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thermal conductivity, density and viscosity of the gas and particles are essentally
constant. (i) The heat loss through the vessel wall and draft plates is negligible.
(1i1) The temperature of each particle may be represented by an average value.
(iv) Direct particle-to-particle heat transfer is negligible. (v) The Ranz—Marshall
correlation [18] is applicable for gas-to-particle heat transfer in the spout region,
while the correlation of Sartori er al. is applicable in the downcomer region.

The thermal equation is as follows:

3 3 I3 T,
—(eT) + —(eu; Ty) = s + ko—= 4)
a1 dx; Pglpe  Pglpg Gx, ax;

where @, is the heat transfer rate between the surrounding gas and a particle in a
unit volume:

6(1 —
0, = —(d—‘;)h,,(:rp.k ~ 1. 5)
P

The heat transfer coefficient (kp) is estimated as follows. The Ranz-Macshal!
correlation [18] for the spout region is:

Nu = 2.0 + 0.6Pr'/*Re!/2, {62)
The correlation of Sartori ef al. [19] for downward moving beds in the downcomer
region 1s:
Nu = 1.54pPc'PRe®, (6b)
where:
Nu = hydy/ ke,
Pr = Cp_gﬂig/kh
|tp — ulpgedy
Re= ———>——.

(2303

2.2, Particle mosion and temperature

The particle motion is calculated by simultaneously applying Newton's law to each
individual particle while taking into account the external gravity force fg), the gas—
solid drag forces ( fp), and the contact forces between the particles and against the
wall { f¢). The drag force is the sum of the reactionary forces in (3) and the pressure
gradient as follows:

8 ap
fD:(l— (“—Up)"a Vp- (7
where ¥, is the volume of a particle. The contact force is calculated by using the
DEM corrclauon proposed by Cundall and Strack [20]. An individual particle often
comes into simulianeous conlact with several particles or the wall. Therefore, the
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contact force fc is the sum of all such forces. Newton's equation of moticon can be
writien as follows:
PO b B (®)
m
where m is the mass of the particle. The rotational motion of a particle caused by
the tangential force is calculated from -

e 9
@ T &)

where T is the torque caused by the tangential components of the contact forces and
I is the moment of inertia of the particle.
The energy balance for a particle is given by the following equation:

dT;
PpCpk Vp d-,:'k = _hpAp.k(Tp‘k e Tg)- (10)

where V, is the volume of the particle. ¢, 4 and A, x are the specific heat and external
surface area of the particle.

3. MATERIALS AND METHOD

The geomeiry of the vessel is set as close as possible to the medium-scale
experimental apparatus of Kudra er al. [3]. As shown in Fig. 1, the normal distance
is the spacing between the draft plate and the slanting base. The particles are
spherical and monodisperse. Their-physical properties are based on shelled corn,
These properties and the dimensions of the vessel used in the present investigation
and the experiments of Kudra er al. {3] and Kalwar et al. [217 are summarized in
Table 1. The number of particles corresponding to the same bed height of 0.90 m as
the experiments is approxamately 26 000. The angle of the slanted base is 60°. The
friction coefficients (both static and kinetic) and the Poisson's ratio of the parucles
are 0.30 and 0.25, respectively. The coefficient of restitution is taken 1o be 0.90.
The appropriate value of the spring constant at 800 N/m in the contact force mode!
was determined in the same manner as Kawaguchi er al. [7]. Airat 20°C and 1 atm
15 used as the fluid.for investigating the particle dynamics in the absence of heat
transter. The gas flow is two-dimensional.

The maximum allowable time step for numerical intergration is estimated using
the oscillation period of the spring—mass system recommended by Tsuji er al. 6}

mmik
s
where At and k are the integration time step and spring constant, respectively. The
actual time step used is 0.0003 s. To determine the minimum spouting velocity.
the superficial gas velocity is gradually reduced from a sufficiently large value.
The superficial gas velocity is defined as the gas velocity over an emply cross-

Al g (n
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Table 1.

Properties of particles and dimensions of vessels used in the DEM simulation and the experiments of
Kudra ef al. [3] and Kalwar (21]

Simulation Experirnents
Particle
diameter, dy (mm) 8.0 8.0
density, o, (kg/m’) 1231 1231
sphericity, ¢ ! 0.755
Vessel
width, W (mm) 495 500
depth, Ly (mm) 40 40
width of gas inlet, W; {mm) 33 33
width of draft plates, Wy (mm) 55 50
entrance height, Hc (mm) 95 100
spout height, Hy (mm) 912 900
normai distance (mm} 37.97 42.64
slant angle, & 60 60
Dimensionless sizes
W/ W 15 15.1
W/dy 61.8 625
Wi fdy 4.1 4.1
Wa/ W, L6 1.5

section of the rectangular vessel. The calculation results will be verified against
the experimental results of Kudra ez al. [3] and Kalwar [21 I

In the case of convective gas-to-particle heat transfer. air and particies at 33°C are
used as the initial temnperature condition. The average properties of air are taken
al 65.6°C and | atm while the inlet air temperature at the bottom is 150°C. This
temperature is suitable for drying shelled comn. The geometry of the vessel and the
physical properties of the particles are summarized in Table I. The specific heat of
particle (shelled corm) is 2400 Vkgh.

4. RESULTS AND DISCUSSION
4.1. Minimum spoutng velocity (uys) and pressure drop

The calculated pressure drop versus the inlet gas velocity is shown in Fig. 2.
s TEPrEsents a turning point at which a shght reduction of the superficial gas
velocity causes the spout to collapse and the pressure drop 1o significantly increase.
Figure 3 shows some snapshots of the flow patterns in the spouted bed with draft
plates. In Fig. 3, the spout begins to collapse at the superficial gas velocity 1.25 m/s.
The minimum spouting velocity and corresponding pressure drop can be estunated
from the correlation given by Kudra er al. [3] as follows:

Q15 0.084
0.68 50,084 { Pp — Pg He wad,
Ums \/L‘,Wd’i’ ( P Lb) (w-,Hb {12)
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Figure 2. Caleulated pressure drop versus the superficial inlet gas velocity-of the spouted bed with
draft plates.

Dempar

&

{a) u=1.40 m/s {b) u=1.25 (cyu=1.25 m/s () w=1.25 m/fs {e)u=1.10 m/s

Figure 3. Snapshots of the flow pattems in the spouted bed with draft plates for various gas velocities,
This figure is published in colour on hitpfwww.ingensa.com

The calculated minimum spouting velocity (i) at a bed height 0.9 m 15 1.25 m/s,
while the prediction of Kudra's 1s 1.12 m/s. The small discrepancy in the
Ums values may be ascribed to the slight differences in the vessel geometry.
In the simulation, H, and Wy are 95 and 55 mm, respectively, whereas they
are 100 -and 50 mm in the experiment. Based on an experimental value of
1.12 mvs and (12), the predicted u,,, under the same vessel geometry should be
(L 12)(55/50)%3(95/100)%13(55/50)998 — 1.18 m/s, which agrees well with the
simulation value of 1.25 m/s.
The correlation for the spouting pressure drop is as follows:

W_-, Q.46 042 iH Q.11
y pb(ng)0‘7950'33(—————) (i ( wi My _ (13)
wy Ly oy Wy wy My
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As in the experiment of Kalwar [2), the pressure drop is measured between a
central height of 11 mm above the bottom and the atmospheric pressure. The
plotted pressure drop is time-smoothed over 1.8 s because slug flow causes the
pressure to fluctuate strongly. Initially, the pressure drop increases as the superficial
gas velocity increases. When the velocity reaches a certain value, the pressure
drop starts to decrease gradually. Conversely, when the superficial gas velocity
decreases from a sufficiently high value, the pressure drop gradually increases.
Then it increases significantly after passing the uns point. The hysteresis loop in
the 2DSB occurs as shown in Fig. 2 because the flow resistance of the dense packed
bed is higher than the loose one. In practice, the hysteresis loop will be shrunk
somewhal if the increase—decrease cycle is repeated by stadting with a loose rather
than a relatively dense packed bed. However, the hysteresis cannot be eliminated
entirely due to the inherent irreversibility of the jet penetration phenomenon [22].
The small discrepancy between our calculated minimum spouting pressure drop
and Kudra's prediction {1.40 versus 1.20 kPa or 1.17:1) can be altributed to the
above difference in the predicted and experimental ., (1.25 versus 1.12 m/s or
(1.25/1.12)% = 1.24:1). It is assumed here that the pressure drop is proportional 1o
the square of the velocity.

4.2. Particle motion in the spout region

In this section, the spatial distribution of the particle velocity is investigated for
two regions: the spout and the downcomer. To save computer memory, the
particle velocities are recorded every 0.03 s. Next the particle velocities are time-
smoothed over a period of 1.8 s comresponding to 60 snapshots. Figure 4a shows
the profile of the time-smoothed vertical velocity of the particles and Fig. 4b shows
the ume-smoothed void fraction at different heights in the spout region when the
inlet superficial gas velocity is 140 m/s (4; = 1.12uy,). In Fig. 4, z/Ry is the

z/Rd 2/Rd
i - - #5873 1 -- W --5873
.- A --8.538 - - o - 8636
- 0.8 - - & - 11,400 0.9 .- - -11,400
£ —0— 14,164 r O 14.164
YR ST —tr— 16.927 g 16427
N S 4 0 gi:: o8 —— 10,601
e 040 8N e psoms 2 ——22.454
2 s = ——25.218
E 0.2 o7
0 . . R A 06 . . .
0 0.2 04 08 08 1 0 02 04 06 08 1
Dimensionless distance {y / Ry} Dimansionlass distance(y/Ry}
(a) v =1.40 mfs (b) u=1.40 m/s

Figure 4. The profiles of (a) the vertical particle velocity and (b) the vaid fraction at different heights
in the spout region.
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dimensionless height. The dimensionless distance (y/R4) is measured from the
central axis of the spout. The draft plates are located at y/Ry = 1. The vertical
particle velocity in the spout decreases against the increased height because of
slugging. The slugs formed in the upper region increase the flow resistance in
the spout. The vertical particle velocities adjacent to the draft plates are lower
than the local average value and some particles even fall down. In the present
work, some slug flow occurs in the spout region at the minimum spouting velocity
(sms = 1.25 m/s). The slugs gradually disappear when the superficial gas velocity
further increases. The fountain is stable at u; > 1.5uq, (4; > 1.86 m/s). The
observed formation of slugs in the simulation of the 2DSB, which is related to the
waves of particles developed in the lower region of the spout [23], is consistent with
reported experimental results.

4.3. Particle mortion in the downcomer region

The profile of the vertical particle velocity in the downcomer region is shown in
Fig. 5 for various heights. Here, downward velocities are plotted as positive values.
The draft plates are located at y/Rg = =+1 and the wall at y/Ry = +9. As
the height increases, the vertical particle velocities decrease in the vicinity of the
draft plates, whereas those near the vessel walls increase with the increasing height.
Generally, the downward particle velocities near the walls are lower than those near
the draft plates because the increased flow resistance between the particles and the
stanting base retards the return flow of the particles to the spout. In the lower region
(2/Rq = 5.873-11.400), the downward particle velocities are higher than those in
the upper region (z/Ry = 14.164-25.218) because of the reduction in the cross-
sectional area by the slanting base,

g £
z 2z
g 2
2 g0
& &
° B/
g B
Dimensionlass distance (y / Ry) Dimensionless Distance (y/R;)
(a) u;=1.25 m/s (b) wi=1.40 m/s

Figure 5. Downward particle vertical velocity profile in the downcomer for varions dxmcnsmnless
heights at two superficial gas velocities.
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4.4. Particle circulation rare

The particle circulation rate can be estimated from the particle velocity above the
slanting base, voidage, particle density and cross-sectional area of the downcomer
as follows:

We = Adupspp(l — £), (14)

where Wi, Ay, vy, 0p and ¢ are the particle circulation rate, cross-sectional area
of the downcomer, particle velocity above the slanting base, particle density and
voidage, respectively. As expected, the particle circulation rate increases with the
increasing gas flow rate as shown in Fig. 6.

4.4.1. Effect of the separation height (H,) on the particle circulation rate.  The
obtained empirical correlation between the particle circulation rate and gas velocity
is as follows: '

_ [ 0.3251k® —~ 0265 for H. = 95 mm
~ 01641493 0111 for H, = 152 mm.

Figure 6 compares the simulated particle circulation rate and that of the above
correlation for both separation heights, 95 and 152 mm. When the separation height
increases from 95 to 152 mm, the normal distance in Fig. | increases from 37.97
to 66.47 mm, thus resulting in a larger number of circulating particles entering the
spout.

(13)

)

4.4.2. Effect of the coefficient of friction on the particle circulation rate. The
obtained empirical correlation for the circulation rate at 1.25 m/fs (= u,) as a

05 ; 0.5

04 ; 04 | 30w

' 20mp ™2 5 auis

d 1.62 m/,
g 03 f 3 0ms g 0371 * L5ms
& ~ =
g F 2.5 mls E 0.2 [
= 02 2.0 mvs
1.62 /s
oA .S m/s 01 b
0 1 1 1 0 *

0 01 02 03 04 05
(W )eor

] 0.1 02 ©¢3 04 05
(Weor.
{a) H==95 mm (b)) He=152 mm

Figure 6. Relation between the simulated particle circulation rate and that of correlation (15) at
various inler gas velocities {(He = 95 and 152 mm).
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Figure 7. Relation between log(W;) of simulation and that of cormrelation (16} at various friction
coefficients (. = 0.02,0.063, 0.1, 0.2 and 0.3).

function of the friction coefficient is as follows:
log(W) = 3.25{(p) — 9.194, (16)

where p is the friction coefficient. As for the effect of the bed height. the
simulation results at uq,, show that the bed height does not significantly affect the
particle circulation rate in the 2DSB with draft plates, which is consistent with
Kalwar |21]. As expected, the particle circulation rate decreases as the friction
coefficient increases. Figure 7 compares the simulated W; to that predicted by
correlation (16). An apparent friction coefficient of 0.063 gives a circulation
rate consistent with the experimental value of 0.39 kg/s reported by Kalwar [21].
Obviously, the fniction coefficient has a significant effect on the particle circulation
rate in the 2DSB with draft plates.

4.5. Role of draft plaies in the 2DSB

When the draft-plates are removed from the vessel, our simulations show that
spouting no longer oceurs in the vessel at the bed height of 0.9 m (26 000 particles).
A bubbling bed instead occurs in the vessel as shown in Fig. 8. Even as the gas
velocity is further increased, the bubbling bed still persists. The spouting does not
occur in the vessel because the particle size is quile Jarge. Malek and Lu [24] found
that the maximum spoutable bed depth decreased as the particle size increased.
Figure 9 shows the observed flow patterns in the 2DSB at the bed height of 0.4 m
(10000 particles). Spouting does occur at this reduced bed height when the gas
velocity sufficienily increases. The minimum spouting velocity and pressure drop
are about 2.0 m/s and 1.75 kPa, respectively. As expected, the minimum spouting
velocity and pressure drop of the 2DSB without draft plates are significantly higher
than with draft plates. In conclusion, the draft plates cannot only reduce the
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(a) u=2.2 mss (b)Y ui=2.5 m/s {c)u=2.7m/s {d) uy=3.0 m/s

Figure 8. Snapshots of flow patterns in 2DS8s at the bed height of 0.9 m (26000 particles). This
figure is pubtished in colour on http//www.ingenta.com

(a) v=1.7 m/s (b) u=2.0 m/s (c)u=2.0 nv's (@) u=2.0m/s {e)u=2.2 m/s

Figure 9. Snapshots of flow patterns in the 2DSBs at the bed height of 0.4 m (10 000 particles). This
figure is published in celour on http:/www.ingenta.com

minimum spouting velocity and pressure drop, but also increase the spoutable bed
height.

4.6 Degree of mixing in the 2DSB

The degree of particie mixing in a 2DSB without draft plates is also investigated
in this work. The degree of mixing indicates how good the mixing of particles is
in the system. The formulas used for calculating the degree of mixing (M) are as
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follows [23]:
M=1-22 A7)
Jo
o A
0'; — Z(L tc)‘ (18)
N
o = Ee(1 — %), (19)

where X. is the theoretical average number of particles in a sampling cell, x; is the
obsewed number of particles in each sampling cell, N is the number of the samplmg
cells, a is the sample variance of the number of particles in the sampling cells, @)
is the Lheoreucal variance in the case of complete segrevatlon apd .M is zero and
unity in the case of complete segregation and random mixiug, respectively. The
relation between M and elapsed time for various superficial gas velocities at 26 000
and 10000 particies is shown in Fig. 10 (Rochana and Pinyopotjanard, private
communication, 2003). In Fig. 10a, M initially oscillates up to 2 5. Subsequently,
M reaches 0.5-0.6 (poor mixing) at velocity of 2.2 and 2.5 m/s. At a velocity of
2.7 and 3.0 mfs, M gradually increases with time. It means that these velocities are
high enough for mixing. In Fig. 10b, M initially escillates at 0-2 s after which its
value becomes steady at 0.9-1 (good mixing) for all velocities. As expected, the
mixing in a 2DSB with 10000 particles is better than that with 26 000 particles.

4.7. Effect of gas-to-particle heat transfer in the 2DSB with draft plates

When hot air is injected into the bottom of the spouted bed, gas-to-particle heat
transfer occurs in the spouted bed. The additonal effect of gas-to-particle heat
transfer is also investigated here. Figure 11 shows the temperature profiles of
the particles and air in the spouted bed with draft plates at various times. It is
found that the average particle temperature in the spout region is higher than that
in the downcomer region. The particles are heated for a short time in the spout
region. The particle temperature adjacent 10 the slant base is lower than the other
regions because thefgiction between the particles and the slanted base decreases
the return flow of the particles to the spout region. Similarly, the air temperature in
the spout region is-higher than that in the downcomer region. The air temperature
gradually increases with time. Figure 12 shows the profiles of the gas-to-particle
heat transfer coefficient and Reynolds number over the dimensionless height (z/ Ry)
16.927-22.454 (above the slanted base) in the spout and downcomer region at
150°C. The average Reynolds number in the spout and downcomer are 5690 and
130, respectively. As a result, the heat transfer coefficient in the spout region
is signtficantly higher than that in downcomer region. In the spout region, the
heat transfer coefficient decreases against the increased height. The heat transfer
coefficient near the draft plates is lower than that near the central axis because
the number of particles near the draft plate is more concentrated and the local gas
velocity is slower than elsewhere. Therefore, the particles near the draft plates will
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Figure 10. Relation berween the degree of mixing and fluidization dme for various superficial gas
velocities at {a) 26 000 and (b) 40000 particles,

have contact to gas. ln the downcomer region, the heat transfer coefficient is rather
uniform. The heat transfer coefficient near the draft plate and the wall is slightly
higher than elsewhere. Jtmay be the result of the channeling effect at these regions.
QOur simulation reveals.that the gas-to-particle heat transfer occurs mainly in the
central or spout region, as reported previously by Freitas and Freire [26].

5. CONCLUSIONS

The aerodynamics of particles and fluid flow in the 2DSB with draft plates has
been investigated in detail with the aid of the DEM. The validity of the method in
the absence of heat transfer has been confirmed with the published experimental
data of Kudra [3] and Kalwar {21]. Our results reveal that some slug flow still
occurs in the spout at the minimum spouting velocily. This is the reason why
the time-smoothed particle velocity decreases in the spout region as the height
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Figure 11. {a} Particle temperature and (b} air temperature distributions in the 2DSB with draft plates
at 2 mv/s and 150°C. This figure is published in colour on hup:/fwww.ingenta.com

increases. The slugs gradually disappear when the gas velocity is further increased.
In the downcomer region, the downward particle velocities near the draft plates
are found to decrease as the height increases, whereas the velocities near the walls
increase with the increasing height. The particle circulation rate decreases when the
coefficient of friction increases. The calculated particle circulation rate shows good
agreement with the experimental value of Kalwar {21] when the friction coefficient
is sufficiently small at 0.063. The installation of the drafi plates in the 2DSB not
only reduces the minimum spouting velocity and pressure drop, but also increases
the maximum spoutable bed height. The mixing in the 2DSB with 10000 particles
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Figure 12. Profile of (a) the heighi-averaged heat transfer coefficient and (b) Reynolds number over
the dimensivnless height (z/ Rq) 16.927-22.454 in the spout and downcomer at §50°C and 2.0 mis.

is significantly better than that with 26 000 particles. The heat transfer coefficient
decreases against the increasedheight in the spout region, but it is rather uniform in
the downcomer region. The gas-to-particle heat transfer occurs mainly in the central
or spout region. '
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Phenel-Containing Water Using
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AND

Acetaldehyde-taden air and phenol-contaminated water
were experimentally treated using corona discharge reactions
and gas absarption in a single water-film ¢olumn.
Mathematical modeling of the combined treatment was
developed in this work. Efficient removal of the gaseous
acetaldehyde was achieved while the corona disgharge
reactions produced short-lived species such as 0 and 0~
as well as ozane. Direct contact of the radicals and

ions with water was known to produce agueous OH radicai,
which contributes te the decomposition of organic
contaminants: phenol, absorbed acetaldehyde, and
intermediate byproducts in the water. The influence of
initial phenol cencentration ranging from 15 to 50 mg L~!
and that of influent acetaldehyde ranging from 0 to 200 ppm
were experimentally investigated and used to build the
math model. The maximum energetic efficiency of TOC,
phenol, and acetaldehyde were obtained at 25.6 = 1073 mal
carbon J 1, 25.0 x 1072 mol phenal J-1, and 2.0 x 107°
mol acetaldehyde J~', respectively. The predictions for the
decomposition of acetaldehyde, phenol, and their
intermediates were found to be in good agreement with
the experimental fesults.

lutredoction

High-voltage electrical discharge is presently employed in
varigus applications, for example carbon-nianomaterial
synthiesis (1), gas synthesis (2, 3), gas purification (4—/0),
and water purification (11~ 14). Focusing an gas purification,
atmospheric electrical discharge technique has become a
common methaod {or high-efficiency purification of gaseous
pollutants al trace concentrations. A number af the electrical
discharge technigues such as dc corona discharge (4—7),
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FIGURE 1. Schematic diagram of the experimental setup.

pulsed corens discharge (8, 9), and electron bean (10) have
been widely developed. Inthe dc corena discharge technique,
low energy electrons are wtilived for the removal of the
gaseous pollutants. The de corona discharge is quite prom-
ising in terms of removal efficiency with relatively low
byproduct formation, At present, several types of dc corona
discharge reactors are available. One of them, the wetted-
wall corona discharge reactor, was proposed to enhance the
removal efficiency by adding gas absarption effect to gas-
phase reactions (6). [n this reactor. 2 thin faliing liquid Him
flowing on the vertical anode surface simultanegusly absorbs
suluble gases and the negative ions produced by eleciron
attachment, ionization, and disseciation of the target gases.
In recent years, pulsed plasma discharge (J1, 12) and dc
coronadischarge (1.3} have beenndeveloped for the treatinent
of aqueous organic compounds. The wetted-wall reactor was
also applied (o the purilication of wastewarer (14). [n this
method, the organic contaminants were effectively degraded
by the OH radical along with ozone.

By combining the features of the wetted-wall reactor, we
have proposed the present reactor for the sirmullaneous
purification of gas and water (15). Gaseous contaminants
were removed from the main gas stream by a combination
of gas corana reactions and gas absorption. Simuitaneous
removal of aqueous contaminants was achicved by their
decompasition with the OH radical produced by direct
contact of gas corona species with water. With simultaneous
purification, not anly van the operating cost, the operation
time, and the energy consumption be minimized. but the
total invesiment cost [or the equipment can also be reduced.

In this article, ¢ kinetic model for simultaneous treatment
of phenol-containing wastewater and acetaldehyde-laden
airin a cytindrical wetted-wall corona-discharge reactor was
developed. The influence of gaseous acetaldehyde inlet
concentration and initial agueous phenol concenuration, as
well as their major intermediate products, on the simulta-
neaus lreatmen: was investigated. Then, the simulation
results were compared with the cxperimental ones. The
developed model should be useful For scale-up of the system
for practical application.

Experimental Section

The experimenial apparatus is schematically shown in Figure
1. A high dc vahage of 8—13 kV with negative polarity was
applied on a stainless steet {(SUS) wire cathode (0.34 mm
diameter) stretched along the center of a grounded SUS
cylindrical anode (34 mm inner diameter; 200 mm leagty
1o generate corona discharge. The length of the corona
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TABLE 1. Gas Corona Reaction and Decomposition of Drganic Species in Aqueous Phase

rate constant

equation reaction {Lmol 's ) rel.
1 O, 1e'—04+0+e! 16, 17
2 Oz te'-0"+0 16,18
3 0,4 0—03 16
4 O + Hz20pa — 20H g 11,13, 20
5 O Vg + HaOg = OHpag + OH 4y 20
6 acetaldehyde + OH k—‘aceﬂc acid 5 « 109 parameter estimation
7 acetaldehyde + OH 2 unidentified product {UP¢) 4 x 109 parameter estimation
8 acetic acid + OH - co, » R0 5. 10° parametar estimation
2 up,, + OH L‘COZ i H,C 8 x 10° parameter estimation
10 phenal + OH k. catechol 7 = 19° 28
1 phenol + OH—* hydroguinone 65 x 109 22
12 phenol + OH -~ resoreinol 1 ol 22
13 phenol + OH N unidentified product (UPg,) 1102 parameter estimalion
14 catechol + OH E‘UP " 1.1 < 10% 29
15 hydrogquinene + OH — UP., 3w toM 22
6 resorcinol + OH - UPg 15100 30
17 UPee + OH o acetic acid 1 % 10™ parameter estimation

discharge region was fixed at 140 mm throughout the
experiments. The desived pas mixture of acetaldehyde, G,
and N: was prepared by mixing commercial standard gases.
The gas mixture at the flow rate of 100 ml. min * at 25 °C,
101.3 kPa, was continuously supplied to the reactor by
bubbling into a water reservoir at the bottom of the reactor
colummn. Aqueous phenol solution {1 [ in volume} was
supplied 1o the reactor as a thin falling (ilm on the inner wall
of the anode through the corana reacticon zone, and was
circulated at a fow rate ol 1.4 L min ' The average witler
film thickness in the absence of corona discharge was
caleulated as G4 mm. The temperature ol the waser phase
was contrelled at 10 “C by passing it througn a heat exchunger
unit.

For gas analysis, the effluent stream was periodically
sampled and wnalyzed using an FID gas chromatograph
(Shimadzu, GC-8A; Column, Porapak Q). Ozone produced
under corona discharge condition was measured by (he
iodometric method, Meantime, potential byproducts such
as NUO, and €O were measured with gas detector tobes
{GASTEC Co., Lid. and Kitagawa Co., L1d.). For water analysis,
a high performance liquid chromatograph (HPLC) with &
UV~Vis detector {(Shimadzu, SPD-10AVP) and the above-
mentioned FID-GC were used for analyses of phenol,
acetaldehyde, and intermediate products in the circulating
waler. In the HPLC analysis, an adsorption column, Devolysil
{(Nomura chemical, ¢ 4.6 mm x 50 mim), was operated at a
fixed temperature of 20 °C. The UV—Vis detector was set at
awavelength of 277 nm. The carrier Hguid was 0.1% aqueous
phosphoric acid mixed with acctonitrile (2%). Total organic
carbon (TOC) and pH of the cireulating water were monitored
by a TOC analyzer (Shimadzu, TOC-5000) and a pH meter
(Horiba, pH meter F-22), respectively.

Development of Mathematical Model. To set up the
model, aclear overall conception of the relevant nusss transfer
phenomena and reaction pathwaysof the target compounds
in the present system was indispensable.The reactions of
concern in the present corona discharge system are shown
in Table 1. Figure 2a shows a simplified concept of the relevant
mass (zansfer phenomena and the formation of aqueous OH
radical via direct contact with gas corona discharge. Corona
discharge is generated by applying a high de voltage onto
the wire cathode with negative polarity. Consequently,

B = ENVIAON. SCI. & TECHMNOL. / VOL xx, ND. wx, xxxx

energetic electrons are emitted [rom the wire cathode and
accelerated toward the anode along the electric field. During
their drift, dissociation and ionization of oxygen can produce
O radical in the high strength electric Reld adjacent to the
calhode as shownineqgl (16, 17). [n the adjacent low strength
electric field next to the high sirength zone, dissociative
electron attachment to oxygen can also produce O and O
vineq 2 {16, 18). Reaction ot oxygen with the O radical would
produce azone via eq 3. It should be noted that O, (57, and
some fons can also be produced by corona discharge
reactions. However, among those ions, O is considered 1o
be the dominant species in the de corona discharge (19).

When O and O reach the interfacial water and dissolve
into il, they subsequendy react with water molecules to
produce reactive Ot radical in water as described in eqs 4
and 5 (11, 13, 205, In addition, OH, H:0., and somu related
radicals can also be produced in the gas corona zonre since
water vapor is present in the gas phase. These gaseous specics
along with ozone would also transfer into the water. Tt should
be noted that the O radical can be generated by radiolysis

(a)
(ias corona reactions
E):*e" F0+0+¢ m:[ifT,i X+ (1) |0} t030, (Ll

o © o O 0, OH

) 0
) ;
2 1 Q 0 Gas-woter
interphuse
01,03 20H W [0+ 1,0 OH + Olt¢xy |

Water film

{h)

= [ Polyhydrosy benzene | = [ Quinonc |

Aqueous phase

Hing-cleavage product

(Aldehyde) ==> (Carhoxylic acid)

(‘()l Vapurizafion
Y z

FIGURE 2. (a) Concept of mass transier phenomena and formation
of OH radical in water, and (b} reaction pathway of phenol and
acetaldehyde in agueous phase under corena discharge treatment
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in the pulsed corena discharge {10, 21) and in the pulseless
corona discharge (22). In these works, the corona was directly
generaled in water by submerged corona spot. However,
according to our previous report (23), aqueous acetaldehyde
could natbe decomposed in the present reactor under corona
discharge in the absence af oxygen. This indicated that
production of OH by radiolysis in the present reactor was
negligible.

When the gas stream was bubbled through the phenol
solution, acetaldehyde was absorbed into the phenol con-
taminated solulion. As a result, agueous solulivn containing
phenol and acetaldehyde flowed through the corona zone as
a falling thin (ilm on the inner surface of the anadic cytinder.
Inthe coronazone, ions and rudicals produced by gas corona
were cantinuously supplied to the solutien 10 form the
hydroxyl radical. Meanwhite, organic compounds in water
were continuously decomposed. Ifa small quantity of gaseous
acetaldehyde remained in the gas stream, it was expected
be completely removed in the gaseous corona zone by radical
reactions {24, 25), ozonation, and clister formation (24),

Decomposition pathways of phenol by oxidation pro-
cesses such as radiolysis (10, 21, 22), oxidation by hydroxyl
(11-13) and by ovonation, and ultrasonic irradiation (28)
have been reported. On the basis of these studies, Figure 2b
shows that phenol was first axidized to polyhydroxybenzenes
and subsequently to quinones. Both of them proceeded to
yield ring-cleavage products, i.e., aldetrydes and carboxylic
acid groups. Finally, carboxylic acids, such as formic and
acetic acids, were converted to carbon diexide, As for the
decomposilion pathway ol aqueous acetaldehyde, it was
reporied that aqueous acetaldehyde was mainly decomposed
to acetic acid before being mincralized to carbon dioxide by
the oxidation process (£, 27).

On the basis ol the decomposition pathways mentioned
in the previous section, the overall reaction schente was
preposed as described in eqs G—17, The assumptiaons used
in developing the model are as lolows:

(1) With rate constants of orders of 10" I. mol* ! 57! or
higher, OH radical was considered as the dominant species
for the decomposition of aqueous organic compounds. In
comparison, the reaction rates of phenol and acetaldehyde
with ozone were considered (o be negligible with rate
constants of orders of 107 L mol~' s™' and 1.51, mul ' 5",
respectively (31, 32). During corona discharge operation,
ozone was detected at a maximuam ca. 2000 ppm in the
process studied here, To evaluale the conibution of ozone,
separate tregtment of acetaldehyde and phenol wus con-
ducted by feeding 2000 ppm ozone in the influent gas stream.
It was found that aqueous acetaldehyde was scarcely
decomposed by ozone, whereas phenol decompuosition by
ozone was about 2—3 times slower than that by corona
discharge induced species. Inaddition, TOC was ineffectively
decomposed by ozone under the conditions siudied (7. 15).

{(2) A first-order reaction with respect 10 each of the two
species in eqs 6—17 was assumed in the model.

(3} Unidentified intennediate products from the decom-
position of acetaldehyde, UP;, and from that of phenol, U,
were assumed to be C, and C; compounds, respectively.

(4) The reactoy was assutned to be isothermal and well-
mixed since the decomposition of pheno! and acetaldehyde
was considered to fully take place in the reservoir under the
corona discharge zone. Gas bubbling and water film falling
down the anode made the reservoir behave like a well-mixed
reactor. The water valume in the reservoir constituted
approximalely 60% of the (otal volume of the solution.

(5) We have experimentally checked the equilibrium
concentration of acetaldehyde as shown in the Supporting
Informustion, At equilibrivm, more than 95% of acetaldehyde
could be absarbed into the water under the present condition.
In fact, the effluent concentiation of gascous acetaldehyde
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FIGURE 3. OH concentrations determined by model fitting with
experimental resuits for various corona discharge currents,

was found to be lower than the detection limit in all
experiments of the simultancous treatment. Conscquently,
though gaseous acetaldehyde could be remaved in both gas
and liquid phases, only the tiquid phase necded to be
considered in the present model.

(6) The volume of the solution circulated in the systemn
was constant,

(7} The concentration of the reactive OH radical was
assumied fo reach some pseudo-sieady slate as determined
[rom experimental data. This pscudo-steady-state assump-
tian has been adopted for the simutation of pheno! decom-
position in the radiolysis process (11, 2/, 22).

In any case, vaporization of phenol during the operation
was negligible. Taking maolar material balances of (he reactive
species in the liquid phase, we obtained a set of 8 lincar
ordinary differential equations as shown in Table 2. The se(

TABLE 2. Molar Species Material Balance in Aqueous Phase

dlADYd1 = qgCamg infW — (ki+k2)[ADIOH]
diUPolidt = k[ADIOH] — k[ UPc J[OH}

dlAA/dt = k[ADIOH] + ki2[UPcgl[OH] — Kkl AAJOH]
d{PHJ/dt = (ks + ks + kv + ks)[PH][OH]

d{CCl/dt = ks[PHIICH] —~ ky{CCIIOH]

d(HQJ/dt = kg{PHI[OH] ~ k1o HQI[OH]

d[RCl/dt ks IPHILOH] — ky1{RCI{QH]

diUPcslidt = ka{PH]IOH] 4 k[CCIIOR] + kgl HQY[OH]

+ ku(RCIIOH! — kyalUPcglOH]

of equations was numerically integrated using the fourth-
order Runge—Kutia method. The rate constants involved in
the reactions were obtained through the literacture except for
ki, kz. k3, k. ko and kyz which were estimated directly from
the experimental data through curve-fitting. {OH}, k. ks ko,
kq, ko, and kyz were determined by rationally varying their
values until the simulation and experimental results were
fitted according to the applied treatment conditions. In this
way, OH, the rate constants, and all measured compounds
indicated in eqs 6—17 were calculated. As shown in egs 1,
2,4, and 5, it was considered that aqueous [OH] concentration
was determined by corona dischirge conditions, i.e., the
corona current . A correlation between [ and {OH] was
obtained and is presented in the next section.

Results and Discussion

Simulated OH Concentration and Estimation of Reaction
Rate Constants. In Figure 3, the aqueous concentration of
OH radical (mg ') was determined by madel fitting with
the experimental data as a linear function of the corona
current (I, mA) as (OH| = 8.77 x 107/ in the range of 0.1—
0.5 mA. When the corona current increased, the number of
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energetic electrons would follow suit, More electrons natu-
rally yielded more radicals and ions in the gaseous corona
reactions. As a result, production of agueous OH radicals
should be accelerated. Under the condition studied here,
any effect of interfacial surface roughness of water film on
OH production was insignificant.

As indicated in Table 1, the values of ky, ka, ks, ks, ke, and
kyp could not be found in the literature and had to be
determined from the experimental results via curve-fitling.
k) and &, were estimated as 5 x 10% and 4 =< 107 L. mol 's-1,
respectively. These tate constants have the same order of
magnitude as the reaction rate of aldehyde group roward
OH reported as | x 10° L. mo! 7 77 (31). The rate constants
of acetic acid, ks, and unidentified product, ki, were of the
same order of magnitude at 5 =< 10° and 8 x 10* L mol s},
respectively. With these reaction rate vatues and the as-
sumption that UP was C, compounds, formic acid and
formaldehyde appeared to be the plausible species in the
corona process. As previously reported, formaldehyde was
slightiy detected during acetaldehyde removal under corena
discharge process (4). Decomposition of phenol to Ul by
the reaction with OH has a reaction rate of 1 = 10 L. mol™!
5 '. This rate constant was consistent with these of phenol
decompasition to polyhydroxybenzene and quinone groups
with a 10? order of magnitude. It was reparted that Cy
compounds such as 1.4 benzequinone, pyrogallol, and 1,24
benzenetriol were produced by reaction of O radical with
citechol, hydroguinone, or resoreinol (15, 21). Here k., was
determined as 1 x 10 1, mol=? 571,

A sensilivity analysis of the six parameters. k. k2 ks ki,
kn and ks, was conducted via simulation as shown in the
Supporting Information. Fach parameter was changed by
+10% to determine the sensitivity. As it turned out, ca. +6%
deviation in phenol concentration was observed when &y
was changed. Deviation of acetaldehyde at ca. £5-6 and
+4-4.5 were alfected by k) and k., respectively. & had the
highesl effect on the acelic acid at —13% devialion whereas
kv, Kz, ke, kw and Ay, contribuied to less than 2% in deviation.
k1 was found o be sensitive to TOC at maxinium at ¢y, —5%,
and the order of sensitivity with respect to the TOC was as
follows: ky > ky > ko> k> K > Ka.

Validation of Model at Various Corona Currents, Figure
4 shows the cancentrations of (a} aqueous phenel and (b)
TOC during simultaneous treaiment at dilferent curona
discharge currents, L Influent concentration of gaseous
acetaldehyde, ., wr and initial concentration of phenol,
Co-t i were set at 15 ppm and 30 mg L 1, respectively.
Increase of corona current results in an increase of phenol
and TOC decomposition rate. Degradation rate of TOC was
relatively slow compared with thatof phenol. This is because
TOC contained somestable intermediates as explained above.
It should be noted that under this low concentration of
influent acetaldehyde, its effluent concentration was reduced
to zero during the process. As clearly seen in Figure 4, the
simulation results showed good agreement with the experi-
mental ones.

Validation of Model at Various Influent Acetaldehyde
Concentrations. Figure 5 shows the concentrations of (a)
aqueous phenol, (b) aqueous acetaklehyde, and {¢) TOC
during simultaneous treatment at various influent concen-
trations of gaseous acetaldehyde ranging from 0 10 200 ppm
for a fixed initial concentration of phenol at 30 mg L™, In
Figure 5a, the experimental results showed that the aqueous
concentrations of phenol rapidly decreased toward zero
within around 3 h when ;. ¢y ranged from 0 1o 2060 ppm.
Obviously acetaldehyde in this range did not affect the
degradation rates of phenael. As for the concentration of
agqueous acetaldehyde, Figure 5b shows thal it iniually
increased in the early stage for all runs. Subsequently,
aqueous acctaldehyde gradually decreased. A higher G, L i
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FIGURE4. Time course of predicted and experimental concentrations
for various corona currents. Concentrations of {a} aqueous phenol
and (b} YOC; €,y = 30 mg LY, oy iy = 15 ppm.

togically resulted in a higher residual acetaldehyele coneen-
tration. As shown in Figure 5¢, the time course of TOC
concentration revealed that TOC can efliciently be degraded
when the influent cuncentration of acetaldehyde was 30 ppmL.
Influent concentrations of 100 ppm or higher obvicusly
inhibited the TOC degradation rate. Figure 5 shows that the
mathematical model and the experimental duta agreed fairly
well at various influent acetaldehyde concentrations.

Validation of Model at Various Initial Phenol Concen-
trations. Figure 6 shows the concentrations of ') aqueous
phencland (h) TOC during simuattaneeus treatment at varions
initial concentrations of phenal ranging from 15 te 50 nig
L *lorafixed influent acetaldehyde concentration of 30 ppra.
Aqueaus phenol rapidly decreased loward zero for all cases.
while the concentration of agueous acetaldehiyde (notshown
here) remained essentially at zero throughout the aperation.
TOC degradation was much siowsr than phenal degradation.
After ca. 8 h, TOC reached a similar concentration of around
4~5 mg L™". Then its value remained essentially constant.
This means that TOC generation rate equals TOC decum-
position rate. At this stage, it was considered thar generation
of TOC was solely from influent acetaldehyde and its
intermediates. Though the simulation results provided a good
fit to the experimental ones. it shoild be pointed out that
when the initial concentration of phenol was as high as 50
mglL !, the predicted phenol and TOC decomposition rates
were slightly underestimated. This is because, at a higher
concentration of phenol, decomposition by ozonation could
become more significant, therehy resulting in a faster
decomposition rate,

Validation of Model Against the Observed Intermediate
Products. The predicted and experimentally observed con-
centrations of intermediate aqueous products arecompared
in Figure 7. The representative condition here was at €. g inf
=30ppm. Cy ;= 15mgL " and J= 0.3 mA. Hydroquinone,
catechal, and resorcinol were detected as primary interme-
diate products which were completely mineralized after about
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300 min. Among these intermediates, calechol was a major
species, whereas hydroquinone and resorcinol were minor.
The simulated concentration of these interinediates showed
good agreement with the experimental ones. After ca. 7 h of
treatment, acetic acid occupied approximately 75% of the
TOC. Therefore acetic acid was considered as the major stable
intermediate product. Concentrations of acetic acid at 10 h
operation under various Co-; i/ Ca—g oy Tatios and corona
currents are depicted in Figure 8. [ncrease of Cy—iind Ca gy
from 15/30 to 50/30 resulted in maore residual acetic acid.
This means that a longer titne is needed for the reatment
process lo reach a srable concentration of acetic acid.
carrespending to the stable TOC concentration. However,
acetic acid deconposition rate could be significantly en-
hanced by increasing the corena current. As clearly seen
from the case of Cp-; i/ Ca—y wy = 30/30, increasing corona
current from 0.1 to 0.5 mA could obviously decrease acetic
acid from ca. 7 to 1 mg L~'. The predicted acetic acid
concentration also fitted well with the experimental
DnEs.
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Energetic efficiency ol TOC degradation froc by the present
technique was calculated o evaluate the system {rom the
viewpoint of energy yicld.

WGy i/ LOOCIR, ., + 4,
(Ca—j; inf Cn:—g ;-!}') 107 l"“'nuF"‘c—a'jl.'2)'12""“::
Viy,,

(18)

Troc =

where W. Cp g e Co e G g ot B o Re o Tz, G 112, Mg, a0
m, are, respectively, water voluine, initiat phenol concentra-
tion, influent acetaldehyde concentration, effluent acetal-
dehyde concentration, weight ratio of carbon in phenol,
weight ratio of carbon in acetaldehyde, the period for which

TOC under corona discharge is degraded by hall of that
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FIGURE 8. Predicted and experimental cencentrations of stable
byproduct, acetic acid. at 10 h operation. { = 0.1—0.5 mA.

withowt corona discharge, melar flow rate of feed gas, atomic
mass of carbon, molecular mass of acetaldehyde, and that
of phenol. Equation 18 was transforined to ¢z 19 and 20 for
the determination of energetic efficiency of phenol f» and
acetaldehyde J5, respectively.

W(C,. | 1/ 1000)/2m,,

— 2
s e, ey
A = e 0TS
Jy =t e 20)

v

Here Jroc, Jroand J4 respectively represent the average maoles
ofcarbon, phenol, and acetaldehyde degraded by unitenergy.
The masimum fux, /o and J; obtained by the present
technique were found as 25.6 x 107" mol carbon | 7, 25.0 =
10 " mol phenol |, and 2.0 x 10" el acetaldehyde ) ',
respectively. More detailed results of the energetic efficiency
are shown in the Supporting Information. As comparison,
phenol degradation using hybrid clectrical discharge and
single-liquid-phase electrical discharge were reported with
energy yield of 0.89 x 107 mol phenel ] ' and 0.30 x 109
mol phenal 7', respectively (33). As for other advanced
oxidation processes, an energetic efficiency of 0.3 x 10 ¥ to
0.6 x 10 " mol phenol J°! was reported for the system of
UV-photolysis (34) and ultrasound (35). Anyway it should be
nated that differences in experimental conditions of the
treatment systems could significantly influence their per-
forntance.

During the corona discharge aperation, pH of water
decreased from ca. 5.5~6 1o ca. 3.5—4 within 3 h. After that,
the pH of water gradually increased to ca. 4—4.5 and then
remained essentally censtant. It should be noted that the
final value and decreasing rate of pH depended an the applied
corona current. The observed resulls of pH change are shown
in the Supporting Information.

As for gaseous byproduct analysis, NO,, CO, and ether
potential hydrocarbon species generated in the corona
discharge were not detected during the whole operation. ft
may be inferred that all acetaldehyde was rapidly absorbed
into the water during gas bubbling, and gas-phase reaction
of acetaldehyde could be neglected. Even if a small amount
of undissolved acetaldehyde happened 1o remain in the gas
phase, it wouid be rermoved by gas corona reaction, In-situ
absorption of gaseous byproducts produced by the gas corona
reaction contributed to their removal from gas stream.

Though the simulation results show good agreement with
all experimental ones, it should be pointed ouwt 1that ozone
and peroxide, which partially contribute to the decomposition
of agqueous organic compounds, have been omitted (o
simiplily the present model. In future extension of the model,

Fu ENVIRON, SCI & TECHNOL. / VOL. xx, NO. xx, Xxxx
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gas corona reactions and mass ransfer of gas corona species
between the gas and water phases along with contributions
of Oy, .0, and OH should be included in the model o
determine the cancentration of the OIl radical as well as
other short-lived species in warer. [t should be noted that
production of OH radical strongly depends on experimental
conditions such as corona aierrent, dimension of the reactor.
coneentration of oxygen at the inlet, and water circulation
rate,
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Nomenclature

[AA) concenlration of agueous acetic acid (moi L™1)

[AD) concenlration of aqueous acetaldehyde (ol
1=

ICC) concentration ol aqueous catechot (mol 1. /)

(e concenlration of aqueous hydroquinone (mol
L=h

[OH] concentration of aqueoushydroxyl radical (mol
1=

1PH] concentration of aqueous phenol (mol L)

[RC] concentration al aqueous resorcinol (mal L)

UPH| concentration of unidentified intermediate ¢,

products (mol L1

[UPee) concentration of unidenrified intermediate Cg
products (maol L-1)

Cawg iy influent concentration of gaseous acetaldehyde
{ppm by maol)

Co goy  effluentconcentration of gaseous acetaldehyde
(ppm by mal)

Cpmbini initial concentration of aqueous phenaol (mgl=)

dc direct current (-)

! corona discharge current (mA)

Ia cnergetic efficicncy of acetaldehyde (mol
acclaldehyde 171)

Io energetic efficiency of phenol (meol phenol |71

Jroe energetic efficicncy of TOC (mot carhon J=1

k; rate constant of ith reaction ([. meal™! s71)

Mg molecular mass of aceraldehyde {g mot™!)

me atomic mass of carbon (g mol™")

mpy molecular mass of phenel (g mol™')
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e molar flow rate of gas (inol sec~'}

Aep weight ratio of carbons in phenol (-)

Reva weight ratio of carbons in acetaldehyde (—)

{ discharge lime (sec)

f12 periad for which TOC under corona dischiarge
is degraded by hall of that without corona
discharge (sec)

TOC total organic carbon (mg L)

1% applied voliage (kV)

w total water velume (L}
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Synthesis of Activated Carbon from Coconut Shell
by Chemical Activation for the Adsorption of Phenol

Inadns TonaTed waanoa inled efifailaond Fiaim ¢ amrning”
- £
THITHD NG vinfinsBougln MERNNI

medetimniamail ancimorieneet aomiwnablaimsuna G sEReTI
mEiTmmTaah ansimrTemand s ingnm§y

undata

miidarmsiauowi s Tauminssgumaadidhuaazaiinaati 60% Taeimin
maswlnAnaslidann uarmiacapEmseeeraniadasolsd 60% Tamimiln ussravaeladen
pealsaen Seychu 1:1 uae 12 lasiviin usefinunhzivmneaedusnsasasRuacnie g 100-500 ..
st RUATTINE TeTawIs wasRnaTnunn annemmsddmnzan fa W
udneald 60% Tamiwiin Somdaansansswinenmanszem 1.2 lautiwiin fionwnd 800 *¢ wazaainsnszdu
50 Wit aviLaufisiudilinamannssduiiidfoims 1193 asam. Spvmasuubdemainonnis 1392
Sermaon SafnaTIwiusId 0544 duss/n. mansneefnmnaRuarinen aniidiganha duawiig
Matau wanfsunngeduladifusfum fuaufuiudilimamad (RO CH M325-60) Fitmuidsiuny
1,160 @134/, -umm-gwmmumﬂma‘%mﬁu 14.02 S3a@ax uRARINSTIRIKTIN 0.510 AUYN/MN. RAMIMARDINUN
fernutiduamazafiuea 100 1n/o. uay 500 un /A, AMAITMIAFUTBINLBUTMIR WanamTzms
nzﬁuﬁmm:auﬁmwﬁn 2602 unJ0. was 103.63 #n./n. AadhalssAnimwonsgady 99.71 % uas 94.93 % andions

Mhag : ATiuewhag rawenin Aneedu Auaa

Abstract

This work synthesized activated carbon from coconut shell by chemical activation using the solutions of 2inc
chioride 60 wt %, saturated sodium chloride and the mixture of both solutions ar weight ratios of 1:1 and 1:2.
The adsorption of phenol solutions at concenwanons of 100-500 mgf, surface of activated carbon, specific
surface area, pore size diameter and total pore volume were studied. The optimum activatian condition is using
60-wt% zinc chloride solution at weight rano of coconut shell to activating agent 1:2, activation temperature at
800 °C and activaton time 60 min. The actvated carbon synthesized al this condition has specific surface area of
1.193 m¥/g, mean micropore diameter of 13.92 * and total pare volume of 0.544 cm “/g. This activated carbon gave
the highest adsorption capacity at all phenol concentrahons comparing with the other synthesized activated carbons.
Irs adsorpoon capacity was nearly the same as that from the commercial one HRO CH M325-60), with specific suface
area of 1,160 m'/g. mean micropote chameser of 1402 * and total pore vohme of 0510 cm /g, The adsorption capacty at phenal
oonoenfzations of 100 and 500 mg!t were 2502 meyy and 10863 mayy. aomesponding to 9% and 3190% efficiency, respectively.

Heywards : Activatad Carbon, Coconut Shell, Adsorption, Phenol
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QUALITY AND ENERGY EFFICIENCY IMPROVEMENT OF
AN INDUSTRIAL TRAY DRYER
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Patumwan, Bangkok 10330 Thailand, E-mail: twiwut@chula.ac th

ABSTRACT

The energy efficiency of a full-scale industrial tray dryer and the uniformity of product moisture
content were investigated. Because of non-uniform spatial distribution and internal circulation of hot
air in the dryer, it was surmised that the final average moisture content of the products on each tray
might not be uniform. First the status of the non-uniformity of the final product moisture content on
each tray and the specific energy consumption of each batch were obtained by carrying out full-scale
experiments under three typical drying conditions. Then simple modification on the exhaust ducts
was made (o improve the partial venting of highly humid air, and similar experiments were repeated
to find out the effect on the level of product moisture uniformity and specific energy consumption.
The simple improvement turned out to be effective in reducing not only the specific energy
consumption but also the required drying time per batch. Since no significant improvement in the hot
air distribution and circulation may be ¢xpected, the modification effect on the moisture uniformity
was rather minor unless over-drying of the products would be allowed. Despite over-drying to obtain
better moisture uniformity, the specific energy consumption after modification was still significantly
reduced. The suitable hot air temperature was found to be 70 °C.

Key word: Tray Drying, Dogchews, Moisture Uniformity, Energy Efficiency

INTRODUCTION

Dogchews are one of the promising export commodities of Thailand. The most important step in
the production process is to preserve product quality by drying, which often turns out to be a
bottleneck of the overall production capacity. Batch tray dryers are widely used for drying dogchews
in Thailand. In addition to low drying capacity compared to the continuous dryer, one major problem
found in numerous Thai fuctories is the high level of non-uniformity in the final product moisture
content. To ensure that every piece of dogchews meets the same specified final meisture content, a
higher moisture non-uniformity necessitales more over-drying of the majority of the products in the

same batch. The present investigation on the full-scale dryer shows how a simple modification on the
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exhaust ducts successfully reduced not only the specific cnergy consumption but also the reguired
drying time per batch. Despite imenliona'l over-drying to obtain better moisture uniformity, the
specific energy consumption afier modification was still significantly reduced. As expecled, correct
selection of the hot air temperature is quite important. A higher temperature will generally result in
faster drying rates, thus rcducing the specific energy consmmplion per batch and increasing the
drying capacity. However, if the temperature is too high, it would lead to scorching of the products,
The present findings should serve as useful guideline for further improvement of dogchews dryers in

Thailand and perhaps elsewhere.

MATERIAL AND METHODS

RAW MATLRIAL

Dogchews are made from cow rawhide, which is cleaned, digested and mixed with necessary
ingredicnts such as binder and coloring agent. The present investigation was carried out at a factory
near Bangkok, which exports a majority of the products to the USA and several Evropean countries,
One of the most popular dogehew products, namely, white- and chocolate-colored “Munchy”, 9-10

mm in diameter. were used in this study. Before packaging the moisture content of the dogchews
must be dried 1o around 15%.

DRYING PROCESS

In this factory drying of dogehews was carricd out in tray drycrs using hot air produced by two
sets of electrical heaters installed on the ceiling of each batch dryer. Figure 1 shows samples of the
Jdogchews produced in this factory. Dogchews were placed side by side on the trays (each 0.9 m x
1.95 m). The process control variable was the hot air temperature at the louver-type distributor on the
inner side watls. Drying was continued until the average moisture content of dogchews fell below
15% (dry basis). The batch dryer can accommodate 9 pushcarts, 15 - 16 trays per cart, and about 160
pieces of wet dogchews per tray. In addition 10 the two electrical heaters, 7 circuiating fans were
installed on the ceiling of the dryer and 4 vent ducts, on the roof. In eacin drying experiment the
initizl and final average moisture contents of the dogchews on each tray and cach pushcant were
recorded. So was the total amount of eleetricity consumption per hatch.

RESULTS AND DISCUSSION
Table | summarizes the experimental results obtained before and after modification was carried
&
out on the exhaust ducts. Table 2 shows the level of non-uniformity in the final moisture content of

each batch compared to the final overall average value of the corresponding batch.

The definitions used in Table 1 are as follows:

weight of waterin material kg water
= — _ X = — Y5
wetght of bone dry material kg dry material
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Energy used for evaporating water

Energy efficiency {n) =
Energy used for operating dryer

Specific Energy (E) = Encrgy used far operating dryer

Mass of evaporated water

N

Figure |. Samples of dogchew preducts

() (b)
Figure 2. Cross-sectional diagram from the front view of the industrial tray dryer:

(a) old dryer (b) aficr mudification of the exhaust ducts

No.1 No.3 NS5 No.7

No.2 No.4 No.6 No.8

Figure 3. Layaut of pushcarls in tray dryer

In Tables 1 and 2, Exp. no. | - 3 took place before modification of the exhaust ducts. The
experimental results reveals that Exp. 3 has significantly lower specific energy consumption £ and
better uniformity in the product moisture content than Exp. 2. The higher E of Exp. 2 may be

1117



attributed 1o the fact that both its initial and final moistare content arc lower than Exp. 3, thus the
former lies deeper into the falling drying rate period than the latter. It is postulated that the observed
less moisture uniformity of the former may result from its large nonunitformity in the initial moisture
content. When kxp. | and 3 are comparcd, we see that the former has higher specific energy
consumption bul better moisture uniformity than the latter. The beiter moisture unifermity of Exp. 1
in those trays with absolute deviations larger than 10% may be uttr.ibutcd to the tact that us overyl]
product moisture content is lower than Exp. 3. The specific energy E of Exp. | was only slighuly
higher than Exp. 3 because the former used a higher sctting of hat air temperature of 70°C and thys
the required drying time was slightly longer despite a much higher amount of water evaporated than

Exp. 3.

Table |. Summary of Experimental Results

Dryer Drying | Materiut Type |  Hot Air Kiwvg| Xpug Drying | Total Energy | Average Rate | Energy Specific
Type Exp. Temperature Time  |Consumption|of Evaporation) Eiticicncy Lnergy
No. &) (%) | (%) | (hr:min) (kWhr) (kg/hr) N |Btklkg water)
I |White 70 5584 | 1147 ] 10150 720 3974 4192 597193 |
5 i Munchy | | - | — ] B = |2 |
E' L Choco. ol 4425 | 11.88 2:00 6062 3215 401,44 6177.24
- Munchy | . | - =
O |3 Choeca. | 60 [asar|1zam| 1:2s 605 33.56 43.56 S684.75 |
Munchy
& o 4 White Munchy 70 50.12 | 6.82 11:00 686 4729 50.79 4981.04
o =l | e
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Table 2. Level of Non-unifermity in Final Moisture Conteat

Drying Experiment No. Percentage of rays 1 5 3 T 4 5
with moisture content different from avg.
Between 5-10% ([) 267 363 244 17.0 30.4
More than 0% (f) 44 11.9 10.4 6.7 4.4

Exp. 4 and 5 were carricd out after the modificution. Exp. 4 has a lower E and better moisture
uniformity than Exp. 5 becuuse the final moisture content of the former is much less than the latter,
thus resulting in product over-drving during the falling rate period. Qo the other hand, comparison of
cither Exp. 4 or 5 with Exp. 1, which cmploys the same sc‘[ting of hot air temperature, conclusively
shows the merit of the exhaust duct modification shown in Figure 2 in terms of energy efficiency
improvement and drying time reduction. Before modification it was quite difficult to vent out part of
the highly humid but heavier air. So it results in longer drying time and less energy efficiency for the

same amount of water evaporated.

With respect to moisture uaiformity in the preducts, the results before and after modification are
comparable except for Exp. 4 which experienced over-drying of the products. Thus it may be
postutated that the modification did not significantly improve the distribution and internal circulation
of the hot air but simply facilitated the desirable partial venting of highly humid air. The

arrangement of the curls in the dryer is as shown in Figure 3. Figure 4 shows the tocations of trays
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and pushcarts with absolute deviations in the moisture contents greater than 5%

respectively. The horizontal axis represents the tray number, no.
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vertical axis represents the observed moisture deviations, whose absolute values exceed 5%. Even
though Exp. 4 yields much better moiswure unifermity than Exp. 2, the ciustering of the points gp
each cart for the two cases means that the improvement in hot air distribution and internal circulation

after the modification is relatively minor.

CONCLUSIONS

The experimental results conclusively cenfirm the overall merit of the simple modification on the
exhaust duct. The adoption of a suitable hot air temperature of 70 “C is also advantageous. In fact ag
even higher temperature of 80 °C was tried but it ended in the scorching of the products. The majo;
factor contributing to the higher energy efficiency and larger drying capacity is the improved partial
venting of the highly humid air. Over-drying of the products generally contributes to better moisture
uniformity in the dried products. However, the simple modification does not substantially hinprove

the product moisture uniformity which mainly depends on the uniform distribution and 1uternal
circulation of hot air,
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NOTATION

Xiavpaverage moisture content before drying [kg water / kg dry material|
X2avp Average moisture content after drying

[kg water / kg dry marerial)
E Specific Energy

[ kf/ kg water ]
(%1
f1 Percentage of moisture content deviating between 5-10% from overall average moisiure content

(%)

n  Energy efficiency

fa Percentage of moisture conient deviating more than 10% from overall average moisture content

[%]

LITERATURE

W. Tanthapanichakoon (2001), 2™ Progress Report “Research and Development of Continuous Dryer
for Dogchews”, submitied to Thailand Rescarch Fund.
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STOCHASTIC STUDY OF AMBIENT CONCENTRATION OF PM,, FUGITIVE
DUST FROM STONE PROCESSING PLANTS WITH
UNCERTAIN METEOROLOGICAL DATA -

W. TANTHAPANICHAKOON', K. PHAJON-ARIPAI and T. CHARINPANITKUL

Department of Chemical Engineering, Chulalongkorn-University, Phyathai Road
Paturmwan, Bangkok 10330, Thailand,

Keywords: Monte Carlo Simulation; PMq; Atmospheric Dispersion Model
INTRODUCTION

Conventionally, environmental impact assessment and the efficacy of pollution control measures are
simulated using past meteorological data and measurements, even though the predicted results are
intended for future use. In this study, the Monte-Carlo simulation is employed to predict the degree of
uncertainty in the future values of the 24-hr concentration of ambient PM,, generated from stone-
crushing plants using the U.S. EPA regulatory model, the ISCST3 model. Five types of metéorological
inputs with uncertainty — wind direction and speed, ambient temperature, mixing height, cloudiness —
are investigated to estimate the uncertainty after the introduction of dust control systems to reduce the
emission rates by 80%.

METHODS

First, past meteorological data are statistically analyzed to find cut the proper probability distribution
functions and weighting parameters. Since the ISCST3 requires hourly meteorological inputs, linear
interpolation technique is employed to predict the missing values of the synoptic data of mixing height
and cloudiness. Making use of statistical analysis by means of the graphical probability plot of
meteorological parameters, it is found that the gamma distribution is the best representative probability
distribution to describe the nature of all the past meteorological data (wind direction, wind speed,
ambient temperature, mixing height, and cloudiness) and a proper value of the weighting parameter is
0.5. Next 50 random sets of stochastic variables representing 50 years of future meteorological data
are generated according to the gamma distribution function. With respect to the generated
meteorological inputs, it is found that the highest probability of wind direction over [ year is in the
wind sector of 135 - 180°, whereas wind speed most frequently falls in the range of 0 - 2.0 mv/s. By
repeating the Monte-Carlo simulations 50 times using the 50 different sets of random meteorological
data, the annual stochastic vature of the ambient PM) concentration with dry deposition effect at 5
receptors is determined. .

RESULTS AND DISCUSSION

Figure 1 and Figures 2 — 3 show the map of the study area and the annual trend of statistical values of
PM q, respectively (Phajon-aripai, (2001)). It can be seen that, compared with other wind directions,
the predominant southeastern wind direction has the most influence on the mean or expected value of
the PM,o concentration in the study area. In addition, the high probability of the 24-hr average PM,,
value exceeding the ambient standard (ISO:g/m") can not be neglected particularly at the receptors
located downwind in northwestern region. When the results at the 5 receptors are compared, it 1s found
that the uncertainty level at receptor # 4 is higher than that at receptor # 1. Besides, by varying the
weighting parameter (0.25 — 0.75) to investigate the effect of autocorrelation in the wind speed and
direction on the transient behavior of the PMyy, it is found that the degree of autocorrelation in the
wind direction has more effect than that of the wind speed, which can be attributed to the calm wind
condition of the wind speed input in the study area {wind speed < 2.0 m/s).
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CONCLUSIONS

To the authors’ knowledge, the present investigation using Monte-Carlo technique is the first to treat
the stochastic nature of future meteorological inputs and the associated uncertainty in the predicted
ambient PM q. As expected, the location of the receptor or monitoring station in combination with the
prevailing meteorelogical data has a remarkable impact on the observed concentration and its trend.
Since future meteorological data are not possible to predict accurately at the present, the Monte-Carlo

simulation technique is a useful tool to estimate the level'of uncertainty in the predicted concentrations
afier the introduction of suitable pollution control systems.
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ABSORPTION OF PHENOL AND ORGANIC DYES BY MESOPOROUS
ACTIVATED CARBON FROM WASTE TIRE
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Chulalongkom University, Bangkok 10330, Thailand

H. Tamon, S.R. Mukai, and K. Nakagawa
Kyoto University, Kyoto 606-8501, Japan

Adsorphion of phenol and 1wo organic dyes, Black § and Red 31, from agueous solution on mesoporous
activaled carbon prepared from waste tire was carried out and. for comparison, an smported commercial
activated carbon was also investigated. Phenot adsorption capacity of the prepared activaled carbon was nearly
equal 1o that of the commercial activated carbon because the micropore volumes of both carbons are aimost the
same. [n contrast, the prepared activated carbon showed definitely higher adsorption capacities of both
representative vrganic dyes because it had larger mesopore volume. 1t can be concluded that inesoporosity in
the activated carbon prepared from waste tire makes it more suitable for removal of bulky :uolecular adsorbales
from wastewaler than the commercial activated carbon.

1 Introduction

More than 330 million waste tires are discarded in each year [1] and this has become
an increasingly serious waste disposal and environmental pollution problem. Several
methods have been adopted to solve this severe problem, for instances, disposal in landfill
sites, design of longer-life tires, recycling into new tires, or reuse in other applications,
such as dock bumper, land erosion control, piayground equipment etc. However, from
the environmental and economical point of view, a better solution is to convert them into
valuable products.

Activated carbons are widely used as adsorbents in both gas-phase and liquid-phase
separation processes, and can be prepared commercially from various carbonaceous waste
materials, for example, coal dust, coconui shell, wood chips, or polymer scrap, etc. [2]. In
addition, it has been reported that municipal and industnal wastes can also be used as
precursor in the production of activated carbons such as PET waste [3] or refuse derived
fuel (RDF) |4}.

Phenol and organic dyes are often included in the wastewater from many industries.
Therefore, if we can preduce high-performance activated carbon from waste tires which is
suitable for adsorbing these components, it can be considered as a two-fold solution 1o the
environmental problem: transformation of waste matenal inte pollution-cleaning
adsorbent. In the present study, highly mesoporous activated carbon prepared from waste
tires in our former work [5] was applied to liquid-phase adsorption of phenol and two
organic dyes, Black 5 and Red 31. For comparison, a typical commercial activated
carbon was also used and their adsorption isotherms were compared.

2  Experimental

Activated carbon treated with HCI acid prior to steam activation, called AC HCL and
a commercial activated carbon imported from the USA, called AC USA, were
characterized by N, adsorption method. Phenol {(Wako Pure Chemical Industiries Inc.,
Japan) and two organic dyes, Black 5 and Red 31 (Asia Dyestuff Industries, Thailand),
were selected as adsorbates in the liquid-phase adsorption experiments. Their molecular
sizes and structures, which were estimated using the WINMOPAC program, are shown in
Figure 1.
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Figure 1. Molecular sizes and structures of adsorbates

For the measurement of adsorption isotherms, agueous solutions of the required
concentrations were prepared by diluting each adsorbate with distillated water. 10-200
mg of activaled carbons were put into the prepared selutions of the vadous initial
cancentrations, up to 500 mg/], and these solutions were plced in a shaking water bath at
30°C to maintain well-mixed conditions. The times to reach adsorption equilibrium
determined previously were 10, 14, and 15 days for phenol, Black 5, and Red 31,
respectively.  After achieving the equilibrium, the selutions were filtered and their
residual concentrations were measured. The initial and residual concentrations were
determined by using a UV-visible spectrophotometer (UV-2200, Shimadzu Corporation,
Japan) at maximum wavelengths (Am,,) of 270, 595, and 540 nm for phenol, Black 5, and
Red 31 solutions, respectively.
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3 Results and Discussion

The porous properties of the activated carbon prepared from waste tires and the
commercial one are shown in Table |, It is clear that the activated carbon treated with
HC! prior to steam activation has significantly larger mesopore volume and slightly
higher micropore volume than the commercial counterpan.

Table 1. Porous propertics of activated carbons used in liquid-‘phase adsorption
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Figure 2. Adsorption isotherm of phenol on activated carbons

The phenol adsorption isotherms on both activated carbons are shown in Figure 2. It
is found that phenol adsorption capacity of the present activated carbon (AC HCL) nearly
equals to that of the commercial activated carbon (AC USA). Since the molecular size of
phenol is smaller than the mesopore diameter {>2 nm), it may be concluded that phenocl
adsorption capacily depends on the more abundant microporosity.

Figures 3-4, respectively. show the Black 5 and Red 31 adsorption isotherms. As
shown in Figure I, both organic dyes have one molecular dimension larger than 2 nm,
while the prepared activated carbon with higher mesopore volume showed greater
adsorption capacities of both dyes than the commercial one. It may be concluded that
mesoporosily plays an important role in the adsorption of large adsorbates.

— il —



D ACHC! -
08 w ACUSA | -
=
O
: 4
04 =
& mg _'F
& 8 o n
02 | om .-'
n
0
1 10 100 100

Glngh

Figure 3. Adsurption isotherm of Black 5 on activated carbons

06 — — —=
o AGHCI
05 m ACUSA
o |
% 04 3
- !
% 03
‘ r
= 02
s yu '..
| |
01 n
|
0
1 10 100 100

Clneh)

Figure 4. Adsorption isotherm of Red 31 off activated carbons

4 Conclusion

Highly mesoporous activated carbon prepared from waste tires by carbonization, HCI
treatment, and steam activation showed the same level of phenol adsorption capacity with
an imported commercial activated carbon bui cignificantly higher adsorption capacities of
both representative organic dyes. Therefore this activated carbon is more suitable for
waslewaler treatment, especially for adsorbing bulky molecular adsorbates.
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Acetaldehyde is one of the malodorous gaseous components emitted al high temnperature from a
crematory furnace. In this study a corona discharge reactor is employed to remove acetaldehyde
{CH,CHO) from N; and air from room temperature up to 300 °C. First the effect of acetzldehyde
inlet conceatration (200 400 and 600 ppm) is investigated. In contrast to conventional separation
processes, the more dilute the inlet concentration, the higher the removal efficiency Yecomes because,
when the discharged current is kept constant, the number ratio of discharge electrons to acetaldehyde
molecules increases. Nex! the effect of oxygen and/or water vapor in the emission gas is investigated.
Interestingly the presence of either oxygen or water vapor always erhances the removal of

- acelaldehyde from Na.. Whea the reaction temperature is increased, the removal efficiency is found
Lo increase starling from reom temperature up to 200 °C, above which the tendency reverses up 1o
300 °C. It is found that the smallest discharge curreat required for compiete removai of 600 ppm of
acetaldehyde from the air is only 0.2 mA at room temperature. To elucidate the effect of temperature,
the discharge cwrent is deliberately set at 0.05 mA in some experiments.

1 Introduction

Air poliution is an important public issue in Thailand. One major cause of air pollution is
the emission of toxic and malodorous gases from many sources such as industrial plants
and automobile. Recently, a latent source of public nuisance has become prominent. it
is the emission of gases and particulate from the crematory fumace in a temple. There are
nearly 23,000 teroples in Thailand. The majority of them have crematory furnaces, most
of which release the exhaust gas from the stacks 1o the atmosphere without any effective
treatment. Although the conceniration levels of malodorous gases are very low in the
ppmt or ppb orders, they not only pose senous public nuisunce but may also be
detrimental to public health. Only a few rick temples in Bangkok have installed fumaces
with efficient after-burning systems to decompose the malodorous organic gaseous
components. The outlet gas lemperature from a well-operated furnace may be as high as
800-900 °C whereas the stack temperature may range from 150~300 °C.

In 1995, a novel gas purification method using electron attachment was proposed [1].
The gas impurities are ionized by coliistons with electrons produced, for example, in a
corona discharge between a wire cathode and a cylindrical anode. The resulting negative
ions drift to the anode and deposit on it. Previous studies have revealed that gases of high
electron affinity, for example sulfur compounds, halogens, malodorous gases, VOCs and
CFCs are selectively removed by the proposed method [1-8]. Though acetaldehyde 1s
emitled at high temperature from a crematory fumnace, there 1s insufficient report on the



effect of high temperature {9-11]. In this study a corona discharge reactor 1s employed to
remove acetaldehyde (CH,\CHO) from N, and air from room temperature up to 300 °C.

2 iixperimental Setup

igure 1 shows a schematic diagram of the experimental apparatus. The deposition-lype
reactor consists of a SUS pipe, 3.7 cm inner diameter and 80 cin length, as the anode. The
cathede is a 0.5-mm stainless-steel wire suspended from a silicone plug at the top of the
reactor ang straightened along the axis of the vertical anede by 2 small weight. A high-
voltage DC generator (Matsusada, HAR-30N5) is utilized to supply a steady stremmn of
low-energy electrons to the corona-discharge reactor. To control the reactor temperature,
6 infrared heating laps 200V, 700W each) are installed lengthwise around the outside
perimeter of the reactor. The temperature contral unit consists of a temperature controller
(FENWAL, AR-24L) and a thyrister power regulator (Shimaden, PAC15C003081-NO).
The desired concentrations of acetaldehyde and coexisting oxygen are adjusted by
diluting standard gases with pure nitrogen. The inlet concentrations of acelaldchyde
investigated are 200, 400 and 600 ppm. Similacly, the concentrations of coexisting O,
and H;O are varied from 0-20% and 0-23000 ppm, respectively. Inlet and outlet
concentrations of acetaldeliyde are analyzed using a gas chromatograph (Shimadzu Corp.,
GC 9A) equipped with a flame ionization detector (FID). The concentration of byproduct
ozone is separately detected with appropriate gas detector tubes (GASTEC Co., Lid. and
Kitagawa Co., Lid.).

The inlet concentrations of acctaldehyde are deliberately set higher than their
reported values of ca. 4 ppm in crematery emission for two reasons. First, our present
and previous investigations have conclusively shown that, as the inlet concentration of an
impurily gas rises, its removal efficiency always drops because the ratio of its absolute
number of molecules to the number of discharged electrons decreases. Thus the
experimental results represent conservative values. Second, if the concentration is too
low (a few ppm order or less), there will be high uncertainty in the measurement values
vbtained by the gas chromatographs.
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Figure 1. bExperimental apparatus
3 Results and Discussion
A1 Definitions of removal efficiency
To cexclude any possible effect of adsorption at low temperature and thermal
decomposition at high temperature, the removal efficiency y is defined as Eq. 1
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Here, Courpma (ppm) and Cou; wnv mea (ppm) are the outlet concentrations of the impurity gas
without and with discharge current,

w = ['] (l)

The removal efficiency per unit residence time, W' . in Eq. 2 takes inlo account the
actual shorter residence time of the hot gas in the reactor even though the inlet gas flow
rate (mole basis) remains unchanged before and after the reactor temperature is elevated.
$? = w x residence time at 25 °C (1 )

residence time at T °C
Al steady suale, the equition of continuity requires that p,{u,}A, :pz(uz)A2 . Since

A, =A,; and p is a function of the gas temperature, the gas velocity at an elevated
temperature T will be faster than its velocity at room temperature T,. Thus the mean

%4

v
residence time 6, = ———— of this gas at T, is shorter than §, = —- at room
(U:T‘Az{ {ohA,

lemperature. Here V is the effective volume of the reactor.

2.2 Effect of temperature and inlet concentration on the removal of acetaldelryde from N,

Figure 2 shows the two kinds of the removal efficiency of acetaldehyde from pure N, at
elevated temperatures. From Figure 2(a), we see that, as the temperature increase, the
removal efficiency W decreases starting from room temperature up to 200 °C, and then

the tendency reverses up to 300 °C. Figure 2(b) reveals that when the negative effect of
reduced resident time is taken in account, the value of y' increases with temperature up

to 150 °C. Tamon et al.{{] have found that the removal efficiency via electron attachment
lends to decrease when the inlet concentration is increased. As expected, the present
experimental results also exhibit the same tendency. The more dilute the inlet
concentration, the higher the removal efficiency becomes because, when the discharged
current is kept constant, the number ratio of the discharge electrons to the acetaldehyde
molecules increases.
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Figure 2. Effect of temperature and inlet concentration on the removal of acetaldehyde from Ny 1=0.2 A,
SV=55.8 hr' a1 reom temperature.
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3.3 Effect of coexisting O, and water vapor on the removal of acetaldehyde from N,

Experiments were caried oul to observe the combined effect of O, and H;O on the
removal of acetaldehyde from N,. Figure 3 shows the two types of the removal efficiency
w and y' of acetaldehyde from N,-O, at various concentrations of water vapor. Itis

found that the presence of either oxygen or water vapor always enhances the removal of
acetaldehyde from N, When the reaction femperature is increased, the removal
efficiency is found to increase starting from room temperature up to 200 °C, above which
the tendency reverses up to 300 °C because less ozone is generated from O, as
temperature increases. As for the effect of H,0, the presence of HyO slightly retasds the
removal efficiency of acetaldehyde from N;-0,(20%) from room temperature 10 300 °C
because at low discharge current, the relatively much smailer number of electrons tend to
attach mostiy to H,O. In addition, it is found that the smallest discharge current required
for complete removal of 600 ppm of acetaldehyde from the air is only 0.2 mA at room
lemperature.
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Figure 3. Combined effect of oxygen and water vapor on the removal efficiency of acetaldehyde from N; at
20% Oy [acetaldehyds|= 600 ppm., 1=0.05 mA, $V=55.8 hr ' al room temperalure

4  Conclusion

Higb-temperature removal of acetaldehyde in a corena discharge reactor was investigated.
As expected, the more dilute the inlet concentration, the higher the removal efficiency
becomes because, when the discharged current is kept constant, the number ratio of the
discharge clectrons to the acetaldehyde molecules increases. The presence of either
oxygen or water vapor always enhances the removal of acetaldehyde from N, because of
the ozone effect. In addition, it is found that the smallest discharge current required for
complete removal of 600 ppm of acelaldehyde from the air is only 0.2 mA at room
lemperature.
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Notation

C concentration, ppm

" = rewmoval efficiency excluding adsorption and thermal decomposition effect, (-}

v’ = removal efficiency per unit residence time, (-)

SV = space velocity, hr'

8] = mean residence time, (min)

V = effective volume of the corona discharge reactor, (ml)

A = cross sectional.area, (cm®)

<1.)> = superficial velocily, (m/s)

Subscript

oul, 3mA = outlet of reactor al zero discharge current

out, any mA = outlet of reaclor at non-zero current
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REMOVAL OF TOLUENE FROM AIR BY CORONA DISCHARGE REACTOR
AT HIGH TEMPERATURE:
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Acylindncal d.c. corona discharge reactor was used Lo remove {oluene from air. Using this reactor,
the effect of electric ficld strength was investigaled varying wire-cathode diameters in the elevated
lemperature which range from room temperature to 400 °C. Electron energy depends on wire
cathode diameters and gas temperature. When a thicker cathode was used. the required voltage to
generate corona discharge increases. This vollape increase causes the higher electron energy. Also,
when temperalure is elevated, the accompanying gas expanston results in an increase at electron
energy because the collision frequency of electron with pas molecules decreases. However, the pas
expansion by lemperature clevation causes the less resident time of the treated gas in the reactor.
The experimental results show that in all temperature range exanuned here the removal efficiency
is higher when the thicker wire-cathode is used al a constant current. When the removal efficiency
based on consumed electric energy is considered, this energetic efficiency becomes higher when
lemperature is clevated.

1 Introduction

Recently, there are considerable numbers of reports about application of
discharge technologies to gas punification because such techniques are considered to be
powerful methods to remove diluted contaminants in gas. There are several types of
electrical discharges for gas purification such as, d.c. corona discharge [8, 6], pulsed
corona discharge [4], surface discharge [5], and electron beam [I]. We have been
developing d. o. corona discharge reactor because we consider this method good n
terms of low byproduct formation trom lewer electron energy inside the reactor than
other methods.

As the probability of electron attachment and related reactions depend on
electron energy {2, 3], the removal efficiency depends on electrode shape which affect
on electric field strength inside the reactor. For the industrial application, i1t 1s important
to know the influence of temperature, espefially high temperature range, because the
temperature of treated gas in many cases 15 very high, for example combustion exhaust
gases. Therefore, it is necessary to examine the effects of electrode shape and
temperature on the efficiency for removing gas components by corona discharge
reactor.

2 Experimental

Figure 1 shows the experimental set up. Carrier gas to the reactor, Ny-O,
mixture ([0;]=20%), was supplied from gas cylinders. Toluene (CsHsCH3) vapor was
mixed nto this carrier gas by bubbling with the liquid toluene whose temperature was
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controlled at 1.7 °C. The corona-discharge reactor consists of a cylindrical anode
(stainless steel eylinder of 37mm inner diameter and 800mm length) and a wire
cathode stretched in the center. Three cathodes of different diameters, 0.3, 0.5, and 0.9
mm, were used to investigate the influence of electron energy. The reactor was heated
up to 400 °C by six 750W infra red lamps around the anode. Pulseless high voltage of
negative polanty was applied on the cathode, and the anode was grounded. The
voltages to generate 0.5 mA in the removal of 2000 ppm CsH:;CH; from N,-O, (20%)
mixture wsing cathode diameters, 0.3, 0.5, and 0.9 mm were respectively 14.8, 153,
and 17.0 kV at room temperature, and these voltages decreased with temperature down
to respectively 4.1, 5.9 and 6.4 kV at 400°C. The gas analysis from the reactor inlet and
outlet was carried out by gas cheratograph with FID detector (Shimadzu, GC9A).

3  Results and Discussion

3.1 Influence of cathode diameter and temperature on electron energy

The voltage required to generate corena discharge was changed by using the
different cathode diameters. It causes the change of the electric field strength, £ inside
the reactor. Also, the gas temperature affects the gas density, N, It is imporant to notice
that the electron energy depends on the electric field strength divided by gas density,
EIN.  E positively affects the electron energy because the electrons emitted by the
corona discharge are accelerated by £. On the other hand, N negatively affects the
electron energy because the frequency of the collisions between electrons and gas
molecules becomes higher if N becomes higher. To approximate E/N, the electric field
strength described as Eq. 1 [10] is used.

E=V{{rin(RR)} (1)
V, r, R, R, are voltage, distance from center in the cylindrical reactor, inner radius of

the cylindrical anode, radius of the wire cathode, respectively. Thus, the mean E/N is
approximated by Eq. 2.
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Figure 1. Experimental set up.
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N is calculated by p/{R(273+7)}, where p, R, T are pressure, gas constant, and gas
temperature, respectively. Figure 2 shows <E/N> against T when three cathode
diarneters were used in Ny-O; mixture. In these figures, it i1s shown that <E/N=
becomes higher when a thicker cathode i1s used, which s consistent with the previous
report [10]. From this result, electron energy in the corona discharge is expected to be
higher when a thicker cathode is used. As for the temperature dependence of <E/N>,
one can notice a tendency that <£/N> decreases wath temperature gradually. This is
caused by the decrease of veltage induced by the temperature elevation.

3.2 Influence of cathode diameter and temperature on removal efficiency
The removal efficiency 1s defined by Eq. 3 based on the decrease of CgH,CH;
concentration at the reactor outlet.

Y= (Cc - C[)/C] (3)

¥ (o, and C, are renoval efficiency, C¢HsCH; concentration at the reactor outlet
without discharge current, and that with discharge current, respectively. The discharge
current applied in this study was 05 mA. ¥ obtained from the varied cathode
diameters and temperatures in N;-O, mixture are shown in Fig. 3. In these figures,
there is a tendency that ¥ increases with the cathode diameter. This tendency is
consistent with the reparts on the removal of CH,CHO, CH;l, and C,F;Cl; at room
temperature [10]. In Figs. 3, 1t s found that this tendency is kept through out the
temperature range, from room temperature to 400 °C.

As for the temperature effect on constant cathode diameter, it 1s found in Figs.
4 that ¥ decreases with temperature in reiatively low temperature range. To consider
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— ry ry l
g soou M
= il a O - T
> G000 ¢ — 0 :l
Z 4000 L Cathode diameter ! .
= a 0.9 mm 1
A 0.5 mm 1
WOPle odmm | {
oL .
i 100 200 300 300 400
T [*C]
Figure 2. E/N for removal of C5HSCH3 from N3-O2 Figure 3. Removal efficiency of C5sHgCHa
mixture: [02]=20%, 7/=05mA, Q=167 x 106 from N2-09 mixture: [Q;]=20%, /= 0.5
m/s, Cip, = 2000 ppm mA, @= 167 x 1076 m3ia, G = 2000 ppm
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this reason, it should be noted that the residence time of the gas flow in the reaction
zone depends on the gas temperature because the molar gas volume expands when
temperature increases. Therefore, the decrease of ¥ with 7" in low temperature range 1s
caused by the decrease of the gas residence time. On the other hand, in the high
temperature range above 300 °C, ¥ increases with 7 significantly. [t means that the
effect of high temperature to enhance the reactivity of discharged electrons and related
reactive radicals with CJHsCHy molecules 1s much more signifitant than the effect of
gas expanston by temperature elevation. A previous article indicated that the corona
discharge reactor has several reactions such as (1) electron attachment reactions, (2)
dissociation by electron impact, (3) ions cluster formation, (4) radical reactions, (5) O;
reaction [6-10]. Among these reactions, 1on cluster formation and Oy reaction would be
negligible in the high temperature range because jons clusters and O are thought to be
unstable at high temperature condition. In fact, our measurement of Oy concentration
from our reactor revealed that Q3 was produced up to 1370 ppm at room temperature,
and it decreased down to negligible level when T was 300 °C.

3.3 Influence of cathode diameter and temperature on energetic efliciency

Even if we have obtained the information that the higher electron energy by
use of thicker cathode improves the removal efficiency at a constant current, the higher
electric powder is required for the thicker cathode because the voltage increases with
the cathode diameter to generate a required current. Thus, to design the reactor for
industrial applications, it is important to know the energetic efficiency. To show the
energetic efficiency J, the mole number of the removed CsHsCH; by a unit energy, is
shown in Figs. 4. J 15 calculated by Eq. 4.

J =i Go) / (I'V) “4)

Gia, Four, 4, V' are the motar flow rate of C;HsCH; at the reactor inlet, that at the reactor
outlet, the discharge current, and the applied voltage, respectively. Here a tendency 1s
found under some conditions that ./ increases with the cathode diameter. However, this
tendency is not so clear as shown in Fig. 3. As for the temperature dependence on J, it
is found that J increases with 7" with all examined cathode diameters.
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Figure 4. Energetic efhiciency for removal of CsHsCHi from
N2-07 mixtuse: [O]=20%, /=05 mA, @ = 1.67 x 10-0 mb/s,
Cin = 2000 ppm
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From this result, high temperature can be recommended for higher J when gas
can be heated up easily, such as in cogeneration systems, where exhausted heat from
other unit is available. Also, if the temperature of the target gas is inttially high, it is
recommended to keep its temperature so high as 400 °C, so that J is kept high. As for
the effect of cathode diameter, a thicker cathode i3 recommended in room temperature,
with which J is clearly higher with thicker cathode. When temperature is relatively
high, this tendency is not so clear. In such case, one tan consider the stability of corona
discharge to choose cathode diameter. Since an excessive current often causes eleciric
breakdown tnducing spark, 1t is sometimes better to control the current within a low
value as possible. In such a case, the use of thicker cathode can be recommended.

4 Conclusions

The expenments to remove C¢HsCH; from N,-O, mixture were performed
using d.c. corona discharge reactor with three different cathode diameters in the
temperature range from room temperature to 400 °C. When a thicker cathode was used,
the higher electron energy was expected because E/N became higher. As results, it was
observed that the removal efficiency became kigher when thicker cathode was used at
constant current. When temperature 15 elevated, the efficiency decreases with
temperature in the temperature range below 100 °C because of the gas expansion.
However, this tendency was reversed in the range above 300 °C for the increase of
reacttvity of electrons and radicalts with C4HsCH;. In addition, energetic efficiency was
obtained, resulting that this effictency increased with temperature with all cathode
diameters.
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Located about 110 ki north of Bangkok. Sarabuni Province is often afflicted by severe particulate polluticn
episodes during the winter season because more than 45 stone processing plants are concentrated in a zooe of
complex terrain of ca.25 sq. km. Therefore the government of Thailand has injtisted a comprehensive plan to
reduce by 80% the fugitive dust emission from the stone processing plants and miniag sites. [n this study an
atmospheric dispersion model using terrain-fitting generalized coordinates is used to predict the ambient PMq
conceniralions at varicus ground-level receptors. First, simulations are cartied oul using historical
meteorological data to confirm the suitability of the model parameters and to grasp the situation before the
implementation of dust control. Next the model is employed to predict the ambient PM,, after dust control
implementation for various wind directions and speeds under stable and unstabie atmospheric conditions. The
simulation results reveal that, as the atmospheric condition becomes miore stable (as the effective vectical
dispersion coefficient decreases from 10 to | m’s™"), the corresponding 24-hour average PM, can increase up to
8 folds at some receptors. In either condition, the 24-hour PM |, does not exceed the air quality standard at any of
the 11 receptors in a typical week.

1. Introduction

Due to rapid expansion of the construction industry in the 1990s, production capacity
of processed stone from more than 45 plants in Saraburi province aione has climbed to a
maximum of ca. 25 million cubic meters (62.5 million tons per year). Consequently,
fugitive particulate matter from these stone processing plants posed serious air poliution
problem and affected people living in and around this zone. PM,p concentration in this
zone was sometimes as high as 0.5 mg/m’, 4 times over Thailand air quality standard of
0.120 mgh:u3 {1]. The Thai govemment recognized the severity of this problem, so it
announced comprehensive measures to improve air quality in this area and set a target to
reduce by 80% the fugitive dust emission from all stone processing plants and mining
sites. In order to evaluate the effectiveness of respirable dust pollution control, a grasp of
the air quality situation before and after the implementation is required. However,
exhaustive field studies in the preliminary stage are quite costly and time consuming, and
the obtained results are not generally transferable to other location nor amenable to
prediction of future condition. Therefore a dispersion model using generalized
coordinates {2] is utilized here to predict PM,y concentration at varous ground-level
receptors both before and after implementation of dust pollution control. The predicted
PM,o concentrations in this complex terrain area are useful for the evaluation of the
environmental impact from existing sources and the estimation of the effects of possible
equipment medification/improvement.

2. Modeling method

2.1 Zone of study

The studied area in Saraburi province covers about 45 square kilometers with a
population of over 70.000. The topographical contours of the area, actual sources or plant
locations [1] and 11 selected receptor positions are marked in Figure 1. In 2000 there was
only a single monitoring station located at Na Pra Laan (receptor P1} and operated by the
Department of Pollution Control, Ministry of Science, Technology and Environment,
which had rather extensive records of ambient PM,; concentration and some local
meleorological data. In the present simulations a variety of scattered receptor points was
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selected and meteorological condition and measured PM ¢ concentration during January
6-12, 2000, were used to validate the suitability of the present model.
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Figure 1 Map of the study area with localions of slone-processing plants (square Jots) and receplors (round
dots) [The numbers on the two axes are the assigned grid numbers]

2.2 Equation of motion for the atmospheric air

The foliowing Navier-Stokes equation for uns.eady imcompressible viscous flow in
dimensionless conservative form is used. Dimensionless flow velocities in this
generalized coordinate system are defined as follows:

S O M ey M=% &y % (1)

di
Us—U+—V+—WV=—u+—v+— V42w

ox dy 9z gx oy oz ax \9/ y
The contravadant flow velecity components U, V, and correspond to the direction
components 1, ¢ and ®. The continuity and Navier-Stokes equations can be rewritten as
follows [2, 3]:
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2.3 Dispersion equation for the PM,,
For simplicity PMg 1s treated bere as a typical gaseous pollutant. The equation for

particulate dispersion in Cartesian coordinates is as {ollows:
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Here Ky and Ky are the effective horizonfal and vertical dispersion coefficients,
respectively. O is the amount of pollutant released per volume per unit time. Converted 1o

the generalized coordinate system, equation (3) becomes
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For simplicity, measured wind velocity and direction at receptor P1(10m. above the
ground) are assumed constant during the period of simulation and used 1o estimate the
upper atmospheric velocity via the % power law. As for the discretization, 3D QUICK
scheme {3] is applied to finite-difference approximation of the nonlinear lerms and
Adams-Bashforth algorithm, to numerical time integration [2], respectively .

3. Resulis and Discussion

3.1 Validation of the mathematical model

First of all, historical meteorological data and past records of PM,o concentration are
used 10 confirm the suitability of the model parameters, particularly the vertical dispersion
coefficient (Kv) of 1 m%s and hotzontal dispersion coefficient (Ky) of 200 m*/s for the
stable atmospheric condition during, for example, January 6-12,2000. Figure 2 shows
that most of the predicted 24-hr-average ambient PM,y concentrations are close to the
available values at receptor P1 (Na Pra Laan). Thus it may be considered that the abave
parameters are suitable for perdicting the PM,q distribution in this area during the period
of interest.

In order to grasp the situation of air quality in the study zone before implementation
of dust control, the predicted 24-hour and weekly averages of PM,; concentrations at the
other receptors are used. From the Table 1, it is found that during Janoary 6-12, 2000, the
predicted PM;q concentrations at 5 receptors (P2, P3, P4, P8 and P10) out of the 11
exceeded the Thai air quality standard of 120 pg/m’. Dye 1o the terrain of these locations
and the prevalen! wind direction, flowing mostly from south-western to north-eastern, the
predicted PM g concentrations at the 5 receptors were quite high.
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Figure 2 Comparison between the predicted 24-hr-average ambient concentration of PM g at a receptor (P1), 10
meter above the ground, and its counterpart value measured at the monitoring station at Na Pra Laan during
January 6-12, 2000

Table 1 The predicted 1-week-average concentration of PM,, before and after dust control implementation
(January 6-12, 2000)

Receptor Location Before After implementation
No. implementation 1
PMygconc. | PM,q conc. (ug/m’) under | PM,q conc. (pg/m')
{ugm’) upstable condition under stable coadition
1 Na Pra Laan 6551 2.18 13.10 ]
2 Ban Chap Cha Aom 161.20 403 3224
3 Wat Kung Khao Khew 130.61 7 26.12
4 Wat Khao Roek 13001 1131 26.00
5 Wat Pu Dam Bunpol 2.09 0.07 042
6 Wat Dam S Wilai 3.90 0.11 0.78
7 Ban Tan Thong Daeng School 18.48 0.46 370
8 Saraburi Cement 218.61 8.74 43,72
9 Ban Khao Ngob 7.64 0.22 1.53
10 Ban Nong Bo Phrong 148.36 3.30 29.67
11 Baa Kung Pa Yang 0.34 0.01 0.07

3.2 Evaluation of effect of 80% emission¥eduction

To evaluate the effectiveness of the announced 80% reduction of fugutive dust from
the stone processing plants, the model was used to predict the 24-hour and 1-week-
average PMyg concentrations during January 6-12, 2000, under both stable (K, = 1 m?/s)
and unstable (K, = 10 m?*/s) conditions. Table 1 shows that none of the predicted PM,q
concenirations at any receptors exceeded the Thai air quality standard under either
atmospheric condition. It should be noted that, when atmospheric stability changes from



unstable to stable condition, the 1-week-average PM,, concentrations could increase up 1o
8 folds at a number of the receptors.

4, Conclusion

To save spuce only the weekly-averagePM,, are shown in Table 1. Nevertheless, the
some conclusions can more or less be reached using the daily average values. A
sensitivity analysis has also been carried out to understand quantitatively the effects of the
key model parameters and the wind conditions. To increase “the reliability of the
conclusions, the period of the study will be exiended 1o one year or even longer. So fur
the following tentative conclusions have been obtained.
. For a majority of the receptors, the wand direction has more effect on the PMq
concentration than the wind speed because of the refatively calm wind condition (<2 m/s).
2.Under stable atmospheric condition, the PM,; concentrations at some receplors can
increase up to 8 times those under unstable condition.
3. The target of 80% reduction of fugitive dust gives a satisfactory level of air quality in
Sarabur Province under both unstable and stable atmospheric conditions.
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Nomenclature
C = instant concentration (pg/m’}
= atmospheric pressure (bar)

P
é L1 (; = independent variables in generalized space

Ky = horizontal dispersion coe: ficient (m'/s or cm/s)

Ky = vertical dispersion coefficient (m'/s or cm’/s)

u = wind speed in x direction (horizontal direction)

v = wind speed in y direction {vertical upward direction})
w = wind speed in z direction (honizontal direction)

J = Jacobian determinant

Re = Reynolds number (-)
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Mesoporous carbon pels are usually obiained by
pyrolyzing resorcmol-formaldehyde gels, which are
synthesized via the sol-gel polycondensation of resorcinol
with formaldehyde in a slightly basic aqueous solution
followed by drying, In the drying stage, supercritical
drying is usually used to prevent the shrinkage of the
structure of the gels which occurs during drying. The
authors have shown that mesoporous carbon gels can also
be obtzined using freeze drying instead of supercritical
drying. In this work, the authors verified the possibility of
using a more economical drying method, microwave
drying. It was found that mesoparous carbons could be
successfully obtained using microwave drying, by
adjusting - synthesis conditions such as catalyst
concentration. The utilization of microwave drying is
expected to coniribute to the reduction of the production
cost and to the large-scaie production of mesoporous
carbon gels.



Characterization

The perous properties of carbon gels wers determined by nitrogen
adsarption. The adsorption and desorption isatherms were measured at 77 K
using an adsorption apparatus (BEL Japan, Inc,; BELSORP28). BET
surface area, Spey, mesopore size distribution, and mesopore volume were
cvaluated. The pore size distribution and the mesopare volume, Iq,, were
determined by applying the Dollimare-Heal method (Dollimore and Heal,
1964) to the desorption isotherm,

The cross sections of carbon gels were observed using a scanning
electron microscope (JEOL, Lud.; JSM-6340FS).

Results and Discussion

Porous propertics of carbon gels

800 L T T T
O Carbon MW gels
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z
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Fuigure 1. Ny adserpiion-desorption isothierms on carbon eryogels and
carbon MW gels at 77K (R/IC=400 mol/mol, R/W=:250 kg/nr)

Figure | shows the adsorption-desorption isotherms of nitrogen on
carbon cryogels and carbon MW gels prepared under the conditions of
R/C=400 mol/mol and R/W=250 kg/m’. It can be scen that both of the
isotherms on carbon cryogel and carbon MW gel are 1V type. Figure 2
shows pore size distributions of carbon gels prepared under the conditions
of R/C = 400 mol/mo} and R/W = 250 kg/m’. From this figure, one can see
that the both distributions are almost the same. It can be noticed that the
carbon gel prepared using microwave at the drving stage shows
mezsoporosity sumilar 1o or even superior to thet prepared using fresze-
drying. This result shows that microwave drying can be used instead of
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supercritical or freeze-drying 1t obtain mesoporous carbon gels if
appropriate values of R/C and R/W are selected.
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Figure 2. Mesopore size distributions of carbon cryogels and carbon MW
gels (R/C=400 mol/mol, RIW=230 kg/m3)

Synthesis conditions for preparing meseporous carbon MW gels

The R/C and R/W values of the precursor solution are varied to clarify
the range which microwave drying is effective for obtaining mesoporous
carbons. Previously the authors found that the growth behavior of the
cofloidal particles, which are generated in the precursor selution and
eventually transform tnto a hydrogel, highly depends on the C/W [mol/m’]
value of the solution (Yamamoto er af, 2001b). Therefore, the porous
properties of the resulting carbon gels are thought to be practically governed
by this value. Hence, the BET surface areas, Sggr, and mesopore volumes,
Ve, of the carbon MW gels are plotted against the C/W values of their
precursor soluticns as shown in Figures 3 and 4, The values of carbon
cryogels are also plotted for comparison. Mesoporous carbon cryogels can
be obtained at a wide range of C/W vahues. On the other hand, at high C/W
values, carbon gels prepared using microwave drying do not show
significant porosity.-It is assumed that the unique gel structure, which is the
origin of the mesoporosity of carbon gels, collapsed during microwave
drying. However, at low C/W values smaller than 20 mol/m?, mesoporous
carbon gels could also be obtained using microwave drying.



00— v T v
© Carbon MW gels
800 P " ® Carbon Cryogels W
L J
oo 8 - o L 3
g ] - E
T 60 cog e § 0
& 400 [ o
vy
200" )
Po 0 .o . °
% 20 40 60 80 100
C/W [mol/m’]

Figure 3. Relation between the C/W values and BET surface a
carbon cryogels and carbon MW gels
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Figure 4. Relation between the C/W values and mesopore volumies of
carban cryogels and carbon MW gels
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(b) Carbon MW cryoge!

Figure 5. SEM image of cross sections of carbon cryogel and carbon MW
gel pripared (R/C = 400 molimol, RIW = 2350 kgimt . C/W = 5.7
molim’)

Figure 5 shows the eross sections of carbon cryogel and carbon MW
gel prepared under the conditions of R/C = 400 mol/mol, R/W = 250 kg/m’,
C/W = 5.7 mol/m’. One can see that the carbon eryogel is composed of
primary particles of around (00 nm diameter as shown in Figure 5 (a).
Figure 5 (b) shows that the carbon MW gel is also compaosed of primary
panicles. Hence the pictures suggest that the carbon gels with almost the
same structure as the carbor cryogel can be prepared by using microwave
deying,.

Figure 6 shows the cross sections of carbon MW ge! prepared under the
conditions of R/C = 50 mol/mol, R/W = 500 kg/m’, C/W = 91 mol/m’. The
primary particles composing the carbon MW gel are shown to have melted
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by pyrolysis. The carbon MW gel has ne mesopores, which fact supports
the mesoporosity estimated by nitrogen adsorption as shown in Figure 4.

From the above results, freeze drying and microwave drying are
recommendable to prepare mesoporous carbon gels. It is confirmed that
freeze drying ts available to prepare mesoporous carben cryogels over wide
ranges of C/W wvalues. When microwave drying is used, the &/W wvalues
should be kept smaller than 20 mol/m’ to obtain mesoporans carbon MW
gels.

2D 15T ALEE0EE Adiew Fodtes
Figure 6. SEM image of cross sections gf carbon MW gel prepared (R/C =
50 mol/mol, RIW = 500 ke/nt’,C/W = 91 mol/m’)

Conclusion

For the preparation of mesoporous carbon pels, microwave drying was
evaluated from the viewpoint of the ranges of the ratio of catalyst to water
{(CW). The following conclusions were obtained.

(1) Freeze drying is effective to prepare mesoparous carbon gels over wide
ranges of C/W values.

{2) Microwave drying is also available to preparing mesoporous carbon
gels for the range of C/W values smaller than 20 molm’®.

(3) The utilizatiori- of microwave drying is expected to contribute to the
reduction of the production cost and to the large-scale production of
mesoporous carbon gels.
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Notation

P vapor pressure R

(kPa]
P*  satrated vapor pressure

[kPa)
g  amount of nitrogen adsorbed

fem’/g]
R, pore radius [nm]
Saer BET surface area

(m"/kg]
¥, pore volume

[em’/kg)
Voo mesopares volume

[em*ke]
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particles. After reaching above the peripheral bed level, these particles naturally
rain back onto the two lateral regions existing between the hollowed core and the
vessel walls. Thus, the overall bed is composed of a dilute -phase central core
(spout region), through which the particles are moving upward by a concurrent
flow of fluid, and a densc phase (lateral regions), through which the particles
slowly travel down and inwards as a loosely packed bed (Kunii, D. and O.
Levenspiel, 1991).

To obtain good detailed msights into the highly complex phenomena
occurring within the spouted bed, highly sophisticated measuring instruments and
experimental know-how are indispensable. Therefore reliable mathematical
modeling and simulation of the two-phase system with minimum simplifying
assumptions is a powerful alternative tool. Recently, Discrete Element Method
(DEM) has successfully been employed to simulate two-phase flows with solid
particles or droplets. For instance, Tsuji et al. (1992) employed the technique to
elucidate plug flow of non-cohesive particles in a horizontal pipe. Tsuji et al.
(1993) also extended the technique to investigate solid particle motion in a two-
dimensional fluidized bed with draft plates. They reported that the main
characteristics of the spouting phenomena, such as minimum spouting velocity,
particle motion and circulation, are in good agreement with the experimental
observations. However, the mixing of solid particles inside the bed is discussed
only qualitativély. The objective of this work is to study particle and fluid
dynamics in a two-dimensional slanted-base spouted bed without draft plates.
The characteristics of interest are minimum spouting velocity, velocity profiles of
gas and particles, and degree of particle mixing.

TWO-PHASE FLOW MODEL
Fluid Motion

The following locally averaged equation of continuity and equation of motion are
used to calculate the fluid motion in the spouted bed (Tsuji et al, 1993).

Equation of continuity of fluid

2002 () 0
o ox,
Equation of motion of fluid .
5, . %) _ £ ap (2)
61‘ (a’lf)-'- 82 (&'liuz) - aZ +fpf

. 8 . . .
where p, u, ¢ and p, are the pressure, fluid velocity, void fraction and fluid
density respectively. The term  represents the interaction between the fluid and
particles. It is given by the following correlation.



Powder Handling &Multiphase Flow / 547

fp.' =—‘ﬁ_(‘7pi "ur‘) )
_ P, -
in which Vi is the average particle velocity. The value of the coefficient B is
obtainable from Ergun's equation in case of the dense phase [4] and Wen and
Yu's equation in case of the dilute phase {Wen & Yu 1966). SIMPLE method [6]

is used to integrate the equation of fluid flow..
Particle Motion

The particle motion is individually and simultaneously integrated and tracked
using the discrete element method (DEM) (Tsuji et al,1992,1993). Generally the
forces acting on a particle are: the gravitational force {f; = mg), the fluid drag
force (fp) and the various types of contact forces (fc). Newton's law is applied to
each particle as follows:

+
g=detto (5)
m
where m is the mass of particle.
Meanwhile the rotational motion of each particle is governed by the following
equation.

. T 6
o=l ©)
where 7T is the torque caused by the tangential components of the contact forces,
and 7 is the moment of inertia of the particle.

Degree of Mixing

Since the state of particle mixing in the spouted bed is be characterized
quantitatively in this work, the following definition for the degree of mixing in a
selected sampling cell (or sampling region) is employed here. For simplicity the
particles in the bed are divided into 2 groups to be called A and B. Initially
particles A and B are completely segregated.

ol = (x-x.)IN 7
o* =xc(1—)_:(_)

Degree of mixing = 1- op/ 0,
where
X, is the numerical composition of particles A in the bed
X; is taken as unity for cach particle A and zero for each B in the
sampling cell
N is the total number of particles in the sampling cell
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or’ is the sample variance of the composition of A in the sampling cell

o, is the expected variance of particles A upon complete segregation, a
mMax1imim

TABLE 1 Conditions of Calculation .
Particle -
Diameter, dp (mm) . 80
Density, p, (kg/m”) 1,231
Sphericity 1
Spouted bed
Width, W (mm) 495
Depth, Ly (mm) 40
Width of gas inlet, W) (mm) 33
Slant angle, 0 (degree) 60 6

FIGURE 1 Two-dimensional spouted bed

When the state of particle mixing evolves from complete segregation to
homogeneous (completely random) mixing, the above degree of mixing will
change from zero to unity.

RESULTS AND DISCUSSION
Simulating Conditions

The particle propertics and geometry of the spouted bed are summarized in Table
1. The total number of particles is either 10,0600 or 26,000, which corresponds to
a bed height of 0.409 m or 0.769 m, respectively. The coefficient of friction and
the coefficient of restitution are respectively 0.3 and 0.9. The value of spring
constant is 800 N/m for the contact force model. The magnitude of the
integration time step is 0.0003 sec, which is estimated using the oscillation period
of the spring-mass system as recommended by Tsuji et al. Ambicnt air at 20°C
and 1 atm is fed into the spouted bed. The grid size for calculating the gas flow
is 11 mm x 19 mm. The properties of the particles are similar to shelled com
particles,

Minimum Spouting Velocity (Ugys)
When the injected air velocity is not sufficiently high, expansion of the bed will

occur mostly in the lower region of the central axis. As the air velocity is
gradually increased, the pressure drop will likewise increase while the voidage
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expansion will progressively penetrate the bed along its axial direction. At a
certain value of air velocity, the voidage expansion will ideally reach the bed
surface and the spouting phenomenon will begin. When the air velocity is further
increased, it will result in a significant decrease in the pressure drop.
Subsequently, the pressure drop will remain fairly constant as the air velocity is
further increased. The minimum spouting velocity (Un) is experimentally
obtained while slowly decreasing the air flow and observing the bed behavior.
Here the minimum spouting velocity (Un, 1s determined as the point at which
the pressure drop begins to rise steeply. The reporied value of U, is based on
the superficial air velocity over the entire cross section of the empty rectangular
bed, not the injected air velacity.

Figures 2(a) and (b) show the observed relationship between the pressure drop
and the reduced superficial air velocity for the bed heights of 0.409 m or 0.769
m, respectively. The theoretical value of Uy, obtained from a simple correlation
is approximately 1.746 m/s irregardless of the bed height (Ergun,1952).
However, the simulation resulis reveal that U, is 2.0 for bed height = 0.409 m
and only poor bubbling fluidization is observed for bed height = 0.769 m. The
discrepancy between the predicied and theoretical values could be attributed to
the fact that a simple force balance between the weight of a particle bed and the
drag force is used to estimate the minimum fluidizing velocity (U, without
taking the complicated colliding and rotating effects into account. In addition,
the mechanical energy dissipated by the air jet to cause spouting should depend
on the bed height. In fact the observed snapshots of the particles inside the bed
indicate that true spouting does not occur for bed height = 0.769 m but only
slugging and bubblin 3 take place.
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FIGURE 2 Relation between predicted pressure drop and superficial air velocity
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Spatial Distributions of Fluid and Particle Velocity

Figures 3(a) and 3(b} show the spatial distributions of air velocity Uz inside the
bed for the two bed heights. In the figures, the superficial gas velocity 15 set
equal to their predicted U, namely 2.0 and 2.2 nv/s, respectively In each case,
the air velocity in the central core is higher than the two lateral regions at the
same height. The highest Uz is located just above the injection zone because the
local void fraction there is the largest. Consequently, air can penctrate more
easily through this central core region. As seen in the [igures, the profile of Uy
seems to be symmetric on both side of the spouted bed, especially for the lower
bed hecight. Below a certain bed height, especially near the air inlet, the Uy is
quite high because of the jetting and bubbling phenomena. Similarly, fipures
4(a) and 4(b) show the average particle velocity profile at selected bed heights far
the two cases. Particles are initially accelerated to a high velocity near the air
nfet and they gradually decelerate by collisions while moving up the bed. The
average particle velocity Vz not ‘only decreases along the horizontal distance
from the central core but it could become negative, thus indicating downward

movement.
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FIGURE 3 Predicted spatial distribution of air velocity Uz inside the spouted bed
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DEGREE OF MIXING

Figure 5(a) shows the change of the degree of particle mixing with respect to the
operating time in the case of bed height = 0.409 m at various superficial air
velocities, The degree of mixing quickly approaches unity. Initially, its value
strongly oscillates because the spouting effect is not yet steady. As the system
approaches the steady state, the degree of mixing becomes nearly constant. It is
inleresting to notc’ that a higher superficial air velocity has insignificant effect on
the final degree of mixing. Figure 5(b) displays the change of the degree of
mixing for bed height = 0.769- m. As expectced, the mixing of particles is
significantly poor and its value falls in the range between 0.5 and 0.6. The
superficial air velocity exhibits a similar effect on the degree of mixing as in the
case of bed height == 0.409 m though it takes longer to approach the steady state.

To elucidate more clearly the effect of the bed height on the degree of mixing,
Figure 6 comparcs the degree of mixing for the case of minimum superficial
spouting velocity = 2.0 m/s. Generally speaking, the higher the bed height, the
larger the amplitude of oscillation.

CONCLUSION

The simulation results predict that, for the two-dimensional spouted bed without
any draft plates, the minimum superficial spouting velocity (Ups) is
approximately 2.0 m/s for bed height = 0.409 m. As expected, the fluid as well
as particle velocities are highest in the central core, especially next to the gas
inlet. Good mixing of particles takes place in the spouted bed as long as the air
velocity is not slower than Ug,. For Bed height = 0.769 m, the spouting
phenomenon can no longer be observed. Only poor fluidization could be
observed.
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Removal of Acetaldehyde in Oxygen-Nitrogen Mixture
by a Wetted-Wall Corona Discharge Reactor
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A wetted-wall corona discharge reactor. which consists of a wire cathode stretched along the
center of cylindrical anode covered with a thin water film. was employed on removal of
acetaldehyde in gas mixture of oxygen and nitrogen. The plasma reactions in the reactor produce
radicals and lons. which drift to the interfacial water 1o produce reaclive radical OH in water.
Acetaldehyde is removed from gas stream by simultaneous absorption and gas corona reaction.

The absorbed acetaldehyde in water is decomposed by the agueous OH radicai.

There is an

oplimized corona current for highly effective removal performance.

1. Introduction

Atmospheric discharge processes have widely
been investigated for gas purification for exampte
D.C. corona discharge [1-2], pulsed corona
discharge [3], and barrier discharge [4]. Among
these processes, the D.C. corena discharge is
considered to be successful in removal of dilute
target gases with high efficiency and relatively low
by-product formation [1-2]. A wetted-wall corona
discharge reactor, one type of D.C. corona discharge
reactors, is proposed to enhance the removal
efficiency by ionization-assisted absorption ([2].
Recently, it was found that the wetted-wall reactor
can be effectively used for not only gas purification
but also water purification [6]. In the water
purification process, the aqueous hydroxyt radical,
OH, generated by the direct contact of corona-
induced gaseous ioms and radicals with the
interfacial water decomposes the organic compounds
in water [5}.

Considering these features, It can be expecled
that, along with gaseous removal corona reaction,
the absorbed organic compounds [rom the gas
stream can be decomposed in the aqueous phase.
leading to sustainable absorption.

2. Experimental

The experimental setup is shown in Fig. 1. The
wetted-wall corona discharge reactor consists of
cylindrical anode (34-mm inner diameter and 200-
mm length) and a wire cathode (0.34-mm diameter)
stretched at the center of the anode. A D.C. high
voltage generator with negative polarity is used to
apply the high voltage ranging from —6 10 -13 kV to
the wire cathode to generate a corona discharge,
while the anode is connected to the ground. The
corona region length is fixed at 140 mm by
insulating both top and the bouom parts of the
cathode. The gas stream of acetaldehyde, O and Ny

is flowed through the reactor at 100 cm’/min while
the water 1s circulated to make a falling thin Hilm
over the inner wall of the cylindrical anode at 1400
cm’/min. The temperature of the circulating water is
controlled at 10 "C by flowing through a heat
exchanger unit.

An FID gas chromatograph (GC) was used to
analyze the treated gas, and ozone concentration was
measured by KI method. For znalysis of the
circulating water, the FID gas chromatograph, a total
organic cuwrbon analyzer, and a high performance
liquid chromatograph (HPLC) with a UV-VIS
detector were employed.

D.C, power gencratoy )
Jaxulation tube

Cylindrical anodc

Wire cathode

Corena yegimm
length=140-mm

CHCID haluareed
with X, (3%1 ppm)
Figure 1. The experimenlal apparatus

3. Results and Discussion

When corona discharge 15 generated, electrons
are emitted from the wire cathode and then drift
toward the liquid fitm. In the corona plasma region
where the electron energy is higher than 1.85 eV [6],
dissociation and ienization of oxygen can produce O,
O, etc [7-8]. ln the low energy electron region next
to the narrow plasma zone, dissociative electron
attachment t0 oxygen and water vapor would
produce O. 07, OH. ete [7-8). When the charged and



uncharged species procuced in the corona discharge
reach the liquid film on the cylindrical anode by the
electric force and the convection induced by the ion
wind, these species react with water molecules to
produce reactive radicals at the imterfacial water.
These radicals, such as OH radical, contribute to the
degradation of the organic contaminants in waler.
When an organic compound in the gas stream enters
the corona zone. the removal of the organic
compound is achicved by electron attachment [1-2],
cluster formation [2], radical reactions [9], and so
forth. It was explored by gas analysis inside the
reactor that majority of acetaldehyde is absorbed into
the water before entering the corona zone, and
therefore the aqueous acetaldehyde is mainly
decomposed by the reactive radicals in water.

Figure 2 shows the outlet concentration of
gascous  acetaldchyde C,, during  discharge
operation with 200 ppm inlet concentration (.
When the corona discharge is not generated, C,,
drastically increases with time, suggesting that the
absorbed acetaldchyde is accumuiated in water and
inhibits the absorption rate. When the corona
discharge is generated, the increase in increasing C,
is attenuated. When the corona current is higher than
0.1 mA, the C,, can be kept constant indicating that
the removal of acetaldehyde by absorption along
with gas corona reactions becomes steady state.
However, the steady state concentration of
acetaldehyde cannot be obtained when the current is
so low as 0.02 mA.

Figure 3 shows the concentration of agucous
acetaldehyde in circulating water C, duing
discharge operation. Without the corona discharge,
C.. increases with time. This is because acetaldehyde
is continuously absorbed into the water until C,
reaches its saturation. When corona is generated,
the increasing C. is retarded because the absorbed
acctaldehyde is decomposed by reaction with OH
radical. The increase in corona current causes the
increase in decomposition rate since OH radical can
be more produced by increasing electron flux.
When corona current is so low as 0.02 mA, the
increase in C, cannot be effectively attenuated,
which is consistent with the increase in C,. as
mentioned above.

According to the by-product analysis by GC and
HPLC, the aqueous by-product is detected with the
same retention time as acetic acid whereas other by-
products are negligible. There is no significant by-
product detected in treated gas. This result could
suggest that the acetaldehyde might be mainty
decomposed in aqueous phase.
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Discharge time (min)
Figure 2. Concentration of acetaldehyde in treated gas
during discharge operation (C;,=200ppm, [;]=21"5)
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Figure 3. Concentration of acetaldehyde in circulating

water during discharge operation (C, ~200ppm
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Influence OfOKygcn on Removal of Gaseous Acetaldehyde by Wetted-Wall Corona Discharge Reactor
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1. Introduction

A wetted-wall corona discharge reaclor is one
type of D.C. corona discharge reactor used for gas
punification with kigh removal efficiency and low
byproduct formation. In this rcactor, some of the
negative ions produced by electron attachmeni are
absorbed into a falling liquid film on the anode
surface. This absorption of the ions improves the
removal efficiency of soluble gas components's
Moreover, the gas impurities absorbed into the
water would be decomposed by reactive radicals
and ozome created in the water’ by corona
discharge. In addition, the anode self-cleaning
action makes the wetted-wall reactor suitable for a
long period of operation. Since oxygen seems to be
a key component for this method,” the effect of
oxygen concentration was investigated and the
removal mechanisim was discussed based on the
experimental results.
2. Experimental

Fig.t shows the experimental set-up. A high
voltage (8-13 kV, negative polarity) was applied on
a wire cathode (0.34 mm diameter, SUS) sustained
at the center of a grounded cylindrical anode (34
mm inside diameter, 200 mm Length, StiS) to
generatc the corona. Gas mixture was fed
downward trough the reactor by 100 cm’ Ymin. The
concentrations of acetaldehyde and oxygen in the
gas mixture were adjusted by mixing commercial
standard gases. De-ionized water was circulated as
a falling film on the inner surface of the anode by
1400 cm®min.  For gas analysis, an FID gas
chromatograph was used to analyze treated vas and
ozone was measured by KI method. Meanwhile, the
FID gas chromatograph and TOC analyzer were
employed for analysis of the circulating water.

D.C. pewer generator

| _|*—qn_]_
Cylindrical anode Gas in

Wire cathode

-

Water in
i

Gas out
Earth S

Water out

L[
N, 0,CH,CHO
Fig.| Experimental apparatus
3. Results and Discussion

The concentrations of acetaldehyde in treated
gas were plotied against time in Fig.2, The results
show that the stabilizing of concentrations of
gaseous cannot be achieved in absence of oxygen.
On the other hand, acetaldehyde was removed
effectively in presence of oxygen. When the
axygen  concenfration  was 5%, the outlet
concentration of acetaldehyde kept constant at
about 5 ppm. When oxygen concentration was
mereased from 5 to 10 and 21 %, the outlet
concentrations of acetaldehyde were increased to
around 8 and 10 ppm, respectively. For the 1eason
why the removal of acetaldehyde was inhibited by
increase in oxygen may be atiributed to corona-
induced turbulence in the gas stream flowing inside
the reactor. The corona wind velocity was measured
by Pitot tube technique and showed that increase in
oxygen concentration caused an increase in corona
wind. It was considered that corona wind induced
the turbulence inside the reactor that caused the
shorter resident time, which was known to inhibit
the canversion efficiency.

250
k & Oxygen 21%(withoul corona)
€ 200 A M Oxygen 0%
o A Oxygen 5% . L 2
& ) @ Cxygen 10%
E 150 '+ — Oxygen 21% + n
& 100l A
§1O'O'OU;3.QCO
- L
x ¢ R
o
g8 > M A A A A A A
k‘
0 LN I LY LA | L LI

100 200 300  40C 500 €00
Fig.2 CH CHO coslrsntratersma tmated gas during
discharge operation. Inlet conc.=200 mole-
ppm: /=0.3 mA; Water volume=1000 crm®
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Removal of Acetaldehyde in Air by Wetted-Wall Corena Discharge Reactor
N. Sano' + QK. Faungnawakij®' - D. Yamamoto' - T. Kanki' - W. Tanthapanichkoon®
(1.Himeji Inst. Technol.}(2.Chulalongkorn Univ.)

1. Introduction

A d.c. corona discharge 15 the powerful technique
for gas purification al extremely low concentration
" However, the deposit formed at the anode during
the removal process may induce re-entrainment
when the reactor s operated for a long period. In
order 10 solve this problem, the wetted-wall corona
discharge reaclor'™ is investigated herc on the
removal of acetaldehyde in air.  Not only the
fonmation of the deposit is prevented but also the
gas Lmpurities absorbed into the water would be
decomposed by ozone and reactive radicals created
in the water” by corona discharge.
2. Experimental

Fig.! shows the experimeatal set-up. A high
voltage (8-13 kV, negative polarity) is applied on
a wire cathode (0.34 mm diameter, SUSh sustained
at the center of a grounded cylindrical anode {34
mm inside diameter, 200 mm Length, SUS). In the
gas phase, FID gas chromatograph (Shimadzu, GC-
9A) was used to analyze treated gas and ozone was
measured by KI method. In the water phase, the
FID gas chromatograph (Shimadzu, GC-9A) was
used to analyze acetaldehyde concentration. TOC
and pH were monitored by TOC analyzer
(Shimadzu, TOC-5000) and pH meter (Horiba. pH

meter F-22), respectively.
0.C. power generator

)

Cylindrical avode

Wire cathode

N 0,CH,CHO
Fig.t Experimental apparatus of removal of
acetaldehyde using a wetted-wall corona
discharge reactor.

3. Results and Discussion

The concentrasions of acetaldehyde in the gas
and water are plotied against time in Figs.2 ard 3,
respectively. The results show that the wetled-wall
type exhibits clearly higher removal efficiency of
acetaldehyde in air than the dry deposition type.

In the wetted-wall reactor, O, Oy, O and OH’
are expected o be produced in gas corona
discharge. When some of them reached the surface

of water film. reactive radical OH' can be generated
w1 water to decompose the orgaric compounds
therein.

It was confirmed by gas analysis inside the
reactor that acetaldehyde is absorbed into the water
before entering the corona zone, and therefore the
aqueous acetaldehyde was decomposed by the
reactive radicals in water. When the current is high
enough, further increase of aqueous acetaldehyde is
prevented because of the effective decomposition .

60.0
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Fig.2 CH4CHO concentration in treated gas.
Inlet cone.=200ppm:Gas flow rate=100cm™/min.
Waler volume=)000cm®:Corona length=140 mm,
Water circulation rate: 1400cm3/min
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Fig.3 CH:CHO concentration in circulated water.
inlet cone.=200ppm:Gas flow rate=100cm*/min.
Water volume=1000cm’:Corona length=140 mm.
Water circulation rate=1400cm3/min.
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ABSTRACT

Nowadays, arc discharge in water method has been accepted as one of the most
economical methods to produce carbon nanoparticles (CNPs) because it does not require
any costly vacuum system, high pressure, and other expensive equipments. Therefore
many attempts to investigate the operating parameters affecting the yield of CNPs
synthesis using this method have been conducted. Among those parameters, the effects
of ion species dissolved in the water on the synthesis of CNPs have not been clearly
understood. This investigation will be conducted to study the effect of aqueous jons
added into the water. The aqueous species investigated are sodium carbonate representing
ionic compound and ethanol representing organic species. As the preliminary results of
our investigation using FESEM and TEM analysis, it is found that obtained CNPs
consisted of multi-walled carbon nanotubes, polyhedral particles and crystalline product.
The concentration of aqueous species has significant effect on the structure of the
obtained CNPs. For the salt solutions, the ions provided an influence on the types of
CNPs formed meanwhile the existence of hydrocarbons also gave rise to similar
influence. '

Keywords: carbon nanoparticles, arc discharge in water, ion

INTRODUCTION

Several years ago, it is believed that carbon has only two structures, graphite and
diamond (Fig.1). Since the continuous discoveries of Pucky—ball, carbon nanotube, and
other fullerene-family structures, intense efforts have been poured into stdying for
synthesis of those various kinds of carbon structures, especially novel carbon
nanoparticles (CNPs). Nowadays, several fabrication methodologies have been proposed
such as laser ablation, thermal pyrolysis of gaseous compound, plasma-enhanced
chemical vapor deposition, high pressure CO conversion, arc discharge and so on [I-8].
However, it is well known that those conventional methods have highly setting and
running costs for operation.

Hence, there have been some cfforts on developing the novel economical
processes to produce carbon nanoparticles by using submerged arc in de-mineralized
water [9-15). In order to maximize the yield of CNPs, many important parameters of the
reaction should be optimized such as current density, gas pressure, temperature gradient
in the reaction zone, concentration of carbon species and so on. Among those parameters,



Zhu et al. [10] have successfully produced high-quality multi-walled carbon nanotubes
(MW-CNTs) by adding salts in water. Meanwhile ion species have sume effects on
formation of CNPs, but it has not been clearly understood.

The objective of this work is to investigate the effect of aqueous species (NayCOs
representing jonic compound and ethanol representing organic compound) on the yield
and structures of CNPs by water arcing method.

Fig.1 Graphite, diamond, fullerene (Cep) and carbon nanotubes structures (from left to right)

EXPERIMENTAL

Schematic apparatus for synthesize carbon nanoparticles (CNPs) using submerged
arc discharge is shown in Fig. 2. A direct current {dc) from welding machine is generated
in water between a couple of (99.999% Toyo Tanso) pure graphite electrode in the de-
mineralized water filled with aqueous additives of which concentration was carefully
controlled. The stable arc current (50 A) and voltage (20-25 V) could be intentionally
maintained after being initiated by approaching the anode to the stationary cathode and
then constantly feeding the anode to maintain a cathode-anode gap of 1 mm.

The synthesized particles were characterized and analyzed by transmission
electron microscopy (TEM; JEOL2010), field emission electron microscopy (FESEM;
HITACH]I, §-900), dynamic light scattering (DLS; MALVERN, ZETASIZER300HSA)
and Raman spectroscopy (JASCQC, NR1100).

Water A/\%W’N \
\ — Fig.2 Schematic for
~ § ® arc discharge in water apparatus
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. d
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Sediment products / Arxc plasma
RESULTS AND DISCUSSION

Effect of addition of Na,CQ; into de-mineralized water

It could be seen from FESEM image in Fig. 3 (a) that the synthesized products are
mixtures of carbon nanoparticles with different morphology similar to those of previous
investigations [9-15]. These CNPs are mainly composed of entangling multi-walled



