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A B S T R A C T

Phosphorous removal using efficient treatment approach such as adsorption is vital for the control of
eutrophication. In this study, nanosized Fe-Al binary oxide sorbent was synthesized through a modified
gel evaporation method and employed for adsorption of phosphate from aqueous system. The
nanosorbent was characterized by x-ray diffraction (XRD), scanning electron microscope coupled with
energy dispersive x-ray spectroscopy (SEM/EDX), tunneling electron microscopy (TEM), Fourier
transform infrared spectroscopy (FTIR) and flame atomic absorption spectroscopy (FAAS). Langmuir
model showed the best fit to the experimental data with a maximum adsorption efficiency of 16.4 mg/g.
Having all parameters optimized, it has been found that the nanosorbent exhibited 99.86% phosphate
adsorption efficiency. The effect of co-existing anions on the adsorption of phosphate was also studied
and no significant effect on the efficiency of the nanosorbent was observed due to competing ions such as
fluoride. Desorbabilty of phosphate was investigated and found to be increased with increasing pH. The
results of thermodynamic studies indicated that the process is spontaneous and endothermic. Both
macroscopic and microscopic approaches were employed to predict the mechanism of phosphate
adsorption on the Fe-Al binary oxide nanosorbent. Accordingly, the phosphate adsorption is presumed to
occur via the replacement of surface hydroxyl groups by the phosphate species and formation of inner-
sphere surface complexes at the water/oxide interface.

ã 2016 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Journal of Environmental Chemical Engineering

journal homepage: www.elsevier .com/ locate / je ce
1. Introduction

Phosphorus has been regarded as a limiting nutrient responsi-
ble for eutrophication of water bodies. The presence of trace
amount of phosphate (even less than 1 ppm) in treated wastewater
is often responsible for eutrophication; particularly in lakes and
slow moving rivers [1]. Therefore, removing phosphate is very
important before discharging wastewater into the water environ-
ment.

Several techniques have been developed for P removal which
includes chemical precipitation [2], biological removal [3], reverse
osmosis [1], electrodialysis [4], ion exchange [5], constructed
wetlands [6] and adsorption [7,8]. Among these available
approaches, chemical precipitation and biological removal in
general are not able to meet the stringent effluent standards while
ion exchange, electrodialysis and reverse osmosis require high
investment and operation costs. Compared with these techniques,
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adsorption methods proved to be more promising due to their low
cost, effective treatment in dilute solutions, and high uptake
capacity. Another attractive feature of this technique is that the
nutrient-loaded filters can be used in agriculture as phosphate
fertilizers [9]. This particular feature is important since phosphate
is recognized as one of the natural resources that could possibly be
exhausted in the near future [10].

A large number of materials from natural minerals to synthetic
ones have been used as adsorbents to adsorb phosphate from
wastewater. These adsorbents include minerals [11], soils [12],
industrial by-products [13–16,54], and synthetic products [17–19].
Considerable number of reports has shown that excellent and
efficient phosphorus adsorbents are all characterized by their high
iron, alumina, calcium and manganese contents [20–25]. Thus,
substrates with high contents of these materials can be efficient
phosphate sinks in immobilizing phosphate from soils and water
bodies.

Mixed metal oxides exhibit surface properties that mimic the
natural systems more closely than their individual components.
Multi-component sorbents demonstrate physico-chemical prop-
erties significantly different from those of their single counter
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parts. It is these differences in physico-chemical properties that are
considered to be the major reasons for differences in sorption
behavior between multi- and single-component systems [20]. For
example, increased fixation of Cu and Pb in Fe/Al oxide system
(compared to single counter parts) is attributed to increased
surface area and surface charge [26,27]. Although sorption
characteristics of single component Al or Fe hydr (oxides) have
been widely studied, limited work has been conducted on the
sorption characteristics of mixed Al–Fe binary oxide especially at
nanoscale.

Adsorbents synthesized with iron oxide that incorporate
different metal ions for high adsorption performance have been
studied. Al (III), Cr (III), Cu (II), Mn (IV), Ti (IV) and Zr (IV) [28–33,51]
ions had been introduced into iron oxide to form bimetallic/
trimetalic oxide adsorbents for phosphate sorption. Among these
mixed oxides Fe-Cu, Fe-Zr and Ti-Fe binary oxides have been
prepared in crystalline form where as the remaining are
amorphous. Reports documented in relation to phosphate sorption
using Fe-Al binary oxides are all in amorphous forms though
crystalline forms of the oxyhydroxides are reported for photo-
catalytic applications [34,35]. Hence, there is still a dearth of
information related to the synthesis, characterization and sorption
property studies of Fe-Al binary mixed oxide in nanocrystalline
form for phosphate removal from wastewater. Recently, materials
with nanostructure have gained special attention in the field of
solute adsorption from the liquid phase due to small particle size,
large surface area to volume ratio, high in situ reactivity and
absence of diffusion resistance [36,37].

In the present work, we report the synthesis and phosphate
sorption behavior of nanocrystaline Fe-Al binary oxide sorbent.
The synthesis involved a series of Fe–Al binary oxides with
different Fe/Al ratios (from 0 to 30%) and the binary system with
the smallest size was selected and tested for phosphate adsorption
study. The adsorption kinetics, adsorption isotherms and desorp-
tion studies have been carried out. Additionally, the influence of
operating parameters such as solution pH, ionic strength and
coexisting anions on phosphate adsorption were investigated.
Phosphate adsorption mechanism was also elucidated in the
present paper based on macroscopic and microscopic approaches.
The as-synthesized Fe-Al nanosorbent exhibited potentially high
(99.86%) phosphate adsorption efficiency. The effect of co-existing
anions on the adsorption of phosphate showed no significant effect
making the material a promising sorbent for phosphate sorption
from aqueous systems in the presence of interfering ions.

2. Methodology

2.1. Synthesis of the nanosorbent

Gel evaporation method [38] with some modifications was
followed to synthesize Fe-Al binary oxide nanosorbent. The
percentage of aluminum in the binary systems varied from 0 to
30%. The starting materials [ferric nitrate nonahydrate Fe
(NO3)3�9H2O and aluminum nitrate nonahydrate Al (NO3)3�9H2O]
were dissolved in ethylene glycol at a molar ratio of (total metal
nitrates: ethylene glycol = 1:3) with the addition of a minimum
volume of water enough to dissolve the nitrates. The resulting
solution was warmed on hot plate stirrer at 90 �C to evaporate the
solvents, after which the nitrate glycol mixture auto-ignited,
producing voluminous foam and finally yielding a loose powder.
The powders were dry ground and calcined at three different
temperatures: 300 �C, 600 �C and 900 �C for 5 h. The as synthesized
powders were designated according to the Al content and
temperature of calcinations. For example, the mixed oxide
containing 0% Al calcined at 300 �C was designated as 0Al300,
and so on. A total of nine samples were synthesized and based on
the XRD results, the sample with the smallest crystalline size was
selected for the subsequent sorption experiment.

2.2. Elemental analysis

The percentage of iron as iron oxide in all the as-synthesized
powders was determined by flame atomic absorption spectropho-
tometer (AAS). 0.5 g of the as-synthesized powders was digested
with concentrated nitric acid (7 mL), concentrated hydrochloric
acid (4 mL) and hydrogen peroxide (2 mL) using acid digestion tube
till clear solution appeared. The samples were transferred to
100 mL volumetric flasks and brought to volume using deionized
water. 1 mL of this solution was diluted further to 50 mL and the
concentration of iron was read from the solution in 50 mL
volumetric flasks using AAS [20].

2.3. Characterization of the as-Synthesized powder

X-ray diffraction (XRD) analysis of the synthesized particles was
made using an x-ray powder diffractometer (Philips Analytical
PW-1710) equipped with Cu Ka radiation (l = 0.1541 nm) at a scan
speed of 2�/min from 10� to 80�, operated at voltage 40 kv and
applied potential current 30 mA. The average crystallite size was
determined from the XRD peaks using Debye-Scherrer equation
and the sample with the smallest size was selected for the
subsequent sorption studies. The surface morphology of the
prepared adsorbent was observed by scanning electron microsco-
py (SEM) using JSM-6700F LV microscope. The elemental
composition of the sample was further analyzed by energy
dispersive analysis system using EDX GENESIS (EDAX, Ltd., USA).
Transmission electron micrographic (TEM) images were recorded
on a H800 transmission electron micrograph (Hitachi, Japan). The
IR spectra of the prepared adsorbent before and after phosphate
adsorption were measured by a Fourier transform infrared
spectrometer (SHIMADZU 1730, Japan).

2.4. Batch adsorption studies

Batch mode adsorption studies for phosphate were carried out
in 50 mL Erlenmeyer flask. The batch adsorption process was
optimized with respect to pH, adsorbent dose, speed of agitation,
contact time and initial phosphate ion concentration. For each run,
the resulting suspension of the phosphate ions was filtered using a
Whatman No.1 filter paper and the filtrate was analyzed
calorimetrically for the corresponding phosphate ion concentra-
tion. Removal efficiency was finally calculated by using the
relationship given below.

Adsorption% ¼ Co � Cf

Co
x100 ð1Þ

where Co = the initial concentrations (mg/L) and Cf = final concen-
trations (mg/L) of the phosphate ion.

The adsorption capacity of the phosphate ion is the concentra-
tion of the phosphate ion on the adsorbent mass and was
calculated based on the mass balance principle,

qe ¼
Co � Cf

m
xV ð2Þ

where: qe = adsorption capacity of adsorbent (mg/g), V = the
volume of reaction mixture (L), m = the mass of adsorbent used
(g), Co = the initial concentrations (mg/L) and Cf = final concen-
trations (mg/L) of the phosphate ion.

2.4.1. Effect of pH and ionic strength
To gain insight into the adsorption process, the influence of pH

was studied as follows. Solutions containing 30 mg/L of phosphate
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were adjusted with HCl and NaOH solutions to the desired pH
values from 2 to 9. The other parameters such as adsorbent dose,
agitation speed and contact time were kept constant. Effect of ionic
strength was studied taking the initial phosphate concentration of
5 mg/L. The solution pH was adjusted from 2 to 10, the
concentrations of NaNO3 were 0.1, 0.01, 0.001 M, respectively,
and the contact time was 8 h.

2.4.2. Effect of adsorbent dosage
The effect of adsorbent dosage was studied by using 0.05, 0.075,

0.1, 0.5, 1 and 2 g of the adsorbent in 50 mL Erlenmeyer flask with
phosphate ion concentration of 30 mg/L and the adsorption
efficiency for each dose was determined by keeping other
parameters (pH, agitation speed, contact time and initial
phosphate concentration) constant.

2.4.3. Effect of agitation speed
In this study, the effect of varying the agitation speed was

investigated by keeping the other operating parameters (pH,
adsorbent dose, contact time and initial phosphate concentration)
constant. A series of experiments was undertaken with different
agitation speeds: 50, 100,120 140, 160 and 200 rpm.

2.4.4. Effect of contact time
The effect of contact time on phosphate sorption was

determined by varying the contact time to 3, 6, 12, 16, 24 and
48 h with the other parameters (pH, adsorbent dose, agitation
speed and initial phosphate concentration) kept constant.

2.4.5. Effect of phosphate ion concentration
The effect of phosphate concentration was determined

considering the following initial phosphate ion concentration:
10, 20, 30, 50,100,150 and 200 mg/L keeping other parameters (pH,
adsorbent dose, and agitation speed and contact time) constant.

2.4.6. Adsorption isotherms
Adsorption isotherms are mathematical models that describe

the distribution of the adsorbate species among the liquid and
solid phases based on a set of assumptions that are related to the
heterogeneity or homogeneity of the solid surface, the type of
coverage, and the possibility of interaction between the adsorbate
species. In order to construct adsorption isotherms for the
adsorbent, experiments were carried out by varying the initial
phosphate ions concentration from 10 to 200 ppm and with the
adsorbent dose of 0.1 g.

2.4.7. Selectivity of phosphate adsorption
The dependency of phosphate adsorption onto the as-synthe-

sized powder in the presence of other anions which are commonly
present in water namely F�, SO4

2�, HCO3
� and NO3

� was
investigated. 20 mg/L of these anions were prepared from NaF,
Na2SO4, NaHCO3 and NaNO3. The effect of mixture of anions and
also the effect of individual anions were studied to estimate the
selective adsorption of phosphate.

2.4.8. Thermodynamic study
Thermodynamic parameters shed valuable insight into feasi-

bility and spontaneity nature of the adsorption process [54]. By
plotting the graph lnKc versus T�1, the values of DH and DS were
estimated from the slopes and intercepts and on the basis of this,
the spontaneity of the process was assessed. Based on the above
approach, the free energy change (DG), enthalpy change (DH) and
entropy change (DS) were calculated for the sorbent.
2.4.9. Kinetic studies
Adsorption is time dependent process and it is very important

to know the rate of the process and evaluate the adsorbent in
removing phosphate from aqueous system. Kinetic models based
on the capacity of the adsorbent have been investigated, such as
the Lagergren's first-order equation and Ho's second-order
expression [39,40]. The first-order equation of Lagergren and
the pseudo second-order equation are the most widely used
kinetic models to describe the sorption process. First-order rate
expression of Lagergren considers that the rate of occupation of
adsorption sites is proportional to the number of unoccupied sites.
The Lagergren model proposed in 1898 assumes a first order
adsorption kinetics and can be represented by the equation:

dqt

dt
¼ k1 qe � qtð Þ ð3Þ

where, k1 is the rate constant for pseudo-first order adsorption, qe
and qt are the amount of phosphate adsorbed (mg/g) at
equilibrium and at any time t, respectively. This equation can be
integrated to yield a linearzed form at initial condition qt = 0,
t = 0 and qt = t and t = t.

log qe � qtð Þ ¼ logqe �
K1

2:303
t ð4Þ

In this equation, the rate of adsorption is assumed to be
proportional to the difference between the adsorption capacity
at equilibruim (qe) and the adsorption capacity at time t (qt). The
pseudo- first order kinetics is applicable if the plot of log (qe� qt)
against t shows linear relationship. A straight line plot of log
(qe� qt) versus t was used to determine the first order rate
constant, k1 and the adsorption capacity, qe.

The pseudo second order rate equation is expressed as:

dqt

dt
¼ k2ðqe � qtÞ2 ð5Þ

where, k2 is equilibrium rate constant of second order kinetics
model (g mg�1 h�1). For boundary condition t = 0 to t = t and
qt = 0 to qt = qe, the integrated form of the equation becomes

1
qe � qt

¼ 1
qe

þ k2t ð6Þ

Then, the linearized form is:

t
qt

¼ 1
K2q2

e
þ t
qe

ð7Þ

The pseudo-second order rate constant (k2) and the equilibrium
adsorption capacity (qe) can be determined experimentally from
the slope and intercept of the plot t/qt versus t. The plot t/qt versus t
should give a straight line if pseudo-second order kinetics is
applicable. The kinetics of adsorption study was carried at initial
phosphate concentration of 20 mg/L with corresponding adsorbent
dose of 0.1 g. The residual concentrations were measured at
different time intervals.

2.4.10. Desorption of phosphate
Phosphate desorption was studied using phosphate loaded

powder sample [41]. The powder was immersed in the regenerat-
ing solution and placed in shaker at 25 �C for 12 h. To this, 0.1 M
NaOH solution was used to effect the desorption. The desorbed
adsorbate in the solution was finally recovered by filtration and
analyzed for the corresponding phosphate ion concentration. The
recovery percentage was obtained from the following relation.

Desorption Efficiency% ¼ Desorbed
Adsorbed

x100 ð8Þ



Fig. 1. Effect of Al content (a) and temperature (b) on the XRD patterns of the as-synthesized powders.

Table 1
Crystal size and percentage of Fe2O3 for the as-synthesized nanosorbent.

Adsorbent 2u(degree) b (degree) D(nm) Percentage of Fe2O3

0Al300 35.516 0.355 23.5 97.5
0Al600 33.207 0.225 36.87 97.5
0Al900 33.237 0.223 37.2 97.8
10Al300 35.827 0.399 20.94 91.8
10Al600 33.361 0.217 38.19 86.1
10Al900 33.347 0.209 39.72 86.1
30Al300 35.978 0.340 24.58 74.1
30Al600 35.870 0.265 31.68 69.0
30Al900 33.407 0.272 30.5 69.0
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where, Desorbed = the concentration and/or the mass of the
phosphate ion after the desorption process, Adsorbed = (Co � Ce)
for each recovery process.

2.4.11. Analysis of phosphate
The analysis of phosphate was done spectrophotometrically

using molybdenum blue method [42]. This involves reaction of
phosphate ions with an acid solution containing molybdate and
antimony ions to form an antimony phosphomolybdate complex
followed by reduction of this complex with ascorbic acid to form a
strongly colored molybdenum blue complex. The intensity of the
blue color correlates to the concentration of phosphate. Concen-
trated solutions were diluted prior to determination and corrected
with dilution factor.

3. Results and discussion

3.1. XRD

After calcinations at 300 �C, 600 �C and 900 �C, the crystalline
phases in the samples were determined from the XRD patterns
using the relevant ICDD data to investigate the structural changes
caused by thermal treatment and alumina incorporation. At 300 �C,
the peaks observed at 2u values of 31, 36, 43, 56.5, and 63 for the
sample 0Al300 could be attributed to maghemite (Fig. 1a).

For the same sintering temperature, the peaks started to
diminish with increasing alumina content from 10% to 30%
indicating that increasing the alumina content decreases crystal-
linity (Fig. 1a). At 600 �C, more peaks are observed that were not
distinct at 300 �C for all iron alumina combination carried out
under this study. The peaks at 2u values of 24, 33, 36, 41, 49.5,
55.6 and 64 correspond to hematite and the remaining peaks
correspond to maghemite (Fig. 1a). At this temperature as well, the
degree of crystallinity of iron oxide decreased with increasing
alumina. At 900 �C, the peaks at 2u values corresponding to 24, 33,
36, 41, 49.5, 54.5, 63, 64.5, 72.5 are all associated with hematite
(Fig. 1a). Increasing calcination temperature therefore increases
crystal transformation of iron oxides from maghemaite to hematite
significantly. The presence of alumina delays not only crystalliza-
tion but also transformation from maghemite to hematite (Fig. 1b).
The observed effect of thermal treatment and alumina incorpo-
ration to iron oxide in our study is similar to previous reports [34–
36]. No any peak presented was attributable to alumina in our
result implying that alumina should be amorphous structure. In
fact, crystallized alumina such as g-Al2O3 might present under
thermal treatment at 800 �C, but the amount may not be good
enough to bring about this change at the concentration used in this



Fig. 2. a) Scanning electron microscopic image of 10Al300 b) EDX spectrum of 10Al300.

2462 A.S. Tofik et al. / Journal of Environmental Chemical Engineering 4 (2016) 2458–2468
experiment that is 30%. This is evidenced by the finding of [34],
who observed peaks representing alumina at concentration higher
than 30% for a temperature above 600 �C.

The average crystalline size was estimated using Debye
Scherrer equation [43]

D ¼ Kl
bCosu

ð9Þ

where, D is crystallite size in nm, K is the shape factor constant
usually 0.9, b is the full width at half maximum(FWHM) in radians
of 2u, l is the wavelength of the X-ray which is 0.15406 nm for Cu
target Ka1 radiation and u is the Bragg’s angle.

The calculated crystallite size is shown in Table 1. The as-
synthesized powders ranged from 20 to 40 nm. The average Fe2O3

contents in the three samples was roughly 98%, 89% and 71.5% for
0%, 10% and 30% addition of Al2O3 in the samples. The iron oxide
content is consistent with the theoretical value expected in the
samples. The difference from the theoretical value seemed to
increase with increasing sintering temperature which could be
accounted to the loss of the sample by carry over effect. As can be
seen from Table 1, sample 10Al300 exhibited the smallest
crystalline size and this sample was selected for the sorption
experiment. Further characterization by SEM-EDX, TEM and FTIR
to extract more information with respect to morphology, crystallite
Fig. 3. TEM images (a &b) and particl
size and functional groups was also made on the selected
nanosorbent named here after as Fe-Al binary oxide nanosorbent.

3.2. SEM-EDX

Scanning electron microscopy coupled with energy dispersive
X-ray detector (SEM-EDX) was used to observe the morphology,
particle size and composition of Fe-Al binary oxide nanosorbent.
Sample 10Al300 was selected due to the smallest crystallite size
obtained from XRD. SEM micrographs (Fig. 2a) corroborate the
presence of homogenous particle size distribution with particle
size below 100 nm. X-ray energy dispersive analysis of the imaged
area (Fig. 2b) shows a relative concentration of aluminum and iron
of 2.75% and 27.64%, respectively.

3.3. TEM

Further confirmation of the actual particle size was obtained by
TEM studies. Fig. 3 show representative images of 10Al300 Fe-Al
binary oxide nanosorbent. The material is formed by agglomerates
of nanoparticles. The particle size distribution ranged from 8 to
20 nm with a maximum average crystallite size of 12 nm (Fig. 3b).
These values agree less with those calculated from Debye-Scherrer
formula (20.9 nm) which looses accuracy as the particle size
e size distribution (c) of 10Al300.
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decreases. Nevertheless, electron microscopy studies confirmed
that the as-synthesized material is in the nano-range.

3.4. FTIR

The IR spectra of 10Al300 display a number of peaks before and
after phosphate adsorption (Fig. 4). The peaks observed in both
cases are more or less similar. The absorption bands observed from
3400 to 3500 cm�1 represent O��H stretching vibrations of
adsorbed water molecules. The peaks observed at 1620 cm�1

can be ascribed to bending modes of water molecules. The
absorption band at 2310 cm�1 is also common to both spectra
which could be assigned to the adsorbed carbonate, because the
adsorption tests were carried out open to the atmosphere. The
absorption bands observed at 1340 cm�1 and 1114 cm�1 could be
attributed to surface and multi-centered hydroxyl groups respec-
tively. The M��O stretching frequencies are observed at absorption
bands of 660 cm�1 and 560 cm�1. For a spectrum after phosphate
adsorption additional peak at 1078 cm�1 was observed owing to
the P-O stretching modes indicating the adsorption of phosphate
on the surface of the nanosorbent [29]

3.5. Effect of ionic strength

The phosphate adsorption mechanism of Fe-Al binary oxide
nanosorbent was investigated by evaluating the ionic strength
effect on the adsorption behavior. Fig. 5 demonstrates that the
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Fig. 5. Effect of ionic strength on phosphate sorption by Fe-Al binary oxide
nanosorbent (initial phosphate concentration 5 mg/L and adsorbent load 0.1 g/L).
phosphate adsorption showed no significant change on phosphate
adsorption as the ionic strength increased from 0.001 to 0.1 mol
L�1. Moreover, at pH 6 and 8, increasing phosphate sorption was
evidenced with increase in ionic strength. It is well known that
anions adsorbed by outer-sphere association are strongly sensitive
to ionic strength where as anions adsorbed by inner-sphere
association either show little sensitivity to ionic strength or greater
phosphate adsorption with increasing ionic strength [31]. Based on
this finding, it can be concluded that phosphate anions may be
specifically adsorbed on the Fe–Al binary oxide nanosorbent via
forming inner-sphere surface complexes.

3.6. Optimum conditions

Batch mode of adsorption was conducted to optimize param-
eters such as adsorbent dose, speed of agitation, contact time and
initial phosphate concentration and the respective optimum values
were found to be pH 4; adsorbent dose 0.1 g; agitation speed
140 rpm; contact time 12 h and initial phosphate concentration
20 mg/L (data presented on the supplementary information
Figs. S1–S4). Here we report the effect of pH as it is one of the
most important factors that influences most adsorption processes.
pH effect on the extent of phosphate adsorption onto Fe-Al binary
oxide nanosorbent was investigated by varying the pH from 2 to
9 keeping the other parameters constant. The result obtained as
such is illustrated in Fig. 6. In general, the sorption capacity was
found to be above 97% up to pH = 7, the maximum being 99.2% at
pH = 4, indicating that the Fe-Al binary oxide nanosorbent can
work with a relatively wide range of pH (pH = 2–7). However, a
decreasing trend in phosphate sorption was observed when the pH
value exceeds 4 the decline being significant beyond pH = 7 [43].
Thus phosphate sorption would become more favorable at a lower
pH than at a higher pH. The phosphate dissociation equilibrium in
aqueous solution is dependent on pH which could be represented
as:

H3PO4 @
pk1

H3PO4
� þ Hþ

@
pk2

H3PO4
2� þ Hþ

@
pk3

PO4
3� þ Hþ

Where pK1=2.15, pK2 = 7.2 and pK3 = 12.33 respectively. In the pH
range investigated (pH = 2–9), negatively charged H2PO4

� and
H2PO4

2� are the dominated species of phosphate. It can be
assumed that the H2PO4

� ions are the predominant species in the
pH range of 3–6, while the HPO4

2� ions appear to be the more
dominant species at higher pH values. Reports indicate that the
2 4 6 8 10
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%
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Fig. 6. Effect of pH on the removal efficiency of the nano sized sorbent for
phosphate (Phosphate concentration = 30 mg/L, adsorbent dose = 0.1 g; agitation
speed = 120 rpm and contact time = 24 h).



Table 2
Phosphate adsorption isotherms on Fe-Al binary oxide nanosized adsorbent.

Initial concentration(Co) mg/L Dose of adsorbent
(g)

Final concentration (Ce) mg/L Adsorption capacity) (qe) mg/g Ce/qe Log Ce Log qe

20 0.1 0.028 4.99 0.0056 �1.55 0.698
30 0.1 0.337 7.41 0.045 �0.472 0.869
50 0.1 3.79 11.55 0.328 0.578 1.063
100 0.1 40.44 14.89 2.72 1.61 1.170
150 0.1 86.21 15.95 5.4 1.94 1.200
200 0.1 134.5 16.38 8.21 2.13 1.210
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H2PO4
� species are more easily adsorbed on metal (hydr) oxide

surfaces than other species [41,46]. Low pH is beneficial for the
surface protonation of the metal oxide. Increased protonation
would increase the positively charged sites, enlarging the
attraction force existing between the metal oxide surface and
the negatively charged anions. Hence, higher adsorption capacity
of phosphate on the sorbent was observed in the low pH region.
The significant decrease in phosphate adsorption above pH 7 could
be attributed to a change in surface charge caused by the nanosized
mixed oxide adsorbent which is actually becoming more negative
at higher pH values. This process would therefore result in the
electrostatic repulsion between the exchange sites and the
incoming phosphate ions [43–47]. As a result, phosphate adsorp-
tion dropped remarkably.

3.7. Adsorption equilibrium

Experiments on phosphate adsorption isotherm were con-
ducted with different initial concentration of phosphate at room
temperature keeping all other parameters at optimum conditions.
The results of phosphate adsorption isotherm on the nanosized
adsorbent are illustrated in Table 2.

From the linear Langmuir adsorption model,

Ce

qe
¼ 1

Qob
þ Ce

QO
ð10Þ

The plot Ce/qe vs. Ce yields a straight line with a slope 1/Qo and an
intercept 1/Qob. According to Fig. 7a, the slope can be read as 0.061,
which reflects a Qo value of 16.39 mg/g. Furthermore, the plot has
intercept of 0.0867 which in turn gives b value of 0.7. The feasibility
of the isotherm can be tested by calculating the dimensionless
y = 0.061 x + 0.08 6
R² = 0.99 9
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Fig. 7. a) Langmuir adsorption isotherms for phosphate adsorption a
constant, RL expressed as:

RL ¼ 1
1 þ bCo

ð11Þ

As can be seen in Table 3, RL values are in between 0 and
1 indicating a favorable adsorption. This means that phosphate
ions in solution have tended to be adsorbed on the Fe-Al binary
oxide nanosorbent. The Freundlich equation is an empirical
expression that encompasses the heterogeneity of the surface
and the exponential distribution of sites and their energies. The
linearized form of the equation is:

logqe ¼ logkf þ
1
n
logCe ð12Þ

Plotting log qe versus log Ce provides a straight line with a slope
of 1/n and intercept of log Kf. According to Fig. 7b, the slope value of
0.1406 could be related to the ‘1/n’ in the Freundlich’s equation.The
intercept (log Kf) could be rearrenged to give value of Kf as 8.63.
Therfore, a Freundlich’s equation for the adsopriton process has
been developed as:

qe ¼ 8:63C0:1406 ð13Þ
The value of 1/n lying between 0 and 1, which in this case is

0.1406, and the n value lying between 1 and 10, which in this case is
7.11, indicate a favorable condition for adsorption [39]. The
Langmuir’s and Freundlich’s curves were interpreted with respect
to correlation coefficient (R2), a statistical measure of how well the
regression line approximates the real data point (Table 4). In this
study, the sorption isotherm of the Fe-Al binary oxide nanosorbent
showed better fit to both isotherms though the value of R2 is
relatively higher for Langmuir’s equation than the Freundlich (i.e.
y = 0.140x + 0.935
R² = 0.98 5
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Table 3
RL values for phosphate adsorption at different concentration.

Initial concentration (mg/L 20 30 50 100 150 200

RL 0.066 0.045 0.027 0.014 0.009 0.007

Table 4
Langmuir and Freundlich constants for phosphate removal onto Fe-Al binary oxide.
Nanoadsorbent

Langmuir isotherm model Freundlich isotherm model

Q0 b RL R2 Kf 1/n R2

16.39 0.7 0.066 0.9992 8.63 0.1406 0.985
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Fig. 8. Effect of co-existing anions on phosphate removal.
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Fig. 9. Plot of lnKc vs T�1 for phosphate adsorption onto Fe-Al binary oxide
nanosorbent (pH = 4, dose = 0.1 g, Agitation speed = 140 rpm, Contact time = 12 h,
Co = 20 mg/L).
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0.999 versus 0.985, respectively). This indicates that each sites of
the adsorbent can accommodate one molecule of phosphate ion or
can be characterized by supporting surfaces of different affinity
(heterogeneity of surfaces which may be from doping of
aluminum). Comparison of the maximum adsorption capacity of
the Fe-Al binary oxide with other binary or ternary systems
previously reported showed that the as-synthesized nanosorbent
exhibited moderate sorption capacity (Table 5).

3.8. Selectivity of phosphate adsorption

Fig. 8 shows the influence of various anions on phosphate
removal efficiency of Fe-Al binary oxide nanosorbent. At optimum
condition, the adsorption efficiency was found to be 99.86%. In line
with this, Fig. 8 shows that the adsorbent is still efficient in
removing phosphate from aqueous system. It is only in the
presence of fluoride ion that the adsorption efficiency decreased
down to 97.68%. Evidence has been reported demonstrating the
interaction between fluoride and nano alumina moieties is a
feasible process [48]. Such interaction might be the reason for the
decrease in adsorption efficiency of nano-sized Fe-Al binary oxide
nanosorbent toward phosphate ion in the presence of fluoride.

3.9. Thermodynamic study

The thermodynamic parameters such as change in standard
free energy (DG), enthalpy (DH) and entropy (DS) can be
calculated by using the following equation:

lnKc ¼ DS
R

�DH
TR

ð14Þ
Table 5
Comparison of maximum phosphate adsorption capacities for different binary/ternary

Adsorbents Crystallinity Optimum pH 

Fe-Mn Amorphous 5.6 

Fe-Zr Crystalline 4 

Fe-Al Amorphous 3 

Fe-Cu Amorphous 7 

Fe–Cu Amorphous 5.0 

Fe-Mn Amorphous 5 

Fe-Ti Amorphous 6.8 

Fe-Zr (magnetite) Amorphous 3 

Fe-Al-Mn Amorphous 6.8 

Ce-Zr Crystalline 2–6 

Fe-Cr – 4 

Ti-Fe Crystalline 5 

Fe-Mg-La Amorphous 6 

Fe-Al Crystalline 4 
DG ¼ DH � TDS ð15Þ
where R (8.314J/mol K) is the gas constant, T (K) is the absolute
temperature and Kc is the standard thermodynamic equilibrium
constant defined by qe/Ce. By plotting the graph of lnKc versus T�1

(Fig. 9), the value of DH and DS can be estimated from the slopes
and intercept. DH and DS have been calculated from slope and
 metal oxide adsorbents.

Maximum Sorption Capacity mg/g References

36 [1]
13.65 [18]
61.5 [28]
35.2 [29]
39.8 [29]
123 [30]
35.4 [31]
39.1 [33]
48.3 [49]
112.3 [50]
6.5 [51]
30.3 [52]
415.2 [53]
16.4 Present Study
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intercept of Fig. 8 as +37.53 KJ/mol and +226.39 J/mol K respec-
tively (Table 6).

The negative value of DG and positive value of DH obtained
indicated that the phosphate adsorption process is a spontaneous
and endothermic process. The decrease in DG with increase in
temperature indicated more efficient adsorption at higher
temperature (308 K). The positive value of DS suggested that the
increased randomness at the solid/solution interface occur in the
internal structure of phosphate removal onto nanosized mixed
oxide sorbent.

3.10. Kinetic study

The rate of the phosphate sorption onto Fe-Al binary oxide
nanosorbent was studied in batch experiments at optimized values
of the parameters. The kinetic data of phosphate adsorption was
fitted with pseudo-first-order and pseudo-second-order models.
The obtained kinetic model parameters by linear regressions are
given in Fig.10a and b and Table 7. It was found that the kinetic data
at the two initial phosphate concentrations were fitted better by
the pseudo-second-order adsorption kinetic rate model, indicating
that chemisorption or chemical bonding between adsorbent active
sites and phosphate might dominate the adsorption process [1].

3.11. Desorption study

Phosphate desorption was conducted by using the residual
solids retained on the filter paper. Desorption of Phosphate from
phosphate loaded adsorbents increased with increasing initial pH
(Fig. 11). When the pH value is 2 the desorbed value of phosphate
could not be detected. The desorbability of phosphate increased
with increasing pH value. The results of this finding indicated that
Table 6
Thermodynamic parameters for phosphate adsorption on to Fe-Al binary oxide
nano-adsorbent.

T(K) DG(KJ/mol) DH(KJ/mol) DS (J/mol K)

298 �29.93 +37.53 +226.39
303 �31.06
308 �32.19
phosphate adsorption onto the nanosized adsorbent is not
completely reversible and phosphate can be desorbed from the
adsorbent by adjusting the pH value. The percent desorbed,
however, in our case was relatively lower than previous reports
[9,30], perhaps because we employed relatively lower volume of
NaOH to effect the desorption.

4. Conclusions

The nanosized iron aluminum mixed oxide was tested to
remove phosphate ions from aqueous solutions. The X-ray
diffraction pattern indicated that all the as-synthesized materials
are in the nano range whose particle size increased with increasing
temperature. Doping of aluminum was found to delay the
crystallinity of the as-synthesized compounds. The smallest
particle size (20.94 nm), was found to be the 10% aluminum
doped iron oxide calcinated at 300 �C (10Al300). The mechanism of
phosphate adsorption was studied both from macroscopic and
microscopic perspectives and both methods support the chem-
isorptions process as the dominant mechanism of adsorption. The
effect of pH on the adsorption of phosphate showed that removal
efficiency decreased with increasing pH. The optimum pH for the
removal of phosphate was found to be 4. Having all the parameters
optimized, this study has shown 99.86% efficiency of phosphate ion
removal from aqueous solution. The adsorption processes were
fitted to both Langmuir and Freundlich isotherms with the latter
being higher for a wide range of adsorbate concentrations. Values
of the equilibrium parameter (RL) from Langmuir isotherm and n
values from the Freundlich isotherm have indicated that the
adsorption process is favorable. Thermodynamic study on the
phosphate sorption process revealed that the phosphate sorption
process was found to be spontaneous and endothermic. Further-
more, Phosphate desorbability was observed to increase with
Table 7
Kinetic parameters for phosphate sorption onto the Fe-Al binary oxide nanoadsor-
bent.

First Order Model Second Order Model

K1(h�1) qe (mg g�1) R2 k2 (gh�1mg�1) qe (mg g�1) R2

0.244 0.078 0.838 0.36 5.025 0.999
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increasing pH indicating the relatively favorable conditions for
recyclability of the process at higher pH values.
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