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The Solvent Extraction of Iron (III) Using Alkyliminodimethylenediphosphonic Acids
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Abstract:  The solvent extraction of iron (III) has been investigated using
alkyliminodimethylenediphosphonic acids as extracting agents of formula "RN[CH2P(O)(OH)2]2" (H4L). The
a l k y l i m i n o d i m e t h y l e n e d i p h o s p h o n i c  a c i d s  t e s t e d  f o r  e x t r a c t i o n  w e r e :
hexadecyliminodimethylenediphosphonic acid of formula "C16H33N[CH2P(O)(OH)2]2" (H4L

1), (HIDMP), 
and decyliminodimethylenediphosphonic acid of formula "C10H21N[CH2P(O)(OH)2]2" (H4L

2), (DIDMP),
which were synthesized and characterized. In this paper, we propose a tentative assignment for the shifts
of those two ligands and their specific complexes with iron (III). A spectroscopic analysis has showed that
coordination of iron (III) takes place via oxygen atoms, whereas the amino nitrogen remains rather
uncoordinated.  We also carried out the extraction of Fe3+ by HIDMP and DIDMP from [chloroform+2-
octanol (v/v: 90%/10%)] solutions. The results showed that the extraction yields are more significant in
the case of the HIDMP (99%) which is equipped with a hydrocarbon chain, longer than that of the
DIDMP (95%). The complexe formed in organic phase is Fe(H3L

1)3.3H2O with HIDMP and
Fe(H3L

2)3.3H2O with DIDMP, respectively. HIDMP as ligand exhibits a stronger extracting power for Fe3+

and has a more hydrophobic character than DIDMP. The equilibrium constants for the extraction of iron
(III) are respectively 10.44 x 10-3 for HIDMP and 1.98 x 10-3 for DIDMP.   
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INTRODUCTION

The solvent extraction processes have attracted
considerable attention from the view point of the
analytical separation and extraction of metals in a pure
state[1]. Due to its inherent simplicity, solvent extraction
is a remarkable alternative, widely used for the
separation of metal ions from aqueous solutions and
avoiding the undesirable features associated with the
precipitation processes. In fact, solvent extraction plays
an important role in hydrometallurgical industries, and
thus a great effort has been continuously devoted to the
development of new extractants[2].

Acidic organophosphorous compounds are knows
as excellent complexants of metallic ions and are
frequently used in solvent extraction, which has been
widely applied in the fields of analytical and separation
technology[3-11]. On the other hand, it is still an
important subject to develop an extractant with high
selectivity for the metal and fast extraction rate enough
to be used for industrial applications[12]. The
development of selective extractants has expanded the
use of solvent extraction for metal recovery and
purification, replacing, in some situations,
pyrometallorgical techniques[13]. Nowadays, the solvent

extraction technique has been increasingly employed to
overcome the  i ron  cont ro l  prob lem in
hydrometallurgical industries[14].

In this work, we describe the synthesis two
alkyliminodimethylenediphosphonic acids. Preliminary
studies demonstrated the outstanding chelating
properties of α- aminomethylphosphonic acids. Their
alkali metal salts were found to form stable complexes
with alkaline earth and polyvalent metal ions. In
general, one metal ion is complexed by two to three
aminomethylphosphonate groups and the cation
exchange is the principal mode of action of the
aminodiphosphonic acids during the reaction of
extraction[15]. The oxygen atom of the phosphoryl group
P=O and the central nitrogen atom ensures coordination
with the ions extracted by forming chelating product.
I n  f a c t ,  w e  h a v e  s y n t h e s i z e d
hexadecyliminodimethylenediphosphonic acid (HIDMP),
and decyliminodimethylenediphosphonic acid (DIDMP)
for such a purpose. The characterizations of these
products were achieved using various methods
including (1H-NMR,13C-NMR, 31P-NMR, FT-IR,
elemental analyses). We have also tested the chelating
properties of these extractants toward Fe (III). 
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MATERIALS AND METHODS

Reagents: The reagents used were 1-hexadecylamine
(90 %, Alfa), 1-decylamine (95%, Merck), phosphorous
acid (99 %, Aldrich), formaldehyde (37.5 %, Panreac)
and hydrochloric acid (36 %, Merck), Iron (III)
chloride hexahydrate (99%, Labosi), chloroform
(Merck) and 2-octanol (Prolabo).

Instrumentation: 13C{-1H }, 31P{-1H } and 1H-NMR
spectra were measured on Bruker AC 250 working at
250 MHz in CDCl3 solution. Infrared spectra were
measured on a Perkin Elmer 16 PC-FTIR equipped
with a thermostat to maintain the temperature of the
sample cell at 25 ± 0.1°C. Elemental analyses were
perfomed using a Carlo-Erba 1106 element analyzer.
pH measurement were taken on a potentiometer
Consort C 831 with combined glass electrode was used
to measure the pH of the aqueous solution before and
after extraction. In a water-acetone mixture (5:15) a
known mass of each sample titrated by a solution of
NaOH (5x10-4M). Metal ion was determined using the
atomic absorption spectrophotometer, system GBC
Avanta. Water was titrated in the organic phase by the
use of a Mettler DL18 Karl Fisher Titrator.

Synthesis of the Extractants and Characterisation:
Hexadecyliminodimethylene diphosphonic acid, HIDMP
(H4L

1) and decyliminodimethylenediphosphonic acid,
DIDMP (H4L

2), were prepared by a Mannich type
reaction according to the procedures previously
described[15,16]. The products presented the following
properties (Table 1).

HIDMP and DIDMP were titrated by
potentiometry. The measurements indicated that, in the
water-acetone medium these acids probably exist as
zwitterions with three titratable protons, a strongly
dissociated proton and two weak ones, with the fourth
available proton being coordinated to the central
nitrogen atom[15].

The displacement of νP=O to lower frequency in
the infrared spectra indicates the existence of
intermolecular hydrogen bonds P=O...H-OP. The band
appearing between 1650-1520 cm-1 indicates the
existence of bond N...H intermolecular of N... H-O-P. 
Additionally, HIDMP and DIDMP like the majority of
the acidic organophosphorous compounds, evolve in the
monomeric form in medium polar such as
chloroform[17]. 

Extraction Experiments: The extraction tests were
performed using HIDMP and DIDMP as extracting
agents. The compounds were dissolved in the organic
solvent [chloroform + 2-octanol (v/v: 90%/10%)]. The
aqueous iron salt solution (10mL, 0.015M) and the

organic solution (10mL, 0.03M to 0.3M) at Vaq/Vorg =
1 were shaken vigorously for 15 minutes at 25°C.
Preliminary experiments showed that equilibration was
complete in 15 minutes. 2-Octanol was added for
preventing micelle formation[3,18-20].

After shaken, the organic phase was separated
from the aqueous phase. The metal ion concentration
was determined in aqueous phase by atomic absorption
spectrophotometry. The metal ion concentration in the
organic phase was calculated from the difference
between the metal ion concentrations in the aqueous
phase before and after extraction.

RESULTS AND DISCUSSION

Extraction of Fe(III) by HIDMP and DIDMP:  The
extraction experiments results are discussed in term of
extraction yield (Y) and distribution ratio (D) defined
as follows:
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Where : mi = initial mass of  Fe(III)  in aqueous
phase;  mf = mass of Fe(III)  after extraction; Vaq =
the volume of the aqueous phase; Vorg = the volume of
the organic phase.  

The variable Q is the ratio of the number of moles
of extractant in organic phase versus the number of
moles of metal in aqueous phase before extraction. 
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The extraction results of 0.015M iron (III) as a
function of Q, are shown in Fig. 1. 

Figure 1 shows the yield of extraction increases
with Q. Working with extractants concentrations range
0.03M to 0.3M (Q = 2 to 20), we reached a yield of
99% for HIDMP and 95% for DIDMP. The extractant
with a longer alkyl group forms more hydrophobic
complexes. HIDMP and DIDMP present a similar
extraction power, but the hydrophobic character
determines the amount of extraction. The yield is in
general high with a little polar diluent, because it
cannot establish bonds extractant-diluent dominating.
Moreover, according to the principle of Taube, the
extraction is more powerful with diluent little polar as
chloroform, because it requires for the passage in
organic phase the formation of a limit layer between
the two phases of rather weak energy[17].
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The hydrophobic character of ligand can be
determined calculating log P which is definited as the
partition coefficient between two phases of a substance,
generally n-octanol and water. Modern molecular
modeling software allows the log P values, calculated
using ChemDraw Ultra (Cambridge Soft) are
respectively 1.16 for DIDMP and 5.93 for HIDMP
showing that HIDMP is strongly hydrophobic.

Stoichiometry of extracted species: In the work on
stoichiometric relation for the extraction of iron
complex with HIDMP and DIDMP, we have supposed
that the solubilities of the extractant and the iron-
extractant complex in the aqueous phase are negligible;
the overall reaction in the extraction of metal cations
by cationic extractants, as the case of HIDMP and
DIDMP, can be show as following:

Mm+ + xH2O + nH4L 
M(H(4-n/m)L)n. xH2O + mH+          (4)

Where M represents metal, in our case the iron
(III), H4L is the molecule of extractant, m valency of
metal, n molecules of extractant engaged in the
reaction, n/m number of protons exchanged by each
extractant and x number of molecules of water.

The equilibrium constant of the above reaction,
Kex, can be given as function of molar concentration:
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Substitution of the distribution ratio, which is
defined by the concentration of metal in organic phase
divided by that in aqueous phase, into Eq (6) results
in:
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Taking logarithms of Eq. (6), one obtains:

Log D = log Kex + n log [H4L] – m log [H+]      (7)

Log D = log Kex + n log [H4L] + m pH            (8)

The relations of log D versus log [extractant] and
log D versus pHeq, established on the basis of
expressions for the extraction constants, correspond to
the formation reactions of the complexes Fe(H3L

1)3.
3H2O with HIDMP and Fe(H3L

2)3 with DIDMP. Lines
whose slopes are 3 for HIDMP and DIDMP (Figs. 2-3)
represent these relations. The potentiometric

measurement confirms that the extracting agent can
exchange only one proton per molecule.

Based on the experimental result, the equations
extraction equilibrium can thus be written as:

Fe3+ + 3 H2O + 3H4L
1  

Fe(H3L
1)3. 3H2O + 3H+         (4)

                    
Fe3+ + 3 H2O + 3H4L

2  
Fe(H3L

2)3. 3H2O + 3H+          (5)

The metal complexes formed in the organic phase
are [Fe(H3L1)3. 3H2O] with HIDMP and
[Fe(H3L

2)3.3H2O] with DIDMP obtained by fixing of
each ion Fe(III) to three molecules of extractant agents.
The equilibrium constants for the extraction of iron
(III) are respectively 10.44 x 10-3 for HIDMP and 1.98
x 10-3 for DIDMP.   

The structures of the complex HIDMP-Fe(III).
3H2O and HIDMP-Fe(III). 3H2O are indicated in Figs.
4-5.  

According to preceding chemical equilibriums, we
note that the extraction of iron (III) is accompanied by
a water extraction. In the case of the
alkyliminodimethylenediphosphonic acids; three water
molecules are related to an iron atom.  

HIDMP-Fe(III) and DIDMP-Fe(III)  spectra: The
solid complex HIDMP-Fe was prepared by stirring the
iminodimethylenediphosphonic acid in the organic
solvent mixture (chloroform +2-octanol), with an
aqueous solution of Fe(III). After separation of the
phases and evaporation of the organic solvents, the
solid complex was washed with water and dried. We
have observed a shift of P=O band from 1180 to 1081
cm-1. In the complex, a new IR band appears at 631
cm-1 attributed to the distortion vibration PO-Fe.
Similarly, comparison of the spectra of DIDMP and
DIDMP-Fe show a shift the 1168 P=O band to 1069
cm-1. A new band in DIDMP-Fe appears at 624 cm-1

attributed to the deformation vibration of PO-Fe. The
two deformation vibrations PO-Fe showed that the
bond between P-O and Fe for HIDMP is stronger than
with DIDMP.

Conclusion: This work showed that acids HIDMP and
DIDMP can complex and extract the ions Fe (III) with
rather high yields (95% for DIDMP and 99% for
HIDMP) by using a large excess extractant agent (Q =
20). The potentiometric measurement confirms that the
extractant agents can exchange only one proton per
molecule. The HIDMP ligand has a stronger extracting
power for Fe(III) than DIDMP. This fact is related to
more hydrophobic character of HIDMP vs. DIDMP.
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Fig. 1: Effet of the molar ratio on the extraction yield of Fe(III). [Fe3+] = 0.015 M, Vaq/ Vorg = 1, T = 25 °C.

Fig. 2: Effet of extractants concentration (C) on the distribution ratio of iron. [Fe3+] = 0.015 M, Vaq/ Vorg = 1,
T = 25°C.

Fig. 3: Effet of equilibrium pH on the distribution ratio of iron. [Fe3+] = 0.015 M, Vaq/ Vorg = 1, T = 25°C.
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Fig. 4: Structure of the complex HIDMP-Fe(III). 3H2O

Fig. 5: Structure of the complex DIDMP-Fe(III). 3H2O

Table 1: HIDMP and DIDMP Characteristics
Products  HIDMP DIDMP
pKa  3.2, 8.15  ± 0.05 4.35, 9.3 ± 0.05

---------------------------------------------------------------- ----------------------------------------------------------------------------
%C %H %N %C %H %N

Elemental analysis Exptl. 50.43 9.88 6.40 Exptl. 41.25 8.61 6.40
Calcd 50.34 9.62 6.17 Calcd 41.73 8.49 6.17

1H-NMR δ (ppm)  0.83 (t, 3H, (CH3)), 0.85 (t, 3H, (CH3)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
1.38(m, 26H,(CH2)), 1.24(m, 14H, (CH2)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
1.83(d, 2H, (-βCH2-)), 1.75(d, 2H, (βCH2)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
3.06(t, 4H,(-αCH2-N)), 3.4(t, 2H,(-αCH2-N)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
3.21 (d,  2H, (N-CH2-P)), 3.39 (d,  2H, (N-CH2-P)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
4.89(d,  4H, (P(O)(OH)2)) 4.1(d,  4H, (P(O)(OH)2)),

13C-NMR (δ ppm) 14.80 (s, (CH3)), 14.0 (s, (CH3)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
22.90 & 32.10(14s, (CH2)), 22.1 & 31.3(8s, (CH2)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
53.80 (s, (CH2-N)), 53.5 (s, (CH2-N)),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
52 (d, JCP= 142.1, (N-CH2-P)) 51.2 (d, JCP = 41.3, (N-CH2-P)) 

31P-NMR δ (ppm) 6.08 (s) 5.57(s)
FT-IR (cm-1) -----------------------------------------------------------------------------------------------------------------------------------------------------------

3590-3100 (νs OH), 3700-3200 (νs OH),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
2928 (νas CH), 2924 (νas CH),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
2858 (νs CH), 2854 (νs CH),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
2750-2550 & 2380-2100(νs POH), 2770-2570 &   2364-2084(νs P-OH),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
1650-1520 (νs N-H), 1648-1518 (νs NH),
-----------------------------------------------------------------------------------------------------------------------------------------------------------
180 (νs P=O) 1168 (νs P=O)

δ (ppm): chemical shift, s: singlet, d: doublet, t: triplet, m: multiplet, νs: symmetric stretching, νas: antisymmetric stretching.
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The metal complexes formed in the organic phase
are [Fe(H3L1)3. 3H2O] with HIDMP and
[Fe(H3L

2)3.3H2O] with DIDMP obtained by fixing of
each ion Fe(III) to three molecules of diphosphonic
acids.  These molecules exchange only one proton each
one by a bond P-O-Fe.  According to chemical
equilibriums obtained, we note that the extraction of
iron (III) is accompanied by a water extraction; three
water molecules are related to an iron atom. The
extraction of 0.015 mole/L iron (III) could be
represented at equilibrium by Fe3+ + 3H2O + 3H4L

1

 Fe(H3L
2)3. 3H2O + 3H+ with HIDMP and Fe3+ +

3H2O + 3H4L
2  Fe(H3L

2)3. 3H2O + 3H+  with
DIDMP.  The equilibrium constants for the extraction
of iron (III) are respectively 10.44 x 10-3 for HIDMP
and 1.98 x 10-3 for DIDMP.   
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