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Abstract

Complexes formed by organic matter and clay minerals, which are active components of soil systems, play an important
role in the migration and transformation of pollutants in nature. In this study, humic-acid—-montmorillonite (HA-MT) and
humic-acid—kaolin (HA-KL) complexes were prepared, and their structures before and after the adsorption of aniline were
analyzed. The aniline adsorption—desorption characteristics of complexes with different clay minerals and varying HA con-
tents were explored using the static adsorption—desorption equilibrium method. Compared with the pristine clay minerals,
the flaky and porous structure of the complexes and the aromaticity were enhanced. The adsorption of aniline on the different
clay mineral complexes was nonlinear, and the adsorption capacity increased with increasing HA content. Additionally, the
adsorption capacity of HA-MT was higher than that of HA-KL. After adsorption, the specific surface area of the complexes
decreased, the surfaces became more complicated, and the aromaticity decreased because aniline is primarily adsorption onto
the complexes via aromatic rings. Aniline was adsorbed onto the complexes via spontaneous exothermic physical adsorp-
tion. The amount of aniline desorbed from the complexes increased with increasing HA content, and a lag in desorption was
observed, with a greater lag for HA—KL than for HA-MT.

Keywords Organo—mineral complex - Humic-acid content - Clay minerals - Kinetics - Adsorption models - Desorption
hysteresis

Introduction application to soil, posing considerable risks to the environ-

ment and human health. Serious aniline-leakage accidents
Aniline, a fundamental industrial amine, and its derivatives have occurred in China, which severely threatened the nor-
are extensively used in various industries such as medicine, mal lives of surrounding residents (Sun et al. 2015; Moham-
agriculture, and the military (Fu et al. 2019). However, the =~ med et al. 2020). For example, a previous study reported
consistent use of aniline and its derivatives has led to their ~ aniline concentrations of 300-3900 pg/L in alkaline paddy
continual and accumulation in the environment through the  soil in Jiangsu Province, 50-1300 pg/L in river sediment in
release of industrial wastewater, accidental leakage, or direct =~ Guangzhou, and 20-1100 pg/L in sludge from a solid waste
yard in Guiyang (Liu et al. 2020). In addition, a chemical
plant in Hebei Province discharged untreated wastewater into
Responsible Editor: Tito Roberto Cadaval Jr surrounding ponds, resulting in the aniline concentration
in the groundwater reaching 7.33 mg/L, far exceeding the
standard limit (Sissou et al. 2019). According to the require-
ments of the Grade II standard of the Integrated Wastewater
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L' School of Chemical and Environmental Engineering, Discharge Standard of China (GB 8978-1996), the discharge
China University of Mining & Technology (Beijing), of aniline in wastewater is <2 mg/L. The US EPA suggested
Beijing 100083, People’s Republic of China a 0.262 ppm limit for aniline in water. Therefore, the deg-

> Beijing Solid Waste Treatment Co., Ltd, Beijing 100101, radation of aniline to minimize its harmful influence on the
People’s Republic of China surrounding environment is critical.

3 Policy Research Center for Environment and Economy, Various media exist in the soil. Clay minerals and organic
Ministry of Ecology and Environment, Beijing 100029, matter, the primary active components in soil, significantly
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influence the migration and transformation of organic pollut-
ants in soil (Yang et al. 2021; Cheng et al. 2021). The strong
attraction of clay minerals for organic matter results in the
formation of stable organo—mineral complexes by filling and
combining with minerals. The complexes can change the
properties of the mineral surface and the structure of associ-
ated organic matter and affect the adsorption capacity of soil
for organic pollutants (Zhu et al. 2016; Ren et al. 2021). The
organo—mineral complexes also play a key role in stabilizing
soil organic carbon (Xu et al. 2022; Georgiou et al. 2022).
Various natural minerals with complex structures combine
with organic matter in different ways, leading to varying
degrees of pollutant adsorption. In particular, kaolin and
montmorillonite are extensively used as representative clay
minerals owing to their abundance in soil, high specific sur-
face area (SSA), negative surface charge, and cation inter-
action characteristics (Campos et al. 2013; Xu et al. 2019).
Kaolin has a 1:1 layered structure with small interlayer spac-
ing and low organic content (Wang et al. 2018). Montmoril-
lonite has a 2:1 layered structure with an unstable interlayer
spacing that changes with the water content, and the surface
functional groups are mainly hydroxyl groups (Wang et al.
2020). The structures of organo—mineral complexes contain-
ing montmorillonite and kaolin have been characterized by
nuclear magnetic resonance (NMR) spectroscopy. Analysis
of the 1*C and 'H NMR spectra indicates that the mont-
morillonite complex first combines with highly saturated
amino acids and fatty acids under hydrophobic interactions,
whereas kaolin first combines with the fatty acid carbon on
chains, while the clay minerals provide protection and fixa-
tion for organic matter (Turlapati et al. 2015).

The adsorption of heavy metals and organic pollutants
on organic matter or minerals in water and soil has been
widely studied (Ruan et al. 2015; Belousov et al. 2019;
Qian et al. 2022). Additionally, the adsorption charac-
teristics and mechanisms of organic pollutants in soil by
organo—mineral complexes are being explored. Pollutant
adsorption by these complexes in the soil is affected by the
type of clay mineral, initial concentration of the adsorb-
ate, and proportion of organic matter in the clay minerals
(Huang et al. 2015). The adsorption mechanism depends
on the properties of the pollutant and organo—mineral
complex and their interactions. The specific adsorption
mechanism determines the extent of migration and trans-
formation of the pollutants in the soil. Molecular dynamics
analysis has revealed that humic acid (HA) can increase
the adsorption of pollutants by organo—mineral com-
plexes by forming hydrogen-bond networks with glypho-
sate and kaolinite (Guo et al. 2021). Factors such as the
type of mineral and its properties, interlayer charge, and
carboxylic acid groups significantly influence the interac-
tion mechanism between organic carbon and minerals in
soil under natural conditions. The structure and content
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of organic matter before and after the preparation of
organo—mineral complexes was examined by synthesizing
an HA—nano-ferric-oxide complex (Peng et al. 2015). The
physical and chemical properties of HA were dependent
on the ofloxacin and norfloxacin adsorption capacities of
the complex. However, research on the physicochemical
properties of organic matter and clay minerals and their
composites with various proportions is lacking. Moreover,
the influence of organo—mineral complexes on the adsorp-
tion—desorption characteristics of organic pollutants has
not yet been comprehensively elucidated.

To address these gaps in the knowledge, HA and mont-
morillonite/kaolin (MT/KL) were used to simulate soil
organic matter and clay minerals, respectively, in this
study. Additionally, HA-MT and HA-KL complexes
with different clay materials and organo—mineral ratios
were prepared. Static adsorption equilibrium tests were
performed, and the morphology, porosity, and chemical
properties of the materials were characterized. The pur-
pose of this study was to clarify the dominant mechanism
by which the soil organic matter—clay mineral complex
affects the adsorption and desorption of organic pollutants.
The study can contribute to the evaluation and prediction
of the potential risks of aniline soil pollution and to the
development of improved soil-remediation strategies.

Materials and methods
Sample preparation

Aniline (C¢H,;N) and MT (Al,04Si5) were purchased from
McLean Pharmaceutical Company. KL (Al,Si,05(OH),/
H,Al,S1,04.H,0) and nitric acid (HNO;) were purchased
from Sinopharm Chemical Reagents, while HA (CoHgNOg)
and NaOH were purchased from Alfa Aesar (China) and
Beijing Tongguang Fine Chemical Company, respectively.

HAO0g, 1g,2g, 3¢g,4¢g, and 5 g) was dissolved in
ultrapure water, and MT (50 g) was added to each portion.
The pH of the resulting solutions was adjusted to 9 using
NaOH and HNOj; solutions (1 mol/L). The mixed sus-
pending liquid was manually stirred for 1 min, placed in
a constant-temperature oscillation incubator, agitated for
24 h at 200 rpm at room temperature (20-25 °C), and sub-
sequently centrifuged at 3500 rpm. The supernatant was
removed and frozen in a refrigerator for 48 h, freeze-dried
for an additional 48 h, and filtered through a 250-mesh
sieve. The resulting samples were then sealed and stored
inside a container. These samples are henceforth denoted
according to the weight ratio of HA to MT (0%, 2%, 4%,
6%, 8%, and 10% HA-MT). The HA-KL complexes were
similarly prepared.
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Characterization

The structures of the pristine and aniline-adsorbed
organo—mineral complexes and their components were
characterized. The surface morphology of the soil particles
and their elemental composition in a vacuum were investi-
gated by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS). The influence of the
organo-matter—clay-mineral interactions on their respective
structural characteristics was investigated by determining the
SSA via Brunauer—Emmett—Teller (BET) analysis. Infrared
spectroscopy with full-band scanning was performed (Nico-
let6700; Thermo Fisher China). XPS analysis was performed
to determine the surface elemental compositions of the pris-
tine soil samples. An electron probe was used to analyze
the elemental distribution on the mineral surface and obtain
images of the organo—mineral complexes. The influence of
the unique functional groups of HA in the complexes on
their adsorption—desorption behavior was quantitatively ana-
lyzed by NMR spectroscopy (Bruker AU300; Switzerland).

Batch adsorption-desorption experiments

The batch static adsorption—desorption equilibrium method
was used in this study. First, aniline stock solutions with
concentrations of 100 pg/L, 200 pg/L, 400 pg/L, 800 pg/L,
1200 pg/L, 1600 pg/L, and 2000 pg/L were prepared. An
HA-MT simulated soil sample (50 mg) and aniline stock
solution (20 mL) were added to a centrifuge tube (50 mL).
The sample was quickly covered, sealed, stored away from
light, and subsequently placed in a constant-temperature
air-bath oscillator. Gas chromatography (GC) was used to
determine the aniline concentration. The sample was placed
in the headspace column. The Rtx-5 column was used
(30 mx0.25 mm x0.25 pum), along with a flame ionization
detector (FID). The GC operating conditions included an
injection volume of 1 pL, split ratio of 200:1, constant column
temperature of 80 °C, flow rate in the chromatographic col-
umn of 3 mL/min, sample inlet temperature of 150 °C, detec-
tor temperature of 250 °C, exhaust flow rate of 30 mL/min,
hydrogen flow rate of 40 mL/min, and air flow rate of 400 mL/
min. Because of a large number of samples prepared, the 4%
HA-MT and 4% HA-KL complexes were used to determine
the aniline adsorption equilibrium time using aniline solutions
with initial concentrations of 800 pg/L and 1600 pg/L based
on the environmental concentration and previous studies (Liu
et al. 2020). The adsorption equilibrium time of aniline was
determined by the oscillating balance method. A prepared soil
sample (50 mg) was accurately weighed into a 50-mL centri-
fuge tube, and 20 mL of aniline solution was injected quickly.
To avoid light, the tube was wrapped in aluminum foil. A cen-
trifuge tube without a sample was used as a control sample,
and it was centrifuged at 25 °C and 160 rpm. The tubes were

removed from the centrifuge after Oh, 1 h,2h,4h, 8 h, 12 h,
24 h, and 48 h, respectively. Two parallel samples were taken,
which were centrifuged at 6000 rpm for 10 min. We took 1 mL
of supernatant from the headspace bottle which was tested
using GC to determine the concentration of residual aniline in
the solution and determine the adsorption equilibrium time.
Three parallel experiments were conducted for each group,
and the standard sample without adsorbent was used as the
control. Supplementary Fig. S1 shows the concentration vs.
time curves from which an adsorption equilibrium time of
aniline of 24 h was obtained. To ensure adsorption equilib-
rium in the solution, an equilibration time of 48 h was used
in the experiments. After this time, the tube was centrifuged
at 6000 rpm for 10 min. The supernatant (1 mL) was passed
through a 0.45-pm filter membrane using a syringe and quickly
injected into a headspace bottle (2 mL), sealed with a pressure
cap, and analyzed. The aniline concentration after adsorption
equilibrium (C,) was recorded, and three parallel experiments
were performed in each group using a complex-free standard
sample as the control. Various kinetic models—pseudo-first-
order, pseudo-second-order, Elovich, and intraparticle diffu-
sion models—were used to fit the adsorption data (Chianese
et al. 2020).

The aniline desorption experiments were performed based
on the results of the adsorption experiments, with an aniline
desorption equilibrium time of 48 h. After the adsorption
experiments were performed, each sample was centrifuged
at 6000 rpm for 10 min to separate the solid from the liquid.
After treatment under dark conditions, each sample was placed
in a centrifuge tube in an oscillator at 160 rpm and oscillated
at a constant temperature for 48 h until desorption equilibrium
was achieved. The top-empty bottle was centrifuged for 10 min
at 6000 rpm. Subsequently, the supernatant (1 mL) was added
to a top-empty bottle, which was placed in the GC instrument
to determine the final desorption equilibrium concentration of
aniline (C;). Three sets of parallel experiments were conducted
in each group using an absorbent-free standard sample as the
control.

Data analysis

The adsorption and desorption data were fitted using the linear,
Langmuir, and Freundlich models. The aniline adsorption and
desorption capacities of the complexes were calculated using
Egs. (1) and (2), respectively.

C,-C,)V
Q, = (OT) (1)
Qies — (Ce _’nce)v (2)
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Here, Q, (pg/g) is the amount of aniline adsorbed by the
complexes, C;, (ng/L) is the initial concentration, C, (pg/L)
is the concentration at adsorption equilibrium, Q‘Z‘” (pgl/e)
is the fraction of solid-phase desorption of aniline by the
complexes,C; (pg/L) is the aniline concentration at desorp-
tion equilibrium, m (g) is the mass of the complex, and V (L)
is the solution volume.

Adsorption isotherm data collected at different tempera-
tures were fit to determine the adsorption coefficient (K).
Thermodynamic parameters such as changes in the Gibbs
free energy [A G (kJ-mol™")], enthalpy [AH (kJ-mol~!)], and
entropy [AS (kJ-mol~-K~!)] were calculated as follows:

AG = —RTInK 3)
AH AS

InK = == + =2

n 7 R 4)

AG = AH — TAS (5)

Results and discussion
Characterization of complexes

SEM analysis identified the presence of 1-um block-like
HA and a high degree of aggregation of small particles.
The structure of pristine HA was dense. The surface had a
microporous structure with small pores and a smooth surface
owing to pore filling. The major elements were C and O,

with minor amounts of Al and Si. Based on this, the mac-
romolecular structure of HA was thought to mainly contain
aromatic and alicyclic rings. KL had a granular structure,
which may enable satisfactory ion exchange and adsorption.
The main components of KL were O, Al, and Si, consistent
with previous results (Wen et al. 2019). SEM performed
at 1000 X magnification revealed that MT had the lamellar
structure of clastic scales, and the spacing between scales is
relatively small; moreover, MT contained O, Si, and Al as
the primary components.

A comparison of the surface morphologies of the soil
samples before and after forming complexes reveals that
the surfaces of the complexes were uneven and the pore
structures were more obvious than those in the initial clay.
No obvious changes were found in the major constituent
elements of HA—MT at the investigated site; however, the
C content of HA-KL increased (Fig. 1). The complexes
formed by the two minerals were in the form of flaky poly-
mers, similar to the surface morphologies of MT and KL.
The formation of these complexes was presumably influ-
enced by the clay minerals—MT and KL—and the links
between small granular HA and the mineral surfaces. EDS
maps (Supplementary Fig. S2) show that the C signal from
the two complexes was very high at the edge of the particles
but extremely low in their interior, indicating that HA was
adsorbed primarily on the clay mineral surfaces, with the
tiny HA particles possibly entering the pores of the clay.

Macromolecular organic matter (such as HA) and other
components are known to be readily adsorbed on the surface
of clay minerals, which is dependent on the surface struc-
ture of the minerals, such as their SSA and pore volume

Fig.1 SEM-EDS images of MT, KL, and HA-MT and HA-KL complexes (scale bar: 1 pm)

@ Springer
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(El-Sayed et al. 2019b; Qu et al. 2019; Chen et al. 2017). The
properties of different organo-mineral complexes prepared
in previous studies also have certain differences, which are
compared in Supplementary Table S1. Owing to the large
number of samples prepared in this study, specimens with
4% HA and similar contents of the two mineral types were
selected for characterization. Analysis of the pore charac-
teristics of the simulated soil revealed that MT and HA had
the largest (54.421 m?%/g) and smallest (4.938 m%*/g) SSA
values, respectively (Table 1). The SSA values of the two
complexes changed upon the addition of MT or KL to HA,
with the SSA values of the HA-MT and HA-KL decreas-
ing and increasing compared with the original MT and KL,
respectively. The adhesion of HA to the surface of the frame-
work of minerals during its combination with the minerals
possibly led to the reduction in the SSA of HA-MT.

The IR spectra of HA, MT, and KL suggested several
similar molecular structures (Fig. 2a). The six pre- and post-
complexing samples were similar in structure that contained
abundant functional groups, such as hydroxyl, aliphatic
hydrocarbon, carboxyl, carbonyl, and aromatic structures.
The addition of HA to the clays did not significantly alter the
overall structure of the clay minerals (Sabah and Ouki 2017).
Distinct peaks corresponding to —OH stretching vibration,
mineral absorption, C=C stretching vibration of the aro-
matic ring skeleton, and Si—O stretching vibration were
observed at 3500-3430 cm™', 3622 cm™", 1640-1570 cm™",
and 1030 cm™!, respectively, although with different inten-
sities. The complexes exhibited intense absorption peaks
related to carbonyl stretching between 1100 and 1030 cm™,
indicating considerable changes in the C—O absorption peaks
of the clay minerals after complexation.

XPS analysis showed that the surfaces of KL, MT, and
their complexes with HA contained elements such as C,
0O, Al, and Si (Fig. 2b). Additionally, a small peak corre-
sponding to the binding energy of Mgls was observed in
the spectra of MT and its complexes at 1303 eV, indicating
that their surfaces also contained small amounts of Mg. The
elemental compositions of 4% and 10% HA-MT were very
similar; however, the fractions of C and O in 10% HA-MT
were slightly higher than those in 4% HA-MT due to the

additional C and O provided by the higher HA content. This
result is also consistent with the increase in the number of
C-0 functional groups concluded from IR analysis. Electron
probe analysis (Supplementary Fig. S3) revealed that both
complexes had a layered structure; moreover, the complexes
were scanned based on their Al, Si, C, and O contents. The
surface of 4% HA-KL was rich in Al, Si, and O, whereas
that of HA-MT had lower Al and higher Si and O contents,
indicating the presence of numerous silicate minerals on
the surfaces of the two complexes and the presence of sev-
eral aluminates on the surface of HA—KL; this corroborates
the results obtained from SEM and XPS analyses of the
complexes.

Adsorption of aniline by organo-mineral complexes
Adsorption isotherms and kinetics

The aniline adsorption kinetic curves of complexes with
different clay mineral types toward two different initial
concentrations of aniline were collected (Fig. 3a). The
reaction time, initial concentration of aniline, and clay
mineral type significantly influenced the adsorption
kinetics. The adsorption of aniline on the organo—min-
eral complexes involved a rapid increase, a slow increase,
and eventual stabilization. These trends may be related to
the adsorption sites on the surface of the complex (Guo
et al. 2016). Because of the limited number of surface
adsorption sites, the adsorption sites are continuously
occupied by aniline over time, resulting in fewer sites for
subsequent adsorption of aniline on the surfaces of the soil
organic components. This is observed as a decrease in the
adsorption rate, up to the point where the aniline adsorp-
tion sites are exhausted and the concentration plateaus.
The pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion kinetic models were used to fit the
aniline adsorption data of the aforementioned complexes,
and the fitting parameters were obtained (Supplementary
Table S2). The adsorption rate constant, K, values sug-
gest that the adsorption capacity of HA-—MT was higher
than that of HA-KL. The data were the best fit by the

Table 1 Porosity-related

X . Sample Specific surface area Pore capacity Pore size (nm)
parameters of simulated soil (SSApgr: m¥g) (cm’/g)
samples
HA 4.938 0.003 2.714
MT 54.421 0.122 8.931
KL 10.286 0.029 11.36
4% HA-MT 50.137 0.143 8.201
4% HA-KL 14.366 0.043 11.841
4% HA-MT (after adsorption) 14.937 0.0395 10.580
4% HA-KL (after adsorption) 10.455 0.0490 12.630
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aniline adsorption. (d) >C-NMR spectra of the 4% HA-MT complex before and after adsorption

pseudo-second-order kinetic model (Fig. 3b), proving that
the adsorption of aniline on the organo—mineral complexes
was driven by the dominant active sites on the surface
rather than the concentration of aniline in the solution
(Sander and Pignatello 2005; Lu et al. 2018). Addition-
ally, the adsorption of aniline on the complexes possibly
involved the internal diffusion of particles, surface adsorp-
tion, and liquid-film diffusion (EI-Sayed et al. 2019a). The
clearly different Q, values of the different complexes were
presumably due to their SSA values and pore volumes,
which can provide a larger contact area and more adsorp-
tion sites for aniline adsorption (Zhang et al. 2010). The
fitting effect of the Elovich model is second only to that
of the pseudo-second-order kinetic equation, which indi-
cates that the adsorption of aniline on the surface of the
complex also has a heterogeneous diffusion process. Addi-
tionally, the constant (C) corresponding to the intraparticle

@ Springer

diffusion rate of 4% HA-KL was relatively large, suggest-
ing a significant influence of liquid-film diffusion on the
adsorption rate.

Effects of temperature on aniline adsorption
by the complexes

The effects of different temperatures (288 K, 298 K, and
308 K) on aniline adsorption by the complexes were studied.
The Q. of aniline decreased with increasing temperature in
the reaction system (Supplementary Fig. S4), indicating that
higher temperatures did not facilitate aniline adsorption on
the organo—mineral complexes. When the initial adsorption
concentration was 400 pg/L, the aniline adsorption capac-
ity of 4% HA-MT decreased from 39.92 to 33.12 pg/L as
the temperature increased from 288 to 308 K, respectively,
due to the influence of temperature on aniline adsorption.
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The solubility of aniline increases with increasing tempera-
ture, weakening the aniline—-complex interactions and con-
sequently impeding its adsorption (Zhou et al. 2015). The
Langmuir equation was also used to fit the aniline adsorption
data of the complexes. The fitting parameters indicate the
monolayer adsorption of aniline on the complexes (Supple-
mentary Table S3).

The thermodynamic parameters of the adsorption are
listed in Supplementary Table S4. According to the change
in adsorption enthalpy (Von Oepen et al. 1991) caused by
different forces (IAHI< 40 kJ-mol~!), the adsorption of ani-
line on the complexes primarily depends on van der Waals
forces. IAHI values in the ranges of 2.1-20.9 kJ-mol~! and
80-200 kJ-mol~! represent physical and chemical adsorp-
tion, respectively (Yousef et al. 2011). The value of IAHI

in the present study (6.46 kJ-mol~!) indicates the physical
adsorption of aniline on the complexes. Additionally, the
negative values of the changes in the Gibbs free energy,
enthalpy, and entropy of aniline at different temperatures
indicate that the adsorption of aniline by the complexes was
spontaneous and exothermic (Tang et al. 2019).

Effects of mineral type and HA content on aniline
adsorption

Adsorption isotherms were used to evaluate the adsorption
capacities of the simulated soil samples and elucidate the
organo—mineral complex and aniline interaction mecha-
nism. Different organic-matter/clay-mineral ratios can
also affect the HA—mineral binding mechanism. During
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the complexation of MT or KL with HA, the interaction
mechanisms of MT and KL are different owing to their dis-
tinct structures and HA contents. Three models were used
to fit the aniline adsorption data of 10 different complexes
(0-10% HA-MT and 0-10% HA-KL) and HA (Supple-
mentary Table S5). The fits to the experimental data clearly
indicate nonlinear adsorption. The adsorption capacity of
the prepared complexes was higher than that of HA, presum-
ably because of the increase in its SSA and aromatic carbon
content after complexation. The slope of the adsorption
isotherm gradually decreased, and the adsorption capacity
of all soil samples steadily increased with increasing Q, of
aniline. This phenomenon is possibly related to the hetero-
geneity of the surface energy of the complex. The aniline
in the adsorption reaction medium first occupies the high-
energy sites on the organo—mineral complex surface and
subsequently combines with the lower-energy sites upon
saturation of the high-energy sites. The Langmuir isother-
mal adsorption model, rather than the Freundlich model,
describes the entire isothermal adsorption of aniline in solu-
tion on the organo—mineral complex surface; additionally,
the maximum adsorption capacity estimated by this model
predicted the theoretical saturated aniline adsorption capac-
ity of the soil (Fig. 3c, d). However, previous studies have
also shown that increasing the HA content in complexes
reduces the adsorption of pollutants, possibly due to elec-
trostatic repulsion between the adsorbed HA and pollutants
(Arroyave et al. 2016).

After HA occupies the adsorption sites on the surfaces of
KL and MT, sparse molecular layers of HA are formed on
the mineral surfaces. However, HA is not uniformly attached
to the mineral surfaces, but is irregularly distributed on their
adsorption sites, thus increasing the number of adsorp-
tion sites for organic pollutant adsorption (Li et al. 2022).
Therefore, the adsorption capacity gradually increased with
increasing HA content. The aromatic components of HA
are known to combine with KL through the intercalation
effect, and free carboxyl groups interact on the surface of
KL to form dense carbonaceous patches with a mineral core
and dense outer layer (Wang et al. 2018). Generally, pol-
lutant adsorption on organo—mineral complexes is related
to their SSA; a larger SSA provides more adsorption sites,
enhancing the adsorption capacity for organic pollutants.
The experimental adsorption data suggest that the adsorp-
tion capacity of the HA-MT was higher than that of the
HA-KL, which is consistent with the larger SSA values of
the HA-MT than that of HA-KL.

Mechanism of aniline adsorption by organo-
mineral complexes

The SSA values of HA-MT and HA-KL were consider-
ably reduced after aniline adsorption (Table 1); the number
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of exchangeable sites decreased, and the adsorption capac-
ity weakened. This was possibly due to the plugging of the
surface pores of the complexes with aniline molecules,
which decreased the SSA, total pore volume, and average
pore size. The action of polar water molecules on the sur-
face of the clay minerals could also be responsible. When
organic pollutant molecules are in contact with inorganic
minerals, the pollutants first replace water molecules on
the surface of the minerals (Sun et al. 2020). Fitting the
adsorption isotherms of aniline with different models
showed that the adsorption of aniline on the organo-min-
eral complexes is driven by the main active sites on the
surface. In addition, heterogeneous diffusion occurs dur-
ing adsorption, and liquid-film diffusion has a significant
effect on the adsorption rate.

SEM analysis conducted at 10,000 X magnification
(Fig. 4) indicated that HA-KL and HA-MT had clear flake
structures that were remarkably different from those of
their components prior to the preparation. The surfaces of
the complexes after adsorption were more complex pore
structures, the pore size was clearly reduced, and the HA
particles were covered by a film or crumb-like substance
that concealed the bulk particle. After adsorption, aniline
was attached to the complex, and the pores were gradually
filled. The IR spectra (Fig. 2¢) indicate that the contents
of aromatic rings and substituted aromatic rings in the
complexes before adsorption were higher, followed by
those of N-H bonds or hydrogen bonds between the N-H
bonds and other atoms in the complexes; the characteristic
peaks of the latter disappeared or diminished after ani-
line adsorption, indicating that interactions between these
functional groups and aniline occurred during adsorption.
Single absorption peaks were observed at 3429 cm™~! and
3448 cm™!, which correspond primarily to the stretch-
ing vibration of R—OH or —-NH. Additionally, a wide and
intense vibration band appeared after adsorption. Peaks
representing the C =C vibrations of the olefin group,
C =0 of the conjugated ketone group on the aromatic car-
bon, or the symmetric stretching of carboxyl —-COOH were
observed at 1623 cm™! and 1641 cm™'. Therefore, aniline
was adsorbed onto the complexes primarily through the
aromatic rings and secondarily through N-H bonds. The
NMR results (Fig. 2d) reveal that the 4% HA-MT com-
plex did not exhibit obvious changes after adsorption, and
the complex consisted of aromatic and fatty carbons. The
complex had hydrocarbon chains and aromatic carbon as
the skeleton and several oxygen- and nitrogen-containing
functional groups. The relative content of each compo-
nent in the complex was determined by integrating each
spectral interval. The '°C signal of HA-MT spanned the
aforementioned organic regions. After adsorption, the aro-
maticity of the complex weakened, while the alkyl carbon
content increased.
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Fig.4 SEM images of the complexes after absorption (scale bar: 1 pm)

Desorption of aniline from organo-mineral
complexes

Effects of humic acid content on aniline desorption
from complexes

The Langmuir model was used to fit the aniline desorp-
tion data of complexes with different HA contents (Fig. 5).
The amount of aniline desorbed from the complexes was
low, and the adsorption—desorption characteristics of the
different complexes varied. Moreover, the lack of overlap
between the adsorption and desorption isotherms indicated
that desorption lagged behind adsorption. The amount of
aniline desorbed by the complexes increased with increasing
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equilibrium concentration of aniline. The addition of a cer-
tain amount of HA promoted aniline desorption from the
complex. This is possibly due to the increasing aniline
adsorption capacity of the complexes with increasing HA
content, which increased the desorption capacity (Yeasmin
et al. 2014).

Investigation of desorption hysteresis

Desorption lag, which is expressed by the hysteresis index
(HI), occurs at HI < 0.7 and does not occur at HI=0.7-1.0;
moreover, the adsorbent can readily desorb at HI > 1
(Doretto and Rath. 2013). The aniline adsorption—desorp-
tion data of the complexes were fit using the Freundlich
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Fig.5 Langmuir model fits of aniline desorption from (a) HA and HA-MT and (b) HA-KL
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isothermal model to further examine the degree of influence
of the aniline adsorption—desorption lag of the MT com-
plexes. Supplementary Table S6 shows the Freundlich model
fits and the desorption lag of aniline adsorption—desorption
of the complexes. The HI values of HA-MT complexes for
aniline desorption ranged from — 0.500 to 0.535, which are
all less than 0.7, indicating desorption hysteresis, the degree
of which depended on the HA content of the HA-MT com-
plex. The HI of the HA-MT complexes for aniline desorp-
tion increased with increasing HA content, indicating that
the nonlinear characteristics of the adsorption reaction and
the hysteresis of the desorption reaction were related to the
HA content and that the adsorption capacity increased with
increasing HA content. In addition, the smallest HI corre-
sponded to 0% HA-MT, indicating that aniline desorption
from pure MT was the most difficult, which confirms with
the change of desorption amount in the above desorption
results. Additionally, a lag was observed in the desorption
of aniline from HA-KL. The corresponding HI values were
between —0.384 and 0.425 (i.e., < 1), indicating that aniline
desorption from HA-KL is difficult. Similar to the case for
the MT complexes, higher HA contents resulted in higher
adsorption/desorption capacities of HA-KL. Although both
complexes showed desorption lag, the HI values of HA-MT
were generally greater than that of HA-KL at similar HA
contents.

Conclusion

This study reveals the aniline adsorption mechanism of
organo—mineral complexes, which provides an important
theoretical basis for the migration and transformation pro-
cess of aniline in soil. The aniline adsorption—desorption
characteristics and mechanisms of complexes with dif-
ferent mineral types and HA contents were explored. The
Langmuir model showed the best fit for the adsorption data.
Thermodynamic analysis of the aniline adsorption indi-
cated spontaneous exothermic physical adsorption. Aniline
adsorption was dependent on the type of mineral complex,
and the adsorption capacity of the HA-MT complexes
was higher than that of HA-KL. Additionally, aniline was
adsorbed primarily through interactions between the aro-
matic rings and complexes. The aniline adsorption—desorp-
tion capacity of the two complexes increased with increasing
HA content. Understanding the adsorption characteristics
of aniline in organo—mineral complexes and the adsorption
mechanism is very important for predicting and evaluating
the potential hazards of aniline pollution of soil and for car-
rying out soil remediation. The soil environment is complex,
and there are many influencing factors, such as the presence
of metal ions and microorganisms. Future research could
focus on studying the interaction between pollutants and
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organo—mineral complexes by taking real samples to better
understand the fate of pollutants in the soil.
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