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ABSTRACT: Biochar land application may result in multiple agronomic and
environmental benefits (e.g., carbon sequestration, improving soil quality, and
immobilizing environmental contaminants). However, our understanding of
biochar particle transport is largely unknown in natural environments with
significant heterogeneity in solid (e.g., patches of iron oxyhydroxide coating) and
solution chemistry (e.g., the presence of natural organic matter), which
represents a critical knowledge gap in assessing the environmental impact of
biochar land application. Transport and retention kinetics of nanoparticles (NPs)
from wheat straw biochars produced at two pyrolysis temperatures (i.e., 350 and
550 °C) were investigated in water-saturated sand columns at environmentally
relevant concentrations of dissolved humic acid (HA, 0, 1, 5, and 10 mg L−1) and
fractional surface coverage of iron oxyhydroxide coatings on sand grains (ω, 0.16,
0.28, and 0.40). Transport of biochar NPs increased with increasing HA
concentration, largely because of enhanced repulsive interaction energy between biochar NPs and sand grains. Conversely,
transport of biochar NPs decreased significantly with increasing ω due to enhanced electrostatic attraction between negatively
charged biochar NPs and positively charged iron oxyhydroxides. At a given ω of 0.28, biochar NPs were less retained with
increasing HA concentration due to increased electrosteric repulsion between biochar NPs and sand grains. Experimental
breakthrough curves and retention profiles were well described using a two-site kinetic retention model that accounted for
Langmuirian blocking or random sequential adsorption at one site. Consistent with the blocking effect, the often observed flat
retention profiles stemmed from decreased retention rate and/or maximum retention capacity at a higher HA concentration or
smaller ω. The antagonistic effects of HA and iron oxyhydroxide grain-coating imparted on the mobility of biochar NPs suggest
that biochar colloid transport potential will be dependent on competitive influences exerted by a number of environmental
factors (e.g., natural organic matter and metal oxides).

■ INTRODUCTION

Biochar is a carbon-bearing material that may be produced from
pyrolysis of bioenergy feedstocks (e.g., grass, crop residue, and
woody biomass) and agricultural wastes (e.g., manure) in the
absence of oxygen and at relatively low carbonization
temperature.1 Recently, biochar is being considered as soil
amendment to deliver multiple bioenergy, agronomic, and
environmental benefits.2−8 When applied to soils, biochar could
become a net sink of atmospheric CO2 due to its recalcitrant
nature2 and also reduce emission of greenhouse gases (e.g.,
CH4 and NOx),

9 thus mitigating climate change. Additionally,
biochar land application could improve soil structure and
fertility,3 enhance fertilizer retention and use efficiency,10 and
increase crop production.3 Moreover, biochar has increasingly
been reported to effectively immobilize a variety of environ-
mental contaminants (e.g., heavy metals, herbicides, PCBs,
PAHs, and microbial pathogens).5,11−15 Because of strong
contaminant sorption capacity of biochars, facilitated transport

of biochar-associated contaminants is possible under environ-
mental conditions that favor mobilization of micrometer- or
nanometer-sized biochar particles.14,16 Unfortunately, to date
little attention has been paid to the fate and transport of
biochar colloids in soils and groundwater.
Natural organic matter (NOM) is ubiquitous in natural

soils and aquatic environments and is mainly composed of
humic substances such as humic acid (HA).17 HA readily
adsorbs onto a wide variety of solid surfaces, modifying their
surface chemistry and thereby transport and adhesion proper-
ties.18−30 For instance, HA was found to enhance the transport
of colloids and nanoparticles (NPs) in granular media due to
increased electrostatic or electrosteric repulsion induced by the
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HA macromolecules sorbed onto the surfaces of both colloids
and collectors (e.g., soil grains).18,20,21,27−29 Nonetheless,
despite strong HA sorption on biochars,31 the effect of HA
on biochar NP mobility in granular media has not received any
attention.
Additionally, variability in surface charge heterogeneity is

common in natural soils, sediments, or groundwater aquifers, as
a result of variations in soil texture and structure, recharge rate,
aqueous and solid-phase geochemistry, and biological fac-
tors.19,24,32 Surface charge heterogeneity is known to influence
the deposit ion of colloids and NPs in granular
media.19,24,30,33−39 One of the most common sources for
surface charge heterogeneity in natural aquatic environments is
iron and aluminum oxyhydroxides32,33,35,36 that are amphoteric
minerals with relatively high points of zero charges (pHPZC).

40

Often, the pH values in aquatic environments and aquifers are
below the pHPZC of iron (7.5) and aluminum oxyhydroxides
(9.0), so these minerals acquire a net positive charge.30,34,35,38,41

Because most biochars42 and silica28 exhibit a net negative
charge at environmental pH, electrostatic conditions for
biochar retention are expected to be “unfavorable” for
negatively charged silica surfaces and “favorable” for positively
charged patches of iron and aluminum oxyhydroxides.
However, our previous studies confirmed that HA can
significantly enhance the transport of hydroxyapatite NPs in
saturated sand by masking surface charge heterogeneity of iron
oxyhydroxides.30,43 To the best of our knowledge, there have
been no investigations concerning the effect of surface charge
heterogeneity on the transport of biochar NPs in the presence
of HA, i.e., the antagonistic effects of HA and iron
oxyhydroxide grain-coating on the mobility of biochar NPs.
The overall objective of this study was to systematically

investigate the role of HA concentration and iron oxyhydroxide
grain-coating, both independently and in combination, in the
transport and retention of biochar NPs in water-saturated sand.

■ MATERIALS AND METHODS

Biochar NP Suspensions, HA, and Granular Media.
Wheat straw was utilized to prepare the biochars in this study.
The biochars were produced under anaerobic condition at two
pyrolysis temperatures (i.e., 350 and 550 °C), gently ground
into powder form using an agate mortar, and then passed
through a 150-μm sieve prior to use.44 Hereafter the biochar
samples were designated as WS350 and WS550, respectively.

The procedure of preparing the biochar NP suspensions was
similar to the one in our previous study.44 Briefly, 7.5 g of
biochar bulk powder was added to 500 mL of deionized (DI)
water (18.2 MΩ cm, Millipore), gently stirred, and then
sonicated in a water bath for 30 min to disperse the biochar
stock suspension. The biochar NP suspension was generated by
passing the biochar stock suspension through 100-nm pore size
membranes (Kenker, USA). Afterward, the pH of the biochar
NP suspensions was buffered to 6.9 (Table 1) using 0.1 mM
NaHCO3 solution. The concentration of the biochar NP
suspension was determined spectrophotometrically (UV-
3000D, Mapada Instrument Co., Ltd., Shanghai, China) at a
wavelength of 221 nm (Supporting Information Figure S1) and
was 300 ± 6.8 mg L−1. A calibration curve was constructed by
diluting a 600 mg L−1 biochar NP suspension (i.e., dispersing
0.060 g dry biochar NP powder into 100 mL of 0.1 mM
NaHCO3 solution at pH 6.9) over the range of 0−600 mg L−1.
The calibration curve had a high linearity (Figure S2).
HA (Sigma Aldrich, Germany) was used as model NOM in

natural aqueous environments.30 HA stock solution (100 mg
L−1) was prepared by introducing 100 mg of dry HA powder
into 1 L of DI water.30 A predetermined volume of HA stock
solution was spiked into the above biochar NP suspension to
generate the biochar suspension with the presence of 1, 5, or 10
mg L−1 HA, respectively. The biochar-free solutions of desired
solution chemistry (Table 1) were used as background
solutions in the column experiments. Quartz sand (purity
>99.9%, 0.55−0.65 mm, and 0.60-mm median grain size,
Sinopharm Chemical Reagent Co., Ltd., China) was used as
model granular media. The sand was treated with H2O2 to
remove organic matter and with sodium-dithionite to remove
iron. Then the iron oxyhydroxide-coated sand was produced as
described in detail in Supporting Information S1. Geochemi-
cally heterogeneous granular media were prepared by mixing
portions of uncoated and iron oxyhydroxide-coated sand grains
to achieve iron oxyhydroxide surface coverage (ω) of 0.16, 0.28,
and 0.40 (Table 1), where ω is the fraction of the quartz sand
coated by iron oxyhydroxide.

Characterization of Biochars and Granular Media.
Physicochemical properties of the bulk biochars were closely
examined in our previous study.44 Selected biochar properties
are given in Supporting Information Table S1. Zeta (ζ)
potentials of WS350 and WS550 NPs and colloidal quartz
sands (size <2 μm) in desired background solutions (Table 1)

Table 1. Electrokinetic Potentials of Biochar NPs and Sand Grains and XDLVO Parameters for NP-Sand Interaction Under
Different HA Concentrations and Fractions of Iron Oxyhydroxide Coating (ω)

HA (mg L−1) ω ECa (μS cm−1) pH ζWS350
b (mV) ζWS550

c (mV) ζs
d (mV) Φmax‑WS350

e kT Φmax‑WS550
f kT

0 0 25 6.9 ± 1.1g −36.6a,h −32.9a −68.8a 133e 91.4d

1.0 0 24 6.9 ± 0.9 −43.4b −37.9b −69.6a 172f 113e

5.0 0 26 6.9 ± 1.2 −45.9c −38.7b −69.4a 185f 117e

10 0 26 7.0 ± 0.7 −46.8c −39.3b −69.2a 190f 119e

0 0.16 24 6.8 ± 1.2 −36.6a −32.9a −48.2b 98.1c,d 67.8b,c

0 0.28 25 6.9 ± 0.8 −36.6a −32.9a −37.7c 76.0b 53.2b

0 0.40 25 6.9 ± 0.5 −36.6a −32.9a −25.4d 47.0a 33.3a

1.0 0.28 26 6.9 ± 1.0 −43.4b −37.9b −39.2c 97.5c 66.3b,c

5.0 0.28 27 6.9 ± 1.0 −45.9c −38.7b −43.9b 117d,e 76.3c

10 0.28 24 6.9 ± 0.8 −46.8c −39.3b −45.1b 123e 79.8c,d

aElectrical conductivity. bζ-potentials of WS350 and WS550 NPs, respectively. cζ-potentials of WS350 and WS550 NPs, respectively. dζ-potential of
uncoated and iron oxyhydroxide-coated sand grains. ePrimary energy barriers for WS350-water-sand and WS550-water-sand systems. fPrimary
energy barriers for WS350-water-sand and WS550-water-sand systems, respectively. gMean value ± standard deviation. hMean values followed by
the same lowercase letters are not significantly different using Tukey’s HSD test at p < 0.05.
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were measured using a ZetaPlus analyzer (Brookhaven
Instruments Corporation). Streaming potentials of iron oxy-
hydroxide-coated sand grains were determined by using a
streaming potential analyzer (BI-EKA, Brookhaven Instruments
Corporation). Detailed experimental procedures are given
elsewhere.37,38 Streaming potentials were converted to ζ-
potentials using the Helmholtz-Smoluchowski equation.45

This ζ-potential information was applied in conjunction with
the extended Derjaguin−Landau−Verwey−Overbeek
(XDLVO) theory to calculate total interaction energies of
biochar NPs with the various granular media (S2). To assess
HA sorption onto biochars and iron oxyhydroxide-coated sand
grains, sorption isotherms of HA were obtained using a batch
technique (S3).
Column Transport Experiments. Three sets of column

experiments were conducted to examine the effects of HA and
surface charge heterogeneity on the transport behaviors of
biochar NPs in saturated granular media. The first set was
designed to investigate the effect of environmentally relevant
HA concentrations (0, 1, 5, and 10 mg L−1) in uncoated quartz
sand at pH 6.9 (Table 1). The second set was used to elucidate
the influence of surface charge heterogeneity at pH 6.9. As
mentioned above, surface charge heterogeneity was introduced
into our model granular media by coating a fraction of the sand
grains with iron oxyhydroxides (ω = 0.16, 0.28, and 0.40). A
third set of experiments was intended to examine the effect of
HA concentrations (0, 1, 5, and 10 mg L−1) on the transport of
biochar NPs in sand having a heterogeneous surface charge at
fixed surface coverage of iron oxyhydroxides (ω = 0.28) (Table
1).
Saturated transport experiments were performed in triplicate

using glass chromatography columns (2.6-cm in inner-diameter
and 20.0-cm in length). The vertically oriented columns were
wet-packed with tested granular media. In the experiments
using iron oxyhydroxide-coated sand, the coated and uncoated
sand grains were thoroughly mixed to ensure an even
distribution in the column. Porosity of the packed columns
was determined gravimetrically and varied between 0.38 and
0.42 (Table S2).
Column experiments were run in an upward flow mode using

a peristaltic pump. Before initiating a transport experiment, the
packed column was preconditioned with >10 pore volumes
(PVs) of DI water at a flow rate of 0.50 mL min−1. A
nonreactive tracer experiment was then performed by injecting
1.0 PV of NaBr solution into the column and then eluted with
3.0 PVs of DI water (pH = 6.9). Column effluents were
collected using a fraction collector. Bromide tracer concen-
trations were quantified by a bromide ion-selective electrode
(PBr-1, Kangyi Instrument Co., Ltd., China). The column
average pore-water velocity and dispersivity were obtained by
fitting NaBr breakthrough curves (BTCs) to the one-dimen-
sional form of the convection-dispersion equation (CDE) using
the CXTFIT code.46 Table S2 provides a summary of column
transport properties for all experiments.
After the tracer test, two-phase transport experiments were

performed: in phase 1, a stable biochar NP suspension at a
concentration of 300 mg L−1 (C0) with the desired background
solution chemistry (Table 1) was introduced into the column
for 3.0 PVs; and then in phase 2, another 3.0 PVs of biochar-
free background solution were injected to flush any unattached
biochar NPs remaining in the column. Effluent samples were
collected by a fraction collector. The concentrations of biochar
NPs in the effluents (Ci) were measured spectrophotometri-

cally as described above. The BTCs were plotted as
dimensionless concentrations (Ci/C0) of biochar NPs as a
function of PVs. Our preliminary experiments indicated that
iron oxyhydroxide-coated sand at ω of 0.40 completely retained
the injected biochar NPs at an input concentration of 60 mg
L−1 (Figure S3). Therefore, a greater input biochar NP
concentration (i.e., 300 mg L−1) was selected in order to obtain
the biochar BTCs suitable for subsequent transport modeling.
Following completion of each transport test, columns were

sectioned into 10 layers of 2-cm segments. To determine the
retention profiles (RPs) of biochar NPs, the biochar particles
attached to collector grains in each fraction were subsequently
re-entrained to extraction solutions. Note that DI water was the
extractant in uncoated quartz sand experiments, whereas for the
experiments with iron oxyhydroxide-coated sand, the extractant
of 1.0 mM HCl was used in order to dissolve the iron
oxyhydroxide coatings (2 h are needed).44 The RPs were
plotted as the normalized concentration (i.e., the quantity of
the biochar NPs recovered in the sand, Nt, is divided by the
quantity in a unit volume of the input biochar NP suspension
per gram of dry sand) versus the distance from the column
inlet. Mass balance was calculated by comparing the quantities
of biochar in the effluent and retained in the sands to the initial
amount injected into the column.
A one-dimensional form of the CDE with a two-site kinetic

retention model was used to simulate the transport and
retention of biochar NP in the column experiments. Details on
the mathematical model, including governing equations, are
given in S4.

Statistical Analysis. One-way ANOVA analysis was
performed to identify statistically significant differences in
measured parameters using the Tukey’s Honestly Significant
Different (HSD) test. All statistical analyses were conducted
using SPSS 17.0, and the differences of means were considered
significant at p < 0.05.

■ RESULTS AND DISCUSSION
Characteristics of Biochar NPs and Granular Media.

Physicochemical properties of biochars WS350 and WS550
have been discussed in detail in our previous study44 and will be
briefly reiterated here. Compared to WS350 bulk powder, the
WS550 had greater carbon content, alkalinity, hydrophobicity,
and specific surface area as well as lower density of carboxylic
and phenolic surface functional groups and subsequently less
negative ζ-potentials (Table 1, Table S1, and ref 44). As shown
in Table 1, the ζ-potentials of WS350 and WS550 NPs became
more negative with increasing HA concentration, because of
increased sorption of HA to biochars (Figure S4). Similarly, the
negative ζ-potentials of the mixture of uncoated and iron
oxyhydroxide-coated sand grains (ω = 0.28) generally increased
in magnitude as HA concentration increased (Table 1),
consistent with the reported results.38 This observation may
be attributed to the masking of the positively charged iron
oxyhydroxide by the sorbed HA. The ζ-potentials for the
mixtures of uncoated and iron oxyhydroxide-coated sand grains
became significantly less negative as ω increased from 0 to 0.40
(p < 0.05, Table 1). Consistent with the previous findings,35,37

the ζ-potential for the sand mixtures was the algebraic sum of
the ζ-potential for the uncoated and iron oxyhydroxide-coated
fractions (Figure S5), after correcting for ω.

HA Sorption to WS350 and WS550 Bulk Powders and
Iron Oxyhydroxide-Coated Sand Grains. Sorption iso-
therms of HA to WS350 and WS550 bulk powders and iron

Environmental Science & Technology Article

dx.doi.org/10.1021/es305337r | Environ. Sci. Technol. 2013, 47, 5154−51615156



oxyhydroxide-coated sand grains are presented in Figure S4.
Both Freundlich and Langmuir models performed equally well
in describing HA sorption to WS350 and WS550 bulk powders
(Figure S4 and Table S3). Nonetheless, the Langmuir model is
not commonly used for heterogeneous and porous carbona-
ceous sorbents (e.g., activated carbon and biochar) because it
presumes monolayer coverage and no sorbate intermolecular
interaction.31 The Freundlich model has been more often used
to describe sorption of HA on activated carbons and
biochars.31,47 The Freundlich constants, KF or “affinity
coefficients”, ranged from 105−2474 mg1−n Ln kg−1, whereas
the Freundlich linearity parameters, n, ranged 0.3−0.713 (Table
S3). A similar range of both KF and n have also been reported
for catechol and HA sorption on biochars.31 The KF of HA for
WS550 was roughly 4 times larger than that of WS350 because
WS550 had a higher specific surface area, hydrophobicity,
micropore area, and micropore volume than WS350 (Table S1
and ref 44), which is consistent with the results of Kasozi et
al.31 However, the maximum sorption capacity (Smax) fitted by
the Langmuir model for WS350 and WS550 was 17196 and
19813 mg kg−1 (Table S3), respectively. This negligible
difference between the Smax values of the WS350 and WS550
bulk powders suggests that the Langmuir model cannot
adequately capture the features of HA sorption on heteroge-
neous and porous biochars, because HA can strongly sorb onto
biochar due to physical (e.g., physical entrapment) and/or
chemical interactions (e.g., van der Waals interaction, hydro-
phobic interaction, π−π interaction, and ligand exchange).31,48

Conversely, the Langmuir model provided a better
description for HA sorption to iron oxyhydroxide-coated sand
than the Freundlich model (Figure S4 and Table S3). The HA
sorption isotherm showed an initial steep slope and reached a
plateau at elevated equilibrium HA concentrations (Figure S4c,
d), and the Freundlich model cannot capture this salient
feature.49 The Langmuir model has been more commonly used
to describe sorption of humic substances to oxide surfaces,
which has been attributed to anion exchange (electrostatic
attraction), ligand exchange-surface complexation, hydrophobic
interaction, entropic effect, hydrogen bonding, and cation
bridging.49,50 The maximum sorption capacity of HA on iron
oxyhydroxide-coated sand was 329 mg kg−1, more than 1 order
of magnitude smaller than those of WS350 and WS550 bulk
powders (Figure S4 and Table S3). This is partly due to a
smaller specific surface area of the iron oxyhydroxide coating
than these two biochar bulk powders (S1 and Table S1).
Effects of HA on Biochar NPs Mobility. Figure 1a,b

presents the BTCs and RPs of WS350 NPs in uncoated quartz
sand in the presence of 0, 1, 5, and 10 mg L−1 HA (pH = 6.9),
whereas Figure 1c,d presents similar information for WS550
NPs. The corresponding mass recoveries of WS350 and WS550
NPs in the effluent and from the sand are shown in Table S2.
Because virtually all (100−108%) of the injected biochar NPs
were recovered, there is a high degree of confidence in the
experimental procedure.
Both breakthrough of WS350 and WS550 NPs were at ∼0.90

PV and then gradually reached to a plateau at ∼2.0 PV. The
BTCs were symmetrical and exhibited low degree of tailing,
consistent with the results observed in our previous study.44

Transport of WS350 NPs generally increased with increasing
HA concentration (see Meff in Table S2). A similar trend of
increasing effluent mass recovery with increasing HA
concentration was observed for the WS550 NPs (Figure 1c
and Table S2). This is likely due to the increased electrostatic

or steric repulsions18,20,21,27,29,30,38 between biochar NPs and
sand grains at higher HA concentrations (Table 1). It should be
mentioned that the symmetrical shape and absence of tailing in
the nonreactive tracer BTC indicate that physical non-
equilibrium processes (e.g., rate-limited mass transfer into
immobile water regions and preferential flow paths)51 did not
exist in the packed columns (Figure S6a).
The breakthrough concentrations of WS350 NPs were

always higher than those for WS550 NPs (Figure 1a,c and
Table S2). This is partly due to the more negative ζ-potentials
and hydrophilicity of WS350 NPs than those of WS550 NPs,
which resulted in greater electrostatic and acid−base repulsions
and subsequently greater total repulsive interaction energies
between WS350 NPs and sand grains than those of WS550
NPs interacting with sand grains (Table 1 and ref 44).
Although the sand was at least 99.9% quartz and had been
thoroughly washed prior to the column tests, effluent mass
recoveries of biochar NPs were still less than 100% (Figure 1a,c
and Table S2). This is likely due to surface charge
heterogeneity on the quartz grains (e.g., metal oxide
patches),30,52,53 surface roughness of the sand grains,54 and
enhanced colloid retention in low velocity regions.41,55 Li et al.
also suggested the existence of metal oxide patches on
thoroughly cleaned quartz grains.53

In contrast with classical filtration theory56 that predicts
exponential profile with depth, the RPs for biochar NPs
typically exhibited a somewhat uniform distribution with depth
(i.e., a flat RP) (Figure 1b,d). It appeared that the RPs became
flatter, and the biochar NP retention decreased at higher HA
concentrations (Table S2). Similar RPs have been observed for
carbonaceous fullerene (C60) NPs in glass beads and Ottawa
sands under unfavorable attachment conditions, which was
attributed to saturating the maximum retention capacity that
was determined by surface charge heterogeneity of the collector

Figure 1. Measured and fitted BTCs (a, c) and RPs (b, d) for WS350
and WS550 NPs, respectively, under the HA concentrations of 0, 1, 5,
and 10 mg L−1 in uncoated quartz sand (pH = 6.9). Fitted curves were
obtained using the two-site kinetic retention model that assumed
Langmuirian blocking on site 2. In (b, d) the normalized concentration
(the quantity of the biochar NP recovered in the sand, Nt, is divided by
the quantity in a unit volume of the input biochar NP suspension) per
gram of dry sand was plotted as a function of distance from the
column inlet. Error bars represented the standard deviations in
triplicate experiments.
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grains.51,53 Compared with our previous study performed at a
biochar NP concentration of 200 mg L−1 and exhibited a
hyperexponential RP,44 the flat RP in this study was likely due
to a high biochar NP input concentration (i.e., 300 mg L−1).
The high input concentration could quickly fill up the retention
sites at the upper profile, which allows the biochar NP to
migrate downward. Similar results of transforming hyper-
exponential RPs into flat RPs with increased input particle
concentrations (Figure S7) were reported elsewhere.57 Another
possible explanation for the flat RPs is the blocking of
suspended biochar NPs by previously deposited particles, as
systematically elucidated by Tufenkji et al.58 Thus, the
transition from the straining-dominant retention at lower
input concentrations44 to the blocking-dominant retention at
higher input concentrations warrants the incorporation of
blocking function in the transport modeling.
The two-site kinetic retention model that assumes

Langmuirian blocking on site 2 provided a good description
for both BTCs and RPs of WS350 and WS550 NPs,
respectively, under different HA concentrations (R2 ≥ 0.994,
Table S4). It is hypothesized that the site 2 may be related to
surface charge heterogeneity (e.g., metal oxide patches) of the
sand grains due to irreversible attachment at this site. The
values of Smax2 and k2 both decreased with increasing HA
concentration. This is likely due to the reduced surface charge
heterogeneity of sand grains and therefore the enhanced
electrostatic and/or steric repulsions between biochar NPs and
sand grains at higher HA concentrations, consistent with the
previous studies.18,20,21,27,29,30,38 As the Langmuirian blocking
model could not be used in our earlier studies on biochar
particle transport in porous media,44,59 it was difficult to
compare the fitted parameters in this study with those of our
previous studies. Using the Langmuirian blocking model, Li et
al.53 and Wang et al.51 obtained values of Smax2 ranging from
0.15−0.56 (Nt/N0) g−1 sand for fullerene NP suspensions
(diameter = 92−95 nm, C0 = 1.3−3.1 mg L−1 at 3.1 mM ionic
strength) delivered at pore-water velocities of 0.08−0.58 cm
min−1 in water-saturated quartz sands with 0.13−0.71 mm
mean grain diameter,51,53 which were much lower than these
observed in this study performed at a pore-water velocity of
0.23 cm min−1 and ionic strength of 0.1 mM in quartz sands of
0.60-mm mean size (i.e., 1.94 and 10.0 (Nt/N0) g−1 sand, for
WS350 and WS550 NPs, respectively, at HA = 0 and ω = 0,
Table S4). As the Smax2 values are dependent on complex
interplays of solution chemistry, flow hydrodynamics, and
properties of colloids and collectors and generally increase with
decreasing flow velocity, increasing solution ionic strength,
decreasing colloid size, and increasing physical size and
magnitude of heteogeneous surface charges,51,53,60,61 it is
difficult to compare the results from the studies performed
under different experimental conditions. However, as flow
velocity, sizes of NPs and sand grains, and sand surface
property are comparable in these stuides, and the ionic strength
in this study is much lower than those in Li et al.53 and Wang et
al.,51 these factors are not likely to be responsible for the
observed Smax2 difference. Instead, the difference in surface
properties of NPs is more likely to the cause, but the exact
mechanism remains unknown without further study. The value
of k1 also decreased with increasing HA concentration. This
observation suggests that mechanisms controlling biochar NP
retention on reversible attachment site (site 1) are also sensitive
to the HA concentration, consistent with the results in our
previous study.30

Effect of Iron Oxyhydroxide Coating on Biochar NPs
Mobility. Figure 2a,b and Figure 2c,d present the BTCs and

RPs for WS350 and WS550 NPs, respectively, in various
mixtures of uncoated and iron oxyhydroxide-coated sand grains
(ω = 0.16, 0.28, and 0.40) in the absence of HA (pH = 6.9).
Iron oxyhydroxide grain-coating had a substantial effect on the
transport and retention of WS350 and WS550 NPs. Both
WS350 and WS550 NPs broke through at progressively later
times (see the tracer BTC for comparison, Figure S6b) and had
lower amounts of biochar NPs in the effluent as ω increased.
For instance, the mass recoveries of WS350 NPs were 69.0,
65.3, and 30.0%, respectively, when ω was 0.16, 0.28, and 0.40
(Table S2). A similar trend of decreasing effluent mass recovery
with increasing ω was observed for WS550 NPs (Figure 2c and
Table S2). These observations reflect the larger fraction of the
surface area that is favorable (positively charged iron oxy-
hydroxide) for biochar NPs attachment at higher ω. Only after
these favorable sites associated with the iron oxyhydroxide are
occupied can substantial breakthrough start to occur. The
gradual rising effluent concentration and the lack of effluent
concentration plateau are the hallmark of blocking behavior in
colloid and nanoparticle transport, suggesting decreasing rates
of deposition with time.30,34,35,39,62 For a given ω, the transport
of WS350 NPs was always higher than WS550 NPs (Figure 2a,c
and Table S2), similar to the results presented above.
The two-site kinetic retention model that assumes random

sequential adsorption (RSA) on site 2 described both the BTCs
and RPs well under the tested ω range (Figure 2 and Table S4).
In general, the values of Smax2 and k2 tended to increase with ω.
This trend is expected because Smax2 is proportional to the
fraction of the surface area favorable for attachment (e.g., iron
oxyhydroxide coating).30,33−35,39 The value of k1 also increased
with increasing ω. However, the value of k1d decreased with
increasing ω (Table S4). These observations suggest that
biochar NP retention on reversible attachment site (site 1) is
also sensitive to ω (i.e., decreased detachment with increasing

Figure 2. Measured and fitted BTCs (a, c) and RPs (b, d) for WS350
and WS550 NPs, respectively, under the iron oxyhydroxide coating
fractions (ω, the fraction of the quartz grain surfaces coated by iron
oxyhydroxide) of 0.16, 0.28, and 0.40 (HA = 0 and pH = 6.9). Fitted
curves were obtained using the two-site kinetic retention model that
assumed random sequential adsorption on site 2. Error bars
represented the standard deviations in triplicate experiments.
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ω). As mentioned above, the values of Smax2 in this study (Table
S4) were much greater than those obtained by Li et al.53 and
Wang et al.51 in uncoated quartz sand. However, the Smax2
values (with the exception of WS550 NP at ω = 0.40) in our
study were nearly 2−3 orders of magnitude smaller than the
one (i.e., 1300 (Nt/N0) g−1 sand for citrate-modified AgNP)
reported by El-Badawy et al.63 in ferrihydrite-coated quartz
sand. This is likely due to the negatively charged citrate-AgNP
can sorb onto the positively charged iron oxyhydroxide (i.e.,
ferrihydrite) through electrostatic attraction and inner sphere
complexation (−COOH− of citrate with Fe−OH+),64 while the
biochar NP can sorb onto the iron oxyhydroxide by means of
electrostatic attraction only. Also, it is worth noticing that the
Langmuirian model (S4) adequately described the experimental
data in uncoated quartz sand (Figure 1 and Table S4), whereas
the RSA model (S4) represented the experimental data better
in iron oxyhydroxide-coated sand (Figure 2 and Table S4). This
is likely due to the different contribution of the surface charge
heterogeneity in colloid retention between these two models.
Namely, the surface charge heterogeneity plays a relatively
small role in colloid retention in the Langmuirian model,
whereas it acts a predominant role in the RSA model (see Smax2
in Table S4).34,35

Antagonistic Effects of HA and Iron Oxyhydroxide
Coating on Biochar NPs Mobility. Figure 3a,b and Figure

3c,d present the BTCs and RPs of WS350 and WS550 NPs,
respectively, under the HA concentrations of 0, 1, 5, and 10 mg
L−1 at ω = 0.28 and pH = 6.9. HA had a significant impact on
the biochar NPs transport and retention in the presence of iron
oxyhydroxide grain-coating. The biochar NPs broke through at
a progressively earlier time and, as expected, were subject to
lower degree of attenuation (Meff increased significantly from
65.3 to 78.8% and from 48.2 to 78.1% for WS350 and WS550
NPs, respectively, Table S2) as HA concentration increased
from 0 to 10 mg L−1. These observations were consistent with a
quartz-dominated system (Figure 1) at lower ω and relatively
higher concentrations of HA. Intriguingly, when only a minute

amount of HA (1 mg L−1) was added to the biochar NP
suspensions, the slope of the rising limb of the BTCs was
significantly increased. This was especially true for WS550 NPs
due, in part, to much greater HA sorption on WS550 (Figure
S4), thus greater electrosteric repulsion as explained
below.20,29,65,66 With increasing HA concentration, the ζ-
potentials of biochar NPs, quartz grains, and iron oxy-
hydroxides became more negative (Table 1), because of
increased HA sorption (Figure S4). Consequently, the energy
barrier to retention in the primary minimum increased,
resulting in less retention of biochar NPs. Also, steric repulsion
invoked by HA coating on the biochar NPs and the sand grain
surface would be enhanced with increasing HA concentrations
because steric repulsion is proportional to the amount of HA
sorption.20,29,65,66 Enhanced steric repulsion, although not
considered in the XDLVO calculations, would similarly result
in lower biochar NP retention. The transport parameters
estimated by the two-site kinetic retention model (Figure 3)
were generally in agreement with the XDLVO energies. For
instance, the values of k1 and k2 both decreased with increasing
HA concentration (Table S4). These observations suggest that
biochar NPs retention on both sites 1 and 2 was dependent on
electrosteric interactions. Similar results were reported in our
previous work.30 Like the observations in the uncoated sand
(Figure 1b,d), the biochar RPs became flatter at higher HA
concentrations (Figure 3b,d). As elucidated earlier, this was
likely due to the reduced retention rates at higher HA
concentrations (Table S4). It is obvious that the presence of
HA counteracted the enhanced biochar retention brought
about by the iron oxyhydroxide coating, suggesting an
antagonistic effect between these two common constituents
(i.e., HA and iron oxyhydroxide coating) of natural aqueous
environment (e.g., soils, sediments, and groundwater aquifer).

Environmental Implications. This study highlights several
environmental implications for biochar land application. NOM
ubiquitous in natural soils can significantly enhance biochar NP
mobility in the environment. In particular, when the biochars
are added to agricultural fields with applications of organic-rich
animal manures, there may be a great potential for the
mobilization of biochar particles and subsequently the
facilitated transport of contaminants strongly adsorbed on the
biochars, especially during rainfall events. While metal oxide
(e.g., iron oxyhydroxide) commonly found in natural soils,
sediments, and groundwater aquifers32,36 may slow down the
transport of biochar particles, NOM can effectively reduce this
retardation effect. This study improved our understanding on
the transport of biochar particles in saturated sand media in the
presence of dissolved NOM and/or iron oxyhydroxide grain-
coating, compared with the previous studies using model
systems.44,59 Nonetheless, natural soils and sediments vary in
their texture, mineralogy, chemical compositions, and hydro-
logic regimes (saturated or unsaturated conditions), and the
biochars may be land-applied in a variety of climatic and
agricultural settings. Future research should focus on the
transport of biochar particles and biochar-associated contam-
inants under more representative environmental conditions and
agricultural practices.
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