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Abstract

This study presents an integrated approach for converting zircon sand into functional
materials based on zirconium metal-organic frameworks (Zr-MOFs). Zirconium was
extracted through three main steps: alkali fusion, water leaching, and nitric acid leaching,
resulting in a precursor identified as Zr(OH)>(NO3),-1.33H,0 (ZON). Characterization
using XRF, FTIR, XRD, and SEM-EDX revealed that ZON possesses a high zirconium
content (94.87% relative to the total metal content) and distinct structural features. The
ZON compound was subsequently utilized as a novel precursor in synthesizing of three
types of Zr-MOFs: UiO-66, MOFs-801, and MOFs-808. Structural and morphological
analyses indicated that all three MOFs were successfully formed with high crystallinity.
These findings demonstrate that locally sourced zircon sand has strong potential as a
sustainable and cost-effective raw material for MOF synthesis, while also bridging the
knowledge gap between zirconium extraction and the development of sustainable
materials chemistry based on local mineral resources.

Keywords: Zircon sand, zirconium extraction, local mineral utilization, metal-organic

frameworks (MOFs), Zr-MOFs

INTRODUCTION

Zirconium is a transition metal naturally occurring in
two primary mineral forms: zircon (ZrSiO4) and
baddeleyite (ZrO.). Among these, zircon is the more
abundant and is commonly found in association with
igneous, metamorphic, and sedimentary rocks, as well
as in heavy mineral deposits such as beach sands
(Finch, 2003; Emsley, 2014). To obtain zircon in a
concentrated and purified form, it must first be
separated from associated gangue minerals via wet
gravity separation, followed by magnetic and
electrostatic methods (Tahli and Wahyudi, 2017;
Sajima, et al. 2020). The extraction of Zr from zircon
requires the disruption of the strong chemical bonds
between ZrO, and SiO; within the zircon lattice (Da
Silva, et al., 2012). This can be achieved through
chemical treatment or high-temperature thermal
processes, depending on the targeted efficiency and
processing approach, with alkali fusion being one of
the most commonly employed methods (Sun et al.,
2019; Sun et al., 2024). Developing effective methods
to isolate zirconium from natural sources is essential
for its downstream applications in catalysts and
advanced ceramic materials. Several studies have
reported the utilization of zircon sand in the synthesis
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of functional materials, including yttria-stabilized
zirconia (Rahmawati, et al., 2016), ZrO:-TiO2
nanocomposites as photocatalysts for methylene blue
degradation (Permadani, et al., 2016), polyaniline/ZrO-
composites for anticorrosion coatings (Nadliriyah et
al., 2019), and ZrO, catalyst for biodiesel production
(Widayat, et al. 2024). One of the most rapidly growing
classes of zirconium-based materials is metal—organic
frameworks (Zr-MOFs), which are known for their
high surface area, tunable porosity, and exceptional
structural stability. Representative examples of
Zr-MOFs, such as the UiO (Ru et al., 2021),
MIP(Lv et al., 2022), and DUT series (Gutiérrez-Serpa
et al., 2022) have been widely explored, typically
synthesized using high-purity zirconium precursors
such as ZrCls or ZrOCl,-8H,O (Chattopadhyay et al.
2024 ; Su et al, 2024). However, reliance on
commercial precursors presents challenges in terms of
cost and sustainability, particularly for large-scale
applications. Consequently, exploring of alternative
zirconium sources that are more abundant and
environmentally benign is crucial to support the
development of sustainable materials technologies.
Despite the high zirconium content in zircon sand, its
direct utilization as a raw material for Zr-MOF
synthesis remains limited. Most prior studies have
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focused on the leaching and purification of zirconium
from zircon (A. H. Ali, 2022; Alj, et. al., 2023), while
integration of the extracted species into MOF
frameworks is still rarely pursued. This indicates a
significant knowledge gap, while simultaneously
presenting an opportunity to develop zirconium-based
MOFs from local mineral resources. This study aims to
establish a transformation approach for converting
zircon sand into Zr-MOF functional materials via
zirconium extraction, solvothermal synthesis, and
comprehensive characterization. Particular emphasis is
placed on evaluating the structure and morphology of
the synthesized materials to assess their viability as
functional materials. Through this approach, the study
seeks to contribute scientifically to valorizing of local
mineral resources for developing of advanced,
sustainable, and high-value materials.

METHODOLOGY
Materials and Instrumentals

Zircon sand (ZrSiO4) was sourced from a local supplier
in the Bandung area, originating from the Central
Kalimantan region, Indonesia. The acquired sand had
been cleaned through a magnetic separation process to
remove black-colored impurities. Terephthalic acid
(H.BDC), fumaric acid (H,Fum), trimesic acid
(HsBTC), dimethylformamide (DMF), glacial acetic
acid (CHs:COOH), and ethanol were procured
commercially from Sigma-Aldrich and used without
further purification. All washing procedures were
conducted using high-purity demineralized water. The
elemental composition of zircon sand and its leaching
products was analyzed by X-ray fluorescence (Orbis
Micro-XRF  Analyzer). Functional groups were
identified using Fourier Transform Infrared (FT-IR)
spectroscopy (Shimadzu 470) in the
4000400 cm™ range employing the KBr pellet
technique. Structural characterization was conducted
via powder X-ray diffraction (P-XRD) using a Rigaku
MiniFlex diffractometer with Cu Ka radiation (A =
1.540593 A; %> = 1.544414 A). Particle morphology
and surface features were examined using a scanning
electron microscope (Thermo Scientific Phenom ProX
G6 Desktop SEM).

Methods

1. Synthesis of ZON
A total of 20 g of zircon sand was mixed with 24 g of
NaOH (mass ratio 1:1.2). The mixture was subjected to
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alkali fusion at 700 °C for 3 h. The resulting white solid
was washed several times with deionized water
(solid-to-liquid ratio of 1:50) until the pH remained
constant. The washed solid was subsequently dried at
105 °C. The extraction of zirconia was carried out by
treating the dried solid with 10 M nitric acid
(solid-to-liquid ratio of 1:50) under heating. The
solution was evaporated until its volume was reduced
by half and exhibited a yellowish color. The filtrate
was cooled overnight in an ice bath to promote crystal
nucleation. The solution was then concentrated by
evaporation, yielding a white solid. This solid was
carefully washed with deionized water and small
portions of ethanol, then dried at 85 °C. The resulting
product was designated as ZON.

2. Synthesis of UiO-66

UiO-66 was synthesized via a solvothermal method
with slight modifications from previously reported
procedures (Qiu et al. 2017). A mixture of 1.25 mmol
H>BDC and 1.25 mmol ZON was prepared in a solvent
composed of 30 mL DMF and 14.13 mL glacial acetic
acid. The mixture was ultrasonicated until a
homogeneous solution formed. The resulting solution
was then heated at 120°C for 24 hours under
solvothermal conditions. The obtained solid was
washed multiple times with deionized water and
ethanol, then dried at 60 °C overnight.

3. Synthesis of MOFs-801

MOF-801 was synthesized using a solvothermal
approach with slight modifications to the procedure
described by Ebrahim et al. (2024). Briefly, 1.25 mmol
of HoFum and 1.25 mmol of ZON were dissolved in a
solvent mixture of 5.04 mL of DMF and 1.77 mL of
formic acid, followed by ultrasonication until a clear
solution. The solution was then heated at 130 °C for 10
h under solvothermal conditions. The resulting solid
was collected, thoroughly washed with DMF and
ethanol, and dried at 60 °C overnight.

4. Synthesis of MOFs-808

MOF-808 was synthesized via a solvothermal method
with minor modifications to previously reported
procedures(Nguyen et al., 2021; Nguyen et al., 2023).
A mixture of 0.4167 mmol H:BTC and 1.25 mmol
ZON was dissolved in a solvent mixture of 20 mL
DMF and 20 mL formic acid by ultrasonication. The
solution was then heated at 120 °C for 48 h under
solvothermal conditions. The resulting precipitate was
collected, washed thoroughly with DMF and ethanol,
and dried at 70 °C overnight.
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Figure 1. Synthetic route of Zr-based MOFs from zircon sand
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RESULTS AND DISCUSSION

ZON Properties
The leaching process of zircon sand involves

three main steps: alkali fusion, water leaching, and
nitric acid leaching, resulting in the formation of the
target product, zirconium nitrate species. Several
stoichiometric reactions occurring throughout these
stages are outlined below.
1. Alkali Fusion

During this step, the Zr—O-Si bonds in zircon
mineral (ZrSiO4) are broken by alkaline reagents at
elevated temperatures, yielding sodium zirconate and
sodium silicate species. The overall reaction proceeds
as follows:
Zl‘SiO4(s) + 4NaOH(1) - Na28i03(5) + NaxZrOsz) +
2H20)

2. Water Leaching
In this stage, sodium silicate dissolves in water
and undergoes hydrolysis, whereas sodium zirconate
remains insoluble and is retained in the solid phase
during washing. Further polymerization of the silicate
species is confirmed by the formation of a white
colloidal precipitate, observed as a residue during
washing (Scott et al. 2024). This process is
accompanied by a gradual decrease in solution pH,
resulting from the dilution and removal of residual
alkaline components from the alkali fusion step.
NazSiOs) + H2Oay = Na“(aq) + SiO}z_(aq)
Si03% g+ H2Oqy S HSiO3 (ag)+ OH (g
Si032'(aq) + HzO(]) = H,Si0; (aq Tt OH'(aq)
nH>Si0s3 (aq) ™ (SiOz)n.xHQO(s)

3. Nitric Acid Leaching

In this stage, sodium zirconate (NayZrOs)
dissolves and reacts with nitric acid, releasing Zr** ions
into the solution. As a highly oxophilic cation, Zr*
readily undergoes hydrolysis in aqueous media;
therefore, the solution pH is maintained below 2 to
minimize the extent of hydrolysis. Under these acidic
conditions, hydroxide species partially formed without
complete precipitation as Zr(OH)s (Ma, et al. 2020;
Abdullah et al. 2021). The resulting Zr(OH)2** species
coordinates with two nitrate ions (NOs") from nitric
acid, forming a zirconium nitrate complex that
precipitates as a hydrated crystalline salt.
Na22r03(s) + 4HNO3(aq) - ZI‘(OH)z(NO3)z‘ tzO(S) +
2N3N03(aq)

The composition, functional groups, structure,
and morphology of the synthesized ZON were
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characterized using XRF, FTIR, XRD, and SEM-EDX
techniques. XRF analysis revealed that the natural
zircon sand contained a relatively high zirconium
content (73.554%), along with silica (24.313%),
hatnium (1.520%), and several minor elements, as
summarized in Table 1.

Table 1. XRF results of zircon sand, after alkali
fusion and washing, and ZON

Elements %Wt %Wt %Wt
(Zircon (Zircon (ZON)
Sand) Sand After
Alkali
Fusion and
Washing)
Si 24.313 8.176 2.935
Ca 0.177 0.4480 0.220
Ti 0.062 0.111 0.083
v 0.003 0.012 0.010
Mn 0.069 0.028 0.037
Fe 0.303 0.119 0.112
Hf 1.520 1.731 1.730
Zr 73.554 89.375 94.873

Compared to previous studies (Dahlan et al., 2010;
Saleh and Pramasanto, 2012), the mineral content of
zircon sand from Kalimantan exhibits significant
variation, likely due to differing geographical and
geological conditions across regions. The alkali fusion
process, followed by sequential leaching with water
and nitric acid, resulted in a substantial enrichment of
zirconium in the ZON sample, reaching 94.873%. The
current approach utilizes only half of the conventional
processing steps, eliminating the need for precipitation
using sulfate bases and subsequent leaching with acid
(Amliliana & Muzakky, 2021). This simplified process
offers clear advantages in terms of time and cost
efficiency, while still yielding a highly concentrated
zirconium product. As shown in Figure 2a, FTIR
analysis further supports the successful transformation
of the material during the synthesis process. The
spectrum of raw zircon sand displays characteristic
absorption bands corresponding to Si—O stretching at
1003 cm™ (Sekewael et al. 2018; Sekewael 2021; Kiat
et al. 2024) and Zr—O vibrations at 602 cm™! (Hani et
al. 2023; Hasanien et al., 2024). Following alkali
fusion and washing, the Si—O absorption band
decreases in intensity and shifts in position, indicating
the breakdown of the silicate framework and the
increasing dominance of Zr—O bonding. In the ZON
sample, the Si—O band is no longer observed, and new
absorption bands emerge in the 527-800 cm™ region,
which are attributed to Zr—O—Zr vibrational modes. An
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additional band at 1384 cm™ indicates the presence of
nitrate ions (NOs").
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Figure 2. (a) FTIR spectra and (b) XRD patterns of zircon sand and its leaching products; (c) XRD pattern and
(d) SEM image of the synthesized ZON.

A strong O-H absorption band at 1616 cm™
further suggests the presence of hydroxyl groups,
likely originating from coordinated water molecules or
hydroxide ligands within the complex. These results
confirm that the ZON product is a novel zirconium-
based synthetic compound formed through structural
transformation of zircon via alkali fusion followed by
nitric acid leaching. XRD analysis (Figure 2b) revealed
that the zircon sand exhibits sharp diffraction peaks
that closely match the reference pattern for ZrSiOs,
indicating that the sample remains in a highly
crystalline zircon mineral phase. Prominent peaks were
observed at 20 values of 20.01° (100), 27.09° (200),
35.72° (112), 53.47° (312), and 55.64° (400). After
undergoing alkali fusion and subsequent washing, the
diffractogram shows a more amorphous character, as
evidenced by peak broadening. This suggests partial
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decomposition of the zircon crystal structure into an
amorphous or semi-crystalline form, thereby
enhancing the solubility of zirconium under acidic
conditions. In contrast, the synthesized ZON sample
displays a distinct diffraction pattern, different from
the raw zircon sand and the intermediate leached
product. The appearance of multiple sharp reflections
in the low-angle region (20 = 10-30°) indicates the
formation of a new crystalline synthetic phase.
Previous studies have reported various zirconium
nitrate compounds depending on synthesis pH and
temperature, including ZrO(NOs),, Zr(NOs);(H20)s",
(NO2)[Zr(NO3)3(H20)3]2(NO3) (Morozov et al. 2005),
Zr(OH)»(NO3)4.7H.0 (Bénard, Louér, & Louér,
1991). The XRD pattern of the synthesized ZON
sample, when compared to the ICDD reference
database (PDF No. 01-088-0360), confirms the

190



formation of Zr(OH)2(NOs)2-1.33H,0, as shown in
Figure 2c. These findings suggest that the compound is
formed under reaction conditions that favor
precipitation of a hydrated phase and partial
hydroxylation of zirconium species. Under highly
acidic conditions (pH < 1), the excess of NOs~ ions may
transiently stabilize Zr** through the formation of
Zr(NOs)4 species. However, this complex is highly
unstable and prone to hygroscopicity upon exposure to
air. Therefore, precise pH control is critical to ensure
the formation of more stable zirconium species that are
suitable as precursors for MOFs synthesis. The use of
Zr(OH)2(NO:3),-1.33H20 as a zirconium precursor is
particularly noteworthy, as no prior reports have
documented its application as a starting metal source in
synthesizing Zr-based MOFs. SEM micrographs of the
synthesized ZON material reveal an aggregated
morphology with a cabbage-like ablative structure, as
shown in Figure 2d.
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MOFs Properties

The synthesis of zirconium-based metal—organic
frameworks (Zr-MOFs) generally proceeds via three
fundamental steps: (i) hydrolysis of Zr** ions, (ii)
formation of zirconium oxo-clusters, and (iii)
coordination with organic linkers to construct the
three-dimensional MOF framework. The presence of
hydroxyl groups in the precursor
Zr(OH)2(NOs)>:1.33H20 facilitates both hydrolysis
and subsequent condensation processes, particularly
through the formation of p-O (bridging oxo) centers in
the ZrsO4 cluster, which requires the condensation of at
least two hydroxyl groups. This pathway promotes the
rapid generation of the cationic hexanuclear cluster
core, ZrsO4(OH)4'?*. This cluster subsequently
coordinates with protonated organic linkers (in DMF),
forming various Zr-MOFs.
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Figure 3. (a) FTIR spectra and (b) XRD patterns (c) SEM image d) EDX spectra of the synthesized UiO-66
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FTIR analysis confirmed the successful synthesis
of Ui0-66 (Figure 3a). The absorption bands at 1574
and 1396 cm™ are attributed to the asymmetric and
symmetric stretching vibrations of carboxylate (COO")
groups from terephthalic acid, indicating deprotonation
and coordination to Zr nodes. A distinct band at 668
cm™' corresponds to the Zr—O stretching vibration,
confirming the formation of coordination bonds
between Zr and oxygen in the ZrsO4(OH)4 cluster. This
is further supported by a narrowing of the O-H
stretching band, associated with hydroxyl groups in the
cluster. The powder X-ray diffraction pattern
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(Figure 3b) exhibits characteristic reflections at
20=7.38°(111), 8.52° (200), and 25.72° (442), which
match well with the simulated pattern (COD 4512072).
Le Bail refinement indicates that the synthesized
UiO-66 crystallizes in the cubic phase with space
group Fm-3m. The refined unit cell parameters are
shown in Figure 3b. SEM images (Figure 3c) show a
homogeneous octahedral morphology, consistent with
literature reports (Zhao et al. 2013; Miyamoto et al.
2015). EDX analysis (Figure 3d) confirms the presence
of major elements C, O, and Zr in the synthesized
UiO-66 framework .
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Figure 4. (a) FTIR spectra and; (b) XRD patterns; (¢) SEM image; d) EDX spectra of the synthesized MOFs-801
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FTIR analysis (Figure 4a) confirms the successful
synthesis of the MOF-801 material. The disappearance
of the carbonyl stretching vibration v(C=0) at 1677
cm™!, replaced by two prominent bands at 1578 cm™
and 1404 cm™', corresponding to the asymmetric and
symmetric stretching vibrations of coordinated
carboxylate groups (COO"), indicates that the -COOH
groups have undergone deprotonation and are now
involved in coordination with Zr*" centers. This shift
provides evidence of coordination bond formation
between the oxygen atoms of the carboxylate ligands
and the zirconium metal centers. Additionally, the
emergence of a new absorption band at 651 cm™,
associated with the stretching vibration of Zr—O bonds,
suggests the binding of carboxylate groups to
zirconium clusters within the MOFs structure. The
broad and weakened O-H stretching band observed at
higher wavenumbers (~3400 cm™) is attributed to
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coordinated hydroxyl groups or residual water
molecules residing in the MOFs pores. The X-ray
diffraction pattern of the synthesized MOF-801 (Figure
4b) displays characteristic peaks at 20 values that
match well with the simulated pattern (CCDC
1002678), including distinct reflections at 8.53° (111),
9.84° (200), and 29.89° (442). Le Bail refinement
confirms that the synthesized MOF-801 crystallizes in
a cubic phase with space group Pn-3. The refined unit
cell parameters are shown in Figure 4b. SEM
micrographs of the synthesized MOF-801 (Figure 4c)
reveal uniformly distributed, crystalline particles with
well-defined faceted surfaces. The particles exhibit
near-octahedral or polyhedral morphology, a typical
feature of the cubic topology of MOF-801, constructed
from ZrsO4(OH)4 clusters and fumaric acid linkers
(Jahan et al. 2022). EDX analysis (Figure 4d) indicates
that the synthesized UiO-66 contains three major
elements: carbon (C), oxygen (O), and zirconium (Zr)

Figure 5. (a) FTIR spectra and (b) XRD patterns (c) SEM image d) EDX spectra of the synthesized MOFs-808
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The FTIR spectrum (Figure 5a) of trimesic acid
(HsBTC) exhibits a sharp absorption band at
1715 cm™, corresponding to the C=O stretching
vibration of free carboxylic acid groups, along with a
band at 1276 cm™ attributed to C-O stretching.
A broad O-H stretching band in the 3000-3500 cm™
region further confirms the presence of uncoordinated
carboxylic acid functionalities. In contrast, the
spectrum of the synthesized MOFs-808 reveals
significant shifts indicative of successful coordination
between the carboxylate ligands and Zr*" centers. The
disappearance of the C=0 band at 1715 cm™, together
with the emergence of asymmetric (vas COO”) and
symmetric (v COO") carboxylate stretching bands at
1620 and 1379 cm™', respectively, confirms the
deprotonation of the carboxylic acid groups and their
coordination to zirconium nodes. Moreover, a new
absorption band at 663 cm™, assigned to Zr-O
vibrations, supports the formation of Zr—oxo clusters
within the MOF framework. The broad O-H band
observed in the MOFs-808 spectrum is likely due to
residual water molecules or coordinated hydroxyl
groups. These spectral features collectively confirm
the successful formation of MOFs-808 through
coordination-driven self-assembly of trimesic acid
with zirconium clusters. The powder X-ray diffraction
pattern (Figure S5b) of the synthesized MOFs-808
exhibits characteristic reflections consistent with the
simulated data (CCDC 1002672), with prominent
peaks observed at 20 = 4.34° (111), 8.30° (311), and
8.68° (222). Le Bail refinement confirms that the
synthesized material crystallizes in a cubic phase with
space group Fd-3m. The refined unit cell parameters
are summarized in Figure 5b. Scanning electron
microscopy (Figure 5c) reveals that the MOFs-808
particles possess a uniform crystalline morphology,
predominantly octahedral in shape, which is typical of
Zr-MOFs (Li et al. 2015). Energy-dispersive X-ray
spectroscopy (Figure 5d) analysis confirms the
presence of three major elements C, O, and Zr in the
synthesized MOFs-808.

CONCLUSION

This study successfully demonstrated the
transformation of natural zircon sand into a zirconium
nitrate hydrate compound (ZON), which proved to be
an effective precursor for synthesizing Zr-MOFs.
Through an efficient three-step leaching process, a
zirconium content of 94.87% was achieved,
highlighting the effectiveness of nitric acid as a
leaching agent. The ZON compound was shown to
undergo hydrolysis and condensation processes, which
are crucial for forming the ZrsO4(OH)4 cluster core.
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Three MOF materials, UiO-66, MOFs-801, and
MOFs-808 were successfully synthesized via
solvothermal methods, exhibiting structural and
morphological characteristics consistent with those
reported in the literature. These results indicate that
local zircon sand is not only viable as an alternative
zirconium source but also valuable for developing
high-value functional materials. By introducing ZON
as a novel precursor in MOFs synthesis, this study
offers a more environmentally friendly and cost-
effective approach to the development of functional
materials, while also reinforcing the sustainable
utilization of local mineral resources.
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