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INTRODUCTION 

The water is primary source of survival for 
both humans and all living things. Therefore, wa-
ter quality is a major factor for the general health 
of humans and living and aquatic organisms. De-
spite that, some characteristics of natural water 
have been changed due to wrong methods used 
to dispose of human waste and organic or inor-
ganic pollutants and dumping them continuously 

into the water stream (Pica, 2021). By 2025, two-
thirds of the world’s population could face wa-
ter deficiency and it is worth noting that Egypt 
is one of the countries facing the risks of water 
scarcity because of the continuous growth in 
population while the water resources are limited. 
As the continuous population increase with agri-
cultural and industrial development, large quanti-
ties of untreated municipal waste and industrial 
wastewater are disposed of in the Nile River or 
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ABSTRACT
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was negative, while ΔH° and ΔS° values found to be positive, which means that the adsorption of P was a spon-
taneous, random and endothermic operation. In general, Fe3O4 and WO3 nanoparticles had a high efficiency in 
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in the agricultural drains, which makes this water 
unsuitable for human use and other living organ-
isms, since it contains of dangerous bacteria and 
viruses and organic and inorganic compounds 
that threaten public health, as indicated by Go-
maah et al. (2021). Therefore, the increasing 
need for clean water at low prices is one of the 
most human goals necessary for the continuation 
of human life and all other living creatures. The 
use of non-conventional water sources and the 
reuse and treatment of industrial and agricultural 
wastewater has become a necessity to reduce the 
consumption of natural water and highlight its 
importance. It should be mentioned that the kind 
and concentration of contaminants affect natural 
running water in different ways. 

One such contaminant that negatively affects 
water quality and the living organisms in it is 
phosphate (P), which is a necessary nutrient in the 
natural water environment. The element is often 
found in low quantities. P quantity in water can 
increase due to man-made sources of residues and 
waste such as detergents, fertilizers, pesticides, 
additives, improper disposal of domestic sew-
age and industrial wastewater, agricultural runoff 
from crop irrigation water, and wastewater from 
animal fattening fields (Segun & Olalekan, 2021). 
All of these can lead to a rise in P concentration, 
which causes a change in environment and wa-
ter quality and leads to the damage of the natural 
food chain of aquatic organisms through a lack of 
the quantity of oxygen dissolved in water neces-
sary for support the survival and growth of living 
organisms, as this may lead to end its life, due 
to lack of oxygen due to the growth of harmful 
aquatic algae and aquatic plants from eutrophica-
tion (Chen et al., 2013).

The Environmental Protection Agency (EPA), 
states that the overall amount of P in water streams 
should not be more than 0.05 mg/L (Khodadadi et 
al., 2017). Taha et al. (2004) mentioned that the P 
concentration in Egypt in irrigation canals is be-
tween 7 and 10 mg/L, while in drainage channels 
is from 2 to 12 mg/L. 

Most traditional treatment methods such as 
biological treatment, chemical oxidation, chemi-
cal precipitation, physicochemical, and others are 
generally effective, but often require high cost, 
labor and energy, and sometimes do not reach 
the required efficiency. This is why the ability 
to reduce pollutants from water efficiently, ef-
fectively and at low cost and bring them to safe 
levels is so important, so advanced technologies 

have been resorted to produce clean water with 
high efficiency and at low cost that is safe for hu-
mans or the environment (Adeleye et al., 2016). 
Therefore, the usage of affordable sorbents has 
received a lot of attention in recent years, where 
cost has been considered an important criterion 
in choosing the technology to absorb pollutants 
such as P, whether synthetic sorbents or natural 
sorbents (Mishra et al., 2010). Therefore, in this 
regard, nanotechnologies can play an important 
role because of its unique and distinctive proper-
ties. Nanomaterials can offer a wide range of ap-
plications because they have a very large adsorp-
tion capacity; therefore, they have recently been 
widely applied in polluted water purification and 
treatment processes. Recently, a lot of studies tar-
geting removal of different specific pollutants in 
water by nanomaterials have been done, because 
it has often been proven to be highly efficient and 
inexpensive, as pointed out (Adeleye et al., 2016). 
Metal oxides, such as Fe3O4, ZrO2 and CuO, has 
been widely explored to remove P as they exhibit 
substantial adsorption to it (Chen et al., 2015). 
The advantages of using adsorption with metallic 
nanomaterials are their absorbable nature, ability 
to regeneration of sorbents used in many applica-
tions (through their adsorption property), flexibil-
ity in design, operation and economic recovery 
of P (Suhas et al., 2016). It should be mentioned 
that using nanotechnology in natural treatment 
of water and sewage not only indicates its ability 
to overcome various challenges associated with 
the recognized traditional technology, but also re-
fers to the exploration of a modern and distinct 
technology for wastewater treatment and reuse, 
taking into account the economic aspects and in-
ternational water quality standards to achieve the 
highest effectiveness and efficiency at the lowest 
cost (Adeleye et al., 2016).

Among the used metal oxide nanoparticles, 
tungsten oxide (WO3) particles matter has been 
highly studied for its effective properties in re-
moving contaminants from water. In contrast, 
despite its high pollutant removal properties, its 
potential for adsorption organic compounds such 
as P has not been adequately studied yet (Singh & 
Madras, 2013). Moreover, among the afore-men-
tioned metallic nanomaterials, Fe3O4 is one of the 
classic, very effective nanoparticles that are used 
on a huge and large scale in wastewater treatment 
(Panneerselvam et al., 2011) as well as absorp-
tion of P, organic pollutants and other pollutants 
that affect the nature and water quality. That is 
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why a great deal of attention was devoted to Fe3O4 
due to its excellent stability, constant availabil-
ity, depressed cost, high efficiency in removing P, 
non-toxicity and excellent insulating properties. 
Therefore, the goal of this study was to assess NPs 
potential as a modern and reasonably cost technol-
ogy to remove ions of P from aqueous solutions. 
Two NPs materials were used in this study, Fe3O4 
and WO3 to remove P from aqueous solutions. 
The current work was conducted with the aim of: 
examining the performance and effect of Fe3O4 
and WO3 in removing P ions from water solution; 
studying the influence of operational factors on 
the efficiency for adsorption, such as: dosage of 
adsorbents, initial concentration of P, retention 
period, pH and temperature; comparing adsorp-
tion capacity for the two tested NPs materials to 
know the efficiency of each of them in removing 
P from water; investigating the use of Langmuir 
and Freundlich Isotherms and adsorption ther-
modynamics; evaluating of study the influence of 
kinetics on biosorption; studying the biosorption 
properties of them by Fourier transform infrared 
(FT-IR) spectra and examining its structure using 
scanning electron microscopy (SEM) and Energy 
Disperse X-ray (EDX). Optimal operational pa-
rameters have been applied to agricultural waste-
water using Fe3O4 NP and WO3 NP.

MATERIAL AND METHODS

Chemical materials

Two NPs materials were used in the current 
study, Fe3O4 and WO3 to remove P from aqueous 
solutions. The used magnetite (Iron (IV) Oxide 
Nanoparticles) (Fe3O4) MNPs is 25 nm in diam-
eter and 99.5% purity as stated by the manufac-
turer (Co., Cairo, Egypt). The tungsten (VI) ox-
ide nanoparticles (WO3) (purity, 99.5%) had been 
purchased from Sigma-Aldrich (United States of 
America). All solutions utilized for the trials have 
been synthesized from analytical chemicals. Prior 
to use in the experiments, the reaction containers 
were washed numerous times with de-ionized wa-
ter after being cleaned with 10% HNO3. Phosphate 
solution (P) of 1000 mg/L was created by dissolv-
ing KH2PO4 in distilling water. The actual concen-
tration of each solution used was evaluated and di-
luted as needed based on the necessary doses. The 
required pH value of the solutions was controlled 
using a solution of (0.1 M) NaOH and (0.1 M) HCl.

Characterization of nanoparticles

Several techniques can be used to character-
ize the crystal structure of NPs, such as Scanning 
Electron Microscopy (SEM), Energy Disperse X-
ray (EDX) and Fourier transform infrared spectra 
(FT-IR). These techniques are employed to ascer-
tain the size, elemental content of surface, shape 
and crystallinity of NPs.

Batch experiments procedure

It is worth noting that some previous studies 
have been used, which have set the limits of the 
variables affecting the processes of removing pol-
lutants using nanoparticles but in this research, 
the range limits of the variables affecting the ef-
fectiveness of P removal from aqueous solutions 
using nanoparticles have been expanded to de-
termine the best variables that achieve the high-
est results for the removal. Furthermore, the best 
ideal variables were used in the case of P removal 
from real samples of agricultural wastewater by 
nanoparticles. Therefore, experiments were car-
ried out in 15 mL polypropylene batches, then the 
concentration of P was adjusted and the adsorbent 
was added to the aqueous solutions, and after that 
it was blended in a shaker of water bath to con-
trol the temperature. The variables considered in 
this research; the dosage of adsorbent (0.01–1.5 
g/L), the initial P concentrations (5–250 mg/L), 
retention period (10–1440 minutes), pH (2–13), 
and temperature (15– 60 °C). The samples were 
placed into a shaker that rotates at the velocity of 
120 rpm; then, those tubes were transferred to the 
centrifuge that rotates at the velocity of 4000 rpm 
and this continued for 30 minutes. The remain-
ing P ions were separated and its concentration 
was measured. All experiments were tested for 3 
samples and the average result was considered. 
Finally, the capacity of adsorption (mg/g) was de-
termined using the Eq. 1:
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(1)

where:  Co – the initial P ions quantity concentration 
(mg /L);       
Ce – the P ions quantity concentration at the 
equilibrium (mg /L);     
V – the volume of solution (L);   
W – the weight of adsorbent nanopar-
ticles (g).
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In addition, the removal ratio % of P (R%) was 
calculated using Eq. (2) (Mahdavi et al., 2012).
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Theoretical basis 

Adsorption isotherm studies

Adsorption isotherm is important to clarify 
the amount of pollutants that were absorbed in the 
adsorption process. Therefore, the obtained data 
from experimental results will be analyzed us-
ing equations of Langmuir & Freundlich, as they 
are the most often employed equations (Vinod K. 
Gupta et al., 2011).

Adsorption kinetics studies

The kinetics study is very important for un-
derstanding the adsorption movement of P ions 
during different time periods on a large time scale, 
to examining the mechanisms of adsorption such 
as motility and a chemical reaction, and to under-
stand and to predict how time affects movement 
in the absorption process. Therefore, to evaluate 
and interpret the provided data, an appropriate 
kinematic model is needed. The most popular 

models used for this are pseudo-first-order & 
pseudo-second-order models (Örnek et al., 2007).

Adsorption thermodynamics 

For evaluating the thermodynamic perfor-
mance of P adsorption by Fe3O4 and WO3 NPs, 
thermodynamic coefficients including Gibbs free 
energy change (ΔG°), enthalpy change (ΔH°), 
and entropy change (ΔS°) are utilized (Burdzy et 
al., 2022; Mohammadi et al., 2011).

Statistical analysis

Prior adsorption tests were conducted three 
times, and the results were averaged for them. 
The statistical functions of Microsoft Excel were 
used to perform the necessary computations, such 
as kinetic models’ and isotherms’ (R2) coefficients 
of determination.

RESULTS AND DISCUSSION

Characterization of the adsorbent

A Scanning Electron Microscopy (SEM) anal-
ysis was applied to determine the surface forms 

Figure 1. SEM image before adsorption of (a) Fe3O4 NPS (b) WO3 NPS

a)

b)
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Figure 2. SEM image after adsorption of (a) Fe3O4 NPS (b) WO3 NPS

a)

b)

Figure 3. EDX image before adsorption of (a) Fe3O4 NPS (b) WO3 NPS

a)

b)
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of Fe3O4 and WO3 NPs, SEM images of Fe3O4 
and WO3 NPs (magnification power 5,000x) are 
shown in Figure 1 and Figure 2 before and af-
ter absorption respectively. The SEM images af-
ter adsorption (Figure 2) showed that the surface 
of the Fe3O4 and WO3 NPs was heterogeneous, 
irregular in shape and with a rough surface, but 
Fe3O4 grains were relatively rougher than WO3 
and this explains the high qe adsorption capacity 
obtained in the results, where the surface areas of 
adsorbent materials increase along with surface 
roughness, which gives more interactions to the 
adsorption sites (Mahdavi et al., 2014, 2020).

The Energy Disperse X-ray (EDX) measure-
ments are shown in Figure 3 and Figure 4 before 
and after adsorption, respectively. The EDX mea-
surements of the adsorbents indicate the purity 
degree on the surfaces of particles. In Figure 3, 
which shows the state of the adsorbent materials 
before adsorption, it was concluded that Fe3O4 is 
composed of 75% Iron (Fe) and 25% Oxygen (O) 
while WO3 is composed of 90% Tungsten (W) and 
10% Oxygen (O), this indicates that there are no 
impurities in the nanoparticles. Figure 4 confirms 

the adsorption of P using EDX measurements, 
since the proportion of P after adsorption was ap-
proximately 0.6% and less than 0.2% for Fe3O4 
and WO3 respectively, and these conclusions are 
close to that reported by Chaki et al. (2015) and 
Mahdavi et al. (2020).

The Fourier transform infrared (FTIR) spec-
trum of Fe3O4 and WO3 NPs is shown in Figure 5 
and Figure 6 before and after absorption, respec-
tively. The absorption peak of Fe3O4 NPs was at 
3384 cm-1 as shown in Figure 6a due to the O-H 
stretching vibration caused by hydroxyl clusters 
of water on nanoparticles, and absorption has 
been repeated several times; it appeared at 3167, 
1630, 1479, 1441, 1077, 899, and 799 cm-1, ab-
sorption peaks at 636 and 504 cm-1 is correspond-
ing to the Fe–O bond Vibration of Fe3O4 NPs. The 
results are close to the values indicated by Chaki 
et al. (2015) who reported that the absorption peak 
was between 468.80–695.29 cm−1, corresponding 
the Fe–O bond vibration. Figure 6b shows the 
spectrum of WO3, the peak of absorption at 3449 
cm-1 is due to the O-H stretching, and absorption 
has been repeated several times; it appears in the 

Figure 4. EDX image after adsorption of (a) Fe3O4 NPS (b) WO3 NPS

a)

b)
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Figure 5. FT-IR image before adsorption of (a) Fe3O4 NPS (b) WO3 NPS

Figure 6. FT-IR image after adsorption of (a) Fe3O4 NPS (b) WO3 NPS

b)

a)

a)

b)
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range of 3420–2000 cm-1 and 1802–1201 cm-1, the 
largest absorption peaks appeared at 848 cm-1 cor-
responding to the W–O bond vibration of WO3 
NPs. The study results for these peaks were close 
to the values indicated by Khan et al., (2018) who 
reported that the largest absorption peak was be-
tween 500–900 cm-1 corresponding to the W–O 
bond vibration.

Optimization of process variables

The dosage of adsorbent effect 
(nanoparticles initial concentration) 

To explore Fe3O4 and WO3 NPs dosages im-
pact on P adsorption and to determine the opti-
mal dose of NPs used in the experiment, various 
doses of nanoparticles were used with range be-
tween 0.01 to 1.5 g/L (retention time = 40 min-
utes, pH= 3.0, initial P concentration= 50 mg/L, 
temperature= 25 °C, vibration velocity= 120 
rpm) were tested. Figure 7 displays the relation 
between the dose of the adsorbent which is the 
nanoparticles used, versus the removal ratio of P.  
The findings revealed that once the dosage of ad-
sorbent was raised (from 0.01 to 1) g/l, the ratio 
of removal has increased from 64.14 to 81.5 % 
for Fe3O4 and from 63.2 to 78.1% for WO3 NPs. 
Similarly, qe increased from 32.52 mg/g to 41.32 
mg/g for Fe3O4 and from 32.05 mg/g to 39.6 
mg/g for WO3 when dosage of the adsorbent in-
creased from 0.01 to 1 g/l. However, when the 
adsorbents dose was raised from 1.25 to 1.5 g/L, 
a relative stability occurred, accompanied by a 
small decrease in P removal from 81.10 to 81.0%  

for Fe3O4 and from 77.80 to 75.75 % for WO3 
NPs. Similarly, qe decreased from 41.12 to 41.07 
mg/g for Fe3O4 and from 39.45 to 38.41 mg/g for 
WO3. The reason for the decrease in P adsorption 
may be due to the increase of the dose of Fe3O4 
and WO3 which increased the agglomeration of 
the sorbent molecules, then caused shrinkage 
and reduction of surface area for the active ma-
terial, leading to lower removal efficiency of P, 
or due to the interference between the binding 
sites; therefore, 1.0 g/L was considered the opti-
mal dose for this experiment and this was also in 
agreement with the experiments of  Moharami & 
Jalali (2014) and Rahmani et al. (2010).

Initial concentration effect of phosphate 

Different P initial concentrations (5, 10, 20, 
50, 70, 100, 150, 250 mg/L) were used to deter-
mine the initial concentration effect of P on its re-
move ratio (at pH 3.0, the dosage of adsorbent = 
1.0 g/L, retention time = 40 minutes, temperature 
= 25 °C and vibration velocity = 120 rpm). Figure 
8 showed that the removal ratio rose as the ini-
tial P concentration increased, while the uptake 
of P decreased. When the initial P concentration 
was low (5 mg/L), the P removal ratio were 91.64 
and 87.14% for Fe3O4 and WO3 NPs respectively 
and qe was 5.77 and 5.49 mg/g for Fe3O4 and WO3 
NPs respectively. When the initial P concentra-
tion were raised to 250 mg/L, the removal ratio 
was 53.1 and 51.4% for Fe3O4 and WO3 NPs re-
spectively, and qe was 133.07 and 128.81 mg/g 
for Fe3O4 and WO3 NPs, respectively. The rea-
son for this may be that when the amount of P 

Figure 7. The dosage of adsorbent effect on phosphate removal (initial P concentration, 
50 mg /L; retention time, 40 min; PH, 3.0; temperature, 25 °C)



295

Journal of Ecological Engineering 2023, 24(3), 287–303

concentration increases with the stability of the 
adsorbent material, the sites of active of the sor-
bent surface are full of P ions until they reach 
the state of complete saturation. Therefore, the 
amount of added P above the permissible limit 
exceeded the adsorbent capacity of the sorbent, 
causing a decrease in P ions absorption, so it can 
be concluded that large concentrations of P can 
be absorbed, but the concentration of adsorbent 
doses must be increased and this is in agreement 
with the opinion of Wahab et al. (2011). 

Retention time effect

Without a doubt, the process of adsorption de-
pends on time. Figure 9 illustrates the relationship 
between retention time and removal ratio (at the 

dosage of adsorbent = 1.0 g/L, pH = 3.0, initial P 
concentration = 50 mg/L, temperature = 25 °C, 
vibration velocity = 120 rpm). 

In this figure, the adsorption rate of P ions 
was fast in the first 40 minutes of the experiment. 
The removal ratio increased from 78.76% at 10 
min to 81.5% for at 40 min for Fe3O4 NPs and 
from 74.13% at 10 min to 78.1% at 40 min for 
WO3 respectively. Similarly, when retention time 
was extended from 10 min to 40 min qe increased 
from 39.9 to 41.32 mg/g for Fe3O4 and from 
37.6 to 39.6 mg/g for WO3. According to Pan et 
al. (2010) the uptake of P using Fe3O4 NPs was 
extremely rapid and equilibrium was achieved 
quickly. It was concluded from the results in 
Figure 9 that the rate of adsorption is extremely 

Figure 8. Initial concentration effect of phosphate on phosphate removal (retention 
time, 40 min; adsorbent dosage, 1.0 g/ L; pH, 3.0; temperature, 25 °C)

Figure 9. Retention time effect on phosphate removal (initial P concentration,  
50 mg/ L; dosage of adsorbent,1.0 g/ L; PH, 3.0; temperature, 25 °C)
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rapid for the first 40 minutes of the experiment for 
both adsorbents (Fe3O4 and WO3 NPs) and then 
decreases by increasing the contact time, until 
it reaches the stage of stability. Mustapha et al. 
(2019) indicated that significantly increased rate 
of P uptake at the starting of the contact time may 
be due to the presence of a substantial number of 
empty adsorption sites ready for the adsorption 
process, which resulted in a significant increase 
in the adsorption rate of P; Then, a slight decrease 
in the adsorption rate occurred with the increase 
in time, which could be due to the arrival of most 
of the binding sites to the saturation phase, and 
as the time continued to increase, the overlap be-
tween the binding sites increased; this brought 
about an increase in the agglomeration of P ions 
around the surface of the adsorbent particles, and 
thus the rate of P uptake was decreased. This is in 
agreement with Edet and Ifelebuegu (2020)

PH effect 

The pH is one of the most crucial variables 
impacting absorption. Adsorption was investigat-
ed across a pH range of 2 to 13 in order to identify 
the ideal pH for maximum removal of P ions (at 
the dosage of adsorbent= 1.0 g/l, retention time= 
40 minutes, initial P concentration= 50 mg/l, tem-
perature 25 °C, vibration velocity= 120 rpm). The 
results of removing P from aqueous solutions by 
Fe3O4 and WO3 NPs depending on changes in pH 
values are shown in Figure 10. It was revealed 
that the largest absorption of P was at the acidic 
pH range from 2 to 7; then, absorption decreased 
when the pH was increased. The maximum 

obtained P removal ratio was at pH= 2 by 82.05% 
and 78.88% for Fe3O4 and WO3 NPs, respectively, 
and the capacity of adsorption qe of 41.6 mg/g and 
40.5 mg/g for Fe3O4 and WO3 NPs, respectively. 
It was noticed that a significant absorption of P 
by Fe3O4 NPs was achieved at pH range from 2 to 
4, where removal ratio values ranged from 82.05 
to 80.36% and qe from 41.6 to 40.75 mg/g, and a 
significant decrease occurred at pH= 7 to reach 
the lowest removal value of 65.54% at pH of 13.  
It was also observed that for WO3 NPs, a signifi-
cant absorption of P was achieved at pH range 
from 2 to 4, where removal ratio ranged from 
78.88 to 75.76% and qe from 40.5 to 38.41 mg/g. 
There was a slight decrease from 4 to 7, and 
then a large decrease, starting from pH 10 to 13, 
where the removal ratio value reached 58.34% at 
pH=13. The increase in the P removal rate at low-
er pH levels could be attributed to the fact that a 
surface of nano adsorbent material contains more 
active sites and a positive charge. Awual et al. 
(2011) stated the reason is due to the nature of the 
reaction at low pH since the surface of the Nano 
adsorbent material is working as anodes while the 
negative P ions are working as cathodes (P ions 
are present in aqueous solutions in the form of 
HPO4

2- or H2PO4
-), so an electrostatic interaction 

occurs between them. Therefore, the removal of P 
ions can be attributed to electrostatic force or ion 
exchange (Long et al., 2011). In turn, as the pH 
rises, the absorption of P ions decreases because 
when pH rises, the amount of surface hydroxyl 
reduces, so the negative charge on surface of the 
nano adsorbents increases, and thus electrostatic 

Figure 10. The pH effect on phosphate removal (initial P concentration, 50 mg/ L; 
dosage of adsorbent, 1.0 g /L; retention time, 40 min; Temperature, 25 °C)
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interaction decreases, which leads to a decrease in 
P absorption, and this is consistent with the opin-
ion of Long et al. (2011).

Temperature effect

 Figure 11 illustrated the temperature effects 
(15 °C, 20 °C, 25 °C, 45 °C, 60 °C) on the re-
moval efficiency of P by Fe3O4 and WO3 NPs (at 
the dosage of adsorbent = 1.0 g/L, pH= 2.0, reten-
tion time= 40 minutes, initial P concentration= 50 
mg/L, and vibration velocity= 120 rpm). It was 
noted that the ability of NPs to absorb P increased 
along with temperature as that the highest P re-
moval ratio occurred at a temperature of 45 °C, 
where it was 82.56% and 78.68% for Fe3O4 and 
WO3 NPs respectively. Results demonstrated that 
with increasing temperature (from 15 to 45) °C, 
the ratio of P removed increased from 79.46 to 
82.56% and from 71.34 to 78.68% for Fe3O4 and 
WO3 NPs respectively. Similarly, with increasing 
temperature (from 15 to 45) °C, qe rose from 40.29 
to 41.86 mg/g for Fe3O4 and from 36.17 to 39.89 
mg/g for WO3 which explains that the absorption 
process is more appropriate at high temperatures. 
Mustapha et al. (2019) indicated that the reason 
for the rise in adsorption when the temperature 
rises can be attributed to the increase in kinetic 
energy of substance particles at elevated heat, 
which induces an increase in the collision ampli-
tude between the solute ions and adsorbent par-
ticles. When temperature continued to rise from 
(45 to 60) °C, there was a decrease in the absorp-
tion of P, where the removal ratio of P decrease 
from 82.56 to 80.32% and from 78.68 to 77.48% 

for Fe3O4 and WO3 NPs, respectively. Similarly, 
with increasing temperature (from 45 to 60) °C 
the qe values decreased from 41.86 to 40.73 mg/g 
for Fe3O4 and from 39.89 to 39.28 mg/g for WO3. 
This could be due to the fact that when the tem-
perature increased beyond the required limit, the 
bonds between the molecules of the adsorbent 
material and P ions broke down, causing a de-
crease in the absorption of P ions again. There-
fore, it can be considered that the ideal tempera-
ture that achieved the highest absorption of P was 
at 25 to 45 °C, and this outcome is consistent with 
Mahdavi et al. (2020) and Yoon et al. (2014). 

Application of phosphate removal by 
nanoparticles to agricultural wastewater

This part aimed to apply the nano-treatment 
technology to a real sample of agricultural waste-
water discharged in Diarb Negm drain in Shark-
ia Governorate, Egypt which contains a large 
amount of P fertilizers resulting from the agri-
cultural drainage of agricultural lands. Through 
the experiment, the amount of P in the agricul-
tural drainage water sample mentioned above 
was measured and it was found that it contains an 
amount of P of 66 mg/L. The samples were op-
erated under the best operating conditions which 
achieved the highest amount of adsorption in the 
experiments that conducted on aqueous solution 
of P, at (pH = 2.0, retention time = 40 minutes, 
temperature = 45 °C, adsorbent dose = 1.32 g/L, 
vibration velocity = 120 rpm), samples were sub-
sequently centrifuged for 30 minutes at 4000 rpm.  
The removal ratio of P reached 77.3% and 75.42% 

Figure 11. Temperature Effect on phosphate removal (the dosage of adsorbent, 
1.0 g/ L; initial P concentration, 50 mg/ L; PH, 2.0; retention time, 40 min)
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for Fe3O4 and WO3 NPs respectively, as shown in 
Table 1. As a result, nanoparticles can be used in 
treatment of agricultural drainage to remove pol-
lutants, due to the speed of nanoparticles in re-
moving pollutants and their high efficiency. 

Theoretical basis

The effect of Adsorption isotherms 

The data obtained from equilibrium adsorp-
tion were analyzed using the isotherms method to 
investigate how P ions interact with adsorbents in 
dynamic balance at fixed temperature. Isotherm 
studies help in evaluating the distribution of ac-
tive sites on the surface of the adsorbent material, 
and provide information regarding the maximum 
absorption capacity (Gupta et al., 2011), which is 
useful information for comparison between differ-
ent adsorbents. Therefore, two different isotherms 
have been applied, namely Langmuir (Eq. 3)  
and Freundlich (Eq. 5) models. 

The Langmuir equation for isotherms adsorption

The following equation is a representation of 
the linear function for the Langmuir adsorption 
isothermal:

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
(𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑅𝑅𝑅𝑅 % =
( 𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 )

𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜
× 100 

 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

= ��
1

𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�+ �

1
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

�𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒� 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿  =  �
1

1+𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿
� 

 

log 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = log𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 +
1

n log𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

log(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = log𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − � �
𝐾𝐾𝐾𝐾1

2.303
� 𝑡𝑡𝑡𝑡 � 

 

t
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

= �
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2 
�+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

∆𝐺𝐺𝐺𝐺o = −𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 =
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 

 

Ln 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 =
∆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅
−
∆𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇
 

 

 

(3)

where: qe – is the quantity of P ions adsorbed per 
unit weight of the required nanoparticles 
during a specified equilibrium (mg/g); 
Ce – the P ions quantity concentration at 
the equilibrium (mg /L);    
qmax – the maximum amount of P ions 
per unit weight of nanoparticles needed; 
KL – the Langmuir constant linked to the 
affinity of P ions binding sites (L/mg) 
(Gupta et al., 2011).
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where:  RL – is a factor called the equilibrium co-
efficient as specified in the equation. 

RL is applied to indicate whether process if 
(0.0 < RL< 1.0) is favorable process, if (RL > 1) 
is unfavorable process, if (RL = 1.0) is linear pro-
cess, and if (RL= 0.0) is irreversible process (Mer-
oufel et al., 2013).

Langmuir model was used to model the ab-
sorption of P ions as mentioned in Table 2. The 
table describes the coefficients values of Lang-
muir model for P ions adsorption on Fe3O4 and 
WO3 NPs. The RL values is 0.3406 and 0.3417 
for Fe3O4 and WO3 NPs so the process is favor-
able (0 < RL <1) where the scores tend towards 
zero (this indicates that absorption is perfect 
and irreversible) (Meroufel et al., 2013). The 
qm values were (0.98, 1.048) mg/g for Fe3O4 
and WO3 NPs respectively, and KL values were 
about (0.0543, 0.0541) L/mg for Fe3O4 and WO3 
NPs respectively. The value of qm expresses the 
effectiveness of the adsorption of substances, 
and it was found that the value of qm for WO3 
NPs is higher than qm for Fe3O4 NPs, and this 
is contrary to the results obtained through ex-
periments. Moreover, the linear regression coef-
ficients (R2) were equal to 0.9374 and 0.9373 for 
Fe3O4 and WO3 NPs respectively. Therefore, it 
is considered that the Langmuir model is inap-
propriate for analyzing the P ions biosorption by 
Fe3O4 and WO3 NPs.

The Freundlich equation for isotherms adsorption

An experimental model called a Freundlich 
isotherm displays inhomogeneous adsorption 
energies at the adsorbent surface (Mittal et al., 
2010). Freundlich model means multi-layered and 
heterogeneous adsorption (Freundlich, H., 1906). 
Freundlich model assumes several assumptions 
for the adsorption state, namely:
1. Adsorption can occur in several layers, making 

it difficult to reach the state of saturation.
2. The Freundlich model is based on the assump-

tion that active sites on the surfaces are strongly  
heterogeneous.

3. Freundlich’s model presupposes that the ad-
sorption process in solutions in the case of het-
erogeneous surfaces is more responsive.

Table 1. Results of phosphate from the agricultural wastewater (Removal ratio and adsorption capacity) by Fe3O4 
and WO3 NPs

The concentration of 
P in the agricultural 
wastewater sample

66 mg/L

Fe3O4 NPs WO3 NPs

Removal ratio
R (%)

Adsorption capacity
qe (mg/g)

Removal ratio
R (%)

Adsorption capacity
qe (mg/g)

77.3 39.27 75.42 38.31
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The Freundlich equation can be expressed in 
its linear form as:
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(5)

where: qe – the quantity of P ions adsorbed per 
unit weight of the required nanoparticles 
during a specified equilibrium (mg/g);   
Ce – the P ions quantity concentration 
at the equilibrium (mg /L);    
KF – is Freundlich factor indicates the ca-
pacity of adsorption (mg /g);    
n – constant that symbolizes the strength 
of adsorption.

Table 2 summarize the Freundlich isotherms 
coefficients. The coefficient of Freundlich distri-
bution (KF), and the quantity of energies of the ad-
sorption and desorption can be estimated from the 
constant (n), and 1/n is a factor of heterogeneity. 
The adsorption capacity and strength are related 
to the heterogeneity coefficient 1/n. A lower value 
of 1/n means that the surface is not homogeneous. 
The closer 1/n is to zero, the greater the adsorp-
tion surface inhomogeneity (Abdo, 2022). If the 
n value was confined between 1 and 10, then the 
adsorption capacity is high, where if the n values   
are less than 1.0, this means that the adsorption 
capacity is small (Edet & Ifelebuegu, 2020). Ac-
cording to Table 2, Freundlich’s KF values and 
n values were (8.92, 1.74) and (7.04, 1.61) for 
Fe3O4 and WO3, NPs respectively. The values of n 
of Fe3O4 and WO3 NPs were more than 1, which 
means the adsorption capacity is high. In addi-
tion, the Freundlich model’s R2 regression coef-
ficient was 0.9846 and 0.9874 for Fe3O4 and WO3 
NPs, respectively, which indicate that Freundlich 
model is more appropriate and since the R2 for 
Freundlich isotherms is more than that of Lang-
muir, so the Freundlich model outperforms the 
Langmuir model in terms of data fitting.

The effect of adsorption kinetics

To better comprehend the characteristics of 
adsorption process with the contact time, pseudo 
first order and pseudo second order adsorption 

models were used to obtain the fitting of the ex-
perimental data from batch trials. Kinetic param-
eters for adsorption of phosphate onto nano ad-
sorbent are presented in Table 3.

Pseudo first order equation

The following equation provides a represen-
tation of the kinetic model of pseudo first order:
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(6)

where: qe – is the quantity of P ions adsorbed per 
unit weight of the required nanoparticles 
during a specified equilibrium (mg/g);  
qt – the quantity of P ions adsorbed per 
unit weight of the required nanoparti-
cles during a specified time (mg/g);   
K1 – is the pseudo first order adsorption 
rate constant (min-1) (Simonin, 2016);   
t – is the contact time of tests (hr).

Table 3 shows that the pseudo first order mod-
el’s correlation coefficients (R2) were low, since 
its value was equal to 0.6776 and 0.423 for Fe3O4 
and WO3 respectively. Therefore, this model is 
not suitable and not compatible to express the ki-
netic model of the experimental data.

Pseudo-second-order equation

The following equation provides a representa-
tion of the kinetic model of pseudo second order:

𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 =
(𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒) 𝑉𝑉𝑉𝑉

𝑊𝑊𝑊𝑊
 

 

𝑅𝑅𝑅𝑅 % =
( 𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 − 𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒 )

𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜
× 100 

 

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

= ��
1

𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
�+ �

1
𝑞𝑞𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

�𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒� 

 

𝑅𝑅𝑅𝑅𝐿𝐿𝐿𝐿  =  �
1

1+𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜 𝐾𝐾𝐾𝐾𝐿𝐿𝐿𝐿
� 

 

log 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 = log𝐾𝐾𝐾𝐾𝐹𝐹𝐹𝐹 +
1

n log𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒
 

 

log(𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − 𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡) = log𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒 − � �
𝐾𝐾𝐾𝐾1

2.303
� 𝑡𝑡𝑡𝑡 � 

 

t
𝑞𝑞𝑞𝑞𝑡𝑡𝑡𝑡

= �
1

𝐾𝐾𝐾𝐾2 ∗ 𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒2 
�+

𝑡𝑡𝑡𝑡
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒

 

 

∆𝐺𝐺𝐺𝐺o = −𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 

 

𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 =
𝑞𝑞𝑞𝑞𝑒𝑒𝑒𝑒
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

 

 

Ln 𝐾𝐾𝐾𝐾𝑑𝑑𝑑𝑑 =
∆𝑆𝑆𝑆𝑆𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅
−
∆𝐻𝐻𝐻𝐻𝑜𝑜𝑜𝑜

𝑅𝑅𝑅𝑅 𝑇𝑇𝑇𝑇
 

 

 

(7)

where: qe – the quantity of P ions adsorbed per 
unit weight of the required nanopar-
ticles at equilibrium of specified (mg/g);  
K2 – is the pseudo second order rate con-
stant of adsorption (g/mg/min) (Ho & 
McKay, 1999);      
t – the contact time of the experiments (hr).

Table 3 displays the parameters and correla-
tion coefficients for pseudo second order. Accord-
ing to the R2 correlation coefficients, the second-
order model fits experimental data more strongly 

Table 2. The isothermal parameters for phosphate adsorption by the nanoparticle’s adsorbent
Adsorption isothermal Langmuir isothermal model Freundlich isothermal model

NPs adsorbent R² (mg/g) (L/mg) R² n (mg/g)

Fe3O4 NPs 0.9374 0.98 0.0543 0.9846 1.745 8.92

WO3 NPs 0.9373 1.048 0.0541 0.9874 1.6129 7.04
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than first order model, as it was found that the cor-
relation coefficient of the studied data is very high 
(R2 > 0.99). The calculated qe value from pseudo 
second order was nearby to the experimental qe 
value, since the calculate qe value was 37.87 and 
37.14 mg/g for Fe3O4 and WO3 NPs respectively, 
while the experimental values of qe was 41.32 and 
39.6 mg/g for Fe3O4 and WO3 NPs, respectively, 
which confirms that pseudo second order model 
matching P ions adsorption using the nanoparti-
cles (Upadhyay et al., 2021). Similar results were 
reported by Long et al. (2011) who indicated that 
pseudo-second-order kinetics are the ones that 
better represent P uptake. Since the absorption of 
P fits the pseudo second order kinetic model, this 
suggests that rate-determining stage of process is 
the chemical adsorption among P and active sites 
of the adsorbent. In accordance with the test re-
sults, it was concluded that the adsorption occurred 
mainly during the first hour of operation, then there 
was a decrease in absorption after that time.

Adsorption thermodynamics analysis

The evaluation of the thermodynamic perfor-
mance of P adsorption by Fe3O4 and WO3 NPs 
was completed using the thermodynamic analysis, 
where the thermodynamic response to adsorption 
of P from nanoparticles was evaluated using the pa-
rameters Gibbs free energy change (ΔG°), enthalpy 
change (ΔH°), and entropy change (ΔS°) (Katar-
zyna Burdzy et al., 2022; Mohammadi et al., 2011).
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where: T – is the temperature of the experiments 
(Kelvin K);      
Kd – represents the temperature equi-
librium constant;     
R – ideal gas constant, which is equal to 
(8.314 J mol-1K-1);    
qe – the quantity of P ions adsorbed per 
unit weight of the required nanoparticles 
during a specified equilibrium (mg/g);  
Ce – the P ions quantity concentration at 
the equilibrium (mg /L).

According to the results of thermodynamic 
equations, thermodynamic coefficients like (ΔG°, 
ΔH° and ΔS°) are of great importance when eval-
uating the practicality of thermodynamic and the 
adsorption mechanism character. Table 4 displays 
the simulated results for the thermodynamic coef-
ficients. Negative values of ΔG° acquired in the 
analysis indicate that the P ions adsorption by 
Fe3O4 and WO3 NPs is spontaneous and favorably 
of thermodynamic at all examined temperatures. 
Moreover, the values of ΔG° progressively in-
crease as the temperature rises, which indicates 
that increase in temperature has enhanced the 

Table 3. The kinetic parameters for phosphate adsorption by the nanoparticle’s adsorbent
Models of Kinetic Pseudo first model Pseudo second model

NPs adsorbent R² qe (mg/g) K1 (min-1) R² qe (mg/g) K2 (g /mg/min)

Fe3O4 NPs 0.6776 0.962 -0.0525 0.999 37.87 -0.7679

WO3 NPs 0.423 1.0509 -0.0345 0.999 37.146 -1.2118

Table 4. The parameters of thermodynamic for phosphate adsorption by the nanoparticle’s adsorbent
NPs adsorbent Temp Ln Kd ΔG° (KJ. ) ΔH° (KJ.) ΔS° (J.)

Fe3O4 NPs

15 +1.353 -3.24047

+ 1.0619 + 15.5171

20 +1.440 -3.50826

25 +1.482 -3.67366

45 +1.555 -4.11130

60 +1.4073 -3.89643

WO3 NPs

15 +0.9120 -2.18375

+ 5.0749 + 26.23208

20 +1.04719 -2.55097

25 +1.2718 -3.15118

45 +1.3056 -3.4529

60 +1.2353 -3.42014
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ability to adsorb P ions by nanoparticles, which 
means that higher temperature is more suitable for 
the process of adsorption. This was also indicat-
ed by Liu & Hu (2019), as they stated that when 
the temperature increases, the kinetic energy of 
the particles rises, this causes a rise in collision 
amplitude between the adsorbent material and P 
ions. The heat coefficients (ΔH°) for Fe3O4 and 
WO3 NPs were positive (+1.0619 and +5.0749), 
respectively. Positive values of ΔH° indicate that 
reaction is endothermic in the two processes. In 
turn, positive values of ΔS° for Fe3O4 and WO3 
NPs (+15.5171 and +26.232), respectively, con-
firm random increase in the reaction during the 
adsorption process. This is what is indicated by 
Katarzyna Burdzy et al. (2022).

CONCLUSION

Water quality is a major factor for the general 
health of humans, living organisms and aquatic 
life. By 2025, two-thirds of the world’s popula-
tion could face water deficiency and that it worth 
noting that Egypt is one of the countries facing 
the threats of water scarcity due to the continu-
ous increase in the population with limited water 
resources. Therefore, water quality assessment 
and treatment has become a global issue of hu-
man interest. It was necessary to highlight many 
issues of surface water purification, as well as the 
reuse of wastewater and its treatment of pollut-
ants in effective and low-cost ways. Phosphate 
(P) is one of the pollutants that negatively affect 
the quality of water and the living organisms in 
it. Therefore, the present work has been under-
taken with the objective of exploring mechanism 
for using Fe3O4 and WO3 NPs as effective ad-
sorbents to remove and dispose of P ions from 
agricultural wastewater. Adsorption of P using 
the aforementioned nanoparticles was studied in 
laboratory experiments using aqueous solutions 
of phosphate at contact time from 10–1440 min, 
at values of pH from 2–13 and at temperature 
from 15–60 °C. The analyses of the results indi-
cated that after chemical treatments, the P ions 
were absorbed efficiently from the water using 
Fe3O4 and WO3 NPs nanomaterials. The best re-
moval rate was achieved at 40 min, 2.0 pH and 
45 °C. The best ideal variants were applied to 
real samples of agricultural wastewater and the 
removal ratio of P reached 77.3% and 75.42% for 
Fe3O4 and WO3 NPs respectively. In addition, the 

results of laboratory experiments of adsorption 
of P from aqueous solutions of phosphate us-
ing the aforementioned nanoparticles were ana-
lyzed using pseudo first order & pseudo second 
order equations for examining adsorption kinet-
ics. The findings indicate that the pseudo second 
order fits better than pseudo first order since qe 
values computed from pseudo second order was 
nearby to the experimental qe value and the R2 

correlation coefficient for pseudo second order 
was greater than R2 value for pseudo first order. 
In addition, Langmuir & Freundlich theories 
were applied to describe P adsorption isotherms. 
These equilibrium data showed that Freundlich 
model is more suitable to represent results than 
the Langmuir model. In addition, the data were 
analyzed by thermodynamic equations and it was 
found that the process of P ions adsorption by 
Fe3O4 and WO3 NPs is spontaneous, random and 
endothermic. Further researches are needed for 
studying the adsorption efficiency of WO3 NPs 
for other pollutants.
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