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Agricultural runoff of phosphorus leads to the loss of this critical nutrient into the waterbodies and causes
environmental problems like eutrophication. To tackle the growing concern, functionalized biochar as an
adsorbent provides a sustainable method to capture the phosphorus from wastewater. Additionally, the P-laden
biochar as a slow-release fertilizer improves plant nutrient uptake and crop yield. In this work, metal chloride-
doped biochar derived from non-edible vegetable waste was prepared and applied as an adsorbent. Zinc chloride-

doped biochar (ZBC) showed a better phosphorus adsorption capacity of 47.83 mg/g among the prepared bio-
char. The desorption study suggested that around 42 % of total adsorbed P was released within 336 h. The
growth of mung plants over 70 days was monitored, along with mung bean yield, to assess the effectiveness of P-
laden ZBC as a slow-release phosphorus fertilizer. The presented approach of non-edible waste valorization into
slow-release fertilizer could contribute to tackling nutrient depletion and achieving a circular economy.

1. Introduction

Phosphorus (P) is a crucial nutrient for crop production, being a key
component of NPK fertilizer and a non-renewable resource. To date,
mineral phosphate rock, a non-renewable resource, is the primary
source of phosphorus-based fertilizer worldwide. Approximately 20 M
tons of P as a mineral are extracted from the Earth each year (Weferling
et al., 2016). According to the Argus Consulting Services report for the
International Fertilizer Association in 2023, the natural phosphorus
supply could be depleted within the next 175-400 years (Argus
Consulting Services, 2023). Recognizing the importance of phosphorus
into consideration, the EU labeled phosphate rock and white phosphorus
as critical raw materials in 2020 (Santos et al., 2021). However, a mere
16 % of the applied phosphorus as fertilizer is utilized during typical
crop production. The unutilized phosphorus is lost through soil erosion,
crop residues, and a significant portion of runoff in the nearby aquatic
reservoirs, creating the risk of eutrophication (Jupp et al., 2021).
Therefore, the dwindling supply of phosphorus and the environmental
concerns associated with phosphorus in surface waters have under-
scored the need for phosphorus recovery and recycling.

* Corresponding authors.

Among the water sources, wastewater streams (untreated stream,
urine, etc.), animal manure, municipal sludge, and sewage sludge ash
possess the highest phosphorous recovery potential (Witek-Krowiak
etal., 2022). According to the Danish Environmental Agency, around 20
% of the total imported phosphorus in Denmark can be met by reusing
phosphorus from wastewater (Christensen et al., 2022). Several pro-
cesses, like struvite formation, electrochemical precipitation, enhanced
biological phosphorus recovery (EBPR), membrane filtration, adsorp-
tion, etc., are applied for phosphorous recovery (Witek-Krowiak et al.,
2022). Among them, struvite, a salt containing magnesium, ammonium,
and phosphate, gained the most interest due to its potential use as a
slow-release fertilizer (Lin et al., 2024). However, only 40 % of the P in
wastewater treatment plants can be removed by this technique (Ghosh
et al., 2019). The electrochemical precipitation technique needs almost
no external energy but has low phosphorus recovery potential (Lin et al.,
2024). The membrane filtration method has high phosphorus recovery
potential; however, cake layer formation, salt crystallization, and
organic fouling are significant drawbacks to commercial utilization (Li
etal., 2021). Adsorption is a widely studied process to remove or capture
phosphorous from less concentrated sources like wastewater. It is
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noteworthy that orthophosphate (H,POZ, HPOF, and PO3") is the most
dominating phosphorous species in the domestic wastewater stream
(Jupp et al., 2021). Therefore, the recovery of phosphorus from waste-
water using adsorbent is focused on orthophosphate recovery and
removal.

Among the various adsorbent materials, renewable bio-based mate-
rials are essential in implementing a sustainable circular economy. The
growing global population and urbanization lead to higher resource
consumption and an increasing waste generation rate. The incremental
waste consequently puts pressure on environmental sustainability.
Therefore, the concept of a “circular economy” is becoming essential to
tackle the increasing resource demand and minimize negative environ-
mental impacts. According to the United States Environmental Protec-
tion Agency (EPA), waste recapture as a resource to produce/
manufacture new materials and products is one of the main backbones of
the circular economy. As a part of the circular economy plan set by the
European Commission in May 2023, 65 % of the waste materials have to
be reused, and the amount of waste material for landfilling will be
reduced to less than 10 % of total waste by 2030 (Commission, 2023).
Every year, around 200 billion tons of agricultural residues are gener-
ated worldwide (Kamusoko et al., 2021). Therefore, to implement a
circular economys, it is necessary to find ways to create valuable products
using agro-based wastes.

Non-edible parts of vegetables are one of the major portions of
agricultural residues. This lignocellulosic residue can be converted into
valuable products such as biofuel, bioplastic, biopolymers, etc., by
applying diversified techniques (Capanoglu et al., 2022). Pyrolysis of
such agricultural residues produces biochar, a sustainable method for
producing multi-functional material due to its porous carbonaceous
structure and the inherent presence of various functional groups (Sun
et al., 2020). The type of feedstock influences biochar functionality. It
plays a key role in its applicability as an adsorbent for capturing heavy
metals, acting as a catalyst (Sun et al., 2020), enhancing carbon
sequestration (Feng et al., 2020), and improving soil quality to increase
crop productivity (Pal et al., 2021). Biochar can be easily functionalized
with different metal cations by co-pyrolysis and post-modification with
ligands to improve the applicational performance such as enhancing
heavy metal, nutrients, and wastewater remediation (Chanda et al.,
2024; Yang et al., 2020). Biochar derived from various feedstocks like
wood, corncobs, rice husks, sawdust (Kizito et al., 2017), cacao shells,
and corn cobs (Hale et al., 2013), etc. were reported for the removal of
phosphorus. The phosphate adsorption by biochar depends on its min-
eral percentage and surface properties (Samaraweera et al., 2023). The
pristine biochar contains an oxygenated functional group and minimum
cation content, which binds with cations and results in poor phosphate
adsorption capacity. The primary limitation of raw biochar is its low
phosphorus adsorption capacity, which necessitates modification to
improve phosphate adsorption and recovery (Jin et al., 2024). The pre-
or post-treatment of biochar with metal salts is reported to be one of the
most effective methods to improve phosphorus recovery efficiency
(Jellali et al., 2023). Therefore, to enhance the performance of biochar,
functionalization with metal oxides such as MgCly-modified corn straw
in swine wastewater (Yu et al., 2020), FeClz-modified corn straw in
biogas slurry solution (He et al., 2017), CaO-MgO added dolomite-
sawdust in industrial wastewater (Li et al., 2018), waste marble
powder-derived Ca-rich biochar in CSTR (Jellali et al., 2024) were uti-
lized for phosphorus recovery. Functionalized biochar after phosphorus
capture poses the potential to act as a slow-release fertilizer. The
desorption of phosphorus from P-laden biochar over a broad period al-
lows plants to utilize the available phosphorus more efficiently. There-
fore, a systematic approach to non-edible vegetable waste-derived
functionalized biochar for phosphorus recovery from wastewater sys-
tems and use as slow-release fertilizer is still lacking. Apart from that,
raw biochar shows inconsistent performance and cannot often retain
essential nutrients effectively, leading to suboptimal agricultural out-
comes. By addressing these limitations and providing valuable insights,
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the current work has the potential to advance biochar research and its
application (specifically through enhanced nutrient retention and better
integration into agricultural practices), thereby paving the way for more
effective and sustainable methods.

For this purpose, non-edible and discarded vegetable waste was
collected from the domestic kitchen. The collected waste was then
converted into biochar termed pristine biochar (PBC) or co-pyrolyzed
with magnesium chloride, termed magnesium biochar (MBC), or with
zinc chloride, termed zinc biochar (ZBC). Magnesium chloride was
chosen as a common metal ion modification technique for biochar,
where zinc chloride was selected as zinc is a crucial nutrient for healthy
plants (Dhaliwal et al., 2023). However, the impact of the released zinc
from ZBC into the soil was beyond the scope of this work. At tempera-
tures below 400 °C, ZnCl; doping results in an imperfect pore structure
in biochar. Conversely, temperature above 800 °C causes carbon sin-
tering, which reduces pore area and pore volume (Zhang et al., 2024).
Therefore, an appropriate ratio of ZnCl, and biochar can yield a
microporous structure for carbonaceous material at an optimal
carbonization temperature. Consequently, using the in-situ integration
method, ZnCl, can be doped into carbonaceous material to produce
ample microporous biochar after pyrolysis. From this context, the ob-
jectives of the work were to (1) prepare functional biochar from vege-
table waste and to dope metal chloride by co-pyrolysis method in a
limited oxygen condition, (2) study phosphate adsorption parameters,
(3) perceive possible phosphate-adsorbent interactions, (4) investigate
the slow-release pattern of phosphate from P-laden biochar, and (5)
exploit utility of P-laden biochar as a slow-release fertilizer. The novelty
of this research lies in the innovative combination of raw materials and
modifiers (doping agents), along with the unique preparation methods
employed to enhance P-laden biochar’s effectiveness as a controlled
nutrient-release agent in agricultural systems. By integrating specific
organic waste sources and tailored amendments, the study develops a
biochar with optimized nutrient retention and release characteristics
that promote sustainable agricultural practices, setting it apart from
existing approaches. The comparative adsorption studies of the prepared
biochar, along with the corresponding characterization results, high-
light two key findings: (1) the necessity of doping to maximize sorption
capacity, and (2) the potential for using biochar derived from bio-based
wastes as an effective slow-release fertilizer.

2. Materials and methods
2.1. Chemicals

Zinc chloride dihydrate (>98 % purity, Qualikems), Magnesium
chloride anhydrous (> 98 % purity, Merck), Sodium phosphate dibasic
(98.5 %, Sigma-Aldrich), L-ascorbic acid (99 %, Smartlab), Ammonium
molybdate tetrahydrate (81-83 wt% MoOs, Sigma-Aldrich), Sodium
salicylate (98 %, ResearchLab), Ammonium chloride (98 %, Merck), and
HCl (37 %, Merck) were used for experimental studies. Commercial
triple super phosphate (TSP) and Potash fertilizer were purchased from
the local market in Jashore, Bangladesh.

2.2. Biochar preparation

The non-edible part of vegetable waste, which consists of an equal
weight percentage of cauliflower stem, pineapple peel, pumpkin peel,
and banana peel, was collected from local markets and domestic
households. At first, the accumulated waste was rinsed with sufficient
water to remove dirt. Then, the dirt-free waste was chopped into 3-4 cm
sizes and oven-dried at 80 °C for 16 h. Based on a previous study, 4 g of
dried material and 2 g of Zinc chloride hydrate or Magnesium chloride
anhydrous were then put into a 100 ml DI water into a 250 ml beaker
and stirred for 24 h (in case of pristine biochar preparation the dried
vegetables waste was stirred in 100 ml DI water) (Zhang et al., 2024).
Afterward, the material was collected via filtration and air-dried at room
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temperature. From the collected material, 5 g was then placed into a 50
ml ceramic crucible (100 % filling) and covered with a ceramic lid. The
filled crucible was then transferred into a muffle furnace and pyrolyzed
at 450 °C for four hours; a heating rate of 10 K/min was used to reach the
final pyrolysis temperature. After the pyrolysis, around 2 g of prepared
biochar (having a yield of 40 % with respect to dried biomass) was
collected, and size reduction was carried out using a mortar pestle.

2.3. Characterization

The crystalline elements of the prepared biochar were analyzed by X-
ray diffraction using an Empyrean diffractometer (Malvern Panalytical)
in the 20 range of 5-80°. The scanning electron microscopy images were
taken by Carl Zeiss GeminiSEM 500 microscope at a voltage of 5 kV, and
energy-dispersive spectroscopy spectra of the elemental analysis of
prepared biochar were measured. The X-ray Photoelectron Spectrometer
(K-Alpha) was used to analyze the state of surface elements of P-laden
biochar. An Al K-Alpha monochromatic X-ray source (at 1486.68 eV)
was used at 15 kV and 10 mA for the survey scan and core-level spectra.

2.4. Adsorption experiment

The batch-wise adsorption experiments were carried out at room
temperature using 0.5-3 g/L adsorbent dose and 20 ml synthetic solu-
tion of 100-300 mg/L concentrations of P—PO?{ using NapHPO, as the
phosphate source. In a typical experiment, 20 ml of phosphate solution
with biochar was poured into 250 ml conical flasks and placed into a
horizontal shaker operating at 200 rpm. After the required time based on
the experimental requirement (commonly after 120 min), the samples
were collected via centrifugation. The removal capacity was calculated
as per Eq. (1). The quantity of P-PO3 was calculated using the molyb-
denum blue method (Chanda et al., 2023) and a UV-Vis spectrometer at
832 nm wavelength and adsorption capacity (q;) was calculated using
Eq. (2). The reproducibility of all the experiments conducted in this
study was confirmed by repeating the tests at least twice.

Removal(%) = % x 100 (¢}

o

(Co — C)V
m

Adsorption capacity, q; = (@)
where C; and Cy are the final and initial phosphate concentrations in
mg/L, respectively, m is the mass of the adsorbent in g, and V is the total
amount of the solution in L.

2.5. Kinetics and isotherm studies

For kinetic studies, phosphate was adsorbed by ZnCl,-doped biochar
(ZBC) from phosphate solutions (100 mg/L and 160 mg/L) at varying
contact times. The obtained data set was analyzed by two different ki-
netic models, namely, the pseudo-first-order (Eq.3) and pseudo-second-
order model (Eq.4), and the kinetic parameters were assessed. The ki-
netic models can be equated sequentially as follows. (Sinha et al., 2022):

g =q.(1—e™") 3
_ kzqft
q: = T+ kagut @

where ¢; (mg/g) signifies the adsorbed amount of phosphate at time ¢
(min); g. (mg/g) indicates the adsorbed phosphate at equilibrium con-
dition; while k; (1/min), ky (g/(mg-min)) stand for the pseudo-first
order and pseudo-second order adsorption rate constants, respectively.

In addition to kinetic studies, phosphate adsorption by zinc chloride-
doped biochar (ZBC) was analyzed with two-parameter isotherm models
such as Langmuir, Freundlich, and Temkin isotherm (Eq. 5-7). The
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representing equations of the itherm models, respectively, are as follows
(Ayawei et al., 2017):

_ qumCe
%=1 kC, )
Y
ge = keC/M 6)
RT
de = ?IMTCe (7)
T

In the equations mentioned above, q. is the adsorption capacity at
equilibrium (mg/g); Ce indicates the equilibrium concentration (mg/L);
gm designates the maximum adsorption capacity (mg/g); R is the gas
constant; T is the absolute temperature (K). The other parameters are
different isotherm constants that can be determined through regression
analysis. Out of the remaining parameters, 1/n represents the adsorption
intensity; by is the Temkin constant (J/m); ki, kg, and kr indicate the
Langmuir model constant related to the energy of adsorption (L/mg);
Freundlich model constant incorporating all factors affecting the

1
mg oln
8

adsorption process. , and Temkin model constant (L/mg),

respectively.

2.6. Slow-release of adsorbed P and plant-based study

The slow-release studies were conducted using several 250 ml bea-
kers. In each beaker, 100 ml of deionized water with 200 mg of P-laden
ZBC was added and left without stirring. After the targeted time, the
solid ZBC was separated from the remaining solution by centrifugation
at 8000 rpm for 15 min. The release percentage was calculated by taking
the adsorption capacity of the ZBC as the basis. Mung plant, a seasonal
crop having harvesting time between November and January, was
selected for plant study. The study was performed by creating three
categories of same-sized plant pots: (I) control (only soil), (II) triple
super phosphate (TSP) (with soil), and (III) phosphorus-adsorbed bio-
char (with soil). Each experimental pot (around 13 cm radius) contained
2100 g of soil. In the case of plant-pot (II) and (III), 50 mg of phosphorus
equivalent/kg-soil (TSP in granule and P-laden biochar in powder form)
was mixed. Since P-laden biochar is rich in phosphorus, it was necessary
to use a phosphorus-rich commercial fertilizer for comparison. There-
fore, TSP, a phosphorus-based commercial fertilizer, was chosen for
mixing with soil in this study. This allowed a meaningful evaluation of
seed germination, plant growth, and plant yield between the P-laden
biochar and the P-rich commercial fertilizer. The soil was collected from
agricultural fields with a soil pH of 6.8 and soil organic compound (SOC)
of 2.9 %. Mung seed beans were collected from the local market. The
seed beans were inserted into a 3-inch soil depth after soaking in water
for 30 min. After 15 days, a 60 mg-K/kg-soil equivalent amount of
potash fertilizer was given into every categorized pot after dissolving the
potash fertilizer with water. After 35 days, the length of the mung plant
was measured, and using a random selection method, four plants from
each category were uprooted to calculate the average dry biomass. After
70 days, all the remaining plants were uprooted to collect the mung
beans from the mung pods.

3. Results and discussion
3.1. Textural analysis of prepared biochar
The XRD analysis of Pristine biochar (PBC), Magnesium chloride-

doped biochar (MBC), and Zinc chloride-doped biochar (ZBC) is
shown in Fig. 1(a). The pristine biochar (PBC) shows the most
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Fig. 1. Synthesized biochar’s (a) XRD patterns and SEM images of (b) Pristine biochar, (c) Magnesium chloride-doped biochar, (d) Zinc chloride-doped biochar

before P adsorption, (e) ZBC after P adsorption.

dominating peaks at 28.3° and 29.4°, which can be attributed to the
presence of SiOy (JCPDS No. 41-1413) (Chen et al., 2020). The zinc-
doped biochar (ZBC) shows the most intensified peak at 15.5° with
minor peaks at 31.3°, 32.3°, 35.1°, 36.2° and 54.7°. All these peaks
indicate the formation of Zn0.ZnCl,-2H,0 phase (JCPDS No. 01-077-
2311), which emphasizes that the transformation of ZnCly to ZnO was
not complete (Moezzi et al., 2016). This may be attributed to the fact
that at temperatures above 400 °C, ZnCl, vaporizes and is partially
oxidized to ZnO (Jones et al., 2013). A similar phenomenon was
observed for XRD patterns of magnesium chloride co-pyrolyzed biochar
(MBC). The peak at 10.9°, 21.8°, 22.9°, and 26.7° belongs to MgCly,
which indicates incomplete transformation, whereas the peak at 36.7°
belongs to MgO (Zhang et al., 2014). In both ZBC and MBC, the peaks
corresponding to SiO, were absent. This was probably due to the metal
chloride-based aqueous solution used during the functionalization and
subsequent DI water-washing procedure.

The SEM images of pristine biochar (PBC), along with MBC and ZBC
before and after phosphate adsorption, are shown in Fig. 1 (b-e). The
dispersed particles on the biochar surface are visible for all the prepared
ones. The size of the several biochar particles was around 40-50 pm, and
the surface was rougher. In the case of both MBC and ZBC, biochar’s tiny
pores are also visible (Fig. 1 (b)-(c)). The EDS analysis of P-laden ZBC
shows 8.9 wt% of Zn on ZBC was present (Fig. S1). Thus, it indicates that
the functionalization process deposits functional metals on the surface.

3.2. Effect of solution pH and adsorbent dosage on phosphate removal

The initial pH of the solution is a significant dominating factor for the
adsorption process of phosphate from aqueous media because of its ef-
fect on the surface charge of biochar (Khandaker et al., 2017). The so-
lution pH is also important because it affects the structural stability of
the adsorbent. The dependence of pH on the phosphate adsorption was
investigated (from pH 3 to pH 9), and the result has been depicted in
Fig. 2 (a). This figure exhibits that the initial pH of the solution strongly
influenced phosphate adsorption on biochar. The adsorption capacity of
phosphate increases from 20.59 mg/g to 41.46 mg/g with an increase in
initial pH (from pH 3 to pH 5). The highest uptake capacity at the given
conditions was observed at pH 5, after which the capacity decreased.
From the distribution of phosphate species, it is evident that three
different ionic species (HoPOx, HPOZ, and POY) exist in solution at
various pH conditions (Chen et al., 2021). In this study, the maximum
adsorption occurs as a monovalent phosphate ion (HyPO3), as it is the
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Fig. 2. (a) Effect of pH on phosphate removal using Zn-doped biochar [Con-
dition: Initial phosphate concentration 200 mg/L; Adsorbent dosage 3.5 g/L;
Shaking speed 200 rpm; Operating time 2 h], and (b) Phosphate removal using
different biochar at varying doses of adsorbent. [Condition: Initial phosphate
concentration 160 mg/L; pH 5; Shaking speed 200 rpm; Operating time 2 h;
Room temperature].
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predominating species at pH 5 (Chanda et al., 2023; Chen et al., 2021).
The pHy, of the ZBC was determined to be 8.6 by the pH drift method. It
signifies that the surface of the biochar is positively charged below pH
8.6 (Fig. S2). Therefore, the adsorption of existing phosphate anions was
favored at a pH lower than the pHp,.. However, at pH 2, the P exists
predominantly as HsPO4, which is less favorable for adsorption onto the
sites (Kumar et al., 2010). At pH 3, both H3PO4 and H,POy are present,
leading to low adsorption at lower pH levels. At higher pH levels (6-8),
the reduced adsorption capacity can be attributed to competition be-
tween anionic phosphate and hydroxyl ions for adsorption sites. How-
ever, pH 5 was selected for subsequent adsorption experiments to
understand the overall adsorption scenario better.

Adsorbent dosage is a crucial parameter in adsorption studies
because it defines the utilization of the optimum amount of adsorbent. In
the present study, the effect of adsorbent dosage on phosphate adsorp-
tion was carried out using three different adsorbents, namely, pristine
biochar (PBC), Mg-doped biochar (MBC), and Zn-doped biochar (ZBC)
keeping pH, initial phosphate concentration and operating temperature
constant. The influence of adsorbent dosage on phosphate removal was
performed in a wide range of dosages (0.5 g/L to 3.5 g/L). The results are
depicted in Fig. 2 (b), where it was obvious that the pristine biochar had
the least removal capacity (16.56 % only) for all tested dosages. On the
other hand, although ZBC and MBC showed similar trends in adsorption,
ZBC demonstrated much better removal capacity. Since the experi-
mental results indicated that ZBC demonstrated more pronounced ef-
fects in phosphate removal, ZBC alone was selected for performing
subsequent experiments. It was evident from Fig. 2(b) that the removal
of phosphate increased with the increase in adsorbent dosage. However,
in the case of ZBC, complete (>99 %) removal of phosphate was achieved
at an adsorbent dose of 3.0 g/L or higher.

3.3. Effect of contact time and study of sorption kinetics

Phosphate adsorption onto ZBC was conducted at different initial
concentrations (100 mg/L and 160 mg/L) over varying contact times, as
illustrated in Fig. 3. The adsorption capacity of ZBC adsorbent was
determined to be 29 mg/g and 35 mg/g at initial concentrations of 100
mg/L and 160 mg/L, respectively. The higher uptake at the higher initial
phosphate concentration can be attributed to the substantial concen-
tration gradient between the bulk solution and adsorbent phase. It is
evident from Fig. 3 that the phosphate adsorption occurred rapidly
during the initial stage (up to 60 min), whereas the adsorption slowed
down until equilibrium was attained. The rapid adsorption phenomenon
at the initial phase can be explained by the dynamic adsorption gradient
of phosphate ions moving towards the active sites of ZBC adsorbent,
where ample vacant sites are readily available on the adsorbent surface.

50
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Fig. 3. Adsorption kinetics for phosphate removal onto ZBC. [Condition:
Adsorbent dosage 3 g/L; pH 5; Shaking speed 200 rpm; Room temperature].

Cleaner Materials 15 (2025) 100287

The dynamic adsorption gradient at the initial rapid adsorption phase is
more significant than that at the latter phase of the sorption process. The
diminution in adsorption over time can be related to an increased oc-
cupancy of the phosphate ions in the aqueous solution.

The time-bound experimental data were analyzed using pseudo-first-
order and pseudo-second-order models, and the kinetic data were
calculated. Fig. 3 depicts the non-linear fitting of these kinetic models
along with the experimental data. The kinetic parameters of the above-
described models were determined and tabulated in Table 1. Based on
the coefficient of determination (RZ), the pseudo-second-order model
demonstrated a better fit. This model is based on assumptions such as
sorption occurring at localized sites, no interactions between sorbed
ions, and the formation of a saturated monolayer on the adsorbent
surface. The pseudo-second-order model contributes to explaining the
process of chemisorption. These findings are consistent with previously
published data (Phuong Tran et al., 2021). Therefore, it can be
concluded that the adsorption adhered to a pseudo-second-order kinetic
model, with sorption taking place on the localized active sites and no
interaction among the adsorbed phosphate anions.

3.4. Sorption isotherms

Isotherms of phosphate adsorption by ZBC were analyzed by using
Langmuir, Freundlich, and Temkin models. These models are called two-
parameter equations, and it is a common practice to use two-parameter
equations rather than three-parameter equations (e.g., Redlich-Peterson
model) because of the inconvenience of evaluating three isotherm pa-
rameters (Zeng et al., 2004). The results of the phosphate sorption
isotherm are depicted in Fig. 4, where the adsorption capacity is plotted
against the equilibrium phosphate concentration. Fig. 4 indicated that
the sorption capacity increases with increasing phosphate concentration
at a lower concentration range, and a plateau was formed at the end. The
experimental data clearly showed a characteristic L-shaped curve,
where the slope remained relatively consistent at low equilibrium
phosphate concentrations. In the present study, the experimental
isotherm data were analyzed by fitting them to three models (Langmuir,
Freundlich, and Temkin models) using the non-linear regression
method. The essential parameters of the mentioned models are tabu-
lated in Table 2. Considering the R? value, the Freundlich and Temkin
models exhibited significantly better fitting than the Langmuir model.
Based on the current experimental data, the ranking of applicability for
two-parameter isotherm models is roughly as follows: Freundlich ~
Temkin > Langmuir. The exponent 1/n in the Freundlich model reflects
the favorability of the sorption process. A value of 1/n between 0.1 and 1
suggests favorable adsorption. In this study, the obtained 1/n value was
0.111, indicating that the adsorbent (ZBC) surface was favorable for
adsorption. It also suggested a chemisorptive type of adsorption. This
agrees with the study where adsorbate removal using vesicular basalt
rock adsorbent was reported (Alemu et al., 2019). Nonetheless, a
significantly high adsorption capacity of 47.83 mg/g was found,
demonstrating that ZBC could be effectively used as an adsorbent for
removing phosphate from the aqueous solutions.

The notable sorption capacity of ZBC may be attributed to the co-

Table 1
Kinetic parameters of phosphate adsorption by ZBC.

Kinetic model Parameters Phosphate concentration
100 mg/L 160 mg/L
Pseudo-first-order k1 (1/min) 0.17 0.16
qe (mg/g) 29.55 34.79
R? 0.98 0.99
MAPE 4.65 2.63
Pseudo-second-order ko (g/(mg-min)) 0.11 0.01
qe (mg/g) 31.18 36.53
R? 0.99 0.99
MAPE 3.40 1.70
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Fig. 4. Adsorption isotherm models for phosphate removal using Zinc-doped
biochar. [Condition: Adsorbent dosage 3 g/L; pH 5; Shaking speed 200 rpm;
Operating time 2 h; Room temperature].
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pyrolysis of metal chloride (ZnCl,) and biomass feedstock. Impregnation
of metal ions in biochar could increase the phosphate adsorption ca-
pacity of biochar due to good phosphate affinity to the metal oxide
(ZnO), which was transformed from ZnCl, during the pyrolytic process
(Wang et al., 2021). To enhance the credibility of the research, a com-
parison of the phosphate sorption capacities of biochar modified with
zinc and other metals was presented in Table S1. The data demonstrated
that the sorption performance of biochar studied in this research is
highly comparable to other similar adsorbents. Moreover, the substan-
tial sorption capacity suggests that P-laden ZBC could be utilized as a
phosphorus fertilizer. The use of P-laden biochar is discussed in greater
detail in Sections 3.6 and 3.7.

3.5. XPS study of P-laden ZBC

The XPS analysis of ZBC after phosphorus is shown in Fig. 5. The
survey scan shows the existence of Zn, O, C, N, and P (Fig. 5 (a)), which
additionally shows the Zn 2ps,, peak at 1023.4 eV, which can be
assigned to be Zn0O.ZnCly-2H20 The deconvoluted Cls narrow scan
shown in Fig. S2 (b) shows that the C-C or C=C (n-1* interactions) at

Table 2
Calculated parameters of different sorption isotherm models.
Model Langmuir Freundlich Temkin
Parameter qm (mg/g) ki, (L/mg) R? MAPE ( 1) 1/n R? MAPE by (J/mol) kr (L/mg) R? MAPE
11
ke mg " .L%
&
Value 42.41 1.87 0.89 8.91 27.33 0.11 0.97 4.49 3.82 27.26 0.96 5.53
cis coic=c
3 =
= <
g z
2 S
= =
— o
p2s P2
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Fig. 5. XPS analysis of P-laden ZBC: (a) Overall survey scan, narrow (b) O, (¢) C, and (d) P scan.
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284.2 eV are the dominating bond formation for carbon. The other peaks
at 285.8, 287.6, and 288.8 eV represent the C-O-C, C=0, and O-C=0
bonds/functional groups, respectively. The O1s narrow scan (Fig. 5 (c))
confirms the existence of C=0 (at 531.8 eV) and C-O-C (533.6 eV)
bonds/functional group. In Fig. 5 (d), the deconvoluted P 2p narrow
scan shows three peaks, which were at 133.8 eV, 135.3 eV, and 136.7 eV
can be assigned to P 2p3,2, P 2p; /2 and POy /H3PO4 physisorbed in the
surface. The P 2p3,, peak at 133.8 eV position further illustrates the
existence of PO3 in interaction with zinc on the surface of the adsorbent
(Navarathna et al., 2022). XPS analysis of ZBC before phosphate
adsorption was given in Fig. S3.

The XRD analysis (in section 3.1) also confirmed the existence of
both ZnO and Zn0.ZnCl,-H50 phases on the surface of ZBC, which was
generated during low temperature (450 °C) pyrolysis process. The high
phosphate uptake of ZBC can be associated with the existing form of zinc
in the biochar surface.

3.6. Slow-release of phosphate from P-laden ZBC

The release of P from P-laden biochar was carried out by mixing
deionized water without stirring. In several beakers, 200 mg of P-laden
ZBC was poured into 100 ml of deionized water and left for the required
time. The phosphate concentration was measured by centrifugation after
separating the solid biochar from the solution. The study of phosphate
release from P-laden ZBC is presented in Fig. 6, where it is evident that a
slow release of phosphate occurs. Fig. 6 shows that the initial stage of
phosphate release took up to 30 h, which was due to the strong
adsorption bond of phosphate with the biochar surface. A faster rate was
observed until the phosphate release reached 40 % of the adsorbed
phosphate in 180 h (7.5 days), equivalent to approximately 17 mg-P/g
of ZBC (17,000 mg-P/kg of ZBC). Afterward, the release rate slowed, and
42 % of total adsorbed P was released at 336 h, possibly due to the firmly
attached phosphate in the biochar surface. The phosphate release rate in
this study is significantly better than that of MgPA-BC (1 % with DI
water) and CaPA-BC (1 % with DI water) (Jetsrisuparb et al., 2022). The
SEM and EDS of 14-day slow-release P-laden ZBC biochar are shown in
Fig. S1 and S4. The SEM image shows a relatively smooth surface of ZBC
compared to pristine ZBC biochar, and EDS shows the presence of
phosphorous remained after 14 days. A comparative FT-IR analysis be-
tween pristine, ZBC P-laden ZBC and after 14-days slow-release P-laden
ZBC biochar is demonstrated in Fig. S5. A peak at 1098 cm-1 is visible for
both P-laden biochars, which distinguish the phosphate band (Luna-
Zaragoza et al., 2009). However, the intensity decreases for 14-day slow-
released ZBC biochar compared to P-laden ZBC biochar.

The released amount of P is vital as the optimum P amount needed in
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Fig. 6. Slow release of phosphate from P-laden ZBC. [Condition: 100 ml
deionized water, 200 mg biochar].

Cleaner Materials 15 (2025) 100287

soil (45-50 mg-P/kg soil) for plant growth and crop yields (Yao et al.,
2013). Notably, among the total P in phosphate-laden biochar, about 19
% of the total P in phosphate-laden biochar could be termed as easily
accessible P for plant (Yao et al., 2013). Therefore, the present study
suggested a high feasibility of utilizing P-laden ZBC directly into the soil
as a slow-release fertilizer for the sustainable production of crops. Since
the biochar was derived from kitchen waste (vegetable and fruit) and is
used for phosphate uptake, which could be utilized as a slow-release P-
fertilizer, the developed system would be closer to attaining a circular
economy.

3.7. Effectivity analysis of P-laden ZBC as a potential slow-release
fertilizer

A study of the mung plant was conducted to analyze the effectiveness
of the P-laden ZBC as a potential slow-release fertilizer. Three catego-
rized pots control (without TSP and P-laden biochar), TSP fertilizer, and
P-laden biochar were prepared. Ten mung seeds were planted in each
category of pots. Within five days of seeding, 100 % germination was
observed in the case of both control and TSP fertilized pots, where 90 %
germination was observed for P-laden biochar. The low germination
may be due to a subtle variation in seed quality. After 35 days, the
average height of the mung plants in the pot mixed with P-laden biochar
(P-ZBC with soil) was 30.10 cm, compared to 27.50 cm in the TSP-mixed
pot and 28.90 cm in the soil-only pot. This clearly demonstrates a sig-
nificant increase in plant height in the P-laden biochar treatment (P-ZBC
with soil) compared to the TSP-mixed soil and the soil-only treatments.
Similar results were observed in the growth of pepper seedlings using a
phosphorus slow-release fertilizer (An et al., 2021). The plant growth
data suggests that the release of phosphorus from traditional chemical
fertilizers like TSP, which provides readily available phosphorus due to
its high water solubility, is less effective than the superior slow-release
capability of P-laden biochar. However, the dried biomass of the mung
plant, measured after washing the whole plant with water and drying
overnight at 80 °C, was found to be 66 mg, 53 mg, and 60 mg for P-laden
biochar, TSP, and control-based plants, respectively.

After 70 days, the pods of mung plants from each type of pot were
collected. It was found that 3.68 g, 3.14 g, and 2.86 g of mass per 100
mung beans yielded for P-laden biochar, TSP, and control-based plants,
respectively. This finding indicates that the external phosphorus supply
as a nutrient benefits mung cultivation. It further verifies that slow-
release properties of P-laden biochar offer a better supply of phos-
phorus and are more efficient. Moreover, the dried biomass was
measured again and was found to be 378 mg, 321 mg, and 267 mg for P-
laden biochar, TSP, and control-based plants, respectively. Dry weight
for mung plant followed an order of P-ZBC with soil > TSP-mixed soil >
Soil-only. This suggests that P-laden biochar can improve mung plant
production more effectively than traditional fertilizers (e.g., TSP) and
soil. The results of the plant-based study are summarized in Table 3.

4. Conclusion
In this study, non-edible vegetable waste, a lignocellulosic material,

was transformed into functional biochar through a co-pyrolysis method
using magnesium and zinc chloride salts. The resulting biochar was

Table 3
Summarized results of the plant-based study.

Category After 35 days After 70 days
Plant height Dry biomass 100 Bean Dry biomass
(cm) (mg) weight (g) (mg)
Control 28.90 60 2.86 267
TSP 27.50 53 3.14 321
P-laden 30.10 66 3.68 378
ZBC
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tested as an adsorbent for phosphate (P-PO3™) from synthetic solutions.
Results indicated that zinc chloride-doped biochar (ZBC) outperformed
both pristine and magnesium chloride-doped biochar in phosphorus
removal. The ZBC exhibited an adsorption capacity of 47.83 mg/g at pH
five and followed pseudo-second-order kinetics, with sorption data
aligning well with the Freundlich isotherm model. Additionally, P-laden
ZBC demonstrated a slow release of phosphorus, with 42 % of the
adsorbed phosphorus released over 336 h, highlighting its potential as a
slow-release phosphorus fertilizer. A pot study using mung plants
revealed that those grown with ZBC-enriched soil exhibited enhanced
growth and produced higher dry biomass compared to plants grown
with the other two categories. Notably, the weight of mung beans
cultivated in ZBC-based pots was 17 % greater than that of those grown
with triple super phosphate (TSP). These findings suggest that ZBC,
derived from non-edible waste, can effectively recover phosphorus from
wastewater and serve as a slow-release fertilizer in agricultural settings.
The abundant availability of non-edible vegetable waste and the con-
version process into biochar underline its potential role in promoting a
circular economy.
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