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a b s t r a c t

The synthesis of FDU-1 silica with large cage-like mesopores prepared with a new triblock copolymer
Vorasurf 504� (EO)38(BO)46(EO)38 was developed. The hydrothermal treatment temperature, the dissolu-
tion of the copolymer in ethanol, the HCl concentration, the solution stirring time and the hydrothermal
treatment time in a microwave oven were evaluated with factorial design procedures. The dissolution in
ethanol is important to produce a material with better porous morphology. Increases in the hydrothermal
temperature (100 �C) and HCl concentration (2 M) improved structural, textural and chemical properties
of the cubic ordered mesoporous silica. Also, longer times induced better physical and chemical property
characteristics.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since the 70s different strategies have been developed to
synthesize zeolites using a template-driven agent [1]. By the
beginning of the 90s investigations by Mobil Oil Corporation dis-
covered a new family of molecular sieves called M41S [2,3] open-
ing up a new research area. These mesoporous (aluminate)
silicate materials, with pore sizes in the 2–10 nm range exceeded
the barrier by microporous zeolites. The preparation of mesopor-
ous silicates requires at least three reagents in appropriate
amounts: a silica source (like TEOS), a surfactant (template) and
a solvent (usually water). Other reagents, such as: acids, bases,
salts, swellings agents and co-solvents can also be used. Depend-
ing on the reagent amounts, the material structure can be a hex-
agonal phase (MCM-41), a cubic phase (MCM-48) or a lamellar
phase (MCM-50), which is unstable to thermal treatment. In
1998, a new class of ordered porous materials was developed
using new templates based on block copolymers [4,5]. These
structures were identified as cubic (SBA-11), hexagonal 3D
(SBA-12), hexagonal 2D (SBA-15) and cage-like cubic (SBA-16)
structures, with pore sizes in the 5–30 nm range. These high
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ordered mesostructures present thicker walls and are hydrother-
mal and thermal stable. Yu and co-workers [6,7], using an acid
medium and a triblock copolymer template with a more hydro-
phobic character, PEO–PBO–PEO, produced a highly ordered
cage-like cubic structure, with outstanding hydrothermal stability
[8] and with 12 nm pores, called FDU-1. The analysis of the mech-
anisms involved in the synthesis of these materials requires the
optimization of several experimental factors including tempera-
ture, pH, precursors, additives, surfactants and concentrations of
the reagents, which certainly affect the chemistry of the interface
in the reaction mixture and, therefore, the physical–chemical nat-
ure of the products [9–11]. Many synthesis routes, that also affect
the final product, were developed. One the most recent advances
is the synthesis of ordered mesoporous materials with micro-
wave-assisted hydrothermal treatment [12–15]. Among the
advantages of this type of heat treatment are the high heating
rate, the increase on reaction velocity, the formation of new
phases and the prevalence of a selective phase over another,
due to the intrinsic characteristics of dielectric heating.

The application of statistical tools such as the factorial design is
also used to optimize synthetic processes, improving the structural
and textural properties of, for example, microporous zeolites and
silica xerogel, used as matrices in optical chemical sensors [16–18].

The synthesis of MCM-41 silica has been studied using a 28–4

fractional factorial design to verify the influence of different exper-
imental variables on product properties. Several interactions were
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Table 1
The experimental parameters and their high and low levels of the 23 factorial design
for the microwave – assisted synthesis of FDU-1 silica. The Xi’s are the codified factor
levels.

Experiments HCl
(mol L�1)

Ethanol
(mL)

Temperature
(�C)

X1 X2 X3

1 0.2 Absence 60 � � �
2 2.0 Absence 60 + � �
3 0.2 Presence 60 � + �
4 2.0 Presence 60 + + �
5 0.2 Absence 100 � � +
6 2.0 Absence 100 + � +
7 0.2 Presence 100 � + +
8 2.0 Presence 100 + + +
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found to be significant with pH being the most important variable
[19].

More recently the effect of the synthesis conditions on the
structural and textural properties of SBA-15 silica was studied
using a full 23 factorial design. The statistical analysis showed that
both synthesis conditions and aging temperature had significant
influences on the properties of SBA-15 [20].

In this work, the influence of the experimental variables on the
sorption and structural properties of cubic cage-like mesoporous
FDU-1 silica was analyzed by the response surface method
(RSM), based on factorial designs [21–26]. Statistical factorial and
central composite designs for the microwave-assisted synthesis
were executed using a new template, the triblock copolymer –
Vorasurf 504�, with an average (EO)38(BO)46(EO)38 composition.
The effects of changing the HCl concentration, the presence or ab-
sence of ethanol to dissolve the polymer, and the hydrothermal
microwave oven temperature were investigated, with fixed micro-
wave 60 min heating and 24 h stirring times [12]. The microwave
heating time and the stirring time were also analyzed in a subse-
quent factorial design. Thermogravimetry and its derivative (TG/
DTG), small angle X-ray scattering (SAXS) and nitrogen sorption
isotherm data were used to characterize the samples.
Table 2
The experimental conditions of the central composite design. X1 and X2 represent the
codified levels of stirring and microwave times.

Experiments Stirring time (h) Microwave time (min) X1 X2

1 6 60 � �
2 24 60 + �
3 6 120 � +
4 24 120 + +
5 15 90 0 0
6 15 90 0 0
7 15 90 0 0
8 4.6 90 �p2 0
9 18 132 0

p
2

10 27.3 90
p

2 0
11 18 48 0 �p2
2. Materials and methods

2.1. Synthesis

(a) The first synthesis of FDU-1 silica was prepared based on a 23

factorial design. The synthesis was carried out using the same gel
composition as reported by Yu et al. [6,7]: 1TEOS:0.00755;Vorasurf
504�:6HCl:155H2O, where TEOS stands for tetraethyl orthosilicate
from Aldrich Chemical Company and Vorasurf 504� is a poly(ethyl-
ene oxide)–poly(butylene oxide)–poly(ethylene oxide) triblock
copolymer PEO–PBO–PEO from Dow Chemicals, with an average
(EO)38(BO)46(EO)38 composition. Vorasurf 504� substitutes the for-
mer B50–6600, with an average (EO)39(BO)47(EO)39 composition.
This new triblock copolymer has its hydroxyl content equal to
0.515 and for the B50–6600 it is 0.485. These slight differences in
molar weight and hydroxyl content make Vorasurf 504� less solu-
ble in the acid solution than B50–6600. Vorasurf 504� is an opaque
viscous liquid (3570 cps. @ 25 �C) while B50–6600 is a pasty solid
at room temperature.

In a standard synthesis procedure, 2 g of Vorasurf 504� copoly-
mer and 120 g of HCl, at a pre-determined concentration, were
used. The solution was stirred at room temperature until a homo-
geneous mixture was obtained. Subsequently, 8.32 g of TEOS was
added and the resulting mixture was stirred vigorously in an open
beaker for a given period of time. Precipitation was observed 30–
40 min after the addition of TEOS.

In this experiment, the synthesis was carried out with and with-
out alcohol dissolution of the polymer, varying the HCl concentra-
tion (0.2 and 2 M), with a constant 24 h stirring time and adjusting
the microwave oven (mw) temperature (60 and 100 �C) for the
hydrothermal treatment, at a constant time of 60 min, as shown
in Table 1. Microwave irradiation was performed using a micro-
wave oven cavity from Anton Parr model Multiwave 3000. The pre-
cipitate was filtered out, washed with distilled water, dried at 25 �C
and calcinated under nitrogen, which was later switched to air, at
540 �C [12].

(b) The second synthesis was prepared based on a 22 factorial
design with a central reference point, using the stirring and micro-
wave times as variable parameters. The synthesis was carried out
using the same procedure as described above, with the dissolution
of the copolymer in ethanol and 2 M HCl solution. After TEOS was
added, the resulting mixture was stirred (‘‘st”) vigorously in an
open beaker for periods of 4.6 h < tst < 27.3 h at 25 �C. The mixture
was transferred to a Teflon� vessel, and heated under autogenous
pressure. For each synthesis route at 100 �C, the time inside the
microwave oven was varied (48 min < tmw < 132 min), as shown
in Table 2. Microwave irradiation was performed using a Micros-
ynth Labstation for microwave-assisted synthesis (Milestone Inc).
Identical to the first synthesis, the precipitate was filtered out,
washed with distilled water and dried at 25 �C and calcinated un-
der nitrogen, which was later switched to air, at 540 �C.

Both sample preparation and their characterization measure-
ments were performed in random order.

2.2. Themogravimetry/thermogravimetry derivative (TG/DTG)

TG/DTG/T curves were obtained on a Model TGA51 thermo-
gravimetric analyzer (Shimadzu) using a sample mass of �15 mg
in a Pt crucible, with a heating rate of 5 �C min�1 up to 540 �C in
a dynamic N2 atmosphere (50 mL min�1). Then the atmosphere
was switched to air. The samples were kept at 540 �C for 30 min
and subsequently heated to 1200 �C at a heating rate of
10 �C min�1.

2.3. Small angle X-ray scattering (SAXS)

The SAXS curves were obtained at the Brazilian Synchrotron
Light Laboratory (LNLS), Campinas, SP, Brazil, using the D11A-SAXS
beamline [27,28]. The white photon beam was extracted from the
ring through a high-vacuum path. After passing through a thin
beryllium window, the beam was monochromatized and horizon-
tally focused by a cylindrically bent and asymmetrically cut (1 1 1)
silicon single crystal. The selected wavelength was 0.1608 nm. The
focus was located at the detection plane. The scattered intensities
were collected by an one-dimensional position sensitive detector,
at a distance from the sample holder such that the scattering
vector was selected as 0.02 nm�1 < q < 3.5 nm�1. An ionization
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detector monitored the intensity of the incident beam. The data
were corrected for detector homogeneity, incident beam intensity,
sample absorption and blank subtraction (sample holder with two
mica windows). A straight line background was removed from
each diffraction peak of all SAXS data.

2.4. Nitrogen sorption isotherms

Nitrogen sorption isotherms were measured with Micromeritics
ASAP 2010 volumetric sorption analyzer using 99.998 % pure nitro-
gen. Measurements were performed in the relative pressure range
from 10�6 to 0.99 liquid nitrogen on samples degassed for 2 h, un-
der reduced pressure at 200 �C. The specific surface area was eval-
uated using the BET method [29]. The total pore volume was
estimated from the amount adsorbed at the relative pressure of
0.99. The pore size distribution (PSD) was calculated using the
BJH algorithm [30], with the relation between the capillary con-
densation pressure and the pore diameter established by Kruk,
Jaroniec and Sayari (KJS) [31].
2.5. Structural and textural parameters obtained from nitrogen
sorption and SAXS

The pore diameter (Wd) was calculated using a geometrical
equation proposed by Ravikovitch and Neimark [32] for materials
with cubic structure with Fm3m symmetry [33,34].

Wd ¼ a
6 eme

pm

� �1=3

ð1Þ

Here a is the unit-cell parameter determined from the SAXS re-
sults, m is the number of spherical pores per unit cell (m = 4 for the
fcc structure) and eme is the volume fraction of ordered mesopor-
ous in the structure given by

eme ¼
qVp

1þ qðVp þ VmÞ

� �
ð2Þ

where q is the pore wall density, assumed to be equal to 2.2 g cm�3,
which is typical of amorphous silica frameworks. Vp is the total pri-
mary mesopore volume and Vm is the micropore volume, both ob-
tained from the N2 sorption data. The average pore wall thickness
b in the fcc structure is determined as:

b ¼Wdð1� emeÞ
3 eme

ð3Þ
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Fig. 1. TG/DTG/T results obtained for sample number 6 of the full 23 factorial
design.
2.6. Statistical methods

Statistical factorial and central composite designs allow system-
atic studies of how responses properties that characterize systems
are affected by manipulated factors [21,22]. The designs are effi-
cient since they require execution of only a small number of exper-
iments. They are orthogonal designs and hence provide reliable
results for the quantitative effects of factor changes on response
values of interest. The effect values are determined by linear
regression least squares procedures and can be calculated from
the matrix equation

B ¼ X0X�1XY ð4Þ

where X is the design matrix containing the factor levels and Y is
the corresponding matrix containing the response values. The B ma-
trix contains the model coefficients with the linear, quadratic and
interaction effect values of the factors on the responses. Errors in
these effect values can be calculated from the equation

Vb ¼ X0X�1s2
r ð5Þ
where VðbÞ represents the variances of the model coefficients for
the response value of column b of the B matrix.

Principal components [23,24] are obtained by diagonalizing the
covariance or the correlation matrix, Z0Z [24]. Z is an experimental
data matrix consisting of n rows, one for each experiment of the
experimental design, and p columns, one for each manipulated fac-
tor and response that characterizes the system being studied. The
elements of the Z matrix are the values of the factor levels of the
experiments and the response values measured for the experi-
ments, Z ¼ ðX..

.
YÞ. On diagonalizing Z0Z a small number of principal

components are selected that are capable of describing a large por-
tion of the data variance. Ideally the variance of the selected com-
ponents describes signal whereas that of the discarded
components pertain to noise. For the principal component model

Z ¼ TPt þ e ð6Þ

where the product of scores and loadings, T and Pt, are expected to
contain useful information and e, the noise. The loading matrix con-
tains elements that are correlation coefficients between the princi-
pal components and the original variables. It shows how the
manipulated factor levels are correlated with the response values.
The score matrix contains information about the experiments that
have been performed and can be useful for optimizing systems with
large numbers of responses.
3. Results and discussion

Previous synthesis of FDU-1 silica using B50–6600 [12,33] pro-
vided large microporous volume, surface area and pore diameter,
compared to the values attained with Vorasurf 504�. The smaller
molar mass of the new triblock copolymer compared to B50–
6600 explains these results. The decrease of microporous volume
is a positive result concerning the catalytic applications of this
material.

In order to present an example of the data obtained for the ana-
lyzed samples of the full 23 factorial design, a TG/DTG/T curve, a
SAXS pattern, and a N2 sorption isotherm are presented in Figs.
1–3, respectively. The thermogravimetric analysis provided a pro-
file similar to a previous study with the B50–6600 copolymer [15],
where physically adsorbed water release, copolymer decomposi-
tion, carbonaceous compound release and silanol decomposition
were observed as the temperature increased. All the SAXS data that
presented diffraction peaks are assigned to a cubic Fm3m structure,
typical of FDU-1; also, the N2 sorption isotherms present the typi-
cal shape of the cage-like structure [12].

A 23 factorial design was carried out to investigate the effects of
changing the HCl concentration from 0.2 to 2.0 mol L�1, the
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Fig. 2. Small angle X-ray scattering (SAXS) patterns for as-synthesized and calcined
sample number 6 of the full 23 factorial design.
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presence or absence of ethanol, and 60 and 100 �C microwave
hydrothermal treatment temperatures on the chemical, textural
and structural properties of silica with large cage-like mesoporous
3 D, FDU-1 type samples. As indicated in Table 1 all possible com-
binations of the two levels for the three factors are included in the
design. Duplicate results for the textural and structural properties
are presented in Table 3. Note that the experiments carried out at
0.2 mol L�1 and 100 �C in the presence of ethanol did not furnish
results for AS (a, lattice parameter of as-synthesized sample), Calc
(a, lattice parameter of calcined sample) and b (wall thickness), be-
cause the samples did not present ordered mesoporous structures.

Corresponding results for the thermogravimetric analyses are
presented in Table 4. The temperature change provoked 95% confi-
dence level significant effects on SBET (146 ± 38), VPT (0.24 ± 0.07),
VMP (0.24 ± 0.09) and Wd (1.86 ± 0.37). A temperature change from
60 to 100 �C resulted in increases for all these properties. No signif-
icant temperature effect was observed for Vmp. Since the factorial
design results are incomplete for the AS, Calc and b measurements,
their effect values could not be calculated. No other significant ef-
fect values were calculated for any of these properties except for a
significant 90% confidence level ethanol effect on SBET. On average
the presence of ethanol seems to increase the value of SBET.
Positive 95% confidence level effects of changing both the HCl
concentration and temperature were found for the thermogravi-
metric results. On the average increased quantities of SiO2–H2O,
SiO2, SiOH and �SiOH mmol OH g�1 SiO2 were found on raising
the temperature from 60 to 100 �C. Increasing the HCl concentra-
tion from 0.2 to 2.0 mol L�1 increased the quantities of SiO2–H2O,
SiO2 and SiOH, but �SiOH mmol OH g�1 SiO2 did not show a signif-
icant main concentration effect. However, a 95% level significant
positive interaction effect between temperature and HCl concen-
tration was found for this response.

A graph of the first two principal component loadings for the
factorial design is presented in Fig. 4.

All the textural, structural and thermogravimetric responses as
well as the experimental factors were included in the calculation.
This two dimensional plot contains 71.4% of the total data vari-
ance. Note that SBET, VMP, VPT, Calc and Wd besides all the thermo-
gravimetric responses have negative response values for the first
principal component, as does the temperature. This indicates that
these properties are all correlated with temperature. The b value
has the most positive first principal component loadings and is
negatively correlated the temperature. The 60–100 �C tempera-
ture change tends to reduce the b values for these experiments
whereas it increases the other textural, structural and thermo-
gravimetric responses except for Vmp and AS since they have first
principal component loadings close to zero and, as such, are not
expected to be affected by temperature. The decrease of b with
the increase of temperature is related to the density increase of
the pore walls.

Fig. 5 shows the score plot for the first two principal compo-
nents. Each experiment is indicated in the graph by the sign con-
vention used in Tables 1 and 3.

Note that all the experiments with 100 �C temperature are on
the left of the score graph (indicated by a positive sign for the last
sign in the sign combination) and the SBET, VMP, VPT, Calc and Wd

properties and the thermogravimetric results are on the left side
of the loading graph. This is consistent with positive temperature
effects for all these responses since these variables are all posi-
tively correlated. Experiments at 60 �C are represented by points
on the right side of the score graph, corresponding to the b re-
sponse point on that side of the loading graph. On average the b
values are higher for these experiments at the lower temperature.
The HCl concentration has a negative loading for the second prin-
cipal component and is negatively correlated with the SBET, VPT and
VMP responses that have positive loadings. As such one can expect
experiments carried out with a 0.2 M HCl concentration to have
higher results than those employing the higher HCl concentration.
This can be confirmed in Table 2 for experiments with the same
temperature value and ethanol factor levels. There are exceptions
but usually an HCl concentration increase corresponds to a de-
crease in the SBET, VPT and VMP values, other factors being main-
tained at the same level. On the other hand SiO2–H2O and SiO2

have loading points close to the HCl concentration point. Hence
all their values are expected to be positively correlated indicating
positive HCl concentration effects on SiO2–H2O and SiO2. Indeed
results for the experiments in Table 4 corresponding to the higher
HCl concentration always have higher SiO2–H2O and SiO2 contents
if their temperature and ethanol levels are the same. As a result
experiments with the lower HCl concentration, as indicated by
an initial negative sign in the sign combinations representing the
experiments in the score graph in Fig. 5, have positive second prin-
cipal component scores whereas experiments carried out at 2.0 M
HCl have score points in the lower portion of the graph. In order to
fully evaluate the effect of HCl concentration, the formation of or-
dered mesopores has to be considered. For instance, samples num-
ber 7 and 7b, prepared with a lower HCl concentration did not
present ordered mesopores.



Table 3
Adsorption, structural and textural parameters for the calcined FDU-1 samples. Data from the N2 adsorption isotherm at �196 �C and SAXS data for the full 23 factorial design.

Experiments Textural proprieties Structural properties

SBET (m2 g�1) VPT (cm3 g�1) VMP (cm3 g�1) Vmp (m2 g�1) AS a (nm) Calc a (nm) Wd (nm) b (nm)

1 (� � �) 436 0.46 0.37 0.086 21.4 18.5 7.6 5.2
2 (+ � �) 361 0.40 0.32 0.084 20.4 18.1 7.7 5.7
3 (� + �) 432 0.44 0.35 0.089 19.9 17.4 7.5 5.1
4 (+ + �) 399 0.40 0.31 0.092 20.9 17.2 7.6 5.6
5 (� � +) 536 0.64 0.54 0.101 21.9 17.4 9.4 3.7
6 (+ � +) 476 0.55 0.44 0.108 22.3 19.6 9.4 3.9
7 (� + +) 491 0.50 0.39 0.107 – – 7.2 –
8 (+ + +) 577 0.73 0.62 0.091 20.8 20.3 9.7 3.7
1B (� � �) 424 0.47 0.37 0.098 23 19.7 7.1 5.6
2B (+ � �) 337 0.35 0.27 0.085 21.4 17.4 7.6 6.3
3B (� + �) 557 0.69 0.63 0.063 20.9 17.3 7.2 3.0
4B (+ + �) 392 0.41 0.32 0.086 19.9 16.9 7.3 5.4
5B (� � +) 524 0.61 0.57 0.038 21.7 20.4 9.4 3.7
6B (+ � +) 528 0.67 0.56 0.114 22.6 20.1 9.9 3.3
7B (� + +) 757 1.00 0.99 0.012 – – 10.0 –
8B (+ + +) 617 0.80 0.71 0.112 21.5 20.1 9.5 2.9

SBET, specific surface área; VTP, total pore volume; VMP, mesopore volume; Vmp, micropore volume; a, lattice parameter, AS, as-synthesized; Calc, calcined; Wd, pore width; b,
wall thickness.

Table 4
Thermogravimetric data obtained for the next-to-last and final mass losses of factorial design samples expressed as amounts of silanol groups (mmol g�1 SiO2).

Experiments SiO2�nH2O (%) SiO2 (%) �Si–OH (%) �Si–OH (mmol g�1 SiO2)

1 (� � �) 37.6 36.7 1.7 2.7
2 (+ � �) 54.3 53.4 1.7 1.9
3 (� + �) 36.4 35.7 1.3 2.2
4 (+ + �) 53.8 52.5 2.5 2.4
5 (� � +) 52.3 50.8 2.8 3.3
6 (+ � +) 56.1 54.9 2.3 2.4
7 (� + +) 52.7 51.7 1.9 2.2
8 (+ + +) 56.1 53.9 4.2 4.5
1B (� � �) 44.0 42.8 2.3 3.2
2B (+ � �) 62.4 61.1 2.9 2.7
3B (� + �) 40.6 39.4 2.3 3.4
4B (+ + �) 49.6 48.7 1.9 2.3
5B (� � +) 56.0 54.5 2.9 3.1
6B (+ � +) 65.8 63.8 3.8 3.5
7B (� + +) 50.4 48.9 2.9 3.5
8B (+ + +) 68.5 65.3 6.0 5.4
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factor levels have been included in the calculation.
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To analyze the effects of stirring time and microwave exposure
time on the microwave-assisted synthesis of FDU-1 silica a central
composite design was carried out. Fig. 6–8 are typical TG/DTG/T,
SAXS and N2 sorption data of this set of samples. The stirring and
microwave exposure times are presented in Table 2 along with
their codified values, designated as X1 and X2. Table 5 contains
the textural and structural properties determined for each central
composite design experiment whereas Table 6 presents the ther-
mogravimetric results.

Linear and quadratic models for each response as a function of
stirring and microwave exposure times were calculated in order to
evaluate their linear and quadratic effects on the responses. A sig-
nificant linear effect of stirring time on SBET and significant linear
and quadratic effects of microwave exposure time were found for
AS. The principal component loading graph is shown in Fig. 9. In
the upper right corner the AS, Vmp and b responses are clustered



Table 5
Adsorption, structural and textural parameters for the calcined FDU-1 samples. Data from the N2 adsorption isotherm at �196 �C and SAXS data for the central composite design.

Experiments Textural properties Structural properties

SBET (m2 g�1) VTP (cm3 g�1) VMP (cm3g�1) Vmp (m2 g�1) AS a (nm) Calc a (nm) Wd (nm) b (nm)

1 (� � 515 0.56 0.47 0.09 21.5 16.8 7.5 3.9
2 (+ �) 622 0.68 0.59 0.09 21.5 17.9 8.5 3.5
3 (� +) 516 0.53 0.42 0.11 21.9 17.9 8.7 4.7
4 (+ +) 646 0.63 0.50 0.13 22.5 19.6 8.6 4.6
5 (0 0) 647 0.73 0.63 0.10 21.8 19.1 10.1 3.6
6 (0 0) 594 0.57 0.44 0.13 21.7 17.4 8.5 4.6
7 (0 0) 550 0.57 0.46 0.11 21.5 18.0 8.6 4.2
8 (�p2 0) 520 0.54 0.44 0.10 21.6 17.4 8.7 4.4
9 (0

p
2) 605 0.58 0.44 0.14 22.5 18.2 8.6 4.8

10 (
p

2 0) 714 0.70 0.55 0.15 21.6 18.5 8.5 4.1
11 (0 �p2) 655 0.62 0.51 0.11 22.0 18.3 10.6 4.1

SBET, specific surface área; VTP, total pore volume; VMP, mesopore volume; Vmp, micropore volume; a, lattice parameter, AS, as-synthesized; Calc, calcined; Wd, pore width; b,
wall thickness.

Table 6
Thermogravimetric data obtained from the mass losses of central design samples
expressed as amounts of silanol groups (mmol � SiOH g�1.SiO2).

Experiments SiO2.nH2O (%) SiO2 (%) H2O (%) �Si–OH (mmol g�1 SiO2)

1 (� �) 48.7 47.7 1.0 2.3
2 (+ �) 51.7 50.6 1.1 2.5
3 (� +) 51.1 50.1 1.0 2.1
4 (+ +) 51.4 49.8 1.6 3.8
5 (0 0) 50.6 48.8 1.8 4.3
6 (0 0) 51.0 49.7 1.3 3.1
7 (0 0) 48.2 47.2 1.0 2.0
8 (�p2 0) 48.8 47.4 1.4 3.1
9 (0

p
2) 49.4 48.0 1.4 3.1

10 (
p

2 0) 49.5 47.6 1.9 4.4
11 (0 �p2) 56.6 55.5 1.1 2.9
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close to microwave exposure time indicating that this factor tends
to have positive effects on these response values. This was indeed
found to be the case for AS by response surface methodology. A
quadratic function fits the AS response values in terms of stirring
tag
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Fig. 9. Loading graph for the first two principal components for the central composite de
factor levels have been included in the calculation.
time and microwave exposure time. This model shows no lack of
fit at the 95% confidence level and significant positive linear and
quadratic effects of microwave exposure time on AS. Another
group of points is clustered close to the stirring time and can be ex-
pected to be correlated with it. This was found to be true for SBET by
the response surface methodology. Linear and quadratic models
were both found to fit the SBET response values with no lack of
fit. The only significant regression coefficient (at the 90% confi-
dence level) was the positive linear effect of stirring time on SBET.
As such one can expect experiments with longer stirring times
to correspond to higher values of SBET, VMP, VPT, Calc, �SiOH
(mmol g�1) and H2O.

The corresponding score graph is shown in Fig. 10 where points
are identified by the codified experimental conditions in Table 2.
The first principal component tends to be associated with stirring
time, all the shortest stirring time experiments are on the extreme
right and the longer times are toward the left. Experiments carried
out with more than 20 min. stirring time all resulted in larger SBET,
VPT, VMP and Calc values. The tendency appears to hold for H2O and
SiOH but experimental error can be expected to perturb the trends.
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Results with high microwave exposure times tend to occupy the
upper portion of the graph whereas experiments with short
exposure times are represented by points near the bottom. Hence
the second principal component is correlated with microwave
exposure time. Longer exposure times tend to produce higher AS,
Vmp and b response values. The experiments carried out with the
longest exposure time, 132 min, resulted in the largest b and AS
values and the second largest Vmp value. Large values are also
found for experiments with a 120 min exposure time.

4. Summary

The three analyzed factors of the full 23 factorial design:
hydrothermal temperature, dissolution in ethanol and HCl con-
centration showed that higher temperature, copolymer dissolu-
tion in ethanol and higher HCl concentration induces better
structural/textural properties of the mesoporous ordered silica.
The 22 central composite design showed better structural prop-
erties for longer stirring time, therefore, promoting an increase
of siliceous species around the template. On the other hand,
longer microwave-assisted hydrothermal treatment times in-
creased the pore wall thickness, but induced larger amounts of
micropores, which is a deleterious effect. As such an optimized
synthesis of FDU-1 silica with Vorasurf 504� can be performed
based on the optimized conditions found in this study. In fact,
samples numbered 8 and 8B were synthesized at these optimum
conditions (2.0 mol L�1 HCl, ethanol dissolution, hydrothermal
microwave-assisted synthesis temperature of 100 �C, stirring
time of 24 h and 60 min of hydrothermal microwave-assisted
synthesis time).
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