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Applying biochar as an amendment for the remediation of neonicotinoid pesticide-contaminated soils is a

promising way to reduce the environmental risks posed by these pollutants. Rhamnolipid, a widespread

glycolipid biosurfactant in soils, may regulate the transport of biochar colloids and/or pesticides in soil–

water environments. Currently, critical knowledge gaps remain regarding how biosurfactant/biochar affects

neonicotinoid pesticide mobility. Herein, rhamnolipid was employed to explore its influences on

neonicotinoid pesticide (acetamiprid or nitenpyram) mobility and biochar colloid-affected mobility of

pesticides at variable solution pH levels (5.0–9.0). In the binary system, rhamnolipid restrained pesticide

transport owing to the biosurfactants' bridging effects, forming soil–biosurfactant–pesticide ternary

complexes; similarly, biochar colloids also inhibited pesticide mobility because of colloid–pesticide complex

deposited on soil surfaces. Notably, the degree of the inhibiting impacts of biochar/biosurfactant varied

with pesticide types (acetamiprid > nitenpyram), which was attributed to differences in the chemical

features of pesticides (e.g., hydrophobicity). Interestingly, the pH-dependent inhibition effects followed the

order pH 5.0 > pH 7.0 > pH 9.0, which were ascribed to the different deposition amounts of biosurfactant

molecules or biochar colloids. Surprisingly, in the ternary system, adding biosurfactant weakened the

repressive influences of biochar colloids on pesticide migration over a broad pH range of 5.0 to 9.0

because of the reduced retention of colloid-associated pesticides and the great mobility of free

neonicotinoid pesticides. Additionally, the degree of rhamnolipid's suppressive effects declined as the pH

value increased. These findings provide critical insights into the environmental behaviors and fate of

neonicotinoid pesticides influenced by ubiquitous biosurfactants in biochar-amended soils.

1. Introduction

Neonicotinoid pesticides, a class of systemic insecticides
characterized by their nitroguanidine structure, are widely
used on crops, forests, and home gardens because of their
broad-spectrum efficacy, low mammalian toxicity, and high
potency against insects.1,2 Notably, field studies demonstrate
that crop systems typically absorb only 2–20% of the applied
neonicotinoid, resulting in substantial release of these
compounds into natural environments.3 Currently, these
pesticides have been found to be widespread in various
environmental and biological media (e.g., water, dust, soil,
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Environmental significance

Rhamnolipid is a widespread biosurfactant in natural environments. Investigation of its effects on biochar colloid-mediated transport of neonicotinoid
pesticides is significant in assessing the fate of these contaminants when biochar is used as a soil amendment. This study clearly demonstrated that
rhamnolipid and biochar colloids, alone and together, affected pesticide mobility with strong dependence on pH and pesticide type. Meanwhile, the
presence of rhamnolipid weakened the inhibitory effects of biochar colloids on pesticide transport within the pH range of 5.0–9.0. These findings provide
critical insights into the fate of neonicotinoid pesticides mediated by biochars and biosurfactants in soil–water environments.
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fruits, sediments, etc.).4–7 Meanwhile, neonicotinoid
pesticides exhibit exceptional environmental persistence (e.g.,
the half-life of clothianidin ranges from 148 to 6931 days).8

Thus, as non-target insecticide species, long-term repeated
use of these compounds is more likely to cause potential
adverse effects on human health and ecosystems.9 It is worth
noting that neonicotinoid insecticides with high aqueous
solubility can infiltrate groundwater systems through
multiple pathways, such as agricultural runoff, irrigation
return flow, and vertical leaching,9 posing significant risks to
groundwater quality.10 In view of the environmental effects of
neonicotinoid insecticides, it is important to investigate the
mobility and fate of these contaminants in water/soil
systems.9

The hydrologic transport of neonicotinoid insecticides in
groundwater systems is largely affected by a variety of
environmental factors, including soil features (e.g., organic
carbon and/or clay contents),11–13 media types (e.g., soil
matrix and quartz sand),14,15 solution chemistry,12 colloids/
nanoparticles,12,16 exogenous organic substances,17,18 and
field crops.19 For example, previous research observed that
vegetation (e.g., prairie grasses) reduced neonicotinoid
insecticide mobility in agricultural fields.13,20 Moreover,
Wang et al. demonstrated that biochar amendment reduced
acetamiprid mobility in sand grains stemming from the
binding of biochar to this pesticide.12 Another study
demonstrated significant vertical migration of imidacloprid
(60 cm depth) in soils characterized by low organic matter
content, low cation exchange capacity (CEC), sandy texture,
and alkaline pH values.21 Considering the inherent
variability and complexity of groundwater systems, more
critical studies are required to reveal the transport features
of neonicotinoid insecticides in aquifer systems, thereby
enhancing the predictive understanding of their
environmental fate.

Biochar, a carbon-rich material produced through
pyrolysis of biomass under little or no oxygen conditions, has
emerged as a potential, multifunctional, cost-effective
carbon-based material for soil amendment, carbon
sequestration, enhancement of agricultural productivity, and
biowaste treatment.22 Biochar has a high affinity for organic
compounds due to its multitude of advantages, such as high
surface area, hierarchical porosity, and abundant functional
groups.23 Thus, biochar can effectively remove or immobilize
organic contaminants in water/soil environments.24 Notably,
during environmental applications, biochar undergoes
transformation through physical, chemical, and biological
actions, leading to the release of nanoparticles and colloids
from bulk biochar particles.25 There is ample field evidence
that biochar colloids exhibit high mobility in soil–water
systems.23,26–29 More importantly, biochar exhibits strong
sorption capacity to neonicotinoid pesticides through
synergistic mechanisms (e.g., hydrogen bonding, π–π

interactions, hydrophobic partitioning, and electrostatic
interaction).30–33 Consequently, the mobility of neonicotinoid
pesticides through aquifers is possibly affected by the

presence of biochar colloids when this carbon-based material
is used to remediate pesticides in contaminated sites.
Understanding the transport and fate of neonicotinoid
pesticides in the presence of colloidal biochar in aquifers is
of important interest in the environmental behaviors of these
organic pollutants. Thus, to gain a more comprehensive
understanding of the transport characteristics of
neonicotinoid pesticides, further detailed studies are needed
to evaluate key environmental factors—such as the presence
of biosurfactants—that govern the co-transport of colloidal
biochar and pesticides through aquifer systems.

Biosurfactants are bioavailable surface-active metabolites
mainly produced during the vital movement of
microorganisms (e.g., bacteria, fungi, and yeast).34 Currently,
biosurfactants are commonly used for industrial applications,
soil remediation, and therapeutic products.34,35 As a well-
known biosurfactant, rhamnolipid is predominantly secreted
by Pseudomonas aeruginosa (a ubiquitous pathogen).36

Rhamnolipid molecules are usually made up of hydrophilic
parts (polysaccharides) and hydrophobic moieties (aliphatic
hydrocarbons).37 This biosurfactant primarily exists as an
anionic species across wide environmentally relevant pH
conditions stemming from its low pKa values (4.3–5.6 (ref.
38)).39 Previous studies confirmed that rhamnolipid exhibited
great binding capabilities toward organic pollutants,
including pesticides, polycyclic aromatic hydrocarbons
(PAHs), and antibiotics.40–43 Also, rhamnolipid could interact
dynamically with aquifer media, subsequently altering its
surface properties.44–47 Consequently, the presence of
rhamnolipid is likely to alter the fate and transport of organic
contaminants in subsurface systems.48–52 Meanwhile, this
biosurfactant can also bind to biochars and change their
surface physicochemical properties.53,54 In this situation, it is
reasonable to believe that rhamnolipid may affect biochar–
neonicotinoid interactions, ultimately impacting co-transport
behaviors of colloidal biochar and neonicotinoid pesticides.
Up to now, however, the effect of biosurfactants on the co-
mobility of biochar colloids and neonicotinoid pesticides in
subsurface has not been thoroughly studied, which is a
critical knowledge gap for clarifying the fate and risks of
neonicotinoid pesticides when biochars are applied for
remediation of contaminated soils. Meanwhile, the
mechanisms governing their co-transport behavior in systems
containing biosurfactants also remain poorly understood.
Systematic investigations are therefore required to expound
biochar colloid-assisted transport of pesticides as influenced
by ubiquitous biosurfactants in soil matrices.

In this work, acetamiprid and nitenpyram, two widely
used neonicotinoid pesticides, were chosen as the targeted
contaminants. Meanwhile, rhamnolipid was employed as a
typical biosurfactant. Significantly, solution pH was a key
factor controlling the mobility of biochar colloid-mediated
pesticides, particularly when biosurfactants were present in
the surrounding environment. The affinity of biochars to
neonicotinoid pesticides and/or biosurfactants is heavily
impacted by pH levels.12,16,55,56 The major objective of this
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study was to clarify the single or combined influences of a
typical biosurfactant (i.e., rhamnolipid)/biochar colloids on
the transport behaviors of neonicotinoid pesticides at various
pH conditions. Meanwhile, the mechanisms underlying the
transport features of the two pesticides as impacted by
exogenous biosurfactant and/or biochar colloids were
elucidated. This study provides available knowledge related
to neonicotinoid pesticide mobility and fate mediated by
carbon-based materials and biosurfactants in soil–water
environments.

2. Materials and methods
2.1. Reagents

Generally, the topsoil is the growth and distribution area of
the active area of microbial metabolism.57,58 Surface soil (0–
20 cm) was collected from an agricultural field in Shangqiu,
Henan province, China. Prior to the experiment, soil samples
were air-dried at 25 °C, homogenized, and sieved (<2 mm) to
remove impurities (e.g., plant residues and root fragments).
The soil with a pH value of 7.61 had a texture composed of
6.6% clay, 78.4% silt, and 15.0% sand (the detailed procedure
is provided in section S1, SI). The average particle size of this
sample was 0.123 mm. The soil exhibited an organic carbon
fraction ( fOC) of 0.42% and a cation exchange capacity (CEC)
of 11.3 cmol kg−1 (the detailed methodology is presented in
section S2, SI). The average zeta potential (ζ ) of soil particles
was measured using a Nano-ZS90 Zetasizer (Malvern
Instruments, UK).59

Nitenpyram (≥99.7%) and acetamiprid (≥99.5%) were
purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd. (China). Stock pesticide solutions (100 mg L−1) were
prepared and stored in a refrigerator at 4 °C. All other
chemicals, including HCl, NaOH, and NaCl, were of
analytical grade.

Rhamnolipid (>95%, 250 g L−1 stock solution) was also
obtained from Aladdin Biochemical Technology Co., Ltd. The
chemical structure of rhamnolipid molecule is shown in Fig.
S1. A working solution with a concentration of 500 mg L−1

was prepared by diluting the stock solution with deionized
(DI) water.

2.2. Preparation and characterization of biochars and biochar
colloid suspensions

Chinese fir sawdust was chosen as the typical biomass. The
biomass feedstock was rinsed with DI water to remove the
surface impurities and then oven-dried at 80 °C for over 12 h.
Afterward, a conventional quartz tube furnace was used to
pyrolyze the samples at 450 °C for 3 h under a N2 atmosphere
to ensure oxygen-limited conditions. The temperature was
increased at a rate of 20 °C min−1. Following pyrolysis, the
resulting biochar was allowed to cool naturally to room
temperature, after which it was collected, mechanically
milled, and fractionated through a 100-mesh sieve. The ash
content quantification in the biochar was performed through
complete combustion of biochar samples in a muffle furnace

at 800 °C for at least 4 h. The elemental composition (C, N,
H, O, S, wt%) of biochar was determined using a Flash
EA1112 elemental analyzer (Thermo Fisher Scientific).
Functional group characterization was performed using a
Nicolet 6700 FTIR spectrometer.

The biochar colloid stock suspensions were prepared
following previously published methods.28 In summary, 2 g
of biochar was dispersed in 500 mL of DI water and
subjected to thorough mixing and 30 min of sonication. After
3 days of settling, the suspension was filtered through 0.45
μm membranes to isolate the colloidal fraction. The total
organic carbon (TOC) concentration was quantified using a
Shimadzu TOC-5000 analyzer (Japan). The measured TOC
values were 123 mg C per L. Colloidal surface charge
characteristics were evaluated through ζ-potential
measurements performed on a ZetaPlus analyzer as
mentioned above. The average hydrodynamic sizes (Dh) of
colloid suspensions were quantified using dynamic light
scattering analysis.

A portion of the biochar suspensions was freeze-dried for
subsequent chemical characterization. The elemental
composition and surface functional groups were
characterized as mentioned above. Additionally, surface
chemistry was analyzed by X-ray photoelectron spectroscopy
(XPS, ESCALAB 250XI, Thermo Scientific). The colloid
concentration (mg L−1) was obtained based on the measured
TOC values and the carbon content percentages obtained
from elemental analysis.28

2.3. Transport tests

Approximately 8.5 g of dry soil was packed into the column
(10.3 mm inner diameter and 6.3 cm length), yielding a
porosity of 0.43 ± 0.02. Column in- and outlet were packed
with a layer of about 50 μm of nylon screen to prevent fine
soil grains from exiting the column. Firstly, the column was
saturated with 25 PV (porous volume) of DI water in an
upward flow model using an LSP01-1A syringe pump (Longer
Precision Pump Co., Ltd, Baoding, China). Soil columns were
then leached with electrolyte solution (1 mM NaCl at the
designated pH) for about 25 PV to stabilize the soil column.
Afterward, the corresponding influent (i.e., 1 mg L−1

neonicotinoid pesticide (acetamiprid or nitenpyram) with or
without biochar colloids/rhamnolipid) was introduced into
the soil column. Generally, the concentrations of
neonicotinoid pesticides in real environments are typically at
the ng L−1 level.3 However, high neonicotinoid pesticide
concentrations may occur in special scenarios, particularly
following accidental leakage from production facilities.
Therefore, the high concentrations used in this study (∼1 mg
L−1) would likely represent a point-source contamination
scenario (e.g., industrial spill or discharge). A steady flow was
maintained during all the experiments (flow velocity: 0.135
cm min−1). The pH of the influent solutions was adjusted to
the target value using 0.1 M HCl or NaOH solutions. Effluent
samples were collected at 30 minute intervals using glass
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vials. The concentration of biochar colloids in the effluent
was determined by measuring absorbance at 360 nm using a
UV-vis spectrophotometer, with reference to a pre-established
calibration curve (Fig. S2a). Moreover, the full-scan UV
spectrums in Fig. S2b verified that neonicotinoid pesticides
and rhamnolipid had negligible effects on colloid detection.
Neonicotinoid pesticide concentrations were quantified using
an HPLC (Alliance e2695, Waters) following solvent
extraction. Detailed extraction procedures can be found in
the SI (section S3).60,61 In order to ensure the quality of
experimental results, all column mobility studies were
performed in at least duplicate. The normalized
concentration (C/C0) of biochar colloids or neonicotinoid
pesticides was calculated from influent (C0) and effluent (C)
measurements, with breakthrough curves plotted against PV
passing through the column. For every column experiment, a
new column filled with soil was used.

2.4. Sorption tests

Batch adsorption experiments were conducted to evaluate
the effects of rhamnolipid on neonicotinoid pesticide
adsorption by biochar colloids across a range of pH
conditions (5.0–9.0). The adsorbed quantity of neonicotinoid
pesticide q (mg g−1) was obtained via mass balance
calculations. Finally, the distribution coefficients (Kd, L g−1)
for the neonicotinoid pesticide between colloids and water
were calculated using the equation Kd = q/Ce, where Ce (mg
L−1) is the pesticide concentration in the aqueous phase.

Comprehensive methodological details are available in
section S4 in the SI.

Furthermore, adsorption experiments were also conducted
to quantify the amount of adsorbed rhamnolipid on biochar
colloids or soil particles (i.e., q (mg g−1)) based on the mass-
balance approach as follows:

q ¼ C0 −Ceð ÞV
m

(1)

where q (mg g−1) represents the adsorbed quantity of
rhamnolipid on the soil grains or biochar colloids at
equilibrium; Ce (mg L−1) is the rhamnolipid acid
concentration present in the aqueous phase at
equilibrium; C0 is the rhamnolipid concentration at the
initial time (mg L−1); V is the volume of the solution (L);
and m is the mass of soil or colloids (g). All experiments
were in triplicate. The detailed experimental protocols are
outlined in the SI (sections S5 and S6, respectively).

3. Results and discussion
3.1. Characteristics of bulk biochar and biochar colloids

The comparative elemental compositions between colloidal
and bulk biochar forms are provided in Tables 1 and S1,
respectively. Biochar colloids demonstrated higher oxygen
content (26.69%) than bulk biochar (23.60%), indicating that
the former contained a greater abundance of oxygen-
containing functional groups.62 Furthermore, the O/C and H/C
values of biochar colloids were 0.641 and 0.603, respectively

Table 1 Elemental compositions, amorphous carbon structure proportion of biochar colloids

Colloids

Bulk element composition

O/Ca H/Ca

Surface element compositionb

C (wt%) O (wt%) N (wt%) H (wt%) S (wt%) C (at%) O (at%) N (at%) S (at%)

BC colloids 31.23 26.69 0.51 1.57 0.23 0.641 0.603 68.12 29.09 2.22 0.57

a Bulk atomic ratio, O/C: atomic ratio of oxygen to carbon, H/C: atomic ratio of hydrogen to carbon. b Surface atomic ratio of oxygen to carbon.

Fig. 1 (a) Fourier-transform infrared spectra of the biochar colloids (the assignments of functional groups are shown in Table S2); (b) abundance
of four compositions in C1 spectra of biochar colloids; four pseudo-subpeaks were identified and quantified in the C 1s spectra: 284.5 eV (C–C/
CC bonds), 286.3 eV (C–O bonds), 287.5 eV (CO bonds), and 288.8 eV (O–CO bonds).
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(Tables 1 and S1). As demonstrated by the FTIR analysis in
Fig. 1a and S3 and Table S2, both bulk biochar and biochar
colloids exhibited abundant surface functional groups (e.g.,
–COOH, –OH, –NH2, and –CO moieties).63 Also, XPS analysis
quantitatively analyzed the surface functional groups of
biochar colloids, with the relative abundance and distribution
presented in Fig. 1b.

3.2. Impact of rhamnolipid on neonicotinoid pesticide
mobility

Fig. 2 illustrates the inhibitory effects of rhamnolipid (20
mg L−1) on the mobility of the two pesticides. For example,
the highest C/C0 values of acetamiprid decreased from

83.4% (without rhamnolipid) to 68.0% (with rhamnolipid)
at pH 5.0 (Table 2). The restrained influences of
rhamnolipid on neonicotinoid pesticide transport primarily
stemmed from the following reasons. As illustrated in Fig.
S1, the biosurfactant molecules had an amphiphilic
structure comprising a hydrophobic fatty acid tail bonded
to a polar hydrophilic head group.39 Generally, surfactant
molecules were adsorbed onto soil primarily through ligand
exchange, surface complexation, and/or hydrogen bonding
between the hydrophilic head groups and soil surfaces.64

This interfacial arrangement positioned hydrophobic tails
toward the aqueous phase.34,65 The adsorption results also
quantitatively demonstrated rhamnolipid adsorption to soil
particles (Table S3). In this case, the hydrophobic moieties

Fig. 2 Effects of rhamnolipid on the transport of neonicotinoid pesticides in saturated soil columns under different pH conditions: (a, c, and e)
acetamiprid transport at pH 5.0, 7.0, and 9.0, respectively (columns 1, 2, 5, 6, 9, and 10, Table 2); (b, d, and f) nitenpyram transport at pH 5.0, 7.0,
and 9.0, respectively (columns 3, 4, 7, 8, 11, and 12, Table 2).
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of biosurfactant molecules contacted with neonicotinoid
pesticide molecules via hydrophobic interactions (between
the alkyl chains of rhamnolipid and the N-containing
heterocyclic rings of pesticides)66,67 resulting in the
enhanced deposition of pesticides. Furthermore, the
neonicotinoid pesticide molecules could bind with
rhamnolipid to form pesticide–rhamnolipid complexes via
hydrophobic interactions in the influent systems.68,69 In this
case, the hydrophilic groups of biosurfactant molecules that
attached to neonicotinoid pesticides would deposit on the
surfaces of soil grains, facilitating the retention of
contaminants,34,70 that is, the bridging effects involved in
the enhanced pesticide deposition by rhamnolipid (the
formation of soil–rhamnolipid–pesticide ternary
complexes).50,71

In order to quantitatively assess pH-dependent transport-
inhibition effects of rhamnolipid on the two neonicotinoid
pesticides, the apparent transport-inhibition index
(Iinhibition_app) of this biosurfactant was operationally defined
as:

Iinhibition app ¼ meffluent without rhamnolipid −meffluent with rhamnolipid

meffluent without rhamnolipid

(2)

where meffluent_without rhamnolipid is the effluent mass of
neonicotinoid pesticide (acetamiprid or nitenpyram) without

rhamnolipid from the soil columns, andmeffluent_with rhamnolipid

is the effluent mass of neonicotinoid pesticide with
rhamnolipid from the soil columns.

As demonstrated by the estimated Iinhibition_app value
trend in Fig. 3a, the inhibitory impacts of biosurfactant
on the mobility of a given neonicotinoid pesticide
(acetamiprid or nitenpyram) increased with decreasing pH
values. In the case of nitenpyram, the Iinhibition_app values
declined from 0.199 (pH 5.0) to 0.171 (pH 7.0) and to
0.102 (pH 9.0), suggesting that the degree of the
transport-inhibition effects of rhamnolipid was
considerably pH-dependent. Meanwhile, the influences of
rhamnolipid on acetamiprid mobility exhibited a similar
tendency (Fig. 3a). The ζ-potential values in Table S4
confirmed the increasingly negative surface charges on soil
grains with rising pH values. Consequently, biosurfactant
adsorption onto soil grains decreased when the
background solution pH values were elevated owing to the
increased electrostatic repulsion between anionic head
groups of rhamnolipid and porous media grains (see the
sorption results in Table S3),52,60 leading to a weakened
bridge effect induced by the presence of rhamnolipid,48,72

As a result, the biosurfactant's inhibiting ability on
neonicotinoid pesticide mobility was more pronounced
under acidic conditions compared to that under alkaline
conditions.

Table 2 Experimental setups and breakthrough results of column experiments

Influent properties Effluent propertiesc Mass
retained
in column
of pesticided

(%)
Column
no.

Biochar colloids
conc.a (mg L−1)

Neonicotinoid
pesticides

Electrolyte
solution

Rhamnolipid
conc.a (mg L−1) pH

Adsorbed mass of
pesticideb (%)

C/C0_colloids
(%)

C/C0_pesticides
(%)

1 — Acetamiprid 1 mM NaCl — 5.0 — — 83.4 ± 0.4 23.9 ± 0.1
2 — Acetamiprid 1 mM NaCl 20 5.0 — — 68.0 ± 0.3 39.1 ± 0.3
3 — Nitenpyram 1 mM NaCl — 5.0 — — 95.8 ± 1.5 12.6 ± 0.6
4 — Nitenpyram 1 mM NaCl 20 5.0 — — 84.3 ± 0.1 23.9 ± 1.0
5 — Acetamiprid 1 mM NaCl — 7.0 — — 80.5 ± 0.8 25.6 ± 0.6
6 — Acetamiprid 1 mM NaCl 20 7.0 — — 70.5 ± 0.7 38.3 ± 1.1
7 — Nitenpyram 1 mM NaCl — 7.0 — — 94.7 ± 0.5 14.6 ± 0.5
8 — Nitenpyram 1 mM NaCl 20 7.0 — — 85.9 ± 0.1 22.4 ± 1.0
9 — Acetamiprid 1 mM NaCl — 9.0 — — 79.2 ± 0.4 28.7 ± 0.4
10 — Acetamiprid 1 mM NaCl 20 9.0 — — 69.8 ± 0.5 36.0 ± 0.2
11 — Nitenpyram 1 mM NaCl — 9.0 — — 87.4 ± 0.7 17.9 ± 0.3
12 — Nitenpyram 1 mM NaCl 20 9.0 — — 86.2 ± 0.7 22.9 ± 0.6
13 30 Acetamiprid 1 mM NaCl — 5.0 65.6 ± 0.3 24.3 ± 0.7 42.3 ± 0.2 61.1 ± 0.5
14 30 Nitenpyram 1 mM NaCl — 5.0 43.7 ± 0.1 27.7 ± 1.6 59.0 ± 0.9 45.2 ± 0.1
15 30 Acetamiprid 1 mM NaCl — 7.0 68.9 ± 1.2 30.0 ± 1.4 47.7 ± 0.1 57.2 ± 0.5
16 30 Nitenpyram 1 mM NaCl — 7.0 46.7 ± 0.5 37.0 ± 0.7 63.4 ± 1.1 41.1 ± 0.2
17 30 Acetamiprid 1 mM NaCl — 9.0 73.5 ± 1.0 45.9 ± 2.2 55.7 ± 0.4 52.0 ± 0.3
18 30 Nitenpyram 1 mM NaCl — 9.0 51.2 ± 0.8 43.5 ± 0.5 67.1 ± 0.5 35.8 ± 0.1
19 30 Acetamiprid 1 mM NaCl 20 5.0 53.3 ± 1.2 27.6 ± 0.8 50.3 ± 0.2 51.9 ± 0.8
20 30 Nitenpyram 1 mM NaCl 20 5.0 36.2 ± 0.6 32.9 ± 0.7 68.8 ± 0.2 35.6 ± 0.5
21 30 Acetamiprid 1 mM NaCl 20 7.0 60.5 ± 0.7 41.1 ± 0.8 54.5 ± 0.3 50.0 ± 0.8
22 30 Nitenpyram 1 mM NaCl 20 7.0 39.8 ± 1.3 42.1 ± 0.1 69.4 ± 0.4 35.1 ± 0.1
23 30 Acetamiprid 1 mM NaCl 20 9.0 63.2 ± 2.2 50.0 ± 2.0 58.2 ± 0.5 47.9 ± 0.6
24 30 Nitenpyram 1 mM NaCl 20 9.0 43.7 ± 1.7 45.9 ± 0.5 71.8 ± 0.7 34.3 ± 1.6

a Conc. represents concentration. b Percentage of contaminant adsorbed to biochar colloids in the influent. The data were obtained based on
the sorption experiments (section S4, SI). c Average value of last three data points of respective breakthrough curve. d Mass retained in column
= 100 − effluent mass.
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Moreover, the other interesting observation was that for a
given pH value, the inhibitory mobility of neonicotinoid
pesticides mediated by rhamnolipid was also related to
pesticide types. Specifically, the trend of Iinhibition_app values
demonstrated that rhamnolipid exhibited stronger transport
inhibition for acetamiprid compared to nitenpyram (Fig. 3b).
The observation might be ascribed to the contrasting
hydrophobicity properties between the two neonicotinoid
pesticides.73–75 As shown in Table 3, acetamiprid exhibited
higher hydrophobicity than nitenpyram (as demonstrated by
the logKow values, 0.8 vs. −0.66). In this situation,
rhamnolipid exhibited more restrained effects on
acetamiprid mobility than nitenpyram because of the
stronger hydrophobic interactions between the former and
the deposited rhamnolipid on the surfaces of soil grains.72

Additionally, regardless of the presence or absence of
rhamnolipid, the mobility of nitenpyram exceeded that of
acetamiprid (Fig. S4). As a key soil composition, soil organic
matter (SOM) contained abundant surface functional groups,
such as –COOH, –NH2, and –OH as well as aromatic
structures.76,77 Several prior studies reported that SOM played
a significant role in the retention of neonicotinoid pesticides
through mechanisms including hydrogen bonding and π–π

stacking interactions as well as the partitioning of pesticides
between the solution phase and SOM.11,78,79 Thus, the two
neonicotinoid pesticides could strongly bind to SOM (in the
absence of rhamnolipid) and/or rhamnolipid (in the presence
of biosurfactant) during pesticide transport. In this case,
acetamiprid with higher hydrophobicity exhibited stronger
deposition because of the stronger hydrophobic interactions
with SOM and/or rhamnolipid.

3.3. Impact of biochar colloids on the mobility of
neonicotinoid pesticides

This work also examined the influences of biochar colloids
on neonicotinoid pesticide mobility in soil columns (Fig. 4).
The addition of biochar colloids inhibited neonicotinoid

pesticide transport under all three pH conditions (5.0, 7.0,
and 9.0). Such as, for acetamiprid, the breakthrough curves
revealed that the highest C/C0 values declined from 80.5%
(without colloids) to 47.7% (with 30 mg L−1 colloids) at pH
7.0 (Table 2).

The observed colloid-enhanced retention of neonicotinoid
pesticides can be attributed to the following two mechanistic
explanations. On the one hand, biochar deposited on soil
surfaces through multiple mechanisms, including
electrostatic attraction (between positively charged iron–
aluminum oxide compositions of soil particles and the
negatively charged colloids (Table S5)), π–π and hydrophobic
interaction (between the aromatic rings of biochar and SOM),
and hydrogen bonding interaction (between the soil mineral
hydroxyls (Fe/Al–OH and Si–OH) and deprotonated
functional groups on biochar surfaces).23,25,80,81 Notably,
biochar colloids exhibited high affinity toward neonicotinoid
pesticides through hydrogen bonding interaction (between
colloid surface functional groups and pesticide's –NO2

groups), π–π interaction, and hydrophobic partitioning
(between the aromatic structures of biochar colloids and the
pesticide's N-aromatic heterocyclic rings).30,31,73,74 The
adsorption data of neonicotinoid pesticides to biochar
colloids also provided additional evidence for their
interaction (Fig. S5). It is worth noting that the mobility of
pesticides (acetamiprid or nitenpyram) was greater than that
of biochar colloids (Fig. 4). In this situation, the co-
deposition of neonicotinoid pesticide–biochar colloid
complexes onto the surfaces of soil particles facilitated
contaminant retention.12,73 On the other hand, biochar
colloids pre-deposited on soil surfaces offered additional
sites for the retention of pesticide molecules during their co-
transport, causing the hindered transport of pesticides with
biochar colloids.12,82

Similarly, to quantitatively compare the suppressed
influences of biochar colloids on pesticide mobility, the
Iinhibition_app values of biochar colloids were also obtained
according to eqn (2) (Fig. 3b). Interestingly, for a given pH

Fig. 3 Comparison of the apparent transport-inhibition ability index (Iinhibition_app) of (a) rhamnolipid and (b) biochar colloids under different pH
conditions.
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value, the Iinhibition_app value trend demonstrated that the
inhibitory mobility of acetamiprid mediated by biochar
colloids was greater than that of nitenpyram. The result

might stem from the greater binding abilities of colloids to
acetamiprid (Fig. S5), leading to more colloid–acetamiprid
complex deposition on soil grain surfaces.82 Moreover, the

Table 3 Selected properties of neonicotinoid pesticides

Neonicotinoid pesticides Molecular formula Chemical structure Molecular weight (g mol−1) LogKow
a

Acetamiprid C10H11ClN4 222.67 0.8

Nitenpyram C11H15ClN4O2 270.71 −0.66

a LogKow: n-octanol–water partition coefficient. Data derived from ref. 18 and 84.

Fig. 4 Effects of biochar colloids on the transport of neonicotinoid pesticides in saturated soil columns under different pH conditions: (a, c, and e)
acetamiprid transport at pH 5.0, 7.0, and 9.0, respectively (columns 1, 13, 5, 15, 9, and 17, Table 2); (b, d, and f) nitenpyram transport at pH 5.0, 7.0,
and 9.0, respectively (columns 3, 14, 7, 16, 11, and 18, Table 2). The left plots show the breakthrough curves of biochar colloids in each of the
experiments, and the right plots show the breakthrough curves of neonicotinoid pesticides in the respective experiments.
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restrained influences of colloids on neonicotinoid pesticide
transport declined as the background solution pH values
raised from 5.0 to 9.0. As shown in Fig. 3b, the Iinhibition_app
values of acetamiprid declined from 0.489 at pH 5.0 to 0.425
at pH 7.0 and further to 0.327 at pH 9.0, indicating that the
inhibitory abilities of biochar colloids to pesticide transport
are greatly related to solution pH values. Note that pesticide-
binding abilities of biochar colloids declined as pH was
raised (Table 2). More importantly, biochar colloids
demonstrated increased mobility at higher pH levels (Fig.
S6). As a result, more biochar colloid-associated
neonicotinoid pesticide molecules would break through
columns at pH 9.0. Thus, the restrained influences of biochar
colloids on neonicotinoid pesticide mobility were weakened
with the increase of pH values.16

3.4. Rhamnolipid effects on co-transport of biochar colloids
and neonicotinoid pesticides

As interpreted above, biochar colloids and biosurfactants
individually inhibited neonicotinoid pesticide transport.
Logically, the co-presence of biochar colloids and

rhamnolipid would enhance neonicotinoid pesticide
retention. Surprisingly, the addition of rhamnolipid
weakened the restraining impacts of colloids on
neonicotinoid pesticide transport within a broad pH range of
5.0–9.0. As demonstrated in Fig. 5b and Table 2, the total
retained mass of nitenpyram (co-presence of 30 mg L−1

colloids) in columns declined from 61.1% (without
rhamnolipid) to 51.9% (with 20 mg L−1 rhamnolipid) at pH
5.0.

The observed results arose from three interrelated
mechanisms. Firstly, biosurfactant molecules could come in
contact with biochar colloid/soil particle surfaces and induce
negative charge enhancement on their surfaces (Tables S4
and S5). Additionally, the aggregate sizes of biochar colloids
became smaller by adding rhamnolipid (see the Dh values in
Table S5). Hence, the combined effects of the increased
electrostatic repulsion and the reduced steric hindrance
facilitated biochar colloid transport (Fig. 5).23,27,29

Consequently, a greater fraction of biochar colloid-associated
neonicotinoid pesticides were likely to break through soil
porous media, thereby weakening colloids' inhibitory impacts
on pesticide mobility.16,83 Secondly, biochar colloids also

Fig. 5 Effects of rhamnolipid on biochar colloid-mediated transport of neonicotinoid pesticides in saturated soil columns under different pH
conditions: (a, c, and e) acetamiprid transport at pH 5.0, 7.0, and 9.0, respectively (columns 1, 13, 5, 15, 9, 17, 19, 21, and 23, Table 2); (b, d, and f)
nitenpyram transport at pH 5.0, 7.0, and 9.0, respectively (columns 3, 14, 7, 16, 11, 18, 20, 22, 24, Table 2). The left plots show the breakthrough
curves of biochar colloids in each of the experiments, and the right plots show the breakthrough curves of neonicotinoid pesticides in the
respective experiments.
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exhibited binding capacities toward rhamnolipid (Table S6).
Generally, rhamnolipid adsorbed onto biochar colloids
through hydrophobic interactions between the hydrophobic
structures of rhamnolipid and the aromatic rings of
biochar.47,53,54 causing rhamnolipid's hydrophilic rhamnose
moieties to be oriented toward the water system. As a result,
rhamnolipid reduced neonicotinoid pesticide adsorption
onto biochar colloids through competitive site occupation (as
indicated by the trend of Kd values of neonicotinoid
pesticides in Fig. S5).84 That is, more free acetamiprid or
nitenpyram molecules remained in the solution systems and
might break through soil columns, diminishing the
suppressed influences of biochar colloids on pollutant
mobility.16,84 Thirdly, the deposition site competition
between rhamnolipid–biochar complexes and neonicotinoid
pesticide molecules might also contribute to reducing the
transport-inhibition effects of biochar colloids.85

Additionally and interestingly, the degree of the weakened
effects of biosurfactant on the restrained influences of colloids
on neonicotinoid pesticide mobility declined when the pH
values were increased from 5.0 to 9.0. For example, as
illustrated in Fig. 5 and Table 2, at pH values of 5.0, 7.0, and
9.0, the retained masses of nitenpyram declined by 21.2%
(from 45.2% (with 30 mg L−1 colloids) to 35.6% (with 30 mg L−1

colloids and 20 mg L−1 rhamnolipid)), 14.6% (from 41.1% to
35.1%), and 3.5% (from 35.8% to 34.3%), respectively. Note
that more rhamnolipid was deposited on biochar colloid
surfaces at lower pH levels according to the earlier discussion
(Tables S6). Meanwhile, the inhibitory impacts of rhamnolipid
on the pesticide-binding abilities of biochar colloids were more
remarkable under lower pH conditions due to the enhanced
competitive adsorption (Table 2). Consequently, more free
neonicotinoid pesticide molecules in water systems could
possibly break through soil columns under acidic conditions
(pH 5.0).16,17 Thus, the influences of rhamnolipid on
neonicotinoid pesticide mobility mediated by biochar colloids
weremore pronounced under lower pH conditions.

4. Conclusions

This study systematically evaluated the impacts of
rhamnolipid, a model biosurfactant, on neonicotinoid
pesticide transport mediated by biochar colloids in soil across
pH 5.0–9.0. In the absence of biochar colloids, the findings
obviously demonstrated that this biosurfactant impeded the
mobility of the two neonicotinoid pesticides via biosurfactant-
mediated bridging effects. When biochar colloids and
neonicotinoid pesticides co-presented in the influents,
biochar colloids also reduced neonicotinoid pesticide mobility
through the retention of colloid-associated pesticide and new
retention sites for organic contaminants created by colloid
deposition. Note that the degree of the inhibiting effects of
biochar/biosurfactant on acetamiprid mobility was greater
than that on nitenpyram transport due to the different
pesticides' chemical features (e.g., hydrophobic property).
Interestingly, the transport-inhibition effects of colloids or

biosurfactants decreased as pH increased, which was
primarily attributed to the reduced deposition of colloids/
surfactants on soil surfaces with increasing pH values. In the
ternary system containing biochar colloids, rhamnolipid, and
neonicotinoid pesticides, the biosurfactant unexpectedly
mitigated the restraining effect of colloids on pesticide
mobility across a broad pH range (5.0–9.0). This phenomenon
resulted from the decreased retention of colloid-associated
pesticides and the enhanced mobility of free neonicotinoid
pesticides. In addition, the mitigating effect of rhamnolipid
on the influence of biochar colloids on pesticide mobility was
more pronounced at lower pH levels because the biosurfactant
more strongly suppressed the colloids' affinity for
neonicotinoid pesticides at pH 5.0, resulting in the increased
transport of free neonicotinoid pesticide molecules through
the soil matrix. In conclusion, these results underscore the
necessity of carefully evaluating the influence of ubiquitous
biosurfactants on the transport of neonicotinoid pesticides
mediated by biochar colloids when implementing biochar-
based technologies for soil remediation aimed at mitigating
the environmental risks of these emerging organic
contaminants. Meanwhile, to develop a comprehensive
understanding of neonicotinoid pesticide fate in groundwater
systems, additional environmental factors—such as electrical
conductivity and redox potential—that influence biochar
colloid-mediated transport of pesticides in the presence of
biosurfactants should be investigated. Notably, given the
greater complexity of field conditions compared to controlled
laboratory settings, findings from lab-scale experiments are
insufficient to directly guide field remediation. Therefore,
extensive field-scale testing on the efficacy of rhamnolipid for
remediation should be a priority in future research.
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