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Experimental study on the degradation of toluene by photo-oxidation
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Abstract: An investigation was performed on the photo-oxidative degradation of toluene under irradiation by 254 nm UV light. The effects of the initial
toluene concentration, illumination intensity and relative humidity on the toluene degradation were studied, as well as the degradation mechanism of
toluene into its intermediates. The results showed that the toluene conversion efficiency decreased slightly with increase of initial toluene concentration,
whereas the conversion efficiency improved with an increase of illumination intensity. As the relative humidity increased, the toluene conversion efficiency
improved at first with a subsequent decline as humidity level increased further. The toluene degradation demonstrated pseudo first-order chemical kinetics,
and the apparent constant was proportional to the intensity of UV light. According to the intermediates produced during the toluene degradation process, an
increase of light intensity favored complete degradation of aromatic compounds. The relative fraction of small molecular products such as ethanol and acetic
acid increased, while those of phenylcarbinol and benzaldehyde dimethyl acetal reduced gradually. Speculation was made of kinetic pathways for the
degradation of toluene to intermediate aromatic compounds and ring-opening reaction pathways to form small molecular products like 2-pentanone.

Keywords: toluene; photo-oxidation; kinetics; degradation mechanism

AT 32 D IR0 S B, — 7 I Pl ) S S
% S SR RE LT WA s U WK ZE AR O™

1 5| & (Introduction)

RERYEH DA P Y, R ORI
PB4 R A R SRR 2 | T Ml R T i A A
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A B A SRERE B -OH (XBRE 255, 2003 ; T A
55,2008 ) SEM 0T, S A S IUA HLTS Y R A AR £
78R FH O I A AR X Y 2R S5 BIL A 0 D' Ak 27 B
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S8R JIE X FH RS R ik 1) S ) DU) 6 B B TR B 1 AR
Vincent 55 (2009) & IAEBAL IR T, 6 B A o %
(r) 5HCREREE (1,) BEMEL R croc s T H LR
SRPE R, roc [0 Mo 45 (2009) i 58 T A T F
TiO, FHEAb TGS B 2R 1 S A R A R, & SR At
Pl ok ORI R R R TR LM
Huang 25 (2011 ) FI| FH & A5 A1 45 25 7 R4 Ak 700 FE R
HATHEAL IR | A IR A 7 ) 20 & 28 R I
2- 1B ZFRAE 12 Fp4 . IR, White 45 (2014) &
IUAEAS R AR RS T, B 2R 00 D' 2 i = 40 24 i B ol
FAAFAE 22 5 AR, X FH R 1 R A R A A7 A
W, HAR ] 540N F 2R B fige 1) o (] = i 358k 02 2%
(Shankar et al. ,2015 ; Thevenet et al. ,2014) , 7] fE<>
J AL A B B R T, L A AT A Sy TR
(White et al.,2014) , 50 Mr il - A4 H B A 1)
ISR AL FE T I A SCEE B UV 254 nm $890T
R, TE H DGk 2R R A TR F R R G E R
R F e, R 9 FR R D AR v B A O | s TR
Xof R R B S 2 R R 52 ) B Y R A e i e e e T
FEAE R AL I T L R AR LR LA RO
Ak figt 2 o7 HLER RIS 25 (4l

2 EI#EB4S (Experiments)

FH 21 o it S 17 S 6 2 B L 1 T, L
FEH—NEE 130 mm = BE 320 mm 1Y BT A7 9%
PR (AL R 4 L), NE/ A SRER (1240
mm, /5 380 mm) , HNCE UV254 nm $HMT ()
A SR B B4 A7 BR A W\, zw9d12w-h145
zw18d17w-h217 .zw24d17w-h317 #1 zw36d17w-h411)
PRI S 50 T A Y TR S 56 A 1o B AN ] )2 (9
18.24 .36 W) M4 AT LAV Y S840 0 BB B | S if
AL AR PR KB TR RER 30 °C, L Py B 2 5l i
FRIRB AN KRR B T 147 1 428 1. 52 560 Bt R
— REMRRRU 2 AR N A P, FR SR X Sy Al
HSE 5 e, 6 B R SOV BT IR B TR S
FEUR BB, Sl B ARE S DU I 2800 IRk B C,
HJE R 1 h IR S e AT L 2RV € S
L S BNA S e DA W 3 [V =R
HEA BRSO, WSO Y T VR R, 6 ASUH £
TR IR FHAS 53 BT FEY 2 016 8 e v ) ™ 49 552 55 e g FY
T R AR 8351 ( Agilent 7890A ) K il | £4, 3% 4
i INNOWAX E4045H: (30 mx0.25 mmx0.25 pum)
GC WTHEFEF M AE 50 °C BF R FE 1 min, 285 LU

10 °C-min™" (A FHEH R IR 180 °C. 2R H MRk
bR £ | R th 2R ME AR DG (R ) KT 0.99.

R
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Fig.1  Apparatus of photooxidation reaction

Zoat FORBE AR A0 5 i AR 7= 5@ 3 Trace
DSQ I 1S AH €5 3% Jit 1% BX A ( GC-MS, Thermo
Fisher) #E47 Kz I, >R A A9 €435 4E & DB-WAX {44
FE AR S TE 40 C T R FF 1 min, 2R 5 LA 10
°C-min”~" Y FHE B R INHF] 200 °C, FLL 8 °C-min™'
B FHIR R I HE] 240 °CHFLERF 5 min, BT B U8
TEIE R 200 °C, HH 7 o8 EHE, B HGuE
35~450,1 s FRKE N 5 M4 Fam i VOCs
Kl 5 NISTOS £l e i#E 4T L X o B 27240

AR SR AR RCR B LT A8

n() - nl CO - Ct
n = x 100% = x 100% (1)
iy 0
ng = Cy XV (2)
n,=CxV, (Vy=V,) (3)

v, Co (C PRI IR FICRE A ¢ I 2] SRR Y 480k
JE (mg-m™) ;ng 0, 73 BRI FOCFERE « 1 20 AH
HZE B ST (mol ) 5m D REE ALV, W, 50l
B ERFDCRERE ¢ 1 20 A A AR (m?)

3 Z£R51Fi8 (Results and discussion)

3.1 WERMMBKENY W

AR LT N ] 2R A0 G e R o A Ak R i 5
Wi, S22 A .36 W SR AT R RS | AR 4
FEFE 55% , FORPI IR VR B 451k 5.8 .19.2 .38.5 .57.6
mg-m G SLIREE AR XS E - In(C /C,) -t
FTAbHR, % B 4 v FE LA R AF, B A R AL F
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0.99L I, [F) sy & B 28 BB FH R A) G vk J3° 1 348 o v
FEAR , Wang 45 (2000 ) 15 &% B 1 250y MR A, R
PP — I N s SRR BRI N s .

__dc
r= dt—kC (4)
A, r WRWVHER (mg-h ' m™) 5 kR R

H(h™).

EEHR 2 F 1 " LRI, UV254 nm LAMExT
AN [FIAD G v B 1 R ORI A 3 v A T B 3, B A R
T B () 388 hn B A7 B[] P s o7 3 SR8 A T 1A T
{HBARIL AL R 25 G218 T [ W I [ 6 h, #) 45 Hk
JE4 5.8 mg-m” i, HIRRE MR IL B 94.35% , 3%
WL HHCR 0.483 h™ s WILAMREE R 19.2 mg-m ™ Al
38.5 mg-m” i}, F R R AR SORMEAT T RE, 73 5l B =
92.78% F1 88.15% ; 1M 4HI 4G FE 4 57.6 mg-m I,
2R AR SCR N R 0 81.63% . 3% J2 [R5 AT 3
B I H A B[R] PN O BGEE AR [R] BP
NEARZR AR A [ AR 2 B BRI 0 2RO
BAEEA N, F R EE WO F RS - OH

- oa
30k ® 58 mgm>
L ® 192 mgm™
25k A 385mgm™
i v 57.6 mg:m
> 2.0F
>t v
E1sk .
! -
1.0
0.5
v
0 1 1 1 | 1 | 1 | 1 | 1 | 1
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Fig.2  Relationships between In ( C,/C,) and irradiation time for
photooxidation of toluene ( a) and degradation rates in
photooxidation of toluene under different initial concentrations (b)

51 & 1) (ELFE 2 A e B B B4, AR & Hp R R AR 1
A H A R LAT | & B 2 oy (T 45, 2007 ; 5K 8
K55 ,2006) , T i B H R34 AR 1 D218 1K

R1 ARPEVNHRETRENRNHNFSH

Table 1 Kinetic parameters of toluene under different initial
toluene concentrations
P AT/
AR ce)=h R EEfEER(6h)
(mgem™)
5.8 -In(C,/Cy)=0.4830: 0.9987 94.35%
19.2 =In(C,/Cy)=0.4376: 0.9994 92.78%
38.5 -In(C,/Cy)=0.3670t 0.9983 88.15%
57.6 -In(C,/Cy)=0.2681: 0.9957 81.63%
32 ERBEES P

EEﬁm%ﬂﬁ“mFﬁ 19.2 mg+-m™ FHXNRE 55%
M ve: 30 ol N 7 ~ S OV N [ VI B S0V 4 N RS WV o
X FH R IBE R A8 R B 52 i, S8 AT Tl 43 1 R 9118
24 36 W.iRERZE KLU 3 fron, H i sl 124580
TR 2.456K 3 £2 HIU&}A,%E;‘@M%%EZB@

40~ 4
- n9W
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L 20
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15+
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% 2 4 6 8
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- | |
[ ) [ ]
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B3 FAEABEETREXEEREN In(C/C)5tHx
F(a) REESMEBHR(b)

Fig.3 Relationships between In( C,/C,) and irradiation time for
photooxidation of toluene (a) and degradation rates in
photooxidation of toluene (b) under different illumination

intensities
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B, HORAEE AL R ORI IO RE 8 h 5, R AMT
DI 9 W B, R R SS0R AR 33.42% 5 2448 4h
STINZARE R 18 W I 24 W I, I AR M ik 2843 )
PR T 37.77% A1 55.37% ; i £ AMNT DK Ky 36 W
I, B AR S AT 3k 96.99% AR IE 6 2 3 1240
BERATLIE 9,18 .24 36 W It i 19 26 Ui R
WORE R AMT Ot B OB E H, 5 SOk 45 R
(Vincent et al. ,2009) —F. iX J2& [F oA 28 SET 58 B 6
1R, B R E] PN 7 AR O TR R A N 23 3
R T A8 sy B 1 0 M PR RS DT 4R v R R
PR RCR.
F2 FEKEBETRENR M HESY

Table 2 Kinetic parameters of toluene under different illumination

intensities

EHMTHR/W  -In(C,/Cy)=hkt R? LR (8 h)
9 ~In(C,/Cy)=0.0576t  (.9982 33.42%
18 ~In(C,/Cy)=0.15561  (.9998 71.19%
24 ~In(C,/Cy)=0.26741  0.9994 88.79%
36 ~In(C,/Cy)=0.43761  (.9997 96.99%

3.3 MAREHRE

Bl 4 il T e 2RI R N 19.2 mg-m™
JEEFE] A 3 h B R [RJERAMT D3 TALS | AR A
XiF P 2 R R RS 119 5 . 2 6 1o A ) 9 SR FH 1 A
XHRIE N 25% ~65% , NEI TR BH B 0] LB H, 7EAN R
SHMCIERSE T, B2 AHXTIR B B3, R Rk 2y
SEIETE G AR .36 W RAMT T, HXHE
JER 25% 0}, R B AL 3N 63.50% 5 AR R EE Ry
55%I}, AR RIL = T 29 12% , i858 75.11% ;1M
FHXTIR B 65% B, F R BG AL S VA Jor T [, B &8
68.75%.TM7E 18 W Hl 24 W 2E4MT T, AHXHEEE R
55% Fc A7 B, BOOR B Ak R 8 B 0, A Bl ok
37.65%H1 56.45%. 3% J& F M 7E 254 nm 225 HR gt
TERPMARSTEPENASE Oo('D) (EF
REE 2009, Bk IS 2014) , 58S IIKERIR
A AR - OH R A FR R ARG BE AR, bt 25 < h
KarFH 2, AR R T -OHE B £ | (151K
FHoAbr SN 3G R O R A 8R4 B 4 s R B
BN — LS KR P Ko 5
AT MO T, H AR A B 2 R B s 2%, i
AR RRCR S TR, X 55K F S (2011)
PRI ST 25 SR — 0 PR I, 75 2 3R R 2R A 1) dc (A
XPHE R, LIRS 303 1 1) HH R R A o3 AR g v

BRI, FEAN R G B BT, HH R o fif 0% B i B
XTI P e A A T I B 34 HE 55% Ao 43X AT fig & A o
2R B3 A S 1 22 P 7 2R A, A48 H R 1 4%
WS - S Ak B A B 5 1R R T R K 28R AR LY
-OH IV, B 5 't R0 B2 A 35 a8 | 7 2 ol 8 i
BRI Z R HIES S THARNEMR
NPT T R TR R RAEE O
(1D) WA= A FT REA I d i (HAE il b (£
AREE,2009) , FrLL - OHZR Ak i AN R, DT 5 A3 A X6
M RE AN 2 A W R A S

80%- _a—18w

—o— 24W —A—36 W

20%  30%  40% 50% 60% 70%
XS 8

B4 HExREXNPRELENZID

Fig.4 Effect of relative humidity on conversion efficiency of toluene

3.4 PR HLIE DA

SRV IR b 25 R R LB, AR SCHEAS [R5
SNIT T R, EEE X E B R W) IR W E R
19.2 mg-m™> MXHERE N 55% WS 400 F, R
JEREAR 8 h ST B AT 4 A 45 W B R AR
i GC-MS Bl 45 iz ¥ o i e T FR 5 8 T AR
FUE. AN 3 Fs , 7E UV 254 nm E4MEIRST 8 h )5,
H DR 0 7 ) £ B AT £ A R R 4%, Ok
R LT R AR g R, AN, R D
2RIy 218 W 45, FCrp | 2- 56T 7 Sk v A T i
Ko, FNA 25 AR L B9 52 W2 L3 (Jenkin et al.,2008).
MEAMT I 18 W 28] 36 W B, Z =4
LR ART S 38.7% 3G N F] 43.19% , 1M & A
FEM R AR SR 58.05% & & 42.01% , HAE 36 W
SHMT R RREST | IFICH By (2 L8] X ) A7 A K 2
PR R S8 A0tk B2 B, VAR RS B FREZ
KRR F=A 20 -OH, TSR T K53 F 9 1)/
Y — Ak
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Table 3 Relative content of toluene degradation by-products

A AT &
ﬁjﬂmi I ISW 24W 36 W

2.55 R 18.39% 17.71%  19.55%
2.77 I 38.70% 40.34%  43.73%
3.01 2- %R 1.56%  1.55% 1.73%
5.25 L 1.68% 1.79%  11.19%
8.35 R / / 0.82%
9.56 % Y A — T 11.85% 8.75% 2.51%
13.36  RHIE 7.44%  6.88% 2.44%
14.62 KMy / / 1.29%
14.6 RILIE-S N1 5.78%  4.85% /

15.39 X IEORE 2.27%  2.13% /

1547  [AIF R 2.61% 2.77% /

18.74 RHR 9.71% 13.22%  16.75%

340 AFEIRE A RALIE T S IRE R

FEH, FORGE o G % i e AR AR R B OR R
FER R ICER T R R A AR AR TR — ORI
FEYIRIALEE, Wil 5 PN, RN R REA LT 3
Fb—(CAnBEAE 1 s ) S 2R 00 1 RSO T 88
H5EEA MmN, AR A B 5 (PhCHy ) X
SEME (-H) (BRIP4 ,2007) R A HES

LRG0, i — 2 O AR R i AR A
(PhCH,00- ) ,*Fid 4 A & L AEME e ™
VIR e e, Bl g AR SRR O R 2R T
(D'Hennezel et al. ,1998) , FEY) 2 i 7E & 4ME 5
O, M EIVE TR, 1R 25 55 Bl AL 2K WY IR, I J
R A (BRI IR S, 2007) . — (ANER AR 2 FT7R)
IR C—H BRI, B A H
B4R W RS Chen et al. ,2012) , 4k T 4601 %
TR, IR AR R R, o i T R 3 A . =
(nissE 3 PR s AR S H I Z [ #) C—C
AEN 3.6 eV, LR FAY C—C A C—H HEpYskAE
HIA, 1T i ELHE T 2 0 P 3 A il [ PR A 3
Fh e (B SR 55, 2009) . #3058 & (D' Hennezel
et al.,1998) I\ J5 W3 B L e i FE A9 A/ )N, TR
FeEAAAE B B9 B N 3 B o B AR 1 SEERT )
FRRY 2R AT P R [ ph 3 S A5 B 2R . s o R
Hh A AR S 43 R I A 2 5 A R R A 1 T AR
JERE % 1 R KR A B PR RS 45— H B ( Nobuta
et al.,2012) P& 0 AT DAHERT H A H B4 A . T S 59
Hh I A A B AR SRS S O, DR FFEFT T,
FOR LW 2R B0 5 6 38 B p 3 B4 7 2B 1Y (Mo
et al. ,2009).

hv 3 —CH,
‘OH OH
2 O [N
************* HO 1 OH o
CH 1 ! i
' i | <OH | {00 !
AN OH_ | : -~
| —OH i i _______
7 [ OH
5 BERFRFUHERREEZ

Fig.5 Generation pathways of chemicals containing phenyl

3.42 JEE AR A RAE WA 6 Frn, BRI
PGB Ry i AR ORI RR S, Ao 2R 3
Py SRR B R S AR R B A [ ) S A AR
(Mo et al. 2009 ; Frankcombe et al. ,2007) , T4 i)
PROLERILACE o3 AR R v, PR BRI T 4838 Y
H JEF HI55 7RO Y C—C HffE , BT 2 A
22 M HA R IR ) C—C ## % /)N ( Frankcombe
2008 ) , L2 3] - OHIY ULty % A Wi 2, TG R A

TR P G T AT R4 2 A5 1Y B ORI X —RE &2,
AT FE IR B AR 7 ) (Mo et al. ,2009) , 44T i
BRIZILI SRR 0 56 B R 38 R A s s bz, 7
ZEEE A RS- BB E, ZE B i C—C
W (R R 2% 5, 2003 ), T8 b e e 58 08 1) /N - 7
W R SRR PR LA R R A SR
NE AR 2-I0 i, e 2SR R 2 R R A ik
UK SNG4,
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Fig.6 Generation pathways of ring-opening chemicals

LR LTI, RO R i b R ) A A
B AN N R SR LN e S 7
W S AR 7, AT RE SR T AR S rh O R [R] 45
K, TR A e fife LU 58 78, T X 6 7 ) 38wl it —
St SR AN — S AR /N

4 2518 ( Conclusions)

1) Bl 200 G e B2 A 384, BA57 B[] P 2 g
AN, (H 3 A0 2R 25 28 T [ 5 T O IR i B2 119 3
5 D)2 fift JFL A A 36 180 T T = i A R VT B 1 3
i, WROREG AL 5 5 I 5E T IS B AR A a3 B AR A
SHEFETE 50% ~60% 22 [h].

2) FEEATEN 1225 BT i, & B 280 S AL I fi

NEAFE AN —G N B0 77 27 J5 %, H 3R R 5K
5 AT ' AR B A IE L.

3) FAOGRE R R R W) E 2R R R R
LW RAT , HLBE A ' FER B A 34, 7=y v 2 et
ARt bl 38.7% 34 N E 43.19% , T &% A3 7= 4
HAE TS 58.05% % & 42.01%.
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