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ABSTRACT: H2TiO3 (HTO) emerges as a highly promising lithium-
ion  sieve  (LIS)  material  for  selectively  and  efficiently  extracting
lithium  from  liquid-phase  systems.  However,  the  practical  use  of
conventional powdered HTO adsorbents is hindered by difficulties
in  recovery  and  titanium  leaching,  which  limits  their  reusability.
Herein,  we  design  a  novel  HTO/MXene/polysulfone
(HTO/MXene/PSF)  hybrid  membrane,  where  two-dimensional
(2D)  MXene  nanosheets  bridge  PSF  and  HTO  via  enhanced
hydrogen  bonding  and  enable  the  in-situ  self-assembly  of  HTO
into  spindle-like  nanostructures.  As  anticipated,  the  hybrid
membrane  exhibits  selective  lithium  adsorption,  achieving  a
capacity  of  25.80  mg·g−1  from  shale  gas  wastewater  (SGW).  Moreover,  it  maintains  remarkable  cyclic  stability  with  a
negligible  decrease in  adsorption capacity  of  merely  0.25% after  ten consecutive  adsorption–desorption cycles.  Besides,
filtration studies demonstrate that a membrane with a surface area of 12.56 cm² can effectively process 230 mL of SGW.
Theoretical calculations reveal that hydrogen bonding and electronic interactions drive the self-assembly of HTO on MXene
and further  elucidate the adsorption strength and spatial  hindrance mechanisms for  selective lithium ion adsorption.  This
study introduces an innovative concept of in-situ self-assembled LIS in a hybrid membrane for lithium recovery from SGW,
which is expected to inspire further research on self-assembled sieve-based adsorbents.
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1    Introduction
Lithium is an indispensable resource for the transition to renewable
energy,  primarily  due  to  its  extensive  application  in  rechargeable
batteries  and  the  increasing  prevalence  of  electric  vehicles  [1−3].
With  demand  for  lithium  expected  to  soon  outpace  supply,  it  is
emerging as a resource of considerable geopolitical significance [4].

Currently,  lithium  is  primarily  sourced  from  brine  deposits,
seawater,  and  lithium-bearing  ores  [5].  Although  recovery  from
these  natural  sources  is  increasingly  well-understood,  growing
attention  is  being  directed  toward  uncovering  industrial  waste
lithium sources for environmental protection. Shale gas wastewater
(SGW) has recently gained attention as  an alternative resource for
lithium  recovery;  however,  the  current  technologies  for  lithium
recovery  from  SGW,  also  known  as  shale  gas  flowback  and
produced water,  remain underdeveloped [6].  SGW, particularly  in
the  Sichuan  Basin  of  China,  contains  significant  lithium resources
with  an  average  concentration  of  33.0  mg·L−1.  By  2030,  the  global
volume of SGW is projected to range from 499 to 3585 million m3,
highlighting its considerable potential for lithium recovery [7, 8].
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Hitherto,  chemical  precipitation,  solvent  extraction,  and
electrochemical techniques are employed for lithium recovery from
liquids  [9−12].  Chemical  precipitation  typically  necessitates  large
volumes  of  freshwater  as  an eluent,  which may not  be  viable  over
the long term depending on regional availability.  Similarly,  solvent
extraction  generates  considerable  quantities  of  residual  organic
solvents  and  ionic  liquids,  raising  significant  environmental
challenges.  While  electrochemical  methods  are  considered  eco-
friendly,  they  face  challenges  related  to  high  energy  consumption
and  increased  lithium  recovery  costs  in  large-scale  applications.
These  issues  limit  their  industrial  viability.  Notably,  adsorption
methods  present  several  advantages,  including  low  cost,  reduced
environmental  impact,  and  ease  of  operation  [13, 14].  Such
attributes  render  adsorption  an  ideal  approach  for  efficiently
recovering lithium from SGW.

Currently,  aluminum-based  layered  double  hydroxide
adsorbents  (Li/Al-LDHs),  manganese-based  lithium  ion-sieve
adsorbents, and titanium-based lithium ion-sieve are employed for
lithium  recovery  from  aqueous  sources  [15−22].  Li/Al-LDHs
exhibit low adsorption capacity and stability [23]. Manganese-based
lithium  ion-sieve  adsorbents  exhibit  higher  adsorption  capacities,
but  their  industrial  application  is  hindered  due  to  the  significant
manganese  dissolution  issues  [24].  Among  the  titanium-based
lithium ion-sieve adsrobents, H2TiO3 (HTO) [25, 26] and H4Ti5O12
stand  out,  particularly  H2TiO3,  which  is  characterized  by  a  stable
crystal structure, excellent adsorption/desorption performance, and
cycle  durability,  making  it  a  preferred  choice  for  lithium  recovery
from SGW [22, 25, 26].

Despite  the  advantages  of  titanium-based  lithium  ion-sieve
adsorbents,  its  tendency  to  aggregate  at  the  nanoscale  necessitates
further  optimization  through  nanostructuring  [27].  Fortunately,
integrating titanium-based lithium ion-sieve adsorbents with mixed
matrix membranes (MMMs) proves to be the optimal strategy for
lithium  recovery,  as  it  combines  the  high  adsorption  capacity  of
titanium-based  lithium  ion-sieve  adsorbents  with  the  structural
integrity  of  the  membrane  [28, 29].  Although  MMMs  hold
significant  potential  in  advanced  separation  processes,  their
practical  application  is  often  impeded  by  several  challenges.  Key
issues  include  the  poor  dispersion  of  active  particles  within  the
polymer matrix, interfacial incompatibility between inorganic fillers
and the polymer phase, and inferior long-term operational stability.
MMMs rely on the physical dispersion of inorganic particles within
a  polymer  matrix,  which  frequently  lacks  solid  chemical  bonds
between  components.  In  contrast,  hybrid  membranes  form
structures  with  stronger  interactions,  such  as  van  der  Waals  force
and  hydrogen  bonding,  between  fillers  and  the  polymer  matrix,
leading to enhanced synergistic  effects  and improved performance
[30−33].  Polysulfone  (PSF)  membranes,  renowned  for  their
chemical  stability,  mechanical  strength,  and tunable pore sizes,  are
particularly well-suited for such applications [34, 35]. MXenes with
their  layered  structure  and  abundant  surface  functional  groups
(–OH, –O, –F), reduce ion diffusion barriers and facilitate multiple
hydrogen  bonding  interactions,  providing  numerous  nucleation
sites [36−42]. The immobilization of MXene on PSF as a substrate
for in-situ HTO  growth  offers  a  promising  strategy  to  mitigate
HTO agglomeration and enhance interfacial compatibility between
HTO and the PSF. Such advancements are expected to significantly
advance the selective lithium recovery from SGW.

Inspired  by  this,  we  developed  a  rapid in-situ self-assembly
method  to  assemble  HTO  on  MXene/PSF,  resulting  in  the
formation  of  spindle-shaped nanostructures  and the  generation  of

an adsorptive HTO/MXene/PSF hybrid membrane. In this process,
MXene  serves  as  a  bridge  between  HTO  and  PSF  through
sequential hydrogen bonding, facilitating the ordered self-assembly
of  HTO  onto  the  MXene  template  and  anchoring  it  to  the  PSF
membrane.  Using  SGW,  we  conducted  a  combined  experimental
and  computational  study  on  the  adsorption  capacity,  kinetics,
selectivity,  and  regenerability  of  the  HTO/MXene/PSF  hybrid
membrane. The filtration efficiency of the membrane was assessed
through  dynamic  filtration  studies.  The  self-assembly  of  HTO  on
the  membrane  surface  presents  a  novel  approach  to  preparing  a
hybrid  membrane.  The  HTO/MXene/PSF  hybrid  membrane
avoids  additional  filtration,  prevents  secondary  pollution,  and
simplifies  recovery,  making  it  a  candidate  for  lithium  extraction
from SGW or other liquids. 

2    Experimental
 

2.1    Materials
The  SGW  used  in  our  experiments  was  sourced  from  a  shale  gas
well  located  in  Luxian  County,  Luzhou  City,  Sichuan  Province,
China.  We  procured  nitric  acid  (HNO3),  hydrofluoric  acid  (HF),
hydrogen  peroxide  (H2O2),  tetrabutylammonium  hydroxide
(TBAOH),  hydrochloric  acid  (HCl),  and  sodium  hydroxide
(NaOH)  from  Chengdu  Kelong  Chemical  Reagent  Co.,  Ltd.
Titanium dioxide  (TiO2),  lithium chloride  (LiCl),  ethanol  (EtOH),
lithium hydroxide (LiOH) and N-methyl pyrrolidone (NMP) were
supplied by Aladdin Co., Ltd. Ti3AlC2 was sourced from Shandong
Xiyan New Material Technology Co., Ltd. PSF (Solvay-P-3500) was
obtained from Wuxi Titan Chemical Corporation. 

2.2    Sample preparation procedure
 

2.2.1    Synthesis of MXene in NMP

The preparation process of Ti3C2Tx (MXene) has been documented
in  a  previous  study  [43].  Specifically,  3  g  of  Ti3AlC2 was  etched
using  30  mL  of  40%  HF  with  continuous  stirring  at  room
temperature  for  24  h.  After  etching,  the  mixture  was  centrifuged
and washed with deionized water until a neutral pH was achieved.
The precipitate was collected and vacuum-dried at 60 °C for 12 h to
obtain  multilayer  MXene.  Subsequently,  2  g  of  the  multilayer
MXene  was  added  to  30  mL  of  15  wt.%  TBAOH  and  stirred  at
room temperature  for  6  h.  The  mixture  was  then centrifuged and
washed  once  with  EtOH,  followed  by  the  addition  of  NMP  to
collect  the  precipitate  by  centrifugation.  The  precipitate  was
redispersed  in  150  mL  of  NMP  and  sonicated  for  30  min,  after
which the upper black solution was collected. 

2.2.2    Synthesis of Li2TiO3

According to the literature, Li2TiO3 (LTO) was synthesized using a
hydrothermal method [29]. In a typical experimental procedure, A
mixture  containing  3.990  g  of  TiO₂  and  2.395  g  of  LiOH  was
prepared using deionized water as the solvent and then transferred
to  a  Teflon-lined  autoclave.  The  solution  was  subjected  to
hydrothermal  conditions  at  160  °C  for  24  h.  Afterward,  the
resultant mixture was filtered to isolate the white precipitate, which
was subsequently subjected to thermal treatment in a tube furnace
at  500  °C  for  2  h.  The  final  product,  obtained  after  cooling,  was
designated as LTO. 

2.2.3    Synthesis of HTO/MXene/PSF hybrid membrane

A  solution  containing  16  wt.%  PSF  in  84  wt.%  MXene-dispersed
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NMP was prepared at  50 °C. LTO was added and stirred at  room
temperature  to  achieve  a  homogeneous  mixture  for  membrane
casting.  Various  LTO  proportions  were  used  to  optimize
performance  (Table  S1  in  the  Electronic  Supplementary  Material
(ESM)).  The  solution  was  cast  onto  glass  using  a  200  µm  casting
knife without non-woven support. Following this, the cast solution
was  immersed  in  deionized  water  to  form  an  LTO/MXene/PSF
hybrid  membrane.  This  membrane  was  then  converted  to  an
HTO/MXene/PSF hybrid membrane by immersing it in 0.2 M HCl
for 24 h. After acid treatment, the membrane was rinsed with ultra-
pure water and dried for use. 

2.3    Characterization
X-ray  diffraction  (XRD)  analysis  was  conducted  using  a
SHIMADZU  Cu  Kα radiation  source  (40  kV,  30  mA).  Scanning
electron  microscopy  (SEM)  was  performed  at  5  kV  with  ZEISS
equipment.  High-resolution  field  emission  transmission  electron
microscopy  (HRTEM,  FEI  Talos  f200x)  was  used  to  characterize
the  MXene.  X-ray  photoelectron  spectroscopy  (XPS)  using  a
Thermo  ESCALAB  250XI  analyzed  the  composition  of  the
HTO/MXene/PSF  hybrid  membrane.  Fourier-transform  infrared
(FT-IR)  spectra  were  obtained  with  an  Agilent  1260.  Surface
morphology  and  roughness  of  PSF,  MXene/PSF  and
HTO/MXene/PSF  hybrid  membrane  were  analyzed  for  atomic
force  microscopy  (AFM)  using  Bruker  Multimode  8.  Membrane
surface  areas  were  measured  using  Brunauer–Emmett–Teller
(BET) analysis on a QUADRASORB SI instrument in N2.  Contact
angles  were  measured  with  a  KRÜSS  ADVANCE  goniometer.
Tensile  strength  tests  were  conducted  using  a  UTM5305H
instrument.  The  concentrations  of  ions  were  analyzed  using
inductively  coupled  plasma  optical  emission  spectrometry  (ICP-
OES)  Optima  8000  model.  Inductively  coupled  plasma  mass
spectrometry  (ICP-MS)  analysis  was  performed  on  NexION
1000G. 

2.4    Batch adsorption experiments
Details of the adsorption and filtration experiments are provided in
the ESM. 

3    Results and discussion
 

3.1    Characterization  of  HTO/MXene/PSF  hybrid
membrane
The  schematic  illustration  of  LIS  nanostructure  assembly  on
MXene  nanosheets  is  shown  in Fig.  1(a).  Ti₃AlC₂  is  etched  into
multilayer  MXene  and  uniformly  dispersed  in  NMP  via
ultrasonication.  MXene  nanosheets  inherently  possess  surface
functional  groups  such  as –OH  and –F,  which  confer  good
solubility in water and NMP, facilitating electrostatic and hydrogen
bonding  interactions  [44].  PSF  in  NMP  forms  hydrogen  bonding
with  MXene,  after  which  LTO  is  introduced.  LTO  converts  into
HTO  upon  HCl  acid  treatment.  During  the  acid  treatment,  HTO
nanoparticles  also  self-assemble  on  MXene  nanosheets  through
hydrogen bonding and electronic  interaction,  forming spindle-like
nanostructures  that  reduce  surface  energy.  The HTO assembly  on
two-dimensional  materials  is  spontaneous,  driven  by  free  energy
reduction,  and  occurs  under  ambient  conditions  without  external
intervention.  In  contrast  to  hydrothermal  synthesis,  this  self-
assembly  process  effectively  mitigates  the  oxidation  of  MXene
nanosheets in aqueous solutions induced by dissolved oxygen.

As  determined by  SEM,  the  unetched Ti₃AlC₂  powder  presents
distinct,  well-defined layered aggregates,  which is  the characteristic
feature  of  the  MAX  phase  structure  (Fig.  1(b)).  Owing  to  the
selective  removal  of  Al  atoms  during  the  etching  process,  the
resulting  MXene  sheets  exhibit  a  smooth,  two-dimensional
nanosheet morphology with notable uniformity in thickness, lateral
dimensions, and elemental distribution (Figs. 1(c)−1(f)). The TEM
image  of  MXene  sheets  (Fig.  1(g))  reveals  lattice  fringes  with  a
spacing of 0.25 nm, corresponding to the (006) plane of the Ti3C2Tx
phase  (Figs.  1(h) and 1(i)). Figure  1(j) further  confirms  the
homogeneous  distribution  of  F,  O,  Ti,  and  C  elements  on  the
monodisperse MXene surface, with N originating from NMP.

Figure  2(a) illustrates  the  SEM  image  of  the  pristine  PSF
membrane,  revealing  a  relatively  low  porosity  on  the  membrane
surface.  After  the  introduction  of  MXene  nanosheets  and  LTO
nanoparticles  presented  in  Fig.  S1  in  the  ESM,  the  resulting
membrane  exhibited  a  notably  roughened  surface  (Figs.  2(b) and
2(c)).  Subsequent  hydrogen  exchange  in  HCl  prompted  the  self-
assembly  of  negatively  charged  HTO  onto  the  positively  charged
MXene surface,  facilitated by electronic  interactions and hydrogen
bonding, culminating in the formation of a spindle-like nanostructure
(Figs.  2(d) and 2(e)).  The  PSF  membrane  (Fig.  S2  in  the  ESM)
seems white, while the MXene/PSF membrane (Fig. S3 in the ESM)
is  black,  indicating  a  uniform  MXene  dispersion.  Similarly,  the
LTO/MXene/PSF membrane (Fig. S4 in the ESM) appears gray and
uniform.  A  cross-sectional  image  of  the  HTO/MXene/PSF  hybrid
membrane  (Fig.  2(f))  reveals  a  macro-void  or  sponge-like  porous
morphology.  Compared  to  the  pristine  PSF  and  MXene/PSF
membrane  (Figs.  S5  and  S6  in  the  ESM)  and  pre-hydrogen
exchange state (Fig. S7 in the ESM), the cross-sectional morphology
appears denser.  The SEM and corresponding energy-dispersive X-
ray  spectroscopy  (EDX)  elemental  mapping  (Figs.  2(g) and 2(h),
and Fig. S8 in the ESM) confirm the uniformity of the membrane.
Moreover, EDX analysis (Fig. S9 in the ESM) on HTO/MXene/PSF
hybrid  membrane  validates  the  consistent  dispersion  of  elements,
namely C, O, F, Ti, Cl and S.

AFM  analysis  revealed  the  impact  of  HTO  and  MXene
incorporation  on  membrane  surface  roughness.  The  pristine  PSF
membrane  (Figs.  3(a) and 3(b))  had  an  average  roughness  (Ra)  of
7.91 nm, consistent with previously reported PSF membranes [45].
Incorporating MXene (Figs. 3(c) and 3(d)) increased the Ra to 13.36
nm, while further incorporation of HTO (Figs. 3(e) and 3(f)) raised
it to 33.90 nm. The addition of nanoparticles alters surface texture,
affecting  morphology  and  permeability.  This  stems  from  delayed
inverse  transition  due  to  increased  casting  solution  viscosity,
boosting surface density. Additionally, in-situ self-assembly of HTO
on  MXene  surfaces  during  hydrogen  exchange  forms
nanostructures,  increasing  membrane  roughness.  Research  shows
that  rougher  membranes  have  a  larger  surface  area,  affecting  both
adsorption capacity and water flux [46, 47].  Substrate morphology
is  crucial,  and  rough  surfaces  enhance  adhesion  between  the  ion
sieve and substrate. The nitrogen adsorption−desorption isotherms
in Figs.  3(g)−3(j),  following  the  classification  by  the  International
Union  of  Pure  and  Applied  Chemistry  (IUPAC),  exhibit  a  typical
type  IV  isotherm  with  an  H3 hysteresis  loop  [48].  The  pattern
suggests  the  presence  of  mesopores  within  the  adsorbent.
Adsorption  assessment  involved  testing  pristine  PSF,  MXene/PSF,
and  HTO/MXene/PSF  hybrid  membrane  for  BET  surface  area,
pore  volume,  and  average  pore  size  (Table  S3  in  the  ESM).
MXene/PSF blending showed minimal change (Figs. 3(g) and 3(h)).
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The pristine PSF membrane had a surface area of 17.67 m2·g−1, while
the HTO/MXene/PSF hybrid membrane increased to 38.44 m2·g−1.
HTO  addition  increased  HTO/MXene/PSF  hybrid  membrane
surface  area,  primarily  via in-situ self-assembly,  expanding  specific
surface area for more adsorption sites. BJH pore size analysis (insets

of Figs.  3(i) and 3(j))  revealed  typical  mesoporous  structures  with
sizes  mainly  between  2  and  50  nm.  After  adsorption,  the  BET
surface area of  the HTO/MXene/PSF hybrid membrane decreased
with a smaller pore size due to lithium ion occupancy.

Figure 4(a) demonstrates that blending PSF with MXene reduces

 

Figure 1    (a)  Schematic  description  of  HTO/MXene/PSF  hybrid  membrane  synthesis.  (b)  SEM  image  of  Ti₃AlC₂.  Images  of  MXene:  (c)–(e)  SEM,  (f)  SEM  and
corresponding elemental mapping, (g) TEM, (h) and (i) HRTEM, and (j) TEM and corresponding elemental mapping.
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the contact angle from 81.24° to 75.59°. Notably, the contact angle
of  the  HTO/MXene/PSF  hybrid  membrane  increased  to  83.50°,
reflecting enhanced surface hydrophobicity. HTO self-assembles on
MXene  to  form  spindle-shaped  nanostructures.  The  surface
roughness  of  the  membrane  is  significantly  increased,  the  actual
contact  area  between  water  droplets  and  the  membrane  surface  is
reduced,  and  the  air  is  trapped  within  the  spindle-shaped
nanostructures,  further  enhancing  the  hydrophobicity  of  the
membrane.  The  heightened  surface  roughness  enhances  solid-
liquid  contact  and  boosts  apparent  surface  area  [49]. Figure  4(b)
shows  XRD  spectra  before  and  after  acid  treatment.  LTO  pattern
consistent with Li2TiO3 (PDF #00-033-0831).  After acid treatment,
although  LTO  patterns  exhibit  minimal  change,  slight  shifts  in
peaks towards higher 2-theta values are noted, which are attributed
to  the  Li+-H+ exchange  reaction.  The  stress–strain  curve  of  the
membrane was obtained at ambient temperature, as depicted in Fig.
4(c).  Both  the  maximum  tensile  stress  and  strain  of  the
HTO/MXene/PSF  hybrid  membrane  are  lower  than  those  of  the
MXene/PSF  membrane  and  the  PSF  membrane.  In  the  FTIR
spectra  of Fig.  4(d),  the  stretching  vibration  peaks  of  O=S=O  at
1168 and 1235 cm−1 have weakened after blending with MXene and

LIS, compared to pure PSF. Additionally, the emergence of a minor
Ti–O  peak  at  670  cm−1 confirms  the  successful  self-assembly  of
HTO  on  MXene/PSF.  The  formation  of  the  hybrid  membrane
induces  the  attenuation  of  low-wavenumber  fingerprint  peaks  in
PSF.

Density functional theory (DFT) calculations were carried out to
investigate  the  interfacial  interactions  in  the  HTO/MXene/PSF
hybrid  membrane. Figures  4(e)−4(g) present  charge  density
differences and electron localization function (ELF) maps for three
interfaces:  MXene-MXene,  MXene-PSF,  and  MXene-HTO,
arranged by increasing charge transfer (Q). The iso-surface was set
with  a  value  of  0.003  e·Å−3.  The  results  show  that  adsorption
strength  increases  with  higher  Q  values,  following  this  order:
MXene-MXene  (weak  hydrogen  bonding)  <  MXene-PSF
(hydrogen  bonding)  <  MXene-HTO  (strong  hydrogen  bonding).
The  ELF  maps  confirm  this  trend,  showing  minimal  electron
localization  for  MXene-MXene  interactions  and  significant
localization  for  MXene-HTO,  indicative  of  stronger  interfacial
bonding.  Figure  S10  in  the  ESM  shows  the  opposite  surface
potentials of MXene and HTO, with MXene positively charged and
HTO  negatively  charged.  The  enhanced  adsorption  strength  and

 

Figure 2    SEM images of (a) PSF, (b) MXene/PSF, (c) LTO/MXene/PSF membrane, and (d) and (e) HTO/MXene/PSF hybrid membrane. (f) Cross-sectional SEM image
of HTO/MXene/PSF hybrid membrane. (g) and (h) SEM and corresponding EDX elemental mapping images of HTO/MXene/PSF hybrid membrane surface.
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different  electronic  properties  drive  HTO  self-assembly  onto
MXene. 

3.2    Lithium adsorption performance
 

3.2.1    Influence of pH

To determine the best HCl concentration for lithium extraction, we
treated  the  LTO/MXene/PSF  membrane  with  varying  acid

concentrations. Figure 5(a) shows that lithium extraction remained
stable  from  0.2  to  0.5  M  HCl.  However,  above  0.2  M,  titanium
leaching notably increased (Fig. S11 in the ESM). Therefore, 0.2 M
HCl  was  chosen  for  further  study,  maximizing  lithium  extraction
while  minimizing  titanium  leaching  from  LTO.  The  adsorption
capacity of the HTO/MXene/PSF hybrid membrane for lithium ion
is  significantly  influenced  by  pH  levels.  As  illustrated  in Fig.  5(b),
the  adsorption  capacity  increases  with  rising  pH,  reaching

 

Figure 3    AFM  images  of  (a)  and  (b)  pristine  PSF  membrane,  (c)  and  (d)  MXene/PSF  membrane,  and  (e)  and  (f)  HTO/MXene/PSF  hybrid  membrane.  BET  N2

adsorption–desorption  isotherms  (inset:  pore  size  distribution)  for  (g)  PSF  membrane,  (h)  MXene/PSF  membrane,  (i)  HTO/MXene/PSF  hybrid  membrane  before
adsorption of lithium ion, and (j) HTO/MXene/PSF hybrid membrane after adsorption of lithium ion.
 

Figure 4    (a) Water contact angles. (b) XRD patterns. (c) Strain–stress curves. (d) FT-IR spectra. DFT calculations for three interfacial interactions with increasing Q: (e)
MXene-MXene (weak hydrogen bonding), (f) MXene-PSF (hydrogen bonding), and (g) MXene-HTO (strong hydrogen bonding).
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25.80  mg·g−1 at  pH  12.  Under  alkaline  conditions,  abundant  OH−

facilitates H+-Li+ exchange, enhancing lithium ion adsorption on the
HTO/MXene/PSF hybrid membrane [50, 51]. The elevation in OH−

concentration  facilitates  the  expulsion  of  H+ from  the  lattice  and
facilitates  the  migration  of  Li+,  consequently  enhancing  the
adsorption  capacity.  Hence,  an  alkaline  solution  is  more
advantageous  for  the  adsorption  of  Li+ by  HTO  [52].  Notably,  in
natural  SGW  (pH  8),  the  adsorption  capacity  of  the
HTO/MXene/PSF  hybrid  membrane  reaches  18.19  mg·g−1,
rendering this condition favorable for engineering applications. 

3.2.2    Adsorption kinetics

The  lithium  adsorption  kinetics  on  HTO/MXene/PSF  hybrid
membranes  were  investigated  under  two  different  pH  conditions
(Figs.  5(c) and 5(d)).  In  SGW,  lithium  exhibited  rapid  adsorption
within the initial 12 h, subsequently showing a significant decrease
in adsorption rate until equilibrium was reached around 24 h. The
kinetic  parameters,  as  shown  in  Table  S4  in  the  ESM,  confirmed
that  the  adsorption  process  of  lithium  ion  on  the  adsorbents
followed  a  pseudo-second-order  kinetic  model,  revealing  that
chemical  adsorption  predominantly  governed  the  adsorption  rate
[53].  Particularly  noteworthy  was  the  expedited  attainment  of
maximum adsorption capacity at pH 12, surpassing the equilibrium
time  observed  at  natural  SGW  (pH  8),  consistent  with  the  Li+-H+

exchange process. The in situ self-assembly of HTO on the MXene
surface  generates  spindle-like  nanostructures,  thereby  augmenting
the  specific  surface  area  and  exposing  more  adsorption  sites.
Experimental  adsorption  capacities  (pH  8,  Li-SGW:  18.19  mg·g−1;
pH 12, Li-SGW: 25.80 mg·g−1) closely aligned with those calculated
based  on  the  pseudo-second-order  kinetic  model  (pH  8,  Li-SGW:
19.14  mg·g−1;  pH  12,  Li-SGW:  26.85  mg·g−1).  Kinetic  experiments
also  conducted  at  two  pure  LiCl  concentrations  (Figs.  S12(a)  and
S12(b)  in  the  ESM)  confirmed  the  membrane’s  applicability,  with
the  maximum  concentration  tested  being  100  mg·L−1.  The
adsorption capacity (27.29 mg·L−1) was comparable to that achieved

in  SGW,  indicating  that  the  hybrid  membrane  is  well-suited  for
lithium recovery from SGW. 

3.2.3    Adsorption isotherms

Figures  5(e) and 5(f) and  Fig.  S13  in  the  ESM  depict  the  fitting
results  of  the  adsorption  isotherms  in  SGW  and  LiCl,  with  the
corresponding adsorption isotherm parameters listed in Table S5 in
the  ESM.  At  an  adsorbent  dosage  of  0.5  g·L−1,  adsorption
equilibrium  was  achieved  when  the  lithium  ion  concentration  in
the LiCl solution reached 100 mg·L−1,  further defining the effective
concentration  range  for  adsorption.  The  findings  indicate  that  the
Freundlich  model  exhibits  a  more  robust  correlation compared to
the  Langmuir  model,  suggesting  that  lithium  adsorption  on
HTO/MXene/PSF  hybrid  membrane  primarily  occurs  in  a
multilayer adsorption form. The Langmuir model assumes uniform
surface  adsorption,  while  the  Freundlich  model  describes
heterogeneous surface adsorption with varying adsorption energies
at  different  sites  [54].  Additionally,  the  self-assembly  of  HTO
enhances  surface  heterogeneity  in  the  membrane,  leading  to
variable  adsorption  energies  at  different  sites,  which  may  result  in
varying affinities for lithium ion. 

3.2.4    Reusability

The  variation  in  lithium  adsorption  capacity  during  the  recovery
process  is  crucial  for  evaluating  the  efficacy  of  the  adsorbent.
Consideration  of  structural  stability  and  outstanding  reusability  is
also  essential  for  reducing  the  cost  of  the  adsorption  process.  The
regeneration  performance  of  the  HTO/MXene/PSF  hybrid
membrane  was  evaluated  through  ten  adsorption  and  desorption
cycles.  Lithium  ion  adsorbed  was  removed  through  acid  washing
and  subsequent  adsorption  cycles,  as  depicted  in  Figs.  S14(a)  and
S14(b)  in  the  ESM.  Due  to  self-assembly  structural  stability,  the
lithium ion adsorption capacity in SGW remained relatively stable
after  each  regeneration,  with  only  slight  declines  observed.  As
shown in  Figs.  S14(c)  and 14(d)  in  the  ESM,  all  cycles  resulted  in

 

pH = 12
pH = 8

pH = 12
pH = 8

pH = 12
pH = 8

pH = 12
pH = 8

Figure 5    (a)  Lithium  extraction  from  HTO/MXene/PSF  hybrid  membrane  at  different  HCl  concentrations.  (b)  Effect  of  different  pH  levels  for  SGW.  Adsorption
kinetics in SGW: (c) pseudo-first-order and (d) pseudo-second-order equations. Adsorption isotherms with (e) Langmuir and (f) Freundlich models.
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the  complete  desorption  of  lithium  ion  through  acid  washing,
facilitating  the  reuse  of  the  adsorption  membrane.  Furthermore,
negligible  titanium  leaching  occurred  during  each  cycle.  The
demonstrated potential of HTO/MXene/PSF hybrid membrane for
repeated  use  in  SGW  underscores  the  promising  prospect  of
lithium resource recovery from SGW. 

3.2.5    Filtration study

Figure S15 in the ESM demonstrates the time-dependent variation
in permeate flux, showing a gradual decrease until reaching a steady
state.  The water flux of the MXene/PSF membrane is notably low,
at only 14 L·m−2·h−1. In contrast, upon in-situ self-assembly of HTO
onto  the  MXene/PSF  matrix,  forming  a  novel  nanostructure,  the
water flux experiences a considerable increase, reaching at least 104
L·m−2·h−1. Water flux increases with the addition of LTO (Fig. S16 in
the  ESM).  A  comprehensive  evaluation  of  the  HTO/MXene/PSF
hybrid membrane should encompass  continuous filtration studies,
estimating  the  retention  capability  of  the  adsorption  membrane
through breakthrough curve analysis. As depicted in Figs. 6(a) and
6(b),  filtration  results  of  fresh  and  regenerated  membranes  were
examined using  SGW with  an  initial  lithium ion  concentration  of
25.60  mg·L−1.  It  is  noteworthy  that  at  natural  SGW  (pH  8),  the
effluent  concentration  of  lithium  ion  reached  its  maximum  value
when  the  filtrate  volume  reached  210  mL,  indicating  complete
permeation of Li+ through the membrane. Conversely, at pH 12, the
effluent concentration peaked when the filtrate volume reached 230
mL, possibly due to the higher OH− concentration favoring Li+-H+

exchange.  The  HTO/MXene/PSF  hybrid  membrane  exhibits
excellent  reusability  in  filtration  experiments,  retaining  stable
adsorption  efficiency  and  structural  integrity  after  four  cycles  and
subsequent  regeneration.  The  morphology  of  membrane  surface

ion  sieves  during  the  experimental  process  remained  largely
unaffected  (Fig.  S17  in  the  ESM),  validating  the  reusability  of  the
HTO/MXene/PSF  hybrid  membrane.  The  filtration  study  results
further  demonstrate  the  efficacy  of  this  system  in  lithium  ion
retention. 

3.3    Adsorption mechanism
 

3.3.1    Selectivity

Investigating the selectivity of HTO/MXene/PSF hybrid membrane
for lithium ion is essential due to the coexistence of various cations
in  SGW.  As  demonstrated  in Fig.  7(a),  HTO/MXene/PSF  hybrid
membrane  consistently  exhibits  a  higher  distribution  coefficient
(Kd) for lithium ion at both natural SGW (pH 8) and pH 12. The Kd
value  for  lithium  ion  surpasses  that  of  other  ions,  indicating  high
selectivity  for  lithium  ion  adsorption  (Tables  S6  and  S7  in  the
ESM).  Moreover,  there  is  a  minimal  concentration  of  magnesium
ion  in  SGW,  with  magnesium  ion  precipitating  before  adsorption
initiation  at  pH  12.  At  natural  SGW  (pH  8),  with  minimal
competition from magnesium adsorption, the substantial advantage
in  lithium  recovery  from  SGW  becomes  evident,  presenting  a
promising avenue for novel lithium recovery sources. Additionally,
we compared the HTO/MXene/PSF hybrid membrane prepared in
this work for lithium recovery from SGW with other LIS reported
in  the  literature  for  lithium  recovery  from  other  solutions,  as
summarized in Table S8 in the ESM. 

3.3.2    DFT studies

DFT  calculations  show  that  HTO  has  higher  adsorption  energies
for Ba2+, Ca2+, and Li+ than for K+, Na+, and Mg2+, as demonstrated in

 

Figure 6    Filtration study of lithium ion by HTO/MXene/PSF hybrid membrane at (a) pH 12 and (b) natural (pH 8) in SGW (TMP = 0.035 MPa, T = 25 °C).
 

pH = 12

Figure 7    (a)  Adsorption selectivity in SGW. (b) Adsorption energies of  different metals  on HTO. (c) Unit  cell  deformation induced by different ion insertions in the
HTO lattice.
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Figs.  S18  and  S19  in  the  ESM  and Fig.  7(b),  indicating  stronger
interactions  with  these  ions.  The  insertion  of  various  ions  into
different  sites  of  the  HTO  crystal  lattice  (Fig.  S20  in  the  ESM)
induces significant variations in lattice distortion, with Ca2+ and Ba2+

causing  the  most  pronounced  effects. Figure  7(c) shows  that  Li+

induces  the  least  lattice  distortion,  maintaining  material  stability
and  promoting  selective  Li+ adsorption.  The  strong  adsorption
energy and spatial hindrance accelerate Li+ migration to active sites,
ensuring  high  adsorption  capacity  and  selectivity.  As  a  result,  the
HTO/MXene/PSF hybrid membrane enables rapid adsorption and
effective Li+ separation due to the combined actions of MXene and
HTO. 

3.3.3    XPS analysis

Furthermore,  XPS was utilized to investigate the surface electronic
states  and  chemical  compositions  of  the  engineered
HTO/MXene/PSF  hybrid  membrane  before  and  after  lithium  ion
adsorption. The XPS spectra (Fig. 8(a)) reveal distinct lithium peaks
after adsorption, demonstrating the effective capture of lithium ion
by  the  HTO/MXene/PSF  hybrid  membrane.  The  high-resolution
XPS analysis of the Ti 2p region (Fig. 8(b)) displayed initial peaks at
458.76 and 464.46 eV, corresponding to the 2p3/2 and 2p1/2 orbits of
Ti4+, respectively [55−57]. Notably, a subtle shift of 0.10 eV in the Ti
2p3/2 peak  was  observed  after  lithium  adsorption,  suggesting  the
formation of Li–O–Ti bonds,  indicative of  the modification of the
H–O–Ti bond [58]. Despite the shift Ti preserved its +4 oxidation
state,  suggesting  the  adsorption  operates  via  ion  exchange,  not
through a redox process. After adsorption, the Li 1s high-resolution
spectrum (Fig. 8(c)) displayed a new peak at 54.48 eV, attributed to
the  newly  formed  Li–O  bonds  [59].  In  contrast,  the  before
adsorption  state  revealed  no  significant  Li  1s  peak,  emphasizing
effective  lithium  desorption  during  the  acid  leaching  phase.
Furthermore, the O 1s spectrum (Fig. 8(d)) was deconvoluted into
several  peaks  at  530.21,  531.05,  532.19,  533.03,  and  533.94  eV,
representing  various  oxygen-containing  functional  groups  (Ti–O,
C=O,  C–O–C,  S=O,  and  C–OH)  [60−64].  The  peaks  exhibited  a
shift  in  binding  energies,  indicative  of  the  structural
transformations prompted by lithium interaction. In Fig. 8(e), peaks

in the S 2p spectrum are identified at 168.88 and 167.77 eV, which
correspond  to  the  S  2p1/2 and  S  2p3/2 states,  respectively  [65, 66].
Figure 8(f) shows the C 1s spectrum with two prominent peaks at
286.30  and  284.64  eV,  associated  respectively  with  C–O  and
C–H/C–C bonds [67, 68]. 

4    Conclusions
In  summary,  we  present  the  fabrication  of  an  HTO/MXene/PSF
hybrid  membrane  for  selective  lithium  recovery  from  SGW.  The
membrane  was  synthesized  through  the in-situ self-assembly  of
HTO on MXene, resulting in a lithium adsorption capacity of 25.80
mg·g−1.  With  an  active  surface  area  of  12.56  cm²,  the  membrane
demonstrated effective lithium ion recovery from 230 mL of SGW.
The selective adsorption of Li+ over competing ions was driven by
an  H+-Li+ exchange  mechanism,  as  confirmed  by  adsorption
isotherms, kinetics studies, and XPS. DFT calculations indicate that
interfacial  electrostatic  interactions  and  enhanced  hydrogen
bonding  between  MXene  and  HTO  promote  the in-situ assembly
of HTO on MXene. Strong lithium adsorption energy and minimal
distortion  of  the  HTO  crystal  lattice  with  lithium  intercalation
demonstrate  strong  selectivity  for  lithium  ion  recovery.
Consequently,  this  methodology  holds  promise  for  developing  a
lithium  resource  recovery  process  from  SGW,  ensuring  a
sustainable lithium supply for future energy needs. 

Electronic  Supplementary  Material: Supplementary  material
(SEM  images,  surface  electrostatic  potential,  cycle  stability,
membrane flux, DFT models, and Tables S1–S8) is available in the
online  version  of  this  article  at https://doi.org/10.26599/NR.2025.
94907261. 

Data availability
All  data  needed  to  support  the  conclusions  in  the  paper  are
presented  in  the  manuscript  and  the  Electronic  Supplementary
Material.  Additional  data  related  to  this  paper  may  be  requested
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Figure 8    (a) XPS survey spectra. High-resolution XPS spectra of HTO/MXene/PSF hybrid membrane before and after adsorption for (b) Ti 2p, (c) Li 1s, (d) O 1s, (e) S
2p, and (f) C 1s.
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