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Abstract Phosphorus is an essential element of
ecosystems, supporting the growth of plants and ani-
mals; however, its excessive presence in water can
lead to eutrophication. In this study, the phosphate
adsorbent SA2:8 Mg/Ca was prepared by loading cal-
cium and magnesium onto sludge and almond shell.
Various characterization methods were used to ana-
lyze biochar, and the phosphorus removal effect of
SA2:8 Mg/Ca under different conditions was evalu-
ated. The results showed that the phosphate removal
rate of the adsorbent was more than 70% in the range
of pH 4~ 12, and the adsorption performance was sig-
nificantly affected by HCO,~ and SO,*", though the
removal rate remained over 50%. The adsorption pro-
cess conforms to the pseudo-second-order model, and
the isothermal adsorption model aligns more closely
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with the Langmuir model. Increased temperature was
favorable for phosphate adsorption. The theoretical
maximum adsorption capacity of SA2:8 Mg/Ca was
78.27 mg/g. Thermodynamic analysis confirmed that
the adsorption process was spontaneous. The main
mechanisms of adsorption include electrostatic inter-
action, ion exchange, Lewis acid-base interaction,
and chemical precipitation. Additionally, the P-laden
biochar exhibited excellent potential for application:
it can be used as a catalyst to improve the efficiency
of persulfate catalytic degradation of ofloxacin. The
removal rate of OFX in water by the SA2:8 Mg/
Ca-PS system was 81.4%.

Keywords Sewage sludge - Co-pyrolysis -
Phosphate - Adsorption mechanism

1 Introduction:

Phosphorus pollution in water bodies has become a
critical environmental issue in recent years. Although
phosphorus is an essential nutrient for plant growth,
excessive amounts in water bodies can cause sig-
nificant ecological imbalances (Min et al., 2020).
Eutrophication, driven by an influx of nutrients such
as phosphorus, leads to an overgrowth of algae and
aquatic plants. This bloom obstructs sunlight from
reaching deeper waters, affecting photosynthesis
and the survival of submerged plants and organisms.
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Additionally, the decomposition of algae depletes dis-
solved oxygen in the water (Zeng & Kan, 2022).

Current phosphorus treatment technologies include
electrolysis, chemical precipitation, and adsorption
(Li et al., 2023a). Among these, adsorption technol-
ogy effectively captures and removes phosphorus
from contaminated water using specialized materials.
This method is noted for its simplicity, cost-effective-
ness, and environmental friendliness. Unlike complex
biological treatments or chemical methods that might
introduce additional pollutants, adsorption requires
minimal setup and maintenance, avoiding harmful
byproducts. Its high phosphorus removal rates make
it a sustainable and practical solution for phosphorus
pollution (Yang et al., 2021).

Biochar, with its porous structure and stability, is
a promising material for phosphorus adsorption (Yu
et al., 2022). The environmental issues associated
with the disposal of sewage treatment by-products,
such as sludge, necessitate alternative management
strategies. Pyrolysis of sludge to produce biochar
is seen as a viable option for resource recovery and
waste reduction (Shi et al., 2023).

Research indicates that co-pyrolysis with materials
such as bamboo (Hu et al., 2021), straw (Peng et al.,
2022), and poplar (Yu et al., 2023) can improve bio-
char’s stability and increase its specific surface area.
Almond shells, abundant agricultural waste rich in
alkaline earth metals, effectively promote organic
matter decomposition but remain underexplored as a
means to improve the adsorption capacity of sludge
biochar.

The negatively charged surface of sludge biochar
can create electrostatic repulsion with phosphate,
impacting adsorption efficiency. Metal loading can
change the surface charge and improve adsorp-
tion capacity. For example, nano-zero-valent iron-
modified reed biochar has a maximum phosphorus
adsorption capacity of 95.2 mg/g (Ren et al., 2021).
Aluminum-impregnated biochar made from red pine
residue and sludge achieves a capacity of 11.9 mg/g
(Van Truong et al., 2023). Magnesium-pretreated
cypress wood biochar shows capacities of 62.6 mg/g
(Haddad et al., 2018). The calcium-modified corn
straw biochar has a phosphorus adsorption capac-
ity of 33.94 mg/g. Lanthanum-modified wheat straw
biochar exhibits high selectivity for phosphorus.
Polymetallic composite modifications, such as alu-
minum-iron (Huang et al., 2024), lanthanum-iron
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(Xu et al., 2023), magnesia-aluminum (Huang et al.,
2023), and calcium-aluminum-lanthanum (Cheng
et al., 2023), demonstrate different adsorption
capacities. The sensitivity of the metal to phosphate
(Ca>Mg>La> Al>Fe) and its availability (Fe ~ Al
~ Ca>Mg) should be considered during metal modi-
fication (Wu et al., 2020). Thus, calcium and magne-
sium emerge as the most suitable phosphate adsor-
bents for modified metals.

Adding metals to biochar production increases
costs. These metal-infused adsorbents exhibit high
selectivity for phosphate capture through precipitate
formation. Despite their effectiveness, high cost and
limited reusability have hindered their widespread
adoption. Therefore, it is essential to promote the
practical use of these adsorbents while considering
their removal efficiency, accessibility, cost-effective-
ness, environmental compatibility, and options for
reusing saturated adsorbents.

The presence of antibiotics in aquatic environ-
ments has gained significant attention due to their
widespread occurrence. Consequently, phosphorus
in recycled wastewater often becomes contaminated
with antibiotics, posing a potential hazard for its reuse
(Cai et al., 2020). Therefore, developing techniques
capable of simultaneously adsorbing phosphorus and
degrading antibiotics is urgently needed.

The objective of this study is to create a highly effi-
cient phosphate adsorbent using sludge and almond
shells to remove excessive phosphate from water.
This approach aims to promote the resourceful use of
waste materials. Additionally, the study investigates
the effectiveness of P-loaded biochar in removing
antibiotics from water.

2 Materials and Methods
2.1 Reagents and Instruments

The sludge used in this study was obtained from the
dewatered sludge of a sewage treatment plant located
in Taiyuan City. Almond shells were sourced from
rural areas, and ultra-pure water was utilized through-
out the experimental procedures. The equipment
used included an ultraviolet—visible spectrophotom-
eter (UV-VIS) (752G, Shanghai Yidang Analyti-
cal Instrument Co., LTD.), an X-ray diffractometer
(XRD) (Aeris, PANalytica, Netherlands), a Fourier
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transform infrared spectrometer (FTIR) (Spectrum
Two, PerkinElmer, USA), a scanning electron micro-
scope (SEM) (MERLIN Compact, ZEISS, Germany),
a specific surface area and pore size analyzer (BET)
(ASAP 2460, Micromeritics, USA), and an X-ray
photoelectron spectrometer (XPS) (K-Alpha,Thermo
Fisher Scientific Inc., USA).

2.2 Biochar Preparation

Almond shells were subjected to a series of pro-
cesses including washing, crushing, drying, and
grinding with sludge samples at 60°C. Both materi-
als were then passed through a 100-mesh sieve. Vari-
ous mass ratios of sludge to almond shells (10:0, 8:2,
5:5, 2:8, 0:10) were prepared and the resulting mix-
tures were soaked in a 1 mol/L MgCl,/CaCl, solution
(m(mixture): V(solution)=1:3) for 12 h. After filtra-
tion and drying, the samples underwent pyrolysis at
800°C for 2 h under limited oxygen conditions. The
resulting products were allowed to cool naturally,
yielding Mg/Ca modified biochar. Subsequently,
they were washed with deionized water until neutral,
dried again and ground through a 100-mesh sieve.
The obtained products were designated as SSMg/
Ca, SAS8:2 Mg/Ca, SA5:5 Mg/Ca, SA2:8 Mg/Ca,
and SAMg/Ca. Additionally, mixtures of sludge and
almond shell in a ratio of 2:8 were impregnated with
CaCl, and MgCl, solutions, resulting in samples des-
ignated as SA2:8Ca/Ca and SA2:8 Mg/Mg, respec-
tively. For comparison, biochar derived exclusively
from sludge was denoted as SS.

2.3 Adsorption Experiment

The study investigated the adsorption of phosphate
by co-pyrolyzed sludge-almond shell biochar. The
experimental setup involved adding KH,PO, solu-
tion and a predetermined quantity of biochar to a
conical flask. Samples were collected at regular inter-
vals, filtered using a 0.22 pm filter membrane, and
analyzed for KH,PO, concentration via ultraviolet
spectrophotometry.

Initially, the influence of the sludge-to-almond shell
mass ratio on phosphate adsorption was evaluated.
Subsequently, the adsorption performance was exam-
ined across a pH range of 1 to 12. To assess the stabil-
ity of the adsorbent in real-world scenarios, adsorption

experiments were conducted in the presence of various
coexisting ions (10 mM). The adsorption process was
modeled using established adsorption isotherm models,
and the effects of temperature were explored at 288K,
298K, and 308K. Adsorption kinetics studies were
also undertaken to explore the dynamic aspects of the
adsorption mechanism. The pseudo-first-order dynam-
ics and pseudo-second-order dynamics models are
shown in formulas (1) and (2):

q; = gk (1 —e™ 4))

4, = kg, t(1 + kg, 2

where g,(mg/g) represents the adsorption quantity at
time t, g,(mg/g) represents the equilibrium adsorp-
tion capacity, k,(min~!) represents the rate constant
of pseudo-first-order dynamics. k,(g/(mg-min)) rep-
resents the rate constant of the pseudo-second-order
dynamics.

The equation of Langmuir isothermal adsorption
model is shown in Eq. (3):

_ qumC

T Ttk )

e
where ¢ represents the concentration of phosphate
at adsorption equilibrium (mg/L), g,, represents the
maximum adsorption capacity (mg/g), g, represents
the adsorption capacity at equilibrium (mg/g), K
represents the Langmuir constant (L/mg).

The equation of Freundlich isothermal adsorption
model is shown in Eq. (4):

1

q, = kgcn “)

where ¢ represents the concentration of phosphate
at adsorption equilibrium (mg/L), g, represents the
adsorption capacity at equilibrium (mg/g); Ky stands
for adsorption constant (mg/g), n stands for the
strength constant (L/g).

The parameters of adsorption thermodynamics are
calculated by formulas (5)-(7):

AG’ = —RTInK, )

AG® = AH® — TAS? 6)
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where, K, is the thermodynamic equilibrium con-
stant, g,(mg/g) is the equilibrium adsorption capacity,
C,(mg/L) is the residual concentration of equilibrium
phosphate. AG’(kJ/mol). AH’(kJ/mol) and AS°(kJ/
mol) represent changes in free energy, enthalpy and
entropy, respectively. R(8.314 J/(mol ¢ K)) is a con-
stant, T(K) is the thermodynamic temperature.

According to formula (8), the adsorption amount
of phosphate is calculated:

C,—C)V
Qe=M (8)

m

where Q, is the adsorption amount (mg/g), C, and C,
are the concentration of phosphate in the initial and
equilibrium solution (mg/L), respectively. V and m
are solution volume (L) and biochar mass (g).

3 Results and Discussion
3.1 Characterization of Samples

3.1.1 Surface Morphology of Biochar

The microstructure characteristics of SS and
SA2:8 Mg/Ca were examined using SEM. Figure 1(a)

2pum

and (b) show the unmodified biochar surface as
smooth, with irregular, flaky particles lacking a clear
pore structure. In contrast, Fig. 1(c) and (d) reveal
that the modified biochar surface has regular spheri-
cal particles and a well-defined pore structure. These
features contribute to an increased specific sur-
face area and improved adsorption properties of the
material.

The porous structure and specific surface area of
biochar play a crucial role in determining its adsorp-
tion capacity. The Nitrogen adsorption—desorption
experiment assessed these properties in both SS and
SA2:8 Mg/Ca. As shown in Table S1, the BET spe-
cific surface areas of SS and SA2:8 Mg/Ca are 5.80
m2/g and 9.01 m2/g, respectively, indicating that co-
pyrolysis significantly increases the specific surface
area compared to sludge biochar alone. Additionally,
there was an increase in the proportion of micropores
in the co-pyrolytic biochar (Fig. 2(a)). The adsorp-
tion—desorption isotherm of SA2:8 Mg/Ca aligns
with the IUPAC Type IV, suggesting the presence of
mesoporous pores. The predominant pore structures
include slit and crack pores formed through particle
accumulation. These mesoporous pores reduce mass
transfer resistance and promotes the migration of
phosphate ions toward the adsorbent in aquatic envi-
ronments, thereby increasing the phosphate adsorp-
tion capacity of the biochar. Previous research has
highlighted that adding biomass can increase the pore

2000m
L

Fig.1 SEM images of SS: (a) and (b), SA2:8 Mg/Ca: (c) and (d), P-loaded SA2:8 Mg/Ca: (e) and (f)
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Fig.2 (a) The Nitrogen adsorption—desorption curves of synthetic materials, (b) Adsorption properties of synthetic materials

volume of sludge biochar (Fan et al., 2023). This is
because sludge tends to produce significant carbon
deposition during calcination. By integrating almond
shells, which have a low density, the resultant biochar
exhibits dispersed pores formed during pyrolysis that
are less prone to blockage (Li et al., 2023b).

3.1.2 Surface Structure and Element Composition
of Biochar

The infrared spectrum of the sample, shown in
Fig. 2(b), reveals several significant peaks. The broad
peak between 3410 and 3440 cm™! corresponds to the
stretching vibration of the -OH group (Deng et al.,
2021), indicating the presence of hydroxyl groups in
organic matter. The peak at 1619.

cm™! signifies the tensile vibration of C=C bonds.
The peak at 1029 cm™! suggests C-O oscillation (Bis-
was et al., 2023). Additionally, the characteristic peak
between 700 and 800 cm™! corresponds to the out-of-
plane bending vibration of C-H in olefins and aromat-
ics (Li et al., 2023c). The irregular multi-peak distri-
bution from 400 to 1000 cm™' is associated with the
vibration of complex components in the sludge (Wen
et al., 2021). Peaks near 600 cm™' may be attributed
to X-O tensile vibrations in metal oxides (Zhang
et al., 2023). These findings provide insights into the
surface structure and elemental composition of the
biochar.

3.2 Phosphate Adsorption Experiment
3.2.1 Influence of Sludge-Almond Shell Mass Ratio

The specific surface area and functional groups
of biochar are crucial in determining its adsorp-
tion capacity. Surface modification is an effective
method to increase this capacity. Previous research
has shown that the biomass-to-sludge mass ratio
significantly affects the adsorption capacity of co-
pyrolysis biochar (He et al., 2022). As shown in
Fig. 2(b), the adsorption capacity of SS is only
0.43 mg/g, while metal-modified sludge biochar
SSMg/Ca has an adsorption capacity of 1.77 mg/g,
indicating a modest improvement in phosphate
adsorption. This improvement could be due to
the irregular flaky structure of the SS surface,
which impedes metal loading (Fig. 1(b)). How-
ever, co-pyrolysis with almond shell significantly
increases the adsorption capacities of SA8:2 Mg/
Ca, SA5:5 Mg/Ca, and SA2:8 Mg/Ca to 3.11 mg/g,
11.09 mg/g, and 24.35 mg/g, respectively, com-
pared to SS. This increase is attributed to the sub-
stantial improvement in the specific surface area
and pore structure of co-pyrolysis biochar compared
to SS (Fig. 1(d)), which promotes metal loading and
subsequently increases adsorption capacity (Bao
et al., 2021). Despite SS having a variety of func-
tional groups such as -OH, C-H, C=C, etc., SAMg/

@ Springer



681 Page 6 of 17

Water Air Soil Pollut (2024) 235:681

Ca has a limited number and type of functional
groups (Fig. 3(a)), resulting in a modest adsorption
performance of only 1.33 mg/g.

By optimizing the mixture ratio of sludge and
almond shell, the adsorption capacity of biochar for
phosphate can be significantly increased through co-
pyrolysis and metal impregnation under the same
conditions. Specifically, the adsorption capacity
increased from 0.43 mg/g to 24.35 mg/g, demon-
strating the excellent adsorption capacity of metal-
impregnated co-pyrolysis biochar for phosphate
and its considerable potential for environmental
applications.

3.2.2 Influence of Biochar Dosage

Based on the experimental findings, this study fur-
ther investigated the performance of modified bio-
char derived from a 2:8 mixture of sludge and almond
shells. As shown in Fig. 3(b), increasing the dosage
of SA2:8 Mg/Ca and SA2:8Ca/Ca from 1 g/L to
2 g/L significantly improved the removal rate, rising
from 61.2% and 59.3% to 95.6% and 94.2%, respec-
tively. This considerable improvement is due to the
increased number of active sites. However, further
increasing the dosage to 4 g/L resulted in only a slight
rise in the removal rate to 98.5% and 98.4%, with a
decrease in adsorption capacity from 24.35 mg/g and
22.65 mg/g to 12.30 mg/g and 11.75 mg/g, respec-
tively. This suggests a reduction in the efficiency of
adsorbent utilization at higher dosages.

a -OH c=C C-HX-O
. C-0 »
_ tsAz8Mg/Ca+P } 7
|SAMg/Ca I
| |SA8:2 Mg/Ca L
1

4000

3500

3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Interestingly, across the dosage range of 1 g/L to
4 g/L for SA2:8 Mg/Mg, the removal rate consistently
remained below 15% (2.9%, 10.5%, and 13.3%). This
could be due to the conversion of MgCl, into MgO
during the pyrolysis process, as shown in Fig. 8(d).
The resulting MgO particles are relatively large and
may block the pores, hindering the effective entry of
most metal particles into the micropores (Zhu et al.,
2020). Consequently, subsequent experiments will
primarily focus on SA2:8 Mg/Ca and SA2:8Ca/Ca,
with the optimal biochar dosage established at 2 g/L.

3.2.3 Influence of Solution pH Value

The pH value of the solution greatly affects the
adsorption behavior of biochar towards phosphate.
Figure 4(a) demonstrates the phosphate adsorption
characteristics of biochar prepared with different mix-
ing ratios under acidic, neutral, and alkaline condi-
tions. Notably, SA2:8 Mg/Ca exhibited strong adsorp-
tion performance across pH values of 4, 7, and 10. To
identify the optimal pH for phosphate adsorption, a
series of experiments were conducted over a wider
pH range.

As shown in Fig. 4(b), the solution pH significantly
impacts the adsorption properties. At an initial pH of
1, the adsorption capacity of phosphate on SA2:8 Mg/
Ca and SA2:8Ca/Ca was negative (-6.6 mg/g and
-5.4 mg/g), possibly due to the release of phosphorus
from the sludge and almond shell components. As
the initial pH increased to 3, the adsorption capacity

—e— SA2:8Mg/Ca 1g/L —e— SA2:8Mg/Ca 2g/L—e— SA2:8Mg/Ca 4g/L
SA2:8Cal/Ca 1g/L —e— SA2:8Ca/Ca 2g/L —e— SA2:8Cal/Ca 4g/L
—e— SA2:8Mg/Mg 1g/L—e— SA2:8Mg/Mg 2g/L—e— SA2:8Mg/Mg 4g/L
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Fig.3 (a) FTIR spectra of synthetic materials, (b) Effect of dosage on adsorption capacity of synthetic materials

@ Springer



Water Air Soil Pollut (2024) 235:681 Page 70f 17 681
a T —— b Il sA28caiCa [l SA2:8Mg/Ca 10
I Asa2smgca [l samgica go o—0—0—0—0—9
25 ——
8
20 |
T 20
o5 ° 6
Dast ;: e =
£ = 10 B
e <] 4
10+ .
0
Al 2
5
o L Flield | 10

1.0

H;PO, PO,*

2-
H,PO, HPO,

0.6 -
12.32

0.2

12

Fig. 4 (a) Effect of initial pH on adsorption capacity of syn-
thetic materials, (b) Effect of solution pH on the phosphate
adsorption onto SA2:8Ca/Ca and SA2:8 Mg/Ca, (c) Forms of

rose rapidly, peaking at pH 8 with maximum adsorp-
tion capacities of 24.35 mg/g and 22.65 mg/g, respec-
tively. Both biochar variants demonstrated strong
adsorption capabilities under alkaline conditions,
indicating their effectiveness for phosphate removal
in such environments.

The adsorption of phosphate by biochar is signif-
icantly influenced by both the surface charge of the
biochar and the forms of phosphate in the solution.
As shown in Fig. 4(c), phosphates exist in various
forms depending on the pH of the solution. The dis-
sociation equilibria of phosphate in different pH envi-
ronments are represented by Egs. (9) — (11).

When the pH is below 3, phosphate predomi-
nantly exists as H,PO,~, which has limited reactiv-
ity with calcium and magnesium ions, resulting in
relatively low adsorption capacity. However, as the

14

——pH;
—e— SA2:8CalCa
—e— SA2:8Mg/Cal

10 12

phosphate in the solution at different pH values, (d) The pH
of SA2:8Ca/Ca and SA2:8 Mg/Ca

pzc

pH increases above 4, phosphate primarily exists as
HPO,>", which readily reacts with calcium ions to
form CaHPO,. This compound is a common phos-
phate precipitate in various water bodies and soils.
The stability and prevalence of this reaction lead to a
significant increase in adsorption capacity within this
pH range (Li et al., 2020).

As the pH increases above 10, phosphates in the
solution mainly exist as PO,*~ and H,PO,~. Under
these conditions, the concentration of OH™ ions in
the solution rises, competing with phosphates for
adsorption sites, leading to a gradual decrease in
adsorption capacity. However, the solubility prod-
uct of CaHPO, (2.57%x1077) is lower than that of
Ca(OH), (5.5 1079), indicating that calcium ions on
the biochar surface preferentially react with HPO42_.
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Therefore, the decrease in adsorption capacity is not
substantial.

H,PO,” + H,0 < H;PO, + OH™ )
HPO,>” + H,0 < H,PO,” + OH™ (10)
PO,*” + H,0 < HPO,> + OH~ an

To examine the effect of surface charge on the
adsorption behavior of biochar, the zero charge points
(pH,,.) of SA2:8 Mg/Ca and SA2:8Ca/Ca were deter-
mined, with values of 9.07 and 8.75, respectively
(Fig. 4(d)). Figure 4(b) shows that as the initial pH
of the solution approaches 8, the phosphate adsorp-
tion capacity of both SA2:8 Mg/Ca and SA2:8Ca/Ca
increases. This trend is linked to the positive surface
charge of the biochar when the solution pH is below
its pH,,,., which favors the adsorption of phosphate
(Jellali et al., 2023).

During the adsorption process, the hydrolysis of
phosphate and the interaction of calcium and magne-
sium ions on the biochar surface with water release
OH- ions, causing a gradual increase in the solution
pH (Zhu et al., 2023). However, when the solution
pH exceeds the pH,,., the biochar surface becomes
negatively charged, potentially causing electrostatic

Fig. 5 The phosphate 35

repulsion with phosphate and thus affecting adsorp-
tion efficiency.

Both SA2:8Ca/Ca and SA2:8 Mg/Ca maintain high
phosphate adsorption capacities over a broad pH range
(3~12). Considering that the pH of municipal sew-
age and eutrophic water typically ranges from 6.5 to
9 (Samaraweera et al., 2023), these composite materi-
als show significant potential for phosphate removal in
real-world wastewater treatment applications.

3.2.4 Influence of Co-existing Anions

To assess the practical applicability of adsorbents, the
effects of commonly co-existing ions on phosphate
adsorption in wastewater were examined. As shown in
Fig. 5, the presence of C1”~, NO;~, and CH;COO™ ions
had little impact on phosphate removal. In contrast,
SO42_ ions significantly reduced phosphate adsorp-
tion efficiency, decreasing the removal rate from 95
to 60%. This reduction can be attributed to the similar
ionic radii of SO42_ and phosphate, leading to strong
competition for adsorption sites. Additionally, the low
solubility product of CaSO, (9.1x107%) indicates a
high affinity of SO,*~ ions for the active sites (Kang
et al., 2021).

The presence of HCO;™ ions also decreased
the phosphate removal rate. HCO;~ forms stable

adsorption capac-
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SA2:8 Mg/Ca in the 30 |
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complexes, such as CaCOj; (solubility 16.6 g/100 g),
with metal ions on the biochar surface, occupy-
ing the adsorption sites. Furthermore, studies have
shown that humic acid, containing many active func-
tional groups like carboxyl and hydroxyl, can interact
with the active sites on biochar, potentially reducing
adsorption efficiency (Zhi et al., 2021). However,
experimental data revealed that both SA2:8 Mg/
Ca and SA2:8Ca/Ca maintained strong phosphate
adsorption capacities, even in the presence of humic
acid.

In conclusion, specific co-existing ions, particu-
larly SO,>~ and HCO;™, can significantly affect phos-
phate adsorption. Nevertheless, the robust adsorption
capacity of SA2:8 Mg/Ca and SA2:8Ca/Ca suggests
their potential for practical applications in wastewa-
ter treatment, even in the presence of interfering sub-
stances like humic acid.

3.2.5 Adsorption Kinetics

To understand the phosphate adsorption behavior of
biochar, two commonly used adsorption kinetic mod-
els were applied: the pseudo-first-order model and
the pseudo-second-order model. These models were
used to fit the adsorption data for SA2:8 Mg/Ca and
SA2:8Ca/Ca.

Figure 6 demonstrates that the pseudo-second-
order kinetic model provided a better fit for the
experimental data, with R* values ranging from 0.94

a
25 |- B _
e it
“= - — W - - — - - - - = -
20 L r;- a— =
|
o 15+
> [
E
o 10}
= 288K
= 298K
5r 308K
—— Pseudo-first-order model
0 — — Pseudo-second-order model
1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600
t (min)

to 0.99 across all temperature ranges. In contrast,
the pseudo-first-order kinetic model showed lower
R? values, between 0.88 and 0.96. Additionally, as
detailed in Table S2, the absolute differences between
the experimental data and the adsorption capacity
predicted by the pseudo-second-order model (rang-
ing from 0.09 to 2.02) were consistently smaller
than those predicted by the pseudo-first-order model
(ranging from O to 1.00).

These findings indicate that the adsorption of
phosphate onto SA2:8 Mg/Ca and SA2:8Ca/Ca is
primarily governed by chemisorption processes
(Wei et al., 2023). The strong correlation between
the experimental data and the pseudo-second-order
model highlights its suitability for describing the
phosphate adsorption kinetics of these biochar.

3.2.6 Adsorption Isotherm and Thermodynamics
Analysis

Increasing temperature generally increases the inter-
action between the active sites on the biochar surface
and ions, thereby improving adsorption capacity.
To investigate this effect, the adsorption capacity of
biochar for phosphate was assessed at temperatures
of 288 K, 298 K, and 308 K. Both the Langmuir
and Freundlich isothermal adsorption models were
applied to the experimental data, and adsorption ther-
modynamics were analyzed.

b
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Fig. 6 Kinetic models for phosphate adsorption on (a) SA2:8Mg/Ca and (b) SA2:8Ca/Ca with (temperature of 288, 298 and 308 K
(Experiments were conducted: g2 g/L. adsorbents and 50 mL phosphate solution (pH=28.0))
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Figure 7 shows that the Langmuir model fits the
adsorption isotherms at various temperatures bet-
ter than the Freundlich model, with R? values rang-
ing from 0.92 to 0.97. This suggests that phosphate
adsorption by biochar primarily involves uniform
surface chemisorption. As the temperature increased
from 288 to 308 K, the theoretical maximum phos-
phate adsorption capacities for SA2:8 Mg/Ca and
SA2:8Ca/Ca rose from 68.12 mg/g and 66.49 mg/g to
78.27 mg/g and 75.22 mg/g, respectively, as listed in
Table S3. These results indicate that higher tempera-
tures promote phosphate adsorption by biochar, with
theoretical maximum adsorption capacities compa-
rable to those reported for other modified materials
(Table 1).

Table 1 Phosphate adsorption effects of different biochar

Thermodynamic analysis (Fig. S1), based on
data from different temperatures, showed that the
adsorption enthalpy change (AH®) for SA2:8 Mg/Ca
and SA2:8Ca/Ca is 34.55 kJ/mol and 22.02 kJ/mol,
respectively, as reported in Table S4. Both values
are positive, indicating that the adsorption process is
endothermic and primarily chemisorptive. The free
energy change (AG®) being less than zero suggests
that the adsorption process is spontaneous. Further-
more, the adsorption entropy change (AS?) being pos-
itive indicates an increase in randomness and degrees
of freedom at the interface during the adsorption pro-
cess, consistent with an increase in entropy.

Material Load metal Q, Reaction condition pH; Dosage (g/1); Initial P Reference

(mg/g) concentration (mg/1); Reaction temperature (K);

Response time (h); Reaction speed (rpm)

Aspen wood Al 57.49 6, 2, 1400, 298, 24, 120 (Yin et al., 2018)
Coffee grounds Mg 56.0 7,2, 1800, 293, 48, 500 (Shin et al., 2020)
Sludge Al 14.3 7, 2, 400, 298, 48, - (Van Truong et al., 2023)
Wheat straw—sludge Fe 5.23 7,2,50,298, 3, - (Irfan et al., 2023)
Crab shell Fe-La 65.62 7,0.1, 50, 298, 12, 150 (Xu et al., 2023)

Coconut shell, corn cob, etc  Mg—Al
Sludge—Almond shell Mg-Ca 78.27

13.0~21.8 7,0.5, 50, 298, 24, 200
8, 2,200, 308, 24, 150

(Huang et al., 2023)
This work
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Fig.8 XPS spectra of SA2:8 Mg/Ca before and after phosphate adsorption

3.3 Adsorption Mechanism

Based on the test results, bimetallic-modified
SA2:8 Mg/Ca exhibits superior phosphate adsorption
capacity and rate compared to monometal-modified
SA2:8Ca/Ca, consistent with previous studies (Yin
et al., 2022). This improved performance is due to the
ability of bimetallic-modified biochar to adsorb phos-
phate via electrostatic attraction through protonated
MgOH™ at lower pH values, as described by Eq. (12).
Additionally, SA2:8 Mg/Ca has a higher zero
charge point (pH,,.=9.07) compared to SA2:8Ca/
Ca (pH,, =8.75), allowing for efficient phosphate
adsorption across a wider pH range.

To further investigate the adsorption mechanism,
SA2:8 Mg/Ca was characterized before and after
adsorption. Figure 1(e) and 1(f) show numerous reg-
ular aggregate particles on the biochar surface post-
adsorption, indicating successful phosphate adsorp-
tion onto SA2:8 Mg/Ca. The increase in diffraction
peak intensity of Ols after adsorption suggests an
ion exchange between HPO,?~ and OH~ (Wang et al.,
2022). The decrease in diffraction peak intensity of
Cl2p after adsorption (Fig. 8(a)) implies the involve-
ment of chlorine in the reaction process, supporting
findings that chloride addition can increase phospho-
rus availability (Xia et al., 2020).

The binding energy of P2p3/2 at 133.8 eV
(Fig. 8(b)) corresponds to the characteristic peak of
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phosphorus in CaHPO, (Wang et al., 2021b), and the
marked increase in diffraction peak area suggests the
formation of strong chemical bonds. The shift in the
calcium diffraction peak before and after adsorption
(Fig. 8(c)) indicates the formation of CaHPO, (Wu
et al., 2021), confirming successful phosphate adsorp-
tion onto SA2:8 Mg/Ca and the creation of CaHPO,
on its surface.

During phosphate adsorption, Ca®* ions act as
Lewis acids with their empty electron orbitals, while
the oxygen atom in HPO,?™ acts as a Lewis base.
This Lewis acid—base interaction promotes phosphate
adsorption onto the active sites (Gupta et al., 2020).
The peak at 1304 eV is attributed to surface-loaded
MgO on the biochar, and the emergence of a new
peak in Mgls after adsorption (Fig. 8(d)) may be due
to the reaction of surface-loaded MgO with OH™ in
solution, forming Mg(OH),.

Biochar — MgO + H™ — Biochar — MgOH™ (12)

The infrared spectrum results showed a signifi-
cant reduction in the intensity of the "OH absorp-
tion peak at 1029 cm™! on SA2:8 Mg/Ca after phos-
phate adsorption (Fig. 3(a)), likely due to a ligand
exchange reaction between ~“OH and phosphate
(Wang et al., 2021c). Additionally, the general rise
in pH during the experiment supports this hypothe-
sis. Reductions in the absorption peaks at 1619 cm™
and 781 cm™' were also observed, possibly due to
the increased production of OH™. After phospho-
rus adsorption, the decrease in the tensile vibration
absorption peak of X-O on the biochar suggests the
formation of complex compounds between metal
oxides and phosphate groups. This interaction might
be influenced by the presence of positive charges on
the biochar surface and the resulting electrostatic
attraction with the phosphates.

If electrostatic attraction were the sole driver of the
adsorption process, an increase in OH™ content would
significantly affect phosphate adsorption. However,
findings indicate that, even in solutions with high pH
values, the amount of phosphate adsorbed remains
consistently high (Fig. 4(b)). Thus, it can be inferred
that electrostatic attraction is not the primary adsorp-
tion mechanism for SA2:8 Mg/Ca with respect to
phosphate (Li et al., 2023a).

The adsorption capacity of biochar is closely
related to the supported metal ions. To further

@ Springer

understand the relationship between phosphorus
and minerals on the biochar surface, XRD analy-
sis was used to inspect the surface phase of biochar
before and after adsorption. As shown in Fig. 9, after
adsorption, phosphate primarily appears on the bio-
char surface as calcium salt, specifically CaHPO,
(PDF#89-5969), with a significant increase in dif-
fraction peak intensity. This suggests that the addi-
tion of calcium promotes the formation of monomeric
phosphate on the biochar surface (Nan et al., 2023).
Notably, no distinct characteristic peak of magnesium
salt was observed on the biochar, which could be due
to the relatively low magnesium loading and particle
size, as well as ionic interactions during adsorption
that may have interfered with the detection of char-
acteristic peaks. The reaction processes involved are
shown in Eqgs. (13)~(16).

H,PO; + OH™ — HPO>™ + H,0 (13)
HPO; + Ca** — CaHPO, (14)
PO} + CI” +2Ca** — Ca,PO,Cl (15)

Ca** + 2HPO;™ + H,0 — CaH,P,0, +20H™ (16)

Based on the characterization results, a proposed
adsorption mechanism for phosphate onto biochar
is presented. As illustrated in Fig. 10, the surface
of the biochar gains a positive charge through
metal loading, increasing its electrostatic attrac-
tion towards phosphate. Additionally, the functional
groups in the biochar and the introduction of active
ions through metal loading promote the binding
of phosphate to SA2:8 Mg/Ca via an ion exchange
mechanism. Furthermore, the Ca* ions loaded onto
SA2:8 Mg/Ca act as Lewis acids, adsorbing phos-
phate through Lewis acid—base interactions. At the
same time, the incorporated metal ions contribute
to the stable binding of phosphate to the surface of
SA2:8 Mg/Ca through chemical precipitation.

3.4 Phosphorus-Loaded Biochar as a Catalyst for the
Degradation of Organic Pollutants

Municipal and agricultural wastewater often contains
nutrients like N, P, and K, as well as pollutants such
as antibiotics, especially in aquaculture wastewater
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Fig.9 XRD spectra of
SA2:8 Mg/Ca before and
after phosphate adsorption

Fig.10 Adsorption mecha-
nism
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(Cai et al., 2020). Phosphorus recovered from waste-
water containing organic pollutants is often contami-
nated and unsuitable for direct application to soil,
water, and plants. Therefore, exploring biochar’s
potential for removing organic pollutants is necessary.

As depicted in Fig. 11, SA2:8 Mg/Ca, before
and after phosphate adsorption, was used to cata-
lyze the degradation of OFX by PS in different pH
environments, examining the effect of phosphate
adsorption on the catalytic process. At a solution
pH of 9, the OFX removal rate by SA2:8 Mg/Ca is
78.3%. As the pH increases, the OFX removal rate
improves, indicating that higher pH levels favor
OFX removal. The removal rate of phosphate-
adsorbed SA2:8 Mg/Ca for OFX is 81.4%, possibly
because phosphate-adsorbed SA2:8 Mg/Ca pre-
sents more P-O functional groups, increasing the
potential of biochar to adsorb pollutants through
organic complexation (Wang et al., 2021a). In an
acidic environment (pH = 3), the OFX removal rate
in the SA2:8 Mg/Ca-PS system is 23.7%, influ-
enced by the pH of the solution, which affects the
state of OFX in water and the production and distri-
bution of free radicals. The low removal rate at low
pH aligns with findings reported in the literature
(Dung et al., 2024). However, the OFX removal
rate of phosphate-adsorbed SA2:8 Mg/Ca (61.7%)

is significantly higher than that of non-adsorbed
SA2:8 Mg/Ca, because the presence of phosphorus
can alter the electron density and improve electron
mobility (Wang et al., 2021a). PS can effectively
bind to the unsaturated bonds and aromatic struc-
tures on the biochar, generating electron transfer
intermediates that promote the non-radical degra-
dation of OFX (Zhang et al., 2024). Therefore, the
SA2:8 Mg/Ca-PS system can effectively remove
OFX in water and has potential for addressing mul-
tiple pollutants in complex aquatic environments.

4 Conclusion

This study successfully developed a highly effective
phosphate adsorbent, SA2:8Mg/Ca, using sludge
and almond shells in an optimal 2:8 mass ratio. The
biochar, modified by metal support and co-pyrolysis,
exhibits strong phosphate adsorption capabilities
across different pH levels. Although the presence of
HCO;~ and SO,>~ ions reduces adsorption, it still
maintains a removal rate of over 50%. The adsorption
process follows the quasi-second-order kinetic model
and aligns with the Langmuir isotherm, indicating
spontaneous endothermic adsorption. The adsorp-
tion mechanism involves electrostatic interaction, ion
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Fig.11 (a) SA2:8 Mg/Ca and (b) P-loaded SA2:8 Mg/Ca catalyzed the degradation of OFX by PS at different pH
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exchange, and chemical reaction. Additionally, phos-
phorus-loaded biochar can promote the degradation
of ofloxacin by persulfate, suggesting broader appli-
cations for SA2:8Mg/Ca.
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