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Dissolved black carbon (DBC) is an important component of natural dissolved
organic matter and can bind to iron minerals to form DBC-mineral complexes by
adsorption and coprecipitation. However, reports regarding the difference in
physicochemical properties between adsorbed and coprecipitated DBC-mineral
complexes and their sorption capacity for polar organic pollutants are limited.
Herein, goethite (Gt) and the adsorbed and coprecipitated complexes of DBC with
Gt (SGt-DBC and CGt-DBC) were prepared, and their physicochemical properties
and adsorption capacity for polar imidacloprid (IMI) were determined. The results
showed that DBC could efficiently bind to Gt by coprecipitation or adsorption,
leading to the aggregation of Gt particles, decreasing SSA, and increasing
microporous volume, O-containing functional groups and negative charges. A
greater effect was observed in CGt-DBC samples than SGt-DBC samples. CGt-
DBC samples could more efficiently adsorb IMI than SGt-DBC samples, and CGt-
DBC samples obtained the greatest Qmax with 68.4 mg/kg. The sorption
mechanisms mainly involved hydrophobic partitioning, H-bonding, cation-n
and p/m-mt electron donor-acceptor interactions and electrostatic interactions.
Additionally, the greater solution pH and Na* concentration facilitated IMI
adsorption on Gt and Gt-DBC samples; however, the Ca®" solution obtained
the opposite result. This effect on IMI adsorption was more pronounced for CGt-
DBC samples. Therefore, the findings of this study provide a deep understanding of
the interactions between Gt and DBC by adsorption and coprecipitation and their
effect on the sorption of organic pollutants in natural soil and water environments.
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1 Introduction

Dissolved black carbon (DBC) is an important component of
natural dissolved organic matter (NDOM). DBC is derived from
the dissolution of black carbon (heterogeneous carbon-rich
residues from incomplete combustion of fossil fuels and
biomass) in the environment, accounting for approximately
10% of the total NDOM (Jaffe et al., 2013). DBC consists of a
concentrated condensed ring matrix and hydrophilic
substituents and has high aromaticity and polarity (Liu et al.,
2019; Zhang et al., 2020a). Its small aromatic microdomains and
abundant oxygen-containing functional groups (OFGs; i.e., -
COOH, -C=0, -C-O) can serve as active sites for the
adsorption and complexation of pollutants and mediating the
environmental transformation process of pollutants, which
become the active center of pollutant distribution and
transformation in the environment. In recent years, owing to
the uniform structures, high aromatic properties and reactivity,
the importance of DBC in the soil environment has attracted
increasing attention from researchers.

Iron minerals, as an important part of soil minerals, are
typical adsorbents and oxidation/reduction agents in soil
environments with electric charges on their surface and have
an important impact on carbon cycling and pollutant migration
and transformation in soil. It is well documented that a variety of
DOM can bind to iron minerals by H-bonding (He et al., 2022),
surface complexation (Yang et al., 2021a; Xiaoliang et al., 2021)
and electrostatic action (Guo et al, 2014), and then form
mineral-DOM complexes in soil and water environments.
Based on the binding pathways of iron minerals and DOM, it
can be defined as an adsorbed mineral-DOM complex and a
coprecipitated mineral-DOM complex. The adsorbed mineral-
DOM complex is characterized by DOM molecules adsorbed on
the surface of iron minerals. When DOM molecules participated
in the formation process of iron minerals, they tend to form the
coprecipitated mineral-DOM complex. These above processes
make the mineral-DOM complexes an important sink of organic
matter for the long-term preservation of organic carbon, and can
also accelerate the redox reaction of organics and iron and affect
the adsorption behavior of pollutants on the surface of the
complexes.

Goethite (a-FeOOH; Gt) is a widely distributed iron mineral
in water, soil and sediment environments and has been
stable the
environment due to its high specific surface area (SSA),

considered a relatively sorbent in natural
surface charge and abundance of Fe-OH (Coughlin and Stone,
1995; Carvalho Filho et al., 2015). It has been proven that DOM
can bind Gt to form the Gt-DOM complex in the formation
process of its coprecipitation with Gt or its adsorption on Gt
surface, which enhances the hydrophobicity and changes the
surface elemental composition and charge of Gt (Gu et al., 1994;
Xue et al, 2019; Yang et al, 2021b). This can change the

adsorption sites and adsorption capacity of Gt for pollutants
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(Mueller, 2015). For instance, the bonded humic acid can reduce
the surface electrostatic potential of Gt, which can promote the
adsorption of cationic pollutants, i.e., Pb** and Cu** (Saito et al.,
2005; Orsetti et al., 2006). However, due to the decreased
electrostatic potential, the bonded humic acid reduced the
adsorption of phosphate anions on Gt due to electrostatic
repulsion (Antelo et al., 2007; Fu et al, 2013). In addition to
electrostatic interactions, providing or occupying adsorption
enriched the between Gt and
pollutants. It has been reported that bonded humic acid can

sites interaction effects
significantly enhance the adsorption capacity of Gt for paraquat
and acid MCPA [(4-chloro-2-methylphenoxy)-acetic acid]
(Brigante et al., 20105 Iglesias et al., 2010). This was attributed
to the fact that humic acid provided large numbers of new
adsorption sites for paraquat and MCPA. Moreover, the
adsorption capacity of Gt-DOM to pollutants is usually
influenced by the bonding form between Gt and DOM
(Arroyave et al, 2016; Sodano et al., 2017). Previous studies
reported that both adsorbed and coprecipitated complexes
between Gt and humic acid could improve their adsorption
capacity and adsorption rate to organic pollutants in
comparison with pure Gt due to higher organic carbon
content and smaller SSA (Mikutta et al., 2014; Du et al,
2018). Thus, these changes in surface charge, SSA, organic
carbon and aromaticity caused by the bonded DOM alter the
adsorption of organic pollutants by Gt. DBC mainly contains
fulvic acid and humic acid and has more uniform structures and
higher aromatic properties with greater proportions of abundant
polycyclic aromatic hydrocarbons, aliphatic carbon and carboxyl
carbon in comparison with NDOM. Nuclear magnetic resonance
analysis showed that there were highly substituted aromatic
microdomains at the molecular edges of DBC, and the
substituents were mainly carboxyl and phenolic hydroxyl
groups. Owing to the unique molecular structures with highly
aromatic properties and abundant aromatic microdomains and
OFGs, we can certainly deduce that DBC may be efficiently
adsorbed by Gt via H-bonding and electrostatic interactions.
However, further research is needed to confirm this hypothesis.

Imidacloprid (IMI) is the most widely used neonicotinoid
insecticide (Bass et al., 2015), but its high environmental
migration ability makes it often detected in the water and soil
environment, which poses a threat to environmental ecology
(Morrissey et al., 2015). Previous studies showed that IMI prefers
to bind with organic matter and mineral components in soil by
hydrophobic partition, H-bonding, pore filling, cation-m electron
donor-acceptor (EDA) interactions and electrostatic effects
(Brozni¢ et al., 2012; Satkowski et al., 2018; Zheng et al,
2021). However, there are few reports on the adsorption of
complexes of Gt and DBC (Gt-DBC) for IMI. We can
speculate that the DBC bonded by adsorption
coprecipitation can significantly change the surface OFGs,

and

aromaticity and charge potential of Gt and then influence the
adsorption of Gt for IMI.
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Hence, a comprehensive study on the morphology,
composition and physicochemical properties of adsorbed and
coprecipitated Gt-DBC complexes and their adsorption for IMI
and the mechanism was conducted to obtain more complete
knowledge of the effect of the interactions between Gt and DBC
by adsorption and coprecipitation on polar pesticide adsorption.
The aims of this paper were to 1) investigate the morphology,
composition and physicochemical properties of adsorbed and
coprecipitated Gt-DBC complexes; 2) evaluate the adsorption
capacity and mechanism of IMI on Gt and adsorbed and
coprecipitated Gt-DBC complexes; and 3) investigate the
effects of environmental factors (e.g., pH and ion species and
strength) on IMI adsorption.

2 Materials and methods
2.1 Biomass and chemicals

Air-dried maize straw was purchased from Tianjin Yader
Biological Technology Company (China) and was used for the
biochar preparation. The straw was cut into sections 0.1-0.5 cm
long. FeCl;-6H,0 and NaOH were obtained from Shanghai
Aladdin Reagent Co., Ltd. (China). Acetonitrile was obtained
from Tianjin Concord Technology Co., Ltd. (China). The water
used in our experiment was deionized with a conductivity less
than 18.25 MQ c¢m (20°C). Imidacloprid (IMI, 98.5%) purchased
from Shandong Sino-Agri United Biotechnology Company
(China) was dissolved in acetonitrile for the 5000-mg-L™*
stock solution and stored at 4°C for the sorption experiment.
of IMI are listed in
Supplementary Table SI. All chemicals were used without

The physico-chemical properties

further purification.

2.2 Preparation of goethite, biochar and
dissolved black carbon

Goethite was synthesized according to the method of Lv et al.
(2016). Then, 0.5 L of 0.5 M FeCl;-6H,O was added to 0.4 L of
2.5 M NaOH dropwise in a glass beaker while constantly stirring.
The as-synthesized phase precipitate was aged at 70°C for 60 h,
centrifuged, washed with deionized water and suspended again.
This operation was repeated five times. According to our
characterization results of X-ray diffraction (XRD), SSA and
TEM (Supplementary Figure S1), the as-synthesized solid iron
mineral was identified as Gt (Lv et al., 2016). The Gt suspension
was stored at 4°C for the next experiment.

Biochar was prepared by prolyzing maize straw at 400°C for
4h under oxygen-limited conditions based on our previously
reported method (Zhang et al., 2018). The obtained biochar
sample was denoted as BC400. DBC was extracted from
BC400 according to our previously reported method (Zhang
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et al, 2020b). The detailed extraction process is shown in
Supplementary Text Sl. The obtained DBC sample was
directly used for total organic carbon (TOC) analysis.

2.3 Preparation of Gt-DBC complexes

Coprecipitated Gt-DBC complexes were prepared by mixing
0.5L of 0.5 M FeCl; solution with 0.5L of 5, 25 and 50 mg-C/L
DBC in a glass breaker, respectively, and adding them to 0.4 L of
2.5 M NaOH solution. The obtained precipitate was centrifuged
and washed with deionized water 5 times. The solid was collected
and stored at 4°C for the next experiment. According to the
additive concentrations of DBC, the coprecipitated Gt-DBC
complexes were denoted CGt-DBC-5, CGt-DBC-25 and CGt-
DBC-50, and their TOC concentrations were 1.67, 3.65 and
7.50 mg-C/g, respectively.

Adsorbed Gt-DBC complexes were prepared by adding 0.4 L
of 5 and 50 mg-C/L DBC into 5.6 ml of 0.36 kg/L Gt suspension
in a 0.5-L glass breaker, respectively. The pH of the mixture was
adjusted to 7.0 + 0.1. Then, the vial was placed in a shaker and
shocked at 25°C and 180 rpm for 48 h, which was confirmed to be
a sufficient length of time based on kinetics experiments. After
reaching adsorption equilibrium, the vial was centrifuged at
4000 rpm, and the solid was collected and stored at 4°C for
the next experiment. According to the additive concentrations of
DBC, the adsorbed Gt-DBC complexes were denoted SGt-DBC-
5 and SGt-DBC-50, and their TOC concentrations were
0.968 and 4.65 mg-C/g, respectively.

2.4 Characterization

The freshly prepared Gt and Gt-DBC samples were
dispersed by ethanol and coated by Au to enhance their
conductivity, and then their surface morphology was
observed with scanning electron microscopy (SEM, Hitachi
$4800, Japan). The crystal structure characterization was
analyzed by XRD (D8 Advance, Bruker, Germany). The
surface functional groups of the samples were identified by
Fourier transform infrared spectroscopy (FTIR, Nicolet iS5,
United States) with a mass ratio of sample and KBr of 1:
100 and a scanning range of 4000-400 cm™'. The SSA and
porous structure were determined by the Brunauer-Emmett-
Teller method (BET, ASAP2460, Micrometrics, United States)
and were calculated with the Barrett-Joyner-Halenda (BJH)
model. An X-ray photoelectron spectrometer (XPS, ESCALAB
250XI, Thermo Fisher Scientific, United States) was applied to
determine the surface elemental composition and functional
group contents of the samples (Zhang et al., 2020b). The zeta
potential of the sample suspension (100 mg L") at pH values
of 3-11 was measured using a 90plus Zetasizer (Brookhaven,
United States).
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2.5 Adsorption experiment

The batch adsorption experiment was conducted in 10-ml
gray glass vials containing 0.10 mg adsorbents and 10 ml of
5mM CaCl, background solution. After adding the adsorbent
and background solution, the vial was sealed with cap and placed
in a shaker at 25.0 + 1.0°C and 180 rpm to preequilibrate for 2 h.
After preequilibration, the designated amount of IMI stock
solution was spiked into the vial to achieve concentrations of
2.0 mg/L for the adsorption kinetics and 0.5-3.0 mg/L for the
adsorption isotherms. The pH values of the trial suspensions
were adjusted to 7.0 £ 0.1 with 0.1 M HCl and NaOH. Each
treatment was repeated 3 times. After adsorption, 1.0 ml of
suspension was collected at certain time points (0-48 h for
adsorption kinetics and 48h for adsorption isotherms),
centrifuged at 12,000 rpm for 5min and filtered through a
0.22-um polyethersulfone filter membrane. The filtrate was
stored at 4°C for high-performance liquid chromatography
(HPLC) analysis. Additionally, the effects of pH values (5-9)
and ion species and concentrations (5 and 10 mM NaCl and
CaCl,) on IMI sorption on Gt and Gt-DBC samples were also
evaluated in the above adsorption system.

2.6 High-performance liquid
chromatography analysis

The HPLC system (Agilent 1200, United States) was
equipped with an ultraviolet detector at a wavelength of
254nm for IMI and a Venusil XBP C18 reversed-phase
column (4.6 mm x 250 mm X 5 um, 150 A). The mobile phase
was acetonitrile:water = 55:45 (V:V) at a flow rate of 1.0 ml/min.

2.7 Data analysis

The adsorption kinetics were fitted by a pseudo-first-order
kinetic equation (Eq. 1):

In (Qe - Qt) = ln(Qe) - Klt (1)

where Q, (mgkg') and Q, (mgkg') are the adsorption
concentrations of IMI at time ¢ (h) and equilibrium,
respectively, and K; (h™') is the pseudo-first-order kinetic
adsorption rate constant.

The sorption isotherms were fitted by the Freundlich model
(Eq. 2) and the Langmuir model (Eq. 3):

Qe = I<FC‘Eﬁ
Qe = QmaxKLCz/(l + KLCE)

(2)
(3)
where C, (mgLl™') and Q, (mgkg™') are the equilibrium

concentrations of IMI in the aqueous and solid phases,
respectively; Kr [(mg-kg™)-(mg:L™")™] and K; (L-mg™') are the
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sorption affinities; 7 is the isotherm nonlinearity index; and Qpax
(mgkg™) is the maximum adsorption amounts of IMI on Gt and
Gt-DBC samples.

3 Results and discussion

3.1 Structural characterization of
complexes

As shown in Figure 1, SEM images of Gt and Gt-DBC
samples indicate that Gt particles presented the typical
compact and slender needle-type structure with lengths of
200-400 nm and widths of ~50 nm (Figure 1A). Meanwhile,
the flat rodlike structures with lengths of ~500 nm and widths of
200-400 nm appeared in CGt-DBC and SGt-DBC samples
(Figures 1B-F). The sizes of these Gt-DBC complexes are
similar to those of the Gt-loaded humic acid structures and
ferrihydrite-humic acid coprecipitates reported in previous
literature (Angelico et al., 2014; Mikutta et al,, 2014; Dultz
et al., 2018). For CGt-DBC samples, the proportions of flat
rodlike with DBC
concentrations (Figures 1B-D), and almost all particles of
CGt-DBC-50 showed flat rodlike structures. However, SGt-
DBC samples with different DBC additions (5 or 50 mg-C/L)
all presented the flat rodlike particles (Figures 1E,F), and some

structures  increased increasing

small and slender needle-rod particles appeared in these samples.
Such differences may be due to the different combining modes
and C/Fe atomic ratios between Gt and DBC in CGt-DBC and
SGt-DBC samples (Supplementary Table S2). Previous literature
reported that SGt-DBC was formed by the adsorption of organic
matter on the surface of pure Gt by polar covalent bonds and
electrostatic  effects 2007).
Meanwhile, Gt particles could be agglutinated by DBC and
form large aggregations instead of needle-type crystals (Safiur

(Kaiser and Guggenberger,

Rahman et al.,, 2013). These phenomena were observed in the
aggregation of organic matter and hematite by Mikutta et al.
(2014). However, CGt-DBC was composed of variable mixtures
of Gt-DBC complexes and pure Gt, and the formation
mechanism mainly included Gt nucleation and crystal growth.
When Gt grows larger than the associated organic matter, it will
gradually adsorb organic matter to form CGt-DBC (Kleber et al,
2015; Sodano et al., 2017). This may explain the increase in the
proportion of flat rodlike structures as the DBC concentration
increases on CGt-DBC samples. Additionally, it can be clearly
seen that CGt-DBC samples had regular edges and particle
shapes and formed some new pores with a greater volume,
while more irregular edges appeared in SGt-DBC samples.
This is also confirmed by the TEM results of this study
(Supplementary Figure S1). This indicates that DBC can
agglutinate the Gt particles in the adsorption process and
influence the edge and surface roughness of adsorbed Gt-DBC
complexes.
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FIGURE 1
SEM images of samples: (A) Gt, (B) CGt-DBC-5, (C) CGt-DBC-25, (D) CGt-DBC-50, (E) SGt-DBC-5 and (F) SGt-DBC-50 (CGt-DBC, the

coprecipitated Gt-DBC complexes; SGt-DBC, the adsorbed Gt-DBC complexes; Numbers indicate the additive concentration of DBC in the
preparation of Gt-DBC samples).

CGt-DBC-50
SGt-DBC 50

CGt-DBC-25

SGt-DBC 5

CGt-DBC-5

Gt

10 2I0 3I0 4I0 SIO 6I0 7I0 8010 20 30 40 50 60 70 80
2 Theta (degree) 2 Theta (degree)

FIGURE 2
XRD patterns of Gt and Gt-DBC samples (CGt-DBC, the coprecipitated Gt-DBC complexes; SGt-DBC, the adsorbed Gt-DBC complexes;

Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC samples).

The XRD patterns of Gt and Gt-DBC samples are presented DBC samples corresponded to the crystal planes of (110), (130)
in Figure 2. The distinct peaks at 20 = 21.2°, 33.2°, 36.7°, 41.2°, and (111) of Gt, respectively. The different peak intensities at the
53.2" and 59.1° appearing in the XRD patterns of the Gt and Gt- same peak position between SGt-DBC and Gt samples indicate
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Nitrogen adsorption-desorption isotherms of Gt and (A) CGt-DBC and (B) SGt-DBC samples (CGt-DBC, the coprecipitated Gt-DBC
complexes; SGt-DBC, the adsorbed Gt-DBC complexes; Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC

samples).

that SGt-DBC samples had better crystallinity (Figure 2B).
Furthermore, the absence of the peak at 26 = 35.5° was
observed in the CGt-DBC samples, which suggests that the
introduction of DBC leads to the disappearance of the Gt
crystal face (Figure 2A). This is similar to the results of
previous studies (Schwertmann et al., 2005; Eusterhues et al,
2008). Considering the above SEM result in which the presence
of DBC can significantly change the surface morphology of Gt
(Figure 1), we speculate that DBC can not only agglutinate the Gt
particles by adsorption and coprecipitation but also change the
crystal structure of Gt.

The N, adsorption-desorption curves of the Gt and Gt-DBC
samples are shown in Figure 3. Obviously, the H3-type hysteresis
ring presented in the range of P/P, = 0.5-0.8. Based on the
relationship between the hysteresis ring and pore shape, the pore
shape of Gt-DBC samples can be defined as cylindrical, and the
pore structures were well developed (Alvarez-Torrellas et al,
2016). Furthermore, pure Gt has a greater slope than other
adsorbed or coprecipitated Gt-DBC samples when P/P, =
0.5-0.8. This result suggests that the pore structures caused by
the stack of particles in pure Gt are more and smaller than those
in the SGt-DBC and CGt-DBC samples, and the increasing DBC
concentrations can also enhance the decreasing trend. In
particular, the N, adsorption curve and desorption curve of
the CGt-DBC-50 sample almost overlapped when P/P,
0.5-0.8 (Figure 3A). This result suggests that the pores of the
CGt-DBC-50 sample with a higher DBC concentration were
concave, narrow and semi-enclosed, which are the characteristics

of typical capillary pores (Alvarez-Torrellas et al, 2016).
Furthermore, the above change in the pore structure of these
Gt-DBC samples was also confirmed by the SEM images of this
paper (Figure 1). The pore shape decreased with decreasing DBC
concentrations in adsorbed or coprecipitated Gt-DBC samples.
(<2 nm)

Notably, these capillary micro- and mesopore
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(2-50 nm) structures in the CGt-DBC-50 sample may more
efficiently adsorb the small molecule pesticide IMI by the
pore-filling effect than other Gt-DBC and pure Gt samples
(Ma et al,, 2022). Thus, the complexes formed by Gt adsorbed
and coprecipitated with DBC can change the pore structure of
Gt-DBC.

The SSA and pore size of the Gt and Gt-DBC samples are
listed in Table 1. The SSA of pure Gt is 279.7 m* g™
be due to the surface of nanoscale particles and pores forming

, which may

from the stack of Gt particles. After adsorption or coprecipitation
with DBC, the SSA of the Gt-DBC samples declined by 1.6% for
CGt-DBC-5, 12.1% for CGt-DBC-25, 16.9% for CGt-DBC-50,
4.5% for SGt-DBC-5 and 5.4% for SGt-DBC-50. Such declining
SSA in Gt-DBC samples may be due to the decrease in quantity of
the stackable structures among Gt particles owing to the
aggregations and growth of Gt particles caused by the
crosslinking with DBC (Figure 1). Furthermore, Modl et al.
(2007) observed that organic matter can cover the surface of
Gt and reduce its SSA, which may be another reason for the
declining SSA of Gt in this study. Additionally, the results of
micropore and mesopore volume (Vpicro and Vyyeso) and average
pore diameter (Dj) of various Gt and Gt-DBC samples showed
that compared with pure Gt, Gt adsorbed or coprecipitated with
DBC both presented a greater Vi, and D, and lower Viicros
especially for CGt-DBC-50. Such differences in Gt and Gt-DBC
samples also suggested a positive relationship between the
addition concentrations of DBC and the morphological
characteristics of Gt-DBC samples (Figure 1 and Table 1).
Adsorption and coprecipitation processes all resulted in pore
blockage or cover of the Gt surface, but the formation of CGt-
DBC samples was accompanied by the formation of Gt, and the
DBC and Gt particles coated and bonded layer by layer to form a
tight aggregation that N, cannot enter. This is different from the
fact that the DBC only covers the Gt surface in the SGt-DBC
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TABLE 1 Specific surface area and pore structure of Gt and Gt-DBC samples.

Samples SSA (m? Vi (cm?®
g g
Gt 279.7 0275
CGt-DBC-5 2753 0256
CGt-DBC-25 246.0 0.201
CGt-DBC-50 2325 0.193
SGt-DBC-5 267.0 0.206
SGt-DBC-50 2647 0207

Vnicro (cm® Vineso (cm® D, (nm)
g g

0.072 0.160 2.3

0.062 0.165 2.9

0.042 0.237 4.5

0.038 0.216 4.4

0.065 0.166 33

0.055 0.174 3.1

Notes: SSA, Vi, Vinicro» Vimeso and D, represent SSA, total pore volume, micropore volume, mesopore volume and average pore diameter, respectively; CGt-DBC: the coprecipitated Gt-DBC
complexes; SGt-DBC: the adsorbed Gt-DBC complexes; Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC samples.
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FIGURE 4
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FTIR spectra of Gt and Gt-DBC samples (CGt-DBC, the coprecipitated Gt-DBC complexes; SGt-DBC, the adsorbed Gt-DBC complexes;
Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC samples).

samples; thus, CGt-DBC has a lower SSA than SGt-DBC. The
relatively loose needlelike structure of pure Gt can lead to smaller
pores and higher porosity, especially providing more micropores.
However, the CGt-DBC and SGt-DBC samples contained more
large rodlike particles, and their interlacing formed large
mesopores (Figure 1). Additionally, Kaiser and Guggenberger
(2007) found that DBC could be adsorbed on the Gt surface and
block the micropores of Gt, and this is another main reason that
the decreasing SSA of the CGt-DBC and SGt-DBC samples of
this study. These above reasons can well explain the
increasing Vineso and declining Viyiero of CGt-DBC and SGt-
DBC samples.

FTIR was applied to determine the surface functional
groups of the Gt and Gt-DBC samples. As shown in
Figure 4, the FTIR spectrum of pure Gt revealed strong
characteristic peaks at 3135, 894, 797 and 633-635cm ',
-OH
respectively, which was consistent with the FTIR result of Gt
reported by Cornell and Schwertmann (2003). Compared with

corresponding  to and Fe-O functional groups,
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pure Gt, the FTIR spectra of SGt-DBC samples were similar to
those of Gt (Figure 4B). This may be because the coupling DBC
concentration on the Gt surface was low (Supplementary Table
S2), corresponding to the low density of surface functional
groups of adsorbed DBC, which hampers detection of these
surface functional groups of adsorbed DBC on the Gt surface by
FTIR. However, the FTIR spectra of CGt-DBC samples are
significantly different from those of pure Gt (Figure 4A). An
obvious peak of -COOH at 1000 to 1100 cm ™' was observed in
the CGt-DBC samples and became more obvious with
The this
functional group is related to carboxylate-Gt formed by
ligand exchange between Gt and the -COOH of DBC (Chen
et al, 2014). Furthermore, a distinct -OH stretching band at
3408 cm™' was also observed in the CGt-DBC samples
(Szewczuk-Karpisz et al, 2021). This is mainly due to the
-OH on DBC binding to the Gt surface. Additionally, the

1

increasing DBC concentrations. increase in

stretching vibration peak of Fe-OH at 558 cm™ vanished in

the FTIR spectra of CGt-DBC samples in comparison with pure
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FIGURE 5

Carbon speciation by fitting of Cls spectra as derived from
XPS analysis (CGt-DBC, the coprecipitated Gt-DBC complexes;
SGt-DBC, the adsorbed Gt-DBC complexes; Numbers indicate
the additive concentration of DBC in the preparation of Gt-
DBC samples).

Gt. This is ascribed to the bonds between Gt and OFGs (e.g.,
-COOH, -OH, -C-0) in the DBC molecules (Ruan et al., 2002).

The bonding states of C on the surface of Gt-DBC samples
were determined by fitting of the Cls peak as derived from XPS
detail spectra. As shown in Figure 5, the Cls peak can be resolved
into three peaks at 284.6, 285.4 and 289.6 eV, corresponding to
C-C/C=C, C-O and C=O functional groups. The relative
contents of C-O and C=0O functional groups of Gt-DBC
samples increased with increasing DBC concentrations. This
suggests that OFGs were an important factor governing the
sorption of DBC on mineral surfaces. Furthermore, the
relative contents of C-O and C=0O functional groups of CGt-
DBC-5 were lower than those of SGt-DBC-5; however, CGt-
DBC-50 was greater than SGt-DBC-50 for the relative contents of
C-0 and C=0 functional groups. Our previous study proved that
DBC can be efficiently sorbed by iron hydroxides via
H-bonding
interactions (Zhang et al, 2020b), but owing to the highly

hydrophobic  partition, and electrostatic

unsaturated compounds and compounds rich in OFGs being
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preferentially sorbed by iron hydroxides, the molecular
fractionation of DBC occurred on iron hydroxides surfaces.
This may explain the difference in the relative content of C-O
and C=0 functional groups between CGt-DBC and SGt-DBC at
the different concentration levels of adsorbate in this paper.
Notably, the relative contents of C=0 of CGt-DBC samples
are higher than those of SGt-DBC, which also leads to a
greater intensity of the C=0O absorption peak at
1000-1100 cm™ in the FTIR spectra of CGt-DBC than SGt-
DBC (Figure 4). Additionally, the bulk TOC concentrations of
CGt-DBC samples are greater than those of SGt-DBC, especially
Gt-DBC-50, which has the highest bulk TOC concentration of
7.50 mg-C/L. This was 61.3% greater than the TOC amount of
SGt-DBC-50 (Supplementary Table S3; 4.65 mg-C/L). This was
also observed in a study by Eusterhues et al. (2011) in which the
bulk TOC concentration of the coprecipitated Ferrihydrite-DOM
formed by DOM with higher contents of lignin and rich in
aromatic components and Ferrihydrite was much higher than
that of adsorbed Ferrihydrite-DOM.

Zeta potentials of Gt and Gt-DBC samples under various
pH conditions were determined. As shown in Figure 6, the point
of zero charge (pH,,.) of pure Gt was 8.54. At pH < 8.54, the
protonation reaction gradually occurs on the surface of Gt, and a
positive zeta potential is obtained. Meanwhile, the deprotonation
reaction occurs at pH > 8.54, leading to a negatively charged
surface. The pH,,. of CGt-DBC-5, CGt-DBC-25, CGt-DBC-50,
SGt-DBC-5 and SGt-DBC-50 decreased to 8.23, 7.15, 6.48, 8.12,
and 7.15, respectively (Figure 6A,B). This indicates that the CGt-
DBC and SGt-DBC samples have a lower pH,,.
This declining effect in pHy,. of Gt-DBC samples had a
significant positive correlation with DBC concentrations (p <
0.01). This may be because the adsorbed and coprecipitated DBC
contained abundant OFGs (e.g., -COOH, -OH, -C-0O), which had
negative charges, thus changing the charge distribution on the Gt
surface (Bai et al., 2017). Notably, it can also be found that the
pH,,. of coprecipitated CGt-DBC is lower than that of adsorbed
SGt-DBC at the same DBC additive concentration. This is mainly
because the CGt-DBC sample contained higher concentrations of
DBC than the SGt-DBC sample (Supplementary Table S2),
which endowed the CGt-DBC
proportion of OFGs (i.e., C-O and C=0), thus go a higher
degree than SGt-DBC sample (Evanko and Dzombak, 1998;
Chandler, 2005).

than pure Gt.

sample with a greater

3.2 Adsorption kinetics of imidacloprid

The nonlinear adsorption kinetics of IMI on Gt and Gt-DBC
samples are shown in Figure 7A,B. It can be clearly seen that the
adsorption amount of IMI on Gt and Gt-DBC samples increased
with the extension of reaction time, and the adsorption process
can be divided into two stages: the rapid adsorption stage (0-2 h)
and the slow adsorption stage (after 2 h). The adsorption amount
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FIGURE 7

Adsorption kinetics of IMI on Gt and Gt-DBC samples and fitting of pseudo-first-order kinetics model [CGt-DBC, the coprecipitated Gt-DBC
complexes; SGt-DBC, the adsorbed Gt-DBC complexes; Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC

samples; Qq is the adsorption concentration of IMI at time t (h)].

of IMI during the rapid adsorption stage can account for more
than 95% of the equilibrium adsorption amount, which may be
due to the abundant active sites (i.e., hydroxyl groups, carboxyl
groups (only for Gt-DBC), carbonyl groups (only for Gt-DBC))
on the Gt and Gt-DBC samples for IMI adsorption. In the early
adsorption stage, large numbers of adsorption active sites on the
surface of these adsorbents, i.e., the external surface of the
and the
mesopores, can adsorb IMI by the way of single or multiple

adsorbents inner surface of the micro- and
molecular layers (Sanganyado et al., 2017). After that, the
adsorption rate of IMI decreased rapidly, and the adsorption
process gradually reached equilibrium and saturation. This was
because most of the adsorption sites on the adsorbent surface
were occupied in the rapid adsorption process. However, during
the slow adsorption process, IMI molecules in the solution began
to diffuse into the adsorbent from the outside to the inside, and

the mass transfer resistance gradually increased, leading to the
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gradual stability of the adsorption amounts of adsorbents for
IML Thus, the adsorption rate of IMI in the slow adsorption
process decreased gradually. According to Sanganyado et al.
(2017), this was mainly controlled by the porous internal
diffusion of the adsorbents. This phenomenon was also
observed in the adsorption of IMI on nanotube composites
(Ma et al., 2021), in which more than 80% of IMI adsorbed in
the rapid adsorption stage.

The pseudo-first-order model was used to fit the adsorption
kinetics. The fitting result showed that the pseudo-first-order
kinetics can fit the adsorption curves of IMI on Gt and Gt-DBC
samples well (Supplementary Table S3; R* > 0.985). The
theoretical value of Q. calculated by Eq. 1 was close to the
equilibrium adsorption capacity of IMI on these adsorbents in
practice (Supplementary Table S3). Compared with pure Gt, the
adsorption rate constants (K;) of CGt-DBC and SGt-DBC
samples for IMI all increased. This may be related to the pore
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equilibrium concentration of IMI in the solid phases).

structure and surface adsorption sites of these adsorbents. Our
results above regarding the pore distribution and size of Gt-DBC
samples (Table 1) show that Gt-DBC samples had greater V50
and D, than pure Gt samples, and such changes in the pore
quantity and size can enhance the match degree between pore
and IMI molecules in size (Supplementary Table S1) and then
decrease the mass transfer resistance of IMI to the pore channel.
Meanwhile, compared to SGt-DBC samples, the greater Vieso
and D, presented in CGt-DBC samples also facilitates
overcoming the mass transfer resistance of IMI to the pore
channel in CGt-DBC samples. Furthermore, even though the
SSA of Gt-DBC samples was significantly reduced, the OFGs
(i.e., hydroxyl groups, carboxyl groups, carbonyl groups) and
of Gt-DBC samples
adsorption or coprecipitation can provide more adsorption

aromatic structures introduced by
sites for IMI, which may contribute to overcoming the mass
transfer resistance of IMI on the adsorbent surface. Additionally,
it can be clearly found that the Q, values of IMI adsorbed on the
Gt, CGt-DBC and SGt-DBC samples at equilibrium were in the
following order: CGt-DBC-50 > CGt-DBC-25 > SGt-DBC-50 >
CGt-DBC-5 > SGt-DBC-5 > pure Gt (Supplementary Table S3).
This suggests that CGt-DBC had a stronger adsorption rate and
capacity for IMI than pure Gt and SGt-DBC owing to the
increased capillary pores with suitable sizes and surface active
adsorption sites.

3.3 Adsorption isotherms of imidacloprid

The adsorption isotherms of Gt and Gt-DBC samples for IMI
fit all with the Freundlich model well (Figure 8A,B and
Supplementary Table S4; R* > 0.991), and the adsorption of
IMI on these materials increased with increasing initial
concentrations until saturated adsorption was reached. The
Freundlich nonlinear indexes (1/n) of IMI on Gt and Gt-DBC
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samples were all less than 1, and the 1/n values of these tested
samples were in the order of CGt-DBC-25 =~ CGt-DBC-50 = SGt-
DBC-50 > CGt-DBC-25 > SGt-DBC-5 > Gt
(Supplementary Table S4). This result suggests that in

pure

addition to hydrophobic partition, other adsorption
interactions (i.e, H-bonding, pore filling, m-n EDA
interactions and electrostatic effects) occurred in the

adsorption of IMI on these samples. Meanwhile, the presence
of DBC adsorbed and coprecipitated with Gt can enhance the
binding capacity of Gt to IMI. Furthermore, the Kg values of IMI
adsorption on Gt and Gt-DBC samples were in the order of CGt-
DBC-50 > SGt-DBC-50 > CGt-DBC-25 > CGt-DBC-5 > SGt-
DBC-5 > pure Gt, and the CGt-DBC-50 sample obtained the
greatest Ky value with 36.34 (mg/kg)/(L/mg)". Notably, under
similar additive concentrations of DBC in the preparation
process, CGt-DBC showed a stronger adsorption capacity for
IMI than SGt-DBC. This may be due to the greater number of
surface active adsorption sites (i.e., OFGs) and capillary pores
contained in CGt-DBC for IMI adsorption than SGt-DBC. These
results indicate that CGt-DBC can more effectively adsorb IMI
than pure Gt and SGt-DBC.

To further reveal the main adsorption mechanism of IMI on
Gt and Gt-DBC samples, Spearman correlation analysis between
Kp, Kq (Ce = 0.5, 5 mg/L) and SSA, Vi, Vinicros Vimeso and D, was
conducted (Supplementary Table S5). The results showed
significant negative correlations between Kg, Ky o5 and Ky s
values and the SSA, Viicro, Of the adsorbents (p < 0.05), while
significant positive correlations between Vi,eso and Kg, Ky, o5 and
Ky, 5 values (p < 0.05) were observed. After DBC adsorbed on or
coprecipitated with Gt, the surface functional groups were altered
from the initial Fe-OH to OFGs (i.e., hydroxyl group, carboxyl
group, carbonyl group) and aromatic structures, which can form
H-bonding,
electrostatic

cation-m and p/m-m EDA interactions and
with  the

protonated amine and lone pair electrons in the IMI

interactions heteroaromatic  ring,
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molecule. Furthermore, in the adsorption or coprecipitation
SSA  decreased,
formed, indicating an increase in mesopores and increasing
D, of Gt-DBC, which favors the pore-filling effect between
IMI and Gt-DBC. These results
adsorption of IMI on Gt-DBC. Additionally, to explore the
possible effect of porosity and surface sorption sites of Gt and
Gt-DBC samples on IMI adsorption, the BET-normalized K4
(Kgper) was calculated (Supplementary Table S6). Obviously, the

process, and new capillary pores

all contribute to the

Kgaper values at C, = 0.5 and 5 mg/L were in the order of CGt-
DBC-50 > CGt-DBC-25 > SGt-DBC-50 > CGt-DBC-5 > SGt-
DBC-5 > pure Gt. This indicates that in addition to pore filling,
other forces such as H-bonding, cation/p/n-nm EDA interactions
and electrostatic interactions made important contributions to
IMI adsorption on Gt and Gt-DBC samples, and these
interactions were affected by the DBC concentrations of Gt-DBC.

Many previous studies showed that pure Gt can provide a
H-bond donor and positive charge to form H-bonds, cation-nt
EDA the
adsorption of organic pollutants (Liu et al., 2014; Lee et al,
2017; He et al,, 2022). In this study, Cl and N atoms with the lone
pair electron and protonated amine of the IMI molecule, acting as

interactions and electrostatic interactions for

H-bond donors (Supplementary Table S1), can form H-bonds
with the Fe-OH functional group of Gt. Furthermore, the
aromatic heterocycle in the IMI molecule was the m electron
acceptor. The presence of -NO, in the IMI molecule
(Supplementary Table S1) can further reduce the heterocyclic
electron density to enhance the electron-absorbing ability and
enhance the cation-n EDA interaction between Gt and IMI
(Zhang et al, 2018). However, the protonated cationic IMI
can show electrostatic repulsion with positively charged pure
Gt and decrease the adsorption of IMI on pure Gt. Our previous
study showed that DBC molecules contain large numbers of
OFGs and aromatic structures that interact with IMI by
H-bonding,
electrostatic interactions (Zhang et al, 2018). After being
absorbed on or coprecipitated with Gt, DBC endowed Gt-
DBC with more active sites for IMI adsorption, i.e., OFGs,

cation-n and p/m-m EDA interactions, and

aromatic structures and negative charges (Figures 4-6). The
OFGs of Gt-DBC can link with the Cl and N atoms and
protonated amine of the IMI molecule by H-bonding, and n
electron-rich polyaromatic structures (as m donors) can form
cation-m EDA interactions with protonated cationic IMI (Zhang
et al., 2018). Furthermore, the Cl and N atoms with the lone pair
electron and aromatic heterocycles in IMI molecules can further
interact with 7 electron-rich polyaromatic structures of DBC by
the p/n-n EDA interactions (Vijay and Sastry, 2010; Zhang et al.,
2013; Xiao and Pignatello, 2015). After
coprecipitating with DBC, respectively, CGt-DBC and SGt-
DBC samples all showed lower pH,,. values than pure Gt,

adsorbing or

which will reduce the electrostatic repulsion between the IMI
molecule and Gt-DBC. Such decreasing effects in electrostatic
repulsion were enhanced with increasing DBC concentrations in
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Gt-DBC. Meanwhile, SGt-DBC showed a stronger electrostatic
repulsion effect than CGt-DBC. Notably, CGt-DBC-50 decreased
to a negative value in pHy,. at the experimental pH (7.0), which
endows it with more efficient IMI adsorption by electrostatic
interactions. These results can well explain the greater adsorption
capacity of IMI on the absorbed and coprecipitated Gt-DBC than
pure Gt. Moreover, the characterization results of Gt and Gt-
DBC samples obtained in this study indicated greater adsorbed
DBC concentrations and OFGs densities and lower pH,, values
in the CGt-DBC samples with higher DBC concentrations than
pure Gt and SGt-DBC samples. This may be the main reason that
CGt-DBC-50 has the greatest adsorption capacity for IMI.
The maximum adsorption capacity (Qpn.y) of Gt and Gt-DBC
samples for IMI was calculated using the Langmuir model. As
shown in Supplementary Table S7, the Quay values of these
adsorbents for IMI were 38.9 mg/kg for pure Gt, 45.4-49.9 mg/kg
for SGt-DBC samples and 53.1-68.4 mg/kg for CGt-DBC
samples. The coprecipitated and adsorbed Gt-DBC samples all
showed greater Q. values than pure Gt, and the Q. values
increased with increasing DBC concentrations. As stated above,
in comparison with pure Gt, the newly present OFGs, aromatic
structures and capillary pores in coprecipitated and adsorbed Gt-
DBC samples can provide more adsorption sites for IMI by
H-bonding, cation/p/n-n EDA interactions, pore filling and
electrostatic attraction. The enhanced number of OFGs,
aromatic structures and capillary pores in the CGt-DBC
samples explained their greater Q. values than those of
SGt-DBC This with the
discovery by Du et al that the coprecipitated

result is consistent
(2018)

and humic

samples.

complexes of ferrihydrite acid have a
stronger adsorption capacity for pollutants than the adsorbed
complexes.

Based on the above results, the adsorbed and coprecipitated
Gt-DBC both greatly improved the adsorption capacity for the
cationic pesticide IMI compared to pure Gt. The adsorbed and
coprecipitated DBC can enhance the electronegativity of Gt and
introduce large numbers of OFGs and aromatic structures, which
reduce the electrostatic repulsion of IMI and provide large
numbers of adsorption sites for IMI through H-bonding and
p/m-n EDA interactions. Furthermore, the adsorbed and
coprecipitated DBC also changed the pore structure of the Gt-
DBC complexes and formed capillary pores, which endowed Gt
with adsorption of IMI via the pore-filling effect. In addition,
greater DBC concentrations in Gt-DBC samples also led to a

stronger adsorption capacity for IMI.

3.4 Effects of environmental factors on
adsorption

Environmental factors (i.e., pH, ionic species and strength)

are important indices for evaluating the adsorption capacity of
adsorbents in the actual environment. In this study, the
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Effect of pH (A,B) and ionic species and strength (C,D) on adsorption of Gt and Gt-DBC samples to imidacloprid (CGt-DBC, the coprecipitated
Gt-DBC complexes; SGt-DBC, the adsorbed Gt-DBC complexes; Numbers indicate the additive concentration of DBC in the preparation of Gt-DBC
samples; Q. is the equilibrium concentration of IMI in the solid phases).

background solution adjusted to pH 5-9 or containing 5 and
10 mM Na' and Ca** (pH
adsorption performance of Gt and Gt-DBC samples.

7) was used to evaluate the

3.4.1 pH

The adsorption of IMI on Gt and Gt-DBC samples under
different pH conditions was evaluated (Figures 9A,B). The results
showed that with increasing pH, the adsorption amounts of IMI
on these tested adsorbents all increased. This may be due to the
protonation and deprotonation of functional groups (i.e., -OH,
-COOH, -NH) of IMI and adsorbents under various solution
pH values (Babel and Kurniawan, 2004). When the solution pH is
lower than the pHy,. of the adsorbents, the adsorbent surface has
a positive charge that interacts with protonated cationic IMI by
electrostatic repulsion, thus decreasing IMI adsorption on the
adsorbents. With increasing pH, the H* concentration in the
solution decreased, deprotonation occurred on the adsorbent
surface, and the negative charge density increased, which
enhanced the electrostatic attraction between protonated
cationic IMI and negative adsorbents and then increased their
adsorption capacity for IMI (Li et al., 2017; Zhou et al., 2017).
Because pH determines the surface charge of Gt and Gt-DBC
samples (Geng et al, 2021), the adsorption capacity of these
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adsorbents can be improved when pH > pH,,,.. Furthermore, the
adsorption capacity of IMI in Gt-DBC samples increased in
proportion to the concentrations of adsorbed and coprecipitated
DBC. This occurred because the higher concentration of
adsorbed and coprecipitated DBC introduced more OFGs and
capillary pores for new IMI adsorption sites (Figure 6). In
addition, previous studies reported that organic pollutant
adsorption to Gt at low pH may form complexes on the inner
sphere surface (Persson and Axe, 2005; Fu and Quan, 2006), but
it may form complexes on the outer sphere surface at high
pH (Noren and Persson, 2007). However, this is not observed
in this study and needs further research. Thus, a greater solution
pH can facilitate the adsorption of IMI to Gt and Gt-DBC
samples.

3.4.2 lonic species and strength

The influence of ionic species and strength on adsorption of Gt
and Gt-DBC samples to IMI is presented in Figures 9C,D. It can be
clearly seen that ionic species and strength can significantly affect
the IMI adsorption to these adsorbents. The adsorption amount of
IMI increased with increasing Na* concentrations; however, the
presence of increasing concentrations of Ca*" obtained the opposite
result. A similar phenomenon was observed in a previous study by
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Ma et al. (2021). The increase in Na™ and Ca** concentrations can
also improve the activity coefficient of organic compounds and
reduce their solubility through the salting-out effect and then
promote IMI adsorption to these Gt and Gt-DBC samples (Bai
et al, 2017). Meanwhile, ion species also play an important role in
the adsorption process. Researchers proved that a low concentration
can promote the adsorption of organic compounds to carbonaceous
material, while Ca** shows strong inhibition due to its competition
with tetracycline for surface hydroxyl groups and other adsorption
sites (Lin et al,, 2017; Dai et al., 2020). In this study, Ca®* can also
compete with cationic IMI for adsorption sites (i.e., -OH, -COOH)
on the adsorbent surface, which decreases IMI adsorption (Weng
et al, 2005). Furthermore, the ionic strength in the solution is too
high, and adsorbents and ions may compete for adsorption sites
or reduce the adsorption capacity of adsorbents due to the solute
saturation effect (Dai et al., 2020). This further explains the declining
IMI adsorption on Gt and Gt-DBC samples observed this study in
the solution of high Ca®* concentration.

4. Conclusion

The results obtained in the current study suggested that DBC
can efficiently and tightly bind with Gt by coprecipitation or
adsorption. The presence of DBC promoted the aggregation of
Gt particles, and an increase in DBC concentrations further
enhanced the aggregation effect for Gt particles. This effect also
decreased the SSA and increased the Viyes0o Dps OFGs and negative
charges of Gt. Furthermore, the complexes of Gt and DBC formed
by coprecipitation or adsorption showed significant differences in
the morphology, pore structure, SSA, surface functional groups,
electric charge and adsorption capacity for IMI. At the same level of
C/Fe ratio for the binding process of Gt and DBC, the resulting CGt-
DBC samples had more regular flat rodlike structures and OFGs,
lower negative charges and formed new capillary pores with a
greater volume in comparison with SGt-DBC samples. The
adsorption kinetics and sorption isotherms of IMI on Gt-DBC
samples were well fitted by a pseudo-first-order kinetic equation and
the Freundlich model, respectively. CGt-DBC-50 obtained the
greatest Quax with 68.4 mg/kg, which was significantly higher
than that of the SGt-DBC and Gt samples. The sorption of IMI
on Gt-DBC and Gt samples mainly depended on hydrophobic
partitioning, H-bonding, cation-n and p/n-m EDA interactions and
electrostatic interactions, and the increasing Viyeso» Dps OFGs and
negative charges caused by coprecipitated DBC can more greatly
enhance IMI sorption on Gt-DBC samples. Additionally, the greater
solution pH and Na* concentration can facilitate the adsorption of
IMI on Gt and Gt-DBC samples. However, the solution of high Ca**
concentration decreased the IMI adsorption on Gt and Gt-DBC
samples due to the change in electronegativity of the adsorbent and
salting-out effect. This effect on the sorption of IMI can be enhanced
in the CGt-DBC samples. Thus, we conclude that the findings of this
study provide a deep understanding of the interactions between Gt
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and DBC by adsorption and coprecipitation and their effect on the
sorption of organic pollutants in natural soil and water

environments.
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