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Enhanced photocatalytic removal of
volatile organic compounds by
visible light-driven photocatalyst
combined Cu doped TiO, on activated

carbon fiber
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<Table 1-2> Technological characteristics of VOCs removal methods

Methods Efficiency Reuse | VOCs concentration
Incineration >99% (40 min) No 20%-25%
Condensation Moderate Yes High

) ) ) 100%
Biological degradation No <5000 ppm
(~7 months)
Absorption - Yes -
Adsorption >90% Yes 700-10000 ppm
Plasma catalysis 74%—-81% No -
Photocatalytic oxidation 100% (15 min) No —
Ozone-catalytic oxidation 100% (2 h) No —
Membrane separation — Yes <25%

Source : X. Zhang, B. Gao, A.E. Creamer, C. Cao, Y. Li, Adsorption of VOCs onto engineered
carbon materials: A review, J. Hazardous Materials, 338, 2017, 102-123
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LYLERIIE = CIRAEQ HHES HREEe stz ME, EH, 25 £ A
EO2Z2H O0RHACOL LM UCH61-63]. A= FH HEM OHE HEE=
FEdRISESS 22 OHAEE 4LtEtE E(Asphalt blowmg process)HI Al 27 kg
VOCs/m®’, D28 (coking)lAl 04 kg VOCs/m’, =0H=06HE A (Catalytic cracking

process)0l A 0.25 ~ 0.63 kg VOCs/m’22 LM UCH64-65]. LR CIR H2E
MNMEE [l HES2RH SEte =2 FALdRIIsE=S2 0L R H(isobutene), n-

£ Et(n-butane), E &l A-2-F Hl(trans-2-butene), n-H Et(n-p entane) 8l &Hl(benzene), & F A
o

(toluene) St 22 C4 ~ C72| L2H(alkane) Ut L 2l(alkene) ¥ L= 2ESZ 2
N UCH66-67]. =80 22X LR NHOZRH LMol=s ALYLRIISEZ2 S
Bt JAXH £Jt 10 0|22 SEE29 ?é—cv’— Cl&E XA LMctE LERIISHE
=1 ststAE X440l IH S AtotH, 0l € &l(ethylene), Ol A HlEt(isopentane), Bl &l =
S S0l =2 I 2Z0ICH 22t 2 FALHERIISS 2SS AR 0M
A&z HiEtle LERIISHE=S0I0 = oh(hexane)Ol JHE 0| BIESEIAD

|
0 = AtO|=Z 2! &t(cyclohexane), HlEH(pentane), 5 Ef(butane), 0| 2l Et(isopentane), n-
&l Ef (n-heptane), 0l E AtO| 2 2 & &H(methylcyclohexane), 2-0 € Hl EH(2-methylpentane), =
S P (propane) =22 0| HHE=LLE HAFE =8 20N 2dEH= =R LR
ISISE2 =2 C3 ~ Co RS 22t 22 & C9 Olote] HeE SES=Z=M S=F
ol BilAl n-2E T2 E p-BIE S0| 20| BHEZ D UCH 2
o B2 F=2 wmp-ALd(m/p-xylene), =FAU, o-Atdl(o-xylene), OIE
(ethylbenzene), AE|&l(styrene)dt 22 C7 ~ C8 H&E 220| HE=ECE A2
2 1-2

o
[EF HIH

T

O rE H1 N
=

0

HM BHEE = EHRIISEE2 S, O|AHE, HIHE] gl (1-butene), m/p-At
e, gdd, n-HE 1,2,3-E2|0E Y H3I(1,2,3-trimethylbenzene), n-2& 2 2-0|E
HE S0l ULt € 8 SHUA= EFAN, m/p-ALel, 1,23-EC/HE A, HIF,
1-28, HEeE, AE|el, o-At2el, =SEH(octane) 0| BIEE D, H2t 48 SFH0
Me S2d, YA O|AHEH o- el mp-Ktel, HET,  AgE, 1-28, n-H

_’]3_



Other
0.0%

Non-road transport
2.0%

Industrial processes
15.1%

Energyusein
industry

1.6% [ A - Waste

Agriculture
4.8%

<Figure 2-1> Sources of VOCs in Europe

Source : European Environment Agency (EEA), 2009
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<Figure 2-2> Sources of VOCs in USA
Source : US EPA, 2009
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<Figure 2-3> Sources of VOCs in Korea
Source : =T HUIEEE, SH L2, 2014
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industrial Environment emissions VOC
workplace vVOC

L] L

Feedstock Product Use — Environment
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<Figure 2-4> Schematic of the VOC emissions from the product manufacturing to its

final use and disposal
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Health effects

- Throat irritation and
and taste of drinking water

shortness of breath
adversely affects the odor

- Eye irritation

- Central nervous
system depression

creativity potential
- Potentially carcinogenic and

and skin
- Nasaltumors

- Irritation of the throat, eyes

- Predecessor of ozone
- Photochemical ozone

Sources
bio-waste decomposition
pharmaceutical and perfumes
- 16 -

adhesives fabrics and
- Biomass burning

printing ink
- Organic intermediates of

materials
- Cosmetics and plastic

- Cosmetics and personal care
products

- Decorative and construction

- Degradation of VOCs in
multiple steps oxidations

- Petrochemical syntheses

- Production of varnishes

- Syntheticresins, adhesives,

- Antiseptics
- Preservative

Representatives

Methanol
Ethylalcohol
Isopropylalcohol
Formaldehyde
Acetaldehyde
Propylene
Ethylene

Alcohols
Aldehydes
Alkenes

<Table 2-1> List of sources and health effects of typical VOCs

Classification




- Petroleum products - Carcinogen
. Benzene - Incomplete combustion of - Damage the ozone layer
Aromatic .. .
compounds Toluene liquid fuels - Produce photochemical
Ethylbenzene - Adhesives smog, and pose mutagenic
- Lacquers hazards
Carbon tetrachloride - Strone bioaccumulation
Chlorobenzene - Chemical extractant oten%ial umd
1,1,2-Trichloroethane - Paints p .
Halogenated . - Acutetoxicity
1,1,2,2-Tetrachloroethane | - Adhesives .
VOCs . - Destruction of the ozone
Trichloroethylene - Polymersyntheses
. . - Cause greenhouse gas
Tetrachloroethylene - Water purification systems
X effects
Dichloromethane
- Irritation of eyes, nose, and
Acetone - Varnishes, window cleaners, throat
Ketones . . . - Central nervous system
Ethylbutylketone paint thinners, adhesives .
depression
- Headache and nausea
- Release from creosote and
Polycyc_hc Phenanthrene 1nc0m_plete combustlon_of _
aromatic Pyrene organic matter, coal, oil, - Carcinogen
hydrocarbons e and bi
ofuels
Source : X. Zhang, B. Gao, A.E. Creamer, C. Cao, Y. Li, Adsorption of VOCs onto engineered

carbon materials: A review, J. Hazardous Materials, 338, 2017, 102-123

Oleigt Mo CHE Rold A0 LERIIsg=E2e 45 2E OtY, XA+
23, 23E AR 5o FHoZ UM UCHSS-86]. HEdl, =c2I& HIAH, 2
Ehe B2 S 22 UEA W MA HEA THAUZX 20 8FAHNK 0l =6t
FLLERINE=S d5H2 LESE ItUdote S22 sttt S5l 22235 Y
d7JlstgE20l =2 Olelgt dgs o= 0 = ZSCcS=2=20E
(Polychloromethanes, PCMs)= NM& &0l & 225 |LHRIISS =00 0l= 2t
ME =S8 s, =48 sS4 2 Zof g4 S22 QI6t 2& MEfH 0l =olot
0, L& S A7 230 2 = 0I&ICH £t ZELOGE 2 OtMEL
HolES 22 LUt ALdRI|ste2 A & SIdn 22 Hes gy
FIIstet= S ground-levelOlA 2] @& 40 F&sS == ctUZ H-4de JLIO0IT
[87-89].

<Table 2-2> Lifetime for volatile organic compounds with respect to photolysis,

reaction with the OH radical, reaction with the NO; radical, and reaction with O;

Lifetime due to
VOCs
OH? NO;” 05 Photolysis?”

Propane 10 day ~ 7 yr >4500 yr -

n-Butane 4.7 day 2.8 yr >4500 yr -

n-Octane 1.3 day 240 day - -
2,2,4-Trimethylpentane 3.2 day 1.4 yr - -

Ethene 1.4 day 225 day 10 day -

Propene 53 h 4.9 day 1.6 day -

_17_



trans-2-Butene 22 h 14 h 2.1 h -
Isoprene 14 h 50 min 1.3 day -
0-Pinene 2.6 h 5 min 4.6 h -
Limonene 50 min 3 min 20 h -
Benzene 9.4 day >4 yr >4.5 yr -
Toluene 1.9 day 1.9 yr >4.5 yr -
m-Xylene 59 h 200 day >4.5 yr -
1,2,4-Trimethylbenzene 43 h 26 day >4.5 yr -
Styrene 24 h 37 h 1.0 day -
Phenol 53 h 9 min - -
0-Cresol 33 h 2 min 65 day -
Formaldehyde 1.2 day 80 day >4.5 yr 4 h
Acetaldehyde 8.8 h 17 day >4.5 yr 6 day
Butanal 59 h - - -
Benzaldehyde 11 h 18 day - -
Acetone 53 day >11 yr - ~ 60 day
2-Butanone 10 day - - ~ 4 day
2-Pentanone 2.4 day - - -
Glyoxal 1.1 day - - 5h
Methylglyoxal 93 h - >4.5 yr 2 h
2,3-Butanedione 49 day - - 1 h
cis-Butanedial 2.6 h - - ~ 10 min
cis-3-Hexene-2,5-dione 2.1 h 1.5 day - ~ 30 min
cis, trans-2,4-Hexadiendial 1.3 h 8.8 day - 1.9 h
Pinonaldehyde 29 h 2.3 day >2.2 yr -
Methanol® 12 day 1 yr
Ethanol 3.5 day 26 day - -
2-Butanol 1.3 day 17 day - -
Dimethyl ether 4.1 day 180 day - -
Diethyl ether 11 h 17 day - -
Methyl tert-butyl ether 3.9 day 72 day - -
Ethyl tert-butyl ether 1.3 day 4.2 day - -
tert-Butyl formate 16 day - - -
Methacrolein 4.1 h 11 day 15 day ~ 1 day
Methyl vinyl ketone 6.8 h >385 day 3.6 day ~ 2 day
Ethyl acetate 6.9 day 10 yr - -
tert-Butyl acetate 21 day - - -
Linalool 50 min 3 min 55 min -
6-Methyl-5-hepten-2-one 50 min 4 min 1.0 h -
3-Methyl-2-buten-3-ol 2.1 h 3.8 day 1.7 day -
Methyl hydroperoxide® 2.1 day - - ~ 5 day
Ethyl nitrate 66 day - - ~ 7 day
2-Butyl nitrate 13 day - - 15~30 day

a) For a 12-h daytime average OH radical concentration of 2.0x10° molecule cm™,
b) For a 12-h nighttime average NO; radical concentration of 5x10° molecule cm™.
¢) For a 24-h average O; concentration of 7x10'! molecule cm™.

d) For overhead sun.

e) Wet and dry deposition also expected to be important

Source : R. Atkinson, Atmospheric chemicstry of VOCs and NOy, Atmospheric Environment, 34,
2000, 2063-2101
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22, FlEARIIstEE HNAHE RS H=0 &t& D=
2.2.1. Ol &FSHEIEHS(TIO,)

Ol &t2tEIEI=E rutile, anatase, brookite?t 22 3t =2 2X& FEHE AT
Olcdet Ctet ststd AxE= 28 AXE2 A0lst S40 20 422 IHAESE
StCt. Rutile L= O tE S P2X0|0H, anatase &= 11 nm O|ot2] & XAH0Il A
S 2 tEE= Z202I0H90-93]. Oledgh OIMStEIEtE2 2= HEHAN S ML
EIEts 0I2(Ti") At 02072 ZE EHol et ZetiIch 2 X0 T2
S8 Z Gt <Table 2-3>%t <Figure 2-5>0{l LIEHLH RULCH.

<Table 2-3> Properties of crystalline forms of TiO;

. Crystalline Forms
Properties . .
Anatase Rutile Brookite
Crystalline structure Tetragonal Tetragonal Orthorhombic
a=9.166
) ] a=b=3.785 a=b=4.594
Lattice constants (A) b=5.436
c=9.514 c=2.958
c=5.135
Density (g/cm) 3.78 4.23 4.17
Band gap (eV) 3.2 3.0 -
Refractive idex (np) 2.488 2.609 2.583
Standard heat capacity, Cp 55.52 55.60 -
Dielectric properties 55 110-117 78
] o Turning into Turning into
Melting point/ C . 1,860 .
rutile rutile
Boiling point/ C 2,500 ~ 3,000 at pressure 760 mm Hg

Sources

1. https://pubchem.ncbi.nlm.nih.gov/compound/titanium_dioxide#section=Taste

2. https://en.wikipedia.org/wiki/Titanium dioxide
3. N. T. Nolan, M. K.Seery, S. C. Pillai,

Spectroscopic Investigation of the Anatase-to-Rutile

Transformation of Sol—Gel-Synthesized TiO, Photocatalysts. The Journal of Physical Chemistry

C, 113(36), 2009, 16151-16157
4. Y. Hu, H. L. Tsai,

C. L. Huang, Effect of brookite phase on the anatase—rutile transition in

titania nanoparticles. Journal of the European Ceramic Society, 23(5), 2003, 691-696
5. B. Parasai, B. Cai, M. K. Underwood, J. P. Lewis, D. A. Drabold, Properties of amorphous and

crystalline titanium dioxide from first principles, J. Mater. Sci.,

_’]9_
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<Figure 2-6> Applications of TiO, photocatalysis

K. Nakata, A. Fujishima, TiO, photocatalysis : Design and applications, J. of Photochemistry and
Photobiology C : Photochemicstry Reviews, 13, 2012, 169-189
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stetoz M 20 242 NBHLZ RAGH)| |8t ChYst E280l AIEE D U
CH106]

@ HZ=s &8 &t

H=2= 20120 28 e T2 U252 84 ZH0| OIA&SHEIEt=s2l JtA
AHCH 2 <10l &3] 20 e E2XH3I ZALEACEH EEA ), Z2AN), () S
= HIXst Oet H35 =&==01 OlASIEIEI=2 SE & 2S00 45 S4S
et S ESEM HRLZ/ULH HIZH 80I=22 =M= OIAS}EIEI=S| anatase w2
o HIES SJtAIZ11, Ol4tstEIEtsSl 28 AJIQ 4= AMGtH, HIEHES
SIAIZICE E£8F HIZ2% S0zl Td2 ML XXMz 0|AMSHEIEIS2
band-gap HILHXIE 3l TEE OIAMTEIEIES S AHEHS HM 0|S0 K
2 0I&ICE Oldst &A=z O[AMSIEIENES OHE AEE XA IH0M Ot
ANBE 9oz 0lSAIHA OIASHEIEI=E2l 2 =0, 238, Z2MI|sss 428 &
&t AI21CH107-108].

=25 2 U250 28 0l4tStEIEts &2 Jl=2 Ol4tstElEtse 2&H 2 A
& HES & AZ =0 otLich 2=0E SHETE SAANT2ZM FE0HE A
s HE0 s LE=E HAH Jl=0 =ReH df0let) & = UL

<Table 2-5> Doping materials and preparation methods of doped-Titanium dioxide

photocatalysts
Kind Doped ) . .
of dopant | element Preparation method Potential application
Silver nitrate was mixed with reduction agent
(sodium citrate tribasic dihydrate) and the
reaction temperature was raised to 80 °C with Degradation of
Ag continuous stirring. Then TIP and HNO; were nitrophenol in
added and the reaction was maintained at 50 aqueous phase
°C for 24 h. The prepared sol was dried at
105 °C for 24 h and calcined at 300 °C.
Metal
dopants The reactive magnetron sputtering method:
99.99 9% titanium target and 99.9 % iron
- pieces were placed in the reaction chamber Wastewater
and mixture of argon and oxygen was decoloring
introduced into the chamber during
discharging.
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Sol-gel  method Solution 1  (vanadyl
acetylacetonate dissolved in n-butanol) was
mixed with solution 2 (acetic acid in titanium
. Wastewater
v butoxide) and hydrolyzed (24 h) by the water )
. . . . decoloring
generated via the estrification of acetic and
butanol. The suspension as dried at 150 °C,
pulverized and calcined at 400°C for 0, Sh.
Titanium(IV) butoxide dissolved in absolute
ethanol was added to solution containing
A tetrachloroauric acid (HAuCl,-4H,0O), acetic Wastewater
u
acid and ethanol. The resulting suspension was decoloring
aged (2 days), dried under vacuum, grinding
and calcinated at 650 °C.
Photoreduction process: TiO, was suspended in
a mixture of hexachloroplatinic acid in
= methanol. The suspension was irradiated with Wastewater
a 125 W mercury lamp (60 min.). Pt-TiO, decoloring
was separated by filtration, washed with
distilled water and dried at 100 °C for 24 h.
Titanium nitride (TiN) oxidation : Heating of | Photooxidation of
TiN at 450-550 °C for 2 h in air (heating and | aromatic compounds
cooling temperature rate: 2 °C/min). (e.g. toluene)
N
) ) . Photooxidation of
Treating anatase TiO, powder STOl in the .
acetaldehyde in
NH; (67 %)/Ar atmosphere at 600 °C for 3 h.
gas phase
S Oxidation annealing of titanium disulfide (TiS,) Wastewater
Nonmetal at 300-600 °C. decoloring
dopants

Hydrolysis of Ti(SO4), in NH;
solution. Precipitate was centrifuged, washed

with distilled water and alcohol. Obtained gels

aqueous

were dried under vacuum at 80 for 10 h and
were ground to
was calcinated at 400-800°C in air for 3 h.

obtain xerogel. The xerogel

Photooxidation  of
volatile compounds
in gas phase
(e.g. acetone and
formaldehyde)
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Sol-gel method: TBOT was hydrolyzed in the
presence of ecthanol, water and nitric
acid;precipitated titanium hydroxide was dried
at 110 °C and calcinated in air at 150-200
°C.

Degradation of NOx;
Wastewater

decoloring

Acid-catalyzed sol-gel process. Alkoxidide
precursor was dissolved in corresponding
alcohol, mixed with hydrochloric acid aqueous
solution. Obtained gel was aged for several
days and calcinated in air (3 h at 65°C and 3
h at 250 °C) and grounded.

Photooxidation of
phenol compounds in

aqueous phase

Anatase TiO, powder (STO01) was grinding
with boric acid triethyl ester and -calcinated
in air at 450°C.

Photooxidation of
phenol compounds in

aqueous phase

Sol-gel method: TIP was hydrolyzed in the
presence of isopropanol and water, After
hydrolysis  phosphoric acid was  added.
Dispersion was stirred for 2 h, centrifuged at
3500 rpm and dried at 100 °C. Obtained

powder was calcinated at 300 °C.

Photooxidation of
phenol compounds in

aqueous phase

Source :
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Of HHOZ =L =3 =A% BtSot =4t 2tCZ2ES M A Sl (<Figure
2-8> &)
A
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Conduction band
Band gap (3.2 V)
Valence band
H,0, OH-

<Figure 2-9> Schematic of photocatalytic reaction of TiO,
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M 3 & g4 2d
3. 87 M=

Ol4totEIEts 2= 242 RIotH AIEE S22 S0 ElEtsHECHIAEZR
AtO| & (Titanium tetraisopropoxide, TTIP), & &F2[(Cu(NO;)*6H,0), 0l &t =(C,HsOH),
4 AHHCI), OFM E&HCH;COOH), #IEI(CeHy), S 2 0(C,Hy), LIE 2 ¥ EI(CH;sNOy),

ASHLEES(NaOH), HotsteA(H0,)= HE3Hst S & (Daejung Chemical and Metals
Co. Ltd)UHIM FLOIRULE L= EUNZ2 E0l2=(Deionized water)ES AtEot KMlE
CUOD RE SIEAES reagent S22=2 O 0IA2 AN 80l MEBZUCH &4

_i
EAHKRACH=E =2 Kuraray Chemical Co., Ltd.OIM ZLSIF[H 1 Ha2
<Figure 3-1>0 LIEHLHRUCEH

4. PROPERTIES OF KURACTIVE

1. Typical Properties

Grade
; 10 15 20 25

ltem =

Total Surface Area mig 1,000 1,500 2,000 2,500

Pore Radius A a9 12 16 22

Pore Volume mil/g 0.22 0.50 075 1.20

Benzene Adsorption Wt % 22 45 65 a0

lodine Adsorption mg/g 950 | 1.550 2.000 2,400

Methylena Blue mi/g ’ 0 270 340 280

Decclorization ‘ |

PH 7 Fi 7 7

Ash Content % 0.03 0.03 0.04 0.05

Igmnition Point T 470 470 470 470
2. Fiber Properties

Kuractive, which is even highly activated with total surface area more than
1500 ™/, has strong tensile strength as fiber. This is the feature inherent to

Kuractive which can not be attained by other activated carbon libers

KURACTIVE
Fiber Tensile et | venea Specific Bulk
Diameter Strength 0 RERARAEY, Gravity Density
i) (g /) (%) g/ e ) 1 9/mt) (g /ad)
1,200
1 el . o A 1 1
a8 Q 30 ] 2~3 1.400 5 8 001-0.2

<Figure 3-1> Properties of used ACF

Source : Kuraray Chemical Co., Ltd.
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ACFE Zs0H &40 AtEot)l & &Xel SHOA 30 mm x 30 mm FJ[2] HAt
2920z M2 === 0 Xl A2 = 80 CTOHA 12 Al2t S AXZAIRLCH
AXE ACFE 0E=(99.6 %)l &1 =30t MED| WA 30 CUHA 20 2 S

re

a
0/0
o

| 2,80 TO LE QS0A SAI2 SO AFAIRUCL AXIE 28
(ez]

2
ACFE ZAROA 2 A2 SO 200C 252 JIE5104 HHO 222 KHE &
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L

3.2. Cw/ACF, TiO,JACF & Cu-TiO,/JACF &« ¥
3.2.1. Cu/ACF &4 &¢H

B 30 mmx 30 mm 3J|2 ACFE 50 M2 0.5 M Cu(NOs), U0 12 A2+ SO
A20MN Z2XIGHH ACF2 EHO Cu 0I22 EFAIZLCEL 0] & Cu 0|20 =&
ACFE 100 CTOHIM 24 AlZF SO JtZst ChE 500 T2l A2 OtHIA 2A12F S0t
AEAIZCH Ol MAE Cu/ACFE 80 CUHIA 12 Al2t St AXx & B2 &t

O da & S4ds 206t VOCs MH A0l AHS6HRULCH

12N SR H2 9%

05MEHTA 29+ 100 TOLH 20 A2 59} 500°C HAROH 2 A2 501 A% ‘Bu COIA 12 A2 591 2% 8

30 mx 30 m ACF

<Figure 3-2> Synthesis method for Cu/ACF
3.2.2. TiO,/ACF &4 &gt

5 me TTIP M| 14.5 M2 OLHIEAF (99.8 %)2
HIIOIQULCH 82HE 283 IJt==2ol oIl |IotH &&222+1 CT)HAM 30 = =0t
KALCH Ol = 30 mm x 30 mm 3J|2] ACFE SAdE 4% MU €2 U3 30
o =31t XMelE otCH =30t M2l E ACFE WEt==2 o xtdl A= st
80 CTOIM 8 AlZt=0F HAXAIZI = TiO,2 Z2&SE <ot 500 T2 EAZ0

30tot) OlEt=E &9 100 me

X4 HD B o
0
o -_—

HEHEZ +AH 4y

T5uTTP+ 1450k OIMEN +1000 0IES S0m x 30 m 29 ACF 2R

80 COIA B AIZHEO AT 500 CY ZAZOMH 5 NS 24

<Figure 3-3> Synthesis method for TiO,/ACF
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3.2.3. Cu-TiO/ACF &4 2d

Ol82 TiO/ACF2 gfd 28t Ot&IAIZ 100 M Gilgt=, 7.5 M TTIP, 14.5 me

OtMIEAF (99.8 %)E A2 = E&22l(0.5 M) =N 50 S &It 2241 Tl

M 30 2 Set Wetotth 2dE & S0 30 mm x 30 mm 3J|2|] ACFE & X

AL 30 = St =8 S ACFE OIgt==2 0 Xtdl AIEGH &%

ALOIOI EMot= el TTIP & 2ME HHet TS 80 CTOHIA 8 AlZt S XAl

ZLE Cu-Tio,2l Z2E3IE ?IotH A= Cu-TiOJACFE 500 T2l EAZ0AM 5 Al
Zl o

S0 A AIH u-TiOo/ACFE 2ot AL

HU 40
o)

o
ESES

HEEE A HH

22£1 COHIA 30

75 TTP+ 1450 OUISAH 100 18 O)EHE 30m x 30w 2019 ACF A7 80 COIK B ARIZOH AT 500CO ZLR0H 6 NS 24 ‘

+ 50 nf BA12/(0.5M)

<Figure 3-4> Synthesis method for Cu-TiO,/ACF
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ﬂ
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3.3.1. BET
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—

2 BET(Brunauer, Emmett, Teller)
K Ch. Brunauer, Emmett, Teller2| Al 1t

ﬂ

Ie]

27|7](Model ASAP 2020)2 E35l01 =&
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<Figure 3-5> BET analyzer (Model ASAP 2020)
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3.3.2. SEM-EDX 24

= At& A+ 01 B (Scanning  electron microscopy, SEM, Model Hitach S-4800, 2 kVO0il Af
| 20 229 H=H e &

o = AMEot= 24 HHIO0IH, =Z2 SH
(221 ¢ 2eHol st EEE 2= = UL E£8 U X2 4HE E H (Energy
Z & el SEMS AI20t0 HEE = &2 J20l

=
[Het 214 X8 242 28 & 2 AUCH

<Figure 3-6> SEM-EDX analyzer (Model Hitach S-4800)
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3.3.3. XRD &4

X4 3| &E(X-ray diffraction, XRD, Model D8 Advance) @42 Z2E A 322 4
2 Y 240 A=E&Z= "oty Jl=0ICh 242 30|, 284, ¥ o 4
Sg& ol o] A X5, 23 X L JIEF 2H DK Ha0 st 32 o
= & ALL XRD HHEE2 40 kV =8, 40 mA E=HFUHMNH Cu Ko (A=1.5418
Ay SAES AFESBHH 10~80 °2f 2 6 HRIOA X& IIZEAHON 250 2AH01 &Y
EICt

I

<Figure 3-7> XRD analyzer (Model D8 advance)
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3.3.4. XPS =4

X-ray photoelecron spectroscopy, XPS, Model Thermoscientific

~

X ZEL 2EHY

K-alpha)2 A2 HHONAM X&HS Aot &AL H=EEEE & = 1 SE4d2 =2
Mot HE 24 JIgOICh &R 2 luXes &4 WX 242100 26tH
S0 2T ZE UXe 2 MIIZRH A0 24, stst™ AR,
L0 AUE =ZIF Hat Z SHECHL XPS 242 Al Ka(1486.6 V) X& =S
MESIH =HEJU2H, EAIH= 300 un, ZAF ABEY = 3, S HUHX=
200 eV, A HHE=E 0.05 eV OIRULE AMEE Q49 IFdls AHEHS J|SE
=, AM 2= 10 3, S3 WX 50 ev, A2H SAH 0.1 eVIE AFEEIACE CIO0IH
EZ 28 2 Advantage (Thermo Scientific) 2ZEHYHE AIZE0IH =T AL

<Figure 3-8> XPS analyzer
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3.3.5. UV-Vis &4

) S A
g s+

s

o

Sd2 A20M XAd-ItAIES &t 2 - (Ultraviolet-Visible  diffuse
spectroscopy, UV-Vis DRS, Model Cary 5000)= AFZ3tH 200 ~ 800 nm2

reflectance
o SS90 SHOIR LD, 1 23 8t B2 22 Plank SA2 AIE5H0 band-gap
Xl gt=S HAHoEACH
E=hxC/\ 9)
E : band-gap Ol Xl(eV)
h : Plank &2=(6.626 x 107* Js)
C : 2Ol £ (3x10° ms)
A o ZXel O (nm)
*1eV=16x10"]
Band-gap OILiXI= £ 8 Kubulka-Munk &f+E HESCEMN 4k BHAL AHEHO
ZRH SHE = ULH, =22 & S+= U39 &+ MESIH 2Atst 2 =+
ULH.
F(R)=(1—RY/2R (10)
R=BtAl =

<Figure 3-9> UV-Vis analyzer
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= HH0AM gd=e 2= Z=0 =20l Uist BET =4 Z 1S <Table 3-1>0i
LIEILRICH 2 U384 FXE JtNl= ACF2 HIEHEZ 1450m /gL 2 UE 2=
S2S20 JtE IAH U220, Cu/ACF, TiOJ/ACF, Cu-TiO/ACF2| HEHAZ 212
1,417, 1,406, 1,398 m /g2 ACF HH0U ===0 0 WOct Lot &=
2L deit & 8= F1l= ACF 091 cm/g, Cw/ACF 1.03 cm/g, TiO./ACF 1.08 on
/g, Cu-TiO/ACF 1.12 cn/gQ 2 HHA Aot BHHZ Siole &S 2L HH
A0l HdaoteE 42 MANELE 2dAaE I HEE2E MR HIN(X 2 ~ 4
%) 20 Al 2 AN22 BHEHEC 0|2 BHHZE 3= 212 SJt= =0 23
%I SIotALM 0l= CuO & TiO It ACF2l B3 MR= 40l 2ot =
=8t ACF 20 O =2 == €40l et ddHEe 8= 2Lt Sitote A
OZ BHECH113-115]. dMECE SZE Hgs B8 HHAY AR0Us & 2 ~
4 % B Z2A0[2U 5= Rlle 2 13 ~ 23 % % SItotdch olHdsh 21t
2 20t g 2= =22 LE=E==S S¥Y =8 2SS 2ERotl
AL Lot U= St 83 RlIIZ2 2ot @LF=ES2 &% 280l =8 ACF
20 0= =08 A2 WA= T116-119].
<Table 3-1> BET results of photocatalysts

Materials SpET Simic Simes Vi Ve

(M/g) (M/g) (M/g) (om/g) (om/g)

ACF 1,450 1,291 159 0.91 0.68
Cu/ACF 1,417 1,204 213 1.03 0.57
TiO»/ACF 1,406 1,101 305 1.08 0.51

Cu-TiO,/ACF 1,398 997 401 1.12 0.43

Sger @ specific surface area, Smic : micropore specific area, Syes : mesopore secific area,

V; : total pore volume, Vi : micropore volume
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3.4.2. SEM-EDX &4 Z 1t

FEQ) SHO| 84 MO ACFO X HEHE 245D 2I5t0f SEM 2AS A
MBHSACE <Figure 3-10-0Il A BHOIE & AUSO0| =48 ACFOl HBS 2=y )

UNIST 10.0kV x500 SE(UL) 07/24/2017

m@kv X500 SE(IJL) fabpot B
<Figure 3-10> Results of SEM
(a) : ACF, (b) : Cu/ACF, (c) : TiOy/ACF, (d) Cu-TiO,/ACF

<Figure 3-11>0l= ACF Z20| &XMot= =&2=0l tiet EDX &4 Z1UE UEHUHR
Ch. ZU0lA = = UXO0l ACFOl EIt= =20l et 28 =20 e T3t U
Ett2M, ACF HEHH0 =& Ti, O, Cull EME &olg = JUCH Olo et
CwACF, TiO)/ACF, Cu-TiO/ACF && MHEUHA ACF HHO0l Cu, TiO,, Cu-TiO,2
0| 438222 0IFH[UCHD BHHECH120-121].

ol
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<Figure 3-11> Results of EDX
ACF, (b) : Cu/ACF, (c) : TiO,/ACF, (d) Cu-TiO,/ACF
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3.43. XRD &4 Z1t

XRD AHEHHOZ FFHE ZF0/ACF 222 & FEXE IHYGHACH<Figure
3-12> &), 2 6 =201 A T3 2= MENM LHEIS2H Ol HIZE &L
ZA3MEZ UEFSCH120, 122]. CW/ACFOIA LIEtEE 2 6 = 43.8 M2l Tld= CuO
O £& 1Ul3O0IC}. TiO/ACF XRD Z MO0IA 25.1 °, 374 °, 472 °, 74 °2| 2 © gt
N Zst T30t LEtS=0l Ol= anatase +X2| TiO,E LIEILHDG, 52.8 © & 62.4 ©
o 2 60lA LIEIE OI32= rutile +22 TiO,E UEHH= S& 113 0ICH123-126].
Olefst Z3It= Tio, 220l ACF HYW 382z JEGIUS= 2l0I&tCh
Cu-TiO/ACF2| &= TiO/ACFOlA LIEHH A Ol S A8t anatase ¥ rutile TiO,
Of CHst WAJF ZGHH LIEHS2M, 43.2 °2] 2 © BtUHlA LIEY T3 =2 Cu0l &
MHE EQIGHAULCE GIIUA 2 © 8t=0| TiO/ACFS gt=EC
Olsol LiEtLi= d&s 2’ =0 Ol Cult TiO,2 Z2Eg2e=z ¢l

LHOIA @H=01 MACts XS LIEFHCH127-129]. ZUECZ Z=E0 =

o = o

HUEH €34

o

F 2010

Intensity (%)
Tntensity (%)

vl b b by bl s b b beaa b breaa b L 1 1 1 L 1 1 1 L 1 1 1 1
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 10 15 20 25 30 35 40 45 50 55 60 65 70 s 80

2Theta (degree) 2 Theta (degrre)

F© F @

(%)

Tntensity (%)
ntensi

L I I I I I I I I I I I
0 15 20 25 30 35 40 45 50 55 60 65 70 75 80| 0 15 20 25 30 35 40 45 50 55 60 65 70 75 80|

2 Theta (degree) 2 Theta (degree)

<Figure 3-12> Results of XRD
(a) : ACF, (b) : Cu/ACF, (c) : TiOy/ACF, (d) Cu-TiO,/ACF
* (A) : Anatase, (R) : Rutile
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344. Xps =4 21t

ACF, Cu/ACF. TiO»/ACF, Cu-TiO,/ACF2| st&tA A& 2 4Atat MEH0 e 22 S

2Jl ?Iot XpS 4= 2 AIGHULE <Figure 3-13>0lA =0l =~ UXO0| ==5t

ACF2H HlW Gt Cu/ACF, TiO,/ACF, Cu-TiO/ACFOIM= Cu & Ti UI=2Jt LIE
P

Ol=2 ZEME WY = URALH <Figure 3-13 (e)>0ll A TiO/ACFO| et Z2UE =
Oloff 2™ 45856 eV X 465.72 eV ZEUHUXONA Zet L3I LIEHGSS

Ti*el SEHel Ti 0l201 EMot= S <0ISCh GHXIRH <Figure 3-13 (H>0lA L
Etth Cu-TiO/ACFOl CHEF XPS & o3
2l Xz 8 S2EHO Ues HS =Hog = UU2LH, Us Ild =45 A
20 TP0l CHsh M3S =olg & JAJACH Cul T2 Tio, *=0 Z&s °

& s
1 At Z2E0 Qo TiYE T2 SRAID|E 2SS &thH127]. Ti'E TiYEC
i =l

921

W
2o jo o

e 22 ®RE 2Rt BB O 8 48
JED
Z =)

934.1 eV

oot HZ20M 2 g2 0IXI] W20 82
SHANAID|E ZIE E&8 2 QCh L8 <Figure 3-14 (g)>0lA
55.7 evVel Z8 OIUXIOA 22t Cu2p 3/2 L Cu2p 1201 CHE6E
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3.4.5. UV-Vis
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42.3. QA/QC
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<Figure 4-2> Calibration curve for VOCs

(a) : Benzene, (b) : Nitrobenzene (c¢) : Toluene
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<Figure 4-3> Effect of light for evaporation of VOCs
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43, agd Z1t
43.1. pH H3H0I 12 VOCs MIH &2

VOCsJt ZEgh=
VOCs M &=

oHO| pH ®3H(pH 4.0, 6.0, 8.0, 10.0)0 [}2 &S Z=IHSO
SOISICH &S0 BrES= |s &3 A 80l ACF, Cu/ACF,
S MdHiz =D ot & XA 810l 60 & =
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<Table 4-2 (a)> Removal efficiency of Benzene by ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 9.2 18.1 243 22.1
Dark condition

-20 11.4 21.3 32.4 30.2
0 13.5 29.3 36.4 33.6
10 13.8 29.6 36.5 34.7
20 14.1 29.7 36.6 34.8
Visible light 40 14.6 29.9 36.6 34.9
60 14.8 30.0 36.6 34.9
120 14.9 30.1 36.8 34.9

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 = 1 C), visible light >400 nm
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<Figure 4-4 (a)> Removal efficiency of Benzene by ACF in pH variation
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<Table 4-2 (b)> Removal efficiency of Benzene by Cu/ACF in pH variation

Removal Efficiency (%) in pH of solution
Light condition Time
pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 14.0 21.6 29.1 26.0
Dark condition
-20 16.2 24.8 37.2 34.1
0 18.3 32.8 41.2 37.5
10 18.6 33.1 41.3 38.6
20 18.9 33.2 41.4 38.7
Visible light 40 19.4 334 41.4 38.8
60 19.6 335 41.4 38.8
120 19.7 33.6 41.6 38.8
Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
100 F
; Fisible li ~O- pH=10
: Dark WVisible light A pH_50
F —4— pH =60
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= i
i~ :
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<Figure 4-4 (b)> Removal efficiency of Benzene by Cu/ACF in pH variation
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<Table 4-2 (c)> Removal efficiency of Benzene by TiO./ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 6.8 12.1 22.5 19.4
Dark condition

-20 9.3 223 335 23.9
0 12.8 25.7 344 25.7
10 25.0 29.1 38.4 29.1
20 32.0 35.1 41.7 31.2
Visible light 40 35.0 39.5 45.6 32.8
60 38.0 423 49.2 32.9
120 38.5 434 515 33.0

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-4 (¢)> Removal efficiency of Benzene by TiO,/ACF in pH variation
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<Table 4-2 (d)> Removal efficiency of Benzene by Cu-TiO»/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 8.2 10.9 15.8 18.6
Dark condition

-20 10.4 19.7 324 24.7
0 11.6 284 339 26.5
10 26.7 32.0 473 36.5
20 41.5 54.7 59.6 41.3
Visible light 40 58.9 60.2 65.1 48.8
60 62.1 64.4 70.4 524
120 63.5 65.7 72.0 53.1

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-4 (d)> Removal efficiency of Benzene by Cu-TiO,/ACF in pH variation
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<Table 4-3 (a)> Removal efficiency of Nitrobenzene by ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 14.5 20.5 28.7 26.8
Dark condition

-20 19.1 25.7 36.4 325
0 22.8 36.8 43.5 34.7
10 23.1 37.1 43.8 36.2
20 235 37.2 43.9 37.1
Visible light 40 23.6 37.6 44.0 38.2
60 23.7 37.8 44.1 39.4
120 23.7 37.9 44.1 39.5

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-5 (a)> Removal efficiency of Nitrobenzene by ACF in pH variation
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<Table 4-3 (b)> Removal efficiency of Nitrobenzene by Cu/ACF in pH variation

Removal Efficiency (%) in pH of solution
Light condition Time
pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 21.2 24.2 34.9 30.0
Dark condition
-20 25.8 36.0 42.6 38.3
0 29.5 40.5 49.7 43.0
10 29.8 40.8 50.0 44.0
20 30.2 40.9 50.1 44.8
Visible light 40 30.3 41.3 50.2 44.9
60 30.4 41.5 50.3 45.2
120 30.4 41.5 50.3 45.2
Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-5 (b)> Removal efficiency of nitrobenzene by Cu/ACF in pH variation
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<Table 4-3 (c)> Removal efficiency of Nitrobenzene by TiO,/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 11.8 14.6 26.7 22.8
Dark condition

-20 16.7 24.5 41.2 29.0
0 21.4 33.7 42.3 31.6
10 26.5 39.8 53.4 34.2
20 394 48.5 57.1 37.4
Visible light 40 43.5 56.3 63.2 41.2
60 45.2 57.2 64.1 43.8
120 46.0 57.9 65.4 44.2

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-5 (¢)> Removal efficiency of Nitroenzene by TiO,/ACF in pH variation
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<Table 4-3 (d)> Removal efficiency of Nitrobenzene by Cu-TiO»/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 10.6 12.7 25.4 21.6
Dark condition

-20 153 223 39.4 27.3
0 20.5 314 42.1 29.7
10 41.5 59.6 61.3 51.1
20 62.1 72.8 75.8 63.8
Visible light 40 73.8 76.3 89.7 68.7
60 754 78.7 91.5 71.3
120 76.2 80.1 93.2 72.1

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-5 (d)> Removal efficiency of Nitrobenzene by Cu-TiO,/ACF in pH

variation
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<Table 4-4 (a)> Removal efficiency of Toluene by ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 13.5 31.0 35.8 18.4
Dark condition

-20 23.6 349 49.8 36.8
0 27.9 36.0 50.8 39.4
10 28.1 37.0 51.3 39.8
20 28.2 37.2 51.8 40.1
Visible light 40 28.3 373 52.1 40.5
60 283 37.5 52.2 40.6
120 28.4 37.5 52.2 40.7

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-6 (a)> Removal efficiency of Toluene by ACF in pH variation
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<Table 4-4 (b)> Removal efficiency of Toluene by Cu/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 18.1 22.0 41.1 25.2
Dark condition

-20 28.2 38.0 55.1 43.7
0 325 41.8 56.2 46.3
10 32.7 42.8 56.6 46.7
20 32.8 43.0 57.1 47.0
Visible light 40 32.9 43.1 57.4 47.4
60 329 433 57.5 47.5
120 33.0 433 57.5 47.6

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-6 (b)> Removal efficiency of Toluene by Cu/ACF in pH variation



<Table 4-4 (c)> Removal efficiency of Toluene by TiO,/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 12.4 16.5 32.7 29.3
Dark condition

-20 21.5 27.1 46.5 325
0 26.7 344 47.2 334
10 35.8 41.0 59.8 39.7
20 493 52.0 61.2 453
Visible light 40 56.5 59.8 66.7 47.2
60 58.1 62.1 68.1 49.1
120 583 63.5 69.3 51.0

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-6 (¢)> Removal efficiency of Toluene by TiO,/ACF in pH variation
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<Table 4-4 (d)> Removal efficiency of Toluene by Cu-TiO»/ACF in pH variation

Removal Efficiency (%) in pH of solution

Light condition Time

pH 10.0 pH 8.0 pH 6.0 pH 4.0
-60 0.0 0.0 0.0 0.0
. -40 11.9 15.7 31.5 28.4
Dark condition

-20 19.8 25.7 44.5 31.2
0 253 32.8 46.8 32.9
10 45.8 63.7 69.8 57.4
20 69.3 79.5 80.0 68.9
Visible light 40 75.1 83.7 88.4 74.5
60 79.7 86.1 95.3 76.2
120 81.2 88.4 97.2 77.8

Conditions: Co = 30 mg/f, V = 50 M, dose = 0.1 g , room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-6 (d)> Removal efficiency of Toluene by Cu-TiO,/ACF in pH variation
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<Table 4-5 (a)> Removal efficiency of Benzene by ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 001 g | 003 g | 0.05¢g 0.1 g 03 g 05 ¢g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 6.4 12.5 18.6 23.5 25.7 29.1
condition -20 10.9 19.7 28.3 32.7 34.2 35.4
0 12.6 21.5 30.4 36.3 36.8 37.1
20 12.7 21.6 30.6 36.4 36.9 37.8
Visible
) 40 12.8 21.7 30.8 36.5 37.1 38.1
light
60 12.8 21.8 30.9 36.6 38.0 39.0
Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-7 (a)> Removal efficiency of Benzene by ACF in dosage variation
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<Table 4-5 (b)> Removal efficiency of Benzene by Cu/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
. Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 9.8 16.6 23.4 28.8 31.0 34.0
condition -20 14.3 23.8 33.1 38.0 39.5 40.2
0 16.0 25.6 35.2 41.6 42.0 43.9
20 16.1 25.7 35.4 41.7 42.2 44.6
Visible
. 40 16.2 25.8 35.6 41.8 42.4 44.8
light
60 16.2 25.9 35.7 41.9 42.4 44.9

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-7 (b)> Removal efficiency of Benzene by Cu/ACF in dosage variation
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<Table 4-5 (c)> Removal efficiency of Benzene by TiO./ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 4.6 9.8 16.5 20.8 26.7 31.0
condition -20 7.1 14.7 21.0 28.6 322 36.4
0 8.3 18.2 25.4 34.0 35.5 38.1
20 14.6 23.7 39.4 44.0 45.7 47.8
Visible
. 40 25.8 31.2 43.6 50.0 51.3 52.3
light
60 26.5 33.1 44.2 524 53.1 53.9

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm

100 2 — =
: Dark 2 emig
o —dp— 005 (=)
- —F— 0l gy
80 F —Al- 2.3 i)
g — 05 i)
g Tf TiO/ACF- Benzene Visible light
ol 1
E C
=
N ¢ +
E wf
=] o
0 E T I
w E
o F
—Ii]'ll —4|} I—EDI .IIDI — Z':I]' I:‘H}I .IIEDI
Feea ciion time | min)

<Figure 4-7 (¢)> Removal efficiency of Benzene by TiO,/ACF in dosage variation
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<Table 4-5 (d)> Removal efficiency of Benzene by Cu-TiO»/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 7.2 13.5 19.2 22.7 253 30.1
condition -20 13.7 20.1 28.4 36.5 38.7 41.2
0 16.5 22.4 30.1 39.0 41.2 43.0
20 38.5 41.7 52.3 60.4 65.2 69.7
Visible
. 40 52.8 58.3 62.9 69.5 71.2 74.9
light
60 55.4 60.1 66.3 71.8 74.5 76.4

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-7 (d)> Removal efficiency of Benzene by Cu-TiO,/ACF in dosage

variation
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<Table 4-6 (a)> Removal efficiency of Nitrobenzene by ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
. Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 10.8 16.5 24.1 28.7 32.1 36.8
condition -20 16.3 23.7 29.7 32.5 37.4 41.6
0 19.3 26.7 37.6 41.5 43.4 44.9
20 19.8 26.9 37.9 41.0 44.2 45.8
Visible
) 40 19.9 27.1 38.0 41.8 453 46.2
light
60 20.0 27.2 38.0 42.1 45.6 46.3

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-8 (a)> Removal efficiency of Nitrobenzene by ACF in dosage variation
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<Table 4-6 (b)> Removal efficiency of Nitrobenzene by Cu/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 14.5 20.7 29.0 34.0 38.2 43.7
condition -20 20.0 27.9 34.6 37.8 43.5 48.5
0 23.0 30.9 42.5 46.8 49.5 51.8
20 23.5 31.1 42.8 47.0 50.3 52.7
Visible
. 40 23.6 31.3 42.9 48.0 51.4 53.1
light
60 23.7 314 42.9 49.0 51.7 53.2

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-8 (b)> Removal efficiency of Nitrobenzene by Cu/ACF in dosage

variation
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<Table 4-6 (c)> Removal efficiency of Nitrobenzene by TiO,/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 53 12.1 15.4 22.2 26.3 31.1
condition -20 10.8 23.0 26.4 33.2 35.7 41.0
0 13.5 25.0 32.6 42.0 43.1 46.0
20 223 31.2 41.8 50.6 54.9 58.1
Visible
. 40 35.7 39.7 56.3 60.7 62.9 64.0
light
60 36.5 41.2 58.2 61.2 63.1 65.4

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-8 (c)> Removal efficiency of Nitrobenzene by TiO,/ACF in dosage

variation
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<Table 4-6 (d)> Removal efficiency of Nitrobenzene by Cu-TiO./ACF in dosage

variation

Light Removal Efficiency (%) in Dosage of photocatalysts
. Time
condition 001 g | 003 g | 005 ¢g 01 g 03 g 05 ¢g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 7.2 13.5 16.2 20.5 253 30.6
condition -20 16.9 25.1 29.1 38.4 40.7 43.1
0 19.1 28.3 32.6 41.0 43.1 46.0
20 53.3 56.9 61.7 73.2 76.6 79.1
Visible
. 40 64.2 74.5 79.7 87.3 89.6 91.1
light
60 69.4 76.5 83.1 92.8 94.1 93.7

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-8 (d)> Removal efficiency of Nitrobenzene by Cu-TiO,/ACF in dosage

variation
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<Table 4-7 (a)> Removal efficiency of Toluene by ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 14.5 18.6 24.7 29.7 334 39.2
condition -20 20.1 28.7 37.6 43.2 46.8 49.5
0 22.5 30.1 41.2 49.7 51.3 52.8
20 22.7 30.6 41.8 49.9 51.7 53.4
Visible
) 40 22.9 30.9 42.1 50.1 52.2 53.7
light
60 23.1 31.1 423 50.2 524 53.9

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-9 (a)> Removal efficiency of Toluene by ACF
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<Table 4-7 (b)> Removal efficiency of Toluene by Cu/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 001 g | 003 g | 0.05¢g 0.1 g 03 g 05 ¢g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 17.9 22.4 29.0 35.0 37.3 433
condition -20 23.5 32.5 41.9 48.5 50.7 53.6
0 25.9 33.9 45.5 54.0 55.2 56.9
20 26.1 34.4 46.1 54.2 55.6 57.5
Visible
) 40 26.3 34.7 46.4 54.8 56.1 58.0
light
60 26.5 34.9 46.6 54.9 57.0 59.0
Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-9 (b)> Removal efficiency of Toluene by Cu/ACF in dosage variation
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<Table 4-7 (c)> Removal efficiency of Toluene by TiO,/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
- Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 8.3 12.4 19.3 23.6 25.1 29.3
condition -20 18.6 29.1 322 40.6 42.5 45.2
0 20.2 31.3 354 46.5 47.8 49.0
20 37.6 45.9 52.6 60.7 66.3 69.4
Visible
. 40 46.1 53.3 59.8 66.5 70.2 71.9
light
60 48.5 56.7 60.1 69.3 71.4 72.8

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-9 (¢)> Removal efficiency of Toluene by TiO,/ACF in dosage variation
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<Table 4-7 (d)> Removal efficiency of Toluene by Cu-TiO,/ACF in dosage variation

Light Removal Efficiency (%) in Dosage of photocatalysts
. Time
condition 00l g | 003 g | 005 ¢ 0.1 g 03 g 05 g
-60 0.0 0.0 0.0 0.0 0.0 0.0
Dark -40 12.5 18.9 223 34.1 38.2 433
condition -20 20.4 31.7 354 42.5 46.1 48.2
0 23.7 36.5 41.3 47.5 49.1 51.0
20 59.5 61.7 70.4 76.5 81.5 86.7
Visible
. 40 77.4 82.9 81.2 89.6 93.3 96.2
light
60 78.8 85.9 90.0 95.9 96.8 98.1

Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, room temperature (22 + 1 C), visible light >400 nm
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<Figure 4-9 (d)> Removal efficiency of Toluene by Cu-TiO»/ACF in dosage

variation
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<Table 4-8 (a)> Removal efficiency of VOCs by ACF in initial concentration

variation of VOCs under dark condition

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 61.3 69.7 73.6
10 58.6 66.7 70.2
Dark
o 20 48.0 55.1 62.1
condition
30 39.0 46.5 57.4
50 32.0 43.1 52.8

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),

reaction time = 60 min

100 |
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g mE
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0 - —F— DMNitrob enzene
:u 1 1 1 1 1 1 13 1 1 1 1
o 5 10 15 20 25 a0 As A0 A5 S0 S5
Initial concentration (mgl.)

<Figure 4-10 (a)> Removal efficiency of VOCs by ACF in initial concentration

variation of VOCs under dark condition
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<Table 4-8 (b)> Removal efficiency of VOCs by Cu/ACF in initial concentration

variation of VOCs under dark condition

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 63.0 70.2 74.4
10 56.0 63.5 69.7
Dark
o 20 48.0 56.4 62.3
condition
30 39.2 47.8 554
50 32.1 42.1 51.3

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),

reaction time = 60 min
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<Figure 4-10 (b)> Removal efficiency of VOCs by Cuw/ACF in initial concentration

variation of VOCs under dark condition
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<Table 4-8 (c)> Removal efficiency of VOCs by TiO,/ACF in initial concentration

variation of VOCs under dark condition

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 54.3 59.7 61.5
10 48.6 53.9 594
Dark
o 20 41.2 47.8 52.1
condition
30 33.6 42.3 51.3
50 29.6 40.9 46.5

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),

reaction time = 60 min
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<Figure 4-10 (c)> Removal efficiency of VOCs by TiO,/ACF in initial

concentration variation of VOCs under dark condition
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<Table 4-8 (d)> Removal efficiency of VOCs by Cu-TiO/ACF in initial concentration

variation of VOCs under dark condition

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 46.0 55.4 56.8
10 43.5 50.4 53.2
Dark
o 20 40.1 47.3 50.1
condition
30 38.7 45.7 48.6
50 354 41.0 47.5

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),

reaction time = 60 min
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<Figure 4-10 (d)> Removal efficiency of VOCs by Cu-TiO,/ACF in initial

concentration variation of VOCs under dark condition
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<Table 4-8 (e)> Removal efficiency of VOCs by TiO,/ACF in initial concentration
variation of VOCs under visible light

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 84.9 86.7 87.9
10 79.3 83.2 85.1
Visible
. 20 72.5 77.6 81.2
light
30 65.3 70.7 75.9
50 52.4 64.4 69.3

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),
visible light >400 nm, reaction time = 120 min
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<Figure 4-10 (e)> Removal efficiency of VOCs by TiO,/ACF in initial

concentration variation of VOCs under visible light
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<Table 4-8 (f)> Removal efficiency of VOCs by Cu-TiO»/ACF in initial concentration
variation of VOCs under visible light

Light Initial concentration Removal Efficiency (%)
condition of VOCs (mg/f) Benzene Nitrobenzene Toluene
5 90.7 99.7 99.7
10 88.0 98.2 98.6
Visible
) 20 84.0 95.0 97.3
light
30 80.0 93.9 96.0
50 78.0 91.0 95.0

Conditions: Cy = 5~50 mg/f, V = 50 M, pH = 6.0, dose = 0.1 g, room temperature (22 = 1 C),

visible light >400 nm, reaction time = 120 min

100
- 90
Z 80 L
5 -
= TO0f
=l -
E 60 o Cu-TiO2/ACF
= r
= o
£ sof
= I
= r
E 40
= r
£ 30p
g s
a7 20 | —+— Benzene

C —%F— Nitrobenzene
10 —l— Toluene
|]:|||I||I||I| I I | N S [N T T ST T T S | | 1
o 5 10 15 25 30 35 40 45 50 55
Initial concentration (mg/L)

<Figure 4-10 (f)> Removal efficiency of VOCs by Cu-TiO»/ACF in initial

concentration variation of VOCs under visible light
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<Table 4-9> The highest removal efficiency of VOCs by synthesized photocatalysts

Highest Removal Efficiency (%)

e ACF Cuw/ACF TiO/ACF Cu-TiO»/ACF
s
Dark Visible Dark Visible Dark Visible Dark Visible
condition light condition light condition light condition light

Benzene 37.1 39.0 43.9 44.9 38.1 53.9 43.0 76.4

Nitrobenzene | 44.9 46.3 51.8 53.2 46.0 65.4 46.0 94.1°

Toluene 52.8 53.9 56.9 59.0 49.0 72.8 51.0 98.1
Conditions: Co = 30 mg/f, V = 50 M, pH = 6.0, dose = 0.5 g, room temperature (22 = 1 C),
visible light >400
* 1 dose =03 g
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<Figure 4-11 (a)> The highest removal efficiency of Benzene by synthesized
photocatalysts
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<Figure 4-11 (b)> The highest removal efficiency of Nitrobenzene by synthesized
photocatalysts
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<Figure 4-11 (c)> The highest removal efficiency of Toluene by synthesized
photocatalysts
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<Table 4-10 (a)> Recycle efficiency of ACF for VOCs

Recycle Efficiency (%)
Cycles .
Benzene Nitrobenzene Toluene

Cycle 1 33.8 42.7 47
Cycle 2 30.2 38.5 435
Cycle 3 26.4 32.7 38.6
Cycle 4 20.1 26.3 32
Cycle 5 16.3 21.1 26.9

Conditions : Cy = 30 mg/f, V = 50 M, pH 6.0, dose = 0.1 g, room temperature (22 + 1 C),
visible hght >400 nm, VH202 =50 me, CH202 =30 %, Time = 180 min
* . First removal efficiency of VOCs (cycle 0) is decided ‘100 %’

100
90 ACF
80 B Benzene M Nitrobenzene ™ Toluene

Recycle Efficiency (%)
Lh
o

30
20
0

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

<Figure 4-12 (a)> Recycle efficiency of ACF for VOCs
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<Table 4-10 (b)> Recycle efficiency of Cu/ACF for VOCs

Recycle Efficiency (%)
Cycles .
Benzene Nitrobenzene Toluene

Cycle 1 34.5 449 48.2
Cycle 2 32.1 38.7 423
Cycle 3 28.3 354 37.3
Cycle 4 23.7 29.5 32.1
Cycle 5 19.6 23.1 28.5

Conditions : Cy = 30 mg/f, V = 50 M, pH 6.0, dose = 0.1 g, room temperature (22 + 1 C),

visible hght >400 nm, VH202 =50 me, CH202 =30 %, Time = 180 min

* . First removal efficiency of VOCs (cycle 0) is decided ‘100 %’

Recycle Efficiency (%)

100

Cuw/ACF

B Benzene M Nitrobenzene ™ Toluene

Cycle 1 Cycle 2

Cycle 3 Cycle 4

Cycle 5

<Figure 4-12 (b)> Recycle efficiency of Cu/ACF for VOCs
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<Table 4-10 (c)> Recycle efficiency of TiO,/ACF for VOCs

Recycle Efficiency (%)
Cycles .
Benzene Nitrobenzene Toluene

Cycle 1 51.5 65.6 69.7
Cycle 2 50.1 63.5 67.4
Cycle 3 48.6 61.2 65.3
Cycle 4 453 58.6 62.9
Cycle 5 40.1 55 57.4

Conditions : Cy = 30 mg/f, V = 50 M, pH 6.0, dose = 0.1 g, room temperature (22 + 1 C),

100
% TiO,/ACF
80 B Benzene M Nitrobenzene ™ Toluene
70

Recycle Efficiency (%)

visible light >400 M, Vipog, = 50 ™, Cipor = 30 %, Time = 180 min

60
50
40
30
20
10

0

* . First removal efficiency of VOCs (cycle 0) is decided ‘100 %’
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

<Figure 4-12 (¢)> Recycle efficiency of TiO,/ACF for VOCs
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<Table 4-10 (d)> Recycle efficiency of Cu-TiO/ACF for VOCs

Cycles

Recycle Efficiency (%)

Benzene Nitrobenzene Toluene
Cycle 1 91.8 92.6 97.3
Cycle 2 86.5 88.5 95.4
Cycle 3 80 81.3 90.1
Cycle 4 74.3 78.4 86.3
Cycle 5 69.8 73.5 82.1
Conditions : Cy = 30 mg/f, V = 50 M, pH 6.0, dose = 0.1 g, room temperature (22 + 1 C),

visible light >400 M, Vipog, = 50 ™, Cipor = 30 %, Time = 180 min

* . First removal efficiency of VOCs (cycle 0) is decided ‘100 %’
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<Figure 4-12 (d)> Recycle efficiency of Cu-TiO,/ACF for VOCs
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<Figure 5-1>

Schematic diagram of the photocatalytic reactor to reduce VOCs in air

_97_
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<Table 5-1 (a)» Removal efficiency of Benzene by photocatalysts in initial

concentration variation (30 ppm)

Light Removal Efficiency (%)
eondion e ACF Cw/ACF TiOyACF | Cu-TiO»/ACF
-60 0.0 0.0 0.0 0.0
.50 43 48 5.1 5.9
4 . . . .
Bk 0 10.6 11.3 12.6 13.0
T 30 16.7 18.2 18.9 194
condition 220 203 217 225 238
110 247 258 267 262
0 265 27.4 28.6 293
10 26.6 282 32.1 345
20 26.7 28.3 435 438
N 30 26.8 28.4 472 572
Visible
) 40 26.8 285 53.6 68.1
light
50 26.8 28.6 54.7 75.6
60 26.8 287 56.2 76.3
120 26.8 28.7 56.8 77.0

Conditions: Cy = 30 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

1] -— |
- Dark

Visible light

so| PBenzene 30 ppm

Ettiei ey (Vo)

e+ i

-60 -4 =20 0 20 40 &0 &0 L 120
Reaction time {min)

<Figure 5-2 (a)> Removal efficiency of Benzene by photocatalysts in initial

concentration variation (30 ppm)
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<Table

5-1

(b)> Removal

concentration variation (50 ppm)

efficiency of Benzene by photocatalysts

in 1initial

Light Removal Efficiency (%)
condition | Time (min) ACF Cu/ACF TiO,/ACF Cu-TiO./ACF
-60 0.0 0.0 0.0 0.0
-50 3.2 4.1 4.2 4.3
-4 . . . .
Dark 0 7.8 8.7 9.4 104
di -30 13.9 14.1 15.7 16.8
condition 220 17.5 18.6 19.3 212
-10 21.9 22.7 23.5 23.6
0 23.7 243 254 26.7
10 23.8 26.1 289 31.9
20 23.9 26.2 40.3 41.2
. 30 24.0 26.3 44.0 54.6
Visible
] 40 24.0 26.4 50.4 65.5
light
50 24.0 26.5 51.5 73.0
60 24.0 26.6 53.0 73.7
120 24.0 26.6 53.6 74.4

Conditions: Cy = 50 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g

humidity = 40 %

M —
- Dark - .
R Visible light
go . Benzene 50 ppm %
- -
= 60—
=2 B
: )
£ -
= 40 _—
20 %
- - ACF
B 7 CwACF
B -l TiDdXACF
0 H —ih Cu-TiO2ACF
TS [ N T T U T T RN N A PRI TN N TN N N RNTUNN SN N N SR B T
-0 -40 =20 ] 20 40 &0 80 100 120
Eeaction time {min})

<Figure 5-2 (b)> Removal efficiency of Benzene by photocatalysts in initial

concentration variation (50 ppm)
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<Table 5-1 (c)» Removal efficiency of Benzene by photocatalysts in initial

concentration variation (100 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cu/ACF TiO,/ACF Cu-TiO./ACF
-60 0.0 0.0 0.0 0.0
-50 2.8 35 3.6 3.8
4 . . . .
Dark 0 5.2 7.9 8.0 8.5
diti -30 10.4 13.1 13.3 14.4
condition 220 14.0 16.6 16.9 18.8
-10 18.4 20.7 21.1 21.2
0 20.2 22.3 23.0 243
10 20.3 23.1 26.5 29.5
20 20.4 23.2 37.9 38.8
. 30 20.5 23.3 41.6 52.2
Visible
] 40 20.5 23.4 48.0 63.1
light
50 20.5 23.5 48.6 65.0
60 20.5 23.6 48.7 66.2
120 20.5 23.6 48.8 66.4

Conditions: Cy = 100 ppm, flow rate = 50 M/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 - —— ACF

[ Dark i . CwACF
WVisible light —Fr— Cual

—- TiO2ACE

—ail— CuTHO2ACFE

g0 L  PBenzene 1010 ppm

2

Efficiency (%)

e
=

b HEH HH

20

-60 -40 -20 o 20 40 60 B0 100 120
Feaction time (min)

<Figure 5-2 (c¢)> Removal efficiency of Benzene by photocatalysts in initial

concentration variation (100 ppm)
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<Table 5-1 (d)>» Removal efficiency of Benzene by photocatalysts in initial

concentration variation (200 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cu/ACF TiO,/ACF Cu-TiO./ACF
-60 0.0 0.0 0.0 0.0
-50 2.2 3.0 3.2 3.6
-4 . . . .
Dark 0 4.2 54 6.1 6.4
diti -30 6.6 9.9 10.4 12.0
condition 220 10.2 13.4 14.0 16.4
-10 14.6 17.5 18.2 18.8
0 16.4 19.1 20.1 219
10 16.5 19.9 23.6 27.1
20 16.6 20.0 35.0 36.4
. 30 16.7 20.1 38.7 49.8
Visible
] 40 16.7 20.2 42.3 60.7
light
50 16.7 20.3 43.5 62.1
60 16.7 20.4 44.6 62.3
120 16.7 20.4 44.7 62.8

Conditions: Cy = 200 ppm, flow rate = 50 M/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 B Dark —— ACF
i ar Visible light —F— CuACF
—- TiD2-ACF
Benzene 20 ppm —— Cu-TiOLACF
80
S 4
- -
o i
£}
H ol i
- ¥
o
:I----I----I---- PR T T T TR S T T I SR T T T [N SN T S TR [T S T SO TR T S O S
— -4l -2 o 20 £l (1] 80 1 120
Reaction tone (%)

<Figure 5-2 (d)> Removal efficiency of Benzene by photocatalysts in initial

concentration variation (200 ppm)
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<Table 5-2 (a)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (30 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cw/ACF TiOyACF | Cu-TiO»/ACF
-60 0.0 0.0 0.0 0.0
.50 105 13.1 19.0 226
4 . . . .
Bk 0 19.2 223 267 315
T 30 25.6 297 33.2 36.3
condition 220 28.7 325 35.4 39.9
110 33.5 35.9 39.6 431
0 34.6 375 413 448
10 34.8 37.8 487 57.6
20 34.9 37.9 53.4 69.3
N 30 35.0 37.9 56.2 742
Visible
) 40 35.0 37.9 58.9 80.5
light
50 35.1 38.0 60.5 86.7
60 35.1 38.0 63.4 90.1
120 35.1 37.9 65.3 92.4

Conditions: Cy = 30 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 - Darls Visible light

Toluene 30 ppm

30

=]
=]

Ethiciency (%)

-I | I T T TN T N TN TR TR T Y N N NN | I TR TR TR IR TR TN TN TN NN TR TN TN TN [N TN N TN T N TN N TN TN NN TR T AN NN N 1
— -4 -2 o 210 £l tilh B0 10 12
Reaction tinme { mim)

<Figure 5-3 (a)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (30 ppm)
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<Table 5-2 (b)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (50 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cw/ACF TiOyACF | Cu-TiO»/ACF
-60 0.0 0.0 0.0 0.0
.50 7.8 10.8 16.4 202
4 . . . .
Bk 0 16.5 20.0 24.1 29.1
T 30 22.9 27.4 30.6 33.9
condition 220 26.0 302 32.8 375
110 30.8 33.6 37.0 407
0 31.9 352 38.7 424
10 32.1 354 46.1 55.2
20 322 35.6 50.8 66.9
N 30 32.3 35.6 53.6 718
Visible
) 40 32.3 35.6 56.3 78.1
light
50 32.3 357 57.9 843
60 32.3 357 60.8 87.7
120 32.3 35.6 62.7 90.0

Conditions: Cy = 50 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 |
i Dark Visible light
Toluene S0 ppm %
80
=
= 60 |
?-\. -
[ B
o |
0| B
=40 | %
0 - —— ACF
—— Cw/ACT
—@- TiD2ACTF
o —il— Co-TiD2ACT
-||I||||||I||II|||||I||I||||||I|||I|||||I||| 1
~t -40 =20 o 20 40 (] B0 Ly 120
Reaction e (noim)

<Figure 5-3 (b)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (50 ppm)
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<Table 5-2 (c)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (100 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cu/ACF TiO,/ACF Cu-TiO./ACF
-60 0.0 0.0 0.0 0.0
-50 4.6 7.8 13.5 17.5
-4 . . . .
Dark 0 13.3 17.0 21.2 26.4
diti -30 19.7 24.4 27.7 31.2
condition 220 228 272 29.9 34.8
-10 253 29.3 32.5 354
0 26.4 30.1 33.1 36.8
10 26.5 30.1 41.3 48.5
20 26.6 30.2 45.7 54.7
. 30 26.7 30.2 47.8 62.1
Visible
] 40 26.7 30.2 50.1 69.3
light
50 26.3 30.2 50.2 72.4
60 26.8 30.2 50.3 73.0
120 26.8 30.2 50.3 73.2

Conditions: Cy = 100 ppm, flow rate = 50 M/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 | —— ACF
- Dark —— CwACF
Visible light - TiOZACF
Toluene 100 ppm = —ilkc— Co-Ti2ACF
B0
—
60
=
-
i -
=
= 40
20 %
]
-I | I I T T I TR TR TN N BRI S B | PURE (N TN T T T N TN SN N N U NN S S NN S S T N N S
-t -4 20 o 20 4 (] B0 1 120
Reaction tinme | ool m)

<Figure 5-3 (c¢)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (100 ppm)
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<Table 5-2 (d)>» Removal efficiency of Toluene by photocatalysts in initial

concentration variation (200 ppm)

Light Removal Efficiency (%)
condition | Time (min) ACF Cw/ACF TiOyACF | Cu-TiO»/ACF
-60 0.0 0.0 0.0 0.0
.50 3.2 3.9 10.0 13.6
4 . . . .
Bk 0 9.1 13.1 17.7 225
T 30 143 205 228 273
condition 220 18.6 233 253 30.9
110 217 247 264 34.1
0 219 249 271 35.8
10 22.0 25.1 36.5 48.6
20 22.1 258 418 542
N 30 222 259 45.6 58.6
Visible
) 40 22.3 259 46.5 63.1
light
50 22.3 26.0 467 66.7
60 22.4 26.0 46.9 67.2
120 22.4 26.0 472 67.8

Conditions: Cy = 200 ppm, flow rate = 50 M/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 —T— ACF
L Dark —F— CwACF
r e X - TiDXACF
Toluene 200 ppm Visible light —ih CuTIDVACF
3-'} —
P B }
= 60 |-
e
= C
= C
£ o
= 40
— -
20 %
o

¥ -4 =20 L] el ] 40 &0 80 10 120
Reaction time (min)

<Figure 5-3 (d)> Removal efficiency of Toluene by photocatalysts in initial

concentration variation (200 ppm)
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522. I =0 [E VOCs MH =&

S| 22 VOCs2 Z=0A MHHU 2 Ses 0Xe Sy 400 €282
T =2 dHaol E REHQ site JA S JHA=Z2 2d M JACH H B
S5 & =0 &30l 28 VOCs HAH0 2R 2hs A2t =2Z22ZM XX
el VOCs MlH 8= ZAAI|10, & HME VOCset Z=0H =& AM0l2 =22 &
g 552 SINZB2EMN Z=0 =22 W VOCs =22 MEEs etatAld] et
HE0 0L & TUAl ME22 S22 MEECZM MHMAEQ VOCs HMH =28
ZAII =0 Ol el VOCs MIHE #gt 2182 RE= Ltol)| fotH 3
Jl RES 50 M/min0lA 200 M/min2 2 HSIAIZIIHA VOCs MH S22 2HE
ULCH JAZE S ZAGHA EUA= M S&0l 2et vOCs HMH 282 =0l 50

me/min0il Al 200 M/min2 =2 H3IGIFRS I MM HSR ACF 245 %0lA 16.5 %,
Cuw/ACF 26.2 %0IAl 19.4 %, TiO,/ACF 38.4 %0IA 21.3 %, Cu-TiO/ACF 42.7 %0l A
234 %Lz Haols dets ERULL S=FU2 AR ACF 33.5 %0A 229 %,
Cuw/ACF 36.9 %0IlAl 26.6 %, TiO»/ACF 40.7 %0IAl 30.3%, Cu-TiO»/ACF 43.2 %0l A
329 %= HED DF&IINZ 240ts oS LIEHUHALCH JtAIZEES XZAtet =
VOCs MH 22 &0l 50 M/min0lAl 200 M/min@Z HototAS M #ES &
$ ACF 248 %UAM 16.6 %, Cu/ACF 26.6 %O0lAl 19.7 %, TiO,/ACF 54.4 %0l A
40.8 %, Cu-TiO/ACF 72.4 %0IN 52.7 %& LIEtS LD, EFAH2 B ACF 33.7 %0

M 23.1 %, Cu/ACF 37.2 %0llA 26.9 %, TiO/ACF 65.1 %0l A 49.8 %, Cu-TiO,/ACF
91.3 %0UIA 72.0 %= 2= ZU0AH =0l =0E=S VOCs HMH 222 il
Zaote detE UEIUWRULE Ol VOCsE Egote &8 S0t &2 AJIe g
S Z8s= Sihote ot Ue dE0lA =0l dsotd 0lsdte 718 =501
i SJtotd A gt AlZE € M5 AIZH0I ZA80 et vOCs = 2S00 Z=04
=& HOUE0N S=E JI2)t 203 =2 A=z dlaf=lC166-168]. L8t #iE
=0 2ot VOCsel €01 &Ittt Z=0H HHH0l &&= vocs =20l
Z=0 Atsh 2= L2710 0l TAl MZ2Z=2 VOCs =22 MSEC=2MN MHA
el VOCs 2222 HH 280 RO0X= A= A42r=CH148, 169].
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<Table 5-3 (a)> Removal efficiency of Benzene by photocatalysts in air flow rate

variation (50 M¢/min)

Light Removal Efficiency (%)
condition | Time (min) ACF Cuw/ACF TiO»/ACF | Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 10.2 12.3 16.2 224
condition -20 14.8 16.8 32.4 38.5
0 24.5 26.2 38.4 42.7
.. 20 24.7 26.5 49.3 58.6
Visible
) 40 24.7 26.6 53.2 69.3
light
60 24.8 26.6 54.4 72.4
Conditions: Cy = 50 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g

humidity = 40 %

100 —ile— ACF
Dark —f— CwACF
—a— THO2ACF
i . —1 Cu Ti02 ACF
80 Benzene 50 mL/min
- B
= 0 -
il -
-
P B
-
B a0
el i i ;
i Visible light
.n -
_I 1 L1 L1 | L1 1 [ | L1 L1 L1 | L1 M | 1 L1 | I
-0 -4 =20 1] 20 Al (1]
Reaction time (muim)

<Figure 5-4 (a)> Removal efficiency of Benzene by photocatalysts in air flow rate

var

iation (50 M¢/min)
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<Table 5-3 (b)> Removal

variation (100 M¢/min)

efficiency of Benzene by photocatalysts in air flow rate

Light Removal Efficiency (%)
condition | Time (min) ACF Cuw/ACF TiO»/ACF | Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 8.9 10.0 15.4 17.2
condition -20 12.3 14.1 21.5 23.8
0 19.8 22.6 24.3 25.8
. 20 20.1 22.9 46.3 55.5
Visible
} 40 20.3 23.1 50.2 66.2
light
60 20.5 23.9 51.4 67.5

Conditions: Cy = 50 ppm, flow rate = 100 ™¢/min, room temperature (22 + 1 C), dose = 0.1 g

humidity = 40 %

100 -

a0

=]
=
T T T 71

.
=

Ethiciency (%)

20

=
=

—dbh— ACF

Darlk

Benzene 100 mL/min

—— CwACF
—p TIO2ACF
{1 CuTi2ACF

Visible light

Feaction time (min)

20 40 L1

<Figure 5-4 (b)> Removal efficiency of Benzene by photocatalysts in air flow rate

variation (100 M£/min)
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<Table 5-3 (c)> Removal efficiency of Benzene by photocatalysts in air flow rate

variation (200 M¢/min)

Light Removal Efficiency (%)
condition | Time (min) ACF Cuw/ACF TiO»/ACF | Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 7.1 8.3 12.2 13.4
condition -20 9.8 11.6 17.1 18.6
0 16.5 19.4 21.3 23.4
. 20 16.6 19.6 36.8 433
Visible
] 40 16.6 19.7 39.9 51.7
light
60 16.6 19.7 40.8 52.7

Conditions: Cy = 50 ppm, flow rate = 200 ™{/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

100 - Darls — ACF
B ar —il— CuACF
[ —F— TiD2ACF
B0 Benzene 200 mL/min —| 1 Cu-T#Dd2ACF
=
‘7_;; 50
=
=
=
= 40

Fo% %

Visible light

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
i -4k -2 (1] el 1] Al L1
Reac tion t ime {min}

<Figure 5-4 (c¢)> Removal efficiency of Benzene by photocatalysts in air flow rate

variation (200 M£/min)
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<Table 5-4 (a)> Removal efficiency of Toluene by photocatalysts in air flow rate

variation (50 M¢/min)
Light Removal Efficiency (%)
condition | Time (min) ACF Cu/ACF TiO,/ACF | Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 19.8 22.3 253 29.8
condition -20 30.2 344 36.7 39.1
0 33.5 36.9 40.7 432
. 20 33.6 37.1 58.4 69.3
Visible
) 40 33.7 37.2 62.5 88.5
light
60 33.7 37.2 65.1 91.3

Conditions: Cy = 50 ppm, flow rate = 50 M¢/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %

10 ra w .
B WVisible light
B Dark
80— Toluene 50 mlL/min
= [
=0 |-
= »
- B
-
=] B
0
B —dls— ACF
B —— CuwACF
C —F— TiO2 ACF
o L 4 CuTiDdACF
B 1 1 1 L L 1 L 1 1 1 1 L L L 1 1 L L L 1 1 1 L L 1 L 1 1 L 1 L
— -4 =20 L1 el ELi (1]
RKeac tion time (noin)

<Figure 5-5 (a)> Removal efficiency of Toluene by photocatalysts in air flow rate

variation (50 M¢/min)
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<Table 5-4 (b)> Removal efficiency of Toluene by photocatalysts in air flow rate
variation (100 M¢/min)

Light Removal Efficiency (%)
condition | Time (min) ACF Cuw/ACF TiO»/ACF | Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 16.3 19.5 22.5 27.1
condition -20 26.7 31.6 33.9 364
0 30.0 34.1 37.9 40.5
. 20 30.1 343 55.6 66.6
Visible
] 40 30.2 344 59.7 85.8
light
60 30.2 344 62.3 88.6

Conditions: Cy = 50 ppm, flow rate = 100 ™/min, room temperature (22 + 1 C), dose = 0.1 g,
humidity = 40 %

10 va _m .
B Visible light
= Darlk
50 |- Toluene 100 ml/main
= |
= 60 |-
] |
= |
_—
é B
20
B —lle— ACF
B —i— CuACF
i —F— TIO2ACF
o b — - Cu-TiD2 ACF
N T | [ I T B T T T |
- i -41F -2 L] 20 41 Li21]
Feaction time {min)

<Figure 5-5 (b)> Removal efficiency of Toluene by photocatalysts in air flow rate
variation (100 M£/min)
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<Table 5-4 (c)> Removal efficiency of Toluene by photocatalysts in air flow rate

variation (200 M¢/min)

Light Removal Efficiency (%)
condition | Time (min) ACF CwACF TiO,/ACF Cu-TiO,/ACF
-60 0.0 0.0 0.0 0.0
Dark -40 12.4 15.2 18.0 22.0
condition -20 20.4 24.7 27.1 29.6
0 22.9 26.6 30.3 32.9
. 20 23.0 26.8 44.5 54.1
Visible
. 40 23.1 26.9 47.8 69.7
b 60 23.1 26.9 49.8 72.0
Conditions: Cy = 50 ppm, flow rate = 100 ™¢/min, room temperature (22 + 1 C), dose = 0.1 g
humidity = 40 %
100 [ —— ACT
[ —— CuwACT
- Darlk —mp— TiOXACF
| {0 CwTid2ACE
80 Toluene 200 mL/min

Visible light

Eftiriency (Va)

E eaction time {minj

<Figure 5-5 (c¢)> Removal efficiency of Toluene by photocatalysts in air flow rate

variation (200 M£/min)
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<Table 5-5> Removal efficiency of Benzene by photocatalysts in humidity variation

Removal Efficiency (%)
Humidity (%) ACF Cu/ACF TiO,/ACF Cu-TiO,/ACF
DC" | VL™ | DC VL DC VL DC VL
0 242 | 246 | 259 | 261 | 27.1 | 263 | 290 | 27.8
20 213 | 215 | 235 | 233 | 241 | 435 | 264 | 587
40 167 | 172 | 183 | 186 | 204 | 685 | 223 | 823
60 121 | 124 | 145 | 147 | 172 | 647 | 196 | 768

Conditions : Co = 50 ppm, flow rate = 50 ™{/min, room temperature (22 = 1 C), dose = 0.1 g,
humidity = 0 ~ 60 %

* : Dark condition

** @ Visible light

100
B Dark condition —— ACF
i —@— Cu/ACF
i —ap— TiO2/ACF
or Benzene —— Cu-TiO2/ACF
F 60
— B
= -
5 B
5 i
= 40
20
o _ | T NS TN T NN TN SN NN TN AN T SN SN TN AN NN TN NN TN AT N TN NN TN AN SN SN SN N M N |
0 10 20 30 40 0 50
Humidity (%)

<Figure 5-6 (a)> Removal efficiency of Benzene by photocatalysts in humidity

variation under dark condition
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= - —h ACF
= 40 —@— CwACF

—— TiO2/ACF
—{ 1 Cu-TiO2/ACF

20

1] 10 20 30 40 50 60
Humidity (%)

<Figure 5-6 (b)> Removal efficiency of Benzene by photocatalysts in humidity

variation under visible light
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<Table 5-6> Removal efficiency of Toluene by photocatalysts in humidity variation

Removal Efficiency (%)
Humidity (%) ACF Cu/ACF TiO,/ACF Cu-TiO,/ACF
DC" | VL™ | DC VL DC VL DC VL
0 336 | 332 | 37.1 | 368 | 402 | 38.6 | 43.5 | 40.1
20 302 | 298 | 354 | 347 | 381 | 592 | 412 | 643
40 243 | 239 | 312 | 315 | 343 | 742 | 383 | 965
60 187 | 184 | 205 | 201 | 31.0 | 613 | 345 | 874

Conditions : Co = 50 ppm, flow rate = 50 ™{/min, room temperature (22 = 1 C), dose = 0.1 g,
humidity = 0 ~ 60 %

* : Dark condition

** @ Visible light

100
L Dark condition A ACF
B —#— CuwACF
s0 | —F— TiO2/ACF
K —_{}+ CuTiO2/ACF
F 60
E!
= o
=
= o
=l 40
20 |
i Toluene
0 i 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 i 1 1 i 1 1 1 | 1 1 1 1 1
0 10 20 a0 40 S0 60
Humidity (%)

<Figure 5-7 (a)> Removal efficiency of Toluene by photocatalysts in humidity

variation under dark condition
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<Figure 5-7 (b)> Removal efficiency of Toluene by photocatalysts in humidity

variation under visible light
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<Table 5-8 (a)> Removal efficiency of BTEX by Cu-TiO»/ACF in initial concentration

variation (10 ppm)

Light . . Removal Efficiency (%)
. Time (min)
condition Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 5.6 10.5 16.2 22.1
condition -20 12.3 18.7 29.7 354
0 16.8 21.4 32.8 385
20 313 453 52.3 61.3
Visible 40 43.5 58.7 69.1 75.4
light 60 52.8 67.2 78.6 88.2
120 53.1 68.9 81.2 91.3

Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 50 ™¢/min, humidity = 40 %

100
B Dark Visible light
80 B 10 ppm
—
60 —
s 7L
a; -
= L
== -
S ol
= L
20 — —4)— Benzene
B —d— Toluene
- —jll— Ethylbenzene
» —— Xylene
0
|_|||||||||||||||.|||||||||||||||||||||||||||||||
-60 -40 -20 0 20 40 60 80 100 120
Reactione time (min)

<Figure 5-8 (a)> Removal efficiency of BTEX by Cu-TiO»/ACF in initial

concentration variation (10 ppm)
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<Table 5-8 (b)> Removal efficiency of BTEX by Cu-TiO,/ACF in initial concentration
variation (30 ppm)

Light . . Removal Efficiency (%)
condition this (o Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 4.3 7.9 10.5 132
condition -20 9.7 12.1 19.7 26.5
0 10.2 13.8 214 27.6
20 20.1 30.7 46.6 524
Visible 40 344 443 53.4 63.5
light 60 39.7 52.6 62.9 75.3
120 41.2 54.3 65.5 76.4

Conditions : C, = 30 ppm, dosage = 0.1g, flow rate = 50 ™¢/min, humidity = 40 %

100

Dark Visible light

80
30 ppm

60

Effeciency (%)

20

—4&— Benzene
—ah— Toluene

—l— Ethylbenzene
—F— Xylene

-60 -40 -20 0 20 40 60 80 100 120

Reaction time (min)

<Figure 5-8 (b)> Removal efficiency of BTEX by Cu-TiO,/ACF in initial

concentration variation (30 ppm)
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<Table 5-8 (c)> Removal efficiency of BTEX by Cu-TiO»/ACF in initial concentration
variation (50 ppm)

Light . . Removal Efficiency (%)
condition this (o Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 2.6 6.1 7.7 9.7
condition -20 5.2 8.4 10.9 16.0
0 6.5 9.3 12.6 18.3
20 11.4 18.7 29.8 349
Visible 40 23.7 27.6 36.6 46.3
light 60 26.6 335 45.1 56.8
120 28.2 34.2 46.7 58.1

Conditions : C, = 50 ppm, dosage = 0.1g, flow rate = 50 ™¢/min, humidity = 40 %

100
i Dark Visible light
80 | 50 ppm
S
}’i —
5
= L
= -
=)
= 40 —
5 L
20 —
L —4&)— Benzene
= —idk— Toluene
O —fl— Ethylbenzene
0 —— Xylene
|_||||||||||||||| PN T I T T T T T T T T T A T i A
-60 -40 -20 0 20 40 60 80 100 120
Rection time (min)

<Figure 5-8 (c¢)> Removal efficiency of BTEX by Cu-TiO/ACF in initial

concentration variation (50 ppm)
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<Table 5-9 (a)> Removal efficiency of BTEX by Cu-TiO)/ACF in air flow rate

variation (50 M¢/min)

Light . . Removal Efficiency (%)
condition thies (o Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 6.2 9.4 15.7 21.7
condition -20 12.5 19.3 283 34.7
0 14.4 20.8 31.7 36.9
20 242 40.7 54.1 63.7
Visible 40 35.1 52.8 67.5 76.6
light 60 47.3 63.3 79.6 89.2
120 51.3 65.6 80.5 914

Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 50 M¢/min, humidity = 40 %

100
: Dark Visible light
80 .
- S50 mL/min
— B
SN
g L
= L
2
2 L
= 40 —
= L
20 B —O— Benzene
| —4ic — Toluene
- —lll— Ethylbenzene
o —— Xylene
0
T|IIII|IIII|IIII_IIII|IIII|IIII|IIII|IIII|IIII|I
-60 -40 -20 0 20 40 60 80 100 120
Reaction time (min)

<Table 5-9 (a)> Removal efficiency of BTEX by Cu-TiO,/ACF in air flow rate

variation (50 M¢/min)
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<Table 5-

variation (

9 (b)> Removal efficiency of BTEX by Cu-TiO.,/ACF in air flow rate
100 M¢/min)

Light Removal Efficiency (%)
- Time (min)
condition Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 5.2 7.2 11.6 154
condition -20 10.3 14.7 23.8 235
0 10.8 15.9 24.9 25.7
20 22.7 28.1 35.2 438
Visible 40 32.5 37.3 42.1 52.7
light 60 36.4 46.5 54.3 61.5
120 37.1 48.1 55.9 63.1
Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 100 ™/min, humidity = 40 %
100
: Dark Visible light
80 |-
L 100 mL./min
3’-2‘ 60 :—
; L
g [
§ 40 |-
5 L
- —(— Benzene
20 B —4— Toluene
- —ll— Ethylbenzene
I~ —%— Xylene
0
1 | 11 11 | 11 11 | 1 11 1 t 1 11 1 I 1 11 1 | 1 11 1 | 11 1 1 | 11 11 | 11 11 | 1
-60 -40 -20 0 20 40 60 80 100 120
Reaction time (min)

<Figure 5-9 (b)> Removal efficiency of BTEX by Cu-TiO»/ACF in air flow rate

variation (100 M¢/min)
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<Table 5-9 (c)> Removal efficiency of BTEX by Cu-TiO,/ACF in air flow rate
variation (200 M¢/min)

Light . . Removal Efficiency (%)
condition this (o Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 3.2 5.4 9.1 11.7
condition -20 6.4 11.6 17.7 18.7
0 7.5 12.7 18.3 19.3
20 14.8 21.5 26.0 335
Visible 40 21.1 29.8 31.4 42.4
light 60 273 35.0 39.6 50.2
120 284 36.6 42.8 515

Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 200 ™/min, humidity = 40 %

100
= Visible light
L Dark g
80 —
= 200 mL/min
— [
g oo
oy L
5 i
2 L
= 40 |-
20 —
L —{— Benzene
- —ih— Toluene
- —lll— Ethylbenzene
o B —— Xylene
TI||||I||||I||||||||I||||I||||I||||I||||I||||I|
-60 —40 -20 0 20 40 60 80 100 120
Reaction time (min)

<Figure 5-9 (c)> Removal efficiency of BTEX by Cu-TiO»/ACF in air flow rate
variation (200 M£/min)
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<Table 5-10 (a)> Removal efficiency of BTEX by Cu-TiO»/ACF in humidity variation
(20 %)

Light Removal Efficiency (%)
. Time (min)
condition Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 132 16.2 224 283
condition -20 14.9 19.7 30.5 352
0 15.6 20.1 334 37.5
20 24.0 29.5 55.7 58.0
Visible
. 40 41.2 54.0 71.5 79.2
light
60 43.7 56.3 72.4 83.3

Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 50 ™¢/min, humidity = 20 %

100
B Visible light
B 20 % RH
80 —
=) -
< 60 -
— L
L=l
= L
= L
2 [
= 40 —
20 B —(— Benzene
L —h— Toluene
- —l— Ethylbenzene
r —— Xylene
0 —
T | T R TR N N N SO NN B |
-60 -40 20 0 20 40 60
Reaction time (min)

<Figure 5-10 (a)> Removal efficiency of BTEX by Cu-TiO/ACF in humidity

variation (20 %)
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<Table 5-10 (b)> Removal efficiency of BTEX by Cu-TiO,/ACF in humidity variation
(40 %)

Light Removal Efficiency (%)
. Time (min)
condition Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 8.3 11.9 14.6 19.8
condition -20 124 16.7 29.2 323
0 12.6 18.5 30.1 34.8
20 29.6 33.7 58.5 65.1
Visible
. 40 48.8 63.2 78.3 86.3
light
60 523 64.5 81.2 90.4

Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 50 ™¢/min, humidity = 40 %

100
i Visible light
B 40 % RH
80 —
~ |
S |
‘5 60 |-
2 i
2
) |
E 40
20 B —()— Benzene
- —dh— Toluene
B —il— Ethylbenzene
i —7— Xylene
0 |
_I | [ N TR N N T T A I T T T R
-60 -40 -20 0 20 40 60
Reaction time (min)

<Figure 5-10 (b)> Removal efficiency of BTEX by Cu-TiO»/ACF in humidity

variation (40 %)
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<Table 5-10 (c)> Removal efficiency of BTEX by Cu-TiO»/ACF in humidity variation

(60 %)
Light Removal Efficiency (%)
. Time (min)
condition Benzene Toluene Ethylbenzene Xylene
-60 0 0 0 0
Dark -40 4.8 8.2 11.3 15.2
condition -20 7.2 11.5 234 30.7
0 7.6 13.7 25.1 32.1
20 18.7 23.5 48.7 52.5
Visible
) 40 36.9 50.7 66.8 71.7
light
60 37.1 51.8 68.7 74.8
Conditions : C, = 10 ppm, dosage = 0.1g, flow rate = 50 M/min, humidity = 60 %
100
B 60 % RH Visible light
80 |-
s [
‘:E’ 60 -
E i
40 _—
20 _—
- —— Benzene
- —4— Toluene
j —ll— Ethylbenzene
o —¢— Xylene
7||||||||||||||||||||||||||||||||
-60 40 20 0 20 40 60

Reaction time (min)

<Figure 5-10 (c)> Removal efficiency of BTEX by Cu-TiO,/ACF in humidity

variation (60 %)
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Abstract

In this study, photocatalytic materials which cause photocatalytic oxidation under visible
light irradiation were synthesized and applied to the removal of volatile organic
compounds (VOCs), which are harmful substances in water and air. The basic
photocatalyst material used in this study is titanium dioxide (TiO;), which is currently
being used as photocatalyst in various areas. However, since TiO, has a large band-gap
energy (>3.2 eV), it has some disadvantages that it is not economical and applicable
because it needs to use a light source having a strong energy in ultraviolet (UV) region
in order to cause a photocatalytic reaction. To overcome these disadvantages, this study
used metal doping method which is synthesizing with copper (Cu) and TiO, to make
lower the band-gap energy of TiO, causing photocatalytic reaction under visible light
irradiation. Cu is a very common and easily available metal in the world and it has
low price and low toxicity. However, synthesized Cu doped TiO, has relatively small
surface area, which means lower adsorption capability for pollutants and a disadvantage
to apply in actual industrial sites due to its powder phase. In order to compensate these
drawbacks, Cu-TiO, was fixed on the surface of activated carbon fiber (ACF) by sol-gel
method in this study. Due to this overall synthesis, the efficiency of adsorption of
VOCs through large surface area and pore volume, which is an advantage of ACF, can
be improved and it can be easily applied to various fields such as water quality and
atmospheric environment based on the characteristics of fiber type ACF. For
investigating the characteristics of synthesized Cu-TiO,/ACF, various analyses such as
BET, SEM, EDX, XRD, XPS, and UV-Vis were performed. To compare removal
efficiency of VOCs by Cu-TiO/ACF, pure AC, Cu/ACF, and TiO,/ACF were
synthesized together. The results of BET analysis confirmed the surface area and pore
volume of each material. Cu-TiO,/ACF had a surface area of 1,398 mM/g and a pore
volume of 1.12 cm/g. Compare to pure ACF, the surface area of Cu-TiO./ACF
decreased about 4 %, but the pore volume increased about 23 %, confirming the ability
to increase the adsorption efficiency of contaminants. As a result of SEM analysis the
shpares of CuO, TiO,, and Cu-TiO, fixed on the surface of ACF could be grasped and
the presence of each substance could be confirmed through EDX results. The XRD
analysis showed the presence of Cu present in Cu-TiO,/ACF. In addition, the structural
characteristic of TiO, showed a large peak for anatase-type TiO, and a rutile-type peak
was also confirmed. XPS results showed the existence of Cu and TiO,. Cu was present
as Cu”" ion, and Ti ions present in the form of Ti*" and Ti’" were confirmed as well.
In the TiO, structure, Ti ions, which are mainly Ti*" ions, are reduced to Ti’" ions by

the structural change by doping Cu into TiO,. Since Ti'" has one more electron than
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Ti*, it can help the formation of excited electron which is very important material to
react as photocatalyst. UV-Vis results confirmed the optical absorption range of
Cu-TiO»/ACF. TiO; needs UV light to react as photocatalyst due to its high band-gap
energy (>3.2 eV). However, in the result of UV-Vis, synthesized Cu-TiO,/ACF is able
to absorb visible light. Moreover, the band-gap energy of Cu-TiOy/ACF was deduced
from the absorbance and it was confirmed that it has band-gap energy of 2.4 eV. This
means that the photocatalytic performance of Cu-TiO/ACF can be expected by using
light energy in the wvisible light region. Based on the analysis of these basic
characteristics, the removal efficiency of VOCs in water and air was tested. Benzene,
Nitrobenzene, and Toluene were used as the target materials for removal of VOCs in
water. In order to find efficient removal factors of VOCs, various envrionmental
conditions were changed such as visible light irradiation, pH of solution, dosage of
photocatalyst material, and initial concentration of VOCs. The removal efficiency of
VOCs showed the highest efficiency at pH 6.0 in the factor of pH variation of the
solution. In addition, 0.1 g of dosage of photocatalyst material and 30 mg/Z of initial
concentration of VOCs showed the most effective removal efficiency of VOCs. The
maximum removal efficiency of VOCs using CuTiO,/ACF photocatalyst was 76.4 % for
benzene, 94.1 % for nitrobenzene, and 98.1 % for toluene under visible light irradition.
It was confirmed that Cu-TiO,/ACF exhibits high photocatalytic performance under
visible light irradiation compared with the removal efficiency of VOCs without light
source. Finally, the reuse efficiency of Cu-TiO./ACF photocatalyst material, which is a
very important factor in actual field application, was tested. The reuse efficiency of
Cu-TiOy/ACF after 5 repetition experiments was very high as 69.8 % of benzene, 73.5
% of nitrobenzene, and 82.1 % of toluene compared to the first experiment. These
results show that Cu-TiO,/ACF is economical and effective to use in actual field
application. For experiment of removal of VOCs in the atmosphere, benzene and toluene
were used as the target VOCs. VOCs removal efficiency was verified by varying the
initial concentration of the VOCs, the flow rate of the mixed air, and the humidity of
the mixed air. The removal efficiencies of VOCs were to be higher with lower initial
concentration of VOCs. In the factor of flow rate variation, the removal efficiencies of
VOCs showed lower when flow rate is getting higher. The removal efficiencies of
VOCs according to the variation of the mixed air humidity were higher as the humidity
increased until 40 %, and got lower again at 60 % of humidity. As a results of VOCs
removal experiment in water, VOCs removal efficiency increased rapidly when visible
light was irradiated compared to when no light source was irradiated. The maximum
removal efficiency of VOCs was 82.3 % for benzene and 96.5 % for toluene.

Every results show that the synthesized Cu-TiO,/ACF photocatalyst can activate enough
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photocatalytic oxidation for the removal of VOCs under visible light irradiation and its
efficiency is also very high for aqueous and atmospheric environment. In addition, since
the removal efficiency of VOCs by regeneration dose not decrease much, economical
efficiency can be expected in actual field application. As a result, the photocatalyst
material of this study, which has improved the photocatalytic performance and
applicability by synthesizing Cu, TiO,, and ACF, is considered to be a highly efficient
photocatalyst material that can be utilized in various fields such as water quality and

atmospheric environment.
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