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Abstract 16 

 17 

B-MCM-41 type nano-structured materials were prepared by direct 18 

hydrothermal synthesis. The time of hydrothermal treatment, the Si/B initial 19 

molar ratio and the nature of the hydroxide source in the synthesis process 20 

were analyzed. All the materials were characterized by XRD, N2 adsorption, 21 

TEM, SEM, ICP-OES, FT-IR and adsorption of pyridine coupled to FT-IR 22 

spectroscopy. The role of hydroxide source is essential to achieve the 23 

incorporation of boron in the mesoporous structure. The relationship between 24 

the Boron content in the synthesis gel, the degree of introduction of tetra-25 

coordinated B into the framework, the formation of nest silanols and the relative 26 

density of the acidic sites have been discussed. We could corroborate that 27 

hydroxyl groups present in silanol nests are the direct responsible of the 28 

moderate Brønsted acidity of our materials. The enhancement in the density of 29 

acidic nest silanols was reached by increasing the B content in the mesoporous 30 

structure. Finally, the use of NH4OH, as hydroxide source, Si/B initial molar ratio 31 

of 10 and 20 and a hydrothermal treatment of 6 days resulted the optimum 32 

synthesis conditions to obtain the highest framework B incorporation and more 33 
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abundant moderate Brønsted sites (silanol nests), thus improving the potencial 1 

catalytic properties of these materials.  2 

 3 

Key words: Mesoporous Materials; B-MCM-41; silanol nests; moderate acidity. 4 

 5 

 6 

1. Introduction  7 

 8 

In recent years, MCM-41 mesoporous material appears as one of the most 9 

desirable candidates for different types of applications [1] like adsorption, 10 

molecular sieving and catalysis (being widely used as catalysts in reactions for 11 

the production of petrochemicals and fine chemicals). Other possible 12 

applications include the use as hosts for the formation of metal or 13 

semiconductor clusters, or for the controlled polymerization of conducting 14 

polymers in the form of molecular wires [2]. 15 

This mesoporous molecular sieve (a member of the M41S family), which 16 

possesses a hexagonally arranged uniform pore structure, was discovered by 17 

Beck et al. in 1992 [3]. Their most important characteristics are the large BET 18 

specific area, high porosity, controllable and narrowly distributed pore sizes. 19 

These characteristics manifest themselves as a very promising candidate as 20 

both catalyst support [4-6] and adsorbent [7-8]. Then, the isomorphous 21 

substitution of Si by a trivalent cation represents a way of reforming siliceous 22 

mesoporous materials because of the incorporation of acid sites. There is no 23 

doubt that the presence of large pores combined with acidic properties opens 24 

up new possibilities for processing and/or producing large molecules. Thus, the 25 

incorporation of foreign atoms in the framework of MCM-41 silica such as Al [9], 26 

Ga [10], Ti [11], V [12] and B [13-16] has already been reported.  27 

Boron is widely distributed in the environment, from natural or anthropogenic 28 

sources [17]. It can be found mainly in the form of boric acid or borate salts. In 29 

the literature few reports are available on synthesis of B-MCM-41. However, the 30 

nature and strength of the acid sites have not been completely elucidated and 31 

more research is even necessary in this respect. In this paper, we develop and 32 

characterize B-MCM-41 catalysts. The synthesis conditions and hydroxide 33 

source were analized in relation to the structural properties and incorporation of 34 
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B into the framework. In the substitution of Si by B during the synthesis of MCM-1 

41, we expected to modify the acidic properties of these materials and thereby 2 

their catalytic properties [18]. Therefore, the incorporation degree of the boron 3 

was correlated with the nature and strength of acid sites generated.  4 

 5 

 6 

2. Experimental 7 

 8 

2.1. Synthesis 9 

The mesoporous materials (B-MCM-41) were prepared by hydrothermal 10 

synthesis using cetyltrimethylammonium bromide (CTABr, Merck, 99%) as 11 

template and tetraethoxysilane (TEOS, Aldrich, 98%) as silicon source. Sodium 12 

hydroxide (NaOH, Cicarelli) or ammonium hydroxide (NH4OH, Cicarelli, 30%) 13 

aqueous solution 2 M was used for hydrolysis and pH adjustment, and boric 14 

acid (H3BO3, Cicarelli) was used as source of boron. The catalysts were 15 

synthesized from a synthesis gel of molar composition: NaOH/Si = 0.50, 16 

CTABr/Si = 0.12, H2O/Si = 132 and Si/B = 10-80. In a typical synthesis, CTABr 17 

was dissolved in H2O-NaOH or H2O-NH4OH solution and after heating (35-40 18 

°C) to dissolve the surfactant, the TEOS was added and stirred for 30 min. The 19 

B source was added and the synthesis gel was stirred at room temperature for 20 

7h. Then, this resulting gel was hydrothermal treated at 100 °C in a Teflon-lined 21 

stainless-steel autoclave under autogeneous pressure for 0–8 days, (0 days 22 

corresponds to the material without hydrothermal treatment). The samples 23 

obtained were named as B-M(x)-y-z, where “x” is the Si/B initial molar ratio, “y” 24 

is the time of hydrothermal treatment and “z” refers to the source of hydroxide 25 

(Na=NaOH or NH4=NH4OH). For comparison, analogous boron-free MCM-41 26 

samples were synthesized and named as Si-M-y-z.  27 

The final solid was filtered, washed with distilled water and dried at 60 °C 28 

overnight. To remove the template, the samples were heated (heating rate of 2 29 

°C/min) under N 2 flow up to 500 °C and kept at this temperature for  6 h; they 30 

were then calcined at 500 °C under air flow for 6 h .  31 

 32 

2.2. Characterization 33 
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The X-ray diffraction (XRD) patterns were recorded in air at room temperature 1 

on a Philips PW 3830 diffractometer with Cu Kα radiation (λ= 1.5418 Å) in the 2 

range of 2θ from 1.5° to 7°. Specific surfaces were measured u sing a Pulse 3 

Chemisorb equipment by single point at P/P0 = 0.3 through the BET method. 4 

The samples were previously heated for 1 h at 300 °C under N2 flow.  5 

The Boron content was determined by inductively coupled plasma optical 6 

emission spectroscopy (ICP-OES), using a VISTA-MPC CCD Simultaneos ICP-7 

OES-VARIAN.  8 

Infrared analysis of the samples was recorded on a JASCO 5300 FT-IR 9 

spectrometer. The FT-IR spectra in the lattice vibration region were performed 10 

using the KBr 0.05% wafer technique. In addition, in order to evaluate the 11 

strength and type of acid sites, FT-IR spectral measurements of pyridine 12 

adsorbed on the samples were also performed through the following procedure: 13 

Self-supported wafers of the samples (∼20 mg and 13 mm of diameter) were 14 

prepared, placed in a thermostatized cell with CaF2 windows connected to a 15 

vacuum line and evacuated for 7 h at 400 °C under a  dynamic vacuum; residual 16 

pressure was smaller than 10-3 Pa. After cooling to room temperature, the 17 

spectrum of each sample was recorded (background spectrum). Afterwards the 18 

background spectrum was recorded, the solid wafer was exposed to pyridine 19 

vapors (Sintorgan, 99% purity) until saturate the system to 46 mm Hg at room 20 

temperature; the contact time at this pressure was 12 h. After an IR spectrum of 21 

the adsorbed pyridine at room temperature was recorded, the subsequent IR 22 

spectra were obtained following the pyridine desorption by evacuation for 1 h at 23 

25, 50, 100 and 200 °C. Finally, the difference spe ctrum for each sample was 24 

obtained by subtracting the background recorded previously. 25 

 26 

 27 

3. Results and discussion 28 

 29 

3.1 Mesoporous materials synthesized using NaOH  30 

Table 1 summarizes the different synthesis conditions and physicochemical 31 

properties for the samples prepared in this study using NaOH. Figure 1 shows 32 

the XRD patterns of the samples with initial Si/B molar ratios = 20 and 60, 33 

obtained by stirring the reaction mixture for 7 h followed by different times of 34 
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hydrothermal treatment (0-8 days). All of the patterns exhibit a main (100) peak 1 

and two weak reflections ascribed to (110) and (200) diffraction planes, which is 2 

typical of highly ordered MCM-41 structures and consistent with the high 3 

surface values obtained (above 880 m2/g). As it can be observed in both cases 4 

(Si/B ratios = 20 and 60), even though the mesostructure was formed without 5 

thermal treatment, a notable improvement of the original structure was achieved 6 

when the samples were hydrothermal treated for 6 h. Then, a longer time 7 

seems to induce some disorder in the structure which can be also correlated 8 

with a decrease in the surface observed (Table 1).  9 

Figure 2 shows the FT-IR spectra in the range 1400-400 cm-1 for the samples 10 

B-M(20)-6-Na and B-M(60)-6-Na, compared to pure siliceous material. As it can 11 

be seen these samples showed, besides the peaks characteristic of the Si-O 12 

bond vibrations (1243, 1081, 800 and 458 cm-1) [19-22], a band clearly visible at 13 

960 cm-1 which can be interpreted in terms of the overlapping of both Si–OH 14 

and Si–O–B bonds vibrations. Even if this signal for B-M samples may be 15 

attributed to the incorporation of a heteroatom in the structure [22-24], no 16 

significant differences with that of pure silica suggest the absence of boron 17 

incorporated into the network. This fact was corroborated by ICP; thus the 18 

presence of B in the solids was not detected by this technique (Table 1). 19 

In order to detect the presence of silanol groups on the surface, Figure 3A 20 

depicts the FT-IR spectra in the hydroxyl range of the B-M(20)-6-Na, B-M(60)-6-21 

Na samples and of the purely siliceous analog. Before measurements, self-22 

supported wafers of the samples were degassed at 400 °C for 7 h. It is known 23 

that there can be several types of surface silanol groups with different acidic 24 

properties: terminal, geminal, vicinal and nests [25-29]. All our spectra exhibited 25 

a broad and intense band, attributed to hydrogen bonded to hydroxyl groups 26 

[26,28], that could be deconvoluted into two contributions at about 3700 and 27 

3590 cm-1. According to the literature [25-27] these two contributions have been 28 

assigned respectively to hydrogen bonded to terminal/vicinal silanol groups and 29 

silanol nests generated at framework defect sites. It is known that the 30 

introduction of a heteroatom inside the framework, substituting to Si, can 31 

generate such structural defect sites. However, the integrated absorbance of 32 

the 3590 cm-1 band similar in the three materials would be indicating the lack of 33 
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additional nest silanols with respect to the siliceous material, and consequently 1 

that the boron could not be incorporated into the framework (Fig. 3A). 2 

The chemisorption of pyridine followed by IR studies is usually a useful probe to 3 

detect the presence and nature of acid sites on a catalyst [30-33]. Fig. 3(B) 4 

shows the FT-IR spectra of adsorbed pyridine at room temperature on the B-5 

M(20)-6-Na, B-M(60)-6-Na samples and the purely siliceous analog. The 6 

samples show bands at 1597 and 1447 cm-1 assigned to pyridine bonded to 7 

silanol groups whose hydroxyls are not capable to protonate pyridine [28, 30-8 

37]. However, these bands can also present a contribution arising from pyridine 9 

bonded to Lewis acid sites. On the other hand, the presence of a band at 1632 10 

cm-1, has been attributed by us to pyridine interacting with acid hydroxyls 11 

(Brønsted sites) [29, 38, 39], such as the nest silanols associated with the 3600-12 

3590 cm-1 band. Even if we have found that these acid sites are of a very weak 13 

character [40] Sato and co-workers [25] have reported that the nest silanol’s 14 

acidity is the strongest of all the different silanol species [25,27]. With attention 15 

to the signal at 1632 cm-1 [41-43], no significant differences were observed for 16 

the different samples, concluding that the three samples have characteristics 17 

similar to pure siliceous material. 18 

The cause of the formation of these purely siliceous materials (without 19 

heteroatom incorporation), is probably due to the use of a strong base "sodium 20 

hydroxide" in conjunction with a weak acid "boric acid" as source of Boron. This 21 

leads to a favored neutralization reaction at the start of synthesis, with the 22 

formation of sodium borate (Na3BO3). This compound exhibits high water 23 

solubility and therefore, the Na3BO3 solution would be completely removed in 24 

the washing and filtering steps, without achieving the incorporation of 25 

heteroatom in the structure. 26 

 27 

H3BO3  +   3 NaOH   �  Na3BO3  +  3 H2O 28 

 29 

Taking into account the mentioned above, if in contrast, a weak base (NH4OH 30 

whose Kb = 1.8 * 10-5) is used,  the neutralization reaction of H3BO3  during the 31 

synthesis process will not happen in the same degree that when NaOH is used. 32 

Thus, the boric acid would remain in the synthesis medium for that the boron 33 

can interact with the silicon species and be incorporated in the mesoporous 34 
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network. In view of this, the hydroxide source was changed by “ammonium 1 

hydroxide” and the synthesis were again carried out via hydrothermal treatment 2 

during 6 days. The boron content in the initial gel was varied between Si/B 3 

molar ratios 10 and 80.  4 

 5 

3.2 Mesoporous materials synthesized using NH4OH. 6 

According to the XRD patterns shown in Figure 4, using NH4OH as hydroxide 7 

source, mesoporous structures with characteristic peaks corresponding to the 8 

(100), (110) and (200) planes, were also obtained. In addition, with increasing 9 

boron content, the structural regularity was favored which is consistent with the 10 

increased values of specific areas (Table 2). 11 

Then, the N2 physisorption was carried out in order to complete the information 12 

about the structure of the samples. The average pore diameter (Dp), calculated 13 

by the BJH method, was around of 4.14 nm for all the samples. In addition, the 14 

samples showed high specific surface (~ 800 m2/g) and pore volumen (Vp ~ 15 

0.75 cm3/g), typical of mesoporous materials. These high values are according 16 

with the good structural order observed by XRD.  17 

Measurements of transmission electron microscopy of the materials were made 18 

in order to corroborate their structural regularity. TEM images of representative 19 

samples are shown in Figure 5. The materials presented a well-defined 20 

mesoporous structure, exhibiting well-ordered parallel straight mesochannels 21 

characteristic of the hexagonal pore arrangement of MCM-41 type materials 22 

[43, 44], which was already inferred by us in the XRD patterns. It should be 23 

noted that in Fig. 5(C) the image is viewed perpendicularly to the direction of the 24 

pore arrangement [45], clearly showing the presence of straight mesochannels 25 

arraying along the long axis [46]; meanwhile, the hexagonal arrangement of the 26 

unidirectional mesopores is clear in Fig. 5(A) and (B) where a frontal view of 27 

them can be observed.  28 

SEM images of some samples taken as representative are shown in Figure 6. 29 

These images indicate the presence of particles that do not display any 30 

particular crystalline habit or morphology, although the spherical-like 31 

morphology seems to be the dominant one. The primary particles are very small 32 

and appear to be aggregated into larger secondary particles which exist in 33 
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various sizes. These apparently single particles observed in the SEM could be 1 

the result of intergrowth of multiple smaller particles [47]. 2 

The infrared spectra in the 1600-400 cm-1 range for all the samples synthetized 3 

using NH4OH and different B contents are shown in Figure 7. Besides the main 4 

bands described in the literature for MCM-41. A band at 934 cm-1, interpreted in 5 

terms of the overlapping of both Si-O-H and Si-O-B bond vibrations, is clearly 6 

visible.  The increase in the integrated absorbance of this band (A934), when the 7 

B content increases (observed in Fig. 7), can be considered a proof of the tetra-8 

coordinated boron incorporation, replacing to Si into the framework [48-51]. 9 

Then, as it is shown in Table 2, the presence of B in these solids (wt.%) could 10 

be detected by ICP spectroscopy. Table 2 also summarizes the mentionated 11 

A934 values. 12 

Figure 8 depicts the FT-IR spectra of the samples more representative in the 13 

hydroxyl range. The spectra show a broad and intense band that is 14 

deconvoluted into two contributions at about 3700 and 3580 cm-1. Taking into 15 

account the origin of both contributions (explained above) and comparing the 16 

integrated absorbances of the same, it is possible to observe that the relative 17 

proportion of silanol nests increases for the samples with higher B contents 18 

which, at the same time, exhibit the higher framework boron amount (see Table 19 

2 and Fig. 8). This fact would indicate that increasing the boron amount inside 20 

the framework, the formation of structural defects [28] is increased leading to a 21 

higher proportion of silanol nests. 22 

The figure 9A shows the FT-IR spectra recorded after the adsorption of pyridine 23 

at room temperature and subsequent evacuation at 25, 50, 100 and 200 °C for 24 

the B-M(20)NH4 material. All the samples show the bands at 1597, 1447 and 25 

1632 cm-1, already previously assigned. Moreover, a shoulder at 1450 cm-1 26 

appears more defined under evacuation at higher temperatures giving account 27 

for the contribution arising from pyridine bonded to Lewis acid sites. Then, 28 

under evacuation at 200 °C all of the bands tend to  disappear, indicating the 29 

moderate character of the acidity of these samples.  30 

Figure 9B shows FT-IR of pyridine adsorbed at room temperature on samples 31 

synthesized with different Si/B molar ratios. Taking into account that all of the 32 

measurements were affected by the wafer weight, the integrated absorbances 33 

of the 1632 cm-1 IR band (A1632) (arising from acid silanols) after pyridine 34 
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absorption at room temperature, have been calculated to estimate the Brønsted 1 

sites relative density (Table 2). An increase in the acid silanols density can be 2 

clearly associated with the higher proportion of framework B, according to the 3 

boron content increasing. Thus, the results confirm that the introduction of B 4 

into the mesoporous framework increases the proportion of silanol nests, which 5 

present Brønsted acidity likely due to an inductive effect originated by the 6 

heteroatom presence (Fig. 9B and Table 2).  7 

In order to shed light on the origin of the Brønsted acidity in these materials, 8 

A1632 (associated with the Brønsted sites relative density) has been graphed vs. 9 

A934 (as indicative of the B incorporation into framework) and vs. A3590 10 

(associated to nest silanols proportion) (Figure 10). It is observed in Fig. 10-11 

curve "b" that while initially the acid sites density associated to the hydroxyls 12 

(A1632) is slowly increased with the framework B content increasing, the same is 13 

very strongly increased for the samples with higher B incorporation inside the 14 

structure (above A934 = 0.38). Likewise, it is very clear the linear increase in the 15 

acid hydroxyls density when the proportion of nest silanols (A3590) increases 16 

(curve "a" in Fig. 10). Therefore, these observations confirm that the acidity of 17 

our samples arising from hydroxyl groups (silanols) is due to the silanol nests. 18 

These species would be mainly generated from the introduction of B inside the 19 

framework and their acid properties would be caused by an inductive effect of 20 

the heteroatom present. Thus, changes in the electron density around Si due to 21 

charge unbalance, or differences in electronegativity or local structure 22 

deformation resulting from the B incorporation may weaken the Si-O-H bond in 23 

the silanol nests giving them the acid properties. Then, above a critical 24 

proportion of framework B, the formation of these structural defects would be 25 

quickly increased, leading to a proportion of nest silanols (responsible of the 26 

observed acidity) strongly increasing with the framework B amount. 27 

 28 

 29 

4. Conclusion  30 

 31 

B-MCM-41 molecular sieves have been successfully prepared by a direct 32 

synthesis method. The influence of various synthesis conditions such as metal 33 

content, source of hydroxide and times of hydrothermal treatment on the acid 34 
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and structural properties has been systematically investigated. The hexagonal 1 

pore arrangement typical of MCM-41 materials was clearly visualized by TEM 2 

and inferred by XRD.  3 

The employed synthesis procedure when NH4OH was used as hydroxide 4 

source leaded to the incorporation of B in tetrahedral coordination into the 5 

framework and the formation of silanol nests at framework defect sites, which 6 

increase with the B content increasing. Studies of adsorption and 7 

thermodesorption of pyridine followed by FT-IR allowed us to identify a 8 

moderate Brønsted acidity from hydroxyl groups present in our B-MCM-41 9 

samples which could be clearly associated with the nest silanols. 10 

Thus, a linear relationship between the Brønsted sites density and the 11 

proportion of silanol nests was found. Therefore, by varying the B content in the 12 

synthesis gel, using NH4OH as hydroxide source and 6 days of hydrothermal 13 

treatment, we have achieved an increase in the density of nest silanols in this 14 

type of mesoporous silicates, thus improving their potencial catalytic properties 15 

by incorporating moderate acidity sites. 16 

 17 

 18 
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Figure captions: 

 

Figure 1: XRD patterns of samples synthesized with NaOH at different 

hydrothermal treatment times and Si/B molar ratios: (A) 20 and (B) 60. 

Figure 2: FT-IR spectra in the 400–1600 cm-1 range of Si-M-6-Na, B-M(20)-6-Na 

and B-M(60)-6-Na samples, synthesized by hydrothermal treatment during 6 days. 

Figure 3: FT-IR spectra of the Si-M-6-Na, B-M(20)-6-Na and B-M(60)-6-Na 

catalysts: (A) in the hydroxyl stretching region after degassing at 400 °C; (B) of 

pyridine adsorbed at room temperatura in the 1700-1400 cm-1 region. 

Figure 4: XRD patterns of samples synthesized with NH4OH at hydrothermal 

treatment during 6 days and different Si/B molar ratios. 

Figure 5: Transmission electron microscopy images: (A) B-M(20)-6-NH4, (B) B-

M(10)-6-NH4 and (C) B-M(60)-6-NH4. 

Figure 6: Scanning electron micrographs of: (A) B-M(20)-6-NH4, (B) B-M(60)-6-

NH4 and (C) B-M(10)-6-NH4. 

Figure 7: FT-IR spectra in the 400–1600 cm-1 range of the samples synthesized 

with NH4OH, hydrothermal treatment during 6 days and different Si/B molar ratios. 

Figure 8: FT-IR spectra in the hydroxyl stretching region after degassing at 400 °C 

for B-M(80)-6-NH4, B-M(20)-6-NH4 and B-M(10)-6-NH4. 

Figure 9: (A) FT-IR of pyridine adsorbed on the B-M(20)-6-NH4 sample at room 

temperature and after subsequent evacuation at 25, 50, 100 and  200 °C; (B) FT-

IR of pyridine adsorbed at room temperature on samples synthesized with different 

Si/B molar ratios. 

Figure 10: A1632 vs. (a) A3590 and (b) A934. 
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Table 1: Physicochemical properties of solids synthesized with NaOH and different 

hydrothermal treatment times for samples with: Si/B molar ratios of 20 and 60 and 

for the purely siliceous analog.  

 

 
Table 1 

Sample Si/B(a) 
Hydrothermal 

treatment (days) 
Area 

(m2/g) 
B content 
(wt.%)(b) 

B-M(20)-0-Na 20 0 1023 N. D. 
B-M(20)-1- Na 20 1 1105 N. D. 
B-M(20)-6- Na 20 6 1215 N. D. 
B-M(20)-8-Na 20 8 891 N. D. 
B-M(60)-0-Na 60 0 992 N. D. 
B-M(60)-1-Na 60 1 1048 N. D. 
B-M(60)-6-Na 60 6 1220 N. D. 
B-M(60)-8-Na 60 8 889 N. D. 

Si-M-6-Na - 6 1182 - 
 
a Si/B initial molar ratio in the synthesis gel. 
b By ICP-OES. 
N.D.: Not Detected 
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Table 2: Physicochemical properties and infrared data for the solids synthesized 

with NH4OH, hydrothermal treatment during 6 days and different Si/B molar ratios. 

 
Sample Si/B(a) Si/B(b) Area 

(m2/g) 
B content 

(wt%)(c) 
A934 A1632 

B-M(10)-6-NH4 10 15.1 825 1.54 0.59 0.25 
B-M(20)-6-NH4 20 15.7 819 1.49 0.57 0.21 
B-M(40)-6-NH4 40 27.3 815 0.86 0.49 0.15 
B-M(60)-6-NH4 60 35.1 805 0.67 0.39 0.09 
B-M(80)-6-NH4 80 82.0 791 0.29 0.21 0.06 

 

a Si/B initial molar ratio in the synthesis gel. 
b Si/B final molar ratio in the synthesis gel. 
c By ICP-OES. 
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Figure 1:  
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 6 
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Figure 7  
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Figure 8  
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Figure 9  
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Figure 10 
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Highlights  

• Nano-structured B-MCM-41 has been prepared with different B contents. 

• Boron could be tetraedrally incorporated into framework using NH4OH as 

hydroxide source. 

• The  incorporation of boron leads to the formation of silanol nests. 

• The moderate acid character present in samples is purely caused by the 

nest silanols. 

• The potencial catalytic properties can be achieved by incorporating 

moderate acidity sites. 

 


