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a b s t r a c t

This work prepares molecular sieve catalysts with various metal species and various metal weight load-
ings by impregnation, and then screens them in a catalytic combustion system. The current study further
investigates the molecular sieve catalyst in an RCO system after it performed well in combustion effi-
ciency. This work tests its performances in terms of CO2 yield, pressure drop, the difference between
temperatures of the inlet and outlet gases (Td), and thermal recovery efficiency (TRE), with various oper-
ational conditions. Experimental results demonstrate that the 10 wt% Cu/(MS) catalyst was the most
active because it has the greatest combustion efficiency to treat volatile organic compounds (VOCs) than
u catalyst
egenerative catalytic oxidizer
hermal recovery efficiency

Co/(MS) catalysts and Mn/(MS) catalysts. The 10 wt% Cu/(MS) catalyst used in an RCO system reaches
over 95% CO2 yields under the heating zone temperature (Tset) = 400 ◦C, gas velocity (Ug) = 0.37 m/s, iso-
propyl alcohol (IPA) concentration = 200–400 ppm conditions. Moreover, the RCO system performed well
in economic efficiency with the RCO with in terms of TRE, Td and pressure drop. The TRE ranged from
90.4% to 94.6% and Td ranged from 14.0 to 34.2 ◦C under various conditions at Tset = 300–450 ◦C. Finally,
the results of the stability test demonstrated that the catalyst was very stable at various Ug values and

various Tset values.

. Introduction

Volatile organic compounds (VOCs) are recognized as major
ontributors to air pollution owing to their detrimental effect on
uman health and the environment. The health effects of VOCs

nclude immune effects, cellular effects, cardiovascular effects, neu-
ogenic and sensory effects, and some respiratory effects [1]. The
ain environmental concern of VOCs involves the formation of

hotochemical smog. In the presence of nitrogen oxides, VOCs are
he precursors to the formation of ground level ozone [2]. VOCs
re produced and emitted by natural and anthropogenic activity.
nthropogenic VOC emissions typically come from either mobile
r stationary sources [3]. According to data from the United State
nvironmental Protection Agency (USEPA), the main source of VOCs
missions by source sector were; solvent use, on road vehicles,

onroad equipment, and industry processes. In all, they exceeded
illion tons in United State in 2005 [4]. A concerted effort will

e needed to place limits on VOC emissions, and cost-effective,
fficient techniques to treat VOCs will have to be developed.
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Many techniques can be used to remove VOCs, including
absorption, adsorption, thermal combustion, catalytic oxidation,
regenerative thermal oxidizer (RTO), and regenerative catalytic
oxidizer (RCO) [5–7]. Among them, the RCO technique combines
catalytic oxidation and a thermal recovery system, obtaining higher
treatment efficiency, lower operational temperature, lower fuel
cost, and the formation of fewer harmful by-products, as a more
energy-efficient method for eliminating VOCs [8–10]. Chou et al.
[9] used the RCO to treat methyl ethyl ketone and toluene by pro-
viding a VOC removal efficiency of 98% for MEK and 95% for toluene.
Strots et al. [10] found that the retrofitting of regenerative thermal
oxidizers (RTO) into catalytic units provided 30–70% energy sav-
ings, a reduction in the pressure drop, or a 15–25% increase in the
flow rate.

Currently, the catalysts used in abating VOC emission are nor-
mally divided into noble metal catalysts and metal oxide catalysts.
Noble metal catalysts typically exhibit higher activities than other
metal oxide based catalysts, but they are limited by higher cost
and sensitivity of the noble metal based catalysts to poisoning

[11]. Metal oxide based catalysts are much cheaper, allowing a
higher catalyst load, leading to higher active surface area in the
metal oxide based catalyst. It also lowers the catalytic sensitiv-
ity to nonselective poisoning [12,13]. Thus, many researchers have
worked to gain higher activity and resistance to poisoning of metal
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Nomenclature

Conc. experimental influent VOC concentration (ppm)
dp average equivalent diameter of the solid particles

(cm)
GHSV gas hourly space velocity (h−1)
N number carbon atoms in each VOC molecule
n number of the solid particle in the container with a

volume of 10 L
PCO2 concentration of production of CO2 (ppm)
Sh the specific heat of solid particle (J/kg K)
St valve shifting time (min)
Tc thermal capacity of solid particles in the chamber

(J/K)
Td temperature difference between inlet and outlet

gases of RCO system (◦C)
Ti influent gas temperature to the bed (◦C)
Tmax maximum gas temperature in the bed (◦C)
To outlet gas temperature from the bed (◦C)
TRE thermal recovery efficiency of RCO system (%)
Tset reaction set temperature of RCO system (◦C)
Ug gas velocity (m/sec)
V volume of chamber (cm3)
W weight of the solid particles in the container with a

volume of 10 L (g)
Z penetration depth (m)
ε bed voidage (%)
�s density of the solid particle (g/cm3)
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The RCO contains two beds with packing media, and each bed
has four chambers with dimensions 15 cm length × 15 cm width ×
25 cm height. The chambers closest to the heating zone (A1 and
B1) were completely filled with catalysts, and the others were filled
xide catalysts to reduce the cost of VOC removal. In this work,
he RCO system includes metal oxide catalysts and reports on the

etal oxide species, metal loading, the type of support, and the
reparation method that affects the removal efficiency of VOCs
12–16]. Among metal oxide catalysts, researchers have reported
opper catalysts, manganese catalysts, and cobalt catalysts to be
he active metal oxides among metal oxide catalysts for VOC com-
ustion. Larsson and Andersson noted the excellent performance

n catalytic combustion of CO, ethyl acetate, and ethanol over
uOx/Al2O3 [12]. Tseng and Chu [17] reported that metal oxide
atalysts (MnO/Fe2O3) performed well in the catalytic oxidation of
tyrene. Cobalt catalysts prepared with various Co contents to treat
enzene, exhibited different efficiencies with Co wt% [18]. Among
he above literatures, copper, manganese, and cobalt may be the
ppropriate active metal oxides among the metal oxide catalysts
or VOC combustion, and the present study selects them for inves-
igation.

The key aspects in an RCO system, including packing catalysts
nd operational parameters, are confidential and the literature pro-
ides only limited information. This study employs a molecular
ieve as a carrier, supported various Cu, Mn, and Co metals with
ifferent metal loadings by impregnation, and screens their perfor-
ances in the combustion of isopropyl alcohol (IPA) in a catalytic

ncineration system to identify optimal metal loading and metal
xide species. This work further investigates optimal metal load-
ng and metal oxide species on the molecular sieve catalyst in an
CO system. This research tested its performances in terms of CO2
ield, thermal recovery efficiency (TRE), and temperature differ-
nce between inlet and outlet gases (Td) and pressure drop by
arying gas velocity (Ug), inlet IPA concentration, shift time (St),

nd reaction set temperature (Tset). Finally, the current investiga-
ion studied the catalyst stability in an RCO and used SEM/EDS to
bserve the surface of catalyst.
s Materials 183 (2010) 641–647

2. Materials and methods

2.1. Preparation of catalyst

In this study, molecular sieves were employed as supports for
the catalysts. Various Cu, Mn, and Co metals with various metal
loadings were supported on molecular sieves to evaluate the effi-
ciency of catalytic combustion.

First, metal oxide catalysts supported on molecular sieves with
various metal loading were prepared by the incipient wetness
impregnation method, using various concentrations of aqueous Cu
(NO3)2·3H2O, Co (NO3)2·6H2O and Mn (NO3)2·6H2O. The volume
of the impregnation solution was equal to the pore volume of the
support, and the volume ratio of impregnation solution to support
was 33:67. The impregnated samples were heated to 80 ◦C on a
heating board for 30 min and dried in an oven with a temperature
of 105 ◦C for 48 h. Subsequently, the dried samples were calcined
with airflow (1 L/min) at 600 ◦C for 4 h in a furnace to obtain the final
form of supported catalysts. The various metal we obtained (Cu,
Mn, and Co), supported on molecular sieves with 5 wt% or 10 wt%
metal loading were denoted as 5 wt% Cu/(MS), 5 wt% Mn/(MS),
5 wt% Co/(MS), 10 wt% Cu/(MS), 10 wt% Mn/(MS), 10 wt% Co/(MS),
respectively.

2.2. Experimental instruments

Catalyst screening combustions of IPA on all molecular sieve
catalysts were carried out at atmospheric pressure in a catalytic
reactor system (Fig. 1). Then the molecular sieve catalysts that
exhibited the highest activity were used in the RCO system (Fig. 2)
to investigate combustion efficiency and economic performance.
Fig. 1 depicts the catalytic combustion system. IPA, nitrogen (N2)
and oxygen (O2) were used in the gaseous IPA manipulating system;
the flow rates and concentrations of these three gases were con-
trolled by flow meters. Then the gases were completely mixed in a
mixer before being sent to the catalytic reactor. The catalytic reactor
was a fixed-bed quartz tubular reactor with 30 mm diameter and
40 cm length, placed inside an electric heating oven equipped with
a proportional integral derivative (PID) controller. The catalysts
were supported by quartz wool in the middle of the quartz tube,
and a K-type thermocouple positioned in the middle of the catalyst
chamber was used to measure the accurate reaction temperature.

Fig. 2 presents the diagram of the experimental RCO system.
Fig. 1. Experimental instrument for catalytic incineration system.
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Fig. 2. Diagram of the experimental RCO system.

ith regenerative gravel particles. The beds were constructed from
tainless steel and the outer walls of both beds were wrapped in
eramic fiber for thermal insulation. The RCO was equipped with
wo pressure gauges to measure the pressure drop, four electro-

agnetic valves to shift the influent air stream, and one blower with
normal capacity of 2.5 m3/min. The RCO was electrically heated
y the PID controller, and the temperature-controlled sensor was
ositioned in the heating temperature zone. Moreover, the RCO
as also equipped with eight thermal couples for eight chambers

o understand the variation of beds’ temperature, and two for the
nlet gas and the outlet exhaust to measure Td values.

Finally, in both the catalytic reactor system and the RCO system,
he VOC concentrations of inlet and outlet gases were analyzed
sing a gas chromatograph, GC-14A model (Shimadzu) with a flame

onization detector (GC-FID), and the concentrations of CO2 and CO
n the effluent gas were determined using a GC-14A with a thermal
onductivity detector (GC-TCD). The yields of CO2 were calculated
sing the following Eq. (1).

ields of CO2 = PCO2

(Conc. × N)
× 100% (1)

here PCO2 (ppm) denotes the concentration of production of CO2;
onc. (ppm) is the inlet VOCs concentration; N is the number carbon
toms in each VOC molecule.

.3. Properties of catalytic support and regenerative gravel

Table 1 shows the properties of catalytic support and regener-
tive gravel. The procedures and methods characterizing catalytic
upport and regenerative gravel are presented as follows: The solid
articles were saturated in water, and moved to a container with

volume of 10 L. The container was filled with water after placing

he materials. Bed voidage (ε) was achieved by dividing the water
n the container into the volume of the container (10 L). We can
ain an average equivalent diameter of the solid particles by Eq. (2)

able 1
roperties of catalytic support and regenerative gravel.

Material Molecular sieve Gravel
Type 4A Cement manufacture
Shape Sphericity Random
Bed voidage (ε,%) 33 52
Size (cm) 0.31 1.12
Density (�s, g/cm3) 0.75 2.31
Specific heat(Sh, J/kg K) 920 840
s Materials 183 (2010) 641–647 643

and gain the density of solid particle by Eq. (3).

dp =
[

6(1 − ε)(10, 000)
(n�)

]1/3

(2)

�s = W

[10, 000(1 − ε)]
(3)

where dp (cm) is the average equivalent diameter of the solid par-
ticle; n is the number of the solid particles in the container with
a volume of 10 L; �s (g/cm3) is the density of the solid particle; W
(g) is the weight of the solid particles in the container with a vol-
ume of 10 L. The data for the specific heat of molecular sieve and
gravel were obtained from the manufacturers (Hi-lyte, Taiwan) and
Perry’s chemical engineers’ handbook, respectively [19].

2.4. Screening catalytic activity in catalytic combustion system

The activity tests of various metal species and metal loading cat-
alysts were examined in the temperature range of 100–500 ◦C, with
an inlet IPA concentration of 1000 ppm, an oxygen concentration of
21%, and a space velocity of 12,000 h−1. The reaction temperature
heated in steps of 50 ◦C to 500 ◦C at a heating rate of 3 ◦C/min, and
the temperature was held for 10 min to ensure the steady-state con-
dition in each step. Then the exhausts were sampled and analyzed
to calculate the CO2 yield. The CO2 yields obtained using various
catalysts were compared to identify the most effective catalyst,
which was used in the RCO system for further investigation.

2.5. RCO system test

In the RCO approach, inert regenerative gravels and catalysts are
applied to pre-heat the inlet air stream and to cool the outlet air
stream, reducing the wasted energy. The beds’ temperatures of the
RCO are balanced in a sequence of cyclic operations, which vary the
direction of the air stream through a fixed St value. The gas tem-
peratures in the bed and outlet stream were steady with time for a
specified set of operation conditions and then a VOC concentration
setting was sent to the air stream to start the catalytic combus-
tion. During the reaction period of two hours, the exhausts were
sampled and analyzed twelve times to evaluate the combustion
efficiency, and the gas temperature variation in the regenerative
beds, TRE, and the Td and pressure drop were recorded to elucidate
the economic efficiency. We can gain the TRE of a RCO by Eq. (4).

TRE = [Tmax − To]
[Tmax − Ti]

× 100% (4)

where Tmax is the maximum gas temperature in the beds (◦C); Ti
is the temperature of the influent gas to the bed (◦C), and To is the
temperature of the outlet gas from the bed (◦C).

Moreover, the combustion efficiency (CO2 yield) and economic
efficiency (TRE, Td and pressure drop) of the RCO with various oper-
ational parameters, including inlet VOC concentration, Tset, and Ug,
were discussed to identify the optimal parameters. Finally, the cat-
alyst stability was analyzed.

3. Results and discussion

3.1. Screening catalytic activity in catalytic combustion system

Various metal species (Cu, Mn, Co) and various metal loadings
(5 wt%, 10 wt %) were supported on molecular sieves by impregna-

tion. Fig. 3 plots the CO2 yield of IPA treated with various catalysts as
a temperature function. For a comparison of catalytic efficiency at
a reaction temperature of 500 ◦C, the CO2 yields decreased, in the
following order Mn/(MS), Cu/(MS), Co/(MS) at 5 wt% metal load-
ing, while at 10 wt% metal loading, they decreased, in the following
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ig. 3. CO2 yield for treating IPA on various catalysts as function of tempera-
ure (a) 5% weight loading; (b) 10% weight loading. (Inlet IPA Conc. = 1000 ppm,
HSV = 12,000 h−1, O2 = 21%).

rder Cu/(MS), Mn/(MS), Co/(MS) (Fig. 3a and b). In the case of Mn
nd Co, loading increased from 5 wt% to 10 wt%, and the effect of
etal loading was slight. The CO2 yields of 5 wt% Mn/(MS) and

0 wt% Mn/(MS) were 89.5% and 90.4% and those of 5 wt% Co/(MS)
nd 10 wt% Co/(MS) were 85.8% and 88.0%, respectively, at a reac-
ion temperature of 450 ◦C. The result indicated that the 5 wt% Mn
nd Co metal supported on molecular sieves were nearly saturated.
n the case of 5 wt% Cu/(MS) and 10 wt% Cu/(MS) catalysts, the CO2
ields were 21.2% and 42.9% at a reaction temperature of 300 ◦C, and
5.4% and 97.2%, respectively, at a reaction temperature of 450 ◦C. In
he case of 5–10 wt%, the CO2 yields significantly increased with Cu
oading. The results demonstrated that the effect of metal loading
epended on individual active metals, even on the same catalytic
upports. Table 2 shows the temperature required for 50% CO2 (T50)
nd 95% CO2 (T95) yields when IPA was treated with various cata-

ysts. As seen in Table 2, the lowest temperatures T50 and T95, 315 ◦C
nd 420 ◦C, were recorded with the 10 wt% Cu/(MS) catalyst, and
he results agreed with previous studies that the Cu based catalyst
xhibited the lowest combustion temperatures among the various

able 2
50 and T95 of various catalysts.

Metal species Metal loading T50 (◦C) T95 (◦C)

Cu 5 wt% 365 495
10 wt% 315 420

Mn 5 wt% 320 490
10 wt% 340 500

Co 5 wt% 350 –
10 wt% 320 –
Fig. 4. CO2 yield for treating IPA under different weight loadings of Cu as a function
of temperature (Inlet IPA Conc. = 1000 ppm, GHSV = 12,000 h−1, O2 = 21%).

metal based catalysts (Cu, Co, Fe, Mn, Ni, etc.) for VOC combus-
tion [13,14]. The difference in activity may be due to the difference
in catalyst adsorption of VOCs and O2; and the differences in BET
surface area had no significant effect on combustion efficiency [20].

Given that 10 wt% Cu/(MS) catalyst was preferred for the com-
bustion of IPA, we examined the effect of altering the Cu loading
of this catalyst on catalytic performance (Fig. 4). As CuO is the
active species in the Cu/(MS) catalyst, we expected that increasing
the quantity of CuO with good dispersion would increase cat-
alytic activity, thereby increasing the combustion efficiency of IPA
[13,20]. Fig. 4 indicates that the CO2 yields decreased, following
the order 10 wt%/(MS), 15 wt%/(MS), 20 wt%/(MS), and 5 wt%/(MS),
and the optimal Cu loading was about 10 wt%. Wang [13] and Kim
[14] reported that the optimal Cu loading could be attributed to the
good dispersion of CuO surface phase. Lower loading of Cu may lead
to insufficient active sites, and higher loading may lead to larger
CuO crystals, with few active sites, thereby reducing combustion
efficiency. Based on the results of Fig. 4, the 10 wt% Cu/(MS) cat-
alyst was selected for further investigation in the following RCO
operations.

3.2. Test of RCO

3.2.1. Combustion efficiency with various operational parameters
Wang et al. [20] found that increasing gas velocity reduced con-

version when CuO/CeO2 catalyst was used to treat the toluene.
García et al. [21] treated naphthalene with CeO2, and found that
a higher temperature required for complete oxidation of naph-
thalene increased with the gas velocity. Wang and Lin [22] stated
that a higher reaction temperature is necessary at higher toluene
concentrations. Previous studies have demonstrated that inlet gas
velocity and inlet VOC concentrations may affect catalytic combus-
tion efficiency, and the following RCO experiments therefore find
out the optimal Ug values and inlet VOC concentrations. Fig. 5 plots
CO2 yields after treating IPA with various Ug values and inlet VOC
concentrations as various Tset values. At Tset = 300 ◦C, the range of
CO2 yields for treating IPA were from 54% to 73%. However, as the
Tset increased to 450 ◦C, the CO2 yields for IPA were all up to 95%.
Therefore, the CO2 yield increased obviously with temperature.
Moreover, results also demonstrate that the CO2 yield decreased
with the VOC inlet concentration at the range of Tset = 300 ◦C to
Tset = 350 ◦C, probably because of an adsorbed massive inlet VOC
concentration on the catalyst surface active sites, saturating the
contact area between the reactants and the catalyst [20]. Although
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ig. 5. CO2 yield for treating IPA on various Ug and inlet concentration values under
arious RCO Tset values.

he catalytic oxidation with a higher inlet VOC concentration
eleases more thermal energy, increasing the catalytic bed tem-
eratures (A1 and B1 chambers) in the RCO system, the effects
f inlet VOC concentrations on the catalysts evaluated here were
till strong even when catalytic bed temperatures increased. How-
ver, the effect of inlet VOC concentrations was slight as the Tset

ncreased to Tset = 400 ◦C or Tset = 450 ◦C, especially in IPA oxidiza-
ion.

Findings for the effect of Ug show that the CO2 yield increased
bviously as the Ug declined at the range of Tset = 300–400 ◦C, and
he effect was more obvious in lower Tset values. For example, at
set = 300 ◦C and inlet IPA concentration = 200 ppm, the difference
f CO2 yield between Ug of 0.37 m/s and 0.74 m/s was about 19%
igher than 5% obtained at Tset = 400 ◦C. Therefore, the effect of Ug

as not important in high reaction temperature and high CO2 yield.

.2.2. Economic efficiency with various operational parameters

.2.2.1. Pressure drop. Fig. 6 plots the pressure drop of the RCO for
arious Ug values and St values at various Tset. At Ug = 0.37 m/s and
.74 m/s, the RCO system showed that the pressure drop ranged

rom 218 mm H2O to 254 mm H2O and 560 mm H2O to 655 mm

2O, respectively. At the same Tset values, pressure drop values
ttained under Ug = 0.74 m/s were nearly greater than 2.5 times of
hose under Ug = 0.37 m/s. Therefore, Fig. 5 demonstrates that the

ig. 6. Pressure drops for various Ug and St values under various RCO Tset values.
Fig. 7. Td for various Ug and St values under various RCO Tset values.

pressure drop increased with the Ug and Tset values, and the effect
of the Ug was especially marked. Moreover, the St of 2 min increased
to 5 min, and the pressure drops hardly varied. Therefore, the effect
of St value to pressure drop was negligible.

3.2.2.2. Td. The Td is important in estimating the lost thermal
energy in RCO. Fig. 7 plots the Td values for various Ug values and
St values as various Tset in the RCO. The Td of the RCO ranged from
14.0 ◦C to 34.2 ◦C at Tset = 300–450 ◦C, and it performed 17.2 ◦C and
19.3 ◦C under the Tset = 400◦C and the Ug = 0.37 m/s condition. More-
over, at fixed St = 2 min conditions, the Td ranged from 14.0 ◦C to
18.4 ◦C and 20.0 ◦C to 28.5 ◦C under the Ug = 0.37 m/s and 0.74 m/s
conditions, respectively. At fixed Ug = 0.37 conditions, the Td values
under St = 2 min were about 2 ◦C greater than those under St = 5 min.
Therefore, the above results demonstrate that Td increased with the
Ug, St, and Tset values.

3.2.2.3. TRE. Table 3 shows the TRE of the RCO under various oper-
ating conditions. From the table, the TRE range in an RCO system
was from 90.4% to 94.6% under various operating conditions, and it
performed 94.2% to 94.8% under the Tset = 400◦C and Ug = 0.37 m/s
condition. Therefore, the RCO performed excellently in TRE. More-
over, Table 3 also demonstrates that TRE decreased as Ug increased
at fixed St and Tset values; TRE increased with Tset at a fixed St and
Ug values; and TRE decreased as St of 2 min increased to St of 5 min
at fixed Tset and Ug values. The results reveal that Ug, Tset, and St

showed various significant effects on TRE and the effect of the Ug

was especially obvious.
The RCO of the 10 wt% Cu/(MS) catalyst performed excellently

in TRE and Td, probably because the specific heat of regenerative
material-gravel and the catalyst support-molecular sieve are high.
The thermal capacities of the gravel in the six regenerative cham-
bers and the molecular sieve in the two catalyst chambers can be
defined as Eq. (5).

Tc = Sh × �s × (1 − ε) × V × 10−3 (5)

where Tc (J/K) is the thermal capacity of solid particles in the cham-
ber; Sh (J/kg K) is the specific heat; V (cm3) is the volume of chamber.
The Tc of gravels in six regenerative chambers and the Tc of
molecular sieves in two catalyst chambers are 31,434 and 5201
(J/K), respectively. Accordingly, the RCO of the 10 wt% Cu/(MS) cat-
alyst absorbs greater heat that it circulates and uses efficiently.
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Table 3
TRE of the RCO with 10 wt% Cu/(MS) catalyst at different operation conditions.

St (min) Ug (m/s) Tset (◦C) TA1 (◦C) TB1 (◦C) Ti (◦C) To (◦C) TRE (%)

2 0.37 300 242.1 250.0 26.1 40.1 93.7
2 0.74 300 247.8 257.0 25.4 45.4 91.4
2 0.37 350 287.1 290.3 25.0 40.8 94.0
2 0.74 350 292.1 303.4 25.5 48.9 91.6
2 0.37 400 320.1 320.8 24.9 42.1 94.2
2 0.74 400 327.0 334.6 25.5 51.5 91.6
2 0.37 450 360.2 365.4 24.8 43.2 94.6
2 0.74 450 367.8 375.8 26.0 54.5 91.8

5 0.37 300 243.4 262.3 25.4 41.2 93.3
5 0.74 300 248.4 273.2 26.0 49.8 90.4
5 0.37 350 288.0 304.1 25.8 43.6 93.6
5 0.74 350 293.0 317.4 26.1 53.7 90.5
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5 0.37 400 322.4
5 0.74 400 328.3
5 0.37 450 364.4
5 0.74 450 370.1

.2.3. Gas temperature variation in RCO beds
Fig. 8 presents steady-state gas temperature profiles in range

ith various Ug values, Tset values. In the figure, Z = 0 m refers to the
nlet gas; Z = 0.125 m, 0.375 m, 0.625 m, 0.875 m, 1.125 m, 1.375 m,
.625 m, 1.875 m refer to the center of A4, A3, A2, A1, B1, B2, B3,
4 chambers, respectively; Z = 1 m refers to the heating zone, and
= 2 m refers to exhaust gas.

Fig. 8 demonstrates that all the chamber temperatures increased
ith Ug values. Although, the catalyst chamber temperatures obvi-

usly increased with Ug values, but the CO2 yields still decreased
ignificantly in the above results of Ug values. Therefore, the
ffect of Ug on CO2 yield in an RCO system is marked. From
ig. 8, temperature differences in the middle sections of the beds
Z = 0.125–0.875 m and 1.125–1.875 m) were smaller than those in
he bottom (Z = 0–0.125 m and 1.875–2 m) and the top of the beds
Z = 0.875–1.0 m and 1.0–1.125 m). Temperature differences in the
ottom of the beds were 148 ◦C and 122 ◦C under Ug = 0.74 m/s and
he Tset = 450 ◦C- condition was greater than the temperature dif-
erences under the lower Ug or lower Tset condition. Accordingly,
he temperature gradients in the bed entrance and exit declined as
ither U or T values fell. In the middle sections of beds, the tem-
g set

erature differences were 197 ◦C and 192 ◦C under Ug = 0.74 m/s,
he Tset = 450 ◦C condition were greater than those temperature
ifferences under the lower Tset condition, but less than those tem-
erature differences under the lower Ug condition. Therefore, the

Fig. 8. Gas temperature profiles in the beds with different Tset and Ug values.
335.3 26.0 45.3 93.8
351.8 25.5 56.6 90.5
382.1 26.0 46.5 94.2
394.3 25.8 60.0 90.7

temperature gradients in the middle sections of the beds increased
with Tset but declined as Ug increased. Moreover, the temperature
gradients in the top of the beds showed a similar tendency to those
in the middle sections of the beds.

3.3. Stability of catalyst

Fig. 9 plots the catalytic oxidation of IPA with increasing Tset

under various Ug values in a 96 h period test. Under the Ug = 0.37 m/s
condition, the CO2 yield of IPA maintained from 72% to 74% at
Tset = 300 ◦C, from 82% to 86% at Tset = 350 ◦C, and from 95% to 98%
at Tset = 400 ◦C and 450 ◦C, and the CO2 yields of IPA under the
Ug = 0.74 m/s condition were also stable throughout the stability
test. Therefore, the results demonstrate that the RCO of the 10 wt%
Cu/(MS) catalyst exhibited excellent stability at various Tset values
and Ug values.

3.4. SEM/EDS test

In this work, SEM (JEOL, JSM-6400) was used to observe the
surface of the catalyst, and verify its alloy composition. Fig. 10 dis-

plays the SEM images of the 10 wt% Cu/(MS) catalyst. From the
SEM image, the 10 wt% Cu/(MS) catalyst shows a morphology con-
sisting of particle conglomerates and the particle size was nearly
1.5–2 �m. The result of the EDS test (Table 4) demonstrates that
the catalyst surface components were O, Mg, Al, Si, Fe, and Cu, of

Fig. 9. CO2 yield as reaction time under various Tset values (inlet IPA Conc. = 200 ppm,
St = 2 min).
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Fig. 10. The SEM images of 10 wt% Cu/(MS) catalyst.

Table 4
EDS test results of the 10 wt% Cu/(MS) catalyst.

Element Weight (%) Atomic (%)

O 39.41 61.47
Mg 1.48 1.52
Al 8.69 8.04
Si 18.30 16.27
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Fe 1.56 0.70
Cu 30.56 12.00

hich O, Mg, Al, Si, and Fe were the molecular sieve elements and
u coated on the surface of molecular sieve was also observed.

. Conclusions

The 10 wt% Cu/(MS) catalyst was selected to further investigate
n RCO system because it has the lowest temperatures T95, 420 ◦C,
n the catalytic combustion system. The results of RCO operations

ith the 10 wt% Cu/(MS) catalyst demonstrated that combustion
fficiency decreased as VOC concentration and Ug values increased;
he Td increased with the Ug, St, and Tset values; TRE increased with
set values but decreased as Ug and St values increased. Over 95% of
O2 yields were obtained at Tset = 400 ◦C, Ug = 0.37 m/s, and IPA con-

entration = 200–400 ppm, with the 10 wt% Cu/(MS) catalyst used
n an RCO system. Moreover, the RCO system performed well in
conomic efficiency of the RCO in terms of TRE, Td, and pressure
rop. Finally, the results of the stability test demonstrated that the
atalyst was very stable at various Ug values and various Tset values.
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