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Abstract — A semi-pilot hybrid system composed of a photocatalytic reactor and a biofilter was operated under vari-
ous operating conditions in order to treat malodorous waste air containing both hydrogen sulfide and ammonia which are
major air pollutants emitted from composting factories and many publicly owned treatment works (POTW). When both
hydrogen sulfide and ammonia contained in malodorous waste air were treated simultaneously by a biofilter system, its
performance of ammonia removal was much more poor than that by a biofilter system treating waste air containing only
ammonia, unlike its performance of hydrogen sulfide removal. For semi-pilot hybrid system, the removal efficiencies of
hydrogen sulfide and ammonia turned out to be ca. 83 and 65%, respectively. Therefore, for semi-pilot hybrid system,
the removal efficiencies of hydrogen sulfide and ammonia was increased by ca. 4 and 30%, respectively, compared to
those of semi-pilot biofilter system (control). In addition, the maximum elimination capacities of hydrogen sulfide and
ammonia for semi-pilot hybrid system turned out to be ca. 60 and 37 g/m3/h, respectively. These maximum elimination
capacities of hydrogen sulfide and ammonia were estimated to be ca. 9.1% and ca. 23.3% greater than those for semi-
pilot biofilter system (control), respectively. Therefore, the semi-pilot hybrid system contributed the enhancement of
removal efficiency and the maximum elimination capacity of ammonia in a higher degree than that of hydrogen sulfide,
compared to the semi-pilot biofilter system.
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shrA el wAsk= ool tist Al s 7k fleted]
Hjo] @ e, vlo] @ E 2SI E (biotrickling filter)2} 3-AHhollow
fiber) WEAHQ AENRS7]2] AHAANN TS BlIL3IS wol], vt
o] @H = Ul Bs o 2ol thato] FEAIR1 =2 A1A
FES HATH]. Selras X3 7kx0] nlo] e gE o o5k &
#917= Chung 5[2-5], Oyarzun 5[6], Cho 5[7] 2 Wani S[8]2}+
22 AFAEe) dsto] FAE QI FelraAE g {7kl
A2 E 91 vlo] @8 oA Fag QIR Fo] shh= mdE
Aol agsel nAEe] A owA] SksiEtElloR= Thiobacillus
9} Filamentous E8}E|2]o} 50| Q=] Thiobacilluse A3 pHOlIA
HADIE Bolw Pz e At 2AUEE & 7 Q)
Tk i SiTHo).

En]gdolv FaAldmelA wiEEE d7kae AR o R 3
Sl glollE Yol W ERelly} 22 vOCrt gk o] gl
Algke 2270 (pH)C= Q151 Shte] nlo] B R FAlo 2 AdE
S AASR= Z1 oJHr10]. g8 39l dEYopt g8
H7IAE vlo| e A Aeld wel Fslgae} kol
= T AATS £ (damage) |2 5 QoA kol A
Ag&o] AstEE Ao R g FTHS]. RamiroS}t Danny[11]E
mushroom E|H]2] AEZA AMEE AR ZYE vAEE e
oJ3je] BHE = Yol Fits UE ol Qb 9l 55 nE
oAl flalsirtar Haskleh. Fi-2 B dEE ARE A4S 3]
kol Qloja] ofFAE ARkl tisto], Kim¥t Choi[12= 7]
0] 734 eholel o} F} 373~899 ppme] L #EA2] WY
S (0.3~2.92 ppm .2 K aIEIT) $HH =H-0] 9= okwole)
o F7} 275~784 ppme] AT}, Kazutaka et al.[13]> 5o} 2]
7 #ar 2,500 ppmol2kal B aEIQITE Chung[141 #3krs,
Ao} 9l opl & 3t 7hno] A 5A3S s
2315271 100 ppm 0] GREYol} 1 ppm olske] o} A2
AeEd w71 dHE2o] B AAEAARE, 100 ppme] 3
S}t 15 ppm F R0 AEES] R ole] A9 skraE B
F AAEAE g o} A AE-E 85%) AUA] ¢Skt Lee S15]
< semi-pilot TF5.2] HIO] L HEA|AEIA compost, E/JEF & H|
EfololGAE mAEHARE st Sslrae) ek of ofF A A
gk A5 SIGITE. o] AtellA] Fslrast bRy ole] £37k
of ti3t vlo] @ FE o] AATEL2 717} dErt Ao tist AlA G S
1) sk wel] HalAe] AAERLE PR Yol AA &gl tiste]
T 7RR0] E3to] ¥ A FEE wIAA Al AR =
opglel whehA] dEYolke] AAELE 50%714 A skE it ATkt
En1o] AgAkag oA o] sk SR o} S Mt ukel o)
-9~ zobx] Eln| el WAeh= ofH e ol Bl 3 R 18k
& vlo] e FE 2 2] E wof] 3slrae] vlste] kol 3l F
WA 718k B AR A7 vlle- offTh

ThA FEREE-FS Aol ElE a1 SR Sl =
Qb FZAksHEo] ] shghEel n)ste] YA o= EAjo] A
o] glojA] wo] &g5 1 ek FFvT AARE 7] T 7]
Eo] atsle} ghelel] oJsle] Puhg-S FHsH= FHullolot. wEhA 3
= WS EE FX8P] flste] kg v W ARE
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2-1. Semi-pilot Sl0|H2|EA|AR ZX|

2-1-1. Semi-pilot 3to| Hg] =A| 2~ El

sl 2 Yol Z42be] inlet loadd ¥ 58 o8] 714 ©
Al A HSIAIAA gslrag) kol 242e] sfolH e EA|AE]
of|x] 2] AJztel] mhE A FolE HEel] fete] Skslarae) by
otz BA el AT IAA BB E SISt AR s
ko] ol TS LA g nfo] @ TEE BFERT W = 48
5o o} =9.5 cm; 2°]=16 cm)2] 55+ F o]Foizl ut
S71CE #=°1=80 cm)yE AZBATt. 3 A3 slo| B EA AR
Hio] QA A RIS ZH29) feed, Mol @8 31t W exitoll A #7}
28] ARt BISitE vlo| 2 8E & GAIE vlo| 28E 7t T
7.5 em?] o= 217} A)9) Yol nlo] @8] F a0l 375 cm
2 313t} 7} wlo] 2 WEY = temperature controller”} 21l heating
band= 7o W79 LER/2](30 °0) 3T ZF =19 fitting
swagelok fitting® = AFE-8}SIT}. vlo] @ FE]elli= B4 E(Dp)°]
3mmel P4 FJEHGAC), 0.6 mmQ! compost 2 ARl A&t o
ElolojgAl[19] Z12HS 2 FulE E3tet gAlE ARSIt o
A 9] AHEL 7712 (compost)Z A7 51 n]AEof QS 7]
GUAE AA| FF3FF AL vo] 2 FE o] Il A peristaltic
pump(Masterflex)5 AHg-51o] vlo] @48 Wjo] T2 pH 4
A= $181e] buffer solutions W] ZE] flofl WO IFdA o
S EA Bl gk k1= 9, Ui 2 o)zt 24 15 em,
7 ecm 2 42 cm?! 3+ 9] pyrex?HS- AZSH] 306 nmollA FIE
ZH= 36W UV-B (417 mm(L)x18 mm(p), SHIAL]A)Z pyrex
o] U1 kel ARSIt 1213 pyrexke] Ui 9 91 Alolelli=
Z15°] 1 emR! glass beads XA H7EA7} pyrextel] Eo124
A58k pyrex?e] U7} glass bead®] 3> Lee} Lim[20]2]
whio s FEH) T 9 &SItk FSuE e, P&T-310)
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Fig. 1. XRD analysis of TiO, photocatalyst obtained by calcination
of P&T-31C at 450 °C [Nanopac].
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Fig. 2. Schematic diagram of semi-pilot hybrid system composed of
a photocatalytic reactor and a biofilter.
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2-1-2. B3l 9 Aol Ef Ak T

Blower (DBR-032, 57AR71A15Y; 5944, 04 Kgfem?, 3
U, 1,650 L/mineld 355 3715 $252(0-PW B2, A
A kshyel| eJajo] ok 40~50 °CE 4| %)= humidifier 24 3715 5
shato] AulETt 95-99%E F215he o] FFF7) mixing
chamber® F=|{tt. ©] mixing chamberolli= 3740 9=

Na,S &H5 peristaltic pump(Masterflex)& ©]-8-510] SAtell 35317
OW*"—‘:/] E3lrAE HHAIA] )31 B blower(Youngnam Yasunnaga;
EZ9E 012 Kg, fem?, T3, 43 L/min)yS 28310 w3l 3
34 7IAE lead acetate 8-S S]] Tl mlxmg chambev)ﬂ
ouol'oﬂ‘:]' A Qknote] A= Fslrae] 4 o] Bz
bowers £hg-3t0] PR Uolpela ik O]X“ﬂEJ R Yo} 7}
2~E mixing chamberel] 3531t} Mixing chamberel| 4] 715548 &
718} Falra 9l kR Yo kAE E3sloiA vlo] e E o] %
7ol A7 E QTR S Foll aFaRF W0 no] e B R
Q14T Blowerel M 5715 o8k ¥ tygonth O = AR}
&1L mixing chamberollA B}O] @ HEJ7IA] = &slrAo] ¢ Uik
g0l Q= vitonThs, PR Yol A9 tygonthE 27t ARE-Sto]

v skgiet.
2-2. Semi-pilot SIO|HE|EAIAH 2H

Thiobacillus sp. IWS 7] A4E Ao XS%‘@ —roﬂ WEEeRE 8
AlAA vto] @ FE] ThAlel] 1 3pAT] -
ZA] SG3t 7k S G820 7 EAIA 5] 28 semi-pilot
To| B2 “AI LS Table 13} 2+ semi-pilot TFF.2] 237002
SASSIT. ¥ $AEA) AR % Bl H) 3 5o )

7k BAE aefsto] nlw A v s gslea W H|w A w2
FL9] fPRUoLE FAlel Egstar, $Nbell= & v vl F&
FE2 hRUolsl FErAE wAlel E3HeE o H|7 ke gt
semi-pilot SfO|H ] TA|AE 9] 5 57"‘ E4E wEEielnt gskra
IR o} EA] 3l ofFH|7 k4] H2]E 21810] semi-pilot B
o|lHPEAAELE Z17F 504 (28]/199] B4 & 10038] AEEk S
) Bt 30°C2] %=F7 ol semi-pilot TFES] XA
SR A=
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2-3. Semi-pilot S|0|E2|EAIARIC| HIO|2ZE] OME HE I
2 = FY

2-3-1. vA=E st

Falrase] gk Ealsol Al vIdES slolH e TA AR e vt

ol AE Aol AE387] skl Thiobacillus sp. TWES F-Ak)| gk
aefA eFtol A [21]004] ARE-SE W O & wjekstar nlo]
e FAloll AT $h kR Yote] Ealid e AE = ¢
A efote] Aitslel B skE fleto] it vl Nk
EeAE AHA R recycle TUO] Hlo] 24 E 2] HEfo]o| A
off IASIAIATE. HisEe]A]of| 223t A 3hAlre] vlo] e FE g
7g3HE ERlahy] flste] sfo] e TAAIS] 27 Fof] ule] o
E] @Al A€k} compost W HELO|oJ A Zh2te]] FalE I
YolikslAlst 7} oFdAESIAl RS gene probe[22,23]15 28310 £
“dglstar Alsisict.

Table 1. Experimental schedule for feed conditions of hydrogen sulfide and ammonia

Description  stage 1 (10 days) stage 2 (10 days) stage 3 (10 days)  stage 4 (5 days) stage 5 (5 days) stage 6 (5 days) stage 7 (5 days)
Q 10 L/min 20 L/min 20 L/min 10 L/min 10 L/min 10 L/min 10 L/min
(0.6 m3/hr) (1.2 m/hr) (1.2 m¥/hr) (0.6 m*/hr) (0.6 m’/hr) (0.6 m3/hr) (0.6 m3/hr)
Cy, (H,S) 25 ppm 12 ppm 12 ppm 25 ppm 50 ppm 100 ppm 200 ppm
Cy, (NH;) 240 ppm 120 ppm 180 ppm 160 ppm 160 ppm 240 ppm 240 ppm
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Table 2. Oligonucleotide probes used in FISH of nitrifying bacteria

23]

Gene Probe Probe sequence (5°A°E3°0) Target site* Target organism References
NSO190 CGATCCCCTGCTTTTCTCC 190-208 Ammonia-oxidizing bacteria [22]
NIT3 CCTGTGCTCCATGCTCCG 1030-1047 Nitrite-oxidizing bacteria 23]
CNIT3 used as competitor together with NIT3

*16S rRNA position according to E. coli numbering

2-3-2. FISHHS o] 83 AspAllat o o4

2-3-2-1. A& 1174

ANF S A FE HFZ 4% paraformaldehyde solution®l] 24417 o]
138k, 8% AR5 polycarbonate membrane filter(pore size
0.2 um, y25 mm)°ll 5 ml 4 63343+ phosphate buffered saline(1xPBS)
I ml& skt AE filterE 50%, 80%, 99% 0.5 ml ethyl
alcoholell XF|Z 72} 332 B3t Bo] "ol ist £ filters 371
ol AZAFT

2-3-2-2. Gene probe

A3t gene probe?] 9714 E-2 Table 29} #o] F& Az
(TaKaRa, Japan)a}3ith. QR U oA sAlH2] F7golli= NSO190[22],
T2)aL oAl O] 2 NIT3[23]S AR&-ahaltt. ol m
NSO190, NIT3 prober= CY3 (indocarbocyanine dye)® & Ztz} ¥4
aF3ict.

2-3-2-3. Fluorescence In situ Hybridization

Filter] ethyl alcoholo] €3] AZH S Wl vlg] ALAA &
16 ul2] hybridization solution[0.9 M NaCl, 20 mM Tris-HCI; pH 7.4,
0.01% SDS, formamide(5X= NIT3 40%; NSO190 55%)]2} 2122
rRNA targeted oligonucleotide probe 3 pIE 715141, 46 °CollA] 90
3} hybridization chamberol|4] BIFEFSATE NIT3-groups A 2sk
)= mismatchings WA|317] $13)| gene probe NIT3o]| 5L 3k oF2]
CNIT3 probe= 7Fslo] E433tsloivh22]. v 5 vk mt
2°C & &4 ul] S¥AIZ] hybridization washing solution
[20 mM Tris-HCI; pH 74, 5 mM EDTA, 0.01% SDS, NaCIC5™= NIT3-
NSO190 0.056 mM)|°.Z 5% F<t filterS A2 AIF T, F
Mt 545 $13 DAPI(4-6-diamidino-2-phenylindole, sigma,
0.11 pg/ml) B8-S 587F oo A A3k FT24), FFA] 4
(Axiolplan 2, Zeiss) 2% HABISITE FAITTE UV filter(G365,
LP395, FT420)% 231310}

2-4. E3lpA 9 L [0 FAIHH

Flame photometric detector(FPD)$} silica capillary column(30 mx
0.32mm, 4 um thickness)e &8t 7}A= 2 whE 7843)(GC-
2010AF, Shimazu)E RiGaselA] 510 915t 28l5=2~(1 ppmv)
ul otRLjol(15.4 ppmv) Z4Z+e] EFVIAZE calibrations G351
I injection port, 22 2! detector®] >531= 22+ 100 °C, 50~230 °C2}¢
225°CE A8tk 371, & 2 4] 3 82, 4 9 85 mlmin
= A sk B R YokE A7t SR w7 =
o7k mlo] ¥ 9] QIQIT, AElEe] o= wiET Y Hlol e
2H 3ukel] o] 1 L]l Hl=2} B AFAAA 7R ek
2}3] (GC-2010AF, Shimazu) 5= #3154 9l ohRujolg- Ax|
(Gastec, 4LK4LT 4 4L4LLE 34, 3L-3La Y 3MEEYoh)S
ARgste] ZHzEe] 7k €] A Bl kYol R E SAe)
sict.
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2-5. O4EEH2S| pH, L=, LHES=E 2 moisture & £

vlo] @4 E] Uil g2k v AEEA9] pH Y moisture 9 Z282
&3t vlo| @882 S flsto] REEA] B st g Aolrt w9
217 pH 415 #1817 Lim#} Park[21]0] ARS8t buffer solutions:
peristaltic pump(Masflex)E AF2-5}¢7 semi-pilot B[] @ HE] slcha}
Y71 ARA] kS JEZE vFHQ2 mi/hr) O Hlo] T E] AHE
FH Ao r npol edeEAlel g5ttt 22t semi-pilot
Hlo] @3 E] -3 SR izl whebA] Sslaras Falego] &
7Fstel] w2bA] buffer solution 3585 4 ml/hrZ #1319 semi-
pilot Ho] @FH 2 AR FF3Igich. BAS] pH, i, UH-a=&
2 moisture A& Lee 5[26]9] W2 212} 4517t}

2-6. Semi-pilot SI0[E2|EAIARIS| HIHEE X HAHMS
sto|B B EAARS] Sslpag) kR ol 2 a&-S Eq. (1)°ll
T3] 247} ARSI

C,-C
Removal efficiency(%)= IC °x 100 1)

i

where C; and C, denote the concentrations of hydrogen sulfide or
ammonia of waste air fed to the process of concern and waste air
treated by the process of concern, respectively.

3 slo] B EAIARS] S5l B FRY o} ek E Al
L5 717} Eq. 2) 9 Eq. B)ll T3] Akslolnt.

Inlet load(g/m3/h)=9 x 100 )
T

Elimination capacity(g/m”h)z% x 100 3)
where C,, C, and 1 denote the concentrations(g/m®) of hydrogen
sulfide or ammonia of waste air fed to the process of concern and
waste air treated by the process of concern, and retention time(h)
of biofilter, respectively.

o1714 slo| B2 mA| AR 0] i Ham fhRuole]] T -a)
gl GRS slo| B EAIARLS dehs nlo] @ H o Tkl
2 sfo| HE| EAIARLS] SelaeA B g ofel] o st e AIRE
g o 9 AAREES ofnEi

EJ

3. 24 H o0&

3-1. Semi-pilot GIO|HE|EAIARS| QUFH|7AME| A u}
Semi-pilot 3FC|HB] EAIAES] feed AT, ME 7k~ &7 H 7}
sampling portol| X S ¢t alra g} hHo}e] i Fo] 2 A A
A8L 717} Figs. 3~4 W Figs. 5~63} 2T}, 3H8 3slAi9l 97
Yols &3t w715 Z¥Z} Thiobacillus sp. IWS} RESZSEAE
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Fig. 3. Various hydrogen sulfide concentrations of semi-pilot hybrid
system at each sampling port versus experimental times.

—&— Inlet concentration
v Exit concentration
—O— Removal efficiency

250

3
200 -

150 -

100

Removal efficiency (%)

50

Inlet & exit Concentration (ppm)

Times

Fig. 4. Removal efficiency, inlet and exit concentrations of hydrogen
sulfide versus times.
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Fig. 5. Various ammonia concentrations of semi-pilot hybrid system at
each sampling port versus experimental times.
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Fig. 6. Removal efficiency, inlet and exit concentrations of ammonia
versus times.

FEet vlo] FEREO R = FEuNEg TS WA PR F
7¥ato] Helsh= ofF AVtAAEAIARES] B 2 AT
Table 37} 72o] B ¥ Qleh. 3l 9 ehRLols 5] Aefgh A
A 7] 9] nlo] @ HEJA|AE [upublished data]oll] 33l542
AAZES F3lrints X3t dViag AP shs vlo] @ FEA]
AR HIS23E 939090}, T8y b yote] AAEES R
YokE 23 A7kAE Hshe vio] LFEIAARI26]9] oF
80% ¥t} R 7Hrdte] oF 53%E -FAEFATE 3 semi-pilot
scale AZ70A el 9 QERUolE FA] Afdh vlo] e
ElAAE15]9] F3la ﬂlﬂi&% ok 80%<3aL ol A
AFELS 2F 50% P o] AT 22 semi-pilot scale & 71004 3
sk 9l QkELokE s Aelalr] flske] UvAdsRks71E A
37 0% F718 semi-pilot 3} B SAIAEI 2] ghslrdae]] ThEk A
AEES 83%EA] semi-pilot VO] LDE|AIAEI[15]0] 7-9-H) oF
4% 713190}, 31 Table 19] 4 W 5] SR A0 33l
57t 71 v kYol thdt A& S-S 80%lA] 00/& 7+
2381901 6 9 T Sz el 9 7‘01 A sEE AL
7R ZE well e ol gt A EES 65%% Thi %‘iob’iﬂ}.
w}2bA] semi-pilot 1] Hg] EAIAEI Q] ebujolof] thgt A A &8-S
65%Z4] semi-pilot Blo]| QHEIAAEN[1518 7|FC2 30% Z=7}af
Sk 12 EE UVAFINES7IE A 3P 0E U1 slo|HEE
Al Bl A ) R Lok AAEE Fdel TS 7]01E 3
At Fgh vlo] QB A ARl 0 7 A R oL EAWFQ
Aol drolrks: AHe|shz 491}t AskE s gy ol AA A

< JNAEIc).

Semi-pilot SlO| BB EA| AR O 2 ﬂil—?*ﬂ ELote] FAA]
A5 & wjol] i Hoj A7 Figs. 7~8°ﬂ*154 o] oF
60 g/m*/ho] et BEs ehUjole] H ol A -GS Figs. 9~1001149}
o] oF 37 g/m¥ho]3ltt. 3HH semi-pilot HFO] L HEJA|AEI[15]2.
2 33leas) ekRUole] FAIAAE & wjol] el Ae) gHE o}
o] A AAGE ZHt ok 55 W 30 g/m’/hol Q). A8 A
Aagy) Fake] o7 AkEdn), webA| £ semi-pilot Sl EE]| =
A28 semi-pilot BIO] LHEAABI[15]18 7IE 02 Fslrin
T} ek o} A& A (30%)°ll B 7101 E sHl o nw Asth vt

Korean Chem. Eng. Res., Vol. 52, No. 2, April, 2014



196 oleF - A3

Table 3. Performance of H,S and/or NH;-containing malodorous waste-air treatment system (biofilter-only or photocatalytic reactor+biofilter) using
Thiobacillus sp. TW' and/or return sludge? as inoculated microbes

Malodorous waste-air treatment system Target pollutant Removal efficiency(%)

- - - Used microbes Reference
Photocatalytic reactor Biofilter ~ Flow rate (L/min) H,S NH,4 H,S NH,4

N/A (0) 2 (0) N/A 95 N/A 1 [21]

O (0) 2 (0) N/A 98* N/A 1 [20]
N/A (0) 2 N/A (0] N/A 80 2 [26]
N/A (0] 2 (0] O 93 53 1,2 [unpublished data]
N/A (0) 20 (o) (0] 79 50 1,2 [15]

O (0) 20 (0) (0] 83 65 1,2 [This study]

[1] Photocatalytic reactor is a pre-treatment process prior to a biofilter process.
[2] * indicates a removal efficiency of H,S at the same inlet load as in [21].
[3] "O" denotes a process that composes the malodorous waste-air treatment system.
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Fig. 8. Elimination capacity versus inlet load of hydrogen sulfide at
the exit of semi-pilot hybrid system.
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Fig. 10. Elimination capacity versus inlet load of ammonia at the exit
of semi-pilot hybrid system.
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Fig. 11. Probe fluorescence-tagged by CY3 in waste-tire crumb media
(Axiolab, Xeiss, Germany): a. NSO190; b. NIT3.
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