F4E U AMERKEIEICEE Y 5 ER

4.1 =

KB 79 X=C X ARIGORIEREL, 3 TR LET I XvoRiEE & 12 VOCs
PEDHAOHEBIZE > ThbEAEND EEXOND, T T TIHFEBN AZBWT, Aﬁ
HEMTHD ML OPBRES, BLRIEE 5] & 2RI & 7 2 RRIE OB & il
FTAHIET, RIE T T X< & D NOx ERR A IHI LoD kv U ofigde &85 :&#
A[REDNE O MIZ OV THRBRIC L it a1T o7,

4.2 ERIKE
ERERIL 3ETHVELOLFE U/ Sy 7 Ry MUKIR Y 7 X< UG & FPRE R
A=, B L, BRI A PO L iR OMRIL, GC-TCD (MMmEMINEET A 7 v~
757 4) ZRVWTHIE LT, ORISR & LUTISRT,
- GC-TCD : GC-8A (SHEERTIY)
- Column : Molecular Sieve SA (GL Science )
« Carrier Gas : Helium
+ Injection Temperature : 120 C
« Column Temperature : 50 C
« Current : 60 mA

4.3 EZBFIE
FEIL, LLTFO@Y OFNETIT -T2,

O MISESHCHEBEES<LV Y FEFEBILE,

@ wRROMEL R4 1 TIRE U2 & BUOSHHIIE U 15 53 FLE 8~10 [kVp-p]
OBEXEHML TR Ly FRUOBIGSHROT—I v T 5 ffole, 2V JH%ITEDEE 30
SyIH A & Ui TRUGERN & /S— P LTz,

@ STV EBNREEZR U E FEEAME 1.0 CIZBE L T30 ok L,

@ A AOFERE A FUSE A G FT-IR (ZE AT 58200 2T,

® ~wzx7o—aybo—F5—ERWTBEOHELEZ, FT-IR OHR T Y 22 v
THADY T Y v 75T EF L BEFE OM % GC-TCD THIE L B OMAMIZED T,
©® ATV rERMLEKRLTEREIRIE, 30 2RFF L,

@ FT-IR TR EELZAE L. BOREILRSEFTvAT7a—ay fu—7—"T/3
TV TEBRON AGBERE L,

HADFBRBEE RSSO0 Bz, 1SHREFELIE®RT 707 OMERIT> T,



AHBRICBWTEEREZREL, CHICEEXHML T 7 A2 REIET,
SRR L%, FT-IR RO Y U A —F —TRIEHT AR OBEOMEE T2, &
o, AreRa—FILAEE BT —FE2arBa—FIIRViAHR, ROV 7 by
= 7IZBWT V-Q Lissajous HEIC L » THRH S HEREH2UE L,

@ BIERTEZSHRERZYY, FPAEREIEEFE 10 MR L,

@ O~Q%, HMEEZ 5 BB LS THOELIT> 7,

@ GO~@%, M xURE BEREZZThEAEXTHRYVELIT L,

® @

4.4 FBEH A0 Az BENESEEIRS X DR

NOx NSl ECAR L TWAERE LT, Moo o NSRBI LTS T/hE
Wzl T AP THMRENIL K e>THY, FOHOxT /X =78 NOx L&t
HELTWAAREMEREZbND, F2C, MU RELT(LIESZ LT, LY NOx D
AT 2 = & ASTTRED & 5 s, FIRIC X BRI AT 72,

4.4.1 BN
JEUREH A Wi & : 250 [mL/min]
FHEAE~L > b 13308
ZEWCSE W HL 200 [Hz)
JEUBE A A i koL R 200, 400, 600, 800 [ppm]
JEUEEAT A P SRR - 253 80 %. ¥ 20 %

44.2 FERLEE

FF AU ML R ECBIT A A TO M RO & B L 7z Conversion,
RO, CO. CO, BEMNLTH L Mbx U 3RBUSIZ I D2 ARG A
ToRd,

Table 4.1 Plasma Decomposition of Toluene (330S, 250 mL/min, 200Hz, 200 ppm)

Voltage Power C;Hg Coversion CO CG, Mass (o NO NO, NOx

Balance
[kV] W] [ppm] [%] [ppm] [ppm]  [%]  [ppm] [ppm] [ppm] [ppm]
0 0 202 0 N/D N/D - N/D N/D N/D N/D
262 0215 174 14.1 76 100 983 N/D N/D 30 30

295 0419 150 256 136 184 971 ND  ND 58 58
319 0630 128 366 183 249 940 ND ND 97 97
339 0848 112 444 210 301 918 ND ND 146 146
355 1049 104 487 239 344 925 ND ND 182 182
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Table 4.2 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, 400 ppm)

Voltage Power C,Hz Coversion CO CO, Mass 0,4 NO NO, NOx

Balance B
[kV] W] [ppm] [%] fppm] [ppm]  [%]  [epm] [ppm] [ppm] [ppm]
0 0 395 0 N/D 4 - N/D N/D N/D N/D
732 0212 366 75 82 99 99.1 N/D N/D 28 28

8.27 0423 334 15.5 162 197 97.4 N/D N/D 59 59
8.89  0.623 305 229 229 280 95.5 N/D N/D 94 94
9.47  0.842 280 29.2 286 361 94.2 N/D N/D 131 131
9.90 1.044 264 33.1 333 423 94.2 ND  NID 158 158

Table 4.3 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, 600 ppm)

Voltage Power CjHy Coversion CO GO, M3 o No  NO, NOx

Balance
[kV] W] [ppm] [%] [ppm] [ppm]  [%]  [ppm] [ppm] [ppm]  [ppm]
0 0 594 0 N/D 8 . N/D N/D N/D N/D
733 0213 557 6.2 83 96 98.1 N/D N/D 22 22
826 0422 513 13.6 174 178  94.8 N/D N/D 48 48
893 0631 483 18.7 254 272 939 N/D N/D 77 77

9.48  0.851 455 234 327 361 93.1 N/D N/D 109 109
9.92 1.035 430 27.7 384 431 91.9 N/D N/D 133 133

Table 4.4 Plasma Decomposition of Toluene (330S, 250 mL/min, 200Hz, 800 ppm)

Voltage Power CjHg Coversion CO CO, Mass 0O, NO NO, NOx

; Balance
[kV] W] [ppm] (%] ppm]  [ppm] (%]  [ppm] [ppm] [ppm] [ppm]
0 0 790 0 N/D N/D - N/D N/D N/D N/D
738 0209 748 5.3 91 90 97.9 N/D N/D 23 23
830 0420 711 10.1 192 182  96.7 N/D N/D 47 47
892 0622 674 14.8 286 275 954 N/D N/D 71 71

947 0825 635 19.7 370 368 93.7 N/D N/D 97 97
9.91 1.040 606 23.3 445 457 93.0 N/D N/D 120 - 120

TORERMNSIE. M UAERE L 513 Y Conversion IR TFT A5 —J7C, kT D
NOx DEEHEREIN TS Z Edbns, FITALID, —EBNIBTS My gy
iR BE R UV NOx R EE & L VIR DOBUR 2777,
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Fig. 4.1 Reaction Rate of Toluene By Concentration of Toluene

ML ORI, I R L PRIE DS EBRIE L e DI KR R AR R GG,
LU, B ZDOMAA RO T ADIIRABENNKREL o TWARIETHY | K
WHUINEEE O T b v RSN EIRE Th - T K& Il A LT
WDERTITIE S, T X KBS THIBUSH OBIE . 370 b —E BT h O H
EE BEFENTFOWEEMRENRBL LD EICE T, BUSHSRHT L E2 61510
EIREIZ DI ERUSHEERH E L T D DR E R Th D L G2 508 ARBEHT
HETFOBITOLDOIZBABEL T LE > TWAEDIZ, BUSHEEN S L0 Eng
RVERIZZ2 > TV A D TRV EE 2 BN D,
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Generation rate of NOx

) R S T S S
0 200 400 600 800 1000

Concentration of toluene in the feed gas [ppm]
Fig. 4.2 Production Rate of NOx By Concentration of Toluene

NOx EROEE X, BAEND 0.63W LLFTho7/ 0 kb NS 400 ppm FLIELA
FTHATZIE P COREICIHIZITHRFE L Ty, UL, MLz S @igic /e
D, DOBABHIRKREL DL, WECEREE IR LTS, Zhld, Moo
BEEOWIMIZ > T, MU B3R EN D 2 L\ K D RFEOBALEUS & % Wb & 2k
TORICDEE L. B E LT NOx DI SN ol £ 52 L TCe 4, Tb
5 NOx DA A ZE T 5 BAIE, VOCs DRIEA L 25 L CERTEL L EZ NS,
LU, EBEORICEBIIEFEICHETCH D720, FUSKRKAZE S = L T2 O & SLak
TOHOIIRHETHHEEZBND, £1-, Table 4.1~44 TRLI-LE 912, FArx D)
HREE DS & WG DN NOx (MK 578, kb > @ Conversion H45< . EHEPEC
R 72 PR D R L PR A RIZ 100ppm £ TH & FIF 5 L2425 &, BB TOU
ERERCINDEEZOND, TOTD, ML U REDHT NOx KA R4 5 2
EIBENLFETIIZVEBDRS,
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4.5 FE T AT BRBENKICEREILS X HEE

NOx %A AFORISHOBOFIEZITS Z L TERSESHEL LT, aik Lz by
LS, TBHERE REXLRDE, RICT T X<l f» TEERO ZHEHES NN S
o N TUAARTRERRNPELLELTH, TREBETAERNE 2L ELEDOHLOD
BARE I TOIE, NOx OEREMA L Z EEHAETHLEEZ6ND, I BT,
BEFRBELZ (LI ED 2 & TURPICERRE L LT 570, LD NOx Oz T
2RV EZZ N5, LENS, FEATAPOBERELZRMSTSZ LT, 79 Xwif
TO b A3 BE B U NOx B i ~ D FE 8 & i~

4.5.1 EBREM

JEUREH A et ¢ 250 [mL/min]

AL v k3308

A& W #1200 [Hz)

JFEE T A i R v PR EE 200 [ppm]

JUR AT AR EESEIRAE ¢ 5.7, 20.0, 48.0, 78.5. 91.5[%]

4.52 fERLER

EP. SOHIBRERE BT AHOTO ML U REDOE/L & Fil L7z Conversion, £
IRIE DL, CO, COy BENLRM L v U MRISIZ B v ARG o Ak
Y, (20%DYEE L Table 4.1 ZHR)

Table 4.5 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, O, 5.7%)

Voltage Power C;Hy Coversion CO CO, Mass Oy NO NO, NOx

Balance
kvi W] Tepm]  [%]  [ppm] [ppm]  [%]  [ppm]  [ppm]  [ppm]  [ppm]
0 0 201 0 N/D 4 - ND  N/D 1 1
8.32 0432 155 23.7 108 142 948 ND ND 19 19

8.94 0629 135 33.6 145 201 91.6 N/D N/D 26 26
947 0.830 124 39.2 178 249 91.6 N/D N/D 34 34

Table 4.6 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, O, 48.0%)

Voltage Power C;Hg Coversion CO CO, 8’:::?1; 0O, NO NO, NOx
[kV] W] [ppm] [%] [ppm]  [ppm]  [%]  [ppm] [ppm] [ppm]  [ppm]
0 0 190 0 N/D 8 - N/D N/D N/D N/D
8.38 0422 127 334 143 185  91.3 51 N/D 6 6
898 0613 109 42.8 192 230 889 84 N/D 6 6
962 0823 91 52.3 239 269 859 121 N/D 6 6
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Table 4.7 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, O, 78.5%)

Voltage Power C;Hg Coversion CO COo, B‘;’:Ziie O, NO NO, NOx

[kv] W] [ppm] [%] lepm] [ppm]  [%]  [ppm] [ppm] [ppm] [ppm]

0 0 194 0 N/D 8 . N/D ND ND  ND
861 0418 132 31.9 149 208 944 224 N/D  N/D N/D
924 0621 110 43.3 205 270 917 406 ND  N/ID N/D
971 0832 95 51.0 251 312 905 602 ND ND  ND

Table 4.8 Plasma Decomposition of Toluene (3308, 250 mL/min, 200Hz, O; 91.5%)

Voltage Power C;Hg Coversion CO CO, sziie 03 NO NO, NOx

[kV] W1 [ppm] [%] [ppm] [ppm] [%]  [ppm] [ppm] [ppm] [ppm]
0 0 195 0 ND  ND . N/D N/D N/D N/D
886 0417 138 29.1 146 241 992 336 N/D N/D N/D
946 0620 120 38.4 202 305 988 593 N/D N/D N/D
993 0823 107 45.0 247 371 100.2 906 ND  ND N/D

Lz @ Conversion |[ZHAMEZZZNH D L I ITIE R SN0, Ak &b NOx D

FEVE BESR 20% D86 L g L TR EREN T HIRRBEMTLRHL LTW5, 12,
ﬁﬁ%’%?ﬁw@*}l&%iﬁ il b S ML d CO, COy ~DI LMl A 2 2235 o AH

IE 100%IZHEL A TWBN, TT X5 THY Vi AR L5130, 3
ETHIRA N,Os DERKSHEZ S -,

E I BERIRE D R MBI B ONNOx EHE 4 &5 7 TR, Fig. 4.3
MO B ETEND L HIZ, Mz Ul 1d 2 OFE CoUNme i I TIFRGE L
TWRWZ LRI ENTZ, —J5 T, Fig 44 12074 & 912, NOx A pdifiE 1L, Table TD
il e & AR BER IR 20 %A BEIZ L TR LT D, 7505, @i ¢ itk
L=k 5 @cf&%@éﬂlﬁ%miﬁmxm@énﬂ‘é MG, BT NOx OIS 4 722 L1%
DL, BERRES 20 %L VIRMAEHEOMM THL Z N ELZLND, T O
R, I’“f‘ﬁ@@““{m EHFOBRIL L Y LEL SN DD HOWTIE, AFRICE T G2
WIZTERDoTTH, SHOBELE L THLMMIL TV LELRD D,

UEDZ NG, T ATOBIERE LY S WEEICE T EFFs2 LT, brxzy
D5 A HERF DD NOx OAERMEMBIFEETH 5 Z LA M0 | sk o it
HEOFIED D ST,
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Fig. 4.3 Reaction Rate of Toluene By Concentration of Oxigen
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AETH, RIRT 7 X=izk b b OB LT OB A th oo )i h/v3~3/3m
B RUPIMBEREA (LIS H LT, ML /@J}ﬁ MUE & NOx Ol i A%

DR R SR~ T,

MM b R, BIREL2D1EE b i om SR 68,
Conversion [TTAL L TH Y | 9 L L CIHMERESNE L TWAHZ bz, =
BF. NOx AERGEE N o B DA Z - DI, ﬁﬁ&ﬁTmOahﬁﬂéwm&
12T Tholz,

I RIRE L, b U GREEE ST R L 520~ 20, BRI DS
THHITE, NOx °F OO ZEF k%@&ﬁ%ﬁ#ﬂ%f% ZENH LM T,

b FEHARO Mz S RECHERRE ~ BRORET 5 2 itk > T, KR
T A= TO NOx DEREIHI Lo, b o DREIS AT 5 L) FiEA [T
L BRGNS T,
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BSE EOEEREESE LNy 7 Ry
KRBT S5 X KIinse 5 )

5.1 =

ZIET KRBT I AL D M OSRIZE LT, FEROMEE T A—
7L LT o X~ DOBEREORIEL, FEAATO Mo v R UERREORIE 2 /8T A —
Bl Lo T AR OFIE AT 9 & & T, NOx AEREMH LoD Mz V3R ARt 5 =
EWAETH D Z L E, EBRMICHAOMILTE R, LM LEMLEZE LS, BR%
AT CTORE Y T X~ DI LD NOx DAERIMENIZRA R 5 5 = & &k T s
SNz, £IT, THERERSE & TH ARG 2HA8b®5 28T, LY NOx
DAEBIEN A DL OGEERETH LIz Lz,

BEEDIIFE TIL, N B EOREMED BV VOCs 122V T, Vycor (Corning ) &
WO ZIET T A AW THIRBR Z P/ FER, VOCs SHD LT A DA~ 7 A L Hilik
L OB H < 72> TV D Z ENHEER SN TV DM, Vycor 13 SEHMIFLARD 4 nm Th
D, NV DULARER, BELEOKESFOHERTOVHEBITREEXTNIWVETH
B, TOFH, ZTRHDORESSFA Vycor OMILEZFBRBT HHE1E. WTFhb s X—tEy
PEWE W BRBB AR, 7 X—t PR S TR T S R 2 CoO W 04 )E
D7, FVZITRERARAREN ) E LGB THbH, L2 AR, RUoP oo
EEREPED @V VOCs 1Bl 3 2B Vycor OFIFLINETNICWATT 5 = Lo L » T, £l
AL THIALNAZBBEIL TV, ZOREE LT, 7 X— Lk v &l < ML 4 7% it
LTS EEZLNTV S, VOCs LS b, HIBRIBNELW T & 5 HFC134-a J2 UF SF, C
LIEBROBES L E TV A Z E MR SN T VP AT TND b lo oo T
HEERIC, BEPHFEICH AT M OB #i b iz hn s,

bL., ZOBEEZHWT Mz 2 R IRWN AL . R0 TIKIR Y 7 A~ &5k T 5 2
EPTENL, EBUNSOPHH APIZEETND bx R NOx OBRAHBIELY &6
I ETFHZENTEDARMELRSH D, T O, FiEEFHE N AZK ST bLx
ANZOWTHBEN TR DERMEET . RUCEBERBUSERIZ L Th K0 95R0 o i % ik
ODLHZENARELREHERSU DL ENEEL D,

LLEMS ., X9 NOx Ml @V R 27T & O e BUS 8 & BIE O BG4 & eI/ st Lz,
Z LT, &K NOx AERGHEE 238 LoD Mo L 43R R R0 5 i % 1 < #id+ 5 &
IIBERHAERD L EEFAME L, HAEICKD Y IaLb—va & iToT,
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5.2 BEOMESRER 77 XA~vRISBRET NV
52.1 EF/LVOBME

High voltage AC
power supply
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(SUS tube)

qt.a .."_ 4* 'l"o- mf.,
DL D g .’.'...“‘A. ."A"-- .

-

Internal electrode
(SUS mesh)

Glass Membrane —

(Vycor)
Fig. 5.1 Model of the new plasma reactor with membrane separation
Fig. 5.1 |12, Fig.3.2 C/R LI=BTEDORIG % eI L TIERR L 7=, BB AAUKIR 7 5
A= RIGEET N ETRT, A v ¥ a2 RONEERO X 5 IZHNRAIZAME 10 mm, A8
OPZEMFEAROEFLEMEZ ML Y 5 1), Al b v o2& A T2 KIEBEN T 4 5 %)60 &T
Do TNE—KMENS, T5L, IROMILALTIE LI AL, Ayaflazily, B
BAESFEHEINH 208 L TT 7 X2 Lo TRIGEA U 5D, BOSMU A F i) & v

G, ZZIWHEBRYVHLARLE LT, ISICEbLRWT AT 2T Z LICT 5,
— {8 Fi
>
Ci(x) Ci(x+A4x)
J

jlﬁ/-II EEm

C2(x) %R C2(x+Ax)
o

% B A F2

- Ay —>

Fig. 5.2 Gas flow and material balance in the new reactor model
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ZORUSERITR U LIRSS (PFR) THhHEEXHNL720, SEECHIEN E D
THEH B I > TWB ERET 526, ZOGEORMPXHEEZRY L& &0
BHRFXIIZOXKBNTORRREFREL THHTE S, T LT, UEGHEOALNGHE
T, N TOREREARET A Z LIc ko T BB R TOWEOREELCK
JCHEEED D Z ENFREE 12D, T OMUNXBITTOMEINEIE Fig. 5.2 DX 5 IZED T,

522 EFMIBIT B35 A =2 ORERVEH

ZITFES2IORLERSEED, EF MBI DR ERNEERT D,
OF:StESuE

I TIRETAOMRERDICT B0, R TORMEE 2HFE X CTUTO LS et
WEUETO M DT T X5 RE2RET D,

FHEAESL» k13308

IR AW A EK 200 [Hz]

Frls h v o AP IRPASURLAR © 25K 80%., BEFE 20 %

@ H A
Fy [m’/s] @ —WAUFH b > AR
F, [m¥/s] © @ v LA A ik i

@ BMEDOPLE
C, (x) [mol/m’] : B/INK A x \Z351F B —INOBTL A 11
Cy(x) [mol/m?] : UMK A x (2331 2BBM WL DN O k)&
C, (x+4x) [mol/m’] : B INK A x 12351F B — B ANOBE o 1 1 315
C, (x+d4x) [mol/m’] : B INK A x \Z354F B3B3 BN O L oo 1 1 1

@ MBLE R
BUNKREICBIT 5 2 X—% B COBEBTGE U T o TtREND,
J Zdivrd CI(X)~CZ(JC)
3r L

7 Z O, PRETEE v T FOXTEREND,

INOLDERRET HDEBRIENENLUTORIZEREND,

[mol/m’ s]

kr=1.38%10% [m’ kg/s’ K] : R/ = EH
NA=6.02X10%[-]: THEH Fakk
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T=298.15[K] : iR

M[kg] : &5 1 mol DH &L
M(N-) = 2.8 X 107 [kg]
M(0,) = 3.2 X107 [kg]
M (C7Hg) = 9.2 X 107 [kg]
M(NO,) = 4.6 X 107 [kg]

b0 BGEEhEE XL FoRIZRkD RS,
vi(N,) = 4.75 X 10% [my/s]
vi(0,) = 4.44 X 107 [my/s]
vi(C7Hg) = 2.62 X 107 [nv/s]
vi(NO,) = 3.70 X 10° [m/s]

A5, UTOEKEHWCEREEOHFE AT T2,
L=1.00X10" [m] : Vycor DEH
d=4.00X10" [m] : Vycor E¥IHILEL
© =7.21 : Vycor #iFLo> 44 /@ R4
e =0.28 : Vycor DZEPRR

Z I T, a [ L oS eERIChH S, PSR L LT ARSI
WTWABISERIE Vyecor M8 E U THRY M, EEEZIMOMLITAL L, Fi, K L biC
500 [mL/min] = 8.33X10° [m¥s]& L7=8Ed Mo 0Bl ik 2 e L= & = A, 200
[ppm] D FIIHIIEEE L2 5%k LT 20 [ppm] DA 14 Gl £ OfEd % 5.2.3 o()UsfRA L
THREITV, M= Oa=350 LEDTZ, FIFOMOMEIZONTIEL & L,

® HIGaaALy 7
1=7.5%107 [m] : RS2 EH
A=1.01X10"[m?] : Plasma Side Wi f4

T
S= 66" 4 )mx75 x107° =2.21x107* [m?’] : Vycor ##lFLIrififit
Lz

(NfE 4mm, #H2 Smm)

Ax [m] @ BUPKEIR &, KEF L CTIIRIGHEE 1} 10M208 LIUNR & L2729,
Ax=175X10%[m]Th 5,

AS=8X1X10"%=221%x10*[m?] : #/INXR T Vycor HIFLEWr fn

® BUSHEE
R [mol/m’s)i3 7' T X< & BRUSHEE % £, Z OB, ML ORGEET bz
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BEE(Z, NO, DARGEEIIMBEREIC R CHAEAT 5 L{E L TUTORRIZED 5,

R(C;Hg) = —k (C;Hg) Ca(x)C;Hg

R(NOy) = k(NO,) Cy(x)0,

I T, HBIER K(CHg) R U kNO)IE, 8 4 TEIZIH 41 b v VIR BE & 45 il
O, RUYHBERE & NOx AEE ORI Uiz, Oy, WiCERRIR g
I NO, DAERE SRS P ACEENTWEREORBLIZL Y . R
NO, DERKIC L Vb5 L5827,

5.2.3 WYEILKEHE
BUED/$T A5 %55k, RISHOMNKIIC S 2 WEICEH R A R L, $5°
ESTIRL/L (IS EES
F,C,(x) = JAS = F,C,(x + Ax) - +(1)
F,C,(x)+ JAS + RAAx = F,C,(x + Ax) -+ +(2)
aev,dAS
37L {

JAS = C,(») - C, (0} =K{C,(x)-C,(x)} -+

L%, KITADE L EBAERWCHE L, #MEICBWTEHAETH S, ZIhb, &%
OB HSWTSIAT B,

O BHROHBE
QIZBWTR=0LEE2 5728, Lt 3 XA FNEIESE U CTEL T ONEARL Y S,
(F! —‘K)C‘(x)-i—KCz(x) = FC (x+ Ax)
(F, = K)C,(x) + KC,(x) = F,C, (x + Ax)
ZOBUNERNCB U COMBEN RS T 5 2 LIk 0 USRI IS HRIEE
BT D LN TE D, EEEICILZ 02 RUCHOWTHTIZIY 217 9 = L NiEC
L, VIR 2T ERAOCTHOICBI AIRE LTI L,

@ rLxZrOBE
QUIZBWT RBBHD G52 Lnh, LLTFD L 5 a3 a 0 ST,
(F = K)C,(x) + KCy(x) = F,C, (x+ Ax)
(F, — K —kAAX)C, (x) + KC, (x) = F,C, (x + Ax)
DELFEEIC, Y7 b= 72BN T 2 OBNERIC BT 25 1T - 1=,

@ BROGE

AR O@ Y | BRRIEEIL TS T A= X b Mz U R4 5 L ET 5, 2D
B, pfE s MV U OREFEFRFVETEILEN, Z0OH55HCO L CO M1 1 OEIEG
TERTHERELIZEE, 1mol D hLx U 53RIZEKE L 5.025 mol DEEFENRMEL 725,
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£/, 1mol ®NO, ERKIZH L | mol DESENRLE L5,

(F, = K)C,(x)0, + KC,(x)0, = F,C,(x + Ax)O,
(F, =K )C,(»)0, + KC,(x)0, =5.025 x k(C,H )AAXC, (x)C,H,{
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Fig.5.3 Decomposition rate of toluene by gas flow rates
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Fig.5.4 Conversion of toluene by gas flow rates
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Fig.5.5 Generation rate of NOx by gas flow rates
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Fig.5.6 Concentration of toluene at exit of gas feed side (F)
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Fig.5.8 Reaction rate and ratio (F; = 250 mL/min)
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Fig.5.7 £ U (W R RLHA Fo/F =025 (T TN 5 & RESERE LI F Iz 659,
BEIZHED LENLRBRED DO EL Lz, WTRoOSA S NOx AN hra v
SIREEEED | %IRRT TR Uiz, —7 Figs8 2URd@ v . st Ammnd s & rrx
UEREEE L TR TLE I 2, ISHEE FiF2ob ko o 53 ffliiE % i < HERs
T 5 ENARERKRILERRTA2LENDH S, O, iikr F/F=025 &4l
FIICEDLLT, MU iEERKES TIFD 2 E72< NOx BREE A<M 5h
TW5 & Hi L7,

@ W R L L EE O R

UUTOZRETOM M ARERU F, 2B THRAKVE L, 20O ko
SyfEERE . NOx ZARGHE 2 5 L7z,

F, 150 [mL/min] F,:5 ~ 500 [mL/min]

BATES 0.84[W]  #IHA hLa U PREE £ 200 ~ 800 [ppm]

9 i
_ 8 5 ,‘r‘
2 |
2 |
a7 N
O t
X 6
(O]

c
g
5 ° !
© :
24 ¢
© :
c =~
2 3 ;
3 |
5 2| | — - 200ppm
8 = —400 ppm
a 1 . =——600ppm | i e e
.- -~ 800 ppm
1 10 100 1000

Flow rate of plasma side(F2) [mL/min]

Fig.5.9 Decomposition rate of toluene by toluene concentration in the feed gas
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Fig.5.10 Generation rate of NOx by toluene concentration in the feed gas
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Fig.5.11 Decomposition rate of toluene by input power
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Fig.5.12 Generation rate of NOx by input power
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PLEOHBEERS KRBT T XvDHT Mz 208 L7 BSO RBuE S & A — &
BWTH#E L7, Table 5.1, 5.2 1T X D IZAUSES 18 TO bbb D53 BE 043 i 58
HKIR T 5 X< DHOFNEEE VI NOx AR EE IS ORI L > TT T XD
HO1%UTETHMZOATVASZ ERbhol, TOREIE, BEOERIN 284 Lz
8 7 U0S NOx A RHNH O i TEEFOIKIR 7 7 X BRI LR TRIEIZ#EATW S
ZLEERLTVS, ZORGRETNLVEZERICHAGDES T, M i fifiss 75
2w DRHOYE & BIRREEICHER U, 70 NOx OFA % RIEIZIIaTiE L 22 5 & L AvRig
hi,

Table 5.1 Comparison with existing plasma reactor
(Fy= 100 mL/min, F,/F; = 0.25, 200 ppm, 0.42W)

RV AR R L AR NOx A plliE H INOx S5

[mol/s] [%] mol/s] m]
7T K DRI (EERFER) 8.28E-09 60.0 1.30E-08 191
Py BB A GHERE ) 3.04E-09 22.3 3.24E-11 2

Table 5.2 Comparison with existing plasma reactor
(Fy= 250 mL/min, Fy/F; = 0.25, 200 ppm, 0.83W)

RLx AR R L SRS NOx 2Rl HH INOx B8

 [mol/s] : [%] [mol/s] [ppm]
7T X DI (EERFE ) 1.53E-08 44.4 2.48F-08 146
LAy B & GBS L) 3.16E-09 93 3.43E-11 1

® HY LT AR DA
AEFNATRIZETRY LA AL, 7T AwEfMIc B HW G, D oOSIZ D
SRWHAATHLET VI EAWEZ L L LT EITo 120, EALES 21256
TAIT TRV EERCDSELEZDLERSH D, T 2T, T/I ORI &
LT, #leR, BE, EE2AVIEEICOWT, EREREIICHE 21T 72,
FOFER, BRERERWEEEIRE T T X~ DB O%E L il LT NOx K%
NeEL BT,

HMiEEEE FAVEE1E. NO, LW HIETO NOx ARUTIES | Ml 4 B 1345+
BEFLE, L0, B4ECTESRZ LN DERNRH D EZEZ LD,
EBRERANEEE, TALVICOGE ERRIIEDL R T, Zhud, SRR L &
277 X< & D NOx OERPF @M OBEFIEE DAL 5 LAE LD TH S,
L, BERENETEAEE. MU OMMRIZBWT T o OERNRS S Z LM
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Fig.5.14 Decomposition rate of toluene by permeability coefficient
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[1] i &, b5 1586 S, Vol 15, No.5, 996-1005, 1989
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M2 T TR 3O BT D
7 Ry R asNOFEBER~L Y ORI R

*PERRATF, ** BT Rk
Orthamoe+*, B 8, ILIEEIL*, & BE*, 2R FR*, WIRSERE*
*FIRBOILH/NEF)I 16-1 **HUOTE SR KA 7-3-1

Effect and Role of Ferroelectric Pellets Packed in a Plasma Reactor
on Toluene decomposition

OHidetaka ARAI*** Atsushi OGATA*, Akihiro YAMASAKI*, Hyun-Ha KIM*,
Shigeru FUTAMURA*, and Yukio YANAGISAWA**
*National Institute of Advanced Industrial Science and Technology (AIST)
**Graduate School of Frontier Science, The University of Tokyo

The effect and role of SrTiO; pellets on toluene decomposition were investigated using a packed-bed
plasma reactor. It was found that SrTiO;3 (g =330) was more effective material than BaTiO3 (e =15000 and 870)
for the improvement of toluene removal and the suppression of NOx formation. From the distribution of
products and behavior of O3, it was suggested that the enhancement effect occurred from superimposing plasma
discharge, i.e., discharge at contact point of pellets and surface discharge on the pellets.

1. #&=

KB YBS IR OSIEIZ LY SR B
(VOCs) Ok il il o BB L TD,
INEDEMO—DEL TIRIR T 7 X~ g &
nTWa, ZohTHIREEEER L o (BaTios) & H
Wz Ry bRy RIS 5 X< (SRR, <D VOC
NS RUr-AMYAS 4 a L2 s o NPy Y 1 12V s AT S R VAN
Bl A4 A% HRY (NOx) O 2 Bz > C
Wb, AT, BT I IGEEICBT5 NOx
DORELEBNOMZHEEBHIEL, ZHET NOx @
BAENDIRNEEZ LN TEEBEOFELROSLYE
123 B UT=, My i €5 VRIS, BT 5
CO, CO;, NO, NO, OBRFLALVFE B RO~y
FCERIEND O; 0B EFEMICRETTAZE T, &
W BEORL RN OENERLMICTHEELIC,
ZRNREOBERFEICREEL TWHAONEEET-
7

2. EBHIE
2.1 EER
B8 (Fig. 1) 1IN EE 48 mm, E& 140 mm OAT

VLREE MR 28 mm DAT UL ARy s A
FE U= [l PSR oo b oo L2 46 Bl WA 4 Fe i L C
Ftz, BUSEE, M (CHsCH;) 200 ppm % 7% L
LM ZE 58 (Dry-Air: Ny 80%, O, 20%) % 250 mL/min
TS ERC B AL, Wiz 100~800 Hz? AC i
EAEML,

R BaTiOs (W %e = 15000, FifE¢ = 3mm,
LLF 15000B) . BaTiO; (e = 870, ¢ = 2mm, LLF
870B) . SrTiO;(e = 330, ¢ = 2mm, LL T 3308) @ 3 fi
DLy Mz,

<us PEEK
AC High j OQutlet
v‘j“ag@ !lm
SRR ¢ & & =
Inlet
= Pelicts

== Ground
Fig.1 Configuration of Plasma Reactor
2.2 %
FUS 250 i 8 8 I [W]iE V-Q Lissajous {2 L0
HL., AN A R[Ls| TR DS A



FNF—=[JL] TR,

CeHsCH;s, CO, COs, NO, NO, D43 #HIZIT FT-IR &
v, 0 BEOSITIIEAY 2=, £
To. TR SIS OFE RT /5 A—2L0 T,
FUS 8RB D CHsCH; IREDZENHER(LRZ | X
IS D CO B CO, e CHsCH; 25 COx ~0
(b (OR) LR EHR T oM HE I K (MB) B HL
72 OR DEZRAIILL T OISIZEDTZ,

(1]
(C ‘ 33ﬁl$l [C6 ‘;Clj 3 l“ F))( ;

3. RERLEE
3.1 FEEROYR alifb R~
IHETIZ.FEER 1100 UL Eo~Xvyhbznld
FORUYNTIE, R Pr (CHe) R DK
SRR R E BV R NDZ LR D> TD, [1]
ZITIE CeHsCH; 25 1, BV VB ROV v
=L XD RS DWW TR I 21T 7= (Fig.2) o
—EOHBEAT TN —TREETDHE, FEMAEIZ
330S 2R L7255 &1 870B (256 Liin b 2N 30%
M ELTHY, BERMEOTE R mL-,
C¢Hg Tl —EBEBNCBNTHBEBERNE WY
AL RPN THECIRERBELN TS, X5
W, BUS SO EHRE RO IIHSHLO
D LLRTOFE R —WRPE NI SGER THHD
W UAENIMEE Tl U-72 il % ORUS
WLEBRO~yT T EFRNETHE N ADENK
BLTOWHA[RENEL S S,

50 ; . T (
»
w0 A
£ °
@ : H
[ : :
3 l '
S 30t 4 . ,w
g .
¥ ; . 1 ;
G 20 b EA—— R - S e )
= : : ! ¢ :
3 I
& 150008
@ 870B
i a4 3308
0 i f { i
0 50 100 150 200 250 300

Specific Input Energy [J/L]

Fig.2 Conversion of Toluene depending on Dielectrics
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Table 1 Effect of Dielectrics for Products (150J/L)

Diclectrics_Voltage MB___COx __OR__NO__NO,

[kVp-p] _[%]

983 3560 037

15000B 3.9 283 54.8
870B 81 966 3896 89.1 64 1018
330S 102 888 4038 725 N/D 742
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Fig.3 Conversion of Toluene depending on Frequency
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Table 2 Effect of Frequency for Products (150 J/L)

Frequency Voltage @ MB  COx OR E(C))i ! NO,
[Hz]  [kVp-p] [%] [ppm] [%] [%] [ppm]
100 10.20 88.8 4038 725 593 742
200 8.85 937 4353 834 520 819
400 7.80 93.8 398.7 823 524 747
800 7.03 984 381.7 947 533 8l4
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1. Introduction

Air pollution control law of Japan has been revised in
2004 to enforce the emission reduction of volatile organic compounds
(VOCs) from stationary sources aiming at least 30 % reduction of the
VOCs emission by the year of 2010 compared with the base case of
2000. Development of an effective recovery and decomposition
methods for VOCs is required to realize the emission reduction.
Nonthermal plasma method, especially packed-bed type plasma
reactors filled with ferroelectric pellets such as BaTiO; (1), showed
high decomposition performances for various VOCs, and has been
recognized as one of promising methods for the VOCs decomposition.
However, generation of nitrogen oxides (NO,) as discharge products
in the plasma reactors would be a big problem for the practical usage.
One possible way to reduce the NO, generation may be used the
ceramic pellets with a lower relative dielectric constant in the
packed-bed type plasma reactor. In this work, we investigated the
decomposition of toluene by the plasma reactor packed with different
types of dielectric pellets, and the effects of the relative dielectric
constant on the toluene decomposition performances as well as the
NO, generation were elucidated based on the experimental results. In
addition, the effect of the AC frequency and the role of ozone on the
toluene decomposition will be discussed.

2. Experimental

Extemal
Electrode (SUS)

Cap(PEEK)

Intemal

Electrode
(SUS) Pellets

Fig.1 Schematic drawing for the packed-bed type plasma reactor

A schematic drawing for the plasma reactor used in this
study is shown in Fig. 1. The reactor was a coaxial cylindrical type
with 140 mm length; the outer tube was made of SUS with the inner
diameter of 48 mm, into which a SUS mesh tube with the outer
diameter of 28 mm was inserted. Dielectric pellets were filled in the
space between two tubes. Three types of dielectric pellets were tested
in this study; i.e., 15000B (BaTiOs; relative dielectric constant: & =
15000, particle diameter = 3 mm), 870B (BaTiOs; ¢ = 870, diameter
=2 mm}, and 3308 (SrTiO;; ¢ = 330, diameter = 2 mmy). The feed gas,
toluene, accompanied with a dry-air flow, was introduced to the
space between two tubes of the plasma reactor. Toluene was
accompanied in the feed gas by the bubbling method, and the
concentration of toluene was adjusted 200 ppm by controlling the
bubbling temperature and the rates of the bubbling flow. The total
flow rate of the feed gas was fixed at 250 mL/min. A high voltage of
AC with the frequency of 100 ~ 800 Hz was applied between two
tubes of the reactor, and plasma is generated in the space between

them. The outlet of the reactor was connected to the gas analysis unit,
where the concentrations of toluene, its reaction products and
discharge products, such as CO, €Oy, NO and NO;, were measured
by an FT-IR. The concentration of ozone was measured by a UV
adsorption-type ozone monitor. The discharge power in the reactor
was calculated by the V-Q Lissajous method.

3. Results and Discussion
3.1 Effect of the dieleciric materials on the toluene decomposition
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Fig.2 Effect of dielectrics on the
conversion of toluene.

Figure 2 shows the conversion of toluene as a function of
specific input energy for various packing materials. The conversion
of toluene is defined as the ratio of the toluene concentration in the
reacted gas to that in the feed gas. The specific input energy (SIE:
J/L) was defined as the electrical discharge power divided by the gas
flow rate. The conversion of toluene increased with an increase in the
SIE for each packing material. The lower the relative dielectric
constant was, the higher the conversion was.

~ Table 1 Effect of dielectrics on the products {150 J/L)
Packing pellets Voltage Conv. MB _COr OR _NO NO,
kvppl L%l 5L Jpm] 6] fopm) [ppm],

150008 39 263 983 357 937 28 55

8708 8.1 3.3 966 390 89 6 102
3308 102 408  B8B 404 725 N/ 74

The concentrations of CO,, NO and NO; in the reacted
gas, the oxidation ratio (OR) and the material balance (MB) of carbon
are shown in Table 1. The oxidation ratio (OR) of carbon calculated
by the following equation,

(co1+[C0,1)x100

OR[%] = - - - -
el (IC()H:’sCHJﬁm ~[CHCH L, )x 7

The SIE was fixed at 150 J/L for all the cases in Table 1. The
concentration of NO, was equal (o or less than ca. 110 ppm. Ozone
was below the detection limit for all the cases studied.

From the above results, it was demonstrated that the
dielectric material 330S, among three materials used in this study,
might be most advantageous from both points of the toluene
conversion and NO, reduction. Unless otherwise stated, the following
results are of 3308 pellets.

3.2 Effect of the AC frequency on the toluene conversion

Figure 3 shows the effect of the AC frequency on the
toluene decomposition. Higher toluene conversion was observed
under a lower AC frequency for a given SIE. On the other hand, no
remarkable effect of the frequency was found on the NO; generation
as shown in Table 2.




The concentrations of NO and O; were below the detection limit for
all the frequency conditions studied. Thus, a lower AC frequency was
more desirable to realize a higher toluene conversion. However, a
higher voltage was required to realize a specified value of the SIE
when the frequency was reduced. 200 Hz frequency may be most
appropriate since the decomposition performance at 100 Hz is similar

to that at 200 Hz.
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Fig.3 Effect of the AC frequency on
the conversion of toluene.

Table 2 Effect of frequency on the products (150 J/L)
N4
Frequency Voltge Conv. MB  COr  OR i:?)lx NO,
[Hz]  [kVp-pl  [%]  [%] [ppm] [%] [%] [ppm]
100 102 408 888 404 725 93 M
200 89 377 937 435 834 520 82
400 78 350 938 399 823 524 75
800 7.0 298 984 382 947 $33 81

3.3 Role of ozone in the reactor
It can be

presumed that ozone would 100

be involved in the

decomposition ~ because  E 80

ozone  generation was &

reported in the literature for §5"

the C¢Hy decomposition § ¢ g
process in a similar type of g‘m i
packed-bed plasma reactor st

(1). To confirm the ozone ©

generation in the present o ‘i;
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Fig.4 Concentration of ozone
generated without toluene.

discharge of dry-air without
toluene were conducted. As
a result, ozone generation
was observed as shown in Fig. 4, where its concentration was
increased with the SIE up to 150 J/L, decreased after that, and no
ozone generation was detected when the SIE was 250 J/L. Therefore,
ozone would be generated in the present system, but the generated
ozone would be almost completely consumed for some reactions. The
oxidation of toluene by ozone may occur on the surface of the packed
pellets as a catalyst even at the room temperature.

To confirm the possibility of such catalytic reaction,
ozone (75 ppm) was accompanied in the feed gas with toluene, and
introduced to the reactor without plasma generation. However, no
reaction of toluene was detected.

No remarkable effect of ozone addition in the feed flow
on the toluene conversion was also observed with the plasma
generation as shown in Fig. S, although the accompanied ozone
concentration was decreased with an increase in toluene conversion
with increasing SIE. Fig. 6 shows the concentrations of NO, with and
without ozone addition in the feed. When ozone was accompanied in
the feed gas, the concentration of NO, was lower than the case

Caonverison of Toluene (%]

without ozone addition. In particular, when the SIE was lower than
150 J/L, the concentration of NO, was below the detection limit.
Note generation of N,O;s was observed when the NO, concentration
was low. These results suggest that ozone would affect more on the
NO, production in the plasma reactor at higher specific energy.
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Fig.5 Effect of ozone on the
conversion of toluene in plasma.

Fig.6 Effect of ozone on the
generation of NO; in plasma.

relative dielectric constant
Generally, it is known that ozone generation occurs but
NO, generation is suppressed in the silent discharge and surface

discharge plasma reactors. The experimental results in the
packed-bed type plasma reactor with 3308 pellets showed both the
characteristics of the conventional ferroelectric packed-bed plasma
reactor and the silent/surface discharge plasma reactors. We
speculated that a superimposed discharge process, comprised of
surface discharge on the pellets and the micro discharge at the contact
point of the pellets, occurs when the pellets with lower relative
dielectric constant were used. Additional discharge process may be
the reason for the higher decomposition rate of toluene.

The superimposed dischaige processes have been
suggested by Nomwura et al. (2), when a higher voltage was applied.
When the diclectric pellets with a Jower relative dielectric constant
were used in the plasma reactor, a higher voltage should be applied to
achieve a specified energy compared to the case with higher relative
dielectric constant. This high voltage may induce the superimposed
discharge process on the surface of the pellet and the micro discharge
at the contact point of the pellets.

4. Conclusions
From the above results, the following conclusions can be
drawn.

1) The pellets of S¢TiO; with the lower relative dielectric constant (¢
=330) showed the highest conversion of toluene and the lowest NO
generation.

2) The lower AC frequency resulted in a higher foluene conversion
while the NO, generation was unaffected by the frequency.

3) Ozone would be generated in the plasma reactor packed with the
SrTiO; pellets, and it would more significantly affect the NO,
generation.

4y A superimposed discharge process may occur when the pellets of
SrTi0O; were used, resulted in the higher decomposition rate of
toluene.
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