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SUMMARY

This study dealt with simultaneous removal of volatile organic
compounds and carbon monoxide by nonthermal plasma—catalytic hybrid
system. Volatile organic compounds and carbon monoxide emitted from
many artificial sources (e.g., combustion engines, power plants, incinerators,
boilers, etc.) can cause various adverse effects on both environment and
human health.

In this work, n—heptane was chosen as the target volatile organic
compound. Different catalysts including 7 —Al,0s, Ag,0/y —Al,05, MnO/ y —
Al,O3, RuOy/ 7y —Al,O5 and PdO/y —Al,O3 were prepared to be combined
with nonthermal plasma for the simultaneous removal of n—heptane and
carbon monoxide. In order to effectively use the heat generated during the
plasma discharge for catalytic reactions, the plasma reactor was insulated
outside with a glass wool jacket. The increase in the reactor temperature
could improve the CO. selectivity and extend the lifetime of the catalysts.
Nonthermal plasma used in this work was generated by dielectric barrier
discharge, which was observed to proceed radially from the high—voltage
electrode by gradually increasing the applied voltage.

The effects of temperature, specific energy input, initial
concentrations of n—heptane and CO, humidity, concentration of oxygen,
and PdO loading on the decomposition efficiency and formation of
byproducts were examined. The results from separate removals of n—

heptane and carbon monoxide showed that n—heptane was mainly removed



by plasma with a minor influence of the catalysts. Meanwhile, the oxidation
of carbon monoxide showed a significant difference and strongly depended
on the type of catalysts. By plasma alone, the removal efficiency of CO was
found to be less than 20 %. As plasma—catalytic system was used, the CO
removal efficiency was greatly enhanced and reached 100 % with PdO/y —
Al,O5 catalyst at a specific energy input of 400 J L~!. The oxidation of
carbon monoxide was described as follows: 1) Absorption of oxygen on the
surface of the catalyst, 2) Dissociation and activation of oxygen, 3)
Reaction of the activated oxygen and carbon monoxide, 4) Generation and
desorption of carbon dioxide.

Similarly, for simultaneous removal of n—heptane and carbon
monoxide, the change in the n—heptane removal efficiency with different
catalysts was insignificant, which was less than 10 %. However, the
oxidation of carbon monoxide was found to strongly affected by the
catalysts whose catalytic activities followed the order: MnO/y —Al,05 <
Ag,0/y —Al,O5 < RuOy/ y —Al,05 < PdO/y —Al,05. By loading PdO on 7y —
Al,O3 with 0.005 wt% Pd, about 50 % of carbon monoxide was plasma—
catalytically removed. In the hybrid reactor, the mixture of n—heptane and
carbon monoxide was mainly converted into carbon dioxide. The removal
efficiency of the carbon monoxide was found to decrease with increasing
the concentration of the n—heptane. However, the performance for removal
of n—heptane was independent on the concentration of carbon monoxide.

In order to confirm the effect of nonthermal plasma, simultaneous



removal of n—heptane and carbon monoxide in the plasma—catalytic system
and thermal catalytic system were performed and compared. It was showed
that the removal efficiency of n—heptane was higher when using the
plasma— catalytic system at the same reactor temperature. For removal of
carbon monoxide, similar behavior was observed at the temperature below
190°C. Nevertheless, at more than 190°C, the removal efficiency of the
carbon monoxide was higher in the thermal catalytic system. The reason is
that n—heptane was effectively decomposed in the nonthermal plasma-—
catalytic system at low temperature to generate water, which inhibited the
oxidation of carbon monoxide. However, the simultaneous removal of n—
heptane and carbon monoxide using the nonthermal plasma—catalytic
system can be carried out at a much lower temperature than that of the

thermal catalytic processes.
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Table 1. List of 37 VOCs in regulation (Korea) (Based on 2012)

No Compound No Compound

1 Acetaldehyde 20 Methanol

2 Acetylene 21 Methyl Ethyl Ketone

3 Acetylene Dichloride 22 Methylene Chloride

4 Acrolein 23 Methylene Chloride

5 Acrylonitrile 24 Propylene

6 Benzene 25 Propylene Oxide

7 1,3—Butadiene 26 1,1, 1—Trichloroethane
8 Butane 27 Trichloroethylene

9 1 —Butene, 2—Butene 28 Gasoline

10 Carbon Tetrachloride 29 Naphtha

11 Chloroform 30 Crude Oil

12 Cyclohexane 31 Acetic Acid

13 1,2—Dichloroethane 32 Ethylbenzene

14 Diethylamine 33 Nitrobenzene

15 Dimethylamine 34 Toluene

16 Ethylene 35 Tetrachloroethylene
17 Formaldehyde 36 Xylene

18 n—Hexane 37 Styrene

19 Isopropyl Alcohol
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Table 2. VOCs emissions trends classified (Based on 2009)

W& (HAE/9)

6 (0.7%)
3 (0.4%)

3 (0.4%)
122 (14.3%)
33 (3.9%)
532 (62.4%)
89 (10.7%)
15 (1.8%)
48 (1.8%)

852 (100%)
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Table 3. Concentration of CO and human body effect as time of exposure

A1zt (hr)
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120

40
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Table 4. Gas phase reactions involving electrons and heavy species [Nehra

et al., 2008]

Name

Reactions

Description

Excitation of
atoms or
molecules

e +A2 d A2*+ e

e tA — Ax+ e

Leads to electronically excited state of
atoms and molecules by energetic
electron impact.

De—excitation

e +tAyx = Ayt e +hv

Electronically excited state emits
electromagnetic radiations on returning to
the ground state.

Ionization

e +A2 - A2++ e

Energetic electrons ionize neutral species
through electron detachment and
positively charged particles are formed.

Dissociation

e t+tA;, > 2A+ e

Inelastic electron impact with a molecule
causes its dissociation without ions.

Dissociative
attachment

e+tA, > AT+A+ e

Negative ions are formed when free
electrons attach themselves to neutral
species.

Dissociative
lonization

6‘+A2_)A+6’

Negative ions can also be produced by
dissociative ionization reactions.

Volume
recombination

e tA+B— A+B

Loss of charged particles from the plasma
by recombination of opposite charges.

Collision of energetic metastable species
with neutral leads to ionization penning or
dissociation.

Transfer of charge from incident ion to
the target neutral between two identical
or dissimilar partners.

Penning - M#+A, — 2A+M
dissociation

.PeI.mm.g Ms+A — AT+M+ e
lonization

Charge A++B N B++A
exchange

Re.combination A +B" - AB

of ions

Two colliding ions recombine to form a
molecule.

Electron-Ion
recombination

e +A, +M — A,+M

Charge particles are lost from the plasma
by recombination of opposite charges.

Ion—ion
recombination

AT+B +M — AB+M

Jon—ion recombination can take place
through three body collisions
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Table 5. Comparison of nonthermal plasma and plasma—catalysis in the
decomposition of VOCs [Kim et al, 2006]

Parameter Nonthermal plasma alone Plasma—driven catalysis
First—order Zeroth—order
Kinetics* d[Cl/dE = ke [C]! d[Cl/dE = ke [C]°

In[C]/[C]ly = keE 41[C] = keE

Overall n (%) = {1—exp(—ke -

n (%) = (ke - E/C,)*100
efficiencysx* E)}*100
GHSV No influence No influence

(residence time)

(energy —dependent)

(energy —dependent)

Carbon balance Poor Good
Aerosol formation Yes No
DRE vs rate
constants of OH Highly related Unralated

and O radicals

(IP) sk

(gas—phase radical chemistry)

(surface catalytic reaction)

Oxygen content

Minor influence

Large influence

* The rate constant ke is referred to as energy constant. The unit for first—order
and zeroth—order are LJ—1 and ppm:-J—1L,
indicates the reaction order. E and [C]O indicate specific input energy and the inlet
concentration of VOCs, respectively.

** There are some exceptions.

respectively. The superscript

xxx DRE = decomposition removal efficiency, IP = ionization potential. IP is an
indirect indicator measuring the reactivity of molecules towards radical species.
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. A= 2 U4

L oF RHEUE F2 AgEE Ag Movh QABEE el o) ol
Ru, Pd% #YEAZ Agagch S04 AAAE pellet Fehe] 7 —AlLO;(Alfa

Aesar, USA) & ARESIITh AlLOs= Sl wokollA 7HE de] ARG AAA

=

Z oty=E Hlmw o] Y bYst A4S o|Fi Qlth[Martinez—Huerta et
2]., 2006] . Ml’lOg/?’ _Algog’% ﬂ]}_é‘]‘71 '?43]1}"1 *?‘/1‘_ Ve _A1203 50g°ﬂ
Manganese (II) nitrate hexahydrate (Mn(NOs)s - 6H50, Junsei, Japan) & Mn

VNEo R 2wt%7t HEE SRl &3 ¥ Mn(NOy), 8942 7 —AlO;

n

A EF gkl om, Ag,0/y —Al,O3, RuOy/y —Al,O3, PAO/ ¥ —ALLO; A 2
2 HH O 7 silver (I) nitrate (AgNOs;, Sigma—Aldrich, USA), ruthenium (III)
chloride hydrate (RuCls;, Sigma—Aldrich, USA), palladium(II) nitrate
dehydrate (Pd(NO3), - 2H,0, Sigma—Aldrich, USA)E Ag, Ru, Pd 7|FC %
2wt%7t HeE el &l ¥ oy —ALO; o dHAIZT ol FEH S Mn
7 Ag, Ru, Pdg ©A8 7 —ALOs= 110CelA 12 h &<+ AxA7 F 550TC
o] ErolA FVIEA7I7E HES dto] 6 h &<t 24AA AxsA o et al,

2013; Trinh and Mok, 2014].
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Ax7F £7] WHEE FYEW n—heptanel® X3¥ ALV £7] E=
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£
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)
[N
=
B!
=2

HlEHo] A2 Zg=vi-Fv wgE F

H

5741 n—heptane¥ UAZIREAO] AAGE W FAES FEE B4
el 7NAAZrFE 2HWE (Bruker 450 GC, Germany), Fzlol #3 oA
B350 = A (FTIR-7600, Lambda scientific, Australia), 7]&%2417] (Porta
Sens II, Analytical Technology, Inc., USA)E o] &3}3it}.
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1032 At 714 #45 st S48 celle] dol= 16 cm, window 9]

ANA-E& CaF & AHE3shlth
AL ZopFul-=u] Wk2-7]9] WhHgel vl HME L Lissajous AY—

&

sl AEES o83t =AFFH T Takaki e al, 2004]. ALS vxd
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AR AT (Tektronix  DP0O3034) 2+ 1000:1 4%t Z=EH (Tektronix
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ZetAul-Fu] grg7)o] HHR AASFAL capacitor Sl A WS
SAstol Axtstde. AL EFezeb-Fu §hgT= AV|HoR dE9
capacitor® Xd 4 lom, AYE AdH 779 capacitore 22 A3EFS
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- 41 -



FHFHOZRE  oyx WX (specific energy input, SEDE AAts <
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Fig. 6. Schematic diagram of the plasma—catalytic hybrid system
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& 3 77 FF w3l AT AREE AUAE onleiH, WAy
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B~ (F), Z18]32 Vs(gas discharge ignition voltage) 9}
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AFel o] 7115 o A E
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Fig. 7. Waveform of the voltage and charge (applied voltages: 28.0 kV)
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Fig. 8. Lissajous figure obtained at different applied voltages of plasma—
catalytic reactor
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50KV X5,000  dum WD 7.0mm JEJUNU SEI 50KV X10000 dum WD 7.O0mm

Fig. 9. Scanning electron microscope images of the pellet y —Al,05 (a)
5,000 magnification and (b) 10,000 magnification
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Fig. 10. Development of the electrical discharge plasma with an increase in
the applied voltage
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SFLIR 14.0kV $FLIR 23.2kV

\

- X

$FLIR 26.0kV $FLIR 32.0kV

Fig. 11. Thermal image of the electrical discharge plasma with an increase
in the applied voltage
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D &= oA Fefe} Abst 2

Fig. 12= A WA FARAAA W] 4 (FE-SEM, JEOL JSM—-6700F, Japan)

% 0]%’8}01 Ag20/7 _AIQOS, Ml’lOg/?’ _Algo;g, RUOQ/Y _Algog, PdO/7’ _A1203

Holx= AL FAEAS ondltt Ag,0/y —AlLOs;, MnO./y —Al,05, PdO/y —
AlL,OsolE AgsO, MnOs, PAO7}F nm AFe] =9 particle F B2 F3¥3}3L, RuOy/

y —Al,O3% A%+ RuO,7} nanorod FE|E FXE3+= Z21S &g 4= Qi)

b

Fig. 132 AA WAHE T332 v 4 (FE-TEM, JEM—-2010, JEOL, Japan) &
ol g3l FHuj5 FJ e Alolt) Fig. 13914 K wkel o] Ag,09F MnOy+=
°F 50 nm, PdO+ ¢F 20 nm2] particle |2 &A)3t} RuO,+ nanorod & Ej
2 £A3hY nanorod?® F7]+ WEFdg o2 o] 100 nm, A& 50 nmel AL
2 2. Fig. 14+ 9dyx] 4 XA HAE7](X—Max Energy-—
dispersive X—ray spectroscopy (EDS), Oxford Instruments, UK) & ©]-§-3}¢]
Zuj o] RS S Aol B443} MnOo/ y —AlLOz8 PdO/y —
Al,Oz8] A5 49 vlgo] AXg FAZAATE A9 vzt SAEHA,
Ag,0/r —Al,038F RuOy/ v —AlL,Os= At w52 v]&o] AN =24 v
et mEgh Sje] ARG EE #otetr] flal XA 3 EE47] (Rigaku,
D/MAX2200H, Japen)& ©]&3to] ZFuje] XRDE WA gk A3} Fig. 159} 2o
Uetsth XA FA884719 24 271E X-ray sourcei Cu, voltaget® 40
kV, current™ 40 mA, scanning speed* 4° min~!, scanning rangex 20~90°

2 AAsAt. XRD #4143 RuOy/y —ALOse PdO/y —AlL,Osx= 7] XRD
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o) [Huang et al, 2009; Hyun et al, 2010]8 £& A= HQ WA,

MnOy/ 7 —Al,038F Ago0/ y —Al,038] -F-ol= MnO,8 Ag,03 A7} Holx] ¢

32

oh AHkA o7 Mn0,92F Ag,02] XRD intensitys #]-$ Zrof e =T oi=

#2357 oG} [He er al, 2004; Xia et al., 2012].

o]9} o] MnO,, RuO,, PdO2 &A1= 3Helslgl ot Ag,02 &A1= Hels}
A H3FA T Age Age0, AgO=E AbskeE o= Qlt), sHA|RE EDSS] #4143} 4kAa

9 FE7F A EAHol AgOR F 7hsAo] o, XRD #4123} Ag.0, Ag
73 B #EEHA gt 22 w5 @ XRD intensity® Age A7}
Ag,08 ¥l=ol vl3] s AA vebdt [Wang et al, 2014]. webs &4 E

2 Age Ag09 FHiZ Fuo] EA4E Aoz dddn
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SEI > BOWV. X30,000 lr‘nT' W 7.6

Fig. 12. Scanning electron microscope images of (a) Ag,0/y—
Al,O5(magnification: 30,000), (b) MnOs/y —Al,O5(magnification: 25,000),
(c) RuOs/ v —Al,05(magnification: 30,000), and (d) PdO/y —
Al,05(magnification: 30,000)
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Fig. 13. Transmission electron microscope images of (a) Ags,O/y —Al,04, (b)
MI’IOQ/?’ _A1203, (C) RUOQ/?’ _A1203, and (d) PdO/’)’ —A1203

-54 -



Weight% Atomic%ﬂ

9.95

35.56

10.51

22.28

79.54

2
[Full Scale 12181 cts Cursor: 0.000

42.17

Weight%|

Atomic%

21.52

55.18

11.63

17.68

66.86

[Full Scale 1771 cts Cursor: 0.000

27.14

Weight%||Atomic%

42.92

66.35

17.05

15.63

40.02

2 4 6
ull Scale 4583 cts Cursor: 0.000

18.02

\Weight%

Atomic%ﬂ

25.57

56.10

19.92

25.92

54.50

2 4 6

[Full Scale 1501 cts Cursor: 0.000

17.98

Fig. 14. EDS spectrum of (a) Ag,O/y —Al,05, (b) MnOs/ v —Al,03, (c)
RuOy/ v —Al,O4, and (d) PdO/ y —Al,04
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Fig. 16. Nitrogen adsorption/desorption isotherms of the different catalysts
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Fig. 17. BJH pore size distribution of the different catalysts
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Table 6. Physical structure data of the different catalysts

_ y-ALO, MnO,/y-ALO, | Ag,0/y-ALO, | RuO,y-ALO, | PdO/y-ALO,

Slope 15.784 18.3480 16.8560 15.8660 18.1550
Intercept 0.2981 0.3012 0.2968 0.3567 0.2939
Correla'.tlon 1.0000 1.0000 1.0000 1.0000 1.0000
coefficient, r

C constant 53.949 61.918 STEN 45.478 62.767
Sulz‘face Area 216.54 186.73 203.03 214.66 188.768
(m*/g)

Pore Volume 0388 0.365 0.470 0.445 0.469
(ccl/g)

Pore Radius 28103 32608 3.2595 3.2610 3.9156
Dy(r) (nm)
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Fig. 18. Dependence of the reactor temperature and discharge voltage on
the SEI (insulation)
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Fig. 19. Effect of SEI on the decomposition of n—heptane for different
catalysts
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2) =u] E5Fo] &2 n—heptane 3 FAE

Fig. 20 Fig. 199 n—heptane A|A #HAGoNA AdE ditsterAE S
Aytolt}, Fig. 20014 Hi= vlel o] MnOy/ y —AlLOsE AFE-3E A9 oy XA
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ofo
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ppm? YAks}EEATE W
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Aol vuA derh v AeelAs 27t S7FHARE, RuOy/ y —ALOsE
ARESE A oF 400 J L7UelA, PAO/y —ALOsE AHEE ¢ 250 T L7'ellA]
AAsIEE A sE7F FHAsks dAbe] EAskY 53], PAO/y —AlLOsE ARE-SH
Aol dARstErA wAlgFo] 50 ppm ©]8FE  UERSTE RuOo/ y —Al,059)
PdO/y —ALLO3E AFE3H 9 n-—heptaneo] Tt FHANA ALEHE
AAsEA7E FraskeE A Eekznl AN SujEdAdo]  YERT
t}. Fig. 212 Fig. 199 n—heptane A|A #FGolA NO,2 w55 =43t
o}, A& AFSES n—heptane? Fale} HFYPHAHOR  dojudt}
797 (Akas 20%, A4 80%) oA ERk=rkE A7 NOx7F 74 €t
N.0E 0.8 No(A*S7) ) WHg 9 NO,9+ N radical WH&oll <3 A=,
Zetzvl A F7)50l N9k 0.7 &A1 A wrEA] A4 AbskE (N0,
NO, NO,)¢] BAAE G [Durme et al., 2007; Harling et al., 2005; Ricketts et al.,

2004]. Eet=wle] g8 WA EHE= NOx+= olyA Aol %o WA s #do

_

rd

Atk A @7)~@B6)= ZTh=rkel o NO7F A 9 AAH=

=
o

<
9

ekl Rolt} [Durme et al., 2007].
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NO + Ox — NO, (27)

NO; + O* — NO + Oy (28)
NO, + O% — NO; (29)
NOj3 + O — NO; + O, (30)
NO + Oz% — NOy + O, (31)
NO; + O3 — NO + 20, (32)
NO, + Ozx — NO3 + O, (33)
NO + OH#* — HNO, (34)
HNO, + OH* — H,0 + NO, (35)
NO; + OH* — HO, + NO (36)
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Fig. 20. Behavior of the CO distribution for different catalysts on the
decomposition of n—heptane
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Fig. 21. Behavior of the NO, distribution for different catalysts on the
decomposition of n—heptane
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AbgEFGIT Fig. 22014 B npel o] o] Fdd 4§ Axd 3=
AREEE el B8l n-—heptane® AAZEC] 0~10% FHH= AT
e Slth SHAIRE 0.3% ool AA&Ee] AL vl=ssith ol
EATE A okl 4 BN ~UO)H} o]l EHekz=mp wbgel ola AAE¥

2 & (Oxidation potential: 2.07 V)o] Atstg o] % 733t OHetZ (Oxidation

potential: 2.80 V)= w3ty I [rIstEES AbstE SXAZA S
olt}Jiang et al., 2015; Karuppiah et al., 2012].
H- +Og_)OH' + O (38)
OH - + 03 - OHg -+ 02 (39)
OH2 . 03 — OH - + 02 (40)

gy o RE FRo] Y Ae A A= 2 dsk Aol ol e
Aetr| A Aap oldA] Bl Eekzvle] oe A EH= &4 AbskEo] Adho]
WedEA AARES A7, 2F W NOx 53 722 HAEe S
AAA A = At [Durme et al, 2007; Jiang et al., 2015].
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Fig. 22. Effect of humidity on the decomposition of n—heptane when the
PdO/y —Al,05 was used
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Fig. 23. Behavior of the CO distribution for different humidity on the
decomposition of n—heptane
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Fig. 24. Effect of Pd on the decomposition of n—heptane when the PdO/y —
Al,O5 was used
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Fig. 25. Behavior of the CO distribution for different concentration of Pd on
the decomposition of n—heptane
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Mok, 2014; Jo et al, 2013]. %=s @& ti7|ed=d wjEdelx FLA
7185 dAaksterarr sl HiEEE A9 @Wok[Larsson  and
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o)
of

ol

= Ao vy S ol gt datstead A 54E

%

btk
dArstera AAAHLS ¢F A9 n—heptane AA 54 AToNA AREE y -
AlgOg, MI’IOQ/V_Algog, AgzO/?’_Algog, RUOQ/?’_AIQOS, PdO/T_AIZOS%
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Decomposition efficiency = %x 100 (41)
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Fig. 26. Effect of SEI on the decomposition of CO for different catalysts
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Fig. 27. Comparison of CO, absorbance of the CO—TPO (absorbed CO) and
CO—-TPO (absorbed O,)
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Fig. 28. Effect of the SEI on the decomposition of n—heptane and CO for
different catalysts (a) n—heptane, (b) CO
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Fig. 29. Behavior of the CO, distribution for different catalysts on the
decomposition of n—heptane and CO
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Fig. 30. Behavior of the NO, and O3 distribution for different catalysts on

the decomposition of n—heptane and CO (a) NO,, (b) O4
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Fig. 31. Comparison of the plasma—catalytic system and catalytic system on
the decomposition of n—heptane and CO (a) n—heptane, (b) CO
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