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Abstract 
Sediment, consisting of different aggregation fractions, is a hotspot site for transport and transformation of various pollut-
ants including antibiotics. However, the fate of different antibiotics in aquatic sediments mediated by sediment aggregation 
fraction adsorption and the mechanism behinds are still unclear. In this study, we investigated the adsorption behavior of 
two fluoroquinolone antibiotics (ciprofloxacin and ofloxacin) on four aggregation fractions separated from the sediment of 
Taihu Lake, a typical lake contaminated by antibiotics in China. The results showed that the adsorption of ciprofloxacin 
and ofloxacin fitted the Freundlich model, irrespective of sediment aggregation size. The adsorption of ciprofloxacin and 
ofloxacin was depended on the size of sediment aggregation fractions, and the macroaggregation (> 200 μm) exhibited the 
strongest capacity, followed by large microaggregation (63–200 μm), medium microaggregation (20–63 μm), and small and 
primary microaggregation (< 20 μm). This fraction size-dependent effects of sediment aggregations on antibiotic adsorption 
might be closely related to the differences in their specific surface areas, organic matter contents, and surface functional 
groups. The adsorption of ciprofloxacin and ofloxacin by sediment aggregation fractions was characterized by a combination 
of chemical and physical adsorptions, with the former being the dominant process. Compared with ofloxacin, ciprofloxacin 
could be more rapidly and easily absorbed by four sediment aggregation fractions, and more readily complexed with carboxyl 
groups on macroaggregation surface. The adsorption of two antibiotics by extracellular polymeric substance showed that 
tryptophan and tyrosine protein-like, humic-like substance on the surface of sediment could bind to both antibiotics through 
a complexation reaction. The π-π electron donor–acceptor interaction and hydrogen bonds were responsible for the antibiotic 
adsorption by sediment aggregation.
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Introduction

Antibiotics have been substantially applied in human and 
veterinary medicine, agriculture, and aquaculture over a long 
term (Binh et al. 2018). The worldwide antibiotics consump-
tion by humans witnessed an upsurge 2000 to 2015 from 
21.1 to 34.8 billion doses per day, and the consumption is 
expected to rise to 40 billion doses per day by 2030 in the 
absence of policy intervention (Klein et al. 2018). Antibiot-
ics can input the natural environments by wastewater dis-
charges from hospitals, enterprise, agricultural, home, and 
livestock (Almeida et al. 2014; Parente et al. 2019). The 
adverse and chronic resistance of bacteria to antibiotics has 
ended up a potential risk to the fitness of human beings and 
animals (Kovalakova et al. 2020). Fluoroquinolones, a major 
class of antibiotics, has been widely used in human and vet-
erinary medicine due to their wide activity spectrum against 
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bacteria and high efficiency in treating infectious diseases of 
urinary and respiratory systems (Dinh et al. 2017). Further-
more, fluoroquinolones are fluorinated compounds suggest-
ing a higher potential for environmental persistence (Fadário 
et al. 2014). Ciprofloxacin (CPX) and ofloxacin (OFL) are 
two typical fluoroquinolones which have been increasingly 
detected in various aquatic ecosystems including lakes (Xu 
et al. 2014), river (Tang et al. 2019) and ocean (Li et al. 
2018b). So far, the spatial distribution and potential health 
hazards of fluoroquinolones antibiotics in the environment 
have been extensively reported (Philip et al. 2018; Li et al. 
2020), while the environmental behaviors and fates of anti-
biotics, especially their migration, transport and transforma-
tion, in aquatic ecosystems remain unclear.

Due to their large surface areas and high organic matter 
contents, sediment aggregation fractions have strong adsorp-
tion capacity to the antibiotics with high sediment–water 
partitioning coefficients (Tang et al. 2019). The antibiotics 
adsorbed on the sediment surface can migrate and transport 
in aquatic environment with the movement of sediment par-
ticles (e.g., entrainment, sedimentation, resuspension, etc.) 
(Hanamoto et al. 2018), which are directly related to their 
bioavailability and ecological risk (Aga et al. 2016). The 
size of sediment particle is a critical factor affecting the 
adsorption behaviors of organic pollutants (Luo et al. 2019). 
Generally, the small particles have a greater tendency to be 
suspended in water under wind wave disturbance (Sangster 
et al. 2015), resulting in greater exposure to antibiotics in 
water. In contrast, the larger particles more likely to settle 
and immobilize the adsorbed antibiotics (Fan et al. 2004). In 
addition to the weight differences, the structural and phys-
icochemical characteristics of sediment, which are directly 
associated with adsorption capability (e.g., surface area, 
cation exchange capacity, organic matter content and surface 
functional group), also varied significantly among different 
aggregation fractions (Marttila and Kløve 2015). Study-
ing the adsorption behavior and mechanism of antibiotics 
by different sediment aggregation fractions is essential to 
better understand their environmental fate in contaminated 
environments.

Beside sediment properties, physicochemical prop-
erties of antibiotics can impact the adsorption kinetic 
process (Siedlewicz et al. 2018). These two chemicals 
have different octanol–water partition coefficients (log 
Kow), molecular structure and acidity constants (pKa) (Li 
et al. 2021a). The log Kow of CPX (0.28) is known to be 
higher than that of OFL (-0.39) (Yang et al. 2020). These 
two antibiotics have similar chemical structure with one 
more -C-O- and two more -CH3 on OFL, and one more 
-N(CH2)3 on CPX. The second acidity constants (pKa2) 
for CPX and OFL are 8.7 and 8.3, respectively. Thus, it 
is reasonable to speculate that the adsorption process of 

CPX and OFL by sediment aggregation fractions may be 
different, although they are in the same class of antibiot-
ics. Given the fact that multiple pollutants coexist in a 
natural environment, the interactions of different antibi-
otics by competitive adsorptions on sediment aggregation 
fractions should be concerned. So far, most studies on 
sediment adsorption have focused on a single antibiotic 
(Maged et al. 2020; Shen et al. 2020), or investigated the 
interaction of antibiotic with metal cation in combined 
pollution systems (Zhao et al. 2013). Researches on the 
competitive adsorption of CPX and OFL on different 
sediment aggregation fractions are very limited and even 
less on the mechanisms behind.

In this study, we carried out three adsorption experi-
ments, including adsorption kinetics, adsorption isotherm 
and competitive adsorption, to investigate the adsorption 
behaviors of CPX and OFL on four aggregation fractions 
separated from the sediment of Taihu Lake, one of the 
most antibiotic contaminated lakes in China. Fourier 
transform infrared (FTIR) spectroscopy and excitation-
emission matrix combined with parallel factor (EEM-
PARAFAC) analysis were used to further investigate the 
adsorption mechanism of antibiotics by non-fluorescent 
and fluorescent substances on different sediment aggrega-
tion fractions.

Materials and methods

Sediment aggregation preparation

Surface sediment (0–20 cm) sample was collected from the 
western area (31° 18’ N, 119° 59’ E) of Taihu Lake, China, 
with little human disturbance and antibiotic contamina-
tion (Li et  al. 2021b). The fresh sediment was passed 
through an 8-mm sieve to remove any large plant debris 
and stones and was mixed thoroughly. The background 
concentrations of CPX and OFL in the sediment sam-
ples were below the detection limit. Prior to experiment, 
the sieved sediment was separated into four aggregation 
fractions with different sizes, that is, small and primary 
microaggregation (SPM, < 20 μm), medium microaggre-
gation (MM, 20–63 μm), large microaggregation (LM, 
63–200 μm), and macroaggregations (MAC, > 200 μm), 
using a sequence of sieves through wet-sieving (Six 
et al. 1998; Han et al. 2021). Initial chemical properties 
of four sediment aggregation fractions were determined, 
according to the methods described in Sect. 2.2, and the 
results are shown in Table S1. Each sediment aggregation 
fraction was freeze-dried and then was stored in a well-
sealed polyethylene bottle before use (Siebers et al. 2018). 
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Freeze-dried sediments are used for antibiotic adsorption 
experiments, EPS extraction, and determination of phys-
icochemical properties.

Sediment physicochemical properties analysis

Brunauer–Emmett–Teller surface area (BET) of sediment 
aggregation fractions was measured using a BET-N2 sur-
face area analyzer (V-Sorb 2800TP, Gold APP, China). Total 
organic carbon (TOC) content of the sediment aggregation 
fractions was measured using the K2CrO7-H2SO4 oxida-
tion method. Total nitrogen (TN) content was determined 
after acid digestion according to the Kjeldahl digestion 
method (Zheng et al. 2018). Total phosphorus (TP) content 
was measured following the methods of Chen et al. (2020). 
Cation-exchange capacity (CEC) was determined using an 
ammonium acetate solution at pH 7.0. An X-ray diffraction 
(XRD) (Ultima IV, Rigaku, Smart Lab) was used to deter-
mine the chemical compositions of sediment aggregation 
fractions before adsorption experiments. A Cu Kα radiation 
was adopted in a range of 10° to 80° under the operating 
condition of 40 kV and 100 mA. Scanning electron micros-
copy (SEM) (S-4800, Hitachi, Japan) images of four sedi-
ment aggregation fractions had been taken under a micro-
scope at 3.0 kV.

Antibiotic adsorption experiments of four sediment 
aggregation fractions

Four antibiotic adsorption experiments of four sediment 
aggregation fractions, including adsorption kinetics, 
adsorption isotherm, competitive adsorption, and tem-
perature effect experiment, were conducted using glass 
centrifuge tubes with a total volume of 50 mL. The CPX 
or OFL (purchased from Sigma Chemicals, purity > 99%) 
was dissolved in 0.01 M CaCl2. Then, 40 mL of antibi-
otic solution with the concentration described below and 
0.1 g of each sediment aggregation fraction was added 
into the tube, and placed in a shaker (MQS-30, MinQuan 
Instrument, China) in dark with a speed of 120 rpm at 25 
℃. For the adsorption kinetics experiment, the tubes con-
taining antibiotic solution (with the CPX or OFL concen-
tration of 40 mg·L−1) and sediment aggregation fraction 
were shaken for 0, 0.5, 1, 2, 4, 8, 12, and 24 h. For the 
adsorption isotherm experiment, the CPX or OFL solu-
tion with eight concentrations (0, 1, 2, 4, 8, 10, 20, 30, 
and 40 mg·L−1) and sediment aggregation fraction were 
added into the tubes, and then were shaken for 24 h. For 
the competitive adsorption experiment, a mixture of CPX 
and OFL at a ratio of 1:1 (with respective concentration 
of 1, 2, 5, 15, and 25 mg·L−1) and sediment aggrega-
tion fraction were added into the tubes, and then were 
shaken for 24 h. For the effect of temperature experiment, 

40 mL of solution with different concentrations of CPX 
and OFL under different temperature (288.15, 298.15 
and 308.15 K) controlled shaker at 120 rpm for 24 h. All 
experiments were conducted in triplicate. At each sam-
pling time, the supernatant in each tube was collected 
after centrifugation at 4000 rpm for 10 min, and then 
was stored in a brown glass bottle with a cap for the sub-
sequent determination of CPX and OFL concentrations. 
At the end of the adsorption kinetics experiments, the 
sediment aggregation fraction settling at the bottom of 
the tube was collected, freeze-dried, and stored in a poly-
ethylene centrifuge tube for the subsequent FTIR analysis. 
An FTIR spectroscopy (Nicolet iS50, Thermo Scientific, 
USA) was used to identify the surface functional groups 
of four sediment aggregation fractions. The FTIR spectra 
were obtained in transmission mode in the wavelength 
range of 1000–4000 cm−1 with a resolution of 4 cm−1 and 
32 repetitive scans.

Antibiotic concentration analysis

The supernatant samples obtained from sediment aggrega-
tion fraction adsorption experiments were passed through 
0.22-μm polytetrafluoroethylene membranes, and then the 
CPX and OFL concentrations in the filtered water sam-
ple were determined using an ultra-performance liquid 
chromatography-tandem mass spectrometer (UPLC-MS) 
(ACQUITY UPLC Xevo TQ, Waters, USA) equipped with 
an ACQUITY BEH C18 column (100 mm × 2.1 mm, i.d. 
1.7 μm). The mobile phases were according to the method 
of Yu et al. (2019) with slight modification, that is, phase 
A: water (0.05% formic acid), phase B: acetonitrile, with 
the flow rate of 0.4 mL·min−1. The gradient program was 
as follows: (i) the fluent was injected into a flow of 90%: 
10% (A: B) and maintained for 2 min; (ii) increased to 
95% (B) by 2 min; maintained 95% (B) until 3 min; (iii) 
reduced to10% (B) by 3 min and maintained at 90%: 10% 
(A: B) until 4 min. Detailed information for the MS analy-
sis of CPX and OFL (e.g., ion mode, precursor ion, produc-
tion ion, cone voltage and collision energy) are shown in 
Table S2. The standard calibration curves were calculated 
using a series of individual antibiotic samples with concen-
trations of 1, 5, 10, 50, 100, and 200 μg·L−1 (R2 > 0.999). 
Details about the quality control of the method are shown 
in Supplementary Information.

Antibiotic adsorption experiments of extracellular 
polymeric substance

The extracellular polymeric substance (EPS) of four sedi-
ment aggregation fractions (0.1 g) were extracted accord-
ing to the methods of Yang et al. (2018). The adsorption 
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experiments of CPX and OFL to EPS were conducted under 
the same conditions as adsorption isotherm experiment 
described in Sect. 2.3. Afterwards, the solution which was 
collected after centrifugation at 4000 rpm for 10 min storing 
at 4 ℃ for the subsequent excitation-emission matrix (EEM) 
fluorescence analysis.

EEM fluorescence was measured using three-dimen-
sional spectrofluorometer (F-7000, Hitachi, Japan). The 
emission and excitation wave-lengths both scan from 
250 to 550 nm at 5 nm increments. All EEM fluores-
cence results were corrected with a water blank and con-
verted to Raman units (R.U.) by normalizing the area 
under the Milli-Q Raman scatter peak the Raman peak 
(Ex = 350 nm, Em = 381–426 nm). Prior to analysis, the 
Raman and Rayleigh scatters were removed according to 
Stedmon and Bro (2008).

A parallel factor (PARAFAC) analysis was used 
to remove the overlapping f luorescence peaks and 
decompose the EEM into individual components 
through drEEM toolbox in MATLAB sof tware 
(MATLAB®R2014a, Natick, USA). The PARAFAC was 
computed using two to five component models with non-
negativity constraints, and then residual analysis, split-
half analysis, and visual inspection were applied to deter-
mine the number of fluorescence components (Huang 
et al. 2018). It is assumed that the maximal fluorescence 
intensity (Fmax) of individual fluorescent components is 
proportional to the real concentrations of the correspond-
ing fluorescent components (Gu et al. 2017).

Data analysis

The adsorption content of four sediment aggregation fraction 
on antibiotics was obtained by the residual concentration of 
antibiotics (Eq. (1)).

where C0 and Ce (mg·L−1) are the initial and equilib-
rium aqueous phase CPX and OFL concentrations for 
two antibiotics (CPX and OFL), respectively; V (L) is 
the volume of aqueous added; m (g) is the weight of four 
sediment aggregation fractions; Q (mg·g−1) is the adsorp-
tion content of four sediment aggregation fractions on 
antibiotics.

Pseudo-first-order model (Eq. (2)), pseudo-second-order 
model (Eq. (3)), intraparticle diffusion model (Eq. (4)) were 
used to clarify the adsorption kinetics of CPX and OFL on 
the sediment aggregation fractions.

(1)Q =

(

C
0
− Ce

)

∗ V

m

(2)ln
(

qe − qt
)

= lnqe − k
1
t

where qe (mg·g−1) and qt (mg·g−1) are the equilib-
rium sorption capacity and at the time (t); k1 (h−1) and k2 
((g·mg−1)·h−1) are the rate constants for pseudo-first-order 
and pseudo-second-order model kinetic models, respec-
tively; kdiff ((mg·g−1)·h0.5) is the intraparticle diffusion rate 
constant and C is a constant related to the boundary layer 
thickness.

The Langmuir (Eq. (5)) and Freundlich (Eq. (6)) isotherm 
models were used to clarify the adsorption characteristics of 
CPX and OFL on sediment aggregation fractions.

where Qe (mg·g−1) is the equilibrium sorption capac-
ity; Ce (mg·L−1) is the equilibrium aqueous phase CPX 
and OFL concentrations; Qm (mg·g−1) is the maximum 
adsorption capacity under monolayer adsorption; KLis the 
affinity coefficient of Langmuir model; KF is Freundlich’s 
affinity coefficient and n is the empirical constant of Fre-
undlich model.

Thermodynamic parameters (ΔG) (kJ·mol−1) were calcu-
lated form following equations (Tan et al. 2013):

The enthalpy change (ΔH) (kJ·mol−1) and entropy 
changes (ΔS) (kJ·(K·mol)−1) for adsorption process were 
calculated using the following equations:

where R, T, and K are the universal gas constant 
(8.314 J·(K·mol)−1), the absolute temperature (K) and the 
equilibrium constant, respectively. ΔH and ΔS could be cal-
culated from the slope and intercept of the linear plot of ln K 
versus 1/T.

Model fitting of the kinetic and isothermal adsorp-
tion data was carried out and the corresponding adsorp-
tion parameters were obtained using Origin 8.0 software 
(OriginLab Corporation, Northampton, USA). The data 
were tested for the normality and variance assumptions 
of the parametric ANOVA. The differences in physico-
chemical properties of sediment aggregation fractions 
(BET, CET, TN, TP, and TOC) were determined by a one-
way analysis of variance (ANOVA). For the competitive 

(3)
1

qt
=

1

k
2
q2
e

+
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t
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0.5

+ C

(5)Qe = Qm

KLCe

1 + KLCe

(6)Qe = KFC
1
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e

(7)ΔG = −RTlnK

(8)lnK =
ΔS

R
−

ΔH
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adsorption experiment, significant differences between 
antibiotic concentrations were detected with the one-way 
ANOVA followed by a Tukey’s test and Student’s t-test 
was used to determine the differences between antibiotic 
types. All p values below 0.05 were considered statistically 
significant. A Spearman’s correlation analysis was used to 
determine the correlations between the obtained adsorption 
parameters (KL and KF) and physicochemical properties of 
four sediment aggregation fractions (TOC, CEC, BET, TN, 
TP). The above analyses were performed using the SPSS 
25.0 software package (SPSS Inc., Chicago, IL., USA).

Results and discussion

Physicochemical properties of sediment 
aggregation fractions

As shown in Table S1, the sediment properties including 
TN, TP, and TOC differed significantly among four sediment 
aggregation fractions, and their concentrations decreased in 
the following order: MAC > LM > MM > SPM. The CEC of 
LM and MAC was approximately threefold higher than that 
of SPM and MM. The BET values of four sediment aggre-
gation fractions ranged from 19.83 m2·g−1 (MAC) to 8.45 
m2·g−1 (SPM). The MAC showed the highest BET, probably 
due to that it had highest TOC content than other fractions 
(Table S1) and porous surface (Fig. 1). Zhao et al. (2018) 

reported the TOC content showed a positive correlation 
with BET surface area. The XRD patterns of four sediment 
aggregation fractions are shown in Fig. 2. The peaks that 
appeared in the XRD patterns of SPM and MM correspond 
to two crystalline structures, matching with quartz-SiO2 
(PDF#85–0796) and berlinite-AlPO4 (PDF#76–0228). Only 
quartz-SiO2 (PDF#85–0796) was identified in the XRD pat-
tern of LM, and no crystalline phase was observed in MAC. 
This indicated that the chemical compositions were distinct 
significantly among four sediment aggregation fractions.

Adsorption kinetics of CPX and OFL on different 
sediment aggregation fractions

The pseudo-second-order and pseudo-first-order model fit-
ting results of the adsorption kinetics for CPX and OFL onto 
different sediment aggregation fractions are shown in Fig. 3. 
The adsorption process of four sediment aggregation frac-
tions to CPX and OFL included two stages, that is, rapid 
adsorption and adsorption equilibrium. The rapid adsorption 
phase occurred before the beginning of 1 h. The adsorption 
reached equilibrium approximately at 8 h for all sediment 
aggregation fractions. A reason for this phenomenon was 
that a great number of adsorption sites on sediment surfaces 
increase the frequency of contact between antibiotics and 
sediment particles at the beginning of the adsorption process 
(Huang et al. 2020), resulting in the rapid adsorption of the 
antibiotic. Subsequently, the adsorption sites on sediment 

Fig. 1   Images of scanning elec-
tron microscopy for small and 
primary microaggregation (A), 
medium microaggregation (B), 
large microaggregation (C) and 
microaggregation (D)
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Fig. 2   X-ray diffraction patterns 
of four sediment aggregation 
fractions separated from the 
Taihu Lake (SPM: small and 
primary microaggregation, 
MM: medium microaggrega-
tion, LM: large microaggrega-
tion, MAC: microaggregation)

Fig. 3   Pseudo-second-order 
kinetic model (A, B) and 
pseudo-first-order kinetic model 
(C, D) fitting the kinetic adsorp-
tion of ciprofloxacin and ofloxa-
cin on four sediment aggrega-
tion fractions (SPM: small and 
primary microaggregation, 
MM: medium microaggrega-
tion, LM: large microaggrega-
tion, MAC: microaggregation)
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surfaces might be gradually saturated as the adsorption time 
increased, and the driving force in the solution transferred 
antibiotic molecules to the sediment surface. Then the anti-
biotic molecules slowly reached internal active sites under 
the mass transfer force, and gradually occupied the sites, 
reaching adsorption equilibrium (Cao et al. 2017; Hu et al. 
2020; Li et al. 2022).

The adsorption kinetics model fitting results and kinetic 
parameters of each kinetic model are listed in Table 1. The 
adsorptions of two antibiotics onto sediments, irrespective 
of fraction size, were well-fitted to the pseudo-second-order 
kinetic model, with the regression coefficients (R2) rang-
ing from 0.903 to 0.984. In contrast, the pseudo-first-order 
and intraparticle diffusion models showed poor fits for the 
CPX and OFL adsorptions on sediments. The pollutant 
adsorptions matching pseudo-second-order kinetic model 
have been considered to be mainly controlled by chemical 
interactions (Arshadi et al. 2018; Soltani et al. 2018). Based 
on the fitting result of the pseudo-second-order model, the 
adsorption capacity could be affected by both the antibi-
otic type and the sediment aggregation size (Table  1). 
Compared with OFL (qe, 3.335–6.091 mg·g−1), CPX (qe, 
4.951–8.118 mg·g−1) was more easily adsorbed onto four 
sediment aggregation fractions. This might be due to that the 
CPX (log Kow 0.28) has stronger lipophilicity than OFL (log 
Kow − 0.39) (Yang et al. 2020). Among four sediment aggre-
gation fractions, the MAC exhibited the highest adsorption 
capacity (qe) for both CPX and OFL, and followed by LM, 
MM and SPM, which was in line with the results of sedi-
ment BET, CEC, and TOC contents (Table S1). As shown 
in Table S3, sediment CEC, BET, and TOC contents were 
significantly positively correlated with qe of CPX and OFL 
adsorptions. Sediment aggregation fractions with higher 
BET and CEC indicate that they have more adsorption sites 
on the surfaces (Wu and Zhou 2019), probably positively 
contributing to the antibiotic adsorption.

Adsorption isotherms of CPX and OFL on different 
sediment aggregation fractions

Isothermal adsorption curves, characterizing the relation-
ships between adsorption amount and adsorption concen-
tration at a constant temperature, have been widely used 
to clarify the interaction relationships between active sites 
and adsorbate (Zhu et  al. 2017; Xiong et  al. 2021). As 
shown in Fig. 2, the saturated adsorption capacities (Qe), 
irrespective of sediment aggregation fraction size, were 
gradually increased with the increasing equilibrium con-
centrations (Ce) of CPX or OFL. Different sediment aggre-
gation fractions could remove around 90% when CPX and 
OFL concentration was 1.0 mg·L−1 (Fig. S3). The removal 
efficiency decreased gradually with the increase of con-
centration. MAC had the highest removal efficiency at all 
concentrations.

The fitting results of Langmuir and Freundlich isothermal 
adsorption models are shown in Table 2. According to the 
fitting coefficient (R2) of Freundlich model for each sedi-
ment aggregation fraction was slightly higher than that of 
Langmuir model, for both CPX and OFL. In the Freundlich 
model, the parameter n indicates the reactivity and heteroge-
neity of active sites of the adsorbent (Aljeboree et al. 2017). 
When n = 1 the adsorption is linear; when n > 1 the adsorp-
tion is considered to be higher energy adsorption dominated 
by chemical processes; and when n < 1 there are heterogene-
ous sites of high adsorption energy dominated by physical 
processes (Pezoti et al. 2014). The n values were larger than 
1 in the Freundlich model of CPX and OFL adsorption on 
four sediment aggregation fractions, indicating that high 
energy active sites on sediments may have strong bonding 
capability to CPX and OFL via a chemical process. The KF 
parameter of Freundlich model for CPX and OFL adsorption 
showed in Table 2, which is related to the adsorption capac-
ity in multilayer (Conde-Cid et al. 2019).

Table 1   Kinetic parameters for the adsorption of ciprofloxacin and ofloxacin onto four sediment aggregate fractions separated from the Taihu 
Lake

Antibiotic Sediment fraction qe,exp
(mg·g−1)

Frist-order kinetic Second-order kinetic Intraparticle difussion

qe
(mg·g−1)

k1
(h−1)

R2 qe
(mg·g−1)

k2
(g·(mg·h)−1)

R2 kdiff
(mg·(g·h0.5)−1)

C R2

Ciprofloxacin SPM (< 20 μm) 4.653 4.784 3.630 0.926 4.951 1.675 0.939 0.243 4.089 0.410
(CPX) MM (20–63 μm) 6.419 6.242 4.121 0.966 6.468 1.421 0.984 0.286 5.450 0.729

LM (63–200 μm) 6.856 6.541 1.338 0.910 6.914 0.339 0.946 0.601 4.404 0.545
MAC (> 200 μm) 8.464 7.928 4.123 0.975 8.118 1.462 0.981 0.304 7.058 0.600

Ofloxacin SPM (< 20 μm) 3.192 3.236 3.221 0.903 3.335 2.322 0.903 0.160 2.751 0.261
(OFL) MM (20–63 μm) 5.083 4.695 3.320 0.960 4.898 1.353 0.981 0.267 3.920 0.753

LM (63–200 μm) 5.371 5.111 2.799 0.887 5.431 0.823 0.932 0.397 3.970 0.604
MAC (> 200 μm) 5.696 5.850 4.341 0.911 6.091 1.437 0.930 0.293 5.060 0.371
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To reveal the possible effects of sediment aggregation 
fraction properties on antibiotic adsorption, we analyzed 
the correlations between sediment aggregation fraction 
physicochemical properties (BET, CEC, TN, TP, and 
TOC) and adsorption capacity parameters (KFfor CPX 
and OFL). As shown in Table S3, sediment CEC, BET, 
and TOC contents were significantly positively corre-
lated with adsorption capacity parameters of CPX and 
OFL adsorptions (p < 0.01). The positive effects of TOC 
and CEC on adsorption capacity may due to the specific 
sites containing a large number of absorbed antibiotics in 
organic matter (Scherr et al. 2009), cation exchange and 
ionic bridging abilities (Rath et al. 2019), respectively. 
Qi et al. (2014) reported that the adsorption capacity of 
agricultural soils to estrogen was limited by the number 
of adsorption sites distributed on soil organic matter.

Effect of temperature and adsorption 
thermodynamics

The effects of temperature on the adsorption of CPX 
and OFL on different sediment aggregation fractions 
are shown in Fig. S1-S2, and Fig. 4. The temperature 
significantly influenced the amount of CPX and OFL 

adsorbed by sediment fractions, and the saturated adsorp-
tion capacities (Qe), irrespective of sediment aggregation 
fraction size, were gradually increased with the increas-
ing temperature from 288.15 to 308.15 K. This posi-
tive effect of temperature might be due to the increased 
number of adsorption sites on sediment fractions with 
increasing temperature (Peng et al. 2015). Another possi-
ble explanation for this phenomenon is that the increased 
temperature of aqueous solution may decrease the resist-
ance of two antibiotics entering into sediment aggrega-
tions, which in turn enhanced the adsorption capacity of 
sediments (Carrales-Alvarado et al. 2014). The Freun-
dlich model could better explain the adsorption charac-
teristics of different sediment aggregation fractions to 
the two antibiotics at different temperatures (Table 2).

The thermodynamic parameters are shown in Table 3. 
The ΔG values were negative, indicating that the adsorp-
tion of CPX and OFL onto the four sediment aggrega-
tions was spontaneous under standard conditions. The ΔH 
values for the adsorption of CPX and OFL onto sediment 
aggregation were positive (Table 3). The magnitude of ΔH 
values can give an idea whether the adsorption belongs to 
physisorption or chemisorption (Anggraini et al. 2014). 
In particular, when ΔH range from 2.1 to 10 kJ·mol−1, the 

Table 2   Fitting results of 
Freundlich and Langmuir 
isotherm models of 
ciprofloxacin and ofloxacin 
adsorption onto four sediment 
aggregate fractions separated 
from the Taihu Lake (KF: 
Freundlich coefficient, n: 
Freundlich empirical, KL: 
Langmuir coefficient)

Antibiotic Sediment fraction T Freundlich Langmuir

(K) KF n R2 Qm KL R2

Ciprofloxacin
(CPX)

SPM (< 20 μm) 288.15 1.204 4.632 0.929 2.271 1.472 0.775
MM (20–63 μm) 1.451 3.184 0.882 4.685 0.212 0.745
LM (63–200 μm) 2.099 4.122 0.865 4.331 1.541 0.983
MAC (> 200 μm) 2.249 3.563 0.948 5.218 0.897 0.938
SPM (< 20 μm) 298.15 1.534 3.404 0.956 3.906 0.588 0.921
MM (20–63 μm) 1.604 2.409 0.980 5.901 0.326 0.963
LM (63–200 μm) 1.891 2.081 0.918 8.203 0.271 0.913
MAC (> 200 μm) 2.834 2.667 0.956 7.498 0.792 0.914
SPM (< 20 μm) 308.15 3.708 2.892 0.953 9.785 0.575 0.857
MM (20–63 μm) 2.700 1.899 0.884 20.769 0.081 0.848
LM (63–200 μm) 2.877 1.797 0.988 15.263 0.198 0.958
MAC (> 200 μm) 3.132 2.032 0.829 12.819 0.275 0.780

Ofloxacin
(OFL)

SPM (< 20 μm) 288.15 1.346 4.749 0.922 2.705 0.769 0.873
MM (20–63 μm) 1.017 3.118 0.925 3.028 0.408 0.956
LM (63–200 μm) 1.092 3.357 0.918 3.048 0.394 0.901
MAC (> 200 μm) 1.805 4.545 0.904 3.343 2.276 0.867
SPM (< 20 μm) 298.15 1.149 2.938 0.963 3.359 0.427 0.960
MM (20–63 μm) 1.249 2.193 0.974 5.344 0.253 0.986
LM (63–200 μm) 1.239 2.125 0.992 5.688 0.217 0.975
MAC (> 200 μm) 2.299 2.969 0.851 5.909 0.717 0.915
SPM (< 20 μm) 308.15 2.846 2.987 0.973 7.530 0.729 0.964
MM (20–63 μm) 2.057 1.788 0.941 12.298 0.182 0.957
LM (63–200 μm) 2.289 2.069 0.973 10.708 0.218 0.936
MAC (> 200 μm) 2.543 1.865 0.938 14.684 0.152 0.894
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adsorption mechanism is physisorption, and when ΔH is in 
the range from 80 to 200 kJ·mol−1, the adsorption belongs 
to chemisorption (Li et al. 2011; Anggraini et al. 2014). 
The ΔH values for CPX (11.437–41.239 kJ·mol−1), CPX 
(12.663–27.240 kJ·mol−1) indicate that the adsorption of 
CPX and OFL on four sediment aggregations could be 
attributed to the combination of physisorption and chem-
isorption rather pure physical or chemical adsorption. The 
positive values of ΔS implied that the freedom degree of two 
antibiotics at the sloid-liquid interface increases during the 
adsorption process.

Competitive adsorption of CPX and OFL on different 
sediment aggregation fractions

When two antibiotics were added, the adsorption results 
(Q) of CPX and OFL on the sediment aggregation frac-
tion, irrespective of the fraction size, increased with the 
increasing antibiotic concentrations, and all sediment 
aggregation fraction have stronger adsorption capabil-
ity to the former one (Fig. 5). Figure 5 also illustrates 
the CPX was more easily adsorption than OFL. There 
was no difference in the Q of CPX and OFL, when the 
added concentration of antibiotics was below 2 mg·L−1. 

However, the Q became significant difference for two 
antibiotics, with the increasing added concentration. The 
Q of CPX for all sediment aggregation fractions were 
more than 10% higher than that of OFL (Fig. 5).

We compared the results of simple systems (existence 
of a single antibiotic) and binary systems (concurrent 
presence of two antibiotics) (Fig. S4). For CPX, in binary 
systems, all sediment aggregation fractions adsorption 
results (Q) were lower more than 23.4%, while Q was 
lower greater than 27.4% for OFL. We hypothesize that 
the CPX and OFL competed for adsorption sites on the 
aggregation surface and the CPX has a stronger affinity 
with sediment aggregation fraction, additionally, CPX 
and OFL have their unique adsorption sites. The decline 
in adsorption was more pronounced for OFL compared to 
CPX, demonstrating that the main competitive effect is 
associated with the affinity with the adsorbent for indi-
vidual compounds (Mansouri et al. 2015). Conkle et al. 
(2010) also indicated that CPX is more advantageous 
when competing with OFL for the same adsorption site. 
Moreover, the physicochemical properties of the sediment 
aggregation fraction have a better affinity for CPX, which 
can also to confirm that the sediment aggregation frac-
tions adsorb most of CPX during competitive adsorption.

Fig. 4   Freundlich model (A, 
B) and Langmuir model (C, D) 
fitting the isothermal (298.15 K) 
adsorption of ciprofloxacin 
and ofloxacin on four sediment 
aggregation fractions (SPM: 
small and primary microaggre-
gation, MM: medium microag-
gregation, LM: large microag-
gregation, MAC)
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Table 3   Thermodynamic 
parameters for the adsorption of 
CPX and OFL

Antibiotic Sediment fraction T ΔG ΔH ΔS
(K) (kJ·mol−1) (kJ·mol−1) (kJ·mol−1·K−1)

Ciprofloxacin
(CPX)

SPM (< 20 μm) 288.15  − 0.445 41.239 0.144
298.15  − 1.061
308.15  − 3.357

MM (20–63 μm) 288.15  − 0.891 22.739 0.081
298.15  − 1.171
308.15  − 2.545

LM (63–200 μm) 288.15  − 0.206 11.437 0.045
298.15  − 0.531
308.15  − 2.123

MAC (> 200 μm) 288.15  − 1.415 12.234 0.049
298.15  − 2.064
308.15  − 2.388

Ofloxacin
(OFL)

SPM (< 20 μm) 288.15  − 0.712 27.240 0.096
298.15  − 0.344
308.15  − 2.681

MM (20–63 μm) 288.15  − 0.040 25.869 0.089
298.15  − 0.551
308.15  − 1.848

LM (63–200 μm) 288.15  − 1.777 27.191 0.094
298.15  − 1.579
308.15  − 2.710

MAC (> 200 μm) 288.15  − 1.943 12.663 0.049
298.15  − 2.582
308.15  − 2.923

Fig. 5   The adsorption content 
of were absorbed onto sediment 
aggregation 663 fractions (bars 
with different letters are signifi-
cant differences among the anti-
biotic concentrations at p < 0.05 
according to one-way ANOVA; 
* indicates significant differ-
ence between ciprofloxacin and 
ofloxacin at p < 0.05 according 
to Student’s t-test; SPM: small 
and primary microaggregation, 
MM: medium microaggrega-
tion, LM: large microaggrega-
tion, MAC: microaggregation)
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Analysis of EPS adsorption CPX and OFL

The growth of biofilms on the surface of sediment increases 
affects the distribution of hydrophobic organic pollutants 
on sediment (Wicke et al. 2008). EPS, as the main com-
ponent of biofilms, was considered to play a positive role 
in adsorption organic pollutants. Studies have shown that 
EPS has a strong adsorption capacity for antibiotics like sul-
fadiazine and ofloxacin in water environments (Zhang et al. 
2018; Wang et al. 2019). Nowadays, fluorescence quenching 
method has been successfully applied to characterize the 
physical or chemical processes between EPS and organic 
pollutants (Dong et al. 2017; Guo et al. 2020). However, the 
EPS composition is complex, and the spectra of different 
fluorophores tend to overlap, and EEM-PACAFAC can effi-
ciently analyze the relationship between independent fluo-
rescent components and organic pollutants (Xu et al. 2013).

EEM-PARAFAC analysis showed that three specific 
components (C1, C2, and C3) were identified in all origi-
nal EPS extracted from four sediment aggregation frac-
tions (Fig. 6A–C). The three fluorescent components 
were determined based on the similarity > 95% using 
the OpenFluor database (Murphy et al. 2014). C1 (Ex/
Em = 270/375), C2 (Ex/Em = 270/300(355)) and C3 were 
classified as tryptophan protein-like component (Wil-
liams et al. 2010), tyrosine protein-like component (Li 

et al. 2021c), and humic-like substances (Yamashita et al. 
2011), respectively. The basis of the Fmax values indicates 
that protein-like substance is the major component of 
EPS in the sediment aggregation fraction (Table S4).

After adsorption of antibiotics by EPS in the sediment 
aggregation fractions adsorption antibiotics, C1-C3 of the 
initial EPS were not identified, only two new specific 
components (C4 and C5) were identified (Fig. 6D-E), the 
C4 and C5 can be associated with CPX (Fig. S5a) and 
OFL (Fig. S5b). It can be concluded that the three sub-
stances were occurred in fluorescence quenching after 
EPS adsorption two antibiotics. For C1 and C2, which 
belong to protein-like substances, one possible reason of 
quenching phenomenon was that the chemical structure 
of proteins in EPS would be damaged when exposure to 
high concentration of toxic substances (Miao et al. 2017). 
Another reason was that the amino and aromatic groups in 
the protein could be complexed with antibiotic (Fu et al. 
2016). For C3, the reason for fluorescence quenching 
could also be the complexes formed by C3 and two anti-
biotics. Li et al. (2018a) reported that the aliphatic and 
aromatic series of humic-like substances could complex 
with sulfamethoxazole through various mechanisms, such 
as hydrogen and π-π bonding. Overall, EPS on the surface 
of different sediment aggregation fractions was capable 
of complexing reactions with two antibiotics.

Fig. 6   Three-component fingerprints from the EEM-PARAFAC of original EPS (A, B, C) and after adsorption 668 CPX and OFL (D, E)
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Fourier‑transform infrared analysis

To investigate the functional groups involved in the adsorp-
tion, the FTIR of two antibiotics (Fig. S6) and four sedi-
ment aggregation fractions before and after adsorption pol-
lutants were measured (Fig. 7). The bands in FTIR spectra 
ranging from 3402 to 3436 cm−1, from 2800 to 3000 cm−1, 
from 1610 to 1640 cm−1, and near 1420 cm−1 correspond 
to the stretching of the N–H bond of amino groups and the 
O–H bond of phenolic groups (Fu et al. 2016), C-H vibra-
tions in aromatics (Singh and Srivastava 2020), C = O in the 
amide I band and C = C in aromatic rings (Chen et al. 2018), 
C-O asymmetric stretching carboxylic moieties (Bai et al. 
2017). Before antibiotic adsorption, MAC mainly contained 
hydroxyl, carboxyl, amine and aliphatic CH, MM and LM 
mainly contained amine, carboxyl, and aliphatic CH, and 
SPM only contained hydroxyl, amine. This indicated that 
the functional group types on sediment aggregation fraction 
surface were fraction size-dependent.

Some bands in the FTIR spectra of all sediment aggre-
gation fractions changed after adsorption CPX and OFL. 
With regard to all sediment aggregation fractions, the 
intensities of the bands at 3402 to 3436 cm−1 and 1610 to 
1640 cm−1 all increased. These results indicated that the 
bands of O–H, N–H, C = O and C = C in four sediment 

aggregation fractions were involved in the binding of 
CPX and OFL. The N–H and O–H on the surface of sedi-
ment aggregation fractions were π-electron-donor groups, 
and C = C was π-electron-acceptor group. Similarly, the 
molecular of two antibiotics has benzene ring and C = C 
with π-electron-acceptor groups, N–H with π-electron-
donor group. Therefore, the sorption of two antibiotics 
by all fractions of sediment might be through π-π elec-
tron-donor–acceptor interactions. Duan et al. (2019) had 
reported that the O–H and N–H on the surface of sediment 
could provide a binding site for fluoroquinolones adsorp-
tion via π-π interaction. There are two C = O bands in the 
structure of two antibiotics, which are easily from hydro-
gen bonds with -COOH and O–H and N–H of sediment 
aggregation fractions. Thus, all sediment aggregation frac-
tions adsorption might also adsorb CPX and OFL through 
forming hydrogen bonding. In previous study, hydrogen 
bonds were reported to readily form in the hydroxyl groups 
on the adsorbent surface (Jing et al. 2014). The character-
istic band intensity of the MAC located at 1420 becomes 
stronger after adsorption of OFL, but disappeared after 
CPX adsorption (Zhao et al. 2019). This indicated that 
functional groups in the MAC were more likely to be com-
plexed with carboxyl groups in CPX, and carboxyl groups 
in MAC were able to complex with amine groups in CPX.

Fig. 7   Fourier transform infra-
red spectra of four sediment 
aggregate 669 fractions before 
antibiotic adsorption (original) 
and after ciprofloxacin (CPX) 
and ofloxacin (OFL) adsorp-
tion (SPM: small and primary 
microaggregation, MM: 
medium microaggregation, LM: 
large microaggregation, MAC: 
microaggregation)
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Conclusion

This study showed that the adsorption behaviors of sedi-
ments to fluoroquinolones antibiotics were depended on 
sediment aggregation fraction and antibiotic type. Com-
pared with the small sediment aggregation fraction, MAC 
had the stronger adsorption capacity to two fluoroquinolone 
antibiotics. While the adsorption of four sediment aggrega-
tion fractions to CPX and OFL, irrespective their fraction 
sizes, fitted the Freundlich model. The adsorption processes 
of sediment aggregation fractions to both CPX and OFL 
were dominated by chemical processes. Physicochemical 
properties of sediment aggregation (such as TOC, BET and 
CEC) contributed to the adsorption of CPX and OFL. EEM-
PARAFAC and FTIR analysis shows that the organic mat-
ter on the surface of sediment could complexed with two 
antibiotics by π-π electron-donor–acceptor interactions and 
forming hydrogen bonding. Moreover, four sediment aggre-
gation fractions were better affinity for CPX than OFL, and 
the functional groups in MAC were more likely to be com-
plexed with carboxyl groups in CPX. This finding enhanced 
our understanding of migration and transport processes of 
antibiotics in aquatic sediment. More studies are needed to 
focus on predicting antibiotic migration in aquatic sediment.
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