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Abstract
The synthesis of mesoporous materials such as MCM-41 and SBA-15 requires large amounts of water to
neutralize the resulting products. The �ltrate (mother liquor) therefore contains unreacted components
that can be recycled and reused. The addition of the mother liquor in consecutive syntheses was carried
out in order to evaluate the different effects on the physical and chemical properties of the mesoporous
materials. For this purpose, the mother liquor from the initial synthesis (1st Generation) was saved and
used for the second synthesis (2nd Generation) and successively for the third synthesis (3rd Generation).
The three generations of each material were then characterized using different techniques such as X-ray
diffraction, X-ray dispersive energy �uorescence, electron microscopy, infrared spectroscopy, Thermal
behavior by thermogravimetric analysis and N2 adsorption. The materials obtained showed similar
diffractograms for the three generations and also showed similar percentages of silica through XRF. The
SEM and IR results for molecular sieves showed the effectiveness of the processes of MCM-41 and SBA-
15 synthesis using mother liquor. The results made it possible to observe that the structures of the
materials had no signi�cant differences in their physical and chemical properties, favoring the use of
mother liquor for up to three generations.

1 Introduction
Mesoporous materials are a class of solids that have uniform pore sizes (1.5 to 40 nm), large surface
areas (up to 2500 m2.g-1), large pore volumes, excellent thermal stability, and structures that can be
modi�ed in different ways [1]. These materials are of great interest, mainly as catalysts [2] and
adsorbents [3]. The mesostructured molecular sieves in the 2D group (MCM-41 and SBA-15) have
hexagonal symmetry and are easier to produce than those of other groups [4]. Several models have been
proposed to explain the formation of mesoporous materials that provide a rational basis for the various
synthesis routes. In general, these models are based on the presence of surfactants in a solution that
guide the formation of the inorganic mesostructure [5, 6].

The typical synthesis process for MCM-41 involves reagents such as: the silicon source, which serves to
build the structure of the walls of the mesoporous material, the most commonly-used being pyrolyzed
silica (Aerosil), tetraethyl orthosilicate (TEOS), and sodium silicate; surfactants, which are molecules with
hydrophilic and hydrophobic characteristics that serve to guide the formation of the mesoporous
structure, with cetyltrimethylammonium (CTABr) in chloride, bromide, or hydroxide form being the most
commonly-used [7]; the hydroxyl source, which provide the organic cation that assists in the formation of
basic silica construction units, with the most commonly-used being tetramethylammonium hydroxide
(TMAOH) and ammonium hydroxide (NH4OH) [8].

The SBA-15 molecular sieve is synthesized in an acidic medium with the use of cationic surfactants, a
nonionic oligomeric or triblock copolymer, and directing agent for highly-ordered porous crystal
structures. Conventional synthesis of SBA-15 is also performed using tetraethylorthosilicate (TEOS),
tetramethylorthosilicate (TMOS), or sodium silicate as a silica source [9].
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During the synthesis of these materials, the desired solid crystals are separated from the reaction mixture
and the �ltrate (mother liquor), which is rich in organic and inorganic species, is often unusable [10, 11].
The direct disposal of the mother liquor will not only lead to the waste of raw materials, but can also
cause environmental pollution [12]. Some authors address the reuse and recycling of mother liquor as a
raw material for the syntheses of porous materials [13–18]. To make synthesis processes more attractive,
the principles of green chemistry have been implemented as concepts and actions related to economy,
sustainability of resources, and environmental protection [19]. The Twelve Principles of Green Chemistry
are "rules" that help chemists achieve the goal of sustainability and are characterized by careful planning
of chemical synthesis processes in order to reduce adverse consequences [20].

This study is part of a line of research developed at the Laboratory for the Development of New Materials-
LABNOV at UFCG. This line of research covered a series of studies on the synthesis and characterization
of molecular sieves through different processes [21–35]. This study aims to reuse the mother liquor in
three subsequent syntheses of the SBA-15 and MCM-41 molecular sieves to assess any possible changes
in the physical, chemical, and morphological properties of each material.

2 Materials And Methods

2.1 Materials
Poly(ethylene glycol)block-poly(propylene glycol)block-poly(ethylene glycol) copolymer (Pluronic P123,
PEG, 30%), cetyltrimethylammonium bromide (CTAB, 98%), hydrochloric acid (HCl, 37%), ammonium
hydroxide (NH4OH, 29%) and tetraethylorthosilicate (TEOS, 98%) were purchased from SIGMA-ALDRICH
(MERCK).

2.2 Synthesis of molecular sieves MCM-41 and SBA − 15
using mother liquor
The MCM-41 1G molecular sieve was conventionally synthesized using the hydrothermal method,
according to the procedure described by [8]. This synthesis consisted of dissolving the CTAB (structure-
directing agent) in deionized water at 50°C under agitation for 30 min. The solution was cooled to
approximately 25°C and NH4OH was added under stirring at room temperature for 15 min. Then, the
TEOS silica source was slowly added to the reaction medium and kept under stirring for 2 h. The gel
obtained was placed in autoclaves and heated in an oven at 30°C for 24 h.

The conventional synthesis of the SBA-15 1G molecular sieve was based on the methodology described
by [9]. The Pluronic P123 surfactant was dissolved in concentrated HCl and water, under stirring and
heated at 35 ºC for 4 h. Following this, TEOS was added and the synthesis was aged under agitation and
heated at 35 ºC for 24 hours. The material was then taken to the oven for hydrothermal treatment at
100°C for 48 h in a te�on crucible wrapped in a stainless-steel autoclave.
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After crystallization, the as-prepared materials were separated by �ltration into raw MCM-41 or SBA-15
and mother liquor. Molecular sieves were dried in an oven at 60°C for 24 h, after which they were
subjected to the calcination process in a mu�e furnace at 550°C for 7 h with a heating ramp of 5°C.min− 

1 to remove the organic template.

The syntheses of the materials in consecutive generations (MCM-41 2G; MCM-41 3G; SBA-15 2G; and
SBA-15 3G) occurred similarly to the procedures already described. However, the mother liquor (ML)
collected in traditional hydrothermal synthesis of molecular sieves (MCM-41 1G or SBA-15 1G) was
added during the initial stage of the synthesis without modi�cations, replacing the mass corresponding
to the water needed to form the reaction mixture. The reaction mixtures and the molar composition of
each material can be seen in Table 1.

Table 1
Molar composition used in the synthesis of each material.

Material Molar Composition

MCM-41 1G 1 SiO2: 0,3 CTABr: 11 NH3: 144 H2O

MCM-41 2G 1 SiO2: 0,3 CTABr: 11 NH3: 144 LM-I

MCM-41 3G 1 SiO2: 0,3 CTABr: 11 NH3: 144 LM-II

SBA-15 1G 1,0 SiO2: 0,017 P123: 5,7 HCl: 193 H2O.

SBA-15 2G 1,0 SiO2: 0,017 P123: 5,7 HCl: 193 LM-I.

SBA-15 3G 1,0 SiO2: 0,017 P123: 5,7 HCl: 193 LM-II.

2.3 Characterizations
For the characterization of the synthesized and calcined samples by XRD (X-ray diffraction), a Shimadzu
XRD-6000 diffractometer was used, with CuKα radiation, a voltage of 40 KV, a current of 30 mA, a step
size of 0.020 and a time per step of 0.60 seconds, with a sweep speed of 2º per minute and 2θ angle
ranging from 1° to 10°. To obtain the infrared, IR VERTEX 70 equipment from BRUKER was used. The
samples in the form of tablets were dried in an oven in advance and placed in the sample holder. The IR
spectra were obtained at wavelengths in the 400–4000 cm− 1 range with a resolution of 4 cm− 1. To
identify and quantify the chemical composition of the synthesized samples, an S2 Ranger Bruker
dispersive energy X-ray spectrophotometer was used. To perform microscopy on the samples. a VEGAS
TESCAN scanning electron microscope was used. The powder samples were covered with a thin layer of
gold by a metallizer and �xed to a support with carbon adhesive tape. Thermogravimetric analysis was
performed in a Shimadzu DTG-60H Thermal Analyzer in a nitrogen atmosphere with a gas �ow of 100
mL.min− 1.

3 Results And Discussion
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3. 1 Characterization of raw materials

Figure 1 (a) shows the diffractograms of the samples of MCM-41 synthesized initially (MCM-41 1G) and
from the following generations MCM-41 2G and MCM-41 3G. The diffractograms of the synthesized SBA-
15 samples (SBA-15 1G, SBA-15 2G and SBA-15 3G) are shown in Fig. 1 (b).

According to [7, 8], the X-ray diffractograms in Fig. 1 (a) show that the materials obtained are
characteristic of the MCM-41 molecular sieve in all three generations. The XRD's of the synthesized MCM-
41 molecular sieves show an intense peak at 2θ = 2.2°, corresponding to the (1 0 0) plane and two to
three smaller peaks between 3.5° and 6.0° due to the (1 1 0), (2 0 0), and (2 1 0) planes, indicating the
presence of ordered mesoporous hexagonal MCM-41 [19, 36, 37]. A decrease in intensity for the �rst peak
and the disappearance of the last peak for the samples MCM-41 2G and MCM-41 3G in relation to MCM-
41 1G can be observed. Due to the substances present in the mother liquor, this decrease in pore ordering
can be attributed to the pH variation that occurs when it is added to the reaction mixture [18].

According to what was described by [9], the diffractograms in Fig. 1 (b) show that the synthesized
materials are characteristic of the SBA-15 molecular sieve. Note the presence of three well-de�ned peaks
in all generations, which indicates a good uniformity of materials. The presence of the �rst re�ection peak
of the (1 0 0) plane at 2θ = 0.9° and of the (1 1 0) and (2 0 0) planes at 2θ = 1.6° and 1.8°, respectively,
preserve the characteristic patterns of the SBA-15 mesostructure with re�ections associated with a p6mm
hexagonal symmetry of the mesoporous material [9, 27, 28, 31, 32, 38, 39].

Chemical analyses of all generations of MCM-41 obtained through ED-XRF showed a high content of
silicon dioxide SiO2 (94.37 %, 95.36 %, and 92.98 % in the �rst, second, and third generations,
respectively) in the compositions as reported by [40] and some impurities such as aluminum trioxide
(Al2O3) and metal Bromo (Br) from of the surfactant salt, CTAB. Chemical analyses determined through
ED-XRF of the synthesized SBA-15 samples (SBA-15 1G, SBA-15 2G, and SBA-15 3G) indicate that SBA-15
is composed essentially of SiO2 (100.00 %, 99.97 %, and 99.99 % in the �rst, second and third
generations, respectively). These samples appeared to be chemically pure because they did not present
impurities. Samples of the SBA-15 molecular sieve consisting only of Si and O were observed in the study
by [41].

The spectra of the synthesized (MCM-41 1G, MCM-41 2G, and MCM-41 3G) and calcined (MCM-41 1G
Cal, MCM-41 2G Cal, and MCM-41 3G Cal) samples are shown in Fig. 2 (a) and (b), respectively. The
spectra of the synthesized (SBA-15 1G, SBA-15 2G, and SBA-15 3G) and calcined (SBA-15 1G Cal, SBA-15
2G Cal, and SBA-15 3G Cal) samples are shown in the Fig. 2 (c) and (d), respectively.

The spectra of the synthesized and calcined MCM-41 samples from all generations, presented in Fig. 2
(a), (b), (c), and (d), show bands in the 500–4000 cm− 1 region that are characteristic of the fundamental
vibrations of the functional groups present in the structures of molecular sieves MCM-41 and SBA-15
[42]. In Fig. 2 (a) and (b), the spectra have bands between 920 and 950 cm− 1 corresponding to the
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angular vibrations of the Si-OH bond of the silanol groups existing in the MCM-41 structure. In the 1000–
1250 cm− 1 region, it is possible to observe the presence of a broad band composed of two other bands, a
main band at 1050 and 1066 cm− 1 and a less-developed secondary band at 1025 and 1190 cm− 1. These
correspond to asymmetric stretching of the Si-O-Si bond [18, 42]. In the spectra of the non-calcined
samples, the vibrational bands at 1465 cm− 1 and 2920 cm− 1 are attributed to stretching between the CH
of the CH2 and CH3 groups that correspond to the presence of the salt CTAB, which is occluded in the
MCM-41 pores [43, 44].

The spectra of the synthesized and calcined SBA-15 samples presented in Fig. 2 (c) and (d) show a band
around 787–850 cm− 1 that corresponds to the symmetrical stretching of the Si-O-Si bond, very common
in MCM-41 and SBA-15 type materials [43]. Another band at 930–1010 cm− 1 corresponds to the angular
vibration of the Si-OH bond of the silanol groups in the SBA-15 structure. In the 1065–1270 cm− 1 region,
it is possible to observe the presence of wide bands at 1065, 1070, and 1150 cm− 1 and other less-
developed bands at 1220, 1270 and 1205 cm− 1, in the �rst, second, and third generation samples,
respectively. In the calcined samples, the main bands are at 1060, 1050, and 1060 cm− 1 and the
secondary bands are at 1211, 1211, and 1203 cm− 1, in the �rst, second, and third generation samples,
respectively. These values all correspond to asymmetric stretching of the Si-O-Si bond [45]. In the spectra
of the non-calcined samples, the vibrational bands at around 2890, 2969, and 2885 cm− 1 refer to the
vibrations of the organic molecule of the Pluronic P123 structural driver due to the stretching in the CH
bonds of the CH2 and CH3 groups [46, 47]. After calcination, these bands disappear, indicating the
removal of the surfactant from the material structure [48].

Figure 3 shows the images obtained through SEM for the synthesized MCM-41 samples (MCM-41 1G,
MCM-41 2G, and MCM-41 3G) and synthesized SBA-15 samples (SBA-15 1G, SBA-15 2G, and SBA-15
3G).

The morphologies presented by the MCM-41 and SBA-15 molecular sieves can be diverse and are directly
dependent on the synthesis conditions, such as: agitation, pH, aging temperature, hydrothermal synthesis
temperature, aging time, and hydrothermal synthesis time, among others [49]. According to Fig. 3, the
micrographs obtained through SEM of the synthesized MCM-41 samples show a morphology similar to
those found by [50] who synthesized MCM-41 using NH4OH at different temperatures. The particles have
irregular and non-uniform spherical clusters in all generations [51]. In Fig. 3, the SBA-15 micrographs
show nanochannels that are well-ordered and aligned with the direction of the �bers for samples from the
three generations. They present similar morphologies to those found by [5, 52], with micrometric silica
�bers formed from the linear adhesion of nodules of sub-micrometric particles, giving the appearance of
interlaced bead necklaces [53].

Figure 4 shows the adsorption and desorption isotherms of the MCM-41 and SBA-15 samples, obtained
through the BET method. All samples exhibited type IV isotherms, according to the IUPAC classi�cation,
with different hysteresis loops shown for the MCM-41 and SBA-15 samples [54].
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According to IUPAC, isotherms of the type shown in Fig. 4 are typical of mesoporous materials with
multilayer adsorption cycles. Initially, nitrogen adsorption occurs on the material surface at a relative
pressure (P/P0) below 0.2. After the monolayer is formed, multi-layers develop over it. From a (P/P0) of
0.4 there is an increase in the capacity of adsorbed nitrogen, called hysteresis, associated with capillary
nitrogen condensation in the mesopores [37]. This behavior is observed for all generations of the
samples. In the �nal part of the isotherm, after capillary condensation, the pore is saturated and a small
amount of N2 is adsorbed on the outer walls, resulting in a maximum volume of adsorbed gas of

approximately 450, 430, and 410 cm³.g− 1 for MCM-41 1G, 2G, and 3G, respectively. For SBA-15 these
values are 500, 540, and 595 cm³.g− 1 in the �rst, second, and third generations, respectively. The isotherm
for the MCM-41 sample exhibited H4 type hysteresis, corresponding to porous materials made up of
narrow, slit-shaped pores. For SBA-15, the isotherm showed hysteresis of type H1 [23, 51] associated with
porous materials that consist of agglomerates or compact groups of uniform spheres in a regular
arrangement and, therefore, have narrow pore size distributions.

The graphs of the pore distributions of the MCM-41 and SBA-15 samples, as obtained through the BJH
method, are shown in Fig. 5 (a) and (b), respectively.

The pore diameter distribution in Fig. 5 (a) showed peaks between 2 and 3 nm for the three generations
of MCM-41, which are attributed to the microporous region, and also a peak at 36 nm in the �rst
generation only, which is attributed to the mesoporous region. For SBA-15, the pore distribution graph in
Fig. 5 (b) showed all peaks of the three sample generations to be between 6 and 7 nm, all attributed to the
micropore region.

According to Table 2, the BET surface area of MCM-41 1G was 726 m².g− 1 and for the following
generations this value increased to 818 and 867 m².g− 1 for MCM-41 2G and MCM-41 3G, respectively. For
the pore wall thickness of the MCM-41structures, a similar behavior can be seen, in which the values
increased in the following generations, to 2 and 2.22 in the second and third generations, respectively.
These values are higher than those found in the literature [5], which indicates standard values of Wt (nm)
for MCM-41 between 1 and 1.5 nm.
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Table 2
Synthesis parameters and characterization of the samples

  a0 (nm) SBET (m².g− 1) Dp BJH (nm) Vp (cm³.g− 1) Wt (nm)

MCM-41 1G 4.87 726 3.53 0.64 1.34

MCM-41 2G 5.07 818 3.07 0.62 2.00

MCM-41 3G 5.02 867 2.80 0.63 2.22

SBA-15 1G 11.59 550 5.53 0.77 6.06

SBA-15 2G 11.92 561 5.92 0.83 6.00

SBA-15 3G 11.59 600 6.08 0.91 5.51

Table 2 shows the values obtained for the network parameter, a0 (nm), which can be calculated in a
simpli�ed manner, a0 = 2d100.(31/2)-1, where d100 corresponds to the interplanar distance of the (1 0 0)

diffraction plane; the surface area, SBET (m².g− 1), obtained by the BET method; and the average pore

diameter, Dp (nm), obtained by the BJH method. Vp (cm³.g− 1) corresponds to the pore volume of the
samples and Wt corresponds to the nanometer thickness of the structural wall, calculated as the
difference between the network parameter a0 and the pore diameter, Dp [55–56].

The BET surface area for the SBA-15 samples also increased in subsequent generations, starting from
550 m².g− 1 for the �rst generation and reaching 600 m².g− 1 by the last generation of the synthesis. The
wall thicknesses for the SBA-15 samples were around 6 nm for the �rst and second generation, with a
small drop in the third generation to 5.51 nm. However, all of these values are in accordance with that
found in the literature [5] and indicate a greater thermal and hydrothermal stability than that to MCM-41.
All BET surface area values for the MCM-41 and SBA-15 samples are in line with those found in the
literature [57–60].

The thermogravimetric analysis of the synthesized MCM-41 (MCM-41 1G, MCM-41 2G, and MCM-41 3G)
and SBA-15 (SBA-15 1G, SBA-15 2G, and SBA-15 3G) samples are shown in Fig. 6 (a) and (b),
respectively.

From the thermogravimetric curves of the samples of the synthesized MCM-41 represented in Fig. 6 (a),
three mass loss events can be observed for all samples. The �rst event below 150°C related to the
desorption of physiosorbed water in the pores of the MCM-41 that corresponds to 4 % of loss of mass,
the second in the range of 150–320°C attributed to the decomposition of the template (CTAB) where the
greatest mass loss of 31 % and the third between 400–550°C due to the residual removal of CTAB from
the secondary condensation process of the silanol groups corresponding to 13 % of the total loss [37].

The thermogravimetric curves of the synthesized SBA-15 samples (Fig. 6 (b)) indicate two mass loss
events, the �rst below 100°C with 5 % loss relative to the adsorption of physically adsorbed water and the
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second between 300 and 400°C with 45 % of loss corresponding to the decomposition of the surfactant
(Pluronic P123) occluded in the pores of the molecular sieve [61–62]. These events can be observed in all
samples SBA-15 and it is noticeable. Also a sharp peak of DTG between 300 and 400°C regarding the
elimination of surfactant P123 [63–64].

4 Conclusions
The synthesis process using the mother liquor was able to produce the structures of the mesoporous
sieves MCM-41 and SBA-15 in all three generations, as determined by the X-ray diffractograms (XRD),
which showed characteristic peaks in the structure of these materials. The calcination process carried out
on the molecular sieves to remove the template was veri�ed by the IR obtained, in which the presence of
organic functional groups was not found in the structure of any the calcined samples. All the
characterizations carried out on the MCM-41 and SBA-15 mesoporous molecular sieves from the three
consecutive syntheses obtained from the mother liquor showed very similar chemical, physical, and
morphological properties. The samples obtained from three subsequent cycles exhibited remarkably high
BET speci�c surface areas (above 500 m2·g− 1) and high pore volumes (above 0.60 cm3·g− 1) while
maintaining their well-ordered hexagonal mesostructures.

This method of synthesis demonstrated signi�cant relevance in the reduction of e�uents generated from
the neutralization of the conventional synthesis of these mesoporous materials. Using a simple multi-
cycle method, MCM-41 and SBA-15 nanoporous material can therefore be synthesized in a more eco-
friendly and economical way.
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Figure 1

Fig. 1 (a) shows the diffractograms of the samples of MCM-41 synthesized initially (MCM-41 1G) and
from the following generations MCM-41 2G and MCM-41 3G. The diffractograms of the synthesized SBA-
15 samples (SBA-15 1G, SBA-15 2G and SBA-15 3G) are shown in Fig. 1 (b).

Figure 2

The spectra of the synthesized (MCM-41 1G, MCM-41 2G, and MCM-41 3G) and calcined (MCM-41 1G
Cal, MCM-41 2G Cal, and MCM-41 3G Cal) samples are shown in Fig. 2 (a) and (b), respectively. The
spectra of the synthesized (SBA-15 1G, SBA-15 2G, and SBA-15 3G) and calcined (SBA-15 1G Cal, SBA-15
2G Cal, and SBA-15 3G Cal) samples are shown in the Fig. 2 (c) and (d), respectively.
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Figure 3

Fig. 3 shows the images obtained through SEM for the synthesized MCM-41 samples (MCM-41 1G, MCM-
41 2G, and MCM-41 3G) and synthesized SBA-15 samples (SBA-15 1G, SBA-15 2G, and SBA-15 3G).
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Figure 4

Fig. 4 shows the adsorption and desorption isotherms of the MCM-41 and SBA-15 samples, obtained
through the BET method. All samples exhibited type IV isotherms, according to the IUPAC classi�cation,
with different hysteresis loops shown for the MCM-41 and SBA-15 samples [54].
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Figure 5

The graphs of the pore distributions of the MCM-41 and SBA-15 samples, as obtained through the BJH
method, are shown in Fig. 5 (a) and (b), respectively.
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Figure 6

The thermogravimetric analysis of the synthesized MCM-41 (MCM-41 1G, MCM-41 2G, and MCM-41 3G)
and SBA-15 (SBA-15 1G, SBA-15 2G, and SBA-15 3G) samples are shown in Fig. 6 (a) and (b),
respectively.


