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Abstract

Biochar nanoparticles (BCNPs) and iron mineral nanoparticles (IMNPs), such as ferrihydrite nanoparticles (FHNPs),
magnetite nanoparticles (MTNPs), and goethite nanoparticles (GTNPs), are often combined and used in soil remedia-
tion. However, the stability and interaction of nanoparticles under various environmental conditions have not been
investigated previously. In this study, settling experiments, a semi-empirical model, the Derjaguin-Landau-Verwey—
Overbeek (DLVO) theory, scanning electron microscopy (SEM) observations, and quantum chemical calculations were
used to study the interaction and heteroaggregation of BCNPs and IMNPs. Settling of BCNPs-FHNPs and BCNPs-GTNPs
was stable at neutral and alkaline pH (relative concentration of unsettled nanoparticles C,., =0.679-0.824), whereas
fast settling of BCNPs-IMNPs was observed at acidic pH (C,., =0.104-0.628). By contrast, BCNPs-MTNPs consist-

ently showed moderate settling regardless of the mass of magnetite at all pH (C,.. =0.423-0.673). Both humic acid
(HA, 10 mg L") and ionic strength (IS, 10 and 100 mM) facilitated the settling of BCNPs-FHNPs and BCNPs-MTNPs
systems, whereas the settling of BCNPs-GTNPs was sensitive only to IS. Fulvic acid (10 mg L™") had a general stabi-
lizing effect on the BCNPs-IMNPs systems. The results of SEM and quantum chemical calculations suggested that

the interaction between BCNPs and FHNPs (-2755.58 kJ mol™") was stronger than that between BCNPs and GTNPs
(—1706.23 kJ mol™") or MTNPs (—1676.73 kJ mol™"). The enhancement of heteroaggregation between BCNPs

and IMNPs under unfavorable conditions (acidic pH, HA, and IS) was regulated by the strength of the interaction.
Therefore, the enhancement of heteroaggregation of BCNPs-FHNPs was greater than that of BCNPs-MTNPs. In the
BCNPs-GTNPs system, the high concentration and elongated structure of GTNPs may contribute greatly to heteroag-
gregation and settling with small interactions. Our results highlight the influence of pH, IS, and HA on the interaction
between BCNPs and IMNPs. These results will be helpful in the application of BCNPs and IMNPs for soil remediation.

Highlights

«+ The type of iron minerals regulated the stability of BCNPs-IMNPs.

+ FHNPs were was most closely combined with BCNPs, followed by GTNPs and MTNPs.
+ Unfavorable conditions enhanced the settling of BCNPs-FHNPs.

+ The settling of BCNPs-FHNPs was insensitive to environmental conditions.
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1 Introduction

Biochar (BC) is a pyrolysis product of the thermal decom-
position of organic matter (Ahmad et al. 2012). It is widely
used in the remediation of soil pollution (O’Connor et al.
2018; Qiu et al. 2022). However, the adsorption capacity
of pristine BC is limited owing to the defects in its surface
structure (Jung et al. 2018; Wang et al. 2015). Iron oxides
are often used to modify BC and improve its adsorption
capacity (Wan et al. 2020). Numerous studies have found
that iron-modified BC is beneficial for the passivation of
heavy metals in soil (Gholizadeh and Hu 2021; Liu et al.
2022b). For instance, a study reported that iron-based
BC composites can effectively repair Cr-contaminated
soil and reduce toxicity and migration of Cr in soil (Chen
et al. 2021). Similarly, the application of goethite (GT)-
modified BC to Cd- and As-contaminated paddy soil
drastically reduced the accumulation of Cd and As in rice
tissues (Irshad et al. 2020). Nanosized BC and ferrihy-
drite (FH) complexes have also been reported to adsorb
Cd and As in the rhizosphere soil and pore water, thereby
preventing the uptake of Cd and As by Brassica chinensis
L. roots (Ouyang et al. 2021). The use of magnetic BC can
reduce the amounts of Cd, Zn, and Cu in acid-extracted
soil by 8-10%, 27-29%, and 59-63%, respectively (Lu
et al. 2018). Furthermore, nano zero-valent iron-modified
BC can effectively enhance Cr immobilization in Cr-con-
taminated soil (Liu et al. 2020; Su et al. 2016).

Iron minerals exist in abundance in soil even if they
are not externally added to soil as remediation mate-
rials. Their main forms in soil include FH, magnetite
(MT), and GT (Clarr van der Zee et al. 2003) which
can transform into one another (Ma et al. 2020; Nielsen

et al. 2014; Schwertmann et al. 2018). For example, GT
is the most prominent product of FH transformation
under acidic or alkaline conditions (Schwertmann et al.
2018) over several years of aging (Nielsen et al. 2014).
In addition, the core—shell structure of zero-valent iron
in soil gradually dissolves, collapses, and agglomerates
on the surface of clay minerals, and the main oxidation
product is crystalline MT (Wang et al. 2021).

Iron oxides preferentially exist as small particles or
nanoparticles in soil (Ivani¢ et al. 2016); among them,
ferrihydrite nanoparticles (FHNPs) have been widely
investigated (Vodyanitskii and Shoba 2016). In addi-
tion, GT is an important nanoscale crystallite found
in nearly all soil types (Till et al. 2015). Aggregation of
magnetite nanoparticles (MTNPs) has been reported
in red soils (Zhang et al. 2020). Moreover, engineered
iron-based nanoparticles have also been introduced
into the soil because they are widely used for treat-
ing pollutants in soil (Baragafio et al. 2020; Zhou et al.
2012).In addition, BC, which is used to mitigate heavy
metal pollution in soil (Zhu et al. 2020), also forms
nanoparticles when added to soil. A previous study has
reported the transport of BC nanoparticles (BCNPs) in
acidic and alkaline soils (Chen et al. 2018). Both iron
minerals and BC form nanoparticles and interact with
each other when they coexist in the soil environment
(Wan et al. 2020). Many studies have underlined the
importance of understanding the transformations of
nanomaterials following their release into the environ-
ment, such as aggregation, dissolution, and interac-
tions, which eventually alter their fate and the potential
toxicity associated with pollutants (Dwivedi and Ma
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2014; Lin et al. 2010; Mitrano et al. 2015). Among these,
aggregation is the most important (Hotze et al. 2010).

The stability of BC and iron mineral nanoparticles
(IMNPs) is affected by soil pH, organic matter content,
and ionic strength (IS) (Chen et al. 2019; Ma et al. 2015;
Tosco et al. 2012; Wang et al. 2021). Previous studies
have shown that a mixture of GTNPs and FHNPs con-
denses rapidly with an increase in pH and the presence
of humic acid (HA) (Ma et al. 2020). Similarly, the trans-
port of BCNPs decreased with decreasing pH (Zhang
et al. 2010). Moreover, the transport of BCNPs gener-
ally increased with increasing hunic acid (HA) con-
centrations (Chen et al. 2017). This stabilization effect
was substantially improved with increasing HA con-
centration and pH (Hu et al. 2010). The increased IS of
the solution considerably reduced the transport of NPs,
thereby reducing the potential of NPs-mediated pollutant
transport (Fang et al. 2016). A high IS (e.g., 10 mM) in
an aquifer can reduce the movement of FHNPs to a few
meters, unlike that in natural flow conditions (2—-5 m)
(Tosco et al. 2012). A small dose (2 mg L™!) of HA greatly
stabilized the MTNPs suspension at a high IS (Hu et al.
2010). In addition, BC can interact with a wide range of
iron minerals in the soil (Joseph et al. 2010). On the one
hand, the close binding of iron minerals to the surface of
BC will form organometallic complexes (e.g., Fe—O—C),
which change the surface properties of BC (Yang et al.
2016). However, BC can also act as an electron shuttle
to promote the reduction of Fe(IIl) oxides (e.g., FH and
hematite), thus improving the yield of Fe(II) adsorbed
species, changing the secondary mineral phase, and gen-
erating BC-mineral composites (Kappler et al. 2014; Xu
et al. 2016). When nanoparticles are in a relatively stable
state, they may transport or carry inherent contaminants
along the soil profile, posing a risk to the groundwater.

Although the environmental behavior of non-coexist-
ing iron minerals and BCNPs has been extensively stud-
ied, the stability and interaction of BC and IMNPs, and
the influence of various factors on their coexistence con-
ditions have not been systematically studied. This study
investigated the stability of the coexistence of iron min-
erals and BCNPs and the impact of environmental fac-
tors using a settlement test and dynamic model, and the
interaction mechanism of nanoparticles was revealed by
scanning electron microscopy and quantum chemical
calculation.

2 Materials and methods

2.1 Preparation of Fe oxide minerals and biochar
Ferrihydrite was synthesized by titrating the dissolved
Fe(NO,)-9H,0 with KOH to a pH of 7.5 (Schwertmann
and Cornell 2008). Magnetite was synthesized by adding
0.5 M FeSO,-7H,0O (Sinopharm Chemical Reagent Co.
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Ltd.) to a mixed solution of 0.27 M KNO; and 3.3 M KOH
with nitrogen purging at 90 °C for 45 min (Schwertmann
and Cornell 2008). Goethite was precipitated by titrat-
ing the dissolved Fe(NO,);-9H,O (Sinopharm Chemical
Reagent Co. Ltd.) with KOH to a pH of 12 (Schwertmann
and Cornell 2008). The mixed suspension was aged for
four days and dialyzed until it was free from electrolytes.
The particle sizes (partially agglomerate state) of FHNPs,
MTNPs, and GTNPs were 198.5+12.6, 226.5+22.4, and
383.2£35.1, respectively, and the crystal forms of these
nanoparticles have been reported using X-ray diffraction
in previous studies (Liu et al. 2022a; Ma et al. 2020). The
BC used in the present study was obtained by pyrolyzing
wheat straw at 300 °C for 2 h and cooling it to 25 °C using
whole-course protection in an N, atmosphere. Thereaf-
ter, the obtained BC was sonicated in 6 M HCl solution to
remove acid-soluble oxides, and then repeatedly washed
with ultrapure water until the conductivity of the filtrate
was 5.0 uS cm ™! (Ouyang et al. 2021). The pH of the BC
was 10.1, and the pore size distribution ranged from 10
to 100 pm with a specific surface area of 2.1 m* g! (Qian
et al. 2020). We determined the infrared characteristics
of BC in a previous study. Peaks obtained at 3341, 1733,
1666, and (1411, 1158, and 850) cm™! represented the
O-H, C=0, (C=0 and C=C), and C-H stretching vibra-
tions, respectively; this proved that it was a typical BC
(Liu et al. 2022a; Ma et al. 2022). After freeze-drying, the
materials were ground to produce a fine powder for sub-
sequent experiments.

2.2 Settling experiments

Settling experiments were conducted in duplicate for
pure BCNPs and mixtures of nanoparticles (BCNPs and
IMNPs) under varying conditions of iron mineral pH, IS,
and dissolved organic matter (DOM) for 1200 min in a
spectrophotometric cuvette. The experimental condi-
tions are presented in Additional file 1: Table S1. The sus-
pensions of nanoparticles were prepared by adding iron
minerals (0, 0.02, and 0.05 g, respectively) and 0.1 g of
BC to 40 mL of Milli-Q water. The BC and IM contents
of the suspensions were based on the common propor-
tion in iron-modified BC. The pH of the suspensions was
carefully adjusted using small amounts of 0.1 M NaOH
or HCI solutions, and the IS was adjusted using 1-10 M
NaCl solution to specific experimental values. Commer-
cial HA and fulvic acid (FA) (Sinopharm Chemical Rea-
gent Co. Ltd.) were used to prepare DOM. The solutions
were sonicated for 60 min, followed by shaking for 20 h,
and then sonicated again for 30 min. The supernatant
was then siphoned off and used immediately after it was
siphoned. The settling rate was measured using 3 mL of
the supernatant in a spectrophotometer (UV-2700, Shi-
madzu) at 315 nm. The size and zeta potential of the
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nanoparticles were measured using a dynamic light scat-
tering analyzer (Zetasizer Nano ZS, Malvern) (Additional
file 1: Table S1). The iron concentration in the suspen-
sion was measured using atomic absorption spectroscopy
(AAnalyst 900 T, PerkinElmer) after HCI digestion (Addi-
tional file 1: Table S1).

2.3 Estimation of settling rates

The settling data were interpreted using a semi-empiri-
cal model that provided the nanoparticle concentration
in the supernatant (C,) as a function of time (Quik et al.
2014; Velzeboer et al. 2014), as given in Eq. 1:

V,
Ct = Cres + (Co — Cres)exp[— (hs + Kdiss>t] (1)
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where A is the Hamaker constant, which was estimated
as 5.5x1072° J (Blakey and James 2003), 5.0 x 1072 J
(Tosco et al. 2012), 2.3x10 ¥ J (Buske 1994), and
6.19 x 1072° J (Wang et al. 2013; Yang et al. 2017) for
the pure GTNPs, FHNPs, MTNPs, and BCNPs systems,
respectively. In a mixed system, the Hamaker constants
were estimated as their arithmetic mean. r; and r, are the
hydrodynamic radius of nanoparticles, h is the separation
distance between nanoparticles, and X is the characteris-
tic wavelength of interaction (100 nm) (Gregory 1981).
The Epp. is a function of the separation distance
between nanoparticles immersed in water (Zhao et al.
2014), as given in Eq. 5:

21r1roeokT

E =
L

2,42
(¢1+¢2){¢%+¢§ n

AGRD) 1 1+ exp(—«h)
1 — exp(—«h)

] +1In[1 — exp(—ZKh)]} (5)

where C, is the nanoparticle concentration at time t, C
is the concentration of unsettled nanoparticles at infinite
time, C, is the initial concentration, V, (mm h™') is the
settling rate, h is the settling length (distance from the
water surface to where samples were taken; 10 mm, spec-
trophotometer test position), Ky, is the dissolution rate
constant, and t is the settling time.

C, C.» and C, represent the value of relative concen-
trations and C,/C,, C,/C, and Cy/Cy=1. Only trace
amounts of dissolved Fe (<10 pg L") were detected dur-
ing the settling experiments, indicating that the dissolu-
tions of iron minerals were negligible (Ma et al. 2020).
Therefore, Ky, can be ignored in this study. Equation 2
was obtained by integrating Eq. 1, as follows:

& _ Cres
Co Co

. (1 ~ Cres) exp[—(100V)t] )
Co

2.4 Calculation of DLVO energy

The interaction energy between the nanoparticles
(sphere-sphere) was determined by the Derjaguin-Lan-
dau-Verwey-Overbeek (DLVO) theory (Derjaguin and
Landau 1993; Verwey 1947). The DLVO theory states
that the total interaction energy is determined as the
arithmetic sum of the Van der Waals attractive energy
(Eypw) and electrical double layer energy (Epp;), as given
in Eq. 3:

Etor = Evbw + EepL (3)

The Epy between nanoparticles in water was evalu-
ated according to Eq. 4 (Zhao et al. 2014), as follows:

where y; and y, are the zeta potentials of nanoparticles
(mV) used to approximate the surface potential, n_ is the
number density of ions (m™3), k is the Boltzmann con-
stant (1.38 x 1072 J K™1), T is the absolute temperature
(298 K), and « is the Debye—Huckel parameter (m™1).
The Debye—Huckel parameter is also an estimation of the
effective thickness of the electrical double layer calcu-
lated according to Eq. 6:

k = 3.28 x (1% x 10° (6)

where I is ionic strength.

The hydrodynamic radius and zeta potential of the indi-
vidual nanoparticles in the mixed systems were unknown
in the mixed systems. Instead, values were approximated
based on the properties of the BCNPs-IMNPs (Addi-
tional file 1: Table S1). Although the calculation methods
of hydrodynamic radius, zeta potential, and Hamaker
constant have some limitations, the above DLVO calcula-
tions can be used to estimate the approximate changes in
average interaction energy.

2.5 SEM observations

The micro-morphological characteristics of separate
as well as mixed (0.1 g of BC and 0.02 g iron minerals)
nanoparticles at pH 7.0 and time of 200 min were inves-
tigated using scanning electron microscopy (SEM, MIRA
LMS, Tescan) coupled with energy dispersive X-ray spec-
troscopy (EDS, Xplore 30) mapping images. A platinum
coating and silicon substrate were not used to avoid any
influence on the EDS analysis. To avoid excessive stacking
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between nanoparticles, the suspension was diluted four
times by background solution. For SEM imaging, 2 pL
of the diluted suspension was dropped onto a piece of
silicon slice. The area of the silicon slice covered by the
droplet was 3.14 mm? and immediately vacuum freeze-
dried using a vacuum freeze-drier.

2.6 Quantum chemical calculation

Quantum chemical calculations can compensate for
interactions that cannot be explained using colloidal
chemistry (Ma et al. 2022). To investigate the interac-
tions between BCNPs and IMNPs, modified molecular
structure of BC (Tian et al. 2020) and crystal structures
of FH (Chappell et al. 2017), MT (Liu et al. 2019a), and
GT (Russell et al. 2009) were constructed. Their molecu-
lar formulas are shown in Additional file 1: Fig. S1. The
configurations of the complexes were determined using
Molclus (Lu 2021). Two hundred original configura-
tions were generated, and each configuration was opti-
mized based on Parameterized Model 6 using Gaussian
16 (Frisch et al. 2016). Then, the single-point energy of
the first configuration with the lowest energy was calcu-
lated at the B3LYP/6-31G(d) level, in which element was
adopted as the Lanl2DZ basis set. Grimme’s D3B] disper-
sion was used to describe the intermolecular interactions
in all calculations. The binding energies between different
BC molecular and crystal structures of the iron minerals
were calculated using Eq. 7:

Binding energy = Ecomplex — (Efragmentl + EfragmentZ);

7)

where E 1 represents the energy of a complex com-

posed of two molecules, and Ep,gnen and Epgmene

represent the energy of a single molecule (crystal) corre-
sponding to different systems.
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To demonstrate the nature of the interaction more
clearly, the electrostatic potential (ESP) was analyzed
using Multiwfn software (Lu and Chen 2012). All visu-
alizations of the complex structures and contour surfaces
of the ESP were drawn using VMD software (Humphrey
et al. 1996).

3 Results and discussion

3.1 Effects of environmental conditions on BCNPs settling
The settling kinetics and Derjaguin-Landau—Verwey—
Overbeek (DLVO) energies of the BCNPs under varying
conditions, as well as the calculation results of the cor-
responding models, are given in Fig. 1 and Additional
file 1: Table S2, and the DLVO calculation parameters
are provided in Additional file 1: Table S1. The stability
of the BCNPs increased with increasing pH (Fig. 1a), as
indicated by the decrease in V of the BCNPs from 1.05
to 0.51 mm h™! with increasing pH (Additional file 1:
Table S2). The value of V, was the lowest at pH 10.0
(Additional file 1: Table S2), which indicated slow set-
tling of BCNPs. However, C,, remained relatively stable
(0.273-0.374) under all pH conditions (Additional file 1:
Table S2), demonstrating that pH has little effect on the
proportion of stable BCNPs.

At pH 7.0, HA had a little effect on the settling of
BCNPs (Fig. 1a). However, FA (10 mg L™') contributed
to the stabilization of BCNPs (V,=0.47 mm h™!) and had
a stronger stabilizing effect than HA (V,=0.73 mm h™?)
(Fig. 1a and Additional file 1: Table S2). Dissolved organic
matter can act as a steric barrier layer, thereby resulting
in stabilization of nanoparticles (Ma et al. 2018; Philippe
and Schaumann 2014; Xu et al. 2021). Considering steric
hindrance, HA with large molecular volume should
contribute more to the systemic stability than FA with
small molecular volume. However, FA molecules have
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pH 7.0 BC-10 mg L' HA
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more carboxylate and hydroxy functional groups (Islam
et al. 2020); in addition, the average location of the reac-
tive groups is closer to the molecular surface in FA than
that in HA (Weng et al. 2006). Moreover, the relatively
low negative zeta potential of FA compared to that of
HA (Klucakova 2018) is more favorable for FA binding
to BCNPs with a high negative zeta potential (Ma et al.
2022; Ouyang et al. 2021; Qian et al. 2020).

Ionic strength had a great effect on the settling of
BCNPs, and the stability of BCNPs decreased with the
addition of IS (10 mM NacCl) at pH 7.0, as evidenced by
the high V, value of 2.83 mm h™! (Fig. 1 and Additional
file 1: Table S2). The V, values of BCNPs decreased from
2.83 to 2.22 mm h™! when HA was present in 10 mM
IS. This indicates that HA improves the stability of
BCNPs under specific IS conditions (Chen et al. 2022b).
Similarly, in this case, the stability of BCNPs slightly
decreased (V; increased from 2.22 to 2.57 mm h™!) with
increasing IS (from 10 to 100 mM) (Fig. 1 and Additional
file 1: Table S2). However, it was more stable under this
condition (10 mg L™! HA with 100 mM IS) than under
the 10 mM IS condition. This indicates that a higher IS
promotes the settling of BCNPs, and the stabilizing effect
of HA is still reflected.

The DLVO calculation results are given in Fig. 1b, and
the calculation parameters are provided in Additional
file 1: Table S1. Most of the primary barriers under dif-
ferent conditions were greater than 183 kT (Fig. 1b and
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Additional file 1: Table S2) owing to the negative zeta
potential (from —38.97 to —51.47 mV) and appropriate
particle size (from 561.1 to 673.6 nm) (Additional file 1:
Table S1). The range of change in particle size was smaller
than that of zeta potential change, which indicates that
zeta potential change had a greater influence on the sta-
bility of BCNPs than particle size. The tendency toward
settling (at pH 7.0 with 100 mM IS and 10 mg L' HA)
suggested that the primary energy barrier was absent
(Fig. 1b and Additional file 1: Table S2) owing to the high
IS. Moderate IS conditions did not decrease the primary
energy barrier (Fig. 1b and Additional file 1: Table S2), but
slightly increased it, which was attributed to the increase
in particle size (Additional file 1: Table S1). However, the
influence of the IS led to relatively rapid settling of the
BCNPs (Fig. 1a). Fulvic acid, with a relatively low nega-
tive zeta potential, decreased the negative potential of the
system (Additional file 1: Table S1), thereby also decreas-
ing the primary energy barrier. These DLVO results
under conditions of IS and FA were not consistent with
the stability characteristics, whereas other DLVO results
could explain the settling phenomenon of BCNPs. In
addition, when the steric hindrance effect is considered,
the energy barrier of the system in the presence of HA
will increase, resulting in further deviation from the set-
tling results. Therefore, we concluded that the steric
repulsion energy could not be used to analyze the stabil-
ity of BCNPs in the present study.
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BCNPs-IMNPs with varying iron mineral contents and pH
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3.2 Effects of iron mineral mass and pH on BCNPs-IMNPs
settling

The settling kinetics, DLVO energies, and calculation
results of the corresponding models of BCNPs-IMNPs
mixtures under different masses of IMs are given in
Fig. 2 and Additional file 1: Table S3, respectively. Most
BCNPs-FHNPs remained stable during settling (Fig. 4a).
Compared to individual BCNPs, in general, V, values
of BCNPs-FHNPs showed a decreasing trend and C ¢
values showed an increasing trend (Figs. 1a and 2a and
Additional file 1: Table S2 and S3), which reflects the sta-
bility effect of FHNPs on the mixed system. This can be
attributed to the potential of the system to maintain high
negative values, and the fact that individual FHNPs have
high stability under most conditions (Ma et al. 2020),
which improves the overall stability. However, under
the condition of pH 4.0-FH 0.05 g, V, and C . values of
BCNPs-FHNPs were 5.39 mm h™! and 0.391, respectively
(Fig. 2a and Additional file 1: Table S3). Hence, BCNPs-
FHNPs was relatively unstable, owing to the low nega-
tive zeta potential (—17.97 mV). Therefore, the primary
energy barrier of the BCNPs-FHNPs mixture was only
54.9 KT (Fig. 2d and Additional file 1: Table S3). This led
to the aggregation of the nanoparticles after they crossed
the low-energy barrier. This is consistent with the TEM,
XRD, and DRS results that indicated the coprecipitation
of FHNPs and HA at pH 3.5 (Angelico et al. 2014). At low
pH, the adsorption of organic matter onto IM was rela-
tively high (Wang et al. 2019). Therefore, we can specu-
late that the interaction between BCNPs and FHNPs was
high at low pH, and that heteroaggregation occurred
when FHNPs were at a high concentration (Additional
file 1: Table S1). Under the condition of 0.02 g FH,
BCNPs-FHNPs was in a relatively stable state at pH
4.0, its V and C,, values were 0.48 mm h~! and 0.628,
respectively (Fig. 2a and Additional file 1: Table S3). This
can be attributed to the low FHNPs concentration (Addi-
tional file 1: Table S1). Meanwhile, the primary energy
barrier of the BCNPs-FHNPs increased to 100.78 KT. The
relatively high energy barrier caused a decrease in the
heteroaggregation between BCNPs and FHNPs. In the
high FH content system, although the FHNPs concen-
tration increased, BCNPs-FHNPs were in a steady state
at neutral and alkaline pH (Fig. 2a and Additional file 1:
Table S3) owing to a high negative zeta potential (—39.87
to —43.33 mV) (Additional file 1: Table S1). The BCNPs
with high negative zeta potential stabilized the BCNPs-
FHNPs system at alkaline pH as the individual FHNPs
at pH 10.0 were unstable (Ma et al. 2020), whereas neu-
tralization was observed at acidic pH. The neutralization
effect led to a very large particle size of BCNPs-FHNPs,
and thus the system quickly completed aggregation stage
to settling stage.
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In general, BCNPs-MTNPs under each condition
maintained a moderately stable state at different pH
values (Fig. 2b). Although V, values of BCNPs-MTNPs
increased, C,., values also increased (Additional file 1:
Table S2 and S3) at all pH values. These two indicators,
which should have changed in the opposite direction,
were altered in the same direction. This can likely be
attributed to the high rate of initial settling; however, a
high proportion of stable BCNPs-MTNPs existed. When
the MT content increased from 0.02 to 0.05 g, their V,
values decreased from 2.56 to 1.46 mm h™', 2.03 to
1.28 mm h™}, and 2.64 to 1.76 mm h™! at different pH
(Fig. 2b and Additional file 1: Table S3). This indicated
that the high MT content slightly decelerated the pre-
liminary stage of settling of BCNPs-MTNDPs. This can
be attributed to the settling of individual MTNPs at a
slower rate (Vikesland et al. 2016). At pH 4.0 and 7.0, pri-
mary energy barriers for 0.05 g MT were 182.97 kT and
238.84 KT, respectively, which were less than those for
0.02 g MT (Fig. 2e and Additional file 1: Table S3). This
resulted in a decrease in the concentration of unsettled
BCNPs-MTNPs. At pH 10.0, V values of the BCNPs-
MTNPs (2.64 and 1.76 mm h™!) were higher than at low
pH (Additional file 1: Table S3), regardless of MT con-
tent (0.02 g or 0.05 g), thereby indicating that the settling
of BCNPs-MTNPs was promoted at high pH (Fig. 4b).
Compared with individual BCNPs, the MTNPs demon-
strated a slight accelerating effect on the settling. In the
BCNPs-MTNPs system, although the Fe concentrations
were at the same level as in the BCNPs-FHNPs system
(Additional file 1: Table S1), the settling characteristics
were different. At low pH, there was no rapid settling of
BCNPs-MTNPs and clear heteroaggregation.

Settling of BCNPs-GTNPs under different experimen-
tal conditions showed an obvious discrepancy (Fig. 2c).
Similar to FHNPs, GTNPs stabilized the BCNPs-GTNPs
system at neutral and alkaline pH (Fig. 2c). Although
BCNPs-GTNPs showed a higher primary energy barrier
at pH 4.0 (128.72-153.89 kT) (Fig. 2f), it was relatively
unstable. This may be related to the high concentration
of the GTNPs and large particle size of BCNPs-GTNPs
(Additional file 1: Table S1). The concentration of GTNPs
in the suspension was much higher than that of FHNPs
and MTNPs. This increased the possibility of an interac-
tion between BCNPs and GTNPs. Although the input of
GT (0.02 g) is low, the concentrations of GTNPs (Addi-
tional file 1: Table S1) in the mixed system can still be
high, which can have a great impact on BCNPs. The
large particle size (1013.0 and 749.4 nm, Additional file 1:
Table S1) promoted the system to quickly complete the
aggregation stage, resulting in settling. At neutral and
alkaline pH values, the rate of settling was extremely slow
(Fig. 2c and Additional file 1: Table S3); thus, we did not
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obtain the fitting parameters. However, similar to the
BCNPs-FHNPs system, BCNPs-GTNPs were more sta-
ble than individual BCNPs (Fig. 1a) and GTNPs (Ma et al.
2020) at pH 7.0 and 10.0. It can be determined that the
BCNPs with high negative zeta potential stabilized the
BCNPs-GTNPs system regardless of the GT mass. The
settling characteristics of the BCNPs-GTNPs were simi-
lar to those of the BCNPs-FHNPs and considerably dif-
ferent from those of the BCNPs-MTNPs.

3.3 Effects of DOM and IS on BCNPs-IMNPs settling

To compare the effects of different environmental con-
ditions on the stability of BCNPs-IMNPs, settling
experiments were carried out at pH 7.0 with different
concentrations of DOM (HA and FA) and IS. The set-
tling kinetics, DLVO energies, settling parameters, and
primary energy barrier of BCNPs-IMNPs mixtures at
7.0 with different concentrations of HA, FA, and IS are
given in Fig. 3 and Additional file 1: Table S4. In the pres-
ence of HA, the V, values of the BCNPs-FHNPs were
2.73 mm h™!, much higher than those in the absence of
HA, indicating that HA promoted the settling of BCNPs-
FHNPs. Although a high primary energy barrier (265.43
KkT) was observed (Fig. 3c and Additional file 1: Table S4),
the system was not stabilized. The stabilization effect
could not be realized by further addition as BC provided
a high negative potential and a certain amount of HA
(Ma et al. 2022). However, because of the strong adsorp-
tion effect on FHNPs (Liu et al. 2019b), added HA was
likely to act as a bridge to interface with nanoparticles,
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thereby enhancing heteroaggregation and settling of
BCNPs-FHNPs. Humic acid increases the aggregation
of BCNPs via bridging (Yang et al. 2019). In the present
study, though IMNPs rarely dissolved, trace amounts of
Fe?" or Fe*" may have promoted the formation of metal-
bridged ternary complexes (Fe ion-HA-FHNPs) (Yasir
et al. 2022). In contrast, FA did not play an obvious bridg-
ing role owing to its weak absorption on the FHNPs
compared with that of HA (Dublet et al. 2017). How-
ever, FA acted as a stabilizer in the BCNPs-FHNPs sys-
tem, as indicated by the high C,,, value (Additional file 1:
Table S4). Under 10 mM IS, the V, values of the BCNPs-
FHNPs were around 0.50-0.54 mm h™!, in absence or
presence of HA (Additional file 1: Table S4). However,
the coexistence of IS and HA (C,,=0.783) indicated
that BCNPs-FHNPs were relatively stable compared with
only 10 mM IS (C,., =0.611) or HA (C,., =0.672) (Addi-
tional file 1: Table S4). This can be attributed to the inter-
action between IS and HA, which reduced their negative
impact on the system. With an increase in IS from 10 to
100 mM with HA, the V, and C ., values of the BCNPs-
FHNPs were 2.35 mm h™! and 0.592 (Fig. 3a and Addi-
tional file 1: Table S4), respectively, indicating that high
IS significantly promoted the heteroaggregation and set-
tling of BCNPs-FHNDPs.

In the BCNPs-MTNPs system, the V, and C, val-
ues of the BCNPs-MTNPs in the presence of HA were
1.88 mm h™! and 0.544, respectively (Fig. 3b and Addi-
tional file 1: Table S4). Although the V value decreased
compared to that in the absence of HA (Additional file 1:
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Fig. 3 Settling kinetics (a—c, symbols indicate observed data points and lines indicate simulation fitting) and DLVO energies (d—f) of the
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Table S3), the C, value simultaneously decreased. This
indicates that the decrease in the initial settling rate did
not alter the characteristics of settling. The bridge action
improved the overall settling amount. The V, and C ¢
values of the BCNPs-MTNPs in the presence of FA were
1.26 mm h™! and 0.738 (Fig. 3b and Additional file 1:
Table S4), respectively, indicating that FA had a slight
inhibitory effect on the settling of BCNPs-MTNPs. The
settling characteristics of BCNPs-MTNPs in the presence
of IS and the coexistence of IS and HA were similar to
those of BCNPs-FHNPs (Fig. 3a and b). In general, the
settling rate of BCNPs-MTNPs was higher than that of
BCNPs-FHNPs under various conditions, indicating that
the BCNPs-MTNPs were relatively unstable. However,
the effect of HA and IS on the settling of BCNPs-MTNPs
was weaker than that of BCNPs-FHNPs (Fig. 3a and b).
The settling of BCNPs-GTNPs under different condi-
tions showed an apparent discrepancy (Fig. 3c) similar
to that at different pH values (Fig. 3c). Because the set-
tling of BCNPs-GTNPs was very slow under the three

conditions of HA, FA, and 10 mM IS with HA, we did
not obtain their fitting parameters. Perhaps because of
the high GTNPs concentration, the bridging effect of
HA was not observed. In the presence of 10 mM IS, the
C..¢ values of the BCNPs-GTNPs were close to 0 (0.053)
(Additional file 1: Table S4), indicating that the BCNPs-
GTNPs deposition was very thorough. The settling of
BCNPs-GTNPs was similar to that of BCNPs-FHNPs
under 100 mM IS with HA (Fig. 3a and c), and its V, and
C,.e values were 3.15 mm h™' and 0.430, respectively
(Additional file 1: Table S4). The large particle size (690.6
and 1291.0 nm, Additional file 1: Table S1) also contrib-
uted to the rapid settling. Meanwhile, the DLVO calcu-
lation results for the BCNPs-GTNPs systems did not
correspond well with settlement characteristics (Fig. 3¢
and f). Such failures have also been observed at differ-
ent pH values (Fig. 2c and f), which are strongly depend-
ent on morphology of nanoparticle (Han et al. 2006).
The different properties of the two ends of the mirror
image in non-circular nanoparticles readily cause surface
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heterogeneity, which occurred readily in GTNPs owing to
their elongated morphology (Ma et al. 2020). Therefore,
in the presence of GTNPs, enhancing heteroaggregation
and settling via surface-charge heterogeneity under vary-
ing conditions was predicted to be unfavorable according
to the DLVO theory (Pazmino et al. 2014; Tombacz and
Szekeres 2006).

In this study, although DLVO theory can not explain
the settling characteristics perfectly, the correlations
between the primary energy barrier and C,, in BCNPs-
FHNPs (R?=0.732) and BCNPs-MTNPs (R?=0.484)
under different iron masses and pH values were evident
(Additional file 1: Fig. S2a and b). However, the corre-
sponding correlations decreased under different envi-
ronmental conditions (Additional file 1: Fig. S2). The
non-DLVO forces caused by the coexistence of multiple
factors (BCNPs, IMNPs, ions, and DOM) contributed
significantly to settling. It is generally believed that the
adsorption of DOM, especially HA, on nanoparticles pro-
duces steric repulsion, which keeps nanoparticles stable
(Ma et al. 2018; Philippe and Schaumann 2014; Xu et al.
2021). However, in the present study, HA did not stabi-
lize the BCNPs or BCNPs-IMNPs, and the effect of steric
repulsion was limited. By contrast, bridging HA and ions
can promote settling (Li and Sun 2011). Different envi-
ronmental conditions (different pH, IS, and DOM) have
very different effects on the stability of different BCNPs-
IMNPs, and it is difficult to find a consistent rule. We
speculated that the stability of BCNPs-IMNPs are related
to the interactions between BCNPs and IMNPs.

3.4 Interaction of BCNPs-IMNPs and influence on their
stability

The SEM images of individual BCNPs and IMNPs are
shown in Additional file 1: Fig. S4. The percentage of C
(54.29%), O (31.99%), and Fe (13.72%) were observed
simultaneously and uniformly on the BCNPs-FHNPs
(Fig. 4a), which suggested an intimate interaction
between BCNPs and FHNPs. However, in the BCNPs-
MTNPs system, the absence of Fe (Fig. 4b and Addi-
tional file 1: Fig. S5) resulted in the possible separation
of BCNPs and MTNPs. Some previous studies have
reported that MTNPs can easily combine with bulk BC
via binding with the rough surface or the pores of BC
(Chen et al. 2022a; Liu et al. 2022a). However, it is dif-
ficult for electronegative MTNPs and BCNPs to combine
under neutral conditions owing to the low point of zero
charge (6.5) of MTNPs (Milonji¢ et al. 1983). However, a
different connection was observed in the BCNPs-GTNPs
system, where C, O, and Fe elements only coexisted in the
upper half skeleton of BCNPs-GTNPs, and C and O sig-
nals were exhibited by the lower half (Fig. 4c). A previous
study reported a clear complexation between BCNPs and
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GTNPs (Gui et al. 2021). Therefore, we speculated that
the order of interactions between IMNPs and BCNPs
was: FHNPs > GTNPs > MTNPs.

Quantum chemical computations are widely used
to investigate the behavior of nanoparticles (Cortes-
Arriagada 2021; Ma et al. 2022; Ray et al. 2022; Yasir
et al. 2022). In this study, quantum chemical computa-
tions were used to investigate the interaction between
BCNPs and IMNPs. In the BCNPs-FHNPs system, the
molecular configuration of BC was almost parallel to
the FH crystal structure (Fig. 5a). Therefore, the area of
interaction between the two structures was large, fur-
ther producing strong van der Waals interactions (Iypy).
The short distance of C atoms in the BCNPs molecules
between Fe atoms in FHNPs caused approximate cova-
lent bond interaction, leading to strong adsorption. The
electrostatic potential surfaces of the two molecules
penetrate each other more clearly. The penetration dis-
tances in areas A and B were 2.239 and 1.736 A, respec-
tively (Additional file 1: Table S5). As several C atoms
in BCNPs interact strongly with Fe atoms, the binding
energy is very large (—2755.58 k] mol™') (Additional
file 1: Table S6).

In the BCNPs-MTNPs system, the binding energy
between BCNPs molecular and crystal structure of
MTNPs was -1676.73 k] mol™' (Additional file 1:
Table S6), and the interaction occurred at the edge of the
crystal structure of MTNPs (Fig. 5b). The penetration dis-
tances in areas A and B were 1.767 and 1.049 A, respec-
tively (Additional file 1: Table S5). In the BCNPs-GTNPs
system, a small angle between the BC molecular config-
uration and the crystal structure of GT (Fig. 5¢) caused
a smaller Iypy than that in BCNPs-FHNPs. However,
strong covalent bonds were formed between C and Fe or
O and Fe, confirmed by a small atomic distance (~2.0 A).
Moreover, obvious penetrating phenomena were
observed in areas A and B, with penetrating distances
of 2.145 and 1.007 A, respectively (Additional file 1:
Table S5). In particular, in area A, the H atom on the BC
molecule was transferred to the O atom on the surface
of the GTNPs, resulting in a good combination between
the two molecules. Overall, the binding energy between
the molecular and crystal structures of GTNPs was
—1706.23 k] mol !, which was slightly higher than that in
the BCNPs-MTNPs system (Additional file 1: Table S6).
The electrostatic potential distribution on the surface of
the IMNPs was symmetrical, nearly neutral, and slightly
negative. However, the BCNPs molecule exhibited a clear
negative potential on its surface, owing to the presence of
a benzene ring and O atoms. The hydroxyl and carboxyl
groups of the BCNPs were also combined with the posi-
tively charged IMNPs (Gui et al. 2021). The difference in
charge between the BCNPs and IMNPs facilitated the
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file 1: Table S6

Fig. 5 Cluster model of the structures of BCNPs and IMNPs: BCNPs-FHNPs (@), BCNPs-MTNPs (b), and BCNPs-GTNPs (c). The blue-green, white,
red, and pink spheres represent C, O, H, and Fe, respectively. ESP indicates the electrostatic potential of the macromolecule, wherein red and blue
are the positive and negative areas, respectively. Two key regions (A and B) were identified for each cluster model. Their vertex coordinates and
interpenetration distances are shown in Additional file 1: Table S5. The binding energies between the BCNPs and IMNPs are shown in Additional
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interaction between these molecules, whereas the crys-
tal structure of IMNPs determined the magnitude of this
interaction. The amorphous FHNPs had the highest ESP,
whereas the ESP values of the highly crystalline GTNPs
and MTNPs were relatively low. However, in the sus-
pension system, the concentration of GTNPs was much
higher than that of MTNPs, whereas the interaction
between BCNPs and MTNPs tended to occur towards
the edges of the molecules. Hence, the likelihood of a
combination of BCNPs and MTNPs was lower than that
of BCNPs and GTNPs; this observation is consistent with
the SEM observations of the present study.

The pH and IS of a solution, which is a function of the
concentration of H* (OH™) and all dissolved ions, play
a crucial role in the stability of nanoparticles by affect-
ing their surface charge and, hence, their potential pro-
pensity to aggregate (Van Koetsem et al. 2015). The
aggregation behavior of colloids is also influenced by
DOM (Wang et al. 2022; Yang et al. 2019). These envi-
ronmental conditions affect the settling of nanoparticles
by changing their electrical properties, the compression
of the electrical double layer, and interparticle bridging.
We speculated that the interaction between BCNPs and
IMNPs had a significant effect on the settling response

under unfavorable conditions. For example, strong inter-
actions between BCNPs and FHNPs caused loss of sta-
bility under conditions of 10 mg L™' HA at pH 7.0 and
10 mg L™ HA-100 IS at pH 7.0 and at pH 4.0 compared
with that at pH 7.0. Strong interactions can likely pro-
mote the settling in unfavorable conditions owing to the
ease of forming complex structure via bridging. However,
this effect is not evident in the BCNPs-MTNPs system
owing to the weak interactions of BCNPs and MTNPs.
The unfavorable conditions, such as presence of HA and
high IS, caused low heteroaggregation owing to the lack
of incentive to form complex structures. The relatively
weak interaction between BCNPs and GTNPs was simi-
lar to that between BCNPs and MTNPs. However, the
settling characteristics were quite different under differ-
ent environmental conditions. This was probably due to
the presence of more GTNPs in the suspension (Addi-
tional file 1: Table S1). The high concentration and elon-
gated structure of the GTNPs contributed to settling of
the nanoparticles; moreover, the weak interactions can-
not be ignored. The findings of the present study are of
great significance and can be used in the engineering
applications of composite nanomaterials.
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4 Conclusion

In the present study, the combined effects of the inter-
action of BCNPs-IMNPs and environmental conditions
on the aggregation and settling behavior of a mixture
of nanoparticles were determined. The results of this
study showed that the settling of BCNPs-FHNPs and
BCNPs-GTNPs exhibited polarized characteristics. As
BCNPs provided high negative potential, a relatively
stable state of nanoparticles at neutral and alkaline
pH was observed in the BCNPs-FHNPs and BCNPs-
GTNPs systems. However, acidic conditions readily
caused fast settling of nanoparticles. BCNPs-MTNPs
consistently showed moderate settling regardless of
the mass of MT at all pH values. The SEM and quan-
tum chemical calculation results suggested that the
interaction between BCNPs and FHNPs was stronger
than that between BCNPs and GTNPs/MTNPs. The
binding energies of the BCNPs-MTNPs and BCNPs-
GTNPs systems were similar. The interaction between
BCNPs and IMNPs enhanced heteroaggregation under
unfavorable conditions (acidic pH, HA, and IS). The
strength of the interaction regulates the change in
the enhancement of heteroaggregation. The results of
the present study elucidate the quantum and colloidal
chemical-interface mechanisms between BCNPs and
IMNPs in soil. However, the present study only selected
common environmental conditions as influencing fac-
tors, which may not fully reflect the real environment.
Therefore, the stability of BCNPs-MTNPs in the soil
pore environment needs to be further studied. In par-
ticular, the influence of various soil solution ions, clay
minerals, and plant root exudates on the stability of
BCNPs-MTNPs should be explored in future.
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