
Research Article
Gelatin Template Synthesis of Aluminum
Oxide and/or Silicon Oxide Containing
Micro/Mesopores Using the Proteic Sol-Gel Method

Amanda Sayure Kasuya de Oliveira, Adriana Perpetua Figueiredo Paulista,
Ana Ellen Valentim de Alencar, and Tiago Pinheiro Braga
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Aluminum oxide and/or silicon oxide-based supports were synthesized by proteic sol-gel method. The characterization was
performed through the analysis of TG, XRD, FTIR, SEM, and N2 physisorption. The XRD diffractograms showed an amorphous
material profile. TG results indicate the total liberation of the organic and inorganic material in the calcination temperature
used, occurring in different mass loss range. This piece of information was reaffirmed by the FTIR spectra, which presented
characteristic bands of gelatin structure before calcinations which disappear in the spectrum of the solid after calcinations,
indicating the loss of organic matter from gelatin after heat treatment. The spectra exhibited M-O stretching vibration at low
wavenumbers after calcinations related to metal oxides. The acquired images by SEM suggest the obtaining of a highly porous
material with very different characteristics depending on the composition of the support. The N2 isotherms indicate the presence
of a micro/mesoporous oxide with interesting textural properties, particularly for the supports containing aluminum and silicon
oxide.The ethanol dehydration results showed greater selectivity to diethyl ether compared to ethylene. From the reaction data, the
following order of acid strength was obtained: 2Si-Al > Si-2Al > Si-Al > Al, which is related to the Si-Al ratio.

1. Introduction

Catalytic supports are an important class of materials which,
as their name implies, fix the active sites on the solids
surface in order to improve their different physicochemical
properties [1–3]. In general, supports are used, since they
allow obtaining a high specific surface area, lead to adequate
porosity, provide appropriate acidity and/or basicity, and
tolerate elevated temperatures without suffering significant
degradation (high thermal conductivity); such characteristics
directly affect the catalytic performance (activity, selectivity,
and stability) on certain specific reactions [4–8].The catalytic
supports most commonly used in the chemical industry are
based on activated carbon, zeolites, molecular sieves, clays,
alumina, and/or silica, among others [9–21].

The literature reports various methods for preparation
of catalytic supports, such as conventional sol-gel [22, 23],
polymeric precursor [21, 24], hybrid spheres [25, 26], and
coprecipitation [27, 28]. Many of the existing techniques have
a considerable cost and take significant time and typically
use precursors from nonrenewable sources compared to
the proteic sol-gel route proposed here, which uses gelatin
from porcine skin as organic precursor (renewable source)
and aluminum nitrate and/or tetraorthosilicate (TEOS) as
inorganic precursors. It has given enough emphasis in the
synthesis of metal oxides and alloys containing nanoparticles
with interesting magnetic and optical properties using the
proteic sol-gel route [29–33]; however, the synthesis of porous
supported materials with potential applications in catalysis
still needs to be studied from the gelatin precursor.
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Gelatin is defined as partially hydrolyzed collagen, where
the basic unit comprises a protein chain of about 1050 amino
acids. The conversion of the collagen into gelatin requires
the breaking of hydrogen bonds, stabilizing the triple helix,
and thereby determining the randomconfiguration of gelatin.
The composition of the gelatin is essentially formed by
84–90% protein, 8–12% water, and 2–4% of mineral salts.
The proteic denomination for the synthesis route is due
to large protein percentage [34–36]. Figure 1 illustrates the
general structure of the gelatin. Gelatin is an important
functional biopolymer widely used in foods to improve
elasticity, consistency, and stability and in cosmetic and
pharmaceutical industries [37, 38]. However, its application
as organic precursor (biotemplate) in the synthesis of porous
catalysts remains an open research theme. It is important to
emphasize that the functional groups of the gelatinmay act as
an excellent complexing agent ofmetallic cations such as Al3+
or Si4+, which is very interesting during the synthesis ofmetal
oxide catalysts with high metallic dispersion and porosity.

Zarai et al. [38–40] reported that the annual world output
of gelatin increased to 326,000 tonnes with the highest source
being pigskin (46%), followed by bovine hides (29.4%), bones
(23.1%), and other sources (1.5%), and is expected to reach
450.7 kilotons in 2018, growth of 3.73% from 2012 to 2018.
Consequently, tons of pork skin are discarded, which may
be used to produce gelatin, an important organic precursor
(template) during the synthesis of the proteic sol-gel method.

The use of organic precursors in the synthesis of catalysts,
as gelatin, allows having some control over the metallic
dispersion, morphology, and particle size and directly affects
the textural, morphological, and structural properties of the
final material [25, 41], which are essential characteristics
in the efficiency of catalytic processes. Thus, the present
work shows the bioinspired synthesis and characterization of
catalytic supports containing aluminum oxide and/or silicon
using an alternative synthetic methodology from gelatin,
which is efficient and of low cost.

2. Experimental

2.1. Support Preparation. The synthesis of five samples,
denoted by 2Si-1Al, 1Si-2Al, 1Si-1Al, Al, and Si, was performed
by the proteic sol-gel method using porcine gelatin as
organosoluble precursor.The numbers represented mean the
molar ratio between Al and Si. Al and Si are the samples
containing pure aluminum oxide and pure silicon oxide,
respectively.

The different solids were prepared based on the different
steps in the flow chart of Figure 2. For all samples, the
required mass of gelatin in distilled water (enough water to
dissolve all the gelatin) was first dissolved in a beaker under
constant agitation and the appropriate mass of aluminum
nitrate and/or tetraethylorthosilicate was concomitantly dis-
solved using a magnetic stirrer. After that, the inorganic
solutions were added to the gelatin in order to drive the
complexation process and the formation of a xerogel. The
ratio by weight between the organic and inorganic was
maintained at 1 : 1 for the various samples.

Subsequently, the formed xerogel, as a result of the inter-
action between the organic and inorganic material (hybrid
material), was kept at 110∘C in an oven for two days (48 h)
to dry the samples. Finally, after being removed from the
oven, the dried samples weremacerated, placed in a porcelain
crucible, and calcined at 700∘C for 2 h in a muffle furnace
ZEZIMAQ model N1100 with a heating rate of 4∘C/min to
obtain the formation of metal oxides (Al2O3 and/or SiO2).

2.2. Support Characterization. Thermogravimetric analysis
(TG) was performed in equipment SDTQ600 model (TA
instruments), using an alumina crucible with 5mg of sam-
ples, air flow (50mL/min), and a heating ramp of 25∘C to
800∘C with a heating rate of 10∘C/min in order to observe
weight loss with temperature variation and the minimum
temperature for complete decomposition/oxidation of the
gelatin.

The X-ray diffraction analyses were carried out on a
Bruker D2 Phaser diffractometer using CuK𝛼 radiation (𝜆 =
1,54 Å) with an Ni filter, with step of 0,02∘, current of 10mA,
voltage of 30 kV, using a Lynxeye detector to determine the
crystal structure of the synthesized solid. The analysis was
performed with angle 2𝜃, ranging from 10 to 90 degrees.

FTIR analyses were performed to determine stretches
present in the samples before and after calcination.The range
of wavenumber was 550 to 4000 cm−1 for transmittance using
a spectrometer Perkin Elmer’s spectrum 65model in order to
confirm the elimination of the gelatin after calcination and
the formation of a hybrid material before calcination.

The scanning electron microscopy was used to visualize
the morphology and the visual porosity of the materials.
SEM was performed with a Hitachi Tabletop Microscope
TM-3000, Hitachi. The accelerating voltage was 5–15 kV and
different magnifications were applied (15 to 30000x).

The measurements were performed at a temperature
of 77K (−196∘C) in a gas adsorption analyzer ASAP 2020
Physisorption/Micromeritics model, to obtain the textural
properties of the support. Prior to analysis, the samples were
degassed under vacuum at 200∘C for 2 h.This treatment aims
to remove moisture and CO2 from the solid surface. From
the obtained isotherms, the specific surface area, volume, and
pore diameter values were extracted.

The acidity of the different samples was evaluated by
model ethanol dehydration reaction. The reactions were
performed in a fixed bed flow reactor, using 0.150 g of solid at
250∘C. Before the reaction, the supports were activated under
a stream of pure N2 during 1 h at atmospheric pressure and
350∘C. A mixture containing N2 and vapour of ethanol (at
total flow of 30mL/min), which flowed through the reactor,
was established byN2 flow through a saturation system (flask)
containing ethanol at 25∘C. The mixture was analyzed by gas
chromatography equipped with a flame ionization detector
(FID) and capillary column during reaction.

3. Results and Discussion

3.1. Thermogravimetric Analysis (TG). Thermogravimetric
analysis (Figure 3) shows the weight loss with increasing tem-
perature. Three major regions of weight loss were observed,
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Figure 1: General structure of the gelatin.
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Figure 2: Flowchart related to synthesis using the proteic sol-gel method.

except for the pure Si supportwhich showed only two regions.
The first region between 30 and 150∘C shows the loss of
physisorbed water. This range of 6.5, 7.9, 7.0, 4.7, and 3.6%
of mass loss for the samples Si, 2Si-Al, Si-2Al, Si-Al, and Al,
respectively, was observed. The second region between 150
and 240∘C is possibly due to thermal decomposition of nitrate
and TEOS (inorganic precursors) as well as the initiation of
decomposition of organic material (porcine gelatin). In this
second temperature range, 51.0, 17.1, 17.2, 18.2, and 14.4% of

mass loss for the solids Si, 2Si-Al, Si-2Al, Si-Al, andAl, respec-
tively, are observed. The third weight loss range between 240
and 680∘C probably concerns the gelatin oxidation, mainly in
the form of CO and CO2 and other gases in different regions
of the solid.The third region shows the largest mass loss with
values of 60.4, 28.6, 32.4, and 33.7 for the supports 2Si-Al,
Si-2Al, Si-Al, and Al, respectively. Specifically for sample Si,
the second and third range occurred in single event between
215 and 530∘C, indicating that the presence of aluminum
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Figure 3: Thermogravimetric analysis for the solids, TG and DTG.

nitrate causes changes in thermal decomposition properties,
since Al3+ in aluminum nitrate and Si4+ in TEOS interact
differently with the functional groups present in the gelatin.

The complete elimination of the organic matter occurs
at approximately 680∘C, after any more weight loss was not
observed, indicating that this is the minimum temperature
required for complete decomposition/oxidation of organic

and inorganic material. Finally, after 680∘C, this leads to the
formation of aluminum oxide and/or silicon oxide with high
porosity due to the cavities created by the absence of gelatin,
which was also evidenced by the color change, comparing
the obtained samples after drying and after calcination.Thus,
all samples were calcined at 700∘C to ensure the complete
release of the organic matter and formation of the metal
oxides (Al2O3 and SiO2).

From the results of thermal analysis, one can note a
variation of mass loss temperatures depending on the Si-Al
ratio and for pure Si and Al. This shift in the temperature
event may influence the morphology of the samples (volume
and pore diameter) after the thermal treatment, which will
be confirmed by SEM and N2 physisorption analyses. Partic-
ularly, the pure Si sample may have different porosity due to
discrepancy in the thermal analysis profile compared to other
supports.

3.2. X-RayDiffraction (XRD). TheXRDpatterns of the differ-
ent supports are presented in Figure 4.The diffractograms for
the samples containing pure silica show an amorphous solid
profile with a very broad peak at low angle 2𝜃, typical for this
type of material.

Similarly, the aluminum oxide-based samples also
demonstrated an amorphous material behavior. However,
the formation of extremely small crystallites and/or a
large number of defects (microstrain), which hinder their
identification by XRD, may not be neglected. The synthetic
route employed leads to formation of nanocrystallites
with very small size due to the use of organic biopolymer,
which probably acts as a physical barrier, minimizing the
crystallites sintering during the calcination step, and this
may compromise the identification of crystalline phases
by XRD (well-defined peaks). The identification of profiles
similar to those shown in Figure 4 indicates the formation of
metal oxides with high dispersion, which may be interesting
for catalytic supports.

3.3. Fourier Transform Infrared Spectroscopy (FTIR). The
different spectra of the samples before calcination (after
drying) and after calcination are shown in Figures 5(a) and
5(b), respectively. For comparison, the spectrum of pure
gelatin is present in Figure 5(a).The spectra before calcination
presented characteristic organic functional groups of the
gelatin (C=O, C-N-H, C-H, etc.). A band is observed around
1630 cm−1 related to the C=O vibrational mode, the presence
of C-N-H stretch in the region of 1500 cm−1, a C-H stretching
absorptions near 1300 cm−1, and C-O stretch at around
1000 cm−1.Therefore, these are functional groups which have
a high probability to complex with metallic cations such as
Al3+ and Si4+ [42, 43].

Comparing the obtained values of stretches for samples
after drying with the pure gelatin, a variation of wavenumber
and band intensity for solid after complexation (xerogel
formation) related to the original gelatin was noted, probably
indicating that the metals (Al3+ and Si4+) were complexed
with the functional groups of gelatin. This piece of informa-
tion confirms the formation of a hybrid material during the
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Figure 5: Fourier transform infrared spectroscopy results. (a) Before calcination; (b) after calcination.

first stage of synthesis. The uniform dispersion of the metal
ions in the gelatin radicals due to the complexation in specific
positions (functional groups of gelatin) is essential to obtain
a widely dispersed metal oxide after calcination, as observed
by X-ray diffraction (Figure 4).

However, after calcination, as expected, nomore stretches
were observed concerning the organic material, whereas
gelatin was released during the heat treatment (700∘C in air),
according to the TG results (Figure 3). Low wavenumbers
vibrations related to the metal oxides were seen in the
FTIR spectra after calcination (Si-O or Al-O). Therefore, the
confirmation by TG and FTIR, of the complete liberation
of the gelatin during calcinations, is a strong indication
that there was the formation of a very porous support due
to the formed vacancy during the degradation/oxidation of
organic material, which will be confirmed by SEM and N2
physisorption isotherms.

3.4. Scanning Electron Microscopy (SEM). The images pre-
sented in Figure 6 show themorphology of different supports
obtained by SEM. It is important to highlight that the pore
size detected by the images exposed in Figure 5 has a size
well above the value compared with pore size determined
by N2 adsorption/desorption isotherms (Figure 6); however,
this provides an indication that indeed it is a highly porous

material, since it showed a sponge-like morphology which
resulted in the high surface porosity.

This morphology is justified by the synthesis method
used (proteic sol-gel), since a biotemplate (gelatin) was
used in the preparation of different supports, which allows
uniform distribution of metallic cations (Al3+ or Si4+) in
the organic matrix. These samples during thermal treatment
at high temperature (controlled heating) suffer the gradual
decomposition of organic matter (gelatin) in parallel with the
formation of highly dispersed metal oxides (preservation of
hybrid material dispersion), according to thermal analyses
results (Figure 3), XRD diffractograms (Figure 4), and FTIR
spectra (Figure 5(b)), generating cavities as a result of its
elimination, which are clearly visible in the SEM images.

Visually by the images of Figure 6, it was seen that
the pores characteristics vary greatly depending on the
composition and Si/Al ratio. Interestingly, the support with
pure silicon (Figure 6(e)) presented an aspect of a non-
porous material or with very low porosity compared to the
other solids which may be related to the different thermal
decomposition process presented in TG results. However, the
sample with higher amount of silicon oxide (2Si-1Al) shows
pores with larger size compared to the solids with greater
amount of aluminum oxide, indicating that the Si/Al ratio
influences the final porosity. Thus, it is clear from TG and
SEM images that the way that gelatin, aluminum nitrate,
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Figure 6: Scanning electron microscopy images. (a) Al; (b) Si-Al; (c) Si-2Al; (d) 2Si-Al; and (e) Si.

and/or TEOS are decomposed leads to results of different
porosities. On the other hand, N2 adsorption/desorption
isotherms analysis is needed to confirm these assumptions.

3.5. N2 Physisorption Analysis. The N2 adsorption/desorp-
tion isotherms of different synthesized supports are presented
in Figure 7.

All Al-based isotherms (Al, Si-Al, Si-2Al, and 2Si-Al)
have hysteresis loop in the relative pressure region, not
occurring reversibility, indicating the presence of mesopores
as shown by the pore diameter distribution profile (Fig-
ure 7(b)). The same samples (Si-Al, Si-2Al, and 2Si-Al) also
indicate the presence of micropores at low relative pressure
values. Despite the similarity of these four solids related
to the pores characteristics (micro- and mesoporous), it is
clear that the Al support, containing pure aluminum oxide,
shows a type V isotherm while 1Si-1Al, 1Si-2Al, and 2Si-1Al
catalysts, containing both aluminum oxide and silicon oxide,
have a type IV isotherm. On the other hand, the pure Si
solid presents a type III isotherm, indicating a surface of a
nonporous ormacroporous solid which is in accordance with
SEM images, since Si sample did not present cavities in the
microscopy images compared to the other solids.

Furthermore, the solids Si-Al, Si-2Al, and 2Si-Al present
a hysteresis loop type H4, which is often associated with
narrow slit-like pores. However, the Al material has a hys-
teresis type H3, which is related to the pores with wedges
formats, cones, and/or parallel plates. BJH desorption pore
distribution curves for the Al-based supports (Figure 7(b))
indicated a narrow distribution of pores (unimodal) in the
micro/mesopore range with values between 1.5 and 6.0 nm.

Therefore, based on the profile of the five isotherms
(Figure 7(a)) and based on SEM images (Figure 6), it is clearly
perceived that the support composition (Si/Al ratio) directly
affects the characteristics of pores formed and probably will
have an essential role in catalytic activity and selectivity for
reactions that are sensitive to porosity.

The surface area, total pore volume, and average pore
diameter values of the different supports after calcinations are
listed in Table 1. It is noticed that the supports containing only
pure aluminum oxide or pure silicon oxide presented smaller
surface area compared to the other catalysts (mixed oxides).
Therefore, the combination of silicon oxide and aluminum
oxide positively affects the catalytic properties of the final
material. Therefore, possibly mixed aluminum and silicon
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Figure 7: (a) N2 adsorption/desorption isotherms for the different supports. (b) BJH pore size distribution.

oxides will be better catalytic supports compared to pure
oxides.

3.6. Acidity from Ethanol Dehydration. Characterization of
catalysts by model reactions is rather common to evaluate
acid-basic sites strength. The alcohols decomposition is a
model reaction to determine the acid-base nature of catalytic
materials. It has been reported in the literature that the
ethanol decomposition reaction can follow three possible

routes: (1) intramolecular dehydration that produces ethylene
using acid sites, (2) intermolecular dehydration to generate
diethyl ether from acid sites, and (3) alcohol dehydrogenation
to produce acetaldehyde using basic sites [44, 45]. Thus,
the different supports were tested in ethanol conversion to
determine the acidic strength order of the solids (Figure 8).

Figure 8 displays the following initial conversion order
(average for the first hour of reaction): 2Si-Al > Si-2Al >
Si-Al > Al. In the first minutes of reaction all active sites
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Figure 8: Catalytic tests of the Al- and/or Si-containing catalysts: (a) conversion of ethanol, (b) conversion of ethanol normalized by surface
area, and (c) ethylene and diethyl ether selectivity.

Table 1: Textural properties of solids. 𝑆: specific surface area; 𝑉𝑝: pore volume;𝐷𝑝: average diameter of pores.

Samples 𝑆BET (m
2 g−1) 𝑉𝑝 (cm

3 g−1) 𝐷𝑝 (nm)
Si 17 0.11 —
2Si-Al 294 0.27 3.5
Si-2Al 91 0.05 2.7
Si-Al 106 0.09 3.8
Al 10 0.02 4.1

are available for ethanol adsorption; thus, the first points are
more representative of the total acidity. The selectivity results
confirm the presence of acid sites, since only dehydration
products (ethylene and diethyl ether) were observed. The
presence of basic sites was not identified, since the ethanol
dehydration product (acetaldehyde) was not observed.

The higher selectivity to diethyl ether is justified by
thermodynamic aspects; considering that the ethanol dehy-
dration to diethyl ether is an exothermic process which

is favored, at low temperatures 250∘C greater selectivity to
diethyl ether is expected compared to ethylene (endothermic
reaction). Diethyl ether is found very predominant at low
temperature and conversion, while ethylene is predominant
at high temperature and conversion.

Considering that the dehydration rate is directly related
to acidic strength, the solids had the following order of acid
strength: 2Si-Al > Si-2Al > Si-Al > Al which is directly
related to silicon-aluminum ratio. In the case of alumina
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and amorphous silica-aluminas, the acidity trend is closely
related to their surface area (Table 1); the higher the surface
area, the higher the catalytic activity.Therefore, increasing the
exposed acid sites and higher ethanol conversion and acidity
are obtained. In order to take into account the value of the
exposed area in the ethanol conversion, Figure 8(b) presents
the conversion values normalized by the surface area from
N2 physisorption. In this case, the supports presented the
following order of acid strength: Al ≈ Si-2Al > 2Si-Al > Si-
Al, which represents the acidity per gram of material. Both
sequences indicate that increasing the Si-Al ratio leads to
increased surface area and increases the number of exposed
acid sites for the reaction. Thus, the gelatin method leads to
the formation of acidic supports where the strength depends
on the Si-Al ratio.

The essential role of gelatin (biotemplate) in the forma-
tion of micro/mesopores with a high dispersion of metal
oxides is illustrated in the scheme of Figure 9. The potential
complexing functional groups of the gelatin (amino and
carboxylic acid) are responsible for the complexation ofmetal
cations (Al3+ and/or Si4+), leading to a uniform dispersion
of metal cations in the organic matrix (gelatin). The high
dispersion is maintained for the metal oxide (SiO2 and/or
Al2O3) even after calcinations at 700∘C and concomitantly
the formation of nanocrystallites with very small size occurs,
since the organic template (organic fraction) acts hindering
the sintering/coalescence of the particles (inorganic frac-
tions) during the calcination stage (controlled heating).

The formation of micro/mesopores of SiO2 and/or Al2O3
is justified by the morphology (spongy-like) and texture
(high porosity) of the starting template (gelatin), which are
replicated in the hybrid material (xerogel) and subsequently
in the final oxide (SiO2 and/or Al2O3) after calcinations.
The mechanism for the formation of micro/mesopores with
high metal oxides dispersion (Figure 9) is consistent with all
characterizations results. Similar polymer template synthesis

mechanism of porous oxide was previously described with
other templates [25, 41, 46–49].

4. Conclusions

Catalytic supports containing aluminum oxide and/or sili-
con oxide were synthesized through an alternative method,
denominated proteic sol-gel, which uses as organic precursor
(template) the gelatin from porcine skin. These supports
have low cost, are simple, and have efficient methodology
beside using an organic precursor from a renewable source,
which may be characterized as an environmentally friendly
synthesis.

TG analyses showed different mass loss regions with the
total release of the organic matter at 680∘C. FTIR spectrum
confirmed the formation of a hybrid material due to the
interaction between the organic and inorganic compounds
which are degraded during calcination. The X-ray results
presented profiles of amorphous material, indicating the
formation of well dispersed phases with small crystallite size
or the presence of materials with large numbers of defects
(microstrain).

The images obtained by SEM suggest a morphology
that characterizes a material with high porosity, which is
influenced by the composition of the support. The N2
physisorption isotherms profiles indicate the formation of a
micro/mesoporous material with interesting surface area for
the samples Si-Al, Si-2Al, and 2Si-Al. Therefore, the presence
of silicon oxide combined with aluminum oxide is essential
to obtain a catalyst with a higher specific surface area. The
mixed oxides showed better textural properties compared to
pure oxides.

The model ethanol dehydration reaction confirmed the
presence of acidic sites and indicated that the acid strength
increases with increasing the Si-Al ratio. The presence of
basic sites was not identified, since ethanol dehydrogenation
product was not observed.
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Thus, this study indicates that the synthesis method used
from gelatin is interesting for catalytic supports preparation
containing aluminum oxide and/or silicon oxide, since it
presented promising structural, textural, morphological, and
acidic properties, which are essential in applications such as
heterogeneous catalysts.
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