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Abstract 
Phosphate is a primary nutrient required for the normal functioning of many 
organisms in the ecosystem. However, presence of excess phosphate into the 
aquatic systems leads to eutrophication which can promote harmful algal 
growth and decrease the amount of dissolved oxygen in water. Municipal, 
industrial and agricultural run-off wastewaters are the major point sources 
for phosphate discharges. There are different methods to remove phosphates 
from water. Among these, adsorption is the most widely accepted method for 
phosphate removal because of its high efficiency, minimum cost, easy and 
simple operation and applicability at lower concentrations. The emphasis of 
this review, is to consolidate low cost, environmentally friendly humic acid 
coated magnetite nanoparticles (HA-MNP) and its application for the re-
mediation of phosphate from aqueous media. The magnetic nanoparticles 
could be easily separated from the reaction mixture by using a simple hand 
held magnet and adsorption studies demonstrate the fast and effective sepa-
ration of phosphate with maximum removal efficiency > 90% at pH 6.6. The 
adsorption behavior follows the Freundlich isotherm and the removal of 
phosphate is found higher at acidic and neutral pH compared to basic condi-
tions. The nanoparticles exhibit good selectivity and adsorption efficiency for 
phosphate in the presence of co-existing ions such as Cl−, 2

4SO −  and 3NO−  

with some inhibition effect by 2
3CO −  and finally, the effect of temperature on 

the adsorption reveals that the process is endothermic and spontaneous. 
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1. Introduction 

Phosphorus is the mineral nutrient which is essential for all living species. It is 
one of the more understood nonrenewable available nutrients for fertilizers 
production [1]. Phosphate is a primary nutrient required for the normal func-
tioning of many organisms in the ecosystem. However, the presence of trace 
amounts of phosphate (even below 1 mg/L) in treated wastewater from munici-
palities and industries is often accountable for eutrophication which leads to 
short- and long-term environmental and esthetic problems in lakes, ponds, re-
servoirs, coastal areas, and other confined water bodies [2]. Nuisance algal 
blooms in eutrophic water bodies cause great negative consequences for ecosys-
tem functioning and ecosystem services. In fact, eutrophication in relatively 
static water bodies has become a worldwide water quality issue. Among essential 
nutrients, phosphorus (P) is widely recognized to regulate the algal blooms and 
to protect against nuisance in which average phosphorus concentration should 
not surpass 0.02 mg/L [3] [4]. Generally, the excessive presence of phosphorus in 
water bodies, which is mainly considered as a result of untreated sewage effluent 
and agricultural run-off, causes eutrophication problem which can promote 
harmful algal growth and decrease the amount of dissolved oxygen in rivers, 
lakes and seas. Eutrophication induces overgrowth of phytoplankton, thus dete-
riorating water quality, depopulating aquatic species and accelerating water 
scarcity. According to the Australian Water Quality Guidelines for Fresh and 
Marine Waters, the total phosphorus contaminant level in rivers and streams is 
controlled in the range of 0.010 - 0.100 mg/L; whilst the requirement for lakes 
and reservoirs is more stringent as 0.005 - 0.050 mg/L [2] [3] [5] [6]. 

Nowadays eutrophication has already become a globalized environmental 
problem in relatively stagnant water bodies and can cause comprehensive eco-
logical crisis of aquatic environment, such as the decrease of biological diversity, 
the loss of landscape function and the potential health risk to human beings [7] 
[8]. Phosphorus is well recognized as the limiting factor for eutrophication. 
Thus, the removal of phosphate, the main species of phosphorus, from wastewa-
ter before discharge is one of the most effective ways for eutrophication control 
[9]. Adsorption is a promising technology for the removal of phosphate. There-
fore, in recent years, investigations on adsorbents for immobilizing phosphate 
from water have been undertaken. As a consequence, phosphate removal, from 
wastewater has been considered as an important environmental sustainability 
concern [2]-[9].  

Methods of Phosphate Removal from West Water 

1) Biological, Chemical, Physical and Adsorption Methods 
Phosphate removal from water has attracted considerable research interest in 

the last few decades. Until now, a range of methods have been developed, mainly 
including biological chemical and physical treatments [10] [11] [12] [13] [14]. 
Biological methods, i.e. the conventional activated sludge process, can achieve 
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nearly 100% removal of phosphate. However, they are less effective at trace level, 
which is ascribed to the fact that the presence of insufficient phosphate lowers 
metabolism of microorganisms. Furthermore, specific care and strict control are 
often needed during implementation of biological methods [10] [11]. 

Chemical treatments using lime, alum, and iron salts have been mostly uti-
lized in phosphate removal, which suffer difficulty in sludge disposal and efflu-
ent neutralization [10] [12]. Physical methods, as in the case of reverse osmosis 
and electro dialysis, have been proven to be either too expensive or inefficient in 
removal [13] [14]. In comparison to the aforementioned methods, the adsorp-
tion process is promising for phosphate removal attributed to its attractive ad-
vantages, which is simple operation, high removal efficiency and fast adsorption 
rate, especially at low phosphate concentration. In general adsorption is one of 
the most attractive approaches in water treatment, with the advantage of having 
high removal efficiency without yielding harmful bi-products [4]-[9].  

It is well known that phosphates have a strong affinity for mineral surfaces. Its 
affinity for hydroxide surfaces depends on one hand on the anions’ complexing 
capacity, which allows binding to surface groups by ligand exchange reactions, 
and on the other hand on electrostatic interactions with the charged hydroxide 
surfaces. The total annual economic cost for the process incorporated with 
chemical precipitation was approximately 10% lower than that with adsorption. 
However, the adsorption process could reduce phosphate concentration in the 
discharge to a much lower level, as compared with the chemical method [13] 
[14] [15]. The development of materials with superior adsorption capacity could 
further enhance phosphate removal, minimize sludge disposal and eventually 
make adsorption cost-effective for practical application [16]. Furthermore, the 
adsorption is able to be used for not only phosphate removal, but also phosphate 
recovery. In recent years, there has been tremendous interest focusing on the fa-
brication of mesoporous materials and their potential in different practical ap-
plications. Some review papers have been devoted to the fabrication of meso-
porous materials and their use as adsorbents to remove ions, such as arsenate, 
chromate and molybdate [7] [8] [16] [17] [18] [19] [20]. Therefore, there is a 
wealth of literature on the study of P-adsorbent for phosphate removal from 
water, as recently reviewed [17]-[23]. However, though a high affinity to adsorb 
P is a prerequisite as a good P-adsorbent, additional aspects should also be taken 
into consideration for successful practical application. Among them, an adsor-
bent should be easily separated from water if one considers recycling the adsor-
bent material for repeated use, instead of onetime use.  

2) Magnetic Spinel Ferrites  
Magnetic spinel ferrites, which can be expressed as M(Fe3+)2O4 where M refers 

to a divalent metal ion such as Fe2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Mg2+, or Cd2+, 
etc., have the unique feature of superparamagnetism, hence, they can be easily 
separated from water by providing an external magnetic field. As ferrites are a 
kind of metal oxides, which are among the most investigated adsorbents for 
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phosphate removal from water/wastewater, they can be expected to be adsor-
bents for P removal [17] [18]. Previous studies have investigated the adsorption 
of P by the ferrites of Fe3O4, ZnFe2O4, CuFe2O4 and MnFe2O4 and showed that 
they could be directly used for P removal [20] [21] [22] [23]. Other studies indi-
cated that, without modification, the affinity of ferrite materials for phosphate 
was still limited. Recently, different strategies have been investigated on ferrites 
to develop P-adsorption materials with both easy separability from water and 
improved phosphate adsorption performance [22] [23] [24] [34]. 

3) Functionalization of Magnetic Materials  
In recent years, functionalization of magnetic materials with amine containing 

chemicals which have chelating ability was investigated to develop adsorbents 
for the removal of heavy metals. To date, ethylenediaminetetraacetic acid dis-
odium salt (EDTA-Na), ethanediamine and triethylenetetramine were success-
fully functionalized on magnetic particles [25] [26]. It is considered that grafting 
an element that has high affinity for P onto the surface of ferrites would be effi-
cient to fix P, as the reactive sites with high adsorption affinity could contact 
more directly with P in solution. Owing to the high ability of binding phosphate 
through strong ligand coordination, the rare earth element lanthanum (La) has 
been successfully used to modify zeolite, bentonite, lignocellulosic materials and 
so on to develop highly efficient P adsorbents [9] [27] [28].  

Phosphate can be adsorb on iron oxides to form a variety of surface species, 
including mononuclear monodentate, mononuclear bidentate, and binuclear 
bidentate (Figure 1). 

However, in most cases, iron oxides present slow adsorption kinetics owing to 
diffusion resistance and their separation from aqueous solutions after adsorption 
is difficult. Enhanced adsorption may be accomplished by reducing the iron 
oxides particles as nanoparticles. The equilibrium between phosphate ions in 
solution and solid surfaces may be altered by changing the concentration of 
phosphate ions in solution, the pH of the suspension, and other variables of less 
influence such as ionic strength and temperature [1] [29] [30] [31] [32].  

4) Nano-material Sciences 
In the present era of scarcity of water resources, effective treatment of waste-

water is a major prerequisite for growing economy. It is critical to develop and 
implement advanced wastewater treatment technologies with high efficiency and 
low capital requirement. Among various treatments, recent advanced processes 
in nano-material sciences have been attracting the attention of scientists. This  
 

 
Figure 1. Possible configuration of the phosphate surface complexes. 

O HP

OH

OH

OH

Fe
O H

P
OH

OH

Fe

Fe

O

O

HP
OH

OH

Fe
O

mononuclear monodentate
mononuclear bidentate          binuclear bidentate

https://doi.org/10.4236/jeas.2018.84013


T. Damena, T. Alansi 
 

 

DOI: 10.4236/jeas.2018.84013 260 Journal of Encapsulation and Adsorption Sciences 
 

includes four main classes; First, nano-adsorbents such as activated carbon, car-
bon nanotubes, graphene, manganese oxide, zinc oxide, titanium oxide, magne-
sium oxide and ferric oxides that are usually applied for removal of heavy metals 
from the wastewater.  

Second, nano-catalysts such as photocatalyst, electrocatalyst, Fenton based 
catalyst, and chemical oxidant have been shown the potential for removing both 
organic and inorganic contaminants. Third, nano membranes have been used 
for effective removal of dyes, heavy metals and foulants using carbon nanotube 
membranes, electrospun nanofibers and hybrid nano-membranes. Finally, the 
integration of nanotechnology with biological processes such as algal membrane 
bioreactor, anaerobic digestion microbial fuel cell and bio-chemically active ma-
terials found in soil such as humic acid were developed with respect to its poten-
tial for wastewater purification [33]. 

In recent years, iron based nanoparticles have been widely applied for envi-
ronmental remediation as mentioned above. The strong magnetic property of 
such nanoparticles enables separation of adsorbent and adsorbate by using a 
simple magnet. Magnetite, an iron oxide (Fe3O4) material shows the highest 
magnetism among all the naturally available minerals [34]. Application of bare 
magnetite nanoparticles (MNP) for the removal of toxic water contaminants 
have been reported in the literature (Table 1). However, the susceptibility to 
auto-oxidation, tendency to agglomerate and concerns over toxicity are the main 
challenges for the real life water treatment applications of bare MNP [32] [35]. 
The coating of natural organic matter (NOM) on the bare MNP surface has been  
 

Table 1. Application of magnetite nanoparticles for the removal of pollutant from water. 

No. Synthesis Method Coating agents 
Surface  

functionalized group 
Removal  

efficiency (%) 
Metal removed Ref. 

1 Thermolysis of precursors Dimercaptosuccinic acid Thiol group - 
Hg(II), Ag(I), Pb(II), 

Cd(II), Tl(I) 
[58] 

2 Co-precipitation Succinic acid Carboxylic group 
91As, but 100 for 

others. pH = 8 

Cr(III), Co(II), Ni(II), 
Cu(II), Cd(II), Pb(II), 

As(III) 
[64] 3 Thermolysis of precursors Ethylenediamine Amine group 

95 As but 100 for 
others pH = 8 

4 
Thermolysis of precursors followed 
by ligand exchange process 

Dimercaptosuccinic acid Thiol group 
97 As but 100 for 

others pH = 8 

5 Co-precipitation Humic acid 
Carboxylic and  
phenolic group 

99, pH = 6.5 - 8.1 Hg(II), Pb(II), 

[33] [43] 
[44] [45] 

[65] 

95, pH = 6.5 - 8.1 Cd(II), Cu(II) 

98.5, pH = 2.53 Rhodamine B 

>90, pH = 6.6 Phosphate 

6 Co-precipitation 
Carboxymethyl-β- 

cyclodextrin 
Carboxylic group 96.2 Cu(II) [66] 

7 
Crystallization from ferrous 
hydroxide gels 

Polyethylenimine Amine group - Cu(II) [67] 
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Continued 

8 Co-precipitation Dendrimers Amine group 90 Zn(II) [68] 

9 
Co-precipitation followed by a 
sol-gel process using sodium 
silicate (Fe3O4@SiO2) 

(3-aminopropyl) 
Trimethoxysilane 

Amine group - Pb(II), Cd(II), Cu(II) [69] 

10 
Stabilization of Fe0 nanoparticles 
with Fe3O4 

- - 47.8 Cr(VI) [70] 

11 
Bacterial reduction of  
schwertmannite 

- - - Cr(VI), Tc(VII) [71] 

12 Co-precipitation - - - As(V) [72] 

13 
Commercially available 
magnetite-maghemite mixture 
nanoparticles 

- - 65 As(V), As(III), Cr(VI) [73] 

14 Commercially available Magnetite - - 99 As(V), As(III) [74] 

15 
Modification of co-precipitation 
method 

Starch Hydroxyl group 91 As(V) [75] 

 
found useful in making the nanoparticles less toxic and more environmental 
friendly. Such thin coatings can also inhibit the agglomeration and auto-oxidation, 
which are the primary drawbacks associated with the use of bare MNP. In addi-
tion coating with NOM can potentially increase the adsorption capacity and se-
lectivity of the nanoparticles [36]. 

5) Humic Acid (HA) 
Humic acid (HA), a ubiquitous natural organic matter (NOM), is derived 

from plants, lignite, coal, soil, leonardite and microbial residues (Figure 2). HA 
possesses a number of organic functional groups including carboxylic acids, 
carbonyl groups and phenolic hydroxyl groups which can promote its complex-
ation with a variety of metal oxides [37] [38] [39] [40]. HA has a high affinity for 
magnetite (Fe3O4) and effectively coats bare MNP most likely through the sur-
face complexation ligand exchange reactions. Some studies have been reported 
on the removal of water contaminants using HA-MNP with primary focus on 
the removal of metal cations [41] [42]. 

Recent research activities demonstrated that the potential use of HA-MNP to 
successfully remove metal oxyanions (chromate), metal ions such as, Cu(II), 
Cd(II), Pb(II), Hg(II) and Rhodamine B from the aqueous media [33] [43] [44] 
[45] [61]. Humic acid coated magnetite nanoparticle (HA-MNP) can have tre-
mendous application (Table 1). Among these it is used to remove heavy metals 
from soil and west water in different contact time and dosage of adsorbate. This 
seminar report has reviewed the uses of adsorption to remove phosphate from 
the aqueous solutions using humic acid coated magnetic iron oxide (magnetite) 
nanoparticles as adsorbent.  

2. Chemicals for Synthesis of Humic Acid Coated Magnetite  
Nanoparticles (HA-MNP) 

Di-potassium hydrogen phosphate (K2HPO4 > 99.9%), ammonium hydroxide  
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Figure 2. Model structure of humic acid [40]. 
 
(NH4OH; 29.15%), sulfuric acid (H2SO4 > 95.6%), ferric chloride hexahydrate 
(FeCl3∙6H2O; 98.8%), sodium carbonate (Na2CO3; 100.4%) and sodium bicarbo-
nate (NaHCO3; 99.7%), NaOH, Humic acid sodium salt and ferrous chloride te-
tra hydrate (FeCl2∙4H2O > 99.0%) is used. In all cases, Millipore filtered water 
(18MΏ∙cm) was used to prepare the solutions [44] [45]. 

Synthesis of Bare Fe3O4 and Humic Acid Coated Magnetite  
Nanoparticles (HA-MNP) 

For different applications, several chemical methods can be used to synthesize 
magnetic nanoparticles: co-precipitation, reverse micelles and micro-emulsion 
technology, sol-gel syntheses, sonochemical reactions, hydrothermal reactions, 
hydrolysis and thermolysis of precursors, flow injection syntheses, and electro-
spray syntheses [46]. The synthesis of superparamagnetic nanoparticles is a 
complex process because of their colloidal nature. For metal removal applica-
tions, an adequate surface modification of the nanoparticles is a critical aspect 
regarding both selectivity and aqueous stability of these materials. To this end, in 
the last decade, organic and inorganic functionalized Fe3O4 nanoparticles have 
been developed and modifications of the synthesis methods mentioned above 
have been proposed. Among these Co-precipitation is probably the simplest and 
most efficient chemical pathway to obtain magnetic particles. The size and shape 
of the nanoparticles can be controlled by adjusting pH, ionic strength, tempera-
ture and nature of the salts [47] [48] [49] [50]. 

Procedure of Preparation 
The Fe3O4 nanoparticles and coating Fe3O4/HA was prepared by the co-precipitation 
method, FeCl3∙6H2O and FeCl2∙4H2O were dissolved into 100 mL of water in a 
three-neck round bottom flask connected with a reflux condenser. The solution 
was then purged with nitrogen in order to prevent Fe2+ ion oxidation. 6 M 
NaOH was added drop-wise into the solutions, to control the size and shape of 
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the nanoparticles by adjusting pH, ionic strength, temperature and nature of the 
salts and purging was continued for an additional 10 min. The mixture was then 
heated with magnetic stirring until the temperature reached to 90˚C. At this 
temperature, 10 mL of 25% ammonium hydroxide and 50 mL of 1% humic acid 
sodium salt were added simultaneously into the reaction mixture and kept at 
90˚C ± 5˚C for additional 30 min. The solution was then allowed to cool, washed 
with water several times to separate the nanoparticles from the free iron and 
humic acid. Finally, the black precipitate was purified using multiple water 
washes with magnetic separation of particles from the supernatant. The black 
precipitate obtained was stored at ambient temperature as a dry black powder 
(in a vacuum oven at 40˚C, for 24 h), ground magnetic nanoparticles were 
stored in a desiccator prior to use in the experiments [41] [42] [43] [44] [45] 
[51].  

3. Material Characterization 

Functional group of Fe3O4, HA and HA-Fe3O4 can be characterized by Fourier 
transform infrared spectroscopy (FTIR) was performed at room temperature. 
The crystal structure was analyzed by X-ray diffraction (XRD). Transmission 
electron microscopy (TEM) is used to determine the surface morphology and 
microstructure of the HA-MNP. The magnetic nanoparticles properties were 
measured by Vibrating sample magnetometer. Spectral scans of the synthesized 
nanoparticles were found between 550 - 4000 cm−1. The samples were sonicated 
for 30 min prior to dipping onto a silicone monoxide substrate grids, dried at 
room temperature and then analyzed. The leaching of HA was determined by 
measuring total organic carbon (by TOC analyzer) in solutions at different pH 
after the separations of the synthesized [41] [42] [43] [44] [45].   

Characterization of the Magnetite Nanoparticles and Coated  
Nanoparticles 

The TEM images of HA-MNP showed high crystallinity of magnetite nanopar-
ticles inside (Fe3O4 core) and disordered structure outside which is due to the 
coating of humic acid on the surface of iron oxide nanoparticles [45]. Further 
analysis of the TEM images showed the narrow size distribution of HA-MNP in 
the range of 7 - 12 nm with quasi-spherical geometry. Chemical analysis of this 
agglomerate by energy dispersive spectroscopy (EDS) yields the elements as 
carbon, iron, oxygen, and silicon (silicon appeared from the TEM grids). The 
results confirm the composition of the HA-MNP [41] [44] [45] [51]. 

HR-TEM images for the HA-MNP dispersed in aqueous medium are also ob-
served and the particles appeared to be roughly spherical in shape, with a crys-
talline core of Fe3O4 and an external layer of organic matter less than 1 nm in 
thickness, as estimated from the external halo surrounding the particles [42].  

From FTIR spectra (Figure 3), the band at 1598 cm−1 in HA-MNP corres-
ponds to the C=O stretching of carboxylate anion of HA due to its interaction  
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(a)                                     (b) 

Figure 3. TEM images of HA-MNP. (a) low resolution TEM image, the red lines show 
the humic acid coating on MNP (b) HRTEM images shows a high crystalline structure of 
magnetitecore in HA-MNPs [45]. 
 
with the iron oxide surface of magnetite. The appearance of another strong band 
in the synthesized HA-MNP at 1398 cm−1 can be assigned to the scissoring of 
−CH2 group of HA [41] [42] [43] [44] [45] [52]. The band at 3331 cm−1 in HA is 
attributed to O-H stretching of alcohol and/or phenol which largely disappeared 
in HA-MNP indicating the complexation between the magnetite core and the 
humic acid shell. The band at 1090 and 1009 cm−1 in HA can be ascribed to the 
C-O stretching of COO− and deformation vibration of C-H bond of benzene 
ring respectively. Other study shows that, the FTIR spectra of HA-MNP were 
confirmed that by a strong absorption at ~588 and 630 cm−1, which corresponds 
to Fe-O stretching vibration. Significant differences in the bands assigned to 
C=O stretches (~1400 and 1620 cm−1) are observed. These differences are con-
sistent with the carboxylate anions interacting with the FeO surface and suggest 
that carboxylate groups indeed play an important role in the bonding of the HA 
to the magnetite surface. This result is in agreement with other authors and with 
the observed change in the −COOH/OH– ratio upon binding of the HA groups 
to the Fe3O4 nanoparticles [30] [42]. From these it can be concluding that ap-
proximately similar spectra were recorded within the different study procedure.  

The magnetite is an amphoteric solid, which can develop charges in the pro-
tonation and deprotonation reaction of Fe-OH sites on surface. This process is 
controlled by the pH and ion strength in aqueous medium. At pH lower than the 
PZC (the point of zero charge) (pH < 7.9) the surface charge is positive, elec-
trostatic interaction between HA and Fe3O4 is dominant under acidic conditions 
[48] [52] [53]. 

+
2 2Fe OH R COO Fe OOC R H−− + − → − − +            (1) 

At above the pH of PZC (pH > 7.9) the surface charge is negative, the coating 
HA on Fe3O4 in alkaline condition, the dominant interaction between HA and 
Fe3O4 is probable a ligand-change reaction with surface hydroxyl occur [48] [52] 
[53]. 
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Fe OH R COO Fe OOC R OH− −− + − → − − +            (2) 

The XRD measurement was used to identify the crystalline structure of the 
product. The XRD patterns of Fe3O4/HA and Fe3O4 are shown in Figure 4, two 
materials had similar diffraction peaks at 2θ = 30.1˚, 35.4˚, 43.1˚, 57.0˚, 62.68˚ 
and 74.5˚. The XRD peaks can match well with the characteristic peaks of in-
verse cubic spinel structure. This result indicated that the crystal structure of 
Fe3O4 was not changed after modification with HA. The average crystallite d 
calculated using the Debye-Scherrer equation d = nλ/(βcosθ) are about Fe3O4 = 
13.46 nm and Fe3O4/HA = 10.80 nm [30] [41] [53] [55] [56] [57]. Other study 
indicate that the identity and purity of the iron oxide in Fe3O4and Fe3O4/HA 
were verified by XRD. As shown in (Figure 5), XRD patterns of the Fe3O4/HA 
display several relatively strong reflection peaks in the 2θ region of 20˚ - 70˚, 
which match well with the standard pattern of Fe3O4 (Figure 4). This result in-
dicates that magnetite is the unique iron oxide species obtained from the synthe-
sis in accordance with the HR-TEM electron diffraction results. Remnant im-
purities of NH4Cl crystals were also observed in the XRD pattern [42]. 

Generally, all results of the above studies can show similar Characterization 
value for the synthesized humic acid coated magnetite nanoparticles which im-
plies that HA-MNP could be synthesized truly by considering the procedure.   

4. Adsorption Study 
4.1. Adsorption Experiments 

Stock solution of phosphate (P) with concentration of 1000 mg of P/L (ppm) was  
 

 
Figure 4. FTIR Spectra of humic acid (HA) (a), Fe3O4 (b) and Fe3O4/HA (c) [41].  
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Figure 5. XRD pattern of humic acid (HA) (a), Fe3O4 (b) and Fe3O4/HA (c) [41]. 
 
prepared from di-potassium hydrogen phosphate (K2HPO4) [46]. A series of 
standard and working solutions with concentrations ranging from 0.05 to 100 
mg/L were prepared by dilution of the stock solution. The adsorption studies 
were carried out in capped plastic bottles with 50 mL of phosphate solution as 
adsorbate and 0.05 g of HA-MNP (1.0 g/L) as adsorbent. To ensure efficient 
mixing and proper mass transfer, the samples were placed in the orbit shaker 
and shaken at 250 rpm for a specific time period. All the experiments were con-
ducted at room temperature (298 K) with a pH 6.6 ± 0.1 except the studies in-
vestigating the temperature and pH effects. For the pH experiments, 0.1 
MNaOH and 0.1 MHCl were used to adjust the initial solution pH, confirmed in 
the pH meter. In case of thermodynamic study, sample solutions were placed in 
the thermostat water bath to maintain the desired temperature. In all instances, 
the sample solutions were separated from the adsorbent nanoparticles using a 
simple handheld magnet [43] [44] [45]. The equilibrium of phosphate adsorpion 
was calculated by using the following equation: 

( )e
e

oC C
Q V

m
−

=                       (3) 

where Qe is the amount of phosphate adsorbed (mg/g) at equilibrium, Co and Ce 
corresponds to the initial and equilibrium concentration of phosphate in solu-
tion respectively, expressed in mg/L; m is the mass (g) of the adsorbent 
(HA-MNP) and V is the total volume (L) of the solution. Reproducibility of the 
collected data was ensured by taking the average of triplicate run of the experi-
ments [45]. 
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The phosphate removal efficiency or phosphate removal percentage (η) was 
calculated through the following equation: 

0

100%o eC C
C

η −= ×                        (4) 

4.2. Adsorption Kinetics 

The adsorption of phosphate on HA-MNP surface increased with time and do-
sage. As different studies indicated adsorption equilibrium reached within a 
given minute with >90% of phosphate removed from the solution in 3 h for an 
initial phosphate concentration of 2 ppm [46]. Table 2 shows maximum adsorp-
tion ability of different adsorbent.  

Among different adsorbent humic acid coated magnetite nanoparticles eco-
nomical, simple and ease of separation of adsorbent and adsorbate. Surface sa-
turation occurs at higher initial phosphate concentration and the adsorption rate 
became slower. The kinetic data could be fit to both pseudo-first order and 
pseudo-second order kinetic models (Equation (5) and Equation (6) respective-
ly) and compared, to provide insights of adsorption mechanisms such as mass 
transfer and chemical reaction. It is well established that the pseudo-first order 
kinetic model fits better in the initial stage of reaction processes especially those 
with rapid adsorption, whereas the pseudo-second order model considers ad-
sorption behavior over longer contact times with chemisorption as the rate con-
trolling process [8] [35] [45] [51] [76]. 

( ) 1log log
2.303e t e

k tQ Q Q− = −                    (5) 

2
2

1 1

t ee

t t
Q Qk Q

= +                        (6) 

 
Table 2. Maximum Adsorption ability of different adsorbent. 

No. Adsorbent types Adsorption of Phosphate Temp. & pH Isotherms Ref. 

1 Humic acid coated magnetite nanoparticles 28.9 mg/g 298 K & 6.6 Freundlich model [45] 

2 
Organism combined with magnetic sorbent 
Fe3O4 core-shell(MFC@ La(OH)3) 

45.45 mg/g 30˚C. & 6.5-7 Langmuir model [7] 

3 Amine-functionalized copper ferrite  chelated with La(III) 32.59 mg/g 298 K & 5.5 Freundlich model [9] 

4 
Fe3O4@SiO2 core/shell magnetic nanoparticles  
functionalized with lanthanum oxide 

27.8mg/g Not reported Lang muir model [34] 

5 Magnetite nanoparticles 3.65 mg/g 318 K & 2.77 Langmuir model [35] 

6 
Novel magnetic nanocomposites with Fe3O4@SiO2 core and 
mesoporous CeO2 shell 

64.07 mg/g. Not reported Langmuir model [63] 

7 Synthesized magnetite 15.2 mg P/g 298 & <5 Freundlich model [51] 

8 Synthesis of magnetite core/zirconia shell nanocomposite 42.19 mg/g, 298 & <5.5 Langmuir model [8] 

9 La-EDTA coated Fe3O4 4.2 298 & 6.0 Freundlich model [26] 

10 Hematite 1.1 298 & 6.0 Freundlich model [35] 

11 α-Fe2O3 0.6 298 & 3.0 Freundlich model [35] 
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where Qt and Qe are the amount of phosphate adsorbed on the adsorbent surface 
(mg/g) at time t and at equilibrium respectively. K1 and K2 are the rate constants 
of the pseudo-first order and pseudo-second order rate equation respectively. In 
both cases, t, is the time in minutes.  

The results of different studies illustrate that the adsorption of phosphate on 
HA-MNP likely occurs through chemisorption where sharing or exchange of 
electron takes place between phosphate and the functional groups of humic acids 
of HA-MNP [30] [59] [60] [61] [62]. In the typical pseudo-second order process, 
an initial surface reaction occurs until all the surface sites are occupied; subse-
quently diffusion and molecular reorganization can take place at the surface for 
additional complexation. In addition the pseudo-first order kinetic model also 
exhibits a good correlation after fitting the experimental data, however, signifi-
cant deviation was observed between the two Qe values indicating that this mod-
el is not consistent with the observed phosphate adsorption [45] [56]. To further 
explore the adsorption process, the kinetic data were also examined using the 
Weber and Morris intraparticle diffusion model that expresses the fraction of 
solute adsorbed as a function of square root of time [45]. 

t idQ k t C= +                          (7) 

where Qt is the amount of phosphate adsorbed at time t (minute), kid is the 
intraparticle diffusion rate constant and C is the intercept. A plot of Qt vs t  
yielded a linear relationship which did not pass through the origin. The results 
suggest that intraparticle diffusion is involved in the overall adsorption process 
although it is not the rate limiting step. Additionally, the observed multilinearity 
can be attributed to the involvement of two or more steps in the adsorption 
process [1] [34] [43] [56]. The external adsorption process is assumed to be the 
fastest and instantaneous where a significant concentration of initial phosphate 
was adsorbed in the HA-MNP surface within 10 min. The second stage of ad-
sorption was controlled by intraparticle diffusion mechanism over a period of 
approximately 60 min. The final stage is the equilibrium adsorption where 
intraparticle diffusion no longer dominates due to low phosphate concentration 
and the process approaches the equilibrium [7] [8] [35] [45] [51]. 

5. Adsorption Isotherms 

The adsorption isotherm describes the adsorbent-adsorbate relationship at equi-
librium critical for determining optimal parameters for the application of the 
adsorbent. A range of concentrations of phosphate were mixed with a fixed 
amount of HA-MNP (1 g/L). The experiment was carried out for 3 h in the orbit 
shaker at temperature 298 K, pH 6.6 and a mixing speed of 250 rpm. The con-
centrations of phosphate obtained were plotted as adsorption isotherms and fit 
to Langmuir and Freundlich models to determine the equilibrium adsorption 
and the maximum adsorption capacity. The Langmuir isotherm assumes that 
monolayer adsorption occurs on homogeneous adsorbent surface and there is no 
interaction between the adsorbate molecules [76]. In the case of magnetite the 
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singly coordinated surface hydroxyl groups, here, phosphate oxygen (P-O) is re-
placing hydroxyl oxygen (OH) on the magnetite surface (i.e., ligand exchange) 
[1] [34] [57]. The linear form of Langmuir adsorption isotherm is represented 
below, Equation (8), 

max max

1e e

e

C C
Q bQ Q

= +                      (8) 

where, Ce is the concentration of phosphate (mg/L) in solution at equilibrium, 
Qe is the amount of phosphate adsorbed (mg/g) on the adsorbent surface at 
equilibrium, Qmax is the maximum adsorption capacity (mg/g) and b is the 
Langmuir constant related to adsorption free energy (L/mg). The Freundlich 
isotherm, on the other hand, describes the heterogeneity of the adsorbent surface 
with non-uniform distribution of adsorption heat and affinities as well as the 
formation of multilayer during the adsorption process [30] [34] [76]. The ma-
thematical expression of Freundlich isotherm is represented below, Equation (9), 

( ) 1log log loge f eQ K C
n

= −                 (9) 

where Qe and Ce represent the same parameter as in Langmuir isotherm, Kf de-
notes the adsorption capacity and 1/n indicates adsorption intensity (dimen-
sionless). The value of Kf is linearly proportional to adsorption capacity while a 
1/n value of less than 1 indicates greater adsorption strength through chemi-
sorption. Plotting graph of ( )log  Vs loge eQ C , slope = 1/n and an intercept is= 
logKf. 

The theoretical maximum adsorption capacity for phosphate was calculated to 
be 28.9 mg/g (P) which is comparable to other similar types of adsorbents used 
for phosphate removal which listed Table 1 at a given temperature and pH. The 
authors also showed that the Freundlich isotherm model explains (R2 > 0.93) the 
adsorption process better than the Langmuir isotherm (R2 = 0.80) and thus in-
dicative of the formation of multilayer adsorption and heterogeneous surface 
sites. The value of 1/n was found to be less than unity (0.48) which corresponds 
to an adsorption mechanism involving chemisorption, supported by kinetic 
study [45]. 

5.1. Effect of pH 

Solution pH can have a pronounced effect on adsorption since the adsorbent 
surface charge strongly influence the adsorption of charged phosphate species. 
The leaching of humic acid from the HA-MNP surface is also affected by solu-
tion pH. With this in mind, the adsorption of phosphate was studied as a func-
tion of initial solution pH from acidic to alkaline range [34] [45] [59]. The 
amount of phosphate removal decreased with the increase of pH values, Figure 
6. The lower adsorption at basic pH can be explained by considering the phos-
phate speciation in aqueous medium. Phosphate is polyacidic (pK1 = 2.12, pK2 = 
7.21, and pK3 =12.67) prevail as H3PO4, 2 4H PO− , 2

4HPO −  and 3
4PO −  in water. At  
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Figure 6. XRD pattern obtained for Fe3O4/HA [43]. 

 
lower pH, sorbent surface will be positively charged while the phosphate species 
will be predominantly monoanionic which is 2 4H PO−  [45] [60]. Thus electros-
tatic attraction between 2 4H PO−  and HA-MNP-H+ results in higher adsorption 
of 3

4PO −  on HA-MNP. As the pH increases, more hydroxyl ion exists in the 
solution which might compete with phosphate species for the sorbent site. 
Another possibility is that, at higher pH, the sorbent surface and the 3

4PO −  spe-
cies becomes more negative which introduces greater repulsion and as a conse-
quence, the adsorption of 3

4PO −  decreases [1] [34] [45] [52].  
This implies that by using a strongly basic solution, it was expected that most 

of the adsorbed phosphate would be desorbed because of the effect of pH on ad-
sorption [1] [34]. The amount of phosphate desorbed was calculated by the fol-
lowing equation: 

d d
VQ C
m

= ×                           (10) 

The desorption efficiency was calculated by the following equation: 

100%d

e

Q
Q

η = ×                          (11) 

where Cd is the concentration of phosphate in supernatant after desorption 
(mgP/L); V is the volume of NaOH solution added as desorption reagent (L); Qe 
is the amount of phosphate adsorbed (mg/g) (Figure 7). 

5.2. Effect of Temperature 

Thermodynamic study of phosphate adsorption was conducted by measuring 
the adsorption at different temperatures) with an initial concentration of phos-
phate and 1 g/L of HA-MNP. The reaction time was 1 h. By fitting each of these  
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Figure 7. Effect of initial pH for the adsorption of phosphate onto HA-MNP. Initial 
phosphate concentration = 5 mg/L, HA-MNP dose = 1.0 g/L, temperature = 298 K, 
contact time = 1 h. 
 
temperature data into the pseudo second order model different rate constants 
were obtained for different temperatures. A plot of lnk vs 1/T was used to de-
termine the activation energy (Ea) based on Arrhenius equation:  

ln ln a
o

E
k K

RT
= −                        (12) 

where Ea is the activation energy (KJ/mol), Ko is the temperature independent 
factor, R is the ideal gas constant (8.314 J/K mol) and T is the temperature in 
Kelvin. The plot gives a straight line from where the value of Ea is calculated, 
which also suggests that the adsorption process is mostly driven by the mechan-
ism of chemisorption [34] [45] [59] [60].  

Other important thermodynamic parameters were calculated by using the 
following equations 

o o

log
2.303 2.303

e

e

Q S H
C R RT

∆ ∆
= −                   (13) 

o o o lan CG H T S RT K∆ = ∆ − ∆ = −                 (14) 

where R is the gas constant, KC is the equilibrium constant and T is the temper-
ature in K. The KC value is calculated from Equation (10): 

e
C

e

Q
K

C
=                           (15) 

Standard enthalpy (ΔHo) and entropy (ΔSo), of adsorption can be estimated 
from van’t Hoff equation given in Equation (9) and Equation (11) 

o o

lan C
H SK

RT R
−∆ ∆

= +                    (16) 

where ΔGo, ΔHo and ΔSo are the standard free energy, enthalpy and entropy for 
the adsorption process respectively, Qe is the amount of phosphate adsorbed at 
equilibrium (mg/g), Ce is the equilibrium concentration (mg/L) of phosphate in 
solution and T is the temperature (K). Results of different studies show that the 
positive value of ΔHo, which indicate, the process is endothermic i.e. adsorption 
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increases with the increase of temperature which might result from the fact that 
rising temperature increases the adsorbent pore size and/or favor the mass 
transport by reducing the reaction energy barrier between the phosphate ions 
and the HA-MNP. The positive value of ΔSo implies that randomness of the sys-
tem increases at the solid solution interface which helps the adsorption of phos-
phate onto the surface of HA-MNP. The negative value of ΔGo indicates that the 
overall adsorption process is spontaneous and therefore, thermodynamically fa-
vorable at all the investigated temperatures [41] [44] [45] (Figure 8 & Figure 9). 

5.3. Effect of Coexisting Ions 

In groundwater and wastewater, anions such as sulfate, nitrate chloride and 
carbonate often coexist along with 3

4PO − , so the effect of coexisting ions was 
also studied by separately adding 1 mM of each of the anions into the reaction 
mixtures containing affixed amount of 3

4PO −  and HA-MNP. Different authors 
indicated that after the reaction was continued for more than an hour, except  
 

 
Figure 8. Effect of temperature for the adsorption of phosphate onto HA-MNP. Initial 
phosphate concentration = 5 mg/L, pH = 6.6, HA-MNP dose = 1.0 g/L, contact time =1 h. 
 

 
Figure 9. Arrhenius plot of lnk vs 1/T to determine activation energy. 
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carbonate, no noticeable effect in the adsorption efficiency was observed due to 
the presence of any other anions in the solution. The addition of carbonate 
( 2

3CO − ) made the overall phosphate solution alkaline by changing the pH from 
the initial 6.6 to 10.1. This higher pH might be the reason for the decrease of 
phosphate uptake by HA-MNP as observed the similar trend in pH effect study 
section [1] [9] [34] [41] [45] [60]. Furthermore, increasing both NaOH concen-
tration and temperature resulted in an enhancement of desorption efficiency. 
Thus NaOH solution could be used to desorb phosphate adsorbed on the ma-
terial for reuse, by adopting a high NaOH concentration and/or a high tempera-
ture [9] [60].  

6. Conclusion 

Effective removal of phosphate from water is critical to counteract eutrophica-
tion and restore water quality. Eutrophication has become a worldwide envi-
ronmental problem and removing phosphate from water/wastewater by adsorp-
tion before discharge is essential. This review, focused on an environmentally 
friendly magnetic adsorbent has been applied to effectively separate phosphate 
present in the aqueous media and focused on humic acid coated magnetite na-
noparticle (HA-MNP). The materials were characterized with X-ray diffrac-
tion, transmission electron microscope; vibrating sample magnetometer and 
Fourier transform infrared spectra. The FT-IR spectra reveal that HA has been 
successfully coated onto surface of Fe3O4 by chemical bond. The modification 
HA on Fe3O4 does not affect the crystals structure, decrease the saturation 
magnetization and excellent dispersion, which indicated HA efficiently, re-
duces their aggregation. Data of adsorption kinetics were fitted well to the 
pseudo-second-order model and effects of solution pH, coexisting anions (Cl−, 

3NO− , 2
4SO − ) and temperature on phosphate adsorption were also investi-

gated, which showed that the adsorbent had good selectivity for phosphate. 
The increase of temperature also exerts a positive influence on phosphate ad-
sorption efficiency and investigations of adsorption kinetics and adsorption 
isotherm suggest that the adsorption mainly occurs through chemisorption 
and thus indicative of strong bonding between phosphate and the adsorbent 
nanoparticles. Thermodynamic study identified the removal process as endo-
thermic and spontaneous.  
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