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An in-depth study of the thermal detemplation of the MCM-41 was carried out in a designed setup running with a
high catalyst loading. Mapping the temperature along the catalyst bed during detemplation provides an un-
derstanding of the heat transfer phenomena involved under (an)aerobic conditions. Comparison between the
results obtained at low (TG/DTA study) and high sample loadings (fixed-bed reactor) suggest that oxygen
presence modifies the detemplation mechanism and high flows increase the local temperature in the bed due to
the exothermic nature of hydrocarbon oxidation. Thermal cracking products detected during calcination may be

considered a benchmark to deduce the local conditions in the catalyst bed. Despite the differences in detem-
plation processes, both environments lead to solids with similar structural properties. The use of advanced
analytical techniques, such as 2D GC, led to the proposal of a detailed reaction scheme for the detemplation step.

1. Introduction

Microporous and ordered mesoporous materials are predominantly
employed as heterogeneous catalysts and for the adsorption and sepa-
ration of ions and small molecules [1,2]. Current synthetic methodolo-
gies for their preparation commonly involve the use of organic
molecules, also known as organic structure-directing agents (OSDAs) or
surfactants, that address the assembly pathway and ultimately fill the
pore space [3,4]. The first post-synthesis treatment generally aims to
remove these organic molecules to liberate the porosity. This process yet
might affect the structural properties of the materials and hence their
performance in adsorption or catalysis [5,6]. Indeed, numerous reports
have correlated the dependence of the detemplation treatment with the
catalytic/adsorption properties [7,8].

High temperature (up to 723 K) combustion, which is termed calci-
nation, is the process of choice to remove the template. However, this
slow and highly energy-demanding approach might entail detrimental
effects on the materials themselves, such as: texture deterioration and
disordered arrangement of the porous structure [9], - acute loss of
framework elements, e.g., dealumination and depopulation of acid sites

* Corresponding author.
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[10,11], - and thermal expansion incompatibility among components
used in systems such as membrane-based separation devices [12-14].
This detrimental effect was explained by He et al. [15] to result from the
dramatic decomposition of the organic guest molecules under large
increasing temperature rates, leading to an abrupt increase of the inner
pressure. Consequently, alternative routes operating under milder con-
ditions are needed to overcome these drawbacks. Several techniques
have been proposed for low-temperature and/or faster detemplation,
such as plasma-induced oxidation [16-19], liquid extraction [20], su-
percritical fluid extraction [21], sonication [22], free-radical mediated
oxidation via  hydrogen  peroxide degradation [23-25],
microwave-assisted Fenton-like oxidation [26] and ozonication [27,28].
However, none of these allowed to reach a high technology readiness
level and hence still require significant development. In the case of the
plasma treatment, the residue from plasma decomposition may remain
in the sample because of the low-temperature process and, e.g., induces
hydration [29]. In the case of solvent extraction, Jones et al. [30] dis-
played some limitations of the approach when the OSDA strongly in-
teracts with the framework and when pore openings of the zeolite are
smaller than the size of the template molecule. Hence, calcination still
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Fig. 1. Experimental setup employed for the thermal detemplation.

seems to be the best solution. Still, a better understanding of heat and
mass transfer phenomena is essential to improve this key step, especially
developing advanced materials.

While the discussion above clarifies the importance of the calcination
approach for achieving and maintaining a high quality of the micro and
organized mesoporous materials depending on the application, it totally
dismisses the safety risks associated with the effluent composition
generated all along the calcination. During calcination, detemplation is
achieved not only via oxidation but also by Hoffmann degradation.
Under different conditions (temperature, heating rate, atmosphere,
mass), each reaction (e.g., oxidation vs. Hoffman degradation) may
change as each would have its activation energy and dependence on the
template’s nature. However, as Hoffman degradation can result in hy-
drocarbons and amines, the changes in the calcination parameters can
easily make the process prone to fire, explosion, and toxic exposure [31].

MCM-41 is a mesoporous material whose pore diameters vary be-
tween 2 and 6.5 nm as a function of the chain length of the employed
surfactant. In addition, a significant amount of organic material, i.e.,
45-55 wt%, is trapped inside the as-synthesized MCM-41, which makes
this mesoporous material an ideal candidate for studying in closer detail
the template removal phenomena during calcination [32].

Other porous materials, such as zeolites, are commonly synthesized
within organic templates but in lower content, e.g., less than 15 wt% in
ZSM-5 [31,33]. Moreover, unlike these crystalline microporous, MCM —
41 and other mesoporous solids allow for the recovery of the organic
structure-directing components [34]. This is explained by the fact that
the individual molecules that form the assembled structure-directing
components are held together by weak forces that are easily broken
and are sufficiently small to be eliminated through the relatively large
mesopores. Furthermore, the interaction energies between the organic
(OSDA) and the inorganic (framework) fractions in microporous mate-
rials are stronger compared to those from ordered mesoporous materials
[351.

Thermogravimetry/differential thermal analysis (TG/DTA) is the
primary technique used to understand the mechanism during calcina-
tion [7,32,36-44]. Such experiments were carried out in the presence or
absence of oxygen but always on a low amount of material (i.e., mg).

Hence, hiding the impact in the reaction mechanism as a result of mass
and heat transfer limitations that can occur under more industrial con-
ditions, i.e., at high loadings of material. In addition, the analytical
devices coupled to TG/DTA are generally mass spectrometry (MS) [36]
or gas chromatography [43], which allow the detection and quantifi-
cation of COy, CO, Hy0, and light hydrocarbons, but never of heavy
molecules and traces of oxidation products. The small amount of ma-
terial employed in TG/DTA hinders this trace analysis, making it diffi-
cult to establish a detailed detemplation mechanism.

The aim of this study is the calcination of MCM-41 synthesized from
hexadecyltrimethylammonium bromide (CTAB) as a surfactant. Calci-
nation is performed with and without oxygen, on a high sample loading
(1000 higher than open literature), in an instrumented experimental rig
to obtain relevant information on the heat and mass transfer phenomena
along the sample bed. In addition, a thorough analysis of the calcination
products using conventional and advanced analytical techniques (one
and two-dimensional gas chromatography) allowed us to propose a
detailed template removal mechanism.

2. Experimental section

Material synthesis: as-synthesized MCM-41 was prepared by adapting
a procedure described in the literature [45] using the quaternary
ammonium salt, hexadecyltrimethylammonium bromide, as a template.
In a typical synthesis, 5 g of CTAB were dissolved in 450 mL of demin-
eralized water. After 15 min of stirring at 25 °C, 17.5 mL of 2 M NaOH
solution were added, and the solution was mixed for 30 min. Subsequent
heating of the solution was carried out using an oil bath previously
heated at 80 °C. 25 mL of tetraethyl orthosilicate (TEOS) were imme-
diately added and left stirring for 2 h. The product was separated by
centrifugation and washed with distilled water until reaching a pH of 7.
The as-synthesized solid was finally dried at 80 °C forl2 h.

Materials characterization: The X-ray diffraction (XRD) patterns were
obtained on an Empyrean PAN analytical with Cu-Ka emission (A = 1.54
A) in the range 20 of 0.5-7°. Nitrogen physisorption isotherms at
—196 °C were measured on a Micromeritics TRIFLEX instrument. The
specific surface area was determined using BET. Before measurements,
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Fig. 2. X-ray diffractograms (a) and N, physisorption isotherms at —196 °C (b) of MCM-41 before and after calcination under air and N, atmosphere.
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the samples were exposed to a secondary vacuum at 25 °C for 1 h to
avoid removing organic traces from the organized mesoporous material
[46]. Elemental analysis of the organic (CNH) and inorganic (Br) were
performed on a Thermo Flash 2000 analyzer and ED-XRF EPSILON 4
(PANALYTICAL) equipped with a tube containing an anode of Ag
(15W-50 kV - 3 mA), respectively.

Thermal detemplation followed by thermogravimetry/differential thermal
analysis: TG/DTA was carried out on an SDT Q600 TA instrument under
aerobic (5% Oy/He) and anaerobic (He) flows. 7 mg of the solid were
introduced in a crucible, then heated from 25 °C to 500 °C with a
temperature ramp of 10 °C/min under a gas flow of 100 mL/min.

The thermal detemplation in a fixed-bed reactor (Fig. 1): The calcination
of the as-synthesized MCM-41 was carried out under atmospheric
pressure in a top-flow-fixed-bed reactor. 7 g of sample, previously sieved
between 0.2 and 0.4 mm, were charged. The height and diameter of the
sample bed were 50 and 25 mm, respectively. The air (or nitrogen) flow
rate varied from 35 to 100 mL/min. During the calcination, the reactor
temperature was increased from 25 to 500 °C with a heating rate of 3°C/
min and maintained for 24 h. Temperature (T) was recorded using five
thermocouples (Type K, 10 data/s) located inside a quartz thermowell at
different heights in the flow direction, viz. Top: 0.7 and 1.7; Middle: 2.7;
Bottom: 3.7, and 4.7 cm. After cooling down the reactor, the calcined
solid was heated again using the same protocol to obtain the thermal
profile of the sample without a template (Tpjank, Fig. 1). Three param-
eters were set:

e AT = T- Tpjank: the difference between the temperatures recorded on
the sample with and without template (CTA™). It is worth
mentioning that this parameter is proportional to a heat flow (Q =
m-Cp-AT, where Q is the flow rate and Cp, is the specific heat capacity
at constant pressure) (SI, Fig. S1).

o AT ™**: the maximal difference in temperature recorded at each
point of the sample bed.

e Tplani: the average temperature of the sample bed without CTA™.

The exhaust gas was sent through a condenser set at 10 °C. Aqueous
and organic phases (named “H»O & polar components” and “apolar
components”, respectively), were recovered, separated, and weighted.
The organic phase was analyzed outline by GC/FID (Scion 456) and
comprehensive GCxGC-MS analyses. GCxGC-MS analysis was performed
in a modified Agilent 6890 N gas chromatograph equipped with a two-
stage thermal modulator (Zoex Corporation, Houston, TX). A modula-
tion period of 12 s was used. The secondary column effluents were
analyzed using a mass selective detector Agilent 5975B, with an
acquisition of 22 scans per second in the mass range of 45-300, which
corresponds to 7 data points per peak and peak width of 1530 ms. Two
capillary columns performed the separation by, the first is a moderately
polar VF1701 column (30 m x 0.25 mm x 0.25 pm), and the second
column is an apolar DB1 column (2 m x 0.1 mm x 0.1 pm). The first
oven was heated at 50 °C for 5 min, then went to 300 °C within a
temperature ramp of 1.8 °C/min. The second oven temperature started
at 50 °C and immediately heated to 320 °C (1.8 °C/min). NIST-MS 2011
database was used for peak identification.

The non-condensed phase was analyzed online by gas chromatog-
raphy equipped with two columns (BR899859-105 BRUKER; 30 m X
0.32 mm x 5 pm and SA 0355 AGILENT (1.0 m x 3.18 mm x 2.0 mm), a
methanizer coupled to a flame ionization detector (FID). The frequency
of GC analyses was about 5 min. In addition, NOy products were
monitored using an AC32 M ENVIRONNEMENT SA analyzer.

A pressure sensor measures the potential pressure drop (which
remained below 0.5 bar), and a drum-type gas meter records the output
gas flow.

The calculation of the product yield is described in the supplemen-
tary information (SI, section S1).

Thermal detemplation followed by FTIR: Operando detemplation was

carried out on an IR cell coupled to a Fourier Transform Infrared (FTIR)
spectroscopy (NEXUS NICOLET 5700 spectrometer, resolution of 2
em™1). As-synthesized MCM-41 was pressed into a thin 2 cm? wafer of
10 mg and calcined in the IR cell under air or N3 flow (100 mL/min)
from 200 to 500 °C with an increment of 50 °C. Spectra were acquired
after 10 min at each temperature.

3. Results and discussion
3.1. Characterization of the as-synthesized material

XRD pattern of the as-synthesized MCM-41 in Fig. 2 a displays three
peaks and one barely observable peak in the low angles range (1-7° 20),
which can be indexed to the (001), (110) and (200) and (210) re-
flections, respectively, characteristics of MCM-41 [38,47]. The Ny
physisorption isotherm in Fig. 2 b presents no nitrogen uptake indicating
negligible microporosity and mesoporosity. The CTA ¥ template is
occluded in the pores, thus hindering any possible gas dif-
fusion/adsorption inside the structure. Elemental analysis of the
as-synthesized sample displays a C/N atomic ratio of 19/1, confirming
that CTA" is present inside the structure. Furthermore, only traces of
bromine are present (>0.03 wt %).

3.2. Thermal detemplation followed by TG/DTA analysis

The thermogravimetric and differential thermal analysis curves of as-
synthesized MCM-41 under air and nitrogen are shown in Fig. 3a and b,
respectively. Under aerobic conditions, oxygen flow supplied is stoi-
chiometrically in excess to completely oxidize the occluded template
(04:CTA™ molar ratio of 111:1 after reaching 500 °C). Nevertheless,
independent of the nature of the gas, the weight loss is similar, ca 55 wt
%, suggesting that complete CTA™ removal is possible even under an
inert atmosphere. At 120 °C, a weight loss of ca. 5 wt% and a negative
heat flow are attributed to water desorption. Subsequent mass loss of 43
wt% is achieved between ~150 and 400 °C and assigned to the thermal
decomposition of the surfactant. According to differential thermal
analysis, two reactions appear under air: endothermic reactions fol-
lowed by exothermic reactions after heating at 320 °C (probably com-
bustion), whereas only endothermic reactions occur under nitrogen.
Finally, from 400 °C, whatever the atmosphere, the mass loss (ca 7 wt%)
is attributed to the condensation of silanol groups [48].

3.3. Heat and mass transfer in a fixed-bed reactor during detemplation

The calcination of as-synthesized MCM-41 is investigated under
industrially more relevant conditions, i.e., a fixed-bed reactor (Fig. 1).
Fig. 3c and d compare AT as a function of T blank, at different heights on
the sample bed, with and without oxygen, respectively. AT is the tem-
perature difference of samples with and without template and T blank is
the average temperature of the sample bed without CTA". 14 and 5 mL/
min.g airflow results can be found in Fig. S2a and b.

Only endothermic reactions occur under an inert atmosphere (AT <
0 °C). The negative gradient increases in the flow direction but remains
limited (>—20 °C). Inlet oxygen flow is significantly below the stoi-
chiometric amount necessary to completely oxidize all the surfactant
occluded (02:CTA™ molar ratio of 4:1 after reaching 500 °C under 14
mL/min.g). Yet, in an aerobic environment, as observed by TG/DTA,
three successive reactions take place: desorption of water at 120 °C, then
endothermic reactions, followed by exothermic reactions. Furthermore,
the measured AT, which can be assimilated to a heat flow, shifts, and
increases from the top to the bottom of the sample bed, suggesting a
significant heat transfer. The AT can be higher than 130 °C than the
input temperature. At the top of the bed, a narrow thermal gradient peak
is observed at T blank = 300 °C. This exothermic peak can be correlated
with partial oxidation of the evolved surfactant (e.g., oxidation toward
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ketones, cf. GC x GC results). At the middle of the sample bed, this
exothermic peak is broader, which may result from the heat released
from partial and complete oxidation, allowing it to reach the local
temperature leading to the ignition of the template. Subsequently, after
removing almost all the surfactant molecules, extinction of the com-
bustion is observed. At the bottom, the first thermal gradient is present
but less intense, suggesting a lack of oxygen. However, a more important
thermal gradient appears and cannot be correlated to the template
oxidation but from the heat released upstream. Consequently, the shift
between these two peaks is higher at lower flows because the heat issue
of the exothermic reactions is transferred through an insulator material
(SI, Fig. S2 a and b). The thermal profile is shown in Fig. 3e through a
color shade of the AT at different positions on the sample bed. The
absence of a thermal gradient with the empty reactor indicates that the
sample bed is in the isothermal zone of the furnace. Under nitrogen, the
thermal gradient is relatively homogeneous, while in air, it is significant
and depends on the gas flow rate. The higher the gas flow rate, the
higher the thermal gradient along the sample bed, which is indicative of
the role of the gas phase in the dissipation of the heat. Under airflow,
thermal phenomena may be described by following the sequence: heat
released from partial and complete oxidation — Ignition — Extinction —
Heat transfer.

The different behavior between endothermic and exothermic pro-
cesses observed with and without oxygen may impact the detemplation
efficiency. Yet, independent of the inlet gas, all the organic compounds

are removed (SI, Table S1), suggesting that oxygen is not indispensable
for the CTA" removal. Mesopore volume, BET surface area, and the
shape of the nitrogen isotherms are similar even under an anaerobic
medium (Fig. 2b). Besides, the XRD patterns of the “detemplated”
(calcined) solids are similar and display a well-ordered structure formed
from hexagonal arrays (Fig. 2a) [38,47]. Peaks slightly shift toward
higher 2theta values after treatment (2.4-2.6° 20), which correlates to
d-spacing shrinking because of template removal and silanol groups
polycondensation [42,44]. Overall, considering the similar textural
properties of the materials obtained after calcination under different
environments, treatment under anaerobic conditions could be consid-
ered an attractive alternative to preventing thermal runaway issues
during calcination [49].

The endo and exothermic reactions involved during the detempla-
tion suggest that a reaction other than combustion is taking place, and
therefore the product selectivity might change with the gas nature. The
products of detemplation can be divided into four categories: i) com-
bustion products (COx, water & polar products), ii) cracking products
(C1-Cg and C;-Cy5 hydrocarbons), iii) decomposition products (hex-
adecene and hexadecyldimethylamine), and iv) trace (named “others”).
The bar chart in Fig. 4 a compares the composition of the as-synthetized
MCM-41 (drawn from TG) with the weight yield of products under ni-
trogen and air and different flow rates. It is worth mentioning that in-
dependent of the operating conditions; the mass balance ranges between
90 and 98 wt%.
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The quantity of water recovered during the anaerobic treatment is
close to the water content obtained from the TG/DTA analysis, respec-
tively 4.5 and 5 wt %. Differently, under aerobic conditions, the quantity
of condensed water (and polar products) is higher mainly due to the
water produced by the combustion of surfactant and the condensation of
silanols due to high-temperature gradients (cf. 3.2 and 3.4). In summary,
the higher yields of water and polar products observed in an aerobic
environment result from the oxidation reactions.

COy products (mainly CO3) are only detected under airflow, result-
ing, as expected, from the combustion of the organic surfactant.
Regardless of the operating conditions, the COyx yield remains limited
(<2 wt%, Fig. 4a). Therefore, when considering the CO; yield, calcu-
lating an adiabatic (Tadiabatic) temperature becomes possible (SI, section
S2). Despite the process conditions, the average temperature on the
sample bed is close to 15-20 °C of the experimental value, which sug-
gests that the heat losses are limited and that a low CO» yield is sufficient
to increase the temperature by more than 100 °C. If all the CTA™ were
burned, the heat released would increase the temperature on the sample
bed up to 2500 °C (SI, Table 52), which would be extremely harmful to
the material and may cause safety issues. Fig. 4b displays the yield into
COy as a function of the average temperature within the sample bed
without CTA™. The formation of oxidation products shifts towards lower
temperatures as the gas flow rate increases. This could mean that the
amount of oxygen is insufficient for complete combustion, but as shown
previously (Fig. 3e), the higher the gas flow, the higher the thermal
gradient on the sample bed. Therefore, the early appearance of COy is
more likely to be due to an increase in the local temperature than to an

oxygen substoichiometry. Indeed, this conclusion is supported by the
formation of cracking products at relatively low temperatures, i.e.,
<300 °C. Thermal cracking (experiment under nitrogen) occurred at
temperatures above 400 °C rather than below 300 °C (Fig. 4c).

Hexadec-1-ene is the main detemplation product with a yield of ca.
20 wt%, with and without oxygen; this excludes the Cope elimination
mechanism. Indeed, this reaction is an elimination of the N-oxide to
form alkene and hydroxylamine, thus requiring the prior oxidation of
the amine to N-oxide. So, the alpha-olefin results from the removal of
trimethylamine (TMA) from CTA" only through the Hofmann elimina-
tion mechanism as proposed by Beck et al. [37]:

[CTA T; SiO™] — Alk-1-ene + TMA + SiOH.

TMA is not condensed owing to the low boiling point, i.e., 3 °C
(Temperature of condenser = 10 °C). The Hofmann elimination is an
endothermic reaction that begins below 250 °C and is complete at
350 °C (Fig. 4d). Hence, the second negative heat flow observed in this
temperature range on TG/DTA can be attributed to the Hofmann elim-
ination. The GC analysis shows that one part of the hexadec-1-ene
isomerizes (double bond position), the other part cracks into lighter
olefins C1—Cg (1 wt%), and C7—C;5 (2.5 wt%).

Hexadecyldimethylamine (DMAC;¢) is the second main product
(2-6 wt %) and probably results from a hydrolysis mechanism:

CTA + + SiO-+ H,O— DMAC¢ + CH30H + SiOH.

Its yield is higher without oxygen due to the lower local temperature.
Indeed, in the presence of oxygen, formation starts from 250 °C, passes
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Fig. 6. Evolution of hydroxyl (a) and CH (b) stretching bands as a function of the temperature with and without oxygen. IR spectra, in 1300-1900 cm ! region at

different temperatures in the presence (c) and absence (d) of oxygen.

to a maximum at 350 °C, and then decreases (Fig. 4d). The thermal
decomposition of DMAC;¢ probably occurs from 350 °C. As local tem-
peratures are higher in the presence of oxygen (Fig. 3e), the yield of
DMAC;¢ is lower than in anaerobic media.

Trace composition (“others” and 4th lump) is established by GCxGC/
MS analysis (SI, Fig. S3). Surprisingly, octadecene is detected, suggest-
ing that alkylation reactions occur, resulting in hydrocarbon chain
growth. The presence of diolefins, alkanes, and aromatics means that
hydrogen transfer occurs mainly in the presence of oxygen due to
increased local temperature. In addition, some oxidation intermediates
such as ketones and hexadecylformamide (FMAC;¢) and hex-
adecanenitrile (NITC;6) are detected. Photographic evidence of the
liquid samples recovered after calcination through condensation (SI,
Fig. S4) displays a clear solution obtained from inert gas treatment
compared to the resulting from oxidizing environments, which agrees
with the oxidized components detected by GCxGC/MS analysis.

Fig. 5 summarizes the main (Hofmann elimination), secondary (hy-
drolysis), and side (oxidation, alkylation, isomerization, cyclization,
etc.) reactions that occur during detemplation in aerobic (oxygen path)
and anaerobic (thermal path) conditions.

Previous studies of the thermal decomposition of the MCM-41 agree
that the Hofmann elimination is the main process taking place during
calcination. However, it is also suggested that a secondary mechanism
may occur. Cope elimination was proposed, but no clear evidence was
presented [42]. In this context, our results demonstrate that removal of
the template does not require the presence of oxygen, which is required
for Cope elimination to take place; yet in both cases, a similar yield of
products was obtained.

Investigations of calcination on zeolite *BEA [5] revealed that the
detemplation mechanism is, in this case, impacted by acid sites of the
framework. Furthermore, in the case of the SAPO-34 study [6], this
strong interaction between the acid sites and the template may hinder
the complete removal of the OSDA under an inert environment. Hence,
the results of the different parameters studied in this investigation, i.e.,
greater scale and gas environment impact, open a wide window of

research that will be addressed over the OSDA employed [44,50,51]
and/or micro and organized mesoporous materials type regarding the
heat and transfer phenomena taking place inside the calcination bed.

3.4. Thermal detemplation followed by FTIR

In order to study the behavior of chemical properties on the surface
of the MCM-41 during detemplation, operando experiments with and
without oxygen are carried out during heating from 25 to 500 °C. Fig. 6a
and b shows the evolution of the area of the silanol band at 3473 cm™?
and the sp® C-H stretch bands as a function of the input temperature,
respectively. The silanol appears from 250 °C regardless of the atmo-
sphere. Indeed, as demonstrated previously, Hofmann elimination oc-
curs below 250 °C (Fig. 4d). The intensity of the silanol band increases
rapidly in the presence of oxygen. It passes through a maximum at
450 °C, suggesting a possible increase in the local temperature of the
material over the wafer as a result of auto-ignition, which could lead to
silanol condensation as inferred from TG/DTA (Fig. 3a and b). The
appearance of the silanol band is concomitant with the disappearance of
the bands of sp3 C-H bend (1488 and 1467 cm™ 1) and N-H bend (1478
em™1) [39]. In addition, in the presence of oxygen, carbonyl stretching
bands appear from 300 °C at 1780 and 1730 cm L. The lower wave-
number could correspond to saturate aldehyde while the higher to a
cyclic ketone. The presence of the carbonyl group indicates that com-
bustion occurs, leading to an increase in local temperatures over the
wafer.

4. Conclusion

The results discussed here suggest that the elimination of hex-
adecyltrimethylammonium occluded in the as-synthetized MCM-41
mesoporous material does not require the presence of oxygen to occur.
Indeed, we have successfully shown that template removal can be ach-
ieved even under inert gas flow leading to the total elimination of
organic species, leading to a similar structural impact. It is worth
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recalling that herein, we studied for the first time the calcination of the
MCM-41 using higher loads than ever reported in previous studies,
which allowed us access to the heat transfer phenomena taking place
inside the bed. It was deduced that aerobic environments accelerate the
degradation because of heat transfer provided by exothermic oxidation
reactions. High air flows increase heat transfer along the calcination
bed, which provides the conditions necessary for thermal cracking re-
actions while heating below 400 °C. The cracking products may be a
reliable hint of the actual conditions during the calcination. The removal
of occluded hexadecyltrimethylammonium in the as-synthesized MCM-
41 occurs primarily by Hofmann elimination and therefore does not
require the presence of oxygen. A second mechanism was proposed,
based on hydrolysis, in which the major product, hexadecyldimethyl-
amine, is more prone to crack and be oxidized. Detemplation in an inert
atmosphere avoids thermal runaway and hence allows the recovery of
the long carbon chain alpha-olefin hexadec-1-ene in high purity. The
presence of oxygen leads to incomplete combustion and overheating of
the catalyst bed, which accelerates the reaction and slightly alters the
product selectivity. Hence, exploring different organic templates and
oxygen impacts regarding the detemplation mechanism may be inter-
esting. A similar study will be of interest for the calcination of hierar-
chical zeolites.
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