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Abstract 

Hematite (α-Fe₂O₃) is a widely studied iron oxide due to its broad functional 

versatility in catalysis, sensing, and environmental applications. However, 

controlling its morphology and crystallinity remains a challenge, which limits its 

performance in composite materials. This study investigates the role of sodium 

hydroxide and citric acid as additives to identify optimal hematite characteristics on 

the fabrication of hematite/SiO₂ composite via the sol-gel method. Sodium 

hydroxide serves as a source of hydroxide ions, accelerating nucleation and acting 

as a precipitating agent, while citric acid chelates Fe³⁺ ions and caps growing nuclei, 

which enhances crystallinity and suppresses particle agglomeration. As a result, 

hematiteCA exhibited brownish-purple appearance and higher crystallinity, whereas 

hematiteSH showed larger and more agglomerated particles. Integrating silica into 

hematiteCA produced wine-red hematite/SiO2 composites and porous-like surface 

morphology. These findings demonstrate that additive selection is a critical 

parameter in synthesizing hematite microstructure and enhancing its compatibility 

with silica, thereby enabling the development of composites for advanced 

applications. 
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1. Introduction 

Nanoparticles (NPs) are at the forefront of 

nanotechnology development, offering size-dependent 

properties that make them indispensable across diverse 

scientific and industrial sectors [1–3]. Among them, metal 

oxide NPs have garnered considerable attention due to 

their wide-ranging applications in catalysis, sensing, energy 

storage, biomedical engineering, and magnetic 

technologies [4–6]. Iron oxide NPs, in particular, are 

notable for their low toxicity [3,7], thermodynamic stability 

[7], anticorrosion properties [4], and favorable optical 

characteristics [8]. Iron oxides occur in several 

polymorphic forms, including magnetite (Fe₃O₄), 

akaganeite (β-Fe₂O₃), maghemite (γ-Fe₂O₃), and hematite 

(α-Fe₂O₃) [4,9].  

Hematite (α-Fe₂O₃) is the most thermodynamically 

stable iron oxide phase under ambient atmospheric 

conditions [5,10]. Its abundance, low cost, chemical 

durability, and n-type semiconducting behavior (band gap 

≈2.1 eV) make it attractive for applications ranging from 

pigments [11], gas sensors [12], catalysis [13], lithium-ion 

battery [14], and magnetic materials [3]. However, the 

performance of hematite materials is highly dependent by 

its crystallinity, particle size, and morphology [15]. Over 

the past few decades, much effort has been made in the 

design of various hematite materials with a desired 

structure and morphology, such as tubes [16], urchinlike 

[17], belts [18], flakes [18], rods [19], spindles [20], flowers 

[21], rings [22], platelets [23], cubes [23], ellipsoids [23], 

peanut [23], bipyramid [23], sphares [23], fibers [24], 

hollow fibers [25], and complex hierarchical structures 

constructed with nanoscale building blocks and ordered 

mesoporous hematite. These varied morphologies expose 

distinct crystallographic facets, each characterized by 

unique atomic configurations that directly influence the 
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material’s surface reactivity, electronic behavior, and 

interactions with the surrounding environment [3]. 

Consequently, the precise control over particle size and 

morphology is essential.  

One effective strategy to achieve such control is 
through the use of additives during the synthesis process 
[26]. For instance, Bai et al. [28] reported that varying citric 
acid concentrations during synthesis produced distinct 
morphologies, from flower-like clusters in its absence to 
nanosheets (≈250 nm) at low concentrations, and self-
assembled nanorods (≈80 nm diameter) at higher 
concentrations. Similarly, Liu et al. [29] also reported that 
the amount of sodium hydroxide introduced into the 
mixture directly influenced the acidic degree of the 
solution, thereby controlling the morphology and particle 
size distribution.  

Additives such as inorganic anions (e.g., sulfate, 

phosphate, hydroxide) and organic chelating agents (e.g., 

citric acid) can modulate nucleation and growth kinetics, 

thereby influencing particle size distribution, shape 

evolution, and crystallinity [27]. Sodium hydroxide serves 

as a source of hydroxide ions that accelerate nucleation 

and act as a precipitating agent, whereas citric acid 

chelates Fe³⁺ ions and caps growing nuclei, which not only 

enhances crystallinity but also suppresses particle 

agglomeration [26–28]. The selection of these two 

additives was intended to assess which synthesis condition 

would yield hematite with more favorable characteristics, 

particularly smaller particle size or less agglomeration. 

Nevertheless, hematite still encounters challenges 

related to colloidal instability and particle aggregation, 

impairing their functional performance. An effective 

strategy to address these limitations is immobilizing 

hematite onto high surface area supports, particularly 

porous materials [2,30]. Among these, Silica has attracted 

significant research interest due to its advantageous 

properties, including high surface area, tunable pores, high 

adsorption capacity, and excellent stability [31]. These 

features improve particle dispersion, prevent aggregation, 

and enhance access to catalytic sites [32]. Porous silica has 

been widely employed as a catalyst support across various 

catalyst, including hematite [31]. Previous studies show 

that adding silica to hematite-based catalysts significantly 

boosts their performance by increasing surface area, 

improving reactant access, and enhancing structural 

stability [31]. For instance, Lubis et al [33] reported that 

integrating silica into hematite enhanced its photocatalytic 

efficiency, with the hematite/SiO₂ composite achieving 

acid black 1 (AB1) degradation efficiency of 85.86%, 

compared to 50.89% for pure hematite. The increased 

degradation efficiency could come from the higher 

adsorption ability of AB1 on the surface of hematite/SiO₂ 

composite (65.97%) than hematite (36.71%). 

Hematite/SiO₂ composites can be synthesized using 

methods such as the sol-gel process with silica templating. 

Silica acts as a structural guide, allowing control over 

morphology and creating surface porosity that increases 

surface area and functional properties [34,35]. Delahaye et 

al. [36] successfully reported the synthesis of mesoporous 

hematite/SiO₂ using a templating approach, where 

hematite particles were confined within the ordered pore 

channels of silica, resulting in a homogeneous dispersion 

with an average crystallite size of 15 nm.  

In this study, hematite was synthesized using two 

different additives, citric acid and sodium hydroxide.  The 

hematite sample that exhibited the highest crystallinity 

and smallest crystallite size was selected for incorporation 

with purified silica to fabricate a hematite/SiO₂ composite. 

This synthesized composite has considerable potential for 

a wide range of applications, including catalyst.  

2. Materials and Method  
2.1 Materials 

The chemicals used in this study were iron (III) chloride 

(FeCl₃, ≥98%, Merck), citric acid monohydrate 

(C₆H₈O₇·H₂O, ≥99%, Merck), ethanol (C₂H₅OH, ≥98%, 

Merck), sodium hydroxide (NaOH, ≥98%, Merck), distilled 

water, and silica, which was obtained from the purification 

of geothermal waste.  

2.2 Silica purification from geothermal waste 

The geothermal byproduct obtained from PT Geo Dipa 

Energi was first sieved to ensure uniform particle size. The 

material was then washed with deionized water under 

continuous stirring to remove surface impurities. After 

washing, it was dried at 100 °C for 24 h and sieved again 

through a 150 μm mesh. The pre-treated powder was 

dissolved in a 1.5 M sodium hydroxide solution and heated 

to 90 °C under vigorous stirring to form a sodium silicate 

solution. The solution was filtered to remove insoluble 

residues, and the filtrate was titrated with 10% HCl until a 

neutral pH was reached, resulting in the formation of white 

silica gel. The gel was aged for 24 h and oven-dried at 125 

°C. The solid was then ground into a fine powder and 

calcined at 500 °C.
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Figure 1. Schematic illustration of silica purification and the synthesis processes of hematiteCA, hematiteSH, and hematite/SiO2 composite. 

2.3    Synthesis of hematite  

Hematite NPs were synthesized through sol–gel 

methods, employing sodium hydroxide and citric acid as 

additives. In the sodium hydroxide-assisted route, a 1 M 

FeCl₃ solution was slowly introduced into the sodium 

hydroxide solution (1M) under constant stirring at 50 °C 

until a homogeneous gel formed. The gel was oven-dried 

at 120 °C, ground into a fine powder, and subsequently 

calcined at 500 °C for 6 h. The final product from this 

pathway was named hematiteSH. In the citric-acid-assisted 

route, a 1 M FeCl₃ solution was gradually introduced into a 

1 M citric acid solution under continuous stirring, and the 

mixture was then heated to 100 °C to promote gelation. 

The gel was oven-dried at 120 °C, ground into a powder, 

and calcined under identical conditions (500 °C, 6 h). The 

final product from this pathway was named as hematiteCA. 

For both pathways, post-synthesis purification involved 

dispersing the calcined powder in a 100 mL ethanol–water 

mixture (60:40 v/v), followed by vacuum filtration, oven-

drying at 120 °C, and calcined at 500 °C for 6 h.  

2.4    Synthesis of hematite/SiO2 composite 

Hematite/SiO₂ composite was synthesized using 

hematite from citric acid-assisted route (hematiteCA). The 

hematiteCA powder, citric acid, and purified SiO₂ were 

dissolved in 50 mL of distilled water with a total molar ratio 
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of 1:1:3. The mixture was stirred at 100 °C until gelation 

occurred, followed by oven-drying at 120 °C, and 

pulverization. The resulting powder was washed with hot 

NaOH solution, filtered, and the precipitates were oven-

dried at 120 °C. The resulting was then finely ground and 

calcined at 500 °C for 6 h.  

2.5    Characterization 

The chemical composition, surface morphology, 

elemental distribution, and crystalline phases of the 

samples were analyzed using X-ray fluorescence (XRF, 

Malvern Panalytical Epsilon 4), scanning electron 

microscopy-energy dispersive X-ray spectroscopy (SEM-

EDS, Thermo Fisher Prisma), and X-ray diffraction (XRD, 

Malvern Panalytical Aeris, Co Kα, λ = 0.179 nm, 2θ = 5°–

100°). The SEM images were processed with ImageJ 

software, while the diffraction patterns were analyzed 

with PANalytical Highscore Plus software and matched to 

the international centre for diffraction data (ICDD) or 

crystallography open database (COD) databases. The 

average crystallite size of the samples was calculated using 

the Debye-Scherrer equation:  

                                    (1)                                     

where D is the crystallite size, K is the Scherrer constant 

(0.9), 𝜆 is the wavelength of the X-rays used (0.179 𝑛𝑚), 𝛽 

is the full width at half maximum (𝐹𝑊𝐻𝑀, radians), and 𝜃 

is the Bragg angle (radians) [37]. 

3. Results and Discussion 

3.1    Silica purification from geothermal waste 

The sol–gel method was employed for silica 

purification, encompassing sequential stages of hydrolysis, 

condensation, aging, drying, and calcination [38,39]. This 

stage aims to prepare silica (SiO2) as a template for 

synthesizing hematite/SiO2 composites [35]. During the 

purification process, sodium hydroxide dissociates, 

yielding Na⁺ and OH⁻ ions. The hydroxide ions act as 

nucleophiles and undergo nucleophilic interaction with 

silicon (Si) atoms in the silica (SiO₂) framework. This 

interaction disrupts the Si–O bonds through the high 

electronegativity of oxygen and leads to the formation of 

SiO₂OH⁻ species, which subsequently release hydrogen 

ions (H⁺) [40]. The cleavage of additional Si–O bonds lead 

to the formation of silicate anions (SiO₃²⁻). These anions 

react with Na⁺ ions to produce sodium silicate (Na₂SiO₃), 

while the remaining OH⁻ ions combine with H⁺ to generate 

water (H₂O) [41]. The mechanism of sodium silicate 

formation is illustrated in Fig 2.  

 

 

Figure 2. Mechanism reaction of sodium silicate formation. 

Moreover, heating and stirring during the process 
could accelerate the reaction rate and enhance the 
interaction between solute and solvent [42]. The overall 
reaction between silica and sodium hydroxide can be 
represented by the following equation [43]:  

 

SiO₂(s) + 2NaOH(aq) → Na₂SiO3(aq) + H₂O(l)     (2) 
 

The obtained sodium silicate (Na₂SiO₃) solution was 

then titrated with hydrochloric acid (HCl) until the solution 

reached a stable neutral pH (≈7). The introduction of HCl 

initiates the protonation, forming Na+ ions and silicate ions 

(SiO₃²⁻). The Na⁺ ions then react with Cl⁻ ions to form NaCl, 

thereby reducing the solution’s pH [40]. This acidification 

triggers the hydrolysis of silicate ions (SiO₃²⁻) to form 

Si(OH)4, which subsequently undergoes condensation to 

generate siloxane (Si–O–Si) linkages (Fig 3) [41].  

 

 

 

 

 

 

 

 

 

 
Figure 3. Reaction Mechanism of Siloxane Bond Formation. 

As these linkages grow, they assemble into colloidal 

particles (sol phase) that progressively interconnect to 

form a continuous three-dimensional network. Upon 

reaching the gelation threshold, the viscosity of the system 

increases sharply, resulting in the formation of silica gel 

[40]. Precise pH control to neutral conditions is essential 

during this process. If the pH shifts into the more acidic 

range, the precipitated silica may redissolve, reducing its 

structural stability and leading to undesirable outcomes in 

the final product [42]. The overall reaction can be 

represented as follows [44]:  
 

Na₂SiO3(aq)+2HCl(aq)  → SiO₂(s)+ 2NaCl(aq) +H₂O(l)    (3) 
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Table 1. XRF results of silica before and after purification. 

Compound 
Concentration 

(Before Purification) 
Concentration  

(After Purification) 

SiO₂ 92.407 % 97.655 % 

P₂O₅ 1.256 % 1.124 % 

Cl 4.658 % 0.705 % 

K₂O 0.708 % - 

CaO 0.573 % 0.278 % 

CuO 0.016% 0.004 % 

ZnO 0.047 % 0.019 % 

As₂O₃ 0.246 % 0.003 % 

Sb₂O₃ 0.068 % 0.015 % 

TeO₂ 0.005 % - 

PbO 0.015 % 0.005 % 

XRF analysis results (Table 1) reveal a notable increase 

in silica (SiO₂) purity from 92.40% to 97.65% following 

purification, confirming the effectiveness of the applied 

sol–gel–based protocol. Phosphorus pentoxide (P₂O₅) 

remained the second most abundant constituent, 

decreasing only slightly from 1.256% to 1.124%. The 

persistence of P₂O₅ impurities has also been reported by 

Novita et al. [41], who observed 3.49% P₂O₅ in purified SiO₂ 

derived from palm kernel shell ash. This indicates that 

further purification is required, employing specific 

reagents that can remove phosphorus oxide impurities. Cai 

et al. [45] suggests that treatment with 1% oxalic acid 

(H₂C₂O₄) could reduce P2O5 impurity by up to 77.7%.  

The significant reduction in chloride concentration 

from 4.65% to 0.70% indicates that chloride salts are highly 

soluble and were effectively removed during the acid-

washing process. This removal was further facilitated by 

the reaction between Na⁺ and Cl⁻ ions during titration. 

Potassium oxide (K₂O) and tellurium dioxide (TeO₂) were 

completely removed, falling below the detection limit.  

Heavy metal oxides, including CuO and ZnO, showed 

substantial decreases attributed to their dissolution during 

the purification process. Other oxides, such as As₂O₃ and 

Sb₂O₃, also diminished significantly, likely due to 

vaporization during the calcination step at 500 °C. 

The X-ray diffraction (XRD) pattern of the purified silica 

(Fig 4) exhibits a broad hump and low-intensity peak, 

showing a characteristic of amorphous materials. This 

broad peak appears from the absence of long-range atomic 

order that usually seen in the crystalline phases [46]. In 

XRD pattern, the amorphous silica typically displays the 

broad hump between 2θ = 15° and 35° [47]. From the XRD 

characterization, the purified silica in this research showed 

a peak at 2θ = 21.728° (COD-4124063) [48–51]. This result 

aligns with the previous research conducted by Utama et 

al [47]. 

 

Figure 4. XRD pattern of purified silica. 

3.2.   Synthesis of hematite  
In the sodium hydroxide-assisted route, ferric 

chloride (FeCl₃) was employed as the source of Fe³⁺ ions, 

while sodium hydroxide (NaOH) served as the precipitating 

agent [52]. Sodium hydroxide (NaOH) is a strong alkali that 

readily dissociates in aqueous media, instantaneously 

supplying hydroxide ions (OH⁻) into the reaction 

environment [53]. The introduction of these OH⁻ ions 

elevate the solution pH, creating strongly basic conditions 

that favor the rapid hydrolysis and precipitation of ferric 

ions (Fe³⁺) [52]. 

At the initial stage, Fe³⁺ ions react with hydroxide ions 

(OH⁻), forming ferric hydroxide Fe(OH)₃ as a brown gel-like 

precipitate. Concurrently, sodium cations (Na⁺) combine 

with chloride anions (Cl⁻) to produce soluble sodium 

chloride (NaCl) as a reaction byproduct (Equation 4) [52]. 

The precipitate is then oven-dried at 120 °C to promote 

dehydration and structural rearrangement of Fe (OH)₃ into 

goethite (α-FeOOH) through the elimination of lattice 

water (Equation 5). This transformation is visually 

confirmed by the change in product appearance, from 

brown to yellowish green. The overall reaction for 

synthesizing hematiteSH can be represented as follows:  

FeCl₃(aq) + 3NaOH(aq) → Fe(OH)₃(s) + 3NaCl(aq)                      (4) 

Fe (OH)₃(s) → FeOOH(s) + H₂O(l)       (5) 

2FeOOH(s) → Fe₂O₃(s) + H₂O(l)                     (6) 

In the citric acid-assisted route, Fe³⁺ ions released from 

FeCl₃ interact with the carboxyl (-COOH) functional groups 

of citric acid. These groups undergo deprotonation to yield 

negatively charged carboxylate (–COO⁻) groups, whose 

lone electron pairs can be donated into the vacant orbitals 

of Fe³⁺, forming stable coordinate covalent bonds [54]. This 

interaction leads to the formation of ferric–citrate 

complexes [55,56]. The structure of the complex can vary 

based on the reaction conditions used. One key factor that 

influences the formation of this complex is the molar ratio 

of Fe³⁺ to citrate ions [57]. Below are the possible complex 

structures that may form:  
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Figure 5. The possible ferric-citrate structures that may formed. 

The formed ferric–citrate complex undergoes gradual 

hydrolysis, releasing Fe³⁺ ions in a controlled manner. 

These ions subsequently participate in a condensation 

reaction, leading to the formation of M–O–M (metal–

oxygen–metal) linkages. At this stage, citric acid ligands 

control particle growth through steric hindrance and 

electrostatic stabilization, allowing condensation to 

proceed gradually. As the process continues, the particles 

connect to form a three-dimensional gel network, with 

citric acid acting as a bridge between them [58]. At this 

stage, a brown gel is formed and subsequently oven-dried 

at 120 °C for two hours. Upon completion of the drying and 

grinding steps, the resulting powder appears as yellowish 

green powder, that is closely similar to the solid obtained 

from previous synthesis (hematiteSH).  

In the final stage, the yellowish-green powders 

obtained from the sodium hydroxide and citric acid-

assisted synthesis routes underwent calcination at 500 °C, 

yielding hematiteSH and hematiteCA, respectively [59,60]. 

After calcination, noticeable color changes were observed. 

HematiteSH exhibits a dark brown color, appearing almost 

black, whereas hematiteCA exhibits a lighter brown with a 

hint of purple. The coloration of hematite is strongly 

influenced by particle size. A transition from reddish-

brown to purple or black signifies an increase in particle 

size [61].  

The XRF characterization results for hematiteSH and 

hematiteCA are presented in Table 2. The data indicate that 

α-Fe₂O₃ is the dominant phase in both materials, with 

concentrations of 93.219% for hematiteSH and 96.731% for 

hematiteCA. This confirms that the synthesis process 

successfully produced hematite, with hematiteCA exhibiting 

higher purity than hematiteSH.  

Table 2. XRF results of hematiteSH and hematiteCA. 

Compound hematiteSH  hematiteCA 

α-Fe₂O₃ 93.219 % 96.731% 

Cl 0.22 % 0.596 % 

P₂O₅ 1.231 % 1.264% 

SiO₂ 4.972 % 0.112 % 

In addition, minor impurities were detected. Both 

samples contained small amounts of chlorine (Cl), likely 

originating from residual precursor salts used during 

synthesis. HematiteCA showed a slightly higher Cl content 

(0.596%) than hematiteSH (0.22%). Phosphorus pentoxide 

(P₂O₅) was also present in similar concentrations for both 

samples (1.23-1.26%), which may be attributed to trace 

contaminants from reagents or the reaction environment. 

The presence of SiO₂ and P₂O₅ impurities in the synthesized 

hematite has also been reported by Fatmaliana et al. [62]. 

To reduce P₂O₅ impurities, additional washing steps that 

are more effective against phosphates should be 

considered. 

The EDS results (Table 3) confirm the successful 

formation of hematite in both samples, corroborating the 

XRF findings. HematiteCA shows higher Fe content (69.4 

wt%) compared to hematiteSH (43.0 wt%), indicating higher 

purity in hematiteCA. Chlorine (Cl) was also detected at low 

concentration in hematiteCA (0.7 wt%) but undetectable in 

hematiteSH, likely due to its very low concentration.  The 

detected Na content (22.0 wt%, 24.3 at%) in hematiteSH 

may originate from the formation of byproduct that occurs 

during the synthesis process.  

Table 3. Elemental composition of hematiteSH and hematiteCA 

based on EDS spectra. 

Elements 
 

Line 
HematiteCA HematiteSH  

At% Wt% At% Wt% 

C K 11.3 % 4.4 % 6.9 % 3.3 % 

O K 49.5 % 25.5 % 47.8 % 30.1 % 

Cl K 0.6 % 0.7 % - - 

Fe K 38.6% 69.4 % 19.6 % 43.0 % 

Si K - - 1.4 % 1.6 % 

Na  K - - 24.3 % 22.0 % 

The SEM images reveal distinct morphological 

differences between hematiteSH (Fig 6A) and hematiteCA 

(Fig 6B), highlighting the influence of additives on particle 

characteristics. HematiteSH (Fig 6A) displays a dense and 

highly agglomerated morphology composed of irregularly 

shaped particles tightly clustered together, exhibiting 

rough and uneven surfaces with sizes ranging from 4.25 to 

30.32 µm (average: 13.69 µm). The irregular shapes and 

severe agglomeration observed in hematiteSH may result 

from some factors, including the concentration ratio of 

FeCl3 and sodium hydroxide precursors. Rinda et al. [2] 

reported that the higher concentration of sodium 

hydroxide (3:1 ratio) resulted in homogenous particles 

with a small average size and spherical morphology. 
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Figure 6. SEM images of hematiteSH (A) and (B) hematiteCA. 

In contrast, hematiteCA (Fig 6B) displays smaller particle 

sizes (0.30–5.69 µm; average 1.77 µm) and a lower degree 

of agglomeration compared to hematiteSH. The particles of 

hematiteCA predominantly exhibit a hexaferrite 

morphology. This observation is consistent with the 

findings of Marjeghal et al. [63], who reported that 

synthesized hematite using citric acid by sol-gel method 

tends to form hexaferrite structures. 

The agglomeration in hematiteCA can be attributed to 

several factors, including the concentration ratio of citric 

acid and FeCl3 precursor, which showed a similar issue to 

that of hematiteSH. Marjeghal et al. [63] reported that low 

concentrations ratio of citric acid to ferric nitrate (0.5:1 and 

1:1) led to the formation of bigger, more agglomerated 

particles, while higher ratios (2:1 and 4:1) led to more 

disperse and smaller particles. Moreover, the 

agglomeration may also result from high calcination 

temperatures and the presence of weak intermolecular 

forces (eg. hydrogen bonds or van der Waals forces) on 

hematite surface [63–65].  

The analysis of XRD patterns from both samples 

revealed distinct peaks characteristic of hematite (Fig 7). In 

the hematiteSH sample (blue line), diffraction peaks were 

observed at 2θ = 27.98° (0 1 2), 38.56° (1 0 4), 41.48° (1 1 

0), 47.69° (1 1 3), 57.99° (0 2 4), 63.57° (1 1 6), 67.70° (1 2 

2), 73.85° (0 1 8), 75.80° (2 1 4), and 85.86° (1 0 1 0), which 

matched the reference database (ICDD No. 01-079-1741). 

Additional low-intensity peaks at 2θ = 24.09°, 27.81°, and 

39.63° were also detected in hematiteSH, corresponding to 

sodium phosphate (Na₃PO₄) impurities that might form 

during the sodium hydroxide-assisted synthesis. The 

presence of these peaks reinforces the EDS findings, which 

revealed a substantial Na content in hematiteSH. The 

formation of sodium phosphate (Na₃PO₄) could be 

attributed to various factors, including synthesis 

conditions and precursor purity [66].  

 

Figure 7. XRD patterns of hematiteSH and hematiteCA. 

Compared to hematiteCA, the hematiteSH diffraction 

peaks are broader and of lower intensity, indicating lower 

crystallinity and a larger crystallite size than hematiteCA. 

Debye-Scherrer calculations of all observed peaks show 

that hematiteSH has an average crystallite size of 64.93 nm 

compared to 13.58 nm for hematiteCA. This interpretation 

is consistent with the SEM results, where hematiteSH 

exhibits irregular morphologies with severe 

agglomeration, potentially hindering ordered crystal 

growth. Furthermore, the reduced crystallinity of 

hematiteSH may also be influenced by the presence of 

sodium phosphate (Na₃PO₄) impurities detected in its XRD 

pattern and EDS results, introducing amorphous or poorly 

crystalline phases [67].   

The hematiteCA diffraction peaks (red line) appear at 

slightly different angles than those of hematiteSH, with 

peaks observed at 2θ = 28.11° (0 1 2), 38.70° (1 0 4), 41.62° 

(1 1 0), 47.83° (1 1 3), 50.99° (2 0 2), 58.13° (0 2 4), and 

63.71° (1 1 6), also identified using the same database 

(ICDD No. 01-079-1741). The diffraction peak shift of 

hematiteCA is attributed to the presence of organic anions 

from citrate, which can shift the position toward higher 2θ 

values and distort the lattice parameters during hematite 

formation [68]. The peaks indexed as (1 0 4) and (1 1 0) 

exhibited the highest intensity and sharpest peaks, 

indicating the high degree of crystallinity [56].  

Based on XRF, EDS, SEM, and XRD results, it is evident 
that hematiteSH is less promising due to their low purity and 
crystallinity, larger particles size, and highly agglomerated 
particles. The poor quality of hematiteSH is likely due to the 

(A) 

(B) 
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concentration ratios of NaOH and FeCl3 precursor, leading 
to uncontrolled precipitation and promotes the formation 
of byproducts [2]. In contrast, the use of citric acid in 
synthesizing hematiteCA proved highly effective in 
producing a pure hematite phase with smaller particle size, 
reduced agglomeration, and enhanced crystallinity. Citric 
acid likely acts as a chelating and capping agent, controlling 
Fe³⁺ ion hydrolysis and growth kinetics, thereby enabling 
the formation of more homogeneous and structurally 
ordered particles [26–28]. These characteristics make 
hematiteCA an optimal precursor for hematite/SiO₂ 
composite fabrication.  

3.3.  Synthesis of hematite/SiO₂ composite 

HematiteCA was used to synthesize a hematite/SiO₂ 

composite through the addition of silica. During synthesis, 
citric acid acts as a chelating agent that facilitates the 
formation of complexes [56].  

The XRF characterization results of hematite/SiO₂ are 

presented in Table 4. The analysis reveals that the 

composite remains predominantly composed of hematite 

(α-Fe₂O₃). However, the hematite content in 

hematite/SiO2 composite (87.86 wt%) is markedly lower 

than the initial material (hematiteCA, see Table 2). This 

reduction in the wt% of hematite primarily attributed to 

the high SiO2 content (7.763 wt%) and other impurities, 

such as P₂O₅, CaO, and Cl, which likely originated from the 

purified silica (Table 1) and hematiteCA (Table 2). These 

results highlight the necessity for further purification to 

enhance phase purity and minimize residual contaminants. 

Table 4. XRF result of hematite/SiO₂ composite. 

Compounds hematite/SiO₂ composite (wt%) 

α-Fe₂O₃ 87.863 % 

SiO₂ 7.763 % 

P₂O₅ 1.216 % 

CaO 1.763 % 

Figure 8 illustrates the formation of agglomerated, 

irregularly shaped particles of hematite/SiO2 composite, 

with particle sizes ranging from 50 nm to 22 µm and an 

average of 15.25 µm. This observation aligns with the 

findings of Hassan et al. [55], who reported that 

incorporating SiO₂ into hematite powder during synthesis 

frequently yields clumped, irregular particle morphologies. 

Moreover, the presence of pore-like structure was also 

observed on the surface of hematite/SiO2 composite.   

 

Figure 8. SEM images hematite/SiO₂ composite. 

This result is similar to the porous hematite synthesized 

by Gritli et al. [9]. However, to confirm the porosity of the 

hematite particles, further analysis using BET or TEM is 

necessary. The presence of porosity in hematite samples 

has the potential to enhance reaction efficiency by 

providing a larger surface area during interactions [69]. 

The EDS analysis (Table 5) revealed that the 

hematite/SiO₂ composite mainly consisted of iron (Fe) and 

oxygen (O), with weight percentages of 49.4 wt% and 27.7 

wt%, respectively. This composition confirms the 

successful formation of hematite (α-Fe₂O₃) as the primary 

phase. Other detected elements such as Si, Na, Mg, and Al, 

may likely originate from environmental contaminants 

during synthesis, while Ca was presumed to originate from 

the purified silica (Table 1). 

Table 5. Elemental composition of hematite/SiO₂ composite 

based on the EDS Spectra. 

Elements Line 
hematite/SiO₂  

At% Wt% 

C K 21.4 10.1 

O K 44.0 27.7 

Fe K 22.6 49.4 

Si K 2.4 2.6 

Na K 2.8 2.5 

Mg K 0.7 0.7 

Al K 5.3 5.7 

Ca K 0.8 1.3 
 

The XRD patterns of hematite/SiO₂ composite (Fig 9) 
exhibit sharp and intense peaks, signifying a high degree of 
crystallinity and confirming the primary phase of hematite 
[70]. These characteristic peaks align with the hematite 
database (ICDD No. 01-079-1741). 
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Figure 9. XRD Pattern of hematite/SiO₂ composite. 

Notably, the strongest peaks, at the (1 0 4) and (1 1 0) 
lattice indices, match those of hematiteCA (Fig 7). The 
patterns also show a raised background between 2θ = 25° 
and 45°, indicating amorphous silica is present in the 
composite. The average crystallite size, calculated from all 
peaks using the Debye-Scherrer equation, was 39.50 nm. 
This is significantly larger than that of hematiteCA, 
suggesting strong interactions or structural changes 
occurred between hematite and silica during synthesis. 

4.   Conclusion 

This study successfully synthesized hematite using two 

different additives, citric acid and sodium hydroxide. 

HematiteCA, synthesized with citric acid, yielded brownish-

purple particles with a smaller crystallite size (13.58 nm) 

and higher crystallinity compared to hematiteSH. XRF 

characterization also confirmed the higher purity of 

hematiteCA than hematiteSH. Based on these results, 

hematiteCA was selected for composite formation with 

purified silica. The addition of amorphous silica to 

hematiteCA shifted the powder color to wine-red and 

introduced porous-like features.  
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