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ABSTRACT

Zerovalent metals offer decontamination of organic toxins in aqueous medium. In the pres-
ent study, alumina-based iron and iron–nickel in the presence and the absence of magnetic
field for the decontamination of tributyl phosphate (TBP) and ethylene diamine tetraacetic
acid (EDTA) has been compared. TBP decontamination was improved in the presence of ze-
rovalent metals. EDTA decontamination was not enhanced in the presence of zerovalent
metals. The decontamination of TBP using iron-based alumina was higher than iron–nickel.
The surface interaction on alumina surface, as characterized by attentuated total reflectance-
Fourier transform infrared spectroscopy, and the surface interaction on metallic elements, as
characterized by evaluating the magnetic moment values helped to understand the reason
for the difference in role of alumina-based iron and iron–nickel on decontamination of TBP
and EDTA.
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1. Introduction

The scale of groundwater contamination is enor-
mous owing to the limited regulatory practices of
industrial and agricultural sources. Two groundwater
pollutants considered in this regard are tributyl phos-
phate (TBP) and ethylene diamine tetraacetic acid
(EDTA). TBP finds application as flame retardants,
plasticizers, and solvents; and being carcinogenic, its
discharge needs to be controlled [1–3]. EDTA is a
common complexing agent and used in many indus-
trial applications [4–11]. Although nontoxic by itself, it

forms stable complexes with heavy metals that are
toxic and therefore, its discharge also needs to be con-
trolled [12–14]. The nuclear industry employs both
TBP and EDTA extensively; therefore, this study has
more significant relevance to the industry [15]. In
recent decades, the potential of iron metal for aquatic
contaminants removal has been widely studied and
has shown encouraging results in water treatment
especially organics degradation [16,17]. The corrosion
reaction using bimetallic or zero-valent iron has been
exploited for the degradation of several organics
[18,19]. With the advancement of nanotechnology, it
was proposed that nanoscale iron degrades organic
pollutants at a far superior rate than the granulated
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ones [20]. Furthermore, it has been found in several
studies that nickel aides in enhancing the corrosion of
iron and extensive studies have been reported for
iron–nickel for the degradation of organics [21–25].

Magnetic material-supported catalysts have been
reported to be advantageous for improvising the effi-
ciency of catalyst [26,27]. It is known that iron and
nickel are strong ferromagnets. It has therefore been
argued that the catalysts should not be employed
under magnetic field since owing to their aggregation;
this would result in loss of reactivity [16]. However,
when synthesized on support matrix, they would not
aggregate under influence of magnetic field due to
polar interactions, van der Waals interactions, and ste-
ric hindrance. In addition, the presence of magnetic
field can significantly influence the redox behavior of
iron-based catalysts. Several researchers have pre-
pared magnetic metals and alloys on alumina, how-
ever, their catalytic properties under the influence of
magnetic field has not been exploited [28–33].

In the present study, iron and iron–nickel powders
supported on alumina are investigated to evaluate the
decontamination behavior of TBP and EDTA. A com-
parison of the degradation under magnetic field influ-
ence is also presented to analyze the difference in
release of ions from catalyst during redox reactions of
the catalyst.

2. Experiments

2.1. Materials and methods

Chromatographic grade alumina (M/s Fluka) in
the size range 15–150 μm was used as support matrix.
Analytical grade sodium borohydride (M/s Sigma
Aldrich), iron (II) chloride (M/s Fluka), nickel (II)
nitrate, and palladium (II) chloride (M/s Sigma-
Aldrich) were used for the catalyst preparations. Ana-
lytical grade TBP (M/s Sigma Aldrich) and EDTA
(M/s Sigma Aldrich) were used as surrogates for
organic pollutants.

2.2. Catalyst preparation

The catalysts were prepared by loading iron and
iron–nickel, respectively, on alumina substrate. The
ratio of sodium borohyride to metal was 1.2:1 by
weight. The iron: nickel ratio was 1:1 for iron–nickel-
based catalyst. The metal salt was taken in solution
and added to mixture of alumina powder and sodium
borohydride. This mixture was continuously stirred
until gas evolution ceased and then loaded to a glass
column (7.5 mm ID × 250mm D). Washing was fol-
lowed with pH 4 HCl for about four times. The

alumina powder in batches of 0.5 g was loaded with
1% catalyst by this method.

2.3. Column studies experiment setup

The solubility of TBP is 400mg/L and that of ETDA
is 500mg/L in water at 25˚C. In order to be within sol-
ubility limits, 300mg/L of both TBP and EDTA was
prepared for the experiments. The applicability of the
zero-valent iron in low pH ranges for organic destruc-
tion has been cited [16]. We have used pH 4 for
our studies. Stock solutions of 300mg/L TBP and
300mg/L Na2H2EDTA were prepared in pH 4 HCl.
Direct current powered electromagnet procured from
M/s SVS Lab Inc was used in the experiments. Feed
solution of TBP and EDTA were allowed to flow
through column at a rate of 1mL/min both in presence
and absence of magnetic field. The effluent was directly
analyzed for total organic content and metal impurity.

2.4. Characterization of materials

PANalytical X’Pert Pro MPD-model XRD was used
to study the crystalline nature of the powders. The
step size was kept at ~0.10 for each measurement
duration around 2 h 45min. Hitachi S-4800 Ultra-High
Resolution Scanning Electron Microscope (SEM) was
used to understand the morphology of powders. Nico-
let 4700 Fourier transform infrared spectroscopy
(FTIR) was used in attentuated total reflectance (ATR)
mode to obtain the infrared spectra on powder sam-
ples. Deuterated triglycine sulfate CsI detector was
used in the measurements. For each sample, the reso-
lution of the scans was kept at 4 cm−1, the number of
sample scans was 16 and each sample scan was pre-
ceded by a background scan. The magnetization data
was collected on Quantum design make SQUID-
MPMS XL. Each sample of ~10mg weight was sealed
in a Teflon tape and tightly encapsulated in a gelatine
capsule. The capsule was placed at center of gelatin
straw for the measurements. The total organic carbon
(TOC) analysis was carried out using TOC-VCPH Shi-
madzu Analyzer. Freshly prepared TOC standards
were used for calibration of unit. This was followed
by direct measurements on column effluent samples.

3. Results and discussion

3.1. X-ray diffraction pattern

The X-ray diffraction (XRD) pattern of the samples
is shown in Fig. 1. The data suggests that on account
of the amorphous nature of the metal nanoparticles, it
is difficult to identify them with respect to alumina.
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3.2. SEM data

A typical alumina particle of ~20 μm is shown in
Fig. 2. Focusing on the surface of catalyst-loaded
alumina shows a flake-like morphology of the catalyst.
This morphology is suggestive of nanopowder
formation. There was no difference in morphology of
iron- and iron–nickel-loaded samples.

3.3. TOC analyses and TBP and EDTA removal

The removal efficiency of the organic compounds
was analyzed using TOC analyzer. The standard devi-
ation calculated using the TOC standards was about
4% in the measurements. The ratio of initial and final
carbon with time was evaluated for TBP and EDTA-
interacted samples in presence and absence of mag-
netic field. The chromatographic grade alumina in the
absence of catalyst removes TBP to 59% and EDTA to
45% suggesting that alumina is capable of sorbing the
solvents onto its surface.

The plot of initial carbon to final carbon for
interactions with iron-based catalyst on alumina
interacted with 300 ppm TBP/EDTA at pH 4 is shown
in Fig. 3(a). On addition of iron-based catalyst, the
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Fig. 1. XRD pattern of samples.

Fig. 2. SEM image of alumina and catalyst loaded alumina.
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Fig. 3a. Plot of carbon ratios (TOC) vs. time for iron-based
alumina interacted with TBP and EDTA in presence and
absence of magnetic field.
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removal was found to be more than 65% in case of
TBP. On the other hand, the removal was reduced to
40% in case of EDTA. In the presence of magnetic
field, the removal of TBP was slightly improved but
EDTA removal remained unaffected.

The plot of initial carbon to final carbon for
interactions with Fe–Ni-based catalyst on alumina
interacted with 300 ppm TBP/EDTA at pH 4 is shown
in Fig. 3(b). On addition of iron–nickel-based catalyst,
EDTA removal does not differ from iron but the TBP
removal was rendered more sluggish with 59%
removal of TBP. This removal efficiency was same as
for non catalyst loaded alumina. The behavior in
presence and in the absence of field does not differ.

The decontamination of TBP and EDTA has been
proposed through oxidative transformation of iron
[18,34,35]. Iron degrades TBP according to the mecha-
nism shown below (Eq. (1)–(5)),

Fe0 þO2 þ 2Hþ ! Fe2þ þH2O2 (1)

H2O2 ! H2Oþ 1

2
O2 (2)

ðC4H9OÞ3POþ 18O2 ! 12CO2 þ 3Hþ þ PO3�
4 þ 12H2O

(3)

Alternatively,

Fe2þ þH2O2 ! FeOH2þ þOH: (4)

ðC4H9OÞ3POþOH: ! ðC4H9OÞ2ð:C4H8OÞPOþH2O

(5)

The radical after multi-stages degrades to the mineral-
ized forms of equation (3).

In the presence of oxygen, EDTA reduced the
presence of accumulated Fe2+ near the zero-valent iron
surface and thus, prevented scavenging of hydroxyl
radicals by Fe2+ or facilitated a modified Fenton pro-
cess in solution. It also aided in the enhancement of
H2O2 production [36–38].

Fe2þ þ EDTAþH2O ! FeIIðEDTAÞ
¼ ½FeIIðEDTAÞðH2OÞ�2� (6)

½FeIIðEDTAÞðH2OÞ�2� þO2 ! ½FeIIðEDTAÞO2�2� þH2O

(7)

½FeIIðEDTAÞO2�2� ! ½FeIIIðEDTAÞO�
2 �2� (8)

½FeIIðEDTAÞðH2OÞ�2� þ ½FeIIIðEDTAÞðO�
2 Þ�2�

! ½ðEDTAÞFeIIIðO2�
2 ÞFeIIIðEDTAÞ�4� þH2O (9)

½ðEDTAÞFeIIIðO2
2�ÞFeIIIðEDTAÞ�4� �!H

þ
2½FeIIIðEDTAÞH2O��
þH2O2

(10)

FeIIEDTAþH2O2 ! FeIIIEDTAþOH� þOH: (11)

No decomposition reaction of EDTA took place using
iron catalyst or iron–nickel catalyst. It has been
reported that the oxidation of iron can be enhanced by
using a more electropositive ion nickel [39–41]. In the
present study however, it was observed that the bime-
tallic did not aide in enhancing degradation of TBP or
EDTA. It has been reported that the pathway of zero-
valent iron for degradation of organics takes place via
direct electron transfer process from metal surface;
corrosion of metal or reduction of organic through gal-
vanic cell formation on surface of metal. In case of
degradation of TBP and EDTA, oxidative transforma-
tion was required. The presence of nickel had passiv-
ated the surface of iron and therefore did not allow
enhancement of oxidation of iron. EDTA removal from
the TOC data appeared primarily through the adsorp-
tion on alumina surface and formation of soluble com-
plex of oxidized catalyst.

The TOC data could be fitted to second-order
kinetic model according to Eq. (12).

t=C ¼ 1=ðk2C0
2Þ þ t=C0 (12)

where C0 is initial amount of carbon and C is amount
of carbon after time t. K2 is the rate constant in units
mg L−1 min−1. The rate constants are summarized in
Table 1.

Table 1
Rate constant from second-order fitted model for different
samples

Sample K2 (mgL−1 min−1)

Alumina-Fe-EDTA −2.73
Alumina-Fe-EDTA-0.3 T 1.41
Alumina-FeNi-EDTA 1.27
Alumina-FeNi-EDTA-0.3 T −0.64
Alumina-Fe-TBP 33.83
Alumina-Fe-TBP-0.3 T −21.82
Alumina-FeNi-TBP 3.71
Alumina-FeNi-TBP-0.3 T −10.44
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3.4. Inductively coupled plasma analyses

The concentration of Fe and Ni in samples of efflu-
ent after column run is shown in Table 2. The loss of
ions to solution in the case of EDTA-interacted
samples was more than in the case of TBP-interacted
samples. The loss of ions was lower in presence of
magnetic field than in absence of magnetic field. The
mechanism of EDTA and TBP shown above justifies
the higher amount of metal ion for EDTA than TBP.

3.5. ATR-FTIR analyses

There is evidently a large variation in the spectra
from one sample to another suggesting that the mech-
anism of interaction differs for the samples. The
region 1,100–300 cm−1 is prominent characteristic of
Al–O vibrations in symmetric or asymmetric mode
[42–44]. With respect to alumina, the change in these
bands on interaction with iron-based samples is
shown in Fig. 4 and iron–nickel-based samples is
shown in Fig. 5. The absorption bands with minima at
1,057 cm−1 are characteristic of symmetric O–Al–O
vibrations. The bands with minima at 836 and 738
cm−1 are characteristic of asymmetric O–Al–O stretch.
In case of iron-based alumina interacted with TBP in
the absence of magnetic field, the minima of 1,057
cm−1 moves to higher wave number 1,063 cm−1, while
the symmetric bands merges with a minima at 811
cm−1. The change in spectra with respect to alumina
suggested that degradation reaction on alumina
surface affected the symmetric vibration bands more
strongly. When TBP interacted with iron-based alu-
mina at a magnetic field of 0.3 T, the asymmetric

stretch band completely merges with the symmetric
band forming a broad band with minima fixed at 811
cm−1 as above. In presence of magnetic field, the
removal of TBP was marginally improved. The surface
of alumina was activated by oxidation reactions of
iron affecting both the asymmetric and symmetric
vibrations of alumina.

In case of iron-based alumina interacted with
EDTA in the absence of magnetic field, the 1,057 cm−1

band disappears and the symmetric stretch bands
merge with minima at 817 cm−1. There is a broad band
in the 1,600 cm−1 range corresponding to adsorbed
water molecule. The bands with minima at 1,012,
1,142, and 1,314 cm−1 are corresponding to vibration
bands in EDTA [45]. EDTA is more polar as compared
to TBP leading to strong adsorption on the surface of
alumina; therefore prominent signal of EDTA is
observed. When EDTA interacted in the presence of
magnetic field the symmetric band of alumina broad-
ened with minima shifted to 800 cm−1. The adsorbed
water molecule in presence of magnetic field reacted
with the surface of alumina to form aluminum
hydroxide. The wave number 1,150, 1,020, 1,379, and
1,461 cm−1 is characteristic of aluminum hydroxide
and is present in the broadened spectra [46]. The
EDTA bands also broadened with lowered intensity as
compared to interacted sample in absence of field. It
has been reported that EDTA forms insoluble iron
EDTA solid compounds. The line broadening of EDTA
could be accounted to formation of this compound
[18].

The interaction of iron–nickel-based catalyst with
TBP and EDTA in presence and absence of magnetic
field is presented in Fig. 5. In case of iron–nickel-based
alumina samples interacted with TBP, the symmetric
bands of alumina merged with minima at 811 cm−1.
The asymmetric stretch band at 1,057 cm−1 remained
unchanged. In the presence of magnetic field, band at
1,124, 1,063, 1,026, and 1,000 cm−1 corresponding to
aluminum hydroxide appear. The maxima of 1,057
cm−1 band disappear. The data suggest that iron–
nickel stayed passivated in presence of magnetic field,
but the alumina surface under influence of magnetic
field interacted with hydrated molecules and formed
hydroxyl bonded surface.

In case of iron–nickel-based alumina samples inter-
acted with EDTA, the symmetric bands merge with
minima at 806 cm−1. The asymmetric band at 1,057
cm−1 disappeared. The bands of EDTA and aluminum
hydroxide merged with minima at 1,111 and 1,008
cm−1. In case of EDTA-interacted samples in the pres-
ence of magnetic field of 0.3 T, the symmetric bands
are merged with minima at 800 cm−1. The bands at

Table 2
Amount of iron and nickel in solution analyzed after inter-
action with different organics in presence and absence of
magnetic field

Sample

Concentration in
solution (ppm)

Fe Ni

Alumina-Fe-EDTA 82.2 –
Alumina-Fe-EDTA-0.3 T 73 –
Alumina-FeNi-EDTA 55.6 28.4
Alumina-FeNi-EDTA-0.3 T 36 26.2
Alumina-Fe-TBP 2.16 –
Alumina-Fe-TBP-0.3 T 2.14 –
Alumina-FeNi-TBP 0.48 0.56
Alumina-FeNi-TBP-0.3 T 0.38 0.44

Note: The element nickel was not present in the samples and

therefore was not analyzed.
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1,130, 1,065, and 1,027 cm−1 characteristic of aluminum
hydroxide were observed.

The ATR-FTIR bands of iron oxide or iron–nickel
oxide, if present, were masked in the symmetric bands
of alumina and therefore could not be separately char-

acterized. Owing to the small amount of catalyst, it
was difficult to identify its phase using either XRD or
ATR-FTIR. The nature of interaction due to iron–nickel
could be understood better from the magnetization
data.

3.6. Magnetization behavior

The magnetization of TBP and EDTA-interacted
samples under different conditions is shown in Fig. 6.
The diamagnetic component from the data was sub-
tracted and only the ferromagnetic component in first
quadrant is presented in Fig. 6. Although, alumina is
diamagnetic and also EDTA and TBP are non-contrib-
utors to the actual moment in the sample, their pres-
ence influenced the magnetization behavior of the
catalyst due to various interactions involved in the
presence of atmospheric oxygen. The magnetization
data suggested that catalysts interacted in presence of
magnetic field possessed higher magnetic moment
than the catalysts interacted in the absence of mag-
netic field. The electron transfer changed the local
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electromagnetic field around catalyst atom leading to
a significant variation in magnetic moment. The pres-
ence and absence of field therefore, contributed to a
large variation in magnetic moment of the samples
[29,32,47]. Iron and nickel are ferromagnetic while the
properties of their oxides differ. Mixed-valent iron
oxide or iron–nickel oxide is ferromagnetic while

nickel oxide is paramagnetic. The formation of these
compounds led to the reduction in effective moment
of the samples.
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When EDTA was interacted in presence of mag-
netic field, the moment of sample was observed as
higher than for TBP. The TOC data suggested that
EDTA did not decompose catalytically. Iron–Nickel in
oxidized form complexed to EDTA and released ions
to solution and the remaining fraction on sample was
therefore unreacted iron–nickel in metallic state and
therefore carried high moment. TBP interactions were
catalytic therefore mixed oxidation state compound
formation lead to lowering of moments of samples. In
addition, in presence of magnetic field, the transfor-
mation to low magnetic state compound was rendered
sluggish. This also contributed to the higher moment
of samples interacted in the presence of magnetic
field.

In absence of magnetic field, the magnetization of
iron–nickel-based catalyst interacted with EDTA was
least, followed by iron–nickel interacted with TBP;
EDTA interacted iron and finally iron-interacted TBP.
EDTA formed metal complexes in variable oxidation
states. The lowering of magnetization suggested that
corrosion of catalyst was extensive in presence of
EDTA; more in case of iron–nickel than iron-based cat-
alyst. This followed the reason for least moment of
EDTA-interacted iron–nickel-based samples.

Although metal ion concentration in solution was
high in case of EDTA than TBP, both in the presence
and the absence of magnetic field, the magnetization
value was more affected with variation in oxidation
state than loss of ions to solution. From the moment
values of the samples, it was evident that more vari-
able oxidation state is present in absence of magnetic
field than in presence of magnetic field.

Different oxidation methods have demonstrated
the degradation of TBP to the extent of 100% using
photooxidation or chemical oxidation methods
[18,48,49]. The extent of degradation is lower in the
present study due to low loading of catalyst to
alumina. In case of photooxidation or chemical
oxidation, there will be toxicity release to the
environment. The lower release of ions in presence of
magnetic field suggests that the present study
provides a more environment-friendly technology for
degradation.

In case of EDTA, catalytic wet oxidation technique
with supported iron removed 1mM EDTA to the
extent of 40% but the reaction time for the removal
was 5 h [50]. In the present study, the time for
removal of EDTA is smaller. Although the extent of
degradation was low in the present study, in presence
of magnetic field, the magnetization and infrared data
suggested that degraded EDTA in the form of insolu-
ble iron compound could be retained on alumina so
iron release was lowered.

4. Conclusions

The supported catalyst in presence of magnetic
field loose lesser ions to solution than in absence of
magnetic field. The TBP removal efficiency is
enhanced in presence of iron-based catalyst. The iron–
nickel-based catalyst do not serve advantageous for
removal of either TBP or EDTA. EDTA removal is
lowered in the presence of either catalyst iron or iron–
nickel suggesting that oxidative decomposition could
not be carried out for EDTA under the conditions
applied. ATR-FTIR suggests that alumina surface char-
acteristics significantly change in the presence of cata-
lyst in presence and absence of magnetic field. The
magnetization data also suggest that presence and
absence of field alters the nature of interactions signifi-
cantly.
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