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Abstract
Spodumene (LiAlSi2O6) has gained attention due to its versatile applications, which include ionizing radiation dosimetry,
observed in either monoclinic (α-spodumene) or tetragonal (β-spodumene) symmetries. β-spodumene has been produced by
solid-state reactions and conventional sol–gel methods, which are challenging due to the need for high temperatures and
costly reagents, respectively. Alternative routes like the Pechini method and proteic sol–gel methods are promising because
they can reduce production costs and environmental pollution. This paper aims to synthesize and characterize β-spodumene
using a new sol–gel route assisted by whey protein. In this method, proteins act as chelating agents, aiding in the formation
of stable colloidal solutions (sol) containing inorganic precursors. These solutions undergo gelation processes to form a solid
connected porous structure (gel), which can then be thermally treated to promote crystallization and obtain the desired
material. The process involved subjecting the material to thermal treatments exceeding 800 °C, leading to the crystallization
of β-spodumene structure at 1000 °C. Additionally, a thermal treatment at 1100 °C facilitated the elimination of residual
sulfur (S) resulting from protein combustion. For sample characterizations, thermogravimetric analysis (TGA), differential
thermal analysis (DTA), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and X-ray fluorescence
(XRF) measurements were performed. Preliminary results indicate that β-spodumene was successfully synthesized using the
new sol–gel route assisted by whey protein. The potential of whey protein as an eco-friendly chelating agent is highlighted,
suggesting possible environmental benefits and paving the way for future advancements in this research area.
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● β-spodumene was effectively synthesized by a new sol–gel route assisted by whey protein.
● Crystalline structure of β-spodumene formed at 1000 °C.
● Eco-friendly approach using whey protein as a chelating agent in the sol–gel method.
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1 Introduction

Spodumene (LiAlSi2O6) is a lithium aluminosilicate with
significant industrial importance, primarily due to its appli-
cations in advanced ceramic materials. Due to its thermo-
luminescent properties, it has been explored in ionizing
radiation dosimetry applications [1, 2]. Depending on tem-
perature and pressure, it has been observed in monoclinic (α-
spodumene) or tetragonal (β-spodumene) symmetries [3, 4].
β-spodumene corresponds to the polymorph characterized by
its tetragonal crystalline structure, obtained through controlled
synthesis or thermal treatment above 850 °C [5]. The choice
of β-spodumene as the focus of this investigation stems from
its potential as a high-performance material in various appli-
cations, given its phase stability and excellent thermal prop-
erties make it suitable for use in ceramic pigments, glass
additives, and as ionizing radiation sensors [6–10].

The synthesis of this material offers advantages such as
controlled properties, purity, homogeneity, cost-effectiveness,
and reproducibility. However, conventional synthesis meth-
ods such as solid-state reactions often face challenges in
achieving homogeneity and require high calcination tem-
peratures. In contrast, the sol–gel approach offers a promising
alternative by producing chemically homogeneous materials
at lower temperatures compared to those of solid-state reac-
tions [11–15]. Furthermore, the method is often used in the
synthesis of zeolites and other porous materials, as it offers
significant advantages in creating controlled structures [16].
The potential applications of these materials include catalysis
in industrial processes and adsorption and removal of con-
taminants from water [17–19]. A variant of this route, the
proteic sol–gel method, incorporates protein-chelating agents
such as coconut water and partially hydrolyzed collagen
(gelatin) instead of traditionally used metal alkoxides as
precursors. This approach offers advantages in terms of eco-
friendliness and cost-effectiveness compared to conventional
analytical reagents [20–25].

On the environmental front, cheese whey, a byproduct of
cheese production, presents significant challenges due to its
high organic matter content and adverse effects on water
sources [26]. Whey represents 85–95% of milk volume and
retains 55% of milk’s nutrients, including lactose, soluble
proteins (whey protein), lipids, and minerals [27]. An esti-
mated 180–190 million tons of whey waste are produced
globally each year, with 100 million tons originating from
cheese whey [28]. This poses a significant environmental
concern when discharged into water sources due to its high
biochemical oxygen demand (approximately one hundred
times the value generated by domestic sewage) [29]. From
the perspective of proteic sol–gel synthesis, whey proteins
emerge as promising due to the presence of branched-chain
essential amino acids (leucine, isoleucine, and valine),
which exhibit an affinity for metal ions, capable of forming

precursor chelates. However, this application is recent and
underexplored, with its first report on the synthesis of ZnO
nanoparticles [30].

The present work proposes to produce and verify the
effectiveness of whey protein as an innovative and eco-
friendly chelating agent in the protein sol–gel technique for
the synthesis of β-spodumene, utilizing an unprecedented
route for this material. In this study, we analyzed changes in
the physical and chemical properties of the xerogel obtained
during sample production, the crystalline structure of the
material under different heat treatments, and its chemical
composition correlation. The findings from this research
contribute to advancing the field of aluminosilicate materials
science while exploring innovative pathways for utilizing
natural proteins in eco-friendly synthesis methodologies.

2 Experimental

2.1 Synthesis

The partially hydrolyzed whey protein powder Hydrovon®
195 (Glanbia Nutritionals Inc/Clean Whey®) was employed
as a chelating agent in the process. The protein underwent an
initial industrial cross-flow microfiltration process designed to
maintain its structural integrity, resulting in a significant
reduction in carbohydrate, fat, and metal content. Subse-
quently, a secondary enzymatic hydrolysis process was
employed to cleave the protein into smaller chains, specifi-
cally dipeptides and tripeptides. This hydrolysis step is cru-
cial as it facilitates the formation of chelates in the first stage
of the sol–gel process. Furthermore, high-purity crystalline
silica (SiO2), with particle size less than 200 mesh, was used
as a precursor reagent for silicon, due to its advantages over
tetraethoxysilane (TEOS), which is commonly used in the
sol–gel technique but carries high cost and toxicity.

Initially, 150 mL of a colloidal suspension (sol) con-
taining a 1:2 weight ratio of chelator to precursors was
prepared following the procedure described by Lima et al.
[4]. The amount of precursors used corresponds to the
stoichiometric ratio for the synthesis of 2 g of β-spodumene
per sample: 0.741 g of LiNO3 (Sigma-Aldrich®, 98% pur-
ity), 4.032 g of Al(NO3)3·9H2O (Dinâmica®, 98.5% purity),
and 1.292 g of SiO2 (NEON, 98% purity). The proportions
were obtained according to balanced ionic equation (Eq. 1)
for the formation of β-spodumene. Following the mentioned
ratio, 3.032 g of whey protein per sample were required.

LiNO3 þ AlðNO3Þ3: 9H2Oþ 2SiO2 ! LiAlSi2O6 þ 4HNO3 þ 7H2O

ð1Þ

The gel formation is induced by the acidic nature of the
final suspension (pH = 4), facilitating the condensation
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reactions of protein chains, which lead to the formation of a
connected porous structure. Afterward, the gels were heated
to 100 °C for 1 h with continuous stirring to remove excess
water. Subsequently, they were dried in an oven at 100 °C
for 48 h, yielding xerogels. These xerogels were then sub-
jected to calcination in an alumina boat crucible (20 mL) at
700 °C for 2 h, with a heating rate of 5 °C/min, ensuring
complete combustion of protein chains. Additional thermal
treatment was used, involving temperatures ranging from
800 to 1100 °C for 2 h, in increments of 100 °C, at a heating
rate of 10 °C/min, to promote the formation of the crystal-
line phase of β-spodumene. Samples were slowly cooled in
a closed muffle furnace until reaching room temperature.
Subsequently, the samples produced were homogenized in
an agate mortar and then sieved through 100 mesh and 200
mesh sieves.

2.2 Characterization

The xerogel was initially analyzed using thermogravimetric
analysis (TGA) and differential thermal analysis (DTA) to
investigate the degradation pathways of organic chains and
the formation of crystalline structures. TGA/DTA curves
were obtained with a Q600/2960 thermogravimetric analy-
zer (TA Instruments), which was equipped with an auto-
mated gas flow controller. Powder samples were placed in
alumina crucibles and heated from 25 °C to 1000 °C at a
rate of 10 °C/min, under a synthetic air flow of 100 mL/min.

X-ray diffraction (XRD) measurements of the produced
samples were performed using a powder diffractometer
Miniflex (Rigaku), with Cu-Kα radiation (λ= 1.5406 Å)
tube operated at 40 kV and 15 mA in continuous mode.
XRD data were collected in a scan range of 10–90° (2θ),
employing a scan speed of 10°/min with 0.02° step intervals
at room temperature. Experimental patterns were compared
with theoretical patterns from the PDF2 (Powder Diffraction
File) crystallographic database to determine the positions
and intensities of Bragg peaks and to identify references.
This comparison was facilitated using X’Pert High Score
Plus software (PANalytical B.V.). The quantitative con-
firmation of β spodumene single-phase formation in the
produced samples was achieved by the Rietveld refinement
method [31], employing the DBWSTools 2.4 program [32].
The Pseudo-Voigt function was applied to fit peak profiles
of the identified crystalline phase. Quality factors of
refinement were determined accordingly.

Fourier Transform Infrared Spectroscopy (FTIR) analysis
was employed as a complementary technique to assess the
crystallization process under different thermal treatments.
Transmittance spectra were obtained utilizing a Spectrum
2 spectrometer (PerkinElmer), which was outfitted with a
near-infrared source and a lithium tantalate (LiTaO3) detector.
Powder samples were compressed into thin pellets,

measuring 7.0 mm in diameter and ~0.1 mm in thickness,
within a potassium bromide (KBr) matrix at a ratio of 1 mg of
sample to 30mg of KBr. A continuous scan encompassed the
spectral range from 450 cm−1 to 1200 cm−1 for all specimens.

Additionally, X-ray fluorescence (XRF) analysis was
performed to ascertain the chemical composition of the
samples and detect any contained impurities. The portable
benchtop XRF analyzer CTX 800 (Bruker), equipped with a
50 kV, 4W Rh-target excitation source and an SDD
detector featuring a graphene window and detector shield,
was employed to analyze elemental compositions. The
samples were prepared as 15.0 mm diameter pellets using a
high-purity PVA solution (0.02 g/mL) as a binder. The
weight percentages in the form of oxides were determined.

3 Results and discussion

The TGA curve (Fig. 1) demonstrates an almost gradual
mass loss up to 650 °C. However, some DTA peaks are
observed within this range, corresponding to the following
events: (a) an endothermic process of water evaporation
around 100 °C; (b) denaturation of proteins or the break-
down of secondary and tertiary structures between 150 °C
and 250 °C; and (c) the primary degradation of protein
chains starting at 300 °C. Between 650 °C and 700 °C, a
final event (d) is observed, corresponding to the oxidation
of remaining organic residues, resulting in a final mass loss
and the release of CO2. The mass then stabilizes, indicating
that the majority of the organic material has been decom-
posed. Therefore, it is suggested that during sample pro-
duction, the calcination process aimed at eliminating
organic constituents should be conducted at a minimum
temperature of 700 °C. This temperature threshold results in
an approximate cumulative mass loss of 70% and ensures

Fig. 1 TGA and DTA curves characteristics of the xerogel. An
expressive mass loss in four different steps and stability above 700 °C
are noticed
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stability between 700 °C and 1000 °C, indicating the
absence of residual organic matter. The events are similar to
those observed during the degradation of gelatin-based
xerogels for the synthesis of β-spodumene [4] and find
support in the literature that evaluated the thermal decom-
position of whey protein [33, 34].

Figure 2 shows the XRD patterns of samples produced at
different thermal treatments. Experimental patterns were
cross-referenced with the ICSD 14235 reference pattern,
representing β-spodumene. For sample subjected to thermal

treatment at 800 °C, the presence of peaks related to pre-
cursor phases, namely silicon dioxide (SiO2) and eucryptite
(LiAlSiO4), is predominant. At 900 °C treatment, the pre-
sence of these peaks persists, albeit with some discernible
β-spodumene peaks, indicating an incomplete conversion to
β-spodumene. For samples treated from 1000 °C, the
experimental patterns display identical crystalline struc-
tures, featuring well-defined peaks corresponding to the
reference pattern ICSD 14235. When compared to methods
relying solely on solid-state reactions, which commonly
require temperatures above 1200 °C (some references are
shown in Table 1), a significant reduction in the formation
temperature of the β-spodumene phase was observed.

The Rietveld refinement adjustments, depicted in Fig. 3,
were conducted specifically for the samples that effectively
formed the β-spodumene phase (at heat-treatments of 1000
and 1100 °C, respectively). The disparity between the
experimental and model-calculated values (IOBS–ICALC)
was minimal, indicating a satisfactory fit between the
observed and calculated intensities. The quality factors are
provided as percentages: obtained error (Rwp), and expec-
ted error (Re). The ratio Rwp/Re, denoted as χ, is of sig-
nificant importance. A value of χ close to 1 indicates a
well-refined dataset where Rwp ≈ Re. Only values of χ ≥ 1
are plausible, and χ < 1.5 is generally considered satisfac-
tory [35]. Integrated intensity factors (RB) are reported to
assess the discrepancy between the observed diffraction
peak intensities and the values calculated by the theoretical
model [36]. The fitting quality factors, disclosed a precise
fit by the method, as evidenced by the reduced error values
obtained (Rwp ≈ 15%) and quality factors (χ ≈ 1.2). More-
over, integrated intensity factors exhibited acceptable
values (RB ≈ 10%), which demonstrates the model’s ade-
quacy. The synthesized β-spodumene crystallizes in the
tetragonal system, with space group P43212 and lattice
parameters: a= b= 7.534 Å, c= 9.158 Å, α= β= γ= 90°.
This unit cell exhibits a density of 2.38 g/cm³ and a volume
of 519.82 Å3.

Fig. 2 XRD patterns of samples produced at different thermal treat-
ments; the reference pattern of β-spodumene (ICSD 14235); and the
minor phases reference phases of silicon dioxide (ICSD 16331) and
eucryptite (ICSD 30982)

Table 1 Comparative characteristics of β-spodumene synthesis reported in the literature

Synthesis method [ref] Heat-treatment parameters Applications

Heating rate (°C/min)Temperature (°C)Exposure time (h)

Melting [39] - 1425 - Determination of the crystal structure

Solid-state reaction [10] - 1480 2 Thermoluminescent dosimetry

Sol–gel/hot pressing [8] - 1200–1350 0.5 Glass-ceramic composites manufacturing

Gelatin-assisted sol–gel [4] 10 800–1100 2 Thermoluminescent dosimetry

Solid-state reaction [9] - 1200 2 Glass-ceramic composites manufacturing

Solid-state reaction [40] - 1300 5 Down/up-conversion (DC/UC) luminescence

Solid-state reaction [41] - 1200–1400 4 Synthesis and photoluminescence of near-infrared
(NIR) phosphors

Gelatin-assisted sol–gel [6, 7] 10 1100 2 Ceramic pigments manufacturing

Journal of Sol-Gel Science and Technology (2024) 111:718–724 721



Figure 4 presents the FTIR spectra of samples produced
at different thermal treatments. In all spectra, the strong
broad band around 1000 cm−1 is associated with Si-O
stretching vibration, while the region around 700 cm−1

corresponds to Al-O stretching vibration. An absorption
band in the wavenumber region of 870 cm−1, characteristic
of AlO6 octahedra, is also observed. However, a band shift
is noted between 800 cm−1 and 730 cm−1 with increasing
synthesis temperature, indicating a trend of AlO4 tetrahedra
substitution by SiO4 through diffusion processes,

facilitating β-spodumene formation. The tetrahedral
arrangement of aluminum within spodumene arises from the
inherent crystalline lattice structure of the mineral, in which
aluminum and silicon share the same occupancy site in
random positions. This band, around 750 cm−1, indicates
the characteristic vibration of the covalent Al-O bond in
AlO4 tetrahedra in spodumene and aluminum substitution in
silica tetrahedra, supporting the crystallization results
obtained by XRD. Furthermore, several sharp small peaks
are observed in the region of 500–700 cm−1, related to the
bending of Si-O and Al-O bonds, while bands in the
400–500 cm−1 range refer to Si-O-Si bending and skeletal
vibrations. These results are supported by the literature on
infrared studies of β-spodumene produced by the sol–gel
route [37, 38].

Table 2 presents the chemical composition of the sam-
ples produced under different thermal treatments, as deter-
mined using the XRF technique. It is noteworthy that the
weight proportions of Al2O3 and SiO2 closely align with the
theoretical values corresponding to the stoichiometric
structural formula of spodumene. However, the LiO2 con-
tents of the samples are unavailable due to the technique’s
limitation in detecting elements with low XRF energy. A
significant residual sulfur (S) content is evident in the
sample treated at 800 °C (3.07%), attributed to the post-
combustion of protein chains. Nonetheless, this content
notably decreases with increasing treatment temperature,
reaching levels below the detection limit (<LOD) at
1100 °C, likely due to elimination by oxidation reactions in
the form of SO2 gas. This treatment temperature is recom-
mended for complete removal of sulfur from the sample.
The minor presence of P2O5, K2O, and CaO (<1%) is likely
attributed to impurities commonly found in whey protein.
Fe2O3 (<0.1%) is commonly an impurity present in analy-
tical chemical reagents.

Metallic impurities may potentially act as recombination
centers in thermoluminescent (TL) applications of
β-spodumene [10]. Therefore, this result requires further
investigation with analyses of the TL emission curve of the
material obtained by this method.

Fig. 3 XRD patterns of the
samples treated at 1000 and
1100 °C (IOBS), the fit calculated
by Rietveld refinement (ICALC),
and the intensities difference
(IOBS – ICALC)

Fig. 4 FTIR spectra of samples produced at different thermal
treatments
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4 Conclusions

The study successfully synthesized β-spodumene using a
new sol–gel method assisted by whey protein. The crys-
talline structure of β-spodumene was achieved at 1000 °C,
marking a significant reduction in synthesis temperature
compared to conventional solid-state methods. Addition-
ally, the study demonstrated that sulfur (S) residues from
protein chains can be effectively eliminated through heat-
treatment at 1100 °C. β-spodumene crystallized in the tet-
ragonal structure with the space group P43212, characterized
by lattice parameters a= b= 7.534 Å, c= 9.158 Å, and
α= β= γ= 90°, with a density of 2.38 g/cm³ and a volume
of 519.82 Å3.

The use of whey protein as a chelating agent represents
a sustainable approach in the sol–gel synthesis of mate-
rials, highlighting its ecological potential. This research
opens new avenues for exploring novel sol–gel meth-
odologies in the synthesis of aluminosilicates and
emphasizes the feasibility of using natural protein sources
in materials science. Future research could explore more
specific applications of β-spodumene produced by this
innovative synthesis route.
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