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1 Introduction

Phosphorus is an essential nutrient found in natural
ecosystem. The growth of organisms in most of the

ecosystems highly depends on phosphorus contents.
Depending on the pH, an orthophosphoric acid can be
found in the form of H3PO4, H2PO4

–, HPO4
2– and PO4

3–

(Nohra et al., 2007). Among all the orthophosphoric
species, PO4

3– has the strong affinity for covalent bonding
with the functional group of soil. Hence, it is most targeted
specie in nutrient recovery. The decomposition of rocks
and minerals, sedimentation, erosion, atmospheric deposi-
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H I G H L I G H T S

•MEP were separated from mill scale at low
magnetic intensity i.e., 300 to 500 gauss.

•The phosphate adsorption capacity of MEP was
determined 6.41 mg/g.

•MEP packed-bed columns were successfully
regenerated with alkaline solution.
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G R A P H I C A B S T R A C T

A B S T R A C T

Phosphate is a major pollutant in water, causing serious environmental and health consequences. In
present study, the phosphate adsorption on novel magnetite-enriched particles (MEP) was
comprehensively investigated. A new method and device were introduced for the separation of
MEP from the mill scale at low magnetic intensity. Particles were characterized with different
techniques such as XRD, XRF, SEM and EDS. The XRD and XRF analysis of MEP identified the
dominant existence of crystalline magnetite. Furthermore, the morphological analysis of MEP
confirmed the agglomerate porous morphology of magnetite. Oxygen and iron, the main constituents
of magnetite were acknowledged during the elemental analysis using EDS. The phosphate adsorption
on MEP is well explained using various isotherm and kinetic models, exhibiting the monolayer
adsorption of phosphate on the surface of MEP. The maximum adsorption capacity was determined
6.41 mg/g. Based on particle size (45–75 and 75–150 µm) and empty bed contact time (1 and 2 h), four
columns were operated for 54 days. MEP were appeared successful to remove all phosphate
concentration from the column influent having 2 mg/L concentration. The operated column reactors
were successfully regenerated with alkaline solution. The results indicated potential for practical
application of the MEP for phosphate removal.
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tion and direct contribution by animals are the known
natural sources of phosphate in aquatic environment
(Vikrant et al., 2018). An effluent from the agricultural
and industrial units also carries high concentration of
phosphorus that may results in eutrophication of the
aquatic environment and health concerns (Li et al., 2017).
Therefore, control measures are always required for
phosphate concentration in wastewater. Various methods
are known for the removal of phosphate and other
contaminates from the water such as membrane technol-
ogy, chemical precipitation, electrocoagulation, biological
treatment and adsorption (Huang et al., 2017; Shahid et al.,
2017; Li et al., 2018; Shahid et al., 2018b).
Each phosphate remediation method has its own

advantages and disadvantages. Membrane treatment is
found more effective method to remove phosphate in
comparison with others. However, bulk consumption of
energy does not make it economically viable. Moreover,
the inorganic scale deposition is also a challenging issue in
membrane treatment (Ngo and Guo, 2009; Shahid and
Choi, 2018). The pH, fluctuant temperature and chemical
oxygen demand seriously affect the biological treatment
process. However, water purification with adsorbents
seems more successful and economical. Adsorption
process involves the accumulation of contaminants
(adsorbate) on the surface of adsorbent, normally solid
phase. Water remediation by adsorption is always
optimized using different dynamics i.e., particle size of
adsorbent, adsorbate concentration into the solution, pH,
temperature, amount of adsorbent, nature of adsorbent and
adsorbate, coexisting ions in water and flowrate in case of
continuous reactor operation. Various adsorbents are
known for the treatment of contaminated water (Khafri et
al., 2017; Shahid et al., 2019a). Among other adsorbents,
metal oxides are well known for the adsorption of
phosphate (Ye et al., 2017; Gypser et al., 2018; Zhang et
al., 2018). The oxides of iron, especially magnetite has
been used for adsorptive removal of phosphate due to its
high surface area, micro and mesoporous morphology and
good adsorption capacity (Rashid et al., 2017; Guaya et al.,
2018).
In this study, a novel method was presented for the

separation of magnetite-enriched particles (MEP) from the
mill scale at low magnetic intensities. Particles were
further used for phosphate recovery from the contaminated
water. A new device was introduced for the separation of
MEP. The applied method and device were never used
before for the separation of magnetite from the mill scale or
any other mixture of iron oxides. In our earlier study, we
synthesized magnetite particles from the mill scale by
coprecipitation of Fe2+/Fe3+ in alkaline environment
(Shahid et al., 2018a; Shahid et al., 2019b). Unlike
coprecipitation method, the proposed method in this study,
eliminated the consumption of chemicals during MEP
synthesis. The novel MEP were characterized with
advanced instruments to understand their morphological,

chemical and physical characteristics. The phosphate
removal efficiency of MEP was evaluated with the batch
experiments and continuous fixed bed column reactors. On
the basis of particle size and empty bed contact time
(EBCT), four columns were operated for continuous 54
days. The obtained results indicated the successful
application of MEP for adsorption of phosphate from an
influent. Considering the potential for practical applica-
tions of the MEP, this study proposes an effective and
economical method for phosphate recovery from the
wastewater.

2 Materials and methods

2.1 MEP separation

The mill scale is a byproduct of an iron factory, which
produces on the surface of plates/sheets during their
formation by rolling red hot iron. It appears with an
average diameter less than 20 mm and plate like structure.
Mainly, the mill scale is composed of elemental and oxide
forms of iron with small fraction of other impurities from
the process such as lubricants.
The impurities were finely removed with alkaline

solution in pretreatment phase (Fig. S1). For the
sufficient cleaning and removal of impurities, about 10 L
of 0.1 mol/L NaOH solution is used for 1 kg mill scale.
Followed by alkaline cleaning, mill scale was thoroughly
rinsed with deionized water and dried at 70°C (24 h). The
particles were ground in Ball mill system for 3 h. The
homogenized ground particles were separated with
different size standard meshes (Model: 203/50 CISA,
Spain). The obtained particle size was 45 to 300 mm. The
schematic design of device used for separation of MEP
from mill scale is presented in Fig. S2. The system is
consisted of non-magnetic stainless steel plate having
magnetic bars at the basement and is located at 45° angle
on the stand. The stand is composed of stationary basement
and two stems at one side. Springs were installed inside the
stems to favor the applied force, which resulted in
movement of mill scale on the plate. Different ranges of
magnetic field were applied for the separation of MEP
from the mill scale. Due to the strong magnetic properties,
MEP are easy to isolate at low magnetic intensity. On the
other hand, the weak magnetic particles (paramagnetic
particles) required higher magnetic intensity field to get
separate. MEP have strong attraction toward magnetic field
and therefore, isolated from the diamagnetic particles
under the effect of variable magnetic field intensity.

2.2 Instrumentation and chemical reagents

The batch scale adsorption experiments were performed in
the Jar Tester (C-JT, Chang Shin Scientific Co., South
Korea) at 250 r/min. The pH of the solutions was measured
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with SevenCompact pH meter (Mettler Toledo, China) and
the temperature was recorded on analytical thermometer.
MEP were characterized with Powder X-ray diffraction
(XRD) with Cu Kα (l = 1.5406 Å) radiations, operated at
40 kV and 100 mA on Rigaku D/MAX-2500/PC (Rigaku
Corp. Japan). Hitachi (Japan) SU-70 field emission
scanning electron micrograph (SEM) was used for the
morphological investigation. The elemental composition
of the MEP was recognized using Energy Dispersive X-ray
spectroscopy (EDS) and X-ray Fluorescence spectrometry
(XRF). Ion chromatograph (Dionex IC-5000+DC, Thermo
scientific, USA) was used to analyze the phosphate
concentration.
All chemicals and reagents used in this study were of

analytical grade and used as received. Sodium hydroxide
(NaOH) and hydrochloric acid (HCl) were purchased from
Fisher scientific (South Korea). Potassium phosphate
monobasic (KH2PO4) was used to prepare phosphate
solution.

2.3 Adsorption experiments

The MEP (45–75µm size) separated at 300–500 gauss
were applied as an adsorbent in batch scale experiments.
The phosphate solutions of various concentrations (10–90
mg/L) were prepared in 1 L graduated glass beaker. One
gram of MEP was added in each predetermined phosphate
solution. The solutions were kept on stirring (250 r/min)
for 24 h. Temperature and pH were controlled at 20°C and
6.5, respectively. To maintain the desire pH for the
phosphate solution, 0.1 mol/L NaOH and 0.1 mol/L HCl
were used. The samples obtained during experiment were
filtered with 47 mm GF/C filter (What- man™, 1.2 µm
pore size, China) and analyzed using IC. The quantity of
phosphate adsorbed onto the MEP was calculated as,

qe ¼
Ci –Ce

m
V , (1)

in this equation, qe, Ci, Ce, V and m show the adsorption
capacity (mg/g) at equilibrium state, initial phosphate
concentrations (mg/L), equilibrium phosphate concentra-
tions (mg/L), solution volume (mL) and mass (g) of the
adsorbent (MEP), respectively. The adsorption data are
also examined with Langmuir isotherm and Freundlich
isotherm models that are described as Eqs. (2) and (3),
respectively.

Ce

qe
¼ 1

qmaxKL
þ Ce

qmax
, (2)

lnqe ¼
1

n
lnCe þ lnKF , (3)

where qmax, KL, KF and 1/n are maximum adsorption
capacity (mg/g), Langmuir constant (L/mg) and the
Freundlich constants, respectively.

To understand the phosphate adsorption onto the MEP
with respect to time, phosphate solution was prepared with
10 mg/L concentration and 1 g of MEP was added into the
solution. Temperature and pH of the solution were 20°C
and 6.5, respectively. The mixture was allowed to stir (250
r/min) for 2 h and the samples were collected 10 times
(sampling interlude was 1–30 min) after startup. The
experimental data was plotted against pseudo first order
and pseudo second order kinetic models. citEquations (4)
and (5) represent the pseudo first order and pseudo second
order kinetic model, respectively.

lnðqe – qtÞ ¼ lnðqeÞ – k1t, (4)

t

qt
¼ 1

k2q
2
e
þ t

qt
, (5)

In above equations, qe and qt (mg/g) are adsorbed
amount of phosphate per unit mass of adsorbent at
equilibrium and time t (min), respectively. k1 (min–1) and
k2 ((g$mg)/min) are the rate constants.
The pH-dependency of phosphate adsorption onto MEP

was investigated using solutions of different pH (3–11).
All the solutions were prepared in 1 L graduated glass
beaker and the adsorbent amount was kept constant
(1 g/L). The ionic strength of the solutions was varied
with addition of NaCl into the solution to achieve 0.01 and
0.1 mol/L final concentrations of NaCl into the solution.
The effect of coexisting anions on the phosphate adsorp-
tion was also studied. The molar ratio of phosphate and
other anions (SO4

2–, NO3
– and Cl–) was kept 1:1. All the

batch experiments were performed in triplicate.

2.4 Continuous column reactor

The phosphate adsorption behavior for MEP was also
examined with continuous column operation. The column
operated for present study was consist of three sections
with 30 cm height (10 cm for each section). The inner
diameter of the column reactor was 3 cm and the volume
was calculated 212.1 cm3. The middle section of the
reactor was packed with MEP attributed to packing volume
70.69 cm3 (176.7 g) and the other two sections were filled
with glass beads (1–10 mm diameter). A mesh was
installed between all sections to control the particle
discharge. Based on particle size and EBCT, four columns
were functioned (Fig. 1, Table 1). The phosphate
concentration and pH of the influent stream were
maintained at 2 mg/L and 6.5, respectively. The concen-
tration of nitrate, sulfate and chloride was adjusted at 5, 6
and 110 mg/L, respectively. This concentration was set as
per the anionic concentration found in influent of “S”
wastewater treatment plant in South Korea. The columns
were regenerated with 0.1 mol/L NaOH solution for 6 h
using 1 mL/min flowrate. Followed by regeneration, MEP
packed bed column reactor was thoroughly rinsed with
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deionized water. The phosphate concentration in an
effluent was analyzed to know the leached amount of
phosphate.

3 Results and discussion

3.1 Characterization of MEP

Mill scale having size between 45 and 300 µm was used to
isolate the particles having strong magnetic properties from
the weaker one. Figure 2 shows the XRD pattern of the
separated particles. The diffraction peaks detected at 2q (°)
of 30°, 35.4°, 36.2°, 43°, 53.3°, 56.8° and 62.4° were in
fine agreement with the crystalline planes of magnetite i.e.,
(220), (311), (222), (400), (422), (511) and (440),
respectively. The close resemblance was observed between
the entire XRD pattern of separated particles and the
standard pattern for magnetite (JCPDS 19-0629). Similar
XRD pattern was exhibited by synthesized magnetite
particles (Potapova et al., 2012; Shahid et al., 2018a). The
peaks at 2q of 33°, 50° and 62.5°, attributed to hematite
crystalline plane (104), (024) and (300), respectively
(Asoufi et al., 2018; Funari et al., 2018). However, the
diffraction peaks observed at 2q of 42° and 61.1° were
found in agreement with wustite crystalline plane i.e.,
(200) and (220), respectively (Yin et al., 2007). Therefore,
in this study, the separated particles were quoted as MEP.
The XRD pattern of MEP was found in consistent with

various earlier studies on synthesis of ferrite particles from
an iron waste (Wang and Gao, 2011; Buzin et al., 2014).
XRF analysis identified the elemental composition of

MEP. The obtained data for different mesh sizes MEP is
presented in Table 2. The total iron contents were found to
have a major share (over 98%) among some other
elemental traces. Hence, MEP used in this study has a
purity of over 98.50%. It is noteworthy that the observed
impurities were mainly same as identified in the natural
magnetite (Alorro et al., 2010). The magnetic properties of
MEP were found close to magnetite that was synthesized

Fig. 1 Photo of the column operation with column design parameters at right side.

Table 1 Description of column operation

Period Column Particle size (µm) EBCT (h) Flow rate (L/h)

0–34 days C1 45–75 1 0.282�0.003

C2 75–150 1 0.285�0.003

C3 45–75 2 0.136�0.006

C4 75–150 2 0.142�0.007

34–50 days C1 45–75 1 0.283�0.001

C2 75–150 1 0.287�0.003

C3 45–75 2 0.147�0.003

C4 75–150 2 0.149�0.003

Fig. 2 XRD pattern of MEP.
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from mill scale using coprecipitation method (Fig. S3).
The value of saturation magnetization for mill scale
derived magnetite was 67.65 emu/g.
Surface examination and in deep elemental analysis of

the MEP was done by SEM and EDS analysis,
respectively. It was observed in SEM images (Fig. 3) that
MEP has an irregular shape and wide-ranging size (>1
to< 300 mm). Due to the van der walls forces and the
magneto-dipole attraction, small particles were gathered
and developed an irregular shape and size. Similar
morphology of particles was observed in previous studies
(Potapova et al., 2012; Salazar-Camacho et al., 2013).
Several studies observed the contribution of magnetic
attractions in the aggregation of magnetite nanoparticles.
In an aqueous environment, an increase in surface charge
of particles can enhance the repulsion between the particles
and hence, hinders the aggregation of magnetite nanopar-
ticles (Alqadami et al., 2017). The agglomerate porous and
spherical appearance of separated particles observed at 500
nm scale (Fig. S4), found in consistent with previous
studies (Legodi and Dewaal, 2007; Kumar et al., 2018).
Figure 4 indicates the EDS spectra of the MEP having

the wide – range size. The EDS spectra confirmed the
existence of oxygen and iron as the main components of
MEP. The higher atomic percentage of oxygen was
identified as compared with iron (Table 3). The high
atomic contribution of oxygen indicates the possibility of
large numbers of adsorption sites. The phosphate adsorp-
tion mechanism for the MEP is assumed to be same as
discussed for iron oxides in earlier studies (Zach-Maor et
al., 2011; Tofan-Lazar and Al-Abadleh, 2012; Zhang et al.,
2016). The electrostatic attraction and ligand exchange
mechanism are the possible pathways of phosphate

adsorption on iron oxides. The adsorption mechanism is
comprehensively discussed in Sections 3.2 and 3.3.

3.2 Adsorption isotherm

The adsorption isotherm for the MEP is shown in Fig. 5.
The adsorption data exhibited that an increase in initial
phosphate concentration also enhances the adsorption
capacity. Moreover, the solutions with low phosphate
concentration attained an equilibrium state earlier than the
solutions with higher concentration of phosphate. The
equilibrium data was plotted in Langmuir isotherm and
Freundlich isotherm models (Fig. S5) and parameters
obtained from both models are given in Table 4. The model
analysis of equilibrium data shows the maximum adsorp-
tion capacity of 6.414 mg/g. The value of n is determined
higher than 1 that shows the fine environment for
adsorption of phosphate on MEP. As compared with
Freundlich isotherm, the higher value of correlation
coefficient (R2) for Langmuir isotherm shows that most
of the adsorption happened on the surface layer of MEP
i.e., monolayer adsorption (Wang et al., 2016; Yang et al.,
2018). At the earliest stage of the experiment, rapid
adsorption was observed due to the maximum accessible
localities for phosphate ions. The adsorption is mostly
governed by ligand exchange mechanism and electrostatic
attraction between the ions (Pan et al., 2009; Yoon et al.,
2018). An ion exchange reaction takes place between the
phosphate ions and the hydroxyl ions present at the
positively charged surface of MEP. The electrostatic
properties of MEP highly depend on the hydroxyl ion
concentration in the solution that may affect the interaction
between MEP and phosphate ions. Earlier data discussed

Table 2 Composition (weight %) of different mesh sizes MEP as determined by XRF

Components
Weight %

45–75 µm 75–150 µm 150–300 µm

Fe 98.05 98.50 98.32

Mn 0.80 0.77 0.78

Cr 0.37 0.13 0.14

Cl 0.28 0.22 0.04

Si 0.16 0.12 0.35

Ni 0.15 0.03 0.03

Ca 0.09 0.10 0.08

Cu 0.03 0.05 0.04

Mo 0.03 0.04 0.03

Nb 0.02 0.03 0.03

S – 0.02 –

Ti 0.02 – 0.03

Al – – 0.13
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that phosphate ion has a probability to make inner-sphere
complexes with mononuclear, binuclear or monodentate
and bidentate complexes (Daou et al., 2007).

3.3 Adsorption kinetic

The effect of contact time for phosphate adsorption onto
MEP is presented in Fig. 6. Experiment was conducted for
2 h with 10 mg/L initial concentration of phosphate.
Followed by initial 2 min contact time, about 0.37 mg of
phosphate was adsorbed onto the surface of MEP. After 2 h
experiment, the maximum adsorption was 3.47 from the
solutions having 10 mg/L initial concentration. As the
experiment started, quick adsorption was observed and
later, the system reached at state of equilibrium. The rapid
adsorption in the beginning of the experiment might be a
result of electrostatic attraction that is responsible for an
enhanced moving velocity of phosphate ions toward the
surface of MEP (Yang et al., 2018). At the start, phosphate

ions engaged all the accessible adsorption sites and later,
started to diffuse through the internal pores of the MEP.
The diffusion rate highly depends on the phosphate
concentration in the solution. As the concentration of
phosphate drops in the solution, the diffusion rate also
drops and at the end, no more diffusion takes place and the
system reaches the state of equilibrium.
Phosphate ions favor the formation of monodentate

complex at the low surface coverage conditions. However,
at high surface coverage, bidentate mononuclear complex
might be formed. The formation of monodentate complex
is a fast process as compared with bidentate complex.
Moreover, in the long-term adsorption process, the
transformation of monodentate complex into bidentate
complex is also possible (Raven et al., 1998; Gan et al.,
2018). The adsorption behavior was also studied by
applying pseudo-first-order and pseudo-second-order
kinetic plots for adsorption data (Fig. S6). The parameters
of both models are given in Table 4. The rate constant

Fig. 3 SEM micrograph of MEP with wide range of size i.e., (a, b) 45–75 mm, (c, d) 75–150 mm and (e, f) 150–300 mm.
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values for k1 and k2 were 3.1 � 10–3 and 4 � 10–4,
respectively. The regression coefficient (R2) value for
pseudo-first-order and pseudo-second-order was 0.90 and
0.94, respectively. R2 value indicated that adsorption

followed pseudo second order more closely that is also
an indication of chemisorption. The phosphate adsorption
capacity of MEP was compared with different adsorbents
and presented in Table 5.

3.4 Effect of pH and ionic strength

The effect of pH and the ionic strength on the phosphate
adsorption was presented in Fig. 7(a). It was observed that
higher adsorption can be achieved at acidic conditions. The
phosphate adsorption was quite stable at pH 6. As the pH
increased, adsorption started to decrease. At basic pH, the

Fig. 4 EDS spectra of MEP with wide range of size i.e., (a) 45–75 mm, (b) 75–150 mm and (c) 150–300 mm.

Table 3 Elemental composition of MEP

Range of size O Fe

45–75 μm 58.71 41.29

75–150 μm 61.77 38.23

150–300 μm 62.13 37.87
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net surface charge on MEP becomes negative and causes
repulsion for adjacent phosphate ions. At basic pH, the
competition for sorption locations between hydroxyl and

phosphate ions is also expected (Almasri et al., 2019). The
surface charge of iron oxides remains positive below than
pH 6 and negative at pH higher than 6 (Legodi and
Dewaal, 2007). Any change in pH can significantly affect
the net surface charge followed by a change in adsorption
behavior.
Adsorption experiments were also performed in the

presence of different molar concentrations of NaCl into the
phosphate solution. However, ionic strength did not leave
any specific effect on the phosphate removal efficiency of
MEP. Figure 7(b) shows the effect of coexisting anions
(NO3

–, SO4
2– and Cl–) on the adsorptive removal of

phosphate with MEP. In the presence of other anions, the
phosphate adsorption behavior did not change for MEP.
Phosphate ions were appeared with a higher bonding
tendency toward MEP surface as compared with compet-
ing anions. Another study also supports this finding with
respect to phosphate adsorption on magnetite particles
(Lee and Kim, 2019). The schematic illustration of the
adsorption mechanism at different pH conditions is
presented in Fig. 8.

3.5 Column operation

The operational performance of MEP packed-bed columns
is presented in Fig. 9. The phosphate concentration and the
pH of an influent were adjusted at 2 mg/L and 6.5,
respectively. The effect of an influent flowrate on
phosphate removal using MEP was examined by varying
the flowrate from 0.285 (1 h EBCT) to 0.142 L/h (2 h
EBCT) and keeping the other conditions constant, such as
pH (6.5), MEP amount (176.7 g) and phosphate concen-
tration (2 mg/L). MEP packed-bed columns were found
successful to remove phosphate concentration from an
influent stream. The breakthrough curves showed that the
phosphate adsorption on MEP increases with decreasing
flowrate. The high contact time between phosphate
solution and the MEP packed-bed column is the major
reason for better adsorption at low flowrate. Columns 1 and
2 (1 h EBCT) were regenerated with 0.1 mol/L NaOH after
continuous operation for 34 days. The adsorption capacity
of both columns was finely restored at initial state after
regeneration. However, columns 3 and 4 were successfully

Fig. 5 Adsorption isotherm of phosphate by MEP. Error bars
signify the standard deviation.

Table 4 Parameters obtained from Langmuir isotherm, Freundlich
isotherm, pseudo-first-order and pseudo-second-order kinetic models for
the phosphate adsorption on MEP

Model Parameters Value

Langmuir isotherm model qmax 6.414 mg/g

KL 0.021

R2 0.996

Freundlich isotherm model KF 0.329

n 1.711

R2 0.993

Pseudo-first-order kinetic model k1 3.1 � 10–3 min–1

R2 0.90

Pseudo-second-order kinetic model k2 4 � 10–4 (g$mg)/min

R2 0.94

Fig. 6 Adsorption kinetics of phosphate by MEP. Error bars
signify the standard deviation.

Table 5 Phosphate adsorption capacities for different adsorbents

Adsorbent
Adsorption capacity

(mg/g)
Reference

MEP 6.41 This study

Magnetic iron oxide 5.03 Yoon et al. (2014)

Magnetite based nanoparticles 5.2 Daou et al. (2007)

Agro-waste rice husk ash 0.76 Mor et al. (2016)

Polypyrrole/BOF slag
nanocomposite

5.18 Islam et al. (2014)

Magnetite mineral microparticles 0.83 Xiao et al. (2017)
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operated without regeneration for 54 days. Based on the
entire operation, it can be stated that a column packed with
MEP can effectively remove the phosphate concentration

from contaminated water for more than 7 weeks. More-
over, no crack or blockage was observed in a column
during the entire operation. Lastly, based on column
operation, it can be stated that up to 2 mg/L initial
phosphate concentration of solution can effectively remove
in continuous operation and an alkaline cleaning can
efficaciously desorb over 90% of the adsorbed amount of
phosphate onto the surface of MEP.
The morphological examination of used particles

confirmed the adsorption of phosphate onto the surface
of MEP. As shown in Fig. 10, the significant morpholo-
gical changes were observed in MEP. The needle like
structure was appeared in SEM analysis that was found
similar to previously reported phosphate loaded iron
particles (Pramanik et al., 2015). The gathering of needle
like structure also appeared in the form of bright patches at
some places that was found in consistent with an earlier
study reported on phosphate adsorption (Islam et al.,
2014). Furthermore, the EDS spectra of phosphate loaded
MEP also confirmed the existence of phosphorus in MEP.
The identification of P in EDS spectra also indicates the
contribution of chemical adsorption during phosphate
adsorption process. This finding also supports the adsorp-
tion mechanism that was discussed in Sections 3.2 and 3.3.

4 Conclusions

This study introduces MEP, a newly formed adsorbent for
phosphate recovery from wastewater. A new method and
device were introduced for the separation of MEP. MEP
were isolated from mill scale under the effect of variable
magnetic field intensity. Separated particles were char-
acterized by a number of techniques like XRF, XRD, SEM

Fig. 7 Effect of pH and ionic strength on phosphate adsorption
(a) and the effect of coexisting anions (b) on phosphate adsorption.
Error bars signify the standard deviation

Fig. 8 The schematic illustration of phosphate adsorption on MEP.

Muhammad Kashif Shahid et al. Adsorption of phosphate on MEP separated from the mill scale 9



and EDS. The XRD pattern of MEP indicated the
crystalline planes of magnetite i.e., (220), (311), (222),
(400), (422), (511) and (440). The elemental analysis
confirmed over 98% purity in composition. The agglom-
erate porous morphology of magnetite is confirmed during

morphological investigation of MEP. The adsorption data
was well explained using Langmuir isotherm, Freundlich
isotherm, pseudo-first-order and pseudo-second-order
kinetic models, indicating the monolayer phosphate
adsorption onto the MEP. The phosphate adsorption
capacity for MEP was determined 6.41. Based on EBCT
(1 and 2 h) and particle size (45–75 and 75–150 µm), four
column reactors were operated for 54 days. The column
operated at slow flowrate explored the higher sorption rate
because of greater contact time between MEP and
phosphate ions. The regeneration of columns with 0.1
mol/L NaOH solution was found effective for enhancing
the adsorption behavior of MEP in long-term operation.
Based on this study, an economical, effective and
ecofriendly method is suggested for the separation of
MEP from mill scale and its application for adsorptive
removal of phosphate from the contaminated water.
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