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Abstract In this work, a removal of toxic hexavalent chromi-
um Cr(VI) ion from aqueous solution was investigated and
studied using nanocomposite of polyaniline (PANI) and
akaganéite nanoparticles (NP). HCl doped PANI, and
akaganéite NPs were prepared by chemical oxidative poly-
merization and co-precipitation techniques, respectively. The
synthesized materials were characterized by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), scan-
ning electron microscope (SEM), and high-resolution trans-
mission electron microscope (HRTEM). It was indicated that
the formed oxide NPs were consisted of akaganéite as domi-
nant phase plus minor phases of hematite, magnetite, and/or
maghemite. HRTEM images of the prepared nanocomposite
demonstrated that the phases of oxide NPs embedded in the
nanocomposite had the same crystallinity and morphology of
pristine oxide NPs. It was found that size of nanocomposite
particles has diameter ranged from 8.95 to 16.21 nm. Cr(VI)
removals in a wide pH range from 2 to 9 were appropriated for
prepared nanocomposite. The nanocomposite has demonstrat-
ed high removal percentage of 99.2% and removal capacity of
17.36 mg/g for 7.0 mg/L Cr(VI) polluted aqueous solution at
pH 2.0 for 5-min contact time. The synthesized nanocomposite
was applied to remove Cr(VI) from a leather tanning wastewa-
ter sample with efficiency of 93.4 %.
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Introduction

Today’s world faces challenge in the rising demand for clean
drinkingwater, and the water scarcity in terms of both quantity
and quality has become a significant threat to the well-being of
humanity. The waste products from industrial activities are
mainly responsible for contaminating the water. This contam-
inated water contains heavy metal ions such as arsenic, zinc,
copper, nickel, mercury, cadmium, lead, and chromium that
are carcinogenic to human beings and harmful to the environ-
ment. Therefore, it is important to remove these heavy metals
from water and wastewater. Among the heavy metals,
hexavalent chromium (Cr(VI)) is being one of the most heavy
metal pollutants in the environment. This metal is released to
from various industries like mining, electroplating, leather
tanneries, paints, pigments, and chrome manufacturing indus-
tries. The permissible limit of Cr(VI) for industrial effluents to
be discharged to the surface water is 0.1 mg/L while for pota-
ble water is 0.05 mg/L according to the World Health
Organization [1].

Conventional methods for detoxification the heavy metals
from aqueous solutions include the following: adsorption,
chemical precipitation, ion exchange, electrodialysis, and
membrane filtration [2]. The drawbacks associated with
precipitation method are large consumption of reagents
and high volume of sludge generation. Ion exchange, mem-
brane processes, and electrodialysis are cost-effective
methods. On the other hand, adsorption method is efficient
technique for removing toxic heavy metals from water be-
cause of its low cost and high efficiency. Besides, adsorption
can effectively remove heavy metals from the wastewater at
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low concentrations. Consequently, numerous adsorbents have
been developed for the removal of such hazardous metals
from wastewater [3].

The conducting polymers based on aromatic or heterocy-
clic monomers like aniline, pyrrole, thiophene, and their de-
rivatives have been attracted a great attention in recent years
due to their good environmental stability. Polyaniline (PANI)
is now regarded as one of the most technologically promising
electrically conductive polymers due to its ease of synthesis,
low cost, high yield, and relatively stable electrical conductiv-
ity [4]. PANI has been reported as being used for heavy metals
removal. PANI powder has rough surface and looks like good
candidate for heavy metals removal due to the interesting
properties such as special doping mechanisms, large specific
surface area, high environmental stability, nontoxicity, low
cost, and easy bulk production. It also shows great potential
for applications such as light-emitting diodes, chemical sen-
sors, and electronic devices [5, 6].

A variety of efficient, cost-effective, and environmentally
friendly nanomaterials have been developed, each possessing
a unique functionality in their potential application to the de-
toxification of water/wastewater. Among the various kinds of
nano-adsorbents, metal oxide nanoparticles play an important
role in water/wastewater purification. There have been several
reports on iron oxides such as hematite (α-Fe2O3), akaganéite
(β-FeOOH), and magnetite (Fe3O4) being used as nano-
adsorbents for the removal of various toxic metal ions from
wastewater [7–9]. These oxide phases nano-adsorbents are
effective and economical for the rapid removal and recovery
of metal ions from wastewater effluents due to their large
surface area and magnetic properties. They can be reused after
magnetic separation in removing the toxic metal ions.
However, most of these nanomaterials are prone to agglomer-
ation, and their high capacity and selectivity would be greatly
decreased. One of the most effective ways in solving these
problems is to incorporate these nano-oxides into polymeric
matrices. In addition, the incorporation of these nanoparticles
into polymeric materials enhances the physical properties of
these polymers.

Recently, a great effort has been devoted to combine PANI
with Fe3O4 to form nanocomposite adsorbents using different
preparation techniques for Cr(VI) ions. Gu et al. [10] prepared
magnetic PANI/Fe3O4 nanocomposites using surface-initiated
polymerization method for the removal of Cr(VI) from aque-
ous solutions. They reported that a complete Cr(VI) removal
from 20.0 ml neutral solution with an initial Cr(VI) concen-
tration of 1.0–3.0 mg/L after 5-min treatment period with
nanocomposites load of 10 mg was found. Han et al. [11]
synthesized PANI/Fe3O4 microspheres through an interfacial
polymerization approach for Cr(VI) removal from water, and
they found that a strong adsorption capacity of 200 mg/g was
obtained. Li et al. [12] prepared magnetic Fe3O4 and PANI
nanocomposite for reduction of Cr(VI) to low toxic Cr(III)

ions, and the results showed that a concentration of Cr(VI)
solutions (10 mg/L, 50 ml) can be (≥99 %) reduced by the
nanocomposite (0.01 g). Rezvani et al. [13] prepared
PANI/Fe3O4 nanocomposite by oxidative polymerization of
aniline in the presence of Fe3O4 nanoparticles for the
preconcentration of Cr(VI) anions from spiked water samples,
and the results showed that sorption capacity of the sorbent for
Cr(VI) was 54 mg/g. Tang et al. [2] synthesized magnetic
mesoporous silica composite with PANI grafted for Cr(VI)
removal from aqueous solution, and the maximum Cr(VI)
removal efficiency was nearly 95 % at pH 2.0.

Akaganéite is Fe3+ oxide-hydroxide (β-FeOOH) and has a
monoclinic crystal system with a brownish yellow streak. The
akaganéite structure has an iron oxyhydroxide framework
containing tunnels partially filled with chloride anions in
chloride-containing environments. This tunnel structure
makes akaganéite an especially interesting material in many
areas of applications, such as electrode material, catalyst, ion
exchange material, and adsorbent. Akaganéite is usually pre-
pared by the hydrolysis of FeCl3 aqueous solutions at moder-
ate temperatures. Nanocrystalline akaganéite has high surface
areas, narrow pore size distribution with different crystal
shapes. Because of its unique properties, it has been widely
used as an adsorbent to remove contaminants from water and
liquid hazardous wastes [14]. The main objective of this work
is to study the effect of akaganéite phase on the physical prop-
erties of doped PANI to prepare nanocomposite material for
detoxification of noxious hexavalent chromium (Cr(VI) ions
from aqueous solution. PANI doped with HCl, and akaganéite
NPs were prepared by chemical oxidative polymerization and
co-precipitation techniques, respectively. Finally, PANI and
akaganéite NPs were characterized by Fourier transform in-
frared (FTIR), X-ray diffraction (XRD), scanning electron mi-
croscope (SEM), and high-resolution transmission electron
microscope (HRTEM) techniques.

Materials and methods

Materials

Aniline monomer (98.5 %), ammonia solution (33.0 %), and
ortho-phosphoric acid (85wt %) were obtained from El Nasr
Chemical Company. Hydrochloric acid (36.0 %), acetone
(99.5 %), and sodium hydroxide (98.0 %) were purchased
from Sigma-Aldrich. Potassium dichromate (99.0 %) was re-
ceived from Merck. Ammonium persulfate (APS) (98.0 %),
methanol (HPLC grade), and ethanol (HPLC grade) were ob-
tained from Fisher Scientific, UK. Anhydrous ferrous chloride
(99.0 %), anhydrous ferric chloride (98.0 %), and 1, 5-
diphenylcarbazide (DPC) (98.0 %) were obtained from
Across Organics, USA.
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Synthesis of akaganéite nanoparticles

Akaganéite nanoparticles (NPs) were synthesized by co-
precipitation of Fe2+ and Fe3+ ions in the presence of alkaline
solution. Anhydrous ferrous chloride (3.121 g) and anhydrous
ferric chloride (1.275 g) were dissolved in 25 ml hydrochloric
acid (0.4 M). This mixture was added drop-wise into 250 ml
sodium hydroxide solution (1.5 M) placed in a three-necked
flask with vigorous stirring under nitrogen gas. The obtained
dark brown precipitate was heated at 75 °C for 30 min. The
precipitate was collected through a powerful magnet, washed
sequentially with distilled water and ethanol. The dark brown
colored powder of akaganéite NPs was obtained upon drying
at room temperature.

Synthesis of polyaniline

The chemical oxidative polymerization of aniline to obtain
emeraldine salt was carried out in an aqueous acidic solution.
Ammonium persulphate (27 g) was dissolved in hydrochloric
acid (1 M) and cooled to 0 °C. Aniline (40 ml) was also
dissolved in pre-cooled hydrochloric acid (1 M). Acidic solu-
tion of the ammonium persulphate was then slowly added to
aniline solution to prevent the temperature from exceeding
5 °C. The mixture was left for 24 h with continuous stirring
using a magnetic stirring bar at 5 °C (ice bath) to ensure the
completion of polymerization. The green powder of
polyaniline hydrochloride (PANI-ES) was collected on a filter
paper using vacuum pump and washed consecutively with
distilled water, methanol, and acetone until filtrate became
colorless, then dried at room temperature.

Synthesis of PANI/akaganéite nanocomposite

PANI/akaganéite nanocomposite (NC) was prepared by a me-
chanical mixed of each akaganéite nanoparticles and PANI
separately and then amounts of PANI (70 wt %) and
akaganéite NPs (30 wt%) were physically mixed by grinding
in a mortar.

Characterization techniques

The morphology of the products was characterized by SEM
(SEM "JEOL JSM-5300"). Samples were used in the powder
form and were coated with sputtered gold layer. Also the mor-
phology and particles size were investigated using HRTEM
(JEM-2100 with selected area electron diffraction capability
SAED). HTTEM sample was prepared by dispersing 2 mg of
powder sample in 5ml of ethanol and sonicated. A drop of this
colloidal solution was evaporated on a copper grid and tested.
The crystalline structures of the samples were evaluated by
XRD analysis using (X-ray 7000 Shimadzu-Japan) at room
temperature. The X-ray source was Cu target generated at

30 KV and 30 mAwith scan speed 4 deg min−1. FTIR spec-
trophotometer (Spectrum BX 11- LX 18–5255 Perkin Elmer)
was used for measuring the IR spectra of the prepared sam-
ples. The samples were mulled with dry potassium bromide at
room temperature. The spectrum was recorded in the wave-
number range of 4000–350 cm−1. The thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
of the NC were conducted before and after treatment with
Cr(VI) to determine their thermal stability using (TA instru-
ments, STDQ—600) with a heating rate of 10 °Cmin−1 under
N2 flow rate of 100 ml min−1 from 21 °C to 400 °C.

Measurements of removal percentage and capacity
of Cr(VI) using PANI/akaganéite nanocomposite

Stock solution of 500 mg/L of Cr(VI) was prepared by dis-
solving potassium dichromate in deionized water. Cr (VI) so-
lutions with the required concentration were freshly diluted
from the stock solution. Batch experiments were carried out
bymixing 10.0mg (equivalent to 0.4 g/L) of NCwith 25ml of
Cr(VI) aqueous solutions. These mixtures were stirred under
sonication for a fixed time of 6 min. Adsorbent NC was
separated from the pollutant solutions by using a magnet
bar. Then, these solutions were filtered through filter paper
of Whatman no.5, and the clear filtrates were analyzed for
residual amount of Cr(VI) by colorimetric method [3].

The absorbance of the samples was measured using
UV-VIS spectrophotometer (Evolution 300 UV-visible
spectrophotometer, Thermo scientific, USA) at a fixed
wavelength of 540 nm. The potential application for re-
moval of Cr(VI) ions by NC from wastewater sample was
also studied. The pH of Cr(VI) solutions was adjusted by
NaOH (1 M) and HCl (1 M) with a pH meter (Martini
MI150 pH/temperature Bench Meter). The NC (0.4 g/L)
was ultrasonically dispersed in 25 ml Cr(VI) solutions (7 mg/L)
for 6 min.

An industrial wastewater sample was collected from efflu-
ent of a leather tanning company in Alexandria, Egypt, con-
taminated with 0.6 mg/L and spiked with 6.0 mg/L to have
6.6 mg/L of Cr(VI) ions is selected to accomplish this study.
The spiked wastewater sample was studied for the removal of
Cr(VI) ions bymixing 25ml of this sample with 0.4 g/L of NC
pH 2.0 and pH 7.2 (the pH of the wastewater sample was 7.2)
for 6 min. All removal experiments were carried out at room
temperature. The removal percentage (R, %) and capacity
(Q, mg/g) of Cr (VI) were calculated using the following
equations:

R ¼ C0−Ce

C0
� 100 ð1Þ

where C0 and Ce are the initial and final Cr(VI) concentra-
tion (mg/L), respectively.
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Q ¼ C0−Ce

m
� V ð2Þ

where V represents the volume of Cr(VI) solution (ml), and
m is the adsorbent mass (mg).

Results and discussion

Structural property of PANI/akaganéite nanocomposite

The FTIR spectroscopy is a powerful tool for analyzing the
molecular structure of the prepared materials. FTIR spectrum
of PANI presented in Fig. 1 indicates the characteristic bands
of doped PANI. The band at 1118 cm−1 is attributed to the
vibration of the -NH+= structure formed in the acid doping
process of polyaniline [15]. Bands at 1434 and at 1638 cm−1

are assigned to the stretching of the benzenoid ring and quin-
oid ring [16]. The band at 3458 cm−1 represents the N-H
stretching mode [17]. FTIR spectrum of the prepared
akaganéite shown in Fig. 1 presents the characteristic peak
at 590 cm−1 that attributes to the Fe-O stretching band of
iron-oxide NPs [7, 10]. The absorption bands at 1646 cm−1

and at 3430 cm−1 are due to bending and stretching vibrations
of O-H bonds in surface water molecules [18]. FTIR spectrum
of NC shown in Fig. 1 appears the absorption peaks of PANI.
In addition, the absorption peak at 618 cm−1 is attributed to the
vibration of Fe-O band in iron-oxide NPs and has a peak shift
from 590 cm−1 (in the pure iron-oxide nanoparticles) to
618 cm−1 (in the NC). This result indicates that the NC is
successfully synthesized, and the observed shift indicates the
interaction between PANI and akaganéite NPs [19]. To further
understand the interaction mechanism between NC and
Cr(VI), the FTIR spectra of the samples before and after
Cr(VI) adsorption were recorded, as shown in Fig. 1. The
absorption peak of quinoid ring at 1580 cm−1 and the peak
of benzenoid ring at 1480 cm−1 in NC after Cr(VI) adsorption
become more intense than that of the pristine NC. This is
indicating that some emeraldine salts form covert to the
pernigraniline form (the complete oxidation of PANI) [20].
These two bands in the treated NC have shifted to lower fre-
quency compared with those of untreated NC confirming the
Cr(VI) adsorption by PANI of the NC. In addition, the band at
618 cm−1 corresponds to Fe-O stretching bond in untreated
NC has shifted to 578 cm−1 proving the adsorption of Cr(VI)
on the iron oxide surface [7].

Crystalline property of PANI/akaganéite nanocomposite

X-ray diffraction is a powerful technique used to identify the
phases (crystalline or amorphous) in the material. The crystal-
linity of PANI, iron-oxide NPs, and NC was investigated as
shown in Fig. 2. The PANI diffractrogram presents two peaks

of PANI at 2θ=12° and 25° corresponding to (011) and (200),
respectively. The strong peak at 25° indicates that PANI is a
partially crystalline polymer. The partial crystallinity of PANI
may be due to the amine and imine groups in the structure of
PANI which can form stronger intermolecular and intramolec-
ular hydrogen bonds [17]. The broad diffraction peak occurred
between 2θ=6° and 30° is also due to the periodicity of the
crystallographic planes that are parallel and perpendicular to
the doped PANI chains and presence of an amorphous state in
PANI [21]. XRD pattern of the iron-oxide NPs shows the
characteristic peaks for akaganéite (β-FeOOH) at 2θ=12.3°
and at 27.2° which can be indexed to (110) and (310),

Fig. 1 FTIR spectra of PANI, akaganéite NPs, NC, and NC treated with
Cr(VI)
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respectively (Joint Committee on Powder Diffraction
Standards (JCPDS) No. 34–1266), hematite (α-Fe2O3) at
2θ=24.7° corresponding to (012) (JCPDS No. 89–0597),
plus six peaks for magnetite (Fe3O4) or maghemite (γ-
Fe2O3) at 2θ = 30.1°, 35.5°, 43.1°, 54°, 57.0°, and at

62.6°, marked by their indices of (220), (311), (400),
(422), (511), and (440), respectively (JCPDS No. 85–1436).
These results indicate that iron-oxide NPs consist of a com-
plex mixture of akaganéite which is the main component in
the prepared iron-oxide NPs, plus hematite, magnetite, and/or
maghemite phases. The phase identification of magnetite and
maghemite by the conventional XRD method is not simple
because both of them have the same cubic structure, and their
lattice parameters are almost identical. X-ray data of NC pre-
sents crystalline peaks almost similar to those obtained from
the pure iron-oxide NPs revealing that no additional crystal-
line order introduced into the nanocomposite. This result
reveals that there is an iron-oxide NPs layer coated on the
surface of the PANI.

Morphological property of PANI/akaganéite
nanocomposite

The SEM images of PANI, akaganéite NPs and NC are shown
in Fig. 3. The morphology of PANI indicates that the synthe-
sized PANI consists of sponge structure and granular particu-
lates. SEM micrograph of akaganéite NPs shows the forma-
tion of agglomerated particles due to magnetic dipole-dipole
interactions between the particles [19, 22]. SEM image of NC
presents a layer of akaganéite NPs coated on the surface of the
PANI flake (dark color represents the akaganéite NPs and
white color represents PANI). In addition, the morphological
investigations of PANI, akaganéite NPs, and NC using
HRTEM at different magnifications as shown in Fig. 4 dem-
onstrate that PANI particles are nearly sheets of spherical
shaped with presence of some agglomerations, and their di-
ameter is ranged from 15.88 to 18.02 nm. HRTEM images of
akaganéite NPs reveal that akaganéite NPs composed of large
number of aggregated particles with nearly quasi-cube shape
with particles diameter ranged from 6.62 to 10.41 nm. The
interplanar spaces are clearly shown indicating high crystal-
line materials, which was confirmed by the selected area

Fig. 2 XRD patterns of PANI, iron-oxide NPs and NC. Triangle β-
FeOOH, dollar sign α-Fe2O3, number sign Fe3O4, and asterisk γ-Fe2O3

Fig. 3 SEM images of PANI (a), akaganéite NPs (b), and NC(c)
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electron diffraction (SAED) pattern in the inset to the HRTEM
images. The inset in Fig. 4c, d shows the existence of well-
resolved lattice fringes of akaganéite NPs indicating that
akaganéite NPs have nanocrystal structure. The electron dif-
fraction pattern of akaganéite NPs inset in Fig. 4d indicates the
polycrystallinityof the nanoparticles with an average d-spacing
of 1.39 nm. HRTEM images of NC at different magnifications
demonstrate that akaganéite NPs exist in the nanocomposite
with the same morphology of pristine iron-oxide NPs. It is
noted that size of NC particles is in thenanoscale, and the par-
ticles diameter ranged from 8.95 to 16.21 nm. In addition, the

inset of Fig.4e depicts the lattice space of single crystal of NC.
The electron diffraction pattern in Fig. 4f shows that NC is a
polycrystalline material with an average d-spacing of 2.78 nm.

Thermal analysis of PANI/akaganéite nanocomposite

The TGA and DSC of NC were carried out before and after
treated with Cr(VI) to study their thermal stability. Figure 5
shows TGA and DSC curves of untreated NC and treated
NC with Cr(VI). The weight loss from room temperature
to ∼134 °C for untreated NC and to ∼136 °C for NC

Fig. 4 HRTEM images of PANI, akaganéite NPs and NC and their SAED
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treated with Cr (VI) can be attributed to loss of adsorbed
moisture. The weight loss from ∼148 to ∼268 °C in untreated
NC and from ∼155 to ∼308 °C in treated NC with Cr(VI) is
due to the elimination of the HCl dopant. The last step of
weight loss over ∼279 and ∼320 °C for untreated NC and
NC treated with Cr(VI), respectively, is due to the degradation
of PANI chains [23–25]. This similarity in the mass loss is an
evidence of the stability of treated NC. The DSC thermo-
graphs of untreated and treated NC present exothermal peaks
at about 50, 180, and 270 °C. These peaks are attributed to
glass transition temperature (Tg), dedoping, and degradation
of PANI, respectively.

Effect of different conditions on removal percentage
and capacity of Cr(VI)

Effect of pH

The effect of pH of the Cr(VI) solutions was investigated as
one of the most important parameters controlling their adsorp-
tion onto NC. It is indicated that pH of the solution influences
the chemical speciation of the Cr ions as well as the ionization
of the functional groups onto the adsorbent NC surfaces. In

addition, pH affects the surface charge characteristics of the
adsorbents. Effect of pH on both R and Q for Cr(VI) solutions
after treatment with 0.4 g/L of NC for 6 min at room temper-
ature is illustrated in Fig. 6. Cr(VI) ions are detoxified with
99.2% at pH 2.0. A decrease of the Cr(VI) removal with about
63.6 % is observed in the solution of pH 11.0 whereas a slight
decreasing of the Cr(VI) removal percentages is observed in
the range of pH from 2.0 to 9.0. This confirmed that PANI salt
in the NC is dedoped and deprotonated at high pH. This is
indicated that the synthesized NC is suitable for Cr(VI) re-
moval over a wide pH range. These results are in agreement
with the results obtained by Gu et al. [10] and Guo et al.[26].
The Q value has the same tendency of R, and the maximumQ
value of 17.36 mg/g is obtained pH 2.0. Then Q is decreased
again to 11.14 mg/g at pH 11.0.

Effect of initial Cr(VI) concentration

The effect of initial Cr(VI) concentration on the R and Q is
investigated at pH 2.0 by using 0.4 g/L of NC as shown in
Fig. 6. It is cleared that increasing of the Cr(VI) concentration,
the R is slightly increased. Then, it is attained a maximal value
of nearly 99.2 % at Cr(VI) concentration of 7.0 mg/L. This is
may be due to availability of the adsorption sites which
initially leads to the increase in the Cr(VI) adsorption[27].
The decline in the removal percentage at higher concentra-
tions of Cr(VI) may be due to nonavailability of adsorbent
surface [1]. Moreover, the oxidation and degradation of
polyaniline can be raised at oxidative environment of the con-
centrated Cr(VI) ions [10, 28]. It is found that Q has linearly
increased with the increase of the initial concentration of
Cr(VI). The increment of initial concentration of Cr(VI) pro-
vides a driving force to overcome the mass transfer resistance
of Cr(VI) ions between the aqueous and solid phases and
resulting in a higher probability of collision between Cr(VI)
ions and NC adsorbent [29].

Effect of PANI/akaganéite nanocomposite adsorbent dose

To evaluate the optimum dose of NC, the effect of the synthe-
sized dose on Cr(VI) R and Q is studied at pH 2.0 in 25 ml of
7.0 mg/L Cr(VI) solution for 6 min as indicated in Fig. 6. The
R is observed to increase with increasing the NC dose. This is
likely due to an increase in the surface area and availability of
more adsorbent sites [29]. For low range of NC dose <0.4 g/L,
the R of Cr(VI) is linearly increased. The maximum R is ob-
tained at 0.4 g/L, and further increase in the NC doses does not
increase the R. This suggested that after a certain dose of NC
adsorbent, the maximum removal is attained and hence the
amount of ions are bound to the adsorbent, and the amount
of free ions remain constant even with further addition of the
dose of adsorbent [27]. On the other hand, the Q of Cr(VI) is
decreased with increasing the NC dose from 0.1 to 0.8 g/L.

Fig. 5 TGA and DSC of NC and NC treated with Cr(VI)
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This may be attributed to the formation of aggregates that
would reduce the availability of effective sorption area, hence
decreasing the overall metal capacity [30].

Effect of contact time

The contact time between metal ions and adsorbents helps in
identifying the possible speed of binding and removal of
Cr(VI) ions and also evaluating the optimum time for maxi-
mum removal. It is substantial that the NC adsorbent offers
rapid removal kinetics for efficient adsorbate removal from
solution. Figure 6 presents the effect of contact time between
NC and Cr(VI) on the R and Q of 7.0 mg/L Cr(VI) solutions.
After 2 min of the contact time, high R value of 92.8 % is
obtained. As contact time increases, the removal efficiency of
Cr(VI) ions by the NC is increased due to the availability of
abundant active sites on the nanocomposite surface. At about
5 min, the equilibrium reaction time between the Cr(VI) ions
and NC exhibits the maximum R. The optimum contact time
to remove about 99 % of the Cr(VI) ions is 5 min for the NC
which is short compared to the equilibrium time using other
materials. The polyaniline powder has been reported to re-
quire contact time of 10–12 min [31], activated carbon re-
quires contact time of 3 h [32], polypyrrole/Fe3O4 magnetic
nanocomposites require contact time of 30 min [33], oxidized
multiwalled carbon nanotubes require contact time of 280 min
[34], and nanocrystalline akaganéite requires contact time of
1 h [35]. TheQ is observed to increase from 16.5 to 17.5 mg/g
by increasing the contact time from 2 to 5 min. Q is increased
with the increase of the contact time until the equilibrium is

established between the solid phase and liquid phase in the
adsorption system [2, 36].

Effect of adsorbent type

The R and Q values are compared and investigated using
different adsorbents. These adsorbents are NC, akaganéite
NPs, and PANI salt. Doses of 0.4 g/L of each adsorbent were
used to treat 25 ml solutions of an initial Cr(VI) concentration
of 7.0 mg/L at pH 2.0 and pH 11.0 for 6 min at room temper-
ature as shown in Table 1. The comparable study of NC,
akaganéite NPs, and PANI towards the Cr(VI) removal indi-
cates that these adsorbents are efficiently able to remove
Cr(VI) at the optimum pH 2.0. However, NC is more favor-
able as adsorbents for Cr(VI) removal than PANI and
akaganéite NPs because PANI and akaganéite NPs show low-
er removal efficiencies especially under alkaline condition.
Polyaniline powder is generally aggregated in the solution
and missing the advantage of the magnetically separation. In
addition, iron-oxide NPs shows poor stability under acidic
conditions [37].

Fig. 6 R and Q versus pH, initial
Cr(VI) concentration, adsorbent
dose, and contact time in 25 ml
Cr(VI) solution

Table 1 R of Cr(VI) solutions (7.0 mg/L) using different adsorbents at
pH 2.0 and pH 11.0 after 6 min

pH pH 2 (R %) pH 11 (R%)
Adsorbent (0.4 g/L)

NC 99.2 63.6

Akaganéite NPs 90.9 2.2

PANI 86.0 42.5
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Mechanism of removal Cr(VI) ions using PANI/akaganéite
nanocomposite

Cr(VI) ions can be existed in solution with different ionic
forms depending on pH. HCrO4

− is the dominant ion at pH
lower than 6.8, and CrO4

2− is the dominant at pH above 6.8
[2]. There are two proposed mechanisms describing the re-
moval of Cr(VI) by the prepared NC. In the first mechanism,
the ion exchange occurred between the dopant (Cl−) and the
monovalent bichromate (HCrO4

−) ions in the solutions with
low pH according to Bhaumik et al. [38]. Also, the electron-
donating groups onto polyaniline exist in the nanocomposite
reduce the Cr(VI) species to Cr(III) species. Meanwhile, the
polyaniline layer is partially converted into its oxidized state
after treatment with Cr(VI). The oxidation of polyaniline
and reduction of Cr(VI) is shown in Fig. 7. For the second
mechanism, the direct reduction of Cr(VI) to Cr(III) ions
occurs and follows by partial adsorption for Cr(III) as in-
dicated in Fig. 7. In the case of protonated imine nitrogens
in emeraldine salt (PANI-ES), H+ ion-exchange with
Cr(III) can lead to Cr(III) adsorption on PANI backbone
[28]. In addition, the surface complexation reactions for
Cr(VI) ions and akaganéite may be written as the following
equations [35]:

Fe ¼ OH2
þþHCrO4

−Fe−HCrO4 þ H2O ð3Þ

Fe−OH2
þ þ HCrO4

−Fe−CrO4
− þ H2Oþ Hþ ð4Þ

pH value determines the surface charge of akaganéite NPs;
therefore, the high removal efficiency at low pH can be attrib-
uted to the fact that the surface of the NC becomes highly
protonated and positively charged, which favors the uptake
of Cr(VI) anions through electrostatic attraction. An increase
in the solution pH will make the surface negatively charged,
greatly weakening the electrostatic attraction between NC and
negatively charged Cr(VI) anions, thus reducing the removal
efficiency. Moreover, as the pH increases, there is competition
between OH− in the solution and chromate (CrO4

2−) ions for
the available adsorption sites on the NC surface [36, 39]. These
mechanisms are in agreement with the other work [2, 40].

Removal of Cr(VI) ions from wastewater sample

It is essential to investigate the potential application of the NC
for the removal of Cr(VI) ions from wastewater sample. An
industrial wastewater sample of a leather tanning company
contaminated with 0.6 mg/L and spiked with 6.0 mg/L to have
6.6 mg/L of Cr(VI) ions was selected to accomplish this study.
The spiked wastewater sample is studied for the removal of Cr
(VI) ions bymixing 25ml of this sample with 10.0mg (0.4 g/L)
of NC at pH 2.0 and pH 7.2 (pH of the wastewater sample) for
6 min at room temperature. Results reveal that NC is able to
remove about 93.4% of Cr(VI) ions at pH 2.0 and 52.5% at pH
7.2. These data confirm the high ability of the synthesized NC
for the removal of Cr(VI) by simple controlling and monitoring
of the pH value of wastewater.
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Conclusions

PANI/akaganéite nanocomposite was synthesized, character-
ized, and applied as an effective adsorbent for the removal of
Cr(VI) form aqueous solution. This nanocomposite was rap-
idly and efficiently removed Cr(VI) from aqueous solution
with a wide pH range. It was found that the electron diffraction
pattern of the prepared nanocomposite is a polycrystalline
material with an average d-spacing of 2.78 nm. The results
indicated that removal efficiency was highly pH dependent
and 99.2 % removal was obtained at pH 2.0, 7.0 mg/L of
Cr(VI) and 0.4 g/L NC dose after 5 min. The NC was suc-
cessfully removed Cr(VI) from a leather tanning wastewater
sample with 93.4 % efficiency at pH 2.0.
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