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Abstract 

Biochar, a stable carbon material derived from biomass pyrolysis, shows promise in agriculture and environmental remedia-
tion due to its high porosity, surface area, and ion exchange capacity. Its effectiveness as a filter for emerging contaminants 
like ammonia and micro/nanoplastics (MNPs) depends on feedstock type and pyrolysis conditions. This study first evaluated 
biochars produced from corn cob, cocoa husk, walnut shell, and bamboo under varying pyrolysis temperatures and resi-
dence times. Comprehensive characterization included elemental composition, porosity, surface functional groups, and poly-
cyclic aromatic hydrocarbons (PAHs). Woody feedstocks (bamboo, walnut) yielded biochars with higher carbon content, 
surface area, and pore volume, while corn cob biochars provided balanced properties that warranted detailed investigation. 
Increasing pyrolysis temperature and time enhanced these properties but reduced oxygen-containing functional groups 
and variably affected PAH levels. Subsequent adsorption studies focused on corn cob biochars. Filtration tests with ammo-
nia (1–100 ppm) and polystyrene MNPs (0.10–2.10 μm, up to 2 × 10⁷ particles/mL) showed that high-temperature samples 
achieved the best performance. Corn cob biochar prepared at 700 °C for 2.5 h removed 63.95% of ammonia (10 ppm, 30 g 
loading) and 97.99% of MNPs, with removal efficiency influenced by pyrolysis conditions, biochar load, and contaminant 
concentration. Importantly, no detectable release of 16 EPA priority PAHs was observed in leaching tests, confirming envi-
ronmental safety. Regeneration experiments further demonstrated that corn cob biochars could be re-pyrolyzed and reused 
for three cycles with only modest efficiency losses, with CCB700 maintaining > 55% ammonia removal after Cycle 3. These 
findings highlight biochar’s potential as a sustainable, low-cost, and reusable filtration material for water treatment. Produced 
from agricultural residues, biochar can mitigate emerging contaminants when engineered under optimized pyrolysis condi-
tions while minimizing environmental risks, supporting its practical application in eco-friendly wastewater treatment systems.

Highlights 

•	 Biochars derived from  agricultural byproducts effectively removed >90% of  microplastics and  up  to 64% 
of ammonia from contaminated water.

•	 Feedstock type and pyrolysis conditions significantly influenced the porosity, surface area, and adsorption perfor-
mance of biochar.

•	 Optimized biochars offer a  low-cost, sustainable solution for  the  removal of ammonia and micro/nanoplastics 
in water treatment.
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1  Introduction
Wastewater pollution is a critical global issue, with 
urbanization, agriculture, and industrial activities gen-
erating ~ 380 trillion liters of contaminated water annu-
ally (Cosgove And Loucks 2015). These waters often 
contain harmful pollutants such as ammonia, pesti-
cides, PFAS, and micro/nanoplastics (MNPs), leading 
to serious environmental and health risks (Chen 2024). 
Untreated discharges contribute to pollution, biodiver-
sity loss, eutrophication, and public health crises (Babuji 
et al. 2023; Lyiola et al. 2022). Water contamination also 
impacts agriculture and industry by reducing water avail-
ability, degrading land, and increasing maintenance and 
treatment costs (Weerasooriya et al. 2021).

Among the water contaminants, ammonia and MNPs 
are of particular concern due to their severe environ-
mental and human health impacts. Ammonia is toxic 
to aquatic organisms even at low levels; concentrations 
above 0.5 mg/L NH₃–N can inhibit fish growth, and lev-
els of 2  mg/L can be lethal to sensitive species such as 
salmonids (Boyce 2023). For humans, chronic exposure 
through drinking water has been linked to neurological 

and reproductive disorders (Zhu et  al. 2021). Ammonia 
contamination is widespread, originating from livestock 
effluents, fertilizer runoff, and industrial discharges, and 
it remains a key contributor to eutrophication in riv-
ers and lakes (Farghali et  al. 2024). On the other hand, 
ammonia is also a vital nitrogen source for fertilizers and 
a raw material for plastics, textiles, and dyes, highlighting 
the dual challenge of mitigating its ecological risks while 
enabling resource recovery (Mousavi et  al. 2022). Given 
its dual nature as both a pollutant and a valuable mate-
rial, the removal and recycling of ammonia from con-
taminated water are critical for safeguarding ecosystem 
health while supporting economic sustainability.

Micro- and nanoplastics (MNPs) have emerged as 
a persistent and less tractable contaminant (Li et  al. 
2024). Recent surveys report microplastic concentra-
tions exceeding 106 particles/m3 in rivers near waste-
water treatment plants, and their ingestion has been 
documented in more than 100 aquatic species, including 
commercially important fish and shellfish (Sharma et al. 
2024). Laboratory studies show that ingested MNPs can 
induce oxidative stress, disrupt endocrine function, and 
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impair growth in fish and invertebrates (Haque et  al. 
2024). For humans, MNPs have been detected in drink-
ing water, salt, and even placental tissue, raising concerns 
about long-term health effects (Crini And Lichtfouse 
2019) Unlike conventional pollutants, MNPs are not 
effectively removed by standard wastewater treatment 
processes, facilitating their accumulation and potential 
biomagnification in food chains (Dey And Uddin 2021).

Addressing both ammonia and microplastics in con-
taminated water treatment is crucial for mitigating envi-
ronmental risks and ensuring water quality. However, 
despite advances in wastewater treatment technologies, 
several technical bottlenecks remain unresolved. Con-
ventional adsorbents and filtration materials such as 
activated carbon, ceramic filters, and activated alumina 
are effective for certain pollutants (e.g., heavy metals, 
fluoride, and ammonium), but their performance against 
emerging contaminants such as micro/nanoplastics 
(MNPs) remains limited (Crini And Lichtfouse 2019). 
Additionally, their application is further constrained by 
high operational costs when treating large water volumes, 
difficulties in regeneration, and the risk of secondary 
pollution from spent adsorbents or plastic-based filtra-
tion media (Kesari et  al. 2021). Moreover, most current 
studies focus on single contaminant classes in isolation, 
leaving the simultaneous removal of chemically distinct 
pollutants—ionic species like ammonia and particulate 
contaminants like MNPs—largely unexplored (Arbabi 
et al. 2023). These gaps highlight the dual challenges and 
urgent need for multifunctional, cost-effective, and envi-
ronmentally safe adsorbents capable of addressing both 
traditional and emerging contaminants under practical 
treatment conditions.

To address this gap, the present study investigates bio-
char as a sustainable and multifunctional filtration mate-
rial for the simultaneous removal of ammonia and micro/
nanoplastics from water. Biochar is a stable form of car-
bon that is produced from a variety of biomass, namely, 
agricultural waste byproducts (Patra et  al. 2021). It is 
considered a sustainable and environmentally friendly 
material that has been gaining increasing attention for 
its capability to reduce carbon footprints and poten-
tial applications in many sectors, including water filtra-
tion and contaminant removal (Fawzy et al. 2021; Chen 
et  al. 2019). Compared with other carbon-rich materi-
als, biochar possesses many unique physicochemical and 
structural properties. Biochar typically has a high fixed 
carbon content due to the stabilization of carbon through 
pyrolysis, making it an effective and stable carbon sink. 
Additionally, its high surface area and porous structure 
enhance its ability to retain water and essential nutrients. 
Furthermore, the properties of biochar vary depend-
ing on the biomass feedstock and pyrolysis conditions, 

resulting in different oxygen-containing functional 
groups (OCFGs) (Fan et al. 2018). These OCFGs, includ-
ing hydroxyl (-OH), carboxyl (-COOH), carbonyl groups 
(-C = O) and phenolic groups (aromatic-OH), have been 
widely recognized as key active sites for ion exchange, 
metal chelation, and nutrient retention (Zhou et al. 2022; 
Liu et al. 2023). Prior studies also reported that pyrolysis 
conditions strongly influence pore development and sur-
face chemistry, which in turn regulate adsorption perfor-
mance (Luo et al. 2023).

With these features, biochar has been investigated and 
is recognized as an effective medium for capturing and 
immobilizing various contaminants from water sources, 
including heavy and toxic metal ions, inorganic nutri-
ents, such as ammonium, nitrate, and phosphate, and 
organic nutrients (Luo et al. 2023; Patel et al. 2022). Mul-
tiple biochar-contaminant adsorption mechanisms were 
proposed and validated, including ion exchange, sur-
face complexation, electrostatic attraction, and porous 
physical adsorption, contingent on the specific ions and 
environmental conditions. Many previous studies dem-
onstrated that biochar exhibits varying levels of effec-
tiveness in adsorbing toxic and heavy metal ions, such as 
lead, cadmium, chromium, zinc, and nickel (Chen et  al. 
2023; Gao et al. 2023). For example, date seed-based bio-
char showed remarkable adsorption capacity for lead 
ions through surface complexation effects (Mahdi et  al. 
2018), while chicken manure-based, oat hull-based, 
and pine bark-based biochars achieved strong Cu2+ and 
Zn2+ adsorption through electrostatic attractions (Zahra 
et  al. 2022). Also, a recent study showed that rice husk 
biochars can exhibit different adsorption mechanisms 
under different conditions (Bushra And Remya 2024a). 
The adsorption was primarily attributed to pore-filling, 
but when pH was below 5, the surface complexation 
became prominent, and in concentrated lead or zinc 
environments, the ion exchange became a major effect 
(Bushra And Remya 2024a). The hybrid adsorption path-
ways are also applied in the adsorption of inorganic and 
organic nutrients by biochar. One previous study showed 
the mechanisms of adsorbing ammonium by biochar, 
which indicated that although ion exchange was the 
predominant contributor, the surface complexation also 
facilitated the adsorption process, especially at higher 
temperatures (Xu et  al. 2022). Similarly, this phenom-
enon was also reported in the adsorption of phosphate, 
as the acting adsorption mechanisms were found to be 
dependent on pH, temperature, and phosphate species 
(Luo et al. 2023). More recently, Zhao et al. demonstrated 
that coupling biodegradable microplastics with biochar 
can enhance cadmium chelation and reduce plant Cd 
uptake, highlighting how biochar can simultaneously 
interact with emerging contaminants and heavy metals 
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in complex environmental systems (Zhao et al. 2025). In 
addition to ionic species, biochar has also been explored 
for removing MNPs from water. Current studies suggest 
that retention is primarily achieved through structural 
pathways such as surface trapping and pore-filling, with 
electrostatic attraction playing an additional role under 
certain pH conditions (Subair et  al. 2024; Ahmed et  al. 
2016). However, research on biochar–MNP interactions 
remains limited, and further efforts are needed to clarify 
mechanisms and optimize performance against particu-
late contaminants. In this context, recent studies have 
increasingly focused on the modifications of biochar, 
including surface treatment and functionalization, graft-
ing and coating with new moieties, and hybrid additives 
or biological activation, which can effectively enhance 
adsorption capacities (Kumar et al. 2022).

Despite its potential as an adsorbent and filtration 
material, biochar faces several challenges that hinder 
its widespread application. Its physicochemical, struc-
tural, and techno-functional properties vary significantly 
depending on pyrolysis conditions and feedstock, yet 
there is a knowledge gap in optimizing these conditions 
to achieve desirable properties cost-effectively (Gai et al. 
2014). Before biochar-based water filters can be widely 
adopted and scaled up, their configurations and filtra-
tion conditions require comprehensive investigations. 
Additionally, current research has primarily focused 
on conventional contaminants, while the adsorption 
mechanisms for emerging contaminants are still not well 
understood (Siipola et  al. 2020). Another critical chal-
lenge is the potential secondary contamination from 
biochar itself. Depending on the pyrolysis conditions 
and the feedstock, biochar contains varied levels of poly-
cyclic aromatic hydrocarbons (PAHs), which may leach 
into the water and pose a risk of secondary contamina-
tion (Buss et  al. 2022). To address these concerns, sig-
nificant research work needs to be done to investigate 
the impacts of pyrolysis and the type of feedstock on the 
characteristics of biochar as filtration materials and the 
cost-effectiveness of the filtration practices.

This study explored the use of biochar made from a 
variety of agricultural wastes as adsorbents for remov-
ing contaminants from water. Biochar was produced 
from agricultural biomass through pyrolysis under vary-
ing conditions. The resulting biochars were character-
ized in terms of morphology, composition, and surface 
properties, while the effects of pyrolysis conditions on 
biochar production were also examined. For wastewater 
treatment, the optimal biochars were ground into fine 
powders suitable for filtration. A model filtration sys-
tem was used to treat water samples containing either 
ammonia or polystyrene micro/nanoplastics (PS-MNPs) 
at different concentrations. The adsorption efficiency was 
evaluated separately for each contaminant, and the cor-
responding adsorption mechanisms were subsequently 
investigated respectively. This study therefore aimed to 
compare biochar’s performance against a dissolved nutri-
ent (ammonia) and an emerging particulate contaminant 
(PS-MNPs), in order to elucidate how biochar properties 
influence adsorption pathways across distinct pollut-
ant classes. In addition, practical application of biochar 
filters depends not only on initial adsorption but also on 
their potential for reuse. To address this, a preliminary 
regeneration test was performed in which biochars used 
for 10  ppm ammonia removal were re-pyrolyzed and 
re-tested, allowing comparison of adsorption efficiency 
across cycles.

2 � Methods
2.1 � Biochar preparations
In this study, biochars were obtained by pyrolysis or 
gasification of agricultural waste byproducts, including 
corn cobs, cocoa husks, nutshells, bamboo, and poultry 
litter (Table 1). Poultry litter biochars were produced by 
gasification at 1000 °C for 2.5 h under atmospheric pres-
sure in an oxygen-limited reactor (Joardar et  al. 2020). 
Corn, cocoa husk, nutshell, and bamboo biochars were 
produced by pyrolysis of the corresponding feedstocks 
(sourced from local farms): corn cob stalks, peeled cocoa 
husks, matured nutshells, and bamboo stalks (Amin 

Table 1  Preparations of biochars from various feedstocks

Biochar type Feedstock Producing method Temperature Residence time

Corn cob biochars
(CCB)

Peeled corn cob stalks Pyrolysis 350, 550, or 700 °C 1.5 h or 2.5 h

Cocoa husk biochar
(CHB)

Peeled cocoa husks Pyrolysis 350, 550, or 700 °C 1.5 h or 2.5 h

Walnut shell biochar
(WSB)

Matured nutshell Pyrolysis 350, 550, or 700 °C 1.5 h or 2.5 h

Bamboo stalk biochar (BSB) Bamboo stalks Pyrolysis 350, 550, or 700 °C 1.5 h or 2.5 h

Poultry litter biochar (PLB) Poultry litters Gasification 1000 °C 2.5 h
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2018; Tsai et al. 2018; Dias et al. 2025; Kumar et al. 2025). 
Prior to pyrolysis, corn cobs and bamboo stalks were 
peeled to remove straws and leaves, then cut into ~ 10 cm 
pieces.

In the pyrolysis process, the biomass was individually 
kept in a stainless steel crucible and placed into a muf-
fle furnace (Model QCF-1200, Across International LLC, 
Livingston, NJ, USA). The pyrolysis was carried out 
under −15 psi, and the pyrolysis temperatures were set at 
350 °C, 550 °C, or 700 °C. The heating rate of the pyroly-
sis processes was 20 °C/min and the residence time was 
1.5 or 2.5  h. Upon the completion of the pyrolysis pro-
cess, the furnace was shut down, and the samples were 
left in the furnace chamber until the furnace was cooled 
down to room temperature (within 1 h). The yields of the 
resulting biochar samples were calculated as in Eq. 1:

2.2 � Biochar characterizations
The resulting biochar samples were milled and ground 
into particles by hammers with an average particle size 
of 779.76  μm. This particle size was chosen to balance 
handling convenience with structural integrity, while 
also ensuring consistent loading in the funnel filtration 
system. The microstructure and morphologies of the 
biochar samples were observed via the scanning elec-
tron microscope (SEM, Apreo 2 VolumeScope™, Thermo 
Fisher Scientific Inc., Waltham, MA, USA) with platinum 
sputtering. The compositions of biochars, including total 
carbon, hydrogen, and oxygen contents, were measured 
via elemental analysis (Vario EL cube Elementar Analyzer 
6720, Elementar Inc., Ronkonkoma, NY, USA). About 
10 mg of biochar samples were combusted for 120 s and 
analyzed, and the H/C and O/C molar ratios were then 
calculated. The mineral contents (P, K, Ca, Mg, Zn, Fe, 
etc.), pH and cation exchange capacity (CEC) were ana-
lyzed by the Mehlich 3 extraction-based analysis routine. 
The polycyclic aromatic hydrocarbons contents were 
investigated by a GC–MS system (Intuvo GC-MSD/
Agilent 7697A, Agilent, Santa Clara, CA, USA), 10 μg of 
biochar was suspended in 100 μL dichloromethane for 
the test, and the contents of PAHs were calculated by 
integrating and comparing with NIST Research Library 
(Buss et  al. 2022). The surface area, pore size, and vol-
ume were measured and investigated by the Brunauer–
Emmett–Teller (BET) method (Micromeritics ASAP 
2020 BET Analyzer, Micromeritics Instrument Corpo-
ration, Norcross, GA, USA), approximately 150  mg of 
biochar samples were used with thermal isolation protec-
tion. Zeta potential measurements were performed on 
Wyatt Mobius DLS Zeta (Wyatt Technology LLC, Santa 

(1)Yields% =

Massofbiochar/g

Massofcornstock/g
× 100

Barbara, CA), prior to the test, 0.1 g biochar sample was 
suspened in 50  mL deionized water and sonicated for 
30 min).

The thermally decomposed contents of biochars were 
characterized by the published method (Bushra And 
Remya 2024b). Before tests, the biochars were placed in 
the muffle furnace at 110 °C for 24 h to remove moisture. 
To measure the ash contents, the biochars were com-
busted in the muffle furnace at 500 °C for 8 h. After cool-
ing down, the ash content was determined by Eq.  2. To 
measure the volatile matters, the biochars were heated in 
the muffle furnace at 950 °C for 7 min in an oxygen-free 
atmosphere. After cooling down, the volatile content was 
determined by Eq. 3.

2.3 � Water filtration studies with biochar
The biochar samples were ground to pass a sieve with a 
500 µm mesh before use. Biochars were soaked in 70 °C 
DI water, at a ratio of 20 mL per gram of biochar, for 2 h 
prior to centrifugation. After hot water incubation, the 
biochar suspension was centrifuged at 1100 × g for 1 h. 
Finally, the deposits were dried in an oven at 50 °C over-
night with constant airflow. The biochar samples without 
activation were also used for filtration tests as references.

A conical funnel-based filtration system was set up 
for the filtration tests. Filter papers with varied diam-
eters (12 to 18 cm) to hold varied amounts of biochar 
(Fisher Scientific, P5 grade, pore size of 20  μm) were 
used with dimensionally matched funnels. The bio-
char samples were filled into the filter papers in fun-
nels and tapped firmly to ensure the funnels were fully 
loaded. The system was gravity-driven, with no exter-
nal pressure applied. Filtration proceeded at a flow rate 
of ~ 1.8–2.2  mL/s across the small- and medium-scale 
funnels. Pressure drop was not directly measured but 
was minimized by maintaining uniform funnel and 
filter paper configurations. The variations of biochar 
loading, volume, and height by filter paper size were 
summarized in Table  2. Control experiments using P5 
filter papers without biochar showed < 0.3% removal 
of ammonia, confirming that the filter served only as 
mechanical support and did not contribute measurably 
to contaminant removal.

Ammonia and polystyrene micro/nanoplastic (PS-
MNPs) were selected as the model contaminants to 
be removed from water by biochar. For the ammonia 

(2)Ashcontent% =

Massofashresidue/g

Massofdrybiochar/g
× 100

(3)
Volatilemattercontent% =

(Massofdrybiochr −Massofresidue)/g

Massofdrybiochar/g
× 100
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adsorption studies, ammonia solutions with 1  ppm, 
10 ppm, and 100 ppm of free ammonia were prepared 
by diluting concentrated ammonia stock solutions 
(Arocep Inc., 1000  ppm) with DI water. For each fil-
tration experiment, 50  mL of ammonia solution was 
poured onto the biochar stack surface and allowed to 
spread into the biochar and eventually pass through the 
biochar stacks. The filtrates were collected and meas-
ured for the concentration of the remaining ammonia 
by a multiparameter meter (YSI MultiLab 4010–2, YSI 
Incorporated, Yellow Springs, Ohio, USA), and the 
adsorption efficiency of ammonia by biochar samples 
was calculated by the following equation:

And it can be simplified as

where C1 and C2 are the concentrations of ammonia solu-
tion before and after biochar filtration, V1 is the initial 
volume of ammonia solution before filtration, and V2 is 
the collected volume after biochar filtration. Cblank is the 
ammonia concentration through the blank filter paper, 
and VBlank is the collected volume after flowing through 
blank filter paper.

To investigate the adsorption mechanism of ammo-
nia, biochar samples were collected after filtration 
experiments with 100  ppm ammonia solutions. The 
recovered biochars were oven-dried at 60  °C and 
ground for analysis. FT-IR spectra were recorded on 
a Nicolet Nexus 470 FT-IR Spectrometer (ATR mode, 
Thermo Electron Scientific Instruments Corporation, 
Madison, WI, USA) in the range of 4000–600 cm⁻1 with 
32 scans at 16  cm−1 resolution. Zeta potential meas-
urements were performed on biochar before and after 
ammonia adsorption.

The filtration of MNPs was performed similarly to 
ammonia. Water samples containing PS-MNP (Invitro-
gen FluoSpheres™, labeled by yellow-green fluorescent 

(4)Adsorption effiency% =
(C1V1 − C2V2)− (C1V1 − CBlankVBlank)

C1V1
× 100

(5)

Adsorption effiency% =
CBlankVBlank − C2V2

C1V1
× 100

505/515) with four different particle sizes (the average 
sizes were 0.10, 0.50, 0.95, and 2.10 μm individually) were 
prepared by following a protocol developed in a previ-
ous study (Müller et  al. 2020). Briefly, concentrated PS-
MNP stock suspensions (1 × 1010 numbers/mL, pH 5.0) 
were mixed with HPLC-grade water (Thermo Fisher Sci-
entific Inc., Waltham, MA) and ultrasonicated for 1 h to 
obtain working suspensions containing 2 × 105, 2 × 106, 
and 2 × 107 numbers/mL. For pH experiments, aliquots of 
the suspensions were adjusted to pH 5.0, 7.4, or 9.0 using 
standard buffer solutions (Fisher Scientific). All suspen-
sions were stored at 4 °C until use. Prior to filtration, each 
suspension was ultrasonicated for 30 min with 300 rpm 
of stirring to ensure homogeneous distribution of the 
MNP particles.

The filtration was carried out following the same 
protocols for the ammonia solutions as mentioned 
above. After filtration, the fluorescent MNP content 
was measured using a UV–visible spectrophotom-
eter (SpectraMax 384 Plus Microplate Reader, Molecu-
lar Devices, LLC, San Jose, CA, USA) with wavelength 
λex = 505/ λem = 515  nm. A calibration curve was con-

structed based on an MNP concentration of 5  µg/mL 
(R2 = 0.9997). Filtration efficiency for PS-MNPs was cal-
culated as the percentage reduction in particle concen-
tration between the influent suspension and the collected 
filtrate. Particle concentrations before and after filtration 
were determined from UV–Vis absorbance at 525  nm 
using a standard calibration curve (HPLC water as ref-
erence). Blank filter paper controls (P5 grade, 20  µm) 
showed < 0.5% apparent removal, confirming that the 
support medium did not measurably contribute to MNP 
retention. The adsorption efficiency of PS-MNPs by bio-
char was also calculated by the Eq. 5.

Prior to adsorption and filtration experiments, the 
fluorescent PS-MNPs were also characterized by flu-
orescence microscopy. A fluorescence microscope 
(Zeiss LSM880, Carl Zeiss Vision Inc., Blackwood, NJ, 
USA) equipped with a FITC filter set (λ_ex = 505  nm, 
λ_em = 515  nm) was used to visualize the yellow-green 
labeled particles. A 10 µL aliquot of each suspension was 
drop-cast onto a glass slide, covered with a coverslip, and 
imaged at 40 × magnification. Images were captured with 
an integrated CCD camera and analyzed using Zen 2.3 
SP1 software. This characterization step confirmed the 
fluorescence and approximate size distribution of the PS-
MNPs prior to use. The biochar samples after filtration 
treatments were also characterized by SEM, BET and zeta 

Table 2  Parameters of the water filtration system with biochar

The scale 
of filtration 
units

Diameter of 
filter paper 
(cm)

Funnel 
volume 
(cm3)

Biochar 
stack height 
(cm)

Biochar 
loading 
(g)

Small (S) 12 84 2.5 7.5

Medium (M) 15 162 3.5 15

Large (L) 18 298 5.5 30
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potential tests with the same method described before, 
for the investigation of PS-MNPs adsorption mechanism.

A preliminary regeneration test was conducted to 
assess the reusability of biochar for ammonia removal. 
After the initial adsorption experiment with 10  ppm 
ammonia solution (Cycle 0), the used biochars were col-
lected, oven-dried at 60  °C, and re-pyrolyzed under the 
same thermal conditions as their original production. 
The regenerated biochars were then reused (15 g per test) 
in filtration experiments with 10  ppm ammonia solu-
tion (Cycle 1). This procedure was repeated for a total of 
three regeneration steps, generating results from Cycle 
0 through Cycle 3. Adsorption efficiency was measured 
in the same manner as described above and compared 
across cycles to evaluate regeneration performance.

To assess potential secondary pollution from biochar, 
a 24-h static leaching test was conducted using repre-
sentative biochar samples. In each test, 1.0 g of biochar 
was immersed in 100  mL of deionized water and gen-
tly agitated at room temperature for 24  h. The suspen-
sions were filtered through 0.45  µm membranes, and 
the supernatants were analyzed by using GC–MS via the 
same analysis method. These measurements were per-
formed to evaluate the potential release of PAHs into the 
aqueous phase during filtration.

2.4 � Data analysis
In this study, all the measurements, such as the elemen-
tal composition, physicochemical properties, and volatile 
compounds, were performed in triplicate. The practices 

for preparing biochar samples and filtration studies were 
also carried out in triplicate. All the results were pre-
sented as mean ± standard deviation (unless specifically 
noted). The results were analyzed using analysis of vari-
ance (ANOVA) and post hoc analysis; the difference was 
considered to be statistically significant when p < 0.05. 
The graphics were made using Origin (OriginPro 2023, 
OriginLab Corporation, Northampton, MA).

3 � Results
3.1 � Preparations and characterizations of biochar samples
In this work, a variety of biochars were produced by 
pyrolysis and gasification using 5 different feedstocks. 
The obtained biochars possessed a high and broad range 
of carbon contents, ranging from 67.66% to 86.62% 
depending on the feedstock type and processing condi-
tions (revealed by the elemental analysis, in Table  S2, 
Supplementary Materials). The biochar products were 
characterized by the scanning electron microscope 
(SEM, images were provided in Fig.  1), which indicated 
that the obtained biochar products among all feedstocks 
possess a highly porous and multiple-layered micro-
structure. The structural features were further validated 
by the Brunauer–Emmett–Teller (BET) tests (shown in 
Table  S5), as discussed in the supplementary materials. 
The combination of high carbon content and well-devel-
oped porosity makes these biochars highly effective can-
didates for contaminant adsorption and water filtration 
applications.

Fig. 1  Scanning electron microscope (SEM) images of biochar representatives. (a) Corn cob-based biochars (CCB550), (b) Cocoa husk-based 
biochars (CHB550), (c) Walnut shell-based biochars (WSB550), (d) Bamboo stalk-based biochars (BSB550), (e) Poultry litter-based biochars (PLB). Font 
color (black or white) was selected based on image background contrast to ensure legibility
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The physicochemical properties of the biochars were 
strongly influenced by both feedstock type and pyroly-
sis conditions. Bamboo stalk and walnut shell biochars 
showed the highest yields (up to ~ 46% and 44%, respec-
tively), while corn cob and cocoa husk biochars pro-
duced lower yields. Elemental analysis confirmed that 
higher pyrolysis temperature and longer residence time 
increased carbon content and aromaticity while reduc-
ing hydrogen and oxygen contents, consistent with 
greater thermal stability. Feedstock choice also dictated 
composition; for example, poultry litter biochar con-
tained markedly higher mineral levels (Ca, K, P, Fe, and 
Zn), whereas bamboo biochar exhibited relatively low 
mineral contents. Notably, corn cob biochar pyrolyzed 
at 700  °C (CCB700) displayed the highest carbon con-
tent of (86.89 ± 1.12)% (Supplementary Information, 
Table S2), while bamboo biochar (BSB550) exhibited the 
largest BET specific surface area (77.19 ± 2.07 m2/g, see 
Supplementary Information, Table  S5). Across all feed-
stocks, increasing pyrolysis severity reduced yields but 
enhanced carbonization and mineral retention patterns. 
These results confirm that both raw material and thermal 
treatment play critical roles in tuning biochar properties, 
while detailed data on yield, density, elemental composi-
tion, surface area, and mineral contents are provided in 
the Supplementary Information (Tables S1-S6).

The 16 USEPA-regulated PAHs were quantified across 
biochars (Table S4). Naphthalene dominated, while other 
light PAHs (fluorene, phenanthrene) remained < 5  mg/
kg, and heavy PAHs (e.g., benzo[a]pyrene) appeared only 
in trace amounts (< 1.5  mg/kg) in corn and cocoa husk 
biochars. Feedstock shaped PAH patterns: cocoa husk 
showed the broadest spectrum, nutshell had elevated 
acenaphthylene (3.1 mg/kg), and poultry litter exhibited 
the lowest levels with no heavy PAHs. Higher pyrolysis 
temperature lowered light but slightly increased heavy 
PAHs, and longer residence time marginally raised totals. 
All samples remained below the 12 mg/kg European Bio-
char Certificate limit, and no PAHs leached after 24  h 
tests, confirming minimal risk.

Overall, both feedstock type and pyrolysis conditions 
markedly influenced the yield, carbon content, mineral 
composition, and structural properties of the result-
ing biochars. Higher temperatures and longer residence 
times generally increased carbon stability and surface 
area but reduced yield and volatile matter. At the same 
time, these conditions were associated with elevated ash 
levels and shifts in (PAH) composition, with light PAHs 
such as naphthalene being most abundant and heavy 
PAHs present at relatively low concentrations. These 
findings emphasize the need to optimize processing 
parameters to balance performance with environmental 
safety. Comprehensive data, including detailed elemental, 

mineral, and PAH profiles, are provided in the Supple-
mentary Information (Tables S1-S6).

3.2 � Adsorption and filtration studies on contaminants
In the filtration studies, we explored the effectiveness 
of using these biochar samples to adsorb ammonia and 
MNPs in water. Control tests using P5 filter paper with-
out biochar showed < 0.3% and < 0.5% removal of ammo-
nia and MNPs respectively, confirming that contaminant 
removal was attributable to the biochar layer rather than 
the support medium. Accordingly, removal efficiencies 
were calculated using the support-corrected equation 
(Eq.  5), though the correction did not materially affect 
the values because blank retention was negligible.

Figure  2 and Fig.  3 summarize the removal rates of 
ammonia from ammonia-containing solutions by fun-
nel filters with different biochar loads or different 
types of biochar. Bamboo biochar achieved the highest 
removal of ammonia (55.12%) (Fig. 2a) when the ammo-
nia removal rates by biochar made from different feed-
stocks were compared at the same  pyrolysis conditions. 
However, the removal rate achieved by bamboo biochar 
is still significantly lower than the removal rate achieved 
by biochar produced from poultry litter by gasification 
(67.62%). When the impacts of biochar activation by hot 
water incubation were compared for all corn cob bio-
char samples, a significant increase in removal rate was 
found for corn cob biochar produced at 350 °C with hot 
water incubation (Fig. 2b) (Panwar And Pawar 2022). The 
pyrolysis temperature was a significant factor for ammo-
nia removal rate. Though all three corn cob biochar sam-
ples demonstrated at least a 35% removal rate, CCB700 
achieved greater removals of ammonia than CCB550 and 
CCB350 (Fig.  2b). Figure  3a shows the removal rate of 
ammonia from solutions containing 1  ppm to 100  ppm 
ammonia by corn biochar samples. Overall, CCB700 
achieved higher ammonia removal rates, especially for 
solutions with high levels of ammonia; the removal rates 
were significantly higher than those achieved by CCB350 
and CCB550.

Also, the level of ammonia in the solutions before fil-
tration can influence the removal rates significantly 
(Fig.  3a). In a less concentrated solution (1  ppm), all 
biochars can adsorb more than 65% of ammonia from 
the solution, but when increasing the concentration of 
ammonia to 10 ppm and 100 ppm, the removal rates had 
all been compromised. At 10  ppm, CCB700 could still 
maintain a removal rate greater than 60%, however, the 
removal rates achieved by CCB550 and CCB350 reduced 
to 46.48% and 40.93%, respectively. At 100 ppm, all bio-
char samples showed reduced adsorption, as the ammo-
nia removal rates significantly decreased to less than 
35%. The effects of biochar loading in the funnel filters 
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on the ammonia adsorption were found to vary in differ-
ent cases associated with ammonia concentration. With 
moderate ammonia concentrations (10  ppm, Fig.  3b), 
higher CCB550 loads resulted in significantly increased 
ammonia adsorption. With the load increased from 7.5 g 
to 15 g and then to 30 g, the removal rates improved from 
37.60% to 46.48%, and then reached 56.07%, accordingly. 
For CCB700, a significant increase in the removal rate 
was found between 7.5 g and 15 g of biochar loads (from 
43.56% to 61.52%). However, when the biochar load 
increased to 30 g, the removal rate increased (at 63.95%) 
but not significantly. For CCB350, the adsorption did not 
increase significantly until the biochar load increased 
from 7.5 g to 30 g. On the other hand, with a low-con-
centration solution (1 ppm) being filtered by biochar, the 
biochar loading was not a significant factor. However, 
with higher concentrations of test ammonia (10  ppm 
and 100  ppm) in the solutions, increased biochar load 
improved the adsorption or removal rates of ammonia 
(Fig. 3c).

Using the same filtration setups, water containing 
PS-MNPs was filtered to evaluate the capability of corn 
biochar as an adsorbent for MNPs. In general, different 
biochars showed the capacity of removing MNPs from 
water (Fig.  4a). In the following tests on corn biochars, 
CCB550 and CCB700 possessed high adsorption capaci-
ties with > 90% removal rates for MNP samples with dif-
ferent sizes and concentrations. For CCB350, adsorption 
of MNPs was affected by various factors, including the 
size and concentration of MNPs, and the biochar loading. 

As shown in Fig.  4(b), CCB350 effectively adsorbed the 
larger-sized (0.95  µm and 2.10  µm, at 2 × 106/mL) PS-
MNPs, achieving > 90% removal rates. Whereas, for the 
smaller-sized PS-MNPs (0.5 µm and 0.1 µm), the removal 
rate of 0.5 μm particles achieved by CCB350 was reduced 
to 65.54%, and for the 0.1 μm particles, the removal rate 
was down to 16.84%. Also, the adsorption capabilities of 
CCB350 were impacted by the concentration of MNPs 
(Fig.  5a and b). For example, for the filtration of solu-
tions containing 0.95  μm or 2.1  μm PS-MNPs by 15  g 
of CCB350, the removal rates were maintained at high 
levels (> 90%) for both 2 × 105/mL and 2 × 106/mL of PS-
MNPs. But for solutions with 2 × 107/mL PS-MNPs, the 
adsorption was compromised, and the removal rates for 
0.95  μm and 2.1  μm PS-MNPs dropped to 84.6% and 
79.7%, respectively.

It was also found that increasing the biochar load 
can improve the adsorption effectiveness of CCB350. 
While CCB550 and CCB700 achieved similar removal 
rates regardless of the biochar loads, the removal of 
MNPs by CCB350 showed dependency on the biochar 
load. With the amount increased from 7.5  g to 15  g 
and to 30 g, the adsorption and removal of MNPs sig-
nificantly increased (Fig.  6a). Such an improvement 
in the removal rate was found for filtering MNPs with 
different sizes. For MNPs with a 0.5  µm particle size, 
the removal rate was only 48.82% with 7.5 g of biochar 
load. Whereas, when the biochar load was increased 
to 15 g, the removal rate was significantly improved to 
65.54%, and further improved to 77.18% with 30  g of 

Fig. 2  Removal of ammonia by biochar samples at an initial ammonia concentration of 10 ppm and a biochar loading of 15 g. (a) Removal 
rates of 10 ppm ammonia solution (50 mL) by biochars derived from different feedstocks, including corn cob, cocoa husk, walnut shell, bamboo, 
and poultry litter, different letters within each biochar sample indicate statistically significant differences. (b) Effect of hot-water activation 
on biochars (three corn biochars as representative), where different letters within each biochar group indicate statistically significant differences. 
Data are presented as mean ± SD (n = 9), and error bars indicate standard deviations. Statistical differences were determined using Tukey’s HSD test 
(p < 0.05). Acronyms for biochar samples are defined in Table S1 (Supplementary Information)
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biochar load (Fig.  6b). Similarly, when filtering high-
concentration MNP solutions (2 × 106 particles/mL and 
2 × 107 /mL), with 7.5  g of CCB350, the removal rates 
were 79.9% and 72.05%, respectively. After increasing 
the biochar load to 30 g, the removal rates could reach 
93.25% and 89.12%, respectively (Fig.  6c). The signifi-
cance of PS-MNPs removal by biochar could be illus-
trated by the fluorescent microscopy images shown 
in Fig.  7. After filtration, much fewer particles (green 
dots) were found in the filtrates comparing the solution 
before filtration.

In addition to removal efficiency, potential release 
of polycyclic aromatic hydrocarbons (PAHs) from bio-
char into the filtrates was examined by 24-h leaching 
tests. GC–MS analysis of the 16 EPA priority PAHs 
confirmed that none were detectable in any filtrates 
from the tested biochars. These findings demonstrate 
that short-term aqueous filtration with biochar did not 
introduce measurable PAHs, indicating negligible risk 
of secondary contamination.

Fig. 3  Influence of process parameters on ammonia removal by biochars (corn biochars as representative). (a) Effect of initial ammonia 
concentration (1, 10, and 100 ppm) on removal efficiency; different letters indicate significant differences among all treatments. (b–c) Effect 
of biochar loading (7.5, 15, and 30 g) on ammonia removal efficiency, where different letters indicate significant differences within the same 
treatment group. Data are presented as mean ± SD (n = 9), and error bars indicate standard deviations. Statistical differences were determined using 
Tukey’s HSD test (p < 0.05)
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3.3 � Adsorption mechanism studies
To investigate adsorption mechanisms of biochars across 
different contaminant types, this study examined ammo-
nia and PS-MNPs as representative targets. Given their 
distinct physicochemical properties, mechanistic investi-
gations were carried out separately for each contaminant 
using appropriate analytical approaches.”

3.3.1 � Ammonia adsorption mechanism
Because the experimental solutions were prepared at 
neutral pH, ammonia was present predominantly as 

ammonium ions (NH₄⁺), which are cationic and can 
interact electrostatically with negatively charged bio-
char surfaces. FT-IR spectroscopy was used to examine 
the surface functional group changes of CCB550 bio-
char before and after filtration of 100  ppm ammonia 
solution (Fig. 8). In the O–H stretching region (~ 3200–
3500  cm−1), the band broadened and became more 
intense after adsorption, indicating stronger hydrogen 
bonding (Smith 1999). In the carbonyl region, the pris-
tine sample showed a band at 1688  cm⁻1, which disap-
peared after adsorption and was replaced by new peaks 

Fig. 4  Removal of PS-MNPs by biochar samples at particle concentration of 2 × 106 particles/mL. (a) Effect of biochar feedstock type 
on removal efficiency (0.95 μm PS-MNPs at 15 g biochar loading). (b) Effect of particle size (0.10–2.10 µm) on removal efficiency (corn biochars 
as representative) at 15 g loading. Data are presented as mean ± SD (n = 9), and error bars indicate standard deviations. Statistical differences were 
determined using Tukey’s HSD test (p < 0.05). Different letters indicate significant differences among all treatments

Fig. 5  Effect of suspension concentration on the removal of PS-MNPs by biochars (corn biochars as representative, 15 g loading). (a) Removal 
efficiencies of 0.95 µm PS-MNPs at three suspension concentrations (2 × 105–2 × 107 numbers/mL). (b) Removal efficiencies of 2.1 µm PS-MNPs 
under the same concentration conditions. Data are presented as mean ± SD (n = 9), and error bars indicate standard deviations. Statistical differences 
were determined using Tukey’s HSD test (p < 0.05). Different letters indicate significant differences among all treatments
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at 1648 and 1616  cm−1. These shifts are plausibly asso-
ciated with hydrogen-bonded carbonyls and asymmetric 
COO− stretching, suggesting reorganization of carboxyl 
groups during NH₄+ interaction (Chen et  al. 2008). In 
the 1400–1500  cm−1 region, two bands were present at 
1437 and 1379  cm−1 in the pristine biochar, assigned 
to symmetric COO− stretching(Nair et  al. 2022). After 
ammonia adsorption, these bands shifted to 1400 and 
1370  cm−1, consistent with COO− groups participating 
in outer-sphere complexation with NH₄⁺ ions, with pos-
sible overlap from NH₄⁺ deformation. Additionally, a new 
band emerged at 1018 cm⁻1, attributable to C–O stretch-
ing of phenolic or carboxyl-related groups (with possible 

contributions from Si–O vibrations in the ash fraction) 
(Zhang et al. 2021).

Zeta potential analysis further confirmed the role 
of electrostatic interactions during ammonia adsorp-
tion (Table  3). All pristine corn biochars carried nega-
tive ζ-potentials, with values of − 29.86 ± 1.89  mV 
for CCB350/2.5, − 25.73 ± 1.48  mV for CCB550, 
and − 24.65 ± 1.76  mV for CCB700. After expo-
sure to 100  ppm ammonia solution, the ζ-potentials 
of all samples shifted toward less negative val-
ues: − 22.43 ± 1.89, − 18.72 ± 1.35, and − 17.73 ± 1.48  mV, 
respectively. The reductions of 7–8  mV indicate partial 
charge neutralization of the biochar surfaces by adsorbed 
NH₄⁺ ions. Tukey’s HSD test (p < 0.05) confirmed that 

Fig. 6  Effects of biochar loadings (corn biochars as representative) on the removal of PS-MNPs. (a) Removal efficiencies of 2.1 µm PS-MNPs 
(2 × 106 numbers/mL) at biochar loadings of 7.5, 15, and 30 g. (b) Effect of biochar loading on PS-MNP removal at different particle sizes (0.5, 
0.95, and 2.1 µm) using CCB350 under identical suspension conditions. (c) Effect of biochar loading on the removal of 0.95 µm PS-MNPs 
across suspension concentrations of (2 × 105 to 2 × 107numbers/mL) particles/mL using CCB350. Data are presented as mean ± SD (n = 9), and error 
bars indicate standard deviations. Statistical differences were determined using Tukey’s HSD test (p < 0.05). Different letters indicate significant 
differences within the same treatment group
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these shifts were statistically significant. Among the sam-
ples, the largest change was observed for CCB350/2.5, 

while CCB700 also exhibited a pronounced shift, consist-
ent with its higher removal efficiency.

3.3.2 � PS‑MNPs adsorption mechanism
To investigate the PS-MNPs adsorption mechanism, 
the microstructures of corn biochar samples after PS-
MNPs filtration tests were investigated by SEM. The 
SEM images of the surface of biochar samples after 
filtering 0.95  μm PS-MNPs (Fig.  9a) and 2.1  μm PS-
MNPs (Fig.  9b) are shown. PS-MNPs on the surface 
of biochar layers (green arrows) were observed, and 
the image shows that the MNPs firmly stacked in mul-
tiple layers on the surfaces of biochar contributed to 
the adsorption by stacked layer trapping and retain-
ing the contaminants, especially with large sizes. The 
porous structure of biochar was another contributor 
to adsorbing MNPs. As shown in Fig. 9(c), after filtra-
tion, the pores were partially or completely filled with 
PS-MNPs (green arrows), indicating that the pore 
structures can contribute to the adsorption of bio-
chars. The observations were supplemented by BET 
tests of the biochar samples (Table  4). After filtering 
PS-MNPs, the pore volume of the biochar samples 
significantly reduced, indicating portions of the MNPs 
were adsorbed or trapped by the pores. It was also 
found that some portions of PS-MNPs were adherent 
or attached to the outside layer of porous microstruc-
ture (Fig. 9d, green arrow) during the treatment. This 
could be explained by the electrostatic attractions 
between biochars and PS-MNPs. Though polystyrene 
materials typically have a negatively charged surface 
(negative zeta potential), in this study, PS-MNPs pre-
pared in acidic suspension would show a positively 
charged surface, and the biochars had a negatively 

Fig. 7  Fluorescent microscope images of PS-MNPs suspensions (2.1 μm, 2 × 107 numbers/mL). (a) Before filtration, (b) After filtration by 15 g 
of CCB700. Green dots: Labeled PS-MNPs

Fig. 8  FT-IR spectra of CCB550 before (a) and after (b) filtration 
of 100 ppm ammonia solution

Table 3  Zeta potentials of corn biochars before and after the 
adsorption of ammonia

* The results are presented as mean ± SD on dry basis, where n = 9. Tukey’s HSD 
test was used to determine the statistical difference (p < 0.05). The mean value 
accompanied by different letters indicates significant differences among all 
samples in the same row
** The concentration of ammonia: 100 ppm, the biochar loadings in the tests: 
15 g

Biochar sample Zeta potential before 
adsorption (mV)

Zeta potential 
after adsorption 
(mV)

CCB350/2.5  − 29.86 ± 1.89a  − 22.43 ± 1.89b

CCB550  − 25.73 ± 1.48a  − 18.72 ± 1.35b

CCB700  − 24.65 ± 1.76a  − 17.73 ± 1.48b
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charged surface. Due to the electrostatic effect, the 
PS-MNPs could be attracted by the biochars and 
adhere to the outer layer. Table  5 shows that after 
filtering PS-MNPs, the zeta potentials of biochars 
became less negative, which further indicated electro-
static attraction between the two.

To further verify this mechanism, adsorption experi-
ments were conducted under different pH conditions 

(Table  6). Across all corn biochars, removal efficiency 
was highest at pH 5.0, moderate at near-neutral pH (7.4), 
and lowest at pH 9.0. For example, CCB700 achieved 
94.06 ± 3.12% removal at pH 5.0, compared with 
84.60 ± 1.77% at pH 7.4 and 76.18 ± 2.05% at pH 9.0. Simi-
lar trends were observed for CCB550 (92.67 ± 2.89%, 
87.45 ± 2.01%, and 76.05 ± 1.98% at pH 5.0, 7.4, and 
9.0, respectively) and CCB350/2.5 (79.90 ± 2.25%, 

Fig. 9  Representative SEM images of CCB550 after the adsorption of PS-MNPs. (a). Treatment of 0.95 μm PS-MNPs; (b), (c), (d). Treatment of 2.1 μm 
PS-MNPs

Table 4  Total pore volumes of corn biochars before and after 
the adsorption of PS-MNPs

* The results are presented as mean ± SD on a dry basis, where n = 9. Tukey’s HSD 
test was used to determine the statistical difference (p < 0.05). The mean value 
accompanied by different letters indicates significant differences among all 
samples in the same row
** The concentration of PS-MNPs: 2 × 107 numbers/mL, the average size: 2.1 μm, 
the biochar loadings in the tests: 15 g,

Biochar sample Total pore volume 
before adsorption 
(cm3/g)

Total pore volume 
after adsorption 
(cm3/g)

CCB350/2.5 0.01252 ± 0.00029a 0.00046 ± 0.00007b

CCB550 0.02793 ± 0.00041a 0.01027 ± 0.00010b

CCB700 0.02317 ± 0.00022a 0.00981 ± 0.00011b

Table 5  Zeta potentials of corn biochars before and after the 
adsorption of PS-MNPs

* The results are presented as mean ± SD on dry basis, where n = 9. Tukey’s HSD 
test was used to determine the statistical difference (p < 0.05). The mean value 
accompanied by different letters indicates significant differences among all 
samples in the same row
** The concentration of PS-MNPs: 2 × 107 numbers/mL, the average size: 2.1 μm, 
the biochar loadings in the tests: 15 g

Biochar sample Zeta potential before 
adsorption (mV)

Zeta potential 
after adsorption 
(mV)

CCB350/2.5  − 29.86 ± 1.89a  − 17.44 ± 1.09b

CCB550  − 25.73 ± 1.48a  − 12.69 ± 1.13b

CCB700  − 24.65 ± 1.76a  − 10.45 ± 1.01b
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72.52 ± 1.40%, and 58.07 ± 1.66%). These pH-dependent 
patterns confirm that electrostatic interactions are cen-
tral to MNP adsorption: protonation at low pH reduces 
repulsion and enhances adhesion, while increased nega-
tive charges at alkaline pH promote electrostatic repul-
sion and lower adsorption efficiency.

3.4 � Regeneration performance
The reusability of biochar filters was evaluated through 
repeated adsorption–regeneration cycles using 15  g of 
material against 10  ppm ammonia solution. After the 
initial adsorption with fresh biochars (Cycle 0), the used 
samples were re-pyrolyzed under identical conditions 
and reused for three additional cycles (Cycles 1–3). The 
adsorption efficiencies are summarized in Table  7. All 
three corn cob biochars retained high ammonia removal 
efficiencies across multiple regenerations, with only grad-
ual declines observed over successive cycles. CCB350/2.5 
remained stable between Cycle 0 (40.93 ± 1.44%) and 
Cycle 1 (40.96 ± 1.22%), but declined significantly in Cycle 
2 (38.63 ± 1.16%) and Cycle 3 (33.68 ± 1.03%). CCB550 
showed a similar pattern, starting at 46.48 ± 1.33% in 
Cycle 0 and remaining statistically unchanged in Cycle 
1 (45.72 ± 1.17%), before decreasing to 43.19 ± 1.28% and 

40.88 ± 1.15% in Cycles 2 and 3. The high-temperature 
CCB700 exhibited the greatest regeneration stability, 
with efficiencies statistically unchanged through Cycle 
2 (61.43 ± 2.29% to 58.72 ± 1.39%) and only a modest 
decline by Cycle 3 (55.41 ± 1.04%).

These results demonstrate that thermal re-pyrolysis 
can effectively restore adsorption activity, enabling bio-
char reuse over multiple cycles with limited perfor-
mance loss. In particular, CCB700 exhibited superior 
regeneration stability compared with lower-temperature 
biochars, underscoring the role of pyrolysis conditions 
in determining long-term reusability. This provides pre-
liminary but strong evidence that regeneration is a fea-
sible strategy to extend the service life of biochar filters 
and enhance their sustainability for water treatment 
applications.

4 � Discussion
Water contamination by ammonia and emerging pollut-
ants such as micro/nanoplastics (MNPs) presents a press-
ing global challenge for environmental protection and 
public health. Conventional treatment processes often 
face limitations in efficiency, cost, or secondary pollution 
risks, creating a strong demand for low-cost and sustain-
able alternatives. Biochar, produced from biomass under 
oxygen-limited pyrolysis, has been proposed as a sustain-
able adsorbent. However, the adsorption performance 
of biochar is strongly dependent on its physicochemical 
properties, including pore structure, surface functional 
groups, and mineral content, which remain insufficiently 
understood under realistic filtration conditions. In this 
study, we systematically evaluated the capacity of diverse 
biochars to remove ammonia and MNPs from water, and 
further investigated the underlying mechanisms. The fol-
lowing discussion interprets these findings in relation 
to material characteristics, adsorption pathways, and 
broader implications for water treatment applications.

4.1 � Characteristics of biochar affecting adsorption 
efficiency

Our biochar samples showed promising efficacy in 
removing ammonia and MNPs from water sources, and 
the removal capacities varied by the type of biochar, 
properties of contaminants, and filtration conditions. 
Biochars prepared from various feedstocks effectively 
adsorbed ammonia from aqueous solutions, with perfor-
mance depending on the type of biochar and the amount 
of biochar used in the filters, as well as the initial ammo-
nia concentration of the solutions. Among the three 
types of corn biochars in the following tests, CCB700 
(pyrolyzed at 700  °C) exhibited the highest ammonia 
adsorption capacity. This result aligns with its elevated 
carbon content (Table S2), reflecting greater aromaticity 

Table 6  Adsorption efficiency of PS-MNPs by corn biochars at 
different pH values

* The results are presented as mean ± SD on dry basis, where n = 9. Tukey’s HSD 
test was used to determine the statistical difference (p < 0.05). The mean value 
accompanied by different letters indicates significant differences among all 
samples in the same row
** The concentration of PS-MNPs: 2 × 107 numbers/mL, the average size: 2.1 μm, 
the biochar loadings in the tests: 15 g

Biochar sample MNPs adsorption efficiency/%

pH 5.0 pH 7.4 pH 9.0

CCB350/2.5 79.90 ± 2.25a 72.52 ± 1.40b 58.07 ± 1.66c

CCB550 92.67 ± 2.89a 87.45 ± 2.01b 76.05 ± 1.98c

CCB700 94.06 ± 3.12a 84.60 ± 1.77b 76.18 ± 2.05c

Table 7  Regeneration performance of corn biochars

* The results are presented as mean ± SD on dry basis, where n = 9. Tukey’s HSD 
test was used to determine the statistical difference (p < 0.05). The mean value 
accompanied by different letters indicates significant differences among all 
samples in the same row
** Cycle 0 refers to fresh biochar; Cycles 1–3 represent sequential regeneration by 
re-pyrolysis and reuse

Biochar 
sample

Adsorption efficiency (%) against 10 ppm of 
ammonia

Cycle 0 Cycle 1 Cycle 2 Cycle 3

CCB350/2.5 40.93 ± 1.44a 40.96 ± 1.22a 38.63 ± 1.16b 33.68 ± 1.03c

CCB550 46.48 ± 1.33a 45.72 ± 1.17a 43.19 ± 1.28ab 40.88 ± 1.15b

CCB700 61.43 ± 2.29a 60.09 ± 1.36a 58.72 ± 1.39a 55.41 ± 1.04b
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and thermal stability that strengthen interactions with 
ammonia. Similar trends have been observed in previ-
ous studies, where highly pyrolyzed biochars showed 
enhanced nutrient ions adsorption (such as ammonium 
and phosphate), largely due to increased aromatic con-
densation and reduced volatile contents (Thomas et  al. 
2020; Abbas et al. 2018; Ahmad et al. 2014). In contrast, 
bamboo stalk biochar at 550  °C (BSB550) exhibited the 
largest BET surface area, suggesting a greater potential 
for physical adsorption of particulate species such as 
MNPs through pore-filling and surface entrapment. Such 
surface-area-driven mechanisms for micro/nanoplastic 
capture have also been reported for porous carbonaceous 
materials in recent work (Ravindiran et al. 2024; Kalsoom 
et  al. 2024). These distinctions illustrate how different 
structural features can favor different adsorption path-
ways. These distinctions illustrate how structural features 
guide adsorption pathways. Furthermore, the observed 
dependence on pyrolysis temperature is consistent with 
earlier findings that carbon content, surface area, pore 
structure, and cation exchange capacity are strongly 
temperature-dependent and together determine biochar 
adsorption performance.

4.2 � Adsorption of ammonia: performance and mechanism
The ammonia filtration studies revealed that the adsorp-
tion efficiency of biochar was impacted by the initial 
concentration of ammonia in the solutions. With lower 
ammonia concentrations (1 ppm), all three biochar sam-
ples achieved comparable removal rates. As the ammo-
nia concentration increased to 10  ppm, the adsorption 
capacities diverged, with CCB700 maintaining the high-
est removal rate even at higher concentrations (60% at 
10 ppm). In contrast, the removal rates for CCB550 and 
CCB350 decreased notably under the same conditions. 
At 100 ppm, the adsorption capacity of the biochars was 
diminished, leading to reduced ammonia removal rates. 
This can be attributed to the saturation of the biochar’s 
active adsorption sites. Like other adsorbents, biochar 
possesses a finite number of surface sites available for 
ammonia binding. At low concentrations (e.g., 1  ppm), 
these sites can readily accommodate ammonia molecules, 
resulting in high adsorption efficiency. However, as the 
ammonia concentration increases, the number of avail-
able binding sites becomes limited. Once saturation is 
reached, additional ammonia molecules cannot be effec-
tively adsorbed, leading to a plateau or decline in removal 
efficiency. In the case of the 100  ppm ammonia solu-
tion, it is likely that the biochar’s surface area and active 
sites are no longer sufficient to capture excess ammo-
nia, resulting in reduced adsorption performance. Fur-
thermore, at higher concentrations, competition among 
ammonia molecules for limited binding sites may further 

diminish overall efficiency. This behavior aligns with 
typical adsorption dynamics, where the extent of con-
taminant removal is governed by both the contaminant 
concentration and the availability of functional binding 
sites on the adsorbent (Ghodszad et al. 2021). Our results 
are consistent with typical adsorption dynamics, where 
removal efficiency depends on both contaminant concen-
tration and available functional sites (Cai et al. 2023).

The biochar load in the filter is another influential fac-
tor for the effectiveness of ammonia adsorption. At lower 
initial ammonia concentrations (1  ppm), the influence 
of biochar loading on removal efficiency was minimal. 
Because the concentration of ammonia was already low, 
the available adsorption sites on the biochar were not 
saturated, allowing for relatively high removal efficiency 
even at lower biochar loadings. However, at higher con-
centrations (10 and 100  ppm), an increase in biochar 
amount generally enhanced ammonia removal. Specifi-
cally, both CCB550 and CCB700 demonstrated a clear 
dose-dependent relationship, with higher biochar loading 
leading to improved removal efficiency. This improve-
ment can be attributed to the increased number of active 
adsorption sites provided by the additional biochar, 
as well as enhanced contact between ammonia mol-
ecules and the biochar surface, facilitating more effec-
tive adsorption. In contrast, CCB350 showed a weaker 
response to increased loading, with limited improvement 
in ammonia removal even at a loading of 30 g. This sug-
gests that CCB350 possesses a lower intrinsic adsorption 
capacity compared to CCB550 and CCB700, likely due 
to its lower carbon content, reduced porosity, and lower 
cation exchange capacity (CEC) (Table S6).

Although the results indicate that increasing biochar 
loading is generally an effective strategy for enhancing 
adsorption performance, the improvement is not always 
linear and may become less significant beyond a certain 
threshold-for example, at 30 g of CCB700. These dimin-
ishing returns can be attributed to several factors. As 
the concentration of biochar increases, adsorption sites 
may become saturated, limiting the material’s ability to 
capture additional ammonia. Moreover, excessive bio-
char can lead to particle aggregation or stacking, which 
reduces the effective surface area and restricts the dif-
fusion of ammonia molecules. Higher loadings may also 
increase solution viscosity, slowing molecular movement 
and potentially creating uneven dispersion of biochar, 
further impeding contact with contaminants. These find-
ings highlight the importance of optimizing both biochar 
type and dosage to maximize adsorption efficiency while 
avoiding excessive and unnecessary material usage. This 
trend aligns with previous reports that have also empha-
sized the influence of pyrolysis conditions and physico-
chemical properties on ammonia removal. For example, 
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Abbas et  al. reported that higher-pyrolyzed biochars 
exhibited increased surface area and cation exchange 
capacity, resulting in greater ammonia removal (Abbas 
et al. 2018). Similarly, Lu et al. demonstrated that surface 
functionalization of biochars enhanced nutrient uptake, 
emphasizing the role of physicochemical properties (Lu 
et  al. 2020; Goswami et  al. 2022). However, compared 
with these studies, our work systematically links pyroly-
sis temperature, contaminant concentration, and biochar 
application rate under filtration conditions, providing a 
more application-oriented perspective for practical water 
treatment systems.

Beyond the influence of biochar loading, the physi-
cal dimension of biochar particles also plays a role in 
determining adsorption performance by modifying sur-
face accessibility and contaminant interaction. While the 
intrinsic pore structure and surface chemistry are largely 
governed by pyrolysis conditions, particle size reduc-
tion can accelerate adsorption kinetics by exposing more 
accessible surface area. Future work could systematically 
investigate how particle size distribution affects adsorp-
tion dynamics.

To better understand the mechanisms behind the 
observed performance trends, FT-IR and zeta poten-
tial analyses were conducted on representative corn cob 
biochars. Under the experimental pH, aqueous ammo-
nia existed primarily as ammonium ions (NH₄⁺), which 
are cationic and electrostatically attracted to negatively 
charged biochar surfaces. FT-IR spectra revealed clear 
changes in oxygenated functional groups after ammo-
nia adsorption. Broadening of the O–H stretching band 
(~ 3200–3500 cm−1) and the emergence of new peaks at 
1648 and 1616  cm−1 indicated stronger hydrogen bond-
ing and reorganization of carboxyl groups. Shifts of car-
boxylate bands from 1437 and 1379  cm−1 to 1400 and 
1370  cm−1 were consistent with outer-sphere compl-
exation between NH₄⁺ and deprotonated carboxylates, 
while the appearance of a new band at 1018  cm−1 sug-
gested activation of C–O functional groups. Comple-
mentary zeta potential measurements showed that all 
biochars were negatively charged under the experimen-
tal pH, and that their surface charges shifted toward less 
negative values after adsorption, reflecting partial neu-
tralization by NH₄⁺ ions. Together, these spectroscopic 
and electrokinetic results demonstrate that ammonia 
removal involved electrostatic attraction and hydrogen 
bonding with oxygenated groups. In addition, previous 
studies have shown that ion exchange between NH₄⁺ and 
exchangeable cations (e.g., K⁺, Ca2⁺, Na⁺) in the ash frac-
tion may also contribute, particularly in biochars with 
higher mineral content, though this pathway was not 
directly investigated in the present work (Ambaye et  al. 
2021; Qiu et al. 2023).

4.3 � Adsorption of MNPs: performance and mechanism
The notable capability of adsorbing MNPs from water 
using biochar was also validated in this study. The bio-
char pyrolysis temperature significantly impacted the 
adsorption of MNPs by filtration. CCB550 and CCB700 
achieved high removal efficiencies (~ 90%) regardless of 
the size of MNPs, the concentration of MNPs, and the 
biochar load in the filters. These findings suggest that 
higher pyrolysis temperatures enhance biochar proper-
ties beneficial for PS-MNP removal. This improvement 
can be attributed to increased surface area, improved 
porosity, and enhanced surface chemistry, such as CEC. 
The consistent performance of these high-temperature 
biochars across varying PS-MNP sizes and concentra-
tions demonstrates their robustness under diverse filtra-
tion conditions, highlighting their promising potential 
for water purification applications. Similar results have 
been reported in previous studies where high-tempera-
ture biochars exhibited superior performance in remov-
ing microplastics and other particulate pollutants. For 
instance, Anand et  al. reviewed microplastic removal 
technologies and noted that adsorbents with larger sur-
face areas and stable pore structures were more effec-
tive at trapping submicron plastics (Anand et  al. 2023). 
Likewise, Poerio et al. emphasized that microplastic cap-
ture efficiency is closely linked to adsorbent porosity and 
surface functionality, echoing the trends observed in our 
work (Poerio et al. 2019). Compared with these studies, 
our findings not only confirm the importance of pyroly-
sis temperature in enhancing structural properties but 
also highlight that biochars prepared at ≥ 550 °C provide 
consistently high retention across diverse particle sizes, 
underscoring their potential for innovation and scalabil-
ity in water treatment applications.

In contrast, CCB350 exhibited more selective adsorp-
tion behavior, showing high removal efficiency for larger 
PS-MNPs (0.95  μm and 2.1  μm) but significantly lower 
efficiency for smaller particles (0.5 μm and 0.1 μm). This 
size-dependent trend suggests that larger particles were 
more effectively removed through layer trapping and 
pore-filling. By comparison, smaller particles exhibited 
weaker interactions and limited retention within the 
biochar matrix produced at the lowest pyrolysis tem-
perature. Additionally, at elevated PS-MNP concentra-
tions (2 × 10⁷ particles/mL), the adsorption capacity of 
CCB350 declined, likely due to site saturation or compet-
itive interactions among particles-similar to the behavior 
observed in ammonia treatment.

A similar trend regarding biochar loading was observed 
in the treatment of PS-MNPs. While CCB550 and 
CCB700 exhibited some diminishing returns at higher 
loadings, CCB350 demonstrated a more pronounced 
usage-dependent improvement. For instance, when 
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treating small-sized PS-MNPs (e.g., 0.5  μm) or highly 
concentrated suspensions (2 × 10⁷ particles/mL), increas-
ing the CCB350 loading from 7.5 g to 30 g significantly 
enhanced removal efficiency. This suggests that although 
CCB350 is inherently less efficient than CCB550 and 
CCB700 at lower loadings, its performance can be sub-
stantially improved by increasing the dosage in filtration 
systems. This trend can be attributed to several factors 
related to the adsorption mechanisms and structural 
properties of CCB350. As previously noted, CCB350 
has a lower carbon content, less developed porosity, and 
reduced CEC compared to its higher-temperature coun-
terparts, resulting in fewer active adsorption sites for 
PS-MNPs removal. By increasing the biochar dosage, the 
total number of available adsorption sites increases pro-
portionally, enabling greater contaminant capture.

Moreover, higher biochar loading can enhance physi-
cal entrapment and aggregation effects. In suspension, 
PS-MNPs can interact with multiple biochar particles, 
and a denser biochar matrix improves the likelihood of 
layer trapping smaller particles. This is especially impor-
tant for submicron-sized PS-MNPs (< 0.5  μm), where 
individual interactions with CCB350 may be weak due 
to limited van der Waals or electrostatic forces. A higher 
concentration of biochar increases the frequency of 
particle–bichar interactions, thereby improving overall 
removal efficiency. Additionally, increased biochar load-
ing helps mitigate saturation effects, which are more 
pronounced at high PS-MNP concentrations. At lower 
dosages, adsorption sites on CCB350 can become satu-
rated more rapidly, reducing efficiency. By maintaining a 
higher ratio of adsorption sites to contaminant particles, 
greater biochar loadings prevent early saturation and 
sustain high removal rates even in concentrated suspen-
sions. These findings highlight that although CCB350 
has a lower intrinsic adsorption capacity compared to 
CCB550 and CCB700, its performance can be strategi-
cally enhanced through increased biochar loading. This 
insight is particularly valuable for practical applications, 
where optimizing dosage may offer a cost-effective strat-
egy to improve filtration efficiency when using lower-
temperature biochars.

The adsorption mechanism of biochar was investigated 
through a combination of measurements on the biochar 
samples after adsorbing PS-MNPs. Biochar removes con-
taminants through complementary pathways, including 
layer trapping on biochar surfaces and pore-filling within 
the porous structure, with additional contribution from 
electrostatic interactions between charged biochar sur-
faces and contaminants (Fig.  9). SEM analysis further 
confirmed that MNPs were retained through layer trap-
ping on biochar surfaces and pore-filling within inter-
nal pore structures, providing direct evidence for these 

structural retention pathways. The presence of PS-MNPs 
with an average size of 0.95  μm (Fig.  5a) and 2.1  μm 
(Fig. 5b) PS-MNPs firmly attached to the biochar layers 
suggests that the tightly packed microstructure facili-
tates physical entrapment, particularly for larger-sized 
particles. This mechanism enhances the effectiveness of 
biochar in retaining contaminants by preventing their 
passage through the filtration system (Schnee et al. 2016).

The porous structure of biochar was another means for 
MNP adsorption. SEM images (Fig. 9c) showed that the 
porous structure of biochar was partially or completely 
filled with MNPs, demonstrating that the pores provided 
internal sites for contaminant retention, which was con-
firmed by previous studies (Kaur et  al. 2025). Addition-
ally, evidence of compromised pore structures suggests 
that the biochar’s porous framework actively participated 
in the adsorption process and underwent structural 
changes during PS-MNP uptake. BET analysis (Table 4) 
further underscores the importance of pore-based 
adsorption, revealing a significant reduction in total 
pore volume across all three biochar samples following 
the PS-MNPs treatments. In summary, PS-MNPs not 
only adhered to the biochar surface but also infiltrated 
and occupied internal pore spaces. The observed loss in 
pore volume highlights the critical role of porous archi-
tecture in determining biochar’s adsorption capacity. Dif-
ferences in pore volume reduction among the samples 
suggest that characteristics such as pore size distribution 
and structural integrity significantly influence adsorption 
performance. Notably, CCB550 and CCB700—both with 
higher initial pore volumes—retained more PS-MNPs 
than CCB350, implying that biochars with larger and 
more accessible pore networks offer enhanced adsorption 
potential. However, SEM imaging also revealed signs of 
structural degradation in some samples, indicating that 
excessive pore filling may compromise material stabil-
ity and potentially impact long-term filtration efficiency. 
These findings emphasize the pivotal role of pore struc-
ture in contaminant removal and suggest that optimiz-
ing biochar porosity, such as through tailored pyrolysis 
conditions enhances adsorption performance, supporting 
its application in environmental filtration systems. Taken 
together, these results suggest that structural pathways 
play a dominant role in MNP retention. Particulate con-
taminants are primarily captured through layer trapping 
on surfaces and pore-filling within internal structures.

In addition to structural retention, electrostatic attrac-
tion also contributes significantly to the overall adsorp-
tion of MNPs by biochar. SEM analysis (Fig. 9d) revealed 
that MNPs adhered to the outer surface of biochar struc-
tures, suggesting an additional mechanism of interaction. 
Given that polystyrene typically carries a negative charge 
in neutral conditions, its behavior in this study indicates 
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a shift in surface charge due to the acidic suspension 
used for PS-MNP preparation. Under these conditions, 
the PS-MNPs acquired a positive surface charge, while 
biochar maintained its intrinsically negative zeta poten-
tial before adsorption. This charge contrast likely drove 
electrostatic attraction (which was also reported previ-
ously), leading to enhanced adsorption efficiency65. The 
zeta potential measurements before and after adsorp-
tion (Table 5) also supported this mechanism. Across all 
biochar samples, the zeta potential became less negative 
after PS-MNP treatment, indicating a partial neutraliza-
tion of surface charges. This shift suggests that electro-
static interactions between negatively charged biochar 
and positively charged PS-MNPs played a crucial role in 
adhesion. The reduction in negative charge confirms that 
a portion of the biochar’s active sites were occupied by 
positively charged contaminants, reinforcing the signifi-
cance of electrostatic attraction in the adsorption process 
(Liu et al. 2022).

To further investigate the influence of solution chemis-
try, adsorption experiments were performed at different 
pH values (Table  6). Across all corn biochars, removal 
efficiency was highest under acidic conditions (pH 5.0), 
moderate at near-neutral pH (7.4), and lowest under 
alkaline conditions (pH 9.0). This pH dependence can 
be explained by changes in surface charge properties: 
under acidic conditions, protonation of functional groups 
reduces electrostatic repulsion and facilitates adhesion 
of PS-MNPs to biochar surfaces. In contrast, at alkaline 
pH, both PS-MNPs and biochars carry increased nega-
tive charges, leading to stronger electrostatic repulsion 
and reduced adsorption efficiency. These results provide 
direct functional evidence that electrostatics strongly 
influence MNP adsorption by biochar, consistent with 
previous findings for particulates–biochar interactions in 
aquatic systems (Siipola et  al. 2020; Ahmad et  al. 2014; 
Luyima et al. 2022).

In sum, these results suggest that structural pathways 
play a dominant role in MNP retention, with particulate 
contaminants primarily captured through layer trapping 
on surfaces and pore-filling within internal structures. 
Electrostatic attraction further enhances these processes, 
as PS-MNPs (under acidic suspension) adhere to nega-
tively charged biochar surfaces. This integrated perspec-
tive reconciles the contributions of structural retention 
and surface chemistry in biochar-based filtration, and 
highlights the dual mechanism by which biochar achieves 
effective MNP removal.

4.4 � Perspectives on safe and rational design of biochar 
for water treatment

In addition to adsorption efficiency, practical deploy-
ment requires assurance of environmental safety and 

filter reusability. Our 24-h leaching tests confirmed 
that none of the 16 EPA priority PAHs were detectable 
in filtrates, indicating negligible risk of secondary con-
tamination during short-term aqueous filtration. Regen-
eration tests (Table  7) further demonstrated that corn 
cob biochars could be thermally re-pyrolyzed and reused 
for at least three cycles with only modest efficiency 
losses. For example, CCB350/2.5 remained statistically 
unchanged between Cycle 0 (40.93 ± 1.44%) and Cycle 1 
(40.96 ± 1.22%) but declined significantly to 38.63 ± 1.16% 
and 33.68 ± 1.03% in Cycles 2 and 3, respectively. CCB550 
showed a similar trend, remaining stable through Cycle 
1 (46.48 ± 1.33% to 45.72 ± 1.17%) before decreasing to 
43.19 ± 1.28% and 40.88 ± 1.15%. In contrast, CCB700 
exhibited superior regeneration stability, with no sig-
nificant differences across Cycles 0–2 (61.43 ± 2.29% 
to 58.72 ± 1.39%) and only a modest decline in Cycle 3 
(55.41 ± 1.04%). These results provide direct evidence that 
the tested biochars are both environmentally safe and 
regenerable, supporting their feasibility for sustainable 
water treatment.

Building on these validated findings, future studies 
should broaden the design framework to optimize bio-
char for long-term and large-scale use. Kinetics remain 
an essential consideration, as they determine residence 
time and overall treatment capacity under continuous 
operation. In our flow-through funnel setup, the empty-
bed contact time (EBCT) was approximately 1  min, yet 
the tested biochars still achieved the reported removal 
efficiencies. This rapid uptake suggests that surface inter-
actions—such as electrostatic attraction and complexa-
tion for ammonia, and hydrophobic or π–π interactions 
for MNPs—dominate under short-contact conditions, 
while intraparticle diffusion may play a role over longer 
timescales. Time-resolved adsorption studies will there-
fore be valuable to quantify uptake rates and equilibrium 
times, providing design criteria for scaled filtration sys-
tems. In addition, advanced spectroscopic and com-
putational tools—including FTIR, XPS, nano-SIMS, 
density functional theory (DFT), and molecular dynam-
ics (MD)—offer opportunities to uncover adsorption 
energetics and predict optimal surface chemistries. Inte-
grating such approaches with life-cycle and risk assess-
ment frameworks can help ensure that new biochars 
deliver not only high removal efficiency but also dura-
bility and environmental safety across diverse treatment 
conditions.

Looking forward, advancing the safe and rational 
design of biochar requires more comprehensive char-
acterization to connect structure with function. While 
this study focused on SEM, BET surface area, elemen-
tal composition, and zeta potential, future work should 
incorporate advanced spectroscopic and computational 
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approaches. Techniques such as FTIR, XPS, and nano-
SIMS can provide detailed insights into surface func-
tional groups and contaminant distributions, while 
density functional theory (DFT) and molecular dynam-
ics (MD) simulations can reveal adsorption energetics 
and predict optimal surface chemistries. By integrating 
these tools with life-cycle and risk assessment frame-
works, future studies can bridge fundamental science 
with applied engineering, ensuring that biochar not only 
performs efficiently but also remains environmentally 
safe and scalable for real-world water treatment. Advanc-
ing this line of research will require balancing adsorption 
efficiency with environmental safeguards, ensuring that 
biochars deliver high performance without introducing 
unintended risks. With such integrative approaches, bio-
char can progress from a promising laboratory material 
toward a reliable, scalable, and sustainable technology for 
water purification.

Biochar’s demonstrated safety and reusability, together 
with its tunable physicochemical properties, position it 
as more than a laboratory adsorbent. With appropriate 
engineering, it can serve as a scalable platform technol-
ogy that transforms agricultural residues into high-value 
materials for water purification. By integrating low-cost 
production with environmental safety and multi-cycle 
performance, biochar-based filters can be envisioned for 
use in decentralized and industrial treatment systems. 
Beyond water quality improvement, such applications 
contribute to waste valorization, carbon management, 
and circular economy objectives, highlighting biochar’s 
potential to bridge environmental remediation with sus-
tainable resource use at the global scale.

5 � Conclusion
This study demonstrated that biochars derived from 
agricultural residues can effectively remove both 
ammonia and polystyrene micro/nanoplastics (PS-
MNPs) from aqueous solutions, with performance 
strongly influenced by feedstock type and pyrolysis 
temperature. In comparative screening, woody feed-
stocks such as bamboo and walnut generated biochars 
with higher surface area and pore volume, while corn 
cob biochars provided balanced performance that war-
ranted more detailed evaluation. Subsequent in-depth 
tests therefore focused on corn cob biochars prepared 
at different pyrolysis temperatures. Among these, 
CCB700 exhibited the highest ammonia adsorption 
capacity, maintaining removal rates of ~ 60% at 10 ppm, 
whereas CCB550 and CCB350 showed lower efficien-
cies under the same conditions. For MNP removal, 
the higher-temperature corn cob biochars (CCB550 
and CCB700) achieved robust and consistent efficien-
cies (~ 90%) across particle sizes (0.1–2.1  μm), while 

CCB350 displayed selective removal favoring larger 
particles. Mechanistic analyses confirmed that con-
taminants were retained via complementary pathways, 
including surface trapping, pore filling, and electro-
static or hydrophobic interactions.

Beyond adsorption efficiency, this study validated 
two critical aspects of practical application. PAH leach-
ing tests confirmed that none of the 16 EPA priority 
PAHs were detectable in filtrates, ensuring negligible 
risk of secondary contamination. Regeneration experi-
ments further showed that corn cob biochars could be 
thermally re-pyrolyzed and reused for at least three 
cycles, with CCB700 retaining > 55% removal efficiency 
in Cycle 3. Together, these results establish that engi-
neered biochars can function as effective, safe, and 
reusable materials, underscoring their potential as sus-
tainable and scalable solutions for water purification. If 
deployed strategically, biochar not only addresses water 
quality challenges but also contributes to waste valori-
zation, carbon management, and sustainable resource 
use.
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