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 Abstract: The hydrothermal method presents a promising approach for synthesizing 
high-quality rutile TiO2 pigments from titanium slag, utilizing controlled NaOH 
concentrations to modulate crystalline and morphological properties. This study 
examined the effects of varying NaOH concentrations on the crystallization and phase 
composition of TiO2 derived from titanium slag. Mixtures of titanium slag and NaOH 
underwent hydrothermal treatment at 200 °C for 18 h, and the resulting TiO2 samples 
were characterized using X-ray diffraction and scanning electron microscopy to evaluate 
phase composition and morphology. The results indicated that NaOH concentrations 
below 600 g/L promoted the formation of well-ordered, highly crystalline TiO2 with 
uniform crystal sizes. Conversely, higher NaOH concentrations increased the proportions 
of rutile and anatase phases, underscoring the significant impact of NaOH concentration 
on phase development. This study emphasizes the potential of the hydrothermal method 
in fine-tuning the properties of TiO2 for optimized pigment applications through 
adjustments in NaOH concentration. 

Keywords: titanium dioxide; rutile phase; titanium slag; hydrothermal synthesis; 
sodium hydroxide concentration 

 
■ INTRODUCTION 

Growing concern for health, safety, and the 
environment has led the pigment industry toward eco-
friendly practices, with titanium dioxide (TiO2) emerging 
as a preferred choice due to its stability and non-toxicity. 
TiO2, particularly in its rutile phase, is ideal for pigments 
because of its high refractive index, which enables 
efficient light scattering for superior opacity in coatings 
and paints [1-2]. Unlike colored pigments that rely on 
absorption, TiO2 achieves opacity through light 

scattering, ensuring excellent coverage with minimal 
material use [3]. Additionally, TiO2 is thermally stable, 
chemically inert, and cost-effective, making it essential 
for producing white pigments and, in various 
applications, prioritizing safety and durability [4]. 

TiO2 is predominantly used as a white pigment due 
to its exceptional opacity and covering power, making it 
essential in various industries [5]. Over 50% of TiO2 
pigment production serves the coatings industry, while 
approximately 25% supports the paper sector, and 
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around 11% goes into plastics, with smaller portions used 
in inks and other applications [6-7]. This widespread 
utility means TiO2 pigments account for about 95% of 
total titanium production [8]. In 2017, global sales of TiO2 
pigments reached roughly 6 million tons, with continued 
growth driven by demand from consumer products, 
automotive, and construction industries [9]. This 
sustained demand highlights the indispensable role of 
TiO2 across industries, solidifying its position as a core 
material in the pigment market and beyond. 

Vietnam holds substantial potential for titanium 
mineral resources, particularly in regions like Thai 
Nguyen, Binh Thuan, Ninh Thuan, Binh Dinh, and 
Quang Tri, with total reserves exceeding 15 million tons 
of ilmenite, including both primary and placer titanium 
ores [10]. After extraction, these titanium ores are 
processed into high TiO2 content products such as rutile 
(93–96% TiO2), ilmenite (40–65% TiO2), and titanium 
slag (TS, 70–90% TiO2) [11]. The demand for TiO2 in 
Vietnam, especially in industries like plastics, coatings, 
paper, ink, ceramics, and cosmetics, is estimated at 
approximately 600,000 tons, underscoring the 
importance of advancing TiO2 production technologies 
[12]. Developing these capabilities is essential to increase 
the economic value of titanium resources and establish a 
domestic titanium pigment production industry aligned 
with the government’s strategic development goals. 
Investing in TiO2 research and production technology is 
crucial for Vietnam to fully leverage its titanium resources 
and become a significant player in the global titanium 
market. 

The sulfate and chloride processes are the two 
primary methods for synthesizing TiO2 from TS, each 
possessing distinct advantages and disadvantages. The 
older technique of sulfate can produce anatase and rutile 
forms of TiO2. However, it generates substantial 
hazardous waste, which has led to increasing concerns 
and a subsequent shift towards more sustainable 
production methods [13]. Conversely, the chloride 
process accounts for approximately 60% of global TiO2 
production. This method is more efficient and 
environmentally friendly, requiring high-grade rutile and 
significantly less waste [14-16]. Despite their respective 

advantages, the sulfate and chloride processes are 
complex and encompass multiple technological steps 
that can be challenging to optimize [17]. Hydrothermal 
technology has emerged as a promising alternative for 
TiO2 synthesis in response to these challenges. This 
innovative method offers a potentially more 
straightforward and more environmentally friendly 
route to production, allowing for precise control over 
the characteristics of TiO2 by adjusting formation 
mechanisms and hydrothermal conditions. 
Consequently, hydrothermal technology represents a 
viable substitute for traditional processes, facilitating the 
production of high-quality TiO2 pigments while 
minimizing environmental impact [18-19]. 

Hydrothermal synthesis presents a promising 
alternative for producing TiO2 due to its simplicity, cost-
effectiveness, and potential for environmental 
sustainability. This method enables fine control over 
reaction kinetics, morphology, and crystalline phase 
development, offering advantages over sulfate and 
chloride processes, which are costly and 
environmentally taxing [20-24]. This study varied the 
NaOH concentration in the hydrothermal solution from 
400 to 800 g/L to investigate its influence on 
crystallization behavior and morphological 
characteristics of TiO2 from TS. Hydrothermal synthesis 
allows for precise control over the properties of TiO2, 
making it a valuable method for producing tailored TiO2 
products. By adjusting the NaOH concentration, this 
research aims to elucidate the relationship between 
synthesis conditions and TiO2 morphology, potentially 
enhancing the applications and performance of TiO2 
pigments. 

■ EXPERIMENTAL SECTION 

Materials 

In addition to TS, the study employed several other 
materials critical to the experimental procedures. These 
included NaOH (Xilong Chemical, 96%), hydrochloric 
acid 35.5% (HCl, Xilong Chemical, 99%), and distilled 
water. The quality and concentration of these reagents 
are essential for the successful execution of the 
hydrothermal treatment, acid conversion, and calcination  
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Table 1. Chemical composition of TS (wt.%) 
TiO2 SiO2 Na2O Fe2O3 Al2O3 ZrO2 CaO MgO Others 
92.01 2.44 1.59 1.12 1.09 0.91 0.19 0.09 0.56 

 

10 20 30 40 50 60 70

*

**

In
te

ns
ity

 (a
.u

.)

2θ (°)

*
FeTiO3

MgTi2O5

TiO2

MnO

 
Fig 1. The XRD pattern of TS (ilmenite) 

stages, ensuring accurate and reliable results in the 
synthesis of high-grade TiO2 powder. The XRD pattern of 
TS (ilmenite) is shown in Fig. 1 while its chemical 
composition is listed in Table 1. 

Instrumentation 

The study employed various advanced analytical 
techniques to characterize the raw material's chemical 
composition, microstructure, and mineral composition. 
The chemical composition was determined using X-ray 
fluorescence (XRF) analysis, conducted with the ARL 
ADVANT'X XRF analyzer from Thermo Fischer. This 
technique provided a precise quantification of the 
elemental makeup of the material, which is essential for 
understanding its suitability for further processing. 

The microstructure of the sample surface was 
analyzed using scanning electron microscopy (SEM). The 
SEM analysis was performed with a Jeol JSM-IT 200 
instrument, which allowed for high-resolution imaging at 
magnifications of 2000× and 10000×. These 
magnifications provided detailed insights into the surface 
morphology of the samples, revealing the microstructural 
features critical for assessing the material's physical 
properties. The accelerating voltage is 10 kV and the 
working distance is 10.99 mm. 

X-ray diffraction (XRD) analysis was utilized to 
determine the mineral composition of the samples. The 
XRD analysis was carried out using a Brucker D2 
PHASER instrument, with a scanning range of 15° to 75° 
and a scan step of 0.020°. This analysis provided 
information on the crystalline phases present in the 
material, which is crucial for understanding its 
structural characteristics. 

The crystallite size was calculated from the XRD 
data using the Scherrer equation. In this equation, the 
crystallite size (D) is determined using the Scherrer 
constant (K), typically taken as 0.9, the X-ray wavelength 
(λ) with Cuα radiation having wavelength 1.5406 Å, the 
line broadening at full-width at half-maximum 
(FWHM, β) in radians, and the Bragg angle (θ). This 
calculation is fundamental for assessing the material's 
crystallinity, which impacts its overall performance in 
various applications [25]. 

KD
cos

λ=
β θ

 (1) 

The phase composition of the samples was 
quantified using the XRD patterns. The proportion of 
each phase present in the samples was calculated using 
Eq. (1), which determines the percentage of phase 
content (%P). In Eq. (2), %P represents the percentage 
of a specific phase within the sample. Pi denotes the area 
of the XRD pattern corresponding to the calculated 
phase, while ΣW represents the total area under all phase 
peaks in the XRD pattern. By dividing the area of the 
specific phase by the total area and multiplying by 100, 
the proportion of each phase present in the sample can 
be accurately determined. This method is crucial for 
understanding the distribution of different phases 
within the material, directly influencing its properties 
and potential applications. 

i%P
%P

W
=

Σ
 (2) 

Procedure 

Synthesizing  high-grade TiO2  from TS  involves 3  
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stages: hydrothermal treatment, acid conversion, and 
calcination. The experimental conditions in each stage 
were selected from other studies and some preliminary 
experiments. 

Stage 1 - Hydrothermal treatment 
In this initial stage, TS was treated with varying 

concentrations of NaOH solution, specifically 400, 600, 
and 800 g/L, corresponding to samples 1, 2, and 3. The 
solid-to-liquid ratio of TS to NaOH solution was 
maintained at 1:5 g/mL. The mixture was stirred at 100 °C 
for 1 h to initiate the reaction between the TS and NaOH. 
After stirring, the mixture was transferred to a Teflon 
vessel, placed in a steel autoclave, and subjected to 
hydrothermal treatment at 200 °C. Afterward, the solid 
product was thoroughly washed with distilled water to 
eliminate residual NaOH and impurities. The flow chart 
is shown in Fig. 2. 

Stage 2 - Acid conversion 
The hydrothermal treatment solid product was then 

converted to acid to synthesize TiO2. The product was 
first washed until the wash solution's pH stabilized 
between 6 and 7. The washed product was then treated 
with 20% HCl solution at a solid-to-liquid ratio of 1:5 at 
60 °C for 1 h. The mixture was filtered to remove non-
reactive slag, leaving a purified product. This filtered 
product was further stirred with distilled water at 100 °C 
for 2 h, a crucial step for hydrolyzing the product and 
forming TiO2·nH2O, a hydrated precursor to TiO2. 

Stage 3 - Calcination 
The final stage involved calcination to convert 

TiO2·nH2O into high-grade TiO2 powder. The TiO2·nH2O 
was subjected to calcination at 800 °C for 1.5 h, removing 
the water content and transforming it into a stable, 
crystalline form of TiO2. This high-temperature treatment 
ensured the production of pure and stable TiO2 suitable 
for various applications. 

■ RESULTS AND DISCUSSION 

The Mineral Composition 

Fig. 3 illustrates the XRD patterns of the final TiO2 
products synthesized at varying NaOH concentrations of 
400, 600, and 800 g/L. TiO2 was consistently identified as 

the primary product across all samples, with the mineral 
phases consisting of a mixture of rutile and anatase, 
whose proportions varied depending on the NaOH 
concentration. In sample 1, treated with 400 g/L NaOH, 
the XRD pattern displayed characteristic peaks 
corresponding to anatase and rutile phases, indicating a 
mixed-phase composition. The anatase phase was 
identified by diffraction peaks at 2θ angles of 26.0°, 48.0°, 
63.5°, and 71.0° [26]. On the other hand, the rutile phase 
was evident from peaks at 28.0°, 36.5°, 42.0°, 44.3°, 54.8°, 
57.0°, 64.6°, and 70.8° [27]. The presence of both sets of 
peaks in  sample 1 suggests that the  synthesis conditions  

 
Fig 2. The flow chart of the titanium hydrothermal process 
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at 400 g/L NaOH led to the coexistence of anatase and 
rutile phases, reflecting a complex interplay between the 
phases based on the NaOH concentration used during the 
hydrothermal treatment. 

In sample 2, synthesized with a NaOH 
concentration of 600 g/L, the XRD pattern revealed the 
presence of anatase and rutile phases, similar to sample 1. 
However, the intensity and number of anatase peaks, 
particularly those at 48.0°, 63.5°, and 71.0°, were 
noticeably reduced compared to sample 1, indicating a 
decrease in the anatase content. The rutile phase, on the 
other hand, remained prominent, with strong diffraction 
peaks observed at 28.0°, 36.5°, 42.0°, 44.3°, 54.8°, 57.0°, 
64.6°, and 70.8°. This suggests that as the NaOH 
concentration increased to 600 g/L, there was a shift 
towards a higher rutile content, reflecting a partial phase 
transformation from anatase to rutile. 

In sample 3, treated with the highest NaOH 
concentration of 800 g/L, the XRD pattern was dominated 
by peaks corresponding to the rutile phase. These rutile 
peaks were observed at 28°, 36.5°, 42°, 54.8°, 57°, and 
70.8°, while the peaks associated with anatase were nearly 
absent. This indicates that at the highest NaOH 
concentration, the anatase phase had almost completely 
transformed into the rutile phase, signifying a full phase 
transition driven by the high alkalinity of the reaction 
environment [28]. 

Interestingly, the intensity of the rutile peaks in 
samples 1 and 2 was stronger compared to sample 3. This 
observation suggests that TiO2 crystallization was more 
pronounced at lower NaOH concentrations. In contrast, 
at 800 g/L, the crystallization process appeared more 
constrained, likely due to the aggressive alkaline 
conditions, which favored the formation of smaller, less 
crystalline particles. The variation in the size of TiO2 
crystals in relation to NaOH content by XRD has also been 
demonstrated in the study by Bavykin et al. [29]. Therefore, 
while the high NaOH concentration effectively facilitated 
the complete transition from anatase to rutile, it also 
limited the overall crystallinity of the final TiO2 product. 
This trade-off highlights the delicate balance between 
achieving phase transition and maintaining crystallinity 
in TiO2 synthesis under varying alkaline conditions. 

Effect of NaOH Concentration on the Average 
Crystalline Size 

The crystallite sizes of the TiO2 powders were 
calculated from the XRD patterns shown in Fig. 4. The 
analysis reveals a strong particle size dependency on the 
NaOH concentration used during the synthesis process. 
The results show that the particle size depended strongly 
on NaOH mixing (concentrations). Specifically, the 
concentration of NaOH in the solution plays a critical 
role in determining the quantity of HO− groups 
available, affecting the number of HO− groups that can 
bond with the Ti4+ complex centers. At a NaOH 
concentration of 400 g/L, the TiO2 powders exhibited a 
crystallite size of 23.46 nm. However, as the NaOH 
concentration is increased to 600 g/L, the crystallite size 
decreases significantly to 35 nm. The increased 
availability of hydroxide ions facilitates the connection 
of more hydroxide ions to the titanium atoms, thereby 
promoting the formation of Ti–O–Ti bonds and leading 
to enhanced crystal growth [30-32]. 

At higher concentrations of the alkaline 
environment, specifically 800 g/L, the average crystalline 
size was decreased significantly to 10 nm. This 
significant reduction is due to excessive hydroxide ions, 
which disrupts the crystal growth process. The TiO2 
structure begins to transform into smaller particles, and 
some of the material even redissolves, forming 
amorphous structures. The overly alkaline-environment 
at this concentration interferes with the stable growth of  
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Fig 4. The average crystalline size of TiO2 
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crystalline structures, leading to the observed decrease in 
crystallite size [33]. 

The Scherrer formula for calculating crystallite size 
may be affected by potential errors arising from 
measurement techniques, sample preparation methods, 
and peak overlap in multiphase materials. Nevertheless, 
this method offers insight into the overall variation in 
TiO2 size in response to changes in NaOH concentration. 
Based on these findings, a NaOH concentration of 600 g/L 
was identified as the optimal condition for synthesizing 
TiO2 nanoparticles with stable crystallite structures. At 
this concentration, the hydrothermal solution provides a 
balanced environment that supports crystal growth 
without leading to excessive reduction in crystallite size or 
the formation of amorphous material. The TiO2 phase 
structure remains stable under these conditions, making 
600 g/L the preferred NaOH concentration for achieving 
well-defined and stable TiO2 nanoparticles. The findings 
suggest that while higher concentrations of NaOH can 
lead to smaller crystallite sizes, there is a threshold beyond 
which the material's structural integrity may be 
compromised, underscoring the importance of 
identifying the optimal conditions for synthesis. 

Effect of NaOH Concentration on the Ratio of Phase 
Composition of the TiO2 Powder 

The effect of NaOH concentration on the phase 
composition of TiO2, specifically the ratio of rutile to 
anatase phases, is illustrated in Fig. 5. The analysis showed 
that rutile was the main phase across all samples, regardless 
of the NaOH concentration. This data underscores the 
significant influence of NaOH concentration on the 
distribution of these two phases within the final TiO2 
product. The amount of the anatase phase was lower than 
the figure of the rutile phase in the TiO2 product. With the 
escalation in NaOH concentration from 400 to 800 g/L, 
there is a steady increase in the overall content of both 
rutile and anatase phases. However, this increase is more 
pronounced for the rutile phase (the composition rises 
from 43.01% in sample 1 to 66.01% in sample 3). This 
suggests that higher NaOH concentrations favor rutile 
formation, which is known for its superior crystalline 
properties [30]. In contrast, the anatase phase shows a 
declining trend as the NaOH concentration increases. 
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Fig 5. The percentage of rutile and anatase phase in TiO2 
powder 

In sample 1, where the NaOH concentration is at 
its lowest, the anatase phase accounts for 17.02% of the 
TiO2 product. However, as the NaOH concentration is 
increased to 800 g/L, the anatase content drops 
significantly, reaching just 4.90% in sample 3. This 
decrease in anatase content with increasing NaOH 
concentration further highlights the shift in phase 
composition towards a rutile-dominated structure. The 
observed changes in phase composition with varying 
NaOH concentrations lead to a clear conclusion: higher 
NaOH concentrations result in a higher ratio of rutile to 
anatase phases in the TiO2 product. This trend is 
particularly significant because the rutile phase is often 
preferred in applications requiring better crystallinity 
materials [34]. The relationship between NaOH 
concentration and TiO2 phase composition is critical in 
tailoring the material's properties for specific applications. 
By controlling the NaOH concentration during synthesis, 
it is possible to adjust the rutile-to-anatase ratio, thereby 
influencing the crystallinity and overall performance of 
the TiO2 product. The data from Fig. 5 supports the 
conclusion that an increase in NaOH concentration 
leads to a dominance of the rutile phase, which is 
associated with better crystalline quality. In contrast, the 
anatase phase becomes increasingly less prevalent. 

At low NaOH concentrations, the solubility of 
titanium ions in the solution is insufficiently robust, 
leading to the predominance of the anatase phase. 
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Anatase typically forms under mild alkaline conditions 
and exhibits better solubility in less alkaline 
environments. The transformation between the anatase 
and rutile phases is associated with Gibbs free energy. The 
alkaline solid environment reduces the free energy 
required for rutile formation at high NaOH 
concentrations. This promotes the conversion from 
anatase to rutile, as rutile is the more stable phase at 
elevated temperatures and in strong alkaline conditions. 
Additionally, NaOH concentration influences the 
crystallization dynamics of the different phases. As the 
NaOH concentration increases, the enhanced presence of 
HO− ions in the solution can accelerate the crystallization 
of rutile. HO− ions may participate in the crystallization 
process, increasing the rate of particle formation and the 
size of rutile particles. 

The relationship between NaOH concentration and 
TiO2 phase composition is critical in tailoring the 
material's properties for specific applications. By 
controlling the NaOH concentration during synthesis, it 
is possible to adjust the rutile-to-anatase ratio, thereby 
influencing the crystallinity and overall performance of 
the TiO2 product. The data from Fig. 5 supports the 
conclusion that an increase in NaOH concentration leads 
to a dominance of the rutile phase, which is associated 
with better crystalline quality, while the anatase phase 
becomes increasingly less prevalent. 

Effect of NaOH Concentration on the 
Morphological of TiO2 Powders 

The morphology of TiO2 powders synthesized at 
varying NaOH concentrations was analyzed and 

compared using SEM at magnifications of 2000× and 
10000×. This comparative analysis assessed how 
different alkalinity levels impacted the shape, size, and 
distribution of TiO2 particles across samples 1, 2, and 3, 
providing insight into the role of NaOH concentration 
in shaping these microstructural characteristics. 

In sample 1, synthesized with 400 g/L NaOH, SEM 
images revealed well-dispersed, uniformly spherical TiO2 
particles with an average diameter of approximately 
1 μm (Fig. 6). This morphology indicates effective control 
over particle size and distribution, suggesting that this 
concentration is optimal for achieving a uniform shape 
and high dispersion. Sample 2, synthesized at an 
intermediate NaOH concentration, exhibited changes in 
morphology as the TiO2 particles displayed sharper 
edges and a more prominent structure (Fig. 7). While the 
particles maintained a roughly spherical shape, their size 
and distribution became more varied, ranging widely 
from 10–50 μm. This variation suggests that, at this 
concentration, uniformity in morphology begins to 
decrease, indicating a shift toward more irregular 
particle formation. In sample 3, prepared at 800 g/L 
NaOH, the TiO2 powders showed poor crystallinity and 
irregularly shaped particles with a strong tendency to 
agglomerate (Fig. 8). This lack of uniformity in particle 
shape and size indicates that higher NaOH 
concentrations reduce control over particle growth and 
promote agglomeration, resulting in larger, non-
uniform particles with lower overall crystallinity. 

The comparison underscores that a 400 g/L NaOH 
concentration  (sample 1)  produced  the  most  desirable  

 
Fig 6. SEM images of the high-grade TiO2 samples at NaOH concentration (400 g/L) 
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Fig 7. SEM images of the high-grade TiO2 samples at NaOH concentration (600 g/L) 

 
Fig 8. SEM images of the high-grade TiO2 samples at NaOH concentration (800 g/L) 

 
TiO2 morphology, featuring well-dispersed, uniformly 
spherical particles with high crystallinity. In contrast, as 
observed in samples 2 and 3, higher NaOH 
concentrations resulted in increasingly irregular, 
agglomerated particle structures and reduced 
crystallinity. These findings highlight the essential 
influence of NaOH concentration in controlling the 
morphological and crystalline properties of TiO2 
powders, demonstrating that optimized concentration is 
crucial for achieving uniformity and structural integrity 
in the final product. 

At low NaOH concentrations, the dissolution of 
titanium ions in the solution is limited, restricting particle 
nucleation and growth and resulting in small, sometimes 
unstable, TiO2 particles. As NaOH concentration 
increases, the solution becomes richer in HO− ions, 
enhancing the solubility of titanium precursors. This 
promotes faster crystallization and enables larger rutile 
particles to form. The crystallization process and particle 

growth are accelerated as HO− ions facilitate the 
crystallization rate and the aggregation of particles into 
larger, more stable, and more uniform structures. 
However, the solution becomes oversaturated with HO− 
ions at excessively high NaOH concentrations, leading 
to rapid crystallization that generates numerous new 
nucleation centers instead of enlarging existing particles. 
Consequently, crystallization co-occurs at multiple sites, 
forming countless small particles that compete for 
resources, resulting in an overall reduction in particle size 
and decreased stability in crystal formation. 

SEM results confirm these observations, aligning 
with the above analysis. It was evident that the NaOH 
concentration affected the crystallinity and determined 
the final morphology of the powders. In addition, the 
400 g/L NaOH concentration was a sufficient solution 
for the raw material, enabling the initial species to 
dissolve and lead to perfect crystallization, producing 
well-dispersed and uniform spherical particles. In 
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contrast, higher NaOH concentrations resulted in less 
controlled particle growth, larger and more irregular 
particles, and decreased overall crystallinity. These 
findings underscore the importance of carefully 
controlling NaOH concentration to achieve the desired 
morphological and crystalline properties in TiO2 
powders. 

■ CONCLUSION 

This study provides into optimizing TiO2 synthesis 
by demonstrating how NaOH concentration adjustments 
enable control over phase composition and particle 
morphology—factors essential for enhancing TiO2 
properties in pigment and coating applications. The shift 
towards a rutile-dominant phase at higher NaOH 
concentrations is attributed to increased OH− ion 
presence, which alters nucleation and growth kinetics. 
However, excessive NaOH (800 g/L) negatively impacts 
crystal stability, as seen in decreased crystallization 
quality. XRD and SEM analyses confirmed that NaOH 
concentration strongly affects phase composition and 
particle morphology. At 400 g/L, TiO2 exhibited highly 
uniform, spherical nanoparticles, suggesting ideal 
crystallization conditions. With 800 g/L, rutile phase 
content rose, but crystal uniformity and crystallinity 
declined. This study highlights the potential for NaOH 
concentration to control TiO2 characteristics finely. 
However, further investigation is needed to assess the 
stability of these synthesized pigments and their 
performance in practical applications. Future research 
could further explore other hydrothermal conditions, like 
reaction time and temperature, to improve phase purity 
and crystallization quality. 
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