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Abstract
Mesoporous GaSBA-15 molecular sieves with different nSi/nGa ratios have been directly synthesized using Pluronic 123 triblock polymer as a

structure-directing agent by pH-adjusting method. The mesoporous materials have been characterized using ICP-AES, XRD, N2 adsorption, 71Ga-

MAS NMR, SEM and TEM. ICP-AES studies show a high amount of gallium incorporation on the silica pore walls. The structural and textural

properties of calcined GaSBA-15 are characterized by XRD and N2 adsorption. 71Ga MAS NMR results demonstrate that a high amount of

tetrahedral-gallium could be substituted for Si in the framework of SBA-15. TEM and FE-SEM images show the uniform pore diameter and rope-

like hexagonal mesoporous structure of GaSBA-15. These GaSBA-15 materials have been used as catalysts for vapour-phase t-butylation of 1,2-

dihydroxybenzene (DHB) for selective synthesis of 4-t-butylcatechol (4-TBC) under different reaction conditions. GaSBA-15(10) gave the highest

93.2% conversion of DHB and 95.7% selectivity of 4-TBC as compared with other GaSBA-15 catalysts.

# 2007 Published by Elsevier B.V.
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1. Introduction

Alkylation of hydroxyaromatic derivatives to prepare

alkyl-substituted phenols is an important fine chemical

catalytic reaction process as alkyl-substituted phenols are

used as raw materials for the synthesis of polymer stabilizers,

antioxidants, intermediates in the manufacture of value added

chemicals, such as pharmaceuticals and agro chemicals. t-

Butylation of DHB is an industrially important reaction, and

4-TBC is an important product of this reaction. 4-TBC and its

derivatives are used as raw materials for the synthesis of

several polymerization inhibitors, dye developers, pharma-

ceuticals, and agricultural chemicals. Commercial alkylation

of aromatics is carried out via electrophilic substitution,

where Lewis acids, such as AlCl3, ZnCl2, HCl and H2SO4, are

the most commonly available catalysts [1]. In a Japanese

patent [2], 4-TBC was prepared from DHB and t-butylalcohol

in the presence of Friedel–Crafts type catalysts, ZnCl2, FeCl3,

and HCl, with low conversion and selectivity. In other patents

[3,4], di-t-butylation of hydroquinone was achieved by
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isobutene over acidic resin with low conversion and

selectivity [5]. The use of these catalysts gives rise to many

problems concerning handling, safety, corrosion, and waste

disposal. Much effort has been put into developing an

alternative technology based on heterogeneous catalysts [6].

The use of zeolites in organic reactions has grown over the

last several years because of the shape selectivity, which

zeolites impose on a reaction, together with lower environ-

ment pollution and higher purity of the product [7,8]. Hence,

many reports on the aromatics alkylation over solid acid

catalysts with alcohol or olefin as an alkylating agent have

been published [9–11], reporting parameters which affect

catalytic properties.

Although many articles about aromatics alkylation have

been reported, however, only a few patents [2–4] and papers

[12] on the butylation of dihydroxy-substituted aromatics have

been disclosed until now. Recently, literatures have reported the

t-butylation of 1,2-dihydroxybenzene (DHB) with t-butylalco-

hol over zeolites [12]. From the above solid acid catalysts, low

yield and selectivity of para isomer is obtained because their

catalytic performances were limited by diffusional constraints

associated with different type of pores [13]. Moreover, the need

for present day heterogeneous catalysts in processing hydro-

carbons with high molecular weights has led researchers to
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search for better catalyst systems. These limitations could be

overcome by mesoporous Al-MCM-41 materials [14,15],

which have highly-ordered mesopores, large surface area,

high thermal stability and mild acidity; these unique properties

render the possibility of applying these mesoporous Al-MCM-

41 materials as solid acid catalysts in the alkylation of large

molecules. For an instance, Selvaraj et al. recently used Zn–Al-

MCM-41 catalysts for t-butylation of DHB [16].

The discovery of ordered mesoporous materials has sparked

great interest owing to their potential applications in catalysis,

in adsorption and separation processes, and as support for

nanostructured materials with novel physical and chemical

properties. In 1998, a new synthesis pathway to large-pore

mesoporous SBA-15 materials was found in which triblock

copolymers act as structure-directing agents [17]. The

mesoporous materials exhibit larger pore size, thicker pore

wall and better hydrothermal stability compared with M41S;

however, SBA-15 could not be directly used as a catalyst due to

the lack of acidity. Therefore, only a few papers reported the use

of metal-substituted SBA-15 as catalysts for alkylation

reactions, especially the synthesis, characterization and

application of GaSBA-15 [18].

In the present study, GaSBA-15 catalysts have been

synthesized and used as catalysts for the selective synthesis

of 4-TBC by t-butylation of DHB using isobutene as the

alkylating reagent. The effect of different catalysts, reaction

temperature, WHSV, and isobutene to DHB molar ratio on the

selectivity of 4-t-butylcatechol and regenerability of the

catalyst has been investigated.

2. Experimental

2.1. Synthesis of GaSBA-15

Mesoporous GaSBA-15 materials were synthesized using

pH-adjusting method according to a recently published

procedure for the synthesis of CrSBA-15 [19]. In a typical

synthesis of GaSBA-15, 4 g of Pluronic P123 – used as a

template – was dissolved in 25 mL of water to get a clear

solution with pH <1.6. In order to adjust the pH of this

solution above 1.8, 75 mL of 0.25 M HCl solution with

nH2O=nHCl ratio of 295 was added to the solution and the

solution mixture was again stirred for another 1 h in order for

the hydronium ions to be associated with the alkylene oxide

units. Then, 9 g of tetraethyl orthosilicate together with the

required amount of gallium nitrate hydrate solution (to yield

GaSBA-15 with nSi/nGa = 10, 15, 25, and 50) were added to

the solution mixture, yielding a gel-like solution with pH >2.

The resulting mixture was again stirred for 24 h at 313 K

before it was transferred into an autoclave to be hydro-

thermally treated at 373 K for 24 h. After hydrothermal

process, the solid products were recovered by filtration,

washed several times with water, and dried overnight at

373 K. The molar composition of the gel was 1 TEOS/0.02–

0.1 Ga2O3/0.016 P123/0.43–5.2 HCl/127–210 H2O. Finally,

the samples were calcined at 813 K in air for 6 h for complete

removal of the template.
2.2. Characterization

The elemental composition of the resultant solid products

was analysed by ICP-AES (Perkin Elmer, Optima 3000) after

the samples were dissolved in a HF solution. The small-angle

XRD patterns were recorded under ambient conditions on a

Shimadzu XRD-6000 with Cu Ka radiation (l = 1.5406 Å).

The X-ray tube was operated at 40 kV and 30 mA while the

diffractograms were recorded in the 2u range of 0.6–58 with a

2u step size of 0.018 and a step time of 10 s.

Nitrogen adsorption/desorption measurements were con-

ducted using Quantachrome Autosorb-1 by N2 physisorption at

77 K. All samples were outgassed for 3 h at 250 8C under

vacuum ( p < 10�5 hPa) in the degas port of the sorption

analyzer. The BET specific surface areas of the samples were

calculated in the range of relative pressures between 0.05 and

0.35. The pore size distributions were calculated from the

adsorption branch of the isotherm using the thermodynamics-

based Barrett–Joyner–Halenda (BJH) method. The total pore

volume was determined from the adsorption branch of the N2

isotherm at p/p0 = 1. The pore wall thickness (tw) was calculated

from the unit cell parameter (a0) and pore diameter (dp).
71Ga spectra were recorded at 11.75 T on a Varian INOVA

500 NMR spectrometer with CPIMS probe. 71Ga spectra were

acquired at 152.5 MHz with 8.0 ms pulse length, recycling time

1.000 s, and a SiN rotor 5 mm in diameter without spinning and

with spinning at 10 kHz. The chemical shifts were given in

ppm; for 71Ga NMR, usually 1 M aqueous Ga(NO3)3 solution

was chosen as the external reference sample to determine the

signal position of d([M(H2O)6]3+) = 0 ppm. All spectra were

recorded at room temperature.

Field emission-scanning electron microscopy (FE-SEM)

images were obtained with a JEOL JSM-6700F microscope at

an accelerating voltage of 5.0 kV. Transmission electron

microscopy (TEM) images were collected on a JEOL 2010

electron microscope operated at an acceleration voltage of

200 kV.

2.3. Catalytic studies

The catalytic alkylation of DHB (Aldrich 99+%) with

isobutene was carried out with different reaction temperature at

atmospheric pressure using a fixed-bed vertical flow reactor.

Different molar ratios of isobutene/DHB were introduced into

the reactor with various WHSV (h�1). The liquid products were

collected at different times, and analyzed by gas chromato-

graphy using a flame ionization detector and SE-30 30 m

capillary column. Reaction products were identified by GC/MS

(HP 5890 II GC–HP 5971 Mass Selective Detector) and 1H

NMR (GEMINI-2000, 200 MHz).

2.4. Recyclability

The used GaSBA-15 catalyst was calcined at 500 8C in air

for the removal of unreacted reactants and coke formation, and

then the catalyst again was reused for the catalytic alkylation of

DHB reaction.



Fig. 1. XRD powder patterns of GaSBA-15 materials prepared at different nSi/

nGa ratios with nH2O=nHCl ¼ 295: (a) GaSBA-15(50), (b) GaSBA-15(15) and (c)

GaSBA-15(10).

M. Selvaraj, S. Kawi / Catalysis Today 131 (2008) 82–8984
3. Results and discussion

3.1. Formation of GaSBA-15

Mesoporous GaSBA-15 synthesized under highly acidic

condition (pH <1) has a low amount of Ga incorporated into

SBA-15, possibly due to the high solubility of gallium

precursors, which hinder their incorporation into the silica

walls of SBA-15. However, the hydrolysis rate of both TEOS,

which is used as the silica precursor, and gallium nitrate

hydrate, which is used as the gallium precursor, may not be

equally matched each other. Therefore, an attempt to increase

the amount of Ga-ions (nSi/nGa ratio = 10 in gel) incorporated in

the framework has been done in this study by simply adjusting

the gel pH using the aqueous HCl solution prepared with

nH2O=nHCl molar ratio of 295 without changing the structural

integrity of the parent SBA-15 materials.

The synthesis mechanism is explained as follows: The

hexagonal phase is initially formed by adjusting the pH of the

synthesis gel between 0 and 1.6. Once the surfactant and silica

species have been protonated, the cationic silica species

undergo partial condensation and form mesostructure through

the counteranion (X�) with the cationic surfactant species; as a

result, the pH of the synthesis medium increases. When the pH

of the synthesis gel is still high at 1.8 even after the addition of

the silicon source and a few hours of stirring, the Ga precursor is

then added while the pH of the synthesis gel is adjusted by

aqueous HCl solution (nH2O=nHCl molar ratio = 295) to around

2.2, which is above the zero net charge of silica. If the pH of the

synthesis medium rises above the zero net charge of silica, the

silica species are negatively charged, thus enhancing the

interaction with the Ga(OH)2
+ species. With decreasing H+

concentration in the synthesis gel, the concentration of gallium

hydroxyl species increases. Hence, the partially condensed

silica species are able to form Ga–O–Si bond with Ga(OH)2
+

species at high pH. Moreover, the structural order of the

mesoporous material is maintained when it is formed at a pH of

ca. 2.2. The synthesised GaSBA-15 materials have been

characterized by ICP-AES, XRD, N2 adsorption, 71Ga MAS

NMR, FE-SEM, and TEM as follows.

3.2. XRD

The powder XRD patterns of calcined GaSBA-15 samples

with different nSi/nGa ratios are shown in Fig. 1. The well-defined

XRD patterns are similar to those recorded for silica SBA-15

materials as described by Zhao et al. [17]. The XRD patterns of

all GaSBA-15 materials exhibit three well-resolved peaks which

are indexed to the (1 0 0), (1 1 0), and (2 0 0) reflections of the

high crystallinity-hexagonal space group p6mm, and the XRD

peaks are observed to shift to lower angle with increasing Ga-

content. The unit cell parameter a0 is calculated from

a0 = 2d100=
ffiffiffi

3
p

, where the d-spacing values are calculated by

nl = 2dsin u. The observed d spacings and unit cell parameter

results are well-matched with the hexagonal p6mm space group.

When the nSi/nGa molar ratio are gradually decreased from 50 to

10, the size of the unit cell a0 increases from 119.4 to 123.7 Å due
to the increase of the amount of Ga-ions incorporated on the silica

pore walls. This is because the Ga–O bond length is higher than

the Si–O bond length due to the larger ionic radius of Ga than Si,

hence increasing the repeat distance in GaSBA-15; however, the

Ga–O–Si bond angle decreases with increasing gallium content.

The effects of increasing bond length and decreasing bond angle

play dominating roles in the variations of repeat distances.

Moreover, it is found through ICP-AES analysis that the nSi/nGa

ratio of the calcined GaSBA-15 decreases from 85.3 to 12.7 with

nH2O=nHCl molar ratio of 295. The above described experimental

results suggest that the pH-adjusting method is necessary for a

high amount of Ga-ion incorporation on the silica pore walls

without affecting the structural order of the parent SBA-15

materials.

3.3. N2 adsorption

The surface area, pore volume and pore size of calcined

GaSBA-15 with various nSi/nGa ratios are measured by N2

adsorption isotherm (figure not shown). The textural properties

of GaSBA-15 samples are given in Table 1. All isotherms are of

type IVaccording to the IUPAC classification and exhibit a H1-

type broad hysteresis loop, which is typical of large-pore

mesoporous solids [20]. As the relative pressure increases ( p/

p0 > 0.6), all isotherms exhibit a sharp step characteristic of

capillary condensation of nitrogen within uniform mesopores,

where the p/p0 position of the inflection point is correlated to

the diameter of the mesopore. Since SBA-15 has a hexagonal

arrangement of mesopores connected by smaller micropores

[21], it is clear that the broad hysteresis loop observed in the

isotherms of GaSBA-15 reflects the long mesopores, which

limit the emptying and filling of the accessible volume.



Table 1

Structural and textural parameters of GaSBA-15 materials prepared at different nSi/nGa ratios

Sample nH2O=nHCl nSi/nGa ratio Ga (wt%) d100 (Å) ao (Å) ABET (m2/g) dp (Å) Vp (cm3/g) tw = ao � dp (Å)

Gel Calcined

GaSBA-15(10) 295 10 12.7 0.342 107.1 123.7 981 88.4 1.08 35.3

GaSBA-15(15) 295 15 32.4 0.134 105.7 122.0 1007 87.7 1.07 34.3

GaSBA-15(25) 295 25 50.6 0.086 104.2 120.3 1038 86.8 1.05 33.5

GaSBA-15(50) 295 50 85.3 0.051 103.4 119.4 1068 86.2 1.04 33.2
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Textural properties such as specific surface area, pore

diameter, pore volume and pore wall thickness of GaSBA-15

samples systematically increase with decreasing nSi/nGa ratios.

GaSBA-15(10) has a lower specific surface area (981 m2/g) but

GaSBA-15(50) has a higher surface area (1068 m2/g); however,

the pore volume and pore wall thickness of the corresponding

samples decrease from 1.08 to 1.04 cm3/g and 35.3 to 33.2 Å,

respectively. The pore diameter of GaSBA-15(10) is 88.4 Å,

which is 2.2 Å higher than that of GaSBA-15(50). It is also

interesting to note that the specific surface area, specific pore

volume, pore diameter and pore wall thickness of GaSBA-

15(10) are higher than those of other GaSBA-15 (Fig. 2)

because GaSBA-15(10) has higher amount of Ga species than

other GaSBA-15. Particularly, GaSBA-15 has higher pore

diameter than SiSBA-15 because Ga–O has higher bond length

than Si–O.

3.4. 71Ga MAS NMR

Fig. 3 shows the 71Ga MAS NMR spectra of calcined

GaSBA-15 samples. The intensity of resonance peak increases,

while the value of the chemical shift increases from 150 to

152 ppm with the increase of the amount of tetrahedral Ga3+ in

the silica walls. Moreover, the peak width systematically is

broadened with a higher Ga-ion content, indicating that Ga-ions
Fig. 2. Evaluation of unit cell parameter and wall thickness as a function of

gallium nitrate content: (*) pore diameter and (&) wall thickness.
are highly incorporated as coordinated tetrahedral Si4+ in

calcined GaSBA-15. A resonance peak in this region has earlier

been observed in other gallosilicate structure and is identified as

originating from tetrahedrally-coordinated gallium present in

the framework [22,23]. According to Bayense et al. [24,25], the

concentration of tetrahedrally-coordinated gallium as the

framework gallium can be measured by NMR reliably from

the quantitative determination of the resonance peak area.

However, a small amount of 6-coordinated gallium may also

exist together with the 4-coordinated gallium although the

relevant NMR peak (0 ppm) of the chemical shift of 6-

coordinated gallium is invisible. Cheng et al. [26] also

described that the concentration of 4-coordinated gallium

can be estimated by 71Ga NMR, indicating the possibility of

finding tetrahedral-gallium. Hence, it can be concluded that the

incorporation of gallium in the tetrahedral position of the

MCM-41 or mesoporous structure can be achieved using 71Ga

MAS NMR.

The 71Ga MAS NMR results reveal that the ‘‘efficiency’’ of

Ga-ion incorporation increases when the nSi/nGa ratios decrease

from 85.3 to 12.7. These results are in good agreement with

literature [23,26], where gallium is reportedly present as Ga3+
Fig. 3. 71Ga MAS NMR spectra of calcined GaSBA-15 materials prepared at

different nSi/nGa ratios with nH2O=nHCl ¼ 295: (a) GaSBA-15(50) and (b)

GaSBA-15(10).



Fig. 4. Micrograph of calcined hexagonal mesoporous GaSBA-15(10).

Fig. 5. TEM micrograph of calcined hexagonal mesoporous GaSBA-15(10).
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ion in calcined GaSBA-15 samples, and most of Ga3+ ions are

exclusively coordinated tetrahedrally to Si4+ on the silica pore

walls. Furthermore, 29Si MAS NMR studies show distinct

signals at�111 and �110 ppm [26], which have been assigned

to Q4 and Q3 (silicon) sites, respectively [26]. However, the

signal of GaSBA-15 is weaker than siliceous SBA-15; this

observation clearly supports the stabilization of gallium ions

via silanol groups (defect sites).

3.5. FE-SEM and TEM

Fig. 4 shows a representative field emission-scanning

electron microscopy image of mesoporous GaSBA-15(10).

The morphology of GaSBA-15(10) can be controlled by the

molar nH2O=nHCl ratio of 295 in the synthesis gel at a fixed nSi/

nGa ratio to 10, with the resulting morphology as rope-like

hexagonal mesoporous materials. GaSBA-15 material is made

up of a bundle of ropes of diameter �12 mm and with a long

rope-like aspect of as much as several hundred micrometers. It

should be noted that the image of Fig. 4 is similar to that

reported by Zhao et al. [17].

Fig. 5 shows the TEM image of GaSBA-15(10) sample. The

TEM image shows well-ordered hexagonal arrays of 1D

mesoporous channels, further confirming that GaSBA-15

sample has a 2D p6mm hexagonal structure. The distance

between two consecutive centres of hexagonal pores estimated

from the TEM image is ca. �11 nm. The average thickness of

the wall is ca. �3.5 nm, which is much larger than that for

MCM-41, and the pore diameter is around�8.8 nm, which is in

agreement with the N2 adsorption measurements.

3.6. t-Butylation of DHB

Acid-catalysed t-butylation is one type of Friedel–Crafts

substitution reaction. Acidic mesoporous catalysts can catalyze

such reaction due to the mild acidity of their protons. Because
of the electrophilic nature of t-butylation over acidic catalysts,

substitution at the para-position of DHB is favoured. The

reaction products produced in this reaction are identified by

GC/MS and 1H NMR.

Mesoporous GaSBA-15 materials were tested as catalysts for

selective t-butylation of DHB to TBC, which was carried out with

isobutene/DHB molar ratio = 1 with 8.5 h�1 WHSV at 130 8C.

This reaction also produces 3,5-DTBC (3,5-di-t-butylcatechol)

as a major by-product and only traces amount of 3-TBC (t-

butylcatechol) as minor by-product. Table 2 shows the catalytic

activities of these GaSBA-15 catalysts, with the activity of the

catalysts following this order: GaSBA-15(10) > GaSBA-

15(15) > GaSBA-15(25) > GaSBA-15(50). Among these cata-

lysts, GaSBA-15(10) exhibits the best performance, with DHB

conversion of 93.2% and selectivity of 4-TBC around 95.7; these

values are significantly higher than that of other GaSBA-15

catalysts under optimized reaction conditions. The observed

higher activity of GaSBA-1(10) is probably attributed to its two-



Table 2

t-Butylation of DHB: variation of different catalyst

Catalysts Conversion

of DHB (%)

Product selectivity (%)

4-TBC 3,5-DTBC 3-TBC

GaSBA-15(10) 93.2 95.7 3.3 1.0

GaSBA-15(15) 86.6 90.4 8.5 1.1

GaSBA-15(25) 81.4 85.3 13.5 1.2

GaSBA-15(50) 77.1 80.3 18.3 1.4

GaSBA-15(10)-run1 93.2 95.7 4.3 –

GaSBA-15(10)-run2 92.9 95.4 4.3 0.3

GaSBA-15(10)-run3 92.9 95.6 4.3 0.1

Reaction conditions: Catalyst = 0.4 g; temperature = 130 8C; isobutene/DHB

molar ratio = 1; WHSV = 8.5 h�1; TOS = 3 h.
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dimensional space and the high loading of tetrahedral Ga3+on the

inner pore structure framework, thus resulting in a higher number

of accessible active sites because Ga3+-ions produce a high

number of Bronsted acid sites on the surface of pore walls. Based

on these catalytic results, it is interesting to note that most of

Ga3+-ions might have been dispersed on the inner surface of the

silica pore walls. Since GaSBA-15(10) is the most active catalyst,

it is used further as the catalyst to search for the optimal reaction

conditions of the t-butylation of DHB (such as temperature,

WHSV, etc.).

For selective synthesis of 4-TBC over GaSBA-15(10), the

performance of GaSBA-15(10) catalysts was investigated using

different reaction conditions such as reaction temperature,

WHSV, molar ratios of reactant (isobutene/DHB) and recycl-

ability.

3.7. Effect of reaction temperature

The t-butylation of DHB was carried out under various

reaction temperatures using isobutene/DHB molar ratio = 1 and

WHSV = 8.5 h�1 over GaSBA-15(10) catalyst. The effect of

reaction temperature in the range 100–180 8C on the activity

and selectivity is exhibited in Fig. 6. Basically, DHB conversion
Fig. 6. Variation of conversion of DHB (%) and product selectivity (%) with

reaction temperature over GaSBA-15(10) (reaction conditions: catalyst = 0.4 g;

isobutene/DHB molar ratio = 1; WHSV = 8.5 h�1).
increases with increasing reaction temperature from 100 to

180 8C. Although the selectivity of 4-TBC increases with

increasing reaction temperature from 100 to 130, however at

higher reaction temperature (above 140 8C), the selectivity

decreases due to the increase of the amount of 3,5-DTBC in the

reaction products because once 4-TBC is formed, 4-TBC reacts

with isobutene to form 3,5-DTBC. Therefore, the formation of

4-TBC is favoured at lower reaction temperature. The

selectivity of 3-TBC shows an inverse trend compared to that

of 3,5-DTBC as 3-TBC is also formed at lower temperature and

its selectivity almost remains constant at higher temperature up

to 180 8C. Based on these results, the proper reaction

temperature is chosen to be about 130 8C for optimal DHB

conversion and 4-TBC selectivity.

3.8. Effect of WHSV

Fig. 7 shows the effect of the space velocity of the feed on the

catalytic properties of GaSBA-15(10) catalyst, while the reaction

was carried out under various WHSV at 130oC using isobutene/

DHB molar ratio = 1 over GaSBA-15(10). Although the

conversion of DHB slowly decreases with increasing WHSV

from 8.5 to 42.5 h�1, however the selectivity of 4-TBC remains

constant. At high WHSV (17–42.5 h�1), the selectivity of 3,5-

DTBC is slightly reduced with the slight increase of 3-TBC due

to the shorter contact time. The optimal WHSV for high

selectivity of 4-TBC with good conversion of DHB is 8.5 h�1.

3.9. Effect of isobutene to DHB molar ratios

Fig. 8 shows the conversion of DHB and the selectivity of 4-

TBC of t-butylation of DHB under different isobutene/DHB

molar ratios with 8.5 h�1 WHSV at 130 8C over GaSBA-

15(10). The conversion of DHB and the selectivity of 4-TBC

increase with increasing isobutene/DHB molar ratios from 0.6

to 1. However, when isobutene/DHB molar ratio is further

increased >1, the conversion of DHB increases but the
Fig. 7. Variation of conversion of DHB (%) and product selectivity (%) with

WHSV over GaSBA-15(10) (reaction conditions: catalyst = 0.4 g; tempera-

ture = 130 8C; isobutene/DHB = 1).



Fig. 8. Variation of conversion of DHB (%) and product selectivity (%) with

feed molar ratio over GaSBA-15(10) (reaction conditions: catalyst = 0.4 g;

temperature = 130 8C; WHSV = 8.5 h�1).
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selectivity of 4-TBC decreases due to the increase of 3,5-DTBC

selectivity. Based on these results, the selectivity of 4-TBC is

higher in isobutene/DHB molar ratio = 1 as compared to that of

other molar ratios.

3.10. Effect of TOS and recyclability

The catalytic performance of GaSBA-15(10) has been

investigated under different TOS (time on steam) for t-

butylation of DHB with isobutene/DHB molar ratio = 1 and

8.5 h�1 WHSV at 130 8C. The DHB conversion increases from

64% to 76% in 2 h and then from 76% to 93.2% in 3 h; after

that, it remains almost constant up to 10 h. But the selectivity of

4-TBC and 3,5-DTBC slightly increases with time on stream.

The selectivity of 4-TBC increases with increasing concentra-

tion of DHB, and the selectivity of 3,5-DTBC increases when

the increased concentration of isobutene reacts with 4-TBC.

Therefore, the deactivation of catalyst has not taken place

during the course of study (figure not shown).

One of the essential advantages of using solid catalyst for

vapour phase reaction is the easy regeneration of the catalyst

from the unreacted reactants and products. The repeated use of

GaSBA-15 catalyst has been investigated at 130 8C. The first

run gave 95.7% 4-TBC selectivity at 93.2% DHB conversion.

The used catalyst was calcined at 500 8C in air and then reused

again in the second run of the reaction. The same procedure was

repeated for the third run and the results are shown in Table 2.

The conversion of DHB and the selectivity of 4-TBC remain

essentially constant even after three cycles, showing that

GaSBA-15 is a potential commercial catalyst for the t-

butylation of DHB to 4-TBC.

4. Conclusions

Mesoporous GaSBA-15 material has been successfully

synthesised using pH-adjusting method to incorporate a high

amount of Ga-ions into the mesoporous framework of SBA-15

without destroying the mesoporous structural order. ICP-AES
results show that there is a high amount of Ga species incorpora-

ted into the framework of SBA-15. XRD and N2 adsorption

studies show that the structural and textural properties of

GaSBA-15 could be improved due to the incorporation of a high

amount of Ga-ions on the silica walls. 71Ga MAS NMR studies

confirm that the Ga3+ species is incorporated with tetrahedral

coordination. FE-SEM and TEM images confirm that the

GaSBA-15 catalyst has a long rope-like morphology and uniform

pore diameter. In order to obtain the maximum conversion of

DHB conversion and the highest selectivity of 4-TBC, the t-

butylation of DHB reaction should be carried out over GaSBA-

15(10) catalyst at 130 8C and WHSV of 8.5 h�1 under a molar

ratio of isobutene/DHB = 1. Furthermore, GaSBA-15(10)

catalyst can be recycled at least three times without losing its

catalytic performance, showing that it has the potential

commercial application as the selective alkylation catalyst.
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