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ABSTRACT

In this study, the adsorption of tartrazine (E102) dye on the surface of ferrous ferric oxide (mag-
netite) (Fe,O, MNPs) and graphene oxide nano-sheets/ferrous ferric oxide (GO/Fe,0O, MNPs) as
adsorbents was examined. The photo-irradiation method was successfully used to synthesize Fe,O,
MNPs and GO/Fe,O, MNPs using UV light. Raman spectroscopy was employed to characterize
the GO and GO/Fe,O, MNPs. X-ray diffraction analysis, field-emission scanning electron micros-
copy, and energy-dispersive X-ray spectroscopy were utilized to characterize the Fe,O, MNPs and
GO/Fe,0, MNPs. Optimal adsorption conditions were studied, including a contact time of 60 min,
an MNPs amount of 0.05 g, pH 2, tartrazine dye concentration of 20 mg/L, and a temperature of
318 K. Langmuir, Freundlich, and Dubinin-Radushkevich isotherm models were employed to fit
the experimental equilibrium data at five different temperatures (288, 298, 308, 318, and 328 K). It
was noticed that tartrazine adsorption on Fe,O, MNPs and GO/Fe304 MNPs is consistent with the
Langmuir model at 313 K but not with the Freundlich or Dubinin-Radushkevich model. The sepa-
ration factor (R)) values ranged between 0 and 1, confirming that the adsorption of tartrazine onto
Fe,O, MNPs and GO/Fe,O, MNPs was favorable at different temperatures. The pseudo-second-or-
der rate kinetics suggests that both MNPs are promising materials for the removal of tartrazine dye
from aqueous solutions. Thermodynamic studies showed that the adsorption processes are endo-
thermic, non-spontaneous, and an increase in order at the interface for both MNPs surfaces. All the
results confirm that Fe,O, MNPs and GO/Fe,O, MNPs have the potential to be efficient, low-cost,
reusability, and stable adsorbents for the removal of tartrazine dye from aqueous solutions.

Keywords: Tartrazine; Photo-irradiation; Adsorption; Graphene oxide nano-sheets/ferrous ferric
oxide (GO/Fe,O, MNPs); Raman spectroscopy; Dubinin-Radushkevich

1. Introduction

Synthetic dyes offer numerous advantages over natural
dyes. They provide light fastness, maintain vibrancy, and
resist fading easily, even with prolonged exposure to sun-
light. These dyes are vivid and offer an extensive array of
color options. They exhibit resistance to changes in pH, tem-
perature, and chemicals [1]. Furthermore, synthetic dyes can
be seamlessly integrated into diverse materials, and they are
compatible with various manufacturing processes, includ-
ing printing, dyeing, and coating [2]. Tartrazine (E102) finds
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widespread usage as a food colorant, imparting a yellow
or orange hue to various foods and beverages. It serves as
a food additive, with its permissible concentrations being
stringently regulated [3]. Indeed, studies have indicated
that tartrazine (TZ) and other azo dyes can have several
detrimental effects on human health. These include condi-
tions such as asthma, hyperactivity, urticaria, migraines, and
angioedema. Moreover, there is a potential association with
mutagenic tendencies, along with a suggested link to thy-
roid cancer [4]. Consequently, treating wastewater contain-
ing TZ and other azo dyes before discharge becomes pivotal
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in mitigating their environmental impact. Various methods
have been employed to address TZ in aqueous solutions,
such as utilizing photocatalytic reusable TiO,/PVDF-TrFE
membranes (TiO,/PVDF-TrFE membranes) [5], photocata-
lytic nanocomposite polymer-TiO, membranes [6], advanced
oxidation processes like electrochemical and sonochemical
treatment employing boron-doped diamond (BDD) elec-
trodes [7], as well as adsorption and catalytic degradation
through Fe-modified zeolite [8]. Additionally, advanced
oxidation processes involving ultraviolet light-emitting
diodes (UV LEDs) coupled with hydrogen peroxide have
been utilized [9]. Furthermore, treatments encompass het-
erogeneous photocatalysis employing ZnO photocatalyst in
batch reactors [10], photocatalytic degradation using TiO,
and UV light [11], and microwave-enhanced UV/H,0O, deg-
radation [12]. Adsorption has consistently proven to be an
efficacious technique for treating TZ containing wastewater.
Utilizing adsorption for azo dye treatment offers numerous
advantages, including its simplicity, cost-effectiveness, high
removal efficiency, generation of non-toxic by-products, uti-
lization of readily available materials, and compatibility with
various instruments [13]. A variety of adsorbents have been
employed for the elimination of TZ from aqueous solutions,
such as activated carbon [14,15], biochar [16,17], and clay
minerals [13,18]. Magnetic nanotechnology is widely recog-
nized as a highly promising field with numerous potential
applications [19]. Furthermore, the utilization of magnetic
nanomaterials (MNs) for dye adsorption has demonstrated
significant advantages. These include selective adsorption
or binding to target analytes, a high adsorption capacity
ensuring efficient removal of the target substances, facile
separation from the system using an external magnetic field
without the need for filter papers or centrifugation, and the
ability to recover and reuse MNPs multiple times, making
them both cost-effective and environmentally friendly [20].
In this paper, we present the synthesis of Fe,O, MNPs and
graphene oxide nano-sheets/ferrous ferric oxide (GO/Fe,O,
MNPs) through a photo-irradiation method. The photo-irra-
diation method offers several advantages, including a very
simple, environmentally friendly, scalable, and straightfor-
ward method. Moreover, UV light can quickly and effec-
tively initiate the synthesis of both Fe,O, MNPs and GO/
Fe,O, MNPs. The size, morphology, and composition of the
MNPs can be controlled by varying the photo-irradiation
conditions. On the other hand, the incorporation of graphene
oxide (GO) is driven by its capability to form exceptionally
stable nanocomposites with improved performance, easily
obtaining a well-crystallized material. The features of Fe,O,
MNPs and GO/Fe,O, MNPs include high selectivity and
sensitivity due to the large surface area and high adsorption
capacity. This method is fast, eco-friendly, and cost-effective
as the adsorption method can be easily recycled and reused
by both MNPs [21,22]. The surface properties of Fe,O, MNPs
and GO/Fe,O, MNPs were evaluated using characterization
methods including X-ray diffraction (XRD), energy-disper-
sive X-ray spectroscopy (EDX), mapping, and field-emission
scanning electron microscopy (FESEM). The study revolves
around investigating the adsorption traits of tartrazine (TZ)
dye for its removal from aqueous solutions. Furthermore,
in an effort to comprehend the adsorption mechanism, the
impacts of diverse parameters and the equilibrium isotherm,

thermodynamics, and kinetics dosing for adsorption were
documented and discussed.

2. Materials and methods
2.1. Chemicals

Graphite native (B.D.H), iron(Ill) ammonium sulfate
(NH,Fe(SO,),12H,0) (299.0%), ammonium iron(Il) sul-
phate hexahydrate ((NH,),Fe(SO,),-6H,0) (299.0%), sodium
hydroxide (NaOH) (297.0%), HCI (37%), urea (NH,CONH,)
(299.0%), and tartrazine (95%). All aqueous solutions and
dispersions were prepared using de-ionized water (DW).

2.2. Instruments

Different types of instruments were used in this study:
a water bath (BS11 Digital, JEIO Korea, TECH), a UV-Vis
Spectrophotometer (Single Beam, Model No. HV-295, India),
an energy-dispersive X-ray analyzer (EDX) (JEOL JSM6510
LV, Japan), a Raman Spectrophotometer (PerkinElmer,
Lambda 25 Spectrophotometer, USA), a FESEM (JEOL JSM-
6510 LV, Japan), and an X-ray diffraction analyzer (Philips
PW1730, USA).The characterization and evaluation of sur-
face properties of MNPs were done at Beam Gostar Taban
Company in Tehran, Iran.

2.3. Methods
2.3.1. Synthesis of graphene oxide

Synthesis of GO nano-sheets was achieved by using the
modified Hummers method [23]. 2 g of graphite powder
and 1 g of NaNO, were mixed with 150 mL of 98% H,SO,.
This mixture was placed in an ice bath to maintain a tem-
perature below 5°C and stirred for 30 min. After that, 8 g of
KMnO, was slowly added to the mixture and kept under
a magnetic stirrer for 6 h. 1 L of distilled water (DW) was
added, followed by the addition of 20 mL of 32% H,0, to stop
the reaction, with intense stirring. Finally, the product was
cleaned and immersed in DW and a 20% HCI solution using
several steps. The black-brown product was dried at room
temperature overnight to obtain graphene oxide nano-sheets.

2.3.2. Synthesis of MNPs

Photo-irradiation method components are:

e UV source with maximum intensity at a wavelength of
365 nm (125 W mercury medium pressure lamp).

® A quartz tube is used as a jacket to immerse the UV
source in the solution. Quartz is often used because
it withstands the high temperatures generated by the
lamp and can be transparent to UV light.

® Pyrex tube is used as a reactor.

e Jce bath is important to control the reaction tempera-
ture, prevent unwanted side reactions, and cool the
reactor [24].

0.15 g of GO nano-sheets was dispersed in 30 mL
of de-ionized water for 30 min (solution A). 30 mL of
0.02 mol NH,Fe(SO,), 12H,0O (solution B) was stirred for
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30 min and after that, it was mixed with 30 mL of 0.01 mol
(NH,),SO,FeSO,-H,O under a magnetic stirrer for 30 min
(solution C). Then, 40 mL of 0.01 mol NH,CONH, is gradu-
ally added to the solution from the burette (drop by drop).
After that, solution C and solution A were mixed under a
magnetic stirrer for 30 min. The mixture was irradiated by
photocell for 30 min. The temperature was kept under 5°C
by using an ice bath. For precipitation of MNPs, add 100 mL
of 6 M NaOH by using dropper under a magnetic stirrer
until black precipitate appears and let it stirrer for 30 min.
The MNPs precipitate is separated and cleaned with DW
numerous times through a decantation process. The precip-
itate is then dried at 60°C for a few days. To prepare Fe,O,
MNPs, repeat all the steps without adding GO nano-sheets
(solution A) (Fig. 1).

2.3.3. Adsorption studies

Five factors were investigated, namely: contact time
(15-90 min), a specific amount of MNPs (0.01-0.15 g), pH
(2-10), concentration of TZ dye (20-40 mg/L), and tempera-
ture (288-328 K). The pH of TZ dye solutions was adjusted
using NaOH and HCI (0.01 M). The calibration curve of TZ
dye showed a maximum absorbance at A__ of 427 nm and
a molar absorptivity (€ = 0.039 L/g-cm). Five different tem-
peratures (288-328 K) were tested in the isotherm study.
The isotherm study was carried out by adsorbing 20 mg/L TZ
dye onto MNPs using a set of tubes containing 10 mL at a
contact time of 60 min. The efficiency of adsorbed amount
g, of adsorption of TZ dye and removal% was defined
as in Egs. (1) and (2) [25,26].

Gio solyiton stiming
for 30 min

Urea

c,-C, )V
g =07 g
m
(Co _Ce)
Removal % = — %100 )

0

where C and C, are the initial and final concentrations of
TZ dye (mg/L), m is the weight of Fe,O, MNPs and GO/
Fe,O, MNPs (g) and V is the volume of TZ dye (L).

3. Results and discussion
3.1. Magnetite nanoparticle characterization
3.1.1. Raman spectroscopy

Raman spectroscopy is used to characterize the chemical
and physical properties of carbon materials. The D, G, and
2D peaks observed under Raman spectroscopy are like fin-
gerprints for carbon materials. The D band is considered a
defect band, and its intensity is directly related to the level
of defects. The G band corresponds to the crystalline struc-
ture of the sample and represents the vibrational mode of
sp2 hybridized carbon atoms found in graphene sheets.
The 2D band is used to determine the thickness of graphene
layers and originates from the second-order Raman scatter-
ing process [27,28]. The G and D bands in GO are often used
to monitor changes during various treatments. In this study,
the D band of GO is approximately 1,355 cm™, while the G
band is around 1,589 cm™ (Fig. 2a). The 2D band appears at
a position of 2,685.13 cm™. Exfoliation, which involves the
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Fig. 1. Scheme of synthesis GO/Fe,O, MNPs using photo-irradiation method.
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insertion of oxygen functional groups, disrupts the graphitic
order. As a result, the low-intensity ratio of IG/ID is 0.957,
indicating exfoliation and a decrease in the number of lay-
ers. The ratio of I2D/IG bands for a defect-free (high-quality)
single-layer graphene should be equal to 2. In this study, the
ratio I12D/IG is measured to be 0.126, which is often used
to confirm a defect-free graphene sample (Table 1) [29,30].
The Raman spectra of the GO/Fe,O, MNPs (graphene oxide/
iron oxide magnetic nanoparticles) actually represent a
combination of both components, suggesting that no reac-
tion occurred between GO and Fe,O,. They were originally
formed during the photo-irradiation method. For GO/Fe,O,
MNPs, the observed shift towards lower intensity in the D,
G, and 2D bands compared to GO suggests an increased
level of disorder and a higher number of defects in the
graphene layers. This shift is likely due to the partial reduc-
tion of GO to graphene during the synthesis process of GO/
Fe,O, MNPs. The high-intensity ratio of ID/IG is about 9.01
because of the reduction of GO sheets after Fe,O, loading
on it during the photo-irradiation method. This result is
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similar to previous studies [31,32]. The ratio 12D/IG value
is 1.963 after Fe,O, loading onto GO, which indicates that
I2D/IG bands are for defect-free (high-quality) single-layer
graphene (Table 1). Deconvolution aims to separate the orig-
inal signals from the convolved signal. Peak deconvolution
techniques are widely used to extract information about
individual peaks in complex mixtures. In the Raman spec-
trum, several weak intense modes are usually overlapped
with the neighboring prominent modes and cause broad-
ening. Therefore, peak deconvolution was used to extract
the contribution of each Raman mode from the broadened
Raman peak [33]. In this study, peak analysis fitting of the
deconvoluted Raman spectra is shown in Fig. 2b and c.

3.1.2. XRD analysis

It was necessary to combine Fe,O, nanoparticles (NPs)
with graphene oxide in order to obtain nanocomposites
with enhanced performance [34]. XRD measurements were
used to determine the product’s crystalline structure. The

2104

1804

150 4

5120 4

Intensity (a.u.)
8
L

@
S
1

@
S
n

T T T =
1500 1800 2100
Raman Shift (cm™)

T T
900 1200

—e— GO/Fe;0,
D
—G
—— 2D

T T T T
900 1200 1500 1800

T T T T
2100 2400 2700 3000

Raman Shift (cm™)

Fig. 2. Raman spectra of GO and GO/Fe,O, MNPs (a), deconvoluted Raman spectra of GO (b), and GO/Fe,O, MNPs (c).

Table 1

Positions and relative intensities of D, G, and 2D bands of GO nano-sheet and GO/Fe,O, MNPs

Sample D band G band 2D band ID/IG 12D/1IG
Position (cm™) Intensity Position (cm™) Intensity Position (cm™) Intensity Position (cm™) Intensity

GO nano-sheet  1,355.90 190.33 1,589.14 198.75 2,685.13 25.22 0.957 0.126

GO/Fe,0O, MNPs  1,313.90 37.51 1,602.74 4.16 2,643.54 8.17 9.016 1.963
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presence of strong and sharp peaks indicates high crys-
tallinity, while broad peaks suggest small crystallite sizes
[35]. A Philips PW1730 diffractometer with Cu Ka radi-
ation (A = 1.54060 A) was used for X-ray diffraction (XRD)
analysis. During the XRD analysis of graphene oxide (GO),
two sharp diffraction peaks were observed. The first peak
corresponds to the (001) plane and appears at 20 = 12.15°,
while the second peak corresponds to the (100) plane and
appears at 20 = 42.53° (Figs. 3 and 4d). The (001) peak indi-
cates the presence of interlayer spacing between the GO
sheets, which is typically larger than the interlayer spacing
in pristine graphene. Moreover, the (100) peak indicates the
ordered arrangement of graphene oxide sheets in the (100)
plane. The grain size of GO was calculated to be 10.49 nm
using the Scherrer equation. Peaks at 20 = 18.21°, 30.21°,
35.67°, 43.39°, 54.01°, 57.32°, 63.00°, 71.36°, 74.47°, 75.23° and
79.30° correspond to the reflections from the (111), (220),
(311), (400), (422), (511), (440), (620),(533), (622), and (444) of
Fe,O, (AMCSD code 0007824) (Fig. 4a and b). While peaks at
20=18.74°,30.64°, 36.10°, 43.71°, 54.21°, 57.75°, 63.43°, 71.90°,
74.80°, 75.76° and 79.94° are due to X-ray diffraction from
the (111), (220), (311), (400), (422), (511), (440), (620),(533),
(622), and (444) planes of GO/Fe,O, in the nanocomposite
(Fig. 4c). The crystallite size for Fe,O, of 11.6 nm and for GO/
Fe,O, MNPs of 12.02 nm was calculated from sharp XRD
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Fig. 3. X-ray diffraction pattern of graphene oxide nano-sheets.
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Fig. 4. X-ray diffraction patterns of AMCSD code (0007824) (a),
Fe,O, MNPs (b), GO/Fe,O, MNPs (c), and GO (d).

peaks. It is calculated using the standard Debye-Scherrer
equation D = 0.9A/(Bcos0), where D refers to the diameter of
the nanoparticles, A (Cu Ka) = 0.15406 nm, and P represents
the full width at half maximum of the diffraction lines.

3.1.3. FESEM observation

FESEM is a well-suited technique for analyzing sur-
face morphology and determining the size and shape of
nanoparticles [36]. Fig. 5 shows FESEM images at different
magnifications with particle size distribution histogram of
Fe,O, NPs and GO/Fe,O,, respectively. FESEM images at
different magnifications of GO nano-sheets showed thin
fluffy curtain-like morphology and rich wrinkle-like sheet
structure (Fig. 5) [37]. The FESEM images revealed that both
Fe,O, MNPs and GO/Fe,O, MNPs exhibited a spherical
shape. The FESEM images revealed that both Fe,O, MNPs
and GO/Fe,O, MNPs exhibited a spherical shape (Figs. 6c
and 7c). The size distribution of the MNPs was determined
and fitted using a Gaussian fit. The nanoparticles exhib-
ited a wide size distribution with an average size of 25.064
and 22.910 nm for Fe,O, MNPs and GO/Fe,O, MNPs,
respectively (Figs. 6d and 7d).

3.1.4. EDX mapping analysis

EDX is a technique used to analyze the elemental com-
position of a sample. As can be seen, the high purity peaks
of iron, oxygen, and carbon elements in EDX analysis indi-
cate the high purity of the synthesized Fe,O, MNPs and
GO/Fe,0O, MNPs (Figs. 8 and 9). X-ray mapping refers to the
process of using X-rays to create spatial maps or images of
the distribution of elements or compounds within a sample.
As shown in Figs. 10 and 11, the X-ray mapping displays
a homogeneous dispersion of Fe, O, and C atoms in the
composite.

3.1.5. Selection of wavelength (A ) for optimal conditions

max’

Light absorption of food dye is pH-dependent since
spectral changes of food dyes appear at pH 2 and 12 [38].
The maximum absorbances (A ) of the TZ dye solu-
tion were determined in the different pH ranges (2-12)
to study the spectral behavior of TZ dye and to find the
optimum pH for the adsorption and desorption process.
As shown in Fig. 12, a maximum absorbance appeared at
A, of 427 nm at pH 2, 4, and 7. In the basic medium, the
maximum absorbances (A__ ) shifted to the lower value of
396 nm at pH 11 and 12.

3.2. Effect study for the adsorption conditions
3.2.1. Effect of contact time

Removal studies of TZ dye have been conducted at dif-
ferent contact times (15, 30, 45, 60, and 90 min). All other
parameters were kept constant at (0.05 g, 25 mg/L, pH 7.3,
and 298 K). The figure shows that the rate of TZ dye removal
first increases and then becomes almost constant as the con-
tact time increases. This is due to the pores of NPs adsor-
bent getting filled up and starting to offer resistance to
the diffusion of aggregated TZ dye molecules on the NPs
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Fig. 5. Field-emission scanning electron microscopy image at different magnifications (a) 10 pum, (b) 1 um, (c) 500 nm and

(d) 200 nm of GO nano-sheets.

adsorbent surface, which makes it almost impossible to dif-
fuse TZ dye molecules deeper into the NPs adsorbent struc-
ture at higher energy sites [39]. Therefore, the addition of
time no longer increases the removal of TZ dye (Fig. 13a).

3.2.2. Effect of adsorbent dose

Increasing the adsorbent dosage leads to an increase
in the removal efficiency, due to the availability of an
increased number of active adsorption sites. In this study,

the percentage removal increased from 62.8 to 71.6 for
Fe,O, MNPs and from 64.8 to 81.4 for GO/FeSO , MNPs with
increases in the adsorbent dose from 0.01 to 0.15 g for each
adsorbent NPs when all other parameters were kept con-
stant at 60 min, 25 mg/L, pH 7.3, and 298 K (Fig. 13b).

3.2.3. Effect of pH

The solution pH can affect the molecular structure of
both the TZ dye and NPs adsorbent surface. The presence
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(d) particle-size distribution histogram of Fe,O, NPs.

of different functional groups on the surface of both TZ
dye and MNPs adsorbent may produce different charges
at various pH ranges, leading to protonation/deprotona-
tion and electrostatic interaction between the charged TZ
dye and MNPs adsorbent [40]. The dissociation of TZ dye
in aqueous solution can be represented by the chemical
Egs. (3)—(5):

Na,TZ , — 3Na/

3—
“ (o) T T2 (aq) ©)

At the basic medium, there is competition between OH~
and TZ* toward the adsorption sites, so the removal per-
centage of TZ dye decreases onto MNPs.

MNPs-OH + OH™ — MNPs-O™ + H,0 @)

At acidic medium, the MNPs surface was surrounded
by H* ions led to increases in the attraction between the
anionic surface of MNPs and TZ?; so the removal percentage
of TZ dye increases onto MNPs.
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Fig. 13. Optimum conditions for tartrazine dye removal onto MNPs surfaces: (a) effect contact time, (b) effect weight of MNPs
surfaces, (c) effect of pH, (d) effect of initial concentration and (e) effect of temperature.

MNPs-OH + H,O - MNPs-OH; + H,0 (5)

Therefore, the adsorption mechanism of TZ dye onto
the surface of MNPs is related to electrostatic attraction
[13,41]. The experimental values showed that the adsorp-
tion process rises immaculately up to 78.5% for Fe,O, MNPs
and 80% for GO/Fe,O, MNPs when the pH is 2 and other
parameters were kept constant at (contact time 60 min,
0.01 g, 25 mg/L and 298 K) (Fig. 13c).

3.2.4. Effect of initial concentration

The initial concentration of the TZ dye solution is very
important (Fig. 13d). Five different initial concentrations
of TZ dye (20, 25, 30, 35 and 40 mg/L) were studied. Other
parameters were kept constant at (contact time 60 min,
0.05 g, pH 7.3 and 298 K). The removal of dye is rapid in the

initial stages but it slows down gradually. This may be due
to the availability of vacant surface sites during the prelim-
inary stage of adsorption, and after a certain time period,
the vacant sites get occupied by dye molecules which lead
to creating a repulsive force between the TZ dye on the
MNPs surface and in the bulk phase [42].

3.2.5. Effect of temperature

Five different temperatures (288, 298, 308, 318, and 328 K)
were used to study the effect of temperature on the removal
of TZ dye. Other parameters were kept constant at (contact
time 60 min, 0.05 g, pH 7.3, and 25 mg/L). The percentage
removal increased with increasing temperature from 21.6
to 76.0 and 24.2 to 79.2 for the adsorption of TZ dye onto
Fe,O, NPs and GO/Fe,O, NPs, respectively. Furthermore,
increasing heat leads to the interaction between TZ dye
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and the surface of NPs being stronger than between the TZ
dye and water molecules in the solution. Thus, the highest
efficiency of adsorption was found at 318 K (Fig. 13e).

3.3. Adsorption isotherms

The ability of adsorbate molecules to distribute between
the liquid and solid phases at the equilibrium state of the
adsorption process is called the adsorption isotherm [43].
The Langmuir, Freundlich, and Dubinin-Radushkevich
isotherms were used to describe the adsorption behavior
of TZ dye onto Fe,O, MNPs and GO/Fe,O, MNPs (Table 2).
The Langmuir isotherm explains the adsorption mechanism
with a single adsorption layer and identifies the distribu-
tion of TZ dye between the solid and liquid phases. The
Freundlich isotherm is an empirical equation that describes
adsorption on surfaces with varying adsorption capacities,
where adsorption occurs heterogeneously. The Dubinin-
Radushkevich isotherm is based on the assumption of

Table 2
Linear expressions of isotherm models

adsorption taking place on a heterogeneous surface and
provides information about the adsorption nature (phys-
ical or chemical) and the adsorption-free energy (E) [44].
The mean free energy (E) could be estimated by using
the p parameter (E = B). E could distinguish the type of
adsorption process. When E < 8 kJ/mol, it indicates physi-
cal adsorption, and when 8 kJ/mol < E < 16 k]J/mo], it sug-
gests the chemical mechanism [42]. R? can be used as an
indicator of how well the experimental data points fit the
theoretical model. When comparing the fitting quality of
the Langmuir, Freundlich, and Dubinin-Radushkevich
isotherms using R? a higher R? value generally suggests
a better fit between the model and the experimental data
(Tables 3 and 4). The isotherm with a higher R? value would
indicate a better fit to the data (Fig. 14). It was noticed that
TZ adsorption on Fe,O, MNPs and GO/Fe,O, MNPs is quite
consistent with the Langmuir model at 313 K but not with
the Freundlich or Dubinin-Radushkevich model. The sep-
aration factor (R)) is a dimensionless parameter used to

Isotherm Equation Linearized form Plot Parameters References
model

Langmuir q,=9,KC/1+KC) 1/g9,=(1/Kq,C)+(1/g9,) C/q,vs.C, q,, = (intercept)™, K, = intercept/slope [48]
Freundlich q,=K[(C)" logg, =logK, +n'logC, logg, vs.logC, K,=exp(intercept), 1/n =slope [49]
Dubinin— 0, = G (PE) Ing, =Ing, — Be? Ing, vs. € g, = exp(intercept), B = —slope [50]

Radushkevich &=RTIn(1+C")

q, q,, q, (mg/g) is the capacity at equilibrium, saturated, and at time t sorption; C, (mg/L) is the concentration at equilibrium; 7 is het-
erogeneity of site energies; & (J/mol) is the Polanyi potential; B (mol?/kJ?) is the Dubinin—-Radushkevich constant; R (8.314 J/K-mol) is the

gas constant; T (K)is the temperature.

Table 3

Isotherm constants for tartrazine dye adsorption at different temperatures onto Fe,O, MNPs

Temperature (K) Langmuir isotherm model

Freundlich isotherm model

Dubinin—-Radushkevich isotherm model

qL KL Ri KF nF Ri‘ qD-R l?)D-R ED-R R%)-R
288 0.105 63.026 0.612 0.193 0.607 0.893 9.365 7 x107° 84.515 0.795
298 0.195 63.123 0.977 0.289 0.648 0.992 14.310 6 x107° 691.287 0.935
308 1.154 13.323 0.985 1.563 2.538 0.984 10.946 1x10° 223.606 0.886
318 1.540 9.544 0.998 1.736 2.967 0.995 11.427 8x10° 250 0.952
328 0.120 99.939 0.899 2.229 6.535 0.873 10.686 3x10° 408.249 0.770
Table 4

Isotherm constants for tartrazine dye adsorption at different temperatures onto GO/Fe,O, MNPs

Temperature Langmuir isotherm model Freundlich isotherm model Dubinin—-Radushkevich isotherm model

@ q, K, R? K, g R Ior Box Epx R,

288 0.497 0.037 0.730 15.302 6.896 0.832 7.721 2x10° 158.114 0.701
298 0.588 20.226 0.829 25.584 7.751 0.841 7.667 2 x107° 158.114 0.714
308 14.705 1.152 0.998 2.935 10.638 0.882 16.006 9x107 745.360 0.944
318 333.333 0.6 0.999 3.164 3.558 0.975 26.575 4 %107 1118 0.831
328 45.454 0.431 0.983 3.377 20.833 0.777 18.896 1x107 2236.067 0.820




R.F. Abbas et al. | Desalination and Water Treatment 316 (2023) 168-184 179

10 5 —
1 A Langmuir Fez0, MNPs B Langmuir GO/FezO,4 MNPs
9 - i
8 4 <
i y=-0.150+9.4547
7 R%=0.771 i y=0.075x+2.01
] R?=0.730
-
6 - 3
S ] ) vy
y=0.084x+1.069
D 0] B g ) R*=0.829
(&) i y—2—0.081+5.113 - 3
4 R®=0.977 2
e y=0.059x+0.068
3 - g R?=0.998
y=0.065+0.866
E y y=0.051x+0.022
24 R=0985 y=0.068+0.649 1 R*=0.997
i 2_ m 288K
R’=0.998 ® 295K : zggE
14 y=0.083+8.295 : 331088{ 1 y=0.005x-0.003 A 308K
E R*=0.899 @ 328K R?=0.983 z 3;288IT(
O T T T T T T 1 O T T T T T T T 1
10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Ce(mg/L) Ce(mg/L)
1.5 1 1.7 -
I ' D
14 Freundlich Fe3gO4 MNPs ] Freundlich GO/Fe304 MNPs
47 1.6
1.3 1
J 1.5+
1.2 o i
11 _' y=0.153X+0.802 144 oosixetis2
. 2
| Rr=0s73 1 R’-0.072
1.0 4 1.3 4 "’M*_‘
0.9 1.2 4
s 1 y=0.337x+03552 - . y=0.048X1.217 /‘
S 0.8 r'=0995 y=0.394X+0.447 - =4 1 ’=orm
ks D 414 y=0.094X+1.077
1 R’=0.984 =
0.7 o 4 R=0.922
1 1.0 4
0.6 J
d y=1.543X-1.240
0 5 i RZ=O_992 09 - y=0.084X+1.699
=7 1w 288K R’=0.829 =
= ® 298K
04§ Zon 08| A 3osK
| A 308k y=1.645X-1.642 Yy 318K y=0.145X-2.728
w 318K 2 {L& 328K 2
0.3 | & 328x R =0.893 07 R =0.832
0.2 T T T T T T T T T T T 1
1.0 11 1.2 1.3 1.4 15 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
log Ce log Ce
3.0 4 4.0 —
28 dE (D-R) Fe30,4 MNPs 38 1F (D-R) GO/Fe3z0,4 MNPs
2.6 3.6
2.4 _ y=-3E-0.6x+2.369 3.4 ]
1 R*=0770 1 M 4E-07x+3.280
= -07x+3.
2.2 1 3.2 ] :;2=0.831
AZ.O - = y=-8E-0.6x+2.436 3.0 o
> 4 ™ y=-1E-0.5x+2.392_ oo a 1
E—, 1.8 1 R R?=0.886 28] y=-1E-07x+2.939
= 1-6 1 E 26 y=-0E-07x+2.773 R =0-820
o 1 (S ] R?=0.944
= 1.4 = 247
4 y=-6E-0.5x+2.661 -
1.2 o R®=0.935 22 ]
i n y=-2E-05x+2.037
1.0 4 ] 20 1 -R2=0 720
] y=-7E-0.5x+2237 1.8 4 :
0.8 4 R*=0.795 5 585K -
] o ook 1.6 4 m 288K
0.6 A 308K | ® 298K
4 v 318K 1.4 -| y=2E-05x+2.044 A 33108&75
0.4 - & 328K { rR?=0.701 z 328K
T T T T 1 -2 T T T T
(o] 15000 30000 45000 60000 (o] 3000020 s 6000200 900000
€2(J%/mol?) £7(J%/mol)

Fig. 14. Isotherm models of Langmuir I (a,b), Freundlich (c,d), and Dubinin—-Radushkevich (e,f) at 313 K.
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evaluate the favorability of adsorption according to the
Langmuir isotherm. The R, value can be interpreted [46,47]:

R, = 1: indicates linear adsorption;

R, > 1: indicates unfavorable adsorption;
R, = 0: indicates irreversible adsorption;
0 <R, <1:indicates favorable adsorption.

Moreover, R, could be calculated:

1

R (1+K,C)) ©
where R, is the separation factor, K, is the Langmuir con-
stant, and C; (mg/L) is the initial concentration of the TZ
dye. In this study, all the values of R, were lies between 0
and 1 which confirmed that the adsorption of TZ dye onto
Fe,O, MNPs and GO/Fe,O, MNPs was favorable at different
temperatures (Table 5).

3.4. Adsorption thermodynamics

The study of the thermodynamic properties of adsorp-
tion processes is done by adsorption thermodynamics

Table 5
Dimensionless separation factor R, at different temperatures
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parameters. Adsorption thermodynamics is an important tool
for understanding and designing adsorption systems [51].

The van't Hoff equation is a useful tool for calculating
the thermodynamic parameters of adsorption. It could be
calculated from next equations:

AS AH
e el

InK =
e RT

@)

©)

The van't Hoff equation can be used to calculate the
thermodynamic parameters of adsorption by plotting an
vs. 1/T. The slope of the plot is equal to ~AH°/R and the
intercept is equal to AS°/R (Fig. 15). Once the AH® and AS°
values are known, the AG® can be calculated using Eq. (9):
AG° = AH° —-TAS°® 9)
where T: is the absolute temperature (K), K,:is the ability of
adsorbate to retain and a measure of its movement within
the solution, R: is the general of gases constant (8.314 J/
mol K), g, (mg/g) is the equilibrium capacity of adsorption.

Tartrazine (mg/L)

Temperature (K)

288 K 298 K 308 K 318 K 328 K
Fe,0O, NPs 288 0.00079 0.00079 0.00373 0.00521 0.00050
298 0.00063 0.00063 0.00299 0.00417 0.00040
308 0.00052 0.00052 0.00249 0.00348 0.00033
318 0.00045 0.00045 0.00213 0.00298 0.00028
328 0.00039 0.00039 0.00187 0.00261 0.00025
GO/Fe,O, NPs 288 0.57280 0.00246 0.04158 0.07692 0.10388
298 0.51753 0.00197 0.03354 0.06250 0.084872
308 0.47198 0.00164 0.028110 0.05263 0.07174
318 0.43381 0.00141 0.024191 0.04545 0.06212
328 0.401341 0.00123 0.021231 0.04000 0.05478
1.2 - -
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Fig. 15. Van't Hoff plots for the adsorption tartrazine dye onto (a) Fe,O, MNPs and (b) GO/Fe,O, MNPs at different temperature.
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The positive values of the Gibbs free energy AG® confirm
that the adsorption of TZ dye onto MNPs is non-sponta-
neous, meaning that it does not occur without the input of
energy. The positive values of AH® confirm the endothermic
nature of the adsorption process for both MNPs, meaning
that heat is absorbed during the adsorption process [52].
The positive values of the entropy change AS°® suggest an
increase in randomness at the solid/solution interface during
the adsorption process (Table 6).

3.5. Adsorption kinetics

In order to characterize the mechanism of adsorption
and the potential rate, four models like pseudo-first-order,
pseudo-second-order, may be used to test the experimen-
tal data. At pH 2, adsorbent dosage of 0.05 g/10 mL, and
starting TZ dye concentrations of 25 mg/L, kinetic analysis
for the two models was carried out at 318 K. The equation
for pseudo-first-order is expressed as [53].

ln(qg —q[)zlnqe -Kt (10)

where g, is the amount of TZ dye adsorbed at time ¢ (min),
g, is the amount of TZ dye adsorbed at equilibrium (mg/g),

Table 6
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and K| is the pseudo-first-order rate constant for the adsorp-
tion process (min™). The plot of In(g, — g,) vs. t gives a
straight line. So, K, can be calculated as 1/slope and g, can be
determined as exptterept),

The equation for pseudo-second-order is given by
[54,55]:

b1 ( 1 ]
—= s+ — |t
9. K. 4.
where g, (mg/g) is the amount of the TZ dye adsorbed at any
time, q, (mg/g) is the amount of the dye adsorbed at equi-
librium, ¢ is the adsorption time (min), K, is the rate con-
stant of the pseudo-second-order (g/mg-min).

The plot of t/q, vs. t gives a straight line. Therefore,
K, is calculated as (slope?)/intercept and g, can be deter-
mined as 1/slope (Fig. 16).

In Table 7, the values of the correlation coefficient R? for
pseudo-first-order are 0.966 and 0.955, which are lower than
the R? values for the pseudo-second-order kinetic model
(0.970 and 0.998). From these values, it can be inferred that
the adsorption of TZ dye on Fe, O, MNPs and GO/Fe,O,
MNPs is nearly inapplicable with a pseudo-second-order
kinetic model, whereas the adsorption of TZ dye onto both

(11)

Thermodynamic parameters for the adsorption of tartrazine dye onto MNPs

Adsorbent C Slope Intercept  AH° AS° AG® (kJ/mol)
(kJ/mol)  (J/mol) Hgg 298K = 308K 318K 328K
Fe,O, 20 —4,299.035 11.743 35,742.178  97.634 7,623.573  6,647.233  5,670.892 4,694.552 3,718.212
MNPs 25 -3,664.848 9.50665 30,469.553  79.038 7,706.526  6,916.143  6,125.760 5,335.378 4,544,995
30 -2,700.704  6.24307 22,453.655 51.904 7,505.049  6,986.000 6,466.951 5,947.902 5,428.853
35 -1,472279 2.21653 12,240.535 18.428 6,933.205 6,748.922  6,564.640 6,380.358 6,196.075
40 -1,032.890 0.7073 8,587.454 5.880 6,893.873  6,835.068 6,776.263 6,717.458 6,658.653
GO/Fe,O, 20 -8,874.928 28.20376  73,786.154 234486 6,254.169 3,909.308 1,564.447 -780.412 -3,125.273
MNPs 25 -7,491.866 23.23829  62,287.374 193.203 6,644.868 4,712.837  2,780.805 848.774 -1,083.256
30 -6,624.403 20.05614  55,075.289  166.746  7,052.226  5,384.758  3,717.291 2,049.823 382.356
35 -5329.049 15.634 44,305.717 129.984 6,870.089 5,570.241 4,270.393 2,970.545 1,670.697
40 -5,224.258 15.131 43,434.482 125.805 7,202.488 5,944.432 4,686.377 3,428.322 2,170.266
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Fig. 16. Pseudo-first-order kinetic model and pseudo-second-order kinetic model linear form for the adsorption of (25 mg/L)
tartrazine dye on Fe,O, MNPs and GO/Fe,O, MNPs at 318 K.
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Table 7
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Kinetic model parameters for (25 mg/L) tartrazine dye on Fe,O, MNPs and GO/Fe,O, MNPs at 318 K

Adsorbent Pseudo-first-order Pseudo-second-order
Slope Intercept K, q, R? Slope Intercept K, q, R?
Fe,O, MNPs -0.048 1.714 0.048 5.573 0.966 0.173 12.01 0.0025 5.780 0.970
GO/Fe,0, MNPs -0.051 1.193 0.051 3.296 0.955 0.248 3.139 0.0195 4.032 0.998
Table 8
Represents the comparison of the optimum adsorption conditions of different adsorbents for tartrazine dye
Adsorbents Time pH Temperature Isotherm Pollutant References
(min.)
Montmorillonite K10 modified by hexadecylamine 30 4 318 K Langmuir  Aqueous phase [13]
surfactant (Mt-HDA)
Surfactant-ionic liquid bi-functionalization of 45 10 318K Langmuir  Polluted water [57]
chitosan beads CS-CTAB-AL
Biochar-mediated zirconium ferrite nano composites 360 2 303 K - Textile wastewater [58]
Copper coordinated dithiooxamide metal-organic 40 2 323 K Freundlich Aqueous solutions [59]
framework (Cu-DTO MOF)
Sawdust 70 3 - Langmuir  Aqueous solution  [60]
Carbon nanotubes decorated with silver 60 3 - Langmuir ~ Aqueous solution  [61]
nanoparticles Ag/CNTs
Activated carbon derived from cassava sievate 90 1 313K - Wastewaters [62]
biomass
Fe,O, MNPs and GO/Fe,O, MNPs 60 2 318K Langmuir ~ Aqueous solution  This study

MNPs is applicable with the pseudo-second-order kinetic
model. The order of arrangement for the applicability of
these kinetic models is as follows: pseudo-second-order
model > pseudo-first-order.

3.6. Reusability of MNPs

The key factor for evaluating the stability and efficiency
of the adsorbent and desorption process is reusability. The
Fe,O, MNPs and GO/Fe,O, MNPs sorbent were found to be
reusable after a washing step with distilled water five times
and a drying step at room temperature. The results obtained
in the subsequent experiments indicate that the MNDPs
can be reused at least 5 times without a significant loss of
extraction efficiency (Fig. 17). Fe,O, MNPs and GO/Fe,O,
MNPs are considered green chemistry adsorbents because
they can be recovered and reused using an external magnet.
They do not require the use of filter papers, centrifugation
steps, or purification steps, which reduce time and energy
consumption, making the adsorption method simpler and
low-cost, achieving ease of process [56].

3.7. Comparison with other adsorbents

The adsorption conditions of previous studies such
as contact time, pH, temperature, isotherm, and pollutant
are listed in Table 8. It can observe that the adsorbent type
played a significant role in effected onto the adsorption
conditions.

100

Il -e:0: MNPs
90 - Il GO/Fe304 MNPs

80
70
60
50
40 -
30
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(o=
1 2 3 4 5

Cycle

Recovery%

Fig. 17. Number of re-used of Fe,O, MNPs and GO/Fe,O, MNPs.

4. Conclusions

The photo-irradiation method was successfully used
to synthesize Fe,O, MNPs and GO/Fe,O, MNPs in this
study. These MNPs surfaces are highly effective absorbents
for removing TZ dyes from aqueous solutions. The study
investigated optimal conditions including contact time,
surface amount, pH, dye concentration, and temperature.
The adsorption isotherms of TZ onto Fe,O, MNPs and GO/
Fe,O, MNPs were well-matched with the Langmuir model
at 313 K. Furthermore, the separation factor (R,) values indi-
cated favorable adsorption of TZ on both MNPs surfaces at
different temperatures. Thermodynamic studies revealed
that the adsorption processes of TZ dye are endothermic,
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non-spontaneous, and involve an increase in order at the
interface for both MNPs surfaces. The pseudo-second-or-
der rate kinetics suggests that both MNPs show promise
as materials for removing TZ dye from aqueous solutions.
Opverall, the results confirm that Fe,O, MNPs and GO/Fe,O,
MNPs are efficient, low-cost, and stable adsorbents.
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