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Abstract
Capacitive deionization (CDI) has significant potential for the rapid and efficient separation of

uranyl  ions,  although  there  remains  substantial  room  to  improve  the  development  of  an

appropriate electrode material. Phytic acid-doped polyaniline (PA-PANI) was synthesized in a

phytic acid (PA) environment in this work, followed by the immobilization of chitosan on the

PA-PANI  framework  to  produce  a  chitosan-modified  spherical  material  (CS/PA-PANI).

Experimental  results  showed  that  CS/PA-PANI  exhibited  much  faster  kinetics  and  much

higher uranium uptake under applied voltage than systems dominated by either physical or

chemical adsorption. UO2
2+ adsorption capacity reached a maximum of 942.4 mg g−1 at 1.2 V,

which  is  higher  than  most  polymer-based  electrodes  that  have  been  reported  to  date.

Electrochemical  analysis  and  characterization  of  the  structure  suggested  that  the

electroadsorption  of  UO2
2+ on  CS/PA-PANI  resulted  from  synergetic  effect  of  capacitive

processes  and  physical-chemical  adsorption.  The  capacitive  action  was  attributed  to  the

formation  of  electric  double  layers  by  polyaniline,  whereas  the  coordination  of  UO2
2+ with

the amino or hydroxyl groups accounted for the physico-chemisorption part. This study is a

novel and promising polymer electrode on CDI-based extraction of uranium in seawater and

nuclear  wastewater  through  integration  of  rational  material  design  and  excellent  uranium-

capture performance.
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Highlights
•  A  novel  uranium-capturing  electrode  with  high  adsorption  capacity:  Chitosan  immobilized  on  phytic  acid-doped  polyaniline

achieved a uranium adsorption capacity of 942.4 mg g−1.

•  Synergistic  mechanism  of  electrosorption  and  chemisorption:  Double-layer  formation  and  functional-group  coordination

synergistically enhance uranium capture efficiency.

•  Outstanding  selectivity  and  stability  in  complex  aqueous  systems:  Efficient  uranium  removal  from  seawater  and  simulated

nuclear wastewater with strong interference resistance and reusability.

•  Low-energy,  low-cost  scalable  electrode:  Energy consumption of  only  3.81  Wh kg−1,  simple  fabrication,  suitable  for  large-scale

application.
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Graphical abstract

 
 Introduction

As  the  global  demand  for  energy  grows  and  the  climate  crisis
intensifies, the development of sustainable technologies has become a
primary  focus  for  addressing future  energy needs[1,2].  Nuclear  energy,
which  is  often  considered  a  transitional  technology  and  a  bridge
between  fossil  fuels  and  renewable  energy  has  earned  considerable
international acclaim on the strategic value[3,4].  Currently, the majority
of  commercial  nuclear  reactors  utilize  uranium  as  their  fission  fuel,
which  is  derived  from  purifying  and  enriching  natural  uranium  ores
with  concentrations  of  around  0.7  per  cent  uranium[5,6].  Recent
estimates  by  the  International  Atomic  Energy  Agency  indicate  that
terrestrial  supplies  of  uranium  amount  to  almost  4.5  million  tons,
whereas an estimated 4.5  billion tons of  dissolved uranium exist  in
the  oceans—a  quantity  approximately  four  orders  of  magnitude
greater[7−9].  In  addition,  seawater  content  of  uranium  is  constantly
replenished,  and  it  is  estimated  that  around  27,000  tons  of  uranium
ions  are  introduced  into  the  oceans  every  year  via  river  inputs.  Thus,
the  efficient  extraction  of  uranium  from  seawater,  as  well  as  from
nuclear wastewater is  essential  to the long-term sustainable develop-
ment of nuclear energy[10].

Various  uranium  extraction  technologies  have  been  developed,
such  as  adsorption[11,12],  ion  exchange[13,14],  membrane
separation[15,16], and biological separation[17,18]. Capacitive deioniza-
tion  (CDI)  is  a  promising  technology  for  recovering  uranium  from
aqueous  media  that  has  become  a  promising  method  in  recent
years[19,20].  CDI  combines  the  principles  of  traditional  physical  and
chemical adsorption with electrochemistry: at a low applied voltage,
charged  ions  move  to  the  opposite  electrodes,  thereby  removing
ions  from  the  solution[21,22].  The  electrostatic  interactions  between
the ions in solution and the porous electrodes enable the storage of
ions within the electric double layers (EDLs) formed on the surfaces
of  porous  electrodes,  allowing  for  the  effective  enrichment  of  the
target species[23]. In addition, the procedure is reversible, and there-
fore,  the  target  ions  can  be  desorbed  when  required.  An  example
demonstrating  the  vast  potential  of  this  technique  is  provided  by
Wang  et  al.  who  reported  an  amino-functionalized  fossil  graphene
foam  (3D  FrGOF)  electrode,  which  demonstrated  an  adsorption
capacity  of  4,560  mg  g−1 in  600  mg  L−1 of  uranium  solution  and
lowered the  concentration  of  uranium in  simulated seawater,  from
3 mg L−1 to 19.9 μg L−1[10].

The material  used as an electrode is definitely a key determinant
of  the  performance  of  CDI  systems[24].  Consequently,  developing
effective and economically feasible electrode materials for the elimi-
nation  of  uranyl  ions  (UO2

2+)  is  essential[25].  Ideal  CDI  electrodes
should  meet  four  major  requirements:  high  electrical  conductivity,

large  specific  surface  area,  high  wettability,  and  low  cost[26].  At
present,  the majority  of  CDI  electrodes are carbon-based materials,
e.g.,  activated  carbon  and  carbon  nanotubes[24,27−30].  Although
widely used, these materials usually involve complicated calcination
processes and lack specific uranium-binding sites, which limits their
selectivity.  Conductive  polymers  have  received  considerable  inter-
est  in the recent past  as electrode materials  due to their  high elec-
tron  conductivity,  environmental  stability,  and  straightforward
synthesis[31].  For example,  to prepare a U(VI)  electoadsorption elec-
trode, Yu et al. placed a polyaniline onto biochar to achieve a maxi-
mum removal  capacity of  282.2 mg g−1 under conditions of  pH 4.0
and  0.9  V[32].  They  also  prepared  a  graphene  oxide/polypyrrole
composite electrode with a maximum U (VI) uptake of 246.5 mg g−1

under  similar  conditions[33].  Nonetheless,  many  reported  conduc-
tive-polymer-based  electrodes  have  comparatively  simple  struc-
tures  and  low  surface  areas,  limiting  the  performance  of  CDI[34].
Proton-acid doping of polyaniline (PANI) is one of the most promis-
ing  conjugated  conductive  polymers  that  can  be  easily  assembled
into multifunctional supramolecular structures in a simple, universal,
and cheap fashion[35−37].  Its  conductivity is  high,  is  environmentally
stable,  and  it  can  be  applied  in  supercapacitors,  batteries,  and
sensors[38−40].  Through  proton-acid  doping,  the  nitrogen  atoms  in
the  PANI  quinonoid  forms  are  protonated  by  H+,  and  polaronic
states  are  obtained[41,42].  The  resulting  positive  charges  delocalize
through  the  conjugated  p-system,  producing  highly  conductive
carriers  along  the  polymer  backbone[43].  Both  phytic  acid  (PA)  and
chitosan  exhibit  strong  coordination  with  uranyl  ions,  thereby
enhancing  uranium  capture  efficiency[22,44].  Their  affinity  towards
UO2

2+ is  also  enhanced  by  their  hydrophilia.  Leveraging  these
advantages,  we  developed  a  chitosan-functionalized,  phytic  acid-
doped  polyaniline  system  (CS/PA-PANI)  for  efficient  uranium  cap-
ture  via  CDI.  In  this  architecture,  PANI  offers  a  highly  conductive
framework and rich routes for transporting UO2

2+, whereas chitosan
and  PA  supply  specific  coordination  sites  for  uranyl  ions.  As  pre-
dicted,  CS/PA-PANI  demonstrated  rapid,  efficient,  and  selective
UO2

2+ removal via the CDI process, outperforming traditional physi-
cal-chemical  adsorption.  Its  overall  electrochemical  performance,
uranium-removal  efficacy,  and  mechanistic  analysis  confirmed  its
strong potential.

 Experiments

 Materials synthesis
 Synthesis of PA-PANI
Phytic  acid-doped  polyaniline  (PA-PANI)  was  synthesized  via  direct
heterogeneous solution polymerization.  The standard procedure is  as
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follows:  0.055  g  of  MnO2 was  uniformly  dispersed  in  20  mL  of  water.
Under magnetic stirring, 35 mL of aniline monomer was added to the
dispersion, followed by 1.335 mmol of PA as the dopant. The reaction
was left to take place at room temperature for 6 h.  To obtain the PA-
PANI  material,  the  resulting  product  was  collected  by  high-speed
centrifugation, washed thoroughly with deionized water and ethanol,
and  dried  under  vacuum  at  60  °C  for  24  h.  PA-PANI  samples  with
various PA molar ratios were prepared similarly to determine the effect
of  PA  content  on  the  adsorption  performance. Figure  1 shows  the
synthesis pathway of PA-PANI.

 Synthesis of CS/PA-PANI
A total of 100.0 mg of PA-PANI was suspended in 10.0 mL of deionized
water. Separately, 0.15 g chitosan powder was dissolved in 10.0 mL 2%
acetic  acid  solution,  and  the  dissolved  chitosan  solution  was  added
dropwise to the PA-PANI dispersion. The mixture was stirred for 12 h.
The product (CS/PA-PANI) was then collected, washed thoroughly with
deionized water, and dried under vacuum at 60 °C for 24 h. The mass
increase was used to determine the chitosan loading on PA-PANI using
the following equation:

Loading amount (%) =
Wm−W0

W0
×100% (1)

where, W0 and Wm are  the  weights  of  the  material  before  and  after
chitosan loading, respectively.

 Synthesis of HCl-PANI
For comparison, the hydrochloric acid-doped polyaniline CS/HCl-PANI
was also prepared by replacing the PA aqueous solution with 1 mol L−1

of hydrochloric acid solution.

 Uranium is extracted electrochemically
The CDI system was constructed using acrylic plates with titanium (Ti)
sheets  as  current  collectors  and  1-mm-thick  silicone  gaskets  to
separate  the  anode  and  cathode  chambers.  The  electrodes  were

prepared  by  simply  mixing  the  active  material  (CS/PA-PANI  or  PA-
PANI),  Ketjen  Black  (conductive  additive),  and  polyvinylidene  fluoride
(PVDF) binder in a mass ratio of 8:1:1. CDI electrodes were obtained by
dispersing  the  mixture  in  N-methyl-2-pyrrolidone  (NMP)  and  spray-
coated it onto Ti sheets (40 × 40 mm), followed by drying at 60 °C over
a period of  12 h.  During the operation of  CDI,  the prepared materials
(CS/PA-PANI  or  PA-PANI),  and  commercial  AC  were  used  as  cathode
and  anode,  respectively.  The  adsorption  performance  was  evaluated
under various operating conditions, such as applied voltage (0–1.2 V),
solution  pH  (3–9),  and  initial  U(VI)  concentration.  Ultraviolet-visible
spectrophotometry (UV-6000, Shanghai Tongwei Analysis Technology
Co.,  Ltd,  China)  and  inductively  coupled  plasma  mass  spectrometry
(ICP-MS; Agilent 7850, USA) were used to measure the concentrations
of  uranyl  ions  before  and  after  adsorption.  Detailed  instrument
parameters,  physical-chemical  adsorption  experimental  procedures,
and  electrochemical  test  conditions  can  be  found  in  the Supple-
mentary Experiment.

 Calculations of extraction capacity
The equilibrium uranium extraction capacity (qe, mg g−1), the uranium
extraction capacity at time t (qt, mg g−1), and the removal efficiency of
the uranyl ions (RE%) was determined by the following equations:

qe =
(Ci−Ce)×V

W
(2)

qt =
(Ci−Ct)×V

W
(3)

RE (%) =
(Ci−Ce)

Ci
×100% (4)

where, Ci and Ce represent the starting concentration and equilibrium
concentration  of  uranium  ions  (mg  L−1),  respectively, V (mL)  is  the
abbreviation of volume of the solution, and W is the mass of adsorbent
(mg).

 

Fig. 1  The preparation process of CS/PA-PANI.
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 Reuse of CS/PA-PANI electrodes
To  evaluate  the  cyclic  electrochemical  extraction  performance  of
CS/PA-PANI,  the  electrode  used  in  a  200  mg  L−1 uranyl  solution,  was
regenerated by  applying a  reverse  voltage in  0.1  mol  L−1 HCl  for  4  h.
This  adsorption-desorption  process  was  repeated  five  times,  and  the
extraction  capacity  was  calculated  for  each  cycle.  In  a  parallel
experiment,  the  spent  electrode  was  immersed  in  50  mL  of  a
100  mg  L−1 uranyl  solution  for  24  h  to  assess  physical-chemical
adsorption. The used electrode was then eluted in 0.1 mol L−1 of HNO3

for 8 h.

 Results and discussion

The potential of conducting polymers like polyaniline (PANI) to bind
uranyl  ions  forms  the  basis  for  synthesizing  efficient  uranium
adsorption  materials.  To  enhance  the  selective  binding  and
conversion  of  the  uranyl  ions,  PA—a  molecule  with  high  coordin-
ation affinity for U(VI)—was used as a dopant to PANI, and chitosan
was subsequently added to the surface to further increase selectivity
and  adsorption  capacity.  SEM  images  of  CS/PA-PANI  (Fig.  2a, b)
showed  a  spherical  morphology  of  the  compound,  which  is

advantageous  for  increasing  surface  area  and  adsorption  capacity.
Elemental mapping (Supplementary Fig. S1) confirmed the presence of
C,  N,  O,  and  P  as  expected.  The  FTIR  spectra  showed  characteristic
peaks of PA-PANI at 1,133, 1,053, and 505 cm−1 corresponding to P–O,
P–O–P,  and  PO4

3− groups,  respectively[45,46].  The  prominent  peak  at
1,615  cm−1 was  attributed  to  the  stretching  vibration  of  the  ring  of
quinone-like  structures,  confirming  the  successful  introduction  of
phytate  into  the  PANI  structure.  Following  the  assembly  of  chitosan,
the typical –OH and –NH2 stretching bands at 3,200–3,500 cm−1 were
observed to be significantly intensified and shifted, indicating that CS
was  bonded  to  PA-PANI  via  electrostatic  interactions  and  hydrogen
bonding[47,48] (Fig.  2c).  The  presence  of  C,  O,  N,  and  P  was  further
confirmed  by  X-ray  photoelectron  spectroscopy  (Fig.  2d).  The
intensities  of –OH and P–O–C peaks  in  CS/PA-PANI  were  significantly
higher in the high-resolution O 1s spectrum (Fig. 2e), and the area ratio
of  P–O–C/P=O  increased  with  the  ratio  shifting  to  2.02  in  the  CS/PA-
PANI  (compared  to  0.97  for  PA-PANI).  This  pronounced  change
provided  strong  evidence  for  successful  chitosan  grafting.
Thermogravimetric  analysis  (TGA)  was  performed  to  evaluate  the
thermal  stability;  both  PA-PANI  and  CS/PA-PANI  showed  comparable
degradation  behavior,  beginning  at  approximately  200  °C  (Fig.  2f).
Reduced  carbon  content  following  CS  recombination  by  a  slight

 

Fig. 2  Synthesis and characterization of CS/PA-PANI. (a), (b) SEM of CS/PA-PANI. (c) FTIR of PA-PANI and CS/PA-PANI; (d) XPS survey spectroscopy of PA-
PANI  and  CS/PA-PANI;  (e)  XPS  O  1s  spectra  deconvoluted  to  components  at  high  resolution;  (f)  Thermogravimetric  analysis  (TGA)  profiles  in  N2

atmosphere; (g) Time dependent evolution of water contact angle and hysteresis of CS/PA-PANI; (h) N2 adsorption-desorption curve and corresponding
pore size distribution (inset) of CS/PA-PANI.
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margin was in line with TGA findings. Hydrophilicity, which is crucial for
adsorption  kinetics  was  assessed  by  measuring  the  contact  angle  at
rest.  CS/PA-PANI  showed  rapid  water  droplet  absorption,  with
complete  wetting  occurring  within  about  1.15  s,  indicating  excellent
wettability  (Fig.  2g).  This  hydrophilicity  promotes  mass  transfer  to  a
large  extent,  thereby  enhancing  adsorption  efficiency.  As  shown  in
Fig.  2h,  CS/PA-PANI  exhibited  a  microporous  and  mesoporous
structure with an average pore diameter of 45.2 nm and a large specific
surface area, which contributed to enhanced charge storage[49]. These
architectural  benefits  provided  vast  channels  of  ion  transport  and
active  sites,  enabling  effective  adsorption  of  the  U(VI)  in  the  sub-
sequent CDI applications.

Figure  3a shows  that  the  cyclic  voltammetry  (CV)  of  the  CS/PA-
PANI electrode exhibited a progressive increase in integrated area at
scan  rates  ranging  from  10  to  100  mV  s−1[50]. Figure  3b shows  that
the specific capacitance of the CS/PA-PANI electrode decreased with
the  reduction  of  the  scan  rate,  which  could  be  attributed  to  the
diffusion  and  migration  of  uranyl  ions  to  the  electroactive  sites,
limiting  the  charge  storage  capacity  at  high  scan  rates[51].  Electro-
chemical  impedance  spectroscopy  (EIS)  was  also  used  to  evaluate
the  conductivity  and  charge-transfer  properties  of  CS/PA-PANI  and
PA-PANI electrodes (Fig. 3c)[52]. Calculations indicated that the ionic
conductivity  of  CS/PA-PANI  reached  189.04  S  cm−1.  All  results
support  the  view  that  the  CS/PA-PANI  electrode  served  as  an  effi-
cient  electroadsorbent  for  uranyl  ions,  demonstrating  outstanding
electrochemical performance and broad application potential.

To  evaluate  the  electrosorption  capacity  of  CS/PA-PANI  for
hexavalent uranium, batch adsorption experiments were conducted
in the self-assembled CDI system depicted in Fig.  4a.  The electrode
featured  an  effective  area  of  16  cm2 with  a  parallel-plate  structure,
maintaining a precisely controlled inter-electrode gap of 2 mm. The
electrolyte consisted of 50 mL uranium nitrate solution, circulated at
a constant flow rate of 20 mL min−1 via a peristaltic pump to ensure
the  system  maintained  a  controlled  laminar  flow  state  (Reynolds
number Re < 100). The influence of concentration of the PA dopant
on the uranyl ion extraction was methodically investigated (Fig. 4b).
As  shown in Supplementary  Fig.  S2,  the  mass  fraction of  phospho-
rus  in  PA-PANI  increased  continuously  with  the  rising  PA  doping
ratio, indicating a progressive increase in PA incorporation. The find-
ings  showed  that  the  uranium  adsorption  capacity  was  propor-
tional  to  the  PA  content  at  lower  ratios  of  doping.  An  optimal
monomer-to-PA molar ratio of 10:2.5 yielded the highest extraction
capacity  of  823.7  mg  g−1.  Remarkably,  the  uranium  uptake
decreased  considerably  at  a  higher  doping  ratio  of  1:0.3,  to

762.3  mg  g−1,  which  may  be  explained  by  the  nature  of  intrinsic
impedance of the PA-PANI composite. Although increased levels of
PA  provided  more  phosphate  binding  sites,  the  material  with  a
monomer-to-PA molar ratio of 1:0.2 exhibited superior charge trans-
port characteristics, thus providing the ability to capture uranyl ions
more  effectively.  The  loading  of  chitosan  on  the  PA-PANI  surface
(Fig. 4c) increased at a high rate in the early stages and then became
stagnant with prolonged reaction time.  It  is  important to note that
at  a  critical  chitosan loading of  approximately  29%,  the  adsorption
performance  of  the  CS/PA-PANI  composite  was  maximized.  The
additional  increase of  the loading time after  8 h,  however,  resulted
in the adsorption being reduced by approximately 9% (Fig. 4d). It is
assumed that this non-monotonic tendency was caused by the rear-
rangement  of  the  structure  caused  by  excess  chitosan:  on  the  one
hand,  excessive  chitosan  molecules  may  block  the  mesoporous
channels of PA-PANI; on the other hand, the long-duration reaction
could  disrupt  the  PANI  backbone.  Compared  to  the  individual
components,  CS/PA-PANI  exhibited  significantly  superior  adsorp-
tion performance (Fig. 4e). As solution pH and applied voltage have
been  determined  to  be  critical  factors  affecting  UO2

2+ adsorption,
electrosorption  activity  of  CS/PA-PANI  was  further  investigated
regarding various pH conditions (3–9), and applied voltage (0–1.2 V).
The pH influence on the adsorption performance is shown in Fig. 4f.
The  adsorption  capacity  of  CS/PA-PANI  initially  increased  and  then
decreased with increasing pH,  and the highest  adsorption capacity
was  achieved  at  pH  5.  According  to  previous  works,  UO2

2+ is  the
dominant  species  of  a  solution with  pH values  below 5.  Under  low
pH  conditions,  the  high  content  of  H+ ions  causes  the  adsorbent
surface to be protonated, causing electrostatic repulsion with UO2

2+,
and  decreasing  the  adsorption  capacity.  With  increasing  pH,  the
negatively  charged  uranium  species  such  as  UO2(OH)3

− and
(UO2)3(OH)7

− become  dominant  and  consequently,  negatively
charged adsorbent surface starts to be repelled, and adsorption effi-
ciency  is  further  reduced[53].  Thus,  all  the  experiments  were
performed at pH 5 unless otherwise specified. Moreover, the opera-
tion of  electrosorption of  CS/PA-PANI with U(VI)  was highly depen-
dent on the voltage applied. Under the open-circuit conditions, the
adsorption capacity was fairly low at 599.4 mg g−1. Nevertheless, the
adsorption  capacity  increased  with  the  voltage  applied,  with  an
increase  in  the  adsorption  capacity  of  U(VI)  from  599.4  to
942.4  mg  g−1 at  0  and  1.2  V,  respectively,  as  the  driving  force,  the
electric force increased in strength and enhanced the rate of uptake
of  U(VI)  (Fig.  4g).  Given  the  fact  that  too  high  voltages  can  cause
Faradaic reactions like the electrolysis  of  water (1.23 V vs SHE),  and

 

Fig. 3  Electrochemical performance evaluation of CS/PA-PANI. (a) CV curves of CS/PA-PANI at various scanning rates; (b) Specific capacitance of CS/PA-
PANI at various scanning rates; (c) EIS spectra of the CS/PA-PANI and PA-PANI.
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will result in inefficiency in energy conversion, 1.2 V was selected as
the  standard  voltage  for  the  subsequent  experiments. Figure  4h
shows the adsorption kinetics of CS/PA-PANI under open-circuit and
1.2 V conditions. In comparison with physical and chemical adsorp-
tion,  electrosorption  reached  equilibrium  more  rapidly,  typically
within  12  h.  The  corresponding  equilibrium  adsorption  capacities
were 942.4 mg g−1 for  electrosorption,  and 599.4 mg g−1 for  physi-
cal-chemical  adsorption.  The  adsorption  kinetics  data  were  further
analyzed  using  pseudo-first-order  and  pseudo-second-order
models[54,55].  For  electrosorption  and  physical-chemical  adsorption,
the correlation coefficients (R2) of the pseudo-first-order model were
0.9736  and  0.9910,  respectively  (Supplementary  Table  S1),  and  the
values  of  R2 in  the  pseudo-second-order  model  were  0.9896  and
0.9947.  The  higher  R2 values  confirmed  that  the  pseudo-second-
order  model  better  described  the  electrosorption  process,  indicat-
ing that this process was dominated by surface redox reactions and
capacitive  energy  storage  mechanisms.  The  adsorption  isotherms
play  a  vital  role  in  the  characterization  of  adsorption  of  materials.
Electrosorption  was  carried  out  on  CS/PA-PANI  using  uranium
solutions  of  different  concentrations.  The  Langmuir  model  (R2 =
0.9817)  provided  an  excellent  fit  to  the  experimental  equilibrium

data, as shown in Fig. 4i. The calculated maximum adsorption capac-
ity of 973.1 mg g−1 at an initial uranium concentration of 600 mg L−1

was well in agreement with the experimental value of 954.1 mg g−1

(Supplementary Table S2).
Electrode reusability is a major consideration for practical applica-

tions.  The  cycling  stability  of  the  CS/PA-PANI  electrode  was  tested
by applying a reverse bias to the electrode within 4 h,  eluting with
0.1  mol  L−1 of  HCl.  As  shown in Fig.  5a,  after  five  cycles  in  a  50  mL
solution  containing  200  mg  L−1 of  uranyl  acetate,  the  extraction
capacity  and removal  efficiency decreased to 314.5  mg−1 and 78%,
respectively.  This  reduction  can  probably  be  attributed  to  the
desorption or loss of the PA and chitosan molecules during the elec-
trodeposition  process.  Although  the  extraction  capacity  decreased
with  cycle  number,  the  high  inherent  binding  of  CS/PA-PANI  to
uranyl  ions  enabled  the  spent  electrodes  to  be  further  utilized  via
physical-chemical  adsorption  to  maximize  the  use  of  adsorption
sites.  Five  consecutive  adsorption  cycles  with  50  mL  100  mg  L−1

uranyl solution were conducted using the spent electrodes, and the
removal  efficiency  of  the  electrode  decreased  to  74%.  This
combined  approach  of  electrochemical  deposition  and  physical-
chemical adsorption allows full utilization of the electrode capacity,

 

Fig. 4  Uranium electrosorption behavior of CS/PA-PANI electrodes. (a)  Schematic illustration of CS/PA-PANI employed as an immobile electrode in the
CDI  system.  (b)  Effect  of  phytic  acid  doping  amount  on  uranium  electrosorption.  (c)  Change  of  chitosan  loading  concentration  with  time.  (d)  Effect  of
chitosan doping time on adsorption performance. (e)  U(VI) electrosorbed by various samples. Influence of pH of (f)  solution and voltage (g)  applied on
U(VI) electrosorption. (h) Kinetics of adsorption CS/PA-PANI with the respective fitting equations in the model of pseudo-first-order and pseudo-second-
order. (i) Adsorption isotherms at initial U(VI) concentrations of 50, 100, 200, 300, 400, and 500 mg L−1. Experimental conditions: solution volume: 50 mL;
pH adjusted using dilute Na2CO3 or HNO3 solution.
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which  is  important  for  environmental  sustainability  and  cost-effec-
tive industrial application. Different competing ions in the seawater
may  influence  the  uranium  adsorption  capacity  of  the  adsorbent.
Uranium  adsorption  behavior  of  CS/PA-PANI  was  tested  in  simu-
lated  seawater  (Supplementary  Table  S3)  and  natural  seawater
(Supplementary  Table  S4),  which  is  similar  to  open-sea  conditions.
As  shown  in Fig.  5c,  among  competing  ions,  the  CS/PA-PANI
composite  exhibited  the  highest  adsorption  capacity  for  uranium,
with a U/V ratio of 2.6, and a U/Fe ratio of 7.5. The selectivity coeffi-
cients  for  other  interfering  ions  all  exceeded  10.  To  evaluate  its
performance in  natural  seawater,  long-term continuous  adsorption
experiments  were  also  conducted. Figure  5d indicates  that  after
10  d,  the  uranium  removal  rate  reached  85%,  the  U/V  ratio
decreased  to  1.2,  and  the  U/Fe  ratio  decreased  to  6.0,  while  the
selectivity  coefficients  for  other  interfering  ions  remained  above  7.
This variation reflects the impact of the complex ionic environment
in real seawater on separation efficiency. Uranium extraction experi-
ments were also conducted in the model radioactive nuclear waste-
water  to  investigate  the  increased  applicability  of  CS/PA-PANI
electrodes.  U(VI),  Ni(II),  Co(II),  Gd(III),  Pr(III),  Ce(III),  and  La(III)  were
present  in  the  prepared  solution  at  a  concentration  of
0.05 mmol L−1. Figure 5e shows that after 24 h, CS/PA-PANI attained
a  uranium  extraction  capacity  of  18.3  mg  g−1,  which  was  several
times greater than that of the other competitive ions, indicating the
electrode's  efficacy  for  uranium  removal  from  radioactive  nuclear
wastewater.  The  performance  of  CS/PA-PANI  in  removing  uranium
was again compared with the performance of various reported CDI
electrode  materials  (Fig.  5f and Supplementary  Table  S5),  and
CS/PA-PANI  showed  the  best  performance  among  the  reported
electrodes.  Additionally,  the  energy  consumption  per  unit  of
uranium  removed  during  the  electrosorption  process  was
calculated  to  be  3.81  Wh  kg−1,  indicating  extremely  low  electrical

energy consumption. These values provide key reference metrics for
evaluating  the  efficiency  and  practicality  of  electrodes  in  uranium
recovery  from  aqueous  solutions,  highlighting  their  application
potential  in  low-energy-consumption,  high-performance  electro-
sorption systems.

XPS analysis  (Fig.  6a)  revealed specific  peaks for  C 1s,  O 1s,  N 1s,
P  2p,  and  U  4f.  The  appearance  of  the  U  4f  peak  confirms  the
successful adsorption of U onto CS/PA-PANI, which proves its capa-
bility to adsorb U in aqueous solutions. To elucidate the adsorption
mechanism of UO2

2+ on CS/PA-PANI, high-resolution XPS O 1s and N
1s spectra were deconvoluted before and after adsorption (Supple-
mentary Fig. S3). In the post-adsorption O 1s spectrum, a new fitted
peak  appeared  at  higher  binding  energy,  attributed  to  U–O  bonds
formed via UO2

2+ coordination. Concurrently, peaks associated with
phosphate groups from PA and hydroxyl groups from CS exhibited
shifts,  indicating  their  direct  involvement  in  uranium  binding.  The
N 1s  spectrum further  revealed a  shift  of  the amine peak to higher
binding  energy,  confirming  the  chelation  of  UO2

2+ by  nitrogenous
functional  groups.  These  findings  demonstrate  that  both  oxygen-
rich  (PO4

3−, –OH)  and  nitrogen-rich  (–NH2)  sites  in  CS/PA-PANI
actively  participate  in  uranium  removal,  validating  a  synergistic
mechanism  where  electrosorption  (capacitive),  and  physicochemi-
cal adsorption (chelation) jointly govern UO2

2+ uptake. Furthermore,
the  coordination  modes  between  the  functional  groups  on  CS/PA-
PANI and uranyl ions were also investigated based on density func-
tional  theory  (DFT)  calculations  (Fig.  6b).  Single-point  energy
calculations showed that the adsorption energy between the func-
tional  groups  and  UO2

2+ was −22.40  eV,  indicating  that  the  func-
tional  groups  had  a  strong  affinity  to  uranyl  ions.  ESP  mapping
reveals  that  the  ESP  of  UO2

2+ overlaps  with  that  of  the  functional
groups  (Fig.  6c),  providing  further  evidence  for  the  interaction
between  UO2

2+ and  the  polyaniline-based  functional  groups.  The

 

Fig.  5  Cycling  stability  and  selectivity  of  CS/PA-PANI  electrodes  in  uranium  recovery.  (a)  Cycling  reversibility  of  CS/PA-PANI  electrodes  eluted  with
0.1 mol L−1 HCl  under reverse bias for  4 h.  The starting concentration, C0 = 200 mg L−1.  (b)  Five adsorption cycles and one elution of  used CS/PA-PANI
electrodes with 0.1 mol L−1 HNO3 as the eluent. C0 = 100 mg L−1. (c) Uranium and competing ion uptake by CS/PA-PANI into U-spiked simulated seawater.
(d)  Comparison  of  adsorption  of  uranium  in  the  natural  seawater  with  other  competing  ions.  (e)  Co-removal  of  a  mixture  of  ions  on  the  CS/PA-PANI
electrode  through  simulated  nuclear  wastewater  after  24  h.  (f)  Comparison  of  the  uranium  adsorption  capacity  of  CS/PA-PANI  with  reported
adsorbents[26, 32,33, 50,56−67].
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high adsorption capacity of CS/PA-PANI renders it a potential use in
the  large-scale  extraction  of  uranium  from  seawater  and  recovery
from  nuclear  wastewater.  Its  low-cost  material  composition  is
advantageous  for  large-scale  industries.  The  excellent  uranium
adsorption capacity  enhances  extraction efficiency,  while  the good
recovery  of  uranium  guarantees  long-term  stability  of  electrodes.
These  properties  collectively  make  CS/PA-PANI  an  efficient,  cost-
effective, durable, and scalable material for uranium extraction.

 Conclusions

In this study, we successfully synthesized a novel, cost-effective CS/PA-
PANI,  with  both  electrochemical  and  physicochemical  adsorption
capabilities. CS/PA-PANI was synthesized via a simple and generalized
heterogeneous  polymerization  technique  and  has  inherent  conduct-
ivity.  The  functional  groups  of  PA  and  CS  render  the  molecules
hydrophilic  and  a  high  binding  affinity  for  uranyl  ions,  enabling
phosphate and hydroxyl groups to interact with UO2

2+. The maximum
adsorption  capacity  of  the  CS/PA-PANI  electrode  under  an  applied
voltage of 1.2 V was a saturation adsorption capacity of 942.4 mg g−1,
compared  to  the  physical-chemical  adsorption  capacity  of
599.4  mg  g−1.  After  10  d  of  physical-chemical  adsorption  in  3  L  of
natural  seawater,  the  uranium  concentration  dropped  to  0.4  ug  L−1,
compared with an initial concentration of 2.4 ug L−1. Recycling of spent
electrodes  enables  the  maximum  utilization  of  electrodes  in  terms  of
cost  and  performance.  On  the  whole,  this  environmentally  friendly,
energy-saving  and  efficient  strategy  holds  significant  potential  for
large-scale  industries  application.  Furthermore,  the  production  of  the
CS/PA-PANI  electrodes  offers  insights  into  the  application  of  func-
tionalized conductive polymers for the extraction and reuse of ions.
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Fig.  6  Mechanistic  study  of  uranium  adsorption  by  CS/PA-PANI  composites.  (a)  XPS  spectra  of  the  CS/PA-PANI  before  and  after  U  adsorption.
(b) Structural schematics of functional groups in CS/PA-PANI. (c) Coordination structure diagram of functional groups in CS/PA-PANI with uranyl ion.
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