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ABSTRACT

Phosphorus widely exists in municipal and industrial wastewater effluents and is the primary cause
of eutrophication in aqueous environments. Sorption processes can remove phosphorus to a very low
concentration and simultaneously recovery the phosphorus resources. Microscale magnetic material
shows significant higher adsorption capacity than granular adsorbent. The operation cost of super-
conducting magnetic separation is extremely low. Therefore, in this work, FeOOH and magnetized
FeOOH (Fe,0,@FeOOH) material was fabricated by a coprecipitation method to capture phosphate
from municipal sewage wastewater. Fe,O,@FeOOH with different Fe,O,@FeOOH molar ratios was
prepared. Fe,O,/FeOOH with the ratio of greater than 1:8 exhibited a satisfactory magnetization prop-
erty (>6 emu/g), enabling rapid magnetic separation from water by a superconducting magnet and
the recycling of the spent adsorbent. The Langmuir adsorption capacity of Fe,O,/FeOOH reached
4.6-11.7 mg/g in practical sewage wastewater after biological treatment. Fe,O,/FeOOH effectively
removed phosphate from real wastewater from 1.8 mg/L to less than 0.1 mg/L. These results were
interpreted by the ligand exchange mechanism, that is, the direct coordination of phosphate onto
FeOOH by the replacement of hydroxyl groups. Fe,O,/FeOOH could be effectively separated from
the sewage wastewater by a superconducting magnetic separator. A greater than 700 column volume
was observed with 1/8Fe304/FeOOH used at 5 cm/s with a magnetic intensity of 5 T. The adsorbed
phosphate could be desorbed with a NaOH treatment and the regenerated Fe,O,/FeOOH could be
repeatedly used. Ca,(PO,),OH and Ca,(PO,),Cl were produced by adding CaCl, into the desorption
solutions, and the P,O; content was measured to be 38.25%
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1. Introduction

Phosphorus (P), an essential element for living organ-
isms, is an indispensable component of a cell structure and
plays a key role in cellular metabolism. Phosphorus is one
of the most important nutrients required for plant growth.
Nearly all the phosphorus used in agriculture comes
from phosphate rock mines. However, natural reserves of
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high-grade rock P are limited and running out on a global
scale. Increasing attention has been paid to P recycling from
secondary resources such as sewage wastewater and sludge.
Various technologies are potentially applicable to P recovery
from wastewater. However, technology implementation has
often been economically infeasible because of the high cost of
plant development, construction, and operation.
Phosphorus widely exists in municipal and industrial
wastewater effluents and is the primary cause of eutrophica-
tion in aqueous environments. There are various methods for

1944-3994/1944-3986 © 2018 Desalination Publications. All rights reserved.



168 Y. Li et al. / Desalination and Water Treatment 133 (2018) 167-176

phosphorus removal from wastewater, such as coagulation
and sedimentation, adsorption, and membrane treatment.
The application of large doses of coagulants is typically
required to consistently remove phosphorus in wastewater
effluent to <0.5 mg/L. The use of coagulants for the removal
of the total phosphorus (TP) down to very low limits can
result in several problems: (1) the addition of high coagu-
lant doses increases the volume and mass of solid residuals;
(2) the addition of high coagulant doses is expensive; and
(3) the addition of coagulants increases the total dissolved
salt in the effluent.

Sorption processes have received significant attention,
which can remove phosphorus to a very low concentration
and simultaneously recovery the phosphorus resources. An
ideal adsorbent for commercial application should have
following characteristics: (1) high performance, (2) rapid
adsorption, (3) cost-efficient, (4) environmentally nontoxic,
(5) reusability, and (6) ease of separation. The effective sepa-
ration of the adsorbents from water is essential for this appli-
cation. Conventional sorbent applications occur in the form
of column-based, membrane-based, or density-based separa-
tions. These methods usually suffer from a loss of theoretical
exchange value within a practical time period allowed for
separation. Additionally, the costs of producing granular or
membrane sorbents are much higher.

Instead, magnetic micro/nanoadsorbents have a high sur-
face area, tunable morphology, ease of separation after sorp-
tion, and a high efficiency. Tu [1] examines the feasibility of P
removal/recovery using Fe,O, nanoparticles, generated from
a ferrite process. The maximum adsorption capacity was esti-
mated to be 3.65 mg/g P at 318 K and pH 2.77. Many studies
fabricated magnetic phosphorus adsorbents, such as Fe,O,@
LDHs composites [2], magnetic chitosan microspheres [3],
Fe,0,@Zr0O, [4], magnetic diatomite and illite clays [5], and
magnetic Fe-Zr binary oxides [6]. Magnetic adsorbents were
employed as an alternative to biological nutrient removal for
decreasing phosphorous in wastewater effluents containing a
wide variety of competing anions.

Iron hydroxides, such as amorphous iron hydroxides,
ferrihydrite, and goethite, have been intensely studied for
phosphate removal due to their outstanding properties
such as high adsorption capacity, large specific surface area,
and hydrodynamic properties. Zelmanov et al. [7] investi-
gated the phosphate adsorption properties of iron oxide/
hydroxide nanoparticle-based agglomerates. Wang et al.
studied the differences between ferrihydrite complexes and
ferrihydrite—humic acid for phosphate adsorption through
kinetic and isotherm experiments [8]. Clearly, iron hydrox-
ides show great removal efficiency for phosphate. Granular
iron hydroxides were widely investigated for phosphorus
removal [9,10].

The granulation of powder adsorbents as filter media
for flow-through use is a common method, but this method
substantially reduces the surface area and, as a result, the
phosphate adsorption capacity. It is known that finer par-
ticles have a higher adsorption capacity and faster kinetics
because of the higher specific surface area, shorter intraparti-
cle diffusion distance, and larger number of surface reaction
sites. Therefore, an adsorbent would be the most efficient if
it is employed in powder form. One of the recent approaches
to overcome the difficulty in the recovery of adsorbents is

to prepare nanosized magnetic composites as an adsorbent
material because they are capable of being collected from
water by providing an external magnetic field [11].

Previously, we have reported a novel technique for P
recovery from an aqueous solution using superconducting
magnetic separation. The operation cost is extremely low
because the coils of superconducting magnets have no resis-
tance below a critical temperature. This work fabricated a
novel magnetized iron hydroxide Fe,O,@FeOOH and used
superconducting magnetic separation to treat actual sewage
wastewater. The phosphorus products were produced after a
desorption and crystallization process.

2. Methods and materials
2.1. Preparation and characterization of Fe,O,@FeOOH

Fe,O, magnetic particles were prepared via aqueous
coprecipitation. Solutions of 0.2 M FeCl, and 0.1 M FeSO,
were added into a 1 L flask. A black precipitate was formed
upon the slow addition of ammonium hydroxide (NH,-H,O,
10 wt.%) at room temperature until the pH reached 7-8.
The suspension was maintained at room temperature for
1 h. The resultant precipitate was separated with an external
magnet and then washed three times with deionized water.

Different Fe,O,@FeOOH molar ratios were prepared
as follows: a specific quality of Fe,O, produced above was
redispersed in 500 mL of a 1 M FeCl, solution under ultra-
sonic dispersion. FeOOH, 1/8Fe,0,@FeOOH, 1/4Fe,O,@
FeOOH, and 1/2Fe,0,@FeOOH were prepared by controlling
the molar ratios of Fe,O, to FeOOH to be 0, 1/8, 1/4, and 1/2.
NaOH was added dropwise into the FeCl, solution and the
pH was controlled to nearly 7.0. The precipitate was sepa-
rated by centrifugation and then washed three times with
deionized water. Afterward, the precipitate was dried at
80°C. The dried materials were pulverized through a 200
mesh before use.

2.2. Batch experiments

The batch adsorption experiments consistently employed
500 mL of sewage wastewater in several 1 L beakers. The
sewage wastewater sample was taken after A/O treatment
from the Jiangyin municipal sewage wastewater treatment
plant in Wuxi, Jiangsu province, China. The water quality
indicators of the wastewater sample were as follows: COD
35 mg/L, BOD, 7 mg/L, N-NH, 4 mg/L, N-NO, 13 mg/L, and
P 1.8 mg/L.

Amounts of 0.25, 0.05,0.1,0.2, 0.5, 1.0, and 1.5 g of Fe,O,@
FeOOH were added into 500 mL of wastewater. The pH
was monitored during the adsorption process and showed
little change. The beakers were mixed by a stirrer at speed
of 200 rpm, and the temperature was maintained at room
temperature, that is, approximately 25°C. The samples were
collected after being mixed for 30 min and passed through a
0.45 pm membrane to analyze the P concentration.

2.3. Magnetic separation experiments

Magnetic separation was performed by using a
superconducting magnet provided by Jack-Zhongke
Superconducting Technology Co., Ltd, Wuxi, Jiangsu, China.
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The superconducting magnetic separation system is simi-
lar to that of the previous work [12]. The central magnetic
intensity was adjustable from 0 to 5.5 T. The inner diameter
of the superconducting magnet was 102 mm, and its length
was 690 mm. A 0.7 L reciprocating canister (100 mm length,
96 mm diameter) filled with steel wool was inserted into the
superconducting magnet.

Stainless steel wools (430) were used to fill the 0.7 L
magnetic separation canister mentioned earlier. The nons-
mooth surface of the steel wool was designed to increase the
magnetic gradient. The width and breadth of the steel wools
were 0.10 and 0.07 mm, respectively. A volume ratio of 5%
steel wool was used to fill the magnetic separation canister.

A certain amount of Fe,0,@FeOOH was added to the
sewage wastewater and mixed for 30 min with a motor agita-
tor at 200 rpm. The mixture was then pumped into the mag-
netic separation canister with a screw pump. The flow rate
was controlled by a frequency converter that was connected
to the pump and was measured by a flow meter. Samples
were collected before and after magnetic separation. The TP
concentrations were measured, as previously reported [12].
Briefly, the pH values of the samples were adjusted to be less
than 2.0, and then the samples were vibrated for 30 min. The
TP concentrations were measured after Fe,O,@FeOOH and
phosphorous were dissolved. A 5 T magnetic field was used
during the magnetic separation process.

2.4. Desorption studies and phosphorus recovery

A volume of air mixed with 1.4 L wash water was used
outside of the magnetic field to washout and collect the P
adsorbed on the Fe,O,@FeOOH. A certain concentration of
NaOH was added to desorb the phosphorus from Fe,O,@
FeOOH. The above-mentioned superconducting magnetic
separator was then used to separate the Fe,O,@FeOOH
and the P desorption solution. A different amount of CaCl,
was added to the P desorption solution to fabricate the
calcium-phosphorus products. The mixture was centrifuged
(3,000 rpm) for 10 min to collect the calcium-phosphorus
products.

2.5. Analytical methods

A phosphate analysis was conducted by an ascorbic acid
method with a 721 spectrophotometer according to APHA
standard methods [13]. The hysteresis loops of freeze-dried
Fe,0,@FeOOH were measured with a vibrating sample
magnetometer (VSM) (LakeShore7307, USA). The magnetic
measurement sensitivity was 5 x 10 emu/g, and the maxi-
mum magnetic field was +5 T. The mineral phases were ana-
lyzed with an X-ray diffractometer (Shimadzu XRD-6000)
operating at 40 kV and 30 mA. The Cu Ka (I = 0.15418 nm)
radiation over the range of 2 was from 10° to 80°. Fourier-
transform infrared (FTIR) spectra were collected on a Vertex
70 FTIR spectrophotometer (Bruker Corporation, Germany)
using a transmission model. XPS analyses were performed
using ESCALAB 250Xi (Thermo Fisher Scientific, USA).
An incident monochromatic X-ray beam from an Al tar-
get (15 kV, 10 mA) was focused on a 0.7 x 0.3 mm area of
the surface of the sample at an angle of 45° to the sample
surface.

3. Results and discussions
3.1. Characteristics of Fe,O,@FeOOH

Fe O, particle-based FeOOH adsorbents were developed
through coating FeOOH over Fe,O, particles using precip-
itation methods, and the characterization data of the syn-
thesized products regarding the morphology, structure and
magnetic property are summarized in Figs. 1 and 2. Fig. 1(d)
shows that 1/2Fe,0,@FeOOH exhibits a cubic lattice struc-
ture, which is consistent with the Fe,O, crystal structure.
After increasing the FeOOH content, Figs. 1(a)—(c) show
that the cubic lattice structures are not obvious. Instead, fine
particles were observed at the rough interfaces of FeOOH,
1/8Fe,0,@FeOOH, and 1/4Fe,0,@FeOOH samples. The par-
ticle size distributions of the Fe,O,@FeOOH samples were
similar. The mean particle sizes (D50) of FeOOH, 1/8Fe,O,@
FeOOH, 1/4Fe,0,@FeOOH, and 1/2Fe,0,@FeOOH were
50.2, 52.2, 51.1, and 50.6 pm, respectively. FeOOH possibly
aggregated with the Fe,O, particles during the precipitation
process. As mentioned in Section 2.1, during the preparation
of FeOOH, Fe,O, is dispersed in the FeCl, solution and act-
ing as the seeds. Figs. 1(d) and (e) show FeOOH coated the
Fe,O,and formed a core-shell structure. The crystal structure
of 1/2Fe,0,@FeOOH in Fig. 1(d) is clear. After the content
of FeOOH increased, the cubic crystal structure of Fe,O,@
FeOOH similar to Fig. 1(d) was not obvious.

Fig. 2(a) shows that the characteristic diffraction peaks
of 1/2, 1/4, and 1/8Fe,0,@FeOOH at a 20 of 30.1, 35.5, 43.1,
57.0, and 62.6 can be indexed to the (200), (311), (400), (511),
and (440) planes, respectively, and are in good agreement
with the cubic Fe,O, phase (JCPDS card 19-0629). After coat-
ing with a FeOOH layer, the FeOOH @Fe,O, particles exhibit
an almost identical diffraction pattern to that of Fe,O,
demonstrating the formation of an amorphous FeOOH
layer.

The hysteresis loops of the FeOOH, 1/8Fe,0,@FeOOH,
1/4Fe,0,@FeOOH, and 1/2Fe,0,@FeOOH were tested and
shown in Fig. 2(b). The magnetization increased as the mag-
netic field improved from 0 to 5 T (1 T = 10,000 Gs), and sat-
uration magnetization improved as the Fe,O, increased. The
magnetic hysteresis of the four types of materials above was
not obvious and will demagnetize when removed from the
magnetic field. The FeOOH materials were typically para-
magnetic, and the magnetization improved as the propor-
tion increased with magnetic intensity. The magnetization
of Fe,0,@FeOOH increased sharply below 10,000 Gs, and
increased slowly, which is similar to FeOOH in the range
of 20,000-50,000 Gs. The proportion of Fe,O, obviously
strengthened the magnetic susceptibility of Fe,O,@FeOOH.

Figs. 2(c) and (d) show the Fe 2p XPS spectra, the peaks at
710.1 and 719.0 eV are related to Fe(Il) and the shoulder peak
at 724.4 eV is assigned to Fe(Ill), which suggest the coexis-
tence of Fe(Ill) and Fe(Il) in the Fe,O,@FeOOH samples [14].
As shown in Tables 1 and 2, the calculation of the peak area in
core level spectra of Fe 2p provides a ratio of ferrous iron to
ferric iron (Fe(II)/Fe(IIl)). The results indicate that the value
of Fe(II)/Fe(IIl) increased from 1:8.33 to 1:4.48 with increased
Fe,O,, which is close to the theoretical value. Meanwhile, the
spectra of the Fe 2p and O 1s ratio on the surface showed sim-
ilar results. The results indicated that the content of Fe,O, on
the surface of Fe,O,@FeOOH showed little variation from the
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Fig. 1. SEM micrographs of FeOOH (a), 1/8Fe,0,@FeOOH (b), 1/4Fe,0,@FeOOH (c), 1/2Fe,0,@FeOOH (d), and Fe,O, (e).
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Fig. 2. XRD patterns (Cu Ka radiation) (a), hysteresis loops (b) and FTIR spectra (e) of four magnetized FeOOH powders. XPS spectra
of O, (c) and FeZp (d) from the fractured surfaces of the magnetized FeOOH samples.



172

Table 1

XPS analysis results of O, and Fe,

Y. Li et al. / Desalination and Water Treatment 133 (2018) 167-176

Fe,, (O Fe:O ratio
B.E. (eV) CPS:(eV) B.E. (eV) CPS:(eV) Fitted value Theoretical value
FeOOH 710.75 0.29 530.12 0.60 1:2.07 1:2.00
1/8Fe,0,@FeOOH 710.74 0.21 531.38 0.37 1:1.76 1:1.82
1/4Fe,0,@FeOOH 710.91 0.22 531.44 0.36 1:1.64 1:1.75
1/2Fe,0,@FeOOH 710.74 0.25 531.49 0.25 1:1.48 1:1.60
Table 2
Peak area and ratio of Fe(II) and Fe(III)
CPS-eV Fe(II):Fe(III) ratio
Fe(II) Fe(III) Fitted value Theoretical value
1/8Fe,0,@FeOOH 19,498.08 162,484.02 1:8.33 1:10.00
1/4Fe,0,@FeOOH 19,904.66 132,697.70 1:6.65 1:7.00
1/2Fe,0,@FeOOH 13,958.54 60,689.31 1:4.48 1:4.00
inner structure. The Fe,O,@FeOOH fabricated in this work
may be a mixture of Fe,O, and FeOOH rather than a Fe,O, 5| ©o FeOOH 5
core coated by the FeOOH structure. e 1/8Fe,0,@FeO0H
FTIR spectroscopy was also used to characterize the o 1/4 Fe,0,@FeOOH
. . . . 374 ®
magnetized materials and the spectra are shown in Fig. 2(d). 44w 1/2Fe0,@FeO0H ©
The strong and broadband at 3,435 cm™ is attributed to O-H 374
stretch vibrations. The peak at 1,642 cm™ correspondstobend-
ing vibration of coordinated water molecules of O-H. The 2@ 3
intensity of the O-H stretch vibrations (3,435 cm™) became g Yo
weaker after the Fe,O, proportion increased, which mightbe  &° ;| m
due to the surface occupation of Fe,O,. The intense absorption
at 593 cm™ was also observed from the Fe-O lattice vibration e T
of Fe,0,. Compared with FeOOH and Fe,O,@ FeOOH, this 14 u
further confirmed that the Fe,O, occupied the surface area.
O T T T T T T T T T T T T T T T

3.2. Phosphate adsorption on Fe,O,@FeOOH

Different dosages of Fe,O,@FeOOH were added into the
sewage wastewater sample. The adsorption isotherms were
studied at room temperature (298 K) and the results are
shown in Fig. 3. By fitting the isotherm data to the Langmuir
model, the parameters and correlation coefficients could be
obtained, and the results are listed in Table 3. The model
could be represented as the following equations:

_ ImabC.
qe_(1+bC5)

where b is the Langmuir constant in L/mg and g, is the max-
imum adsorption capacity calculated by the Langmuir model
in mg/g.

Isotherm data were well fitted to the Langmuir model in
Table 3. The g,__of the four types of Fe,O,@FeOOH samples
were all calculated to be less than 12 mg/g, which should
be underestimated due to the low P concentration of the
1.8 mg/L sewage wastewater was used in the batch exper-
iments. However, this calculated g, value was according
to the practical situation and could guide the advanced
dephosphorization from sewage wastewater. In the previous

——
0.0 02 04 0.6 0.8 1.0 12 14 1.6 18

c(mg/L)

Fig. 3. Adsorption isotherm for FeOOH (open circles), 1/8Fe,O,@
FeOOH (closed circles), 1/4Fe,0,@FeOOH (open squares),
and 1/2Fe,O,@FeOOH (closed squares). Amounts of 0.25, 0.05,
0.1, 0.2, 0.5, 1.0, and 1.5 g of adsorbent were added to sewage
wastewater. The initial P concentration was 1.8 mg/L.

work [15], P concentration in the simulated wastewater was
reduced from 10 mg/L to less than 0.05 mg/L with 1.5 g/l
FeOOH added. The objective of this work is to investigate
a practical method to recovery P from actual municipal
wastewater. Therefore, the P concentration was not artifi-
cially changed. The adsorption capacity of Fe,O,@FeOOH
was about 12 mg/g in treating the 1.8 mg/L P contained
wastewater. Fe,O,@FeOOH should be effective in treating
the wastewater with P concentration higher than 1.8 mg/L by
increasing the adsorbent dosages.

Phosphate adsorption onto FeOOH has been widely
reported. FeOOH is believed to be an effective adsorbent for
P uptake. The most commonly referenced mechanism is sur-
face complexation modeling [16]. The adsorption of anions
such as PO, HPO};, and H,PO; onto FeOOH is known to
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Table 3
Calculated g___and b of different adsorbents

R? Tnar (ME/8) b
FeOOH 0.99 117 0.51
1/8Fe,0,@FeOOH 0.99 8.4 0.51
1/4Fe,0,@FeOOH 0.98 7.1 3.14
1/2Fe,0,@FeOOH 0.98 46 0.99

occur via specific and/or nonspecific adsorption. Specific
adsorption involves ligand exchange reactions in which
anions displace OH and/or H,0 from the surface. Nonspecific
adsorption involves Coulombic forces and primarily depends
on the pH of the sorbent [17]. It is well known that the OH~ on
the surface of HFO plays an important role in P adsorption.

3.3. Phosphorus treatment by Fe,O,@FeOOH and
magnetic separation

As discussed in Section 3.2, the adsorption capacity of
the Fe,O,@FeOOH decreased as the Fe,O, content increased.
To reduce the P concentration from 1.8 to less than 0.1 mg/L,
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quantities of 4, 6, 7, and 8 g/L of FeOOH, 1/2Fe,0,@FeOOH,
1/4Fe,0,@FeOOH, and 1/8Fe,0,@FeOOH, respectively, was
added to the sewage wastewater. The amounts of magnetic
adsorbents captured in the canister were limited, and then
determined the P content in the canister.

As reported in the previous work, steel wool filled the
magnetic canister to capture the magnetized adsorbents
with P adsorbents [12]. Steel wool was used to disturb the
magnetic lines and thus greatly increased the magnetic gra-
dient around the wool. The magnetized adsorbents were
captured at the high magnetic gradient site, which is called
the “pick-up zone” during high-gradient magnetic separa-
tion [18]. The amounts of magnetized adsorbents captured
in the “pick-up zone” were limited and depended on the
magnetic field, gradient, flow rate, magnetization of adsor-
bents, etc. Therefore, similar to granular adsorbents used
in a column, there should be breakthrough curves when
magnetized adsorbents were separated in the magnetic
canister.

The breakthrough curves of different adsorbents cap-
tured in the magnetic canister are shown in Fig. 4. Before
the leakage point of the breakthrough curve, the capture
efficiencies of Fe,O,@FeOOH or FeOOH were nearly 100%.
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Fig. 4. Breakthrough curves of FeOOH (a), 1/8Fe,0,@FeOOH (b), 1/4Fe,0,@FeOOH (c), and 1/2Fe,0,@FeOOH (d) in the magnetic
canister with a filtration rate of 2.5 (closed circles), 5.0 (open circles), 7.5 (closed squares), and 10.0 (open squares) cm/s at a 5 T

magnetic field.
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The calculated breakthrough column volume ranged from
<20 to >1,000. Increasing the flow rate from 5 to 7.5 cm/s
significantly decreased the breakthrough column volume.
Table 4 shows the calculated phosphorus content in the canis-
ter after 5 cm/s magnetic separation by using different adsor-
bents. The captured P content in different canister increased
from 714 to 1,190 mg in a single separation cycle with Fe,O,
increased. High P content in the canister was advantaged for
the P desorption process.

3.4. P desorption

Five column volume, 0.1 M NaOH (170 mL) was added
into the magnetic canister to desorb P. The P concentration
of the desorption solution is positively correlated with the P
content in the canister. A high P concentration in the magnetic
canister helped to obtain a high concentration P desorption
solution. As shown in Table 4, P desorption rates of different
adsorbents were similar and ranged from 98.34% to 98.57%.

As shown in Table 4, the P concentration of the
desorption solution increased from 0.2 to 0.33 g/L after
the magnetization process of the adsorbents. The calcium
concentration significantly affects the phosphorus recov-
ery rate. A 3.0 Ca/P molar ratio leads to more than an 80%
P recovery in the products. Increasing the P concentration
in the desorption solution from 0.2 to 0.33 g/L improved
the P recovery from 82% to 89%. High P concentration in

Table 4
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the desorption solution was advantaged to increase the P
recovery and reduce the calcium dosages.

As shown in Fig. 5, Ca (PO,),OH and Ca,(PO,),Cl were
identified the main mineral phases in the P products. The
total P,O, content was measured to be 38.25 wt.% in the P
products, which meets the requirement of a first-grade
product of the phosphate ore industry standards HG/T2673-
1995 and HG/T2675-1995. Therefore, the P products from
magnetic separation were reutilized after treating the sewage
wastewater.

3.5. Phosphorus migration and transformation

Technological flow sheet of the superconducting mag-
netic separation for P treatment and recovery is shown in
Fig. 6. FeOOH or Fe,0,@FeOOH was added into the sew-
age wastewater after biological nitrogen treatment. The TP
concentration was 1.81 mg/L after the sedimentation tank.
An amount of 4 kg/t Fe,O,@FeOOH was added prior to the
superconducting magnetic separator, which was mixed with
the sewage wastewater in a water tube. The nonmagnetic
content of superconducting magnetic separator was treated
water with a phosphorus concentration less than 0.1 mg/L.
The magnetic proportion was FeOOH or Fe,O,@FeOOH
that contained phosphorus. After the desorption and crys-
tallization processes, there should be approximately 5 kg P
products (38.25%, P,0,%) per 500 t sewage wastewater.

Relationships between the breakthrough column volume and P desorption concentration and rate

Breakthrough P concentration in the P desorption Calculated phosphorus
column volume desorption solution (g/L) rate (%) content in the canister (mg)
FeOOH 600 0.20 98.57 714
1/8Fe,0,@ FeOOH 700 0.23 98.45 833
1/4Fe,0,@ FeOOH 800 0.27 98.53 952
1/2Fe,0,@ FeOOH 1,000 0.33 98.34 1,190
100 gT T T T T T T T T T T3
[ ]P0.20gl
SYPo.33g! 1 1 Ca(PO,)OH
80+ 7 2 Ca/ (PO,).,Cl
1
1§ 60 y )
>
2
g 40 ] 5
o | | 5
20 | | W
0 ' T T T 20 ' 30 l 40 l 50 ' 60 ' 70 ' 80
1.5 3 5 7 9 h
CaP Theta

(a)

(b)

Fig. 5. Recovery rates of P at different Ca:P ratios (a) and the XRD patterns of the P products (b).
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Sample site
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Fig. 6. Technological flow sheet of the superconducting magnetic separation for P treatment and recovery.
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Fig. 7. P concentrations in treated sewage wastewater (mg/L) and desorption solutions (g/L) after 20 cycles. 1/2Fe,0,@FeOOH was

used and the column volume of the magnetic separation was controlled to be 1,000. The flow rate was 5.0 cm/s and the magnetic

intensity was 5 T.

control the sewage wastewater to be lower than 0.1 mg/L.
Meanwhile, the desorption P concentration maintained

3.6. Multiple cycles of sorption/desorption experiments

at higher than 0.3 g/L. The desorption efficiency of phos-

Fig. 7 shows the values of the P concentration in treated

wastewater fluctuated and maintained to be less than

phorus adsorbed on FeOOH was particularly high. The

structure of FeOOH was stable during both the adsorption

and desorption processes.

0.1 mg/L in 20 cycles. Superconducting magnetic separa-
tion combined with 1/2Fe304@FeOOH was effectively to
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4. Conclusions

Fe,O,@FeOOH materials with different Fe,O,/FeOOH
ratios were fabricated by a coprecipitation method to capture
phosphate from sewage wastewater. With a decreasing
Fe,O,/FeOOH molar ratio, the magnetization decreased,
whereas the adsorption capacity of phosphate increased.
Fe,0,@FeOOH enabled rapid magnetic separation from
water using a superconducting magnet and the recycling
of the spent adsorbent. Fe,O,/FeOOH effectively removed
phosphate from real wastewater from 1.8 mg/L to less than
0.1 mg/L. Breakthrough curves of superconducting mag-
netic separation were described. High breakthrough col-
umn volume helped to improve the treatment capacity and
the P desorption concentration. The adsorbed phosphate
could be desorbed with a NaOH treatment and the regener-
ated Fe,O,/FeOOH could be repeatedly used. Ca,(PO,),OH
and Ca,(PO,),Cl were produced by adding CaCl, into the
desorption solutions, and the P,O, contents were measured
to be 38.25%.
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