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Biochar nanoparticles (BC-NP) have attracted significant attention because of their
unique environmental behavior, some of which could potentially limit large-scale
field application of biochar. Accurate prediction of the fate and transportability of
BC-NP in soil matrix is the key to evaluating their environmental influence. This study
investigated the effects of soil grain size and environmentally relevant solution
chemistry, such as ionic strength (cation concentration, 0.1 mM-50 mM; cation
type, Na*, and Ca**), and humic acid (HA; 0—10 mg/L), on the transport behavior of
BC-NP via systematic column experiments. The transportability of BC-NP in the soil-
packed column decreased with decreasing soil grain size and was inversely
proportional to soil clay content. At low cation concentrations (0.1-1.0 mM), a
considerable proportion of BC-NP (15.95%-67.17%) penetrated the soil columns.
Compared with Na*, Ca®* inhibited the transportability of BC-NP in the soil through a
charge shielding effect. With increasing HA concentration, the transportability of BC-
NP increased, likely due to an enhanced repulsion force between BC-NP and soil
particles. However, at a high HA concentration (10 mg/L), Ca?* bridging reduced the
transportability of BC-NP in the soil. Breakthrough curves of BC-NP were explained
by the two-site kinetic retention model. The antagonistic effects of ionic strength
and HA indicated that the transport behavior of BC-NP in the soil was governed by
competitive effects of some environmental factors, including soil grain size,
environmental solution chemistry, and natural organic matter content.
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1 Introduction

Biochar is a carbon-rich solid product produced by the thermal decomposition of biomass
at relatively low temperatures, mostly <700°C, in absence of oxygen (Ippolito et al., 2020; Wu
et al.,, 2021). Biochar has been widely used in carbon sequestration, soil nutrient retention, and
environmental remediation purposes (Chen et al., 2019; Chen et al., 2022; Liu et al., 2022). As an
important part of biochar, biochar nanoparticles (BC-NP) have attracted much attention due to
their wide application in adsorbents, sensors, capacitors, and photocatalytic materials (Tan
etal., 2016; Ramanayaka et al., 2020; Zhang et al., 2022). However, these small biochar particles
are reactive and could leach into surface water and soil profile via runoff, irrigation, and
infiltration (Ramanayaka et al., 2020; Wu et al., 2022). BC-NP may contain organic pollutants
(Song et al,, 2019) and have a high adsorption affinity for environmental pollutants (Naghdi
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et al,, 2019; Swaren et al,, 2022), facilitating transport or co-transport
with pollutants to the groundwater system, which could result in
potential environmental risks (Lian et al., 2020; Swaren et al., 2022).
Therefore, a complete understanding of the fate and transport
behavior of BC-NP in the environment is crucial for optimizing
biochar’s utilization and assessing potential risk in agriculture and
environmental remediation applications.

Multiple column simulation experiments were previously
performed to investigate the effects of hydraulic, porous media
properties, solution chemistry, physicochemical properties, and
mineral coating of BC-NP on the transport and retention of BC-
NP in porous media (Chen et al., 2017; Wang et al,, 2019; Liu et al,
2021). The results of these studies showed that BC-NP had high
transportability in porous media with low ionic strength and high pore
water velocity, or in the presence of natural organic compounds and
surfactants. Although these studies have greatly advanced the
understanding of retention and transport mechanisms of BC-NP in
porous media, BC-NP transport behavior in natural soils is far from
complete comprehension, which limits the ability to predict and
monitor the transport and fate of BC-NP in the environment.

Natural soil is a complex heterogeneous system, and its solution
chemistry, textural composition (sand, silt, and clay content), surface
roughness, organic matter content, and other properties can
significantly affect the transportability of nanoparticles (Liang et al,
2021; Cao et al, 2022). Therefore, the transport of nanoparticles in
well-defined model porous media (e.g., quartz sand, glass bead) may
be less suitable for predicting the actual mobility of BC-NP in natural
soils. Previous studies showed that after adding electrolyte into a
colloidal system, the electric double layer of colloidal particles will be
compressed, and the electrostatic repulsion between nanoparticles will
be reduced, thus reducing the stability of the nanoparticles (Yang et al.,
2019; Cao et al,, 2022). Since soil solution usually contains different
concentrations and types of electrolytes, and BC-NP may be surface-
modified by natural organic matter during the transport process, the
transport behavior of BC-NP in natural soil is complicated. Only a
limited number of studies have investigated the effect of solution
chemistry on BC-NP fate and transport in natural soil.

In studying the transport of nanoparticles in the environmental
matrix, the grain size of media could also play an important role
(Zhang et al., 2022; Mlih et al., 2022). Based on filtration theory, if all
factors affecting the transport behavior of nanoparticles are kept
constant, grain size of porous media increase can lead to a decrease
in the single-collector contact efficiency (Yao et al., 2002). This is due
to the larger grained porous media providing less surface area for the
nanoparticles to deposit (Xin et al., 2021). The maximum solid phase
concentration of retained nanoparticles has also been observed to
increase with a decrease in porous media grain size (Liang et al., 2013).
In addition, finer grains may create smaller pores in porous media to
increase the possibility of physical straining (Xin et al., 2016). All these
factors indicate that nanoparticle retention is expected to increase in
finer-grained porous media. Conversely, some studies also indicated
that grain size of porous media had little effect on the transport of
nanoparticles (Tian et al, 2011). The aforementioned studies
investigating the transportability of nanoparticles show that their
transport behavior is sensitive to the grain size of porous media,
but no study to date investigated the impact of soil grain size on BC-
NP transport behavior.

We hypothesized that ionic strength (cationic concentration and
cationic type) affects the transportability of BC-NP in soil at
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environmentally relevant solution conditions, and that soil grain
size further alters transportability of BC-NP and affects the
interactions between cation and BC-NP. Besides, we also
hypothesized that the humic acid (HA) ubiquitous in soil
influences the transportability of BC-NP as well as the interactions
between ionic strength and soil grain size. To test our hypotheses, soil
particles graded by grain size were packed into the plexiglass column
to make the soil-packed column. Subsequently, solutions with
different concentrations of NaCl, CaCl,, and HA were used as
background solutions to explore cationic concentration, cationic
type, HA concentration, and soil grain size effects on
transportability of BC-NP in soil. The breakthrough curves (BTC)
of BC-NP in soil were fitted to further analyze the underlying
mechanisms. The objectives of this study are: (1) to determine the
effect of different cationic concentrations, types, and concentrations of
HA on the transport and retention of BC-NP in soil, and (2) to assess
the impact of soil grain size on the transport and retention of BC-NP
in soil, and (3) employ a mathematical model to simulate the transport
behavior of BC-NP in soil.

2 Materials and methods

2.1 Preparation of soil media and BC-NP
suspensions

Soil samples used in the BC-NP column transport experiments
(described in section 2.3) were taken from the surface layer
paddy field of
Shenyang Agricultural University in Liaoning Province (41°49'3"
N, 123°33'49” E), China. The field has been used to grow a single
rice crop for over 50 years. Five sub-samples were randomly

(0-30cm) of the long-term experimental

collected before the spring plowing in April 2021, and visible
plant residues and stones were manually removed. In order to
investigate the effect of soil grain size on the transport of BC-NP by
minimizing the variation due to other soil properties (e.g., pH, soil
total organic carbon content), the sampled soil was air-dried,
ground, and passed through 10, 18, 35, and 60 mesh sieves
sequentially to obtain three size grades (10-18 mesh, 1290.0 pm
median grain size; 18-35 mesh, 652.5 um median grain size;
35-60 Selected
physicochemical properties of the sampled soil were determined,

mesh, 337.5um median grain  size).
and the results are shown in Supplementary Table SI.

NaCl and CaCl, were used as the electrolytes in the background
solution as Na* Ca®" are abundant and omnipresent in the soil
matrix. There is a simple linear relationship between the ionic
strength (I.) and the electrical conductivity (EC) value (I. =
0.0127 x EC) of a solution (Morrisson et al., 1990). The average
EC values of sampled soil, rainwater, and groundwater were
836.6 us/cm,  respectively

(Supplementary Table S2). To be close to the ionic strength of

352 us/cm,  26.6 us/cm,  and
the soil solution and take into account its buffering capacity, the
minimum concentration of NaCl and CaCl, background solution
in this experiment was set to 1.0 mM and 0.1 mM, respectively.
Concentrations of other background solutions (10 and 50 mM
NaCl; 0.5 and 1.0mM CaCl,) referred to the minimum
concentration of NaCl and CaCl,. Meanwhile, to study the effect
of HA on the transport behavior of BC-NP in the soil matrix,
5.0 and 10mg/L HA (purchased from Sigma-Aldrich) were
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TABLE 1 Mass balance percentages of BC-NP at different experimental conditions.

10.3389/fenvs.2022.1114940

Soil Mesh Background solutions Mass balance of BC-NP (%)?
Efflux rate Retention rate

1 10-18 1.0 mM NaCl 67.17 + 3.98 a° 33.09 + 113 i

2 10-18 10 mM NaCl 424 + 148 i 94.55 + .94 ¢

3 10-18 50 mM NaCl 220 + 1.12j 96.86 + .58 b

4 10-18 .1 mM CaCl, 36.05 + 230 ¢ 64.50 + 1.84 h
5 10-18 5 mM CaCl, 149 + 1.02 k 97.66 + .48 ab
6 10-18 1.0 mM CaCl, 88 + .84 Im 10033 + 2.67 a
7 18-35 1.0 mM NaCl 38.20 + 258 b 63.84 + 1.30 h
8 18-35 10 mM NaCl 148 + 98 k 99.46 + 1.81 a
9 18-35 50 mM NaCl 200+ 250 97.35 + .67 ab
10 18-35 .1 mM CaCl, 3097 + 226 d 6835+ 175 g
11 18-35 5 mM CaCl, 91 +.931 102.89 + 2.19 a
12 18-35 1.0 mM CaCl, 54+.39n 99.09 + 120 a
13 35-60 1.0 mM NaCl 2377+ 198 e 7728 + 221 f
14 35-60 10 mM NaCl 83 +.80 m 96.20 + .66 b

15 35-60 50 mM NaCl 200+ 290 101.77 + 239 a
16 35-60 .1 mM CaCl, 15.95 + 1.66 gh 77.84 + 1.67 f
17 35-60 5 mM CaCl, 134 + 93 k 97.11 + .48 ab
18 35-60 1.0 mM CaCl, 62+ .71 n 101.70 £ 2.21 a
19 10-18 10 mM NaCl +5.0 mg/L HA® 17.16 + 1.80 g 84.10 + .94 e

20 10-18 10 mM NaCl +10 mg/L HA 29.17 £ 2.07 d 69.96 + 84 g

21 10-18 .5 mM CaCl, + 5.0 mg/L HA 20.78 + 1.85 f 79.55 + 1.84 f
22 10-18 5 mM CaCl, + 10 mg/L HA 1419 + 1.62 h 88.16 + 1,57 d

“Efflux rate and retention rate of BC-NP, recovered from column experiments.

The presented values are the mean + standard deviation (1 = 3). Mean values at different experimental conditions followed by the same lowercase letters are not significantly different using LSD, test

at p< 0.05.
‘HA, stands for humic acid.

dissolved in 10mM NaCl and 0.5mM CaCl, to prepare
background solutions.

The BC-NP used in this experiment was purchased from Hainuo
Charcoal Co., Ltd. (Shanghai, China). The BC-NP was made from
coconut shells through high-temperature carbonization and nano-
scale ultra-fine grinding. Selected physicochemical properties of the
BC-NP were determined, and the results are shown in Supplementary
Table S3. The suspensions of BC-NP (200 mg/L) containing desired
concentrations of NaCl, CaCl,, and HA were prepared for subsequent
experiments (Table 1).

The {-potential values of sampled soils in the desired background
solutions were determined using a Zetasizer analyzer (Nano ZS
ZEN3600, Malvern, United Kingdom). The soil suspension was
prepared by suspending a certain amount of sampled soil in
desired background solutions, followed by sonication for 30 min
and stand for 5h (Supplementary Table S4).

Frontiers in Environmental Science

2.2 Colloidal stability of BC-NP

Colloidal stability of BC-NP in desired solution chemistry
conditions was assessed by measuring temporal changes of BC-
NP suspension concentration. The prepared BC-NP suspensions
(200 mg/L) were stirred and sonicated for 10 min to disperse the
BC-NP completely. A colloidal stability experiment of BC-NP was
carried out for a total of 780 min, and 2 mL suspension was
sampled every 10 min within 1h after the start of experiment,
followed by a sample every 30 min. All measurements were run in
triplicate, and the average values and standard deviations are
shown in Figure 1. The concentration (C) of BC-NP in
suspension was determined via a UV-Vis spectrophotometer
(UV5Bio, Mettler Toledo, China) at the wavelength of 288 nm,
and the details of the analysis can be found in the Supplementary
Section $4.
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Colloidal stability of biochar nanoparticles (BC-NP) (expressed as standardized concentration of C/Cq, C and Cgq are the real-time and initial
concentration of influx respectively) at varying concentrations of NaCl [1.0, 10, and 50 mM; (A)], CaCl, [0.1, 0.5, and 1.0 mM; (B)], and HA (0, 5.0, and 10 mg/L)
in the presence of 10 mM NaCl (C) or 0.5 mM CaCl, (D). Error bars represent the standard deviation of means (n = 3).

2.3 Column experiments

Column experiments with BC-NP were executed at saturated flow
condition. Multiple plexiglass columns (inner diameter 2 cm, length
16 cm) were uniformly packed separately with 8 cm air-dried soil of
10-18, 18-35, and 35-60 mesh grain size. A 75 um nylon net was
placed at the bottom of the column to support the soil above.
Deionized distilled water was added from the bottom of the
column and gradually moved upward through the entire column to
remove any air pockets, and then the saturated soil columns were
leached by gravity with at least 200 mL CaCl, (20 mM). When the
absorbance of the effluent at 800 nm was less than 0.001, the soil
colloids in the column were considered to be stable and used for
subsequent experiments.

After the soil colloid stabilization step was completed, a peristaltic
pump (DG-2, Baoding Longer Precision Pump Co., Ltd., China) was
used to introduce a top-down flow of the non-reactive tracer and
desired solution into the column. Firstly, 6 pore volumes (PVs) of
1 mM non-reactive tracer (NaBr) were injected into the soil-packed
column to obtain the dispersion coefficient and average pore-water
velocity by fitting BTC of NaBr using the STANMOD code
(Supplementary Section S5). Then, the influx was switched back to
the background solution to elute the tracer thoroughly. A pre-
prepared BC-NP suspension was then pumped into the soil-packed
column. During this period, the BC-NP suspension was perpetually
stirred to prevent it from aggregation. After 8 PV suspensions passed
through the soil column, the corresponding background solution

Frontiers in Environmental Science

04

without BC-NP was pumped at the same conditions until BC-NP
was not detected in the efflux. Referring to the experimental design of
Fang et al. (2009), an 8 cm constant water head was maintained, and
gravity flow was used for leaching throughout the experiment. Efflux
samples were collected at certain intervals via a fraction collector
(BSZ-100, Shanghai Huxi Analysis Instrument Factory Co., Ltd.). All
experiments were performed at room temperature (25°C + 1°C) and
performed in triplicate. Supplementary Table S4 gives detailed
properties of the soil-packed columns.

Concentrations of BC-NP in efflux and influx were defined as C;,
and C,, respectively. The BTC was defined as a function of the PV’s
standardized concentration (C;/Cy). Cpa.x was defined as the
maximum value of C;/C, in BTC. The average hydrodynamic
radius and {-potential of BC-NP in the influx and efflux were
measured using a Zetasizer analyzer (Nano ZS ZEN3600, Malvern,
United Kingdom).

After completing the column transport experiments, retention
curves (RC) of BC-NP in the soil-packed columns were determined.
Briefly, the soil sample inside the column was recovered and divided
into eight segments in 1.0 cm increments. The contents of BC-NP in
the soil were measured according to Chen et al. (2017)., and details of
the method can be found in the Supplementary Section S6. The efflux
rate and retention rate of BC-NP in the column experiments were
calculated by calculating the mass of BC-NP in the efflux and soil
(Supplementary Table S1). Correlation analysis was conducted to
study the relationship between the retention rate of BC-NP and
soil properties. Details can be found in the Supplementary Section S7.
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2.4 Data analysis

To qualitatively understand the transport behavior of BC-NP in
soil, this study adopted the classical Derjaguin-Landau-Verwey-
Overbeek (DLVO) theory, which considered that the interaction
energy between BC-NP and soil particles was the sum of van der
Waals attraction and electrostatic double layer repulsion (Wang et al.,
2022). The sphere-plate model was used for calculation, and detailed
equations and calculation processes are given in the Supplementary
Section S8.

The one-dimensional form of the convection-dispersion equation
(CDE) model with two kinetic adsorption sites was used to simulate
the transport of BC-NP through the soil column (Bradford et al,
2003). The two-site kinetic retention model described the transport of
BC-NP between aqueous and solid phases. The first kinetic site (site 1)
assumed the reversible retention using first-order attachment (k;) and
detachment (k; 4) rate coefficients, respectively. The second kinetic site
(site 2) assumed irreversible and time-dependent retention, as
described by the Langmuirian blocking (Adamczyk et al, 1994),
using a second-order attachment coefficient (k,) and the maximum
solid-phase concentration (Symax) of BC-NP. Detailed equations and
calculation processes of the CDE model are given in the
Supplementary Section S9.

2.5 Statistical analysis

The LSD (Least-Significant Difference) test was used for one-way
ANOVA (Analysis of Variance) to determine the statistically
significant differences and Pearson correlation analysis was used to
determine  the correlation in  measurement parameters.
SPSS18.0 software was used for statistical analysis, and the mean

difference was statistically significant when p < 0.05.

3 Results and discussion

3.1 Properties of soil samples and BC-NP
suspensions

The physicochemical properties of the soil samples are shown in
Supplementary Table S1, respectively. The soils of the three grades
were neutral in reaction (average pH = 6.9), and the soil total organic
carbon content was 11.0-11.3 g/kg. There were significant differences
in the textural composition of three soil grades. For example, the clay
content of soil increased significantly with the mesh of soil.

The hydrodynamic radii of BC-NP were between 284.71 nm and
488.77 nm in the experimental suspensions, 1-order of magnitude
larger than the grain size (Supplementary Tables S3, S5). These
findings suggested a homogeneous aggregation of BC-NP in
desired background solutions. Figures 1A, B show that the BC-NP
concentration decreased with increasing cationic concentration, which
meant that the hydrodynamic radii of BC-NP increased with
increasing cationic concentration. Other studies also reported
similar phenomena (Chen et al., 2017). With the increase of ionic
concentration, homogeneous aggregation was likely to occur due to
the compressed electrical double layers on the surface of colloidal
particles, and the electrostatic repulsion (i.e., its ability to resist
homogeneous aggregation) between the colloidal particles decreased
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(Chen et al, 2017; Xu et al, 2017). Compared with the same
concentration of Na*, when the suspension contains Ca®', the
charge shielding effect will occur, which reduced the electrostatic
repulsion between the colloidal particles and further reduced the
stability of the colloidal particles (Wang et al, 2008). HA could
adsorb on the surface of nanoparticles, and change the specific
surface area, steric resistance, and electrostatic repulsion, thus
improving the dispersion and stability of colloidal particles (Lozano
and Berge, 2012; Gui et al,, 2021). As expected, HA increased the
colloidal stability of BC-NP in NaCl or CaCl, solution, and at least
70% of the BC-NP remained in suspension of the given solution
chemistry after standing for 780 min (Figures 1C, D).

3.2 Effect of cationic concentration and type
on the transport of BC-NP

The BTCs of BC-NP in the soil-packed columns are shown in
Figure 2, and the calculated transport parameters are listed in Table 1.
The increase of background solution’s concentration significantly
affected the transportability of BC-NP. For example, in the column
packed with 10-18 mesh soil, when NaCl concentration increased
from 1.0 mM to 50 mM, the C,,,, of BC-NP decreased from 0.729 to
0.024, and the efflux rate decreased from 67.17% to 2.20% (Figure 2A;
Table 1). This showed that the transportability of BC-NP in soil
decreased with the increase in cationic concentration. The electrical
double layers theory can explain this. An increased ionic
concentration can compress the electrical double layer thickness of
colloidal particles and reduce the electrostatic repulsion between the
colloidal particles, thus facilitating the formation of larger aggregates
and inhibiting the transportability of colloidal particles by the size-
selective effect of the porous media (Feriancikova and Xu, 2012; Mlih
et al., 2022). In addition, these results could also be explained by the
DLVO interaction energy calculations. The repulsive energy barrier
(Dmayx) between colloidal particles and porous media will decrease with
an increase in solution ionic strength, which is beneficial to the
deposition/retention of colloidal particles (Faibish et al, 1998;
Chen et al,, 2017). For example, when the concentration of NaCl
increased from 1.0 to 50 mM in 10-18 mesh soil-packed column, the
D¢ decreased from 498.90 kT (where kg is the Boltzmann constant
and T is the absolute temperature) to 228.78 kpT (Figure 3A;
Supplementary Table S6).

For a given cationic concentration, the effect of Ca®* ion on the
transportability of BC-NP was stronger than that of Na* ion. For
example, when the background solution was 1.0 mM NaCl, the C,,x of
BC-NP in 18-35 mesh soil-packed column was 0.425, while the Cpax
was only 0.008 with 1.0 mM CaCl, (Figures 2B, E). The difference in
BC-NP transport behavior between the two cations can be attributed
to the more substantial charge neutralization by bivalent cations than
monovalent cations, since (-potentials of BC-NP and soils were
significantly higher in CaCl, than in NaCl (Supplementary Tables
S4, S5). This effect is well known, and studies of other nanoparticles
(e.g., plastic nanoparticles) previously observed the above phenomena
(Braun et al., 2015; Wu et al,, 2020). The DLVO theory can further
verify the above results. For example, when the background solution
was 1.0 mM NaCl, the @,,,, was 503.40 kgT in 18-35 mesh soil-
packed column, which was significantly higher than that of 82.00 kg T
with 1.0 mM CaCl, (Supplementary Table S6). The results showed
that at comparable conditions, Ca*>* ions in the system decreased the
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35~60 mesh). Error bars represent the standard deviation of means (n = 3).

mutual repulsion energy between BC-NP and soil particles, thereby
weakening the transportability of BC-NP.

3.3 Effect of soil grain size on the transport of
BC-NP

With a similar background solution, the decrease in soil grain size
greatly diminished the transportability of BC-NP (Figure 2). For
example, when the background solution was 0.1 mM CaCl,, the
Cumax and efflux rate of BC-NP in 10-18 mesh soil-packed column
were 0.399% and 36.05%, while the C,,,, and efflux rate were 0.302%
and 30.97% in 18-35 mesh soil-packed column (Figures 2D, E;
Table 1). This can partially be explained by an increasing rate of
mass transfer to the collector surface with a decrease in collector size as
predicted by filtration theory (Kamrani et al., 2018; Xin et al., 2021).

3.4 Retention curve of BC-NP in soil-packed
column

To better understand the transport behavior of BC-NP in the soil-
packed columns, corresponding RC were determined (Figure 4). The
RC’s shape suggested that BC-NP decreased exponentially or hyper
exponentially with increasing soil depth. That is, there was a greater
retention of BC-NP in the column inlet, and decreased rapidly with
depth. Some scholars have pointed out that the non-monotonic
retention curve may be related to the agglomeration process and
heterogeneity of colloids, and may also related to the sieving of porous
media (Bradford et al., 2003; Bradford and Leij, 2018). Similar RC have
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been observed for BC-NP in quartz sand and soil packed columns
(Wang et al,, 2013; Chen et al., 2017). BC-NP were concentrated in the
surface soil (0-2 cm), which became more obvious with an increased
cationic concentration or cationic valence state in the background
solution. For example, when the background solution was 1.0 mM
NaCl, the retention of BC-NP in the surface soil accounted for 33.38%
of the total retention in the 10-18 mesh soil-packed column, and this
value increased to 85.58% and 96.72% when the NaCl concentration
increased to 10 mM and background solution was 1.0 mM CaCl,
respectively (Figures 4A, B).

Several potential mechanisms could explain the retention of
colloidal particles in porous media, which include heterogeneity of
size and surface charge of colloidal particles and porous media,
secondary minimum (@), physical straining, media surface
roughness, nanoparticle aggregation, and so on (Torkzaban et al,
2008; Petosa et al., 2010; Porubcan and Xu, 2011). In the present study,
heterogeneity of grain size and charge distribution of BC-NP and soil
particles might be the key mechanisms behind a monotonically
decreasing RC. The iron and aluminum oxides in paddy soil are
expected to be positively charged at the experimental pH values (~8) in
this study (Wu et al., 2020). Soil clay minerals such as montmorillonite
and kaolin also have positively charged edges (Wang et al., 2014a).
Thus, these positive sites of soil will affect the transportability of
negatively charged BC-NP. This study monitored the {-potential and
hydrodynamic of BC-NP in the influx and efflux.
Supplementary Table S5 showed that the absolute value of (-
potential of BC-NP decreased after flowing through the soil-packed
columns, indicating that BC-NP with a higher negative charge and
smaller grain size was adsorbed on the positively charged sites of the

radius

soil. In general, the absolute value of {-potential of nanoparticles with
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FIGURE 3

DLVO interaction energy versus surface-to-surface separation
distance for biochar nanoparticles (BC-NP) and soil particles at varying
concentrations of NaCl [1.0, 10, and 50 mM; (A)], CaCl, [0.1, 0.5, and
1.0 mM; (B)] in columns packed with 10~18 mesh soil. Insets

highlight the secondary minimum. As the DLVO interaction energy in the
18~35 and 35~60 mesh soil-packed columns were similar to that in the
10~18 mesh soil-packed columns, we did not show them.

small grain size is larger than that of large size grains at identical
conditions (Wang et al., 2013; Chen et al., 2017).

Furthermore, since the @,,,;, is gravitational potential energy
in this study, BC-NP is more likely to be trapped in it with the
increase of cationic concentration or cationic valence state. For
example, in the 10-18 mesh soil-packed column, when the
concentration of NaCl increased from 1.0 mM to 50 mM, the
@5min between BC-NP  and soil  colloids decreased
from -0.0074 to —1.2618 kgT (Figure 3A, Supplementary Table
S6), which was in accordance with the trend of BC-NP retention
(Table 1). What’s more, the hydrodynamic radius of BC-NP in the
influx was larger than BC-NP in the efflux (Supplementary Table
S5), which resulted from the size-selective effect of the porous
media (Wang et al., 2015). This observation further confirmed that
BC-NP had been homogeneously aggregated during flowing
through the soil (Fang et al, 2009). In addition, BC-NP
aggregation was higher
background solution (Figure 1 and Supplementary Table S5),

pronounced at concertation  of
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resulting in the hyper exponential shape of RC (Figure 4) and
almost BC-NP (>98.5%) retaining in surface soil of 18-35 and
35-60 mesh soil-packed columns with medium (10 mM NaCl and
0.5mM CaCl,) and high (50 mM NaCl and 1.0 mM CacCl,)
concentrations of background solution (Figure 4).

Alternatively, retention of BC-NP was closely related to the grain
size of porous media. At identical background solution conditions,
with a decrease in soil grain size, retention of BC-NP in the surface soil
(0-2 cm) increased. For example, when the background solution was
0.1 mM CaCl,, retention of BC-NP in the surface soil accounted for
45.73% of the total retention in the 10-18 mesh soil-packed column,
while this value increased to 57.50% in the 35-60 mesh soil-packed
column (Figures 4D, F). This can partially be explained by the fact that
with a decrease in grain size of porous media and an increase in
specific surface area, the mass transfer rate of colloidal particles and
collectors (soil particles) will increase, according to the colloid
filtration theory (Kamrani et al, 2018). BC-NP retention rate
decrease with an increase in soil grain size (Table 1), resulting in
less contact with the retention sites on the soil particles and thus high
transportability of BC-NP in the columns. Furthermore, released clay
particles from soil could form smaller pores and retain BC-NP by
physical straining. In this case, BC-NP could be trapped in small pores
of clay, restricting BC-NP transport, especially when the ratio of
nanoparticles to media particles diameter (D,/D;) is greater than
0.002 (Bradford et al, 2002; Fang et al, 2009). In the present
study, almost all D,/D; values of 35-60 mesh soil-packed columns
were higher than the critical value of 0.002, indicating that the physical
straining effect occurred during the transport of BC-NP through the
35-60 mesh soil-packed columns (Supplementary Table S4). The
transportability of BC-NP was therefore affected by the soil
textural composition, especially the sand and clay content. This
could also explain that the retention rate of BC-NP was positively
correlated with clay (grain size, <2 um) content and negatively
correlated with sand (grain size, 20-2000 pm) content of soil, as
described in Supplementary Table S7.

3.5 Effect of HA on the transport of BC-NP

The BTC and RC of BC-NP in the soil-packed columns with
different HA contents are shown in Figures 5A-D. The overall
transportability of BC-NP increased in the presence of HA. For
example, when the background solution was 10 mM NaCl and the
concentration of HA increased from 0 mg/L to 10 mg/L, the efflux
rate of BC-NP in the 10-18 mesh soil-packed column rose from
4.24% to 29.17%, and the efflux rate of BC-NP increased from
1.49% to 14.19% when the background solution was 0.5 mM CaCl,
(Table 1). These results are similar to the transport behavior of
(e.g., CeO,
nanoparticles) in saturated porous media (Li et al., 2017; Zhang
et al., 2019). The difference was that in the presence of NaCl, the
transportability of BC-NP
concentration, but in the presence of CaCl,, the efflux rate of
BC-NP was lower with 10 mg/L HA than that with 5mg/L HA
(Table 1).

Humic acid adsorbed on nanoparticles and the surface of

other nanoparticles nanoparticles and silica

increased with increasing HA

collectors (soil particles) could cause an increase in the
electrostatic repulsion among particles, affecting the stability of

colloids and transport behavior of nanoparticles (Cao et al., 2022).
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Retention curves of biochar nanoparticles (BC-NP) as a function of column depth from the column inlet at varying concentrations of NaCl [1.0, 10, and 50
mM; (A—C)], CaCl,[0.1, 0.5, and 1.0 mM; (D—F)] in packed columns with different soil grain sizes (10~18, 18~35, 35~60 mesh). Error bars represent the standard

deviation of means (n = 3).

Previous reports suggested that HA could increase the absolute
value of (-potential of negatively charged colloids, which in turn
could increase @,,,, between colloidal particles and porous media
(Yang et al., 2017). In this study, the absolute {-potential value of
BC-NP and soil particles was higher in the presence of HA than in
the absence of HA. For example, when HA concentration increased
from 0 to 10 mg/L, the {-potential of BC-NP in 10 mM NaCl
-28.67 mV -33.78 mV
(Supplementary Table S5), @,y increased from 397.19 kT to

solution  decreased  from to
495.84 kT (Figure 5E and Supplementary Table S6). Soil particles
also had a similar trend for {-potential change (Supplementary
Table S4). Thus, the increase in HA concentration enhanced the
repulsion interaction energy between BC-NP and soil particles,
creating unfavorable conditions for the solution chemistry-induced
retention.

On the other hand, HA could considerably enhance the
transportability of nanoparticles by masking porous media
heterogeneity (e.g., positively charged iron and aluminum
oxides sites in soil) or causing reversal of iron and aluminum
oxides surface’s charge from positive to negative (Ghosh et al.,
2010). In this study, the difference between absolute {-potential
values of influx and efflux decreased gradually with increasing HA
concentration. For example, when the background solution was
10 mM NaCl and 5 mg/L HA, the difference between the absolute
{-potential of the influx and the efflux was 8.13 mV. In contrast,
when the concentration of HA increased to 10 mg/L, the value
decreased to 6.79 mV (Supplementary Table S5). This showed
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that charge competition and HA covered up the heterogeneity of
soil particle surfaces and simultaneously affected the
transportability of BC-NP in soil, suggesting that BC-NP with
large absolute (-potential value were adsorbed on positively
charged clay minerals or metal oxides in the soil. In addition,
during the transport of BC-NP, some HA molecules coated on
BC-NP surface might be released and re-adsorbed on soil
particles, further concealing the heterogeneity of soil surface
charge (Chen et al, 2017). When HA was added to the
background solution, heterogeneity of soil surface charge was
partly masked, and the adsorption BC-NP on soil particles having
increased negative charge was reduced. As a result, high
transportability of BC-NP exhibited in the presence of HA.
When NaCl was used as the electrolyte, in the range of HA
concentrations investigated here, the above effect was enhanced
with increasing HA concentration. However, when a certain
concentration of Ca®* and HA coexist, the bridging effect of
Ca*" could promote the aggregation of nanoparticles, resulting
in a decrease in the transportability of nanoparticles in porous
media (Wang et al., 2015). For example, when the background
solution was 0.5 mM CaCl, and 5 mg/L HA, the efflux rate of BC-
NP was 20.78%, whereas the efflux rate of BC-NP was 14.19%
when the background solution was 0.5 mM CaCl, and 10 mg/L
HA (Table 1). This effect would depend on the increasing
electrostatic repulsion caused by the presence of HA and the
relative strength of the Ca®" bridging effect. In this study, the
stability of BC-NP in suspension did not increase with HA
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Observed (solid symbols) and fitted (solid lines) breakthrough curves (A,B), retention curves of biochar nanoparticles (BC-NP) in soil-packed columns (C,
D)), and DLVO interaction energy between BC-NP and soil particles [Insets highlight the secondary minimum; (E,F)] at varying concentrations of HA (0, 5.0,
and 10 mg/L) in the presence of 10 mM NaCl or 0.5 mM CaCl, in 10~18 mesh soil-packed column. Error bars represent the standard deviation of means

(n = 3).

concentration, which also confirmed the above viewpoint
(Figure 1D).

RC show a decreasing trend with soil depth, and the retention rate
of BC-NP in the surface soil was the largest in the soil-packed columns
with different HA concentrations (Figures 5C, D). Due to the size-
exclusion effect, BC-NP with large grain sizes were more likely to
remain in the soil than BC-NP with small grain sizes (Karaca et al,,
2004; Wang et al., 2015). The hydrodynamic radius of BC-NP in the
efflux was smaller than in the influx (Supplementary Table S5), which
supported the above viewpoint. Furthermore, the ®2 min values
increased notably with increasing HA concentration from 0 to
10 mg/L  (Supplementary Table S6), indicating that secondary
minimum retention was involved in the reduction of BC-NP
retention with increasing HA concentration. The addition of HA
also did not significantly change D,/D; and all of them were lower than
0.002 (Supplementary Table S4), indicating that straining had an
insignificant effect on the retention of BC-NP in the presence of HA
(Bradford et al., 2002; Fang et al., 2009).

Steric hindrance energy could also be an important factor affecting
the transport of nanoparticles in porous media (Pelley and Tufenkji,
2008; Chen et al,, 2012). However, predicting the thickness of HA
coating on BC-NP and soil particles is difficult, hence the steric
hindrance energy between BC-NP and soil particles was not
considered in the DLVO interaction energy calculations. Previous
studies suggested that the steric hindrance energy increased with
the transport of
nanoparticles in porous media (Chen et al, 2012). In this study,

increasing HA concentration, promoting
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HA affected the transport of BC-NP in soil by increasing electrical
double layers repulsion, reducing the heterogeneity of soil surface
charge, and possibly also through steric hindrance energy.

3.6 Transport modeling of BTC

The two-site kinetic retention model well described the BTC of
BC-NP in this study (Figures 2, 5A, B), allowing to calculate and
compare the model parameters [k, K4, Kogtr» Somax, and Pearson’s
correlation coefficient (R*)] among treatments and further discuss the
BC-NP transport mechanisms.

For a given soil grain size, k;q/k; decreased gradually with the
increase of cationic concentration and valence state in the background
solution. For example, in the 10-18 mesh soil-packed column, when
NaCl concentration increased from 1.0 mM to 50 mM, the k;q4/k;
value decreased from 0.688 to 0.668 (Table 2). Results showed that the
electrostatic repulsions with increasing cationic concentration
between BC-NP and soil particles decreased based on the DLVO
interaction energy calculations, resulting in a decreased reversible
dissection at site 1 (e.g., negatively charged soil particles) (Chen et al.,
2017). On the contrary, k, and Sy,.x values increased with increasing
cationic concentration, confirming that high cationic concentration
could increase the retention rate of BC-NP in soil (Table 2). For a given
cationic concentration and type, with decreasing soil grain size, the
values of k, and S, ., gradually increased, and retention of BC-NP in
the soil also increased. This was due to the increase of specific surface
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area and corresponding deposition location of the collector with
decreasing collector (soil particles) size (Kasel et al, 2013; Sun
et al., 2015).

When the background solution was 10 mM NaCl, the k; and S,
values decreased with the increase of HA concentration (Table 2). This
was due to the fact that HA reduced the heterogeneity of soil surface
charge (Ghosh et al., 2010) and increased the electrostatic repulsion
between biochar nanoparticles and soil particles. Thus, as the HA
concentration increased, the sites on the soil surface that were
favorable for the deposition of BC-NP decreased. However, when
the background solution was 0.5 mM CaCl,, the k, and Sy.,.x values
did not increase with an increase of HA concentration. For example,
the k, and S, values at 10 mg/L HA were 0.083 and 49.349, which
were higher than 0.073 and 38.345 at 5 mg/L HA (Table 2). This may
be due to the enhancement of Ca*" bridging with the increase of HA

10.3389/fenvs.2022.1114940

concentration (Wang et al., 2015), resulting in the inhibition of BC-NP
transport and decreased k, and Sy« values.

3.7 Implications for transport of BC-NP in soil
matrix

It should be emphasized that the information obtained from the
studies of BC-NP’s transportability in model porous media (e.g.,
quartz sand) may amplify the transportability and risk of BC-NP
in real soil matrix. For example, when 1.0 mM NaCl was used as the
background solution, C;/Cy (79.50%) of BC-NP transport through
quartz sand (grain size, 425-600 um) was much higher than that
(38.20%) of BC-NP transport through soil (18-35 mesh, 425-880 um)
in the present study (Table 1). Compared with quartz sand, the larger

TABLE 2 Fitted parameters of the two-site kinetic retention model estimated for soil-packed columns at different experimental conditions.

1 0.753 0.518 0.688 0.060 10.395 998
2 0.919 0.621 0.676 0.172 328.981 967
3 0.472 0.315 0.668 0.196 344.346 979
4 0.739 0.546 0.738 0.062 23.494 983
5 _s8 _ _ _ _ _
6 — — — — — —
7 0.830 0.559 0.673 0.067 40.280 986
8 _ _ _ _ _ _
9 _ _ _ _ _ _
10 0.837 0.585 0.699 0.070 56.651 989
11 — — — _ _ _
12 — — — — — —
13 0.905 0.588 0.650 0.079 59.036 991
14 — — — — _ _
15 — — — _ _ _
16 0.852 0.540 0.634 0.084 64.358 981
17 — — — — — —
18 — — — — — —
19 0.878 0.683 0.778 0.064 41.438 996
20 1.006 0.807 0.803 0.059 33.647 986
21 0.919 0.764 0.831 0.073 38.345 991
22 0.869 0.685 0.789 0.083 49.349 989

“The experimental numbers (Exp. No.) have the same condition as shown in Table 1.
*First-order attachment rate coefficient on the site 1.

“First-order detachment rate coefficient on the site 1.

dFirst-order attachment rate coefficient on the site 2.

“Maximum solid-phase concentration of BC-NP on the site 2.

fPearson’s correlation coefficient.

8Not determined.
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surface area, heterogeneity of surface charge and surface roughness of
paddy soil can explain the above phenomena. Researchers reported
that the specific surface area of paddy soil was larger than that of clean
quartz sand, providing more favorable retention sites for BC-NP
(Chen et al, 2017). Furthermore, the positively charged metal
oxides (iron and aluminum oxides) and the positively charged
edges of clay minerals in the soil can hinder negatively charged
BC-NP (Wang et al, 2014b). Additionally, soil particles with
higher roughness can increase the favorable retention sites for BC-
NP in both primary and secondary minimum (Shen et al., 2011; Chen
et al., 2017).

In the present study, the efflux rate of BC-NP was 0.20%-67.17%
(Table 1), indicating that some BC-NP would transport to the deeper
soil (>8 cm) in the real soil matrix. However, compared with the
uniformly filled soil in this study, the soil in the field has greater spatial
heterogeneity. In general, open soil structures (e.g., cracks, fissures,
worm trails, and other open features) (Jaisi and Elimelech, 2009) and
soil organic matter (e.g., HA) (Chen et al,, 2017), which can facilitate
the transport of BC-NP, will decrease with an increase of soil profile
depth. Therefore, we can speculate that the transportability of BC-NP
in deep soil is lower than that in topsoil, and BC-NP may not always
pose a risk in contaminating underlying groundwater aquifers.
Moreover, BC-NP in real soil matrix may be more aggregated than
the treated (stirred and sonicated) BC-NP used in this study, which
would further enhance their retention in soils.

4 Conclusion

Through a large number of soil-packed column experiments, this
study investigated the effects of ionic strength and soil grain size on the
transport and retention of BC-NP in soil, which has great significance
for the utilization of biochar in agricultural soil. Results showed that
the transportability of BC-NP in columns with small soil grain size was
lower than that in columns with large soil grain size, which could be
attributed to mass transfer rate between BC-NP and soil particles and
the straining effect. At low cation concentrations, the transportability
of BC-NP in the soil was higher than at high cation concentrations.
Due to a stronger charge neutralization ability than Na*, Ca®" was
more effective in inhibiting BC-NP transport than Na*. Existence of
natural organic compounds such as HA enhanced the transportability
of BC-NP in the soil. Due to low electrical conductivity and high
organic matter contents in most natural paddy soils, BC-NP may
migrate over a long distance, adversely affecting soil nutrient
availability and groundwater quality. In paddy soils that are rich in
Ca®" and lack organic matter, BC-NP can be retained in the soil profile,
promoting carbon sequestration and nutrient conservation.
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