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ABSTRACT

In recent years, excess phosphorus (P) discharged into surface water has caused environmental pollution. There-
fore, the removal and recovery of phosphate are urgent needs that need to be developed. Biochar derived from
macadamia shell impregnated with Ca (or Mg) was prepared to evaluate the adsorption and recovery of P from wa-
ter. Batch adsorption experiments were performed to determine the optimal conditions for the adsorption process
(initial pH, adsorbent dosage) and the adsorption mechanism of P on the material based on adsorption isotherm
equilibrium, adsorption kinetics and FTIR spectral structure analysis. The results showed that Bio 300Mg and Bio
300Ca both exhibited high P adsorption and recovery capacities, with P adsorption capacities reaching 36 and 39
mg g, and recovery efficiencies reaching 87.6 and 97.0%, respectively, at 10 g L' of Bio 300Ca and Bio 300Mg,
initial P concentration of 400 mg L' and an initial pH of 4. The Freudlich isotherm model and pseudo-second-
order kinetic model were used to explain the P adsorption mechanisms of the two materials. The main interaction
mechanisms included: (1) electrostatic interactions, (2) hydrogen bonding, and (4) chemical co-precipitation and
chemical precipitation. These results provide valuable insights for the development of efficient and environmen-

tally friendly P-recovery biochar materials for reuse in agriculture.

Keywords: cation bridge, chemical adsorption, H-bonding, macadamia husk, P adsorption.

INTRODUCTION

Uncontrolled release of Phosphorus (P) into
surface water must be managed, given its known
role in causing eutrophication. This over-enrich-
ment of water bodies severely disrupts the eco-
logical balance and poses risks to human health,
underscoring the need (Xu et al., 2022). Among
the sources of P discharge, wastewater from live-
stock farming is of great concern (Choi et al.,
2019; Xu et al., 2022). However, P is essential
for plants, so this can be considered a source of
P that should be recovered thoroughly. Effective
recovery of P from wastewater not only alleviates
the P deficiency crisis (non-renewable resource)
but can also prevent pollution in surface waters
(Xu et al., 2022). Biochar-based P adsorption is
gaining more and more attention, as it is a cheap
adsorbent from agricultural by-products and can
be reused for agriculture (Choi et al., 2019).

From an adsorption perspective, the P anion’s
high hydration energy and the biochar’s char-
acteristic negatively charged surface create an
electrostatic barrier. This strong repulsion is the
primary factor limiting the adsorption of P from
the aqueous phase (Choi et al., 2019; Xu et al.,
2022). Therefore, research on biochar modifica-
tion to improve P recovery efficiency from water
is of great interest (Xu et al., 2022).

P in water exists mainly in the form of
H,PO,, HPO,*, which can interact strongly with
positively charged ions in the order of prior-
ity Na'<Mg*<Ca*<Al**<Fe**. Metals coated on
biochar form positively charged hydrates, which
can attract P in water through electrostatic inter-
actions and H bridges of hydrate molecules (Li
et al., 2025). Furthermore, the study of Qiu et al
showed that Ca-based biochar has a high ability
to adsorb P in water, the product after the adsorp-
tion process slowly releases P into water, and has
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great potential for application as fertilizer (Qiu et
al., 2025). Using processes such as pyrolysis of
biochar after it has been impregnated with metals
(salt or hydroxide form) is complex and energy
intensive (Deng et al., 2021; Qiu et al., 2025).
Biochar coated with heavy metals has the risk of
secondary pollution. Therefore, the current study
considers the process of impregnating biochar
with Mg (or Ca) salts at ambient temperature, dry-
ing, and then using it as a P adsorbent. Ca and Mg
are also essential secondary nutrients for plants.

A better understanding of the mechanism of
P adsorption onto the material can help predict its
potential for future fertilizer applications. Adsorp-
tion equilibrium and kinetic studies provide use-
ful information on surface properties, adsorption
mechanisms, and interactions between the adsor-
bent and the adsorbate. Common adsorption iso-
therm equations, such as Langmuir, Freundlich,
and first-order and second-order kinetic models,
are often used to clarify these mechanisms (Lima
et al., 2015). In addition, FTIR spectral analysis
supports clarifying the interaction forces of cat-
ions (Ca, Mg) coated on the biochar surface dur-
ing P adsorption. However, studies on the adsorp-
tion mechanism of P in water based on biochar
derived from macadamia shell impregnated with
Ca, Mg salts are still lacking information.

According to the Dak Nong Department of
Agriculture, the macadamia growing area in the
region is expected to increase from about 6.506
hectares (20222025 period) to 10,923 hectares
in 2030, and reach 13,105 hectares in 2050. With
ayield of 1.5 tons of nuts/ha, the amount of waste
shells accounts for 3/4 of the total output, which
is an abundant source of raw materials for biochar
production. According to previous research, bio-
char derived from macadamia husk pyrolyzed at
300 °C has a higher P adsorption capacity in wa-
ter than biochar pyrolyzed at higher temperatures
(450 and 600 °C) and also requires less energy
(Van Phuong, 2025).

The objectives of the study include (i) de-
termining the parameters affecting P adsorption
(pH, dosage); (ii) P adsorption mechanisms based
on adsorption equilibrium and kinetic studies.
Furthermore, changes in surface chemistry of
Mg (or Ca) salt-impregnated biochar were also
examined, including pH, pHpzc, and surface
functional groups (before and after P adsorption)
based on FTIR analysis. The study clarifies the P
adsorption mechanism on modified biochar as a
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theoretical basis for the application of the recov-
ered product as a slow-release fertilizer.

MATERIALS AND METHODS

Chemicals

Allchemicals,including: (NHa)sM07024-4H-0,
NaH,PO,, NaOH, K Cr,0_, H,SO,, SnCl,, MgCl,
6H,0, CaCl, 6H,0, were of analytical grade and
sourced from Merck and China. Standard solu-

tion 1000 mgP/L prepared from NaH,PO,.

Experimental setup

Preparation of adsorbent material: biochar
impregnated with CaCl,, (or MgCl,)

The process is carried out through 2 stages:

(1) biochar preparation, (2) biochar impregnated

with Ca, Mg salts.

1. Biochar preparation — macadamia husks are
pyrolyzed at 300 °C, heating rate 10 °C/min,
retention time 2 h, cooled, ground through a
1 mm sieve, (named Bio 300). The surface
chemical properties of Bio 300 are presented in
detail in a previous study (Van Phuong, 2025).

2. Weigh accurately 20.0 g Bio 300, impregnate
with 400 mL of 1M CaCl, solution (named
Bio 300Ca), and in case with IM MgCl,
(named Bio 300Mg), shake continuously for
24 hours using a GFL 3015 (Germany) cir-
cular shaker at 300 rpm. Then, the samples
were filtered with 90 mm Whatman filter pa-
per (without water washing), dried at 105 °C
to constant weight (about 4 hours), ground
through a 1mm sieve, and stored in glass jars
with lids (Arbelaez Breton et al., 2021; Choi
et al., 2019). Some of the surface properties
of Bio 300Mg (or Bio 300Ca) were deter-
mined, including pH, pH point of zero charge
(pHpzc) (Tu, 2016), identification of surface
functional groups was achieved via FTIR
spectral analysis (JASCO FT/IR-4700 type A)
within the 350—4000 cm™! range.

Survey of influencing factors: initial pH,
adsorbent dosage

The experiment was simulated based on pre-
vious studies (Deng et al., 2021; Van Phuong,
2025). Specifically, accurately weigh 0.3 g of
Bio 300Ca (or Bio 300Mg) sample with 30 mL
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of 200 mgP/L solution in a 50 mL centrifuge
tube with predetermined initial pH values and
not adjusted during the experiment. The mixture
was then shaken on a GFL 3015 circular shaker
at 350 rpm for 24 hours to ensure P adsorption
reached equilibrium (based on preliminary stud-
ies). The solid and liquid phases were separated
by centrifuging the suspension at 5000 rpm for
5 minutes (DLAB DM 0636 centrifuge), fol-
lowed by filtering the supernatant through a
0.22 pm filter. The P content in the final solution
was quantified via absorption spectroscopy using
a GENESYS 10S UV-VIS, USA. All adsorption
experiments were performed in triplicate. The
predetermined initial pH parameters were 2, 4,
6, 8, and 10 (adjusted with 0.1 mol L™! HCI and
NaOH solutions).

The experiment to determine the adsorbent
dosage was conducted similarly to the experiment
to investigate the initial pH effect. The adsorption
conditions included an initial P concentration of
200 mg L', the pH was selected from the pre-
vious experiment, and the dosage of Bio 300Mg
(or Bio 300Ca) was changed respectively to 3.3,
10.0,16.7,23.3,and 33.3 g L.

Evaluation parameters include P adsorption
capacity (mg g') and recovery efficiency (%).
For P recovery as a by-product for agricultural
use, efficiency will be considered first.

Survey of P adsorption equilibrium

The adsorption equilibrium survey of P onto
Bio 300Ca (or Bio 300Mg) was simulated ac-
cording to previous studies (Arbelaez Breton et
al., 2021; Choi et al., 2019; Van Phuong, 2025).
The experiment was carried out in a 50 mL poly-
propylene centrifuge tube by shaking 0.3 g of
biochar with 30 mL of a solution containing
200 mg P L' under the conditions: initial pH
and dosage of the material used were selected
from the previous experiment, and with a series
of initial P concentrations (0, 25, 50, 100, 150,
200 and 400 mg P L") for 24 h. The subsequent
steps were carried out as described previously.
Langmuir and Freundlich models were used to
examine the fit of the adsorption isotherms to the
experimental data.

Survey of adsorption kinetics of phosphorus

The experiment was carried out in a 50 mL
polypropylene centrifuge tube by shaking 0.3 g
of Bio 300Ca (or Bio 300Mg) with 30 mL of a

solution containing 200 mgP L™ at the pH se-
lected in the previous experiment. The remain-
ing steps were like those mentioned above. After
different time intervals (20, 40, 80, 160, and 320
min), the samples were collected, centrifuged, fil-
tered, and analyzed for P (Arbelaez Breton et al.,
2021; Choi et al., 2019).

Data analysis

Calculation of adsorption equilibrium

P adsorption capacity from water, mg g,
Equation 1:

(G —Cy).V
= (1
HY% = w (2)

where: C; (mg L'): initial P concentration, Ci
(mg L'): P concentration adsorbed at
equilibrium time, ¥ (L): volume of P so-
lution, m (g): mass of material sample, gi
(mg g!): P adsorption capacity of sample
i at equilibrium time, H%: recovery effi-
ciency, Equation 2.

Langmuir isotherm equation, Equation 3:
1 1 1 1
I — 4 —
i KiqoCi  qo

)

where: K| is Langmuir adsorption constant (L mg™).

Freundlich isotherm equation, Equation 4:

1

q = y/m = KpCnr “4)

where: n, — Freundlich isotherm constant, rep-
resents the P adsorption intensity,
K, — Freundlich adsorption isotherm con-
stant, represents the adsorption capacity.

Calculation of adsorption kinetics

To study the adsorption mechanism, pseu-
do-first-order and pseudo-second-order adsorp-
tion kinetic models are often used to analyze
and model the kinetic adsorption data (Sun and
Wang, 2016).

Pseudo-first-order adsorption kinetic equa-
tion, Equation 5:

Ln(qe — q¢) = —kit + Lng, (5)
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Pseudo-second-order adsorption  kinetics
equation, Equation 6:
1 11 1
= (6)

= 4
q:  tkyqz qe

where: g, — adsorption capacity P at equilibrium
time (mg g'); g, — adsorption capacity P at
time t; &, (1 min"') and &, (g mg"' min™') are
pseudo-first-order and pseudo-second-or-
der adsorption kinetic constants; ¢ — ad-
sorption time (min).

Data processing

All data were compiled and statistically ana-
lyzed using Excel software. To ensure the reli-
ability of the results, all experiments and analyses
were conducted in triplicate. One-way analysis
of variance (ANOVA) was used to compare the
mean values of independent groups to determine
whether there was a statistically significant differ-
ence between their mean values.

RESULTS AND DISCUSSION

Some surface chemical properties
of materials

Some properties of Bio 300Ca and Bio
300Mg have been presented in detail in Table 1.
The results showed that the pH of the two materi-
al samples in the study decreased compared to the
pH of Bio 300. Specifically, 6.65 and 5.36 respec-
tively, for Bio 300Ca and Bio 300Mg compared
to Bio 300 in the previous study (Van Phuong,
2025). This may be due to the hydrolysis of Mg
and Ca salts on the surface of biochar, releasing
protons. Similarly, the pHpzc of the two material
samples also decreased, but the decrease was not
statistically significant, 6.15 and 5.86, respec-
tively. When the environmental pH is lower than
pHpzc, the material surface is positively charged.
During the adsorption process, anions will be ab-
sorbed onto the material surface, enhancing the
efficiency of the adsorption process.

Figure 1 shows that the spectral peaks in
the range 2934-3447 cm’ are assigned to the
H-bond stretching vibrations of the O-H groups
of water molecules and of the hydroxyl function-
al groups. The peak 3728 cm™ is assigned to the
O-H vibrations of hydrate molecules in Ca(OH),
or Mg(OH), (Nandhini et al., 2019). The peaks
at 1583 cm™ are the stretching vibration of the

404

aromatic group C=C, and the peaks at 1450 cm’!
correspond to the vibration of the carboxyl group
(-COOH). A medium intensity peak of the CaO
(or MgO) stretching vibration appeared at 422
cm™ for Bio 300Mg and Bio 300Ca (Nandhini
et al., 2019). Furthermore, the strong adsorption
peaks (1450, 1583, and 2934 cm™) of Bio 300Mg,
Bio 300Ca show that there are more functional
groups on the modified biochar than on the origi-
nal Bio 300 (Figure 1) (Deng et al., 2021).

Effect of initial solution pH

The results of the initial pH effect on the P
adsorption capacity of Bio 300Mg and Bio 300Ca
under the condition of material dosage of 10.0 g
L', concentration of 200 Pmg L were presented
in Figure 2A. With Bio 300Mg, the P adsorption
capacity increased significantly when the pH in-
creased from 3 to 4. Then, it decreased insignifi-
cantly when the pH continued to increase, specif-
ically, the P adsorption capacity was 15.0, 17.1,
12.9, 13.2, and 13.0 mgP g' corresponding to
the initial pH of 3, 4, 6, 8, and 10, respectively.
With Bio 300Ca, at pH 3 and 4, the P adsorption
capacity was high at 17.5 and 18.4 mgP g, re-
spectively. Then it decreased significantly at pH 6
and pH 8; the decrease was not significant at 16.0
and 16.2, respectively. At pH 10, the adsorption
capacity decreased significantly to 14.8 mgP g’
(Figure 2A). When the initial pH increased to 4,
this pH was still <pHpzc of Bio 300Mg and Bio
300Ca (6.2 and 5.9), so the biochar surface was
positively charged, favorable for the adsorption
of P anions (H,PO,, HPO,*). When the initial
pH increased >6, exceeding the pHpzc of the two
material samples (Table 1), the material surface
became negatively charged, leading to an unfa-
vorable adsorption process (Deng et al., 2021; Xu
etal., 2022). In addition, OH™ ions in alkaline so-
lution compete with P molecules for adsorption
sites, resulting in reduced P adsorption capacity
(Deng et al., 2021; Yang et al., 2016). The adsorp-
tion process of P onto Bio 300Ca was higher than
that of Bio 300Mg at all initial pH levels (Figure
2A). In addition to electrostatic interactions, Bio
300Ca may also have a chemical precipitation re-
action between P anion and CaO or Ca(OH), on
the material surface (Xu et al., 2022).

With the P recovery efficiency from water
(Figure 2B), it was shown that pH 4 gave the high-
est P recovery efficiency of 92.0% and 85.6% for
Bio 300Ca and Bio 300Mg, respectively. At higher
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Table 1. Some surface chemical properties of biochar-
based material samples

Materials pH pHpzc
Bio 300 7.09° 6.35°
SD 0.11 0.14
Bio 300Ca 6.65° 6.15°
SD 0.12 0,36
Bio 300Mg 5.362 5.862
SD 0.30 0.30

Note: SD — standard deviation. Different letters a, b,
c in the same column indicate statistically significant
differences.

pH, the recovery efficiency was lower, which was
explained similarly to the effect of initial pH on P
adsorption capacity. The results showed that pH 4
was chosen for the next experiments.

Effect of adsorbent dosage

The results of the investigation of the influ-
ence of Bio 300Mg and Bio 300Ca dosages on P
adsorption under conditions such as pH 4, P con-
tent of 200 mg L' are presented in Figure 3A.
The results showed that the P adsorption capacity
decreased by 47.5, 17.4, 8.9, 6.7, and 4.0 mg g
with Bio 300Mg, and with Bio 300Ca, the adsorp-
tion capacity was 47.1, 18.4,9.1, 5.9, and 4.5 mg
g, respectively, corresponding to the material
dosages of 3.3, 10.0, 16.7, 23.3, and 33.3 g L'\
This can be explained by the fact that when the
adsorbent dosage increased, but the P content in
the solution was limited, leading to a decrease in
P adsorption capacity (Deng et al., 2021)

When the dosage of Bio 300Mg and Bio
300Ca increased from 3.3 to 10.0 g L', the P re-
covery efficiency increased insignificantly, from
79.2 to 86.8%, and from 78.5 to 92.0%, respec-
tively, Figure 3B. This was mainly due to the
small number of adsorption sites compared to
the amount of P in the water (Deng et al., 2021).
When the dosage of the material continued to in-
crease, the P recovery efficiency decreased; how-
ever, the decrease was not statistically significant
(Figure 3B). This case is explained by the phe-
nomenon of aggregation of the material particles,
thereby strongly reducing the active sites and
leading to a decline in the recovery efficiency of
Phosphorus (P) (Van Phuong, 2025).

In the experiment, when increasing the dos-
age of 2 materials used, the P adsorption capacity
decreased. However, the P recovery efficiency in-
creased the most at the dosage of 10g L. Priori-
tizing the recovery parameters, the material dos-
age of 10g L' was selected.

P adsorption equilibrium

Figure 4A shows that the P adsorption capaci-
ty on Bio 300Mg and Bio 300Ca increased signifi-
cantly under experimental conditions (initial pH 4,
adsorbent dosage 10 g L'). Specifically, with Bio
300Mg, the P adsorption capacity was 0.0, 0.7,
2.2, 6.9, 11.6, 16.0 and 35.3 mg g, respective-
ly, with Bio 300Ca, it was 0.0, 1.9, 4.3, 9.0, 13.6,
18.8 and 38.6 mg g, respectively, with initial P
concentrations of 0, 25, 50, 100, 150, 200 and 400
mg L. This can be explained by the fact that in-
creasing the initial P concentration increases the
chance of contact between P and the adsorbent,
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Figure 1. FTIR spectra of macadamia shell biochar-based materials: (A) compared with the original
Bio 300 spectrum, (B) compared with the Bio 300Mg and Bio 300Ca spectra
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increasing the adsorption capacity (Khalil et al.,
2018). One-way ANOVA analysis results showed
that the P adsorption process of the two materials
increased, with no sign of adsorption saturation
under experimental conditions when increasing
the initial P concentration. This can be explained
in terms of a constant distribution isotherm, where
new adsorption sites appear immediately after the
solute is adsorbed onto the material surface from
the solution (Tan, 2011; Van Phuong, 2025). In the
case study, these could be newly formed hydrogen
bonds via P—OH...O=P bridges, hydrated cation
bridges, electrostatic and van Der Waals forces,
surface coprecipitation, and chemical precipita-
tion (Tan, 2011; Tomczak et al., 2019).

P recovery efficiency in water (Figure 4B)
showed that Bio 300Ca had a significantly higher P
recovery efficiency than Bio 300Mg at each initial
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P concentration. Specifically, with Bio 300Ca, the
efficiencies were 0, 77, 87, 90, 90, 94, and 97%,
respectively, with Bio 300Mg being 0, 15, 39, 66,
75, 79, and 88%, respectively, with initial P con-
centrations of 0, 25, 50, 100, 150, 200 and 400 mg
L. One-way ANOVA analysis confirmed that the
P recovery process in water by Bio 300Mg or Bio
300Ca took place in 2 stages, (i) the stage of reach-
ing saturation recovery efficiency corresponding to
a certain initial P concentration and (ii) the stage of
maintaining recovery efficiency (changes with no
statistical significance) if the initial P concentration
continued to increase (Figure 4B). Specifically, in
stage 1, with Bio 300Mg, the recovery efficien-
cy was 200 mgP L and the recovery efficiency
was 78.5%, with Bio 300Ca at 150 mgP L' and
the efficiency reached 90.0%. Then, when contin-
uing to increase the P concentration, the change in
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P recovery efficiency from water changed with no
statistical significance (Figure 4B).

The calculation results (Table 2) showed that
the correlation (R?) of the Langmuir model was
tight with R? 0of 0.96 and 0.99 for Bio 300Mg and
Bio 300Ca, respectively. However, the maximum
adsorption capacity (q,) had a value (negative
value) very different from the experimental ad-
sorption capacity value, q(Ex), Table 2, so the
Langmuir model was not suitable to explain the P
adsorption equilibrium from water. For the Freud-
lich model, R? was 0.95 and 0.98 for Bio 300Mg
and Bio 300Ca, respectively, and this model was
completely suitable to explain the P adsorption
mechanism in water for the two materials. K was
0.054 and 0.006, respectively, and 1/n, was 1.75
and 3.33, respectively. The value of 1/n, repre-
sents the adsorption intensity on a heterogeneous
surface (Feng et al., 2021). This confirms that the
adsorption surface is not uniform, and the adsorp-
tion process is chemical adsorption (Lima et al.,
2015). The results obtained differ from some stud-
ies that suggested that the Langmuir model was
more suitable, which may be due to the different

Table 2. P adsorption equilibrium parameters

preparation procedures, with the pyrolysis regime
performed last (Feng et al., 2021)

Under experimental conditions with pH 4,
initial P content of 400 mg L', the P adsorption
capacity of Bio 300Mg and Bio 300Ca samples
was 36 and 39 mg g! (Table 2). The research re-
sults were different from the previously reported
results (Table 3) (Arbelaez Breton et al., 2021).
Specifically, Mg* impregnated biochars includ-
ing Poplar chips, Holm oak, Greenhouse paprika
waste, have adsorption capacities of 89, 65, 65
mg g respectively. While Ca®" impregnated raw
biochars gave lower results in the study (13.6 mg
g!). This may be due to the influence of many
factors such as pyrolysis conditions, impregna-
tion solution type and adsorption conditions.
Therefore, experimental research for each spe-
cific material cannot be ignored.

Adsorption kinetics of P

The adsorption process of P onto two exper-
imental materials with different contact times,
Figure 5A and 5B, showed that the adsorption

Parameters
Models Materials R? q(Ex)
d, (Mg g7) K
Bio 300Mg -8.79 0.96 0.96 36
Langmuir
Bio 300Ca -2.80 0.99 0.99 39
F KF
Freundlich Bio 300Mg 1.75 5.44E-02 0.95
Bio 300Ca 3.33 5.73E-03 0.98

Note: q(Ex): experimental adsorption capacity of P.
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Table 3. P adsorption capacity of some biochar samples impregnated with metal salts

Models Materials q, (mg g) Kinetic constant q(Ex) R?
Bio 300Mg 2.53 0.001 18.5 0.59
Pseudo-first-order kinetic K,
Bio 300Ca 3.67 0.001 18.1 0.86
Bio 300Mg 18.28 0.018 18.5 0.90
Pseudo-second-order kinetic k,
Bio 300Ca 17.47 0.016 18.1 0.90

Note: Source — Arbelaez Breton et al. (2021).

kinetics occurred in three main stages — fast (P
diffusion onto the material surface), slow (diffu-
sion inside the material), and equilibrium (com-
pletion of diffusion into smaller pores) (Lima et
al., 2015). With Bio 300Mg, the first stage is the
fastest: after 20 minutes, the P adsorption capac-
ity reaches 16.0 mg L', efficiency 80% (signifi-
cant increase), the slowing stage: after the next
20 minutes with the adsorption capacity of 16.7
mg L, the efficiency increases by 2.1% (insig-
nificant increase), the equilibrium stage: after 80
minutes, the capacity only increases by 4% and
is considered saturated. Similar to Bio 300Ca,
the adsorption capacity of P was 14.9, 16.1, and
16.6 mg g!, and recovery efficiency was 74, 81,
and 83% corresponding to adsorption times of
20, 40, and 80 minutes. This phenomenon can
be explained by the fact that in the initial stage,
the large number of active sites on the material
surface leads to a rapid increase in adsorption
capacity. After this period, the number of un-
adsorbed sites decreases, the adsorption capac-
ity increases slowly and remains stable, so the
efficiency increases insignificantly (Lima et al.,

The results of calculating the kinetic parame-
ters in the study (Table 4) showed that, with the
pseudo-first-order kinetic model, the correlation
R? was 0.59 and 0.86, respectively. However, the
calculated qe values were completely inconsistent
with the experimental values, q(Ex). Specifically,
the calculated ge for Bio 300Mg and Bio 300Ca
were 2.53 and 3.67 mg g!, while the experimental
values, q(Ex), ranged from 18.5 to 18.1 mg g
Therefore, the pseudo-first-order kinetic model
was not suitable to explain the kinetics of P ad-
sorption onto the two materials in the study.

With the pseudo-second-order kinetic model
(Table 4), it was shown that R* = 0.90 for both
Bio 300Mg and Bio 300Ca, and the calculated qe
results were also consistent with the experimen-
tal results, q(Ex). Therefore, the pseudo-second-
order kinetic model used to explain the kinetics
of P adsorption process is appropriate. This ob-
servation also means that the control of the ki-
netic process has the contribution of the chemi-
cal adsorption process. The removal mechanism
through adsorption of the two types of materials
is related to electrostatic interactions, the effect
of hydrogen bonding and co-precipitation (Li et

2015; Van Phuong, 2025) al., 2025). Similar conclusion was also found in
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Figure 5. Changes in P adsorption capacity (A) and P recovery efficiency (B) over time (Different letters a, b, ¢
of the same color on the graphs indicate significant differences)
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Table 4. Adsorption kinetic parameters

Models Materials g, (mgg") Kinetic constant q(Ex) R?
Bio 300Mg 2.53 0.001 18.5 0.59
Pseudo-first-order kinetic K,
Bio 300Ca 3.67 0.001 18.1 0.86
Bio 300Mg 18.28 0.018 18.5 0.90
Pseudo-second-order kinetic K,
Bio 300Ca 17.47 0.016 18.1 0.90

the study of Qiu et al, suggesting that the P ad-
sorption mechanism of Ca-based biochar mainly
included surface precipitation, ion exchange, and
electrostatic attraction (Qiu et al., 2025). The re-
sults are also consistent with the previously de-
termined Freundlich adsorption isotherm model,
which assumes that chemical adsorption controls
the process (Table 2).

Figure 6A shows that the peaks of Bio 300Mg
have vibrational bands at 2932 and 3439 cm—1,
which are attributed to the broadening and stron-
ger -OH stretching vibrational band after P ad-
sorption, indicating the strong involvement of
hydrogen bonding through the -OH bridge of
hydrate molecules. In addition, Bio 300Mg has a
broad stretching vibrational band from 999 cm!
to 1454 cm™" which is attributed to the presence of
PO,* group (Berzina-Cimdina and Borodajenko,
2012), and H-O-H bending of hydroxyl function-
al groups (Deng et al., 2021). Most of the spectral
peaks of Bio 300Mg at these positions became
stronger after P adsorption, which might be due to
the formation of intramolecular and intermolecu-
lar hydrogen bonds during P adsorption (Deng et
al., 2021). Therefore, hydrogen bonding bridges
played an important role in the adsorption of P
by Bio 300Mg. Similar results were also found

in the study of Hu et al., suggesting that hydrated
cations (Ca, Mg) act as bridges to connect anions
through hydrogen bonding of hydrated cation
bridges (Hu et al., 2023).

The FTIR spectrum of Bio 300Ca sample
after P adsorption also has similar functional
groups as Bio 300Mg (Figure 6A). However, the
-OH stretching vibration band decreased sharply
or disappeared after P adsorption (peaks 2932
and 3439 cm!) and was replaced by a new ab-
sorption band assigned to the bending vibration
of P-O at 1582 cm! (Fang et al., 2022). The obvi-
ous change of spectrum between Bio 300Ca be-
fore and after adsorption can be attributed to the
interaction between -OH groups in hydrate mole-
cules decreased sharply compared to Bio 300Mg
(Figure 6B), indicating the existence of not many
water molecules in the product after adsorption
or in other words, there was the formation of cal-
cium phosphate chemical precipitation (Feng et
al., 2021). Similar results and explanations were
also found in the studies of Feng et al and Xu
et al, suggesting that the adsorption mechanism
was based on ligand exchange between Ca*" and
phosphate near the surface of Ca-coated biochar,
followed by surface precipitation (Deng et al.,
2021; Xu et al., 2022).
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Figure 6. FTIR spectra of Bio 300-based materials: (A) comparison of spectra before and after P adsorption,
(B) comparison of Bio 300Mg and Bio 300Ca spectra after P adsorption
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CONCLUSIONS

Two types of adsorbent materials (Bio 300Mg,
and Bio 300Ca) were prepared from 300 °C py-
rolysis biochar derived from macadamia husks
impregnated with 1M MgCl, and 1M CaCl, solu-
tions. Some surface properties, adsorption condi-
tions, and optimal P recovery efficiency were also
determined. The results showed that Bio 300Mg
and Bio 300Ca both exhibited high P adsorption
and recovery capacity, with P adsorption capacity
reaching 36 and 39 mg g, and recovery efficien-
cy reaching 87.6 and 97.0% corresponding to an
initial P concentration of 400 mg L, and an initial
pH of 4. The results showed that Bio 300Ca had
higher phosphate adsorption and recovery capaci-
ty than Bio 300Mg. The Freudlich isotherm mod-
el and pseudo-second-order kinetic model were
suitable to explain the P adsorption mechanism of
the two materials. The primary mechanisms gov-
erning this process included electrostatic interac-
tion, hydrogen bonding, and chemical co-precipi-
tation/precipitation. These findings offer valuable
insights for developing highly efficient and envi-
ronmentally sustainable biochar-based materials
to recover phosphorus (P) waste from wastewater.
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