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ABSTRACT. In this work, low-cost non-conventional nanostructured Fe203
was produced by a modified low-temperature urea method (MLTUM-Fe203).
Non-magnetic amorphous nanoparticle MLTUM-Fe203 with a bouquet like
morphology is found to play as an effective sorbent media to remove textile
dye Reactive Blue 19 from textile industries dye effluents over a wide range
of pH. The nanoparticles were characterized by X-ray powder diffraction
analysis (XRD), scanning electron microscopy (SEM), energy dispersive X-
ray spectroscopy (EDX), FTIR and TGA. The surface area was measured
by Brunauer-Emmett-Teller (BET) analysis. SEM image reveals bouquet like
morphology with average particle size about 50 nm. The maximum sorption
capacity of the sorbent is found to be 271.00 mg g~' for Reactive Blue 19
and the data fitted with different isotherm models. Study on sorption kinetics
shows that sorption of Reactive Blue 19 onto iron oxide follows pseudo-
second-order kinetic.

Keywords: Amorphous materials, Nanostructures, Iron oxide, Chemical
synthesis, Thermogravimetric analysis (TGA), X-ray diffraction

INTRODUCTION

One of the most important industries using synthetic dyes is the textile
and garment, which produces a strongly colored wastewater, typically with a
concentration in the range of 10-200 mg dm= [1,2]. During the dyeing
process, the competition between the colouring reaction and the hydrolysis
of the reactive group results in a loss of unfixed dye of approximately 20—
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25% [3], thus leading to the production of coloured effluents [4,5]. Reactive
Blue 19 (RB 19) dye is commonly used in the textile and leather industry and
may be mutagenic and toxic because of the presence of electrophilic
vinylsulfone groups [6,7].

Sorption is one of the most powerful methods for the removal of
various forms of wastewater contaminants [8—12]. High efficiency, non-toxic,
simplicity and low cost, have made the sorption processes preferable among
the other conventional methods. A lot of studies have been reported on the
kinetics, equilibrium and thermodynamics of various classes of dyes sorption
onto numerous synthetic and natural sorbents, including activated carbon,
biomaterials, silica, MgO, chitosan, peat, clay, bentonite and feather [13-27].
There are few papers that describe the RB 19 dye sorption on metal oxides.
Table S1 in Supplementary material section shows a summary of some
sorbents for the removal of RB 19 from wastewater.

Among numerous metal oxides, iron oxide has been paid intensive
attention due to its stability, eco-friendly, high efficiency non-toxic and inexpensive
nature. In this study, a new nanosorbent based on Fe>O3; was prepared using
a modified low-temperature urea method. For practical application of Fe O3
produced by a modified low-temperature urea method (MLTUM-Fe,Os3) for
treatment of dye contaminated wastewater, it is important to determine the
optimal experimental conditions. The present work involves the effects of
parameters, such as pH, sorbent dose, and sorbate concentration on RB 19
dye removal, the kinetic and equilibrium studies of RB 19 dye sorption onto
MLTUM-Fe20s. Desorption of RB19 and reused of MLTUM-Fe2O3 nanosorbent
are also done.

RESULTS AND DISCUSSIONS
Characterization and sorption study

To analyse and quantify the pore structure and surface area of the
obtained sorbent, the N2 adsorption-desorption isotherms were carried out
and shown in Fig. S3 in Supplementary material section (a). The pore size
distribution, calculated via BJH method based on desorption curve, is presented
in Fig. S3 in Supplementary material section (b). The sample has a BET surface
area of 206.9 m? g~'. The measured micropore (pores below 2 nm) area by the t-
plot method was 30 m? g-'. The micropore volume was 0.011911 cm?® g, while
the pore volume in range of 1.7 to 300 nm was 0.205275 cm? g~'. The average
pore size was 4.1378 nm. A high surface area and mesoporous nature of
MLTUM-Fe2O3 would be beneficial to sorb more organic pollutants on its surface.
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Figure 1 presents the SEM images of MLTUM-Fe;Os. It can be seen
that the surface is porous in nature. The sorbent particles are irregular in
respect of size and shape. The sample consisted of particles below 5 um in
size with a textured structure of 100 nm which were elongated. The EDX
results are presented in Fig. 2. The sample consisted of Fe and O only.
XRD showed that the sample is amorphous with no crystalline fractions.

Figure 1. SEM images of MLTUM-Fe203
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Figure 2. EDX spectra of MLTUM-Fe203
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Thermogravimetric analysis (TGA) of MLTUM-Fe»O3 was carried out
up to 700°C (Fig. 3). The weight loss was observed to take place in two steps.
The first weight loss is computed to be 20.76% at 375°C. This weight loss in
the temperature range 0-375°C may be attributed to the loss of physisorbed
and interstitial water. Further warming over 400°C leads to a slight loss of
weight (0.55%). The results of TG analysis show that the total weight loss is
21.31%. This confirms that a chemical transformation of hydroxide into the
oxide has occurred.
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Figure 3. TGA of MLTUM-Fe20s3

Fig. 4. shows the FTIR spectra of MLTUM-Fe,0s. The band centred
at 3416.23 and 1633.39 cm~' are ascribed to O—H bonding stretching and
bending vibrational modes [39]. It suggested the presence of very small
amount of free and sorbed water on the surface of the sample. As shown in
figure, a peak at 530.32 and 451.25 cm™ is ascribed to the stretching
between iron and oxygen in Fe;O3[40].
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Figure 4. FTIR spectra of MLTUM-Fe203
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Determination of the point of zero charge

The point of zero charge (PZC) is an important parameter that
indicates the linear range of pH sensitivity and the sorption ability of the
surface. The PZC value was determined by a simplified mass potentiometric
titration method [41,42]. pH of solution after sorption vs pH before sorption is
plotted and PZC value of MLTUM-Fe>O3 nanoparticle is found to 2.78.

Effects of contact time

Results on Fig. 5. indicates the effect of contact time on the removal
efficiency and here it is followed that the rapid sorption of RB 19 took place
within 5 min. Subsequently, sorption became slow and almost reached
equilibrium within 15 min. However, the experimental data were measured
at 180 min to make sure that full equilibrium was attained.
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Figure 5. Effect of contact time on RB 19 removal using MLTUM-Fe20s.

Initial dye concentration 100 mg dm=3, sorbent dose = 0.5 g dm™3,
native pH, temperature = 25 £ 0.5°C

Effect of sorbent dosage

To optimize the minimum dosage required for bringing down the RB
19 level, the dosage of sorbent was varied from 0.1 g dm=3to 1 g dm=. The
removal efficiency of RB 19 with different sorbent dosage is shown in Fig. 6.
The percentage removal of RB 19 significantly increased with sorbent
dosage. In all the subsequent experiments 0.5 g dm=2 of sorbent was fixed
as the optimum dosage.
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Fig. 6. Effect of sorbent dosage on RB 19 removal using MLTUM-Fe20Os. Initial dye
concentration 100 mg dm-3, native pH, temperature = 25 + 0.5°C

Effect of initial dye concentration

The effect of initial dye concentration was studied in the concentration
range 1-500 mg dm=3 at native pH value. It was evident that for lower initial
concentrations of RB 19, the sorption was very fast (Fig. 7). The removal of
RB 19 decreased with increase in initial dye concentration and took longer
time to reach equilibrium.
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Fig. 7. Effect of initial dye concentration on RB 19 removal using MLTUM-Fe20s.
Sorbent dose = 0.5 g dm=3, native pH, temperature = 25 + 0.5°C
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Effect of pH

To study the effect of pH on the sorption of RB 19, experiments were
carried out in the pH range of 2—11. Anionic dye sorption is favoured at pH <
pHozc Wwhere the surface becomes positively charged [43]. It can be observed
that the sorption of RB 19 increases in the acidic medium (Fig. 8). Although
the dye removal efficiency decreased from 89.35% to 14.90 when pH was
raised from 2 to 11. This can be explained on the basis of the point of zero
charge [44]. Therefore, the surface of MLTUM-Fe;Os is positively charged
below the PZC and negatively charged above the PZC.
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Figure 8. Effect of pH on RB 19 removal using MLTUM-Fe20Os. Initial dye concentration
100 mg dm=3, sorbent dose = 0.5 g dm™2, temperature = 25 + 0.5°C

Sorption kinetics

The rate of sorption was determined by studying the sorption kinetics
at nine different initial RB 19 concentrations (1, 2, 5, 10, 20, 50, 100, 200 and
500 mg dm-3) at optimum sorbent dose. It was observed that RB 19 removal
increased with the lapse of time and the rate was initially rapid, after which
the rate slowed down as the equilibrium approached. The values of the
kinetic models parameters calculated non-linearly are given in Table 1. The
experimental data showed that pseudo-second-order model better fitted
experimental data than pseudo-first-order model.
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Table 1. Pseudo-first order and pseudo-secoond-order kinetic parameters for the
RB 19 dye sorption onto MLTUM-Fe203

Co
(mg dm=3)

N
N

5 10 20 50 100 200 500

?r;’;g&) 1.800 (3.725 |9.448 [18.977 |37.774 (89.341 |157.224 (189.014 |271.002

Pseudo-first-order model

?r;’gcg'_1) 1.720 |3.647 |9.242 |18.548 |37.245 (87.576 [150.492 [183.159 |259.704
ki (min~') [1.367 |1.271 [1.221 [1.092 |1.084 [1.052 [1.012 [0.953 [0.801
R? 0.983 [0.995 (0.987 (0.979 [0.995 [0.993 |0.984 [0.988 [0.969

Pseudo-second-order model

?:W,QCZL) 1.766 |3.731 |9.506 |19.139 [37.982 |88.819 |153.093 |186.585 (273.015
k2 (min~') |1.656 |0.772 |0.263 |0.110 |0.103 [0.091 |[0.039 [0.026  |0.004
R2 0.997 [0.996 |0.999 |0.997 |0.999 [0.998 [0.994 |0.997 |0.994

Since neither the pseudo-first-order nor pseudo-second-order model
can identify the diffusion mechanism, the kinetic results were further
analyzed by intraparticle diffusion model [45]. Values of the parameters of
the intraparticle diffusion model are shown in Table S4 in Supplementary.

Based on kig1 and kig2 values it can be concluded that film diffusion is
more efficient than intraparticle diffusion. The calculated intra-particle
diffusion rate constants kigs (Table S4) increased with increasing initial RB 19
which can be related to faster diffusion.

Chrastil’s diffusion model describes sorption kinetics in diffusion-
controlled systems. The original equation for Chrastil's diffusion model is
presented in detail in paper by Chrastil (1990) [46]. The parameters of the
model were determined by a non-linear regression analysis of experimental
data and given in Table S5 in Supplementary material section. The results
obtained for the diffusion resistance coefficient show that n values decrease
from 0.652 to 0.051 (Table S5) for initial RB 19 concentration from 1 up to
500 mg dm=3, meaning that the sorption rate is strongly limited by the
diffusion [47].
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Sorption isotherms

In this work, different equilibrium models of two (Langmuir, Freundlich,
Temkin, and Dubinin-Radushkevich) and three (Sips) parameters were evaluated
to fit the experimental MLTUM-Fe2O3 sorption of RB 19 isotherm. Fig. S6 in
Supplementary material section shows the comparison of different isotherms
studied at 25°C. The isotherm parameters of all the above-mentioned models,
along with their corresponding r? values are presented in Table 2.

Table 2. Characteristic parameters of different isotherm models for RB 19 sorption
for the RB 19 dye sorption onto MLTUM-Fe203

Equilibrium model Parameter Value
KL (dm3 mg™) 0.088
Langmuir isotherm gm (mg g7") 241.779
R? 0.970
Kr, (dm3 g )'n 43.212
Freundlich isotherm n 3.171
R? 0.952
Kt (dm® mg™) 5.082
Tempkin isotherm b (J mol™) 31.823
R? 0.969
gor (Mg g) 207.022
2 -2 . -6
Dubinin-Radushkevich isotherm E'?TQS:_J;J ) 2'1052.‘51'5170
R? 0.909
gm (mg g”') 299.383
I Ks (dm® mg™") 0.126
Sips isotherm n 1578
R? 0.988

Langmuir isotherm

The Langmuir isotherm [48] is often used to describe the adsorption
in homogeneous surfaces based on the assumptions that monolayer adsorption
occurs on uniformly energetic adsorption sites with no interactions between
adsorbate molecules.

The highest correlation factors (R? > 0.97) of Langmuir model for RB
19 indicates that the Langmuir model gives the best fit to the experimental
data and so the nature of sorption of dyes on the sorbents is more compatible
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with Langmuir assumptions and imply that sorption of investigated pollutant
on the sorbent is mono-layer and after saturation of this layer no further
sorption took place. The maximum RB 19 sorption capacity determined from the
Langmuir isotherm model was 241.77 mg g (Table 2), which is consistent
with the experimental value (271.002 mg g').

Freundlich isotherm

The Freundlich isotherm [49] is used for adsorption which involves
system with heterogeneous surface energy. It is assumed that the stronger
binding sites are occupied first and that the binding strength decreases with
the increasing degree of site occupation.

Differences between the monolayer (chemisorption) and multilayer
(physisorption) process can be detected by applying the Freundlich model.
From the data in Table 2, that value of 1/n = 0.315 while n = 3.171 indicating
that the sorption of RB 19 onto MLTUM-Fe;0s is favourable, as noted in the
previous adsorption works [50-53]. These values also suggest formation of
an almost homogeneous surface.

Temkin isotherm

The Temkin isotherm assumes that the heat of sorption of all the
molecules in a layer decreases linearly due to sorbent—sorbate interactions
and that sorption is characterized by a uniform distribution of binding energies,
up to some maximum binding energy. The original non-linear equation is
presented in paper by Temkin and Pyzhev (1940) [54]. The relatively high value
of parameter b (31.8232), indicated that there is a significant ionic interaction
between RB 19 and MLTUM-Fe,>O3 sorbent and suggested predominance of
chemical sorption.

Dubinin—Radushkevich isotherm

Dubinin—Radushkevich model is used to distinguish between
physisorption and chemisorption and also to assess the mechanism of RB 19
sorption on MLTUM-Fe;Os. Values gor, Kor and € should be determinate from
a non-linear plot of q. versus C.. Radushkevich (1949) [55] and Dubinin (1965)
[56] have reported that the characteristic sorption curve is related to the porous
structure of the sorbent. According to the calculated E value, which was
315.557 J mol, physical sorption can be involved in RB 19 sorption onto
MLTUM-Fe,03. Considering determination coefficient value (R? = 0.909), it
can be concluded that the D-R model doesn’t fit well with experimental data
(Table 2).
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Sips isotherm

The Sips isotherm [57] is a combined form of Langmuir and Freundlich
expressions used for predicting the heterogeneous adsorption systems and
circumventing the limitation of the rising adsorbate concentration associated
with Freundlich isotherm model. The relatively high value of parameter n
(Table 2) indicates that the Langmuir will be preferable isotherm. This is
consistent with the results obtained for other isotherms.

Desorption of RB19 and reused of MLTUM-Fe>O; nanosorbent

Regeneration and reusability of sorbents is an important factor for
industrial and practical applications because of the reduction of the need for
new amount of sorbent and lowering of synthesis costs of the sorbent
materials. It was found that for MLTUM-Fe;0s3, the removal efficiency (RE %)
decreased from 78.59% to 75.40% in the first three cycles and then reached
72.47% in the fourth cycle and the fifth cycle reached 70.32%. The maximum
desorption efficiency by NaOH was obtained after 15 min and amounted
about 82% in the first desorption cycle. In the next cycles desorption
efficiency by using NaOH was higher than 92%. The minor decrease of the
sorption capacity can be attributed to the loss of the sorbents in the sorption
desorption processes and the irreversible binding (chemisorption) of RB19
on MLTUM-Fe203. Desorption of RB19 using NaCl solution was very low with
DE % of 21.78%. Therefore, the MLTUM-Fe>O3; can be reutilized, with
previously desorption using NaOH.

CONCLUSION

The Fe>O3 nanoparticles have been synthesized using simple and
fast modified low-temperature urea method and successfully characterized
by BET, SEM, EDX, XRD, TGA and FTIR techniques. MLTUM-Fe>O3 can be
used as potential sorbent for the removal RB 19 from water with a maximum
sorption capacity of 271.00 mg g~ for dye at room temperature. The kinetic
data shows that the present system follows pseudo-second-order model.
Equilibrium sorption data fit better to Langmuir followed by Sips, Tempkin,
Freundlich and Dubinin-Radushkevich sorption models, respectively. Hence,
this study could provide a simple route to synthesize a cost-effective
nanostructured Fe,;O3 sorbent for dyes removal in environmental treatment.
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EXPERIMENTAL

Materials

Ferric nitrate Fe(NOs)s - 9 H2O (Sigma Aldrich, USA) and urea (NH2).CO
(Merck, Germany) with 99% and 99.5% purities respectively, were employed
as the starting materials. The dye Reactive Blue 19 (RB 19) was obtained
from Sigma Aldrich (USA) and used without further purification. The properties
and molecular structure of RB 19 are shown in Table S2 in Supplementary
material section.

Synthesis

Iron oxide nanoparticles was synthesized by a modified low-temperature
urea method. The effect of the fuel in controlling particle size and microstructure
of the product under different fuel-to-oxidant ratios is investigated by a few
scientists [37,38]. Initially, three aqueous solutions of the ferric nitrate nonahydrate
Fe(NOs)s - 9 H.O and urea (NH2).CO with Fe:urea molar ratio 1:2.5, 1:5 and
1:7.5 were added to three flasks with reflux condenser, which were maintained
at 90°C for 3 h. After that the suspensions were cooled to room temperature,
filtered and washed with hot deionized water for effective removal of ions.
The final products were dried at 100°C for 10 h. For further research, the iron
oxide obtained with molar ratio 1:2.5 was used because with the further increase
in the amount of urea there was no increase in the sorption of the material.
The material with Fe:urea molar ratio 1:2.5 will be marked as MLTUM-Fe203
further in the text.

Characterization

The structure of MLTUM-Fe,O3 was determined by X-ray powder
diffraction (XRD). Data were collected with a Siemens D5000 X-ray
Diffractometer in theta-theta geometry in reflection mode with Co Ka. Data
collection was between 20-80° 26, step size of 0.02°. For SEM-EDX analysis
samples were attached to aluminum stubs using Leit-C carbon cement. A
Hitachi SU8030 cold FEG-SEM was used for imaging the samples with
Thermo-Noran NSS system 7 ultra-dry x-ray detector for semi-quantitative
EDX analysis (Thermo Scientific NORAN System 7, USA). An infrared
spectrum of MLTUM-Fe,O3; was obtained using a Fourier transform infrared
spectrometer (Bomem Hartmann & Braun MB-100 spectrometer).

The specific surface area was evaluated by the BET method using N>
adsorption. A full gas sorption isotherm was run on a Micromeritics Gemini 5
Surface Area Analyser. The pore size distribution was calculated from the
desorption branch of the isotherm by the Barrett, Joyner, and Halenda (BJH)
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method. Thermogravimetric analysis (TGA) was performed using TGA Q5000
(TA Instruments, USA). The sample was heated in air at a flow rate of 25
cm?® min~' from ambient temperature to 600°C in aluminum pan, at a heating
rate of 2°C min~'.

Sorption experiments

Studies on the sorption of dye RB 19 by MLTUM-Fe»03 were carried
out in batch conditions. 100 cm?® of each of working dye solution was
contacted with 0.05 g sorbent, stirred at 250 rpm, at room temperature 25.0 +
0.5°C. Aliquots of solutions (5.0 cm?3) were withdrawn at desired time intervals
and the sorbent was removed immediately by filtration through a 0.20 ym
regenerated cellulose membrane filter (Agilent Technologies, Germany).
Absorbance at 592 nm was measured using a UV/vis spectrophotometer
Shimadzu UV-1800 PC (Shimadzu, Japan). The amount of dye sorbed gt
(mg g~") was determined by using the following equation 1:

=(Ci_ct) (1)

m

t

The percentage of removal was evaluated using equation 2:

RE (%) :(1—C—‘jx100 (2)
CO

where ¢o and c¢; are the initial and final concentrations of the dye in solution
(mg dm3), Vs the solution volume (dm?3) and mis the mass of the sorbent (g).

Desorption of RB19 and reused of MLTUM-Fe.O3; nanosorbent

In order to investigate the reusability performance of the MLTUM-
Fe-Os nanosorbent, five successive sorption—desorption (regeneration)
cycles were performed. In the adsorption test, 0.05 g of MLTUM-Fe»O3 was
loaded with 100 cm? of RB19 solution with concentration of 100 mg dm=3 and
stirred for 180 min. To regenerate the adsorbent, the used MLTUM-Fe,03
was contacted with 100 cm?® of desorption solutions (0.1M NaOH and 1M
NaCl), with stirring for 1 h. The desorption efficiency (DE %) was calculated
as follows:

m previously sorbed [mg

DE (%) = ( M s 1 M9 ]]j X100 3)
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