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Adsorption  mechanism  of  flumequine  onto  kaolinite:  Evidence  from
density functional theory calculations and the effects of Cu(II)
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Abstract: Flumequine (FLU) is widely applied in animal husbandry and can enter sediment and groundwa-
ter systems. However, the adsorption mechanisms of FLU onto clay minerals remain unclear. Density Func-
tional Theory (DFT) calculations were employed to elucidate the adsorption mechanism of FLU onto kaoli-
nite,  and  batch  adsorption  experiments  were  conducted  to  investigate  the  adsorption  behavior  of  FLU.
Results  of  DFT  calculations  demonstrated  that  the  carboxyl  group  of  FLU  interacted  with  the  hydroxyl
groups on the kaolinite (001) surface via hydrogen bonding and electrostatic interactions,  which were the
main adsorption mechanisms. The adsorption of FLU onto kaolinite exhibited pH dependence, due to pH-
induced variations in both the speciation of FLU and the surface charge of kaolinite.  Ionic strength nega-
tively  affected  FLU  adsorption  because  NaCl  could  decrease  the  activity  of  FLU,  and  Cl− could  also
compete for the adsorption sites with FLU−. With the addition of Cu(II), the species Cu(FLU−)+ was formed,
and it had stronger adsorption affinity for kaolinite than FLU. However, Cu2+ could compete for adsorption
sites with Cu(FLU−)+. Therefore, the molar concentration difference between Cu(FLU−)+ and Cu2+ played a
crucial role in FLU adsorption. When the ratio of this difference in the binary systems to the adsorbed FLU
in  the  single  system exceeded  1.0,  Cu(II)  addition  significantly  enhanced  FLU adsorption  onto  kaolinite;
otherwise,  it  inhibited  adsorption.  Our  findings  indicate  that  hydrogeochemical  conditions  and  coexisting
heavy metal ions should be considered when studying the environmental fate of quinolone antibiotics.

Keywords: Flumequine; Kaolinite; Adsorption  mechanism; Density  functional  theory; pH  and  ionic
strength; Coexisting Cu(II)
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 Introduction

Flumequine  (FLU)  is  a  synthetic  first-generation
quinolone  antibiotic  that  has  been  widely  used  in
animal  feeding  for  treating  bacterial  infections

(Zhao  et  al.,  2023).  Furthermore,  FLU  is  directly
added in large quantities into water as a feed addi-
tive  in  aquaculture  (Xue  et  al.,  2022).  Due  to
extensive  usage  and  its  resistance  to  degradation,
FLU  has  been  ubiquitously  detected  in  surface
water, sediments,  and  groundwater  at  concentra-
tions  ranging  from  ng/L  to  μg/L  (Zainab  et  al.,
2021).  FLU  released  into  the  environment  might
induce  drug  resistance  of  microorganisms  and
cause  a  potential  threat  to  human  health.  The
adsorption of FLU is a crucial process affecting its
environmental  fate  and  bio-accumulation.  How-
ever,  studies  concerning  the  adsorption  behaviors
and mechanisms of FLU are relatively limited.

At  present,  numerous  experiments  have  been
conducted to investigate the adsorption and migra-

 
 
*Corresponding  author:  Er-ping  Bi, E-mail  address: bi@cugb.
edu.cn
+: These authors contributed equally to this work.
DOI: 10.26599/JGSE.2026.9280090
Li  YD,  Li  BB,  Zhang  D,  et  al.  2026. Adsorption  mechanism  of
flumequine onto kaolinite: Evidence from density functional theory
calculations  and  the  effects  of  Cu(II).  Journal  of  Groundwater
Science and Engineering, 14(4): 478-492.

2305-7068/©  2026  Journal  of  Groundwater  Science  and  Engineering  Editorial
Office　This  is  an  open  access  article  under  the  CC BY-NC-ND license  (http://
creativecommons.org/licenses/by-nc-nd/4.0)
 

Journal of Groundwater Science and Engineering    14(2026) 478−492

478 http://gwse.iheg.org.cn

http://gwse.iheg.org.cn
mailto:bi@cugb.edu.cn
mailto:bi@cugb.edu.cn
https://doi.org/10.26599/JGSE.2026.9280090
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://creativecommons.org/licenses/by-nc-nd/4.0
http://www.gwse.iheg.org.cn


tion patterns of antibiotics onto soils (Wang et al.,
2023; Xu  et  al.,  2021b),  clay  minerals  (Ortiz-
Ramos  et  al.,  2022)  and  humic  acids  (Hu  et  al.,
2025).  The  results  of  these  studies  indicate  that
antibiotics can  be  adsorbed  onto  various  adsor-
bents  through  electrostatic  attraction,  hydrogen
bonding, hydrophobic interaction, cation exchange
and  surface  complexation  (Haciosmanoglu  et  al.,
2022; Zhao et al., 2023). The adsorption behaviors
of antibiotics  are  influenced by temperature,  solu-
tion  pH,  ionic  strength,  the  co-existence  of  heavy
metals,  dissolved  organic  matter,  and  so  on
(Alvarez-Esmorís et al.,  2021). The solution pH is
a significant parameter affecting adsorption due to
the  pH-dependent  speciation  of  antibiotics  and
charge  characteristics  of  soils/mineral  surfaces
(Maged et  al.,  2020).  Ionic  strength  can indirectly
promote the adsorption of antibiotics through salt-
ing out effects (Haciosmanoglu et al., 2022), while
it can inhibit adsorption by competing with antibi-
otics  for  adsorption  sites  (Wang et  al.,  2025),  and
reducing the activity of antibiotics (Gao and Peder-
sen,  2005).  In  addition,  in  soil  and  groundwater
systems,  antibiotics  often  coexist  with  heavy
metals  (e.g.,  Cu(II),  Cd(II),  Zn(II)).  It  has  been
shown that  heavy  metals  can  enhance  the  adsorp-
tion of  antibiotics  through surface bridging (Ke et
al.,  2023)  and  complexation  (Wang  et  al.,  2023).
For example, Cd(II) can enhance the adsorption of
sulfamethazine  onto  activated  carbon  due  to  the
formation  of  a  sulfamethazine-Cd(II)  ternary
surface complex (Xu et al., 2021a). Meanwhile, Xu
et al. (2021b) found that Cu(II) inhibits the adsorp-
tion  of  sulfadiazine  onto  paddy  soil  by  inducing
the precipitation of  soil  minerals.  Yu et  al.  (2020)
reported  that  in  the  binary  system,  Cd(II)  and
Pb(II) can reduce the adsorption of levofloxacin by
competing for adsorption sites. However, there is a
lack  of  research  on  the  adsorption  mechanisms  of
FLU onto clay minerals, and insufficient investiga-
tion into the effects of different hydrogeochemical
environments  on  FLU  adsorption  behaviors.
Notably,  in  the  presence  of  Cu(II),  the  influences
of  Cu(II)  concentration  on  FLU  adsorption  onto
clay minerals at different pH remain unclear.

Therefore,  kaolinite  was  selected  as  a  typical
clay mineral  to  investigate  its  adsorption  mecha-
nisms  for  FLU  in  this  study.  The  objectives  were
to: (i) investigate the adsorption behaviors of FLU
onto  kaolinite  at  different  pH  and  ionic  strengths;
(ⅱ)  clarify  the  adsorption  mechanisms  of  FLU
onto  kaolinite  using  density  functional  theory
(DFT); and (ⅲ) study the effects of Cu(II) concen-
tration  on  the  adsorption  of  FLU  onto  kaolinite
based on the complexation of FLU and Cu(II). The

findings can be helpful for understanding the trans-
port of FLU in environments.

 1  Materials and methods

 1.1 Materials

The  kaolinite  (chemical  reagent  grade)  was
obtained  from  Tianjin  Fuchen  Chemical  Reagents
Factory,  China,  and  was  used  without  further
purification.  The  cation  exchange  capacity  (13.0
mmol/kg) of kaolinite was determined at pH 7.0 by
the  NH4OAC method  (Borden  and  Giese,  2001).
The  N2-BET  specific  surface  area  (Micromeritics
ASAP  2046,  Norcross,  Georgia,  USA)  of  the
kaolinite  is  64.5  m2/g.  FLU  (98% purity)  was
purchased from J&K Beijing, China. The structure
and physicochemical properties of FLU are shown
in  Table  S1.  Anhydrous  cupric  chloride  (CuCl2,
purity  99%)  as  well  as  other  chemicals  such  as
NaCl,  NaOH,  HCl,  KH2PO4,  and  H3PO4 were
obtained  from  Sinopharm  Chemical  Reagent
Beijing,  China.  Methanol  was  HPLC  grade,  and
Milli-Q water  was  used  throughout  the  experi-
ments.

 1.2 Adsorption and  desorption   experi-
ments

The solubility of FLU varies with pH; a higher pH
value  results  in  higher  solubility  (Khandal  et  al.,
1991).  In  our  research,  FLU  (100  mg/L)  was
dissolved  in  solution  with  0.001  M  NaOH  as  a
stock  solution,  which  was  stored  at  4°C  and  used
within  a  week.  Both  adsorption  and  desorption
experiments were conducted in triplicate using the
standard batch equilibration method. All the exper-
iments  were  carried  out  in  20-mL  brown  glass
centrifuge tubes with Teflon-lined screw caps. For
each  sample,  0.10  g  of  kaolinite  was  dispersed  in
20  mL  FLU  solution  and  mixed  on  a  reciprocal
shaker  at  175  rpm  at  25°C  in  the  dark  to  avoid
photolysis.  The  background  solution  was  0.01  M
NaCl unless otherwise stated.

The  concentration  of  FLU  detected  in  the
groundwater of urban-rural areas ranged from 0.01
ng/L to  4.85  ng/L (Zainab et  al.,  2021),  while  the
concentration of Cu(II) detected in groundwater of
the  same region  was  in  the  range  of  0–6.28  mg/L
(Khalid et al.,  2020). Clearly, the concentration of
Cu(II)  in  groundwater  is  higher  than  that  of  FLU.
To simulate the co-existence scenario in real envi-
ronments,  several  molar  concentration  ratios  of
FLU  to  Cu(II)  (1.3:1,  1:1.5,  1:3,  and  1:10)  were
selected.
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The  experiments  on  kinetics  of  FLU  (0.065
mM)  adsorption  onto  kaolinite  with  and  without
0.05/0.20  mM  Cu(II)  at  initial  pH  6.0  ±  0.1  were
conducted.  The  samples  were  taken  from  the
shaker  at  time  intervals  of  0.5,  1.0,  2.0,  4.0,  6.0,
16.0,  24.0,  and  48.0  h.  After  the  experiments,  the
concentrations of  FLU  and  Cu(II)  in  the  super-
natant  were  analyzed,  and  the  final  pH  was
measured.  The  FLU  (0.014  mM  to  0.07  mM)
experiments  with/without  0.10  mM  Cu(II)  for
adsorption isotherms were  performed at  initial  pH
6.0 ± 0.1 and 9.0 ± 0.1, respectively.

The  effects  of  pH  and  ionic  strength  on  the
adsorption of  FLU  onto  kaolinite  were  investi-
gated  through  batch  adsorption  edge  experiments
conducted in  0.001,  0.01,  and  0.10  M  NaCl  solu-
tions,  respectively.  The  initial  concentration  of
FLU was 0.07 mM. The initial pH ranged from 4.0
to  11.0.  The  effects  of  Cu(II)  on  FLU  adsorption
onto kaolinite  at  different  pH values  were investi-
gated. In brief, initial pH values (4.0–11.0) of 0.07
mM  FLU  solutions  with/without  0.05,  0.10,  and
0.20 mM Cu(II) were adjusted by 0.10 M HCl and
NaOH. For  desorption  experiments,  the  super-
natant  at  pH  7.0  ±  0.1  was  removed  after  the
isothermal adsorption experiments, and the volume
was measured  by  the  weighing  method.  Subse-
quently,  20  mL  of  0.01  M  NaCl  solution
with/without  Cu(II)  was  added.  Then,  the  tubes
were  resealed  and  agitated  for  48  h,  and  three
sequential  desorption  steps  were  performed.  After
each experiment was completed, the FLU concen-
tration  in  the  supernatant  was  analyzed  and  the
final pH was measured immediately.

 1.3 Analytical methods

FLU  was  analyzed  by  high  performance  liquid
chromatography  (HPLC,  Shimadzu  Corp,  LC-
20AT,  Japan)  equipped  with  an  InterSustainSwift
C18 column (5  μm,  4.6  mm × 250 mm).  The UV
detector  wavelength  was  set  at  248  nm,  and  the
mobile  phases  were  60:40  (v:v)  of  methanol  and
Milli-Q water with 0.1% H3PO4; the flow rate was
0.8 mL/min. The column was kept at 30 °C and the
injection volume was 10 μL.

 1.4 Data analysis

The  amount  of  FLU  adsorbed  onto  kaolinite  was
calculated by Eq. (1).

qt =
(C0−Ct)v

m
(1)

Where: C0 (mM)  is  the  initial  concentration  of
FLU, Ct (mM)  is  the  aqueous  concentration  of

FLU at  time t,  and qt (mmol/kg)  is  the  amount  of
FLU adsorbed onto kaolinite at time t.

The  adsorption  kinetic  data  of  FLU  were
described by the Pseudo-First-Order kinetic Model
(PFOM)  (Eq.  2)  and  the  Pseudo-Second-Order
kinetic Model (PSOM) (Eq. 3).

qt = qe(1− e−k1t) (2)

qt =
k2q2

et
1+ k2qet

(3)

Where: qe (mmol/kg) is the equilibrium adsorption
capacity of FLU, k1 (h−1) and k2 [kg/(mmol·h)] are
the rate  constants  of  PFOM  and  PSOM,  respec-
tively.

The linear (Eq. 4), Freundlich (Eq. 5) and Lang-
muir  (Eq.  6)  models  were  used  to  fit  equilibrium
adsorption data.

qe = KdCe (4)

lnqe = ln KF +n lnCe (5)

qe =
KLqmCe

1+KLCe
(6)

Where: Kd (L/kg)  is  the  distribution  coefficient  of
the  solid/liquid  ratio, KF ([(mmol/kg)/(mM)n])  and
n are  the  constants  that  give  estimates  of  the
adsorptive  capacity  and  intensity, qm (mmol/kg)
represents  the  maximum  adsorption  capacity  and
KL (L/mmol) is the Langmuir equilibrium constant,
and Ce (mM) is  the mass concentration of FLU in
the liquid phase.

 1.5 DFT calculation

The (001)  crystal  plane  is  the  most  easily  cleaved
and  major  cleavage  plane  of  kaolinite  (Han  et  al.,
2016).  Cleavage  of  kaolinite  crystals  along  the
(001)  plane  exposes  siloxane  and  aluminol
hydroxyl  surfaces  (Han  et  al.,  2016).  Previous
studies  have  shown  that  the  aluminol  hydroxyl
surface is  more  polar,  richer  in  hydroxyl  func-
tional  groups,  and  exhibits  significantly  stronger
adsorption capacity  for  pollutants  than  the  silox-
ane  surface  (Zhao  et  al.,  2022).  Therefore,  the
aluminol  hydroxyl  surface  of  kaolinite  (001)  was
selected as the research object for molecular simu-
lations  in  this  study,  hereinafter  referred  to  as  the
kaolinite  (001)  surface.  The  Density  Functional
Theory  (DFT)  calculations  were  carried  out  with
the  VASP  code  (Pantaleone  et  al.,  2020).  The
Perdew–Burke–Ernzerhof (PBE) functional within
the  Generalized  Gradient  Approximation  (GGA)
was  used  to  process  the  exchange–correlation,
while  the  Projector  Augmented-Wave pseudopo-
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tential  (PAW)  was  applied  with  a  kinetic  energy
cut-off  of  500  eV,  and  utilized  to  describe  the
expansion  of  the  electronic  eigenfunctions.  The
periodic supercell  (2 × 2 × 1) slab with a vacuum
thickness of 15 Å was used to describe the kaolin-
ite (001)  surface  to  minimize  interlayer  interac-
tions (Fig. S1). The Brillouin-zone integration was
sampled  by  a  Γ-centered  3  ×  3  ×  1  Monkhorst–
Pack  k-point.  All  atomic  positions  were  fully
relaxed  until  energy  and  force  reached  tolerances
of  1  ×  10−5 eV  and  0.02  eV/Å,  respectively.  The
dispersion-corrected  DFT-D3  method  was
employed  to  consider  the  long-range  interactions
(Deogratias et al., 2023).

In order to study the adsorption of FLU onto the
kaolinite  (001)  surface,  three  possible  adsorption
configurations  were  considered,  namely  the
carbonyl  group,  carboxyl  group,  and  F  group  of
FLU oriented  towards  the  kaolinite  (001)  surface.
In  the  following  text,  they  are  denoted  as  KAO-
CO, KAO-COOH, and KAO-F adsorption configu-
rations,  respectively.  These  configurations  were
geometry-optimized, following  which  the  adsorp-
tion energy (Eads) and the charge density difference
were calculated by Eq. (7) and Eq. (8).

Eads = Etotal− (Esur f ace+EFLU) (7)

∆ρ = ρtotal− (ρsur f ace+ρFLU) (8)

Etotal Esur f ace EFLU

ρtotal ρsur f ace ρFLU

Where: ,  and  are  the  energies  of
the  whole  adsorption  configuration,  the  kaolinite
(001) surface, and the FLU molecule, respectively;
and ,  and  are  the charge densities
of the  whole  adsorption  configuration,  the  kaolin-
ite (001)  surface,  and  the  FLU  molecule,  respec-
tively.

 2  Results and discussion

 2.1 Adsorption kinetics

The FLU adsorption onto kaolinite (Fig. 1a) could
be divided into two stages, namely the initial rapid
adsorption  stage  and  the  later  slow  adsorption
equilibrium  stage.  Within  the  first  6  h,  because
there  were  a  large  number  of  adsorption  sites  on
the  surface  of  kaolinite,  FLU was  easily  adsorbed
onto  kaolinite.  The  adsorption  quantity  accounted
for  approximately  80.8% of  the  total  equilibrium
capacity at the first 6 h. As the experiments contin-
ued, the adsorption sites  gradually reached satura-
tion, causing the adsorption rate to slow down, and
finally  reach  equilibrium at  48  h.  The  PFOM and
PSOM were used to fit the adsorption kinetic data
of FLU onto kaolinite (Table S2), with the PSOM
providing a better fit to the experimental data.

The  presence  of  Cu(II)  significantly  influenced
the FLU  adsorption  equilibrium  time  and  adsorp-
tion  capacity.  In  the  FLU  and  Cu(II)  binary
system,  FLU  reached  adsorption  equilibrium  at
about  10  h.  At  the  same  time,  the  equilibrium
adsorption  capacity  also  changed.  The  total
adsorbed  FLU  (FLU  and  FLU-Cu(II)  complexes)
increased with the addition of 0.05 mM Cu(II), but
decreased  with  the  addition  of  0.20  mM  Cu(II).
After 24 h, the adsorption amount of FLU was 3.73
mmol/kg. However,  when 0.05 mM and 0.20 mM
Cu(II)  were  added,  the  adsorption  amounts  were
5.51 mmol/kg and 3.07 mmol/kg, respectively. The
reason  was  that  excessive  Cu(II)  (i.e.,  0.20  mM)
would  compete  for  adsorption  sites  with  FLU-
Cu(II)  complexes.  This  phenomenon  is  similar  to
the coexistence of ofloxacin and Cu(II) adsorption
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Fig. 1 The  adsorption  kinetics  of  FLU  and  Cu(II)  onto  kaolinite  (final  solution  pH  5.4  ±  0.1)  (a)  FLU  (0.065
mM) with/without 0.05 and 0.20 mM Cu(II); (b) Cu(II) (initial concentration 0.20 mM) with/without 0.065 mM
FLU
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onto kaolinite (Li et al., 2017) and the coexistence
of  ciprofloxacin  and  Cu(II)  adsorption  onto
graphene  hydrogels  (Ma  et  al.,  2020),  indicating
that  the  antibiotic  adsorption  capacity  is  closely
related to the concentration of Cu(II).

Cu(II)  addition  significantly  changed  the  shape
of  the  kinetics  curve of  FLU adsorption (Fig.  1a).
When  FLU  coexisted  with  Cu(II),  the  amount  of
FLU adsorbed onto kaolinite  decreased within  the
first 8 h, which might be due to desorption (Guaita
et  al.,  2011),  and  then  FLU  reached  adsorption
equilibrium at  10  h.  Therefore,  neither  the  PFOM
nor  the  PSOM  was  applicable  to  the  adsorption
kinetic data of  the FLU and Cu(II)  binary system.
Furthermore, FLU also promoted the adsorption of
Cu(II)  onto  kaolinite  (Fig.  1b).  After  48  h,  the
Cu(II)  adsorption  amount  increased  from  2.21
mmol/kg  to  4.96  mmol/kg,  suggesting  that  the
affinity of FLU-Cu(II) complexes for kaolinite was
stronger than that of Cu(II) ions.

 2.2 Adsorption isotherms

The dissociation constant (pKa) of FLU is 6.35. At
pH 5.4, FLU primarily exists in the form of FLU0,
and at pH 7.8 it primarily exists as FLU−. Adsorp-
tion  isotherm  experiments  of  the  FLU  single

system and the FLU and Cu(II) binary system were
conducted  with  the  final  solution  pH of  5.4  ±  0.1
and 7.8 ± 0.1.

When  FLU  acted  as  the  adsorbate,  the  linear
model provided  the  best  fit  under  both  pH  condi-
tions  (Fig.  2, Table  1).  The Kd values  of  FLU
adsorbed onto kaolinite  at  pH 5.4 ± 0.1 and 7.8 ±
0.1 were 105.19 L/kg and 6.23 L/kg, respectively.
The decreased adsorption resulted from the electro-
static  repulsion  that  occurred  between  FLU− and
the  negatively  charged kaolinite  surface  at  pH 7.8
± 0.1. When FLU (0.014–0.07 mM) coexisted with
0.10 mM Cu(II),  all  three  isotherm models  exhib-
ited  excellent  fitting  results.  At  pH  5.4  ±  0.1,  the
participation  of  Cu(II)  inhibited  the  adsorption  of
FLU  onto  kaolinite  (Fig.  2a),  and  the Kd value
decreased  from 105.19  L/kg  to  63.79  L/kg  due  to
excessive Cu(II) competing for adsorption sites. At
pH 7.8 ± 0.1, Cu(II) instead promoted the adsorp-
tion  of  FLU (Fig.  2b),  and  the Kd value  increased
from  6.23  L/kg  to  144.66  L/kg  since  excessive
Cu(II) existed as Cu(OH)2 and did not compete for
adsorption  sites  with  FLU-Cu(II)  complexes.  This
is  similar  to  the  phenomenon  that  tetracycline
could  tightly  bind  with  adsorbents  through
complexation  with  Cu(II),  greatly  enhancing  its
adsorption (Xiong et al., 2024).
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Fig. 2 Adsorption isotherm fitting curves of FLU with/without 0.10 mM Cu(II)  under different final  pH condi-
tions ((a) pH 5.4 ± 0.1; (b) pH 7.8 ± 0.1)
 

Table 1 Fitting parameters of isotherm models of FLU with/without 0.10 mM Cu(II)

pH Adsorbates
Linear Freundlich Langmuir

Kd
(1) R 2 KF

(2) n R 2 qm KL
(3) R 2

5.4 FLU 105.19 0.97 23.16 0.54 0.99 7.79 27.98 0.99
FLU+Cu(II) 63.79 0.99 20.71 0.66 0.99 5.76 17.16 0.98

7.8 FLU 6.23 0.84 1.48 0.51 0.60 1.15 9.11 0.18
FLU+Cu(II) 144.66 0.99 81.69 0.84 0.98 9.35 32.17 0.95

Notes: (1) the unit is L/kg; (2) the unit is (mmol/kg)/(mM)n; and (3) the unit is L/mmol
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 2.3 Effects of pH and ionic strength

 2.3.1    Effect of solution pH

The  solution  pH  has  an  impact  on  the  surface
charge  of  minerals  and  the  existence  forms  of
antibiotics  in  solutions  (Alvarez-Esmorís  et  al.,
2021).  The  zeta  potential  of  kaolinite  used  in  this
study had been measured in our previous research,
which  showed  that  the  kaolinite  became  more
negatively  charged  with  increasing  pH  (Li  et  al.,
2017).  At  pH  < pKa (6.35),  FLU0 is  the  major
species. As the pH value increases, carboxyl group
dissociates,  and  the  proportion  of  FLU0 gradually
decreases, while the proportion of FLU− increases.
Therefore,  the  adsorption  mechanism  between
FLU and kaolinite might be different under differ-
ent pH conditions.

The  adsorption  of  FLU  onto  kaolinite  was
strongly  influenced  by  the  solution  pH  (Fig.  3).
When  the  solution  pH  was  in  the  range  of  4.0  to
6.0,  the qe increased with increasing pH. At about
pH  6.0,  the qe reached  a  maximum  of  4.10
mmol/kg  in  0.01  M  NaCl  solution.  At  pH  >  6.0,
and the qe decreased with increasing pH; the qe was
0.01 mmol/kg in 0.01 M NaCl solution at pH 8.95;
the adsorption of FLU was almost not observed at
pH 10.0. The change in the adsorption behavior of
FLU onto kaolinite with pH is the same as that of
nalidixic  acid,  which  reached  the  maximum
adsorption amount at pH around pKa (Cheng et al.,
2023).  This  phenomenon  is  related  to  the  species
of  FLU  and  the  surface  properties  of  kaolinite
varying with pH.
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Fig. 3 The  adsorption  amount  of  FLU onto  kaolinite
with different NaCl concentrations
 

The  FLU  species  distribution  curves  under
different  pH  conditions  are  illustrated  in Fig.  3.
Previous studies showed that there were two types
of adsorption sites on the kaolinite surface, includ-
ing  the  permanent  negatively  charged  sites  on  the

⇔
⇔

basal  siloxane  surface  and  the  variable  charged
sites  on  the  edge  (Nguyen  et  al.,  2023). Nonspe-
cific  ion  exchange  reaction  occurred  on  the  basal
siloxane surface,  and  surface  complexation  reac-
tions occurred on the edge sites (Zhao et al., 2015).
The  edge  of  the  kaolinite  contained  Si  hydroxyl
group (SiOH) and Al hydroxyl group (AlOH), the
increasing  dissociation  of  SiOH  with  pH  led  to
enhanced  electronegativity  of  the  kaolinite.  The
pKa1 of the AlOH on the edge of the kaolinite was
6.30 (AlOH+H+ AlOH2

+),  and the pKa2 was 8.70
(AlOH AlO−+H+).  It  was  reported  that  the
–COOH/–COO− of  fluoroquinolones  could  be
adsorbed  onto  kaolinite  by  hydrogen  bonding
(Zhao et al., 2015).

At  pH  <  6.0,  FLU0 was  the  main  species;  it
could be  adsorbed  onto  kaolinite  through  hydro-
gen  bonding  and  hydrophobic  interaction,  and
FLU− could  also  be  adsorbed  onto  kaolinite  by
electrostatic attraction with the AlOH2

+. At pH 6.0,
the proportions of FLU0 and FLU− were 61.3% and
38.7%, respectively; the AlOH with a pKa1 of 6.30
was  mainly  in  the  forms  of  AlOH  and  AlOH2

+.
Consequently,  the  maximum qe of  FLU  was
observed.  With  increasing  pH,  the  proportion  of
AlOH2

+ decreased,  while  the  proportions  of  SiO−,
AlO− and  FLU− increased,  causing  hydrophobic
interaction to weaken and electrostatic repulsion to
increase. The adsorption affinity of FLU for kaoli-
nite  weakened  as  the  solution  pH  increased  from
6.0 to 11.0.
 2.3.2    Effect of ionic strength

With  increasing  ionic  strength,  the qe obviously
decreased (Fig. 3). At pH 4.5, FLU0 was the main
species;  the qe values  were  3.63,  2.88  and  2.10
mmol/kg for the ionic strengths of 0.001, 0.01 and
0.10  M,  respectively.  There  was  no  competitive
adsorption of Cl− or Na+ with FLU0,  the inhibitory
effect  on  adsorption  might  be  caused  by  the
restrained  activity  of  FLU0 in  the  solution  with
high ionic  strength.  At  pH 7.0,  the  percentages  of
FLU0 and FLU− were 13.72% and 86.31%, and the
qe values  of  FLU  adsorption  onto  kaolinite  were
2.86 mmol/kg, 2.37 mmol/kg and 1.68 mmol/kg at
0.001,  0.01  and  0.10  M  NaCl,  respectively.  The
adsorption  ability  of  FLU− onto  kaolinite  was
suppressed  since  the  high  concentration  of  NaCl
weakened  the  activity  of  FLU  and  the  increasing
Cl− also competed for  adsorption sites  with FLU−.
At pH > 7.0, the inhibitory effect of ionic strength
on  the  adsorption  of  FLU  was  weakened.  This  is
because the current acid-base condition of the solu-
tion led to a decrease in the dissociated AlOH2

+ on
the kaolinite,  and an increase in AlO−,  making the
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competitive  adsorption  of  Cl− diminish. In  conse-
quence, with increasing ionic strength, the adsorp-
tion of FLU onto kaolinite decreased. This result is
different  from  the  adsorption  of  ciprofloxacin,  in
which  ionic  strength  promoted  the  adsorption  of
ciprofloxacin onto goethite.  This phenomenon can
be  explained  by  Cl− shielding  the  surface  charge
and compressing the electrical double layer (Luo et
al., 2024).

The effect of ionic strength on the adsorption of
organic pollutants  was  also  used  to  provide  infor-
mation  on  surface  complexation.  A  restraining
effect  of  ionic  strength on adsorption indicated an
outer-sphere  surface  complexation  mechanism
(Chassé  et  al.,  2015).  The  adsorption  amount  of
FLU  decreased  with  increasing  ionic  strength  in
the final  pH range of  4.2 to  10.5,  which indicated
that the complexation of -COO− with kaolinite was
not the  main  mechanism,  but  rather  the  electro-
static  attraction  of  FLU− was  the  main  adsorption
mechanism to kaolinite.

 2.4 DFT analysis  of  adsorption  mecha-
nisms

DFT calculations  were  used  to  verify  the  mecha-
nisms  of  FLU  adsorption  onto  kaolinite  at  the
molecular  level.  The  three  optimized  adsorption
configurations  are  shown in Fig.  4, and  the  bond-
ing  atoms  and  bond  lengths  in  each  configuration
are  summarized  in  Table  S3.  In  the  KAO-CO
configuration, the carbonyl group of FLU formed a
hydrogen  bond  with  the  surface  hydroxyl  groups,

with a bond length of 1.83 Å. Under this condition,
since the  carboxyl  group of  FLU was close  to  the
carbonyl  group,  the  carboxyl  group  was  also
exposed  to  the  surface  hydroxyl  groups,  forming
another hydrogen bond with a bond length of 1.88
Å (Fig. 4a). In the KAO-COOH configuration, the
carboxyl group of FLU could form three hydrogen
bonds with the surface hydroxyl groups, with bond
lengths of  1.75  Å,  1.96  Å,  and  1.98  Å,  respec-
tively.  Additionally,  the  carbonyl  group  also
formed a hydrogen bond with the surface hydroxyl
groups (Fig.  4b).  In the KAO-F configuration,  the
F group of FLU was far from the hydroxyl groups
of the  kaolinite  (001)  surface,  and  thus  no  hydro-
gen bonds were formed (Fig. 4c). Generally speak-
ing,  the  shorter  the  bond  length,  the  stronger  the
bonding strength (Zhang et al.,  2021). In addition,
the  Crystal  Orbital  Hamiltonian  Population
(COHP)  was  also  a  powerful  tool  for  measuring
bonding  strength.  The  integral  of  COHP from the
lowest energy state to the Fermi level was defined
as ICOHP.  The  more  negative  the ICOHP value,
the  stronger  the  bonding  interaction  between
atomic pairs, and the greater the contribution to the
stability  of  the  system  (George  et  al.,  2022).  The
graphs  of  the  variation  of  COHP  with  energy  of
each hydrogen  bond  formed  in  the  three  adsorp-
tion  configurations,  as  well  as  the ICOHP values,
are provided in the Supplementary Materials (Figs.
S2-S4, Table S3). The number of atoms mentioned
here were all derived from the POSCAR input file.
For the KAO-F adsorption configuration, the clos-
est H11…F atomic pair was selected for analysis.
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Fig. 4 Three optimized configurations of FLU adsorption onto kaolinite (001) surface
Notes: (a): KAO-CO; (b): KAO-COOH; (c): KAO-F
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It  was found that  the ICOHP value of the hydro-
gen  bond  between  the  carboxyl  O38 atom  of  FLU
and the hydroxyl H16 atom on the kaolinite surface
was the smallest, indicating that the hydrogen bond
interaction between the carboxyl group of FLU and
the hydroxyl group of kaolinite was the strongest.

Apart  from  hydrogen  bonding,  there  were  also
electrostatic  interactions  between  FLU  and  the
kaolinite  (001)  surface  (Fig.  5). The  charge  accu-
mulation and depletion were represented by yellow
and  light  blue,  respectively.  In  the  interaction
region  between  FLU  and  the  kaolinite  (001)
surface,  the  charge  densities  of  surface  H  atoms
decreased  (charge  depletion),  while  the  charge
densities  of  O  and  F  atoms  of  FLU  increased
(charge  accumulation).  In  other  words,  from  a
local  perspective,  charge  was  transferred  from the
H  atoms  on  the  kaolinite  surface  to  the  O  and  F

atoms of FLU, which reflected the bonding interac-
tions  between  specific  atoms  (Zhao  et  al.,  2025).
By  calculating  the  gain  and  loss  of  Bader  charge
for each atom in the adsorption configurations, the
direction  and  magnitude  of  charge  transfer  could
be understood from a holistic perspective. A posi-
tive change of Bader charge indicated that the atom
had gained electrons, while a negative change indi-
cated  that  it  had  lost  electrons  (Table  2).  It  was
found that charge was transferred from FLU to the
kaolinite surface in all  three adsorption configura-
tions,  among  which  the  KAO-COOH configura-
tion  exhibited  the  largest  charge  transfer  amount,
which  was  0.033  e.  This  seemingly  contradictory
phenomenon might be related to the fact that local
charge  transfer  can  induce  charge  redistribution
within the kaolinite  surface and FLU (Zhao et  al.,
2025).

 

(a) (b) (c)

ba

c

ba

c

ba

c

 

Fig. 5 The charge density difference diagrams of three adsorption configurations
Notes: (a): KAO-CO; (b): KAO-COOH; (c): KAO-F

 

Table 2 The average Bader charge and the amount of charge change of each atom in the three adsorption config-
urations

Items
Charge △Charge
KAO-CO KAO-COOH KAO-F KAO-CO KAO-COOH KAO-F

Al(1) 0.511 0.512 0.511 −2.489 −2.488 −2.489

Si(1) 0.816 0.816 0.816 −3.184 −3.184 −3.184

O(1) 7.531 7.534 7.527 1.531 1.534 1.527

H(1) 0.392 0.385 0.400 −0.608 −0.615 −0.600

C(2) 3.726 3.721 3.730 −0.277 −0.278 −0.270

N(2) 6.200 6.190 6.190 1.200 1.190 1.190

F(2) 7.640 7.630 7.670 0.640 0.630 0.670

O(2) 7.138 7.149 7.119 1.138 1.149 1.119

H(2) 0.879 0.883 0.880 −0.121 −0.117 −0.120

Q(3) − − − 0.031 0.033 0.002
Notes: (1) the atoms of the kaolinite (001) surface; (2) the atoms of FLU; and (3) the amounts of charge transfer of the three
configurations (positive Q indicated that charge was transferred from FLU to the kaolinite surface)
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The Eads of  the  three  adsorption  configurations
were −0.27  eV, −0.33  eV,  and −0.12 eV,  respec-
tively.  When  the Eads value  is  negative,  it  means
that  kaolinite  can  spontaneously  adsorb  FLU,  and
the more negative the Eads, the stronger the adsorp-
tion  effect.  Therefore,  the  carboxyl  group  of  FLU
played  an  important  role  in  the  adsorption  onto
kaolinite,  and  hydrogen  bonding  and  electrostatic
interaction were the main mechanisms.

 2.5 Effect  of  coexisting  Cu(II)  on  FLU
adsorption

It was reported that complexes could form between
Cu(II) and FLU in aqueous solution (Urbaniak and
Kokot,  2009).  The  species  and  concentration  of
coordination  compounds  varied  with  pH,  so  that
the  effects  of  co-existing Cu(II)  on  FLU  adsorp-
tion at different pH were investigated. The specia-
tion of FLU (0.07 mM) with Cu(II) (0.05, 0.10 and
0.20 mM, respectively) in solution as a function of

pH was calculated (Fig. 6).
In  the  binary  system,  the  main  species  were

FLU0,  FLU−,  free  Cu(II)  (i.e.,  Cu2+),  Cu(OH)2,
Cu2(OH)2

2+,  Cu(FLU−)+ and  Cu(FLU−)2
0.  The

concentrations  of  other  hydrated  cations  of  Cu(II)
were very low and thus not shown. At a pH range
of 3.0 to 7.0, when 0.05 mM Cu(II) was added, the
main  complexes  of  FLU  were  Cu(FLU−)+ and
Cu(FLU−)2

0;  when  0.10  or  0.20  mM  Cu(II)  was
added,  the main complex of  FLU was Cu(FLU−)+.
The residual Cu(II) existed as Cu2+. At a pH range
of 7.0 to 11.0,  Cu(FLU−)2

0 increased with increas-
ing pH,  and Cu(FLU−)2

0,  Cu(OH)2 and Cu2(OH)2
2+

were the main species of Cu(II).
The effects of different concentrations of Cu(II)

on FLU adsorption onto kaolinite are shown in Fig.
7(a).  Same  as  ofloxacin,  the  effect  of  Cu(II)  was
related to the solution pH and the concentration of
Cu(II)  (Li  et  al.,  2017).  At  pH  <  7.0,  when  0.07
mM  FLU  co-existed  with  0.05  mM  Cu(II),  the
adsorption  amount  of  FLU  increased.  Under  this
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Fig. 6 Solution species of 0.07 mM FLU with (a) 0.05 mM Cu(II); (b) 0.10 mM Cu(II) and (c) 0.20 mM Cu(II) at
different pH values calculated by the software ChemEQL
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Notes:  The  stability  constants  were  obtained  from  reference  (Urbaniak  and  Kokot,  2009):  Cu2++  FLU− Cu(FLU−)+,  logβ  =  6.00;  Cu2++2
FLU− Cu(FLU−)2

0, logβ = 11.00; FLU−+H+ FLU0, pKa = 6.35
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condition,  most  of  the Cu(II)  was complexed,  and
the  main  species  of  FLU  were  Cu(FLU−)+ and
Cu(FLU−)2

0. Cu(FLU−)+ was positively charged and
could be  adsorbed  onto  kaolinite  through  electro-
static  attraction.  In  addition,  it  was  reported  that
the  FLU-Cu(II) complexes  could  promote  antibi-
otic  adsorption  via  forming  a  ternary  surface
complex  (Guaita  et  al.,  2011)  or  a  bridging  effect
(Ma  et  al.,  2020).  These  reasons  might  lead  to  an
increase  of  the  FLU  adsorption  onto  kaolinite.
However,  when 0.10 mM or 0.20 mM Cu(II)  was
added,  the  increased  Cu2+ could  compete  with
Cu(FLU−)+ for adsorption sites, and thus decreased
the adsorption amount of FLU.

The  influence  of  co-existing  Cu(II)  on  FLU
adsorption  at  pH  >  7.0  was  different  from  that  at
pH  <  7.0.  At  pH  >  7.0,  excessive  Cu(II)  did  not
entirely  involve  in  the  complexation  reaction  but
existed  in  the  form of  Cu(OH)2,  which  would  not
compete  for  adsorption  sites.  Cu(II)  significantly
promoted  the  adsorption  of  FLU  onto  kaolinite,
and  the  promoting  effect  became  stronger  with
increasing Cu(II) concentration, which proved that
the  affinity  of  Cu(FLU−)+ was  higher  than  that  of
FLU− itself. As solution pH increased, the propor-
tion of Cu(FLU−)+ decreased, while the proportion
of Cu (FLU−)2

0 increased, and the promoting effect
of  Cu(II)  on the  adsorption of  FLU onto kaolinite
decreased.  At  pH  10.5,  the  main  species  of  FLU
were  Cu(FLU−)2

0 and  FLU−.  FLU− was  not
adsorbed  onto  kaolinite  due  to  the  electrostatic
repulsion;  there  was  no  adsorption  of  FLU  onto
kaolinite,  which meant  that  the adsorption affinity
of Cu(FLU−)2

0 for kaolinite was weak.
In  the  binary  system,  Cu(FLU−)+ played  an

important role in the adsorption of FLU onto kaoli-
nite.  However,  Cu2+ could  compete  with
Cu(FLU−)+ for adsorption sites, and thus the molar
concentration  difference  between  Cu(FLU−)+ and
Cu2+ dominated  FLU  adsorption.  Under  different
experimental pH  conditions,  the  molar  concentra-
tion  ratios  of  the  difference  between  Cu(FLU−)+

and  Cu2+ in  the  binary  systems  to  the  adsorbed
FLU in the single system are illustrated in Fig. 7b.
The ratio  greater  than  1.0  indicated  that  the  pres-
ence  of  Cu(II)  promoted  FLU  adsorption  onto
kaolinite;  otherwise,  it  inhibited adsorption.  When
the  ratio  equaled  1.0,  the  effect  of  Cu(II)  on  FLU
adsorption  was  negligible.  This  quantitative  result
provided  a  theoretical  basis  for  predicting  and
assessing  the  environmental  fate  of  antibiotics  in
heavy metal co-contaminated sites.

 2.6 Desorption of FLU from kaolinite

In  our  experiments,  the  effect  of  Cu(II)  on  FLU

desorption  from  kaolinite  was  investigated  at
different  FLU  adsorption  amounts  (Fig.  8).  The
desorption rates  of  FLU increased with  increasing
adsorption amounts when desorbed with a 0.01 M
NaCl  solution.  It  has  been  reported  that  organic
pollutants  would  undergo  adsorption  to  high-
energy  sites  when  the  levels  of  total  adsorption
were low; therefore, desorption was difficult (Xu et
al.,  2015). These findings could explain why FLU
desorption rates  increased  with  increasing  adsorp-
tion  amounts.  The  desorption  percentages  of  FLU
in  0.01  M  NaCl  were  in  the  range  of  44.6% to
64.4%.  The  desorption  rates  of  FLU  increased  to
83.6% to  95.0% in  the  presence  of  Cu(II).  This
was attributed to the strong complexation of Cu(II)
with  the  adsorbed  FLU,  which  facilitated  its
release  (Eq.  9).  Although  kaolinite  exhibited  a
higher affinity for Cu(FLU−)+ than Cu2+, Cu2+ in the
desorption  solution  competed  for  adsorption  sites,
thereby preventing the re-adsorption of Cu(FLU−)+.
This  is  consistent  with  the  conclusions  from  the
adsorption experiments.

Kaolinite−FLU+Cu(II)⇔ Kaolinite+
FLU−Cu(II) (9)
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Fig. 8 Desorption of FLU in the absence/presence of
Cu(II) (0.10 mM) in solution with a final pH 6.4 ± 0.1
 

 3  Conclusion

DFT  calculation  results  demonstrated  that  the
carboxyl group of FLU was more likely to interact
with the hydroxyl groups on the kaolinite, with the
adsorption process  dominated  by  hydrogen  bond-
ing and electrostatic interaction. The adsorption of
FLU  onto  kaolinite  was  pH-dependent.  Ionic
strength exerted a  negative effect  on FLU adsorp-
tion, as NaCl reduced the activity of FLU and Cl−

competed for adsorption sites with FLU−. Solution
pH and Cu(II) concentration affected the species of
FLU  and  Cu(II).  Cu(FLU−)+ had a  higher  adsorp-
tion  affinity  than  Cu2+ onto  kaolinite.  The  molar
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concentration  difference  between  Cu(FLU−)+ and
Cu2+ dominated  the  FLU  adsorption.  When  the
ratios of this difference in the binary systems to the
adsorbed  FLU  in  the  single  system  were  greater
than  1.0,  Cu(II)  addition  significantly  promoted
FLU adsorption; otherwise, it inhibited adsorption.
At  a  ratio  of  1.0,  the  effect  of  Cu(II)  on  FLU
adsorption  could  be  neglected.  Cu(II)  complexed

with adsorbed FLU to form Cu(FLU−)+, while Cu2+

inhibited  the  re-adsorption  of  Cu(FLU−)+,  thereby
promoting  FLU  desorption.  These  findings  are
helpful for the accurate assessment of environmen-
tal  risks  posed  by  quinolone  antibiotics  in  heavy
metal co-contaminated groundwater systems.
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Fig. S1 The optimized structure of kaolinite (001) surface (a) Top view; and (b) Side view
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Fig. S2 The variation of COHP with energy for the bonds in the KAO-CO adsorption configuration (a) the H11…
O39 bond; and (b) the H14…O38 bond
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Fig. S3 The variation of  COHP with energy for  the bonds in the KAO-COOH adsorption configuration (a)  the
H16…O38 bond; (b) the H4…O39 bond; (c) the H6…O38 bond; and (d) the O34…H25 bond
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Fig. S4 The variation of COHP with energy for the H11…F bond in the KAO-F adsorption configuration

 

Table S1 Main physicochemical properties of FLU

Compound
Molecular
Weight (g/mol)

pKa Log Kow Structure

FLU 261.25 6.35(1) 1.72(2)

CH
3

OH

F

O

O

N

Note: (1) (Feng et al., 2016); and (2) (Van Doorslaer et al., 2014)

 

Table S2 Parameters of PFOM and PSOM

Adsorbates qe(1)
PFOM PSOM
k1(2) qe1(1) R 2 k2(3) qe2(1) R 2

FLU 4.00 0.13 3.95 0.93 0.19 4.04 0.99

Note: (1) the unit is mmol/kg; (2) the unit is h−1; and (3) the unit is kg/(mmol·h)
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