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Received: 09 December 2010 The present study compares for the first time the photocatalytic oxidation of three
Received in revised form: 07 February 2011 p-chlorophenols (4-chlorophenol, 2,4-dichlorophenol and 2,4,6-trichlorophenol) in irradiated
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Online: 30 June 2011 ZnO suspensions. The effect of operating parameters such as catalyst and concentration doses

on the decomposition rate of these p-chlorinated compounds has been studied and optimized.
The optimal feed concentration for each of the chlorinated phenolic compounds is 50 mg/L
KEYWORDS whereas the ZnO doses decreased as the number of chlorine substituent is increased. Kinetic
profiles on the decomposition of chlorophenols over ZnO agreed with the pseudo-zeroeth

%:Sﬁ;ﬁgm order rate scheme with rate constants following the order 2,4,6-trichlorophenol > 2,4-

Chlorophenol dichlorophenol > 4-chlorophenol. The validity of the pseudo zero order model could be linked

Zn0 to the initial doses of the chlorophenols used vis-a-vis the catalyst. The study revealed stable

Photodegradation intermediates of photocatalytic chlorophenol transformation by high performance liquid

Intermediates chromatography (HPLC) and gas chromatography-mass spectrometry (GC-MS) technique. A
combined mechanism is given to account for the photocatalytic destruction of the
chlorophenols.
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APPENDIX A
ORIGINAL CHROMATOGRAMS

1. HPLC Chromatograms of external standards (20 mg L-1; 20 pL injection; 60:40 methanol-water) for 4CP degradation
analysis
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2. Chromatographic standards (20 mg L-1) for 2,4-DCP photoproducts analysis
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3. Chromatograms of standards (20 mg L-1) used during the analysis of intermediates of 2,4,6-TCP
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Appendix B
ORIGINAL GC-MS SPECTRA

GC-MS chromatograms and spectra:
Spectra and chromatographic peaks of 4CP intermediates;

Solvent peak: Diethyl ether

Data Acquired by
Acquisiton Date
Sample Type
Level #

Sample Name
Sample ID

IS Amount
Sample Amount
Dilution Factor
Vial #

Injection Volume
Data File
Method File
Report File
Tuning File
Modified by
Modified

intensity

GCMS Sample Information
: Admin, Jabatan Kimia, UPM
: 2/4/08 1:02:33 PM
: Unknown
1l
: Diethyl ether
: GS18309

_:[1]=1.000

: 1.000

: 1.000

i1

: 1.000

: C:\GCMSsolution\Data\Halim\010208-deter2.qgd
: C:AGCMSsolution\Data\Halim\gc70310.qgm

: C:\GCMSsolution\Data\zaks\gcpotrait.qgr

: C:\GCMSsolution\System\Tune1\040208EIf2.qgt
« A g

$ 2/4/08 1:38:38 PM

GCMS Chromatogram

3500000

3000000

2500000

2000000

1500000

| b A bl sadlitacmn,

Peak# R.Time

T T T T T T
10 20 30

GCMS Peak Report
ITime F.Time Area Height A/H Mark %Total Name
0 0.00

/TIC

*1.00
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4. GC-MS of 4-chlorophenol and intermediates

/

Injection Volume
Data File
Methed File
Report File
Tuning File
Modified by
Modified

intensity

DIMS Sample Information

+ Admin
: 24108 5:01:35 PM
: Unknown

§[1]=1.ooo .

000
AGCMSsolution\Data\Halim\010208-Thdepin.qgd
\GCMSsolution\Data\Halim\ge70310.qgm

: CAGCMSsolution\Datavzaks\gcpotrait.gar
 CAGCMSsolution\System\ Tune1\40208EI2 g3t

: Admin
1 2/5/08 11:20:04 AM

DIMS Chromatogram

5000000 4

J _TIC
T ; .

l“. llLJ‘h.LJ.J._J.UJ}-Lll-u-Ll B (s — *1.00
N I 30
© » min
DIMS Spectrum
Line#:1 R.Time:8.8(Scan#:694)
MassPeaks:56 BasePeak:128(1589105)
RawMode: Averaged §.8-8.8(693-695)
BG Mode:Cale. from Peak
1 113
00
80
704
65
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50-
a0
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203 100

i b
104 50 l
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DIMS Library

<< Target >>
Line#:1 R.Time:8.775(Scan#:694) MassPeaks:56 BasePeak:128.00(1589105)
RawMode:Averaged 8.767-8.783(693-695) BG Mode:Cale. from Peak

1T8

100
50
40

3

l|1l 1
6 0 100 120 T 150 o 730 | 210 260 280 30 320 30 360 380 40 40 40
Hit#:1 Entry:4201 Library:Nist21.1ib
S1:95 Formula:C6HSCIO CAS:106-48-9 MolWeight:128 RetIndex:0

CompName:Parachlorophenol
178 Cl

39 65

OH

100
50 73 )
9
ol ill |
e

™ i 00 M0 20| 10 280 20 70 0 30 M0 0 M 40 40 40

Hydroquinone
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<< Target >>
Line#:2 RTm:P,MSwﬁsﬂag? MassPeaks:4? BasePeak:110.05(16198%)
Rewhode: Averaged 9.983-10.000(839-841) BG Mode:Cale, from Peak
i
5 1
& |
4 | " i "

W06 ® 100 10 10 160 180 20 20 20 20 250 30 30 M0 360 30 400 40 40

Hit#:1 Entry:2353 Library Mist21lib
$1:93 Formula:CEHE02 CAS:123-310 MolWeight:110 Retindex:0

CompName:Hydroquinone . =
140 Oh
55 8l | OH
M 5 Lo Lz
| |

T O L oy i i T T il L i i i e
B 0 0 100 10 M0 160 180 20 220 240 260 280 300 30 340 360 30 400 420 440

4-chlorocatechol
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<< Target >>
Line#3 R.Time:12.500(Scan#:1141) MassPeaks:69 BasePeak:144.00(458773)
RawMode: Averaged 12.492-12.508(1140-1142) BG Mode:Cale. from Peak

2

185

2060 80 100 130 M0 160 180 200 20 240 260 28 300 320 30 360 380 400 420 440
Hité:1 Entry:11107 Library:Nist107.1b
S190 Formula:CSHSCIO2 CAS-0-0-0 MolWeight:144 RetIndex:0

CompName:4-Chloro-benzene-1,2-diol $8 Ol
14

OH

Cl
8

98
L 115 126
" \ U I

| Lam e | LT L] Lk L L L L BNL I BRLE ) 1 [ L L) | b B I | | S i ik i | | | B B T e |
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5. GC-MS chromatograms and spectra of 2,4-DCP intermediates

Data Acquired by - Admin e :
SopleTpe . | oA H160PM o
Sanple s oo .

¢ Name 1H .CP
lSsampIe]D GS18309

Amount [1]=1.000-

Sample Amount 1
Dilution Factor 1.000
Vial # 12
g:hml;‘le‘@m + 1.000

ile : C\GCMSsolution\Data\Hal; hdepin.
Muhodpl?lc : c;mmmmm&%f&' >~
Repon File : CAGCMSsolution Data\zaks\gepotrait go
Med _:C:\rGCMSuﬂuﬁm\Sym\TmnI

- by : Admin s

Modifi, 5008 11:16:59 AM
) . Dmscmmmm

- Jf.‘ln.i.u

10 :
30

Line#:1 R.Time:s.d(smg.ﬁn)

70 BasePeak:162(4177785
RawMode: Averaged 8 4. )
?G!i:s:cm 8.4(651-653)

) I'I"]'\ T i
M 290 m'3:«)'35'0'31"0"39\:{"4?0'43'<)r”1
mfz
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2,4-DCP

DIMS Library
<< Target >>

Line#t:] R Time:8.425(Scan#652) MassPeaks:70 BasePeak:162.00(4177785)

Rawhode:Averaged 8.417-3.433(651-653) BG Mode:Calc from Peak
162
63
a8
73
49 126
41 2 e |.l\.<
e e ey G G i o g L i | . Y i Lt
e 100 130 140 160 130 200 210 20 260 280 300 30 34 360 3/ 400 420 440
Hité:1 Bniry:8565 Library Nist21.1ib
SL:96 Formula:C6HACI20 CAS:120-83-2 MolWeight:162 Retlndex:0
CompName:Phenol, 2,4-dichloro-
§ L7
o8 Cl
HO
n 126 a
37 49
L

T o0 0 i 160 T80 200 |7 240 20 20 30 3 M0 30 W A0 40 40

2-chlorohydroquinone
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<< Target >>

Linef2 R Time:11,058(Scan#:968) MassPeaks:64 BasePeak: 144.00(687778)
RawMode: Averaged 11.050-11.067(967-969) BG Mode:Cale. from Peak

[} 1

é 108
4 | \',Eﬂ [, 1% 16 178

© 6 0 100 120 14 T a0 0 0 20 20 0 3 M0 360 RO 40 420 40
Hit#:1 Entry:11110 Library:Nist107.5ib

ST:87 Formula:C6HSCI02 CAS:615-67-8 MolWeight:144 Retindex:0
CompNeme:] 4-Benzenediol, 2-chloro- 5 Hydroquinone, chloro- $8 Chlorchydroquinone 88 1,4-Dihydroxy-2-chlorobenzene $8 2-Chloro-1.4-benzen:
144

Cl
HO

T o el v W i iy il | B e il i il i o
s o Do M0 10 10 a0 20 240 260 2% 30 3 M0 30 B A0 40 40

3,5-dichlorocatechol
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<< T
Fineh 3 R Time:11 708(Scan#:1046) MassPosks:96 BasePeak'175.00(285923)
RanwMode: Averaged 11.700-11.717(1045-1047) BG Mode Cale from Peak

L II'||I|I|‘I
% 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440

Hit#:1 Entry:24601 Library:Nist107 lib
51:86 Formula:C6HACI202 CAS:0-0-0 MolWeight:178 RetIndex:0

CompName:3,5-Dichlore-benzene-1,2-dicl 35
CH
OH
.Cl 14
o LT T T 1 rrrer L L L] L L rerl
e T 130 140 160 180 200 230 | 240 | 260 280 300 320 340 360 380 400 420 440
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6. GC-MS chromatogram and spectra; 2,4,6-TCP intermediates

Data Acquired by
Acquisiton Date

GCMS Sample Information

: Admin, Jabatan Kimia, UPM
: T10/08 10:06:33 AM

Sample Type : Unknown
Level # 10
Sample Name : TCP 30
Sample ID - GS18309
18 Amount < :[1]=0.000
Sample Amount  : 0.000
Dilution Factor : 0.000
Vial # o1
Injection Volume  : 0.500
Data File 1 CAGCMSsolution\DatatHalim\1587-tep_30.qed
Method File 1 CMGCMSsolution\Data\Halun\ge703 10.qgm
Report File : CAMGCMSsolution\Data‘\zaks\gepotrait.q gr
Tuning File : CAGCMSsolutiomSysten\Tune 1\090708EIf2.q gt
Modified by : Admin
Modified : 7/14/08 10:06:16 AM
GCMS Chromatogram
intensify
6500000 4 .
6000000~
5500000 4
5000000~
4500000 4
40000004
3500000 5
3000000
25000004
2000000
1500000
] k-l o~ =3
1000000 =
o
300000 £ I I
P e o l \ ! ol e o e I/ *1.00
— 7 — ; : e o : :
10 20 30
min
GCMS Peak Report
Peak# R.Time I1Time F.Time Area Height A/H Mark %Total Name
1 13751 13.717  13.817 274772 120220 2.28 0.83
2 14390 14342 14433 125582 82628 1.51 0.38
3 16057 16017 16083 739963 498033 1.48 2.22
4 18002 17983 18050 81917 67925 1.20 0.25
5 18158 18125 18173 135896 71926 1.8 041
6 18214 18.175 18.242 1850964 1128774 163 V 5.57
7 20.187 20108 20250 2210586 1130446 1.95 6.65
8 21726 21700 21.773 133451 95724 1.39 0.40
9 22005 21.933 22067 2117868 1090718 1.94 6.37
10 23322 23225 23400 21863215 6799099 3.21 65.74
11 23687 23500 23733 1655457 721096 2.29 v 4,98
12 25246 25175 25292 1073195 508035 211 323
13 26756 26700 26.800 688257 300041 2.29 2.07
14 28513 28.558  28.675 305910 122481 2.49 0.92
33257033 12738046 100,00

DIMS of 3,5-dichlorocatechol
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GCMS Library

<< Target >>
Line#:1 R Time:13.750(Scan#:1291) MassPeaks:49 BasePeak:178.10(16529)

RawMode:Averaged 13.742-13.758(1290-1292) BG Mode:Calc. from Peak

\!
i

51 T ‘E

7

86 |

39
142

Il e

i 1
ﬁ#*‘“wm% | ul el
40 60 80 IO(] 120 140 160 ]80 200 220 240 260 280 300 320 340 360 380 400 420 440
Hit#;]1 Entry:24694 Library:Nist107.1ib

SE82 Formula:C6HACI202 CAS:824-69-1 MolWeight:178 Retindex:0
CompName: 1 4-Benzenediol, 2,5-dichioro- $8 Hydroquinone, 2,5-dichloro- §$ 2,5-Dichloro-p-benzohydroquinone $$ 2,5-Dichloro-p-hydroquin
1

114

53 8

|

“ 60 142

|,
I"“H“I"'""l' _ ._.U(‘l Elh : ?\f : I|| l‘.l S ﬂ |
40 60 80 100 120 140 160 180 200 ')20 24{) 260 280 300 320 340 360 380 400 42(] 440
Hit#:2 Entry:24691 Library:Nist1071ib
ST:80 Formula:C6HACI202 CAS:0-0-0 MolWeight: 178 Retlndex:0
CompName:3,5-Dichloro-benzene-1,2-diol §%
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e
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l42
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