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INTRODUCTION

In recent years, the value of global water re-
sources has increased significantly due to the con-
tinuous growth of the global population and the 
accelerated development of society. Of the 70% 
of the Earth that is covered by water, only 2.5% is 
freshwater, and the available freshwater resources 
are exceedingly scarce (Dhakal et al., 2022; Hu et 
al., 2024). There are a lot of undesirable impacts 
caused by the high turbidity levels found in most 
surface water resources used for drinking water 
(Mardani et al., 2021). Polluting rivers, lakes, and 
reservoirs are the byproducts of agricultural and 
animal facilities. These include nutrients, fertil-
izers, siltation, pesticides, metals, and diseases 
(Chhetri et al., 2022). 

The possible interaction with downstream 
treatment processes and unfavorable impacts on 
consumer acceptance make effective reduction of 
turbidity one of the key aims in effective drinking 
water treatment. The filter can become premature-
ly clogged due to turbidity, which would disrupt 

the filtration process. Customers may be put off 
by the appearance of cloudiness in finished water, 
leading them to believe it is not clean or safe to 
drink. This is only one way in which turbidity af-
fects water acceptance (Soros et al., 2019). For 
water that will be disinfected, the World Health 
Organization recommends < 1 NTU turbidity, 
while water that is acceptable to the human eye 
requires < 4 NTU (Organization, 2011).

Two major rivers, the Tigris and the Euphra-
tes, pass through Iraq. The industrial, agricul-
tural, and domestic sectors all make use of river 
water in some way. Due to wastewater discharge 
from towns and businesses, river water qual-
ity has been dropping, especially in the last 30 
years (Ali Abed et al., 2019; Al-Madhhachi et 
al., 2020; Salih et al., 2024). Therefore, the wa-
ter needs to undergo sufficient physical, chemi-
cal, and technological processing to meet quality 
standards (Salih et al., 2021).

Direct filtration, coagulation/settling treat-
ment methods, membrane-based systems (Dha-
min and Majeed, 2022; Al-tamimi et al., 2025), 
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and adsorption-based systems (Ahmed et al., 
2021) are commonly used to remove organic mat-
ter (including SOCs), suspended particles, turbid-
ity, and raw water sources from these sources. 
Nevertheless, there is no single, cost-effective, 
and efficient water treatment process. By employ-
ing alum- or polymer-based coagulants to elimi-
nate turbidity, color, organic matter, and other 
contaminants, numerous drinking water treatment 
facilities implement flocculation and coagulation 
systems (Chhetri et al., 2022). Coagulation has 
been considered one of the general methods for 
removing turbidity during wastewater treatment 
due to its minimal capital and operational costs 
(Zhou et al., 2017; Msemwa et al., 2025).

Traditional coagulation and flocculation meth-
ods may be implemented to eliminate a substan-
tial quantity of organic matter, oil, and suspended 
solids (Al-Rubaie et al., 2015; Mohammed and 
Shakir, 2018). The process of coagulation is the 
process by which suspended particulates and col-
loids are destabilized to facilitate their aggrega-
tion. The process is defined as the destabilization 
and charge neutralization of the particle as a re-
sult of the addition of a positively charged ion of 
metal salt or polyelectrolyte (Alwared and Faraj, 
2015; Abdulameer and Makki, 2016). When par-
ticles that have coagulated come together, they 
form larger flocs, a process known as flocculation. 
Flocs are removed by sedimentation because their 
density is higher than water’s (Farajnezhad and 
Gharbani, 2012; Jamaly et al., 2015; Mohammed 
and Abbas, 2017; Salih et al., 2021). Coagulation 
and flocculation process could be a pretreatment 
for reverse osmosis (Algureiri and Abdulmajeed, 
2016), forward osmosis (Kadhim et al., 2024), 
pressure retarded osmosis (Salih et al., 2024), 
crystallization (Salih and Al-Alawy, 2022), and 
zero liquid discharge systems (Mohammadtabar 
et al., 2019). In most cases, alum (Al2(SO4)3) or 
ferric chloride (FeCl3) are used for this purpose 
(Mustereț et al., 2021; Msemwa et al., 2025).

The basic scientific interest in magnetic 
nanoparticles and their wide-ranging practical 
applications have led to their rapid development. 
Nanomaterials based on magnetic principles are 
now very desirable due to their increased sur-
face area, small size, and wide range of potential 
uses (Stiufiuc & Stiufiuc, 2024; Deivasigamani 
et al., 2025; Khujamberdiev and Cho, 2025). 
Among the many novel properties of iron oxide 
nanoparticles (MNP) include their homogeneous 
size distribution, high magnetic permeability, 

large surface area, low cost, bioactivity, reduced 
toxicity, ease of recycling, and enrichment by 
magnetic separation (Chen et al., 2016; Deiva-
sigamani et al., 2025).

Rather than using traditional coagulation, 
magnetic coagulation is now used to treat waste-
water because of its exceptional properties. A new 
development in coagulation technology, mag-
netic seeds are introduced during the procedure. 
Magnetic seeds, which resemble small sus-
pended particles, serve as coagulation nuclei by 
raising the effective collision rate of particles; 
hence, magnetic particle addition improves floc 
aggregation and coagulation efficiency. As a re-
sult of the forces exerted by Johannes van der 
Waals, colloidal particles and magnetic powder 
particles agglomerate together. Adsorption and 
bridging of flocculants cause the flocs to agglu-
tinate and grow even more. Flocculants, mag-
netic seeds, and pollutants all come together to 
produce magnetic complexes, which enhance 
the efficacy of pollutant removal. Subsequently, 
a magnetic separation device may recycle the 
magnetic seeds, lowering the material cost, and 
great specific gravity and quick sedimentation 
allow for solid-liquid separation (Demissie et 
al., 2021; Ritigala, Chen, et al., 2021; Gao et al., 
2022; Mohamed Noor et al., 2022).

Magnetic coagulation technology has been 
widely used in water treatment due to its many 
advantages. These include a large treatment ca-
pacity, low energy consumption, high treatment 
efficiency, simple operation, low sludge yield, 
and a significant reduction of follow-up load 
(Chen et al., 2016; Hatamie et al., 2016; Cai et 
al., 2018; Lv et al., 2021; Ritigala, Demissie, 
et al., 2021; Gao et al., 2022). Coagulation and 
flocculation technologies are improved as well 
by MNPs inclusion. Even at low dosages, co-
agulant/focculant(s) functionalized with MNPs 
have been shown to increase the efficiency of 
water treatment. An external magnetic field 
can be employed to achieve entire recovery of 
used/exhausted magnetic coagulant/focculant 
and to shorten settling time (Chen et al., 2019; 
Mohamed Noor et al., 2022). Given all these 
benefits, water treatment technology employing 
magnetic coagulant/focculants has received in-
creasing attention from researchers and profes-
sionals (Mohamed Noor et al., 2022).

This study aims to synthesis of magnetic 
nanoparticles Fe3O4 (MNP1) by co-precipitation 
method and magnetic nanoparticles coated with 
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citric acid (MNP2) to extract pure water from the 
Tigris River in Baghdad City in Iraq by using the 
coagulation and flocculation process. Using these 
materials in a coagulation and flocculation pro-
cess was the first attempt to purify water from the 
Tigris River. Water scarcity makes clean water all 
the more crucial in Iraq. The current study high-
lights the efficiency of the MNP1 and MNP2 in 
producing pure water by coagulation and floccu-
lation process and compares the efficiency with 
traditional coagulants. The coagulant dosage and 
pH were studied. The efficiency was evaluated 
according to turbidity and removal efficiency.

EXPERIMENTAL WORK

Materials

FeCl3.6H2O (98%, India) was purchased 
from Thoms Baker, FeCl2.4H2O (99%, India) 
was purchased from Thoms Baker, NH4OH 
(25%, Belgium) was purchased from Chem-
LAB NV, citric acid (99%, India) was pur-
chased from Thoms Baker, Al2(SO4)3 (97%, 
India) was purchased from HiMedia, NaOH 
(97%, India) was purchased from HiMedia, 
HCl (35–38%, India) was purchased from 
Thoms Baker, distilled water, clay from the 
Tigris River escarpment were used for the syn-
thesis of MNP1 and MNP2 and for the coagu-
lation and flocculation process.

Synthesis of Fe3O4

MNP1 were synthesized by using co-
precipitation method. 4.30 g FeCl2.4H2O and 
11.68 g FeCl3.6H2O were dissolved in 200 ml 
of distilled water in a three neck flask. The flask 
was equipped with reflux and the solution was 
bubbled with nitrogen for 10 min after salts 
were completely dissolved. After that, 45 ml 
of 25% NH4OH was added and the reaction 
mixture was stirred and bubbled for 60 min 
at 80 °C. After that the black precipitate was 
washed with distilled water several times until 
pH reach to 7 followed by drying overnight at 
60 °C (Ban et al., 2022). 

Synthesis of citric acid coated Fe3O4

The MNP1 powder that synthesized previous-
ly was dispersed in 200 ml distilled water under 

sonication and then heated to 90 °C followed by 
the addition of citric acid. The reaction proceeds 
for 1 h under stirring and the concentration of cit-
ric acid 0.5 g/ml. After that the product MNP2 
washed with distilled water several times until pH 
reaches 7, after that drying the MNP2 overnight 
at 60 °C (Li et al., 2013).

Characterization technique

Using an Angstrom Advanced Inc ADX2700 
X-ray diffractometer, the materials’ crystal phase 
and structure were examined, employing Cu-
Kα radiation within the range of 2θ = 10–80°. 
Using the KBr pellet technique, the samples’ 
Fourier transform infrared (FTIR) spectra were 
acquired using a Bruker Vector 22 spectrome-
ter between 450 and 4000 cm−1. Field emission 
scanning electron microscopy (FE-SEM) (In-
spect f50 made in Netherlands, FEI company) 
was used to examine the shape of the MNPs. An 
EDS system, attached to the FE-SEM, was used 
for the energy dispersive spectroscopy (EDS) 
investigation. In addition, atomic force micros-
copy (Core AFM 2023, Nanosurf AG, Switzer-
land) was used to examine the shape and size 
of MNP1 and MNP2. Additionally, the zeta po-
tential of the nanoparticles was examined using 
Bookhaven 2013, USA.

Coagulation and flocculation experiments

A jar test with six beakers of 500 ml was 
used for the coagulation and flocculation experi-
ments. The Tigris River water samples with a 
turbidity of 50 NTU were placed in a volume 
of 300 ml in each beaker. Different types of co-
agulants were used in the experiments (Alum, 
FeCl3, MNP1, and MNP2) with different dos-
ages (10–110 mg/l), and different initial pH val-
ues (3–9). Each experimental run was agitated 
at 200 rpm for 1 min, and then at 50 rpm for 
20 min. Then the samples were left to settle for 
30 min, and a sample 2 cm from the top was tak-
en to measure the turbidity by a turbidity meter 
(Lovibond TurbDirect, Germany). The removal 
efficiency is determined as:

 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸, % = (1 − 𝐶𝐶
𝐶𝐶𝐹𝐹

) × 100 

 

𝐷𝐷 = 𝐾𝐾 𝜆𝜆
𝛽𝛽 cos 𝜃𝜃 

 (1)

where: C is the turbidity after the coagulation and 
flocculation process, and CF is the turbid-
ity of the feed solution.
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RESULTS AND DISCUSSION

Characterization of magnetic nanoparticles

The mineral phases and crystal sizes of 
MNP1 and MNP2 were determined using XRD. 
According to the results, the cubic spinal struc-
ture of magnetite was indicated by the diffrac-
tion peak positions (2θ = 30.22°, 35.56°, 43.17°, 
53.81°, 62.8°, and 62.97°) of MNP1. Similarly, 
MNP2’s (2θ = 30°, 35.55°, 43.4°, 53.9°, 62.85°, 
and 63.1°) were nearly identical, indicating that 
the citric acid coating does not cause the phase 
change of Fe3O4 (MNP1) (Singh et al., 2014) as 
shown in Figure 1. This finding agrees with the 
peak positions of magnetite reported in Singh et 
al. (Singh et al., 2014) and Liu et al. (Liu et al., 
2018) and JCPDS No. 01-1111.

To find the average size of the crystallites, the 
Debye-Scherrer equation was utilized:

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑅𝑅𝐸𝐸𝐸𝐸𝐸𝐸, % = (1 − 𝐶𝐶
𝐶𝐶𝐹𝐹

) × 100 

 

𝐷𝐷 = 𝐾𝐾 𝜆𝜆
𝛽𝛽 cos 𝜃𝜃  (2)

In this case, θ is the diffraction angle for the 
peak width at half height, K is a constant of 0.9, 
and λ is a wavelength of 0.154 nm. Comparing 
MNP1 and MNP2, the average size of the crys-
tallites was 14.83 nm and 3.51 nm, respectively. 
This corresponds with the particle size discussed 
in AFM analysis. 

Figure 2 shows the FTIR spectrum of MNP1 
and MNP2. The spectra of MNP1 and MNP2 

show notable bands at around 583 and 619 cm−1, 
which are linked to the Fe-O bond. The -OH 
groups are thought to be responsible for the broad 
bands observed at 3420 cm-1. The C-H groups are 
thought to be responsible for the broad bands ob-
served at 2925 and 2854 cm-1. The FTIR spectrum 
of MNP2 indicated that the citric acid coating on 
the magnetic nanoparticles was successful be-
cause it showed a peak at 1631 cm−1, which corre-
sponds to the C = O bending vibration (symmetric 
stretching) from the -COOH group of citric acid, 
and a beak at 1465 cm−1, which corresponds to the 
asymmetric stretching of C = O from the -COOH 
group. We attribute the peak of MNP1 and MNP2 
at 1113 and 1112 cm−1 to C-O stretching. These 
results were confirmed with Li et al. (Li et al., 
2013) and Singh et al. (Singh et al., 2014).

The average particle diameter of MNP1 was 
91.51 nm and that of MNP2 was 63.89 nm, as 
shown in the AFM pictures presented in Figure 
3. Because of improvements in dispersion and 
decreased agglomeration caused by reduced di-
pole-dipole interactions, surface modification has 
reduced the size of MNP2 compared to MNP1. 
These findings are in agreement with the zeta po-
tential values covered in zeta potential section. 

Both MNP1 and MNP2 were shown in FE-
SEM images in Figure 4. Both MNP1 and MNP2 
photos show that the nanoparticles are uniformly 
shaped and exhibit minimal indications of aggre-
gation. Particle size of MNP2 is smaller than that 

Figure 1. The XRD of MNP1 and MNP2
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Figure 2. The FTIR of MNP1 and MNP2

Figure 3. AFM of a) MNP1, and b) MNP2
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of MNP1 because, as previously stated, MNP2 
exhibits less agglomeration than MNP1, this is il-
lustrated in Figure 4.

The EDS spectra of the synthesized MNP1 
was shown in Figure 4a. It was noted that Fe, O, 
and C were present. The result clearly demon-
strated that MNP1 included larger percentages 
of Fe and O components. Figure 5b shows the 
EDS spectrum of MNP2, which shows the pres-
ence of O, Fe, and C compounds. The fact that 
the C and O compositions increased and the Fe 
content dropped (as shown in Figure 4b) sug-
gests that MNP2 was formed when citric acid 
coated MNP1.

As demonstrated in Figure 5, the surface 
charges of the MNP1 and MNP2 were determined 
using zeta potential analysis. According to the 
findings, their zeta potentials are 31.05 mV and 
-34.04 mV, respectively. Accordingly, MNP2 is 
more stable than MNP1, which aggregates more 
quickly because to its lower absolute zeta poten-
tial value. Since MNP1 aggregates quickly, its 
particle size is greater. One reason is that citric 

acid’s -COOH functional groups can be deproton-
ated to -COO-. As a result, MNP2 surfaces were 
significantly negatively charged (Liu et al., 2018).

Coagulation and flocculation process

Since magnetic nanoparticles (MNPs) can be 
readily regenerated by a magnetic field, their ef-
fects on removal efficiency and economic ben-
efits necessitated their investigation. Four co-
agulants (alum, FeCl3, MNP1, and MNP2) were 
used to examine the efficiency of coagulation 
and flocculation process. Results demonstrated 
that coagulant dosage significantly affected pol-
lutants, and that higher dosages resulted in faster 
turbidity reduction rates (Figure 6). The removal 
rate rose to a certain point and then dropped as 
the dosage was raised. The optimum dosage of 
alum, FeCl3, MNP1, and MNP2 was 70, 30, 30, 
and 30 mg/l, respectively. The turbidity removal 
rate reached 91.28% when the amount of alum as 
a coagulant was 70 mg/l. The turbidity remov-
al rate reached 96.28% while using 30 mg/l of 

Figure 4. FE-SEM and EDS for a) MNP1, and b) MNP2
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FeCl3 as a coagulant. At 30 mg/l, the turbidity 
removal rate reached 81.46% while using MNP1 
as a coagulant. At 30 mg/l, MNP2 demonstrated 
(highest efficiency) a turbidity removal efficien-
cy of 96.92%. 

Within a limited range, increasing the dos-
age of coagulants, particularly coated MNPs, is 
equated to increasing the crystal nucleus. MNPs, 
on the other hand, raise the probability of par-
ticle collision and further enhance floc forma-
tion. A magnetic copolymer is formed when 

citric acid-coated MNPs (MNP2) are adsorbed in 
flocs. This copolymer has a more compact struc-
ture and includes more pollutants, leading to im-
proved contaminant removal (Zheng et al., 2020). 
Overdosing causes destabilization, which in turn 
causes poor interaction between the pollutant 
and, according to Stockes’ law, a decrease in the 
settlement velocity of the particles, which in turn 
causes removal to decline. Increasing the doses 
typically increases turbidity and decreases re-
moval efficiency. Furthermore, this outcome was 

Figure 5. Zeta potential for a) MNP1, and b) MNP2
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brought about by the following: the flocs’ mag-
netic susceptibility stayed largely unchanged, the 
coated magnetic nanoparticles reached adsorp-
tion saturation on their surface, and an excess of 
MNPs collided, diminishing the flocculation ef-
fect and leading to resource waste.

The removal efficiency reached its highest 
at pH = 6 and steadily declined when the pH 
was varied, as illustrated in Figure 7. The maxi-
mum removal efficiency of alum (91.28%), 
FeCl3 (96.28%), MNP1 (81.46%), and MNP2 
(96.72%) were observed when the initial pH 
was 6.0. A lower rate of pollutant removal was 

observed for starting pH values that were ei-
ther lower than 6 or higher than 6. Magnetic 
coagulation’s efficacy in removing pollutants is 
highly sensitive to pH, largely because of the 
significant impact that pH has on the adsorp-
tion performance of magnetic nanoparticles 
(Tang and Lo, 2013). The zeta potential of the 
magnetic seeds is affected by the pH, which in 
turn affects the efficacy of magnetic separation 
(Serrão Sousa et al., 2017). Because the electro-
static repulsion force increases as the pH rises 
or falls, changing the pH does little to aid in the 
removal of pollutants since it raises the surface 

Figure 6. Effect of coagulant dosage on a) turbidity, and b) removal efficiency
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load of the MNP2. That is why pH 6.0 produced 
the optimal results.

CONCLUSIONS

The coagulation and flocculation process with 
synthesized magnetic nanoparticles coated with 
citric acid was examined on Tigris River water. 
The results show that MNP2 has a great removal 
efficiency in coagulation and flocculation process. 
The characterization confirms successful synthe-
sis of MNP1 and successful coating of citric acid 

for MNP2. The FTIR analysis demonstrated the 
formation of a C=O groups resulting from the 
coating of citric acid on manetic nanoparticles, in-
dicating effective structural integration. The mean 
diameter of MNP1 and MNP2 were 91.51 nm 
and 63.89 nm, respectively. The surface charge of 
MNP1 was positive while, the surface charge of 
MNP2 was negative. The removal efficiencies of 
the coagulants have the order of MNP2 > FeCl3 > 
alum > MNP1, the removal efficiency of MNP2 
higher than that of FeCl3, alum, and MNP1 by 
0.46%, 6%, and 18.73%, respectively. The opti-
mum initial pH value for four coagulants were 6.

Figure 7. Effect of pH on a) turbidity, and b) removal efficiency
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