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Abstract

MCM-41 molecular sieves with high structural stability and long-range order were synthesized using ethylamine (EA) as an additive instead
of mineralizers such as NaOH and TPAOH. X-ray diffraction showed that the EA/CTAB (cetyltrimethylammonium bromide) ratio was the
critical factor that determines the degree of ordering in MCM-41, and an EA/CTAB ratio of 0.2 or 0.5 produced the highest long-range order.
The samples had walls approximately 2 nm thick, which is the highest level ever reported. Therefore, they did not lose their structure entirely
even after heat treatment at 10@ Together with the effect of the EA/CTAB ratio, the textural mesoporosity, as confirmed from,the N
adsorption—desorption isotherm analysis, suggests the EA participates in the templating process of the mesostructure.
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction For the common synthesis conditions, the highest record
seems to be around 2 njh0,11]

Since the discovery of MCM-41 by the scientists from It was reported that the structural stability of MMS could
the Mobil Co. at 19971,2], mesoporous molecular sieves be enhanced using small molecule alkylamines as mineral-
(MMS) have aroused a great deal of interest in the area ofization agent$10]. The authors assumed that the pH buffer
catalysis due to their potential to overcome the drawback function of alkylamines made the building blocks (inorganic
of zeolite—limited diffusion of molecules due to the small precursor) more uniform in terms of the degree of polymer-
channels. Up to now, MMS with pores of sizes ranging from ization and the charge density, so leads to a denser channel
2 to 30 nm have been developi@d, and are being examined  structure. However, alkylamines with a hydrocarbon chain
for their catalytic applicability in variable chemical reac- length of C> 8 were reported to act as templates to syn-
tions[4,5]. However, the general catalytic processes involve thesize MMS with a hexagonal array, which is referred to
hot water or high temperature conditions, which makes the as HMS[12]. The advantages of HMS materials are a room
structure of MMS very weak and unstable due to the hydrol- temperature synthesis process, easy adaptation of foreign
ysis of the Si—O-Si bonds and the thin pore walls. Therefore, atoms other than Si, and thicker walls assuring a high struc-
many studies have focused on improving the structural sta-tural stability. Recent reports have shown that even in the
bility of MMS for catalytic applicationg6—8]. The largest  case of C< 8, alkylamines were utilized as templates to
reported wall thickness in MCM-41 is 2.68 nm for the sam- produce microporous materials with a similar mechanism to
ple synthesized hydrothermally at relatively high tempera- that of the mesostructure synthegi8]. Therefore, it is fea-
ture, 165°C [9]. In this case, however, partial collapse of sible that alkylamines added as mineralization agents have
porous structure was observed to be inherent, and the strucsome interactions with the surfactant or inorganic precur-
ture collapsed for the most part after 10@heat treatment.  sor, which have an important effect during the mesostructure

forming process.
The aim of this study was to examine the effect of
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synthesize MCM-41 with a high stability as well as a high Table 1
order.

2. Experimental

2.1. Synthesis of MCM-41

2 was added to solution 1 drop-wise a period of 30 min. The

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

Composition of the synthetic mixtures

Sample Molar composition
Si/CTAB/EA/H,O/EtOH
1CTAB-0.2EA 1.0:1.0:0.2:100:7
1CTAB-0.5EA 1.0:1.0:0.5:100:7
1CTAB-1EA 1.0:1.0:1.0:100:7
1CTAB-2EA 1.0:1.0:2.0:100:7

0.5CTAB-0.2EA

EA was used instead of the common mineralization agents0.5CTAB-0.5EA
such as NaOH. The reaction mixture had various amounts0.5CTAB-1EA

of CTAB and EA, while with the volumes of TEOS, ethanol
and HO were fixed. The mixing ratios are shownliable 1
Initially, solution 1, which was composed of>B, CTAB
and EA, and solution 2, which was composed of ethanol and 0.2CTAB-2EA

TEOS, were mixed for 30 min individually, and then solution 0.1CTAB-0.2EA

0.5CTAB-2EA
0.2CTAB-0.2EA
0.2CTAB-0.5EA
0.2CTAB-1EA

0.1CTAB-0.5EA

1.0:0.5:0.2:100:7
1.0:0.5:0.5:100:7
1.0:0.5:1.0:100:7
1.0:0.5:2.0:100:7
1.0:0.2:0.2:100:7
1.0:0.2:0.5:100:7
1.0:0.2:1.0:100:7
1.0:0.2:2.0:100:7
1.0:0.1:0.2:100:7
1.0:0.1:0.5:100:7

. . 0.1CTAB-1EA 1.0:0.1:1.0:100:7
resultan_t mixture was heated to 8D for further 30 min. 0.1CTAB_2EA 1.0:0.1-2.0100-7
and maintained at that temperature for 4 h under reflux. The
resulting solution was transferred to a Teflon bottle with a
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Fig. 1. The SAXS patterns of the products obtained from the initial mixtures with the various EA/CTAB

(c) 1 and (d) 2.

ratios. The EA/Si ratios are (a) 0.2, (b) 0.5,
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sealing cap and left in an oil bath at 10D for 3 days. The
product was filtered and washed twice with plenty of water,
dried in oven at 80C overnight, and calcined at 53Q for

6 h to remove the remaining surfactant.

2.2. Characterization

819

sition from a random structure into nanostructure with a
long-range order is observed with decreasing amounts of
CTAB. FromFig. 1, it can be seen that increasing the amount
of EA or decreasing the amount of CTAB promotes the
long-range order of the nanostructure. This tendency can be
interpreted in another way in that the intensity of the peaks
is strongly affected by the EA/CTAB ratio, and accentuates

The microstructure images of the product were obtained {qward the region of EA/ICTAB= 2 or 5. The fact that a

using high resolution TEM (Jeol JEM-3000F) operated at an
acceleration voltage of 300 kV. Small-angle X-ray scattering
(SAXS) data were collected on a Bruker GADDS diffraction
system at 40kV and 30 mA with Cu JKradiations § =
1.5418A). The N adsorption—desorption isotherms were
obtained using Micromeritics ASAP 2010 for the structural

similar EA/CTAB ratio gives a similar peak intensity, sug-
gests that the EA affects the template activity of CTAB. An-
other noteworthy fact shown iRig. 1is that when the EA
concentration exceeds a certain value, the intensity of the
peaks begins to diminish and the amount of CTAB has no
effect.

analysis. The specific surface areas were calculated by using Together with the SAXS patterns, the HRTEM image

the BET method14], the pore size distributions (PSD) were
determined by the BJH meth¢#l5]. The structural stability

of one of the synthesized samples showrfig. 2 shows
the hexagonal arrangement of the MCM-41 mesostructure.

was established using SAXS patterns of heat-treated Sampleﬁbore-to-pore distance was measured to be approximately
and as-synthesized ones. The wall thickness, whichis closely, 3_4 5nm. which concurs with the result from the SAXS

related to the structural stability, was calculated using the

patterns.

lattice parameters obtained from the SAXS patterns and the Fig. 3 shows the N adsorption-desorption isotherms

pore sizes obtained from PYD1].

3. Results and discussion

of the synthesized samples. More prominent jumps in the
isotherms can be seen in the high order samples. This co-
incidence can be also found in a comparison of the SAXS
patterns with the pore size distribution curves shown in

The SAXS patterns of the synthesized products are shownFig. 4 The position of the inflection point, which repre-

in Fig. 1 In the case of EA= 0.2 in Fig. 1(a) a tran-

sents the size of the pores, moves toward lowep paitial

Fig. 2. HRTEM image of a typical sample obtained from an initial mixture of 1Si—-0.5EA-0.1CTAB.
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Fig. 3. The N adsorption—desorption isotherms of the products obtained from the initial mixtures with the various EA/CTAB ratios. The desorption
branches are shown as dotted lines.

pressure region with increasing EA concentration. How- in HMS materials synthesized by using alkylamines with a
ever, an increase in the EA concentration also produces ahydrocarbon chain length of & 8 as templatefl2]. This
hysteresis loop in the high partial pressure region of the is another clue indicating that alkylamines play a partial
adsorption—desorption isotherm. The results show a bimodalrole as a template.

pore size distributions and an increase in the BJH average The BET specific surface area and the wall thickness are
pore size, although the actual channel sizes decrease. Thipresented irTable 2 They are in inverse proportion mu-
hysteresis in the high partial pressure region indicates thetually, because the specific surface area means the surface
textural mesoporosity (porosity arising from the spaces area per gram of samples. Although the wall thickness re-
formed by interparticle contacts), which is usually observed duces slightly with better ordering, the wall thickness was

Table 2
Wall thickness and BET surface area of the synthesized samples

1Si-xEA-yCTAB-100H,O-7EtOH

x=0.2 x=0.5 x=1 X=2
y=1 2.7F (580.41% 2.03 (605.29) 1.96 (657.78) 2.03 (680.80)
y=05 2.86 (597.70) 2.12 (608.56) 1.93 (735.43) 1.88 (692.77)
y=0.2 2.27 (675.56) 2.05 (696.03) 1.89 (756.29) 1.96 (712.32)
y=0.1 2.21 (666.61) 1.90 (797.56) 1.79 (775.43) 1.71 (714.24)

aWall thickness(nm) = the lattice parameter from the SAXS data—the first maxima in the BJH pore size distribution.
bBET surface area (fig).
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Fig. 4. The BJH pore size distribution curves of the products obtained from the initial mixtures with the various EA/CTAB ratios. The dotted lines are

from the desorption branches.
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Fig. 5. The SAXS patterns of as-synthesized samples and the heat-treated ones: (a) samples obtained from an initial mixture of 1Si—-0.5EA-0.1CTAB,

and (b) from 1Si—-1EA-0.2CTAB.
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