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Temperature removal of templating agent
from MCM-41 silica materials
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Abstract

Temperature programmed desorption coupled with mass spectrometry, FT-IR spectroscopy with photoacoustic (PA) detector have been
applied to investigate organic template degradation during thermal treatment of as synthesized MCM-41 silica. Micelle templated silica was
prepared using C18 trimethylammonium bromide. The processes accompanying the template transformations were investigated in argon flow
and mixed oxygen–helium atmosphere. Template removal appears to be completely different in the inert gas atmosphere and at the presence
of oxygen. The results obtained for as synthesized sample were compared with those for calcined sample in air and additionally thermally
t te removal.
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reated in oxygen flow. Spectroscopic data indicate the presence of a variety of chemical species on silica surface after templa
dditional oxidation of calcined sample leads to elimination of most organic functional groups and increase of siloxane bridges as
f surface silanols condensation.
2005 Elsevier B.V. All rights reserved.

eywords:MCM-41; Template degradation; TPD; TPO; MS; FT-IR/PAS

. Introduction

Mobil catalytic materials of number 41 (MCM-41) be-
ongs to the family of periodic mesoporous molecular sieves
iscovered by Beck et al. in the beginning of 1990s[1,2].
hese materials are synthesized using micelles of a surfac-

ant as an organic template with an addition of an inorganic
ilica source. The cylindrical micelles in the solution at the
resence of e.g. ammonia as catalyst become covered with
ilica layer about 1 nm thick. The surfactant micelles are thus
ncapsulated in silica skeleton. The pore size is adjustable
y changing the alkyl chain length and hydrothermal treat-
ent of final product. The micellar core can be removed by

alcination at high-temperature creating in this way porous
ilica with hexagonally arranged cylindrical channels. Inves-
igations of surfactant removal presented in many papers have
hown that degradation of the surfactant at higher temperature

∗ Corresponding author. Tel.: +48 81 537 55 63; fax: +48 81 533 33 48.
E-mail address:jgoworek@hermes.umcs.lublin.pl (J. Goworek).

occurs by a stepwise mechanism[3–5]. The essential part
organic template is decomposed during thermal treatme
200–300◦C. However, organic traces are detectable by13C
solid state NMR even above 700◦C [6]. Our earlier inves
tigations indicate that complete removal of carbon dep
requires a long-time high-temperature treatment of an
synthesized sample in oxygen. Thermal treatment in ine
gon atmosphere at 580◦C is efficient for removal of main pa
of organic template. However, silica sample prepared in t
conditions still contains some amount of carbon species[7,8].

It has been widely realized that MCM-41 have found
tential applications as catalysts[9–13], adsorbents, materia
for microelectronics[14] and as hosts for various orga
agents including those biologically active. The potential
fulness of MCM-41 mesoporous materials in above m
tioned applications reflect their structural properties i.e.,
trollable pore size at high uniformity, narrow pore size
tribution and exceptionally high pore volumes. The natur
MCM-41 makes it essential to employ a combination of m
ods in investigation their synthesis and properties. Thi
040-6031/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2004.12.020
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cludes, among many others, temperature programming tech-
niques[12] and infrared (IR) spectroscopy[15–18]. Vari-
ous IR spectroscopy techniques have been widely employed
as a useful complementary method in structural research on
molecular sieves. However, very seldom photoacoustic spec-
troscopy (FT-IR/PAS) is applied for this purpose[19–21].

As it was mentioned above final stage of MCM-41 silica
preparation is connected with removal of organic template
from pore interior. Pore emptying is realized usually by cal-
cination at 550◦C. At so high-temperature surface hydroxyls
present on amorphous silica are destroyed. Some amount of
silanols condenses forming siloxane bridges. Hence, silica
surface becomes more hydrophobic in comparison to silica
gel surface obtained by classical sol–gel method. For exam-
ple silanol numbers at 550◦C for amorphous Si-40 silica gel
and MCM-41 are 1.4 and 0.84 (OH nm−2), respectively[22].
Moreover, after calcination some traces of carbon remain on
silica surface[2,5,23].

Removal of organic template by calcination is mostly often
conducted in air or in oxygen. To eliminate the matrix at lower
temperature, the solvent extraction[24] or supercritical CO2
extraction[25] may be used. Moreover, calcination can be
conducted in the presence of ozone or nitrogen oxides[26].

Thermal and hydrothermal stability is a crucial parame-
ter for the practical application of MCM-41 materials. Very
important factor is quality i.e. geometrical regularity of final
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The following notation is used for these samples. The raw
sample dried at 60◦C is denoted MCM-41-AS, calcined sam-
ple and heated additionally in oxygen stream are designated
as MCM-41-CA and MCM-41-OX, respectively.

2.2. Methods

Nitrogen adsorption measurements were carried out using
an ASAP 2405 volumetric analyzer (Micrometrics, Norcross,
CA). The specific surface areasSBET, were calculated using
the BET method for the adsorption data in a relative pres-
sure rangep/p0 from 0.05 to 0.25. Pore size and pore size
distributions were determined using the BJH procedure[30].
Parameters characterizing pore structure of MCM-41 sam-
ples are given inTable 1 [8].

Pore radii given inTable 1corresponds to the peak of pore
size distribution PSD calculated for first inflection point on
desorption isotherm of nitrogen, i.e. atp/p0 ≈ 0.4.

Temperature programming studies were conducted with
AMI-1 (Altamira Instruments) coupled on-line with mass
spectrometer (MS) HAL201RC (HIDEN Analytical) by
heated stainless steel capillary. Samples (0.05 g) were placed
on the quartz wool (RESTEK #20790) inside the flow
quartz reactor (i.d. = 10 mm). Initially, at room tempera-
ture (RT) samples were washed with argon (99.995 BOC)
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ilica[27]. On the other hand chemical properties of these
erials are modified by incorporation of various heteroat
nto silica framework or postsynthesis silylation[28]. Any

odification process may be applied successfully if s
urface does not contain carbon deposits. Hence, the
any studies devoted to the improvement of template
oval. From the viewpoint of catalysis it is important

tudy the mechanism of template degradation at diffe
onditions and simultaneous changes of silica surface
rties.

The aim of the present paper is to study the evacuati
arious chemical species confined within the pores of the
ilica material during thermal decomposition of template

. Experimental

.1. Materials

MCM-41 raw material was synthesized using octa
yltrimethylammonium bromide (C18TAB; Sigma-Aldric
he preparation procedure followed the method describ

he literature[29]. Tetraetoxysilane (TEOS; Aldrich, 98%
as used as silica source. Prior to the experiments a p

aw MCM-41 sample was calcined in air at 550◦C, anothe
art was calcined and then heated to 550◦C for 5 h in an oxy
en stream in order to eliminate the carbon deposits left
alcination in static conditions. The remainder of the in
ample was dried at 60◦C and used without further therm
reatment, thus the micellar filling was entirely preserve
dditionally deoxidized by MnO/SiO2 trap or washed i
vol.% of O2 in He mixture (Praxair). Flow rate of g
as 30 cm3/min. A temperature controller maintained

eactor temperature within 1◦C and provided linear tem
erature programming. Samples were heated with the
ar temperature programming 10◦C/min up to 800◦C. Af-

er achievement of fixed temperature they were co
uickly to RT in flow of the same gas, and passed

he additional investigations. In a similar way were p
ared samples for spectroscopic analysis applying
f temperature 3◦C/min. With the help of mass spe

rometer were recorded the changes of signal of sele
ons, e.g.:m/z= 2, 14, 16, 17, 18, 28, 30, 32, 44, 5
6.

The FT-IR/PAS spectra were recorded by means of a
ad Excalibur 3000MX spectrometer equipped with pho
oustic detector MTEC300 (in the helium atmosphere
etector) over the 4000–400 cm−1 range at the resolution
cm−1 and maximum source aperture. The spectra were
alized with reference to MTEC carbon black standar

tainless steel cup (diameter 10 mm) was filled with pow
amples (thickness < 6 mm). Interferograms of 1024 s
ere averaged for each spectrum.

able 1
arameters characterizing pore structure of examined samples

ample SBET (m2/g) Rp (nm)

CM-41-CA 1132 1.52
CM-41-OX 1190 1.45
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3. Results and discussion

Large surfactants molecules of templating agents like, bro-
mides or chlorides of quaternary amines under treatment at
high-temperature are decomposed into various products. The
mechanism of template degradation depends strongly on ex-
ternal atmosphere above the sample and mainly on the pres-
ence of oxygen[8]. However, the final MCM-41 silica ob-
tained after calcination in air as well as argon exhibit almost
identical structural properties. In the case of thermal treat-
ment of as-synthesized MCM-41 in inert atmosphere it is
possible to avoid very intensive exothermic processes con-
nected mainly with combustion of carbon species present in
pores. The local overheating may change the chemistry of
silica surface through condensation of surface silanols and
formation siloxane bridges. On the other hand chemical pro-
cesses are accompanied by endothermic desorption as well
as evaporation of liquid products of surfactant degradation.
Some structural transformations of organic template in pores
during calcination were detected by positronium annihilation
lifetime spectroscopy[7].

Analysis of template degradation products with the help
of MS is relatively a difficult task. In the ionization cham-
ber of the MS aliphatic amines can undergo fragmentation
consisting on the break-up process of CC bond in� posi-
tion in relation to nitrogen, what reveals in CH2 NH2

+ ion
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Fig. 1. Mass spectra for thermally treated MCM-41-AS silica in oxidative
and inert gas atmosphere.

suggests possibility of the partial oxidation of hydrocarbons
and amines with the formation of: CO2, H2O and NOx. Kleitz
et al.[4,5] on the ground of the TG-DTA investigations ob-
served within this temperature range the endothermic effect
which may be assigned to elimination reaction of the trimety-
lamine head group and evaporation of alkene (C16H32) [31].
The appearance at higher temperatures exothermic effects are
connected with the partial oxidation and the degradation of
hydrocarbons. The treatment at the temperature above 250◦C
leads to intensification of the oxidation processes and thermal
degradation of hydrocarbons. Simultaneously some amount
of hydrogen is evolved. This was confirmed by the presence of
maxima located at 350◦C for CO2, H2, H2O, as well as max-
imum of oxygen consumption. Regardless of reactor walls
heating on its cooler part there was observed formation of
liquid drops. Initially they were colorless but some time later
they become more and more dark brown. After cooling down
the reactor it was affirmed that deposit formed had a dense
consistence and a part of it was difficult to remove. It can
be stated, that decomposition curves characterize not only
changes which undergo directly in the examined sample but
also (especially in region of higher temperatures) processes
connected with the fragmentation of hydrocarbons chains.
This observation can be of a great practical importance. The
inappropriate construction of devices for calcination process
can causes that desorption is restricted and condensation of
d

ducts
f at-
m It was
s strong
ormation (m/z= 30). On the other hand, aliphatic hydroc
on chain can undergo subsequent fragmentation wit
reation of CH2+ ions. Ionsm/z= 30 are characteristic f
itrogen oxide, too. Their formation can be indicated by
ecrease of oxygen signal (m/z= 32) or considerably weak
ignalsm/e= 14. The ionsm/z= 18 are characteristic for w
er. The ionm/z= 17 is connected with fragmentation of wa
r can be an indication of ammonia formation. In a sim
ay, the presence ofm/z= 2 ion may indicates fragment

ion of H2O or decomposition of other organic molecu
he formation of CO2 can be confirmed by the appeara
f signal originating from the presence ofm/z= 44 ions (a
ell asm/z= 28, 16). Ionsm/z= 58, 59 can be resulted fro

ragmentation of aliphatic amine or may indicate the p
nce of the trimethylamine N(CH3)3 formed in the reactio
f Hoffman degradation.

In Fig. 1 there are sets of temperature-programming
ults conducted in oxidative atmosphere as well as in

nert gas. Analysis of presented curves for as-synthe
CM-41-AS sample testifies, that the template remova

he oxidative atmosphere is a complex process. At the i
tage of sample heating the removal of physically adso
ater and CO2 is observed. Similar effects are describe

he literature on the basis of TG-DTA experiments[5].
After crossing 100◦C the level of signal for ionsm/z= 30,

8, 59 increases. This could be resulted from template
rption and/or its decomposition into amine group (Hoffm
egradation of the template), creation of trimetylamin
ell as suitable unsaturated hydrocarbon. The small dec
f oxygen observed within temperature range 100–30◦C
ecomposition products becomes more favorable.
The presence of the great amount of oxygenation pro

ormed during calcination of silica materials in oxidative
osphere testifies the large intensity of these processes.

uggested, that substantial amount of steam as well as
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exothermic effects can negatively influence on the structure
and surface properties of the obtained material[15]. In our
investigations we affirmed, that during thermal treatment of
samples with the template (MCM-41-AS) in an atmosphere
of inert gas, the initially observed transformations were sim-
ilar to those which takes place at the presence of oxygen.
Elimination of H2O and CO2 is observed within a similar
temperature range. Recorded peaks have similar shape and
size confirming that desorbed water is physically bonded.
Kleitz et al. [4] suggest that water evolved between RT and
∼250◦C originates from silica skeleton transformations. In
XRD experiments the intensity of the (1 0 0) reflections in-
creases strongly up to this temperature and next maintains
practically constant. However, on the decomposition curves
recorded in Ar atmosphere did not appear maxima for NOx,
CO2, H2O, and O2, which are characteristic for oxidizing
processes. In both cases thermal treatment at∼400◦C leads
to a complete deammoniation of the sample. The presence
of maxima for hydrogen, confirming thermal degradation of
hydrocarbons, was observed at considerably higher temper-
atures.

Next it was intended to analyze simultaneously the oxy-
gen consumption, appearance of surfactant decomposition
species and accompanying energetic effects. Energetic char-
acterization of the above mentioned processes during thermal
treatment in argon and oxygen are clearly visualized by differ-
e s
w
c ery
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b here
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s oxy-

F nd
o

gen consumption and liberation of H2O, CO2 and H2 on MS
spectra inFig. 1.

It should be mentioned that similarly to the experiments
conducted in an oxidative atmosphere, in the cooler part of
the heated reactor there was observed formation of liquid
colorless drops. They do not turn brown even at the temper-
ature 800◦C (measurements were led in the same manner
as described above). After cooling down the reactor it was
affirmed that deposit formed had a dense, colorless (partly
white) consistence.

The presence of oxygen favors the complex processes of
the oxidative destruction of hydrocarbons formed after sub-
traction of the amine functional group.

In the next set of experiments MCM-41-CA and MCM-
41-OX samples after calcination in air and oxygen were com-
pared. The samples prior to experiment were exposed to air
and next used without further pretreatment.Fig. 3 illustrates
the comparison of the course of mass spectra for the studied
samples.

At the low-temperature range it was possible to observe
differentiated ions levels corresponding to formation of water
and carbon dioxide. Sample calcined in an oxygen (MCM-
41-OX) exhibit two desorption stages. First one is observed
within temperature range from RT to 150◦C and suggests
the presence of the weak interactions of H2O and CO2 with
siliceous material. For MCM-41-OX sample additional inten-
s d,
t ars
a des-
o and
l nger

F ples.
ntial thermal curves DTA[8]. Differential thermal analyze
ere performed in air or argon flow of 0.6 dm3/min. DTA
urves presented inFig. 2for as-synthesized sample are v
ifferent.

A strong exothermic effect for thermal treatment of sam
n oxidizing atmosphere appears at∼300◦C and illustrate
urn-off to burning of organic template. In argon atmosp
xothermic effects are less pronounce and extended co
usly along temperature axis. Maximum on DTA curve m
ured in air corresponds very well to peaks representing

ig. 2. DTA curves for MCM-41-AS thermally treated in air (solid line) a
xygen (dashed line).
ive peakm/e= 18 appears below 100◦C. It can be observe
hat maximum of water desorption for MCM-41-AS appe
t higher temperature. Maxima corresponding to water
rption for calcined and oxidized sample are much lower

ocated at lower temperature. This shift may indicate stro

ig. 3. Comparison of the course of the MS spectra for the studied sam
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Fig. 4. FT-IR/PAS spectra of the studied samples: (a) MCM-41-AS, (b) MCM-41-CA, (c) MCM-41-OX.

interaction between water and silica supported with surfac-
tant molecules. However, two peaks corresponding to re-
moval of water from raw material disappear. It means that first
peak represents physically adsorbed water. The second water
desorption peak is located between 200 and 500◦C. Desorp-
tion of molecules in this temperature range is very small and
serve the presence of considerably stronger bounded water.
In case of MCM-41-CA sample the low-temperature maxima
are considerably weaker, and the maxima for temperature in-
terval 200–500◦C are hardly perceptible. This indicates con-
siderably weaker H2O and CO2 interactions with silica sur-
face. Moreover, broad CO2 maximum occurred within tem-
perature range 500–800◦C range and decrease of oxygen
testify about burning of coke residuals. With regard to the
position of this maxima and shape of the band make possible
to state, that in the sample there are present coke species de-
posited on siliceous support. The smaller adsorption of H2O
and CO2 from air could be explained as the partial blocking
of the silica surface by coke remainders and consequently its
higher hydrophobicity. Spectroscopic investigations confirm
this effect.

Photoacoustic spectroscopy (PAS) measures a sample’s
absorbance spectrum directly with a controllable sampling

depth and with little or no sample preparation. Among others
key features of PAS are that it is non-destructive, non-contact,
insensitive to surface morphology, and is capable of measur-
ing spectra of all types of solids without exposure to air or
moisture[32].

In Fig. 4the FT-IR/PAS spectra of the respective MCM-41
samples are depicted.

The well resolved vibration band at about 3740 cm−1 is
assigned to the isolated terminal silanol groups[15]. An ad-
ditional shoulder at 3677 cm−1 in MCM-41-CA and MCM-
41-OX sample may be attributed to hydrogen-bonded termi-
nal hydroxyl groups SiOH· · ·OSi hydrogen bridges in the
wall [33]. The broad band in the range 3700–3000 cm−1 is
the O H stretch and the bending of physisorbed water. The
geminal and the associated terminal silanol groups exhibit a
broad band where the maximum is centered at∼3550 cm−1

[34]. In case of MCM-41-AS sample this band is covered
by the band of physisorbed water. Thus, the isolated termi-
nal silanol groups are not detected. Primary infrared bands
related to the silica framework are the asymmetric and sym-
metric stretch of SiO Si at∼1070 and∼808 cm−1, respec-
tively [13]. The increase of intensity of the bands due to sym-
metric Si O stretching vibrations around 800 cm−1, and de-
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crease of the intensity of the vibrational bands at∼1240 cm−1

for MCM-41-OX reflect the formation of additional silox-
ane bridges as compared to MCM-41-CA. The band at about
450 cm−1 is assigned to the SiO bending vibration. The
band at∼576 cm−1 is a preliminary criterion for the forma-
tion of ordered network solids[18].

The surfactant bands (with different intensities) are
present in all samples. The spectrum of MCM-41-AS sam-
ple has absorption peak at∼1477 cm−1 which is assigned to
CH3 N+ deformation band. Bands at∼1620 cm−1 present
in all samples are assigned to the RNH3

+ group of a proto-
nated amine. This is a result of decomposition of the template
[29]. Samples MCM-41-AS and MCM-41-CA have peaks
at 1420 and∼1370 cm−1 which are assigned to CN and
C H bands, respectively. The lack of these bands in case of
MCM-41-OX sample may be explained by removing a sig-
nificant part of the template during calcination in oxygen. It
can be confirmed by decreasing the intensity of peaks at about
2956, 2924 and 2853 cm−1 and originated from the template,
which are assigned toCH3 and CH2-deformation bands
(sample MCM-41-AS and MCM-41-OX, respectively). The
intensity of lower band located at 2283 cm−1 (MCM-41-CA
sample) may be assigned to acetonitrile formed during cal-
cination in the air, derived from the template and adsorbed
on silanol groups of silica[17]. Moreover, in the case of
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Fig. 5. Spectra of MCM-41-AS sample for TPD in the argon atmosphere:
(a) thermal treatment up to 600◦C, (b) thermal treatment up to 800◦C.

temperature (600◦C) is not sufficient for total removal of
the template. Temperature treatment decreases the intensity
of peaks responsible for the template. However, inert atmo-
sphere is also not favorable for total removal of the organics.
Some carbon-like species may remain in pores of MCM-41
even after high-temperature treatment.

Spectra of all samples after TPO process (up to 500◦C)
are very similar (not shown).

There are still present bands corresponding to non-
removed template, although weaker than after TPD process.
It may indicate, that oxygen atmosphere allows elimination
of the main part of the template below 500◦C.

4. Conclusions

The phenomena occurred during calcination of silicaeous
materials of MCM-41 type in order to template removal
in oxidative or inert gas atmosphere, in the region of low-
temperatures (<250◦C) are similar. Desorption of water, car-
bon dioxide as well as desorption and decomposition proceed
in a similar ranges of temperature, and with a comparable in-
tensity. Heating of the materials in higher temperatures causes
the degradation of organic molecules. The presence of oxygen
favors the different degradation processes, mainly oxidation
to H O, CO and NO. Thermal treatment in the inert gas
a ak-up
( se of
t cess
( ing of
t more
e , re-
m he
s ve or
c

CM-41-CA sample there can be found a band locate
696 cm−1, which is attributed to CO vibration. The sum
ary of recorded spectroscopic data is presented inTable 2

13,15,18,35].
Fig. 5 shows two spectra of MCM-41-AS sample a

PD in the atmosphere of inert gas (Ar) with two differ
eating rates: 3◦C/min, up to 600◦C and 10◦C/min, up to
00◦C, respectively.

The peaks responsible forCH3 and CH2-groups in tem
late almost disappear after heat treatment at 800◦C. Lower

able 2
ssignments of selected bands in IR spectra of MCM-41 samples

avenumber (cm−1) Assignment

CM-41-AS MCM-41-CA MCM-41-OX

035 – – C H stretching
956 2961 2960 asCH3
924 2925 2928 asCH2

853 2854 2856 sCH2 + sCH3

965 1967 1968 C H
– 1861 1869 C H
– 1696 – C O

652 1624 1627 RNH3
+

487 – – CH3

477 – – H3C N+

468 1458 1458 CH2 or CH3-
deformation
bending

420 1420 – C N
376 1370 – C H
723 – – N H

s – asymmetric and s – symmetric stretch.
2 2 x

tmosphere favors the processes of hydrocarbons bre
gradual dehydrogenation). It is possible, that in the ca
he inappropriate choosing of the parameters of the pro
e.g., too quick temperature change) the strong assembl
he coke remainders. The use of pure oxygen leads to
fficient removal of organics. The small coke residuals
ovable above 600◦C, can modify surface properties of t

iliceous materials, what has an influence on their sorpti
atalytic properties.
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Choosing the right conditions of the template removal,
i.e. of suitable calcination temperature and/or heating rate,
gas flow, the concentration of oxidative agent, mass of the
samples, and also appropriate construction of calcination de-
vice are the key synthesis conditions having an influence on
the final properties (chemical and textural) of mesoporous
silica materials.
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