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a b s t r a c t

Performance of metal catalysts to decompose aqueous phenol was experimentally investigated. Compar-
ison of the phenol decomposition rates within three-phase fluidized-bed reactors utilizing only O3, TiO2

deposited on silica beads, metal catalyst (Ni or Co) impregnated on mesoporous carbon beads, or O3 in
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combination with each catalyst was thoroughly examined. It was found that the use of Co catalyst with
the presence of O3 led to the best removal condition which aqueous phenol was completely decomposed
within 10 min (k = 0.1944 min−1). In contrast, the use of TiO2 without O3 resulted in the worst decom-
position of phenol (k = 0.0066 min−1). Some intermediate products, such as hydroquinone and catechol,
were also detected but their final concentrations were negligibly low.
orous media
hree-phase fluidized bed

. Introduction

Situation of environmental threats due to chemical contami-
ation in public reservoirs has become increasingly serious and
irectly related to industrial development in various countries
or many decades. Among various contaminants, phenol and its
erivatives are found in many industrial wastewaters, such as
ood preservative, pesticide, textile, paper and dye industries [1,2].

here are requirements of efficient treatment systems, which could
eet the regulated standards and economic constraints. In general,

here are various processes to treat industrial wastewater contain-
ng those organic compounds. However, it is well recognized that
henolic compounds are difficult to be removed by conventional
ethods, which would be biological decomposition or adsorption

y granular activated carbon [3]. Hence catalytic oxidation systems
ave been proposed by various research teams as proper alterna-

ive methods which include some advantages, such as non-toxicity,
nsolubility and high activity [4–7].

Photocatalysts with sufficient light irradiation have been used
or the decomposition of waste materials, pollutants, and harm-
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ful bacteria. Meanwhile, there are other types of catalyst, such
as metal catalyst which can also degrade such phenolic com-
pounds without light irradiation [7–11]. This means that when
the metal catalyst is employed lower operating and regenerat-
ing cost could be expected [5]. At the mean time, some oxidative
compounds, such as ozone, have been of interest for pollu-
tant decomposition due to their excellent performance. Thereby,
investigation on comparison of photocatalyst and metal catalyst
performance with synergetic enhancement of ozone has recently
been of interest. However, loss of those catalysts due to their size
and instability would be a serious issue to investigate for further
improvement.

It should also be noted that three-phase fluidized bed reac-
tors, which could provide intimate contact among gas, liquid, and
solid phases, have gained increasing attentions in a wide range of
industrial applications [8,12]. These kinds of reactors have various
advantages, such as simplicity in construction and operation, low
operating costs and flexibility in liquid and solid phase residence
times. Furthermore merits of having intimate contact between
the phases, high degree of mixing among phases, high values of
effective interfacial area and overall mass transfer coefficient and

flexibility of introducing continuously catalyst with less erosion
would also be reasons for employing three-phase fluidized beds
in many industrial applications, such as, coal conversion process,
catalytic hydrogenation, and desulfurization of residual oil [13,14].
The current applications for wastewater treatment and biochem-

dx.doi.org/10.1016/j.jhazmat.2010.09.061
http://www.sciencedirect.com/science/journal/03043894
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Table 1
Characteristics of catalysts and support.

Material Diameter (mm) Carbonization temperature (◦C) BET surface area (m2/g) Mesopore volume (mL/g) Crystalline size (nm)a

MC 0.6 600 784 1.55 –
Co/MC 0.6 600 736 1.23 2.4
Ni/MC 0.6 600 761 1.49 3
TiO2/SiO2 0.85–1.7 – 325 0.84 –
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emark: MC: mesoporous carbon bead; Co/MC: cobalt impregnated on mesoporous c
ioxide on silica bead.
a Calculated from Scherer’s equation.

cal processes are also commonly encountered by many research
eams [2–4,7,10].

In this work the performance of metal catalysts (nickel or cobalt)
mpregnated on mesoporous carbon beads which were prepared by
he sol–gel method was systematically investigated and compared
ith a commercial TiO2 photocatalyst doped on silica beads within
three-phase fluidized-bed reactor. The combining effect of ozone
xidation with the presence of catalyst was then examined and
iscussed.

. Experimental

.1. Catalyst preparation

Two types of catalysts were used in this research. The first
as commercial TiO2 impregnated on silica beads (Fuji Silysia
hemical, Japan) and the second was metal catalyst (nickel (Ni)
r cobalt (Co)) impregnated on mesoporous carbon (MC) beads.

he impregnation of each catalyst was conducted with a cer-
ain amount of silica beads for reproducibility [15]. In brief, the
atalyst preparation was started from impregnation of the cat-
lyst precursor solution with a concentration of 1 mol/L onto
he support material in a vacuum evaporator at 333 K until the

Fig. 1. Schematic diagram of three
bead; Ni/MC: nickel impregnated on mesoporous carbon bead; TiO2/SiO2: titanium

solution phase could no longer be observed. After impregna-
tion, the impregnated samples were dried overnight at 353 K
and subsequently calcined at 873 K under nitrogen atmosphere
(N2 gas flow rate of 0.8 L/min) for 5 h. Basic characteristics of
all catalysts employed in this work are compared in Table 1.
The mesoporous carbon beads were prepared with the nearly
monodisperse size of 600 �m with specific surface area of 784 m2/g.
Impregnation of metal catalyst onto the mesoporous carbon beads
did not affect its particle size because of its comparatively low
dosage.

2.2. Experimental apparatus

The equipment used in this work consists of a three-phase
fluidized-bed reactor (TPFBR) which includes a hold up tank, an
ozone generator (SO-O3UN-OX, Tokyu Car) and two 15-Watt 254-
nm UV-C lamps (only for examining performance of TiO2). The
reactor had an effective volume of 235 mL, 31.6 mm inside diame-

ter and 300 mm height (Fig. 1). The central portion of the reactor
was made of quartz tube to allow the UV irradiation from the UV-
C lamp to penetrate into simulated wastewater in which organic
phenol was introduced with designated concentration in a range
of 10–100 ppm was fed through a pump with a regulated flow rate.

-phase fluidized bed reactor.
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Fig. 2. (a) Pathways of formation of phenol intermediate product

All experiments were carried out under ambient conditions with
o-current upward flows of gas and liquid. The phenol-containing
iquid and/or ozone-containing gas were introduced through the
as distributor at the bottom of the reaction and then flowed out
rom the top of the reactor. The entire volume of liquid was re-
irculated via the hold-up tank. The ozone generator was used to
zonize 1 L/min of influent air (or pure oxygen) for supplying ozone
nto the reactor. The liquid flow rate was also kept constant at
L/min. The designated initial concentration of phenol and the des-

gnated catalyst loading was intentionally prepared for repeatable
nvestigation. The concentrations of phenol and their intermediate
roducts were analyzed by a high performance liquid chromatogra-
hy (HPLC, LC-20A, Shimadzu), while the total organic carbon (TOC)
nd the inorganic carbon (IC) were measured by a TOC analyzer
TOC-VCPH, Shimadzu). For examining the concentration of metal
atalyst which would possibly be washed out from the surface of
upporting material, consecutive samples of treated liquid were
haracterized by an inductively coupled plasma atomic emission
pectrometry (ICP-AES, iCAP 6300, Thermo Electron Corp.).

. Results and discussions

.1. Pathways of the phenol intermediate products

Once phenol is decomposed no matter by catalytic oxidation,
atechol (CC), hydroquinone (HQ) and hydroxyl hydroquinone
HHQ) would be generated as by-products in the initial stage of the
egradation [4–6]. These aromatic intermediates would undergo
urther ring cleavage reaction to yield carboxylic acids and alde-

ydes, which would subsequently convert to CO2 and H2O due
o decarboxylation [2]. The existence of those chemical species
ould be confirmed by our HPLC analyses. Based on our exper-
mental results, possible pathways of the intermediate products

ere proposed in Fig. 2(a). It should be noted that o-benzoquinone
˙

(b) mechanism of degradation of organic species by TiO2 catalyst

and p-benzoquinone would also be generated due to dehydrogena-
tion reaction of catechol and hydroquinone, respectively [5]. Those
organic intermediates would also be detected as organic carbona-
ceous compounds which were confirmed by TOC analysis.

3.2. Phenol decomposition by TiO2 photocatalyst

When TiO2 is irradiated by UV irradiation with energy greater
than its band gap energy (h� > Eg = 3.2 eV; � < 390 nm), a strong
oxidizing agent, such as OH• radicals would be generated [1].
The possible steps of relevant reaction mechanism are proposed
in Fig. 2(b). Some emerging radicals would attack any organic
molecules adsorbed on or located close to the surface of the catalyst
or the catalyst support, thus leading to their complete degradation
into small inorganic carbon species.

In order to confirm the effect of loading of TiO2 doped silica
beads, the experiments were carried out in the systems with the
solid loading in a range of 2.5, 5.0, 10.0 and 20.0 g for treating
wastewater containing 10 ppm phenol solution with a constant liq-
uid circulating rate. In practical situation, optimal loading of the
TiO2 doped silica beads is desirable for effective operation of the
pollutant decomposition systems [5,6]. However, the optimal load-
ing would depend on the configuration of the reactor system and
on types of pollutant [15]. Fig. 3(a) shows that the effect of phenol
degradation on TiO2 loading. In this work, phenol decomposition
was increased as the loading of the TiO2 doped silica beads was
doubled from 2.5 to 5 g. However, a further increase in the solid
loading over 5.0 g oppositely resulted in the decreasing removal
efficiency. Based on experimental results, it could be observed that

the rate of phenol oxidation would be lower with the excessively
high loading of TiO2 doped silica beads due to the hindered UV pen-
etration [6]. Thereby, the oxidation level decreased to a saturated
value upon the further increase in the loading of TiO2 doped silica
beads. Similarly, an increase in fluid opacity and light scattering by
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iO2 doped silica particles progressively occurred at a higher solid
oading, leading to the hindered passage of irradiation through the

ample [14–16]. Based on our experimental results, the optimal
mount of TiO2 doped silica beads was found to be at 5.0 g so that it
as considered as the a reference for comparison with other metal

atalysts.
us Materials 185 (2011) 606–612 609

3.3. Comparison of phenol degradation by TiO2 photocatalyst and
metal catalysts

To study the effect of ozone on the degradation of phenol with
the presence of different catalysts, 5 g of each catalyst was used to
decompose 10 ppm aqueous phenol with liquid flow rate of 1 L/min.
It should be noted that in this part the ozone gas was generated
from air at a constant flow rate of 1 L/min. As could be observed
in Fig. 3(b) the experiment using only TiO2 photocatalyst resulted
in the lowest degradation efficiency. It took a long time, approxi-
mately 8 h, to decompose the phenol concentration from 10 ppm
to a level of less than 1 ppm. On the other hand, experiments using
TiO2 catalyst with ozone generated from air revealed higher decom-
position efficiency. For comparison, the degradation efficiency of
system using metal catalyst was also investigated and compared
with that of system using only ozone generated from air or meso-
porous carbon bead (MC). The experiments were operated under
the same conditions as the case of system using the commercial
TiO2.

As shown in Fig. 3(c), contrasting to the result of TiO2 doped on
silica beads, Co catalyst impregnated on mesoporous carbon beads
is more effective than ozone generated from air. Combination of Co
metal catalyst and ozone oxidation could provide the best result
by degrading 10 ppm phenol to a concentration less than 1 ppm
within 15 min. For the case of using mesoporous carbon beads
without Co catalyst, the mesoporous carbon beads still provided
phenol removal efficiency higher than ozone. This result suggested
that adsorption by mesoporous carbon beads would play an impor-
tant role in removal of phenol in our system. Nevertheless, phenol
molecules were just adsorbed onto the substantially large surface
of mesoporous carbon beads but not degraded [4]. It could also
be observed from the formation of intermediate products (cate-
chol or hydroquinone) was undetectable regarding to the precision
of our HPLC. After operated for a while, the regenerated pro-
cess would be required for eliminating the adsorbed contaminant
molecules [16].

Using the metal catalyst impregnated on mesoporous carbon
beads for phenol treatment would prolong the catalyst service
lifetime and then increase the decomposition efficiency. The meso-
porous carbon beads would also help adsorb the contaminants on
their surface and pores, resulting in a simultaneous removal pro-
cess of phenol [4]. Comparison of experimental results using only
mesoporous carbon beads and Co deposited on mesoporous carbon
beads with the presence of O3 would suggest that catalytic decom-
position could also provide synergetic effect on phenol removal.
Therefore, most of the phenol and intermediate products would be
decomposed and removed faster. It should be noted that in the case
of using only mesoporous carbon beads, the contaminants would be
adsorbed into the pores or on the surface. With this reason, only the
mesoporous carbon beads would be exhausted faster than meso-
porous carbon beads impregnated with metal catalysts because of
catalytic activities [10].

From the above results, adding ozone would potentially increase
phenol degradation efficiency due to two possible ways which are
direct oxidation and radical reaction. With the direct oxidation,
ozone reacts directly with phenol molecules and cleavage the aro-
matic part to yield paraffinic molecules [14]. Meanwhile, with the
radical reaction (1), ozone and water could provide hydroxyl radi-
cal (OH•) which could further react with phenol to for some organic
derivatives [16]:
O3 + H2O−→2OH + O2 (1)

It should be noted that the bulk decomposition performance
could be interpreted in terms of phenol conversion, Xph, which is
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efined as

Ph = [Ph]0 − [Ph]t

[Ph]0
× 100 (2)

The conversion of aqueous phenol in each case was plotted in
ig. 4(a) and (b). The conversions of phenol by using metal cat-
lyst, ozone and metal catalyst with the presence of ozone are
enoted as Xa, Xb and Xc, respectively. At the beginning period (t
qual 5 to 15 min), the conversion for the case of using metal cat-
lyst with the presence of ozone was higher than the combined
onversions between the two cases of using ozone and metal cat-
lyst (Xc > Xa + Xb). These results suggested that synergetic effect
f metal catalyst deposited on mesoporous support material with
he presence of O3 would be more effective because adsorption
y mesoporous support material would enhance the interaction
etween adsorbed phenol and metal catalyst [4].

These distinct experimental results would be attributed to a cou-
le of possible reasons. One is the ability of liquid dispersion within
hree-phase fluidized bed. The axial and radial liquid dispersion
oefficients are complex functions of gas and liquid velocities [13].
n three-phase fluidized bed, liquid axial dispersion would increase

ith the increasing gas velocity. By adding ozone, liquid dispersion
ould be more enhanced, leading to an increase in opportunity

or aqueous phenol to react with ozone and to be adsorbed on the
atalyst surface. The turbulent flow would result in a decreasing

lm resistance around the beads, which in turn enhance the phenol
olecule diffusion to the solid catalyst surface.
The other attribution would be the ability of ozone to restore

pecific surface area of porous materials. Some previous works
lso reported that ozone could help regenerating the spent acti-
Fig. 5. Time dependence of concentration of phenol, TOC and HQ decomposed by
Co catalyst impregnated on mesoporous carbon bead with the presence of ozone
generated from air. Remark: ozone concentration 24.4 g/m3; catalyst dosage = 5 g.

vated carbon by reacting with the adsorbed phenol then the active
surface of the spent activated carbon could be restored to some
extent depending on the ozonation time [4,14]. Therefore, using
ozone together with these catalysts would enhance the capability
of adsorption phenol molecule to the surface catalyst.

As shown in Fig. 4(a), though the conversion of phenol decom-
position by using TiO2 impregnated on silica beads with UV light
irradiation combined with ozone was less than that of Co impreg-
nated on mesoporous carbon beads with ozone but the increasing
conversion (�X) of this case was clearly higher than any other
cases. This results was attributed that with the presence of ozone,
the overall phenol degradation was due to synergistic effects of
catalytic decomposition and ozonation as well as formation of
hydroxyl radicals (OH•) which could be induced by ozone decom-
position in water [4,12]. According to the abovementioned reaction
(1), ozone under UV light would enhance the formation of hydroxyl
radical (OH•). Additionally, under UV light irradiation, using TiO2
impregnated on silica beads with the presence of ozone would
undoubtedly increase the phenol decomposition.

Meanwhile, it could be clearly observed from Fig. 4(b) that when
a catalyst of Co impregnated on mesoporous carbon beads with
ozone generated from air was employed the lowest concentra-
tion of phenol remained in the investigated system. Therefore, it
would reasonably be implied that decomposition of phenol by Co
impregnated on mesoporous carbon beads with the presence of
ozone generated from air was the best condition for aqueous phe-
nol decomposition. However, it is worth to investigate in a further
detail on intermediate TOC formation in such system.

Confirmation by TOC analysis in Fig. 5, 5 g of Co impregnated
on mesoporous carbon beads with ozone generated from air took
30 min for degrading phenol to a concentration less than 1 ppm
while TOC in the aqueous solution could not be completely decom-
posed. This result suggested that aqueous phenol would be easier
to be decomposed but the intermediate products which consisted
on various organic compounds were more difficultly decomposed.

3.4. Investigation of kinetic study

All the experiments in the presence of: only ozone (O3), only
TiO2 impregnated on silica beads, only Co impregnated on meso-

porous carbon beads, and ozone in combination with one of the
mentioned catalysts were carried out under the same operation
conditions. For the sake of comparison, change of phenol concen-
tration with respect to decomposition time within each experiment
is illustrated in Fig. 6.
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The phenol degradation by these catalysts follows the pseudo-
rst-order kinetics [4]. The combination between rate law of first
rder reaction (−r = kC) and the mass balance within a well mixed
atch reactor ((1/V) dN/dt = r) yields the logarithm correlation
−ln(C/C0) = kt). The value of rate constant (k) is obtained from the
lope of linear correlation of phenol concentration and decompo-
ition time as summarized in Table 2.

According to the conversion X60 min in summarized in Fig. 6 or
able 2, it is obvious that Co impregnated on mesoporous carbon
eads could exhibit the highest performance in a comparison with
hat of adsorption by mesoporous carbon bead, oxidation by ozone
nd TiO2 with silica beads, respectively. In addition, Co impreg-
ated on mesoporous carbon beads was more efficient than TiO2

mpregnated on silica beads with the presence of ozone. Interest-
ngly, the efficiency of adsorption by using only mesoporous carbon
eads was higher than the case of using TiO2 impregnated on silica
eads and almost equal to the case of TiO2 impregnated with silica
eads with the presence of ozone. This would be attributed that
any pore volume and surface area of mesoporous carbon beads
ould adsorb more phenol in a shorter time [4].

These experimental results reveal that the metal catalyst was
ore effective than the commercial TiO2. Thereby, the next exper-

ments were focused on the case of metal catalyst together with
zone. As expected, decomposing phenol by metal catalyst with the
resence of ozone generated from pure oxygen was more efficient
han the case of using ozone generated from air. It is notewor-
hy that in an actual wastewater treatment process it is crucial to

inimize the total costs of the treatment system. Therefore, phe-

ol decomposition using the metal catalyst with the presence of
zone generated from the air should be recommended as the most
ppropriate condition.

able 2
ependence of conversion of phenol decomposition on system configuration.

System configuration C0 (ppm) X60 min (%) k (1/min)a

MC 8.41 91 0.0432
O3 generated from air 10.21 76 0.0236
TiO2/SiO2 9.99 29 0.0066
Co/MC 9.73 100 0.0839
Co/MC with O3 generated from air 10.36 100 0.1944
Ni/MC with O3 generated from air 9.70 100 0.1713
Ni/MC with O3 generated from O2 9.06 100 0.2158
TiO2/SiO2 with O3 generated from air 9.57 94 0.0492

emark: MC: mesoporous carbon bead; Co/MC: cobalt impregnated on mesoporous
arbon bead, Ni/MC: Nickel impregnated on mesoporous carbon bead; TiO2/SiO2:
itanium dioxide on silica bead; phenol initial concentration = 10 ppm; ozone con-
entration 24.4 g/m3; catalyst dosage = 5 g.

a Pseudofirst order rate constant determined at 60 min.
Fig. 7. Dependence of phenol decomposition on its initial concentration with
different metal oxide catalyst. Remark: ozone concentration 24.4 g/m3; catalyst
dosage = 5 g

3.5. Comparison of phenol decomposition efficiency of Co and Ni
metal catalysts

As abovementioned, the metal catalyst combined with ozone
generated from air could provide a significant improvement in
aqueous phenol decomposition. Therefore it was selected to
decompose the higher concentrate aqueous solution. The concen-
tration of phenol was varied from 10 to 100 ppm. With the initial
concentration of 10 ppm, it took about 15 min for 5 g of Ni or Co
catalysts to complete the decomposition of aqueous phenol. After
increasing the initial concentration to 100 ppm, both catalysts used
longer time (60 min) to degrade 90% of the initial content of phenol.
The decrease in phenol removal performance would be attributable
to faster deactivation of catalyst due to the presence of other by-
products. Similarly, some previous works reported that adsorption
of organic compounds on the surface of catalyst would result in
deterioration of the catalyst performance [4,10]. However, it should
be noted that metal leaching due to the contact between liquid flow
and metal species on the solid support would affect the stability of
catalyst and consequently the reactor performance. Under the com-
plicated influences of shear stress due to the liquid and gas flow as
well as mass transfer due to metal concentration gradient between
the solid surface and bulk liquid, some Ni and Co catalysts would
be washed out and detached from the surface of carbon beads [17].
Therefore, additional investigation on loss of metal catalysts into
the treated solution of phenol has also been conducted. It was found
that under all investigating conditions, Ni or Co species existing in
the treated phenol solutions did not exceed the traceable concen-
tration of 1–2 ppm. This would be attributed to the relatively low
superficial velocity of the treated liquid and strong attachment of
metal catalyst onto the surface of carbon beads containing very high
specific surface area. As a result, within the system investigated in
the work, the effect of metal catalyst leaching would reasonably be
neglected.

As could be observed in Fig. 7, Co catalyst could decompose
aqueous phenol faster than Ni. At the lower phenol concentration
of 10 ppm, both Co and Ni catalysts exhibited comparable decom-
position efficiency. However, when the initial concentration of
phenol was raised to 100 ppm, the decomposition efficiency of

Co catalyst was significantly higher than that of Ni catalyst. As
suggested by Kochetkova et al. [9], the number of active sites
analyzed by gas chemisorption is 16.3 × 10−19 sites/g-catalyst for
Co, and 8.1 × 10−19 sites/g-catalyst for Ni. It could be confirmed
that Co catalyst has better efficiency due to the existence of more
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ctive sites compared with those of Ni. It should be noted that
dsorption of excessive pollutant due to its higher initial concen-
ration would attribute to the decrease in the active site as also
eported in some previous works [4,10]. The lower accessibility
o active site of Ni and Co catalysts due to the 10 times higher
henol concentration would lead to the remarkable decrease in
henol conversion. However, Co catalyst still exhibited the better
erformance when compared with Ni. A comprehensive inves-
igation on the catalytic activity of metal catalysts for oxidation
f phenol reported that the following order of catalyst activity
CuO > CoO > Cr2O3 > NiO > MnO2 > Fe3O3 > YO2 > Cd2O3 > ZnO > TiO2
Bi2O3) was experimentally confirmed [9]. Based on such previous

eport, it could reasonably be concluded that the catalytic activity
f Co is higher than Ni catalyst. As abovementioned, ICP-AES
nalysis revealed that leaching of metal catalyst from the surface
f mesoporous carbon beads was negligible, suggesting that the
repared catalyst could stably be deposited on the surface of
esoporous carbon beads which would be beneficial to its repet-

tive usage. Therefore, it is obvious that selection of appropriate
etal catalyst would be important issue for aqueous phenol

ecomposition regarding to its activity.

. Conclusions

Based on our investigation, there is an optimum amount of
ommercial TiO2 doped silica beads loaded into the fluidized bed
eactor which could provide the optimal decomposition perfor-
ance, which would be lower than that of Co catalysts. This result

s attributed to the higher active sites on the surface of Co catalyst.
n addition, applying the metal catalyst with ozone generated from
ure oxygen could provide the best decomposition results. How-
ver, using air instead of pure oxygen could reasonably provide
ower operating cost whereas the total efficiency differs insignifi-
antly. Meanwhile, an effective regeneration method of those metal
atalysts would be the next issue to be investigated further.
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