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Abstract: The improved understanding of the behavior of antibiotics in soil is of great importance
due to their environmental hazard and frequent detection. In this work, the adsorption-desorption
and mobility behaviors of ciprofloxacin in sandy silt soil, affecting the fate of ciprofloxacin in the
environment, were studied by a series of batch tests and column tests. In batch tests, the effects
of contact time, initial ciprofloxacin concentration, sandy silt soil dosage, solution pH, and ionic
strength on ciprofloxacin adsorption and desorption in sandy silt soil were considered. Adsorption
results were satisfactorily modeled, with good fittings to the pseudo-second-order model (R2 > 0.999)
and Langmuir model (R2 > 0.991), with the value for Langmuir’s maximum adsorption capacity
(qm) 5.50 mg g−1. Ciprofloxacin adsorption decreased sharply by increasing the pH from 7.0 to
10.0 and the ionic strength from 0.01 to 0.2 mol L−1 CaCl2. Comparatively, ciprofloxacin was more
readily desorbed from sandy silt soil at alkaline and high ionic strength conditions. Breakthrough
curves of ciprofloxacin obtained from the column experiments were described by the two-site model,
Thomas model, and Yan mode. Of these models, the two-site model was the most suitable to describe
the mobility of ciprofloxacin. The retardation factor (R) obtained in the two-site model was 345,
suggesting strong adsorption affinity with ciprofloxacin on the sandy silt soil surface. The results
from the Thomas model suggested the extremely small external and internal diffusion resistances.
The Yan model was not suitable. Cation exchange interaction, electrostatic interaction, mechanical
resistance, entrapment between porous media, and gravity sedimentation were proposed to be the
important adsorption mechanisms.

Keywords: ciprofloxacin; adsorption; desorption; mobility; sandy silt soil; groundwater modeling

1. Introduction

Antibiotics are generally applied to treat infectious diseases in both humans and
animals [1]. However, their widespread usage and continuous emission have made them
a persistent or pseudo-persistent existence in the environment, and a potential hazard to
human health [2]. This is mainly attributed to the antibiotic resistance phenomena [3,4], in
which the resistance genes could be transferred from non-pathogenic bacteria to pathogenic
bacteria [5,6]. In particular, there have been numerous reports on resistant bacteria trans-
mitting from the environment to humans via direct or indirect mode [7,8].

Ciprofloxacin (CPX), a third-generation of fluoroquinolones, is one of the most widely
used broad-spectrum antibiotics in human and veterinary medicines [9]. Generally, CPX
acts by inhibiting bacterial DNA gyrase enzyme required for DNA replication, but cannot
be fully utilized in humans and animals. About 30–90% of CPX is excreted from the
organism as the parent compound or its metabolites [10]. What is worse, owing to the
bacteria-inhibiting effect, CPX cannot be completely removed by conventional wastewater
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treatments [11]. This inevitably resulted in the frequent detection of CPX in various
environments, including surface water, groundwater, sludge, and soil [12–17]. The emission
sources include pharmaceutical industries, hospitals, wastewater treatment plants, and
livestock and aquaculture farms [14,15]. CPX concentrations were reported to be 14 µg L−1

in groundwater within the proximity of the effluent treatment plant, 0.001 mg L−1 in
effluent and surface water, more than 0.15 mg L−1 in hospital wastewater, 30 mg L−1 in
pharmaceutical wastewater, approximately 10 mg kg−1 in surface soil and 13 mg kg−1

in sludge from sewage treatment plants [12–17]. Consequently, CPX has attracted much
attention due to its potential adverse effect on human health and the ecosystem [8] and
exploring its occurrence, migration, and fate is of great importance [18].

Sorption and desorption of chemicals into the soil are critical dynamic processes con-
trolling their environmental fates [19,20]. Many studies were conducted to investigate the
adsorption behavior, influencing factors, and mechanisms of highly used antibiotics on
soils, sediments, and sludge [19,21–24]. Sorption of antibiotics onto solid matrix is affected
by multiple factors, including the physicochemical properties of soils and antibiotics and
various environmental conditions (i.e., pH, ionic strength, organic matter, temperature).
Soil properties such as pH value, organic matter, CEC, and texture play important roles.
Depending on the pKa values of antibiotics and soil pH, antibiotics can emerge in nonionic,
anionic, cationic, or zwitterionic modalities individually or simultaneously. Sorption of non-
ionic molecules to soil organic matter is controlled by hydrophobic partitioning via weak
van der Waals forces and electron donor-acceptor interactions. Ionic compounds interact
with surface-charged soils through electrostatic interactions such as cation exchange, cation
bridging, complexation, and hydrogen bonding. Cationic molecules are mainly adsorbed
on negatively charged clay surfaces, and anionic molecules are principally controlled by the
positive charges on the solid surface [25]. Ionic strength has significant effects on sorption
as well. In general, the sorption of antibiotics is affected by electrostatic interaction, cation
bridging, surface complexation, hydrogen bonding, van der Waals forces, and hydrophobic
partition. Commonly, adsorption kinetics data are best fitted by the pseudo-second-order
model [26,27]. The adsorption equilibrium data are best described by the linear model,
Langmuir model, or Freundlich model [24,26,28,29].

However, less attention has been paid to antibiotics desorption from soil [30]. It is
worth mentioning that desorption of antibiotics would lead to the release of antibiotics from
the soil into groundwater, thus becoming a persistent pollution source. Furthermore, the
fate of CPX in soil depends not only on equilibrium adsorption/desorption concentrations
but also on the transport phenomena associated with the soil. To date, there are few reports
simultaneously on the adsorption, desorption, and mobility of CPX in the soil, especially
in the deep soil, which can provide much valuable insight into its environmental fate.
The components of deep soils are different from that of shallow soils, leading to different
adsorption and retardation behaviors.

Hence, this work investigated the adsorption, desorption, and transport processes of
CPX in sandy silt soil (deep soil) in this work. The major objectives were to: (i) evaluate, in
detail, the adsorption and desorption characteristics of CPX under several physiochemical
conditions by using batch experiments, (ii) evaluate the mobility behavior of CPX by
employing the column experiments, and (iii) further model and assess the adsorption,
desorption and mobility behavior of CPX.

2. Materials and Methods
2.1. Materials

The sandy silt soil sample was collected from the tenth soil layer that was approxi-
mately 45 m below the ground in Shanghai city. The sample was dried at 343 K for 48 h,
sieved to a particle size <1 mm without washing, and was kept in a desiccator before being
used. The properties of the sandy silt soil sample are listed in Table 1. The particle size
distribution and special surface area of the soil were determined by a laser diffraction
particle size analyzer (Mastersizer 3000, Malvern Instruments Ltd., Worcestershire, UK)
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with a detection limit of 0.01 µm. The total organic carbon was analyzed by a TOC-TN
multi 3100 analyzer (Analytik Jena AG, Jena, Germany).

Table 1. Properties of the sandy silt soil and soil column applied for this work.

Particle Size Fraction Specific Surface
Area (m2 kg)

Total Organic
Carbon (g kg−1)

Total
Porosity, θ

Bulk Density,
ρ (g cm−3)

Hydraulic Conductivity,
K (cm h−1)Clay (%) Silt (%) Sand (%)

3 59 38 321 3.34 0.362 1.44 0.058

All chemical reagents were of analytical grades and were used without further purifi-
cation. Ciprofloxacin (CPX, C17H18FN3O3, ≥98 wt%, 331.35 g mol−1) was purchased from
Macklin Biochemical Technology Co. (Shanghai, China). Other reagents were supplied by
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Deionized water used in all
procedures was prepared in a Milli-Q purification system.

2.2. Batch Adsorption-Desorption Experiments

Batch adsorption experiments were carried out in the 50-mL polypropylene centrifuge
tubes with 25 mL of CPX solution at a known initial concentration. After adding sandy
silt soil, the tubes were placed in a thermostatic shaker (TS-2102C, Shanghai Tensuclab
Instruments Manufacturing Co., Led., Shanghai, China) at 298 K and 110 rpm.

The sorption kinetics of CPX to sandy silt soil were carried out by mixing 100 mg
sandy silt soil with 25 mL of 50 mg L−1 CPX solution (background electrolyte: 0.01 mol L−1

CaCl2) in each 50-mL centrifuge tube in a thermostatic shaker at 110 rpm for the following
durations: 0.5, 1, 6, 12, 24, and 48 h.

The soil adsorption isotherms were performed by mixing 25 mL CPX solution (back-
ground electrolyte: 0.01 mol L−1 CaCl2) at initial concentrations of 10, 20, 30, 40, 50, 60, 80,
and 100 mg L−1 with 100 mg sandy silt soil in each 50-mL centrifuge tube in a thermostatic
shaker at 110 rpm for 48 h.

Effects of sandy silt soil dosage on adsorption were determined by mixing 25 mL of
50 mg L−1 CPX solution (background electrolyte: 0.01 mol L−1 CaCl2) with sandy silt soil
at a dosage of: 20, 50, 100, 150, 200, 300, 400, and 500 mg in each 50-mL centrifuge tube in a
thermostatic shaker at 110 rpm for 48 h.

For the study of the influence of solution pH on adsorption, 100 mg sandy silt soil
and 25 mL of 50 mg L−1 CPX solution (background electrolyte: 0.01 mol L−1 CaCl2) at
initial pH of 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0 were mixed in each 50-mL centrifuge tube in
a thermostatic shaker at 110 rpm for 48 h. 0.1 M HCl or NaOH were used to adjust pH.

For the study of the influence of solution ionic strength on adsorption, 100 mg sandy
silt soil and 25 mL of 50 mg L−1 CPX solution with different ionic strengths (0.01, 0.05, 0.10,
0.2 mol L−1 CaCl2) were mixed in each 50-mL centrifuge tube in a thermostatic shaker at
110 rpm for 48 h. Ionic strength was controlled with CaCl2 solid.

In the adsorption study, each tube was taken out at predetermined times and centrifuged
at 4000 rpm for 5 min and filtered through 0.45 µm PTFE syringe-tip filters. The residual
CPX concentration was determined by an UV-vis spectrophotometer (UV-754, Shanghai) at a
wavelength of 273 nm. The pH value was only adjusted in the pH effect experiment.

All experiments were performed in triplicates and the averaged results were applied.
Blank samples were prepared simultaneously under the same conditions, showing the
negligible loss of CPX during the contact time.

Desorption experiments were conducted immediately after the sorption experiments
in the same centrifuge tubes. In brief, an amount of deionized water equal to the amount
of decanted supernatant was added to each tube, which was then shaken and centrifuged
under the same conditions in the sorption experiments. The effects of contact time
(1–48 h), initial CPX concentration (10–100 mg L−1), pH (4.0–10.0), and ionic strength
(0.01–0.2 mol L−1 CaCl2) on desorption by sandy silt soil were investigated. The amount of
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CPX that remained after desorption was calculated from the difference between the amount
of equilibrium adsorption and the CPX concentration in the supernatant [31].

2.3. Column Experiments

Dynamic sorption, desorption, and transport of CPX were conducted using a plexiglas
column (length 34 cm, inner diameter 5 cm), which was manually wet packed with sandy
silt soil to form a packed bed. A thin layer (2 cm) of inert glass beads (0.3 mm grains) was
placed at the top and bottom of the column for a uniform distribution of the flow. A stainless
steel mesh with 0.15 mm openings was installed at both ends of the column between glass
beads and soil to minimize soil loss. A length of 30 cm layer of the uniformly sandy silt
soil with a good mixing before the filling was wet-packed between two supporting layers
of glass beads. The flow-through column, positioned vertically, was first flushed with
deionized water slowly from the bottom by a peristaltic pump for about 24 h to replace the
entrapped air [32]. The characteristics of the sandy silt soil column are provided in Table 1.

Saturated hydraulic conductivity K was measured by the constant head method of
Klute and Dirksen [33] according to the Darcy’s Law equation, K = QL

A∆H , where, Q (mL h−1)
is the water flow rate, L (cm) is the vertical filling length of the column, A (cm2) is the cross
sectional area of the column, and ∆H (cm) is the hydraulic head difference between inlet
and outlet.

Before the experiment, approximately 20 pore volumes (PV) of deionized water were
introduced upward into the column to establish a steady-state flow. A tracer test was
performed using KCl for characterizing the sandy silt soil column and the hydraulic
conditions. The experiment was then commenced by pumping 500 mg L−1 KCl solution
to the column at a constant flow rate of 174 mL h−1 using a peristaltic pump (BT100-2J,
Longer Pump, China). The room temperature was 288 K during the column tests, and the
effluent samples were collected at determined time intervals.

After completion of the tracer experiment, the column was pre-equilibrated with
deionized water. CPX solution of 50 mg L−1 was injected into the column in an upward
mode by a peristaltic pump at a flow rate of 174 mL h−1. Column effluents were collected at
specified intervals. The transport experiment continued until saturation state, where C/Co
reached unity or the concentration remained constant along the time. C0 corresponds to the
initial concentration of the CPX solution (50 mg L−1), and C is the effluent concentration
over percolation time. The concentration of CPX in the effluents was then analyzed to
develop the breakthrough curve.

2.4. Data Analysis

The adsorbed amount of CPX to sandy silt soil was calculated based on the difference
between the initial and final concentration in the aqueous phase, as follows:

qt =
(C0 − Ct)V

m
(1)

where t (h) is the adsorption time, qt (mg g−1) is the adsorption amount in the solid phase
at the adsorption time t, C0 (mg L−1) is the initial concentration of CPX of the aqueous
phase, Ct (mg L−1) is the concentration of CPX at time t, V (mL) represents the solution
volume and m (mg) is the weight of sandy silt soil used.

The pseudo-first-order (Equation (2)) and pseudo-second-order (Equation (3)) models
were used to fit the adsorption and desorption kinetic data:

ln(qe − qt) = ln qe − k1t (2)

t
qt

=
1

k2q2
e
+

t
qe

(3)
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where qe is the adsorption concentration of CPX at equilibrium in the solid matrix (mg g−1),
k1 (h−1) and k2 (g mg−1h−1) are adsorption rate constant for the pseudo-first-order and
pseudo-second-order models, respectively.

The adsorption and desorption isotherm data were fitted to both the Langmuir (Equa-
tion (4)) and the Freundlich (Equation (5)) models to assess their efficiencies:

1
qe

=
1

qm
+

1
qmKLCe

(4)

ln qe =
1
n

ln Ce + ln KF (5)

where qm (mg g−1) is the maximum adsorption concentration in the solid matrix, Ce
(mg L−1) is the equilibrium concentration of CPX in an aqueous solution. KL and KF
(L mg−1) are Langmuir and Freundlich distribution constants, respectively. n is the Fre-
undlich linearity index.

Average sorption coefficient, named distribution coefficient (Kd, L g−1) was calculated
for adsorption isotherm data using the following equation:

Kd =
qe

Ce
(6)

The desorption coefficient (Kdes, L g−1) was calculated as [34]:

Kdes =

(
C0 − Ce − Cdes

e

)
V/m

Cdes
e

(7)

where Cdes
e (mg L−1) is the equilibrium concentration of CPX in aqueous solution at des-

orption equilibrium, m (mg) is the weight of sandy silt soil, and V (mL) represents the
solution volume.

The percentage of CPX desorbed was calculated according to the equation:

Kp =
Cdes

e
C0 − Ce

(8)

The breakthrough curve was used to assess the transport performance of the solute.
The breakthrough process of KCl was simulated using the one-dimensional advection-
dispersion equation (ADE) as follows [35,36]:

R
∂C
∂t

= D
∂2C
∂x2 − v

∂C
∂x

(9)

where t (h) is the time, C (mg L−1) is the aqueous phase solute concentration at time t, C0
(mg L−1) is the influent solute concentration, D (cm2 h−1) is the hydrodynamic dispersion
coefficient, x (cm) is the distance from the solute application, and v (cm h−1) is the average
pore water velocity which is defined as Q/ Aθ, where Q (mL h−1) is the solution flow rate,
A (cm2) is the cross-section area of the column, and θ is the effective porosity. R is the
retardation factor, which is defined as:

R = 1 + 1000ρKd/θ (10)

where ρ (g cm−3) is the bulk density of the packed soil.
Solute transport in the soil is often associated with physical and chemical non-

equilibrium processes [37]. The physical non-equilibrium can be described by a “two-region
model” (TRM) with the mobile region where all advection-dispersion transport occurred,
and the immobile region where diffusive transport was responsible for the exchange of
solute between the mobile and immobile regions. Chemical non-equilibrium can be de-
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scribed by the “two-site model” (TSM) with instantaneous and time-limited adsorption
sites. If dimensionless parameters are used, then the TRM and TSM are transformed to
their dimensionless forms as follows:

βR
∂C1

∂T
=

1
P

∂2C1

∂Z2 − ∂C1

∂Z
− ω(C1 − C2) (11)

(1 − β)R
∂C2

∂T
= ω(C1 − C2) (12)

P = vL/D (13)

where the subscript 1 and 2 refer to the mobile/immobile regions (TRM), or instantaneous/
time-limited adsorption sites (TSM), respectively; T is the normalized dimensionless time
(vt/L), L (cm) is the length of the column, Z is the normalized distance (x/L); β is the
partitioning coefficient of the soil water between mobile and immobile regions in TRM, or
between instantaneous and time-limited sorption domains; ω is the dimensionless mass
transfer coefficient; P is Peclet number, represents the relative contribution of advection
and diffuse transport in solute transport.

The breakthrough curve of CPX was evaluated by the non-linear regression analysis
using various models, including the non-equilibrium two-site model, the Thomas model,
and the Yan model. The Thomas model was expressed in the following form [38]:

Ct

Co
=

1

1 + exp
(

KTqTm
Q − KTCot

) (14)

where Ct (mg L−1) is the effluent CPX concentration at time t, C0 (mg L−1) is the influent
CPX concentration, qT (mg g−1) is the equilibrium adsorption capacity of CPX onto sandy
silt soil, KT (L mg−1h−1) is the Thomas rate constant, m (mg) is the mass of adsorbent, and
Q (mL h−1) is the influent flow rate.

Yan et al. [39,40] proposed an empirical equation that rectified the deficiencies in the
Thomas model, especially for its serious deficiency in predicting the effluent concentration
on zero time. The equation was defined as follows:

Ct

Co
= 1 − 1

1 +
(

C0Qt
1000qYm

)a (15)

where a = KYC0
Q , KY (L2 g−1h−1) and qY (mg g−1) are the adsorption rate constant and the

maximum adsorption capacity, Q (mL h−1) is the influent flow rate, m (g) is the weight of
packed sandy silt soil, and t (h) is the influent time.

3. Results and Discussion
3.1. Adsorption and Desorption Kinetics of CPX

Figure 1 shows the relationship between adsorption or desorption amounts and contact
time for CPX. The adsorption amount by sandy silt soil increased rapidly at first 0.5 h,
then gradually slowed down, and finally reached the maximum adsorption capacity at
approximately 12 h. The initial rapid adsorption may be due to the fast surface adsorption,
followed by the slow internal diffusion or adsorption [41]. In other words, the initially
activated and available sites of sandy silt soil were utilized by CPX, and then the rate of
adsorption was reduced and progressively reached an equilibrium point.
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Figure 1. Effect of contact time for CPX adsorption (a) and desorption (b) by sandy silt soil. The
adsorption and desorption tests were conducted with an initial CPX concentration of 50 mg L−1

without adjusting pH for 48 h under an oscillation rate of 110 rpm and 298 K.

The pseudo-first-order and pseudo-second-order adsorption and desorption kinetics
were then used for predicting the CPX sorption mechanism on sandy silt soil. The model
parameters are provided in Table 2. In contrast to the pseudo-first-order model, the cor-
relation coefficient for the pseudo-second-order model was higher than 0.99. Moreover,
the calculated adsorption and desorption capacities by the pseudo-second-order model
were more similar to the experimental data. Therefore, the adsorption and desorption
of CPX by sandy silt soil should follow the pseudo-second-order model. According to
the pseudo-second-order model, the qe value of the adsorption process was 3.55 mg g−1

compared to 725 mg g−1 for CPX on a Na montmorillonite [42]. The fitted rate constant k2
(1.74 g mg−1h−1) was higher than 0.14 g mg−1h−1 for CPX adsorption on a Na montmoril-
lonite [42] and should be mainly controlled by the cation exchange interaction [43].

Table 2. Kinetic parameters for the pseudo-first-order and pseudo-second-order models.

Kinetic Model k1
k2

(g mg−1h−1)
Calculated
qe (mg g−1)

Experimental
qe (mg g−1) R2

pseudo-first- order adsorption 0.100 - 0.315 3.55 0.909
pseudo-second- order adsorption 1.74 3.55 3.55 0.999

pseudo-first- order desorption 0.116 - 0.0535 1.34 0.170
pseudo-second- order desorption - 1.84 1.34 1.34 0.999

3.2. Adsorption and Desorption Isotherm of CPX

To gain insights into the CPX sorption mechanism onto sandy silt soil, two frequently
used isotherm models (Langmuir and Freundlich) were employed to fit the equilibrium
adsorption and desorption data. Two sorption isotherms are provided in Figure 2, and the
isotherm parameters are presented in Table 3.

Table 3. Parameters for the Langmuir and Freundlich models.

Process Isotherm Model qm
(mg g−1)

KL
(L mg−1) RL

KF
(L mg−1) n R2

Adsorption Langmuir 5.50 0.0329 0.378 - - 0.991
Freundlich - - - 0.433 1.92 0.907

Desorption Langmuir 19.6 0.0179 0.527 - - 0.982
Freundlich - - - 0.378 0.88 0.974
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Figure 2. Adsorption (a) and desorption (b) isotherms of CPX in sandy silt soil. The adsorption and
desorption tests were conducted with different initial CPX concentrations (10, 20, 30, 40, 50, 60, 80,
and 100 mg L−1) at an ionic strength of 0.01 mol L−1 CaCl2 without adjusting pH for 48 h under an
oscillation rate of 110 rpm and 298 K.

The results showed that both Langmuir and Freundlich models fitted the adsorp-
tion and desorption data well with similar correlation coefficients (>0.90). However, the
Langmuir isotherm gave a better fit (>0.98), suggesting monolayer adsorption and des-
orption of CPX on sandy silt soil. This was consistent with the previous studies that
CPX sorption on kaolinite and montmorillonite also followed the Langmuir adsorption
isotherm [42,44,45]. The fitted maximum adsorption capacity qm value was 5.50 mg g−1

(16.6 mmol kg−1), compared to the adsorption capacity of 19 mmol kg−1 on kaolinite [45],
60–150 mmol kg−1 on goethite [46,47], 41 mmol kg−1 on hydrous aluminous oxides [46],
and 1000–1200 mmol kg−1 on montmorillonite [42,44]. Sandy silt soil seemed to exhibit
slightly lower adsorption of CPX.

According to Table 3, the CPX adsorption with the initial CPX concentration of
50 mg L−1 onto sandy silt soil was favored because of the RL ( 1

1+KLC0
) value in the range

0–1. In the Freundlich model, the value of n > 1 represented the favorable nature of adsorp-
tion [48]. The values of Kd and Kdes were calculated by Equations (6) and (7) to be 0.0307
and 0.250 L g−1, respectively. The very high desorption coefficient of CPX showed that it
practically remained adsorbed on sandy silt soil.

Also from Figure 2, a higher initial CPX concentration resulted in more loading mass
on sandy silt soil, and a lower percentage of CPX desorbed.

3.3. Effect of Sandy Silt Soil Dosage on the CPX Adsorption and Desorption

The effect of sandy silt soil dosage on the sorption of CPX is shown in Figure 3a. The
adsorption amounts decreased from 4.55 to 1.58 mg g−1 when the dosage of sandy silt soil
increased from 20 to 500 mg. The result provided an obvious reason for the equilibrium
isotherm capacity being highly dependent on the adsorbent dosage. This is due to the
fact that at the low dosage of adsorbent, all of the adsorption sites are exposed and the
surface adsorption is saturated faster, leading to a higher adsorption capacity [49]. With the
increasing adsorbent mass, accumulation and aggregation of adsorbent and compressibility
of functional groups on the adsorbent surface would cause repulsion, thus decreasing the
amount of CPX adsorbed per unit weight of adsorbent [50]. Our data were consistent with
the literature where many studies had observed the opposite effect of adsorbent dosage to
adsorption amount [49,50]. As a compromise between the amount of adsorbent and the
adsorption capacity, 100 mg of sandy silt soil dosage was selected for further study.
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Figure 3. Effect of (a) sandy silt soil dosage, (b) solution pH, and (c) ionic strength on the adsorption
and desorption of CPX by sandy silt soil. Effect of (d) sandy silt soil dosage, (e) solution pH, and
(f) ionic strength on the desorption percentages.

The desorption capacity decreased from 2.85 to 0.311 mg g−1 when the dosage of sandy
silt increased from 20 to 500 mg (see Figure 3a). In Figure 3d, the desorption percentages
Kp of CPX in various sandy silt soil dosages decreased sharply from 62.0% to 28.5% at the
adsorbent range of 20 to 200 mg. As the sandy silt soil dosages continued to increase from
200 to 500 mg, the desorption percentages decreased slightly from 28.5% to 18.6%. The
lower percentage of CPX desorbed suggested that the adsorbed CPX in the interlayer could
not be easily released, relative to the CPX adsorbed on the external surfaces.

3.4. Effect of Solution pH on the CPX Adsorption and Desorption

Solution pH can change the speciation of adsorbate and surface functional groups
of adsorbent, thus playing a critical role in the sorption process [51,52]. Adsorption and
desorption of CPX in sandy silt soil were conducted at different solution pHs of 4.0–10.0
(Figure 3b). The amounts of CPX adsorption were relatively constant at 3.79 to 3.62 mg g−1

in the pH range of 4.0–7.0. As the pH increased, the CPX sorption decreased sharply to
2.12 mg g−1 at pH 10.0, showing the substantial influence on the adsorption of CPX in
alkaline conditions. The influence of solution pH on CPX adsorption was similar to that of
Na montmorillonite [42].

Typically, the groups of CPX molecules should undergo a protonation-deprotonation
reaction against an aqueous solution. The CPX groups are protonated with a positive
charge with pH < 5.9; are deprotonated and become negatively charged with pH > 8.89,
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and form zwitterionic species at 5.9 < pH < 8.89. Under the experimental condition
(pH = 4.0–10.0), sandy silt soil was negatively charged. The strong electrostatic attraction
thus can be expected between opposite charged CPX and sandy silt soil. Although the
pKa1 value of CPX is 5.9, the invariance of CPX adsorption when pH was greater than
the pKa1 suggested that the ammonium group of the zwitterions could still contribute to
the adsorption. As the pH increased from 5.9 to 10.0, more anionic species resulted in
repulsion between anions of CPX and soil, which resulted in the decrease of adsorption
amounts [44]. Hence, the adsorption amounts of CPX in sandy silt soil were reduced
by increasing pH, especially from pH 7.0 to 10.0. The sharp decrease in CPX adsorption
when solution pH was approaching pKa2 (8.89) confirmed that the electrostatic interaction
mechanism was important.

In Figure 3e, the percentage of CPX desorbed increased as the pH rose from 4.0 to 10.0
except for pH 9.0. All desorption percentages were lower than 50% except for pH 9.0. The
low values showed that most of the adsorbed CPX might be dominantly in the interlayer
position, compared to the surface adsorption. The maximum desorption percentage was
obtained at pH 9.0 approximately to pKa2 (8.89), suggesting that the electrostatic repulsion
between CPX and negatively charged sandy silt soil surfaces inhabited the adsorption of
CPX. The electrostatic interaction was also an important adsorption mechanism besides
cation exchange interaction.

3.5. Effect of Ionic Strength on the CPX Adsorption and Desorption

To investigate the effect of ionic strength on CPX adsorption and desorption by sandy
silt soil, CaCl2 was added into the CPX solution without adjusting pH. Figure 3c showed
the adsorption amounts of CPX in sandy silt soil decreased by about 80% by increasing
CaCl2 concentration from 0.01 to 0.2 mol L−1. CPX tended to be retained in sandy silt
soil in low ionic strength conditions while CPX tended to leach into groundwater in high
ionic strength conditions. The reduction of sorption under high ionic strength could be
attributed to the competition of Ca2+ and positively charged CPX for adsorption sites on
sandy silt surfaces. Therefore, the electrostatic interaction was further confirmed to be the
important adsorption mechanism.

In Figure 3f, the percentages of CPX desorbed increased sharply from 32.8% to 97.7%
at the ionic strength range of 0.01 to 0.2 mol L−1 CaCl2. The presence of Ca2+ in solution
significantly promoted CPX desorption from sandy silt soil. The study of desorption
processes in various ionic strengths indicated that CPX adsorption occurred mainly on the
external exchangeable sites in the higher ionic strength condition. In contrast, the CPX
adsorption in the lower ionic strength condition could be intercalated into the interlayer of
sandy silt soil.

3.6. Transport and Retention of CPX in Sandy Silt Soil Column

The breakthrough curves were expressed in the form of relative concentration (C/Co)
versus cumulative column pore volume (PV). The experimental and modeling breakthrough
curves of KCl and CPX in the sandy silt soil column are shown in Figure 4, and associated
parameters estimated by the aforementioned models are listed in Table 4. As shown
in Figure 4a, the shape of the breakthrough curve of KCl was the ideal sigmoid style
indicating no adsorption between KCl and sandy silt soil. The breaking point (C/Co = 0.05)
and exhaustion time (C/Co = 0.9) occurred in 0.9 PV and 1.4 PV. As shown in Figure 4b, CPX
leached slowly in the soil column. The breakthrough curve reached a breaking point at
170 PV and exhaustion at 470 PV. Compared to the KCl breakthrough curve in the column,
the breakthrough response of CPX showed enormous delay, indicating its retardation in
sandy silt soil.
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Figure 4. Measured and fitting breakthrough curves of (a) KCl and (b) CPX in sandy silt soil
column; and (c) sketch showing expected change with PV in the normal concentration ratio of CPX in
the effluent.

Table 4. Parameters of the ADE of KCl and TRM, Thomas and Yan models of CPX for fitting
breakthrough curves.

Model Parameters KCl CPX

ADE
v (cm h−1) 24.6 -

D (cm2 h−1) 4.82 -
R2 0.999 -

Two-region model

v (cm h−1) 24.6 -
D (cm2 h−1) 4.90 -

β 0.999 -
ω 100 -
R2 0.999 -

Two-site model

v (cm h−1) 24.6 -
D (cm2 h−1) - 4.82

R - 345
β - 0.248
ω - 100
R2 - 0.986
P 173.5

Thomas model
KT (L2 g−1h−1) - 0.000280

qT (mg g−1) - 4.67
R2 - 0.902

Yan model
a - 4.87

qY (mg g−1) - 4.05
R2 - 0.755

The KCl breakthrough data was fitted using the advection-dispersion equation (ADE,
Equation (9)) and the two-region model (TRM, Equations (11)–(13)) through the computer
package CXTFIT 2.1 code [53]. According to the measured flux, the cross-section area of
the column, and the effective porosity, average pore velocity v was calculated. The initial
values in the inverse problem mode were: v = 24.5 cm h−1, D = 20 cm2 h−1, R = 1. Average
pore velocity v and hydrodynamic dispersion coefficient D were fitting in the ADE, while
D, β and ω were fitting in the TRM. Both the ADE and TRM were able to adequately
simulate the experimental data (R2 = 0.999). The model fittings based on the two models
nearly coincide, indicating that there were no significant effects of immobile water under
steady-state conditions. The relevant transport parameters derived from the ADE were in
accord with those from the TRM (Table 4). The partitioning coefficient β was determined
to be 0.999 by fitting the TRM to the breakthrough curve with R set to 1. The immobile
water in the column accounted for approximately 0.1%. Therefore, the ADE was sufficient
to describe the tracer transport. The fitting value of hydrodynamic dispersion coefficient D
is 4.82 cm2 h−1 obtained according to ADE.



Water 2022, 14, 1728 12 of 15

Based on the tracer test, immobile water in the soil columns was negligible and no
physical non-equilibrium was evident. Consequently, the two-site model was employed
to simulate the CPX breakthrough data. Note that for the two-site model, the fitting
parameters included R, β and ω. The breakthrough curve analysis was carried out by the
two-site model, the Thomas model, and the Yan model. According to Figure 4b and Table 4,
the two-site model with a correlation coefficient of 0.986 could be fitted best with CPX
breakthrough data among these three models.

Retardation factor R was a derived parameter to quantify the slowing down of solute
transport. According to the two-site model, R was 345 with an initial CPX concentration of
50 mg L−1 and an average pore water velocity of 24.6 cm h−1. The large value of R meant
strong retention of CPX in sandy silt soil, which was consistent with the aforementioned
results of batch sorption experiments.

Partitioning coefficient β and mass transfer coefficient ω can be used to evaluate
potential contributions from the chemical-related non-equilibrium. The two-site model-
fitted value of instantaneous adsorption site fraction β was 0.248, indicating a part of the
sorption sites did not participate in instantaneous adsorption, i.e., CPX adsorption was in
the non-equilibrium state. Thus, the two-site model is more adequate for simulating CPX
transport in the sandy silt soil than the ADE. The fitting mass transfer coefficient ω was
100, indicating the fast mass transfer between mobile and immobile water. Peclet number
was 173.5, accounting for advection made a greater relative contribution to migration.

For the other models, the correlation coefficient obtained from the Thomas model was
0.902, suggesting that external and internal diffusion resistances were extremely small,
while the Yan model could not describe the breakthrough curve of CPX in the sandy silt
soil column with the correlation coefficient of 0.755.

The retention percentage of CPX in the sandy silt soil column was then calculated
using the numerically integrated method [54]. From Figure 4c, the red area enclosed by
the C/Co = 1 line, C/Co = 0 line, C/Co line, and Y-axis indicated the mass deposition in the
soil column. The area below the C/Co = 1 line was the influent CPX mass. Accordingly, the
retention percentage was 99.7%, 94.6%, and 83.2%, respectively, in break time, median time
(C/Co = 0.5), and exhaustion time.

The sorptive exchange of CPX between the water phase and sandy silt soil was
characterized by the sorption coefficient Kd. According to the batch isotherm data and
Equation (6), the Kd value was determined to be 0.0307 L g−1. Based on Equation (10),
the retardation factor R was determined to be 123, which differed markedly from that
determined from the column test data (R = 345).

The calculated qT in the Thomas model was 4.67 mg g−1, slightly lower than the
measured adsorption capacity in batch experiments. It was a positive result that the Thomas
model was suitable for this condition. All the parameters of the retention percentages,
fitting Kd and qT values, showed slightly stronger sorption affinity in the column test than
in the batch sorption test. This conclusion agreed with the literature [10]. This might
be attributed to the mechanical resistance, entrapment between the porous media of soil
matrix, and gravity sedimentation, all of which were important to CPX transport in sandy
silt soil environment besides the cation exchange interaction and the electrostatic interaction.
Therefore, we obtained a better understanding of CPX behaviors in the soil environment.

4. Conclusions

Adsorption and desorption of CPX on sandy silt soil were studied by the batch tests.
The sorption kinetic data conformed to the pseudo-second-order model with a large rate
constant. The adsorption and desorption experimental data fitted quite satisfactorily to the
Langmuir model. The maximum adsorption capacity for CPX according to the Langmuir
model was 5.50 mg g−1. The percentages of CPX desorbed increased with increasing pH
and ionic strength, and with decreasing sandy silt soil dosage. Comparatively, CPX was
more readily desorbed from sandy silt soil at alkaline and higher ionic strength conditions.
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The mobility behaviors of CPX in sandy silt soil were investigated by laboratory
column experiments. The two-site model can describe the mobility behaviors of CPX well.
Retardation factor R derived from two-site model was 345, suggesting a strong adsorption
affinity of CPX in sandy silt soil. For the Thomas model, results suggested that external and
internal diffusion resistances were extremely small. The experimental results showed that
CPX tended to accumulate in sandy silt soil rather than leaching into groundwater. Cation
exchange interaction, electrostatic interaction, mechanical resistance, entrapment between
porous media, and gravity sedimentation were the important adsorption mechanisms.
These results improved our understanding of the adsorption, desorption, and mobility of
CPX in the sandy silt soil environment.
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