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a b s t r a c t
The sustainable management and recirculation of phosphorus resources are essential to our human lives. In this
work, phosphorus removal and recovery from secondary efﬂuent were achieved using municipal wastewaterderived materials as adsorbents. Through modiﬁcation with 0.5 M NaOH for 30 min, iron containing sludge
that originated from the coagulation pretreatment of municipal wastewater was successfully converted to phosphorus adsorbent. The maximal adsorption capacity of the prepared adsorbent was estimated to be 22 mg-P/g,
and the adsorption performance remained stable in the pH range of 5–8. FeO(OH) was identiﬁed as the key adsorption site, and the ligand exchange mediated chemical adsorption was the main mechanism for phosphorus
removal by the prepared material. Moreover, a laboratory-scale continuous-ﬂow adsorption column experiment
showed that the surplus phosphorus in secondary efﬂuent could be readily reduced to b0.1 mg/L. By pyrolysis of
P-laden alkali-treated iron sludge under oxygen limited conditions, the phosphorus was recovered and successfully applied to support wheat growth. This work provides valuable information for both the sustainable management of phosphorus streams in wastewater and cyclic utilization of waste sludge.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
As an essential nutrient, phosphate (P) is vital to our human lives. It
was estimated that people excreted approximately 98% of the P consumed
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from food daily, accounting for approximately 3.3 Tg P per year in total
(Yuan et al., 2018). Most of the excreted P ﬁnally ends up at wastewater
treatment plant (Cordell et al., 2009). Therefore, the removal of P from
municipal wastewater is of great signiﬁcance since excess phosphate in
surface waters can result in eutrophication. Eutrophication of lakes and
other water bodies has long been identiﬁed as a global environmental
issue and a great threat to aquatic ecosystems (Le Moal et al., 2019).
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At present, biological phosphorus removal craft is still one of the most
widely implemented technologies in municipal wastewater treatment
plants (Li et al., 2019; Oehmen et al., 2007). Although biological phosphorus removal processes are economically efﬁcient, the treatment performance can be easily inﬂuenced by varied conditions. Efﬂuent
phosphorous concentration from conventional biological processes
might not meet the discharge limit requirement, especially for the wastewaters with low organic content. However, in countries or regions where
environmental quality is poor, strict control of phosphate emission is essential. For example, in China, conventional biological phosphorus removal technology could barely meet the national Class 1A discharge
standards (0.5 mg/L total P in total) (Sun et al., 2017). Nevertheless, several big cities, including Beijing and Tianjin, have already implemented
more stringent local total P emission standards than the current national
one, in which the efﬂuent total P b 0.3 mg/L is mandatory. For wastewater
treatment plants in these cities, cost-effective upgrades to reduce the biological efﬂuent phosphate concentration to meet the local emission requirements were substantially challenged (Li et al., 2012).
For low phosphorus content in the secondary efﬂuent, adsorption is
one of the most efﬁcient and economic removal and recovery methods
(Huang et al., 2019). The synthesis and preparation of phosphorus adsorbents with high efﬁciency and good regeneration ability are substantial
for practical applications of this process. Previous studies have widely
documented that metal salt (iron, aluminium, magnesium, lanthanum,
etc.) embodied adsorbents were feasible for phosphorus removal
(Mayer et al., 2013; Hao et al., 2019; Zhang et al., 2012). To improve material recovery, composite metal adsorbents with magnetic properties
have been designed, and application feasibility has been tested in a
pilot-scale experiment (Drenkova-Tuhtan et al., 2017; Rott et al., 2018).
In addition to regeneration, the initial investment of raw material for adsorbent fabrication is another factor that could affect the economics.
Reusing waste residues as raw constituents to prepare phosphorus adsorbent might provide a solution to address the above concern.
To enhance the effectiveness of biological phosphorus removal processes, iron-based coagulant has been widely applied in municipal wastewater treatment plants, either before or after the biological treatment unit
(Huang et al., 2017; Wang et al., 2014). In rapidly growing cities, chemically enhanced primary treatment is used to release the plant's burden
(Lin et al., 2017; Wang et al., 2009). Furthermore, for sustainable treatment of municipal wastewater, iron-based coagulants are thought to be
more popular for use in upcoming wastewater treatment plants
(Wilfert et al., 2015). Thus, wide application of coagulants will inevitably
lead to production of large amounts of iron-containing sludge. Appropriate treatment and disposal of inorganic component mixed sludge would
be essential. Iron-enriched sludge derived from the municipal wastewater
might be appropriately reused as adsorbent for the removal of low concentration P from secondary efﬂuent. Through further appropriate treatment, phosphorus recovery can be expected to mitigate phosphorus
shortages due to its over-exploitation (Liu et al., 2016; Mayer et al., 2016).
Based on the above considerations, the main purpose of this work is
to evaluate the feasibility and performance of reusing municipal wastewater derived iron-containing sludge (IS) as phosphorus adsorbent. Alkali pretreatment was employed as the modiﬁcation method, and the
surface characteristics and adsorption performance of alkali treated IS
(AIS) was explored. Additionally, possible adsorption mechanisms
were investigated. Lastly, the feasibility of utilizing P-laden AIS (PAIS)
as a potential phosphate fertilizer was discussed. This work provides
valuable information for metal-containing wastes disposition and sustainable management of phosphorus streams in wastewater.
2. Materials and methods

with a ﬁnal content of 30 mg/L Fe was added to the wastewater to start
the coagulation reaction. After 300 rpm of rapid agitation for 5 min and
60 rpm of slow agitation for 25 min, precipitates were collected and
dried for 12 h at 50 °C to obtain IS. The chemical composition of the
wastewater is shown in Table S1.
In this work, alkali treatment was adopted as the modiﬁcation
method to improve the adsorption capacity of IS. Brieﬂy, the dewatered
IS powder was soaked in NaOH solution under magnetic stirring condition for a suitable time. Afterwards, the materials were collected and
rinsed with deionized water until the pH of the leaching solution was
neutral. After dehydrating the above material at 50 °C, AIS was obtained.
Since the concentration of the alkali solution and contact times might
greatly inﬂuence the adsorption ability, these two preparation parameters were optimized. Speciﬁcally, the effects of three concentrations of
alkali solution, i.e., 0.5, 1, and 2 M NaOH, and ﬁve contact times,
i.e., 10, 30, 60, 120, and 360 min, on the product's adsorption performance were investigated.
2.2. Batch and continuous-ﬂow experiments for phosphorus adsorption
In this work, batch adsorption experiments were initially carried out
in an oscillator at 30 ± 1 °C and 180 rpm to evaluate the adsorption performance of the as-prepared material. In the typical adsorption process,
25 mg adsorbent was dosed into 50 mL phosphate solution (20 mg/L
phosphorus in the form of KH2PO4). The aqueous pH was adjusted to
7.0 ± 0.2 by adding 1 M HCl or NaOH. The adsorption properties of
AIS under other pH conditions (i.e., 5.0, 6.0, 7.0 and 8.0) were also
2−
2−
tested. In addition, different anions (0.1 M Cl−, NO−
3 , SO4 , and CO3 )
were added to the phosphorus stock solution to explore the interference
of these ions on phosphate removal. All experiments were conducted
repeatedly, and the averaged results are reported in the present work.
To test the feasibility of using AIS as an adsorbent for treating
phosphorus-containing wastewater, continuous-ﬂow adsorption experiments in a ﬁxed-bed column (Φ 1 × 10 cm) were conducted. The
schematic diagram of the adsorption column is shown in Fig. S1. The
as-prepared AIS was added to the column with a 10% volume ﬁlling
ratio. Biological secondary efﬂuent collected from the Qige wastewater
treatment plant with approximately 0.2 mg/L phosphate was pumped
upward through the adsorption column (0.25 mL/min) at room temperature. The Thomas model (Eq. (1)) (Malkoc et al., 2006) was employed
to analyse the column experimental results.



C0
Kth
mQ e −C 0 V Eff
¼ exp
þ1
v
Ct

ð1Þ

where Kth (mL/min/mg) represents the Thomas rate constant, VEff (L) is
the efﬂuent volume, v (mL/min) is ﬂow rate, V (cm3) is the volume of
adsorbent bed, Qe (mg/g) is the amount of equilibrium phosphate adsorption, and m (g) is the adsorbent mass.
2.3. Adsorption models
Adsorption kinetics were ﬁtted by the pseudo-ﬁrst-order (Eq. (2))
(Ho and McKay, 1998) and pseudo-second-order equations (Eq. (3))
(Ho and McKay, 1999). The Weber and Morris intraparticle diffusion
model (Eq. 4) (Hamayun et al., 2014) was also used to investigate
whether the intraparticle diffusion existed during the adsorption process.
logðQ–Qt Þ ¼ logQe–kt=2:303

ð2Þ

2.1. AIS preparation

t
1
1
¼
þ
t
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ð3Þ

The raw inﬂuent from a local Qige sewage treatment plant (Hangzhou, China) was collected and used to produce IS. In brief, FeCl3·6H2O

Q t ¼ kid t 1 =2 þ C

ð4Þ
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where Qt (mg/g) is the adsorbed phosphate amount at reaction time t, k
is the kinetic constant, and C is the constant.
Freundlich (Eq. (5)) and Langmuir adsorption isotherms (Eq. (6))
(Tahir and Rauf, 2006; Yoon et al., 2016) were applied to analysis the
phosphate adsorption by AIS.
1
logQ e ¼ logK f þ logC e
n
Ce
1
Ce
¼
þ
Q e AQ max Q max

ð5Þ

ð6Þ

where Ce is the phosphate content (mg/L) when adsorption reaches
equilibrium, Qmax is the maximal phosphorous adsorption capacity
(mg/g), A is the adsorption free energy (L/mg), Kf can express the adsorption capacity roughly, and n represents an empirical parameter
that indicates the dependence of adsorption on equilibrium
concentration.
Adsorption thermodynamics were studied by exploring the phosphorus removal performance at different temperatures (293, 303, 313,
and 333 K) with an original 20 mg-P/L phosphate concentration and
0.5 g/L AIS. The activation energy (Ea) was estimated using the obtained
rate constants under different temperature conditions (Eq. (7)). Other
thermodynamic indexes were counted following Eqs. (7)–(9). (AlGhouti et al., 2005; Mahmood et al., 2011):
ln k ¼ lnK 0 þ

logQ e ¼

Ea
RT

ΔS
ΔH
þ
2:303R 2:303RT

ΔG ¼ ΔH−TΔS

ð7Þ

ð8Þ
ð9Þ

where K0 is the frequency factor, R is the ideal gas constant, and T is the
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Kelvin temperature. ΔG, ΔH, and ΔS are the changes in Gibbs free energy, entropy and enthalpy, respectively, during the adsorption process.
2.4. Wheat seedling cultivation
To explore whether adsorbed phosphate could be reused as a potential fertilizer, wheat cultivation experiments were conducted. First, the
PAIS acquired from the continuous-ﬂow column was carbonated at
400 °C under N2 atmosphere for 2 h to prepare a phosphorus-rich biochar. Then, the biochar was used as an alternative nutrient source for
wheat growth. In this work, to exclude the interferences of residual organic and inorganic constituents on wheat growth, glass sand was selected as the simulated soil. Wheat cultivation experiments consisted
of one experimental group (with biochar addition) and two control
groups (without biochar addition). For the experimental group, 10%
phosphorus-rich biochar was applied as a phosphorus alternative.
Each group had two replicates with 15 germinated wheat seeds planted.
Modiﬁed Hoagland nutrient solution was used in this work. For the biochar dosed group, P-deﬁcient modiﬁed Hoagland solution was applied,
and it was denoted as biochar-Plack. The experimental group with the
modiﬁed Hoagland solution but no biochar was denoted as Glass
sand-Pfull. In comparison, the last group with P-deﬁcient modiﬁed
Hoagland solution and no biochar was denoted as Glass sand-Plack. Detailed information of the experimental design can be found in
Table S2. All the cultivation conditions (temperature, humidity and sunlight) remained the same for the three groups. After 10 days, 13 seedlings were randomly selected for growth status analysis, including
plant height, root length and raw weight. In addition, the content of
common heavy metals in P-rich biochar was determined.
2.5. Characterization and analytical methods
The scanning electron microscopy images (SEM, Nova 450, FEI Co.,
USA) observed the surface morphology and microscopic imaging of
the adsorbent. In addition, an energy dispersive spectrometer (EDS,

Fig. 1. Phosphorus adsorption characteristics of the prepared adsorbent. (a) Adsorption kinetics of AIS and IS, (b) the Weber-Morris model, (c) effects of temperature on the phosphate
adsorption by AIS, and (d) the Arrhenius plot of lnk versus 1/T to determine activation energy. Experimental conditions: 20 mg/L initial phosphorus, 0.5 g/L adsorbent, 303 K
temperature for (a), 293, 303, 318, and 333 K temperature for (b), and initial pH = 7.0.

4

W.-J. Xia et al. / Science of the Total Environment 705 (2020) 135959

INCA, England) was used to analyse the element types and contents in
microregions. The characteristics and structural information of surface
functional groups were analysed by Nicoletis 10 Fourier transform infrared spectroscopy (FT-IR, Thermo Fisher Nicolet, USA). X-ray diffraction
(XRD, D8 Advance, Germany) was applied to acquire the material
phase. X-ray photoelectron spectroscopy (XPS, ESCALAB, Thermo
Fisher, Inc., USA) determined the chemical valence and characteristics
of iron, phosphorus and oxygen on the adsorbent surface before and
after adsorption.
All samples were withdrawn and ﬁltered with a polytetraﬂuoroethylene
membrane (0.45 μm) before analysis. Phosphorus content was measured using the molybdenum antimony anticolorimetric method
(APHA et al., 2005), and metal elements were analysed by an atomic absorption spectrophotometer (AAS, AA6800, Japan).
3. Results and discussion
3.1. Phosphorus adsorption properties of prepared adsorbents
3.1.1. Adsorption kinetics and thermodynamics
Before evaluating the adsorption kinetics of AIS, the preparation
condition (i.e., alkali concentration and treatment time) was optimized.
As shown in Fig. S2, 30-min contact time and 0.5 M NaOH was
ascertained as the optimal conditions for AIS preparation. Typical phosphorus adsorption curves of the prepared AIS and IS are shown in
Fig. 1a. Nearly 90% of the Qe was completed during the initial 2 h, and
it took 3.5 h to reach adsorption equilibrium for AIS. As a comparison,
IS required 200 min to reach 90% adsorption capacity and 5 h to reach
adsorption equilibrium. By ﬁtting the experimental data to the kinetic
desorption models, the results of the phosphorus adsorption kinetics indicated that there was a low correlation between the pseudo-ﬁrst-order
kinetic model and the data, as evidenced by the poor R2 values (R2 b 0.8)
for both AIS and IS. In comparison, the pseudo-second order model
demonstrated a good ﬁt to the adsorption kinetics data (R2 N 0.9). The
values of other important kinetic parameters are listed in Table 1. Similar to a result reported by Rashid et al. (2017), rising temperatures accompanied increasing rate constant (k2) values. Additionally, higher
temperatures resulted in a higher adsorption capacity, and these results
showed a typical chemisorption process where electron sharing or exchange occurred between phosphate and functional groups of AIS
(Chiew et al., 2009; Gücek et al., 2005). A well-ﬁtting result by the
pseudo-second order model indicated that phosphorus was removed
by AIS mainly by the chemisorption process (Ling et al., 2017).
The adsorption process was further discussed, and the kinetic data
were tested by the Weber and Morris model. In this study, a high correlation (R2 N 0.9) existed between the experimental data and the WeberMorris model (Fig. 1b), indicating that intraparticle diffusion played a
role during the AIS phosphate adsorption processes. However, the
ﬁtting line did not pass through the origin of the axes, indicating that interparticle diffusion was not a rate-limiting step controlling the adsorption process (Al-Duri and McKay, 1988; Yang et al., 2018).
By employing the Arrhenius equation to simulate the ﬁtted rate constants obtained under different temperature conditions (Fig. 1c), a serial
of thermodynamic parameters were acquired (Table 2). The plot in
Fig. 1d shows a well-ﬁtting result of the Arrhenius equation, and the
Table 1
Adsorption kinetic parameters of AIS with different temperatures.
Initial
phosphate
Conc.
(mg/L)

Qe
(mg/g)

20

10.4
13.9
17.5
24.0

Temperature
(K)

293
303
318
333

Table 2
Thermodynamic data for the adsorption of phosphate onto AIS.
C0
(mg/l)

Ea
(kJ/mol)

ΔS
(J/mol K)

ΔH
(KJ/mol)

20.00

26.00

78.85

26.07

ΔG (J/mol K)
293 K

303 K

318 K

333 K

10.12

6.86

3.87

−0.95

Ea of phosphorus adsorption by AIS was calculated to be 26 kJ/mol.
These results again indicated that phosphorus adsorption by AIS was
driven by chemisorption (Al-Ghouti et al., 2005; Liu et al., 2011). The
positive value of ΔH indicated that phosphorus removal was an endothermic process. High temperatures may have been beneﬁcial to the reaction between phosphate and AIS owing to the reactive energy barrier
reduction and thereby favoured the mass transport. A positive ΔS implied that the phenomenon of chaos on the solid-solution interface increased, suggesting the adsorption of phosphate on the surface of AIS
was promoted (Lazaridis et al., 2003; Rashid et al., 2017). Furthermore,
with low temperature, the positive ΔG indicated an energy barrier
existed when the chemical reaction would take place. Moreover, the
values of ΔG decreased with increasing temperature. Additionally, a
high temperature could accelerate the diffusion of phosphate into the
AIS interior by providing more energy and then promoting the adsorption rate (Mahmood et al., 2011). When the temperature reached 333 K,
the value of ΔG became negative, which implied that adsorption process
had become a spontaneous process (Rashid et al., 2017).
3.1.2. Adsorption isotherm
With 0.5 g/L AIS, the initial phosphate concentration was increased
from 2 mg/L to 50 mg/L to investigate the AIS adsorption isotherm. As
shown in Table 3, the Freundlich isotherm model was more suitable
for explaining the adsorption process than that of Langmuir, as evidenced by its higher R2 value (R2 N 0.94). Hence, the above results implied that phosphorus adsorption by AIS was a multilayer adsorption
dominated process. Low values of 1/n (b0.40) implied that chemisorption was involved during the phosphorus adsorption process (Yang
et al., 2018).
3.2. Adsorption mechanism
The microstructure of IS and AIS were characterized by SEM imaging
(Fig. 2a and b). AIS had a rougher and more porous surface than IS. This
result indicated that alkali treatment was beneﬁcial to porosity development. The porous structure was thought to improve the surface and facilitate the phosphate adsorption (Loganathan et al., 2014; Zhang et al.,
2012). EDS analysis further revealed that the adsorbent was mainly
composed of C, O and Fe elements (Fig. 2c and d).
After AIS adsorbed phosphate at pH 7.0, the FTIR spectra appeared as
a stronger peak at 1033 cm−1 corresponding to the band vibration of
−
HPO2−
4 or H2PO4 (Elzinga and Sparks, 2007), which was expected with
the adsorbed phosphate species. The XRD patterns of AIS and PAIS
with a 2θ range between 10° to 80° are illustrated in the Fig. 3b. The
peaks at 2θ values of 26.7° were attributed to the reﬂection of FeO
(OH) (Yang et al., 2018). XPS was further used to characterize the adsorbent structure variation before and after the phosphorus adsorption reaction (Fig. 3c and d). High-resolution deconvoluted O1s spectra showed
that elemental O within the adsorbent was mainly in the forms O2–
(530.3 eV), -OH (531.7 eV), and C\\O (533.1 eV) (Fang et al., 2017;

Pseudo-ﬁrst order
kinetics
R2

Qe-1

K1

R2

Qe-2

K2

0.886
0.947
0.959
0.960

8.55
9.28
10.23
13.55

0.15
0.02
0.09
0.08

0.916
0.974
0.995
0.986

11.05
13.86
18.04
23.20

0.01
0.02
0.03
0.04

Table 3
Langmuir and Freundlich parameters for the adsorption of phosphate by AIS.
Langmuir isotherm

Freundlich isotherm

R2

qmax

Ka

R2

Kf

1/n

0.79

22.17

0.13

0.94

2.29

0.38
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Fig. 2. SEM–EDS characterization of (a, c) IS and (b, d) AIS.

Fig. 3. Chemical structure and composition characterizations. (a) FT-IR, (b) XRD, and High-resolution deconvoluted O1s spectra of (c) AIS and (d) PAIS.
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Table 4
Growth attributes of wheat seedlings.
Groups

Plant height (cm)

Root length (cm)

Wet weight (g)

Glass sand-Pfull
Biochar-Plack
Glass sand-Plack

12.5 ± 0.3
14.7 ± 0.2
7.1 ± 0.3

6.4 ± 0.5
6.5 ± 0.4
3.4 ± 0.4

0.20 ± 0.05
0.22 ± 0.02
0.11 ± 0.04

According to the comprehensive FTIR and XRD analyses, iron was
mainly existed in the form of FeO(OH). XPS characterization further
demonstrated that hydroxyl participated in the adsorption reactions.
Thus, it could be concluded that ligand exchange mediated chemical adsorption was the main mechanism for phosphorus removal by AIS
(Zhang et al., 2009). By combining Ea and the Freundlich isotherm
model, the exchange of ligands between OH– and phosphate anions
was proposed as follows (Vikrant et al., 2018):
−
AIS-3FeO(OH) + PO3−
4 → AIS-(FeO)3PO4 + 3OH (10).
3.1. Removal and recovery of surplus phosphorus from secondary
efﬂuent

Fig. 4. (a) Effect of initial pH on the adsorption of phosphate onto AIS and IS, (b) effect of
coexisting ions for AIS phosphate adsorption, and (c) reuse stability of AIS. Experimental
conditions: 0.5 g/L adsorbent, 303 K temperature, simulated wastewater with 20 mg/L
initial phosphorus and pH = 7.0 for (a) and (b) and practical secondary efﬂuent for (c).

Qiu et al., 2015). After phosphorus was adsorbed onto the material surface, the proportion of -OH was decreased from 81 at.% to 56 at.%. In accordance, O2– content was increased from 13 at.% to 34 at.%. The above
results indicated that -OH was involved in phosphorus adsorption,
and replacement of -OH by PO3−
4 resulted in its reduction.

Fig. 5. Breakthrough curve of phosphate adsorption on AIS. Experimental conditions: 10%
volume ﬁlling ratio of adsorbent, room temperature, and HRT = 40 min.

Before evaluating the feasibility of applying AIS to treat practical secondary efﬂuent, the inﬂuences of key factors (i.e., pH and anions) on the
adsorption performance were explored. For the 5.0–8.0 pH range, AIS
showed a stable phosphorus removal performance (Fig. 4a). Anions,
such as sulfate, nitrate, chloride and carbonate, usually coexisted with
phosphate (Namasivayam and Sangeetha, 2006; Yang et al., 2018),
and their interferences on phosphorus adsorption were investigated.
Monovalent anions were found to have a negligible impact on the adsorbent performance (Fig. 4b). In comparison, divalent anions could
greatly inhibit the phosphorus removal by the prepared AIS. Similar
phenomena were observed in other studies (Loganathan et al., 2014;
2−
Yang et al., 2018). The main reason was that CO2–
3 or SO4 could strongly
compete with phosphate for the adsorption sites on AIS.
The effectiveness of the prepared adsorbent on phosphorus removal
was further examined using a local secondary efﬂuent as an example.
Since the reuse stability was vital for practical applications, the adsorption performance of the adsorbent after differing numbers of use was
explored. The results showed that although the adsorption performance
showed a decline, N80% phosphorus removal efﬁciency was still
achieved after its third-cycle use (Fig. 4c).
By packing the prepared AIS into a glass column, the performance of
treating secondary efﬂuent was then evaluated in a continuous-ﬂow reactor. Fixed-bed column experimental results showed that the efﬂuent
phosphorus concentration could be readily controlled within 0.1 mg/L,
even though it has been treated by 400 times the volume of the column
(Fig. 5). The phosphorus concentration in the column efﬂuent could reliably meet the Class II quality of China Surface Water Environmental
Quality standards. The maximum capacity of the adsorption column
was estimated to be 20.56 mg/g according to the Thomas model (Table S3), which was slightly lower than that in the batch experiment
(22.17 mg/g). The above results indicated that the prepared adsorbent
was efﬁcient for removing surplus phosphorus in secondary efﬂuent.
To further explore the feasibility of reusing adsorbed phosphorus as
a potential fertilizer, the wheat seedling growth experiment was conducted, and the results are shown in Table 4. After 10-days of growth,
the height, length, and wet weight of wheat dosed with 10% P containing biochar were 14.7 ± 0.2 cm, 6.5 ± 0.4 cm, and 0.22 ± 0.02 g, respectively. The growth status of wheat dosed with biochar was comparable
to that of the group fertilized with phosphorus solution. However, in
comparison, when phosphorus was limited, a retarded growth was observed. Thus, the above results indicated that recovered phosphorus
from secondary efﬂuent could be used as an alternative phosphate soil
conditioner to support plant growth.
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3.3. Implications
Phosphorus is a key element for inducing the eutrophication of surface water. Additionally, it is a non-renewable resource for supporting
food production. Therefore, sustainable management of daily produced
waste phosphorus is meaningful. The present work demonstrated that
phosphorus can be readily removed and recovered as an alternative fertilizer from secondary efﬂuent using a municipal wastewater derived
adsorbent. Therefore, not only was wasted sludge reused, but circulation of surplus phosphorus was also achieved. Direct application of sewage sludge as fertilizer on agriculture ﬁeld is the commonly
implemented practice in the Europe (Fytili and Zabaniotou, 2008;
Hudcova et al., 2019). However, the risks of potential toxic metals
leaching and pathogen challenge its application. In comparison, pyrolysis treatment of sludge favours for the toxic organic pollutants removal
and reduced metal availability (Mendez et al., 2012; Hoffman et al.,
2016). Song et al. (2014) observed that heavy metal accumulated in
the plant was greatly inhibited via pyrolysis of sludge under appropriate
temperature. Moreover, it has been revealed that pyrolysis treatment is
beneﬁcial to increase the bio-availability of phosphorus (Fristak et al.,
2018).
In China, for example, approximately 1378 t total phosphorus was
discharged with the secondary efﬂuent nationally in 2018 (http://
www.mohurd.gov.cn/csjs/xmzb/index.html). If the proposed recovery
route was applied to control efﬂuent phosphorus to b0.1 mg/L, a total
of 951 t phosphorus could be efﬁciently recovered. Heavy metal contents within the biochar might be of potential concern for its application. However, in the present work, the heavy metal contents in
pyrolysis biochar (shown in Table S4) were below the upper limiting
value according to the International Biochar Initiative report (IBI, 2015).
4. Conclusions
In this work, municipal wastewater derived iron sludge was successfully converted into phosphorus adsorbent through alkali modiﬁcation.
The maximal adsorption capacity of the prepare adsorbent was estimated to reach 22 mg-P/g, and the adsorption performance remained
stable in the pH range of 5 to 8. The Freundlich model isotherm was applied to describe the phosphorus adsorption on adsorbent surface. By
combing different characterization methods, ligand exchange mediated
chemical adsorption was the main mechanism for phosphorus removal
by the prepared material. Moreover, FeO(OH) was identiﬁed as the key
adsorption site. Laboratory-scale continuous-ﬂow experiments indicated that surplus phosphorus in the secondary efﬂuent could be readily
reduced to b0.1 mg/L, which meets the Class II quality of China Surface
Water Environmental Quality standards. By pyrolysis of P-laden alkalitreated iron sludge under oxygen limited condition, P embodied biochar
was successfully obtained and further reused as a potential phosphate
soil conditioner to support plants growth.
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