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a b s t r a c t

The competitive removal of Pb2þ and malachite green (MG) from water by three magnetic phosphate
nanocomposites (Fe3O4/Ba3(PO4)2, Fe3O4/Sr5(PO4)3(OH), and Fe3O4/Sr5xBa3x(PO4)3(OH), namely “FBP”,
“FSP”, and “FSBP”, respectively) was systematically investigated compared with Fe3O4 (“F”) nanoparticle.
Temperature and adsorbent dosage for competitive removal were optimized to be 20 �C and 0.05 g in
50mL. The kinetic and isothermal adsorption results were fitted well with the pseudo-second-order
model and Langmuir model, respectively. In the competitive removal process, FSP showed a high af-
finity to Pb2þ (202.8 mg/g) while FBP possessed high selectivity for MG (175.4mg/g), and FSBP was
effective at simultaneous removal of Pb2þ and MG, with a capacity of 143.7 and 90.9mg/g, respectively.
The magnetic contents in nanocomposites allow magnetic separation of materials from the water after
treatment. We proposed that the simultaneous removal mechanism by FSBP was due to ion exchange
between Pb2þ and Sr2þ in the lattice and then the formation of hydrogen bonds between PO4

3� outside
the material's surface and positively charged hydrogen in MG. This study indicates the potential of these
phosphate nanocomposites to be used as effective materials for selective or simultaneous removal of
Pb2þ and MG from water.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid development of industrialization, large amounts
of heavy metal ions and organic dyes have been released into water
systems (Lian et al., 2013). These contaminants are highly toxic,
posing a significant threat to aquatic life and human beings (Jia
et al., 2015).

As one of the most toxic heavy metals, Pb2þ contamination al-
ways arouses public concern (Song et al., 2018). Different nano-
structured materials have been widely reported for removing
Pb2þ from aqueous solutions, including grafted and crosslinked
chitosan nanoparticles (Ge et al., 2016), 2-hydroxyethylammonium
sulfonate immobilized on gamma-Fe2O3 nanoparticles (Khani et al.,
2016), Coþ2Moþ6 LDH (Mostafa et al., 2016), metaleorganic
framework-derived nanoporous adsorbents of ZnO/ZnFe2O4/C
(Chen et al., 2016), Mg(OH)2 supported nanoscale zero valent iron
ng).
(Liu et al., 2015), and functionalized carboxylate ferroxane nano-
particles (Moattari et al., 2015). However, the materials for Pb2þ

removal from metallurgy/electroplating wastewater which usually
has lower pH values were still insufficient.

Water contamination by malachite green (MG), a commonly
used cationic dye, is attracting increasing attention (Sun et al.,
2015). Limited types of nanomaterials have been reported for MG
removal, such as a magnetic reduced graphene oxide/zeolitic imi-
dazolate framework self-assembled nanocomposite (Lin and Lee,
2016), cuprous iodide-cupric oxide nano-composite loaded on
activated carbon (Nekouei et al., 2016), ZnS:Cu-NP-AC (activated
carbon) (Dastkhoon et al., 2015), sodium dodecyl sulfate modified
gamma-Al2O3 nanoparticles (Mohammadifar et al., 2015), and
nano-iron oxide-loaded alginate microspheres (Soni et al., 2014).

The nanomaterials mentioned above have shown promising
potential for removal of Pb2þ or MG from wastewater individually.
However, there is a need for nanomaterials that can simultaneously
remove metals and organic dies, such as Pb2þ andMG, from aquatic
systems (Wang and Ariyanto, 2007; Zhang et al., 2018). This could
happen with mixed industrial wastes from electroplating and
textile discharges. It should be noted that the co-existence of
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different pollutants is considered to be one of the most dangerous
sources of environmental pollution (Deng et al., 2013), and multi-
component removal studies are useful to identify the competitive
performance of several pollutants and play an important role for
the proper design and operation of water purification processes (Dil
et al., 2017; Sharifpour et al., 2018). When two or more pollutants
are present in solution, the removal efficiency of particular
contaminant may increase or decrease or remain unchanged. (Dil
et al., 2017). Therefore, it is significant to understand the underly-
ing mechanisms and predict the removal efficiency for other
pollutants.

In our previous work, we prepared strontium phosphate hybrid
nanorod (Sr5(PO4)3(OH) and SrHPO4) by a simple one-pot hydro-
thermal method. The competitive removal of Pb2þ and MG from
water by this material was also studied in detail (Zhang et al., 2017).
However, it was difficult to separate these strontium phosphate
nanorods from solution after treatment resulting in the potential
risk of secondary pollution, from residual strontium phosphate
hybrid nanorods left after treatment. Hence, the objective of the
current study is to investigate the competitive removal of Pb2þ and
MG by magnetic phosphate nanocomposites, Fe3O4/Sr5(PO4)3(OH)
(henceforth “FSP”) as well as two other materials, Fe3O4/Ba3(PO4)2
and Fe3O4/Sr5xBa3x(PO4)3(OH) (“FBP” and “FSBP”, respectively). For
comparison, the removal efficiency of Pb2þ and MG by pure Fe3O4
(“F”) nano-crystalline clusters was also evaluated, since these
clusters are at the core of FSP, FBP and FSBP. The effects of tem-
perature and adsorbent dosage on the competitive removal were
studied. The kinetics and thermodynamics for competitive removal
were systematically analyzed by several models. Importantly, the
competitive removal mechanism for selective or dual removal of
Pb2þ and MG by these materials were elucidated which make it a
significant study for multifunctional materials in treatment of
water with complex contamination.

2. Experimental

2.1. Chemicals

Ferric chloride (FeCl3$6H2O), ethylene glycol (EG), sodium ace-
tate, polyethylene glycol 2000 (PEG2000), strontium nitrate,
barium nitrate, cetyltrimethyl ammonium bromide (CTAB), lead
nitrate, sodium phosphate, sodium nitrate, sodium sulfate, sodium
chloride, nitric acid, sodium hydroxide, and malachite green (MG)
were all purchased from Shanghai Sinopharm Chemical Reagent
Co., Ltd. (China). CTAB and sodium phosphate were used as versa-
tile soft template and precipitant, respectively. All chemicals and
reagents were of analytical grade and used as received without any
further purification. The chemical structure of MG is shown in
Fig. S1.

2.2. Preparation of materials

The F spherical nano-crystalline clusters (100e500 nm) were
prepared using a solvothermal method: Firstly, 1.35 g FeCl3$6H2O
was dissolved in 40mL EG to form an orange solution. Subse-
quently, NaAc (3.6 g) and PEG2000 (1 g) were added, followed by
vigorously stirring for 30min. Afterward, the mixture was sealed in
a Teflon-lined stainless steel autoclave andmaintained at 180 �C for
8 h before cooling to room temperature. Finally, the black powder
was rinsed with ethanol several times and dried in a vacuum oven
at 60 �C for 6 h. Briefly, the FBP/FSP/FSBP composites were prepared
by mixing 1.96 g barium nitrate/1.59 g strontium nitrate/0.98 g
barium nitrate and 0.79 g strontium nitrate, respectively, with
0.06 g F spherical clusters and 0.01 g CTAB in 40mL of deionized
(DI) water under stirring to form Solution 1. Solution 2 was
prepared by adding 0.82 g sodium phosphate into 10mL of DI water
at 40 �C with continuous stirring for 30min. Solution 2 was slowly
poured into Solution 1 with continuous stirring for 30min. The
mixed solutionwas transferred into a 100mL Teflon bottle held in a
stainless steel autoclave reactor, sealed, and maintained at 180 �C
for 8 h. As the autoclave cooled to room temperature, the powder
was washed with DI water and thenwith ethanol five times. Finally,
the samples were dried in a vacuum oven at 60 �C for 4 h, and the
yield was ~1.3 g with a yield ratio of ~85%. The resulting magnetic
content of F in FBP/FSP/FSBP was calculated to be around 4.6wt%.

2.3. Batch experiments

Since no obvious interferences were observed in the UV spec-
trum of MG and Pb2þ (Fig. S2), a mixed solution of Pb2þ and MG
with initial concentration at 500mg/L (each) was prepared in DI
water. The mixed solution pH was adjusted to 5.0 by 0.01M HNO3
to avoid the hydrolysis or precipitation of Pb2þ.

Batch experiments for removing Pb2þ and MG were carried out
in beaker with a capacity of 100mL under mechanic stirring at
200 rpm. Generally, 0.05 g FSP/FBP/FSBP/F, was mixed into 50mL
solution containing Pb2þ and MG with initial concentrations at
500mg/L (each), with mechanic stirring for 60min at 20 �C and pH
5.0. At predetermined time intervals (0e120min), 1mL of the
suspension was sampled, then filtered with a 0.45 mm membrane,
diluted, following by analysis using inductively coupled plasma-
atomic emission spectrometry (ICPAES, Optima 2100, Perki-
nElmer, USA) and UVevis spectrophotometer (Shimadzu, model
UV1700, Japan) to determine the concentration of Pb2þ and MG,
respectively. All tests were repeated three times and the mean re-
sults used for further analysis.

The removal capacities for Pb2þ and MG are calculated as fol-
lows (Mostafa et al., 2016):

qe ¼ ðC0 � CeÞV
WM

(1)

where qe is the removal capacity at equilibrium (mmol/g); C0 and Ce
are the initial and equilibrium concentrations of Pb2þ orMG (mg/L),
respectively; V is the volume of solutions (L); W is the dosage of
FSP/FBP/FSBP/F used (g); and M is the molecular weight of Pb2þ or
MG (g/mol).

2.4. Characterization

Morphology of the obtained materials were studied on a Hitachi
Limited (model S-4800, Japan) field emission scanning electron
microscope (SEM) with energy dispersive spectroscopy (EDS). X-
ray diffraction (XRD) patterns were obtained on a Bruker (model
AXS D8, Germany) advance X-ray diffract meter with Cu Ka radia-
tion, l¼ 0.15406 nm. The Brunauer-Emmett-Teller (BET) method
was applied to obtain the specific surface area of materials with an
ASAP 2020 MMicromeritics at 100 �C. The functional groups on the
materials were examined via Fourier-transform infrared spectros-
copy (FT-IR, Nicolet6700, Thermo, USA). X-ray photoelectron
spectroscopy (XPS) was performed on an AXIS UTLTRADLD in-
strument (Japan). All XPS spectra were calibrated using the binding
energy (BE) of C 1s (284.8 eV) as the reference.

3. Results and discussion

3.1. Effects of temperature and dosage

As shown in Fig. 1a and b for the competitive removal of Pb2þ

and MG, there was a slight increase in Pb2þ removal by FSP/FSBP/F



Fig. 1. Competitive removal capacity of Pb2þ and MG (C0(Pb2þ)¼ C0(MG)¼ 500mg/L, 20 �C, 60min) from water (50mL, pH 5.0) by 0.05 g FSP, FBP, FSBP, and F (a, b) at different
temperature and (c, d) with different dosages.
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as temperature increased from 10 to 50 �C, while a negligible
change was observed for MG removal by all the materials. This
indicates that the removal process of Pb2þ and MG from mixture is
not completely thermodynamically controlled, but kinetically
controlled (Zhang et al., 2012). Therefore, no specific temperature
control is needed to enhance the removal process, which is bene-
ficial regarding to the operation cost. FSP possessed a high affinity
to Pb2þ from mixture as it exhibited the highest removal capacity
for Pb2þ (~0.85mmol/g) and lowest for MG (~0.18mmol/g). FBP
showed a negligible removal ability of Pb2þ, but the highest ca-
pacity for MG (~0.55mmol/g), implying a high selectivity of MG
from mixture. FSBP showed high capacity for both Pb2þ

(0.86mmol/g) and MG (0.25mmol/g) at 30 �C, indicating the po-
tential application in mixed contaminated wastewater clean-up.
The as-prepared F showed a high removal capacity for MG
(~0.45mmol/g), but low removal capacity for Pb2þ (~0.08mmol/g).
The existence of F in FSP, FBP, and FSBP contributed to the removal
of MG from the mixture to some extent.

In order to better understand the removal thermodynamic,
several thermodynamic parameters which are related to temper-
ature were studied. The values of DH�, DG� and DS� were calculated
from the following equations and are tabulated in Table 1 (Zare
et al., 2018):

Kd ¼ qe=Ce (2)

DG
� ¼ �RTLnKd (3)

LnKd ¼ �
DS

��
R
�� �

DH
��
RT

�
(4)

Where Kd is the distribution coefficient (mL/g), R is the universal
gas constant (8.314 J/mol K), T is absolute temperature (K). DH� (J/
mol) and DS� (J/mol K) are enthalpy and entropy changes,
respectively. The values of DH� and DS� were calculated from the
slope and intercept of the linear plot of ln Kd vs. 1/T as showed in
Fig. S3.

The negative DG� values for both Pb2þ and MG indicate that the
adsorption process is thermodynamically spontaneous. With an
increase in temperature (Table 1), the absolute value of DG� for all
these materials increases slowly, indicating that the adsorption
process is more favorable at higher temperature. The positive DH�

values approve the endothermic nature of the adsorption process.
The positive values of DS� indicate an increase in the randomness at
the adsorbent and adsorbate interface, which reveals a good affinity
of all these materials towards Pb2þ and MG. Similar results were
also found in other materials (Gao et al., 2013; Zare et al., 2018).

As shown in Fig. 1c and d, the removal capacity rapidly
decreased with increasing adsorbent dosage and then the trend
slowed down when dosage was above 0.05 g, which was similar to
other reports (Adeogun and Babu, 2015; Jiang et al., 2016; You et al.,
2018). Compared to the individual removal of Pb2þ or MG at the
dosage of 0.01 g (Fig. S4), the removal capacities for Pb2þ from the
mixture decreased slightly by 5.5% for FSP, 11.1% for FSBP, 0% for
both F and FBP, but the removal capacities for MG from the mixture
decreased obviously by 18.2% for FBP, 28.6% for F, 31.4% for FSBP, and
20% for FSP. This indicated that there was a competitive sorption
between Pb2þ and MG, and limited number of reactive sites on the
surface of the materials had a greater influence in the removal of
MG.

3.2. Adsorption kinetics

Removal efficiency of Pb2þ and MG from the mixture increased
gradually with a longer exposure time, and equilibrium was
reached within 60min (Fig. S5). Hence, the exposure time of the
subsequent experiments were set to be 60min. Notably, compared



Table 1
Thermodynamic parameters for removing Pb2þ and MG from mixture by FSP, FBP, FSBP, and F.

Material DG�(kJ/mol) DH�(kJ/mol) DS�(J/mol K)

283 K 293 K 303 K 313 K 323 K

Pb2þ FSP �14.71± 0.19 �15.53± 0.18 �15.96± 0.14 �16.74± 0.17 �17.32± 0.23 3.47± 0.12 64.43± 0.16
FBP �4.16± 0.03 �4.55± 0.04 �4.68± 0.05 �4.94± 0.06 �5.31± 0.06 2.53± 0.08 23.94± 0.06
FSBP �14.33± 0.08 �15.25± 0.17 �15.91± 0.19 �16.58± 0.12 �17.22± 0.20 5.81± 0.07 71.50± 0.11
F �7.82± 0.06 �8.69± 0.07 �8.74± 0.08 �9.29± 0.06 �9.89± 0.09 5.51± 0.10 47.56± 0.07

MG FSP �11.75± 0.06 �12.27± 0.05 �12.95± 0.06 �13.20± 0.05 �13.63± 0.05 1.61± 0.04 47.39± 0.06
FBP �14.52± 0.12 �15.01± 0.19 �15.59± 0.11 �16.13± 0.23 �16.73± 0.18 1.14± 0.09 55.20± 0.08
FSBP �12.51± 0.11 �13.21± 0.09 �13.75± 0.13 �14.07± 0.12 �14.78± 0.10 2.73± 0.12 54.12± 0.09
F �15.24± 0.14 �15.94± 0.16 �16.53± 0.25 �17.01± 0.21 �17.74± 0.26 1.89± 0.15 60.69± 0.23
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with individual removal of Pb2þ or MG (Fig. S6), the decrease on
removal capacity of Pb2þ in competitive removal was less than that
of MG by FSP and FSBP, especially FSP. The differences were smaller
when higher dosage was applied, since there would be more
available sites for competitive removal (Huang et al., 2016).

In order to further study the kinetics of competitive removal of
Pb2þ andMG frommixture by these materials, three kinetic models
were considered (Figs. 2 and S6): pseudo-first-order, pseudo-sec-
ond-order, and intra-particle diffusion models. FBP was not
included in the subsequent analysis for Pb2þ removal due to its
negligible Pb2þ removal capacity.

Pseudo-first-order kinetic equation (Lee et al., 2011):

lnðqe � qtÞ ¼ lnqe � k1t (5)

where k1 is the constant rate (g/(mg min)), qe (mg/g) is the
adsorption capacity at equilibrium, and qt (mg/g) is the adsorption
amount at time t (min).

Pseudo-second-order kinetic model(Xiao et al., 2018):

t
qt

¼ 1
k2q2e

þ t
qe

(6)

where k2 (g/(mg min)) is the constant rate.
Intra-particle diffusion model (Beltrame et al., 2018):

qt ¼ kidt
0:5 þ C (7)

where kid (mg/(g min0.5)) is the rate constant, and C (mg/g) is
intercept which reflects the boundary layer thickness.

For the removal of Pb2þ from themixture by FSP, FSBP, and F, the
pseudo-second-order kinetic model fitted the data better (Fig. 2a)
than the pseudo-first-order model (Fig. S7a). It suggests that the
interaction between Pb2þ and the nanocomposites was the rate-
limiting step (Yan et al., 2011). The calculated Pb2þ adsorption ca-
pacity from the pseudo-second-ordermodel by FSP, FSBP, and Fwas
202.84mg/g (0.98mmol/g), 143.68mg/g (0.69mmol/g), and
23.65mg/g (0.11mmol/g), respectively (Table 2), which was similar
to the experimental results. FSBP showed the highest kinetic con-
stant, k2, among these materials (Table 2). The increased surface
energy resulting from structure deformation and structure peri-
odicity reduction when the Sr sites in the lattice are replaced by Ba
with a different atomic size (Li et al., 2015) may contribute to the
higher capacity. During the competitive removal process, Pb2þ ions
likely first occupy the available active sites on the surface of FSBP
and then are immobilized via the ion-exchange between Pb2þ and
Sr2þ.

For the competitive removal of MG from the mixture (Fig. 2b
and Table 3), the kinetic data by all the materials agreed better with
the pseudo-second-order model (R2> 0.999) than the pseudo-first-
ordermodel (Fig. S7b). The calculated competitive removal capacity
of MG based on the pseudo-second-order model was 208.33mg/g
(0.57mmol/g) for FBP, 175.44mg/g (0.48mmol/g) for F, 90.91mg/g
(0.25mmol/g) for FSBP, and 65.15mg/g (0.18mmol/g) for FSP. This
implies that the Ba sites in the phosphate materials are primarily
responsible for organic dye removal. Based on these results, FSBP
showed good capability to simultaneously remove Pb2þ and MG
fromwater. The higher removal capacity and kinetic constant k2 for
Pb2þ than that for MG removed by FSBP (Tables 2 and 3) indicates
faster approach of Pb2þ to occupy the available active sites on the
surface of FSBP.

Multiple stages were observed in the plots of qt versus t0.5 for
competitive removal of Pb2þ andMG (Fig. 2c and d), suggesting that
intra-particle diffusionwas not the sole rate-limiting step (Huo and
Yan, 2012). The kid.1, kid.2, and kid.3 refer to the diffusion rates at
different stages during the removal process. The first period (kid.1) is
the solute transport from the bulk solution to the boundary layer
film presented on the adsorbent surface (Reis et al., 2011). The
second step (kid.2) is the diffusion of solute molecules through the
boundary layer film, after which the adsorbates reach the surface of
the adsorbent (Reis et al., 2011). The last step (kid.3) is intra-particle
diffusion when the adsorbates migrate into the porous structure
(Wang et al., 2015). As shown in Tables 2 and 3, the kinetic rates for
competitive removal of Pb2þ and MG by all these materials fol-
lowed the order of kid.1> kid.2> kid.3. With a smaller weight and size
compared to MG, Pb2þ can transport from the boundary layer film
to the material's surface more easily. Therefore, the second stage
was shorter for Pb2þ removal, compared toMG removal, for FSP and
FSBP (Fig. 2). The third step of the removal of Pb2þ by FSBP
exhibited a longer period than that by FSP and F. This could be
explained by two reasons: (a) Pb2þ needs to first migrate into
material's lattice to initial the ion-exchange between Pb2þ with
Sr2þ while the larger MG molecule only adheres to surface of the
material; (b) FSBP possesses a more porous structure (Fig. S8) with
the highest BJH adsorption cumulative pore volume (0.78, 0.26, and
0.11 cm3/g for FSBP, FSP, and FBP, respectively). It should be noted
that all the C values referring to the boundary layer thickness were
none-zero (Tables 2 and 3), implying that intra-particle diffusion
was not the only rate limiting mechanism in the adsorption process
(Marrakchi et al., 2017). The increased C values for the three stages
were due to the increase of the boundary layer's thickness and the
driving force associated with the initial concentrations of Pb2þ or
MG (Beltrame et al., 2018; Pezoti Jr. et al., 2014).
3.3. Adsorption isotherm

As shown in Fig. S9, all the obtained plots show the ‘L’ (Lang-
muir) type adsorption isotherm according to the Giles classification
system (Giles et al., 1974), indicating a relatively high affinity be-
tween adsorbates and FSP/FBP/FSBP/F (Wan et al., 2010). In the low
concentration range, the values of qe for all materials increased
linearly with increased equilibrium concentration (Ce) which may
be ascribed to the high driving force provided by high initial



Fig. 2. Kinetics fitted by (a, b) pseudo-second-order model, (c, d) intra-particle diffusion model (curve marked 1, 2, and 3 refer to different adsorption stages) for competitive
removal of Pb2þ and MG from water by FSP, FBP, FSBP, and F (C0 (Pb2þ)¼ C0 (MG)¼ 500mg/L, 50mL, material dosage of 0.05 g, 20 �C, pH 5.0, maintained for 2 h).

Table 2
Kinetic parameters for removing Pb2þ from mixture by FSP, FSBP, and F.

Material pseudo-second-order intra-particle diffusion

kid (mg/(g min0.5)) C (mg/g) R2

k2 (g/(mg min)) qe (mg/g) R2 kid.1 kid.2 kid.3 C1 C2 C3 R1
2 R2

2 R3
2

FSP 0.0012± 0.0003 202.84± 2.65 0.9992 41.07± 0.38 4.42± 0.05 2.26± 0.03 2.32± 0.02 156.46± 2.42 171.02± 2.52 0.9688 0.8233 0.9704
FSBP 0.0068± 0.0004 143.68± 1.46 0.9999 42.27± 0.29 9.40± 0.03 0.30± 0.01 2.96± 0.02 99.75± 3.26 138.98± 2.37 0.9664 e 0.2035
F 0.0037± 0.0002 23.65± 0.81 0.9969 2.93± 0.05 0.57± 0.02 e 0.76± 0.01 15.51± 0.12 e 0.9839 0.6466 e

Table 3
Kinetic parameters for removing MG from mixture by FSP, FBP, FSBP, and F.

Material pseudo-second-order intra-particle diffusion

kid (mg/(g min0.5)) C (mg/g) R2

k2 (g/(mg min)) qe (mg/g) R2 kid.1 kid.2 kid.3 C1 C2 C3 R1
2 R2

2 R3
2

FSP 0.0076± 0.0008 65.15± 1.21 0.9991 17.48± 0.15 2.69± 0.02 0.21± 0.01 �0.86± 0.01 47.90± 2.11 61.99± 1.42 0.9832 0.9923 0.4916
FBP 0.0022± 0.0003 208.33± 3.73 0.9997 55.41± 0.22 9.58± 0.03 0.73± 0.01 2.49± 0.01 141.68± 3.21 196.41± 3.68 0.9860 0.9920 0.9307
FSBP 0.0044± 0.0004 90.91± 2.38 0.9994 24.00± 0.05 3.09± 0.01 0.37± 0.01 �1.28± 0.01 68.13± 1.45 85.54± 2.37 0.9802 0.9964 0.9237
F 0.0013± 0.0002 175.44± 3.47 0.9995 37.35± 0.09 14.08± 0.11 1.06± 0.01 �0.32± 0.01 76.48± 2.51 156.51± 4.43 0.9995 0.9650 0.8893
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concentrations to overcome the transfer resistance (Fu et al., 2015).
However, the linear growth of the qe values was retarded at higher
Ce range as most of effective sites had been occupied by saturated
Pb2þ or dye molecules, similar to other reports (Ansari et al., 2017;
Hu et al., 2018). In the current study, the qe values for removal of
Pb2þ from the mixture followed the order of FSP> FSBP> F> FBP.
Higher content of Sr in FSP was beneficial to the effective ion-
exchange between Sr2þ and Pb2þ (Chu et al., 2018; Zhang et al.,
2012), leading to the highest removal capacity of Pb2þ by FSP.
However, the qe value for removal of MG showed the opposite
order: FBP (0.46mmol/g)> F (0.42mmol/g)> FSBP (0.26mmol/g)>
FSP (0.17mmol/g). The highest qe value of MG by FBP may be
ascribed to the effective interaction between Ba and MG (Zhang
et al., 2017). The removal of both MG and Pb2þ by F may be due
to the electrostatic interaction between pollutants and FeOH
groups on the surface (Rajput et al., 2016). Therefore, for removal of
MG from mixture, the content of these nanomaterials is more
crucial to the removal capacity than the surface area of the mate-
rials (FSP (58.9m2/g)> FSBP (45.3m2/g)> F (23.7m2/g)> FBP
(14.8m2/g)).
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The Langmuir equation is mainly used for describing monolayer
adsorption on the homogeneous surface of adsorbent (Wang et al.,
2016). In addition, the binding sites are finite with the same affinity
to adsorbate and there is no interaction between adsorbates
(Bhattacharyya and Ray, 2014). The equation is as follows:

Ce
qe

¼ 1
KLqm

þ Ce
qm

(8)

where qm is themaximum sorption capacity (mg/g), KL (L/mg) is the
Langmuir equilibrium constant. The separation factor (RL) is a
dimensionless parameter that controls the favorability of sorption
using the equation (Pourjavadi et al., 2016):

RL ¼
1

1þ KLC0
(9)

where the adsorption can be irreversible (RL¼ 0), favorable
(0< RL< 1), linear (RL¼ 1), or unfavorable (RL> 1).

The Freundlich model is to describe multilayer adsorption on
heterogeneous surface under various non-ideal conditions
(Yazdanbakhsh et al., 2010). This model can be expressed by the
following equation:

logqe ¼ logKF þ
1
n
logCe (10)

where KF ((mg/g)/(L/mg)�n) and n are Freundlich equilibrium
constants, which are indicators of the adsorption capacity and
distribution, respectively.

Langmiur and Freundlich models were used to further describe
the interactive behavior between materials and pollutants (Ma
et al., 2015), as shown in Fig. 3a and b. Similarly, FBP was
excluded for Pb2þ removal due to its negligible removal capacity of
Fig. 3. Fitting plots of competitive removal of Pb2þ and MG from mixture: (a, b)
Pb2þ. The calculated qm (Tables 4 and 5) for Pb2þ and MG from
mixture agreed well with the experimental capacities of these
materials (Fig. S9). FSP showed the highest qm for the removal of
Pb2þ with the lowest RL and lowest qm for the removal of MG, yet
with the highest RL from themixture, implying high affinity to Pb2þ.
F possessed high qm for MG removal but low qm for Pb2þ removal.
All the 1/n values in Tables 4 and 5 were less than one, further
implying a favorable removal process. However, the correlation
coefficient values (R2) for Freundlich isotherm for all the materials
are a little lower than those of the Langmuir isotherm (Tables 4 and
5), indicating that the adsorption occurs as the monolayer dye
adsorbs onto the homogenous material surface (Yazdanbakhsh
et al., 2010).
3.4. Mechanism of simultaneous removal

The pristine FSBP are nanorods with a length of ~300 nm
(Fig. 4a), while the reclaimed FSBP after treatment have changed
their shape to sticky clusters composed of short rods and particles
with a smaller size of 50e100 nm (Fig. 4b). The change of shape and
size may be due to the existence of pollutants in FSBP which can be
supported by the newly found Pb (2.62%) in the reclaimed FSBP
(Fig. 4c). Moreover, some small peaks (marked arrows in Fig. 5) in
the XRD patterns, which were ascribed to the lead-related phos-
phate (Chu et al., 2018; Ma et al., 1995), were observed in reclaimed
FSBP, confirming the replacement of Sr by Pb in FSBP's lattice.
Compared to the pristine F (Fig. 4d), the surface of reclaimed F
(Fig. 4e) became fuzzy and sticky which may be also ascribed to the
adsorbed pollutants. No obvious change can be found in the XRD
patterns of F before and after treatment (Fig. 5), implying that Pb2þ

ions were immobilized on the surface of F instead of entering into
lattice of Fe3O4 crystals. As a result, 57% of adsorbed Pb2þ ions were
found re-leaching from the surface of F into water after 10 h. There
Langmiur and (c, d) Freundlich isotherm model onto FSP, FBP, FSBP, and F.



Table 4
Isotherm parameters for removing Pb2þ from mixture by FSP, FSBP, and F.

Material Langmuir Freundlich

qm (mg/g) KL (L/mg) RL R2 KF ((mg/g)/(L/mg)�n) 1/n R2

FSP 401.61± 4.58 0.0033± 0.0001 0.38± 0.01 0.989 32.31± 0.09 0.320± 0.005 0.839
FSBP 284.09± 3.91 0.0030± 0.0001 0.40± 0.01 0.997 29.93± 0.07 0.277± 0.005 0.953
F 40.95± 1.21 0.0028± 0.0001 0.42± 0.01 0.998 4.31± 0.02 0.276± 0.005 0.896

Table 5
Isotherm parameters for removing MG from mixture by FSP, FBP, FSBP, and F.

Material Langmuir Freundlich

qm (mg/g) KL (L/mg) RL R2 KF ((mg/g)/(L/mg)�n) 1/n R2

FSP 80.65± 0.97 0.0088± 0.0009 0.19± 0.01 0.982 5.30± 0.05 0.419± 0.025 0.935
FBP 192.31± 3.52 0.0276± 0.0015 0.07± 0.01 0.996 32.45± 0.13 0.301± 0.008 0.977
FSBP 108.70± 2.31 0.0203± 0.0011 0.09± 0.01 0.989 15.43± 0.09 0.318± 0.009 0.840
F 161.29± 2.56 0.0314± 0.0019 0.06± 0.01 0.997 35.20± 0.15 0.253± 0.015 0.966

Fig. 4. SEM of pristine (a) FSBP and (d) F; SEM and EDS results of the reclaimed (b, c) FSBP and (e, f) F after simultaneous removal of Pb2þ and MG fromwater (50mL, C0 (Pb2þ)¼ C0

(MG)¼ 500mg/L, material dosage of 0.05 g, 20 �C, pH 5.0, maintained for 2 h).

Fig. 5. XRD patterns of FSBP and F before and after simutanous removal application.
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is a concern of inducing secondary pollution to the water system as
the released Pb2þ ions possess a high toxicity to aquatic life and
human beings (Song et al., 2018). A higher percentage of N (5.63 at
%) in F than that in FSBP (0.12 at%) indicates that more MG can be
adsorbed on the surface of F, which agrees well with the removal
capacities (Fig. S9). It should be noted that the element leaching of
Ba from FBP and FSBP into solution in the removal process was 1.9
and 1.7mg/L, respectively, which is below the USEPA Maximum
Contaminant Level (2.0mg/L) for Ba in drinking water.

Some of the FT-IR characteristic peaks of MG (marked arrows)
were found in the used FSBP, but not in pristine FSBP (Fig. 6),
demonstrating the existence of MG in the reclaimed FSBP. The
peaks at 1637 cm�1, 1558 cm�1, 1438 cm�1, 1407 cm�1, 1321 cm�1,
and 1273 cm�1 may be characterized to the vibrations of C¼C
stretching, N-H bending, benzene ring, C-H bending of methyl, -C-
N, and C-N stretching, respectively (Lee et al., 2011; Leng et al.,
2015; Sun et al., 2015; Wei et al., 2014). The peaks at 885.2 cm�1,
761.2 cm�1, and 677.9 cm�1 can be ascribed to aromatic CeH
bending (Wei et al., 2014). They showed obvious shifts compared
with pristine MG. In addition, broadening of peaks at 1637 cm�1

and 1030 cm�1 were observed in used FSBP. These changes of shift



Fig. 6. FT-IR spectra of MG, FSBP, and F before and after simultaneous removal
application.

Fig. 7. XPS spectra of (a) survey scan, (b) Pb 4f, (c) O 1s, (d) N 1s, (e) Sr 3d, a
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and broadening of peaks suggested the possible chemical in-
teractions (e.g. hydrogen bonding (Ahmed and Jhung, 2017)) be-
tween pollutants and FSBP. No obvious change was found in the FT-
IR spectra of F before and after treatment (Fig. 6). The peaks at
1350 cm�1 and 1047 cm�1 can be attributed to C-N stretching and
C-H bending, respectively, implying the existence of MG in
reclaimed F. It should be noted that even more N was found in the
reclaimed F than that in reclaimed FSBP according to EDS results
(Fig. 4), but less groups ascribed to MG were found in FT-IR spec-
trum of reclaimed F (Fig. 6). It suggested that the interaction be-
tween F and MG may be weak physical bonding, which was also
supported by the fact that after staying in water for 10 h, more
leaching of adsorbed MG was found from reclaimed F (42%) than
that from reclaimed FSBP (15%). The unstable binding between MG
and F would limit its application due to the potential secondary
pollution. The phosphate in FSBP played a significant role in the
stable immobilization of Pb2þ and MG, while the content of F in
FSBP was mainly responsible for magnetic separation of FSBP from
water after treatment.

As shown in Fig. 7a and b, the newly found Pb peaks (Pb 4p, Pb
nd (f) Ba 3d for FSBP before and after simultaneous removal application.
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4d, and Pb 4f) and the decreased Sr 3d peak signal in XPS spectra
demonstrated that Pb2þ was immobilized mainly by replacing Sr in
the lattice of FSBP. The increased C peaks (C 1s and C 2s) confirmed
the existence of MG in the used FSBP (Fig. 7a). The newly detected N
1s peak (Fig. 7c) which can be ascribed to be C-N group in MG
showed no obvious shift compared to pristine MG, suggesting that
the N containing groups were not responsible for strong bonding
which can lead to electron density change (Mashtalir et al., 2014).
As shown in Fig. 7d, the high-resolution O 1s spectra before and
after removal can be deconvoluted into the two peaks as indicated.
The peak ascribed to PO4

3� was shifted to the low binding energy,
implying a different electron density at oxygen in PeOePb/MG
linkages compared to PeOeSr/Ba (Sudarsan et al., 2002). On the
other hand, the peak ascribed to Ba/Sr-O showed no obvious shift.
Slight shift and peak area decrease were found in Sr 3d (Fig. 7e)
after application which may be due to the replacement of Sr by Pb
in the lattice. The unchanged position of Ba 3d spectra (Fig. 7f)
implied that the Ba element was not involved in the chemical
interaction. Therefore, the mechanism of simultaneously removing
Pb2þ and MG by FSBP is proposed to be ion exchange between Pb2þ

and Sr2þ in the lattice as well as the hydrogen bonds between PO4
3�

on surface of FSBP and positively charged hydrogen group of MG.

4. Conclusions

In this work, the competitive removal of Pb2þ and MG from
water by three magnetic phosphate nanocomposites (FSP, FBP, and
FSBP) was investigated in detail, and compared to the removal of
the magnetic iron oxide core (F). Effects of temperature and
adsorbent dosage were studied to optimize the removal processes.
Kinetic and isothermal were studied with three kinetic models and
two isothermal models. FSP and FBP showed a high selectivity of
Pb2þ and MG frommixture, respectively, while FSBP can effectively
remove both Pb2þ and MG from mixture. The phosphate in these
nanocomposites was mainly responsible for the removal perfor-
mance, while the magnetic characteristics provided by F enhance
the magnetic separation of the pollutant-laden nanocomposites
from water after treatment. The mechanism of simultaneous
removal by FSBP was proposed to be the ion exchange between
Pb2þ and Sr2þ in the lattice and the hydrogen bonds between PO4

3�

on surface of FSBP and positively charged hydrogen group of MG. It
demonstrated the promising application of the magnetic phos-
phate nanocomposites for treating multi-pollutants wastewater.
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