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Abstract

Iron oxide nanoparticles (NPs) were synthesized by the chemical precipitation method using 1:2 ferric chloride hexahydrate
(FeCls.6H20) and ferrous sulphate heptahydrate (FeSO4.7H20) precursors and ammonium hydroxide (NH4sOH) precipitating
agent. These NPs were evaluated for their performance as adsorbents for hexavalent chromium ions (Cr (V1)) in aqueous
solutions. Silicon dioxide gel (SiO2) was also incorporated during synthesis to improve the adsorption characteristics of the
NPs. The NPs (with out and with SiO; gel (iron oxide NPs-SiO,) were characterized by XRD and FTIR spectroscopy. By
XRD, it was evidenced that the iron oxide NPs and iron oxide NPs-SiO; adsorbents were mixed oxides of magnetite (Fe3Oa4)
and maghemite (y-Fe.Os) with small crystallite size of 13.5 nm and 12.8 nm respectively. The mixed oxides were formed as
aresult of the synthesis parameters and drying temperature at 150°C in air. The change of the black color of the just synthesized
NPs to orange brown also inferred the transformation of FezO4to y-Fe,Os. Further evidence of mixed oxides is provided by
the FTIR analysis wherein the characteristic bands of y-Fe,Os around 582 cm* and the distinct high-frequency shoulder in the
proximity of 635 cm™ ! to 642 cm™ are evidenced besides those of Fe;04.The effect of different parameters such as pH, Cr (V1)
ions concentration, adsorbent dose and contact time on the efficiency of adsorption showed that the iron oxide NPs-SiO;
adsorbent showed better performance for the removal of Cr (VI) ions under acidic pH at room temperature compared to the
iron oxide NPs adsorbent. The maximum uptake of Cr (V1) ions by the iron oxide NPs-SiO, adsorbent increased from 80% to
96.5% by decreasing its initial concentration from 60 mg It to 20 mg I at optimum conditions. Analysis of the adsorption
isotherms of the iron oxide NPs-SiO adsorbent by the Langmuir and Freundlich models showed that the experimental data
fitted well to the Langmuir model suggesting monolayer coverage of Cr (V1) ions mainly on the outer surface of the adsorbent.

Keywords: - Iron oxide nanoparticles, Silica gel, Magnetite, Maghemite, Adsorption.

1. Introduction

Heavy metals are among the various life-threatening
pollutants present in soil and aquatic bodies and
endangering the health of humans (Duruibe et al., 2007),
animals (Boyd, 2010) and plants (Cheng, 2003). The
global heavy metal concentration in various
environments is increasing due to an increase in their
use and the number of industries. Most of the industrial
wastewaters contain heavy metals such as cadmium
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(Cd), lead (Pb), zinc (Zn), arsenic (As), cobalt (Co) and
chromium (Cr) (Duruibe et al., 2007), etc.

Among these heavy metals, Cr mainly contaminates
the water bodies through effluents from industrial
activities such as electroplating, leather tanning, dying,
mining and nuclear power plants (Smith and Ghiassi,
2006). Cr (V1) is known to cause cancer and targets the
respiratory system; kidneys, liver, skin, eyes and
different regulatory authorities have developed
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regulations and guidelines for Cr to protect the public
from potential adverse health effects. The Occupational
Safety and Health Administration (OSHA) has
established an 8-hour time-weighted average (TWA)
exposure limit of 5 mg of Cr (V1) per cubic meter of air
(5 g m3) (US Department of Labor, 2009); the National
Institute for Occupational Safety and Health (NIOSH)
has recommended a 10-hour time-weighted average
(TWA) exposure limit for all Cr (VI) compounds of 1
pgm=2 Cr (VI) (NIOSH 2013); the U.S. Environmental
Protection Agency (EPA) limits the maximum
contaminant level of total Cr in wastewater at 0.05mg I’
3 (Acar and Malkoc, 2004); and the World Health
Organization (WHO) guideline regulates total
chromium containing Cr (111), Cr (V1) and other species
of chromium to be discharged below 2 mg I* (WHO,
2004).

A number of treatment methods for the removal of
heavy metal ions from aqueous solutions have been
reported such as reduction, ion exchange, solvent
extraction, reverse osmosis, chemical precipitation,
adsorption, biosorption and electrodialysis (Odeh et al.,
2015). Most of these methods have certain
disadvantages such as the production of large volumes
of sludge, high cost of chemicals, increased
concentration of dissolved solids in the effluent, high
startup costs and low efficiency (Samarghandi et al.,
2015).

Adsorption, however, is recognized as an effective
and economical process for a wide variety of
applications, especially for the removal of heavy metals
from wastewaters, the exception being one of the most
widely used adsorbents, i.e., activated carbon, which is
expensive and possibly non-cost effective in the
treatment of large wastewater volumes (Nadeem et al.,
2006). However, the significant advantages of the
adsorption technique are its high efficiency in removing
very low levels of heavy metals from dilute solutions,
easy handling, high selectivity, lower operating cost,
minimization of chemical or biological sludge, and
regeneration of the adsorbent (Ozdes et al., 2011). This
is why materials and structures such as nanoparticles
(NPs) as alternative low-cost adsorbents are being paid
considerable attention.

Currently NPs are used in wide range of applications,
including shape selective catalysis, chromatographic
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separations, sorption of metal ions, enzyme
encapsulation, in the fields of biotechnology and
biomedicine for cell labeling and separation, magnetic
resonance imaging (MRI), enzyme and protein
separations, targeted drug delivery and magnetic ferrous
fluids hyperthermia. To date, many technologies,
mainly co-precipitation (Mahdavian and Mirrahimi,
2010), microemulsion (Drmota et al., 2012), thermal
decomposition (Sharma and Jeevanandam,2012),
hydrothermal synthesis (Xin, 2012), microwave assisted
(Ahmed et al., 2013), sol-gel (Huang and Hu, 2008) and
sonochemical synthesis (Vijayakumar, 2000) has been
applied and reviewed for the production of NPs.

Application of nanostructures as adsorbents is valid
for their use in other applications, requires particle
stabilization and/or surface functionalization for good
dispersion, particles suspension stability and no
agglomeration in liquid media. Such stabilizing agents
should be economical and widely available.

The aim of the present work was to synthesize iron
oxide nanoparticles (iron oxide NPs and iron oxide NPs
with the incorporation of silica gel (SiO) particles (iron
oxide NPs - SiO;), and evaluate their performance for
the adsorption of Cr (V1) ions in agueous solutions. The
SiO; gel was incorporated as a synergist to evaluate its
contribution to the enhancement of adsorption since it is
reported that the SiO; surface strongly binds Fe (l11) and
Cr (111) ions via surface complexation (Oh et al., 2007).

2. Materials and Methods

2.1. Materials

All chemicals and reagents used for the experiments
were analytical grades. Ferric chloride hexahydrate
(FeCls.6H,0, 99%, Sigma Aldrich, USA), ammonia
solution (NH4OH, 25%), ferrous sulphate heptahydrate
(FeS04.7H.0, 98.8%, Sigma Aldrich, USA), general
purpose silicon oxide gel (SiO-, Silica AR™ 40 - 63
microns (230 - 400 Mesh), Macron Fine Chemicals,
USA), absolute ethanol (CH3zOH, 99.8%, Lobachemie,
India), potassium dichromate (K:Cr,O7, 99.9%,
Lobachemie, India), 1,5-diphenyl carbazide (1,5-DPC,
C13H14aN4O, 98%, Lobachemie, India), nitric acid
(HNOs, Riedel Dehaen, Germany), sulfuric acid (H2SOa4,
Riedel Dehaen, Germany), and hydrochloric acid (HCI,
35%, from Riedel Dehaen, Germany).
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2.2. Methods
2.2.1. Preparation of the nanoparticles

2.2.1.1. Preparation of iron oxide NPs

The iron oxide NPs were synthesized by
modification of a co-precipitation method (Sharma et
al., 2009). In a typical experiment, the stoichiometric
ratio 1:2 between the iron species, ferrous/ferric ions
(Fe?*/Fe*) was maintained. 6.0 g of FeCls.6H.0 and 3.0
g of FeS04.7H.O were dissolved in 100 ml distilled
water with stirring for 3 minutes at 2000 rpm. After 3
minutes, 25 ml NH.OH 25% (precipitating agent) was
added drop wise in 5-7 minutes. The reaction was
continued for a further 30 minutes at a temperature of
90°C; and the pH was maintained between 8 and 12 till
a dark colored precipitate was formed. After stopping
the reaction and magnetic field application, the reaction
mass separated out into two phases: a clear aqueous
phase on top and the consolidated precipitate at the
bottom of the reaction vessel. The clear aqueous top
phase was decanted and the black colored precipitate
isolated by repeatedly washing with distilled water and
centrifuging to remove excess chloride, sulphate ions
and NH4OH until the supernatant became neutral
(pH~7.0). The precipitate was further washed with
C2HsOH and dried at 150°C for 2 hours to obtain the
iron oxide NPs.

2.2.1.2. Preparation of iron oxide NPs-SiO;

1.5 ml (3 mol I*) HCI solution was added into 13 g
Iaqueous SiO; gel suspension and stirred for 2 hours.
After 2 hours, 50 ml serum was withdrawn and
centrifuged, and the acid washed SiO- gel neutralized
(Lietal., 2011). Thereafter, the SiO; gel was added to a
100 ml aqueous solution of 6 g of FeCls.6H;0 and 3 ¢
of FeS0O,.7H,O while stirring at 2000 rpm. After 3
minutes of stirring, 25 ml NH4OH 25% (precipitating
agent) was added drop wise in 5-7 minutes. The reaction
was continued for a further 30 minutes at a temperature
of 90°C and the pH was adjusted till a dark colored
precipitate was formed. After stopping the reaction and
magnetic field application, the reaction mass separated
out into a clear aqueous top phase and the consolidated
black colored precipitate at the bottom of the reaction
vessel. The clear aqueous top phase was decanted and
the black colored precipitate repeatedly washed by
distilled water and centrifuged to remove excess
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NH4OH till the pH of the supernatant became neutral
(pH~7.0). The centrifuged NPs were washed with
C2HsOH and dried at 150°C for 2 hours to obtain the iron
oxide NPs-SiO.

2.3. Characterization

2.3.1. X-Ray diffraction analysis (XRD)

Phase analysis of the iron oxide NPs and iron oxide
NPs-SiO, adsorbents was carried out by X-ray
diffractometer (Model 7000S, Schimadzu Corporation,
Japan), equipped with a Cu-Ka radiation (A=1.5406 A)
source using a nickel filter and continuous scan mode in
the range 10° <260 < 80°. The crystalline sizes of the iron
oxide NPs and iron oxide NPs-SiO, adsorbents were
determined using the Debye-Scherer’s equation (1).

_ (0.942)
- Bcos6

1)

Where D is the average crystalline diameter, 0.94 is
the Scherer’s constant, A is the X-ray wavelength, B is
the line broadening at half the maximum intensity and 6
is the Bragg’s angle in degrees.

The lattice parameter ‘a’ and interplanar spacing dnki
was determined by Bragg's equations (2) and (3)

dhwi = ind (2
_ a
dhk|—m 3)
2.3.2. Fourier transform infrared spectroscopy
(FTIR)

FTIR spectra of the iron oxide NPs and iron oxide
NPs-SiO, samples were recorded on a spectrophotometer
equipped with a deuterium triglycine sulfate (DTGS)
detector (Model Spectrum 65 FT-IR Spectrometer,
Perkin Elmer USA). Each sample of 1-2 mg was
thoroughly mixed with approximately 100 mg KBr
powder and pressed into disks by a 10-ton hydraulic
press at room temperature. The prepared disks were
scanned in the range 4000 cm™' to 500 cm™ at a
resolution of 4 cm™.

2.3.3. Adsorption experiments

2.3.3.1. Preparation of K>Cr.0Oy7 stock solution and
standard working solutions

A standard stock solution of K,Cr,O7 was prepared

by dissolving 2.828 g K2Cr,O7 in 1000 ml of distilled

water. Standard working solutions of different
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concentrations, 20, 40, 60 and 80 mg I of K,Cr,07 were
prepared from this stock solution by appropriate
dilutions. The pH of the solutions was adjusted to the
desired value by addition of 0.1M HCI or 0.1M NaOH
as required.

2.3.3.2. Calibration graph for determination of
residual concentration of Cr (V1) ions

A linear calibration graph (Figure 1) was obtained
over the range 10, 20, 40, 60 and 80 mg I of Cr (VI)
ions on a UV-Vis spectrophotometer (Model T 80+, PG
Instruments Ltd., UK) with 1cm quartz cells at a
wavelength of 540 nm. A commonly used specific
reagent for the spectrophotometric determination of Cr
(V1) ions, 1, 5-DPC (0.5%) solution was added to the
standard working solutions to generate a reddish-purple
color. The 1, 5-DPC (0.5%) solution was prepared by
dissolving 0.25 g 1%, 5-DPC in 50 ml acetone. 6N
H>SO4 solution was prepared by adding 8.33 ml H,SO4
(98%) into 50 ml distilled water to be used for pH
adjustments at UV measurements. Each measurement
was carried out after 5 minutes of addition of the 1, 5-
DPC solution and completed within 20 minutes to avoid
loss of color due to instability.

3.5

3 Calibration Curve

y =0.0326x+ 0.3392
R? =0.9953

Absorbance

60 80

40

0 20 100
Concentration(mg/1)

Figure 1: Calibration curve for Cr (VI)

2.3.3.3. Adsorption experiments

The parameters, initial Cr (V1) concentration (10, 20,
40, 60 and 80 mg 1), pH (2, 3, 4, 5, 6, 7, 8, 9 and 10),
contact time (30, 45, 60, 90, 120 and 150 minutes) and
adsorbent dosage (0.1, 0.2,0.3, 0.4,0.5,0.6, 0.7 and 0.8
g 1Y) were chosen as independent variables and the
removal efficiency of Cr (V1) ions as output response.

Two sets of batch adsorption experiments; one set
using iron oxide NPs and the other using iron oxide
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NPs-SiO, as adsorbents were performed in 100 ml
conical flasks containing 50 ml Cr (VI) ions working
solutions and 0.1 g of the adsorbents. Both sets of
mixtures were stirred on an orbital shaker at 100 rpm.
After the predetermined times of contact, the adsorbents
were removed from the sets of mixtures by a magnetic
field and filtered. The adsorbent free solutions were
then analyzed for residual Cr (V1) ions concentration by
UV spectroscopy. Determination of Cr (VI) ions was
performed by taking 40 ml of the solutions of the two
sets in beakers and adding 3 ml of 6N H,SO4to decrease
the pH below 2. Once the pH was adjusted, 0.8 ml of
0.5% DPC solution was added to the solutions. After
waiting for 5 minutes for stable color development, the
UV measurements were performed. Percentage removal
of Cr (V1) ions and amount of adsorption at equilibrium,
ge (mg g1), were calculated by using equations 4 and 5.

Removal efficiency =COC_Oce x 100 (4)
_ Co—CcCe

e=——xV (5)
Where C, and C. are the initial and final

concentration of Cr (VI) ions (mg I"?) in the solutions,
respectively, V is the volume (I) of the tested solutions
and m is the mass of the adsorbents (g) used.

2.3.4. Adsorption isotherms
The adsorption isotherms were analyzed using the
Langmuir and Freundlich isotherm models.

3. Results and Discussion

3.1. Mechanism of iron oxide and SiO2 supported
iron oxide NPs formations

The reaction of Fe** and Fe® ions under alkaline
conditions has been the subject of extensive
investigation (Bandhu et al., 2009; Valenzuela et al.,
2009; Gnanaprakash et al., 2007; Vereda et al., 2007).

The proposed mechanism, a dynamic equilibrium
equation, put forth for the synthesis of Fes04
nanoparticles by the co-precipitation method (Mascolo
et al., 2013) includes as the first reaction, a very fast
precipitation of ferric and ferrous hydroxides:
Fe** + 30H ~~— Fe(OH); (s)

The second reaction, a slower one,
decomposition of the ferric oxide to FeOOH:

Fe(OH)s3 (s) = FeOOH (s) + H20

involves
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Fe?" + 20H = Fe(OH); ()

The third reaction, a solid state reaction, occurs
between FeOOH and Fe(OH), due to the low water
activity of the solution to produce FezOq:

2FeOOH (s) + Fe(OH)2 (s) ™ Fes0q4 () + 2H.0

The concentration and size of the FesO4
nanoparticles are influenced by the Fe**, Fe?* and OH-
ions, as well as the water activity of the solution, with
the overall reaction being:

2Fe® + Fe** + 80H ~— 2Fe(OH)sFe(OH), (s) —
Fes0s (s) + 4H,0

The stoichiometry of Fe*? to Fe®* molar ratio, 1:2
used in this study is considered the stoichiometry for
synthesis of high purity FesO4 NPs magnetite (Mascolo
et al., 2013). The final [OH] concentration, related to
the pH and base amount, controls the nucleation and
growth of the FesO4 NPs influencing the particle size
and saturation.

3.2 X-ray diffraction

Figure 2 (a and b) show the XRD patterns of the iron
oxide NPs and iron oxide NPs-SiO, adsorbents. The
diffraction patterns have well defined diffraction peaks,
indicating that the samples were crystalline.

The apparent absence of lines 110 (d = 4.183A) at 20
=21.22° and 104 (d = 2.700A) at 20 = 33.15° indicated
that both goethite (0-FeOOH) and hematite (a-Fe;QOs3)
were not formed. Peaks of Fe(OH); (d = 3.376A) at 20
= 26.38° as well as other phases of iron oxide
hydroxides, y-FeO(OH) and 3-FeO(OH) were also not
detected. The other two forms of iron oxide, magnetite
(FesOs), and maghemite (y-Fe:O3) have a spinel
structure. Their lines being very close, makes it is very
difficult to distinguish them from one another by X-ray
diffraction. The color of the just synthesized iron oxide
NPs was black in color indicating that the major form of
iron oxide should be Fe3Oa. The y-Fe,O3 phase is known
to exhibit a few extra peaks at 23.77° (210) and 26.10°
(211), though with weak intensities (Kim et al., 2012).
Based on the color and two extra typical peaks alone, it
cannot be definitely ascertained whether the iron oxide
NPs formed were pure FezO, NPs as trace amounts of y-
FeoOsNPs may probably be formed as contaminant
during the co-precipitation processes. y-Fe,Os NPs are
orange red to brown in color and very different from
black color FesO4, but when present in trace amounts in
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a FesO4 NPs sample it is not possible to distinguish it by
color.

A comparison of the XRD patterns of the prepared
iron oxide NPs and iron oxide NPs-SiO, adsorbents
(Figure 2a and b) after washing and drying with the
patterns of pure commercial Fes04 NPs (Sigma-Aldrich
310069) and y-Fe;O3 NPs (Sigma—Aldrich 544884)
(Figure 3a and b) (Kim et al., 2012) shows that the
synthesized adsorbents display the characteristic (210)
and (211) peaks indicating the presence of the y-Fe;O3
phase. The transition of the FesO4 NPs phase to the y-
Fe,Os phase in the adsorbents is attributed to the
oxidation process initiated during the iron oxide NPs
synthesis, drying at elevated temperature of 150°C and
subsequent storage in air prior to characterization and
further use for the Cr (V1) ions adsorption experiments.
There was a marked change in color observed from the
initial black color of the just synthesized iron oxide NPs
prior to drying to red brown after drying and storage. It
has been shown that fine size Fe3O, crystals (e.g., 10-20
nm) rapidly undergo transition to y-Fe,Os at around
150°C, whereas the larger Fes;O4 particles were more
thermally stable and did not start the transition to y-
Fe,Os3 until about 315°C (Lauer Jr. et al., 2001).The
obtained XRD patterns and visual color observations
made are in agreement. The series of characteristic
diffraction peaks observed in the XRD patterns of the
adsorbents (Figure 2(a and b)) at 20 of 30.2°, 35.5°,
43.2°,53.6° 57.3° and 63° are indexed as (220), (311),
(400), (422), (440), and (511) crystal planes correspond
to a cubic unit cell of Fes04, and match the inverse-spine
structure. The peaks correspond to maghemite phase
(210) and (211) also observed in Fe304-SiO; phase due
to the transition of FesO4 NPs to y-Fe;Os.

The diffraction peaks of the iron oxide NPs-SiO;
adsorbent (Figure 2b) were marginally broader than
those of the iron oxide NPs adsorbent, which indicated
the presence of a still finer nature and smaller crystallite
size of the NPs in the former. In addition, the pattern
showed the peaks for SiO,. The SiO, was of the
crystalline form since the broad peak at the 20 value of
22°, a characteristic of SiO; in the amorphous form was
absent. The sharp XRD peaks at 26 values of 20.81,
26.49 and 50.1 (overlapped by the contribution from the
iron oxide NPs) indicated that SiO, was in the
crystalline form (Saceda et al., 2011).
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Figure 2: X-ray diffraction patterns of (a) iron oxide NPs
and (b) iron oxide NPs-SiO;.
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Figure 3. X-ray diffraction patterns of commercial
powders (a) magnetite (Fes0.), Sigma—Aldrich
310069 (b) maghemite (y-FexOs), Sigma—
Aldrich 544884.The characteristic (210) and
(211) peaks of the maghemite phase are
obvious.

The calculated crystal size of the iron oxide NPs and
iron oxide NPs-SiO. adsorbents were 13.5 nm and 12.8
nm respectively and in close approximation. These
particle sizes confirm the capping of Fes;O4 with SiO»
from growth and agglomeration.

The FesO4 phase transition to y-Fe2Os NPs is due to
oxidation of Fe (I1) to Fe (111). This transition takes place
at relatively low temperatures, even at room
temperature, in ultrafine Fes04 NPs due to the exposed
large surface area of Fe3O4. Once oxidation is initiated
it tends to go to completion within the particles (Haneda
and Morrish, 1977).

The lattice parameters of FesOs and y-Fe,O3 phases
are very close and difficult to be differentiated unless it
is a single phase of well-crystallized structure. The
calculated lattice parameters (Table 1) for the iron oxide
NPs and iron oxide NPs-SiO;adsorbents were 8.3504°A
and 8.373°A respectively and lie in between those of
commercial FesOs4 (8.396 “A [JCPDS 19-629]) and y-
Fe,03 (8.3515A [JCPDS 39-1346] (Kim et al., 2012).
These values affirm silica supported iron oxide NPs
adsorbents that prepared were a mixture of FesO4 and y-
Fe,Os phases.

The interplanar spacing for the iron oxide NPs and
iron oxide NPs-SiO, adsorbents are lower than the
values reported for bulk magnetite (JCPDS Card No.
(79-0417)) [d312= 2.531]) (Ghandooret al., 2012) and are
attributed to the formation of y- Fe,Os (a = 8.347 and
d311=2.517) (Victoria et al., 2007; Cornell and
Schwertmann 2003).

Tablel: Interplanar spacing, Lattice parameters of iron oxide NPs and iron oxide NPs —SiO,

Interplanar spacing Dni (A)

Lattice parameter ‘a’ (&)

Sample Calculated particle size
Iron oxide NPs 13.5 nm

Iron oxide NPs- SiO 12.8 nm
Magnetite (FesOa) 1 um
Sigma-Aldrich N0.310069 #
Maghemite (y-Fe20s3) <50 nm

Sigma—Aldrich No. 544884

2.51774

2.52463

8.3504

8.373

8.396
(JCPDS 19-629)

8.3515
(JCPDS39-1346)
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3.3 FTIR Analysis

Figures 4 (a & b) show the FTIR spectra of the iron
oxide NPs and iron oxide-SiO, NPs respectively after
drying at 150°C. In both spectra, the broad band in the
proximity of 3400 — 3412 cm ! and at 1634 cm™ are
attributed to the stretching vibration of the O-H groups
on the surface of the NPs (Petcharoen and Sirivat, 2012;
Haw et al., 2011) and or to adsorbed water on the
surface. A third expected vibration, however, from
condensed octahedral Fe,Os at 390cm™!) (Jitianu, et al.,
2006) could not be identified due to the scanning range
limitation. The band at 1119 cm™ is attributed to the Fe-
OH bond due to octahedral sites of the FesO..

Fe O NPs-Si0,
Fe O,MNPs

Transmittancel %)

7 G432

T T T T T T g
4000 3500 Joon 2500 2000 1500 1000 500

Wave number(cm-1)

Figure 4: FT-IR spectra of (a) iron oxide NPs and (b)
iron oxide NPs-SiO,.

A sharp peak at 2360 cm™ is the CO; vibration
(Banerjee and Chen, 2007). The band observed in the
region of 567 cm™ to 588 cm with a shoulder in the
proximity700 cm? is attributed to presence of FesO,
(Sun et al., 2009). This band overlaps a characteristic
band of y-Fe;Os; at 582 cm™ and the distinct high-
frequency shoulder in the proximity of 635 cm™ to 642
cm?is also characteristic to y-Fe,Os (Fu et al., 2008).
Both these bands correspond to the v(Fe-O)
deformations in the tetrahedral and the octahedral sites.
Further, as seen from Figure 4b, the weak bands
between 800 and 1260 cm™ are ascribed as a
superimposition of various SiO, peaks and Si—-OH
bonding (Vasconcelos et al., 2002).

3.4. Factors Affecting Chromium Adsorption

3.4.1 Effect of initial Cr (VI) ion concentration on
adsorption

Standard working solutions with Cr (VI) ions

concentration of 20, 40, 60 and 80 mg I and optimal pH
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3 were equilibrated for 120 minutes using an absorbent
dose of 0.7g I"*at room temperature. Figure 5 shows that
the Cr (V1) ions removal efficiency of the absorbent iron
oxide NPs-SiO; was higher than that of the adsorbent
iron oxide NPs at all concentrations. The decrease in
adsorption efficiencies of the iron oxide NPs and iron
oxide NPs-SiO. with increasing standard working
solution concentration ranged from 74% to 39% and
97.4% to 55% respectively. At low initial
concentrations, the ratio of the initial number of Cr (V1)
ions to the accessible active sites of the adsorbents will
be low with the reverse occurring at higher initial
concentration. Thus, the removal efficiency of Cr (VI)
is higher at lower Cr concentration and lower at higher
concentrations with further residual Cr (VI) ions
remaining in the agueous solutions (Radnia et al., 2012).

100 7 —e—Iron oxide NPs-Si0
20 4 =8~ [ron oxide NPs
80
E~ 70 -
21
S 60
R
= 50
£ 40
S 30
=
20 4
10 -
0 T T T T
0 20 40 60 80
Concentration{mg/L)
Figure 5. Effect of initial concentration of Cr (VI) on

removal efficiency of iron oxide NPs and iron
oxide NPs-SiO (Co = 10-100 mg I}, pH = 3,
adsorbent dose = 0.7 g I}, contact time = 120
minutes and room temperature).

The higher removal efficiency by the iron oxide NPs-
SiO, adsorbent in comparison to the iron oxide NPs is
attributed to the presence of SiO; gel. In the adsorption
process, factors which influence the capacity of the
silica for the removal of Cr (V1) from aqueous solutions
include the structural texture and characteristics of the
gel particles such as surface area, porosity, and the
availability of surface silanols. For example, it is
reported that SiO, gels because of having high surface
area, high mass exchange characteristics, and
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availability of high siliceous surfaces, are the mostly
utilized substrates to be modified for the removal of
toxic metal ions (Jal et al., 2004). At the same time, it
has been shown that the surface of SiO, strongly binds
Fe (111) and Cr (111) via surface complexation (Fendorf
et al., 1994; Flogeac et al., 2005; Oh et al., 2007). Thus,
it is reasonable to presume that the silica gel present in
Fe;04-SiO; provides sites for adsorption of Fe (l11), Cr
(1), and other reaction precipitates such as Fe (llI)-
hydroxides and Cr (111)/Fe (I11) hydroxides. This would
lead to more free binding sites for Cr (V1) on the iron
oxide NPs.

Another contributing factor is the smaller size of the
iron oxide NPs in the iron oxide NPs-SiO; adsorbents as
deduced by XRD analysis resulting in large surface area
and binding sites available for adsorption.

Based on the enhanced performance of the adsorbent
iron oxide NPs-SiO, adsorbent compared that of the
adsorbent iron oxide NPs for the removal of Cr (VI),
other factors such as pH, adsorbent dose and contact
time that affect the adsorption behavior were evaluated
only for the iron oxide NPs-SiO. adsorbent.

3.4.2. Effect of pH on the adsorption of Cr (V) ions

The aqueous pH significantly modifies heavy metals
adsorption, influencing surface chemistry (Chowdhury
et al., 2012), determining the adsorbent surface charge
and the degree of ionization and speciation of the
adsorbed species (Al-Qodah, 2006; Ahmed et al., 2013;
Badr and Al-Qahtani, 2013). In general, the surfaces of
metal oxides are covered with hydroxyl (OH) groups
that vary in form at different pH levels. These groups,
either from the adsorption of water or from structural
attributes, are the functional groups of iron oxides. The
groups have a double pair of electrons together with a
dissociable hydrogen atom which can help them to react
with both acids and bases. Charge on iron oxide surfaces
is generated by the dissociation (ionization) of these OH
groups. This results in the adsorption or desorption of
protons depending on the pH of the solution.

The effect of pH on the adsorption of Cr from the
standard working solutions containing 20, 40 and 60 mg
I Cr (V1) was evaluated only for the iron oxide NPs-
SiO; adsorbent at a dose of 0.7 g I'*and 120 minutes
contact time (Figure 6). Maximum Cr removal
efficiency obtained was 96.5, 88 and 80% respectively
at pH 3 from the above standard working solutions. The
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efficiency increased sharply between pH 2-3 from
57.7% to 96.5%, then decreased rapidly to 50.5% with
an increase in pH from 3 to 7 and then tapered sharply
to 45% with a further increase in pH between 7 and 9.
Since the iron oxide NPs-SiO, adsorbent is a mixed
form of maghemite—magnetite, the acidity constants of
a specific surface group will depend on the abundance
of Fe?*or Fe3* and its hydrolysis products. The dominant
functional groups of most iron oxide surfaces are
expected to be Fe?* or FeOH* when the solution pH is
acidic; and Fe(OH),° and Fe(OH)s~ when the solution
pH is basic. The high Cr (VI)ions adsorption observed
in the lower pH acidic range is due to the iron oxide NPs
surface having a net positive charge form Fe-OH,"
surface groups. At low pH, the different Cr anionic
species (Cr.072, HCrO4~, Crs0O1°, Crs013%") coexist in
water (Yuan et al., 2009). At pH 2-3, HCrO4 is
favorably adsorbed due to its low adsorption free energy
(—2.5 t0—0.6 kcal/mol) (Chowdhury et al., 2012).
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Figure 6: Effect of initial pH on removal efficiency by
iron oxide NPs-SiO; (Co =20, 40 and 60 mg I
1 adsorbent dose = 0.7 g It and contact time =
120 minutes).

At higher pH, the surface OH groups on the iron
oxide NP surface are Fe(OH).? and Fe(OH)s ™. Because
of this negative surface charge of iron oxide, the surface
will repel the negatively charged Cr (V1) ion species at
higher pH values. Fe(lll) in solution (from maghemite)
will form hydrated ferric oxides (HFO) NPs. Adsorption
keeps the Cr (V1) ions on the iron oxide surfaces through
Lewis acid base interactions wherein the surface Fe
atoms are Lewis acids that react with Lewis bases (e.g.,
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water). The surface OH groups of the iron oxides are
the chemically reactive entities at the surface of the solid
in an agueous environment possessing a double pair of
electrons that enables them to react with acid and bases
(Chowdhury et al., 2012).

3.4.3. Effect of adsorbent dose on Cr (V1) ions removal
The effect of the dose of iron oxide NPs-SiO;
adsorbent in the range of 0.1 g I*to 0.8 g I on the
removal of Cr (VI) ions from the standard working
solutions of Cr (VI) concentration 20 and 40 mg I, at
pH 3 for 120 minutes contact time is shown in Figure 7.
From the figure it is observed that the percentage
removal of Cr (V1) ions increased from 58 to 96.4% and
from 52% to 85% for the working standard solutions of
Cr (VI) concentration 20 and 40 mg I respectively with
increasing amount of adsorbent dose till 0.7gl™* beyond
which it saturated. This is explained by the increase of
effective surface area on which metal ions will be
adsorbed with absorbent dose, meaning that increasing
the adsorbent dose will result in an increase in the
number of active sites available for adsorption (Sharma
et al., 2009).0n the other hand, this will result in a
continual decrease of the adsorption capacity with
increase of adsorbent dose and this situation is a result
of remaining of effective surface area without saturation
along with the adsorption process. Similar results have
been observed in the other seminal studies using
different adsorbents for the removal of Cr (V1) (Li etal.,
2008).
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Figure 7: Effect of adsorbent dose on removal efficiency
by iron oxide NPs-SiO, (Co =20 and 40 mg I
1 pH = 3, contact time = 120 minutes, and
room temperature).

At an adsorbent dose of 0.8 g I, the percentage
removal is 95 and 84.5% for the standard working Cr
(V1) solutions of concentration 20 and 40 mg I
respectively which is marginally lower by ~1.5 and
0.5% compared to the percentage removal at an
adsorbent dose of 0.7 g I1.Thus, under the given
experimental conditions, a 0.7 g I* adsorbent dose is
deemed optimal for maximum percentage Cr (V1) ions
removal.

3.4.4. Effect of contact time on the adsorption of Cr (V1)
The rates of Cr (VI) ions removal from three

standard solutions with initial Cr concentration of 20, 40

and 60 mg I*at pH 3 using a fixed iron oxide NPs-SiO;

adsorbent dose of 0.7 g I'* and contact time ranging from

25 to 150 minutes at room temperature are shown in

Figure 8. From the figure, it is observed that adsorption

equilibrium was achieved in 120 minutes beyond which

it remained constant to 150 minutes. The rapid metal

uptake by the adsorbent in majority is attributed to

adsorption on the external surfaces of the iron oxide

nanoparticles where almost all of the sorption sites exist

as well on the SiO; gel particles. Any contribution by

micro-porous adsorption is essentially expected from

the SiO; gel particles.
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Figure 8: Effect of contact time on removal efficiency
(Co=20,40and 60 mg I, T = 25°C, adsorbent
iron oxide NPs-SiO, dose = 0.7 g I}, pH = 3,
and room temperature).

Thus, it is easy for the Cr (VI) ions to access these
active sites, resulting in a rapid approach to equilibrium.
A two-step fundamental mechanism of Cr (VI) ions
adsorption onto the iron oxide NPs-SiO, can be
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expected. In a first step, Cr (V1) ions will migrate from
the bulk solution phase to the outer particle surfaces of
the adsorbent and establish contact (film diffusion). In
the second, electrostatic attraction or reactions occurring
between adsorbate Cr (V1) ions and adsorbent will take
place (Singh et al., 1993).

3.5 Adsorption Isotherms
In this work because of the better performance of the

adsorbent iron oxide NPs-SiO2, the adsorption

isotherms of this adsorbent were analyzed only.

The equilibrium adsorption isotherm model is the
number of mg adsorbed per g of an adsorbent (qe) vs. the
equilibrium concentration of adsorbate and provides a
fundamental description of the interaction between an
adsorbate and an adsorbent. The analysis data allows for
predicting the adsorption capacity of the adsorbent, a
main parameter required for the design of an adsorption
system. Equilibrium isotherm studies were carried out
with different initial concentrations of Cr(mg I!) at
room temperature and pH 3.The equilibrium adsorption
data were analyzed by Langmuir’s model (Langmuir,
1918) and Freundlich’s model (Freundlich and Heller,
1939).

Langmuir’s model, based on the physical hypothesis
that: the maximum adsorption capacity consists of a
monolayer adsorption, that there are no interactions
between adsorbed molecules, and that the adsorption
energy is distributed homogeneously over the entire
coverage surface, essentially provides the simplest
description of the adsorption process without taking into
account the variation in adsorption energy (Chatterjee et
al., 2009; Afkhami et al., 2009).

The isotherm is represented by
Ce _KiCe | 1

Je Qm Qm (6)

Where C. (mg/l) is the concentration of adsorbate left
in solution at equilibrium, K. is the Langmuir bonding
energy, Qm(mg g?) is the adsorption maximum (mg g%)
and ge(mg g?) is the amount of adsorbate adsorbed per
unit mass of adsorbent.

The Langmuir constants Qm and K were determined
from the intercept and slope of the linear plot of Ce/qe,
against the equilibrium concentration C. (mg I') (Figure
9).
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The Freundlich isotherm model, an empirical
equation, describes the surface heterogeneity of the
sorbent while considering multilayer adsorption with a
heterogeneous energetic distribution of active sites,
accompanied by interactions between adsorbed
molecules (Chatterjee et al., 2009). The linearized form
of the Freundlich adsorption isotherm equation is

()

Where g is the amount of adsorbate absorbed at
equilibrium (mg g?), C. is the equilibrium concentration
of adsorbate in solution (mg I*), and the Freundlich
constants (temperature dependent and the given
adsorbent-adsorbate couple) K (mg' "rIVn &) js the
capacity of the adsorbent (mgg™) andl/n (Im g?) is
related to the adsorption energy distribution. When the
value of nis 1, the adsorption is a linear isotherm. If the
value of n is less than 1 or greater than 1, it implies that
the adsorption reaction is related to a chemical or
favorable physical process, respectively. From Table 2,
the value of n is greater than 1, indicating favorable
adsorption and confirming that adsorption is a physical
process.

The values of K; and 1/n calculated from the
intercept and slope of the plot of In ge vs. In Ce (Figure
10) are shown in Table 1 wherein it is observed that the
values of the correlation coefficient, R?, for the fit of the
experimental isotherm data to Langmuir equation is
more close to 1 than that for the Freundlich equation.
Therefore, the Langmuir model represents the
experimental data better on the basis of values of
regression coefficients. The agreement of the
experimental results with the Langmuir model suggests
monolayer coverage of Cr (V1) ions mainly on the outer
surface of the adsorbent (Gholipour et al., 2011).
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Figure 9: Linearization of the Langmuir isotherm (pH = 3,

iron oxide NPs-SiO,= 0.7 g, room temperature).
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Figure 10: Linearized Freundlich isotherm (pH = 3, iron
oxide NPs-SiO,= 0.7 g, room temperature).

Table 2: Parameters of Langmuir and Freundlich isotherm
equations, regression coefficients (r) for the
adsorption of Cr (V1) ions on the iron oxide NPs-
SiO; absorbent at room temperature and pH = 3.

Equation  Correlation Calculated isotherm
coefficient (R?)  parameters
. Qm(mg gH)=1.93, K(l
Langmuir  0.9499 mg) = 0.20

Ferundlich 0.9152 Kf=2.11, n=1.335

4. Conclusion

The synthesized adsorbents, iron oxide NPs and iron
oxide NPs-SiO,, are mixed oxides of Fe3Os-y-Fe,Os of
ultrafine particle size as evidenced by color change,
XRD and FTIR analysis.
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