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Abstract Lanthanum-incorporated SBA-15 mesoporous

molecular sieves were synthesized in a two-stage hydro-

thermal procedure from a precursor solution containing

lanthanum chloride. The products were characterized by

powder X-ray diffraction, thermogravimetric analysis,

X-ray fluorescence, and nitrogen porosimetry. Taken

together, the analyses indicated that the products formed

highly ordered mesostructures with large average pore

sizes, and suggested that the lanthanum was incorporated in

the SBA-15 both into the framework as well as within the

mesopores. Catalytic dehydration of ethanol over the

LaSBA-15 products shows that they have weak Lewis acid

and basic functionalities, indicative of the presence of

lanthanum oxide in these samples.

Introduction

The mesoporous molecular sieves represent a class of

inorganic materials that have a high surface area and

accessible pores to relatively large molecules. For that, it is

recognized as a class of materials with a great potential for

absorption and catalysis. Among this class, the SBA-15 is

regarded as one of the most promising materials due to its

high hydrothermal and thermal stability, besides its high

surface area and large pore size [1, 2]. On the other hand,

the pure silica SBA-15 shows low-catalytic activity due to

the absence of heteroatom activity sites [3–5]. Therefore, it

is of great importance to introduce a heteroatom into the

mesopores these molecular sieves, especially metals.

Among these metals, cerium and lanthanum have widely

been used in the catalysts, and show a significant

improvement of the hydrothermal and thermal stability of

the molecular sieves, and an increase of the acidity of these

materials [3, 6–13]. However, the incorporation of a metal

into the SBA-15 is not an easy task. The high solubility of

the metal ion in the strong acidic environment, in which the

hydrothermal synthesis of SBA-15 is usually performed,

hinders the metal incorporation. Given that fact, recent

studies [8, 9, 13–20] have reported the pH-adjusting of the

synthesis gel at values higher than 2 as a way to facilitate

the metal incorporation into SBA-15. Based on these

works, La-incorporated SBA-15 mesoporous molecular

sieves were directly synthesized by pH-adjusting of the

synthesis gel at 6 with n-butyl amine. The synthesized

materials were characterized by power X-ray diffraction

(XRD), X-ray fluorescence (XRF), thermal analysis, and

nitrogen sorption. The active sites of the samples were

characterized by the ethanol dehydration reaction.

Experimental

Synthesis

Lanthanum-incorporated SBA-15 mesopores molecular

sieves (LaSBA-15) were synthesized as follows: 4.0 g of

Pluronic P123, used as a template, was dissolved in

148.3 mL of aqueous HCl solution of pH \ 0.1 under

stirring for 3 h at a temperature of 313 K. Thereafter,

8.8 mL of tetraethyl orthosilicate and a determined amount

of hydrated lanthanum chloride (Si/La = 25, 50, and 75)

were added, and the resulting mixture was stirred for 24 h
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at a temperature of 313 K. The resulting gel was placed

into a Teflon container and submitted to hydrothermal

treatment at a temperature of 373 K for 24 h. After that, the

reactive hydrogel was cooled down to room temperature,

and its pH was adjusted at 6 with anhydrous n-butyl amine.

Then, the gel was again submitted to hydrothermal treat-

ment at the same temperature aforementioned, for more

24 h. After this time, the solid obtained was filtered,

washed with anhydrous ethanol, dried at room temperature

for 48 h, and finally calcined using a two-step procedure.

In the first step of calcination, the solid was heated at

723 K, under flowing nitrogen (100 mL/min) for 2 h, and

next heated at the same temperature under flowing dry air

(100 mL/min) for additional 2 h. The calcination temper-

ature reached a heating rate of 10 K/min. The samples

prepared by this procedure were designated as LaxSBA-15,

where x refers to molar ration Si/La.

Pure silica SBA-15 was prepared by similar procedure

to the synthesis of LaSBA-15, but without the addition

of hydrated lanthanum chloride, and was designated as

SiSBA-15.

Characterization

The power XRD patterns of the calcined samples were

recorded on a Shimadzu XRD 6000 power diffractometer

using Ni filter, Cu Ka radiation (30 kV and 30 mA). The

diffractograms were recorded in the 2h range of 0.5�–5�.

The molar ration Si/La in the calcined samples was

determined by XRF on an EDX-700 of the Shimadzu. The

thermal analysis for uncalcined samples were carried out

on a Mettler Toledo 851 thermogravimetric analyzer under

flow of helium (25 mL min-1) from room temperature up

to 1,173 K with a heating rate of 10 K/min. The nitrogen

adsorption and desorption isotherms were measured at a

temperature of 77 K on an ASAP-2010 model volumetric

adsorption analyzer (Micromeritics). Prior to adsorption

measurements each sample was degassed at temperature of

573 K for 2 h. The specific surface area was determined by

the BET method and the total pore volume by the single

point method. The BJH method was used to estimate the

average pore size and the t-plot method was employed to

assess the microporosity of the samples and estimate the

volume and surface area of the micropores.

Ethanol dehydration

The ethanol dehydration reaction was carried out in a fixed-

bed down-flow reactor. The samples (60 mg) were pre-

treated at 773 K for 2 h in a flow of H2 gas. Ethanol was fed

into the catalyst bed at 773 K using H2 (37 mL min-1) as

the carrier gas. The products were injected on line in a gas

chromatograph Varian CP3800 equipped with detector of

thermal conductivity and a dimethylpolysiloxane column

(60 m, 0.53 mm, 5 lm) at intervals of 15 min. The products

were identified by comparison of retention times of peaks in

each chromatogram with retention times of standards of

ethanol, water, diethyl ether, acetaldehyde, natural gas,

and ethylene. Then, the ethanol conversion, the ethylene

selectivity, and acetaldehyde selectivity were calculated.

Results and discussion

La-content by XRF

In Table 1 are shown the La-content in the solid LaSBA-15

samples. As expected the La-content in solid samples is

lower than in the gel. However, when compared to the

results of similar recent works [8, 9, 13, 16], the amount of

lanthanum incorporated into the SBA-15 is relatively high.

Moreover, it was noted that the percentage of lanthanum

incorporated has increased with the declining of the ratio

Si/La in the synthesis gel, reaching the highest value

(56.3%) in the La25SBA-15 sample. These results can be

explained by the pH-adjusting of the synthesis gel at 6,

after 24 h of hydrothermal treatment. The increase of the

concentration of OH-groups causes an increase in the

concentration of the [La(OH)n](3-n) species, which are less

soluble than the metal ion alone and, therefore, can facil-

itate the incorporation of the lanthanum into the SBA-15.

XRD

The XRD patterns of SiSBA-15 and LaSBA-15 samples

are shown in Fig. 1. All the samples display three well-

resolved diffraction peaks indexed as the (100), (110), and

(200) diffractions. They reflect the two-dimensional hex-

agonal mesostructure with a space group of P6mm sym-

metry [1, 2], indicating that the pH-adjusting of the

synthesis gel, after 24 h of hydrothermal treatment, and

the La-incorporation into the SBA-15 has not destroyed the

characteristic structure of the molecular sieve. It has also

been observed that the intensity of these peaks has grown

with the lanthanum incorporation, which indicates that the

crystallographic properties of the SBA-15 have increased

Table 1 La-content in the LaSBA-15 samples

Samples Si/La in

the gel

Si/La in

the solid

La incorporateda

(%)

La75SBA-15 75 319.6 24.4

La50SBA-15 50 143.9 34.5

La25SBA-15 25 44.6 56.3

a In relation to La-content in the synthesis gel
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with the metal incorporation. Furthermore, the 2h values of

the peak (100) have shifted toward lower values with the

increasing of the La concentration, indicating that the unit-

cell (a0) has increased with the metal incorporation. Similar

observations were also reported by earlier works [8, 9, 13,

16–18] and may have been caused by the increase of the

wall thickness or of the average pore size, which can

indicate an incorporation into the framework of the

molecular sieve by formation of La–O–Si bonds, since

the La–O is longer than the Si–O bond and thus can raise

the average pore size.

Thermal analysis

The TG and DTG curves for the uncalcined samples are

shown in Fig. 2A, B, respectively. Except for the SiSBA-15,

all the samples have presented three steps of mass loss cor-

related, respectively, to thermo desorption of physically

adsorbed water, P123 decomposition and water from con-

densation of superficial [Si(OH)n](4-n) and [La(OH)n](3-n)

groups [21]. The quantitative information of the thermal

analysis is shown in Table 2. Comparing this information

with the results shown in Table 1, it verifies that the value

of the third mass loss of the LaSBA-15 samples decreased

with the increasing of the La-content, being more intensive in

the La75SBA-15, which presents the lowest amount of

La-incorporated. As this mass loss is associated to the water

output from the condensation of superficial [Si(OH)n](4-n)

and [La(OH)n](3-n) groups, this fact can indicate that lan-

thanum was incorporated in the form of metallic oxide on the

molecular sieve surface. On the other hand, the non-increase

of the third mass loss with the increasing of the La-content

indicates that lanthanum was not incorporated exclusively of

that form. Another fraction of the initial amount of lantha-

num may have been incorporated into the SBA-15 structure

by way of La–O–Si bonds, as it was already indicated by

XRD results.

As mentioned before, the SiSBA-15 has not presented

three steps of mass loss. The third mass loss was not observed

in this sample. This fact, associated to higher intensity of

second mass loss in relation to other samples, also shown in

Fig. 2 and Table 2, can indicate that the pH-adjusting of the

Fig. 1 XRD patterns of SiSBA-15 (a), La75SBA-15 (b), La50SBA-

15 (c), and La25SBA-15 (d)

Fig. 2 TG (A) and DTG

(B) curves of the uncalcined

samples: SiSBA-15 (a),

La75SBA-15 (b), La50SBA-15

(c), and La25SBA-15 (d)

Table 2 Quantification of the mass losses of the uncalcined samples

in the thermal analysis

Samples Temperature range (K) Mass loss (%)

I II III I II III

SiSBA-15 298–379 379–610 – 10.1 39.6 –

La75SBA-15 301–372 372–527 527–876 12.8 9.3 30.9

La50SBA-15 301–372 372–532 532–876 22.9 16.2 25.2

La25SBA-15 303–371 371–536 536–876 17.5 12.6 25.2
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synthesis gel at 6 facilitated the [Si(OH)n](4-n) groups con-

densation, decreasing the temperature in which happens this

condensation.

Nitrogen adsorption–desorption isotherms

The nitrogen adsorption–desorption isotherms of the

samples are shown in Fig. 3. All the samples have the

type-IV isotherm with a H1 hysteresis loop that is repre-

sentative of mesopores materials [22, 23], and is in

agreement with XRD results. The textural properties

obtained from these isotherms and XRD patterns are

shown in Table 3. The average pore size of LaSBA-15

samples is lower than the SiSBA-15 sample. Also, it has

shifted toward higher values with the increasing of the

La-content although it has not been a linear correlation.

The first fact can indicate that a fraction of the lanthanum

was incorporated into SBA-15 in the form of a metallic

oxide thin layer within the mesopores, which may have

caused the decrease in the average pore size. The second

one, it indicates that the lanthanum also may have been

incorporated into the framework of SBA-15, as this

increase of pore size may be due to the La–O greater

length in comparison to the Si–O bond [7, 8, 11, 13, 17].

Moreover, this fact can indicate that the incorporation into

the framework becomes predominant with the increase of

La concentration in the synthesis gel.

It also is shown in Table 3 that the wall thickness of

LaSBA-15 samples is higher than that of SiSBA-15. This

observation is in agreement with the TG results and with a

recent work [8], and also indicates that a fraction of the

initial amount of lanthanum was incorporated within the

mesopores in the form of a metallic oxide thin layer, which

can also explain the shorter volume and microporous area

of LaSBA-15 samples in comparison to the SiSBA-15.

This layer within the mesopores may have blocked the

micropores, causing the reduction in the volume and

microporous area. Moreover, the presence of this layer

explains the greater surface area of LaSBA-15 samples in

comparison to the SiSBA-15, as it may have caused the

increase of wrinkles within the mesopores, causing the

increase in the surface area of the LaSBA-15 samples.

Similarly to the TG results, most textural properties has

not showed a linear variation in relate to La-content, which

can indicate there is a competition between the effects caused

by the two forms as the lanthanum was incorporated.

Ethanol dehydration

Figure 4 presents the conversion of ethanol over each

sample in relation to reaction time. The catalytic activity of

LaSBA-15 samples has been higher than that of SiSBA-15,

indicating that the lanthanum incorporation method

employed has been efficient to promote active sites in this

molecular sieve. One can also observe that the conversion

decreases slowly in all tests. This fact indicates a low rate

of coke formation, which can be related to the non-for-

mation of high compounds and the high average pore size

of the samples, which facilitates the reagents and products

diffusion. The non-formation of C4 and of high compounds

indicates that samples have not strong acid sites enough to
Fig. 3 Nitrogen adsorption–desorption isotherms of SiSBA-15 (a),

La75SBA-15 (b), La50SBA-15 (c), and La25SBA-15 (d)

Table 3 Textural properties of the samples

Sample SBET (m2/g) Smicro (m2/g) Vp (cm3/g) Vmicro (cm3/g) Dp
a (nm) a0 (nm) wb (nm)

SiSBA-15 589.8 90.9 1.46 0.04 7.21 11.33 4.12

La75SBA-15 775.4 73.6 1.31 0.03 4.27 11.86 7.59

La50SBA-15 720.2 54.3 1.18 0.02 5.35 12.14 6.79

La25SBA-15 557.5 72.8 1.49 0.03 5.37 12.44 7.07

a BJH pore size calculated from the adsorption branch
b w = a0 - Dp
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catalyze olefins polymerization reactions. On the other

hand, the samples were able to convert ethanol into water,

ethylene, acetaldehyde, and diethyl ether. All the samples

have showed low selectivity (\2.5%) to this last product,

indicating that the reactions conditions were not favorable

to intermolecular dehydration, maybe due to high temper-

ature, as this reaction is exothermic [24]. The ethylene and

acetaldehyde selectivity over SiSBA-15 and LaSBA-15

samples is shown in Figs. 5 and 6, respectively. It was

observed that ethylene selectivity over LaSBA-15 samples

was higher than that over SiSBA-15, and has shifted

toward to higher values with the decrease of the La-con-

tent. Considering that the ethanol conversion into ethylene

by catalytic dehydration is a well-known test reaction for

estimating Lewis acidity, these observations indicate that

acidity of the SBA-15 increased with the La-incorporation.

It also indicates that the acidity of LaSBA-15 samples

increases with the decrease of the La-content, which is

consistent with the thermal analysis results and textural

properties, and reinforces the idea that there has been the

formation of a lanthanum oxide thin layer within the

mesopores of the LaSBA-15 samples and that the lantha-

num fraction incorporated this form increases with the

decreasing of the La-content. Other observation that dem-

onstrates the presence of the lanthanum oxide layer in the

LaSBA-15 samples is the acetaldehyde formation, whose

selectivity has increased with the reducing of the La-con-

tent, as shown in Fig. 6. This product is derived from

ethanol dehydrogenation, which is catalyzed by a basic site

[25]. According to Guan et al. [26], in this case, the eth-

ylene and acetaldehyde formation is an evidence of the

presence of metallic oxide in the molecular sieve and that

the LaSBA-15 samples have weak Lewis acid and basic

functionalities. The lanthanum atom acts like Lewis acid

site while the oxygen atom, next to the metal, acts like the

basic site.

Also it is observed in Fig. 6 that the SiSBA-15 has

showed high selectivity to acetaldehyde. This behavior is

attributed to ethanol dehydrogenation over Si–O–Si groups

[26], which are present in great quantities in this sample, as

suggested by thermal analysis results.

Conclusion

The characterization of the samples has indicated that the

lanthanum was incorporated in two forms in the SBA-15:

into the framework and within the mesopores, like a thin

layer of lanthanum oxide. These two forms affect com-

petitively the textural properties of the samples impreg-

nated with lanthanum, especially the average pore size. The

ethanol dehydration has showed that the LaSBA-15 sam-

ples have weak Lewis acid and basic functionalities, indi-

cating the presence of lanthanum oxide in these samples,

which has allowed the good conversion of ethanol into

water, ethylene, ether and acetaldehyde, with greatest

selectivity to ethylene.

Fig. 4 Ethanol conversion over SiSBA-15 (a), La75SBA-15 (b),

La50SBA-15 (c), and La25SBA-15 (d) in relation to reaction time

Fig. 5 Ethylene selectivity over SiSBA-15 (a), La75SBA-15 (b),

La50SBA-15 (c), and La25SBA-15 (d) in relation to reaction time

Fig. 6 Acetaldehyde selectivity over SiSBA-15 (a), La75SBA-15 (b),

La50SBA-15 (c), and La25SBA-15 (d) in relation to reaction time
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