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Abatement of toluene with integrated plasma and excilamp lamp reactor
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Abstract; In this paper, a new-type gas degradation integrated reactor that simultaneously produced
dielectric barrier discharge (DBD) plasma and UV radiation from KrCl" excimer with one power
supply (named as DBD/UV) was used for toluene abatement. Both DBD plasma and 222nm KrCl”
excimer UV decomposed toluene alone, but toluene was not transformed totally into H,0 and CO, if
excilamp was used alone. At the same specific energy density, removal efficiency of toluene was
higher with integrated DBD/UV than the sum of DBD and UV, demonstrating synergistic effects.
Under the same conditions, integrated DBD/UV represented higher performance than DBD alone
with respect to energy yield, carbon balance and CO, selectivity. Lowered production of byproduct
0, indicated that O, might be inhibited effectively with DBD/UV technology. Meanwhile, influence
factors were investigated and degradation products under different applied voltages were compared.
The results showed that main byproducts were benzaldehyde, acid anhydride, aliphatic aldehyde,
alchhol, and so on. It was inferred that toluene was decomposed by DBD/UV via three channels;
direct photolysis by absorbing 222nm photons, oxidation by high-energy electrons and active
particles, and synergetic effect between UV and plasma.
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Nl AN BRI, S — L R VOCs , X 1z Bk 0286 B5 AT R 58 A SR8 VR P, R e v AR ol 428 | K s v 42
Sl PP 2 25 O 2 2 5 RN LIRS AL 58 1 S AL B AR AL G AR Wt vk AL S, N R R
PRI SR AT — 8 (R BR AT AR 25 B 1A mT L3 s Fl S | 3 T 5 P AN A B LR R ( Dielectric
barrier discharge, DBD) % 3 Fy U=k  Horfr , DBD 45 8§ TR AT 5 /N 0% m | REREMIC AR R ] SR 45
sk, B PR 4 VOCs' SR T, DBD 17 FH T3 b Tolk 3R B T B A FH =R L0, Al NO, 25l
T AT 155 ) R 7 57 ) — 52 B BR A7 AR 22 Sk % i DBD 5 AR DA 5 B R SR
B 7 B4 A B SR, AEAR TR AR B 58, SE B hy PSS BHL A K. B, R4 2009 AR & T — U — 4
o S P [ s 7 A A B AR Kl ™ 7 4R A S 1 A1 8 U 45 B OB AR F TR i Ak
WAL, 22 BRAZOBT 0206 B LU SRk DBD BRI 2R 20 5 BR 4R 5 T 20.6% " AHX R A H AR H UV 2 2]
ZRAEFHAFIH, B B UV R B T AR A R A VR FH JC I 156 1 o e 58 6F il 7= 4 A 1A I il
R EEREA RN, B E R UV U6 0] DB H e e FOLIR SR T T R 59T
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Fig.1 Configuration of reactor
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JSERT 5 B PR vk B 3l 4t Agilent 2 ] (1 7820A T8 HA €35 (X AR 28 4 BT, €6 1% AF -, HP- Sms
30 mx0.32 mmx 0.25 pm BAVEHE. ARSI AR 120 °C, T 120 °C L KIER 150 °C [ SP-
6890 HL A (A 13 (& BT Ak TAXAR A BRZA ®]) 4t Ni Fedk 20 A T 9 €O 1 CO, eI O,
IR Z ML AL (UV-100, 3E [ ECO) WIRE. HIA LBRA (1) (HER (Ey) (BERFE (SED) \Bc-F-
1 (Cb) F1 CO,BEFEE T 435 o A5

C_ —
HIER I LR () (%) = ‘“C' ™ x 100% (1)
3.60C,
HEH (Ey) : Ey(gkWh™') = QCum (2)
REHL % % (SED) . SED(J - L") = P/Q (3)
-5 (Cb)

[CO,] N [CcO]. M

Ch = . x 100 4
(%)= 508 * 196 V¢ - m & 4)
Cozﬁ*%ll‘i(sc(h) H
M1CO,]
S ) = S ¢ o 1009 (5)

K, €M C AR R SR PRET S R E (mg-m™) 5 Q MKW (L-s™") 5 P AT H
(W) ,[CO, ][ COT45I R CO, /1 CO FIMFE (mg-m™) ; M NH R/ T 8, g-mol ™.

2 R 51e

2.1 KrCl™ #E73T4T UV FREDLIE

EFZH IR LR 3 1) KeCL™ #4537 /) UV 7€ 200—320 nm Z [0 19563 & 1 Avantes /\ 38 38 G %%
( Avantes AvaSpec-2048FT-8-RM, 73 ##% 0.05 nm) P45, H b v 46 B8 B 575 X7 ( Mikropack DH2000-CAL)
X S SR AT e AR, PTB AT B3 B9 ST X 200—220 nm 57 59 38 B2 5 A, 45 5K 0L 2. g 1] 2 ]
222 nm(CEEATEE N 1.7 nm) 7T & R, i B—X BEASERIT ™ A2 55 4h, T LOWLEE ) KeCl®
245 nm( C—A) 1 Cl, *258 nm(D'—A") B &EESH , B 145 222 nm AL B55R £, I, 222 nm 45 5T
R R AT o iR AR .
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Fig.2 Irradiation spectrum of KrCl* excilamp

2.2 DBD .UV I DBD/UV % 3 Fh T. 2%} Hb

3 XFLt T DBD UV F1 DBD/UV 55 3 Fl T L4508 T HH R B 23 BRFFNRE . SL 90 25 14 - R ORI IRk
FEH 500 mg-m 1 1000 mg-m™, ARG H N 0.48 L-s™' i1 & 3 750, AR HY SED &4 F ,DBD/UV f&
2 2 ) 22 PR RN BE SR AT e T Ak Y DBD RS, Ui A XAl L — AL ) DBD/ UV BXA 2% B L B )
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DBD 2%& B HAT B4 (1) A vk RE. W 2R 22 SR BH SED ()T = i T, 3IX 2 A SED T R R g fL 1
G PR T B ECE R 2. SED 2224 J-L7', F2EPIAGR M B R 500 mg-m ™ B, DBD/UV .DBD UV 4§ 3 Ff

LR HEFRR AR 46.8% 32.1%F1 10.3%. 7] LIA H DBD/UV L5l DBD Fl UV BB A9 I Alis
K, Ui DBD/UV i] LI 3| — & BFE S VE . Bk KeCL® E20T-4T UV ORI T LR R A e &
BEET  HRFEARNRERE A, X AT RB S T H R S A 08, LB xE A AR R B Sk [ 13 ], R
24 W 4 254 nm Hg KT 5% P28 WIIAWRE N 4107 mg-m ™ A I AOG BRI A] 120 min, Z2ERF WA 10%
/247.DBD 1 DBD/UV Fif ik & rh | fe R0 SED RO TFFE M R RE, DL E i SED T, FH 2K 5[4 3R AR
e, (HRER I AN, F o A ) BE s 5% A S AR BCE BB 2N AE s 1.

70~ (a) —=—DBD,500 mg-m™ 16 — (b)
—o—DBD,1000 mg-m~> m —=—DBD
60 —e—UV,500 mg-m> ——UV

——UV,1000 mg-m™ 12+ ——DBD/UV
—<—DBD/UV,500 mg'm™>
—<+=DBD/UV,1000 mg-m_
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Fig.3 Comparison of toluene degradation hetween three technologies with respect to removal efficiency (a) and energy yield (b)

YERy— PR SRk R A 8 BB S T TR <A B, In B R e i R e e o F 1k, i,
ARSI T B 2R R I AR T CO R CO, MR 1T T DBD/UV FERAR DBD 4544 T H R (k-
5 (5L ALk CO, M1 CO) M1 CO, PR, 25 ILER 1. i3 1 I %0, PP & 2 o A 5l CO | CO, ¥R EE#RRE SED
T T, UERR R A BE R T, B 2 B H Rk CO M CO,, B CO, 2 15 14 i T- 1 45 b
SED A4 FF e 1 F . SR, R T AR S5 A A S I IX A 457 B B 1R 48 (IR T 0.5 ), F A ST T W o i
SR, S ECT-E R CO,EPEEAR AR, DBD/UV /R &R 1 SED y 222.4 J- L7 Bi-F-if Al CO, E £ 43
o4 39.89% Fl1 33.8%.DBD/UV 1K Z Fh i -1 Al CO, BEFMEARIA & = T 8k DBD IR R | #2518 B K29
30%.3CHK[ 14 1R FH DBD A% FH R BRI 46 R B R 1150 mg - m™ i FH 2R | R FH 45 B8 IR B A J 25 B
RN 97% (H A 20.4% 5548 K CO,.

R PR R A CO, EFRMEIHT(C, =500 mg-m™, 0=0.48 L-s™")

Table 1 Carbon balance and CO, selectivity analysis under toluene degradation

SED/(J-L7") 12.8 50.8 106.0 152.6 222.4
CO WJE/(mg-m™) 7.5 11.3 15 16.3 20.0
DED CO, M/ (mg-m™) 9.8 31.4 58.8 90.2 137.2
CO, ML/ % 9.9 13.3 19.8 24.2 25.2
VA / % 21.8 20.8 27.7 31.0 31.0
CO W%/ (mg-m™®) 15.0 20.0 22.5 26.3 30.0
CO, W%/ (mg-m™) 31.4 54.9 115.6 198.0 264.6
DBD/UV e
CO, EFEME/ % 17.4 18.6 29.3 32.6 33.8
VA5 / % 30.4 29.2 38.2 39.4 39.8

2.3 DBD/UV B H 2K B Ak

DBD F#fif VOCs B, T 53R O, 7B B FIRER T &M 0CP) , 5 0, R AL 04, A Al
) O, —J7 M2l VOCs B, 73— T 2 AR 1 O, HER H R S X IREE = A i O i, B A 1 <R o,
REAEWEVER =Y. & 4 J& DBD/UV K& P A i) O, W BB SED 197284k, 55 5t DBD Ho# & 3K, H[F]
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[ SED B} IR Z i UV B9 A 2L O, 3% BE B Kt 52 B 5296 25140 . B 2R Bk R 500 mg-m ™,
SARFEHE N 0.48 L-s™ APBFTHF A A DBD/UV H1, UV A3 222 nm (KeCl* B—X) , AR f96EF
AEIZY 5.6 eV, B LW LIS O, , FEE =Y O, L ¥l DBD FEffIHINAS 2. th Bl 4 i1 &
B AKA NG HL R (IR SED) IR & P O, EEAIR, JGie /& DBD i£ /2 DBD/UV IR R, KK £ 22t
FrEREFIVER , SED Fh R 0,3k =, DBD/UV K& UV 4% 0, 0%f# R 0, 0('D),0 S5iKFR
R H,0 RVAERL -OH [ H 3k, S 80 28 L BR % & T DBD, 1fii O,V B #2i2{iX-T DBD, RI KKl 4
DBD FIDBD/UVAR R H O, ¥ 5 22{E F SED 1) FF i 1 A8 K, X A~ FLAEE 5 SCHk[ 15 ] R ] DBD 44k R fig
HARAHL.

400 —

—=—DBD
350 —e— DBD/UV

0 1 1 1 1 1 1 |
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4 O, 4% 5 SED Z[H| 1Y &

Fig.4 The relationship between O, concentration and SED

2.4 DBD/UV B H 2852 mm K 28 53 #r

DL AT 2R SR FH— 4k DBD/UV BB A 26 B BB A0 i35 H 2R SR ) L BRACE, Tt Je B
HRER | CO, MIEREEIL 2R i A . B 5 i —25 e T 520 DBD/UV FEff R R. B 5(a) b
IR EE A 500 mg-m ™ AR RBRFS SR G 1 R a0, St ol 4.8.7.2.9.0 kV 1, K,
PR R, F AR 2[R AIC. TR 5 (b) SR A 0.8 Les™ B, 3R 3 ANahite B R B 2 1 25 [ R Bt
106 e 728 A A0 e W AT, R ) £/t P S B SRS F RS0 RAR M RE L 2 | DSB8 T 5 () 2
SR 0.8 Los™ F10.48 Les™  FHRAIHILG MR BE 4351 8 550 mg+-m™ F1 400 mg - m™ B F AL AR [R] SF
Jiti FEL T A 25 BR 2. b AT, At rL R e | PR L B Sl .
Or @ 0 (b) 60 (o)

-4 8kV ——48kV —#—0.80 Ls7!, 550 mg-m™3

il —o—
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40 - —4—9 0 kV 30 —*90kV 50 ——0.48 L-s™!, 400 mg-m
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Fig.5 The influence factors of toluene degradation (a) gas flow rate, (b) initial concentration, (c) applied voltage

2.5 DBD/UV B H 2K =81 54

Xof B A = AT T S A BT R T SRR A D R LA TS SR 6 SRR i L R AR B
fiff I MR AU B R AE 0.8 mL J5 FH GC-MS HEATAG I (0 25 5 | AH R 1) 7= i 5 i =0 4 720 L 3 2./
FEHILEHE 9 500 mg-m ™, SARF T 0.48 Lo AL, Az sLA0 b a7~ 4 32 5 0 2K W BRI G
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MRS AL AW R RSN T | SO A A = O R A BRI R R AR LR T (3.6 k) |
TR RS2 2, A2 R T AR /NG o 740 (3 R T2 4.8—5.6 min 211,161 9 LR 5. L PR 7 2
4.8 KV, LAY RIS USRI BT R e AR ST B ML) 7.2 kv, il P SR b 2
SR, 7.2 KV B e A R 5 T 9.0 kv, T AR
SRS A | A B L P R I AT 306, A 78 /R 80 .10 o 0 7490, Sk [ 16] %91, DBD f
TR A R A B 2 R 7 A AR 0 25 A7 ) Y B PR R 5P -8 SE A I 2 B, T 5 P A SC 7
B0 DBD/UV 4 B A LEE T 48 b B B B ok UL (o] 5% 45 74, T AT AT R i DBD
W I BT KB 038 (S5 4 2 1) TR A S DR J A S (I DBD rh A, ELRJT T

RWIAZ b ROV
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Fig.6 GC-MS spetra of the gaseous byproducts of toluene decomposition by DBD/UV with different applied voltages
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Table 2 Degradation products in gas phase

{4 B8 B} 8] /min T 25 BT
OH
5.087 >—< C4H,0, 2,3-T
OH
5.758 @FCHO C;H 0 I
O
7.017 ANNANS CoH50 o
VA VAVAVAVAN L
7.823 o C1oHy0 LR
VO
11.664 x<0 CsH,404 TR
N
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2.6 HHESCHER DBD B H R RSN

DBD T HLAR TR A B2 T PR PR (LRSI A5 ) S5 I R X VOCs SRR g #1A AR R Y
S, ECRH DBD AR R AR R AR A MR A AR R 22 5 SR T 2 AT LA 4R 31— iy LA, DT EE
B LT X AT T2 3 R T SCER T DBD R T OR SR DY RE R RE R M EE L BB R A JFSI T
FHIVE I S8 25 RS E0 AT AT, Bl DBD B FR R ROR AR A SR AR 5, TR ) 4 R 3 ) YRR fit 114
SEMAARAR X bl A3, AR 236 Hh Al w8 T L SOk AEATS AT DA 24 50% 1 25 R 36 B SR Ui
PN 1—5 Lemin™" B, B 2R AR5 7] LAk 3] 60%—70% , A5 SCH T 48 55, P52 40%.

&3 DBD R P AMEREXS [
Table 3 Comparison of toluene degradation performance with DBD

SED/ Ey/
(J-Lh (g-kWh™")

A/ % Sk

W

HoR e EERE/ %

C;,=1000 mg-m™2,
DBD 36 172 N.A. 14 [9]

Q= 0.315L-min"", /=110 Hz

C,,=1000 mg-m™,
DBD (0=8.667 L-min™", U=15—20 kV, 2 35 2J 500 N.A. N.A. [17]
£=50—500 H

C;,,=900 mg:m™,Q=1 Lemin™",
DBD 71 N.A. N.A. 70 [18]

U=21.5kV, f=250 Hz

15
C,, =821 mg-m™, i v
L (821 mg-m™) 2525

DBD Q= 0.25 L-min™', U=18 kV, 08 400 (288 mg-m") [19]
/=50 Ha (20.5 mg-m™)
C;, =200—800 mg-m~>, 560

DBD Q=1—5Lemin™', U=12.5 kV, 15—51 259—2064 N.A. (800 mgem) [6]
f=60—1000 Hz
C;, =500 mg-m™3

DBD/UV Q= 28.8 Lemin™!, U=9 kV, 2 50 112 3780 2 40 A

=95 kHz

TE o ISR U AN, N AR A E].

2.7 HLEHT

DBD FffH 2R 22 R RE L T e MGk FIOFE M, A SC 55+ DBD/UV & & H DBD fl UV A
UM A R 25, 222 nm UV FLEERE i F 2K AU SSCRAR T 10%. 45 & A0 56 SCHR™Y , ¥ 53X Flh— 1 ik
DBD/UV S A BHLEE Y - (1) DBD i BEFL T &% 222 nm UV AMiAZ 1% 0,5 0('D) + OC°P)
0('D) 5 H,0 RMER -OHH Hi3E; (2) WK -OH, -0 e S/ MR (3) H 2R BLEEIR 222 nm
LA o ik, SR A D AR h

0,+ hv(e 5222 nm) —0('D)+ o(’p) " (6)
0(’P) + 0,— O, (7)
0,+ hv (<310 nm) —0('D)+0, (3)
0('D) + H,0 — -OH (9)

-CH,

CH,

’ +H,0
i) +-0H  CH, (10)
[0}
\dOH —5 €0, ,H,0, %
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-CH, CH,00 - CHO COOH

- OH
@ +02ﬁ>© %i) %@ 5 €0,,H,0 (11)

CH,

- OH
@ +e‘»©+.CH3fo>Hzo,coz’%§ (12)

Ly 298 K I, FURAE AR 5 -OH O, 1 - O S REHE % 053 5 5.96% 107 [ 1.5% 1072
8.54x107™" em™molecule™s™" %! | 5 O, {5 B R H R /N T -OHA -0, LR EZ R -OH
-0 F i EVE IR REAR 4, 0,5 F 2K BB O (19 STRR LA 1T DL Zmg 2 . DBD 5 UV 1R £ F -t mT LA
R B IR Z b UV VRS B30 E A SO X FEAR T DBD 1% 27 H T, FH 2 53 1 B 45 o IR B i
G3fiE.

(1)222 nm KrCl™ A DL #2006 % B 2R, (H AR A &, SED iy 222.4 J- L7, WOR ) IR Wk B
500 mg-m™,SARFH K 0.48 L-s™', HAEEBRER 10.3%.

(2) R —&ALh) DBD/UV % & R H RS , 5 500 DBD FEF#ISAH E, AH IR SED T BB ik
A CO,ZEFEMERRA T4 5. H. DBD/UV MIRUR KT DBD Fi1 UV SR T 2 F0, 1 W] — A Ak i
DBD Hl UV FE7ERR G200

(3)DBD/UV ALt DBD, &l O, i A5 b i b 2 T K, HLRESMit F R T 9 o 170 22 R R A

(4) 5 Hr TASFESNIE R T DBD/UV R R FEAR RS S =, 2R R I BRIEF N5 7T 2
BRI A AN A 7.2 kV B PR SRR A % UL AE IR R T B A LA 2 A Bl F R E— 20
T3] 9.0 kv, FEME PR D | AR B SE 4

& % X #
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