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1,2-Dichloroethane (1,2-DCA) is a typical organic chlorinated compound largely utilized in chemical

manufacturing and industrial production and also a common pollutant in organically contaminated sites.

The adsorption of 1,2-DCA on soil grains significantly influences its environmental fate and removal

process. This study investigated the influence of fulvic acid (FA) and humic acid (HA) on the adsorption–

desorption of 1,2-DCA in solid–liquid interfaces in water or constructed porous media. Experimental

findings demonstrated the influence of organic matter on the adsorption of 1,2-DCA at the solid–water

interface. 1,2-DCA adsorption increased in the FA or HA-treated soils when organic matter was present

on the solid surfaces. The 1,2-DCA adsorption in the mixture of FA and HA was slightly lower than that in

single organic acids, depending on the binding of FA and HA to the soil grains/colloids. Basic conditions

reduced the adsorption of 1,2-DCA on soils, whereas acidic conditions enhanced adsorption due to the

increased interactions via adsorption sites and hydrogen bonds. Conversely, the presence of organic

matter in solutions (liquid phase in constructed porous media) will reduce the adsorption of 1,2-DCA on

solid surfaces and increase the transport in the model aquifer. The combination of FA, HA, and

rhamnolipids is helpful for the removal of 1,2-DCA from solid surfaces. Additionally, because of the

enhanced desorption, the risk of 1,2-DCA contamination in groundwater can be increased when the

organic matter or surfactant is present in the liquid phase if the eluent is not collected. This study helps

to better understand the cooperative interaction of soil organic matter and chlorinated hydrocarbons at

solid–water interfaces and the environmental fate and potential removal strategies of chlorinated

hydrocarbons in contaminated sites.
1. Introduction

Hydrophobic organic contaminants (HOCs) are distinguished
by their high hydrophobicity, low solubility, and limited
volatility.1–4 Their persistence in the environment increases
concerns for human and environmental health. Hydrophobic
organics are potentially toxic because of their high affinity for
binding to cellular membranes, which disrupts the integrity of
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membranes and causes cellular damage. This damage can lead
to a range of adverse effects, such as developmental and
reproductive defects, cancer, and neurological disorders.2,5

Among HOCs, chlorinated hydrocarbons are oen poorly
biodegradable and tend to have potent carcinogenic, terato-
genic, and mutagenic effects on humans. Short-chain chlori-
nated hydrocarbons such as 1,2-dichloroethane (1,2-DCA),
methylene chloride (DCM), and 1,2-dichloroethylene (1,2-DCE)
are also highly soluble in water. 1,2-DCA is commonly used in
the production of vinyl chloride (VC) and polyvinyl chloride
(PVC) in industry. It has been classied as a probable human
carcinogen by the USEPA. It may exist in several physical forms
with varying bioavailability in natural waters, such as water-
soluble state, associated state with suspended particles, and
solubilized state with organics.6–8 The interaction of pollutants
and soil grains in the environment is an essential process for
their environmental fate and signicantly inuences their
removal from soil. The removal of the hydrophobic organics
from soils is rather complex due to their low solubility and
inclination to adhere to colloids and organic matter in the soil.9

As an indexing process that affects the transport and retention
RSC Adv., 2024, 14, 3033–3043 | 3033
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of pollutants in the subsurface and aquifers environment, the
adsorption of contaminants on solids is highly dependent on
the particulate fractions, e.g., soil colloids due to their large
specic surface area and the associations with minerals and
organics that contain various functional groups.

Humic substances are prevalent in the environment and are
generated from the decay of terrestrial plants and animal
biomass via the biological activities of microorganisms.10,11

They are conventionally classied into humin, humic acid (HA),
and fulvic acid (FA).12 The charges of HA and FA play an
important role in binding contaminants via their carboxylic and
phenolic groups.13,14 Due to the large number and complexity of
functional groups, humic substances such as FA and HA have
high molecular activity and are distributed differently in
different types of soils and environmental conditions. The
HOCs in contaminated sites tend to show different environ-
mental behaviors due to their incorporation with the
organics.15–18 The HA has surfactant-like properties and may
disconnect the interactions of organics with solid surfaces via
its oil–water interfacial activities.12,19,20 The inuence of soil
organic matter on the adsorption of HOCs can be attributed to
the combination of minerals and humic acids, but the hetero-
geneity has not been specically investigated. In this work, the
inuence of FA and HA on the adsorption–desorption of 1,2-
DCA on loamy and sandy soils was investigated by the perfor-
mance of batch adsorption–desorption experiments and
column experiments. Investigations on the inuence of humic
chemicals on the adsorption–desorption of 1,2-DCA in soil and
aquifer will help to understand their environmental fate and
their removal from the environmental media.

2. Materials and methods
2.1. Soils and treatments

The sandy loam soil (2.83 N, 108.31 E, Nanning, China) and
loamy sand soil (22.68 N, 109.27 E, Nanning, China) were
collected from a depth of around 5 m. Soil texture classication
was analyzed according to the United States Department of
Agriculture (USDA) soil grain classication standard. The soil
samples were sieved through 10 mesh to remove stones and
debris and then were air-dried at room temperature. In addi-
tion, to investigate the inuence of organics on the adsorption
of 1,2-DCA on soil grains, treatments with high temperature and
oxidation were performed for comparisons. Portions of dried
soils were taken and treated in a muffle furnace (Thermo
Scientic, BF51794C-1, U.S.) at 600 °C for 6–8 hours till constant
weight, and then were treated in a 10% H2O2 solution with 5 : 1
V/W for 24 h. Later, the liquid was removed and the samples
were dried at 105 °C till constant weights. Aer treatments, the
sandy loam changed from grey–brown to reddish–brown, and
the loamy sand from brownish–red to dark–red. The bounding
water in the hydrated inorganic colloids in soils can be
completely removed and the structure of soil grain became
compact aer treatment with high temperature. A scanning
electron microscope (SEM, ZEISS Sigma 300, Germany) was
used to visually characterize the soil surfaces. X-ray diffraction
(XRD, Ultima IV 1604828S, Japan) was used to analyze
3034 | RSC Adv., 2024, 14, 3033–3043
mineralogical crystallographic variations in soils. Fourier
transform infrared spectroscopy (FTIR) was used for the
observation of functional group changes in soil grains.
Ultraviolet-visible spectra (UV spectra, Agilent Cary 3500, USA)
were also used to analyze the interactions between FA/HA and
1,2-DCA.

In addition, FA and HA were also used to treat the soils to
investigate their inuence on the interaction of 1,2-DCA and
soils. The FA (AR, 98%) and HA (AR, 95%) were purchased
from Guangfu, Co., Ltd, China. The FA was prepared into
aqueous solutions using deionized water, and HA was dis-
solved using 0.01 mol L−1 sodium hydroxide solution to
ensure that the solute was almost completely dissolved and
that the concentration remained stable over longer storage
periods. The FA and HA solutions (1 : 1) were incorporated
into the soil (original soil and soil treated with high temper-
ature and oxidation) by diluting the stock solutions to
selected concentrations (10, 25, 50, 75 mg L−1) and mixed
with the soil. The mixtures were shaken for 24 hours at room
temperature and then were dried at a constant temperature in
an oven at 60 °C. Once dried, the samples were collected and
stored in a cool, dry container.
2.2. Batch adsorption–desorption experiment

1,2-DCA (99.5%, Aladdin Co., Ltd, China) under concentrations
of 20, 30, 40, 50, 75, 100 mg L−1 was mixed with 5.00 g soil
(original and treated soils) in 20 mL bottles without the pres-
ence of bubbles. The mixing ratios of added FA to HA in soil
were 0, 20%, 40%, 60%, 80%, and 100% (0 was with FA only and
100% was with HA only). The ionic strengths were 0, 10 mM,
and 50mM (NaCl or CaCl2), and the pH values were 4, 5.5, 7, 8.5,
and 10, respectively.

Kinetic adsorption experiments were performed to deter-
mine the time for equilibrium. 5.00 g of soil (original loamy
sand or sandy loam) was taken in each 20 mL bottle lled with
1,2-DCA solution. Aer shaking for 3, 6, 12, 18, 24, 36, 48 h at
180 rpm (temperature at 15 °C and 25 °C) in tumbling oscillator
(Marit, TS-2012W, China), the liquid component was centri-
fuged at 4000 rpm for 3 minutes and then extracted with hexane
to obtain the organic phase. Extractions were carried out for at
least 15 min using a vortex extractor with 500 mL of hexane in
a 1 mL centrifuge tube as well as the addition of 100 mL of
aqueous phase samples. The 1,2-DCA in extracted samples was
determined using gas chromatography equipment (Shimadzu,
GC-2010PLUS, Japan) as follows: inlet temperature: 250 °C;
injection mode: shunt injection (shunt ratio of 5 : 1); column
ow rate (constant ow mode): 1.0 mL min−1; heating proce-
dure: 40 °C for 2min, increased to 120 °C at a rate of 5 °Cmin−1,
held for 3 min, and then increased to 230 °C at a rate of 10 °
C min−1 and held for 5 min. The capillary chromatography
column was a specication of 30 m × 0.25 mm and a lm
thickness of 1.4 mm (6% nitrile propyl phenyl and 94% dimethyl
polysiloxane). All the batch experiments were performed in
duplicates.

Aer achieving adsorption equilibrium, the liquid and solids
were separated via centrifugation (Xiangyi, CLT55, China) and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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the bottles were relled with 20 mL of deionized water to
investigate the desorption. The bottles were then placed at rest
within a constant temperature chamber at 20 °C. The samples
were collected at multiple time intervals of 0.5, 1, 2, 3, 4, 6, and 8
days and determined aer treatments the same as adsorption
experiments.
2.3. Leaching of FA and HA from soils

To investigate the stabilization of soil binding to FA and HA.
Soil leaching experiments were carried out. A 5.00 g soil sample
(refers to soil samples supplemented with FA and HA, as
described in 2.1) was taken in a conical ask and 20 mL of
deionized water was added, and then placed in a water bath
oscillator at 180 rpm at 20 °C for 12 h. A uorescence spectro-
photometer (Hitachi, F-2700, Japan) was utilized to quantify the
FA and HA leaching from soils. Both FA and HA had a detection
excitation wavelength (lEX) of 460 nm and a detection emission
wavelength (lEM) of 535 nm. Since this method cannot differ-
entiate between FA and HA, a standard curve was created based
on the different uorescence intensities of the two substances
to measure the mixed humic acids.
Fig. 1 SEM images of original (A) and high temperature and H2O2 oxida

© 2024 The Author(s). Published by the Royal Society of Chemistry
2.4. Column experiments

Column experiments were conducted under the methodology
outlined by Liang et al. (2013).21 Stainless steel columns with
12 cm in length and 3 cm in diameter were packed with puried
quartz sand mixed with original loamy sand or sandy loam in
a mass ratio of soil to quartz at 1 : 3. The porosity of the packed
columns was determined by comparisons of the solid–water
weights. A peristaltic pump was implemented to introduce
solutions at varying proportions upward into the vertical
columns at a constant Darcy ow rate of 0.06 cm min−1. Before
the transport experiment, the column was conditioned with
a background electrolyte solution (5 mM KNO3) of at least 30
pore volumes (PVs). 100 mL 1,2-DCA (50 mg L−1) with the
presence of FA and HA mixtures (0, 20%, 40%, 60%, 80%, and
100%) in solutions was introduced onto the column and
sequentially eluted with 100 mL of background solution.
Column effluents were continuously collected using a fraction
collector and analyzed for 1,2-DCA concentrations to create
breakthrough curves (BTCs). A control was set up using soils
without the treatments with FA and HA for comparison. Aer
the completion of transport experiments, elution was carried
out using 100 mL of rhamnolipid (200 or 300 mg L−1), FA and
tion treated (B) sandy loam.

RSC Adv., 2024, 14, 3033–3043 | 3035
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HA (50 mg L−1), or the mixtures of rhamnolipid and organic
acids, to investigate the desorption/release of 1,2-DCA from
columns. The concentrations of 1,2-DCA in column effluents
were detected in the same manner as described above.
2.5. Adsorption models

Adsorption kinetics were tted to the pseudo-rst22 and second-
order kinetic models.23 Isotherms were tted using the linear
and Freundlich adsorption models. Details are presented in
ESI.†
3. Results and discussion
3.1. Characterizations of soil

The SEM images of the untreated loamy soil (Fig. 1A(1) and (2))
show that plenty of colloids are uniformly wrapped around the
soil grains, while the treated soil aer high temperature and
oxidation (Fig. 1A(3) and (4)) shows the sintering of soil colloids
on the surface and larger grain sizes (Table S1†). High
temperatures can induce the pyrolysis and oxidation of both
organic and inorganic matter in the soil, e.g., carbon contents in
Fig. 2 SEM images of original and high temperature and H2O2 oxidation
correspond to the original sample and treated sample.

3036 | RSC Adv., 2024, 14, 3033–3043
soils were below the detection limit in the elemental analysis
aer treatments (Table S2 and S3†). This can lead to the
development of a more intricate pore structure.24 However, the
surface morphological features of sandy soil are almost
unchanged before and aer treatments (Fig. 2A(1) and B(2)). It
is also evident that soil colloids make up a smaller amount of
the sandy soil based on the size distributions of soil grains.
3.2. Isotherm and kinetic analysis of 1,2-DCA

The adsorption isotherms of 1,2-DCA on two untreated soils are
shown in Fig. 3A. At 1,2-DCA concentrations of 20 to
100 mg L−1. The adsorption of 1,2-DCA was increased from
43.66 mg g−1 to 153.19 mg g−1 in the original loamy sand and
from 52.78 mg g−1 to 158.58 mg g−1 in the original sandy loam.
The adsorption on sandy loam was slightly higher probably due
to the larger amount of organic matter (Table S2†). The 1,2-DCA
adsorption was well described by the Freundlich adsorption
model (Fig. 3A), and the adsorption kinetics (Fig. 3B) on the
original soil can be better described by the pseudo-second-order
kinetic model (according to R2 values in Table 1). This indicates
the importance of chemical adsorption, which is consistent
treated sandy soil with rare soil colloid changes in surface, (A and B)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Adsorption isotherms and kinetics of 1,2-DCA in loamy sand and sandy. The adsorption isotherms and kinetics of 1,2-DCA in soils without
the presence of FA and HA under 20 °C (A and B); the kinetics of 1,2-DCAwith the presence of FA and HA in loamy sand (C and D) and sandy loam
(E and F). The temperature was 20 °C and the solution pH was 7.

Table 1 Parameters of adsorption isotherms and kinetics of 1,2-DCA
adsorption by loamy sand and sandy loam (without the presence of FA
and HA)a

Equations of isotherm Loamy sand Sandy loam

Linear Kd 1.707 1.642
R2 0.998 0.989

Freundlich Kf 4.954 18.714
1/n 1.332 2.162
R2 0.996 0.990

Soil

Pseudo-rst-order Pseudo-second-order

Qe1 K1 R2 Qe2 K2 R2

Loamy sand 73.594 0.219 0.840 93.668 2.37 × 10−3 0.885
Sandy loam 111.977 0.124 0.961 145.153 7.95 × 10−4 0.975

a K1 [h−1], pseudo-rst-order kinetic rate constant; K2 [g mg−1 h−1],
pseudo-second-order kinetic rate constant; Qe1 and Qe2, [mg g−1],
equilibrium adsorption capacity; Kd [L kg−1], distribution coefficient;
Kf [L kg−1], Freundlich constant; n, the favorability degree of the
adsorption process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the adsorption of 1,2-DCA and other hydrocarbons
(benzene, e.g.) reported in previous studies.7,25 The overall
adsorption time is relatively long, which is inuenced by the
altered conditions of the soil aer inltration. To ensure the
adsorption equilibrium, the batch adsorption experiment was
chosen to be carried out for 48 h.

The kinetic changes in 1,2-DCA adsorption in the presence
of FA and HA are shown in Fig. 3C–F. The fast adsorption
phase of 1,2-DCA was within the rst 6 h, followed by a slow
adsorption phase from 6 to 24 h. The rate enhancement of 1,2-
DCA adsorption by the addition of organic matter (either FA or
HA) was approximately equal to that of an increase in
temperature. Generally, the presence FA or HA in soil
increased 1,2-DCA adsorption. The inuence of temperature
change (10 °C) on the adsorption capacity was different in the
soils. In loamy sand with a low content (10 ppm) of FA or HA
for treatment, aer 48 hours, the adsorption at 25 °C was
higher than that at 15 °C, following a longer time for adsorp-
tion equilibrium. In sandy loam, the adsorption was slightly
RSC Adv., 2024, 14, 3033–3043 | 3037

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06568e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 1
1/

6/
20

25
 8

:0
5:

46
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
increased at a higher temperature for the same amount of FA
addition (10 or 50 ppm), whereas the curves for the same
temperature (15 or 25 °C) overlapped (Fig. 3E). In sandy loam
with HA, the adsorption at 15 or 25 °C was increased with
increased HA concentration (Fig. 3F). In particular, when the
FA was added to the loamy sand, the adsorption of 1,2-DCA
increased from 24.90 mg g−1 to 44.49 mg g−1 as the amount of
added FA raised from 10 mg kg−1 to 50 mg kg−1. The
maximum difference in initial 1,2-DCA adsorption aer the
addition of HA to the loam was 13.3 mg g−1, which was less
than the change with the presence of FA. The addition of FA or
HA increased 1,2-DCA adsorption by 9.1% in loamy sand but
only by 3.9% in sandy loam, in comparison to control samples
without added FA and HA. This difference was attributed to
the different number and activity of their functional groups
such as carboxylic and phenolic groups.26 The adsorption in
sandy loam was largely unaffected by changes in humic acid
and temperature. A plateau in the adsorption curves for sandy
loam can be observed with the addition of 50 mg kg−1 of
humic acid to the soil, while the adsorption in loamy soils was
slightly slower. Comparing the leaching of FA and HA from
soil grains without and with high temperature and H2O2

oxidation treatments, there were around 75% and 90%
reduction of the leaching from treated loamy sand and sandy
loam, respectively (Fig. 4). When the soil grains were treated
with high temperature and H2O2 oxidation, the interaction of
FA and HA with soil surfaces was much stronger, according to
the leaching of FA and HA from different soils (Fig. 4). Zeta
potential measurements indicated that in the presence of FA
and HA, the surface of treated loamy sand became more
Fig. 4 Leaching of FA and HA from soils. The total FA and HA concentratio
and the high temperature and H2O2 oxidation treated loamy sand, (B) a
oxidation treated sandy loam, respectively. The temperature was 20 °C

3038 | RSC Adv., 2024, 14, 3033–3043
negative while the treated sandy loam became less negative,
compared to the untreated sands (Table S1†).
3.3. The adsorption of 1,2-DCA on original and treated soils
in the presence of FA and HA

The results of 1,2-DCA adsorption on soils with and without the
presence of FA and HA are presented in Fig. 5. Generally, the
presence of FA and HA in soils increased the adsorption of 1,2-
DCA in both original and the high temperature and H2O2 oxida-
tion treated soils. The adsorption on untreated sandy loam (108.84
mg g−1) was slightly higher than on loamy sand (103.43 mg g−1),
while the adsorption on treated loamy sand (95.56 mg g−1) was
higher than that of treated sandy loam (89.18 mg g−1). These
observations can be partially attributed to the differences in soil
organic matter. Original sandy loam (Fig. 5B) had a higher organic
matter content and showed higher adsorption than original loamy
sand (Fig. 5A). The 1,2-DCA adsorption in the presence of FA (0%)
or HA acid (100%) only (Fig. 5A and B) was higher than that of FA
and HA mixtures. Adsorption in the presence of FA and HA
mixtures showed uctuations as an increase in HA fractions
without a linear relation. This can be attributed to the inherent
water–soluble properties of the FA and HA associated with the
partitioning equilibrium process between the soil and water.27,28

Soil texture is a determinant of water ow and water holding
capacity, and therefore affects the leaching of dissolved
components from soils.29 The leaching of FA and HA mixtures
from the loamy sand was higher than in the sandy loam under
all other conditions. In addition, the leaching from both orig-
inal soils was higher than in the treated soils. In particular, the
ns were 10, 25, 50 and 75mg L−1. (A) and (C) correspond to the original
nd (D) correspond to the original and the high temperature and H2O2

and the solution pH was 7.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Adsorption of 1,2-DCA in loamy sand and sandy loam under different HA percentages in themixtures of FA and HA. (A) and (C) correspond
to the original and the high temperature and H2O2 oxidation treated loamy sand, (B) and (D) correspond to the original and the high temperature
and H2O2 oxidation treated sandy loam, respectively. The temperature was 20 °C and the solution pH was 7.
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leaching varied from only 0.1% to 1.3% in treated sandy soils
(Fig. 4). These results indicated that the high-temperature and
oxidation-treated soils interacted strongly with the FA and HA
and this interaction tended to be irreversible.

The partitioning effect of FA and HA mixture between soil and
water was balanced toward the aqueous phase and shied the
Fig. 6 Adsorption equilibrium of 1,2-DCA in loamy sand (A and B) and sa
were under the presence of Na+, and (B) and (D) were under the presence
FA and HA mixtures were 25, 50, and 75 ppm, respectively. The tempera

© 2024 The Author(s). Published by the Royal Society of Chemistry
adsorption equilibrium, thus reducing the adsorption of 1,2-DCA.6

In the original untreated soils, the loamy sand tended to show
lower adsorption than the control without the presence of FA or
HA, while the sandy soil had higher adsorption than the control
(Table S4†). The presence of FA and HA did not cause signicant
changes in adsorption under different solution pH (Table S5†).
ndy loam (C and D) at 20 °C under various ionic strengths. (A) and (C)
of Ca2+. Ionic strengths were 10mM and 50mM. The total contents of
ture was 20 °C and the solution pH was 7.
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The adsorption of 1,2-DCA in soils treated with different FA
and HA mixtures under ionic strength of 10 and 50 mM NaCl or
CaCl2 (Fig. 6) further demonstrated the increased adsorption
with a larger amount of presented organic acids. However, the
ionic strength played a much less important role in the differ-
ences in adsorption under these selected experimental condi-
tions. Compared with the uctuations in adsorptions under
different mixtures of organic acid in the presence of NaCl, the
adsorption in sandy loam in the presence of CaCl2 was relatively
stable. This can be attributed to the stable complexes of Ca2+

with carboxyl groups that are independent of the magnitude of
the ionic strength.30,31

The UV spectra of 1,2-DCA in solution before and aer the
interaction with FA and HA are shown in Fig. S1.† Generally, FA
has abundant reactive groups, especially ascribed to C]C and
aromatic hydrocarbon structures. The HA has a more complex
carbon-containing molecular structure, then the characteristic
absorption of UV by FA is more potent (Table S3†). However, the
UV absorption intensity of the solution increased aer the
interaction with 1,2-DCA, compared to the intensity without 1,2-
DCA (Table S3†). The interaction of 1,2-DCA with the reactive
groups of FA is stronger in the mixture of FA and HA, while the
changes in UV spectra before and aer the interaction of 1,2-
DCA with HA are less pronounced, compared with those with
FA. The FTIR results of soil grains treated with FA and HA are
shown in Fig. S2A and B†. Three characteristic peaks at 1000,
775, and 700 cm−1 point to the C–H contraction vibration,
bending outwards from the plane of the structure of aromatics.
The higher strength of the sandy loam indicates the role of
hydrophobic properties in the interaction of humic acids with
soil colloids. XRD (Fig. S3A and B†) indicates that loamy sand
Fig. 7 Adsorption of 1,2-DCA in loamy sand (A and B) and sandy loam (C
were 25, 50, and 75 ppm, respectively.

3040 | RSC Adv., 2024, 14, 3033–3043
shows better crystallization properties than sandy loam. The
inorganic crystals of both soils consist of silicates and calcium
oxides, and the loamy sand has higher water affinity. Diffraction
peaks at 2q = 26.7° reecting the crystalline SiO2 are generally
higher in loamy sand than in sandy loam under the same
conditions. The intensity of the diffraction peak increases with
increasing HA content. The hydrated colloids in loamy sand
bind more readily to HA than to FA, and the hydrophobic effect
of loamy colloids on 1,2-DCA is weaker. The above analyses
combined with the results of leaching of FA and HA from the
soil indicate that the stability of the binary system of FA and HA
bound to the soil is weaker than the stability of the single FA or
HA system bound to the soil.32 Therefore, single FA or HA
elevated the adsorption of 1,2-DCA in soil, while the adsorption
of 1,2-DCA in soil decreased in the binary system.33
3.4. Inuence of pH on 1,2-DCA adsorption

As shown in Fig. 7, 1,2-DCA adsorption generally increased as
an increase in the total amount of organic acid mixtures. The
adsorption of 1,2-DCA at pH 4 was signicantly higher than that
at pH 10. Under the condition with HA only (100%), the
adsorptions under various contents of HA were similar, while
the presence of FA only tended to increase adsorption. This
indicated that HA played a less important role compared to FA
in the 1,2-DCA adsorption. Moreover, in sandy loam (Fig. 7C
and D), different proportions of the organic acid mixture did
not signicantly inuence the adsorption. Therefore, hydro-
phobic adsorption was the important mode of HOC binding on
soils. It has been reported that solution pH can change the
adsorption capacity of soil with HOC such as anthracene by
altering the structure of humic substances and changing the
and D) at pH 4 or pH 10 at 20 °C. Total contents of FA and HAmixtures

© 2024 The Author(s). Published by the Royal Society of Chemistry
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number of adsorption sites.7 The large number of ionizable
functional groups generates a signicant particle electric eld,
which inuences the interactions with charged ions.11,16 Simi-
larly, polar HOC such as 1,2-DCA has a high water solubility.
Thus, its interactions with solid surfaces in the presence of
organic acids are complex and specic. Typically, at a low pH,
FA and HA tend to interact with the organic in soils via more
free groups as adsorption sites and usually bind through
hydrogen bonds. Conversely, at high pH conditions, FA and HA
tend to form water-soluble free forms that can be transferred to
the aqueous phase in the soil and reduce the retention of HOC.
3.5. Desorption of 1,2-DCA from soil in water

The desorption of 1,2-DCA from the two soils treated with FA and
HA mixtures is shown in Fig. 8. Although the original/untreated
(control) sandy loam had slightly higher equilibrium adsorption
than the loam sand, the hydrophobic binding of 1,2-DCA to
sandy loam is less stable. In particular, the 1,2-DCA desorption
from loamy sand became stable aer 4 days, while the desorp-
tion from sandy loam was still increasing aer 8 days. Generally,
the desorption was slightly higher in the soils without the
treatment with organic acids (control) and showed only a minor
difference. Within the rst 2 days, the desorption rate went
through a rapid desorption period. In the rst 0.5 h, the
desorption from soils treated with HA, FA, or their mixture was
stronger compared to the control. This can be caused by the
release of organic acids from soils. In the subsequent slow
desorption period, desorption from the control was slightly
higher and indicated weaker interaction of 1,2-DCA with soils.
However, the differences in the desorption from soils in the
presence of various concentrations and combinations of organic
acids were negligible, and this indicated similar strength of the
bindings.5,34 The long aging of 1,2-DCA stabilizes its binding
with soils, and the soil further absorbs the FA and HAmolecules
bound to 1,2-DCA from the aqueous phase, thus creating equi-
librium for the processes of adsorption–desorption.13,26
3.6. The adsorption–desorption of 1,2-DCA on soils in model
saturated aquifer

Results on the adsorption (retention) and desorption (release)
of 1,2-DCA in model soil (mixed quartz sand and soil) columns
Fig. 8 Desorption curves of 1,2-DCA in loamy sand (A) and sandy loam

© 2024 The Author(s). Published by the Royal Society of Chemistry
in a continuous ow that mimics the saturated aquifer are
presented in Fig. 9 and Table S7.† The transport of 1,2-DCA in
both soils increased with the increasing concentration of
organic acids that coexisted in the ow. For example, when the
organic mixtures of FA and HA increased from 0 (control) to
160 mg L−1, the plateau in breakthrough curves increased
from 0.41 to 0.76 in loamy sand (Fig. 6A). The transport in
sandy loam was slightly stronger than in loamy sand, espe-
cially when the organic acids were in a lower level (Fig. 9A and
B). However, the difference in 1,2-DCA transport in the two
model soils was limited. This is consistent with the results that
show stronger 1,2-DCA adsorption in loamy sand discussed in
the previous section. These observations also show the
different inuence of organic acids in the interactions of 1,2-
DCA and soils, e.g., in batch experiments, the presence of
organic acids previously incorporated in soil surfaces
enhanced the adsorption, while their presence in the liquid
phase reduced adsorption and thus enhanced transport in the
ow.35,36 This information further demonstrated the impor-
tance of the interaction between 1,2-DCA and organic acids
and the phase partitioning that facilitated the adsorption on
soil surfaces in batch adsorption and the transport in the ow
in columns. When the columns were eluted with 200 mg L−1

rhamnolipid, the release was observed for all the conditions.
The greater adsorption in loamy sand (under control and lower
concentration) created greater potential in release thus
leading to greater desorption in the elution phase. To further
investigate the reversibility of the 1,2-DCA retention in
a continuous ow, rhamnolipid, FA, HA, and their different
combination were used as eluents. Fig. 10A and B indicate
increased release/desorption of retained 1,2-DCA when the
rhamnolipid concentration in the eluents was higher. The
combination of the highest concentration of rhamnolipid with
FA and HA shows the greatest potential to break the interac-
tion of 1,2-DCA and the solid surfaces. Rhamnolipids played
a better role in the release of 1,2-DCA, which was attributed to
the high surface activity of rhamnolipids and the low CMC
value.37,38 Therefore, the observations imply that the combi-
nation of organic matter (e.g., FA, HA) and surfactant (e.g.,
rhamnolipids) can be better for the removal of 1,2-DCA in
surfactant-enhanced aquifer remediation. Additionally, due to
the increased desorption/release, the risk of 1,2-DCA
(B).
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Fig. 9 Breakthrough and release curves of 1,2-DCA in the columns (A loamy sand, B sandy loam): adsorption/retention under the presence of FA
and HA in the solution (legend represents the detailed conditions). The input concentration of 1,2-DCA was 50 mg L−1. The RL refers to
rhamnolipid. The eluent was 200 mg L−1 rhamnolipid for desorption/release.

Fig. 10 Breakthrough and release curves of 1,2-DCA in the columns (A loamy sand, B sandy loam): desorption/release under different
combinations of rhamnolipid (RL), FA, and HA in eluents (legend represents the detailed conditions). The input concentration of 1,2-DCA was
50 mg L−1, without the presence of organic matter.
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contamination in groundwater can be increased in the pres-
ence of organic matter or surfactant in the liquid phase when
the eluent is not effectively collected.
4. Conclusions

This study investigated the inuence of fulvic acid (FA) and
humic acid (HA) on the adsorption–desorption of 1,2-DCA in
the solid–water interface via batch and column experiments.
The adsorption of 1,2-DCA in soils increased when the organic
matter was presented on solid surfaces. This adsorption of 1,2-
DCA in the soil-water system was linked to the equilibrium
process of partitioning between the inherent water solubility of
FA and HA with soil and water. The 1,2-DCA adsorption in the
single organic matter treated soil was slightly higher than in the
mixture of FA and HA, depending on the binding of FA and HA
to the soil grains/colloids. The adsorption of 1,2-DCA under
acidic conditions was higher due to the increased interactions
with adsorption sites and hydrogen bonds. Conversely, the
presence of organic matter in the liquid phase in the porous
media reduces the adsorption of 1,2-DCA and increases the
transport in the model aquifer due to the association between
1,2-DCA and organic matter. The combination of organic matter
and rhamnolipids can help to better remove 1,2-DCA from solid
surfaces. Additionally, the risk of 1,2-DCA contamination in
3042 | RSC Adv., 2024, 14, 3033–3043
groundwater can be increased when the organic matter or
surfactant is present in the liquid phase if the eluent is not
collected. This study helps to better understand the interaction
of soil organic matter and chlorinated hydrocarbons in water
and saturated aquifers and the environmental fate and poten-
tial removal strategies of chlorinated hydrocarbons in contam-
inated sites.
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