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HIGHLIGHTS GRAPHICAL ABSTRACT

» A new type of Mg/Fe biochar was pre-
pared to recover phosphate from urine.
Mg/Fe biochar has excellent and stable
phosphate recovery performance, with
adsorption capacity up to 206.2 mg/g.
Four mechanisms driving phosphates
adsorbed onto the Mg/Fe biochar was
proposed and elucidated. Phosphate
Adsorbed phosphate could be released Fef@iiger
in the neutral water and NaOH solution
as a phosphate fertilizer.

<

Clean Water = Adsorption

ABSTRACT

The massive use of phosphate fertilizers in agriculture is costly and induces water pollution, calling for more sus-
tainable phosphate sources in the context of the circular economy. Here we prepared a new adsorbent based on
waste straw biochar modified with the Mg/Fe bimetallic oxide, namely the Mg/Fe biochar, to recover phosphate
from the simulated urine as an possible phosphate fertilizer. About 90% phosphate was recovered from the sim-
ulated urine with a wide pH range of 3.0-9.0 and a maximum adsorption capacity of 206.2 mg/g, using 1 g/L of
Mg/Fe modified biochar. A pseudo second-order kinetics and Sips model were proposed to fit the experimental
data well, suggesting that the adsorption was controlled by physical and chemical processes, which is driven by
electrostatic attraction, intra-particle diffusion, ion exchange and surface ligand exchange. Overall, the Mg/Fe bio-

Keywords: char is renewable and can recover more than 70% of phosphate in the simulated urine after 5 cycles of reuse,
Biomass utilization which appears as a safe and efficient adsorbent to recycle phosphate from urine.
Modified biochar

Phosphate recovery
Mg/Fe bimetallic oxide
Adsorption model

1. Introduction (Krey et al., 2013). However, the massive use of phosphate fertilizers
has raised environmental problems. For instance, water pollution and

Along with nitrogen (N) and potassium (K), phosphorus (P) is a eutrophication problems that induces the death of aquatic species (Lin
major element of plant fertilizers ensuring worldwide food security et al., 2021). Most commercial phosphate fertilizers are actually ex-
tracted from finite mining resources, which are neither environmental
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phosphate and urea, and the concentration of phosphate is 470-1070
mg/L, higher than other phosphorus containing wastewater (Bacelo
et al.,, 2020). The direct supply of urine as fertilizer is detrimental to
plant growth due to its high nutrient content. In addition, urine is ex-
pensive to transport to agricultural land, and its composition will
change with pH, time and temperature (Patel et al., 2020; Randall
et al.,, 2016). In view of this, the recovery of nutrient in urine is a more
feasible utilization measure.

The existing phosphate recovery methods from urine mainly include
chemical precipitation (Hu et al., 2020), ion exchange (Juntarasakul
et al,, 2020), membrane separation (Noubli et al., 2019) and adsorption
methods (Zhang et al., 2020b). Among them, chemical precipitation
method refers to adding magnesium salt to urine obtaining struvite pre-
cipitation (MgNH4PO,4-6H,0) under alkaline conditions, which can be
used as an alternative phosphate fertilizer (Kumari et al., 2020). Electro-
chemical methods using magnesium, iron and other metals as sacrificial
anodes have been developed (Martin et al., 2020), but are limited by the
cost of magnesium salt and alkali. The traditional process of phosphate
recovery by precipitation crystallization often requires pre-treatment
of liquid samples to reach the appropriate ratio of nitrogen and phos-
phorus with proper pH conditions (Gao et al., 2018; Le et al., 2020).
The adsorption process has advantages of simple operation, no addi-
tional chemical dosages and low cost of phosphate recovery (Bacelo
et al., 2020). Adsorption is also particularly suited to urine treatment
in some remote and undeveloped areas; however the efficiency of cur-
rent available adsorbents is limited.

Biochar, a porous carbon-based material, is an adsorbent obtained by
pyrolysis of biomass and used for water purification, resource recovery
and soil fertilization (Li et al., 2020c; Yi et al., 2020). Materials used to pre-
pare biochar are mostly from agricultural biomass and solid waste such as
rice husk (Rizwan et al., 2020), straw (Chandra et al., 2020), municipal
sludge (Ma et al., 2021) and manure (Shimabuku et al., 2016), which
are abundant in source and cheap to prepare. Metal atoms are easy to
form coordination complexes with phosphate ions, so as to enhance the
adsorption effect of phosphate of adsorbent (Liu et al., 2018). The
complexing strength of metal phosphate depends on its free binding en-
ergy and is related to metal properties (Schmidtchen, 2010). Generally,
the higher the valence of metal cation and the smaller the ionic radius,
the more conducive the modified biochar are to bond with phosphate
ions. Biochar adsorption capacity could be improved by adding metals
such as Fe, Mg, Ca, Al, La, and their oxides (Godwin et al., 2019). For in-
stance, CaO/biochar composites were synthesized using eggshell and
straw, which showed excellent adsorption capacity of phosphate in the
pH range 5.0-11.0 (Liu et al., 2019). Zeeshan Ajmal prepared Fe-
modified magnetic biochar from rice husk and wood with the adsorption
capacity of 25-28 mg/g, which is twice that of the unmodified biochar
(Ajmal et al.,, 2020). Lanthanum-coated sludge biochar even presents a
adsorption capacity of phosphate at 93.91 mg/g (Li et al,, 2020a). Wang
et al. reported a biochar loaded with ultra-fine ceria nanoparticles that
demonstrated rapid and effective phosphate adsorption capacity. The ad-
sorption equilibrium could be reached within 10 min, with the maximum
adsorption capacity of 77.7 mg/g (Wang et al., 2020c).

Composites made of multi-metal modified biochar as new adsor-
bents were investigated recently (Meili et al., 2019; Zubair et al.,
2020). The preparation of multi-metal composite involves the synthesis
of double layered metal hydroxides (LDHs) and double layered metal
oxides (LDOs) from divalent metals and trivalent metals. The composite
morphology includes a main layer composed of mixed metal hydrox-
ides, and an intercalation layer composed of anions and water mole-
cules, which thus displays high porosity and anion exchange capacity
(Li et al., 2020b; Yang et al., 2019). For instance, the addition of Mg
and Al hydroxides increased the porosity of biochar to 184.0 m?/g and
enriched surface functional groups such as metal oxides MgO, Al,0s,
C—O0, and (=0 (Zhang et al., 2019). Phosphate anions can provide
non-bonding electron pairs, which are easy to bond with electron defi-
cient metal ions through orbital overlap by Lewis basicity (Wu et al.,

2020). Using metal oxides to modify biochar is thus expected to enrich
the single surface structure of biochar and produce functional biochar
materials (Vithanage et al., 2020). To our best knowledge, the adsorp-
tion performance and recovery pathway of phosphate recovery from
urine using Mg/Fe biochar has not been reported. Therefore, here we
synthesized the Mg/Fe biochar from waste corn straw, and we tested
this material to recover phosphate from simulated urine.

In this paper, the Mg/Fe bimetallic biochar was synthesized from
waste corn straws and used to recover phosphate from the urine. A cou-
ple of batch experiments were carried out to clarify the adsorption abil-
ity and mechanism. The morphology and crystal structure of Mg/Fe
biochar were characterized and the effects of critical conditions for ad-
sorption and desorption were studied to provide a environment friendly
utilization of biochar by recovery of phosphate from urine.

2. Materials and methods
2.1. Materials and chemical reagents

Waste corn straw biomass was taken from the Huifeng straw plant,
Jiangsu Province, China. Before use, the straw was cut to about 100
mesh, cleaned and dried fully at 60 °C. The composition of the simulated
urine was set according to components of the real urine, with total
phosphorus of about 140 mg/L (Supplementary material Table S1). All
reagents used in the experiments were of analytical grade.

2.2. Modification and preparation of biochar

Biochar was modified by co-pyrolysis of waste biomass and Mg/Fe
salts with the following procedure. (a) Firstly, 5 g of cleaned straw
was put into a beaker containing 500 mL deionized water; (b) then
15.23 g MgCl,-6H,0 and 6.77 g FeCl;- 6H,0 were added into the beaker
containing straw, and continuously stirred at 60 °C in a water bath;
(c) during stirring, 0.1 M NaOH and 0.5 M NaCOs; solution was slowly
added until the pH of the system was 10.0, then the beaker was subject
to water bath at 60 °C for 4 h; (d) the mixture was washed with deion-
ized water repeatedly until neutral, then filtered and placed in the oven
at 60 °C overnight; (e) The dried mixture was transferred into a mortar,
ground thoroughly, passed through a 100-mesh screen, then inserted
into a tubular resistance furnace at 600 °C for 2 h under the protection
of N,. The biochar composite prepared by the above five steps was
named the Mg/Fe biochar. Similarly, under the same conditions, the
original biochar prepared without step (b) was named biochar.

2.3. Batch experiments of phosphate recovery

The recovery performance of the Mg/Fe biochar for phosphate in
simulated urine was studied by sequencing batch experiments. The
simulated urine was diluted at different times to obtain water samples
with different phosphate concentrations of experimental investigations.
The effects of adsorbent dosage of 0.25-4.00 g/L, contact time of 0-24 h,
initial pH of 3.0-11.0 and initial phosphorus concentration of
28.0-280.0 mg/L on phosphate recovery were explored. The specific se-
quencing batch experiment conditions are given in Supplementary
Table S2. In short, for each batch of adsorption experiments, a certain
amount of biochar and the Mg/Fe biochar were added to the centrifuge
tube containing 50 mL simulated urine. Then the centrifuge tube was
tightened and put into a shaking box at 25 °C for 24 h at 125 rpm.
After adsorption, the sample was filtered through a 0.45 pm filter mem-
brane. The concentration of total phosphorus in the eluate was mea-
sured by a UV visible spectro-photometer at 700 nm, and the
adsorption capacity and recovery rate of phosphate were calculated ac-
cording to Egs. (1) and (2):
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where Q. represents the amount of phosphorus adsorbed per unit mass
of adsorbent (mg P/g); V means the volume of solution (L); M means
the mass of adsorbent added (g); C; and C refer to phosphorus concen-
tration (mg P/L) at the initial and equilibrium of the solution; Ry refers
to the recovery rate (%) of phosphorus.

Different concentrations of NaOH solutions (0-2.0 mol/L) were used
to carry out de-sorption experiments. 0.05 g of Mg/Fe biochar was put
into a 50 mL centrifuge tube with simulated urine (the concentration
of total phosphorus was 140 mg/L). The beaker was sealed with a
sealing film. After shaking at 25 °C for 24 h, the water sample
was taken out to determine the phosphate adsorption capacity Q.. The
Mg/Fe biochar-phosphate complex was obtained by drying the solid
material obtained from the filtrated mixture at 60 °C. Mg/Fe biochar-
phosphate complex was added into 25 mL NaOH solution to dissolve
phosphate, and the phosphate content was determined after shaking
for 2 h. The desorption rate was calculated according to Eq. (3):
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Rp(%) = 100 3)
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where Cq4 and V4 represents the concentration of phosphorus (mg/L)
and the volume of NaOH solution (L), respectively. Rp is the desorption
rate (%) of phosphate.

2.4. Adsorption models

Several different adsorption models were used to study the adsorp-
tion characteristics of the Mg/Fe biochar for phosphate recovery in the
simulated urine (Supplementary material Table S3). The kinetics of ad-
sorption was investigated by different contact time of 0-24 h. The data
was brought into the dynamic fitting equations to determine the fitting
parameters. The water samples with different initial phosphorus con-
centrations of 28.0-280.0 mg/L were obtained by diluting the urine
with a certain multiple to study the adsorption isotherm characteristics.
The adsorption capacity of adsorbent under different initial phosphate
concentrations was calculated. The adsorption isotherm model was in-
troduced to determine the fitting parameters.

2.5. Analysis methods

The phosphate was determined by the molybdate spectrophotome-
try. The zero point of charge pHzpc of biochar and the Mg/Fe biochar was
determined by the salt drop method. Scanning electron microscopy
(SEM) from Hitachi s4800, Japan, was used to determine the morphol-
ogy of biochar. The mineral composition and crystal structure of biochar
and Mg/Fe biochar were determined by X-ray diffraction (XRD) from
Rigaku Ultima IV, Japan. Surface functional groups of Mg/Fe biochar be-
fore and after phosphate adsorption were measured by Fourier trans-
form infrared spectroscopy (FT-IR) at 500-4000 cm ™' from Bruker/
tensor 27, Germany. X-ray photoelectron spectroscopy (XPS) from
Thermo Scientific k-alpha, USA, was used to determine the surface ele-
mental composition and electronic state of materials.

3. Results and discussion
3.1. Characterization of prepared bio-chars

Unmodified straw biochar and biochar modified by Mg/Fe bimetallic
oxides (named the Mg/Fe biochar) were synthesized by pyrolysis at 600
°C. The morphology of unmodified biochar, the fresh preparred Mg/Fe
biochar and the Mg/Fe biochar after phosphate recovery were analysed
by scanning electron microscopy (Fig. 1). The surface of the unmodified
biochar is rather regular with a highly porous structure that provides

loading space for Mg/Fe metal oxides. In the Mg/Fe biochar, metal ox-
ides are both on the surface of biochar and within pores, showing an ir-
regular sheet structure. This morphology was attributed to the higher
disorder degree of sheets caused by shrinkage and curling of the original
metal hydroxides during pyrolysis through dehydration and dehydrox-
ylation. After the adsorption process, large crystals appeared on the bio-
char surface; the roughness increased, and the original pore structure
was no longer visible. Here we speculated that new phosphate crystals
were formed during adsorption because it had been shown that precip-
itation was one of the mechanisms explaining complexation of hydrous
ferrous oxides with phosphate (Smith et al., 2008).

X-Ray diffraction was further used to analyze the crystallinity and
chemical composition (Fig. 2). The unmodified biochar presented
peaks at 26.64° and 29.55°, typical of quartz silica coming from plant
biomass; the absence of other peaks was due to the non-crystalline
structure of biochar. The Mg/Fe biochar showed peaks at 36.66°,
42.89° and 62.18°, which is a typical peak of Fe;03 and MgO. This finding
indicated that the Mg/Fe biochar had been successfully prepared. Fol-
lowing adsorption of phosphate, characteristic peaks of MgHPO,4- 7H,0
crystals appeared at 16.49°, 20.91° and 21.53°, and peaks of Fe(H,P04)-
crystals at 14.46°, 30.60° and 38.28°, thus indicating good crystallinity of
the Mg/Fe biochar. Overall, microscopy and X-Ray data showed success-
ful transformations which are in line with a process involving pore fill-
ing with Mg/Fe oxides during pyrolysis, then precipitation of phosphate
crystals in the simulated urine.

3.2. Effect of adsorbent dosage and initial pH

Effect of dosage of unmodified and the modified Mg/Fe biochar on
the adsorption of phosphate from simulated urine was demonstrated
in (Fig. 3a,c). Results showed that the unmodified biochar had low
phosphate adsorption capacity ranging from 6.7 to 22.4 mg/g, and re-
covery values ranging from 4.2% at 0.25 g/L to 19.0% at 4 g/L. The adsorp-
tion capacity was slightly lower than the mean value of 28.9 mg/g for
the unmodified biochar, which was influenced by other substances in
urine (Zhang et al., 2020a). By contrast, the Mg/Fe biochar had much
higher adsorption capacity ranging from 35.0 to 190.7 mg/g, and recov-
ery values ranging from 4.2% at 0.25 g/L to 99.8% at 4 g/L. The removal
efficiency was enhanced by added more adsorbents at the earlier stages,
which might be attributed to more adsorption sites on the Mg/Fe bio-
char surface that could be contacted with phosphate. With the increase
of dosage, the number of adsorption sites exceeded the amount re-
quired for phosphate contacting. Phosphate was preferentially captured
by sites with strong binding force in limited phosphate content,
resulting in some sites with weak binding force turning to unsaturated
state (Zou et al,, 2020). The low utilization of adsorption sites resulted
in the decrease of biochar adsorption capacity per unit mass (Hu et al.,
2018).

The capacity of unmodified biochar was low and increased slightly
with pH from 3.2 mg P/g at pH 3.0 to 21.2 mg P/g at pH 11.0 (Fig. 3b).
Whereas the Mg/Fe biochar had higher adsorption capacity of about
130.0 mg P/g at pH 3.0-9.0, then decreased to about 60.0 mg P/g at
pH 10.0-11.0. This result was consistent with that of Zhang et al.
(2019). The adsorption capacity of phosphate was related to the form
of phosphate in solution and the surface charge of biochar. In the
range of pH 3.0-11.0, the forms of phosphate were H,PO; and
HPO7~. When the liquid pH was less than 7.2, H,POz was the main
form (Wang et al., 2020a). Due to the lower adsorption free energy,
H,PO; was more easily adsorbed by the Mg/Fe biochar than HPOZ ™.
The potential of zero point charge (pHzpc) was determined as 8.9 for un-
modified biochar and 10.7 for Mg/Fe biochar (Supplementary Fig. S1).
There was a predominance of positive charges below pHzpc and nega-
tive charges above pHzpc. The high adsorption of Mg/Fe biochar at pH
3.0-9.0 was thus consistent with the formation of protonated groups
such as protonated hydroxyl -OH?™, which should attract and bind to
phosphate anions. Lower adsorption at pH 10.0-11.0 should result
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Fig. 1. SEM of the unmodified biochar (A,B), the Mg/Fe biochar (C,D) and the Mg/Fe biochar after phosphate recovery (E,F). The Mg/Fe biochar refers to biochar modified with Mg/Fe

oxides.

from negative surface charges such as —O. Since the pH of urine is
6.2-9.3 (Krishnamoorthy et al., 2020), the Mg/Fe biochar was well
suited to extract phosphates. Overall, our findings showed that the
Mg/Fe biochar had much higher adsorption capacity than unmodified
biochar; the adsorption is maximal in the urine pH range of 6.2-9.3.

3.3. Adsorption kinetics and intragranular diffusion

Adsorption kinetic data was fitted by pseudo-first-order Kinetics,
pseudo-second-order kinetics, and intraparticle diffusion models re-
spectively. The parameters and fitting degree R? of each model were
listed in Table 1 and demonstrated in Fig. 4a. Results show that the

¢: Si0y W Fe(H,PO,),
®: Fex03 *: MgHPO4 7THy0
A: MgO

Biochar

[ ]
A

M . " Mg/Fe biochar

Mg/Fe biochar with phosphate
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Fig. 2. X-Ray diffraction of the composite Mg/Fe biochar after phosphate recovery.

adsorption of phosphate on the Mg/Fe biochar was rapid, and more
than 70% of the adsorption was completed in the first 4 h. The final re-
covery rate was 95.7% at 24 h. Moreover, the adsorption data fitted
the pseudo-second-order kinetic model well (R?> = 0.990), which was
better than that of the pseudo-first-order kinetic model (R? = 0.981).
It was indicated that chemical reaction was the main factor controlling
adsorption (Wang et al., 2020b), which was attributed to the formation
of new covalent bonds and the binding of Mg/Fe biochar surface
functional groups with phosphate. Fig. 4b indicated that there were
three well fitted stages in the adsorption process (R? > 0.99). The first
stage of adsorption showed the rapid surface diffusion of phosphate
on Mg/Fe biochar, with a high kp value (kp; = 56.3). At the second
stage, phosphate gradually diffused to the inner pore of biochar due to
the active sites on the surface of Mg/Fe biochar were gradually occupied,
and the kp value (kp, = 45.3) in this stage was significantly lower than
that in the first stage, indicating that the main factor limiting the ad-
sorption rate was the intra-particle diffusion process. The good fitting
of intra-particle diffusion model showed that the adsorption of phos-
phate on Mg/Fe biochar was a complex multi factor control process.

3.4. Adsorption isotherm

The adsorption isotherms of the Mg/Fe biochar for phosphate were
investigated by changing the initial concentration of phosphate. The
fitting curves and fitting parameters of each model were shown in
Fig. 5 and Table 1, respectively. Langmuir model represents a monolayer
and homogeneous adsorption process, which can determine the satu-
rated adsorption capacity of adsorbent (Li et al., 2019). Sips model is
an improvement of Langmuir and Freundlich model, which has the
characteristics of both models. The adsorption data were well fitted by
several models (R?> > 0.9), except the Freundlich model. The Sips
model provided the most accurate fitting (R?> = 0.971), which sug-
gested that the adsorption involves both physical and chemical pro-
cesses. It was the same as the conclusion obtained from kinetic
investigations. The maximal adsorption capacity of the Mg/Fe biochar
was 206.2 mg/g by the Sips model, which is obviously superior to the
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d); Qe is the amount of adsorbed phosphate, expressed in P content.

saturated adsorption capacity of biochar reported before (Supplemen-
tary material Table S4), which means that Mg/Fe biochar is a superior
adsorbent for phosphate recovery in urine.

3.5. Mechanism of phosphate recovery from urine by the modified biochar

To elucidate the recovery mechanism of phosphate, surface func-
tional groups change of the Mg/Fe biochar during the adsorption pro-
cess were studied by FT-IR. The results were shown in Fig. 6a. In the

Table 1
Calculation parameters of kinetics and isotherm model of phosphate recovery process
using Mg/Fe biochar.

Models Parameter 1 Parameter 2 Parameter 3 R?
Pseudo-first-order k; = 0.6 Q._131.6 R? = 0.981
Pseudo-second-order  k, = 0.005 Q.-150.0 R? = 0.990
Intraparticle diffusion  kp; = 53.6 by =0.1 R? = 0.992
kp, =453 b, =168 R? = 0.999
kps = 0.2 b; = 134.1 R? = 0.998
Sips ks = 0.1 Qn=2062 n=0.7 R? = 0971
Langmuir k,=0.2 Qmn = 2229 R? = 0.940
Freundlich kg = 63.3 n=33 R? = 0.863
Temkin kr=1.6 a=508 R?> = 0.936

infrared spectrum, the broad peak at 3438 cm~! and 1618 cm~! were
enhanced, corresponding to the vibration of hydroxyl groups and
water molecules on the Mg/Fe biochar, indicating that the hydroxyl
groups and bound water increased in the adsorption reaction. In the fre-
quency range of 1427-1402 cm ™}, an infrared peak corresponding to
0=C-0 antisymmetric stretching vibration appeared, which originated
from CO3~ introduced in the preparation process of Mg/Fe biochar.
After adsorption, the peak at 1427 cm™~! moved to near 1402 cm ™!,
which indicated that CO3~ was involved in the adsorption of phosphate.
In other studies, it was pointed out that CO3™ existed in the process of
ion exchange with phosphate anion, which promoted the removal of
phosphate (Jiang et al.,, 2021). It was noted that the peak intensities at
1090, 887 and 569 cm ™! were enhanced, which was attributed to the
stretching of P—O bond in HPO3~/H,PO;. The presence of these
peaks again demonstrates the successful adsorption of phosphate
(Jiang et al., 2018; Lee et al., 2019). Moreover, the representative peak
of Mg—O at 670 cm ™! decreased after adsorption, which indicated
that the Mg/Fe biochar reacted with phosphate in aqueous solution to
form MgHPO,-xH,0, and was consistent with the result of XRD.

The chemical element composition and electronic state change of
the Mg/Fe biochar during the phosphate adsorption process were mea-
sured by XPS analysis. Fig. 6b showed that the main components of the
Mg/Fe biochar were Mg, Fe, O, and C. The photo-electron peaks with
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binding energies of 1304.1, 711.0,531.1 and 284.1 eV were attributed to
Mg 1s, Fe 2p, O 1s and C 1s, respectively (Cui et al,, 2019). After adsorp-
tion, a peak of P 2p was clearly observed at the binding energy of 133.1
eV, which further confirmed the successful adsorption of phosphate.
The spectrum of P 2p (Fig. 6¢) could be divided into three peaks of
134.7, 133.6 and 132.8 eV, corresponding to HPOZ~, metal phosphate
and H,POg, respectively. This indicated that phosphate could combine
with metal on the Mg/Fe biochar, and the existence of interlayer phos-
phate anion was confirmed. Mg 1s spectra (Fig. 6d) also showed that
Mg was involved in the adsorption reaction, the binding energy de-
creased, and the corresponding peak of metal phosphate was observed
at 1303.6 and 1303.1 eV. The spectrum of O 1s (Fig. 6e) showed that be-
fore the adsorption reaction, the peak of O 1s in the Mg/Fe biochar could
be decomposed into the peaks with binding energy of 529.8, 531.0 and
532.1 eV, which were attributed to M-O (M = Mg or Fe), -OH, and
bound H,0 (Kong et al., 2020). After the adsorption reaction, the ratio
of M-0 bond decreased from 35.2% to 26.5%, while the ratio of -OH in-
creased from 26.9% to 35.7%. This was mainly attributed to the rehydra-
tion reaction of the Mg/Fe biochar in the process of reaction. Some M-O
bonds in metal oxides were converted into M-OH, which led to the in-
crease of hydroxyl functional groups (Mallet et al., 2013). The same
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Fig. 5. Isotherm models of phosphate adsorption by Mg/Fe biochar.

conclusion could be obtained from FT-IR. Fig. 6f showed the spectrum
of C 1s, in which the binding energies of 284.1, 285.4 and 288.8 eV cor-
respond to C—C, C—O and carbonate, respectively.

The recovery mechanism of phosphate by the Mg/Fe biochar was il-
lustrated in Fig. 7. It mainly included the following mechanisms. 1) elec-
trostatic attraction. At low pH (less than pHzpc = 10.7), the hydroxyl
groups on the Mg/Fe biochar surface were protonated, which had
good electrostatic attraction to phosphate anions in aqueous solution.
The addition of Mg/Fe oxide increased the pHzpc of the original biochar.
Therefore, in a wider pH range of 3.0-9.0, Mg/Fe biochar has better ad-
sorption capacity than the unmodified biochar. When the pH is higher
than 10.0, the surface of the Mg/Fe biochar is deprotonated. Phosphate
adsorption effect appears to be significantly reduced due to electrostatic
repulsion (Wang et al., 2020a). 2) Intragranular diffusion. Phosphate
ions were first trapped by the adsorption sites on the surface of adsor-
bent, and then enter the internal channels of Mg/Fe biochar through
the intra particle diffusion mechanism. According to the discussion of
intra-particle diffusion model, the adsorption process can be divided
into three stages, in which the intra-particle diffusion stage is the
main stage limiting the adsorption rate. 3) lon exchange. In the process
of Mg/Fe biochar synthesis, the conditional carbonate exchanged with
phosphate in the solution, to improve the efficiency of phosphate recov-
ery. 4) Ligand exchange. XPS analysis observed the conversion of M-O to
M-OH on the surface of Mg/Fe biochar. These hydroxyl groups are re-
placed by phosphate groups in solution during ligand exchange. The
inner-sphere complex is formed by the connection of metal atom and
phosphate molecule in the form of mononuclear monodentate, mono-
nuclear bidentate and binuclear bidentate (Wu et al., 2020). This coordi-
nation mechanism was the key for Mg/Fe biochar to recover phosphate
from urine efficiently.

3.6. Desorption and cycling experiments

The regeneration ability of the Mg/Fe biochar as phosphate adsor-
bent and its performance after repeated use were demonstrated in
Fig. 8. The desorption rate of phosphate in the Mg/Fe biochar increased
with NaOH concentration, which was attributed to the electrostatic re-
pulsion force on the Mg/Fe biochar surface and OH™ adsorption compe-
tition under high pH conditions. When the concentration of NaOH was
higher than 0.5 M, the desorption rate was stable. It was noted that
about 9% of the water-soluble phosphate was still released in the neutral
water, indicating that the Mg/Fe biochar after phosphate recovery had
the value to be used as a slow release fertilizer. 0.5 M NaOH solution
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was then used as desorption solution for cyclic adsorption experiments.
Fig. 8b indicated that the increase in recycling times reduced the ad-
sorption capacity of Mg/Fe biochar. After five cycles of reuse, the adsorp-
tion capacity decreased to 103.7 mg/g, and the recovery efficiency of
phosphate in urine was 70.4%, which was better than other phosphate
adsorption materials (Jiao et al., 2021; Luo et al., 2021). This indicated
that Mg/Fe biochar could be used as an efficient adsorbent for phos-
phate in urine, and NaOH could be reused as eluent. Phosphate-rich el-
uents could be used as raw materials for commercial products such as
struvite (Li et al., 2021). For some alkaline soils, the Mg/Fe biochar
with phosphate could also be used as a good slow-release fertilizer
and soil conditioner.

4. Conclusions

The new Mg/Fe bimetallic oxide biochar was successfully synthe-
sized from straw and used to recover phosphate from simulated urine.
More than 90% of phosphate recovery was achieved using 1 g/L Mg/Fe
biochar with the urine pH range of 6.3-9.2. The maximal adsorption ca-
pacity of the Mg/Fe biochar was 206.2 mg/g, superior to the capacity of
biochar reported before. The adsorption mechanism of the Mg/Fe
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Fig. 7. lllustration of Phosphate recovery mechanism from urine with the modified Mg/Fe biochar.

bimetallic oxide biochar was defined as electrostatic attraction, intra-
particle diffusion, ion-exchange and ligand exchange. Furthermore,
the adsorbed phosphate could be released as an available fertilizer.
This work provides a circular economy way to realize the recycling of
agricultural waste and eutrophic sewage.
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Supplementary Table S1 Simulated urine formula for experiment

Reagents Formula Content (g/L)
ammonium chloride NH4Cl 0.021
potassium dihydrogen phosphate KH2PO4 0.187
disodium hydrogen phosphate Na;HPO4- 12H>0 1.155

dodecahydrate

sodium chloride NaCl 2.500
sodium sulphate NaxSO4 0.980
potassium chloride KCl 1.146
calcium chloride CaCl 0.075
magnesium chloride hexahydrate MgCl, * 6H,0 0.050

Supplementary Table S2 Experimental conditions for phosphate adsorption by Mg/Fe

biochar
Batch Conditions
experiment
Dosage Phosphate pH Time  Temperatur
(g/L) concentration (h) e (°C)
(mg-P/L)
Dosage 0.25~4 140 7 24 25
Initial pH 1 140 3~11 24 25
Contact time 1 140 7 0~24 25
Initial 1 28~280 7 24 25
concentration
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Supplementary Table S3 Several adsorption kinetic models and adsorption isotherm
model expressions in the experiment

Models Equations
Pseudo-first-order Q¢ = Qe(1 —e™f1)
Pseudo-second-order 0, = k,Q2t
14 k,Q,t
Intraparticle diffusion Q =k, $1/2 4 ¢
Langmuir 0, = Qmk.C,
¢ 1+4k,C,
Freundlich
! Qe = kiCe™
oIps _ OuksC"
© 14 kCM
Temkin Qe = aln(kTCe)

where Q; and Q. means the adsorption capacity of Mg/Fe biochar (mg/g). ki, k» and k,
represent the rate constant of pseudo-first-order (1/h), pseudo-second-order (g/mg-h”) and
intra-particle diffusion (mg/g-h'?), respectively. Q. represent the maximum adsorption
capacity (mg/g), C. is the phosphorus concentration at equilibrium (mg/g), ki represent the
isothermal constant (L/mg) of Langmuir model, kr is the isothermal constant (mg/g) of
Freundlich model, and ks is the isothermal constant (L/mg) of sips model. n and a are
isotherm constants. kr is the isothermal constant of Temkin model (L/mg).

Supplementary materials Table S4 Summary of the capacity of different adsorbents
to adsorb phosphate

Adsorbents Adsorption References
capacity(mg/g)
Mg/Fe biochar 206.2 This work
La/Fe;04-BC 20.5 (Wang et al., 2019)
Ce/Fe304-BC 12.5 (Wang et al., 2019)
Magnetically modified biochar 25~28 (Ajmal et al.,
(MRB/MWB) 2020)
GCW biochar (Mg-biochar) 63.5 (Shin et al., 2020)
La(OH)3 nanorod/walnut shell biochar 75.08 (Luo et al., 2021b)
Eggshell-modified rape straw biochar 109.7 (Cao et al., 2020)
Iron-modified sludge biochar 111.0 (Yang et al., 2018)
RHB/MgAIl-CLDHs 121~155 (Lee et al., 2019)

MgO/KBC 121.95 (Luo et al., 2020b)
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Supplementary materials Figure S1 Determination of pHzpc of biochar and Mg/Fe
biochar.
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