Journal of
Hazardous

Materials

ot G
ELSEVIER Journal of Hazardous Materials B122 (2005) 155-160

www.elsevier.com/locate/jhazmat

The operating performance and products distribution of the catalytic
oxidation of methyl-isobutyl-ketone over a Al ,O3 catalyst

Ting-Ke Tsend?P, Hsin ChiP*, Tzu-Hsing K&, Lung-Kai Chung

a Department of Information Management, Diwan College of Management, 87-1 Nansh Li, Madou Jen, Tainan 721, Taiwan ROC
b Department of Environmental Engineering, National Cheng Kung University, 1 University Rd., Tainan 701, Taiwan ROC

Received 25 October 2004; received in revised form 19 March 2005; accepted 29 March 2005
Available online 23 May 2005

Abstract

Catalytic oxidation is one of the cost-effective technologies to solve the troublesome volatile organic compounds. This study treated methyl-
isobutyl-ketone (MIBK) by a commercial catalyst, $#l,0s, in a fixed-bed reactor. The effects of operating factors, such as operating
temperature, MIBK concentration, space velocity, ancc@ncentration, on the performance of the catalyst were investigated. The products
and reactants distributions from the oxidation of MIBK overyPM ;O3 were observed. The results show that the products containing carbon
atoms are CO, Cand GHgO. Two catalyst life-tests were also carried out to characterize the deactivation effect of MIBK. The result shows
that the deactivation effect may be due to the coke on the catalyst surface at 423 K. From the statistical analysis, the operating temperature is
the most effective factor on the conversion of MIBK. The catalysts were also characterized by surface area analysis and elemental analysis
before and after the test. The results show that the catalytic deactivation may be due to carbon coating. At low temperature (423 K), the
phenomenon of carbon coating was more obvious than that at high temperature (573 K). The product distributions from the oxidation of
MIBK over Pth-Al,O; were analyzed by GC. The results indicate that thiddO is formed from the beginning, presenting a peak at 423K,

6.54 ppm. The CO concentration also peaked at the same temperature, 6.84 ppm.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction have been developed. Among them, catalytic incineration
has received increasing attention lately because it is a final
Volatile organic compounds (VOCs) are defined as the disposal and an energy saving procgqs Catalytic incin-
organic compounds that have high vapor pressure anderation is more selective and, as it requires less heating, is
are easily vaporized at ambient temperature and pressuremore cost effective than the other technologies, such as di-
Most hydrocarbons, including nitrogenous, chlorinated, rect combustio3], when the VOCs concentration is lower
and sulfonated organics, are determined to be VOCs.than 10,000 ppr¥]. The major problem with this technique
These compounds are usually found in the industries thatis catalyst deactivation caused by the reactant, by the prod-
manufacture or utilize organic solvents, e.g., petrochemical, ucts of the reaction or by particles present in the effluents
pulp, or coating industries. [5]. The major parameters affecting catalytic incineration of
In addition to causing harmful effects on human organs, VOCs include catalyst type, VOC type, VOC concentration,
VOCs may also react with NQin the atmosphere to form  operating temperature, space velocity, ancc@ncentration.
even more toxic photochemical smog and ozfitje To re- From the definition, space velocity is the inverse of residence
move these hazardous substances, a number of technologieime of VOCs in the catalytic reactor. Therefore, residence
time would decrease as space velocity increases, and the con-
* Corresponding author. Tel.: +886 6208 0108; fax: +886 6275 2790.  Version of VOCs would drop. The catalysts can be divided
E-mail addresschuhsin@mail.ncku.edu.tw (H. Chu). into two categories: precious metals and metal oxj8eg.
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In the case of the catalytic combustion of carbonyl VOCs,
in particular methyl-isobutyl-ketone (MIBK), there is not
much work done yet. Gil et a[8] found total conversions
of acetone at 352C and of methyl-ethyl-ketone (MEK) at
317°C in catalysts of 2.3wt.% Pt/Al pillared clays. More-
over, Pina et al[9] found total conversion of MEK in air
at 200°C over a 0.19wt.% Pt/AlO3 catalytic membrane.
Ganda et al.[10] studied the catalytic oxidation of acetone
and methyl-ethyl-ketone over M@®s3 catalysts. They found
that when this oxide is modified by alkali additives, like Na
and Cs, the conversion of the ketones are shifted to lower
temperatures. Catalytic combustion of C3 hydrocarbons and
oxygenates was studied by Baldi et Hl1] over MrgOy.
Complete oxidation of these compounds into LC&xcurs
at temperatures below 673 K. Partially oxidised compounds
were observed only at temperatures where the VOC conver- s B Rer |
sion was incomplete. In the case of acetone, the conversion 3 Vi meer 14 b ™ »
into CO, is complete at temperatures around 550K. Tsou et & ﬁl”’ - %{1 '\j/]l'u’lh]: ;M:;H 19
al.[12,13]studied the catalytic oxidation of methyl-isobutyl- 8. Liquid VOCs 22.€0, €Oy, 0, Cly Analyzer 20
ketone over Pt/zeolites catalysts. They found that the rate
of MIBK oxidation increases with the reaction temperature, Fig. 1. A schematic diagram of bench-scale catalytic incinerator.
while coke formation decreases. At temperatures between
190 and 195C the more reactive coke compounds can also  The catalytic incineration system was composed of a
be oxidised into CQat sufficiently high reactionrate to cause custom-made SS-316 tube reactor (15) and an electrical
a significant increase in the catalyst temperature, leading toheater (13). The length, internal diameter, and outer diam-
cyclic oscillations in the apparent conversion into£2O eter of the reactor were 45, 1.5, and 2.0 cm, respectively. A

MIBK is used as an excellent solvent for the paintindustry 200-mesh SS-316 sieve was set in the reactor, 24 cm below
and an important reagent in dewaxing mineral oils. It is also the top of the tube, to support the catalyst. The weight of
a hazardous material, which is on the control list of Taiwan Pth-Al,O3 catalyst packing was 0.60 g (thickness 0.75cm
Environmental Protection Agency. and bulk density 0.40 g/cth A thin layer of glass fiber and a

This study was carried out by catalytic incineration of layer of glass bead with a 2-mm diameter covered the catalyst
MIBK over a Pth-Al,0Oj3 fixed-bed reactor. The effects of packing to uniformly distribute the gas. Two K-type thermo-
operating parameters, including inlet temperature, space ve-couples (16) were inserted into the reactor to the positions
locity, MIBK concentration, and @concentration were char-  on the top and bottom of the catalyst packing, respectively,
acterized. A life-test of the catalyst on MIBK was performed to measure and control (up position) and measure (down po-
to identify the deactivation effect. sition) the inlet and outlet temperature.

The gas analyzing system was composed of a gas
chromatograph (18) (GC) (Shimadzu, GC-14B) and three

2. Materials and methods combustion gas analyzers (22)» @nalyzer (Signal Model
magneto dynamic type), CO analyzer (Signal Series 2000),

The catalytic oxidation of this study was done in a bench- and CQ analyzer (Signal Series 2000). The GC columnwas a
scale fixed-bed reactor system. The system can be divided30-m long capillary column with diameter of 0.53 mm (J&W
into three parts: an effluent gas simulation system, a cat- Scientific #115-3432). A 1:1 splitter was connected with the
alytic oxidation system, and a combustion gas analyzing sys-column to split the sample gas into a flame ionization detec-
tem as shown ifrig. 1L The effluent gas simulation system tor (FID) and a flame photometry detector (FPD). An icebox
was composed of an air compressor (1) (SWAN, 1/4 hp), a impingement condenser (Pyrex) and two particle filters (Bal-
N> cylinder (6) (99.9%, San Fu), three mass flowmeters (4) ston, 95S6 and 45G) were installed between the sampling
(Teledyne Hasting-Raydist, HFC-202), two plug-flow mix- port and three combustion gas analyzers. This arrangement
ers (5) (Omega, FMX7106), a water bath (7) (Deng Yng, was designed to prevent the analyzers from being damaged
253-353 K), and two VOC vapor generators (8) (Pyrex). Flow by condensed water and particles. All mass flowmeters and
rates of dilution N, purge N, and dilution air were controlled  rotameters were calibrated by a bubble meter (19) (Humonic
by three mass flowmeters, to prepare the desired concentradigitial flowmeter 650) or a dry gas meter (Shinagawa DK-
tions of MIBK and Q. The simulated gas was then preheated SCF-T) at their proper ranges. The catalyst samples were
by an electrical heating tape before going through the cat- taken before and after the reaction to determine the changes
alytic reactor. The materials of piping, valves, regulators, or of their specific surface area and organic coating composi-
fittings used were either SS-316 or polytetrafluroethylene. tion, by a BET specific surface area analyzer (ASAP 2000)

9. Rotameter
10. Preheater
11. Sampling Port
12.Th fay Valve
13. Heater

14. Catalyst
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Tabl.e 1 ) CCO o CC02 o

Basic properties of NIKKI NS-10 catalysts Yc 6CsH1,0 x 100% 6CsH1,0 x 100%

Catalyst Pt

Support v-Al203 3CCBHGO % 100% (2)
Shape Pellet 6CsH120

Pellet diameter (cm) .8-3.5

Bulk density (g/ml) 0395

BET (m?/g) 149

Pore volume (cri/g) 0674

Average pore diameteA] 181 3. Results and discussion

The MIBK conversions over the Rt/Al O3 catalysts and
and elemental analyzer (EA) (Elementar Vario EL). The a blank test by replacing catalyst packing with glass fiber
catalyst was also analyzed by a thermo-gravimetric analysisare shown inFig. 2 The Pt catalyst and blank test are ac-
(TGA\) to determine its weight loss by thermal effect. MIBK  tive in the range of 373-573 K. The results indicate that the
standard was a product of Chem Service Inc. (99%). The MIBK conversion over the Pt catalyst is higher than the blank
catalyst used was commercial product of NIKKI NS-10/Pt/  test at all temperature in the operating range of this study.
Al,03. The commercial catalyst was ground to 50-100 mesh The Thermo-gravimetric analyses for theyP#I>03 cata-
(250-15Qum) particle size range and the basic properties of lyst were recorded. There are significant weight losses from
PtHy-Al,O3 catalyst are shown ifiable 1 Liquid MIBK used 323 to 373 K, but no more large weight losses at higher tem-
for the catalytic incineration system was a product of Merck peratures no matter which thermo-program was used. The
Chemical Inc. (purity > 99.5%). Standard gases included zeroresults show that the water adsorbed by the catalyst desorbs
gas (N, 99.9995%, San Fu) ancb@pan gas (21%, San Fu).  fromthe catalyst at a temperature range of 323-373 K. Above

The experiments were divided into three parts. The first 373K, the Ptj-Al 203 catalyst shows a stable characteristic.
part was performed to investigate the performance of the bet-  The effect of MIBK concentration on its conversion by
ter catalyst, Py-Al,0s, on catalytic conversion of MIBK.  the Pty-Al;O3 catalyst at various temperatures is shown in
The operating parameters and ranges tested were inlet temFig. 3. It suggests that the conversion of MIBK increases as
perature (373-573K), MIBK concentration (50-200 ppm), inlettemperature increases in the range of 373-573K. It also
space velocity (50,000-120,000%, and @ concentration can be found that the conversion of MIBK decreases as its
(0.1-20.8%). The second part was the products distribution concentration increases from 50 to 200 pfgig. 4shows that
for the oxidation of MIBK over Pt-Al,03. The lastpartwas  the lower the space velocity is, the higher the conversion of
a life-test of the catalyst by catalytic incineration of MIBK ~MIBKis. The effect of @ concentration on the conversion of
to identify its deactivation effect. MIBK is shown inFig. 5. Itis found that the @concentration

Reagent grade liquid MIBK was injected into the VOC has a positive effect on the conversion of MIBK.
generator, which was kept at a constant temperature of 298 K

in the water bath. PurgedoN\carried the vaporized MIBK 100 o
to mix with dilution air and N in the mixture to simulate

the waste gas, from a typical chemical coating plant, at a ® Py -ALO,

certain flow rate and @©concentration. The simulated gas gor O Cn0J/ -ALO,

¥ Blank

was injected into the catalytic reactor heated by an electrical
furnace. One milliliter of gas samples was taken before and

after the reaction, by an on-line autosampler, to be injected 3 4

into the GC to determine the conversion of MIBK. The gas g

samples before and after the reaction were also analyzed by  z

three combustion gas analyzers to determine the extent of £
@]

complete oxidation. A series tests were performed earlier on
conversion of methanol over the same Pt catalyst with three
size range§l4]. The results showed that the conversion dif-
ferences were not significant. Therefore, the catalyst being
ground to 50-100 mesh was chosen to carry out the exper-
iments for this study in order to reduce both the interfacial i
mass transfer limitation and intraparticle mass transfer re- 350 400 450 500 550 600
sistance. The conversioX) of MIBK and the yield {rc) of Temperature (K)

carbon products are defined as folloj45,16}

20

Fig. 2. Comparisons of the catalytic incineration of MIBK on the
Cin — Cout Cr,03/Al ;03 catalyst, Pty-Al ,0O3 catalysts and a blank test at various tem-
X=—x100% D) peratures (inlet concentration: 100 ppm; gas hourly space velocity (GHSV):
in 80,000 hr1; temperature: 373-573 K; {oncentration: 20.8%).
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Fig. 3. Effect of MIBK concentration on the catalytic conversion of MIBK
over the Py-Al,O3 catalyst (inlet concentration: 50-200 ppm; GHSV:
80,000 hrl; temperature: 373-573 K;xoncentration: 20.8%).
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Fig. 4. Effect of space velocity on the catalytic conversion of MIBK
over the P#-Al,O3 catalyst (inlet concentration: 100 ppm; GHSV:

50,000-120,000tt; temperature: 373-573 K;roncentration: 20.8%).

Table 2

Carbon recovery of the catalytic incineration of MIBK
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Fig. 5. Effect of @ concentration on the catalytic conversion of MIBK
over the Pt)-Al,O3 catalyst (inlet concentration: 100-200 ppm; GHSV:
80,000 hrt; temperature: 473 K).

The distributions of the products and reactants for the oxi-
dation of MIBK over Pt}-Alo,O3 were conducted and shown
in Table 2 The conversion of MIBK was extremely low, be-
low 373 K. As the temperature exceeds 423K the conver-
sion rapidly increases and G@s the main products, with
only some trace amounts of incomplete combustion products
(e.g., GHgO and CO). According tdable 2 the GHgO
is presented a peak at 423K, 6.54 ppm. The concentration
of CO is also peaked at the same temperature, 6.84 ppm.
From the results shown iffable 2 to correlate concen-
trations of different components in the figure, the follow-

ing reaction scheme can be proposed for the destruction of
MIBK:

CeH120 + YO, — 6CO, + 6H,0 (3)
CgH120 + 30, - 3CO + 3C3HgO + 3H,0 (4)
CsHgO + 40, — 3COp + 3H,0 (5)
CO+ 30, - CO; (6)

Fig. 6 shows the MIBK conversion and product yield at
vary temperature for P§fAl,O3 catalyst. To thoroughly un-
derstand the reaction pathway of the decomposition of MIBK,
the mass balance on C atoms was performed. The MIBK sim-

Temperature (K) Initial MIBK (ppm) Conversion (%) GQ@ppm) CO (ppm) Acetone (ppm) Carbon recovery (%)
373 10016 345 13 4.32 0.24 985
423 10197 5212 250 6.84 6.54 87
473 9984 8514 448 3.50 5.87 37
523 10038 9921 598 1.25 0.00 1009
573 10125 9976 602 0.98 0.00 290
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Fig. 6. Relationship between the yield of CO, £@nd GHgO and the
conversion of MIBK (inlet concentration: 100 ppm; GHSV: 80,0080, Fig. 7. Deactivation effect of MIBK on the Rt/Al,O3 catalyst (inlet con-
concentration: 20.8%). centration: 100 ppm; GHSV: 80,000k O, concentration: 20.8%; temper-

ature: 423-573 K).

ulation conversionXsimyl) and the yieldsYc) of products
are defined as the E(\).

temperature, due to the reacti(@). The peak around 423 K
obtained with the catalyst corresponds to the oxidation of

Xsimul = Z Yo @ MIBK, reaction (4), since formatic_m of CO coincides with
the decrease of MIBK concentration.

whereYc is the experiment datdéble 9 of products yield

A series of life-tests of the Rtf/Al,O3 catalyst under the

obtained from Eq(2). The Xsimu.. can be calculated by sum-  condition of 100 ppm MIBK were conducted to identify its
mation of the yieldsYc). deactivation effect and the results are showrFig. 7. At

As shown in theFig. 6 that the MIBK simulation con- 423K, the performance of the catalyst declines gradually
versions are attached with the raw MIBK conversion data. It for about 70 h and then reaches a stable conditfag. 8
reveals that carbon atoms measured at outlet and inlet of theshows that the BET specific surface area of the deactivated
reactor remains balanced at all temperature. In fact, the car-Pty-Al03 catalyst incinerated at 423 K is significantly less

bon atoms recovery in all case was within 93—-100% (shown
in Table 2. This finding consists with reactiori8)<6) that

the products containing carbon atoms are CO,,Cahd
C3HgO. The dominant product is GOTable 3shows the
elemental analysis of the fresh and deactivateg-Rt)O3
catalyst. As this figure shows, the results indicated that the
carbon species on the catalyst was ca. 2.5% at 423 K. This
phenomenon, maybe, can explain the unfitted carbon atoms
balance.

At 423K, the conversion of MIBK (above 50%) is ob-
tained with some amounts 080 (which is destroyed by
reaction(4) in the range 373-523 K).

Formation of CO from incomplete oxidation of MIBK,
reaction(4), can be observed over M@s/y-Al .03 catalysts
at lower temperatures around 423K but not found at high

Table 3
Elemental analysis results for the fresh (298 K) and deactivated (423 and
573 K) Pth-Al,03 catalysts

Carbon element (wt.%) 298K 423K 573K
1sttest 0.057 2.48 0.49

Surface Area (m¥/g)

160

140

120 4

100 -
I'resh 423K 573K

2nd test 0.056 213 0.49 Fig. 8. Specific surface areas of the fresh and poisongd/HO3 catalysts

(temperature: 423-573 K for 110 h).
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