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Abstract We herein report the preparation of Co;0,,
a-Fe,0;, and CoFe,0, nanostructures through a hydro-
thermal method followed by a subsequent heat treatment.
The as-prepared nanostructures exhibited good adsorption
properties for the removal of Orange G (OG) textile dye.
Various parameters influencing the adsorption process have
been investigated such as contact time, initial dye concen-
tration, ionic strength, adsorbent dose, and temperature.
The maximum adsorption capacity values were found to
be 33.3, 53.2, and 62.0 mg/g, for Co;0,, CoFe,O,, and
a-Fe,0; nano-adsorbents, respectively. The adsorption data
fit the pseudo-second-order kinetic and Langmuir isotherm
models well. Based on the calculated thermodynamic
constants: AH® (3.660, 14.82, and 0.4710 kJ/mol), AG®
(from —0.8090 to —1.109, from —0.6444 to —1.682, and
from —3.665 to —3.943 kJ/mol), and E, (9.277, 5.060, and
12.10 kJ/mol), the adsorption of OG dye on the aforemen-
tioned nano-adsorbents, respectively, was found to be endo-
thermic, spontaneous, and physisorption process. In addi-
tion, because of the relatively high adsorption capacity and
chemical stability, the as-synthesized a-Fe,O5 adsorbent is
suggested as a promising candidate for the removal of OG
textile dye from aqueous solutions.
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1 Introduction

Synthetic organic dyes play a significant role in various
industries such as paper, leather, plastic, rubber, and textile
dyeing. However, the effluents of these industries include
large quantities of toxic and carcinogenic dyes [1, 2]. The
release of these dyes into the aquatic environment without
pre-treatment causes tremendous problematic issues such
as inhibition of the sunlight penetration into the aquatic
media, undesirable colors, and several severe diseases.
Additionally, these dyes can also cause serious problems
on the human health such as respiratory issues, chemical
burns, irritation, ulcers, etc. [3—6]. Among these discharged
dyes is Orange G dye which is classified as one of the reac-
tive dyes, and this dye is biodegradable and chemically sta-
ble. Notably, toxicity and carcinogenicity of these dyes are
mainly due to the azo groups (—-N=N-) which are included
in their molecular structures.

Therefore, because of the serious environmental prob-
lems the organic dyes can cause, it is necessary to remove
them from wastewater before being discharged into envi-
ronment. To date, different physical, chemical, and bio-
logical methods have been proposed for the removal of
the organic dyes from wastewaters. In this light, several
methods have been reported such as membrane separation,
coagulation, ultra-sonication, photocatalysis, advanced oxi-
dation, biological treatment, coagulation, and adsorption
[5, 7-19]. However, due to simple design, high efficiency,
scalability, low-cost operation, and wide adaptability of the
adsorption process, it still has the superiority among other
techniques [20]. In this light, various adsorbent materials
such as natural and prepared polymers, zeolites, activated
carbons, hydrotalcites, and clays have been proposed for
the treatment of wastewater from textile dyes [21-23].
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Recently, various research groups have devoted their
effort to exploring more suitable adsorbents such as nano-
materials which are characterized by high surface area,
low-cost production, and high chemical stability [11]. Some
metal oxide nanostructures such as ZnO, Fe,0;, and Mn,0,
have been synthesized by simple procedures and proposed
for removal of some reactive dyes such as Reactive Black
5 and Reactive Red 195 dyes from wastewaters because of
their nontoxicity and good adsorption capacity [6, 24, 25].
In addition, various nano-materials have been prepared and
applied to remove various dyes [26, 27]. However, reports
on the removal of Orange G dye from wastewaters are still
limited. Moreover, search development of nano-adsorbents
with high adsorption capacity and high chemical stability
is still a challenge. Notably, metal carbonates have been
proved their efficiency in synthesis of various metal oxides
which can be used as efficient nano-adsorbents for the
removal of some textile dyes from wastewaters [6, 11, 25,
28-30].

Herein, we report on the removal of Orange G dye, as a
textile dye pollutant model, using different nano-adsorbents
such as hydrothermally synthesized a-Fe,O;, Co;0,, and
CoFe,0, nanoparticles. Various factors influencing the
adsorption process have been investigated such as contact
time, initial pH, initial dye concentration, etc. The kinet-
ics and thermodynamics of the adsorption process were
studied as well. The experimental data were examined by
employing different isotherm models. Recycling of the
hydrothermally synthesized nano-adsorbents was inves-
tigated to determine the optimum nano-adsorbent for the
removal of OG textile dye in this study.

2 Experimental
2.1 Materials and Reagents

All chemicals and reagents used in the present work were
of analytical grade and used without further purification.
Ammonium carbonate [(NH,),CO;] was purchased from
Fluka company. Cobalt acetate [Co(CH;COO),-4H,0], iron
sulfate (FeSO,-7H,0), ascorbic acid (C4HgOg), cobalt sul-
fate (CoSO,-7H,0), and Orange G dye (C,cH,,N,Na,0,S,,
pK,=12.8, and Scheme 1), were supplied by Sigma-
Aldrich company.

2.2 Preparation of Adsorbent Nanostructures
2.2.1 Preparation of Co;0, Nanoparticles
Co;0, nanoparticles have been prepared and reported

by Mostafa Y. Nassar elsewhere [29]. Briefly, cobalt car-
bonate nanostructure precursor was synthesized by the

\
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Scheme 1 Chemical structure of Orange G dye

hydrothermal reaction of aqueous solution of ammonium
carbonate (2 g, 20.81 mmol, 3 eq.) (60 mL) and an aqueous
solution of cobalt acetate [Co(CH;COO),-4H,0 (1.728 g,
6.938 mmol, 1 eq.)] (20 mL) in a 100 mL-autoclave at
120°C for 30 min. Then, the autoclave was left to reach
room temperature (~25 °C) naturally. The pink precipitate
was collected, washed, and dried at 60°C for 6 h. After-
ward, the hydrothermally prepared CoCO; nanoparticles
were thermally decomposed at 400°C for 2 h to produce
Co;0, nano-adsorbent.

2.2.2 Preparation of a-Fe,0; Nanoparticles

Synthesis and characterization of a-Fe,O; nanostructure
were reported by Nassar et al. elsewhere [25]. In brief,
FeCO; nanoparticles were prepared by the hydrother-
mal treatment of aqueous solutions of iron sulfate (1.95 g,
7 mmol, 1 eq., 20 mL), ascorbic acid (1.23 g, 7 mmol,
1 eq., 20 mL) and ammonium carbonate (2.016 g, 21 mmol,
3 eq., 20 mL) with a molar ratio of 1:1:3, respectively, in
100 mL-autoclave for 1.5 h at 140°C. Next, the produced
iron carbonate precipitate was collected, washed with dis-
tilled water then with ethanol, and dried at 60°C for 6 h.
Finally, pure a-Fe,O; nanostructures with a crystallite size
of 11 nm were produced through thermal decomposition of
the as-prepared iron carbonate at 400 °C for 2 h.

2.2.3 Preparation of Cobalt Ferrite Nanoparticles

Cobalt ferrite (CoFe,O,) nanoparticles were previously
synthesized as reported by Nassar et al. elsewhere [11]. An
aqueous solution (40 mL) of iron sulfate (2.0 g, 7.18 mmol,
0.6 eq.), ascorbic acid (2.11 g, 11.97 mmol, 1 eq.), and
cobalt sulfate (1.35 g, 4.79 mmol, 0.4 eq.) was stirred for
5 min. To this stirring solution, ammonium carbonate aque-
ous solution (20 mL) (3.45 g, 35.91 mmol, 3 eq.) was added
and the reaction was stirred for 10 min then transferred to
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an autoclave maintained at 140°C for 3 h. The FeCO,/
CoCO; composite precipitate was isolated, washed with
water and ethanol, and dried at 60°C overnight. Then,
cobalt ferrite (CoFe,0,) nanoparticles were produced by
thermal decomposition of the as-prepared carbonate com-
posite precursor at 600 °C for 2 h.

2.3 Characterization

The phase compositions of the as-produced products were
characterized by using powder XRD patterns collected by
X-ray diffractometer (Bruker; model D8 Advance) attached
to a monochromated Cu-Ko radiation (A=1.54178 10%).
The FE-SEM images of the as-prepared products were col-
lected by using a field emission scanning electron micro-
scope (FE-SEM) equipped with a microscope (JEOL JSM-
6390). The TEM images of the as-synthesized products
were taken by using a high-resolution transmission electron
microscope (HR-TEM) (JEM-2100) with 200 kV accel-
erating voltage. The FT-IR spectra of the products were
recorded from 4000 to 400 cm™! on FT-IR spectrometer
(Thermo Scientific; model Nicolet iIS10). The UV—Visible
spectra of the Orange G dye (OG) were collected by using
an UV-Visible spectrophotometer (Jasco; model v670).
Thermal study of the as-synthesized carbonate precursors
was performed at 15 °C/min heating rate under N, gas
atmosphere by using a thermal analyzer instrument (Shi-
madzu; model TA-60WS). The chemical stability of the
as-prepared nano-adsorbents was examined by determina-
tion of the concentration of the released cobalt and/or iron
ions in solutions at the obtained optimum pH value for 24
and 48 h, employing an inductively coupled plasma-optical
emission spectrometer (ICP-OES; Optima 7000 DV, Perki-
nElmer, USA).

2.4 Adsorption Studies

To examine the adsorption efficiency of Co;0,, a-Fe,O;,
and CoFe,0, nanoparticles, Orange G dye was selected as
a contamination model for textile industry pollutants. The
adsorption experiments were carried out employing the batch
technique in 250-mL conical flasks under magnetic stirring
(400 rpm). Different experimental factors influencing the
adsorption process were investigated such as contact time
(0-150 min), initial dye concentration (20-250 mg L71),
KCI concentration (0.027-0.295 mol/L), initial pH (1-10) of
the dye solution, and temperature (298-328 K). In a typical
adsorption experiment, 0.05 g of the as-synthesized adsorbent
was added to 50 mL of the dye solution of specific pH which
was previously adjusted using 0.2 M NaOH and/or HCI aque-
ous solutions. The suspension was then magnetically stirred
at a specific temperature, for pre-defined time periods. After
that, at specific time periods, aliquots were regularly drawn
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out from the flask, and the nanoparticles were separated by
centrifugation. The absorbance of the supernatant was meas-
ured at A, =477 nm by using an UV-Vis spectrophotom-
eter to determine the residual dye concentration after adsorp-
tion. Finally, the residual dye concentration was estimated by
utilizing a previously constructed calibration curve. Notably,
the adsorption capacity of the adsorbents [q,, (mg/g)] and the
dye removal percentage (% removal) were determined, using
Eqgs. (1) and (2).

V(C,-C)
g =t 1)
C,—-C
% removal = M x 100 2)

0

where, C, (mg/L) is the initial dye concentration at
time=0, C, (mg/L) is the remaining dye concentration at
time t, V (L) is the volume of the dye solution, and m (g) is
the mass of the adsorbent.

3 Results and Discussion

3.1 Synthesis and Characterization of a-Fe,03, Co;0,,
and CoFe,0, Nano-adsorbents

a-Fe,0;, Co;0,4, and CoFe,0, nano-adsorbents have proven
their efficiency in the removal of methylene blue and Reac-
tive red 195 dyes, as reported elsewhere [8, 11, 25]. Orange
G dye as mentioned before is a carcinogenic dye; therefore,
we aimed to remove this dye from contaminated aqueous
solutions. Hence, we prepared the aforementioned nano-
adsorbents to decontaminate wastewaters contaminated
with Orange G dye. Figure la—c exhibits the XRD patterns
of the as-prepared nano-adsorbents: Co;0,, a-Fe,Os, and
CoFe,0,, respectively. All the diffraction peaks could per-
fectly be assigned to a pure cubic Co;0, phase (JCPDS card
no. 74-1657, space group Fd3m), hexagonal a-Fe,O; phase
(JCPDS card no. 89-0598, space group R-3c), and cubic
spinel CoFe,0, phase (JCPDS card 22-1086, space group
Fd-3m), respectively. No diffraction peaks corresponding
to any impurities have been observed. The obtained results
are consistent with the published data [8, 11, 25, 31]. The
other characterization techniques and various properties of
the o-Fe,0;, Co;0,, and CoFe,0, nano-adsorbents were
described elsewhere [8, 11, 25].

3.2 Adsorption Properties of a-Fe,0;, Co;0,,
and CoFe,0, Nanoparticles

In order to remove Orange G dye from contaminated water,
we have investigated different factors influencing the effi-
ciency of the dye adsorption process such as the contact
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Fig. 1 XRD patterns of the as-prepared Co;0, (a), a-Fe,O; (b), and
CoFe,0, (¢)

time, initial dye concentration, salt effect, initial pH of
the dye solution, adsorbent dose, and temperature of the
adsorption media.

3.2.1 Effect of pH

Notably, initial pH of the adsorption media has an essen-
tial role in the adsorption process owing to its remark-
able effect on the electrostatic interaction which can exist
between the adsorbent nanoparticles and the adsorbate
molecules. Hence, we have examined the influence of ini-
tial pH (1-10) of the dye solution on the adsorption process
under the experimental conditions: 50 mL of OG dye with
an initial concentration (C,) of 50 mg/L, 0.05 g of nano-
adsorbent, for 24 h, and at 25 °C. The data are displayed in
Fig. 2. The results exhibited that at lower pH values (i.e.
1-3) the removal dye efficiency enhanced, and the maxi-
mum adsorption capacity was attained at pH 3, 2, and 2
for a-Fe,05, Co;0,, and CoFe,0, nano-adsorbent, respec-
tively. Besides, it was reported that the point of zero charge
values for a-Fe,0;, Co;0,, and CoFe,O, nano-adsorbent
were 6.8, 7.5, and 7.2, respectively [11, 25, 32]. An impor-
tant implication of these findings is that these results can be
interpreted on the basis of the point of zero charge values
of the nano-adsorbents under investigation. Consequently,
at low pH values (i.e. pH<pH,,), the electrostatic attrac-
tion between the negatively charged OG dye molecules and
the positively charged adsorbent nanoparticles was high.
Moreover, at pH>3, the number of positively charged

¢ a-Fe,0;
m Co;304

d., Mg/g
S
1\
N

Fig. 2 Effect of pH on the adsorption of OG dye on a-Fe,0;, Co;0,,
and CoFe,0, nano-adsorbents

sites diminished, resulting in a decrease in the electrostatic
attraction between the oppositely charged species. After-
ward, at higher pH values (i.e. pH>H,,), there were repul-
sive forces between the negatively charged adsorbent nan-
oparticles and the negatively charged OG dye molecules
resulting in low adsorption efficiency values. These results
are compatible with other data reported for the adsorption
of RR195 and congo red dyes on some nano-adsorbents
[11,25,33].

3.2.2 Adsorption Kinetics

To determine the optimum time required for the maximum
adsorption of OG dye on the as-prepared nano-adsorbents
under investigation, we have studied the effect of the con-
tact time (0—150 min) on the dye removal performance
under the experimental conditions: 50 mL of OG dye solu-
tion with an initial concentration (C,) of 50 mg/L, nano-
adsorbent dose of 0.05 g, at the obtained optimum pH val-
ues for the nano-adsorbents (i.e. pH 3, 2, and 2 for a-Fe, 05,
Co;0,, and CoFe,0,, respectively), and at 25°C. The
results are presented in Fig. 3a. The results showed that the
adsorption of the dye started relatively fast. As the contact
time elapsed, the removal performance increased until it
reached a maximum value at 30 min, and the adsorption
capacity then remained constant, indicating a short equili-
bration time (30 min).

Furthermore, to design and optimize the adsorption pro-
cess, it is essential to develop the appropriate kinetic model
for it. Therefore, to attain profound information about the
mechanism and kinetic order of the adsorption of the OG
dye on the as-prepared nano-adsorbents, we have adopted
three kinetic models to investigate the experimental adsorp-
tion results. The applied kinetic models are pseudo-first-
order [34], pseudo-second-order [35], and intra-particle
diffusion model [36]. The linearized forms of the kinetic
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Fig. 3 Influence of contact time (a), pseudo-second-order model (b),
and intra-particle diffusion model (c) for the OG dye adsorption on
a-Fe,03, Co;0,, and CoFe,0, nano-adsorbents

models can be expressed as presented in Egs. (3, 4, 5),
respectively.

1 —q) =1 -

og (g, — q;) = logq, 3303 3
rt__1 .t 4
Q@ kg q “)
q =kt +C Q)
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Table 1 Kinetic constants for the adsorption of OG dye on «-Fe,Os,
Co;0,, and CoFe,0, nano-adsorbents

Kinetics models Constants a-Fe,0; Co;0, CoFe,0O,

Pseudo-first-order K, (1/min) 0.0458 0.0074 0.0551
Qecany (ME/L) 7915 1214 3910
1,2 0.638  0.615 0.407

Qe (Mg/E)  29.6 155 24.1

Pseudo-second-order K, [g/(mg min)] 0.0075  0.0096 0.0098
Qe(cany (ME/L) 30.77 1643  25.10
1,2 0.9985  0.9989 0.9989
Qe exp (ME/Q) 29.6 15.5 24.1
h (mg/mg min) 7.139 2.593  6.146

where, t (min), q, (mg/g), q, (mg/g), k,(1/min), k, (g/mg/
min), C (mg/g), and k; [mg/(g min'/?)] are the contact time,
equilibrium adsorption capacity of the as-prepared adsor-
bent, adsorption capacity of the as-prepared adsorbent at
time t, pseudo-first-order adsorption rate constant, pseudo-
second-order adsorption rate constant, the intercept of the
plot of Eq. (5) pointing out the thickness of the bound-
ary layer, and the intra-particle diffusion adsorption rate
constant, respectively. The determined kinetic constants,
obtained from the previously mentioned models for the
adsorption processes under investigation, are presented in
Table 1. The rate constant of the pseudo-first-order model
was determined from the slope of plotting of log (q,—q,)
against t (not shown) as it is clear from Eq. (3). Moreover,
the pseudo-second-order rate constant is calculated from
the slope and the intercept of the graph obtained from plot-
ting of t/q, versus t (Fig. 3b). According to the correlation
coefficient (r%) values presented in Table 1, it is indicated
that the experimental results of the adsorption OG dye on
the as-prepared nano-adsorbents obey well the pseudo-
second-order model. This is because the correlation coef-
ficient (r?) values for this model are closer to unity (0.997)
while those from the pseudo-first-order rate model are in
the range of 0.407-0.638. Besides, the calculated adsorp-
tion capacity [qeq,] values obtained by applying the
pseudo-second-order model are consistent with the experi-
mentally obtained ones [, ]- Hence, the rate constant of
the pseudo-second-order rate model was subsequently used
to estimate the initial sorption rate (h) at C;=50 mg/L by
using Eq. (6) (Table 1) [37].

h =k,q? ©)
The results revealed that the
tion rate (h) values were
a-Fe,0;> CoFe,0,> Co;0,.
Additionally, to know whether the adsorption pro-
cess is controlled by a pure diffusion mechanism or not,
the Weber and Morris model (Eq. 5) has been adopted.

initial  sorp-
in the following order:
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Therefore, a plot of g, against t% values was examined.
This plot gave a multi-linear curve which did not pass
through the origin, as depicted in Fig. 3c. All nano-adsor-
bents gave similar adsorption results. Hence, it is con-
cluded that the rate determining steps of the adsorption
processes are controlled by different mechanisms such as
bulk diffusion and film diffusion along with the intra-par-
ticle diffusion mechanism [38].

3.2.3 Effect of lonic Strength

The presence of inorganic salts as stimulators during
the dyeing process in the textile industries and releas-
ing them into their industrial wastewaters is a common
issue. Therefore, studying the effect of presence potas-
sium chloride in the adsorption media on the adsorption
efficiency is an essential factor. The effect of the pres-
ence of potassium chloride salt (in the concentration
range of 0.027-0.295 mol/L) on the adsorption process
efficiency has been studied under the experimental con-
ditions: 50 mL of OG dye with an initial concentration
(Cy) of 50 mg/L, 0.05 g of the nano-adsorbent, pH 2 for
Co;0, and CoFe,0, nano-adsorbents or pH 3 for a-Fe,0;
nano-adsorbent, at 25 °C, and for 30 min. The results are
presented in Fig. 4. The data depicted in Fig. 4 revealed
that the three nano-adsorbents gave similar results. The
results exhibited that the dye removal performance
decreased with increasing the potassium chloride con-
centration. This trend can be ascribed to the competi-
tion between the small anions (C17) and the negatively
charged OG dye molecules for the adsorbent active sites
during the adsorption process. This behavior is in good
agreement with that reported by other research groups [5,
25, 39].

35
30 4
- 25 - ’\\’\‘_M
& 20 4 i W S
§ 15 1 M
o 4
10 - 4 Fe,0;
5 | m Co;0,
0 T T T T T
0 0.1 0.2 0.3 04 0.5 0.6

KCl, g

Fig. 4 Effect of potassium chloride concentration on the adsorption
of OG dye on a-Fe,0;, Co;0,, and CoFe,0, nano-adsorbents

3.2.4 Effect of Adsorbent Dose

The influence of the as-prepared nano-adsorbent dose on
the adsorption of OG dye has been investigated, and the
results are depicted in Fig. 5. The results revealed that the
adsorption efficiency has not been influenced by increasing
the amount of CoFe,0, nanoparticles. Besides, the adsorp-
tion capacity of Co;0, for OG dye enhanced with increas-
ing the Co;0, dose until it reached maximum at 0.075 g;
then, it decreased slightly. The enhancement of the adsorp-
tion efficiency is probably due to the increase in the adsorp-
tion active sites with increasing the adsorbent dose. Then,
for an adsorbent dose greater than 0.075 g of Co;0,, the
adsorbent may undergo agglomeration, resulting in reduc-
tion of the surface area of the adsorbent. However, increas-
ing the a-Fe,O; adsorbent dose brought about a decrease in
the adsorption performance. The decrease in the adsorption
process is probably due to the aggregation that the adsor-
bent may undergo with increasing its adsorbent dose. This
agglomeration may result in a decrease in the surface area
of the adsorbent. These results are consistent with the pub-
lished data [39].

3.2.5 Effect of Initial OG Dye Concentration
and Adsorption Isotherm

The effect of varying the initial concentration of OG dye
on its adsorption on the as-prepared nano-adsorbents was
examined under the experimental conditions: 50 mL of
OG dye with various initial concentrations (Cy); 0.05 g
of a-Fe,0;, and CoFe,0, nano-adsorbents or 0.075 g
of Co;0, nano-adsorbent; pH 2 for Co;0, and CoFe,0,
nano-adsorbents or pH 3 for a-Fe,O; nano-adsorbent; at
25°C; and for 30 min. The obtained data are displayed in
Fig. 6a. As seen from Fig. 6, the adsorption capacity of the
adsorbent was enhanced when the initial dye concentration
increased until it reached maximum [qe(exp)=30.0, 40.0,
and 48.5 mg/g] at initial dye concentrations of 150, 150,

35

30:
25:
20:
15:

qy Mg/g

10 4
5 4

0 T T T T
0 0.05 0.1 0.15 0.2 0.25

Amount of adsorbent, g

Fig. 5 Effect of adsorbent dose on the adsorption of OG dye on
a-Fe, 05, Co;0,, and CoFe,0, nano-adsorbents
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Fig. 6 Effect of initial dye concentration (a), Langmuir isotherm
model (b), and Freundlich isotherm model (c¢) for the adsorption of
OG dye on a-Fe, 05, Co;0,, and CoFe,0, nano-adsorbents

and 100 mg/L, for Co;0,, CoFe,O, and a-Fe,O; nano-
adsorbents, respectively. The enhancement in the amount
of the adsorbed quantity with increasing the initial dye con-
centration is probably owing to the increase in the concen-
tration gradient driving force. The constancy of the adsorp-
tion capacity at higher dye concentrations might be due to
the saturation of the surface sites available for the adsorp-
tion process. These results are in good agreement with the
reported results [11, 39].

Furthermore, the adsorption results have been examined
by employing two well-known adsorption isotherms; Lang-
muir and Freundlich isotherm models, to explore the OG
dye adsorption mechanism. Where, the Langmuir model
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is applied to adsorption on homogenous surfaces, and the
Freundlich model is used for adsorption on heterogeneous
surfaces. The linearized forms of the Langmuir and Freun-
dlich isotherm models can be expressed by Eqgs. (7) and (8),
respectively.

C. 1 C.

9e KL Am Am ( )

Inq, = InKy + %lnCe )

where, C. (mg/L) is the equilibrium concentration of the
OG dye, q. (mg/g) is the OG dye adsorbed quantity at equi-
librium, K| (L/mg) is the Langmuir constant, q,, (mg/g) is
the nano-adsorbent maximum adsorption capacity for OG
dye, Ky [(mg/g)(L/mg)"""] is the Freundlich constant, and
n is a constant (suggesting the adsorption intensity which
can be deduced from the Freundlich isotherm model).
According to the Langmuir isotherm model (Eq. 7), the
constants, q,, and K;, can be calculated from the intercept
and the slope of the plot of C/q, versus C_ as displayed
in Fig. 6b. Additionally, based on the Freundlich isotherm
model (Eq. 8), Ky and n constants can be estimated from
the slope and the intercept of the plot of Inq, versus InC,, as
depicted in Fig. 6¢. Although it is known that the q,,, value
can be calculated by using the Langmuir isotherm equation
(as mentioned before), q,, can be also estimated utilizing
the Freundlich isotherm model by using Eq. (9), based on
the published data by Halsey [40].

m

i/n ®
C(]

Kp =

The determined parameters of both isotherm models
are presented in Table 2. It is clear from Table 2 that the
experimental adsorption results follow well the Langmuir
isotherm model, and this is mainly based on the correla-
tion coefficient values (r2) of the isotherm models of inter-
est. Furthermore, the determined maximum adsorption
capacities obtained from the Langmuir isotherm model are
consistent with the experimentally calculated ones. The
results also indicate the adsorbent homogenous nature and
monolayer coverage of the adsorption of OG dye on the as-
prepared adsorbents.

In addition, the adsorption performance of OG dye on
the as-prepared adsorbents was examined by employing the
dimensionless constant, R, (Eq. 10).

1

R = —
LT T+K.C, (10)

where, C; (mg/L) is the initial OG dye concentration, and
K; (L/mg) is the Langmuir constant. The R; constant
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Table 2. Le}ngmuir and Adsorption isotherm Parameters a-Fe,0; Co50, CoFe,0,
Freundlich isotherm parameters : :
for the adsorption of OG dye on [ apgmuir K, (L/mg) 0.135 0.0398 0.0530
:&1:3555150304’ and CoFe,0, e (M) 50.9 34.8 449
1,2 0.995 0.992 0.998
Ry 0.0289-0.271 0.0914-0.557 0.0702-0.485
Qeexp) (ME/R) 48.5 30.0 40.0
Freundlich K [((mg/g)(L/mg)"/"] 18.8 4.67 6.81
Qun(ealy (ME/L) 46.0 31.0 42.6
12 0.921 0.957 0.887
n 5.14 2.65 2.73
e exp) (mg/g) 48.5 30.0 40.0
values give an indication whether the adsorption pro-
cess is favorable (0<R;<1), linear (R =1), irrevers- 70
ible (R =0), or unfavorable (R; >1) [41]. In the current (a) & ]
investigation, the determined R; values were in the range 50
of 0.271-0.0288, 0.557-0.0914, and 0.485-0.0701 for the ) ]
initial concentration range of 20-250 mg/L, indicating that ‘é" 0
the adsorption of OG dye on a-Fe,0;, Co;0,, and CoFe,0, R
adsorbents, respectively, is a favorable process. 20 -+
10
3.2.6 Adsorption Thermodynamics 0 F——— VT
295 300 305 310 315 320
The influence of temperature on the adsorption of OG dye Temperature, K
on the as-prepared nano-adsorbents was studied in a tem-
perature range of 298-318 K under the optimum adsorption (b) s PR P R SRy =
conditions: 50 mL of OG dye with various initial concen- i: ]
trations (C,), 0.05 g of a-Fe,0; and CoFe,0, nano-adsor- '1 ] ——
bents or 0.075 g of Co;0, nano-adsorbent, pH 2 for Co;0, Y os 5000,
and CoFe,0, nano-adsorbents or pH 3 for a-Fe,O; nano- = 0:6 | B CoFe,0,
adsorbent, for 30 min, and at 298, 308, or 318 K tempera- [ TTTte~l
3 . . 0.4 1 B [ ikt
ture. Interestingly, all the adsorbents showed an increase in -y A oo
the adsorption capacity with increasing the temperature of 5 . . ' . '
the adsorption media indicating the endothermic nature of 0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
the adsorption under investigation, as displayed in Fig. 7a.
In addition, to get further insight into the adsorption pro- YT K
cess, we have calculated some thermodynamic constants (C) 0
to get information about the energy changes related to the 03
adsorption process. Consequently, some thermodynamic I R—
constants have been determined such as enthalpy change & Rl '---"":::_':::i ---------
(AH®), Gibbs free energy change (AG°), and entropy o 06 A Cgadial :
change (AS®), utilizing Egs. (11) and (12) [25]. £ 084 ;;e >
__________ ; s 2U3
InK, = A}f - A}g (11) dqf =
-1.2 r . r T :
0.0031 0.00315 0.0032 0.00325 0.0033 0.00335 0.0034
AG® = AH°-TAS 12) 1/T, K

where, T and R are the absolute temperature of the
adsorption medium (K) and the universal gas constant
(8.314><10_3 klJ/mol K), respectively. Besides, K, is
the thermodynamic equilibrium constant; however, this

Fig. 7 Effect of temperature (a), plot InK_ versus 1/T (b), and plot
of In(1—0) versus 1/T (¢) for the adsorption of OG dye on «-Fe,0s,
Co;0,, and CoFe,0, nano-adsorbents
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constant value should be dimensionless. This comes from
the fact that AG®, T, and R units appeared in Eq. (13) are
in kJ/mol, K, and kJ/mol K, respectively. Therefore, some
routes have been suggested for the calculation of a dimen-
sionless thermodynamic equilibrium constant [42—47].

AG°® = RTInK, (13)

In the present study, we have determined the dimension-
less thermodynamic equilibrium constant (K.) by employ-
ing the partition constant (Kp) [5, 43, 48].

As proposed by Niwas et al. [43], the thermodynamic
equilibrium constant (K_) can be expressed by Eq. (14).

(14)

where, a, and a, are the activity of the dye in solution at
equilibrium and the activity of the adsorbed dye, respec-
tively. Besides, C, and C, are the equilibrium concentration
of the adsorbate in solutions and the adsorbed quantity of
the adsorbate on the adsorbent, respectively. In addition, vy,
and vy, are the activity coefficient of the dye in solution at
equilibrium and the activity coefficient of the adsorbed dye,
respectively. In a highly dilute concentration of a solute, the
solute concentration goes to zero in that solution, and the
activity coefficient goes to unity. Therefore, Eq. (14) can be
approximated to Eq. (15). Hence, the partition coefficient
(K,) and the thermodynamic equilibrium constant (K) are
of equal values, and the partition coefficient is in unison
with the unit of that thermodynamic constant.

The K, constant (i.e. K=K in the current case) can be
determined by plotting In(C/C,) against C,, and extrapolat-
ing C, to zero to give an intercept which is equal to K, [48].
Afterward, the constants AH® and AS° can be determined
from the slope and the intercept of the plot of InK_ against
1/T (Fig. 7b). Moreover, AG® value can be estimated by

substituting AH® and AS° with their values in Eq. (12).
The estimated thermodynamic constants are tabulated in
Table 3.

The listed thermodynamic constants in Table 3 exhibit
that the adsorption processes of the OG dye on the as-
prepared nano-adsorbents are spontaneous and endother-
mic based on the obtained positive and negative values for
AH° and AG®, respectively. Additionally, the results also
showed that the adsorption process at higher temperatures
was thermodynamically favorable because AG° values
increased in the negative direction with rising the tempera-
ture. In addition, according to the calculated values of AH®
(from 0.4710 to 14.82 kJ/mol) and AG® (from —0.6444 to
—3.943 kJ/mol), it was concluded that the adsorption of
OG dye on the nano-adsorbents under investigation was
physisorption as AH® and AG® values lay in the range of
<40 kJ/mol and (—20) — (0) kJ/mol, respectively.

Moreover, in order to confirm the physisorption nature
of the adsorption process, we have calculated the activa-
tion energy (E,) by using the modified Arrhenius equa-
tion [Eq. (16)] related to surface coverage (8) for OG dye
adsorption on the as-prepared nano-adsorbents [9, 49].

S = (1) & (16)

where, S* (0<S“<1) is an adsorbate/adsorbent function
(sticking probability), and this function depends on temper-
ature. C, and C, parameters have the aforementioned defi-
nitions. 0 can be replaced with [1 —C,/C,] in Eq. (16). Tak-
ing natural logarithms of both sides of Eq. (16) produces
Eq. (17)

In(1 — ) = InS* + E,/RT (17)

From the slope and the intercept of the plot of In(1 —6)
versus 1/T (Fig. 7c), we have determined the activation
energy (E,) of the adsorption process. Notably, E, values
were estimated to be 5.060, 9.277, and 12.10 kJ/mol for the
adsorption of OG dye on a-Fe,0;, Co;0,, and CoFe,0,

Table 3 Thermodynamic parameters for the adsorption of OG dye on a-Fe, 05, Co;0,, and CoFe,0, nano-adsorbents

Adsorbent  Method TK) K, AG® (kJ/mol)  AS° (J/mol K)  AH° (kJ/mol) 1 E, S
(kJ/mol)
o-Fe,0, Partition constant, K, 298 4385 —3.665 0.0139 0.4710 0.907 12.10 3.78x1073
K,=Ko) 308 4427 —3.804
318 4438 —3.943
Co,0, Partition constant, K, 298 1367 —0.8090 0.0150 3.660 0.800  9.277 16.6x 1072
K,=Ko) 308 1.494  —0.9590
318 1.499  —1.109
CoFe,0,  Partition constant, K, 298 1375 —0.6444 0.0519 14.82 0770  5.060  942x1073
K,=Ko) 308 1396 —1.163
318 2011 —1.682
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adsorbents, respectively. Therefore, this indicates that the
adsorption of OG dye on the as-prepared adsorbents is a
physisorption process because the values are in the range
of 5-40 kJ/mol reported for the physisorption [6, 50]. This
conclusion is consistent with that obtained from the AG®°
and AH° values, supporting the physisorption nature of the
adsorption processes under study.

3.2.7 The Reusability of the As-Prepared Adsorbents
and Comparison with Others

From an economic point of view, the regeneration of the
a-Fe,0;, Cos0,, and CoFe,0, adsorbents and their reus-
ability for OG dye adsorption are important factors for
the application purposes. Hence, we have investigated the
regeneration and reusability of the as-prepared adsorbents.
Adsorption of OG dye on the as-prepared nano-adsorbents
was achieved under the obtained optimum adsorption con-
ditions; subsequently, the OG dye-loaded nano-adsorbent
was regenerated by its stirring in an aqueous dye solution
at pH 10 for 3 h, followed by centrifugation then washing
with water and methanol. The regenerated adsorbent was
then dried for 6 h at ca. 70°C. The adsorption—desorption
procedure was repeated five times, and the obtained results
were depicted in Fig. 8. The results showed that the as-pre-
pared adsorbents (a-Fe,05, Co;0,, and CoFe,0,) still have
good reproducibility and adsorption performance (ca. 91,
90, and 92%, respectively), after even five cycles of regen-
eration. Consequently, the collected results indicate that
the as-prepared nano-adsorbents can be proposed as good
candidates for the removal of OG dye from aqueous media
and also support the long-term use of the nano-adsorbents.
On the other hand, Table 4 lists the maximum adsorption
capacities (q,,) of different adsorbents for the removal of
OG dye. The tabulated results reveal that the as-prepared
a-Fe,O5 adsorbent has a relatively high q,, value in com-
parison to the q,, values of the other listed adsorbents in
Table 4. In addition, the as-prepared Co;0,, a-Fe,05, and

90
80 - 4 Fe,0;
70 - G040
60 —

Am, Mg/g

50 4 [ | | m =
40 4
30 4
20 4
10 4
0 4
1 2 3 4q 5

Recycle times

Fig. 8 Regeneration efficiency of a-Fe,O;, Co;0,, and CoFe,O,
nano-adsorbents for the removal of OG dye

Table 4 Comparison between the maximum adsorption capacities of
several adsorbents toward the removal of OG dye

Adsorbent material Adsorption Reference
capacities, qy,,,
mg/g
Hematite 630.0x107° [51]
Modified sawdust 5.480 [52]
MgO nanoparticles 21.50 [1]
Magnetic Biochar 32.36 [53]
Co;0, nanoparticles 33.30 The present study
CoFe,0, nanoparticles 53.20 The present study
a-Fe,05 nanoparticles 62.00 The present study
Mesoporous carbon CMK-3 189.0 [54]

CoFe,0, adsorbents exhibited high chemical stability
because the analyzed concentrations of the released cobalt
and/or iron ions from the adsorbents, at the corresponding
pH value, were estimated to be ca. 0.025 for cobalt ions,
0.005 for iron ions, and (0.020 for cobalt ions and 0.001
for iron ions) mg/L, respectively, after 24 h contact time.
And the released cobalt and iron ions concentrations (at the
corresponding pH value, and after 48 h contact time) were
determined to be ca. 0.053 for cobalt ions, 0.011 for iron
ions, and (0.048 for cobalt ions and 0.002 for iron ions)
mg/L, respectively. Consequently, low concentrations of
the leached ions from the as-prepared adsorbents will not
bring about an environmental metal pollution.

Although one of the listed adsorbents has a higher q,,
value, the as-prepared a-Fe,O; adsorbent has many charac-
teristics such as 100% desorption ratio, five-cycle reusabil-
ity, high chemical stability, and low-cost production. Actu-
ally, all these characteristics stimulated us to propose this
adsorbent as a good candidate for the removal of OG dye
from aqueous media.

4 Conclusions

In conclusion, a-Fe,05;, Co;0,, and CoFe,0, nanostruc-
tures were successfully synthesized using a hydrothermal
method followed by a subsequent heat treatment at 400 °C
or 600 °C for 2 h. This was achieved using inexpensive
ammonium carbonate as a carbonate source at relatively
low temperatures (120 and 140 °C) for relatively short time
(30 min or 3 h). The as-prepared nanostructures: Co;0y,,
CoFe,0,, and a-Fe,0;, revealed a high adsorption capac-
ity: ca. 33.3, 53.2, and 62.0 mg/g, respectively, toward
the removal of orange G (OG) textile dye. Besides, the
adsorption results fit well the pseudo-second-order and
Langmuir adsorption isotherm models. In addition, the
intra-particle diffusion and other mechanisms such as the
bulk diffusion and film diffusion mechanisms contributed
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to the adsorption mechanism. Moreover, the adsorption of
OG dye on the as-prepared nano-adsorbents depended on
the temperature of the adsorption medium, and the process
was spontaneous, physisorption, and endothermic, accord-
ing to the calculated thermodynamic constants. Eventually,
the findings indicate that the as-prepared «-Fe,O; nano-
particles can be proposed as a promising candidate for the
removal of OG dye from aqueous solutions.
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