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GRAPHICAL ABSTRACT

DOM gradually released from biochar
(BC) and swine manure (SM) enhanced
transport of ferrihydrite nanoparticles
(FHNPs).

Aged BC and SM with large surface
roughness manure inhibit FHNPs trans-
port.

Regulation of BC and SM application
avoid contaminants co-transport with
FHNPs.
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Organic matter effectively regulates nanoparticles transport. However, little is known about the effect of agricul-
tural organic inputs on the transport of ferrihydrite nanoparticles (FHNPs) during aging. In this study, columns
were filled with sand mixed with varying proportions of pristine, water-processing, or alkali-processing biochar
or swine manure and used to simulate the release of organic matter and changes in surface roughness of sand
grains during field aging. The influence of these factors on FHNPs transport was investigated using column exper-
iments. The dissolved organic matter (DOM) (0.008-24.8 mg L) released from agricultural organic inputs de-
creased the zeta potential of the FHNPs from 30.8 mV to 14.6--48.9 mV and further caused electrostatic
repulsion, osmotic repulsion, and elastic-steric repulsion between FHNPs and mixed sand, thus enhancing
FHNPs transport. Ferrihydrite nanoparticles transport increased with increasing content of biochar and swine
manure due to the increased amount of DOM. However, with the presence of organic inputs, surface roughness
up to a certain degree (the increase in specific surface area up to 4.6 m?) became the dominant inhibition factor
affecting FHNPs transport. After DOM release, agricultural organic inputs decreased the enhancement of FHNPs
transport; with the increase input, their rougher surface gradually increased inhibition of FHNPs transport. The
strongest FHNPs retention in the alkali-processing biochar (0.2-10%) or swine manure (1-2%) mixed sand col-
umns indicated that fully aged agricultural organic inputs strongly inhibited FHNPs transport. Our findings pro-
vided novel insights into the critical influence of agricultural organic inputs and their aging on FHNPs transport,
which changed gradually from enhancement to inhibition gradually.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Ferrihydrite (FH) is an amorphous iron oxide that is regularly found
in the environment as a colloid. Because of the small size of its individual
nanocrystals, ferrihydrite nanoparticles (FHNPs) readily transport
through porous media. Ferrihydrite nanoparticles transport is influ-
enced by several factors, including pH, ionic strength (IS), and humic
acid (HA) (Liao et al., 2017; Ma et al., 2018a; Ma et al., 2018b; Tosco
et al., 2012). Ferrihydrite nanoparticles transport increases drastically
due to electrostatic repulsion at a pH level greater than 8.2-8.7
(Kosmulski, 2009; Mamindy-Pajany et al., 2011). Our previous studies
suggested the moderate FHNPs transport at a neutral pH (Ma et al.,
2018a; Ma et al., 2018b). Moreover, FHNPs exhibit high mobility at
low ionic strength, while its mobility significantly decreases with in-
creasing salt concentration (Tosco et al., 2012). Humic acid, is a stable
component of organic matter in soil (Hemati et al., 2012), can be easily
absorbed onto FHNPs, and regulates the surface chemistry and
adhesion-transport properties of the particles (Ma et al., 2018b; Wang
et al., 2013). Because HA protrudes beyond the Stern layer of the nano-
particle after adsorption (Weng et al., 2006), it has great advantages for
influencing FHNPs transport compared with low-molecular-weight or-
ganic matters. The HA enhances FHNPs transport at high concentrations
(~10-13 mg C L), whereas at a low concentration (3 mg C L™') it can
inhibit FHNPs transport (Liao et al., 2017; Ma et al., 2018b). Neverthe-
less, the size and morphology of HA at different pH levels are crucial
to controlling the distance of FHNPs transport. At a neutral pH, chain-
shaped HA colloids readily enhance FHNPs transport compared with
granular-shaped HA colloids (Ma et al., 2018b).

Ferrihydrite can adsorb pollutants such as As, Pb, Cu, Zn, and Cd due
to its extremely high surface area and abundant adsorption sites
(Karapinar, 2016; Ma et al., 2018a; Novikov et al., 2006; Tiberg and
Gustafsson, 2016). It is claimed that surface groups of FH can induce li-
gand exchange with oxyanions, e.g., arsenate (AsO3 ), forming stable
=Fe-0-As species on the mineral surface (Fendorf et al., 1997; Guo
et al., 2013). In most cases, FHNPs disperse in water and transport for
long distances in soil or aquifers, which facilitates contaminants trans-
port (Fritzsche et al., 2011; Ma et al., 2018a). Therefore, a good under-
standing of geochemical behavior of FHNPs, especially under the
influence of organic matter, is required.

Biochar and livestock manure are both sustainable,
environmentally-friendly, and economical soil amendments to increase
soil fertility and crop yield (Antonious, 2018). Biochar is a carbonaceous
material synthesized through the pyrolysis/carbonization of wood, ma-
nure, or other biomass that can provide a maximum bioenergy output of
8.7 mJ-kg~! with an intermediate yield of 35% biochar (Ahmad et al.,
2014; Woolf et al., 2010). When applied to soils, biochar can greatly en-
hance the pH (for acidic and neutral soils), cation exchange capacity
(CEQ), nitrogen cycling, water retention, carbon sequestration, micro-
bial activity, and contaminant adsorption of soils (EI-Naggar et al.,
2018; Liu et al,, 2018; Shaaban et al., 2018). The amount of livestock ma-
nure produced annually in 12 major livestock-producing countries was
9 billion tons (He et al., 2016). Livestock manure is the largest source of
organic fertilizer and can enhance the production of cereals, beans, and
oilseeds by increasing N, P, K, and organic matter content in soil
(Choudhary et al., 2016). Additionally, similar to biochar, the surface
of organic matter in manure has C-, O-, and N-containing surface func-
tional groups with negative charge, and both biochar and livestock ma-
nure can act as passivators, in which they absorb or complex heavy
metal cations (e.g., Cd, Cu, and Pb) (Bashir et al., 2018; Liang et al.,
2017; Meng et al., 2014).

In principle, both biochar and livestock manure can influence the
mobility of mineral colloids via modifying the surface properties of col-
loids as well as the solid matrix. On one hand, the organic matter re-
leased from biochar and manure can adsorb to the surface of colloids.
Although carbon in biochar is more stable in soil than that in other or-
ganic amendments, such as compost and manure, because of its

condensed aromatic structure (Awad et al., 2013; Jeffery et al., 2011;
Song and Guo, 2012), with weathering, some biochar suffers from oxi-
dation and hydration and is converted into a material with operationally
defined properties similar to HA (Hiemstra et al., 2013). Livestock ma-
nure contains a large amount of soluble organic carbon, which can be
rapidly released (Clark et al., 2007). During mineralization, microbial
oxidation takes place within this process, and this can produce a large
amount of humus (Hadas et al., 1996). The humic acid contained in bio-
char and manure can be extracted by washing with alkali (Demirbas,
2005; Jin et al,, 2018). On the other hand, the porous structure of biochar
and manure presents favorable attachment hotpots for mineral particles
(Lin et al., 2012), which may inhibit the transport of colloidal particles.

Consequently, the application of biochar and livestock manure is
likely to influence FHNPs transport due to the changes in the physico-
chemical properties of soil. However, the effects of these agricultural or-
ganic inputs on FHNPs transport during their aging process remain
obscure. This study systematically investigated the effects of wheat
straw biochar and swine manure on FHNPs transport, which focus is
placed on the gradual leaching of organic matter and increase in the
specific surface area after application to soil, which were simulated by
water- and alkali-processing materials. Ferrihydrite nanoparticles
transport was assessed by monitoring the breakthrough curves (BTCs)
in column experiments. A nanoparticle transport model was used to
evaluate the transport rule of FHNPs (Bradford et al., 2003) and the en-
ergy interaction between nanoparticles and solid phases are revealed
with the extended Derjaguin-Landau-Verwey-Overbeek (XDLVO) the-
ory (Derjaguin and Landau, 1993; Verwey and Overbeek, 1947; Wang
et al,, 2013). The outcome of this study can improve our understanding
of the fate and mobility of FHNPs in agricultural environments. It also
can serve as a guide for selecting the appropriate input amounts and ap-
plication timing of biochar and swine manure in agricultural practices.

2. Materials and methods
2.1. Preparation and characterization of agricultural organic inputs

The biochar was produced from commercial wheat straw at 300 °C.
The swine manure was collected from rural areas in Tianjin, China. The
dry biochar and swine manure were ground into powder and passed
through 0.425 mm nylon sieves and labeled as BC and SM, respectively.
The BC and SM were washed using Milli-Q water by shaking repeatedly
until their electric conductivities (ECs) were less 50 uS cm ™! and 200 uS
cm™!, respectively. These two materials were labeled as water-
processing biochar (BC-W) and water-processing swine manure (SM-
W), respectively to simulate the gradual leaching of dissolved organic
matter (DOM) and soluble ions from agricultural organic inputs after
their application to soil. In order to simulate the gradual leaching of hy-
drolyzable organic matter (e.g., HA) and soluble ions from the two kinds
of agricultural organic inputs, biochar was first added to 3 M HNO3
(1:5 m/V), which was heated in a water bath at 85 °C for 24 h to accel-
erate aging (Hiemstra et al., 2013). Subsequently, after rinsing with
Milli-Q water by shaking twice, precipitates were digested using 1 M
NaOH (1:5 m/V) by shaking four times (for 24 h each time) to remove
humus. Finally, the precipitates were repeatedly washed using Milli-Q
water until the EC was less than 50 pS cm ™. The obtained material
was as alkali-processing biochar (BC-A). Swine manure was directly
digested using 1 M NaOH (1:5 m/V) by shaking four times (for 24 h
each) to remove humus and then washed with Milli-Q water until its
EC was less than 200 uS cm ™. The obtained material was labeled as
alkali-processing swine manure (SM-A).

The properties of the pristine (BC, SM), water-processed (BC-W, SM-
W) and alkali-processed (BC-A, SM-A) materials were characterized.
The pH and EC were measured in suspensions of a solid-to-water ratio
of 1:5 using a multiple parameter meter (SevenExcellence, Toledo).
The specific surface area was measured with a specific surface area an-
alyzer (Autosorb-1-C, Quantachrome). Porosity and porosity
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distribution were measured using an automated mercury porosimeter
size analyzer (AutoPore IV 9510, Micromeritics). The capacity of DOM
release and the fluorescence excitation—emission matrices (EEMs)
were measured in water extractions (solid/water ratio of 1: 10 (m/V))
of the materials using a total organic carbon (TOC) analyzer (Aurora
1030C, OI Analytical) and spectro-fluorometer (FluoroMax-4, Horiba),
respectively, after filtering using a 0.45 pm filter. The determination pa-
rameters of specific surface area, porosity, porosity distribution, and
fluorescence EEMs are listed in Supporting materials S1.

2.2. Ferrihydrite nanoparticles

Ferrihydrite was composited by titrating dissolved Fe(NOs)-9H,0
(Sinopharm Chemical Reagent Co. Ltd.) with NaOH to pH 7.5 (Jia et al,,
2007). The X-ray diffraction pattern of the solid, verifying the synthe-
sized FH, has been shown in a previous study (Ma et al., 2018b). Suspen-
sions of FHNPs were prepared by adding 0.4 g FH to 400 mL Milli-Q
water. The suspension was homogenized by stirring and sonicated for
60 min. After settling for 24 h, the suspension was recovered by siphon-
ing and used immediately after preparation. The transformation of
FHNPs did not occur over a short time (Ma et al., 2018a; Ma et al.,
2018b). The concentrations of FHNPs were determined by measuring
the Fe content using atomic absorption spectroscopy (AAS, AAnalyst
900T, PerkinElmer) after dissolving with 6 M HCl.

2.3. Column experiments

Column experiments were performed in 10-cm-long glass chro-
matographic columns with an inner diameter of 1.5 cm. Quartz sand
(Sinopharm Chemical Reagent Co. Ltd., with an average particle size of
337.5 um) was cleaned by dipping in 6 M HCl for at least 24 h, followed
by rinsing with Milli-Q water repeatedly. The columns were wet packed
with quartz sand or quartz sand mixed with agricultural organic inputs.
Similar to the heterogeneous mixing of agricultural organic inputs in ag-
ricultural applications, varying BC (0.2-10%) or SM (0.2-2%) levels were
used to simulate environmental conditions. The filler mixture ratios are
listed in Table 1. The effective porosity and bulk density of the packed
sand were 0.45 4+ 0.02 cm®>-cm > and 1.43 + 0.05 g-cm >, respectively
for all treatments. After packing, the columns were pre-conditioned
with around 15 pore volumes (PVs) of 1 mM NaCl in Milli-Q water

using a peristaltic pump (BT-100 1F, Longer) in the up-flow mode. All
column experiments were performed at a common soil pH (6.0), and
10 PVs of FHNPs in 1 mM NaCl were injected into the columns, followed
by elution with 5 PVs of 1 mM NaCl at pH 6.0 at a constant Darcy velocity
0f 0.568 cm-min~".

The FHNPs concentrations in the effluent were measured at each PV
by AAS after dissolving with 6 M HCl. Concentrations of DOM in the ef-
fluent were measured using a TOC analyzer. The particle size and zeta
potential of FHNPs and the zeta potential of mixed sand and agricultural
organic inputs were measured using a dynamic light scattering analyzer
(Zetasizer Nano ZS, Malvern). Following the completion of transport ex-
periments, the sand in the columns was divided into four 2.5-cm-length
layers to analyze FHNPs retention by extracting 0.1 g dried filler with
0.5 mL 6 M HCl. The deposition of FHNPs at the entrance of the column
(0-2.5 cm) in the treatments with high proportions of agricultural or-
ganic inputs (10% BC/BC-W/BC-A and 2% SM/SM-W/SM-A), and the rel-
ative element contents were observed with scanning electron
microscopy (SEM) with a Zeiss Merlin Compact (at 15 kV) and energy
dispersive spectroscopy (EDS) (OxfordX-MAX, Zeiss). The morphology
of different agricultural organic inputs was observed simultaneously.

24. Transport model

A conservative tracer can check the hydraulic characteristics, includ-
ing the longitudinal dispersity, of the columns before the nanoparticle
transport experiments. A Br~ solution was transported into the column.
Effluent Br— concentration was determined using ion chromatography
(ICS-900, Dionex Thermo Fisher). The trace results are shown in
Fig. S1 and Table S2.

The transport data were simulated with the nanoparticle transport
model which included two-site kinetic retention to describe the nano-
particle transport and retention in the column experiments (Bradford
et al.,, 2003; Yu et al., 2013). For the first kinetic Site-1, the time-
dependent retention is taken into account, assuming reversible reten-
tion using first-order attachment (kq,) and detachment (kqq4) coeffi-
cients. For the second kinetic Site-2, depth-dependent retention is
considered, assuming irreversible retention using a first-order retention
coefficient (ky,), and a depth-dependent blocking function with a
Langmuirian approach accounting for maximum nanoparticle content

Table 1
Zeta potential and particle size of the collector and FHNPs (n = 3), released DOM and IS in different columns with mixed ratios of agricultural organic inputs.
Column Zeta potential of the collector (mV) Zeta potential of FHNPs® (mV) Particle size of FHNPs (nm) Released DOMP (mg L™") IS¢ (mM)
Sands —36.7 £ 0.79 30.8 + 0.98 1813 + 2.8 - 1.00
0.2% BC —45.5 + 131 —37.3 £ 051 1745 + 32 0.05 1.01
1% BC —60.7 £ 1.78 —37.2 + 0.90 1813 + 3.0 0.31 1.06
5% BC —64.9 + 2.57 —37.5 + 0.58 184.0 + 3.5 1.66 131
10% BC —65.2 + 3.52 —38.3 + 5.83 2107 +£ 1.0 3.27 1.64
0.2% BC-W —40.8 + 037 —26.5 + 098 193.3 + 40.5 0.008 1.00
1% BC-W —39.6 + 1.06 —27.2 + 0,52 192.6 + 6.0 0.051 1.00
5% BC-W —474 + 140 —29.4 + 0.26 186.0 + 5.2 0.24 1.00
10% BC-W —44.0 + 0.83 —34.7 + 6.95 1929 + 24 0.64 1.00
0.2% BC-A —379 + 0.84 14.6 + 0.60 2409 + 7.8 0.009 1.00
1% BC-A —36.7 + 0.86 —4.0 + 0.12 1217.0 + 63.1 0.038 1.00
5% BC-A —353 + 193 —17.8 + 051 690.6 + 4.1 0.22 1.00
10% BC-A —34.0 + 2.12 —242 + 0.74 3105 £ 6.3 0.46 1.00
0.2% SM —36.3 + 0.68 —37.5 + 037 1923 + 33 2.58 1.01
1%SM —354 + 0.19 —42.3 + 0.29 196.3 + 2.8 141 1.05
2% SM —34.1 + 0.60 —48.9 + 0.34 199.0 + 6.6 24.8 1.12
0.2% SM-W —36.5 + 0.66 —21.7 £ 0.19 1995 + 3.5 0.16 1.00
1% SM-W —34.5 + 0.63 —22.6 + 0.61 1952 + 2.7 1.25 1.00
2% SM-W —34.0 + 4.81 —24.5 + 0.61 2174 + 6.7 1.71 1.00
0.2% SM-A —36.4 + 039 —16.1 + 0.22 219.0 £+ 209 0.064 1.00
1% SM-A —31.2 £+ 0.05 —17.9 + 0.76 221.8 + 3.6 0.28 1.00
2% SM-A —30.7 + 0.62 —19.8 + 031 1984 + 4.5 0.53 1.00

¢ The zeta potential of FHNPs mixed with DOM released by agricultural organic inputs.

b DOC released by agricultural organic inputs in the effluent.

€ Total IS is the sum of the background IS and IS released by agricultural organic inputs.
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attached on Site-2 (Spax2). Detailed equations and parameters are ex-
hibited in Supplementary material S4.

2.5. XDLVO theory

The representative Derjaguin-Landau-Verwey-Overbeek (DLVO)
theory performs a function in calculating the total nanoparticle-sand in-
teraction energy by adding Lifshitz-van der Waals (LW) to electrical
double layer (EDL) interactions, whereas the extended DLVO (XDLVO)
theory includes two additional repulsive interactions, i.e. osmotic repul-
sion (OSM) and elastic-steric repulsion (ELAS) interaction energies,
which is used to determine the total interaction energy in the presence
of DOM (Phenrat et al., 2008; Wang et al., 2015). Details of the XDLVO
theory and operative equations are presented in Supplementary mate-
rial S5.

3. Results and discussion
3.1. Physicochemical properties of agricultural organic inputs

Due to the leaching of base cations (Shi et al., 2012), the pH values of
BC-W (8.3) and BC-A (8.4) were lower than that of BC (10.1) (Fig. 1a).
The SM and SM-W had neutral pH values of 7.4 and 6.7, respectively
(Fig. 1a). However, the pH of SM-A increased after processing due to
the increase in ammonia (Kim et al., 2012). The ECs of BC-W
(48.4 ps-cm™!) and BC-A (43.6 us-cm™ ') were much lower than that
of BC (6192.8 ps-cm™!). For swine manure, the initial level and the de-
crease in EC after pretreatment were lower than that of biochar
(Fig. 1b).

The pore size distributions of the biochar mainly ranged from 10 um
to 100 um, whereas those of the swine manure were wider, ranging
from 1 pm to 300 um (Fig. S2). Although the porosity of BC (76.5%)
and SM (65.2%) was basically stable, their pore size distributions
changed significantly with the treatments (Figs. 1c and S2). The specific
surface area of the BC used in this study was low (2.1 m? g~ '). This value
is similar to the specific surface area of biochar produced from wood or
grass at 100-300 °C (1.6-4.5 m? g~ !) in previous studies (Keiluweit
et al., 2010). The specific surface area of biochar and swine manure in-
creased after water- and alkali-processing (Fig. 1c). Water-processing
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slightly decreased the pore size of materials (Fig. S2) and increased
their specific surface area (from 2.1 m? g~ ! to 5.3 m? ¢~ ! and from
8.1m? g ! to 8.9 m? g~ ! for biochar and swine manure, respectively)
(Fig. 1c). The alkali-processing had a greater impact. For biochar, corro-
sion from the strong alkali increased the amount of ~10-20 pm
macropores of BC-A, thus increased its specific surface area (Jiang
et al., 2002). For swine manure, the interactions between NaOH and
the carbon matrix dissolved and degraded the amount of organic matter
(Wang et al., 2019), which was mainly manifested as a significant in-
crease in the specific surface area (from 8.0 m?> g~ ' to 14.2 m?> g~ !)
and the change in the pore distribution (Fig. S2). These changes are
comparable to the aging effect on organic inputs in agricultural soil. Bio-
char aged for 1-1.3 years had a highly porous surface compared with
the pristine sample (Ren et al., 2018). The structure of swine manure
formed particles fragmented during its degradation in soil (Ge et al.,
2015).

Water- and alkali-processing procedures removed DOM and HA
from the BC and SM (Kalbitz et al., 2000). Biochar and SM contained
varying levels of DOM, and the former contained far less than the latter
(Fig. 1d). The lowest amounts of released DOM and coarsest surfaces
(Figs. 1d and S3) were observed in the BC-A and SM-A.

3.2. Effect of biochar on FHNPs transport

The mobility of FHNPs was evaluated using transport experiments in
sand or BC-, BC-W-, and BC-A-mixed sand columns. The observed and
simulated the breakthrough curves (BTCs) of FHNPs transport are
shown in Fig. 2. The fitted parameters of the nanoparticle transport
model are presented in Table S3. Total FHNPs recovery ranged from
87.0% to 117.9% at different additive amounts (Table S3). The recovery
of FHNPs from the effluent and column represent the transport and de-
position of the nanoparticles, respectively (Table S3).

When FHNPs existed individually, their gradual breakthrough
showed moderate transport capacity, due to their nanoscale particle
size (Fig. 2a). At a low additive amount of BC (0.2%), although larger
change in the zeta potential of sand and FHNPs (from —36.7 mV to
—45.5 mV and from 30.8 mV to —37.3 mV, respectively) were observed
(Table 1), the low amount of DOM released decreased the positive po-
tential of FHNPs close to 0 at the inlet during the initial contact between

BC BC-WBC-A SM SM-WSM-A

Fig. 1. The pH, EC, specific surface area, and DOM (DOC) of BC and SW with and without different treatments.
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Fig. 2. Breakthrough curves (a, ¢, and e) and RPs (b, d, and f) of FHNPs in columns with
different quantities of BC (a and b), BC-W (c and d) and BC-A (e and f) at pH 6.0. The
FHNPs RPs were plotted as the initial nanoparticle concentration normalized
(nanoparticle retention in the sand columns S, divided by initial nanoparticle
concentration) as nanoparticle retention per gram of dry sand as a function of distance
from the column inlet. Symbols and solid lines show the observed data and simulation
fitting, respectively.

DOM and FHNPs. This low DOM concentration may decrease FHNPs
transport (Fig. 2a) (Liao et al,, 2017). When the addition of BC increased
to 1-5%, the increase in breakthrough, FHNPs recovery from the efflu-
ent, and kyq/k;, values (Fig. 2a and Table S3) indicated readily FHNPs
transport compared with treatments without BC. The high DOM con-
centrations were attributed to the increase in the negative zeta potential
of the mixed sands and FHNPs with increasing quantity of BC (Table 1),
which increased the electrostatic repulsion between them (Ma et al.,
2018b; Philippe and Schaumann, 2014). However, when the BC content
was increased to 10%, FHNPs transport decreased compared with that of
1% and 5% BC (Fig. 2a). In this case, we speculated that the surface
roughness (specific surface area) may play a more significant role in
FHNPs retention (Shen et al., 2011; Torkzaban and Bradford, 2016).
The effect of DOM on FHNPs transport did not increase continuously
with the increase of DOM due to the adsorption saturation of DOM on
FHNPs, as confirmed by the basically stable zeta potential of the
FHNPs (Table 1). We further speculated that the increase in retention
caused by the increase in surface roughness was beyond the enhance-
ment of electrostatic repulsion due to the adsorption of DOM. The

maximized release of ions also inhibited FHNPs transport (Liu et al.,
2019; Tosco et al., 2012).

The effect of BC-W on FHNPs transport was similar to that of BC.
However, due to the less amount of DOM released (Fig. 1d) and conse-
quently less decrease in the negative zeta potential of FHNPs and mixed
sands (Table 1), FHNPs transport was more inhibited compared with
that of BC treatment (Fig. 2a and c). A reduced breakthrough of FHNPs
with decreases in DOM concentrations has been observed in previous
studies (Liao et al.,, 2017; Ma et al.,, 2018a; Ma et al., 2018Db). Since the
difference in specific surface area between BC (2.1 m? g~ ') and BC-W
(5.3 m? g~ 1) was relatively large (Fig. 1c), the surface roughness of
the collector also contributed to the decrease in FHNPs transport. For
BC-A, although porosity was basically stable, the porosity distribution
and specific surface area changed significantly (Figs. 1c and S2a).
These changes, especially the creation of more macropores of BC-A
(10-20 pm) (Fig. S2a), were conducive to FHNPs retention
(Fallahianbijan et al., 2017; Tosco et al., 2012). Moreover, the least
amount of DOM released by BC-A among the treatments could barely
enhance the FHNPs transport. Therefore, BC-A inhibited FHNP transport
and the influence increased with increasing additive amounts of BC-A
(Fig. 2e). The increasing FHNPs retention rate over time occurred due
to the ripening behavior (Fig. 2e). The more pronounced retention
near the column inlet caused “dead-ends” in the collector pores and,
consequently, increased the physical strain. The kq4/k;, values in BC-
W and BC-A mixed columns first increased and then decreased
(Table S3), consistent with their transport characteristics.

The retention profiles (RPs) of FHNPs in the porous media were used
to evaluate FHNPs deposition. In this study, although deviations be-
tween the observed data and simulated FHNPs retention fittings existed
due to that the breakthrough plateaus were not reached (sand column
and 0.2% BC-, BC-W-, and BC-A-mixed sand columns), FHNPs deposition
typically displayed similar characteristics in different columns. A
hyperexponential retention profile with greater retention in the column
inlet (0-2.5 cm) and decreasing retention with column depth was ob-
served (Fig. 2b, d, and f).

3.3. Effect of swine manure on FHNPs transport

To compare the effect of swine manure on FHNPs transport with that
of biochar, we also carried out transport experiments in columns of sand
mixed with SM, SM-W, and SM-A. The observed and simulated results
of FHNPs transport are shown in Fig. 3. The fitted parameters are pre-
sented in Table S4. Like the various processing biochar-mixed sand col-
umn experiments, FHNPs recoveries in the effluent and columns were
roughly consistent with the effects of SM, SM-W, and SM-A and their
quantities on FHNPs transport. Total FHNPs recoveries were between
84.2% and 110.0%, indicating credible experimental data.

Effects of SM, SM-W, and SM-A on FHNPs transport varied with the
amount added. Because SM can release more DOM than biochar
(Fig. 1d), alow swine SM (0.2%) clearly enhanced FHNPs transport com-
pared with that of 0.2% biochar (Figs. 2a and 3a). When the amount of
SM increased from 0.2% to 1%, the greater DOM released by the SM
loaded onto FHNPs, which increased their negative zeta potential
(Table 1) to create stronger electrostatic repulsions against SM-mixed
sand. This high DOM release also increased FHNPs transport in 1% SM
compared to that in 1% BC (Figs. 2a and 3a). Ferrihydrite nanoparticles
transport decreased when at 2% SM (Fig. 3a). This was partly attributed
to the lower negative zeta potential of swine manure (—31.8 mV) com-
pared with sand (—36.7 mV), which decreased the negative zeta poten-
tial of the collector (—34.1 mV) (Table 1 and S1). However, the surface
roughness, macropores, and ions of SM may primarily hamper FHNPs
transport.

As with the influence of biochar, the enhancement of FHNPs trans-
port gradually decreased with processing (Fig. 3) due to the decrease
in DOM released and increase in the specific surface area. However,
low content (0.2%) SM-W and SM-A always enhanced FHNP transport
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Fig. 3. Breakthrough curves (a, ¢, and e) and RPs (b, d, and f) of FHNPs in columns with
different quantities of SM (a and b), SM-W (c and d) and SM-A (e and f) at pH 6.0. The
FHNPs RPs were plotted as the initial nanoparticle concentration normalized
(nanoparticle retention in the sands columns S, divided by initial nanoparticle
concentration) as nanoparticle retention per gram of dry sand as a function of distance
from the column inlet. Symbols and solid lines show the observed data and simulation
fitting, respectively.

(Fig. 3), as the additions of minimal SM-W or SM-A did not significantly
increase the roughness of the collector. The increases in the specific sur-
face area were 0.51 and 0.82 m?, respectively. Therefore, this did not off-
set the enhancement caused by relatively large amount of DOM
released. The inhibition effect gradually predominated with increasing
amount of SM-W and SM-A (Fig. 3c and e). Especially for SM-A, the rel-
atively large specific surface area and low DOM release capacity led to
obvious inhibition of FHNP transport when 2% SM-A was added in the
columns (Fig. 3e). The kqq/kq, values in the SM-, SM-W-, and SM-A-
mixed column showed firstly an increase followed by a decrease, little
change, and gradual decrease, respectively (Table S4), consistent with
their transport characteristics. The surface roughness of swine manure
caused by macropores from substances with vascular bundle structures
(Duan et al., 2011) increased favorable retention sites for FHNPs (Shen
et al,, 2011). Moreover, its relatively high IS may have contributed to
FHNPs retention (Chen et al., 2017). An analogous phenomenon oc-
curred when 10% BC was added. The increase in specific surface area de-
rived from 2% SM (4.6 m?) was high and slightly lower than that of 10%
BC (6.0 m?), indicating that a certain level of surface roughness was the
key factor of FHNPs retention.

In the presence of swine manure with different treatments, FHNP
deposition displayed a hyperexponential RP (Fig. 3b, d, and f) similar

to the biochar-mixed sand columns (Fig. 2b, d, and f), showing signifi-
cant depth-dependency. The observed data and simulated fitting of
FHNPs retention roughly matched for the SM- and SM-W-mixed col-
umns. For the SM-A mixed columns, the high FHNPs retention in the po-
rous medium led to some FHNPs deposition away from the inlet and
further resulted in deviations in FHNPs retention between the observed
data and simulation fittings.

3.4. Effect of DOM on interaction energy between FHNPs and sand

The XDLVO theory was used to calculate the interaction energy be-
tween FHNPs and sand in the presence of agricultural organic inputs.
The XDLVO calculation results shown in Fig. 4 qualitatively explain
FHNPs transport trends. The parameters used in this calculation are
listed in Table 1 and Supplementary material S5. The presence of DOM
caused osmotic repulsion (OSM) and elastic-steric repulsion (ELAS) be-
tween the FHNPs and sand (Wang et al., 2015).

There was no primary energy barrier between the FHNPs and pure
quartz sand, and the interaction energy between them was always
less than 0 (Fig. 4a). In this case, FHNPs readily deposited on the sand.
The primary energy barriers between the FHNPs and mixed sand in-
creased with the amount of changing BC from 0% to 5% (from 0 KT to
252.2 KT) (Fig. 4a) consistent with their transport characteristics
(Fig. 2a). These results indicated that the DOM released by BC and
loaded on FHNPs enhanced transport due to electrical double layer re-
pulsion (EDL), OSM, and ELAS. Previous studies have also reported
that the presence of organic matter changed the surface characteristics
of hydroxyapatite nanoparticles and metal oxide nanoparticles, thereby
causing electrostatic repulsion between the particles that maintained
their dispersion stability in solution (Keller et al., 2010; Wang et al.,
2012). Osmotic repulsion and ELAS significantly enhanced the primary
energy barrier between the FHNPs and mixed sand (at ~1-2.5 nm)
when the amount of added BC increased from 0.2% to 5% (Fig. 4a). Al-
though the highest primary energy barrier (295.3 kT) was found in
the 10% BC-mixed sand column (Fig. 4a), FHNPs transport was slower
than that in columns with a BC content of 1% or 5% (Fig. 2a). This incon-
sistency indicated that another factor, such as the surface roughness,
dominated the deposition of FHNPs, consistent with the previous
study (Shen et al., 2011; Torkzaban and Bradford, 2016).

Because of the low amount of DOM released by BC-W (Fig. 1d), the
negative zeta potential of FHNPs and mixed sand decreased (Table 1).
Therefore, the primary energy barriers between the FHNPs and BC-W-
mixed sand (118.2-183.8 kT) decreased overall compared with that in
BC-mixed sand columns (Fig. 4a and b). The gap between the FHNPs
transport and XDLVO results remained at high BC-W quantities (10%)
(Figs. 4b and 2c). When the agricultural organic inputs were switched
to BC-A, the primary energy barriers between the collectors and
FHNPs (0-174.3 kT) further decreased and the deviations in FHNPs
transport and XDLVO results were more obvious (Figs. 4c and 2e). Al-
though the primary energy barriers were observed in the 5% and 10%
BC-A columns, FHNPs had poor mobility.

In column experiments with different processing swine manure ad-
ditions, the primary energy barriers between the FHNPs and the collec-
tors were lower than in different processing biochar columns owing to
the relatively small influence of the agricultural organic inputs on the
zeta potential of FHNPs and mixed sand (Table 1). Moreover, the values
of primary energy barriers gradually decreased during swine manure
aging (Fig. 4d, e, and f) due to the decrease in the negative zeta potential
of the porous media and FHNPs (Table 1) as a result of the diminishment
of DOM (Fig. 1d). For low and moderate additions of SM and SM-W, the
XDLVO results were consistent with the observations from column ex-
periments, indicating that FHNPs transport/detachment was regulated
by EDL, OSM, and ELAS. Deviations between FHNPs transport and
XDLVO results occurred in columns with 2% SM-, 2% SM-W-, 1% SM-
A-, and 2% SM-A-mixed sand (Figs. 4f and 3e). Although obvious pri-
mary energy barriers between the FHNPs and the collectors were
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Fig. 4. XDLVO interaction energy between FHNPs and sand in the presence of DOM released by agricultural organic inputs. The interaction energy is expressed in kT, where k is the

Boltzmann constant, and T is the absolute temperature in Kelvin.

exhibited, FHNPs showed relatively poor mobility in the presence these
additions, which proved our assumption discussed above, i.e., that the
relatively high specific surface area of agricultural organic inputs, espe-
cially aged materials, counteracted the promoting effect of the released
DOM on FHNPs transport, causing an increase in FHNPs retention. The
FHNPs transport may change from enhancement to inhibition with
the decreasing ability of the agricultural organic inputs to release
DOM and their increasing surface roughness during aging in agricultural
soil.

Numerous studies have suggested that organic matter can enhance
the transport of nanoparticles or colloids (Liao et al., 2017; Ma et al.,
2018a; Ma et al.,, 2018b; Wang et al., 2012; Wang et al., 2013). The
high molecular weight-DOM (e.g. humic substances) exhibited higher
adsorption capacities and affinities than the low molecular weight-
DOM (Xu et al., 2019). The HA particles, a representative high molecular
weight-DOM, as adsorbed were shown to protrude beyond the Stern
layer of the nanoparticle (Weng et al., 2006) and thus significantly
changed the electrical properties of nanoparticle. Hence, the enhance-
ment of HA on nanoparticle transport was much greater than that of
low-molecular-weight organic acid and fulvic acid, which were located
in the Stern layer after adsorption. Based on these observations, we cal-
culated the excitation-emission spectra and humification index for
DOM released by different agricultural organic inputs (Supplementary
material S8). The fluorescence intensity of the humic-like area (the re-
gion of Ex = 250-420 nm, E,;;, = 380-520 nm) and humification index
of biochar and swine manure decreased (Fig. 5) after water- and
alkali-processing due to organic dissolution and the destruction of poly-
cyclic structures (Wei et al., 2014). These results indicated that the de-
crease in FHNPs transport during the aging of agricultural organic
inputs was caused by the superimposed effect of diminishing DOM

concentrations and degree of humification. Although the protein-like
fraction (the region of Ex = 250-320 nm, E;, = 300-380 nm) increased
after water- and alkali-processing, it had a much smaller impact on
FHNPs than humic substances due to its low molecular weight. Even
at high DOM concentrations, surface roughness affected the FHNPs de-
position. Although many factors, such as straining effect, ripening be-
havior, and heterogeneity could be conducive to FHNPs retention
(Eddy et al., 2014; Farahat et al., 2009; Ma et al., 2018b; Torkzaban
et al,, 2008; Wang et al., 2015), surface roughness played an important
role, which we will discuss with regard to the depositional morphology
of FHNPs.

3.5. Depositional morphology of FHNPs

Ferrihydrite nanoparticles deposition in different processing 10%
biochar and 2% swine manure columns was observed with SEM and
EDS chemical composition analysis. As shown in the characteristics of
transport and retention, the FHNPs were readily deposited near the col-
umn inlet (0-2.5 cm). In the presence of agricultural organic inputs, al-
though some FHNPs may deposit directly onto the sand, the dots
highlighted on the rough surfaces in the SEM images indicated that
more FHNPs deposited on the agricultural organic inputs (Fig. 6). Data
of EDS showed the coexistence of C (0-71.8%) and Fe (1.2-7.0%)
(Fig. 6). The high Fe signals were observed on the nonferrous organic
matter also indicated FHNPs retention on biochar and swine manure
aged to different stages. Silicon signals in the EDS scanning area were
high due to the electron beam scanning into the quartz sand back-
ground. The agricultural organic inputs increased the chemical and
physical heterogeneity of porous media, which is beneficial for FHNPs
retention (Ma et al., 2018a). Although biochar and swine manure
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corresponding EDS spectra for regions of FHNPs deposition (b, d, f, h, j, and I).
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introduced negative charges in the collectors, which can produce elec-
trostatic attraction to the positively charged FHNPs, the DOM released
by the biochar and swine manure also caused the negative charged
loading onto FHNPs (Table 1). Therefore, the effect of chemical hetero-
geneity on FHNPs deposition may be relatively small. Physical heteroge-
neity may play more important role in FHNPs retention.

Numerous studies have indicated that collector surface roughness
promotes colloid or nanoparticle deposition (Bradford et al., 2017;
Bradford et al., 2003; Li et al., 2017; Shen et al., 2011; Shen et al.,
2012). Roughness fraction and height can induce the primary minimum
interactions that cause deposition, even under electrostatically unfavor-
able conditions (Bradford et al., 2017). Unquestionably, increasing the
amount of agricultural organic inputs could increase the roughness frac-
tion and height of porous media. Notably, aging agricultural organic in-
puts in soils can also increase its roughness fraction. The increasing
specific surface area of biochar and swine manure during aging
(Fig. 1c) was beneficial to deposition of FHNPs due to continuously
formed macropores, mesopores, and slits (Fig. S3). Microscale rough-
ness dramatically altered the lever arms associated with hydrodynamic
and adhesive torques (Torkzaban and Bradford, 2016) to the benefit of
irreversible attachment of FHNPs in concave regions (Shen et al,, 2012).

4. Conclusion

In this study, water- and alkali-processing biochar and swine ma-
nure were used to simulate agricultural organic inputs during field
aging. Aging was accompanied by an increase in the specific surface
area of the particulate organic particles and a decrease in the amount
of DOM released. The amount of agricultural organic input and its
aging affect FHNPs transport. Pristine agricultural organic inputs re-
leased a large amount of DOM, which transformed the zeta potential
of FHNPs and caused electrical double layer (EDL), osmotic repulsion
(OSM) and elastic-steric repulsion (ELAS) between the FHNPs and
mixed sand, increasing FHNPs transport. With decrease of DOM re-
leased, the effect of water-processing agricultural organic inputs on
FHNPs transport decreased. During further aging, simulated with
alkali-processing, inhibition effect on FHNPs transport became domi-
nant. In some cases where the specific surface area of particulate organic
matter significantly increased, XDLVO calculation did not explain the
transport results well, because the calculations did not consider the
physical retention effect. The increase in the amount and aging of agri-
cultural organic inputs in soil increased the roughness fraction and fur-
ther enhanced FHNPs deposition. Our results suggested that during
aging, the effect of agricultural organic inputs on the FHNPs transport
gradually shifted from enhancement to inhibition. Although the inhibi-
tion effect of aged organic agricultural organic inputs on FHNPs trans-
port was obvious, at the beginning of application, fresh biochar or
swine manure could enhance FHNPs transport and further promote
the FHNP-assisted transport of pollutants. This work, to our knowledge,
is the first study describing the effects of environmental processes of
actual agricultural organic inputs on FHNPs transport, in contrast to
the existing studies using purified (e.g., HA) or synthesized organic
matter. Future research should study the micro-interfacial mechanism
of the influence of agricultural organic inputs and their aging on the
co-transport and co-deposition of pollutants with nanoparticles or
colloids.
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