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Abstract

Biochar is a promising material for phosphorus (P) removal from water, but its surface
chemistry can limit adsorption efficiency. In this study, biochars produced at 440 °C and
880 °C from the same feedstock were functionalized post-pyrolysis using aqueous
solutions of AICls, CaClz, and FeCls at two concentrations (0.5 M and 2.0 M). The aim of
this work was to assess how both pyrolysis temperature and post-pyrolysis activation
with different metals affect the surface charge of biochar and its capacity to retain P from
aqueous solution. The treated materials were characterized for pH, point of zero charge
(pHypz), and phosphorus retention from solution. Results showed that Al- and Fe-
activation significantly reduced the biochar pH and shifted the pHpz to more acidic
values, enhancing electrostatic attraction toward phosphate species. Phosphorus
adsorption was most effective for biochar obtained at 440 °C and treated with AIClzand
FeCls, achieving up to 10.2 mg P g1. These findings highlight the importance of surface
charge modulation in tuning biochar performance for phosphate removal from aqueous
solution. Based on the obtained results, electrostatic attraction was the main mechanism
by which activated biochar adsorbed P from aqueous solution.

Keywords: biochar; post-pyrolysis activation; phosphorus adsorption; AlCls; FeCls; pHpzc;
electrostatic interactions

1. Introduction

Phosphorus (P) is a fundamental nutrient for plant growth and a critical element for
all life [1]. Due to its essential role in agriculture, global demand for phosphate-based
fertilizers continues to increase [2]. However, phosphorus is a finite resource, and current
consumption trends suggest that known reserves could be depleted within the next 400 years
[3]. Europe faces vulnerability, as it depends entirely on imported phosphorus, a situation
exacerbated by geopolitical instability and global conflicts [4]. As a result, identifying
sustainable and locally available phosphorus sources has become an urgent priority.

Treated wastewater (TWW) represents a viable and underutilized source of
recoverable phosphate [5]. Modern wastewater treatment involves multiple stages,
including primary and secondary treatment to remove solids and organic matter, with
advanced facilities also implementing tertiary processes to eliminate nutrients and heavy
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metals [6]. Despite these treatments, TWW can still contain phosphate concentrations as
high as 10 mg L™ [7,8]. Various methods have been explored for phosphate recovery,
including biological uptake, chemical precipitation, and adsorption-based techniques
[9,10]. Among these, adsorption has gained significant attention due to its cost-
effectiveness, operational simplicity, and high efficiency, particularly at low phosphate
concentrations [11]. Column studies with real ultrafiltered wastewater have already
demonstrated the feasibility of phosphate removal using biochar [12,13]. An additional
advantage is that spent adsorbents enriched with phosphorus can be repurposed as slow-
release fertilizers, supporting circular economy principles [14-16].

Biochar has emerged as a promising adsorbent for phosphate recovery. Produced
through the thermal decomposition of biomass under oxygen-starved conditions, typically at
temperatures between 300 and 800 °C [17,18], biochar possesses a highly porous structure,
substantial surface area (up to 1000 m? g7), and low density [19,20]. Studies have
demonstrated that biochars derived from various feedstocks, such as wood, rice husk, and
sewage sludge, can achieve phosphate adsorption capacities ranging from 15 to 117 mg
PO4#- g1 [21-24]. Nevertheless, untreated biochar often exhibits limited adsorption
performance because its negatively charged surface repels anionic phosphate species [23].

To enhance adsorption, recent studies have further explored P recovery using
biochar subjected to chemical activation. This process is generally more effective than
physical or biological treatments [25] and can involve acid or alkaline modification
[24,26,27], carboxylation, or impregnation with metal oxides [16,18,28-30]. Of these
methods, loading biochar with polyvalent metals, either before or after pyrolysis, has
proven particularly effective, as it introduces cationic sites that strongly bind phosphate
[31-34]. While pre-pyrolysis metal impregnation is common, it requires specialized
equipment and can be costly. In contrast, post-pyrolysis activation offers a more flexible
and scalable alternative. For instance, Choi et al. [31] demonstrated that coating dairy
manure-derived biochar with calcium hydroxide after pyrolysis increased phosphate
removal from 23% to 89%. Similarly, Zheng et al. [35] and Zhong et al. [36] reported
significant improvements in phosphate uptake using aluminum- and iron-modified
biochars, with the latter achieving adsorption capacities up to 36 mg P g

Despite these advances, key knowledge gaps remain. Few studies have
systematically examined how post-pyrolysis metal activation influences biochar surface
charge and phosphate adsorption mechanisms, although some recent works have begun
to address this gap [21,35-37]. Additionally, conventional batch experiments often
estimate phosphate removal based solely on solution depletion, neglecting potential
precipitation with leached metal ions. This oversight may lead to an overestimation of
true adsorption capacity. To our best knowledge, this is the first study to systematically
compare the combined effects of pyrolysis temperature and post-pyrolysis metal
activation on biochar surface charge and phosphate adsorption, providing novel insights
into phosphate removal mechanisms. Here, activation refers to the post-pyrolysis
impregnation of the biochar surface with metals supplied by various saline solutions,
thereby creating adsorption sites for phosphate. This study evaluates the phosphate
adsorption performance of biochar activated post-pyrolysis with three metal chlorides (AlCls,
CaCl, FeCls) at two concentrations (0.5 and 2.0 M). We also investigated the effect of pyrolysis
temperature (440 °C and 880 °C) on adsorption efficiency. Our hypotheses are: (i) metal-
activated biochars adsorb more phosphorus than non-activated biochars, and (ii) adsorption
capacity increases with the valence of the loaded metal cation. By directly quantifying
phosphorus retained on the biochar surface, rather than relying solely on solution
measurements, we aim to provide a more accurate assessment of adsorption performance.
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2. Materials and Methods

2.1. Biomass Pyrolysis for Biochar Production

Woody biomass from the pruning residues of the green areas of the Palermo
University Campus (38°0625.8” N 13°21'07.7" E) was used as a raw material to produce
biochar. Before pyrolysis, the woody biomass was cut into pieces of <5 cm and washed
sequentially with deionized water to minimize dust, followed by overnight drying in an air
ovenat 60 °C. The residual dry biomass was ground to <5 mm and used to prepare biochar.
The ground material was placed into a sealed porcelain container and burnt in a muffle
furnace for 3 h at 440 °C or 880 °C under a 5 mL min™ N2 flow to reduce oxygen
concentration. The biochars produced were collected and named B440 and B880,
respectively. The main characteristics of the two biochars are reported in Table 1.

Table 1. Physical and chemical properties of the two tested biochars (B440 and B880). Reported

values are mean + standard deviations of three replicates.

Parameters B440 B880
Bulk density (g L) 180 £ 14 126 £11
Surface area (m? g1) 194 +12 247 +£15
Cation exchange capacity (x102 mol kg) 14+1 12+1
Total pore volume (cm? g') 38+4 51+3
Maximum water retention (%) 62+11 400 = 32
Reaction (pH) 9=+1 10£1
Electrical conductivity (dS m™) 1.3+0.2 21+£03
Moisture (%) 3.1+0.3 7x1
Total limestone (%) 50+0.8 27+03
Total carbon (%) 65+4 72+5
Ashes to 550 °C (%) 34+03 6.4+0.6
Molar ratio H:C 0.7+0.2 02+0.1

2.2. Preparation of Activated Biochar

Before use, all the biochars were sieved at o 2-5 mm, washed trice with distilled water
(200 g of each biochar with 1.5 L) to remove particulate impurities, and dried at 60 °C for 72 h.
Then, biochar was pre-treated with hydrochloric acid (HCI). Thus, 150 g of each dried biochar
was shaken on a horizontal shaker for 12 h at 60 rpm with 1 M HCl solution (1:5 ratio, w v1).

Finally, biochars were washed once with distilled water (1:2.5 ratio, w v') and dried at
60 °C for 72 h. Following such pre-treatments, aliquots (15 g) of each biochar were activated
by soaking it with different salt solutions at a biochar: solution ratio of 1:20 (w v-') [33]. The
salts used to prepare 0.5 and 2.0 M solutions were calcium chloride (CaClz), aluminum
chloride (AICls), and iron chloride (FeCls) [35,36]. The salts were analytical grade, all
purchased from Sigma Aldrich (Milan, Italy). The treatments of the biochars with 0.5 and
2.0 M FeCls solutions at 80 °C for 6 h [36]. All the biochar was shaken with a salt solution for
48 h at 60 rpm. Afterwards, activated biochars were washed three times with 50 mL of
distilled water (1:2.5 ratio, w v') by hand shaking for 3 min; the water was discharged and,
finally, dried at 60 °C for 72 h to remove residual moisture and promote partial conversion
of metal salts to metal oxides [38]. Notably, FeCls and AlCls solutions are acidic (pH = 1-2 at
2.0 M), which helps neutralize the alkalinity of biochar and dissolve carbonates, thereby
facilitating metal ion uptake onto the biochar. In contrast, CaCl: solutions are neutral, so
Ca? impregnation occurs without significant changes in the pH of the biochar surface.
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2.3. Characterisation of Biochar by ATR-FTIR

A Perkin-Elmer Spectrum Two FTIR spectrometer equipped with an attenuated total
reflectance device was used for acquiring the Fourier Transform Infrared-Attenuated
Total Reflectance (ATR-FTIR) spectra of all biochar samples. Such spectra were acquired
to assess the main functional groups of the tested biochar. Approximately 1 mg of
pulverized biochar was used to obtain the spectra in the wavenumber range 3600-600 cm-
1, with a resolution of 4 cm and 32 scans, according to Sharma et al. [39]. Furthermore,
the presence of P as a result of absorption on biochar was assessed by observing changes
in the band between 1190 and 600 cm-as suggested by Zhou et al. [40]. The spectra have
been elaborated by using the PerkinElmer Spectrum (Version 10.5.1) software program.

2.4. Determination of Cation Exchange Capacity (CEC) and Metals Absorbed by Biochar

Biochar CEC was measured according to Munera-Echeverri et al. [41]. Briefly, 1 g of
biochar was shaken with 20 mL 1 M NH4OAc (Ammonium acetate, analytical grade) buffered
at pH 7. After 24 h, the suspension was filtered through Whatman paper 42 filters, and CEC
was calculated as the sum of exchangeable base cations (Ca?, Mg?, K*, Na*) determined by
microwave plasma atomic emission spectroscopy (MP-AES 4210, Milan, Italy).

Metals (i.e., Al, Ca, Fe) absorbed by biochar were determined by elemental analyses
after acid digestion of the biochar [42]. Briefly, 250 mg of each biochar was pulverized and
digested using 3 mL of HNOs and 5 mL of H20:. The excess of HNOs and H20: were
evaporated by hot plate at 125 °C and then, samples were placed in muffle at 500 °C for 8
h. Analytical grade concentrated nitric acid (HNOs, 67-69% v v') and hydrogen peroxide
(H202, 30% v v1) purchased from Sigma-Aldrich (Milan, Italy) were used for sample
digestion [36]. Digested samples were recovered with a 2% nitric acid solution and
analysed by MP-AES to determine the amount of Ca, Fe, and AL

2.5. Determination of pH and pH Value at Zero-Point Charge of Biochars

After 24 h of contact, the reaction of the P-solution (1000 mg P L-! from KoHPO4) in
contact with biochars (B440 and B880, respectively) was determined by a pH-meter
(FiveEasy, Mettler Toledo Spa, Milan, Italy) equipped with a glass electrode. The point of
zero charge (pHpzc) of biochars (B440 and B880, respectively) was evaluated using the pH
drift method according to Nasiruddin et al. [43] as described in Vaiciukyniene et al. [44].
Sodium chloride (0.01 M) was used as a background electrolyte. Eight solutions with pH
values ranging from 2 to 9 were prepared by adjusting the pH by adding small amounts
of 0.5 M HClI or 0.5 M NaOH solutions. Then, 0.1 g of each biochar was soaked with 40
mL of each solution and left to settle for 24 h at room temperature. The final pH of each
solution was measured. The pHpzc of biochar was evaluated as follows: if the initial pH of
the solution was equal to the final pH of the solution, then that was considered the pHpx,
and the charge on the biochar surface was supposed to be zero [44].

2.6. Phosphate Absorption by Biochar

Two grams of not-treated, HCl pre-treated, and metal-activated biochar were
immersed in 100 mL of a 1000 mg P L solution prepared using dipotassium mono-
hydrogen phosphate (K2HPO4). Biochars were shaken on a horizontal shaker for 24 h at
80 rpm. Then, they were separated from the solution by filtration using 42 Whatman paper
filters, washed trice with distilled water (1:2.5 ratio, w:v), and dried at 60 °C for 72 h.
Samples of the solutions were employed to measure the pH of the P solution after contact
with the biochar samples using a pH meter (FiveEasy, Mettler Toledo Spa, Milan, Italy).
Biochar samples were used for FTIR analysis to quantify the amount of absorbed P.
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2.7. Phosphate Determination

The amount of P absorbed by biochars was determined as follows: biochar samples
were pulverized in a porcelain mortar, and the resulting ground materials (0.25 g)
underwent mineralization in porcelain crucibles within a muffle furnace at 550 °C for 8 h.

The resulting ashes were suspended by using 1 M HCl on a hotplate at 100 °C for 10 min.
The digested samples were recovered in 15 mL tubes and adjusted to 10 mL of volume with
MilliQ grade water. P concentration was then determined using the colorimetric method [45]
by a spectrophotometer (UVmini-1240, Shimadzu Italia srl, Milan, Italy) at 882 nm.

2.8. Phosphate Adsorption Isotherms and Model Fitting

Phosphorus (P) adsorption performance of the most efficient biochars was evaluated
through isotherm modeling, with the aim of characterizing the interaction between
phosphate ions and the porous surface of activated materials. Adsorption isotherms
provide valuable information on surface properties such as the affinity of the adsorbent,
energetic heterogeneity, and the distribution of adsorption sites. Furthermore, they allow
the comparison and classification of biochars based on differences in surface chemistry,
mineral composition, and activation treatments. In this study, three isotherm models were
applied: the Freundlich, Langmuir, and Langmuir-Sips [46—49].

The Freundlich model is empirical and assumes adsorption on a heterogeneous
surface with non-uniform energies and multilayer formation. Its equation is:

qe = KpC'/n (1)

where q, is the amount of P adsorbed per unit mass of biochar (mg g™), C is the equilibrium
concentration of phosphate in solution (mg L), on, K is the Freundlich constant related to
adsorption capacity, and n is an empirical factor linked to surface heterogeneity [50].
The Langmuir model describes monolayer adsorption on a surface with a finite
number of identical and energetically equivalent binding sites, according to:
K. C
K,C+1 @

Ge X

Here, q, and C have the same meaning as in Equation (1), while K} is the Langmuir
equilibrium constant. To account for deviations from ideal conditions and better represent
surface heterogeneity, the Langmuir Equation (2) can be modified as in Equation (3):

*Kcrr1 ®)

e

where the exponent n reflects the influence of adsorbate concentration on site occupancy
and energetic distribution.

Equation (1) assumes a heterogeneous surface with a non-uniform distribution of heat
of adsorption over the surface and binding sites are not equivalent and/or independent [49].
Equation (2) is valid for monolayer adsorptions on a surface with a finite number of identical
sites. However, Equation (3) can be further generalized into the Langmuir-Sips model,
which incorporates both the Freundlich and Langmuir behaviors and is written as:

_ Amax KSCn

4 =T )

In this expression, qmq, is the maximum adsorption capacity, Ks is the Sips constant
(analogous to K ), and n is the heterogeneity exponent (18,51). When n =1, Equation (4)
reduces to the Langmuir isotherm (Equation (2)); when Kg— 0, it approaches the
Freundlich form (Equation (1)). This flexibility makes the Langmuir-Sips model
particularly suitable for materials with complex surface characteristics.



Appl. Sci. 2025, 15, 8855

6 of 18

Absorbance (A, a.u.)

Absorbance (A, a.u.)

Data for P adsorption isotherms were conducted by shaking 1 g of biochar in 100 mL
of phosphate solution (KH2PO4) at initial concentrations of 10, 25, 50, 100, 250, 500, 750,
and 1000 mg P L. The suspensions were sealed in polyethylene tubes and agitated on a
horizontal shaker at 80 rpm at room temperature (22 + 1 °C) for 24 h, a contact time
previously established to ensure adsorption equilibrium. After equilibration, the
suspensions were filtered through Whatman Grade 42 ashless filter paper, and the
residual phosphate concentration in solution was determined using the molybdenum blue
colorimetric method [45]. Absorbance readings were performed at 882 nm with a
Shimadzu UVmini-1240 spectrophotometer. All measurements were conducted in
triplicate. The P adsorbed on biochar, determined by Berthelot colorimetric method, was
fitted to the Freundlich (Equation (1)), Langmuir, and Langmuir-Sips equations. All the
isotherms were calculated by using non-linear regression with the Origin (Version 7.5)
software program. The quality of the fits was evaluated using the R? and the chi-square
statistic (x?).

3. Results
3.1. ATR-FTIR Spectra of B440 and B880 Biochars

The FTIR spectra of both untreated and activated B440 and B880 biochars, shown in
Figure 1, displayed similar patterns, with absorption bands typically found in biochars
derived from lignocellulosic biomass [51].
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Figure 1. ATR-FTIR spectra of biochars (B440 and B880) in the range 3600-600 cm™ wavenumber:
(A) Not P-enriched; (B) P-enriched.

The broad band observed around 3400 cm™ is generally associated with O-H
stretching. In this case, it is likely due to adsorbed water rather than phenolic groups, since
such functionalities tend to decrease at higher pyrolysis temperatures due to
graphitization processes [52].
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In the region between 1700 and 1300 cm™!, the spectra show bands related to C=O
stretching in carboxylic and carbonyl groups. Normally, when biochar interacts with
metal ions, one would expect these peaks to decrease in intensity or shift due to
coordination with COOH groups [53]. However, in this study, an increase in peak
intensity after chloride salt treatments was observed. This could suggest some surface
chemistry changes or even the presence of residual ions not fully removed during
washing. A similar effect has been described by Guo et al. [54], where HCI treatment led
to the removal of carbonates and improved sorption properties of biochar. In general, acid
treatment can modify the surface area, introduce new functional groups, and enhance
selectivity for certain adsorbates [55,56].

That said, the results observed here are a bit counterintuitive when considering the
pyrolysis temperature. As pyrolysis temperature increases, the carbon structure becomes
more aromatic and graphitic, and oxygen-containing groups such as hydroxyls and
carboxyls tend to disappear; these are usually key sites for metal ion binding [52].
Therefore, we would expect less interaction with metal salts in high-temperature biochars.
The increase in the 1700-1300 cm™ band intensity after treatment might then be due more
to loosely bound ions or side reactions on the surface, rather than strong coordination
with functional groups [53].

After phosphate adsorption, a slight decrease in peak intensity was noted near 1700
and 1300 cm™. This could point to some competition between phosphate species and the
previously introduced metal-functional group complexes [35,57]. A band around 1100 cm™
was also observed, which is often associated with P=O stretching or O—-C vibrations in P-O-
C linkages [58]. However, under the experimental conditions used here, the formation of
covalent P-C bonds is unlikely. It is more plausible that this signal reflects the presence of
adsorbed phosphate species (like H2POs or HPO#) rather than any newly formed
organophosphorus structures, which would require much more energy to generate.

3.2. Metal Absorption by Biochars

After HCI treatment, both biochars showed a noticeable decrease in metal content
compared to the untreated samples. This reduction has already been reported in previous
studies [41,54], and it is generally attributed to the loss of surface-bound salts and the
dissolution of residual carbonates. When the biochars were subsequently soaked in
chloride salt solutions, they reabsorbed metals, sometimes in quantities even higher than
those originally measured in the untreated biochars (Table 2). Interestingly, the two
biochars responded differently to the salt treatments. After exposure to 0.5 M chloride
solutions, B440 did not show a meaningful increase in metal content compared to its
untreated counterpart. Conversely, B880 absorbed significantly more metal: aluminum
and iron contents were approximately 33% and 44% higher, respectively, than in the
untreated sample.

When the chloride concentration was increased to 2.0 M, both biochars absorbed
metal in much larger amounts: at least an order of magnitude more than the untreated
controls. This suggests a clear trend, that is, higher salt concentrations lead to more
effective metal uptake (Table 2).

The difference in metal absorption between B440 and B880 could be related to their
electrostatic properties. After HCl treatment, B880 exhibited a slightly higher cation
exchange capacity (12.1 £ 0.6 x 102 mol* kg™') than B440 (10.1 + 0.6 x 102 mol* kg™), which
may enhance its ability to retain positively charged metal ions. Still, other mechanisms
such as complexation, precipitation, or even physical entrapment of metal salts cannot be
ruled out [19].



Appl. Sci. 2025, 15, 8855

8 of 18

Table 2. Concentration of calcium (Ca), aluminum (Al), and iron (Fe) in biochars (B440 and B880)
activated with 0.5 M or 2.0 M CaClz, AICls, and FeCls salt solutions. The reported results are mean *

standard deviations of three replicates. n.d., not determined.

Al Ca Fe
Treatment

mg g mg g mg g
B440 NAT 0.6+0.2 8+1 5x1
B440 + HCl 0.3+0.2 4+1 1.5+0.1
B440 + HCl+ A10.5 M 0.8+0.2 n.d. n.d.
B440+ HCl+Ca 0.5 M n.d. 6+1 n.d.
B440 + HCl + Fe 0.5 M n.d. n.d. 1.2+02
B440 + HCl+ A12.0 M 8+1 n.d. n.d.
B440+ HCl+ Ca2.0 M n.d. 28+3 n.d.
B440 + HCl + Fe 2.0 M n.d. n.d. 13+1
B880 NAT 0.3+0.1 6+1 27+0.5
B880 + HCl 0.2+0.1 22+04 1.2+0.3
B880 + HCl+ A10.5M 1.3+04 n.d. n.d.
B880+ HCl+Ca 0.5 M n.d. 8+1 n.d.
B880 + HCl+Fe 0.5 M n.d. n.d. 39+04
B880 + HCl + A1 2.0 M 14+2 n.d. n.d.
B880+HCl+Ca2.0M n.d. 29+3 n.d.
B880 + HCl + Fe 2.0 M n.d. n.d. 17 +2

3.3. Effect of HCI and Metal Salt Treatments on Phosphorus Adsorption

Phosphate adsorption by biochar is influenced by several factors [24]. After HCl
treatment, B440 showed about 25% less phosphorus compared to the untreated sample.
This drop may be due to the rinsing away of surface particles or the removal of carbonated
species, which could otherwise trap or interact with phosphate ions. Interestingly, when
this HCl-treated biochar was placed back into phosphate solution, it ended up absorbing
40% more P than it had originally retained, thereby suggesting that the acid treatment
improved its capacity for phosphate uptake. That said, the overall adsorption was still
relatively low compared to values reported in similar studies. For instance, Li et al. [55]
found that biochar treated with 6 mol L HCl showed a 6% increase in P uptake over
untreated biochar.

When comparing activated biochars to the HCl-only control, the improvement in
phosphate adsorption was much more pronounced. After treatment with 0.5 M CaClz,
AlCls, or FeCls, B440 absorbed 165%, 368%, and 456% more P, respectively. B880
performed even better, with P uptake increases of 524%, 414%, and 551%, respectively,
compared to the control. Moreover, increasing the chloride salt concentration to 2.0 M
further boosted the amount of P adsorbed: B440 gained 42%, 49%, and 79%, while B880
showed increases of 1%, 122%, and 76%, relative to their corresponding 0.5 M treatments.
In absolute terms, the amount of P retained ranged from 2% to 20% of the initial
phosphorus present in the solution (Figure 2).
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Figure 2. Amount of P in activated and not activated biochars (B440 and B880) before (A) and after
(B) their contact for 24 h with a mono-component solution (1000 mg P L' of KaHPO4). Note different

y-axis scales.

These values are clearly lower than those found in other works, where P adsorption on
biochar ranged from 82 to 111 mg g [17,24,59,60]. This could be due to the experimental
method used here, which is closer to that applied in studies on phosphate retention by other
solid substrates [24,61-63]. In this study, biochar was washed with water after exposure to
phosphate solution, which may have removed loosely bound or surface-precipitated P. This
step, while possibly causing some losses, is actually more reliable than simply measuring P
removal from solution, an approach that does not account for labile forms or precipitation
occurring in the test flask. In this light, the stronger P adsorption seen with increasing salt
concentrations may be attributed to the higher metal content on the biochar surface (Table
2), which also influences the pH of the solution in contact with the material.

3.4. Influence of Solution pH and Surface Charge on P Adsorption

The pH of the solution in contact with activated biochars turned out to be a key factor
in determining how much phosphorus was actually adsorbed. This is because pH affects
not only the speciation of phosphate in solution, but also the surface properties of the
adsorbent, especially surface charge and the behavior of functional groups [64]. After 24
h of contact, the pH values of the solutions had shifted, as shown in Table 3.

For B440, the amount of P retained ranged from 0.9 to 8.7 mg g, corresponding to a
solution pH of 7.1 and 1.4, respectively. B880 showed similar behavior, with values from
1.2 to 10.0 mg g™ at pH 7.8 and 1.2, respectively. As reported in Figure 3, this resulted in
a clear negative correlation between solution pH and the amount of phosphate adsorbed:
the lower the pH, the greater the adsorption. It is important to note that phosphate
speciation is pH-dependent: in strongly acidic conditions (pH < 2) the dominant form is
HsPOs, at mildly acidic to neutral pH (=2-7) H2POs~ prevails; at neutral to moderately basic
pH (=7-12) the primary species is HPO+*; and under highly basic conditions (pH > 12)
PO+~ becomes dominant. In our experiments, the solution pH after biochar contact ranged
from 1.4 to 7.1 (Table 3), suggesting that the phosphate was present mostly as H2POs (with
some HPOx«?- at the higher pH end).
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Table 3. pH value of the P-solution after 24 h contact with biochars (B440 and B880). Values are

mean + standard deviations of three replicates.

Sample pH
B440 NAT 9.1+0.1
B440 + HC1 7.1+0.1
B440+ HCl+Ca 0.5 M 6.1+0.3
B440+ HCl+Ca2.0 M 49+0.2
B440 + HCl+ A10.5M 49+03
B440 + HCl1+ A12.0 M 24+0.1
B440 + HCl1+ Fe 0.5 M 51+04
B440 + HCl+ Fe 2.0 M 1.4+0.1
B880 NAT 10.1+£0.2
B880 + HC1 7.8+0.1
B880+ HCl+Ca0.5M 6.5+0.2
B880+ HCl+Ca2.0M 52+0.1
B880 + HCl+ A10.5M 71+03
B880 + HCl+ Al12.0 M 2.7+0.2
B880 + HCl+ Fe 0.5 M 5.6 +0.1
B880 + HCl+ Fe 2.0 M 1.2+0.4
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/ \
51 / \
J [ \ L g
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2.0M+P N Al 1 -
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Figure 3. The relationship between the amount of P absorbed by biochars (B440 and B880) and the
pH of the aqueous solution overlaps with the diagram of P species in relation to the pH of the

aqueous solution. Asterisks indicate significance levels: p < 0.001 (***). This trend is consistent with
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previous studies [55,63]. When the solution pH is low, surface functional groups, especially carboxyl
and hydroxyl groups, tend to be protonated. Also, the metals present on the surface, like Ca, Al, or
Fe, can form positively charged species such as CaOH*, AI(OH)z*, or Fe(OH):*. These positively
charged sites are able to attract anionic phosphate species like HPO4?~ and H2POs™ via electrostatic
interactions. As the pH increases, these groups deprotonate, and the surface becomes more
negatively charged. This leads to repulsive interactions between the phosphate anions and the

negatively charged surface, which limits adsorption [65,66].

To better understand this behavior, the point of zero charge (pHpz) was measured
for all biochars. This parameter is essential to anticipate whether a biochar surface will
attract or repel phosphate under certain pH conditions. When the solution pH is lower
than the pHpz, the biochar surface is positively charged, favoring phosphate retention
through electrostatic attraction. When the pH is higher, the surface becomes negatively
charged, and repulsion dominates.

In this study, B440 had a pHpz between 5.5 and 7, while biochar treated with 2.0 M
FeCls revealed a much lower value: below 2 (Figure 4). B880 showed a slightly higher
pHpzcoverall, ranging from 6.2 to 7.3 for the Ca-treated samples, and from 3.5 down to less
than 2 for Al- and Fe-treated biochars.

B440
71 «B440+HCI
6 1 ~B440 + HCl + Ca 0.5M o
"5 5 ] B440+HCl+Ca2.0M -
= { —B440 + HCI + Al 0.5M .
= 4 1 <+B440 + HCI + Al 2.0M
.= 3 ] —B440 + HCI + Fe 0.5M
‘-‘I-‘ , ] +B440+ HCl + Fe 2.0M
E 1
TG 0 T 1
g -2 ]
3 A
_4
B880
8 1 . Bsso+HCI
7 1 ~B880 + HCl + Ca 0.5M .
T 6 { - B880+HCI+Ca2.0M /
5+ 5 1—B880+HCI+AI0.5M Pt
< | +B880 + HCI + Al 2.0M ’
.S 4 1 —B880 +HCI + Fe 0.5M
Ur 3 4 ~B880 + HCI + Fe 2.0M
2 =
T ]
o, e )
‘E 0 ] T W; T T T T T T 1
E 19 1 23 4 5 67 8 9 10
S 2]
_4 o

Initial pH

Figure 4. Point of zero charge (pHpx) of biochars B440 and B880 after activation with different salt

treatments.
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This pattern helps explain why biochars treated with HCI had the lowest phosphate
adsorption: their pHpz values were below 5.5, and the solution pH was always higher
than 7.1 (Table 3). On the other hand, the highest adsorption was recorded for the two
biochars treated with 2.0 M FeCls, which had a very low pHpz (<2) and were in contact
with solutions with pH below 1.4. This behavior can be attributed to electrostatic
interactions between the negatively charged phosphate species and positively charged
surface sites formed by metal hydroxides. These observations align with Eduah et al. [27],
who reported maximum phosphate uptake for Fe-activated biochars at around pH 3. At
higher pH values, phosphate removal dropped, likely due to increased OH- competition
and a negatively charged surface. A similar effect was observed by Yang et al. [67].

3.5. Mechanistic Interpretation Based on FTIR Evidence

Based on all these findings, it seems that the main mechanism responsible for
phosphorus retention in activated biochars is electrostatic attraction between negatively
charged phosphate species and the cation-enriched surface of the biochar. This hypothesis
is also supported by the ATR-FTIR spectra.

In particular, the broad peak around 3400 cm™, typically associated with phenol -OH
groups, disappeared after exposure to phosphate solution, which suggests that these
groups may have played a role in the adsorption process. At the same time, a stronger
peak appeared near 1100 cm™, which is consistent with the presence of phosphate species
retained on the surface [58].

Moreover, the bands between 1700 and 1300 cm™, which are usually attributed to
carboxylic functional groups, showed a decrease in intensity after phosphate adsorption.
This is in line with the mechanism proposed by Eduah et al. [27], who suggested that
protonated phenol and carboxylic groups can act as adsorption sites for anionic phosphate
species through electrostatic interactions.

Even when the same chloride salt was used, phosphate adsorption was slightly
higher for B880 than for B440. This may be due to B88(0’s greater ability to retain cations,
particularly Al and Fe, which was already evident in the metal uptake data. However,
electrostatic attraction is likely not the only mechanism at play. Other processes, such as
ligand exchange or the formation of inner-sphere complexes, especially in the presence of
trivalent cations like Al** and Fe?*, could also contribute to phosphate binding.

3.6. Phosphate Adsorption Isotherms and Comparison with Theoretical Models

The adsorption behaviour of phosphate onto FeCls-activated biochars (B440 and
B880) was analyzed by fitting the experimental equilibrium data to three theoretical
models: Freundlich, Langmuir, and Langmuir-Sips (Figure 5). The non-linear fitting of
batch adsorption data (10-1000 mg P L) provided quantitative insights into the
interaction between phosphate ions and the surface of the modified biochars and enabled
comparison between adsorption mechanisms.
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Figure 5. Adsorption isotherms for P removal by FeCls-activated biochars produced at 440 °C (B440)
and 880 °C (B880), fitted using three isotherm models: Langmuir, Freundlich, and Langmuir-Sips.
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The Freundlich model, which assumes heterogeneous surface adsorption with
energy-distributed sites, yielded lower R? values (0.968 for B440 and 0.939 for B880),
indicating a less precise fit (Table 4). However, the Freundlich constants confirmed a
favorable adsorption process (1 > 1) in both cases, particularly for B880 (1 = 2.1), reflecting
enhanced interaction with the more porous and metal-enriched surface. Despite its
limitations, the Freundlich model provides complementary evidence of multilayer
adsorption processes, especially relevant at higher phosphate concentrations.

The Langmuir model, which assumes monolayer adsorption on a homogeneous
surface with finite, identical sites, produced excellent fits (R?=0.999 for B440 and 0.994 for
B880). Maximum adsorption capacities (gnx) were 12.9 mg P g for B440 and 14.9 mg P g~
for B880, with slightly higher affinity constants (Kr = 0.0046 L mg™) for B880 (Table 4).
These results are consistent with the higher surface area, ash content, and Fe retention
capacity of B880 (Table 1), all of which promote phosphate sorption. The Langmuir model
thus supports the conclusion that the adsorption process on both biochars is primarily
governed by chemisorption at well-defined and saturated surface sites.

Among the three, the Langmuir-Sips model, which merges the Langmuir monolayer
assumption with a Freundlich-type heterogeneity parameter (1), provided the most robust fit
across the full concentration range. It returned the lowest chi-square (x2 = 0.02-0.03), highest
R? (both 0.999), and heterogeneity indices (1 = 1.06 for B440, 1.26 for B880) that suggest mild
surface heterogeneity. The g values (12.3 and 13.1 mg g™, respectively) obtained with this
model were consistent with the experimental plateau and reinforce the reliability of the fit.

Table 4. Parameter values obtained from the application of Freundlich, Langmuir, and Langmuir-
Sips isotherm models. Treatments are: B440 + HCI + Fe 2.0 M and B880 -HCl + Fe 2.0 M. Values are

mean * standard deviation of three replicates.

Freundlich
R X2 K (mg L) - n
B440 + HCl1+Fe 2.0 M 0.968 0.5 0.3+0.1 - 1.9+0.2
B880 + HCl+Fe2.0 M 0.939 14 0.5+0.2 - 21+0.3
Langmuir
R? X K, (mg L) quax (Mg g -
B440 + HCl + Fe 2.0 M 0.999 0.02 0.0034 + 0.0002 129+0.3 -
B880 + HCl+Fe2.0 M 0.994 0.1 0.0046 + 0.0005 14.9+05 -
Langmuir Sips
R? X Ks(mg L) qmax (Mg g7) n
B440 + HCl+Fe 2.0 M 0.999 0.02 0.0027 + 0.0006 12.3+0.5 1.06 = 0.05
B880 + HCl+Fe 2.0 M 0.999 0.03 0.0017 + 0.0004 13.1+0.3 1.26 + 0.06

When compared with literature, the adsorption capacities obtained in this work fall
within a moderate but consistent range. For example, Almanassra et al. [17] reviewed a
broad set of studies. They concluded that Fe-enriched biochars generally achieve gmax
values between 10 and 30 mg g, depending on feedstock, pyrolysis conditions, and
activation protocol. The consistency of our gmax values across both pyrolysis temperatures,
together with their correlation with pHpz and surface charge modulation (Table 3),
supports the mechanistic interpretation that electrostatic interactions dominate phosphate
retention under acidic conditions, particularly when final pH values fall below 2 (as
observed in the highest P loading). This interpretation aligns well with the results
reported by Eduah et al. [27] and Yang et al. [67], who both observed maximum phosphate
uptake at pH 2-3 for Fe-modified biochars.
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In conclusion, while the Langmuir model provides a solid approximation of
phosphate uptake by metal-activated biochars under idealized conditions, the Langmuir—
Sips model emerges as the most accurate and flexible model, especially for capturing the
mild heterogeneity and gradual saturation behavior observed in real systems. Its excellent
fit across all concentration ranges, together with consistent mechanistic evidence (FTIR,
PHpz, surface charge), confirms that FeCls post-pyrolysis activation significantly enhances
phosphate affinity, particularly for high-temperature biochars such as B880.

4. Conclusions

Activating biochar is a practical way to improve its capacity to adsorb phosphorus
from aqueous solutions. The findings of this study confirm that treating biochar with
chloride salts, that is, CaClz, AICls, and FeCls, leads to effective metal uptake. As expected,
higher salt concentrations resulted in greater metal absorption. Across all treatments,
activated biochars outperformed the non-activated controls in terms of phosphorus
adsorption, regardless of the pyrolysis temperature or the specific salt used. Among the
different treatments, the highest phosphorus uptake was observed for biochar treated
with 2.0 M FeCls (10 mg P g), followed by 2.0 M AlCls. In contrast, CaClz-treated biochars
showed the lowest P adsorption performance. Overall, the amount of phosphorus
retained by the activated biochars ranged from 2% to 20% of the initial P present in
solution. Importantly, phosphate adsorption was strongly affected by the pH of the
solution in contact with the biochar: the lower the pH, the higher the P uptake. This
behavior was clearly linked to the pHp.c of the biochars, which played a central role in
determining whether electrostatic attraction could occur. The adsorption mechanism was
found to be dominated by electrostatic interactions between anionic phosphate species
and the positively charged, metal-rich biochar surfaces. This conclusion is supported by
FTIR evidence, such as the disappearance of protonated O-H groups and the appearance
of phosphate-related bands after adsorption, indicating phosphate binding at those
activated sites. While electrostatic attraction prevailed, we do not exclude that ligand
exchange or inner-sphere complexation (especially in the presence of Al** and Fe®*) may
also contribute to phosphate retention. These mechanistic insights, often overlooked in
similar studies, underline the importance of surface charge modulation for phosphate
removal.
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