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Abstract

Temperature programmed desorption coupled with mass spectrometry, FT-IR spectroscopy with photoacoustic (PA) detector have bee
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 flo
and mixed oxygen—helium atmosphere. Template removal appears to be completely different in the inert gas atmosphere and at the preser
of oxygen. The results obtained for as synthesized sample were compared with those for calcined sample in air and additionally thermally
treated in oxygen flow. Spectroscopic data indicate the presence of a variety of chemical species on silica surface after template remove
Additional oxidation of calcined sample leads to elimination of most organic functional groups and increase of siloxane bridges as a product
of surface silanols condensation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction occurs by a stepwise mechanifdr5]. The essential part of
organic template is decomposed during thermal treatment to
Mobil catalytic materials of number 41 (MCM-41) be- 200-300°C. However, organic traces are detectable$gy
longs to the family of periodic mesoporous molecular sieves solid state NMR even above 70Q [6]. Our earlier inves-
discovered by Beck et al. in the beginning of 19902]. tigations indicate that complete removal of carbon deposits
These materials are synthesized using micelles of a surfac+equires a long-time high-temperature treatment of an as-
tant as an organic template with an addition of an inorganic synthesized sample in oxygen. Thermal treatmentin inert ar-
silica source. The cylindrical micelles in the solution at the gonatmosphere at 58C is efficient for removal of main part
presence of e.g. ammonia as catalyst become covered wittof organic template. However, silica sample prepared in these
silica layer about 1 nm thick. The surfactant micelles are thus conditions still contains some amount of carbon spdci&s.
encapsulated in silica skeleton. The pore size is adjustable It has been widely realized that MCM-41 have found po-
by changing the alkyl chain length and hydrothermal treat- tential applications as cataly$8-13], adsorbents, materials
ment of final product. The micellar core can be removed by for microelectronic§14] and as hosts for various organic
calcination at high-temperature creating in this way porous agents including those biologically active. The potential use-
silica with hexagonally arranged cylindrical channels. Inves- fulness of MCM-41 mesoporous materials in above men-
tigations of surfactant removal presented in many papers havetioned applications reflect their structural propertiesi.e., con-
shown that degradation of the surfactant at higher temperaturetrollable pore size at high uniformity, narrow pore size dis-
tribution and exceptionally high pore volumes. The nature of
* Corresponding author. Tel.: +48 81 537 55 63; fax: +48 815333348, MCM-41makes itessential to employ a combination of meth-
E-mail addressjgoworek@hermes.umcs.lublin.pl (J. Goworek). ods in inVBStigation their SynthESiS and properties. This in-
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cludes, among many others, temperature programming tech- The following notation is used for these samples. The raw
niques[12] and infrared (IR) spectroscofdy5-18]. Vari- sample dried at 60C is denoted MCM-41-AS, calcined sam-
ous IR spectroscopy techniques have been widely employedple and heated additionally in oxygen stream are designated
as a useful complementary method in structural research onas MCM-41-CA and MCM-41-OX, respectively.
molecular sieves. However, very seldom photoacoustic spec-
troscopy (FT-IR/PAS) is applied for this purpod®-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- Nitrogen adsorption measurements were carried out using

cination at 550C. At so high-temperature surface hydroxyls &N ASAP 2405_yo|umetric analyzer (Micrometrics, Norc.ross,
present on amorphous silica are destroyed. Some amount ofA)- The specific surface are&ser, were calculated using
silanols condenses forming siloxane bridges. Hence, silicath® BET method for the adsorption data in a relative pres-
surface becomes more hydrophobic in comparison to silica SUré rangep/po from 0.05 to 0.25. Pore size and pore size
gel surface obtained by classical sol-gel method. For exam-distributions were determined using the BJH procesog

ple silanol numbers at 55@ for amorphous Si-40 silica gel Paramete_rs ch_aractenzmg pore structure of MCM-41 sam-
and MCM-41 are 1.4 and 0.84 (OH mi¥), respectivelji22]. ples are given ifable 1 [8].

Moreover, after calcination some traces of carbon remain on  Pore radii given immable lcorresponds to the peak of pore
silica surfacd2,5,23]. size distribution PSD calculated for first inflection point on

desorption isotherm of nitrogen, i.e.@p ~ 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.=10mm). Initially, at room tempera-
important factor is quality i.e. geometrical regularity of final {Ure (RT) samples were washed with argon (99.995 BOC)
silica[27]. On the other hand chemical properties of these ma- 2dditionally deoxidized by MnO/Siptrap or washed in
terials are modified by incorporation of various heteroatoms ° V0l-% of G in He mixture (Praxair). Flow rate of gas
into silica framework or postsynthesis silylatif@8]. Any was 30 cm/min. A tem_pe_rature controlle_r mal_ntamed the
modification process may be applied successfully if silica '€@ctor temperature within°C and provided linear tem-

surface does not contain carbon deposits. Hence, there ar@erature programming. Samples were heated with the lin-
many studies devoted to the improvement of template re- €7 témperature programming A0/min up to 800 C. Af-

moval. From the viewpoint of catalysis it is important to t€f achievement of fixed temperature they were cooled
study the mechanism of template degradation at different QUiCkly to RT in flow of the same gas, and passed to
conditions and simultaneous changes of silica surface prop-the additional investigations. In a similar way were pre-
erties. pared samples for spectroscopic analysis applying ramp
The aim of the present paper is to study the evacuation of ©f temperature 3C/min. With the help of mass spec-
various chemical species confined within the pores of the hostirometer were recorded the changes of signal of selected
silica material during thermal decomposition of template. I;gs, e.g.m/z=2, 14, 16, 17, 18, 28, 30, 32, 44, 59,

2.2. Methods

Removal of organic template by calcinationis mostly often
conducted in air or in oxygen. To eliminate the matrix at lower
temperature, the solvent extractif@4] or supercritical CQ
extraction[25] may be used. Moreover, calcination can be
conducted in the presence of ozone or nitrogen oxXi2éps

Thermal and hydrothermal stability is a crucial parame-
ter for the practical application of MCM-41 materials. Very

The FT-IR/PAS spectra were recorded by means of a Bio-
Rad Excalibur 3000MX spectrometer equipped with photoa-
coustic detector MTEC300 (in the helium atmosphere in a
2 1. Materials detector) over the 4000-400 crhrange at the resolution of

4 cm~1 and maximum source aperture. The spectra were nor-

MCM-41 raw material was synthesized using octade- malized with reference to MTEC carbon black standard. A

cyltrimethylammonium bromide (C18TAB; Sigma-Aldrich). stainless stgel cup (diameter 10 mm) was filled with powder
The preparation procedure followed the method described inS@mPples (thickness <6 mm). Interferograms of 1024 scans
the literature[29]. Tetraetoxysilane (TEOS; Aldrich, 98%) Were averaged for each spectrum.
was used as silica source. Prior to the experiments a part of
raw MCM-41 sample was calcined in air at 58D, another T
. . able 1
partwas calcined and then heated to S60or Shinan oxy-  parameters characterizing pore structure of examined samples
gen stream in order to eliminate the carbon deposits left after

2. Experimental

A ) . . L ample m?2/ nm
calcination in static conditions. The remainder of the initial MCMp41 oA i?z( 9 ?5(2 )
sample was dried at 6@ and used without further thermal MOM-41-OX 1160 145

treatment, thus the micellar filling was entirely preserved.
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3. Results and discussion ST T T T T T o
m/e = 32

Large surfactants molecules of templating agents like, bro- o\
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 oxygen8]. 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 —— T
lifetime spectroscopf7]. 0 200 400 600 800 200 400 600 800

. . . TI°C T°C

Analysis of template degradation products with the help
of MS is relatively a difficult task. In the ionization cham-  rig 1 mass spectra for thermally treated MCM-41-AS silica in oxidative
ber of the MS aliphatic amines can undergo fragmentation and inert gas atmosphere.
consisting on the break-up process efbond inp posi-
tion in relation to nitrogen, what reveals in GENH,™ ion suggests possibility of the partial oxidation of hydrocarbons
formation (m/z 30). On the other hand, aliphatic hydrocar- and amines with the formation of: GCH,O and NQ. Kleitz
bon chain can undergo subsequent fragmentation with theet al.[4,5] on the ground of the TG-DTA investigations ob-
creation of CH™ ions. lonsm/z=30 are characteristic for  served within this temperature range the endothermic effect
nitrogen oxide, too. Their formation can be indicated by the which may be assigned to elimination reaction of the trimety-
decrease of oxygen signal (m/32) or considerably weaker  |lamine head group and evaporation of alkengstGy) [31].
signalsm/e=14. The ionsn/z= 18 are characteristic forwa-  The appearance at higher temperatures exothermic effects are
ter. The iorm/z= 17 is connected with fragmentation of water connected with the partial oxidation and the degradation of
or can be an indication of ammonia formation. In a similar hydrocarbons. The treatment at the temperature abova250
way, the presence of/z=2 ion may indicates fragmenta- leads to intensification of the oxidation processes and thermal
tion of HO or decomposition of other organic molecules. degradation of hydrocarbons. Simultaneously some amount
The formation of CQ can be confirmed by the appearance of hydrogenis evolved. This was confirmed by the presence of
of signal originating from the presence wiiz=44 ions (as maxima located at 350C for CO,, Hy, H,0, as well as max-
well asm/z=28, 16). longn/z=58, 59 can be resulted from  imum of oxygen consumption. Regardless of reactor walls
fragmentation of aliphatic amine or may indicate the pres- heating on its cooler part there was observed formation of
ence of the trimethylamine N(GJ)k formed in the reaction  liquid drops. Initially they were colorless but some time later
of Hoffman degradation. they become more and more dark brown. After cooling down

In Fig. 1there are sets of temperature-programming re- the reactor it was affirmed that deposit formed had a dense
sults conducted in oxidative atmosphere as well as in the consistence and a part of it was difficult to remove. It can
inert gas. Analysis of presented curves for as-synthesizedbe stated, that decomposition curves characterize not only
MCM-41-AS sample testifies, that the template removal in changes which undergo directly in the examined sample but
the oxidative atmosphere is a complex process. At the initial also (especially in region of higher temperatures) processes
stage of sample heating the removal of physically adsorbedconnected with the fragmentation of hydrocarbons chains.
water and CQis observed. Similar effects are described in  This observation can be of a great practical importance. The
the literature on the basis of TG-DTA experimefik inappropriate construction of devices for calcination process

After crossing 100C the level of signal for ions/z= 30, can causes that desorption is restricted and condensation of
58, 59 increases. This could be resulted from template des-decomposition products becomes more favorable.
orption and/or its decomposition into amine group (Hoffman  The presence of the great amount of oxygenation products
degradation of the template), creation of trimetylamine as formed during calcination of silica materials in oxidative at-
well as suitable unsaturated hydrocarbon. The small decreasenosphere testifies the large intensity of these processes. ltwas
of oxygen observed within temperature range 100800  suggested, that substantial amount of steam as well as strong

mle=59 _ _ _ Ar

5% Oy/He

2 i P o,
- > v

MS signal/(a.u.)
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exothermic effects can negatively influence on the structure gen consumption and liberation 068, CO, and H on MS
and surface properties of the obtained matddial. In our spectra irFig. 1.
investigations we affirmed, that during thermal treatment of It should be mentioned that similarly to the experiments
samples with the template (MCM-41-AS) in an atmosphere conducted in an oxidative atmosphere, in the cooler part of
of inert gas, the initially observed transformations were sim- the heated reactor there was observed formation of liquid
ilar to those which takes place at the presence of oxygen.colorless drops. They do not turn brown even at the temper-
Elimination of HO and CQ is observed within a similar  ature 800C (measurements were led in the same manner
temperature range. Recorded peaks have similar shape ands described above). After cooling down the reactor it was
size confirming that desorbed water is physically bonded. affirmed that deposit formed had a dense, colorless (partly
Kleitz et al.[4] suggest that water evolved between RT and white) consistence.
~250°C originates from silica skeleton transformations. In The presence of oxygen favors the complex processes of
XRD experiments the intensity of the (10 0) reflections in- the oxidative destruction of hydrocarbons formed after sub-
creases strongly up to this temperature and next maintainstraction of the amine functional group.
practically constant. However, on the decomposition curves  In the next set of experiments MCM-41-CA and MCM-
recorded in Ar atmosphere did not appear maxima fogxNO  41-OX samples after calcination in air and oxygen were com-
COp, H20, and Q, which are characteristic for oxidizing pared. The samples prior to experiment were exposed to air
processes. In both cases thermal treatmentd®0°C leads and next used without further pretreatmdtig. 3illustrates
to a complete deammoniation of the sample. The presencethe comparison of the course of mass spectra for the studied
of maxima for hydrogen, confirming thermal degradation of samples.
hydrocarbons, was observed at considerably higher temper- At the low-temperature range it was possible to observe
atures. differentiated ions levels corresponding to formation of water
Next it was intended to analyze simultaneously the oxy- and carbon dioxide. Sample calcined in an oxygen (MCM-
gen consumption, appearance of surfactant decompositiord1-OX) exhibit two desorption stages. First one is observed
species and accompanying energetic effects. Energetic charwithin temperature range from RT to 150 and suggests
acterization of the above mentioned processes during thermathe presence of the weak interactions efHand CQ with
treatmentin argon and oxygen are clearly visualized by differ- siliceous material. For MCM-41-OX sample additional inten-
ential thermal curves DTA8]. Differential thermal analyzes  sive peakn/e=18 appears below 10C. It can be observed,

were performed in air or argon flow of 0.6 dfmin. DTA that maximum of water desorption for MCM-41-AS appears
curves presented irig. 2for as-synthesized sample are very at higher temperature. Maxima corresponding to water des-
different. orption for calcined and oxidized sample are much lower and

A strong exothermic effect for thermal treatment of sample located at lower temperature. This shift may indicate stronger
in oxidizing atmosphere appears-a800°C and illustrates
burn-off to burning of organic template. In argon atmosphere

exothermic effects are less pronounce and extended continu- - - MCM-41-CA
ously along temperature axis. Maximum on DTA curve mea- | me=32 ) ~ -~ | — ... MCM-41-0X
sured in air corresponds very well to peaks representing oxy- MCM-41-AS

25

20—

T exothermic effect

MS signal /(a.u.)

B e T A S LA e
T T

T T T T T
T°C 0 200 400 600 800 200 400 600 800
T/oC T/eC

Fig. 2. DTA curves for MCM-41-AS thermally treated in air (solid line) and
oxygen (dashed line). Fig. 3. Comparison of the course of the MS spectra for the studied samples.
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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- depth and with little or no sample preparation. Among others
tant molecules. However, two peaks corresponding to re- key features of PAS are that itis non-destructive, non-contact,
moval of water from raw material disappear. It means that first insensitive to surface morphology, and is capable of measur-
peak represents physically adsorbed water. The second wateing spectra of all types of solids without exposure to air or
desorption peak is located between 200 and*&®esorp- moisture[32].
tion of molecules in this temperature range is very smalland  In Fig. 4the FT-IR/PAS spectra of the respective MCM-41
serve the presence of considerably stronger bounded watersamples are depicted.
In case of MCM-41-CA sample the low-temperature maxima  The well resolved vibration band at about 3740¢nis
are considerably weaker, and the maxima for temperature in-assigned to the isolated terminal silanol gro{id. An ad-
terval 200-500C are hardly perceptible. This indicates con- ditional shoulder at 3677 cnt in MCM-41-CA and MCM-
siderably weaker D and CQ interactions with silica sur-  41-OX sample may be attributed to hydrogen-bonded termi-
face. Moreover, broad GOmaximum occurred within tem-  nal hydroxyl groups SiOH -OSi hydrogen bridges in the
perature range 500-80C range and decrease of oxygen wall [33]. The broad band in the range 3700-3000 ¢ris
testify about burning of coke residuals. With regard to the the O-H stretch and the bending of physisorbed water. The
position of this maxima and shape of the band make possiblegeminal and the associated terminal silanol groups exhibit a
to state, that in the sample there are present coke species desroad band where the maximum is centeree-a650 cnm?
posited on siliceous support. The smaller adsorption@H  [34]. In case of MCM-41-AS sample this band is covered
and CQ from air could be explained as the partial blocking by the band of physisorbed water. Thus, the isolated termi-
of the silica surface by coke remainders and consequently itsnal silanol groups are not detected. Primary infrared bands
higher hydrophobicity. Spectroscopic investigations confirm related to the silica framework are the asymmetric and sym-
this effect. metric stretch of SiO-Si at~1070 and~808 cnt 1, respec-
Photoacoustic spectroscopy (PAS) measures a sample'sively [13]. The increase of intensity of the bands due to sym-
absorbance spectrum directly with a controllable sampling metric Si-O stretching vibrations around 800 th and de-
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crease of the intensity of the vibrational bands #4240 cnrt

for MCM-41-OX reflect the formation of additional silox-
ane bridges as compared to MCM-41-CA. The band at about
450cnt ! is assigned to the SO bending vibration. The
band at~576 cnt ! is a preliminary criterion for the forma-
tion of ordered network solid4.8].

The surfactant bands (with different intensities) are
present in all samples. The spectrum of MCM-41-AS sam-
ple has absorption peak atl477 cnt ! which is assigned to
CH3;—N* deformation band. Bands at1620 cnt? present
in all samples are assigned to theMH3z* 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~1370cnT! which are assigned to-@\ and
C—H bands, respectively. The lack of these bands in case of
MCM-41-0OX 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 abou
2956, 2924 and 2853 cm and originated from the template,
which are assigned toCHz and—CH,-deformation bands
(sample MCM-41-AS and MCM-41-OX, respectively). The
intensity of lower band located at 2283 th(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 silicdl7]. Moreover, in the case of
MCM-41-CA sample there can be found a band located at
1696 cnT!, which is attributed to €O vibration. The sum-
mary of recorded spectroscopic data is present&icible 2
[13,15,18,35].

Fig. 5 shows two spectra of MCM-41-AS sample after
TPD in the atmosphere of inert gas (Ar) with two different
heating rates: 3C/min, up to 600C and 10°C/min, up to
800°C, respectively.

The peaks responsible feCHz and—CH,-groups in tem-
plate almost disappear after heat treatment at 80Qower

Table 2
Assignments of selected bands in IR spectra of MCM-41 samples

Wavenumber (crnt) Assignment

MCM-41-AS MCM-41-CA MCM-41-0OX

3035 - - C—H stretching

2956 2961 2960 asCH

2924 2925 2928 asCh

2853 2854 2856 sCH, +sCH;

1965 1967 1968 C—H

- 1861 1869 EH
- 1696 - GO

1652 1624 1627 RNHz*

1487 - - CHs

1477 - - H3zC—N*

1468 1458 1458 —CH, or CHs-
deformation
bending

1420 1420 - EN

1376 1370 - EH

723 - - N-H

as — asymmetric and s — symmetric stretch.

-1080

- 455

1243 -

-3744

PA signal /(a.u.)

I
3500

I
3000

I
2500

Wavenumber /em™'

I
2000

4000 1500 1000 500

Ezig. 5. Spectra of MCM-41-AS sample for TPD in the argon atmosphere:

(a) thermal treatment up to 60C, (b) thermal treatment up to 80C.

temperature (600C) 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°&D)0
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 5T0.

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 (<25) 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 NQ.. Thermal treatment in the inert gas
atmosphere favors the processes of hydrocarbons break-up
(gradual dehydrogenation). It is possible, that in the case of
the inappropriate choosing of the parameters of the process
(e.g., too quick temperature change) the strong assembling of
the coke remainders. The use of pure oxygen leads to more
efficient removal of organics. The small coke residuals, re-
movable above 600C, can modify surface properties of the
siliceous materials, what has an influence on their sorptive or
catalytic properties.



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 [15]
samples, and also appropriate construction of calcination de-
vice are the key synthesis conditions having an influence on
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