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Abstract The adsorption behavior of mesoporous
iron nanocomposites was investigated with respect to
chromate [Cr(VI)] removal from aqueous solutions to
consider its application for purifying chromate-con-
taminated wastewaters. These nanocomposites were
prepared by borohydride reduction in aqueous solu-
tions containing varying concentrations of acetone as
co-solvent. Using batch methods, enhanced adsorption
of Cr(VI) on the nanocomposite surface was achieved
at neutral pH conditions, which subsequently resulted
in Cr(VI) reduction to Cr(Ill). The Langmuir model
was found to excellently describe the adsorption
process, offering a maximum adsorptive capacity of
34.1 mg/g for composites prepared with 50 % acetone
concentration. The Cr(VI) removal efficiency of these
iron nanocomposites is strongly dependent on the
acetone concentration, as evident from their (1)
increased surface area (141.1 m%/g) compared to
conventional iron nanoparticles (33.2 mz/g), and (2)
highly porous and acicular structure, which efficiently
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traps Cr(VI) through adsorption. X-ray photoelectron
spectroscopy analysis of Cr(III) on the nanocomposite
surface confirmed that Cr(VI) removal from solution
was achieved by sequential adsorption-reduction.
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Introduction

Hexavalent chromium [Cr(VI)] is a highly priority
heavy metal pollutant in nature and found extensively
in wastewaters from leather tanning, electroplating,
and metal processing industries (sometimes with
concentration as high as 50,000 mg/L) (Kowalski
1994). In the environment, Cr(VI) species may be in
the form of dichromate (Cr2072_), hydrochromate
(Cr2072_), or chromate (Cr2072_) in aqueous solu-
tion, depending on the pH (Park and Jang 2002). Due
to repulsive electrostatic repulsions, Cr(VI) anionic
species are poorly adsorbed by negatively charged soil
particles in the environment, and hence, they are
transferred easily in aqueous environments. Cr(VI)
also causes health problems such as liver damage,
pulmonary congestions, vomiting, and severe diarrhea
(Lv et al. 2011; Shi et al. 2011). Due to the severe
toxicity of Cr(VI), the EU Directive, WHO, and US
EPA have set the maximum contaminant concentra-
tion of Cr(VI) in domestic water supplies as
0.05 mg/L. Such toxicity has warranted the need for
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the efficient and complete removal of Cr(VI) form
industrial wastes.

Several treatment technologies have been imple-
mented for the removal of Cr(VI) including pre-
cipitation, membrane filtration, ion exchange, and
adsorption by activated carbon and biological adsor-
bents (Eisazadeh 2007; Gupta and Babu 2009; Zhu
etal. 2011). However, besides adsorption by activated
carbon, these methods have proven to be expensive,
time consuming, rather inefficient, not very feasible
for small scale industries and have resulted in the
production of undesirable sludges (Pillay et al. 2009).
To circumvent such problems, the most favorable
route of Cr(VI) removal from water is by reduction to
trivalent chromium [Cr(IIT)], which has low aqueous
solubility and toxicity (Chang 2005). Further, more
importantly, the positively charged Cr(II) species
in aqueous solution (either in the form of crt,
Cr(OH)>™, or [Cr(OH),]*™), can be easily adsorbed on
the negatively charged soil particles, effectively
inhibiting their mobility in the aqueous environment.
Cr(VD) reduction has been demonstrated with Fe?™
(Fendorf and Li 1996; Sedlak and Chan 1997; Pettine
et al. 1998), magnetite (Fe;04) (Kendelewicz et al.
2000), green rust (Bond and Fendorf 2003; Legrand
et al. 2004), ferrous sulfate—sodium dithionite (Lud-
wig et al. 2007), granular zero-valent iron (ZVI)
(Alowitz and Scherer 2002; Chen et al. 2007; Jeen
et al. 2008; Flury et al. 2009) and nanoscale ZVI (Xu
and Zhao 2007; Li et al. 2008). Although, the use of
heterogeneous reductants provides high surface area
for adsorption and precipitation, they are only efficient
at lower pH (Chen et al. 2007) and hence, subsequent
pH re-adjustment to near-neutral values is required to
precipitate the Cr(IIl) ions. Under actual field condi-
tion, it is not feasible to change the pH of the polluted
plumes, which is a major constraint for limited
application of various catalysts as efficient agents for
Cr(VI) remediation.

With this background, continuous research efforts
are geared towards the development of new catalysts,
which can absorb and reduce Cr(VI) over a wide pH
range (especially at near-neutral pH). Zero-valent iron
nanoparticles (nZVI) are now well established as
effective and efficient reductants of a variety of
chlorinated compounds such as tetrachloroethene
(PCE), trichloroethene (TCE), and polychlorinated
dibenzo-p-dioxin (PCDD) (Liu et al. 2007; Kim et al.
2008; Taghavy et al. 2010). However, the application
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of nZVI for on-site remediation faces several con-
straints, with the major challenge being nZVI aggre-
gation. The agglomeration of nZVI particles is caused
by self-assembly of nanoparticles due to magnetic
interactions, Van der Waals attractions and electro-
static double layer repulsion (Jiang et al. 2011).
Thus, improving the stability and dispersibility of
the synthesized nZVI particles constitutes one of
the important criteria for efficient remediation
application.

The general method of synthesizing nZVI under
laboratory conditions uses sodium borohydride-
induced reduction of ferric (Fe3+) salts (Wang and
Zhang 1997). However, nZVI particles synthesized
using these methods are essentially aggregates of
individual nanoparticles (Carpenter 2001). Using
capping agents like polymers (Schrick et al. 2004;
Saleh et al. 2005; Bonder et al. 2007) or surfactants
(Kanel and Choi 2007), surface modification of nZVI
hinders particle aggregation and enhances dispersibil-
ity in solution (Saleh et al. 2008). The use of co-
solvents during the synthesis of nZVI is also an
efficient method to stabilize these nanoparticles
(Wang et al. 2006, 2009). The presence of co-solvent
reduces the nucleation and growth of individual
nanoparticles, and provides control over shape, size,
and structural phase of the nanoparticles (Margeat
et al. 2005). Carbonyl solvents such as acetone,
ethanol, and butane (those having C=0 bonds), which
can be selectively reduced by sodium borohydride, are
considered useful additives to achieve porous, acicular
iron/iron oxide core shell structures with lower boron
content (Periasamy and Thirumalaikumar 2000).

The aim of this study was to synthesize iron—iron
oxide core—shell nanocomposites, which exhibited
dual properties of Cr(VI) adsorption (by iron oxide
shell with large surface area) and reduction (by zero-
valent Fe core) to non-toxic Cr(IIT). Using a simple
co-solvent like acetone at optimum aqueous concen-
tration, nanocomposite catalysts were easily prepared
with controlled morphology and surface area. These
nanocatalysts exhibited rapid Cr(VI) adsorption and
subsequent reduction Cr(IIT). Compared to traditional
iron nanoparticles, these nanocomposites exhibited
higher dispersibility and stability. The dispersivity in
aqueous phase as well as the size and the reactivity of
these composites could be easily controlled by simply
altering the acetone—water volume ratio during syn-
thesis. More importantly, complete Cr(VI) removal
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was achieved at near-neutral pH. A Langmuir iso-
therm was used to determine the chromium uptake and
maximum adsorption capacity. XPS studies were
undertaken to establish the Cr(VI) reduction products
on the surface of the composites. 50 % acetone was
determined as optimum concentration (v/v) for the
synthesis of nanocomposites (with the highest surface
area of 141.1 m*/g) showing superior activity towards
chromate reduction.

Experimental
Synthesis of iron nanocomposites

Iron nanocomposites were synthesized from 0.15 M
FeCl3-6H,0 (Kanto, Japan) in mixtures of water and
acetone (acetone concentration was O (native nZVI),
5, 10, 25, and 50 % by volume (Merck, UK) and
corresponding nanocomposites are designated as OA,
5A, 10A, 25A and 50A, respectively. Prior to use,
FeCl; solutions were deoxygenated by sparging with
argon gas for 2 h and then reduction of Fe’™ was
accomplished by adding 0.24 M NaBH, (Sigma
Aldrich). The reduction procedure was done under a
flow of argon to prevent surface passivation of the
particles during synthesis. The precipitate was centri-
fuged and washed with deoxygenated/deionized water
and methanol (three times each). The precipitate was
dried in a vacuum chamber overnight, and stored in
anaerobic chamber. Nanocomposites at an optimum
concentration of 50 % v/v were also synthesized using
ethanol and methanol (Merck, UK) as co-solvents. To
evaluate the Cr(VI) adsorption capacity of pure iron
oxides, test experiments were performed using lepi-
docrocite [(y-FeOOH), Bayferrox 943] and magnetite
[Fe504] (Sigma-Aldrich)].

Characterization

The structure and composition of the nanocomposites
was characterized by transmission electron micros-
copy (TEM, JEOL 4000FX operated at 400 kV),
scanning electron microscopy equipped with energy-
dispersive X-ray microanalysis (SEM-EDX, JEOL
JSM-7401F operated at 5 kV), X-ray photoelectron
spectroscopy (XPS, ESCALAB 220iXL with Mg Ka
X-ray source), X-ray powder diffraction (XRD,

Rigaku Dmax III with Cu Ko« radiation), light
scattering for particle size distribution (Photal, Otsuka
Electronics), N, gas adsorption—desorption (Microm-
eritics ASAP 2000) and magnetometry for saturation
magnetization (B;) (TOEI KOGYO VSM-5 magne-
tometer and B-H analyzer). Fe ( %) content (Ype(0))
of the synthetic iron was estimated from the amount of
H; evolution in concentrated HCI by gas chromatog-
raphy (GC-TCD) according to the procedure of
Liu et al. (2005).

Kinetics of Cr(VI) removal

K,CrO4 (Sigma Aldrich) was used as source of Cr(VI).
1,000 mg/L chromate stock solution was prepared and
its pH adjusted to 6.0 by 0.1 N HCI. Nanocomposites
of different concentrations (15-1,500 mg/L) were
suspended in deoxygenated/deionized water using
50 mL serum bottles. The Cr(VI) stock was added
into these solutions with the final Cr(VI) concentration
fixed at 20 mg/L. Serum bottles were placed on a roll
mixer (15 rpm) and kept in a dark room at 20 °C
during reaction. Periodically, reactors were sacrificed
for analysis by filtering sample through a 0.45 um
filter (Millipore). No pH buffers were used during the
course of the experiment. The final pH at the end of the
experiment was between 6.0 and 8.2 for all samples.
The solution pH increased due to the formation of
hydroxide ions during corrosive oxidation of metallic
iron. Total Cr in the solution was determined using
inductively coupled plasma-optical emission spec-
troscopy (ICP-OES, Varian) and Cr(VI) concentration
was measured by UV-Vis spectrophotometry at
540 nm by forming a colored complex with diphe-
nylcarbazide (Yalcin and Apak 2004). The detection
limit for Cr(VI) was 40 pg/L.

Zeta-potential measurements

The surface charge of the composite species was
measured by estimating the zeta-potential in aqueous
solution using light scattering measurements (ELS-
8000, Photal, Otsuka Electronics, Japan). The nano-
composite samples was prepared in 1 mM NaCl and
ultrasonicated prior to use. To find point of zero charge
(pHpzc) of the particle, 0.1 M HCI and 0.1 M NaOH
were used to adjust the pH.
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Result and discussion
Characterization of nanocomposites

The XRD analysis of nanocomposites synthesized
using different acetone concentrations (0A to 50A)
have already been published elsewhere (Lee et al.
2008). For sample 0A, the XRD pattern showed a
single peak at 44° indicating the presence of Fe’ as the
single phase. However, with increasing acetone con-
centration, the intensity of the Fe” peak decreased for
samples SA-50A. Simultaneously, XRD peaks corre-
sponding to magnetite (Fe;O4) and lepidocrocite
(y-FeOOH) appeared with increasing acetone concen-
tration. The decrease in the Fe” peak intensity
indicates that the Fe®>" reduction process by borohy-
dride is inhibited when the acetone concentration is
increased. The overall reaction for nZVI synthesis by
borohydride reduction of Fe>™ species involves stoi-
chiometric reduction of iron and oxidation of boron
with partial oxidation of hydride to hydrogen (Glavee
et al. 1995; Wang and Zhang 1997). In protic solvents
(like water), however, borohydride can also reduce
aldehydes and ketones (Kayser et al. 1982). In
this reaction, hydride transfer to the carbonyl
moiety results in the formation of tetraalkoxyborates
(R,(CHO)4B™), which subsequently hydrolyze to the
corresponding alcohol. Therefore, synthesis of nZVI
with borohydride in a mixture of water and carbonyl-
containing organic solvent (like acetone) hinders the
Fe>" reduction due to (i) competition between Fe’™
and acetone for borohydride ions, resulting in
decreased yield of Fe’, and (ii) the formation of
intermediate (R,(CHO),B ™), which hinders the nucle-
ation of iron particles. The XRD pattern also exhibited
a new peak at 11°, which was attributed to an iron
oxide precursor (Wang and Li 2003; Pike et al. 2007).
The increase in the intensity of this XRD peak with
acetone concentration >25 % is indicative of phase
transformation of iron metal into iron oxide.

By varying the concentration of acetone from 0 to
50 % (v/v), the dispersibility and settling behavior of
the nanoparticles also varied considerably (Fig. 1).
After 1 h, a sharp difference in settling behavior and
color was observed between samples 0A and 10A
compared to 25A and 50A. When the concentration of
acetone is less than 25 %, the dispersibility and
stability of the particles is not enhanced compared to
nZVI alone. However, when the concentration is
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increased to 25 and 50 %, the particles remain stable
and well-dispersed. TEM images (Fig. 2) also indicate
that the acetone concentration has a profound effect on
the nanocomposite morphology. Samples 0A-10A
consist of mainly spherical bead-like particles aggre-
gated into chains of individual units (panel a—c).
However, with increasing acetone concentration,
the primary particles became less abundant and are
associated with increasing quantities of acicular
particles (panel d and e). At acetone concentration
>25 %, the acicular phase is the dominant species,
which explains the sharp transition in sedimentation
rate observed in Fig. 1. The primary spherical parti-
cles are intermittently scattered within the acicular
matrix.

The effect of acetone concentration on the
chemical composition of the synthesized nano-iron
composites was further characterized by measuring
the saturation magnetization (By), Fe’ (%) content
(;(Fe(o)) and specific surface area (as) (Table 1). The
Fe® content decreased from 55 to 23 % with
increasing acetone concentration from 0 to 50 %.
Based on the magnetization data, OA (92.1 emu/g)
displayed a typical ferromagnetic behavior, whereas,
the other nanocomposites (51.9-23.3 emu/g) exhib-
ited magnetic properties intermediate between those
of magnetite (66.7 emu/g) and hematite (2.67 emu/
g) (Phenrat et al. 2007). The rapid decrease in
magnetization with increasing acetone concentration
resulted from the inhibition of Fe’' reduction to
metallic Fe, which in turn, reduced the total
magnetic property of the iron particles. The metallic
iron content ™ and saturation magnetization B,
can be correlated to the acetone concentration by
Egs. (1) and (2), respectively.

770 (%) = 52.9 — (0.55 x [Acetone]) (1)
B(emu/g) =4.7+ (87.5 X [Acetone]fo'”io'oz)
(2)

Thus, all characterization data indicate the forma-
tion of iron/iron oxide mixed phase nanocomposites
when Fe*' reduction by borohydride is carried out
in the presence of increasing concentrations of acetone
as co-solvent. To compare the effect of solvent on
the stability, ethanol and methanol were used as
co-solvents instead of acetone. Using 50 % (v/v)
co-solvent concentration, nanocomposites using ethanol
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after 1 hour

Fig. 1 Qualitative sedimentation results of synthesized iron—iron oxide nanocomposites

and methanol were synthesized. The sedimentation
rates of all nanocomposites (Fig. 3b) indicated that the
acetone-based nanocomposites were more dispersed
and stable over a long period of time compared to the
ethanol and methanol nanocomposites.

Chromate removal by iron/iron oxide
nanocomposites

Using chromate as a model contaminant, we measured
the adsorption rate and capacity of these nanocom-
posites for potential contaminant sequestration. The
kinetics of chromate removal from aqueous solution,
shown in Fig. 4a and Table 3, can be explained in
terms of a pseudo-first-order model. The correspond-
ing rate constants (kops) are summarized in Table 2.
Assuming that the effect of nanocomposites concen-
tration on chromate removal is also of first-order

(Alowitz and Scherer 2002), the specific rate constant
is defined by Eq. (3)

d[Cr(VD)]/dt = —kn[Cr(VI)] [total iron], (3)

where [total iron] is typically expressed in mg/L.
Using this relation, the mass-normalized second-order
rate constants (k,,) and surface area-normalized rate
constants (k) are listed in Table 2. The rate of Cr(VI)
removal was highest for nanocomposites prepared
from 50 % acetone concentration (50A), with almost a
half of orders of magnitude greater than that for OA.
Figure 4b shows the adsorption isotherm of Cr(VI)
removal for the synthesized nanocomposites. The
Langmuir adsorption isotherm model was employed
for calculating the chromate removal capacity of the
particles. This model was used to show the relation-
ship between the amount of heavy metal absorbed at
equilibrium (g., mg/g) and the equilibrium solute
concentration (C,, mg/L) as given in Eq. (4)
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Fig. 2 TEM image illustrations showing the acicular flower-like arrangement of the synthesized nanocomposites: a 0A (x25,000),
b 10A (x25,000), ¢ 25A (x25,000), d 50A (x25,000), and e S0A (x100,000)

Table 1 Physico-chemical characterization of iron—iron oxide
nanocomposites

Samples B, 7@ as (m?/g)° Carbon
(emu/g) (%) (%)
0A 92.1 55 3324+ 1.2 <1.0
5A 51.9 50 335+ 1.6 <1.0
10A 39.5 47 337 £ 1.8 2.5
25A 28.7 38 1250 £ 2.3 214
50A 23.3 23 141.1 £ 9.1 22.5

2 Saturation magnetization, ° analysis method was followed
using Liu et al. (2005), © mean and average deviation from
duplicate analysis, ¢ by TOC analyzer

Qmaxbce
= — 4
e 1+ bC.’ )

where g,.x (mg/g) is the maximum adsorption capacity
corresponding to the complete adsorption on the
particle surface and b is the equilibrium constant
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(mg/L) used to evaluate the removal ability for heavy
metals (Chiron et al. 2003; Zhong et al. 2006). The
initial concentration of chromate was fixed at 20 mg/L
and iron dosage varied from 1.5 to 1,500 mg/L. The
removal of Cr(VI) fit well with the Langmuir isotherm
as shown in Fig. 4b and the maximum adsorption
capacity (gmax) Was elucidated. The minimum and
maximum values of g,.x were found to be 20.1 mg/g
(for OA) and 34.1 mg/g (for 50A), respectively.

To critically understand the adsorption behavior of
these nanocomposites, the rate of change of total
adsorption capacity (g) was studied for all nanocom-
posites (Fig. 4c). It is clearly evident that nanocom-
posite synthesized at 50 % acetone concentration
exhibited the highest adsorption rate among all
nanocomposites. This is in agreement with the Cr(VI)
removal kinetics, as shown in Fig. 4a. Thus, at an
optimum co-solvent concentration, highly dispersed
particles with large surface area (see Table 1) facil-
itates rapid and enhanced Cr(VI) adsorption on the
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Fig. 3 a Effect of different co-solvents (used to synthesize the
nanocomposite) and iron oxides on Cr(VI) uptake and adsorp-
tion and b rate of sedimentation of native nZVI and
nanocomposites synthesized by using various co-solvents

catalyst surface. This is expected since adsorption
capacity is critically dependent on the available
surface area, and nanocomposite S0A showed the
largest surface area compared to other nanocompos-
ites (Table 1). Also, the N, adsorption and desorption
isotherms for 50A (Fig. 5a) showed prominent hys-
teresis, indicating the porous nature of the composite.
The pore size distribution (Fig. 5b) exhibited a
maximum at 5 nm, which further confirmed that the
sample was mesoporous in nature. Thus, the high
surface area and porous nature of the nanocomposite
50 A is responsible for the enhanced removal of
Cr(VI) from aqueous solution.

Figure 6 shows the zeta-potential of the nanocom-
posites at various pH values. The pHpzc for the iron—

—-@—- 0% Acetone
20 1 ===t = 5% Acetone
c*W* 10% Acetone

—=} --- 25% Acetone
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Time (min)

Fig. 4 a Kinetics of Cr(VI) removal from aqueous solutions.
The curves were fitted by pseudo-first-order model (Eq. 3).
b Adsorption equilibrium isotherms of the synthesized nano-
composites. The curves were fitted according to the Langmuir
model. In both cases, [Cr(VI)] = 20 mg/L and pH; 6.0. In b,
contact time = 6 h and ¢ adsorption kinetics by the synthesized
nanocomposites [Cr(VI)] = 20 mg/L and pH; 6.0]
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Table 2 Kinetics of Cr(VI) adsorption by the synthesized
iron—iron oxide nanocomposites

Samples  kops x 10 ky x 10* kg x 10° Grmax
(s—l)a (L_g—l s—l)b (L_m—z S—l)c (mg/g)d
0A 14+01 25+0.1 75+ 04 201
5A 27+01 48+01 142407 275
10A 42+02 76+04 239+18 253
25A 77+55 101 +73 653+49 256
50A 715+ 4.1 937 +13.6 664 + 24 34.1

? Uncertainties are 95 % confidence intervals for pseudo-first-
order fit of product data, ¢ 95 ¢ confidence limits calculated
from the uncertainties in ks, calculated by propagation of
error, ¢ from fitting Langmuir isotherms (Eq. 4)

iron oxide nanocomposite was ~ 8.0 and the zeta-
potential ranged from 26.51 to —22.49 mV. In the
Cr(VI) removal experiments, the initial pH was 6. At
this pH, the nanocomposites carry a positive charge
(according to Fig. 6) and HCrO,  is the dominant
Cr(VI) species (Bokare and Choi 2010). Thus, the
positive charge on the nanoparticles results in elec-
trostatic attraction of the negatively charged Cr(VI)
species, resulting in efficient adsorption on the nano-
particles surface.

Chromate reduction on nanocomposite surface

XPS analysis was carried out to indentify the chro-
mium species on the surface of 50A after adsorption.
Figure 7 shows the Cr 2p XPS peaks after 10 min and
6 h adsorption studies. It is known that the binding
energy of the Cr(2ps;) line for Cr(VI) salts like
K>CrO,4 and Na,CrOy is found at 580 eV, while the
peaks at binding energy 576.0-577.6 eV correspond
to Cr(IIT) oxyhydroxides such as CrOOH and Cr(OH);

(Pratt et al. 1997; Loyaux-Lawniczak et al. 2000;
Legrand et al. 2004). It is also reported that the
magnitude of spin—orbit splitting between the two
peaks can distinguish Cr(III) from Cr(VI) (Legrand
et al. 2004; Li et al. 2008). The 2p spin orbit splitting
of 9.7-9.9 eV is characteristic for Cr(Ill) species,
whereas, a value of 8.7-9.4 eV belongs to Cr(VI)
species. In the case of S0A (Fig. 7), the binding energy
of the 2p;/, and 2p;,, peaks are 577.6 and 587.4 eV,
respectively, and the spin—orbit splitting is 9.8 eV.
These values are consistent with the characteristics of
Cr(IIT) species (Pratt et al. 1997). Thus, the presence of
Cr(IIT) on the surface indicates that Cr(VI) removal
from solution proceeded by rapid adsorption (within
10 min) and subsequent reduction to Cr(III) by the Fe®
species present in the nanocomposite.

The reduction of Cr(VI) by nZVI is an essentially
heterogeneous reaction due to its strong dependence
on the iron surface area and observed inhibition in the
absence of water (Gillham and Ohannesin 1994).
Zachara et al. (1987) have suggested that adsorption is
the first step in the reduction of Cr(VI) by nZVI or iron
oxide (i.e., magnetite) and the reduction reaction
cannot be catalyzed by Fe*" or by H, formed in the
Fe’-water corrosion reaction (Matheson and Tratnyek
1994). Since, a surface-catalyzed direct electron
transfer is the predominant pathway for reduction
reactions on the iron particles, rapid adsorptive
removal of the pollutant from aqueous solution always
precedes electron transfer for reduction. More impor-
tantly, the initial high rate of uptake and removal is
followed by decrease in reduction rate regardless of
the contaminant species or concentration. This indi-
cates that the removal mechanism involves physisorp-
tion on the iron surface and not chemisorption. Hence,
we can safely rule out Cr(VI) reduction via non-

Table 3 Quantitative

analysis of Cr'®® in Time (min)  Cr** (umol)
aqueous solution 0A 5A 10A 25A 50A
0 384.6 384.6 384.6 384.6 384.6
0.5 3634+ 14 3523 +0 3517+ 4.8 2929+ 135 2033 £ 3.1
3154 +3.8  321.1 £3.1 3365+ 41 709 £ 7.0 0
5 2865+ 7.1 2481+ 117 1655492 447 +52 0
12 2865+ 5.6 2423 +7.6 1326 +£92  51.2+92 0
20 2418 £4.6 2404 £ 7.1 96.4 + 6.2 384+ 5.0 0
40 2192 +£44 1479 £52 920+ 43 163+ 19 0
60 1865 +£3.7  123.8 4 3.1 76.3 £ 5.0 83+ 19 0

Cr°™ was measured by ICP
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Fig. 5 a N, adsorption—desorption isotherms. b Pore size
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adsorptive reduction pathway and the formation of
Cr'™-hydroxide can only occur on the nanocomposite
surface.

Interestingly, the chromate removal efficiency by
adsorption—reduction shows a strong correlation with
the concentration of acetone added during nanocom-
posite synthesis. The removal rate (kg,) and adsorptive
capacity (gmax) for Cr(VI) was maximum for nano-
composite 50A. It is expected that the Cr(VI) removal
rate must be dependent on the Fe’ content in the
nanocomposite () due to its involvement in direct
electron transfer to Cr(VI) (Ponder et al. 2000).
However, the Cr(VI) removal data showed that the
nanocomposite with the lowest 7™ value (50A)
demonstrated the highest removal rate, whereas,
particles with the highest ¥*© value (0A) showed
the lowest removal efficiency (Tables 1, 2). This
shows that the increase in the active surface area on the

[
o
- ]
/ i
1

e

-
o
1

N
o o
1 1

Zeta potential (mV)

[ |
-20 + f\. ]

T T T

— T T T T T T T 1
2 3 4 5 6 7 8 9 10 11 12

Fig. 6 Electrophoretic mobility (EPM) of the 50A nanocom-
posite as a function of pH. Each data point represents the mean
of at least a total of five measurements of at least two different
samples at each pH, and the error bars represent standard
deviations. Measurements were conducted at 25 °C
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Fig. 7 Core level Cr 2p XPS spectra of S0A nanocomposite at
t=10minand 6 h

nanocomposite is more critical for enhancing the
adsorption capacity for Cr(VI), making it easy for
direct electron transfer from Fe® to Cr(VD) on the
surface. Also, the post-reaction analysis of the
synthetic nanocomposites after treatment revealed
that the acicular material adsorbed more chromium
than the spherical iron particles. TEM-EDX analysis
of various regions on the nanocomposites revealed
that the atomic ratio of Cr to Fe at the acicular matrix
was about 8 times higher than the corresponding ratio
on the spherical particles (Fig. 8A, B). In nanocom-
posite 50A, the higher surface area due to the

@ Springer
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Fig. 8 A EDX analysis and elemental mapping of 50A
nanocomposite (spots 1 and 2 denote the atomic ratio of Cr/Fe
on the surface of the acicular matrix). B SEM image illustrations

formation of mesoporous oxides with acicular-like
morphology played a dominant role in the enhanced
uptake of Cr(VI) and its subsequent reduction to
Cr(IIT). Figure 3a shows the Cr(VI) removal activity
of ethanol- and methanol-based nanocomposites.
Although, complete removal of Cr(VI) from aqueous
solution was achieved using both nanocomposites, the

@ Springer

showing the acicular matrix of the synthesized nanocomposites:
(a) 0A (x25,000), (b) 10A (x25,000), (c) 25A (x25,000),
(d) 50A (%x25,000), (¢) S0A (x100,000)

rate of Cr(VI) removal was lower compared to the
acetone-based nanocomposite. Control experiments
using lepidocrocite [y-FeOOH)] and magnetite
[Fe;O4] also showed negligible activity towards
Cr(VI) adsorption and removal (Fig. 3a).

Thus, 50 % acetone concentration (v/v) is the
optimum value for synthesis of porous iron oxide
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nanoparticles with ZVI core for rapid and effective
Cr(VI) removal by sequential adsorption-reduction.
In contrast to the traditional methods for the prepara-
tion of porous metal oxide nanomaterials (iron oxide
and manganese oxides) like hydrothermal treatment or
thermal decomposition (Shen et al. 1993; Zhong et al.
2006), our synthesis procedure involves a simple
addition of acetone as the carbonyl moiety responsible
for mesoporosity. By adjusting the acetone concen-
tration, the desired porosity and acicular flower-like
arrangement can be easily achieved at ambient
conditions, without the need for elevated temperatures
and/or strict synthesis protocols. Such nanocomposites
have high potential to be used as adsorbent-cum-
reductant catalysts for metal decontamination.

Conclusion

A facile procedure for the preparation of stable and
dispersed suspension of mesoporous nano-iron—iron
oxide composites is illustrated. The addition of
optimum concentration of acetone as co-solvent
hindered the nucleation of Fe® particles, and conse-
quently changed the composition of synthetic parti-
cles. As a result, porous nano-iron composites with
high surface area were obtained through a one-pot
reaction under ambient conditions. The synthetic
nano-iron composites showed enhanced rate constants
for Cr(VI) (used as a model pollutant) removal at near-
neutral pH by sequential adsorption—reduction to
Cr(IlT) on the catalyst surface. No harsh conditions
(acidic pH or high temperatures) were used in this
study, which make these nanocomposites ideal cata-
lysts for metal detoxification in aqueous solutions.
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