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through the experiment using an insulation tube covering
the top part of the cathode wire, Gas mixture was fed down-
ward or upward through the reactor at a volume rate of
100 co*/min. The concentrations of the acetaldehyde and
oxygen in the gas mixture were varied, by mixing commer-
cial standard gases. Deionized water, both with and without
the dissolved inorganic additives, NaQIT or HCl, was circu-
lated as a falling film {approximately (.4 mm thickness with-
out corona discharge) on the inner surface of the anode, ata
volume rate of 1400 em"/min. The temperature of the water
was controlled at 10°C by employing a heat exchanger unit.

The gas compesition at the inlet and outlet of the reactor
were analyzed by a gas cheomatograph (Shimadzu, GU-9A)
equipped witl an FID detector, To determine the gaseous
ozone concentration, the outlet gas was sampled (4 cm®) and
bubbled inte a | mol/L KI solution (5 cm®). Then a UV/VIS
spectrophotometer (Shimadzu, UV -1600PC) was used to
measure the photoabsorptivity at 28% or 333 nim o estimate
the ozane concentration. For aqueous anatysis, the FID gas
chromatograph and a high performance liquid chromato-
graph (HPLC) with a UV-VIS detcctor (Shimadzu, SPD-
10AVE) were employed for analysis of the circulating water.
The tetal organic carbon (TOCY) content and pH of the cir-
culating water were measured by a TOC analvzer (Shimad
zu, TOC-5000) and a pH meter (Horiba, pH meter F-22),
respectively.

Since corona wind is generated during the corona dis-
charge, il can affect the reactions inside the reactor, The cor-
ona wind velocity inside the reactor was evaluated as an in-
dication of the degree of gascous wurbulence in the reactor,
by measuring the pressure difference between the dynamic
pressure in the corona wind and the static pressure outside
the reactor, by using a Pitot tube. The measurement was
conducted under the condition where gas flowed into the re-
actor but without water feeding onte the wall of the reactor.
This is because the Pitot tube inserted into the corona zone
through the anode disturbs the water film.
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3 Results and Discussion

3.1 Removal Concept

The concept of removal of acetaldchyde in the wetled-
wall corona discharge reactor is illustrated in Fig. 2. When
the gas stream [ows through the upper part of the reactor, a
majority of the gaseous acctaldehyde is absorbed into water
befare it is transferred 1o the corona zone. After this, the re-
maining acetaldehyde in the gas stream enters the corona
zone where it is removed by gas corona discharge reaction.
In the corona discharge zone, free electrons are emitted
from the wire cathode and accelerated towards the eylindri-
cal anode by the electric field. Ienization of gas molecules
by collision with electrons produces some extra electrons
and positive ions [14). Secondary electrons, which can be
produced by photoemission from the discharge electrode,
bombardment of the positive ions at the discharge surface,
or photoionization in the gas, could all contribute 1o sustain-
ing the stable corona discharge [14]. These energetic elec-
trons could also dissociate oxygen molecules to produce O
radicals in the corona ptasma region adjacent (o the wire
cathode {15},

The dissocialion and ionization are expected to take place
in the corona plasma zone in which the electron energy is
bigher than 1.85 eV [14]. It should also be noted that the
ionization energy and bonding energy of oxvgen are 12.06
and 5.12 ¢V, and thase of nitrogen are 15.6 and 9.76 eV, re-
spectively [14, 16]. Consequently, ozone can be produced by
reaction of oxygen with O radical. Since the pas mixture con-
taing the water vapor evaporating from the water film in the
reactor, dissociation of H,O by electron impact could pro-
duce radical OH [15]. In the low energy electron region
close to the narrow plasma zone, dissocialive electron at-
tachment to exygen and water vapor would produce Q, O,
OH, and H™ [17,18]. The removal of gaseous acctaldehyde
should be enhanced by clectron attachment [1] and ciuster
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Figure 2, Concept of remaval of aceialdehvde using a wetted-wall corona dis-
chirge reactor.
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formation [2], as well as reaction with ozone and radicals
[19,20).

The ions thal drift along the electric ficld to the water film
covering the anode create a corona wind, the velocity of
which is in the order of several meters per second [21]. Un-
charged radicals can also be conveyed to the water surface
by the gas turbulence induced by this corona wind. When
the O ion and O radical reach the water film, an aqueous
OH radical would be produced by their reactions with H,O
(22-24]. Subsequently, the aqueous OH radica! is expected
to decompose the acetaldehyde absorbed in the aqueous
phase. In addition, this OH radical could also decompose

the soluble byproducts, which are produced by the gas coro-
na reaction.

3.2 Voltage—Current Characteristics of a Wetted-Wall Corona
Discharge Reactor

Fig. 3 shows the voltage-current (V-I) characteristics of
the wetted-wall corona discharge reactor al vartous oxygen
concenlrations. In the absence of O, the corona voltage in-
creases very slightly from 6.5-7.5 kV, while the corona cur-
rent is increased widely from 0.25-2 mA. In contrast, in the
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Figure 3. V-1 characteristic of weited-wall corona dischaspge reacior al viirious
oxygen concenlralions

presence of 1% oxygen, the corona voltage sharply in-
creases from around 8-15 kV when the current is increased
from 0.1-2 mA. The increase in oxXygen concentration from
I to 21 % causes higher corona voltage requirement. The
high electron affinity of O,, which easily induces the forma-
tion of oxygen ions, could be one of the reasons for this voll-
age elevation. It should be remembered that the electron af-
finity of O is significantly higher than that of N, - the
values are 1.78 and —2.58 eV, respectively. These values were
calculated by the density functional calculation at the
B3LYP/6-31G level. Because the ion mobility is much lower
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than electron mability [14], the voliage required to maintain
the corona discharge in the presence of oxygen is signifi-
cantly higher than that in its absence. The difference in the
voltages required, in the presence and absence of the falling
water film on the anode, was found to be insignificant and
was generally smaller than 2 %,

3.3 Influence of Oxygen on the Removal of Gaseous
Acetaldehyde

Fig. 4 shows the outlet concentration of gascous acetalde-
hyde, €, during the discharge operation at various oxygen
concentrations ranging from (-21 %, at a fixed corona cur-
rent, with downward gas flow'’. The inlet concentration of
gaseous acetaldehyde here is 200 mote-ppm. Without the
corona discharge, C, . is initially zero, proving that acctalde-
hyde is readily absorbed into fresh water. However, C,,, rap-
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Tigure 4. Concentration of aceraldehyde in the treated gas during corona dis-
charge eperation al varous oxypen concentraiom: o o 10 mele-ppm,
(= 10 eny' min™, @y = 1400 e min ™. W = 1000 ent’. Gas flow direction =
downward.

idly increases with time because the water is continuously
contaminated with acetaldehyde. When the corona dis-
charge is generated in the gas stream with 5 % oxygen, this
increase in C,,, is drastically suppressed. The C, . becomes a
steady state value around 5 mole-ppm at a very carly stage.
This feature can also be noticed at 10 and 21 % oxygen con-
centration. C,, increases as the oxygen concenlration be-
comes greater. When oxygen does nol coexist in the gas
stream, C,, . still increases with elapsed time.

It is considered that the rate of acetaldehyde absorption is
not stable because the aqueous acetaldchyde can be accu-
mulated in the water and inhibits the gas absorption. This re-
sult indicates that oxygen plays a significant role on the re-

1} Listof svmbols at the end of the paper

1117



CE
&T Full Paper _

moval of acetaldehyde in the wetted-wall corona discharge
reactor. The ozone concentrations measured al oxygen con-
centrations of 5, 10, and 21 % were 200, 757, and 1622 ppm,
respectively. This clearly shows that an increase in ozone
concentration docs not contribute to the removal of acetal-
dehyde. One possible reason why increases in oxygen con-
centration could inhibit the removal of acetaldehyde will be
explained later in this section.

In Fig. 5, the removal extent, . of acelaldehyde defined
by Eq. (1) is plotted against corona discharge current, f:

lF = (Cﬂ.g_cu‘g)'lchr_ - (l)

where C;, is the inlet concentration of gaseous acetalde-
hyde, and C, is the time-averaged outlet concentration of
acctaldehyde at steady state. The results clearly show that
increases in oxygen concentration, inhibit the extent of re-
moval at corona currents of 0.3 and 0.5 mA. Focusing upon
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Figure 5. Extent of removal of gaseaus acelaidehyde against corona discharge
current al various oxvgen concenirations; Cye = 200 mole-ppm, O, = 100 em*
min™', Cias Mow direction = downward.

the 5% oxygen concentration, the extent of removal in-
creases, when the current increases from 0.1-0.5 mA. It is
reasonable to assume that the higher current provides a
higher electron flux, resulting in more effective acelaldehyde
removal, However, when the oxygen concentration is 10 or
21 %, the increase in the current does not result in a higher
removal extent.

The inhibition of acetaldehyde removal by the increase in
oxygen concentration could be attributed to corona-induced
turbutence in the gas stream inside the reactor. To evaluate
the degree of turbulence in the gas stream, the velocity of
the corona wind was measured. The corona wind velocity
against the oxygen concentration is depicted in Fig. 6. When
the current is either 0.3 or 0.5 mA, the increase in oxygen
concentration leads to a significant increase in the corona
wind velocity. Nonetheless, the corona wind velocity does
not significantly increase when current is 0.1 mA. The cora-
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Figure 6. Eflect of oxygen on corona wind velocily. Qp = 100 em’ min™,

na-induced turbulence inside the corona reactor should af-
fect the gas residence time distribution {RTDY) in the reac-
tion zone. 1t is considered that when the turbulence induced
by the corona wind becomes stronger, the RTD in the reac
tor should behave more like thal in a continuous stirred tank
reactor (CSTR), which results in a much broader RTD com-
pared with a plug flow reactor (PFR). It is common knowl
edge that, with the exception of the zerc-order reaction, the
CSTR possesses a lower conversion than the PFR, based
upon the same space-time [25]. 1t should be noted that 1l
negative effect of admixing oxygen, on the extent of je-
moval, could not be observed even when the current was as
tow as 0.1 mA. This correlates with the abscrvation that the
corana-induced turbulence is not aftected by O, concentrit-
tion, in the low current range.

3.4 Influence of Oxygen on the Removal of Absorbed
Acetaldehyde in Water

Fig. 7 shows the concentrations of agueous acclaldehyde,
C,, at various oxygen concentrations during the discharge
operation. In the absence of corona discharge, C,. obviously
increases with time, suggesting that acetaldehyde is accumu-
lated in the water by absorption. When corona discharge is
generated, the increase in C,, is attenuated by the decompo-
sition of aqueous acetaldehyde. When the oxygen concentra-
tion is increased from 5 to 10 %, C,, becomes constant al a
lowere value. It is ceasonable 1o assume that with more oxy-
gen coexisting in the corona zone. more O radical could be
produced, not only due to the high O, concentration, but
alse the elevated voltage. Consequently, the production of
aqueous radical OH is enhanced, resulting in the higher de-
composition rate of aqueous acetaldehvde. However, when
oxygen is further increased from 10 1o 21 %, C,. does not de-
crease further. This is because the elevated corona-induced
turbulence disturbs the surface of the falling water film, re-
sulting in less uniform spatial distribution of the gas corona.
Previous work revealed that the reduced spatial uniformity

hiyp:iwww cet-journal de Chem. Eng. Technol, 2004, 27. No 10
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of the gas corona attenuates the decomposition efficiency of
an aqueous organic compound in water [12]. The aqueous
acetaldehyde is not so effectively decomposed in the ab-
sence of oxygen.

Since aqueous acelaldehyde is converted to other organic
compounds as intermediate by-products, the total organic
carbon TOC was monitored against the decomposition time.
Fig. 8 shows the concentrations of TOC in the aqueous
phase during the discharge operation at various oxygen con-
centrations. The figure reveals that, when the oxygen con-
centralion is increased in the range of 5-10 %, the TOC de-
camposition rale increases. However, when the oxygen
congentration is further increased from 10 to 21 %, the TOC
decomposition rate does not significantly increase. This is

12.00
1 T mA 100 %
10.00{ 1 o
a 0.5 !
4 05 5 o O
8009 _ s 10 a
—_ Y
3 lo 65 21 A
m -
g 800 8,
8 Q A >4 G
= 4.00 1 a A 5 <
1 o O
B8
2.00 - 8. g
4 EA
goo @O — —
0 100 200 300 400 500 600

Discharge time {min}

Figure 8. TOC concentragion in waler against discharge time at various oxy-
gen concentrations: / = 05 mA, &, = 200 mele-ppm., @ = 100 cm' min,

;= 1400 cm® min™. Gas flow gireclivn = downward.
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because the smoothness of the water film surface was dis-
turbed, resulting in less spatial uniformity of the corona.

Although the aqueous acetaldehyde concentration be-
comes stable as shown in Fig. 7, the TOC concentration still
increases with time. This result shows that there are some
byproducts accumulated in the water that are more stable
than acetaldchyde. The byproducts existing in the circulating
waler were identified by both GC and HPLC. As a result
acetic acid which is commonly found in the oxidation treat-
ment of aqueous acetaldehyde [26,27] is detected as the
dominant byproduct. Other byproducts exist in negligibte
quantities compared with acetic acid.

To determine the effect of accumulating acetic acid in
water on the removal of acetlaldehyde by the present reactor,
acetic acid is dissolved into the circulating water at S0 ppm
{equivalent to 20 ppm TOC). Fig. 9 shows the concentration
of gaseous acetaldehyde at the outlet of the reactor and also
that of aqueous acetaldehyde in the circulating water,
against discharge time, when pure deionized water or acelic
acid solution is used as the circulating water. The result
shows that the concentration of gaseous acetaldehyde is con-
sistently at the same level for both cases. Similarly, the differ-
ence in aqueous acetaldehyde concentration between the
systems, with and without acctic acid contamination, is neghi-
gible. This indicates that the removat of gaseous acetalde-
hyde can be sustained during the corona discharge opera-

tion, even if acetic acid is accumulated at high
concentrations in the circulating water.
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Figure 9. Effect of accumulating acetic acid on gaseous and aqueous acclaide-
hyde remavalss [ = 05 mA. C,p = 200 mole-ppm. Oxygen = 21 %,
Q=100 em*min™, @; = 1400 cm® min™. Gas llow direction = downward.

3.5 Effect of Inorganic Additives on Removal of Gaseous
Acetaldehyde

The effects of the inorganic additives, NaOH and HCI dis-
solved into the circulaling water on the removal of gaseous
acetaldehyde by the present reactor, were investigated. In
Fig. 10, the concentration of aqueous acelaldehyde against
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absorption time in the absence of corona discharge, is
shown. It is obvious that dissolved NaOH and HCl enhance
the absorptivity of acetaldehyde into water. In contrast, it
was found in previous work that FINO,. does not signifi-
cantly affect the absorptivity of acetaldehyde [13]. In fact,
FiNCh was produced in water during the corona operation,
leading to a decrease in the pH of water [22,23]. When the
current is 0.1 mA, the pH of water decreased {rom around
6-6.5 10 5, corresponding to 107 mol/L HNO;.

Fig. 11 shows the outiel concentration of gaseous acetal-
dehyde during the discharge operation with various dis-
solved additives. The effect of dissolved inorganic com-
pounds in water is investigated at a corona current G.1 mA,
with upward gas flow. It is found that NaOH ¢nhances the
removal of acclaldehyde from the gas stream, whereas HCI
retards the removal of gascous acetaldehvde. When the
NaOH cancentration is further increased {rom 107 10 107
mol/L, the extent of removal of the gascous acetaldehvde is
increased from 97,1-98.5 %.
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In considering the effect of HCI, removal of gascous acel-
aldehyde is attenuated even if HCI elevates its absorptivity.
It is considered that absorbed acetaldehyde may be accuniu-
lated in the circulating water, and the increased concentra-
tion of agqueous acelaldehvde may consequently inhibit the
absorption of gascous acelaldehyde into water. The concen-
trations of aqueous acctaldehyde, €, in circulating water
with dissolved NaOH, HCl, and without additives, during
the discharge operation are shown in Fig. 12. As expecled,
when 107 mol/L HC) is dissolved in the water, C,, rapidly in-
creases with time and becomes higher than when deionized
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4.00 {1 & a1 meiL
O N 10 mnl/L
E a °
a 3.00 A
o
° 1 {
'g' 2.00 1 O
3 - . o
(&) & o i
1.00 ° & d
' =, P [l
7 5]
&m0
01)0% T _—— — v
i) 100 200 300 400

Discharge time {min}

Figure [2. Tnfuence of additives on the accumulation of acewldehyde in
circutating water; £ = 0.3 mA. (= 200 mole-ppm, Q, = 100 em’ min™,
;= 1300 em® min”!, Gas fow direction = upward.

water free of additives is used. This confirms that an increase
in C,, could reduce the absorption rate of gaseous acetalde-
hyde, leading to the inhibition of the removal of gaseous
acetaldehyde. The reason why HCI lessens the decomposi-
tion of agueous acetaldehyde might be explained as follows
— when HC s dissolved into the water, dissociated CI could
be reacted with OH radical as shown in Eq. 2, with a rate
constant of 4.3:10" L mol™ 57 [28]:

OH + CI" = CIOH” (2)

In addition, the OH radical could react with some deriva-
tives of CI” such as CIO™ and CIO;™ which might be produced
in the aqueous phase at high reaction rate [28)]. Therefore,
these reactions may take place and inhibit the decomposi-
tion of aqueous acctaldehyde by OH. This is consistent with
previcus work in which it was found that adding HClI can in-
hibit the decomposition of agueous phenol [29).

Focusing on the cffect of NaOH, despite the accclerated
adsorption of acctaldehyde, the concentration of aqueous
acetaldehvde 15 reduced. This result suggests that the decom-
position rate of the aqueous acclaldehyde can be enhanced
by the addition of NaQOH. This result may possibly be ex-
piained as follows — when NaOH is added to the water, dis-
sociated OH could be produced which then acts as an initi-

hitp:fwww.cet-journal .de Chem. Eng. Technol. 2004, 27, Mo, 10



ator to accelerate the decay of ozone, to form the oxidant
such as hydroxyl radical, OH [27-30]. Besides the accelera-
tion in OH production by NaOH, the reactivity of the OH
radical with organic compounds, may he enhanced by the
dissolved NaOH [29]. Eventually, the decomposition of acet-
aldehyde in water is enhanced. This result is consisient with
previous work in which it was found that the addition of

NaOH can enhance the decomposition of aqueous phenol
[29].

4 Conclusions

The influence of oxygen and dissolved inorganic additives
on the removal of gaseous acetaldehyde using a wetled-wall
corona discharge reactor was experimertally studied. It was
found that acetaldehyde cannot be removed when oxygen
does not coexist in the gas stream. The sustainabitity of re-
moval of acetaldehyde is obtained in the presence of oxygen.
There is an optimum O, concentration. When the oxygen
concentration was 3 %, up to 98.5 % of the gaseous acetalde-
hyde was removed. The increase in corona current also led
10 an increase in the extent of its removal at the proper O,
concentration. An excessive oxygen concenlration resulted
in a lower extent of removal, when the current was exces-
sively high. This could be atiributed to the fact that corona-
induced gaseous turbulence broadens the gas residence time
distribution in the reaction region.

It was also found thal increasing the oxygen from 5 (o
10 % improved the decomposition of absorbed acetaldehyde
and TOC, but that decomposition is attenuated when the
oxygen concentration is further increased up 1o 21 %. The
decomposition of agueous acetaldchyde is enhanced by the
addition of NaOH, but is inhibited by adding HC], although
both additives can increase the absorbability of acetalde-
hyde into water.
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Symbols used

Cie  [mol-ppm] inlet concentration of gaseous
acetaldehyde

Coy [mol-ppm] outlet concentration of

gaseous acetaldehyde

2
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C.  [mol-ppm], [mg L'} concentration of aqueous
acetaldehyde

I [mA] corona discharge current

[02] [%] oxygen concentration

Qe [cm'; min™| gas flow rate

Q [em® min™"] water circulation rate

Re (-] Reynold number

TOC [mg L] total organic carbon

v [kV] applied voltage

w fem?™] waler volume

] (-] removal extent
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Simultaneous purification of contaminated gas and water by using a cylindrical wetted-wall corona
discharge reactor was proposed in this work. Gaseous acetaldehyde and aqueous phenol were chosen as
target compounds. The gaseous acetaldehyde was continuously removed from gas stream by absorption
into the aqueous phenol solution used for making a wetted-wall. Aqueous phenol and the absorbed acetal-
dehyde in water were effectively degraded by aqueous radicals, OH, produced by direct contact of gase-
ous corona with the interfacial water. In addition, azone parily contributed to decomposttions of phenol
and some byproducts. The experimental results show that gaseous acetaldehvde can be complctely re-
moved from gas mixture when its inlet concentration was in a range of 30 to 200 ppm since decontposi-
tion of aqueous acctaldehyde can sustain the abserption of acetaldchyde. This concentration range of
acetaldehyde scarcely affected the decomposition of phenol. However, decompesition of tetal arganic
carbon (TQC) in water was strongly attenuated when the acetaldchyde concentration is higher than 10§

ppm. The influence of the solution pH ranging from 2 to 13 was also investigated.

Introduction

Purification of gaseous pellutants such as vola-
tile organic compounds (VOCs), SO, and NO_, using
a high-volitage electrical discharge has been developed
for several decades, for example D.C. corona discharge
(Tamon et al., (995, 19906), pulsed corona discharge
(Yamamoto er al., 1992, Haung er al., 2001), clectron
beam (Kawamura, 1989), and barrier discharge
(Mclarnon and Mathur, 2000). In a D.C. corona dis-
charge technique, low energy electrons are utifized for
removal of target gases. The wetted-wall corena dis-
charge reactor was proposed to enhance the removal
efficiency by an additional absorption effect to the gas
phase reactions {Sano e/ al., 1996). In this reactor, a
thin liquid film flowing on an anode surface can ab-
sorb a soluble gas and negative ions produced by elec-
tron attachment, ionization, and dissociation of target
gases. Recently, the wetted-wall reactor has also been
applied for purification of contaminated waiter (Sano

Received on Aprtl 12, 2004. Correspondence coacerning this
article should be addressed te N. Sano (E-mail address:
sano@eng.u-hyego.ac.jp).

Copyright © 2004 The Socicty of Chemical Engineers. Japan

et al., 2003). In this method. the organic contaminants
can be effectively decomposed by OH radicals and
ozone. In fact, several iechniques of electrical discharpe
have picsently been developed for purification of ague-
ous organic compounds, for exzmple, D.C. corona dis-
charge (Sano er «f., 2002, 2003} and pulsed plasma
discharge (Grymonpre er al., 1999; Hoeben, 2000,
Hayashi et al., 2000).

Combining thuse performances of the wetted-wall
reactor, it can be expected that the reactor can be used
for simultaneous purification cf gas and water. If the
simultaneous purification by this reactor is achieved,
not only the cost of the whole process, the operation
time and the energy consumption, but also an integrated
process can be minimized.

In this study, a cylindrical wetted-wall corona dis-
charge reactor was used for simultaneous purification
of aqueous phenol and gascous acetaldehyde. We in-
vestigated the influence of corona discharge current,
pH of aqueous salution, concentration of phenol. and
that of acetaldehyde. The goal of this work is to exam-
ine the feasibility of using the reactor for the simulta-
neous purification and to optimize the operational con-
ditions.
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Fig. 1  Schematic diagram of the experimental set-up

1. Experimental

The schematic diagram of the experimental set-
up is shown in Figure 1. The wetted-wall corona dis-
charge reactor consists of a stainless steel (SUS) wire
cathode (0.34 mm diameter) stretched along the axis
of an SUS cylindrical anode (34 mm inner diameter;
200 mm length). A D.C. high voltage generator wus
used to generate a corena discharge by applying the
high voliage ranging from -6 to —13 kV to the wire
cathode, while the anode was earthied. The axial co-
rona discharge region length was fixed at 140 mm us-
ing an insulation tube covering the top part of the cath-
ode wire. Gas mixture of acetaldehyde, axygen, and
nitrogen was fed to the reactor by bubbling into the
water reserved below ti.c corona zene at a flow rate of
100 cm*min™'. The concentrations of acetaldehyde and
oxygen in the gas mixture were varied by mixing com-
mercial standard gases. The solution was prepared by
dissolving phenol into de-ionized water. The pH of the
solution ranging from 2—13 was adjusied by dissolv-
ing H,PO, or NaOH. Aqueous phenol was introduced
to the corona zone as a falling film, whosc thickness
was approximately 0.4 mm without corona discharge,
on the inner surface of the anode and was circulated at
a flow rate of 1400 cm min~'. The temperature of the
water was kept at 10°C by using a heat exchanger unit
during the operations.

Ozone (O,) can be produced in the presence of O,
under the corona discharge in the reactor. In the above
experiment, O, around 2000 ppm maximum was de-
tected in the treated gas. Thus, the coniribution of ozone
to the purification of pheneol and acclaldehyde was
separalely evaluated without corona discharge to per-
form this experiment. O, (21 cm’-min™') was separated
from the main gas stream and fed to an ozone genera-
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tor to produce ozone al approximately 1%. Subse-
quently, it was fed to the bottom part of gas corona
zone. Whereas the main gas stream, 125 ppm acetal-
dehyde balanced with nitrogen at 79 cm®min™', was
bubbled through the wetted-wall reactor. When the
ozone mixed with the main gas stream in the reactor,
the ozone concentration was diluted to be approxi-
mately 2000 ppm and the total gas flow rate was at
100 cm*min~'. With these conditions, the concentra-
tions of all gas components became similar to those
used in the experiments with the corona discharpe.

The gas composition at the inlet and outlet of the
reactor were analyzed by a gas chromatograph (GC-
9A, Shimadzu Co.) equipped with an FID detector.
Gascous ozone concentration was measured by the KI
method. A high performance liquid chromatograph
(HPLC) with a UV-VIS detecior (SPD-10AVP,
Shimadzu Co.} and the FID gas chromatograph were
used for analyses of phenol, acetaldehyde, and inter-
mediate products in the circulating water. Total organic
carbon {TOC) and pH of the circulating water were
measured by a TOC analyzer (TOC-5000, Shimadzu
Co.} and a pH meter (pH meter I°-22, Horiba Lid.},
respectively.

2. Results and Discussion

2.1 Concept of simultaneous purification

When a corona discharge is applied to the reactor,
the cnergetic electrons are emitted from the wire cath-
ode and accelerated towards the anode along the elec-
wric field. During their drift, disseciation and ioniza-
tion of oxygen can produce O radicals in the high
strength electric field adjacent to the cathode as shown
in Eq. (1} (Peyrous er al., 1989, Loiseau et al., 1994),
In the low strength electric field next to the high elec-
tric zone, the dissociative electron attachment to oxy-
gen can also produce O and O~ as shown tn Eq. (2)
(Chanin et af., 1962; Moruzzi and Phelps, 1966). The
reaction of oxygen with O radicals would produce
ozone uas it Eq. (3). When the O and O reach the inter-
facial water and subsequently react with water mol-
ecules, reactive OH radicals are expected to be pro-
duced in water as described by Eqs. (4} and (5) (Hoeben
et al.. 2000; Sano ef af., 2002).

O,+¢ 2 0+0+¢ (n
O,+e—=0+0 (2)
0,+0—-0, (3)
O, +HO—-0OH +OH (4)
ch;s) +H,0 — OHWH + OHW (5)

JOURNAL OF CHEMICAL ENGINEERING OF JAPAN



When gas stream is bubbled into the phenol solu-
tion, the acetaldehyde is absorbed into the agueous
phencl solution. Then, aqueous solution containing
phenol and acetaldehyde flow through the corona zone
as a falling thin film on the inner surface of the anode
cylinder. In the corona zone, the OH radicals 10gether
with ozone simultaneously decompose both agueous
phenol and acetaldehyde.

OHm/O + organic compounds (aq) — product

(6)

3{ag)

The treated solution is circulated through the re-
actor, while the gas containing acetaldehyde is stead-
ily supplied. By this system, acctaldehyde can be con-
tinuously absorbed into the solution since acetaldehyde
in water can be continuously degraded. Meanwhile,
phenol along with its intermediate products could be
completely decomposed to be CO, and H,0 as final
products by the circulation system.

If the gaseous acetaldehyde is remaining in the
gas stream, it is expected that the acetaldehyde is re-
moved in the corona zone by radical reaction (Sano et
al., 1997; Butkovskaya and Setser., 2000), ozonation,
and cluster formation (Sano et al., 1997).

2.2 Simultaneous purification of aqueous phenol
and gaseous acetaldehyde

Concentrations of aqueous phenol, C,, aqueous
acetaldehyde, C_,. and TOC are shown against the dis-
charge time for various inlet concentrations of gase-
ous acelaldehyde, C, . . in Figure 2. Discharge cur-
rent, /, and applied voltage, ¥, were 0.3 mA and 11.8
kV, respectively. In Figure 2(a), the concentration of
phenol rapidly decreased toward zero within around
3 hrs at the inlet concentration of acetaldehyde in the
range of 0-200 ppm. The decompeosition rates of phe-
nol were not significantly affected by acetaldehyde in
this range. However, it might be possible that the ex-
cessively high concentration of acetaldehyde at the in-
let could inhibit the decomposition of phenol. Regard-
g the concentration of agueous acetaldehyde, Figure
2(b) shows that C_| slightly increased at the early op-
eration time for all runs and then the C,_ | gradually de-
creases. The higher € causes higher remaining C..

When decomposition of phenol was conducted
without feeding gascous acetaldehyde, it was found that
a small amount of aqueous acetaldehyde was detected
from decomposttion of phenol within about 5 h. This
presence of acetaldehyde corresponds to the C | de-
tected when C_ . was fed to the system at 30 ppm. It
was reported that acetaldehydc was one of byproducts
in the intermediate pathway of decomposition of phe-
nol by pulsed corona discharge (Hoeben ef af., 2000).
Moreover, hydroquinone, 1,4-benzoquinone, resorci-
nol, and pyrocatechol were detected as common inter-
mediate by-products by HPLC during the discharge
operation time. These by-products could be completely
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Fig. 2 The conceniration of agueous phenol, (a), agueocus
acetaldehyde. (b). and TOC, (c). during corona dis-
charge operation at various inlet concentrations of
gaseous acelaldehyde: /= 0.3 mA: @ = 100
emmin™; @ = 1400 cm™min~": W= 1000 cm?

mineralized within around 4 hrs. Thus, it was consid-
ered that decomposition of phenoi along with these
intermediates might inhibit the decompaosition of ab-
sorbed acetaldchyde at the early time operation. How-
ever, gaseous acetaldehyde at the outlet was not be de-
tected throughout the discharge operation for all ex-
periments. This suggests that acetaldehyde is com-
pletely absorbed into the solution. If the acetaldehyde
remains in the gas stream, it could be removed by gas
corona reactions. According to the gas analysis by GC,
there are no significant gaseous by-products detected
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at the outlet gas stream.

Since both phenol and acetaldehyde are converted
to other byproducts, TOC are monitered as shown in
Figure 2(c). The result shows that TOC can be effi-
ciently degraded when the inlet concentration of acetal-
dehyde was at 30 ppm. The concentrations of acetal-
dehyde higher than 100 ppm obviously inhibit the TOC
degradation rate. This implies that some stabie prod-
ucts are accumulated in the 1reated waier. According
to the aqueous analysis by GC and HPLC, the acetic
acid was detected as a significant by-product. Acetic
acid occupied more than 50% of the residual TOC af-
1er 8 h operation time. The concentrations of acetic acid
were plotted as a function of time in Figure 3. The

1376

result shows that acetic acid accumulated in water is
mainly converted from acetaldehyde rather than phe-
nol. Acetic acid is considered to be a final intermedi-
ate product of decompositions of acetaldehyde and
phenol.

The removal ratios of phenol at various initial con-
centrations with fixed 30 ppm C__,  are depicted in
Figure 4, The removal ratio sharply decreases with
discharge time. The decreasing rate of removal ratio
increases with the lower inlet concentration. The maxi-
mum removal rate was found at 30 ppm CP,] o This
result suggests that the reactor can be efficiently used
for the low concentration of phenol under the present
condition.

2.3 pH effect

Figures 5{a)-(c) show the influence of the pH of
the solution on the simulianeous purification process
in terms of aqueous acetic acid, phenol and acetalde-
hyde concentration, respectively. H PO, and NaOH
were used to adjust the solution pH at 2 to 13. In Fig-
ure 5(a), when pH was raised up to 11, the concentra-
tions of acetic acid significantly decreased. On the other
hand, the pH ranging from 2-10 does not strongly af-
fect the decomposition of acetic acid. Not only the de-
composition of acetic acid but also the decomposition
of aqueous phenol and acetaldehyde are strongly en-
hanced by adding NaOH as shown in Figures 5(b) and
(¢). When NaOH is added into the water, dissolved OH-
would accelerate the decay of ozone to form hydroxyl
radical, OH, which could enhance the decomposition
of acetic acid in water (Gottschalk 1 af., 2000). Fur-
thermore, NaOH might enhance the reactivity of or-
ganic compounds in water while H PO, is considered
10 he an inert species (Sano e al., 2004).

2.4 Ozonation effect

The influences of direct ozonation on the simul-
tancous purification are shown in Figure 6. 1t should
be noted that the corcentration used here is almost the
same as that detected in the simulianecous treatment
above. The experimental operation was explained in
the experimental section. The removal extent of acetal-
dehyde . is defined as

_ Ca—g inl Ca-g out
e T (7)
aopanl
where C . and C are the inlet and outlet concen-
2-ginl a-g out

trations of gascous acetaldehyde, respectively. In Fig-
ure 6(a), the removal extent of gascous acetaldehyde
is shown against time. Without corona current, the re-
moval extent gradually decreases with time since the
absorbed acetaldehyde in water inhibits the absorption
rate. With ozonation, the removal extent decreases
slightly slower than that obtained by absorption. This
result shows that direct ozonation does not significantly
contribute 1o the removal of gaseous acetaldehyde. In
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contrast. when the corona discharge is generated. the
removal extent can reach 100% through the operation
time. Figure 6(b) shows the concentration of aqueous
acetaldehyde during operation. As expected, with
ozonation, the concentration of acetaldehyde increases
with time, resulting in the increase of the outlet con-
centration of gaseous acetaldchyde, When the corona
discharge is generated, the concentration of aqueous
acetaldehyde can be kept almost constant, resulting in
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water: € 0= 30 mg-L° €, = 100 ppm;
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a steady state removal extent of gaseous acetaldchyde.

Figure 6{c) shows the concentration of phenol and
TOC in water against operation time. The result shows
that ozone can completely decompose phenol within
around 6 h, approximately 2 times slower than corona
discharge. However, TOC degradation by ozonation
gently decreases compared with that by corona dis-
charge becausc acetic acid cannot effectively be de-
composed by direct ozonation. The effect of direct
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ozonation is not significant in the corona discharge
system studied here.

Conclusions

In this work, simultaneous purification of gas and
water was experimentally investigaied by using a wet-
ted-wall corona discharge reactor. Gaseous acetalde-
hyde and aqueous phenol were chosen as target con-
taminants. It is found that gaseous acetaldehyde can
completely be removed from gas stream throughout the
operation when 118 inlet concentration 1s ranging from
30 to 200 ppm. Simuitaneously, aqueous phenol can
completely be decomposed within about 3 h when its
initial concentration is at 30 ppm. The inlet concentra-
tion of acetaldehyde ranging from 30 to 200 ppm does
not play a significant role on the decomposition of
phenol. However, when the inlet concentration of gas-
eous acetaldehyde was higher than 100 ppm. degrada-
tion of TOC in water was considerably retarded. This
is because acetic acid is accumulated in the aqueous
solution. The increase of initial concentration of phe-
nol causes the decrease of its removal ratio. There are
no significant by-products detected in the treated gas
stream. The influence of pH ranging from 2 to 13 was
investigated by adding NaOH and H PO,. The result
shows that the decomposition of acetic acid is drasti-
cally increased when the pH is raised up to 11, Whereas,
pH lower than 11 does not significantly affect the de-
composition of acetic acid in water. The influence of
direct ozonation is not significant in the present study.

Acknowledgment

The authors would like to acknowledge the financial support
from the Thailund Research Fund [Grant No. PHD/U180/2543 of
Royal Golden Jubilee Ph.D. Program (TREF-RGI) for K.F. and W.T.,
and Research Team Award (TRF-RTA) for W.T. and T.C.] and the
AIE} Student Exchange Program for K.F.

Nomenelatures
o = cancentrations of aqueous acelaldehyde [mg-L-')
[ A = inle! concentrations of gaseous acelaldehyde
fppm]
g out = outlet concentrations of gascous acetaldehyde
(ppm]
C,. = concentrations of aqueous phencl |mg-L 4
& i = imitial concentrations of aqueous phenal fmg-L-)
D.C = direct current
! = coronn discharge curren [mA]
e, = gas flow rate [em*min~']
o, = waler circulation rate [em*min']
TOC = total organic carbon Img-L-'}
14 = applied voltage [kV}
114 = waler volume fem?']
I = removal extent {—1
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Pekala et al. firstly synthesized RF carbon gels from
sol-gel polycondensation of resorcinol (R) and formal-
dehyde (F) with sodium carbonate {C) as a basic catalyst
[1-3]. From its high BET surfacc area, Saer, and large
mesopore volume, Fpe, RF carbon gels are interesting
porous materials, which are suitable for many applica-
tions such as column packing materials for high-per-
formance liquid chromatography, electrode materials
and materials for catalyst supports. Apart from previous
works on RF gels or carbon gels [1-5], in the present
work nanowhiskers are first found on the surface of
carbon gel prepared by using RF gel as a precursor.

In general, well-developed methods such as electric
arc discharge, laser evaporation, and a well-round
chemical vapor deposition (CVD) are used to prepare
nanowhiskers/nanofibers [6]. In CVD process, the
whiskers or fibers grow by decomposing hydrocarbons
or carbon monoxide with assistance of mono- or bime-
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tallic catalysts, typically Fe. Ni, Co and Ni-Cu [6.7].
Apart from the normal nanowhisker or nanofiber for-
mation [6-11], unique nanowhiskers are obtained by
using necither external carbon source nor additional
metal catalyst in the present work.

In order to prepare RF hydrogels, resorcinol-form-
aldehyde (RF) solutions were prepared from resorcinol
(CsH4(OH),) (R), formaldehyde (HCHQ) (F), sodium
carbonate (Na;CO,) (C) and distilled water (W). All
chemicals are research grades from Wako Pure Chemi-
cal Industries Inc, Na,CQ; and distilled water were used
as a basic catalyst and a diluent, respectively, The syn-
thesis conditions are presented in Tables 1 and 2. Here
the molar ratio of resorcino! io formaldehyde (R/F) was
fixed at 0.5. The molar ratios of resorcinel to catalyst
(R/C) were 100 and 400 mol/mol and the ratios of res-
orcinol to water (R/W) were 0.5 and 0.25 glem®. The
prepared RF solutions were first kept at gelation tem-
perature, Ty, and the sol-gel transition continues. RF
hydrogels synthesized in this work were in the forms of
rod and sphere. The RF rod gels were prepared by
pouring RF solution into the cylindrical glass tube
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Table |
Synthesis conditions and porous properties of cryogels

RIC {mol/mol) R/W (plem’) C/W (molim*) S[;rr (m*g) Vi (cm'fin)
U430 100 0.50 45 70 0.02
U600 4N 0.25 6 590 0.33
Sphere shape, aging time: |-4 weeks, Ty = 298 K.
Table 2
Synthesis conditions and porous properties of carbon gel and Na,CO;-doped carbon gels
Na,CCy amount doped? () Keeping time® (d) CIW (mobim*) Sper (m?g) Vines (em’lg)
T6 Non Non 6 720 0.90
Tié 0.16 9 >6 380 0.52
Ted 0.60 9 6 400 042

Rod shape, R/C = 400 molfmel, RIW = 0.25 glem?, Ta = 333 K.
*NuzCOy amount doped in 25 cm® water.
b Keeping time afier doping.

{inner diameter =4 mm, length =40 mm) [4.5]. For the
preparation of RF sphere, before RF solution lost its
fluidity, it was dropped into cyclohexane by using a
syringe and RF spheres were formed. RF rods and
spheres were aged at 298 K for 24 h. Before freeze
drying, water in RF hydrogels was replaced by solvent
exchange with r-butanel for three times. The RF hy-
drogels were kept at 323 K in -butanol for 1-4 weeks in

Vu” ;
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Fig. 1. SEM microeraphs of carbon cryogel surtace.

a glass vial tightly sealed with Teflon tape. After that,
RF hydrogels were freevze dried at 263 K for 4 days to
obtain RF cryogels.

RF carbon gels were obtained by pyrolyzing RF
cryogels at 1273 K. Pyrolysis was conducted under a 200
cm*-STP/min flow of argon gas. At first, the RF cryogels
were heated to 523 K at a constant heating rate of 250
K/h, and were kept at this temperature for 2 h. Then
they were heated to 1273 K at a constant heating rate
of 250 K/h and were kept at 1237 K for 4 h.

The porous properties of RF carbon gels were
determined by the N, adsorption method using an
adsorption apparatus (BEL Japan Inc; BELSORP28)
[4,5]. The surface and cross section of carbon cryoget
were observed by a scanning electron microscope
(JEOL, Ltd., JISL-6340FS).

SEM micrographs of carbon gel (U4350) listed in
Table | are shown in Fig. 1. Nanowhiskers can be ob-
served only on the surface of RF carbon gel (U450). On
the other hand. there are no nanowhiskers on the sur-
lace of RF organic gels (U450 and U600) before pyro-
lysis and RF carbon gel (U600). These results show that
nanowhiskers are formed only on the surface of RF
carbon gel prepared under high catalyst concentration
(C/W =45). Fig. | also shows that the nanowhiskers
(U450 at 100,000 magnifications) are formed by con-
nection of primary nanoparticles.

In order to confirm the effect of catalyst concentra-
tion in RF gel, Na;CO, was doped to the RF gel of T6,
on which the nanowhiskers were not formed after
pyrolysis. RF gels of T6 were immersed in an aqueous
solution of two different catalyst {(Na,COQ;)} concentra-
tions under conditions as shown in Table 2. From Table
2, it can be found that the Na,CO, doping decreases
both Spir and ¥, of the RF carbon gel. These results
confirm that the catalyst can be doped to the gels. After
doping followed by freeze drying and pyrolysis, nano-
whiskers are observed only on carbon rods prepared by
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Fig. 2. SEM micrographs of carbon cryogel surface prepared by
doping Na,CO; solution to RF gel.

doping T6 with Na,CO; solution as shown in Fig. 2.
One can see that when the Na:CO, doping concentra-
tion is high. the thick nanowhiskers are formed. These
results together with previous resull suggest that the
catalyst (Na,COs) concentration {in both starting RF
solution and final catalyst concentration of RF gel)
has an effect on the nanowhisker formation.

In the present investigation, it 1s found that the unique
nanowhiskers are formed on the surface of RF carbon
gel after pyrolysis of RF gel prepared with appropriate
concentration of Na,CO5 used as a catalyst in the sol-gel
polycondensation of resorcinol and formaldehyde. Nei-
ther external carbon source nor additional metal cata-
fyst is needed for this unigue nanowhisker formation.
However, more investigations are needed to understand
more about the novel nanowhiskers.
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Investigation of Fluid and Coarse-Particle Dynamics
in a Two-Dimensional Spouted Bed

By Thanit Swasdisevi*, Wiwwt Tenthapanichakoon, Tawatchai Charinpanithul, Toshihiro Kawaguchi, Toshitsugu Tanaka,
and Yutaka Tsuji )

The aerodynamics of particles and gas flow in a two-dimensional spouted bed (2DSB) with draft plates is investigated with
the aid of the discrete element method, The geometry of the 2DSB with draft plates is set as close as possible to the experi-
mental apparatus of Kudra [1] and Kalwar [2]. The physical properties of the coarse particles are similar to those of shelled
com. The calculated minimum spouting velocity and pressure drop agree well with the correlgfions of Kudra {1] and Kalwar
{2). In the spout region, the particle vertical velocities are found to decrease as the height jncred®es The fluid velocity in the

! um spouting velocity and
e draft plates on the spouting

1 Introduction

The spouted bed has been established as an alternative t
the fluidized bed for the handling of particulates, which are
coarse and monodisperse in size. Spouted beds are wide
used in industry, e.g., for the drying of granular gf

solids The conventional spouted bed is fo d i
or conicalcylindrical vessel having a smaH&§jEning
injection at the center of its bottom. *- i

ity gas lifts and carries particles tjpwﬁr“‘d{J{lroug ithe central
part of the bed. After reaching afcertain height above the
peripheral bed level, these pa {ticlesetallds a}loosely packed
bed into the downcomer regié\{btﬂy&e thg hollowed core
and the vessel wall. Therefore,
of a dilute phase in the central core {spout region) through
which the particles are lifted and moved vpwards by the
injected gas and a dense phase (downcomer) between the
spout region and the vessel wall through which the particles
move down. The combination of these two distinct flow
regimes, a pneumatic transport through the bed center (in
the spout) and a falling bed in the downcomer, results in an
intemal circulation of the solids, which is characteristic of
the spouted bed. In the drying operation, this intensive parti-
cle circulation results in more nearly uniform moisture con-
tent and bed temperature while the high velocity of the
injected pas allows the use of high gas temperature with little
thermal degradation of the product. Although the spouted
bed requires a relatively high pressure drop prior to the on-
set of spouting and a high inlet gas velocity (though lower

{*] T Swasdisevi (¢-mail: ithascvi@yshoo.com}, W. Tanthapanichakoon,
T. Charinpanitkul, Department of Chemical Engineering, Faculty ol
Engineering, Chulalongkorn University, Patumwan, Bangkok 10330,
Thailand; T. Kawaguchi, T. Tanaka, Y. Tsuji, Department of Mechan-
ophysics Engincering, Faculty of Engincering, Osaka University, 2-1

- Yamada-cka, Suita, Osaka 565-0871, Japan.
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granulation and particle coating. However, the CSBs are
rarely used in the postharvest industry because of scaleup
and operating difficulty [4]. In an attempt to overcome some
of the limitations of the CSBs, Mujumdar [4] proposed the
idea of a two-dimensional spouted bed (2DSB). As shown in
Fig. 1, a typical 2DSB consists of two planar walls with a
slanting base and has a gas entry slot at the center of the
width of the bed bottom. The thin rectangular geometry
makes the 2DSB easier for scaleup than a cylindrical bed.

W

b _“’d | Downcomer

P
<L =

Hd
z
Hormal
He distance
. 2 Y
Stinted base

Alr inlet Wi  angle 60 degree

Figure 1. Schemaltics of the two-dimensional spouted bed.

@ 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 1
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Adding identical units in the orthogonal direction can read-
ily scale up production capacity. Therefore, a3 laboratory-
scale apparatus can be considered to be a single unit in a
complex of similar units. In order to eliminate backmixing,
stabilize solids circulation and reduce the bed pressure drop,
draft plates are frequently inserted in the core of the spouted
bed to separate the spout region from the downcomer
region [1].

Nowadays, computational techniques are popular and
often used to simulate multiphase flows, including dilute-
and dense-phase gas-solid flows. The discrete element meth-
od (DEM) is a powerful tool for getting detailed information
on these complex phenomena without physically disturbing
the flows. A distinct advantage of carrying out DEM simula-
tion of the spouted bed over the traditional use of the two-
fluid models is that the former is capable of elucidating the
bed dynamics at the individual particle level [5]. Tsuji et af.
[6-9] successfully applied the DEM to plug flows in a hori-
zontal pipe, two-dimensional fluidized bed and a cylindrical
spouted bed with slanting base. They found that the calcu-
lated results on the formation of bubbles and slugs, particle
mixing, and velocity profiles of the particles agreed well with

experimental observations. Horio et al [10-13) successfullyd® -

applied DEM to an investigation of the hot-spot formati

idized bed at high temperature and pressure, g
nism of agglomeration in a fluidized beg.

dm fihe power
ill at Speeds below the

o the investigation
icated that the

but the degree of mixing achievable was unaffected. While
the initial rate of mixing was found to be insensitive to the
particle size, the overall raie of mixing and the resulting
degree of mixing were found to decrease as the particle size
increased. Although the 2DSB with draft plates is expected
to benefit the postharvest industry, there has been little
detailed information on particle dynamics and gas flow,
while Lbeir measurermnents without causing undesirable dis-
turbances in the 2DSB are experimentally difficult.

Corn is an economically important agricultural produce
for Thailand and many other countries. The demand for corn
is high, especially in the feed milling and food industries.
Modern agricultural technology has been developed to solve
the problem of shortage of corn. Consequently, a huge quan-
tity of comn is often produced within a short period of lime,
thus resulting in poor corn quality and infection with aflatox-

-in B-1 in-com with high moisture content. In this situation,
sun drying is generally unreliable because it depends on
weather conditions. Therefore, the fluidized bed and spouted
bed dryers are often employed because of the small area
required for installation.

2 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In this work, DEM is used to investigate the aerodynamics
of coarse particles in a 2DSB with draft plates. The proper-
ties of the particles are set close to the comn particles, As ex-
plained above, the 2DSB is selected because it is suitable for
coarse heat-sensitive particles. Detailed information, such as
minimum spouting velocity, pressure drop, spatial distribu-
tions of particle velocity and particle circulation rate, is ana-
lyzed and presented. The effects of the draft plates and the
separation height (H, in Fig. 1) are also investigated. Such
information will be useful for the design of a ZDSB dryer in
the postharvest industry.

gddal particles are not of concern in the equation of fluid

§iotion. Only the local total volume of the particles and their
locally averaged velocities are considered. The equations for

the fluid motion are as follows':

Equation of continuity:
¢} i) o
§s+é?j(euj) ={ (48]

Equation of motion:

a2 § 5 —_t9p
ot (e;) +6x}. (Eu"”i) TR, 0%, +foi @)

For inviscid flow, the laminar and turbulent velocity distri-
bution inside a thin rectangular duct is essentially flat be-
cause there is no viscous effect at the two neighboring side
walls. Tt is well known that the velocity distribution of fluid
flowing through a packed bed is relatively flat. Therefore,
the fluid flow in this simulation is assumed to be inviscid
because of the presence of the particles. Although the con-
centration of the particles in the spout region is somewhat
lower than that in the downcomer region, the depthwise
velocity distribution of the fluid in the spout region may be

i) List of symbeols at the cnd of the paper.

hutpiwww.cel-journal.de Chem. Eng. Technol 2004, 27, No. 9
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assumed to be fairly flat. It should, however, be pointed out
that the effect of the particles on the void fraction of each
fluid is taken into account at every step of the numerical in-
tegration. In addition, the effect of fluid drag forces acting
on the particles is also considered. Since the depth (x-direc-
tion) of the bed is only 40 mm, and the fluid flow may be
considered to be inviscid, it is convenient to carry out the
fluid flow calculation in two dimensions (y,z) and save com-
putationat time and computer memory. Tsuji ez al. [7,8] have
shown that the fluid may be treated as inviscid except for
the interaction term (f,)} between the fluid and the particles.

fu =£(vp, ~u) ®

where ¢, u, p, p; and ¥, are the local void fraction, fluid
velocity, pressure, fluid density and average particle velocity,
respectively. The coefficient § is derived from Ergun’s equa-
tion [15] for the dense phase and Wen and Yu’s equation
[16] for the dilute phase:

ﬂ;;:luso(l _&)+175Re]  (¢<08)
p=137 @)
P

_ [24(1 + 0.15SR™) /Re
Cp = {0.43

e ©

H

2.2 Particle Motion

The particle motion is calculated by simultaneously apply-
ing Newton’s law to each individual particle while taking
into account the external gravity force (f;), the gas-solid
drag forces (f;) and the contact forces between the particles
(fc). The particle motion is calculated three-dimensionally
throughout the entire apparatus. The drag force is the sum
of the reactionary forces in Eq. (3} and the pressure gradient
as follows:

o= ()2

where V), is the volume of a particle. The contact force is cal-
culated by using the DEM correlation proposed by Cundall
and Strack [17). The contact force between a particle and
the vessel wall, or draft plate, may be treated in a similar
fashion as that between two particles but with the wall or
draft plate always planar and stationary. An individual parti-
cle often comes into simultaneous contacts with several par-

Chem. Eng. Technol 2004, 27, No. 9 http/hwww.celjournal.de

ticles or a wall. Therefore, the contact force f is the sum of
all such forces. The Newton's equation of motion can be
written as follows:

gl g @

where m is the mass of a particle. The rotational motion of a
particle caused by the tangential force is calculated from

o= ©)

where T is the torque caused
of the contact forces and
particle.

b\, the tangential components
is poment of inertia of the

pares the dimensions of the two system config-
e present simulation and the experiment of
d Kalwar [2]. Because of their importance, the
of the gas inlet port and the particle diameter in both

’same at 33 mm and 8 mm, respectively. Though the ge-
metry of the vessel is set as close as possible to the medi-

Table £. The propertics of the particles and the dimensions of the vessels used in
the DEM simulation and the experiments of {1] and [2].

Simulation Expariments
{Kudra {1], Kalwar [2]}

Particle

Driamcier, d, (mm) 8.0 3.0

Density, p, (kgrm*) 1,231 1,231

Spheridity, ¢ 1 0.755
Vesscl

Width, W (mm) 495 (11 x 45) 500

Depth, L, {mim) 40 (8 x5) 40

Width of gas infet, W; (mm) 33 {11 x 3) 33

Width of draft plates, Wy (mm) 55 {11x5) 50

Entrance height, He {mm) 95 (19x5) 100

Spoun height, Hd (mm) 912 {19 x 48) 900

Normal distance, {mm) 380 (19x2) 42.64

Slant angle, 8 (degrees) 60 60
Dimensionless ares

Wi, 15 151

Wid, 61.8 625

wiid, 4.1 4.1

Wd/W, 1.6 15

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 3
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um-scale experimental apparatus of Kudra [1], it is not possi-
ble to avoid some slight differences while maintaining the
same width of the gas inlet port and the same slant angle of
the conic section at 60°. As shown in Fig. 1, the normal dis-
tance is the spacing between the draft plate and the slanting
base. The particles are spherical and monodisperse. Their
physical properties are based on shelled comn, whose proper-
ties are summarized in Tab. 1. The number of particles cor
responding to the same bed height of 0.90 m as the exper-
ments is approximately 26,000. The particle-particle {riction
coefficients (both static and kinetic) and the Poisson’s ratio
of the particles are 0.30 and 0.25, respectively. The coeffi-
cient of restitution of the particles is taken to be 0.90. The
particle-wall friction coefficients (both static and kinetic) are
taken to be 0.30. The vessel walls and draft plates are treated
as stationary planar particles. The appropriate value of the
spring constant at 800 N/m in the contact force model was
determined in the same manner as Kawaguchi [8]. Air at
20°C and 1 atm is used as the fluid. As mentioned in section
3.1, the gas flow is calculated two-dimensionally. The grid
size for calculating the gas motion is dy x dz = 11 mm x

19 mm. Since the DEM technique makes use of the locally 4# ™

averaged properties of the fluid flow in a computationa
fluid celi, the size of the computational fluid cell must ngver
be smaller than lhe size of a single particle. In fact to

much smaller than the entire flow region.
In addition, we have carried out the caletEati

YL (0)
where Ar and k are the integration time step and spring con-
stant, respectively. The actual time step used is 0.0003 sec-
ond. To determine the minimum spouting velocity, the
superficial gas velocity is gradually reduced from a suffi-
ciently large value. The superficial gas velocity is defined as
the gas velocity over an empty cross section of the rectangu-
lar vessel. The calculation results will be verified against the
experimental results of Kudra [1] and Kalwar [2].

Generally, a parabolic deflector is installed at the top of
the 2DSB with draft plates in order to prevent the uninten-
tional entrainment of particles and to enhance solids circula-
tion by directing the particles from the spout back to the two
downcomers. Kalwar [2] reported that the deflector above
the draft plates is optimally installed centrally at a distance
equal to 30 % of the plate height. In the present simulation,
no deflector is installed because the medium-scale experi-
ment of Kudra {1] does not use one. Nevertheless, the possi-
ble effect of a deflector will be estimated and discussed.

4 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3.2 Boundary Cenditions for Fluid Motion

In DEM, the fluid motion based on locally averaged prop-
erties is calculated with the use of the finite-difference meth-
od and staggered grids. This requires that the size of the
computational fluid cell must never be smaller than the size
of a single particle. In fact, to obtain statistically meaningful
average values, the fluid cell should be large enough to con-
tain a small number of particles but much smaller than the
entire flow region. Fig, 2 shows the numerical grids for fluid
motion. The rectangular grids are employed in this calcula-
tion. The boundary conditionused in the present calcula-
tion are summarized as foll ws:
(A) The pasis 1n]ectc 1y

(forall i)

; (for all £}

¢} Stuce the ﬂmd flow is assumed to be inviscid, the walls
Qiticluding the draft plates are treated as slip walls.
Sidewalls

u,{0/)=0 (forj222)
1,(04) = 1,17} (forj=22)
Jmx=145
I
lh T
1)
1A
48 .
b 1,(1,j)
i1
i 4
i |
o O =1 wfij)
j p(i) ¢
i)
1
/|
I Hif 1
5
110 l]I
HE A

1 45
; ;

Figure 2 Numerical grids for fluid motion.
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u,(45/) =0
u(46) = uz(45y)
Slanted walls
w,(21 - i) =0
u,(21-j)=0
uy(24 + )} =0
u,(24 + jj} =0
Draft plates

u, (204} =0
1£,(21) = u(20,)
1, (25/y=0
uy(264) = u,(25)

4 Results and Discussion

4.1 Minimum Spouting Velocity (i,,;) and Pressure Drop

Fig. 3 shows the calculated pressure drop vs. the inlet gas
velocity. As shown in Fig. 2, the u,,, rcpresents a turning
point at which a slight reduction of the superficial gas veloci-
ty causes the spout to collapse and the pressure drop to sig-
nificantly increase. Fig, 4 shows some snapshots of the flow
patterns in the spouted bed with draft plates. In Fig. 4¢
spout begins to collapse at the superficial gas velocityy

Figure 4. Snapshots of the flow patterns in the spouted bed with
draft plates for different gas velecities. :
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s ud values may be ascribed: to the slight differences in
wessel geometry, In the simulation H, and W, are 95 and

{(b)u=1.86 m/s

(A u=1.25 m's
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.
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&
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“experiment. Based on an experimental value of 1.12 m/s and
Eq. (11), the predicted u,,,, under the same vessel geometry

{)u=1.78 nv/s

(d)n=1,62 m/s

(g) u=1.10 av's (h) u=0.90 m/s
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should be (1.12)(55/50)>%(95/100)*% (55/50)%%* = 1.18 mys,
which agrees very well with our simulation value of 1.25 m/s.

The correlation for the spouting pressure drop is as fol-
lows:

0.46 042 1% 0.11
R i P T

wabpb

(12)

As in the experiment of Kalwar [2), the pressure drop is
measured between a central height of 11 mm above the bot-
tom and the atmospheric pressure. The plotted pressure
drop is time-smoothed over 1.8 seconds because slug flow
causes the pressure to fluctuate strongly. Initially, the pres-
sure 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 and then it increases sig-
nificantly after passing the u,, point. The hysteresis loop in
the 2DSB occurs as shown in Fig. 3 because the flow resi

rather than a relatively dense packed bed. Howe(
teresis cannot be eliminated entirely due
irreversibility of the jet penetration phe
discrepancy between our calculated mirfn

sure drop and Kudra’s predic o’n ( '- "Ji kPa or
1.16:1) can be attributed to thefa efence in the pre-
dicted and experimental i, (1 7j§ 1 m.ls, or (1.25/
1.12)? =1.24:1). It is assumed h ‘%"that clpressurc drop is
proportional to the square of the %locnty/

4.2 Particle Motion in the Spout Region

In this section, the spatial distribu-
tion of the particle velocity is investi-
gated for each region: the spout and 1
the downcomer, To save computer
memory space, the particle velocities
are recorded every 0.03 seconds. The
particle velocities are time-smoothed
over a period of 1.8 seconds corre-
sponding to 60 snapshots. Fig. 5a)

e o
[2) o«

Particle velocity (m/s}
bad
Y

dimensionless distance (y/R,) is measured from the central
axis of the spout. The draft plates are located at R, = + 1.
The dimensionless particle size is (d,/R,) = 8/27.5 = 0.29,
and the dimensionless fluid cell size in the y-direction is (dy/
Ry} = 11/27.5 = 0.40. To reduce randomness, the particle ve-
locity shown in Fig. 5a) is obtained by averaging the veloci-
ties of the particles observed in a fluid cell. In the spout re-
gion, there are five fluid cells in the y-direction and their
centers are used as the locations to show the time-smoothed
particle velocity. The point y/R; = 0.8 is the calculation point
closest to the draft plate located at 1.0.

The particle vertical vel Ly in the spout decrcases
against the increased height beca‘"t)sc of slugging. The slugs
formed in the upper te cre. he flow resistance in
the spout. The part 'ﬁfgve i velocmes adjacent to the
draft plates are lgwék than th Sl average value and some
particles even fall

ig. 6 for various inlet superficial gas
‘that the height-averaged particle verti-

- gion at the minimum spouting velocity (i, =
k). The slugs gradually disappear when the superficial

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 [19], is consistent with reported experi-
mental resuits, Formation of slugs is observed in the progres-
sively incoherent spouting regime [20]. This regime occurs in
the spouted bed when choking of the spout is the mechanism
responsible for spout termination.

4.3 Particle Motion in the Downcomer Region

The profile of the particle vertical vetocity in the downco-
mer region is shown in Fig. 7 for various heights. Here,

Yold traction

shows the profile of the (ime- A

smoothed vertical velocity of the par-

ticles and Fig. 5b) shows the time- 0.2

smoothed void fraction at different ® 02 od
heights in the spout region when the

inlet superficial gas velocity is (a)
125 mfs (= um,). In this figure, z/Ry4
is the dimensionless height, The

6 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

06 ©O8 1 o}
Dimensionless distance {y / Ay )

06 i n P —

02 04 06 08 1
Dimensionless distance (y / Ry)

®)

Figure 5. The profiles of (a) the particle vertical velocity and (b) the void fraction a1 different heights in the
spout region when the inlet superficial gas velocity is 1.25 m/s (= u,,,).

hupdivww.cet-journal.de Chem. Eng. Technol 2004, 27, No. 9



C
E
Full Paper &T

Ui mvs
1.75

1,585
1.35
1.15
0.85
0.75
0,55
0.35
0.15

Partlgla velocity (m/s)

Vo S

0.05 - - —

— 5 .
0 02 0.4 06 08 1
Dimensionless distance {y/Ry)

Figure 6. Profile of height-averaged vertical velocity of particles over the
dimensionless height (z/R.) 14.164-25.218 in the spout for various superficial
gas velogitics.

downward particle velocities are plotted as positive values.
The draft plate is located at y/R,; = 1 and the wall, at y/R; =
9. As the height increases, the vertical particle velocities de-

erease in the vicinity of the draft plates whereas those near &
the vessel walls increase with the increasing height. Gener- &

ally, the particle vertical velocities near the walls are)%gcr
than those near the draft plates because the increased
tion between the particles and the slanting basegi

the slanting base. Fig. 8 shows
aged particle vertical velocity
{z/Rg) 14.164-25218 in the various inlet
superficial gas velocities. As expegted, tBe farticle velocities
increase with the increasing super: rar’éas velocity. At the
same height, the reauction in the particle downward velocity
near the walls and near the draft plates can be attributed to
the friction between the particles and the stationary walls
and draft plates.

efjsionless height

RE R 2 B

o
2

Downwesd particia velochty (m's)

0.04 - U mis
. —=—200
E 0.035 —b—1.88
2 003t ——1.62
]
-] —O—1.
3 0025 | 1.40
5 0.02
o
E .

0.015
g
z 0.01
=
g
& 0.005

0

Figure &, Profile of heigh

sionless height (2/R.) 1408
ficial gas velocities.

4.4 Flufd Motion in the Spout and Downcomer Regions

file of the height-averaged vertical fluid velocity

#1s 15.76 mvs. The interstitial fluid velocity must be high

T
tlwough to lift the particles in the spout. If the calculated in-
n " terstitial fluid velocity is greater than 15.76 mJ/s, the particles

will start to move upwards. In Fig. 9, the particles start to
move upward at the minimum superficial gas velocity w., =
1.25 m/s, which yields an interstitial velocity of 18.75 m/s al
the vessel bottom. Fig. 10 shows the height-averaged vertical
fluid velocity over the dimensionless heights (z/Ry) 14.164—
25.218 in the downcomer for various inlet superficial gas ve-
locities. The spatial distribution of the height-averaged verti-
cal fluid velocity is fairly uniform at zll superficial gas veloci-
ties. The fluid velocities in the downcomer region generally
decrease as the superficial gas velocity increases. This may
be ascribed to the fact that slugs occurring in the spout at
low superficial gas velocities cause the flow resistance in the

Oimensioniess disianca [y { Ry)

(a) 1.25 ov's

Chem. Eng. Technol 2004, 27, No. 9 hivpifwww.cel-journal.de

Dimensioniass dislance [ v/ Ry
(b} 2.00 m/s

¥igure 7. Panicle vertical velocity profile in the
downcomer for various dimensionless heights
al superlicial gas velocity (a) 125 mvs (4.} and
(b) 2.00 m/s (1.6 u,,,).
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Figure 9. Profile of the height-averaged interstitial vertical fluid velocity pro-
file over the dimensioaless height (z/R4) 14.164-25.218 in the spout region at
various superficial gas velocilies,
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T
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Figure 10. Profile of height-averaged verti tlocity over the dimen-
sionless helghts (z/R,) 14.164-25.218 in the downcomer for vasious inlet
superficial gas velocities.

spout region to increase. This in turn causes the gas flow into
the downcomer to relatively increase, compared to the case
of a higher superficial gas velocity. As shown in Fig. 10, the
vertical fluid velocities near the draft plates and the walls
are higher than elsewhere because the void fractions of the
fluid cells close to them are slightly higher than elsewhere
because of Lhe channeling effect.

4.5 Circulation Rate of the Particles

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 fol-
lows:

W, = A0, (1-¢) (13)

8 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhcim

where W, Ay v o, £ 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 in-
creasing gas flow rate. As reported by Law-Kwet-Cheong
[21], a plot between the square root of the gas velocity and
the particle circulation rate in Fig. 11 yields a straight line.

05 ¢

04

W, (kg/s)

u®s (mss)
-

al ial gas velocity (H, = 953 mm, H, = 15248 mm).

EFW Relation between the particle circulation rate and the square root
[

4.5.1 Effect of Separation Height (H_) on Particle Circulation
Rate

As mentioned above, Fig. 11 shows an essentially linear
relation between the particle circulation rate and the square
root of the superficial gas velocity for two different separa-
tion heights, 95 and 152 mm. When the separation height
increases from 95 mm to 152 mm, the normal distance in
Fig. 1 increases from 37.97 mm to 66.47 mm, thus resulting
in a larger number of particles entering the spout. The ob-
tained empirical correlation for the particle circulation rate
is as follows.

_ [0.3251u0° — 0.2652,

w Jor He =95 mm
s 0.1641u)* + 0.1111,

for He = 152 mm (14)

4.5.2 Effect of Coefficient of Friction on Particle Circulation
Rate

The caleulated particle circulation rate at 1.25 m/s (= u,,..)
as a function of the {riction coefficient is shown in Fig 12. As
expected, the particle circulation rate decreases as the fric-
tion coefficient increases. An apparent friction coefficient of
0.063 gives a circulation rate consistent with the experimen-
tal value of 0.39 kg/s reported by Kalwar [2). Fig. 12 reveals
that the friction coefficient has a significant effect on the

hupsiwww.cet-journal.de Chem. Eng. Technol. 2004, 27, No. 9
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Figure 12. Calculated particle circulation rate at 1.25 mv's (= u,,) as a function
of the friction coefficient.

particle circulation rate in the 2DSB with draft plates. The
oblained empirical equation for the circulation rate is as fol-
lows:

log(W,) = —3.245(x) — 0.1938 1s)

rate in the 2DSB with draft plates, which -ifiins
Kalwar [2].

e
4.6 Effect of Draft Plates on Llex%:% 1
M 1
ol
ged B4

When the draft plates are re the vessel, our
simulations show that spouting no longer occurs in the vessel
with an initial bed height of 0.9 m {26,000 particles). A bub-
bling bed instead occurs in the vessel as shown in Fig. 13.
Even as the gas velocity is further increased, the bubbiing
bed still remains The spouting does
not occur in the vessel because the
particle size is quite large. Malek and
Lu [22] found that the maximum
spoutable bed depth decreased as
the particle size increased. Fig. 14
shows the observed flow patterns of
the 2DSB at the bed height of 0.4 m
(10,000 particles). Spouting does oc-
cur at this reduced bed height when
the gas velocity is sufficiently high.
The minimum spouting velocity and
pressure drop are about 2.0 m/s and
1.75 kPa, respectively. As expected,
the minimum spouting velocily and
pressure drop of the 2DSB without

fay u=1.5 m/s

Chern. Eng. Technol 2004, 27, No. 9 htlp/iwww.cet-journal.de

{b)u=2.0 mvs
plates are higher than those with  Figure 14, Flow pattems of the 2DSB at the bed height of 0.4 m (10.000 particles).

£
Full Paper &T

{a) u=2.2 m/s {(c)u=2.7m/'s
Figure 13. Flow paltte] e bed height of 0.9 m (26,000 parti-
cles).

ms that the draft plates not only reduce
um spouting velocity and pressure drop but also
e spoutable bed height.

A

ffect of an Overhead Deflector in the 2DSB with Draft
ates

Generally, an overhead deflector is installed in the 2DSB
to prevent the unintentional entrainment of particles. On
the negative side, an incorrectly installed deflector can
induce breakage of particles. Kalwar [2] reported that the
deflector was optimally placed above the draft plates at a
distance equal to 30 % of the draft plate height (at 1,170 m).
In the present work, we also investigate what would happen
if an overhead deflector were centrally located above the
draft plates at a distance equal to 10 %, 20%, and 30 % of
the draft plate height. Fig. 15 shows the calculated kinetic
energy of the impacting particles time-smoothed over a peri-

(c)u=2.2 m/s (d) u=2.5m/s (e) u=2.7 m/s

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 9
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Figure 15. Calculated kinelic caergy of the impacting particles lime-smoothed
over a period of 4.5 seconds as a function of the location of the dellector (M)
and the superficial gas velocity.

od of 4.5 seconds as a function of the distance of the deflec-
tor and the superficial gas velocity. It is found that the ki-
netic energy upon impact decreases rapidly as the deflector
height increases The impacting kinetic energy at a superfi-

cial gas velocity of 1.62 m/s is highest because the slugs at ;

this particular superficial velocity’ move with the high

average velocity. Beyond 1.62 m/s, the frequency of the jugs

decreases and so does their average velocity as showrg
Fig. 3. Our simulation results reveal that the im

nctic energy at a distance equal to 30 % of theid:

the separation height increases, the particle circulation rate
also increases. However, the bed height does not signifi-
cantly affect the particle circulation rate at u,,. The instalia-
tion of the draft plates in the 2DSB not only reduces the
minimum spouting velocity and pressure drop but also in-
creases the maximum spoutable bed height. The impacting
kinetic energy of the particles on an overhead deflector
placed at a distance equal to 30 % of the draft plate height is
sufficiently low to prevent breakage.
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kinetic energy and average velocity of a_,_ jat col-  Symbols used
lide at the deflector are 2.13 - 10“}&1 Par i
ly. This is consistent with the findihg of K& Ay [m?] cross-sectional area of downcomer
fE%8 % d, [m] particle diameler
\ i g [mfs?) gravity
- al H, [m] bed height
5 Conclusions - Hy, [m] spout height
H., [m] entrance height or separation height

The aerodynamics of particles and fluid flow in the two-di- L,  [m] bed length
mensional spouted bed with draft plates has been investi- p [Pa] gas pressure
gated in detail with the aid of the DEM. The validity of the  Rq4 [m} distance from the spout central axis to
method has been confirmed with published experimental the draft ptate
data of Kudra (1] and Kalwar [2). Our results reveal that s [m]) slot width
some slug flow stil occurs in the spout at the mintmum  u [mss] gas velocity of the ith direction in the
spouting velocity. This is the reason why the time-smoothed coordinate
particle velocity decreases in the spout region as the height [m/s} superficial gas velocity at inlet gas
increases. The slugs gradually disappear when the gas veloci- M,  [m/s] minimum spouting velocity
ty is further increased, Vo frm/s] particle velocity above slanting base

In the downcomer region, the particle vertical velocities ¥y [m/s] average particle velocity
near the draft plates are found to decrease as the height V, [m] volume of a particle
increases, but the velocities near the walls increase with the W [m] vessel width
increasing height. The fuid velocities in the downcomer W; [m] spout width
decrease as the superficial gas velocity increases_while the W [m] width of gas inlet
particle circulation rate increases. As expected, the particle W, [kgfs) mass flow rate of particle
circulation rate decreases when the cocfficient of friction in- ¥ [m] distance from the central spout axis in
creases. The calculated particle circulation rate is in good y-direction
agreement with the experimental value of Kalwar [2]) when =z [m] distance from the bottom of the vessel
the friction coefficient is sufficiently small at 0.063. When in z-direction
10 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim hupifwww.cetjounalde  Chem Eng. Technol 2004, 27, No. 9



Greek letters

£ [-]

Pb [kg/m’]
Pe [kg/m’]
Pp [kg{m’]
¢ -]

@ 1

B -]
References

(1] T Kudra, A. S Mujumdar, G. & V. Raghavan, M. [ Kalwar, Drying92, 7

1992, 65, 83,

void fraction

bulk density, p = pof1-€)
gas density

particle density
sphericity

slant angle

friction coefficient

[2) M.I Kalwar, PAD. Thesis, McGill University 1991,180.
(3] L M. Passos, in Advances in Drying (Bds: L. M. Passos, A. S
Mujumdar, G. S. V. Raghavan), Hemisphere Publishing Corp., New

York 1987, 359, 397.

[4]
[5)

{¢}
4]
(8l
9

[0
(11]
(12}
{13)
{14]

{1s]
[18]
{17)
{8]
119]

[20]
(211

2

Chem. Eng. Technol 2004, 27, No. 9 bupsfwww.ctl-jounal. de

C
K
Fult Paper &T

A, S Mujumdar, Drying'84, Hemisphere, New York 1984, 15, 157,

R. I Rhodes, X. 8. Wang, M. Nguyen, P. Stewart, K. Lilfman, Ckem.
Eng. Sci. 2001, 56.

Y. Tsuji, T. Tanaka, T. Ishida, Powder Technol 1992, 71.

Y. Tsuji, T. Kawaguchi, T. Tanaka, Powder Technol 1993, 77.

T. Kawaguchi, T. Tanaka, Y. Tsuji, Powder Technol. 1998, 96.

T. Kawaguchi, M. Sakamoto, T. Tanaka, Y. Tsuji, Powder Technol. 2000,
IR,

Y. Kaneko, T. Shicjima, M. Horio, Chem. Eng. Sci 1999, 54.

K. Kawagi, K. Takano, M. Horio, Powder Technol 2000, 113.

D. Rong, M. Horlo, In. J. Multiphase Flow 2001, 27.

K. Kuwagi, M. Horio, Cheme. Eng. Sci. 2002, 57.

M. A. Van Nierep, G. Glover, A. L. Hinde, M. H. Moys, fnc 1. Min.
Process. 2001, 61,

S. Ergun, Chern. Eng. Prog. 1952, 48(2).

C Y. Wen, Y. H. Yu, Chem. Engiillrog. Symp. 1966, 62.

P. A. Cundall, ©. D. L. Strack, Gédfiehnique 1979, 29(1).

wAcademic Press, Inc., London

1974, 304. :
G. Volpicelll, G. R oc Eindhoven Fluidization
1967, 123.

g. Sci. 1987, 42.

. Lu, Can. J. Chem Eng. 1964, 42.

© 2004 WILEY-VYCH Verlag GmbH & Co. KGaA, Weinheim 11



160 V. Boonamauayvitaya et al. / Separation and Purification Technology 42 (2005) 159164

tion rate of activated carbon fibers for formaldehyde from
196.5 to 723.6 ml/g.

The adsorbent most widely used for removal of odorif-
erous substances 15 activated carbon. Generally, the starting
materials for the production of activated carbons are those
with high carbon but low inorganic contents, e.g. wood,
lignite, peat and coal [4]. Nowadays, the attention is focused
on the use of carbonaceous agricultural solid wastes due to
their low cost [5]. In fact, a large number of these wastes,
such as oil-palm stone [5], coconut shell [6], sugarcane
bagasse [7], oil-palm shell [8], and peanut hulls [9} have
been successfully converted into activated carbons by a
physical activation process in laboratory tests. According
to our knowledge, the research on producing the activated
carbon from coffee residue has not been done. Coffee
residue from coffee production process is an agricultural
solid waste. Normally, coffee residue is disposed by landfill
or bumout methods. In this work, the activated carbons
from coffee residues were prepared by several activating
conditions. We investigate the characterization of activated
carbons including the capacity of formaldehyde adsorption.

2. Materials and methods
2.1 Materials

Coffee restdues were kindly provided by Nestle Products
(Thailand), Inc. Zinc chloride of purity 95% was obtained
from UNILAB for chemical activation. Nitrogen and carbon
dioxide gases were industrial grade from Thai Industrial Gas.
Formaldehyde solution (38.0% w/w) was purchased from
UNIVAR. The commercial activated carbon (CH-11000) used
to compare the formaldehyde adsorption capacity with coffee
activated carbons was purchased from Carbokam Company
{Thailand). The original material of CH-11000 is coconut
shell and hard wood. The specific surface area and iodine
number are 1050 m?/g and 1000, respectively. The particle
size is under 325 mesh.

2.2. Activation conditions

Six types of activated carbons were prepared with differ-
ent conditions as follows. Coffee restdues were washed with
water and dried at 110 °C for 24 h. The dried coffee residues
were divided into two portions. One portion was added with
ZnCl; in form of powder and some of water in ratio of ZnCly
to coffee residue 3:1. The mixture was dehydrated in an oven
at 110°C for 12 h. The other portion of coffee residues was
left intact. Both portions of (40 g) coffee residues were treated
with three procedures: (i) pyrolysis in a stainless steel tube
held in a horizontal tube furnace (CARBOLITE) under ni-
trogen flow; (ii) pyrolysis under nitrogen flow followed with
activation by carbon dioxide and (iii) pyrolysis under nitro-
gen flow followed with activation with steam. Heating rate of
pyrolysis was 10 °C/min and the activation temperature was

kept constant at 600 °C for 4 h for all conditions. Then, the
coffee activated carbons were cooled to room temperature.
The ZnCl;-impregnated activated carbons were washed with
deionized water, 0.1 M HCI and hot deionized water sequen-
tially to remove the residual zinc and chloride. Finally, the
coffee activated carbons were dried in air at 110°C for 12 h.

2.3. Physical characterization

Specific surface area and pore volume of the samples were
determined by the nitrogen adsorption—desorption isotherms
measured by Gas Sorption Analyzer (Quantachrome Corp.,
NOVA-1200}. Prior to each measurement, carbon samples
were outgassed at 300 °C under nitrogen flow for 12h. The
nitrogen adsorption—desorption data were recorded at liquid
nitrogen temperature {77 K). The specific surface areas were
calculated using BET equation [10]. In addition, the {-plot
method was applied to calculate the micropore volume and
mesopore surface area [10]. The total pore volumes were es-
timated to be the liquid volume of adsorbate (N3) at a relative
pressure of 0.98. All surface areas were calculated from the
nitrogen adsorption isotherms by assuming the projected area
of a nitrogen molecule to be 0.162 nm? [10].

2.4. Chemical characterization

The Fourter transform infrared spectroscopy (FTIR) is
used to qualitatively identify the chemical functionality of
activated carbons prepared from coffee residues. To obtain
the observable adsorption spectra, the activated carbon was
ground to the average diameter ca. 0.5 wm. The transmission
spectra of the samples were recorded using the KBr pallet
containing 0.1% of carbon. The pallets 12.7 mm in diatneter
and ca. 1 mm thick were prepared in a manual hydraulic press
at 10 tonnes and dried overnight at 100 °C before the spec-
tra were recorded. The spectra were measured from 4000 to
400 cm~! and recorded on a BIO-RAD, FTS 175 spectrom-
efer,

2.5. Thermogravimetric analysis (TGA)

Thermogravimetric experiments were carried out by a
thermogravimetric analyzer (SHIMADZU, TGA-50) in or-
der to determine the pyrolysis behaviour of coffee residue and
ZnCly-impregnated coffee residue. Three samples: coffes
residue, ZnCly and ZnClz-impregnated coffee residue were
subjected to measure in the temperature range of 30-800°C
at heating rate 10 °C/min under flowing of nitrogen gas flow
and held at 800 °C for 10 min.

2.6. Proximate analysis

The proximate analysis was conducted according to
ASTM D 3172-3175 standards [11] and the results were ex-
pressed in terms of moisture, volatile matter, ash and fixed
carbon contents. One gram of sample was loaded in a crucible
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Fig. I. The experimental apparatus for adsorption of formaldehyde.

with cover and heated from room temperature to 110°Cin an
ovenuntil complete dehydration was accomplished. Then, the
sample was decomposed in tube furnace at 950°C for 6 min
to determine the quantity of volatile matters. The covered cru-
cible was removed from the tube furnace and cooled to room
temperature in a desiccator. To determine the ash content,
approximately 1 g of sample was placed in covered crucible
and heated with the flame for 10 min followed with heating
in the muffle fumace from room temperature to 750 °C for
3 h. Then, the crucible was placed in a desiccator and al-
lowed 1o cool at room temperature. The fixed carbon content
was obtained by subtcacting motsture, volatile matter and ash
content from 100%.

2.7. Adsorption of formaldehyde vapor

The derived activated carbons and CH-11000 were used
to adsorb formaldehyde vapor in the experimental apparatus
depicted in Fig. 1. This consists of three main parts: (i) vapor-
izer for the generation of formaldehyde vapor; (ii) adsorption
column for sample loading with a stainless mesh basket hung
from a digital balance (Sartorius, CP2248) and (ii1) a digital
balance connected with computer for data acquisition.

The formaldehyde vapor was generated by flowing nitro-
gen gas at the flow rate 115 ml/min through the formalde-
hyde solution to the adsorption column. The concentrations
of formaldehyde solution used in the experiment were 10, 20,
30 and 38% {w/w) which generated the formaldehyde vapor
at the concentration 13767, 30431, 50899 and 74216 ppm, re-
spectively. The average weight of sample loaded in the basket
was around 0. g. The column temperature was maintained at
30°C throughout the experiment, Weight change of the sam-
ple due to the adsorption was recorded on the computer. The
experiment was carried out unti! adsorption reached equilib-
rium.

3. Results and discussion

3.1, Nitrogen isotherm, specific surface area and pore
volume

Table 1 lists the sample identification and production yield
of each activated carbon. For example, sample prepared with
ZnCl; under nitrogen flow is named CZn—N,. Fig. 2 shows
the Ny adsorption—desorption isotherms of six types of cof-
fee activated carbon and commercial activated carbon, CH-
11000. The amount of Nz adsorbed was plotted against the
relative pressure, £/Pg of Ny where P is vapor pressure and Py
is saturated vapor pressure. We found that the N7 isotherms
of CZn~N;—CO;,CZn—N;, CNy—ST, CZn—N3—ST and CNy
exhibited type IV isotherms according to IUPAC classifica-
tion [12] with a hysteresis loop which associated with phys-
ical adsorption of gases by mesoporous solids. The lower
branch of isotherm (solid line) represents measurements ob-
tained by progressive adsorption of nitrogen gas on the ad-
sorbent and the upper branch (dotted line) by progressive
desorption [13]. Meanwhile, the isotherm of CN;—CO; ex-
hibited type I isotherms, which describe physical adsorption
of gases by non-porous solids. Lastly, the N, isotherms of
the commercial activated carbon (CH-I1000) exhibited type
I isotherms, which are typical of microporous solids. The
micropore filling occurs significantly at relatively low partial

Table 1

Sampie identification for activation conditions 2nd production yield
Sample ZnCly Pyrolysis €Oy Steam Yield
identification impregnation  in N activation activation (%)
TNy No Yes No No 22.20
CN—CO; No Yes Yes No 21.67
CN;—ST No Yes No Yes 13.33
CZn—N;z Yes Yes No No 4433
CZn—N2—C0O7 Yes Yes Yes No 32.60
CZn—N,—8T  Yes Yes No Yes 80.30
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Fig. 2. Nitrogen adsorption-desorption isotherms of wsted activated carbons.

pressures <0.1 P/Pg, the adsorption process being completed
at 0.5 PIPg [12].

Total surface area, mesopore surface area, total pore vol-
ume and micropore volume are tabulated in Table 2. 1t is no-
ticed that the specific surface areas and pore volumes of car-
bons activated by ZnCly were higher than that of none ZnCly.
ZnCly is a dehydrating agent which may alter the pyrolysis
behavior of carbonaceous materials. After mixing with car-
bon materials, ZnCly can be tntercalated in the carbon matrix.
Upon pyrolysis, a severe interaction between zinc compounds

and the carbon atoms occurred. Hence, atomic layers of car-
bon may be widened and pores were formed in the carbon
matrix. During pyrolysis, ZnClz caused hydrogen and oxy-
gen atoms to be removed from the source materials as water
rather than as hydrocarbons or as oxygenated organic com-
pounds [14]. Therefore, more pores were created. The sam-
ple activated by ZnCls and carbon dioxide (CZn—N2—CO3)
yielded the highest specific surface areas and pore volumes.
This may be atiributed to an amount of ZnCl; released from
carbon due to the presence of carbon dioxide, so pores were

Table 2

Specific surface ares, pore volume and average diameter of tested activated carbons

Sample identification ¥1 (coin) Fim (coig) 31 (i) Sme (m?1g) D(A)

CN; 0.018 £ 0.003 0.000 4: 0.002 1641 14 £2 47.01 +0.05
CN;—CO; 0.015 £ 0.005 0.000 + 0.004 == | e B 54.26 = 0.03
CN;—S8T 0.362 £ 0.002 0.170 4 0.003 469 + 14 136 +i2 30.88 + 0.02
CZn—N; 0.454 - 0,003 0.09¢ + 0.002 470 £ 12 254 + 15 38.66 + 0.03
CZn—N,—COy 1.010 £ 0.003 0.084 £ 0.003 914 £ 21 629 £ 24 44.24 £ 002
CZn—N;—ST 0.275 £ 0.004 0.073 £ 0.003 30525 139 3 21 36.02 0.04
CH-11000 0.488 + 0.002 0.367 + 0.002 790 4 ¢ 87 £ 13 24.70 + 0.03

V1, total volume; Vi, micropore volume: St, total surface ares; S, mesepore surfice area; £), average diameter.
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Fig. 3. Pore size distributions of tested activated carbons.

opened during activation with carbon dioxide. Thus, the car-
bon on the pore-wall was exposed in carbon dioxide and ox-
idized by carbon dioxide, resulting in an enlargement of the
pores [14]. The physicochemical activation used ZnCly and
steam (CZn—N;—ST) did not produce the high-surface area
activated carbon as same as that of ZnCl; and CQO;. Steam
may cause ZnCly melt into liquid and cannot be intercalated
in the carbon matrix. Consequently, ZnCl, could not react
effectively 1o enlarge pore size.

The adsorption of N3 on CN; and CN;—CO; was much
lower (around 20-100 times) than those of the others because
of low specific surface areas and pore volumes as appeared in
Table 2. This may be ascribed to CN; possessed only the rudi-
mentary pores produced during pyrolysis in Ny. It was not ac-
tivated by any activating agent. In the case of CNy—CO», the
activation process occurred at low temperature (600 °C) so
that high-surface area or pore volume could not be expected.
Normally, the physical activation should be conducted in the
temperature range of 800-1000°C [14].

3.2. Pore size distribution

Pore size distoibutions of the coffee activated carbons and
CH-11000 are shown in Fig. 3. The peaks of the pore volume
for each sample occur at 2.9nm for CNy and CN;—COs,
3.5nm for CN2—ST, 3.7nm for CZn—N> and CZn—IN>—ST,
8.0nm for CZn—No—CQ; and 2.2 nm for CH-11000. This pro-
vided the evidence that the derived activated carbons yielded
a great deal of large pores, indicating these activated car-
bons are mesoporous materials. The pore diameter of the
sample CZn~N;—CO3 is the largest. The pore size distri-
butions of all the samples except CZn—N> are narrow and
smaller than 10 nm. Narrow pore size distribution should be
very advantageous for some applications, such as separation
{141

3.3. Thermogravimetric analysis (TGA) and proximate
analysis

Fig. 4 shows the weight loss (TG) and derivative thermo-
gravity (dTG) curves of three samples: coffee residue, ZnCly
and ZnCl-impregnated coffee residue at ratio of ZnCly to
coffee residue 3:1 by weight in N3 atmosphere and at a
10°C/min heating rate. Fig. 4a shows the thermal decom-
position behavior of coffee residue: the first range from 50
to 257 °C presents a little weight loss due to the moisture re-
lease, the next range from 257 to 470 °C presents a significant
weight loss due to the volatiles release and we can observe
that there are two peaks of dTG curve in this range, the last
range from 470 to 800°C.

Fig. 4b shows TG and dTG curves of pure ZnCls. A plateau
at temperature below 400 °C is the weight loss due fo release
of moisture. In the temperature range of 400-590 °C, weight
loss of ZnCl; is significant, particularly at temperature around
570 °C as shown by a sharp dTG peak.

Fig. 4c shows TG and dTG results of coffee residue im-
pregnated with ZnCl,. The weight loss from initial up to
400 °C was gradual and different from that in Fig. 4a. Since
ZnCl; undergoes little weight loss at these temperatures, the
observed weight loss was only for coffee residue weight. This
loss of weight is lower than that obtained by untreated coffee
tesidue. Thus, the presence of ZnCl; has a significant effect
on the pyrolysis behavior of coffee residue. The weight loss
from 400 to 590 °C should be due to the release of ZnCl; in-
cluding a few volatiles. The sample with ZnCl; impregnation
yielded 40% of residue, which was higher than that (ca. 15%)
obtained for the raw coffee residue (It has to be recognized
that ZnCly constituted 75% of total weight of this sample.
Then, the yield should be calculated on the basis of 25% cof-
fee residue in the sample.). The significant effect of ZnCl;
suggested that the consequential decrease in the evolution of
volatiles would increase the yield. As seen in Table 1 that per-
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Table 3
Proximate analysis of coffee residue and selected activated carbons
Sample Muoisture (wl.%) VM (w1.%) Ash (w1.%) FC (wt.%)
Coffee residue 4.29 £+ 0.04 82.81 & 0.02 3.92 £ Q.02 13.27+0.02
CZn—Ny 12.64 4 0.02 3738 £ 0.03 11.49 + 0.02 38.49 4 0.02
CZa—N;—CO; 536 £ 003 26.04 £ 0.03 10.46 + 0.04 58.i4 +0.03
CZn—N;—8T 7.70 +£0.02 26.87 £ 0.02 5.15+ 003 60.28 £ 0.02
VM, volutile matter; FC. fixed carbon. -
cent yield of the sample prepared with ZnCl; impregnation is Table 4
higher than that of the sample without ZnCl; impregnation. FTIR specirum band assignments [15] B
In addition, the results of proximate analysis of coffee Band number (cm™') Assignment
residue and coffee acrivat-ed carbons are sho‘wn inTable3. The 3594 O—H stretching vibration in free O—H
raw coffee residue consisted high in volatile matter content 3333, 3320 O—H stretching vibration in hydropen bonds
and low in fixed carbon and ash content. Afler activation, the 3212 O—H stretching vibration in phenol
percent fixed carbon of coffee activated carbon increased and 281;»8?882' 2884, 2974, C—H swetching vibration in methy] group
percent volatile matter decreased. 2823, 2886, 2889 C—H siretching vibration in methylene group
2756 C—H siretching vibration in aromatic
3.4. Chemical characterization 2699 C—H stretching vibration in aldehyde
2132,2174 C=C stretching vibration in alkyne
FTIR spectra of twe groups with and without ZnCly- I6:2.9;6i5;521656, 1657, C=0 stretching vibration in ketone
1mpregnatcd coffes gctwgted carbons mc.ludmg the commer- 1559, 1570, 1585 A a—
cial one are shown in Fig. 5. Band assighments for Fig. 5 1467 C—H deformation vibration in methylene group
are summarized in Table 4. In Fig. 5a, a strong and broad 1439 C—H deformation vibration in —C(CHi)
O—H peak, hydrophilic group, is displayed on the spectrum 1418 C—H deformation vibration in alkane
of CZn—N3 at 3333 cm~! and the weaker one is observed 1161, 1206, 1218 €O suetching vibration in 2lcohol
on the CZn—N,—ST spectrum at 3212cm™" while it is not
observed on CZn—N;—CO;. On the contrary, the spectrum
CZn-N2-ST

o0
~

wy
g
"

. a1y 1o P — | I L 1 1 PR S n A i —_

CZn-N2-CO2
(5]
5]
=
S
g
wy
=
£
=

2
" P T PR TP PR S | R T
4000 3500 3000 2500 2000 1500 1000
(@) Wavenumber (cm'’ I)

Fig. 5. FTIR spectra of coffee activated carbon with (a) and without (b} ZnClz-impregnated treatment and (c) CH-11000.
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Table §
Activated carbon listed in the order of formatdehyde adsorption capacity

Order Sample Functional groups Pore texture characteristics
Hydrophilic Hydrophobie Total surface area (mn’/g) Toral pore volume (ccfy)

i. CZn—N; O—H (strang), C=0, C—0 C—H {weak) 470+ 12 0.454 + 0.003
2. CH-11000 O—H, (=0 C—H 700 £ 11 0.488 + 0.002
3. CZn—N;—S8T O—H (weak), C=0.C—C C~H 305 £ 25 0.275 £0.004
4. CZr—N;—CO; C=0,C-0 C—H (strong), C=C 914 + 21 1.0t0 £ 0.003
5. CN,—ST C=0,C—0 C—H, C=C 469 £ 14 0.362 + 0.002
6. CNy—CO, C=0 C—H, C=C 11+2 0.015 £ 0.005
7. CN2 - Cc=C 16+ 1 0.018 + (.003
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Fig. 6. The equilibrium amount adsorbed by tested activated carbons at various concentrations and temperature of 30°C,

of CZn—N;—CO; shows the strongest peak of hydrophobic
group, C—H, at 2981, 2889 and 1467 cm™!. In addition, an-
other hydrophobic group, C=C, is also located on the spec-
trurn of CZn—N3—CQO3.

Fig. 5b shows the spectra of coffee activated carbon with-
out ZnCly impregnation. There are two hydrophilic groups,
C=0 and C—0, which display at band 1656 and 1161 cm™!,
respectively, on the spectrum of CN;—ST while only one hy-
drophitic group, C=0, at 1612 cm™! on CN,—CO> spectrum.
There is no hydrophilic group on the spectrum of CN».

The FTIR spectirum of CH-11000, commercial activated
carbon, is shown in Fig. 5¢. The main hydrophilic groups
detected on the spectrum are O—H at 3594 and 3320cm™!
and C=0 at 1657 em™".

3.5. Adsorption of formaldehyde vapor

Fig. 6 shows the equilibrium amount of formaldehyde and
water vapor adsorbed onto each type of coffee activated car-
bons and one commercial activated carbon CH-I1000 at var-
ious formaldehyde concentrations. In the experiments where
the concentration of formaldehyde is zero, the amount ad-
sorbed by CZn—Nj is highest among all around 245 mg/g-
carbon. This implies that CZn—IN; can adsorb water supe-
rior to the others. This may be ascribed to ZnO contained

in CZn—Njy since the ash content of CZn—N; as shown in
Table 3 is 11.49 4 0.02 wt.%, the highest among all.

Though we cannot quantitatively evaluate the amount of
formaldehyde adsorbed on each activated carbon, the slope
of graphs in Fig. 6 demonstrates the adsorption capacity of
each adsorbent. The order of formaldehyde adsorption ca-
pacity is in the following order: CZn—N; > CH-11000 >
CZn—N;—S8T > CZn—N;—C0O; > CN»—ST > CN;—CO; >
CN;. The adsorption capacity can be affected by both of
pore texture characteristics and surface chemistry of acti-
vated carbon. The order of the activated carbon with func-
tional groups and pore texture characteristics is sumrnarized
in Table 5. It should be noticed that the order of adsorption
capacity is significantly influenced by the functional groups
of O—H, C=0 and C—O contained in CZn—N;, CH-11000 and
CZn—Ny~S8T. In particular, CZn—N3, which has the strongest
peak of O—H group, demonstrates the highest adsorption
capacity.

The influence of surface chemistry on adsorption capacity
is clearly observed in case of CZn—N>—CQ;. The formalde-
hyde adsorption should be high since CZn—N;—CQO; has
the highest surface area (914 2 2t mzlg) and pore volume
(1.010 % 0.003cc/g). However, the adsorption is just
about 130 mg/g-carbon (at formaldehyde concentration of
74216 ppm). We considered that hydrophobic groups of
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C—H and C=C on the surface of CZn—N2—CO; affected the
adsorption.

In the case of CN»—S8T, its total surface area is very
closed to CZn—N> but the surface of CZn—N; is more hy-
drophilic than that of CN3;—8T. Thus, the adsorption capacity
of CN,—ST is inferior to CZn—N;. The last two activated car-
bons CN,—CO3 and CN3 in Table 5 contain less hydrophilic
groups and yield low fotal surface area and pore voelume so
their adsorption capacities are low.

The commercial activated carbon, CH-11000 shows good
capacity in formaldehyde adsorption owing to its hydrophilic
groups and quite large surface.

4, Conclusions

The coffee activated carbons were derived by the varia-
tion of activation conditions. These activated carbons were
characterized by nitrogen adsorption—desorption isotherm,
TGA, FTIR and used to adsorb formaldehyde vapor. The
activated carbon prepared by ZnCly and nitrogen activation,
CZn—N,, exhibited the highest adsorption capacity owing to
the hydrophilic functional groups of O—H, C=0, C-0 de-
tected on the surface. The coffee activated carbon prepared
with ZnCly impregnation coupled with carbon dioxide acti-
vation (CZn—N;—CO») yields the highest total surface area
(914 £ 21 m?/g) and total pore volume (1.010 + 0.003 cc/g)
but adsorbs formaldehyde less than CZn—N;. We found that
CZn—N;—C0O; confains hydrophobic groups of C—H, C=C
from FTIR results. Therefore the surface chemistry of ac-
tivated carbon affects the adsorption capacity significantly
while the texture characteristics of surface area and pore vol-
ume play a minor role in formaldehyde adsorption.
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Abstract

Liquid-phase adsorption—desorption characteristics and ethanol regencration efficiency of an activated carbon
prepared from waste tires and a commercial activated carbon were investigated. Water vapor adsorption experiments
reveil that both activated carbons showed hydrophobic surface characteristics. Adsorption experiments reveal that the
prepured activated carbeon possessed comparable phenel adserption capacity as the commercial one but clearly larger
adsorption capacity of two reactive dyes, Black 5 and Red 31. It was ascertained that the prepared activated carbon
exhibited less irreversible adsorption of phenol and the two dyes than its commercial counterpart. Moreover, ethanol
regeneration efficiency of the prepared AC saturated with either dye was higher than that of the commercial AC.
Because of its superior liquid-phase adsorption—desorption characteristics as well as higher ethunol regencration
efficiency. the prepared activated carbon is more suitable for wastewater treatment, especially for adsorbing similarly
bulky adsorbates.

102005 Elsevier Ltd. All rights reserved.

Keywords: Activated carbon, Waste tires; Adsorption; Desorption: Ethanol regeneration; Forosity

I. Introduction

Activated carbons are widely used as adsorbents in
both gas-phase and liquid-phase separation processes
and are produced from various carbonaccous materials,
for instance, coal, coconut shell, wood. and polymer
scrap {Jankowska et al,, 1991). Activated carbons were
also prepared {rom municipal and industrial wastes such

*Corresponding author. Tel ffux: = 662218 6894,

E-mail address; wiwutfi nanotec.or.th
(W. Tanthapanichakoon).

as PET waste (Tamon el al,, 1999) and refuse derived
fuel (RDF) {Nagano et al., 2000, Nakagawa el al,
2002). Waste tires represent another interesting source
of raw material because highly mesoporous activated
carbons can be prepared from waste ures rubber
(Ariyadejwanich et al., 2003). Since the production of
activated carbon from waste tires transforms hard-to-
dispose waste to pollution-cleaning adserbent, it is
considered a doubly effective solution for envirenmental
pollution.

Generally, activated carbon is used for the tertiary
treatment of wastewater in many industries, for exam-

0042-1354/5 - see front matter © 2005 Eisevier Lid. All rights reserved.
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Nomenclature
PiP relative pressure (dimensionless)
gn the amount of N, udsorbed (em?® (STP)/g)
P the amount of water vapor adsorbed (cm”
(STPYa)
R, pore radius {nm}

ple, food, textile, chemical and pharmaceutical (Smisek
and Cerny, 1970). In some applications, especially those
involving large molecules or macromolecules which
cannot casily penetrate into the micropores (<2unm
diameter) and adsorb onto them, the activated carbons
should possess not only micropores but also intercon-
necting mesopores (Hsieh und Teng, 2000; Tamui et al.,
1999). In particular, it was shown that, among scveral
solid wastes, activated carbons prepared from PET and
waste tires are highly mesoporous und have remarkably
high adsorption capacity for large molecutes {Nakagawn
et al., 2004).

In practice, the feasibility of the carhon adsorption
process depends on many factors including the costs of
regeneration and disposal of spent activated carbon.
Thermal regeneration is the most commeon regeneration
method, but 5-10% of the carbon is typically lost by
attrition and burnoff during each cycle, and the cost of
the required fuel is not negligible. Thercfore, solvem
regeneration in which negligible carbon loss by attrition
occurs is an atiractive alternative (Tamon et al., 1990). Tt
should be noted that, in practice, regeneration of spent
carbons 18 limited to granular carbons.

The purpose of the present study is to investigate the
polential application of the mesoporeus activated
carbon obtained from waste tires to liquid-phase
adsorption—desorption as well as the selvent regenecra-
tion of the spent activated carbons by ethanol,

2. Experimental
2.1, Activated carbon

Highly mesoporous activated carbon was prepared
from waste tires via carbonization, HC treatment, and
stcam activation. In the carbonization step, waste lire
rubber wus put in a guartz tube reactor and electrically
heated in Ny atmosphere from room lemperature 10
500°C at a constant heating rate of 3°C{min. The
prepared char was immersed in 1M HCI at room
temperature for 1 day, and then the acid-treated char
was thoroughly rinsed with distilled water and dried in
an oven. In the activation step, the obtained char was
steam-activated in a quartz tube reactor which was
heated to 850°C at a rate of 20 °C/min. The stcam used
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v, pore volume (cm?/g)

Vieso  Mesopore volume (cm’/g)

Viwers  micropore volume (¢m Yig)

Suel BET surface area (mz;‘g}

b= maximum wavelength (nm) |
0 the amount of adsorbate adsorbed (gig AC)
- cquilibrium coneentration (mgl)

[or activation was generated from a heated pol at a
constant rate of 0.5 g/min, and was introduced to the
reactor with a 200em’/min flow of N,. Accordingly, the
partial pressure of the witer vapor in the N; stream was
around 46 kPa and the achieved average % burn-off was
around 65%. For comparison, a commercial activaled
carbon, CAL (Calgon Co. Lid., USA), was used. The
particle sizes of the prepared activated carbon and the
commercia! one are 600 pum and 425 D= 1700 L pm,
respectively.

2.2, Characterization of activated carbons

The pore size distribution, BET surface area Sugr.
mesopore volume ¥ .q,, and micropore volume V0.
of the AC samples were determined from N, adsorption
and desorption isotherms measured av 77K using an
adsorption apparatus (AUTOSORB-[-C, Quanta-
chrome, USA). The pore size distributions and the
Ve values were evaluated by applying the Dollimor-
¢ Heal method (Dollimore and EHeal, 1964) to the
desorption 1setherm, whercas the ¢-plot method (Lip-
pens and de Boer, 1965) was used to estimate the Va,ero
vilues. Furthermore, the adsorption isotherms of water
vapar on the activaled ciarhons were measured using
another adsorption apparatus (BELSORP 18, BEL
Japan Inc., Japan).

2.3, Buatch adsarption-desorption experiments

Phenol {Fisher Scientific UK Limited. UK) and (wo
reactive dyes, Black 5 and Red 31 (Asia Dyestuft
Industrics, Thailand), were selected as adsorbates. Their
maolecutar sizes and structures, which were estimated
using the WINMOPAC program, are shown in Fig. 1.
Several solutions of various initial concentrations were
preparcd by diluting the adsorbates with distilled water
and the AC powder was left1n contact with the prepared
solutions for sufficiently long times (o reach equilibrivm
which ar¢ normally 10, 14, and 15 days for phenol,
Black 35, and Red 31, respectively. To maintain their
well-mixed condition, these mixtures were put in a
shaking water bath which was kept at 30°C. The
amount adsorbed was determined from the difference
in the initial and residual concentrations of the
adsorbates (n the liquid phase. After the adsorption
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(h) 3.15nm

qﬁ 1.28 nm
2
2.67 om 0.78 nm

Fig. I. Molecular sizes and structures of adsorbates: () Phenol
(CeHsOH); (b) Black 5 (CagHaNsOrNasSe); (c) Red 31
(C3oH sN7O sNasCh).

step, the activated carbons were filtered and then left in
contact with distilled water for the same time duration
as the previous adsorption. The ultimate concentration
of the adsorbate in the liquid phase was measured and
the amount desorbed was determined. The concentra-
tions of the adsorbates were determined using a
UV-visible spectrophotometer (UV-6405, Jenway, Fng-
land) at the calibrated maximum wavelengths (2n.) of
270, 593, and 540nm for phenol, Black 5, and Red 31
solutions, respectively,

Generally, adsorption characteristics on activated
carbons in liquid phase depend on pH because the
surface charge changes with pH. The surface functional
groups contribute to the surface charge. We can get
information on the pH dependence from the following
review paper (Moreno-Castilla, 2004) and bock (Rado-
vic et al., 2000). Though we did not do experiments with
varied pH, the change in the surface charge with pH on
the carbons prepared from waste tires is not different
from the typical commercial activated carbon because
the hydrophobicity of the carbon prepared is almost the
same as the commercial carbon and the surface
functional groups are also the same (Nakagawa et al,,
2004). Hence, we consider that the present resulls can
generally be applied by taking into account the previous
works {(Moreno-Castilla, 2004; Radovic et al., 2000}
even though the influence of pH on the adsorption
characteristics on the carbon prepared is not experimen-
tally clarified.

2.4 Ethanol regeneration of spent activated carbons

We sclect ethanol as a regenerant because we have
published the following papers on solvent regeneration
of spent activated carbons {Tamon et al., 1990; Tamon
and Okazaki, 1993, 1996, 1997). Ethanol regeneration
was applied to activated carbons which adsorbed 40
kinds of adsorbates (Tamon et al, 1990). In all nine
soivents were used in the solvent regeneration of the
spent activated carbons {Tamon et al., 1990). For the
regeneration of activated carbons which adsorbed
phenol, ethano!l is found to be a better solvent than
2,4-dioxane; acetone, N,N-dimethyl{ormamide, metha-
nol, benzene, tetrahydrofuran and triethylamine.

To investigate the efficacy of ethanol regeneration, the
spent activated carbons saturated with the adsorbates
were filtered and dried in a N, stream at 110°C. The
adsorbales were next desorbed by ethanol at 30°C for
the same time duration as the previous adsorption. The
regenerated AC powder was filtered and the residual
ethanol was removed with nitrogen at 110°C. The
regencrated activated carbon was again used [or
adsorption of the same adsorbate.

Though elucidation of the mechanism of solvent
regeneration is beyond the scope of the present paper,
we may consider the following mechanism (Tamon et
al, 1990; Tamon and Okazaki. 1993, 1996, 1997).
Because the solubility of the adsorbate in the solvent
in higher than in water, the adsorbate is desorbed from
the activated carbon in the solvent. Another role of the
solvent is to weaken the adsorptive interaction between
the adsorbate and adsorbent surface. We also tried to
elucidate the mechanism by using a semi-empirical
molecular orbital calculation (Tamon and Okazaki,
1996, 1997).

[t should be pointed out that if the preadsorbed
compounds are different, the efficiency of ethanol
regeneration would be different. Generally, the regen-
eration of activated carbons which adsorb aromatic
compounds with electron-donating substituent groups
such as phenol, cresol, etc. is quite difficult. On the other
hand, aromatic compounds with electron-attracting
substituent groups can easily be desorbed from activated
carbons by solvent {(Tamon et al.. 1990). After solvent
regeneration, the used solvent containing the adsorbates
are distilled and the solvent 1s used again for regenera-
tion. This is a typical process of solvent regeneration,

3. Results and discussion
3.1, Characteristics of activated carbons
The N, adsorption-desorption isotherms on the

activated carbon prepared from waste tires, AC-Tire,
and the commercial activated carbon, AC-Com, are
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shown in Fig. 2, where ¢y and 2/ P are the amount of
N, adsorbed and the rclative pressure, respectively,
From the shape and hysteresis of the isotherms, it was
plausible to suggest that AC-Tire shows a more
extensive mesoporous structure than AC-Com. [t was
found that, even though the N, adsorption capacity of
the former was nearly the same as that of the latter at
low relative pressures, the former showed clearly larger
adsorption capacity than the latter at P/£% above 0.3,
By applying Dollimore-Heal method, the pore-size
distributions of both activated carbons were obtained
and presented in Fig. 3, where R, and ¥, are the pore
radius and pore volume, respectively. [t was obvious
that AC-Tire shows significantly higher mesoporosity
and has the tallest peak in pore size distribution at the
pore radius around 2 nm.

- The porous properties calculated {rom the above
isotherms are given in Table 1. It is clear that AC-Tire
has an obviously larger Vo ..o value than, and nearly the
same Vpiero and Sgpr values as AC-Com. Fig. 4 shows
the adsorption isotherms of water vapor on both
activated carbons at 25°C, where gy is the amount of
water vapor adsorbed. This figure shows that the
amounts of waler vapor adsorbed on AC-Tire are
almost the same as those on AC-Com at P/P°<(.4.
This more or less indicates that the surface nature of
AC-Tire is as nearly hydrophebic as that of AC-Com.

3.2, Adsorption—desorption characteristics

The adsorption-desorption isotherms of phenol,
Black 5, and Red 31 onr both activated carbons are
shown in Figs. 5-7, respectively. Q and C, are the
adsorbed amount and the equilibrium concentration of
the adsorbate, respectively. It was found in Fig. 5 that,
although the V.o value of AC-Tire is essentially the

1200 —

1000 - A A  AC-Tire

r W 0 AC-Com
800 |-

600

400

gN [cm*(STP)g]

0 L s i 1 L s I L 1
¢ 0.2 0.4 0.6 0.8 1.0

PP

Fig. 2. N, adsorption—desorption isotherms of activated
carbons; closed symbols: adsorption, open symbols: desorption.
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Fig. 3. Pore size distributions of activated carbons.

same as that of AC-Com, the former shows a slightly
lower phenol adsorption capacity than the latter. Since
the hydrophobicity of both carbons is found to be
essentially the same, the difference in phenol adsorption
may be atiributed to the observation that the micropore
size distribution of AC-Tire is somewhat different from
that of AC-Com. Interestingly, a certain extent of
irreversible adsorption of phenol on both activated
carbons was observed which may be attributed to the
fact that phenol has the electron-donating functional
group, the hydroxyl group (Tamon and Okazaki, 1996).

Having a larger Ve value, AC-Tire shows obviously
higher Black 5 adsorption capacity in Fig. 6 than AC-
Com. Furthermore, the hysteresis observed between the
adsorption and desorption branches on both carbons
signifies the appearance of irreversible adsorption, which
is caused by the presence of electron-donating functional
groups in Black 5, the amino and hydroxyl groups
(Tamon ct al, 1996). In particular, it was observed that
Black 5 can be desorbed from AC-Tire more easily than
from AC-Com.

As shown in Fig. 7, it is clear that the adsorption
capacity of Red 31 on AC-Tire is apparently higher than
that on AC-Com due to the larger V..o value of the
former. Also, the observed irreversible adsorption of
Red 31 on AC-Com can similarly be explained as in the
case of Black 5. In contrast, a significant amount of the
adsorbed Red 31 could be desorbed from AC-Tire. It
may be suggested that the mesopores play an important
role in the adsorption and desorption of bulky
molecular adsorbates,

3.3. Ethanol regeneration
Figs. 8-10 present the adsorption capacities of phenol,

Black 5, and Red 31 on the virgin and ethanol-
regenerated activated carbons prepared from waste tires
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Table |
Porous properties of activated carbons

Sample Burn-off (%)

Vl’ll'l('[ll (Cm‘/g)

Vimesa (cm/g) Sper (m*e)
AC-Tire 65.0 0.79 0.37 985
AC-Com NA. 0.24 023y 936
600 10 = —
F A A AC-Tire
500 ¢ Il W 0O AC-Com
= — 1.0
¥ 400 ® 3 se, 4 b aa
= 20 a a
2 300 I R L
£ - "
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Fig. 4. Water vapor adsorption isotherms of uctivated carbons.
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Fig. 5. Adsorption-desorption isotherms of phenol on acti-
vated carbons; closed symbols: adsorption, open symbols:
desorption.

as well as their commercial counterparts. Fig. 8 reveals
that the phenol adsorption capucities on AC-Tire and
AC-Com regenerated with cthanol come to about
35-45% and 50-60% of those on the virgin ones,
respectively. As shown in Fig. 9, after regeneration with
ethanol, the activated carbon from waste tires retained
Black 5 adsorption capacity in the range of 40-50% of

C, (mg/lj

Fig. 6. Adsorption—desorpticn isotherms of Black 3 on
activated carbons; closed symhols: adsorption. open symbols:
desorption.
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Fig. 7. Adsorption—desorption sotherms of Red 31 on
activated carbons; closed symbols: adsorption, open symbols:
desorption.

the virgin state, while the similarly ethanol-regenerated
commercial carbon showed a significantly lower regen-
eration efficiency, approximately 25-30%. Similarly, it
was found that the regeneration efficiencies of Red 31 on
AC-Tire are significantly higher than those on AC-Com,
about 3040% versus 15-20%, respectively.
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Fig. 8. Adsorption isotherms of phenel on activated carbons;
closed symbols: virgin carbon, open symbols: regencrated
carbon.
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Fig. 9. Adsorption 1sotherms of Black 5 on activated carbons;
closed symbols: virgin carbon, open symbols: regenerated
cirbon.

Since both reactive dyes can desorb from AC-Tire
more easily than from AC-Com, it is reasonable to
expect that the ethanol regencration efficiency of the
former is higher than the latter. As for phenol
adsorption, AC-Tire, however, showed a lower regen-
cration efficiency than AC-Com. This may be atiributed
1o the difference in the micropore size distribution of
AC-Tire versus AC-Com.

In the present work, we have selected phenol and
reactive dyes because cthanol regencration of spent
activated carbons which adsorb these compounds is
quite difficult (Tamon et al, 1990). If aromatic
compounds, whose substituent groups are electron

1.0 |
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B O AC-Com
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6 | |
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o
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001 Lo o i A
10 100 1000
C, [mg/l]

Fig. 10. Adsorption isotherms of Red 31 on activated carbons;
closed symbols: virgin carbon, open symbols: regenerated
carbon.

altracting, are adsoerbed on the activated carbon, the
regeneration efficiency becomes high (Tamon et al..
1990). Hence, we may consider that ethanol regencra-
tion of spent activated carbons prepared from waste
tirgs is fairly good though the obtained regeneration
cfficiency of 40—-50% is not high for phenol and reactive
dyes.

The expected effect of repeated regeneration of the
spent commercial carbon which adsorbed phenol was
reported in the previous papers {Tamon ct al., 1990;
Tamon and Okazaki, 1997). The decrease in adsorption
capacity becomes small as regeneration is repeated and
the capacity ultimately reaches an asymptotic value.

Since the ethanol regeneration efficiency of the spent
AC-Tire used for adsorption of organic dyes is
significantly higher than that of the spent AC-Com, it
may be concluded that the activated carbon obtained
from waste tires 15 practically more useful than the
commercial carbon. However, even the former could not
be perfectly regenerated yet. More effective regeneration
conditions are under investigation.

Liquid-phase adsorption mainly depends on the
molecular sizc of an adsorbate, the chemical structure
of the adsorbate, the porous properties of an adsorbent,
the surface characteristics of the adsorbent, and the kind
of solvent. As for the activated carbon prepared from
waste tires, we have estimated the surface hydrophobi-
city of the carbon by using water vapor adsorption and
found that the hydrophobicity is almost the same as a
typical AC-Com (Nakagawa, et al,, 2004). From the
results, we consider that the chemical characteristics of
both activated carbons are more or less the same and the
pore volume is a major factor of liquid-phase adsorption
of the reactive dyes,
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4. Conclusion

Highly mesoporous activated carbon was prepared
from waste tires, and the adsorption—desorption char-
actenistics of phenol and two reactive dyes on the
prepitred activated carbon and o commercial one were
studied in the ligquid phase. Furthermore, the efficiency
of the ethanol regereration of the spent activated
carbons was investigated. The following conclusions
have been obtained.

(1) Although the prepared activated carbon posscsses
essentially the same micropore volume and BET
surfice area as a commercial ong, the former shows
a slightly lower phenol adsorption capacity than the
latter,

(2) Having a signifcantly larger mesopore volume, the
prepared activated carbon possesses higher dyes
adsorption capacities than a commercial one.

(3) The activated carbon from wuste tires shows less
irreversible adsorption of phenol and the two dyes
than a commercial carbon.

(4) Ethanol regencration efficiency of the prepared
activated carbon saturated with the two dyes is
higher than that of a commercial one.

(5) Therefore the activated carbon obtained from waste
tires is more suitable for the adsorption of bulky
molecular adsorbates than a commercial one.
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Abstraet

Mesoporous carbon gels are usually obtained by pyrolyzing resorcinol-formaldehyde (RF) gels, which are synthesized via the
sol--gel polycondensation of resorcinel with formaldehyde in a slightly basic aqueous solution followed by drying. However, mieso-
porous carbon gels cannot be prepared under the conditions of high catalyst concentration or high pH ¢f RF solution even by using
supercritical drying or freeze drying. In this work, mesoporosity of carbon cryogels is improved by ultrusonic irradiation 1o RF solu-
tion. It is found that the gelation time of RF solution becomes greatly short by ultrasonic irradiation and that ultrasonic can
improve mesoporosity of carbon cryogels prepared at high catalyst concentration (C/W). Although the carbon cryogels prepared
from C/W = 80 mol/m* have no mesoperes, the carbon sonogels prepared by ultrasonic irradiation under the same catalyst condition
have sharp mesopore size distribution. The utilization of ultrasonic in the preparation of RF gel is an interesting way in improving

mesoporosity of catbon gels prepared at high C/W or pH.
© 2004 Elsevier Lid. Atl nghts reserved.

Kevuwerds: A. Porous carbon: B. Pyrolysis; C. Adsorption, Scanmng electron microscopy; D. Porosity

I. Introduction

RF ge! was first synthesized by Pekala et al. by sol-
gel polycondensation of resorcinol (R) and formalde-
hyde (F) with sodium carbonate (C) as a basic catalyst
[[-4]. Carbon cryogels prepared by freeze drying and
pyrolysis of RF gels are porous materials with moder-
ately high BET surface areas (500-1200m%/g) and large
mesopore volume (>0.89cm’/g) [5], therefore, carbon
cryogels are suitable for many applications such as col-
umn packing materials for high-performance liquid
chromatography, electrode materials for electric double
layer capacitors and materials for catalyst supports

" Corresponding author. Tel.: +66 2 218 G865; fax: +66 2 218 6877.
E-muail address: nattapern.y@chula.ac.th (N. Tonanon).

0008-6223/8 - see front matter © 2004 Elsevier Ltd. All rights reserved.
doi:10. 10164 carbon 2004 10.015

(both metal catalyst and enzyme). Morphologies and
porous properties of carbon cryogels can be changed
in many ways. From previous work [6-9], the eltect of
catalyst concentration, drying conditions of gels, gela-
tion conditions and carbonizations on porous properties
of RF carbon cryogels, have been investigated. The ef-
fect of surfactant types and concentrations was also
studied [10]. Previous works on the eflect of synthesis
method (RF sol-gel polycondensation) such as reactant
concentration, initial pH of RF solutions, gelation and
curing on the properties of RF gel have been reported
in the review [11].

The unique power of ultrasonic in driving chemical
reactions under extreme conditions comes from the
hot-spot and thermal theories [12], extreme pressures
and hot spots accompanied by rapid heating and cooling
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created by cavitation bubble collapse [13]. Cavitalion
has three stages, nucleation, growth and impulsive col-
lapse of cavitating bubbles [14]. The number of cavita-
tion site depends on the ultrasonic intensity [15].

Since there are many special properties can be ob-
tained after sonication, there arc many works such as
polymerization and other chemical reactions accelerated
by ultrasonics. In some materials, structure has been im-
proved outstandingly by ultrasonic irradiation. Most of
interesting works and unique role of uitrasonic in chem-
istry can be found in the reviews [13-13]. Ultrasonic is
found to be very helpful by increasing reaction rates
and yields of products, shortening the reaction time,
altering the reaction puath and making milder reaction
conditions (lower temperature) possible. Some examples
of interesting cffects of ultrasonic irradiation on increas-
ing reaction rate and yield, decreasing reaction time and
infroducing milder reaction condition are obviously
shown in increasing Lhe reactivity of reactive moetals
(Mg, Li or Zn) [15], the addition-rearrangement in the
reaction of 4-bromobenzencsulfonyl azide with [,2-
cyclohexadiene and cyclohexene substrates [12] and the
synthesis of diaryl ethers [12]). There are many applica-
tions of ultrusonic into polymer chemistry for both
thermoplastics and thermosetting polymers such as dis-
persion of particles in polymer matrix, shertening the
reaction time [12,16,17]. Many sonochemistry researches
have been done in polymerization (initiation) of vinytic
monomers such as styrene, methylmethacrylate and
N-vinylearbazole [12.15].

When ultrasonic rradiation is applied on sol-gel reac-
tion, sonogel with unigue properties such as porous prop-
erty and densily is obtained [14]. The obvious result of
ultrasound irradiation is outstandingly shorter gelation
time in the preparation of sonogel [14). In silica sonogel
finer, sphere-shaped pore was obtained compared to the
silica aerogels [15]. For zirconium sonogel, short gelation
time and much smaller particle size was observed after
ultrasonic irradiation [15]. For ormosils after sonication,
denser structure and less porosily were obtained [14].
Interesting structural changes was found i nanostruc-
tural materials [15]. After sonication hydroxyapatite got
betier crystallinily and shorter reaction time, For MoS,,
a big difference in morphology was observed by high
intensity ultrusonic irradiation, Interesting results can
be seen from inorganic sonogels. What will happen when
ultrasonic is applied into organic resorcinol-formalde-
hyde polycondensation has not heen reported.

In this work, ultrasonic with diltcrent intensities is ap-
plicd to RF gel prepared under different catalyst concen-
trations (the ratio of catalyst to water, C/W) and the
effect of uitrasonic on porous properties of carbon cryo-
gels 1s ¢larified. In general by using high C/W (high pH)
RF carbon get with high surface area, good mesoporos-
ity and short gelation time cannot be obtained. Hence,
the authors want to emphasize that ultrasonic can make

synthesis of mesoporous RE carbon gel (with short gela-
tion time) at high C/W (high pH) possible. Ultrasenic
irradiation in the preparation of RF gel is an interesting
way in improving mesoporosity of carbon gels prepared
at high C/W (high pH).

2. Experimental
2.1. Prepuration of RF sonogels

In order to prepare RF hydrogels, resorcinol-formal-
dehyde (RF) solulions were prepared from resorcinol
(CeHatOH)s) (R}, formaldehyde (HCHO) (F), sodium
carbonate (Na,CQ,) (C) and distilled water (W), All
chemicals are research grades from Wako Pure Chemical
Industries. Na,CO, and distilled water were used as a
basic catalyst and a diluent, respectively. The synthesis
conditions are presented in Table 1. Here the molar ratio
of resorcinot to formaldehyde (R/F} was fixed at 0.5.
Ultrasonic was applied into RF sofulion hy Vibra Cell
model VC 130 (frequency 20kHz, adjustable output
between 0 and 30W) with a titanium alloy transducer
{6mm in diameter) at dilferent intensities 4, 57, 78,
106 W/em?®. The temperature of RF solution was coa-
trolled at ~308 £ SK. When no cavitation bubbles was
observed in high viscosity RF solution the uitrasonic
irradiation was stopped then the RF solution was poured
into the cylindrical glass tube (inner diameter = 3Imim,
length = 40mm) followed by aging for 7 davs at 348K
in the oven. Before freeze drying. water in RF sonogels
was replaced by solvent exchange with ¢-butanol for
three tunes. After that, RF sonogels were freeze-dried
at 263K for 3h to obtain freeze dried RF sonogel.

2,2. Preparation of carbon sonogels

RF carbon sonogels were obtained by pyrolyzing RF
sonogels at 1023 K. Pyrolysis was conducted under a
200em*-STP/min flow of nitrogen gas. At first, the RF
cryogels were heated to 523K at a constant heating rate
of 250 K/h, and were kept at this temperature for 2h.
Then they were heated to 1023K at a constant heating
rate of 250 K/h and were kept at 1023 K for 4h.

2.3. Characterization of gels

The porous properties of RF carbon gels were deter-
mined by the N; adsorption method using an adsorption
apparatus (BEL Japan Inc.: BELSORP28). BET surface
area, Sypr mesopore size distribution, and mesopore
volume, V.., were evaluated. The pore size distribu-
tions and V.. were obtained by applying the Dolli-
more-Hcal method [18] to their desorption isotherms.

The cross sections of RF carbon gels were observed
by a scanning electron microscope (JEQL, JSM-6700F).
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Table 1

Synthesis conditions and porous properties of RF carbon gels prepared by application of various ultrusonic intensities with different catalyst

concentrations i the starting RF solution

Sample R/C (molfmol) CIW (molim’) Ultrasonic intensity SuiEr (mzfg) Vones (cm".’g,) Ve ([em g} Mesopore si;fe__
S = — _(l\”f'ml'r peak radius (nm)

Cl 400 20 0 650 053 019 ~ 4 i

2 400 20 57 590 0.67 B.16 &

C3 400 20 78 630 0.9t 0.17 6

Cd 400 20 106 660 0.93 0.16 [

Cs 200 40 0 750 0.61 0.17 3

6 200 40 57 690 0.73 0.16 3

C7 200 40 78 740 0.75 Q.17 3

[ 200 40 106 740 0.7 017 3

9 100 80 0 361 0.08 0.12 ND

Ci0 100 80 57 720 0.60 0.10 2

Cll 100 30 78 740 0.65 0.1 2

Cl2 100 80 106 690 0.54 Q.l] 2

Mole ratio of resorcinol 1o formaldehyde {R/F) = 0.5molimol, ratio of resorcinel 1o water (R/W) = 0.89 glem™; ‘ge}al';on temperature {Te) = 308 K:

pyrolysis temperature (Ty0) © 1023 K ND = noi detected.

3. Results and discussion

The authors have experimentally elucidated thalt RF
sol-gei polycondensation cannol be procceded hy enly
ultrasonic irradiation. Therefore, it is found that the cat-
alyst, Na,CO;, is required as a basic catalyst for the
polycondensation. Here the effect of ultrasonic on gela-
tion time of RF gels and the porous properties of carbon
cryogels prepared under several catalyst concentrations
(C/W =20, 40 and 80 molfm?) has been investiated.

3.1. Effect of ultrasonic irradiation on gelation time

of RF gel

Fig. | shows the gelation time of RF gels and RF sono-
gels prepared under the conditions of C/W =20, 40 and
S0mol/m’. One can see that the gelation time decreases
with the increase of the catalyst concentralion (C/W)
from Fig. 1(a). This result can be explained by the model
proposed by the authors [9]. During the first stage of the
gelation process, each particle grows individually at the
position of the catalyst, subsequently they aggregate with
each other to form the interconnected structure, and fi-
nally the cross-linked structure (RF hydrogel) is formed.
If the concentration of catalyst is high (large C/W). the
starting points of the growth of the particies exist densely.
Since they easily aggrepate and form inlerconnected
structure, the gelation time becomes short. On the ather
hand, if the concentration of catalyst is low {small C/
W), the starting points exist sparsely. Hence. it takes long
time to form the cross-linked structure.

It is found that RF sonogels prepared under the con-
ditions of ultrasonic intensity = 57, 78, 106 Wicm?® have
much shorter gelation time compared with their RF car-
bon gel counterparts {rom Fig. 1{a) and (b). One can
also see that the gelation lime of RF sonogel depends
on both the catalyst concentration in the starling RF

40

3r

clation time (h)

o
S
T

(a) CIw

400

3001

100 -

gelation ime (minj
=
]
T

57 78 106

(b) Ultrasonic inensily (Wicm?)

Fig. 1. Gelation time of (a) RF gel and (b) RF sonogel.

solution and the ultrasonic intensity. For example, when
RF starting solutions with C/W =20, 40 and 80 ol/m?
are irradiated by ultrasonic 106 W/cm?, the gelation
times change from 36, 24 and 18h to 130, 100 and
50 min, respectively. For the same C/W ratio, the higher
ultrasonic intensity, the shorter gelation time it becomes,

3.2, Effect of ulirasonic irradiation on porous properties
of carbon gel

Fig. 2 shows adsorption and desorption isotherms of
ritrogen on carbon cryogels and carbon sonogels



528 N Tonanon ot al. | Cearbon 43 (2005 ) 525 531

500 —
—a— Clml
—— C2ud
—a— Chud
GO0 F o (tiud
Eﬂ —— Cldg '
B —0— Clde
[_.
Y400 —a— Clde
ﬂE —O— Cdde
i L ="
200
C/W = 20 maliny’ J
o8& -+ L — 1
0.0 02 04 0.6 Ul 1.0
[E)] plpgl-1
HOO
60¢)
=
A
=
2 oan
E
[*]
=
200 g
CIW = 40 molim?®
0 —_— 1 | —_—
0.0 0.2 0.4 0.6 0.8 1.0
(b) pipl-]
800 & 9! !
—e- (g CAW = 80 malim® !
—a— Cl0ud
— S0 | o crode
;—E“sj —— (1 lai
= —o— Ul b o e
2 oagg | = Cr2u w=0-
E =0~ Cl 2k
=
200 | A
e il
M .

0 1
0.0 62 G4 06 08 1.0
(¢} elpal-]

Fig. 2. Adsorption and desorption isotherms of nitrogen on RF
carbon gel (with dilferent C/W ratios and ultrasonic intensitics) at
T1K. Closed symbaols. adsorption; open symbols, desorption.

prepared under the conditions shown in Table |. This
figure suggests that the amounts of nitrogen adsorbed
{q) at low relative pressure (p/pg, p: partial pressure,
po: saturated vapor pressure) are the same in all RF car-
bon gels (except the carbon gel prepared from C/W =
80 mol/m*: pH = 7.4) and sonogels. The results mean
that microporosities of the carbon cryogels and sonogels
are the same. On the other hand, the amounts of nitro-
gen adsorbed at high relative pressure are different be-
tween carbon gels and carbon sonogels prepared from
C/W =20 and 40mol/m’. This difference means the

change of mesoporosity of carbon gels by trradiation
of ultrasonic. Although the change in mesoporesities
of carbon gel and carbon sonogel is very obvious for
C/W = 20mol/m”, the change is not big for carben gels
prepared under the condition of C/W = 40 molfm*. Note
that for RF carbon gel prepared from C/W = 30 mol/m?
(starting pH = 7.4), the shape of isotherm is different
from other RF carbon gels or sonogels. The amounts
of nitrogen adsorbed are increased by irradiation of
ultrasenic. The outstanding changes in both micropo-
rosities and mesoporositics of carbon gel and carbon
sonogel can be observed for C/W = 80mol/m” (starting
pH = 7.4).

Fig. 3 shows pore size distributions of the carbon gels
and the carbon sonogels prepared under the conditions
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Fig. 3. Mcesepore size distributions of RF carbon gel (with different
C/W ratios and ultrasonic intensities).
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shown in Table 1. There are remarkable changes in
mesopore size distribution between carbon gels and car-
bon sonogels prepared from C/W =20 and 80mol/m’
{starting pH = 7.4). However, from both adsorption-
desorption isotherm of nitrogen in Fig. 2 and mesopore
size distribution in Fig. 3, there is no outstanding effect
of ultrasonic intensities on porous properties except the
carbon sonogel prepared from C/W = 20mol/m’® with
ultrasonic intensity 57 W/em?,

Although the carbon cryogel {C9) prepared from
C/W = 80mol/m? (starting pH = 7.4} has no mesopores
as shown in Fig. 3, the carbon sonogels prepared for
the same C/W has sharp pore size distributions. Under
the condition of C/W = 20mol/m*, the peak radius of
pore size distribution, r., of the carbon gels increases
from 4nm to 6nm by ultrasonic irradiation. However,
no change in rp., can be observed on the carbon cryo-
gels prepared for C/W = 40mol/m”,

The preparation conditions and the porous properties
of carbon cryogels and carbon sonogels are shown in
Table 1. Ultrasonic can clearly increase V., and Foeak
of carbon cryogels prepared under the conditions of C/
W =20 and 80mol/m® (starting pH = 7.4). Especially,
SpeT: Vmes and rpeqy of carbon sonogels are much larger
than those of carbon cryogel counterparts. Hence, ultra-
sonic irradiation to RF solution can outstandingly im-
prove the mesoporosity of carbon cryogel prepared
under the conditions of C/W = 20 and 80 mol/em® (high

pH).

3.3. Effect of uitrasonic irradiation on inside struciure of
carbon gel

Fig. 4 shows the cross sections of carbon cryogel and
carbon sonogel prepared under the condition shown in
Table 1. The carbon cryogels {Cl and C5) are composed
of primary particles of nanosize as shown in Fig. 4. The
carbon sonogels {(C4 and C8) have the similar inside
structure to Cl and C5, respectively. Hence the pictures
suggest that the carbon sonogels with almost the similar
structure to the carbon cryogels can be prepared by
using ultrasonic under the conditions of C/W = 20 and
40 molfcm’.

The cross sections of carbon cryogel (C9) prepared
under the condition of C/W = 80mol/m” suggests that
the inside structure is collapsed during {reeze drying
and pyrolysis and that the cryogel has no mesopores,
which result is confirmed by the mesoporosity estimated
by nitrogen adsorption as shown in Fig. 3. Henece, it is
impossible to keep mesoporosity during freeze drying
and pyrolysis for C/W = 80mol/m®. On the other hand,
the cross section of carbon sonogel (Ci2) prepared from
C/W = 80mol/m’ suggests that the sonogel is composed
of primary particles of nanosize similar to Cl1, C4, C5
and C8. The mesoporosity of carbon cryogel prepared

from high catalyst concentration (high pH) can be
greatly improved by irradiation of ultrasonic.

3.4. Effect of ultrasonic irradiation on preparation of
carbon cryogels

Most works on meseporosity improvement of carbon
gels focus only on the initial stage of gelalion such ag
addition and condensation but in the present work
ultrasonic is applied to RF soiution (rom the beginning
until viscosity of RF solution becomes too high. Sonica-
lion can shorten the gelation time of RF solution and
greatly improve mesoporosity of RF carbon gels. The
resilts may be explained by co-working of ultrasonic
and catalyst during the gelation process of RF solution
such as the addition reaction, polycondensation, ciuster
formation, particle formation and gelation. [t has been
reported that ultrasonic can generate more free radicals
and active species [15] which results in faster addition
reaction together with faster condensation and gelation
as a consequence. Since ultrasonic irradiation increases
the number of free radicals/active species in RF solution
and promotes the addition reaction at the first stage of
the process, the gelation time is shorten by ultrasenic
irradiation as shown in Fig. 1. However, ulirasonic does
not alter the reaction path because the catalyst concen-
tration influences both carbon gel and carbon sonogel
as shown in Figs. 2 and 3.

In addition to promotion for sol-gel polycondensa-
tion and gelation by free radicals and active specics,
ultrasonic may have another ro:e in the next step. Pitting
in the surface (much larger surface area compared with
cavitation bubbles’ resonance) caused by ultrasonic irra-
diation has been reported [12}, Hence, there 15 also a
possibility that uvltrasonic can play an important role
in improving porous properties such as Syer and Ve
due Lo the surface medification by ultrasonic irradiation,

In this present work the authors have particular iuter-
est in synthesis of RF carbon gels at high C/W (high
pH), which have high surface area. good mesoporosity
and short gelation time. It has been reported that carbon
xerogels synthesized from the starting RT sotution with
pH = 6.5 or higher are non-porous [19]. RF carbon
cryogels prepared at C/W = 45mol/m” have no mesopo-
rosity [9]. From previous works, a suitable pH range for
synthesis of RF carbon gels 15 5.4-7.6 [11]. n the present
work for C/W =80molm’ (starting pH = 7.4). after
ultrasonic irradiation carbon sonogels with pood meso-
porosity can be obtained, on the contrary withoul ultra-
sonic irradiation mesoporous struclure can not be
obtained in carbon gel. There is also an outstanding
improvement in mesopore volume and mesopore size
distribution when C/W = 20mol/m® (lower pH). It is
obviously seen that when C/W or pH is high in starting
RF solution, sonochemistry produces a mesoporous
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Fig. 4. SEM micrographs on the cross section of RF carbon gels C/W = 20, 40 and 80 with different ultrasonic infensities 0 and 30W/em? (sonogel).
g B

carbon which cannot be produced by methods already
established.

The mesoporosily of carbon cryogels prepared from
C/W =20 and 80mol/em® (high pH) are improved by
ultrasonic irradiation. On the other hand, ultrasonic
does not influence porous properties of carhon cryogels
prepared for C/W = 40molicm®. However, the authors
cannot completely explain the effect of ultrasonic on
the changes in mesoporosily of carbon cryogels with
the calalyst concentration wused in  sol-gel
pelycondensation,

RF carbon gels with good mesoporosity can be syn-
thesized at high C/W (high pH) by using ultrasonic irra-
diation to the RF solution. In other word the synthesis
conditions of RF carbon gel are expanded by ultrasonic
application. Although the carbon gels prepared in this
work are not ouistandingly different from carbon gels
prepared in previous works. However, further investiga-

tion will be needed in near [uture for this interesting
work on resoremol-formaldehyde carbon sonogels.

4, Conclusion

By ultrasonic irradiation together with suitable cata-
lyst concentrations, interesting improvement in mesopo-
rosity of resorcinol-formaldehyde carbon gels can be
observed especially when the catalyst concentration (Cf
W) or pH is high. The gelation time 15 also greatly short-
ened by ultrasonic irradiation. Although the carbon
cryogels prepared by the existing synthesis method at
C/W = 80mol/cm® have no mesopores, the carbon sono-
gels prepared by ultrasonic irradiation under the same
catalyst concentration have sharp mesopore size distri-
bution. Hence, ultrasonic irradiation is useful for
expanding the synthesis conditions of mesoporous car-
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bon cryogels via sol-gel polycondensation of resorcinol
with formaldehyde.
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Activated carbons were prepared from LFG (wastes generated during Lactic acid Fermentation of
kitchen Garbage). Activated carbons were prepared by conventional steam activation and via the acid
treatment prior to the steam activation. Porous properties of the prepared activated carbons were evalu-
ated from nifrogen adsorption isotherms at 77 K. Activated carbons prepared by steam activation from
LFG had much more mesopores than a commercial activated carbon, and had unique broad-shaped pore
size disfributions. It was evident from the ultimate arnalysis at each preparation stage of the carbons that
the activated carbons prepared from LFG contain much nitrogen as carbonaceous materials. 1t was
found that the burnof{ of nitrogen during steam activation of LFG contributes to the formation of unique
pore size distributions of the activated carbons, Activated carbons prepared via the acid treatment had
not only more mesopores but also more micropores than the commercial activated carbon, It was sug-
gested that LFG was useful as a resource for practical activated carbons, especially, for mesoporous
activated carbons. 1t was also beneficial o apply the acid treatment to improve the porous properties of

the prepared activated carbons.

Introduction

More than 10 million tons of garbage is annually
produced from kitchens in Japan. The treatment of
kitchen garbage 1s a serious problem because the gar-
bage easily decays and smells. Although the garbage
can be easily composted, it is difficult for urban resi-
dents 1o make use of the compost from garbage be-
cause they have very little land area to utilize for it. A
method for producing lactic acid, which is a raw mate-
rial for biodegradable plastics, from kitchen parbage
by an anaerobic reaction with microorganisms has been
proposed (Shirai, 1999). The wastes generated during
the anaerobic fermentation should be effectively uti-
lized in the tactic acid production from the garbage,
but a good solution has not been found yat.

Production of activated carbons from waste ma-
terials is one of the solutions for solid waste utiliza-

Received on November 27, 2003, Correspondence concerning
this anticle should be addressed to H. Tamon (E-mail address:
tamon@cheme Xyolo-wac.jp).

Presented at the 65th Annual Meeting of The Socicty of Chemi-
cal Engineers. Japan. as Tokye, March 2000,

tion. Activated carbons have been used not only for
gas purification or solvent recovery but alse in vari-
ous other applications. Pore size distributions of acti-
vated carbons depend on the raw materials and activa-
tion methods (Bansal et al., 1988). Investigations on
the preparation of activated carbons from agricuttural
by-producis tave been well conducted (Rivera-Utrilla
etal., 1991; Lopez-Gonzalez ef al., 1994; Gergova and
Eser, 1996; Toles et al., 1997 Lua and Guo, 1998; Xia
et al., 1998). Many kinds of agricultural by-products
were selected, and activated carbons with high specific
surface area (500-1000 m?/g) were obtained. It is
shown that some of those carbons have reasonable ad-
sorption capacities towards organic compounds in
aqueous solutions, and & practical application is an-
ticipated.

The authors alsc reported a possibility of solid
wastes as precursors of activated carbons in the previ-
ous papers (Nagano e/ af., 2000, Nakagawa et a/., 2001,
2002; Arivadejwanich et al., 2003). Refuse derived
fuel, waste coffee beans and waste tires were selected
as raw materials, and their usefulness as precursors of
activated carbons was demonstrated. It is noteworthy
in those reports that activated carbons with abundant

Copyright ® 2004 The Society of Chemical Engincers, Japan
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Carbonization yields and ash contents of chars

Table 1
Char Healing rate®  Yield®
G = 0.27
C-2 20 0.25

Ash contents®  Yield (daf base)”

0.053
0.051

Ash contents®

626 0.020
0.24 0.041

*heating rate at carbonization [K/min); "carbonization yield [kg-char/kg-raw ma-
teriul]; “ash content [kg-ash/kg-char]; ‘carbonization yield (dry ash free base) Tkg-
carbon/kg-combustible]: *ash content afier HCI treatment [kg-ash/kg-char]

mesopores are produced by applying the pre-treatment
method proposed by the authors (Tamon ef af., 1999,
Nakagawa er al., 2003). As a consequence, the wastes
generated during the factic acid fermentation from gar-
bage as well as agriculiural by-products would be use-
ful for producing activated carbons, and an interesting
pore structure might be formed on the prepared car-
bons. In this paper, activated carbons are prepared from
the wastes generated during the lactic acid fermenta-
tion from kitchen garbage (LTFG) by a conventional
steam activaiion method and via the acid treatment
prior to the sieam activation. The porous properties of
the prepared uctivated carbons are determined by the
nitrogen adsorption method at 77 K, and the effects of
the carbonizing condition and the acid treaunent on
the properties are elucidated.

1. Experimental

1.1 Raw material

Wastes generated during the Jactic acid fermenta-
tion from kitchen garbage (LFG) were used as 4 raw
material of activated carbons. The wastes were
vacuum-dried and crushed into small lumps (~5 mm).
The results of the ultimate analysis of the dry LFG are
as follows; C (27.2 wt%), H(57.1 wt9%), N (3.60 wi%),
O (10.8 wt%) and ash (1.40 wi%).
1.2 Carbonization

10 g of LFG was set in a quartz reacter and heated
by an electric furnace. The reactor was kept under in-
ert atmosphere with an N, flow of 80 ¢m¥/min. The
reactor was heated from room temperature to 773 K at
either 0.2 or 20 K/min, and kept at the nmaximum tem-
perature for 1 h. Two groups of chars were obtained,
one carbonized at 0.2 K/min (C-1) and the other at
20 K/min (C-2). The obtained chars were ground in a
mortar.
1.3 Acid treatment

Acid treatments of the chars were carried out 10
improve the porous properties of the activated carbons.
Three groups of acid treated chars were prepared from
group C-1 char. 1 g of the C-1 char was soaked in
100 cm® 1.0 N HCI solution at room temperature for
24 b with continuous stirring (C-al), in 1.2 N HNO,
solution at room temperature for 24 h (C-a2), and in
1.2 N HNO, solution at 353 K for | h (C-a3). After

890

that, these samples were washed with distilled water,
and then dried in an oven at 383 K.
1.4 Steam activation

Activated carbons were prepared from the chars
by steamn activation. 0.4 g of chars was set in a quariz
reactor and heated with an electric furnace from room
temperature to {123 K at 20 K/min. The gas flow rate
was 200 ecm*/min and the steam conceatration was
0.0025 g/fem?. Activation time (i.e., the holding time at
1123 K)) was changed from 0 to 70 min in order 1o pre-
pare carbons associated with different burnoffs.
1.5 Characterization of activated carbons

Adsorption and desorption isotherms of N_ on the
activated carbons were measured at 77 K by using a
volumetric adsorption apparatus (BELSORP28, BEL
Japan, Inc.). BET surface area SRET was determined by
the BET method. Micropore volume ¥ wus cvalu-
aied by the ¢-plot method from the adsorption isuiherm.
Mecsopore volume ¥ and mesopore size disiributions
(range: R = 1.0-25 nm) were estimated by applying
the Dollimore—Heal method to the desorption iso-
therms. The adsorption isetherm of N, on Spheron 6
was adopled. which had been measured by BEL Ja-
pan, Inc.. as the standard isotherm. A commercial acti-
vated carbon for dioxin adsorption was used for com-
paring its porous properties with those of prepared ac-
tivated carbons because the activated carbon has refa-
tively many mesopores. Ash contents of the chars ob-
tained were determined by a thermogravimetric (TG)
analyzer (TG-8120, Rigaku Co., L1d.). Ultimate analy-
ses of LFG and the obtained carbons were carried out
by an elemental analyzer (CHN CORDER MT-3,
Yanaco Analytical Instruments Co.).

2.  Results and Discussion

2.1 Carbonization yield and ash contents

The carbonization yield and the ash content of the
chars are listed in Table L. It is confirmed that the car-
bonization yields of the two obtained chars are 0.27
and (.25, and the heating rate during the carbonization
does not greatly intluence the char yield of LFG. Ta-
ble 1 suggests that the ashes are eliminated by the acid
treatment. The amount of ashes in group C- | decreasces
by half in the acid treatment while that of group C-2
does not decrease much. It is considered that the
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Table 2 Porous preperties of activated carbons from LFG

Char  Activatedcarbon  Bumoff  S..° V. V.
[wi%]  [mfg]  [em'e]  (em'e]
C-1 AC-11 19 420 0.20 .13
AC-12 63 720 0.23 0.49
AC-13 71 840 0.25 0.65
AC-14 78 790 0.15 0.91
C-2 AC-21 34 340 0.15 0.08
AC-22 61 530 0.24 0.30
AC-23 76 G680 0.26 0.51
AC-24 84 680 0.22 0.57
AC-com’ 670 0.30 0.26

*BET surface area; "micropore volume: ‘mesopore volume;
‘commercial activated carbon

structure of the char is changed by the heating rate
(Brunner and Roberts, 1980).
2.2 Porous properties of prepared activated car-

bons

Porous properties of the activated carbons pre-
pared from groups C-1 and C-2 chars are shown in Ta-
bie2. § .. ¥ __and F__ of them are plotted as a func-
tion of the burnoff in Figure 1. The BET surface area
of the obtained activated carbons varies between 340-
840 m¥g. Micropore volumes and mesopore volumes
vary between 0.15-0.26 cm*/g and 0.08-0.91 cm‘/g,
respectively. Although the heating rate does not greatly
influence ¥ _ , the ¥__ values of group C-1 are larger
than those of group C-2 as shown in Figure 1 at higher
burnoff. The difterence in S, between the iwo groups
is attributed to the difference in mesoporosity. Hence,
it is considered thar the different heating rate during
carbonization results in structural changes of the chars
as carbon precursors. Since the low heating rate gives
high mesoporosity of activated carbons, the C-1 group
of chars is used for the preparation of activated car-
bons via acid treatments in the following sections.

Pore size distributions of activated carbons pre-
pared from C-1 and C-2 groups of chars are illustrated
in Figure 2. It is confirmed that the development of
mesopores occurs as the increase of burnoff, and that
broad pore size distribution (in the region of pore radii
2-5 nm) is observed at higher burnoff. AC- 14 has more
pores in the region than AC-24. The shapes of the dis-
tributions of AC-14 and AC-24 are different from that
of the commercial activated carbon because a larger
region is highly developed in mesopores in the LFG-
derived carbons. One can see that the mesopores of
AC-12, AC-14 and AC-24 arc larger in the whole re-
gion than the commercial activated carbon. The com-
mercial activated carbon is often used for dioxin ad-
sorption; hence it has many mesopores compared with
ordinary activated carbons. It is suggested that LFG is
useful as a raw material for practical activated carbons,
especially, for mesoporous activated carbons,
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as a function of burnoff

It is interesting that the activated carbons from
LFG have unigue pore size distributions compared with
the ordinary activated carbons. It is supposed that the
chemical composition of LFG is different from the or-
dinary carbonaceous precursors because LFG is pre-
pared via a fermentation process. For example, the LFG
contains a relatively large amount of nitrogen. More
precise discussion about the ultimate analysis will be
given in the next section.
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2.3 Ultimate analysis

Mesoporous activated carbons were prepared from
LFG and their pore size distributions are rather unique
compared with the ordirary activated carbons. This is
because the difference in chemical cornposition of LFG
(i.e.. large nitrogen contents) influences the porous
properties of the resultant activated carbons. Ultimate
analysis at each preparation stage of a sample (precur-
sor, char and activated carbons) was carried out, and
their carbon--nitrogen ratios N/C were determined (Fig-
ure 3). The N/C of a weeds-derived char carbonized at
773 K is also shown in Figure 3 for comparison.

One can see that the N/C of the char from LFG is
much higher than that of the weeds-derived char. A sig-
nificant amount of nitrogen remains in the char after
the carbonization. The N/C of the activated curbons
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Table 3  Porous prepertics of activated carbons prepared
via the pre-treatment
Char  Activatedcarbon  Bumoff S vt g
[wt ] [n*/g] Ecm“;’g_) [cm‘;’gl
C-al  AC-all is 120 0.04 0.07
AC-al2 64 870 0.41 0.21
AC-al3 72 1050 0.42 0.51
AC-al4 88 1260 0.26 1.32
C-a2  AC-a2l 34 280 Q.15 0.1
AC-a22 78 1190 0.41 0.80
AC-a23 83 1410 0.40 1.09
C-a}  AC-adl 51 420 0.24 0.09
AC-n32 #o 1370 0.70 0.68
AC-a33 87 1480 0.61 G.76

‘BET surface area; "micropore volume: “mesopore volume

from LFG decreases as the burnoff during activation
increases. This means that not only carbon but also
nitrogen 1s burned off by the activation reaction, and
the depletion of nitrogen is higher than that of carbon.
However, the N/C ratios are still kept higher than thar
of the weeds-derived char. Figures 2 and 3 suggest that
the mesopores develop with the burnoff of nitrogen.
This is because the nitrogen content strongly influences
the earbonaceous structures of the activated carbons
from LFG, and these heterogeneous nitrogen-contain-
ing carbon structures coniribute to the formation of
unigue pore structures on the activated carbons.
2.4 Porous properties of activated carbons pre-

pared via the acid treatment

The porous properties of the activated carbons
prepared from C-al, C-a2 and C-a3 groups of chars
are shown in Table 3. Their S, . V' and ¥__are plot-
ted as a function of the burnoff in Figure 4. Here, the
sohid line indicates the porous properties of group C-1
carbons. The BET surface area of the obtained acti-
vated carbons varies between 120-1480 m?/g.
Micropore volumes and mesopore volumes vary be-
tween (0.04-0.70 cmi/g and 0.07-1.32 cm¥/g, respec-
tively. It 1s confirmed that the BET surface areas and
micropore volumes of the carbons are greatly enhanced
by the acid treatments. On the other hand, mesopore
volumes of the carbons prepared via acid treatments
(groups C-al, C-a2 and C-a3) are not larger thun those
of the carbons without acid treatments (group C-1).

Figure 5 shows the pore size distributions of the
activated carbons prepared from groups C-al, C-a2 and
C-a3 of chars at high burnoff. It is confirmed that the
mesoperes in the region of 1.5-3 nm (AC-al13, AC-
a22 and AC-a32) were developed. The shape of the
distributions is sharper than that of AC-11, which pos-
sesses broad distributions, and significant development
of pores cannot be seen in the region having pore radii
larger than 5 nm. It is confirmed that the activated car-
bons prepared from LFG via the acid treatment have
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significantly more micropores and mesopores than the
commercial activated carbon.

It should be mentioned that the trend of the pore
size distributions between the activated carbons pre-
pared with or without an acid treaiment from LFG 15
similar to the trend of activated carbons from waste
tires as reported in a previous paper (Ariyadejwanich
et al.. 2003). The activated carbons prepared from
wasle tires had mesopares of broad pore size distribu-
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tion, while the activated carbons from the acid treated
char had mesopores of sharp pore size distribution,
whose peak was around pore radii 2 nm, [t is consid-
ered that the acid freatment moderates the activation
reactions by decreasing localized active sites belong-
ing to the ash. The burning of carbons by activation
agents occurs predominantly on these sites. If there is
an abundance of active sites, the activation reactions
are greatly accelerated and do not develop tnto large
pores. However, if these are a proper number of active
sites, the acceleration of the activation reaction is regu-
fated and various pore structures are formed by differ-
ent conditions of acid treatments as shown in Figure 5.
Evidently LFG represents an interesting resource for
activated carbons that possess many mesopores and
unique pore size distributions.

Conclusions

Activaled carbons were prepared from wastes gen-
erated during anaerobic fermentation of kitchen gar-
bage, and their porous properties were evaluated from
nitrogen adsorption isotherms at 77 K. Ultimate analy-
sis at each preparation stage of a sample was carried
out to elucidate the effects of nitrogen content in LFG,
The effects of the acid treatment prior to the steam
activation on the porous properties of the resultant ac-
tivated carbons were also evaluated and discussed. The
following conclusions were obtained.

1. Activated carbons prepared by steam activa-
tion from LFG have much more mesopores than the
commercial activaied carbon. Although the heating rate
during carbonization does not greatly influence the char
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yield, a low heating rate gives high mesoporoesity. The
activated carbons from LFG have unique broad-shaped
pore size distributions. It is suggested that LEG is use-
ful as a resource for practical activated carbons, espe-
cially, mesoporous activated carbons.

2. Ttissuggested from the uliimate analysis that
the activated carbons from LFG contain significantly
more nitrogen as carbonaceous materials, and part of
the nitrogen content is burned off during steam activa-
tion. It is considered that the burnotf of the nitrogen
contributes 10 the formation of unique pore size distri-
butions on the prepared activated carbons.

3. The acid treatments prior to steam activation
increase the micropore volumes ot the carbons. The
pore size distributions of the activated carbons prepared
via acid treatments have a peak around pore radii 2 nm
and less development of pores in the region having pore
radii larger than 5 nm. The mesopores and micropores
of the activated carbons prepared via the pre-treatments
are larger than that of the commercial activated car-
bon. It is useful to apply the pre-treatment 1o improve
the porous propertics of the activated carbons from
LFG.
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Abstract

A novel electric hydrocyclone is developed and tested. Aqueous suspensions of silica with a median diameter of 754 nm and 0.2%
volumetric concentration are tested using a 20-mm-diameter hydrocyclone. The ratios of tested underflow rate to throughput are: 0, 0.1, 0.2
and 0.3. The tested volumetric flow rates are 0.083 X 1073, 0.117X 1072 and 0.167 X 107 * m*¥s (5, 7 and 10 ¥min). The conical part of the
clectric hydrocyclone is connected to a cylindrical dust box having 42 mm diameter. This dust box has a centrat metal rod cone and a
cylindrical metal wall beiween which the desired 50-volt DC electric potential or no potential is applied. The investigated lengths of the dust
bux are 33 and 106 mm. The three different conditions investigated are: (a} no applied electric potential, (b) positive potential applied at the
central rod stde and negative potential at the side wall, and (c) positive potential applied at the side wall and negative polential at the central
rod side. In both the abscnce and presence of the underflow, the hydrocyclone with a long dust box is found to give better classification
efficiency than that with a short dust box. Interestingly, the effect of electric potential is reversed with respect to the presence and absence of
the underfiow. The presence of the underflow unexpectedly increase the 50% particle cut size when electric potential is applied. However, the
effect of eleciric potential is reversed when there is no underflow. The etectric potential can reduce the 50% particle cul size by up to 10%
compared 1o the absence of electricity. It is found that condition (c) exhibits a stronger effect than condition (b). As expected, the higher the
flow rafio, the simaller the particle cut size becomes. Based on the experimental results, an empirical correlation for the 50% particle cut size
has been oltained.

@ 2005 Elsevier Lid. All rights reserved.

Keyweords: Classification: Silica; Particles; Electric; Hydrocyclone

1. Introduction the classification of relatively fine, though not too fine,
particles unclassifiable by sifting.

Silica is a hard abrasive mineral used in numerous A hydrocyclone [1,2] is simple in construction, has no

industries. Grinding is a common imporiant process to
produce silica fine particles, In the dry grinding process,
fugitive dust is easily created. When people inhale the fine
dust of crystatline silica, it can lead to silicosis, a potentially
fatal lung disease. Wei grinding not only eliminates fugitive
dust but also gives higher grinding efficiency. The coarse
oversize particles have to be separated out and sent back for
regrinding. The conventional hydrocyclone is suitable for

* Corresponding author. W. Tanthapanichakoon Tel.: +66 2 564 7123;
fan: +66 2564 7122,
E-mail address: wiwut@nanotec.or.th (T. Wiwut).

1468-6996/% - see front matter © 2005 Elsevier Ltd. All rights reserved.
dei:10.1016/.51am. 2003.02.015

moving parts, requires low installation and maintenance
investment for the separation, classification and thickening
in many solid-liquid processes. Though originally designed
to promote solid-liquid separations, they are also used for
sofid-solid [3]. liquid-liquid [4], and gas-liquid separation
[5]. Although the first patent on a hydrocyclone is about
115 years old, research works are still in progress aiming at
developing new applications [6-10] or understanding the
complex phenomena inside it.

Two well-known theories for particle separation in
hydrocyclones are the equilibrium orbit theory [11] and
the residence time theory [12]. The former assumes that
particles of a given size will reach an equilibrium radial
orbit position inside the hydrocyclone where their outward
terminal settling velocity is equal to the inward radial
velocity of the liquid. Accordingly to this theory, larger
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Nomenclature

dsg 50% Particle cut size (pm)

D, Hydrocyclone body diameter (m)
D; Ialet diameter (m)

0, Overflow diameter (m)

Dy Underflow diameter (m)

G Grade efficiency (—)

! Vortex finder length {m)

L Total length of hydrocyclone (m)

g Suspension feed Aow rate (m>is)

Ry Underflow to throughput ratio (flow ratio) (—)
i Viscosity of suspension (kg/ms)

i Density of water (kg/m")

pr Density of silica particle (kg/m*)

particles wiil atlain a radial orbit position near the wall,
where the axial fluid velocity has a downward direction.
These particles will leave the cyclone through the under-
flow. The radial oebit position of smaller particles will be
[ocated near the center, inside the region where the axial
fAuid velocity is upward. These particles will escape through
the overflow. The cut size is defined as the particle size
whose equilibrium orbit is coincident with the locus of zero
vertical velocity of the fluid. Such a particle will have equal
chances to escape the hydrocyclone either through the
underfiow or through the overflow. According to the
residence time theory, a particle will be separated as a
function of both the position it enters the cyclone and the
available residence time. The cut size will be the size of the
particle which entering the equipment exactly in the center
of the inlet pipe will just reach the wall in the residence time
available. Several authors have used either theory to derive
different equations for predicting the cut size [13-16].

The study of size classification performance, in terms of
boath fundamental and operational variables has been
undertaken by several authors [17-20). Empirical models
have been developed [18-21] which are used for predicting
hydrocyclene performance in terms of capacity, cut size and
water split, With respeet to the empirical modeling of small
diameter hydrocyclones, some studies [22-24] describe
hydrocyclone performance with new correlations for the
capacily, cut size and water split. The flow pattern in
hydrocyclones has been examined experimentally [18.23,
25] and theoretically (12,18.26]. Expressions for dsq have
been obtained empirically [27-30] and theoretically [31,32].
The purpose of this swudy 1s to verify the collection
efficiency of a new type of eleciric hydrocyclone with and
without underflow under applied electric potential at the
dust box. The simple correlation for the 50% cut size is
discussed.

2. Materials and methods

Silica is used as the test powder which has the particle
size distnbution as shown in Fig. 1. The median diameter
is 754 nm. The density of powder is 2210 kg/m>.
Deionised water is used in all experiments. Suspensions
of 0.2% solid content by weight are tested in hydrocyclone

of 200 mm body diameter. All design proportions are as
shown in Table 1.

The ratios of tested underflow rate to throughput are: 0,
0.1, 0.2 and 0.3. The tested volumetric flow rates are
0.083%10° % 0.117X10" " and 0.167x10 > ms. The
operating time is 20 min to assure that the system 1s in
steady state.

The simplified experimental apparatus is shown in
Fig. 2. As can be seen, it consists of a tank equipped with
impeller for mixing at constant speed of 230 rpm. The
discharged underflow and overflow are returned 10 the feed
tank. The flow meter and pressure gauge are instatled o
measure flow rate and pressure drop. The suspension
temperature in the tank is constantly controlfed at 10 °C by
usiag cooler and heater.

The conical part of the electric hydrocyclone i3
connected to a cylindrical dust box having 42 mm diameter.
This dust box has a central metal rod cone and a cylindrical
metal wall between which the desired 50-volt DC electric
potential or no potential is applied. The investigaled lengths
of the dust box are 53 and 106 mm. The three different
conditions investigated are: {a) no upplied electric potential,
{b) positive potential applied at the central rod side and

-+ 4 ——=

| 2
Particle diameter Dy, {pm)

Cumulative Volume [% undersize)

wr

Fig. 1. Particle size disifibution of 1he feed matenals,

Table |
Hydrocyelone proportions

DD, DJD, DD, WD, up, Cone
angle (')
(.20 016 0.20 1.00 7.4l 7.68
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Fig. 2. Experimental apparatus.

negative potential at the side wall, and {c) positive potential
applied at the stde wall and negative potential at the central
rod side.

The particle size analyses of both effluent streams are
carried out by Laser Scattering Particle Size Distribution
Analyser, HORIBA LA-920 with (NaPOs)s 0.3 g as a
dispersing agent. The concentrations of solids in the
underflow and overflow samples are measured by evapor-
ation and weighing. The grade efficiency, ¢, and the cut
size, dsg, are evaluated according to the procedure
recommended by Svarovsky [2].

3. Results and discussion

Fig. 3 shows the effect of dust box length in the absence
of the underflow. The hydrocyclone with a fonger dust box
exhibits higher separation efficiency because coarse
particles have less chance to escape from the vortex finder
than that with a short one. At steady state, the 50% cut size
are 2.260 and 1.858 um for the short dust box at flow rate
0.117x1077 and 0.167X 1077 m%s, respectively but
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—_ —+ (.1 17E-3 m3/s short dust box
= 907 011753 m3/s long dust box J
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Fig. 3. Effect of dust box length in the absence of underflow.
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Fig. 4. Effect of potentiat in the presence of underflow.

decreases by 10.22% 10 2.029 uym and by 11.52% to
1.644 pm for the long dust box.

Figs. 4 and 5 show the particle separation efficiency
when electric potential is applied to the long dust box of the
hydrocyclone in the presence and absence of the underflow,
respectively. The effect of eleciric potential is reversed with
respect to the presence and absence of the underflow. More
specifically, the electric potential for positive pole at
both the central rod and side wall increases the 50%
particle cut size when compared with no application
of electric potential in the presence of the underflow,
The trend is reversed in the absence of the underflow. Both
in the absence and presence of the underflow, effect of the
potential when the positive pole is connected to the side
wall is stronger than when the positive pole is connected o
the centrai rod.

Fig. 6 shows the relationship between 50% particle cut
size, dsg, and the underflow to throughput ratio, Ry by
using the long dust box at feed Aow rate 0.117 X102 m'fs
with and without electric poiential. As expected, the higher
the flow ratio, the smaller the panicle cut size becomes.
The choice is between high flow ratios at low-pressure
drops, or low flow ratios at high-pressure drops. However,
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Fig. 5. Effect of potential in the absence of underflow.
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Fig. 6. Relaticnship between dyg and Ry using the long dust box

a higher flow ratic results in a lower solid concentration
and vice versa. Depending on the particle size of the feed
solids and the cost of further dewatering of the solids in the
underflow, the two running costs of dewatering of the
solids in the underflow and pressure drop should be
weighed against each other and the operating conditions
optimized accordingly.

Fig. 7 shows the relationship between dsy and suspen-
sion feed flow rate, Q. for cither the short or long dust box
at operating flow ratio 0.1 with and without electric
potential. As anticipated, the higher the feed How rate, the
smaller the particle cut size. The results confirm both the
effect of dust box length in Fig. 3 and trend of electric
potential effects in Vigs. 4 and 6. Similarly, Fig. 8 shows
the relationship between ds, and Q for short ur long dust
boxes with no underflow in the absence and presence of
electric potential. The higher feed flow rate reduces the
smaller particle cut size. The results again confirm both
effects of dust box length in Fig. 3 and trend of electric
potential in Fig. 5. In order to obtain the smallest cut size
the long dust box should be selected and the system
operated with positive electric potential at the wall and no
underflow.

Fig. 9 shows the correlation resuits for the dsg in the
presence and absence of underflow using parameters K,
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Fig. 7. Relationship between dsy and @ at flow ratic 0.3,

@ Shint dust box bt pstential | |
i ade -

& Seat it b Co

o et B Woall i

5
2175 —
g
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Feed flow rate, Q j'_n'."\]‘]f.\J
Fig. 8. Relutionship between dy, and ) with no underfiow.

C, and C. (see Appendix A) compared with experimenta)
results in the presence and absence of underflow,
respectively, The estimated parameters are agreed well
with experimental results.

4, Conclusion

In both the absence and presence of the vunderflow, the
hydrocyclone with a long dust box is found to give betier
classification efficiency than that with a short dust box.
Interestingly, the effect of clectric potential is reversed
with respect to the presence and absence of the underflow.
The presence of the underflow unexpectedly increase the
0% partticle cul size when clectric potential is applied.
However, the effect of electric potential is reversed when
there is no underflow. The electric potential can reduce the
30% particle cut size by up to 10% compared to the
absence of electricity. It is found that condition (¢} with
positive potential applied at the side wall and negative
potential at the central rod side exhibits 2 stronger effect
than condition {b) with positive potential applied at the
central rod side and negative poteniial at the side wall. As
expected, the higher the flow ratio, the smaller the particle

o UL-SB-NP
& UFSR.PC
0 UF-SB-PW
* UF.LB-NP
s UF-LB-IC
= [JE.LBPW i
21 - NuFsnonp i
+ MUE.SR-PC
> NUF-SR-PW
® NUF-LR-NP
* NUF-LB-PC
| * NUE-LB-PW

Estimated de [lm]

| 2 3
Experimental v [pum]

Fig. 9. Correlation results for the ds in the presence and absence of
wnderflow (UF, underflow: NUF, no underflow: SB, short box; LB, long
box: NP, no potential; PC, positive center, PW, positive wall).
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Table Al
The constants for the presence and absence of the underflow in Eg. (A 4)

W. Pratarn ¢t al. / Science and Technotogy of Advanced Materials 6 (2005) 364-369

C] C2
. No Center + Wall +
Presence of underflow Short dust box 3067 0 744 1698
Long dust box 0 ] 1036 1815
Absence of underflow Short dust box 5836 0 -~ 2759 — 4045
Long, dust box 0 0 ~2114

—4323

cui size becomes, Based on the experimental results, an
empirical correlation for the 50% particle cut size has been
obrained as Eqgs. (A.3)~A.6).

Acknowledgements

P.W. acknowledged Royal Golden Jjubilee PhD scholar-
ship from Thailand Research Fund (TRF), I-year Stwdent
Exchange Scholarship from Association of International
Education Japan and useful comments from Dr Kunihiro
Fukui, Hiroshima University. This work was partially
supported by Thailand-Japan Technology Transfer Project
and TRF-RTA Project of Prof. Wiwut Tanthapanichakoon.

Appendix A

The correlation derived from equation of metion is

3
du mvy

m—ar— = =3mpdy(u, —v) + - = (A)

where « and v are particle and fluid velocity that respect to
coordinate, respectively. At steady state the left hand term is
zero, so that:

18 peru, - 1'5
D, = —
P \/ (o — P13

At critical particle velocity, u, =0

Dpc _ 18 u.r(—yi) _
fp — PIVg

18 pr(ve)
(pp — P)V;

Normally, vg=v;. vp =ay,»; = 40/1IDY and r=0.12

uD.D} )m
(py — PO
uD.D}

112
=g
((Pp - .D)Q)

Dy = (7.o7a}"2(

(A.2)

Substitute with the cyclone dimensicens and property:

g ek (o.szﬁ X107 X 20X 1073 % (3.9 X 1072\
50 (2210 — 995.647)( )
20862 X 10713\ %
b = K [2HX07)
Q
The semi-empirical constant K is denoted by:
K=K +C +C, (A4)

where K| 15 a constant. C) and C5 denote the dust box length
effect and electric effect respectively. The correfation for the
presence of the underflow is:

15338
Ky = i omas 035 (A3)
Q 'Rf
The correlation for the absence of the underflow is:
K, = 79746Q""% (A.6)

The constants for the presence and absence of the underflow
in Eq. (A.4) are shown in Table Al.
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Abstract

The eleciret Aiter is composed of permanenily charged electret fibers highly capable of collecting charged and uncharged nanosize
particles. Compared to the ordinary non-elcctret fiber, the aerosol collection efficiency # of the clectret fiber can initially be significantly
higher. In our previous study, 7 of the electret fiber under dust loading is found to be approximated s the sum of the clectrical and mechanical
collection efficiencies, It is also shown that the former efficiency can be approximated as a logarithmic function of the dust load. Since the
expensive electret filier cannot practically be cleaned and re-used, it is crucial to lengthen its service life without compromising ils collection
efficiency. In the present study, the time-dependent dust-loaded collection efficiencies of four electret filters with the same average packing
density of 0.04 but different linear spatial distributions of the packing density along the filter thickness (0.04 throughout, frent 0.03-back
0.03, front 0.02-back 0.06, front 0.01-back 0.07) are simulated and compared. The maximum penetrations and clogging points of the four
filters are different. At the maximum 4% penetration through filter D (front 0.01-back 0.07) is two times higher than filter A (0.04
thraughout). but the dust load at clogging point of filter D is about 4 times higher than filter A, The results show a significant difference inthe
distributions of the mass deposited particles along the filter thickness as time passes. As a result, it is possible 1o quadruple the filter service
life by packing the filter loosely on the inlet side and progressively more denscly towards the outtet side, while maintairing a sufficiently high
aerosol collection efficiency at all times,
© 2005 Elsevier Lid. All rights reserved.

Keywords Dust loading effewt: Electret filter

1. Introduction As the constituent fibers are covered with collected
particles, the filter charactenistics change with the dust

Fibrous air filters are used in various industries for dust
collection and environmental protection. The electret filter
is used to clean gas streams of dilute particle concentrations
at low pressure drop and high efficiency. It is composed of
permanently charged electret fibers highly capable of
collecting charged and unchurged fine particles. Compared
1o the ordinary non-electret fiber, the acrosol collection
efficiency of the electret fiber can initially be significantly
higher, even if the aerosol particles are uncharged. There-
fore, electrer fibers are often employed to enhance
the collection efficiency of HEPA and ULPA filters.

* Corresponding authar. Tel.: +66 2 564 7123; fax: + 66 2 564 7005.
E-mail address: wiwut@nanotec.or.th (W, Tanthapanichakeon}.

| 468-6996/% - see front matier & 2005 Elsevier Lid. All rnights reserved.
doi: 1010164 stz 2005.62.009

Joad. The electret fiber has four different mechanisms of
particle deposition, namely, inertial capture, interception,
diffusion and electrostatic mechanism. The collection
efficiency of the clean electret fiber in the initial stage is
remarkably high because of its strong electrostatic effects.
As dust loading proceeds, the collection efficiency of the
electret filter might briefly fall as a function of dust load
because the electrostatic effect exhibited by the fiber surface
is screened by the deposited particles. It is known that most
on-coming particles are collected on already captured
particles to form complicated agglomerates on an electret
fiber. As a consequence, the mechanical effect on the overall
efficiency gradually picks up and ultimately becomes the
dominant collection mechanism.

The collection efficiency of clean air filter are well
known and widely studied [1-7]. The collection efficiency
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Nomenclature
C influent particle concentration (kg/m])
G effluent particle concentration (kg/m])
d; diameter of a fiber (m)
B collection efticiency of filter (-)
M dust load in a unit filter volume (kg/ml)
Pn penetration (~)
t time (s)
v face velocity (m/s)
single-fiber collection efficiency (-)
Nog electrical single-tiber collection efficiency of the
clean fiber {-}

flom mechanical single-fiber collection efficiency of
the clean fiber ()

e electrical single-fiber collection efficiency under
dust load condition (=)

M mechanical single-fiber collection efficiency
under dust load condition (-)

g electrical enhancemem factor (mjfkg)

M mechanical enhancernent factor (m>/kg)

o packing density of filter (=)

of the electret filters could initially degrade with the
agglomerative deposition of particles {8-12].

The collection efficiency of the electret filter depend on
many parameters such as the aerosol particle sizes, the fiber
charge density, charge on particles, filtration velocity, filter
packing density and the filter thickness. Kanaoka et al, [{3]
proposed a three-dimensional stochastic model of an
ordinary fiber for the case of deposition of aerosol particles
by convective Brownian diffusion. They found that the ratio
of the collection efficiency of a single dust-loaded fiber to
that of a clean fiber was expressible as a linear function of
the mass of particles in a unit filter volume. Baumgartner
and Loffler (9] studied the initial and dust loading condition
of the electret filter. They were interested in the particle
sizes ranging fram 10 nm to 10 pm for various types of
electret filters. They also simulated the particle deposition
around a cylindrical electret fiber 1o predict the collection
efficiency of clean fibers. Brown et al. [10] found that the
collection efficiency of the electrer filters exponentially
decreases with the operation time because the electrical
effect decreases. Walsh and Stenhouse [11] carried out
experiments to study the effect of particle size, charges and
composition en the electret filter under dust-loading
condition. They showed that the uniformly small particles
can reach the maximum penetration and the clogging point
faster than the uniformly large particles. Kanaoka et al. [ 14)
studied a practical three-dimensional simuiation method for
predicting the agglomerative deposition process of sub-
micron aerosol particles on an electret fiber. This study led
to prediction of how the morphology of particle accumulates
on a constituent fiber changed and affected the collection
efficiency of the filter under the dust-loaded condition. Ji
et al. [12] conducted experiments to study the effect of dust
loading on the collection performance of the electret cabin
air filters. They proposed that the amount of charge, the
particle sizes and the particle material affected the collection
performance. They also showed the collection efficiency
degraded as more particles deposited, and showed a
mintmum efficiency at steady stale. Tanthapanichakoon
et al. [15] developed a three dimensional stochastic model to

stmulate the deposition process on an electret fiber by
considering the effect of Brownian diffusion in the model.
The model was shown to predict the agglomerative
deposition process reasonably well and, in the case of
weak electrical effects, they also approximated the collec-
tion efficiency enhancement factor as linear function of dust
load.

In our previous study, the collection efficiency of the
electret fiber under dust loading is found to be approximated
as the sum of the electrical and mechanical collection
efficiencies. It is also shown that the elecirical collecion
efficiency can be approximated as a logarithmic funciion o1
the dust load [16]. In the present study, the time-dependent
dust-loaded collection efficiencies of eleetret filters with the
same average packing density but different spatial distri-
butions of packing density along the filter thickness arc
simulated and compared. The results show a significant
difference in the distributions of the mass deposited particles
along the filter thickness as time passes. It is possible to
significantly lengthen the filter service life by packing the
filter loosely on the inlet side and progressively more
densely towards the outlet side, while maintaining a
sufficiently high aerosol collection efficiency at all times.

I.1. Simulation of the collection efficiency
of the electret filter

In our previous study, the correlation for the collection
efficiency of the electret fiber (%) is found by summing a
logarithmic function for the electrical collection efficiency
(n¢) and the previously obtained linear function of
mechanical collection efficiency (n.).

=1+ Ty

= neel] + (6 Inm + yIm] + noml1 + Aym) (n
or
n = 7nell + Agm] + noull + Aym],

(2)
where Ag = Blanm +
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Under dust-loaded condition, the local aerosol corcen-
tration € and dust load m in the filter can be obtained by
numerically integraling Eqs. (3) and (4) together with Eq.
(2) and the applicable initial and boundary conditions.

ac 4 a 9

ax _; [ — o d; ¢ &)
aC__lam .
dx v ot )

Initial condition /=0: m=0for 0<x <L

Boundary condition x=0: C=C, for 1> 0

The filter collection efficiency is calculated from C,=C
at x=L as follows.

C
E,=1-= 5
" G, (3)

To estimate the collection efficiency of the electret filter
under dust-loaded condition, the following assumptions are
made:

(1} The local collection performance (between x and x+
Ax) can be regarded as constant for a sufficiently short
time interval (7 and 1+ Ap).

(2) When the local dust load a single fiber is the same, the
local electrical enhancement factor is the same regard-
less of the fiber location in the filter and filtration time.

The simulation conditions are listed in Table 1. The
simulation is carried out until the filier becomes clogged.
The % penetration P is defined as P==100(l —E,,). Table 2
shows the equation of the filter packing density of four
filters. The four filters have same average packing density,
«=0.04, but diffcrent spatial distributions of packing
density along the filter thickness. Fig. | shows the filter
packing density distribution of the filters along thickness.
Fibers are packed uniformly in filter A. For filters B-D,

Table i
Simutation conditivns used

Simulation conditions used

Time step Ar=0.03s

Differentizd Alter thickness Ax=0.00002 m
Packing density of filter a=0.04 (-}

Face velocity of filtration=0.1 n/s
Infiuent dust concentration €,=0.01 mg/m
Electret fiber diameter of =20 pun

Particle diameter dp=1 pm

Electret fiber chirge =1.23107% Cim?®

3

Table 2
Packing density of the electret filter

Filter Packing density
A 0.04

B 6.67L+0.03

C 13333L+0.02
[ 20L41.01

0.08

007

006 q

sity (=)

0.05 1

004 1—

B
0.03 1

Packing den

0.02 1+
.01+ 2

0 T T T T T
0 0.0005 0.001 0.0035 0.002 Q.0025 0.003
Filier thickness (m)

Fig. 1. Electret fiber packing density distribution along thickness.

the packing density changes along the filter thickness, with a
minimum packing density at the inlet side and a maximum
packing density at the outlet side of filter.

2. Results and discussion

As fine particles deposit on the fibers, their collection
efficiencies increase while the filter gradually becomes
clogged. Filter collection efficiency depends not only on
filtration condition and particle properties, but also on the
filter properties, such as fiber diameter, packing density,
packing structure.

To clearly demonstrate the intended effect, the value of
C; is deliberately set quite high while the electret fiber
diameter, much larger than the conventional HEPA filter. As
a result, the collection efficiency would drop as low as 96%
on the number basis with respect to the | pm particles.

Fig. 2 compares the penctration through four differemt
filter structures with the swme average packing density. The
penetrations of the four filters initially inerease with dust
load with filter A’s raising the most rapidly. After a period
of 1ime, the penetration through all filters staris to gradually
decrease and becomes zero upon clogging. In this
caleulation, all conditions except for the packing density
distribution of fibers are equal. As expected, the maximum

Penciration (%)
(2%
v
1

A B C D
1 \j \\
0 T T = ¥ 0
5 10 15 20 25 30

Dust Load (kg/m?)

Fig. 2. Penewration of different electret fiber under loading condition,
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Fig. 3. Disuibution of dust inside the four electret fliers. (a) Filter A: (b) filier B (<) Alter C: () Rdter D.

penetrations and clogging points of four filters are different.
Al 4% the maximum penetration of filter D is two times
higher than filter A, but the dust load at clogging peint of
filter D is about 4 times higher than filter A. Similarly, filter
C shows a maximum penetration which 1s around 1.5 times
of filter A, and the dust load at clogging point around 2 times
of the case of filter A. For filter B, the maximum penetration
is about 1.25 times of filter A, and the dust load at clogging
point is 1.3 times of filter A. Obviously, we can lengthen the
filter service life while maintaining sufficiently high aeroso)
collection efficiency at all times, for example by designing
the fAlter structure as that of B, C or D,

Fig. 3 shows the distribution of mass depoesited inside
four filters. In Fig. 3(a). the maximum Just load always
appears at L=10. the inlet side of the filter, and decreases
steeply inside it. The front side of filter A will reach w
clogging point of 60 kg/m? at 18,866 s or 314 min.

Similarly, in Fig. 3(b), the clogging time of filter B is
around 25,573 s or 426 min. It shows about 1.4 times longer
service life than filter A In Fig. 3(c), the maximum dust
loaded initially appears at L=0. After about 15,000 s, the
maximum dust load of filter C slightly shifts back words. At
25,333 5, the maximum dust load appears at a filter depth ot
0.0005, and then the maximum dust load starts to shift to the
intet side of filter. At the clogging point, the maximum dust
load appears at the front end of the filter after 39,144 5, a
service life about 2 times longer than filter A. fag. 3(d)
shows that the clogging time of filter D is around 82,284 s,
about 4.3 times that of filter A.

3. Conclusion

The expensive electret filter cannot practically be
cleaned and re-used. Therefore, it is vital to improve

the filter service life. Our simulation results show that 1t is
possible to sigmficantly lengthen the filter service life by
packing the filter loosely on the front side and progressively
more densely towards the back side, while maintaining a
sufficiently high aerosol colleetion ctficiency at all times. To
obtain the optimal filter pucking density, it 1s necessary to
know only the correlation between the eollection efficiency
of the fiber and the dust load. Once the fiber packing density
in a filier has been selected, we can reasonably predict the
collection efficiency (or penctration) as a function of overall
dust load or filtration time s well as the clogging condition.
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Abstract

ZnS nanoparticles with different merphology: spherical, ellipsoidal particles’ nanotubes and nanorods, could be successlully synthesized
from quaternary W/O micreemulsion system. The morphology of the final products could be clearly confirmed by the scanning electron
microscopy {(SEM) and the transmission electron microscopy (TEM). The effect of cosurfactant on size and morphology of the obtained
products have been explored in this work. The key controlling parameters such as the molar ratio of water to surfactant {w.,) and the reactant
concentration, which aftect the product characteristics, have also been investigated.

@ 2005 Elsevier Ltd. All rights reserved.

Keywords: Microemulsion; Cosurfactant; Zine sulfide: Nanoparticle

1. Introduction

At the moment nanostructural marterials have become
attractive because of their unique characieristics that can
hardly be obtained from conventional bulk materials owing
to their quantum size and surface effects. In particular,
much attention has been paid to synthesis of group
I1-V1 semiconductor materials duc to their excellent
prospective in catalysis, optical and magnetic functionality,
and so on [1].

To date there are many methodologies available for
synthesizing ZnS nanocrystals, such as laser ablation,
electrochemical fabrication and solvothermal methods [2].
However, water-in-oil (w/o) microemulsions or reverse
micelles technique is one of the most recognized methods
due to its several advantages, for instance, soft chemistry,
demanding no extreme pressure or lemperature control,
easy to handle, and requiring no special or expensive
equipment. In general, microemulsion or ME is an isotropic,

* Corresponding author. Fax: + 06 2 218 6480.
E-matl  addresses:  ctawat@chulaacah (T, Charinpanitiul).
c_amornsak @hotmail.com (A. Chanagul).

1468-6906/$ - see front matter © 2005 Elsevicr Lid. Al rights reserved,
d0i10.1016/.51am.2005.02.005

thermodynamically stable dispersion of oil, water, surfac-
tant and often cosurfactam, which is normally alcohol.
Microemulsion can be characrerized as oil-in-water {O/W),
waler-in-oil {W/0Q) or bicontinuous system. Qil-in-water is
microemulsion containing an excess oil phase with
surfactant molecules existing in the aqueous phase in form
of normal micelles. On the other hand, water-in-oil {(W/0)
microemulsion is the coexistence of an excess waler phase
and the surfactant molecules which aggregate in the oil
phase in the form of reverse miceile. It is well known that
these micelles could perform as nano-scaled reactors {3].
Once two microemulsions of which one contains the
precursor and the other contains the precipitaling agent
are uniformly mixed, the reaction will occur in controlled
manner in the micelles which have the gize in order of
nanometers, resulting in formation of nanopartictes of
controlled characteristics.

It is also known that addition of cosurfactant can reduce
the surfactant concentration in microemulsion preparation.
Normally, low maolecular weight alcohols, such as n-butanol
can be used for this purpose. Their short hydrophobic chain
and terminal hydroxyl group is known to enhance the
interaction with surfuctant monelayers at the interface,
which can influence the curvature of the interface and
internal energy. The amphiphilic nature of cosurfactants
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could atso enable them to distribule between the aqueous
and oil phase [4)].

The most challenging probiem for this synthesizing
method is how to precisely control morphology and size of
nanoparticles. The uniformity of morphology and size of the
synthesized product is expected for being effective utiliz-
ation in various specific applications, such as optical
sensitizers, photocatalysts, light converting electrodes und
inorganic light emitting diodes (ILEDs). Xu and Li reported
that they could synthesize ZnS nanoparticles and nanorods
in ternary water-in-oil microemulsion by varying some
parameters such as the melar ratio of water to surfactant
{w,) and temperatre. Uniform nanorods could be vbtained
at w,, of 11 and reactant concentration of 0.1 mol/dm” after
aging for 2 days [1]. Similarly, Xu et al. could obtain Agl
nanowires of uniform diameter from a system of Triton X-
100 microemulsion with r-pentanol as a cosurfactant at w,
of 11 [5]. Lv et al. studied ZnS nanowires synthesis by
sodium bis(2-ethylhexyl)sulfosuccinate (AOT) micelle-
template inducing reaction and found that the morphology
and size of ZnS nanoparticles would also be affected by
reactant concentration and »w,, [6]. Moreover, Lv et al. also
reported that ZnS nanotubes could be obtained from O/W
microemulsion by using CS; as an oil phase and Triton X-
100 as a surfactant |7]. In this paper, we have mainly
focused on investigating the dependence of morphology of
ZnS nanoparticles on cosurfactant types. Meanwhile, other
variables, which are w, and reactant! concentration, have
also been investigated.

2. Experiment

All of the solvents, which are cyclohaxane and Triton
X-100, and reactants (Zn®" and $%7 ) used in this
experiment are analytical grade and used without any
further purification. First, the solution of Triton X-100,
cyclohexane and cosurfactant were prepared and mixed in
two accurate beakers. Then aqueous solutions of ZnSQO, or
Na,S are added into each micoemulsion solution in separate
beaker and vigorously agitated by a magnetic stirrer. After
mechanical agitation for about 15 min, two separate
microemulsion solutions were mixed together. The resulting
mixture was then incubated for 2 days at room temperature.
Samples were taken to analyze by SEM (JEOL ISM
5410LV), Energy Dispersive X-ray Spectrascopy (EDS)
and TEM (JEOL JEM-1230).

3. Resuits and discussion
3.1, Effect of cosurfactant
In order to investigate the effects of cosurfaciants, n-

hexanol, n-pentancl, and n-butanol were selecied and
individually added into the microemulsion system with

concentration tatio of Criiwn x-100f Ceosurfacnm = 1 while w,
were varied within the range of 5.5-20.0. The reactant
concenlration was tentatively kept constant at 0.1 mol/dm’.
All syntheses were conducted at room temperature.

Without cosurfactant, the microemulsion with w, of 5.5
and reactant concentration of 0.1 mol/dm® could provide
ZnS nanoparticles with the morphology of long and short
rods as well as ellipsoid as shown in Fig. 1. These ZnS
nanorcds have an aspect ratio of approximately 80 (200-
750 nm in diameter and up to 30 um in length). Meanwhile
ellipsoidal ZnS nanoparticles have breadth i the range of
about 90-200 nm. With an increasc in w, up tu 11, more
agglomeration of ZnS pariicles and only few nanorods were
observed. In order to identify the constituent of these
synthesized products, typical IEDS analysis was conducted
to demonstrate that these products are ZnS nanocrystals
(Fig. 2). The X-ray fluorescence peaks at 1.0 and 2.3 keV
exhibit the combination of Zn and S. Meanwhile, the
smaller peaks at 8.6 and 9.6 keV correspond to the transition
of Zn Ka, and KB, respectively.

By employing n-hexarol as cosurfactant at relatively
low w,, Fig. 3(a) and (b) show that the synthesized

STREC

Bpm 260401

LN 'i
Hrs nee

Fig. 1. SEM images of ZnS nanoparticles synthesized in ternary W/O
microemulsion with wo=5.5 and reactant coneentration of 0.1 mol/dm’.
No cosurfactant is added.
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Fig. 2. The EDS of typical ZnS nanoparticle samples oblained from w/a microemulsion.

products were quantum dots with diameters less than
5 nm. These quantum dot particles could agglomerate to
form secondary particles with larger diameters of between
40~100 nm, which however are much smaller than those
obtained from heat treatment method [8]. Typically ZnS
can be used as light emitting phosphor once it is doped
with elements such as terbium (Tb) or samarivm (Sm).
The smaller the size of quantum dots the higher the light
emission efficiency they could provide. Therefore it is
reasonable to expect that the synthesized products in this
work could potentially be used in electroluminescent
applications upon doping.

However, it is noteworthy that at w, of 15 ZnS nanotubes
with diameters of 20-40 nm and length of up to 2 pum could
be successfully synthesized (Fig. 3(c)). It could be
confirmed from repeatability test that such hollow

nanotubes of ZnS exhibit a very narrow distribution with
respect to their diameters.

It should be nated that there were some significant
changes in the morphology of the synthesized ZnS
nanoparticles when n-pentanol or n-butanol was employed
as cosurfactant. At w, =7, comparison of Figs, 3(x) and
4(a) reveals that predominant morphology of the syn-
thesized ZnS are quaatum dots and their agglomeration of
which diameters are smaller than 100 nm. However, when
increasing w,, value to 11 and 15 n-pentancl could result
in ZnS nanorods with some agglomerations as shown in
Fig. 4(b) and (c). Interestingly, Fig. 5(a} and (») show
that with w,, of 11 and |5 ZnS nanotubes with some
quantum dc. depositing on their surface could again be
successfully grown when »-butanol was employed as
cosurfactant.

100 om

Fig. 3. TEM images of ZnS nanoparticles synthesized in microemulsions with s-hexanol as a4 cosurfactant at: {a) w, =7, (B} w,== 1. and (¢) w, = 13.
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Fig. 4. TEM images of ZnS nanopacticles synthesized in microemulsion with n-pentancl as a cosurfactant at: () w,=7, (b) wo=11, and (c) w,=15.

3.2. Effect of reactant concentration

The effect of absolute reactant concentration [Zn’*)
and [S$*7] on the morphology of Zn$ nanoparticles
synthesized in microemulsion systems was investigated
by varying both [Zn*"} and [S?7] in the range of 0.10~
0.05 mol/dm®. With a decrease in the reactant concen-
tration to 0.05 mol/dm?, the synthesized ZnS nanoparticles
mainly showed ellipsoidal morphology. With w, of either
Il or 20, the morphology of the ZnS nanoparticles
synthesized in the microemulsion using n-hexanol as
cosurfactant exhibited insignificant difference. As could be
observed in Fig. 6(a) and (b), the agglomeration of ZnS$
nanoparticles, which formed larger aggregates with
diameter up to 200 nm, were found all over the TEM
grid but no nanorods or nanotubes were observed.

In addition, by employing n-pentanol as cosurfactant,
the effect of reactant concentration on the morphology of
the synthesized ZnS nanoparticles with various w,
became insignificant. With the reactant concentration of
0.05 mol/dm?, at w,=11 or 15 few ZnS nanorods with
diameter of between 60 and 120 nm were found to co-
exist with a widely spreading ZnS quantum dots as
shown in Fig. 7(a) or (b). From Fig. 7(¢} with a further
increase in w, to 20, long nanorods no longer existed but
some ellipsoidal ZnS nanopadtlicles and ZnS quanium
dots were found 1o disperse throughly within samples.
The approximated diameter of these ellipsoidal nanopar-
ticles were about 70~120 nm with the breadth of about
400 nm.

Finally, when n-butanol was used as cosurfactant, a
stmilar trend was still observed. With lower concentration

Fig. 5. TEM images of ZnS nancparticles prepared in microemulsion with a-butano! as a cosufactant: (a) w,=11, and (b) w,=15.
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Fig. 6. TEM intages of ZnS nancparticles prepared in microemulsion with r-hexanol as a cosurfactant and reaclant concentrtion=0.05 molidm™ 1a) w =11,

and {(b) s, =20.

of the reactanmt, no ZnS nanotubes could be synthesized
regardless of the increasing w,. However, it is noteworthy
that the elongated ellipsoidal morphology of ZnS nanopar-
ticles could be obtained at w,=7 as shown in Fig. 8(a).
With a further increase in w, to 15 and 20, those ZnS
nanoparticles with high aspect ratio disappeared. Fig. 8(b)
and (c) show that only ZnS quantum dots and their
agglomeration were randomly dispersed in the samples.
The agglomerated nanoparticles have the approximated size
of 20-100 nm. Also, it should be noted that further
increasing w, fed to a decrease in the population density
of the ZnS quantum dots and an increase in the number of
agglomerated particles. This implies that the higher polarity

of an increased water amount might enhance the agglom-
erating process of synthesized ZnS nanoparticles.

4, Conclusions

ZuS nanoparticles with distinguishable morphology
could be synthesized in quaternary W/O microemulsion
systems using various types of cosurfactant. According to
the above mentioned experimental results, it could be
clearly shown that the size and the morphology of the ZnS
nanoparticles are dependent upon the types of cosurfactant
and the reactant concentration as well as the molar ratio of

Fig. 7. TEM images of Zn$ manoparticles synthesized in microemulsion with a-pentinol as a cosurfactant and reactant concentration = 0.03 molidm?: (a) o=

L1, (b) w,, =15, and (¢, d) w,=20.
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Fig. 8. TEM images of ZnS nanoparticles synthesized in microemulsion with a-butanot as a cosurfactamt and reactant concenration = 0.05 mol/dm™ (a) w,,=7.

(B) we=15, and (c) w, =20,

water 10 surfactant (w,,). Cosurfactants with larger molecu-
lar size such as n-hexanol could provide higher possibility to
synthesize ZnS nanoparticles with higher aspect ratio, like
nanorod or nanotube. With relatively high reactant concen-
tration, some certain amount of ZnS nanorod and nanotubes
could be successfully synthesized. With n-hexanol at
w,=15, and reactant concentration of 0.1 mol/dm3, ZnS
nanoparticles with the morphology of hollow tuzbes could be
repeatedly synthesized. However, with lower reactant
concentration, spherical ZnS gquantum dots or ellipsoidal
nanopanicles were predominantly obtained regardless of
cosurfaciant types or wy,.
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Prediction of gas—particle dynamics and heat transfer
in a two-dimensional spouted bed
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Abstract—The aerodynamics of paricles and heat transfer of gas-to-particles in & two-dimensional
spouted bed (2DSB) with draft plates are investigated by the discrete element method {DEM), The
physical properties of the pwticles are similar 10 these of shelled ¢orn. The culculated minimum
spouting velocily and pressure drop agree well with the empivical correlations proposed by Kudra
et al. The panticte circulation rate increases when the friction coeflicient decreases or the sepavation
height increases. The draft plates can reduce the minimum spouting velocity and pressure drop. They
also increase the maximum spoutable bed height. The effect of taking out the draft plates on the
spouiing phenomenon is investigated. The mixing of a 2DSB without draft plates of 103,000 particies
is better than that of 26,000 particles. In our simulation, the gas-lo-particle heat transfer is investigated.
The Ranz—Marshall correlation and the correlation of Sartor et al. are applicable in the spout region
and the downcomer region, respectively. The gas-to-particie heat transfer occurs mainly in the central
or spaoul region. as reported by Freitas and Freire.

Keywords: Two-dimensional spouted bed; mimmum spouting velecity: partcle velocity profiles:
discrete element method simulation; gas-to-particle heat transfer.

NOMENCLATURE

Aq cross-sectional area of downcomer (m?)
Apk external area of a particle (m?)

Cpg heat capacity of gas (kg K)

Cpk specific heat of particle (J/kg K)

dy particle diameter (m)

*To whom correspondence should be addressed. E-mail: Wiwul T.@Chula.ac.th
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2 T, Swasdisevi et al.

8 gravity (n/s?)

hy heat transfer coefficient between the panticle and gas (J/K m? s)
Hy bed height (m)

Hy spout height (m)

A, entrance height or separationr height (m)

I moment of inertia (kg m?)

k spring constant (N/imn)

k. thermal conductivity of gas (W/mK)

Ly bed length (m)

M degree of mixing (—)

m mass of particle (kg)

Nu Nusselt number (—)

P gas pressuxe (Pa)

AP minimam spouting pressure drop {Pa)

Pr Prandd number {(—)

0. heat transfer rate (J/s m?)

Re Reynolds number (—)

R4 distance from the spoul central axis to the draft plate (m)
s normal distance {m)

T, gas temperature (K)

Tox temperature of particle (K)

Al time step (s}

i gas velocity of the ith direction in the coordinate {m/s)
;i superficial gas velo~ity at inlet gas (m/s)

Ums minimum spouting velocity (m/s)

p particle velocity (m/s)

Vps particle velocity above slanting base (m/s}

T average partcle velocity (m/s)

v, volume of a particle {m?)

w vessel width (m)

uh bed width (m)

Wy spout width {m}

w; width of gas inlet (m)

W, mass flow rate of particle (kg/s)

v distance from the central spout axis in the y dircction (m})

z distance from the bottom of the vessel in the z direction (m)
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Prediction of gas—particle dynamics 3

Greek
£ void fraction (—)
Lo bulk density g, = pp(1 — &) (kg/m®)
Pg gas density (kg/m’)
Pp particle density (kg/m?)
¢ sphericity (—)
a slant angle (deg)

friction coefficient (—)
7 gas viscosity (Pas)
@ angular velocity (1/s)

1. INTRODUCTION

Com is an important economic agricultural produce for Thailand, the USA and
many other countries. The demand for com is high, especially in the feed mulling
and food industries. Modem agricultural technology has been developed to solve
the problem of the shortage of corn. Consequently, a huge quantity of com is
often produced within a short period of harvest time, thereby resulting in poor corn
guality and infection with aflatoxin B-1 in corn with a high moisture content. In
this situation, solar drying is generally unsuitable because it depends on weather
conditions. Therefore, fluidized bed and spouted bed dryers are often employed
because of the high capacity and small area required for installation. The spouted
bed technique has become established as an alternative to the fluidized bed for
the handling of particulates which are reladvely coarse and monodisperse in size.
Spouted beds are widely used'in industry, e.g. for the drying of granular materials,
granulation of powders, coating of tablets and blending of solids. The main feature
of spouted beds 1s the continuous movement or circulation of particles between the
spout and the downcomer of the bed.

In the drying operation, the intensive particle circulation results in nearly uniform
final moisture content and bed temperature, while the high velocity of the injected
gas allows high gas temperature without thermal degradation of the product.
Although the spouted bed requires a relatively higher pressure drop prior to the
onsel of spouting and a higher inlet gas velocity (but much lower volumetric
flow rate) than the fiuidized bed, the resulting high thermal efficiency makes this
technique economically feasible under numerous conditions [1]. The literature on
conical-cylindrical spouted beds (CSBs) has shown that the continuous movement
of particles has a significant effect on the performance of the spouted beds in
industrial applications such as drying, coal gasification, granulatton and particle
coating. However, CSBs are rarely used in the post-harvest industry because of
scale-up and operating problem [2]. Passos er al. [1] proposed the idea of a two-
dimensional spouted bed (2DSB) in order to overcome some of the limitations of
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Figure 1. Schematics of the 2DSB with draft plates.

CSBs. As shown in Fig. 1, a typical 2DSB consists of planar walls with a slanting
base and has an air entry slot along the center of the bed width. The rectangular
geometry presents an easy solution 1o the increase in production. Production can
readily be doubled or tripled by adding identical units in the orthogonal direction.
In other words, the laboratory-scale apparatus can be considered to be a single unit
in a complex of similar units. In addition, to stabilize solids circulation and reduce
the bed pressure drop, draft plates are frequent.; inserted in the core of the spouted
bed to separate the spout region from the downcomer region [3].

Computational techniques are now available to simulate multi-phase flows, in-
cluding dilute- and dense-phase gas-solid flows. The discrete element method
{DEM) is a handy tool for obtaining detailed information on these complex phe-
nomena without physically disturbing the flows. A distinct advantage of carrying
out DEM simulation of the spouted bed over the traditional use of the two-fluid
models is that the former is capable of ¢lucidating the bed dynamics at the individ-
ual particle level [4). Tsuji et a!. [5, 6], Kawaguchi ez al. {7. 8}, Kaneko ez al_ [9],
Kawagi er al. [10. [1] and Rong et al. [12] successfully applied the DEM to inves-
tigate particle flow, particle mixing, formation of bubbles and hot-spot formaton
in the fluidized bed. They found that the calculated results are in good agreement
with experimental observations. Van Nierop et al. {13} and Rhodes er al. [4] applied
DEM 1o investigate the charge motion of a mill and mixing in a gas-fluidized bed.
They found that the calculated results agreed well with the experimental results.
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Recently, a 2DSB with draft plates has been developed for post-barvest grain
drying [14. 15]. Because of the difficulty in measuring the particle dynamics,
spatial distribution of particle temperature, etc., without causing disturbances 10 the
systerm, it is useful to gain some basic understanding of these system characteristics
with the aid of DEM. As mentioned above, the 2DSB is selected for this work
because it is suitable for coarse heat-sensitive particles. In this work, the physical
properties of the particles are similar (o those of shelled com. The mimmum
spouting velocity, pressure drop, spatial distribution of particle velocity, particle
circulation rate and temperature distribution are analyzed and presented. Such
detailed, though qualitative, information will be useful for the understanding and
improved design of a 2DSB dryer.

2. GOVERNING EQUATIONS
2.1. Fluid motion and temperature

The locally averaged equation of continuity and equation of moton (Navier—Stokes
equation) are used to calculate the fluid motion. All the local quantities of the fluid
in a calculation cell such as pressure and velocity are represented by their local
averages. The void fraction of each cell is calculated from the total volume of the
particles contained in it. In this way, the position and velocity of individual particles
are not of concern in the equation of fluid motion. Only the local total volume of
the particles and their local average velocities are considered. The equations for the
fluid motion are as follows:
Equation of continuity:

d a
5?64_-8_:(}(8“1;):0. (1
Equation of motion:
i(wi) L fEL(E“i“j) = —i.al + fo- )
at 8,[}- Py 9x;

Tsuji er al. [8] have shown that the flutd may be treated as inviscid except for the
tnteraction term ( f,;) between the fluid and the particles.

foi = E(17,;.' — ), (3)
Py

where ¢, u, p, pp and U are the local void fraction, fluid velocity, pressure, fluid
density and average particle velocity, respectively. The coefficient 8 is derived from
Ergun’s equation [ 16] for the dense phase and Wen and Yu's equation [17] for the

dilute phase.
Similarly, a model of the convective gas-to particle heat transfer can be derived
by using the following assumptions. (i) Physical propertes such as heat capacity,



