
Introduction

MCM-41 silica exhibits hexagonal arrays of uniform

and cylindrical mesopores with diameters in the range

1.5–10 nm. The pore dimensions may be controlled by a

choice of appropriate synthesis conditions [1–8]. Appli-

cation of these materials is determined by sorption prop-

erties and pore dimensions. Similar to the case of amor-

phous silica gel on the MCM-41 surface isolated and

hydrogen bounded silanol groups are present. The

siloxane bridges formed in the last stage of synthesis

procedure are assumed to be surface species of hydro-

phobic character. Thus, MCM-41 silica can sorb specif-

ically polar molecules as well as aliphatic and aromatic

hydrocarbons. Synthesis of MCM-41 is based on addi-

tion of an inorganic silica source (sodium silicate, tetra-

ethoxysilane, fumed silica) to the solution containing

the surfactant micellar template. In the final material the

surfactant micelles are encapsulated in the silica skele-

ton. The internal pores become hollow after the organic

phase has been removed. High temperature treatment in

air causes degradation and evaporation of surfactant

molecules from the sample [9–11]. Evacuation of or-

ganic species is a complex process of exothermic char-

acter [12–15]. At the beginning of surfactant template

removal below 473 K usually a small endothermic ef-

fect is observed which is ascribed to elimination of the

trimethylamine group. However, the initial fragment of

TG curve (T<373 K) represents desorption of water,

which is confined probably in the silica skeleton.

The temperature ranges corresponding to the

successive stages of template removal are not pre-

cisely specified due to their dependence on a heating

rate. For higher heating rates the inflection points as-

cribed to appropriate phase transformations are

shifted toward higher temperatures. Thermal treat-

ment causes complete degradation of surfactant mole-

cules and evaporation/combustion of various chemi-

cal species. Above 573 K oxidation of organic species

and conversion to water and carbon dioxide take

place. These processes are of exothermic character.

Finally, we obtain MCM-41 silica without organics

within pores. The pure siliceous MCM-41 exhibits

strong adsorption properties in relation to many

adsorptives [16–20]. However, some experiments

demonstrate sorption of various substances by as-syn-

thesized samples whose pores are filled with organic

template [21, 22]. In [21] significant adsorption of

benzene is reported for MCM-41 synthesized using

surfactants of various length of hydrocarbon chain.

The amount adsorbed was practically independent of

a number of carbon atoms in the surfactant molecule.

In the present paper we focused on adsorption of tolu-

ene and propan-1-ol on MCM-41 synthesized using

dodecyl and octadecyltrimethylammonium bromide.

The saturated samples of these materials with both

adsorptives were studied using thermogravimetry

(TG-DTG), differential thermal analysis (DTA) and

differential scanning calorimetry (DSC).

Experimental

Sample preparation

MCM-41(C12) and MCM-41(C18) materials were

synthesized using dodecyl trimethylammonium bro-

mide and octadecyltrimethylammonium bromide as

surfactants (C12TMAB, 99% Sigma; C18TMAB,

98% Aldrich), respectively. The preparation proce-

dure followed the method described in [23].
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Tetraethoxysilane (TEOS, 98% Fluka) was used as a

silica source. The initial sample was dried at 373 K

and used without further thermal treatment, thus the

micellar filling was entirely preserved. The as-syn-

thesized samples were exposed at 298 K to the vapor

of toluene and propan-1-ol in a desiccator for 36 h.

Before sorption experiment the air was evacuated

from desiccator. Thus, one can assume that at equi-

librium practically saturated (p/p0≈0.99) vapors of

adsorptive is present over the sample.

Methods

The mass loss curves and differential scanning calo-

rimetry curves were measured using the Setaram

Setsys 16/18 instrument, using the standard platinum

crucible and the sample mass of ~10 mg. The samples

were heated at a rate of 5 K min
–1

from room tempera-

ture to 873 K in air flow of 0.6 dm
3

h
–1

.

Nitrogen adsorption measurements were carried

out using a volumetric adsorption analyzer ASAP 2405

(Micrometrics, Norcros, GA). The specific surface ar-

eas SBET, were calculated using the BET method for the

adsorption data in a relative pressure range p/p0

from 0.05 to 0.25. Pore size and pore size distribution

were determined using the BJH procedure [24].

Results and discussion

Porosity of siliceous skeleton for the studied

MCM-41 samples was characterized from nitrogen

adsorption data. Both samples were calcined at 823 K

for 8 h and next kept at the same temperature for 5 h in

oxygen stream. Low temperature adsorption/desorp-

tion isotherms for MCM-41(C12) and MCM-41(C18)

are shown in Fig. 1.

For the both investigated samples the adsorp-

tion/desorption isotherms exhibit a typical shape

(IV type of isotherm) for uniform porosity with a

well-resolved step at relative pressure p/p0≈0.2

and 0.4, respectively. This step corresponds to con-

densation in the primary-hexagonally arranged pores.

In Fig. 1 the nitrogen adsorption/desorption isotherm

for the as-synthesized MCM-41(C18) material is also

shown. As it is seen, the adsorption in this case is neg-

ligibly small and represents only external interparticle

surface. The small hysteresis loop (larger for the

MCM-41(C18) sample) is observed above p/p0=0.85.

The external specific surface area consists of 2–3% of

the total specific surface area of the samples investi-

gated after calcination. The structural parameters

derived from the adsorption/desorption data are

collected in Table 1.

The specific surface area SBET was calculated us-

ing the BET method for adsorption data in a relative

pressure range from 0.05 to 0.25. The pore volume of

primary poresV
p

*
for the samples under study was de-

rived from adsorption at a relative pressure of 0.45

i.e. at the end of condensation in these pores. The total

pore volume Vp was derived from the single point ad-

sorption at p/p0=0.98. The pore size distribution PSD

was calculated using the BJH method. The presented

results of adsorption experiments confirm the depend-

ence of pore diameter on the length of hydrocarbon

chain in the surfactant molecule. The increase of the

number of carbon atoms from C12 to C18 causes the in-

crease of the mean pore diameter from 20.0 to

28.7 nm. Thus, the pore interior of as-synthesized

MCM-41(C18) contains larger amount of hydrophobic

species as compared to the MCM-41(C12) sample.

The small adsorption of nitrogen on as-synthesized

MCM-41 testifies that the nitrogen is adsorbed only

on the external surface of particles and does not

penetrate into pores filled with organic template.

Sorption capacity of the hydrophobic surfactant

core of as-synthesized samples under study was investi-

gated using toluene and propan-1-ol as adsorptives. The

thermodesorption TG curves as well as the DSC curves

for as-synthesized MCM-41(C18) and saturated with to-

luene MCM-41(C12) and MCM-41(C18) are shown in
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Fig. 1 Nitrogen adsorption/desorption isotherms at 77 K for

the silica samples under study; 1 – MCM-41(C18) cal-

cined, 2 – MCM-41(C12) calcined, 3 – as-synthesized

MCM-41(C18)

Table 1 Structural parameters obtained from the nitrogen ad-

sorption data for investigated MCM-41 samples

Sample
SBET/

m
2

g
–1

DBJH/

�

Vp /

cm
3

g
–1

V
p

*
/

cm
3

g
–1

MCM-41(C12) 1214 20.0 0.85 0.39

MCM-41(C18) 1146 28.7 1.48 0.68

*the volume of primary pores



Figs 2–4. However, the TG curves and the DTA curves

corresponding to them for as-synthesized MCM-41(C12)

and saturated with propan-1-ol MCM-41(C12) and

MCM-41(C18) are presented in Figs 5–7. It follows from

the TG curves presented in Figs 2 and 5 that the mass of

template consists of 52 and 37% of the total mass of the

MCM-41(C18) and MCM-41(C12) samples, respec-

tively. Thus, relative contamination of siliceous material

is higher in the case of MCM-41(C12). Consequently,

mass loss representing desorption of water at the begin-

ning of thermal treatment is higher for this material

(Fig. 5). Exothermic combustion above 573 K corre-

sponding to step III on the TG curves is much higher for

MCM-41(C18) in comparison to MCM-41(C12) (Figs 3

and 4). It means that after the same time period the

MCM-41(C12) sample contains relatively smaller

amount of organic species deposited in the pore interior.

Moreover, mass losses represented by step II are for

both materials almost identical. It suggests much faster

template removal for the MCM-41(C12) sample at the

same heating rate.

For the initial MCM-41(C18) sample one can

observe in the first stage of thermal treatment in the

temperature range from 298 to 383 K well resolved

endothermic peak representing desorption of water.

About 3% w/w mass loss is detected. However, for

the samples saturated with toluene, the mass loss

steps in the same temperature range are ~7.5

and ~14.5% for MCM-41(C12) and MCM-41(C18),

respectively. Two next mass loss steps for all sam-

ples represent decomposition of surfactant. They are

accompanied by exothermic effects and were widely

discussed elsewhere [12–16].

The desorption of water from MCM-41 exhibits a

wide peak on the DSC curves. The similar peaks are

present on the DSC curves for the MCM-41(C12) and

MCM-41(C18) samples with adsorbed toluene. It is

worth mentioning that endothermic effects are larger in

the case of MCM-41(C12) when the amount of adsorbed

toluene is three times lower in comparison to the

MCM-41(C18) sample. Moreover, the DSC desorption

peak for MCM-41(C18) exhibits a bimodal character in-

dicating that two independent processes overlap in the

mentioned temperature range. It may suggest that tolu-

ene is involved in strong capillary as well as adsorption

interactions with the silica framework. It is well known

that when pore dimensions become smaller higher tem-

perature of pore emptying is required. Taking into ac-

count the fact that the endothermic effect for the satu-
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Fig. 2 TG and DSC curves for MCM-41(C18) sample

Fig. 3 TG and DSC curves for MCM-41(C12)–toluene

Fig. 4 TG and DSC curves for MCM-41(C18)–toluene

Fig. 5 TG and DTA curves for MCM-41(C12)



rated sample is a sum of desorption energy of water and

toluene and propan-1-ol one can assume that energy of

desorption for these adsorptives is equal to the differ-

ence of both effects i.e. ΔH
des

tol
=101.7 kJ g

–1
, H

des

prop
=

84.2 kJ g
–1

for MCM-41(C12) and ΔH
des

tol
=19.7 kJ g

–1
,

H
des

prop
=10.9 kJ g

–1
for MCM-41(C18).

The adsorption of propan-1-ol on MCM-41(C12)

and MCM-41(C18) is much higher than that of toluene

and is more differentiated for both samples (Table 2).

Simultaneously, desorption of water and alcohol is

pronounced on the DTA curves. On the DTA curves

presented in Figs 5 and 6 below 373 K there is ob-

served one peak for as-synthesized MCM-41(C12) and

bimodal one for as-synthesized MCM-41(C12) satu-

rated with alcohol. Thus, one can assume that the first

peak at lower temperature represents desorption of

propan-1-ol and the second one at higher temperature

represents desorption of water. The volume of ad-

sorbed propan-1-ol on MCM-41(C18) corrected with

respect to water contamination and calculated by con-

verting of mass loss to the volume of the liquid adsor-

bate represents almost 30% of total volume of emp-

tied pores (Fig. 7). It may suggest considerable swell-

ing of hydrocarbon core of template being in contact

with propan-1-ol vapour. On the other hand, enthalpy

of desorption from smaller pores is higher than for

desorption from larger ones. Thus, it may be assumed

that the adsorption on as-synthesized MCM-41 is

determined by adsorbate-micellar core interactions as

well as pore dimensions.

A big difference of propan-1-ol uptake for

MCM-41(C12) and MCM-41(C18) is hard to explain.

Probably, it is a result of different morphology of these

materials. As follows from the nitrogen adsorption data

MCM-41(C18) is characterized by a large total pore

volume (nitrogen adsorption/desorption isotherms

shown in Fig. 1). A great part of this volume may be

ascribed to wide mesopores corresponding to the

interparticle voids (p/p0>0.9). Thus, in part adsorption

of propan-1-ol takes place on the external surface of

silica particles which does not contain surfactant mole-

cules and exhibit the presence of surface silanols.

These silanols interact specifically with alcohol mole-

cules. Thus, the adsorption of propan-1-ol in the

micellar template is overestimated in this case.

Conclusions

The presented results show that the as-synthesized

samples of MCM-41 containing micellar template in-

side pores exhibit specific sorption properties when ex-

posed to vapour of various substances. The extent of

adsorption on the non-calcined samples is much lower

compared to adsorption on the calcined sample when

the silica surface is totally accessible for adsorptives.

As the internal surface of the as-synthesized

MCM-41 sample is not accessible for nitrogen mole-

cules and simultaneously sorption of toluene and

propan-1-ol takes place, one can conclude that uptake

of these adsorptives is caused by their solubility in the

micellar template. Adsorption is higher when dimen-

sions of template core increases. Simultaneously, the

desorption of toluene and propan-1-ol requires a

higher energy for lower micellar core. In such a case

the share of capillary interactions becomes larger in

the sorption process.
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Table 2 Desorption of toluene and n-propanol from samples

investigated

Sample

Desorbed amount/w/w%

toluene propan-1-ol

MCM-41(C12) 3 4.8

MCM-41(C18) 11.5 27.7

Fig. 6 TG and DTA curves for MCM-41(C12)–propan-1-ol

Fig. 7 TG and DTA curves for MCM-41(C18)–propan-1-ol
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