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Abstract
Water  contaminants  represent  a  significant  global  challenge  that  impacts  the  environment.  Research  shows  that  lead  exposure  may  result  in  urinary,

cardiovascular,  digestive,  respiratory,  and  neurological  disorders.  By  in-situ  polymerizing  pyrrole  on  CoFe2O4 nanoparticles,  a  polypyrrole-coated  cobalt

ferrite  (PPy@CoFe2O4)  magnetic  nanosorbent  is  synthesized  to  achieve  efficient  removal  of  Pb(II).  XRD  data  corroborated  the  findings  of  the  SEM

examination, which showed spherical nanoparticles with diameters of about 50 nm. The investigation of zeta potential revealed that the polypyrrole-coated

cobalt ferrite nanoparticles have a positive surface charge in an acidic medium and a negative surface charge in alkaline media. The equilibrium time was

found to be 70 min, and the adsorption behavior aligned with a pseudo-second-order kinetic model. The adsorption isotherms were accurately represented

by  the  Langmuir  model.  PPy/CoFe2O4 demonstrates  a  maximal  monolayer  adsorption  capacity  of  357.14  mg·g−1 under  optimum  conditions  (330  K

temperature,  0.16  g·L−1 adsorbent  dose,  and  pH  8.0).  The  removal  efficiency  was  still  higher  than  94%  following  the  five  adsorption-desorption  cycles.

Electrostatic  interaction  is  a  primary  mechanism  influencing  Pb(II)  adsorption  onto  the  surface  of  PPy/CoFe2O4.  A  negative ΔG°  indicates  that  Pb(II)

adsorption  onto  PPy/CoFe2O4 proceeds  spontaneously.  The  results  indicate  that  the  PPy/CoFe2O4 composite  functions  as  a  highly  efficient  adsorbent,

showcasing extensive applicability in the treatment of wastewater contaminated with heavy metal ions.
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Introduction

The  shortage  of  access  to  potable  water  remains  a  significant
challenge in many nations. Approximately 25% of the world's popu-
lation lack a supply of  safe drinking water,  resulting in a significant
public health crisis  that claims 3.4 million lives each year,  with chil-
dren  being  the  most  affected  due  to  waterborne  diseases[1,2].  The
existence of heavy metal ions (HMIs) in water represents a consider-
able threat  to the integrity of  water  purity and can lead to adverse
consequences for biological systems. Even the slightest presence of
HMIs may adversely affect living beings[3].  The root cause for this is
the  significant  tendency  of  HMIs  to  accumulate  within  food  webs
and  ecosystems[4].  HMIs  are  persistent  in  the  environment  and
exhibit  carcinogenic  characteristics[5].  About  40%  of  the  surface
water  on  Earth,  primarily  from  rivers  and  lakes,  is  tainted  by  HMIs,
largely due to agricultural and industrial activities[6].

Lead  is  a  highly  poisonous  element  that  occurs  naturally  in  the
Earth's  crust[7].  Its  pervasive  use  has  resulted  in  considerable  envi-
ronmental damage and major public health issues across the globe.
Recycling activities, manufacturing, smelting, and mining as well as
the  use  of  lead  in  various  goods,  are  significant  causes  of  environ-
mental  contamination[8−10].  Infants  and  kids  are  more  exposed  to
lead's  harmful  effects,  which  can  have  long-term  health  conse-
quences,  especially  related  to  central  nervous  system
development[11,12].  Lead  penetrates  the  body  and  is  transferred  to
several organs, including bones, liver, kidneys, and the brain. Lead is
retained  in  bones  and  teeth,  where  it  gradually  accumulates[12].
Lead  contained  in  bone  can  be  discharged  into  the  bloodstream
during  pregnancy,  exposing  the  fetus,  resulting  in  premature

delivery, and decreased fetal growth[13]. The World Health Organiza-
tion  (WHO)  specifies  that  the  optimal  permissible  level  of  Pb(II)  in
drinking  water  is  0.01  mg·L−1[14].  Consequently,  it  is  critical  for  the
public health and environment that lead be removed from contami-
nated water and wastewater.

Wastewater purification systems may remove up to 80% of pollu-
tants,  but this  high efficacy is  attainable only when combined with
sophisticated  treatment  techniques.  Advanced  remediation  pro-
cedures include multiple approaches that involve chemical precipi-
tation, electrodialysis, photocatalysis, adsorption, coagulation, filtra-
tion,  advanced  oxidation  processes,  membrane  separation,  ion
exchange,  and  electrocoagulation[15−24].  Within  these  methodolo-
gies,  adsorption  is  recognized  as  a  highly  efficient  and  promising
approach due to its  straightforward operation,  remarkable efficacy,
affordability,  and  minimal  generation  of  residual  contaminants[2].
Modified  polymers,  organic  porous  frameworks,  carbon  nanotubes
(CNTs),  and  activated  carbon  exemplify  a  range  of  adsorbents  re-
cognized  for  being  efficient  in  the  removal  of  Pb(II)[25−28].  None-
theless,  these adsorbents  present  significant  limitations in  terms of
regeneration and separation[29].

Conducting  polymers  (CPs)  contain  conjugated π systems  and
present significant potential in various domains, including gas sens-
ing, corrosion prevention, and biomedicine[2].  Polypyrrole, a type of
conducting polymer, provides an efficient and practical strategy for
treating  wastewater  and  efficiently  eliminating  HMIs  and  other
pollutants  due  to  the  functional  groups  on  its  outer  layer  and  its
adaptable  properties[2].  While  pure  conducting  polymers  possess
certain  limitations,  their  amalgamation  with  different  materials  to
form  advanced  composites  effectively  addresses  such  obstacles.
The  incorporation  of  CPs  within  these  composites  imparts  unique
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pH-responsive,  mechanical,  and  electrical  properties,  rendering
them highly effective for treating wastewater[2].

CP-based  magnetic  nanocomposites  (MNCPs)  integrate  the
advantages  of  their  individual  components,  enhancing  adsorption
via  superparamagnetic  and  pH-responsiveness  properties,  thereby
enabling  easy  separation  with  an  exterior  magnetic  field.  The  pre-
sence  of  functional  groups  like –OH, -NH-, -S-,  and  NH2 on  NCPs
enhances the binding of HMIs through a variety of interactions. The
MNCPs  are  highly  regarded  for  their  conductance,  stability,  sim-
plicity  in  preparation,  and  effective  recuperation,  making  them
exemplary materials for the removal of HMIs from wastewater[2].

This  research  utilizes  a  straightforward  in  situ  chemical  polyme-
rization  approach  to  synthesize  an  innovative  polypyrrole-coated
cobalt ferrite magnetic nano adsorption material (PPy/CoFe2O4). The
PPy/CoFe2O4 nanocomposites  underwent  thorough  characteriza-
tion through a range of techniques, such as Fe-SEM, XRD, and FTIR,
while  their  efficacy  in  adsorbing  Pb(II)  from  synthetic  aqueous
samples was meticulously assessed. Evaluations were conducted to
assess  the  capacity  of  pure  cobalt  ferrite  nanoparticles,  pristine
polypyrrole,  and  PPy/CoFe2O4 nanocomposite  to  adsorb  Pb(II).
Through  instrumental  studies  and  adsorption  investigations,  we
propose the most probable mechanistic pathway for the adsorptive
elimination  of  Pb(II)  utilizing  the  PPy/CoFe2O4 composites.  While
there  exists  a  plethora  of  reports  concerning  the  removal  of  Pb(II)
from water-based solutions[12−24] they reveal  limitations in terms of
adsorption capacity and present significant challenges in regenera-
tion.  Considering  the  aforementioned  facts,  the  developed
PPy@CoFe2O4 nanocomposite presents a wide array of advantages,
including excellent adsorption capacity, enhanced separability, suit-
ability  for  HMIs,  and  economic  viability.  The  goal  of  the  current
study  is  to  determine  the  optimal  parameters  for  the  removal  of
Pb(II), in line with research on actual wastewater treatment. The pH
responsiveness  of  the  synthesized  nanocomposite  renders  it  an
appropriate  candidate  for  the  efficient  removal  of  HMIs,  as  well  as
both cationic and anionic dyes from wastewater. 

Experimental
 

Reagents and equipment
This  study  employed  analytical-quality  Fe(NO3)3·9H2O,  (≥ 99%

pure)  and  Co(NO3)2·6H2O,  (≥ 99%  pure)  obtained  from  Himedia
India.  Chemicals  acquired  include  lead(II)  nitrate  from  Merck  India,
sodium dodecyl sulfate (SDS), ammonium persulfate (98%), sucrose
(C12H22O11),  nitric  acid  (HNO3),  and  monoethanolamine  (C2H7NO)
99%  Pure,  from  SRL,  pyrrole  (99%  pure)  from  Spectrochem  India.
The Pb(II) supply solution was prepared using highly purified water,
achieved  through  the  process  of  double  distillation  of  deionized
water.

Employing  a  FE-SEM  (Nova  NanoSEM  450),  the  morphologies  of
PPy/CoFe2O4 and  CoFe2O4 were  analyzed.  A  digital  pH  meter  from
Ohaus (model OH30057496) was employed to determine the pH of
the solution being investigated. The IRTracer-100 FTIR spectrometer
(Shimadzu,  Japan)  was  employed  to  acquire  the  FTIR  spectra  of
PPy/CoFe2O4 and  CoFe2O4,  applying  KBr  pellets  for  the  analysis.  In
the 2θ range of 20° to 80°,  PPy/CoFe2O4,  and CoFe2O4 X-ray diffrac-
tion  (XRD)  patterns  were  analyzed  employing  a  D/MAX-2500PCX
diffractometer equipped with CuKα radiation. After adsorption trials,
the Pb(II)  content was measured by PerkinElmer atomic absorption
spectrometer  (PinAAcle  900  Series  AA).  The  zeta  potential  of  the
composite was evaluated using the Malvern Zetasizer. 

Preparation of CoFe2O4 nanoparticles
Spherical  cobalt  ferrite  nanoparticles  were  prepared  utilizing

the  solution  combustion  approach[30,31].  At  the  outset,  precise
stoichiometric quantities of Fe(NO3)3·9H2O and Co(NO3)2·6H2O were

dissolved  in  water.  Monoethanolamine  effectively  stabilizes  the
nanoparticles, preventing accumulation through electrostatic and/or
steric stabilization, ensuring a uniform size, and reducing clustering.
Sucrose  functioned  as  a  source  of  energy,  supplying  the  requisite
heat  to  initiate  the  combustion  process.  Nitric  acid,  on  the  other
hand,  worked  as  an  oxidizing  agent,  promoting  the  oxidation  of
both metal ions and sucrose. The heat produced during the process
of  oxidation  initiated  combustion  and  aided  in  the  decomposition
of metal precursors, resulting in the formation of nanoparticles. The
mixture was heated and then annealed at 650 °C for 4 h[30,31]. 

Preparation of PPy/CoFe2O4 nanocomposite
Employing  (NH4)2S2O8 as  the  oxidizing  agent,  pyrrole  was  poly-

merized  on  CoFe2O4 nanoparticles  using  a  chemical  oxidative
approach  at  a  temperature  spanning  0  to  5  °C  to  synthesize  a
PPy/CoFe2O4 composite. After carefully dispersing 0.1 g of prepared
CoFe2O4 in  100  ml  of  0.01  M  SDS,  the  sample  underwent  a  30-min
ultrasound treatment utilizing a probe sonicator. Following this, the
0.1  M  cooled  liquid  pyrrole  (double-distilled)  was  carefully  intro-
duced into the solution beaker, with constant stirring maintained at
1800 rpm. A solution of (NH4)2S2O8, recognized for its oxidizing char-
acteristics,  was  added  gradually.  The  stirring  process  was  main-
tained for 8 h. The two distinct layers thus emerged. The upper layer,
distinguished  by  its  lightweight  characteristics,  is  composed  solely
of  PPy,  which  was  extracted  via  decanting.  The  layer  of  reduced
density  is  composed  of  CoFe2O4 nanoparticles  coated  with  PPy,
which  was  subsequently  filtered,  washed  using  50%  ethanol,  and
heated  at  a  temperature  of  70  °C  for  20  h  for  complete  drying[32].
The  schematic  for  the  fabrication  of  CoFe2O4 nanoparticles  and
PPy/CoFe2O4 nanocomposite is illustrated in Fig. 1. 

Adsorption investigation
The  investigation  of  Pb(II)  adsorption  was  conducted  through

batch  processes.  A  200  mg·L−1 solution  of  lead(II)  nitrate  was  pre-
pared and subsequently diluted to achieve different concentrations.
Typically,  0.008  g  of  PPy/CoFe2O4 was  treated  with  50  mL  of  Pb(II)
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Fig.  1    Schematic  for  the  fabrication  of  CoFe2O4 nanoparticles  and
PPy/CoFe2O4 nanocomposite.
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solution  at  the  designated  temperature.  At  various  times,  the
PPy/CoFe2O4 was  extracted  from  the  solution  employing  an  exter-
nal  magnet,  and  the  remaining  content  of  Pb(II)  following  adsorp-
tion  was  quantified  through  atomic  absorption  analysis.  The
percentage removal of Pb(II),  together with the adsorption of Pb(II)
at any given moment and at equilibrium, represented as Qt (mg·g−1)
and Qe (mg·g−1),  respectively,  was calculated applying Eqns (1) and
(2)[33]. Every experiment was carried out in triplicate.

% Removal =
(Co−Ce)

Co
×100 (1)

Qe =
(Co−Ce)×V

m
(2)

The  adsorbent's  mass  (m),  the  solution's  volume  (V),  the  equilib-
rium  concentration  of  Pb(II)  (Ce),  and  the  initial  concentration  of
Pb(II)  (Co),  are  among  the  variables.  The  optimal  settings  for  the
removal of Pb(II) were determined through a comprehensive analy-
sis  of  various  factors,  including  temperature  (298−318  K),  contact
time  (2−120  min),  adsorbent  quantity  (0.04−0.30  g·L−1),  pH
(2.0−12.0), and Pb(II) concentration via batch trails. 

PPy/CoFe2O4 nanocomposite regeneration
The  desorption,  merely  the  reverse  of  the  adsorption  process,

encompasses the discharge of a material that was initially adsorbed
to the exterior of the adsorbent. This study represented five cycles of
adsorption and desorption utilizing the PPy/CoFe2O4 nanocompos-
ite.  Every  cycle  involved  adding  0.008  g  of  the  PPy/CoFe2O4 to  a
glass vessel comprising 50 mL of a Pb(II) solution (30 mg/L), keeping
the  temperature  at  30  °C,  agitating  at  250  rpm,  and  maintaining  a
controlled pH of 8.0. The remainder of the Pb(II) concentration in the
solution  was  assessed  subsequent  to  agitation.  The  residual  mate-
rial  underwent  a  meticulous  cleaning  process  with  distilled  water
before drying at 110 °C for 11 h, facilitating subsequent desorption
experiments.

The  Pb(II)  desorption  from  the  PPy/CoFe2O4 surface  was  exam-
ined  using  various  solvents  such  as  HCl,  H2SO4,  methanol,  and
ethanol.  The  desorption  procedure  entailed  submerging  the
depleted  PPy/CoFe2O4 in  50  mL  of  various  solvents  and  agitating
the mixture  at  25 °C for  a  duration of  2  h.  The adsorbent  was then
subjected  to  a  rinsing  process  using  distilled  water  to  remove  any
residual solvent, followed by drying for 11 h at 110 °C. The concen-
tration of  leftover Pb(II)  was measured following the completion of
the  desorption  study.  The  efficiency  of  desorption,  as  defined  by
Eqn  (3),  represents  the  proportion  of  pollutants  that  have  been
desorbed relative to the initial amount adsorbed, thereby providing
valuable insights into the reuse ability and rejuvenating capabilities
of the nanocomposite[34].

% Desorption =
Mads

Mdes
×100 (3)

The  total  quantity  of  Pb(II)  adsorbed  and  desorbed  in  mg·L−1 is
denoted by Mads and Mdes, correspondingly. 

Results and discussion
 

Evaluation of synthesized CoFe2O4 nanoparticle and
polypyrrole coated CoFe2O4 nanocomposite 

X-ray diffraction assessment
The  examination  of  the  composition  and  crystal  structure  of  the

PPy/CoFe2O4 composite and CoFe2O4 nanoparticles was performed
utilizing  X-ray  diffraction  (XRD),  as  depicted  in Fig.  2a.  The  XRD
pattern  clearly  demonstrates  five  distinctive  spikes  at  62.6°,  56.95°,
53.05°, 43.05°, 35.4°, and 30° corresponding to the (440), (511), (422),
(400),  (311),  and  (220)  planes  of  CoFe2O4,  respectively[35,36].  The
PPy/CoFe2O4 composite  and  CoFe2O4 nanoparticles  were  found  to
have  crystallite  diameters  of  18.0  and  17.5  nm,  respectively,
computed  utilizing  the  Debye-Scherrer  equation.  The  distinct  and
prominent XRD peaks of CoFe2O4 confirm the enhanced crystalliza-
tion  of  the  nanoparticles.  The  observed  decrease  in  peak  intensity
levels of the PPy/CoFe2O4 indicates that PPy efficiently envelops the
surface  of  the  CoFe2O4 nanoparticles.  Moreover,  distinctive  peaks
regarding PPy were identified within the spectrum ranging from 25°
to  27°,  and  were  in  close  agreement  with  the  findings  of  previous
research[37]. 

SEM analysis
A  structural  investigation  employing  scanning  electron  micro-

scopy  uncovered  uniformly  distributed  cobalt  ferrite  nanoparticles
with  a  diameter  spanning  from  20  to  50  nm  (Fig.  2b).  The  interac-
tions  between  magnetic  dipoles  lead  to  significant  accumulation;
however, the individual particles retain their distinct shapes, indicat-
ing  minimal  integration.  The  measured  surface  roughness  reflects
the  effective  synthesis  of  cobalt  ferrite,  characterized  by  a  consis-
tent  morphology  and  size  distribution.  This  indicates  that  meticu-
lous  oversight  of  precursor  concentration  and  the  strategic  alter-
ation of reaction conditions governed the synthesis process. A deli-
cate  layer  of  PPy  uniformly  envelops  the  core-shell  architecture  of
CoFe2O4 nanoparticles,  as  observed  in  the  SEM  images  of  the
PPy/CoFe2O4 composite.  This coating increases the diameter of the
particles  to  a  range  of  50−100  nm  and  triggers  particle  accumula-
tion  (Fig.  2c).  The  astonishingly  sleek  layer  of  PPy  on  cobalt  ferrite,
along  with  the  hydrophobic  and  Vanderwaal  interactions  among
the  polypyrrole  molecules,  could  potentially  explain  the  observed
agglomeration.  The  homogeneous  surface  structure  of  the
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Fig. 2    (a) X-ray diffraction patterns of cobalt ferrite and polypyrrole coated cobalt ferrite nanocomposite. (b) FE-SEM image of cobalt ferrite. (c) FE-SEM
image polypyrrole coated cobalt ferrite.
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PPy/CoFe2O4 composite  supports  the  effectiveness  of  the  in  situ
polymerization process. 

FTIR assessment
The  FTIR  spectrum  of  CoFe2O4 nanoparticles  reveals  distinctive

vibrational  modes,  indicating  the  existence  of  the  spinel  structure
(Fig. 3a). The two primary bands recognized in the majority of spinel
ferrites  are  apparent  across  the  spectrum  of  400−600  cm−1.  The
peak  noticed  at  541  cm−1 is  indicative  of  Fe-O  bending  vibrations
occurring within  the  tetrahedral  sites.  While  the  peaks  observed at
461  cm−1 correspond  to  Co-O  bending  (octahedral  sites)[38].  The
observation  of  the  supplementary  band  at  3,747  cm−1 (stretching
vibrations) suggests the presence of O-H group[39].  The peak identi-
fied  at  2,361  cm−1 could  plausibly  be  associated  with  organic  left-
overs found in the material[40]. The development of the spinel ferrite
framework is confirmed by the presence of these absorption bands.
With  the  inclusion  of  PPy,  the  461  cm−1 peak  undergoes  a  shift  to
467  cm−1,  while  the  541  cm−1 peak  transitions  to  562  cm−1[37].  The
interaction  between  PPy  and  CoFe2O4 is  the  primary  cause  of  the
observed  transformation.  The  distinctive  absorption  band  in
PPy/CoFe2O4,  identified  at  3,438  cm−1,  can  be  attributed  to  the
stretching  vibrations  of  O-H  and  N-H.  The  spectral  signature
detected at 758 cm−1 is associated with PPy's C-H wagging mode[41].
The bands identified at 1,038 and 915 cm−1 are caused by vibrations
correlated with the N-H in-plane deformation and the C-H deforma-
tion found in the pyrrole ring, respectively[42,43]. The bands at 1,462,
1,541, and 1,652 cm−1 correspond to the C-C, C=C, and C=N groups
in  Ppy[41,43].  The  FTIR  peaks  observed  within  the  range  of
2,845−2,971  cm−1 in  PPy/CoFe2O4 and  CoFe2O4 indicate  the  pres-
ence of C-H str.  vibrations associated with the alkyl groups intrinsic
to  the  PPy  skeleton  or  arising  from  leftover  organic  compounds
utilized in the synthesis[43]. 

Zeta-potential study
PPy/CoFe2O4's  PZC  (point  of  zero  charge)  was  determined  by

adding  20  mL  of  NaCl  (0.1  M)  to  a  conical  flask.  The  pH  of  the
solution was maintained within the range of 2 to 12 utilizing 0.1 M
NaOH  or  0.1  M  HCl.  Following  the  incorporation  of  PPy/CoFe2O4

(0.008  g),  we  meticulously  sealed  the  flasks  and  allowed  the
contents  to  equilibrate  at  room  temperature  for  a  duration  of  2  d.
The Malvern Zetasizer was employed to measure the zeta potential
of the prepared samples. The PZC of PPy/CoFe2O4 can be examined
to  have  a  better  understanding  of  the  effect  of  pH.  In  the  current
context,  the  PPy/CoFe2O4's  PZC  was  determined  to  be  6.5,  indicat-
ing that for pH levels higher than 6.5, its exterior displays a negative
charge (Fig. 3b). 

Impact of pH on the removal of Pb(II)
The primary determinant influencing the efficacy of adsorption is

pH,  as  it  alters  the interfacial  properties  of  both the adsorbent  and
adsorbate.  This  alteration  influences  the  conduct  of  the  adsorbate
within the reaction mixture, along with the protonation or deproto-
nation  of  various  functional  groups  present  on  the  exterior  of  the
adsorbent.  The  impact  of  the  solution’s  pH  on  Pb(II)  adsorption  is
influenced  by  several  parameters.  The  electrostatic  interaction
among the adsorbent and adsorbate constitutes a critical considera-
tion in the analysis.

The examination of Pb(II) adsorption on PPy/CoFe2O4 was carried
out  over  a  pH  spectrum  of  2.0−12.0,  as  illustrated  in Fig.  4.  The
results reveal that as the pH transitions from 2.0 to 12.0, the adsorp-
tion  capacity  for  Pb(II)  increases  significantly,  from  53.18  to  185.94
mg·g−1 (23.36% to 99.17% removal). With an increase in the pH level,
the electrostatic interactions among PPy/CoFe2O4 and Pb(II) become
more pronounced, resulting in enhanced adsorption capabilities.

At low pH, Pb(II) competes with H+ ions for the adsorbent’s active
sites,  causing these sites to become protonated.  Consequently,  the
Pb(II)  and  adsorbent  undergo  diminished  columbic  interactions,
leading  to  a  reduction  in  adsorption  efficiency.  The  adsorption  is
observed to intensify as the pH of solutions rises.  Deprotonation of
the  Fe–OH  and -C=N–H  groups  occurs  at  about  neutral  pH  values,
resulting  in  the  generation  of  Fe–O  and -C=N,  which  demonstrate
improved interactions with Pb(II).

The influence of pH can be examined in greater depth by evaluat-
ing  the  PZC  of  PPy/CoFe2O4

[44].  In  the  current  context,
PPy/CoFe2O4's PZC was found to be 6.5 (Fig. 3b), indicating that for
pH  values  higher  than  6.5,  its  exterior  exhibits  a  negative  charge.
This finding is consistent with the prevailing concept that increased
negative charge on the surface at higher pH results in greater attrac-
tion  between  the  positively  charged  Pb(II)  and  adsorbent.  Subse-
quently, experiments were performed at pH 8.0. A comparable trend
of alteration in adsorbent capability concerning pH has been docu-
mented for the Pb(II) removal[45,46]. 

Impact of PPy/CoFe2O4 dose on the adsorption
capacity and % removal of Pb(II)

The  proportion  of  adsorbent  to  adsorbate  plays  a  crucial  role  in
the overall adsorption process, and the optimization of adsorption is
frequently  aligned  with  the  quantity  of  adsorbent  utilized  within  a
defined volume of adsorbate solution. Figure 5 illustrates the influ-
ence  of  varying  adsorbent  doses  on  the  effectiveness  of  Pb(II)
removal.  As the adsorbent dose escalates from 0.04 to 0.30 g·L−1,  a
notable  enhancement in  removal  efficiency is  observed,  advancing
from  72.67%  to  99.0%.  A  larger  surface  area  and  more  active  sites
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Fig. 3    (a) FTIR spectrum of synthesized PPy/CoFe2O4 and CoFe2O4. (b) pH's influence on PPy/CoFe2O4's zeta-potential.
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accessible for adsorption are liable for the enhancement in removal
efficiency.  The  removal  efficiency  attains  a  plateau  beyond  this
threshold, as the Pb(II) concentration emerges as the limiting factor.
With  increasing  adsorbent  dosage,  Pb(II)  adsorption  capability
decreased  (545  to  99  mg·g−1).  Increased  adsorbent  dosage  may
provide  more  active  adsorption  sites,  which  remain  unsaturated
following  adsorption,  decreasing  adsorption  capacity.  This  reduc-
tion  may  also  be  ascribed  to  a  diminished  surface  area  and  an
extended  diffusion  path  length,  which  arises  from  the  agglomera-
tion  of  adsorption  sites[45,46].  The  results  highlight  the  pronounced
capability of PPy/CoFe2O4 nanomaterial in the removal of Pb(II). 

Impact of Pb(II) content and contact duration on the
removal of Pb(II)

The  effect  of  equilibrium  time  is  an  important  parameter  for
designing  a  low-cost  wastewater  treatment  system[47].  The  study
examined  the  adsorption  ability  of  Pb(II)  on  the  PPy/CoFe2O4

composite  over  a  specified  time  period  to  ascertain  the  point  of
equilibrium.  Every  experiment  was meticulously  replicated in  tripli-
cate to assure consistency. Figure 6a demonstrates how the adsorp-
tion capability of PPy/CoFe2O4 is affected by the time of contact and
the initial concentrations of Pb(II) (15, 30, and 60 mg·L−1). The initial
phase  of  Pb(II)  adsorption  exhibited  a  swift  increase,  largely
attributed to the plentiful active binding sites instantly accessible on
the exterior of the nanocomposite. Nonetheless, over time, the rate
of  adsorption  gradually  decreased.  The  diminished  number  of
accessible  active  sites,  coupled  with  the  extended  diffusion  paths
that  adsorbate  moieties  are  required to  traverse  in  the  later  stages
of the process, serves as the rationale for the observed deceleration.
The  adsorption  process  commenced  with  a  swift  initial  phase,
subsequently  evolving  into  a  more  gradual  removal  stage,  ulti-
mately  culminating  in  a  state  of  equilibrium.  The  PPy/CoFe2O4

composite  displayed  its  maximal  adsorption  capacity  for  Pb(II)
within  70  min,  suggesting  that  a  state  of  equilibrium  has  been
primarily achieved. The rapid adsorption noticed can be ascribed to
the  easily  attainable  architecture  of  the  PPy/CoFe2O4 composite,
suggesting that  the majority  of  adsorption sites  are  located on the
outer  surface,  facilitating swift  interactions  with Pb(II).  At  a  starting
concentration of  30  mg·L−1,  the  PPy/CoFe2O4 composite  effectively
adsorbed  Pb(II)  from  an  aqueous  solution,  reaching  equilibrium  in
70 min. Significantly, around 92.5% of Pb(II) was removed within the
initial 20 min, underscoring the composite’s effectiveness and swift
performance.

The PPy/CoFe2O4 composite achieved adsorption equilibrium for
Pb(II)  removal  within  70  min,  showcasing  an  impressive  removal

efficacy of around 98.3%, compared to the 79.8% noted for CoFe2O4

nanoparticles under identical circumstances. The removal efficiency
of  polypyrrole  nanostructures,  on  the  other  hand,  was  only  63.9%
over  the  same  period  of  time.  Pb(II)  will  be  removed  more  effec-
tively by the PPy/CoFe2O4 composite when contrasted with CoFe2O4

and PPy (Fig. 6b). 

Kinetics examination
Assessments  that  account  for  temporal  variables  were  under-

taken  to  explore  the  kinetics  of  adsorption.  Intraparticle  diffusion
(IPD) model (Eqn 4), Ho-McKay's second-order kinetic model (Eqn 5),
and  Lagergren's  first-order  model  (Eqn  6)  were  employed  to  exa-
mine  the  experiment's  temporal  data.  In  this  context,  kp

(mg·g−1·min−0.5),  k2 (g−1·mg−1·min−1),  and  k1 (min−1)  represent  the
rate  constants  associated  with  the  intraparticle  diffusion,  pseudo-
second-order,  and pseudo-first-order  respectively. Table  1 presents
a  comprehensive  summary  of  the  parameters  calculated  for  these
models.

Qt = kpt1/2+C (4)

t
Qt
=

t
Qe
+

1
k2Q2

e
(5)

log(Qe−Qt) = logQe−
k1

2.303
t (6)

Here,  Qe (mg·g−1)  and Qt (mg·g−1)  represent the amount of  Pb(II)
that  has  been adsorbed onto PPy/CoFe2O4 at  equilibrium,  and at  a
specific  time  t,  respectively.  Additionally,  kp signifies  the  constant
associated  with  intraparticle  diffusion,  while  C  indicates  the  inter-
cept value.

The omission of Pb(II) demonstrates a strong correlation with the
pseudo-second-order model (PSO), showcasing R2 values approach-
ing 1. An examination of the regression coefficients indicates that R2

attains 0.9995 value in the context of PSO kinetics analysis (Fig. 7b).
In  contrast,  when  applying  the  pseudo-first-order  kinetic  model
(PFO),  the  R2 value  was  determined  to  be  0.9582  (Fig.  7a).  The
adsorption  capacity  determined  through  the  PSO  model  (357.1
mg·g−1)  is  in  close  alignment  with  the  experiment's  findings
(343.2  mg·g−1),  particularly  when  juxtaposed  with  the  PFO  model
(173.3  mg·g−1).  The  findings  indicate  that  the  kinetics  of  Pb(II)
adsorption on PPy/CoFe2O4 adhere to the principles of second-order
kinetics.  For  the  removal  of  Pb(II),  analogous  pseudo-second-order
kinetic  action  has  also  been  observed  with  Polyaniline/Fe3O4

[45],
Polythiophene-Coated Rice Husk[46],  and Polyaniline Sn(IV) tungsto-
molybdate nanocomposite[48].

 

Fig. 4    Impact of pH on adsorption capability of Pb(II) at contact time =
120 min, adsorbent dose = 0.16 g·L−1, T = 303 K, and Pb(II)] = 30 mg·L−1.

 

Fig.  5    Impact  of  adsorbent  dose  on  adsorption  capacity  and  %
removal Pb(II) at contact time = 120 min, T = 303 K, pH = 8.0, and [Pb(II)]
= 30 mg·L−1.
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The mechanism of Pb(II) adsorption onto PPy/CoFe2O4 was better
understood  through  the  application  of  the  IPD  model,  which  was
obtained by plotting t1/2 vs Qt. As illustrated in (Fig. 7c), the adsorp-
tion  process  proceeds  via  two  linear  pathways.  The  initial  linear
segment  illustrates  the  predominance  of  mass  transfer;  wherein
metal  ions  (Pb(II))  migrate  from  the  bulk  solution  to  the  surface  of
the  adsorbent.  The  second  linear  section  reflects  diffusion  control,
indicating  the  movement  of  Pb(II)  ions  from  the  surface  into  the
inner pores of the adsorbent. However, it appears that IPD may not
serve  as  the  primary  reason  behind  the  Pb(II)  adsorption  onto  the
PPy/CoFe2O4 surface,  as  the  linear  representations  do not  intersect
at the origin. 

Thermodynamic study
The parameters of thermodynamics play a pivotal role in delineat-

ing  the  attributes  and  viability  of  the  adsorption  procedure.  The
percentage  of  Pb(II)  removal  and  the  capacity  for  adsorption  onto
PPy/CoFe2O4 exhibit  a  notable  decrease  as  the  temperature  rises.
Equations  (7)  to  (9)  were  utilized  to  examine  the  thermodynamic
parameters associated with the adsorption of Pb(II) on PPy/CoFe2O4

within  a  temperature  spectrum  of  298  to  318  K.  Equation  7  delin-
eates  the  relationship  between  enthalpy  (ΔH°)  and  entropy  (ΔS°)
of  adsorption  in  relation  to ΔG°.  Conversely,  Eqn  8  presents  the
formulation  for  KD.  Gibbs  free  energy  change  (ΔG°)  and  the  equili-
brium  constant  (KD)  at  a  particular  temperature  (T)  is  established
by Eqn (9).

lnKD = −
(
∆Go

RT

)
= −

(
∆Ho

RT

)
+

(
∆So

R

)
(7)

KD =
CAe

Ce
(8) (8)

∆G° = −RTlnKD (9)
The  content  of  Pb(II)  at  equilibrium  is  denoted  as  Ce,  while  the

amount  of  Pb(II)  that  is  adsorbed on PPy/CoFe2O4 at  equilibrium is
represented as  CAe.  The  intercept  and slope of  the  lnKD vs  1/T  plot
provided  the  values  for ΔH°  and ΔS°.  The  computed  values  of  the
different variables have been encapsulated in Table 2.

The  negative ΔH°  value  indicates  that  Pb(II)  undergoes  exother-
mic  adsorption  onto  the  surface  of  PPy/CoFe2O4.  Furthermore,  the
negative ΔG°  substantiates  that  the  Pb(II)  adsorption  onto
PPy/CoFe2O4 transpires  spontaneously.  As  the  temperature
increases,  the  adsorption  becomes  more  effective,  as  indicated  by
the reducing ΔG° values. During adsorption, the solid-solution inter-
face appears to have less randomness, as indicated by the negative
ΔS°  value.  Studies  utilizing  Polyaniline/Fe3O4,  and  Polythiophene-
Coated  Rice  Husk  as  adsorbents  have  demonstrated  comparable
patterns of enthalpy and entropy during the removal of Pb(II)[46,47]. 

Adsorption isotherms
The selection of a suitable isotherm model is essential for compre-

hending  and  enhancing  the  processes  of  adsorption.  The  Pb(II)
adsorption results on PPy/CoFe2O4 at equilibrium were subjected to
analysis through the application of several isotherm models, notably
Langmuir, Temkin, and Freundlich. The Freundlich model elucidates
the phenomenon of multilayer adsorption, highlighting a spectrum
of affinity and energies of adsorption available on a heterogeneous
exterior.  Conversely,  the  Langmuir  model  posits  that  adsorption
occurs in a monolayer at a predetermined number of unified, ener-
getically comparable sites, with negligible interactions between the
molecules  adsorbed.  The  Temkin  model  asserts  that  as  surface
coverage expands, there is a linear decline in the heat of adsorption
for  every  single  molecule  within  the  layer  due  to  the  interactions
between the adsorbent and adsorbate.

Langmuir's  adsorption  equation  delineates  the  relationship  for  a
monolayer  of  adsorbate  that  adheres  to  the  exterior  of  an  adsor-
bent  characterized  by  a  limited  number  of  active  sites,  and  can  be
expressed as[49]:

Ce

Qe
=

1
QmaxKL

+
Ce

Qmax
(10)

Here,  the  Pb(II)  concentration  at  equilibrium  is  expressed  as
Ce (mg·L−1),  Qmax (mg·g−1)  represents  the  monolayer  adsorption
capacity,  the  amount  of  Pb(II)  adsorbed  at  equilibrium  on
PPy/CoFe2O4 is designated by Qe (mg·g−1), and KL (l·mg−1) described
the Langmuir constant. The free energy associated with the adsorp-

 

a b

Fig. 6    (a) Impact of [Pb(II))] and contact duration on adsorption capability of Pb(II) at contact time = 120 min, T = 303 K, pH = 8.0, and adsorbent dose =
0.16 g·L−1. (b) Analysis of the efficacy of Pb(II) removal utilizing PPy/CoFe2O4, PPy, and CoFe2O4 at contact time = 120 min, adsorbent dose = 0.16 g·L−1, T =
303 K, pH = 8.0, and [Pb(II)] = 30 mg·L−1.

 

Table 1.    Variables computed from the PSO, and PFO kinetic model.

Kinetic models Variables
Initial Pb(II) content (mg·l−1)

15 30 60

Pseudo-first order
kinetic

Qe (mg·g−1) 42.26 93.60 173.27

R2 0.9582 0.9797 0.9672
k1 (min−1) 0.0552 0.0532 0.0531

Pseudo-second
order kinetic

k2 (g−1·mg−1·min−1) 3.07 × 10−3 1.43 × 10−3 7.54 × 10−4

Qe (mg·g−1) 92.59 188.68 357.14

R2 0.9995 0.9991 0.9989
Qe (mg·g−1) [Experimental] 91.2 184.4 343.2
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tion phenomena can be explained by the Langmuir constant. Figure
8a presents  a  graph  depicting  the  relationship  between  Ce and
Ce/Qe, illustrating a linear correlation. The values of Qmax and KL can
be  determined  through  an  examination  of  the  slope  and  intercept
of  the  plot  (Table  3).  The  Langmuir  model's  validity  is  strongly
supported by the linearity depicted in the plot in Fig. 8a. The results
of the experiment demonstrated the uniform properties of the PPy/
CoFe2O4 surface and were in agreement with the Langmuir  model.
The findings further elucidated the adherence of  an exclusive layer
(chemisorption)  of  Pb(II)  molecules  to  the  exterior  surface  of
PPy/CoFe2O4. The prior analysis regarding the Pb(II) adsorption onto
Polyaniline/Fe3O4

[45],  Polythiophene-Coated  Rice  Husk[46] yields
comparable  results.  The  outcomes  of  the  current  investigation
reveal  an  enhanced  capacity  for  monolayer  adsorption  of  Pb(II)  in
comparison to the values documented in earlier studies, as outlined
in Table 4.

The equation presented below defines a dimensionless equilibria
variable, RL, utilized for evaluating the favorability of adsorption.

RL =
1

KLCo+1
(11)

Here, KL (l·mg−1) described the Langmuir constant, while the Pb(II)
initial concentration is expressed as Co (mg·L−1). The classification of
isotherm types is  determined by the RL value:  linear  (RL = 1),  favor-
able (0 < RL< 1), unfavorable (RL = 0), or irreversible (RL > 1)[57].

Instead  of  describing  a  plateau-type  saturation,  the  Freundlich
model  explains  multi-layer  adsorption,  which  is  more  appropriate
for  heterogeneous  surfaces[58].  The  expression  can  be  articulated
mathematically as:

logQe =
1
n

logCe+ logKF (12)

Where,  the  Pb(II)  concentration at  equilibrium is  expressed as  Ce

(mg·L−1),  and  the  amount  of  Pb(II)  adsorbed  at  equilibrium  on
PPy/CoFe2O4 is  designated  by  Qe (mg·g−1).  Additionally,  n  and  KF

denote the specific constants associated with the Freundlich model.
The  linear  relationship  between  lnQe and  lnCe can  be  witnessed  in
Fig.  8b.  The  slope  (1/n)  and  intercept  (lnKF)  of  the  graph  were
utilized  to  calculate  the  values  of  n  and  KF,  as  demonstrated  in
Table 3. The favorability of adsorption is indicated by the value of n.
The  Pb(II)  adsorption  on  PPy/CoFe2O4 aligns  with  a  conventional
Langmuir isotherm, as evidenced by the 1/n < 1[49].

The  Temkin  isotherm  model  offers  substantial  comprehension
regarding the heat of adsorption, demonstrating a linear decline as
the  coverage  of  the  adsorbent’s  surface  increases.  The  Temkin
isotherm's linear formulation could be presented as[58]:

Qe = BlnCe+BlnKT (13)
The  equilibrium  binding  constant  (KT)  pertains  to  the  maximum

binding energy, while the Temkin constant (B J·mol−1)  is associated

 

a b c

Time (min)

ln
(Q

e −
 Q

t) 
(m

g·
g−1

)

t/Q
t (

m
in

, m
g·

g−1
)

Q
t (

m
g·

g−1
)

Time (min) (Time)1/2 (min)

Fig. 7    (a) PFO kinetic study, (b) PSO kinetic study, (c) IPD diffusion kinetic study for adsorption of Pb(II) by PPy/CoFe2O4 at contact time = 120 min, T =
303 K, pH = 8.0, [Pb(II)] = 30 mg·L−1, and adsorbent dose = 0.16 g·L−1.

 

Table  2.    Thermodynamic  variables  for  adsorptive  removal  of  Pb(II)  by
PPy/CoFe2O4.

Temp (K) ∆S# (kJ·mole−1) ∆H# (J·K−1 mole−1) ∆G# (kJ·mole−1)

298 −128.2 − 42.2 − 2.4
303 − 3.3
308 − 4.5
313 − 5.5
318 − 6.6
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Fig.  8    (a)  The  relationship  between  Ce and  Ce/Qe (Langmuir  model).  (b)  The  relationship  between  logCe and  logQe (Freundlich  model).  (c)  The
relationship between lnCe and Qe (Temkin model).
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with  the  heat  of  adsorption. Figure  8c illustrates  the  correlation
between Qe and lnCe, which was employed to determine the KT and
B values. Table 3 summarizes the values obtained using the Temkin
isotherm.

A  significant  R2 value  of  0.9995  demonstrates  that  the  Pb(II)
adsorption  onto  PPy/CoFe2O4 aligns  closely  with  the  Langmuir
isotherm  model.  This  pronounced  correlation  indicates  a  uniform
allocation  of  active  adsorption  sites  throughout  the  PPy/CoFe2O4

exterior.  Furthermore,  the  Freundlich  constant  1/n  was  below  one,
while  the  constant  RL varied  between  0  to  1,  suggesting  that  the
adsorption  process  is  thermodynamically  favorable.  A  contrasting
evaluation  of  Pb(II)'s  adsorption  capability  on  PPy/CoFe2O4 relative
to various other  adsorbents  is  presented in Table 4.  The significant
adsorption  capacity  demonstrated  in  this  investigation  under-
scores  the  efficacy  of  PPy/CoFe2O4 as  a  viable  adsorbent  for  the
omission of Pb(II). 

Adsorptive removal mechanism of Pb(II)
Understanding  the  procedure  of  adsorbate  adherence  to  the

adsorbent  surface  necessitates  a  thorough  understanding  of  the
mechanisms  of  interaction  that  facilitate  the  elimination  of  Pb(II)
from  aqueous  solutions.  Before  elucidating  the  absorption  mecha-
nism,  it  is  imperative  to  consider  both  the  intrinsic  characteristics
and the surface attributes of PPy/CoFe2O4. The columbic interaction
between Pb(II)  and the de-protonated groups (Fe-OH and –C=N-H)
of  PPy/CoFe2O4 at  high  pH  levels  elucidates  the  impact  of  pH  on
Pb(II)  adsorption  outcomes.  The  results  of  the  zeta  potential  study
can  be  employed  to  elucidate  the  theory  of  electrostatic  inter-
actions.  The  Pb(II)  interacts  electrostatically  with  the  adsorbent's
negatively charged surfaces when the pH falls above the isoelectric
point.  Below  the  isoelectric  point,  both  the  adsorbate  and  the
adsorbent have positive charges, resulting in electrostatic repulsion
and  decreased  Pb(II)  adsorption.  Consequently,  considering  the
impact  of  the  solution's  pH  on  the  Pb(II)  adsorption,  one  can
hypothesize that the predominant mechanism governing the Pb(II)
adsorption  onto  the  surface  of  PPy/CoFe2O4 is  probably  electro-
static interaction. 

Regeneration and sustainability
For  industrial  applications,  adsorbents'  robustness  and versatility

are crucial. The desorption of Pb(II) from the surface of PPy/CoFe2O4

was  checked  with  different  solvents  including  ethanol  (99%),
methanol  (99%),  HCl  (0.2  M),  and  H2SO4 (0.2  M).  Results  showed
that H2SO4 is the best solvent for removing Pb(II) from PPy/CoFe2O4

(Fig. 9a). Adsorption-desorption investigations were carried out over
five  successive  cycles  to  evaluate  the  regeneration  capability  of
PPy/CoFe2O4.  A  0.2  M  solution  of  H2SO4 was  utilized  as  the  eluent.
Specifically,  after  attaining  optimum  Pb(II)  adsorption,  0.008  g  of
PPy/CoFe2O4 was  incorporated  into  50  mL  of  H2SO4 and  swirled
until  Pb(II)  was no longer detectable. The rejuvenated PPy/CoFe2O4

was thereafter utilized in further cycles. Figure 9b illustrates that the
percentage removal of Pb(II) was reduced from 98.3% to 94.8% after
five consecutive cycles. This demonstrates that PPy/CoFe2O4 can be
effectively  re-used  up  to  five  times  with  minimal  performance
decline,  highlighting  the  material's  longevity  for  treating  wastewa-
ter.  The  PPy/CoFe2O4 composite's  elements  (CoFe2O4 and  polypyr-
role) are non-toxic and stable throughout a wide pH range, making
it environmentally friendly and sustainable for practical operations. 

Conclusions

The present investigation reveals that the PPy/CoFe2O4 nanocom-
posite functions as a proficient adsorbent for the extraction of Pb(II)

 

Table 3.    Freundlich, Langmuir, and Temkin isotherm constants.

Isotherm Constant values

Freundlich KF (mg·g−1 ) = 202.63; 1/n = 0.361; R2 = 0.8592

Langmuir RL = 0.044 − 0.007; R2 = 0.9995; KL (L·mg−1) = 2.15;
Qmax (mg·g−1) = 357.14

Temkin B = 67.30; KT (L·g−1) = 32.46; R2 = 0.9415

 

Table 4.    Competitive assessments of the adsorption capabilities of Pb(II) onto
diverse adsorbent materials.

Adsorbent pH Contact
time (min)

Qmax
(mg·g−1) Ref.

Polyaniline/Fe3O4 9.0 120 111.11 [45]
Polythiophene-coated rice husk ash
nanocomposite

4.0 240 34.48 [46]

Polyaniline Sn(IV)
tungstomolybdate nanocomposite

6.0 60 44.64 [48]

Fig sawdust activated carbon 4.0 120 80.64 [50]
Sulfonated magnetic nano particle 7.0 1440 108.93 [51]
Poly(acrylic acid)/bentonite
nanocomposite

-- 1440 93.01 [52]

Amino-functionalized magnetic
nanoadsorbent

5.0 60 40.1 [53]

Ti(IV) iodovanadate cation exchange 6.0 120 18.8 [54]
Palygorskite-iron oxide
nanocomposite

5.0 720 26.7 [55]

Chitosan-starch composite 3.46 300 99.01 [56]
PPy/CoFe2O4 8.0 120 357.14 This work

 

Fig. 9    (a) Effect of solvent on regeneration of PPy/CoFe2O4. (b) PPy/CoFe2O4 reusability.
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from water-based solutions. The factors that significantly influenced
the  adsorption  process  include  the  starting  concentration  of  Pb(II),
the  dose  of  PPy/CoFe2O4 applied,  the  contact  duration  between
adsorbate and adsorbent, as well as the pH level of the solution. The
optimum  pH  value  for  Pb(II)  adsorption  has  been  established  at
8.0. The PPy/CoFe2O4 composite demonstrated remarkable efficacy
in  the  Pb(II)  adsorption,  showcasing  its  potential  for  effective
removal  strategies.  The  examination  of  isotherms  demonstrated
that the Langmuir model provided the most precise representation
of the equilibrium results for Pb(II) removal, showcasing an ultimate
monolayer  adsorption  capacity  of  357.14  mg·g−1.  With  the  equilib-
rium phase reached within 70 min, it has been demonstrated that a
Pb(II)  adsorption  process  could  potentially  be  described  by  a
pseudo-second-order  kinetic  model.  The  most  effective  desorption
of Pb(II) from PPy/CoFe2O4 was accomplished with 0.2 M H2SO4, and
for  five  adsorption/desorption  cycles,  the  magnetic  PPy/CoFe2O4

can  be  effectively  reused.  In  summary,  PPy/CoFe2O4 serves  as  a
highly efficient magnetic nano sorbent, distinguished by its remark-
able  reusability  and  ease  of  magnetic  separation,  showcasing
considerable  promise  for  the  extraction  of  heavy  metal  ions  from
wastewater. 
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