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Abstract Superfine powders of poly (methyl methacry-

late) (PMMA) have been prepared by means of an

emulsion polymerization method. These have been used as

templates in the synthesis of tetragonal phase mesoporous

zirconia by the sol–gel method, using zirconium oxychlo-

ride and oxalic acid as raw materials. The products have

been characterized by infrared spectroscopy, X-ray dif-

fraction analysis, transmission electron microscopy, N2

adsorption-desorption isotherms, and pore size distribution.

The results indicate that the average pore size was found to

be 3.7 nm.
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Introduction

Due to their large surface areas, controllable pore size, and

easy functionalization [1], mesoporous materials have

opened many new possibilities for applications in catalysis,

as catalyst supports, in separation science, and in drug

delivery, as well as for protein encapsulation. Over the past

few decades, preparation techniques for mesoporous

structures have attracted the attention of many researchers

[2–4]. Most research in this field has been focused on silica

as a framework structure [5, 6]. However, mesoporous

materials derived from transition metal oxides rather than

silica frameworks are expected to be quite useful for sev-

eral applications [7, 8]. At present, stabilized t-ZrO2 at

room temperature is considered to be an important struc-

tural ceramic because of its excellent mechanical

properties, such as fracture toughness, high strength, and

hardness [9, 10], and there have been several reports con-

cerning the synthesis of mesoporous structures [11].

However, synthetic mesoporous zirconia has poor struc-

tural stability [12]. One difficulty stems from a facile

crystallization of zirconia, which is accompanied by

structural collapse, during formation of the mesoporous

phase and removal of the template [13–15]. A further

difficulty is the phase transformation of zirconia from

tetragonal phase to monoclinic phase when the products are

cooled down from high temperature to ambient conditions

[16, 17]. The resulting defects will affect the potential

applications of the mesoporous zirconia.

In this work, we have used the inexpensive inorganic

material zirconium oxychloride and oxalic acid as raw

materials to prepare mesoporous zirconia by a sol–gel

method [18] with the aid of PMMA as a template.

Importantly, the space occupied by the PMMA particles

shrinks from the micron or submicron size range to the

nanosized range as a result of the structural collapse that

accompanies the crystallization of zirconia.

Experimental

Materials

Methyl methacrylate (MMA) and sodium dodecyl sulfate

(SDS), both of chemical reagent grade, were purchased

from Shanghai Lingfeng Chemistry Co. Ltd., China;
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zirconium oxychloride (ZrOCl2 � 8H2O) and ammonium

peroxydisulfate (APS), both of analytical reagent grade,

were purchased from the China National Medicine Group

Shanghai Chemical Reagent Company; oxalic acid dihy-

drate (C2H2O4 � 2H2O) and absolute ethanol, both of

analytical reagent grade, were purchased from Nanjing

Chemical Reagent No. 1 Factory, China. Prior to use,

MMA was extracted with brine to remove the polymeri-

zation inhibitor.

Preparation

First of all, superfine powders of poly (methyl methacry-

late) (PMMA) were prepared according to a previous

literature report [19]. SDS (0.5 g) was dissolved in distilled

water (50 mL) with magnetic stirring, the solution was

heated to 80 �C, and then APS (0.25 g) was added. The

mixture was stirred to form a homogeneous solution, and

then MMA (10 mL) was added dropwise over a period of

1.5–2.0 h, ensuring that the reaction proceeded to com-

pletion. Subsequently, the appropriate amount of saturated

sodium chloride solution was added to the reaction mixture

to obtain the products by destroying the emulsion. The

precipitate was centrifuged, washed three times with dis-

tilled water, and dried at 60 �C in a vacuum oven. The

loose, superfine powders of PMMA were obtained by

further grinding of these precipitates.

Superfine PMMA powder (1.0 g) was added to a 0.25 M

solution of oxalic acid in ethanol (40 mL) with continuous

dispersal under ultrasonic conditions until a white sus-

pension was obtained. This suspension was then slowly

added to a 0.5 M solution of zirconium oxychloride in

water (20 mL) under magnetic stirring to form a white sol

[18]. The sol was left to stand for 24 h so as to form a gel.

Subsequently, this gel was dried at 40 �C and then ground

to obtain the white precursor, which was calcined at

500 �C for 1 h to form the mesoporous zirconia. All other

experiments were performed at ambient temperature.

Instruments

Specific surface area, pore volume, and pore size distri-

bution of the nanosized mesoporous zirconia were

determined from N2 adsorption–desorption isotherms at

77 K (Micrometrics ASAP 2010). Surface area was

calculated using the BET equation; pore volume and pore

size distribution were calculated by the BJH method. Prior

to the adsorption measurement, samples were degassed

under vacuum at 100 �C for 1 h to eliminate any physi-

sorbed moisture. The surface groups were studied by

Fourier-transform infrared (FT-IR) microwave spectro-

photometry (Bruker Vector22); spectra were recorded in

the range 400–4,000 cm-1 from samples in KBr pellets.

The crystalline phase and crystallinity of the samples were

measured by X-ray powder diffraction (XRD) analysis

(Bruker D8 Advance) using Cu–Ka radiation

(k = 0.15406 nm); the samples were scanned over a 2h
range of 0–70� at a scanning rate of 1 degree per minute.

The morphology was determined by transmission electron

microscopy (TEM) using a JEOL JEM-2100 apparatus.

Results and Discussion

Mechanism of Preparation

Figure 1 shows a schematic diagram of the mechanism of

preparation of the mesoporous zirconia. From the flow

schematic diagram, it can be seen that the superfine PMMA

powder acts as a template. The PMMA particles were

dispersed in the solution of oxalic acid in ethanol using

ultrasound to form a white suspension, which indicated that

the dispersed PMMA particles were in the micron or sub-

micron size range. When the PMMA suspension was added

to an aqueous solution of zirconium oxychloride, a sol was

formed around the PMMA particles (as shown in Fig. 1a).

Subsequently, this sol (inlaid with PMMA particles) was

left to stand for 24 h so as to form a gel, which was dried at

373 K. Thereafter, the dried gel was ground to obtain gel

particles in the micron or submicron size range, with the

PMMA particles still embedded in the dried gel particles

(as shown in Fig. 1b, c). Finally, the dried gel particles

were calcined at 500 �C for 1 h, whereupon the dried gel

crystallized into zirconia nanocrystals, while the PMMA

particles were concomitantly decomposed into gas which

diffused out of the structure, leaving voids and pores in the

nanocrystalline zirconia particles. In this procedure, the

space initially occupied by the PMMA particles shrinks

because of the crystallization of the gel, as a result of which

the pore wall collapses from micron or submicron size to

the nanosized range. On the basis of the above discussions,

it can be concluded that the PMMA particles act as tem-

plates in the preparation of the mesoporous zirconia.

Fig. 1 Schematic diagram of the mechanism of preparation of

mesoporous ZrO2
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FT-IR Analysis

Figure 2 shows the FT-IR spectrum of the PMMA. From

Fig. 2, it can be seen that there is a distinct absorption band

from 1,150 cm-1 to 1,250 cm-1, which can be attributed to

the C–O–C stretching vibration. The two bands at

1,388 cm-1 and 754 cm-1 can be attributed to the

a-methyl group vibrations. The band at 987 cm-1 is the

characteristic absorption vibration of PMMA, together with

the bands at 1,062 cm-1 and 843 cm-1. The band at

1,732 cm-1 shows the presence of the acrylate carboxyl

group. The band at 1,444 cm-1 can be attributed to the

bending vibration of the C–H bonds of the –CH3 group. The

two bands at 2,997 cm-1 and 2,952 cm-1 can be assigned

to the C–H bond stretching vibrations of the –CH3 and

–CH2- groups, respectively. Furthermore, there are two

weak absorption bands at 3,437 cm-1 and 1,641 cm-1,

which can be attributed to the –OH group stretching and

bending vibrations, respectively, of physisorbed moisture. On

the basis of the above discussions, it can be concluded that the

prepared polymer was indeed macromolecular PMMA [20].

Figure 3 shows the FT-IR spectrum of the mesoporous

zirconia. There is a strong absorption band at 471 cm-1,

which can be attributed to the tetragonal zirconia. Fur-

thermore, there is no characteristic absorption band of

monoclinic zirconia. These observations suggest that the

products consisted only of tetragonal zirconia. The two

bands at 3,419 cm-1 and 1,626 cm-1 can be attributed to

the stretching and bending vibrations of the –OH groups of

the physisorbed moisture [21].

XRD Analysis

Figure 4 displays the XRD pattern of the mesoporous zir-

conia. There are four strong diffraction peaks at 30.55�,

35.40�, 50.70�, and 60.35�, which can be attributed to the

(111), (200), (220), and (311) diffraction planes of the

tetragonal zirconia by the standard card No.79–

1771(Computer searching system). Furthermore, there is

no characteristic diffraction peak of monoclinic zirconia,

m-ZrO2, indicating its absence from the products.

Textural Analysis

N2 adsorption–desorption isotherms of the mesoporous

zirconia measured at 77 K are shown in Fig. 5; Fig. 5a

relates to the precursor sample and Fig. 5b relates to the

product obtained from the precursor sample after calcina-

tion at 500 �C for 1 h. In Fig. 5a, it may be noted that the

adsorption isotherm and desorption isotherm of the pre-

cursor have not been enclosed, indicating the absence of a

pore structure. However, in Fig. 5b, it may be noted that
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Fig. 2 FT-IR spectrum of PMMA
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Fig. 3 FT-IR spectrum of the mesoporous ZrO2
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Fig. 4 XRD pattern of the mesoporous ZrO2
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the adsorption isotherm and desorption isotherm of the

calcined product are been enclosed, as befits an IUPAC

type IV material, suggesting the presence of mesopores

[22]. The hysteresis loop observed for the calcined product,

between P/P0 = 0.35 and P/P0 = 0.90, is of type H2,

reflecting the presence of bottle-shaped mesopores on the

basis of the Kelvin law [22]. Furthermore, the specific

surface area of the mesoporous zirconia is 63.7 m2/g, while

that of the precursor sample is 30.3 m2/g; the correspond-

ing pore volume of the mesoporous sample is 0.07 cm3/g,

while that of the precursor sample is 0.02 cm3/g. These

results indicate that the mesoporous structures were gen-

erated during calcination of the dried gel, corroborating the

mechanism of preparation outlined in Fig. 1.

Figure 6 shows the pore size distribution of the meso-

porous ZrO2. From Fig. 6, it can be observed that there is

only one peak centered at 3.7 nm, suggesting the presence

of a uniform pore size. Furthermore, the peak shape is very

narrow, indicating that the mesoporous zirconias have a

sharply defined pore size distribution. In general, the

results of our study of the pore size distribution are con-

sistent with the above-described N2 adsorption–desorption

isotherms.

Figure 7 shows the TEM image of the mesoporous zir-

conia. From the image, it can be seen that there are many

spherical pores. The pore size is in the range of 2–6 nm,

and these data are consistent with the results presented in

Fig. 6.

Conclusions

Superfine PMMA powders have been prepared using an

emulsion polymerization method. Using the PMMA parti-

cles thus obtained as templates, and zirconium oxychloride

and oxalic acid as raw materials, tetragonal phase meso-

porous zirconia has been synthesized using a sol–gel

method. FT-IR, XRD, TEM, and N2 adsorption–desorption

isotherms have been used to characterize the products. The

results have indicated that the average pore size of
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Fig. 5 N2 adsorption-

desorption isotherms of

nanosized ZrO2
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Fig. 7 TEM image of the mesoporous ZrO2
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mesoporous zirconia was found to be 3.7 nm, and the pore

size distribution was favorably narrow.
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