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Introduction: Soil organic matter plays an important role in the long-term
“locking” of organic contaminants in soil environment. Recently, microbial-
derived organic matter have been recognized as essential components of
stabilized soil carbon pools. However, the contribution of microbial-derived
organic matter to sorption of organic contaminants remains unclear.

Methods: Here, we obtained microbial-derived organic matter-mineral
composites by inoculating model soil (a mixture of hematite and quartz sand
(FQ) or montmorillonite and quartz sand (MQ)) with natural soil microorganisms
and different substrate-carbon (glycine (G), glucose (P), or 2, 6-Dimethoxyphenol
(B)), which were named GF, PF, BF, GM, BM, and PM, respectively. Batch sorption/
desorption experiments were conducted for phenanthrene (PHE) and ofloxacin
(OFL) on the composites.

Results andDiscussion: The composites culturedwith 2,6-dimethoxyphenol had
the highest carbon content (0.98% on FQ and 2.11% on MQ) of the three carbon
substrates. The carbon content of the composites incubated with MQ (0.64%–
2.11%) was higher than that with FQ (0.24%–0.98%), indicating that
montmorillonite facilitated the accumulation of microbial-derived organic
matter owing to its large specific surface area. The sorption of PHE by
microbial-derived organic matter was mainly dominated by hydrophobic
partitioning and π-π conjugation, whereas the sorption of OFL was mainly
dominated by hydrophobic hydrogen bonding and π-π conjugation. The
sorption of OFL onto the composites was more stable than that of PHE.
Microbial-derived organic matter -mineral composites can reduce the risk of
organic contaminant migration in soil, particularly ionic organic contaminants.
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1 Introduction

The sorption of organic contaminants to soil organic matter
(SOM) is a key process for controlling their transport in the
environment. The traditional conceptual model of SOM
considers plant-derived OM as the major contributor to SOM;
thus, previous studies on the interaction of organic contaminants
with SOM have been centered more on biochar (Wu et al., 2012;
Ahmed et al., 2018; Chu et al., 2019; Safari et al., 2019; Xing et al.,
2023) and plant-derived humus fractions (Pan et al., 2005; Wen
et al., 2007; Gao et al., 2014; Su et al., 2024; Xia et al., 2024). However,
our understanding of the mechanisms underlying SOM formation
and stabilization has been substantially revised in recent years. With
the introduction of the concept system regarding the “soil microbial
carbon pump,” the contribution of microbial-derived OM to soil
stable carbon pool has been widely recognized, especially the
contribution of microbial-derived OM (Kallenbach et al., 2016;
Zhu et al., 2020; Liang and Zhu, 2021). Microbial necromasses
and some metabolites are relatively stable in the soil and contribute
to the soil carbon pool as microbial-derived OM (Liang et al., 2019;
Buckeridge et al., 2020; Liang et al., 2020), which are produced and
gradually accumulated in the soil as the microbial community
grows, reproduces, and dies in an iterative process (Liang and
Zhu, 2021; Hu et al., 2023). Mineral protection is essential for
the stabilization of microbial-derived OM in the soil (Xiao et al.,
2023). Soil minerals can form stable organic-inorganic composites
with microbial-derived OM through sorption (Kaiser and Zech,
1997; Mikutta et al., 2007), sequestering (Duchaufour, 1976; Chi
et al., 2019), and aggregation (Angers and Giroux, 1996) and soil
mineral properties, such as type and composition affect their
stability (Cai et al., 2021). Clay minerals and iron oxides can
interact with pollutants through various sorption mechanisms,
playing a vital role in soil environment by acting as a natural
scavenger of pollutants (Abollino et al., 2003; He et al., 2015).
The sorption and desorption of pollutants on clay minerals and
iron oxides are important for understanding the fate of the
pollutants in soil (Zhang et al., 2017). As an important source of
stable carbon pools in soil, microbial-derived OM-mineral
composites could closely affect the migration and transformation
of organic contaminants. Recent studies reported that the microbial
extracellular polymeric substances (EPS) had been shown to be
effective in sorption heavy metals and organic contaminants in
water (Disi et al., 2023; Yang et al., 2023; Xu et al., 2020). EPS under
anaerobic conditions had a higher aromatic structure and stronger
sorption capacity for pyrene (Lee et al., 2013). Furthermore, the EPS-
minerals composites promoted the sorption of PHE compared to
pristine EPS (Chen et al., 2020). However, current research on the
interaction between microbial-derived OM-mineral composites and
organic contaminants in soil is limited and the effects of the types of
soil minerals and substrate-carbon (substrate-C) of the composites
on the sorption of organic contaminants remain unclear.

The improper utilization of pesticides and antibiotics in human-
related production activities has resulted in several unintended
consequences; significant quantities of polycyclic aromatic
hydrocarbons (PAHs) and antibiotics have been identified in the
soil. Phenanthrene (PHE) is a representative PAH that is commonly
used in various studies. It is a planar, apolar, hydrophobic, and low-
molecular-weight compound that comprises three fused benzene

rings and has significant carcinogenic and mutagenic toxicity to
organisms (Goldman et al., 2001; Pakova et al., 2006; Shen et al.,
2019; Wang et al., 2019). Ofloxacin (OFL) is a fluoroquinolone
antibiotic. The presence of excess antibiotics in the environment has
the potential to lead to the development of antibiotic-resistant
bacteria and genes that could ultimately threaten the stability of
ecosystems and human health (Zhang et al., 2015; Das et al., 2024;
Na et al., 2024). It is a hydrophilic ionic compound comprised of a
carboxylic acid group (pKa = 6.10) and a piperazine group (pKa =
8.28). In aqueous solution, it exists as a cation (OFL+), an
amphoteric ion (OFL±), or an anion (OFL−) at different
pH conditions (Feng et al., 2015; Li et al., 2019). PHE and OFL
were used in this study because of their environmental importance,
chemical properties, and structures, which may result in different
sorption and desorption behaviors.

A more systematic understanding of the interaction
mechanisms between microbial-derived OM and organic
contaminants in soil is required. To prepare microbial-derived
OM-mineral composites, three substrate-Cs (Glycine, Glucose, or
2, 6-Dimethoxyphenol, the first two of which represent the
abundant energy sources for microbial metabolic processes in
natural soils, whereas the last one can be considered plant-
derived organic matter) were selected. Microbial-derived OM-
mineral composites were cultured with substrate-C and two
model soils containing montmorillonite or hematite. Batch
sorption and desorption experiments were performed on PHE
and OFL. This study aimed to analyze 1) the sorption and
desorption characteristics of microbial-derived OM-mineral
composites incubated with different substrate-Cs to PHE and
OFL, 2) the effects of different properties of microbial-derived
OM-mineral composites on their sorption, and 3) the primary
sorption mechanisms and stability of microbial-derived OM-
mineral composites on PHE and OFL.

2 Materials and methods

2.1 Samples and reagents

In this experiment, soil microorganisms were inoculated onto
the model soil and then incubated with different substrate-Cs to
obtain microbial-derived OM-mineral composites. The composites
were obtained by incubation with different substrates (glycine (G),
glucose (P), or 2, 6-Dimethoxyphenol (B)) and twomodel soils (33%
hematite + 67% quartz sand (FQ) or 33% montmorillonite + 67%
quartz sand (MQ), w/w) for 6 months (Kallenbach et al., 2018),
abbreviated as GF, PF, BF, GM, PM, and BM, respectively. FQ and
MQwithout the addition of substrate-C and microbial cultures were
used as blank controls. In this study, we designated the composites of
FQ and MQ as microbial-derived OM -hematite and microbial-
derived OM-montmorillonite composites, respectively. All samples
were stored at −80°C for future use. The basic physicochemical
properties of the samples are listed in Supplementary Table S1.

The properties of the eight samples were characterized using
elemental analyzer (EA, Vario MICRO Cude, Elementar, Germany),
specific surface area analyzer (SSA, JW-BK132F, Beijing Jingwei
Gaobo Technology Co., LTD., China), Fourier transform infrared
spectroscopy (FTIR, Varian 640-IR, American Varian Company,
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United States), and X-ray photoelectron spectroscopy (XPS,
K-Alpha, American Thermo Scientific, United States). The zeta
potentials of the adsorbents after sorption equilibrium were
measured using a zeta potential analyzer (Nano ZEN 3600,
Malvern, United Kingdom). Analytically pure PHE and OFL
were provided by Aladdin. The physical and chemical properties
of PHE (Liang et al., 2015) and OFL (Peng et al., 2012; Liang et al.,
2015) are listed in Supplementary Table S2.

2.2 Batch sorption and desorption
experiments

PHE (1 mg/L) and OFL (50 mg/L) were dissolved in a
background solution (0.02 M NaCl and 200 mg/L NaN3

solution) (Pan et al., 2011; Li et al., 2017) and stored in a
refrigerator at 4°C for later use. The stock solutions were diluted
with background solutions to obtain eight concentration ranges of
0.2–1 mg/L (PHE) and 4–50 mg/L (OFL), respectively. To exclude
the influence of free dissolved organic components on the sorption
of pollutants, the composites were repeatedly washed by deionized
water to ensure removal of free dissolved organic components. Two
parallel experiments were performed for each concentration. The
sorption and desorption equilibrium times and the appropriate
solid/liquid ratios were determined by preliminary experiments
to maintain the sorption rates in the range of 20%–80% as much
as possible to ensure the reliability of the analysis and the
background solution was set as a blank reference in all
experiments. Sorption experiments were performed in 8 mL
amber glass vials, shaken in a shaker (150 rpm) at 25°C ± 1°C
for 7 d and then centrifuged at 2,500 rpm for 5 min. The supernatant
was collected and passed through the 0.45 µm membrane (SCAA-
101) to prevent the solid particle impurities in the sample clogging
the instrument and the concentrations of PHE and OFL were
determined.

Desorption experiments were performed immediately after
sorption equilibrium was reached. Desorption was studied by
replacing the supernatant of the sorption equilibrium system
with a new background solution. After replacing the supernatant,
desorption experiments were performed under the same conditions
as the sorption experiments described above and the concentrations
of PHE and OFL in the supernatant were determined at the end of
the experiments.

2.3 Measurement of PHE and OFL

The concentration of PHE and OFL was determined by high
performance liquid chromatograph (1,260 Infinity II, Agilent,
United States) with the following chromatographic conditions:
flow rate of 1 mL/min, column temperature of 30°C, and
injection volume of 20 µL. The mobile phase for PHE was a
mixture of methanol and ultrapure water at a ratio of 9:1 (v/v) at
a detection wavelength of 250 nm. The mobile phase of the OFL was
a mixture of 18% acetonitrile, 0.8% acetic acid, and 81.2% ultrapure
water with a detection wavelength of 286 nm.

2.4 Data processes

For sorption and desorption isotherm analysis, the following
three models were used:

Henry model:

Qe � Kd · Ce +m (1)
Freundlich model:

lgQe � lgKF + n lgCe (2)

Langmuir model:

Q−1
e � Q−1

m + KL · Qm · Ce( )−1 (3)
where Qe (mg/kg) is the equilibrium solid-phase concentration, and
Ce (mg/L) is the aqueous phase concentration. Kd is the distribution
coefficient, and is the vertical intercept. KF is the Freundlich affinity
coefficient and n is the Freundlich nonlinearity factor.Qm (mg/kg) is
the maximum amount of PHE and OFL per unit mass of adsorbent,
KL is the Langmuir coefficient.

Because of the different numbers of coefficients in Equations
1–3, the adjustable determination coefficient (r2adj) was used to
compare the model fitting effect and the calculation formula is as
follows (Equation 4):

r2adj � 1-
m-b
m-1

r2 (4)

where m is the number of data points used for fitting and b is the
number of coefficients in the fitting equation.

Desorption of PHE and OFL was analyzed based on the release
rate and the release rate (RR) of the adsorbed contaminants was
calculated as follows (Equation 5):

RR � 1-
Qe2

Qe1
(5)

where Qe1 (mg/kg) is the solid-phase concentration at the beginning
of desorption and Qe2 (mg/kg) is the solid-phase concentration after
desorption.

3 Results and discussion

3.1 Characteristics ofmicrobial-derivedOM-
mineral composites

The elemental analysis and specific surface area (SSA) of the
eight samples are presented in Table 1. The coverage of microbial-
derived OM on a mineral surface can lead to a decrease in SSA. The
SSA of FQ and MQ were larger than those of the composites, with
SSA of 2.774 m2/g and 36.363 m2/g, respectively. The SSA of GF, PF,
and BF were approximately 1 m2/g and those of BM, GM, and PM
were similar, ranging 7.649–8.856 m2/g. The carbon contents on the
montmorillonite composites (0.64%–2.11%) were higher than that
on the hematite composites (0.24%–0.98%) and the C/H ratio of BM
(1.10) was much higher than that of the other composites (C/H ratio
values ranged from 0 to 0.42), which indicated a higher
aromaticity in BM.
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The FTIR spectra of the composites are shown in Figure 1. Peaks
were observed at 3,440 cm−1, which were caused by -O-H vibrations
(Papageorgiou et al., 2010; Zhao et al., 2021), indicating the presence
of crystalline hydrates in the eight samples. Olefinic C=C stretching
vibrational peaks were observed at 1,635 cm−1 in eight samples
(Shukla et al., 2007; Tabak et al., 2019; Feng et al., 2021), and
aromatic C=C stretching vibrational absorption peaks were
observed at approximately 1,571 cm−1 (Gauthier et al., 2005;
Chen et al., 2020). In the microbial-derived OM-montmorillonite
composites, BM demonstrated the highest peak intensities at
1,635 cm−1 and 1,571 cm−1, indicating that BM contains more
unsaturated carbon. The aliphatic methylene in peaks were
observed at 2,922 cm−1 and 2,851 cm−1 (Mohan et al., 2016;
Bolyard et al., 2019; Yan et al., 2020). The composite obtained by
2, 6-dimethoxyphenol contained more aliphatic methylene groups.
The microbial-derived OM-montmorillonite composites were
generally more hydrophobic than the microbial-derived OM-
hematite composites.

The XPS wide-scan spectra of the microbial-derived OM-
mineral composite (Supplementary Figure S1) revealed the
presence of C (C1s), O (O1s), and N (N1s) on the surfaces of

the eight samples at approximately 285, 532, and 400 eV, however,
with different intensities. Deconvolution of C1s, O1s, and N1s
spectra, respectively (Figure 2), C1s can be deconvolved into
three peaks, which could be ascribed to C-C (248.8 Ev), C-O
(286.46 eV), and C=O (288.57 eV) (Cheng et al., 2018; Chen
et al., 2024); O1s has two peaks at 529.8 eV and 532.2 eV, which
could be attributed to the O forms of Fe-O and C-O (Luo et al., 2017;
Cheng et al., 2018; Chen et al., 2024; Li et al., 2024); the nuclear
energy level spectrum of N1s has two peaks, which are N forms in
neutral amine-NH2 (nonprotonated) and protonated amine-NH3,
with binding energies of 399.9 eV and 402 eV, respectively (Zhu
et al., 2017; Cheng et al., 2018; Olayo et al., 2023). The surface
elemental compositions and assignments of the eight samples are
listed in Table 2. Among the microbial-derived OM bound to
hematite, PF had the highest surface carbon content (up to
20.23%), GF had the lowest (6.56%), and the surface oxygen
contents of GF and FQ were lower than those of PF and BF. In
the microbial-derived OM-montmorillonite composite, the highest
carbon content was found on the surface of the BM (9.28%) and the
surface carbon contents of GM, PM, and MQ were similar (6.03%,
5.14%, and 4.35%, respectively). In addition, the microbial-derived

TABLE 1 Physicochemical properties of microbial-derived OM-mineral composites including the elemental analysis and specific surface area.

Name Elemental analysis SSA (m2/g) Pore volume cm3/g Pore radius nm

N% C% H% O% C/H (N+O)/C

GF 0.02 0.24 0.14 4.73 0.14 14.85 1.075 0.005 19.059

PF 0.02 0.64 0.24 3.19 0.23 3.77 1.069 0.007 24.860

BF 0.01 0.98 0.35 7.08 0.24 5.43 0.953 0.006 25.259

FQ 0.01 0.04 0.06 1.14 — — 2.774 0.012 16.306

GM 0.20 0.64 0.73 5.54 0.07 6.76 7.649 0.034 17.150

PM 0.15 1.54 0.31 5.91 0.42 2.96 8.856 0.037 16.110

BM 0.06 2.11 0.16 6.33 1.10 2.27 8.611 0.040 18.252

MQ 0.01 0.00 0.06 0.91 — — 36.363 0.073 7.801

FIGURE 1
FTIR spectra of microbial-derived OM-mineral composites.
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FIGURE 2
C1s, O1s, and N1s XPS spectra of the samples of microbial-derived OM-mineral composites.
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OM-hematite complex contained not only oxygen atoms in the C-O
form but also in the Fe-O form and both complexes had a lower
nitrogen content.

3.2 Sorption comparison of PHE and OFL on
microbial-derived OM-mineral composites

The sorption of PHE and OFL onto the microbial-derived OM-
mineral composites was fitted using Henry’s linear, Freundlich’s,

and Langmuir’s equations. The fitting results are listed in
Supplementary Table S2. By comparing the various parameters of
the three models, the Freundlich model was found to be more
appropriate for explaining the sorption of PHE and OFL. The n
values for PHE and OFL were in the ranges of 0.639–1.081 and
0.150–2.035, respectively (Supplementary Table S2). The n values
for PHE and OFL adsorbed by GF, PF, BF, and FQwere less than 1.0,
whereas those for OFL adsorbed by GM, PM, BM, and M were
greater than one. According to the relationship between the shape of
the sorption isotherm and the n value (Calvet, 1989), the sorption

TABLE 2 Assignments and quantification of XPS spectral bands for surfaces of microbial-derived OM-mineral composites.

Name Total C (%) Total N (%) Total O (%) C1s (%) N1s (%) O1s (%) (N+O)/C

C-C C-O C=O 399.9 402 C-O Fe-O

GF 6.56 0.65 23.37 63.24 26.10 10.66 71.21 28.79 72.60 27.40 2.76

PF 20.23 1.19 27.25 57.14 30.72 12.14 85.86 14.14 72.69 27.31 1.06

BF 8.29 0.50 24.78 57.74 32.56 9.69 54.66 45.34 70.21 29.79 2.29

FQ 9.68 0.31 22.40 75.85 15.79 8.36 51.56 48.44 83.63 16.37 1.76

GM 6.03 0.66 21.78 52.61 32.08 15.31 25.14 74.86 100 — 2.80

PM 5.14 0.31 21.20 51.58 37.84 10.58 42.54 57.46 100 — 3.15

BM 9.25 0.33 22.53 61.31 29.03 9.66 35.65 64.35 100 — 1.86

MQ 4.35 0.29 23.82 63.69 27.93 8.38 44.99 55.01 100 — 4.16

FIGURE 3
Sorption isotherms of PHE on eight adsorbents (solid phase concentration in mg/kg in (A, B), and sorption isotherms normalized by SSA solid phase
concentration in mg/m2 in (C, D).
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isotherms of PHE and OFL by microbial-derived OM-hematite
composites had an “L” shape (n < 1.0). In the initial sorption
period, the microbial-derived OM-hematite composites had a
greater affinity for PHE and OFL, with a decrease in sorption as
their concentration increased. The sorption isotherms of OFL by
GM, PM, and BM were all of “S” type (n > 1.0). Conversely, the
sorption of PHE was of the “L” type (n < 1), indicating that the
microbial-derived OM-montmorillonite composites had a relatively
weaker affinity for OFL. At low OFL concentrations, the water
molecules competed with the composites for sorption. Additional
research has shown that when the concentration of OFL is low, water
molecules would compete for sorption sites, resulting in decreased
sorption (Sukul et al., 2008).

The sorption of PHE by FQ and GF was greater than that of
BF and PF (Figure 3A) and the nonlinearity was stronger than
that of the other adsorbents, with the n value deviating the most
from 1.0 (Supplementary Table S2). Compared to BF and PF, FQ
and GF had greater SSA (Table 1). Thus, the sorption of PHE by
microbial-derived OM-hematite composites may be related to
the SSA (Kleineidam et al., 2002; Zhang et al., 2013). The carbon
content of the microbial-derived OM bound to minerals
increased, whereas their SSA decreased (Table 1). This may be
due to the organic matter covering the mineral surface, which
reduces its active sites and thus reduces the sorption power of
PHE. Upon normalization of the SSA (Figure 3C), the sorption
isotherms of PHE by the microbial-derived OM-hematite
composites appeared to be essentially identical. This further
supports the notion that SSA is a crucial factor. In addition,

although the oxygen contents of GF, PF, BF, and FQ were similar
(Table 1), the oxygen content on the surface of PF and BF was
higher than that of GF and FQ according to XPS analysis
(Table 2), and the oxygen restricted the sorption of nonpolar
compounds, especially on the surface, which is consistent with
previous studies (Oh et al., 2008; Cheng et al., 2018). Thus, the
sorption of PHE onto the composites was mainly controlled by
hydrophobic interactions.

In the microbial-derived OM-montmorillonite composites, the
sorption of PHE by BM was significantly higher than that of the
others (Figure 3B). After standardizing the SSA (Figure 3D), BM still
showed good OFL sorption, whereas MQ had the lowest OFL
sorption, which was no longer close to that of GM and PM.
Moreover, MQ had the largest SSA, the large SSA is most likely
the key to the sorption of OFL byMQ. Compared with GM and PM,
BM had the highest aromatic content (C/H ratio of 1.10), whereas
the SSA were similar (7.649–8.856 m2/g). This suggests that the
aromatics of the organic matter in the BM played an important role
in the sorption of PHE. Additionally, the olefinic C=C and aromatic
C=C structure of BM could form π-π conjugation, which enhanced
the sorption of PHE. Similarly, XPS showed that BM, with a higher
surface carbon content, had a higher sorption of PHE than PM and
MQ. The above results confirmed that the sorption of PHE by
microbial-derived OM-montmorillonite composites was affected by
the carbon content.

The sorption of OFL by PF and BF was higher than that of FQ
and GF (Figure 4A). The sorption mechanism of the microbial-
derived OM-hematite composites for OFL was investigated using

FIGURE 4
Sorption isotherms of OFL on eight adsorbents (solid phase concentration in mg/kg in (A, B) and sorption isotherms normalized by SSA solid phase
concentration in mg/m2 in (C, D)).
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SSA standardization (Figure 4C) and the sorption of OFL by FQ
decreased significantly. The sorption of OFL by FQ was greatly
affected by the SSA, whereas a large difference was observed in
the sorption of OFL by PF, BF, and GF, indicating the presence of
other factors controlling its sorption by the composites in
addition to the SSA. To investigate the sorption mechanisms
of OFL by the microbial-derived OM-hematite composites, zeta
potential measurements were performed, and all eight adsorbents
were electronegative (Supplementary Table S3). The pH ranged
from 8.31 to 9.66 after the sorption equilibrium was reached and
OFL was negatively charged within this pH range
(Supplementary Table S1, pKa = 8.28). Therefore, no
electrostatic effect was observed on the sorption of OFL on
the microbial-derived OM-hematite composites. Combined
with the results of surface elemental content determined by
XPS, the sorption of OFL was found to be positively
correlated with the surface carbon content, with the highest
carbon content for PF and the lowest for GF, corresponding
to the highest and lowest maximum sorption capacity for OFL,
respectively. Furthermore, the carboxyl group (-COOH) of OFL
can bind to -OH on the surface of microbial-derived OM-
hematite composites through esterification (Zhang and Huang,
2006; Qu et al., 2008), whereas the F, N, and O contained in OFL
can form hydrogen bonds with -OH and enhance the
sorption of OFL.

The order of sorption of OFL by the microbial-derived OM-
montmorillonite composites was BM ≥ MQ > GM ≈ PM
(Figure 4B). With the loading of microbial-derived OM on
montmorillonite, the SSA of montmorillonite decreased, and its
surface properties changed (Table 1). The sorption of OFL by the
microbial-derived OM-montmorillonite composites showed the
same trend when normalized by the SSA (Figure 4D). Similarly,
the zeta potential of the microbial-derived OM-montmorillonite
composites was negatively charged, and electrostatic interactions did
not promote their sorption to OFL. Consistent with the microbial-
derived OM-hematite composites, the sorption of OFL by the
microbial-derived OM-montmorillonite composites was
correlated with the carbon content of their surfaces.

3.3 Desorption characteristics of PHE
and OFL

The desorption of PHE by the composites was not linear and
desorption hysteresis was observed (Figure 5), indicating that the
sorption of PHE and OFL on the composites was strong and
stable. Microbial-derived OM cultured with glycine and glucose
(G- and P-, respectively) showed stronger desorption of PHE and
OFL. Although the sorption of PHE by GF was the strongest, the
sorption was observed to be unstable (Figure 5). According to the
sorption and desorption isotherms of OFL by the eight
adsorbents, almost no desorption was observed for OFL and
the sorption of OFL was very stable (Figure 6).

The degree of desorption was measured based on the
desorption-release rate (RR). The RR of PHE adsorbed by the
composites was positively correlated with its concentration in the
solid phase (Figures 7A, B). As the concentration of PHE
increased, the RR increased, and desorption was relatively
easy. Conversely, the sorption of OFL by the composites was
stable with a low RR and the RR was almost zero for both low and
high concentrations of OFL (Figures 7C, D). The low RR may be
related to the nonlinear sorption of OFL, which is more difficult
to release from specific sorption sites, such as hydrogen bonds
(Boyd et al., 2001; Zhang et al., 2012), resulting in a strong
desorption hysteresis phenomenon.

The sorption stabilities of the composites cultured with
substrate-C were different (Figure 7) and the desorption RR
of PHE by the composites formed with 2,6-dimethoxyphenol
(B-) as substrate-C was the lowest, indicating that the sorption
of PHE by the composites cultured with the more complex
substrate-C was more stable. The sorption characteristics and
mechanisms according to the above results showed that the
sorption of PHE was mainly achieved by hydrophobic
interaction and highly aromatic components of microbial-
derived OM could form π-π conjugation with PHE. PHE
adsorbed via hydrophobic partitioning is susceptible to
desorption because of environmental changes. The BM was
highly aromatic and had a high sorption capacity. The PHE

FIGURE 5
PHE sorption and desorption isotherms on eight adsorbents. The symbols (C, ○) represent the sorption equilibrium and the first desorption,
respectively.
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adsorbed by π-π conjugation was relatively stable and
desorption less. The aromaticity of the composites played an
important role in the stable sorption of PHE and controlled its
migration and transformation in soil. Compared with the
sorption of PHE, the sorption of OFL was controlled by
hydrogen bonding and π-π conjugation, thus the sorption of
OFL by the eight adsorbents was more stable and difficult to
be desorbed.

4 Conclusion

The microbial-derived OM -montmorillonite composites were
generally more hydrophobic than microbial-derived OM-hematite
composites. In addition, the higher carbon content of the
montmorillonite composites, indicated a greater accumulation of
microbial-derived OM formed on montmorillonite. The sorption of
OFL was more dependent on the surface sites of the hematite. The

FIGURE 6
OFL sorption and desorption isotherms on eight adsorbents. The symbols (C, ○) represent the sorption equilibrium and the first desorption,
respectively.

FIGURE 7
RR-log Qe relationship of eight adsorbents for PHE and OFL ((A, B) are PHE, and (C, D) are OFL).
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sorption of PHE onmicrobial-derived OM-montmorillonite composites
was not only dependent on the SSA but also on the components of the
microbial-derived OM formed on the minerals, especially the aromatic
components. The sorption trend of OFL on the microbial-derived OM-
hematite composites was opposite to that of PHE. Hydrophobic
interaction and π-π conjugation dominated the sorption of PHE on
the composites. The sorption of OFL was controlled by a combination of
hydrogen bonding and π-π conjugation. BM had the highest aromaticity
and the highest sorption through the strong π-π conjugation. The
sorption of OFL by the composites was higher and more stable than
that of PHE and the OFL sorbed on the composites was relatively stable,
as reflected by the stronger desorption hysteresis. Therefore, organic
contaminants, especially ionic organic contaminants, can be
immobilized in soil through their interaction with microbial-derived
OM, thereby reducing the ecological risk of organic contaminants.
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