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ARTICLE INFO ABSTRACT

Keywords: Glycosidation of glucose with n-butanol was studied over sulphated Zr incorporated SBA-15 and tungstophos-

GlyCOSidatiOfl phoric acid (TPA) incorporated SBA-15 catalysts. The catalysts were prepared with different Zr, TPA and SO4

lzgug’éflr;"sme amounts via hydrothermal synthesis. SBA-15 structure was preserved and Zr and TPA were successfully incor-
r-SBA-

porated. Sulphation improved the acidity of Zr-SBA-15 and the ratio of Brgnsted to Lewis acid sites (B/L)
increased. Thus, much higher butyl glucoside yields (about 70 %) were obtained over SO4/Zr-SBA-15 catalysts.
However, 15 % activity loss was observed after 2 re-use due to sulphate leaching. TPA-SBA-15 catalysts had the
highest B/L and provided very high catalytic activity with butyl glucoside yields above 95 %. The initial rate of
butyl glucoside formation over TPA-SBA-15 catalysts were close to that of HoSO4. These catalysts were found
stable and reusable. Reaction temperature and catalysts amount was studied as the reaction parameters over the

Heteropoly acid incorporated SBA-15
Tungstophosphoric acid

most active and selective catalyst.

1. Introduction

Alkyl glucosides are non-ionic chemicals with excellent properties
such as low toxicity and good biodegradability. They have attracted the
interest of researchers due to their diverse applications as food emulsi-
fiers, personal care products, cleaning agents, textile lubricants, drug
carriers and antimicrobial agents [1-3]. Alkyl glucosides are termed as
green surfactants since they are synthesized using renewable carbohy-
drates and alcohols. The first alkyl glucoside was synthesized and
identified in the laboratory by Emil Fischer more than 100 years ago [4].
The most common procedure for the alkyl glucoside synthesis was
Fischer glycosidation which involves the direct acid-catalyzed acetali-
zation of sugar with an alcohol. The reaction proceeds by nucleophilic
attack of the alcohol on the protonated glucose. This nucleophilic attack
results in the formation of a and p isomers of alkyl glycosides (Scheme
1). Long chain alkyl glucosides are commonly synthesized by two-step
process because of the low solubility of glucose in fatty alcohols.
Glucose is acetalized with a short chain alcohol, usually butanol, in the
first step. These lower glucosides are more soluble in fatty alcohols and
are used in transglycosidation for the synthesis of higher glucosides
(Scheme 2) [3,5,6]. The products of glycosidation contains alkyl gly-
cofuranosides and alkyl glycopyranosides as isomer mixtures.

Mineral acids (HCl, HF, and H,SO4) and p-toluenesulfonic acid were
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used as homogeneous catalysts [1-3]. However, they have disadvan-
tages such as waste recovery, environmental hazards, corrosion and
difficulties in catalyst recovery and product purification. Enzymes such
as p-galactosidase and amilase were also used for the synthesis of alkyl
glucosides. Nevertheless, the enzymes are not considered as good can-
didates for the industry due to their need of mild reaction conditions,
unstability and high costs [7,8].

Heterogeneous catalysts were studied as alternatives to homoge-
neous catalysts and enzymes. Different solid acid catalysts reported in
the literature include various zeolites [2,3], Al containing MCM-41 [8],
ionic resins [7] and sulfuric acid loaded SiO, [5]. Corma et al. (1996)
investigated the use of various zeolites such as Na-HY, ZSM-5, H-Mor-
denite, MCM-22 and HBeta in the synthesis of butyl glucosides. Glyco-
sidation reactions were performed at 110°C for 4h and a mixture of
butyl glucofuranosides and butyl glucopyranosides were formed [5]. In
the continuation of this work, H-Beta catalysts prepared with different
Si/Al ratios were tested for the same reactions with the aim of deter-
mination of the effect of hydrophobic / hydrophilic character of the
catalysts. The results indicated that, the adsorption possess a key role in
the reaction because of the presence of the reactants with different po-
larities. The use of more hydrophobic catalyst declined the adsorption
and improved the yield of alkyl glucosides [3].

Heterogeneous catalysts improved the Fischer glycosidation, but
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Scheme 2. Two step synthesis of long chain alkyl gluosides.

there is a constant need to develop active, selective and reusable het-
erogeneous catalysts. The information in the literature suggests that the
catalysts used for alkyl glucoside synthesis should have high surface area
and pore size, hydrophobic structure and Brgnsted acid sites. Meso-
porous silicas are catalyst support materials that have been extensively
studied in the literature [9-11]. Particularly, SBA-15, which has a
hexagonal structure in particular, attracts the researchers with its high
surface area and large pore volume, strong hydrothermal stability and
modifiable pore size [12]. Different metal ions or active parts have been
incorporated into SBA-15 in order to improve the surface acidity and
broaden the applications. Zr incorporated SBA-15 catalysts were pre-
pared in the study of Gracia et al. (2009) by hydrothermal synthesis
method. Well-structured Zr-SBA-15 mesoporous materials with high
surface areas and narrow pore size with both Lewis and Brgnsted acid
sites were obtained. Sulphation might be applied to enhance the acidity
and increasing the amount of Brgnsted acid sites. On the other hand,
heteropoly tungstophosphoric acid used as a homogeneous catalyst has
been found to be an active catalyst for cellulose hydrolysis and glyco-
sidation [13]. Heteropoly acids are known to be strong acid catalysts
with high Brgnsted acidity resulting from their Keggin ion structure.
Even so, the main concern about using heteropoly acids is the reusability
since leaching is a common problem with impregnated catalysts [14,
15].

In the present work, sulphated Zr incorporated SBA-15 and tung-
stophosphoric acid (TPA) incorporated SBA-15 catalysts were reported
for the synthesis of butyl glucosides for the first time. Effects of the
amount of Zr and TPA, and sulphation on the catalyst properties, activity
and butyl glucoside yield were investigated.
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2. Experimental
2.1. Catalyst preparation

2.1.1. Preparation of SO-4/Zr-SBA-15 catalysts

Zr incorporated SBA-15 materials were prepared by hydrothermal
synthesis method with two different Zr molar amounts (P123:Si:Zr:H,0
0.017:1:0.08:220 and 0.017:1:0.1:220). They were named as Zr-SBA08
and Zr-SBA1, respectively. As silica and zirconia source TEOS (Aldrich
98 %) and zirconium(IV) oxychloride octahydrate (ZrOCl,.8H20, Sigma
Aldrich) were used. For synthesis, structure directing agent, P123
(EO29PO7gEO5y) was dissolved in deionized water at 37 °C. Then,
required amount of ZrOCl,.8H,0 and TEOS were added into the P123
solution and stirred at 37 °C for 24 h. Afterwards the gel formed was
transferred into a teflon-lined stainless steel autoclave and kept at
100 °C for 24 h. The product obtained was centrifuged and washed with
deionized water to remove the weakly adsorbed ions. This was followed
by drying at ambient conditions. Finally, it was calcined at 550 °C for 6 h
under air flow.

For sulphation, Zr-SBA-15 catalysts were added to 1 M and 0.5M
H2S04 (15 mL/g) and stirred at room temperature for 1 h. The resultant
material was then filtered and dried at 80 °C overnight and calcined in
air at 550 °C for 3 h. The catalysts sulphated with 0.5 M H3SO4 and 1 M
H3SO4 were named with the prefix of SO5 and S1 respectively.

2.1.2. Preparation of TPA-SBA-15 catalysts
Heteropoly tungstophosphoric acid (TPA) was incorporated into
SBA-15 via the direct synthesis route with two different amounts, P123:
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Si:TPA:HCI:H,O of 0.07:4.07:0.03:25.2:840 and
0.07:4.07:0.02:25.2:840. These catalysts were named as TPA-SBA-2 and
TPA-SBA-3 respectively. For synthesis, P123 polymer weighing of 4 g
was dissolved in water and 120 g of 2 M HCl solution. Afterwards 15 mL
of aqueous TPA solution was added dropwise into the polymer solution
and the mixture was stirred for 24 h before addition of 8 g of TEOS. After
TEOS addition the solution was stirred for 30 min. The mixture was
placed an autoclave and kept at 80 °C for 24 h under static condition.
After that, the autoclave was cooled and the product was separated by
centrifuge and washed with deionized water. After drying at 100 °C
overnight, it was calcined in air at 420 °C for 6 h.

2.2. Catalyst characterization

The textural properties of the catalysts were evaluated by Ny
adsorption using Micromeritics ASAP 2010 model static volumetric
adsorption instrument at 77 K on samples degassed at 200 °C for 12 h.
Low angle X-ray diffraction analysis was performed by CuK, radiation
with a step length of 0.02.

Structural analysis of the catalysts were examined by FTIR spec-
troscopy using KBr pellet technique with a sample amount of 3 wt%. The
spectra was retrieved in the wavenumber range of 400-2000 cm ™! with
a resolution of 4 cm™! by an infrared spectrometer (Schimadzu FTIR
84008S).

Temperature programmed desorption of ammonia (NH3-TPD) was
carried out using Micromeritics AutoChem II Chemisorption Analyzer
instrument. The catalyst sample was heated up to 400 °C with a heating
rate of 5°C/min and kept at this temperature for 30 min under He gas
flow of 70 mL/min. Then, the temperature was decreased to 90 °C at a
rate of 5 °C/min under He flow of 30 mL/min. After that, the sample was
subjected to NH3 — He flow at a rate of 30 mL/min for 30 min. This was
followed by degassing at 90 °C under He flow of 70 mL/min for 2h to
remove the physically adsorbed NH3. The sample was then heated to
700 °C with a heating rate of 10 °C/min while recording TCD signal.

Pyridine adsorption FTIR spectroscopy method was used to deter-
mine the Brgnsted and Lewis acidity characteristics of the catalysts. For a
typical analysis, the catalyst sample was degassed at 300 °C under vac-
uum (2 x 10”2 mmHg) for 2h. Afterwards, pyridine saturated He gas
mixture was passed over it at 120 °C for 30 min. Then, the physiosorbed
pyridine was removed by keeping the sample under Ny flow of 30 mL/
min for 2h at 120 °C. IR spectra were obtained by Shimadzu FTIR 8400S
model Fourier Transformed Infrared Spectrometer between 400 and
4000 cm’? using 3 wt% sample pellets prepared with KBr.

Elemental analysis of the catalysts was carried out by ICP-OES. The
samples were melted with lithium metaborate and lithium tetraborate at
1000 °C for 1 h and digested in 5 wt% HNOj3 prior to analysis.

Thermogravimetric analysis was performed by Shimadzu TGA-51
instrument by heating from room temperature to 1000 °C at a ramp
rate 5 °C/min under Nj. The samples were kept in a desiccator for 1 day
before TGA analysis.

2.3. Catalytic tests

Heterogeneous catalysts were tested in 100 mL round bottom flask
equipped with a condenser at 117 °C under N, atmosphere for 6 h. The
stirring rate for the magnetic stirrer was 1000 rpm. The glucose/n-
butanol mole ratio was 1/40 and the catalyst weight was 20 % wt of
glucose amount.

Product analysis was performed at 50 °C with 3 mM HSO4 as the
mobile phase using Thermo Hyperez (30cm * 0.77 cm) column by
Agilent 1100 series HPLC equipment. Two isomers, butyl glucofurano-
side (BGF) and butyl glucopyranoside (BGP) were obtained as major
products. The equations used to calculate the glucose conversion and
butyl glucoside (BG) yield were given below.
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Fig. 1. N, adsorption-desorption isotherms and pore size distributions of the
catalysts prepared.

(CGlucosm” - CGlucoxe,w )

Glucose conversion (%) = x100

Coilucoser,

C
Yield of BG (%) = —2%—x100

Glucoseiy,

Where Cgycose,, and Caiucose,,, are the initial and final glucose concen-
tration respectively, while Cp¢ is the butyl glucoside concentration.
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Table 1
Textural properties and acidities of the catalysts prepared.
Catalysts SBET dpyy dygo * T," Zr/Si¢ S/Zr¢ P/Si W/Si¢ Acidity (mmol NHj3 / g catalyst) B/L!
(m*/ g) A A @&
SBA-15 1009.3 49.5 88.3 57.2 - - - - - -
Zr-SBA08 639.1 34.4 88.3 67.5 0.08 - - - 1.81 1.12
Zr-SBA1 554.7 37.7 88.3 64.2 0.11 - - - 1.97 0.84
S05/Zr-SBA08 502.8 33.2 84.9 64.8 0.10 0.95 - - 1.92 1.27
S1/Zr-SBA08 444.8 33.1 83.3 63.1 0.09 1.42 - - 2.10 1.18
S05/Zr-SBA1 428.7 39.0 90.1 65.0 0.12 0.86 - - 2.20 1.12
S1/Zr-SBA1 3225 42.6 91.9 63.6 0.11 1.53 - - 2.42 1.97
TPA-SBA-2 557.9 40.4 81.7 53.9 - - 0.002 0.02 1.71 2.05
TPA-SBA-3 497.2 42.6 80.2 50.2 - - 0.003 0.03 1.81 2.07
# Interplanar spacing calculated from Bragg equation: 2dsin6 = nA.
b pore wall thickness Ty = a - dgyy where ag is the unit cell parameter ag= 2/v/3d;o.
¢ Molar ratio calculated from ICP-OES results.
4 B/L defined as the ratio of the areas under the peaks at 1540 cm ™! to 1445 cm ™.
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Fig. 2. XRD patterns of the catalysts prepared.
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2.4. Catalyst reusability tests

The used catalysts were filtered out of the reaction mixture and
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Fig. 3. FT-IR spectra of a)Zr-SBA-15 based catalysts and b) TPA-SBA-15 catalysts.

3. Results and discussion

washed with methanol and water. Following that, they were dried at
80°C for 12h and tested in the reaction.

3.1. Catalyst characterization

3.1.1. Phase characterization and surface properties
Well-structured Zr-SBA-15 and TPA-SBA-15 mesoporous catalysts
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Fig. 4. TGA profiles of the catalysts prepared.

were prepared with narrow pore size distributions and high surface area
(Fig. 1 and Table 1). The isotherm and pore size distribution of parent
SBA-15 material are also given (in Fig. 1c and Table 1) for comparison
purposes. Incorporation of Zr and TPA decreased the surface area of
SBA-15. The surface area of the Zr-SBA-15 catalysts decreased further to
some extent after sulphation. Zr-SBA-15 based catalysts showed type 4
isotherm with H1 (only for Zr-SBA08) and H2 hysteresis. H1 hysteresis
shows the agglomerates or spherical particles arranged in a fairly uni-
form way, cylindrical pore geometry, indicating relatively high pore size
uniformity and facile pore connectivity. On the other hand, H2 hyster-
esis indicates the presence of network effects. TPA-SBA-15 catalysts
showed H3 hysteresis loops, which were attributed to non-rigid aggre-
gates of plate-like particles.

Fig. 2 displays the X-ray diffraction patterns of the catalysts. SBA-15
has one very strong and two weak diffraction peaks within the range of
0.7-2 ° which were attributed to (100), (110) and (200) planes [16].
These are the characteristic peaks indicating the presence of 2D hex-
agonal lattice structure. TPA-SBA-15 catalysts also showed these three
diffraction peaks which proved that the structure of SBA-15 was pre-
served after the incorporation of TPA. However, the intensity of the
(100) diffraction peak significantly decreased after Zr incorporation and
subsequent sulphation. However, the peaks indexed to (110) and (200)
diffractions were disappeared. This was related to gradual lowering of

Catalysis Today 367 (2021) 213-219

the long range order. No characteristic peak was observed within the
10-80 ° range. According to the N sorption and low angle XRD results
TPA-SBA-15 catalysts had larger pores and thinner pore walls compared
to those of Zr-SBA15 based catalysts (Table 1). The results of the
elemental analysis showed that the desired amount of Zr and TPA were
successfully incorporated.

The structural analysis of SBA-15 and Zr-SBA-15 catalysts deter-
mined by FTIR (Fig. 3a). The wide band observed for SBA-15 between
990-1100 cm ™ and shoulder around 1200 cm ™! indicated the Si—O0—Si
asymmetric stretching. The peak at 935 cm ™' was assigned to Si—OH
vibration. These two peaks were broadened and merged by Zr incor-
poration. Moreover, the band about 960cm™! is originated from
Si—O—7Zr vibration and shows that zirconium is successfully incorpo-
rated. Sulphation shifted the bands to lower wavelengths which might
be due to changes in the length and electronegativity of the bonds [17,
21]. The IR spectra of TPA-SBA-15 catalysts are given in Fig. 3b and
compared with the IR spectra of TPA. TPA itself showed IR bands
associated with Keggin ion approximately at 800 and 890 cm ™!
(W—0—W), 980 em ™! (terminal W=0) and 1080 cm™ (P—O in central
tetrahedron). All of these bands were observed for TPA-SBA-15 samples
with some little shifting in the wavenumbers. This findings demon-
strated that the Keggin anion structure of TPA was preserved [18].

Thermal gravimetric analysis (Fig. 4) of the catalysts showed drastic
weight loss up to 150°C. This was attributed to the desorption of
adsorbed water molecules. Weight loss due to the adsorbed water was
found to be lower for the sulphated Zr-SBA-15 catalysts. This indicated
less water was adsorbed over the sulphated Zr-SBA-15 catalysts and so
showing more hydrophobic character [19]. A second weight loss region
for Zr-SBA-15 based catalysts was observed within the temperature
range of 150 °C-450 °C, which was related to the removal of organic
molecule residues such as P123 residing in SBA-15 [17]. At tempera-
tures above 600 °C, the sulphated Zr-SBA-15 catalysts showed another
weight loss which was considered to be due to decomposition of the
sulphates. Thus, it was concluded that the sulphates were stable up to
600 °C. On the other hand TPA-SBA-15 catalysts showed a slight weight
loss (1-1.5 %) between 150-250°C. This corresponds to the loss of
water molecules of crystallization of TPA for the formation of Keggin ion
structure. Another weight loss region (about 3 %) observed between
300-600 °C. This was attributed to the removal of water contained in
TPA molecules inside the mesopores of SBA-15 and organic template.
The further weight loss after 600 °C might be due decomposition of TPA
[11,20].

a)
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100 200 300 400

Temperature (°C)

500

600

TPA-SBA-3
TPA-SBA-2 , A ’ \ ’ \

$1/Zr-SBA1 ’ \ A

S05/Zr-SBA1 A N\ A
S1/Zr-SBA0S, A A A )

S05/Zr-SBA08
Zr-SBA1 A N A

Zr-SBA08 A . N

1450 1500 1550 1600
Wavenumber (cm-1)

Absorbance (A.U.)

1350 1400

Fig. 5. a) NH3-TPD profiles and b) pyridine adsorbed FTIR spectra of the catalysts prepared.
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Fig. 6. Butyl glucoside yield obtained over the catalysts.

3.1.2. Acidic properties

The acidity of the catalysts obtained by NH3-TPD method are given
in Fig.5a. A wide peak ranging from 120 to 550 °C was observed for all
the catalysts. This showed that all catalysts have weak, medium and
strong acid centers. Total acidities of the catalysts were calculated from
the area under the peak (Table 1). The acidity of the Zr-SBA-15 catalysts
increased with Zr addition and sulphation. TPA-SBA-15 catalysts had
lower total acidity compared to that of Zr-SBA-15 based catalysts. The
increase in the TPA amount resulted in a slight increase in the total
acidity.

The acid site nature of the catalysts were determined as shown in
Fig.5b. The peak at 1445 cm ™! indicate pyridine coordination on Lewis
acid sites, while the peak at 1540 cm ™! are attributed to the pyridinium
ion bonding to Brgnsted acid centers. The peak at 1495 cm ™! are related
with both Lewis and Brgnsted acid sites [20]. The catalysts had Lewis
and Brgnsted acid sites. The ratio of Brgnsted to Lewis acid sites peak
areas (B/L) are given in Table 1. The B/L of S1/ZrSBA-1 and TPA-SBA
catalysts were much larger than the other catalysts.

3.2. Activities of the catalysts in butyl glucosides formation

Butyl glucosides yield obtained over different catalysts are given in
Fig. 6. Preliminary reaction tests were performed without catalyst and
with HpSO4 for comparison purposes. The yield of BGF was limited to
1.23 % without catalyst, while no BGP can be produced. The use of
H2SO4 as homogeneous catalyst resulted in the highest glucoside yield
(99.9 %) as expected (Table 2).

Zr-SBA08 and Zr-SBA1 catalysts provided very low glucoside yields,
maximum of 19.1 % (Table 2). This might be explained by their lower
acidity and B/L ratio. Sulphation improved the yield significantly. The
BG yield obtained over sulphated Zr-SBA-15 catalysts were above 70 %.
When S05/Zr-SBA08 and S05/Zr-SBA1 catalysts were compared, a slight
increase in BG yield was observed with the increase in Zr amount.

Table 2

Catalysis Today 367 (2021) 213-219

Table 3

Effect of reaction temperature and catalyst amount on glucose conversion, yield
of BGF, BGP and total BG and initial rate of BG formation over TPA-SBA-2 6 h
reaction time.

Temperature Catalyst Glucose BGF BGP Total
(°C) amount (% Conversion Yield Yield BG
wrt. glucose (%) (%) (%) Yield
weight) (%)
117 20 99.2 27.8 69.4 97.1
100 20 87.5 30.7 53.4 84.1
117 30 99.3 28.2 70.1 98.3
$ 100 mFresh m1st reuse m2nd reuse
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Fig. 7. The reusability tests of the catalysts.

Although the total acidity of S05/Zr-SBA1 was higher than that of S05/
Zr-SBAO08, the BG yield did not increase significantly due to the lower B/
L ratio. The Zr-SBA-15 catalysts with higher sulphate loading provided
better catalytic activites as the result of their higher acidities. Among the
Zr-SBA-15 based catalysts, the highest yield was obtained over S1/Zr-
SBA1 catalyst which was the catalysts with the highest total acidity
and more Brgnsted acid sites (B/L of 1.97 — Table 1) of this group.

Although TPA-SBA-15 catalysts had lower total acidity, it gave
similar BG yields to most acidic Zr-SBA-15 based catalyst (S1/Zr-SBA1).
This was result of their B/L ratio. This results confirmed that the
Brgnsted acid sites were the active sites for glycosidation. The initial
rates of BG formation over TPA-SBA-15 catalysts were very close to
HSO4. This result showed that TPA-SBA-15 catalyst might be a good
alternative to homogeneous acid catalysts.

The effect of reaction temperature and catalyst amount was inves-
tigated for the catalyst giving highest yield. The results are given in
Table 3. Lower conversion was observed at low temperature and as a

Glucose conversion, yield of BGF, BGP and total BG and initial rate of BG formation over catalysts at 117 °C after 6 h reaction time.

1ox10°°
(mol BG min~! g cat™!)

BGP Yield (%) Total BG Yield (%)

Catalysts Glucose Conversion (%) BGF Yield (%)
No catalyst 7.3 1.2
H,S04 100 27.8
Zr-SBAO8 32.0 10.2
Zr-SBA1 20.0 6.3
S05/Zr-SBA0O8 73.2 29.8
S1/Zr-SBA0O8 90.1 32.1
S05/Zr-SBA1 77.8 30.2
S1/Zr-SBA1 98.9 25.9
TPA-SBA-2 99.2 27.8
TPA-SBA-3 99.1 31.2

0 0 0.33
721 99.9 26.23
8.9 19.1 1.35
6.6 12.9 1.55
40.7 70.5 9.08
55.6 87.7 7.27
44.9 75.2 9.80
70.3 96.2 27.78
69.4 97.1 31.19
64.6 95.8 30.47

? o : initial rate of BG formation within 1 h reaction time per g of catalyst.
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result lower butyl glucoside yield was obtained. Increasing catalyst
amount slightly affected activities and yield obtained. Considering these
results, 20 wt% catalyst amount and 117 °C reaction temperature is
appropriate for the reaction.

3.3. The reusability of the catalysts

The reusability of the catalysts was determined by testing used cat-
alysts again in the reaction. The yields of BG obtained at the end of re-
uses are presented in Fig.7. TPA-SBA-15 catalyst showed only 3 %
decrease in BG yield after 2nd re-use which showed stability and reus-
ability of the catalyst. However, the BG yield obtained over sulphated
Zr-SBA-15 catalysts decreased about 15 % after the reusability tests. This
was determined to be due to the sulphate leaching from the catalyst.

4. Conclusion

Sulphated Zr incorporated SBA-15 (SO4/Zr-SBA-15) and tung-
stophosphoric acid incorporated SBA-15 (TPA-SBA-15) catalysts were
tested in glycosidation reaction with n-butanol. Zr-SBA-15 catalysts
showed very low activity without sulphation. Sulphation improved both
acidity and the activity of the Zr-SBA-15 catalysts. TPA-SBA-15 catalysts
were found to be very efficient with a catalytic activity close to that of
H3S04. The better catalytic activity in glycosidation reaction is related
with the higher amount of Brgnsted acid sites. Reusability tests proved
the stability of TPA-SBA-15 catalysts.
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