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Study on the reaction path of photo-oxidative degradation of benzene
under the competition of hydroxyl radicals and free oxygen atoms

LI Zhi' YIN Liang’ DUAN Feng' ™ ZHANG Lihui'
(1. School of Energy and Environment, Anhui University of Technology, Maanshan, 243002, China; 2. China Tobacco Hubei
Industrial Co., Ltd. , Wuhan, 430048, China)

Abstract The effects of relative humidity on the direct conversion efficiency, mineralization rate
and components of waste gas from benzene photooxidation degradation were studied. Quantum
chemical DFT method was used to analyze the reaction path of benzene photooxidation degradation
under the competition of hydroxyl radical and oxygen atoms at different relative humidity. The
results showed that the direct conversion efficiency of benzene increased first and then decreased
with increasing relative humidity. The maximum direct conversion efficiency was 82% appearing at
relative humidity of 50%. The mineralization rate decreased significantly at higher relative humidity,

and the smallest value is 2%. The components of waste gas varied much at different relative
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humidity. At relative humidity of 40%, the oxidative degradation path of benzene was determined by
oxidation of 1,2-cyclohexanediol to 1,2-cyclohexanedione, and the maximum reaction energy barrier
is 15.3 kcal-mol™, which is beneficial to improving the mineralization effect and generating some
organic compounds with higher molecular weight such as P10 acetophenone and P11 benzaldehyde;
As the relative humidity increased from 50% to 80%, the maximum reaction energy barrier decreased
from 48.1 kcal'mol™" to 22.9 kcal'-mol™'. At this time, oxidative degradation path of benzene was
determined by oxidation of 1, 4-cyclohexanediol to 1,4-cyclohexanedione and oxidation of 1,2-
cyclohexanediol to 1,2-cyclohexanedione. The introduction of hydroxyl radicals greatly decreased
the oxidation difficulty of 1,4-cyclohexanediol and 1,2-cyclohexanediol, resulting in sharply
decreasing mineralization rate and direct conversion efficiency. To determine the optimal relative
humidity, it is necessary to comprehensively analyze the direct conversion efficiency, mineralization
rate, and components of waste gas.

Keywords photooxidation, benzene, relative humidity, quantum chemistry, DFT.
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Fig.1 Schematic diagram of UV photooxidative degradation experimental system
(1-mass flow meter control cabinet; 2-glass rotameter; 3-constant temperature water bath; 4-temperature and humidity instrument; 5-sampling

port; 6-ultraviolet light reactor; 7-ultraviolet lamp control cabinet; 8-organic Solvent; 9-Activated carbon particles; 10-Gas chromatograph)
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()1 k2= B 4 A Gaussian1 6™ #2747 . X T LA A4 AL A6 Kok I8 2548 &R, 1R T M062X/6-
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JIT X O 143 52 I A T 114 B i AER A, DA PP S X 1 S 20 55 7 ) T N A — 25 R N ) SR | o
PBEAS A=Yy AT R A 24 A I 2468, P AR 2219 815 — 2 RO Y fE

2 25 59718 (Results and discussion)
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40% HE AN E] 50%, # 1 B AL ROR t 60% B HN 3] 82%, i 3 R Ay il 5 AH G BE 1 58, 14 & 11
H,0 73 F 2 Wi 84 0, 7= Az B 8 3k el St AS W 385 o, R 0 4R A b 305 o3 1 a5 224 4 X W88 Bl 50% 14 n 2]
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A 1.4 L-min™!
HAERO0,21%

80 HHGPIAIR 1
Initial concentration
§ of benzene:
70 Wﬂg-m'3 J1o
A

\A é iR
60 | §
\ \ s
50 k- —o—#:{kF Conversion
—A— f*f¢ ZMineralization \§

A

40 1 1 1 1 1

40 50 60 70 80
Relative humidity/%

B2 AFEF IR TR0 R S R

Fig.2 Direct conversion efficiency and mineralization rate of benzene at different relative humidity
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Fig.3 GC-MS spectra of exhaust gas components under different relative humidity
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Table 1 Detection of main components in exhaust gas by GC-MS under different relative humidity

Hi'> AR CAS s 15 ¥ 5 ] /min
Serial number Name Molecular formula Retention time
Pl &b 124-38-9 CO, 0.975

P2 TR 67-64-1 1.233

)Ok
(0]
P3 PR 116-06-6 )b 1325

OH

OH
P4 2,23-=HIB-3-AAA TEE 25910-96-7 O% 1.617
P5 1% 90-12-0 9.675
P6 2.2 91-12-0 9.675
P7 CL 66-25-1 s~~~ 3.100
P8 VS 124-13-0 ~ o~~~ O 7.075
P9 TR 124-19-6 ~° 9.558

O
P10 K2 98-86-2 ©—< 8.642

P11 S g 100-52-7 @J 6.117

R Z P AR X B R B 50% B, R B AR RCR IR, SRR R TP ML R b,
B A P HUEAE T KA XS o 1 o FLRE PR R A ML PSCL-F 3E28) il Po(2-H1 325 ) . X R 44
T Y B AL SR I B B T — G R U T2 451
2.2 AR ALRE RS A T

FIFFTH B BT e BRI, R AR, TS B A A G R ) & AR SR L U
N FEAWEFE R, SEHRR R B Tk o35 RS0 F 2 20D U 20 i = AE 31 25 H. OH M O
F 0O 2RO I B A T BERK AR W] 4 PR, — 300 R SRR hiiF 25 H A1 OH H i SRk A58 40k
IR, 3 A2 R R 55 A6 4 BRS 25 1T, 24 (A N s B 07 2 6 AN A A 1 ]IS0 4 7 A 220, AR S
B ST(LA-PAC ) Al S2( 1,2-30 & 1) /S R [l A AR R 20, 5 — 43 R 4r F 2 S liF 5 1Y
OH H 3 & AR IR N, OH B M35 280 F B —A H IR 50 5 A B 25 0 rh 142K B il
H S3 Ml— KT
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Fig.4 Possible degradation pathways of benzene molecules
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Fiil ), S4 BIZEFIANERE , 23 X FR A Ak T 40 B PR 437 #HL I) 114 3 41— CH,COCH,—, %3 & Sk &R
) H L% OH H mﬁéﬁﬁﬁzﬁk%ﬁhﬂﬁfﬂ% P2( TN ) 5% P3RS ). [RIBR, rhla]4) S2 b A
W 2R 2 76 40 A B3k O R OH 4R 82 58U Ak S B3 AR i S5(1,2-3RC ) . i T > S 0 B 3 1y
VER RS S5 ARANERE, B A TER R 51 PR T U4 128 /N Benii g 4, Hoh—ir s 5
RS MR 53 LA S # B H, O Fl OH [ H HEAE FHAE B P4(2,2,3- = B JE-3-4 434 T ) . PS(1-H
FZ2) R Po(2-HIILZR), 7 — i S INEUG EHPE UK SRR A ALY PT(C ) | PS(FE ) A PO(T-1).
[vi] Bt A= B A 97 B8 i 3 (—COCH,) Al 3 (—COH) 2 5 ik r= A= i v [ 4% B i 5 S3 25 &1
PR PLOCIR ) A PLLOR HE ) . T AERE AR 40 F A i i B v, el ST gk s i fbly S4 LU &
S2 YRSy S5 2 di B[R] o 2 d5e o B2 4 1 v ) e AR, AR X — kR, R B A E R B g
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23 FFE SRR MEEAEN TR S1 3 S4 Al
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PUA:, S il 3 T SR T DA RS R A Rk %) SR AR R Bt SR AR I B, ARG 7 ) aod 3 2 245 44 LA
KR AFAE AN E 6 .

TEHIRA SRR RN 21%, HAS T O R 2 T AR B R 07K 43 F 5 1, T ATE D
KA (185, 254)nm (R HMEREST T, S1 A& AR S Ak I iy 4o 72 v e = T4 F 108 5 12 4 32k A1 Ay it o 1) R i
T E s, MEJRF51 &1 ST AL A S4 (11U [ fE 22 (H KK A 10.8, 48.1, 10.5, 0.1 keal'mol ™, H
HRE 22 B KRS 20 RO, BEIIZE SO A A R DS E . B 1 RS R Y ST A
16 S4 DU R B FE 2MEMK IR} 9.4, 22.9. 9.3, 44.1 keal-mol ™, 7] LLE 2RI [ i ILAY 51 AREW] LAY
BEAIR ST 4804k SN T i N R 42, FLr 3 — 20 358 =20 W R RE 22 20 I FE K T 13.0%. 11.4% Fll 52.4%,
T B i A A R R I B 3G, AR ST AT 1B 3 et T L B, AHXTIR B R 80% 1SR
BT AR A 40% F1 50% & A B R PI(TNEREE ), 456 & 4 AT LUFIE P3 (P FR B ) A2 [a]
WS4 15 S VT Y, TR P3P R ) 1 T8 BR3¢ T P2 (P iR ) 75 22 58 2 i FR 3k [ ph 3, X B0
BT, B AR R (3, 3t 3 i SR infe 2F 7 S1 i 41k,
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—&— 1-OHBE| % )% M Reaction initiated by hydroxyl radicals

5 SR THRAEEAmBEETIRM ST AN S4 1R
Fig.5 Oxidation of S1 to S4 Initiated by Oxygen Atoms and Hydroxyl Radicals
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Fig.6 Transition state structure of the oxidation of S1 to S4 induced by oxygen atoms and hydroxyl radicals
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I P S AT SRy U0 5 1) i W S U S R B RS R Y S2 kR S5 R g i AR Ak an K] 7 BT
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Fig.7 Oxidation of S2 to SSInitiated by Oxygen Atoms and Hydroxyl Radicals
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Fig.8 Transition state structure of the oxidation of S2 to S5 induced by oxygen atoms and hydroxyl radicals
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B AR 51 & ) S2 A4k S5 D [ i Y e 22 (BRI R 15.3. 1.2, 11.6. 4.0 keal'mol™", H:H1fE 22
e KA REE = 20 N, B A% 25 R % A S A B 2 OCBEVE . B0k B e 3R 5 & 1 S2 &k h
S5 DU 2 i By fiE 22 fH AR YK K 101, 4.6, 16.0., 6.8 keal'mol ™. 7] LAFEF|, B [ i 20 5] ANUAESE — 4
S BEAIR T 34.0% [ RE 22 A8, X T J5 =25 19 5207 X545 S [R) R JEE 1 348 o, 3 26 BH Bt 25 1R 28 A 6V
fR I, R A LAY 5 I AR A R T S2 AL,

AR T 51 &1 ST &AL S4 LUK S2 AN S5 A DU A5 2 I Hh E 22 55 KAE 4351 4 48.1 keal-mol”™!
1 15.3 keal-mol ™, JIf LAFEAHXHE B MR AY 250 F, K00 EZ A L2 2 S2 Al ly S5. 455 1 3 MK 4
W] LAE 2, M4k R AR R R 40% B, B BB P7(C ) . P8(== ) A1 POCTFE) . P10CK
ZHR) T PILCAH S ), 35 BT A I (4 2K 01 W A s 42 52 4 — B30 LR A0 B3 AL R 5 1L R 430 o0
60% F1 15%, F SR I 2R R A 1A 107 AL RICR SR g, AR IR 1) T 4267 AR DA S R AP 2B i LR 4y T I
FRMA LY.

PRI A A S AMAS S1 5 S2 Ak DU W T RE 22 i KAE A Z HiT Y 48.1 | 15.3 keal-mol ™ 43
I RER] 22.9 | 11.6 keal'mol™, KL T S1 %A Ak S4 LUK S2 Ak hy S5 1y ME Ly #2250, 15 7E
B R ARG BE B 45 0F R, R AL I AR 2t ST MLl S4 DU K S2 Sk Ry S5 JL R P e Y. Bl AR X
BRI 0, B I PN EREE) . P4 (2,2,3- = FH L3 48 Z¢ A T ) . P5 (1-F1352%) #i1 Pe (2-H1
FZE) . YR FR AT BE N 80% I, 2K B A LR 48% AW 1b 3R 2% Y e fik, (H UL B H 7=
YD

FRIE L LB or M 2 W, 23 [ 2R 51 AT ST 484E R S4 LA K S2 84k R S5 Ayt B AR A B A4
FH, TRI s BRAR T 43 1Y) R it % A%, DRI T2 7 1) SR AR Al 2 ) S AL B A 1V 25 1 ELREFGAL R L
e L I BB A R L5 A AT, TEA R A = SRR A5 T, BB T 4 A I AIBE, BT LA TR
8 T 25 SR A AR i B A8 S T B A A 2% A Ko E A 181

3 4518 (Conclusion)

(1) 2% 1) LB 2 A 3 B A A X0 B ) 388 o 8 B 58 T 80 5 AR R R 3, AR X B Dy 50% B, ELE
AL AR B B RAH 82%, (B4 AL A BEAR X IR FEHE N R 15% 2URIFEIR 2 2%.

(2) TER X MR R 40% M 2500 T, K00 T S8 AL R R B AR R 22 1,2-F0C S 1,2-3F 0
i, A2 6 DU A B P B R RE 248 0 15.3 keal mol ™, ZE MR 0 AL SR B I, BT B AL BRI AR, )
A BB R A LY. BEE AR BE BB N, R AL R AR R B 14-FC R AL R 1,4-3F
CHS 12- 0 TR 1,2- 0 3R FgeE, B A BT A 14302 ZEES 1,2-572
AR AR B DU A O T RE 43 f KB M 48.1 keal-mol™ 1 15.3 keal-mol™ 4331 F F& %) 22.9 keal-mol™ FI
11.6 keal mol ™, 2R BB ML 3 B L AR LU RIBE A, R By W Lo/

S % ik (References)

[ SR, mth, PRI, 55 BoR RS AT A% K P A HLY HEBUS 3 35 Ko me [T]. FREERE#, 2020, 41(4) @ 1582-1588.
WU J, GAO S, CHEN X, et al. Source profiles and impact of volatile organic compounds in the coating manufacturing industry [J].
Environmental Science, 2020, 41(4): 1582-1588(in Chinese) .

[ 2] PATERSON C A, SHARPE R A, TAYLOR T, et al. Indoor PM, 5, VOCs and asthma outcomes: A systematic review in adults and their
home environments [J]. Environmental Research, 2021, 202: 111631.

(3] BIEHL, HLL AL T.VOCSIE Ak BB AR BT 5t /e K J B2 (0], 3 MR, 2021, 27(1) 2 155-168.
LIAO Z Z, TIAN H. Research progress and prospect of coal chemical VOCs adsorption treatment technology [J]. Clean Coal
Technology, 2021, 27(1): 155-168(in Chinese).

[4] DU Z H, LIN X. Research progress in treatment of VOCs by dielectric barrier plasma cooperating catalyst [J]. IOP Conference
Series:Earth and Environmental Science, 2020, 508(1): 012132.

[5]1 SREEME, 2 a5 an, L%, & UESE TR URE RGN E A CVOCsH B [1]. FRIERL#, 2018, 39(2) : 640-647.
GUO H Q, MIAO J J, JIANG L Y, et al. Composite CVOCs removal in a combined system of nonthermal plasma and a biotrickling
filter [J]. Environmental Science, 2018, 39(2): 640-647(in Chinese) .


https://doi.org/10.1016/j.envres.2021.111631
https://doi.org/10.1088/1755-1315/508/1/012132
https://doi.org/10.1088/1755-1315/508/1/012132

10 34 AR A L b U SR S A T O S e A R S o A 3599

L6]

L71

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

T, SR, SRR, F. FUAS SO TR IR R 2L BRI K Hh SR 5 [0). BREERLAE, 2018, 39(5): 2195-2201.
SUN X, SHI L X, ZHANG Y, et al. Removal of odorants in drinking water using VUV/persulfate [J]. Environmental Science, 2018,
39(5):2195-2201(in Chinese).
JEWE, RUAS RS, MR, 45 . JF Wik AL S Ak VOCsid 12 H 1y 14 5 38 5 S b 1R A R F s it J (0], PR 84k 2, 2021, 40(11) 2 3307-
3315.
ZHUANG Y, LIU J M, QU C, et al. Mass transfer enhancement and synergistic effect during VOCs removal by Fenton oxidation [J].
Environmental Chemistry, 2021, 40(11): 3307-3315(in Chinese).
FE/NR, I R, A5 WA Tl VOCSHY R Y #E JR (], PREE TR 24, 2021, 15(11): 3479-3492.
DANG X Q, WANG Q, CAO L, et al. Research progress on purification of VOCs in industrial gas by adsorption [J]. Chinese Journal
of Environmental Engineering, 2021, 15(11): 3479-3492(in Chinese).

IR, R, ZKEN, AR B Tk RBRIRN ORME MEREOT T (0], PRI Y iy BLEOR 5 1504, 2005(5) 2 51-55.
LIANG W J, LI J, LI Y L, et al. Degradation of benzene and toluene with cold plasma [J]. Techniques and Equipment for
Environmental Pollution Control, 2005(5): 51-55(in Chinese).

HE e, FE b, 2R, S5 FNVOCSLAE AL iE A BT ST ik JE 0], SRR ORI SRR 45, 2021, 41(3): 29-32.

HUANG X Y, ZHUANG J J, HU X J, et al. Research progress in photocatalytic treatment of indoor VOCs [J]. Environmental
Protection and Circular Economy, 2021, 41(3): 29-32(in Chinese).

KANGIS, XIJY, HU H Y. Photolysis and photooxidation of typical gaseous VOCs by UV Irradiation: Removal performance and
mechanisms [J]. Frontiers of Environmental Science & Engineering, 2018(3): 107-120.

e, R AERE, TSR, S5 TR R AL IR KT IE (1], FRBERIEAEHR, 2015, 35(9): 2759-2765.

ZHANG Y F, ZHU Y Q, WANG S R, et al. Experimental study on the degradation of toluene by photo-oxidation [J]. Acta Scientiae
Circumstantiae, 2015, 35(9): 2759-2765(in Chinese) .

de LUIS A M, LOMBRANA J I, MENENDEZ A, et al. Analysis of the toxicity of phenol solutions treated with H,0,/UV and H,0,/Fe
oxidative systems [J]. Industrial & Engineering Chemistry Research, 2011, 50(4): 1928-1937.

BRASLAVSKY S, ACUNA A U, ADAM W, et al. Glossary of terms used in photochemistry, 3rd edition (IUPAC Recommendations
2006) [J]. Pure & Applied Chemistry, 2007, 79(3): 293-465.

BT HyO,58 1k 52 S G A AL R AR AR e 8 — TP 5% SR BIFSE (DL UM #i Tl K2, 2016.

CHEN Y P. Research on low concentration xylene degradation by H,0, enhanced UV photocatalysis[D]. Hangzhou: Zhejiang
University of Technology, 2016(in Chinese).

AR, NEW, R, F. R RN RSN TR R LRI ZE (1], F 5875 9 5 B34, 2014, 36(6): 13-19.
ZHOU L J, BU Y F, CHENG Z W, et al. Conversion characteristics and mechanism analysis of gaseous ethylbenzene degraded by
vacuum ultraviolet photodecomposition [J]. Environmental Pollution & Control, 2014, 36(6): 13-19(in Chinese).

IR, K 5E . UVasnme 1ssom) G BB S ARG SC RGO 5T (0], v BRI 2, 2011, 31(6) 2 898-903.

ZHANG C Y, MA Y L. Experimental study on UV,sm+1ssnm Photodegradation of gaseous toluene [J]. China Environmental Science,
2011, 31(6): 898-903(in Chinese).

CHENJ Y, HE Z G, JI Y M, et al. OH radicals determined photocatalytic degradation mechanisms of gaseous styrene in TiO, system
under 254 nm versus 185 nm irradiation: Combined experimental and theoretical studies [J]. Applied Catalysis B:Environmental, 2019,
257: 117912.

DANESHVAR N, BEHNAJADY M A, MOHAMMADI M K A, et al. UV/H,0, treatment of Rhodamine B in aqueous solution:
Influence of operational parameters and kinetic modeling [J]. Desalination, 2008, 230(1/2/3): 16-26.

FRISCH M J, TRUCKS G W, SCHLEGEL H B, et al. Gaussian 16 Rev. B. 01 [M]. Wallingford, CT. 2016.

BICZYSKO M, PANEK P, SCALMANI G, et al. Harmonic and anharmonic vibrational frequency calculations with the double-hybrid
B2PLYP method: Analytic second derivatives and benchmark studies [J]. Journal of Chemical Theory and Computation, 2010, 6(7) :
2115-2125.

ETAR, Bkse. MIAIUVCE BR R B4 i SE it 5 [0, PR AR 2741, 2009, 3(7): 1284-1288.

WANG Z D, MA Y L. Experimental study on removal of low concentration benzene with UVC [J]. Chinese Journal of Environmental
Engineering, 2009, 3(7): 1284-1288(in Chinese).

JEI B Rl HLAE 2 (M. Jat: B 55 208 A, 1990.263-264.

ZHOU Z. Basic organic chemistry [M]. Beijing: Higher Education Press, 1990.263-264(in Chinese).

ZHANG W P, LIG Y, LIU H L, et al. Photocatalytic degradation mechanism of gaseous styrene over Au/TiO,@CNTs: Relevance of
superficial state with deactivation mechanism [J]. Applied Catalysis B:Environmental, 2020, 272: 118969.

ZHANG W P, LI G Y, WANG W J, et al. Enhanced photocatalytic mechanism of Ag;PO, nano-sheets using MS, (M = Mo, W)/rGO
hybrids as co-catalysts for 4-nitrophenol degradation in water [J]. Applied Catalysis B:Environmental, 2018, 232: 11-18.


https://doi.org/10.7524/j.issn.0254-6108.2021033108
https://doi.org/10.7524/j.issn.0254-6108.2021033108
https://doi.org/10.12030/j.cjee.202011052
https://doi.org/10.12030/j.cjee.202011052
https://doi.org/10.12030/j.cjee.202011052
https://doi.org/10.1016/j.apcatb.2019.117912
https://doi.org/10.1021/ct100212p
https://doi.org/10.1016/j.apcatb.2020.118969
https://doi.org/10.1016/j.apcatb.2018.03.006

	1 材料与方法（Materials and methods）
	1.1 实验设备与材料
	1.2 分析方法

	2 结果与讨论（Results and discussion）
	2.1 相对湿度对苯氧化降解的影响
	2.2 苯分子氧化降解路径预测
	2.3 氧原子与羟基自由基竞争作用下的S1到S4氧化路径
	2.4 氧原子与羟基自由基竞争作用下的S2到S5氧化路径

	3 结论（Conclusion）
	参考文献

