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Abstract    The  presence  of  alkaline  earth  metal  ions  in  biodiesel  can  exacerbate  engine  wear,  impair  fuel  oxidation
stability,  and  substantially  reduce  combustion  efficiency.  Improving  the  quality  of  biodiesel  is  therefore  crucial  for
promoting its adoption as a viable alternative to conventional fossil fuels. This study investigates the removal of alkaline
earth metal calcium (Ca2+) and magnesium (Mg2+) from Jatropha biodiesel using four amino polycarboxylate chelating
agents:  ethylenediaminetetraacetic  acid  (EDTA),  diethylenetriaminepentaacetic  acid  (DTPA),  1,2-cyclohexanediamine-
tetraacetic  acid  (CDTA),  and  N-(2-hydroxyethyl)-ethylenediaminetriacetic  acid  (HEDTA).  The  results  showed  that
CDTA demonstrated the highest removal efficiency and selectivity for Ca2+ and Mg2+ among the four chelating agents,
resulting in removal rates of 98.6% and 94.3%, respectively. Furthermore, the oxidative stability of biodiesel, measured
as induction period, increased from 3.38 to 8.31 h after treatment with EDTA solution and reached a maximum of 8.68 h
after treatment with CDTA. Density functional theory (DFT) calculations were performed to analyze Mulliken charges,
electrostatic  potential,  frontier  molecular  orbitals,  and  interaction  energies.  The  results  indicate  that  the  four  chelating
agents form cyclic structure complexes by simultaneously coordinating with a metal  ion through multiple coordination
atoms (N atom in amino group and O atom in carboxyl group). CDTA has the strongest interaction energies with Ca2+

and Mg2+, calculated at –826 and –915 kcal/mol, respectively, corroborating its superior chelation performance.
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 1    Introduction

The increasing global energy demand has accelerated the
depletion  of  fossil  fuel  reserves,  highlighting  the  urgent
need  to  search  for  clean  and  renewable  energy
alternatives  [1,2].  Biodiesel,  as  a  recognized  green  and
sustainable fuel, has emerged as a research hotspot due to
its  advantages  such  as  widespread  availability  and  low
environmental pollution [3,4]. However, during biodiesel
production,  storage,  and  transportation,  alkali  and
alkaline  earth  metal  ions  are  often introduced due to  the

nature  of  feedstock  sources  and  complex  storage
conditions for synthesis [5,6]. In many biodiesel samples,
the  concentrations  of  these  metal  ions  significantly
exceed the permissible threshold of 5 mg/kg, as stipulated
in different standards such as GB 25199-2017, ASTM D
675115c,  and  EN14214:2012  +  A2:2019  [7].  Elevated
levels  of  these  ions  lead  to  the  formation  of  insoluble
soaps  and  abrasive  solid  byproducts  during  combustion,
which  accelerate  engine  wear  and  degrade  biodiesel
properties  [8–10].  Consequently,  it  is  crucial  to  reduce
ion  content  to  accelerate  the  utilization  of  biodiesel  as  a
viable alternative to traditional diesel fuels [11].

A  series  of  studies  have  been  conducted  exploring
various strategies for the removal of alkaline earth metal
ions,  including  foam  flotation,  selective  adsorption,  and
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solvent extraction. For instance, Matsuoka et al. [12] used
foam separation to remove dissolved alkaline earth metal
ions from aqueous solutions. Yu et al. [13] and Cui et al.
[14] utilized water soaking or washing to remove water-
soluble inorganic species such as K, Na, Ca, Cl, and Mg
from biomass  feedstocks.  Gao  et  al.  [15]  and  Luo  et  al.
[16]  used  resin  adsorption  to  remove  alkali  and  alkaline
earth  metal  ions,  while  Wang  and  Lin  [17]  selectively
removed  Ca2+ from  water  using  capacitive  deionization
(CDI) technology.

Despite  their  merits,  these  methods  have  notable
limitations.  Froth  flotation  demonstrates  poor  separation
efficiency  for  dissolved  ionic  species  and  requires
complex pretreatment requirements.  Adsorption methods
are  constrained  by  low  capacity  and  inadequate  selec-
tivity,  while  ion-exchange  resins  exhibit  vulnerability  to
organic  fouling,  with  their  exchange  capacity  being
strictly pH-dependent. In contrast, solvent extraction is a
process  that  only  produces  trace  amounts  of  secondary
pollutants,  and has  been regarded as  a  green method for
ionic removal.

Chelating agents, first introduced by Morgan and Drew
in the 1920s [18], are compounds containing two or more
ligands  capable  of  donating  electrons  to  form
coordination bonds with a central metal atom. As a clean
and  efficient  extraction  technology,  it  has  been  widely
applied  in  wastewater  treatment  [19],  polluted  soil
remediation  [20],  treatment  of  heavy  metal  poisoning
[21],  and  the  upstream oil  and  gas  industry  [22,23].  For
instance,  Wang  et  al.  [24]  demonstrated  that  chelating
agents  form  stable  complexes  with  alkaline  earth  metal
cations, effectively removing scale deposits from subsur-
face  equipment.  Li  et  al.  [25]  reported  that  chelating
agents  increase  the  solubility  of  inorganic  scales  and
prevent  precipitation  caused  by  ionic  recombination
through effective metal ion binding. Edmunds et al.  [26]
evaluated  the  ion  extraction  efficiencies  of  ethylenedia-
minetetraacetic  acid  (EDTA),  citric  acid,  acetic  acid,
sulfuric acid, and water, while Sorour et al. [27] confirm-
ed  the  efficacy  of  diverse  chelating  agents  in  removing
Ca2+ and  Mg2+ ions  from  seawater,  highlighting  their
adaptability in complex ionic environments.

The  studies  collectively  demonstrate  that  both  EDTA
and  ethylene  glycol  bis(2-aminoethyl  ether)-N,N,N′,N′-
tetraacetic  acid  (EGTA)  exhibited  enhanced  chelation
performance  toward  these  divalent  cations,  suggesting
their  structural  adaptability  in  complex  ionic  matrices.
These  studies  indicate  that  chelating  agents  have  the
superior  performance  in  improving  biomass  quality  via
efficiently and selectively removing inorganic substances
and extracting heavy metals from water. A key advantage
of  chelating  agents  lies  in  their  structural  tunability,
which  allows  for  optimum  selectivity  and  extraction
efficiency toward specific metal cations, even at very low
ion  concentrations  [28].  However,  the  integrated
application  of  chelation  and  solvent  extraction  for  ionic

contaminant  removal  in  biodiesel  refining  remains
scarcely explored.

In  comparison  with  other  types  of  chelating  agents,
amino polycarboxylate chelating agents (APCAs) exhibit
significant  advantages  due  to  their  unique  molecular
structure. These compounds are characterized by multiple
carboxy  (COO−)  groups  connected  to  one  or  more  N
atoms  via  carbon  backbones,  structurally  resembling
derivatives  of  the  amino  acid  glycine  [29].  APCAs  can
form  a  multidentate  coordination  structure  with  metal
ions  by  providing  4  to  6  coordination  sites,  resulting  in
stable  complexes  with  five-membered  or  six-membered
ring  structures  [30].  This  multidentate  synergistic  effect
enables  the  formation  of  stable  complexes  with  metal
ions,  have  the  potential  to  reduce  alkaline  earth  metal
concentrations in biodiesel, thereby improving its quality.
These  properties  make  APCAs  ideal  candidates  for
chelation extraction.

In  this  study,  four  APCAs,  ethylenediaminetetraacetic
acid  (EDTA),  N-(2-hydroxyethyl)-ethylenediaminetria-
cetic  acid  (HEDTA),  1,2-cyclohexanediaminetetraacetic
acid  (CDTA),  and  diethylenetriaminepentaacetic  acid
DTPA were  selected  to  investigate  their  effectiveness  in
removing  Ca2+ and  Mg2+ ions  from  Jatropha-derived
biodiesel  based  on  their  chemical  properties  and
selectivity  for  metal  ion  impurities.  A  comprehensive
analysis  was  conducted  to  unravel  the  chelation
mechanisms  of  different  chelating  agents  on  alkaline
earth  metal  ions  and  their  impact  on  the  properties  of
biodiesel. Potential complexation reactions between Ca2+,
Mg2+,  and  the  APCAs  were  explored  to  elucidate  the
underlying chelation mechanisms, providing insights into
the  design  of  more  efficient  biodiesel  purification
strategies.

 

2    Materials and methods

The Jatropha biodiesel used in this study was synthesized
in-house using a conventional transesterification process.
Jatropha  crude  oil,  methanol  (analytical  reagent  grade
(AR), ≥ 99.5%),  and  potassium  hydroxide  (AR,
≥ 85.0%)  were  purchased  from  Yunnan  Yingding
Bioenergy  Co.,  Ltd.,  China,  Tianjin  Dingshengxin
Chemical  Industry  Co.,  Ltd.,  China,  and  Tianjin
Fengchuan  Chemical  Reagent  Technology  Co.,  Ltd.,
China, respectively.

In a typical procedure, Jatropha crude oil and methanol
were  mixed  in  a  1:2.2  molar  ratio  in  a 1000 mL round-
bottom flask,  followed by the addition of  an appropriate
amount  of  potassium  hydroxide  catalyst.  The  mixture
was  placed  in  a  water  bath  at  a  constant  temperature  of
85 °C for 120 min to react. The resulting crude biodiesel
was  transferred  to  a  500  mL  separatory  funnel  and
washed  multiple  times  with  deionized  water  to  remove
impurities. After allowing the mixture to settle for 30 min
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to  facilitate  phase  separation,  the  biodiesel  layer  was
dried using a rotary evaporator under reduced pressure to
remove  excess  water.  Finally,  the  final  biodiesel  was
filtered  through  qualitative  filter  paper  to  obtain  the
purified biodiesel.

 2.1    Extraction

The  workflow  for  metal  ion  extraction  is  illustrated  in
Fig. 1.  Aqueous  solutions  of  four  chelating  agents,
HEDTA,  EDTA,  CDTA,  and  DTPA  were  prepared  at
concentrations  of  0.3 ‰,  0.9 ‰,  1.5 ‰,  and  2.1 ‰,  res-
pectively.  For  each  extraction  experiment,  26  g  of
Jatropha  biodiesel  was  accurately  weighed  using  an
analytical  balance  (precision: 0.0001 g)  and  transferred
into  a  100  mL  beaker.  Subsequently,  30  mL  of  the
respective  chelating  agent  solution  was  added,  and  the
mixture  was  subjected  to  liquid–liquid  extraction  (LLE)
via  vortex  agitation  for  1  h.  This  mixing  duration  was
previously  optimized  to  ensure  maximal  extraction
efficiency.

After mixing, the oil-water mixture was transferred to a
separatory  funnel  and  left  undisturbed  for  5  min  to
facilitate phase separation. The lower aqueous phase was
collected into a 200 mL volumetric flask, while the upper
biodiesel layer was returned to the beaker for subsequent
washing.  This  extraction  and  separation  process  was
repeated five times, each using 30 mL of fresh chelating
agent  solution.  All  extractions  were  performed  at  a
controlled ambient temperature was of 25 °C.

After  the  final  wash,  all  aqueous  extracts  were
combined,  diluted  to  a  final  volume  of  200  mL  with
ultrapure  water,  and  mixed  thoroughly.  The  resulting

solution  was  then  analyzed  for  Ca2+ and  Mg2+ ion
concentrations using an ion chromatograph.

The  chelating  agents  used  were  sourced  as  follows:
EDTA  (AR, ≥ 99%)  from  Fuchen  Chemical  Reagent
Co.,  Ltd.  (Tianjin,  China);  HEDTA  (AR,  98%)  from
Aladdin  (Shanghai,  China);  and  CDTA  (AR,  98%)  and
DTPA  (AR, ≥ 99%)  from  Macklin  Biochemical  Co.,
Ltd. (Shanghai, China).

 2.2    Characterization

 2.2.1    Ion chromatography for elemental analysis

The  concentration  of  alkaline  earth  metal  ions  in
biodiesel  was  quantified  using  an  ion  chromatography
system  (883  Basic  IC  Plus,  Metrohm  AG,  Switzerland).
This system is equipped with a dual-pump mechanism, an
online  filter,  a  pulse  damper,  and  the  863  Compact
Autosampler.  Operation  and  data  acquisition  were
managed  via  the  Mag  IC  Net  Basic  software  integrated
with  the  IC  Net  3.1  workstation. Figure 2 illustrates  the
working  principle  of  cation  analysis  using  ion
chromatography,  which  involves  five  key  components:
the  infusion  system,  sample  injection  system,  separation
system, detection system, and data processing interface.

During  analysis,  the  high-pressure  pump  delivers  the
mobile  phase  at  a  constant  pressure  to  the  analytical
system, propelling the sample, introduced via an injection
value,  into  the  chromatographic  column.  Inside  the
column, the ions are separated based on their affinity with
the  stationary  phase  and  eluted  sequentially  with  the
mobile phase toward the detector.

The key specifications of the ion chromatograph are as
  

 
Fig. 1    Schematic diagram and workflow of extraction.
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follows:  noise  <  0.1  nS  (within  1 μS/cm);  temperature
stability  <  0.001  °C;  resolution 0.0047 nS/cm;  baseline
noise < 0.2 nS/cm; measurement range 0–15000 Sc; and
linear deviation < 0.1% [31].

Deionized  water  (MilliQ,  Millipore)  was  used  for  the
preparation  of  eluents  and  samples  solutions,  while
ultrapure nitric  acid (0.05%,  BASF) served as the wash-
ing  solution  for  system  maintenance  and  contamination
prevention.

The  filtered  sample  solution  was  prepared  as  outlined
in Section 2.1, using a Cleanert® SPE C18 reverse-phase
column in conjunction with a ClarinertTM 0.22 μm nylon
filter  to  remove  oils  and  macromolecules.  The  resulting
filtered  solution  was  then  analyzed  using  ion
chromatography  [16].  Each  sample  was  measured  three
times,  and  the  average  value  was  calculated  to  ensure
analytical accuracy and reproducibility.

 2.2.2    Oxidative stability test

The oxidative stability of biodiesel was evaluated using a
Rancimat  instrument  (Rancimat  873  biodiesel  oxidative
stability tester, Metrohm AG, Switzerland) in accordance
with the EN 14112-2003 standard [32]. For each test, 3 g
of  biodiesel  was  accurately  weighed  and  placed  into  a
sample  vessel,  which  was  then  maintained  at  a  constant
temperature of 110 °C. Air was continuously supplied at
a constant flow rate of 10 L/h to accelerate oxidation. The
resulting volatile oxidation products were transported by
the  airflow  into  a  measuring  vessel  containing  ultrapure
water,  where  the  formation  of  secondary  oxidation
products  caused  a  measurable  increase  in  water
conductivity.

The change in conductivity was monitored in real time,
and  the  induction  period,  defined  as  the  point  of
inflection  in  the  second  derivative  of  the  conductivity
curve,  was  used  as  a  quantitative  indicator  of  the
oxidative  stability  of  the  biodiesel  [33].  A  typical
conductivity  profile  and  its  second  derivative  curve  are
shown in Fig. 3.
 
  

 
Fig. 3    Definition of oxidation induction period.

 

 2.3    Chelation chemistry

Chelating  agents  are  anionic  organic  molecules  that
coordinate with metal ions through multiple coordination
bonds.  During  chelation,  these  agents  form stable  cyclic
structures by fully occupying the coordination sites of the
metal  ion,  thereby  preventing  further  interactions  with
other metal ions or molecules in solution. The stability of

  

 
Fig. 2    Schematic of the ion chromatography cation analysis working principle.
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a  metal-ligand  complex  is  influenced  by  the  intrinsic
properties  of  both the metal  ion and the chelating agent.
APCAs  are  particularly  effective  in  forming  strong  and
stable  complexes  with  alkaline  earth  metal  ions,  such  as
Ca2+ and Mg2+ [34].

Table 1 [36,37]  presents  the  chemical  structures  of
HEDTA,  EDTA,  CDTA,  and  DTPA,  along  with  their
stability  constants  (log  KMY)  for  complexes  with  Ca2+

and Mg2+. A higher stability constant indicates a stronger
and more stable chelate [35].

The  formation  of  metal-ligand  complexes  by  the
following equilibrium reactions,
 

Mn++Y x−⇄MYn−x (1)
 

KMY =

[
MYn−x]

[Mn+] [Y x−]
(2)

where Mn+, Yx–, MY(n–x), and log KMY refer to the central
metal  ion,  chelating  ligand,  formed  complex,  and  the
logarithmic form of KMY, respectively.

These  chelating  agents  form  stable  complexes  with
Ca2+ and Mg2+, with log KMY values typically exceeding
8.  Under  standard  conditions,  CDTA,  DTPA,  HEDTA,
and  EDTA  form  one-to-one  stoichiometric  complexes
with  most  metal  ions  [38].  The  denticity  of  a  chelating
ligand,  i.e.,  the  number  of  donor  atoms  available  for
coordination  with  the  central  metal  ion,  determines  the

stability  and  complexity  of  the  resulting  complex.  A
higher  denticity  increases  the  number  of  coordination
sites  available,  leading  to  more  stable  and  intricate
complexes.  HEDTA, EDTA, CDTA, and DTPA possess
coordination  numbers  of  5,  6,  6,  and  8,  respectively.
These  donor  atoms  include  both  carboxylate  oxygen
atoms and nitrogen atoms in each ligand.

However, denticity does not always correspond directly
to  the  number  of  actual  coordination  bonds  formed,  as
this  depends  on  the  coordination  preferences  of  the
specific metal ion involved. Although EDTA and CDTA
share identical denticity, CDTA features a distinct cyclic
structure  compared  to  the  other  three  chelators,  possibly
offering  enhanced  steric  stability  that  may  optimize
metal-ligand coordination efficiency.

Figure 4 illustrates  the  idealized  structures  of  the
complexes formed by these chelating agents and divalent
alkaline earth metal ions.

 2.4    Calculation method

Periodic density functional theory (DFT) calculations are
widely  used  to  investigate  the  interactions  between
compounds  and  metal  complexes,  including  those
involving  chelating  agents  and  metal  ions  in  the
petroleum  and  natural  gas  industries  [39–41].  In  this
study, DFT calculations were conducted using the Dmol3

  

Table 1    Chemical structures and stability constants for HEDTA, EDTA, CDTA, and DTPA with Ca2+ and Mg2+ at 25 °C

Compound Molecular formula Denticity Structural formula
log KMY

Ca2+ Mg2+

HEDTA C10H18O7N2 5 8.4 7.0

EDTA C10H16O8N2 6 10.7 8.7

CDTA C14H22O8N2 6 12.3 11.3

DTPA C14H23O10N3 8 10.9 9.3
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module  in  the  Materials  Studio  software  suite  [42,43].
The  geometrical  properties  of  all  chelating  agents  were
optimized  to  investigate  their  electronic  interactions  and
coordination  behaviors,  using  the  generalized  gradient
approximation (GGA) [44] with the Becke exchange plus
Lee-Yang-Parr correlation (BLYP) [45].

The  structural  and  electronic  properties  of  Ca2+ and
Mg2+ complexes  with  EDTA,  HEDTA,  CDTA,  and
DTPA  were  systematically  analyzed  to  elucidate  the
molecular  binding  mechanisms  of  chelating  agents  with
alkaline  earth  metal  ions  [40].  Convergence  thresholds
for  energy,  maximum  force,  and  maximum  atomic
displacement were set as follows: energy = 1 × 10−5 Ha,
maximum  force  =  0.002  Ha/Å,  and  maximum  atomic
displacement = 0.005 Å, respectively.

The  interaction  energy  (Eint)  between  the  ligand  and
metal ion was calculated using Eq. (3)
 

Eint = Ecomplex− (ELigand+EM2+), (3)

EM2+

where Eint (Hartree)  is  the  interaction  energy, Ecomplex
(Hartree)  is  the  electronic  energy  of  the  optimized
complex, ELigand (Hartree) is the electronic energy of the
free ligand, and  (Hartree) is the electronic energy of
the  divalent  metal  ion  (Ca2+ or  Mg2+).  A  more  negative
Eint indicates a stronger interaction between the chelating
agent  and  the  metal  ion. Table 2 provides  the  energies
associated  with  the  coordination  interactions  of  the
ligands with the metal ions.
  
Table 2    Interaction energies of APCAs with metal cations

HEDTA EDTA CDTA DTPA
Int. Energy Ca2+ −676.3309 −814.6134 −826.9716 −775.8283

Mg2+ −769.0957 −901.7438 −915.4681 −860.9387
 

 

3    Results and discussion

 3.1    Effect of chelating agents on alkaline earth metal ion
removal

Prior  to  formal  testing,  it  is  necessary  to  establish  a
calibration  curve  using  standard  solutions  with  five
different  gradient  concentrations. Table 3 lists  the

retention time, linear equation, and correlation coefficient
for  Na+,  Mg2+,  K+,  and  Ca2+.  The  linear  equation
converts  the  signals  obtained  by  the  instrument  into
actual  ion  concentrations,  enabling  accurate  quantitative
analysis.
  
Table 3    Retention times, linear equations, and correlation coefficient
for cations in ion chromatography

Ion Retention time/min
Linear equation A = a + bQ

r
a b

Na+ 5.62 1.74E–02 1.29E–02 0.999

Mg2+ 7.98 2.23E–02 2.23E–02 0.999

K+ 8.80 1.39E–02 1.60E–03 0.998

Ca2+ 10.27 6.26E–02 1.20E–02 0.998

Notes: A is the peak area, µS·min/cm; Q is the analyte concentration, mg/L; a
and b are constants; and r is the correlation coefficient.

 
The  concentrations  of  alkaline  earth  metal  ions  in

Jatropha  biodiesel,  as  determined  using  ICP-OES,  were
5.38  mg/kg  for  Ca2+ and  2.97  mg/kg  for  Mg2+,  both
exceeding  the  5  mg/kg  threshold  specified  by  the
EN14214:2012  +  A2:2019  European  standard.  General
water  washing  extracted  a  total  Mg2+ and  Ca2+

concentration  of  4.67  mg/kg. Figure 5 compares  the
concentrations of alkaline earth metal ions extracted from
Jatropha  biodiesel  with  varying  amounts  of  chelating
agents (CDTA, EDTA, DTPA, and HEDTA). The results
indicate that the addition of chelating agents significantly
influences the concentrations of Ca2+ and Mg2+.

The  Mg2+ content  in  the  aqueous  solutions  initially
increased  with  the  concentration  of  chelating  agents,
peaking  at  a  1.5 ‰  concentration  before  decreasing.  In
contrast,  the  Ca2+ content  extracted  was  significantly
higher  than  that  achieved  with  general  water  washing.
The  highest  Ca2+ concentrations  were  observed  with
0.3 ‰  HEDTA,  0.9 ‰  DTPA,  0.9 ‰  CDTA,  and  2.1 ‰
EDTA  solutions.  EDTA  and  HEDTA  exhibited  more
pronounced  chelation  effects  on  Ca2+ at  higher  concen-
trations  (1.5 ‰  and  2.1 ‰),  while  DTPA  demonstrated
greater effectiveness at lower concentrations (0.3‰).

The  extraction  performance  of  chelating  agents  at
different  concentrations  is  depicted  in Fig. 6.  General
water  washing  extracted  only  59.14% of  Ca2+ and

  

 
Fig. 4    Idealized structures of the complexes formed by four chelating agents with divalent alkaline earth metal ions.
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62.15% of  Mg2+.  The  addition  of  chelating  agents
significantly  enhanced  the  extraction  efficiency  of
alkaline  earth  metal  ions.  Among  the  chelating  agents
tested,  CDTA  exhibited  the  highest  efficiency  for  Ca2+

removal, achieving extraction rates above 80% across all
evaluated  concentrations.  A  maximum  Ca2+ extraction
rate  of  98.61% was  achieved  at  0.9 ‰  CDTA,  while

Mg2+ extraction peaked at 94.36% with 1.5‰ CDTA. In
comparison,  EDTA  and  DTPA  showed  relatively  lower
efficiencies for  both Ca2+ and Mg2+ extraction.  At high-
er  concentrations (1.5‰ and 2.1‰),  EDTA consistently
achieved  higher  Ca2+ extraction  rates  than  CDTA  and
HEDTA. However, for Mg2+, the relative extraction effi-
ciency  followed the  order  HEDTA > EDTA > CDTA >

  

 
Fig. 5    Extraction of Ca2+ and Mg2+ from Jatropha biodiesel using various concentrations of chelating agents.

(a) EDTA; (b) CDTA; (c) HEDTA; (d) DTPA.

  

 
Fig. 6    Extraction rates with different concentrations of chelating agents.

(a) Ca2+; (b) Mg2+
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DTPA, with notable efficiency achieved at concentrations
of 1.5‰ and 2.1‰.

In summary, chelating agents substantially improve the
extraction  efficiency  of  Ca2+ and  Mg2+,  outperforming
general  water  washing.  Among  the  four  amino
polycarboxylate  chelating  agents  examined,  EDTA  and
CDTA  demonstrate  the  most  outstanding  performance.
This improvement is attributed to the ability of chelating
agents  to  form stable  coordination  complexes  with  Ca2+

and Mg2+, thereby increasing their solubility in water. In
contrast,  general  water  washing  is  limited  to  removing
water-soluble ions and is ineffective against organic salts
with  low  solubility.  Although  the  use  of  amino
polycarboxylate chelating agents proves highly effective,
it  is  hindered  by  challenges  such  as  complex  synthesis
processes, high costs, and limited biodegradability. From
a  sustainability  perspective,  further  consideration  should
be  given  to  the  recycling  and  reuse  of  these  chelating
agents.

Table 1 presents  the  chelation  constants  (log K)  for
Ca2+ and  Mg2+ with  the  four  chelating  agents,  in  the
order of log K(CDTA) > log K(DTPA) > log K(EDTA) >
log K(HEDTA).  CDTA  demonstrated  the  strongest
affinity  for  both  Ca2+ and  Mg2+.  Based  on  these
constants, CDTA and DTPA were theoretically expected
to  outperform  EDTA  and  HEDTA  in  extracting  these
ions. However, experimental results (Fig. 5) showed that
the average Ca2+ extraction efficiency followed the order
of CDTA > EDTA > DTPA > HEDTA, while for Mg2+,
the order was HEDTA > EDTA > CDTA > DTPA. These
findings differ from the ranking of the stability constants
due to competing factors between the two coexisting ions
and  in  the  biodiesel-water  mixture,  particularly  pH
variations  in  the  liquid  phase.  Shifts  in  the  solution  pH
may  affect  the  concentrations  of  aqueous  metal  species,
the stability of  metal  chelates,  the solubility of  chelating
agents,  and  the  dynamics  of  metal  sorption/desorption
and  ion  exchange,  leading  to  discrepancies  between
observed efficiencies and theoretical expectations.

 3.2    Effect of ligand type and concentration on alkaline
earth metal ions

Visual  MINTEQ  software  was  used  to  analyze  the
chemical  species  of  Ca,  Mg,  and  the  four  chelating
ligands in aqueous solutions across varying pH levels. As
shown in Figs. 7(a) and 7(b), calcium exists predominan-
tly as Ca2+ at pH values below 11. Beyond pH 12.2, Ca2+

begins  to  precipitate  as  Ca(OH)2,  reducing  the  concen-
tration of free calcium. Similarly, magnesium predominan-
tly  exists  as  Mg2+ at  pH  values  below  10.48  but  preci-
pitates  as  Mg(OH)2 at  higher  pH  values.  At  pH  14.80,
both  ions  are  nearly  absent  from  the  solution  due  to
complete precipitation.

The chelating agents exist in different forms depending
on the pH, as shown in Figs. 7(c)–7(f). In the pH range of

3–7, ligands with two negative charges are predominantly
present.  APCAs  undergo  a  stepwise  deprotonation  pro-
cess to achieve their fully ionized state. The dissociation
reactions of APCAs (HmY) proceed are as follows
 

HmY⇄ Hm−1Y−+H+ (4)
 

Hm−1Y−⇄ Hm−2Y2−+H+ (5)
 

Hm−2Y2−⇄ Hm−3Y3−+H+ (6)
This stepwise dissociation continues until the chelating

agent reaches its fully ionized state. In this context, HmY
represents the chelating agent molecule, where m denotes
the number of replaceable hydrogen ions. For EDTA and
CDTA, m equals  4,  while  for  DTPA  and  HEDTA, m
equals 5.

The  distribution  of  ion  species  is  governed  by  the
equilibrium  constants  of  each  dissociation  reaction  and
the pH of solution. The observed results can be explained
as  follows:  within  the  pH  range  of  3–7,  EDTA  and
CDTA predominantly  exist  in  the  H2Y2− form,  HEDTA
mainly  exists  in  the  H2Y− form,  while  DTPA  exists  in
three  distinct  ligand  forms.  At  higher  pH values,  CDTA
and  EDTA  undergo  sequential  deprotonation,  forming
HY3− and  Y4−,  respectively.  The  ion  distribution  of
CDTA  closely  resembles  that  of  EDTA,  consistent  with
findings  reported  in  Fredd  and  Fogler  [46].  In  contrast,
under low pH conditions, the ion distribution of DTPA is
more complex. At pH 4, DTPA is primarily in the H3Y2−

form,  while  at  the  pH  range  of  7–9,  it  predominantly
exists as H2Y3−.

However,  an  increase  in  pH  does  not  always  enhance
complex  formation  due  to  the  competition  between
hydroxide  ions  and  the  ligand  for  binding  to  the  metal
ion.  The  pH at  which  maximum complexation  occurs  is
influenced  by  both  the  acidity  of  the  ligand  and  the
affinity of the metal ion for hydroxide ions.

APCAs  form  complexes  with  metal  ions  most
efficiently in basic solutions, as increased pH levels lead
to  full  deprotonation  of  the  chelating  agents,  thereby
maximizing  their  chelating  ability.  In  acidic  conditions,
chelating  agents  remain  in  their  protonated  forms,
resulting  in  reduced  chelation  efficiency  [46].  However,
excessively  high  pH  levels  may  hinder  complex
formation due to competition between hydroxide ions and
the  chelating  agents  for  metal  binding.  Additionally,
under  strong  alkaline  conditions,  biodiesel  may  undergo
saponification  reactions,  which  can  compromise  its
quality.

To avoid such adverse effects, the experimental condi-
tions  in  this  study  were  maintained  within  a  narrow  pH
range of 2–6 (as shown in Table 4). It was further obser-
ved that the pH of the chelating agent solutions tended to
decrease as the concentration of agent increased.

To  better  understand  chelation  behavior  under  acidic
conditions,  the  effect  of  chelating agent  ligands  on Ca2+
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and  Mg2+ was  examined.  As  shown  in Figs. 7(c)–7(f),
EDTA predominantly exists as H2Y2− within a pH range

of approximately 4.6–5.31, while CDTA primarily exists
in  the  H2Y2− form  in  a  pH  range  of  approximately
4.7–6.0. The ion distribution of DTPA is more complex:
at  lower  pH,  it  exists  mainly  as  H4Y− at  a  pH  of
approximately  2.67,  transitioning  to  H3Y2− between  pH
3–4.8.  Furthermore,  HEDTA  undergoes  successive
deprotonation  to  form  H2Y− at  low  pH  and  remains  in
this form in the pH range of 2–3.5.

In  summary,  under  mildly  acidic  conditions,  Ca2+ and
Mg2+ are  primarily  coordinated  by  Hm–2Y2− species  of

  

 
Fig. 7    Distribution of (a) Ca2+, (b)Mg2+, (c) EDTA, (d) HEDTA, (e) CDTA, and (f) DTPA at different pH values simulated by Visual
MINTEQ software.

  

Table 4    pH of the washing solution at 25 °C
Concentration EDTA DTPA CDTA HEDTA

0.3‰ 5.31 3.09 5.04 3.19

0.9‰ 4.92 2.75 4.86 2.85

1.5‰ 4.82 2.58 4.78 2.72

2.1‰ 4.78 2.49 4.72 2.61
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EDTA,  CDTA,  and  HEDTA.  For  DTPA,  coordination
involves H2Y2− and, to a lesser extent, H3Y−. To sum up,
the concentration of the chelating agent affects the pH of
the  solution,  which  in  turn  alters  the  morphology  of  the
ligands.  Change  in  ligand  morphology  are  likely  to
contribute  to  the  observed  variations  in  metal  ion
extraction performance.

 3.3    Effect of chelating agents on the oxidative stability of
biodiesel

Figure 8 illustrates the change in the oxidative induction
period  (OIP)  of  biodiesel  after  washing  with  chelating
agent  solutions  at  increasing  concentrations.  The  initial
OIP of untreated biodiesel is less than 6 h, failing to meet
the  GB 25199-2017  standard.  Following  treatment  with
CDTA,  the  oxidation  stability  of  Jatropha  biodiesel
improved  significantly,  with  the  induction  period
extending from 3.38 h to a  maximum of 8.68 h,  thereby
meeting  the  EN14214:2012  +  A2:2019  (8  h).  After
treatment  with  the  other  three  APCAs,  the  oxidation
induction  period  of  the  Jatropha  biodiesel  was  also
significantly  increased,  meeting  the  GB 25199-2017
Standard of China (6 h).

This improvement demonstrates that washing biodiesel
to  remove  alkaline  earth  metals  enhances  its  oxidative
stability.  Biodiesel,  as  a  multicomponent  fuel  comprised
of  saturated  and  unsaturated  fatty  acid  esters  [47],  is
susceptible to oxidation catalyzed by alkaline earth metal
ions [48]. These ions are known to shorten the induction
period  of  biodiesel  [49].  Once  chelating  agent  form
complexes  with  these  metal  ions,  the  concentration  of
alkaline  earth  metal  ions  in  Jatropha  biodiesel  from  the
leprosy  tree  is  significantly  reduced.  This  reduction
effectively  delays  and  inhibits  the  catalytic  activity  of
alkaline  earth  metals  on  the  oxidation  products  of  fatty
acid  methyl  esters,  thereby  slowing  down  catalytic
oxidation and extending the oxidation induction period.

 3.4    FTIR analysis

As  shown  in Fig. 9,  the  basic  functional  groups  of
biodiesel  treated  with  chelating  agents  did  not  undergo
significant  changes  compared  to  untreated  Jatropha
biodiesel.  However,  the  intensity  of  these  functional
groups  exhibited  slight  fluctuations.  A  broad  and  strong
absorption  peak  at 3463 cm−1 corresponds  to  the  O–H
stretching vibration. The characteristic peak at 3008 cm−1

  

 
Fig. 8    Variation in the oxidation induction period of biodiesel.

(a) EDTA; (b) HEDTA; (c) DTPA; (d) CDTA
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is  attributed  to  the  symmetric  stretching  of  olefinic
methylene  groups  and  appears  with  relatively  weak
intensity.  Peaks  at 2855 and 2925 cm−1 represent  the
symmetric  and  asymmetric  stretching  of  alkane
methylene groups, respectively. A sharp and intense peak
at 1744 cm−1 corresponds  to  the  carbonyl  group  (C=O),
indicating  the  presence  of  functional  groups  such  as
carboxylic  acids,  aldehydes,  ketones,  esters,  anhydrides,
and lactones. These results suggest that washing Jatropha
biodiesel  with  chelating  agents  to  remove  alkaline  earth
metal ions does not alter its molecular structure.

 3.5    Chelation mechanism

In  addition  to  experimental  investigations,  theoretical
quantum chemistry studies were conducted to explore the
chelation  mechanism  of  APCAs  (HEDTA,  EDTA,
CDTA,  DTPA)  with  alkaline  earth  metals.  DFT
calculations were performed to examine the complexation
abilities,  structural  characteristics,  and  thermodynamic
properties of metal-ligand complexes.

 3.5.1    Electronic properties of APCAs

Molecular  orbital  calculations  reveal  distinct  quantum
chemical  properties  for  the  four  APCAs.  As  shown  in
Fig. 10,  the  energy  levels  of  the  highest  occupied
molecular  orbital  (HOMO) follow the  order  of  DTPA >

CDTA > HEDTA > EDTA, while the lowest unoccupied
molecular orbital (LUMO) energy levels follow the order
of  DTPA  >  HEDTA  >  EDTA  >  CDTA.  The  HOMO
region  is  primarily  localized  around  the  nitrogen  atom,
while the LUMO region is distributed across the oxygen
“arms.” The  non-uniform  distribution  of  the  LUMO  is
likely attributed to variations in the types and positions of
oxygen atoms and the central nitrogen atom. The energy
gap between the HOMO and LUMO reflects the chemical
strength  and reactivity  of  the  molecule  [50].  The  energy
gaps are ranked as EDTA > HEDTA > DTPA > CDTA.
CDTA,  exhibiting  the  smallest  energy  gap,  is  therefore
more likely to participate in chelation reactions.
 
  

 
Fig. 10    HOMO-LUMO  and  energy  gap  values  of  chelating
agents.       

 

Other  quantum  chemical  properties  of  APCA
compounds  are  summarized  in Table 5.  The  results
indicate that Mg2+ has lower electronegativity than Ca2+,
making  it  more  prone  to  accepting  electrons  donated  by
ligands.  The  electron  affinity  of  the  chelating  agents
follows the order of CDTA > EDTA > HEDTA > DTPA.
All  four  compounds  exhibit  positive  electron  affinities,
with CDTA demonstrating the greatest capacity to accept
electrons.  The  global  hardness  values  are  ranked  as
EDTA  >  HEDTA  >  DTPA  >  CDTA,  indicating  that
CDTA  has  the  lowest  hardness.  This  low  hardness
suggests  that  electrons  in  CDTA  are  more  easily
delocalized  toward  metal  cations  or  surfaces,  enhancing
its chelation efficiency.

The  optimized  molecular  structure  and  molecular

 

 
Fig. 9    Fourier  spectrogram  of  biodiesel  before  and  after
treatment.        

  

Table 5    Electron affinity, ionization energy, electronegativity, global hardness, and softness of chelating agents and metal ions (eV)

Chelating agent
Electron affinity Ionization energy Electronegativity Global hardness Global softness

EA IP χ η σ

EDTA 1.773 5.823 3.798 2.025 0.494

HEDTA 1.734 5.376 3.555 1.821 0.549

DTPA 1.403 4.937 3.170 1.767 0.566

CDTA 1.910 5.153 3.532 1.621 0.617

Ca2+ –11.441 –7.413 –9.427 2.0147 0.497

Mg2+ –15.037 –9.102 –12.070 2.968 0.337
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electrostatic  potential  (MEP)  distributions  of  the  four
chelating  agents  are  depicted  in Fig. 11.  The  MEP
analysis  highlights  the  regions  of  notable  chemical
activity.  Blue  regions,  indicating  areas  of  negative
electrostatic  potential,  are  primarily  concentrated  around
functional  groups  such  as  C=O,  C–O,  and –NH2.  These
areas exhibit higher nucleophilicity and serve as potential
electron  donors.  In  contrast,  red  regions,  indicating
positive electrostatic potential, are located around carbon
and  hydrogen  atoms,  suggesting  electrophilic  behavior
and electron-accepting capability.

Both carboxyl and amino groups coordinate with metal
ions through their lone pairs of electrons, forming stable
chelate ring structures. The carboxyl functional group, in
particular,  exhibit  strong  negative  electrostatic  potential,
enabling them to form coordination bonds with positively
charged  metal  ions  (Ca2+,  Mg2+)  via  electrostatic
attraction.  Oxygen atoms in the carboxyl groups possess

high electron density and donate lone pairs of electrons to
the  empty  orbitals  of  metal  ions.  Similarly,  nitrogen
atoms  in  the  amino  groups,  residing  in  electron-rich
regions,  also  carry  lone  pairs  of  electrons  capable  of
directly coordinate with the empty orbitals of metal ions.
This synergistic interaction between carboxyl and amino
groups significantly enhances the stability of the resulting
chelate  structures  formed  with  metal  ions,  thereby
improving  the  effectiveness  of  the  chelating  agents  in
capturing and immobilizing metal ions.

 3.5.2    Chelating agent complex analysis

During coordination, electron transfer occurs between the
chelating  agents  and  the  metal  ions,  leading  to  a
redistribution  of  electron  density.  The  optimized
structures  and  charge  distributions  of  metal  complexes
formed  with  four  chelating  agents  are  shown  in Fig. 12.

  

 
Fig. 11    Electrostatic potential of four APCAs.

  

 
Fig. 12    Optimized structures and charge distributions of metal complexes with four chelating agents.
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The  Mulliken  charges  of  the  complexes  show  that  the
positive charge values  of  Ca2+ (1.578,  1.568,  1.588,  and
1.193)  are  generally  higher  than  those  of  Mg2+ (1.201,
1.631,  1.214,  and 1.567) in the EDTA, HEDTA, DTPA,
and  CDTA  complexes,  respectively.  Donor  atoms
(nitrogen  and  oxygen)  coordinated  to  the  central  metal
ions  retain  negative  charges,  with  nitrogen  atoms
exhibiting  less  negative  values  compared  to  oxygen
atoms.

For example, in the Ca2+-EDTA complex, the Mulliken
charges on nitrogen atoms are − 0.540 and − 0.543, while
those  on  oxygen  atoms  are −0.664, −0.673, −0.662,  and
−0.672. Similarly, in the Mg2+-EDTA complex, nitrogen
atoms carry charge of −0.514, less negative than oxygen
atoms  (−0.597, −0.606, −0.597,  and −0.606).  This  trend
is  consistent  all  examined  complexes.  These  findings
indicate  that  although  both  atom  types  contribute  to
coordination,  charge  transfer  involving  Ca2+ or  Mg2+ is
more  favorable  than  with  oxygen,  suggesting  that
nitrogen atoms play a crucial role in stabilizing the metal-
chelate complexes.

Figure 13 illustrates  the  HOMO/LUMO  distributions
and  energy  gap  values  (ΔEL–H)  of  the  metal  complexes.
ΔEL–H values indicate that the Mg2+ complexes of EDTA,
CDTA,  and  DTPA  exhibit  smaller ΔEL–H values  than
their  Ca2+ counterparts,  suggesting  greater  stability.
Among  these,  the  Mg2+-DTPA  complex  has  the  lowest
ΔEL–H value  of 1.8655 eV.  In  contrast,  for  HEDTA,  the
Mg2+ complex  displays  a  higher ΔEL–H value  than  the
Ca2+ complex, suggesting that while EDTA, CDTA, and
DTPA form more stable complexes with Mg2+,  HEDTA
favors the formation of a more stable complex with Ca2+.

Figure 14 illustrates  the  electrostatic  potential  maps  of
complexes  formed  between  the  chelating  agents  and
metal  ions.  Upon  chelation,  the  electron  density  around

the  active  sites  (oxygen  and  nitrogen  atoms)  decreases,
while the charge density around the metal ions increases,
reflecting  the  redistribution  of  electrons  during  the
chelation  process.  All  eight  complexes  exhibit
pronounced  negative  electrostatic  potential  regions,  with
the  most  intense  negativity  localized  at  the  coordinating
atoms.  This  distribution  indicates  a  balanced  electron
transfer  or  sharing  between  the  chelating  agents  and  the
metal  ions.  The  negative  potential  regions  highlight  the
specific  atoms  involved  in  electron  donation,
underscoring  their  role  in  forming  stable  coordination
bonds with the metal ions.

 3.5.3    Chelation process

In  the  deprotonated  chelating  agent  molecules,  multiple
coordination  atoms  (N  and  O)  simultaneously  bind  to  a
metal  ion  (M2+),  encapsulating  it  at  the  center,  thereby
forming  a  complex  comprising  multiple  five-membered
or six-membered rings. Figure 15 illustrates the proposed
chelation  process,  as  supported  by  quantum  chemical
calculations.

 3.5.4    Interaction energy

The  interaction  energies  of  the  four  amino
polycarboxylates with Ca2+ and Mg2+ were calculated to
evaluate the binding strength the chelating agents and the
metal ions. Figure 16 depicts the interaction energies, and
Table 2 provides  detailed  numerical  values.  These
calculations,  performed  in  a  vacuum  and  at  the  ground
state,  do  not  consider  external  factors  such  as  kinetic
energy,  environmental  conditions,  concentration,  pH,  or
solubility. Nonetheless, the results offer valuable insights

  

 
Fig. 13    HOMO-LUMO distributions and energy gap values of metal complexes.
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into the chelation mechanism and binding strength.
All  interaction  energies  for  all  chelating  agents  with

Ca2+ and  Mg2+ are  negative,  indicating  exothermic
binding  that  promotes  the  formation  of  a  more  stable
system. For Ca2+, the interaction energy follows the order
of HEDTA > DTPA > EDTA > CDTA. The same order
is observed for Mg2+. A more negative interaction energy
signifies  stronger  chelation  and  the  formation  of  a  more
stable  complex.  As  the  absolute  value  of  the  interaction
energy (Eint) increases, the affinity between the chelating
agent  and  the  metal  ion  becomes  stronger  [51].  The
results  indicate  that  all  four  chelating  agents  exhibit
stronger  binding  affinities  for  Mg2+ compared  to  Ca2+.
Furthermore,  the  absolute Eint values  for  CDTA  and
EDTA  are  higher  than  those  for  HEDTA  and  DTPA,
demonstrating  that  EDTA  and  CDTA  possess
significantly  greater  affinities  for  both  Ca2+ and  Mg2+

relative to the other two chelating agents. These findings
align closely with the experimental results.

These  calculations  provide  deeper  insights  into  the

  

 
Fig. 14    Electrostatic potential maps of the complexes of four chelating agents with Ca2+ and Mg2+.

  

 
Fig. 15    Predicted chelation process.

 

 
Fig. 16    Interaction  energy  and  visualization  of  deprotonated
APCAs with metal cations.
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mechanisms  underlying  chelating-agent-assisted  metal
extraction  processes.  Optimized  molecular  structures  of
the  chelating  agents  and  their  corresponding  chelation
products  were  obtained.  Frontier  molecular  orbitals
(FMOs)  of  the  chelating  agents  were  analyzed  to  assess
the  relative  reactivity.  Molecular  electrostatic  potential
(MEP)  were  used  to  visualize  reactive  sites,  and
interaction  energies  were  calculated  to  quantify  the
strength of chelation.

 

4    Conclusions

This  study  demonstrated  that  APCAs  can  effectively
extract  alkaline  earth  metal  ions  (Ca2+ and  Mg2+)  from
biodiesel,  substantially  reducing  the  residual  metal
content.  Among  the  four  selected  APCAs,  CDTA
exhibited  the  highest  removal  efficiency  and  selectivity
for Ca2+ and Mg2+, achieving rates of 98.6% and 94.3%,
respectively,  followed  closely  by  EDTA,  with  removal
efficiencies  of  98.4% and  95.1% for  Ca2+ and  Mg2+,
respectively.

Moreover,  the  oxidation stability  of  Jatropha biodiesel
treated  with  CDTA  improved  significantly,  as  the
induction period increases from 3.38 to 8.68 h. After the
chelating  agents  complexed  the  metal  ions,  the  catalytic
oxidation  effect  induced  by  metal  ions  on  fatty  acid
methyl esters were significantly inhibited.

The molecular charge and electrostatic potential of the
compounds  were  calculated  using  the  DFT  method  in
quantum chemistry, revealing that the main active sites of
the four APCAs are the N atoms in amino groups and the
O atoms in carboxyl groups. Based on frontier molecular
orbital  theory,  CDTA  has  the  smallest  energy  gaps  and
global  hardness  values,  and  the  strongest  interaction
energies  with  Ca2+ and  Mg2+,  reaching –826  and –915
kcal/mol, respectively.

These  findings  confirm  that  APCAs  are  effective  in
reducing  alkaline  earth  metal  content  in  biodiesel  while
preserving its essential functional properties.
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