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Abstract

®

CrossMark

Sol-gel auto-combustion was used to create ferrite nanoparticles with the structure

Co.5Cry sFe,O,4 using lemon juice as a fuel agent and surfactant. It was investigated whether the
generated nanomaterials could absorb Congo red dye. Different techniques were used to
characterize the prepared nanocomposite x-ray diffraction (XRD), FE-SEM, EDX, FT-IR and
Zeta Potential. The XRD characterization proved the phase purity of the prepared material, the
particle size was 28.34 nm. The study dealt with the use of the prepared compound as an
adsorbent surface for Congo red dye from its aqueous solutions. Freundlich and Langmuir
equations were applied to the adsorption process data for different temperatures. The results
showed that the Langmuir equation is more linear than the Freundlich equation. In addition, the
thermodynamic results showed that the adsorption of Congo red dye was spontaneous, as the
value of (AG) was negative at low concentrations before turning to a positive value with
increasing concentrations. Also, the adsorption process was endothermic and increased in
randomness through the positive value of (AS). The adsorption results showed that equilibrium
was reached in 300 min and that the removal of Congo red dye constituted 84.24% of the total.
The possibility of reusing the prepared compound several times was studied, and the results
showed the possibility of activating the surface while maintaining its properties as a good

adsorbent surface.

Keywords: adsorption, Congo red dye, ferrite nanoparticles, Langmuir and Frendlich,

thermodynamic
Classification numbers: 2.03, 5.02

1. Introduction

The aquatic environment suffers from various types of pol-
lutants, such as heavy metals, dyes, petroleum products, and
the products of various industrial activities that are mainly
untreated and make their way into the aquatic environment.
Thousands of chemicals may be used in industrial processes
that include a large number of organic and inorganic com-
pounds that are released into the environment. Watercolor [1],
Exposure of the aquatic environment to this huge amount of
pollutants of various types and forms leads to pollution and
destruction of life forms in it as a result of the transformation

1

of these pollutants into more complex forms, causing short or
long-term toxic effects that may in turn lead to a negative
impact on living organisms, including humans, and makes
water Not suitable for required uses [2, 3].

Organic dyes are one of the most important water pol-
lutants and are currently estimated at more than one hundred
thousand commercially available dyes, amounting to more
than (7 x 10°) tons of dyes produced annually [4]. The
amount of dyes that are consumed in the textile industry and
around the world is estimated at more than (10000 tons)
annually, and about (1%) of these dyes are discharged into
water channels annually, and accurate data on the amount of

© 2025 Vietnam Academy of Science & Technology. All rights, including
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dyes that are discharged from various industries into the
environment is not known. It is well known, however, that the
release of industrial dyes into the environment has presented
challenges to environmental scientists [5]. Many dyes are
toxic and carcinogenic and therefore affect the life of living
organisms and cause a direct impact on the life of these
organisms [6]. These dyes also contribute to water pollution
and represent an increasing danger to the environment,
aquatic life, and to humans and animals [7]. When dyes
resulting from industries are secreted into the water of rivers
and lakes, even if they are in small quantities, they will affect
the physical and chemical properties of the water and lead to a
decrease in the concentration of dissolved oxygen, which then
leads to cases of oxygen deficiency and as a result affects the
life of aquatic organisms [8]. Congo red is one of the diazo
dyes that is water-soluble and stable [9]. It is considered one
of the dangerous dyes for different living things, as this dye is
derived from benzidine and naphthoic acid. Human exposure
to high concentrations of this dye leads to cancer. It may
cause allergies to the eyes and skin, irritate the nervous sys-
tem, affect blood factors such as clotting, and have other
effects on human health that are unknown [10]. Congo red
dye has wide uses in many industries such as textiles, papers,
rubber, plastics and other industries. It is the first industrial
dye that has the ability to dye cotton directly. This dye is
Affected to changes in pH value, as its color changes in acidic
and basic environments [11]. Congo red is one of the
industrial dyes that is tricky to break For its stability chemi-
cal-physical and thermal. It is also characterized by its high
solubility in water, which makes the process of treating or
removing this dye from water contaminated with it very dif-
ficult [12]. For this reason, it is crucial to use economical,
efficient, and ecologically friendly treatment techniques to
clean up dye-containing waters and wastewater. Adsorption is
the most widely used method for depolluting dye-con-
taminated waters out of all the approaches, The methods
include physical (adsorption, filtration, ion exchange, etc) and
chemical methods (agglomeration, coagulation, oxidation,
etc). Adsorption is made possible by its wide range of
available natural and artificial adsorbent materials and its
simplicity [13, 14]. Recently, the development of innovative
and low-cost nanomaterials has received wide attention for
various applications, including the treatment and detection of
pollutants, as well as water purification using nanoparticles as
nanofilters, as well as various uses resulting from the
advancement of this technology [15, 16]. Recently, spinel
ferrites have been developed as new and effective adsorbents
for water pollution treatment [17, 18]. Because of its active
sites and large surface area, it is an effective material in
removing impurities. Due to their exceptional super-
paramagnetic qualities, spinel ferrites are easily extracted
from reaction mixtures using an external magnetic field
(SPM) [19, 20]. The ability to remove organic pollutants,
hazardous metals and nutrients from polluted water has been
verified [21]. Spinel ferrites have the general formula
MFe,0,, where M represents one of the divalent elements
that belong to the transition elements in the periodic table
such as (Fe?*, Cu’®t, Zn** Co**, Ni*", Cd**, etc) or a

mixture of them. The unit cell of spinel ferrites contains 32
oxygen ions, and these ions represent the basic reaction unit,
as positive ions are linked to them, thus forming the cubic
lattice. There are 96 sites among the oxygen ions, of which 64
are tetrahedral (A) and 32 are octahedral (B). The ability to
remove magnetic spinel ferrites is strengthened by their high
surface area and smaller particle size when they are made into
nanoparticles [22]. There are many methods used to prepare
magnetic nano spin ferrites, such as precipitation method
[23, 24], the hydrothermal method [25], the sol-gel method
[26] and the sol-gel auto- combustion method [27]. In the
present study, natural lemon juice was used as a reaction fuel
and as a surface active agent to produce cobalt ferrite and zinc
ferrite using the spontaneous combustion sol-gel method,
which is an environmentally friendly and less expensive
technique and is considered one of the green chemistry
methods. The current study aims to provide a nano-adsorbent
surface to remove Congo red dye from its aqueous solutions.
The study proved the possibility of using the prepared com-
pound to remove the dye and the possibility of reusing it
again.

2. Materials and methods

2.1. Synthesis of Coy 5Cry sFe-0, nanoparticles
The compound Cog sCrysFe,O4 was prepared as follows:

* 14.54 g of Fe(NO3)3-9H,0 (99.8%; Merck) with 2.63 g
of Co(NO;);:6H,O (96%; Aldrichywith 3.60g of
Cr(NO3),-9H,O (96%; Aldrich) were weighed and
placed in a beaker and (45 ml) of lemon juice was added
and then the materials were mixed using a magnetic
stirrer.

* Ammonium hydroxide was added to the solution during
the mixing process to adjust the pH to (7), then the
solution was mixed for (30 min) for the purpose of
homogeneity.

» Then the temperature was raised to 150 °C until the
solution was completely converted into a gel. After a
short period of time, the gel began to burn until it became
a dry powder. After that, the dry gel was ground.

* The ferrite powder was calcined at 600 °C for (3h) in
order to remove the remaining materials in the ferrite
such as organic compounds, carbon oxides and water.

2.2. Characterization techniques

The prepared compound was characterized using several
techniques, including (FESEM) scanning electron micro-
scopy, x-ray diffraction (XRD), Fourier transform infrared
spectroscopy, energy dispersive x-ray detection (EDX), and
ultraviolet—visible spectroscopy was used to calculate the dye
concentrations.
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2.3. Adsorption studies

In order to find the exact concentrations of Congo red dye, a
standard solution was prepared with a concentration of
(1000mg1™") and then used to prepare standard solutions
within the range (2-30mg1~'). The time required to reach
equilibrium was studied by taking different time periods
within the range (15-360 min) at a temperature of (25 °C),
where an initial concentration and initial volume of the dye
were used (20mg1~", 25ml) and a constant weight of the
material for the nanocomposite (0.05 g) at a shaking speed of
(120 rpm). The acid function was studied within the range
(5-9) using sodium hydroxide (0.1 M) and hydrochloric acid
with a concentration of (0.1 M). Equations (1) and (2) were
used to calculate the adsorption capacity (Q,) and the
percentage of adsorption (R%) [28].

Q. = V(C-C,)/m (D
removal % = [(Cy — C,)/Cp] x 100, 2)

where: m is the weight of the adsorbent (g), Q. is the
adsorption capacity of the adsorbent surface (mg g~ '), Vis the
volume of the adsorbent (1), C is the initial dye concentration
in mg1~', C, = the residual dye concentration in mg1~"'.

2.4. Thermodynamic parameters

The values of the functions AG, AH, and AS were calculated
using equations (3)—(5) by taking concentrations in the range
of (10-50 mg1~") of Congo red dye. The concentrations were
added to flasks containing a weight of (0.05g) of
Coy 5Cry sFe,0y4, then shaken at a speed of (120 rpm) for the
required period of time at different in the range of (10.0, 25.0,
37.5, and 50.0 °C). Then the solutions were separated and the
remaining concentrations of the dye were calculated.

AG = —RT InK 3)
K = Csolid/ Giguid 4
In K = AS/R—AH /RT, (5)

where Cjiq 15 the concentration in the solid phase at equili-
brium in units of (mg 17]), Cliquia 1s the concentration in the
liquid phase at equilibrium in units of (mgl™'), AG repre-
sents the Gibbs free energy (KJmol '), T is the temperature
in Kelvin, R is the gas constant (0.0083 KJ K! mol_l) [29].

2.5. Method of reactivating the surface of the absorbent

For the purpose of reactivating and using the absorbent sur-
face and recovering the dye from the surface, the volume and
concentration of Congo red dye (50ml, 150mgl™") were
taken and added to a weight of (0.05g) of the absorbent
surface. Then the solution was placed in a shaking incubator
at a speed of (120 rpm) and a temperature of (25 °C) and an
equilibrium time of (300 min), after which the adsorbent
material was separated using a magnet, then (25 ml) of ethyl
alcohol was added to the adsorbent surface and the shaking
process was carried out for equilibrium time of 300 min, after
which the adsorbent material was separated from the filtrate
and the concentrations of Congo red dye were measured, then

the precipitate was washed by adding (25 ml) of a saline
solution (3%) sodium chloride to remove the remaining
ethanol on the adsorbent surfaces [30].

Equation (6) was used to calculate the recovery ratio
8%) [31]:
o Cd Vi

O.m

S% x 100, (6)

where:

S$% = percentage recovery of adsorbent.

V; = volume of solution in (1).

C,; =concentration of solution after reactivation,
in (mg .

Q. = gravimetric capacity of adsorption in (mg g ).

m = weight of the absorbing surface (g).

3. Results and discussion

Figure 1(a) shows several peaks of the spectrum of the
prepared compound Within the values (400-4000cm ™).
The spectrum showed a peak at 573.99 cm™' Returning to
the amplitude vibration of (Fe—O) bond [32]. A group of
peaks appeared within the range 600-400 cm ' Returning
to the amplitude vibration of (Co—O) and (Cr-O) bonds
[33]. A peak appeared at 919.90 cm™' due to the nitrate
group [34].

Figure 1(b) showed the XRD spectrum of the single
crystal phase of the prepared sample, the spectrum also
showed the spin phase of the prepared ferrite as well as the
presence of a group of peaks in with angular range (8 = 0-80)
in locations: (30.37, 35.90, 37.50, 43.49, 53.98, 57.39, 63.14,
71.65 and 74.64). The results were compared with the inter-
national card (JCPDS file No. 22-1086) to prove the forma-
tion of ferrite Cog 5Crg sFe,0y, and the results agreed with the
work of the researcher Beera and his group [35]. Through the
Debye—Scherrer equation (equation (7)), the crystal sizes of
the compound were calculated through the value of (FWHM)
which represents the width of the band at the middle of the
highest peak.

Tt = (K X N)/ (B X €08 ), N

where: 7 represents the size of the normal line of the plane
(hkI) of the parallel particle, K value (0.9) where represents
the wavelength of x-rays, A is the wavelength of (K-alpha and
equals) (1.5406 A) for copper, G, represents the full width at
half maximum, 6 is the angle of incidence of x-rays in units of
the radial angle [36]. The results showed that the value of the
crystal size of the nanocomposite is about (28.34 nm) for the
prepared compound.

The images showed the compound to be semi-spherical
in shape. The images also showed that there is agglomera-
tion in the prepared compounds and that the surface of the
compounds contains many pores or holes. Since these pores
will increase the surface area of the compound, it is
expected that these holes will play an important role in
enhancing the adsorption process of heavy elements on the
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Figure 1. (a) FT-IR spectra, (b) XRD spectrum ,(c) FESEM images and (d) EDX spectra of Cog s5Cry sFe;Oy.

surface of the adsorbent. It is also clear from the figures that
the prepared compounds have crystal sizes within the nano
range. The (Image-J) program was used to determine the
granules and calculate their sizes through image analysis.
After determining the shape of the granules through the
summary obtained from the program, the average granule
size was calculated, and its value was (33.57). Through

(EDX) analysis, the purity of the compound was confirmed
and the EDX spectrum showed that the results were con-
sistent with the theoretical calculations of the ratios of the
elements Cr, O and Fe, as shown in figure 1(d), where the
practical weight percentage values of iron, chromium,
cobalt and oxygen were 43.78, 11.90, 13.98 and 30.34,
respectively.
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Figure 2. Zeta Potential of Cog sCrg sFe;O4.

3.1. Zeta potential study

The stability of the prepared compound was identified and the
zeta potential was studied, where the results showed high
values. As shown in the figure 2 for the zeta potential of the
compound Cog 5Crqy sFe,O4, which reached (—36.3 mV), and
this indicates the stability of the compound according to the
adiabatic, as the compound is stable if the zeta potential value
is positive or negative and higher than 30 mV, but if the
values are less than +30mV, it indicates the physical
instability of the colloidal compound [37].

3.2. Brunauer—-Emmett—Teller (BET)

Determining the surface area of the prepared compounds
(adsorbent surfaces) facilitates the process of interpreting the
behavior of the adsorbent materials. Evaluating the surface area is
one of the most important indicators on the basis of which the
adsorbent material and its adsorption efficiency are evaluated.

The surface area, size and diameter of the pores of the
prepared compound were determined by the (BET) device
(Brunauer, Emmett and Telle) in which nitrogen gas is used
for adsorption.

The diameters of the pores of the compound were calcu-
lated, where its value was (1.2 nm), the size of the pores was
0.213 cm’® gfl) and the surface area was (13.784 m? gfl). The
higher surface area of the Coq sCry sFe;O,4 nanoparticles can be
attributed to the lower size of the particles. It is noted that the
pores in the prepared compound are of the micropores type
according to the classification of the International Union of
Theoretical and Applied Chemistry [38].

4. Adsorption studies

4.1. Effect of contact time

Investigating the impact of time on Congo red dye removal
involved using various time periods (15-360 min) using a
temperature of 25 °C.

100

80
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40

30 +—=——r—r—r—
0 100

Removal %

200 300 400
(min)Time

Figure 3. Relationship of the removal percentage to the equili-
brium time.
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Figure 4. Effect of pH of Cog 5Crg sFe,Oy.

Figure 3 shows that contact time has a significant effect
on the dye removal rate, The results of the study showed that
the rates of removal of Congo red dye rates increased with
increasing contact time until reaching equilibrium [39].
Initially, the amount of absorption was high because it had a
large surface area to bind Congo red dye. Towards the end,
the adsorption rate slows down, and equilibrium is stabilized
due to saturation of the active sites [40, 41]. The equilibrium
time has been reached 300 min for Cogs;CrysFe,O4. The
percentage of the dye removal was found to be 84.24%.

4.2. Effect of pH on the adsorption

The adsorption of Congo red dye at solid-water interfaces is
influenced by acidity. pH affects the binding sites of the
sorbent and the availability of Congo red in solution [42]. The
adsorption of the Congo red dye on Coq sCrq sFe,O4 nano-
particle was studied to understand how pH levels (5, 7, and 9)
affect it. The study used a fixed concentration of 20 mg1~" at
(25 °C) and a time of (300 min). Figure 4 illustrates the effect
of pH on the adsorption process.

The results show a clear increase in the percentage of dye
removal with increasing acidity, that is, when moving from
acidic to basic media, and that the highest percentage of
removal of dye was (89.45%) at (pH=9). The lowest
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Table 1. Value of Langmuir and Freundlich constants for the studied system.

Langmuir constants

Freundlich constants

Temp.

©) O b R? n Ks R?
(mgg™) (mg")

10.0 12.015 0.545 09979 3.811 5.064 0.9698

25.0 12.468 0.701  0.9988 3.935 5.568  0.9510

375 13.348 0.784 09963 4.197 6333 09718

50.0 14.235 0914 09948 4580 7.199  0.9891

0, (mg/g)

0 5 10 15 20 25
C, (mg/L)

Figure 5. Adsorption isotherm on Cog sCry sFe,O,4 nanoparticles at
various temperatures.

percentage of removal was (76.65%) at (pH = 5) because the
basic dye (Congo red) gives off positively charged ions when
dissolved in water. At low pH levels, hydrogen ions (H™) will
increase, and thus the hydrogen ions will compete with the
positive charge of the cationic (positively charged) dye for the
negatively charged sites on the surface of the absorbent,
which will lead to a decrease in the percentage of removal.
However, at lofty acid levels, the surface of the absorbent will
gain a negative charge, and then there will be an increase in
the percentage. The absorption rate is due to the increased
electrostatic attraction between the negatively charged surface
of the sorbent and the positively charged dye molecules [43].

4.3. Adsorption isotherm

Four temperatures were selected in the range (10, 25, 37.5,
50°C) to determine the ability of the prepared compound
Cog 5Cry sFe,04 to remove the dye. Figure 5 shows the iso-
thermal absorption of Congo red dye.

The lead ion adsorption isotherm form on the
Cog 5Cry.sFe;04 nanostructures conforms to the (L-type) of
Gills classification. L-curve, it indicates that the direction of
the molecules adsorbed on the adsorbent surface is horizontal,
meaning that the major axis of the adsorbent is parallel to the
surface of the adsorbent, such as the adsorption of carbon
chains or cyclic hydrocarbons [44]. The Freundlich and the
Langmuir equation were used to analyze the experimental
adsorption results. Equations (8) and (9) represent the

¢10°C R*=0.9698
m25°C R*=09510
437.5°C R*=0.9718
x50°C  R*=0.9905

LogQ,

Figure 6. The Freundlich isotherms linear form of the dye on
Cog 5Crg sFe,O4 nanoparticles at various temperatures.

Freundlich and Langmuir equations, respectively [45].
Table 1 shows the isothermal data of the adsorbents.

log Q. = log Ky + 1/nlog C, ®)
n, Ky Freundlich constants where represent adsorption capa-
city and adsorption density respectively.

Ce/Qe = 1/me + CE/Qma 9

where Q,, is the utmost adsorption capacity (mg g~ ') and b is
Langmuir constant

The experimental information for the adsorption of dye
onto CogsCrysFe,O, nanoparticles are analyzed using
Langmuir and Freundlich equations, with C,/Q, versus C,
plotted and log Q. versus logC,, respectively figures 6, 7. The
R? values closer to one for the Freundlich model than the
Langmuir model are shown in table 1, This demonstrates that
the Langmuir model is more applicable to describing the
adsorption of Congo red dye onto Cog s5CrysFe,O4 than the
Freundlich models, making it the more accurate method for
describing monolayer adsorption on a uniform adsorption
surface [46].

4.4. The study of thermodynamics

The effect of temperature on the adsorption of dye at different
concentrations and over a range of temperatures from (10 °C—
50 °C) was analyzed and the following functions (AG), (AH)
and (AS) were calculated and shown in table 2.

Through the results, it was found that there is a linear
relationship between 1/7 and InK and the correlation
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Table 2. Results of using thermodynamic function for absorption both of the Congo red dye.

K —AG
Temperature
Co (mg1™") 283 283 310.5 323 283 298 310.5 323 AH AS
10 10.904 10.904 23.752 48.019 -—-5.119 -—-6.874 —8.336 —-9.799 27992 0.117
20 4.025 4.025 6.974 8910 —3.040 —4.000 —4.800 —5.600 15.072 0.064
30 1.772 1.772 2.561 2987 —1.055 —1.640 —2.127 -2.615 9982 0.039
40 1.217 1.217 1.498 1.759 -0.207 —-0.567 —0.867 —1.167 6.585 0.024
50 0.829 0.829 1.073 1.245 0.737 0.362 0.050 —-0.263 7.812 0.025
3
45 ¢
4F
35 F
3 F
25 ¢ * s #10ppm R*=0.9123
¢10°C R2=0.9979 % 2k \ #20PPm R? = 0.9986
m25°C R*=09988 5 ¢ i . A30PPm R2=0.9961
37.5°C R*=0.9963 1E "\\ «40PPm R? = 0.9703
% 50 °C R*=10.9948 0.5 F \ x 50ppm R?*=0.9596
0 0 F x__-_'—"'"“—-x--'-—-.____,'
0 10 20 0 0003 0.0032 0.0034 0.0036
C, (mg/L) /T

Figure 7. The Langmuir isotherms linear form of the dye on
Cog.5Crg sFe,04 nanoparticles at various temperatures.

Table 3. Comparison of the prepared nanosurface with other
adsorbent nanosurfaces.

Nano—adsorbent O References
(mgg™)

magnetic nano-alumina ~ 27.397 50

Copper Oxide 0.35 51

zinc oxide 9.615 52

CoFe,0, 13.88 53

Cog.5Crg 5Fe,04 14.235 The present study

coefficient (R*=0.9123-0.9986) for the Congo red dye
adsorption on both of CoysCrysFe,O, nanoparticles
(figure 8).

Figure 8 shows the plot of 1/T versus InK for the
adsorption of Congo red dye onto CogsCrgsFe,O4 nano-
particles. According to table 2, the enthalpy (AH) results for
the adsorption of dye onto CogsCrysFe,O, nanoparticles
showed positive values indicating an endothermic adsorption
process, and a positive results of AS was observed during the
adsorption process, and the interaction between solid and
liquid became more random [47, 48]. As for the value of AG,
with increasing the concentration of the absorbent material,
the thermodynamic function AG changed from negative to
positive after showing negative values at lower concentra-
tions [49].

Figure 8. Plot of InK against 1,/7 for adsorption of the Congo red dye
on C00'5CI'0'5F6204.

The adsorption capacity of the prepared nanomaterial
was compared with some nanosurfaces for adsorption of
Congo red dye, as shown in table 3.

4.5. Activate adsorbent surfaces

The reactivation process of the adsorbent surfaces is of utmost
importance for the purpose of using them multiple times, so the
reactivation process was studied where the reactivation rate was
very high as the recovery rate in the first activation process for
all experimental samples reached (98.65%), and (96.93%) in the
second activation process where it decreased slightly, and the
results indicate the possibility of reusing the adsorbent surface
multiple times with the possibility of maintaining its high ability
to adsorb the studied pollutants, and the reason for separating the
Congo red dye in ethyl alcohol is that it works to remove the
adhesion of the absorbent materials to the surfaces of the
absorbent material [50].

The present study showed a decrease in adsorption effi-
ciency upon the second activation. The decrease in adsorption
efficiency can be attributed to surface contamination during
the adsorption process. Contaminants can accumulate on the
surface of the adsorbent and the accumulation leads to
blocking of the active sites, which are essential for the
adsorption process. Also, the accumulation of contaminants
can create a layer that hinders the access of the adsorbent to
the active sites, thus reducing the surface’s ability to adsorb
the adsorbents. Secondary contamination can also occur
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during the activation process, as the remaining contaminants
from previous cycles may not be completely removed, lead-
ing to a gradual decrease in adsorption efficiency over
time [51].

5. Conclusion

This research involved the use of sol-gel self-combustion
method to prepare CogsCrysFe,O, nanoparticles, using
lemon juice extract as surfactant and fuel agent. To produce
single-phase ferrite, the sample was heated to 600 °C. The
spectra of the prepared samples showed single-phase and
crystalline characteristics. The absorption isotherms were
calculated and were accurately represented by both Langmuir
and Freundlich models, with the Langmuir model having a
better fit than the Freundlich model. According to the ther-
modynamic properties, the adsorption reaction was sponta-
neous and endothermic. Therefore, the compound can be used
as an adsorbent for Congo red dye in environmental appli-
cations for environmental protection, as the results showed a
spontaneous reaction as well as an endothermic reaction
through thermodynamic results. In future works, other
organic and inorganic pollutants such as (heavy elements and
petroleum hydrocarbons) will be selected and removed from
polluted water (industrial and marine water).
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