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Abstract. Macrocyclic units were introduced into the surface layer of mesoporous silica by sol-gel
condensation of tetraethyl orthosilicate and p-cyclodextrin-containing silane in water-ammonium
solution in the presence of a structure directing agent. Chemical and porous structure of parent and
p-cyclodextrin-containing silica materials were elucidated by IR spectral and chemical analysis of
surface functional groups, as well as nitrogen adsorption-desorption isotherms, X-ray diffraction,
transmission electron microscopy and dynamic light scattering. It was found that the incorporation of
cyclic oligosaccharide moieties into the hexagonally arranged mesoporous framework leads to the
enhancement of sorption efficiency towards methyl red. Adsorption of dye from phosphate buffer
solutions was studied as function of pH, contact time and methyl red concentration. Obtained results of
equilibrium sorption were analyzed using Langmuir, Freundlich, Redlich-Peterson, Dubinin-
Radushkevich and Brunauer-Emmet-Teller isotherm models.
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Introduction

Cyclodextrins (CDs) are cyclic
oligosaccharides consisting of glucopyranose
units linked by a-1,4 glycosidic bonds. Due to
their unique structure, CDs are able to form
inclusion complexes with various organic
molecules in aqueous solutions. Binding ability,
which characterizes the strength of host-guest
molecular interaction, is driven by non-covalent
forces and depends mostly on geometrical
parameters [1,2]. The ability of CDs to selectively
include some molecules into the hydrophobic
cavity can be useful in separation processes [3].
However, the extraction of supramolecular
complexes from aqueous solutions is complicated
by their high solubility. This problem can be
solved by immobilization of CDs on the surface
of water insoluble materials.

The macrocyclic molecules bonded to silica
can be considered as potential carriers or sorbents
of organic substances [4,5]. Well-defined surface
properties of silica and the presence of highly
reactive silanol groups allow easy directed
functionalization of its surface with CD moieties.
Introduction of oligosaccharide macromolecules
into the silica matrix can be accomplished by co-
condensation of functional silanes [6-9] or by
postsynthetic modification procedure [10-18].

© Chemistry Journal of Moldova
CC-BY 4.0 License

Mesoporous silica materials with chemically
immobilized CDs combine the advantages of
inorganic  framework, such as favourable
chemical properties, high thermal stability,
biocompatibility, nontoxicity, and the ability of
CDs to form various inclusion complexes with a
wide range of organic molecules. Of particular
importance are the organosilica materials of
MCM-41-type containing cyclic oligosaccharides
on the surface of regular pore channels, due to
their high surface area and accessibility of
sorption centres [7,8,10,18].

In this paper, a simple strategy for the
synthesis of p-CD-containing silica  with
hexagonally ordered mesoporous structure was
proposed. In the first step, chemical
modification of S-CD was performed using
(3-aminopropyl)triethoxysilane  (APTES) and
1,1'-carbonyldiimidazole (CDI) as coupling agent.
As a result, highly reactive triethoxysilyl groups
were introduced into the structure of macrocyclic
oligosaccharide. Further, the synthesized S-CD-
containing silane was involved into the co-
condensation reaction with tetraethyl orthosilicate
(TEOS) in the presence of template quaternary
alkylammonium ionic surfactant. It was supposed
that the organosilica material with hexagonally
arranged uniform  mesoporosity, providing
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improved access of “guest” molecules to the
macrocyclic binding sites, can be useful in the
sorption and removal of aromatic compounds, in
particular dyes from water solutions. In the
present work, the sorption of methyl red (MR) by
parent  MCM-41 and by  synthesized
S-CD-containing silica has been studied as
function of the pH of the solution and equilibrium
concentration of the dye in phosphate buffer
solutions. The obtained results were analyzed
using several isotherm models and the most
appropriate one was chosen for each isotherm
based on error analysis.

Experimental
Materials

Tetraethyl orthosilicate (from Merck, purity
>99%), cetyltrimethylammonium bromide
(CTMAB) (from  Merck, purity >97%),
p-cyclodextrin - (from Fluka, purity >99%),
(3-aminopropyl)triethoxysilane  (from  Merck,
purity >99%), 1,1'-carbonyldiimidazole (from
Merck, purity >98%), methyl red sodium salt,
disubstituted sodium phosphate and
monosubstituted potassium phosphate (all from
Reakhim, pure analytical), hydrochloric acid 37%
and ethanol 96% (all from Reakhim, chemical
grade) were used without additional purification.
N,N’-dimethylformamide (DMF) (from Reakhim,
pure analytical) was dried for 72 h by use of 4 A
molecular sieves. All other chemicals used in this
study were of analytical grade.

Synthesis of MCM-41 silica

The MCM-41 silica material  was
synthesized by base catalyzed sol-gel
condensation of tetraethyl orthosilicate (TEOS) in
the presence of quaternary ammonium salt as
structure directing agent [19]. The precipitated
white product was kept in the reaction mixture
and stirred for 2 h, then transferred to a
polypropylene bottle and hydrothermally treated
at 373 K for 24 h. After that, the synthesized silica
was filtered, washed with 100 mL of deionized
water and air dried at 373 K for 3 h.

Extraction of CTMAB from the
mesoporous volume of MCM-41 was achieved by
stirring the batch of the synthesized silica (1 g)
with a solution of hydrochloric acid (8 mL) and
ethanol (92 mL) at 298 K for 24 h. After
separation of silica particles from solution by
filtration, the extraction procedure was repeated
two more times. The resulting mesoporous silica
was filtered, washed with deionized water until
the absence of halogen ions in the filtrate
(negative probe with silver nitrate), and air dried
at 373 K for 5 h.
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Synthesis of f-CD-containing silane

S-CD-containing silane was prepared from
the parent pB-CD and (3-aminopropyl)-
triethoxysilane (APTES) by standard coupling
procedure [20] widely used in the synthesis of
functional silanes for subsequent sol-gel
condensation or postsynthetic modification of
silica [21-24]. The batch of -CD (0.001 mol) was
dissolved in 15 mL DMF and treated with
1,1'-carbonyldiimidazole (CDI) solution
(0.003151 mol) in DMF. Since CDI is highly
sensitive to moisture, its excess (5%) was added
to the reaction solution, related to the calculated
triple molar excess. To complete the activation of
oligosaccharide hydroxyl groups, the reaction
mixture was stirred at 293 K for 2 h. Then APTES
(0.003 mol) was added into the reaction flask to
link with activated $-CD. The solution was stirred
at 293 K for 20 h and used in sol-gel synthesis of
the  corresponding  p-CD-containing  silica
material.
Synthesis of f-CD-containing silica

The p-CD-containing mesoporous material
of MCM-41-type was synthesized according to
the procedure described previously [25,26].
Briefly, a weighted amount of CTMAB
(0.0069 mol) was dissolved under vigorous
stirring in distilled water (7.2 mol), followed by
the addition of 25% aqueous ammonium
(0.27 mol). Further, TEOS (0.049 mol) was added
to the obtained mixture under continuous stirring
at 293 K. The reaction slurry was agitated at
293 K for 2 h, transferred into a polypropylene
bottle and heated at 373 K for 24 h. The solid
precipitated product was filtered, rinsed with
deionized water and air-dried at 373 K for 2 h.

Extraction of the surfactant template from
pore channels of mesoporous organosilica was
done in acid-ethanol medium as described above.
Organosilica material obtained using p-CD-
containing silane was noted as f-CD-MCM-41.
Characterization methods

Porous structure characterization of silica
materials was performed using data of low-
temperature (77 K) nitrogen adsorption-
desorption isotherms obtained with a Kelvin-1042
Sorptometer. Firstly, silica was outgassed under
vacuum at 413 K for 20 h and then analyzed in
the region of relative pressures from 0.06 to 0.99.
Specific surface area was evaluated by
Brunauer-Emmet-Teller (Sger) method and pores
diameter was calculated by density functional
theory (DFT). Pores volume was determined
at p/p,= 0.99.

X-ray diffraction spectra were registered
using the DRON-4-02 diffractometer with
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monochromatic CuK« emission (A= 0.15418 nm)
and nickel filter. Interplanar distances were
calculated using Bragg diffraction equation [27].
The unit cell parameters were calculated as in the
literature [28].

Hydrodynamic size of silica particles was
evaluated by dynamic light scattering (DLS) using
Malvern  Zetasizer  (Version 7.11). All
measurements were performed for diluted
aqueous suspensions of synthesized silica
materials (0.1 mg/mL) and repeated eight times
at 278 K.

The transmission electron microscopy
(TEM) images of mesoporous silicas were
registered on a JEM-100CXIl electron
microscope at 200 kV. Carbon-coated copper
grids were used as silica holders.

Chemical  structure  of  synthesized
mesoporous silica was confirmed by IR spectra
recorded at room temperature using a Thermo
Nicollet NEXUS FT-IR spectrophotometer in the
frequency range from 4000 to 1200 cm™ with a
resolution of 2 cm™.

The content of f-CD moieties introduced
into the silica during the sol-gel synthesis was
estimated by acid hydrolysis of surface
S-CD-containing groups to glucose and their
subsequent determination by colour reaction with
potassium ferricyanide. For this, a batch of silica
(0.1 g) was refluxed with 15 mL of 1 mol/L
sulphuric acid at 373 K for 2 h. Then the solution
was neutralized with 5 mol/L sodium hydroxide
up to pH 7; filtered and diluted with water up to
50 mL. A volume of 2 mL of the prepared
solution was mixed with 25 mL of 0.05%
potassium ferricyanide dissolved in 1% sodium
carbonate water solution and boiled at 373 K for
10 min. After cooling, the concentration of
glucose was determined colorimetrically with
potassium ferricyanide at Ao [29]. The glucose
calibration curve was plotted over the range
0-160 pg/mL. The content of grafted f-CD was
calculated by Eq.(1):

4 1)

C -
7-m

[6-CD] =

where, [p-CD]- content of p-CD on the silica
surface, mol/g;
C- concentration of glucose in the
solution, mol/L;
V- volume of solution, L;
m- batch of f-CD-containing silica, g.

The concentration of 3-aminopropyl groups
of p-CD-containing silica was determined by pH-

metric method [30]; the batches of silica materials
(0.5 g) were stirred with 25 mL of 0.01 mol/L
hydrochloric acid in 50 mL round bottom glass
flasks at 293 K for 24 h to attain equilibrium. The
pH values of starting and equilibrium solutions
were measured using the 1-120.1 lonometer that
was calibrated with standard buffer solutions of
pH 1.68 and pH 6.86 for optimal precision. The
content of 3-aminopropyl groups chemically
immobilized on the surface of mesoporous silica
particles was calculated by Eq.(2):

(10" 10"V (2)

[NH,]=
m

where, [NH,]- content of 3-aminopropy! groups of
mesoporous silica, mol/g;
pH; and pH,- pH of starting and
equilibrium solutions, respectively;
V- volume of solution, L;
m- weight of mesoporous silica batch , g.

UV-Vis spectra of MR buffer solutions
were recorded in 200-600 nm spectral range with
a Specord M-40. Quarts cells with 2 mm path
length were used. All spectroscopic measurements
were performed in a temperature-controlled cell
holder and water bath.

Distribution diagrams of protolytic forms of
MR as well as silanol and 3-aminopropyl groups
on silica surface were generated for the parameter
set chosen in each simulation by the CURTIPOT
program version 3.5.4.

Sorption of methyl red on MCM-41 and
p-CD-MCM-41 silica
Sorption kinetic experiment

In a Kkinetic experiment, a series of
MCM-41 or p-CD-containing silica batches of
0.01 g were placed in 50 mL glass beakers and
10 mL of 0.1336 mmol/L MR solutions in
phosphate buffer with pH 1.0 or 7.0 were added.
After shaking the prepared suspensions at 293 K,
varying the contact time, the concentration of MR
was determined in aliquots by measuring the
optical density at Asys Or Ag3,, respectively, using
the UV-Vis Specord M-40 spectrophotometer.

The amount of MR sorbed on silica surface
at time t was calculated by Eq.(3):

(C,-C,)V (3)

A =———-1000
m‘SBET

where, A~ content of MR sorbed on silica surface
at time t, umol/g;
C, and C;- concentrations of MR at the
initial moment and at time t,
correspondingly, mmol/L;
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V- volume of solution, L;
Sger- specific surface area, m/g;
m- weight of sorbent used, g.

pH-dependent sorption studies

Sorption of MR on MCM-41 and
S-CD-MCM-41 silica as a function of pH was
carried out using phosphate buffer solutions
(0.02 and 0.0668 mmol/L). Samples of 0.01 g of
silica and 10 mL of MR phosphate buffer
solutions with predetermined pH ranging from 1.0
to 8.0 were placed in 50 mL glass beakers and
shaken at 293 K for equilibrium attainment. Then
supernatant solutions were separated by filtering
through a 0.22 um PVDF syringe filter and MR
concentration was determined by a UV-Vis
spectrophotometer (in the range of Assg - A424).
Sorption equilibrium experiment

Sorption  equilibrium  studies  were
performed by multibatch method; samples of
0.01 g of MCM-41 and p-CD-MCM-41 silica and
10 mL of MR phosphate buffer solutions with pH
1.0 or 7.0 and a predetermined concentration of
dye in the range of 0.03717-0.3717 or
0.0167-0.167 mmol/L, correspondingly, were
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placed in 50 mL glass beakers and shaken at
293 K for equilibrium attainment. Then
supernatant solutions were separated by filtering
through a 0.22 um PVDF syringe filter and MR
concentration was determined at Asp; Or A4z, for
pH 1.0 or 7.0, correspondingly.

Results and discussion

Chemical composition and  porous
structure of synthesized silica materials
To provide homogeneous allocation  of

S-CD-containing groups on the surface of
mesoporous silica, sol-gel condensation of TEOS
and p-CD-silane was realized in water-ammonium
solution in the presence of structure-directing
agent (alkyltrimethylammonium salt). APTES
was employed in the present work to introduce
highly reactive alkoxy groups in
the structure of pB-CD activated with
1,1'-carbonyldiimidazole = (Scheme 1) for
subsequent immobilization of cyclic
oligosaccharide moieties into the silica framework
(Scheme 2).

oH N
% on{HL0 T \)
oH
OH HO © 0,
S
O

H O

CH,CH,-0 o

o
H
H
0 GH ond?l
H
HO'

OH

Scheme 1. Activation of #-CD with 1,1'-carbonyldiimidazole and its coupling with APTES.
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extraction

~
B-CD-zilane

Scheme 2. Synthetic route for #-CD macromolecules introduction into the silica structure.

The incorporation of f-CD moieties into the
silica structure was evidenced by IR spectral
studies and chemical analysis of surface layer of
synthesized materials. The IR spectra of
S-CD-MCM-41 shows the absorption bands at
3000-2500 cm™ corresponding to the valence
vibrations of the C-H bonds of immobilized
p-CD-containing silane (Figure 1). The most
noticeable among them is a strong characteristic
band at 2938 cm™ assigned to the valence
vibrations of the C-H bonds in the CH and CH,
groups of S-CD rings. The peaks attributed to the
valence vibrations of the C=0O bond in the
carbonyl groups and the deformation vibrations of
the N-H bond in the secondary amino groups are
registered at 1697 and 1540 cm™, respectively.
Their appearance in the IR spectra of
S-CD-MCM-41 proves the successful introduction
of oligosaccharide groups into the silica
framework (Scheme 1).

According to the chemical analysis data,
the hydrolysis of a certain number of amide bonds
in B-CD-silane during sol-gel synthesis of silica
functional material in the presence of aqueous
ammonium causes the appearance of primary
amino groups in the structure of resulting
S-CD-MCM-41. However, their identification in
the IR spectrum of synthesized material is

complicated, because of the overlapping of the
characteristic absorption bands generated by the
deformation vibrations of N-H bonds in primary
and secondary amino groups.
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Figure 1. IR spectra of MCM-41 (1) and
B-CD-MCM-41 (2).
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The band at the lower frequencies with a
maximum at 1450 cm™ is assigned to the bending
vibrations of C-H, H-C-H and C-O-H bonds in
alkyl and glycosyl groups of grafted compounds
[31], whereas the bands at 1413 and 1391 cm™
belong to the bending vibrations of C—C—H and
C-O-H bonds in the same groups,
correspondingly. In  the IR spectrum of
S-CD-MCM-41 an additional absorption band is
registered at 1338 cm™. Its appearance is mainly
attributed to the stretching vibrations of C-O and
the bending vibrations of C-O-H bonds in
S-CD-containing groups. The IR spectra indicate
the successful chemical immobilization of p-CD
macromolecules along with aminopropyl moieties
on the silica surface providing multifunctional
surface formation.

The content of cyclic oligosaccharide on
the surface layer of synthesized organosilica
determined by acid hydrolysis of f-CD to glucose
[29] consists of 0.07 mmol/g, whereas the
guantity of grafted aminopropyl groups
determined by pH-metric method is equal to
0.11 mmol/g.

X-ray diffraction patterns of MCM-41-type
silica are represented in Figure 2. The MCM-41
diffractogram shows three well-defined (100),
(110) and (200) reflections characteristic for a
hexagonally arranged porous structure. The peak
intensity of the reflection from the (100) plane is
over 14000 cps proving the higher ordered
hexagonal arrangement of mesopore channels.
Introduction of p-CD-silane into the sol-gel
synthesis leads to the formation of silica material
which is characterized by the less distinct long-
range ordering of porous structure.

V (cm3/g)
500 -

400 ~

300
200 -
100
0 T T T T T 1
00 02 04 06 08 1.0
p/p,
(@)

25000

20000
100 15000
10000
\ 5000
\ 110 200 i 0
1
_2/
2 3 4 5
20 (grad.)

Figure 2. X-ray diffraction patterns
of MCM-41 (1) and f-CD-MCM-41 (2).

Figure 2 clearly shows that the intensity of
the diffraction peak corresponding to the (100)
reflection  decreases in the case of
p-CD-MCM-41. At the same time, high-angle
diffraction peaks are not registered in the
diffractogram of f-CD-MCM-41.

The structural parameters of synthesized
silica materials (MCM-41 and p-CD-MCM-41)
were determined from nitrogen adsorption-
desorption isotherms (Figure 3). A sharp increase
in nitrogen adsorption observed at low relative
pressures (<0.3) on the isotherms of MCM-41 and
p-CD-MCM-41 can be attributed to the
monolayer adsorption in mesopores. Specific
surface areas calculated for this interval of
relative pressures using BET method [32] are
represented in Table 1.

V (cm3/g)
400
300
200
100 -
0 T T T T 1
0.0 02 04 06 08 1.0
p/p,
(b)

Figure 3. Nitrogen adsorption-desorption isotherms for MCM-41 (a) and f-CD-MCM-41 (b).
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The hysteresis loop on the isotherm of
MCM-41 observed at relative pressures above 0.3
is due to the capillary condensation of nitrogen
inside the mesopores with narrow size
distribution. The pore size distributions
determined using the DFT theory, clearly
demonstrates that mesopores with diameters less
than 5.1 nm are prevailing in the synthesized
materials (Figure 4, Table 1). Introduction of
p-CD-silane into the sol-gel synthesis is
accompanied by noticeable decrease of surface
area of resulting silica (Table 1).

TEM was used to visualize the hexagonally
arranged mesoporous structure of synthesized
silica. Figure 5 shows that MCM-41 silica
particles are rod-like shaped. Their size varies in
the range from 1.5 to 2 um (Figure 5(a)). The
TEM image of p-CD-MCM-41 shows spherical
particles with an average diameter of up to
400 nm and highly ordered hexagonal long-range
array of channels (Figure 5(b)). Pore channels of
MCM-41 as well as f-CD-MCM-41 are parallel
to the horizontal particle axis and their entrances
are accessible for an adsorbate (Figure 5).

Table 1
Structural parameters of mesoporous silicas calculated from
nitrogen adsorption-desorption isotherms.
Sillca leOl a, SBET! V! D!
nm nm m?/g cm’/g nm
MCM-41 4.17 4.82 995 0.75 3.7;5.1
B-CD-MCM-41 3.93 4.54 512 0.60 2.5;3.3;5.1
dV/dD (cm’/(g-nm)) dV/dD (cm’/(g-nm))
0.8 0.20
i
i |
0.6 0.151 |
[}
[e] e} %
0.4 0.104 ¢
l I
Fle
0.2- 5 0054 o €%
o l , Q
[0} e}
Y 0 3
0.0 ’ . . 0.00 +224 %‘ TR
1 10 100 1 10 100
D (nm) D (nm)
(@) (b)

Figure 4. Pore size distribution for MCM-41 (a) and p-CD-MCM-41 (b).

(@)

(b)
Figure 5. TEM images of MCM-41 (a) and -CD-MCM-41 (b).
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The average size of f-CD-containing silica
particles  was  determined  from  DLS
measurements. It was found that mean
hydrodynamic  diameter of p-CD-MCM-41
particles calculated from the size distribution
profiles was 714 nm (Figure 6). Relatively larger
diameters calculated from DLS experiment in
comparison with TEM results were due to the
hydrated layer surrounding the particles with a
narrow particle size distribution.

50 1

) w ~
S S S
1 1 1

Intensity (%)

—_
(=]
Il

0.1 1 10 100 1000 1000
Size (nm)

Figure 6. Particle size distribution of
B-CD-MCM-41.

Sorption of methyl red on MCM-41 and
p-CD-MCM-41 silica

Adsorption capacity of both acid and basic
dyes on initial MCM-41 is very low [33,34].
Therefore, surface functionalization of
mesoporous silica was undertaken to enhance
their affinity to various types of dyes [35-38]. To
elucidate the contribution of macrocyclic surface
centres to the removal of dye molecules from
aqueous solutions, sorption of MR was studied on
parent MCM-41 and chemically modified
p-CD-MCM-41. Thereafter, obtained results were
analyzed applying the most widely used kinetic
and equilibrium sorption models and compared.

The pH value influences the MR sorption
on MCM-41 and -CD-MCM-41, because of the
changes that are induced in the protolytic forms of
dye molecules as well as on the silica surface.
Under experimental conditions, MR has a
complex acid-base equilibrium (Scheme 3).
lonized and several protonated forms of dye can
exist in the pH range from 1 to 8 (Scheme 3,
Figure 7) [39]. The value of pK,, is 2.38+0.05 at
298 K [39], whereas pK,3 varies from 4.85+0.01
to 5.05+0.05 in the temperature range of
298-303 K [39-41].

; COOH ; COOH ; COOH ; COO™

+HN\

i ,_—' i
NH"
CH,

MR H

/

P—
¢_

SN

T

Scheme 3. Protolytic species of methyl red.
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The profile of Figure 8 indicates that the
efficiency of MR sorption on MCM-41 and
S-CD-MCM-41 improves with the increase of pH,
attaining a maximal value in the pH range from 3
to 5. Obviously, hydrogen bonds formation
between non-ionized silanol groups of MCM-41
and basic centres of MR (nitrogen of azo linkage
and dimethylamino group) plays the key role in
the sorption process (Figure 7). Likewise,
removing of MR by f-CD-MCM-41 from weakly
acidic agueous solutions is most probably induced
by hydrogen bonding with participation of silanol
and 3-aminopropyl surface groups. Moreover,
oligosaccharide macromolecules localized on the
surface layer of 8-CD-MCM-41 may contribute to
dye sorption.

Kinetic studies of MR removal from acidic
and neutral phosphate buffer solutions by parent
and p-CD-functionalized mesoporous silica
demonstrated that, regardless of the nature of
functional groups on the surface of silica
materials, equilibrium of dye sorption is achieved
after 6 h of contact (Figure 9).

1.09

0.8

0.6

0.4

0.29

0.0

(b)

Figure 7. Distribution diagrams of protolytic forms
of MR (a) as well as surface silanol and
3-aminopropyl groups of silica materials (b) as a
function of pH value.
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Figure 8. Effect of pH on MR sorption on MCM-41
(1) and g-CD-MCM-41 (2) silica from 0.02 mmol/L
(a) and 0.0668 mmol/L (b) phosphate buffer
solutions at 293 K.
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Figure 9. Kinetic curves of MR sorption on
MCM-41 (circles) and f-CD-MCM-41 (squares)
silica from phosphate buffer solutions
(0.12336 mmol/L) with pH 1.0 (curves 1, 3) and
pH 7.0 (curves 2, 4) at 293 K.
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Analysis of kinetic curves was realized
using pseudo-first and pseudo-second order
kinetic equations of Lagergren and Ho-McKay,
correspondingly (Table 2). Comparison of the
correlation  coefficients R? reflecting the
agreement of experimental results and the model
predicted values, proves that the kinetics of MR
sorption on MCM-41 and -CD-MCM-41 silica in
acidic and neutral phosphate buffer medium can

be successfully described by the Lagergren
equation. At the same time, correlation
coefficients calculated for the linear plots using
pseudo-second order model are less than 0.715,
whereas theoretical values of A significantly
exceed the experimental ones (Table 2). This
leads to the conclusion that the sorption process of
MR on synthesized materials follows the pseudo-
first order kinetic model.

Table 2
Kinetic parameters for methyl red sorption on MCM-41 and g-CD-MCM-41 silica.
Kinetic adsorption model Kinetic parameters pH 1.0 pH 7.0
MCM-41 B-CD-MCM-41  MCM-41  p-CD-MCM-41
Lagergren ky (1/min) 0.816 1.336 0.666 1.944
(A, ) K, Acq (pmzollmz) 0.005 0.041 0.020 0.065
lg L - A‘J > 303" R 0.889 0.892 0.934 0.873
lg (A,,— A)=IgA, - a t
2.303
Ho-McKay k, (m?/(umol-min)) 0.026 0.067 0.137 0.020
1 I S Aeq (Lmol/m?) 0.781 0.709 0.433 1.531
(A,-A) A, ’ R’ 0.715 0.599 0.633 0.579
t—= ! + it
A k,A’

The sorption of MR on f-CD-MCM-41 was
performed at pH values of 1.0 and 7.0 aiming to
elucidate the role of f-CD-containing groups on
dye removal from aqueous solutions. In acidic
solutions MR exists in the H'MR protolytic form,
which is unable to form hydrogen bonds with
protonated aminopropyl and nonionized silanol
groups of silica surface (Scheme 3, Figure 7). In a
neutral aqueous medium, the dye anion does not
interact with aminopropyl groups having an
unshared electron pair on the nitrogen atom, nor
with the negatively charged ionized silanol
groups (Scheme 3, Figure 7). Thus, the difference
in adsorption of MR on MCM-41 and
S-CD-MCM-41 at pH 1.0 and 7.0 can be mainly
attributed to the presence of surface cyclic
oligosaccharide groups, which are able to form
inclusion complexes with protolytic forms of the
dye. The obtained isotherms have different shapes
depending on the nature of interactions between
MR and functional groups on the silica surface
(Figure 10). In particular, the dye sorption on
S-CD-MCM-41 from acidic and neutral solutions
can be attributed in accordance with the IUPAC
classification to the type |IlI, proving the
interaction of the sorbate molecules with the
higher energetic region followed by the
interaction with the less energetic ones
(Figure 10). The incorporation of p-CD
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macrocycles into the surface layer of MCM-41
leads to an increase in the sorption ability at least
twice for the protonated form of dye H'MR and
for the MR" anion (Figure 10).

The equilibrium sorption data were
analyzed to elucidate the mechanism of MR
distribution between the liquid phase and silica
sorbent and to optimize the design of a sorption
system for dye removal, using widely applied
isotherm models: Langmuir, Freundlich, Dubinin-
Radushkevich, Redlich-Peterson, and BET. The
Langmuir isotherm model considers MR sorption
on energetically equivalent sites of MCM-41-type
silica. The saturation point is attained at
monolayer formation and no further sorption can
be realized as all sites are occupied by dye
molecules. The Freundlich isotherm theory can be
applied to the heterogeneous surface with non-
equivalent adsorption sites. It is used to describe
the multilayer reversible adsorption. The
empirical Dubinin-Radushkevich isotherm model
does not assume the homogeneity of the surface
and the constancy of the sorption potential. It is
widely applied to elucidate the sorption
mechanism onto a heterogeneous surface. The
parameters of MR equilibrium  sorption
determined from the linearized forms of
Langmuir, Freundlich and Dubinin-Radushkevich
equations are listed in Table 3.
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Figure 10. Isotherms of MR sorption on MCM-41 (1) and p-CD-MCM-41 (2) silica from phosphate buffer
solutions with pH 1.0 (a) and pH 7.0 (b) at 293 K.

The Redlich-Peterson model combines the
features of both Langmuir and Freundlich
equations. It can predict adsorption either on
heterogeneous or homogenous sites of silica
surface for which the mechanism of adsorption is
hybrid and does not follow ideal monolayer
formation. The classical BET isotherm model
describes the multilayer adsorption from the gas
phase. Therefore, its direct application for liquid-
solid phase process leads to erroneous results. In
the present paper, the corrected form of the BET
equation proposed by Ebadi et al. was used for
modelling MR sorption on silica surface from
phosphate buffer solutions [42]. Sorption
parameters of Redlich-Peterson and BET
equations obtained from nonlinear regression
analysis are represented in Table 3.

Isotherms of MR sorption on MCM-41
surface at pH 1.0 and 7.0 attain saturation at the
equilibrium dye concentration of about
0.11 mmol/L (Figure 10). Another situation is
observed in the case of f-CD-MCM-41, when the
increase of MR sorption is incomplete in the
studied region of equilibrium concentrations
(Figure 10). The area per MR molecule calculated
by HyperChem program for the dye in flat
orientation equals to 0.76 nm? (Figure 11).

Obviously, for monolayer formation,
2.19 pmol of MR per m* of silica carrier is
required. At applied experimental conditions the
content of dye molecules sorbed on the silica
surfaces is much lower (Figure 10).

0.59 nm

Figure 11. Geometrical parameters of methyl red
molecule.

In order to determine the best-fitting model for
each isotherm, values of the coefficient of
determination (R? and the reduced Chi-square

(x2,) were evaluated and compared (Table 3).

Error analysis showed that the Dubinin-
Radushkevich as well as Redlich-Peterson
isotherm models are the most appropriate for
fitting the experimental data obtained at pH 1.0
and 7.0. The parameters obtained from linearized
form of the Dubinin-Radushkevich isotherm
(Figure 12) were used to calculate the mean free
energy of MR sorption on MCM-41 and
S-CD-MCM-41 samples (Table 3). Obtained
results reveal that the free energy change
during physical sorption of H'MR protolytic
forms in acidic medium is lower than in
the case of anion MR" species sorption, which
prevail at neutral pH.
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Table 3
The parameters of MR equilibrium sorption on MCM-41 and g-CD-MCM-41 silica calculated using
Langmuir, Freundlich, Dubinin-Radushkevich, Redlich-Peterson and BET models.

Equilibrium adsorption model Sorption MCM-41 S-CD-MCM-41
parameters pH 1.0 pH 7.0 pH 1.0 pH 7.0
Langmuir K. (1/umol) -4117  27.801 9.520 11.097
A - A, KiCo Ap (umol/m?)  -1.347 0.049 0.611 0.051
vk G, R 0.001 0.903 0.002 0.621
Cu__ 1 S 2 0021 0.093 0.059 0.506
Aeq K L Am Am X red
Freundlich Ke10” (1/g) 33879 0.147 21192 0.178
A, =K, cq/ n 0.385 1.669 0.118 1.229
. R? 0.587 0.985 0.936 0.996
lgA,, = lgK .+ —lgC,, 2 0.060  8.4.10" 0.011 2.5:10"
n red
Dubinin-Radushkevich Kor(mol® /k¥?)  0.016 0.015 0.002 0.003
A = (Aydexp (= Ko e) An(umol/m?)  0.089  0.3815 0.349 1522
lgA,, =19 A, - K, & R? 0.868 0.944 0.991 0.999
¢ = RT In[1+ ——] E (I/mol) 5.590 5.774 15.811 12.909
C
“ 2 0.002 5.2:10* 4.2.10°° 1.5-10”
E=(2K,)"" X red
Kg-107% (L/m?) 0.161 1.062 0.379 0.461
Redlich-Peterson agr (L/mmol) -4.373 15.075 -13.210 3.049
K.C. B 0.391 0.892 0.687 0.642
Ay =—+ R? 0.778 0.993 0.939 0.999
1+, Cy " 0003  1510° 9107 15107
red
Ks (L/mmol) 0.033 15.720 0.344 10.710
BET K, (L/mmol) 41930 1.22x10™%? 40.430 1.776
A, K.C., Am (umol/m?) 1.743 0.059 0.375 0.039
A, = R? 0.796 0.991 0.942 0.996
(1=K C A=K Cpt K Cyp) 2 0003  14.10° 8.6:10" 1.3107
X red
Ig A
-1.0q ©d
_1.5A
_2.0A
-2.8 " ! " ! " ' -2.5 T T T T T T T T T 1
90 2 - 150 180 400 500 600 700 800 900
e (kJ/mol) 2 (kJZ/mOIZ)
(a) (b)
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Figure 12. Linearized plots of the Dubinin-Radushkevich isotherms for MR sorption on MCM-41 (1) and
P-CD-MCM-41 (2) silica from phosphate buffer solutions with pH 1.0 (a) and pH 7.0 (b) at 293 K.
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Conclusions

New organosilica material was obtained by
condensation of TEOS and p-CD-containing
silane in the presence of ionic alkylammonium
surfactant. IR spectral and chemical analysis of
surface functional groups as well as low-
temperature  nitrogen  adsorption-desorption
isotherms, X-ray diffraction, transmission electron
microscopy and dynamic light scattering were
applied to estimate chemical and porous structure
of the resulting material. It was found that
incorporation of p-CD-silane into the sol-gel
synthesis leads to the formation of a silica
material with less distinct long-range ordering of
porous structure and lower surface area compared
to parent MCM-41. In order to evaluate the
contribution of macrocyclic surface centres to the
removal of methyl red from aqueous solutions,
dye sorption was studied on parent MCM-41 and
chemically modified -CD-MCM-41 in phosphate
buffer solutions with pH 1.0 and 7.0.

The obtained results proved that the
incorporation of f-CD moieties into the silica
structure leads to a 2-fold increase of methyl red
sorption per unit of surface. Equilibrium sorption
data were analyzed using widely applied isotherm
models. It was found that the Dubinin-
Radushkevich and Redlich-Peterson isotherm
models are the most appropriate to describe
sorption of methyl red on MCM-41 and
S-CD-MCM-41 surface.
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