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Abstract: This study investigates the potential of natural Brown Coal (BC) as a sustainable, cost-effective
adsorbent for the removal of manganese (Mn2+) from contaminated groundwater. A series of batch adsorp-
tion experiments was conducted to assess the influence of key operational parameters—such as solution pH,
initial Mn2+ concentration, BC dosage, temperature, and the presence of competing ions—on Mn2+ removal
efficiency. The environmental compatibility and regeneration potential of BC were also evaluated to deter-
mine its practical viability for repeated use. To better understand the adsorption behaviour, equilibrium and
kinetic data were analysed using established isotherm and kinetic models, while thermodynamic parameters
were computed to assess the spontaneity and thermal characteristics of the adsorption process. Furthermore,
geochemical  modelling  and  comprehensive  BC  characterization—including surface  morphology,  miner-
alogical  and  elemental  composition,  and  functional  group  analysis—were  performed  to  elucidate  Mn2+

speciation under varying environmental conditions and to uncover the underlying adsorption mechanisms.
Results  showed that  Mn2+ removal  efficiency increased with  higher  pH,  temperature,  and BC dosage,  but
declined at elevated initial Mn2+ concentrations due to active site saturation. The process was spontaneous
and endothermic, with the Langmuir isotherm model (R2 = 0.994) and pseudo-second-order kinetic model
(R2 = 0.996) providing the best fit to experimental data. Mechanistic analysis indicated that chemisorption,
primarily  through  ion  exchange  and  inner-sphere  complexation,  was  the  dominant  mode  of  Mn2+ uptake.
The  presence  of  competing  cations,  especially  Fe3+ and  Cu2+,  significantly  hindered  Mn2+ removal  due  to
preferential  binding.  Importantly,  BC  exhibited  strong  reusability,  maintaining  over  80% removal effi-
ciency across four adsorption–desorption cycles without  evidence of  secondary pollutants.  These findings
demonstrate the potential  of natural BC as an efficient,  reusable,  and environmentally benign material  for
treating manganese-contaminated groundwater.
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 Introduction

In Ghana,  groundwater  is  a  vital  source  of  drink-

ing  water,  particularly  in  rural  communities  and
small towns, where it supplies over 95% of domes-
tic  water  needs  (Debrah  et  al.  2024; Biney  et  al.
2024).  However,  numerous  studies  have  reported
high  concentrations  of  Heavy  Metals  (HMs),
including  Manganese  (Mn)  (Zhang  et  al.  2025;
Chen  et  al.  2024),  in  groundwater  across  various
regions  of  the  country  (Biney  et  al.  2024; Tabi  et
al.  2024).  Manganese  is  widely  distributed  in
terrestrial environments and typically occurs in the
divalent  form  Mn2+ under  acidic  and  anaerobic
conditions (Çalışır et al. 2024).

Mn  plays  an  essential  role  in  many  biological
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processes  across  living  organisms,  including
humans. It acts as a cofactor for enzymes, such as
arginase,  which  is  involved  in  the  urea  cycle,  and
functions  as  an  antioxidant  protecting  cells  from
damage  caused  by  reactive  oxygen  species  (Cald-
well et al. 2018). High levels of Mn, particularly in
drinking water,  on  the  other  hand,  poses  signifi-
cant health risks. Prolonged Mn exposure can lead
to  the  accumulation  of  Mn  in  the  central  nervous
system,  with  potential  neurotoxic  effects  (McKin-
ley  et  al.  2019).  In  children,  ingestion  of  Mn-
contaminated water  has  been  linked  to  develop-
mental disorders, such as cognitive impairment and
behavioural  abnormalities,  especially  when  con-
centrations  exceed the  World  Health  Organization
(WHO) guideline value of 0.4 mg/L (Jakariya et al.
2024). In adults, high Mn exposure has been asso-
ciated with  a  variety  of  neurological  and  psycho-
logical disorders,  including depression,  hypersom-
nia,  and  Parkinsonism  (Sönmez  and  Hocaoğlu,
2023).  Furthermore,  high  levels  of  Mn2+ in drink-
ing water  can  lead  to  serious  aesthetic  and  opera-
tional  challenges,  including  unpleasant  taste,
discolouration,  and  pipeline  clogging  due  to  the
oxidation  of  Mn2+ to  insoluble  Mn3+ and  Mn4+

oxides,  which  precipitate  and  accumulate  within
water  distribution  systems  (Galangashi  et  al.
2021).  Given  the  dual  challenges  posed  by  Mn
contamination, both from public health and opera-
tional  issues,  it  is  critical  to  either  protect  water
sources  from  Mn  pollution  or  develop  effective
and affordable treatment techniques to remove Mn
from groundwater.

In the field of water treatment, several methods,
including electrocoagulation,  membrane  separa-
tion,  adsorption,  catalytic  oxidation,  and  chemical
precipitation, have been explored at the laboratory
scale  to  remove  Mn2+ from  water  (Neculita  and
Rosa,  2019; Virolainen  et  al.  2021; Jiang  et  al.
2023; Panagopoulos and Michailidis, 2025). While
these  techniques  have  demonstrated  promising
removal efficiencies,  many face significant  practi-
cal  limitations,  such  as  high  energy  consumption,
high costs of implementation and maintenance, and
waste  disposal  issues.  For  instance,  membrane-
based  approaches  require  pre-treatment  steps  and
are  often  hindered  by  membrane  fouling  due  to
pore  blockage  or  cake  deposition,  which  reduces
their  long-term  viability  (Panagopoulos  and
Michailidis,  2025).  Similarly,  catalytic  oxidation
techniques  that  rely  on  strong  oxidants  such  as
KMnO4, O3, ClO2, and NaClO of Mn also increases
treatment costs and poses environmental  risks due
to  residual  chemicals  that  may  contaminate  the
environment  (Jiang  et  al.  2023).  These  drawbacks

present  significant  challenges  to  the  delivery  of
safe  and  cost-effective  potable  water.  Adsorption,
on  the  other  hand,  has  become  a  more  feasible
option for purifying contaminated water due to its
high  operability.  The  performance  of  adsorption
processes is influenced by multiple factors, includ-
ing  the  physicochemical  characteristics  of  the
adsorbent  and  the  pollutants,  the  nature  of  their
interactions, and the quality and composition of the
water  matrix  (Chen  et  al.  2022).  For  manganese,
removal efficiency depends on key factors such as
solution  pH,  adsorbent  dosage,  temperature,  and
initial  Mn2+ concentration  (Kobielska  et  al.  2018).
Therefore,  optimizing  these  conditions  is  critical
for  the  effective  design  and  implementation  of
adsorption systems.  However,  conducting  exten-
sive  laboratory  experiments  to  identify  optimal
conditions  can  be  costly  and  time-consuming.  To
address this, geochemical simulation tools, such as
PHREEQC  and  Visual  MINTEQ,  have  been
increasingly employed  to  complement  experimen-
tal  investigations  (Quansah  et  al.  2024).  These
specialized  tools  are  capable  of  simulating  a  wide
range of  adsorption  processes  under  diverse  envi-
ronmental  conditions,  offering  insights  into  solute
speciation,  transport  mechanisms,  and  removal
efficiencies,  while  also  reducing  experimental
burden  and  guiding  the  development  of  scalable
treatment strategies.

The growing emphasis on sustainability and cost
efficiency  has  spurred  interest  in  using  low-cost,
natural, and locally available adsorbents as alterna-
tives  to  more  expensive  materials  like  activated
carbon. These natural  materials  offer  environmen-
tally friendly and economically viable solutions for
mitigating water pollution, particularly in resource-
limited settings. Their widespread availability, low
cost,  and  minimal  processing  requirements  make
them particularly attractive for large-scale applica-
tions  in  developing  regions,  where  access  to
advanced  treatment  technologies  is  often  con-
strained (Rudi et al. 2020). Brown Coal (BC), also
known as  lignite,  is  a  naturally  occurring material
formed  from  the  gradual  diagenesis  of  peat  and
other  mineral  matter  under  prolonged  heat  and
pressure.  BC  is  recognized  for  its  high  cation
exchange  capacity  and  selective  adsorption  of
metal  ions  (Tu  et  al.  2019; Sun  et  al.  2023;
Quansah et  al.  2024),  a  characteristic  attributed to
the  presence  of  functional  groups  and  mineral
phases  within  the  BC.  However,  the  adsorptive
performance of BC can vary significantly depend-
ing  on  its  source  and  composition,  necessitating
sample-specific  evaluation  prior  to  any  practical
application  (Quansah  et  al.  2024).  A  previous
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study  by  Quansah  et  al.  (2024)  demonstrated  that
BC is effective in removing Fe from contaminated
groundwater.  Building  on  this  work,  the  present
study explores the potential of BC to remove Mn2+

from polluted  groundwater.  Laboratory  experi-
ments  were  conducted  to  examine  the  effects  of
key  operational  parameters,  including  pH,  initial
Mn2+ concentration,  BC  dosage,  temperature,  and
the presence of competing ions on adsorption effi-
ciency. In addition, BC was characterized to deter-
mine its physicochemical properties, and geochem-
ical  simulations  using  Visual  MINTEQ  were
performed to  gain  further  insight  into  Mn  specia-
tion  and  the  associated  adsorption  mechanisms.
The study  also  assessed  the  reusability  and  envi-
ronmental safety of BC, providing a holistic evalu-
ation of  its  suitability  as  a  sustainable  and  effec-
tive material for groundwater treatment.

 1  Materials and methods

 1.1 Aqueous  solution  preparation  and
adsorbent characterization

A  10  mg/L  manganese  (Mn2+)  solution  was
prepared  by  diluting  a  1,000  mg/L  stock  solution
(obtained  from  Wagtech  Ghana  Ltd.)  in  a  1,000
mL  volumetric  flask.  All  the  chemical  solutions
used  in  this  study  were  prepared  using  reagent-
grade  chemicals  and  deionized  water  to  ensure
analytical precision. The BC used as the adsorbent
was  obtained  from a  local  depot  in  central  Accra,
Ghana.  It  was air-dried and sieved through a 200-
mesh  standard  soil  sieve  (75  μm)  to  eliminate
impurities  and  achieve  a  uniform  particle  size
distribution. To evaluate the surface charge proper-
ties  of  BC,  the  point  of  zero  charge  (pHpzc)  was
determined.  Surface  area  and  pore  volume  were
evaluated  using  nitrogen  adsorption-desorption
analysis  conducted  with  a  Micromeritics  ASAP
2460  instrument  at  77  K,  applying  the  Brunauer-
Emmett-Teller  (BET)  method.  Functional  groups
present on the BC surface were identified through
Fourier  Transform  Infrared  (FTIR)  spectroscopy
using a Brucker Equinox 55 spectrometer. To anal-
yse  the  elemental  composition  and  surface  morp-
hology,  Scanning  Electron  Microscopy  (SEM)
coupled  with  Energy  Dispersive  X-ray  (EDX)
Spectroscopy  (Zeiss  EVO MA 15,  Germany)  was
employed.  The  mineralogical  composition  of  the
BC was  determined  using  a  Bruker  D8  Advanced
X-ray Diffractometer (XRD) equipped with Cu Kα
radiation.  In  addition,  proximate  analysis  was
performed  using  a  Carbolite  Eurotherm  furnace

(OAF  2216e)  to  determine  the  moisture,  fixed
carbon, volatile matter and ash content of the BC.

 1.2 Adsorption studies

To evaluate the equilibrium adsorption capacity of
the  BC,  isotherm  experiments  were  conducted
using  Mn2+ solutions  with  concentrations  ranging
from 1 mg/L to 50 mg/L. Adsorption kinetics were
studied  by  varying  the  contact  time  from  30
minutes to 420 minutes,  with samples collected at
30-minute  intervals  to  determine  residual  Mn2+

concentrations.  The  influence  of  solution  pH  on
Mn2+ removal efficiency  was  assessed  by  adjust-
ing the initial solution pH between 2 and 12 using
0.1 M  HCl  or  NaOH.  To  evaluate  the  thermody-
namic  behaviour  of  the  adsorption  process,  the
solution  temperatures  were  varied  from  25°C  to
120°C.  The  reusability  of  BC  was  investigated
through adsorption and desorption cycles using 0.1
M  HCl  as  the  desorbing  agent.  Additionally,  the
impact of competing ions, including Ca2+, Na+, K+,
Cu2+,  Zn2+,  and Fe3+,  on Mn2+ removal was studied
in  binary  systems.  Further  experiments  were
conducted  to  determine  the  influence  of  initial
Mn2+ concentrations  (ranging  from 1  mg/L to  150
mg/L)  and  BC  dosages  (from  0.2  g  to  5  g)  on
adsorption efficiency. To examine the environmen-
tal  safety  of  BC,  ion  leaching  into  the  solution
during  the  experiments  was  also  monitored.  All
experiments were conducted in amber glass bottles
placed  on  an  orbital  shaker  (SHEL  LAB
S16/S16R)  operating  at  150  rpm.  After  each  run,
BC  was  separated  from  the  solution  using  a
vacuum  pump  (FB  70155,  Fisherbrand).  Mn2+

concentrations  were  measured  using  an  atomic
absorption spectrophotometer (AAS, Agilent Tech-
nologies 240 FS 200 Series),  while pH was moni-
tored  using  a  HACH  pH  meter.  Each  experiment
was  performed  in  duplicate,  with  average  values
used for analysis. The amount of Mn2+ adsorbed at
equilibrium and  specific  time  intervals  was  calcu-
lated using Equations (1) and (2), respectively (Tu
et al. 2019; Quansah et al. 2024).

qe = v
Å

C0−Ce

m

ã
(1)

qt = v
Å

C0−Ct

m

ã
(2)

Where: qe and qt are  the  amounts  of  Mn2+

adsorbed  (mg/g)  at  equilibrium  and  time  (t),
respectively; C0, Ce and Ct (mg/L)  are  the  initial,
equilibrium and time-specific Mn2+ concentrations,
respectively; m is mass of BC used (g); and v is the
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solution volume (L).
To model  adsorption  kinetics,  the  Pseudo-First-

Order (PFO) (Eq. 3), Pseudo-Second-Order (PSO)
(Eq.  4)  and  Intra-Particle  Diffusion  (IPD)  (Eq.  5)
models  were  applied  (Wang  and  Guo,  2020;
Quansah et al. 2024).

qt = qe

[
1−exp (−k1t)

]
(3)

1
qe−qt

=
1
qe
+ k2t (4)

qt = kpt1/2+Ci (5)

Where: qt denotes the quantity of Mn2+ adsorbed
at time t per unit mass of BC (mg/g), qe represents
the adsorbed  Mn  per  unit  mass  of  BC  at  equilib-
rium (mg/g), k1 (1/h) and k2 (g/mg/h) represent rate
constants  for  the  pseudo-first-order  and  pseudo-
second-order  kinetic  models. kp which denotes the
intraparticle diffusion rate constant of stage i (mg/g
h1/2), was derived from the slope of the linear rela-
tionship between qt and t1/2. Ci represents the inter-
cept of stage i, and it provides an approximation of
the thickness of the boundary layer, where a larger
intercept implies a more significant boundary layer
effect.

The sorption isotherms were analysed using the
Langmuir  (Eq.  6)  and  Freundlich  (Eq.  7)  models
(Fseha et al.  2022; Obiri-Nyarko et al.  2022). The
Langmuir  isotherm  is  predicated  on  monolayer
adsorption  and  presupposes  adsorption  onto  a
uniform  surface  (Zhao  and  Naeth,  2024).
Freundlich isotherm, on the other hand, posits that
the  adsorption  takes  place  on  a  heterogeneous
surface,  and  involves  interactions  among  the
adsorbed  molecules.  Adsorption  tends  to  be
favourable  when the  Freundlich  isotherm constant
n falls within the range of 1 to 10. Large values of
n (corresponding to small values of 1/n) suggest a
more robust interaction between the adsorbate and
the  adsorbent,  while  a  value  of  1/n  equal  to  unity
signifies  linear  adsorption,  resulting  in  uniform
adsorption  energies  across  all  sites  (Kwakye-
Awuah  et  al.  2019).  A  value  of  1/n  less  than  1
signifies  a  typical  Langmuir  isotherm,  while  1/n
greater  than  1  denotes  cooperative  adsorption
(Zhao and Naeth, 2024).

qe=
QmKLCe

1+KLCe
(6)

qe=KFCe
1/n (7)

Where: KL (L/mg)  is  the  Langmuir  adsorption
constant  associated  with  the  binding  energy; Qm

(mg/g)  is  the  Langmuir  maximum  adsorption
capacity; KF (L/g) denotes  the  distribution  coeffi-

cient; and n is the Freundlich constant.
The thermodynamic parameters, enthalpy change

ΔH°,  Gibbs  free  energy  change ΔG°,  and  entropy
change ΔS°  were  calculated  using  Eqs.  (8) – (11)
(Quansah et al. 2024):

∆G◦=∆H◦−T∆S ◦ (8)

∆G◦ = −RT lnKe (9)

lnKe=
∆S ◦

R
− ∆H◦

RT
(10)

Ke=
αqe

Ce
(11)

Where: R (J/mol·K)  is  the  universal  gas
constant; Ke is  the  equilibrium  constant,  and α
(g/L) the adsorbent concentration.

 1.3 Modelling with Visual MINTEQ

Visual MINTEQ version 4.0 (4.07) is a Windows-
based  chemical  equilibrium  modelling  software
designed  to  simulate  aqueous  geochemical
processes in  both  natural  and  engineered  environ-
ments.  Its  core  functionalities  include  calculating
the  speciation  of  dissolved  metals,  anions,  and
ligands  in  solution;  modelling  adsorption  onto
mineral  surfaces  using  surface  complexation
models;  simulating  precipitation  and  dissolution
reactions;  estimating  saturation  indices  to  assess
the likelihood of mineral formation or dissolution;
and  evaluating  complexation  and  competitive
interactions  among  multiple  solutes  (Zhang  et  al.
2025). In this study, Visual MINTEQ was primar-
ily utilized to predict the aqueous speciation of Mn
over a range of pH values, with the aim of identify-
ing  dominant  species  and  elucidating  potential
geochemical  reactions  under  varying  conditions.
Input parameters  included  solution  pH,  tempera-
ture,  ionic  strength,  and  the  concentrations  of
major  dissolved  constituents.  The  model  outputs
provided  detailed  information  on  the  total  Mn
concentration, the distribution and concentration of
individual Mn species, their log activities, percent-
age  contributions  to  the  total  Mn  pool,  and  the
saturation indices of relevant mineral phases.

 2  Results and discussion

 2.1 Characterization  of  Brown  Coal
(BC)

The characterization results of the BC are summa-
rized  in Table  1 and Figs.  1a–1d.  As  shown  in
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Table  1, the  proximate  analysis  revealed  a  mois-
ture  content  of  5.3%,  volatile  matter  of  30.10%,
ash content of 7.90%, and fixed carbon of 56.70%.
The  moderate  volatile  matter  content  suggests  the
presence of thermally unstable organic compounds
which, upon heating, contribute to pore formation,

surface  roughness,  and  the  creation  of  additional
adsorption sites.  The ash content,  representing the
inorganic mineral fraction, can hinder pore accessi-
bility  when  excessive  but,  in  moderate  amounts,
may enhance ion exchange. The high fixed carbon
content  indicates  a  stable  carbon  matrix,  favour-
able  for  metal  ion  retention  via  π–π  interactions
and surface complexation mechanisms. The speci-
fic  surface  area  and  total  pore  volume  of  the  BC,
measured  by  the  BET method,  were  6.7  m2/g  and
0.017  cm3/g,  respectively,  which  are  consistent
with those reported in the literature (e.g.  Zhang et
al.  2019; Jellali  et  al.  2021; Shi  et  al.  2024).  The
pHpzc (Fig.  1a)  was  determined  to  be  4.02.  This
implies that the BC surface will be protonated and
carries a net positive charge when the solution pH
is  below  4.02,  which  is  unfavourable  for  cation
adsorption. Conversely, above pH 4.02, the surface
becomes  deprotonated  and  negatively  charged,
facilitating  the  adsorption  of  positively  charged
metal ions. This pHpzc value aligns with previously
reported values for other BC materials (e.g. Jellali
et  al.  2021).  X-Ray  Diffraction  (XRD)  analysis
(Fig. 1b) confirmed the presence of several mineral

 

Table 1 Basic summary characteristics of the BC

Parameters Value

pHpzc 4.02

Moisture (%) 5.30
Ash content (%) 7.90
Volatile matter (%) 30.10
Fixed carbon (%) 56.70
Pore volume (cm3/g) 0.017
Surface area (m2/g) 6.70
Elemental composition (%)
Carbon 65.68
Oxygen 24.61
Ca 2.00
Si 3.01
Al 2.37
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Fig. 1 Characterization results  showing:  (a)  Point  of  zero charge,  (b)  X-ray diffraction spectrum, (c)  SEM, and
(d) EDX images of the unloaded BC
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phases, including quartz (SiO2), calcium carbonate
(CaCO3),  kaolinite  [Al2Si2O5(OH)4],  and  feldspar
[K(Na,K)3 Al4Si4O16]. These minerals possess reac-
tive  surface  sites  that  may  engage  in  chemical
interactions  with  metal  ions.  Scanning  Electron
Microscopy  (SEM)  images  (Fig.  1c)  revealed  a
heterogeneous  surface  morphology  with  pores  of
irregular  sizes  and  shapes.  Energy  Dispersive  X-
ray (EDX) analysis (Fig. 1d) showed the presence
of  various  elements,  including  O,  Si,  Ca,  Mg,  K,
Al, S, Cl, Ti, Fe and I in the BC, with carbon and
oxygen  being  the  predominant  elements.  These
elements  are  likely  associated  with  the  silicate
minerals present in the BC (Cui et al. 2016; Shi et
al. 2024).

 2.2 Effect of initial  solution pH on Mn2+

adsorption

The  initial  solution  pH  plays  a  crucial  role  in  the
adsorption behaviour  of  metal  ions  by influencing
both  their  speciation  in  solution  and  the  surface
charge of the adsorbent (Shi et al. 2024). To inves-
tigate  this  effect,  batch  adsorption  experiments
were  conducted  alongside  geochemical  modelling
using Visual MINTEQ version 4.0. The modelling
aimed to predict  Mn speciation across varying pH
levels  and  to  elucidate  the  interactions  between
Mn2+ and the BC surface.  As shown in Fig.  2,  the
efficiency  of  Mn2+ removal was  strongly  influ-
enced by  pH,  as  confirmed  by  both  the  experi-
ments and modelling results. Specifically, removal
efficiency increased sharply between pH 2 and pH
4,  remained  consistently  high  (ca.  90%–100%)
from pH 4 to pH 10, and then declined slightly at
pH values  above  10.  This  trend  reflects  the  inter-
play  between  solution  chemistry  and  the  surface
charge  dynamics  of  BC.  At  pH  values  below  the
pHpzc of 4.02 (Fig. 1a), the high concentration of H+

ions compete with Mn2+ for available surface bind-
ing sites,  resulting  in  reduced  adsorption.  Addi-
tionally,  the  BC  surface  is  protonated  and  thus
positively charged  under  acidic  conditions,  result-
ing  in  electrostatic  repulsion  of  the  divalent  Mn2+

ions  (Eq.  12).  As  pH  increases  above  the  pHpzc,
deprotonation  of  functional  groups  on  the  BC
surface  occurs  (Eqs.  13),  rendering  the  surface
negatively charged and promoting Mn2+ uptake via
electrostatic  attraction,  ion  exchange,  and  surface
complexation  (Eq.  14).  The  optimal  pH  range  for
Mn2+ removal was identified as 4–10, within which
Mn2+ remains  predominantly  in  its  free  ions  form,
facilitating its  effective interaction with the adsor-
bent.  At  pH  values  above  10.5,  Mn  begins  to
hydrolyse, forming species such as Mn(OH)4

2− and
Mn(OH)3.  These  hydrolysed  species  are  less
favourable  for  adsorption  or  may  precipitate  from
solution,  accounting  for  the  observed  decline  in
removal efficiency at higher pH levels.

BC−COOH+H+↔ BC−COOH+2︸             ︷︷             ︸
Protonation of BC surface

resulting in electrostactic

repulsion of Mn2+

(12)

BC−COOH+OH−↔ BC−COO−︸           ︷︷           ︸
Deprotonation of BC surface

favouring adsorption

of Mn2+

+H2O

(13)

nBC−COO−+Metaln+
(aq)↔ (BC−COO)n Metal (14)

 2.3 Effect of BC dosage and initial Mn2+

concentration

The impact of BC dosage on Mn2+ adsorption was
studied  under  initial  conditions  of  10  mg/L  Mn2+,
at  298  K  and  pH  6.  As  shown  in Fig.  3a,  the
removal efficiency increased from 42% to 98.09%
as the BC dosage increased from 0.2 g to 1 g (Fig.
3a).  This  trend  aligns  with  previous  findings
(Jellali  et  al.  2021)  and  is  primarily  attributed  to
the greater availability of adsorption sites at higher
BC  dosage  (Siri-Anusornsak  et  al.  2024).  How-
ever,  further  increases  in  BC  dosage  beyond  1  g
did not  lead to  a  substantial  improvement  in  Mn2+

removal.  The  specific  adsorption  capacity  (mg/g)
decreased  as  the  BC  dosage  increased,  a
phenomenon  that  may  be  attributed  to  potential
pore  occlusion  or  particle  aggregation  at  higher
sorbent  loadings,  which  can  reduce  the  effective
surface  area  available  for  adsorption  (Xu  et  al.
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Fig. 2 Effect  of  initial  solution  pH  on  Mn2+ removal
by BC
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2017).  As  noted  by  Siri-Anusornsak  et  al.  (2024),
increasing the adsorbent mass at a constant volume
of  solution  may  also  promote  agglomeration,
thereby reduce  the  overall  surface  area  and  elon-
gate  diffusional  pathways,  which  can  adversely
affect adsorption efficiency.

The  combined  effects  of  varying  initial  Mn2+

concentrations  and  different  BC  dosages  were
further  investigated.  As  illustrated  in Fig.  3b,
removal efficiency decreased with increasing Mn2+

concentration  rose  (from  1  mg/L  to  150  mg/L)
across  all  three  BC  dosages.  This  decrease  likely
resulted from the higher  ratio  of  available  adsorp-
tion  sites  to  adsorbate  concentration  at  lower
concentrations,  facilitating  rapid  and  thorough
removal.  Conversely,  at  higher concentrations,  the
fixed number  of  adsorption  sites  becomes  satu-
rated,  leading  to  reduced  removal  efficiency
(Kurniasih  et  al.  2025).  Although the  influence  of
the BC dosage on Mn2+ removal was more subtle at
lower concentrations, its influence became increas-
ingly  evident  at  higher  at  Mn2+ concentration
increases, emphasizing the need of optimize adsor-
bent  dosage  for  effective  treatment  of  heavily
contaminated water.

 2.4 Effect of coexisting ions

The  presence  of  Coexisting  Ions  (CIs)  in  surface
and subsurface  water  environments  can  signifi-
cantly influence  the  adsorption  of  target  contami-
nants  (Efome  et  al.  2019).  Depending  on  their
interactions  with  the  target  contaminant  and  the
adsorbent,  CIs  may  exert  one  of  three  distinct
effects: (1)  A  synergistic  effect,  where  the  pres-
ence of CI enhances adsorption and thus increases
removal efficiency; (2) An antagonism (inhibitory)
effect, where CI competes with the target contami-
nant  for  active  adsorption  sites,  thereby  reducing
adsorption efficiency; or (3) No interaction, where

the  CI  has  negligible  influence  on  the  adsorption
process, indicating minimal competitive behaviour
(Macena  et  al.  2025).  Understanding  these  effects
is  essential  for  optimizing  adsorption-based reme-
diation  strategies  and  predicting  contaminant
behaviour  in  complex  aquatic  systems.  In  this
study,  the  influence  of  six  common  cations,  Na+,
K+,  Ca2+,  Cu2+,  Zn2+,  and  Fe3+,  on  Mn2+ adsorption
was investigated  under  binary  systems  at  concen-
trations  of  5,  10,  and  15  mg/L.  As  illustrated  in
Figs.  4a–4e,  the  presence  of  Ca2+,  Na+,  and  K+

generally  led  to  their  release  into  the  solution,
suggesting  that  ion-exchange  processes  occurred
between  Mn2+ and  these  competing  cations.
Compared  to  the  single-ion  system  (Mn2+ only),
Mn2+ removal efficiency was consistently lower in
the  presence  of  the  CI  (binary  systems),  and  this
reduction became  more  pronounced  with  increas-
ing CI concentrations. This decline is attributed to
direct  competition  for  adsorption  sites  and  an
increase  in  ionic  strength  of  the  solution,  which
likely  compressed  the  electrical  double  layer
surrounding the  BC  particles  and  weakened  elec-
trostatic  interactions  essential  for  adsorption.
Among  the  tested  ions,  monovalent  cations  (Na+

and K+) exhibited a relatively weaker influence on
Mn2+ adsorption  than  divalent  (Ca2+,  Cu2+,  Zn2+)
and trivalent (Fe3+) cations. Notably, Fe3+ and Cu2+

had the strongest antagonistic effects, significantly
suppressing Mn2+ uptake. This can be explained by
their higher  charge  densities,  greater  electronega-
tivities,  and  smaller  hydrated  ionic  radii,  which
enhance  their  affinity  for  adsorption  sites  over
Mn2+ (Yao et al. 2020; Jellali et al. 2021; Kim et al.
2021).

 2.5 Mn2+ adsorption thermodynamics

The  thermodynamic  parameters-ΔG°,  ΔH°,  and
ΔS°- analysed in this study are presented in Table
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2.  The  negative  ∆G°  values  confirm  that  Mn2+

adsorption onto the BC is spontaneous and thermo-
dynamically  favourable  (Sahmoune,  2019). More-
over,  the  increasingly  negative  ∆G°  values  with
rising  temperature  suggest  that  the  adsorption
process becomes more efficient at elevated temper-
atures. This trend is likely due to increased kinetic
energy of  the  Mn2+ ions,  leading to  more frequent
and effective collisions with the active sites on the
BC  surface  (Quansah  et  al.  2024).  The  positive
value  of  ΔH°  (15.53  kJ/mol)  indicates  that  the
adsorption  process  is  endothermic,  requiring
energy  input  to  proceed  (Sahmoune,  2019),  while
the positive ∆S° value indicates that randomness of
the system increases during the adsorption process
(Sahmoune, 2019; Quansah et al. 2024).
 
 

Table 2 Thermodynamic parameters for Mn2+ adsorp-
tion on BC

Temperature
K

∆G○

kJ/mol
∆H○

kJ/mol
∆S○

kJ/mol-K
298 −4.89 15.53 0.069
323 −6.73
348 −8.42
363 −9.12
373 −10.08
393 −11.55
 

 2.6 Sorption isotherms

In  the  present  study,  the  Freundlich  (Fig.  5a)  and
Langmuir  (Fig.  5b)  equilibrium  isotherm  models

were  utilized  to  further  characterize  Mn2+ adsorp-
tion onto  the  BC.  Both models  provided excellent
fits to the experimental data, with correlation coef-
ficients  of  R2 =  0.994  for  the  Langmuir  and  R2 =
0.993  for  the  Freundlich  isotherm,  indicating  that
Mn2+ adsorption onto BC may involve a combina-
tion  of  homogeneous  and  heterogeneous  surface
interactions.  The  Freundlich  isotherm  yielded  1/n
value  of  0.85,  suggesting  favourable  adsorption
conditions  (Fseha  et  al.  2022).  The  separation
factor (RL) determined from the Langmuir isotherm
(using Eq.  14)  also  confirmed the  favourability  of
the adsorption process

RL=
1

[1+ (KL×C0)]
(15)

Where: KL (L/mg)  is  the  Langmuir  adsorption
constant  (0.018  L/mg), C0 is  the  initial  Mn2+

concentration.  The  calculated  R_L  values  ranged
from  0.53  to  0.98,  which  falls  between  0  and  1
(Quansah  et  al.  2024).  An RL <  1  indicates
favourable  adsorption; RL = 0  indicates  irre-
versible adsorption; RL = 1 is linear adsorption; and
RL >  1  suggests  unfavourable  adsorption.  The
Langmuir  isotherm  analysis  yielded  a  maximum
adsorption  capacity  (Qmax) of  1.19  mg/g,  demon-
strating that BC performs as well as, or better than,
some natural  adsorbents  (Table 3).  These findings
support the viability of BC as an effective sorbent
for Mn2+ removal from contaminated groundwater.

 2.7 Sorption kinetics

Fig.  6a illustrates  the  time-dependent  adsorption
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Fig. 4 Effect  of  coexisting  ions  (Na+,  K+,  Ca2+,  Cu2+,  Zn2+,  Fe3+ at  concentrations  of  5  mg/L,  10  mg/L,  and  15
mg/L) on Mn2+ adsorption by BC
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behaviour  of  Mn2+ onto  BC.  A  rapid  increase  in
Mn2+ uptake  was  observed  within  the  first  30
minutes, followed  by  a  gradual  approach  to  equi-
librium,  which  was  reached  at  approximately  120
minutes. The initial rapid phase is attributed to the
immediate  occupation  of  easily  accessible  surface
sites, `while  the  slower  phase  reflects  the  adsorp-
tion  on  less  accessible  sites  and  the  diffusion  of
Mn2+ ions into the BC micropores (Shi et al. 2024).
To  model  the  adsorption  kinetics,  both  Pseudo-
First-Order  (PFO)  kinetic  and  Pseudo-Second-

Order  (PSO)  kinetic  models  were  applied.  As
depicted in Table 4 and Fig. 6a, both models fitted
to  the  experimental  data  well,  though  the  PSO
kinetic model  more  accurately  predicted  the  equi-
librium  adsorption  capacity,  suggesting  a  chemi-
sorption process. Adsorption kinetics often involve
multiple  steps,  including  Intra-Particle  Diffusion
(IPD) and mass transfer across boundary layers. To
further understand the adsorption mechanisms, the
IPD model was applied. The IPD suggests that if a
plot  of qt against  t1/2 is  linear  and  passes  through
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Fig. 5 Mn2+ experimental data fitted with (a) Freundlich and (b) Langmuir isotherms
 

Table 3 Comparison of Mn2+ adsorption capacity (Qmax) obtained in this study with those reported for other natu-
ral and low-cost adsorbents in previous studies

Adsorbent Qmax/mg/g Particle size pH Temperature/°C Reference

Zeolite Y 0.015 0.75 µm 6.50 25 Kwakye-Awuah et al. 2019
Phoenix dactylifera L. seed 0.361 NA 7.0 NA Osundiya et al. 2024
Date palm biochar 0.44 0.15 mm 6 NA Fseha et al. 2022
Tea waste 0.158 2 mm NA NA Badrealam et al. 2019
BC 1.190 75 µm 6.00 25 This study
Qmax: Maximum adsorption capacity; NA = not available
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Fig. 6 Evaluation  of  Mn2+ adsorption  kinetic  data  with  (a)  pseudo-first-order  and  pseudo-second-order  models
and (b) the intra-particle diffusion model

Journal of Groundwater Science and Engineering    13(2025) 371−385

http://gwse.iheg.org.cn 379

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


the origin, IPD is considered the sole rate- control-
ling  mechanism.  As  shown  in Fig.  6b,  the  plot
displayed  two  linear  distinct  phases,  neither  of
which  passes  through  the  origin,  indicating  a
complex  adsorption  process  involving  more  than
just IPD (Quansah et al. 2024).

 2.8 Reusability and environmental beni-
gnity of Brown Coal (BC)

The reusability of an adsorbent is a critical parame-
ter  for  evaluating  its  practical  applicability.  An
ideal reusable  material  should  maintain  its  struc-
tural integrity and adsorption efficiency over multi-
ple regeneration cycles, while also remaining easy
to  handle  without  significant  material  loss  or
degradation (Kolya and Kang, 2025). As shown in
Fig.  7a,  the  adsorption  efficiency  of  Brown  Coal
(BC)  decreased  slightly  from  91.99% to  84.61%
after  four  consecutive  adsorption–desorption
cycles. The sustained performance highlights BC's
potential  as  a  reusable  adsorbent  and  can  be
attributed  to  its  high  fixed  carbon  content,  which
enhances mechanical strength and chemical stabil-
ity,  reducing  the  risk  of  structural  breakdown  or
oxidative degradation during repeated use. In addi-
tion,  the  moderate  ash content  may provide stable
mineral phases that support ion exchange capacity
throughout  reuse.  However,  the  observed  decline
in  adsorption  efficiency  over  successive  cycles
may  be  attributed  to  factors  such  as  incomplete
Mn2+ desorption,  loss  of  fine  BC  particles  during
washing,  pore  blockage,  or  alterations  in  surface
functional  groups over  time (Quansah et  al.  2024;

Sithole,  2024). In  addition  to  reusability,  evaluat-
ing  the  environmental  compatibility  of  natural
adsorbents is essential to ensure that their applica-
tion does not result in unintended secondary pollu-
tion,  a  phenomenon  commonly  referred  to  as
pollution  swapping.  Pollution  swapping  occurs
when efforts to remove a target contaminant led to
the release or increase of of other pollutants (Zhan
et al. 2024). To assess this risk, the concentrations
of  Heavy  Metals  (HMs)—including  Cu,  Zn,  Cd,
Pb,  Cr,  and  Fe—were  analysed  in  Mn-contami-
nated groundwater before and after the addition of
BC. As shown in Fig. 7b, the initial concentrations
of  these  HMs  in  untreated  water  were  low.  After
BC  addition,  Zn  concentrations  exhibited  a  slight
increase, while Cd and Fe concentrations decreased.
The levels of Pb, Cu, and Cr remained unchanged.
Importantly,  all  measured  HMs  concentrations
remained  below  the  WHO  permissible  limits:
Cu (2 mg/L), Zn (2 mg/L), Cd (0.003 mg/L), Pb
(0.01 mg/L), Cr (0.05 mg/L), and Fe (0.3 mg/L).
These findings suggest  that  the use of  BC does
not  pose  a  significant  environmental  risk  and
can be considered a safe and sustainable adsor-
bent  for  the  remediation  of  Mn-contaminated
groundwater.

 2.9 Mn2+ sorption mechanisms

The  removal  of  heavy  metals  by  BC  has  been
extensively  studied  and  is  known  to  proceed  via
multiple  mechanisms,  with  ion  exchange  and
surface  complexation  being  the  most  dominant
pathways  (Jellali  et  al.  2021; Hu  et  al.  2024).  Ion

 

Table 4 Parameters of the PFK, PSK and IPD models

PFK PSK IPD

qe (mg/g) k1 (1/h) R2 qe (mg/g) k2 (mg/g h) R2 kp1 (mg/g min1/2) R2 kp2 (mg/g min1/2) R2

0.259 0.070 0.988 0.268 0.673 0.996 0.005 0.913 0.0008 0.722

 

0

20

40

60

80

100

120

1 2 3 4

%
 A

d
so

rb
ed

Cycles

(a)

0

0.02

0.04

0.06

Cu Zn Cd Pb Cr Fe

C
o
n
c.

/m
g
·L

−1

Heavy metals

(b)Raw water

BC treated

 

Fig. 7 Results of experiments to study (a) the reusability of the BC, and (b) the environmental benignity of the
BC (Adsorbent mass: 1 g; pH = 6)
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exchange  typically  involves  the  replacement  of
exchangeable  ions  on  the  adsorbent  by  incoming
metal  ions  in  equimolar  proportions  to  maintain
electrostatic  neutrality.  This  process  is  often
referred  to  as  outer-sphere  surface  complexation,
where  the  exchanged  ions  reside  in  the  secondary
coordination  shell  of  the  metal-ligand  complex
(Nadagouda et al. 2024). In this study, the stoichio-
metric  relationship  between  the  amount  of
adsorbed Mn2+ ions and the concomitant release of
major  cations  (Ca2+,  Mg2+,  Na+,  and K+) into  solu-
tion was evaluated to determine the contribution of
ion  exchange  to  Mn2+ removal by  BC.  As  illus-
trated  in Fig.  8a,  Mn2+ adsorption  increases  with
rising  pH,  particularly  between  pH  4  and  pH  6,
which  corresponds  with  a  marked  release  of  Ca2+

and  Mg2+ into  the  solution.  These  cations  likely
originated  from  the  mineral  constituents  of  BC,
such  as  quartz,  calcium  carbonate,  kaolinite,  and
feldspar,  as  confirmed  by  XRD  analysis  and  the
measured  ash  content  (7.90%).  Notably,  the
concentrations  of  Ca2+ and  Mg2+ peaked  at  pH  2,
reaching  approximately  45  mg/L  and  20  mg/L,
respectively,  suggesting  they  are  primary  ions
displaced  during  Mn2+ adsorption.  In  contrast,  the
release of Na+ and K+ was minimal, indicating their
limited  iinvolvement  in  the  ion  exchange  process,
possibly  due  to  their  stronger  retention  or  lower

availability  on  the  BC  surface  (Quansah  et  al.
2024).  However,  a  comparison  of  the  total  molar
concentrations  of  the  displaced  cations  with  the
moles of Mn2+ adsorbed at equilibrium reveals that
the Mn2+ uptake exceeds the total released cations,
particularly at higher pH values. This non-stoichio-
metric  relationship  suggests  that  ion  exchange
alone  cannot  account  for  the  observed  removal,
and  other  mechanisms,  most  likely  surface
complexation,  play  a  substantial  role.  Surface
complexation,  particularly  inner-sphere  complex
complexation,  involves  the  direct  coordination  of
metal  ions  with  surface  functional  groups  on  the
adsorbent surface,  without  requiring  the  displace-
ment  of  pre-bound  cations.  This  aligns  with  the
observed  non-equimolar  ion  release,  implying  the
simultaneous  operation  of  ion  exchange  and
surface complexation during Mn2+ removal.

To further  investigate  the  complexation  mecha-
nism, Fourier  Transform  Infrared  (FTIR)  spec-
troscopy  was  performed  at  pH  6.  The  spectra
revealed  significant  shifts  in  functional  group
vibrations,  indicative  of  chemical  interactions
between  the  BC  surface  and  Mn2+.  In  the  high
wavenumber region (3,689.85 cm−1, 3,620.68 cm−1,
and  3,397.55  cm−1),  broad  bands  associated  with
O–H  stretching  were  observed,  suggesting  the
involvement of hydroxyl groups or adsorbed water
in  Mn2+ binding.  These  bands  exhibited  slight
shifts  and  intensity  changes  after  Mn2+ exposure,
pointing  to  their  role  in  surface  complexation  via
hydrogen  bonding  or  direct  coordination.  Further
spectral  evidence  was  observed  at  1,735  cm−1 and
1,594  cm−1,  corresponding  to  C=O  stretching
(carbonyl  groups)  and  asymmetric  COO− vibra-
tions,  respectively.  These  peaks  showed  notable
shifts,  indicating  that  carboxyl  groups  participate
in Mn2+ complexation. Additional changes at 1,430
cm−1 and  1,218  cm−1,  related  to  C–H bending  and
symmetric  COO− stretching,  respectively,  further
support  the  role  of  carboxyl  groups  in  Mn2+ bind-
ing.  In  the  fingerprint  region  (1,031.61–914.11
cm−1),  alterations  in  peaks  corresponding  to
Si–O–Si  and  Si–O–Al  stretching  vibrations
suggest  interactions  between Mn2+ and the  silicate
or  aluminosilicate  matrix  of  BC.  Moreover,  the
emergence  or  enhancement  of  a  peak  near  537.92
cm−1, associated with Metal–Oxygen (M–O) vibra-
tions,  confirms  the  formation  of  direct  Mn–O
bonds,  characteristic of inner-sphere complexation
rather  than  weak  electrostatic  interactions.  In
summary,  the  combination  of  non-stoichiometric
ion  exchange  data  and  FTIR  spectral  shifts
strongly  supports  the  conclusion  that  both  ion
exchange  and  surface  complexation  (particularly
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inner-sphere complexation) are key mechanisms in
Mn2+ removal by BC.

 2.10 Removal  of  Mn2+  from  real  Mn2+–
contaminated groundwater

Evaluating  the  effectiveness  of  adsorbents  for
groundwater  treatment  requires  testing  under  both
simulated and  real  groundwater  conditions.  Simu-
lated  groundwater  facilitates  the  assessment  of
individual  parameters  under  controlled  conditions,
while real  groundwater  provides  a  more  compre-
hensive understanding of how various constituents
interact  under  natural  conditions.  This  dual
approach  ensures  that  the  adsorption  process  is
both scientifically valid and practically applicable.
Table 5 highlights the physico-chemical properties
of real groundwater before and after treatment with
BC.  The  pH,  turbidity,  colour,  Fe,  and  Mn  were
the main  parameters  of  concern  in  the  groundwa-
ter.  Treatment  with  BC  significantly  reduced
turbidity  (from  59.2  NTU  to  2.09  NTU),  colour
(from 75 Hz to 5 Hz), total iron (from 18.0 mg/L to
0.401  mg/L),  and  Mn2+ (from  10.2  mg/L  to  1.14
mg/L). This  corresponds  to  a  Mn  removal  effi-
ciency  of  88.82%,  which,  although  slightly  lower
than  that  observed  in  the  simulated  system,
remains highly effective.  This  can be attributed to
the competition from other ions, as observed in the
binary  system  experiments.  Conversely,  slight

increases  were  observed  in  certain  parameters
following BC treatment. pH increased from 6.21 to
6.57,  electrical  conductivity  rose  from 531  µS/cm
to 623 µS/cm, and total dissolved solids increased
from  293  mg/L  to  343  mg/L.  These  changes  are
consistent  with  the  the  ion  exchange mechanisms,
wherein  ions  like  Na+,  Cl−,  and  Ca2+ are  released
from the  BC  into  solution.  Similarly,  total  hard-
ness  increased  marginally  from  150  mg/L  to  157
mg/L,  and  calcium hardness  rose  from 60.1  mg/L
to  72.3  mg/L,  indicating  a  probable  exchange  of
magnesium  ions  for  calcium  ions  during  the
adsorption  process.  Despite  these  increases,  the
concentrations  of  these  parameters  remained  well
within the WHO recommended limits. These find-
ings  confirm  that  BC  is  not  only  effective  in
removing  Mn2+ from  contaminated  groundwater
but  also  has  a  manageable  impact  on  secondary
water quality parameters, affirming its potential for
practical application in sustainable water treatment
systems

 3  Conclusion

This  study  demonstrated  the  effectiveness  of
Brown  Coal  (BC)  in  removing  Mn2+ from simu-
lated and  real  contaminated  groundwater,  under-
scoring  its  potential  for  practical  application  in
groundwater  remediation.  The  adsorption  process
was  influenced  by  several  operational  parameters,

 

Table 5 Physico-chemical properties of real groundwater before and after BC treatment

Parameter Unit Before BC After BC WHO (2017)

Turbidity NTU 59.2 2.09 5
Colour (apparent) Hz 75.0 5.00 5
pH pH Units 6.21 6.57 6.5–8.5
Conductivity µS/cm 531 623 -
TSS mg/l 49.0 1.00 -
TDS mg/l 293 343 1,000
Sodium mg/l 16.0 56.0 200
Potassium mg/l 6.00 3.30 30
Calcium mg/l 24.0 28.9 200
Magnesium mg/l 21.7 20.7 150
Total Iron mg/l 18.0 0.401 0.3
Ammonium (NH4-N) mg/l 0.001 <0.001 0.00–1.5
Chloride mg/l 76.9 185 250
Sulphate (SO4) mg/l 18.7 16.10 250
Manganese mg/l 10.20 1.14 0.4
Nitrite (NO2-N) mg/l 0.036 <0.001 1
Nitrate (NO3-N) mg/l 0.111 0.247 10
Total Hardness (as CaCO3) mg/l 150 157 500
Bicarbonate (as CaCO3) mg/l 77.6 14.4 -
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including  solution  pH,  adsorbent  dosage,  contact
time,  temperature,  and  initial  Mn2+ concentration.
Equilibrium  was  rapidly  achieved  within  30
minutes, with optimal removal efficiency observed
at  pH  6.  The  maximum  Mn2+ adsorption  capacity
of  BC  was  determined  to  be  1.19  mg/g,  which  is
comparable to or exceeds the performance of many
other  natural  adsorbents  reported  in  the  literature.
Thermodynamic  analysis  confirmed  that  the
adsorption process was spontaneous and endother-
mic,  with  increased  temperatures  enhancing  Mn2+

removal  efficiency.  BC  also  exhibited  excellent
reusability, maintaining  high  adsorption  perfor-
mance over four successive adsorption–desorption
cycles.  Furthermore,  leached  ions  from  the  BC
remained  within  acceptable  limits  for  potable
water,  affirming  its  environmental  safety.  How-
ever,  the presence of coexisting ions—particularly
divalent  and  trivalent  cations  such  as  Ca2+,  Cu2+,
Zn2+, and Fe3+—negatively impacted Mn2+ removal
due to competition for active adsorption sites. The
extent  of  this  interference  is  dependent  on  ion
charge  density  and  concentration.  Mechanistic
analysis revealed that Mn2+ removal was primarily
governed  by  ion  exchange  involving  Ca2+,  Mg2+,
K+,  and  Na+,  as  well  as  surface  complexation,
notably  through  inner-sphere  complex  formation
with surface functional groups on the BC. Overall,
these  findings  highlight  BC  as  a  cost-effective,
reusable,  and  environmentally  benign  adsorbent
with  strong  potential  for  sustainable  groundwater
treatment  applications  targeting  Mn2+ and  similar
contaminants.
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