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tuted nickel ferrite (Ni–Al–Fe):
a ternary metal oxide adsorbent for arsenic
adsorption in aqueous medium†

Yaswanth K. Penke,a Ganapathi Anantharaman,b Janakarajan Ramkumar*ac

and Kamal K. Karac

The adsorption of arsenic [arsenite (As(III)) and arsenate (As(V))] onto aluminum substituted nickel ferrite (Ni–

Al–Fe) which is a ternary metal oxide nano adsorbent is evaluated. Qualitative and quantitative studies were

performed to understand the adsorption phenomenon. The qualitative studies for both adsorbent and

arsenic adsorbed samples were evaluated using FT-IR, Raman and XPS techniques and the quantitative

studies were carried out using ICP-OES technique. The results reveal that the maximum adsorption

capacities of Ni–Al–Fe adsorbent are around 114 and 103 mg g�1 for As(III) and As(V) species in 100 ppm

arsenic equilibrium concentration (Ce) systems. Also, at low initial concentrations (100 and 500 ppb)

a better adsorption phenomenon (i.e. WHO guidelines limit of 10 ppb) for the As(V) species onto the Ni–

Al–Fe adsorbent was observed. In addition the kinetics of adsorption, and effect of concentration and

pH on the adsorption phenomena have been detailed.
1. Introduction

Arsenic (As) is one of the naturally existing carcinogenic agents
found in soil and aquifer systems. Generally arsenic is trans-
mitted into the atmosphere by natural processes like weath-
ering, geogenic and anthropogenic activities such as glass and
semiconductor based industries.1 Arsenic toxicity is well
understood to cause several health disorders like hyperkera-
tosis, cardiovascular and neurological effects. Exposure to
arsenic contaminated systems for prolonged durations (5–6
years) will cause different types of cancer, because it directly
affects the metabolic system [adenosine tri-phosphate (ATP) to
adenosine di-phosphate (ADP) conversion] in human beings
and other mammals.2 According to the new guidelines of the
world health organization (WHO) the maximum limit of arsenic
in drinking water should be less than 10 ppb.3 The inorganic
form of arsenic exhibits multiple oxidation states varying from
�3 to +5, but mainly As(III) and As(V) containing arsenic species
are commonly encountered in the natural environment.1 Thus,
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purication of arsenic contaminated water systems was studied
with several processes like electro-coagulation/precipitation,
adsorption, ion exchange (IX), reverse osmosis (RO), foam
oatation, solvent extraction and bioremediation.1,4 Adsorption
is considered to be one of the best methods of arsenic removal
because of its efficiency, economical aspects and simplicity.1,4,5

Different classes of adsorbents like carbon based systems
[activated carbons (AC), carbon nanotubes (CNT) and gra-
phene], metal impregnated organic structures, chitosan,
natural clay minerals, metal–organic framework (MOF), metal
oxide and hydroxides were studied for removal of arsenic
species.6–10 However carbon based adsorbent systems are not
economically viable. This warrants a need for cost effective and
environment friendly arsenic adsorbents which can be prepared
in a facile manner. Metal oxide based adsorbents have been
considered as a viable alternative source.11 The advantage of
using metal oxide adsorbents are (a) crystalline nature, (b)
multiple oxidation state (e.g. 3d-transition metals), (c) high
selective surface area (SSA), (d) large number of adsorption
reactive sites and (e) high point zero charge values.

Mono-metallic oxide and hydroxide based adsorbents con-
taining iron (Fe), aluminum (Al), copper (Cu), manganese (Mn)
and magnesium (Mg) elements show good arsenic adsorp-
tion.12–19 Addition of another metal element to these individual
oxides demonstrates higher efficiency in arsenic adsorption.
Replacement of a divalent metal ion in Fe3O4[Fe

+2Fe2
+3O4] with

other metal ion (e.g.Mn2+, Co2+ and Cu2+) improves the quantity
of arsenic adsorption.20–26 Similarly, substitution of trivalent
metal ion (e.g. Al3+) in iron oxide (a-Fe2O3) and ferrihydrite (Fe-
oxyhydroxide) adsorbents are observed with an increase in the
This journal is © The Royal Society of Chemistry 2016
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arsenic adsorption behavior.27–31 These enhancements were
attributed to the increase in intensity of surface hydroxyl groups
(M–OH) of the adsorbent.27 Recently, it was shown that pure
nickel ferrite (i.e. NiFe2O4) adsorbs more arsenic [As(III) and
As(V)] compounds at higher concentration of arsenic loading
[1000 ppm].23

In addition ternary oxide adsorbents like Fe–Al–Ce, Fe–Al–
Cr, Fe–Mg–La and Fe–Ca–Zr were highly efficient for removal of
uoride ion from contaminated water.32–35 But till date the study
on ternary metal oxide adsorbents for arsenic adsorption
remains elusive. Therefore, in the present study an attempt is
made to develop ternary metal oxide adsorbent i.e. aluminum
substituted nickel ferrite [Ni–Al–Fe] for arsenic(III and V)
adsorption. Both the adsorbent and the arsenic [As(III) and As(V)]
adsorbedmaterials were analyzed using qualitative (Raman, FT-
IR), XPS and quantitative (ICP-OES) studies. Further the arsenic
[As(III) and As(V)] adsorption under different parametric condi-
tions like arsenic loading (C), time (t) and pH were evaluated.

2. Materials and methods
2.1 Materials

Chemicals such as Al(NO3)3$9H2O [Merck, India], Ni(NO3)2-
$6H2O [Loba Chemie, India], Fe(NO3)3$9H2O [Qualigens Fine
Chemicals, India], ammonium hydroxide [Qualigens Fine
Chemicals], citric acid [Samir Tech-Chem Pvt Ltd, India],
arsenic salts [sodium As(III) (NaAsO2) and sodium As(V) hepta
hydrate (NaH2AsO4$7H2O)] (S. D ne chemicals Ltd, India), HCl
[36 N, Loba Chemie, India] and NaOH [Fisher Scientic, India]
were procured and used as received. All synthesis processes and
experimental procedures were performed under air using
double distilled (D.D) water having conductivity of 2 mS m�1.

2.2 Standard solutions and ternary metal oxide adsorbent
preparation

As(III) and As(V) standard stock solutions of different concen-
trations were prepared using NaAsO2 and NaH2AsO4$7H2O salts
respectively. Standard acid and basic mediums were prepared
freshly with 1 M HCl and 1 M NaOH solutions whenever it is
required. Ni–Al–Fe adsorbent was synthesized by the method
reported in the literature36 (ESI Table S1†).

2.3 Characterization of adsorbent

Both the synthesized and arsenic adsorbed Ni–Al–Fe adsorbents
were characterized using the following instrumental tech-
niques. XRD pattern was observed between 10–90� range to
study the crystalline nature of the synthesized powder adsor-
bent using X-ray diffractometer [PANalytical] using Cu-ka anode
with an incident wavelength of 1.54 Å. Morphological study was
done using a eld emission scanning electron microscope
(FESEM) [TESCAN-MIRA3]. BET-surface area analyzer
(Autosorb-I; Quatachrome Corp) studies were performed in
obtaining surface area parameters. Point zero charge (pHPZC)
value of the adsorbent was determined using a zeta potential
instrument (Nano Brook 90 Plus PALS, Brookhaven). Raman
spectra of the adsorbents were obtained using LabRam (Horiba
This journal is © The Royal Society of Chemistry 2016
scientic) spectrograph. A 632.7 nm excited He–Ne laser was
used to focus onto the powder samples. Raman spectra for
individual samples were studied in 100–1000 cm�1 range with
a step size of 1.2 cm�1. IR spectra were recorded by using KBr
pellets in the region 400–4000 cm�1 on Bruker model vertex 70.
X-ray photoelectron spectroscopy (XPS) studies were performed
using XPS microprobe (PHI 5000 versa probe-ULVAC-PHI Inc).
In XPS analysis wide scan spectra were collected with a step size
of 1.6 eV (adsorbent) and the arsenic adsorbed material were
collected with a step size of 0.2 eV for As(3d) spectra. The
collected spectra were normalized and the relative intensities of
signals between as prepared and arsenic adsorbed samples were
studied. The Raman spectra were base line corrected and curve
tted using Origin Pro 8.5 data analysis and publication-quality
graphing soware. XPS spectra were analyzed with help of XPS
peak tting soware (XPSPEAK4.1). The pH values of the solu-
tions were measured using microprocessor based pH meter (IQ
scientic instruments). The arsenic concentrations in super-
natant solutions at different parameter conditions were deter-
mined using inductively coupled plasma optical emission
spectroscopy instrument (ICP-OES, iCAP 6000 series, ICP spec-
trometer, Thermo Scientic).
2.4 Sample preparation for batch adsorption experiments

2.4.1 Qualitative studies. The As(III) and As(V) adsorbed
samples on Ni–Al–Fe adsorbent were prepared for the qualita-
tive measurements (Raman, IR) using the following procedure.
As(III) (57.6 ppm, 100 mL) and As(V) (24 ppm, 100 mL) solutions
were dispersed with Ni–Al–Fe (0.1 g) adsorbent and agitated
using an orbital shaker for 24 h under different pH conditions.
The separated adsorbent samples were dried in air and kept in
silica gel lled desiccators prior to various spectroscopic
characterizations.

2.4.2 Time based studies (kinetics study). The adsorption
kinetics studies were carried out using the following procedure.
Ni–Al–Fe adsorbent (0.125 g) was dispersed in individual As(III)
(250 mL, 12 ppm) and As(V) (250 mL, 12 ppm) solutions in pH
7.0� 0.1 condition and agitated for different time intervals. The
samples were collected at intervals of time such as 2, 5, 10, 15,
30, 60, 120, 180, 240 and 360 min. The solution (�20–25 mL)
was taken out from the RB ask, ltered and the ltrate was
used for ICP-OES analysis.

2.4.3 Concentration based studies (isotherms study). The
As(III) and As(V) solutions were prepared for different concen-
trations (0.1, 0.5, 1, 5, 10, 25, 50, 100 and 150 ppm) of 50 mL
aliquots. Ni–Al–Fe adsorbent (0.025 g) was dispersed in the each
prepared solution and the pH was adjusted to 7.0 � 0.1 using
HCl and NaOH. The solutions were agitated with a mechanical
shaker. The solution was ltered and the ltrate was used for
ICP-OES analysis. Filtrate solutions were diluted with D.D water
in higher arsenic concentration systems prior to ICP analysis.

2.4.4 pH based studies. The adsorption phenomenon of
As(III) (50 mL, 10 ppm) and As(V) solutions (50 mL, 10 ppm) on
Ni–Al–Fe adsorbent (0.02 g) was studied at different pH condi-
tions like 2.0, 5.0, 7.0, 9.0 and 12.0. The pH of the solutions was
maintained using standard solutions of HCl or NaOH which
RSC Adv., 2016, 6, 55608–55617 | 55609
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were agitated for 24 h. Individual samples were ltered prior to
the ICP-OES study. The adsorption capacity [‘q’ (mg g�1)] of the
adsorbent is calculated by the following equation.

q ¼ C0 � Ce

m
V (1)

where C0 (mg L�1) is initial arsenic concentration, Ce (mg L�1) is
equilibrium concentration of arsenic, i.e. the amount of arsenic
remained in the aqueous system at the end of the adsorption
experiment. V (L) is the volume of solution andm (g) is the mass
of the adsorbent in the solution.
3. Results and discussion
3.1 Characterization of the synthesized adsorbent

Powder X-ray diffraction (PXRD) pattern of Ni–Al–Fe adsorbent
is illustrated in Fig. 1(a). The pattern observed is in correlation
with the reported nickel ferrite lattice (JCPDS le no: 742081).
Intense peaks around 43.67� and 63.41� corresponding to (400)
and (440) lattice planes respectively are in good agreement with
the standards (JCPDS le no: 742081).36,37 The crystallite size
and interplanar spacing parameters of the adsorbent were
evaluated by considering the intense peak around 43.67� cor-
responding to (400) plane. Inter planar spacing (d) of 2.1 Å and
crystallite size of 5.5 nm was evaluated using Bragg's law and
Scherer's formula. The occurrence of additional peak around
79�, peak shiing and peak broadening phenomenon indicates
the random distribution of a new minor phase in the nickel
Fig. 1 (a) XRD plot and (b) FESEM image of Ni–Al–Fe adsorbent.

55610 | RSC Adv., 2016, 6, 55608–55617
ferrite lattice. The shi in the peaks observed in the Ni–Al–Fe
adsorbent as compared to pure nickel ferrite lattice (JCPDS le
no: 742081) is due to the Al3+ ions substitution for Fe3+ ions.36–38

FESEM micrograph studies of synthesized adsorbent particles
show near spherical type as shown in Fig. 1(b). The average
particle size of the adsorbent particles is around 20–30 nm,
suggesting the polycrystalline nature of the synthesized adsor-
bent. The surface area related parameters of the Ni–Al–Fe
adsorbents were recorded using BET surface analyzer. Accord-
ingly, the selective surface area (SSA) of the adsorbent is 111 m2

g�1 with an average pore diameter of 12 nm and a total pore
volume of 0.34 cm3 g�1. The (pHPZC) of the Ni–Al–Fe adsorbent
was evaluated as 6.73 which is showing better oxyanion
adsorption property of the adsorbent in near neutral pH
conditions (pH � 7.0).

The substitution of Al3+ in place of Fe3+ was analyzed qual-
itatively using FT-IR, Raman and XPS techniques. The FT-IR
spectrum of freshly prepared Ni–Al–Fe particles is illustrated
in Fig. 2(a). The vibrational frequency observed around 610
cm�1 is attributed to Fe–O bonds in tetrahedral sites of the
crystal lattice. Other bands around 3460 and 1644 cm�1 are
corresponding to O–H stretching and bending vibrations of
water molecules.39

Additional bands observed in IR around 490, 750 and 960
cm�1 are the vibrations related to the asymmetric, symmetric
and interactive stretching vibrations of Al–O type structures.40

Raman spectrum of freshly prepared Ni–Al–Fe was recorded
which shows a broad shoulder as it was reported for the pure
nickel ferrite.41 Further comparison of this spectrum with the
pure nickel ferrite suggests that the ve different Raman active
bands can be assigned to the A1g + Eg + 3T2g modes of vibrations
as shown in Fig. 2(b). Unlike in pure nickel ferrite, the shi in
Fig. 2 (a) FT-IR (b) Raman spectra of Ni–Al–Fe adsorbent.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 XPS wide scan spectrum of Ni–Al–Fe adsorbent.
Fig. 5 FT-IR spectra of Ni–Al–Fe adsorbent (a) and arsenic [As(III) (b)
As(V) (c)] adsorbed samples at pH 7.0.
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peaks around 470 and 680 cm�1 corresponding to octahedral
and tetrahedral vibrations of Fe(III)–O lattice systems. This blue
peak shiing (30 cm�1) behavior in Ni–Al–Fe adsorbent
compared to pure nickel ferrite systems deducing the evalua-
tion of a new phase wherein Fe3+ ions are substituted by Al3+

ions.42 Apart from them a small intense band around 730 cm�1

was also observed in Raman spectrumwhichmay be assigned to
Al–O type vibration.40 To further verify the presence of Al3+ ions
present on the adsorbent near surface region, XPS study was
carried out. The wide scan XPS spectrum with their corre-
sponding binding energy (B.E) values of the respective elements
is provided in Fig. 3. Besides the B.E values for Ni 2p3/2 (853.7
eV), Fe 2p1/2 (726.3 eV), Fe 2p3/2 (709.8 eV) and O 1s (531 eV), an
additional peak was observed for Al 2p (73.4 eV). Thus all
spectroscopic tools are conrming the presence of Al3+ ions in
the present adsorbent.
3.2 Adsorption of As(III) and As(V) over Ni–Al–Fe adsorbent at
pH 7.0

The adsorption capability of As(III) and As(V) were evaluated
using the above Ni–Al–Fe adsorbent. The freshly prepared As(III)
and As(V) solutions were used for this study. The adsorbent was
agitated for 24 h in these solutions (see experimental section).
The adsorption behavior was evaluated using qualitative (FT-IR,
Raman), XPS and quantitative (ICP-OES) measurements.

3.2.1 Analysis by FE-SEM images. The FE-SEM images of as
synthesized adsorbent and the arsenic (As) adsorbed samples
are shown in Fig. 4. As(III) and As(V) adsorbed Ni–Al–Fe isotherm
samples [i.e. pH 7 condition, 24 h reaction] at initial arsenic
Fig. 4 FESEM images of (a) Ni–Al–Fe adsorbent and arsenic [(b) As(III)
and (c) As(V)] adsorbed samples in pH 7.0.

This journal is © The Royal Society of Chemistry 2016
concentrations (Ci) of 50 ppm were compared with the adsor-
bent. It was observed that aer arsenic adsorption the particles
were agglomerated.43–45

3.2.2 Analysis by vibrational spectroscopy. The FT-IR
spectra of arsenic adsorbed samples were recorded in solid
and the corresponding spectra of As(III) and As(V) adsorbed
systems in pH 7.0 condition are shown in Fig. 5. A blue shi (20
cm�1) was observed for vibrations corresponding to tetrahedral
Fe–O lattice sites additional peaks were also observed around
680–700 cm�1 for As(III) and As(V) adsorbed samples. Raman
spectra of As(III) and As(V) adsorbed Ni–Al–Fe samples at pH 7.0
were illustrated in Fig. 6. The corresponding active signals for
As(III) and As(V) adsorbed systems were observed between 670
and 770 cm�1 and 800–850 cm�1 region. The peaks around 700
and 800 cm�1 correspond to n(As–OH) (symmetric and asym-
metric) whereas frequencies around 840–850 cm�1 represent
the n(As–O) which are in agreement with the literature.46–53 Apart
from these As–O signals a particular blue shi (20–30 cm�1)
corresponding to unabsorbed adsorbent vibrations (mainly A1g
and T2g modes) is also observed.
Fig. 6 Raman spectra of Ni–Al–Fe adsorbent (a) and arsenic [As(III) (b)
and As(V) (c)] adsorbed samples in pH 7.0.

RSC Adv., 2016, 6, 55608–55617 | 55611

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra06332b


Fig. 7 Individual As(3d) spectrum arsenic [As(III) (a) and As(V) (b)]
adsorbed samples prepared at pH 7.0.
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3.2.3 Analysis by XPS spectroscopy. XPS analysis has been
performed to understand the corresponding oxidation states of
arsenic species near the adsorbent surface. The individual
spectra of As(3d) for both the arsenic systems at pH 7 were
collected.

The corresponding spectra with active binding energies (B.E)
are shown in Fig. 7. The corresponding oxidation states and
probable species of arsenic present onto the adsorbent were
given in Table 1. A clear difference was observed between the
binding energies of As 3d peaks for As(III) and As(V) adsorbing
systems. As(III) adsorbed system shown peaks around 42.44,
42.93, 43.55 and 44.44 eV, whereas As(V) system displayed peaks
Table 1 XPS B.E values of As(III) and As(V) species on Ni–Al–Fe
adsorbents in pH 7 systems

Arsenic – pH B.E (eV) Oxidation state % area Arsenic species

As(III) – pH 7 42.44 As(III) 28.1 H2AsO3
�

42.93 As(III) 25.6 H3AsO3

43.55 As(V) 30.9 HAsO4
2�

44.44 As(V) 15.3 H2AsO4
�

As(V) – pH 7 42.54 As(III) 14.6 H2AsO3
�

43.34 As(III) 23.9 H3AsO3

43.92 As(V) 23.5 HAsO4
2�

44.66 As(V) 37.9 H2AsO4
�

55612 | RSC Adv., 2016, 6, 55608–55617
around 42.54, 43.34, 43.92, 44.66 eV. The high intense signals
found around 43.5 (43 � 1.0) and 44.5 (44 � 1.0) eV is assigned
As(III)–O and As(V)–O compounds respectively. Thus, in both the
systems a change in the oxidation states of arsenic were
observed which may be due to redox reactions under normal
atmospheric and room temperature conditions.43–45,54,55
3.3 Quantitative study

The above results clearly suggest that the arsenic adsorption
occurs over Ni–Al–Fe adsorbent. In order to understand the
quantity and mechanism of adsorption the ICP-OES technique
was used.

3.3.1 Adsorption kinetics. The arsenic adsorption onto the
Ni–Al–Fe adsorbent at pH 7 condition was investigated by batch
experiments to understand the time dependent arsenic
adsorption behavior. The adsorption kinetics plots were illus-
trated as shown in Fig. 8. It is observed that most of the
adsorption phenomenon occurs within the rst few minutes of
the reaction (around 30 min). The kinetics reaction is saturated
over the time period of 360 min in both cases of As(III) and As(V)
systems. Different kinetic models, pseudo-rst order (PFO) and
pseudo second order (PSO) models were used to compare the
adsorption kinetics data. The mathematical equations of the
PFO and PSO models are

ln(qe � qt) ¼ ln qe � k1 � t (2)

t

qt
¼ 1

k2qe2
þ t

qe
(3)

qe: adsorption capacities (mg g�1) on to the adsorbent at equi-
librium, qt: adsorption capacities (mg g�1) on to the adsorbent
at corresponding time ‘t’ (min), k1 (g mg�1 min�1) and k2 (g
mg�1 min�1): related adsorption rate constants.

The corresponding rate constants for the PFO and PSO
models are listed in Table 2. The corresponding kinetics data,
PFO and PSO adsorption kinetics plots were given in the ESI
Fig. S1 and Table S2.† PSO model was better suited for both the
adsorbates [As(III) and As(V)] implying that the adsorption rate
Fig. 8 Adsorption kinetics study of As(III) and As(V) on Ni–Al–Fe
adsorbent.

This journal is © The Royal Society of Chemistry 2016
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Table 2 Adsorption rate constants for adsorption kinetics obtained
from PFO and PSO

Kinetic models Kinetic parameters As(III) As(V)

qe (mg g�1) (experimental) 6.32 9.36
PFO qe (mg g�1) 1.34 0.85

k1 (g mg�1 min�1) 0.004 0.01
R2 0.86 0.925

PSO qe (mg g�1) 6.21 9.43
k2 (g mg�1 min�1) 0.03 0.07
R2 0.996 0.999

Table 3 Adsorption isotherm related parameters obtained from
Langmuir and Freundlich isotherm models

Isotherm models Isotherm parameters As(III) As(V)

qmax (mg g�1) (experimental) 114 103
Langmuir qmax (mg g�1) 166 100

KL(L mg�1) 0.012 0.022
R2 0.16 0.34

Freundlich KF (mg1�n Ln g�1) 2.48 4.61
n 1.28 2.04
R2 0.983 0.884
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limiting step may be due to the chemical sorption phenomenon
involving valence forces by sharing of electrons between Ni–Al–
Fe adsorbent and arsenic systems.24 The initial adsorption rate
constant (h [mg g�1 min�1] ¼ k2qe

2) for As(V) is higher than that
of the As(III) species indicating higher selectivity for As(V)
adsorption.23

3.3.2 Adsorption isotherms. The As(III) and As(V) sorption
capacities on Ni–Al–Fe ternary oxide adsorbent in different
concentration of arsenic solutions were evaluated using
adsorption isotherms as given in Fig. 9. Langmuir and
Freundlich isotherm models were studied to evaluate the data
of adsorption isotherms. The corresponding Langmuir and
Freundlich isotherm models are

qe ¼ qmaxKLCe

1þ KLCe

(4)

qe ¼ KFCe
n (5)

qe (mg g�1): amount of arsenic adsorbed onto the adsorbent at
equilibrium condition, qmax (mg g�1): maximum adsorption
capacity of the adsorbent evaluated from Langmuir's equation.
Ce (mg L�1): arsenic equilibrium concentration remained at the
end of the experiment, KL (L mg�1): adsorbent adsorption site's
affinity coefficient, KF: adsorption coefficient related to the
Fig. 9 Adsorption isotherms of As(III) and As(V) on to Ni–Al–Fe ternary
oxide adsorbent.

This journal is © The Royal Society of Chemistry 2016
adsorption intensity of the adsorbent, n: heterogeneity factor
related to the adsorption intensity of the adsorbent.

The adsorption constants obtained from the adsorption
isotherms are given in Table 3. Maximum arsenic loading
abilities (qmax) of 166 [As(III)] and 100 [As(V)] mg g�1 were eval-
uated using Langmuir equation. Batch adsorption experiments
revealed that the maximum adsorption capacities of Ni–Al–Fe
adsorbent were around 114 and 103 mg g�1 for As(III) and As(V)
systems in around 100 mg L�1 (ppm) arsenic equilibrium
concentration (Ce) systems. Coefficients of determination (R2)
values reveal that the adsorption of both As(III) and As(V) occurs
through Freundlich model. Freundlich isotherm suggests
multilayer adsorption on top of the heterogeneous adsorbent
surface whereas Langmuir model suggests the monolayer
adsorption behavior species on top of the homogenous adsor-
bent. The corresponding isotherm data and Freundlich
isotherm plots were given in the ESI Table S3 and Fig. S2.†
3.4 Effect of pH in arsenic adsorption

The effect of concentration in the arsenic adsorption was clearly
noted under pH 7.0 medium. It was established earlier that the
arsenic adsorption depends on the pH of the medium particu-
larly in the wide range between pH 2 to pH 12 which is attrib-
uted to the interaction of different arsenic species with the
adsorbent. Thus the effect of arsenic adsorption over the
adsorbent was evaluated under different acidic and basic
conditions (pH: 2.0, 5.0, 7.0, 9.0 and 12.0). The arsenic adsorbed
materials with remaining arsenic content were characterized
qualitatively and the ltrate samples were analyzed
quantitatively.
Fig. 10 FT-IR spectra of (a) As(III) and (b) As(V) adsorbed Ni–Al–Fe
samples in different pH conditions.
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Fig. 11 Raman spectra of (a) As(III) and (b) As(V) adsorbed Ni–Al–Fe
adsorbent particles in different pH conditions.

Fig. 12 Individual As(3d) spectrum of As(III) adsorbed samples
prepared at (a) pH 2 and (b) pH 12.

Table 4 XPS binding energy values of As(III) species on Ni–Al–Fe
adsorbents in different pH systems

Arsenic – pH B.E (eV) Oxidation state % area Arsenic species

As(III) – pH 2 42.30 As(III) 25.51 H3AsO3

42.60 As(III) 31.54 H3AsO3

43.50 As(V) 16.24 HAsO4
2�

44.03 As(V) 26.69 H2AsO4
�

As(III) – pH 12 42.19 As(III) 34.32 HAsO3
2�

42.69 As(III) 26.85 HAsO3
2�

43.20 As(III) 28.01 H2AsO3
�

43.75 As(V) 10.79 HAsO4
2�
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The FT-IR spectra (Fig. 10) of the arsenic adsorbed samples
at different pH conditions were illustrated. They are nearly
similar with the adsorbent except a clear intense signal around
891 cm�1 corresponding to As–O stretching vibrations observed
in As(III) adsorbed sample at pH 9 condition.

In addition few peaks observed around 700–900 cm�1 band
are corresponding to As–OH and As–O vibrations. The higher
value in IR signal around 891 cm�1 observed in pH 9 conditions
for As(III) systems indicates the strong complexation behavior of
As(III) species over other pH range. A similar behavior is also
observed for As(V) systems at pH 2 (856 cm�1) and pH 5 (830
cm�1) systems. However, due to the concentration of arsenic on
the adsorbent a clear As–OH and As–O vibrational bands are not
signicantly seen.

The Raman spectra of As(III) and As(V) adsorbed Ni–Al–Fe
samples at different pH conditions are given in Fig. 11. In
addition to the Ni–Al–Fe adsorbent peaks a weak to intense
bands are observed around 680 to 900 cm�1 for As(III) and 760 to
900 cm�1 for As(V) adsorbed samples.

In case of As(III) adsorbed samples obtained at pH 5 and pH
12, a single Raman peak was visible which may be due to the
presence of neutral arsenous acid and the complexed [H2AsO3]

�

species on the adsorbent. In all other pH conditions multiple
stretching frequencies for As(III) adsorbed samples were ob-
tained. The exact type of the arsenic binding on the adsorbent is
difficult to understand from these values. The Raman spectra in
different pH conditions with peak identication related to
arsenic complexation were illustrated in the ESI Fig. S3 and S4.†
A similar trend is also seen using the Raman spectral analysis of
As(V) adsorbed samples.

Like at pH 7, the XPS data of As(III) adsorbed samples at pH 2
to pH 12, indicates the presence of both As(III) and As(V) species
as shown in Fig. 12 and detailed in Table 4. However the higher
B.E values and intensity of As(V) in As(III) adsorbed sample is
slightly higher in pH 2 systems than the peaks observed at pH
12, which indicates a existence of oxidized As(V) form in the
acidic medium.43–45

Further the effective arsenic adsorption on Ni–Al–Fe adsor-
bent at different pH was studied using ICP-OES and the results
are illustrated in the Fig. 13. A gradual decrease and increase
(like a second degree polynomial curve) of As(III) adsorption was
seen on going from pH 2 to pH 12. The higher As(III) adsorption
(�12 mg g�1) was obtained at pH 12 whereas the least value (�8
55614 | RSC Adv., 2016, 6, 55608–55617
mg g�1) was observed in pH 7. However the highest adsorption
(�18 mg g�1) of As(V) was noted at pH 5 corresponding to the
high affinity of [H2ASO4]

� binding on the adsorbents. But this
trend is not maintained at higher pH conditions which follows
a fourth order degree polynomial curve rather with varying crest
and trough was obtained. The corresponding pH based studies
data was provided in the ESI Table S4.†
3.5 Discussion on arsenic adsorption

A ternary metal oxide nano-adsorbent Ni–Al–Fe was synthesized
which was conrmed by PXRD with a peak shi to higher angles
This journal is © The Royal Society of Chemistry 2016
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Fig. 13 Effect of pH on As(III) and As(V) systems adsorption by Ni–Al–
Fe adsorbent.

Table 5 As(III) and As(V) adsorption capacities of different metal oxide
adsorbents at pH 7.0

Adsorbent
As(III) qe
(mg g�1)

As(III) Co

[ppm]
As(V) qe
(mg g�1)

As(V) Co

[ppm] Reference

Feo (NZVI)-
adsorbent

3.5 0–4.5a N/A N/A 44

a-Fe2O3 10 0–190 N/A N/A 27
Al-doped
a-Fe2O3

40 0–175 N/A N/A 27

Fe3O4 44 0–70 17 0–50 13
NiFe2O4 168 0–1000 90 0–1000 23
Ni-Al-Fe 114 0–150 103 0–150 This work

a Calculated based on the data provided in ref. 44.
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that are in correlation with the literature.35 In the rst sight,
peak broadening in the diffraction pattern indicates the
substitution of Al3+ is random in nature.37

This is due to the choice of Al3+ substitution that may occur
at octahedral or tetrahedral or even in both sites of Fe3+ ions.
The qualitative analysis clearly indicates the substitution of Al3+

ion in replacement of Fe3+ ion sites.
The adsorption of arsenic over Ni–Al–Fe adsorbent at

different pH was studied. The Raman spectra of these samples
show that the adsorption of arsenic [As(III)] was better at pH 2,
pH 7 and pH 9 in which the multiple bands (pH 2 and pH 7)
indicates the interaction of H3AsO3 to the adsorbent. The band
splitting phenomenon at pH 2 condition may be attributed to
As(V) systems (due to the oxidation of As(III)) in acidic condi-
tions. In case of pH 9 both H3AsO3 and [H2AsO3]

� might
interact with the surface of adsorbent. However, a single band
(810 cm�1 at pH 5 and 825 cm�1 at pH 12) corresponding to As–
O vibration indicating the presence of H3AsO3, and H2AsO3

�

species. The similarity in Raman active bands around 825 cm�1

observed in pH 7, pH 9 and pH 12 systems indicates the lack of
pH effect on n(As–O) compounds. This behavior suggests that
these Raman active modes are protected by direct complexation
behavior onto the adsorbent resulting in the formation of inner
sphere surface complex structures of As–O.47

In As(V) adsorbed sample signatory peaks corresponding to
the interaction of [H2AsO4]

�, [HAsO4]
2� and [AsO4]

3� with the
adsorbent were observed however in other pH conditions
a single band corresponding to the highly symmetric structure
of arsenic interaction with the adsorbent were noted. The shi
in the Raman peaks corresponding to the adsorption indicate
both stretching modes of As–OH, As–OZcomplexed (Z ¼ Fe, Ni, Al)
and As–Ouncomplexed structures. These active signals are in
agreement with the vibrational spectra results of As(V) species
on GFH (granular ferric hydroxide) in 820–840 and 880–890
cm�1 bands corresponding to ns(As–O) and nas(As–O).47 Similar
to As(III) systems vide infra Raman active bands around 840–850
cm�1 observed in pH 5, pH 7 and pH 9 systems are indicating
the lack of pH effect on n(As–O) compounds. This behavior once
again is attributed to direct complexation behavior by forming
inner sphere surface complex structures of As–O.47
This journal is © The Royal Society of Chemistry 2016
As mentioned above the nature of arsenic in the arsenic
adsorbed samples were analyzed using XPS data. The B.E values
indicate in both As(III) and As(V) adsorbed samples fall in the
range between 42.19 and 44.44 eV (former: pH 2, pH 7 and pH
12) and 42.54 to 44.66 eV (latter: pH 7). In both the case these
values originate from two different oxidation states of arsenic
aer the adsorption. The different B.E values (Table 1) lower
values are assigned to As(III) and the higher values belong to
As(V) ion. These multiplet values suggest that the chemical
valence of As is increased [As(III) adsorbed samples] irrespective
of the pH condition which indicates a redox process occur
between adsorbent and adsorbate at this experimental condi-
tion (Fig. 7 and 12). The arsenic sorption capability of Ni–Al–Fe
adsorbent is detailed above and it suggests that the adsorption
capacity of Ni–Al–Fe adsorbent increases with higher equilib-
rium concentration (Ce) of As(III) and As(V) ions. The percentage
of remediation were found varying from 72.2% [As(III)] and
90.0% [As(V)] at lower concentrations (0.1 ppm). This analysis is
showing better adsorption behavior of the Ni–Al–Fe adsorbent
for As(III) systems in higher concentrations and for As(V) in lower
concentrations.

The arsenic(III) adsorption decreases initially upon
increasing pH value up to 7.0 and increases subsequently at
high pH conditions with a maximum adsorption value of 12 mg
g�1 at pH 12. This increase in the adsorption is also evident
through an intense Raman signal at 825 cm�1 signifying the
better complexation behavior of As(III). However, the adsorption
of As(V) over the adsorbent increases up to pH 5 (18 mg g�1) and
later decreases upon increasing the pH medium. The high
pHPZC value of adsorbent around 6.73 is also in supporting the
high As(V) adsorption behavior at pH 5.0 system. The higher
value indicating the positive charged surface at pH 5.0 condi-
tions so that it can absorb [H2ASO4]

� anions on the adsorbent,
while the decrement in the adsorption for As(V) systems at
higher pH systems (i.e. pH 7.0, 9.0 and 12.0) may be because of
repulsion between the negatively charged adsorbent and other
arsenic anions present in the system (i.e. [HAsO4]

2�, [AsO4]
3�). A

comparison with the adsorption capacity and arsenic equilib-
rium concentration against the adsorbents at pH 7 were shown
in Table 5.

The adsorption isotherms indicate multilayer adsorption
phenomena vide infra and the kinetics study conrms the
RSC Adv., 2016, 6, 55608–55617 | 55615
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chemisorption (PSO) based rate limiting adsorption phenom-
enon. As mentioned earlier by Li et al. replacement of iron(III) by
aluminum(III) ion increases the arsenic adsorption due to the
increase in the surface hydroxyl groups.27,29 In a similar manner
in the present study the substitution of iron(III) by aluminum(III)
shows higher adsorption capacity of As(III) (114 mg g�1) which is
slightly higher than NiFe2O4 (�105 mg g�1) adsorbent at equi-
librium concentrations (Ce) of 100 ppm (mg L�1). The present
Ni–Al–Fe adsorbent indicates the quantity of adsorption is
comparable to that adsorption to earlier reported by Choi and
co-workers.44 However the adsorption of As(V) over the adsor-
bent is smaller (�103 mg g�1) than the As(III) but this value is
much higher than the NiFeO4 (�50 mg g�1) at equilibrium
concentrations (Ce) of 100 ppm.23

4. Conclusion

A ternary metal oxide nano-adsorbent containing aluminum
substituted nickel ferrite (Ni–Al–Fe) is evaluated for the arsenic
adsorption at different time, concentration and pH conditions.
The qualitative analysis using Raman, FT-IR and XPS tech-
niques suggests the adsorption of arsenic over the adsorbent.
The pH independent Raman spectra for As(III) and As(V) adsor-
bed systems indicate the formation of inner sphere complex
onto the adsorbent. Adsorption kinetics revealed that both
As(III) and As(V) systems show PSO model suggesting the
chemisorption phenomenon. As(III) and As(V) systems were
observed with multilayer adsorption behavior on top of
a heterogeneous surface by Freundlich isotherm model. This is
supported by XPS spectra which suggest the possible redox
induced adsorption property between adsorbate and adsorbent
at different pH conditions. The nal residual arsenic values (Ce)
of 5.9 and 9.9 ppb for low initial concentrations (C0) (100 and
500 ppb) that falls below WHO standard value of the 10 ppb.
This suggests that the current adsorbent may be a potential
candidate which can be used for the separation of As(V)
contaminants in water at pH 7.0. Further study to understand
redox induced adsorption property and surface complexation
behavior in detail is under progress using X-ray absorption
spectroscopy (XAS) tools.
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