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ARTICLE INFO ABSTRACT

Editor: V Tarabara Microplastics (MP) and nanoplastics (NP) are major aquatic contaminants, raising concerns due to their strong

affinity for other toxic substances. Filtration is widely employed for MP and NP removal due to its simplicity,

Keywords: efficiency and variety of available filtration media. In this study, the removal efficiency of MP and NP was
Plf‘Stic POH_UH"“ investigated using surface-engineered biochar of palm kernel shell (PKS) origin, modified with cetyl-
x;;r:plis:il:: trimethylammonium bromide (CTAB). The modified biochar demonstrated performance superior to the un-
Pyrolgsis modified biochar, achieving 95.71 % and 96.12 % polyethylene MP (2-4 pm) removal efficiency as measured by
Biochar turbidity and gravimetric methods, respectively, at an optimal CTAB concentration of 1.5CMC. The optimized

CTAB biochar (PKS-1.5CMC) also improved the removal efficiencies for a range of other MP and NP particles varying in
size (159 nm-48 pm), shape (irregular, spherical, fibrous) and polymer type (polyethylene, polyamide). The
modification with CTAB increased the biochar’s surface positive charge and hydrophobicity, resulting in stronger
electrostatic attraction and hydrophobic interactions with MP and NP particles, which are negatively charged
and hydrophobic by nature. In terms of MP and NP properties, higher removal efficiencies were obtained for (i)
larger MPs due to easier retention, (ii) NPs due to their tendency to agglomerate, resulting in larger particle size,
(iii) irregularly shaped particles, because of their surface roughness, providing more attachment sites and (iv)
polyethylene MPs and NPs, owing to their higher hydrophobicity and lower negative zeta potential. Significant
formation of a cake layer observed on the upper surface of the filter media suggested that filtration, rather than
adsorption, was the dominant mechanism for the removal of MP and NP by biochar.

Filtration

1. Introduction

Microplastics (MP) and nanoplastics (NP) are plastic particles
smaller than 5 mm and 1 pm, respectively, and are currently recognized
as highly prevalent pollutants, especially in aquatic environments.
These miniscule-sized pollutants originate either from the degradation
of larger plastics or are specifically manufactured at these sizes [1,2]. In
Malaysia, numerous studies have reported the presence of MP and NP
particles across various sampling sites, with the highest magnitude of
pollution recorded in a river on the east coast of Peninsular Malaysia,
ranging from 22.8 to 300.8 MP and NP particles per m® [3]. In addition,

personal care products, one of the largest contributors to anthropogenic
MP and NP pollution, are estimated to release approximately 0.2 trillion
particles into aquatic ecosystems annually [4]. The presence of MP and
NP in aquatic ecosystems is a major concern, as they have a high affinity
for various pollutants and can be ingested by marine organisms, leading
to bioaccumulation and transfer through the food chain to higher tro-
phic levels [5,6]. Given the challenges of significantly reducing plastic
usage in the near future and the public lack of awareness regarding MP
and NP pollution [7], the most effective current strategy is to improve
the performance of available MP and NP removal methods.

Various methods have been employed to mitigate MP and NP
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pollution in aquatic environments, including filtration, coagulation,
flocculation and sedimentation, adsorption, electrocoagulation and
photocatalytic degradation. Filtration is among the most commonly
used methods due to its simplicity, high efficiency and the variety of
available filters [8]. In this process, MP and NP particles are separated
from a solution by being retained by the filter, allowing cleaner water to
pass through as effluent [9]. Filters used in filtration can be classified
into two main types: (i) membrane or (ii) filter media. In membrane-
based filtration, MP and NP particles can be captured through two
mechanisms: (i) cross-flow filtration, where MP and NP-containing so-
lution flows in tangent across the filter surface, and (ii) dead-end
filtration, where the solution flows in perpendicular through the filter
[10]. Due to the structure of the filter media, filter-media-based filtra-
tion may solely operate through the latter mechanism.

Membrane-based filtration may be further classified based on the
size of uniform pores: (i) microfiltration (0.08-2 pm), (ii) ultrafiltration
(5-20 nm) and nanofiltration (~2 nm) [9]. Various membranes have
been employed in MP and NP removal studies, including polyvinylidene
fluoride [11-13], polyethersulfone [14], polyurethane [15], poly-
carbonate, cellulose acetate and polytetrafluoroethylene [16], etc. with
removal efficiencies ranging from 82 to 100 %. However, since the
membranes are synthesized from plastic polymers, prolonged use may
result in membrane abrasion, leading to secondary plastic pollution. In
contrast, non-plastic filter-media-based filtrations do not contribute to
plastic pollution, although they often show weaker and more inconsis-
tent performance than membrane-based systems. Porous materials such
as sand [17-19], zeolites and molecular sieves [20], activated carbon
[21,22], biochar [23,24], and limestone [25] have been investigated for
MP and NP removal.

Biochar is highly appealing for the removal of MP and NP in aqueous
solution mainly due to its sustainable production from the pyrolysis of
biomass, often derived from wastes or byproducts of other applications.
This not only reduces waste and mitigates environmental issues but also
generates high-value products. Biochar has been employed for the
removal of MP and NP through various methods e.g. coprecipitation,
batch study, column-based removal etc. [26,27]. Among these, contin-
uous flow column-based removal is particularly practical, as it is more
realistic for large-scale continuous water treatment systems. Various
waste materials, such as jujube waste, lignin, cellulose, woodchips, corn
straw, hardwood, Scots pine barks, spruce bark, rice husk, and banana
peel have been utilized as filter media and were reported to effectively
remove MP particles through column-based filtration [23,24,28-31].
Due to the biochar’s rough surface, porous structure and tuneable sur-
face properties (zeta potential, hydrophobicity), these studies reported
that the biochar-based filtration system remove MP and NP particles
through mechanisms like entanglement with biochar particles, pore
entrapment, electrostatic attraction and hydrophobic interactions.
Ahmad et al. [23] achieved the highest reported removal efficiency with
over 99 % of 1-10 pm polyethylene and nylon particles removed using
jujube waste-based biochar. However, existing studies on biochar-based
filtration have been primarily focused on plastic particles bigger than or
equal to 1 pm in size, leaving the transport behaviour of smaller NP
particles through biochar filter media largely unexplored. Moreover,
several studies have integrated biochar with sand filters in filtration
columns, making it challenging to attribute the removal efficiency solely
to biochar. Additionally, most research has utilized plastic particles of
uniform shape, which does not fully represent the complexity of MP and
NP found in the environment [32].

Most MP and NP particles, as well as biochar, are negatively charged
and hydrophobic. As a result, these materials can either interact through
hydrophobic forces or repel each other electrostatically. To improve
removal efficiency, biochar can be modified to carry a net positive
charge and increase its hydrophobicity, thereby enhancing interactions
via electrostatic attraction and elevated hydrophobic forces. Shen et al.
[20] demonstrated that modifying zeolite and molecular sieves with
hexadecyl pyridinium bromide (HDPB), a cationic surfactant,
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significantly improved MP removal compared to unmodified alumino-
silicates filter media. However, HDPB is toxic and must be properly
controlled to avoid leaching, which could severely contaminate the
effluent. An alternative cationic surfactant, cetyltrimethylammonium
bromide (CTAB), is non-toxic and has been used to alter the properties of
various materials for enhanced removal of negatively charged pollutants
such as hexavalent chromium [33], dyes [34-37], nitrates [38,39] etc.
In the context of MP and NP removal, CTAB has been utilized to modify
magnetic biochar for polystyrene-based MP and NP removal in batch
studies by Shi et al. [40], Xing et al. [41] and Parashar & Hait [28], all of
which achieved removal efficiencies between 90-99 %. Parashar & Hait
[28] also studied MP removal in a fixed-bed column by integrating
CTAB-modified magnetic biochar with a sand filter, achieving more than
97 % removal under optimal conditions. These studies concluded that
CTAB enhances biochar’s properties, leading to improved removal
performance. However, as noted earlier, they have typically focused
their work on single types of MP and NP polymers, shapes and sizes,
which does not account for the diversity in the morphologies and
characteristics of plastic pollutants present in real environmental con-
ditions. Additionally, the use of magnetic biochar raises concerns about
potential iron leaching, which could lead to secondary pollution [42].
These studies also did not optimize the CTAB concentration for the
biochar modification, which is crucial to achieving maximum removal
efficiency without excessive use of CTAB.

This study introduces a unique and effective approach for studying
the removal of MP and NP across a range of particle sizes, shapes, and
polymer types by employing CTAB-modified biochar derived from palm
kernel shell, a widely available agricultural waste in Malaysia. To our
knowledge, this is among the first studies to employ NP particles in a
column-based filtration setup with biochar, offering unique insights into
biochar’s capacity to filter and adsorb extremely small plastic particles
under dynamic conditions. Additionally, unlike previous research,
which primarily involves magnetized biochar, the use of CTAB modifi-
cation alone eliminates potential secondary pollution risks, while
enhancing adsorption properties suitable for non-magnetic, eco-friendly
applications. By optimizing the CTAB concentration, we have system-
atically improved the filtration performance, demonstrating practical
applicability for sustained and effective MP and NP removal in
continuous-flow systems.

2. Experimental
2.1. Preparation of biochar and surface-engineered biochar

The biochar was synthesized from palm kernel shells (PKS) collected
from a local oil palm mill. PKS was thoroughly washed using distilled
water, followed by oven drying at 110 °C to completely remove the
moisture. The dried PKS was placed in a closed crucible and fully
covered with aluminium foil to limit the exposure to oxygen. The sample
was converted into biochar via slow pyrolysis using a muffle furnace in a
limited oxygen environment at 600 °C at a heating rate of 5 °C/min for 4
h. The muffle furnace was equipped with a suction fan, which allows the
elimination of surrounding gases and gases that formed during the py-
rolysis process. The PKS-biochar obtained was then milled and sieved
into a size range between 0.6 and 1.18 mm, selected based on our pre-
vious optimization study [43]. The milled biochar was then washed with
distilled water to remove the remaining powdered particles attached to
the biochar. The cleaned samples were oven-dried at 110 °C, labelled as
PKS-Blank, and properly kept in a desiccator prior to usage. The surface-
engineered biochar was prepared by introducing cetyl-
trimethylammonium bromide (CTAB) onto the PKS-biochar surface.
Based on the value of CTAB critical micelle concentration (CMC = 0.335
g/L), three different concentrations of CTAB solution (1CMC, 1.5CMC,
2CMC) were prepared. The PKS-biochar was added into the CTAB so-
lution at a ratio of 1:4 (w:v) and magnetically stirred overnight. The
mixture was filtered using filter paper to retain CTAB-modified biochar,
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followed by oven-drying at 65 °C for 4 h. The samples were then
properly kept in a desiccator prior to their use. These CTAB-modified
biochar samples were labelled as PKS-X, where X represents the con-
centration of CTAB.

2.2. Preparation of MP and NP samples

The performance of the surface-engineered biochar was examined
using four different MPs of different polymer types, sizes, shapes and
colours, as follows: (i) PE40-48 (polyethylene, 40-48 pm, irregular,
blue; Sigma Aldrich), (i) PE2-4 (polyethylene, 2-4 pm, irregular, red;
Sigma Aldrich), (iii) PA6-9 (polyamide, 6-9 pm, spherical, white; SH
Energy & Chemical), and (iv) PAFibre (polyamide, < 5 mm, fibrous,
green; obtained locally). The PE40-48 and PE2-4 samples were origi-
nally white but were stained blue and red, respectively, with coloured
dyes for differentiation purposes. PAFibre, originally larger in size, was
cut manually using scissors to achieve the desired MP size. The NP used
in this study was prepared by wet milling larger MP particles (poly-
ethylene, 125 pm, irregular, white; Sigma Aldrich). The wet milling
process involved mixing MP with ethanol (99.9 %, HmBG) ata 2:1 (w/v)
ratio, placing the mixture in a milling bowl and adding milling balls at a
weight ratio of 10:1 relative to the dry MP mass. The sample was milled
at 400 rpm for 24 cycles (each cycle comprising 5 min of milling fol-
lowed by a 5-minute pause). The resulting particles were then analysed
with a particle size analyser and labelled as PENano (polyethylene, 159
— 756 nm, irregular, grey; obtained via milling). Additionally, this study
utilised a mixture of all five MP and NP samples in equal concentrations,
referred to as MIX. The MP solution was prepared by mixing 0.05 g of
MP and NP with a solution of distilled water and ethanol in a volumetric
ratio of 9:1. The ethanol facilitates the reduction of surface tension and
minimizes the agglomeration of MP and NP particles in the solution
[44,45]. The pH of the solution was adjusted to 7 using hydrochloric
acid or sodium hydroxide solution, and particle dispersion was further
enhanced by magnetic stirring for 30 min before the removal study.

2.3. Characterization of samples

The physicochemical properties of the biochar, surface-engineered
biochar, and MP and NP samples were characterized to evaluate their
influence on the removal process. The surface chemistry of biochar and
surface-engineered biochar was examined to determine whether CTAB
modification of the biochar was successful. Functional group identifi-
cation was conducted using Fourier transform infrared spectroscopy
(FTIR) via Perkin Elmer Frontier FTIR in attenuated total reflection
(ATR) mode. The spectra obtained between the wavelength range of
4000-600 cm™! were compared with an FTIR database and relevant
literature to verify the surface functional groups on the samples. The
surface morphology of all samples was characterized by a field emission
scanning electron microscopy (FESEM) using Zeiss Leo 1525 at a
magnification between 100x and 30000x, depending on the sample size.
Morphological properties from the micrographs were further analysed
using ImageJ software.

To understand the possible interaction between the biochar and MP
and NP particles, the hydrophobicity/hydrophilicity and zeta potential
of all samples were measured. Hydrophobicity was determined using
sessile droplet angle measurement based on the methods reported by
Kumarasiri et al. [46]. A 3.5 pL of distilled water droplet was placed on
the sample surface, and its image was captured using a digital micro-
scope. The contact angle (0) of the water droplet was measured using
ImageJ software with contact angle plugins, and the average contact
angle at three different points was recorded. Samples were classified as
hydrophilic for 6 smaller than 90°, hydrophobic for 6 between 90° —
150° and superhydrophobic for 6 larger than 150° [47]. The zeta po-
tential of all samples was measured using a Malvern zetasizer Nano ZS. A
100 mg/L of each sample was dispersed in an aqueous solution, and the
zeta potential was measured only at pH 7, with results reported in
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electron volts (eV).

2.4. MP and NP removal study

The MP and NP removal study was conducted via a continuous-flow
dead-end filtration system in a column-based setup, as shown in Fig. 1.
Biochar or surface-engineered biochar was packed into the middle sec-
tion of a glass filtration column (1 = 25 cm, d = 20 mm) with a bed height
of 10 cm. The filter media was supported by glass beads on both sides to
enhance water flow. The packing of the filter media was accomplished
through an elution method, where distilled water was passed through
the column to remove air voids. This process was repeated until a con-
stant bed height was achieved. Based on the filter media size, the
packing in the column resulted in a bed porosity (¢) of 0.400 and a
tortuosity (t) of 1.458. A very thin layer of wool was placed between the
biochar bed and the lower glass bead layer to prevent the sudden
movement of biochar particles into the effluent stream. The MP and NP
solution was introduced into the column at a flow rate of 7 ml/min
under gravitational assistance and facilitated by a peristaltic pump. The
filtration process was conducted continuously for 2 h, and the effluent
samples were collected every 5 min in glass bottles for subsequent
analysis.

Based on the literature, MP particles larger than 20 pm have been
efficiently removed through filtration [18][48]. To investigate the
effectiveness of filtering smaller MP particles, this study employed PE2-
4, which is significantly smaller than 20 pm. PE2-4 was also chosen due
to its irregular shape, which is the most commonly reported MP shape
found in the aqueous environments. Once the optimal CTAB concen-
tration for surface-engineered biochar is determined, this biochar will be
utilized for filtration of other MP and NP samples. The biochar’s per-
formance in MP removal will be evaluated through turbidity and
gravimetric methods. Turbidity was selected as it has been reported to
be more sensitive than the absorbance method [49]. Prior to the study,
individual solutions of known MP and NP concentrations were prepared,
and their turbidity was measured using a turbidimeter [50]. The
turbidity data for each MP and NP solution were plotted in a calibration
graph, each demonstrating a reliable coefficient of determination (R? >
0.99). The calibration equations for PE40-48, PE2-4, PA6-9, PAFibre,
PENano and MIX solutions are summarized in Table 1 corresponding to
Egs. (1)-(6), respectively. During the experiment, effluent samples were

Fig. 1. Experimental setup of MP and NP removal study.
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Table 1
Calibration equations and R? values for turbidity measurement of the different
MP and NP samples.

Sample Equation R? Equation no.
PE40-48 y = 409.504x - 0.138 0.9983 (€))
PE2-4 y = 735.754x + 0.138 0.9998 (@3]
PA6-9 y = 247.136x + 0.062 0.9996 3
PAFibre y = 131.914x + 0.085 0.9992 @
PENano y = 832.993x + 0.151 0.9996 )
MIX y = 242.719x + 0.604 0.9998 6)

collected every 5 min, and the MP and NP concentrations in both in-
fluents and effluents were estimated using these turbidity calibration
lines. Turbidity removal (%), representing the MP removal efficiency
throughout the experiment, was calculated using Eq. (1) as follows:

_ Initial turbidity (NTU) — Turbidity attime t (NTU)

Turbidity removal (%) = Initial turbidity (NTU)
% 100%
o)

where initial turbidity refers to the turbidity of the influent solution due
to the presence of MP particles before filtration, and turbidity at time t
refers to the turbidity of effluent at each collection time interval, indi-
cating the presence of remaining MP particles that have passed through
the filter media. This comparison allows for calculating the removal
efficiency of MP particles by the biochar filter over time.

In the gravimetric method, the collected effluents were filtered using
appropriate filter papers depending on the size of MP and NP to ensure
complete filtration. The filter papers used were (i) Smith 102 Qualitative
(pore size = 8 — 11 pm), (ii) Whatman glass microfiber filter (pore size =
1 pm), and (iii) Nice nylon filter membrane (pore size = 0.22 pm). The
mass difference before and after the filtration process was calculated and
defined as the amount of MP and NP retained in the effluent, repre-
senting the MP and NP removal efficiency. The gravimetric removal (%)
was calculated using Eq. (2), where initial mass refers to the initial MP
and NP mass in the influent before filtration, and the final MP and NP
mass refers to the MP and NP particles retained in the effluent.

Gravimetric removal (%) =

Initial MP and NP mass (g) — Final MP and NP mass (g)
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contaminating the samples. Although ultrapure water is ideal and highly
recommended for use in MP and NP studies, we had to use distilled
water due to the lack of an ultrapure water production system in our lab.
As distilled water may contain some impurities, it was pre-filtered with a
filter membrane before use. Similarly, other chemicals, e.g., ethanol,
were also pre-filtered before application. The MP and NP removal pro-
cess was conducted in a makeshift container fully covered with
aluminium foil, which is only accessible to the analyst’s hands to limit
exposure to potential contaminants. The cleanliness of the container and
surrounding work area was maintained by regularly cleaning the
workbench surface with pre-filtered ethanol. Additionally, analysts
wore pure cotton lab coats and latex gloves during the experiments to
prevent the introduction of plastic particles into the samples. A negative
control was employed in this study by running blank samples to assess
background contamination. These results were used to adjust MP and NP
concentrations obtained from turbidity and gravimetric measurements.
The experiments were conducted in triplicates, and the reported results
reflected the average concentration obtained from these three trials.
Error bars were omitted from data presentations if the variations be-
tween the experimental runs were minimal or negligible.

3. Results and discussion
3.1. Characterization of samples

The physicochemical properties of unmodified PKS biochar, surface-
engineered biochar, and all MP and NP samples employed were analysed
to determine the potential influence on MP and NP removal perfor-
mance. FESEM micrographs and FTIR spectra of all biochar samples are
presented in Fig. 2, while FESEM micrographs for MP and NP samples
are provided in Fig. 3. Since the samples varied significantly in size,
different FESEM magnifications were used for each MP and NP sample to
capture relevant morphological details. The zeta potential and the water
droplet contact angle measured to determine hydrophobicity are sum-
marized in Table 2.

The FESEM micrographs in Fig. 2(a) show that PKS-Blank possesses a
slightly rough surface with the presence of macropores ranging from 760
to 2192 nm. In contrast, the surface-engineered biochar, PKS-1CMC,

% 100 % (2)

Initial MP and NP mass (g)

Additionally, as the glass filtration column used in this study is
transparent while the MP and NP particles are coloured, the maximum
bed depth reached by the particles from the top was visually observed by
the naked eye. The visual assessment provided supporting evidence on
the transport behaviour of the particles through the biochar media.

2.5. Quality assurance and quality control

Quality assurance and quality control (QA/QC) are essential in MP
and NP studies as samples are highly susceptible to cross-contamination
from surrounding plastic particles, which could lead to inaccuracies,
such as overestimation or underestimation of the results. Various QA/
QC measures were employed in this study to ensure data reliability. All
experiments were conducted using glass, metal or aluminium in-
struments and equipment to prevent potential plastic degradation. To
further avoid contamination, the instruments were thoroughly washed
and rinsed with distilled water and covered with aluminium foil when
not in use, especially to prevent airborne plastic particles from

PKS-1.5CMC and PKS-2CMC, shown in Fig. 2(b), (c) and (d), respec-
tively, demonstrate increasingly uniform pores, smoother surfaces and a
reduced presence of fine biochar particles with an increment in CTAB
concentration. This observation corroborates the findings by Wang et al.
[37] and Mondal & Majumder [51], who also reported surface
smoothening after introducing CTAB to pine nut shell biochar and coal-
based activated carbon, respectively. The pore size of the surface-
engineered biochar also decreases with higher CTAB concentrations,
ranging from 1148-1190 nm for PKS-1CMC to 1162-1177 nm for PKS-
1.5CMC and 993-1018 nm for PKS-2CMC. The reduction in pore size
suggests that CTAB was successfully deposited onto the biochar surface,
narrowing the pores and indicating effective surface modification.

The FTIR spectra of biochar samples in Fig. 2(e) show only minor
differences between the unmodified and surface-engineered biochar.
The spectra were compared with the literature for identification of
surface functional groups [52-56]. A small peak can be seen at 3457
cm ™! corresponding to O-H stretching, indicative of water or hydrogen-
bonded hydroxyl group. Multiple peaks between 2800 — 3050 cm ™! can
be attributed to symmetric and asymmetric stretching of C-Hy that
belong to the aliphatic CHy group. An intense sharp peak at 1758 cm ™ is
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Fig. 2. FESEM micrographs of (a) PKS-Blank, (b) PKS-1CMC, (c) PKS-1.5CMC, (d) PKS-2CMC and (e) FTIR spectra of all biochar samples.

characteristic of C=0 stretching of the carbonyl group, while a broad
peak at 1535 cm™!, which overlapped with adjacent peaks, can be
ascribed to C=C and C=0 of aromatic compounds. A long peak between
1350-1425 cm ! suggests the presence of C-H bending vibrations of the
CH, group. Collective peaks between 1200 — 1300 cm ™' emerge due to
C-C skeletal vibration, while a minor peak at 1092 cm™! represents
symmetric stretching of C-O-C in aryl-alkyl ethers. In addition, a small
peak at 899 cm ™! reflects the existence of C-H bending from aromatic
C-H out-of-plane deformation. The introduction of CTAB onto the bio-
char is evidenced by increased transmittance intensities at 1090 — 1360
em™?, 1450-1600 cm ™! and 2800-3050 cm ™ ranges, corresponding to
increasing CTAB concentrations. This trend aligns with the findings from

the previous studies. An enhancement in the intensity around 1090 —
1360 cm™! is attributed to the C-N vibration of the amine group in the
polar head of the CTAB molecule [57]. On the other hand, the increased
intensities at 1450-1600 cm ! and 2800-3050 cm ! can be linked to the
increment in C-Hy symmetric and asymmetric vibrations of the methyl
chain in CTAB’s non-polar tails [58].

The FESEM micrographs in Fig. 3(a)-(e) verify the characteristics of
MP and NP samples described in Section 2.2. PE40-48 and PE2-4 show
similar morphologies, consisting of numerous rough clumps forming
nearly spherical shapes, similar to the MP and NP samples studied by
Pulido-Reyes et al. [22]. As neither sample exhibits a perfect spherical
shape, they are classified as irregular-shaped MP. It should be noted that
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Fig. 3. Raw image and FESEM micrographs of (a) PE40-48, (b) PE2-4, (c) PENano, (d) PA6-9 and (e) PAFibre.
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Table 2
Zeta potential and contact angle measurements of all biochar and MP and NP
samples.

Sample Zeta potential (mV) at pH = 7 Water droplet’s contact angle
PKS-Blank —18.3 112.6°
PKS-1CMC +9.5 118.2°
PKS-1.5CMC +12.9 120.2°
PKS-2CMC +14.1 117.3°
PE40-48 -29 121.2°
PE2-4 — 382 120.7°
PA6-9 — 36.6 117.2°
PAFibre —50.1 129.4°
PENano —45.7 128.4°

both samples show a tendency to agglomerate, which is evident in both
their raw images and FESEM micrographs in Fig. 3(a) and (b). PENano,
shown in Fig. 3(c), also tends to form agglomerates, and no distinct
shape can be defined for the individual particles. This behaviour is
characteristic of nanoparticles, which often aggregate due to surface
effects. PA6-9 particles, shown in Fig. 3(d), exhibit a perfectly spherical
shape with a very smooth surface. Nonetheless, the particle sizes
observed in the micrograph differ from the data provided by the sup-
plier, with some particles even smaller than 1 pm. In addition, it should
be noted that the actual colours of PENano and PA6-9 are grey and
white, respectively, allowing particle differentiation during inspection
in the lab. PAFibre, depicted in Fig. 3(e), shows a smooth morphology
similar to its raw image, possibly because of its large particle size.

A negative zeta potential value (—18.3 mV) as measured for PKS-
Blank (Table 2) indicates that its surface is predominantly covered
with negatively charged compounds. This arises due to the reduction of
oxygen-containing groups during pyrolysis, which deoxygenates the
biochar surface [59]. Upon modification with CTAB, the zeta potential
shifts to positive values ranging from +9.5 to +14.1 mV, in an increasing
trend with increased CTAB concentration. The change in zeta potential
is attributed to the alkylammonium cations present in the hydrophilic
polar head of CTAB, which are intercalated or adsorbed onto the biochar
surface, neutralizing the available negative charges and imparting a
positive charge [60]. The water-droplet contact angle measurements
demonstrate that all biochar samples exhibit hydrophobic properties,
which are further increased with CTAB modification. PKS-Blank pos-
sesses high hydrophobicity, most likely due to the pyrolysis process
reducing the presence of functional groups such as carbonyl and ethyl,
while simultaneously forming more hydrophobic groups such as phenol,
pyridine and lactone [61,62]. The most significant increase in hydro-
phobicity is observed in PKS-1.5CMC, with a water droplet contact angle
of 120.2°, suggesting that the long non-polar tails of CTAB, were
adsorbed and compacted on the biochar surface, increasing its hydro-
phobicity [63]. In the context of MP and NP, all samples are inherently
hydrophobic with highly negative zeta potential as a result of their long
non-polar hydrocarbon chains. These surface properties are expected to
play a crucial role in the removal of MP and NP by both the unmodified
and surface-engineered biochar. This will be discussed further in the
upcoming subsections.

3.2. MP removal by surface-engineered biochar

The performance of unmodified and surface-engineered biochar in
removing PE2-4 from aqueous solutions via filter-media-based filtration
was investigated using turbidity and gravimetric methods. The turbidity
removal data collected at every 5-minute interval within 2 h of experi-
ments are as shown in Fig. 4, representing PE2-4 removal efficiencies by
biochar samples modified with different CTAB concentrations. The
overall performance measured by both turbidity and gravimetric
methods and the observed biochar bed depth reached by PE2-4 are
summarised in Table 3. The percentage of MP removal reported in
Table 3 is the maximum PE2-4 removal achieved during the experiment.
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Fig. 4. PE2-4 removal trends measured via turbidity method by unmodified
biochar and surface-engineered biochar modified with different CTAB
concentrations.

Table 3

PE2-4 maximum removal efficiency by unmodified and surface-engineered
biochar of different CTAB concentrations measured using turbidity and gravi-
metric methods and the observed bed depth reached by MP.

Sample MP removal (%) Bed depth reached by MP
rticl
Turbidity Gravimetric particles (cm)
method method
PKS-Blank 83.54 84.40 6
PKS-1CMC 95.28 94.87 2
PKS- 95.71 96.13 2.5
1.5CMC
PKS-2CMC 95.45 95.13 4

Table 3 reveals that filtration using unmodified biochar can achieve
up to 84 % PE2-4 removal efficiency as measured by turbidity and
gravimetric methods. The removal efficiency is significantly enhanced
to over 94 % using surface-engineered biochar, irrespective of CTAB
concentration. These results are consistent with the findings by Shen
et al. [20], which reported that modifying filter media with cationic
surfactants leads to significant enhancement of MP removal in filtration
process. In addition, the surface-engineered biochar samples reduce the
biochar bed depth reached by PE2-4 particles to between 2-4 cm, in
comparison to the unmodified sample (PKS-Blank), where particles can
be visually observed as deep as 6 cm. This implies that most plastic
particles are immobilized at the upper layer of the surface-engineered
biochar bed. Prolonging the MP removal process forms a filter cake
layer, which can be visually observed through the glass column. The
thickness of the filter cakes also correlates with the bed depth reached,
where thicker cakes are observed for samples with shorter bed depth
reached by the MP particles. All surface-engineered biochars show
similar MP removal efficiencies around 95 %, however, the highest
performance is demonstrated by PKS-1.5CMC based on turbidity and
gravimetric measurements. The overall MP removal efficiency follows
the order: PKS-1CMC < PKS-2CMC < PKS-1.5CMC.

PKS-1.5CMC, identified as the optimal sample, was further tested for
removal of MP and NP particles of different sizes, shapes and polymer
types, including PE40-48, PE2-4, PA6-9, PAFibre and PENano, as well as
the mixture of these particles (MIX). The removal performance
demonstrated by PKS-1.5CMC was compared against the unmodified
biochar sample (PKS-Blank) in Fig. 5 and Table 4. Fig. 5(a)-(f) show MP
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Fig. 5. Comparison of MP and NP removal trends measured by turbidity method using PKS-Blank and PKS-1.5CMC: (a) PE40-48, (b) PE2-4, (c) PA6-9, (d) PAFibre,

(e) PENano and (f) MIX.

and NP removal trends across the different samples, measured by the
turbidity method at every 5-minute interval within a 2-hour experiment,
while Table 4 summarises the maximum removal achieved during ex-
periments by both turbidity and gravimetric measurements and the
observed bed depth reached by the MP and NP particles.

The study on the removal of various MP and NP particles further
proves the superiority of PKS-1.5CMC, which consistently outperforms
PKS-Blank in all samples tested. While PKS-Blank can remove more than
90 % of MP and NP for three of the samples, i.e., PE40-48, PAFibre and
PENano, as measured via turbidity and gravimetric methods, it dem-
onstrates lower removal efficiency (< 87 %) for the remaining samples,
with the lowest performance observed for the MIX sample (< 72 %). In
contrast, PKS-1.5CMC exhibits superior performance across all MP and

NP particles tested, highlighting the importance of an appropriately
engineered surface charge for effective MP and NP removal. All tested
samples exhibit negative zeta potential values at the pH used in this
study (pH = 7). This reinforces the conclusion that strong electrostatic
attraction between the negatively charged particles and the positively
charged PKS-1.5CMC is a key factor in achieving high removal
efficiencies.

PKS-1.5CMC also effectively limits the movement of MP and NP
particles through the filter media bed, except for PAFiber, where the
same travel depth was observed for both PKS-1.5CMC and PKS-Blank.
PE2-4 particles travel deepest in both filter media, with detection up
to 6 cm in PKS-Blank and 2.5 cm in PKS-1.5CMC. This results in the
formation of thicker filter cakes on the PKS-1.5CMC biochar bed
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Table 4
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Summary of MP and NP removal efficiencies by PKS-Blank and PKS-1.5CMC measured via turbidity and gravimetric methods and the observed bed depth reached by

different MP and NP particles.

Sample PKS-Blank PKS-1.5CMC
MP and NP removal (%) Bed depth reached by MP and NP MP and NP removal (%) Bed depth reached by MP and NP
Turbidity Gravimetric (em) Turbidity Gravimetric (em)
method method method method
PE40- 99.44 99.13 1.25 99.61 99.40 1
48
PE2-4 83.54 84.40 6 95.71 96.13 2.5
PA6-9 85.24 86.33 4 93.64 95.00 2
PAFibre 91.50 92.07 0.2 93.66 94.53 0.2
PENano 92.45 92.33 2.25 95.83 95.07 1.5
MIX 71.31 69.67 2.75 90.90 90.33 1

compared to PKS-Blank, similar to the results obtained in the previous
section. Additionally, it should be noted that tiny biochar powdered
particles may be carried into the effluent due to the continuous water
flow, causing an underestimation of the removal efficiencies by turbidity
and gravimetric methods. Microscopic observation of the filter paper
used to filter the collected effluent confirms the presence of these small
biochar particles, indicating that the reported value in Table 4 is slightly
underestimated. Although PKS-1.5CMC significantly enhanced the
removal of all tested MP and NP particles, notable differences in the
removal performance are observed among samples. The differences are
likely due to the variations in particle size, shape, and polymer type in
the MP and NP samples. The lowest removal efficiency for the MIX
sample can be attributed to the combined negative effects of all these
factors acting simultaneously.

The enhancement in MP removal efficiency by surface-engineered
biochar is largely attributed to the modifications in biochar surface
properties, especially the zeta potential and hydrophobicity, as previ-
ously highlighted in the sample characterization. The introduction of
CTAB increases biochar hydrophobicity and shifts its surface charge
from negative to net positive. The increase in hydrophobicity of the
biochar allows stronger interaction between the surface-engineered
biochar and the hydrophobic MP particles through hydrophobic inter-
action, resulting in the immobilization of MP and the formation of hy-
drophobic aggregates, consistent with a previous finding by Ivanic et al.
[64]. A similar observation on the interaction between hydrophobic
filter media and MP particles was reported by Gao et al. [65], though
under different experimental conditions. In the context of zeta potential,

(a)

the poor MP removal exhibited by PKS-Blank can be explained by
electrostatic repulsion, as both the MP particles and PKS-Blank possess
net negative surface charge. The introduction of cationic CTAB onto the
biochar surface results in a net positive charge, facilitating immobili-
zation of the negatively charged MP particles. In accordance with our
findings, previous studies by Ganie et al. [66] and Yen et al. [67] also
demonstrated that MP and NP removal can be significantly enhanced
when the biochar and MP and NP particles have opposite charges, which
enable electrostatic attraction.

It should be emphasized that the concentration of CTAB also plays an
important role in the effectiveness of surface-engineered biochar for MP
removal. The structure of CTAB and the potential aggregation of sur-
factant molecules are shown in Fig. 6. CTAB is a cationic surfactant with
a positively charged polar hydrophilic head and a negatively charged
non-polar hydrophobic tail [35]. During the surface modification pro-
cess, the positively charged hydrophilic head of the CTAB molecule at-
taches to the negatively charged biochar surface via electrostatic
attraction. At a concentration below CMC, CTAB forms a hemimicelle
structure, which is unsuitable for MP removal as the negatively charged
hydrophobic tails are oriented outward. This results in electrostatic
repulsion between the CTAB-modified biochar and the negatively
charged MP and NP particles [51,68], reducing the removal efficiency.
Therefore, achieving an optimal CTAB concentration is critical to
ensuring surface modification enhances electrostatic attraction and
promotes efficient MP and NP removal.

As the CTAB concentration approaches and exceeds the CMC, CTAB
molecules aggregate into an admicelle structure, with the positively

~

Hydrophobic
non-polar tail

Hemimicelles

Hydrophilic
polar head

Micelles

Fig. 6. (a) Structure of CTAB and (b) Possible aggregation structure of CTAB particles.
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charged hydrophilic heads in the outward position [69]. This arrange-
ment enables electrostatic attraction between the MP and NP particles
and the surface-engineered biochar, resulting in their retention on the
biochar surface. A higher concentration of CTAB facilitates the forma-
tion of more admicelles on the biochar surface, thus increasing MP
retention, as observed in PKS-1.5CMC compared to PKS-1CMC. How-
ever, excessive CTAB concentration reduces MP removal efficiency, as
observed in PKS-2CMC. This decline occurs because, at very high con-
centrations, admicelles begin forming in the CTAB solution itself rather
than on the biochar surface [51]. Consequently, fewer admicelles
interact with the biochar surface, resulting in lower biochar capacity for
MP removal. The phenomenon is consistent with findings from other
studies, e.g., Nagireddi [57], who reported that optimal removal of
heavy metals was achieved at an optimal CMC.

3.3. Influence of MP and NP properties on removal performance

The previous section demonstrated that the removal efficiencies of
MP and NP samples using surface-engineered biochar vary significantly
due to the influence of particle properties such as size, shape and
polymer type. In the context of MP and NP sizes, no clear correlation was
observed between particle size and removal efficiency. The removal
efficiencies of different MPs by PKS-1.5CMC followed the order: PE40-
48 > PENano ~ PE2-4 > PAFibre ~ PA6-9 > MIX for the turbidity
method and PE40-48 > PE2-4 > PENano ~ PA6-9 > PAFibre > MIX for
the gravimetric method. The mobility of MP and NP particles through
the filter media bed can be represented by the ratio of MP or NP
diameter and filter media diameter (dyp,/Np/dpv). According to Gao
et al. [65], the ratio provides an insight into particle behaviour as fol-
lows: (i) dmp/np/dpm < 0.11 refers to conditions where particles move
freely through the filter media, (ii) 0.11 < dyp,np/dpm < 0.32 corre-
sponds to limited particle movement through the filter media, and (iii)
dyvp/np/dem > 0.32 corresponds to the retainment of particles on the
surface of filter media. All MP and NP samples, except PAFibre, fall into
category (i), where particles are expected to move freely through the
filter media. PAFibre, with a significantly higher dyp,np/drm value of
3.3708, indicates greater retention on the surface of the filter media.

Even though larger MP particles can move freely through the filter
media, more than 99 % removal is still achieved for PE40-48, even by
PKS-Blank, as the filter media can easily trap these larger-sized MP
within the pores and on the surface of the filter media bed. Taking into
account the underestimation of results discussed previously due to the
presence of small biochar particles, it can be considered that the filtra-
tion system almost entirely removes PE40-48. This is consistent with the
literature, which reported a high removal efficiency for MP particles
larger than 20 pm through filtration [18][48]. Smaller dyp,np/dEm
values are obtained with smaller MP and NP particles, implying that
they can penetrate the filter bed media easily and get discarded in the
effluent, thus reducing the removal efficiencies [22]. Interestingly,
although PA6-9 has a larger theoretical size and dyp,np/dpm value
compared to PE2-4, the latter achieves higher removal efficiency. A
closer inspection of the particle size distribution, as observed in the
FESEM micrographs in Fig. 3(d), provides an insight into this discrep-
ancy. The PE2-4 particles can be considered uniformly distributed as
they are more uniform in size, with all particles falling well within the
size range provided by the supplier. On the other hand, PA6-9 has a
broader particle size distribution, with some particles smaller than 1 pm.
These smaller PA6-9 particles likely have a much lower actual dyp/np/
dpy value, allowing them to pass through the biochar bed more easily,
making the removal efficiency of PA6-9 lower in comparison to PE2-4.

A significant reduction in dyp/np/dpm is observed when the plastic
particles are further reduced to nano-size, suggesting ease of NP particle
movement through the filter media bed. Therefore, the removal effi-
ciency of PENano is expected to be the worst among all the studied
samples. However, contrary to the expectation, PENano displays a better
removal efficiency than several larger-sized MP samples. This can be
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attributed to nanoparticle agglomeration, which leads to the formation
of larger clumps of plastic particles, as seen in the FESEM micrographs in
Fig. 3(c) [70]. Agglomeration occurs due to the high energy possessed by
PENano, which causes particles to attract each other through weak
forces, e.g., van der Waals interactions or adsorbed onto surrounding
elements. This reduces their Gibb’s free energy until equilibrium is
reached [71]. As a result of this agglomeration, the average particle size
increases, causing PENano to be more easily retained by PKS-1.5CMC.
This result aligns with the findings by Ramirez Arenas et al. [72] and
Pulido-Reyes et al. [22], who reported that NP removal via filtration is
enhanced when particles agglomerate naturally or with the assistance of
a coagulant. On the other hand, the highest removal efficiency is ex-
pected for PAFibre due to its high dyp,np/dpym Value, which suggests that
these fibrous particles can be easily immobilized on the surface of the
filter media upper layer [73]. This is consistent with the findings in this
study where PAFibre is only detected at the top 0.2 cm of the filter media
bed, even with the utilization of PKS-Blank, as summarized in Table 4.
However, the overall removal performance of PAFibre is lower than that
of other MP and NP particles, possibly due to the shape and smoothness
of the fibres. These characteristics reduce the likelihood of effective
filtration, as fibres may exhibit lower adhesion to the filter media surface
despite their large size and limited mobility.

The removal efficiency of the MP and NP samples, as summarized in
Table 4, follows the trend: irregular > spherical > fibre. The higher
removal efficiencies exhibited by irregular MP and NP particles (PE40-
48, PE2-4 and PENano) can be linked to their lower mobility through the
filter media. These particles are more likely to become entangled with
the biochar filter media, and their rough surfaces enhance immobiliza-
tion by fitting into the grooves and pores of the biochar bed. This sug-
gests that shape irregularity and surface roughness are among critical
factors in particle retention, as they facilitate stronger interaction with
the filter media, resulting in higher removal efficiencies than spherical
or fibrous particles. Similar findings were observed by Rullander et al.
[74], who reported that irregularly shaped plastic particles achieved the
highest retainment in horizontal flow sand filters compared to spherical
and fibrous particles. This is especially relevant because irregularly
shaped particles make up the majority of MP and NP in the environment.
Therefore, the high removal performance demonstrated for irregular
particles in this study is highly beneficial for achieving effective MP and
NP removal in real-world applications.

The lower removal efficiency observed for PA6-9 and PAFibre is
primarily attributed to their spherical and fibrous morphologies and
smooth surfaces, as shown in the FESEM micrographs in Fig. 3(d) and 3
(e). The smooth surfaces result in higher mobility throughout the filter
bed, reducing the tendency to be immobilized by the filter media. In the
case of spherical particles like PA6-9, various MP and NP-related studies
[32,75,76] have similarly reported that these particles exhibit high
mobility and can be easily passed through the filter media. The high
mobility of spherical particles can be attributed to (i) lacking of sharp
edges or angles, resulting in minimal point of contact with filter media,
making them less likely to become trapped within the pores, (ii) having a
low surface-area-to-volume ratio, which minimizes the drag and resis-
tance experienced by these particles, enabling smoother passage
through the filter bed, and (iii) having a symmetrical shape which re-
sults in consistent forces on the surface of the particles, ensuring uniform
motion and preventing erratic movements that might otherwise lead to
entrapment within the filter media. These characteristics combined
contribute to the lower retention of PA6-9 and PAFibre, reflecting the
importance of particle morphology in filtration-based MP and NP
removal.

In the context of fibrous particles, e.g., PAFibre, their retention is also
highly dependent on the orientation of the particles as they move
through the filter media bed [74]. Fibres are characterised by having one
dimension (length) considerably larger than the other (width or thick-
ness). When the movement of fibrous particles is aligned with their
larger dimension, they are more easily retained on the upper layer of the



M.A. Hanif et al.

filter media. This is observed for most PAFibre particles in the study, as
their movement through the filter bed is significantly hindered, with the
deepest penetration reaching only 0.2 cm. Nonetheless, some fibrous
particles may orient themselves along their smaller dimension as they
traverse through the filter bed, allowing them to move longitudinally.
This facilitates higher particle mobility through the filter media,
enabling some fibres to escape the filter bed, thereby reducing the
overall removal efficiency [77,78]. This dynamic of alternating between
restricted and unimpeded movement based on orientation highlights the
challenge of fully capturing fibrous particles using filtration methods,
particularly in systems relying on mechanical entrapment alone. This
emphasizes the need for enhanced filtration strategies, such as using
surface-engineered biochar or adjusting filtration parameters, to
improve the removal of fibrous microplastics.

In this study, two polymer types were examined, polyethylene (PE)
and polyamide (PA), where higher removal efficiency can be observed
for the PE-based samples (PE40-48, PE2-4 and PENano) compared to the
PA-based samples (PA6-9 and PAFibre). Although the polymer type can
significantly affect the retention of suspended particles, primarily due to
differences in density, this effect is deemed negligible in this study. Both
polymers have densities that are very close to water density (poly-
ethylene = 0.91-0.94 g/cm®, polyamide = 1.01 g/cm®), which mini-
mizes the influence of gravitational forces on the removal process [65].
This is supported by Rullander et al. [74], who studied the removal of
PE, PA and polyethylene terephthalate (PET) based MPs using sand as
the filter media. They reported that only PET particles were highly
retained due to their significantly higher density (1.35 g/cm®) than
water, whereas PE and PA particles, with densities similar to water,
exhibited less retention by the filter media. This reinforces the impor-
tance of understanding the physical and chemical properties of plastic
particles, beyond just polymer type, in influencing their interaction with
filtration media, especially when considering the design of engineered
filters.

As the density effect is negligible, the difference in the removal
performance of PE and PA-based MPs is likely attributed to the differ-
ence in their hydrophobicity and zeta potential. As discussed earlier, the
electrostatic attraction between positively-charged PKS-1.5CMC and
negatively-charged MP and NP particles can enhance the MP and NP
removal process [79]. Additionally, hydrophobic interactions play a
significant role in improving removal efficiency, especially for more
hydrophobic particles [64]. As shown in Table 4, the samples used in
this study follow the order of PE40-48 > PA6-9 > PE2-4 > PENano >
PAFibre in zeta potential and PAFibre > PENano > PE40-48 > PE2-4 >
PA6-9 in hydrophobicity. The difference in zeta potential and hydro-
phobicity of each MP and NP sample results in different strengths of
interaction with PKS-1.5CMC filter media. The higher hydrophobicity
and zeta potential of PE-based samples enable stronger interactions with
the biochar, resulting in higher retention than PA-based samples.
Additionally, other factors mentioned earlier, such as shape and surface
roughness, affect PA-based samples, reducing their removal efficiency.
The finding aligns with the results reported by Rullander et al. [74], who
also observed a higher amount of PA particles in the filtration effluent
compared to PE particles.

3.4. Possible removal mechanism

Based on the findings of this study and supporting literature, the
removal mechanism of MP and NP particles by CTAB-modified biochar
filter media can be clarified. Filtration mechanism plays a pivotal role in
the removal process, as proposed by Wang et al. [31] and corroborated
by related studies [20,23,24,25,80,81]. During filtration, the retention
of MP and NP particles may occur in several ways: (i) being stuck
(blinded) in between the filter media due to size exclusion, (ii) entan-
glement with small chips or particles of the filter media, particularly for
those with irregular shapes or fibrous forms, and, (iii) adhesion onto the
filter media surface due to electrostatic attraction or hydrophobic
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interactions between MP and NP particles and the biochar surface. The
fourth mechanism proposed in some studies, entrapment inside filter
media pores, is unlikely to happen in this study. The MP and NP particles
used are larger than the typical pore size of CTAB-engineered biochar,
making it impossible for them to be trapped within the biochar surface
pores.

Since filtration is proposed as the dominant mechanism for the
retention of MP and NP by biochar in this study, conventional
adsorption-related mechanisms, e.g., adsorption breakthrough models
like Thomas, Yoon-Nelson, Adams-Bohart etc.), adsorption kinetics
(pseudo-first order, pseudo-second order etc.) and adsorption isotherms
(Freundlich, Langmuir etc.) usually applied in activated carbon
adsorption studies are not applicable for explaining the MP and NP
removal process. This is true because these models are typically used to
describe solute adsorption onto adsorbent surfaces, whereas, in this
study, MP and NP particles are physically retained through filtration-
based mechanisms. The possible removal mechanisms of MP and NP
in this study discussed earlier are illustrated in Fig. 7, comprising MP
sticking between biochar packing, entanglement with small biochar
particles, adhesion on biochar grooves, electrostatic interaction, hy-
drophobic interaction and filter cake formation. Filter cake formation
happens due to the accumulation of particles on the surface of the filter
media, creating a filter cake which can further improve retention by
blocking the media pores and trapping additional particles. These
mechanisms collectively contribute to the efficient removal of MP and
NP from the solution during filtration with the surface-engineered
biochar.

The tightly packed biochar bed inside the filtration column plays a
key role in retaining MP and NP particles, where particles smaller than
the gap between the biochar particles can pass through, as noted by
Palansooriya et al. [82]. For example, MP particles such as PE40-48 are
easily blinded between the filter media due to their large average size,
resulting in immobilization and high removal efficiency. Similarly, NP
agglomeration also leads to an increase in their particle size, enhancing
their immobilization by the filter media. Smaller-sized MP particles,
however, are more challenging to retain. Due to their smaller di-
mensions, a portion of these particles can penetrate the biochar bed and
exit with the filtration water permeate. Despite this, many MP and NP
particles are ‘blinded’ and occupy the spaces between biochar particles.
As more particles flow into the column, these blinded particles block the
gaps between biochar, preventing subsequent particles from passing
through and are immobilized on the upper layer of the biochar bed as a
filter cake layer [83]. The filter cake formation is initially beneficial in
facilitating the retention of additional MP and NP particles. However, as
filter cake thickens, it may cause a pressure drop within the system,
resulting in slower filtration and reduced water flow inside the column,
eventually compromising the overall filtration performance [84].
Therefore, while beneficial in the short term, excessive filter cake for-
mation can be detrimental to the long-term effectiveness of the filtration
process.

The formation of small biochar particles or chips inside the filtration
column due to disintegration from particle collisions or the continuous
water flow is a notable factor in the retention of MP and NP particles. As
MP and NP particles pass through the filtration column, they may
become entangled with these smaller biochar particles or chips, facili-
tating their retention on the biochar surface [23]. This entanglement can
also lead to particle enlargement, aiding in the subsequent filtration by
the filter media [85]. The effectiveness of the adhesion process is highly
dependent on the surface properties of biochar. Biochar with a rougher
surface, characterised by numerous grooves, provides more attachment
sites for the MP and NP particles, enhancing retention [25]. This effect is
observed in our previous study [43], where palm kernel shell biochar,
which possesses a higher surface roughness, exhibits superior MP
retention in comparison to coconut shell biochar. The increased surface
roughness allowed for more opportunities to become immobilized,
demonstrating that biochar roughness plays a critical role in the
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Fig. 7. Possible MP and NP removal mechanisms by filter media-based filtration.

filtration-based removal of MPs and NPs. This finding supports the
broader conclusion that both the biochar properties (such as surface
roughness) and the physical dynamics within the filtration column (e.g.,
biochar disintegration and particle entanglement) are crucial factors in
determining the overall efficacy of the MP and NP removal process.

The adhesion of MP and NP particles is also driven by various in-
teractions such as electrostatic interaction, hydrophobic interaction, n-n
interaction and hydrogen bonding. When unmodified biochar (PKS-
Blank) is used, both the biochar and MP/NP particles exhibit a negative
surface charge, resulting in electrostatic repulsion, which reduces the
removal performance, as reported by Li et al. [25]. However, the biochar
modified with CTAB gains a positive surface charge, which allows
electrostatic attraction with the negatively charged MP and NP particles,
significantly enhancing removal efficiency [20]. Since all biochar, MP,
and NP particles in this study are hydrophobic, they can adhere to each
other through hydrophobic interactions. These interactions form hy-
drophobic aggregates, which repel the surrounding water, facilitating
the retention of MP and NP particles on the biochar surface [64]. When
aromatic groups are present, removing MP and NP via n-r interaction is
common in filtration studies. However, this mechanism is not relevant to
this study because both PE and PA particles used do not contain aro-
matic groups, which are necessary for such interactions to occur. In
addition, hydrogen bonding is unlikely to play a significant role as the
hydrogen atoms on PE molecules are not attached to electronegative
atoms, which reduces the potential hydrogen bonding with the biochar
surface. Although PA could theoretically form hydrogen bonding with
biochar due to the presence of nitrogen and oxygen atoms in the poly-
amide structure, this mechanism appears insignificant to other removal
mechanisms in this work. The lower removal of PA-based MP in this
study compared to PE suggests that hydrogen bonding is not a dominant
removal mechanism. In summary, the dominant mechanisms in this
study are electrostatic and hydrophobic interactions, with electrostatic
forces enhanced by the biochar modification with CTAB, while n-n
interaction and hydrogen bonding have minimal to negligible impact on
MP and NP removal.

4. Conclusion

This study investigates the effectiveness of PKS-biochar modified
with CTAB for enhancing the removal efficiency of MP and NP from
aqueous solutions. The surface modification significantly improves the
biochar properties, resulting in a net positive surface charge and
increased hydrophobicity. These changes facilitate stronger interactions
between MP/NP particles and the surface-engineered biochar through
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electrostatic attraction and hydrophobic interaction. The removal of MP
and NP does not only depend on the properties of the biochar but is also
highly dependent on the properties of MP and NP particles, such as size,
shape and polymer type. In general, smaller-sized particles exhibit lower
removal efficiency due to their high mobility within the filter media.
However, NP particles demonstrate high removal efficiency due to their
tendency to agglomerate, resulting in larger particle sizes that enhance
retention. In addition, irregularly shaped MP and NP show higher
removal efficiency due to their ability to become immobilized within the
grooves and pores of the biochar bed. This contrasts with spherical and
fibrous shapes, which possess smoother surfaces that facilitate move-
ment through the biochar bed, leading to lower removal efficiency. PE-
based MP and NP particles exhibit higher removal efficiency than their
PA-based counterparts. This difference can be attributed to PE’s rela-
tively less negative surface charge and higher hydrophobicity, which
result in stronger interactions with the surface-engineered biochar. The
modification of biochar with CTAB has proven effective in improving
the removal of MP and NP from water, highlighting the potential for
enhanced performance in mitigating pollution. However, further
research is recommended to assess the practical application and the
effectiveness of surface-engineered biochar in real-world scenarios and
large-scale applications. This will help determine its viability as a sus-
tainable solution for addressing MP and NP pollution in aquatic
environments.
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