YA Sut AF  FAO| HHatE AS5P] Sloto] At A 2417 7HA 0 2 AeE AfF, dgule=

S, vt & HE w=oll o e A& SISt 8 9 A A o]l TRt gl 8 Al ol o

= plate count agar, E. coli+=desoxychloate agars ZfZ} AF8-61 Tt (Ministry of Environment, 2007).

R. solanacearum-2-1ab-lemco agar, SMSAHB A S AF85131 0™, H.= 0| 2]+=1.2 Kgf em™, 121°C, 15 min Z715}]]

A 957t B o2 1712] Al' 3719 kS A=, 30~35°ColA] 24~48A17F vliesto] At

Btk ST 2 Aglapol b ndE Atk detA 2] 4, - CFUE S7851] (A2 colony 4= - 4]
2% colony <) / A2]H colony ) x 10002 AWK MEE- ZF (%) 0.2 At §-8/3-S H|wolict.

Results and Discussion

OHZIC|Z X2|Qt Ylo| MFSEY TR olthi FFH-2lol lrE size 0.02 mm, €80 mm| AP 1S
Hayoto] ZFHkgE= 40, 80, 120 L min™ 0] 3715 5, FHEHHA 9 cartridge S 501 /9 =h= OHE 2ol
oJgh 4 FRH /32 3353t Fig. 4= OHEIHZAR oS At A 2feh ol oFl | mLE 712t ], vligst
o 243t Fp2 AjdH] AEEE TAR Aotk Fig. 404 B v} Zho] A9 wo] AELS-2 40, 80, 120 L
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min A2 E2 F 2|7} AN, F7I U] STl b o] AEE&2 AA S| Al e & 4 S
t}. o2t BEE Wek= R OHEtHZ A2lae] iRt Jelo] At ad} o 72 gelsly] ffst] 371F0Fe
40 L min'o|A] 80, 120 L min™ 2.2 F7PAI k& well LhEhd 21210 28 ghel iste] fold& 4R 23t 37
o] ZQJeF 2710 WAl ViRt G AL BT 15 0] G014 (P <0.01)S Bk
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Fig. 4. Removal efficiency of pathogenic bacteria by hydroxy radical resulting from air flow level of 40, 80, and 120 L min™.

OHZIC|Z XM2|AlZtat Yolo| MRS EY FMITHR] = FNS Ardsto] AIRME A a-g/de 24t 4
TH= Fig. 5~72 VT, 1ol yehd viet do] At it Gt 3] cartridge =48 A4 == OHZ}T]
Zh 3t ATl wEba] 2 2tolE B4t OH2Z 4520] 7P 3= 120 L min' ©] 74-2-¢]l bacteria, E. coli,
R. solanacearum A7 -E-2 A2 A1 2 91 X710l 42%, 2 A17F qtof] 28] o} F7}otod 95%71A] A7) S50 A
oA B Aels Foll 7R AR ARl Adtaaido] 7HY 2 BE Kt o7& FUAE] AlXtel 80 L
min" 7-9-2} H| WS A| 7801 17%, 42%, 40 L min™ 7392} Bl W SHH A[A-E&0] 27%, 58% ©oVd L3t AE
ERd Zlole}. Z12] 37 80 L min™ 73-9-oll= A2 A2 3 A7 g ]| whet A A-&o] WA F7kste] A2 6417l 95%

ol AAES HHE. §HH 40 L min 45502 A 2o3lS ti= qﬂ/‘]ﬂiﬂ‘q’ﬂ] AR o] whet At et

14, 26, 39 Z12] 11 64%= 801} 120 L min™' ] 7490} v] w5}o] ul&- mlu|gt A A-E-L HeloH, o]Sol= A A& =
0] 20% W2 E3tEHA] AE|A|7to] Z]&E] o A|A&oll= st §lo] 12*17P Aol B total At e84
2 2F80% Aol WET] A aa/do] 7FY W2 ol qltt. g Afjulof| 4] Bha g Yol Y-S AAA]717] Slot

of E2]s}sh AEcH HhHEo] tEliEAl I=1 131 (Back et al., 2012; Do et al., 2015; Kim and Park, 2011,
2014), 2ol A=, Q2451 5 T 7]eo] @A ol o851 It} (Cho et al., 2000). = ¢

T&-55to] AFSHIAR e Fel - FE Q53785 o] 8/ AT A= AR AT Fl = Al

oA LrEh ARejA B @ EASRER] o oA A gol 7HsE Ao ALR S, Acher et al. (1997), Runia
(1994) 501 A2 = UV A2 Atekd o 2 At i) 44-0F 91| Al o]l §2hE] o] UV o |21 & 4eAl
7131 FeH o] Zlojet fof whet At A 2] vy} EetA] EXo|1lopd = HstE]o] &/
&0 & AAsfoF ok, At EtE =017] flote] W2 pH £01-& Rt 4t 353217 H 8 ot wAIRS Hetd
T U= e B G of tigt 252191 A5 ool 2 e Bl @ EATHIRE A
A 8515 wlofl defhuhs olzARNS diAllg 4= e A o= 3550
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Fig. 5. Removal efficiency of bacteria, £ coli and R. solanacearum by hydroxy radical from air flow level of 40 L min™.
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Fig. 6. Removal efficiency of bacteria, £ colj and R. solanacearum by hydroxy radical from air flow level of 80 L min™.
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Fig. 7. Removal efficiency of bacteria, £ coli, and R. solanacearum by hydroxy radical from air flow level of 120 L min™.
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31 Z¥E 2= 9] a5 (bacteria wilt) 2] LRSI R, solanacearum-S S, oFEdl], 2 7] S|G4 ] &
sk 2Fz0] b del At S-S 7 0= AE YAllato . SRURtell b= ErtE, 215 ZHA, 0, A7,
siHtetr] 5 B2 Aol HAshs Ao ® A o H, T FollH e EntEoA 7 HoHA 2Askes 2l os Hal
%It (Lee etal., 2011; Yun et al., 2004). R. solanacearum+ EFO| A @ gt AZo] 7551 E QoA A&9]
Beu2719 A7 4AE Fotod Aot o= ofFsto Aleaie oA Alaa A=t ESAEIA
ol AAZF ] a1, 7 Al O] 739 A0 AP A9l 2S5 oA E2 A o] s 2 =
22 A1 (root zone) ] ¢45-2 Aot E WA Fllo] whebA] Hqto] AVt Shite= 2o ®
SFI=] A1 It (Lee et al., 2005). FHRFTFHZ] 2 2 2|2t bacteria, E. coli, R. solanacearum®l| et G879

24+ 7712 B Fig. 404 B v} Zo] OHEl}Z Azl mahA $2129] (P < 0.01) AT} 219159

Fig. 5~72} o] OH=]Z A 2| A|7tof| wheha] At Fel W Z=AS1= bacteria, E. coli, R. solanacearum 25— 4=
£0] AA3] ZA5H= AxkS eI Kim et al. (2012), Do et al. (2015), Lee et al. (2016) 52 ol2] 714 Y+
oieh cheet At Rlofl A Aoy 2 v et whet et 5-&/d0] thEA UEhd A3E st upzt QIR
2 AollA= 371A] ot BT oFitA] 2ol WZdsHA| Hh-gsto] At lol= qIGIet ]2’ A¥h= Back et al.
(2012), Guzzella et al. (2002), Kim and Park (2011, 2014), Son and Lee (2011), Vogelpohl and Kim (2003), Zhang
etal. (2003) o] 7= Atetla A3 7= OHRIHZ-2 Oy/H,0,, O5/UV, TiO»/H,0,, UV/H,0,, O5/TiO, &
THIeE 3785 Solo] WINAX 872k ' doldatol At a2 A HEeh o] 2 A-lof| A ol
A cartridge S F510] F71F-U%E 40, 80, 120 L min™ 4 A 2[5l3le o], 22 WY == oHHZ <=

WL5=bacteria, E. coli, R. solanacearum®]| 1176 285111 9J2-2 & 4=t
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=
)
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Conclusions

Pilot ¥F-2-Z9]| bacteria, E. coli, R. solanacearum W|%FB-2 717+ 10 mLA] HE5H 25 Lo] 9ol tjAf.o 72 oFolit
]9 cartridgeE 5511 A== OHEHZA R A gsto] vkl AARE-& Rt At 8845 H55Ht. OH
2FZE A2l oA of 40, 80 E 120 L min' & Q) ¥= 3719} cartridge 2] 2 A== E4ol2E
THeE-gste] 254 o 2 B == OHetH Zol wheh Zefshinh Aol 7140, 80, 9 120 L min™' ©] 37 ]15=¢) ol ot
2t cartridge Ol 4] A3 == OH=E 2] 710l Wt bacteria, E. coli, R. solanacearum®] &8 7214 02 37
ZHA-6F30T, 120 L min™ 0] 2 2] 24131 95% oV AlAE-E Uehdlo] BE A 2] Foll Axta-g/do] 7P =34tk 80
L min™' ] Z] 2ol A= 6 A1t A 25192 ol 95% ol AlA-ES H.01 40 L min™ o] Z 2ol A= vl A
M-S AR A RIS HR] Fotdnt. T3 OHEZ A2l O3t bacteria, E. coli, R. solanacearum 73] A7

Aol w7t otict
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