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Purpose &
Contents

*A green infrastructure for wurban areas was developed through the construction and
operation of a pilot scale and a test-bed rain garden with Ti02 as a filter media.

*Ti0, and visible light active Ti0,/W0; composite photocatalysts were evaluated for their
removal efficiencies of NOx, heavy metals and PAHs. These photocatalysts were applied to
zeolite and pervious blocks to develop a new urban green infrastructure technology to
manage urban air and water pollution.

* Appropriate vegetation groups were derived for the C02 removal enhancement suitable for

the climate in Korea.

Resul ts

*Pilot plant and test-bed was constructed for the development of green infrastructure (rain
garden) technology.

* The photocatalyst coated green infrastructure media that removes over 90% of NOx , heavy
metals and PAHs was developed.

* A vegetation group manual was made to help enhance the removal of CO2 in urban areas.

Expected
Contribution

* The developed technology can be applied to various low impact development projects driven
by government agencies (such as Ministry of Land, Infrastructure and Transport and
Ministry of Environment) to confirm its performance and thereby expand its use nationwide.

* The developed technology can be widely applied to various urban green infrastructures
including rain gardens and pervious pavements/blocks in urban retrofitting or development.

Keywords

Green . Photocatalytic . . Fine particulate
Rain Garden . Water circulation
Infrastructure nano-particles matter
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® Jocation : USA
Rockland Audubon
Society (Piermont Library)

® [and use : Parking lot

®m [ocation : USA Thornwood
Mt. Pleasant Highway
Garage

® [and use : Parking lot and
Sidewalk

m [ ocation : USA Oragne
County Village of
Greenwood Lake

® [and use : Road and
Sidewalk

®m [ocation : USA Delmar
Elm Avenue Park

® [and use ' Road and
Sidewalk

m Jocation : USA Houston Bagby|_
street Reconstruction
® Jand use : Road

® Location @ USA Houston Kendall|=§g
Neighborhood Library >
® [and use : Parking lot




» Location: USA Seattle Othello
station

= Land use: Roof

» Location: USA Missouri
= Land use: Road

» Location: USA Kansas

= Land use: Roof

= Location: Singapore Nanyang
Polytechnic University—
Singapore

* Land use: Roof

» Location: Liang Seah
Place-Bugis District
Singapore

* Land use: Roof

= Location: Canada Nova
Scotia Community College-
Nova Scotia

= Land use: wall




* Location: USA Miami Hanging
Vertical Gardens
= Land use: wall

* Location: USA San Francisco
= Land use: wall

* Location: USA California San
Diego
= Land use: wall
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0.1~4.7
0.3
44

10,000

Wood Chip Bottom Ash
4.8~13.2

Bio Ceramic
20~47
10,000

4.8~13.2
38

0.3~24
0.9
1.3
98

]

I

1

[e]

Unit
(W/kg)

o Ao Al

hm=4

28
Code
Media range
D10
Cu
Price

3.1.2
Parameters

-
it

B

~

!
=K
0
.F_H

!
Nfo

(2) oA 9]

1]

-
1

B

A&

=15
=

O S=A[A] ol A

.F_H
ol

Hlo] 2 A

)
=

H(WC)

105 C Ax7)A 6 hr 5oF 7Ax3sto] AL

<
T

=]
&

Al

ol ®#(SD), A& (GL), v i+ (BA), %

5ppm?| T =484 (Pb, Cu)

Ea

b2t et
o}

A
™

250mé

el

o
i=]

o
o

S 10g

2= (BC)

g7

°ol-&

=

=

EA(ICP-AES)

—
o

o

=151
=

24hr

)
=

Fod 1, 3, 6, 12, 18

°

OX]

T

=

=

ste] 185rpme. = 20T

FEENE 045um WEHJoR o3

S

[€)

o]Q_

=

=

_q

3

hm=4

o Tu%Pb, Cwell tHato

—_
fite)

A

KeX
=

b e 4 (D)

e

A

AJr

.F_H
)

o]

.F_H

hSS

2 (D)

o] %27] #%(mg/L)

3} tHGorme, 2011).

S

bol 447

)

)

2

(mg/L)

M
Ho
0
o

0
.F_H

.F_H
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I Pretreatment of the Absorbent(g) I

[ Preparation of 5ppm heavy metals Adsorbate I

v

I Absorbent : Adsorbent ratio = 1:10 I

V

| 1,3,6,12,18 and the 24 hr Horizontal shake by 185 rpm, 20°C |

v

[ Filtration by 0.45um membrane filter paper |
| Analysis by ICP-AES |
1

W L4
I Kinetic models I I Equilibrium isotherm I
Pseudo first order equation Langmuir isotherm
Pseudo second order equation Freundlich isotherm
| Elovich equation I I Elovich isotherm I

a9 313 Ao T F& AF B 24 WH(Oualid et al, 2007; Gorme, 2011)

(1) &= Kinetic models

O &% Kinetic model> 243 A3 ol &t HE F25H &S dTsE =58 F o
M 7]E AT 984 Pseudo first order, Pseudo second order, Simple Elovich, Power
function % Parabolic diffusion & TH¥3st &2 Kinetic modele] A|AI= o] Qlth £ AFo| A=
Ad AGtd tpksk Kinetic model & o] AF&% 31 = Pseudo first order, Pseudo second
order 2 Elovich equation® 37}#] Kinetic modelS A &3} o}

O Pseudo first order equations 2](2)o] YEb o™ o714 K (min HE E£E450H, g (mg/g)
© t (minAIRPEQRe] &S T, g (mg/g)e BEGHAA ] F2EFS v eth Pseudo
second order equation= 2] (3)¥ Zom EHe FZ A-E2 Langmuir models wWErhal 7H4Y
stop(o]l Al &, 2008). 17141 Ks (g/mg-min)i= ©]xF &3t st &% A5 on| g,

(

In(g, —¢,) =Ing, — K, 21(2)
t 1 t
_—=— 4+ A
qt qug qe B (3)

O Elovich equatione t2 2] (4)¢} Zt} Elovich equations oA T3 o] &7ke] ZAgtel 3}
¢l Fboll gk WA o RA AIZEel wel FF Ve d oA fWe] EolEaE FF s
T =yAgE o228 vygo g v (Juang and Chem, 1997). 91714 q (mg/g)e LA F
(2), (3 w7 = AIZE toll M o] F2EE YrletH, a8t B q=Ft) e AE 3R
3 95 5 U= Elovich 45 Y tH(Gorme, 2011).

Mo 1> k1 X

q = %ln(aﬂ)—i—%lmﬁ 21(4)

(t}) Equilibrium isotherm
O Langmuir isotherm: &%te] A% o] &3l AL ST FAZ Hi 1 o4 &
%

= £
A= Fao] dojupx] grtte RUS o EEte] 4% =W 02 Langmuir FHES o

AL ol

A




O Freundlich isotherm: &2 43

O Elovich isotherm: ¥W52ho] deg] HEyol a2y tsgztor
T

O

O

—~

F&olgkal & thg A Bl A (DI 2 FEje A2 o] A

A8 A3E Langmuir isothermol] # &3S |
28 Langmuir isotherm wEtha Foksk 5=
T3 am (mg/g)%2 Langmuir %%%&gz A}%E}tﬁ] o] = oqxn_q

& UERATHUYEY] 5, 201D). 2 (5)¢] 4§ Lan

A9 Langmuir-32.2 %7]3F31th

Tt 2(5)

C
Lo 21(6)
9% G, °© qpb
14
= X
q, by o m A7)

;
FAE In-In T ZANA TAHE=

F 2E 2] Fimg/g)olH =

doln K= OVHJ &5l g A F5E S50 e 9uEH, ne §2
E AWHA 02 nol 2 oY wf FEro] HA dojupH 1 okl &

(0 _lZL

Ing, ZanF—f—%lnC6 2] (8)

23k A FE AL EVF
Ardor Skt 7Hde] FF deoll 2% Aoz vuF A (99 ZrHElovich and
Larinov, 1962). 2] (9)o &2 A& ANZ 2 gslo] 1o TAEHUS w 2He] AAS A& 5
AttA &F &3 Ao] Elovich isothermel WEthal & = 9low =1 AA Ao 7] &7]|9} AH o7 HE

@ K& 7 & Atk qne AdE25(mg/g)S 9rs K(L/mg)+= Elovich 44ola, C.& &
M5 HYPsE(mg/l), qev BE T2 HF(mg/g)S YEFATHNa et al, 2011).

E[o{t

pUx/

~
N

4e

4.
IH?ZIHKEQE_ /91 (9)

b 55 5 23 Uy

g248o AAE oA PdEA B3 HEE fofstry] Yste] AAESAT A AlgE oA
= & d3e] guy AAE ol&stdon, 19 3140 &Y WHE A3

B oAge = #7718 34 AIFHESLD O wel A3Edon 250m %%%a}iﬂoﬂ & 2o
2y 2 (SD), AZ(GL), vtE AN+ (BA), T=FH(WC) 2 wlo] 2 A gt (BC) 10g¥ pH 2.7-2.8,
pH 5860 % pH 68-75 Welel &4 77 100mey 43 FHs & ?MEWE o] &3}
185rpme. 2 20CE A3t 6hr =<t Xestdch &2k 239 %%%0“% 0.45m H B # S

5:

o]g3te] g ¥ FrRAFSetant TAFEAICP-AES)E AHEstel w4 (Cu, Pb)ol dist
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(B, 201D A A8k

s

i&

of At £4E gL A= Sd HrlE #eH L
s BAo @ B FEE FOR egEPel FAY o AE AHgdtel BAsac

| Weight the media accurately(g) |

| Preparation of 3 types solutions |

| Weight : Volume ratio = 1:10 |

| 6 hr Horizontal shake by 185 rpm, 20°C |

| Filtration by 0.45um membrane filter paper |

| Analysis by ICP-AES |

a9 314 Ao Tas 22 A4 WH(EA T, 2011

(3) Aol mE T252 2% A9

a9 3156 Aol mE oA TEE FHTE q (mg/g)= HEH Aot & e #3T
A3k, F2 whgol ebgstE Fol ®Al(SD), AZGL), vHEAH(BA), $EHWCO) 2 kel oA
22 (BC) 57FA] oA RiFelA 22 AZHEeE Cu 2@l nlste] Phbrt o ol &% Aoz
A5k e 520009 AP Aol 2w, $EHWOS £ 7% 49 olA Pb
o] F&Fol M E—'i?kgfﬂ ol £9¥ oA Pbell tiat & ‘diEﬂ =17] UH%?:OL A

=
om A b, B Aol FHAY
JOWC) 2 S eIA1BA) 54 Aol Aol Pbol 1§ §3 s Cudl Blstol

“Cl)‘
= X ©
1 ~
Aoz E4%AT Pbel A5 Hio]l A2t (BC), +=3(WC) > wiEj+(BA) > AZ(GL) >
2#(SD) ¢o 2 FaFo] %o, Cudl 4-F vo]AgtH(BC) > A& (GL) > EH(SD), -+
=3 (WC) > viE el 41(BA) =28 ey
FANES 7] °F 1 hr 74HA w27 APHA o™, oF 2 hr o] FHH IAE v Bt F
ZEA|gbo] Aojde s FaFo] Frbetvrt MY = 2R FHE Below ol Giles et
al(1960)°] AA g FHAHF P T2 Fiol skl Lo &st= Aoz FAEJY. LE 5%
oA dubA o g FAA(AA)Y FERALO|E] tis| &rjel FREA(FTH)ZY DAl Ast
A g F2Eol FFA Y xH = A5E HERATH(UET], 2011). webA, &

a (ma/g)
a (mg/e)

Time (hr)

(a) Pb (b) Cu

% 315 oA Ake] wWE Pbot Cu & FF AF 23




(7}) Kinetic models 4 &5 &% o244 Hu F25 &4
O 52 F&28 A3E Eg & Pseudo first order, Pseudo second order ¥ Elovich equation 5 37}4
Kinetic modelel #-&% ZA3E 2§ 31601 Yehiglth 28 316904 =Ad Z3s S8
Pseudo first order®} Elovich Kinetic model®ll H®]3] Pseudo second order’} & &tA Aoz
EA3E = Aog e Pseudo second order modeld] S&E2 A3E HLIAS uf Phy
A$- 08049 HuFH Ee R S HolF9on thE F Kinetic modelol W] %53 A7
AlE o] F o] Pseudo second orderE WE+= Aoz FAHQITE o] EE-2 Langmuir

%
7IRbg 7] wjZoll Pbe] oAl zHel Wid FL = FHEv= 3ehE e gt

UTHI A G 5, 2008). Cu®l -5 mpo] 2AlgtH(BO)ol A= 0801749 AaAT+E BAo

(SD), A+(GL), +=3(WC) % v H(BA)S 45 0.2 o]ste] HlwA v AadAE e
Holom, o T2 3% APS T3 €2 A9 TuEHF FF ATy dFow Q& Z&
FRAIZE FRF Pholt deA o m FAfo] o] FoyA WA Cud FaFo] iAoz v Wid A
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O 79 31195 22, 7344, Agdr B4ss 29asse] A543 BANEs 3o 7
AS Yetd 2" o= LIDAAE S T49%%F el J5a@ SN ES Yehldu. LIDA A9 A
A A Fo AFADTE 20 mmolale] ZolA 5 mYhrolule] fo] WGt Ao EAHS
ool ol Z AJAEA R AdfolA v HFades A= A TR

® Peak Flow (IN) <& Peak Flow (OUT) ——IN --- 0UT

25

(]
o
i

-
w

Peak flow, m3/hr
=

Rainfall, mm

)

T 3119 B3 AFHS B FA

(7h) LIDe] A A7+

O ¥ 3.1.82 LIDAAAlA Bioretention A Al aie] AFgHS- Yeld Aoz sldARZ 557 A a3
A ArETe] TR SdEde ARS8 Bioretentiono] HA 9] 7S MRS AAS)
7] §1gk A AEES el
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¥ 318 LID A4 AA A a1gd gt

7l & A A 1HAE
AT & tads 7H B WA 045 w9
g |34 B T Ao vl 5% ~10%
AL 7HE Akt 7§/“P:— k5ol Hl A Qe 7§*}_§ Zb= @ A &sh=,
AAZE 156%A] H A 509 E "ozl Agle] AX
o1 A1 bioretention®} ¢FHF Alo]o] F7F H A 29 E o]iteo] Qe dtH oF 49 E AHALEE
© A3t
Z 21 A 44 dAoly EAE AFd T T e
g Filter stripst& 712421 4 Q4o0|t}
Ponding area %Eﬂ ?i%% Aol 1291 oj v L83 27t AR = o] AlFAIZke] F7Fghohd
Hdl 30X 7HA] F7F 7S
EF 2o Ha Zlol= 2494 (A% 1 30~48%1A])
EH A 718 A A5 48A17F
2 o] 46m (15feet) & 12.2m (40feet) & 7.6 m (259 E)
npeh % # 106lm 29 E), F4 0.3048m (17 E)
o] fr il 2y AAe AS HA 290, o F A A5 6904
g 35 to 50 %
A5 AP 0.52~8.2791 %] Afo]
e FA: | 3HI1V
AE 72245 209 E
A AAHNCZRE 109 E
setbacks N7 F4 204 150 I E
ARALE] 918 A G o mRE FHORE 3009 E
septic systems S ZH-E 507 E

# Bloretention®] A|str ol Ast EoFe] Fof =Qb8<l 1.8m el el A= Fas A6t && BMP ot

O

O

O

9 3120& LID AlAe] AARASA) byl o9 (CA) m el 25
W TSSO AL Bss] 9is) AAH ATt SA/CAN &S] Fbol met
ol bsd Aow BAEUT Y oA A B

Zrhehe A gt webd we P9

lo
0

FETY} = 2 v

= E29F FAFe] LID Al dAE A oot HF VoS sk Aol AA o] Aok
gtot o, =2 2 Fapg ) vlastke] vad ge 9 dEA S wiEste AefhETrE AR A
Fol 2o ge AHEFE AT & de 715E 2¥8= SA/CAMEo] 5% oule] A&
dajete]s RS oz dudch

% 3121004+ LIDAIE S A8 A3 48 5 d74& HojFw LIDY 844 234 S 9&
Ao Al MAYSFE E3Fstar gt

L8 Ee Fa, ASdA BlE

Zeo felo] A8HE APA LDe] 4A e
et A o WA Ho] gor], A&He wy]
93} tEo] LD/ e #3 A7E D A4l AH AA 9
A

=
ZskaL, WS 2] Sl o] AEES dder AgUE ] g Folth

_32_




Volume reduction (%)

TSS reduction (%)

----- SA/CA=05% ---SA/CA=1% —SA/CA=2%
—SA/CA=5% - -SA[CA=10% - -SA/CA=15%

* g g
80 § S 80 -
g %
70 g g 70 4
60 E £ 60 -
E] 3
50 s S 50 4
0 +—T—T——T—T—T—T— 40 —TT T T 40 ———
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S50 60 70 80 90 100 0 10 20 30 40 S50 60 70 80 90 100
Rainfall depth (mm) Rainfall depth (mm) Rainfall depth (mm)

90
N £
§ s
R g
-] -
2 e
w 60 v
4 £
50 50 4
40 T T T T T T T T T a0 + T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 B0 90 100 0 10 20 30 40 50 60 70 80 90 100
Rainfall depth (mm) Rainfall depth (mm) Rainfall depth (mm)

9 3120 EXol gl W mded B ghas Bl

. reduce runoff, peak LA,

B average flows 7T

L comnecteg whben sad nstursl syskems
Credie UniversByef Arkanas Commmity Design Center
LA A
Inereased groundwater
racharge

(a)

Before LID
@ sover

D ue remediation
phytoremediation
CO; reduction
plant uptake
increase vegetation <
cover

P
reduce runoff, peak flow After LID
& average flows Increased groundwater
detention recharge
ratantion

(b)
a9 3121 2dEE A MAYUF(a) B LID A& d, 48 F AxF ZHe ®skb)
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(optional)
overflow

storm runolf flow
from an impervious

discharge to
sewer/
watershed

pretreatment (optional)
urban runoff Y
RISSSE 2 2 2 2 2 2 2 2 4

Infiltration/drain pipes {optional)

Top view (NTS)

Evapotranspiration 4§
through soil and plants

“Eaﬁhmm -
area (NTS) i'

Treated outflow
discharge to sewer
(potential reuse)

l.lm:d‘l| sses t
p.of filter

Bsioiet oy ey st
impervious parking lot of l':tr'lJOff by

Filtered runoffinfiltrates to the
surrounding soil (groundwater
recharge)

f"’-:\\ roof runofl’ flow from an
N

impervious roof surface

CO, reduction potential of plants

evapotranspiration (soil + plants)

roof nmoff overland
flow via pervious
channel for runofl” and
peak flow reduction

Rain garden

outilow for
potential reuse
or treated
discharge to
sewer

rain garden device for -
filtration of pollutants _
and retention of runoll

(b)) TFoista (M 2) W LID 4 -&AH)

O 7% 31232 FFdista o] A ¥ LIDAEEY T+
2 | LIDAALS & 9/IE 2008 o] F Axd AlA

oz Hegsta vt F 31.9% FFustul HdAH A~ o] dF Ao

At
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a9 3123 FFietal kg Ao Ao LID A A4

319 FF g AXH LID Ade 54

(o] S =
T = = FA % A%
Lo 2g 4t
ANE T AR ?J;TL_/_\_X .
UD &5 | NA NEay A drad <%]}(35§5)’5>, v
Bioretention, Infiltration Garden
o]} VA | wa, A, ey | TS FEE IR g 5 4
o WA m’ 48-520 135-600 80-200
A &5 m’ 05-75 1.0-5.0 5.0-20.0
2 o] m 1.0-5.0 1.0-7.0 -
z m 0.5-1 1.0-2.0 1-4
7l o] m 1-15 05-15 1-15
SA/CA N/A 0.03-1.00 0.01-1.60 0.02-5.50
AF &% m’ 3.85 0.56 2.81
SV/TV % 30-60 30-60 15-35

(3) Rain Garden<] 71

O =A3= A9 AEAQ oz s AAS sEolu A4 s ¥+ & 9
olo] ¥ tH(Hamel et al, 2013). 2 E, A, 74 = Ad& ]
= o] ERFHoR A AeFETU AR AT A9 dojuA ¥al AAE F

3 wE A =A A oA ul A ® tHGeronimo et al, 2012).

O LID7s2 ZvaET W 29E54S Aststa, stz So7le A rsTs A= JAF
HA dte] At E FHstE 5 AAA] B £3S A7 A a&Hola A&7 es WA
ot gk &Al Vi H WAR & FIAAE IEFI S FHAE FHATIE 545 7R
U (Bratieres &, 2008). LID71& & & <4# % Bioretention> UHH4 S =2 Rain Gardenol&t= &
of& AREEI 7| st mmol A Jh dY AREEHE HEAYAAR v B AvrE
T AYA B w7l HE5 3 Joi(Trowsdale®t Simcock 2010). d¥F4 <l Rain Garden A

A Z5ks 19 3.1.24¢F 2
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Eva ofranspiration
002 P! pira

Urban heat
reductlon mltlgatlan
Low Impact Development
Final
m discharge
(Recovery and

reuse)

s g/

Infiltration and
groundwater

4) Hhe] #4%=
O 20149 11¥ & #d& A2k ol@ 2 Rain Gardenol theh A48 AHH o2 F3s3om,

a9 312500 AAE o vk F 539 RUE o] sl

Hoflo &=

)

#3110 H9e] e4=

2 o}
% 3110001 #Yge] g 2 71E YERITE dA & F2l 39A B A g
2 ), BUHP Y gEo] §A%g
A& o2 35t Rain garden A4S HS §&40la, RE AJH= dstr] 98]
EX0 RYUHYS Sl o Aol 19 31.262 Rain Gardene| 7B 34 & yeR L

@A 713k #4 W&

-Bioretention &3 ZA}

2014.11
17 ~H A A
~2015.03 -l eke] 3} (Rain Garden System)d 7|
— ar
001504 | Rain garden Systems i
ovtA |~ | -addEele] 8ol i@ 24 2 W7H(Rain Garden System)
2016.02 -Bioretention System®] ZH wtjo] Yo nAE Sz gk 7] AL
0016.03 | Rain Garden System T4

37| ~ -TiO, oA 27
2014.02 -TiO, o219} Rain Garden System®] Q952 A A& &l 3t F7} ZAF U Hr}

2014 2015 2016

ACTIVITY
Nov| Dee |Jan| Feb Mar| Apr Dec | fan | Feb dpr| May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

[completion of 1t Phase
[Completion of 2" phase
Devels of HRGS2
Installation of media

17 Monitoring [05}’02{2016J

(24 Moni g (05/15/2018)
Experiment (water quality parameter)
3 Monitoring (D5/24/2016)
Experiment (water quality parameter)
4% M ing (06/15/2016)
Experiment (water quality parameter)
55 M ing [06/24/2016)
Experiment (water guality )
Meeting with Hengkong Poly U,

and Dongguk Univiersity

Giving of plant samples ta

Hongkong poly U.

Analysis of Data

Preparation of 3™ phase progress
report

‘Writing of 3 phase progress report
Submission to KAIA

a9 3.1.25 394 3=
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( Construction, | Development of
Conceptualization ( i i Data Analysis 5 i
p Experimental run Experimentation Ay Design Criteria
=y Correlation analysis,
_~. and Sampling Hydrologic B
£ parameters: runoff concentration, _SVM SV/cA,
—— IN, infiltration at RG, volume, flow rate, Pollutant Load, Rainfall depth, Way,
P -~ |mfitrationat T, OUT ADD Runoff volume CA, C SV/54
- : Water Quality reduction efficiency, -
T2 Parameters: Pollutant reduction s
Particulate, organics, efficiency e
nutrients, heavy Binei

/ P

! congirar l :
Qlnar -

Load (kgl=EE2] €(D)a(e) }

&= =) \__ " )
19 3.1.26 Rain Garden® 7R3+ 374

(5) Pilot Plant +3

O Pilot Plant= A@ 9 &3 Al&e £41S ndste] dFdigta i 358t A& HH SH
AA A ZE 3.1.27).

O Aol A& 20169 7958 A= Slo™, LIDAA 9
st s AA HATh AA @l AHS A &35

o}alz] & A x skt

(6]

ol

1% 3.1.27 Rain Garden Pilot plant A1 9 %]
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(7h) Pilot Plant A% 4 2 54

O Rain Garden Pilot Plantv= o}=2 ¥ Fx=2 AX|gFom A|Adel 44L& 7] IAA 9} vlEAHY,
AEZge] A FRoz yych(d 3.1.28). Rain Garden A2 HHAEAE A g &
Atz S8 =4 AHE 288 ABCD e +3F &2 2 Alg AFH7E &olatA =55 A
AR AR A AFEE {FAFE AFAS FEF7F HAdA AHEE FIHE FiE
oli Bet C+= U444y A7 B 577 HAst= 3, D o] AEY #4435 5
ol AR H = FEFolth Bleaddy AFeee vie Rid e Aedigds A5 wA
stRou HEAYd B yFde EYS % o1, IFEd Fide A4S $X st 1

E L]

AEd,

(e) oAl &3l

1% 3.1.29 Pilot Plant A= 74
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o= AA FIA ot}
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ik

Front View
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= Aol

Infitration
Tank

Top View

138 3.1.30 Rain Garden 2 A=W

Bottom View
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b 44 A3

of A TES FsAIE ALZ A W (Hinman, 2005), 2 Eo] A4S B3 2d=4

AEA el AdAow FAXNIAY AR B A=SdAdstetal FHUS EPA,

1999). Z47+e] A &Eo] = UdE EFolA Y ALY v 75 £, BoolA e dd=4
2 Aed 52 ALl AHEHE ddd AS b oAF Y 52 FTe EY

A AETs R s Wit ® 31120 AlA"E A A Rain Gardenol FZ A
%2 Chrysanthemum zawadskii var. latilobum ¥} Aquilegia flabellate var. Pumila®}
o] XM, & A+ BlEAY FEod= A (2E 31.31). # 31132 A
542 Adste]l yedl Aeow zhzhe] AAESS 19 3.1.32¢9 o] 0.05m

Uas] AAE o, EGA] s TS 5 Jteet 9= A

™
Gl % el 9xs Yol AAstgh

it m oo

y (o 1

3 rlr

o
o 1o 1 o 2

e

fof 2

Chrysanthemum
zawadskii var.
latilobum

Aquilegia
flabellata var.
Pumila

o g sampling port
= -eﬂ‘-'*;‘ . ! g ' /
nthemum zawadskil Tt

.
=

Aquileeia flabellata

a9 3132 Uledd W AR A dF 2=
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¥ 3.1.12 Bioretention®] =

AL-&-5 &= 2] A (Geronimo, 2013)

roy ML=
3 = e Aq A3 9 Bj on o
(cm) | (US$)
Fairfax County, Virginia, LID technical
. . g Guidance Manual for Puget Sound, Prince
Iris negisfchmskza &%bg 30 4 George County, Western north Carolina,
’ Seattle, Alameda County, New castle
county and northern cecil county, Maryland
. . July to . .
Aquilegia flabellata 30 1 LID technical Guidance Manual for Puget
var. Pumila Sound, Prince George County, Seattle, Indiana
August
Fairfax County, Virginia, LID technical
August 30 - Guidance Manual for Puget Sound, Prince
Aster to 50 3 George  County, Western north Carolina,
October Seattle, Indiana, New castle county and
northern  cecil county, Maryland
August
Chr;/;ggtdl;irgum to 50 1 New castle county  and northern cecil
var-latilobum Sepetrenb county, Maryland
Hemerocallis fulva | July to 30 LID technical Guidance Manual for Puget
(L) L. Day lily, =70 15 \ Sound, Prince George County, Seattle
Orange  Daylily August ’ g v
. 10 Fairfax County, Virginia, Prince George
Phlox subulata L. April -20 0.5 County, Western north Carolina, Indiana
LID technical Guidance Manual for Puget
Spiraea japonica April 100 - 9 Sound, Western north Carolina, Seattle, New
"Glenory gold” to May 200 castle county and northern cecil county,
Maryland
June
. . to LID technical Guidance Manual for Puget
Potentilla fruticosa Septem 100 2 Sound,  Seattle
ber
Fairfax County, Virginia, LID technical
Rhododendron April 100 - B Guidance Manual for Puget Sound, Western
yedoense var b 200 ¢ north  Carolina, Seattle, New castle county
and northern cecil county, Maryland
Fairfax County, Virginia, LID technical
: 8 Guidance Manual for Puget Sound, Western
in ggggoﬁligdg funeet " OAREY 7150 15 north Carolina, Seattle, New castle county

and northern
cecil county, Maryland
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X 3113 HEAY U AEY F
31y Chrysanthemum zawadskii Aquilegia flabellate var.
B var. latilobum Pumila
UREA o] & THZ shE
A& 1.6 0.57
b & |8 (USS) 1 1
Sz U A A E 5 5
e A
A2 o 2] H A 0.05m? 0.05m?
st A7) 8¢ ~9¢ 78 ~8¢
Tl 50 cm 30 cm
B R R R el New Castle County and I\I/ilalgugle(":f}(}?lgﬁ guléjggrclg
Bioretention ¢1-ol AFg%¥ Northern Cecil County, Pri G g County.
o 2= el 2 Al Maryland rince George  County,
Seattle, Indiana
A Aol wol xSl N/A N/A
+*1US$=1000KRW
(th A7 A4 2 54
O 9529 Rain Gardene E¢Y Ty AA&ES T3l AFFETE At AAQE &3 oz
71%F, A& &3 F971%42 Rain Garden®] 58 Sd&=d A2l 7|#olt}y, B T I
Y AEo] HAg Ao F8% BES FudTE 9TE o, dYEY g5t ¢ A=A st
of oJal A& AET F Adv FAESE HEAFH. ATl AFEE EYS 28%9 A Hee}
27%°] AFEAE, 43%9 1§ R#, 2% HE %W HERZ FAE 9t} Prince George County 9
bioretention "ol 93 Rain GardenW] E%¢ IHFE&E 052 ~ 241 inches/hr, 5%°]3}2]
HEE X33 2o EYgoz FAE oF strtal @agtth(Hinman, 2009). A A AF&% o A
o] 543 RES a9 31.33% % 31140 vERY lom, 19 31.34% o A9 wix A E K
o i
110 Sedimentation
gy 4 Tank
g 90 + //&‘Q Rain Garden infitration
13
ﬁ 60 -
9 50 -
® 40 -
g 30 A
3 20
10 A
0 S S '.
0.01 0.1 1 10 100
Particle Size (mm)

a9 3133 E¢Y o

j
a-

1% 3.1.34 Pilot Plant o] A 9] v} x] R %=

O
T X5
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3.1.14 Rain Garden o #j¢] EA]

3
ar

HELQL-V\W_I.ILLL
& < oﬁauﬁeé
S| N o N - dlo .
; s EEL TR e e
ﬂﬁn% E.mﬂ;ljm]_..lq o o Ko
NSl 6&6%3 o ﬂoaﬂroxﬁm@ oy moﬁﬁr%
Zmnﬂév 42%@0%“ MEZTLTMﬂ o mﬁﬂaeﬂhiomw
= < o P T B o El|g T Erw X
g o B Ry D Eagl mSEwow g
= A,th_%yan R L%qye%%
mﬁﬂwovmvﬂr.? HwNurmmﬂﬂma
]ﬁom — R~y ] on B
X]NOTJMMO_E . ATS&OK_MOW
Seoelrel M
ﬁiy@_z el Kok = ol
- R " Ko owo— Mo
= A R R W < )
gmm%i%iﬁé o a,;emoov
e o] ® s o
k5 . G E o M| - WEg Do
| oﬂnunovﬂ% K ol < Mg Wy~
m_._t S | mrzuﬂh IR} onGN — EJEO
g ° 1__0m1%m <K oq L E W ol E TG oo oMW
.D|1. o (=) R ra.mow_f OW N S O T
o hm_ﬁ}w imao A
G B g om Epw@rzmﬂ%
o & GWWN o| %0 4r m% o yﬂ i
Mw%ﬂwgwgﬂ ulr zﬂaﬂryﬂovaw
) 1 + )
TenEcEWa I < ENMEL
o ~o L_/LO E]MHT_ o /\;OL NO  —
Mo (F N° = Xe) H < & oF °
M%oTAm7E5 ¥ ~ Rom LT
» ok o My A of B B e NG
%_WB %o*—w7Et WMHOI o 8T JI_#oTE@uleu
mmmmm Gt A2 _,#L‘.rompf71vmo sl o_HZmOO “ o © pyl
= ma%_ﬁayP.mwT] {+ o11ST T et .o g
muuo—ulo\m.T\/.mZuo S Aﬂ/lm_lﬂFMM
< o mﬂ%wwnunor o | Mo g%%fr
il @o_ﬂ m«MlGﬂé oF iﬁmﬂm«o%@
K otmﬂi:._;mqoﬂl ofF ol Eﬂm@lﬁrdlo
o rade BT ® TEE s
=|/oF | — iy ) of mtﬂgmo}ﬂvlnoﬂrﬂ,_ﬂio <V mxiﬁﬁmﬂ
=[F|~| < g 2 lo| P S oy & ii}? o JJJ W w E
B =) ‘Dﬁz_.]*oﬁ; ﬂiﬁﬂ ~ 2 S mﬂomnAJod% 5 ﬁvo_eﬂio 3
Ho| = [up-|olo| N | X § RPedx R T M gy T
i < - M%aommmmweﬁm/ﬂ_nmo 5 = ovﬁﬁuxsuﬁ%
T O EEeEEUNET Sl o TEHLEE
» Hloa@.%o_emml i Y T
~ S IR LR oo W R T
n/.@ /\D ;Ana;om E lo;m‘l_lM MWLZHE
— ‘W;OEN au <
o O
2s

- 43 -




Z7F AASATHZE 3.1.36). & 3116 wul/9e] thg EXo] oA A A dEH
o] FEel Ao AEH AFHAFHEFY Ht FEE w3 Aotk 1Y} Rain Gardend
o AET A 2 A=A w3l d4, rAEY A FdS fste @2 TN, TPFEE
A5l
<P
2 KG
SEDIMENT STIRRER
s ™~
_________ -
PILOT
0 ePLANT
\I_-\,—\,
RUMNOFF P
SOURCE ! ——r
.. .
I | —

1= 3L
R @9 FYER FA% A% obm
TSS mg/L 498.8 999.75 94.8 236.94
BOD mg/L 375 35.2 15.95 5.74
COD mg/L 721.7 650.3 127 142.20
TN mg/L 13.9 19.05 10.2 3.50
TP mg/L 1.7 1.65 0.75 0.61
Total Cr mg/L 0.1 0.15 0.2 0.13
Total Zn mg/L 1.1 0.75 0.65 0.57
Total Pb mg/L 0.2 0.15 0.35 0.03

(h =uE g
O Rain Garden A14e] #AARAZAE 95 F25004 54 A atdth(Jung et al). EF I
kel =z

8 e 2487 99
]_

PlantE= 2A17Hs9F &9 %A om Ao 7 /\]EE %Hﬁﬁ}"’iﬂr
O 13¥ 3.1.372 Rain GardenA| A 9] 2 A J_HE%‘J E_H o] F11 9Jo Pilot Plante] &&2 3
o5tz fdl YA, BlEAYY JAFF, AFEEe AEF G55, F 4304 ARE AFHEA
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Z}. Pilot Plant €9 A3

(D 2Ye g 23

O Pilot Plant EYUH g ZA¥ 3% 31175 2o

3 3.1.17 Pilot Plant =Y ¥ 23}

Unit Run 1 Run 2 Run 3 Average

Date - 10/06/2015 | 10/13/2015 | 10/15/2015 -
ADD days 6 7 2 5

Influent Volume m’ . 34.2 20.8 15.3 23.4

Flow rate m’/min 0.25 0.28 0.25 0.26

. Flow rate m*/min 0.02 0.02 0.01 0.02
Rain Time before infiltration min 14 18 28 20

garden :

HRT min - 15 13 14

Flow rate m*/min - 0.01 0.01 0.01
Infiltration Time before infiltration min - 34 36 35
trench HRT min - 31 27 29

Volume m’ - 1.11 1.05 1.08

Effluent Flow rate m*/min - 0.02 0.01 0.02
HRT min - 35 33 34

(2) 2RV = 24 23
I

O Rain Garden A]4d¢l

A s EA 39 EYE AN Aol +d B FEARY 2RV v
o} TSS o#A AP 19 3139 ~ 17 3141 YeERiich 95, BELY A5, AT
e AFEe % ey 2RV w29 vt vhsdley, 19 R wETe 2R #5535
= 4 e Ld9ed w7 s HAEAN Ao ddEv =Y, TSS AlE ARl
g7 wlalske] BR Rain GardenAld-& A& 24 TSS7F Wol Azsol fE9 4] A
Al Ae & Utk
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@ PARTICULATE W DISSOLVED

Heavy Metal Fractionation

Cr {in} Cr{I-RG} Cr (T} Cr{out} Fe(in} Fe (FRG) Fe (FIT) Fe{out] WNi{in} Ni{FRG) Ni{l-IT} Ni{out} Cu{in} Cu{-RG}) Cu {-T} Cu {out)

B PARTICULATE B DISSOLVED

Heavy Metal Fractionation

Iniin)  In{FRG) In{-M}  In{out) Cdiiny  Cd{FRG} Gl {-ITh Cd {outh Pl {in} Fb{FRG)  PB{HT)  Pb{outi

1=
w4

!

1% 3.1.48 Pilot Plantoll A o] T5% &

(7 =g 29 % 2d=4

2 A
O 28 3149: AAe 7%, A5, B 13 Adds Webd 2 zojt. sledded A5+
el T, AFaE By FEFS AFS A2 A& A4 92.9%, 94.9%, 93.8% AE=
Ao g FAHT 3, IAFE] JAFFoA = 954%, 94.1%, 945% = AxEE&S U 7
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S3titt.

3 3.1.18 Test-bedell A& 753 A 5=

I.GRASS
Plant property Stress tolerance Eg]ﬁt?gf
Name Family Picture
Growth Root Drv | Cold Waterlog | Heavy
rate system y ging metal
Potentilla Well
chinensis Ser. Rosaceae Fast developed v v v v
Arundo Well
donax Poaceae Fast developed v v v v
Sedum Well
kamts’fqhatzcu Crassulaceae Fast developed Vv Vv Vv Vv
Phyllostachys . Well
bambusoides Gramineae Fast developed v v
Aster alpinus | Asteraceae | Medium | Not well v v
Iris
nertschinskia Iridaceae Medium | Not well Vv Vv
CV.
tgr? ZS% Gramineae Fast Not well Vv Vv
Korean . Well
Starwort Caryophyllaceae | Medium developed v v
Zoysia . .
japonica Gramineae | Medium | Not well Vv Vv Vv
aﬁgj&rég‘gf?a Lamiaceae Slow Not well Vv Vv Vv
. Well
Marigold Asteraceae Fast developed N4 N4
Eupatorium Asteraceae Fast Not well v v
Vetiveria . Well
zizanioides L. Gramineae Fast developed v v v v
Glossy e 1 Well
abelin Caprifoliaceae Fast developed v v v v
Vaccinium . Medium Well
vitisdaea Ericaceae -Fast developed v v v
Stranvaesia Medium Well
Davidiana Rosaceae -Fast developed v v
Korean Well
Rhodo;;lendro Ericaceae Slow developed Vv Vv Vv
pfﬁizr;‘oel? a Rosaceae Medium | Not well Vv Vv Vv
gggg Leguminosae Fast Not well Vv Vv Vv
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Average rainfall
intensity (mm/hr)

1.56
3.94
1.71
0.32
0.61

1.55
1.56
0.31
3.94
1.27

Rainfall
duration (hr)

7.7
6.5
7.9
7.9
3.6

6.72
7.70
3.60
7.90
1.84

Total
rainfall (mm)

12.0

23.0

13.5

2.5
2.2

10.64
12.00
2.20
23.00
8.66

ADD
(days)

4.8

2.6
8.0
8.1

8.3

6.36
8.00
2.60
8.30
2.55
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E-3

E-4

E-5
Statistical Summary
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Median
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Maximum

SD
NO.
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(3) EMC #4 7—3?%
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Heavy Metal Eractionation

i (Hm (MRS) Fedinl  Fe(WT) Fe(WG)  Mlin]  ME(TE MR(HRG] Cufm) CulMT) (MR " m 4 |
J 1 1 n | - ' I (1T In (kRG] il (i) cd{rm d RG] P fin) Ph(HT) e (HRG)

19 3159 Test-bed TH5<& FX 4

AL 9A ATE Pilot Plantel &) W& Aoz ZAEALH

O Test-bede] 9 &E# &
Test-bed®] A5 ol Al AFZFF7F obd A AgAPdedA e BUHY A3z A9 7
e 5o gt 71 A} He A of o]t ko2 votE )

3|
FoolA TS = AderEe] AHE o8 A

Pollutant removal Efficiency,%
Parameter Outflow at IT Outflow at RG
Mean SD Median Mean S.D Median

Turbidity 92.62 5.27 94.00 97.53 1.42 98.00
TSS 83.08 19.66 97.10 98.78 1.6 99.25
CODcr 81.68 13.40 77.20 91.20 5.60 90.20
TN 76.16 32.48 85.30 91.80 6.48 93.45
NO; 45.54 4777 62.60 90.63 8.28 92.55
NO3 71.83 14.45 66.80 90.63 4.92 88.20
NH, 85.72 12.5 85.40 95.23 2.76 95.05
Cr 78.40 13.57 80.50 95.15 2.16 95.10
Fe 84.34 13.38 87.40 94.68 3.04 95.30
Ni 87.70 13.23 96.00 96.83 4.70 96.85
Cu 75.12 21.34 77.10 95.68 471 97.45
7n 84.72 13.47 91.20 96.13 2.38 96.85
Cd 34.50 72.71 66.70 30.98 125.08 91.05
Pb 53.08 45.31 64.90 92.80 9.29 97.00
Total Cr 82.44 22.05 91.10 96.25 4.10 97.30
Total Fe 88.66 16.54 97.40 96.40 2.66 96.60
Total Ni 86.96 16.22 96.00 96.73 4.41 98.40
Total Cu 75.90 28.07 82.90 94.85 4.48 95.20
Total Zn 89.80 9.01 95.00 95.00 2.43 95.65
Total Cd 56.60 62.70 80.00 41.43 101.50 88.10
Total Pb 70.38 21.96 74.90 95.05 5.20 96.95
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Table 1 Pallutant removal mechamisms icorporated in the rain garden systems

Pollutant Removal
Medhanion

Folutats

Absorption to sl patticles

Disdlved metals and solubie phosphons

Plant uptake

Small amounts of TUMISHS MGWHNT FRGPAONS a0
nitrogen

Microbial processes

Orgamics end pathogens

Exposure to sunlight
nd drymess

Pathogens

Infikration of Runoff

Ninar abatement of localized flooding, minor mcrease i
localized base flow of grommdwater, slowing some
mutrients to be removed when groundwatsr flows

through buffer

Sedimentation and fliration

Totsl suspented solids, floeting cebrs, tresh, sail-bound
rus. some soil-bound pathogens

-
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g 03 f i f (Li et al., 2003)
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o2l B RAol JFL vAL Ao F UM AW NO, & 53 A
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203 9 52 F7HAAY w3 SO, ¢ NO, 18 al SO, ¢
o

@ B4y 2 FE5o] F24 (water and soil corrosion)
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-40 pix 2 o —-40 [150 §
-50- 100 2
o0 50 -
304 ofalsg Faog Lo &
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1T 7 14 21 28 & 19 26 2 9 16 23 30 6 13 20 27
13 128 18 2%

1958 1959
a9 3212 AW aE T FA(1958-591) Hat SO, F %= (ppb), WA %5 F(mg-100m ™),
AbgE B 71EA gl o7 A E (=2, 2007)

o
=
1154
>

o

(F) redE=dd As 2 9
@D SOx

O S(3}, Sulphur)& 3}etAA 8 (0] 433}, sulfur dioxide, SO,) AFE A WHAE = Z47 7] Fo u)
=51, SO, & 7] ol WA SO3(AH4ra e sulfur trioxide) 2 AF3}E a1, ofg SO4% (3H4ko]
2)2 Atstg old g
o, A4 2 5 X
B2 T oty e B Ao SO 2 AEHol JFg w Ak E3 IHE EZd| Fe, Mn, Cu
b RFHAUS AG olep 22 BHEe FuE FEs SO, 7 SO 2 Y wE SR A%
o] FAS AR,

SOs(ads) + Oslads) + HO() — SO (ads) + 2H'(ads)
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@ NOx

O NOyx &% ststdds < 2, 71 5 NO 7} AA|sk= vl&o] =t NO & dl7]
Zol A FZa wE A7k whg-3le] NOs.(ZAYE gkt 2| nitrate radical)7} ¥t}

NO + O3 = NO; + O

NO + NOs. — 2NO,

(o3
B>
>,
&2
o
i)
s
G
i

B4 qHd HAHE 42 NO, 7F SO, R} &4 AL, o 2 ApA2 FA4E2
(corrosion material)& 2AHEH ¢ 5 Qlth o]A 7 NO; &= SO, ° H3] 4o mX]& 3ol
A 5714 A 5 (organic material)Q] polymer ¢} textile & =& &
SO, ¢ NO; & A= As48S DAY, oldst a3+ & &

AAE ] B3 vhy Abste] SO 7F AR EE FAoA & 5 i n ¢ A3AdEdE
FwelA SO, 7k AA = atsgg oz SO 7F 2w NO, o v 982 SO 7F 9w
AE o9} & A58 A ot A3 Zrt

SOy + NO; + Hs0 — SO + 2H" + NO

FHl e A= WSl o NOF AFstet™, 1 Z3=2 HNO; 7} 7hAg = AT =
F HNO; 7} 7] & 39-gel 93] HNO; & A7 % ghrf. k-2 ofgjel 2}

NO + O3 — NOs. + O,

NO; + NOs. + M — N,O5 + M

N2O5 + H.0 — 2HNOs

HNO, + O, + hv — HNO;

off J}n:

(L o

-

@ O3

N U &2 Aite] HiEstE Jd9AQd ATFEANOx)S] FREgo] oa] A= o] d
EAR HAAnY, Zg2yY B4 textile, ANER FHE B IS WAk 0FY HLEES
zZA3t7] 98] NOx <F 39 #7] 335 (VOC, volatile organic compounds)®] ®j& #|3lo] =&
Q35 wl ol ko] A$- =3 Al FHujH 7] (catalytic converter)E A x| gfo] AL F3l gk
ml 7] 7k~ 91 HC(&8h4), CO(LAtsleta) 2 NOx(AAAtshE)7E Falet Aoz wgiso <
E FEE #AA2AE F U

SOy + O3 + HIO — 50427 + 2H' +0Oy

a7 32132 SO, NO,, O3 & Zn WA Zhzhe] x3tel wel =FA|A 528 ax& 4
Fom el 2z e SO, NOy, O3 7F 2447 H¢Hor whgd gutt SO, + 0; ¢ SO, +
NO; 7} Zn Z¥olA o Be 248 doye 3s

(rh) di71 el e EAZee] R4

@O b 7tstEe] vefst ASxA A= 99

4

S o
= =

a4
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O A AA o8 AFAEe] thds A9 4384 28S 538 U7l 5 SGE2o] A3 7| vkA| Ao
n 2= S A7t £3] International cooperative programmes on Effects on Materials
including Historic and Cultural Monument(ICP Materials)oll 4] 198758 897+ 1270 HHuet
o} w2 AUl 3970 A A (test sites)ol A 7] LA EA (SO, NOY)T 9.Fo] 7)Aol w
g s 22S FAAIIE S AFHoE FUbstdt

700
600{ o ot h "
* SQ, « NG, /
© os )
§ 5007 o, ./ .
(o0 H N
2 4001 © ./ ./
£ ° G / o/
S 3004 ¢ Pure aic ~
W -// b
b 7~
g 2005 s
" . ___on—=C
100 1 « _e— D__.-—-D-""'G"‘“'O
gl
0- - o, &
0 100 200 300 400 SO0 600 700
Exposure time (hours)
% 3213 Zn 1WA x=F ¥ O, NO,, O3 9] At wE 52
O a9 A7A9e 29488 58 t71egRde) a484n sau4e S48z Fragon,
2ot AulsEE o] & : o ¥Fe e Y =242 A Y

22 (Structural metals): 2 (steal), 5
A7 A (weathering  steel), Zn, Al, Cu, & %(cast bronze), 2. & W&oz =2 (Stone
matarials): & W= AW E (Portland limestone), White Mansfield dolomitic sandstone, 3. #H|JE
2 39y EZ(Paint coatings): &7l=delvloz I 7EH(Coil coated steel with alkyd
melamine), A 8]& LIN=FAHJEZF AP E] = 7 H(steel with silicon alkyd paint), &7]
A AEZ A A A= ¥ (wood with alkyd paint system), ©}= @ o] E(acrylate), 4. &
717F 35 4 I+ = ZF(electric conduct materials): Y2, T8, 2, g2 F% 2~EJ(thin as
metallic strips)

O ZUE" AgelA 9ok 2 & 25 719 A g3s Pkl

Aste E 3242 F943% R @e &Gtk A4 A ASEE gAY A4S BE H87)
W3k S0, O; o FE7F EFHIUL. T AF FR7I] FLF AR ehbd et
A TelLh ofele] A9 AEAORE wEHvIZko] 89 o Hrhd Ao hRE R4 @ Ao
oo ARAA e A me Azl 4PF GG w1 gov, SO, B PR B 3
§ 24 P2 Fu Utk NO, o 93 o9l FANE vehix ghd, 4804 A3
A NO, 9 SO, o % Eae wUHY Aol ek 2gh A5 mUeY 9

A 4dzre) thebd 2] wEAYL SO, 9 0 o FEEHE F dFsach
O w8849 e vhgat vo) w3 @t el Awt ekom H 7k /b 2@ <
Az ek vk vlel wEsol Q| A AT gag BANel tehd g Aun




W SO, 9 AAZHAR F&71zF 28 v AT F3k&(load of rain acidity)o| o, vFs
bS| )

=EE AN e A g FAZ e, SO; o FRet F&7IZF EF AEe
FAZF S7ks Aol 43S m Hoh

O A717F 32 4 9+ & A(electric conduct materials) S 54 A 23 dFnlg vxoA 7] =
o & AZeoew, I Ay g 22 A4S =& Aok [ Ml = 55 + 158[S0.l R2 = 0.78,
n=3 1493 =59 U2 H4Z2 FA Frrsislen, SO, oF A3 duds Ve As &
T Ak FHRIER IPE AEES 499 APU|te R A GEAAE] AE WA= I
S AEFHoz AdsrE FEAL

O 7 %% ICPAAME AEHez 7] & 2Ld=4do] tdst 2dd vAe JdIFS AT
2009 74A A A A Tk A Ao A =TS AU A3} opgf 21

| 3t

7 3.2.14%F o] AL RUEY
25 A 19 32.14=
S HolAwk 1990t o] F Oy

HE 2 09BAR 0 9 W] F BEE 2E] s, 49

% 324 24 ¥ A4 dY3sAEA A3} (Kucera ¢ Fitz, 1995)

W 54 7 Al (Weathering steel) R2 n
"MLunsh = 85 + 0.25Tow[SO:][03] + 432Tow 0.67 34
‘ML, = 106 + 0.54Tow[SO,1[05] 059 34
o} (Zinc)

"MLy = 145 + 0.043Tow + 80Rain[H'] 0.83 o4
MLy, = 55 + 0.013Tow 0.72 24

ot w) 7 (Aluminum)

MLy = 0.85 + 0.0028Tow[SO,][0s] 0.49 33
T2 (Copper)

"MLunen = 19.3 + 0.011Tow[SO,][03] + 162Rain[H'] 0.42 32
= (Bronze)

MLy = 11.8 + 0.047Tow[SO,][0s] 0.59 34
"MLy, = 5.3 + 0.024Tow[SO2][O5] 0.52 34

1 3] A1 (Limestone)

ML = 344 + 596Tow[SO,] + 388Rain[H'] 0.66 34
Mg, = 2536 + 0.80Tow[SO,] 0.40 34
Aok (Sandstone)

ML = 29.2 + 6.27Tow[SO,] + 480Rain[H'] 0.63 34
MLy, = 2.84 + 0.83Tow[SO,] 0.69 34

ML = Az 24, ML = A8 57 @zt A gol A A as

unsh, sh = unsheltered of sheltered (W] ¢} vl =¥ Alg, vt =4
Tow = F&713F (Fols%=>80%, +%=>0°

[sO2], [03] = ¥% (ug/m3)

Rain = 9% (m/year)

[H+] = &% mg/l
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(c) 24d (d) 27d () 30d (f) 33d
A3 (Zhang ¢ 24, 2012)

(b) 15d
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@ 7L gdEde] e AAH &4 9 Ay
O 719 AEHARA AL FxEd sl Tt A4 &42 Yebdth. Mayerhofere= 199549
T4 67d A S A TAEE SO.9F NO, 7F 9 AL 71 WkA) A & nx= A
A A Y EAERE FASG =Y FH0 AHgd B A58 AA, o, Ar|=aE
7, ZAYE, HAE So] otk FAAL A7 29~53 X 10°(ERU)E (W) o= dakeld, oF 3
Z 739 T 6x 8HYe o2+ Fdolth. T Kuscerat W7oz Q& HAH FxE9
WAN] S AgstE A4S A A S BH(Kusera, 1993).
1 1
Ka:K . [f__] ..................................................... /9;(1)
D c

O AAE AeA K= 814 3 F7iE s 24 2 528 4(USY/m?), K= 7229 wA 2 $gh)
£ (US$/year), St 7+x2= W8 m?), L T7xE° g4y & F 725 A&7 7Hyear), L.
= TEREC] FAHA e WA AE-7]iH(year) ©]th.

O OECD9IA = 2014\ “The Cost of Air Pollution : Health Impact of Road Transport’g}= H il
AMeg Edded, d AAFeRE o 350 wo] 7]l o Z7|AMEel shlal, 1E <l
AA £ 201088 7|F0® OECD 3972 oF 172 el Qu: of 05% e, 37
°fF 14x @&, OECD 3|d= Qe Tx9o &AdAE dAH =4
WA= Aoz wgstdt oy 1% 32212 ti7]edd ogk AMgAE YEH adEZE A
WAl gl me OBCD l95e) th7leqlol oa %7 Algah 48 vhepdl Zola, F w19
I T R drjedel o7k 7] AMEA FE KHoFa itk agan A A ez s
OECDel 7t44d 3led=3 T, A=E AL vepel A 7] el o&f Atwstes AMgA 5
e Aol

El

i

N

>

[ 2oos B zoi0
Estimated number of annual mortalities
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a9 3221 "7l dell o8l x=7] AbdekeE AR B2l (OECD, 2014)
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EAeHA e 2 A =HolE T FAg
A gl 2" g —“%“%LOWHE LAz ete] A goto] vhsbSest A (PAHs)9F 2
7]& (Kohtani &, 2005), 7] & NOx 24 ¥ T35 FAl ARE
T 2vtE audze @4v)Es ALstast sl
7159 w3 weaw BjddAd FE5 ZEALE oy 2
(Pirkanniemi®} Sillanpa, 2002): 1) W= (F=v)))dx THOo R Wl o}
PAb FHol o e =9 F2 3) WA WY wkg 4) WA Ad =] wk
of &z el 5) RiEA FHORRH HAHEY FA4F o
of AAEo WrEES AMSAIIA H=d, olwl OHzto Ze] A
(valence band)oll Al @A ¥ A& (holes)e] LA UR wHO FAks7] =
o} wkg-sto 2 o] Fo]XtH(Mills®t Lehumte, 1997). #Zuj7} @340z 7]
= 7FA ok sk, B=3A/s8hA v gAdg, B2 o
= 2R A G gl e ANkEA, el BEA 2 & S5t oF gtk (Beydoun &, 1999).
FEu] 2AQZA dA7FA TiOs, WOs, BiVOs, Co304 CdSe, PtO, a-Fex0s, SrTiO; % I A}
2 of Thefet wheA =" Eo] A=Ha dut. o]FolA TiO7F 27 AAI| F5w)
of o 7bd F&E3 Aom deAa Jdom, HAARE Ay vgstA AHE&HI Ut
WOs9] A9 2 FFuRA AEEL ot TiOel Ha] F&Ade] oA Aoz AdeA
Ao, BiVO,Sl A AT FA7Isietd E&& FAgEokelA Bl&EAAQ FF A
A doh, 28y olgd MEAAAES T 2TAA =& FAFTEY PSS g
g ole ez deiA L dvh(Park &, 2013; Spasiano &, 2015).
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Bzl 2 715 7] e e Ho0/0.3F WhS-9] 2katskd A 9 (EY = -0.82V) 7 whe A wh= )
Yol x| 8foF gth(Halmann, 1978). 18 32238 Q&&= w3 o Alslsdd o vheksl wie
A Aol 3 7} = (valence band)2F A &=t (conduction band)?F W1 =708 yel 2 Qo). &

A A wgel Wolslis £34, NOx, R 718 de] AsRaasil 0 @A e
ATAI} AAE v glek 1ol = :

Arabatzis®} Falaras, 2003). 2214 Chen¥} Mao(2007)e] <1 tel 23}
EWA ] aglol ot AlojE A gt dE &
o] A==, AHHE FHe 3o ok 3k
og FEw AAS A7|7F FrbstaL, HAG
Aol 2 43S F4 @t} (Prieto-Mahaney %, 2009; Henderson, 2011).
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(E'=—0.61V)
(E'=—048V)
(E'=-038V)

CH,/CO.(E'=—024V)

HCHOH,CO;

CH:OHH,CO:
7 e A Al =%l ltk(Ibhadon %,

O,H,0(E =-0.82V)

HCOOHH:CO;
}

NHE /pH 7

-
AN

— 0.0
— 1.0

ENERGTY (V)
054V

okl A B

VB

b

CE=-030V —/—- :|

=

=

(Inoue &, 1979; Long &, 2006)

240V

BiVO, H

BiVO,

E:

)
=

210V

VE
stetEd Aakely A g

% 3.2.23 Cos04

2008).
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A2l Al

J

2

Vv
ol
o

R

o

1} o
N —

o~
T

o

-

gl

=
=

W, A7 q A
= A&¥nt At (Akira 5, 2000).
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3} 7] (Advanced oxidation processes, AOPs)< *] ]

= L
3 g4k

1
=

2]

#H2 9t} (Eggins %, 1997).

5 8t

24714 A7t 7}

"o

2 3237 459k At (Hongsian 5,
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2 g Cu?*, Zn?*
7, S ~
’/ : CB \\
I I A\
o
;" \ ele- \‘ CU, Zn
: ': ~=1CB |
] o ' \
'R | \
| i i |
| ! : ;
] ' '
= | i | &
¥ v : ! o
. 1 ; ]
\‘ m hV Jr.r
\ ' P
\ !
i N H;0, O,

% 3224 FHkgo] 9% TS U7 M=) oYX 2d (Mendoza 5, 2012)

4744 ZeolA AZ gl BARE % AZEAR AR, ohelae e vsle 4 (PAHS)
52 5 4 Atk g @ 4714 Ral LGBAY A9E B Ao s WA= OHAO B
o Asargel s sk AAHM HF ABZA oldsua, B adn g MuBE A8

o} 7]l Ao 9ostH 24 5-trichlorophenoxyacetic acid, 2,4,5-trichlorophenol, S-triazin,
1,1,1-trochloro-2, 2-di(4-chlorophenylethane (DDT)% 2 ralf71E 22 A Ao TIHE J=3
v th(Zang 5, 2010). o] 9ol FFHuf HHoA A3t = SFAAES Fa dSHE vgS
7] e F7)Eo] EAdtt. 7B A EE bromate, chlorate, azide, halide ion, nitric oxide,
palladium, rhodium, ¥33%E %o dom, AgNOs; HgCl, CHsHgCl, ¢Eyo} So] <t}
(Bekbolet &, 1998).

C7HN R S RS AT AE

(D H3=vf Az 2 2424

Oh AzxwEe] 54 2 A8
O 71& ZAXAE Sote] B3FSvlel] dig v AxUws AES 23 71 vl 8o A

23 A (wet precipitation method)&  AR&3te]  TRA| el IS Thed EESuiQl

WOy/BiVO, ¢F WOy/TiO 4 2HE FAdstth 53] E3hd5a Az Al F5vo JAd4S 4
sto] #AAS GEsta 9o AAFHE ARFH A FFHv] &5 st st AHE A
2271 MEsiAnt (o9 3225 Fx). A" AzZWHS NaOHE o] &3t & 2EQA (TiO,
TE BiVO) EWS AAEstY] ZAEQA W AREJAHWO)7t AetA Addste] dxadd
TEs ASATAL, AZEJAY EA4Hs Feste] AlxdA Al HEEEAY RS WA
oZH FNES 9% e xud s =4 AT F AdE FHo] Ao (1¥ 3.226%%)
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Composite particles

Composite particles
[Host + Guest NalH [Host + Guest]
4, 7]
—J

it

~

WO,

B

i
B
1§l

HoSt e S

and

o1
Drying Drying and
Calcination (400 =C1 Calcination (400 °C)

WO,/BIVO, ey
19 3225 MAE BeagEa A xgA

Aqueous WO, o 0O

/ o (guest particle) ‘ o ‘
S | 2 TN

Loose binding

o
/
C-] <P O

The bismuth vanadate molecule when bonded with the WO; molecule through calcination will produce a weak intermolecular

attraction and the tungsten trioxide molecule will not be close enough to the BiVO,; molecule and may hinder the efficient transfer of
electrons between the semiconductors.

(a) 71+ F2A3HY
o NaOH o
. ‘ / o (etching) ‘ o—H
it a P>y
' A g 4 //' .
o 0

ta ]

o
j
(aponeed jRand)

0 Calcination

o },_‘Ofé\ /=

strong binding

% \ LL)M snoanbyy

fo)
'|
..

Q
/
<m-o
o

o
]
4
©

\
Ve
P
N
»
L

The bismuth vanadate molecule is re-arranged when sodium hydroxide solution is added The water molecule is atached to the
vanadium atom and one oxygen atom changes its spatial 2 (the bond lengths and angles are not to scale). Then, the WO,
molecule attaches to the OH" molecule (in the water) via hydrogen bonding and when calcination happens, the water molecule is
removed and the oxvgen from WO;is bonded with the vanadum atom of BiVO, via what is called Fermi level coordination bond.

g EHE AAE FAR0Y
=




#0326 32E B AZE JA =4

O % AFoAs A%l g8t Ao 9ol WOyBIVO, 2 WOyTIO, %§45ue A4s
Aoit AL ST ALLEE N8 Z2RYA 1334 ALEYR 1Pz ARoAd
P FH BHYI) Aol Aot TREAAE FE ONEA FENHFER ALELAL
WE =717k A AAAS e Bk BE0) WS N EAEQAE AZEYRS] wEH 9
FwE B Q2L s frh AZEGRE teAtel = AR E2E QA =35E 94
ot F FH) E: FEU 4%E v rEge] NEWAL FPAA BUS B 2
YA ek olel E 3268 FAE 9 AE A AGAEE A Fed Aol

An

Bismuth vanadate (BiVOy)
Titanium dioxide (TiOg)
Carbon Nanotube (CNT)

Silicon carbide (SiC)
Iron oxide (FexO3)
Zirconium oxide (ZrOs)
Zinc oxide (ZnO)
Gallium arsenide
Gallium phosphide (GaP)
Tin oxide (Sn0O,)

Tungsten trioxide (WOs3)
Cobalt oxide (CO30.,)
Cadmium selenide (CdSe)
Elemental cadmium (Cd)
Elemental copper (Cu)
Elemental silver (Ag)
Platinum (Pt)
Ruthenium (Ru)
Rhenium (Rh)

Indium (In)

A gEAstEE A9

o

o

a9

22 Ee W=

HE = A (o) :

O S2E 3 AZE Yo A8 xz0L va3t 2.
AntAow S 2E Qb= AZEYA H& A77F AW AAA S deE §
A=E Jxe] A& 2 (precursor reagent)< &H 7} £0]3}H Eof 2 =Zolof g
AZE 2o A4S 7Hdoly st 59 dAxgE E3 dRld
7Fsslloksl. o) Co0se AFEZQ Co(NO3)6H0E 200°Co]/de] 22 7FEE oz A A
ARE 4 . olet 2, TiOH BiVOs= CogOs0t o] el Hgo g Wk 7hesh A=
Aol EAstA] &)l o5 UAE FAd3H7] fl8A = H A (precipitation) o] Y =3 hydrolysis)s
F7HA Q1 Aol .
T o EAEE Y Aol AR e AT 24 & dele 3 (LE 3227
A UAE 7] E-o] SAEYAL
TAEYAE AR o R NEFY WHEA (e TiO, BiVOy. AZEYAE F2 PEFY
WO;, Cos0s). NEFY WHAlol A Fo7]® Az PEFY wbexl2 dd(ad 223 3=

~
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200 o
| = ©°
;| B cas
L. L= I~
1.0 @] 0 o
1 WO
2 . )
&2 3.0 cB o
— A -
2 23 | ce
a L) 2.4
= B oV 240
g o
w 10 = 3.2 eV
3.0
- = = o 28
VB VB v
20 e v L o3B
VB
B ﬂ eV
= =
30r VB VB VB
Semiconductors =

9 3227 vhFE WA FEue] WY oA

(7H) WO3/BiVO,, Al 23
O Step 1. BiVO, 35 Y=z Al xBg 7 &4 F3 9 A89 seade] T3> %
T4 TFd o 2 F AS)
@ 2M #AF & A (nitric acid) +H]
a. 16mL 60% HNO; €9 (0% 1.38g/cm?) & TF79 st 100mL &4 A=
A 2M Bl =S Fxo AigAn Jhedh 2)oM F=uEd NH,VO; (Bi(NOj); Hul &3|%=7)
S5)o SlEE e wEY. 2MET B FRolA = NHVOso &3)7F of 8 =
@ Bi(NO3)3+*NH,VO3(1:1 w/w) %%L%@F] T H
a. OelA =8]8 2M ZAakgHS 7247 50mLA vie ¥, BiNO3);-5H.0 5.830g2 NH,VO; 1.410gS

an

Ji
N

47y du 29k T oo S9s %Hl
b. @aclA F=HlE F e &AHS TI(50mLe TS w=ThA gof A
A Bi(NO3)s9F NH,VO; 7He] =2FH] 111 w/w2 BiVO; A S &l wr=A] 2 Ao g

@ Ammonia-Bi-V-nitrate #&(complex) A4 % 34
a. @oll A 493 Bi(NO3)3+*NH,VO5(1:1 w/w) &8 98-S magnetic stir bars = AFE3e] nlHksHo
FA, 25mLe] 30% ¢EYo(NH,OH: "% 09g/cm?)E 3 &4 HH3F) F<dste HF pH
= 9£05= BtFo] & (7]Eol Hlsto] JHAE WR).
el FRYoly EF Ao, VIEWH A= &
of, FAAG WA A 2o WE YedAe] #AI AR YeAriE FAS 7 UA
b. @aclA FHlE &dS 4~8A17F FeH(EAg MFo] Wyt e
~90°C= 7}E3te] Ammonia-Bi-V-nitrate 2% A, 714 =




el Zpol7k 5 2 wizhbA wre = F AT AFA P Yot 4AZE Aol A= Th
5.
c. @collA AR HEo] x3d &HS 23 £ dAFY7|IE ol &3t 3 3000rpmz= 7 of A
30EEt A4 FElet] AHES 3T
aids Ar]el AAE ARz FHe yxddA AxE AT AL dexd (5 AT
300rpm ©]7 F A& AIZE 302 ©o]/d)
d. @dilA g3 Ad=s THTE ol&sto] AH(ETE AXE 98 33 943
A AlFe AlE7E BEofdde YARFE S/HRFE AT 94 BEste HAdES 3 5ste WA

2 8.

e. @dolM HFTHor 3o JFHdEs &3] dxsto] F2AA.
2 e gtehyrzo) W3 T2 do)

g

s

o
w1 300~400°CE 7o) A 3} A (calcination) A

-

a4 300~400°Cx=712 ¥]74d A (amorphous) BiVO,” Azl 8 £ e x99l (crystallization

A
temperature). 3}434 -2 muffle furnace 5= ©]-&3 4 32

Equimolar amounts of With continuous stirring,

Bi(NO;);? H,0 and ammonia solution (30% The solution is

continuously stirred and

NH,VO; are dissolved NH,H,0) is added to the .
separately in dilute nitric solution dropwise until the ceiizili 10— SCitsr
acid, and then combined. pH is 9.0.

hours.

Separation of the
precipitate via
centrifugation (3000 rpm;
30 minutes) and washing.

Calcination of the Oven drying of the
precipitate for 4 hours at precipitate for 20 — 24
400 °C. hours at 70 °C.

19 3.2.28 BiVO, A Z=HH

19 3229 Alx¥ BiVOs (3 718, 5 A E )
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O Step 2. WOy/BiVO, #=1] 34 Yx=dx A=z
O BiVOs Y=g A oA ¢k xH 7|3
a. Step 1914 +=HE BiVO, Y=Y 2k host Y42HE AR ZF FHAste] A7 A4S =7tdel ®a, IM
NaOHE #7}3st % 2~3A17F 59F magnetic stir
Al e Sl TE2EYAQ BivOsel W E
=ol7] 1% S2EYAet AZEYAS] AdHE =9 =575
= 2 H

ru]o g
Olﬂ
ftlo
>~
Rl
oo
[el0
ol
&
o
o
ol
E
rlI.

ER s 5 SRESQATE AlZES 2k
sA AN E = d3S ARANE F ASUAZEYATE AbstEo] weld A4 SR JS
s 3.

A2 A7 A Aol = kY o] le] dhA SE=ZZA(300-400°C)0 AY = e EE Fed £7]9 A}
&5 7s.

1443 AlE-5 &= NaOHE 1Mol g9 oust s % 4§ 7b5sh 28 wikA 7R Hk=A] 2-3A]7F
ofojof 3k 2417k o]t Hi= 3AIZE o) Ael A o o] BEaAY At At FAAT)

@ WO3-BiVO,~OH #& 234
a. AR H2'H (WO HO) 78943 DacllAl +#4d 329 /IAE BiVOsS] F8&d& £33t
2A1 gk adkslol WO3-BiVO,~OH 2He A4,
@ WO3-BiVO, Y=dAke] Alx
a. @aollAl FHE 98 105°CEANA 24X 7S 712 3 300~400°C 3o A 44 7HEQt sha
(calcination)dte] AAststo zm HEAH oz WO,;-BiVO, Y= A%
A1 7] WHES Ad2oA xR T 700°Col A tAdtE WS 2 AMESIF oY B oHHe
105°Col A 12§ 300~400°Cell A tasto 2 4zt A7|E ¢ A e & & ¥ oy (y
=LA Az a4 S, dERIaE % A 9,
EH/“Z. Step 2014 += WOgQ‘r BiVO, ¢ F5HE 543t A71A s, FaAUA Foke] A&
T F2 WO:(AMZE B4)¢8 $3& BiVOAEZEEH) 89 1%7wor A83tal &
=2 1%~50%7HA thFeh TEHlE A9 Ts,

o

One molar (1 M) of NaOH
is added to BiVO,, and then The aqueous part of the

aqueous solution of H,WO4 solution is separated from The dried particles are

calcined at 400 °C for four

(with varying wt. %) is the particles by oven drying
added and contlnuously at 105 °C for 20 — 24 hours.
stirred for two (2) hours.

(4) hours.

19 3.2.30 WOy/BiVO, &34 Al x=HH

2% 3231 Axd WOy/BiVOs H3FA Y=z (2 7158, 1 A" 3)

_93_



() WO5/TiO, Al Z=4H

O Step 1. Al #E1 9J= TiO, Y=Y =} o] &

O

O

H

Step 2. WO3/BiVO, ﬂﬁﬂH T Y=gl X} Az Fdey A 2

2 = TiOy7} anataseZd ™
TE AT F e =

Two molar (2 M) of
NaOH is added to
TiO,, and then
aqueous solution of

The agueous part of

the solutionis
separated from the
particles by oven
drying at 105 °C for
20 - 24 hours.

The dried particles
are calcined at 600 °C
for 2-4 hours.

H,WO, (with varying

wt. %) is added and

continuously stirred
for 1-2 hours.

19 3.2.32 WOy/TiO; E3HAl Al 2=y

a9 3233 AxdE WOyTIO, &34 v=d=t

@O SEM #2443}

AzxE FE=u = 7

JEOL, Japan)< ¥ #zete] Yrezar] e ddA dr AR E At

ok 7= AU 2 AT stol AHE AxLHS 2H7; ol &sto] FEwE AT

o5 Wlu EAstrl 19 3234 ¥ 29 3235% 71E IRy B AgeM M FHE W

S o] &3ty A x3I BiVOsAE1e WOyBIVOSEE] E3HAle] SEMeo|nA S HojFa 9l

T A Haenkel o] Alzd FEHv] Ywegare] i ]

T AT & ﬂ?oﬂﬁ% 19 3.2.3600 A E:a}g} 2o
=

% o

o
=
2
)
ok
)
-3
>,
Y
L

o
o
i,
ftlo
=

1.,
rir Eﬁ il

ol
=
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SEM HY. 2000 KV
SEM MAG: 5000 kx

KN

]

SEM HV. 20.00 KV WOr 10.12 mm

SEM MAG: 10.00 kx  Det SE 5 pm
KNU

SEM HV: 20.00 kY WD 10.04 mm
SEM MAG: 10.00kx  Det SE Sum
KNU

Performance in nanospace n

Berformance in nanospace u

a9 3234 71 WHY AE IS o8t AxE BiVOsYI AL SEMeo| H] A
(F: 71EYH, § AE gH)

FEM HY. 20.00 kY
SEM MAG: 5000 R
L]

SEMHV. 2000 KW WD 8023 mm
SEM MAG: 5000 ko Det SE

SEM HV. 2000 KV WD: 10.18 mm
SEM MAG: 1000 ke Det SE 5 um
KNU Performance in nsnnapscen

19 3235 7)€ W i E S ol &ete] AlxzE WOy/BiVO, HA el SEMo| 1] ]
(F: 71E8H, 5 hAdE )

# J ey BT k,
SEM HV- 2000 KV WD; 10.22 mm | MIRAN TESCAN
SEM MAG: 1000 kx  Det: SE 7
KNU Performance in na nnspscen
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@ UV-Vis

SEM HV; 2000 KV WD: 6,108 mm MIRA TESCAN
SEM MAG: 50.00 kx  Det: inBeam

SEM MAG: 30.00 kx  Det: inBeam

Parformancs in nsnnaoaean

(a) 1 wt. % WOy/TiO,

SEM HV: 20.00kV WD 6254 mm L MIRAL TESCAN

SEM HV 20.00 kY WO: 6.254 mm MIRAL TESCAN
] SEM MAG: 20.00 kx  Det; InBeam

SEM MAG: 50.00 kx  Det: inBeam

Parformancs in nanmomn Parformancs in nsnnaomn

(b) 5 wt. % WO,/TiO;

I ’ k..
SEM HV. 2000 KV WD 6,105 mm MIRAT TESCAN

SEM HV. 2000 kY WO: 6.108 mm MIRAL TESCAN
] SEM MAG: 30.00 kx  Det; nBeam

SEM MAG: 50.00 kx  Det: inBeam 1pm

Parformancs in nsnnaoaean Parformancs in nsnnaoaean

(c) 25 wt. % WOy/TiO,

SEM HV. 2000 KV WD 6.268 mm MIRA TESCAN

SEM HV: 20.00 kV WO 6.268 mm MIRAL TESCAN
SEM MAG: 5300 kx  Det; InBeam 1um -

SEM MAG: 30.00 kx  Det: inBeam Tpm

Parformancs in nsnnaoaean Parformancs in nsnnaoaean

(d) 50 wt. % WO/TiO,

a9 3236 FEE WOy/TiO2] SEM o] =] ]

7] B4

B=)

(=R A %7

4

=)
& ATESFH Az FS5vie WM duAE #Flsty] fske] UV-Visie4(CARY 5000,

Agilent Technologies, USA)S S35t} v =4

=
AHakAL(diffuse reflectance UV-Vis) 37| & Al&3ith. 234 4435 o] &
A& Axelr] Yeide HQ2)9 45 ol&ste UV-VisZ 4% F3=E

LR IE I T RN T IR

sho W=7 of
B} 18 3Z(Tauc




FBE A%, he Bgay

(3x10°m/s)e] ™, A= UV-Vis

graph)= W3tste] M= AqUAE ALt & 5 Stk 22004 a
F(6.63x10 J-s), viE WlEF(frequency) & /AR ci= W] £EA
w3719 3 (nm)o] ot

fr
i

(o o hu)m — [_

O 222 o] &4 (a-h)?E vy s xHF0 =2 dto] 19 3.2.37f+ e Bgea

AL, Lo A T F AAEE VAT AAHAA Y FAE AFste] xF 3 v FAo] Wl
=71 oy Aoltt. i 327 EAHE 7474 g5 w}% Me qUAE Hebd 22 TiO,
¢} BiVO, 9 =49 FFmre WO F/dste] Alxg #FFm(WOy/BiVO, WOs/TiO2)7}F T
M o UuAE 74 lon, WOy/TiOE t WOy/BiVOZF o vre wl=7 o |yx & 7}
ool 7k H ddeA 7ol 7l & Aow AFHEYT A BiVO,E E4o] tE &
H 3] 1 7Foe] RiE g B Ao s WOyTIOE AHgstel F2 A2 2138 3kl

In!

P AW
K re

=

%327 HE0) FRel WE S48 Wegeu

Catalyst Band gap energy, eV
TiO, 3.14
BiVO, 2.94
WO;/BiVO, 2.86
WO;/Ti0O, 2.90
TiO; — | Bivo,

WO:/TiO: " | woyBivVO,.

he(eV) hu (eV)

% 3237 #A4%4e mE UV-Vis 2843 (8% 282

@ X-Ray Diffraction(XRD) #2174 3}

O TiO:¢ WOy/Ti02¢] XRD #4243 (Ultima IV, Rigaku, Japan):= ofdi =¥ 3.2.38¢] e}l
o A23E AYEd F oagE 2F TIOE Hudel de As &+ A WOyTIOo 45
TiO; Tt 2 WOs7F %2 @& 7HA & A2 Yetuth ARk WOzt TiO,e] 533 A4
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2= e FACIA XRDAH goEw F ¥ F ok Tio 44 e w4
anataseF 1S & = A3l WOzolA 2AE monoclinic 2A 7% E3F £35S Fa &<l

2382 BiVOs2F WOy/BiVOE XRDZ 243 A3z BiVOs2 WOyBiVO,e
monoclinic 24729 H]28 Jeje] AR5 7HA L A3 ARF WOy/BiVO,9] E33%
uf A4 & BiVOsi tetragonal scheelite 2 7+xE 7k a1 A A+=d, ol WOy/BiVO,Y &4
HA AN WOs2+e] 3}ekd wkgo BiVO,e] ZA %7} monoclinic A4 %94 tetragonal

scheelite 28 %2 A3tE Aoz AlgFU}

rir
o

KeX
=

fox ]

& o
:(!)L_‘J

x

@ X-ray Photoelectron Spectroscopy(XPS) #2414 3}

19 3.2.39% WOy/BiVO, ¢ XPS #4172 3(XPS, K-alpha, Thermo Scientific, UK)S eI A
o2 WAf Scan® H1HE T3] WOl B2EH(W)e Zgto| YA (binding energy)s +62] Ak
3}4=(Oxidation state)o]™, Bidf scanollA] 1 4SS siAdalm™ BiVO,olA B AFEBe Al
U A (binding energy):= +3¢] AF3}4=(Oxidation state)2 S & 4 At} V2p Scand A3 BiVO,°l
A ovbE (V)& +59] AFsk4(Oxidation state)olth. 1%l 32405 WO/TiO:o #4232 WAf
Scan®| A3} ZEjEZol FARS RS Holal §17] wiitel TiO.9 iEWel WOy7l 234 A& &
¢ & Ak

o 1200 5

Tk, f-'ll b
So0ig 4 103uin 4
| e,
AD0x1® 4 _. B 4
T [
& =
o =
?_‘ 300x10° o i' L
5
H] -] Wiy
- 200c18° o A 10 "
1 4 ’Jl |
a1t 4 I vy k
&
m. WA sk
[ ”l—:—;_..&hj.u.aa_j\muu\._,.ﬂnm_mp_u_‘ L ¥ ™ v ™ v
" 0 a0 @ ® "™ " 20 ] 40 1] [ X 1o B0
& [degreas) 2 [dogroes)
ot WO,
8 o d
BO =
3 -
= B
& 6D E
5 BAND, z
= an
WO,
wyo, BVO, |
o
0 20 x ] L &0 m - ] i1 0 0 @ " =
2 in degreas) 20 (Dhegr ees)

19 3238 FFuid XRD #4124 ¥ (a) TiOy (b) WO/TiOs; (c) BiVOy; (d) WOs/BiVO,
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O

Waf Scan
20 Scans, 3m 21.0 5, 400pm, CAE 50.0, 0.10 eV

Bidf Scan

5 Scans, 50.3s, 400pm, CAE50.0, 0.10 eV
2 50E+04 2.50E+05
|
(1l
| fl
2.00E+04} (| 2.00E+05 |
A _ |
[ | (1'
2 1.50B+041 | » 1.50E+05
s I | = A
§ I."n’l, | I E |I
[ |
S 1.00E+041 f \ | \ 8 100E+05 |" bl
Wae / I |
L S " / / \ | | - / |I |
pree \’\-\.\_\ _/I = I\ II I‘. .!I ll
5.00E+03 \ / W 5.00E+04 \
b————— ‘ T
0.00E+00 0.00E+00
47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 3231 30 29 28 170 168 166 164 162 160 158 156 154 152
Binding Energy (eV) Binding Energy (eV)
V2p Scan
20 Scans, 3m21.0s, 400pym, CAE 50.0, 0.10 eV
7.00E+04
N
6.00E+04 1 |I \
)
I
= | |
u ||
E 5.00E+04
: | \
5]
4.00E+041 A ,lf \
.5 AN A
N " =4 \
S o
e
3.00E+04
5§28 526 524 522 520 518 516 514 512 510
Binding Energy (eV)
3 i=]
% 3.2.39 WOy/BiV0O,9] XPS 44 3}
Wl Scan Tizp Sean
000 1 }n( 200E+04 I
{1\ I 180E+04 "".}a
6000 |5 I 1 [
| { | |
I i {1 160E+04 !
. il
5000 | Vo | 1.4DE+04 || |
| \: | |
= 40w I,'l \-._ ! I| o VNG | |
= Y | = |
E o / |! § 100E+04 II ||
! | 8.00E+03 s | \
i i % I: |I
2000 / | 6.00E+03 ¥ % / \
— | soesl i 4
e 4 — \
1000 . S
..-‘—-.-_ 200E+03 e R ———
4 4 49 442 49 4 3w 3 sty

¥ X B ¥ B RN N NN BT
Banding Energy (eV)

19 3.240 WOy/TiOz9] XPS #2414 3}

470 469 488 457 486 465 454 463 462 461 460 450 45 457 456 455 454 453 452 451 450 440
Binding Energy {&V}

(2) FZFv) 28 AA e N
71 #E5v 28 A&golE
datx oz gEiEe FgEAFoAE TiO, YAE =4¢ Degussa/\}iﬂ P25(aeroxide; 73
=25nm)7}F @ol AFEEH U ZFA 77 ul - ol (1307 /kg), AR A|HE A& Al H
7F s dnh 2 AFCA e fgAdo] vuE AX B UH BEES O AR, AHE 749

d

Tuje] golAl AW HALA TS nHIIY 9 Wéﬁri ol A AAsE TiO, 994 (F Y
74=300nm; 13800¢!/kg)S = AM&3tch o, E3s33u) o A 7] F9] TiOel of

s PlaE AP NOx AlA ddoz sdsigion, 1 FEv A Al NOx A7

=

) T E
A3}
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22 Degussa®l TiOy7} ot} AlLgto]Eo] ¥ 3 Z$-ol= NOxAAZE
= o2 YEY (NOx AgAxe 2449 7)), wepA] Al&eolE &
FEulE g3t TiO, 2 ol& ol &3t Axd WOy/TIO, &3 # =l

-3

N

B5u) 2] ALeols AZE Sete] 100ge] W ALetol= (A F#AA = 3mm)E
600°Ce A 24 HESE Saste] 5718 AA® F AelA A3 Fulsha, 10g] TiO, Ei
WOy/TiO, #59E 100mL ZH50l Yol A} wE 5, Fuld Al et st £Fsto] 58
A EFAA. ol F FulE AlLolE 5B 105°CAN 24A 7B A2 T

600°Cell Al 2A17HEE stAaste] HEFAH o FFHujrt

gl
omn, W03 F#Hl= 20%= shelch &5 2" Al =
oAl FAE 108 FAsto] AlSetolEed md ¥ Akl o] 23 TiO,
I8 AggolES WOJ/TIO, I¥W ASdolES] FHw) FFv+= ZH7; 546%(+0.5%) <k
6.78%(+£1.8%) A th.

H=2H0IE0TH Hxid

Zeolite (600 °C: 2 hours)
HEM LX) o= =8H/A "
[i.e. WO4/Ti0, or Ti0,) + H,0
WO05/TIO,
W04/TIO, TIO;

coated zeolite coated zeollte
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Azd $E0) 28 AEol et SEM ¥ EDSEA (JEOL-7800F, JEOL, Japan)S E& %3]
%‘47} AZetolE ool Ads] uAHJ=A e E3sts BAS Fds3d (LH
) 19 324394 Heupel o] FEu) YAV Al SgolE B FEE A EArEY S
A=At o TiO, ZB Al&etolES] A5 FiEAow FZHuf o] FAo] Holal 9]
EL FAhLoA dubtxow dojil= Ao ZA o2 3 over-sintering A< 3
= ode] B2 ATAE #AlAbelth. WOyYTIO, i® Alsgho]E9 A4+
o] Eof H|sle] FEu] i) JPAGe FdHoz HAA yeElda It
TAS A A&golE HHo| TiO; 2 WOy/TiO Y A7t A=A A o
ANATH F EDS =FE ﬂ% fol Yetvb= F8 9339 1.7keV %

jmﬂrll‘_
Sz oy
o 22
QL_Iiogrggrlr

T

)

0!

-
SIS
_\}_l‘

fru

lo HIFI
Ky

o,

=z =4 Des & T
45keViE WO Bl Tit'e] Agtel ] ghol sjdste Ao2A WOzt TiO9 45 Hehls A

=

FEu) IR AR e AATREAES 9ol XRDEAS AASAH (19 3244). #4143
TiO2 ZE ALeto]lEel A9 AWA o }EFA (tetragonal anatase) TiOx(a = 3.7892 A, ¢ =
95370 A, and COD No. 5000223), WOy/TiO, I8 A &eto]E] A TiO,o] AWA ofL}elA|
ARTFx A W09 A (orthorobmibic) 24 F%(a = 75700 A, b = 73410 A, ¢ = 7.7540
A, COD No. 2107312)7F &7 2<% gl
ol FEHvl =I® oA HIEWH FAHES s BETE &4 (Autosorb-iQ 2ST/MP,
Quantachrome, USA)S F33tA Tt TiO,= ZE S AE&eto]E WO/TIO,2 Y3 Al sgfolE
T AlZdolE g ASs FAsAY. 1 A3 =5 ASe]EY H
H TiO,2 FY3I A S&eolEL WOy/TiOZ Y3 A E&SolE H R
7 100.943 m*/gol Atk FEmE YT Ao ETL &5 A E
olfr&, ALl ES] =3 Wl FE5u JArt I8 @ F =l
o|EQ] miolAR FHo] JiH o FoE5A7] WEel Ae® AlmE. 22y BET HIR
T2 vtoja® ¥55 SAHSE WHoR HAA 2 #k Eaps: 19
AA E

=l
o]
= Z9 RS dagt

fo e

% 3243 FE5v) 28 Aol EY SEMe|n| %] ¥ EDSAHE !
(a) TiO, ZH® A &EolE; (b) E3FF=(WOy/TiO,) ZE Al SEfolE
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H Tio,
@ TiO;(anatase) ® Wo,
| |
o
‘;}‘ —
g g
=z >
e @ [
% o) [ I
= c o
b = |z -
S pd
° ® oo 2
2 s or
o = O
R o 1] l i JA -~
T T T T f g T T T T T |
20 30 40 50 60 70 80 20 30 40 50 60 70 80
26 (degrees) 26 (degrees)

9 3244 FEv] 28® A2glo]E2] XRD #2443}
(a) TiO, ZHE A&FolE; (b) HFFZF(WOy/TIO,) ZH Aol E

# 328 2" ojAel W& BET &4 23

29 A HEHE, mYg 39 27], A
FAREA E2 A&l E 208 3.48
TiO, =& Aol = 20.547 1.54
WO/ TIiO, 29 Al&etol = 100.943 1.78

() FE5v) 29 FFE9 (37T
O Z39E 5459 (L = 200 mm, W = 200 mm, H = 80 mm)S A-AF A ATt AlFS A
€3} th. Sodium silicate (JUNSEI Chemicals, Japan) 100gS SH/3 o] 3¢ 3 80-90°CE 7}<¥
skl A7t vt & Axeith v, £8lE FE5w (TiO; = WOy/TIiO; 3-¢-tl)et 427t
ol 112 £33 =822 3Aste] Ayl vlolg £24S AFEnt (SioxFEu) =
1:10 by weight). =H]¥ A7} vy &£ F d% air spray gun(# 244842 = 04 MPa)S A&
sto] Z2aYE F4EE g FaF A¥d § 70°ColA 12413 o] HFxste FEHv AH

Freds Az (1d 3245 3 246).
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19 3246 &

<

el

%0

Jo

olo

N
~

B

q_mo

ot

—

<

Q1 TiOyWO; =i 2kek TiO

Al

6]:11-

-

-
o

]

° 7ha

stk 7t

B

PN
T

e ATE

i
e

7]

SFA T

°

37}

[e)

=

-

o

FEe) Fadebd, Fehel AAA

37}

A5
4

A

9,]

]

¥

h A

(1) &7 & NOx

—_
fite)

;O#

1oH

—

PN
T

5ppm, Fol7t~)et =4F 7] (<1% %3}t

ISO 22197-1:2007(Nguyen and Bai, 2014)°] w2} +4

FY97F2=E= NO+NOE g7~ (NO

-

R

&A

tdek (29 3.247).

°

—_
fite)

o

Z%1: L 310mm x W110mm x H55mm, ¥+$

o

]-0

=]
R

o & (
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Z2: L 640mm x W240mm x HI00mm)E AF&3tth &z AF A= Fa 2 Azetd
Y Aol = AFHOZE o] &sto] BFgE AWl whEx EAALo]d] FORFY JMAVF FEE
A e oA
UvVdgdoz= UV-ABC #Z(20W, Sankyo Denki, ¥¥), 7Irddoz= A
Sankyo Denki, ¥4&)& A&k, vhgx9 fFel7AH nt= 9ol AXAIA Fuke .
AP S s FHS] st 6719 FEZE ALES o, dF A A Fre w
TEeWstE B7] fste] @z 7H‘FE tﬂﬁo}“ﬂ’ﬂ AYEs FdstAT. e W A4H F5
A g T =
e E FE7FAEEE NOxtA 7] (Ecotech, SErinus 40, £
[e:

NOxE AN 18z 54, /158 + dus 7439

fo r2 o i r{m N

| Flow controller

P I :

Flow ¢ !
= Photo-reactor

—

Exhaust
& NO, analyzer t

Drechsel bottle |
= (Humidifier) \

Air NO
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(th) NOxAl A A&+

O 4%el A48 350 =t F2rjay ALeolEx PAS YT F 03z ) 448 A
WEE Axsa, Y FAh2E 29

gol FES WA F fAANE ALE AT, Y=E AX B FeolA
B A 30-60% 7
TR §

]o
oo
_,d
Zi
i?L'
Z
l‘ﬁ

stk Alzdls <A T REZE AL WIREESE F7F=e NOxE SA4ste] AAaE
& st ok e, F5v R ;P A T, WHEE U 7hne] AFAGE WA AT A
NOxAAZ &S F4stalth (17 3.2.48)
O Ao o ule] A7) 48 918 =4 (Testo, FU)E o]&ato] luxHel = 4330t} 67
o Fzs FA AERE AF 4" =2 UV-A 4% °F 1,200 lux(0.31mW/em?), 34
Fel A 1,600 lux(0.42mW/em?®) et 214 Bl =g 49 F 50,000 lux (531 10,000 lux)ol
DR A el ve) vl w2 o] RE o] &t By Ads saAssih

a9 3248 RESEU FE5v 9 FE5v ZY ASEolE A gH
(#F: TiO,y, $: TiO, ¥ A L}olE)

(h A8 A%

O 1% 3249+ 7F2=d NOxAIAA DN ##HE= AFZA sewsl g zolr, 71~9 55%
FrA g dEfel A HzE AW NOxsZ=7t w43 stdsted, ols F&u wgo] o 7] F
NOx¢] kst A Aol o gk Adolw Hol ZAAIZFo] A&y o] W} NOxs =7t ot AsahA
Z tA sl @A o2} ol FxE W FE7H: Ul NOxeEE e A7E dlo 35drch
a7 3249004 %271 % lppmT HAFAHAZHE F3 77 NOxw=ol sldshe 34 ofge
AA o] v E o] &3] NOx AAEES Gt o714 REvoxt NOxAAEE, Croxins ¥
NOx¢] &%, T+ A¥AEHAHmin)S o v,
C, XT
%RE = - SLO0T0 e 21(3)

Area the NOx curve

- 105 -



08 -

Lamp on Lamp off.
- I
| —— NO
NO,
NO,
E
k= - -
e 5 i
l; 1In 2‘0 3I0 4lu 5‘0 sru ?Iu
Time (min)
19 3249 7F4d NOx AlAAF A #2E = P4 sewdst 1=
(Ti02 + UV-A, AFAIZE = 30, FUlF%E = 48%)
D TiOy ¥ TiOy 2-2}o] E(TiO,—coated zelolite, TCZ)¢] NOx #| A& &

mé

O & A9 HAF %EL Al 1™ ‘HJE}(E1]°]7}L)°1] FEME A48T A "SR F2 EAS
= 29 999 & UV-A(wave length = 300-400nm)o]t}. 18jv} 2 Aol A F2 ALEE TiO,
et 712 AeAPS Fds] st UVEL(UV-A, B, Odl @& TiO,3H9-t]1 2] NOxA
AZeS AHRSY. EF of2] UV-ARZE o] &sto] Al&dolEd A”WH TiOY T
g ste] NOxAAEZES Hlus] Beton 1 AxE 3 329 2 719 32500 Yttt olu
W2 U 7k A FA1ZE (Retention time, RT)2 30%2 314313t

329 bFgk =xske Ao TiO, 2 TCZe NOxAIARZE Az

Catalyst 4 7]-'):(2]6‘2-)}\] & A3 3
T1: TiO, UV-A 30 4
T2: TiO, UvV-B 30 1
T3: TiO- uv-C 30 1
TCZ-1: TiO,(10wt.%) coated zeolite" UV-A 30 4
TCZ-2: TiOy(15wt.%) coated zeolite" UV-A 30 4
TCZ-3: TiO»(20wt.%) coated zeolite" UV-A 30 4

1) TiO; T HH+= IS =485 11dsHA] F2 44,
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Photocatalyst types
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EEAAE e,
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)

3.2500 4] HE=nkel 2ol TiO, F5wl Y429 NOx A AZEL 70~80%< M= 7]E9]
1 23 A8 285 Bt (Fujihsima et al, 2000; Dylla et al, 2010; Asadi et al., 2015).
ol 4= NOO 45 Ho] gle dHodA: FFHof FHe dF FFEHATE Bk o

(Ichiura et al, 2003; Maggos et al, 2007; Devahasdin et al, 2003), ¥ oAM= &7 T

HFHA = AT (F, AZE ¥ AF NOx9 vEv 27|eE2 A 355, ®

NOxA| Al gt FFHof v--&-2 w9 whepx AFAH 30x9 vfg- #&2 HF A FA L

Fae NOxAI A7 dojvtal &S & F AT = NOxAIAZELS HFAIA FAIZHE

FEA JA Be A28 oA TR vtk AFf HES olF= FFw T FwAd wet ¢

A FTES & F AU
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NO, analysis for zeclite

Lighton Light off
04 ' i
F—————— . !
' — e —— —, L
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g —— MO concenlration
= — MO, conceritration
= MO, concentration
T 01+ !
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(&)
00 +
0.1 r T T r T T 1
-30 -186 0 15 30 45 60 75

Time (minute)

% 3251 BE5UE AW HA ¥ Aol ES NOxAA A3 23

(

@ 7F2HE2A ] 2 TIO, 78 Aol E(TCZ)Y NOxAAEZE
O <A 7]&3g vkel o] AFAIE 302= NOxo| F4tsts &) &8 Altolg; dek=) bk
ZE2A FAIZE] tigk NOx AAELE&He] vlug Fds ®okrh 19 3252% 7F2=9 AlFA
60, 30, 10, B 10secd W e UV-AFAS o] &3t TCZ o 93 NOx % NO AAAE Ao
th 29 3252004 Huiel o] AlFAIgte] F7FESE NOxe| AAEES AW oz F7tet
T AFS e AFAIE 602 A o 90%¢]de] AALES A4S F AUh
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100 - = B %R E (NO)

== %RE.(NO)

80 4
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Removal Efficiency (%)

20 4

A B ) C D
Retention times -A' 605, B:30s,C. 205, D: 15
a9 3252 AFAIZ W TCZ (TiOy, T %4 = 20%)2] NOx Al AES (A: RT = 60sec, B: RT =
30sec, C: RT = 20sec, D: RT = 10sec). @ A= t+= 4H o] A Ao o3t F=HA

@ TCZ % CCZel NOx AA&E=&
O 27 32539 Svf 3 F5r) 29 AsdelEe F7E 3 2ARARE & NOx &= W3tE
N

T+
H, o= frid7ks F NO9 &4 3
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=
A VIS 2l BaSE SRl vl gEEA 9. aey
03 4 FURAL ZAAL A 7

Loy

o ERCRS
Ao WOy TIO, #3335 74 zﬂfﬂ xﬂﬂgg | E4 =g,
AskEel SIbEARE A en A AREAY. o= WOYTIO, &35 447t TiO,
| iAoz vguso]l 27 giow sdddr o A XRDAAE o] &3}
= sl ®w Zbzb 2690nmet 119.3nm= F 7] W&otk (BOX.

=

b

i Hol B5% Baswrgo] oF AR el 4, EH A
0@ Azrol x987] Witk Bashuel oF AYEo] BHv) wwlel %3, Laid

gl l; A

gt FS5vlf FHolA s ke] A Aol ]ﬁ}ﬂ‘ﬂ B &0 AstEn FEAL ol F
ol NOx&=7F Ao w F7lste o= NOx9 FAbspykg-ol oz 4=
g7t OH-#tdZ3 wk&ste] ©A]l NOE /‘E*é/\]?]ﬂ Fog Aot (Bowering et al,
2007; Dalton et al., 2002; Devahasdin et al., 2003). WO3/TiO, E3&3Zwjo] 7}A 3 A
S 45 NO® NOx9 AAZEL 7Z+7) 85.33%<F 79.60% =2 A TiO, FZFujo] UVE XA S
7 5-(63.86% 2 48.15%)°l Hl& & =A e

a9 3253cet dv 7+ TiO, Z® Al&efo ]E(TCZ)Oﬂ UVE AR S 459 WOy/TiO, I8
ALl E(CCDA ANBE ZAGAL A4S B 2L ANAT BE AL E FE W5
Holth, ¥ F5el BEu BF Aleolmd zAAS W AoitaEe] AATEE WS T
Holr. w3 BE0) S9re] Agole ga) B} 2NN Aol whE AaiEEe] FEFE
BRE A 2ot T FEh2AA FAAHE NO, B #2H A askrh oldF o f A
gefolesl Bas AHEA NOS AAINOHES AHow §2 A48 4 9k F8e 2
TUAL ATy WEon woHEh 3 ALdolEe] 2 RWAL NOZKAT} A&l wy
of B FEujsh ey 9@ FEF BANO|ES AT = 5 AY) WEO|T. wA B
zulg AeeolEd mEdoas U] F MBS ERHoR AAT F U9es & & 9
2

pAtstEe AAEES Aglste] vlagk Zlojth. 1l A

Henke) o] FEvjrh Al ggolEd ZY] HAS AS FFvl JA AAe] vlE] =2 NOx A

A &S Holn YS5E& ¢ F Utk #HEv =™ xﬂ&ﬂM 9] Noxxﬂ% &

WO5/TiO, H&3Fuje] 49 27 90%01*&01

7}z 4815% 2 79.60% T, &k A wt ]

g Sl el A9 7RSS ol &3] wiel 5§
7 o

Tloﬂ @%t UV%_— ol%fs& bE WO3/TiO,
% s E
7] wj®ol 3aksl @80 ¢S 53 How %%% # A Holt}
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Lamp on Lamp off
08~ | | 05 4
? i —— NO concentration
| — — —  NO,concentration
— ——— NO concentration 7 | NO, concentration
| — — —  NOyconcentration | 04
06 T e NO, concentration = y =
= = 03
£ ‘ g
8 04 | s
o
e | < Lamp on Lamp off
/<3 8 02
(o]
o
024
014
00 4 00
T T T T T ] 15
0 10 20 30 40 50 60 70
. i Time (min,
Time (min) {min)
05 - Lam:a on Lam;i) off 054 i Lamp on Lamp off
NO concentration | ——— NO concentration
—  NO,concentration 04 4 | — — —  NOy concentration |
cesmssseiseaninens NO,concentration | | | ]| e NO, concentration
_ = 03
£ §
8 =y
e 2
s 3
8 8 02
014
e T P TR 00
= - = T T T T T
2 36 48 60 0 10 20 30 40 50 60
Time (min) Time (min)

19 3253 FEAFECY] AlZbe] WE NOx v % W3k (a) TiO, 3¢ +UV;
3B +7 A F; (¢) TCZ+UV; (d) CCZ+7FA 3%

(b) WO3/TiO,

BOX. 1 Scherrer 23 XRD Ho]E & o]&3 dx=7] 2HA
Simple XRD Crystallite Calculator
Scherrer's Formula:

Crystallite sizeDp=K |1/ (B cos q)

Dp - Average crystallite size (nm)
K - Scherrer constant. K varies from 0.68 to 2.08. K = 0.94 for spherical crystallites with cubic symmetry
k- ¥-raywavelength. For Mini XRD, Cu Ka average = 1.54178 A
B - FWHM (Full Width atHalf Maximum) of XRD peak.
The chserved XRD peak brodening could come from the crystallite size (Scherrer's formula),
the instrument, and the strain effect (Williamson-Hall method). Bobs = Bsize + Binst + Bstrain.
8- XRD peak position, cne half of 28

Parameters Copyand pasteXRD data here
K AR Peak position 28 [*) FWHMEB, (%) D (nm) Dip Average [nm)
084 154053 23,186 0.217 35.03 26.90
23.658 0.253 33.51
24,381 0.224 37.90
*Blue for input value, Red for calculated value 28.761 0.461 18.58
34.158 0.403 21.54
50.555 0.844 10.87
Notes

- Use at leastthe 3 most intense peaks [described by millerindices-h,k,1) of known phases inyour sample.

*The Scherrer's Formula is usually most effective for crystallite sizes of 5-200 nm.
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80 4

60 +

40

Removal Efficiency (%)

20 1

A B L= (s} E F G
Experiment ID

a9 3254 FEZv) oA FHo wWE NOx ¥ NO AA&ZE: A= CCZ+7FA13%; B = WOy/TiO:
3 +7FA1%; C = TCZ+UV; D = TiOy, 3%-+UV-A; E = TiO,-coated pervious concrete
block+tUV-A; F = WOy/TiO, Z¥Y FFEH 721 G = WOy/TiO, 28 FFEZH+UV-A

@ TiO; Yo W& FTF
O TiO°] Y=ol wE JFE ARy 9t =go= Wo] AEEHE 59U Degussarle]
P25(aeroxide; @19 7d=25nm) ¢} J7Ado] HlwA AAT AP 7tASE oA Fu 7hsg
A stete]l TiO, Y (D), HPA=300nm)°l st FZHv| &&S wuA7t 9. 19
3255 A7 F 79 TiOE ol &ste] Axe vt F7e] #Fu) oJAE AFE3ste] NOxA|
Aas APZAAE g lojth, & AR Ae AFALSE 6028 Qs on, 53359
= THARE, TIOY 4= UVE XASEAAH.  Case E¢F F& Hlas] ®BW, TiO3-9-1 9
2% J=7F 2 P257F 4= & DJAIEl HlE va =8 AEES "}E} dth (85% vs
80%). WO/TiO; #3335 A% TiO4 Y=7F A5 NOx A7 5&o] & As &

ATt (Case C ¥ D). 28y 2 2ol A AT (78% vs 85%). TiO, & EHgd=Huje] 74
-9 AAZE 80% WL AAEES ROy ols FFHujrt A&gtolEd ZY HAS
= G

KeN
$2 ol 88 NOXxAALLY S2 9I5te] #5012 BHo Agas 2 nrl =
e ey ool mystel ol gt o] HE AAAYL dFehe Aotk £ AAA
spol A UhER s o] BggEulel A9 AR A ASHE T YEel e AAZES X
33 Aol 1 A B Gl Z Y
7ol ZA BAglel A el A

_/,\‘
o
o
o) el FH dmsh Fglel 95% oldel B AALEES Rk ole@ 2
w =
o}

u:9r
H o
1o
¥

- %o R.E. (NO)
== % R.E. (NOx)

%R.E.

20

o L - L
A B C D E F G H

Photocatalyst types
a9 3255 TiO, o wE F=Fu A9 F/FE NOx AAEE vl a: A=CCZ(P25); B = CCZ(D));
C=WO03/Ti0:(P25); D=WOs3/TiO(D]); E=Ti02(P25); F=Ti0:(D]); G=TCZ(P25); H=TCZ(D]J)
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® TiO, I ® Aol Ee] F74 AeH7t 2 B 93
Tio2 A2 xﬂﬁla}olEfﬂ 471420 NOx A5H7IE 135k 10A17F 5249 NOx AAES BEYH
AT UV-ARIZ 6702 AJAFste] 10A17F o] HxAog UV-ARZE 2704 Al A s A
NOxxﬂﬂggA WatE AESAT (29 3.256). ©] 1= 747 0.31, 0.22, 0.14mW/cm®
th 1o A Hukel o] TCZS Z-¢ 10417 B3t St Aoz 85%Ulele] AAEES o
W, SR WEE A AT wpep A AEE] thaA ol H o o HE] 80%c]de] w2 AlA
BE&S Hola It WZo ANFE 67 N2 A0S A AATES 84.08%0l A 78.34%
2 i fzo eE dA 2R E9s BF

=)

o

S
lo ¢

. B

N

49%% Fradtel Bwel Azl we

AAGE A3 axte A4aAch AP2AAZ 2 0 B A A A4 FEE F97t29 NO%
% Sppm& AASIE FEG Ao weAr weba] AR 2649 NOxAA & B
BHops keSS @5 YAl iAol Tad ajdde & AT EF o]
Ak, e Re FrE(EAY EE a5d HAIAE £ NOx FRITLES 9 F Use
A Ak,
0.5
NO concentration
R NO, concentration
..... N02 concentration i J(
0.4 '
ﬂl c
o | o©
a1 &
EI| E
= 03 <l ~
E_ 6 lamps on |
e} L
o [~ 7
< I
S 02 1 |
|
0.1 ;\_,"‘ —
0-0 _..I.I.. i .I::. T T T T T T T T T T T 1
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19 3256 TCZe] 714 Ae B B 9F
S 29 FFE4H9 NOx AAZE (5714

FoEy AUPARSH AT FAYE FFE9d TiOor HFFFwE 244 s"std

NOx AALEE FAsAT (17 3255 case E, F, G). 55589 W4y FAES

A3 AFAES RT=65secol Attt 28 3255004 HiEnkel o] TiOE =¥ 2]

(TiOy—coated pervios block, TCP)2] 4% °F 50%2] NOxA| A &S Xt o] 2= TCZE
3 ] =l A

o] -3+ RT=60sec®] Z7}(94%)9} wlaus] B oF 36%2 AAEZE A3F dojwas & &

th o]yt olfre= FAYE FFEd FFH Z"W A ARRE AT 8kl Eﬁ 7 5] 7]
rE R4S ARAFoEA JHE ZE&S AstAZ] ol R dddn. Ed3SwE Z"W S
52 (Composite coated pervious block, CCP)2] A% #AeAS ZAYS w= oF 60%2] A
AEZES BYo 7HA3S ZAEIS A 20%0l5te] ve AAZES JERWL ol =ZH
Al ARERE A7 welg T Bd3Se] 285 AdAZl Zew dddn. = Hevte] A¢

w- W =S AL Qlo] BEES) el e E&HQ AAHNEERE Walsty] Wi
o7 FAEY. of&d, & AFAIZ ol ALHE 2AEE A5 TCPe CCPollA NOx #1A
&9 #7)7 2 YERH=E(50% vs 60%), olegt xol= 2 A @ FE5u Z' A

} 8
ol Aojup= thd Aol vlAe Aow BT B ATE YA FAA AP
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71 A g
O PAHsA| AAE ] 7| x2ddo 2z vdAdEF & FZHu] =
3 T A W JMAIRS Z2ALS

H,C N T g

._‘..\_”: ~ .I

Hyt N - SO,H

CH, e
- CO,

1% 3257 Aty wWEHAEF G 714

M

O H]#AE o] &3 batch kinetic study

1L9] F#/F°l 500mge] #WEAMEF A FS Yo 500ppm WEAEF &9 v F o] 10ppm
TER A3t e A AMESEETE 500ppm WEAEF §HS 500mIH] A F=Hska A
1 %F0.1, 0.2 % 1g/L)9 #FFv = e FFw) 2" AN (TIO;, WOy/TIO,, #=5m 28 A&}
oJE)E FY ¥ vty ZEuE o]&ste] {43 FFuE s of 307 ot #HEZE
AA & AR EFT AAstal(dark phase), o] % &< Aol AXE F@elo] AXE AL
T JAYE AZQ20W #XZ 57DE A(ay 3.258) 1A7F &2 AIZFE(0, 15, 30, 45, 60++) Al
29SS Fd}AT. 72 AEY Aol SmLAES AFHS IYUARFE ©e & A-AAZE(0.45
micron) 2 A &S o3ttt o33k AZL UV-VIS spectrometer(Shimadzu UV-1650PC)E ©]-&
sto] Fd = ~HERS 54, 7S5k, 665nm A Hd FFEE ol&st] s=E AAbst
ATh ob&e] e WHO R blank sample(F¥o] 1= A)e FHlste] e WA oR HAAS F
sste] 1 AME vlaststh
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@ Petri DishE ©]&3F batch kinetic study
HIAE o] &3 Ao+ 53] 5] 28 A SdtolE
|

= o] %
PEBZ ool 239 HlolA W FAd 93 Fr AE A 9}
AL EE FEe) A BAATE BN A& et £ H
&go] ol gt webA ISO 4 10678:20108] 3=l o ]
= °olgste] F7HAQ ddS W@k 15ppme] #E
dish(D = 120mm, H = 25mm)ell 93 0.1g9 F=v =
of AYsT Bk P YAt FFAN 2 2

witekdet, G5 59 Al&etolEe] 9= 20g0] AW Aol ES petri dish B
HA gF2 5 FHlE vEd SF 898 ¥

ket (IL H 3.2.59).

HNm
=

AR oz Flo]l gl 2N FEuv) e FEHv) myodAe vEd EF FFAYS $
gtk 7] WEdEF F% 5 10, 15 ppm 2SR sfo] Alfte] wE wEAEFY FEE
Z43te] YA S HFPo s NS EEAT A9 AMd FERAEPOERE EF
A FA AYS o]F7] 9T FEIT AL AR HF o wEb B AE Al £
¥ petri dishe WA Bo] gl oA 1AZF WA|ste] FFm] oo wEAEFo FE3 &
24 FHS =T F, 39S Al FIAARE O, 15, 30, 45, 60l 247 MEAET 28 54
Atk FPdorE TiO, ¥ TCZO A$oE UV-AHZ(20 W Sankyo Denki, Japn)Z
WO3/TiO; 2 CCZe 7 5ol &= A& g (18W, Ostam, Germany)E 27} 6702 F Ao AF&
sto] 3 FFSE FFY T UARF Sk old UV R 7IAF #€Y SAHY 2= 77
1,200 lux ¢ 11,800 luxelw ol& FE= ks g 247 031 2 31mW/Cm2°]‘jr Zb Az

A Zel o

2% 3.259 Petri dishg o] &3 MlEdAEF AAEY o (& TiO,, % TCZ)
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%RE= X100 e, 21(4)
o
O 9714 Coot Cre 44 WEaEFgA] 27 & HF F=(ppm)o]th
% Beerd Hol ol Aste] I AAAGMMAN Y] FAEE o8] F AATEE YT F
ATt
0o 4ar
%RE= X100 e, 21(5)
Ao

O o714 Agst At 22 Mg
Aol ola) Qojx AHQ F

2 1% 32613 2o

0.35 -

0.30 -

0.25 4

§ 0.20 4
8
.5 -4
g 0.15
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0.05
0.00
77 3260 MPARE AALH 0 ZRE dojzl 7% 3261 A7 AEe] MjgART 2R
F3E ~9EH o (TiO, + UV-A) T

(h) A4
@ #®]# = o] &3 batch kinetic study

O 719 32625 %9 Degussa®l P25%h %) th48tete] TiO, s9Ul 8 o] §3fo] A7l M2 55
o MEALR FEE YT Asfelrh A E A A 0% FUolE el B4 F3
of ojubu, AFHE EAF F 1A hol ool WEABFY AV oS BAFY
ohoMEARE AAEe b § 4e P5el mgel tha B UEde & 5 Ak & @
Sole] At A4S vERLe] AR BeY §F % P50 Ul PR pse 3
e o %tk ABA WPART AATEE P S o 90%, WAt AFel A

°F 80% A T
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Methylene blue experiment under UV-A and pH=T Methylene blue experiment under UV-A and pH=7
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O 239 HoE 3l 55 2384 AM8d ZEHT 22 fx9 ZhS AZskst (3 3.2.12
2 a8 3283).2% 49 4/ ZED = 4mm, H = 220mm)S 1¥ ¢} o] AFen # 9
2ol A=z AANE &g T8 pyreneAl A AdeE& vluF7t AT 7 ZAH I Ao
15mmA| ol /S AAste] FdT T+ A & FAol 15mm7t FAHES stAth. Ed
02+ UVHEZE o] &3l w3 BE 233 JAdA Fasle] R 2HE FdS A3t
ST},

3% 3212 PAHAIAA 5 H7tE f1s 29 oA 44
S Column 1 Column 2 Column 3 Column 4
¥= (20mm) 2 zeolite CCz TCZ

%% (100mm) e RS RS RS

3% (50mm) Az pyxay A2 A2
40 mm
L inflow
- overflow
e~ Ao :ip = :I IIO mm
Peristatic ii_ Zeolils Eumm
o '...:._::IISmm

pump
Sampling port

100 mm

Gravel

50 mm

outflow
Outflow LN
' £ 5mm

tank . 3
1]

1% 3.2.83 Pyrene AAAYS $3 25 XA

Inflow Tank

O Z9e £4& 55 AAE A% 22X mp7A 2 39 1Al &2 sk 12A1%F 114 9
light mode®} dark mode, 28] 32 8A17F2] wet mode®t 64 A 7He] dry modeE &2 A A5
(19 3273%%). pyrene®] FdFET 4-16ppmH A= 3FF 3L F 6AFolF, 18U &3 T
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@ Pyrene +4
O AM3AEY MES solid phase extraction method(USEPA 3535A)0 A3t 459 pyrene
hydrophobic extraction disk (C18, 47 mm 3M Empore) &23}al, o] 3+ o] &%
Acetonitrile® N o7 F%3 T GC-FID(Agilent, Japan)® ®Alstgdct (19
GC-FID9 ¢dzx71e % 3213% 2o pyrened HAZE3A = 10ppbsith.

I¥ pyrenes
3.2.84% %),

¥ 3213 PytenewA S 9t GC +Ax=1

A1 ZE =3
Injected sample volume 1ul
Carrier gas Helium
Gas flow rate (He) 104.6 mL/min
Pressure (He) 70 kPa
Linear velocity (He) 35 cm/s
Injection mode Splitless
Temperature
Inlet 300°C
Initial oven temperature 50°C
Oven heating rate 10°C/min
Final oven temperature 300°C
Detector(FID) 300°C

() AgAdz
© WAL
O 1% 32.85% TiO:9F TCZE °l&3sted Ztzt UVE ZASE A 99 84 &2 49 Agted &
9] pyrene %9 WstE vEd Aotk HIFAA AAZLES TiO9 TCZE

T S ZARSHA
ks Ao S A 2 78%<F 100% At Pyrene®l 749+ hydrophobicd &&= 19
A Hubel o] 308 <ol Al&gE B84 FFo] dolwtth o] F o] e A Bl 9
gl F7FA AAZE dojutal e Ae B Utk 271F % 0.9ppmui 2ol A TiO.= 2A41%F Wi
o, TCZ:= 1A1ZF el A9 BEE o] AAR= Aoz YERT
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TiO; powders
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19 3.2.87 Pyrene &2 3o A2 Langmuire <5241 %3t
O 29 32882 Alte] ol wE pyrenedl #&3] Folw 8 3289 U3 APAAE o
&3to] Fid SEE5 Abge ok T1RleA] 32833 328904 Hi=upel o] Pt &HE<
AXNZE AR HFE FEE &2 TiO9F TCZd UVE XA ﬂ% A5-7F WO3/TiO.9F CCZel
Ao HE 2ARE ASun g o deb T8 Rd 58e gudozn Bey 9y
Hope= Al &dtolEd ZYAS AF AH ez =4 vE
O 19 32902 4A1%F F2A59] HZE A2 pyrened F&3] &5 vetdch UVE o] &3¢ TiO,
o} TCZ9] 90%, 7FAlFS o] &3 WOy/TiO.2F CCZe 5 2+7F 33%<F 63%<9] i3l
E&S e
TiO, powders TiO5 coated zeolite
0 Light on 1.0 {e— Light on
--———\- _——\
§ 04 \\\\ % 04 \\
- ' 'Ih:nu (mi m::] v . - ) 1(;:-:“' lrlunulli:l - .
WO,/TiO, powders. WO,/TiO, coated zeolite
1.0 5.__7::"1“‘71_%7 1 . b
aég:[lh _‘—_;___‘xl“\“ gﬂh
E 06 - é 0.6 \-“‘1-._,1_“
: ~
% 04 ~
v ’ 5'I)'imclrr‘lli:ltlg'] ISU - “ ’ 'l!':nclmin:::] v .
1Y 3.2.838 AIZF A dtell wE pyrene®] Fitel FF

TiO, coated zeolite

TiO, powders
20 8x10
35
o Z 610
E 30 5
= 25 &
il 0
20 E
£ 2 £ axi0?
- =
= =
o 1% o0 y =2846.2x + 1285.7
2 - ¥ =16.754x +0.3204 = 2
e 2 = ni0 R = 09993
= 10 R™=0.9993 - qm = 0.0008 mg pyrene/g cat.
qm = 3.1211 mg pyrene/g cat. K = 0.4517 Limg pyrene
5 K = 0.0191 Limg pyrene : e
0 0
00 02 04 06 08 10 12 14 16 18 20 2 00 02 04 06 08 1.0 12 14 16 18 20 22
1/C, (L/mg pyrene) 1/C_ (L/mg pyrene)
o (L
WO/ TiO, powders WO,/TiO, coated zeolite
30 6000
25 5000
) 3
g §
= 20 = 4000
z z
0 o
£ s £ 3000
3 3
il
I y=11.178x + 1.501 of
AT ¥ s 2 3000 ¥ =2293.5x + 1047
& R™ = 0.9668 & e R
- qm = 0.6662 mg pyrene/g cat. —
5 Km- 01343 Limg pyrene 1000 qm = 0.0010 mg pyrene/g cat.
K = 0.4565 L/mg pyrene
0 0
00 02 04 06 08 10 1.2 14 16 18 20 2 00 02 04 06 08 10 12 14 16 18 20 22

1/C, (L/mg pyrene)

1/C_ (L/mg pyrene)
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In C/iC,

TiO, coated zeolite

TiO3 powders

Incic,

18 2.5
0 60 120 150 240 0 0 120 180 240
Time (minute) Time (minute)
WO,TiO, powders WO,TiO, coated zeolite
= 000425
R = 09779
0.0
0.2
;; (j 0.4 .
o ]
& z a6
08
=10
0.5 - 12 -
0 60 120 180 bt 0 (] 120 180 240
Time (minute) Time (minute)
H = I~
1% 3.2.89 Pyrene?] #&3] &%= AH4
Note:
A - TiQs powders (UV-A lamps);
B - 103 coated zeolite (UV-A lamps):
C - WO3/TiO3 powders (white fluorescent lamps);
100 - D - WO3/Ti0, coated zeolite (white fluorescent lamps)
88.76%
80 A
Z 78.98%
=
2
¥
= 60 63.28%
w
=
2
£ 40 A
&
- 32.67%
g
=3
20 A
0 T " - :
A B C D

Photocatalyst types

a9 3290 FES =2 pyrene] FEI & UATF AP

@ BHNY

a9 3291 ¥4
o] i 35
ol uhE f9%
9D AAE 5
(% *4 A5

2.92

4
=

o A4

ok A E & 2LolF o
3
ol

WA Apol E

wel ol




HAl wERs o

A&

[e)
IT

o] Zele A& == 0.0046-0.0227

Infiltration rates

Lo

1

Lo [} (2] -
[=] [=] [=] [=]
(RFTI) o g

40

10

treated (L iter)

]2 gl u}

%

=

W oolom

a9 3291 ¥4

Pyvrane adszsorption - inflo w

IR o
daaa
EEEE

paopn

[ER AN ]

it

{runedel) vorp rpumoungg

40

e}

1

treated (L iter)

=

W oolo m

Pyreame adsorption - ov tflow

Coloma 1
Columa I
Coloma 3

—_——
.

Coloma 4

—-

(ol ) viorpe guamog

treated (L iter)

a

YW oolom

A 2 &

of

3|
A

19 3292 F

—_—

O ColumnAlg 23

=K

.F_H
K
H

qr
_1!

.F_H

N e vheh 2ol xgeol

Al 7ol

=
=

FZ200A AgetolEe 45 pyrene?] H

1 columnoll A ¢ 7o)

= =
= ©

—
fite)

=

gl W A4S

=3
=

=
L

44

2 column

ol M =

—
pu

AA A7}
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pyerene®} #& 254 7]
2 Atz H.

3 EdAdel e WOy/TIO; 24320 4% A4
O obd 253 ulsh go] Bguzu) A2 A NaOH §90% o] 83te] 225 e AAgo A
j s

EREA2E QAR AT

¢

FAIE Aok 7 A Mol & 1~3M=E
AzE WOyTIO, B&3Zulel g B4R, 37 % NOx A7 A& Sate] Eus) 2ol
eamAe gra 4ol AL 9P G

(1) S35 4 %

O 50mLe d=FE & g 2~ el AHH,WO,, WAKO chemicals, Japan)S 2 A% &aA|A WOy
Sas FHstAnh = g2 v A obuERAl TiOx(tHA 38H Korea) A4 &S 50mL NaOH-E <}
(1~3M)ell EAAI 2T & 7] FulE WOsT8& 43 Egtetar 2A17F 53k wnkstlth, oA +
HH 38 105°Coll Al 2A17E s Axste] e 396 E 0.1M HCIZE Al FHste] Jo] Na'ol
5 AAT F 600°Coll A 2A17F Fot stadte] HFAom BAFFuE FA8AUH. a2
ol 600°C+= WA ALe TiOE olyetA AAGFx= A3t 7Fss ¥4 %o/t (Hanaor and
Scorrell, 2011). th& 19 3.2.93% 3294% mW/HE WOYTIO, JA AN 2 E3ts)t 4 S
LERA T

After calcination, the WOj; particles will bind with the
TiO; formally substituting the oxygen vacancies on the
surface and forming strong heterojunction where

electrons can freely transfer.
o Calcination
I 600 € I : I
To; The addition of NaOH etches the
crystallite surface of the TiO; creating

oxygen vacancies for which the guest
particle, WO3, will attach thereafter.

Calcination

. -
T,

HMY Toyao, T Takeuchi, M ; Matsuoka, M: Anpo, M (2013} Recent advances in visible-light
pmdt.mm and sn}arr energy conversion — from semiconducting Ti0: to MOFPCP pﬁolocatahm Pms Chem. Chem. Pigs 15
13‘,4 13293

a9 3293 EW/NE WOy/TiOy 5335w A=k Al =
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(2) F=u] A% vluyr

O

NaOH + H,0

(etcl ) vy
etching
(8] = ‘ 0 H
- (0] Ti O
g 1
A, Ti &,
g
agl
H,0,
y H

o) Calcination o

AR D

& S, 0 E Y 0 .
0 ' .9%:';’/. Q & \\e%(;
& TN

C-u] = PO

The water molecule is attached to one oxygen atom. When acid is added, the OH- molecule is rearranged to form a peroxide radical
Then, due to the electron rich cxygen of WO; molecule, it will attach to the Ti atom and when calcination happens, the peroxide
molecule is removed and WO, is bonded with the THO; via what is called Fernu level coordination bond

29 3294 UM ok WO/ TiO, =83t 74

]_

aHMAe] AR & FHuje] 45 H7ME 9@ NaOH =& 1M, 2M, 3M= g&ste] 4
Yoz A WO/TIO, 53dEFmel 37 5 NOxAIAES AgFdoaHN Jnke &8 vl
F7F sk FEuel s ¥V F NOxAA AL 7] ‘th @5 9 F5v Z®oqA 4%
HI7Pol A 7]l=g W Zow oyt JhA|G FPdor WA EAE (18W, Ostam, Germany,
L9 91 400-700nm)E AHE3FSA 2., 400 nmeolst UV o] 3¢S atdstr] 98] UV HE
(ATS Tech, Korea)s “&zstdtt o] wf F9de Fx+= 31 mW/emeth NOx AlA Adxz
S og HEe9f 2o

N

3 3214 £UAE WOyTIO; 535w AsHlas 913 NOx AALE =4

g} 2} m] E =4
91 NO 5% 05 (£5 %) ppm
b AFAZE 60 =
i 11800 (£5) lux (3.10 mW/cmy)
o 22-25°C
5 40-60%

ZRNE &9 s 2t AT WOyTIO, H35m dAke] TEMAR
Founw TEM/\]-X] of A
o]F o ol TR Twe] HHE WO,AAE Uil 1dozre gpus)a
o BEgEu gUFRs BHE HE Qe g 5 o) = NaOHOH o8 TiO,
1 A2k A3 oxygen vacancy)o] ¥dolur] wjEo= dAohen. olelg vHst A

& NaOHE =7 271842 =713t AedS nolt}. o]y st }
G G W ol AXEARHWO)TE FAES
sto] FEAS ST 28y FHfEde] A A dAe] B4 (over-sintering) &

)
AR
o
fr

ot o MY to o2 o |
o
o
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FEstel BEM Qe YN oA edle FBYS FAaAD & Aok (Tan et al 2014).
O 29 32 WA gole) FEE s FAT WOUTIO, HiB%0) 29 XRDEA

tate] o}lUEbAE TiO, A4 FF(a = 3.7892
A 0. 5000223)E Q1e 4 Ak a7 3291a%t ol xWMNE S A
ke A9 TiO, ol Y W09 ApgAAA 72 =3 g 5= 9t} (a = 75700 A, b =
73410 A, and ¢ = 7.7540 A, COD No. 2107312). 28t} ZHMAS 3 B3t Zujol A (219
3.291b, ¢, A& olH & W09 AA 727 gl A Etrh ol TiO,xWel| EA45= WO,
of BAtETt Wi 7] WjE o2 okt (Kobayashi®t Myoshi, 2007). =g o] g =
5 Yl 49 WOt vAZAFAY =7t UF ol (<4nm) XRDEA ol 9] 3
7] o]¥ 7] w&o]t}t (Deutschmann et al., 2000).

<=

g

M zo
>

o
o

o
R
=
bl

1% 3295 ZH )AL

5
4 e A

of @& WOy/TiO; &3 vl 4=+e] TEMo|RA: (a) EHMNA=

v
. () NaOH = 1M; (¢) NaOH = 2M; (d) NaOH = 3M

80=1(F 120108

. a . b
o W03 10010 » Ty (znatass)
- BOx10P + T (anatase)
b s0x1p?
H E
E 4010 E BOx1C?
u 0
£ . £ 400 .
= 20x10 . - = . .
a 2108
L] o o L]
0 0
20 30 40 50 80 70 80 20 30 40 50 80 70 80
28(de=rees) 28(desrees)
100x1(F c e T d
. & Ti07 (zmatass) 60108 * Ti07 (anatass)
§0al? = 30xl(®
- -
F :
E B0x108 é-‘i-l}x.l[?
= £ 30a0
N 40x10F = N
£ . = 20xlE
20x108 . - 10x108 1
| i
L
oLl i [T O
- - - - : 3 - - -
2 = 0 o P 0 w0 20 30 40 50 60 70 80
2684 3 16 (degras)

Fxof WE WOy/TIO; H3335u] YAte] XRD =¥ EH: (a) nH/NES
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binded to

for24 h

Drying at 105 °C
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zeolite
When the excess water is removed by drving, the PEG
the nanoparticles and covering the zeolite surface.

Then, the PEG-containing nanoparticles are
diffuses along the pores of the zeolite carrying with it
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The PEG is removed by calcination.
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TiO; coated zeolite (with PEG)

Ti0; coated zeolite (without PEG)
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7}. Executive Summary

O This final report demonstrated the overall outcomes of the international project funded by
KAIA. In this project, we performed the morphological characterization, biomass production,
physical property, and the chemical composition analysis on the selected plants which are
suitable for carbon sequestration in rain gardens. During the two and half year project period
which was shown in Table 3.3.1, the proposal research goals were gradually accomplished,
resulting in solid fundamental understanding of the plants in Asia. In the Phase III project,
we collected the candidate plants for laboratory tests, presented the results with the
collaborators in a local conference in Korea; constructed a Manual to the growing strategies
of the plant for maximized carbon sequestration, and developed a database of best herbs,
shrubs and trees for rain gardens for Seoul and Hong Kong. We selected for most
representative species based upon the recommended criteria, iLe. plant characteristics,
environmental conditions, and plant variety. This report serves as an official document to be
published by KAIA for needed uses.

Table 3.3.1 Research timeline of this project

Year 2015 2016 2017

Month 1121314516789 10 11] 12 516/71819]10 11 12

Tasks
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Y. Introduction

(1) Background

(7}) Rain garden

O With the population growth and urbanization, the vegetation in nature became scarce, distant
and often neglected or degraded. Greenhouse gases (GHGs) accounted for a significant number
of all greenhouse gas emissions from human activities. A series of strategies and measures
has been conducting to reduce greenhouse gas emissions. In addition, urban environment pays
a high price for severe environmental problems, such as air pollution and polluted runoff in
urban hydrosystems (Coutts et al, 2012). In addition, land change to build cities leads to
massive loss of biodiversity and global alterations of biogeochemical cycles and hydrosystems
(Davis et al., 2009; Coutts et al., 2012; Demuzere et al., 2014; Hamel et al., 2014). Stormwater
runoff is the biggest sources of urban nonpoint source pollution (Coutts et al., 2012).

O Urban greening is an environmentally attractive strategy for enhancing carbon sequestration in
urban environment. Vegetation can provide ecological, climatological, and social functions, and
by increasing the percent-coverage of urban vegetation through building rain garden or green
roofs the water retention time can be significantly increased and hence the total amount of
storm-water runoff reduced (Walsh et al., 2005, VanWoert et al., 2005, Bowler et al., 2010;
Coutts et al., 2012; Demuzere et al., 2014;). Green roof, furthermore, can reduce the thermal
fluctuation of the underneath buildings, and save energy from reducing the need of air
conditioning (Niachou et al.,, 2001; Bowler et al., 2010; Grimmond et al., 2010 ).

O Greening is an essential element for sustainable urban development. Rain gardens are
recommended as a good management practice (Jo, 2002; Davis et al., 2009; Hamel et al.,
2014). Rain gardens can takes advantage of rainfall and stormwater runoff through its design
and plant selection (Davis et al., 2009; Hamel et al., 2014). It is a small garden which is
designed to withstand the extremes of moisture and concentrations of nutrients that are
commonly exited in stormwater runoffs, mostly nitrogen and phosphorus. Water quality of
stormwater runoff can be improved in the infiltration trench and the outflow has the potential
for reuse and recycling (Walsh et al., 2005; Coutts et al., 2012; Demuzere et al., 2014; Hamel
et al, 2014). It can not only to alleviate global warming through carbon sequestration of
plants in rain gardens and usage of plant residues but also reduce urban nonpoint source
pollution through purification of stormwater runoff. In addition, it can alleviate urban heat

through direct shading of plants and evapotranspiration of plants and substrates.

(4}) Sustainability of plant Residues

O Increasing urban vegetation can enhance of energy sustainability. It is well-known that there
are millions of tons of non-recyclable cellulosic waste generated in urban environment, such
as garden residues, grass clippings, paper cups (Hui et al., 2006, Zhang et al., 2010; Couto et
al.,, 2015). Those were typically considered as “non-recyclable” and were often disposed or
incinerated directly with other municipal solid wastes (Zhang et al., 2010; Couto et al., 2015).
Valuing the waste residue related environmental problems, such as municipal waste landfill,

GHG emissions, as achieved through utilizing municipal solid waste (MSW), can also influence
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sustainability of waste-to—energy (WTE) approaches (Hui et al.,, 2006; Kothari et al., 2010;
Zhang et al., 2010; Couto et al., 2015). With abundant cellulose, those residue wastes can serve
as a useful feedstock in producing biofuel or other value-added chemicals (Ragauskas et al.,
2006; Kothari et al., 2010; Zhang et al., 2010; Ashraf et al., 2016).

O Biomass feedstock (agricultural and forest product residues of both wood and herbaceous
species) that used for bioenergy production is the most effective and efficient way (Demirbas,
2001; Kothari et al., 2010). The capacity to bioenergy potential may vary significantly among
different plant species (Wang et al., 2007, Ashraf et al., 2016). Ethanol yield of garden waste
biomass and environment management of garden plant waster is a general interest for
sustainable development. Differences in chemical composition, ie., contents of lignin, cellulose,
and hemicellulose, affect the potential of carbon sequestration of the vegetation on bioenergy
potential (Zhang et al, 2010). Rain garden can not only to reduce urban nonpoint source
pollution through purification of stormwater runoff, but also alleviate global warming through

usage of plant residues for bioenergy potential.

(t}) Review on nanoparticles

O Nanoparticles have growing attention in recent decades, not only because of the rapid
development in nanotechnology, but also due to the potential impacts it may bring to both
environment and human beings. In this project, nanotechnology is adopted to treat air
pollution problem, but some concerns on whether this will harm the plants along the road and
affect the existing greenery are raised. The importance of reviewing this topic is to clarify
and investigate extent of impacts nanoparticles may bring to the environment. Globally, this
can ensure sustainability of the developing nanotechnology. Socially, stability of ecosystem
and urban health can be guaranteed. In view of this, it is important to review about potential

risks of nano-pollutants to health of urban health plants.

D General Properties

O By definition, particles with size between 1-100 nm with at least two dimensions are
considered as nanoparticles (ASTM, 2012). The unique properties of nanoparticles have
actually raised a number of concerns on its risks and behavior. Differing from normal
particles, nanoparticles have its unique properties. The typical size of nanoparticles is 100 nm
or smaller. As the specific surface area of the nanoparticles reduces significantly with particle
size (Figure 3.3.1) the reactivity of the particles therefore can increase significantly with the
size. High mobility would be another special feature of nanoparticles as it is particular small
in size and easily transported in the media. This can increase the chance for them to spread
to different environment bringing unexpected hazards or health problems (Maynard et al.,
2004, Wiesner et al.,, 2006). Since there is a large fraction of atoms located on the exterior of

nanoparticles, abundant reactive sites can be found on the surface.
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1)
S

specific surface area [a.u.]

:
particle size [a.u.]

Figure 3.3.1 Relationship of specific area versus particle size (Navarro et al., 2008)

O There are mainly two types of nanoparticles, natural nanoparticles (NPs) and engineered
nanoparticles (ENPs). By definition, NPs refer to nanoparticles that are produced
unintentionally and they usually have wider distribution of sizes. Meanwhile, ENPs are those
that are designed, produced intentionally and they usually have more narrowly defined sizes
(Navarro et al., 2008).

O NPs and ENPs are generated from three sources, ie., (a) from the natural process such as
viruses, pollen fragments, volcanic eruptions and forest fire; (b) road traffic; and (c)
stationary combustion sources like power plants and coal combustion (Navarro et al., 2008).
Furthermore, ENPs are generated from commercial applications, cosmetics, anti—bacterial

products and cleaning application are some examples of ENPs sources (Song et al., 2013).

@ TiO, nanoparticles

O TiO2 is a commonly used nanoparticle which belongs to a transition metal oxides. Han and
Bai (2009) indicated that TiO2 ism ore effective in the form of nanoparticles rather than bulk
powder. In normal practice, the particle size ranged between 5 to 50 nm (Berdahl & Akbari,
2008). Meanwhile, the high stability and low cost of TiO2 have made it an ideal
semiconductor for photocatalysis. It is a better choice of photocatalyst comparing to other
metal oxides (Gupta & Tripathi, 2011). Therefore, TiO2 nanoparticles are widely used in
modern society for different purpose. Self-cleaning devices, wastewater treatment, hydrogen
fuel production are some application examples.

O In urban environment, air pollution problem would be a major concern and TiO: application
has been particularly useful in urban area since it can react with nitrogen oxides (NOx) and
volatile organic compounds (VOCs) from the polluted urban air (Berdahl&Akbari2008). The
basic principle behind this air cleaning property is due to TiO; absorbs ultraviolet light
producing electron-hole pairs in the particles.When the poles reaches surface of the
nanoparticle, it reacts with hydroxyl ions.The urban pollutants, mainly NOx and VOCs, can

then be absorbed on the nanoparticle surface. Hence,pollutants can be removed from air.

@ Impacts of nanoparticles in ecosystem
O Although the wide application of nanoparticles brings convenience and improvements to human

life to some extent, the newly developed technology still poses uncertain risks to the
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environment. Upon the moment, there are still lots of controversies on whether nanoparticles
bring more benefits or adversities to the world. The opinions from both sides are reviewed as
follow.

O In view of positive impacts, it can act as antioxidants (Wang et al., 1999) in the way to
prevent peroxidation of lipids caused by superoxide and hydroxyl radicals, since the radicals
are reacted with nanoparticles instead. In addition, nanoparticles having high specific surface
area can serve as a nutrient stock to organisms by separating nutrients on their surfaces
(Lutz-Meindl & Lutz, 2006). Also, the antimicrobial properties of nanoparticles increase
strength and resistance of plants to stress, resulting in a positive growth in spinach seeds
(Zheng et al., 2005).

O In view of negative impacts, the most direct effect would be inhibiting photosynthetic or
respiratory processes of plants (Imahori et al, 2003). Due to the unique nanoparticle property
of high specific surface area, their reactivity increases and catalyzes redox reactions (Zhang,
2003). Hence, the metabolic processes are affected. Furthermore, the nanoparticles may serve
as pollutant carriers as they adsorb some pollutants from natural systems (Navarro et al.,
2008). This may indirectly affect the nutrient cycling in the ecosystems. Another impact is
about production of reactive oxidant species (ROS). When nanoparticles interact with
organisms or other agents in the environment, ROS will be produced and alter the ecological
balance. For instance, a damaging effect on bacteria is found with the presence nanoparticles
together with sunlight (Adams et al., 2006).

@ Plant response to nanoparticles

O In terrestrial ecosystem, where urban plants belong to, they are exposed to nanoparticles in
two ways. As stated by Navarro et al. (2008), leaf area is one of the means of exposure.
When the leaf area is higher, the interception potential is higher for nanoparticles to enter the
ecosystem though plants. Besides, leaves with non-waxy and wrinkle surface facilitates
accumulation nanoparticles on the plant surface (Da Silva et al., 2006). The nanoparticles may
penetrate the plants and transported to other tissues once it is in contact with the leaves.
Through the above means of entry, nanoparticles can enter the plants and resulting in
different plant response. According to Burke et al. (2015), the plant response is determined by

factors including growth media, plant type, nanoparticle concentration, surface area and size.

(2) Aim and objectives

O The aim of this project is to investigate planting techniques for enhancing carbon dioxide
absorption fro urban rain gardens. Hong Kong and Seoul are both highly populated and have
been facing similar challenges on urban planning and development, ie., lack of vegetation and
high carbon emission per capita. While sharing similar social and economic background, the
two large cities obtain difference on their geographical locations and vegetation. Compositions
of some plant species from the two cities could be also different, but other species may share
the same characteristics on carbon sequestration. It is of great research values to establishing
a comprehensive database to support the development of new storm-water control systems.
The plant species in Hong Kong, for example, surviving under subtropical climate, can be

with greater diversity and higher growth rates, while carbon sequestration of those species
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could be different between the two cities due to various effects. We hope that with the

experience and research tools developed in this study a more systematic diagram can be

created to support the development of similar facilities.
O The objectives of the project to realize the aim are three folds:

(a) Comprehensive and systematic analysis of the chemical compositions of different plant
species in Hong Kong and Seoul; identify the capacity of carbon sequestration of the
selected species;

(b) Construct and validate with experiment data the dynamic expressions on growth and
decay behaviors (i.e kinetics) of different types of plants.

(c.) Investigate and test the related technology to expend the life cycle of the recovered

biomass;, develop new management approach and provide suggestions to sustainable
urban development.

(3) Research details

O The total research period is two years and six months, which is divided into three phases.
The research details of each phase are described as followings:

O Phase 1 (6 months)
Understand the plant species of Hong Kong, and other selected regions under
different climate conditions;

O Phase 2 (10 months)
Select candidate plants for developing the stormwater control system; perform
laboratory tests on the chemical composition of the candidate plants; evaluate
quantitatively their potential to carbon sequestration;

O Phase 3 (12 months)
Suggest the best set of plants to maximize the performance of stormwater control
systems;

O Phase 4 (24 months)
Set up measurement parameters, such as capacity of carbon sequestration, water

storage, and pollutant sorption etc.; develop the guideline for optimal planting.

t}. Materials and Methods

O In this project, the selected plants will be used to perform a set of designated experiments in
order to analyze the physical and chemical properties of different plants. The sample of
selected plants will be purchased from the local market or be requires to deliver from Korea if

samples are native to Korea and not able to be found in the local market.
(1) Plant Analysis

(7}) Plant collection

O The criteria of selecting plants for urban rain gardens in cities like Seoul with high latitude,
and Hong Kong with low latitude have been identified. The characteristics of plants and
environmental conditions are two important factors for selecting plants and sustainability of

rain garden. 20 types of plants, including 7 types of grass, 7 types of shrub, and 6 types of
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tree, have been collected from the campus of The Hong Kong Polytechnic University (Figure
3.3.2) the details of the plants present in Appendix I). All those selected types of plants will
be investigated in details in this study through analyzing their potential habitats, survivability,
and functions for the investigation and experiment performance. A plant database for urban
rain gardens of Korea and Hong Kong has been established.

O In this study, we perform measure the biomass production pero area (kg/m?2) of the 7 types of
grasses based on the most commo method (Five-point sampling method) which clearly figure

out in Figure 3.3.3.

THE HONG KONG
POLYTECHNIC UNIVERSITY

Figure 3.3.2 Geographical distribution of the collected samples in The Hong Kong Polytechnic

University

Sampling
pcint 0.5m

0.5m

Figure 3.3.3 Design for biomass production collection

(1}) Biomass production

O Biomass production is an important index to evaluate the carbon sequestration, and the
potential for biofuels. Shoot biomass was clipped in the rain gardens in our campus and
rinsed to remove dust particles. After that, shoot biomass was dried in an oven at 65°C until
constant weight for dry weight determination. Moisture contents of leaves and stems were

determined by the fresh weight and dry weight of the samples. Biomass samples were
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homogenized in a Waring blender (Laboratory blender 8010S, Waring Commercial, USA), and
homogenized materials were kept in glass vials in a desiccator prior. C storage of samples
was expressed as mass per unit area, e.g. gm-2 (Jo and McPherson, 1995; Jackson et al.,
2002; Getter et al., 2009; Morgan et al., 2011).

(2) Optical microscopy and scanning electron microscopy (SEM)

O The morphology of plant cell wall was determined by optical microscopy. The slides of
samples were stained with eosin, and observed by optical microscopy at 10%20 mignification.
SEM was carried out on a JEOL (Japan Electron Optics Laboratories) 6400V SEM with a
LaB6 emitter. Samples were gold sputter coated without critical point drying (CPD), to avoid
possible extraction of AFEX surface deposits during CPD, and imaged at accelerating voltages

between 10 and 20 kV to prevent electron beam induced damage to the specimens.

(3) Determination of Composition analysis
O Composition of raw material was determined according to the National Renewable Energy
Laboratory (NREL, Golden, CO) analytical methods for biomass (NREL, 1996).

(7B Acid hydrolysis

O The cellulose and hemicellulose content of the extracted solid residue was determined based on
monomer content measured after a two-step acid hydrolysis procedure to fractionate the fiber.
A first step with 72% (w/w) HySO, at 30°C for 60 min was used. Enzymatic hydrolysis of
plant samples was performed in a tared pressure tube in the first step. In a second step,the
reaction mixture was diluted to 4% (w/w) HySOs and autoclaved at 121°C for 1h. This
hydrolysis liquid was then analyzed for sugar content and for acid soluble lignin from
absorbance data at 205 nm. The remaining acid-insoluble residue is considered as

acid-insoluble lignin (AIL).

(4}) Lignin content

O Lignin content was measured according to the standard NREL procedures No. 003 and No. 004
(1996). The sample was swelled in 72% sulfuric acid at 20 °C for 2 h, followed by boiling the
sample in 3% sulfuric acid for 4 h. The acid-insoluble lignin was measured as the weight of
insoluble residue remaining at 105 °C and 575 °C. The acid-soluble lignin was measured by
UV - Vis spectroscopy (Milton Roy Company, Ivyland, PA, USA) at 205 nm, using distilled
water as blank. The total lignin content was the summation of acid-insoluble lignin and

acid—soluble lignin.

(t}) Carbohydrate content

O Carbohydrates (glucan and xylan) in biomass were determined using a two-stage sulfuric acid
hydrolysis method according to the standard NREL procedure No. 002 (1996). The sample was
taken through a primary 729 sulfuric acid hydrolysis at 30 °C for 2 h, followed by a
secondary dilute acid hydrolysis at 121 °C for 1 h. Each sample was analyzed in duplicate.
The hydrolysis products (glucose and xylose) both from acid and enzymatic hydrolyses were

determined by High Performance Liquid Chromatography (HPLC) with a BioRad Aminex
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HPX-87P (BioRad, Hercules, CA, USA) column at 85 °C and 0.2-pm filtered deionized water
as the mobile phase. The sample was centrifuged and then filtered through 0.2-pm filters
(Fisher, USA) and a volume of 20 pL was loaded using Spectra System AS 3500 autoinjector
(Spectra-Physics, Mountain View, CA, USA). The flow rate was 0.6 mL/min. Elution of the
samples was monitored by a refractive index detector (Lab Alliance, State College, PA, USA).
Total sugar was calculated as the summation of glucose and xylose, as expressed in the

following equation:

glucose yield + xylose yield
theoretical glucose vield + theoretical xylose yield

(6] = [Glg) x V + ([X] - X]p) x ¥

- W x glucan content N W x xylan content
0.9 0.88

X;r=

where

Xris the total sugar conversion (%);

[G] is glucose concentration in hydrolysis liquid (mg/mL);

[ Gloistheinitialglucoseconcentration,canbeassumedasO(mg/mL);
[X] is xylose concentration in hydrolysis liquid (mg/mL);

[ Xpisinitialxyloseconcentration,canbeassumedasO(mg/mL);

V' is initial volume of biomass slurry (mL);

W is the initial dry weight of biomass (mg);

0.9 is conversion factor of glucose to equivalent glucan;

0.88 is the conversion factor of xylose to equivalent xylan.

(4) Enzymatic digestibility
O In this study, innovative freezing caustic soda was used to perform designated experiments to
enhance the enzymatic digestibility of cellulosic substrate. Figure 3.3.4 showed the details of

the procedure.

Recovery

Cellulosic el Rl Dissoluted
Blomass dissolution celiniosa

Regene ration pad Hydrol:-.rms

Figure 3.3.4 Diagram of the whole process
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(7}) Biomass pretreatment

O NaOH pretreatments were performed as previously described by Huang et al. (2012) with
minor modification. The well-mixed powder of the biomass sample (0.3 g) was supplemented
with 1% 6 mL NaOH. The sample tube was shaken at 150 rpm for 2 h at 50°C, and
centrifuged at 3,000 g for 5 minutes. The remaining pellet was washed three times with 10
mlL distilled water, and all supernatants were combined for sugar analysis. The remaining
residue was collected for hydrolysis, and the sample with 10 mlL distilled water only was
shaken for 2 h at 50 °C as control. All experiments were conducted in biological triplicate (Xu
et al., 2012). All samples were carried out in biological triplicate. In this study, biomass
digestibility of the collected accessions was evaluated by calculating the amount of released

hexose as percentages of the raw biomass (%).

(44) Enzymatic hydrolysis

O The remaining residues from various pretreatments were washed twice with 10 mL distilled
water, and once with 10 mL of mixed-cellulase reaction buffer (0.2 M acetic acid-sodium
acetate, pH 4.8). The washed residues were added with 6 mL (1.6 g/L) of mixed cellulases
containing - glucanase (=298 x 104 U), cellulase (=298 U) and xylanase (=4.8 x 104 U)
from Imperial Jade Bio-technology Co., Ltd) at 0.16% (w/w) concentration for NaOH
pretreated samples. During the enzymatic hydrolysis, the samples were shaken at 150 rpm at
50°C for 48 h. After centrifugation at 3,000 g for 10 minutes, the supernatants were collected
to determine the amounts of pentose and hexose released from enzymatic hydrolysis. The
samples with 6 mL of reaction buffer were shaken for 48 h at 50°C as the control. All

samples were carried out in biological triplicate.

(5) Model development

O A mathematical model for estimating emissions and removals of carbon by plant in
settlements is developed based on the Intergovernmental Panel on Climate Change (IPCC)
guidelines (Penman et al., 2003). This model describes the changes in carbon stocks in living
biomass. The general method estimates change in carbon stocks in plants due to plant

growth by subtracting out loss in biomass due to pruning and mortality.

where = changes in carbon stocks in living biomass; = changes in carbon stocks due to

growth in living biomass; = changes in carbon stocks due to loss in living biomass
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2}. Results and Discussion
(1) Carbon Sequestration Analysis

(7}) Biomass moisture content

O To evaluate the effects of water adsorption to the samples, physical properties of selected
plants including density, moisture content have been tested in this study. We used glass
container load samples at 105°C, 6 hours for the moisture content testing, and detected density
of the samples by Archimedes Principle.

O As presented in Table 3.3.2, 3.3.8; Figure 3.3.5 the moisture content of the collected samples
ranged from 40.9%-95.1%, and grasses (64.9%), shrub (65.1%6) shown higher moisture content
than the tree (56.3%). It suggested that the effects of water adsorption to grasses, shrub is

stronger than the tree’s.

Table 3.3.2 The moisture content in the three types

Type Mean (%)
Grass 64.9
Shrub 65.1
Tree 56.3
Grasses Shrub Tree
100 100

80 80
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Figure 3.3.5 Moisture content of the three type plants

(1}) Biomass production

O From Table 3.3.3, it is clear that the biomass production ranged from Axonopus compressus at
05 kg/m*026.8 of Fargesia spathacea Franch, and the average is 7.4 Kg/m® Significant
phenotypic variation was detected in biomass production among those types with the
coefficient of variation (CV) at 134.5%. It indicates that those type of grasses have big
difference carbon sequestrationability. It provides the information for a more reasonable design

for the rain garden. According to this, we predicate that the dramatic variation exist in

physical or chemical properties.

- 157 -



Table 3.3.3 Carbon sequestration in different grasses.

Scientific name

Biomass production (kg/m?)

Axonopus  compressus 05 £ 0.18
Parathelypteris  glanduligera 25 + 184
Tradescantia pallida 35+ 114
Liriope spicata var.Variegata 1.8 £ 0.87
Ophiopogon  japonicus 1.3 £ 1.00
Miscanthus 154 + 4.07
Fargesia spathacea Franch 26.8 £+ 4.35
Mean 7.4
Coefficient of variation (CV) 134.5%

(t}h) Plant density

O Plant density is an essential element to evaluate the porosity of plant cell wall, and indirectly
shown the difference of chemical property in various species. As showed in Table 3.3.4, 3.3.9;
Figure 3.3.6, Scheffera arboricola (shrub) and Livistona chinensis (tree) showed a similar
density at 0.98 g/cm®highest in collected plants, however, Axonopus compressus (grass) with
053 g/cm’is lowestone. Obviously, the density of grass, shrub, tree is different, which is

0.74,0.91,0.87g/cm? respectively. Those results indicated that the significantly distinct chemical

composition or enzymatic hydrolysis.

Table 3.3.4 Density of the three types

Type Mean (g/cm?)
Grass 0.74
Shrub 0.91
Tree 0.87
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Figure 3.3.6 Density of the three type plants
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(2) Morphological characterization observe by optical microscopy

O Optical microscopy revealed the morphology of the transverse section and outer surface of the
grass, shrub, tree stem as showed in Figure 3.3.7 and Appendix I. In this study, we select
three typical types of plants for comparison among grass, shrub and tree (Figure 3.3.7 and
Appendix I). Those three types of plants, Tradescantia pallida, Camellia japonica, Ginkgo
biloba, were observed by optical microscopy at 10%20 mignification. From Figure 3.3.7, we can
see there is significant difference among Tradescantia pallida (grass), the parenchyma cells
predominated inner region, some vascular bundles, each containing Xylem and phloem
presented. On the contrary, the vascular bundles (xylem, and phloem) dominated inner region,
however the cells in tree (Ginkgo biloba) arranged slightly more closely than shrub’s
(Camellia japonica) from the image of transverse section. The results suggested the
difference physical properties, and cell wall composition among those three type plants, in

other words, the difference showed in carbon sequestration.

Camellia japonica Ginkgo bilpba Linn.

Figure 3.3.7 Morphological characterization among 7Tradescantia pallida, Camellia japonica, Ginkgo
biloba Linn.

(3) Chemical composition
O Lignocellulose is composed of three major biopolymers, lL.e. cellulose, hemicellulose and lignin.

In order to evaluate the cell wall compositionwe performed chemical analysis on the samples.
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Figure 3.3.8 Chemical composition in collected plants
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O A diverse cell wall composition was determined in th selectd plants. The cellulose ranged from
9.8% to 40.2% of dry matter, hemicelluloses from 3.2% to 19.196, and lignin from 8.09 to
36.7% (Figure 3.3.8 and Table 3.3.10). One third of the collected samples displayed cellulose
contents of approximately 20%,whereas only one sample exhibited cellulose levels of
approximately 40%. Likewise, one third of the selected samples showed hemicellulose and
lignin content of 6%, 15%, respectively. Hence, the selected 20 accessions presented a large
variation. Further, we performed -correlation analysis between lignocellulose features and

biomass enzymatic hydrolysis.

Table 3.3.5. Chemical composition (WT %) of the three types.

Type Part Cellulose Hemicellulose Lignin Total
Grass 25.0 11.0 13.6 49.6
Shrub Leaves 14.8 7.1 13.8 35.7
Stem 26.4 9.6 22.9 58.9
Tree Leave 16.4 9.0 14.3 39.7
Stem 25.8 11.2 23.8 60.8

O As presented in Table 3.3.5, those three type plants exhibited significantly distinct, including
leaves and stem. Both in shrub and tree, leaves showed lower cell wall composition
comparison with stem. The stem of tree with 60.8% of dry matter displayed highest cell wall
composition in all the type samples, and the stem of shrub showed slightly lower.
surprisingly, the content of cellulose, hemicellulose in grasses, shrub, tree showed quite similar
level, the only difference is lignin content. The results indicated different ability of carbon
sequestration of the collected accessions, and various enzymatic hydrolysis. Definitely, those

results can provide a comprehensive database to building a systematic rain garden.

(4) Enzymatic digestibility

(7}) Biomass enzymatic digestion

O As abundant carbohydrate, plant biomass has been considered as one of the most important
renewable sources for biofuels and other chemical products. Biomass digestibility is an
mmportant index for plant biomass to evaluate the potential valuable.

O Biomass digestibility was defined by accounting either the hexose vyield (hexose/cellulose)
released from hydrolysis by a crude cellulase mixture of lignocellulose after pretreatment, or
the total sugar yield (hexose and pentose/dry weight) from both pretreatment and enzymatic
hydrolysis. In this work, we explored an innovative freezing caustic soda to enhance the
enzymatic digestibility of cellulosic substrate, and to understand the change of surface

properties of the generated fibers.
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Figure 3.3.9 Biomass enzymatic digestion in collected plants

As showed in Figure 3.3.9 and Table 3.3.11, biomass digestibility ranged from 12.0% to 29.5%,
averaged at about 20%. One third samples displayed biomass digestion at around 20%. It
inidcated the wvariation of biomass digestion in the collected accessions. On the other hand,
the biomass digestion for grass showed highest (24.6% for biomass, 98.4% for cellulose) in
the three types; shrub and tree was less than 20% for biomass (Table 3.3.6). Maybe the
higher level of lignin in shrun, and tree resulted in the lower biomass conversion/ leaves in
shrub, and tree presented lowest level biomass digestion (around 15.0%), highest cellulose

conversion (nearly 100.0%6) for their lowest cellulose content (around 15%).

Table 3.3.6 Biomass digestion (WT %) of the three types.

. Biqmass Cellulose enzymatic
Type Part digestion (WT Cellulose d o
%) 1gestibility

Grass 24.6 25.0 98.4
Shrub Leaves 145 14.8 98.0

Stem 184 26.4 69.7
Tree Leave 17.1 16.4 100.0

Stem 19.0 25.8 73.6

O

(4}) Regenerating cellulose by low temperature soda pretreatment

There are millions of tons of non-recyclable cellulosic waste generated in Hong Kong and
Korea urban regions including thermal garden residues, grass clippings, paper cups etc. Those
were typically considered as “non-recyclable” and were often disposed or incinerated directly
with other municipal solid wastes. With abundant cellulose, those residue wastes can serve as
a useful feedstock in producing biofuel or other value—added chemicals. In this work, we
explored an innovative freezing caustic soda to enhance the enzymatic digestibility of cellulosic

substrate, and to understand the change of surface properties of the generated fibers.
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Figure 3.3.10 Morphology of the substrate.

O In the treatment process, cellulose covered under the plastic films was dissolute at -20°C and
regenerated in boiling water. Figure 3.3.10 showed the raw feedstock after cutting, the
regenerated cellulose pad, and the microscopic picture of the pad. Microscopic picture of the
fiber structure of regenerated cellulose fibers was successively destroyed after pretreatment

due to the swollen effect caused by freezing soda.
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Figure 3.3.11 Improved hydrolysis after treatment

O In this work, we used polyethylene (PE) coated paper as experiment samples, and test the
biomass digestion upon different treatments. The process resulted in 929 recovery of
cellulose and almost completely separation of plastics from the waste. Figure 3.3.11 compares
the hydrolysis efficiencies of the untreated paper product wastes, the milled paper, and
regenerated cellulose. The digestibility of the cellulosic substrate increased dramatically from
approximately 45% (after 72 hour testing) to 70% for the milled samples, and then 95% after
chemical pretreatment, respectively. The regenerated cellulose can be readily hydrolyzed by
using low dosage (3.5 FPU per gram glucan) of commercial cellulase (i.e. CTecll, Novozymes,
Denmark), which is approximately equivalent to over 150 g/L glucose concentration in a
single feeding operation. Furthermore, the chemicals used in the process can be recycled for
further uses. The findings in this work provide new insights for dealing with non-recyclable

wastes in a sustainable way.
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O In order to investigate the efficiency of enzymatic hydrolysis of plant biomass, a model was
developed to simulation the degradation of complex cellulose into simple glucose (Zhang,
Shao, Townsend, & Lynd, 2009).

Rate of cellulose formation

dXGJ::_ k_fﬂ\:m_i_c [CE] K:c
dt . Gng ) Cs [cb|+K,

Rate of cellobiose formation

d.:;@, = 1.056+75, | ¢ (€] 'EBG] \
[Km -[1+E +[cB] |
Ks) J
Rate of glucose formation
, K . -|Cb|-[BG
dﬁﬁ'z C[ ]E ] \xl.GSE
t \
[Km -[1 ST, 1cy] |
i K ) s
Where,

k = cellulose hydrolysis rate constant
Gp=glucanconcentration
CE = carbohydrate-enzyme complex concentration
Cs=specificcapacityofcarbohydratecomponentforcellulose
Cyp=cellobioseconcentration
BG = B-glucosidase concentration
Gl = glucose concentration

K., K = inhibition of cellulose hydrolysis by cellobiose/ethanol
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(5) Mathematical Model

O The carbon accumulation in plant biomass follows a specific pattern (Figure 3.3.12) and it can

be divided into four stages: a) establishment stage; b) full-vigor phase; ¢) mature phase; and
d)old-growth phase(Matthews, Broadmeadow, & Commission, 2003). The carbon uptake rate is
slow in the establishment stage and then become rapid in the full-vigor phase. This is
followed by the mature phase. The vegetation finally reaches the old growth phase with a
long term equilibrium of carbon gain and loss, which is balanced by new growth biomass and
mortality and decade loss. Different plant types have different ultimate carbon stock and cycle

length but their share the same pattern.
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Figure 3.3.12 Carbon accumulation in a tree (Matthews et al., 2003)

O Carbon captured in photosynthesis is divided into respiration and growth. Carbon is converted

O

to carbon dioxide and released back to the atmosphere, and provide energy for maintenance
and growth during respiration. The remaining carbon is converted into new biomass and
allocated to leaves, stem, and roots depended on the development phase of plant. At an annual
timescale, the carbon fixed in foliage and woody debris are converted the atmospheric carbon
through microbial activities, such as decomposition(Matthews et al., 2003). But a relatively
higher proportion of sequestered carbon remains as woody biomass for a longer period.

The plant size influence on allocation and production of biomass. With increasing in size, a
higher proportion of assimilated carbon is allocated to supportive tissues - stems (Falster,
Brannstrom, Dieckmann, & Westoby, 2011).(Weraduwage et al., 2015).

(7 Allometry model

Allometry models are commonly used in estimating single stand of tree or shrub by building
the relationship between the biomass and physical parameters, such as diameter at breast
height (DBH), height (H), biomass density (p) (Jenkins et al., 2003; Samreth et al, 2012;
Chave et al., 2014p; Paul et al, 2015). However, the allometric models are site and species
specific, the regression coefficients needed to be calibrated.

In order to investigate the biomass carbon stock and carbon sequestration potential of trees
and shurbs, various models are reviewed and studied. It is found out that the biomass of
woody plants is highly related to the trunk diameters, height and specific gravity. Table 3.3.7

summarizes mathematical models for biomass carbon stock proposed by various researchers.
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O

The biomass in the leaves, branches, stems and root weights are covered in this equation in
kilogram, and this equation is only applicable on the trees and shrubs with DBH between lcm
and 133cm. Basic density of 600 should be used if the basic density of the stem cannot be
found in the plot, since the mean value of density of the primary species of sampling trees is
approximately 600 (Samreth et al., 2012). Carbon content of tree can also be computed and it
is around half of the value of tree biomass.

Chave et al. (2014) also built up their model for reckoning aboveground biomass (B) of a tree.
They analyzed global database about directly harvested trees at 58 sites in various countries,
which mainly distribute on tropical and subtropical areas. According to their study, B has a
direct relationship with wood specific gravity (p), trunk diameter (D) and total height of tree
(H). In addition, several improvements of the models by accounting for the bias, errors and
testing different hypotheses are executed in the research. After all the -calibrations, the

finalized model for pantropical trees is:

B = a x (pD?*H)F
where a and B are the model coefficient (a= 0.0673, 3=0.976)

Table 3.3.7 Mathematical models for biomass carbon stock.

Sampling Site &

No. Model
Reference
1. In(AGB)=a+ fln(p*D** H)+ ¢ Tropical area (38  sites)
Where (Chave et al., 2014)

p=wood specific gravity (gcm-3)
AGB=aboveground biomass (kg)
H= tree height (m)

D= trunk diameter (cm)

a,8= model coefficients

e= effor term
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Bole wood biomass: The United States

B

odw

=V, *8G, > W (Woodall, Heath, Domke, &
Nichols, 2011)
Bark biomass:

B,y = V,,* BVR*SG* W

qw
Total bole (bole and bark) biomass:

B()dt =B +B

odw odb

Stump volume:

_ mD* 2

3025

21b
h+lB]

a

CRM adjustment factor:
CRMA(Z‘]'F(L(: = B()dt/MST
Stump wood biomass:

S

odsw

=S5,

pish 9SG FW

Stump bark biomass:

Sodsh = (Syosb - S{;is[)) *S ng* w

Total stump (wood and bark) biomass:
Spit = (Spasw T Soass)* CRM 444

Top and branch  biomass:

T,, = (TAB— MST— STP— FOL)* CRM, . 1.

Biomass = Expy (8, + 3,InD) North America
Where (Jenkins, Chojnacky, Heath, &
Birdsey, 2004)
D=diameter at breast height (cm)

Exp=exponential function g and= g,

B, and (3, are parameters

Biomass = 0.9501 V+17.9541 Kanghe Provincial Nature
Reserve, Guangdong, China

Where
(Hu, Su, Li, Li, & Ke, 2015)
V=forest stand volume (m?)

V=0.0000798524 x D'7**20x frt0119s
V=0.0000674286 x D707 x f"928%

V=0.0000601228 x D75 x 0186
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5. C= V*D*BEF*(1+R)*T Brazil

Where (Sanquetta, Wojciechowski,
Dalla Corte, Rodrigues, &
C=carbon stock Maas, 2013)
P('(mo 1, + Pbole P(Leria.l
BEF= ——% =
P bole P bole
po Lvs
P(Lerml
Where

BEF = biomass expansion factor
R = root ratio

Peanopy=dry weightofthetreecanopy (kg )
Pyoe.=dryweightofthetreebole(kg)

P.eia=dryweightofthetreebole+dryweightofthetreecanopy (k
g)

Proots=dryweightofthetreeroots(kg)
logY= 8, + 5, *logD

Y=3,+0,*D*H
logY = 33, + 3,*log(D** H)
logY = g, + B,*logD+ B,*logH

Where Y= individual carbon stock, V=total bole
volume, D=diameter at breast height, H= total height,
B;=coefficients

6 Tree biomass = 4.08%ba' ¥ * D133 Cambodia

Where (Samreth et al., 2012)

Ba= basal area of stem at height 1.3m

D= basic density of the stem wood (kg m™)

(1) BIOME3

O A mathematical model for estimating emissions and removals of carbon by plant in
settlements is developed based on the Intergovernmental Panel on Climate Change (IPCC)
guidelines (Penman et al., 2003). This model describes the changes in carbon stocks in living
biomass. The general method estimates change in carbon stocks in plants due to plant
growth by subtracting out loss in biomass due to pruning and mortality.

AC= Cphoy = Cros — Cp

O where AC = changes in carbon stocks in living biomass; Cpnot= carbon gain in photosynthesis
in living biomass; Cgres= carbon loss in respiration living biomass, Cp=carbon loss due to
mortality

O The net daily photosynthesis, Cphoi(gC/m’~d) is affected by the site specific environmental
conditions, including incident radiation,water stress,and daily temperature. And Cpnot ISC

alculated by the following equation:
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Cppoy = A¥ENV
O Environmental limitation (ENV) of biomass production is a site specific parameter, which is
account for a) light use efficiency with photosynthetic active radiation (PAR); b) temperature
effect (T); and c) water stress (W) (Jouven, Carrere, & Baumont, 2006).
ENV=f(PAR)*f(T)*f(W)

where:
f(PAR)=min(1,1—0.0445(PAR—5))
(1) = max (0,min (1, —2-)
f =max(0,min ,Tom_TB
Wk
f(W)*WH

O Carbon fixation in photosynthesis is calculated followed according to Haxeltine and Prentice
(1996), which 1is calculated as a function of daily PAR, daily temperature, atmospheric
concentration of COsandplanttraits(leafareaindex,LAID).

Daily photosynthesis A (g C/m?-d) is calculated by the following equation

Jp+ Jo— JJp+Jo) —Adpc
A= 20

O A is limited by two rate factors: Jg the photosynthesis rate according to absorbed PAR; Jc,
the Rubisio limited rate of photosynthesis, describing the situation of saturating irradiance and
limiting CO- concentration. ©is a shape parameter describing the transition between the two
limiting factors Jg and Jc (6=0.7).

O The total maintenance respiration is for whole plant is calculated by the summation of the
respiration of leaf (R;) and root (R,), and respiration cost for transportation of tissue (R;), and
respiration cost of biomass formation (R;) (Haxeltine & Prentice, 1996).

Cres = R+ R, + R, +R,

(t}) Mass based growth model

O A mass based growth model is proposed to simulate the biomass production of a single stand
of plant over time. The accumulated biomass of a single plant is assumed to have a upper
limited.

dM M
= kM- M) — kM

where M=plant biomass, kg (or g); M,=upper boundary
k=relative growth rate, yr '(or d ')
k,=decay rate, yr '(or d ')

O A conversion factor of 0.5 is commonly used in estimation the biomass carbon based on the
value of dried biomass (Peng et al., 2011, Thomas & Martin, 2012). However, the carbon
content varies among different plant species. In this study, the proportion of three structural

carbons can be obtained by performing chemical composition analysis. Figure 3.3.13 shows the
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simulation results of carbon content of cellulose, hemicellulose and lignin per unit area.
O Total carbon is calculated as the following equations

C= M*p*f(*(l_fw)
fc = 04444* a:ellulose + 04545* CH{:micellulose + 06667* CLignin

where p(tree/m2) is the population density of the plantation area, and f, and f. (%) are the

water and carbon contents of plant respectively.

— Cellulose C
Hemicellulose C

mmmes Lighin C

0 10 20 30 40 50
Time, year

Figure 3.3.13 Simulation result of the carbon content of cellulose, hemicellulose and lignin

O The BIOME 3 model incorporates environmental inputs (i.e. photosynthesis active radiation,
daily temperature available water and nutrients) and plant traits (i.e., leaf area index and
wood density). It can be used for large scale biome simulation and natural vegetation
distribution. However, the model requires a amount of parameters and climatological data to
perform the estimation. The allometry model is easy to perform with simple equations and a
few of variables. It can be used to calculate a single stand of tree or shrub but the biomass
might over or under estimated if not enough sampling data is available. The mass based
growth model is used to simulate the dynamics of growth and mortality and it can also be

used to estimate single stand of various plant species.
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Figure 3.3.14 Simulation results of carbon stock per unit area in soil depth ranging from 0 to

more than 1m in 20 years
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O By using the developed mass based model and the constrained environmental parameter soil
depth, simulation results of carbon stock and plant type are shown in Figure 3.3.14. Only
herbaceous plants grow in sallow soil (0-0.4m) and the carbon sequestration potential remain
unchanged during 20 years. A combination of herbs and shrubs are selected for a deeper soil
(0.5-1m), which yield a higher carbon stock and reach a maximum after 5 years. For a soil
depth large than 1 m, trees, shrubs and herbs can be selected as a combination. For the first
5 years, shrubs are the dominated species but trees become the major carbon source after 20

years.

O With adequate combination of various plants species can maximizes the land use and yields a
higher carbon sequestration capacity (Figure 3.3.15).
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Figure 3.3.15 optimization of carbon sequestration potential among plant selection and soil depth
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Appendix 1 Selected plant profiles

I. Grass

1. Tradescantia pallida
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3. Liriope spicata var. Variegata

5. Miscanthus
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6. Fargesia spathacea Franch
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8. Scheffera arboricola
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10. Camellia japonica

11. Rhododendron simsii Planch
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12. Allemanda cathartica

13. Ixora chinensis Lam.

lIl. Shrub

14. Ginkgo biloba Linn.




16. Sabina chinensis
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17. Livistona chinensis
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19. Ficus elastica
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Table 3.3.8 The moisture content of the collected samples

Type Scientific name Moisture content (%)
Axonopus compressus 51.1
Parathelypteris glanduligera 63.3
Tradescantia  pallida 95.1
Grass Liriope spicata var.Variegata 79.7
Ophiopogon  japonicus 65.0
Miscanthus 58.2
Fargesia spathacea Franch 42.0
Codiaeum  variegatum 66.6
Scheffera  arboricola 82.7
Camellia  japonica 40.9
Shrub Allemanda  cathartica 72.4
Ixora chinensis Lam. 62.9
Rhododendron  simsii Planch. 65.1
Ginkgo biloba Linn. 43.1
Ficus elastica 65.2
Sabina chinensis 51.9
Tree Ficus benjamina 65.6
Cassia siamea 62.0
Livistona  chinensis 51.9
Roystonea regia 54.7

Table 3.3.9 The density

of the collected samples

Type Scientific name Density (g/cm®)
Axonopus compressus 0.53
Parathelypteris  glanduligera 0.69
Tradescantia  pallida 0.84
Grass Liriope spicata var.Variegata 0.91
Ophiopogon  japonicus 0.66
Miscanthus 0.77
Fargesia spathacea Franch 0.76
Codiaeum  variegatum 0.88
Scheffera  arboricola 0.98
Camellia  japonica 0.95
Shrub Allemanda  cathartica 0.91
Ixora chinensis Lam. 0.84
Rhododendron  simsii Planch. 0.90
Ginkgo biloba Linn. 0.65
Ficus elastica 0.95
Sabina chinensis 0.80
Tree Ficus benjamina 0.89
Cassia siamea 0.90
Livistona  chinensis 0.98
Roystonea regia 0.95
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Table 3.3.10 The chemical composition (WT%) of the collected samples

Type Scientific name Cellulose | Hemicellulose Lignin

Axonopus compressus 20.7 179 119

Parathelypteris  glanduligera 23.5 4.6 14.9

Tradescantia  pallida 17.3 4.9 3.0

Liriope  spicata var.Variegata 21.6 3.2 9.8

Grass Ophiopogon  japonicus 27.0 6.4 9.8

Miscanthus 35.3 16.2 184

Fargesia spathacea  Franch Leaves 25.1 154 13.3

Stem 29.8 19.1 22.4

Mean 25.0 11.0 13.6

Codiaeum  variegatum Leaves 18.1 54 12.6

Stem 30.7 7.0 15.2

Scheffera  arboricola Leaves 15.6 7.4 134

Stem 274 116 149

Camellia japonica Leaves 14.5 9.8 12.9

Stem 16.8 114 31.1

Shrub | Allemanda  cathartica Leaves 13.9 6.8 10.4

Stem 40.2 9.7 11.3

Ixora chinensis Lam. Leaves 13.2 6.2 16.1

Stem 189 7.6 32.5

Rhododendron  simsii Planch. | Leaves 13.5 7.0 17.7

Stem 24.1 10.1 32.4

Mean Leaves 14.8 7.1 13.8

Ginkgo  biloba Linn. Leaves 9.8 6.0 14.9

Stem 195 6.8 29.5

Ficus elastica Leaves 17.6 6.1 16.8

Stem 21.0 6.9 23.1

Sabina  chinensis Leaves 15.9 10.1 17.9

Stem 18.1 11.2 34.1

Ficus benjamina Leaves 18.2 6.9 17.8

Stem 32.7 17.3 36.7

Tree Cassia siamea Leaves 11.7 10.2 12.7

Stem 21.8 10.4 175

Livistona  chinensis Leaves 19.2 10.9 10.4

Stipe 35.7 12.7 115

Roystonea regia Leaves 16.2 8.5 10.9

Sheathes 23.0 135 13.1

Stipe 31.9 13.3 14.2

Mean Leave 16.4 9.0 14.3

Stem 25.8 11.2 23.8

- 181 -




Table 3.3.11 The biomass digestibility (WT%) of the collected samples

. g Biomass
Type Scientific name Part digestibility (%)
Axonopus compressus 29.5
Parathelypteris glanduligera 18.9
Tradescantia pallida 20.9
Liriope spicata var.Variegata 20.6
Grass ; - -
Ophiopogon japonicus 28.7
Miscanthus 29.0
Fargesia spathacea Franch 239
Stem 25.3
Mean 24.6
Codiaeum  variegatum Leaves 18.0
Stem 22.4
Scheffera arboricola Leaves 16.1
Stem 225
Camellia japonica Leaves 14.4
Stem 155
Shrub Allemanda cathartica Leaves 13.3
Stem 17.2
Ixora chinensis Lam. Leaves 12.2
Stem 16.8
Rhododendron simsii Planch. 13.1
Stem 16.3
Mean Leaves 145
Stem 18.4
Ginkgo biloba Linn. Leaves 24.2
Stem 13.3
Ficus elastic Leaves 17.2
Stem 165
Sabina chinensis Leaves 14.9
Stem 12.0
Ficus benjamina Leaves 14.2
Tree Stem 15.7
Cassia Siamea Lam. Leaves 15.0
Stem 20.9
Livistona chinensis Leaves 18.8
Stipe 29.0
Roystonea regia Leaves 15.3
Sheathes 25.6
Stipe -
Mean Leaves 17.1
stem 19.0
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v}, Plant Selection Guidelines

(1) Executive summary

O This manual provides a general guideline for selection of plant combination and planting
strategy to enhance the environmental adjustment and carbon sequestration potential of rain
gardens in Asia. We have developed a database of commonly applied species for rain gardens
for Hong Kong and Seoul. We provided discussion on the literature to different selection
criteria, e.g., plant characteristics, environmental conditions, and plant variety, from the listed
plants species. Nine most representative species from the lists were chosen to demonstrate

how to use the manual for the construction of rain gardens.

(2) Selection criteria of plants

O Selecting suitable plant species for specific site of rain gardens ensures the survival and
sustainability of the rain garden. For this project, the selected plants should be able to adapt
and survive in Seoul or Hong Kong to promote carbon sequestration. The main principle for
planting is matching tree species with site conditions. Factors that affect plant selection for
the sustainability of rain garden include plant characteristics, environmental conditions and

plant variety.
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v}, Selected plants for rain gardens

O According to the above criteria, nine plants have been selected from different plant types and
was investigated in detail in this study through the analysis of their potential habitats,
survivability, and functions for the investigation and experiment performance. The 9 plant
species includes Rhododendron keiskei, Dianthus chinensis , Tradescantia pallida , Juncus
effusus, Camellia japonica, Zoysia tenuiflia, Lagerstroemia indica, Cinnamomum camphora and
Hemerocallis fulva. The plants are selected from different types, habitats and functions. The

detail information of selected plants is summarized in Species 1-9.

Species 1
Family: Ericaceae
Scientific name: Rhododendron keiskei
Common name: Yaku Fairy
Plant  type: Perennial shrub
Height: About 2-3 m
Distribution: Korea, China and Japan
) Hills and rocky places and
Habitat: )
cultivated ground
Medicinal
Functions:
Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y y
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 | 12
Flowering «l «l
Fruiting + + +

Features
White flowers

http://www.forest.go.kr/newkfsweb/cop/bbs/selectBoardArticle.do?bbsId=BBSMSTR_1036&mn=KFS
_03_02_01&nttld=3053172
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Species 2

Family: Caryophyllaceae
Scientific name: Dianthus chinensis
Common name: Rainbow Pink
Plant type: Perennial herb
Height: About 30cm
Distribution: Korea, China and Russia
) Stream side, forest and hillside
Habitat:
grassland
Medicinal
Functions:
Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l
Fruiting + + +

Feature

http://www.forest.go.kr/newkfsweb/kfi/kfs/foreston/main/contents/FrestExpltVhc/selectFrestStryDet
ail.do??mn=KFS_01_02_05_05_01&orgld=fon&tabFlag=1tabFlag=2&tlfrstSeq=176#1
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Species 3

Family: Commelinaceae
http://shflora.ibiodiversity.net/pa
Scientific name: ges/Tradescantia_pallida_Purpur
ea.html
Common name: Purple Heart
Plant  type: Perennial herb
Height: About 15 cm
S Northern American, cultivated
Distribution: ]
worldwide
Habitat: Tropical and semi-tropical areas
Functions: Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 | 12
Flowering NN N NN A
Fruiting
Feature

: F > d
o 3 ! i
Dark purple leaves with three-petaled flowers of pink or purple

http://shflora.ibiodiversity.net/pages/Tradescantia_pallida_Purpurea.html
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Species 4

Family: Juncaceae
Scientific name: Juncus effusus
Common name: Common Rush
Plant type: Perennial herb
Height: 25-100cm
Distribution: Korea, China and Japan
Habitat: Wetland
Medicinal
Functions:
Material (waving)

Tolerance
Pollution Drought Salt Waterlogging Cold
v v
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l «l «l
Fruiting ~ ~ ~ ~ ~

Cluster of pale brown flowers

http://shflora.ibiodiversity.net/Pages/Juncus_effusus.html
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Species 5

Family:

Theaceae

Scientific name:

Camellia japonica

Common name:

Japanese Camellia. Camellia

Plant type: Evergreen Shrub
Height: up to 7m

S Korea, Japan, China
Distribution: ) ]

Cultivated worldwide
Habitat: Woodland
Functions: Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y
Flowering and fruiting periods:
1 2 3 4 6 7 8 9 10 | 11 12

Flowering «l «l «l «l

Fruiting + +
Feature

Flowers of red, whiter or pink; Dark green and waxy leaves

http://shflora.ibiodiversity.net/Pages/Camellia_japonica.html
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Species 6

Family:

Gramineae

Scientific name:

Zoysia tenuifolia

Common name:

korean velvet grass

Plant type: perennial herb
Height: 5-15
China, Taiwan, Japan, Korea,
Distribution: Indochina, Philippines, Malaysia,
Indonesia
Habitat: Shoreline (Sandy Beach)
Functions: Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y y y
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l «l «l
Fruiting + + + +
Feature
Leaves

http://shflora.ibiodiversity.net/Pages/Camellia_japonica.html
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Species 7

Family: Lythraceae
Scientific name: Lagerstroemia indica
Common name: Crape Myrtle
Plant type: Deciduous tree
Height: Up to Tm
Distribution: Korea and China
Habitat: Woodland
Ornamental
Functions:
Material (wood)

Tolerance
Pollution Drought Salt Waterlogging Cold
v v v v
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l «l
Fruiting + + + +

Feature

Cluster of dark pink flowers

http://frps.eflora.cn/frps/Lagerstroemia%20indica
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Species 8

Family:

Lauraceae

Scientific name:

Cinnamomum camphora

Common name:

Camphor Tree

Plant type: Evergreen tree
Height: up to 30m
S Korea, China, Japan and
Distribution: ]
Vietnam
Habitat: woodland
Material (wood)
Functions:
Medicinal (source of camphor)
Tolerance
Pollution Drought Salt Waterlogging Cold
]
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l
Fruiting + +
Feature

Cluster of yellowish white flower

http://frps.eflora.cn/frps/Lagerstroemia%20indica
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Species 9

Family: Liliaceae
Scientific name: Hemerocallis fulva
Common name: Orange Daylily
Plant type: Perennial herb
Height: 30-60cm
Distribution: Korea and China
Habitat: Open field and cultivated ground
Functions: Ornamental
Tolerance
Pollution Drought Salt Waterlogging Cold
y y
Flowering and fruiting periods:
1 2 3 4 5 6 7 8 9 10 | 11 12
Flowering «l «l «l
Fruiting + + +

Feature

L

Yellow ﬂor

http://frps.eflora.cn/frps/Hemerocallis %20fulva
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