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Abstract: Magnetic biochar (MBC), as an environmentally friendly material, has been
extensively used for the remediation of soil and groundwater contamination. The retention
and release of nanoplastics (NPs) with carboxyl (NPs-COOH) or amino functionalization
(NPs- NH,) in saturated porous media were investigated under varying conditions of
ionic strength (IS), MBC addition, humic acid (HA) concentration, and cation types. The
reversible and irreversible retention of NPs was examined by altering the IS, increasing
the solution pH, and inducing cation exchange. The results revealed that MBC enhanced
the surface roughness of the media, thereby inhibiting NPs’ transport. The HA promoted
NPs-NHj; transport more effectively than NPs-COOH due to electrostatic repulsion, steric
hindrance, and competition for deposition sites. Under a reduced IS and increased pH, a
portion of the retained NPs was released, with NPs-NH; showing a greater release than
NPs-COOH, indicating reversible retention. Additionally, the stronger charge-shielding
and cation-bridging effects of Ca?* significantly enhanced the retention of NPs. Cation
exchange resulted in less NPs being released, as most were irreversibly retained in deeper
primary minima. However, a small number of retained NPs were remobilized by electrical
double layer expansion, surface deprotonation, and cation exchange, indicating reversible
retention. These findings provide valuable insights into the fate of NPs in the environment.

Keywords: nanoplastics; magnetic biochar; transport; retention; release

1. Introduction

With the extensive use of plastic products, plastic pollution has emerged as a pressing
global concern. Among its byproducts, nanoplastic particles (NPs) have garnered signif-
icant attention due to their inherent biotoxicity and potential ecological risks [1]. Global
plastic production exceeded 400 million tons in 2022, with environmental plastic pollution
projected to reach 230-370 million tons by 2040 [2]. Soil acts as a major sink for plastics,
accumulating them through human activities and posing potential risks to ecosystems [3].
Plastic pollution in soils primarily originates from agricultural irrigation, plastic mulch
films, wastewater treatment plant discharges, and atmospheric deposition [4]. In the en-
vironment, plastics degrade through aging, weathering, abrasion, and biodegradation,
forming primary and secondary particles that further fragment into NPs [5,6], which are
defined as plastic particles less than 1000 nm in diameter [7]. NPs are of particular concern
due to their high reactivity, which is enhanced by their large surface area that facilitates
interactions with contaminants [8,9]. Additionally, their small size increases their mobility,
bioavailability, and associated toxicological risks [10,11]. During degradation, NPs acquire
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various functional groups, which alter their physicochemical properties, such as hydropho-
bicity and surface charge, and thus affect their fate in subsurface environments [12]. The
surface chemical properties of NPs influence their stability and transport. NPs-COOH and
NPs-NH; have been frequently used to represent negatively and positively charged NPs, re-
spectively, which exhibit significant differences in behavior and fate in the environment [13].
The transport of NPs in porous media is an essential process that influences their environ-
mental fate in the terrestrial system. Previous studies have revealed that various factors
influence the transport of NPs in porous media, e.g., the properties of the porous media,
solution chemistries, and the physicochemical properties of the NPs. The surface functional
groups of NPs are key determinants of their transport behavior [14,15]. NPs-NH; can ad-
sorb water-soluble polymers, enhancing steric hindrance and increasing repulsive potential
energy, thereby promoting their transport in goethite-modified quartz sand. The deposition
of NPs-COOH in goethite-coated sand is greater than that of NPs due to an increase in
oxygen-containing functional groups which could occur in ligand exchange with Fe atoms
in the goethite molecule [12]. In addition, ionic strength (IS), solution pH, cation types,
and dissolved organic matter can also significantly influence the environmental behaviors
of NPs and other colloidal particles. Increased IS and high-valence cations (such as Ca?*
and AI**) tend to promote colloid retention in the primary minimum and deep secondary
minimum due to double-layer compression, cation bridging, and charge shielding [16,17].
At a high pH, the deprotonation effect enhances the negative surface charge and the elec-
trostatic repulsion of colloids, thereby facilitating their transport [18]. Humic acid (HA), as
a typical dissolved organic matter, has been found to facilitate NP transport by increasing
the electrostatic repulsion and steric hindrance between NPs and the collectors [13].

Biochar derived from renewable biomass has long been recognized as a promis-
ing adsorbent material and has been widely used as a soil amendment to combat soil
pollution [19-21]. Magnetic composites can be loaded onto biochar to obtain magnetic ad-
sorbents that can be easily separated. Compared with biochar, magnetic biochar (MBC) has
the advantages of easy recycling, no secondary pollution, and high stability [22]. Magnetic
biochar demonstrates great potential for the removal of heavy metal ions (e.g., Pb(II), Cd(II),
and Cr(VI)) and organic contaminants from aqueous solutions [23,24]. Studies have shown
that the incorporation of MBC in quartz sand columns markedly improves the efficiency of
plastic particle removal, while simultaneously suppressing their remobilization after a 24 h
interruption [25]. Fe3O4-biochar also inhibits NP transport through mechanisms such as
electrostatic adsorption, complexation, and heteroaggregation [26,27]. However, the reten-
tion of NPs in porous media is governed by a complex interplay between multiple factors
rather than a single determinant. The combined effects of multiple factors, particularly on
the transport behavior of NPs with varying surface functional groups in the presence of
MBC, remain poorly understood. Additionally, the remobilization of retained NPs under
transient solution chemistries has not yet been systematically investigated.

This study aimed to elucidate the transport and retention of NPs (NPs-COOH and NPs-
NH,) in porous media amended with MBC under varying solution chemistry conditions,
including IS, cation types, and HA presence. Batch experiments were conducted to examine
the interactions between NPs and MBC, and column transport experiments in conjunction
with numerical simulations were used to elucidate the retention mechanisms of NPs. The
study further analyzed the differential effects of MBC on the transport and release of
NPs with distinct surface functional groups. Additionally, the mechanisms governing
the reversibility of retained NPs under transient solution chemistries were explored. The
findings provide valuable insights into predicting NP transport, the potential release, and
the role of biochar in stabilizing NP retention in the subsurface environment.
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2. Results and Discussion
2.1. Characterization of NPs and MBC

The XRD analysis provided insights into the crystal phases of the composite (Figure 1a).
The prominent peaks observed in the MBC at 26 values of approximately 30.24°, 35.65°,
43.23°,57.07°, and 62.74° corresponded to the (220), (311), (400), (511), and (440) planes of
Fe;0y, respectively [28], confirming the successful synthesis and integration of iron oxide
particles onto the biochar’s surface. The FTIR spectra (Figure 1b) further supported this,
with a sharp peak at 580 cm~! attributed to Fe-O bonds, indicating the successful loading
of metal oxides onto the biochar [29-31]. The FTIR spectra demonstrate the presence of
carboxyl and amino functional groups on NPs-COOH and NPs-NH,, respectively [32].
The hysteresis loop of MBC displays an ‘S’ shape (Figure 1c), indicating excellent super-
paramagnetic behavior, with a saturation magnetization intensity of 20.64 emu g~!. This
superparamagnetism facilitates efficient solid-liquid separation and enables the reuse of
the adsorbent [33,34]. These results align with the Fe3Oy4-related peaks observed in both the
XRD and FTIR analyses. The BET-specific surface area of MBC is 75.61 m? g1, suggesting
a microporous structure and a rougher surface (Figure 1d and Table S1). The SEM-EDS
analysis confirmed the presence of carbon, oxygen, and iron (Figure 2). The atomic percent-
ages are Fe = 15.75%, C = 39.00%, and O = 45.24% for MBC (Table S2), indicating consistent
iron loading across the composites.
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Figure 1. Characteristics of MBC. (a) XRD patterns; (b) FTIR spectra; (c) the vibrating-adsorbent
magnetometer of MBC; (d) N, adsorption—desorption isotherms of MBC.

The zeta potentials and d;, of the NPs and quartz sand under different experimental
solution conditions are summarized in Table 1. The zeta potentials became less negative
with increasing IS, attributed to double-layer compression. For instance, when the IS
increased from 0 mM to 5 mM, the zeta potentials of NPs-COOH, NPs-NH,, and the quartz
sand shifted from —22.1 + 0.1 mV, —11.9 £ 2.3 mV, and —26.4 + 0.3 mV to —9.0 = 3.2 mV,
—75+05mV,and —17.4 + 1.6 mV. In CaCl, solutions, the zeta potentials became even less
negative, and d, increased due to Ca®*-induced charge shielding and bridging, promoting
NP aggregation [35]. In the presence of 1 mg L~! HA and under 5 mM NaCl, the zeta
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potentials of NPs-COOH and NPs-NH, were much more negative, with —32.4 - 0.1 mV
and —38.5 & 1.6 mV, respectively. When the concentration of HA increased from 0 to
1mg L~ under 5 mM NaCl, the dy of NPs-COOH was stable, while the d, of NPs-NH;
decreased from 178.1 4= 5.3 nm to 164.8 £ 2.0 nm due to the increased electrostatic and
steric repulsion [36]. And, the d), of NPs-NH, slightly increased from 163.7 4+ 1.0 nm to
178.1 & 5.3 nm when the IS increased from 1 mM to 5 mM.

Table 1. Zeta potentials of NPs and quartz sand, and the hydrodynamic diameters (dy,) of NPs under
different experimental conditions.

Sample (;,;tl;:? IS HA (mgL-1) pH d,, nm Zeta 1;?:? ntial,
0 0 0 7 1569 + 1.7 —22.1+0.1
0 0 0 10 187.3 £ 0.9 —28.2+0.3
NaCl 1 0 7 169.9 £+ 0.9 -172+ 1.7
NaCl 5 0 7 1710 £ 1.3 —9.0+£3.2
NPs- NacCl 5 0.5 7 170.8 £ 5.4 —143+ 2.1
COOH NaCl 5 1 7 170.7 £ 1.6 —324+0.1
CaCl, 1 0 7 1712 £ 2.7 —6.0+44
CaCl, 1 0.5 7 170.6 = 1.1 —45+09
CaCl, 1 1 7 169.5 £ 5.5 —6.6 £0.9
CaCl, 5 0 7 215.7 £ 3.2 —3.6 £3.9
0 0 0 7 1625+ 1.0 —-11.9+23
0 0 0 10 156.8 + 5.7 —26.0+ 0.9
NaCl 1 0 7 163.7 £ 1.0 —16.7 + 15
NaCl 5 0 7 178.1 £5.3 —-75+£0.5
NPs- NaCl 5 0.5 7 166.8 £ 2.1 —30.7 £ 1.6
NH; NacCl 5 1 7 164.8 2.0 —385+1.6
CaCl, 1 0 7 162.2 £ 0.8 -70+£3.7
CaCl, 1 0.5 7 161.5 4+ 0.1 —141+24
CaCl, 1 1 7 1612 +24 —20.2+0.3
CaCl, 5 0 7 1785 £ 3.0 —524+22
0 0 0 7 - —26.4+0.3
0 0 0 10 - —46.8 + 3.7
NaCl 1 0 7 - —35.2 + 0.6
NaCl 5 0 7 - —174+ 1.6
NaCl 5 0.5 7 - —36.3 +5.3
Sand  Nacl 5 1 7 . 371414
CaCl, 1 0 7 - —20.6 + 0.7
CaCl, 1 0.5 7 - —26.0+0.2
CaCl, 1 1 7 - —294+15
CaCl, 5 0 7 - —15.9 + 3.0
Note: “-” indicates no detection.

SEM images (Figure 3) show the attachment of NPs to the MBC. The FTIR spectra peak
at 695 cm~! (Figure 1b), corresponding to the stretching vibrations in the C-H benzene
ring, and the distinct characteristic peak in the MBC after NP adsorption, confirmed the
attachment of NPs onto the MBC'’s surface [37]. At a high IS and in CaCl,, the NPs were
unstable and easily aggregated (Figure 3b). In the presence of MBC, the NPs tended to
retain in the region with more MBC (Figure 3c). When HA is present, NPs are more stable
and less likely to aggregate (Figure 3d).
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Figure 2. SEM images: (a) energy-dispersive X-ray spectrum and (b) elemental distribution maps for
C, O, and Fe (c) in MBC.
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Figure 3. SEM images of NPs. (a) NPs adsorbed onto MBC; (b) retained NPs on the quartz sand in
the presence of MBC; (c) retained NPs on the quartz sand; (d) retained NPs in the presence of HA.

2.2. Adsorption of NPs on MBC

The adsorption kinetics of MBC for NPs (Figure 4a,b) demonstrated a time-dependent
increase, with a rapid rise in adsorption capacity within the first 5 h, followed by a gradual
deceleration until equilibrium was achieved at 24 h. To elucidate the adsorption mechanism,
pseudo-first-order and pseudo-second-order kinetic models were applied. The adsorption
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kinetics were better described by the pseudo-second-order model (R? = 0.980-0.941) com-
pared to the pseudo-first-order model (R? = 0.962-0.872) (Table S3). The results suggested
that the adsorption process was primarily governed by chemical interactions and the avail-
ability of active sites on the MBC’s surface. The predominant mechanism involved chemical
adsorption, likely facilitated by the formation of Fe-O-NPs bonds through complexation
reactions between MBC and NPs [38].
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Figure 4. Adsorption kinetics of the MBC for NPs-COOH (a) and NPs-NH; (b). Adsorption isotherm
of the MBC with Langmuir isotherm (red), and Freundlich isotherm (blue) for NPs-COOH (c) and
NPs-NH, (d).

The adsorption capacity of MBC varied significantly with the charge of the NPs.
The less negatively charged NPs-NH, exhibited a notably higher adsorption capacity
(Qe =8242 mg gfl) and shorter equilibrium time compared to the negatively charged
NPs-COOH (Q, = 40.63 mg g’l), which can be attributed to favorable electrostatic in-
teractions [36]. Furthermore, the pseudo-second-order rate constant (K;) for NPs-NH;
(0.013 mg g~ h™!) was larger than that of NPs-COOH (0.005 mg g~! h™!), reinforcing the
observation that NPs-NH, was more readily adsorbed by MBC and reached equilibrium
more rapidly. The adsorption isotherms revealed distinct behaviors based on the charge of
the NPs. The Freundlich model provided a better fit for NPs-COOH adsorption (R? = 0.923),
indicating multilayer adsorption on the MBC surface (Figure 4c and Table S3). In contrast,
the Langmuir model accurately described the adsorption of NPs-NH, (R? = 0.993), suggest-
ing monolayer adsorption (Figure 4d and Table S3) [39,40]. Under identical experimental
conditions, the maximum adsorption capacities (Qy;) for NPs-COOH and NPs-NH, were
39.87 mg g_1 and 143.13 mg g_l, respectively. The higher Q;;, and Langmuir constant (Kj)
values for NPs-NHj can be attributed to stronger interaction forces, further confirming the
preferential adsorption of NPs-NH; by MBC.

2.3. Transport and Release of NPs in Saturated Porous Media

Figure 5 shows breakthrough curves (BTCs) and release curves (RCs) for the NPs with
different surface functional groups in the saturated porous media when the solution IS
was 1 and 5 mM NaCl at pH 7. The mass recoveries of the NPs are listed in Table S4. As
the IS increased from 0 to 5 mM, the transport of NPs decreased, with mass recoveries
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in the transport phase (M) decreasing from 81.0% and 48.3% to 22.6% and undetectable
levels, respectively, as most NPs were retained in the column. This decline in transport
was attributed to the reduced electrostatic repulsion and energy barrier with a higher IS,
enhancing NP retention [41]. Notably, under identical conditions, NPs-NH, exhibited
significantly weaker transport than NPs-COOH, being completely retained in the column
at 5 mM IS. The variation in transport between NPs with different functional groups at
the same IS can be explained by differences in their zeta potential (Table 1). A higher IS
resulted in less negative surface charge for NPs-COOH and NPs-NHj, and thus promoted
NP retention via reduced energy barriers [42]. In addition, a higher IS also led to the
aggregation of NPs-NH;, and may lead to surface straining. The fitted transport models
effectively described the BTCs, with Pearson correlation coefficients ranging from 0.937 to
0.997 (Table S8). Additionally, the retention parameters k; and S;4,/C increased with IS,
indicating that NP retention was closely related to surface charge heterogeneity [41].

q) Lo 1.0
( ) = 1 mM NaCl e 1 mM NaCl (b)
= 5mM NaCl H ® 5mM NaCl
0.8 - ﬁ — Fit 0.8} — Fit
X =
~ Phase I1 ~
= 0.6 : S 06F Phase [ Phase II
o ! = 1 1
o 1 z | 1
Y04 | L 04} | I
& 1 g | 1
z . | - | 1
0.2 [ 0.2F [ |
(] 1 1 1
) ) 'N
0.0 L 0.0
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Pore Volume Pore Volume

Figure 5. Breakthrough and release curves of NPs-COOH (a) and NPs-NH; (b) with different ISs at
pH 7. The release of NPs was initiated by eluting with ultrapure water under pH 7 (phase I) and pH
10 (phase II), respectively, and the input concentration of NPs was 10 mg L1

Upon elution with ultrapure water at pH 7 (phase I), a partial release of retained
NPs was observed, particularly at 5 mM IS (Figure 5). The recoveries for NPs-COOH and
NPs-NH; were 19.2% and 19.8%, respectively (Table S4). This release was attributed to
the elimination of the secondary energy minimum or shallow primary minimum [43]. The
reduction in IS expanded the electrical double layer, facilitating NP remobilization. During
phase II elution with ultrapure water under pH 10, additional release of NPs-COOH (9.2%)
and NPs-NH; (10.6%) occurred due to surface deprotonation and increased electrostatic
repulsion initiated by the more negative surface charge [44]. However, substantial fractions
of the NPs remained in the column (49% of NPs-COOH and 69.5% of NPs-NH,), suggesting
that these particles were trapped within the deep primary minimum [45]. This highlights
the strong retention capacity of porous media under high IS conditions, particularly for
NPS-NHz.

2.4. Effect of MBC on Transport and Release of NPs

Figure 6 shows the transport and release of NPs under 1 or 5 mM NacCl at different
MBC concentrations. The mass recoveries of NPs under different experimental conditions
are shown in Table S5. Experimental and numerical simulation results indicated that MBC
and IS significantly influenced the transport of NPs (Table S8). Under 1 mM NaCl, the M4
of NPs-COOH and NPs-NH, decreased from 81.0% and 48.3% to 42.5% and 25.4%, when
the concentration of MBC increased from 0 to 100 mg L~!. These results suggested that
the MBC significantly inhibited the mobility of NPs within the columns. The fitted values
of ky and S;,4x/C, increased with the concentration of MBC, indicating increased retention
capacities. Under 5 mM NaCl, NPs-NH, was almost completely retained in the column.
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It should be noted that there were negligible changes in column porosity in the presence
of MBC. Adsorption experiments demonstrated that MBC exhibited a strong affinity for
NPs, with the maximum adsorption capacity (Qy) reaching 39.89 mg g~ for NPs-COOH
and 143.13 mg g~ ! for NPs-NH, (Table S3). In contrast, a previous study reported that
quartz sand had a negligible adsorption capacity for NPs, with only 0.16 mg g~! of NPs
being adsorbed [32]. The oxygenated functional group (-COOH) on NPs-COOH could bind
with Fe-O on MBC to form a COO-(FeO) ligand complex, which promotes the adsorption
of NPs-COOH by MBC [46]. The SEM images of the interactions between NPs and MBC
demonstrate that more NPs were binding to the MBC (Figure 3b).
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Figure 6. Breakthrough and release curves of NPs-COOH in 1 (a) and 5 (b) mM NaCl, and break-
through and release curves of NPs-NH, in 1 (¢) and 5 (d) mM NacCl at different concentrations of
MBC. The release of NPs was initiated by eluting with ultrapure water under pH 7 (phase I) and
pH 10 (phase II), respectively, and the input concentration of NPs was 10 mg L.

Additionally, adding MBC to quartz sand could increase the roughness of the collector
surface. The SEM image in Figure 3b reveals that the surface of quartz sand exhibited more
convex sites due to the attachment of MBC. According to the N,-BET analysis, MBC had
a larger specific surface area (75.61 m? g 1) compared to quartz sand (1.006 m? g~ 1) [47],
thereby enhancing the availability of favorable retention sites for NPs. Surface morphology
can reduce or eliminate energy barriers, promoting the formation of a shallow primary
minimum [48]. Therefore, with the addition of MBC, the energy barrier between the NPs
and the porous media was lowered, enhancing NP retention. Additionally, as shown
in Figure 2a, the MBC exhibited a varied morphology with a developed pore structure,
allowing NPs to be trapped in the concave areas, further improving retention.

The RCs in Figure 6 show that at an IS of 5 mM NaCl, a significant proportion of the
NPs (Mp = 19.3-35.3%) was released from the porous media during the pH 7 ultrapure water
elution phase. This indicated that some NPs were retained in the secondary or shallow
primary minimum, allowing for reversible retention. In phase II (elution with ultrapure
water at pH 10), only a small fraction of the NPs was released due to surface deprotonation.
A large fraction (51.7-63.7%) remained retained in the columns in the presence of MBC.
This suggests that most NPs were irreversibly trapped in the deep primary minimum,
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making remobilization difficult even under transient solution chemical conditions. At a
concentration of 100 mg L~! MBC and 5 mM IS, 27.4% of the NPs-NHj retained in the
packed column was released from the porous media during phase I. In comparison, 25.5%
of the NPs-COOH was released under identical conditions. The higher M; value for NPs-
NH, was primarily attributed to greater retention during the deposition phase. In contrast,
during phase II, NPs-COOH (20.1%) were released in greater quantities than NPs-NHj
(11.4%), suggesting that the interactions between NPs-NH; and the sand were stronger
than those between NPs-COOH and the sand.

2.5. Effect of HA on Transport and Release of NPs

The BTCs and RCs of NPs-COOH and NPs-NH, with varying HA concentrations
without and with MBC presence (0, 0.5, and 1.0 mg L~!) under an IS of 5 mM NaCl
are shown in Figure 7. The presence of HA in NP suspensions significantly promoted
NP transport compared to its absence. In the absence of MBC, as the HA concentration
increased from 0 to 1 mg L1, the M, values of NPs-COOH and NPs-NH, increased from
22.6% and <0.01% to 86.7% and 87.3%, respectively. In the presence of MBC, the M4 values
for NPs-COOH and NPs-NHj; increased from <0.01% to 53.9% and 68.6% with increasing
HA, respectively (Table S6). The fitted values of k; and S;4x/C, decreased with increasing
HA concentration (Table S8), further indicating that HA reduced the retention capacities
for NPs. This was due to the increased electrostatic and steric repulsion between the NPs
and collectors [49].
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Figure 7. Breakthrough and release curves of NPs-COOH in the absence (a) and presence (b) of MBC,
and breakthrough and release curves of NPs-NH, in the absence (c) and presence (d) of MBC at
different HA concentrations. The release of NPs was initiated by eluting with ultrapure water under
pH 7 (phase I) and pH 10 (phase II), respectively; the input concentration of NPs was 10 mg L~! and
the IS was 5 mM NaCl.

The comparisons in Figure 7 reveal that HA significantly differed in the transport of
NPs with different functional groups. In the presence of HA, the zeta potential of NPs-NH,
became more negative than that of NPs-COOH (Table 1). Therefore, the HA promoted the
transport of NPs-NH, more than NPs-COOH because stronger the repulsion against the
collector surface when the HA neutralized the portion of positive charge on NPs-NH, [50].
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Additionally, the surface roughness of NPs-COOH may increase due to the formation of
complexes with HA [15]. These alterations will lead to a greater mobility for NPs-NHj than
NPs-COOH.

In the presence of HA without MBC (Figure 7a,c), about 0.7-3.9% of NPs were released
under elution with ultrapure water at pH 7 (phase I), indicating reversible NP retention.
However, no NP release was observed at an increased solution pH (phase II), suggesting
that NPs were retained in the deep primary minimum. In the presence of MBC and HA,
4.1-10.1% of the NPs were released in phase I, while 0.9-6.0% were released in phase II
(Table S6), indicating that some NPs were retained in the shallow primary minimum in
a reversible form. However, at a concentration of 1 mg L~! HA, approximately 18-40%
of the NPs remained irreversibly retained in the sand column, which was lower than in
the absence of HA. This result indicates that the presence of HA reduced the retention of
NPs in the column. This reduction may be due to stronger electrostatic and steric repulsion
between the NPs and quartz sand in the presence of HA. Additionally, the Fe on the MBC
could form complexes with HA, and the competition for deposition sites by HA facilitated
the transport of NPs through the porous media [26,51]. Furthermore, the surface functional
groups of the NPs also influence their release, with a greater release of NPs-NH,; during
both phase I and phase I compared to NPs-COOH. Under the conditions of 100 mg L.~!
MBC and 1 mg L~ HA, 6.5% of NPs-NH, was released from the porous media in phase I
and 6.0% in phase II, whereas only 4.1% of NPs-COOH was released in phase I and 0.9% in
phase IL.

2.6. Effect of Divalent Cations on the Transport and Release of NPs

The effects of divalent cations on the transport and release of NPs in porous media
are illustrated in Figure 8. Compared to Na*, Ca?* exhibited a stronger inhibitory effect on
NP transport under the same IS conditions. In CaCl, solution, the zeta potentials of both
the NPs and quartz sand were much less negative than those in NaCl, implying stronger
charge neutralization. When the ionic strength (IS) was 5 mM, NPs-COOH were completely
retained in the column, resulting in a M4 value of less than 0.01 in the CaCl, solution. In
contrast, the Mg value of NPs-COOH was 22.6% in the NaCl solution. As a result, the
retention of NPs was more pronounced in Ca?* (Table S7) due to cation bridging and a
reduced energy barrier [16]. The fitted values of S/ C, were higher in CaCl, than in
NaCl (Table S9), indicating increased retention capacities.

The inhibitory effect of Ca?* on NP transport was more pronounced in the presence of
MBC, which increased the surface roughness and specific surface area, thus decreasing the
energy barrier and increasing retention sites [52]. Furthermore, as the HA concentration
increased, NP transport was again enhanced due to the increased energy barrier. Under the
same IS, NPs-COOH exhibited larger d), (Table 1), indicating larger aggregation, primarily
due to the carboxyl groups on NPs binding more easily to Ca?* [53]. In contrast, the
transport of NPs-NH;, was weaker due to weaker repulsions under the same conditions. In
the CaZ* solution, HA promoted the transport of NPs-COOH more effectively than in the
Na* solution. This was attributed to the interaction between CaZ* and HA, which led to
cation-7t adsorption of HA-Ca complexes on NPs-COOH [54]. Therefore, the electrostatic
repulsion was stronger than the charge screening effect.
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Figure 8. Breakthrough and release curves of NPs-COOH (a—c) and NPs-NH, (d—f) in CaCl;:
(a,d) under different IS; (b,e) at different concentrations of MBC and absence of HA under 1 mM
CaCly; (c,f) at different concentrations of HA and absence of MBC under 1 mM CaCl,. Released
NP was initiated by eluting with H,O, 1 mM NaCl, H,O, 100 mM NaCl, and H,O in release phases
I-V, respectively.

The release of NPs under cation exchange and reduced IS conditions was studied by
sequential elution of packed columns with H,O, 1 mM Na*, H,O, 100 mM Na*, and H,O. A
small release of NPs (0.2-2.4%) (Table S7) occurred during IS reduction (phase I) compared
to Na*, indicating that the retained NPs were trapped in the deep primary minimum
in the presence of Ca?*. When MBC was present (Figure 8b,e), a small portion of NPs
was released during phase I (0.2-2.4%) and phase III (0.4-3.5%). The release of NPs-NH,
was more pronounced compared to NPs-COOH. However, no NP release was observed
during phase I in the presence of HA (Figure 8c,f). The cation-bridging effect of Ca?*
led to irreversible retention in the primary minimum when IS was reduced [55]. A small
fraction of NPs-NH, (0.2-3.6%) was released during phase V. Elution with 100 mM Na*

during phase IV enhanced the repulsive hydration force, initiating cation exchange, which
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diminished the cation bridging and reduced charge heterogeneity from adsorbed Ca?* [56].
These factors strengthened the electrostatic repulsion and promoted NP release in phase V,
when the column was eluted with ultrapure water (expansion of the double layer). This
finding indicated that while a small number of NPs can be released through cation exchange
and IS reduction, the majority undergo irreversible retention, being deposited in the deep
primary minimum where they cannot be remobilized under transient solution chemistry
conditions. The RCs show an increased release of NPs-NH after cation exchange, likely
because these fractions of NPs-NH, were retained in the shallower primary minimum, thus
they could be remobilized upon cation exchange and IS reduction.

3. Materials and Methods
3.1. NPs, MBC, Solution Chemistries and Porous Media

Spherical polystyrene nanoplastics (NPs) (Suzhou Mylife New Material Technology
Co., Ltd., Suzhou, China) with an average size of approximately 100 nm were employed as
model NPs. To examine the influence of surface functional groups on the transport and
release of NPs in saturated porous media, NPs functionalized with carboxyl groups (NPs-
COQOH) and amino groups (NPs-NH;) were selected. A high-concentration NP suspension
(1 g L~!) was diluted with NaCl or CaCl, background solutions to a final concentration
of 10 mg L~ for use as the influent in column experiments. The NP concentrations in the
suspension were quantified using a fluorescence spectrophotometer (F-320, Tianjin GD
Technology, Tianjin, China) with excitation and emission wavelengths of 350 nm and 666
nm, respectively, calibrated using a standard curve. The zeta potential and hydrodynamic
diameter of NPs under different solution chemistry conditions (1 mM and 5 mM Na* or
Ca?*, and varying concentrations of HA) were measured using a Zetasizer (Nano ZS90,
Malvern Instruments, Worcestershire, UK). The retention of NPs on collector surfaces
was visually characterized using scanning electron microscopy (SEM, ZEISS Sigma 300,
Neustadt, Germany).

The biochar used in this study was produced by pyrolyzing corn stover (sourced
from Lianyungang, Jiangsu Province) in a nitrogen atmosphere at 800 °C for 2 h in a tube
furnace. The MBC was synthesized via a hydrothermal reaction in an organic solvent, with
reference to a previous study [57]. In brief, 2 g of biochar, 1.6 g of FeClg-H,O, and 3.2 g
of CH3COONa were added to 70 mL of ethylene glycol solvent, mechanically stirred for
30 min, and subsequently sonicated for another 30 min. The mixture was then transferred
to a stainless-steel high-pressure reactor and heated to 230 °C for 24 h. Following the
reaction, the composites were magnetically separated, washed repeatedly with ethanol and
ultrapure water until the supernatant was clear, and subsequently vacuum freeze-dried for
storage. Surface morphology of MBC was characterized by scanning electron microscopy
(SEM, ZEISS Sigma 300, Germany). The elemental composition was characterized by the
SEM with energy-dispersive X-ray spectroscopy (EDS, Xplore compact, Oxford Instruments,
Oxford, UK). The crystal structures of BC and MBC were qualitatively analyzed using
an X-ray diffractometer (XRD, D8 Discover, Bruker, Berlin, Germany) with diffraction
angles ranging from 20 to 80° and a sampling time of 10°/min. Fourier transform infrared
spectroscopy (FTIR, Shimadzu, Kyoto, Japan) was used to determine the functional groups
in the 4004000 cm~! range. A vibrating sample magnetometer (VSM, Lakeshore-7410,
Columbus, OH, USA) was used to characterize the magnetization intensity of the MBC
with a magnetic field range of +2 T. Specific surface area and pore structure were assessed
by N, adsorption/desorption isotherms derived from an automated specific surface area
analyzer (ASAP2460, McMurtic Instruments, Atlanta, GA, USA).

Electrolyte background solutions (1 mM and 5 mM NaCl or CaCl,) were prepared
by diluting stock solutions (100 mM) with ultrapure water (Milli-Q, Darmstadt, Germany)
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and adjusted to pH 7 using NaOH. For release experiments, ultrapure water adjusted to
pH 7 or 10 was used as the eluent. Humic acid (HA; Sigma-Aldrich, Shanghai, China)
was used as a model for dissolved organic matter. HA powder was used to formulate a
highly concentrated stock solution. Then, stock HA suspensions (100 mg L) were diluted
into the background electrolyte solutions containing NPs (10 mg L) to achieve final HA
concentrations of 0.5 mg L~! and 1 mg L™ 1.

Quartz sand (purchased from Tianjin Guangfu Fine Chemical Research Institute,
Tianjin, China) was used as the porous medium in the column transport experiments. The
sand was purified to remove surface contaminants, including metal oxides and organic
matter. First, the sand was rinsed with tap water to remove dust and debris. To eliminate
metal oxides, the sand was soaked in 65% HNOj for 24 h, followed by thorough rinsing
with water until the pH stabilized at approximately 7. Organic matter was then removed by
immersing the sand in 10% H,O; for 24 h, followed by repeated water rinsing. To eliminate
colloidal impurities and expand the double layer, the sand was treated sequentially with a
high ionic strength electrolyte solution (100 mM NaCl) and ultrapure water at pH 10 for
2 h. After ultrasonication for 2 h, the sand was oven-dried at 50 °C and sieved through a
40-60 mesh sieve for use in experiments.

3.2. Batch Experiments

A series of batch experiments were conducted to evaluate the adsorption of NPs onto
MBC. For the kinetic studies, 10 mg MBC was ultrasonicated for 15 min to ensure uniform
dispersion of the adsorbent and subsequently mixed with NPs. The suspensions (50 mL
100 mg L~! MBC and 20 mg L~ NPs) were shaken in a water bath shaker at 180 rpm and
maintained at 25 °C. Samples were collected at predetermined intervals (0.5, 1, 2, 4, 6,9, 12,
and 24 h). To separate the MBC from the mixture, a strong magnet was placed close to the
bottom of the conical flask containing the mixture, and the MBC was attracted by a magnetic
field and thus removed. The concentrations of NPs in the supernatants were analyzed
using a fluorescence spectrophotometer to determine the time for adsorption equilibrium.
For the adsorption isotherm experiments, varying initial concentrations of NPs (20, 25, 30,
35, and 40 mg L.~!) were combined with 10 mg of MBC and shaken for 24 h under identical
conditions (180 rpm, 25 °C). After the separation of MBC using magnets, the residual NP
concentrations in the supernatants were quantified via fluorescence spectrophotometry.
All experiments were conducted in triplicate with one blank sample included for each
condition to ensure the accuracy and reliability of the results.

3.3. Column Experiments
3.3.1. Transport Experiments

The columns (12 cm in length and 3 ¢cm in internal diameter) were wet-packed with
quartz sand and were employed under water-saturated conditions. Column porosity was
determined using a gravimetric method by comparing the weights of the saturated col-
umn, the empty column, and the packed sand. A peristaltic pump (HL-1D, Shanghai
Huxi, Shanghai, China) maintained a consistent upward flow of the background solution,
tracer, MBC suspension, and nanoparticle (NP) suspension at a constant Darcy velocity of
0.7 cm min~!. Prior to transport experiments, the columns were pre-conditioned by elution
with approximately 50 pore volumes (PVs) of background solution with ionic strengths (IS)
of 1 or 5 mM NaCl or CaCl; at pH 7. Afterward, the transport of the tracer was examined
by injecting 100 mL of NaNOj or Ca(NOj3); solution with the same IS and pH as the
background solution, followed by elution with around 100 mL of the background solution.
Subsequent NP transport experiments involved injecting 100 mL of NP suspension into the
column, followed by elution with 100 mL of NP-free background solution. Effluent samples
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from both tracer and NP transport experiments were collected using a fraction collector
(CBS-A, Shanghai Huxi, China). Tracer concentrations were determined spectrophotometri-
cally using a UV spectrophotometer (UV-2450, Shimadzu, Japan) at a wavelength of 235 nm,
while NP concentrations were quantified using a fluorescence spectrophotometer to obtain
breakthrough curves (BTCs) [32].

In the transport experiment involving MBC, following the tracer test, 100 mL of MBC
suspension at selected concentrations (0, 50, and 100 mg L_l) was injected into the column.
The mass ratio of MBC to porous media was less than 0, 0.004%, and 0.008%, respectively.
This was followed by elution with 20 PVs of background solution until no detectable MBC
remained in the effluent. Subsequently, the NP transport experiment was conducted under
identical conditions and procedures as previously described.

3.3.2. Release Experiments

Release experiments were performed following the NP transport experiments to
evaluate the reversibility of NP retention under varying solution conditions, including
reductions in ionic strength (IS), increases in pH, and cation exchange. NP release was
investigated in two phases when the background solution contained 1 or 5 mM NaClL
After completing the transport experiments, the columns were flushed with 160 mL of
ultrapure water at pH 7 (phase I) and 200 mL of ultrapure water at pH 10 (phase II) to
examine the remobilization of retained NPs from primary or secondary potential wells.
With CaCl; as the background solution, NP release was studied across five phases to assess
retention reversibility under conditions of cation exchange and IS reduction. The detailed
protocol included sequential flushing of the column with the following solutions: 100 mL
of ultrapure water at pH 7 (phase I), 100 mL of 1 mM NaCl (phase II), 150 mL of ultrapure
water at pH 7 (phase III), 100 mL of 100 mM NaCl (phase 1V), and 200 mL of ultrapure
water at pH 7 (phase V). The NP concentrations in the effluent were measured to obtain
release curves (RCs).

3.4. Adsorption and Transport Models

The pseudo-first-order and pseudo-second-order kinetic models were applied to
evaluate the adsorption kinetics of MBC with NPs. Adsorption isotherms were charac-
terized using the Langmuir and Freundlich models. The adsorption rate and capacity
of MBC were determined based on the kinetic and isotherm data derived under experi-
mental conditions. Additional details regarding the model simulations are available in
Supplementary Materials.

The convection-dispersion equation (CDE) was employed to describe NP transport
within the liquid phase and from the liquid to the solid phase. Parameters such as dispersity
(D), porosity (8), and bulk density (p) were obtained through fitting to the tracer BTCs.
The retention rate coefficient (k1) and the normalized maximum solid-phase concentration
(Smax/Co) were obtained by fitting to the BTCs of NPs using HYDRUS-1D. Further details
can be found in Supplementary Materials.

4. Conclusions

This study examines the coupled roles of MBC, HA, and cation types on the retention
and release of nanoplastics (NPs) with different surface functional groups (-COOH and -
NHy). Increasing IS inhibited NP transport by compressing the electrical double layer, while
MBC enhanced surface roughness and created additional deposition sites, promoting NP
retention. NPs-NH; were more sensitive to IS and MBC. The HA facilitated NP transport
via increased steric repulsion and a surface complex with a stronger effect on NPs-NH,
than NPs-COOH due to electrostatic interactions. Under transient conditions (reduced
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IS and increased pH), partial remobilization of NPs occurred from the shallow primary
minima. The release of NPs-NH; was more pronounced than that of NPs-COOH due to
previous greater retention with reversible interactions. In Ca?* solutions, NP transport was
more inhibited than in Na* solutions due to cation bridging and charge shielding. The HA
promoted NPs-COOH transport more effectively in Ca?*, though only a small fraction of the
retained NPs were remobilized, indicating irreversible retention in deeper minima. When
the particles were retained in the presence of a divalent cation, more NPs-NH, was released
compared to NPs-COOH, but still less than that under monovalent cation conditions due
to stronger irreversible interactions. This study reveals that a limited amount of MBC
can effectively enhance the irreversible retention of NPs in subsurface environments and
demonstrates the remobilization of NPs under transient solution chemical conditions.
Future work should focus on better understanding the fate of NPs in natural soils, different
species of NPs, and pollutants coexisting with NPs.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms26052207 /s1. References [58-61] are cited in the Supplementary Materials.

Author Contributions: Conceptualization, methodology, writing—original draft preparation, investi-
gation, Y.Q.; resources, funding acquisition, writing—review and editing, Y.L.; investigation, Y.P. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (42167051),
Guangxi Natural Science Foundation, China (2023GXNSFAA026386, 2025GXNSFA A(069820), and
Guangxi Key Research and Development Program (Guike AB23075157).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, Y.L., upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Xu,Y,;Ou, Q,; van der Hoek, ].P; Liu, G.; Lompe, K.M. Photo-oxidation of Micro- and Nanoplastics: Physical, Chemical, and
Biological Effects in Environments. Environ. Sci. Technol. 2024, 58, 991-1009. [CrossRef] [PubMed]

2. Yu, Y; Zhang, L; Zhuang, Z.; Zhuang, Q.; Dong, S.; Zhao, X.; Mao, L. Nanoplastics in soil plastisphere: Occurrence, bio-
interactions and environmental risks. Nano Today 2024, 58, 102409. [CrossRef]

3. Chen, Y,; Li, Y,; Liang, X.; Lu, S.; Ren, J.; Zhang, Y.; Han, Z.; Gao, B.; Sun, K. Effects of microplastics on soil carbon pool and
terrestrial plant performance. Carbon Res. 2024, 3, 37. [CrossRef]

4.  Stephanie, C.; Charlotte, H.; Thorsten, H.; Thilo, H. Microplastics and nanoplastics barely enhance contaminant mobility in
agricultural soils. Commun. Earth Environ. 2021, 2, 193. [CrossRef]

5. Bhat, M.A,; Gedik, K.; Gaga, E.O. Atmospheric micro (nano) plastics: Future growing concerns for human health. Air Qual. Atmos.
Health 2022, 16, 233-262. [CrossRef]

6.  Maity, S.; Guchhait, R.; Sarkar, M.B.; Pramanick, K. Occurrence and distribution of micro/nanoplastics in soils and their phytotoxic
effects: A review. Plant Cell Environ. 2022, 45, 1011-1028. [CrossRef]

7. Gigault, J.; ter Halle, A.; Baudrimont, M.; Pascal, P-Y.; Gauffre, F; Phi, T.-L.; El Hadri, H.; Grassl, B.; Reynaud, S. Current opinion:
What is a nanoplastic? Environ. Pollut. 2018, 235, 1030-1034. [CrossRef]

8.  Bhagat, J.; Nishimura, N.; Shimada, Y. Toxicological interactions of microplastics/nanoplastics and environmental contaminants:
Current Knowledge and Future Perspectives. |. Hazard. Mater. 2020, 405, 123913. [CrossRef]

9.  Liu, P; Dai, J.; Huang, K.; Yang, Z.; Zhang, Z.; Guo, X. Sources of micro(nano)plastics and interaction with co-existing pollutants
in wastewater treatment plants. Crit. Rev. Environ. Sci. Technol. 2022, 53, 865-885. [CrossRef]

10. Okoffo, E.D.; O’Brien, S.; Ribeiro, F.; Burrows, S.D.; Toapanta, T.; Rauert, C.; O'Brien, ].W.; Tscharke, B.J.; Wang, X.; Thomas,

K.V. Plastic particles in soil: State of the knowledge on sources, occurrence and distribution, analytical methods and ecological
impacts. Environ. Sci. Process. Impacts 2021, 23, 240-274. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms26052207/s1
https://www.mdpi.com/article/10.3390/ijms26052207/s1
https://doi.org/10.1021/acs.est.3c07035
https://www.ncbi.nlm.nih.gov/pubmed/38166393
https://doi.org/10.1016/j.nantod.2024.102409
https://doi.org/10.1007/s44246-024-00124-1
https://doi.org/10.1038/s43247-021-00267-8
https://doi.org/10.1007/s11869-022-01272-2
https://doi.org/10.1111/pce.14248
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1080/10643389.2022.2095844
https://doi.org/10.1039/D0EM00312C

Int. J. Mol. Sci. 2025, 26, 2207 16 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wang, J.; Liu, X.; Li, Y,; Powell, T.; Wang, X.; Wang, G.; Zhang, P. Microplastics as contaminants in the soil environment: A
mini-review. Sci. Total Environ. 2019, 691, 848-857. [CrossRef]

Yasir, A.M.; Ma, J.; Ouyang, X.; Zhao, J.; Zhao, Y.; Weng, L.; Islam, M.S.; Chen, Y.; Li, Y. Effects of selected functional groups
on nanoplastics transport in saturated media under diethylhexyl phthalate co-contamination conditions. Chemosphere 2021,
286, 131965. [CrossRef] [PubMed]

Dong, Z.; Zhu, L.; Zhang, W.; Huang, R.; Lv, X; Jing, X,; Yang, Z.; Wang, J.; Qiu, Y. Role of surface functionalities of nanoplastics
on their transport in seawater-saturated sea sand. Environ. Pollut. 2019, 255, 113177. [CrossRef] [PubMed]

Hou, Y.; Luo, C.; Wang, Y.; Zhao, Y.; Qiu, Y. Nanoplastics dominate the cotransport of small-scale plastics in seawater-saturated
porous media. Water Res. 2022, 221, 118773. [CrossRef] [PubMed]

Zhang, G.; Wang, B.; Jiang, N.; Pang, K.; Wu, W.; Yin, X. Effect of water-soluble polymers on the transport of functional
group-modified polystyrene nanoplastics in goethite-coated saturated porous media. ]. Hazard. Mater. 2024, 469, 134044.
[CrossRef]

Wu, X,; Lyu, X,; Li, Z,; Gao, B.; Zeng, X.; Wu, J.; Sun, Y. Transport of polystyrene nanoplastics in natural soils: Effect of soil
properties, ionic strength and cation type. Sci. Total Environ. 2020, 707, 136065. [CrossRef]

He, L.; Wu, D.; Rong, H.; Li, M.; Tong, M.; Kim, H. Influence of Nano- and Microplastic Particles on the Transport and Deposition
Behaviors of Bacteria in Quartz Sand. Environ. Sci. Technol. 2018, 52, 11555-11563. [CrossRef]

Yuan, R.; Zhang, W.; Tao, X.; Wang, S.; Zhang, L. Coupled effects of high pH and chemical heterogeneity on colloid retention and
release in saturated porous media. Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124285. [CrossRef]

Yi, Y.,; Huang, Z.; Lu, B,; Xian, J.; Tsang, E.P; Cheng, W.; Fang, ].; Fang, Z. Magnetic biochar for environmental remediation: A
review. Bioresour. Technol. 2020, 298, 122468. [CrossRef]

Ibrahim, M.M.; Lin, H.; Chang, Z.; Li, Z.; Riaz, A.; Hou, E. Magnesium-doped biochars increase soil phosphorus availability by
regulating phosphorus retention, microbial solubilization and mineralization. Biochar 2024, 6, 68. [CrossRef]

Pradhan, S.; Parthasarathy, P.; Mackey, H.R.; Al-Ansari, T.; McKay, G. Food waste biochar: A sustainable solution for agriculture
application and soil-water remediation. Carbon Res. 2024, 3, 41. [CrossRef]

Ji, G.; Xing, Y.; You, T. Biochar as adsorbents for environmental microplastics and nanoplastics removal. ]. Environ. Chem. Eng.
2024, 12, 113377. [CrossRef]

Gouma, V,; Tziasiou, C.; Pournara, A.D.; Giokas, D.L. A novel approach to sorbent-based remediation of soil impacted by organic
micropollutants and heavy metals using granular biochar amendment and magnetic separation. J. Environ. Chem. Eng. 2022,
10, 107316. [CrossRef]

Liang, M,; Ding, Y.; Zhang, Q.; Wang, D.; Li, H.; Lu, L. Removal of aqueous Cr(VI) by magnetic biochar derived from bagasse. Sci.
Rep. 2020, 10, 21473. [CrossRef] [PubMed]

Hsieh, L.; He, L.; Zhang, M.; Lv, W.; Yang, K.; Tong, M. Addition of biochar as thin preamble layer into sand filtration columns
could improve the microplastics removal from water. Water Res. 2022, 221, 118783. [CrossRef] [PubMed]

Wang, X.; Dan, Y.; Diao, Y.; Liu, F; Wang, H.; Sang, W.; Zhang, Y. Transport characteristics of polystyrene microplastics in
saturated porous media with biochar/Fe3;O4-biochar under various chemical conditions. Sci. Total Environ. 2022, 847, 157576.
[CrossRef]

Tong, M.; Li, T,; Li, M.; He, L.; Ma, Z. Cotransport and deposition of biochar with different sized-plastic particles in saturated
porous media. Sci. Total Environ. 2020, 713, 136387. [CrossRef]

Li, X,; Liu, W,; Zhang, J.; Wang, Z.; Guo, Z; Ali, ].; Wang, L.; Yu, Z.; Zhang, X.; Sun, Y. Effective removal of microplastics by
filamentous algae and its magnetic biochar: Performance and mechanism. Chemosphere 2024, 358, 142152. [CrossRef]
Brzhezinskaya, M.; Zhivulin, V.E. Controlled modification of polyvinylidene fluoride as a way for carbyne synthesis. Polym.
Degrad. Stab. 2022, 203, 110054. [CrossRef]

Rabchinskii, M.K.; Ryzhkov, S.A.; Besedina, N.A.; Brzhezinskaya, M.; Malkov, M.N.; Stolyarova, D.Y.; Arutyunyan, A.F,;
Struchkov, N.S.; Saveliev, S.D.; Diankin, I.D.; et al. Guiding graphene derivatization for covalent immobilization of aptamers.
Carbon 2022, 196, 264-279. [CrossRef]

Lee, E.-J.; Lee, ].-W. Synergistic effect of adsorption and photolysis on methylene blue removal by magnetic biochar derived from
lignocellulosic biomass. Bioresour. Technol. 2024, 407, 131124. [CrossRef]

Dong, P; Liang, Y.; Shen, C.; Jiang, E.; Bradford, S.A. Dual roles of goethite coating on the transport of plastic nanoparticles in
heterogeneous porous media: The significance of collector surface roughness. . Hazard. Mater. 2024, 470, 134153. [CrossRef]
[PubMed]

Jiao, Y.; Wang, S.; Sun, B.; Han, Y.; Zhang, Z.; Shen, X.; Li, Z. Adsorption efficiency and in-situ catalytic thermal degradation
behaviour of microplastics from water over Fe-modified lignin-based magnetic biochar. Sep. Purif. Technol. 2025, 353, 128468.
[CrossRef]


https://doi.org/10.1016/j.scitotenv.2019.07.209
https://doi.org/10.1016/j.chemosphere.2021.131965
https://www.ncbi.nlm.nih.gov/pubmed/34449324
https://doi.org/10.1016/j.envpol.2019.113177
https://www.ncbi.nlm.nih.gov/pubmed/31521995
https://doi.org/10.1016/j.watres.2022.118773
https://www.ncbi.nlm.nih.gov/pubmed/35759847
https://doi.org/10.1016/j.jhazmat.2024.134044
https://doi.org/10.1016/j.scitotenv.2019.136065
https://doi.org/10.1021/acs.est.8b01673
https://doi.org/10.1016/j.colsurfa.2019.124285
https://doi.org/10.1016/j.biortech.2019.122468
https://doi.org/10.1007/s42773-024-00360-z
https://doi.org/10.1007/s44246-024-00123-2
https://doi.org/10.1016/j.jece.2024.113377
https://doi.org/10.1016/j.jece.2022.107316
https://doi.org/10.1038/s41598-020-78142-3
https://www.ncbi.nlm.nih.gov/pubmed/33293648
https://doi.org/10.1016/j.watres.2022.118783
https://www.ncbi.nlm.nih.gov/pubmed/35759848
https://doi.org/10.1016/j.scitotenv.2022.157576
https://doi.org/10.1016/j.scitotenv.2019.136387
https://doi.org/10.1016/j.chemosphere.2024.142152
https://doi.org/10.1016/j.polymdegradstab.2022.110054
https://doi.org/10.1016/j.carbon.2022.04.072
https://doi.org/10.1016/j.biortech.2024.131124
https://doi.org/10.1016/j.jhazmat.2024.134153
https://www.ncbi.nlm.nih.gov/pubmed/38593658
https://doi.org/10.1016/j.seppur.2024.128468

Int. J. Mol. Sci. 2025, 26, 2207 17 of 18

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Peng, X.; Yang, Y.; Wang, ].; Yuan, W.; Guo, Y.; Hu, W.; Yang, X. Cu/Fe co-modified nitrogen self-doped biochar as a heterogeneous
Fenton-like catalyst for degradation of organic pollutants: Synthesis, performance, and mechanistic study. J. Environ. Chem. Eng.
2023, 11, 110866. [CrossRef]

Gao, W.; Wang, X.; Diao, Y.; Gong, Y.; Miao, J.; Sang, W.; Yuan, H.; Shen, Z.; El-sayed, M.E.A.; Abdelhafeez, I.A. Co-impacts
of cation type and humic acid on migration of polystyrene microplastics in saturated porous media. J. Environ. Manag. 2024,
358, 120918. [CrossRef]

Dong, S.; Cai, W.; Xia, J.; Sheng, L.; Wang, W.; Liu, H. Aggregation kinetics of fragmental PET nanoplastics in aqueous environment:
Complex roles of electrolytes, pH and humic acid. Environ. Pollut. 2021, 268, 115828. [CrossRef]

Wang, J.; Sun, C.; Huang, Q.-X.; Chi, Y.; Yan, J.-H. Adsorption and thermal degradation of microplastics from aqueous solutions
by Mg/Zn modified magnetic biochars. . Hazard. Mater. 2021, 419, 126486. [CrossRef]

Zhu, N; Yan, Q.; He, Y.; Wang, X.; Wei, Z.; Liang, D.; Yue, H.; Yun, Y.; Li, G.; Sang, N. Insights into the removal of polystyrene
nanoplastics using the contaminated corncob-derived mesoporous biochar from mining area. J. Hazard. Mater. 2022, 433, 128756.
[CrossRef]

Tang, Y.; Zhang, S.; Su, Y.; Wu, D.; Zhao, Y.; Xie, B. Removal of microplastics from aqueous solutions by magnetic carbon
nanotubes. Chem. Eng. J. 2021, 406, 126804. [CrossRef]

Wu, J; Yang, C.; Zhao, H.; Shi, J.; Liu, Z.; Li, C.; Song, F. Efficient removal of microplastics from aqueous solution by a novel
magnetic biochar: Performance, mechanism, and reusability. Environ. Sci. Pollut. Res. 2022, 30, 26914-26928. [CrossRef]

Liang, Y.; Liu, J.; Dong, P; Qin, Y.; Zhang, R.; Bradford, S.A. Retention and release of black phosphorus nanoparticles in porous
media under various physicochemical conditions. Chemosphere 2023, 339, 139604. [CrossRef]

Ye, X.; Cheng, Z.; Wu, M; Hao, Y.; Hu, B.X.; Mo, C.; Li, Q.; Xiang, L.; Zhao, H.; Wu, J.; et al. Investigating transport kinetics of
polystyrene nanoplastics in saturated porous media. Ecotoxicol. Environ. Saf. 2022, 241, 113820. [CrossRef] [PubMed]

Liang, Y.; Bradford, S.A; Simftinek, J.; Klumpp, E. Mechanisms of graphene oxide aggregation, retention, and release in quartz
sand. Sci. Total Environ. 2019, 656, 70-79. [CrossRef] [PubMed]

Liu, X,; Liang, Y.; Peng, Y.; Meng, T.; Xu, L.; Dong, P. Sensitivity of the Transport of Plastic Nanoparticles to Typical Phosphates
Associated with Ionic Strength and Solution pH. Int. . Mol. Sci. 2022, 23, 9860. [CrossRef] [PubMed]

Wang, Y.; Xu, L.; Chen, H.; Zhang, M. Retention and transport behavior of microplastic particles in water-saturated porous media.
Sci. Total Environ. 2022, 808, 152154. [CrossRef]

Abdoul Magid, A.S.IL; Islam, M.S.; Chen, Y.; Weng, L.; Li, ].; Ma, J.; Li, Y. Enhanced adsorption of polystyrene nanoplastics
(PSNPs) onto oxidized corncob biochar with high pyrolysis temperature. Sci. Total Environ. 2021, 784, 147115. [CrossRef]

Liang, Y,; Luo, Y,; Shen, C.; Bradford, S.A. Micro- and nanoplastics retention in porous media exhibits different dependence on
grain surface roughness and clay coating with particle size. Water Res. 2022, 221, 118717. [CrossRef]

Torkzaban, S.; Bradford, S.A. Critical role of surface roughness on colloid retention and release in porous media. Water Res. 2016,
88, 274-284. [CrossRef]

Sun, H,; Jiao, R;; An, G.; Xu, H.; Wang, D. Influence of particle size on the aggregation behavior of nanoparticles: Role of structural
hydration layer. J. Environ. Sci. 2021, 103, 33—42. [CrossRef]

Daugherty, E.E.; Gilbert, B.; Nico, P.S.; Borch, T. Complexation and Redox Buffering of Iron(Il) by Dissolved Organic Matter.
Environ. Sci. Technol. 2017, 51, 11096-11104. [CrossRef]

Wang, M.; Lu, T.; Chen, W.; Zhang, H.; Qi, W.; Song, Y.; Qi, Z. Enhanced role of humic acid on the transport of iron oxide colloids
in saturated porous media under various solution chemistry conditions. Colloids Surf. A Physicochem. Eng. Asp. 2020, 607, 125486.
[CrossRef]

Xu, L; Liang, Y.; Liao, C.; Xie, T.; Zhang, H.; Liu, X.; Lu, Z.; Wang, D. Cotransport of micro- and nano-plastics with chlortetracycline
hydrochloride in saturated porous media: Effects of physicochemical heterogeneities and ionic strength. Water Res. 2022,
209, 117886. [CrossRef] [PubMed]

Yu, S.-J,; Li, Q.-C.; Shan, W.-Y,; Hao, Z.-N.; Li, P; Liu, J.-F. Heteroaggregation of different surface-modified polystyrene
nanoparticles with model natural colloids. Sci. Total Environ. 2021, 784, 147190. [CrossRef] [PubMed]

Kong, Y.; Li, X.; Tao, M,; Cao, X.; Wang, Z.; Xing, B. Cation-t mechanism promotes the adsorption of humic acid on polystyrene
nanoplastics to differently affect their aggregation: Evidence from experimental characterization and DFT calculation. J. Hazard.
Mater. 2023, 459, 132071. [CrossRef]

Ye, X.; Cheng, Z.; Wu, M.; Hu, B.X,; Mo, C; Li, Q.; Wu, J.; Wu, J.; Hao, Y.; Lu, G. Determining the mobility of polystyrene
nano-plastic in saturated quartz Sand-Limestone porous media. Chem. Eng. Sci. 2022, 260, 117949. [CrossRef]

Liang, Y.; Bradford, S.A.; Simunek, J.; Heggen, M.; Vereecken, H.; Klumpp, E. Retention and Remobilization of Stabilized Silver
Nanoparticles in an Undisturbed Loamy Sand Soil. Environ. Sci. Technol 2013, 47, 12229-12237. [CrossRef]

Liang, S.; Shi, S.; Zhang, H.; Qiu, J.; Yu, W,; Li, M.; Gan, Q.; Yu, W,; Xiao, K,; Liu, B.; et al. One-pot solvothermal synthesis of
magnetic biochar from waste biomass: Formation mechanism and efficient adsorption of Cr(VI) in an aqueous solution. Sci. Total
Environ. 2019, 695, 133886. [CrossRef]


https://doi.org/10.1016/j.jece.2023.110866
https://doi.org/10.1016/j.jenvman.2024.120918
https://doi.org/10.1016/j.envpol.2020.115828
https://doi.org/10.1016/j.jhazmat.2021.126486
https://doi.org/10.1016/j.jhazmat.2022.128756
https://doi.org/10.1016/j.cej.2020.126804
https://doi.org/10.1007/s11356-022-24130-1
https://doi.org/10.1016/j.chemosphere.2023.139604
https://doi.org/10.1016/j.ecoenv.2022.113820
https://www.ncbi.nlm.nih.gov/pubmed/36068748
https://doi.org/10.1016/j.scitotenv.2018.11.258
https://www.ncbi.nlm.nih.gov/pubmed/30502736
https://doi.org/10.3390/ijms23179860
https://www.ncbi.nlm.nih.gov/pubmed/36077260
https://doi.org/10.1016/j.scitotenv.2021.152154
https://doi.org/10.1016/j.scitotenv.2021.147115
https://doi.org/10.1016/j.watres.2022.118717
https://doi.org/10.1016/j.watres.2015.10.022
https://doi.org/10.1016/j.jes.2020.10.007
https://doi.org/10.1021/acs.est.7b03152
https://doi.org/10.1016/j.colsurfa.2020.125486
https://doi.org/10.1016/j.watres.2021.117886
https://www.ncbi.nlm.nih.gov/pubmed/34861437
https://doi.org/10.1016/j.scitotenv.2021.147190
https://www.ncbi.nlm.nih.gov/pubmed/33895519
https://doi.org/10.1016/j.jhazmat.2023.132071
https://doi.org/10.1016/j.ces.2022.117949
https://doi.org/10.1021/es402046u
https://doi.org/10.1016/j.scitotenv.2019.133886

Int. J. Mol. Sci. 2025, 26, 2207 18 of 18

58.
59.

60.

61.

Ho, Y. The kinetics of sorption of divalent metal ions onto sphagnum moss peat. Water Res. 2000, 34, 735-742. [CrossRef]

Ho, Y.S.; McKay, G. Kinetic models for the sorption of dye from aqueous solution by wood. Process Saf. Environ. Prot. 1998, 76,
183-191. [CrossRef]

Langmuir, I. The adsorption of gases on plane surfaces of glass, mica and platinum. J. Am. Chem. Soc. 1918, 40, 1361-1403.
[CrossRef]

Adamczyk, Z.; Siwek, B.; Zembala, M.; Belouschek, P. Kinetics of localized adsorption of colloid particles. Adv. Colloid Interface
Sci. 1994, 48, 151-280. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0043-1354(99)00232-8
https://doi.org/10.1205/095758298529326
https://doi.org/10.1021/ja02242a004
https://doi.org/10.1016/0001-8686(94)80008-1

	Introduction 
	Results and Discussion 
	Characterization of NPs and MBC 
	Adsorption of NPs on MBC 
	Transport and Release of NPs in Saturated Porous Media 
	Effect of MBC on Transport and Release of NPs 
	Effect of HA on Transport and Release of NPs 
	Effect of Divalent Cations on the Transport and Release of NPs 

	Materials and Methods 
	NPs, MBC, Solution Chemistries and Porous Media 
	Batch Experiments 
	Column Experiments 
	Transport Experiments 
	Release Experiments 

	Adsorption and Transport Models 

	Conclusions 
	References

