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Abstract

The present work experimentally investigates the individual and combined effegteafdd+$O vapor on the separate and simultaneous
removal of styrene and Ndfrom N at elevated temperatures via corona-discharge reactions. Styrene gadeNthosen to represent the
trace components in crematory emission because they are chemically dissimilar. Since the crematory emission always contains some O
and HO at elevated temperatures, their effects and the effect of elevated temperature are of practical interest. It is found that the presence
of Oz in N> always enhances the removal of styrene and/og Mém N,. The presence of #0 in N, generally enhances the removal of
styrene and/or NElbut its presence retards that of BliWhen HO concentration is too high or the temperature is 300The combined
effect of @ and HO is found to substantially retard the removal of styrene and/og bdinpared to the sole effect of coexisting.O
The general effect of elevated temperature is to decrease the removal efficiency of styrene agdfomighred to the case of room
temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ing approximately 300 temples with crematory furnaces
in Bangkok Metropolitan Area alone. During cremation,

Recently, a considerable number of reports on the ap-various malodorous gases and particulate are often emitted
plication of discharge technology to gas purification have without adequate treatment, causing frequent complaints
appeared because the technique is deemed as a powfrom vicinal communities. A few rich temples have in-
erful method to remove dilute gaseous contaminants. Stalled furnaces with effective after-burning systems but
There are several types of electrical discharge for gasan overwhelming majority of the temples have inadequate
purification such as dc corona-dischard®?2], pulsed systems. For this reason it is worthwhile to develop an
corona-dischargg3], surface discharg§4], and electron  alternative gas treatment method that achieves high effi-
beam[5]. Among these methods, dc corona-discharge is ciency at relatively low energy consumption. This sim-
considered to be superior in terms of low byproduct for- ilar issue may affect some other developing and even
mation thanks to the low electron energy in the discharge developed countries, where cremation is widely prac-
region. ticed.

Nowadays air pollution in Thailand poses a serious In potential applications of corona-discharge reactors, it is
environmental issue. There are numerous sources of airimportant to know the influence of temperature, especially
pollutants in big cities such as heavy concentration of ve- the high temperature range. For example, the exhaust gas
hicles and traffic congestion. One severe public nuisancetemperature from a cremating furnace may be as high as
is emission gas from the crematorium during cremation 300°C. In spite of this practical condition, a limited num-
rites. There are nearly 23,000 temples nationwide, includ- ber of reports on temperature effects on discharge-assisted

gas purification have appeared since the reported removal of
* Corresponding author. Tel:66-2-218-6894; fax:+66-2-218-6877. methanol and trichloroethylene from air by dielectric barrier
E-mail addressfchwtt@eng.chula.ac.th (W. Tanthapanichakoon). and pulsed corona-discharges under 3D(6]. The present
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Nomenclature

A
C
E
N
SV
tr

\Y

Greek letters

Yelec
Yener

Subscripts
in
out,0mA

cross-sectional area én

concentration (ppm)

electric field strength (V/m)

gas density (mol//)

space velocity (h})

ratio of residence times in the corona-
discharge zone

effective volume of the corona-discharge
reactor (n)

mean residence time (s)

superficial velocity (m/s)

removal efficiency

removal efficiency per unit residence
time

electron-based efficiency
energy-based efficiency (mol gas/J)

inlet of reactor

outlet of reactor at zero discharge current
out,any mA outlet of reactor at non-zero current

2. Experimental

Fig. 1 shows a schematic diagram of the experimental
set-up which consists of a non-pulse corona-discharge re-
actor, a test gas mixing system, a high-voltage dc genera-
tor and a temperature controller. The reactor consists of a
SUS tube, 3.7 cm inner diameter and 80 cm length, as the
anode. The cathode is a 0.5mm stainless-steel wire sus-
pended from a silicone plug at the top of the reactor and
straightened along the central axis of the vertical anode by
a small weight. A high-voltage dc generator (Matsusada,
HAR-30N5) whose maximum allowable voltage is 50kV is
utilized to supply a steady stream of low-energy electrons
to the corona-discharge reactor. A slim pyrex glass tube is
used to sheath either end of the cathode in order to limit
the corona-discharge zone to an effective length of 10 cm in
the middle section of the reactor and to expose the zone to
an essentially flat axial temperature distribution. A type-K
thermocouple is inserted into the reactor to measure the gas
temperature in the discharge zone. To control the reactor
temperature, six infrared heating lamps (700 W each) are in-
stalled lengthwise around the outside perimeter of the reac-
tor. The temperature control unit consists of a temperature
controller and a thyrister power regulator.

The desired concentrations of styrene, §\tdnd/or co-
existing @ are adjusted by diluting standard gases with
pure N> carrier gas. Water vapor is mixed into the carrier

work applies non-pulse corona-discharge to the removal of gas by bubbling it through liquid water whose temperature
styrene and Nkl two dissimilar components chosen to rep- is suitably controlled at 34—5@. The inlet concentrations
resent crematory emissidi,8]. Since, in addition to &
the crematory emission contains® vapor and residual £
at elevated temperatures, their effects on the separate andions of coexisting @ and HO are varied from 0-25% and
simultaneous removal of styrene and fNbake investigated
experimentally.

gas
exhaust

bubbling

test gas

d.c. powler generator

of styrene and Nkl are either 500 or 40 ppm, and either
400, 250, or 200 ppm, respectively. Similarly, the concentra-

0-23,000 ppm, respectively. Concentrations of styrene are
analyzed using a gas chromatograph (Shimadzu Corp., GC
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Fig. 1. Experimental apparatus.
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9A) equipped with a flame ionization detector (FID). Con- the removal efficiencyy in this work is defined byeq. (1)
centrations of NH are analyzed using another gas chromato-
graph (Shimadzu Corp., GC 14A) equipped with a thermal ¥ =
conductivity detector (TCD). The concentrations of byprod-
uct Oz and/or NQ can separately be detected with appropri- Here, Cout oma (PPM) andCout anyma (ppm) are the out-
ate gas detector tubes (GASTEC Co., Ltd. and Kitagawa Co.,let concentrations of the impurity gas without and with dis-
Ltd.). NH3 can also be detected or double-checked by de- charge current, respectively. At steady state, the equation of
tector tubes. Compared to the GC method, the detecor-tubecontinuity requires thap1(v1) A1 = p2(v2)A2. SinceA; =
measurements were found to differ by less than 12%. Az andp is a function of the gas temperature, the gas veloc-
The inlet concentrations of styrene and Néte deliber- ity at an elevated temperatufe will be faster than its veloc-
ately set higher than their reported values in crematory emis-ity at room temperatur&;. Thus, the mean residence time
sion for two reasons. First, our present and previous inves-6, = V/{u,) A of this gas afl, is shorter tha®; = V/{v1)A
tigations have conclusively shown that, as the inlet concen- at room temperature. Herg,is the effective volume of the
tration of a gaseous impurity rises, its removal efficiency al- corona-discharge reactor. The removal efficiency per unit
ways drops because the ratio of the number of gas moleculegesidence timey/’, in Eq. (2) takes into consideration the
to the number of discharged electrons decreases. Thus, thahorter residence time of the hot gas in the reactor even when
experimental results yield conservative values. Second, if thethe inlet gas flow rate (mole basis) remains unchanged before
gas concentration is too low (a few ppm order or less), there and after the reactor temperature is elevated. Strictly speak-
may be significant uncertainty in the measurement valuesing, this definition is scientifically correct only in the initial

Cout 0OmA — Cout any mA (1)

CouL 0mA

obtained by the gas chromatographs. reaction stage where the yield is proportional to the residence
In our case, the voltages required to generate 0.05mA intime. Nevertheless, it is adopted here as a handy indicator
the removal of either 500 ppm styrene or 400 ppngNitdm that reasonably offsets the effect of reduced residence time.

N2—0O2 (20%) mixture are, respectively, 10.1 and 10.5kV at

room temperature, and these voltages decrease to 6.4 ang’ = (2)

5.9 kV, respectively, as temperature rises to 300The volt-

ages in the removal from purexMre significantly lower but It is a common practice to obtain reaction rate constants

become unstable at the same 0.05mA. Therefore, a highefased on some proposed reaction system in order to elu-

current is used. Even when the current is increased 10-foldscidate detailed reaction kinetics. In the purification of N

to 0.5mA, the required voltage increases less than 10% forcontaminated with several individual sulfur compounds and

styrene and even decreases about 45% fog.Mts the dis- CH3CHO in a corona-discharge reactor, a mathematical

charge current increases, ion wif@] becomes stronger, Mmodel based on the first-order reaction of electron attach-

causing the suspended wire cathode to sway. This effect im-ment and the fitted ion-diffusivity is shown to correlate well

poses a maximum stable current, which is found to be aroundwith experimental resultfl, 10]. However, this model is not

0.5mA, in our condition. applicable to this study in which its “electron efficiency”,
the number of gas molecules removed per electron, is greater
than unity. The experimental electron efficiencies obtained

Y x residencetime at 25
residence time & °C

3. Results and discussion here range from 0.9 at 30C in the case of pure No 36.6
at room temperature in the case of 20% Ohe large values
3.1. Definition of removal efficiency indicate that not only electron attachment but other reaction

paths such as radical reaction and dissociation by electron

Generally the removal efficiency is obtained by comparing impact also play an important role. The mathematical mod-
the inlet and outlet gas concentrations. At high temperatures,€ling of such a highly complex reaction system is beyond
significant thermal decomposition of styrene and ammonia the scope of the present study. To qualitatively compare the
in N> might occur, which also depends on the type and con- apparent “intrinsic” reaction rate of removal, the values of
centration of the coexisting gas. For example, 23—-33% of the ¥ are handy and practical. It is reasonable to think that the
influent styrene but less than 1.5% of the fiere foundto ~ overall reaction rate is higher whefi is higher.
decompose at 200-30C in pure N. When HO coexists at
20,000-23,000 ppm, the decomposition of styrene ang NH 3.2. Influence of temperature on removal mechanism
become ca. 31 and 16—20%, respectively. This means that
only ammonia decomposition is accelerated by the presence As mentioned inSection 2 the voltage required for a
of H20. On the contrary, the decomposition of styrene in corona-discharge current of 0.5mA decreased with the el-
the presence of 20%and NH; in the presence of 5% 0 evated temperature. This voltage drop causes the decreaed
become ca. 38-40 and 1.5%, respectively This means thatacceleration of electrons in the discaharge zone. In spite of
only styrene decomposition is accelerated by T show this factor, the temperature elevation causes the gas to ex-
the sole effect of corona-discharge and excludes the effect ofpand and its density to decrease, resulting in lower colli-
high-temperature thermal decomposition inside the reactor,sion frequency of drifting electrons with gas molecules. Itis
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also important to note that the electron energy depends onenhanced by O radicals, though Oxidation is not effec-

the electric field strength divided by the gas dendif. tive. In fact Peyrous et aJ12] simulated the concentrations
To approximatee/N, the electric field strength described as of Oz and O radicals in pulsed corona-discharge in the pres-
Eqg. (3)is used. ence of @, and showed that temperature elevation brings
v about higher O radical concentration and lower O
E=—— 3 i [ N -
In(D1/Do) (3) When H0 is present in the gas stream,; HOH™ and a

few O~ anions are expected to be produced by dissociative
whereV, r, D1, Dg are the applied voltage, radial distance electron attachment to #0 molecules at low temperature
from the cylindrical axis, inner diameter of the cylindrical [18,19] The selectivity for these ionic products should de-
anode, and diameter of the wire cathode, respectively. Thus,pend on the gas temperature and electron energy. At high

the mearE/N is approximated by¥eq. (4) temperature, electron detachment would become significant
D2 so that radicals of O, H, and OH may play a more important

E Dgy2 (2r)(E/N) dr 4v role than their anionic counterparts. These radicals are also
<ﬁ>_n((D1/2)2 — (Do/2)2) N(D1+ Do) In(D1/Do) expected to contribute to the removal of the target gases.

(4) More specifically, OH is believed to dissociate Nt pro-
duce an aminogen radical (NHand HO [20].

N is calculated ap/{R(273+ T)}, wherep, R, T are to- In non-thermal corona-discharge in the air at room tem-
tal pressure, gas constant, and gas temperature, respectivelyperature, electrons are sometimes captured pyoform
From this correlation, the avera¢gf€/N) in our caseis6.2and  negative ions, O, O,—, O3~, and clusters via electron at-
7.2 kV mé/mol at room temperature and 300, respectively. tachment. The reversed electron detachment process, how-
Since the electric field strength increases only slightly when ever, becomes significant at high temperature, causing ion
the temperature is elevated, the electron energy at@00 clusters to become unstaljl]. Our previous articles indi-
turns out to be approximately 13% higher than at room cate that the corona-discharge reactor plays host to electron
temperature. Generally, the electron energy level should af-attachment reactions and relevant ion cluster formation at
fect the reaction mechanism. For example, electron attach-room temperatur§l0,22] However, because of high tem-
ment tends to occur when electron energy is relatively low perature effects such as electron detachment and radical for-
[18,19,28] while formation of radicals may take place when mation, electron attachment and ion clustering would be less
electron energy is very high. and less important as the temperature rises.

Rigorously speaking, the relevant reactions contributing The removed styrene was converted to non-volatile de-
to the removal of styrene and NHre affected not only by  posit, which was observed inside the reactor and in the
the change in electron energy level but also by other effectsgas line after the reactor. The observed conversion to
of the elevated temperature. To consider the reaction mech-non-volatile deposit is consistent with our previous report
anism, one must take byproduct formation into account. As on the removal of certain aromatic compounds, benzene
for the gaseous byproductsg@nd NQ. were, respectively,  and p-dichlorobenzene, from Nand N—O, mixture at
detected mainly in the low and high temperature ranges. Inroom temperaturf23]. There it was discussed that negative
fact, our measurements ofs@oncentration during the re- ions induced by dissociative electron attachment initiated

moval of toluene from MO, mixture reveal that @is pro- chain polycondensation reactions to form the deposit. The
duced up to 1370 ppm at room temperature but it rapidly present reaction mechanism for the removal of styrene
drops down to 430 ppm at 10C. WhenT is further in- at room temperature may be considered to be analogous

creased above 30C, O3 concentration becomes negligi- to the chain polycondensation found in the removal of
ble [11]. This is because £is unstable at high temperature benzene ang-dichlorobenzene because of the similar aro-
[12,13] Therefore, oxidation by ©should play a negligible ~ matic structure of these molecules. Since the terminating
role in the high temperature range. reaction for styrene chain polycondensation at room tem-
Contrary to Q formation, it is known that production of  perature is considered to be effected by the reactions of
NO, by the discharge process is favored at high temperature.electron-attachment-induced ions with styrene molecules,
This is also confirmed in our experiments. While the outlet we may likewise consider that, in the high temperature
concentration of NQ was negligible at room temperature, range, radical reactions involving N and O radicals and
its concentration gradually increased with temperature andelectron impact to styrene molecules, instead of ionic re-
reached 300 ppm at 40C. Since NQ formation can be at-  actions, could initiate the chain polycondensation reaction
tributed to the reaction of discharge-induced N radicals with required to form non-volatile deposit. It should be empha-
02 [14,15], N radicals should also contribute to the removal sized that the proposed mechanism is clearly different from
of styrene and/or Ngifrom both N> and air at high temper-  the removal of methanol and trichloroethylene reported by
atures. In addition, in the removal from air, there should be Hsiao et al.[6], in which they are converted to GQby
the extra effect of O radicals produced by electron impact decomposition. The temperature dependency of this chain
to O, and by G decompositio{12,16,17] Therefore, the polycondensation reaction might have a role in determining
removal efficiency from air at high temperatures should be the removal efficiency at various temperatures.
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Fig. 2. Effect of coexisting @ on the removal efficiency)’ of styrene
from Np; [styrene] = 500 ppm, SV= 558h1 at room temperature,
I =0.05mA (except/ = 0.5mA in the absence of £).

In the case of Nid removal, the removed NdHwas con-
verted to needle-like bright crystal, which was observed in-
side the reactor and the gas line after it. It is repofzt]
that NH; does not react with @to directly form NH;NOs.
Instead the following consecutive reactions are mentioned:
2NH3+403 = NH4NO2+H202+40,; NH4NO2+H20, =
NH4NO3+H20. Our result is also consistent with published
reports that NgNOg3 solid is produced by corona treatment
of humid air containing NH [20,25,26] The mechanism
for NH4NOg3 formation in the high temperature range is not
clear but it may be considered that flHH,O and NQ as
well as N and H radicals could react to form hROs.

Since our blank tests show negligible change in the con-
centrations of styrene and Nivhen they are fed together to
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consistent with the observation that the biggest effect of co-
existing Q is found at the highest concentration of 25% O

As mentioned inSection 3.2 the removed styrene was
converted to non-volatile deposit, which is consistent with
our previous reporf23]. In addition, the reaction mecha-
nism in the removal of styrene at room temperature may be
considered to be chain polycondensation of styrene, whereas
the terminating reaction is considered to be effected by the
reactions of electron-attachment-induced ions with styrene
molecules. In the high temperature range, radical reactions
involving N and O radicals and electron impact to styrene
molecules, instead of ionic reactions, could initiate the chain
polycondensation reaction required to form the observed
non-volatile deposit.

As the gas temperature increases, there was a gradual re-
duction in the removal efficiencyr omitted here. Above
200°C, Oz is unstable and not detected. Instead O radi-
cals are producefll2,17,18]and so are N radicals, which
might be more reactive than O radicals becausg\Nbond-
ing energy at 225 kcal/mol is much higher than that ef0D
at 118 kcal/mol. Since the increased production of N
higher temperatures consumes N radicals, the styrene re-
moval efficiency tends to decrease. Coupled with the nega-
tive effect of reduced residence time, this explains why the
value of the omitted) decreases monotonically in the high
temperature range. When the effect of residence time is con-
sidered, the value of/’ in Fig. 2 increases up to 20
before subsequently decreasing. In the low to moderate tem-
perature range, the combined effect of bothand N radi-
cals results in an efficiency increase despite the reduced res-
idence time. In the high temperature, the positive effect of
diminishing N radicals turns out to be negated by the much
reduced residence time.

Generally, two other types of removal efficiency are re-

the reactor at various temperatures and no extraneous peak§oted for a corona-discharge system. The electron-based
are detected in the gas chromatograms, it may be Cons'dere‘éﬁiciency Velec is defined as the number of gas molecules

that styrene does not react with Nl the presence of air.

3.3. Effect of coexisting £on removal of styrene fromJN

Fig. 2 shows the removal efficiency’ of styrene from

removed by one discharged electron, and the energy-based
efficiencyyener (Mol gas/J) is defined as the mole of gas re-
moved per energy consumption (J). At 306, 373, 473 and
573 K, the experimental values ¢t ec andyenerare as fol-
lows:

N> versus temperature when the styrene inlet concentration Pure N (I = 0.5mA): Yelec = 1.6,1.7, 1.2 and 09,
is 500 ppm. Partly because of the above-mentioned swayingyener x 10~2 = 1.66, 1.94, 1.45and 121.

effect of the ion wind[9], there is a maximum fluctuation
of around+6% at some of the experimental points. It is
obvious that the presence ob@ N> greatly enhances the

N2—20% Q (I = 0.05 mA): Yelec = 36.6, 284, 21.8 and
10.6; Yenerx 10°° = 186, 160, 149 and 862
In the absence of £ vYelec ranges from 1.7 at 373K

styrene removal efficiency despite the fact that the dischargeto 0.9 at 573K whileyener ranges from 77 x 1079 to

current in the N-O, case has been reduced 10-folds to
0.05mA compared to the case of pure.Ms explained
in Section 3.2this may be attributed to the fact thag &
produced from @ by the corona-discharge reaction and is

quite stable at room temperature. At room to moderate tem-

0.9 x 1072, In the presence of 20% Dy elec and Yener in-
creases 22.9-11.8-fold and 112—71.2-fold, respectively, de-
spite a 10-fold reduction in the discharge current compared
to the case of pure N The remarkable enhancement effect
of Oo can be attributed to the effect ofsGind O™ anion

peratures, electron attachment reactions contribute to, ancat low temperatures and N and O radicals at high temper-

relevant ion cluster formation enhances, the removal of nu-
merous electro-negative compourid®,22]. Considered to
be applicable to the removal of styrene, this mechanism is

atures. Generallyeec and yener tend to decrease as the
gas temperature increases. This trend may be ascribed to the
combined effect of reduced residence time and the shift in
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Fig. 3. Influence of water vapor on the removal efficiengyof styrene Fig. 4. Combined effect of oxygen and water vapor on the removal
from Ny; [styrene]= 500 ppm, SV=558h-1 at room temperature. efficiency ¥’ of styrene from N at 5% Q; [styrene] = 500 ppm,

I =0.05mA, SV=558h"1 at room temperature.

removal mechanism. Interestingly, in the case of puge N
Velec aNd Yener at 373K become higher than at room tem- N~ and H- from NHsz and H~ from styrene. This explains
perature, thus indicating the possible existence of an optimalWhy styrene removal efficiency is significantly enhanced by
temperature. the presence of $D.

At high temperature, electron detachment becomes signif-

icant and as a result, radicals of O, H, and OH as well as N
radicals are produced. As the gas temperature increases, the
omitted styrene removal efficienay decreases monotoni-

Fig. 3 shows the styrene removal efficiency from M’ v o fth
versus temperature at various concentrations of water vaporcally from room temperature to 36@ mainly because of the
reduction in residence timé&ig. 3 reveals that, even when

Regarding the general influence of®, its presence signifi- X o i :
the effect of reduced residence time is taken into considera-

cantly raises the removal efficiency despite a five-fold reduc- i .
tion in the discharge current, compared to the case of purelion: the value ofy” in the presence of 3O still decreases
N,. As mentioned irSection 3.2H-, OH~ and a few O slightly with temperature. This trend is completely different

anions are expected to be produced by dissociative electror{’®M the removal efficiency in the absence ai®1 As men-
attachment to LD molecules at low temperatufés, 19} tioned inSection 3.2NO, formation can be attributed to the

To gain some insight into the electron affinity of styrene '€action of discharge-induced N radicals wita 24,15]
and HO molecules. electron affinities 0k molecule and and N radicals are considered to contribute to the removal

styrene molecule were obtained by subtracting the total en-Of styrenle from both bland alrhat. high t(_ampe.raturesr.].Sg\ce
ergies of neutral molecules from their anionic counterparts. '\ radicals are consumed by their reaction withGHat hig
These calculations were carried out by Density Functional [€MPeratures, the styrene removal efficiency at high temper-

Theory at B3LYP/6-31G(d) level using Gaussian 98W pro- atures decreases in the presence gDHnN contrast, in the
gram [27], resulting in 88 and 403 kJ/mol for styrene and apsence of.@and- I-bQ, N radmgls_ are not consumed and
H>0, respectively. This means that the® anion is much this results in a slight increase i1 in Fig. 3

more difficult to form than the styrene anion. The difficulty

of forming H,O anions is also confirmed by drift tube ex- 3.5. Effect of coexisting £and water vapor on
periment28]. As a result it may be considered that electron removal of styrene from N

attachment to bO is dissociative. Similarly, it is reason-

able to assume that electron attachment reactions to other A number of experiments were carried out to observe the
gaseous species such as styrene ang, ldk also dissocia- combined effect of @ and HO on the removal of styrene
tive. Therefore, it should be more meaningful to consider from N2. The & concentrations investigated were 5, 10 and
electron affinity of constituent atoms in these gas species.20%. Because of space limitation, only the case of 596 O
The values of Mulliken-scale electron negativity of O, N, and is introduced herefig. 4 shows the observed removal effi-
H atoms, which constitutes/Q03, H,O, NH3 and styrene,  ciencyy’ of styrene from N at elevated temperatures. Again
are, respectively, 3.5, 3.0 and 2.1 eV. These values mean thahote that the discharge current in the case of purésN.O

O~ anion is easier to produce fromp003, and HO than times the case of N-O, mixture. As the gas temperature

3.4. Effect of water vapor on removal of styrene from N
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Fig. 5. Effect of water vapor on £generation from 5% @in N»; SV = 55.8h~! at room temperature.

increases, the omittegl substantially decreases mainly be- NHgs, and that the removed NHs converted to non-volatile
cause of the effect of reduced residence timeFitn 4, the deposit, which was observed inside the reactor and the gas
presence of KO (4050, 12,900 and 23,000 ppm) have no dis- line after it. At room temperature NHmay react @ with to
cernable effect on the removal efficiengyat room temper- ~ form NH4NOg [24] via the following consecutive reactions:
ature because complete removal of styrene is obtained at alPNHz+403 = NH4NO2+H202+40;; NH4NO2+H20, =

H»>O concentrations. In the intermediate temperature range,NH4NO3 + H>O. This is consistent with the observation
the calculated value af’ becomes significantly higher than that the biggest effect of coexisting@n v is found at the
unity in the absence of #D because electron attachment highest concentration of 25%,0

reactions and @cluster formation enhance the removal ef-
ficiency [10,22] but Oz formation is not retarded in the ab-
sence of HO. Fig. 5 confirms the retarding effect of water

vapor on ozone generation at room temperature. A8)0 t4 A 05(5%) ]=0.05mA
O, OH and H radicals should be produced from ahd/or 12 +
H,0, thus enhancing the removal efficiency, thoughi®© © 0, (10%), I=0.05mA
hardly observed at 30(. 1.0 00, (20%), 1=0.05mA
3.6. Effect of coexisting £on removal of NH from N z 08 f ¢ 0:(0%) .170.30mA
> 06 | B B 8 :

Fig. 6 shows the removal efficiency’ of NH3 from N, d g
at various concentrations of co-existing @hen the NH 04 - 6
inlet concentration is 400 ppm. As in the case of styrene, % A U
the presence of £in N2 greatly enhances the NHemoval 02 $ A 2
efficiency despite the fact that the discharge current has been
reduced six-folds to 0.05 mA, compared to the case of pure 0.0 : : :
N2 in the same figure. As mentioned $ection 3.2 this 0 100 200 300 400

may be attributed to the facts thag @ produced from @

by the corona-discharge reaction in the low to moderate
temperature range, where electron attachment reactions angtig. 6. Effect of coexisting @on the removal efficiency’ of ammonia
relevant ion cluster formation contribute to the removal of from Ny; [ammonia]= 400 ppm, SV= 55.8h~1 at room temperature.

Temperature (°C)
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1.4 ues are (6.9, 7.2, 6.8 and 6.6 kV), (5.1, 5.1, 5.1 and 5.2 kV),
L H,0 5250 ppm and (3.5, 3.6, 3.7 and 4.1kV), respectively. The decrease in
L2 r © H,0 10500 ppm required kV against increasing;B concentration at room
o L A H,0 23000 ppm Femperature means tha_t the ratg of ozone and radicals for.ma—
ion become lower. This explains the observed retardation
< H,0 0 ppm effect of HO at low temperatures.

0.8

D |

@

At 200°C or more, electron detachment produces radicals

% of O, H, and OH from their anions. More specifically, OH
radical is believed to dissociate Nitb produce an aminogen

% radical (NH) and HO [20]. This reversible reaction is,

O

v ()

=)
o

T
X

04 -8 B A : !
% A A howeve_r, _retarded by a big excess of the reaction product
0.2 - H>0. Similarly, N and H radicals are produced from jH
especially at 300C. Since N and H radicals are considered
0.0 to contribute more to the formation of NNOs, the high
0 100 200 300 400 consumption of N radicals at 30C to form NQ; leads to
Temperature (°C) the observed retardation effect. At 20D fewer N radicals

are consumed to form NQOand, without excessive 4D,
the combined effect of N, H and OH radicals lead to the
observed efficiency enhancement.

Fig. 7. Influence of water vapor on the removal efficiencyof ammonia
from Np; [ammonia]= 250 ppm,I = 0.3mA, SV = 558h~! at room
temperature.

) ] ) 3.8. Influence of coexistingGand H,O on removal of
As the temperature increases, the omitted ammonia ré-NHs from Ny

moval efficiencyy in the presence of ©drops monoton-
ically starting from room temperature to 300 because
O3 is unstable and not detected above 200 Instead O
and N radicals are produced and contribute tozMémoval

Experiments were carried out to observe the combined
influence of HBO and @ on the removal of N from No.
. . Fig. 8 shows the experimental results whep €ncentra-
[12,14,17] Since more N radicals are consumed to form tion is 5%. In the absence of,@ and G, the removal effi-

N.O*‘ as _the. Femperature increases, the;;NEmoval effi- __ciencyy’ and the omitted are not high even d@t= 0.3 mA
ciency significantly decreases. Coupled with the negative because the electro-negativity of N not so high. As ex-
effect of reduced residence time, the valueyofiecreases ; ; ; ;

drastically in the high temperature range Ee\ﬁ)n when the ef- plained inSection 3.4the presence of 5% Lwithout wate_r

f f y’d Igh temp idered hg ' U bin Fia. 6 vapor greatly enhanceg andvy’ because of the generation
ept of residence time s considered, the valug:0 9. of O3 and O™ anions at low temperatures, and O radicals at
still decreases monotonically with temperature, albeit less high temperatures. The combined effect ofadd 5250 ppm
drastically. H>O slightly retardy andvy’ compared to the case of pure

N>. However, at 10,500 ppm3® the combined effect of ©
3.7. Influence of KO on removal of NH from N,

Fig. 7shows the removal efficienay’ of NH3 from N, at 1.4
various concentrations of coexisting water vapor. Note that o © 0, 0% FhO 0 ppm
the discharge currentis all 0.3 mA here compared to 0.05 mA 1.2 Ol ©0,5% H,0 0 ppm
in the case of dry B0, mixture. The effect of elevated S 0 025% H.0 5250 5o
temperature ony’ and the omitted is not straightforward 1.0 e ”®
but appears to depend on the®iconcentration. When the ~ os | 4 0,5% H,010500 ppm
H>O concentration is highest at 23,000 ppm, bgthand - A A
Y’ are retarded compared to the absence gD Hvhile the S 06 - A A ¢
effect of elevated temperature is slight. In contrast, the re- A
tarding effect at two lower bO concentrations (5250 and 04 8 L 5 O
10,500 ppm) is relatively small up to 10C. Bothyr andv’ ® E 0
become enhanced at 200 but become retarded again at 02 r % U
300°C compared to the absence o0f®l As mentioned in 00 1 1 1

Section 3.2H7, OH™ and a few O anions are produced
by dissociative electron attachment te®molecules at low 0 100 200 300 400
temperaturé¢18,19]. At room temperature the required volt- Temperature (°C)

ages _for Corona'd|SCharge are 8.1, 8.7, 8.3, and 8.7kV, l'e'Fig. 8. Combined effect of @and HO on the removal efficiency)’
spectively, for HO = 0, 5250, 10,500 and 23,000 ppm. At of ammonia from N (O, = 5%); [ammonial= 250 ppm, 7 = 0.3mA,
100, 200 and 300C, the corresponding sets of voltage val- SV =558h"! at room temperature.
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and HO becomes positive at low temperatures compared 1.0 —A& AN—e—N y;

to pure N. As mentioned inSection 3.2H~, OH™ and a

few O~ anions are produced by dissociative electron attach- 08 L

ment to BO molecules at low temperatufE8,19]. At room ' ¢ o

temperature the required voltages for corona-discharge are -~ $

13.1, 8.2 and 12.9kV, respectively, fop8 = 0, 5250 and S 06 . .

10,500 ppm. At 100, 200 and 30Q, the corresponding sets H ¢

of voltage values are (11.8, 6.7 and 9.0kV) and (8.3, 5.0 and > 04 ¢

6.8kV) and (5.4, 3.7 and 5.3 kV), respectively. At room tem- ¢ 0, 0%

perature the U shape in the required kV against increasing 02 L ©0: 5%

H,O concentration means that the average electron energy 0o, 10%

decreases and then increases, thus litje@d few O radi- A O, 20%

cals are produced fromLat 5250 ppm. Combined with the 0.0 ‘ 1 1

reduced formation of N radicals, this explains the retardation 0 100 200 300 400
Temperature (°C)

effect at HO = 5250 ppm compared to the case of pute N
At H20= 10,500 ppm’ the much hlghgr energy level Iea}ds Fig. 9. Effect of @ on simultaneous removal of styrene and ammo-
to significant formation of O and N radicals, thus enhancing nia from N, (removal efficiency of styrene); [ammoniat 200 ppm,
the removal of NH. The U shape in the required kV ver- [styrene]= 40 ppm,/ = 0.3mA, SV=558h"1 at room temperature.
sus HO concentration is observed at elevated temperatures,

and a similar explanation is applicable up to 2@0 When o _

HZO = 10,500 ppm, the electron energy level at 3Q0be- 3.10. Effect of coexisting @nd HO on the simultaneous
comes so low that the reactions of O and N radicals may beremoval of styrene and N-rom N

reduced.
Figs. 11 and 1Xhow the combined effect of Oand

H>O on the simultaneous removal efficiengyof styrene
3.9. Effect of coexisting £on the simultaneous removal and NH; from N,. Compared to the case of only coexist-
of styrene and NEifrom N, ing Oy, the simultaneous removal efficiency of both styrene
and NH; is retarded by the presence of®. In Fig. 11, the
No significant reduction in the outlet concentrations presence of KO significantly decreases the simultaneous
of styrene and Ng was observed that might indicate removal efficiency of styrene only above 2. InFig. 12
their spontaneous reaction at high temperature without however, the presence of;B significantly decreases the
corona-discharge in the presence of nitrogen. In addition nosimultaneous removal efficiency of NHrom 100°C up-
extraneous peaks were observed in the gas chromatogramward. As explained above, an increase in the gas tempera-
of the effluent stream. Therefore it may be considered that ture leads to a significant drop in the importance of electron
styrene and ammonia did not react to generate new pollu-
tants. In fact they were observed together in the exhaust gas

from the crematory furnace. 1.0 7 7 A
Figs. 9 and 1Ghow the effect of @on the simultaneous

removal efficiency of styrene and NHrom N, respec- 08 F *0,0%
tively. The inlet concentrations of styrene and N&te 40 0 05 5%
and 200 ppm, respectively, while the current is rather high H 00. 10 %

. . e - v} 0
at 0.3 mA. Obviously, the presence op Bas a significant ~ 06 o A 0. 20%
enhancement effect on the simultaneous styrene removal % 2070
efficiency v in Fig. 9. As the temperature increases, the :
styrene removal efficiency remains essentially at 100% = 0.4 r .
from room temperature to 30C, except at 5% @ and . B
300°C. As expected, the presence of @lso has a signif- b4 o
icant effect on the simultaneous NHemoval efficiency 02 |
in Fig. 10 As the temperature increases, the \idmoval + 3
efficiency ¢ above 200C tends to significantly decrease. 1 1 1
In either figure, the removal efficiency enhancement is 0.0

0 100 200 300 400

found to depend on the concentration of coexisting &
mentioned previously, the improved removal efficiency for
bo_th St_yrene and Ngican be attributed 1:'0 effect _Of@nd . Fig. 10. Effect of @ on simultaneous removal of styrene and ammo-
O™ anion at low temperatures and various radicals at high nia from N, (removal efficiency of ammonia); [ammoniaj 200 ppm,
temperatures. [styrene]= 40 ppm,/ = 0.3mA, SV=558h"! at room temperature.

Temperature (°C)
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1.0 —= b3

B

removal efficiency per unit residence time can increase with
temperature. The presence of 8ubstantially enhances the
removal efficiency of styrene and/or NHbecause of the
0.8 r effect of @y and O™ anion at low temperatures and N and
other radicals at high temperatures. The presence,@ H
g in nitrogen generally enhances the removal efficiency of
0.6 - 5 styrene and/or Ngl but the presence of #D retards that
of NH3 when HO concentration is too high or the tem-
perature is 300C. The combined effect of Hand HO
is found to significantly retard the removal efficiency of
styrene and/or Nklcompared to the sole effect of coexis-
0 0,5% H,0 Oppm ting Oz.
A 0,5% H,0 5250ppm There are still a number of points on the complex removal
© 0,5% H,0 10500ppm mechanism left for further investigation. Though negligible
Xpure Ny, 1=0. SmA gaseous byproducts besides &nd NQ. were detected in
the gas chromatograms, more detailed investigation should
0 100 Tempgg‘iure(oc) 300 400 be also carried out.

>

Y styrene (')

0.4

o>

0.2 H

T 1

0.0

Fig. 11. Combined effect of £and HO on simultaneous removal of
styrene and ammonia fromoNat 5% Q; removal efficiency of styrene;
[ammonia]= 200 ppm, [styrene} 40 ppm,/ = 0.10mA, SV=558h"1
at room temperature.
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