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1. Introduction 

Industrial growth in Indonesia has expanded significantly in recent years, with the nation currently 

ranking 38th out of 150 industrialized countries according to the United Nations Industrial Development 
Organization (UNIDO). However, this rapid development relies heavily on the use of excess chemicals, 

generating industrial waste that poses a severe threat to the environment if left untreated. Several 

environmental remediation approaches have been explored to address this wastewater problem, including 
adsorption (Mehdinia et al., 2019a, 2019b; Ruíz-Baltazar et al., 2015), photocatalysis (Sari et al., 2023; 

Sudarmono et al., 2024), and electrolysis methods (Pei et al., 2018). These techniques increasingly utilize 

metal oxides—such as magnetite (Fe₃O₄) derived from iron sand—as a more environmentally friendly 
alternative for waste treatment. 

While conventionally used in various aspects of the construction industry, iron sand has become a focal 

point for advanced material science. The Jambi province, specifically along the Batanghari River, possesses 

abundant natural resources of iron sand (Handerson & Sinuraya, 2020). This sand is characterized by its 
blackish-ash color, indicating a high concentration of iron , making it a highly promising precursor for 

extracting Fe₃O₄. At the nanoscale, Fe₃O₄ exhibits strong ferromagnetic properties compared to other iron 

oxides. Consequently, the use of iron sand to produce nano-sized materials is growing rapidly due to its 
numerous advantages across various industrial applications (Berliana et al., 2025; Liu et al., 2019; Maulana et 

al., 2013). 

Various conventional methods have been employed to synthesize Fe₃O₄ nanoparticles, including 
hydrothermal, sol-gel, ball-milling, and bottom-up approaches. The chosen synthesis method is critical, as it 

dictates the resulting particle size, shape, morphology, and crystallinity. Among these, the wet coprecipitation 

method remains one of the most effective and straightforward techniques. Previous research has successfully 

utilized coprecipitation to synthesize magnetite nanoparticles from Glagah Beach iron sand, demonstrating 
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that variations in precipitating agents (like NH₄OH) can effectively tune the crystallite size without altering 

the fundamental crystal structure or lattice parameters (Fatmawati et al., 2023; Maulana et al., 2013; 
Prasetyowati et al., 2021; Rahmawati et al., 2018; Salviano et al., 2018; Torkaman et al., 2023). 

Despite its efficacy in producing pure Fe₃O₄ nanoparticles, traditional coprecipitation often relies on 

large quantities of chemical precursors, rendering the process less eco-friendly. To mitigate this, recent studies 

have pivoted towards "green synthesis," an approach that utilizes natural organic materials from plants or 
microorganisms as alternative reducing agents. Plant extracts contain secondary metabolites—such as 

flavonoids, alkaloids, and chlorophyll—that act as excellent bioreductors and capping agents. This sustainable 

method has been successfully demonstrated using various botanical sources, including mimba leaves, shallot 
skin, and betel leaves (Aryani & Wisnuwardhani, 2022; Ashutosh Kumar Shukla & Siavash Iravani, 2018; 

Astuti, khaira, et al., 2022; Bassim et al., 2022; Cuana et al., 2022; Melvin et al., 2020; Parvathi et al., 2023; 

Rahayuningsih et al., 2018; Syihabuddin & Munasir, 2024; Yoga Darmawan et al., 2023). 

In this study, we aim to synthesize magnetic nanoparticles from Batanghari River iron sand using Suji 
leaves (Pleomele angustifolia) as a novel bio-reducing agent. Suji leaf extract was selected because its primary 

constituents are highly suitable for green synthesis ; it is rich in flavonoids, alkaloids, triterpenoids, glycosides, 

and chlorophyll. The high concentration of flavonoids and chlorophyll inherently serves as a powerful 
antioxidant and capping agent during nanoparticle formation. By varying the concentration of the Suji leaf 

extract, this study investigates its regulatory effect on the resulting crystal size. The synthesized nanoparticles 

were systematically characterized using X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), and 
Fourier Transform Infrared (FTIR) spectroscopy. 

 

2. Material and Method  

Material 

The iron sands in this study have been collected from the Batanghari River, Jambi Province. The type 

of sand taken is sand that has a mostly black colour that indicated the high contains of Fe element. HCl, FeCl3, 
FeCl2, Fe2O3 and NH4OH were analytical grade from Mercks. 

 

Preparation of sand 

The sand that has been collected was dried for approximately two days using sun light after washed by 
distilled water  at least 3 times. The dried sand was sieved to obtain a uniform size. The iron sands are extracted 

using a permanent magnet to separate the sands that high amount of Fe inside. The sand was subsequently 

ground with a mortar and pestle and sieved through a 120-mesh sieve to produce finer, more uniformly sized 
particles. 

 

Preparation of Suji leaf extracts 

The next important step is preparing Suji leaf extract. This stage has been done by cutting Suji leaves in 
1 cm2 size leaves. The dried leaves then mashed until we got a powder. Then extraction of Suji leaves has been 

done by maceration method.  The process is started by dissolving 400 grams of Suji leaf powder with 1 L 96% 

ethanol. The solution was then stirred with a hot plate stirrer for 30 minutes and allowed to stand for 24 hours 
at room temperature with a glass jar covered using black plastic. The extraction process was carried out for 3 

days with solvent replacement every day. The extract was then separated from the solvent using a rotary 

evaporator at 40℃ until the extract thickened.   
 

Preparation of nanoparticles iron oxide 

A total of 40 grams of iron sand was dissolved with 38 ml of HCl (12M) in a beaker and stirred for about 

60 minutes using a magnetic stirrer at 55°C. The use of HCl aims to dissolve iron sand and help accelerate the 
reaction process in the formation of FeCl3, FeCl2 and Fe2O3. The process can be seen in the equation below: 

 

3Fe3O4(s) + 8HCl(I)          2FeCl3(I) + 3Fe2O(s) + 3H2O(1)+H2(g (1) 

2FeCl3(1) + FeCl2(1) + H2O(1) + 8NH4OH(1)       Fe3O4(S)+8NH4Cl(1)+5H2O(1) (2)   

 
For the Fe3O4 nanoparticles green synthesis, we add Suji leaf extract. The filtrate that has been obtained, 

then added with 15 mL of Suji leaf extract with several variations of Suji leaf extract.  Here, we use 
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concentrations of  33.3%, 66.7% and 100% with distilled water as the solvent. Then stirred again for 15 minutes 

at 60⁰C. After that, 73 mL NH4OH was added drop by drop to the previous solution for 30 minutes at 60⁰C. 
Then allowed to stand for 60 minutes until a precipitate was obtained. The precipitate was then washed using 

distilled water for 7 times until the Ph is 7 using Ph meter. Then the precipitate was dried in an oven for 2 

hours until we got iron oxide nanoparticles (Astuti et al., 2022; Liu et al., 2019; Mehdinia et al., 2020; Novita 

& Astuti, 2023). In this paper we named  Fe3O4 as the sample that has been prepared by conventional wet 
coprecipitation methods and GS1, GS2 and GS3 as the sample that has been prepared by green synthesize 

route as seen in Table1. The iron oxide that mainly composed of  Fe3O4 then investigated by XRD, SEM and 

FTIR characterization. The nanoparticles were characterized by FTIR to analyse the functional groups that 
present in the samples. XRD characterization was carried out to determine the crystal structure, lattice 

parameters and crystallite size of the samples and SEM was used to grasp the morphology and average particle 

size. 

Table 1. Sample Name 

Sample Name Iron sand (g) Extract Concentration from 15 ml green agent addition 

Fe3O4 40 0.0 % 

GS1 40 33.3% 

GS2 40 66.7% 

GS3 40 100% 

 

3.  Results and Discussion 

The extraction of Iron oxide sand from the river sands produced 24% iron oxide.  In our experiment, we 
obtained nanoparticles of iron oxide using conventional methods as much as 6.82 grams, while in the green 

synthesis way, we obtained in average of 4.85 grams of nanoparticles. 
X-ray diffraction (XRD) analysis was employed to investigate the crystalline structure of Fe₃O₄ and the 

Fe₃O₄ from green synthesis named GS1, GS2, and GS3. As seen in Figure 1, the diffraction pattern of Fe₃O₄ 

exhibits distinct reflections at 2θ values of approximately 30.1°, 35.4°, 43.1°, 57.0°, and 62.6°, which can be 

indexed to the (220), (311), (400), (511), and (440) planes of cubic spinel magnetite, respectively. These peaks 
are in good agreement with the standard JCPDS card No. 19-0629, confirming the formation of single-phase 

Fe₃O₄ with an inverse spinel structure (space group Fd–3m) (Astuti et al., 2022; Begum et al., 2025; Gatta et 

al., 2007; Husain et al., 2019; Liu et al., 2019; Mehdinia et al., 2020; Novita & Astuti, 2023). 

Figure 1. XRD patterns of iron oxide nanoparticles magnetite with and hematite* impurities, synthesized by 

conventional wet methods route (black) and green synthesized with various Pleomele angustifolia extract. 

 

The most intense diffraction peak observed at ~35.4°, corresponding to the (311) plane, is characteristic 
of magnetite and indicates good crystallinity of the Fe₃O₄ phase. For the GS1, GS2, and GS3 samples, all major 

Fe₃O₄ diffraction peaks are retained without any noticeable shift in peak positions, suggesting that the 

incorporation of green agent extract does not alter the crystal structure or lattice parameters of Fe₃O₄. 
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A gradual decrease in the relative intensity of the Fe₃O₄ peaks is observed with increasing Suji leaf 

extract content, which can be attributed to the partial coverage of Fe₃O₄ particles by the green extract and the 
reduced effective diffracting volume. Additional weak diffraction peaks marked with asterisks originate from 

the GS component, which is predominantly amorphous or poorly crystalline. Notably, no impurity phases such 

as α-Fe₂O₃ or γ-Fe₂O₃ are detected, indicating that Fe₃O₄ remains structurally stable during Suji leaf extract 

addition. 
 

Table 2. 2θ, lattice parameter and crystal size at peak (311) of pure Fe3O4; Fe3O4 + 33.3% Pleomele 

angustifolia (GS1); Fe3O4 + 66.7% Pleomele angustifolia (GS2); and Fe3O4 + 100% Pleomele angustifolia 
(GS3). 

Sample name d311 at 35.4 ° (Å) Lattice Parameter (Å) Crystallite Size (nm) 

Fe3O4 2.527 8.381 12.44 

GS1 2.520 8.357 31.81 

GS2 2.521 8.361 19.20 

GS3 2.544 8.439 14.52 

 

The structural parameters of Fe₃O₄ and GS1, GS2, and GS3 samples were evaluated from the dominant 
(311) diffraction peak at 2θ ≈ 35.4°, and the results are summarized in Table 2. The interplanar spacing (d) 

was calculated using Bragg’s law: 

𝑑 =
𝜆

2sin⁡𝜃
 

 

where λ is the wavelength of Cu Kα radiation (1.5406 Å) and θ is the Bragg angle. For pristine Fe₃O₄, the 

calculated d₃₁₁ value is 2.527 Å, which closely matches the standard magnetite value reported in JCPDS No. 
19-0629, confirming the formation of phase-pure cubic Fe₃O₄(El-Desoky et al., 2020; Wardani et al., 2019). 

The lattice parameter (a) for the cubic system was calculated using the relation: 

𝑎 = 𝑑√ℎ2 + 𝑘2 + 𝑙2 
The lattice parameter of Fe₃O₄ was determined to be 8.381 Å, which is in good agreement with the reported 
bulk value (~8.39 Å). For GS1 and GS2, slight reductions in d-spacing (2.520 and 2.521 Å) and lattice 

parameter (8.357 and 8.361 Å, respectively) are observed, indicating lattice contraction due to interfacial strain 

and surface effects at the nanoscale. In contrast, GS3 exhibits an increased d-spacing of 2.544 Å and an 

expanded lattice parameter of 8.439 Å, which may be attributed to lattice relaxation, defect formation, or strain 
release induced by higher green content. 

The crystallite size (D) was estimated using the Scherrer equation: 

𝐷 =
0.9𝜆

𝛽cos⁡𝜃
 

where β is the full width at half maximum (FWHM) of the diffraction peak (in radians). The crystallite size of 

pristine Fe₃O₄ is 12.44 nm, whereas GS1 shows a significantly larger size of 31.81 nm, suggesting enhanced 

crystallinity or reduced microstrain. With further GS incorporation, the crystallite size decreases to 19.20 nm 

(GS2) and 14.52 nm (GS3), likely due to growth inhibition and confinement effects. These results demonstrate 
that GS modulates the microstructural properties of Fe₃O₄ without altering its cubic spinel phase (El-Desoky 

et al., 2020; Kittel, 2004; Wardani et al., 2019). 
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Figure 2. SEM of a) Fe₃O₄ , b) GS1 and c) GS3 and their respected particle size distribution 

SEM was used to examine the morphology and particle size distribution of Fe₃O₄ and GS-based 
composites (Fig. 2). Particle size distributions were extracted from SEM images using ImageJ and fitted with 

Gaussian functions in Origin Pro (see Figure 2(d–f)). Fe₃O₄ (Figure 2(a)) consists of agglomerated, quasi-

spherical nanoparticles, which is typical for magnetite due to magnetic interactions. The particle size 
distribution (Fig. 2(d)) shows an average particle size of 53 ± 1.2 nm, which is larger than the crystallite size 

obtained from XRD, indicating polycrystalline particles. 

A critical observation in this study is the marked difference between the crystallite sizes obtained via 

XRD (12.44 – 31.81 nm) and the physical particle sizes observed via SEM (53 – 63 nm). It is imperative to 
distinguish between these two metrics. The Scherrer equation applied to XRD data measures the crystallite 

size, defined as the size of a single, coherently scattering crystalline domain. Conversely, SEM measures the 

morphological particle size, which represents the outer physical boundary of the material. 
The fact that the SEM particle sizes are significantly larger than the XRD crystallite sizes indicates 

that the observed Fe₃O₄ nanoparticles are highly polycrystalline. In other words, each physical nanoparticle 

observed under the electron microscope is an agglomeration of multiple, smaller single-crystal domains. This 
agglomeration is a common phenomenon in magnetic nanomaterials, driven by strong magnetic dipole-dipole 

interactions between the Fe₃O₄ cores, as well as high surface-to-volume ratios that thermodynamically favor 

clustering to minimize surface energy. The addition of the Pleomele angustifolia extract clearly modulates this 
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behavior; while it successfully acts as a surface passivating agent to improve dispersion at optimal 

concentrations (GS1) , the fundamental polycrystalline nature of the nanoparticles remains. 

 

Figure 3. Form up to bottom: FTIR spectra of Suji Leaf, GS3, GS2, GS1 and Fe3O4. 

 
Figure 3 presents the FTIR spectra of pristine Fe₃O₄, Fe₃O₄ synthesized with different concentrations 

of Pleomele angustifolia (Suji leaf) extract (GS1, GS2, and GS3), and the pure Suji leaf extract. The presence 

of a strong absorption band in the low-wavenumber region (~528–536 cm⁻¹) in all samples is attributed to the 
Fe–O stretching vibration, which is characteristic of magnetite nanoparticles and confirms the successful 

formation of Fe₃O₄ in all synthesis conditions (Panda et al., 2021). For Fe₃O₄, the Fe–O vibration appears at 

528.96 cm⁻¹, while a systematic shift toward higher wavenumbers is observed upon the addition of Suji leaf 

extract, appearing at 535.05 cm⁻¹ (GS1), 535.81 cm⁻¹ (GS2), and 535.25 cm⁻¹ (GS3). This shift indicates strong 
interfacial interactions between Fe₃O₄ nanoparticles and phytochemical compounds present in the extract, 

suggesting effective surface modification and stabilization of the nanoparticles (Khatun et al., 2022; 

Rahmayanti et al., 2022). 
The appearance of new absorption bands in the regions 2848–2850 cm⁻¹ and ~2920 cm⁻¹ in the GS 

samples corresponds to C–H stretching vibrations of aliphatic groups, which originate from organic 

compounds in the suji leaf extract. These bands are absent or significantly weaker in Fe₃O₄, confirming the 
incorporation of plant-derived biomolecules on the nanoparticle surface. Broad absorption bands observed in 

the range ~3120–3340 cm⁻¹ are assigned to O–H stretching vibrations, which arise from hydroxyl groups of 

phenolic compounds in the extract as well as adsorbed water molecules forming hydrogen bonds. The 

increasing intensity of these bands with higher extract concentration indicates enhanced surface hydroxylation 
and stronger hydrogen-bond interactions. 

The absorption bands appearing in the region ~1609–1735 cm⁻¹ are attributed to C=O stretching 

vibrations of carbonyl-containing functional groups such as ketones, esters, and carboxylic acids. These 
functional groups play a crucial role as capping and stabilizing agents, preventing nanoparticle agglomeration 

during synthesis (Astuti, khaira, et al., 2022; Novita & Astuti, 2023; Parmita et al., 2023). The persistence and 

shift of these bands across GS1–GS3 samples confirm the successful adsorption of organic compounds from 
the suji leaf extract onto the Fe₃O₄ surface. In the GS2 sample, an additional absorption band observed around 

~1401 cm⁻¹ is assigned to C–N stretching vibrations, which are associated with nitrogen-containing 

compounds such as chlorophyll present in the suji leaf extract. The intensity and position of this band shift 

with increasing extract concentration, further confirming the role of phytochemicals in surface 
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functionalization. For the GS3 sample (100% extract), a noticeable decrease in the intensity of the Fe–O band 

is observed, which may be attributed to excessive organic coverage on the Fe₃O₄ surface. Additionally, the C–
O stretching vibration observed at ~1067.75 cm⁻¹ and the intensified aromatic C–H bands indicate a higher 

organic content at the nanoparticle surface, consistent with increased extract concentration. 

Overall, the FTIR results confirm the presence of Fe₃O₄ in all samples and demonstrate that Pleomele 

angustifolia leaf extract acts effectively as a reducing, capping, and stabilizing agent during nanoparticle 
synthesis. The coexistence of Fe–O vibrations and multiple organic functional groups provides strong evidence 

for the successful formation of Fe₃O₄/biomolecule composites. 

4. Conclusion  
sustainable green route utilizing Pleomele angustifolia (Suji leaf) extract as a bio-reducing and capping 

agent. X-ray diffraction (XRD) analysis confirmed the formation of a phase-pure cubic spinel structure with 

nanoscale crystallite dimensions, where slight variations in lattice parameters indicated surface modifications 

induced by phytochemical adsorption. Scanning Electron Microscopy (SEM) revealed quasi-spherical 
particles, demonstrating that the addition of the extract effectively suppressed agglomeration and improved 

particle dispersion through surface passivation at optimal concentrations. Furthermore, FTIR spectroscopy 

corroborated these structural findings by identifying characteristic Fe–O vibrations alongside key organic 
functional groups such as hydroxyls, carbonyls, and aliphatic chains, evidencing strong interfacial interactions 

between the magnetite surfaces and the plant-derived biomolecules. Ultimately, these findings demonstrate 

that plant-derived biomolecules play a crucial role in regulating surface chemistry, particle growth, and 
stability, presenting a promising and sustainable pathway for the development of surface-engineered magnetic 

nanomaterials. 
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