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Abstract The applicability of aluminium-containing

mesoporous materials as carriers for L-histidine has been

evaluated for the first time. The modified mesoporous silica

such as SBA-15 and SBA-16 were synthesised by

hydrothermal method and characterised by low-tempera-

ture nitrogen sorption, transmission and scanning micro-

scopy, X-ray and laser diffraction methods. The results of

these studies confirmed the ordered mesoporous structures

of all materials obtained. The modification of mesoporous

materials with aluminium ions changed the textural

parameters and particle size distribution relative to those in

the pristine material. Aluminium-modified SBA-15 exhib-

ited higher release rate of amino acid than the pure mate-

rial. The opposite phenomenon was observed when L-His

was released from pristine and modified SBA-16 materials.

The kinetics of amino acid release from all mesoporous

materials followed the Korsmeyer–Peppas model. The

results proved that the structural parameters of mesoporous

materials and the percentage content of aluminium strongly

influenced the release rate of L-His.

Keywords Mesoporous materials � Mesoporous

structure � Amino acid � Adsorption/desorption �
Korsmeyer–Peppas model � Release kinetics models

1 Introduction

The ordered mesoporous materials have been the subject of

studies at many research centres all around the world. They

display a number of attractive properties, among them the

presence of pores of diameters ranging from 2 to 50 nm,

well developed surface area (600–1000 m2/g), well–

ordered, tuneable pores and nontoxicity (Feng et al. 2008;

Hudson et al. 2008; Blumen et al. 2007). The materials

have found a wide range of applications in catalysis

(Taguchi and Schüth 2005; Sobczak et al. 2006), elec-

tronics (Walcarius 2015), in biological and medical fields

(Chen et al. 2013; Mai and Meng 2013; Mamaeva et al.

2013) and in adsorption processes (Perego and Millini

2013; Taguchi and Schüth 2005). Pure mesoporous mate-

rials show low chemical activity, which restricts their

applications. An easy method of activation of mesoporous

materials is introduction of heteroatoms such as alu-

minium, boron or transitions metals. Their introduction

causes an increase in the properties of mesoporous mate-

rials, increase in the number of acidic centres and the

ability to exchange ions, which extends the possibilities of

their application in e.g. heterogeneous catalysis and in the

adsorption processes. Another method for the activation of

mesoporous materials is the introduction of metal ions into

or on the pore walls. Two methods of introduction of

heteroatoms are known. The first is the so-called direct

synthesis, in which the heteroatoms are added directly to

the precursor of silicon, which binds the heteroatoms in situ

in the structure of the material formed. In the second

method, the so-called post-synthesis modification, at first

the mesoporous material is obtained and then heteroatoms

are grafted into it, so that heteroatoms are introduced into

the mesopores structures (Hoffmann et al. 2006). As the

Al3? cation radius is 0.51 Å, which is close to that of Si4?
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cation of 0.42 Å, the atom of silicon can be easily

exchanged by aluminium one. Knowing that the properties

of aluminium compounds depend on their environment, the

pH are of key importance in the process of mesoporous

materials modification with aluminium. Aluminium has

been for the first time introduced into the mesoporous

material MCM-41 by Luan et al. (1995), in order to

increase the number of acidic centres and consequently, the

catalytic activity. The same group has used the post-syn-

thetic method of modification to introduce aluminium to

SBA-15 (Luan et al. 1999). It has been reported that the

incorporation of aluminium into mesoporous silica enhan-

ces the hydrothermal stability of mesoporous materials

(Hussain et al. 2014; Xia and Mokaya 2004). Furthermore,

the modification of their surface by introducing aluminium

ions can generate a new adsorption centres that can influ-

ence the loading and release process of various biomole-

cules such as amino acids. So far L-phenylalanine has been

adsorbed on various pure ordered mesoporous silica

(Goscianska et al. 2013a, b). In other study, basic amino

acid, lysine has been adsorbed on MCM-41 (O’Connor

et al. 2006). Another scientific group has investigated the

sorption behaviour of five selected amino acids such as

glutamic acid, arginine, phenylalanine, leucine, and alanine

on mesoporous materials (SBA-15, Al-SBA-15,

CH3(10 %)-SBA-15, and CH3(20 %)-SBA-15) (Gao et al.

2008). We have found that L-histidine has been so far

adsorbed on mesoporous carbon CMK-3 (Vinu et al. 2006)

and CSBA-16 and CSBA-15 (Goscianska et al. 2013c). Up to

date, there have been a few publications concerning the

potential application of modified ordered mesoporous silica

for L-histidine adsorption. Therefore, in this study, the pure

and modified mesoporous materials were used to study the

loading and release of L-His. The aim of this work was to

compare the sorption properties of aluminium-containing

mesoporous silica such as SBA-15 and SBA-16 towards L-

histidine.

2 Experimental

2.1 Synthesis of SBA-15 and SBA-16

2.1.1 Preparation of SBA-15

SBA-15 material was synthesised of 10 g of triblock

polymer Pluronic P-123, 70 cm3 of 2 M hydrochloric acid,

150 cm3 of distilled water and 20 g of tetraethyl orthosil-

icate (TEOS). The triblock copolymer was dissolved in a

solution of hydrochloric acid at 55 �C, on stirring. Then

20 g of TEOS was introduced drop wise. The contents

were subjected to stirring by a magnetic stirrer at 55 �C for

8 h. The precipitate and the solution were placed in a drier

at 100 �C for 16 h. The product was filtered off when hot,

dried, refined and calcined at 550 �C for 8 h.

2.1.2 Preparation of SBA-15 modified with aluminium ions

The materials Al(30)SBA-15 and Al(60)SBA-15 were

synthesised using 10 g of Pluronic P-123 copolymer,

70 cm3 of 2 M hydrochloric acid, 150 cm3 of distilled

water and 20 g of tetraethyl orthosilicate. Plutronic P-123

was dissolved in a solution of hydrochloric acid at 55 �C, on
stirring until complete dissolution. Then 20 g of TEOS and

aluminium isopropoxide in the amounts 0.65 g or 0.33 g,

were introduced drop wise, so that the Si/Al ratio was 30 or

60. The content was stirred by a magnetic stirrer at 55 �C
for 8 h. The precipitate with the solution were placed in a

drier at 100 �C for 16 h. The product was filtered off when

hot, dried, refined and calcined at 550 �C for 8 h.

2.1.3 Preparation of SBA-16

SBA-16 was synthesised using 3 g of Pluronic F-127

copolymer, 9 cm3 of hydrochloric acid (37 %) and

144 cm3 of distilled water. The components were stirred on

a magnetic stirrer at 35 �C until complete dissolution of the

copolymer. Then 9 cm3 of n-butanol was added and the

stirring was continued for the next hour. After that time, a

portion of 13.2 g of tetraethyl orthosilicate was added. The

contents were stirred by a magnetic stirrer for 24 h at

35 �C, and then placed for 24 h in a drier at 100 �C. The
product was filtered off when hot, dried, refined and cal-

cined at 550 �C for 8 h.

2.1.4 Preparation of SBA-16 modified with aluminium ions

Al(30)SBA-16 and Al(60)SBA-16 were synthesised using

3 g of Pluronic F-127 copolymer, 9 cm3 of hydrochloric

acid and 144 cm3 of distilled water. The components were

stirred by a magnetic stirrer at 35 �C until complete disso-

lution of the copolymer. Then 9 cm3 of n-butanol were

added and the stirring was continued for another hour. After

that time, 13.2 g of tetraethyl orthosilicate and 0.014 or

0.007 g of aluminium isopropoxide were added so that the

Si/Al molar ratio was 30 or 60. The whole content was

stirred by a magnetic stirrer for 24 h at 35 �C, and then

placed for 24 h in a drier at 100 �C. The product was filtered
off when hot, dried, refined and calcined at 550 �C for 8 h.

2.2 Sample characterisation

2.2.1 Powder X-ray diffraction (XRD)

All the samples obtained were characterised by powder

X-ray diffraction using a D8 Advance Diffractometer made
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by Bruker with the copper Ka1 radiation (k = 1.5406 Å).

The XRD patterns were recorded at room temperature with

a step size 0.02� in the small-angle range.

2.2.2 Nitrogen sorption

The pore structure of the samples obtained was charac-

terised on the basis of low-temperature nitrogen adsorp-

tion–desorption isotherms measured on a sorptometer

Quantachrome Autosorb iQ. Prior to adsorption measure-

ments, the samples were degassed in vacuum at 300 �C for

2 h. The N2 isotherms were used to determine the specific

surface areas using the standard BET equation in the rel-

ative pressure (p/p0) from 0.05 to 0.2 and the cross-sec-

tional area of nitrogen molecule of 0.162 nm2. Pore sizes

were obtained from the N2 adsorption branch, using the

Barret–Joyner–Halenda (BJH) method with the corrected

Kelvin equation, i.e. KJS–BJH method at the maximum of

pore size distribution (Kruk et al. 1997). Moreover, the as-
plot analysis (Jaroniec et al. 1999) was performed for all

obtained samples for the evaluation of the micropore vol-

ume. The single-point total pore volume was obtained from

the amount adsorbed at p/p0 = 0.98.

2.2.3 Transmission electron microscopy (TEM)

For TEM measurements, powdered samples were depos-

ited on a grid with a perforated carbon film and transferred

to a JEOL 2000 electron microscope operating at 80 kV.

2.2.4 Particle size distribution

Particle size distribution of materials obtained was mea-

sured by Mastersizer 2000 (Malvern UK) equipped with a

Hydro dispersion unit. The samples were dispersed in

distilled water and introduced into the camera optical unit.

The results were obtained in the form of percentages of

d(0.1). d(0.5) and d(0.9) which are defined as:

• d(0.1) (lm)—10 % of the particle distribution is below

this value.

• d(0.5) (lm)—median of particle distribution (50 % of

the distribution above this value and 50 % below it).

• d(0.9) (lm)—90 % of the particle distribution is below

this value (Goscianska et al. 2015).

2.2.5 Scanning electron microscopy (SEM)

SEM images were obtained using a scanning electron

microscope (SEM) made by PHILIPS (Netherlands) in the

following conditions: working distance of 14 mm, accel-

erating voltage of 15 kV and digital image recording by

DISS.

2.3 L-Histidine sorption studies

L-His adsorption process was performed by solvent evap-

oration technique (5 mg L-histidine/100 mg silica). Meso-

porous silica materials were added into 5 cm3 of L-His

solution in potassium phosphate buffer pH 7.5. Then the

solvent was evaporated. The loaded materials were then

filtered off and dried for 24 h.

Desorption studies were performed with the use of an

USP Apparatus 2 (Agilent Technologies DS 708). The

mesoporous material with adsorbed L-histidine was placed

in an Enhancer cell. In order to maintain appropriate

experiment conditions and constant surface area the

mesoporous silica materials were sandwiched between two

porous synthetic nets. The analysis was carried out in

potassium phosphate buffer pH 7.5 maintained at

37.0 ± 0.5 �C and stirred at 100 rpm. The concentration of

the desorbed L-histidine was spectrophotometrically mon-

itored at 208 nm.

2.4 Release kinetics calculations

The release results were fitted with different kinetics

models such as zero order (% L-His release vs. time), first

order (log of % L-His remaining vs. time), Higuchi’s model

(% L-His release vs. square root of time), Korsmeyer–

Peppas model (log of % L-His release vs. log time). For

each model R2 values (coefficient of correlation) were

calculated. In the Korsmeyer–Peppas model, the n value

was used to characterise the release mechanism of active

compound as described below:

• n\ 0.5 (0.45)—quasi-Fickian diffusion,

• n = 0.5 (0.45)—diffusion mechanism,

• 0.5\ n\ 1—non Fickian diffusion,

• n = 1 (0.89)—case II transport (zero order release),

• n[ 1 (0.89)—super case II transport (Sahoo et al.

2012; Dash et al. 2010).

3 Results and discussion

3.1 Structural characterisation of mesoporous

materials

All obtained mesoporous materials were characterised to

determine their structural and textural properties. The

degree of ordering of the mesoporous molecular sieves

modified with aluminium ions was evaluated by XRD

method. The X-ray diffractograms of all correctly obtained

mesoporous phases showed peaks in the small-angle range

(2H\ 10�). The XRD profiles in the small-angle range of

the ordered SBA-15 type silica are presented in Fig. 1.
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They show one intense peak at 2H & 1� and three

reflections in the range 2H & 1.7�–3�, corresponding to

the planes (100), (110) and (200) of the P6 mm structure,

informing on the hexagonal ordering of the material. The

intensity of all peaks was somewhat smaller for

Al(30)SBA-15, which can indicate a poorer degree of its

ordering than that in pure SBA-15 silica. Figure 1 also

presents the XRD profiles of mesoporous SBA-16 silica

modified with aluminium ions, showing one very intensive

reflection at 2H & 1�, which can be assigned to the plane

(110). Besides, there were a number of low-intensity peaks,

informing about the ordering of the material and confirm-

ing its regular structure of the space group Im3m.

The textural parameters of SBA-15 and SBA-16 type

materials modified with aluminium were determined on the

basis of nitrogen adsorption/desorption isotherms, and are

presented in Table 1. All pure silicas and the samples

modified with aluminium show well-developed surface

area and large pore volume. The largest surface area was

obtained for SBA-15 modified with aluminium ions in the

process of synthesis (Al(60)SBA-15—940 m2/g,

Al(30)SBA-15—940 m2/g). The introduction of alu-

minium ions into the structure of SBA-15 type silica results

in an increase in the pore diameter, in Al(30)SBA-15. After

modification of SBA-16 type silica, only a small increase

in the pore diameter was noted, in Al(30)SBA-16.

Transmission electron microscopy was used to deter-

mine the structure of silica molecular sieves.

TEM images confirm that all materials obtained have

ordered mesoporous structures (Fig. 2). The dark areas

represent the pore walls and white spots reflect the empty

channel spaces and pore size. Both for pristine and modi-

fied with aluminium SBA-15 material the hexagonal

arrangement of pores was observed (Fig. 2a–c). It should

be noted that micropores are present in the mesopore walls

of SBA-15 molecular sieves. In Fig. 2d–f highly ordered

regular structure of both pristine and modified with alu-

minium SBA-16 materials is shown.

Particle size distributions of the SBA-15 and SBA-16

type silicas modified with aluminium ions were determined

by laser analyser. The results are presented in clusters

corresponding to the particles of diameters from a given

range. Each peak in the histogram corresponds to a certain

range of particle diameters and the height of the peak

indicates the percentage of particles of diameters from this

range. The volume particle size distribution is studied. The

statistical parameters of the distribution are calculated

using the mathematically defined diameters of d type [m,n].

Figure 3 presents the particle size distributions for pure and

aluminium modified SBA-15 type silica. The pure SBA-15

silica shows the presence of the smallest size particles

(2–80 lm). With increasing amount of aluminium ions, the

size of its particles increases. The percentage contribution

of particles\10 lm is very small in both Al(60)SBA-15

and Al(30)SBA-15.

The particle size distributions for SBA-16 type silicas of

regular structure and modified with aluminium do not have

the Gauss curve shape (Fig. 3). The particle size distribu-

tion is very broad, which means that the samples contain

particles of sizes varying in a wide range, from 2 to

100 lm. Table 2 presents the diameters d(0.5), d(0.1) and

d(0.9) for all mesoporous samples synthesised. As follows

from these data, the modification of SBA-15 and SBA-16

type silicas (of different structures) with aluminium ions

leads to an increase in the particle size. The highest per-

centage of small size particles was found in unmodified
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Fig. 1 X-ray diffraction

patterns in the small-angle range

of the mesostructured silicas

SBA-15 and SBA-16 modified

with aluminium
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silicas. SBA-16 type silica of regular structure contains

larger particles than SBA-15 type sample showing hexag-

onal ordering.

In order to determine the morphology and particle size of

mesoporous silicas SBA-15 and SBA-16 unmodified and

modifiedwith aluminium, their scanning electronmicroscopy

images were taken. Both pristine and modified with alu-

minium SBA-15 materials are composed of spindle-shaped

particles, which twist and wrap around each other to form

larger agglomerates (Fig. 4a–c). SBA-16 silicas have irreg-

ular shaped particles (Fig. 4d–f). Their particle size is much

larger than that of SBA-15 materials, which is in accordance

with the results obtained by laser diffraction technique.

3.2 L-His loading and release profiles

Both pristine mesoporous materials and those modified

with aluminium were tested in the process of L-His

adsorption and release. It was reported by Vinu et al.

(2006) that the highest sorption capacity towards L-His was

detected at pH 7.5, that is close to its isoelectric point. It is

known that at low pH the histidine molecule becomes

positively charged and at high pH is negatively charged. At

isoelectric point the amino acid has zero net charge, there

are both charged amino and carboxyl groups (Fig. 5).

Therefore, the adsorption process of this amino acid onto

mesoporous materials was performed in phosphate buffer

at pH 7.5. It is believed that at this pH the electrostatic

interaction between the L-His molecule and mesoporous

material are negligible that enables more intensive

adsorption of L-His than at other pH values (Goscianska

et al. 2013b).

The release of L-His from mesoporous materials was

carried out for 4 h in the potassium phosphate buffer

solution at pH 7.5 close to the isoelectric point of this

amino acid. The results are depicted in Figs. 6 and 7.

100 nm 50 nm100 nm

100 nm100 nm

A CB

D FE

Fig. 2 TEM micrographs of: SBA-15 (a), Al(60)SBA-15 (b), Al(30)SBA-15 (c), SBA-16 (d), Al(60)SBA-16 (e), Al(30)SBA-16 (f)

Table 1 Textural parameters of

obtained materials
Material Total surface

area (m2/g)

Pore volume (cm3/g) Average pore

diameter (nm)
Total Meso Micro and

submeso

SBA-15 800 0.89 0.76 0.12 8.99

Al(60)SBA-15 940 1.13 0.99 0.19 9.01

Al(30)SBA-15 940 0.92 0.78 0.20 10.43

SBA-16 740 0.51 0.39 0.15 6.35

Al(60)SBA-16 860 0.61 0.46 0.20 6.35

Al(30)SBA-16 870 0.62 0.49 0.19 7.09
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Aluminium-modified SBA-15 exhibited higher release rate

than the pristine material. It was shown that the amount of

aluminium ions introduced to the mesoporous materials

strongly influenced the release rate of L-His. The release

rate of L-His decreased in the sequence Al(30)SBA-

15[Al(60)SBA-15[ SBA-15. With increasing amount

of Al species in SBA-15 materials, pore size diameter

raises which result in high percentage release of L-His.

After 4 h around 97 wt% of the amino acid was released

from Al(30)SBA-15. We suggest that for SBA-15 higher

amount of L-His was packed inside the intrawall micro- and

mesopores as compared to the aluminium-modified mate-

rials. Therefore, the amino acid molecules, which were

inside the pores, were released slower to the receptor fluid.

For aluminium-containing materials the L-histidine was

mostly adsorbed on the outer surface of these materials and

in the bigger intrawall micropores (i.e. submesopores) and

thus the amino acid could be rapidly released within first

2 h of the experiment. In a paper of Shin et al. (2001) it

was reported that in SBA-15 the intrawall interconnecting

mesopores are created by the growth and enlargement of

intrawall micropores. Additionally, the interconnected

nature of the mesocage pore system of SBA-16 prepared at

100 �C has recently been evidenced independently (Kim

et al. 2005). It is worth noting that for aluminium modified

materials with increasing submesopore volume, the pore

size increases.

The opposite phenomenon was observed for the release

of L-His from pristine and modified SBA-16 materials. With

increasing percentage content of aluminium, the release rate

of amino acid decreased in the sequence SBA-

16[Al(60)SBA-16[Al(30)SBA-16. Greater amount of

L-His was released from SBA-16 materials than from SBA-

15 samples. This could be explained by smaller pore vol-

ume of SBA-16 samples than SBA-15 materials (Table 1).

According to our previous studies (Goscianska et al. 2013b)

the materials with smaller pore diameter such as SBA-16

were characterised by poor adsorption capacity. We suggest

that L-histidine was mainly adsorbed on the surface of these

materials, therefore the release process of the biomolecule

was faster when compared to that from SBA-15 samples.

Additionally, it should be mentioned that different

release rate of L-His could be explained by the structural

differences in the mesoporous silicas studied. Cubic

arrangement of mesopores was determined for SBA-16 and

hexagonal structure was observed for SBA-15 materials.

The results obtained proved that the structural parameters

of mesoporous materials and the percentage content of

aluminium strongly influenced the release rate of L-His.

The kinetics models used to describe the L-His release

from various materials are presented in Table 3. In order to

understand the mechanism of amino acid release from

mesoporous samples, the results were fitted with various

Fig. 3 Particle size distribution

of mesoporous silica materials

Table 2 Particle size distribution data of mesoporous silica materials

Material d (0.1) d (0.5) d (0.9)

SBA-15 4.53 9.23 20.18

Al(60)SBA-15 7.81 16.51 30.97

Al(30)SBA-15 8.80 19.60 40.71

SBA-16 5.06 18.10 32.94

Al(60)SBA-16 5.93 18.05 41.37

Al(30)SBA-16 4.92 18.70 48.00
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Fig. 4 SEM micrographs of : SBA-15 (a), Al(60)SBA-15 (b), Al(30)SBA-15 (c), SBA-16 (d), Al(60)SBA-16 (e), Al(30)SBA-16 (f)
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kinetics equations such as zero order, first order, Higuchi’s

model and Korsmeyer–Peppas model (Sahoo et al. 2012).

The highest values of regression coefficient was observed

for the Korsmeyer–Peppas model, which means that the

release of L-His followed this kinetics equation. Figures 8

and 9 present the fit of L-His release profiles to the Kors-

meyer–Peppas model. This model enables determination if

the release mechanism is Fickian diffusion or non-Fickian

diffusion, on the basis of the n value. According to Table 3,

the n values for all materials were below 0.5, which indi-

cates the Fickian diffusion mechanism.

4 Conclusions

Mesoporous materials modified with different amounts of

aluminium ions were obtained by the hydrothermal

method. XRD patterns and TEM images confirmed well-

ordered arrangement of mesopores in all samples used in

this study. All pure silicas and aluminium modified sam-

ples showed well-developed surface area and high pore

volume. Introduction of aluminium ions into the meso-

porous silicas resulted in an increase in surface area, both

for SBA-15 and SBA-16 type silicas. Furthermore, the

aluminium-modified samples contained particles of greater

size than the pure samples of SBA-15 and SBA-16. Bio-

logically active molecule such as L-His was successfully

loaded and released from the silicas unmodified and

modified with aluminium ions. The release kinetics of

amino acid followed the Korsmeyer–Peppas model. Alu-

minium-modified SBA-15 exhibited higher percentage of

L-His released than the pristine material. On the other hand,

the opposite phenomenon was observed when L-His was

released from pristine and modified SBA-16 materials. The

results obtained proved that the structural parameters of

mesoporous materials and the percentage content of alu-

minium strongly influenced the release rate of L-His.
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Fig. 9 Korsmeyer–Peppas model release kinetics of L-His from

pristine and modified SBA-16 materials

Table 3 Kinetics models used to describe the L-His release from various materials

Type of material Zero kinetics order First kinetics order Higuchi model Korsmeyer–Peppas model Type of transport

Regression coefficient (R2) n

SBA-15 0.894 0.939 0.963 0.979 0.355 Fickian diffusion

Al(60)-SBA-15 0.861 0.931 0.941 0.967 0.337 Fickian diffusion

Al(30)-SBA-15 0.848 0.973 0.932 0.974 0.184 Fickian diffusion

SBA-16 0.844 0.958 0.930 0.964 0.275 Fickian diffusion

Al(60)-SBA-16 0.854 0.938 0.937 0.970 0.250 Fickian diffusion

Al(30)-SBA-16 0.830 0.89 0.919 0.963 0.200 Fickian diffusion
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