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Abstract Using zeolite MCM-22 as source and cetyltri-

methylammonium bromide (CTAB) as template,

mesoporous material denoted as M-MCM-22 with enhanced

acidity has been synthesized and characterized by XPD,

FT-IR, N2 adsorption–desorption, 27Al-MAS NMR, IR

spectra of pyridine adsorption, and NH3-TPD techniques,

etc. The catalytic performance of M-MCM-22 was tested in

alkylation of phenol with tert-butanol, indicating that

M-MCM-22 showed highly and steadily catalytic proper-

ties. The highest conversion of phenol could be achieved at

418 K, while the highest selectivity to 2, 4-di-TBP was

obtained at 398 K. It is found that high temperature is

advantageous to form 4-TBP, whereas low weight hourly

space velocity (WHSV/h-1) is helpful for both conversion

of phenol and selectivity to 2,4-DTBP. It is also shown that

high ratio of tert-butanol/phenol is beneficial for obtaining

high conversion of phenol and selectivity to 2,4-di-TBP.

Keywords Mesoporous � MCM-22 � Enhanced acidity �
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1 Introduction

Butylation of phenol with tert-butanol is a typical Friedel–

Crafts alkylation reaction catalyzed by acid. Catalysts for

this reaction include Lewis acids [1] (such as AlCl3 and

BF3), Brønsted acids [2] (such as H3PO4, H2SO4, HF,

HClO4), cation exchange resins [3], metal oxides [4],

zeolite [5–9] and mesoporous aluminosilicate materials

[10–17], etc. Based on the intensity of acidity, the distri-

bution of products is different. Weak acid catalysts mainly

lead to an etherified product such as phenyl ether, t-BPE.

Moderate acid catalysts give the product of p-tert-butyl

phenol. If strong acid catalysts are used in the alkylation

reaction, 2, 4-di-tert butyl phenol is a dominant product.

Based on the kinetics, o-tert-butyl phenol is the jarless

product of alkylation of phenol with tert-butanol. However,

due to steric hindrance, o-tert-butyl phenol is isomerized

into p-tert-butyl phenol readily. Both p-tert-butyl phenol

and 2, 4-di-tert-butyl phenol are the important feedstock for

antioxidants, ultraviolet absorbers and heat stabilizers for

polymeric materials in industry [18, 19]. Alkylation of

phenol with tert-butanol is an important way to producing

the two products. Molecule sieve catalysts have been

widely used in the alkylation reaction because of their

inherent advantages: uniform pore size, high thermal

stability, environmental friendliness, etc [20]. For the

alkylation of phenol with tert-butanol over zeolite cata-

lysts, both conversion of phenol and selectivity to products

are varied according to different structure and character of

zeolites. Among zeolite catalysts, zeolite beta and Y show

considerably catalytic properties. However, the pore sizes

of these zeolites are too small to form 2, 4-di-TBP and 2, 4,

6-tri-TBP. Although mesoporous materials such as

Al-MCM-41, Al-MCM-48, Al-SBA-15 and Al-TUD are

used in the alkylation reaction [10–17], the conversion of

phenol is lower than that achieved over zeolite beta and

zeolite Y, and the selectivity to 2, 4-di-TBP is also low. It

is well known that the pore walls of conventional meso-

porous materials are amorphous, leading to weak acidity

and limitation of use in the alkylation reaction. Therefore,

new materials which combine the large pore sizes of

mesoporous materials with the strong acidity of micropo-

rous zeolites become very attractive.
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Up to now, there are several methods to synthesize

mesoporous aluminosilicates materials with enhanced

acidity: recrystallizing the pore walls of mesostructure;

synthesis of microporous and mesoporous composite

materials; and synthesis of pure mesophases from pre-

formed zeolite seeds. By recrystallizing the wall of MCM-

41 and HMS in the presence of tetrapropylammonium

cations, Kloetstra et al. succeeded in improving both the

acidity and cracking activity [21]. Using virtue of a mixed

template, microporous and mesoporous composites con-

taining MFI zeolite and MCM-41 components were

synthesized by Karlsson et al. [22] through two step crys-

tallization process. MCM-41- ZSM-5 composites, MCM-

48- ZSM-5 composites and MCM-41- beta composites have

been reported by using a dual template method [23–26].

Some mesoporous aluminosilicates materials with high

hydrothermal stability and enhanced acidity were also

synthesized by using zeolite seeds (zeolite Y, ZSM-5 and

beta) as precursors and through two-step crystallization

process [27–31].

Here we synthesize a hexagonal mesoporous material

denoted as M-MCM-22 with enhanced acidity from zeolite

MCM-22 treated with sodium hydroxide solution which is

tested for the alkylation of phenol with tert-butanol. The

structure and acidity of M-MCM-22 are characterized by

several physicochemical methods. Various reaction con-

ditions such as reaction temperature, mole ratios of tert-

butanol to phenol and space velocity are studied.

2 Experimental

2.1 Synthesis

Zeolite MCM-22 was synthesized as follows [32]: 1.244 g

Sodium aluminate (41 wt%) was dissolved in a glass vessel

with 50 mL distilled water, then 10 mL hexamethylenei-

mine (HMI) was added with vigorous stirring, and 60 g

silicon sol was dropwise added into the foregoing solution.

The initial gel composition with molar ratio was: SiO2:0.02

Al2O3:0.35 HMI:25 H2O. After stirring for 2 h, the gel was

aged at 170 �C for 72 h under dynamic condition. The

resultant product was then cooled down to room tempera-

ture, filtered, washed with distilled water and dried at

100 �C overnight. The as-synthesized sample was calcined

at 823 K for 6 h with 1 �C/min of heating rate. The cal-

cined sample was denotes as MCM-22-C.

The mesoporous material was prepared as follows: 1.5 g

MCM-22-C was mixed with 30 mL 1 M sodium hydroxide

solution, and stirred at 60 �C for 3 h, then 15 mL aqueous

solution containing 1.84 g CTAB was added to the fore-

going mixture. The pH value of the mixture was adjusted to

8–8.5 using 6 M HCl, and then the mixture was further

stirred for 2 h. The final mixture was transferred into a

Teflon-lined stainless steel autoclave and aged at 100 �C

for 24 h. After cooled down to room temperature, the

product was filtrated, washed with distilled water and dried

at 100 �C overnight. The as-synthesized sample was cal-

cined in air at 823 K for 6 h with 1 �C/min of heating rate.

The final product was denoted as M-MCM-22. Proton

forms of M-MCM-22 and zeolite MCM-22 were obtained

from ion-exchanging with 1 M NH4NO3, followed by

calcination in flowing air at 773 K for 5 h.

2.2 Characterization

Powder X-ray diffraction patterns were recorded on a

Shimadzu XRD-6000 diffractometer equipped with Ni-fil-

tered Cu Ka radiation and worked at 40 kV, 30 mA,

wavelength k = 0.15418 nm at a scanning speed of

1̊min-1 (2h = 1.5–10) and 4 min-1 (2h = 10–45),

respectively. N2 adsorption–desorption isotherms at 77 K

were recorded with a Micromeritics ASAP 2010 system.

Before measurements, the sample was outgassed at 250 �C

for 3 h. The specific surface area was calculated by the

Brunauer–Emmett–Teller (BET) method. The pore size

distributions were calculated by using the Barrett–Joyner–

Halenda (BJH) method. The total pore volume was taken at

relative pressure of 0.989. 27Al-MAS NMR spectra were

measured on a Varian Unity-400 spectrometer, and the

chemical shifts were referred to Al (H2O2)3?. IR spectra

were obtained by using a Nicolet Avatar 370 Dtgs spec-

troscopy. The IR spectroscopy of pyridine adsorption was

performed by using self-supporting pellets which were

loaded into an IR cell with CaF2 windows. Before pyridine

adsorption, the self-supporting pellet was activated at

473 K for 1 h (10-5 Torr). Pyridine was adsorbed for

30 min at room temperature and followed by evacuation at

373 K and 473 K (10-5 torr). The infrared spectra were

recorded at room temperature. NH3-TPD test was per-

formed as follows: the samples were activated at 500 �C

for 1 h in pure argon and then cooled down to 100 �C,

followed by adsorption of ammonia for 30 min. The

physically adsorbed ammonia was removed in pure argon

flow at 100 �C. NH3-TPD measurements were carried out

in the range of 100–600 �C at an increasing temperature

rate of 10 �C/min.

2.3 Tert-butylation of Phenol

Tert-butylation of phenol was carried out in a flow fixed

quartz bed reactor. About 0.5 g catalyst was activated at

500 �C in nitrogen for 1 h. After cooled down to reaction

temperature, the reaction mixture with different tert-buta-

nol/phenol ratio was injected from the top using a syringe

pump. The products were collected and quantified by gas
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chromatography (GC-8A, Shimadzu) equipped with XE-60

capillary column after the reaction was on for 2 h.

3 Results and Discussion

3.1 Characterization of M-MCM-22

3.1.1 XRD Analysis

The X-ray diffraction patterns of M-MCM-22 are shown in

Fig. 1. Both as-synthesized and calcined samples show

four distinct diffraction peaks attributed to (100), (110),

(200) and (210) in the range of 1.5–10, which are the

characteristic peaks of hexagonal p6mm symmetry. For the

calcined sample, d100 spacing is 3.85 nm. In the range of

10–40, only amorphous X-ray patterns are observed. All

the X-ray diffraction patterns indicate that M-MCM-22 is

characteristic of mesoporous structure.

3.1.2 N2 Adsorption–Desorption Measurement

Nitrogen adsoption–desorption isotherm and pore size

distribution of calcined M-MCM-22 are shown in Fig. 2.

Typical IV isotherms with H1 type hysteresis loops are

observed. The capillary condensation in the relative pres-

sure range from 0.3 to 0.4 corresponds to framework

mesopores and a sharp hysteresis loop in this range indi-

cates that M-MCM-22 has uniform mesoporous channels.

A hysteresis loop on the desorption isotherms at about

p/p0 = 0.45 suggests the existence of secondary texture

mesopores [33]. The pore size distribution of M-MCM-22

centralizes at 2.45 and 3.46 nm for column and texture

mesopores, respectively. The BET surface area is very

large (approaching to 1,075 m2 g-1) and the pore volume

is about 1.0 cm3 g-1, while the micropores volume of

M-MCM-22 is zero as calculated by the t-plots method

[34], which confirms that M-MCM-22 does not contain

micropores.

3.1.3 IR Study

The IR spectra of Al-MCM-41, MCM-22 and M-MCM-22

are shown in Fig. 3. The bands at 1,217 and 797 cm-1 can

be assigned to stretching vibrations of Si–O–Si, the band at

1,094 cm-1 is attributed to the Si–O stretching vibration,

the band at 960 cm-1 is derived from the Si–OH vibration

at the surface of mesoporous materials, and the bands at

500–600 cm-1 come from the five-membered rings of

T–O–T (T = Si or Al) in zeolite crystals [35–39]. For

zeolite MCM-22, there are three distinct vibration peaks at

500–600 cm-1 range, while for Al-MCM-41, vibration

peaks at 1217, 1094, 960 and 797 cm-1 are distinct, but no
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vibration peak is observed in the 500–600 cm-1 range due

to the amorphous framework. For M-MCM-22, some weak

vibration peaks can be seen in the 500–600 cm-1 range,

which suggests that the framework of M-MCM-22 contain

secondary structure of zeolite MCM-22. This characteristic

makes M-MCM-22 have tremendous difference from

conventional Al-MCM-41, such as acidity. At 960 cm-1,

the vibration intensity of M-MCM-22 is much less than

Al-MCM-41, suggesting that M-MCM-22 have less surface

Si–OH than Al-MCM-41.

3.1.4 27Al-MAS NMR Study

Figure 4 displays 27Al-MAS-NMR spectra of the calcined

M-MCM-22 and MCM-22. The 27Al MAS NMR spectra of

framework aluminosilicates usually consist of one tetra-

hedral Al resonance at 54–68 ppm [40]. For calcined

M-MCM-22 and MCM-22, the sites of resonance signals

are similar centered around 53 ppm, which suggests that Al

atoms in M-MCM-22 are completely located in the mes-

oporous framework.

3.2 Acidity of M-MCM-22

3.2.1 IR Spectra Analysis of Pyridine Adsorption

To estimate the type and strength of acid sites of M-MCM-22,

IR spectra of pyridine adsorption on M-MCM-22 are studied.

As shown in Fig. 5, the bands at 1,454 and 1,624 cm-1 are

attributed to Lewis acid sites, while the bands at 1,547

and 1,638 cm-1 are attributed to Brönsted acid sites. In

addition, the band at 1,597 cm-1 is attributed to hydrogen-

bonded pyridine, whereas, the band at 1,493 cm-1 is

ascribed to pyridine associated with both Lewis and

Brönsted acid sites [41, 42]. Compared with the spectra at

373 K, the intensity of IR peaks only slightly decreases at

573 K, indicating the existence of stronger acid sites of

M-MCM-22.

3.2.2 NH3-TPD Study

The result of NH3-TPD is shown in Fig. 6. For zeolite

MCM-22, two peaks at about 480 and 640 K are attributed to

weak and strong acid sites, respectively. For M-MCM-22,

the broad peak from 170 to 350 �C clearly displays the

presence of two different acid sites corresponding to weak

and enhanced acid strengths. It means that M-MCM-22

not only has weak acid sites but also has enhanced acid

sites, which is different from conventional mesoporous

Fig. 4 27Al-MAS NMR spectrum of the calcined M-MMC-22
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aluminosilicate materials containing sole weak acid sites

[27–31].

3.3 Catalytic Test

3.3.1 Comparison of M-MCM-22, MCM-22

and Al-MCM-41

In order to compare the catalytic activity of M-MCM-22

with Al-MCM-41 and zeolite MCM-22, the catalytic

properties of the three samples with similar Si/Al ratio in

alkylation reaction of phenol with tert-butanol under the

same conditions are studied and the dates are shown in

Table 1. Although the pore size of Al-MCM-41 is large

enough for the diffusion of the reactants (phenol and tert-

butanol) and products (2-TBP, 4-TBP, 2, 4-di-TBP and 2,

4, 6-tri-TBP), both the conversion of phenol (61.3%) and

selectivity to 2, 4-di-TBP (13.2%) are low due to the

limitation of weak acidity caused by the amorphous pore

wall of Al-MCM-41. The pore size of zeolite MCM-22 is

larger than the molecular diameters of phenol, tert-butanol

and 4-TBP but less than the molecular diameter of 2,4-di-

TBP. Therefore, the reactants of phenol and tert-butanol

can enter the pore of MCM-22 and the product of 4-TBP

can also diffuse out of it, thereby the conversion of phenol

is very high (94.0%) and the selectivity to 4-TBP is

approaching to 67.0% over MCM-22. However, the pore

size of MCM-22 is not advantageous to the product 2,4-di-

TBP, and the selectivity to 2, 4-di-TBP (30.6%) is rela-

tively low. On the other hand, M-MCM-22 not only has

large enough mesopores but also possesses enhanced acid

sites compared with Al-MCM-41, therefore, the conversion

of phenol and selectivity to 2,4-di-TBP are as high as 93.3

and 53.9%, respectively. In addition, 2, 4, 6-tri-TBP is also

detected.

3.3.2 Effect of Reaction Conditions on Alkylation of

Phenol with Tert-butanol over M-MCM-22

The results of phenol conversion over M-MCM-22 at dif-

ferent reaction temperatures and times are displayed in

Fig. 7. At a low reaction temperature (378 K), the con-

version of phenol is initially high, while it decreases as the

reaction time increases. It is caused by pore jam of

M-MCM-22. At the primal time, the pore of M-MCM-22 is

expedite and the reactants and products can diffuse in the

pore channel easily. However, with increasing reaction

time, the pore of M-MCM-22 is jammed by the products at

low temperature, leading to the reduction of conversion of

phenol and selectivity to 2, 4-di-TBP. As the reaction

temperature is increased, the conversion of phenol gradu-

ally increases. The conversion of phenol approaches to a

maximum of 94% when the reaction temperature is 418 K.

Further increasing reaction temperature results in a

decrease of conversion of phenol. At 458 K, the conversion

of phenol is only 52%. It is noted that the selectivity to 2,

4-di-TBP reaches the highest (53%) at 398 K as shown in

Fig. 8, and then it decreases with increasing temperature

owing to the dealkylation of products at high temperature

[10–17]. The selectivity to 4-TBP increases with increasing

temperature all through, while the selectivity to 2-TBP

shows a contrary trend. A moderate reaction temperature is

helpful to produce 2, 4-di-TBP, while a high reaction

temperature promotes the isomerization of 2-TBP to

4-TBP. At reaction temperature between 398 and 458 K,

M-MCM-22 displays stably catalytic activity and selec-

tivity for alkylation of phenol with tert-butanol.

The influence of space velocity on activity and selec-

tivity of M-MCM-22 is studied at 418 K with tert-butanol/

phenol ratio of 3:1 and the results are listed in Table 2.

Table 1 Catalytic activity and

product distribution

Catalysts weight = 0.5 g;

Reaction temperature = 418K;

ntert-butanol/nphenol = 2.5;

WHSV = 2.2 h-1; time-on-

stream = 2 h

Catalysts Phenol

conversion (mol%)

Products selectivity (mol%)

2-TBP 4-TBP 2,4-DTBP 2,4,6-TTBP

Al-MCM-41 61.3 4.9 81.9 13.2 –

MCM-22 94.0 2.4 67.0 30.6 –

M-MCM-22 93.3 3.2 41.0 53.9 1.9
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According to a previous report [10–17], in the alkylation

reactions of phenol with tert-butanol, tert-butanol is first

dehydrated to isobutene and then isobutene reacts with

phenol to produce 2-TBP, 4-TBP, 2,4-di-TBP and 2,4,6-tri-

TBP over acid sites as indicated in Fig. 9. When the

WHSV is reduced, the contact time of both tert-butanol and

phenol with acid centers increases, which favors both iso-

butene formation and reactions with phenol, especially

beneficial to generate of more substituted phenol. For

example, the phenol conversion increases from 72.3% to

96.3% when the WHSV is reduced from 6.5 to 2.2 h-1. At

the same time, the selectivity to 2-TBP decreases, whereas

the selectivities to 2, 4-di-TBP and 2,4,6-tri-TBP increase

with decreasing WHSV because 2-TBP and 4-TBP can

further be transformed into 2, 4-di-TBP and 2,4,6-tri-TBP

at a long contact time over enhanced acid sites.

Figure 10 displays the effect of tert-butanol/phenol

molar ratio on alkylation of phenol with tert-butanol. It is

clear that increasing tert-butanol/phenol ratio can raise the

conversion of phenol and the selectivity to 2,4-di-TBP, but

reduce the selectivities to both 2-TBP and 4-TBP. It is

comprehensible that more tert-butanol gives rise to the

formation of more isobutene by dehydration and the trans-

formation of more phenol. At the same time, the

2-TBP and 4-TBP are easily transformed into 2,4-di-TBP

in the case of more isobutene.

4 Conclusion

Templated by CTAB, mesoporous aluminosilicate

M-MCM-22 was synthesized from zeolite MCM-22

and characterized by XRD, N2 adsorption–desorption,
27Al-MAS NMR, pyridine adsorbed FT-IR spectroscopy

and NH3-TPD techniques. Analytic results show that M-

MCM-22 has ordered hexagonal p6mm mesostructure and

its framework contains the secondary structure of zeolite

MCM-22, which makes the acidity of M-MCM-22 stronger

in comparison with conventional Al-MCM-41. 27Al MAS

NMR study confirms that aluminum in M-MCM-22 is

exclusively in tetrahedral coordination. In alkylation reac-

tions of phenol with tert-butanol, M-MCM-22 displays

higher phenol conversion and 2,4-di-TBP selectivity than

conventional mesoporous Al-MCM-41, and also higher

2,4-di-TBP selectivity than microporous MCM-22. In the

temperature range from 398 to 438 K, high temperature is

beneficial to 4-TBP, while low temperature is helpful to

2-TBP. Moreover, moderate reaction temperature is

advantageous to 2,4-di-TBP. Both low space velocity and

high molar ratio of tert-butanol/phenol are beneficial to the

conversion of phenol and selectivity to 2,4-di-TBP. In

addition, M-MCM-22 displays considerable stability in

alkylation of phenol with tert-butanol.
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Fig. 8 Effect of reaction temperature and time on selectivities of 2,

4-di-TBP and 4-TBP over M-MCM-22 with TBP/phenol = 2.5 and

WHSV = 2.2 h-1

Table 2 Effect of WHSV (h-1)

on alkylation of phenol with

tert-butanol over M-MCM-22

Catalysts weight = 0.5 g;

Reaction temperature = 418K;

ntert-butanol/nphenol = 2.5; Time-

on-stream = 2 h

WHSV/h-1 Phenol

conversion (%)

Selectivity of products (mol%)

2,4,6-tri-TBP 2-TBP 4-TBP 2,4-di-TBP

2.2 96.29 2.27 2.80 38.63 56.16

3.0 92.53 1.42 4.0 47.50 46.95

6.5 72.33 0.55 11.86 55.82 32.97
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