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Abstract Mesoporous silica materials were synthesized by
applying Pluronic type polymers as pore creating agents.
The composition of a reacting mixture and the process
conditions were changed in a synthesis procedure. These
changes differentiated the characteristics of porous structure
of obtained sorbents. The parameters characterizing the pore
structure were estimated and the changes of pore arrange-
ment of obtained materials being a result of different syn-
thesis conditions were investigated. The small-angle XRD
results indicate that F cubic structure was formed what con-
firms the cage-like ordering of the synthesized silicas.

Keywords Mesoporous silicas · Kinetics of adsorption
from solution

1 Introduction

New technique of synthesis of molecular sieves of larger di-
ameters between micropores and macropores is based on us-
age of self-organized surfactant solutions as template agents
(Zhao et al. 1998; Krämer et al. 1998; Schmidt-Winkel
et al. 1999a, 1999b; Schmidt-Winkel et al. 2000; Coleman
et al. 2001; Melosh et al. 2001; Hartmann and Vinu 2002;
Newalkar and Komarneni 2002; Janssen et al. 2002). The
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structure of the materials depends on a type of used tem-
plate (various surfactants, polymers, liquid crystals), the
synthesis conditions (composition of a reacting mixture, ad-
dition of a pore expanding agent) or a post-synthesis treat-
ment (temperature and duration of aging process). The SBA-
15 or MCF materials belonging to silicas of wider meso-
pore system are synthesized by applying the polymer tem-
plates. They receive much attention because of the possibil-
ity of application in the catalytic processes involving large
molecules (Han et al. 2001). Among such adsorbents the
cage-like ordered silicas seem to be very interesting be-
cause of some application reasons, however, the analysis of
their porous structure is rather complicated (Yu et al. 2000;
Sakamoto et al. 2000; Lettow et al. 2000; Matos et al. 2002;
Kruk et al. 2002).

In the paper, the investigations of the effect of synthesis
conditions on the changes of porous structure of mesoporous
silicas are presented. Several samples of mesoporous silicas
of various porous structures were obtained by changing tem-
perature and time of aging process and the ratio of silica and
polymer amounts. As the pore creating agent the Pluronic
triblock copolymer was applied, and 1,3,5-trimethyl ben-
zene was introduced as pore expanding agent. The synthe-
sized materials were characterized by using low-temperature
nitrogen adsorption in order to compare their structure prop-
erties. The regularity of pore systems of obtained materials
and the changes of their arrangement being a result of dif-
ferent synthesis conditions were investigated by using the
small angle X-ray scattering method. Some of the synthe-
sized samples have a system of ink-bottle pores of narrow
pore openings and wider internal cages. Kinetic measure-
ments were undertaken to study the effect of widening of
pore entrances on the rate of adsorption.
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2 Experimental and calculation procedures

2.1 Material preparation

The syntheses followed a procedure being a modifica-
tion of the method described in the papers (Zhao et al.
1998; Derylo-Marczewska et al. 2008; Derylo-Marczewska
et al. 2005). Two non-ionic triblock copolymers Pluro-
nic PE10500—(EO)36(PO)56(EO)36 and PE9400—(EO)21

(PO)47(EO)21 (BASF, Poland) were applied as templates.
The synthesis was conducted in strong acidic conditions
(1.6 M HCl) and tetraethylorthosilicate (TEOS) was used as
silica source. In the standard procedure a weighed amount
of copolymer (5 g) was dissolved in 180 ml of HCl solution.
Then, weighed amount of 1,3,5-trimethylbenzene (TMB)
(5 g) was added and the mixture was stirred vigorously for
45 min at 308 K. In the next stage of procedure 17 g of
TEOS was introduced and the mixture was stirred for the
next 20 hrs. Three samples were synthesized at different
polymer—TEOS mass ratios: 1:3.5, 1:3 and 1:2.5 (the sam-
ples were coded respectively as PE10500-1, PE10500-2, and
PE10500-3). The aging process was conducted for 24 or
48 hrs (the samples PE9400-24h and PE9400-48h) in au-
toclave at elevated temperatures (343, 363 and 393 K—the
samples PE9400-70, PE9400-90 and PE-9400-120, respec-
tively). The synthesized product was thoroughly washed
with bi-distilled water, dried and calcined at 873 K for
6 hrs.

2.2 Material characterization

Nitrogen adsorption/desorption isotherms at 77 K were de-
termined volumetrically using ASAP 2405N analyzer (Mi-
cromeritics Corp., Norcross, GA, USA). Before the experi-
ment the adsorbents were degassed (10−2 mmHg) at 493 K.

The linear BET plots of adsorption data were used to
evaluate the BET specific surface area, SBET . The total pore
volume, Vt was assessed from the adsorption at the relative
pressure p/po = 0.98 (Gregg and Sing 1982). To estimate
the values of the external (macropore) surface area, Sext, and
the primary mesopore volume, Vp , the αs plot method was
used with the macroporous silica gel LiChrospher Si-1000
as a reference non-porous adsorbent (Jaroniec et al. 1999).
The calculations of pore size distributions (PSD) followed
the Barrett, Joyner and Halenda (BJH) procedure (Gregg
and Sing 1982). The adsorption and desorption mesopore
diameters were estimated from the PSD maxima.

The diffraction measurements were conducted at room
temperature by using the NanoSTAR system (Bruker AXS)
with pin-hole collimation and a two-dimensional detector
(HiSTAR), mounted on a microfocus X-ray tube with cop-
per anode and equipped with crossed Göbel mirrors. The
sample-to-detector distance was 650 mm. The exposure time

for a single frame was 5000–10 000 s. The angle 2θ was
calibrated by the observation of peaks from silver behenate
diffraction pattern (Huang et al. 1993). The intensities were
recorded within the range of 0.3◦ < 2θ < 4.5◦. The wave-
length was equal to 1.54178 Å.

Kinetic experiments were made by applying the UV-Vis
spectrophotometer Cary 100 (Varian, Australia) with a flow
cell to measure a solute concentration. The aqueous solu-
tions of methylene blue of established initial concentration
were contacted with a known amount of silica sample in a
specially constructed vessel. The solution was stirred dur-
ing the experiment by applying a magnetic stirrer. At def-
inite time intervals the solution samples were collected to
the flow cell, the UV-Vis spectra were recorded and col-
lected solution was returned to the vessel. The concentra-
tion vs. time and the adsorption vs. time profiles were calcu-
lated from the obtained spectra. In the kinetic experiments
the 0.1–0.315 mm grain fractions were used.

3 Results and discussion

The influence of aging temperature on the structure charac-
teristics of well-organized mesoporous silicas synthesized
on Pluronic templates was discussed in our previous paper
(Derylo-Marczewska et al. 2005). Strong changes of pore
volumes and diameters, as well as transformations of pore
arrangement were found. Another important factor influenc-
ing the pore system formation in such materials is time of
aging process. In Fig. 1 the nitrogen adsorption/desorption
isotherms and XRD patterns are compared for two sam-
ples synthesized with PE9400 template and aged at 90◦C
for 24 and 48 hrs. The isotherms for both materials have
characteristic shapes with steep adsorption and desorption
branches indicating the uniformity of pore sizes, and with
very wide hysteresis loops evidencing an ink-bottle type of
the pores with narrow entrances and wide cages. The adsorp-
tion branches are similar for two obtained samples which
suggests a similarity of their cage sizes, however the des-
orption branch of the isotherm aged for 48 hrs is shifted
towards higher relative pressures which means that the in-
crease of aging time leads to widening of pore entrances for
this sorbent. It may be explained as a result of stronger dis-
solution of silica skeleton of the more exposed material in
pore necks at these conditions. Moreover, a distinct increase
of adsorption values in the range of higher relative pressures
is observed for the sorbent aged for 48 hrs which means that
the prolonged aging process leads to a high growth of pore
volume as a result of dissolution of silica skeleton as well
as creation of interconnectivities between the polymer/TMB
droplets constructing the main pore systems. These conclu-
sions are confirmed by the analysis of the values of parame-
ters characterizing the porous structure of synthesized mate-
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Fig. 1 Nitrogen
adsorption/desorption isotherms
and small-angle XRD patterns
for the mesoporous silicas
synthesized on the Pluronic
PE9400 template and aged for
24 and 48 hrs

Table 1 Influence of synthesis
conditions on the structure
characteristics of mesoporous
silicas

Sample SBET Vt Vp Sext Da/Dd Pores

[m2/g] [cm3/g] [cm3/g] [m2/g] [nm] v/v%

PE9400-48h 1079 1.66 1.61 31 13.9 / 4.2 79

PE9400-24h 1082 1.35 1.24 65 11.4/ 3.6 75

PE10500-1 980 0.81 0.78 19 6.8 / 4.1 64

PE10500-2 1081 0.85 0.83 12 6.8 / 4.0 65

PE10500-3 1087 0.90 0.89 6 8.8 / 3.8 66

PE9400-70 814 0.77 0.52 167 7.8 / 4.0 63

PE9400-120 695 1.49 1.37 74 14.1 / 6.4 77

rials: the BET specific surface area, SBET , the total pore vol-
ume, Vt , the primary mesopore volume, Vp , the external sur-
face area, Sext, the diameters of pore entrances and internal
parts estimated from desorption and adsorption branches, re-
spectively. Analyzing the parameters presented in Table 1
one can find that prolongation of aging time increases the
total and mesopore volumes and the pore diameters, how-
ever, it does not change the value of specific surface area,
and decreases the share of silica skeleton in a total mass.
The small-angle XRD patterns also shown in Fig. 1 reveal
a structural transformation of PE9400-48h material during
prolonged aging process in comparison to PE9400-24h sor-
bent. In the case of both silicas well-resolved peaks confirm
the regular arrangement of their pores. However, the sample
PE9400-24h shows the existence of only 3 peaks, while for
the material PE9400-48h 4 reflections are found. It is diffi-
cult to determine a space group without any uncertainty, but
undoubtedly the F4132 fulfils the indices rules. For these
samples and also for the rest ones discussed in this paper
the cell parameter a was calculated for the F cubic struc-
ture.

The next group of PE materials was synthesized at 70◦C
for different polymer—TEOS mass ratios: 1:3.5, 1:3 and
1:2.5 (PE10500-1, PE10500-2, and PE10500-3). The nitro-
gen adsorption/desorption isotherms corresponding to the
obtained samples are compared in Fig. 2. The successive in-
crease of adsorption values in the range of higher relative
pressures is observed with the growth of silica content in a

reacting mixture; however, a shape of all isotherms is identi-
cal. Analysing the values of structure parameters presented
in Table 1 one can find the increase of pore volumes, and
insignificant growth of pore diameters. The XRD patterns
presented in Fig. 2 for all obtained samples indicate the suc-
cessive changes of pore arrangement with the increase of
content of silica source. In the case of the sample PE10500-1
two reflections are observed; they become more distinct for
the material PE9400-2 indicating an increase of pore sys-
tem organization. The XRD curves indicate that the samples
PE10500-1, PE10500-2, and PE10500-3 show worse order-
ing of structure in comparison to previously described sam-
ples (see Fig. 1).

In order to analyse the effect of pore structure on ad-
sorption kinetics, especially in relation to the sizes of pore
openings which may delay a transport of larger molecules
into the internal cages, the kinetic measurements were un-
dertaken for methylene blue adsorption. In Fig. 3 the nitro-
gen adsorption/desorption isotherms and pore size distrib-
utions calculated from adsorption and desorption branches
of isotherms, are drawn for three samples of differenti-
ated structure characteristics: PE9400-70 (the sample syn-
thesized in standard conditions and aged at 70◦C), PE9400-
120 (the sample synthesized in standard conditions and aged
at 120◦C), and PE9400-90/48 (the simplified code PE9400-
48h is used in Table 1). Strong shifts of desorption branches
of the isotherms corresponding, respectively, to the sor-
bents PE9400-70, PE9400-90/48, and PE9400-120 indicate
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Fig. 2 Nitrogen
adsorption/desorption isotherms
and small-angle XRD patterns
for the mesoporous silicas
synthesized on the Pluronic
PE10500 template at different
mass ratios of polymer to TEOS

Fig. 3 Nitrogen
adsorption/desorption isotherms
and pore size distributions for
the mesoporous silicas used in
kinetic measurements

widening of pore entrances with aging temperature or time.
This is well visible on the PSDs which are successively
shifted on the diameter axis. The values of parameters char-
acterizing these materials are given in Table 1; they reveal
strong changes of pore volumes and diameters with synthe-
sis conditions.

The obtained kinetic curves are presented in Fig. 4 as the
ratio of temporary concentration C to the initial one, C0, ver-
sus experiment time, t (total 14 hrs). In the first figure one
may see a sudden drop of concentration at the start of exper-
iment and then an exponential decrease of concentration. In
the log-plots of concentration profiles the exponential char-
acter of the process and differences in the adsorption rates
and are better visible. Such behaviour is characteristic for
the pseudo-first order kinetics (Ho and McKay 1999a). Be-

cause of the complicated structure of our materials we fitted
multi-exp equation corresponding to a series of parallel first
order processes and the same parameters were used for cal-
culation of adsorption curve, a(t) (Marczewski 2007, 2008;
Brandt et al. 2007):

C/C0 =
s∑

i=1

Ai exp(−ki t) + A0 where
s∑

i=1

Ai = 1 − A0

(1)

a = C0V

m

[
(1 − A0) −

s∑

i=1

Ai exp(−ki t)

]
(2)

where m is the adsorbent mass and V is the solution volume
(the other parameters are explained below).
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Table 2 Fitted parameters for multi-exponential kinetic curves, (1)

Sample Fast stage Slow stage Equil. Fast/slow SDrel
a

A1 k1 A2 k2 A3 k3 A0 A1/(A2 + A3)

PE9400-70 0.409 0.453 0.563 0.0053 0 0 0.0280 0.73 0,00206

PE9400-90/48 0.277 0.379 0.709 0.0069 0 0 0.0137 0.39 0,00201

PE9400-120 0.728 0.462 0.123 0.0070 0.134 0.0026 0.0150 2.83 0,00054

aSDrel = 1
Co

√
1

n−p

∑n
i=1(Ci − Cf it (t))2 where n-number of kinetic points, p = 2s + 1-number of fitted parameters

Fig. 4 Relative equilibrium
concentration–time profiles of
methylene blue adsorption from
aqueous phase on the
mesoporous silicas
(curves—fitted lines, see
Table 2)

We also tried to fit other kinetic equations (Ho and
McKay 1999b; Moon and Lee 1983); however, (1) was the
only one which could fit almost perfectly the entire kinetic
experiment. It has to be noted that the fitting was uncon-
strained one and always reached the same set of parame-
ters.

The results of fitting are shown in Table 2. The parame-
ters A denote the total relative concentration change whereas
the k describes the adsorption rate. The value A0 allows
to calculate (extrapolate) equilibrium concentration Ceq and
adsorption aeq. A0 is the biggest (the smallest adsorption)
for the sample PE9400-70 which has relatively small pore
volume and surface area; A0 is the smallest (the largest ad-
sorption) for the material PE9400-90/48 which has the high-
est pore volume and surface area. The other parameters are
divided into two groups: fast and slow stage parameters. The
fast stage parameters (A1 and k1) describe the initial sudden
drop of concentration (first 5–10 minutes). Similar values of
the parameter k1 show similar character of this process for
all samples, however the total amount adsorbed in this fast
process (A1) is totally different. This difference may be as-
sociated with the difference in amount of pores which may
be directly accessed from the adsorbent grain surface and it
is clearly the largest for PE9400-120 which has the largest
pores and large pore volume.

The slow stage parameters describe slow decrease of con-
centration which requires transport of adsorbate molecules
through the narrower pores, longer channels or pore in-

terconnectivities. The kinetic parameters k2 are also sim-
ilar for all investigated materials, though, for PE9400-70
is the smallest evidencing the narrowest pore openings of
this sample. For PE9400-120 another slow process appears
characterized by an even slower kinetics (A3, k3) which
may seem strange because of its largest pores, however, it
has also high pore volume which suggests that some pores
might be available only through interconnectivities (the pore
analysis does not reflect the pore length). The fast/slow-
adsorption capacities’ ratio (Table 2) is low for the PE9400-
70 having small pores and small pore volume, the smallest
for the sample PE9400-90/48 having the largest pore volume
and by far the largest for PE9400-120. It is clear that during
the pore development process they are widened as well as
new pores are exposed through creation of new openings and
interconnectivities and widening of the existing ones. The
smallest fast/slow ratio for PE9400-90/48 where new pores
appear is clear evidence of this supposition. Further thermal
treatment dissolves some wall material what results in the
destruction of some pores but mainly in widening access to
all other pores and making access to them much easier.

In Fig. 5 the adsorption kinetics is shown as the time de-
pendence of adsorption. The total adsorption values are not
much different, though they do correspond to different equi-
librium concentrations. However, the differences in the fast
and slow stage adsorption processes are very well visible.
Lines are drawn according to (2) and fitted parameters (Ta-
ble 2).
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Fig. 5 Methylene blue adsorption from the aqueous phase on the
mesoporous silicas vs. time

4 Conclusion

Some of the synthesized mesoporous silica materials show
high structure ordering of F cubic type. Prolongation of ag-
ing process time increases the pore volume and diameter.
Adsorption kinetics of methylene blue may be approximated
by a series of first-order kinetic equations. The similarity of
adsorption rate parameters indicates similar character of ki-
netic processes with weak dependence on the differences in
pore structure characteristics of adsorbents. The differences
in the kinetic curves may be associated with the varying
amount and connectivity of pores.
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