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Abstract

The catalytic activity of metals (Cu, Mn, Fe, V, Mo, Co, Ni, ZmAl O3 was investigated to bring
about the complete oxidation of benzene, toluene and xylene (BTX). Among themACi0s
was found to be the most promising catalyst based on activity. X-ray diffraction (XRD), Brunauer
Emmett Teller method (BET), electron probe X-ray micro analysis (EPMA) and temperature pro-
grammed reduction (TPR) by-Hvere used to characterize a series of supported copper catalysts.
Increasing the calcination temperature resulted in decreasing the specific surface areas of catalysts
and, subsequently, the catalytic activity. Copper loadingy-@i,03 had a great effect on cat-
alytic activity, and 5 wt.% Cuy-Al,O3 catalyst was observed to be the most active, which might be
contributed to the well-dispersed copper surface phase. Using(@itatase), Ti@(rutile), Si0,
(I) and SiQ (Il) as support instead of-Al,03, the activity sequence of 5wt.% Cu with respect
to the support wag-Al,03 > TiO> (rutile) > TiO, (anatasg > SiO, (I) > SiOy (Il), and this
appeared to be correlated with the distribution of copper on support rather than with the specific
surface area of the catalyst. The smaller particle size of copper, due to its high dispersion on support,
had a positive effect on catalytic activity. The activity of 5wt.% @l .03 with respect to the
VOC molecule was observed to follow this sequence: toluenglene > benzene. Increasing the
reactant concentration exerted an inhibiting effect on the catalytic activity. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) are defined as hydrocarbons with a Reid vapor
pressure of over 10.3kPa at normal pressure and temperature, and recognized as major
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contributors to air pollution, either directly through their toxic or malodorous nature, or in-
directly as ozone precursors and smog precursors [1]. These VOC contaminated gas streams
are vented from a variety of industrial and commercial processes, such as printing, metal
decorating, oil supplying, dry cleaning, paint drying, metal degreasing, manufacturing of or-
ganic compounds and polymers, and food processing, etc. The Clean Air Act Amendments
of 1990 call for a 90% reduction in emissions of 189 toxic chemicals, 70% of them over the
next 5 years [2]. In Korea, also, the ministry of the environment passed stringent legislation
in 1999 that mandates industries with VOC emissions to install a facility to reduce them.

Catalytic oxidation is one of the mostimportant and promising processes for VOC elimi-
nation, since catalytic incineration operates at temperatures much lower than those required
for thermal incineration. The commercial catalysts for oxidizing VOCs can be classified
into three categories: (1) supported noble metals [3,4]; (2) metal oxides or supported met-
als [5—7]; and (3) mixtures of noble metals and metal oxides [8,9]. In general, noble metal
catalysts have greater activity than other metal catalysts, but their manufacturing costis high.

The aim of the present work was to determine the most active mei#O3 catalysts for
benzene, toluene and xylene (BTX) from the petrochemical industry as potential substitutes
for noble metal-based VOC control catalysts, and to investigate the correlations between
structure and reactivity for the most active metal and supports.

2. Experimental
2.1. Materials

Supported metal catalysts were prepared by the method of incipient wetness impregna-
tion of y-Al,03, two different TiQ supports (rutile and anatase) and two SEDpports
with different surface areas, using the corresponding nitrate salts for Cu, Mn, Fe, V, Mo,
Co, Ni and Zn as precursor compounds. The support was crushed, then sieved through
150-200 mesh. All precursor compounds and supports were obtained from Aldrich Prod-
ucts, except fofy-Al 203 and SiQ, which were obtained from Asian Catalyst. Impregnated
supports were dried at 12C€ overnight. The dried material was then placed in a crucible
for calcination. The material was heated to 400 calcined for 2 h, then heated again to
700°C, and calcined for 4 h in air. Also, the materials were calcined at 400, 500 arie€€600
for 6 h in air, respectively, to prepare the catalysts with different calcination temperatures.
The metal content of the metatAl,O3 series was 15wt.% and the copper content of the
Cuky-Al 03 series varied from 1 to 100 wt.%.

2.2. Experimental apparatus and procedures

A schematic diagram of the experimental apparatus is shown in Fig. 1; a conventional
fixed bed flow reactor in the shape of a Y was employed. Mass flow controllers (UNIT
Instrument, UFC-8100) were used for accurate and stable control of gas flow rates. Product
and reactant analysis were carried out by a gas chromatograph (Shimadzu 14A) equipped
with thermal conductivity. A Porapak Q column (50-80 mesh, 3dm 3 m) was used
for CO, separation, and a 5% bentone-34, 5% DNP/shimalite column (60—80 mesh, 3mm
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1. Helium cylinder 10. Dilute Chamber

2. Air cylinder 11. Three way cock

3. Nitrogen cylinder 12. Temp. controller

4. Hydrogen cylinder 13. Furnace

5. Filter 14. Reactor

6. Mass flow controller 15. Gas chromatograph
7. Check valve 16. Bubble trap

8. Constant temperature bath 17. Data process analyzer
9. Evaporator 18. Printer

Fig. 1. Schematic diagram of experimental apparatus.

@ x 3m) was used for VOCs analysis. Characterization was also carried out by GC/MS
(Shimadzu, QP5050). The only products were;@@d HO. Other by-products were not
found under most experimental conditions. Thus, the conversion was calculated based on
hydrocarbon consumption. A blank test was conducted without a catalyst. No activity was
observed below 50TC.

The reactor system consisted of a vertical tubular of 35 cm length controlled by a PID
controller. The reactor itself was a quartz tube of 12 mm o.d., at the middle of which the
catalystbed was contained. The catalystinthe 0.5 g mass was placed in the reactor, supported
by quartz wool. The reactions were performed at temperatures ranging from 200°6.350
A thermocouple (K type) was positioned in the catalyst bed for accurate measurement of
the catalyst temperature. All catalysts were pretreated with Snaim flow rate of air at
200°C for 1 h prior to reaction. All gas lines of the apparatus were heated continuously at
110°C in order to minimize VOC adsorption on tube walls.

BTX were purchased from Fisher and used directly. Xylene wasrtm-isomer. An
air stream bubbling through a saturator filled with liquid hydrocarbon carried an individual
vapor. The concentrations ranged from 160 to 1400 ppm, as controlled by the temperature of
the saturator and mixed with another air stream. The concentration was always confirmed by
GC before and after the experiment. X-ray diffraction (XRD, Geigerflex, Rigaku), Brunauer
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Emmett Teller method (BET, AVSA, ASAP2000, Micromeritics), scanning electron micro-
graph and electron probe X-ray micro analysis (SEM and EPMA, Shimadzu, EPMA1600)
were used to determine the effect of calcination temperature and Cu loading on the chemical
state, the specific surface area and the dispersion of copper supported. Temperature pro-
grammed reduction (TPR) byHvas performed. The sample weight was 50 mg for TPR
analysis. The sample was pretreated atZD@or 1 h in 40 cni/min (STP) before reduc-

tion. The reduction gas was typically 10%Me mixture flowing at 40 cfimin (STP).

The heating rate was typically 2@/min.

3. Resultsand discussion
3.1. Effect of metals

To survey the most active catalyst among the 15wt.% metal (Cu, Mn, Mo, Fe, V, Co, Ni,
Zn)ly-Al,03, complete oxidation reactions of toluene were performed with 1000 ppm con-
centration in air having a 40 ctimin flow rate within the temperature range of 200—-360
and the conversion as a function of temperature is shown in Fig. 2. In the casgeAlGQ)s3
and Ni~i-Al,03 catalysts, the conversions was negligibly low at a reaction temperature of
290°C, and it was less than 5% even at a reaction temperature 63%hA~-Al 203 cat-
alyst showed no conversion at a reaction temperature ofG5Ih the case of FgfAl 203,
V/v-Al203 and Mok-Al,03 catalysts, the conversions were less than 20% at a reaction
temperature of 290C, and 88.6, 58.1 and 43.6%, respectively, at a reaction temperature
of 350°C. They showed the mid-range catalytic activity in all catalysts. In the case of
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Fig. 2. Toluene conversion as a function of temperature on various metals catalysts. Reaction condition: catalyst
weight= 0.5 g; toluene concentratioa 1000 ppm in air; total flow rate= 40 cni/min; (@) 15 wt.% Cu#-Al ,03;

(V) 15wt.% MnA-Al203; (M) 15Wt.% Fef-Al2Oz; (#) 15wt.% VA-Al203; (©) 15Wt.% Mok-Al20z; (¥)

15wt.% Cok-Al;03; (¥) 15 wt.% Niky-Al;03; (@) 15wt.% Znk-Al,03.
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CuR-Al 2,03 and Mnk-Al 03 catalysts, the conversions were 79.2 and 42.3%, respectively,

at a reaction temperature of 290 and more than 98% at a reaction temperature of850

The activity of 15wt.% metal-Al,03 with respect to metal was observed to follow the
sequence: Cu> Mn > Fe > V > Mo > Co > Ni > Zn. As Cuk-Al O3 appeared

to be the most active catalyst, we focused on the supported copper catalyst system in the
complete oxidation of VOCs.

3.2. Effect of calcinations temperature

It is known that the structure of Cu/Al,O3 catalysts depends on both calcination tem-
peratures and copper loadings [10—13]. Many research groups have reported a discrepancy
in result between the structure of QuAl,O3 and catalytic activity [14—18]. Fig. 3 shows
the conversion as a function of temperature for complete oxidation of toluene over 15 wt.%
Cuky-Al 03 catalysts, prepared at different calcination temperatures. The conversions of
15wt.% Cu#k-Al,03 catalysts calcined at 400 and 50D were 80.2 and 78.6%, respec-
tively, at a reaction temperature of 280 and 98.5 and 97.4%, respectively, at a reaction
temperature of 350C. In the case of calcination temperatures of 600 and®@)he con-
versions were 63.2 and 57.5%, respectively, at a reaction temperature &€ 29@ 91.6
and 89.5%, respectively, at a reaction temperature of @50t was found that increasing
the calcination temperature resulted in decreasing the conversion. XRD was used to deter-
mine the bulk crystalline phases in these catalysts. The diffraction patterns of the samples
are shown in Fig. 4. It was observed that only CuO crystalline phases were present in the
samples. BET measurements, results of which are summarized in Table 1, showed a higher
surface area for 15 wt.% Cy/Al ,O3 prepared at lower calcination temperature, suggesting
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Fig. 3. Toluene conversion as a function of temperature on 15 wt.%-8lyO3 catalyst prepared at different
calcination temperatures. Reaction condition: catalyst weigBt5 g; toluene concentratioa 1000 ppm in air;
total flow rate= 40 cné/min; (@) 400°C; (V) 500°C; () 600°C; (#) 700°C.
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Fig. 4. XRD patterns measured for 15wt.% @ul,O3 catalysts prepared at different calcination temperatures:
(@) CuO.

a lower crystallinity. According to BET results, 15 wt.% GuAl ,O3 prepared at 700C of
calcination temperature is the most crystalline phase. It appears that decreasing the conver-
sion with increasing the calcination temperature is associated with decreasing the specific
surface area, which can result in losing the active sites.

3.3. Effect of copper loading

The copper loadings of the CuAl .03 series varied from 1 to 100 wt.%. Fig. 5 shows
the conversion as a function of temperature over these catalysts (1, 5, 10, 15, 100 wt.%). In
the case of copper loading varied from 5 to 15 wt.%, the conversion decreased with increas-
ing copper loadings. The conversions of 5wt.% A >03, 10wt.% Cu#-Al,O3, and
15wt.% Cu#k-Al 03, were 96.5, 94.7 and 92.8%, respectively, at a reaction temperature of
320°C. Inthe case of copper (100 wt.%), the conversion was 81.9%. While the copper load-
ing of the Cu#-Al,03 was 1 wt.%, the conversion considerably decreased and was 29.2%
at a reaction temperature of 320. BET measurement results are summarized in Table 2.
Increasing copper loadings resulted in decreasing the specific surface area. These results are
in agreement with literature referring to carbon monoxide and methane oxidation [2]. As
the conversions for copper loadings are volcano type, it does not seem that the conversion is

Table 1
BET surface area of 15 wt.% CwAl ;O3 catalysts
Catalyst Calcination temperature of catalysT) Specific surface area ffy)
15wt.% Cu#k-Al 03 400 181.8
500 179.3
600 165.5

700 157.5
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Fig. 5. Toluene conversion as a function of temperature on different copper loadings 903 catalysts. Reaction
condition: catalyst weight= 0.5 g; toluene concentratioa: 900 ppm in air; total flow rate= 60 cn?/min; (@)
Cu; (V) 1wt.% Cuf-Al,Oz; () 5wt.% Cuk-Al203; () 10 wt.% Cuk-Al0z; (A) 15wt.% Cuk-Al,Os.

Table 2
BET surface area of different copper loadingsyeAl,03 catalysts
Catalyst Specific surface area3fy)
1wt.% Cu#y-Al,03 210.0
5wt.% Cuf-Al,03 203.4
10 wt.% Cu#-Al,03 198.4
15wt.% Cu#k-Al,03 181.8
100 wt.% Cu 1.0
LI
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Fig. 6. XRD patterns measured for various catalysts: (a) Cu; (b) 15 wt.%-&lwOs; (c) 10 wt.% Cuk-Al»0s3;
(d) 5wt.% Cuk-Al0s; (€) 1Wt.% Cuk-Al0s; (f) y-Al.03; (@) CuO.
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associated with the specific surface area. XRD patterns obtained fpC0D3 with 5 wt.%

Cu or lower showed only lines characteristic of the alumina support (Fig. 6). XRD patterns
obtained for catalysts with higher copper loadinglQ wt.%) contained peaks character-
istic of CuO (Fig. 6). The intensities of the CuO peaks increased with increasing copper
loadings. These results indicate that for low copper loadirgswt.% Cu on 211 riig
v-Al203), copper is present as a well-dispersed surface phase. EPMA (right) and SEM
(left) photographs of CytAl>O3 catalysts are shown in Fig. 7. EPMA photographs also
supported above results. The brighter the color, the higher the copper concentrationin EPMA
photographs. It was observed that copperyeld ;03 might be highly dispersed for 1 and
5wt.% Cuf-Al,03 (Fig. 7a and b), but might not be for higher copper loadirgBqwt.%)

(Fig. 7c and d). Therefore, in the case of 1 wt.%M 203, the lower activity is attributed

to the insufficiency of active sites resulting from lower loading. The maximum toluene
oxidation activity over 5wt.% Cuy-Al,O3 can be attributed to the well-dispersed copper
surface phase [14,17,18]. SEM photographs show that copper loadings have no effect on the
morphology of the catalysts. TPR profiles of §l,O3 catalysts with different copper

i) WA (at3 Prac. ;o Bulti Uisplag - Inage

Fig. 7. EPMA photographs of various catalysts: (a) 1 wt.%ycAl>03; (b) 5wt.% Cu#-Al20s; (c) 10wt.%
Cuh-Al,03; (d) 15 wt.% Cuk-Al203.
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Fig. 7. Continued).

loadings are shown in Fig. 8. The reduction profile changed significantly as the copper load-
ings increased. At least three different Cu species were revealed: 1 wt-)4AC1@3 gave

no reduction peak; 5 wt.% CyHAl ,O3 gave reduction peak with a maximum at ca. 260

the reduction of 10 wt.% CuytAl,03 consisted of a double peak whose maximum was at
ca. 275°C, while a smaller shoulder was observed at ca.°T®5n 15 wt.% Cu-Al 203,

a large reduction peak was observed with a maximum at ca&.@1®hile a much smaller
shoulder was also observed at ca. 185and copper was mainly present as larger particles
(Fig. 7d). Differences in the reduction profiles among catalysts with different copper load-
ings suggest that the state of the copper changes significantly as the copper loading changes.
The observed reduction behavior may be attributed to structural differences. Kundakovic
and Flytzani-Stephanopoulos [19] reported that at low copper loadings, copper is present
as highly dispersed clusters or as isolated copper ions. Copper ions strongly interact with
support, and reduction requires a temperature higher thafC.9bhese results suggest

that copper is mainly present as isolated copper ions at 5 w03, which are reduced

with more difficulty than small copper clusters and more easily than bulk CuO, presenting
at ca. 275 and 310C of maximum reduction peaks [19,20].
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Fig. 8. TPR profiles measured for copper loadings catalysts: (a) 1 wt.%A&d03; (b) 5wt.% Cuk-Al,03; (C)
10 wt.% Cu#-Al203; (d) 15wt.% Cuk-Al,0s.

3.4. Effect of supports

Fig. 9 shows the conversion as a function of temperature for the complete oxidation
of toluene over 5wt.% Cu with the supports such as;T{@natase), Ti@ (rutile), SiO,
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Fig. 9. Toluene conversion as a function of temperature on 5wt.% Cu with various supports. Reaction condition:
catalyst weight= 0.5g; toluene concentratior= 900 ppm in air; total flow rate= 40 cné/min; (V) 5wt.%
Cu/TiO; (rutile); (H) 5wt.% Cu/TiGQ, (anatase); ) 5wt.% Cu/SiQ (1); (A) 5wt.% Cu/SiQ (1I).
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Table 3

BET surface area of 15wt.% Cu with different support catalysts

Catalyst Specific surface area3fy)
5wt.% Cu#-Al,03 203.4

5wt.% Cu/TiQ (rutile) 47.5

5wt.% Cu/TiQ (anatase) 50.9

5wt.% Cu/SiQ (1) 384.6

5wt.% Cu/SiQ (I1) 240.5

() and SIQ (). The activity sequence of 5wt.% Cu with respect to the support was
v-Al203 > TiO2 (rutile) > TiO, (anatasg > SiO; (1) > SiO; (Il). The results of the

BET measurement are summarized in Table 3: 5wt.% Cuy/$#dalyst showed higher
specific surface area, followed by 5wt.% §u#l,03 and then 5wt.% Cu/Ti@catalysts.

The activity of 5wt.% Cu with supports was found to be independent of the specific surface
area of the catalysts. XRD patterns of samples are shownin Fig. 10. It was observed that CuO
and TiG crystalline phases were present in 5wt.% Cubl@atalysts, and CuO crystalline
phases were present in 5wt.% Cu/gi€atalysts, which showed a higher crystallinity of
5wt.% Cu/SiQ catalysts, and only lines characteristics of the alumina support in 5wt.%
Cuhk-Al203. The higher the crystallinity, the greater the particle size of copper. EPMA
(right) and SEM (left) photographs of these catalysts are shown in Fig. 11. SEM photographs
show the morphology of the catalysts. EPMA photographs show that coppeAbsO3

might be highly dispersed for 5wt.% CuAl,03 (Fig. 10a), but might not be for copper
loading on TiQ and SiQ (Fig. 10b and c). The sequence of copper dispersion degree with
respect to supports was as followsAl O3 > TiO, (rutile) > SiO, (), results which

were in agreement with the catalytic activity sequence. Different copper dispersions with
respect to supports seems to be ascribed to strong metal-support interaction (SMSI), i.e. with

@ .nj N T A
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Fig. 10. XRD patterns measured for various catalysts: (a) 5wt.% Cu/{Fiiile); (b) 5wt.% Cu/TiQ (antase);
(c) 5wt.% Cu/SiQ (I); (d) 5wt.% Cu/SiQ (1); () 5wt.% Cuk-Al,Oz; (@) CuO; (J) TiO>.
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(@)

(b)

Fig. 11. EPMA photographs of various catalysts: (a) 5 wt.%ycAl,O3; (b) 5 wt.% Cu/TiQ; (c) 5 wt.% Cu/SiQ.

increasing SMSI, the particle size of the metal decreases and, consequently, the surface area
of the metal increases [21]. These results indicate that the smaller particle size of copper,
due to its high dispersion on support, results in forming a copper surface phase and has a
positive effect on catalytic activity.

3.5. Effects of reactant concentration and reactants

Fig. 12 shows the conversion as a function of temperature over 5wt.%-Alp03
catalyst, according to different toluene concentrations (160, 1000, 1400 ppm). For a toluene
concentration of 160 ppm, the conversion was 100% at a reaction temperature 6f 290
1000 ppm, 99.7% at a reaction temperature of82@&nd for a concentration of 1400 ppm, it
was 98.2% at areaction temperature of 360These results indicate that increasing reactant
concentration results in decreasing activity. Such a phenomenon is normal for catalytic
oxidation of VOC, i.e. the lower the concentration, the lower the light-off temperature [22].



S.C. Kim/ Journal of Hazardous Materials B91 (2002) 285-299 297

100

80

60

40 |

Conversion(%)

20 1

0 T T :
200 230 260 290 320 350

Temperature(°C)

Fig. 12. Toluene conversion as a function of temperature at the different concentrations on 5 vei=94d £Q/

catalyst. Reaction condition: catalyst weight0.5 g; total flow rate= 40 cné/min; (@) 160 ppm; i) 1000 ppm;
(M) 1400 ppm.

Wu et al. [23] reported that the activity of Pt/active carbon with respect to the VOC
molecule was observed to follow the sequence: benzetwuene> xylene, and the order
of BTX activity followed the order of adsorption of BTX, indicating that the oxidation
rate is correlated with the surface BTX concentration. Barresi and Baldi [24] reported that
aromatics associated with the methyl groups over a Pt catalyst are more difficult to oxidize
than benzene. However, as shown in Fig. 13, when each BTX was tested separately, this
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Fig. 13. BTX conversion as a function of temperature on 5 wt.%y@l,0Os catalyst. Reaction condition: catalyst

weight= 0.5g; BTX concentratior= 800 ppm in air; total flow rate= 60 cn#/min; (¥) benzene; @) toluene;
(H) O-xylene.
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activity sequence over 5wt.% CuAl .03 was toluene- xylene > benzene. This activity
sequence of toluene and xylene is consistent with that in previous literatures, but that of ben-
zene is inconsistent. Becker and Forster [25] reported that compared with BTX were more
reactive reactants because of the lower ionization potentials of the methyl derivatives. The
ionization potentials of the methyl derivatives are 9.24 eV for benzene, 8.82 eV for toluene
and 8.56 eV for xylene, therefore, benzene is the most difficult to oxidize. These results
indicate that the combination of the catalyst property and the physicochemical property of
the reactant plays an important role in activity.

4, Conclusion

1. Cuhl-Al,03 was found to be the most promising catalyst from the viewpoint of activity.
Increasing the calcination temperature resulted in decreasing the specific surface areas
of catalysts, subsequently the catalytic activity. The copper loadingsAlnOs had a
great effect on catalytic activity, and 5 wt.% QuAl ,O3 catalyst was observed to be the
most active.

2. Using TiIG (anatase), TiQ(rutile), Si0, (1) and SiQ (11) as support instead of-Al 203,
the activity sequence of 5wt.% Cu/catalyst with respect to the suppory\WésO3 >
TiO2 (rutile) > TiO2 (anatasg> SiO, (1) > SiO; (1), and it appeared to be correlated
with the distribution of copper on support rather than with the specific surface area of
the catalyst.

3. The activity of 5wt.% Cuy-Al,0O3 with respect to the VOC molecule was observed to
follow the sequence: toluene xylene > benzene, indicating that the combination of
the catalyst property and the physicochemical property of the reactant plays an important
role in activity.
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