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toward higher 2θ values and its intensity decreased with increasing STA amount. The shift of the peak at (100)

reflection toward higher 2θ values indicates the condensation of silanol groups.16 The decrease in the intensity

of these peak values with increasing STA loading indicated a decrease in the long-range order of MCM-41.28−30

As previously mentioned, the hydrothermal method applied in the syntheses requires simultaneous addition of

the active material and the silica source. It was thought that an interaction between anion species of STA

and the silanol group inside the pores of MCM-41 had occurred during synthesis, which had resulted in partial

destruction of MCM-41-S catalysts’ mesoporous structure (Figure 5a).29,30
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Figure 4. DRIFT analyses conducted on a) MCM-41-S and b) SBA-15-S catalysts.

2 4 6 8 10 

In
te

n
si

ty
 (

a.
u
.)

 

2θ  (degree)  

MCM-41 

MCM-41-S1 

MCM-41-S2 

MCM-41-S3 

10 20 30 40 50 60 

In
te

n
si

ty
 (

a.
u

.)
 

2θ  (degree) 

MCM-41-S1 

MCM-41-S2 

MCM-41-S3 

10 20 30 40 50 60 

In
te

n
si

ty
 (

a.
u
) 

2θ (degree) 

a  

b  

Figure 5. a) Low-angle XRD patterns of MCM-41 with MCM-41-S catalysts b) High-angle XRD patterns of STA (small

figure) and MCM-41-S catalysts.

High angle XRD patterns of MCM-41-S2 and MCM-41-S3 catalysts revealed the presence of a bulk

STA crystal phase (Figure 5b). It was interesting to observe diffraction patterns of the crystalline STA

structure considering the applied loading amounts. As a consequence, homogeneous dispersion of STA inside

the mesopores could only be achieved with MCM-41-S1 catalyst. In our opinion, the drawback that occurred

in the dispersion of active material was due to the applied synthesis method, which induced condensation of

silanol groups and resulted in the formation of a more compact structure (Figure 5b).16 This compact structure,

determined with low angle XRD patterns (Figure 5a), prevented migration of STA inside mesoporous channels

and caused them to agglomerate on the surface of the catalyst.
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The XRD patterns of low angle SBA-15 and SBA-15-S catalysts are given in Figure 6a. The XRD

patterns of parent SBA-15 indicated three peak values identified at 0.93, 1.46, and 1.68◦ , which corresponded

to (100), (110), and (200) reflections of the hexagonal mesoporous structure.14,17,20 The (100) reflection of

SBA-15-S1 catalyst shifted toward lower 2θ angles, indicating a strong interaction of STA with surfactant

during the hydrothermal process.21 Low angle XRD patterns of SBA-15-S2 and SBA-15-S3 catalysts indicated

disappearance of the peak for (100) reflection, whereas the peaks corresponding to (110) and (200) reflections

could clearly be observed. This result was thought to be due to increasing STA amount inside the pores of

the catalysts. The fact that the (110) and (200) reflections remained despite increasing STA amount indicated

that SBA-15 had kept its mesoporous structure (Figure 6a).17 High angle XRD patterns of SBA-15-S catalysts

indicated that the bulk crystal STA phase was only observed for SBA-15-S3 catalysts (Figure 6b). Comparison

of high angle XRD patterns of MCM-41-S (Figure 5b) and SBA-15-S (Figure 6b) catalysts revealed the presence

of greater amounts of STA inside the pores of SBA-15-S catalysts, which also explained the increase in catalytic

activity with increasing W/Si% loadings.
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Figure 6. a) Low-angle XRD patterns of SBA-15 (small figure) and SBA-15-S catalysts b) High-angle XRD patterns

of SBA-15-S catalysts.

The textural and structural properties of MCM-41-S and SBA-15-S catalysts are illustrated in Table

1 along with parent MCM-41 and SBA-15. Comparison of the surface areas of fresh MCM-41-S and SBA-

15-S catalysts revealed a decrease in surface areas with increasing STA amount, as expected. A decrease in

surface areas compared to fresh catalysts was also observed for spent catalysts, which was thought to be due

to adsorbed reactants in the pores during the reaction. It would be best to compare the pore volumes and

pore diameters of fresh and spent catalysts in order to evaluate the effect of reactants on mesoporous structure.

As seen from the table, fresh SBA-15-S catalysts had higher pore volumes and pore diameters than MCM-

41-S catalysts, which enabled diffusion of higher STA to its mesopores during hydrothermal synthesis. This

result also explained the steady increase in activity with increasing STA amount in the presence of SBA-15-S

catalysts. A drastic decrease in pore volumes and a drastic increase in pore diameters were determined for

spent MCM-41-S catalysts, whereas a negligible change in these parameters was observed for spent SBA-15-S

catalysts. The results obtained for spent MCM-41-S catalysts indicated that the reactants had diffused and had
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adsorbed inside the mesopores of MCM-41-S catalysts and had deteriorated the pore structure in the process.

The d (100) values, derived from XRD results, increased with increasing STA amount in the case of fresh MCM-

41-S catalysts. Moreover, multilayer coverage of STA on the structure was observed for MCM-41-S catalysts,

evidencing that most of STA remained outside mesopores during synthesis.20 Comparison of d (100) values of

spent MCM-41-S catalysts revealed a drastic increase, implying deposition of reactants on the structure after

the reaction. In the case of SBA-15-S catalysts, the d (100) values of SBA-15-S1 and SBA-15-S2 indicated a

monolayer coverage of STA on the structure.20 On the other hand, accumulation of some STA on the catalyst

surface was observed for SBA-15-S3 catalyst, which was previously shown in high angle XRD results (Figure

6b). The change in d (100) values between fresh and spent SBA-15-S1 and SBA-15-S2 catalysts was negligible.

This result led to two conclusions. The amount of STA that migrated from the pores during the reaction could

be considered negligible and the pore structure of the catalysts remained intact even after the reaction.

Table 1. Physical properties of MCM-41-S and SBA-15-S catalysts compared with MCM-41 and SBA-15.

Catalyst
BET surface Pore volume Pore diameter d(100)
area (m2/g) (cm3/g) (nm) (nm)
F* S** F S F S F S

MCM-41 1185 - 1.2 - 2.9 - 3.9 -
MCM-41-S1 901 464 0.8 0.26 2.8 12.9 17.8 314.4
MCM-41-S2 630 604 0.5 0.33 3.0 9.9 58.7 142.9
MCM-41-S3 655 563 0.9 0.18 2.7 10.6 56.7 46.0
SBA-15 812 - 1.3 - 7.9 - 9.6 -
SBA-15-S1 860 771 1.3 1.0 7.0 7.8 15.1 11.7
SBA-15-S2 879 833 1.3 1.3 7.5 7.2 11.1 11.7
SBA-15S3 663 787 1.1 1.2 9.1 7.6 47.4 11.9
*F: fresh catalyst

**S: spent catalyst

A type IV isotherm was observed for fresh MCM-41-S catalysts, which indicated a mesoporous structure

(Figure 7a).6 The deterioration of the isotherm in the case of spent catalysts implied some deformation of

pore structure during the reaction (Figure 7b). The pore structure was thought to deteriorate as a result of

diffusing reactants during the reaction. The extent of deformation on the pore structure was inconclusive as the

catalysts were still active in repeated use. Furthermore, a shift from mesoporous to macroporous state should

have been observed in the pore size distribution of spent MCM-41-S catalysts if there had been a complete

destruction of pore structure (Figure 8a and 8b). SBA-15-S catalysts also exhibited a type IV isotherm (Figure

9a) and no deterioration was observed in the isotherm of spent catalysts (Figure 9b). This result indicated that

the pore structure of SBA-15-S catalysts remained intact after the reaction and was in accordance with the

results obtained with XRD analyses. As expected, the SBA-15-S catalysts preserved their mesoporosity after

the reaction (Figure 10a and 10b).

SEM images of MCM-41 with spent MCM-41-S catalysts and SBA-15 with spent SBA-15-S catalysts are

illustrated in Figures 11 and 12, respectively. The deformation of MCM-41-S catalysts due to interaction with

reactants during ethyl acetate production can clearly be observed from the images (Figures 11a–11d). On the

other hand, STA addition had no significant effect on the wheat-like morphology of SBA-15 and the morphology

of the catalysts remained unchanged even after the reaction (Figures 12a–12d).18
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Figure 7. N2 adsorption–desorption isotherms of a) fresh MCM-41-S1, MCM-41-S2, and MCM-41-S3 (small figure)

catalysts b) spent MCM-41-S1, MCM-41-S2, and MCM-41-S3 (small figure) catalysts.
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Figure 8. Pore size distributions of a) parent MCM-41 (small figure) and fresh MCM-41-S catalysts and b) spent

MCM-41-S catalysts.

The results indicated that SBA-15-S catalysts preserved their structural integrity during the ethyl acetate

reaction. However, preservation of STA inside the catalyst was equally important to maintain sustainable

activity of the catalysts. In order to determine the extent of STA leaching from the catalyst structure, STA

amounts of SBA-15-S catalysts before and after reaction were determined by EDX analyses (Table 2). The

results indicated that theoretical values of STA determined prior to synthesis had been achieved. W/Si% ratios

obtained after reaction clearly showed that the loss of active material in SBA-15-S1 and SBA-15-S2 catalysts

was negligible. On the other hand, nearly half of the STA had migrated from the catalyst structure in SBA-

15-S3 catalyst. These results were also in accordance with high angle XRD patterns evidencing the presence of

crystal STA on the surface of SBA-15-S3 catalyst.
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