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Effect of acid type in WOy clusters on the esterification of ethanol with acetic acid
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Abstract—Tungsten oxide clusters supported on silica (WO,/SiO,) with different W loading levels and the effect of
acid type on the esterification of acetic acid with ethanol were examined. The catalysts were characterized using various
techniques (XRD, Raman spectroscopy, NH;-TPD and FT-IR) to investigate the crystallinity and the nature of the acid
sites. The change in the composition of two tungsten oxide species (polytungstate and crystalline WO,) leads to the
change of Lewis acid to Brensted acid ratio. Importantly, the ratio of the two different acid types has a substantial effect
on the catalytic activity. The fraction of Lewis acid to total acid sites rapidly changed from 23% to 77% due to the pres-
ence of crystalline WO,. Where the Lewis acid sites accounted for 55% of the total acid sites, the WO,/SiO, catalyst
showed the highest catalytic activity among the prepared catalysts.
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INTRODUCTION

Esterification has the potential for the production of value-added
chemicals from alcohols and organic acids. Ethyl acetate, the prod-
uct of the esterification of ethanol with acetic acid, is widely used
in perfumes, solvents, paint products and pharmaceuticals [1,2].
The conventional esterification process involves the use of acidic
catalysts, such as H,SO, and HF in homogeneous solution [3,4].
Although the catalytic activity of these acid catalysts is high, there
are significant drawbacks, including product separation and reactor
corrosion problems [5]. Therefore, considerable efforts have been
made to develop heterogeneous catalysts for the esterification, in
order to overcome these problems [2-4]. It is generally known that
acid sites are the active sites for esterification. Shanks et al. [7] pre-
pared surface-modified SBA-15 for the esterification of acetic acid
with methanol in an attempt to better understand the esterification
reaction. Wu et al. [7] reported on the gas-phase esterification of
acetic acid with ethanol using silicotungstic acid catalyst supported
on the activated carbon.

Supported tungsten oxide is a highly acidic metal oxide that con-
tains both Lewis and Brensted acid sites and has been widely used
as an acid catalyst in dehydration and cracking reactions. Various
supports have been used for this catalyst, including ZrO,, TiO,, etc
[9,10]. There are two types of tungsten oxide structures on sup-
ports, and their composition is dependent on the weight of tungsten
that is loaded on the support [9]. One form is crystalline WO;, which
has a distorted octahedral structure showing Lewis acid properties
corresponding to the unsaturated W*" species in crystalline WO,
[9]. This species has the ability to interact with both alcohols and
acids via interactions between unpaired electrons in organic mole-
cules and water with Lewis acid sites on crystalline WO, [11,12].
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The other is a polytungstate forming keggin-structure, which has
both Lewis acid and Brensted acid propetties, corresponding to a
Si-O-W bridge site and a terminal W=0 structure, respectively [9].
Polytungstate species on silica showed a high activity because it is
similar to the structure of silicotungstic acid, which is a highly effec-
tive catalyst for esterification reactions. When the tungsten loading
is low, polytungstate is mainly present in the form of WO, clusters,
but crystalline WO, begins to form rapidly as the amount of tungsten
loading is increased [13]. In previous studies, it has been claimed
that an ensemble effect of polytungstate and crystalline WO; im-
proved the acidity of catalysts when the appropriate amount of tung-
sten was loaded on the support [9]. The optimum loading level was
determined according to the reactions such as dehydration and iso-
merization. However, the improvement in acidity was impercepti-
ble and a valid explanation for this high activity remains unexplained.

In this study, we investigated the use of tungsten oxide catalyst
supported on silica for the esterification of acetic acid with ethanol
and determined the optimum loading level of tungsten for target
reaction. The characteristics of the prepared catalysts, along with
other influential factors, were examined via characterization and
quantitative analysis.

EXPERIMENTAL

1. Catalyst Preparation

The WO,/SiO, samples were prepared with different tungsten
loadings by an incipient wetness impregnation method. The pre-
cursors were used for preparing aqueous solutions containing known
amounts of ammonium metatungstate (NH,);H,W,,0,,xH,0, Sigma
Aldrich). The impregnated catalysts were dried overnight in an oven
at 80 °C for overnight under air condition, and then calcined at 450 °C
for 4 h in atmosphere of air. Aerosil 200 (SiO,), as the silica support,
with specific surface area of 200 m* g was obtained from Degussa.
The prepared samples were denoted by their weight percentage of
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W. For example, 3WS indicates a catalyst containing 3 wt% tung-
sten supported on the silica support.
2. Catalyst Characterization

X-ray diffraction (XRD) was used to determine the crystallinity
of the catalysts using D-MAX2500-PC (Rigaku Corp.) with CuK«
radiation (1=1.5405 A) in an operating mode of 50kV and 100 mV,
XRD data were recorded from 10°-80° in a step of 10°min™'. Raman
spectra in the 600-1,000 cm™' range were recorded on a Jobin Ynon
spectrometer, model T64000, using a 514 nm Ar laser as an excit-
ing source. The NH;-TPD was carried out to measure the quantity
of acid sites on the catalyst. Before the measurements, all samples
were pretreated in a stream of helium at 400 °C for 4 hr. After cooling
to 50 °C, a mixture of ammonia‘helium (5 vol% ammonia) was al-
lowed to flow through sample for 1 hr. Physically adsorbed ammo-
nia was removed by increasing the temperature of the helium flow
to 100 °C for 20 min. The temperature was then increased linearly at
a ramping rate of 10 °C min™" up to 400 °C. The desorbed ammonia
was measured by means of a thermal conductivity detector (TCD).
IR spectra were recorded with a M2000 instrument (MIDAC corp.)
An FT-IR spectrophotometer, with a quartz cell to hold samples was
used to collect FT-IR data. The 40 mg of catalysts were pelletized
to thin disks which were calcined at 250 °C in He atmosphere for
2 hr to remove water from the samples. The adsorption of ammo-
nia was carried out at room temperature, followed by evacuation to
remove physically adsorbed ammonia at the same temperature. FT-
IR spectra were also recorded in a vacuum system at room temper-
ature.
3. Catalytic Activity Test

The catalytic activities for the esterification of acetic acid with
ethanol were evaluated using a high-pressure continuous reactor
(HPCR) in which the reactants were held in the liquid phase, while
the actual temperature exceeded the boiling point of the reactants.
In previous studies, a semi-batch reactor with a condenser, a batch
reactor and a gas-phase reactor were used for this reaction [6,14,15].
However, there were some problems such as limitations in the operat-
ing temperature, non-continuous system and coke deposition at high
temperature. We developed a new system, a high-pressure continu-
ous reactor (HPCR), which overcomes several problems associated
with previous reactor systems. The reactant was prepared by mix-
ing ethanol with acetic acid in 2 to 1 molar ratio. The reaction was
performed with 0.3 g catalyst in a fixed bed steel reactor at 160 °C
and the pressure was maintained at 3 MPa to maintain the reactant
in the liquid phase. The prepared reactant solution was injected into
the system at a rate of 0.3 ml min™' by a high pressure pump. After
the reaction was complete, the product was cooled by a cooling trap
and the reaction products collected in a sampling pot. The product was
analyzed by gas chromatography (GC DS 6200, DONAM INSTRU-
MENT INC.) equipped with a flame ionization detector (FID) and
a capillary column (DB-WAX , 30 mx320 umx0.5 pm).

RESULTS AND DISCUSSION

1. Catalytic Performance for the Esterification of Ethanol
with Acetic Acid

The result of the catalytic performance for esterification of acetic
acid with ethanol on the WO,/SiO, catalysts is shown in Fig. 1. The
selectivity for ethanol esterification was almost 100%, as has been
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Fig. 1. Catalytic activity of various loading levels of tungsten oxide
catalyst (reaction conditions: 160 °C and 36 bar).

verified in previous studies [8]. In the range of 3WS to 10WS, the
catalytic activity accelerated with increasing loading levels. The
10WS catalyst resulted in the highest yield of ethyl acetate of about
68% among the prepared catalysts tested. In the case of higher load-
ings of tungsten, i.e., ISWS and 20WS, the yield of ethyl acetate
slowly decreased to around 60%. The curve for catalytic activity
was volcano-shaped as a function of loading weight. Because of
this, further investigations were conducted to identify the proper-
ties of prepared catalysts and relationships between catalyst charac-
teristics and activity for the esterification reaction.
2. Characterization of Tungsten Oxide Catalysts Supported
on Silica

XRD analyses were conducted to evaluate the crystallinity of
the catalysts. XRD patterns of the WO,/SiO, samples with various
tungsten loadings are shown in Fig. 2. Crystalline WO; is formed
by the thermal decomposition of ammonium metatungstate used
as a precursor [9,16,17]. According to PDF# 321395 in JCPDS data
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Fig. 2. XRD patterns of WO,/SiO, catalyst with various amounts
of loaded W (¥ : WOQO,).
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and previous studies, typical peaks for crystalline WO, are found
at ca. 23.7°,29.0°, 33.6°, 41.9° and other peaks over 40° [18]. In the
3WS and 5WS samples, an amorphous phase was observed, i.e.,
only a broad peak corresponding to silica was observed at 23°. This
indicates that the tungsten oxide was highly dispersed on the sur-
face of the silica in the samples because of the low loading amounts
used. In the case of 7WS, only a few characteristic peaks for crystal-
line WO, peaks were clearly seen at around 24° and 34° with a weak
intensity in the XRD patterns. Also, when the loading amount of
W was increased, the amount of crystalline WO, in the catalyst was
increased, and the 20WS sample showed the highest WO, crystal-
linity. Amorphous polytungstate with Brensted acid sites is formed
when the amount of loaded tungsten is low. Meanwhile, crystalline
WO, was formed at high loadings and the amount crystalline WO,
increased with increasing loading.

Raman spectroscopy was used to confirm the crystallinity of cata-
lysts on surface [18]. Characteristic peaks of crystalline WO, appeared
at 804 cm™ and 720 cm™ corresponding to W-O stretching and bend-
ing vibrations, respectively [19]. The characteristic peak for poly-
tungstate was faintly observed at 980 cm™' [12], but it has been re-
ported that this peak is too weak to permit accurate calculations to
be made [20]. All peak spectra were tilted slightly, because of the
fluorescence of tungsten.

The Raman spectra shown in Fig. 3 were in good agreement with
the XRD results. In Raman spectra, peaks corresponding to WO;
were not observed among samples 3 to 7WS. Small peaks at 804
and 702 cm ™' appeared in the case of 10WS, and the size of the peaks
increased with increased loading. This suggests that the amount of
crystalline WO, at the surface was increased. The sensitivity of XRD
was similar to that for Raman spectroscopy in a previous study, and
is in good agreement with our result of XRD and Raman spectra
[21]. When the weight of tungsten loading exceeded 10 wt%, a peak
assigned to the vibration of crystalline WO, was observed in the
Raman spectra. From this result, the surface crystallinity of the pre-
pared catalysts also increased with increasing amounts of tungsten
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Fig. 3. Raman spectra of WO,/SiO, catalysts with different W load-
ing (¥ : crystalline WO;).
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Fig. 4. NH;-TPD profile of the WO,/SiO, catalysts up to 400 °C.

oxide loading.

Ammonia temperature-programmed desorption (NH;-TPD) exper-
iments were performed to measure the quantity and strength of the
acidic sites, as shown in Fig. 4. The ammonia desorption peak was
observed at ~150 °C with broad shoulder about 350 °C [15]. In the
cases of 3WS and 5WS, a small desorption peak appeared com-
pared to the other catalysts due to the relatively less amount of acid
sites, 0.132 mmol/g and 0.143 mmol/g, respectively. This suggests
that the low catalytic activities of 3WS and SWS were due to the
small amounts of active sites, because it has been previously estab-
lished that the number of acid sites is a crucial factor in such esterifi-
cation reactions [7]. For 7WS, 10WS, 15WS, and 20WS in Fig. 4,
TPD profiles had the subequal peak position and similar peak area
at all temperatures, and significant improvement in acidity was rarely
found. Their acid amounts are 0.172, 0.164, 0.156, 0.176 mmol/g,
respectively. They did not exhibit any relationship between activi-
ties. From this result, we conclude that the main factor that affects
catalytic activity is not only the amount of acid sites, but also other
properties of the catalysts. For this reason, further studies regarding
the specific acid properties of prepared catalyst were pursued to iden-
tify other factors that may affect ethanol esterification.

IR spectroscopy of NH, as a probe molecule was conducted to
identify the nature of the acid sites (Lewis acid and Brensted acid)
on the surface of catalysts. The spectra of NH; adsorbed on cata-
lysts after outgassing at room temperature are shown in Fig. 5. Ad-
sorption bands at 1,618 and 1,458 cm™, corresponding to Lewis
and Brensted acid sites respectively, were observed in FT-IR spectra
[22]. Crystalline WO, and part of the polytungstate corresponding
to Lewis acid site accounted for adsorption band at 1,618 cm™" due
to the asymmetric bending vibration of ammonia adsorbed to Lewis
acid sites [23]. A part of the polytungstate contributed to a band at
1,450 cm™" due to ammonium ion (NH,") on Brensted acid site [23].

Peaks corresponding to the two acid types were observed in all
of the prepared catalysts, indicating that both Lewis and Bronsted
acid sites are present on the catalysts. Table 1 shows the integrated
intensities of bands caused by adsorbed ammonia, and the fraction
of Lewis acid to total acid sites was calculated from the adsorption
coefficient of NH;. The ratio of the adsorption coefficient was applied
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Fig. 5. FT-IR spectra of NH; adsorbed on various loading levels
of tungsten catalyst (WO,/SiO,) at 25 °C.

Table 1. Integrated infrared absorbance for ammonia on prepared
catalysts

3WS  5WS  7WS  10WS 15WS  20WS

Lacidsite 0.735 1.02 1.01 2.27 3.02 2.33
Bacidsite 243 223 1.15 1.85 1.55 0.68
L/(B+L) 0.23 032 047 055 0.66 0.77

*The ratio of the adsorption coefficient (R) is 7, R=€,/€xu.)

to calibrate the gap in the affinity of NH, to Lewis and Brensted acid
[24]. The fraction of Lewis acid sites to total acid sites (L/(B+L))
increased with increasing amounts of tungsten oxide on the sup-
port. This is due to the crystalline WO, which was easily formed in
high loading samples corresponding to Lewis acids. These findings
are in good agreement with the XRD and Raman spectroscopy data.
Although the number of acid sites of catalysts containing over 7 wt%
tungsten was almost the same from the NH,-TPD results, the fraction
of Lewis acid sites shown in Table 1 was clearly different for the
prepared catalysts. In the case of 7WS, the portion of Lewis acid
sites was only 47%; however, 77% of the total acid sites in 20WS
were Lewis acid sites. In a previous study, the role of two acid sites
was reported to be different [25,26]. A Bronsted acid site can act as
the main active site in alcohol esterification, and the Lewis acid site
can draw the reactant due to interaction between the Lewis acid site
and unpaired electrons in reactants such as alcohol and acetic acid.
The correlation between the fraction of Lewis acid sites to total
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Fig. 6. Catalytic activity of WO,/SiO, as a function of the Lewis
acid sites fraction.

acid sites and the yield of ethyl acetate is shown in Fig,. 6. In range
of 23% to 77% of the portion of Lewis acid sites, the yield of ethyl
acetate exhibited a volcano-shaped curve and the optimum value
the esterification was around 55%. Even though total acid amounts
were almost same for the catalysts containing over 7 wt% of tung-
sten, the 7WS sample exhibited a low catalytic activity because of
the relatively small amount of Lewis acid site. In contrast, the per-
formance of the 15WS and 20WS samples was low, due to a short-
age of Bronsted acid sites which are the main active site for esterifi-
cation.

‘When tungsten oxide catalyst supported on Areosil 200 was pre-
pared by the incipient impregnation method with various loading
levels, catalytic activity showed a volcano-shaped curve. Among
the 3WS to 20WS samples, 3WS and SWS has a small amount of
acid sites, as evidenced by the NH,-TPD profiles. In contrast, a similar
amount of acid sites was present in catalysts containing over 7 wt%
tungsten. Because a large gap was found in catalytic activity between
the prepared catalysts, further studies will be required to identify
additional influential factors. From FT-IR spectra of adsorbed NH.,
the compositions of acid type are clearly different. The fraction of
Lewis acid sites to total acid sites increased from 23% to 77% as
the increase in loading amount, due to the abundance of crystalline
WO; which could be easily formed at high loading levels. From
the quantitative study, the optimal level of Lewis acid sites in tungsten
oxide for optimal esterification was 55%. This ratio contained the
optimal levels of Lewis acid and Brensted acid sites for attracting
reactant and to function as the main active site, respectively, in the
esterification reaction.

CONCLUSIONS

We examined tungsten oxide catalysts supported on silica for
the esterification of acetic acid with ethanol, and identified the charac-
teristics of the prepared catalysts, with the objective of defining the
factors that influence the overall reaction. The number of acid sites
is not the sole important factor as reported in the previous study
and acid type present is also a crucial factor. Through a quantita-
tive study, the optimum value for the portion of Lewis acid, around
55%, was found due to containing the optimal composition of Lewis
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acid and Brensted acid sites which, respectively, attract reactant to
the catalyst and serve as main reaction sites.
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