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Abstract

This study evaluated the applicability of visible-light~driven N- and S-doped titanium dioxide(TiO,) for the
control of low-level dimethyl sulfide(DMS) and dimethyl disulfide(DMDS). In addition, a photocatalytic
unit(PU)-adsorption hybrid was evaluated in order to examine the removal of DMS and DMDS which exited
the PU and a gaseous photocatalytic byproduct(SO,) which was generated during the photocatalytic processes.
Fourier-Tranform-Infrared(FTIR) spectrum exhibited different surface characteristics among the three-types of
catalysts. For the N- and S-doped TiO; powders, a shift of the absorbance spectrum towards the visible-light
region was observed. The absorption edge for both the N- and S-doped TiO; was shifted to A 720 nm. The
N-doped TiO, was superior to the S-doped TiO; in regards to DMS degradation. Under low input concen-
tration(IC) conditions(0.039 and 0.027 ppm for DMS and DMDS, respectively), the N-doped TiO, revealed
a high DMS removal efficiency(above 95%), but a gradual decreasing removal efficiency under high IC con-
ditions(7.8 and 5.4 ppm for DMS and DMDS, respectively). Although the hybrid system exhibited a superior
characteristic to PU alone regarding the removal efficiencies of both DMS and DMDS, this capability decreased
during the course of a photocatalytic process under the high IC conditions. The present study identified the
generation of sulfate ion on the catalyst surface and sulfur dioxide(maximum concentrations of 0.0019 and
0.0074 ppm for the photocatalytic processes of DMS and DMDS, respectively) in effluent gas of PU. However,
this generation of SO, would be an insignificant addition to indoor air quality levels.
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Table 1. Removal efficiency(%) of DMS via a photo-
catalytic reactor and a photocatalytic reactor-
adsorption hybrid system according to input

concentration(IC)

. Low IC High IC
Time (h) —560 PCO-AC  PCO  PCO-AC
0.5 99 99 91 100
17 99 99 89 100
3.0 99 99 86 100
42 99 99 85 100
53 99 99 84 100
8.0 84 100
1 81 100
14 76 100
17 74 100
19 70 100
38 56 100
40 47 100
63 21 98
81 19 96
85.5 1 94
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o] Ay, setaog vy Y EAolr] w
ol &) EagolA 713 gl AredHe 3
ool o}, $=4= TiO, BZv)7} 3+& w74 (band-gap)
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Table 2. Removal efficiency{%) of DMDS via a photo-
catalytic reactor and a photocatalytic re-
actor-adsorption hybrid system according to in-
put concentration(IC)

. Low IC High IC
Time (hr) =5 pCO.AC PCO PCOAC

05 97 100 99 100
17 100 100 93 100
3.0 100 100 44 100
42 100 100 26 100
53 100 100 23 100
65 18 100
8.8 18 100
13 17 99
20.5 9 100

Note. Low IC, 0.039 ppm; high IC, 7.8 ppm.

Note. Low IC, 0.027 ppm; high IC, 5.4 ppm.
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Fig. 1. Schematic diagram of experimental set-up for photocatalysis-adsorption.
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Fig. 2. Fourier-Transform-Infrared Spectra of (a) pure, (b)
N-doped and (c) S-doped TiO, photocatalysts.
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Fig. 3. Ultraviolet-Visible Spectra of (a) pure, (b) N-doped
and (c) S-doped TiO: photocatalysts.
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Fig. 4. Time series concentrations of DMS in outlet air
passing through a photocatalytic reactor for the
comparison of N- and S-doped photocatalysts for
the degradation of DMS: Operation conditions:
DMS .input. concentration, 7.8 ppm; relative hu-
midity range, 45-55%; hydraulic diameter, 20 mm;
stream flow rate, 0.5 L min" and lamp type, 8
watt” fluorescent daylight lamp. Lamp was turned on
after 3-hr equilibrium,
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Fig. 5. Time series concentrations of DMS in outlet air
passing through a photocatalytic reactor and a
photocatalytic reactor-adsorption hybrid system.
Operation conditions: DMS input concentration,
0.039 ppm and 7.8 ppm; relative humidity range,
45-55%; hydraulic diameter, 20 mm; stream flow
rate, 0.5 L min™' and lamp type, 8 watt fluorescent
daylight lamp. Lamp was turned on after 3-hr
equilibrium.
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Fig. 6. Time series concentrations of DMDS in outlet air
passing through a photocatalytic reactor and a pho-
tocatalytic reactor-adsorption hybrid system. Operation
conditions: DMDS input concentration, 0.027 ppm
and 5.4 ppm; relative humidity range, 45-55%; hy-
draulic diameter, 20 mm; stream flow rate, 0.5 L
min” and lamp type, 8 watt fluorescent daylight
lamp. Lamp was turned on after 3-hr equilibrium.
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Fig. 7. Time series concentrations of gaseous byproduct
(SO,), generated during the photocatalysis of
DMS and DMDS, in outlet air passing through a
photocatalytic reactor and the corresponding pho-
tocatalytic reactor-adsorption hybrid system.
Operation conditions: DMS input concentration,
7.8 ppm; DMDS input concentration, 5.4 ppm;

relative humidity range, 45-55%; hydraulic diame-
ter, 20 mm; strecam flow rate, 0.5 L min" and

lamp type, 8 watt fluorescent daylight lamp. Lamp
was turned on after 3-hr equilibrium.

FEu g e FaF AA Fol FYolRR
Zv) ALY LHEAES) A S AA
°] #& 74 T=A4 ¢ A g R R
M E) Yobrl, & K9 A Azl AH
ol mal Ao] Ego] Fade L elA o
F9 ue} Zo] Zuj AN B F7)el 71
sl Aoz Mg 9, DMSS Hlnd o,
DMDS] vl&A4 A3} A|zto] o] &A YEld A
DMDS7} & 94& o @ol 3t 3 ol& ¢!
3 & o) FFEL ¢ go] ATV WHELR
l\}g_ng%m'

BEd) FXE FEOZ ARSI Ao g,
BEu)-F & slo|n = A& AHESe Ao,
DMS¢} DMDS 25 ti3ld & Y ¥& £
ANE FZE ZAF A17]7] A 3 At Fte T
7} 271 9 =9 & o] glo] AT P2
Z Az viA F43] AE A 2AHZ 43 o]
FFo] 44 A ¢ FAHACE (Tables 1 and
2). 3}, DMSe| 79 FE) w3 66 A FRH
ZF4 Ao ZEol Fade o] BEAHAUG. o
ghA, J&o)-F3 stojHE= FXE AR

CESE

£, ¥e Hel 5E0 A88E Aol A8 A
ol Tt Ao} Hgo] F4F 4 Athe AL Tl
ofo} & o]t

34. ED) BAS

DMS$} DMDS®] &) wh-g fAgol A A=
HAES 2AEY] A8t FE50 EHe BAES
FEu) 937 &7 7tE F9 SO& A
FEu) wkg-7)9 Eo) FEAg BAE S s
o &4 FEHOE AFE AHA o] 220}
EOHEE o] &3l ARENE YA o]
AZotEIYG SO 7} w2 P} 4
A FUAT AEL HAJH GA AFT vhe} 2ol
SO/ e B W3-8 S AstE & JAav) kg
3t QA EE FAERA o 84 Aol §F
3to] Zof wjBAL Yo Wt oje}, FEv ¥
W 2 FF F& ol ¥ F43d S E A
AN e AE FaAAgP

DMS$} DMDS9] #&uf wh3-A] dAE 4 e
WEHQ] FAE F 39l SO s=7F B Aol
T A=A gA37] At FEHu) wgr] &
TAA k2 AEE AFHsI S AT FE)
HHg-7)e] FETE A F 4 AR E SO, =/ A
&5 A gdurt 1 o) FRE A& FU1e F, DMDS
FESA) = 10 A)ZH 28] 2 DMS FESH A= 40 A]
7+ A= AFRE Foe 24357 AFsian. oy
3 Ade FEu) wkgo) JPHHEA Fv] BEY
ol & ZEo] AAHoT A= YRFF o4
g Aol ZFAHUA olEo] A3}E ] SO, A
FUWAIFIT7Y, A& A3te] AASEA Ful 89
Aol 3 AEo] 2rHWAM SO, TE7 At
g Eo 2 Agdth 5% #a @4 g o 7t
53 Qe FHu) w3o] VPHAA FEHvy
v fAjo] Fujso] F3olo islut-go] adE F
Qlti= A o)t} Nishikawas} Takahara’ = TiOy/SiO;
beadE ©]&3 & SFEY FZu] E3) HAF A
WS- E7olAM AEE FYE 7k BAHE] SO,
2z B 134} Demeestere 5205 B0 TiOE
o]&3% DMS FZn] ukgo)|A SO, ¥yt ofuig}
DMDSE BAHE 2oz Busyct &9, & o
TFolA &€ 509 Hd Fx=7} DMS F& )
& Wkg-A] 0.0019 ppmo] 3. DMDS 3Zwj} 23j ut

-

J

¢

oo M



&2 FZOE B8 AT 3 ojud L ojFs} ojME e Ao

Al 0.0074 ppm o 2 Aut A FEH v o F
A @¥e Aoz Jeiyd -

4.3 &

2 ATe JMNBAAN 848 el 8 ©
€ 24 =9 FF97 28E 4 18 == 3
Zuj-F& stolng= AN2HS 8834, 2949
A 33 & DMSS} DMDSS] F&u] £3) &
ol WA B3tk &0 £3) 5% B A
A #3E FFul 54 HYrlelA, &4 TiO, A&
=3 2 3 59 TiOe Y 384 5S40 43
g2oe Aol A4 &3 47 7HAFA-A
A EXAM FAENT 53], A2 =P 2 8 &
3 TiO7} £ TiO sl 7FA 34 F471 -0
3 AoE et Ad =3 B 8 £ TiO} 714
B A 20N FEF0 F4go] dold 4 Y,
A4 =3 TiO7} 3 £3 TiO,R T &L DMS -3
&S YEdle ZAE AT FEF0) FAE
@502 ALGIE A, ¥ §9 T 29
A1 DMSS} DMDS 25 dfsle] &) B3] &
0] Ay AZFEE A9 A 95% )¢S #
AgHoy, & Y 5= A B9 28
o] AJzte] Agtel] we Fade Aoz Yy
ot BEZu)-F3 do|He = FAE ALl AS
e FZE G50 Z AlEsle A RO &
A E&E JENAAT, £ = APd H&
He A= AHE Azre] ma) Alo] E&o] Ta
2 F A} B dFdA g &0 sge
4 Euf F@oA SOV BAERA EA s
A& APHeZ FA3G, Fv) g7 &7 7}
294 SOt AR ETE AL FFSHAY, ol
ojo]A] SO, o]a} 2§ A= IR Y= Ao F
VHAT ZAHo 2, B AFA o] &8 FZu)
A EF e FE29-FF Foln= FA
S0; o]zt 2@ £A gl A T AW ¥ FF
DMS9} DMDSE & &= Aosle =1z &
|8 § e Aoz Jguth

U 2

°] =& 20093 BHsn SeATH ¢ o

i

1223

e} A7HAFUT,

gnE

1) Cheng X., E. Peterkin and G. A. Burlingame, 2005,
A study on volatile organic sulfide causes ofodors at
Philadelphia’s Northeast Water Pollution Control
Plant, Wat. Res., 39, 3781-3790.

2) Smet E., P. Lens and H. Van Langenhove, 1998,
Treatment of waste gases contaminated with odorous
sulfur compounds, Crit. Rev. Environ. Sci. Technol.,
28, 89-117.

3) Mirabelli M. C. and S. Wing, 2006, Proximity to pulp
and paper mills and wheezing symptoms among ado-
lescents in North Carolina, Environ. Res., 102, 96-
100.

4) Zhao J. and X. Yang, 2003, Photocatalytic oxidation
for indoor air purification: a literature review, Build.
Environ., 38, 645-654.

5) Thara T., M. Miyoshi, Y. Iriyama, O. Matsumoto and
S. Sugihara, 2003, Visible-light-active titanium oxide
photocatalyst realized by an oxygen-deficient structure
and by nitrogen doping, Appl. Catal. B: Environ., 42,
403-409.

6) Hirano K., E. Suzuki, A. Ishikawa, T. Moroi, H.
Shiroishi and M. Kaneko, 2000, Sensitization of TiO,
particles by dyes to achieve H; evolution by visible
light, J. Photoch. Photobio. A, 136, 157-161.

7) Li X. Z. and F. B. Li, 2001, Study of AwAu**-TiO,
photocatalysts toward visible photooxidation for water
and wastewater treatment, Environ. Sci. Technol., 35,
2381-2387.

8) Ohno T., M. Akiyoshi, T. Umebayashi, K. Asai, T.
Mitsui and M. Matsumura, 2004, Preparation of S-en-
hanced TiO» photocatalysts and their photocatalytic
activities under visible light, Appl. Catal. 265, 115-
121,

9) Asahi R., T. Morikawa, T. Ohwaki, K. Aoki and Y.
Taga, 2001, Visible-light photocatalysis in nitrogen-
enhanced titanium oxides, Science, 293, 269-271.

10) Jacoby W. A., D. M. Blake, J. A. Fennell, J. E.
Boulter, L. M. Vargo and M. C. George, 1996,
Heterogeneous photocatalysis for control of volatile
organic compounds in indoor air, J. Air Waste Manage.
Assoc., 46, 891-898.

11) Nosaka Y., M. Matsushita, J. Nishino and A. Y.
Nosaka, 2005, Nitrogen-enhanced titanium dioxide
photocatalysts for visible response prepared by using
organic compounds, Sci. Technol. Adv. Mat., 6, 143-
148.

12) Catalan L. J. J., V. Liang, C. Walton and C. Q. Jia,



1224 A3 .

2007, Effects of process changes on concentrations of
individual malodorous sulfur compounds in ambient
air near a Kraft pulp plant in Thunder bay, Ontario,
Canada, WIT Trans. Ecol. Environ., 101, 437-447.

13) Kim K. -H,, E. -C. Jeon, Y. -S. Koo, M. -S. Im and
Y. -H. Youn, 2007, An on-line analysis of reduced
sulfur gases in the ambient air surrounding a large in-
dustrial complex, Atmos. Environ., 41, 3829-3840.

14) Wei F., L. Ni and P. Cui, 2008, Preparation and char-
acterization of N-S-codoped TiO, photocatalyst and
its photocatalytic activity, J. Hazard. Mater. 156, 135-
140.

15) Peng T., D. Zhao, K. Dai, W. Shi and K. Hirao, 2005,
Synthesis of titanium dioxide nanoparticles with mes-
oporous anatase wall and high photocatalytic activity,
J. Phys. Chem. B 109, 4947-4952.

16) Soler-Illia G. J. A. A, A. Louis and C. Sanchez, 2002,
Synthesis and Characterization of mesostructured tita-
nia-based materials through evaporation-induced
self-assembly, Chem. Mater. 14, 750-759.

17) Sivakumar S., P. Krishna Pillai, P. Mukundan and K.
G. K. Warrier, 2002. Sol-gel synthesis of nanosized
anatase from titanyl sulfate, Mater. Lett. 57, 330-335.

18) Primet M., .P. Pichat and M. V. Mathieu, 1971,
Infrared study of the surface of titanium dioxides. I.
Hydroxyl groups, J. Phys. Chem. 75, 1216-1220.

19) Li H,, J. Li and Y. Huo, 2006, Highly active TiO,.N
photocatalysts prepared by treating TiO, precursors in
NHs/ethanol fluid under supercritical conditions, J.
Phys. Chem. B 110, 1559-1565.

20) Canela M. C., R. M. Alberici and W. F. Jardim, 1998,
Gas-phase destruction of H,S using TiO»/UV-VIS, J.
Photoch. Photobio. A: Chem. 112, 73-80.

21) Kataoka S., E. Lee, M. L. Tejedor-Tejedor and M. A.
Anderson, 2005, Photocatalytic degradation of hydro-
gen sulfide and in situ FT-IR analysis of reaction
products on surface of TiO;, Appl. Catal. B: Environ.
61, 159-163.

22) Colén G., M. C. Hidalgo, G. Munuera, I. Ferino, M.
G. Cutrufello and J. A. Navio, 2006. Structural and
surface approach to the enhanced photocatalytic activ-
ity of sulfated TiO, photocatalyst, Appl. Catal. B:
Environ. 63, 45-59.

23) Rengifo-Herrera J. A., E. Mielczarski, J. Mielczarski,
N. C. Castillo, J. Kiwi and C. Pulgarin, 2008,

B
e
i

Escherichia coli inactivation by N, S co-doped com-
mercial TiO; powders under UV and visible light,
Appl. Catal. B: Environ. 84, 448-456.

24) Nishijima K., B. Ohtani, X. Yan, T. Kamai, T.
Chiyoya, T. Tsubota, N. Murakami and T. Ohno,
2007, Incident light dependence for photocatalytic
degradation of acetaldehyde and acetic acid on S-dop-
ed and N-doped TiO, photocatalysts, Chem. Phys.
339, 64-72.

25) Vorontsov A. V., E. N. Savinov, C. Lion and P. G.
Smirniotis, 2003, TiO, reactivation in photocatalytic
destruction of gaseous diethyl sulfide in a coil reactor,
Appl. Catal. B: Environ., 44, 25-40.

26) Gonzalez-Garcia N, J. A. Ayllon, X. Doménech and
J. Peral, 2004, TiO, deactivation during the gas-phase
photocatalytic oxidation of dimethyl sulfide, Appl.
Catal. B: Environ., 52, 69-77.

27) Guillard C., D. Baldassare, C. Duchamp, M. N.
Ghazzal and S. Daniele, 2007, Photocatalytic degrada-
tion and mineralization of a malodorous compound
(dimethyldisulfide) using a continuous flow reactor,
Catal. Today, 122, 160-167.

28) Higashimoto S., W. Tanihata, Y. Nakagawa, M.
Azuma, H. Ohue and Y. Sakata, 2008, Effective pho-
tocatalytic decomposition of VOC under visible-light
irradiation on N-enhanced TiO; modified by vana-
dium species, Appl. Catal. A: Gen., 340, 98-104.

29) Noguchi T., A. Fujishima, P. Sawunytama and K.
Hashimoto, 1998, Photocatalytic degradation of gas-
eous formaldehyde using TiO; film, Environ. Sci.
Technol. 32, 3831-3833.

30) Obee T. N. and R. T. Brown, 1995, TiO; photo-
catalysis for indoor air applications: effects of humid-
ity and trace contaminant levels on the oxidation rates
of formaldehyde, toluene, and 1,3-butadiene, Environ.
Sci. Technol. 29, 1223-1231.

31) Nishikawa H. and Y. Takahara, 2001, Adsorption and
photocatalytic decomposition of odor compounds con-
taining sufur using TiO»/SiO; bead. J. Mole. Catal. A:
Chem. 172, 247-251.

32) Demeestere K., J. Dewulf, B. D. Witte, and H. V.
Langenhove, 2005, Titanium dioxide mediated hetero-
geneous photocatalytic degradation of gaseous di-
methyl sulfide: parameter study and reaction path-
ways, Appl. Catal. B: Environ., 60, 93-106.



