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the Freundlich model.

In this paper, nanoparticles of delafossite-type LiCogsFeqs0, were prepared by sol-gel method in the
presence of maleic acid as a chelating agent. The nanoparticles were characterized using differential
thermal analysis, X-ray powder diffraction, Fourier infrared spectroscopy, transmission electron
microscope, scanning electron microscopy and scanning tunneling microscopy. The nanoparticles
showed the excellent adsorption properties towards reactive dye, reactive blue 5 (RB5). The adsorption
studies were carried out at different pH values, various adsorbent dosages and contact time in a batch
experiments. The kinetic studies indicate that the removal process obeys the second-order kinetic
equation. Also, the isotherm evaluations reveal that the adsorption of RB5 by the nanoparticles follows

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Dyes are important water pollutants in effluents of textile,
paper, printing, and leather industries. The presence of dyes
in water reduces light penetration and hinders photosynthesis
in aquatic plants. Some dyes and their degradation products in
surface water are reported to be highly carcinogenic [1]. It is,
therefore, essential to treat the dye effluents prior to their
discharge into the receiving water. Dyes are organic compounds
consisting of two main groups of compounds, chromophores and
auxochromes [2]. Dyes are classified according to the chemical
structure and type of application.

Many processes are employed to remove dye molecules from
colored effluents; in general, treatment methods can be divided
into three categories, (1) physical methods, such as adsorption [3],
and membrane filtration [4], (2) chemical methods, such as ionic
exchange [5], chemical oxidation [6] and ozonation [7] and (3)
biological degradation [8].

Adsorption techniques for wastewater treatment have become
more popular in recent years because of their efficiency in the
removal of pollutants which are stable in biological degradation
process. Adsorption can produce high quality water while also
being a process that is economically feasible [9].
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The Delafossite-type oxides generally formulated as ABO, (the
A cation like Li* is coordinated to six oxygen ions and the B cation
like Fe** or Co>" is located in distorted BOg octahedral sharing
edges) could be considered as an adsorbent/catalyst material for
the removal of dyes [10].

Though, several articles have investigated the effectiveness of
spinel [11,12] and perovskite [13] oxides as catalysts for removal of
water-soluble dyes, to the best of our knowledge, the confirmation
and optimization of the efficiency of the delafossite oxides catalysts
and the degradation pathway for the removal of reactive dyes from
aqueous solution have received little attention in the literature.

This study has investigated the efficiency of delafossite-type
oxide nanoparticles LiCog sFeg 50, as an adsorbent for removal of
reactive blue 5 (RB5) from an aqueous solution. The adsorption
studies were carried out at different pH values, various adsorbent
dosages and contact time in a batch experiments. Two kinetic
models were also analyzed for the removal of RB5 on LiCog sFeg 50,
nanoparticles. Furthermore, preparation of LiCogsFegs0, nano-
particles via sol-gel method and its characterization by different
techniques such as DTA, Far-IR, XRD, STM, SEM and TEM have been
reported.

2. Materials and methods
2.1. Reagents

LiINO3; (99.9% purity), Co (NOs3),-6H,0 (99.9% purity), Fe
(NO3)3-9H,0 (99.9% purity) were obtained from Merck, Germany;
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Table 1
Molecular structure of the studied dye.
Dye Name Structure Amax (nm) M.,
RB5 Reactive blue 5 0 599 774.16 (gmol )
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maleic acid (99.5% purity) was purchased from Aldrich, USA. The
commercial color index (CI) reactive dye (RB5) was generously
provided by Arzoo Textile Mills, Faisalabad, Pakistan which was
used without further purification (Table 1). All the reagents were of
analytical grade and thus used as received.

2.2. Adsorbent preparation

A stoichiometric amount of Li:Co:Fe nitrate salts with the
cationic ratio of 1:0.5:0.5 respectively, were dissolved in distilled
water and mixed well with an aqueous solution of maleic acid (the
ratio of maleic acid to total metal ions is 2:1). Maleic acid was used
as a chelating agent in making a gel. The resultant solution was
then evaporated at 80 °C with magnetic stirring for 12 h. The gel
precursors were decomposed at 400 °C for 1 h in air to eliminate
organic contents. The powders were heated to 600 °C to obtain the
single phase LiCoqsFeo 50, powders.

Several techniques were employed to analyze and validate the
synthesized powder. The nanoparticles were characterized by XRD
employing a scanning rate of 0.02 s~ ' in a 20 range from 0° to 70°,
using an X pert, 200, Philips, equipped with CuK, radiation and the
data were analyzed using JCPDS standards.

The morphology and dimension of the nanoparticles were
observed by LEO 912 AB transmission electron microscope (TEM)
using an accelerating voltage of 120 kV, and the morphology of the
particles was investigated using LEO 1450 VP (V =30 kV) scanning
electron microscopy (SEM) and SS1 STM, scanning tunneling
microscopy (STM). All images were recorded in the constant-
current mode at room temperature using a Remanium tip with a
bias voltage of around 2 V in atmosphere.

The thermal behavior of the precursor was studied by
differential thermal analysis (DTA) in air at a heating rate of
10 °C min~' using NETZSCH.

The infrared spectrum (FTIR) was recorded in the 250-
4000 cm ™! range (KBr pellets) on thermo Nicollet Nexus 870 FTIR
spectrometer equipped with DTGS polyethylene detector and solid
subtract beam splitter IR spectrometer.

The zeta potentials of nanoparticles were measured at different
pH using a CAD, zeta compact analyzer.

2.3. Dye removal experiments

The synthetic dye solution was distributed into different flasks
(1L capacity) and pH was adjusted with the help of pH meter
(Metrohm 620). The initial pH of the sample was set by using dilute
sodium hydroxide (1 M) or hydrochloric acid (1 M).

The initial dye concentration in each sample was 50 mg 1~! after
adding LiCog sFeq 50, in 50 ml of the sample. The removal pollution
experiments were conducted at 25 °C and the pH was varied from
1to 11.

Each experiment was conducted for 10 min and samples were
drawn at time intervals of 1, 3, 5, 7, and 10 min for measuring the
dye adsorption. The absorbance of the solution at 599 nm (UNICO
2800) with time was measured to monitor the RB5 concentration.

3. Results and discussion
3.1. Thermal analysis

Fig. 1 shows DTA of the gel precursor prepared by sol gel
method. The large endothermic peak at 120 °C corresponds to the
removal of superficial and structural waters in the gel precursor.
Three exothermic peaks around 200-300°C are due to the
combustion of maleic acid and nitrate ions. It seems that maleic
acid acts as a fuel in the pyrolysis of the gel precursors and
accelerating the decomposition of nitrate ions [14]. The exother-
mic peak at 500°C in the DTA curve corresponds to the
crystallization of the LiCogsFeqs0, phase.

3.2. X-ray diffraction studies

Fig. 2 shows the XRD powder patterns using CuK, radiation
from the delafossite-type LiCog sFeg 50, nanoparticles. The analysis
of the diffraction pattern using (003), (101), (006), (102),
(104), (015), (107), (110), and (113) reflection planes
confirms the formation of rhombohedral delafossite structure
with (R3m) space group of the LiCogsFeqs0, [15].
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Fig. 1. DTA curve of the LiCogsFeqs0, precursors obtained by the maleic acid
assisted sol-gel method.
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Fig. 2. XRD patterns of the LiCogsFeps0, powders sintered at 600 °C.

No secondary phase was detected in the XRD pattern which
ensures the phase purity of the final products. The crystallite sizes
were calculated using the XRD peak broadening of the (0 0 3) peak
using the Scherer’s formula (Eq. (1)):

0.9
Pna Bhii€os Onii M
where Dy, . is the particle size perpendicular to the normal line of
(h k1) plane, By i is the full width at half maximum, 6y i, is the
Bragg angle of (h k I) peak, and A is the wavelength of X-ray. The
crystallite particle size of nanoparticles calcinated at 600 °C is
about 44 nm.

3.3. IR spectra of annealed particles

IR scattering spectra of LiCog sFeg 50, oxide confirm the X-ray
pattern. According to the group theoretical analysis, the vibrational
spectra of the LiIMO, compounds with R3m space group yield four
infrared active modes (2A,,+2E,). Considering the localized
molecular approach, the stretching modes of MOg octahedral
occur in the high-frequency region (450-620cm™!) while the
stretching mode of a LiOg octahedron is observed in the far IR
region at 230-270 cm™' [16].

Fig. 3 shows the far IR spectrum of the nanoparticles. The
vibration mode of LiOg unit, observed at 240 cm~! and the high
frequency band located at 590 cm~! is attributed to the
asymmetric stretching mode of CoOg group whereas the low
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Fig. 3. Far-IR spectrum of LiCog sFeq 50,.

frequency bands at 450 cm ! and 532 cm™! are assigned to the
bending modes of O-M-0 chemical bonds [17].

3.4. Microscopic analyses

The size of Delafossite particles was evaluated and conformed
by TEM. Fig. 4 shows representative TEM image of LiCog sFeq 50,.
The image of the sample which calcined at 600 °C consists of
particles ranging in size of about 44 nm. As the TEM images show,
the morphology of nanoparticles is homogeneous [18].

Scanning electron microscopy (SEM) of Delafossite oxide
LiCog sFegs0, prepared by the sol-gel method and calcined at
600 °C is shown in Fig. 5. Based on the SEM image, porosity of the
surface is evident and it seems that the particles have not grown
with uniform size. The surface looks rough and nearly fully covered
with the particles grown on it. Further, it can also be seen from the
SEM result that in addition to the larger particles, the surface
contains also rather smaller particles as down to 30 nm or less.
However, appearance of bigger particles on the surface looks to be
dominant. The aggregation of the smaller particles (the nm range)
may result in bigger LiCogsFeqgs0, particles on the surface.

Fig. 6 shows the scanning tunneling microscopy (STM) images
(500 nm x 500 nm) of LiCogsFep 50, nanoparticles which can be
used to determine the particles size and height. In Fig. 6(a), the
bright spots are higher than the dark ones and particles
distribution on the surface is mapped obviously. In Fig. 6(b), four
particles were selected for quantitative measurements and results
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Fig. 4. TEM micrograph and calculated histogram of the LiCogsFeo 50, nanoparticles obtained at 600 °C.
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Fig. 5. SEM image of LiCog sFeg 50, nanoparticles.

showed that their average size and height were obtained around
45 nm and 7 nm, respectively.

3.5. Zeta potentials analysis

The zeta potential, which is the overall charge a particle ac-
quires in a specific medium, is a good indicator of the stability of
the colloidal system. The zeta potential of colloidal dispersions of
LiCog sFeq 50, in water (Fig. 7) was measured. The isoelectric point
(IEP) was found to be at pH = 6.3. The colloidal system is the least

Fig. 6. (a) STM images of LiCog sFep 50, for the area of 500 nm x 500 nm. (b) Height profile along the white line.

stable at this point due to the absence of particle surface charges.
The zeta potential of the suspensions of LiCogsFegs0, nanopar-
ticles in water reaches as high as 40 mV at acidic pH.

3.6. Adsorption studies

The efficiency of prepared LiCogsFeps0, nanoparticles was
investigated as an adsorbent for the removal of RB5 from liquid
solutions. The removal pollution experiments were conducted at
25 °Cand were carried out for different pH values, contact time and
adsorbent doses.

3.6.1. The effect of pH

The pH of the dye solution plays an important role in the whole
adsorption process. To determine the optimum pH, the pH value
was changed from of 1 to 11 with fixed initial concentration of dye
(50 mg 1-') and contact time (10 min). Fig. 8 shows the percentage
of removal rate of RB5 by LiCogsFeqs0, nanoparticles depends
strongly on pH.

The percentage of removal rate is defined as (Eq. (2)):

Co — C(t)

Removal rate % =
Co

x 100 (2)
where Cy and C(t) are the initial concentration and concentration of
RB5 at time t, respectively [19]. At pH = 1, the removal of RB5 above
97% is achieved. This pH is below the isoelectric point and hence
adsorbent surface is positive charge and anion adsorption occurs.
Therefore, this pH has been selected for our next experiments.

45.10 (nm)
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Fig. 7. Zeta potentials of the LiCogsFeq 50, nanoparticles at different pH.

3.6.2. The effect of contact time

The effect of contact time on the removal of RB5 by
LiCog sFeq 50, nanoparticles was investigated. The results showed
that the removal rate is very fast (Fig. 9). The decrease in the
concentration of RB5 with time is due to the adsorption of RB5 on
LiCog sFeq 50, nanoparticles.

3.6.3. Effect of adsorbent concentration

Fig. 10 shows the effect of adsorbent dosage of RB5 adsorption
by LiCog sFep 50, nanoparticles. Because of increasing the number
of binding sites, as the adsorbent dose increases, the percentage
removal of dye also goes up.

3.7. Chemical kinetic studies

The first (Eq. (3)) and the second (Eq. (4)) order reaction rate
equations are available to investigate the adsorption kinetics [20].
For describing the experimental kinetic, the data fitted to these
equations:

InC(t) = InCy — kqt (3)
oyt 4
@7(2 “ra ( )

where k; and k, are the first-order and second-order rate
constants, respectively. The plots of experimental results of the
two models showed that the removal of dye followed second-order

kinetics with a rate constant of 0.002 M~! min~ .
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Fig. 8. Effect of pH on RB5 removal by LiCog sFeg 50, Experimental conditions: mass
of adsorbent, 0.05 g; initial dye concentration, 50 mg 1~!; volume of dye solution,
50 ml; time, 10 min; temperature 25 °C.
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Fig. 9. Removal rate of RB5 on LiCogsFeg50,. Experimental conditions: mass of
adsorbent, 0.05 g; initial dye concentration, 50 mg1~!; volume of dye solution,
50 ml; temperature, 25 °C; and pH=1.

3.8. Adsorption isotherms

Several isotherm models were developed to evaluate the
equilibrium adsorption of compounds from solutions such as
Langmuir, Freundlich. The experimental results of this study have
been fitted with theses two models.

The linearized form of the Langmuir isotherm (Eq. (5)),
assuming monolayer adsorption on a homogeneous adsorbent
surface, is expressed as follows [21]:
Cc 1 Ce

qe - quax qmax

where the gmax (Mg g~ 1) is the surface concentration at monolayer
coverage which illustrates the maximum value of g, and it can be
attained as C, is maximized. The b parameter is a coefficient related
to the energy of adsorption and increases with increasing strength
of the adsorption bond. The values of ¢,qx and b are determined
from the linear regression plot of (C,/q.) versus C.. The parameters
of the Langmuir equation in this work, namely gmax and b are
76.92mgg ! and 0.016 L mg~!, respectively (Fig. 11a).

The Freundlich equation (Eq. (6)) [22] is expressed as follows:

(5)

logq, :long—i-%logCe (6)

where Kr and n are constants of the Freundlich equation. The
constant K represents the capacity of the adsorbent for the
adsorbate. n is related to the adsorption distribution. A linear
regression plot of log g, versus log C, gives the Krand n values [23].
The value of correlation coefficient (R?) for Freundlich isotherm is
greater than that of the Langmuir isotherm for the adsorption of
the dye (Fig. 11b). This indicates that Freundlich model can
96
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Fig. 10. Effect of adsorbent dosage of RB5 adsorption onto of LiCogsFegs0s.
Experimental conditions: initial dye concentration, 50 mg1~'; volume of dye
solution, 50 ml; time, 10 min; temperature, 25 °C; and pH =1.
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Fig. 11. The plot of linearized form of (a) the Langmuir isotherm, (b) the Freundlich isotherm. Experimental conditions: mass of adsorbent, 0.05 g; initial dye concentration, 50,
75, 100, 150, 200 mg 1~ '; volume of dye solution, 50 ml; temperature, 25 °C; and pH = 1.

describe the adsorption of RB5 on LiCogsFegs0, nanoparticles
better than the Langmuir model.

3.9. Desorption studies

Desorption studies are important since they contribute to
elucidate the nature of adsorption process and adsorbent
regeneration. The calculated desorption efficiency are given in
Table 2. For repeated use of an adsorbent, adsorbed dye should be
easily desorbed under suitable conditions. Desorption process was
conducted by mixing 0.05g of RB5 loaded LiCogsFeps0, with
25 ml of different concentration of NaOH solutions and shaking for

Table 2
Desorption of RB5 from nanoparticles LiCog sFep50.

Concentration of NaOH (M) Desorption (%)

0.1 14.76
0.2 19.02
0.3 21.15
0.4 27.69
0.5 30.33

Table 3

Adsorption capacities of organic dyes on various adsorbents.
Adsorbents Dyes (max (Mgg™") References
ZnCr04 Reactive blue 5 (RB5) 41.32 [11]
MnFe,04 Methylene blue 20.67 [24]
CuFe,04 Acid red B (ARB) 86.81 [25]
Lag sCapsNiO3 Reactive blue 5 (RB5) 36.23 [13]

LiCop sFeq 502 Reactive blue 5 (RB5) 76.92 Present study
Fe504 Congo red 68.50 [26]
Rice bran Congo red 14.60 [27]

1 h. It was found that desorption of RB5 from loaded nanoparticles
started at pH = 8.
The desorption efficiency calculated as:

_amount of desorbed RB5

Desorption (%) = amount of adsorbed RB5

100 (7)

The RB5 could be desorbed from the loaded nanoparticles by
higher concentration of NaOH.

3.10. Performance evaluation

The adsorption capacity varies and it depends on the
characteristics of the individual adsorbent and initial concentra-
tion of the adsorbate. The maximum adsorption capacity (qmax) of
LiCogsFegs0, for RB5 calculated from the Langmuir isotherm
model and other adsorbents for organic dyes adsorption are listed
in Table 3. It shows that guax of RB5 on LiCog 5Feq 50, in this work is
high. Therefore, it can be concluded that LiCogsFep 50, is a fine
adsorbent with good adsorption capacity.

4. Conclusions

Nanoparticles LiCogsFegs0,, were prepared using sol gel
method in the presence of maleic acid as a chelating agent. The
XRD and TEM reveal that the LiCog sFeg 50, nanoparticles prepared
by calcinating the gel precursor at 600 °C have good crystallinity
with fine rhombohedral delafossite structure. The adsorption
studies were carried out for different contact time, pH and
adsorbent doses. Also, nanoparticles LiCog sFeg 505, were proven to
removal dye RB5 at pH =1 effectively. The results showed the
LiCog sFeg 50, nanoparticles can effectively remove high concen-
trations of RB5 dye molecules. The second-order kinetic model is
more successful in representing the experimental data for the
removal of RB5 on LiCogsFegs0, nanoparticles. The isotherm
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evaluations revealed that the adsorption of RB5 by the nanopar-
ticles follows the Freundlich model. Based on the adsorption
kinetics and experimental results, we inferred that electrostatic
absorption was the main adsorption mechanism.
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