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Abstract The design of micro/mesoporous silica materials

with solid acid catalysts for the catalytic reactions can

inject new vitality into the development of nanostructures.

In this paper, zirconium was successfully incorporated into

micro/mesoporous silica by the direct hydrothermal syn-

thesis, employing P123 and protic ionic liquid as the

structure-directing agent. The physico-chemical properties

of the micro/mesoporous silica-zirconia were characterized

by means of X-ray scattering, N2 gas sorption, scanning

electron microscopy, transmission electron microscopy and

NH3 desorbed TPD methods. The influence of Si/Zr ratio

and different calcination temperature on the acidity and

catalytic properties were discussed. Also, the catalytic

activities of solid acid catalysts were evaluated by the

alkylation of o-xylene with styrene. The results indicate

that the heteroatom of zirconium has been successfully

incorporated into the structure framework and the solid

acid catalysts still possess hierarchically porous structure.

The prepared catalytic materials contain moderate to strong

acid sites, meanwhile, the amount of strong acid sites

increases with a decrease of Si/Zr ratio. The SZ-10-SO4
2-

(molar ratio of Si/Zr = 10) catalyst was found to be the

most promising and gave the highest selectivity among all

catalysts, which was due to the strong interaction between

H2SO4 and micro/mesoporous materials in the presence of

Zr, thus prevent H2SO4 leaching from the materials. It is

worth noting that SZ-10-937 (calcined at 937 K) also has

the higher yield of PXE, which maybe the enhancement of

crystallization of tetragonal ZrO2 made the strong acid sites

for SZ-973 sample be more than that of the other samples

with the increase of calcination temperature.

Keywords Micro/mesoporous materials � Silica-zirconia �
Protic ionic liquid � Alkylation reaction � Solid acid catalyst

1 Introduction

Acid catalysts play an important role in organic synthesis.

Many organic reactions such as alkylation, isomerization,

esterification, cracking, etc. are accomplished by acid cat-

alysts. Conventionally, these reactions were carried out by

homogeneous catalysts, for instance, H2SO4, BF3, HF or

AlCl3, however, the use of liquid acid catalysts encoun-

tered some disadvantages like increasing waste disposal

costs, heavy environmental pollution, corrosiveness and

low reaction selectivity [1–3]. Many efforts have been

made to exploit the environmentally friendly catalytic

technology for the reaction. Recently, using heterogeneous

catalysts in liquid phase reaction has received great atten-

tion owing to some advantages of solid acid catalysts for

such as high reactivity, environmental friendliness and easy

to recover and reuse [4–6], and numerous efforts have been

made with novel heterogeneous solid acid catalysts to

replace traditional liquid catalysts.

Alkylation of o-xylene with styrene has received great

interest due to the immense application of the 1-phenyl-
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larylethane (PXE). PXE is widely used as a high-energy

fuel for turbojets, jets, rockets, missile engines, as a high-

stability lubricant and as an important additive in the cor-

rosion protective coatings of chlorinated rubber and syn-

thetic resins [1]. For PXE synthesis, solid acids such as

silica-alumina [4], ion-exchange resins [5] and sulfated

zirconia/titania [6] have been used as catalysts. Among

these solid acid catalysts, they exhibit good performance,

but they are unstable at high reaction temperature. Micro-

porous materials have high thermal stability and high

acidity, however, the microporous materials possess small

pore size, which limits their wide applications.

Hierarchical porous materials have received significant

attention due to their important roles in the systematic

study of structure property relationship and their techno-

logical promise in applications [7, 8]. They exhibit at

least two types of pores, and the designed micro/meso-

porous materials can further improve their structure order

as well as the thermal, hydrothermal and mechanical

stability [9]. Since mesoporous silica materials were dis-

covered [10], the properties of mesoporous silica materi-

als have been extensively studied by many authors due to

their wide range of applications [11, 12]. Furthermore, the

metal incorporated/functionalized catalysts obtained by

mesoporous silica material as support have been reported,

which incorporated catalytic species such as V [13], Cu

[14], Ti [15] and Zr [16]. The incorporation of mental

ions, in general, creates acid sites in mesoporous mate-

rials. For instance, Maheswari et al. [16] obtained a series

of mesostructured Zr-SBA-16 with different Si/Zr ratio by

using Pluronic F127 triblock copolymer as a structure

directing agent. They successfully incorporated Zr4? ions

without any pH adjustments up to 6.5 wt% of Zr loading.

The acidity of SBA-16 is only 0.02 NH3/g [17]. While

with an increasing Zr loading, ammonia desorption rise

and thus the total acidity of Zr-SBA-16 samples increases

to 0.21–0.55 mmol NH3/g. Moreover the activity of Zr-

SBA-16 is probed as catalysts in a one-pot synthesis

reaction. The results demonstrate that those catalysts

exhibit the high catalytic activity and successive recycle

runs. So far, with development of a variety of binary

metallic based on mesoporous silica materials, Zr doping

is one of the most promising ways because of their fas-

cinating characteristics and many applications, which

include alkali-durable glasses [18], catalyst support

[19, 20] and advanced ceramic material [21]. The intro-

duction of Zr not only maintains their original structural

characteristics but also endows the resultant material with

additional properties [22, 23]. Notably, ZrO2 is an

amphoteric oxide with a monoclinic structure at room

temperature [23], which changes reversibly to tetragonal

[24] and then cubic (distorted fluorite) modifications at

higher temperatures. Therefore, an appropriate synthesis

method is necessary to obtain the desired materials.

During the past decades, tremendous efforts have been

devoted to design micro/mesoporous materials by using

different approaches [22–26]. The approach using tem-

plates has been considered as one of the most promising

methods to prepare this kind of hierarchical porous

materials [27].

Recently, ionic liquids (ILs) which are molten salt at

room temperature have received considerable attention in

many areas of chemistry and industry due to their supe-

rior properties such as high thermal stability, non-

flammability, and negligible vapor pressure, etc. [26–30].

ILs can play some roles in chemistry, organometallic,

biocatalyzed reaction and other fields [31]. It is reported

that ILs are able to act as multiple pores of cosolvent,

cosurfactant as well as salt in the system [31–33]. More

importantly, ILs can act as template to induce micropores

or mesopores. In the previous work, these materials were

mostly prepared by imidazolium based ILs. Hu et al. [9]

utilized CTAB and IL-C4 ([Cnmim]Br) mixtures as the

dual templates to synthesize a series of micro/mesoporous

materials. They elucidate the formation mechanism by

studying the interaction between CTAB and IL-C4 based

on the measurement of the cmc of the CTAB/[C4mim]Br

mixture aqueous solutions at different compositions and

temperatures. Highly ordered mesoporous silica and Ru/

SiO2 with high surface area have been synthesized by Zhu

et al. [34] via 1-hexadecyl-3-methyl-imidazolium chloride

as template under strong acidic and basic conditions.

Hence, imidazolium based ILs can induce micro or

mesoporous materials [35–37]. However, there are few

reports on the synthesis of micro/mesoporous materials by

using protic ionic liquids (PIL) which are formed via the

proton transfer from a Bronsted acid to a Bronsted base.

Zhao et al. [32] synthesized the micro/mesoporous silicate

materials using P123 and PILs (triethylamine acetate) as

the co-template. They find when the content of PIL is

low, P123 and PIL are miscible and can form mixed

micelles in aqueous. When the content of PIL is

increased, the PIL can be separated from the mixed

micelles and self-assembled to the new micelles which

acted as microporous templates.

In the present work, we report that zirconium element

has been successfully incorporated into silicate framework.

The micro/mesoprous materials were prepared with P123

and PIL (n-tributylamineacetate) as the co-template.

Meanwhile, several solid acid catalysts were prepared by

the impregnation method and their catalytic activities were

evaluated by the alkylation of o-xylene with styrene. A

series of samples were synthesized by changing Si/Zr ratios

and the calcination temperature. The aim of this paper is to

show the effect of zirconium-doped silica on the perfor-

mance of catalysts.
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2 Experimental section

2.1 Chemicals

(Ethylene oxide) triblock copolymer Pluronic P123

(EO20PO70EO20, Mw = 5800) was purchased from Sigma-

Aldrich, The inorganic precursor was silicon (IV) tetraac-

etate (TEOS 97 %, Fluka), inorganic Zr-containing salt

(Zr(NO3)4�5H2O, Aldrich) and HCl (37 % in water,

Aldrich) was used as the reaction catalyst, n-tributylamine

(Merck) and acetic acid (Merck) were used to synthesis

PIL. Water used in the synthesis was distilled and

deionized.

2.2 Preparation of PIL

N-tributylamine acetate was obtained by an acid–

base neutralization method. The typical synthesis process

is described as following: acetic acid (30.025 g) was added

into n-tributylamine (92.675 g) dropwise under vigorous

stirring at 333 K for 8 h. The obtained yellow liquid was

characterized by 1H NMR (CDCl3) d:7.259 (s 1H, –NH),

1.969 (s, 3H, CH3COO
-), 2.84 (s, 2H, N–CH2–), 1.589 (m,

2H, –C–CH2–C–), 1.286 (m, 2H, –CH2–C), 0.922 (t, 3H,

–CH3).

2.3 Synthesis of micro/mesoporous materials

The materials were synthesized by a hydrothermal method.

And TEOS plays as silica source, Zr(NO3)�5H2O as zir-

conium source, P123 and PIL are structure-directing agent.

A typical synthesis was: 4 g P123 and 2.67 g PIL (PIL/

(PIL ? P123) = 40, detailed in Fig. S1) were completely

dissolved in 80 ml deionized water, whose pH was con-

trolled by HCl (2 M). Under vigorous stirring, appropriate

amount of Zr(NO3)4�5H2O were slowly added with stiring.

Then 9 gtetraethyl orthosilicate (TEOS) was dripped

slowly. After stirring at 313 K for 24 h, a gel was obtained.

Then the whole slurry was transferred to a 100 ml Teflon-

lined stainless steel autoclave for aging at 393 K for 48 h.

The product was recovered by filtration washed with

ethanol and deionized water, and dried in an oven over-

night. Finally, the white as-synthesized solid powders were

calcined at appropriate temperature for 6 h in ambient air

to remove the template. The pure micro/mesoporous silica

material was prepared using the same method without the

addition of Zr(NO3)4�5H2O.

Similarly, a series of micro/mesoporous materials were

synthesized by changing the the Si:Zr molar ratio and

calcination temperature during synthesis. The final prod-

ucts were denoted as SZ–X–Y, where X stands for the molar

ratio of Si to Zr and Y represents the calcination

temperature. The sulfated samples were denoted as SZ–X–

Y-SO4
2-.

2.4 Preparation of solid acid catalysts

Solid acid catalysts were prepared by the wet impregnation

method. Typically, 2 g uncalcined solid product was fur-

ther immersed into 1 M H2SO4 solution at room tempera-

ture for 6 h, followed by drying at 373 K overnight and

calcining at 823 K for 6 h in air.

2.5 Catalytic tests

The catalytic activity of each sample was evaluated in

terms of the alkylation reactions, which was carried out in a

continuously stirred oil batch reactor under 393 K. The

quality ratio of styrene to o-xylene was 7.5:1, and the

amount of catalyst was 2 % of the total mass. At first, a

small fraction of o-xylene, and the suitable amount of

catalyst were introduced in a three-neck 100 mL round-

bottom flask equipped with a condenser and magnetic stir

bar, then the mixture of a certain amount of styrene and the

remained o-xylene was added dropwised into the flask for

2 h. Finally, the mixture maintained for another 1 h. After

the reaction was completed, the mixture cooled down to

room temperature, filtered to separate the catalysts. The

crude product was distilled under atmospheric pressure to

remove the remaining o-xylene. Then the liquid was ana-

lyzed with GC-9890A gas chromatograph equipped with

OV-1 capillary column and a flame ionization detector

(FID). The yield of PXE was defined as follows:

Yield of PXE %ð Þ ¼ actual product weight=

theoretical product weight� 100 %

Actual product weight ¼ crude product weight

� PXE chromatographyð Þ%

2.6 Characterization

The crystal phase of micro/mesoporous SiO2–ZrO2 was

characterized by an X-ray diffractometer (Rigaku, RINT-

Ultima III) using Cu Ka radiation with 40 kV and 200 mA.

All scans were continuous and ran between 2h values of

0.5�–5� and 10�–80�. Transmission electron microscopy

(TEM) images were obtained using FEI Tecnai G20

instrument. N2 adsorption–desorption isotherms were

obtained at 77 K with ASAP 2020 apparatus (Mi-

cromeritics USA) by means of the Brunauer–Emmett–

Teller (BET) method. Micropore volume was calculated by

the t-plot method. The pore size distribution in mesopore

range was analysed by the BJH (Barrett–Joyner–Halenda)

method using the Halsey equation for multilayer thickness.
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Micropore volume was calculated by the t-plot method.

NH3 temperature-programmed desorption (NH3-TPD)

profiles of the samples were carried out on a TP-5000

adsorption instrument made in china.

3 Results and discussion

3.1 Effect of the Si/Zr

A contrast among the low-angle XRD patterns of the

samples induced by PIL/P123 co-template with different

Si/Zr is presented in Fig. 1. The samples SZ-20, SZ-40 and

SZ-10 display three reflections, a strong reflection and two

other weaker reflections, which corresponds to the (100),

(110) and (200) reflections, respectively. Furthermore, the

intensities of characteristic peaks weaken with the increase

of Zr content in the samples, suggesting that the porous

ordering decreased gradually with the increasing of Zr

content. The reason for this phenomenon may be the partial

collapse of the cubic ordered phase aroused by the incor-

poration content increasing of Zr species. The sample SZ-5

only possesses one diffraction peak and SZ-3 has no

obvious diffraction peak, which suggests the order struc-

ture has been destroyed. That is to say, the content of

zirconium can affect the sample’s structure.

Figure 2a shows the high angle X-ray powder diffrac-

tion patterns of the samples calcined at 823 K with dif-

ferent Si/Zr. The XRD patterns demonstrate that the

materials are amorphous. No significant shifts of the prin-

cipal diffraction peaks are observed except for the char-

acteristic silica hump, proof for successful incorporation of

Zr atoms. Thus, no significant diffraction peaks indicative

of Zr can be observed even for SZ-10 sample. Samples SZ-

5 and SZ-3 display three sharp peaks which verify the

extensive crystallization of ZrO2. Further, the intensities of

the characteristic peaks weaken with the decrease of Zr

content in the samples, indicating that the diffraction peak

intensity varies with the increasing of ZrO2 crystallized.

Meanwhile, the chemical composition of the sample SZ-10

was investigated by EDX spectroscopy analysis (Fig. S2).

Moreover, it is also noticed that the samples immersed in

H2SO4 solution have no ZrO2 diffraction peak, implying

that the ZrO2 reacted with H2SO4 and the Zr4? and SO4
2-

exist in the micro/mesoporous structure. The hump

observed between 2h = 15�–30� is due to amorphous

nature of silica network.

N2 adsorption–desorption isotherms of the samples for

various samples are shown in Fig. 3. All of the isotherms

exhibit the typical IV adsorption with N2 hysteresis char-

acteristic of mesoporous materials with large uniform cage-

type porosity, according to the IUPAC classification [16],

illustrating that the synthesized samples have a ordered

porous structure. The shape of the isotherms varies with the

different Si/Zr ratios. With the increase of Zr, the starting

point of the hysteresis gradually reduces, which suggests

the structure of order channel is less ordered and formed

some narrower pores. It can be seen that the sample SZ-3

possesses a distorted hysteresis loop which demonstrates

the loss of order pore structure. The sulfated samples still

have type H1 hysteresis loop, illustrating the samples keep

a well-organized mesoporous structure, as shown in

Fig. 3b. But the starting point of the hysteresis has reduced,

indicating that the less ordered structure compared with the

samples without H2SO4 acidification.

Figure 4a shows the pore size distribution calculated by

BJH model which is based on desorption curves. From the

data, it can be observed that narrow pore size distribution

and that pore volume decreases with the increase of the Zr

content. The phenomenon illustrates that zirconium occu-

pies parts of the channel structure which disperses rela-

tively evenly, thus corresponding pore volume reduces. It

is worth noticing that two peaks were observed from the

pore size distributions of the sample SZ-10, whereas the

others have only one peak. The difference may be caused

by the existence of PIL and P123 which act as micropore

template and mesoporous template, respectively. Though

all the materials obtained with the same content of PIL and

P123, they have different zirconium content. With the

excessive amount of zirconium, ZrO2 occupies parts of the

channel structure so that the pore size becomes smaller.

With the less zirconium content, only some smaller pores

are occupied, so the materials showed a multitude of

mesopores. When the amount of zirconium is suitable, the

pores with different size are exposed. As shown in Fig. 4b,

the pore sizes of the sulfonated samples decrease compared
Fig. 1 Small-angle XRD pattern of the samples with different Si/Zr

calcined at 823 K
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with SZ-3 and SZ-5, suggesting that more narrower pores

appeared after sulfonated.

The characteristic data of the surface area, the microp-

orous surface area, the BJH cumulative pore volume and

the average pore diameter are summarized in Table 1. The

BET surface area and average pore sizes of materials

without sulfonation decreases with increasing zirconia

content: the surface areas decrease from 829 to 412 m2/g

and the average pore sizes decrease from 7.35 to 4.48 nm.

The dramatic decrease in surface areas with increasing of

Zr loading indicates that pore blocking may be occurring as

ZrO2 nanoparticles are deposited into the pores of the

materials. In addition, the very high Zr loadings (SZ-3) in

materials may have resulted in a collapse of the pore

structure thus giving rise to the observed decrease in the

surface areas. Through the analysis, it is known that the

well-organized mesochannel can be obtained with appro-

priate Zr content. However, SZ-3-SO4
2- and SZ-5-SO4

2-

show higher specific surface, pore areas and average pore

diameter decrease and also indicates the samples with

lower Zr content have less effect on H2SO4. The reason for

this phenomenon may be that most of the covered narrower

pores exposed after ZrO2 nanoparticles which are deposited

into the pores react with H2SO4, and the specific surface

and pore area increase, while average pore diameter

decrease. So the samples immersed in H2SO4 also lead the

Fig. 2 XRD pattern of the samples with different Si/Zr calcined at 823 K. a Without H2SO4 acidification. b After H2SO4 acidification

Fig. 3 N2 adsorption–desorption isotherms with different Si/Zr calcined at 823 K. a Without sulfonated. b After the sulfonated
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SO4
2- into the structure. When the Zr decreased to 40, the

materials did not keep their advantages for the reaction.

Thus, the Zr is a significant factor to obtain the micro/

mesoporous SiO2–ZrO2 materials.

Ammonia adsorption–desorption technique is generally

used to determine the strength and amount of acid sites

present on the surface of catalyst. Usually, the low tem-

perature desorption peak below 473 K is due to surface

hydroxyl groups from weak acid sites. The high tempera-

ture desorption peak located at above 573 K is assigned to

moderate and strong acid sites [38, 39]. Figure 5 shows the

NH3-TPD profiles for samples calcined at 823 K with

different Si/Zr ratio. It can be found that SZ-10-SO4
2-

exhibit a relative narrow NH3 desorption peak starting from

373 to 523 K, which is attributed to the adsorption of the

weak acid sites. With the increasing of zirconium content,

the peak of weak acid sites widened, illustrating the weak

acid sites increased. Notably, SZ-10-SO4
2- has a broad

peak from 573 K to 773 K, SZ-5-SO4
2- just has an

increased trend on 573 K, however, SZ-3-SO4
2- has no

strong acid sites. The reason for this phenomenon may be

that with the increasing of zirconium, parts of the channel

structure are occupied so that the pore size becomes

smaller, and the amount of micropores increased. As we

know, microporous materials have a high acidity, thus, the

acidity of final samples obtained changed. In another word,

the acidity was influenced by the content of zirconium and

the amount of micropores. The temperature programmed

desorption of ammonia datum are presented in Table S1.

The TEM images of the samples calcined at 823 K

show the structure of the samples with different Zr con-

tent. The images for SZ-10, SZ-20 and SZ-40 all exhibit

very ordered pore structure, whose pores are arranged in a

hexagonally ordered array. The pore size is about 5–8 nm

Fig. 4 Pore size distributions calculated by BJH model based on desorption curves of the samples with different Si/Zr calcined at 823 K.

a Without immersed in H2SO4. b After immersed in H2SO4

Table 1 Physicochemical properties of the caclined samples included co-templates with different Si/Zr calcined at 823 K

Sample BET surface area (m2/g) Micropore area (m2/g) Pore volume (cm3/g) Average pore size(nm)

SZ-3 412 14.92 0.5 4.84

SZ-3-SO4
2- 606 93.81 0.44 3.36

SZ-5 462 32.84 0.91 7.86

SZ-5-SO4
2- 639 35.61 0.85 6.53

SZ-10 613 40.66 1.1 7.17

SZ-10-SO4
2- 596 38.59 0.92 6.17

SZ-20 765 42.64 1.18 6.14

SZ-20-SO4
2- 664 57.55 0.98 5.89

SZ-40 829 52.59 1.52 7.35

SZ-40-SO4
2- 853 73.69 0.92 4.29
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in regular sizes and shapes, as shown in Fig. 6c, d. If

making a local enlargement, the cycle-like micropores are

vividly observed. The degree of the orderly structure

decreases with increasing the content of Zr, which is

compatible with the N2 adsorption–desorption isotherms.

As illustrated in the Fig. 6a ordered structures disap-

peared, moreover, some worm-like pores can be found

through the local enlargement and more micropores

appeared, illustrating the excess Zr can affect the con-

formation of the samples. The morphology of the sample

SZ-10 calcined at 823 K is shown in the Fig. 6f, which

exhibits worm-like shapes. In addition, no large clusters

of zirconia nanoparticles are visible at the magnifications

used, which indicates that the zirconia is present as either

very small nanoparticles or incorporated into the silica

framework.

The catalytic performance of the samples are investi-

gated owing to the samples contain high surface area,

narrow size distribution and the addition of zirconium

which are favorable for the reaction. The catalytic activity

of different solid acid catalysts calcined at 823 K is shown

in Table 2. From the table, it is shown that the sample SZ-

3-SO4
2-, SZ-5-SO4

2- and SZ-10-SO4
2- all exhibit higher

catalytic properties. Among the catalysts, the sample SZ-

10-SO4
2- exhibites best catalytic performance. This is

probably attributed to the increasing of acid sites with Zr

content increased. Combined with the Table 1, it can be

seen that SZ-10 has larger specific surface area and bigger

pore size than SZ-5 and SZ-3. In addition, SZ-40 and SZ-

20 contain a small amount of zirconium, so they display

weak force with H2SO4 and have a poor catalytic activity.

Hence, catalytic activity is not only related to specific

surface area and pore size but also associated with the

acidity of catalysts. That is to say, the large specific surface

area, suitable pore size and high acid intensity are
Fig. 5 NH3-TPD profiles of calcined composite materials with

different Si/Zr ratios calcined at 823 K

Fig. 6 The TEM image of the samples with different Si/Zr calcined

at 823 K. a SZ-3, b SZ-5, c SZ-10, d SZ-20, e SZ-40, f the SEM

image of SZ-10. The insets in the pictures and the small pictures on

the right are the local enlargement with the same enlargement scale.

Insets in each picture were the size distribution histograms
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beneficial to the reaction. Hence, further studies were

carried out with SZ-10.

3.2 Effect of calcination temperature

XRD studies were carried out to further illustrate the

crystallinity of the obtained SiO2–ZrO2 micro/mesoporous

materials with Si/Zr = 10 calcined at different tempera-

tures. As shown in Fig. 7, the sample calcined at 823 K

has no obvious diffraction peak of zirconium. With the

increase of calcination temperature, the samples display

broad peaks at 2h = 30� and 50�, which corresponds to

(011) and (112) plane diffraction of the tetragonal phase

respectively. The broad and weak peaks indicate the poor

crystallinity and small size of tetragonal ZrO2. XRD peak

intensities of tetragonal ZrO2 increase and the width of

the peaks becomes narrower when the samples are treated

by calcination process, implying the formation of larger

tetragonal crystallites and the enhancement of crystal-

lization. As the calcination temperature increases, the

peaks corresponding to tetragonal ZrO2 are enhanced

accordingly. It is reasonable to conclude that the crys-

tallinity of tetragonal ZrO2 can be controlled by tuning

the calcination temperature.

The nitrogen adsorption–desorption isotherms and the

pore size distributions for the samples calcined at different

temperatures are shown in Fig. 8. As seen from Fig. 8a, the

adsorption–desorption isotherms of the synthesized mate-

rials show type IV curves with different type hysteresis

loops and narrow pore diameter distributions (Fig. 8b).

This phenomenon indicates as the zirconium crystal grows

up, pore size turns to smaller and smaller, which agrees

with the XRD results. Notably, the sample calcined at

1073 K appears two peaks, while the others are only one

peak. The reasons for this phenomenon may be collapse of

most of the structure channels owing to too high calcina-

tion temperature.

Acidic properties of the samples Si/Zr = 10 with dif-

ferent calcination temperatures are investigated by NH3-

TPD analysis, with the TPD profiles presented in Fig. 9 and

the TPD of ammonia data are presented in Table S1.

Clearly, no obvious desorption peak can be seen in both

SZ-823 and SZ-873, indicating that the two catalysts lack

strong acid sites and weak acid sites. Also, it can be

observed that SZ-973 exhibits one NH3 desorption peak

around 623 K, suggesting that the catalyst has the strong

acid sites. However, compared to SZ-973, the desorption

peak located at lower temperature (573 K) of SZ-1073

become narrow and which indicates that the strong acid

sites of SZ-973 are more than SZ-1073 sample. The reason

for this phenomenon may be that with the calcination

temperature increasing, the mesochannel of SZ-1073 were

destroyed and the micropores increased (Fig. 8b), thus the

strong acid sites decreased. Meanwhile, due to the higher

calcination temperature, the crystallinity of tetragonal ZrO2

increased (Fig. 7) and the weak acid sites decreased. The

structure of SZ-SO4
2- and acid sites on the SZ-SO4

2- are

presented in Schemes 1. From the Schemes 1, the central

metal ion acts Lewis sites and the inductive effect of S=O

in sulfate complex strongly influenced its acid strength.

Due to the O–H bond weakened by the inductive effect of

neighboring sulfate groups, Brönsted acid sites were

obtained [40].

The structure patterns deriving from the N2 isotherm are

given in Table 3. From the table, it can be seen that with

the calcination temperature increasing, BET surface area,

micropore surface area and average pore size all decrease

gradually. When the temperature increases to 1073 K, the

micropore surface area and average pore size decrease to

0.69 cm3 g-1 and 5.56 nm respectively, which is similar to

the sample calcined at 973 K (0.65 cm3 g-1 and 5.65 nm),

Table 2 Activity of various Si/Zr sulfated catalystsa in alkylation of

o-xylene with styrene

Catalysts Yieldb (%) Selectivityc (%)

SZ-3 87.75 90.20

SZ-5 85.37 86.35

SZ-10 94.53 94.80

SZ-20 33.08 37.36

SZ-40 24.23 25.59

a Reaction conditions o-xylene:styrene = 7.5:1, reaction tempera-

ture = 393 K, reaction time = 3 h
b Isolated yield based on the amount of styrene
c Target product: all products

Fig. 7 XRD pattern of the samples Si/Zr = 10 with different

calcined temperature
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certifying when arrive at a certain temperature, ordered

pore structure may be damaged but they still keep the

micro/mesoporous structure.

To further identify micro/mesoporous material structure

properties, TEM of Si/Zr = 10 with different calcination

temperatures was performed and the results were shown in

Fig. 10. From the figure, all the samples show two kinds of

pore channels, micropores and mesopores which are induced

by PIL and P123 respectively. In addition, it can be seen that

the structure of the materials changed obviously from ordered

micro/mesoporous structure to irregular. This is completely

the results of the ZrO2 nanoparticles grow up in the channel

structure of micro/mesoporous material. For the sample SZ-

1073, a part of walls of mesoporous channels are destroyed in

the enlarged picture,whichmay due to the existence ofworm-

like micropores. When the temperature decreases to 873 and

823 K, the pores are arranged in an ordered array as observed

Fig. 8 a N2 adsorption–desorption isotherms, b pore size distributions calculated by BJH model based on desorption curves of the samples Si/

Zr = 10 calcined at different temperature

Fig. 9 NH3-TPD profiles of materials Si/Zr = 10 with different

calcined temperature. a SZ-823, b SZ-873, c SZ-973, d SZ-1073

Scheme 1 Structure of SZ-

SO4
2- and acid sites on the SZ-

SO4
2-
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in Fig. 10a, b. And from the images, the samples show a

uniform pore size about 6 nm, meanwhile, there still some

micropores exist in the samples. Comparedwith the SZ-1073,

SZ-973 has an ordered mesoporous channel, but they have

similar BET surface area and average pore size.

The catalytic activity of the samples was evaluated by

alkylation reaction and the results are given in Table 4. The

detailed reaction scheme is shown in Scheme 2, reaction

(1) is the PXE formation reaction whereas reactions (2) and

(3) represent the formation of styrene oligomers and more

substitutes, respectively. It can be observed that the reac-

tion yield of SZ-823, SZ-873, SZ-973 and SZ-1073 cata-

lysts at 393 K is 14.6, 21.75, 87.8 and 64.04 %,

respectively. By comparing with the results of the reaction

over various catalysts, the SZ-973 catalyst exhibits the

highest catalytic activity among all the catalysts. The rea-

son for this phenomenon is that the enhancement of crys-

tallization of tetragonal ZrO2 made the strong acid sites for

SZ-973 sample be more than that of the other samples with

Table 3 Physicochenmical

properties of the samples Si/

Zr = 10 calcined at different

temperature

Sample BET surface area (m2g-1) Pore volume (cm3 g-1) Average pore size (nm)

SZ-823 613 1.14 7.17

SZ-873 605 0.97 6.37

SZ-973 491 0.65 5.65

SZ-1073 497 0.69 5.56

Fig. 10 The TEM image of the samples Si/Zr = 10 calcined at different temperature. a SZ-823, b SZ-873, c SZ-973, d SZ-1073. The pictures

on the right of each image are the local enlargements with the same enlargement scale. Insets in each picture were the size distribution histograms

Table 4 Activity of various samples Si/Zr = 10 calcined tempera-

ture catalysts in alkylation of o-xylene with styrene

Catalysts Yield (%) Selectivity (%)

SZ-823 14.6 15.3

SZ-873 23.28 24.04

SZ-973 87.8 88.23

SZ-1073 64.04 66.34
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the increase of calcination temperature, which is favorable

for the reaction. Moreover, SZ-973 has relatively well-or-

ganized mesoporous structure providing places for inter-

molecular reaction. However, when calcined at 1073 K,

because the high temperature has weakened the porous

order structure of the samples, the yield and selectivity of

the materials decrease.

4 Conclusion

The solid acid catalysts obtained by several zirconium

incorporated into micro/mesoporous silica were prepared

via a hydrothermal method in the presence of protic ionic

liquid as starting materials. Compared with SZ, SZ-SO4
2-

still maintained the micro/mesoporous structures. In addi-

tion, we also discussed the influence of different calcina-

tion temperature on catalytic properties. The introduction

of ZrO2 not only affects the micro/mesoporous structure,

but also increases acidity of the material. Furthermore, the

materials contain moderate to strong acid sites, the amount

of strong acid sites increases with a decrease of Si/Zr ratio.

Moreover, the catalytic performances of solid acid catalysts

were investigated in the alkylation of o-xylene with styr-

ene. Results showed that the micro/mesoporous materials

immerged with H2SO4 are efficient catalysts for the reac-

tion. The highest yield of PXE (94.53 %) was obtained

with the SZ-10-SO4
2- catalyst. This behavior can be

related to zirconium doped into the micro/mesoporous

framework and generate acid sites, which can increase the

interaction between H2SO4 and the silica materials and

prevent H2SO4 leaching from the catalytic materials. It is

worth noting that the higher calcination temperature also

can make the materials possess good catalytic activities,

which is because the enhancement of crystallization of

tetragonal ZrO2 made the strong acid sites increased with

the increasing of calcination temperature.
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