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Abstract

In this work, Cuz(BTC), (Cu-BTC) metal organic framework (MOF), prepared by 3
different synthetic routes, was employed to the oxidation reaction of ethylbenzene (EB) to
synthesize the pharmaceutical intermediate acetophenone (AP). The reaction was carried out
in liquid phase using oxygen molecule as oxidizing agent. In the reaction process, no any
other solvent was used. To optimize the reaction conditions, temperature, reaction time,
catalyst load weight and O, gas flow were investigated. The products were analyzed by gas
chromatography (GC). The results obtained from GC analysis showed Cu-BTC has a high
selectivity toward to AP (around 95%). The conversion of EB was 44.92% when the reaction
was carried out at 150 T for 24 h with a catalyst load weight 0.1 g and O, flow 5.5 ml/min.
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1. Introduction

Acetophenone (AP) is a well know intermediate in chemical industries. It has found many
applications in organic industries. It forms light-resistant resins while reacting with
formaldehyde to yield that resin is used as an additives in nitrocellulose [1]. Apart from the
above it is also used as a photoinitiator, in pharmaceutical as an intermediate for some drugs,
perfumery and pesticide industries. Hoechst-Celanese and Boots have developed p-isobutyl
phenyl ethyl alcohol an intermediate synthesized by the hydrogenation of p-isobutyl
acetophenone by new catalytic hydrogenation route for lbuprofen, a non-steroidal anti-
inflammatory drug [2] and a derivative of AP called 4-methylacetophenone is useful in the
synthesis of p-chlorocelecoxib a potential anti-inflammatory drug. AP derivative named 1-
phenylethanol is used for the production of aromatic ester fragrance [3]. Hock process is used
industrially for the production of AP by cleavage of cumene hydroperoxide over a cupric
catalyst [4]. AP can also be produced from methyl phenyl carbinol [5, 6] by oxidation.

Friedel-Crafts acylation of aromatic hyderocarbon using acetyl chloride with
stoichiometric quantities of homogeneous Lewis acids such as AICls, FeCl; but this reaction
will emit large amounts of highly toxic and corrosive gases [7]. Another important and
feasible way to produce AP is by the oxidation of EB over homogeneous transition metal (viz.
Co, Mn, Cu, or Fe) compounds as catalysts in presence of oxygen or air [8, 9]. But the use of
homogeneous metal compound catalyst endures several drawbacks: the reaction conditions in
this process are often harsh, the product selectivity is poor, and the catalyst gives rise to many
problems such as handling, catalyst recovery and recycling. Considering the economic and
environmental points of view, it is therefore of great practical interest to develop a more
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efficient, easily separable, reusable, and environmental-friendly catalyst for the production of
AP [10].

Recently metal complex were identified as another catalyst system for alkyl aromatics, for
instance, phosphorus-tungsten metal complex and phosphorus-molybdenum metal complex
have been developed for the oxidation of alkyl aromatics. With these traditional catalytic
systems, the main problem is the generation of large amount of waste during the reaction
process, which makes the traditional processes environmental and economic unacceptable.

Recent years, solid heterogeneous catalyst has been widely explored by chemical
researchers because they are versatile in reactivity, environmentally harmless and can assist
for green synthesis, non-corrosive and easy to recover while compared with homogeneous
catalyst [11]. Mesoporous materials such as zeolites and silica are important catalysts in
organic synthesis field because they are versatile in structure and their catalytic properties can
be tailored via a large number of modification procedures. Transition metal loaded Zeolite
and mesoporous silicas, for example M-MCM-41(M=Ti, V, Cr) [12] and Ag/Ce0,-SiO, [13],
have been studied for the oxidation reaction of alkyl aromatics. However, because of the
serious pore size constraints, the accessibility of active metal sites is highly limited for larger
aromatic substrates in these materials.

Metal Organic Frameworks (MOFs) is a new class of microporous material with many
potential advantages such as well-defined structures, controlled pore size, high thermal and
chemical stability, high surface area, low density, desired chemical functional groups and so
on [14-18]. These attractive properties allow MOFs possible apply in gas storage, gas/vapor
separation, size-, shape-, and enantio-selective catalysis [19-21]. As a catalyst, MOFs have
been proved to own a great advantage that the active sites almost same due to their highly
crystalline nature. In addition, the pores of MOFs can be tailored in a systematic way
allowing optimization for specific catalytic applications [22]. These properties make MOFs a
premising material for application in catalyst. However, up to now the studies on alkyl
aromatic oxidation reactions under the catalytic condition of MOFs still not enough, only a
few examples have been reported [23]. Further the earlier reports also support the usefulness
of Cu and its oxides for the oxidation alkyl aromatics. These evidences encourage us to select
the Cu-BTC for the oxidation of ethyl benzene to produce AP, among the MOF studied Cu-
BTC have more number of free metal sites on its surface to carry out the catalytic reactions.
Here in our paper we studied the catalyst performance of Cu-BTC in the aerobic oxidation
reaction of EB using oxygen as source for singlet oxygen production.

2. Experimental

2.1. Materials

Copper (I1) nitrate trihydrate [Cu (NO3),*3H,0, Daejung chemicals & metals, 99%d],
benzene-1, 3, 5-tricarboxylic acid (BTC, Sigma Aldrich, CgHgOg, 95%). Ethyl benzene
[CeHsC,Hs, Junsei chemical, 98%], The solvents, ethyl alcohol anhydrous (C,HsOH, Daejung
chemicals & metals 99.9%), N, N-dimethylformamide [DMF, HCON (CHs),, Daejung
chemicals & metals 99.5%], chloroform [CHCI;, Daejung chemicals & metals 99.5%],
deionized (DI) water were used in the synthesis.

2.1. Synthesis of catalyst

Cu(NOs),*3H,0 (1.75 g, 7.2 mmol) was dissolved into 24 ml DI water, and BTC (0.84 g,
4 mmol) was dissolved into 24 ml ethanol under stirring at room temperature. Then the
copper solution was added to the BTC solution and stirred for 1 h. The mixture was
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transferred to a Teflon lined stainless steel autoclave and kept at 120 °C for 12 h. The reaction
vessel was cooled to ambient temperature, centrifuged and the solid product was vacuum
dried at room temperature to yield sample, Cu-BTC-(1) [24].

Cu-BTC-(2) was synthesized following the procedure reported by Xiang et al., [25]. BTC
(2.5 g, 12 mmol) and Cu(NO3),*3H,0 (5 g, 20.7 mmol) were added in a 250 ml bottle in 125
ml solvent consisting of DMF, ethanol, and DI water with a ratio of 1:1:1, after sonication for
15 min, the bottle was placed in an oven at 85 °C for 20 h. The product was isolated by
filtration and rinsed with 3x10 ml DMF, and then immersed in CHCI; for 3 days, during
which the activation solvent was decanted and replaced freshly thrice. The product was dried
at 200 °C in vacuum to yield Cu-BTC-2 sample.

Cu-BTC-(3) was synthesized following the procedure reported by Xiang et al., [25]. BTC
(2.5 g, 12 mmol) and Cu(NOs),*3H,0 (5 g, 20.7 mmol) were added in a 500 ml beaker in 125
ml solvent containing DMF, ethanol, and DI water with a ratio of 1:1:1. After sonication for
15 min, the beaker was then placed inside household microwave oven (Goldstar, MH-700H)
and heated at 700 W for 4 min, during which the beaker was put out from microwave oven
for a little while with slight stir every 30 s to avoid explosion. A blue suspension was
obtained. The product was isolated and then rinsed with 3x10 ml DMF. After exchanging
with CHCI; for three days, the product was dried at 200 °C in vacuum to yield Cu-BTC-(3).

2.3. Catalyst characterization

Powder X-ray diffraction (XRD) patterns were recorded using a Rigaku D/Max
2200+Ultima diffractometer with Cu-Ko radiation (A=0.154 nm). The diffraction data were
recorded in the 26 range 5-50° with a step of 0.02 °/s. Thermogravimetric analysis (TGA) was
performed on Scinco TGA N-1000 thermo gravimetric (TG) analyzer, the sample was heated
from room temperature to 800 °C under N, at a temperature ramp of 10 °C/min. The nitrogen
adsorption-desorption isotherms were measured at 77 K on a Belsorp mini Il volumetric
adsorption analyzer. Prior to each adsorption measurement the samples were evacuated at
200 °C under vacuum (p<10-5 mbar) for 6 h in the degassing port. The surface area (Sger)
was determined from the linear part of the Brunauer-Emmett-Teller (BET) equation, and the
pore volume was calculated using a BET plot based on the amount of nitrogen gas adsorbed
at the last adsorption point (p/po = 0.99) and the pore size distribution using the Barrett-
Joyner-Halenda (BJH) method. SEM images were captured on JEOL JSM 5600 scanning
electron microscope.

2.4. Catalyst activity (oxidation of ethyl benzene)

The catalyst performance of Cu-BTC on the oxidation of EB was studied in solvent-free
condition. The reaction procedure was according to the previous work [26] with a little
modification. In a typical run, 10 ml EB and 0.1 g Cu-BTC were taken in a 50 ml round
bottom flask which has a water-cooled condenser and O, gas inlet. The mixture was heated at
constant temperature of 150 °C with continuous O, gas flow 5.5 ml/min with stirring for 6 h.
Then the reaction mixture was cooled to room temperature and the catalyst was separated
from the reaction mixture by filtration. The catalyst was dried at 100 °C for subsequent using.
In order to optimize the reaction conditions, the temperature (120, 130, 140, 150, 160 °C),
time (6, 15, 20, 24, 48 h), catalyst weight (0.03, 0.05, 0.07, 0.1, 0.15 g) and O, flow (3.5, 5.5,
7.5, 10 ml/min) were investigated. The products were analyzed by GC (Agilent, HP-5 column
50 m x 320 um x 0.52 um and FID detector) and GC-MS (Bruker, VF-5ms column 30 m x
0.53 mm x 1.5 pum) wherever required.
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3. Results and discussion

3.1. Characteristics of catalyst

Figure 1 A shows the XRD patterns of prepared Cu-BTC samples. The XRD patterns of the
Cu-BTC obtained by the three methods were almost similar with each other, and coincided
closely with the Cu-BTC reported in literature [24]. It indicated that the three samples
synthesized by different methods have the same crystal structure.

The SEM images of the synthesized samples are presented in Figure 1 B They showed
octahedral morphology [27]. The crystals of Cu-BTC-(1), Cu-BTC-(2) were almost similar
while Cu-BTC-(3) was smaller in size which was in accordance with the previous report [25].
Smaller dimensions of the latter were due to homogeneous effect. More seeds were formed in
a short time, leading to a little chance for the seeds to grow up while using microwave.
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Figure 1. A. XRD patterns of Cu-BTC prepared with different methods. (a) Cu-
BTC-(1), (b) Cu-BTC-(2) and (c) Cu-BTC-(3)

B. SEM images of Cu-BTC prepared with different methods. (a) Cu-
BTC-(1), (b) Cu-BTC-(2), (c) Cu-BTC-(3) and (d) Cu-BTC-(3) at 10,000
maghnification

The nitrogen adsorption-desorption isotherms of Cu-BTC samples are shown in
Figure 2. All of them displayed Type | isotherm, a signature characteristic of
microporous materials. The surface area and pore volume Cu-BTC-(3) was found to be
1721 m?g™* and 0.7424 cm3g™ respectively. The later was the higher than Cu-BTC-(1)
and Cu-BTC-(2) (Table 1). The results are in line with the previous reports [25]. The
surface area and pore volume of Cu-BTC-(3) was almost nearer to value reported by
Millward and Yaghi [28].

The thermograms of the synthesized samples are presented in Figure 3. Prior to
analysis, the samples were preheated in a vacuum oven remove the physisorbed water
and gases. Initial weight loss below 150 °C is attributed to desorption of the
coordinated water. A weight loss of about 5.2 and 3.4 % was observed for Cu-BTC-(1)
and (2) while a loss of about 7.6% was noted for Cu-BTC-(3), hence the latter retains
more amount of water. The second weight loss around above 300 °C was due to the
decomposition of the organic network. All of the Cu-BTC samples were found to be
stable upto 300 °C.

4 Copyright © 2013 SERSC



International Journal of Control and Automation
Vol.6, No.6 (2013)

600

500

300

—e— Cu-BTC<(1) ads
—e— Cu-BTCH1) des
200 —%— Cu-BTC(2) ads
—2— Cu-BTCH2) des
—8— Cu-BTC-(3) ads
—8— Cu-BTC(3) des

Va/em3(STP) g 1

0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

p/pg

Figure 2. N, adsorption isotherms of Cu-BTC prepared with different methods

Table 1. Porosity properties of Cu-BTC prepared with different methods

Total pore volume Average pore
Sample SBET (ng") (cm3 g'l) diameter
(nm)
Cu-BTC-(1) 1465.0 0.6079 1.6600
Cu-BTC-(2) 1656.8 0.7130 1.6571
Cu-BTC-(3) 1721.0 0.7424 1.7924
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Figure 3. TGA curves of Cu-BTC prepared with different methods

Copyright © 2013 SERSC 5



International Journal of Control and Automation
Vol.6, No.6 (2013)

3.2. Catalytic activity

3.2.1. Effect of temperature: The synthesized Cu-BTC samples were studied for the
oxidation of EB. In order to investigate the effect of temperature, the reaction was studied at
120, 130, 140, 150 and 160 °C. The reaction was carried out for 6 h with O, gas flow of 5.5
ml/min. The GC analysis results were shown in Table 2. The oxidation of EB over Cu-BTC
catalyst results in acetophenone (AP), benzaldehyde (BZ) and benzoic acid (BA). For all
synthesized Cu-BTC samples the selectivity of AP was similar with each other (values were
around 95%), which illustrated that Cu-BTC material can effectively improve the product
selectivity of AP. Among the three samples, Cu-BTC-(3) exhibited a little higher conversion
of EB than Cu-BTC-(1) and (2), this because Cu-BTC-(3) has a higher surface area than other
two samples, which could absorb more EB to react with O,, as heterogeneous catalysis
reaction the reactants diffuse to the catalyst surface and adsorb onto it, via the formation of
chemical bonds, after reaction, the products desorb from the surface and diffuse away, so for
solid heterogeneous catalysts, the surface area of the catalyst is important.

As show in Table 2, the conversion of EB increased with increasing temperature up to
150 °C and then decrease. The same phenomenon was also happen to the selectivity of AP.
The selectivity of AP was 96.12% at 140 °C, a little higher than that at 150 °C (95.77%),
however, EB conversion at 140 °C (21.75%) was much lower than that of 150 °C
(28.26%). Therefore consider of both EB conversion and AP selectivity, 150 °C is the
suitable reaction temperature.

Table 2. EB oxidation reaction over Cu-BTC at different temperatures

Catalyst Temperature EB Conversion Product Selectivity (%)
0 (%)
AP Bz BA Others

/ 150 5.01 57.47 1.94 35.84 4.75

Cu-BTC-(1) 150 19.59 92.37 3.23 0.34 4.06

Cu-BTC-(2) 150 22.27 95.36 1.68 1.81 1.15

Cu-BTC-(3) 150 28.26 95.77 1.84 1.18 121

Cu-BTC-(3) 120 10.61 82.35 2.01 13.88 1.76

130 17.48 93.64 3.92 0.34 2.10

140 21.75 96.12 1.62 1.36 0.90

150 28.26 95.77 1.84 1.18 121

160 19.08 95.06 2.55 / 2.39

(Reaction time: 6 h, catalyst weight: 0.10 g, O, flow rate: 5.5 ml/min.)

3.2.2. Effect of time: EB oxidation was carried out at 150 °C for 5 different reaction times (6,
15, 20, 24, 48 h) over Cu-BTC-(3), the catalyst weight was 0.1 g and O, flow was 5.5 ml/min.
The results were displayed in Figure 4. EB conversion increased with increasing in reaction
time, while the selectivity of AP was observed a slightly decrease with increasing reaction
time. Here 49.92% of EB conversion and 92.53% of AP selectivity were obtained for a 24 h
reaction time. Hamidipour et al., [23] have reported EB oxidation using a Co(ll) metal-
organic framework Co-MOF, they got a 100% selectivity of AP during 24 h reaction,
however the conversion of EB was only 23%, much lower than that in this work. Moreover,
in the reaction process they used acetonitrile, a toxic and harmful substance, as solvent; in this
work, the oxidation was carried out in solvent-free condition
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Figure 4. Time effect on EB conversion and AP selectivity over Cu-BTC-(3).

3.2.3. Effect of O, flow rate: The effect of O, gas flow rate on EB conversion and AP
selectivity was studied at 150 °C for 24 h with different O, flow rate (3.5, 5.5, 7.5, 10 ml/min)
and the results were shown in Figure 5. EB conversion increased with increasing in O, gas
flow rate and then decreased, at the value of 5.5 ml/min, a maximum EB conversion (49.92%)
was exhibited. When flow of O, increase it cause vaporization of EB hence a certain quantity
of EB could not have contact with the catalyst, consequently the concentration of EB around
catalyst was decreased, which is the reason in the decrease in EB conversion at high O, gas
flow rate. AP selectivity did not show any obvious change in different O, gas flow rate, a
high and stable selectivity was displayed throughout.
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Figure 5. O, flow rate effect on EB conversion and AP selectivity over Cu-BTC-(3)
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3.2.4. Effect of catalyst weight: In order to study the catalyst weight effect on EB conversion
and AP selectivity, the reaction was carried out at 150 °C for 24 h with O, flow rate 5.5
ml/min, the catalyst weight was from 0.03 to 0.15 g. The results were displayed in Figure 6.
The conversion of EB increased with increasing catalyst weight from 0.03 to 0.1 g, while at
the catalyst weight of 0.15 g it decreased. The selectivity of AP was almost same when the

catalyst weight was changed from 0.03 to 0.15 g, which indicated that Cu-BTC kept high
stable selectivity toward to AP.
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Figure 6. Catalyst weight effect on EB conversion and AP selectivity over Cu-
BTC-(3)

3.2.5. Recycling experiment: The stability of the catalyst was also studied to test the lifetime
of the catalyst. After reaction, the catalyst was separated from the reaction mixture, washed
with ethanol and dried at 100 °C overnight. EB oxidation was carried out under the same
reaction conditions using the regenerated catalysts. The recycling experiment was repeated
four times and the results were shown in Table 3. EB conversion decreased slowly in each run,
however, no sharp change was observed in the selectivity of AP, which confirmed that Cu-
BTC is a high AP selective and stable heterogeneous catalyst to EB oxidation.

Table 3. Recyclability of Cu-BTC-(3).

Catalyst Run EB Conversion Product Selectivity (%)
(%)
AP BZ BA Others
Cu-BTC-(3) 1 44.92 92.53 1.07 3.15 3.25
2 40.24 92.65 1.45 3.12 2.78
3 35.49 92.87 1.37 3.54 2.22
4 33.05 92.86 1.38 3.18 2.57
5 32.26 93.53 1.27 3.06 2.13

(Temperature: 100 °C, reaction time: 24 h, catalyst weight: 0.10 g, O, flow rate: 5.5 ml/min.)
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4. Conclusions

Copper based metal organic framework Cu-BTC was successfully employed for the
selective oxidation of EB under solvent-free condition using molecular oxygen as oxidant. In
order to optimize reaction conditions, in the reaction process, temperature, time, O, gas flow
rate and catalyst weight effect were investigated. The results analyzed by GC showed Cu-
BTC exhibited high AP selectivity. From the study conducted it was concluded that the
temperature 150 °C is optimum for carry out the reactions, the maximum time needed for
reaction is 24 h with 0.1 g catalyst and 5.5 ml/min O, gas flow rate required for the successful
reaction, 44.92 % EB conversion, 92.53 % AP selectivity were obtained. In addition, stability
of Cu-BTC catalyst was studied by recycling experiments using recovered catalyst. The
results showed Cu-BTC was effective and reusable catalyst for selective oxidation of EB to
get product AP.
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