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Esterification of Maleic Anhydride with Butanol over Tin Tetrachloride

Supported on Silica Aerogels Catalyst
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Abstract: Dibutyl maleate (DBM) and dibutyl fumarate (DBF) are important intermediates extensively used in industrial
application. The current paper reports a study on the efficacy of tin tetrachloride supported on silica aerogels catalyst (Sn/
Si) in the esterification of maleic anhydride (MA) with butanol (BO) at reflux in which DBM and DBF are synthesized di-
rectly. The catalyst was characterized by X-ray powder diffraction (XRD) , Infrared ( FTIR) spectra, UV-vis diffuse reflec-
tance spectra (DRUV-vis) , N, sorption and element analysis. The optimal reaction conditions were confirmed as follows:
calcination temperature of silica aerogels was 500 °C, reaction time was 6 h, mol ratio of reactants was 1:2:0. 0028
(MA: BO: Sn/Si). The conversion of MA was up to 86. 1% , and the selectivity to DBM and DBF were 68. 3% and
1.84% respectively, which almost same as the homogeneous catalyst system. And the Sn/Si catalyst kept a reasonable ac-

tivity after 6 times reused cycles. The lost of Cl and the reaction of MA, BO, DBM, DBF with the catalyst surface could re-

sult in the decrease of the catalytic activity.
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Maleic anhydride ( MA ), manufactured by the
oxidation of butane or benzene, is the third-largest an-
hydride material and applied to produce succinic an-
hydride, y-butyrolactone, 1,4-butandiol, tetrahydrofu-
ran. The most application is to produce esters, such as
the corresponding esters via the esterification of MA
with methanol, ethanol, glycerol and butanol ( BO)
can be obtained. And the esterification of MA with BO
to yield DBM and DBF is an important industrial reac-
tion, as DBM and DBF both are valuable intermediates
for the production of paints, adhesives, copolymers
and films. Homogeneous acid catalysts such as concen-
trated sulfuric acid, hydrogen iodide, paratoluenesulfo-

nic acid and aminosulfonic acid, etc., are used for

3]

b
. " . . .
such reaction" But concentrated acid is corrosive

and environment contaminated. Tin tetrachloride

(SnCl,) is a well lewis acid with low equipment corro-
highly

rationalized to be used as catalyst in the esterification

sion and high product vyield, which is
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of MA with BO.

During last decades, many groups have underta-
ken in studying the supported SnCl, catalysts. Such as
Pallavi Shah and co-workers have synthesized SBA-15
incorporated with tin chloride which was prepared by
incipient-wetness impregnation method and tested in
trans-esterification reaction'*'. Prashant S. Niphadkar
and co-workers have synthesized Tin-silicalite-1 ( Sn-
MFI) °'. And Farook Adam et al. have prepared rice
husk ash supported stannous chloride'®’ etc. Besides,
the other catalyst carriers include clays, zeolites, car-

L7100 Recently, silica

bons are generally used either!
aerogels (Si-aerogels) as catalyst support is a hot sub-
ject due to their special properties such as high specific
surface areas, low bulk densities and good thermal sta-
bility'"" etc. Unlike ordered mesoporous materials , the
pore structure of silica aerogel is random, interconnec-

ted, 3D network that can prevent the migration of cata-

lyst particles which make it an attractive candidate as a
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catalyst support''!.

In this work, SnCl, supported on Si-aerogels was
synthesized and applied to the esterification of MA with
BO for the first time. The optimal conditions had been
screened by experimenting with the effects of factors on
the reaction, under which the 68. 3% DBM and
1.84% DBF selectivity were obtained, reasonable ac-
tivity were kept after 6 times reused cycles and the rea-
son of activity decrease was discussed. X-ray powder
diffraction (XRD) , Infrared ( FTIR) spectra, DRUV-
vis, N, sorption and element analysis were used to

characterize the catalyst.

1 Experimental

1.1 Chemicals
SnCl,, MA,
hydronaphthalene were A. R. grade, obtained from Si-

sulfolane and 1, 2, 3, 4-tetra-

nopharm Group Chemical Reagent Co. , Lid; Si-aero-
gels were prepared according to the step reported previ-

13]

ously'®'; BO and toluene were A. R. grade and ob-
tained from Beijing Chemical Works, both were de-
hydrated by refluxing with sodium wire before used.
1.2 Preparation of catalyst

The synthesis procedure of supported SnCl, cata-
lyst, using schlenk technique, is presented as follows:
Si-aerogels ( calcined at different temperatures of 300,
400 and 500 °C, respectively) and toluene were mixed
together in a round-bottomed flask with 30 min of stir-
ring, followed by addition of SnCl, dropwise. Then re-
fluxed at 120 °C for 40 h under N, atmosphere, subse-
quently cooled the mixture to room temperature, re-
moved toluene under vacuum. Then, a black solid pow-
der was obtained. After washing with toluene and drying
at 90 °C for 24 h under vacuum, the SnCl, supported on
Si-aerogels catalyst (Sn/Si) was prepared.
1.3 Catalytic test

The esterification was carried out under N, atmos-
phere in a reflux unit equipped with a Dean-Stark ap-
paratus. MA, BO (molar ratio 1:2) , toluene ( water
entrainer, 25 mL for each 0. 1 mol MA) and catalyst
were loaded and kept stirring at 120 °C for several
hours. The process factors included calcination tempe-

rature of Si-aerogels, reaction time, and catalyst a-

mount were studied.

After reaction, cooling the reaction mixture, cen-
trifuging it, then the samples were analyzed by GC-7900
equipped with a Hewlett-Packard 101 capillary column
(25 m x0.2 mm x0.2 pm film thickness) and a flame
ionization detector (FID). The flow rate of nitrogen car-
rier gas was 25 mI/min (21.3 psig head pressure) , the
injector and detector temperatures were 250 °C and 200
C, respectively. Column temperature was 190 C for
the analysis of products, then down to 100 “C for the
analysis of reactants, using sulfolane and 1,2,3 4-tetra-
hydronaphthalene as internal standards. Normalization
method was used to take the quantitative analysis.

1.4 Characterization of catalyst

The Powder X-ray diffraction patterns were recor-
ded on a Bruker D8 Advance X-ray diffractometer with
a target of Cu Ka operated at 40 kV and 40 mA with a
scanning speed of 6 min and a scanning angle (26)
range of 10° ~80°. Infrared spectra were acquired u-
sing a Bruker TENSOR 27 FT-IR spectrometer in the
range of 400 ~4 000 cm ~'. The UV-vis diffuse reflec-
tance spectra of selected samples were obtained using a
Cary WinUV 300 spectrometer. The Brunauer-Emmett-
Teller (BET) surface areas and the pore properties of
support and catalyst were measured by nitrogen physi-
sorption on a ASAP 2020 instrument at -196 °C. The
mass fraction of Sn was determined by the method of
Chinese Standard ( GB/T 12689. 102004 ) and the
mass fraction of Cl was determined by turbidimetric

method reported in [ 19].

2 Results and discussion

2.1 Esterification of MA
The mechanism of esterification of MA is well

known' '

, involves two steps. In the first step, mo-
noester was produced soon, and the rate decreased
with the reaction going on; in the second step, motiva-
ted by adding catalyst, the formed monoester further
reacts with alcohol to yield diester.

In this work, the products contained DBM and
DBF, in addition, a by-product ( Table 1) produced

simultaneously (it is an oligomer may be produced

from the polymerization of products during esterification
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due to the high temperature and long reaction time )
during the catalysis process.

2. 1. 1 Effect of support calcination temperature and
screening of reaction time Since the calcination of
Si-aerogels has an influence on its texture, such as
pore sizes, surface silanol amount etc, which eventual-
ly affect the activity of immobilized catalyst in esterifi-
cation, the Si-aerogels calcinated at 300 °C, 400 °C ,
500 °C were studied. The obtained catalysts were
labled as Sn/Si (300), Sn/Si (400), Sn/Si (500).

As shown in Fig. 1, the reaction reached its suffi-
cient yield of DBM over the time of 6 ~8 h, conside-
ring the by-product content became higher in longer re-
action time. Thus, 6 h was selected in the following
works.

The effect of support calcination temperature on
the catalytic reaction were shown in Table 1, it is ob-
served that the largest content of by-product were pro-
duced over catalyst Sn/Si (300) during reaction period
around 6h and the DBF yields remained the same over
three catalysts. The highest DBM yield of 58. 8% were
obtained over catalyst Sn / Si ( 500 ) among the three
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Fig. 1 Yield of DBM at different reaction times
(300-Sn/Si (300) , 400-Sn/Si (400) , 500-Sn/Si (500) )

catalysts. Thus, it is indicated that the optimum calci-
nation temperature of support was 500 “C. This result
therefore illustrates the proper calcination temperature
would keep a proper surface silanol amount to be used
in reaction with SnCl, and also result in a proper sur-
face hydrophobicity and texture structure that is benefit
to expel water from the pore, thus permitting the reac-

tion to shift towards the product side.

Table 1 Effect of support calcination temperature on the esterification at the time of 6 h

Catalyst Conversion Selectivity of DBM Selectivity of DBF Selectivity of by-product
(%) (yield) (%) (yield) (%) (yield) (%)
Sn/Si (300) 97.8 55.5 (54.3) 1.85 (1.81) 42.6 (41.7)
Sn/Si (400) 82.7 67.2 (55.8) 2.11 (1.75) 30.6 (25.3)
Sn/Si (500) 86.1 68.3 (58.8) 1.84 (1.58) 29.8 (25.7)

Reaction conditions: 4.903 ¢ MA, 7.4 g BO, 12.5 mL toluene, 0.5 g catalyst, 120 C

2. 1.2 Effect of catalyst amount The results of
esterification with different catalyst amount taking Sn/
Si (500) as catalyst were shown in Table 2. The figure
revealed that the conversion increased with the gradual
increase of catalyst amount. It may be explained by the
fact that when more catalyst amount supplied to the
reaction system, more active sites are available.
However, the optimum yield was achieved with
0.5 g catalyst. It indicates that in presence of an ap-
preciable amount of catalyst, products formation is
more up to a certain extent and after which the effect is

insignificant, which is possibly due to establishment of

equilibrium. Besides, although the little higher selec-
tivity of DBM and low content by-product were ob-
served with adding 0. 3 g catalyst, the lower conversion
and yield made it unsuitable. From a practical view,
using 0.5 g catalyst (mol ratio of reactants was 1:2:
0.0028 ( MA: BO: Sn/Si) ) may be a more favorable
choice to ensure obtaining the satisfactory catalysis re-
sults.

2.1.3 Recyclability studies The catalyst recycled
activity was shown in Table 3. After six times cycles,

the catalyst activity decreased 30% but was also twice

as much as the blank system.
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Table 2 Effect of catalyst amount on the esterification

Catalyst amount Conversion Selectivity of DBM Selectivity of DBF Selectivity of by-product
(g) (%) (yield) (%) (yield) (%) (yield) (%)
0 27.3 99.1 (27.1)"° 0 (0) 0 (0)
0.3 57.8 69.6 (40.3) 1.73 (1.00) 28.6 (16.6)
0.5 86. 1 68.3 (58.8) 1.84 (1.58) 29.8 (25.7)
0.7 91.2 58.2 (53.1) 1.63 (1.49) 40.1 (36.6)
0.9 92.6 56.7 (52.6) 1.51 (1.40) 41.7 (38.7)

Reaction conditions; catalyst Sn/Si (500), 4.903 ¢ MA, 7.4 ¢ BO, 12.5 mL toluene, 120 C, 6 h

a; The 0.88% selectivity in blank system is belong to monoester, the data is not given in the table

Table 3 Recycled activity studies

Cycle times Conversion Selectivity of DBM Selectivity of DBF Selectivity of by-product
(%) (yield) (%) (yield) (%) (yield) (%)
| 86. 1 68.3 (58.8) 1.84(1.58) 29.8(25.7)
JIi 74.9 76.4 (57.3) 1.93(1.45) 21.5(16.1)
m 68.5 83.0 (56.9) 2.01(1.38) 14.9(10.2)
v 61.1 90.0 (55.1) 2.06 (1.26) 7.85(4.80)
\ 55.9 90.9 (50.8) 2.13(1.19) 6.96(3.90)
Vi 50.2 91.6 (46.0) 2.25 (1.13) 6.15(3.09)
Blank system 27.3 99.1 (27.1)" 0 (0) 0 (0)

Reaction conditions; 4.903 ¢ MA, 7.4 ¢ BO, 12.5 mL toluene, 0.5 g catalyst Sn/Si (500), 120 C, 6 h

2.2 Characteristic results

2.2.1 Characteristic of Sn/Si (500) and Si-aerogels
calcined at 500 °C (labled as Si (500))
analysis confirms the Sn/Si (500) catalyst contained
Sn 6% and Cl 4% . The mol ratio of Sn: Cl is about
1:2, implies half of Cl is released during the immobi-

Element

lization steps owing to the reaction of SnCl, with surface
silanol groups.

The XRD powder diffraction patterns of Si (500)
and Sn/Si (500) are both exhibit weak amorphous sig-
nals of silicon oxide at about 26 = 23°. And there is
no characteristic bands of SnCl, or SnO, are observed
in Sn/Si (500), which indicate that tin species exist

in a well dispersed state on the support surface' "%’

The IR spectra of Si (500) and Sn/Si (500) are
shown in Fig. 2. The band observed in the range of

850 ~770 em ™" accounts for the symmetric stretching

vibrations of the Si-O-Si bonds and the band at 1 090
em ™' is assigned to the asymmetric (Si-O-Si) vibra-
tions. In the hydroxyl region (3200 ~3 600 cm '), a
very broad absorption band centered at 3 426 cm ™' is
ascribed to the silanol groups occurring with strong hy-

51 1t is concerned that the

drogen bonded interactions
decrease in intensity of silanol groups after the immobi-
lization reaction is due to the active participation of
surface silanols in the bond formation with SnCl,. And
the band at 960 ¢cm ™' is attributed to the presence of v
(Si-OH) vibrations of the Si- aerogels due to terminal
Si-0O stretching of silanol groups present at " defective

sites ".

The intensity of this peak is apparently re-
duced after refluxing with SnCl,. It is suggested that
there is interaction between SnCl,and silanol groups in
Si-aerogels' """

Diffuse reflectance UV-visible spectroscopy of Si
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Fig. 2 IR spectra of Si (500) and Sn/Si (500) .
a. Sn/Si (500) b. Si (500)

(500) and Sn/Si(500) are indicated there is no band
at 280 nm after immobilization, which demonstrate that
no polymeric Sn-O-Sn type species formed in Si/Sn
(500) "%,

Besides, shown in Table 4, after immobilization
of SnCl, , BET surface areas decrease from 822 m’/g to
638 m’/g, total pore volumes decrease from 4.19
em’/g to 3. 89 em’/g and the average pore sizes in-
crease from 19.7 nm to 21. 9 nm, which due to the

filling of pores by tin species.

Table 4 Pore structure of Si (500) and Sn/Si (500)

Seer Vp Dp
Sample name R N .
(m'/g)" (em™/g) (nm)

Si (500) 822 4.19 19.7
Sn/Si (500) 638 3.89 21.9

a. Specific surface area; b. Total pore volume;

c. Average pore diameter

2.2.2 Characteristic of the catalyst after six times re-
used The IR spectra of Sn/Si(500) and Sn/Si
(500) catalyst after six times reused cycles ( Sn/Si
(500)-6) are shown in Fig. 3. Tt is observed that four
new bands appeared: 2 961 ¢cm ™", 1 266 cm ™', 806
em " and 670 ecm ~'. The band in the range of 2 961 ~
2 879 em ™" accounts assigned to the stretching vibra-
tions of saturated C-H bonds and the band at 1 266
em ™' is assigned to the stretching vibrations of C-O

bonds, the band at 670 ¢cm ™' is assigned to the stretc-

hing vibrations of the Sn-O bonds™'. Tt is suggested
that some reactants ( MA and BO ) has adsorbed on
the catalyst surface and some of them has reacted with
the surface to produce species of Si-O-Sn-O-R ( R =
Bu, MA, DBM or DBF )" during the reaction cy-
cles. Besides, the intensity of 806 ¢cm ™' band which is
belong to the stretching vibrations of the Si-O-Si bonds
has increased more after the reaction cycles, indicating

Si-aerogel has changed slightly within the reaction cy-

cles.

Absorbance(a.u.)

1 1
4000 3000 2000

Wavenumber(ecm™)

Fig. 3 The IR spectra of Sn/Si(500) and Sn/Si (500) -6
a. Sn/Si(500) b. Sn/Si (500)-6

As shown in Table 5, the BET surface areas and
total pore volumes are both decrease, and the average
pore sizes is increase after six times reused cycles. The
reason may be related to the adsorption and reaction of
MA, BO, DBM and DBF with the catalyst surface.

Table 5 Pore structure and element analysis of
Sn/Si (500) and Sn/Si (500) -6

Sger Vp Dp Sn: Cl
Sample name R N ' )
(m*/g)" (em’/g)”  (nm)° (mol ratio)
Sn/Si (500) 638 3.89 21.9 1:2
Sn/Si (500) -6 100 0.72 23.1 1:0.3

a. Specific surface area; b. Total pore volume;

c. Average pore diameter

The element analysis of Sn/Si(500) and Sn/Si
(500)-6 are also shown in Table 5, it is observed that
the content of Sn is not change while the Cl content is

down from 2 to 0.3 mol ratio after six times reused cy-
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cles in the esterification. It is suggested that the most
of Cl is lost after the reaction.

In summary, the activity decrease may be due to
the losing of Cl and the adsorption and reaction of MA ,
BO, DBM and DBF with the catalyst surface during the

reaction process.

3 Conclusion

Tin tetrachloride supported on silica aerogels cata-
lyst were successfully prepared and applied in the es-
terification of maleic anhydride with butanol. The cha-
racterization confirmed the successfully immobilize tin
species via the reaction of surface silanol with tin tetra-
chloride, and no polymeric Sn-O-Sn type species
formed in the catalyst. The optimal conditions for cata-
lytic reaction were: calcination temperature of silicon
aerogels was 500 °C, reaction time was 6 h, mol ratio
of reactants was 1:2:0.0028 (MA: BO: Sn/Si) . The
Sn/Si catalyst kept a reasonable activity after 6 times
reused cycles and the activity decreased due to the los-
ing of Cl and the adsorption and reaction of MA, BO,
DBM and DBF with the catalyst surface.
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