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ABSTRACT

In this work, tobermorite/SiO,/Fe;O, composites were designed and synthesized by
hydrothermal method for the treatment of phosphorus in wastewater. The composites were
characterized by scanning electron microscopy and X-ray diffraction. The removal efficiency
of phosphorus on the tobermorite/SiO,/Fe;O4 composites was carried out and investigated
under various conditions, such as contact time, sorbent content, and pH. After the multi-run
experiments, the phosphorous elimination of the tobermorite/SiO,/Fe;O4 composites was
declined slightly comparing with the first-run experiments. Compared with the conventional
crystallization methods, tobermorite/SiO,/Fe;0, composites not only gave high efficiency to
remove phosphorus from wastewater without any complicated pretreatment, but also pro-
vided excellent magnetic properties for separating the phosphorus from water, which made
it easy recycled. Moreover, tobermorite/SiO,/Fe;O4 composites had excellent P-elimination
properties even in the strong acidic or basic conditions. Therefore, tobermorite/SiO,/Fe;O4

composites were important candidate for water quality control and protection.
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1. Introduction

Phosphorus (P) supply (concentration and flux) is
an important driver for biological activity in flowing
waters and needs to be managed to avoid eutrophica-
tion impacts associated with urbanization and agricul-
tural intensification [1]. These problems relate to
human health (algal toxins), species abundance and
diversity, and costs of water treatment for drinking.

*Corresponding author.

On the other hand, P is an essential nutrient for plants
which cannot be substituted by any other element,
and makes it an indispensable fertilizer component in
agriculture. Therefore, the removing, recovering, and
monitoring P in the water bodies are important for
both large-scale environmental assessment and indus-
trial process control. Several methods have been
developed to remove phosphorus from wastewater
including crystallization method, chemical precipita-
tion method, and adsorption method [2-9]. Adsorp-
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tion method often applied to treat wastewater with P
at low concentration (less than 1mgL™") [10,11].
Although traditional chemical precipitation method is
simple and economical in operation, it has the
disadvantages such as sensitivity to the environmental
conditions and relatively high sludge production [12].
Crystallization process is developed to remove P from
wastewater as an alternative technology. The suitable
seed material in crystallization process initiates the
deposition of calcium phosphate compounds onto the
seed material surfaces in order to achieve equilibrium
between Ca ions and phosphate [2]. Since crystalliza-
tion process produced hydroxyapatite and/or magne-
sium ammonium phosphate crystal on the surface
of granular seed crystals, it takes advantage of
separating from the water and potential phosphorus
recycling from the product [2]. However, several
crystallization processes need an adjustment of the pH
value prior to the calcium phosphate precipitation
[13,14]. Therefore, it is still a challenge to explore
novel, good-performance, and easy-recycled seeds for
crystallization to inexpensive and facile treatment of
wastewater.

Tobermorite (CasSigO.5H,-4H,O) has received
much attention due to the high adsorption capacity to
P and its potential applications in cation exchange
and wastewater treatment [15-17]. The crystallization
method based on tobermorite as the seeds was a
simple technology for phosphorus recovery from
wastewater, by which complex pretreatment steps as
pH adjustment or CO, stripping can be avoided
[18,19]. The major product of this crystallization
process is described by Eq. (1).

10Ca®" + 6PO} +20H™ — Cayo(OH),(PO,), (1)

Although significant advances have been made in
the development of tobermorite-based method for
wastewater treatment, this kind of materials also
encounter difficulties in easy recycling.

Herein, Tobermorite/SiO,/Fe;O, composites fabri-
cated by hydrothermal method were employed for
wastewater treatment (Fig. 1). The addition of magnetic
Fe;O4 nanoparticles make the composite could be sepa-
rated from the water by an external magnetic field
[20,21]. Compared with the conventional crystallization
method, Tobermorite/SiO,/Fe;0, composites not only
gave high efficiency to remove P from wastewater
without any complicated pretreatment, but also
provided excellent magnetic properties for separating
the products from water, which make it easy recycled.
Moreover, Tobermorite/SiO,/Fe;O, composites had
excellent P-elimination properties even in the strong
acidic or basic conditions. Owing to above merits,
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Fig. 1. Schematic diagram of tobermorite/SiO,/Fe;O4
composites for P-elimination.

tobermorite/SiO,/Fe;0, composites were important
candidate for water quality control and protection.

2. Experimental section
2.1. Chemicals and materials

All reagents used in the experiment were of
analytical reagent grade. Ferric chloride (FeCl;-6H,0)
and ferrous chloride (FeCl,-4H,O) were purchased
from Tianjin Tianli Chemicals Co. (Tianjin, China).
Disodium citrate (C¢HsO;Na32H,0), tetraethyl ortho-
silicate (TEOS), sodium silicate (Na,SiO3-:9H,0O) were
purchased from Tianjin Bodi Chemicals Co. (Tianjin,
China), Aladdin chemistry Co. Ltd. (Shanghai, China)
and Tianjin Kemiou Chemicals Co. (Tianjin, China),
respectively.

2.2. Instruments

The crystalline structure and composition of the
tobermorite/SiO,/Fe;0, composites were identified
by a D/max-IlIC X-ray diffractometer (Shimadzu,
Japan). The morphologies of the prepared samples
were examined using JEM-100SX electron microscope
(Nicolet, Japan). The oscillated treatment was by
WSZ-100A air oscillation instrument (Yiheng, China).
The ion chromatography (IC) analysis was performed
on ICS-3000 IC (Dionex, America).

2.3. Synthesis of Fe304 and SiO,/Fe;O4 nanoparticles
2.3.1. Preparation of Fes0O4 nanoparticles

Fe;O, nanoparticles were prepared by a chemical
co-precipitation method [22]. The magnetic nanoparti-
cles were prepared based on the chemical co-precipi-
tation of Fe** and Fe’* by adding sodium hydroxide.
FeCl,-4H,O (3.135g, 0.0157mol) and FeCl;-6H,0O
(8.514¢g, 0.0315mol) into 100mL of deionized water.
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After adding 12.7mL NaOH (10M), the reaction
mixture was stirred for 1h at room temperature. The
reaction mixture was then heated to 90°C under con-
tinuous stirring for another 1h. 0.33mL nitric acid
was subsequently added into the reaction mixture for
0.5h at 90°C. Trisodium citrate (0.3M, 50mL) was
then added, and the mixture was stirred for another
0.5h. The reaction mixture was cooled, and ethanol
was added to precipitate the iron oxides from the
aqueous solutions. The mixture was purified with
magnet to collect the Fe;O, nanoparticles, and then
removed supernatant. After repeated washing thrice,
Fe;0,4 nanoparticles were dried at 80°C.

2.3.2. Preparation of SiO,/Fe;04 nanoparticles

The synthesized Fe;O, nanoparticles were rinsed
with 20mL of anhydrous toluene twice, and then
dispersed into 50mL of anhydrous toluene. After an
addition of 0.5mL of TEOS, the mixture was sonicated
for 15min and transferred in a PTFE-lined autoclave.
The autoclave was heated at 120°C for 12h to obtain
Si0,/Fe;04 nanoparticles [23].

2.4. Preparation of tobermorite/SiO,/FesO4 composites
composites

About 0.05, 0.1, 0.15, and 0.20g SiO,/Fe;0, nano-
particles were dispersed into pure water (25mL),
respectively, then 0.9 g of 4A zeolite powder and 1.5¢g
of calcium oxide was introduced into the solution
under stirring. The mixture was sonicated for 30 min
and then transferred into autoclaves. The autoclaves
were heated for 10h at 160°C [24]. The synthesized
tobermorite/SiO,/Fe;0, composites were coded as
SAM-01, SAM-02, SAM-03, and SAM-04, respectively.

2.5. Tobermorite/SiO,/Fe;04 composites for treating
wastewater

The P-concentration of simulated wastewater was
1mg/L. The P-elimination efficiency of tobermorite/
Si0,/Fe;O4 composites was evaluated. 0.1 g tobermor-
ite/SiO,/Fe;0, composites were added into 10mL
solution with 1mg/L P to oscillate on the air oscilla-
tion instrument for 40 min, and then the mixture was
separated with the magnet.

2.6. IC analysis

The IC was employed to determine phosphorus
(as phosphate) of the supernatant. Five preparations
were typically made gravimetrically each for the
calibration standard. The mass fraction of phosphate
in these solutions ranged from 0.5 to 15mg/L. After
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Table 1
IC operating conditions of ICS-3000 for analysis of
phosphate

Column Dionex ionpac AS11-HC, analytical
(250 mm x 2 mm)

Guard column  Dionex ionpac PA-10 (2 x 50 mm)

Temperature Column set at 30°C, Cell set at 35°C
Detection Suppressed Conductivity, Temperature
compensation, 1.7°C71
Suppressor Anion self-regenerating suppressor
(ASRS 300 2mm) auto suppression
recycle mode
Eluent 30mM KOH
Flow rate 0.38 mL/min
Applied 29mA
current
Injection 2.5uL
volume
Data collection  5.0Hz
rate
Quantification Peak area
Analyte 8.25min
retention
time

filtrating with 0.22 um filter membrane for pre-treat-
ment, the P-concentration of the supernatant was
determined by IC analysis. The operation conditions
of IC were displayed in Table 1.

3. Results and discussion

3.1. Synthesis and characterization of tobermorite/SiO,/
Fez04 composites

Fe;O, nanoparticles were prepared by a chemical
co-precipitation method [22]. Then, the Fe;O, nano-
particles were modified by SiO, [23]. Figs. 2 and 3

=i
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100 nm
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Fig. 2. TEM image of Fe;0, nanoparticles.
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Fig. 3. TEM image of SiO,/Fe;O4 nanoparticles.

show the transmission electron microscopy (TEM)
image of Fe;0; and SiO,/Fe;O4 nanoparticles. The
Fe;0O4 nanoparticles were spherical with a particle size
of about 5nm (Fig. 2), while S5iO,/Fe;O4 nanoparticles
were spindle in shape with several Fe;O, nanoparti-
cles as the core (Fig. 3). Fig. 4 shows the XRD pattern
of Fe;O,. The intense diffraction peaks indexed to
(220), (311), (400), (422), (511), and (440) planes
appearing at 20=30.15, 36.27, 43.32, 53.89, 57.13, and
62.29°, respectively, are consistent with the standard
XRD data for the cubic phase Fe;O, with a face-
centered cubic structure.

The tobermorite/SiO,/Fe;0, composites were
synthesized by hydrothermal method [24]. To observe
the effect of Fe;O4 nanoparticles content in the hybrid
materials, we synthesized the tobermorite/SiO,/Fe;O4
composites by using different weight ratio of SiO,/
Fe;O, nanoparticles to tobermorite (0.05:1.5, 0.1:1,
0.15:1.5, and 0.2:1.5). The XRD pattern is often used as a
measure of product yield [25,26]. XRD patterns of
SAM-01, SAM-02, SAM-03, SAM-04, and SiO,/Fe;O,
nanoparticles are shown in Fig. 5. Fig. 5 shows that the
diffraction peak of pure tobermorite (20="7", 30°; JCPDS
No.19-1364) SiO,/Fe;0, nanoparticles
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Fig. 4. The XRD pattern of Fe;O,,
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Fig. 5. XRD results of the synthesized tobermorite/SiO,/
Fe;O, composites using different weight ratio of SiO,/
Fe;0, nanoparticles to tobermorite. SAM-01 (a), SAM-02
(b), SAM-03 (c), SAM-04 (d), and SiO,/Fe;0, nanoparticles
(e). (T) Tobermorite, (M) SiO,/Fe;O, nanoparticles.

(20=36°, 53°, 64° JCPDS No.16-629) still appeared in
tobermorite/SiO,/Fe;0, composites. Evaluated from
the XRD peak intensity, the mean percentage content
of tobermorite in SAM-02 is highest in these four
samples. The synthesized tobermorite/SiO,/Fe;O4
composites SAM-01, SAM-02, SAM-03, and SAM-04
were applied for treating phosphorus and the results
were shown in Fig. 6. Fig. 6 demonstrated the synthe-
sized sample SAM-02 had the highest P-elimination
efficiency, which was in consistent with the results of
XRD.

The VSM picture in Fig. 7 demonstrated that it can
be separated by an external applied magnetic field
from wastewater. The magnetization property of
as-prepared tobermorite/SiO,/Fe;O, composites was
investigated at room temperature by measuring the
magnetization curve (Fig. 7). The saturation magneti-
zation of the composite was 3.5emug ' which indi-
cated that the tobermorite/SiO,/Fe;0, composites
could be applied for magnetic separation.

100 1
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Fig. 6. The P-elimination of different tobermorite/SiO,/
Fe;0,4 composites.
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Fig. 7. The VSM picture of tobermorite/SiO,/Fe;O4
composites.

The morphology of the tobermorite and tobermor-
ite/Si0,/Fe3;0, composites was verified by scanning
electron microscopy (SEM). The graph shows pure
tobermorite was needle-shaped crystal (Fig. 8(d)).
After doped with 5i0,/Fe;O4 nanoparticles, tobermor-
ite/Si0,/Fe;0, composites exhibited needle-shaped
crystals with some twine shape around (Fig. 8(a, b, c)).

The surface conditions of tobermorite/SiO,/Fe;O,
composites before and after used for P-elimination
was also compared by SEM (Fig. 9). Before adsorption
of phosphorus, the fine cardhouse structure with

Si0,/Fe,0,

BEC 20kV WD10mm SS520
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needlelike crystals on the surface of composites could
be observed (Fig. 9(a)). However, after adsorption the
crystal line form disappeared from the SEM photo-
graph (Fig. 9(b)). Hence, the P-elimination process
seemed to chemisorb tobermorite with twine around
its needle-like crystal.

3.2. Influence of the oscillation time

In the proposed method, oscillation time was an
important parameter affecting the P-elimination effi-
ciency of tobermorite/SiO,/Fe;0, composites to waste-
water. The effect of oscillation time on P-elimination
efficiency was evaluated and the results were shown in
Fig. 10. The P-elimination efficiency increased with
increment of oscillation time and then approach a
stable value after oscillation over 30min. Therefore,
40 min was chosen for further the experiment.

3.3. The best dosage of tobermorite/SiO,/Fes0, composites
in the P-elimination process

The dosage of tobermorite/SiO,/Fe;O4 composites
were one of the key kinetic factors of P-elimination
process. To investigate the effect of the dosage of
tobermorite/SiO,/Fe;0, composites on the P-elimina-
tion process, a series of P-elimination experiments
were carried out by varying the amount of tobermor-
ite/SiO,/Fe;0, composites from 0.5 to 20gl "
The changed P-elimination efficiency with various

SEI 20V WD10mm 5520

Fig. 8. SEM images of the synthesized tobermorite/SiO,/Fe;0,4 composites (a, b, ¢) and tobermorite (d).
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Fig. 9. SEM images of the synthesized tobermorite/SiO,/Fe;O4 composites before (a) and after (b) used.
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Fig. 10. The effect of oscillation time on P-elimination
efficiency of tobermorite/SiO,/Fe;O4 composites.

tobermorite/SiO,/Fe;O, composites dosages is shown
in Fig. 11. The P-elimination efficiency increased when
the concentration of tobermorite/SiO,/Fe;O4 compos-
ites was from 0.5 to 10gl™', and then approached a
stable value with the further increased concentration
of tobermorite/SiO,/Fe;0, composites. Therefore,

100 -

——

P-elimination (%)
o2 8888838 8

(1] 2 4 6 8 10 12 14 16 18 20 22
Dosage ( g-L")

Fig. 11. The P-elimination of different
tobermorite/SiO,/Fe;O4 composites composites.

dosage of

10 gl_1 tobermorite/SiO,/Fe;0, composites were cho-
sen for further experiment.

3.4. Effect of pH on P-elimination process

The pH of aquatic environment played an impor-
tant role on the P-elimination efficiency of the crystal-
lization methods, since the crystallization of calcium
phosphate compounds were influence by pH [18,19].
The effect of pH range 1.8-13 on the P-elimination
process of tobermorite/SiO,/Fe;O, composites is
shown in Fig. 12. Fig. 12 shows that tobermorite/
5i0,/Fe;04 composites had excellent P-elimination
properties even in the strong acidic or basic condi-
tions. This system could overcome the disadvantages
of pH-sensitive in the conventional crystallization
methods.

3.5. The durability of the tobermorite/SiO,/FesOy
composites

In order to avoid environmental pollution and meet
the need of stringent ecological and economic demands
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Fig. 12. The P-elimination of tobermorite/SiO,/Fe;O,
composites in different pH.
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Fig. 13. The durability of the tobermorite/SiO,/Fe;O4
composites.

for sustainability, the regeneration and reuse of
tobermorite/SiO,/Fe;O, composites were of particular
importance. The durability of the tobermorite/SiO,/
Fe;O, composites was evaluated by P-elimination
performance of the reused tobermorite/SiO,/Fe;O4
composites on the 1mgl' phosphorous solution
(Fig. 13). After the multi-run experiments, the P-
elimination performance of the reused tobermorite/
Si0,/Fe;04 composites was still higher than 80%,
which shows satisfactory stability of the P-elimination
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performance. Although the tobermorite/SiO,/Fe;0,
composites may lose some tobermorite from the
long-term use, it is possible to restore the tobermorite/
5i0,/Fe;04 composites by repeating the tobermorite
coating process for the recovery of the P-elimination
performance.

3.6. The application of tobermorite/SiO,/FesO4 composites
for P-elimination in real samples

In order to evaluate the practicability of the devel-
oped method, the tobermorite/SiO,/Fe;O4 composites
were utilized for P-elimination in three real samples
under selected conditions. The results showed that
these real samples had little interference with the
performance of tobermorite/SiO,/Fe;O4 composites,
suggesting that this new method was suitable for the
removal of phosphorus from wastewater (Fig. 14
and Table 2). In addition, tobermorite/SiO,/Fes;O,
composites also showed excellent P-elimination effi-
ciency for industrial wastewater, suggesting that the
as-proposed method should be a general one for
the removal of P pollutants. The P-elimination of
tobermorite and tobermorite/SiO,/Fe;0, composites
is also compared in Fig. 15. The tobermorite and
tobermorite/SiO,/Fe;04 composites had the same P-
elimination effect for the wastewater indicating no
synergetic effects between tobermorite and SiO,/
Fe;0, for the P elimination.
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Fig. 14. The ion chromatogram of real samples before (1) and after (2) treated by the tobermorite/SiO,/Fe;O, composites.
Running water spiked phosphorus at concentration of 0.76 mg/L (a), Shahu Lake (b), wastewater from Huangmailing
factory (c).
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Table 2

Parameters of P-elimination by the proposed method

Sample Co (mg/L) C; (mg/L) P-elimination (%) RSD (%)
Running water 0.76 0.16 78.95 3.8
ShaHu Lake 0.75 0.15 80.00 3.7
Wastewater 1.53 0.36 76.47 42

Co was the original P-concentration of the sample.
C; was the P-concentration of the sample after treated.

The running water was spiked with phosphorus at concentration of 0.76 mg/L.
The wastewater, from Hubei provincial Huangmailing phosphate Chemical Co. Ltd., has been diluted 1000x.

7.0 75 80 85 5.0
1 H n f Time (min)
Wastewater
L’\—«-—'I"(:a bermorite/S iOzﬂ:a;O A

1 ML

0 2 4 6 8 10 12 14

Tobermorite

Time (min)

Fig. 15. The ion chromatogram of wastewater before and
after treated by the tobermorite and tobermorite/SiO,/
Fe;0,4 composites.

4. Conclusions

In this work, we explored the rapid, versatile, and
economical method for P-elimination in wastewater
based on tobermorite/SiO,/Fe;O,4 composites with
high P-elimination efficiency and separation ability.
The feasibility and performance of the tobermorite/
Si0,/Fe;04 composites for P-elimination were evalu-
ated by IC. Compared with traditional P-elimination
materials, tobermorite/SiO,/Fe;O, composites can be
collected easily and rapidly with a magnet in the
adsorption process. Besides, its adsorption properties
were independent of the solution pH. This research
provides the advanced tobermorite/Fe;O, composites
for monitoring and control of phosphorus.
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