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Abstract

New and efficient solid-acid catalysts were designed and prepared by the coprecipitation-impregnation method, for the esterification of
acetic acid and butanol synthesizing the butylacetate ester in fine chemical industry, in which the conventional catalyst was sulfuric acid. This
work resulted in a cleaner process for acid-catalyzed reaction. The preparation parameters in the precipitation step and in the calcination were
improved for a better performance. With the optimized new solid-acid catalyst, a good ester yield of 93.3% was achieved with the selectivity of
96.0%. The samples were characterized by XRpabsorption and TGA measurements, thgS@nion was essential in the active structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 2. Experimental

There are many cases using the acidic catalysts in the2.1. Catalyst preparation
modern chemical industries or for the production of fine o ]
chemicals[1-6]. The liquid acid like BSQs was often The initial precursor materials were Fe (§9xH20,
used, however, there were several disadvantages like the?"O(NGs)2:2H20, N&SiOs-9H,0. The pH value was ad-
corrosion of equipment and environmental pollution. There Justed by diluted HSOs or NaOH. The catalysts were pre-
were more and more works for developing efficient solid Paréd by coprecipitation-impregnatids,10] or stepwise
acids for the replacement of,80, application[3-8], lead- ~ Precipitation-impregnation. ,
ing to cleaner processes. Since the primary work of Arata 1 1€ COprecipitation-impregnation method was performed
and Hino in 1979[8], the super acids by sulfated metal by the following steps: the salt solution of Fe, Zr, Si was

oxides have been attracting more and more attention for Mxed to be homogeneous at room temperature, the copre-
investigations. cipitation was done by adjusting the pH value, aging for

2h, drying at 383K, pre-calcinated at 573K for 3 h; then
impregnated with diluted 504 for 15 min, then dried and
calcinated at 873K for 5h.

The stepwise precipitation-impregnation method was
conducted by the following steps: the precipitation of Fe,

affect the catalytic performance of the iron oxide en- £% Si was done respectively, at room temperature, then

hanced zirconia system, in the cleaner process of esterifi-N€ slurries were mixed together, the pH was adjusted to
cation. a certain value, aging for 2h, the other steps like dry-

ing, impregnation and calcination were the same in the
coprecipitation-impregnation.

In our previous work[5,9], some good results have
been achieved for the synthesis of butylacetate using a
cleaner process without sulfuric acid in the catalyst sys-
tem, over the sulfated solid-acid catalysts. In the present
paper, we will focus on how the preparative conditions

2.2. Synthesis of butylacetate in liquid phase
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The reaction apparat(is,11] was composed of a tri-neck
bottle, water-separating device and refrigerant tube, with a
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magnetic stirring, the oil-bath was for maintaining the sys- 60
tem temperature. The reaction parameters were: the amount
of acetic acid was 125 mmol, the molar ratio of butanol over
acetic acid was 1:1, the reaction temperature was 363—-387 K
(typically 366 K for 2 h), no other solvent was used in the
reaction system. The catalyst was separated from the reac-
tion mixture by filtration. The products were analyzed by
using gas chromatogram equipped with TCD, the column 10
had a length of 2.5m, internal diameter of 3mm, at 428K. 0
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2.3. Characterization of catalysts Molar ratio of Fefzr
Silica content = 20%, Calcination temperature = 873K.
The XRD, Np-adsorption and TGA techniques were used Fig. 1. Ester yield of butylacetate vs. the molar ratio of iron over zirconium
for the catalyst characterizatidia2,13] The surface area  in the solid-acid S@Zr—Fe-Si-O.
was achieved on a Digisorb 2000 type automatic adsorption
instrument by BET method (Mrometicscompany). The  butyl ether was observed as a by-product (less than 3%). The
TGA results were conducted on Perkin-Elmer TGA7 type dependence of catalytic performance on the silica content
thermal gravimeter analyzer in air atmosphere at an incre- followed a continuous variation shown Fig. 2, there was
ment rate of 10 K/min. The analysis of crystal structure of a maximum of ester yield at 91.8% for the sample with 2%
catalyst samples was performed on a Rigaku D/max-X-ray molar content of silica in the catalyst. The silica content from
diffractionmeter, with Cu I& radiation, the working current 1 to 5% in the sample gave better catalytic performance than
was 40 mA, the voltage was 50 kV. the results of the sample with more than 10% silica. For the
selectivity of butylacetate, it was very similar, a value about
97% was obtained for all the silica promoted catalysts.
3. Results and discussion

3.2. Effect of preparation condition in the
3.1. Influence of the amount of catalyst component precipitation step

In the solid acid systems, the expression s8Qe0x The sulfated solid acids were prepared from their salts
means sulfated metal OXIC{Q] such as sulfated zirconia. by a Coprecipitation-impregnation method or a Stepwise
The valence of S in the sulfated metal oxide-i$; the precipitation-impregnation method, the typical catalyst per-
expression is based on the image of sulfation together with formance were shown iffable 1 For the system of 20%
the neutral charge. The sulfated zirconia &0O2) has  sjlica and a Fe/Zr ratio of 0.25, the catalyst prepared by the
been investigated in various reactions. It is commercially coprecipitation-impregnation method gave better conversion
available and used actually as an acid catalyst for the or- and ester yield than those of the catalyst prepared by the step-
ganic synthesis in industry. In our precious wof&®], we wise precipitation-impregnation method. So did the system
have studied the sulfated zirconia, sulfated titania and otherwith a Fe/Zr ratio of 1.0 by coprecipitation-impregnation
promoted system in the esterification of acetic acid with method. This method was also simple, compared with the
butanol, it was found that the promoted systems with iron more complexity of the stepwise precipitation method.
oxide and/or silica gave better catalytic performance. In the In the Coprecipitation-impregnation process, different pa-
present work, the role of molar content of silica and that rameters could have important effects on the catalyst struc-

of molar ratio of iron over zirconium have been studied in ture, surface acidity and catalytic performafité—16] such
detail.

It was shown inFig. 1that the Fe/Zr molar ratio (from O 120
to 3.0) influenced the catalytic performance. It was observed 100 - i
that there was an increase of ester yield of butylacetate when T
the Fe/Zr ratio was raised from 0 to 0.40. A maximum value e 80 :
of 55.1% of ester yield was achieved at a Fe/Zr ratio of 0.25, oo 60r . *
compared to 38.4% for the system without iron promotion. 8 g O o Ester yield—8— Ester selec.
When the Fe/Zr ratio was equal to 1.0 and higher than 1.0, 20+
the ester yield decreased to a lower level. The optimum Fe/Zr 0 ‘ ‘ ‘
0 10 20 30 40

ratio was during 0.20-0.40.

The effect of molar content of silica was illustrated in
Fig. 2 The Fe/Zr ratio was fixed at 0.33, an ester yield of
53.4% was obtained for 20% of silica content in the catalyst, Fig. 2. Ester selectivity and ester yield vs. the molar conteny 6f silica
with a selectivity of 97.1% in butylacetate, a small amount of in the solid-acid S@/Zr—Fe-Si-O.

Molar content of silica (%)
Fe/Zr = 0.33, Calcination temperature = 873K.
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-(r:acl)?:lep;rison of catalytic performances over solid-acids/26-Fe—Si—O by different preparation method
f1* Coprecipitation-impregnation Stepwise precipitation-impregnation
Ester yield (%) Ester selectivity (%) Ester yield (%) Ester selectivity (%)
0.25 55.14 97.16 53.58 96.17
1 32.05 96.75 26.74 96.53

fi = molar ratio of Fe/Zr, silica contert 20%, calcination temperature 873 K.

80 ester yield was slightly varied, to a value of 67.0% with 24 h
< 70¢ [ aging. From the XRD patterns of the samples with different
S 60 aging time, there were mainly the amorphous phase for the
2 ig’ h catalyst components.

g 30l With the increasing of aging time, a small amount of cubic
w0l crystallites of ZrQ was appeared = 31°, 51°, 61°). The

10+ pit [ L I i reason was that there was an active structure composed of

oLkl tid Bl il e a certain proportion of Fe, Zr, Si and oxygen, which was
pH difficult to be crystallized. This structure was favored with
Silica content = 5%, Fe/Zr = 0.33, Calcination a certain aging time, the rest of Zs@ould form a small
temperature = 873K amount of cubic crystallites of zirconia.

Fig. 3. Ester yield vs. pH value of coprecipitation for the solid-acid o
SQy/Zr-Fe-Si-0. 3.3. Influence of calcination parameters

as pH value of precipitation, temperature of precipitation, !N the reference work, the pre-calcination temperature,
washing agent, aging time and the concentration of impreg_calcmatlon atmosphere and temperature could have im-
nating sulfuric acid. The influence of pH value of precipi- Portant effects on the catalyst structure and performance
tation on ester yield was illustrated Fig. 3 When the pH ~ [2,3,17,18] In some cases, a double calcination on the
value was changed from 6.0 to 11.0, the butylacetate yield Pt-added sulfated zirconia was investigated for a better dis-
increased at first then decreased. A maximum value of 73.3%Persion and a lowered Pt content, achieving an optimum

was achieved when pH value was equal to 7.0. When the p|_|§1ctivity [2,3]. The role of pre-calcination temperature was
value was equal to 10.0 or more than that, the catalyst activ-nvestigated. With a temperature range from 473 to 1073K,

ity was very low, while the ester selectivity could maintain 1t Was between 573 and 7073 K that a better performance
a good value about 97%. The explanation was the variation Was observed (64.8-68.7% for ester yield). When the
of crystal grain size and the diminution of surface area or Pre-calcination temperature was equal to 873K or higher,
the heterogeneity of the catalyst prepared at high pH value.the ester yield became much lower. From the BET results
The influence of aging time of precipitate was shown in of the catalysts pre-calcination at different temperature, a
Fig. 4, when silica content was 5%, with a pH of 8.0. The decreasing tendency of surface area was observed with the
ester yield of butylacetate was enhanced with the enlarging”smg Qf temperaturg. Another reason could be the structure
of aging time. The good selectivity of ester was kept at 97%. changing of the active phases.
The ester yield without an aging was only 39.0%, itincreased ~ BY the coprecipitation-impregnation method, the catalyst

to 64.8% with an aging time of 1 h, then the enhancement of Précursor was prepared, with a silica content of 5% and Fe/Zr
ratio of 0.33. Then it was calcinated at 873 K in different at-

mosphere such asyHN3y, air or oxygen13]. The results of

80 :
R catalytic performance were groupedTiable 2 The sample
S 60} M calcinated in H atmosphere gave a black color, while the
K} catalysts calcinated in other atmospheres gave a red color.
2 404
Joi
8 20l Table 2
Ester selectivity and ester yield vs. calcination atmosphere for the
0 ‘ ‘ ‘ ‘ solid-acid SQ/Zr—Fe-Si-O
0 > 19 . 15 20 = Calcination atmosphere
Aging time (h)
Silica content = 5%, Fe/Zr = 0.33, Calcination H2 N2 Alr 02
temperature = 873K Ester yield (%) 12.64 61.02 63.31 64.79
Ester selectivity (%) 96.9 96.83 97.1 97.02

Fig. 4. Role of aging time on the ester yield over the solid-acid
SOQu/Zr—Fe-Si-0. Silica content= 5%, Fe/Zr= 0.33, calcination temperatute 873 K.
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Fig. 5. Effect of calcination temperature on ester yield on the solid-acid
SO4/Zr-Fe-Si-O.

The ester yield of butylacetate in different atmosphere fol-
lowed the order: oxygen > air > nitrogen > hydrogen.
The reason could be that the SO42~ and other components
had been reduced to lower valences in the hydrogen atmo-
sphere, it resulted in the decrease of catalytic activity. The
ester selectivity was not affected with different calcination
atmosphere. Therefore, the calcination in an oxidative atmo-
sphere gave better results.

The influence of calcination temperature on catalytic per-
formance was demonstrated in Fig. 5. With a temperature
range from 573 to 1073K, it was between 773 and 873K
that a better ester yield was achieved (64.8-66.3%), the max-
imum was obtained at 773K. When the calcination tem-
perature reached 973K or higher, the ester yield decreased
dramatically to a much lower value of 16.9%. The thermal
analysis (TGA) was operated on the samples calcinated at
different temperature, the weight loss of SO42~ was 11.6%
for the catalyst calcinated at 773K, 2.3% for that at 873K,
and 0.0% for that at 973 K. Comparing the reference works,
it was suggested the SO42~ could be one of the important
active components [3,15]. The activity variation with the
rise of calcination temperature could be explained: when the
calcination temperature increased to higher one than 873K,
there was less amount of SO42~ in the catalyst sample, then
there were less active centers. There was a better formation
for the active centers between SO42~ and other active com-
ponents when the calcination temperature was about 773K.

3.4. Effect of reaction cycles on catalytic performance

One of the advantages of solid-acid catalystsisthe facility
of separation of desired products and catalyst, by a simple
filtration method, comparing the complexity of that with sul-
furic acid. The influence of recycling our sulfated solid-acid
catalyst on catalytic activity was illustrated in Table 3, the
reaction was operated at 366 K with 1g of catalyst. Theini-
tial ester yield was 93.3% with a good selectivity of 96.0%.
Then, the catalyst was recovered by a filtration from the
products, and used again for a second reaction cycle, the es-
ter yield was almost kept, with only a little diminution to a

Table 3
Influence of recycle times of catalyst on ester selectivity and ester yield
on the solid-acid SO4/Zr—-Fe-Si-O

Recycle times Ester yield (%) Ester selectivity (%)
of catalyst

1 93.26 96.00
2 91.38 96.87
3 90.02 96.52
4 89.46 96.73
5 88.75 97.25
6 87.98 96.91
7 86.45 96.68
8 85.67 97.34
9 91.07 96.58

T = 366K, catalyst amount = 1g.
aRegenerated after eight times application.

value of 91.4%. The ester yield was 85.7% at the eight-times
recycle of the catalyst, with a slightly improved selectivity
of 97.3%. Then, the catalyst was regenerated by impregna-
tion and calcination, its ester yield could be recovered to
91.1% with a butylacetate selectivity of 96.6%.

3.5. Structure analysis of catalyst samples

There were often some rel ations between the performance
and catalyst structure, the XRD, Na-adsorption and thermal
analysis (TGA) were applied for the catalyst characteriza-
tions[12]. From the XRD results of SO4/FeoO3—Zr0O,—SiO»
catalysts, there are mainly the amorphous species for the
components, with only a small amount of cubic crystallites
of ZrO, (260 = 31°, 51°, 61°). It was suggested that there
was a combined structure of Fe, Zr, Si and SO42~, which
was difficult to be crystallized and acted as the active cen-
ters.

The results of N»-adsorption measurements and TGA
tests were listed in Table 4. It was observed that the cat-
alyst surface area (BET) was not affected by the filtration
and re-cycles, but the content of S0,4%~ anion decreased
quite obviously. Thus, the reason for the slight decreasing
of activity could be the extracting of SO42~ on the catalyst
surface by the CH3COOH in reactant materias. If the cat-
alyst sample after eight-times re-cycles was regenerated by
impregnation and calcination, the content of SO42~ anion

Table 4
BET surface area and TGA result of the catalyst after different
application-cycle of the solid-acid SO4/Zr—Fe-Si-O

Application cycle Surface area Weight loss

of catalyst (m?g1) percentage (%)2
0 79.8 12.80

1 79.5 11.80

2 79.6 11.19

3 79.3 10.72

o 74.2 12.86

T = 366K, catalyst amount = 1g.
aWeight loss percentage from TGA results.
b Regenerated after eight times application.
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could be restored to the initial value, its ester yield could
attain nearly its beginning value. Therefore, the SO42~ an-
ion was the essential component in the active structure of
the catalyst, there was an important effect of its content on
the catalytic performance.

4. Conclusion

The coprecipitation-impregnation method gave better re-
sults in the solid-acid catalyst design than those by the
stepwise precipitation-impregnation. In the new and effi-
cient SO4/FeyO3—Zr0,—SiO; catalyst preparation, the better
Fe/Zr molar ratio was 0.25, the better silica molar content
was 2%.

The preparation conditionsinfluenced greatly the catalytic
performance, theimproved parameterswere: pH = 7.0, with
an aging time of 1h. The calcination conditions were also
optimized: calcinated at 773K in an oxygen atmosphere.

The characterization results by nitrogen adsorption mea-
surements and TGA testsindicated that the SO42~ anion was
the essential component in the active structure of the cata-
lyst. The novel solid-acid catalyst had a good stability, the
ester yield of butylacetate kept a good value of 85.7% after
eight-times recycles, it was 92% of the initial value (93.8%).
The catalyst could be regenerated with a simple treatment.
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