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Abstract Understanding the interaction between chitosan

and surfactant cetyltrimethylammonium bromide (CTAB) is

fundamental to prepare nanoparticles for drug delivery but

also to synthesize porous functionalized materials. In this

work, we first studied the self-aggregation property of

chitosan and found that the microporous structure of chito-

san-templated silica was dependent on the chitosan con-

centration and the deacetylation degree of chitosan. The

interactions between chitosan and CTAB were studied by

reflection–absorption infrared spectra, which illustrate that

the molecular orientations of chitosan are greatly affected by

adding CTAB especially at lower pH. Through measure-

ments of the critical micelle concentration values of CTAB

and characterizations of porous structures, it is indicated that

micro–meso silica can be synthesized with the chitosan–

CTAB hybrid, and both surface area and pore volume as well

as the meso-periodity of silica can be modulated by adding

CTAB in the sol–gel synthesis process at proper pH value.

Introduction

Chitosan, poly-b-(1-4)-2-amino-2-deoxy-D-glucose, is pro-

duced from partial N-deacetylation of chitin, and has been

recently studied as the promising nonviral carrier candidates

for drug delivery, owing to the strong electrostatic interac-

tions between amino groups of chitosan and proteins or

genes [1, 2]. In order to modulate the property of chitosan

nanoparticles, surfactants have been investigated as the

interfacial modifiers during the fabrication. For example,

Thongngam and McClements [3, 4] reported that the inter-

action between chitosan and anionic surfactant sodium

dodecyl sulfate (SDS) was dominantly affected by the

electrostatic interactions. Li et al. [5] concluded that car-

boxymethylchitosan, a derivative of chitosan, can form

network structures with cetyltrimethylammonium bromide

(CTAB). Bao et al. [6] reported that CTAB can affect the

size of nanoparticles prepared by the crosslinking reaction

between chitosan and pentasodium triphosphate. These

results suggest that ionic surfactants play an important role

in controlling the aggregation property of chitosan. How-

ever, no report has been found on the interaction between the

positively charged CTAB and chitosan so far, which is

fundamental to prepare nanoparticles for drug delivery.

On the other hand, porous materials with hierarchical

structure including micro–meso, meso–meso, and meso–

macro offer attractive properties for a variety of applica-

tions such as catalysis reaction [7, 8], adsorption separation

[9, 10], and drug delivery [11, 12], etc. [13–15]. A num-

ber of polymers and surfactants have been studied as

co-templates to adjust the porous structures in different

length scales of materials [16–20]. Pedroni et al. [21] has

synthesized mesoporous–macroporous siliceous materials

via hydrothermal hydrolysis using the template of chitosan

with the deacetylation degree (DD) of 90%. Chitosan was

reported to be capable of aggregating into micelle-like

agglomerates, dependent on its DD [22]. Thus, it is

important to investigate the self-aggregation property of

chitosan with different DD as well as its effect on modu-

lating the porous structures.

L. Wang � J. Wu � W. Li (&)

Key Laboratory for Green Chemical Technology MOE,

Department of Chemical Engineering, School of Chemical

Engineering & Technology, Tianjin University, Tianjin 300072,

People’s Republic of China

e-mail: liwei@tju.edu.cn

X. Wang � Q. Cheng � L. Zheng � J. Zhang

Key Laboratory of Systems Bioengineering MOE, School

of Chemical Engineering & Technology, Tianjin University,

Tianjin 300072, People’s Republic of China

123

J Mater Sci (2010) 45:4470–4479

DOI 10.1007/s10853-010-4531-3



In this article, microporous silica were first synthesized

using the template of chitosan, based on investigating the

self-aggregation property of chitosan as a function of

the DD using fluorescence probe technique. Interactions

between CTAB and chitosan were studied using reflection–

absorption infrared spectroscopy (RAIR), and the critical

micelle concentration (CMC) of CTAB were measured at

different pH and temperature, in order to disclose the effect

of CTAB on modulating pore structures of chitosan-tem-

plated silica. It is illuminated that pH-dependent interac-

tions between chitosan and CTAB can affect the molecular

orientation of the chitosan–CTAB hybrid, which plays an

important role in adjusting the meso-periodity of the

micro–meso porous silica.

Materials and methods

Chemicals

Chitosan, with the weight average molecular weight of

1.69105 and the DD of 88%, was purchased from Jinan

Ocean Biotechnology Company of China. In order to

obtain different chitosan samples with the desired DD

ranged from 54 to 88%, the raw material chitosan was

solved in an acetic acid solution and then mixed with an

acetic anhydride–methanol solution to react at 30 �C for

6 h, adjusting the molar ratio of acetic anhydride to the

glucosamine group of chitosan within 0.2–0.8 [23].

Cetyltrimethylammonium bromide (CTAB, 98%) was

purchased from Shanghai Shi Yi Chemicals Co. (China)

and was used as-received. Pyrene (99%, Sigma) was used

as the fluorescent probe.

Templated synthesis of porous silica

Microporous silica samples were synthesized by using the

chitosan template via the sol–gel technique. A tetraeth-

oxysiliane (TEOS) ethanol solution was quantitatively

dropped into a chitosan aqueous solution containing dilute

acetic acid (4 wt%) at 30 �C with stirring for 6 h. The

obtained solution was desiccated at room temperature to

obtain a gel, followed by the calcination at 550 �C for 2 h.

The chitosan/TEOS molar ratio of the samples was calcu-

lated from the molecular weight of the monomer unit of

chitosan (160.1), and denoted as Cs:TEOS.

Micro–meso porous silica samples were synthesized by

using the chitosan–CTAB hybrid via the sol–gel method

and the hydrothermal method, respectively. In the sol–gel

procedure, a mixed solution was first prepared by adding

the CTAB ethanol solution into the acidic aqueous solution

of chitosan, then the TEOS ethanol solution was dropped

quantitatively into the above chitosan–CTAB mixing

solution at 30 �C to react 6 h, followed by gelation and

calcination at 550 �C for 2 h. The chitosan/CTAB molar

ratio of the silica sample was calculated from the molecular

weight of the monomer unit of chitosan (160.1), and

denoted as Cs:CTAB.

While via the hydrothermal method, the mixture

obtained by dropping the TEOS ethanol solution into the

chitosan–CTAB solution was maintained in an autoclave at

80 �C for 12 h; then the obtained product was dried and

calcined at 550 �C for 2 h.

Characterization

Steady-state fluorescence measurements were performed

with Cary Eclipse (Varian Ltd.) using pyrene as the probe

[24] to study the critical aggregation concentration (CAC) of

chitosan with different DD in acidic aqueous solution, or to

determine the CMC of CTAB under different pH and tem-

peratures. Pyrene probe was excited at 337 nm and the

emission spectra were recorded in the range of 350–500 nm.

N2 adsorption–desorption isotherms were measured via

a micromeritics ASAP 2020 analyzer. The specific surface

area (SBET) was estimated using adsorption data in the

relative pressure from 0.04 to 0.2 and the total pore volume

(Vtotal) was determined from the amount adsorbed at a

relative pressure of 0.99. The size of the micropore was

determined by using the Horvath–Kawazoe (HK) method

with slit pore geometry. Micro–mesopore size distribution

was calculated by density functional theory (DFT) [25–27]

from the N2 adsorption isotherm. Microporosity is calcu-

lated using the ratio of Smicro/Stotal.

AFM images were collected on an AJ-III atomic force

microscopy (Shanghai AJ-Nano Company, China) by the

tapping mode. The size and morphology of aggregates

were analyzed by the standard software accompanied the

AFM. Samples for AFM imaging were prepared by

depositing about 10 lL chitosan solution on freshly

cleaved mica surface and dried under room temperature.

Reflection–absorption infrared spectroscopy is useful to

characterize the molecular structure and orientation in the

thin films of polymers. The film samples of chitosan or the

chitosan–CTAB mixture were spin-coated onto the clean

plane (110) of the silicon wafer substrate, with the size of

1 cm 9 1 cm 9 520 lm. A Nicolet iS10 FT spectrometer

equipped with the Model 500� variable angle specular

reflectance accessory and the MCT detector was used to

obtain the spectra. The RAIR measurement was obtained

by averaging 32 scans at an incidence angle of 45� and a

resolution of 4 cm-1. The spectrum of the clean plane

(110) of silicon wafer was subtracted from all RAIR

spectra of film-covered substrates.

TEM images of samples were obtained using a JEM-100X

transmission electron microscope operating at 100 kV.
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Samples for TEM measurements were prepared by dropping

appropriate amount of solutions onto the carbon film covered

on a Cu grid, and dried at room temperature.

X-ray diffraction (XRD) patterns were measured on a

D/MAX-2500 (Japan) power X-ray diffractometer system

(40 kV, 100 mA) with CuKa radiation. The diffractograms

were recorded over a 2h range of 0.6� to 50�.

Results and discussion

Self-aggregation of chitosan and its templated

microporous silica

Critical aggregation concentration of chitosan with the DD

ranging from 54 to 88% was studied by using fluores-

cence measurements at 30 �C taking pyrene as the probe.

Figure 1a shows the representative fluorescence spectra of

pyrene in the acidic solution of chitosan, which display five

distinct vibration peaks. The intensity ratio of the first and

the third vibration band defined as ‘‘hydrophobic index’’ is

proved to be useful in the study of the aggregation prop-

erties. Plots of peak intensity ratio I1/I3 versus the con-

centration of chitosan can be obtained to determine the

CAC value by the intersection point of the horizontal fitting

curve and the sharply decreasing region (Fig. 1b, c). It is

indicated that the CAC value decreases as increasing the

DD of chitosan, i.e., the CAC is reduced from 6.2 to

1.5 g L-1 when the DD increases from 54 to 88% at 30 �C

in 0.3 M acetic acid aqueous solution.

Microporous silica was synthesized via the sol–gel

method under the template of chitosan with DD 88 or 59%.

Figure 2 indicates the adsorption/desorption isotherms and

the pore size distribution of chitosan-templated silica. It is

illustrated that silica samples templated by chitosan (DD

59%) have characteristic of type I isotherms of micropores,

while those templated by chitosan (DD 88%) exhibit type I

and IV isotherms, illustrating the existence of both

micropores and mesopores. Pore size distributions of the

chitosan-templated silica are related with the concentration

of chitosan template. In the case of using chitosan DD 59%

as the template, the modal pore width is located respec-

tively at 0.80, 1.0, and 1.2 nm at the low concentration of

chitosan, and turns to be 0.59, 0.73, 1.3 nm and a broad

band around 2.0 nm at the high concentration of chitosan.

As for the template of chitosan DD 88% at the high con-

centration, the pore size distribution shows the micropores

as alike as those templated by chitosan DD 59%, besides

the appearance of a broader band around 3.0–9.0 nm.

Similarly, the surface area and the pore volume of chito-

san-templated silica are also augmented with increasing the

concentration of chitosan, as listed by Table 1.

Fig. 1 a Fluorescence spectra

of pyrene in acidic solutions of

chitosan (DD 76%) at 30 �C

under different concentrations

of chitosan (1) 0.10 g L-1,

(2) 6.0 g L-1, (3) 10 g L-1,

(4) 15 g L-1. b Plots of I1/I3

ratio as a function of chitosan

concentration, (j) DD 88%,

(h) DD 76%. c Critical

aggregation concentrations of

chitosan with the deacetylation

degree (DD) ranged from 54 to

88% at 30 �C
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In addition, Table 1 indicates that the higher concen-

tration of the chitosan template, the lower microporosity of

silica is obtained. Especially silica samples synthesized

using high-concentrated chitosan DD 88% exhibit a frac-

tion of mesopores. The appearance of mesopores is

attributed to the change of the size distribution of chitosan

aggregates. Figure 3 shows AFM images of chitosan (DD

88%) aggregates at low and high concentration, respec-

tively. It is obvious that the aggregates of chitosan at the

high concentration have a number of large particles higher

than 50 nm, whereas those at the low concentration are

about 2–5 nm high.

Interactions between chitosan and CTAB

Reflection–absorption infrared spectroscopy is used to

study the potential interactions between chitosan and

CTAB. Figure 4 displays the RAIR spectra of the film

comprising chitosan (DD 59% and DD 88%) or the

chitosan–CTAB mixture at two different pH. As the DD

value of chitosan increases from 59 to 88%, the intensities

of the C=O stretching bands in the region of 1,720–

1,730 cm-1 exhibit an obvious decrease while the inten-

sities of the NH2 stretching bands near 1,060 cm-1

increase greatly. For the chitosan–CTAB mixture with the

chitosan/CTAB molar ratio of 1:1, the bands in the range of

2,845–2,910 cm-1 are assigned to the CH3–(N?) stretching

vibration of CTAB. Owing to adopting CTAB, the C=O

stretching bands of chitosan occur a blue-shift to the range

of 1,630–1,650 cm-1, and the intensities of the shifted

bands become stronger at much acidic condition (pH 2.3).

In addition, the NH2 stretching bands of chitosan are red-

shifted to the range of 1070–1080 cm-1, especially for the

chitosan (DD 59%) the red-shifted bands appear higher

intensities. It is known that the formation of hydrogen

bondings results in a blue-shift of the stretching vibration

bands, and the band intensities in the RAIR spectra are

dependent on the molecular orientation in the film [28, 29].

Therefore, it is suggested that upon mixing with CTAB

more hydrogen bondings are formed around the C=O group

Fig. 2 N2 adsorption–

desorption isotherms of silica

and the pore size distribution of

microporous silica samples

templated by chitosan with DD

88% (a) or DD 59% (b). L and

H denote the molar ratio

chitosan/TEOS of 1:25 and

4:25, respectively

Table 1 Structural parameters

of microporous silica templated

by chitosan

Chitosan (DD) Cs/TEOS SBET (m2 g-1) Vtotal (cm3 g-1) Microporosity (%)

88% 1:25 367 0.185 97

4:25 483 0.394 78

59% 1:25 395 0.195 100

4:25 664 0.329 94
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of chitosan especially at lower pH, whereas fewer hydro-

gen bondings exist around the NH2 group of chitosan, and

the pH-dependent interactions can affect the molecular

orientations of chitosan–CTAB hybrid.

Interactions between chitosan and CTAB are further

confirmed by TEM images, as shown in Fig. 5. It is indi-

cated that chitosan (DD 59%) at pH 2.3 forms spheric

agglomerates with the radius around 10 nm, whereas the

chitosan–CTAB hybrid assembles into orderly network

structures. It is the influence of CTAB that modulates

the molecular orientation of chitosan, which results in the

transformation of chitosan aggregates from spheres into the

network structures.

As far as the influence of pH on the self-assembly

property of CTAB is considered, the CMC value of CTAB

was measured by using fluorescent probe techniques.

According to the plot of I1/I3 ratios versus CTAB con-

centrations where I1/I3 denoted the intensity ratio of the

first (at 373 nm) and the third (at 384 nm) vibration bands

in the fluorescence emission spectra (as shown by Fig. 6),

the CMC value is determined as the CTAB concentration

corresponding to the intersection between the extrapolating

of the rapid decrease segments and the horizontal of the

I1/I3 plot. It is worthwhile to mention that the ratio of I1/I3

decreases linearly along with the increase of CTAB con-

centration at 30 �C, while it appears two decreasing seg-

ments with one transition of the slope at 80 �C and pH

lower than 2.7, suggesting the existence of non-uniformly

shaped micelles in a relatively broad range of CTAB

concentration, i.e., a slow transition process to form uni-

form micelles.

The CMC values of CTAB in the water–ethanol solvent

(1:1, v/v) were also measured since the solvent is the

mixture of water and ethanol during the synthesis of

micro–mesoporous silica using the chitosan–CTAB hybrid.

As listed by Table 2, it is indicated that the CMC of CTAB

in water decreases with the pH value but increases with the

temperature, i.e., the more acidic the aqueous solution,

the smaller the CMC values; the higher the temperature,

Fig. 3 AFM images of chitosan (DD 88%) aggregates at the concentration of 0.5 g/L (a) and 2.5 g/L (b), respectively

Fig. 4 RAIR spectra of chitosan and chitosan–CTAB hybrid with the

chitosan/CTAB molar ratio of 1:1, a DD 59%, b DD 88%
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the larger the CMC values. However, in the water–ethanol

solvent, the CMC of CTAB are obviously larger than those

in water, and the influence of pH on the CMC is not the

same as that in water—there exhibit the slow transition

process of micelles even at 30 �C and pH lower than 2.1,

whereas at 30 �C and pH higher than 2.7 the CMC of

CTAB in the water–ethanol solvent is a definite value.

When the temperature increases to 50 �C, the transition

process of micelles is corresponding to a much broader

region of CTAB concentration at pH ranged from 6.1 to 1.1.

Porous silica synthesized with the hybrid of chitosan–

CTAB

Figure 7a, b show the adsorption/desorption isotherms and

the pore size distribution of silica samples synthesized via

the sol–gel technique with different ratio of chitosan (DD

59%)/CTAB under pH 3.2 and pH 2.3. The isotherms are

typical of type IV curves, suggesting the coexistence of

micro- and meso-pores. The pore size distribution of silica

synthesized at pH 3.2 with the chitosan/CTAB ratio of

10:14 has the modal value at 1.1 nm and a broad band

around 2.0 nm, while that at pH 2.3 has bimodal values

around 1.3 and 2.8 nm.

On the other hand, silica samples synthesized via the

hydrothermal method with the hybrid of chitosan (DD

59%) and CTAB show the adsorption/desorption isotherms

of type IV curves with hysteresis loops, and the pore size

distributes broadly around 1.2–1.7 and 2.0–6.3 nm (as

shown by Fig. 7c).

As listed by Table 3, the surface area and the pore vol-

ume of the micro–mesoporous silica synthesized with the

hybrid of chitosan–CTAB via the sol–gel method are sig-

nificantly larger (925–1069 m2 g-1; 0.486–0.625 cm3 g-1)

than those of chitosan-templated silica (395–664 m2 g-1;

0.195–0.329 cm3 g-1), while the microporosity of the silica

(51–71%) is much lower than that of chitosan-templated

silica (94–100%). Additionally the silica prepared using the

hybrid of chitosan–CTAB via the hydrothermal method

possesses lower surface areas and microporosity than those

prepared via the sol–gel method.

According to the above measured CMC values of CTAB

in the water–ethanol solvent, the definite CMC of CTAB at

30 �C and pH higher than 2.7 indicates the formation of

uniform micelles, whereas the broad range of CMC of

CTAB at 30 �C and lower pH or at higher temperature

suggests a distribution of multiple shaped micelles. Uni-

formly shaped micelles are beneficial to prepare silica with

Fig. 5 TEM images of the

aggregates of (a) chitosan (DD

59%) and (b and c) the

chitosan–CTAB hybrid at pH

2.3
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the large surface area, therefore, the silica samples syn-

thesized with the chitosan–CTAB hybrid via the sol–gel

method at pH 3.2 have the largest surface area, followed by

those synthesized via the sol–gel method at pH 2.3 and via

the hydrothermal method successively (as listed by

Table 3).

Figure 8 displays the small-angle XRD patterns of the

micro–mesoporous silica samples synthesized with the

hybrid of chitosan–CTAB. It is clear that silica samples

synthesized via the sol–gel method at pH 2.3 exhibit the

diffraction peaks around 2.0�, indicating an ordered mes-

ostructures; and the silica prepared at pH 3.2 show a broad

Fig. 6 Plots of the I1/I3 ratios

versus CTAB concentrations at

30 �C (a, the left panel) or

80 �C (b, the right panel) in the

aqueous solution under different

pH values

Table 2 CMC values of CTAB at different pH and temperatures

Temperature (�C) pH 6.1 pH 3.9 pH 2.7 pH 2.1 pH 1.1

CMC (mM, in the solvent of water)

30 1.08 1.06 1.03 0.41 0.13

50 1.41 1.35 1.16 0.42 0.22

80 3.65 3.60 2.38–3.50 1.21–1.90 0.49–0.85

CMC (M, in the water–ethanol solvent 1:1 (v/v))

30 0.055 – 0.087 0.054–0.102 0.069–0.130

50 0.056–0.172 – 0.049–0.165 0.060–0.161 0.075–0.167
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Fig. 7 N2 adsorption–desorption isotherms and the pore size distribution of silica synthesized with the chitosan-CTAB hybrid via the sol-gel

method at (a) pH 3.2 and (b) pH 2.3, or (c) via the hydrothermal method

Table 3 Structural parameters of micro–meso porous silica synthe-

sized with the hybrid of chitosan (DD 59%)–CTAB

Cs/

CTAB

SBET

(m2 g-1)

Vtotal

(cm3 g-1)

Microporosity

(%)

Sol–gel 1:14 1069 0.625 51

pH = 3.2 10:14 1047 0.536 71

Sol–gel 1:14 929 0.611 57

pH = 2.3 10:14 925 0.486 71

Hydrothermal 1:14 911 0.630 47

pH = 3.2 10:14 787 0.564 47

Fig. 8 XRD patterns of micro–meso porous silica synthesized with

the chitosan–CTAB hybrid via the sol–gel method or the hydrother-

mal method (the inset), respectively
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peak near 2.0� with low intensity. Whereas the silica syn-

thesized via the hydrothermal method exhibit no peaks

around 2.0�. Figure 9 illustrates clearly the orderly mes-

opores of silica samples synthesized via the sol–gel method

at pH 2.3 with the hybrid of CTAB and chitosan (DD 88%

and 59%).

The above reflection–absorption infrared spectra illus-

trates that the molecular orientations around the C=O

groups and the NH2 groups of chitosan are greatly affected

by adding CTAB especially at lower pH, thus, the better

meso-periodity of silica synthesized via the sol–gel at pH

2.3 is resulted from the inter-molecular interactions

between chitosan and CTAB.

Conclusions

In this article, microporous silica samples were synthesized

via the sol–gel method using the template of chitosan with

the concentration near its CAC, which is related with the

DD of chitosan. The interactions between chitosan and

CTAB were studied by reflection–absorption infrared

spectra, which illustrate that the molecular orientations

around the C=O groups and the NH2 groups of chitosan are

greatly affected by adding CTAB especially at lower pH.

CMC values of CTAB were measured using fluorescence

probe techniques. The results indicate that there is a defi-

nite CMC of CTAB in the water–ethanol solvent at 30 �C

and pH 6.1, whereas a relatively broad range of CTAB

concentration exists at 30 �C and lower pH or at higher

temperature corresponding to a slow transition process of

micelles. Combining with characterizations of micro–meso

porous silica synthesized with the chitosan–CTAB hybrid,

it is illustrated that both the surface area and the pore

volume as well as the meso-periodity of silica can be

modulated by adding CTAB in the sol–gel synthesis pro-

cess at proper pH value.
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