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Abstract

This work reports the study of n-butanol thermodesorption from Eu(l, 3 and 5%)-incorporated MCM-41 samples, which
was done to verify the thermogravimetric (TG) method for estimation of adsorption properties such as the specific surface area
and the volume of primary mesopores for nanoporous materials. The materials studied were synthesized under hydrothermal
conditions using a surfactant templating route. The high-resolution TG/1st DTG/2nd DTG curves were obtained in the range
from room temperature to 300 °C with heating rate of 5 °C/min in flowing nitrogen. The values of the mesopore volume and
specific surface area obtained from the TG data are in good agreement with those evaluated from low-temperature nitrogen
adsorption isotherms. In addition, this study shows the importance of the 1st DTG and 2nd DTG curves in the evaluation of the
mesopore volume and specific surface area for ordered mesoporous materials. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

The discovery of ordered mesoporous materials
(OMMs) [1], such as MCM-41, opened new perspec-
tives and created new challenges in the field of char-
acterization of adsorbents and catalysts using gas
adsorption. These well-defined structures can be con-
sidered as model solids [2—8] to verify both new and
previously developed characterization methods and to
either validate them for general or specific application
[7.8].
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OMMs have been synthesized under hydrothermal
conditions with a liquid crystal templating mechanism
[1,9,10]. Their pore sizes may be adjusted from 2 to
10 nm by using a proper surfactant [1,9], addition of
expander molecules during synthesis [1,11] and/or
specific post-synthesis treatment [12—14]. Structural
and surface properties of OMMs can be evaluated by
several methods including adsorption, which plays an
important role in their characterization [8,15]. For
instance, adsorption—desorption isotherms are com-
monly used to determine the BET specific surface
area, external surface area, and volumes of primary
and secondary mesopores as well as their sizes and
distributions [8,15].

The incorporation of heteroatoms into the MCM-41
framework has been used to alter both the structural
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ordering and hydrothermal stability of the resulting
materials [16]. Currently there is considerable interest
in the synthesis and hydrothermal stability of heteroa-
tom-containing mesoporous silicas [17]. Although
some analytical methods such as powder X-ray dif-
fraction (XRD) and transmission electron microscopy
have been used to identify the type of structural
ordering in these materials, each of them has its
limitations and provides information only about local
scale of the structure ordering in OMMs [15].

Gas adsorption is an excellent technique for char-
acterization of the global structural and surface prop-
erties of OMMSs. Accurate adsorption measurements
often require special analysis conditions and are time-
consuming [15,18]. Because of this, there is a great
interest in the development of new methods to char-
acterize the structural and surface properties of nano-
porous solids [19].

Among several thermal analysis techniques, ther-
mogravimetry is one of the most promising methods to
investigate the surface and sorption properties of solid
materials. The principle of thermogravimetry is to
record the change in the sample weight (loss or gain)
as a function of temperature and/or time [20]. The
resulting weight-change curve (TG curve) versus
temperature or time provides information about the
thermal stability and composition of the initial sample
as well as the thermal stability and composition of any
intermediate compounds that may be formed. In addi-
tion, the DTG curve, i.e. the derivative of the weight-
change of the sample with respect to time, dm/dt, is
obtained as a function of time (¢) or temperature (7).
The DTG curve does not provide more information
than the TG curve; it simply provides another way for
displaying data and facilitates their qualitative and
quantitative interpretation [20,21]. It is advantageous
to present the DTG curve in conjunction with the TG
curve. Such presentation of TG data facilitates the
determination of the ‘“‘characteristic’” temperatures
at the beginning, maximum and end of a given
weight change as well as the detection of the TG
events.

The introduction of high-resolution thermogravi-
metric analyzers (HR TG) increased the interest in
characterization of the surface properties of new
materials because of their capability to monitor the
stepwise thermodesorption of adsorbed molecules
from porous solids [22]. In this mode the heating rate

is automatically adjusted in response to the weight
change of the sample in order to maximize the resolu-
tion. Previous studies [23-27] showed a great utility of
HR TG for characterization of porous materials
including active carbons and silica gels.

The objective of this work was to study the thermo-
desorption of n-butanol from Eu(1, 3 and 5%)-incor-
porated MCM-41 to verify the TG method for
evaluation of the specific surface area and the volume
of primary mesopores. This method can be used for a
quick characterization of ordered mesoporous solids.
Also, it is shown that the 1st DTG and 2nd DTG curves
are very useful for quantitative interpretation of the
TG thermodesorption data, and consequently for eva-
luation of the mesopore volume and specific surface
area of OMMs.

2. Experimental
2.1. Materials synthesis

The samples denoted as EuX-MCM-41 (where X
refers to percentage of Eu’" used in the MCM-41
synthesis) materials were synthesized via a hydrother-
mal method similar to that reported in [28]. Cab-O-Sil
M-5 silica (Cabot Co.), Eu,O5 (Sigma), chloric acid
(Fisher Scientific), cetyltrimethylammonium bro-
mide (CTMABr) as the template (Aldrich) and
97% tetramethylammonium hydroxide pentahydrate
(TMAOH-5H,0) as a mineralizer (Fisher Scientific)
were used to synthesize the Eu-incorporated MCM-41
samples. The synthesis procedure reported in [28] was
slightly modified in the current work. All reactants
were used as received and mixed according with the
following molar composition: 1.0Si0,:0.317TMAOH:
0.45CTMABrI:xEu,03:67H,0 (x = 0.005, 0.015 and
0.025). In a typical synthesis of Eu(3%)-incorporated
MCM-41, TMAOH-5H,0 (1.48 g) was dissolved in
20.0 g of water and 4.09 g of CTMABTr was added into
TMAOH solution under vigorous mechanical stirring
(pH = 13.5). Then, 0.132 g of Eu,03 was dissolved in
3.5 gof2 M HCl solution and added into the TMAOH-
CTMABr mixture. The remaining amount of water
was added to the synthesis mixture to achieve the mass
of 30.1 g (pH = 12.8). After 15 min of stirring, 1.5 gof
the Cab-O-Sil silica was added and the stirring was
continued for next 30 min (pH = 12.5). The resulting
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gel was transferred into a Teflon-lined autoclave, and
heated statically under autogenous pressure for 40 h at
100 °C. After cooling to room temperature, the result-
ing solid product (pH = 12.2) was filtered and washed
extensively with deionized water and dried at room
temperature. The samples were calcined in flowing
nitrogen (100 ml min~") from room temperature to
540 °C using a heating rate of 1°C min~'. After
heating for 5 h at 540 °C, the flowing gas was switched
from nitrogen to air and the heating was kept isother-
mal for an additional 2 h.

2.2. Nitrogen adsorption measurements

Prior to adsorption measurements each sample was
degassed at 200°C for at least 2 h until a pressure of
107*Pa was attained. Adsorption—desorption iso-
therms of nitrogen were measured on an ASAP-
2010 model volumetric adsorption analyzer (Micro-
meritcs, Norcross, GA) at —196°C over a relative
pressure range ca. 10 to 0.995. The specific surface
area was determined according to the standard
Brunauer-Emmett-Teller (BET) method [29], and
the total pore volume was obtained according to the
single point method [30]. The o -plot method [31] was
employed to assess the porosity of the samples and
estimate the volume and surface area of mesopores.
The pore size distribution was obtained by the Barrett—
Joyner—Halenda (BJH) method [32] recently modified
by Kruk et al. [8].

2.3. Thermogravimetric measurements

TG/1st DTG/2nd DTG curves for the systems
studied were obtained on a Model TG 2950 high-
resolution thermogravimetric analyzer from TA
Instruments (New Castle, DE) equipped with a plati-
num crucible and an automatically programmed tem-
perature controller. All measurements were carried out
under nitrogen atmosphere (60 ml min ') using the
sample mass between 6 and 8 mg from room tem-
perature to 300 °C with maximum heating rate of
5 °C min~ ' to remove the physically adsorbed species.
After each TG run of the blank samples, the furnace
was slowly cooled to 34 °C and after opening, the
sample was unloaded to add two drops of n-butanol,
and quickly loaded into the HR TG instrument. After
closing the furnace the sample was allowed to equili-

brate for 10 min. Next, the furnace was opened to
check the sample, and if it seemed to be dry one drop
of n-butanol was added. Subsequently, the n-butanol
thermodesorption was measured up to 300 °C with
maximum heating rate of 5°C min~'. This experi-
mental procedure is analogous to that reported pre-
viously [33].

3. Results and discussion
3.1. Nitrogen adsorption studies

Nitrogen adsorption—desorption isotherms at
—196 °C for pure MCM-41 and Eu(l, 3 and 5%)-
incorporated MCM-41 samples are shown in Fig. 1.
All samples exhibit similar isotherms with a distinct
step in the relative pressure (p/py) range from 0.2 to
0.4, which reflects the capillary condensation (filling)
of nitrogen in cylindrical mesopores. A significant
increase in the amount of adsorbed nitrogen is

1200.0
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Fig. 1. Nitrogen adsorption isotherms for pure MCM-41 and
Eu(1, 3 and 5%)-incorporated MCM-41 materials at —196 °C.
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Table 1

Comparison of the volumes of primary mesopores and the specific surface areas obtained from the n-butanol thermodesorption TG data and
nitrogen adsorption for the pure MCM-41 and Eu(1, 3 and 5%)-incorporated MCM-41 samples®

Sample Method

N, adsorption data n-Butanol HR TG data

Sper (m*/g) Ve (cm™/g) Sbutanol (M?/g) Vp (cm™/g)
MCM-41 1120 0.77 986 0.72
Eu(1%)-incorporated MCM-41 1094 0.80 1141 0.83
Eu(3%)-incorporated MCM-41 944 0.65 940 0.68
Eu(5%)-incorporated MCM-41 671 0.42 703 0.52

? Sper: BET specific surface area from nitrogen adsorption; Spyanol: Specific surface area from the TG data; Vp: the volume of primary

mesopores.

observed for relative pressures greater than 0.8 indi-
cating the presence of secondary mesopores in the
porous structure of the resulting MCM-41 materials.
The contribution of the secondary mesoporosity seems
to increase with increasing percentage of Eu. The
volumes of primary mesopores and specific surface
areas evaluated from nitrogen adsorption isotherms for
all samples studied are summarized in Table 1. The
specific surface areas of the Eu(l, 3 and 5%)-incor-
porated MCM-41 samples are smaller in comparison
to that for pure MCM-41 material. It seems that the
introduction of Eu into the MCM-41 structure
decreases its specific surface area (see Table 1) and
increases the size of primary mesopores because the
condensation step shifts in the direction of higher
relative pressures [8,15].

3.2. Thermogravimetric studies

The high-resolution TG/1st DTG/2nd DTG curves
obtained for n-butanol thermodesorption were
recorded to evaluate the volume of primary mesopores
and the specific surface area of the samples studied.
The TG/1st DTG/2nd DTG curves plotted as a func-
tion of temperature are shown in Fig. 2. All the
samples show similar TG profiles. As in [33] the
identification of the TG events related to thermode-
sorption of n-butanol from the samples was done by
using TG/1st DTG/2nd DTG curves plotted as a
function of time because in HR TG temperature is
not a linear function of time due to the variable-
heating rate. Fig. 3 shows the TG/Ist DTG/2nd
DTG curves plotted as a function of time of all the
samples studied. All 1st DTG and 2nd DTG curves
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Fig. 2. The TG/Ist DTG/2nd DTG curves as a function of
temperature for pure MCM-41 and Eu(l, 3 and 5%)-incorporated
MCM-41 samples immersed with n-butanol.
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exhibit four TG events, the last three of which are well
defined. The first event occurs around 40 °C and
reflects the evaporation of the excess n-butanol. The
second event occurs between 40 and 60 °C and corre-
sponds to the amount of thermodesorbed n-butanol
from the interior of mesopores, which after conversion
gives the volume of primary mesopores. The third and

fourth events occur consecutively between ca. 60 and
170 °C and correspond to the monolayer capacity of
the sample (gradual thermodesorption of probe mole-
cules from the mesopore walls), which after conversion
gives the specific surface area. It should be noted here
the importance of the 1st DTG and 2nd DTG curves in
the determination of the volume of primary mesopores
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Fig. 3. The TG/1st DTG/2nd DTG curves as a function of time for pure MCM-41 and Eu(l, 3 and 5%)-incorporated MCM-41 samples

immersed with n-butanol.
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and specific surface area. As can be seen in Fig. 3, the
1st DTG curve shows the point ‘P’ that corresponds to
the mass, which after the residue subtraction is equal to
the adsorption capacity of mesopores. The following
equation was used to convert this capacity into the
volume of primary mesopores, Vp:

- (e

where Vis the molar volume of liquid n-butanol, M the
molar mass of the adsorbate, mp the weight loss and
myg is the residue mass. On the other hand, the 2nd
DTG curve shows the point A, which indicates the
weight loss m, that can be converted the specific
surface area (S) of the sample. The following expres-
sion was used to calculate the specific surface area:

mANAa)
o MmR

where N, is the Avogadro number and o is the cross-
sectional area of adsorbate molecule. The n-butanol
molar volume of 98.7 cm®*/mol and cross-sectional
area of 40 x 1072 m? per molecule were used in
calculations [27,33]. The values of Vp and S calculated
on the basis of the TG measurements are listed in
Table 1 and compared with those obtained from
nitrogen adsorption.

S 2)

4. Conclusions

The first and second derivatives of the time-
dependent weight-change of the pure MCM-41 and
Eu(1, 3 and 5%)-incorporated MCM-41 samples satu-
rated with n-butanol facilitated the TG data analysis,
which allows for determination of the volume of
primary mesopores and specific surface area of the
OMMs studied. These values are in good agreement
with the corresponding values obtained by nitrogen
adsorption. The current work demonstrates the great
importance of HR TG for characterization of ordered
mesoporous materials.
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