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 In the current era of scientific and technological progress, 
nanomaterials have emerged as a deeply fascinating and significant 
field of research. This paper presents a case study on the synthesis and 
characterization of Fe₃O₄ nanomaterials derived from the iron sand of 
the Tianyar, utilizing the co-precipitation method with modifications 
made to the pH values during synthesis. The research encompasses 
three primary stages: extraction of iron sand, synthesis of Fe3O4 
nanomaterials, and subsequent characterization of these 
nanomaterials. The iron sand extraction phase involved passing it 
through a permanent magnet ten times to remove impurities. 
Subsequent synthesis produced a dark black magnetite nanomaterial 
powder displaying magnetic properties, rendering it responsive to 
magnet attraction. Analysis of these nanomaterials using X-ray 
diffraction (XRD) unveiled discernible peaks in the diffraction pattern, 
suggesting that the magnetite nanomaterials possess a cubic crystal 
structure. The size of the Fe3O4 nanomaterials decreases as the pH of 
precipitation increases, with respective sizes of approximately 18.00 
nm for pH 9, 14.69 nm for pH 10, and around 13.68 nm for pH 11, as 
determined using Scherrer’s formula. The lattice parameters observed 
for samples synthesized at pH 9, 10, and 11 are sequentially measured 
as a = 8.59 Å, 8.81 Å, and 8.80 Å. Analysis using SEM-EDS revealed 
that the sample morphology appears rough, with evidence of particle 
agglomeration leading to uneven particle distribution. There are 
additional trace elements present, including C, Al, S, Ti, and Cl, albeit 
in smaller quantities. Nevertheless, the primary elements crucial for 
forming Fe3O4 nanomaterials, namely Fe and O, exhibit the highest 
percentages in composition analysis. 

Copyright © 2024 Authors. All rights reserved. 

 

 

  

 

Introduction 

In the contemporary age of scientific and technological advancements, nanomaterials have 
surfaced as a profoundly captivating and important area of study. Nanomaterials are 
substances characterized by their dimensions falling within the range of 1 to 100 nanometers, 
where their nanoscale size results in at least one distinctive property differing significantly 
from its larger-scale counterpart [1]. At the nanometer scale, materials exhibit distinct physical, 
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chemical, and biological properties compared to their bulk counterparts. Materials engineered 
at the nanoscale demonstrate heightened performance sensitivity compared to those at larger 
scales. This heightened sensitivity primarily stems from nanomaterials' larger specific surface 
area, which amplifies their reactivity levels [2]. Nanomaterials can be categorized into five 
groups based on factors like size, origin, structural arrangement, pore size, and potential 
toxicity. In particular, inorganic nanomaterials are typically classified as either metal-based or 
metal oxide-based. Metal-oxide nanomaterials are distinguished by their composition, 
comprising negative oxygen ions and positive metallic ions [3]. In comparison to other metal 
oxide nanomaterials, iron oxides exhibit notable characteristics such as high adsorption 
capacity, surface reactivity, magnetic properties, and catalytic efficiency. These attributes are 
attributed to their biocompatibility, superparamagnetism, and ultrafine size [4].  

Magnetite (Fe3O4) belongs to the iron oxide mineral group and is well-known for its cubic 
crystal structure and remarkably robust magnetic properties [5]. In recent times, magnetite 
nanomaterials (Fe3O4) have found diverse applications, including biosensing for diagnostic 
purposes , drug delivery [7], and hyperthermia therapy [8]. Iron oxide exists in various natural 
forms. Among them, iron oxide can be readily found in iron sand [9]. Iron sand is essentially 
black and dark ash in color [10]. One of the areas abundant in iron sand is situated in Tianyar 
Village, Bali. The presence of iron sand in this region is influenced by the activity of nearby 
volcanoes, particularly Mount Agung. The volcanic activity results in the deposition of lava 
and ash, forming cliffs or moving downslope, ultimately serving as a source of sediment. 
During the wet season, rivers transport this sediment into the sea, contributing to the 
accumulation of iron sand in the area [11]. According to the findings of the heavy mineral 
analysis, the study area contains a variety of mineral groups, including oxides, hydroxides, 
silicates, sulfides, carbonates, and mica groups [12]. 

In 2021, the Karangasem district witnessed significant growth in mining and excavation 
activities, particularly in the extraction of sand and rocks. However, the primary concern for 
this sector revolves around the environmental degradation resulting from these excavations 
[13]. Converting iron sand into magnetic material can greatly increase its commercial value. 
One effective strategy to achieve this is by utilizing iron sand as a fundamental ingredient in 
the production of magnetite (Fe3O4) nanomaterials. Several synthesis methods exist for 
producing Fe3O4 nanomaterials, among which co-precipitation is a commonly employed 
technique [14], Chemical Vapor Deposition (CVD) [15], Sol-Gel [16], ball milling [17], and 
thermal decomposition [18]. The objective of these synthetic processes is to modify the 
properties and size of the magnetite particles or crystals produced [19]. The co-precipitation 
method stands out as the simplest synthesis process for producing Fe3O4, involving minimal 
steps and low temperatures (below 100°C). Magnetite nanomaterials are achieved through the 
co-precipitation of ferrous and ferric salts in an aqueous solution with varying Fe3+/Fe2+ ratios, 
employing a strong ammonia-based basic solution at room temperature or higher. This 
approach offers a straightforward and cost-effective means of generating Fe3O4 powder from 
raw iron sand materials [20].  

Co-precipitation synthesis often involves variations in pH, molar ratio [21], reaction 
temperature [22], and stirring rate [23]. Changes in pH levels can influence the chemical state 
of a solution, affecting reaction kinetics and particle sedimentation. This variation can lead to 
several consequences: 1) Particle size, where different pH values can regulate nucleation and 
particle growth rates, resulting in particles of varying sizes; 2) Morphology, as pH can alter 
particle shapes, causing them to become rounded or stem-shaped due to its impact on crystal 
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growth; 3) Crystal structure, where pH may influence the formation of specific crystal phases 
and the distribution of crystals within the material [24]. Despite extensive research on Fe₃O₄ 
synthesis, there is a gap in understanding the precise effects of pH variations on the resulting 
nanomaterials, particularly those derived from natural iron sand. This study aims to fill that 
gap by systematically exploring how pH control during synthesis affects the physical and 
chemical properties of Fe₃O₄ nanoparticles.  

In the investigation of Fe3O4 nanomaterials, characterization was conducted through XRD (X-
ray diffraction) and SEM-EDS (Scanning Electron Microscopy-Energy Dispersive X-ray 
Spectroscopy) techniques. XRD analysis is utilized to determine crystal lattice parameters, 
crystal structure, and particle size. On the other hand, SEM-EDS is employed to produce 
microscopic surface images and analyze the elemental composition of the material, facilitating 
exploration of its structure and composition. The objective of this study is to synthesize and 
characterize Fe3O4 nanomaterials derived from iron sand using the co-precipitation method 
with variations in pH control. This research is important as it seeks to enhance the practical 
use-value of natural iron sand, contributing to the development of advanced magnetic 
materials with specific properties tailored through precise pH adjustments during synthesis. 

Theory and Calculation 

Bragg’s Law and Scherrer’s Formula 

X-ray diffraction (XRD) is a powerful analytical method used to study atomic and molecular 
arrangements in materials. It helps determine properties like crystal structure, lattice 
dimensions, phase composition, and crystallite dimensions [25]. The process occurs due to 
constructive interference between waves scattered from lattice planes and diffracted by the 
crystalline sample, following Bragg's law. 

λ = 2d sin θ     (1) 

Here, d represents the interplanar distance, and λ stands for the wavelength of the X-rays. The 
intensity of the diffracted beam is recorded concerning the diffraction angle 2θ and the 
orientation of the specimen. Smaller crystals may display observable signals near the Bragg 
angle, resulting in peak broadening. Investigating X-ray scattering at angles deviating from 
the Bragg angle is valuable for estimating the size of small crystals [26]. Factors contributing 
to diffraction peak broadening include incident beam non-parallelity and the characteristic 
line used.  

As the size of crystals decreases, the size effect becomes increasingly significant relative to 
other factors, rendering the Scherrer formula applicable. This formula correlates the size of 
sub-micrometer particles or crystallites in a solid with the broadening of a diffraction peak and 
is commonly employed for determining the size of crystalline particles, particularly in powder 
form. The average crystallite size (D) is calculated from the full-width half maximum (FWHM) 
of the peaks in radians [27]. 

𝐷 =  
𝑘𝜆

𝐵 𝑐𝑜𝑠 𝜃
     (2) 

For magnetite nanomaterials, k = 0.94,  is the wavelength of XRD, and  is the diffraction 
angle.  
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Experimental Method 

This study adopts an experimental research approach, wherein one or more independent 
variables are manipulated to observe their effects on one or more dependent variables. In this 
research, the independent variables include the pH of the solution, specifically at levels of 9, 
10, and 11, determined using 25% NH4OH. These variables are anticipated to influence the 
dependent variables, which encompass crystal structure, crystal size, and crystal 
morphology. Experiments were conducted to analyze the characteristics of Fe3O4 
nanomaterial synthesis derived from iron sand extraction through the co-precipitation 
method with pH variation. Subsequently, the synthesized materials were characterized using 
X-ray powder diffractometer (Rigaku SmartLab X-ray diffractometer, Tokyo, Japan) and 
SEM-EDS (JSM 5510, JEOL, Tokyo, Japan) techniques to ascertain crystal structure, lattice 
parameters, and crystal size. 

Iron sand samples were collected from Tianyar Village, Karangasem District, Bali Province. 
The extraction process, Fe3O4 synthesis via co-precipitation methods, and characterization of 
magnetic Fe3O4 were carried out at the Laboratory of the Department of Materials 
Engineering, Ming Chi University of Technology, Taiwan. The materials used for synthesis 
included 6.27 grams of pure iron sand, 30 mL of 37% HCL obtained from Scharlau, Scharlab, 
Barcelona, Spain, 8.96 grams of FeSO₄ purchased from Acros, and 80 mL of NH₄OH 
(Ammonium Hydroxide) acquired from Riedel-deHaen. This research is carried out in three 
stages, namely: (1) Stage of extraction of Tianyar iron sand degree, (2) Stage of Magnetic 
mineral synthesis Fe3O4, and (3) Stage Characterization of mineral synthetic magnetite Fe3O4. 

1. Extraction of Tianyar Iron Sand 
The extraction stage of iron sand was carried out using a permanent magnet. The 
extraction of iron sand utilizes the magnetic properties of the magnetite mineral, 
allowing it to separate from impurities. Extraction is performed to obtain purer 
magnetite and is repeated 10 times. 

2. Synthesis of Fe3O4 Using the Co-Precipitation Method 
The synthesis of Fe3O4 begins by weighing approximately 6. 27 grams of iron sand. 
Next, a solution of 37% HCl is poured into a measuring cylinder, totaling 30 ml. These 
two substances are then mixed in a beaker, and stirred using a magnetic stirrer on a 
hot plate for 1 hour at a temperature of 55°C and a rotational speed of 600 rpm. 
Afterward, the solution is filtered twice using filter paper. Then, FeSO4 powder (99%) 
as much as 8. 96 was dissolved with 15 ml of distilled water to become FeSO4 solution. 
These two solutions, namely FeCl3 and FeSO4 solutions, were mixed in a breaker and 
then stirred with a magnetite stirrer for 15 minutes. After that, 5 ml of the solution was 
titrated by adding 25 % ammonia (NH4OH) while being stirred by a magnetic stirrer 
on a hot plate at a temperature of 55 °C to achieve the desired pH levels of 9, 10, and 
11. 
After reaching the desired pH, the solution is left on the hot plate and stirred for 1 
hour until the solution becomes black in color. Subsequently, the co-precipitation 
process solution is washed several times with deionized water to remove the base 
(neutral pH), and the precipitate is dried on a hot plate at a temperature of 60 °C until 
it becomes a dry powder. The chemical reaction equation leading to the formation of 
the Fe3O4 precipitate can be seen in Reaction (1) below. 
 
FeSO4 + 2FeCl3 + 8 NH4OH —> Fe3O4 + (NH4)2 SO4 + 6NHCl 4H2O  (1) 
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The Fe3O4 powder produced is then stored in small airtight glass bottles for 
subsequent characterization. 

 
 

Figure 1. Synthesis process of Fe3O4 nanomaterials 

 
3. Sample Characterization 

a. X-ray Diffractometer (XRD) 
X-ray diffractometer (XRD) is a common technique used to determine the 
crystallographic characteristics of a material through the appearance of 
intensity peaks. The XRD instrument used in this final project research is the 
Philips X’Pert MPD (Multi-Purpose Diffractometer) located in the Laboratory 
of the Department of Materials Engineering at Ming Chi University of 
Technology, Taiwan. Sample testing was conducted within the 2θ angle range 

of 15° 𝑡𝑜 80° using Cu as the X-ray source (𝜆 =  1.5406 Å). The XRD data 
obtained were then qualitatively phase-identified using the Origin software. 
Meanwhile, crystal size was quantitatively analyzed using Scherrer’s formula. 

b. Morphological Test with SEM-EDS 
Testing utilizing Scanning Electron Microscopy (SEM) is conducted to gain a 
comprehensive morphological overview of the samples under examination. 
Additionally, Energy Dispersive X-ray Spectroscopy (EDS) testing is 
employed to qualitatively determine the elemental composition in specific 
areas of the material and can generate distribution mappings of its elements. 
Following heat treatment, samples are analyzed, and the atom percentage 
before treatment is compared with the results. Morphological surface images 
obtained through SEM reveal details such as crystal grain size, distribution, 
and porosity of each sample. Concurrently, composition analysis of the sample 
surface is obtained quantitatively. Data acquired from SEM-EDS 
characterization are presented in the form of photographs captured at various 
magnifications, including 500x, 1,000x, 3,000x, 5,000x, and 10,000x, facilitating 
a detailed examination of the samples at different scales. Thus, from these 
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surface morphological images, an analysis of the distribution composition of 
magnetite Fe3O4 is obtained. 

 

Result and Discussion 

1. Synthetic Results of Nanomaterials Magnetite (Fe3O4) 

Tianyar iron sand has successfully synthesized Magnetite (Fe3O4) nanomaterial compounds 

using co-precipitation methods with variations in pH value. During the dissolution stage, iron 

sand extract undergoes solubilization, resulting in a concentrated, black-shaped solution 

indicative of the iron salt content. Iron sand extracts are dissolved using a high concentration 

of HCl solution, as the iron metal present in the iron sand extract readily reacts with HCl to 

form iron (II) chloride (Figure 2 a). The resulting solution of iron salt is subsequently 

introduced by means of an NH4OH solution injection. The precipitation of iron salt deposits 

may arise from the formation of mixed crystals or from ion-ion adsorption during the 

sedimentation phase. These deposits emerge because of the oxidation process involving the 

iron metal content within the solvent's iron salts (Figure 2 b). 

 

Figure 2. Synthesized findings encompass (a) the dissolution phase and (b) the sedimentation phase. 

Figure 3 shows differences in iron sand extract before and after synthesis with co-precipitation 

methods. Based on direct observations, there is a noticeable distinction between the iron sand 

extract and the synthesized results. The synthetic magnetite minerals appear to possess a 

darker concentration compared to the iron sand extracts. 

 

Figure 3. Synthesized magnetite nanomaterials results comprise (a) iron sand extraction prior to 

synthesis and (b) iron sand extraction subsequent to synthesis. 

2. Characterization Results Using XRD 

Using the ORIGIN software, crystal structure analysis can be performed by matching the 

diffracted peak with the base data from JCPDS No. 65-3107. The peak signifies the 

a) b) 

a) b) 
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correspondence of order between the wavelength and the width of the magnetite material 

lattice. These enhancements elucidate the nature of the magnetite material formed 

synthetically. It is known that the angle at the top of the diffraction can be used to calculate 

the width of the crystallites in the synthetic magnetite material according to the Schrerrer’s 

Formula. The XRD pattern from the fractioned peak showed similarities with the magnetite 

peak in the database.  This suggests that the material formed by the synthesis is a magnetite 

material. Based on this analysis, information about the structure of magnetite crystals can be 

obtained. Figure 4 shows that the diffracted peaks in the three Fe3O4 samples after synthesis 

experience proliferation and increased intensity as the pH variation is increased. This indicates 

that the higher the pH of the sample, the smaller the crystal (Tabel 1).  

 

Figure 4. XRD patterns of the product synthesized (Fe3O4) from three samples. 

Based on the diffraction graph pattern above, information is obtained regarding the 

interpretation of the resulting diffraction peaks. The calculation of crystal size using the Debye-

Scherrer equation. 

Table 1. Calculation of crystal size in pH variations 

pH 9 pH 10 pH 11 

𝟐𝜽 FWHM Crystal 
size (nm) 

𝟐𝜽 FWHM Crystal 
size (nm) 

𝟐𝜽 FWHM Crystal 
size (nm) 

21.17 1.29 6.28 30.18 0.35 22.20 30.20 0.52 15.68 

30.10 0.39 21.16 35.55 0.41 18.64 35.57 0.56 15.01 

35.47 0.34 24.40 43.21 0.44 16.73 43.23 0.54 15.87 

36.58 1.03 8.08 53.53 1.51 4.71 53.63 0.93 9.60 

43.13 0.36 23.64 57.14 0.53 13.07 57.16 0.67 13.58 

53.38 0.63 14.11 62.73 0.53 12.79 62.79 0.75 12.38 

57.04 0.41 21.88   

62.62 0.38 24.44     

Average 
crystal size 

18.00  14.69 
 

 

 13.68 
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3. Characterization Results Using SEM 

The morphological structure of Fe3O4 using SEM can be shown in figure 5 to figure 9. That 

represent the morphologic structure of Fe3O4, with magnifications of 500 x, 1000 x, 3000 x, 5000 

x, and 10,000 x. It appears that Fe3O4 particles tend to accumulate to form clumps. The above 

picture shows that the surface of the accumulated particles varies in degree. The SEM imaging 

results showed the morphological shape of a round and cube-shaped Fe3O4 nanomaterials 

with porous cavities. 

 
Figure 5. The morphological structure of Fe3O4 observed through SEM at 500x magnification, under 

varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11. 

 
Figure 6. The morphological structure of Fe3O4 observed through SEM at 1000 x magnification, under 

varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11 

 

Figure 7. The morphological structure of Fe3O4 observed through SEM at 3000 x magnification, under 

varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11 

 

Figure 8. The morphological structure of Fe3O4 observed through SEM at 5000 x magnification, under 

varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11 

a) 

a) 

a) 

a) 

b) 

b) 

b) 

b) 

c) 

c) 

c) 

c) 
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Figure 9. The morphological structure of Fe3O4 observed through SEM at 10,000 x magnification, 

under varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11 

4. Characterization Results Using EDS 

Further, the results of the elements or content of the sample after synthesis can be determined 

from the EDS results. Figure 10 shows the elements found in varying pH value that have been 

synthesized with pH 9 as more details can be seen in Table 2.  

 

 

 

 
Figure 10. The elements detected via EDS in varying pH conditions: (a) pH 9, (b) pH 10, and (c) pH 11. 

 

 

 

 

a) b) c) 

a

) 

b

) 

c

) 
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Table 2. The elemental composition percentages identified through EDS were synthesized at pH 
9, 10, and 11. 

pH 9 pH 10 pH 11 

Element Mass (%) Element Mass (%) Element Mass (%) 

C 15. 16 C 6. 43 C 8. 95 
O 17. 54 O 25. 78 O 15. 80 
S 2. 44 Al 0. 66 Al 0. 67 
Cl 1. 73 S 1. 55 S 0. 13 
Ti 1. 99 Cl 1. 17 Ti 0. 97 
Fe 61. 13 Ti 1. 32 Fe 65. 54 
  Fe 63. 08   

Total mass (%)   100. 00 

 

In the pH 9 specimen, the highest mass content of elements are Fe at 61.13% and O at 17.54%. 

Additionally, coagulant elements formed during synthesis include C (15.16%), S (2.44%), Ti 

(1.99%), and Cl (1.73%). For the pH 10 specimen, Fe is the highest at 63.08%, followed by O at 

25.78%. Coagulant elements present are C (6.43%), S (1.55%), Ti (1.32%), Cl (1.17%), and Al 

(0.66%). In the pH 11 specimen, Fe content is highest at 65.54%, and O is 15.80%. Other 

coagulant elements include C (8.95%), S (0.13%), Ti (0.97%), and Al (0.67%). 

Discussion 

1. Synthetic  

Based on the analysis of the three Fe3O4 nanomaterial synthesis results, it was found that the 

three samples had identical colours, i.e. concentrated black. Magnetite has a black pigment, so 

it is known as black iron oxide, while iron like hematite and maghemite have other 

characteristics: red and brown [28]. From the results of this research the powder was produced 

is a concentrated black powder that marks the characteristic characteristics of the magnetite 

(Fe3O4) nanoparticles.   

FeCl3 is used as a source of Fe3+ ions and FeSO4 solution as a Fe2+ ion source because ferrous 

and ferric ions are the basis of the Fe3O4 nanoparticles synthesis. The formation of 

nanoparticles by co-precipitation of the solution is done by sedimentation with NH4OH which 

provides a base atmosphere in the solution system. A black precipitate will form as soon as 

the solution of the first reaction is mixed with the base solution. This rapid reaction of 

formation is the cause of a nanosized Fe3O4 particle. The resulting iron oxide deposits are 

concentrated in black, indicating the formation of Fe3O4. [29]. In addition to black, the three 

samples formed are also magnetite particles that have been shown to interact with the 

magnetic field. 

2. XRD Characterization  

On the XRD, the width of the diffraction peak can provide information about the size of the 

crystal. The smaller the crystal size, the larger the diffraction of the fragmented peak. This is 

known as peak expansion due to the wider crystal size distribution. Increases in diffraction 

peak intensity can occur due to increased number and diversity of smaller crystal sizes. The 



   P-ISSN: 2615-1278, E-ISSN: 2614-7904 

408 
 

size of the crystals in this study was influenced by the changes in the pH used in the synthesis 

process. At a higher pH, this process can be more controlled, producing smaller particles due 

to more crystal core formation and more limited crystal growth [30]. Therefore, the Fe3O4 pH 

11 sample has a smaller particle size than the other sample. 

Increased pH levels during Fe3O4 synthesis can significantly influence the nucleation and 

crystal growth processes. This phenomenon often leads to a decrease in particle size as the pH 

of the solution rises. The mechanism behind this phenomenon involves the interplay of 

interfacial tension and ionic forces during the dissolution and recrystallization processes, 

ultimately resulting in either increased particle growth or a specific reduction in surface area 

[31]. The surplus of ions present in the solution leads to a decrease in interfacial voltage, 

slowing down the particle growth rate. As a result, the overall particle size tends to decrease, 

or the surface area becomes more specifically reduced as pH levels increase during synthesis 

[24]. 

During the preparation phase, it is crucial to regulate the size of nanoparticles to ensure their 

suitability for applications such as drug delivery and hyperthermia treatment in cancer 

therapy. Nanoparticles ranging from 10 to 100 nm are considered optimal for these purposes. 

All three samples examined in this research yielded magnetite nanomaterials within this size 

range, indicating their potential utility in biomedical applications. Their extended flow 

duration within the body is attributed to their ability to bypass the reticuloendothelial system 

and access small vessels. In the case of magnetic nanoparticles, smaller sizes enhance their 

penetration and retention effects, leading to maximum nanoparticle accumulation at the 

intended site [32]. 

3. SEM Characterization 

Analysis using SEM aims to determine surface morphology on nanomaterials Fe3O4. Based on 

the analysis of the three samples using SEM with magnifications of 500 times, 1000 times, 3000 

times, 5000 times, and 10,000 times, the particle details on the iron sand sample have an 

irregular and rough shape. This can be stated from previous research, in which the obtained 

magnetite structure is irregular and tends to form aggregates [33]. The SEM test also revealed 

particles that cling to each other, resulting in agglomeration.  This agglomeration occurs due 

to the instability of the particles in the solution during the synthesis process so that in order to 

stability, these particles will try to bind to each other [34].  

This study found that increased pH can affect particle agglomeration. Some factors that can 

explain the relationship between high pH and agglomeration involve changes in particle 

surface properties and equilibrium between interparticle styles. At a high pH, changes in ion 

balance in the solution can affect the co-precipitation and particle formation processes. More 

hydroxide ions can interact with iron ions, alter the solution balance, and ultimately affect the 

agglomeration. Increased pH can cause an increase in hydroxide (OH-) ions in the solution. If 

Fe3O4 particles have a negative surface load, an increase in hydroxide ions can reduce the 

negative surface charge. This can reduce torque between particles, which can increase the 

agglomeration [35]. 
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Furthermore, the sample exhibits a non-uniform particle size distribution, as evidenced by the 

particle distribution results. These findings indicate that higher pH levels used in the synthesis 

process led to greater variability in the sizes of the formed crystals. The influence of increased 

pH on reaction speed and particle formation mechanisms can significantly impact the time 

required for crystal formation and the types of phases formed. If phase formation is not 

uniform, it can adversely affect the uniformity of crystal sizes [36].  

4. EDS Characterization 

Based on the results of the analysis, the three samples of the synthetic results contained the 

iron and oxygen elements that form the Fe3O4 nanomaterial of Tianyar iron sand as the base 

material, as well as containing several other corrosives, such as carbon, sulphur, titanium, 

aluminium, and chloride.  In the process of Fe3O4 synthesis using co-precipitation methods, 

pH adjustment can affect the iron content produced. The iron element (Fe) is the main 

component in the synthesis of Fe3O4 as a precursor and this process is designed to create 

simultaneous precipitates of the iron compound with other compounds. At a higher pH, 

hydroxide (OH-) ions will be more present in the solution. Hydroxide ions can react with iron 

ions (Fe2+) and (Fe3+) to form less soluble iron hydroxide compounds. This process allows for 

the formation of more efficient iron precipitates, which can ultimately produce a higher iron 

content in the final product [37]. 

The presence of oxygen (O) is a crucial component of the structure of the synthesized 

compound Fe3O4. In the synthesis reaction, oxygen derived from water molecules (H2O) 

actively contributes to the formation of the Fe3O4 structure by facilitating oxide bonds between 

iron atoms. As such, the presence of oxygen elements in the synthesis of Fe3O4 via the co-

precipitation method is inherent to the oxide compound's structure. Consequently, iron and 

oxygen are not considered contaminants or additional elements but are fundamental 

constituents of the magnetite nanomaterial produced. However, it's essential to recognize that 

excessively high pH regulation may influence the formation of other compounds or induce 

unfavourable conditions. Therefore, pH regulation must be optimized to ensure that reaction 

conditions are conducive to the optimal formation of Fe3O4. This optimization is critical to 

guaranteeing the desired characteristics and properties of the synthesized nanomaterial. 

In the three samples also found the carbon element (C) with the highest presentation. The 

presence of carbon elements in the final product may be derived from a certain source or factor 

during the synthesis process. Carbon is assumed to be black carbon, derived from a sample 

that cannot be dissolved during the washing process and does not evaporate during the 

calcination process [38]. In addition, during the synthesis process iron particles can capture 

carbon from the air, especially if the experimental conditions are not carried out in an entirely 

carbon-free environment or if laboratory settings are inadequate. 

In addition, titanium and sulphur were found in each of the three samples. In synthesis with 

pH 9 and 10 chloride was found, but pH 11 was not found. Then in pH 10 and 11 aluminium 

was found but in pH 9 was not. The presence of titanium (Ti) and aluminium (Al) elements in 

Fe3O4 synthesis products by co-precipitation methods may be caused by certain factors and 

conditions during the synthesisation process. [39]. The presence of the chloride element (Cl) in 
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the Fe3O4 synthesis by the co-precipitation method is due to the use of chloride compounds as 

a precursor or solution of the reagent during the synthesisation process. In some synthetic 

protocols, a hydrochloric acid solution (HCl) was used as a reagent to influence reaction 

conditions or accelerate sedimentation. The use of HCl can cause the chloride element to enter 

the final product. The presence of the sulphur element (S) in the Fe3O4 synthesis by the co-

precipitation method is influenced by the additive raw material or additive agent used in the 

synthesis, namely iron sulphate (FeSO4), which contains sulphur compounds that can enter 

the final product. 

Conclusion 

Magnetite (Fe3O4) nanomaterials were successfully synthesized using co-precipitation 
method with pH variations (9, 10, 11) based on Tianyar iron sand so that they formed a 
powder of Fe3O4 nanomaterials that is black and can be attracted by magnets on the three 
samples. The characteristics of the Fe3O4 nanomaterials from the synthesized sample can be 
demonstrated from both XRD and SEM-EDS results.  The parameters of the mesh and the 
particle size produced on the sample with pH 9, 10, and 11 in succession are a = 8, 59 Å with 
18, 00 nm; a = 8, 81 Å with 14, 69 nm; a= 8, 80 Å with 13, 68 nm. It appears that the higher the 
pH used, the smaller the particle size produced. According to SEM-EDS characterization 
results, the sample displays a rough morphology with particle agglomeration, resulting in 
uneven particle distribution. However, the elemental composition analysis reveals that iron 
(Fe) and oxygen (O), the primary elements in Fe3O4 nanomaterial formation, constitute the 
highest percentage, alongside trace elements including carbon (C), aluminum (Al), sulfur (S), 
titanium (Ti), and chlorine (Cl). 
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