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• Biochar presented strong potential for
the adsorption of PSNPs.

• Adsorption capacity of biochar for
PSNPs increased with increased pyroly-
sis temperature and after aging.

• Pore filling, hydrophobic interaction
and hydrogen bonding all involved in
PSNPs adsorption to biochar.
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Plastic pollution has become a global threat in the natural environment, and an urgent remedial measure is
needed to reduce the negative effects caused by plastic pollutants. In the current study, the effects of pyrolysis
temperature (500 °C, 700 °C, and 900 °C) and aging on the adsorption of polystyrene nanoplastics (PSNPs)
onto corncob biochar were systematically assessed with kinetic, isotherm, pH-dependent adsorption experi-
ments, FTIR and XPS spectroscopy, and DLVO calculations. The oxidation was done with 5% of HNO3/H2SO4 to
simulate long-term oxidative aging of biochar in the environment. The results showed that the specific surface
area, hydrophobicity, and aromaticity of biochar increased with pyrolysis temperature, whereas the specific sur-
face area and amounts of oxygen-containing groups increased after oxidation. The adsorption mechanism of
PSNPs onto the biochar was explored based on the correlation between biochar properties and adsorption pa-
rameters derived from adsorption isotherms. Overall, the adsorption capacity of biochar for PSNPs increased
with increased pyrolysis temperature and after aging. While the increase of specific surface area was considered
the major factor leading to the increase of the adsorption, the variation in surface properties also played an im-
portant role. Pore filling, hydrophobic interaction, and hydrogen bonding may all be involved in PSNPs adsorp-
tion to biochar. However, the hydrophobic interaction might be more important for the fresh biochar, whereas
hydrogen bonding involving oxygen-containing groups might make a bigger contribution to PSNPs adsorption
to oxidized biochar. The pH experiments revealed that PSNPs adsorption decreased in general with the increase
of pH, indicating that electrostatic repulsion played a vital role in the PSNPs adsorption process. The results of this
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study indicate that biochar can be potentially applied to immobilize plastic particles in terrestrial ecosystems
such as in soil or groundwater, and the immobilization could be enhanced via artificial oxidation or aging of bio-
char in the natural environment.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Biochar is the pyrolysis product of biomass under a limited amount
of oxygen (O2) through the thermal decomposition of organic material
(Lehmann and Joseph, 2012). One of the most important properties of
biochar is the ability to absorb and retain organic and/or inorganic pol-
lutants (Ahmad et al., 2014; Cao et al., 2011; Chen et al., 2015; Jiang
et al., 2012; Koelmans et al., 2006; Li et al., 2020), reducing the bioavail-
ability of environmental pollutants (Alhashimi and Aktas, 2017). Mean-
while, biochar can also benefit soil fertility (Major et al., 2010) and
mitigate climate change (Sohi, 2012) at the same time via carbon
sequestration.

Many researches have shown that biochar possesses large pore
structures, large surface area, surface functional groups (e.g., OH,
C\\O, C_O, and COOH), as well as various minerals (e.g., N, S, Na, Ca,
K and Mg) (Creamer et al., 2014; Ni et al., 2019), and pyrolysis temper-
ature can affect these properties (Kloss et al., 2012). Many studies re-
ported that the pH, aromaticity, specific surface area, and structure
stability increased with increasing pyrolysis temperature. In contrast,
its hydrophilicity, polarity, and the number of oxygen-containing func-
tional groups decreased (Jia et al., 2018; Mašek et al., 2013). In the envi-
ronment, biochar would undergo a range of natural “aging” processes,
such as oxidation (Cross and Sohi, 2013), biological consumption
(Cross and Sohi, 2011), and leaching (Angst et al., 2013), which signifi-
cantly alter the physico-chemical properties of biochar and further in-
fluence its sorption capacity for contaminants. Previous studies have
demonstrated that biochar aging ismainly a physical changewith struc-
tural alterations (Ahmad et al., 2012). However, the change in the
surface's chemical properties, such as the increase of oxygen content
resulting fromaging in biochar (María et al., 2018), can have diverse im-
pacts on biochar affinity for various contaminants. For herbicides
(Martin et al., 2012) and phthalates (Ghaffar and Abbas, 2016; Jing
et al., 2018), the adsorption efficiency of biochar decreased with
aging; while adsorption of dialkyl phthalate on biochar aged with
HNO3-H2SO4 increased, suggesting that the adsorption of phthalates
on oxidized biochar surface is a cumulative influence of hydrophobic in-
teractions and pi-pi electron donor-acceptor interactions (Ghaffar et al.,
2015).

Nanoplastics are formed from the breakdown of plastic materials,
and according to the definition, the size of nanoplastics varies between
1 and 1000 nm and exhibits colloidal conduct (Gigault et al., 2018).
Nanoplastics in soil systems have recently received increasing interest
(Bläsing and Amelung, 2018; Hurley and Nizzetto, 2018) due to the dis-
covery of their presence in soilsworldwide (Scheurer and Bigalke, 2018;
Zhang and Liu, 2018), typically resulting from widespread use of agri-
cultural films, sewage sludge and irrigation activities (Bläsing and
Amelung, 2018). The small size and high surface area of nanoplastics
allow them to pass through biological barriers (Shang et al., 2014), inte-
grate into lipid membranes, affect cellular functions (Rossi et al., 2014),
causemortality (Lee et al., 2013), reduce feeding activity (Wegner et al.,
2012), and harm human health (Wright and Kelly, 2017). Nanoplastics
have an inhomogeneous charged surface and can aggregate under cer-
tain physico-chemical conditions in the environment. Nanoplastics
can adsorb organic pollutants (Andrady, 2011) as well as heavy metals
(Davranche et al., 2019). Also, nanoplastics can transport in the natural
soils (O'Connor et al., 2019; Quevedo and Tufenkji, 2012; Wu et al.,
2020) and serve as pollutant carriers to allow the transportation of con-
taminants that have amore dangerous effect on human and the ecosys-
tem (Da Costa et al., 2016; Wu et al., 2019).
2

Previous studies focused on studying sources (Duis and Coors, 2016;
Nizzetto et al., 2016; Steinmetz et al., 2016), fates (Da Costa et al., 2016;
Da Costa, 2019; Hurley and Nizzetto, 2018; Paço et al., 2017), negatives
effects (Kashiwada, 2006; Lee et al., 2013; Wegner et al., 2012; Wright
and Kelly, 2017) and quantification of nanoplastics (Jiang et al., 2019;
Renner et al., 2018; Schwaferts et al., 2019; Strungaru et al., 2019) in
the environment. However, there are fewer studies on possible mea-
sures to decrease the bioavailability of nanoplastics in the environment
and reduce their environmental risks. As previous researches indicated,
the biochar filters provide significant capacity for the removal and im-
mobilization of 10 μm microplastic spheres (above 95%) (Wang et al.,
2020). Besides, the addition of biochar/Fe3O4-biochar enhanced deposi-
tion of plastic particles due to the increased surface roughness and neg-
atively decreased zeta potentials of porous media (Tong et al., 2020).
Thus, the primary objective of this study is to figure out the immobiliza-
tion ability of fresh and aged biochar for nanoplastics. In this study,
corncob was chosen as the feedstock of biochar and pyrolyzed at
different temperatures. Meanwhile, fresh biochar was chemically oxi-
dized to simulate the impact of the natural aging process. Polystyrene
nanoplastics (PSNPs) was selected because it is an important model
for the research of nanoplastics in the laboratory, although the usage
and output of polystyrene plastics takes up about 6% of all plastics in
the world (Chee et al., 2017). The specific objectives are (1) to obtain
qualitative and quantitative information on the adsorption characteris-
tics of PSNPs onto fresh and oxidized biochar, (2) to investigate the
environmental pH and pyrolysis temperature effects on the adsorption,
and to reveal the involved adsorption mechanisms. This research
will broaden our understanding to assess biochar effectiveness in
nanoplastics immobilization in water and soils.

2. Materials and methods

2.1. Preparation of fresh and oxidized biochar

Corncob was obtained from the local farmer in Wuqing District,
Tianjin, China. Corncob is a good material for producing active carbon
(Ioannidou et al., 2008). The feedstock was air-dried and stored in
sealed containers. A slow pyrolizer (CHengYI-1150 °C, High-
Temperature Box Furnace, Henan, China) was used to convert corncob
into biochar under limited oxygen conditions at 500 °C, 700 °C, and
900 °C (Liu et al., 2014). The temperature increased at 5 °C/min until
the required temperature at 500, 700, or 900 °C was reached, and then
the peak temperature was maintained for 2 h. Then, the obtained bio-
char was gently crushed and sieved to <0.15 mm, and referred to as
CB500, CB700, and CB900 throughout the manuscript.

HNO3-H2SO4 mixture was selected to oxidize corncob biochar ac-
cording to a modified method (Qian and Chen, 2014). Several studies
have demonstrated that biochar treated with a strong oxidizing agent
(e.g., HNO3/H2SO4, HNO3, HF/HNO3, KMnO4, H2O2, or NaClO) boosts its
sorption capacity, creates charged and hydrophilic surface functional
groups, and increases their colloidal stability and mobility (Cho et al.,
2010). Briefly, the HNO3-H2SO4 mixture (1:3, v/v) was diluted to 5%,
and then 5 g of each biochar sample (CB500, CB700, or CB900) was im-
mersed in 400 mL of HNO3/H2SO4 solution. The reaction was strongly
exothermic; therefore, the suspension was maintained for 6 h at 80 °C.
To eliminate the remaining acid, oxidized biochar was first washed re-
peatedly with deionized water and then drained through a 0.45 μm
membrane. The oxidized biochar samples were denoted as ACB500,
ACB700, and ACB900.



Table 1
Elemental composition of fresh and oxidized corncob biochar.

Properties CB500 CB700 CB900 ACB500 ACB700 ACB900

pH 9.6 9.6 9.7 3.4 3.6 3.9
C (%) 76.80 79.90 81.20 74.70 72.90 65.30
H (%) 2.9 2.0 1.9 2.3 1.9 1.6
N (%) 1.10 0.70 0.67 2.07 1.67 1.45
O (%) 14.90 13.90 13.70 16.97 20.29 29.26
O/C 0.15 0.13 0.12 0.17 0.21 0.34
H/C 0.45 0.30 0.28 0.39 0.31 0.29
(N + O)/C 0.16 0.14 0.13 0.19 0.23 0.36
Ash (%) 4.30 3.50 2.53 3.96 3.24 2.39
SA (m2/g) 17.8 34.5 36.3 36.9 48.2 60.8
PV (cm3/g) 0.04 0.06 0.06 0.09 0.11 0.13
PS (nm) 7.31 9.12 9.79 7.07 8.82 9.09
Al3+⁎ (mg/L) 0.20 0.16 0.27 0.003 0.003 0.008
Ca2+⁎ (mg/L) 1.92 2.04 2.13 0.26 0.30 1.33
Mg2+⁎ (mg/L) 3.29 7.26 9.69 0.76 0.59 1.29

SA: Surface area; PV: Pore volume; PS: Pore size
⁎ It is the ion concentration in filtrate of biochar suspensions
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2.2. Characterization of biochar and PSNPs

Suspensions of biochar were prepared by mixing 0.1 g biochar with
10mL ultrapurewater (Arrium®mini pro-VF UltrapureWater System).
The suspensions were shaken at 250 rpm for 24 h and then centrifuged.
The pH in the supernatant was measured with a pH meter (Shen et al.,
2018). The ash content of biochar was estimated by weighing the resi-
dues of 1.0 g biochar after being heated in a muffle furnace at 750 °C
for 6 h (ASTM International, 1984). An elemental analyzer (Vario EL
cube SN-19103023) was used to evaluate proportions of carbon, oxy-
gen, hydrogen, nitrogen, and sulfur of biochar through dry combustion.
The specific surface area and pore size of small pores (<100 nm) of each
biochar were determined using the BET-N2 adsorption technique
(Micrometrics Instrument Corporation, TriStar II 3020 Version 3.02
Serial 1421). The pore size of large pores (>100 nm) was determined
using the Mercury porosimeter method (Micrometrics Auto Pore IV
9510, USA). The surface morphologies of the materials were observed
with a scanning electron microscope (SEM-Hitachi SU-1510). The sur-
face functional groups of biochar were analysed with Fourier transform
infrared (FTIR) spectroscopy in the range of 4000–500 cm−1 (Thermo
Nicolet Corporation, Nexus870). The C and O-containing groups
were determined using X-ray photoelectron spectroscopy (Thermo
ESCALAB 250Xi XPS Method, USA).

Polystyrene nanoplastics (50 nm) were purchased from Huge
Biotechnology, Shanghai, China. The zeta potential and particle size of
biochar and PSNPs at pH 4, 7, and 9 were measured using a zeta-
potential meter (ZETASIZER Nano Series 1184132, Malvern). The sur-
face functional groups of PSNPs (Fig. S1) were analysed with FTIR in
the range of 4000–500 cm−1. The pHvalues of the suspensionswere ad-
justed by adding 0.1 mol/L HNO3 or NaOH. The results of zeta potential
and size of biochar and PSNPs are listed in Tables S1 and S2.

2.3. Adsorption experiments

2.3.1. Adsorption kinetics
Sorption kinetic studies were conducted to investigate PSNPs ad-

sorption as a function of the contact time to the fresh and oxidized bio-
char. Briefly, 1 g/L PSNPs solution was prepared as stock solution. 0.2 g
of each type of biochar was mixed with 10 mL 0.4 g/L PSNPs solution
in a 30mLglass vialwith a Teflon-lined screwcap at 25 °C. Thefinal con-
tent of biochar is 20 g/L. The pH of the suspensions was adjusted to 7.0
using 0.01mol/L HNO3 or NaOH. 30 suspensionswere prepared for each
biochar. The glasses vials were shaken at 180 rpm on a rotary shaker at
room temperature (about 25 °C). At specified intervals (15, 30, 60, 120,
240, 480, 1500, 2160, 2880, and 4320 min), three vials (as triplicates)
for each biocharwere taken out, and the suspensionswere immediately
filtered through a 0.45 μmmicro-porous filtration membrane for PSNPs
analysis. The absorbance value of PSNPs in the filtrate was determined
via light absorbance measurement at wavelength of 316 nm using a
UV–Vis spectrometer (UV-2700, Shimadzu) (Wegner et al., 2012), and
then the PSNPs concentration was calculated using the absorbance
value-concentration standard curve (Fig. S2).

2.3.2. Adsorption isotherms
Adsorption isotherms of PSNPs to fresh and oxidized biochar were

studied. The experimental procedures are similar to those in the adsorp-
tion kinetic experiment. The suspensions contained 20 g/L biochar and
PSNPs of varying initial concentrations (0.05–1 g/L), and pH was ad-
justed to 7.0. The suspensions were shaken for 72 h. Each treatment
was carried out in triplicates.

2.3.3. pH dependency of the adsorption
The pH dependency of the PSNPs adsorption to biochar was studied.

The experimental procedures are similar to those above. The biochar
content was the same (20 g/L), whereas the PSNPs concentration was
0.4 g/L. The pH of the suspensions were adjusted to selected values in
3

the range between 3 and 10. Each treatment was carried out in
triplicates.

2.4. Data analysis and model fitting

2.4.1. Kinetic and isotherm modelling
The average values for the three replicate sampleswere used for fur-

ther analysis. The experimental results of sorption kinetics were
analysed by fitting the data to the pseudo-first-order and pseudo-
second-order kinetic models. Freundlich and Langmuir models were
used to describe the PSNPs adsorption isotherms. Allmodels and the pa-
rameters were presented in Supplementary Material S1.

2.4.2. DLVO theory
TheDLVO theory explains interactions of particle or colloid to under-

stand the force between surfaces that interact via a liquid medium. In
this study, to interpret the adsorption and retention behaviour of
PSNPs on biochar, DLVO interaction energies were calculated. The
total DLVO interaction energy (ETOT) between PSNPs and biochar sur-
face was calculated as a sum of the Lifshitz-van der Waals (ELW) and
electrical double-layer energy (EEDL). The expressions used to calculate
the values of ELW and EEDL for the interaction between PSNPs and bio-
char were given in Supplementary Material S2. The values of the calcu-
lated Hamaker constant for the PSNPs–water–biochar is 3.64 × 10−21.
The calculated DLVO interaction energies were expressed as kT, where
k is Boltzmann constant, and T is the absolute temperature.

3. Results & discussion

3.1. Properties of biochar

The element composition, atomic ratio, and ash content of fresh bio-
char and their oxidized materials are presented in Table 1. The ratios of
H/C (0.46–0.28), O/C (0.15–0.12), and (N + O)/C (0.16–0.13) were
higher for fresh biochar produced at a lower pyrolysis temperature
(500 °C) than at higher temperatures (700 °C, 900 °C), especially the
H/C ratio (CB500 about 35% higher than CB700 and CB900, Table 1), in-
dicating relatively lower aromaticity, higher hydrophilicity and higher
polarity of CB500 than CB700 and CB900 (Spokas, 2010). With the in-
creasing temperature of pyrolysis, the ratios of H/C, O/C, and (N + O)/
C gradually decreased, mainly due to the thermal conversion of organic
matter into carbonated organic matter and the formation of structures
containing condensed carbon atoms such as aromatic rings (Jing et al.,
2018; Qian and Chen, 2014), and a significant decrement was observed
between CB500 and CB700 or CB900. For CB700 and CB900, the
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differences in elemental composition are small. Oxidation led to an in-
crease of O and N contents, while C and H contents decreased. The O/C
ratio increased by 40–70% from 0.13–0.14 to 0.18–0.22 (Table 1)
when samples were oxidized with HNO3/H2SO4. Similar results have
been reported in the literature. For instance, a rise in O/C ratio was
found when rice straw and peanut shells biochar were oxidized using
HNO3/H2SO4 (Ghaffar et al., 2015; Qian and Chen, 2014). The increase
of O content (increased by 45–48% in our study, Table 1) of oxidized bio-
char was mainly resulted from the increase of O-containing functional
groups introduced on biochar surfaces (Ghaffar et al., 2015).

Increased pyrolysis temperature enhanced the surface area, pore
volume, and pore size of biochar (Table 1). Significant increments
were observed between biochar pyrolyzed at 500 °C and those at 700
°C or 900 °C. The specific surface area and small pore (<100nm) volume
of oxidized biochar were much higher than the fresh ones, increased by
39.6–107% and 83.3–125%, respectively (Table 1), but the average size
of small pores (<100 nm) decreased after oxidation. The increase of
pores (Fig. S3) is possibly caused by the decomposition and consump-
tion of organic matter during the chemical oxidation using HNO3/
H2SO4 (Ghaffar and Abbas, 2016). On the other hand, the decrease of
the average pore size after oxidation might be resulted from the crea-
tion of relatively small pores during oxidation. A reduction of average
pore size was also observed in peanut shell biochar oxidized with
HNO3/H2SO4 (Ghaffar and Abbas, 2016). For large pores, each biochar
exhibits similar size distribution (average pore size about 2250 nm,
Fig. S4). These large pores are probably more dependent on the plant
materials and the structure of the biomass rather than the pyrolysis
temperature and the oxidation (Hassan et al., 2020). The ash content
substantially decreased after oxidation because the alkaline elements
were removed when oxidized biochar was washed with water (Qian
and Chen, 2014).

3.2. Adsorption kinetics

The adsorption of PSNPs to biochar showed a fast-initial adsorption,
then slowed down and reached equilibrium within 24 h (Fig. 1). The
finding showed that the adsorption occurred in two phases, consisting
of a rapid adsorption to the adsorbent surface and a slow adsorption
due to probably diffusion of PSNPs into the interior of biochar. More-
over, the first fast phase occurred within 4 h for fresh biochar and 8 h
for oxidized biochar, and most (>90%) PSNPs were adsorbed during
the fast phase. This process is faster than the adsorption of organic pol-
lutants like diethyl phthalate (DEP) to corncob biochar, for which the
equilibrium took 4– 5 days (Jing et al., 2018). The data fitted a bit better
with the pseudo-second-order kineticmodel (R2=0.96–0.99, Table S3)
than the pseudo-first-order kinetic model (R2 = 0.86–0.97, Table S3).
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The values of k1 and k2 (Table S3) increased with pyrolysis temperature
for both the fresh and oxidized biochar, whereas k1 and k2 were higher
for the oxidized biochar than the fresh one. The variations between the
k1 and k2 values were mainly due to differences in the adsorption rate,
which were depended on the biochar properties (Bogusz et al., 2015).

3.3. Adsorption isotherms

Adsorption isotherms of PSNPs on fresh and oxidized biochar are
presented in Fig. 2. The adsorbed amount of PSNPs increased with the
increase of initial concentration of PSNPs. The isotherms started to flat-
ten at high concentration. The maximum adsorbed amount (in mg/g)
measured followed the order of ACB900 > ACB700 > ACB500 >
CB900 > CB700 > CB500. It showed that the adsorption capacity in-
creased after oxidation, whereas the increase of pyrolysis temperature
also increased adsorption capacity. This conclusion agrees with several
previous studies showing that biochar pyrolyzed at a higher tempera-
ture and modified with HNO3/H2SO4 increased their maximum adsorp-
tion capacity for phthalates (Ghaffar et al., 2015), and aluminium (Qian
and Chen, 2014).

The isotherm was fitted using the models of Langmuir and
Freundlich (Fig. 2), and the optimized model constants are given in
Table S4. The former model is founded on the hypothesis of homoge-
neous monolayer adsorbate distribution over all the adsorbent surface,
containing limited similar sites with equivalent sorption activated en-
ergy; the latter assumes multilayer adsorption with heterogeneous
sorption surface energy. Both the Langmuir and Freundlich models
could well describe the data (R2 > 0.9), with higher R2 for the Langmuir
model (R2 = 0.97–0.98, Table S4). When the adsorbed amount is
expressed as per unit mass of biochar, the Qmax and KF of PSNPs
adsorbed on biochar fitted with the respectively Langmuir and
Freundlich models were higher for the oxidized biochar than for the
fresh one, indicating higher adsorption capacity on the oxidized biochar.
The higher KL values (0.426, 0.399 and 0.351 L mg−1) of ACB900,
ACB700, and ACB500 than that for the fresh biochar (0.381, 0.351 and
0.331 L mg−1) indicate that the oxidized biochar has a higher affinity
for PSNPs than the fresh biochar. The higher affinity in the PSNPs ad-
sorption to ACB900, ACB700, and ACB500 could be attributed to the in-
crease of sites with higher affinity on the oxidized corncob surface, and
or to the reduced electrostatic repulsion as a result of higher ionic
strength (see below).

Though the increase of pyrolysis temperature and chemical oxida-
tion increased PSNPs adsorption (Fig. 3), this increase is limited consid-
ering the much bigger changes in the surface area and pore volume of
biochar (Table 1). Take CB500 and ACB900 as an example, between
them exists the largest difference in surface area and Qmax. Compared
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to CB500, the specific surface area increased 342% in ACB900,
whereas the Qmax increased only 36.5%. Thus, the increase of PSNPs
adsorption is much less than the increase of specific surface area
when the pyrolysis temperature was increased, and the biochar
was oxidized. When the Qmax was expressed in the unit of mg/m2

(Fig. S5), the Qmax follows the order of CB500 > ACB500 > CB700 >
CB900 > ACB700 > ACB900, exhibiting an opposite trend to that
when Qmax was based on the mass of biochar. This indicated that
the increase of specific surface area might have contributed to the in-
creased adsorption of PSNPs (per unit of mass) on high-temperature
pyrolyzed and oxidized biochar. However, the results show that the
specific surface area is not the only factor determining PSNPs adsorp-
tion to biochar. Due to the size of PSNPs (50 nm), only pores with a
size >50 nm can the plastic particles enter. The pores created by
the increase of pyrolysis temperature and oxidation are likely small
pores (<10 nm, Table 1). These small pores should have contributed
significantly to the increase of specific surface area, but due to the
size limit PNSPs could not enter into all the pores created, which
may be one of the reasons that PNSPs adsorption was not propor-
tional to the specific surface area.

3.4. Effect of pH on PSNP adsorption

The pH influences the state of variably charged functional groups
and is considered one of the important parameters affecting the
adsorption process (Gupta et al., 2018). The effect of pH on PSNPs ad-
sorption to the biochar was investigated by varying the pH from 3 to
10. The results are shown in Fig. 4. In general, for oxidized biochar,
more PSNPs were adsorbed at lower pH, and the adsorbed amount
gradually decreased with the increase of pH. For the fresh biochar,
amaximum adsorptionwas observed around pH 5, while the adsorp-
tion decreased on both sides of pH 5. At lower pH, the protonation of
the adsorbent surface reduced the negative charges on surfaces of
both biochar and PNSPs (Tables S1 and S2) (Tan et al., 2020; Yang
et al., 2019), leading to a relatively decreased electrostatic repulsion
between the biochar and PSNPs. When the pH is higher, the negative
charge on the biochar surface, and probably on PSNPs also, will rise
(Tables S1 and S2), resulting in an increased electrostatic repulsion
and less adsorption of PSNPs on biochar. However, there is an oppo-
site pH dependency of PSNPs adsorption to fresh biochar in the pH
range 3 to 5 (Fig. 4). The maximum adsorption of PSNPs on fresh bio-
char adsorbents was at about pH 5 and minimum at pH values about
10. The observed pH-dependent adsorption of PSNPs from 3 to 5
could be attributed to the bridging effect of multivalent cations
such as Al3+, Ca2+, and Mg2+ (Table 1) between the fresh biochar
5

and PSNPs. This cation bridging effect is expected to increase with
pH due to the increase of interaction between multivalent cations
and biochar as well as with PSNPs. However, this effect was a possi-
bility overruled by the increased electrostatic repulsion when the pH
increased further above pH 5. This effect of multiple valent cations
was absent in the oxidized biochars because the oxidized biochars
were washed to remove the acid, resulting in low concentrations of
multivalent cations (Al3+, Ca2+, and Mg2+) (Table 1).

3.5. DLVO calculations

The DLVO approach is used to describe interaction energies between
spherical particles and rough surfaces (Oss, 1993). The total calculations
of Lifshitz–van der Waals (LW) and Electrostatic Double Layer interac-
tions (EDL) as a sphere-plate geometry system (Bergendahl and
Grasso, 1999) were utilized to predict the adsorption and retention be-
haviors of the PSNPs on biochar. And the conceptual diagramwas put in
SI as Fig. S6. The parameters used in the calculation are listed in
Tables S1 and S2.

The negative zeta potentials of the PSNPs and biochar under the pH
of the experiments decreased with decreasing pH (Table S1), leading to
electrostatic repulsion decrement and adsorption increment. Mean-
while, due to the various ions (i.e., K+, Na+, Ca2+, Mg2+, Al3+, Cl−,
F−, NO3− and SO4

2−) dissolved in the solution at different pH, biochar
suspensions had an ionic strength in the range of 0.017 to 0.036 mol/L
for fresh biochars and 0.023 to 0.048 mol/L for the oxidized biochars.
The relatively high ionic strength for the oxidized biochar can be ex-
plained by the presence of Na+ ion when NaOH was added to adjust
the pH of the biochar oxidized by acid. High ionic strength, observed
in solutions with biochar oxidized and pyrolyzed at a higher temper-
ature, could decrease repulsion between PSNPs and biochar, which is
consistent with the higher adsorption affinity of oxidized biochar
and biochar with higher pyrolysis temperature (Table S4). In Fig. 5,
the DLVO calculation results showed that fresh biochar (18.29 to
44.86 kT) had a slightly higher maximum energy barrier than the ox-
idized ones (18.02 to 43.92 kT). For both the fresh or oxidized bio-
char, the magnitude of the primary energy barrier increased along
with the increase of pH, a decrease of pyrolysis temperature, and de-
crease of ionic strength. These calculated results are in line with the
experimental observations regarding the effect of oxidization, pyrol-
ysis temperature, pH, and ionic strength on PSNPs adsorption to bio-
char, as well as the effects of pH and ionic strength on PSNPs
transport in natural soils (Wu et al., 2020). At pH 4 (Table S5), the in-
teraction energy of PSNPs-biochar could readily exceed the relatively
low primary energy barrier (18.29 to 16.37 kT for fresh biochar and



Fig. 3. SEM of fresh (CB500, CB700 and CB900) and oxidized (ACB500, ACB700 and ACB900) biochar after PSNPs adsorption.
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18.02 to 15.84 kT for oxidized biochar) along with the relative stron-
ger van der Waals attraction than at higher pH. Thus, PSNPs could ir-
reversibly deposit into the primary energy minimum. However, at
pH 9, with gradually increased primary energy barrier (37.30 to
44.86 kT for all biochar) and decreased attraction, it was more diffi-
cult for PSNPs to deposit into the primary energy minimum and led
to less sorption. Thus, weaker electrostatic repulsion between
PSNPs and biochar was responsible for more retention of PSNPs at
higher pyrolysis temperature, higher ionic strength, and lower pH.
The reversed pH dependency of PSNPs adsorption to fresh biochar
between pH 3–5 could not be explained by the current analysis
with the DLVO theory. As discussed above, cation bridging may be
the mechanism to explain this observation, which was not consid-
ered in the DLVO analysis.
6

3.6. Carbon and oxygen-containing functional groups on the biochar
surface before and after PSNP adsorption

Fourier Transform Infra-Red Spectroscopy (FTIR) analysis was car-
ried out to show functional groups present on the biochars (Fig. 6).
For fresh biochar, major bands occurred at the wavelength of 3429,
2923, 1743, 1590, 1102 cm−1, designated to the stretching vibration of
\\OH, CH2 (Han et al., 2017), C_O (Jing et al., 2018), C_C (Shen
et al., 2018) and C\\O\\C (Han et al., 2017), respectively. And the
peak at 670 cm−1 was probably related to C\\H (Luo et al., 2018).
When the pyrolysis temperature increased, the band intensity at 3429
cm−1 (\\OH), 1750 cm−1 (C_O), 1590 cm−1 (C_C), and 670 cm−1

(C\\H) decreased due to the thermal destruction of cellulose, aliphatic
alkyl groups, and aromatic carbonyl and hydroxyl groups (Qian and
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Chen, 2013). After oxidation by HNO3/H2SO4, the intensity of the band
increased at 3429 cm−1 (\\OH), 1750 cm−1 (C_O), and 1102 cm−1

(C\\O\\C), indicating an increase in oxygen containing groups on the
oxidized biochar surface, especially for ACB700 and ACB900
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(Uchimiya et al., 2012). Compared to the bare biochar, after PSNPs ad-
sorption, the band at 3429 cm−1 (\\OH) and 1102 cm−1 C\\O\\C
(Han et al., 2017) decreased significantly. This phenomenon suggests
that hydroxyl functional group might play an essential role in the ad-
sorption of PSNPs on biochar due to hydrogen bonding formation, fur-
ther explaining the higher adsorption of PSNPs on oxidized biochar
than fresh ones. Similar hydrogen bonding was also formed between
PSNPs and goethite, contributing to higher adsorption of PSNPs on goe-
thite than magnetite (Zhang et al., 2020). The decrease of the ether
group (C\\O\\C) after PSNPs adsorption might be explained by hydro-
phobic interaction between biochar and PSNPs, because C\\O\\C
groups are nonpolar.

Due to the better PSNPs adsorption ability of biochar at 900 °C pyrol-
ysis temperature, X-ray photoelectron spectroscopy (XPS) characteriza-
tionwas applied to CB900 andACB900 after and before PSNP adsorption
to further identify the dominant C and O functional groups. As shown in
Fig. 7, three peaks were located at C1s, i.e., C\\C at 284.7 eV, C\\H at
284.8 eV, and C\\O at 285.4 eV (Jing et al., 2018), and four peaks at
O1s, including C_O at 531.15 eV, O\\H or C\\OOR at 532.5 eV, C_O
at 533.2 eV, and C\\OOR at 534.0 eV (Fan et al., 2018; Qian and Chen,
2014). There was a decline in C\\H and C\\C peaks in oxidized biochar
and an increase in C\\O peak with oxidization (Fig. 7), which was com-
patible with the compositional data and FTIR results that oxidative
aging introduced more O-functional groups onto biochar surfaces.
After PSNPs adsorption, the C\\C percentage on the biochar surface in-
creased,whereas C\\Hand C\\Odeclined (Fig. 7),whichwas consistent
with the FTIR results (Fig. 6). Moreover, significant decrement (by
~49%) and increment (by ~75%) were observed for\\COOR (carboxyl
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groups) and C_O (quinones carbonyl groups) for ACB900 and 13.49%
and 8.97% for CB900 respectively. These changes were associated with
H-bonding and involvement of O-containing functional groups in the
adsorption of PSNPs to biochar.

3.7. Adsorption mechanisms

To compare the adsorption performances and study the adsorption
mechanismof different samples, theQmax (extracted from the Langmuir
adsorption isotherms at a constant PSNPs equilibrium concentration of
1 g/L) were correlatedwith various properties of the samples, including
molar ratio of H/C, O/C, (N+O)/C, and surface area (Fig. S7). Generally,
the value of Qmax was negatively correlated for fresh biochar with H/C,
O/C, (N + O)/C and was positively correlated with the surface area,
whereas the Qmax of oxidized biochar was negatively correlated with
H/C, positively correlated with O/C, and (N+O)/C andwith the surface
area (Fig. S7). Concerning the samples generated at different pyrolysis
8

temperatures and after oxidation, the reason causing the increase of
adsorption capacity is distinctive. For the fresh biochar, the Qmax value
increased from CB500-CB900 mainly due to the increase of aromaticity
(H/C), hydrophobicity, and the increase in surface area (Table 1, Fig. S7).
The increase of temperature leads to increased hydrophobicity, aroma-
ticity, and surface area, resulting in high adsorption for PSNPs particles.
For the oxidized biochar, the Qmax value also increased from ACB500 to
ACB900 and was higher than those for fresh ones. The increase of Qmax

can be mainly ascribed to the considerable increase of surface area, as
well as to the increase of aromaticity and surface oxygen containing
groups.

The above results show that, the increase of surface area is probably
the major factor that explains the increase of PSNPs adsorption consid-
ering both the pyrolysis temperature and oxidation. However, hydro-
phobic interaction might have played a more important role in PSNPs
adsorption to fresh biochar, whereas the oxygen containing surface
groups could be more involved in the PSNPs adsorption to oxidized
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biochar. Oxygen containing groups can form hydrogen bonding with
surface groups on PSNPs and the FTIR and XPS spectra support these
suggestions. The pore filling may have also played a role in PSNPs ad-
sorption to biochar. Apart from these attractive forces, electrostatic re-
pulsion also plays an important role in the adsorption between the
surface of biochars and PSNPs, as shown in the pH dependency of
PSNPs adsorption to both the fresh and oxidized biochar and the
DLVO analysis discussed above. Similarly, Tong et al. (2020) demon-
strated that less electrostatic repulsion existed between the quartz
sands with Fe3O4-biochar amendment and plastic particles, which re-
sulted in more effective retention of plastic particles in the sand col-
umns with the addition of Fe3O4-biochar than biochar alone. But the
results from the N2 adsorption method can't explain clearly, because
the N2 data give only the micropore size of biochar (<100 nm). So, we
analysed the pore size with the mercury porosimeter method (>100
nm). As shown in Fig. S4, all the biochar (fresh and oxidized) showed
9

the peak at the same place (2246.92 nm), indicating that all the biochar
can adsorb PSNPs (45.0–48.0 nm) through pore filling. Similar result has
been observed previously with regard to the pore filling on micro/
nanoplastic adsorption to biochar (Wang et al., 2020). But pore filling
can't explain the difference adsorption between fresh and oxidized bio-
char. However, the involvement of these mechanisms is challenging to
qualify.

4. Conclusion

In this study, the adsorption of PSNPs to fresh and oxidized (HNO3/
H2SO4) corncob biochar produced at varied pyrolysis temperatures
was investigated. The adsorption capacity was enhanced for biochar
with the increase of pyrolysis temperature and after oxidation. The in-
crease of PSNPs adsorption could largely be explained by the increase
of specific surface area, but the increase of adsorption and surface area
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was not proportional. One reason of this non-proportional change could
be attributed to the creation of pores smaller than the size of PSNPs par-
ticles (50 nm). Other reasons could be attributed to the difference of
surface properties of biochars. The physical and chemical properties of
biochar samples, significantly influenced by the pyrolytic temperature
and oxidation, play a crucial role in the adsorption of PSNPs. Hydropho-
bic interaction and hydrogen bondingmay have been involved in PSNPs
adsorption to both the fresh and oxidized biochars. However, hydro-
phobicity interactions might be more important in PSNPs adsorption
to fresh biochars than to oxidized biochars, whereas for oxidized bio-
chars hydrogen bonding involving oxygen containing groups seemed
more important than for fresh biochars. The PSNPs adsorption to both
the fresh and oxidized biochar decreased in general with the increase
of pH. At higher pH, electrostatic repulsion increased, which reduced
adsorption.

The currentwork showed the adsorption ability of biochar for PSNPs
and the potential enhancement of adsorption during the aging process
of biochar. Thesefindingswill benefit further studies to explore the pos-
sibilities of using biochar to sequester nanoplastics in the natural
environment.
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