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Abstract Mesoporous silicas were synthesized by con-

densation of tetraethoxysilane (TEOS) in the presence of

Pluronic P123 as a structure-forming agent, and sucrose as

an auxiliary agent, to investigate the effect of sucrose and

aging temperature on the final properties, particularly

structure-adsorption characteristics. Obtained materials

have been characterized by XRD, nitrogen sorption

measurements SEM-EDX, TEM, thermogravimetry, and

FT-IR. The obtained materials have well-developed porous

structure—values of the specific surface area (SBET) are in

the range of 300–950 m2/g and the sizes of primary mes-

opores are in the range of 9–11 nm. It was established that

SBET and ordering significantly decreases with an increas-

ing content of sucrose in the initial mixture.

Keywords Mesoporous silica � SBA-15 � Sucrose �
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Introduction

During the last 20 years, a significant progress has been

achieved in the field of ordered mesoporous silicas (OMSs)

[1–3]. OMSs constitute an exciting field in materials

chemistry due to many potential applications in cataly-

sis, sensing, separation, and adsorption processes [4–6].

In particular, the SBA-15 materials have become one of the

most popular ordered silica nanomaterials for several rea-

sons: large mesopores (even up to 15 nm), thicker pore

walls, and the presence of the network of irregular inter-

connecting micropores [7–10]. Moreover, these materials

have higher thermal and hydrothermal stabilities than

MCM-41 materials, due to thicker mesopores walls. SBA-

15 materials are usually synthesized under strong acidic

conditions in the presence of amphiphilic triblock copoly-

mer-Pluronic P123. The synthesis is carried out via con-

trolled hydrolysis and condensation of tetraethoxysilane

(TEOS), followed by removal of the polymeric template by

either extraction with ethanol and acid or calcination at

elevated temperatures.

One of the scientific applications of SBA-15 silicas is

their use as hard templates for the synthesis of ordered

mesoporous carbons (i.e., CMK-3, CMK-5). Sucrose is one

of the most frequently used carbon precursors in such

syntheses as it gives the best structurally ordered materials

and the most reproducible results [11–13]. Sucrose is also

sometimes used as auxiliary agent which helps to stabilize

the ordered mesostructure (particularly, when 3-aminopro-

pyltriethoxysilane (APTS) is added during the synthesis).

Amino-functionalized mesostructures are very difficult to

assemble under acidic conditions, so the final mesoporous

silica synthesized by direct co-condensation of TEOS and

APTS is disordered when monomers are mixed simulta-

neously [14–16]. Under strong acidic condition, protonated

aminopropyl groups strongly interfere the self-assembling

of the surfactant with the silica precursor [17]. Despite the

fact that the exact role of sucrose in the self-assembly of the

surfactant molecules is still not clear, it is thought that

strong interaction between the protonated amino functional

groups with the cationic surfactant under acidic conditions

can be regulated by this additive [18]. On the other hand, the
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presence of sucrose can strongly affect the structure-

adsorption characteristics of the final materials; thus, it is

very interesting to investigate the influence the sucrose

addition on the final properties, particularly, porous struc-

ture of the SBA-15 mesoporous materials.

In this study, SBA-15 silicas were synthesized via

condensation of TEOS in the presence of Pluronic P123 as

structure-forming agent and sucrose as auxiliary agent.

Obtained materials were fully characterized to elucidate the

influence of the synthesis parameters (such as amount of

sucrose added or temperature of aging) on the structure-

adsorption characteristics.

Experimental

Materials

Synthesis of SBA-15 materials was carried out using the

following reagents: tetraethoxysilane (TEOS, 96%, ABCR),

Pluronic P123 (P123, BASF), sucrose (Polish Sugar,

National Sugar Company), hydrochloric acid (36%,

POCH), ethanol (99.8%, POCH), and deionized water

(DW; resistivity \ 17.5 MX cm). All chemicals were used

as received, without further purification.

Synthesis

Syntheses of all channel-like mesoporous silicas were

performed by co-condensation of TEOS and proper or-

ganotrialkoxysilane in the presence of Pluronic P123. All

materials were synthesized by one-pot route using similar

synthesis procedure. In a model synthesis, 2 g of P123 was

dissolved in 60 ml of 2 M HCl and 11 ml of deionized

water under vigorous stirring at 40 �C. After 4 h of stirring,

a given amount of sucrose was added (N0-0 g, N2-2 g, N5-

5 g, N10-10 g, and N20-20 g). After next 4 h of stirring,

TEOS was added dropwise to this solution. The resulting

mixture was stirred at 40 �C for 24 h and aged at 70, 85, or

100 �C for next 48 h. The obtained white solid was thor-

oughly washed with deionized water, filtered, and dried at

70 �C. The template was removed by 3-fold extraction with

acidic absolute ethanol (99.8%) at 70 �C.

Characterization

XRD patterns were recorded using a Seifert RTG DRON-3

diffractometer (CuKa radiation) with 0.028 step and 10 s

time step over a range of 0.58\ 2h\ 5.08 at RT. Nitro-

gen sorption isotherms were measured at -196 �C by

ASAP 2405N adsorption analyzer (Micromeritics). Before

adsorption measurements, each sample was degassed (at

110 �C). Infrared spectra were recorded at RT by means of

1725X Perkin-Elmer FT-IR spectrometer over the

4000–400 cm-1 range at the resolution of 4 cm-1. TG

analysis was carried out under air atmosphere using Setsys

16/18 Setaram analyzer. TG patterns were recorded over a

temperature range from 30 to 900 �C. The instrument was

equipped with a ceramic Al2O3 pan. The heating rate was

5 �C/min, and the air flow rate was 1 dm3/h.

Results

X-ray diffractometry (XRD)

Figure 1 presents the XRD patterns of the selected sam-

ples. Under investigated conditions, mesostructured mate-

rials, albeit with different degree of order, were obtained.

Three usually well-resolved peaks in the case of samples

N0-X, N2-X (X stands for aging temperature) are observed

in the range of 2h & 0.8�–2� (c.f. Fig. 1—N0-100 sam-

ple). In the case of these samples, three peaks can be

indexed according to hexagonal p6mm symmetry, indi-

cating a well-defined SBA-15 mesostructure: one sharp

reflection at 2h & 0.8 indexed as (100) and two minor but

distinct reflections at 2h & 1.3 and 2h & 1.6 indexed as

(110) and (200), respectively. All three signals disappear

gradually with an increasing content of sucrose (c.f.

Fig. 1—N5-100 and N20-100 samples), what clearly shows

that the order of the samples deteriorates.

Nitrogen sorption measurements

Nitrogen isotherms for the majority of samples have a

sharp hysteresis loop (see Fig. 2, left), reflecting capillary
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Fig. 1 XRD patterns of the samples N0-100, N5-100, and N20-100
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condensation of adsorbate in the uniform mesopores

channels, and evaporation step related to the evacuation of

adsorbate from the pores. Thus, a framework of these

materials has a uniform array of mesopores with the same

diameter, what is consistent with XRD and TEM data.

The properties of the porous structures are summarized

in Table 1. The pure silica sample N0-70 and sucrose-

modified N2-70 samples have the highest specific surface

area, SBET, value—947 and 969 m2/g, respectively. In

general, values of SBET decrease significantly with an

increasing content of sucrose. In the series of materials

within the same amount of sucrose added, SBET values

decreases with an increase of the aging temperature (the

only exception is N20-X series, where N20-85 sample has

the highest SBET value). So, the initial amount of sucrose

and the aging temperature, both have a significant effect on

the final surface area.

Pore volumes (VBJH, VKJS) also differ among the inves-

tigated samples. The N0-X, N2-X, and N5-X samples have

pore volumes higher than 1 cm3/g. The pore volumes for

the N20-X series are significantly smaller than for the rest of

the samples. However, no straightforward trends in the

changes of VP are observed, as in the case of the SBET

values. In general, pore volumes decrease with a decrease of

the aging temperature. As it can be seen from the KJS

analysis, more than 80% of the total pore volume is con-

nected with the presence of mesopores bigger than 5 nm,

and less than 20% is due to the presence of interconnecting

pores (micropores and mesopores smaller than 5 nm). As

can be seen from the Table 1, the volume of the mesopores
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Fig. 2 Nitrogen sorption

isotherms of the samples

N2-100 (left) and N20-100
(right) and corresponding pore

size distributions (as inlets)

Table 1 Structural and adsorption characteristics of the samples studied

Sample name SBET/

m2/ga
dBJH/nmb d1_KJS (micro)/nmc d2_KJS (meso)/nmd VP (total)/

cm3/ge
V1_KJS (micro)/

cm3/gf
V2_KJS (meso)/

cm3/gg

N0-70 947 5.0 – – 1.18 – –

N0-85 890 5.6 – – 1.24 – –

N0-100 778 7.0 2.3 10.7 1.36 0.14 1.28

N2-70 969 5.0 – – 1.20 – –

N2-85 847 5.6 – – 1.18 – –

N2-100 823 6.6 2.6 9.2 1.37 0.15 1.25

N5-70 904 5.0 – – 1.13 – –

N5-85 759 5.5 – – 1.04 – –

N5-100 653 6.7 2.4 9.2 1.09 0.13 0.97

N10-70 770 4.8 – – 0.92 – –

N10-85 572 5.2 – – 0.75 – –

N10-100 448 6.6 2.5 9.3 0.74 0.08 0.67

N20-70 318 4.4 – – 0.35 – –

N20-85 485 4.0 – – 0.48 – –

N20-100 336 5.4 2.6 10.7 0.46 0.10 0.36

a BET specific surface area evaluated in the 0.05–0.25 range of relative pressures [21], b Average pore size by BJH method [19], c Average size

of the pores smaller than 5 nm by KJS method [20], d Average size of the pores bigger than 5 nm by KJS method [20], e Total pore volume

calculated by converting the amount adsorbed at a relative pressure about 0.99 to the volume of liquid adsorbate, f Volume of the pores smaller

than 5 nm by KJS method [20], g Volume of the pores bigger than 5 nm by KJS method [20]
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(V2_KJS) decreases significantly with an increasing amount

of sucrose; the volume of pores less than 5 nm (V1_KJS) also

decreases (apart from the N2-100 sample). The V1/V2 ratio

for the all series (apart N20-X one) is around 0.11–0.14. In

the case of the N20-X series, this ratio is equal 0.28 so there

is relatively much less mesopores in the structure (this is

also supported by ‘‘flattened’’ shape of the isotherm—c.f.

Fig. 2, and small SBET values).

Pore sizes were calculated using BJH [19] (for all the

samples) and KJS [20] (for the series NX-100) method

(dBJH and dKJS, respectively), which are commonly used to

calculate pore size distributions of SBA-15 materials.

However, the BJH method tends to underestimate the

average pore size, so usually the KJS method is recom-

mended for more accurate calculations. Average pore sizes

of ordered mesopores (d2_KJS) of all ordered samples cal-

culated by KJS method are in the range of 9.2–10.7 nm.

N0-100 and N20-100 samples have mesopore diameters

significantly wider than the remaining samples. There are

no significant changes of the average diameters in the case

of interconnecting pores smaller than 5 nm (d1_KJS)—for

analyzed NX-100 samples values of (d1_KJS) are in the

narrow range of 2.3–2.6 nm. Pore size distributions have

bimodal character (c.f. Fig. 2) reflecting the presence of the

micropores and mesopores in the structure of obtained

materials.

Fig. 3 SEM images of the

sample N0-100 (left panel) and

N20-100 (right panel)
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SEM-EDX and TEM microscopy

SEM micrographs of N0-100 and N20-100 samples are

presented in Fig. 3. The difference in morphology of the

samples is easily noticed. In the case of pure silica N0-100

material (as well as for N2-100 and N5-100), the material

is composed of irregular ‘‘needle-like’’ particles having

worm-like structure, i.e., they are composed of parallelly

oriented hexagonal motifs. In the case of N20-100 sample,

the particles are also quite irregular but they are not needle-

like and they have folded(???) structure. The separation

into two phases is observed in the case of the samples N10-

100 and N20-100. Detailed analysis by EDX spectroscopy

reveals—apart from morphological differences—different

elemental compositions of the phases, what is presented in

Fig. 4. In the region 1, organic sucrose-originated phase is

observed, while in the region 2 there is mixed silica/

organic phase.

TEM pictures complement the results obtained by XRD

method. Figure 5 exemplifies the typical hexagonal struc-

ture with homogeneous and ordered pores.

Thermogravimetry and elemental analysis

TG patterns of the samples NX-100 and the corresponding

differential TG (DTG) patterns are given in Fig. 6 showing

unresolved overlapping peaks. There are differences in the

temperature at which a maximum rate of weight loss is

observed (i.e., peak temperature) for each decomposition

stage as well as in the intensities of these peaks among the

samples. In the range of the temperatures from 35 to

150 �C, thermodesorption of physisorbed water and traces

of ethanol takes place. The presence of two DTG peaks in

the region of 60–120 �C suggests that the above-mentioned

desorption process occurs in two different types of pores,

what indirectly confirms bimodal porous structure of the

samples, i.e., the presence of primary mesopores and

interconnecting micropores ? smaller mesopores. First,

Fig. 4 SEM-EDX analysis of the sample N20-100: elemental com-

position of two different phases (up), carbon and silicon mapping

(bottom)

Fig. 5 TEM images of the sample N0-100 (left) and N5-100 (right)
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thermodesorption of water takes place first from the mes-

opores, then from the micropores [22].

In the range from 150 to 600 �C, decomposition of

incorporated template (Pluronic P123) and partially car-

bonized sucrose takes place [23, 24]. In the case of pure

silica N0-100, the mass change corresponding to the

removal of organics is around 9% indicating that it is

hardly possible to remove P123 completely by the extrac-

tion procedure [25].

These two processes (i.e., decomposition of P123 and

sucrose) occur stepwise—two quite well separated peaks

can be seen on corresponding DTG profile at *300 and

*480 �C. Moreover, assuming that the same amount of

unextracted P123 (*8–9%) is present in all samples

(which is reasonable in a view of the same synthesis pro-

cedure), the DTG peak at *480 �C (not present in the case

of pure silica N0-100 sample) should reflect only the

decomposition of sucrose residues. This implies that the

DTG peak located *300 �C should be connected with

both decomposition of Pluronic and loosely spaced sucrose

(c.f. Fig. 4a—Region 1). This peak widens and shifts

towards higher temperatures with an increasing content of

sucrose. This may suggest that the traces of P123 and

sucrose form some kind of mesophase which is different

(as far as thermal properties are considered) from the pure

P123 mesophase.

Small mass changes (\1%) above 600 �C reflect the

condensation of silanol groups and decomposition of some

residual organic groups.

Infrared spectroscopy

FT-IR spectra of samples N0-100, N5-100, and N20-100

are shown in Fig. 7. The common feature of all spectra is

the presence of bands characteristic to silica. Sharp, med-

ium intensity band at *3740 cm-1 corresponds to the

stretching vibrations of the OH groups in silanol SiOH

fragments. Broad and intense band above 1050 cm-1 is

unambiguously attributed to the stretching vibration of the

siloxane framework :Si–O–Si:. Our recent observations

based on the calculated vibrational spectra suggest that

these vibrations are frequently accompanied by the in-

plane bending of the hydrogen bonded SiOH fragments. In-

plane bending of :Si–O–Si: and out-of-plane vibrations

of OSiOH fragments are responsible for the presence of

bands around 450 and 800 cm-1, respectively. The broad

and intense band with maximum at about 3400 cm-1 cor-

responds to the stretching vibration of the physically

adsorbed water, which is also responsible for the presence

of a much weaker band above 1620 cm-1 (the symmetric

bending vibration). The aliphatic chains (methylene-based

links and possibly residual methyl groups of unhydrolyzed

ethoxy groups) are easily identified in the high-frequency

range, above 2900 cm-1—the presence of sharp bands that

emerge on the red wing of the water stretching vibration is

a clear evidence for the presence of aliphatic methylene

and/or methyl groups.

The main difference between spectrum of pure silica

(N0 sample) and the remaining spectra is the presence of a

band close to 1710 cm-1. The only reasonable explanation

is that it corresponds to the stretching vibration of the

carbonyl groups. Note that the synthesis takes place under

strong acidic conditions, which enable hydrolysis of

sucrose. Carbonyl groups (which are responsible for strong

band of variable location, typically around 1700 cm-1

depending on their surrounding) may appear as a conse-

quence of thermal decomposition of sucrose and products

of its hydrolysis at elevated temperatures of the aging

process.

Conclusions

Mesoporous silicas were synthesized by condensation of

TEOS in the presence of sucrose. Obtained materials have

been characterized by XRD, nitrogen sorption measure-

ments SEM-EDX, TEM, thermogravimetry, and FT-IR

spectroscopy. Majority of the samples have well-developed

porous structure—values of specific surface area (SBET) are

in the range of 300–950 m2/g and the sizes of primary

mesopores are in the range of 9–11 nm. It was established

that SBET and structure order significantly decreases with

increasing content of sucrose in the initial mixture. When

the amount of sucrose increases, the separation into

two phases—morphologically and chemically different—is

observed. Thermal analysis confirms complicated mecha-

nism of thermal degradation of such composites and shows

4000 3600 3200 2800 2400

N0-100

Wave number/cm–1
2000 1600 1200 800 400

Fig. 7 FT-IR/PAS spectra of the samples N0-100, N5-100, and

N20-100
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that P123 is present in the final samples after extraction.

FT-IR analysis provides a clear evidence for the presence

of carbonyl groups, probably due to the thermal decom-

position of sucrose and products of its hydrolysis.
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4. Taguchi A, Schüth F. Ordered mesoporous materials in catalysis.

Microporous Mesoporous Mater. 2005;77:1–45.

5. Trewyn BG, Giri S, Slowing II, Lin VSY. Mesoporous silica

nanoparticle based controlled release, drug delivery, and bio-

sensor system. Chem Commun. 2007;44:3236–44.

6. Hartmann M. Ordered mesoporous materials for bioadsorption

and biocatalysis. Chem Mater. 2005;17:4577–93.

7. Zhao DY, Feng J, Huo Q, Melosh N, Fredrickson GH, Chmelka BF,

Stucky GD. Triblock copolymer synthesis of mesoporous silica

with periodic 50 to 300 Angstrom probes. Science. 1998;279:

548–52.

8. Zhao DY, Huo Q, Feng J, Chmelka BF, Stucky GD. Nonionic

triblock and star diblock copolymer and oligomeric surfactant

syntheses of highly ordered, hydrothermally stable, mesoporous

silica structures. J Am Chem Soc. 1998;120:6024–36.

9. Goltner CG, Henke S, Weissenberger MC, Antonietti M. Meso-

porous silica from lyotropic liquid crystal polymer templated.

Angew Chem Int Ed. 1998;37:613–6.

10. Zhang F, Yan Y, Yang H, Meng Y, Yu C, Tu B, Zhao D. Under-

standing effect of wall structure on the hydrothermal stability of

mesostructured silica SBA-15. J Phys Chem B. 2005;109:

32–8273.

11. Jun S, Joo SH, Ryoo R, Kruk M, Jaroniec M, Liu Z, Ohsuna T,

Terasaki O. Synthesis of new nanoporous carbon with hexago-

nally ordered mesostructure. J Am Chem Soc. 2000;122:10712–3.

12. Kruk M, Jaroniec M, Ko CH, Ryoo R. Characterization of the

porous structure of SBA-15. Chem Mater. 2000;12:1961–8.

13. Joo SH, Ryoo R, Kruk M, Jaroniec M. Evidence for general

nature of pore interconnectivity in 2-dimensional hexagonal

mesoporous silicas prepared using block copolymer templated.

J Phys Chem B. 2002;106:4640–6.

14. Yiu HHP, Wright P, Botting NP. Enzyme immobilisation using

SBA-15 mesoporous molecular sieves with functionalised sur-

faces. J Mol Catal B. 2001;15:81–92.

15. Chong ASM, Zhao XS. Functionalization of SBA-15 with AP-

TES and characterization of functionalized materials. J Phys

Chem B. 2003;107:12650–7.

16. Barczak M, Pikus S, Skrzydło-Radomańska B, Dąbrowski A.
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