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Abstract: The effect of graphene (GN) on the transport of CIP and NOR in porous media is investi-
gated by a combination of batch experiments, column experiments and mathematical models. The
results obtained by batch experiments show that GN has great adsorption capacity to two antibiotic
contaminants, and the maximum adsorption amounts based on the Langmuir model calculation are
270.67 mg/g and 178.36 mg/g, respectively. The column experiments suggest the mobility of CIP
and NOR decreases with the mass fraction of GN packed in porous media, and the mass recovery
rates of CIP and NOR increase with flow velocity. As the concentration of Na+ increases, the mobility
of CIP and NOR is enhanced. However, Ca2+ has a significant enhancement effect on the mobility of
CIP and NOR. Moreover, the transport processes of CIP and NOR in the column are predicted by a
BDST mathematical model, and the calculated results are in good agreement with the experimental
results. The relationships between kinetic parameters related to QNs’ mobility and GN content, flow
velocity and ionic strength are obtained by a regression analysis, which can be used to predict the
mobility of CIP and NOR in porous media.

Keywords: graphene; quinolone antibiotics; ciprofloxacin; norfloxacin; transport; porous media

1. Introduction

As a type of broad-spectrum antimicrobial, quinolones (QNs) are widely used in
human health and animal disease control [1–3]. QNs have developed rapidly over the
past three decades and have become the most widely used synthetic antimicrobial [1,2].
Indeed, QNs are widely used in the treatment of animal and human diseases because of
their broad-spectrum antimicrobial activity, rapid action, strong bactericidal activity, no
common cross-resistance and low cost [4–6]. With widespread production and application,
QNs are released into the environment in large quantities and are frequently detected in
a variety of environmental media, including soil and groundwater environments [7–10].
Most antibiotics are not fully absorbed by human beings and animals, so about 90% of
antibiotics are released into the environment. Antibiotics have been detected in surface
water and groundwater, and they can enter into the environment in a variety of ways,
with adverse effects on human health [7–10]. Ciprofloxacin (CIP), norfloxacin (NOR) and
enoxacin (ENO) are the three major antibiotics with the highest consumption. Due to
the low degradability and continuous release of QNs [11,12], these pseudo-persistent
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compounds pose a threat to the activity and composition of microbial communities in the
environment [2,13,14]. Meanwhile, various studies have demonstrated that the continuous
exposure of QNs may be an important source of the production of resistance genes in the
environment [15]. As a result, the widespread detection and potential toxic effects of QNs
in the environment have attracted more and more attention. Therefore, the transport, fate
and associated environmental behavior of QNs urgently need to be further investigated,
especially in groundwater, which is the main source of drinking water.

The transport and fate of QNs in groundwater are significantly influenced by the
interaction between themselves and the porous media in the surrounding environment [3].
Although the interaction between QNs and the surrounding porous media plays a key role
in the fate of QNs in subsurface environmental systems, there is limited research on the
retention and transport behavior of QNs in porous media [16–18]. Chen et al. [16] showed
that solution pH and ionic strength had a significant effect on the retention and migration
of ciprofloxacin in saturated porous media, and the migration capacity of CIP was much
lower than that of sulfamethoxazole. Moreover, Dong et al. [18] found that the mobility
of levofloxacin was significantly weaker than that of sulfamethoxazole in porous media
under the same physicochemical conditions (pH, ionic strength, humic acid concentration,
saturation and particle size of porous media). By observing the leaching of three classes of
antibiotics in calcareous agricultural fields in China, Ostermann found that the order of
antibiotic mobility was as follows: QNs < tetracyclines < sulfonamides [19].

A large number of natural colloids exist in the subsurface environment and can serve
as carriers of contaminants due to their good mobility and large adsorption capacity.
This process is often referred to as “the facilitating effect of colloid on the transport of
contaminant”, which is particularly important for the movement of contaminants with
low solubility and strong adsorption on solid surfaces [20,21]. Although the promotion of
contaminant migration by natural colloids has been investigated by numerous studies, so
far, no domestic or international studies have focused on the promotion of QNs’ migration
by engineered nanoparticles in porous media [22,23]. Carbon-based nanomaterials have
received increasing attention in the fields of contaminant adsorption and environmental
remediation [24–27]. Graphene (GN) is a promising adsorbent material for the adsorption
of organic contaminants among various nanomaterials [28,29]. Most importantly, GN has
excellent physicochemical properties, such as a large specific surface area, high chemical
stability, many adsorption functional sites, excellent electrical and thermal conductivity,
strong mechanical hardness and toughness and high light transmittance [30,31]. At present,
GN is widely used in various fields, so it will unavoidably be released into the surface water,
soil and even groundwater environment. However, GN involves certain harm to human
health and the ecological environment [32,33]. The contaminants containing π electrons
in the molecular structure can be adsorbed on the surface of GN by the π-π interaction.
Therefore, GN has a good adsorptive ability to the contaminants in the environment and
affects the transport of contaminants.

GN has an excellent adsorption capacity for both organic and inorganic pollutants,
including heavy metals (Pb2+, Cr6+, Cd2+, etc.) [34–36], pharmaceuticals [36], dyes [29,37],
petroleum hydrocarbon pollutants [38] and endocrine disruptors, etc. In addition, GN has
an excellent adsorption capacity for antibiotics, including QNs, through the electrostatic
attraction between them and π-π interactions generated by charged groups and aromatic
structures [39,40]. Previous studies have shown that GN nanoparticles could act as carriers
to facilitate the transport of Cu, 1-naphthol and phenanthrene in porous media [41,42].
Peng et al. [39] compared the adsorption of 7 antibiotics on 3 carbon-based materials (in-
cluding 2 biocarbons and graphene), and the results showed that the adsorption rate of GN
was the fastest and the adsorption efficiency reached 100%. The adsorption of antibiotics
on GN was mainly through the π-π interaction and auxiliary adsorption, including the hy-
drogen bond interaction, electrostatic interaction, hydrophobic interaction and pore-filling
effect [18,43,44]. Although QNs exhibit very weak mobility in soil and groundwater, their
strong binding ability to GN nanoparticles makes it possible to greatly enhance the mobility
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of QNs in porous media, which in turn may increase the associated environmental risk.
Therefore, co-transport studies are essential to understand the environmental risks of GN
and its carried QNs. However, the effect of GN on the migration of QNs in porous media
(especially in unsaturated porous media) has not been investigated.

Based on GN and two typical QNs (CIP and NOR), the effects of GN on the migration
of antibiotics in groundwater are systematically investigated by a combination of batch
experiments, column experiments and mathematical models. The objectives of this research
are as follows: (1) determine the maximum adsorption capacity of GN for CIP and NOR;
(2) investigate the mobility of CIP and NOR in porous media containing GN under various
physicochemical conditions; (3) simulate and predict the transport behavior of CIP and
NOR in porous media containing GN by the bed depth service time (BDST) model.

2. Materials and Methods
2.1. Experimental Material

The GN used in the experiment is the single-layer nano-graphene powder. The average
thickness of GN with the particle size of 5 um is 6–8 nm. The specific surface area of GN is
120–150 m2/g and the purity is more than 99%. The porous media packed in the column
experiment is silica sand (SS). The diameters of SS are 0.18–0.22 mm, and the porosity is
0.32. Before the column experiment, SS is washed with tap water, soaked with nitric acid
(10%) and washed with deionized water to the neutral state, and then dried in the oven
at 65 ◦C. The zeta potentials of SS and GN under different conditions are measured by a
Malvern laser particle sizer (Table S1).

The CIP and NOR solutions are configured by adding 125 mg of CIP or 100 mg of
NOR into a 500 mL volumetric flask and using deionized water for the constant volume.
Afterward, 250 mg/L of CIP reserve solution and 200 mg/L of NOR reserve solution are
stored in a refrigerator at 4 ◦C.

2.2. Batch Experiment

The adsorption of CIP and NOR on GN is carried out in a 200 rpm oscillator at room
temperature (25 ◦C). Next, 5.0 g SS or 60 mg/L GN suspension and antibiotics are mixed
into a 50 mL glass centrifuge tube. In the adsorption experiment, GN suspension of 15 mL
(200 mg/L) is placed in centrifuge tubes of 50 mL. Afterward, the CIP solution of 10 different
volumes (0, 0.2, 0.5, 1, 2, 4, 8, 12 and 16 mL) or the NOR solution of 9 different volumes
(0, 0.25, 0.5, 1, 2, 4, 8, 16 and 20 mL) is added into centrifuge tubes as the adsorbates,
respectively. In the batch experiment, 5 g SS and adsorbate solutions (CIP: 0, 1, 2.5, 5.0, 10.0,
20.0, 40.0, 60.0, 70.0, 80.0 mg/L; NOR: 0, 1, 2, 4, 8, 16, 32, 64.0, 80.0 mg/L) are added into
50 mL centrifuge tubes. The pH value of the solution is adjusted to 5.0 and centrifuge tubes
are shaken in a constant temperature oscillating chamber for 48 h. The mixtures in tubes are
sampled using a disposable syringe with a 0.22 um filter head for solid–liquid separation.
Afterward, the concentrations of CIP and NOR in the samples are determined using the
UV-Vis spectrophotometer (Lambda 365 UV-VIS, Perkin Elmer, Waltham, MA, USA).

The adsorption amounts of CIP and NOR on GN are calculated as follows:

F =
(C0 − Ce)×V

m
(1)

Ft =
(C0 − Ct)×V

m
(2)

where F is the amount of adsorption of CIP or NOR on GN at adsorption equilibrium
(mg/g); Ft is the amount of adsorption of CIP or NOR on GN at t time (mg/g); C0 is the
initial concentration of CIP or NOR (mg/L); Ct is the concentration of CIP or NOR in
solution at t time (mg/L); Ce is the concentration of CIP or NOR in solution at adsorption
equilibrium (mg/L); V is the total volume of solution (L); m is the mass of added GN (g).
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A pseudo-first-order kinetic model, pseudo second-order kinetic model and Elovich
adsorption kinetic model [38] are used to analyze the CIP/NOR adsorption onto GN varied
with time:

Ft = F1

(
1− e−k1t

)
(3)

Ft =
F2

2 k2t
1 + Fk2t

(4)

Ft =
ln(k3F3t)

F3
(5)

where k1 is the first-order kinetic adsorption rate constant (min−1); k2 is the second-
order kinetic adsorption rate constant (g ·mg−1·min−1); k3 is the initial adsorption rate
(mg·g−1·min); F1 is the amount of adsorption of CIP or NOR on GN at adsorption equi-
librium (mg·g−1) for the pseudo-first-order kinetic model; F2 is the amount of adsorption
of CIP or NOR on GN at adsorption equilibrium (mg·g−1) for the pseudo-second-order
kinetic model; F3 is the desorption constant (mg·g−1) for the Elovich model.

Langmuir, Freundlich and Temkin isothermal adsorption models are applied to de-
scribe the adsorption isotherms of CIP and NOR on GN and SS:

F =
SmaxKLCe

1 + KLCe
(6)

F = KFCn
e (7)

F =

(
RT
bT

)
ln(ATCe) (8)

where Equation (3) is the Langmuir model, Equation (4) is the Freundlich model; Smax is the
maximum adsorption amount (mg·g−1); KL is the constant associated with the interaction
energy in the Langmuir model (L·mg−1); KF is the Freundlich constant (L·mg−1)n; n is
the Freundlich exponent constant; R is the ideal gas constant (8.314 J·mol−1·K−1); T is
the absolute temperature (K); bT is the Temkin constant (J·mol−1); AT is the equilibrium
constant in the Temkin model (L·mg−1).

2.3. Column Experiment

The transport experiments of CIP and NOR are conducted in the column (inner
diameter is 2.5 cm, length is 20 cm) packed by SS and GN. The 50 um stainless steel strainer
is placed at both ends of the column (the inlet and outlet end) to hold the SS and make
the water flow uniformly through the column. Before the column experiment, the SS is
packed into the column using the wet sand filling method [45]. After that, a peristaltic
pump is connected to the inlet of the column and an automatic collector is connected to the
outlet. The experimental setup is shown in Figure 1. In the column experiment, the porous
media packed in the column is first flushed with deionized water or background solution
for 10 h to remove impurities. Afterward, 2 PVs CIP or NOR solution under different
water chemical conditions is injected into the column by a peristaltic pump. After injection,
the column is flushed with 20 PVs background solution. The experimental conditions are
illustrated in Table 1.

2.4. Mathematical Model

In practical applications, the models used to simulate the breakthrough curve (BTC)
include the Thomas model, the Yoon-Nelson model, and the BDST model [18,46]. Com-
pared with the Thomas and Yoon–Nelson models, the BDST model takes into account the
dynamic adsorption characteristics’ parameters such as adsorbent thickness, flow velocity
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and initial concentration, and the accuracy tends to be better [18]. Therefore, the BDST
model is applied to simulate the transport process of CIP and NOR in SS-GN porous media:

t =
N0

C0ν
Z− 1

kbC0
ln
(

C0

Ct
− 1

)
(9)

where C0 is the initial concentration of CIP or NOR (mg·L−1); Ct is the concentration at
time point t (mg·L−1); N0 is the adsorption capacity of the adsorbent (mg·L−1); Z is the
fixed-bed thickness of the adsorbent (GN) packed in column (cm); ν is the flow velocity
(cm·min−1); kb is the rate constant in the BDST model (mg−1·min−1·L).
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Table 1. Experimental conditions and model results.

NO. QNs C0
1

(mg/L)

IS 2 (mM)
N 3

(cm·min−1)
PGN

4

(%)

Peak
Value of

C/C0

RE 5 (%)

BDST Model

Na+ Ca2+ kb
6

(mg−1·min−1·L)
N0

7

(mg·L−1) R2

1 CIP 10 \ \ 0.204 0.0 0.808 78.7 6.53 × 10−3 9.05 × 104 0.933
2 CIP 10 \ \ 0.204 0.0057 0.737 68.9 6.95 × 10−3 8.27 × 104 0.954
3 CIP 10 \ \ 0.204 0.0113 0.662 62.7 5.95 × 10−3 4.45 × 104 0.964
4 CIP 10 \ \ 0.204 0.0226 0.610 54.7 5.52 × 10−3 2.45 × 104 0.937
5 CIP 10 \ \ 0.102 0.0113 0.623 57.8 2.87 × 10−3 4.49 × 104 0.961
6 CIP 10 1 \ 0.204 0.0113 0.706 70.6 5.51 × 10−3 4.38 × 104 0.946
7 CIP 10 10 \ 0.204 0.0113 0.765 75.8 6.23 × 10−3 3.97 × 104 0.947
8 CIP 10 \ 0.5 0.204 0.0113 0.515 65.4 6.66 × 10−3 4.81 × 104 0.943
9 CIP 10 \ 5 0.204 0.0113 0.461 67.8 5.23 × 10−3 5.44 × 104 0.898
10 CIP 10 \ \ 0.407 0.0113 0.689 74.5 1.13 × 10−2 4.33 × 104 0.923

11 NOR 10 \ \ 0.204 0.0 0.820 81.2 7.51 × 10−3 8.78 × 104 0.944
12 NOR 10 \ \ 0.204 0.0057 0.787 74.4 7.67 × 10−3 7.55 × 104 0.933
13 NOR 10 \ \ 0.204 0.0113 0.706 68.9 6.53 × 10−3 4.18 × 104 0.966
14 NOR 10 \ \ 0.204 0.0226 0.654 58.5 6.85 × 10−3 2.15 × 104 0.880
15 NOR 10 \ \ 0.204 0.0452 0.547 47.1 7.01 × 10−3 1.16 × 104 0.913
16 NOR 10 \ \ 0.102 0.0226 0.636 56.8 2.94 × 10−3 2.31 × 104 0.978
17 NOR 10 1 \ 0.204 0.0226 0.708 65.0 8.32 × 10−3 2.10 × 104 0.942
18 NOR 10 10 \ 0.204 0.0226 0.739 74.5 9.41 × 10−3 1.95 × 104 0.916
19 NOR 10 \ 0.5 0.204 0.0226 0.504 60.8 4.82 × 10−3 2.65 × 104 0.957
20 NOR 10 \ 5 0.204 0.0226 0.466 67.6 6.14 × 10−3 2.62 × 104 0.950
21 NOR 10 \ \ 0.407 0.0226 0.788 71.3 1.52 × 10−2 2.00 × 104 0.915

Note(s): 1 C0 is initial concentrations of CIP/NOR; 2 IS is ionic strength; 3 ν is flow velocity; 4 PGN is the mass
fraction of GN; 5 RECIP is the mass recovery rate of CIP/NOR; 6 kb is the rate constant; 7N0 is the adsorption
capacity of GN.Tab.
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The above model is used to simulate the transport process of CIP and NOR in the
column. Associated simulation results are compared with experimental results to obtain
the values of parameters kb and N0.

3. Results and Discussion
3.1. Adsorption of CIP and NOR onto GN
3.1.1. Kinetic Adsorption

The adsorption experiment is conducted at room temperature (25 ◦C). Adsorption
results are presented in Figure 2a,b. As can be seen from Figure 2a, the adsorption rate
of CIP on GN is relatively fast in the initial 240 min, and the adsorption capacity reaches
85% of the maximum adsorption capacity. As time goes on, the adsorption rate gradually
decreases, and the adsorption capacity increases slowly. After 600 min, the adsorption of
GN to CIP reaches an equilibrium state gradually. Results suggest the maximum adsorption
capacity of GN to CIP is 149.3 mg/g. As can be seen from Figure 2b, the adsorption of NOR
on GN is a relatively smooth process. After 600 min, the adsorption amount reaches 94%
of the maximum adsorption amount. After 2880 min, adsorption reaches the equilibrium
state, and the associated maximum adsorption capacity of GN to NOR is 121.6 mg/g.

The adsorptions of CIP and NOR on GN are investigated by the pseudo-first-order
kinetic model, the pseudo-second-order kinetic model and the Elovich adsorption kinetic
model. Associated fitting results and parameters are presented in Table S2 and Figure 2.
All determined coefficients (R2) of the pseudo-first-order kinetic model and Elovich kinetic
model for the adsorption process are less than 0.98, and that of the pseudo-second-order
kinetic model is more than 0.98. The adsorption amount calculated by the pseudo- second-
order kinetic model is closer to the experimental result, indicating that the pseudo-second-
order kinetic model better fits the experimental results. Further, the adsorption of CIP and
NOR onto GN is determined by a variety of factors.

The IR spectra of GN after the adsorption of CIP and NOR show that the absorption
peaks are significantly shifted compared with those before adsorption (Figure 3). Further,
the IR spectra of GN after the adsorption of CIP show more shifted absorption peaks. From
the spectrogram in Figure 3, it can be seen that the weaker absorption peak of GN near
3345 cm−1 is caused by the stretching vibration of –OH on the surface of GN. Furthermore,
the absorption peak at 2923 cm−1 belongs to the asymmetric stretching vibration of -CH3,
the absorption peak at 1605.04 cm−1 is caused by the stretching vibration of C=O on the
carboxyl group of graphene surface, the absorption peak at 1296.73 cm−1 is caused by the
stretching vibration of C-C and the absorption peak at 1056.81 cm−1 is caused by of the
stretching vibration of C-O-C. These results from the spectrogram indicate that GN contains
a certain amount of oxygen and at least five functional groups of -OH, -CH3, -C = 0, C-C
and C-O-C.

From the spectrogram in Figure 3, it can be seen that the infrared spectrogram of
GN after the adsorption of NOR shows a significant displacement of the absorption peak
compared with that before absorption. The absorption peak at 1479.16 cm−1 is caused
by the stretching vibration of the benzene ring on the NOR molecule, and the absorption
peak at 1387.56 cm−1 belongs to the stretching vibration of the protonated amino group on
the NOR molecule, indicating that NOR is adsorbed on the GN surface. The absorption
peak at 1448.58 cm−1 is caused by the stretching vibration of the benzene ring on the CIP
molecule, and the absorption peak at 1329.83 cm−1 belongs to the stretching vibration of
the protonated amino group on the CIP molecule, indicating that CIP is adsorbed on the
GN surface.
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3.1.2. Adsorption Isotherm

The adsorption behaviors of CIP and NOR on GN and SS are simulated using the
Langmuir, Freundlich and Temkin isothermal adsorption models. The nonlinear fitting
results and the calculated correlation parameter values are shown in Figure 2c–e and
Table S3. It can be seen that the coefficient of determination R2 fitted by the Langmuir
isothermal model for the adsorption process of two fluoroquinolone antibiotics by GN is
greater than 0.96, which is larger than the R2 fitted by the Freundlich and Temkin isothermal
models. Therefore, the Langmuir isothermal model can simulate the isothermal adsorption
process of GN and SS on CIP and NOR with higher precision, which also indicates that
CIP and NOR to GN and SS is a monolayer adsorption process. The maximum adsorption
amounts of CIP and NOR on GN are calculated from the Langmuir isothermal model as
270.68 and 178.36 mg/g, respectively. This result proves that GN has a great adsorption
capacity for CIP and NOR, and previous studies also show that GN and its derivatives
have a high adsorption capacity for antibiotics containing benzene rings in their molecular
structures. These results are mainly caused by such antibiotics interacting with the π-
electrons of the benzene ring on the GN surface by forming π-π-electron coupling. The
small amount of residual oxygen-containing functional groups on GN can form some
hydrogen bonds with such antibiotics. Additionally, under the pH conditions of this
experiment (pH = 4), the negatively charged GN interacts strongly with the cationic states
of CIP and NOR by electrostatic mutual attraction [13,25,47].

3.1.3. Influence of pH and Electrolyte on Adsorption

pH not only affects the isoelectric point of the adsorbent, but also determines the form
of QNs’ antibiotics that exists in the solution. Therefore, pH is an important factor affecting
the adsorption of GN on CIP and NOR. In this experiment, the amount of GN is controlled
as 30 mg/L, and the initial concentration of CIP or NOR solution is 40 mg/L. The pH value
of the solution is adjusted with NaOH (0.1 mM) and HCl (0.1 mM) to investigate the effect
of the initial pH value on the adsorption of CIP or NOR by GN, and the results are shown
in Figure 4a,b.

The isoelectric point of GN measured by the experiment is 3.4 (Figure 3d). CIP has
two different pKa values (pKa1 = 5.9, pKa2 = 8.89), resulting in different proportions of the
three forms of CIP in the aqueous solution under different pH conditions, as shown in
Figure 3b. When pH < pKa1, -NH3 on the CIP molecule binds to -H+ in the solution and
mainly exists in the form of cationic CIPH+, and the cation exchange occurs between CIPH+

and a small amount of hydroxyl functional groups on the GN surface. On the other hand,
when pH < 3.4, the GN surface is positively charged, and electrostatic repulsion occurs
between CIPH+ and GN. When 3.4 < pH < 5.9, the GN surface is negatively charged, and
CIPH+ and GN undergo electrostatic attraction. With the increase in pH, the CIPH+ concen-
tration decreases, and electrostatic attraction gradually weakens. Therefore, the adsorption
capacity at pH < 5.9 is lower than that at pH = 5.9, and when pH > 5.9, the adsorption
capacity decreases with pH. When pKa1 < pH < pKa2, the CIP in the solution exists mainly
in the form of a neutral facultative ion. When pKa2 > pKa2, the CIP in the solution exists
mainly in the form of anions. In both cases, as the pH increases, the electrostatic repulsion
between CIP and GN increases, thereby causing a continuous decrease in the adsorption
amount (Figure 4a).

Similarly, NOR also has two different pKa values (pKa1 = 6.22, pKa2 = 8.51), enabling
the presence of NOR in aqueous solutions in three different forms under different pH
conditions (Figure 3c). When pH < pKa1, NOR mainly exists in the form of cationic
NORH+, and the cation exchange occurs between NORH+ and a small number of hydroxyl
groups on the surface of GN. On the other hand, when pH < 3.4, the surface of GN is
positively charged, so NORH+ and GN have electrostatic repulsion. When 3.4 < pH < pKa1,
the surface of GN is negatively charged, so NORH+ and GN are electrostatically attracted
to each other. With the increase in pH, NORH+ concentration and electrostatic attraction
gradually decrease. As a result, the adsorption capacity first reaches a maximum value



Water 2023, 15, 593 10 of 17

and then decreases. Therefore, the adsorption capacity at pH < 6.22 is lower than that
at pH = 6.22. When pH > 6.22, the adsorption capacity increases first and then decreases
with the increase in pH. When pKa1 < pH < pKa2, NOR exists mainly in the form of an
electrically neutral facultative ion. When pH > pKa2, NOR in the solution exists mainly in
the form of anions. In both cases, as the pH increases, the electrostatic repulsion between
NOR and GN increases, resulting in a continuous decrease in adsorption (Figure 4b).
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The stability of GN suspension and the adsorption mechanism of GN on antibiotics
are influenced by the electrolyte in the solution. In this study, when pH = 5, the GN dosage
is 30 mg/L, and the initial concentration of CIP or the NOR solution is 40 mg/L. NaCl
and CaCl2 are used as the corresponding background solution to investigate the effect of
electrolytes on the adsorption of CIP and NOR by GN.

It can be seen from Figure 4c,d that the electrolyte has an obvious effect on the
adsorption effect. The higher the ionic strength, the lower the equilibrium adsorptions of
CIP and NOR on GN. When the molar concentration of electrolyte (Na+) increases from
0 mM to 100 mM, the equilibrium adsorption of CIP on GN decreases from 134 mg/g
to 67 mg/g and the equilibrium adsorption of NOR on GN decreases from 122 mg/g to
99 mg/g. Because of the electrostatic interaction between Na+ and negatively charged
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GN, Na+ competes with cationic CIP or NOR for adsorption. In addition, Na+ will enter
the double electric layer on the surface of the GN particles, which weakens the mutual
repulsive force between GN particles and accelerates the agglomeration of GN, resulting in
the reduction of the specific surface area of GN.

When the Ca2+ molar concentration increases from 0 mg to 50 mg, the equilibrium
adsorption of CIP on GN decreases from 134 mg/g to 63 mg/g and the equilibrium
adsorption of NOR on GN decreases from 122 mg/g to 65 mg. Because a stronger Ca2+

charge can make the GN suspension less stable and the agglomeration effect more effective,
the effect of Ca2+ on the adsorption of CIP and NOR by GN is more obvious. Furthermore,
previous studies have shown that divalent cations (such as Ca2+, Mg2+) can form stable
chelates with hydroxyl functional groups in the molecular structure of QNs’ antibiotics,
thus reducing the proportion of CIP and NOR in a free state and further inhibiting the
adsorption of QNs by GN.

3.2. The Transport of CIP and NOR under Different Conditions
3.2.1. Mass Fraction of GN

With the increase of the mass fraction of GN in the column, the trailing part of the
BTC gradually becomes longer, and C/C0 and the mobility of CIP and NOR all gradually
decrease (Figure 5a,b). In addition, the mass balance calculations show that the mass
recovery rate of CIP and NOR decreases when the mass fraction of GN is increased (Table 1).
In the CIP transport experiments, when the mass fraction of GN increases from 0.0057% mg
to 0.0226%, the C/C0 peak value of BTC decreases from 73.7% to 60.9%, the time needed to
reach the peak for BTC increases from 116 min to 124 min and the mass recovery rate of CIP
decreases from 68.9% to 54.7%. In the NOR transport experiment, when the mass fraction
of GN increases from 0.0057% to 0.0452%, the peak value of C/C0 decreases from 78.7%
to 54.7% and the recovery rate of NOR decreases from 74.4% to 47.1%. The higher mass
fraction of GN will result in a larger surface area for adsorption and increase the active
adsorbent sites and contact time between GN and QNs. As a result, the mass recovery rate
of QNs is decreased.

The BDST model ignores the effect of mass transfer resistance and membrane resis-
tance, and the adsorbent is directly adsorbed on the surface of the adsorbent. BDST can be
used to calculate the penetration time and adsorption amount under different conditions
according to the thickness of the adsorbent in the column without additional experiments.
The parameters N0 and kb of the BDST model can be obtained from the slope and intercept
of the straight line in Figure 6a–h. The results of the regression analysis are shown in
Figures S1–S3 and Tables S4 and S5. Both the values of kb and N0 decrease with the mass
fraction of GN (Figures S1 and S2), while the mass recovery rate of CIP and NOR slightly
decreases with the mass fraction of GN (Figure S3a,b).

3.2.2. Flow Velocity

The flow rate significantly affects the transport of CIP and NOR in the column exper-
iments (Figure 5c,d). As can be seen from Table 1, with the increase in flow velocity, the
mass recovery rate of CIP and NOR also increases, BTCs become steeper and the mobility
of CIP and NOR is enhanced. When the flow rate increases from 0.5 mL/min to 2 mL/min,
the mass recovery rate of CIP increases from 57.8% to 74.5% and the mass recovery rate
of NOR increases from 56.8% to 71.3%. At different flow rates (0.5 mL/min, 1 mL/min
and 2 mL/min), the peak values of C/C0 for BTCs of CIP are 62.3%, 66.2% and 68.9%,
respectively, and the time needed to reach the peak value is 248 min, 120 min and 64 min,
respectively. At flow rates of 0.5 mL/min, 1 mL/min and 2 mL/min, the peak values of
C/C0 for BTCs of NOR are 66.19%, 68.12% and 82.02%, respectively, and the time needed
to reach the peak value is 248 min, 116 min and 60 min, respectively. The experimental
results indicate that the mobility of CIP and NOR by GN is enhanced and the adsorption is
inhibited under high flow velocity conditions, which may be attributed to the insufficient
contact time between the QNs and GN in the column [7,47]. Therefore, the mass recovery
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rate of CIP and NOR decreases, and the mobility of CIP and NOR is enhanced at a high
flow velocity.
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The transport of CIP and NOR is simulated by the BDST model and the results are
shown in Figure 6a–h. The BDST model fits well with the experimental results under
different physicochemical conditions, and the determined coefficients are all higher than
0.880. A regression analysis suggests the values of kb and mass recovery rate tend to
increase with the rise of flow velocity, while the values of N0 decrease with flow velocity
(Tables S4 and S5). Both the experimental and model results indicate the mobility of CIP
and NOR by GN is enhanced under the condition of high flow velocity.

3.2.3. Ionic Types and Strengths

The experimental and model results show that ionic strength has a significant inhi-
bition effect on the mobility of CIP and NOR (Figure S3e–h). When the concentration of
NaCl increases from 0 mM to 10 mM, the zeta potential of SS increases from −22.3 mV to
−14.8 mV and the zeta potential of GN increases from −53.5 mV to −32.8 mV (Table S1).
Simultaneously, the peak value of C/C0 of BTC for CIP increases from 66.2% to 76.5%,
and the mass recovery rate increases from 62.7% to 75.8% (Table 1). The C/C0 peak of
NOR BTC increases from 65.4% to 73.9%, and the mass recovery rate increases from 58.5%
to 74.5% (Table 1). According to Table 1, Na+ has a significant promotion effect on the
mobility of CIP and NOR. This is mainly caused by two reasons: (1) the increase in Na+

ionic strength weakens the electrostatic gravitational force between the GN nanoparticles
and antibiotic particles, and the electron-shielding effect of Na+ on the surface charge
sites of the GN nanoparticles weakens the electron effect of the π-antibiotic cation; (2) Na+

can enter the diffuse double layer attached to the surface of GN nanoparticles and thus
reduce the repulsive force between GN nanoparticles, so Na+ promotes the aggregation of
GN nanoparticles.

When the ionic strength (Ca2+) increases from 0.5 mM to 5 mM, the zeta potential
of GN decreases obviously (from −22.5 mV to −5.36 mV). Moreover, the peak value of
C/C0 of BTCs for CIP decreases from 51.5% to 46.1%, and the mass recovery rate increases
from 65.4% to 67.8% (Table 1). The peak value of C/C0 of BTCs for NOR decreases from
50.4% to 46.6%, and the mass recovery rate increases from 60.8% to 67.6% (Table 1). As
shown in Table 1, the increase in the Ca2+ concentration significantly increases the mass
recovery rate of CIP and NOR, which may be caused by the “bridging effect” of cations.
Ca2+ is first adsorbed on the surface of GN particles by electrostatic force, and the adsorbed
Ca2+ may provide adsorption sites or a “bridge” to enhance the adsorption capacity of GN.
In addition, the BTCs of CIP and NOR exhibit some hysteresis at high concentrations of
Ca2+, indicating that CIP and NOR take a longer time to flow out of the column as Ca2+

concentrations increase, which also reflects the existence of reversible interactions between
GN particles and QNs’ antibiotics.

The fitted parameters kb and N0 for the CIP and NOR remediation experiments are
in the range of 2.87 × 10−3~1.52 × 10−2 and 1.16 × 104~9.05 × 104, respectively (Table 1).
The values of the parameters are larger than those of carbon nanomaterials and biological
carbon as fixed beds for the removal of heavy metals and organic pollutants [10], further
proving that GN can significantly affect the transport of QNs in groundwater. The model
can be used to predict the transport of CIP and NOR in porous media containing GN.

4. Conclusions

The adsorption processes of typical QNs (CIP and NOR) on GN and the effects of
GN on the transport effects of typical QNs are investigated in this study. The results of
the adsorption experiments show that the Langmuir isothermal model can simulate the
isothermal adsorption process of GN and SS on CIP and NOR with the highest precision,
and the maximum adsorption capacities of CIP and NOR on GN are 270.67 mg/L and
178.36 mg/L, respectively. The results from the column experiments suggest that physico-
chemical conditions play an important role in the mobility of CIP and NOR. The higher the
mass fraction of GN, the stronger the inhibition effect of GN. However, the mass recovery
rates of CIP and NOR show a positive correlation with flow velocity and ionic strength. In
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addition, the BDST model can simulate the column experimental results well and predict
the penetration time of CIP and NOR in the column, and the model results further indicate
that GN can effectively inhibit the mobility of CIP and NOR in saturated porous media. The
findings in this study contribute to an in-depth understanding of the interactions between
GN and antibiotics and have a potential application value in the remediation of antibiotic
contamination in groundwater systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15030593/s1, Figure S1. The value of kb under different physic-
ochemical conditions: (a) Variation of kb with the mass fraction of GN for CIP; (b) Variation of kb
with the mass fraction of GN for NOR; (c) Variation of kb with flow velocity for CIP; (d) Variation of
kb with flow velocity for NOR; (e) Variation of kb with ionic strength (Na+) for CIP; (f) Variation of kb
with ionic strength (Na+) for NOR; (g) Variation of kb with ionic strength (Ca2+) for CIP; (h) Variation
of kb with ionic strength (Ca2+) for NOR; Figure S2. The value of N0 under different physicochemical
conditions: (a) Variation of N0 with the mass fraction of GN for CIP; (b) Variation of N0 with the
mass fraction of GN for NOR; (c) Variation of N0 with flow velocity for CIP; (d) Variation of N0 with
flow velocity for NOR; (e) Variation of N0 with ionic strength (Na+) for CIP; (f) Variation of N0 with
ionic strength (Na+) for NOR; (g) Variation of N0 with ionic strength (Ca2+) for CIP; (h) Variation
of N0 with ionic strength (Ca2+) for NOR; Figure S3. Mass recovery rate of CIP and NOR under
different physicochemical conditions: (a) The change of mass recovery rate of CIP with the mass
fraction of GN; (b) The change of mass recovery rate of NOR with the mass fraction of GN; (c) The
change of mass recovery rate of CIP with flow velocity; (d) The change of mass recovery rate of NOR
with flow velocity; (e) The change of mass recovery rate of CIP with ionic strength (Na+); (f) The
change of mass recovery rate of NOR with ionic strength (Na+); (g) The change of mass recovery rate
of CIP with ionic strength (Ca2+); (h) The change of mass recovery rate of NOR with ionic strength
(Ca2+); Table S1. Zeta potential of QS and GN; Table S2. Parameters of adsorption kinetics models;
Table S3. Fitting parameters of isothermal models; Table S4. The fitted equations of BDST parameters
and mass recovery rate of CIP; Table S5. The fitted equations of BDST parameters and mass recovery
rate of NOR.
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