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followed the pseudo-second-order kinetic model. The presence of AgNPs or TiO2 NPs inhib-

Available online 10 January 2022

ited the adsorption of CIP by Gt. The amount of inhibition of CIP sorption due to AgNPs was
decreased with an increase of solution pH from 5.0 to 9.0. In contrast, in the presence of
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TiO2 NPs, CIP adsorption by Gt was almost unchanged at pHs of 5.0∼6.5 but was decreased

Ciprofloxacin

with an increase of pH from 6.5 to 9.0. The mechanisms of AgNPs and TiO2 NPs in inhibiting

Goethite

CIP adsorption by Gt were different, which was attributed to citrate coating of AgNPs result-

Silver nanoparticles

ing in competition with CIP for adsorption sites on Gt, while TiO2 NPs could compete with

Titanium dioxide nanoparticles

Gt for CIP adsorption. Additionally, CIP was adsorbed by Gt or TiO2 NPs through a tridentate

Adsorption

complex involving the bidentate inner-sphere coordination of the deprotonated carboxylic
group and hydrogen bonding through the adjacent carbonyl group on the quinoline ring.
These findings advance our understanding of the environmental behavior and fate of fluoroquinolone antibiotics in the presence of NPs.
© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of
Sciences. Published by Elsevier B.V.
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Fluoroquinolones (FQs), a class of antibiotics commonly used
in humans and animals, has been frequently detected in

https://doi.org/10.1016/j.jes.2021.08.052
1001-0742/© 2022 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences. Published by Elsevier B.V.

47

journal of environmental sciences 118 (2022) 46–56

water and soil environment, because more than 75% of the
dosage of antibiotics used can be discharged through feces
and urine (Golet et al., 2001; Valdes et al., 2021). The FQs remaining in the environment can cause development of bacterial antibiotic resistance, which would affect the treatment
of disease and increase health risks. To decrease the potential
risks, FQs compounds have been listed as priority control substances (Pico and Andreu, 2007; Gonzalez-Pleiter et al., 2013;
Coulibaly et al., 2020). Currently, ciprofloxacin (CIP) is one of
the most widely used FQs globally (Pico and Andreu, 2007),
and it has a strong antibacterial activity on both Gram-positive
and Gram-negative bacteria (Davis et al., 1996). It has been reported that the concentrations of CIP detected in wastewater
treatment plants (WWTPs) effluent, surface water, groundwater and sediment have reached 31 mg/L, 6.5 mg/L, 0.014 mg/L,
and 20 mg/kg, respectively (Larsson et al., 2007; Van Doorslaer
et al., 2014; Kovalakova et al., 2020).
Adsorption plays an important role in controlling the environmental fate of FQs. Over the past decade, a number of
studies on the adsorption of CIP by various minerals and
soils, including hematite (Martin et al., 2015; Zhou et al., 2019),
goethite (Gt) (Gu et al., 2015; Tan et al., 2014), montmorillonite
(Wang et al., 2010; Wu et al., 2019), sludge (Li and Zhang, 2010;
Zhang et al., 2019a) and sediment (Mutavdzic Pavlovic et al.,
2017; Huang et al., 2020), have been investigated. Among these,
Gt is one of the most common and stable iron hydroxides in
nature, which has been received widespread attention. Previous results suggested that CIP adsorption by Gt was highly dependent on pH, and higher adsorption was found with lower
solution pH or higher ionic strength conditions (Gu et al.,
2015). CIP and Gt can form bidentate chelates only involving both oxygens of the carboxylic group (Trivedi and Vasudevan, 2007), which was different from the complexation
model of CIP adsorbed onto hydrous ferric oxides as proposed
by Gu and Karthikeyan (Gu and Karthikeyan, 2005). Subsequently, there was also hydrogen bonding through the adjacent carbonyl group on the quinoline ring in the complexation between CIP and Gt (Gu et al., 2015). Additionally, divalent cations or fulvic acid introduced could obviously enhance
the CIP adsorption by Gt, and the complexation of CIP on Gt in
the presence of Cu(II) was observed to form a six-member ring
between Cu and the oxygen of deprotonated carboxylic group
and adjacent carbonyl group on the quinoline ring (Gu et al.,
2015; Tan et al., 2014).
With the rapid development of nanotechnology, various
nanoparticles (NPs) have been widely used in many fields,
such as automobile, electronics, cosmetics and pharmaceuticals, which has resulted in their wide dissemination in surface water, WWTPs, and sewage sludge (Bundschuh et al.,
2018; Zhang et al., 2019b; Nowack and Bucheli, 2007). The interaction between NPs and FQs has received widespread attention, especially for the most commonly used metal/metal
oxide NPs in commercial products such as silver and titanium dioxide nanoparticles (AgNPs or TiO2 NPs) (Musee, 2017).
For example, prior studies have found enoxacin replaced citrate molecule that prevented aggregation of AgNPs, increased
their dispersion, and formed complex with AgNPs (Deng et al.,
2016; Tyagi and Kumar, 2020). Furthermore, a recent study indicated that ofloxacin (OFL) could be adsorbed and degraded
to de-methylated and de-carboxylated FQs by TiO2 NPs, espe-

Table 1 – The physicochemical properties of Gt, AgNPs
and TiO2 NPs.

Name

pHPZC

SSA (m2 /g)

Mean particle
size (nm)

Gt
AgNPs
TiO2 NPs

9.4a
<2b
6.9a

93.45a
50∼55 c

20c
21c

a: Measured in this study; b: Literature reported data, the citratecoated AgNPs were reported to be negatively charged at pHs range
of 2∼10 (El Badawy et al., 2011); c: Provided by the vendor.
pHPZC : pH of point of zero charge; SSA: Specific surface area.

cially at solution pH where OFL was zwitterionic (Van Wieren
et al., 2012). However, adsorption of FQs on the TiO2 surface
is a prerequisite for degradation (Paul et al., 2010). Therefore,
Paul et al (2012) proposed a surface complexation model, a
tridentate mode of adsorption involving the bidentate innersphere coordination of the deprotonated carboxylic group and
hydrogen bonding through the adjacent carbonyl group on the
quinoline ring, to describe the adsorption behavior of OFL by
TiO2 NPs.
It is clear that NPs are also becoming co-located with CIP
and other FQs (through wastewater treatment plant and other
effluent discharges). The sorption processes of contaminant
mixtures can become more uncertain and complex, and this
can be the case for various mixtures of water contaminants
such as NPs and antibiotics when they are co-located. Mixtures of contaminants also tend to have more uncertainty in
multicomponent transport, reactivity, and biological toxicity.
Thus, it is necessary to examine the mixture impacts on adsorption and transport of water contaminants including antibiotics and NPs. In this work, the adsorption behaviors of CIP
onto a Gt surface in the presence of AgNPs and TiO2 NPs were
carefully characterized by batch adsorption experiments and
spectroscopic techniques. The main objectives are to illuminate the difference between the effects of AgNPs and TiO2 NPs
on CIP adsorption by Gt and reveal its mechanism. These results advance our understanding of the environmental fate of
CIP and other FQs in the presence of NPs.

1.

Materials and methods

1.1.

Materials

Gt was synthesized according to published methods
(Hiemstra et al., 1989). AgNPs (Number XFJ6385-60-9 and
Batch 100957) coated with citrate was supplied by XFNANO, China. TiO2 NPs (Type P25) was developed by Degussa
Company, German. The point of zero charge (PZC) of Gt or
TiO2 NPs were determined by microelectrophoresis (NanoSizer ZEN2600, Malvern, UK), and the specific surface area
(SSA) of Gt was measured using the BET method (Micrometer,
ASAP2460, USA). The physicochemical properties of Gt, AgNPs
and TiO2 NPs are displayed in Table 1. CIP (purity > 98%) was
purchased from Sigma-Aldrich, USA, and stored at -20°C prior
to use. Unless otherwise noted, all chemicals used in this
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study were of analytical grade or higher, and all solutions
were prepared using ultrapure water (Millipore Corp, USA).

1.2.

Batch experiments

To investigate and compare the effect of NPs on adsorption of
CIP onto Gt, five sets of experiments were designed, including
Gt-CIP (CIP adsorbed onto Gt), AgNPs-CIP (CIP adsorbed onto
AgNPs), TiO2 NPs-CIP (CIP adsorbed onto TiO2 NPs), Gt-AgNPsCIP (effect of AgNPs on adsorption of CIP onto Gt), and GtTiO2 NPs-CIP (effect of TiO2 NPs on adsorption of CIP onto Gt).
The effect of NPs concentration was evaluated using transient mixed reactor experiments, including 5 different reaction systems (Gt-CIP, TiO2 NPs-CIP and Gt-TiO2 NPs-CIP). The
order of reagent addition to the 40 mL brown glass vials was
as follows: Gt was weighted into vials, and then NP-aqueous
suspension and CIP aqueous solution (pH = 6.5, 0.1 mol/L NaCl
background electrolyte) were added in turn. The concentration of CIP and AgNPs were both 0.5 mg/L and 0.5 mg/L, and the
concentration of TiO2 NPs were 0.5 mg/L, 5 mg/L, and 500 mg/L,
respectively, and the suspension density of Gt was 1 g/L. The
pH of CIP solution was adjusted using HCl and NaOH solutions
(0.01, 0.05, and 0.1 mol/L). The reactor vials were shaken for
300 min on a rotator at a rate of 175 r/min at 25 °C in the dark.
Subsequently, the samples were centrifuged at 3000 r/min for
5 min, and then the supernatants were centrifuged using a
high-speed centrifuge at 12,000 r/min for 15 min. The supernatants from centrifugation were collected for analysis of the
CIP concentration.
According to the results of NPs concentration, experiments
for adsorption kinetics with or without NPs were conducted
under the same experimental conditions as the NPs concentration experiment. The concentration of NPs were 0.5 mg/L
AgNPs and 500 mg/L TiO2 NPs, respectively. In addition, subsamples were collected from the reactor vials after shaking
for 5, 10, 20, 40, 60, 180, and 300 min.
Aqueous speciation of CIP and surface charge on the solidphase are effected by the pH in solution. So, experiments that
were focused on evaluating the effect of pH variability on
CIP adsorbed were carried out similarly as detailed above, except that the series of experiment reaction solutions had pH
values including 5.0, 6.0, 7.0, 8.0, or 9.0, respectively. The pH
was adjusted by HCl and NaOH solution additions (0.01, 0.05
and 0.1 mol/L), and reaction time for these experiments was
300 min.
To further elucidate the mechanism of CIP adsorption by Gt
in the presence of TiO2 NPs, the experiment of CIP initial concentration on CIP adsorbed onto Gt was conducted similarly as
detailed above. The initial concentration of CIP aqueous solution (pH=6.5, 0.1 mol/L NaCl background electrolyte) were 0.4,
0.5, 0.6, 0.7, 0.8, 0.9 and 1 mg/L, respectively.
In this study, the above experiments were conducted in
triplicate (n = 3) to ensure reliable results. Additionally, blank
and control samples without CIP and control samples without
Gt were also conducted.

1.3.

Chemical analysis

The concentration of CIP in solution was measured using the
high-performance liquid chromatography (HPLC) (LC-1220,

Agilent, USA) with an Inertsil® SB-Aq column (4.6 mm × 150
mm, 5 μm particle size). The HPLC was equipped with variable wavelength detector, and detection wavelength was set to
278 nm (Pellegrino et al., 2008). The column temperature was
maintained at 30 °C. 10 μL samples were injected through the
autosampler, and the mobile phase flow rate was 1.0 mL/min
with 25/75% (V/V) acetonitrile / potassium dihydrogen phosphate (25 mmol/L, pH = 2.5). The lower detection limit of
the test was 53.8 μg/L. No CIP was detected in bank samples and the relative error of duplicates was controlled within
7%.

1.4.

Data analysis

The amounts of CIP adsorbed were calculated by the following
equation:
qt =

C0 − Ct
·V
M

(1)

Where qt is the amount of CIP adsorbed onto solid-phase
at time t, mg/g; C0 and Ct are CIP concentrations in aqueousphase at initial time and time t, respectively, mg/L; M is the
mass of solid-phase, g; and V is the volume of aqueous-phase,
L.
To investigate the adsorption process, the pseudo-firstorder kinetic model and the pseudo-second-order kinetic
model were employed to simulate the experimental data
(Oshannessy and Winzor, 1996; Simonin, 2016; Ho, 2006),
which could be expressed as below:
Pseudo-first-order kinetic model:


qt = qe 1 − e−k1 t

(2)

ln (qe − qt ) = lnqe − k1 t

(3)

Pseudo-second-order kinetic model:
qt =

q2e k2 t
1 + qe k2 t

h = k2 q2e

(4)

(5)

Where t is reaction time, min; qt and qe are the amount
of CIP adsorbed onto solid-phase at time t and equilibrium,
mg/g; k1 and k2 is the adsorption rate constant, 1/min and
mg/g/min, respectively; and h is the initial adsorption rate
constant, g/mg/min.
In order to ascertain the influencing level of AgNPs or
TiO2 NPs on CIP adsorbed by Gt, Eq. (6) was used to calculate
as below:
η=

C2 − C1
× 100%
C1

(6)

Where |η| is the influence level of AgNPs or TiO2 NPs on the
adsorption of CIP onto Gt; C1 is CIP concentration remaining
in Gt-CIP, mg/L; and C2 is CIP concentration remaining in GtAgNPs-CIP or Gt-TiO2 NPs-CIP, mg/L, respectively.
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Spectroscopic analysis

Samples for Fourier-Transform Infrared (FTIR) spectrometer
analysis were collected from the following experiments. Similar to previous studies (Gu et al., 2015), the solid/liquid ratio of
Gt was increased from 1:1000 in batch experiments to 1:250,
and CIP initial concentration was increased from 0.5 mg/L to
500 mg/L, and background electrolyte was still 0.1 mol/L NaCl.
Samples were prepared at pH = 5, 7, and 9, respectively. Experiments included the CIP solution, Gt-CIP and TiO2 NPs-CIP
binary systems, and Gt-TiO2 NPs-CIP ternary system. When
reaction time reached 300 min, suspensions were separated
with centrifugation, and the wet pastes were dried at 45 °C
for 48 hr. Then the samples were mixed with KBr at a ratio of
1:10 prior to testing. IR spectrometer (Nicolet IS10, USA) was
used to observe the infrared spectra of samples, operated in
the wavenumber range of 400∼4000 cm−1 at 4 cm−1 resolution.
Samples prepared for X-ray photoelectron spectroscopy
(XPS) analysis were prepared from Gt-AgNPs-CIP ternary system, including 1 g/L Gt, 0.5 mg/L CIP, 0.1 mol/L NaCl, 0.5 mg/L
or 20 mg/L AgNPs, and solution pH=6.5. The reaction time of
Gt-0.5 mg/L AgNPs-CIP ternary system was 300 min, while Gt20 mg/L AgNPs-CIP ternary system were 5 min, 10 min and
300 min, respectively. After reaction, suspensions were separated upon standing for 20 min, the wet pastes were freezedried at 48 hr, and then crushed to ensure homogeneity prior
to testing. The XPS spectra of samples were obtained from a
Thermo Scientific ESCALAB 250XI. Testing conditions and parameters were consistent with previous research (Hu et al.,
2019). CasaXPS software was used to split peaks and also used
for fitting to the data (Yang et al., 2019).

2.

Results and discussion

2.1.

Adsorption kinetics

The effect of NPs concentrations on CIP adsorbed onto Gt was
conducted prior to studying adsorption kinetics, as shown in
Fig. 1. It is observed that CIP is not adsorbed by 0.5 mg/L AgNPs, but the amount of CIP adsorbed onto Gt was reduced
by 11.21%. Furthermore, CIP concentrations remaining in the
TiO2 NPs-CIP binary system and Gt-TiO2 NPs-CIP ternary system were decreased with increasing the TiO2 NPs concentration. When the TiO2 NPs concentrations were 0.5 mg/L, 5 mg/L
and 500 mg/L, the adsorption rate of CIP in Gt-TiO2 NPs-CIP was
1.03%, 10.73% and 35.33% more than in Gt-CIP, respectively.
Therefore, 0.5 mg/L AgNPs and 500 mg/L TiO2 NPs was used for
all of the follow-up experiment to better observe and quantify
the difference while also exploring the mechanism of CIP adsorption by Gt in the presence of NPs.
The adsorption processes of CIP on three systems (Gt-CIP,
Gt-AgNPs-CIP and Gt-TiO2 NPs-CIP) are shown in Fig. 2a. CIP
was initially adsorbed quickly onto Gt and TiO2 NPs surfaces in
the rest of systems, and then CIP transitioned more slowly as
it reached equilibrium at 300 min, which was similar with phenomenon of fluoroquinolone antibacterial agents (FQs) adsorbed onto Gt (Zhang and Huang, 2007). The amounts of CIP
adsorbed in Gt-CIP, Gt-AgNPs-CIP and Gt-TiO2 NPs-CIP reached

Fig. 1 – Effect of NPs on CIP absorption. The concentrations
of CIP is 0.5 mg/L, the background electrolyte is 0.1 mol/L
NaCl, the suspension density of Gt is 1 g/L, and solution pH
is 6.5. (Error bars represent standard deviation of n = 3
measurements).

a constant level of 0.271 mg/g, 0.238 mg/g and 0.235 mg/g, respectively. Clearly, citrate coated AgNPs inhibited CIP adsorption by Gt. A previous study has shown that citrate can compete for adsorption sites of Gt and form inner/outer-sphere
complex under the different pH conditions (Lindegren et al.,
2009). Similarly, the amount of CIP adsorbed in Gt-TiO2 NPs-CIP
was less than in Gt-CIP, which might be due to the competition adsorption of CIP by TiO2 NPs (Fig. 1). Overall, introducing
AgNPs or TiO2 NPs in the study concentration inhibited CIP adsorption onto Gt.
As shown in Fig. 2b, the ln(qe −qt ) and time did not produce
a linear relationship, which indicated that the kinetic experimental data was not well fitted by the pseudo-first-order kinetic model. However, it was observed in Fig. 2a and Table 2
that pseudo-second-order kinetic model could fit the CIP adsorption process well (R2 > 0.999, P(prob>F)< 10−9 ), and qe exp
was similar to qe cal values that were estimated by the pseudosecond-order kinetic model. These results indicated that the
CIP adsorption behavior was composed of multiple adsorption
processes, but dominated by chemisorption (Ho, 2006). Moreover, the adsorption rate constants (k2 ) for CIP adsorption in
Gt-CIP, Gt-AgNPs-CIP and Gt-TiO2 NPs-CIP were 3.22 g/mg/min,
1.76 g/mg/min and 4.01 g/mg/min, respectively. It was observed that the magnitudes of k2 in the different systems were
in order of Gt-TiO2 NPs-CIP > Gt-CIP > Gt-AgNPs-CIP. Clearly
from these results, NPs were observed to have a significant effect on k in CIP adsorption by Gt. Thus, TiO2 NPs can compete
with goethite to adsorb CIP in aqueous solutions. Also, citrate
coated AgNPs competed with CIP for the adsorption sites of Gt,
which we attribute to be the reason for the difference between
them.

2.2.

Effect of solution pH

The effects of solution pH variations on CIP adsorption under
different conditions are shown in Fig. 3a. CIP concentration
in the AgNPs-CIP binary system was essentially unchanged
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Fig. 2 – (a) Effect of reaction time on CIP absorption under the different conditions and fitting curves of adsorption kinetic
equation using pseudo-second-order kinetic model; (b) Fitting curves of adsorption kinetic equation using pseudo-one-order
kinetic model. The concentrations of CIP, AgNPs and TiO2 NPs are 0.5 mg/L, 0.5 mg/L and 500 mg/L, respectively, the
background electrolyte is 0.1 mol/L NaCl, the suspension density of Gt is 1 g/L, and solution pH is 6.5. (Measured data are
symbols and simulation results presented as dotted lines, error bars represent standard deviation of n = 3 measurements).

Table 2 – Adsorption rate constants and equilibrium adsorption amounts of CIP associated with pseudo-second-order
kinetic model.
Parameters Conditions

qe exp (mg/g)

qe cal (mg/g)

K (g/mg/min)

H (mg/g/min)

R2

P (prob>F)

Gt-CIP
Gt-AgNPs-CIP
Gt- TiO2 NPs-CIP

0.271
0.238
0.235

0.266
0.244
0.231

3.22
1.76
4.01

0.23
0.11
0.21

0.9996
0.9992
0.9999

1.1E-10
9.2E-10
1.3E-13

qe exp and qe cal are the equilibrium adsorption amount of experiment and calculation. k is the adsorption rate constant.
h is the initial adsorption rate constant.

with pH, indicating that CIP is not adsorbed by 0.5 mg/L AgNPs in the pH range of 5.0∼9.0. In the TiO2 NPs-CIP binary system, the amount of CIP adsorbed onto TiO2 NPs increased first
and then decreased with the increase of pH, which is consistent with previous result for ofloxacin adsorption to TiO2 NPs
(Paul et al., 2012), and the maximum adsorption efficiency
was 43.45% at pH = 6.5. This maximum was caused by the
change in CIP species and the surface charge of TiO2 NPs. For
example, at pH > PZC of TiO2 NPs (6.9), surface of TiO2 NPs was
progressively more negatively charged with increases of pH.
Fig. 2b shows that the content of CIP0 species was approaching the peak, and CIP+ species was gradually decreased with
the increasing pH. This indicated the electrostatic repulsion
between TiO2 NPs and CIP increased with an increase in pH. In
the Gt-CIP binary system, the CIP adsorption achieved its maximum at pH = 6.0, and decreased when pH was higher or lower
than this value, which was closed to pKa1 (6.05) of CIP. Similar
results were found for the adsorption of some organic acids
(benzoic and phenylacetic, etc.), diclofenac, and flumequine
onto Gt, in which the maximum adsorption amounts were obtained for pH values near their pKa of deprotonation for the
carboxyl groups (Zhang and Huang, 2007; Evanko and Dzom-

bak, 1998; Zhao et al., 2017). In addition, it was observed that
the change of CIP concentration in the Gt-AgNPs-CIP and GtTiO2 NPs-CIP ternary systems with pH were similar in the GtCIP system, and the maximum adsorbed amount of CIP also
occurred at pH=6.0. This result suggested that the presence
of AgNPs or TiO2 NPs would not affect the trend of CIP concentration.
It was observed in Fig. 4 that there was a significant difference between influence level of AgNPs and TiO2 NPs on the
adsorption of CIP onto Gt under different solution pH conditions. As the solution pH increased from 5.0 to 9.0, |η| for AgNPs gradually weakened from 16.23% to 5.33%. This is because
the amount of citrate adsorbed onto Gt decreases with an increase of solution pH (Lindegren et al., 2009; Shi et al., 2010).
However, when the solution pH increased from 5.0 to 6.5, |η| for
TiO2 NPs was almost unchanged and remained approximately
36%. Then as the solution pH dropped to 9.0, it decreased to
22.46%. The |η| for the TiO2 NPs system was larger than that for
the AgNPs system under the same solution pH, but the concentration of TiO2 NPs was 1000 times higher than that of the
AgNPs system at this time. When AgNPs and TiO2 NPs concentrations were both 0.5 mg/L, |η| for the TiO2 NPs system was
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Fig. 3 – (a): Effect of solution pH on CIP adsorption under different conditions (C0 and C are CIP concentrations in
aqueous-phase at initial time and after reaction, error bars represent standard deviation of n = 3 measurements); (b):
Aqueous speciation of CIP (pKa1 =6.05 and pKa2 =8.37). The concentrations of CIP, AgNPs and TiO2 NPs are 0.5 mg/L, 0.5 mg/L
and 500 mg/L, respectively, the background electrolyte is 0.1 mol/L NaCl, and the suspension density of Gt is 1 g/L.

smaller than that of the AgNPs system. Furthermore, |η| for
the AgNPs system at pH = 5.0∼9.0 and for the TiO2 NPs system
at pH=6.5∼9.0, they both had good linear relationships with
solution pH variation (R2 >0.94), respectively. These results indicate that solution pH plays a significant role in |η| variation
in both systems.

2.3.

Mechanism of CIP adsorption on Gt / TiO2 NPs

It was reported that the proposed interaction mechanism between CIP and metal cations is based on the keto and carboxylic groups in the molecule, which can be well characterized by FTIR (Gu and Karthikeyan, 2005). FTIR spectra of
CIP under aqueous solution and of CIP absorbed onto Gt
or TiO2 NPs surfaces at different pH conditions were shown
in Fig. 5a. For the spectra of aqueous CIP, when pH = 5.0,
there was a weak adsorption peak at 1710 cm−1 , which was
assigned to C = O stretch of carboxylic acid (νC=O carboxyl ),
whereas this peak was undetectable at pH=7.0 and 9.0. This
is due to deprotonation of the carboxylic group at pH>pKa1
of 6.07 (Gu et al., 2015; Trivedi and Vasudevan, 2007). Concurrently, the intensities of adsorption peaks around 1587 ± 2
cm−1 and 1383±3 cm−1 , related to asymmetric and symmetric stretches of the carboxylate group, νcooas and νcoos , respectively, were significantly strengthened with increasing
pH, indicating that deprotonation is enhanced with an increase of pH (Gu et al., 2015). However, the intensity of adsorption peak at ∼1272 cm−1 , coupled the carboxylic models
(νCOOH /δC−OH ), was observed to weaken with deprotonation of

carboxyl groups, which is also consist with previously published results (Trivedi and Vasudevan, 2007). Additionally, the
another adsorption peak at 1628 cm−1 assigned to C=O stretch
at quinoline ring (νC=O ketone ), was almost unchanged in intensity with pH variation (Gu and Karthikeyan, 2005).
Compared with the corresponding spectra of aqueous CIP,
the position of νcoos in spectra of Gt-CIP or TiO2 NPs-CIP was almost invariable, respectively, while the position of νcooas shifed
to lower wavenumbers throughout the variations in pH conditions, as shown in Fig. 5a and Table 3. Value of ν =νcooas −νcoos
was used to elucidate the complexation model of carboxylic
group and metal ions, and the results indicated a monodentate complex when a ν of carboxylate-metal complex was
greater than the free carboxylate species, and otherwise the
a bidentate chelate was identified (Deacon and Phillips, 1980;
Tackett, 1989; Nara et al., 1996). It can be clearly observed from
Table 3 that νGt−CIP and νTiO2 −CIP were also less than those
of νCIP at all pH conditions, which suggested that there was
a bidentate chelate between carboxylic group of CIP and Fe(Ⅲ)
on the Gt or Ti(Ⅳ) on TiO2 NPs surfaces. Furthermore, adsorption peaks of νC=O ketone in Gt-CIP or TiO2 NPs-CIP spectra increased in strength and width compared to the spectra of
aqueous CIP at all pH conditions, indicating the presence of
hydrogen bonding or the coordination of the carbonyl group
(Paul et al., 2012). Those results confirmed that the models
of CIP adsorption by Gt and TiO2 NPs followed the identical
mechanism, which indicated a tridentate adsorption mode involving the bidentate inner-sphere coordination of the deprotonated carboxylic group and hydrogen bonding through the
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Table 3 – The FT-IR results including the difference frequency ν of the CIP alone, Gt-CIP, and TiO2 NPs-CIP systems.

pH

CIP
νCOO as

νCOO s

ν

Gt-CIP
νCOO as

νCOO s

ν

TiO2 NPs-CIP
νCOO as

νCOO s

ν

5
7
9

1589
1586
1587

1383
1380
1386

206
206
201

1577
1584
1584

1383
1380
1385

194
204
199

1573
1584
1586

1384
1381
1385

189
203
201

Fig. 4 – Effect of AgNPs or TiO2 NPs on the difference in
equilibrium concentration of CIP adsorbed to goethite
under different solution pH conditions. The concentrations
of CIP, AgNPs and TiO2 NPs are 0.5 mg/L, 0.5 mg/L and
500 mg/L, respectively, the background electrolyte is 0.1
mol/L NaCl, the suspension density of Gt is 1 g/L, and
solution pH is 6.5. (The equation and dotted line is from
linear regression in this figure, and error bars represent
standard deviation of n = 3 measurements).

adjacent carbonyl group on the quinoline ring, as shown in
Fig. 5b.

2.4.
Mechanism of AgNPs / TiO2 NPs inhibiting CIP
adsorbed on Gt
As illustrated in Fig. 3a, there was no adsorption between CIP
and 0.5 mg/L AgNPs at the pH range of 5.0∼9.0. The reason
why AgNPs inhibited CIP adsorbed on Gt might be that citrate and AgNPs competition for a limited number of adsorp-

tion sites for CIP onto Gt. Previous results indicated that Gt
and citrate could form inner/outer-sphere complex, and the
citrate adsorption by Gt decreased with an increase of pH
(Lindegren et al., 2009; Shi et al., 2010). Therefore, as the solution pH increased from 5.0 to 9.0, |η| for AgNPs gradually weakened. Additionally, when the solution pH value was smaller
than the PZC of Gt, AgNPs could be adsorbed on the Gt due
to electrostatic interaction, which could be proven using XPS
measurement to characterize the Gt-AgNPs-CIP ternary system at pH=6.5. As shown in Fig. 6a, when the AgNPs concentration was 0.5 mg/L, there was a weak signal of Ag 3d 5/2 in
the XPS spectra of Gt. In order to improve the signal response
intensity of Ag, the AgNPs concentration was increased to 20
mg/L, and the XPS was conducted at this higher concentration
(Fig. 6a). After reaction time reached 10 min, adsorption peaks
can be clearly seen in the XPS spectra of Gt about Ag 3d 3/2
and Ag 3d 5/2, at 373.8 and 367.8 eV, respectively. The peak intensity gradually increased with the extension of the reaction
time. This result confirmed that AgNPs can be adsorbed on Gt.
Correspondingly, previous multiphase advanced characterization studies have also substantiated that electrostatic attractions play a primary role between Gt and AgNPs (Wang et al.,
2019).
As observed in Figs. 1 and 2a, the 0.5 mg/L TiO2 NPs introduced had almost no effect on CIP adsorption by Gt, whereas
the significant inhibitory effect occurred when the concentration of TiO2 NPs increased to 500 mg/L, which we attribute to
at least two possible processes including: (1) TiO2 NPs competition with Gt for CIP adsorption; (2) TiO2 NPs affect the
chemisorption of CIP by Gt.
Fig. 2a showed that CIP could be quickly adsorbed by
TiO2 NPs, which would reduce CIP concentration of solution.
The data in Fig. 6b illustrate that the amount of CIP adsorbed
onto Gt increased with the increase of CIP initial aqueous concentration. Furthermore, when solution pH was larger than
6.5, the amount of CIP adsorbed onto TiO2 NPs significantly reduced with the increase of pH in Fig. 3a. Furthermore, we observe in Fig. 4 that |η| for TiO2 NPs gradually decreased with
the increase of pH. Therefore, TiO2 NPs can compete with Gt
for CIP adsorption. Comparison of the FTIR spectra features of
CIP absorbed to Gt with and without TiO2 NPs at different pH in
Fig. 6c proved that there were no differences in the position of
all functional groups adsorption peaks, which confirmed that
TiO2 NPs did not change the chemisorption mechanism of CIP
by Gt.
Based on the above analysis, the mechanisms of AgNPs and
TiO2 NPs inhibiting CIP adsorption by Gt were different. The
citrate coated AgNPs could compete with CIP for adsorption
sites on Gt, while TiO2 NPs could compete with Gt for CIP adsorption.
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Fig. 5 – (a): FT-IR difference spectra of CIP within aqueous solution without Gt compared to the spectra of CIP absorbed to Gt
or TiO2 NPs at different pH values (The concentrations of CIP, AgNPs and TiO2 NPs are 500 mg/L, 0.5 mg/L and 500 mg/L,
respectively, the background electrolyte is 0.1 mol/L NaCl, and the suspension density of Gt is 4 g/L.); (b): Proposed surface
complexation species of CIP onto Gt and TiO2 NPs surfaces.

2.5.

Environmental implications

Adsorption of antibiotics onto Gt has been gaining interest
due to increased concerns of increased occurrence, exposure,
and impact of antibiotics on human health and the environment. As more and more NPs are used in various fields, antibiotics and NPs have been detected in the WWTPs and sewage
sludge. This study elucidates and quantifies the FQs adsorption mechanism in the soil Gt-NPs-CIP ternary system, and
sorption is critical for quantifying contaminant fate and transport when FQs and NPs enter the soil environment and migrate to the groundwater systems together. This work shows
that CIP adsorption by Gt is inhibited in the presence of AgNPs or TiO2 NPs, but the inhibition mechanisms of AgNPs and
TiO2 NPs are different (shown in Fig. 7). AgNPs could compete
with CIP for adsorption sites on Gt, while TiO2 NPs could compete with Gt for CIP adsorption. Additionally, the inhibition
impact of TiO2 NPs on the CIP adsorption decreased with a decrease in the concentration of TiO2 NPs. When TiO2 NPs and
AgNPs both is 0.5 mg/L and also smaller concentrations, CIP
can not be adsorbed by TiO2 NPs, and there is no difference
between Gt-CIP system and Gt-TiO2 NPs-CIP system in terms

of CIP adsorption. Therefore, these results mean that under
the equal concentrations of NPs, CIP adsorption by Gt in the
Gt-AgNPs-CIP system is decreased, CIP transport will not be
as decreased or delayed, CIP will have increased potential for
migration to groundwater, which may result in a greater risk
of CIP contamination and contaminated drinking water exposure. Simultaneously, the inhibition level of AgNPs or TiO2 NPs
was influenced by solution pH. The amount of inhibition of
CIP adsorption in the Gt-AgNPs-CIP and Gt-TiO2 NPs-CIP system were decreased with an increase of solution pH from 5.0
to 9.0 and from 6.5 to 9.0, repectively, which suggested that
the risk of groundwater contaminated by CIP increased with
increasing solution pH.

3.

Conclusions

The adsorption kinetics process of CIP by Gt can be wellcaptured by the pseudo-second-kinetic model, and was not
significantly influenced by the presence of AgNPs or TiO2 NPs.
Both AgNPs and TiO2 NPs can inhibit the adsorption of CIP by
Gt. When AgNPs and TiO2 NPs concentrations were both 0.5
mg/L, AgNPs has a stronger inhibition effect than TiO2 NPs,
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Fig. 6 – (a) XPS spectra of Ag 3d 3/2 and Ag 3d 5/2 in the Gt-AgNPs-CIP ternary system. The concentrations of CIP is 0.5 mg/L,
the concentrations of AgNPs are 0.5 mg/L or 20 mg/L, the background electrolyte is 0.1 mol/L NaCl, the suspension density
of Gt is 1 g/L, and solution pH is 6.5; (b) The effect of CIP initial concentration on CIP adsorbed onto Gt. The background
electrolyte is 0.1 mol/L NaCl, the suspension density of Gt is 1 g/L, and solution pH is 6.5. (error bars represent standard
deviation of n = 3 measurements). (c) FTIR spectra features of CIP absorbed to Gt with or without TiO2 NPs at different pH.
The concentrations of CIP and TiO2 NPs are 500 mg/L and 500 mg/L, respectively, the background electrolyte is 0.1 mol/L
NaCl, the suspension density of Gt is 4 g/L, and solution pH is 6.5.

Fig. 7 – The mechanism of CIP adsorption by Gt in presence of AgNPs or TiO2 NPs.

journal of environmental sciences 118 (2022) 46–56

which indicated that groundwater is more likely to be contaminated by CIP at the Gt-AgNPs-CIP system. Furthermore,
the inhibition level for the AgNPs or TiO2 NPs system were influenced by solution pH. As the pH increased from 5.0 to 9.0,
the inhibition of AgNPs on the CIP adsorption was gradually
decreased from 16.23% to 5.33%. However, when the solution
pH increased from 5.0 to 6.5, the inhibition of TiO2 NPs on the
CIP adsorption was essentially unchanged at approximately
36%, and then as the solution pH increased to 9.0, it decreased
to 22.46%. AgNPs and TiO2 NPs have different inhibition mechanisms on CIP adsorption by Gt. Citrate coated AgNPs fills the
sorption sites available to CIP on Gt, and formed either inneror outer-sphere complex under different pH conditions. However, TiO2 NPs and CIP could form a tridentate complex involving the bidentate inner-sphere coordination of the deprotonated carboxylic group and hydrogen bonding through the adjacent carbonyl group on the quinoline ring, which was consist with the mode of CIP adsorption by Gt. Therefore, this
work has advanced our mechanistic understanding of adsorption, which is helpful to deeply understand the migration and
transformation of FQs in the presence of NPs.
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