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Abstract

Assisted with an organosilane, Fe304@Phoslock® composites with different constituents were synthesized to separate phos-
phate from aqueous solution. The experimental adsorption data of kinetics and isothermal studies by the composites were well
fitted by pseudo-second order and Freundlich models, respectively, suggesting the chemical and heterogeneous adsorption
process, i.e., ligand exchange and precipitation. After loading of Fe;0,, Phoslock® became magnetic at the expense of the
certain decrease of phosphate uptake from 10.4 to 8.1 mg P/g when [P],= 1.0 mmol/L and the solid/liquid ratio of 1.0 g/L
were applied. However, compared with the original Fe,0, nanoparticles, Fe;0,@Phoslock® showed more favorable phos-
phate uptake and stability against pH variation. The inhibitory influence of anionic ions on phosphate adsorption by three
composites followed the order: HCO;~ >humate > SiO;>~ >NO;~ = CI~ ~ SO,>~, while the facilitating effect of cations
followed the order: Ca’* >Mg?* >NH,™. The regeneration rate was higher than 50% for all composites after recycled for
5 times by NaOH, and two of the composites successfully removed 75% phosphate from the landfill leachate treated by
the Anammox process with the solid/liquid ratio of 5.0 g/L. This suggests that F6304@Phoslock® composites would be a

competitive adsorbent for phosphate removal from real wastewater.
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Introduction

Phosphorous (P) is the key element causing the eutrophica-
tion (Conley et al. 2009). The discharge of industrial and
domestic wastewater and the intensive use of agricultural
fertilizers cause the excessive P in water bodies, resulting in
the rapid growth of aquatic phytoplankton and deprivation
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of dissolved oxygen (Cordell et al. 2009; Van Vuuren et al.
2010; Li et al. 2020). Removing P from aqueous solution is
of significance and still challenging. The commonly used
methods that decrease P content in water include chemi-
cal precipitation, biological accumulation, membrane
separation, ion exchange, crystallization, and adsorption
(Morse et al. 1998; Donnert and Salecker 1999; Rittmann
et al. 2011). For the case of low P concentrations, chemi-
cal precipitation, crystallization, and biological treatment
are not efficient (Aguilar et al. 2002; Sengupta et al. 2015;
Bunce et al. 2018), while adsorption is suitable and shows
high removal rate, simple operation, and other advantages
(De Gisi et al. 2016). However, the adsorbents are gener-
ally micro- or nano-sized in order to get high surface area
and favorable adsorption performance (Wendling et al.
2013; Chen et al. 2020a, b), which increases the difficulty
of adsorbent separation and may cause the secondary pol-
lution of nano-particles (Pjurova et al. 2013; Behets et al.
2020). The traditional separation methods including cen-
trifugation and filtration require high energy consumption
and cost (Tu et al. 2015). By contrast, rendering the magnet-
ism for quick separation of the nano-sized adsorbents from
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the pollutants-bearing solution assisted with the external
magnetic field is feasible and widely investigated (Lai et al.
2016).

To date, Fe;O, is the most applied magnetic nanoparticles
due to the facile synthetic method. However, Fe;0, is not
stable since Fe?* in the structure can be oxidized. In addi-
tion, the adsorption of P on the original Fe;O, is not satisfy-
ing. Under the optimal adsorption conditions, the amount
of adsorbed P on 0.05 g Fe;O, in 20 mg/L P solution of
10 mL was only 3.65 mg/g (Tu et al. 2015). Therefore, Fe;0,
is usually covered with a layer of silicon oxide to increase
its chemical stability, and the coated Fe;O, nanoparticles
is then grafted with P-selective materials to improve the
adsorption performance, such as Fe;0,@Si0O, core/shell
magnetic nanoparticles functionalized with hydrous lan-
thanum oxide (Lai et al. 2016) and mesoporous Fe;0,@
mSiO,@mLDH composites (Li et al. 2019). However, in
some cases, the coating seems not required and Fe;O0, was
simply mixed with adsorbents to get the composite (Liu et al.
2020). The physical mixing of two solid phases, i.e., Fe;0,
and P adsorbents, may lead to the release of the nano-sized
phases and the decrease of the recovery rate. Connecting
Fe;0, and another OH-bearing adsorbent by organosilane to
circumvent the potential release of Fe;0, is straightforward.

In various phosphorus adsorption materials (Othman
et al. 2018), lanthanum modified minerals have attracted
wide attention because of their high removal efficiency and
selectivity. The amount of adsorbed phosphorus on La-
modified diatomite was up to 37 mg/g at pH=35 with the
specific surface area increased about 82 times (Xie et al.
2013). Compared with the original vesuvianite, La doping
increased the phosphorus uptake from 0.3 to 1.32 mg P/g
with the initial phosphorus concentration of 1 mg/L (Li et al.
2009). The superior adsorption capacity of 147.6 mg P/g on
the La-modified rectorite was obtained (Chen et al. 2020a,
b). These different adsorption characteristics suggest that
the phosphorus adsorption relies on the type and property of
the used clay minerals (Kuroki et al. 2014). In the 1990s, the
Commonwealth Scientific and Industrial Research Organi-
zation in Australia developed a lanthanum (La**)-modified
bentonite (Phoslock®) which was widely used to remove
phosphate from various aquatic systems, such as dairy
products (Kurzbaum and Shalom 2016), municipal sew-
age (Robb et al. 2003), reservoirs (Yamada-Ferraz et al.
2015), and lakes (Spears et al. 2013; Kuroki et al. 2014).
Compared with other representative adsorbents, Phoslock®
is easy to synthesize and the formed LaPO, is chemically
stable and insoluble after the adsorption of orthophosphate.
Thus, Phoslock® was extensively applied to tackle with the
emergency pollution of P and the release of captured P in
the sediment was carefully studied (Ding et al. 2018). How-
ever, considering that LaPO, may pose detrimental effects
on aquatic system and La is a relatively expensive rare earth

element, recovery of P-adsorbed Phoslock® from aqueous
solution or sediment is of significance.

This work aims to develop the recyclable adsorbent for
phosphate removal by grafting Fe;0, onto Phoslock® with
an organosilane as the coupling agent. The developed com-
posites (Fe;0,@Phoslock®) were characterized to collect the
composition and structure information, and the performance
of the Fe;0,@Phoslock® for phosphate removal was fully
investigated, including kinetics, isotherms, influences of pH
and coexisting ions, and regeneration.

Materials and methods
Chemicals and reagents

Phoslock® was provided by Phoslock Water Solutions Ltd
(Changxing, Zhejiang, China), and the element composi-
tion was determined by X-ray fluorescence (O 28.96%, Si
25.85%, A1 6.43%, Ca 1.53%, La 1.36%, K 1.35%, C1 1.30%,
Fe 1.29%, Mg 1.20%, Na 0.50%, P 0.02%, others 0.41%,
and the ignition loss 29.80%). Fe;0, and organosilane were
synthesized in laboratory. All phosphate-bearing solutions
were prepared using ultrapure water, and the reagents are of
analytically pure and directly used without further treatment.

Synthesis of Fe;0,@Phoslock®

Fe;0, was synthesized by co-precipitation with Fe’* and
Fe?" at the molar ratio of 2.0 under the alkaline condition
(Yoon et al. 2014). To be specific, 4.410 g of FeCl;-6H,0
and 1.614 g of FeCl,-4H,0 were dissolved in 200 mL
ultrapure water and the solution pH was adjusted to 10~ 11
using 2 mol/L. NaOH. After aging at 85 °C in the oil bath for
1 h, the synthesized Fe;O, was cooled to room temperature,
washed with ultrapure water until neutral, separated from the
water by magnet, freeze-dried, and ground for further use.

To preparation the organosilicon quaternary ammonium
salt (organosilane) ( Mebes and Ludi 1989), 1.0 g of 3-chlo-
ropropylmethyldimethoxysilane, 1.1 g of N,N-dimethyldo-
decyl amine, and 0.1 g of sodium iodide were successively
added into a flask containing 100 mL of ethanol. The solu-
tion was then heated to boiling at 90 °C, refluxed and stirred
for 2 days, and cooled to room temperature. After filtration,
the solvent was removed by vacuum distillation to obtain a
yellowish viscous liquid.

3.0 g of Phoslock® was dispersed in 100 mL of anhy-
drous ethanol for 30 min, and then 3.0 g of organosilane
was slowly added into the suspension and mixed vigorously
at 85 °C for 6 h. To further load the magnetism to orga-
nosilane-fabricated Phoslock®, 3.0 g of Fe,0, was added
and the mixture was maintained at 85 °C for extra 14 h.
The final composite was thoroughly washed by ethanol and
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ultrapure water, freeze-dried, and labeled as M;0;P;. With
the similar protocol, another two composites with differ-
ent mass ratios of Fe;O,, organosilane, and Phoslock® were
prepared, namely, M;O4P, 5 and M,0,P,.

Characterization

The carbon contents of samples were determined on a
CS744 elemental analyzer (LECO, Michigan, USA). The
iron and lanthanum concentrations of composites were
determined by an inductively coupled plasma mass spec-
trometer (Agilent 8800, Agilent Technologies, USA) and
a single channel scan inductively coupled plasma emission
spectrometer (ULTIMA 2, HORIBA, Japan), respectively.
X-ray diffraction (XRD) was carried out on an Empyrrean
X-ray diffractometer (PANalytical, Almelo, Netherlands)
equipped with a Cu Ka radiation source (4 =1.5418 A at
40 kV and 40 mA). Field emission scanning electron micros-
copy (FESEM, Sigma 300, Zeiss, Germany) equipped with
an energy dispersive X-ray spectrometer (EDX) was applied
to characterize the surface morphology and elemental dis-
tribution of sample at an accelerating voltage of 5 kV. The
magnetic property was measured using a vibrating sample
magnetometer (VSM, LakeShore 7404, USA) at room tem-
perature with a field measurement range of +2.0 kOe.

Batch adsorption experiments
Adsorption kinetics

A batch of vials containing 20 mg of adsorbent and 20 mL of
0.1 or 1.0 mmol/L phosphate-bearing solution were shaken
at room temperature (200 rpm). At different times (#= 10,
20, 30, 45, 60, 90, 120, and 180 min), two parallel vials were
fetched out and the mixture were filtered to measure the
residual concentration of phosphate in the solution using the
spectrophotometric method (Liu et al. 2018) (L5, INESA,
Shanghai, China). The amount of P adsorbed (Q,, mg /g) was
calculated by Eq. (1).

oo (=C)xV "
m

where V is the volume of solution (L), m represents the

mass of adsorbents (g), and C, and C, are the concentra-

tions of P in solution at the beginning and at time # (mg/L),

respectively.

The experimental results were fitted with pseudo first-
and second-order models (Eqgs. (2) and (3)) (Nodeh et al.
2017):

Pseudo-first-order model
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Pseudo-second-order model
O2kyt
QO =— 3
1+ k0,

where Q. and Q, are the P uptake at equilibrium and at time
t (mg/g), respectively, and &, (1/min) and k, (g/(mg-min))
are the rate constants.

Adsorption isotherms

To achieve the maximum uptake of phosphate on the synthe-
sized adsorbents, a series of solutions with different phosphate
concentrations ranged from 0.05 to 5.0 mmol/L were prepared.
Per the similar protocol of kinetics study, the phosphate con-
centrations in the solutions after shaking for 24 h were deter-
mined and applied to calculate the phosphate uptake. The
Langmuir and the Freundlich models (Dlugosz et al. 2018)
were applied to fit the adsorption results.
Langmuir model
QmakaCe

0, = T+4,C, “4)

Freundlich model
Q, = kpC,M" ®)

where Q, is the P concentration at equilibrium (mg/g), k.
denotes the Langmuir constant related to the affinity of
binding sites (L/mg), Q.. refers to the adsorption capac-
ity (mg/g), ki represents the Freundlich constant related to
adsorption capacity ((mg/g)/(mg/L)"""), and 1/n is the con-
stant related to the adsorption density.

Influence of pH and coexisting ions

To investigate the influence of pH on the adsorption of phos-
phate, the solutions of 0.1 mmol/L phosphate at different
pH (2~11) were prepared, and with the solid/liquid ratio of
20 mg/20 mL, the residual phosphate concentrations were
determined after shaking for 180 min. Similarly, to study
the influence of coexisting ions, the solutions containing
0.1 mmol/L phosphate and 1.0 mmol/L anions (including
NO,™, CI7, SO,*~, HCO,™, SiO;>~, and humate) or cations
(including Ca®*, Mg?**, and NH,") were prepared, and the P
uptakes in these systems were measured and calculated.
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Regeneration and reuse

The P-saturated composites were regenerated by 1.0 mol/L
NaOH with the solid/liquid ratio of 50 mg/mL (Hokkanen
et al. 2018). After desorption, the solid was washed with
ultrapure water to neutral, filtered, freeze-dried, and ground.
Sequentially, the regenerated composite was applied to con-
duct the next adsorption experiment. Such an experiment
was repeated for five cycles, the regeneration efficiency (7,
%) was calculated by Eq. (6).

Hy = % x 100% (6)

0

where Q, and Q, are P uptakes at the beginning and after
regenerated for the n times (mg/g), respectively.

Application test

The synthesized composites were used to remove phosphate
in the landfill leachate treated by Anammox. The initial P
concentration and pH of the solution were approximately
3.5 mg/L and 9.1, respectively. With the similar adsorption
conditions abovementioned, the influence of dosage on phos-
phate removal from the treated landfill leachate was explored
using the solid/liquid ratios of 20, 30, 40, and 50 mg/10 mL.
The removal rate of P (R, %) was calculated by Eq. (7).

CO B Ce
R= x 100% 7
CO

where C,, and C, (mg/g) are the initial and equilibrium con-
centrations of P in solution, respectively.

Results and discussion
Physicochemical characteristics

The content of Fe, C, and La in Phoslock® and Fe;0,@
Phoslock® composites are shown in Table 1. The content
of Fe;0,, organosilane, and La in the composites can be
calculated by Eqgs. (8), (9), and (10), respectively.

_ wg, —0.23w
= NFEMFe (8)

where n,, is the content of Fe;O, (mol/g); wy, refers to the Fe
content in percentage (%); w denotes the approximate mass
ratio of Phoslock® in composites, i.e., 1.5/7.5 for M;O;P, s,
3/9 for M;05P;, and 4/10 for M,0,P,; 0.23 represents the
percentage of Fe content in Phoslock® (%); Ng, is the num-
ber of Fe;0, molecular Fe (Ng, =3); and M, is the relative
atomic mass of an iron atom (56 g/mol).

we —0.62w

hg = NoM, )

where ng represents the content of organosilane (mol/g), w
is same as Eq. (8), 0.62 represents the impurity C content
in Phoslock® in percentage (%), N is the number of C in
a organosilane molecule (N-=20), and M is the relative
atomic mass of carbon atom (12 g/mol).

Wia
np = E (10)

where np is the content of La in the modified adsorbent
(mol/g), wy, is the La content of the composite in percent-
age (%), and M, is the atomic mass of La (139 g/mol).
Based on the final molar contents of Fe;0,, organosi-
lane, and La, three composites are renamed for comparison
(Table 1). Compared with Phoslock®, the content of Fe and
C elements increased significantly after modification, indi-
cating that both organosilane and Fe;O, were successfully
loaded onto Phoslock®. Notably, the contents of organosi-
lane in the composites were proportionally increased with
the dosage of Phoslock®, which can be ascribed to the ion
exchange with La>* ions and condensation reactions with the
hydroxyl groups in Phoslock®. In principle, the content of
Fe;0, in final composite should be increased with the dos-
age of organosilane due to the condensation reactions, while
the opposite results were observed. This suggests that the
loading of organosilane was governed by Phoslock® rather
than Fe;O,4. Organosilane molecules intercalated into the
interlayer space of Phoslock® and anchored on the internal
surface via electrostatic interactions, leaving only a small
amount of organosilane in solution for the condensation with

Table 1 Composition of
Fe;0,@Phoslock® composites

Name Wrge (%) we (%) wp, (%) Fe;O, (mmol/g) Orga- La (mmol/g) Rename
nosilane
(mmol/g)
Phoslock®  0.23 0.62 4.23 - - - -
M,O.P, s 4462 432 139 2.65 0.175 0.100 M, 50, P,
M,0,P, 3605 537  2.00 2.14 0.215 0.144 M, 40, 5P,
M,O,P, 2138 701 275 1.27 0.282 0.198 M; .0, P,
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Fe;0,. Notably, due to the steric hindrance, the micro-sized
Fe;0, is hardly to intercalate into the nano-sized interlayer
space to condense with the anchored organosilane. In other
words, mixing organosilane and Phoslock® at the first stage
reduced the reaction possibility of organosilane with Fe;O,,.
As aresult, the loading of Fe;0, on the external surface or in
the “house-of-card” structure through physical interactions
may account for the decreasing contents.

To achieve the structural information, the XRD patterns
of samples were collected and shown in Fig. 1. The fine
crystal structure of the original Phoslock® was evidenced
in Fig. 1(a), while the diffraction peaks at the 260 values of
20.9°,26.5°, and 50.1° suggest the presence of quartz (SiO,,
PDF#85-0930). Compared with the original Phoslock®,
the Fe;0,@Phoslock® composites exhibited new diffrac-
tion peaks at 26 values of 30.1°, 35.5°, and 62.6°, which
are assigned to Fe;O, (PDF#75-0033) and still maintained
after phosphate adsorption. This further verifies that Fe;0,
was stably loaded onto Phoslock®. As reported, Fe;O,4 can
separate phosphate from water mainly through complexa-
tion or ligand exchange with hydroxyl groups on the surface
without destruction of the crystal structure (Moharami and
Jalali 2014). To confirm the intercalation of organosilane,
the XRD patterns at low 20 values are recorded (Fig. 1(b)).
The 20 of 001 reflection was significantly shifted from 5.8
to 3.8° after the loading of organosilane and Fe;0,, corre-
sponding to the increase of d,; value from 1.54 to 2.30 nm
(Chen et al. 2019). This should be attributed to the above-
mentioned ion exchange between organosilane cations and
the La** ions in the interlayer space of Phoslock® (Luo et al.
2020). After phosphate adsorption, the interlayer distance
of the adsorbents was not changed, suggesting that the

intercalated organosilane were stably trapped between the
layers and hardly released.

Doping of Fe;0, on Phoslock® grants the magnetism on
the final composites. As shown in Fig. 2, the magnetic hys-
teresis loops confirm the excellent superparamagnetism of
the synthesized composites (Wong et al. 2020). Compared
with the original Fe;O, nanoparticles that have a saturation
magnetization of 61.7 emu/g, My 50, ,P;, M, 0, 5P, and
M 4O, 4P, show the saturation magnetization of 42.0, 33.3,
and 17.3 emu/g, respectively. The decrease of the satura-
tion magnetization is a common phenomenon in the modi-
fied magnetic materials (Peng et al. 2012; Lai et al. 2016),
because Fe;O0, was only partially grafted as a magnetic
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constituent on the non-magnetic Phoslock®. In the inset of
Fig. 2, Mg 4O, 4P, with the lowest saturation magnetization
can be rapidly attracted by the applied magnetic field, which
was quickly re-dispersed with a facile agitation after the dis-
missal of the magnetic field. This implies that Fe;O,@Pho-
slock® can be readily recovered and feasibly applied in the
practical adsorption process.

Adsorption characteristics of Fe;0,@Phoslock®
for phosphate

Adsorption kinetics

The phosphate uptake on the composites as a function
of time is depicted in Fig. 3. For the initial phosphate
concentrations of 0.1 and 1.0 mmol/L, it takes 60 and
90 min to achieve the equilibrium, respectively. Three
composites showed the similar adsorption kinetics and
phosphate uptake at the concentration of 0.1 mmol/L
due to enough adsorption sites. However, at high

11 O My50,7,P; (0.1 MM P) @ My50,,P, (1 MM P)
10f O Mi49015P1 (0.1 mMP) B M,y 40, 5P; (1 MM P)
9 A Mg 4044P; (0.1 mMP) A M0, P, (1mMP)
8 E
57 :
g6 :
S 5 i
4t
3F E
2F : | - Pseudo-first order model E
1k —— Pseudo-second order model} =
0 3 || PP

0 30 60 90 120 150 180

Time (min)
Fig.3 Adsorption kinetics of phosphate on Fe304@Phoslock® com-

posites (m=20 mg, V=20 mL, [P],=0.1 or 1 mmol/L, T=25 °C,
without pH control)

phosphate concentration, the amount of adsorbed phos-
phate of M ,O, ,P, was lower than that of M, 4O, 5P,
and My, sO, ;P,, because the lower content of Phoslock®
(La*") and the presence of organosilicon film (explained
in “Adsorption mechanism”) in My ,O, ,P,. The fitting
parameters of pseudo-first order and pseudo-second order
models are summarized in Table 2. The correlation coef-
ficients (R?) imply the better fitting of the pseudo-second
order model with respect to the pseudo-first order model,
which is in good agreement with some reported phosphate
adsorbents (Yang et al. 2013; Moharami and Jalali 2014).
In addition, the calculated Q, values of the pseudo-second
order model were closer to the experimental data. These
results suggest that the chemisorption was the rate-limiting
processes (Moharami and Jalali 2014; Tu et al. 2015) and
adsorption of phosphate might be attributed to the ligand
exchange with hydroxyl groups and LaPO, precipitation
(Haghseresht et al. 2009; Moharami and Jalali 2014).

Adsorption isotherms

Fitting of the isothermal adsorption data using the Lang-
muir and Freundlich models are depicted in Fig. 4, and
the corresponding parameters are summarized in Table 3.
The adsorption capacities of P calculated by the Lang-
muir equation (Eq. (4)) are 20.6, 15.9, and 16.9 mg/g for
Mj6.50, 7P1. Mi490, 5Py, and Mg 4,0, 4P, respectively.
However, the fitting results of Q.. were different from
the experimental data, which was ascribed to the mis-
match of phosphate adsorption with the ideal adsorption
conditions assumed by the Langmuir model (Ghosal and
Gupta 2017). The correlation coefficients (R%) (Table 3) of
the Freundlich model are much closer to 1.0 with respect
to that of the Langmuir model, suggesting the better fit-
ting. This is caused by the heterogeneous adsorption sites
on Fe;0,@Phoslock® composites, which is consistent
with the fitting results of pollutants adsorption on some
reported multi-phase composites (Hu et al. 2017; Guerra
et al. 2020). The value of 1/n in the Freundlich model was
ranged from 0.1 to 1, indicating that the adsorption process
is easy to occur (Wen et al. 2013; Li et al. 2019).

Table 2 Parameters of

Al Adsorbent Co
the kinetic models used

Pseudo-first-order

Pseudo-second-order

for the fitting of different (mmol/L) Q. (mg/g) k; (1/min) R? Q. (mg/g)  k,(g/(mg-min)) R?

concentrations of phosphate

onto Fe;0,@Phoslock® M,,50,,P, 0.1 2.67+0.09 0.104+0.020 0.658 2.90+0.07 0.058+0.011 0.915
M,, 40, 5P, 2.65+0.09 0.088+0.016 0.747 2.91+0.06 0.047+0.007 0.948
M40, 4P, 2.65+0.12 0.068+0.013 0.761 2.95+0.09 0.033+0.006 0.934
M,,50,,P, 1.0 7.05+0.30 0.086+0.019 0.690 7.76+0.34 0.017+0.005 0.835
M,, 40, 5P, 7.09+0.23 0.089+0.015 0.780 7.78+0.17 0.018+0.003 0.949
Mg ,0, 4P, 4.88+0.08 0.119+£0.012 0.903 5.21+0.10 0.042+0.007 0.917
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Fig.4 Adsorption isotherms of phosphate on Fe;0,@Phoslock®
composites (m=20 mg, V=20 mL, 7=25 °C, =24 h, without pH
control)

Comparison of Fe;0,@Phoslock® with precursors

As shown in Fig. 5, phosphate removal from aqueous
solutions was compared among Fe;O,, Phoslock®, and
Fe;0,@Phoslock® composites. The relatively low phos-
phate uptake of Fe;0, synthesized in the lab was consist-
ent with the previously reported results (Daou et al. 2007,
Yoon et al. 2014; Moharami and Jalali 2014; Tu et al.
2015), while Phoslock® showed relatively high phos-
phate uptake and was close to the reported results (Hagh-
seresht et al. 2009). Under the same experimental condi-
tions, the amount of adsorbed phosphate was in an order of
Phoslock®> M, 4O, sP; > M, 50, P, > M ,0, ,P, > Fe;0,,
regardless of the initial concentration of phosphate (0.1
or 1.0 mmol/L). The adsorption capacity of My 5O, ;P
(20.6 mg/g; Table 3) is competitive with respect to some
recently reported adsorbents, such as Lanthanum (La)
Modified Bentonite (8.51 mg/g) (Ding et al. 2018), and
La(IIT)-Modified Bentonite (14.0 mg/g) (Kuroki et al.
2014). Although the phosphate uptake of the composite was
decreased slightly with respect to the original Phoslock®,
the composite possesses the magnetism and can be quickly
recycled.
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Fig.5 Comparison of phosphate adsorption on Phoslock®, Fe;0,,
and Fe304@Phoslock® composites (m=20 mg, V=20 mL, [P];=0.1
or 1.0 mmol/L, T=25 °C, t=3 h, without pH control)

Effect of solution pH

As shown in Fig. 6, uptake of phosphate by three compos-
ites shows the similar tendency with solution equilibrium
pH, where the amount of adsorbed phosphate was main-
tained in the acid conditions (pH of 2.0~ 6.8) and started
to plummet until pH approximately 7.0. The influence of
pH on phosphate adsorption should be attributed to the
change of surface charge, competition with hydroxide ions,
and variation of phosphate species (Fig. 6(b)). According
to a previous study (Moharami and Jalali 2014), phosphate
uptake by Fe;O, was gradually decreased with the solu-
tion pH (removal percentage of ~65% at pH 2.0 and that
of ~35% at pH 8.0), different from the observed trend on
Fe;0,@Phoslock® composites (Fig. 6). This can be ration-
alized by the stable performance of Phoslock®, showing
phosphate uptake around 4.4 mg/g in the pH 5~7 with
[P]o=1 mg/L (Ross et al. 2008). The point of zero charge
of Fe oxides generally ranges from pH 7 to 9 (Wendling
et al. 2013) and the formation of hydroxyl species of La>*
(Ross et al. 2008), which might account for the rapid drop
of phosphate uptake in alkaline conditions.

Table 3 Parameters of the

. . Adsorbent Langmuir model Freundlich model
Langmuir model and Freundlich
model for the isotherms on Oimax (Mg/g) ki (L/mg) R? kg ((mg/g)/(mg/L)”") n R?
Fe,0,@Phoslock®
M,650, /P, 20.6+3.7 0.039+0.02 0.855 3.67+0.7 3.14+04 0.954
M,, 40, 5P, 159+23 0.080+0.03 0.806 3.81+0.5 3.49+0.4 0.966
M 40, 4P, 16.9+3.0 0.052+0.03 0.819 3.67+0.6 345+0.5 0.949
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Fig.7 Effect of co-existing ions on the adsorption of phospho-
rus by Fe;O,@Phoslock® composites (m=20 mg, V=20 mL,
[P]p=0.1 mmol/L, [co-existing ion]=1 mmol/L, T=25 °C, t=3 h,
initial pH range 5.4 ~7.8)

Effects of coexisting ions

The effects of naturally present substances on the adsorp-
tion of phosphate by Fe;0,@Phoslock® composites
are shown in Fig. 7. The inhibitory influence of ani-
onic ions on phosphate adsorption followed the order:
HCO;~ >humate > SiO;*~ >NO;~ ~ ClI”~ ~ SO,
while the facilitating effect of cations followed the order:
Ca** >Mg?* >NH,". The equilibrium pH values of the
HCO;™, SiO32_, and humic-bearing systems were 7.8, 7.3,
and 7.4, respectively, while the pH ranged from 6.9 to 7.1
for other systems. Because phosphate uptake is pH-sensitive
(Fig. 6), the small pH difference might result in the signifi-
cant uptake inhibition. In addition, the former three anions
might compete with phosphate to interact with hydroxyl
groups and La>* in Fe;0,@Phoslock® composites through
the hydrogen-bond and inner-sphere complex interactions.

In general, adding NO;~, CI~, and SO, increased the ionic
strength and would weaken the electrostatic interactions of
phosphate with — R,N*. Thus, the negligible inhibition of
these ions on phosphate uptake implies that electrostatic
interaction was not the main adsorption mechanism. Com-
pared with anions, the presence of Ca’*, Mg?*, and NH,*
might enhance the electrostatic attractions between the com-
posites and phosphate. The enhanced phosphate adsorption
on goethite in the presence of Ca>* was reported due to the
electrostatic interactions among phosphate, Ca** and the
goethite mineral surface, i.e., Ca*" bridging (Wendling et al.
2013). The composites show high selectivity for phosphate
in the presence of common cations and anions, implying the
promising potential for application in real sewage.

Regeneration and reuse

At high pH hydroxide ions significantly inhibit phosphate
adsorption (Fig. 6), suggesting that NaOH would be a
favorable reagent for the composites regeneration. After
regenerated by 1.0 mol/L NaOH for 5 cycles, uptake of phos-
phate was reduced by 28%, 48%, and 34% for M,4 50, ;P
M, 460, 5P, and M, ,O, 4P, respectively (Fig. 8). Phosphate
captured by Fe;O, via inner-sphere complex and in LaPO,
precipitate were desorbed, while during the regeneration
process, some of La’* were transformed into nano-sized
La(OH)j; in the alkaline solution and lost. Thus, the remark-
able decreases of phosphate uptake in the headmost cycles
were observed, while the small drops in the latter cycles sug-
gested the favorable regeneration performance, especially for
M, 50O, ;P,. Considering the high phosphate concentration
in the solution produced from the regeneration processes
(6.3~21 mmol/L), precipitating phosphate through feeding
Ca**, Mg?*, and NH," salts in forms of hydroapatite and
struvite to recovery phosphorus as fertilizer is applicable
(Kuzawa et al. 2006; Desmidt et al. 2015). In addition, the
solution is still strongly basic after phosphate precipita-
tion. Therefore, it can be applied to precipitate heavy metal
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Fig.8 Regeneration performance of Fe;0,@Phoslock® composites

cations in the industrial wastewater or reused as the regen-
erating agent after filtration.

Adsorption mechanism

The morphology and element mapping of M4 50, /P,
M,, 60, sP;, and Mg ,O, ,P, are presented in Fig. 9. SEM
images showed the coverage of spherical or near-spherical
Fe;0, nanoparticles on the edge and/or surface of Phoslock®,
and the similar phenomenon was also observed on the kao-
lin/Fe;O, composites synthesized by the co-precipitation
method (Liu et al. 2020). Different from My, 5O, ,P, and
M, 440, 5P, there is a thin film on the surface of M ,O, 4P;.
The smallest content of Fe;O, in Mg 4,0, 4P, (Table 1) pro-
vided the least hydroxyl groups and indirectly facilitated the
silylanization of organosilane molecules. In addition, the
content of Cl on the surface of M ,0, 4P, is significantly
higher than that of the other two analogues. Thus, a layer of
organosilane film might be formed on the surface, similar
as the silica-supported polyether polysiloxane quaternary
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1 um e 924

Atomic
(%)
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Fig.9 SEM images and element mapping (yellow P, green La, and red Fe) of (a—c) My 50, ;P;, (d—f) M, 40, sP;, and (g-i) M 4O, 4P, after

phosphate adsorption
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ammonium (Zhai et al. 2020), which would affect the
adsorption performance of phosphate. As shown in Fig. 9
(b) and (c), there is an unoccupied section showing the syn-
chronized distribution of La and P, suggesting that LaPO,
precipitation should be involved for phosphate removal.
Electrostatic interaction with —R,N*, ligand exchange
with hydroxyl groups of Fe;O,, and formation of LaPO,
precipitate were proposed to account for the removal of
phosphate. The contents of La, Fe;O,, and organosilane are
decisive factors affecting the adsorption performance of the
composites. As aforementioned, electrostatic interactions
with — R,;N* was not the main contributor for phosphate
uptake. Thus, only ligand exchange and precipitation are
illustrated based on the possible structures of Fe;O,@Pho-
slock® composites (Fig. 10). During the synthesis of com-
posites, (a) the individual organosilane molecule anchored
on the surface of Phoslock® and Fe,;0, through silylanization
reactions, stabilizing the Fe;O, nanoparticles on Phoslock®.
In addition, (b) some organosilane cations exchange with
La**, reducing the concentration of La** and expanding the
interlayer space (Fig. 1). However, for those intercalated
organosilane molecules, Fe;O, are too large to penetrate to
the interlayer space and react with the silane groups. Similar
as the case of (a), (c) Fe;0, nanoparticle was firstly grafted
by organosilicon molecules and then stabilized by the orga-
nosilicon-anchored Phoslock® layers through hydrophobic

_ Phoslock® Iayer

Magnetic Phoslock®

(a) CH, (b)

- l.‘3 OCH3

J:H3 J)CH3

H\OH
(d) CH, OCH;3
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s—OH
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/\/\/\/\/\/\N*/\/Si—CH:;‘\OH

O—
|

/\/\/\/\/\/\N'f/\/SI—O

J3H3 CH, ~ _J:H3 CH,

AAAAANNEA Si—CH;

0@\0“

interactions. At last, slightly different from the case of
(b), (d) a fraction of organosilane cations electrostatically
anchored on the external surface of Phoslock®, leaving the
silane groups available for Fe;0, to achieve further sily-
lanization reactions. No matter the graft of organosilane via
electrostatic interaction or silylanization, Fe;O, nanoparti-
cles and Phoslock® became hydrophobic due to the long
hydrocarbon chain of organosilane and aggregated together
via hydrophobic interactions. Although the content of La®*
in My 5O, ;P, was the lowest, more Fe;O, made up for the
reduced uptake of phosphate. In contrast, M ,O, 4P, had the
highest La** concentration but the lowest phosphate uptake,
likely because the organosilane film covered the adsorption
sites. In general, the adsorption characteristics of three com-
posites were slightly different.

Application test

To further investigate the adsorption performance of phos-
phate by FeSO4@Phoslock® composites from the real sew-
age, the landfill leachate treated by Anammox with inor-
ganic P concentration of 3.5 mg/L was applied. M, 50, ;P
showed more favorable adsorption performance with
respect to the other two. As shown in Fig. 11, the phosphate
uptake by three composites increase with the solid-liquid
ratio, where the removal rate approximately 75% with the

o

Ligand exchange

Lanthanum-phosphate precipitation
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o .
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Magnetic Phoslock® after adsorption of phosphate

Fig. 10 Schematic illustration of composites structures before and after phosphate adsorption
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Fig. 11 Effect of adsorbent dosage on the removal of phosphate
from landfill leachate treated by Anammox treatment (V=10 mL,
T=25 °C, t=12 h, without pH control)

solid-liquid ratio of 5.0 mg/mL was obtained. The sewage
pH was around 9.1, which was an important factor affecting
the adsorption performance. In addition, due to the complex
composition of landfill leachate, the amount of adsorbed
phosphate of the composites is reduced.

Conclusions

Three Fe;0,@Phoslock® composites (i.e., My sO; /P,
M,, 40, 5P, and M, ,O, ,P,) with the different contents of
Fe,;0,, organosilane, and Phoslock® were synthesized and
applied to study the performance on phosphate adsorption.
The better fitting of using pseudo-second order model for
the adsorption kinetics suggested the chemical adsorption
process, including ligand exchange and precipitation. Due
to the heterogeneous adsorption sites, the isothermal data
were well fitted by the Freundlich model. All composites
showed favorable selectivity and stability against the vari-
ation of coexisting ions and solution pH. M,4 sO, ,P; could
be easily separated from water for repeated use and had high
adsorption capacity for phosphate (~20.6 mg/g). In addition,
M, 50, ,P; could remove 75% of phosphate from landfill
leachate treated by Anammox process at dosages of 5 g/L.
The adsorbed phosphate could be efficiently desorbed with
NaOH solution for at least 5 times.
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