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Abstract

In the present study, ZnFe2O4 nanoparticles were synthesized using an ultrasound- assisted Co-
precipitation method and ZnFe;O4-PANI-GO nanocomposite was synthesized by in situ
oxidative polymerization to form a three-dimensional network structure. The characterization of
prepared nanomaterials was done through different techniques such as X-ray diffraction (XRD),
Field Emission Scanning Electron Microscope (FE-SEM), elemental analyses (EDS & elemental
mapping), Vibrating-Sample Magnetometer (VSM), Surface area analysis (BET & BJH), Fourier
Transform  Infrared = Spectroscopy (FT-IR), Atomic Force Microscope (AFM), and
thermogravimetric analysis (TGA). PANI, GO, and ZnFe;O4 ternary nanomaterials are wrapped
together to form a three-dimensional porous nanostructure and homogeneously dispersed
according to the EDS, elemental mapping, and FE-SEM images. The FT-IR Spectroscopy
exhibits the emergence and shifts in the main bands and in addition XRD which the average it's
crystal sizes (19.35 nm) for ZnFe2O4-PANI-GO are different from ZnFe;O4. Moreover, ZnFe;Os-
PANI-GO was studied as an adsorbent to show (OG and MG dyes) adsorption from an aqueous
solution. Thermodynamic factors (AG®, AH°, and AS®) concluded that the adsorption of both
dyes was spontaneous in nature and exothermic. The adsorption pursued pseudo-second-order
kinetics. In addition, the isotherm models Freundlich, Langmuir, and Timken were used to
model the experimental adsorption data. To match the experimental isotherm, the Langmuir
isotherm was utilized.
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Water treatment

1. Introduction

One of the most important problems facing the
globe today is pollution. In recent years, pollution
has increased dramatically, reaching alarming levels
in terms of its effects on living things [1]. These
pollutants impact the environment, water, and soil,
harming humans, plants, animals, and microbes [2].
water is the greatest grant from nature because it is
essential for the existence of various biotas on our
planet [3]. Maintaining its quality is a global demand
that is expanding by the day because it is one of the
world's limited natural resources. Sadly, many crises
and conflicts over limited water supplies have
occurred in the new millennium. Additionally, several
water pollutants are linked to numerous human
activities that are emitted into water bodies at the
same time, creating serious declination in pure water
[4]. Clean water scarcity will affect the agricultural,
domestic, commercial, and industrial sectors. As a
result of an intense contradiction between limited
resources and economic progress, the current and
future generations will pay a high price. There are
many different types of industries, such as machinery
production,  printing,  textiles[5],  electronics,
chemicals, and pharmaceutical industries are
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embroiled in water pollution [6]. They are in charge
of the seepage of various contaminants such as dyes
[7]. Wastewater is discharged from different range of
industries, which comprises a variety of organic
pollutants that are introduced into natural water
resources, where the textile sector produces(54 %)
half of the present dye effluents seen in the global
environment, followed by the dyeing industries
(21%), paper and pulp industries (10%), tannery and
paint industries (8%), and the dye manufacturing
industries (7%) [8].

A variety of technologies for eliminating dyes from
water and wastewater have been developed to
lessen their environmental impact. Adsorption is a
widely used technique all around the world. The use
of low-cost adsorbents to purify water is a viable
option. Adsorption also has an advantage over other
techniques in that it is a sludge-free, clean method
that completely removes colors even from dilute
solutions [9]. Nano-scale composite adsorbents have
been increasingly popular among the vast range of
adsorbents due to their higher surface area to
volume ratio and which improved adsorption
capability. Due to their to tiny size, high adsorption
capacity, and high stability, nanoscale metal oxide
and metal ferrites have recently found extensive use
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as adsorbents.

Metal ferrites nanoparticles (spinel ferrites) have
recently undergone modifications to enhance their
physicochemical characteristics and also increased
adsorption performance [10]. Due to their featured
multifunctional properties, ferrite nanomaterials with
a spinel structure and the general formula MFe;O4
( M is a divalent cation) have a wide range of
applications (magnetic, dielectric, gas-sensing,
dielectric, adsorptive, biomedical, catalytic) to cite a
few [11]. Due to spinel ferrite particles having high
surface energy, magnetic dipolar interaction, and
van der Waals forces, they tend to agglomerate.
Therefore, spinel ferrite has been combined with
different  matrix ~ materials  to  fabricate
nanocomposites, which leads to a performance
improvement unattainable by individual materials
and exhibit fewer limitations which enhances the
sorption performance. The combination of spinel
ferrite particles such as ZnFe;O4 with materials such
as inorganic oxides, carbonaceous materials,
biomaterials, and polymers has led to composites
with improved performance [12].

Polyaniline (PANI) is one of the conductive polymers
that contain positively charged ions on its surface
and that stands out because of its outstanding
electrical conductivity, facile and low cost synthesis,
and high chemical stability [13]. Carbon-based
systems are especially appropriate for adsorption
because of their large surface area and the ability to
create various functional groups, including graphene
(graphene oxide or modified graphene oxide).
Although carbon-based systems have a high
adsorption capacity, using them in powdered form
limits them from being regeneration and reusable,
which limits their practical application. These
disadvantages can be overcome by combining them
with other materials [14]. Since graphene oxide (GO)
has a high surface area, it has attracted a lot of
interest as nanofillers for polymer reinforcement. It
serves as a support in several catalysts and
nanocomposite combinations. Oxygen-containing
groups including hydroxyl, carboxyl, and epoxide
groups are abundant in GO. As a result, graphene
oxide becomes hydrophilic, easily dispersible in
water and other solvents, and can be simply
modified to be polymer compatible [15][16].

2. Materials and methods

2.1. Materials

All chemical and reagents, including aniline (which
was distilled before it was used), hydrochloric acid
(HCI), ferrite chloride (FeCls), zinc chloride (ZnCly),
ammonium hydroxide solution (NHsOH), ammonium
peroxodisulphate ((NH4)2S:0s), Graphite powder,
Orange G (OG) dye with following information
(molecular weight: 452.4 g/mol, empirical formula:
Ci6H10N2Na205S,), Malachite green (MG) dye with
following information (molecular weight: 364.911
g/mol, empirical formula: C23H2sCIN2) were obtained
from Sigma- Aldrich.
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2.2. Preparation of Zinc Ferrite(ZnFe;O.)
nanoparticles

ZnFe;O4 nanoparticles were synthesized by the
method of Co-precipitation. Firstly FeCls (6.49 g,
0.04 mol) solution was mixed with ZnCl, (2.726 g,
0.02 mol) solution under aggressively stirrer for 25
min at 70°C. Secondly, ammonium solution (2M) was
dropped wise to the mixture under ultrasound waves
(energy 350 w, 40 kHz) until reached pH (10) and
formed a brown colloidal solution. the brown
precipitate was separated by centrifuge, then
washed several times with hot water. Finally, ZnFe,O4
precipitate was dried in the oven at 80 °C overnight
and then calcinated at 600 “C for 3hrs [17].

2.3. Preparation of Graphene oxide and

ZnFe;04-PANI-GO nanocomposite

Graphene oxide (GO) was synthesized according to
the modified Hummers method [18], and PANI-
ZnFe;04-GO nanocomposite was synthesized with a
ratio of (9 PANI:1 ZnFe;O.) in the presence of
graphene oxide as a nanofiller material to form a
three-dimensional network structure by in situ
oxidative polymerizations. Firstly, (0.113) g of Zinc
ferrite and (1) ml of aniline monomer are added to
100 ml of distilled water under ultrasound waves
(energy 350w, 40 kHz) for 30 min to obtain a
homogeneous dispersion. Secondly, added was (25)
ml of (0.25) M FeCls and (25) ml of (0.02) M HCI to
the previous mixture with stirring constantly in an ice
bath for 10 hrs. Thirdly, GO (0.05g) dispersed by
ultrasound was added in addition to (2.75) g
ammonium persulfate dropwise, and the solution
was rapidly stirred again for 12 hr. Finally, the sample
washing with distilled water until the nominate was
colorless and then was dried for 24 hr in the oven at
50° C[19].

2.4. Characterization of PANI-ZnFe,O,-GO

nanocomposite

FTIR with a wavenumber range of 400-4000 cm-1
(Shimaduz, Japan, FTIR 8400s) spectra to
nanomaterials were used to determine the functional
groups. The UV-Visible Spectrophotometer (UV-
1800 PC Shimadzu) was used to measure the
spectrum in the range of (200-800 nm). The
morphology of nanomaterials was studied using a
field emission scanning electron microscope (Fesem
Tescan Mira3, France) with a 15 kV accelerating
voltage, and the roughness of the nanocomposites'
surface was measured using an angstrom AFM (SPM-
AA3000, USA). The crystalline phase of samples was
characterized by XRD using (BrukerAXSGmbh,
Germany/D2  Phase) with CuKa radiation
(0.15040nm) and the XRD pattern was recorded
ranging from 5 to 80° . The surface area and porosity
analysis of ZF-PANI-GO nanocomposite were
obtained with Quantachrome Instruments (Nova
2200e, USA) and methods the multipoint of (BET)
and (BJH). Vibrating-sample magnetometer (VSM-
7300, Lake Shore) was used to measure the
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saturation magnetization, and under a nitrogen
atmosphere, the curve of thermogravimetric analysis
(TGA) was done by Perkin Elmer (TGA 4000).

2.5.Adsorption experiments
2.5.1. Batch adsorption

Batch experiments were used to conduct OG and
MG adsorption tests with PANI-ZnFe204-GO
nanocomposite to determine the adsorption
parameters, such as contact time, dose of the
adsorbents, temperature, and initial pH solution, by
changing one parameter at a time while other
parameters are kept constant. The 1000 ppm stock
solutions of OG and MG were prepared first, and
then the batch adsorption solutions were prepared
by diluting the stock solution. The studies were
conducted in a cylindrical glass with an equivalent
volume of 10 ml aqueous samples, the addition of
the specified amount of the adsorbent's surface to
known initial concentrations of OG or MG. To study
the impact of solution pH, certain amounts of
distilled water with a specific pH level (modified with
dilute HCl or NaOH) were added to the OG and MG
solutions. On a shaker water bath, the solutions were
aggressively stirred at 120 rpm for the required
period of time to reach equilibrium. After the
separation of the suspended material, UV-Visible
spectroscopy at A max nm for each dye was used to
calculate the equilibrium concentration of the
solution. At the equilibrium time, the quantity and
removal percentage of dye adsorbed on the
adsorbent surface were determined using equations
1 and 2, respectively.

V (Co— Ce
qe = T ()

Removal(%) = Coc;oce x 100 (2)
Where Co and Ce are the initial and final
concentrations (mg/L) of OG and MG dye in an
aqueous solution, respectively. ge (mg g-1), is the
amount of OG and MG adsorbed on fixed adsorbent
mass (g) at the time of equilibrium. V is the volume
(in L) of the initial OG and MG solution.

3. Results and Discussion

3.1. Characterization
Functional groups

The existence of functional groups and the nature of
molecular bonds in the material can be determined
using FT-IR. The FT-IR spectrum of ZF nanoparticles,
GO, PANI, and ZF-PANI-GO nanocomposite can be
characterized. The ZnFe204 spectrum in Fig. 1,
shows the following peaks: The two broad peaks, the
first are assigned to the vibrational bond at 551.66
cm-1 relates to the metal at the tetrahedral site (Zn-
O) possessing inherent stretching vibrations, whilst
the second is assigned to the vibrational bond at
435.93 cm-1 corresponds to the octahedral metal
stretching vibration (Fe-O). In addition, the
stretching and bending vibrations of H-O-H bonds
on the surface are endorsed by other reasonable
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absorption peaks at 3392.90 cm-1 and a less
rigorous peak at 1647 cm-1 [20]. The GO spectrum
in Fig. 2 shows the presence of oxygen in several
absorption peaks as follows: The predominant
absorption band at 3377.47 cm-1 is attributed to the
(~OH) group stretching vibrations. Besides, the
absorption peak at 1716.70 cm-1 and 1573.97 cm-1
are attributed to (C=0) stretching of carboxylic and
aromatic (C=C) functional groups, respectively,
whereas the two absorption peaks at 1226.77 cm-1
and 1058.96 cm-1 are attributed to epoxy (C-O) and
the alkoxy (C-0O), respectively [21]. While the
spectrum for PANI in Fig. 3 exhibits the following
peaks: The vibration of the N-H stretching is
represented by the band between 3217.37 cm-1 and
3205.80 cm-1 . The stretching vibration of C=C in an
asymmetrical benzene ring, corresponding to the
structure of quinoid (N=Q=N) and benzene (N-B-N),
is assigned at 1572.04 and 1496.81 cm-1,
respectively. The two peaks at 1301.99 and 1247.99
cm-1 are caused by the stretching vibration of C-N.
The characteristic absorption of PANI is the
conspicuous peak at 1126.47 cm-1, which is the in-
plane bending vibration of C-H produced by
protonation. The characteristic absorption bands of
PANI can also be found at 505.37 cm-1 (assigned to
the aromatic ring of bonding mode C-N-C), 605.67
cm-1, and 690.59 cm-1 (assigned to the aromatic
ring of bonding mode C-C, C-H), while the peak
813.99 cm-1 (assigned to the out-of-plane bending
vibration of C-H)) is also present [13].

As shown in Fig. 3 of ZnFe204-PANI-GO
nanocomposite, all  spectrums of ZnFe204
nanoparticles, PANI, and GO are representative in
the FT-IR spectrum of prepared nanocomposite;
Moreover, in the ZnFe204-PANI-GO
nanocomposite, Amin's group appears in a higher
displacement in addition to being a broad peak due
to the weakness of the PANI intermolecular
hydrogen bonding between its molecules after
composition with ZnFe204 nanoparticles and GO.
This indicates that there is an interaction between
nanomaterials by forming a hydrogen bond [22]. On
the other hand, for ternary nanocomposite where
there is no peak observed at 1716.70 cm-1, maybe
indicate that GO reduction occurred due to aniline
polymerization and that PANI was covalently grafted
on the GO surface and forming the hybrid composite
[23].

crystalline structure

The crystalline structure of zinc ferrite nanoparticles
and prepared nanocomposite were studied using
the X-ray diffraction technique. Fig. 4 describes the
XRD patterns of GO, PANI, ZnFe,O4 nanoparticles,
and formed nanocomposite ZnFe;O4-PANI-GO. The
XRD pattern of GO has a characteristic diffraction
peak at 26 = 11.9135°. Based on Bragg's equation,
indicating a d-spacing of 0.7423 nm. During severe
oxidation, water molecules intercalate between the
inter-galleries of the graphite sheets, resulting in the
production of oxygenated functional groups such as
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hydroxyl and epoxy groups [23]. The XRD pattern
reveals four characteristic peaks of PANI. A broad
diffraction peak at 26 = 15.4° and 20.2° with one
weak peak at 8.7° indicate the PANI molecular chain
is amorphous. While the diffraction peak at 26 =
25.98° shows that the PANI molecular chain has a
degree of crystallinity, which may be caused by
doping with HCI. The hardness of the benzene ring
hinders the PANI molecular chain's ability to
crystallize, which is why the latter peak is not very
sharp [24][13]. The ZnFe;O4 nanoparticles pattern
shows diffraction peaks that are well indexed to
purely cubic phase according to phase matches well
with the standard JCPDS card No.22-1012 [13].

The diffracted crystal planes of ZF-PANI-GO
nanocomposite were matched using the XRD
patterns of ZF, GO, and PANI. The vanishing of the
reflection plane at 26 = 11.9135° for GO and the
merging of the ZF and PANI planes show great
interfacial interaction between the planes [19].
Furthermore, showing a combination of both
diffraction peaks acquired from pure PANI and ZF,
ensuring the nanocomposite's formation [25].
According to Scherrer's equation (eq.1) [13], the
average crystal size of nanocomposite materials was
calculated and placed in a Table (1).

D=_XA
pcosé 3)

Where: k : is the shape factor which usually takes a
value of about (0.94), A is the incident x-ray
wavelength (0.15040 nm for CuK) , B is full width at
half maximum (FWHM), and 8 is diffraction angle at
maximum intensity peak.
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Fig. 3: FT-IR spectra of PANI, ZF-PANI, and ZF-PANI-
GO nanocomposite.

NO. preparedmaterials Peak Position (26) FWHM (20) average crystal sizes(nm)
1 ZnFe204 35.3141 0.2362 36.88
2 ZnFe204/PANI/GO 35.215 0.45 19.35
particles is caused by the agglomeration of zinc
1 E({:f?;fweo ferrite nanoparticles. While the PANI in Fig. 5(b) are
] (\ = irregular in shape with a heterogeneous distribution.
I " As for the prepared nanocomposite ZnFe;O4-PANI-
e DO g GO, itis less rough than PANI and this is because the
:‘!‘; -M - n ZnFe;O4 nanoparticles were wrapped with PANI
2 v which is confirmed in Fig. 4 (c) for FE-SEM images
k= Ww“ bt [26]. Table.2 indicates the surface roughness
] parameters of the prepared materials. The positive
. Rsk value of prepared materials assigned to the
i distribution of peaks is more than the valleys on the
- - - - - - - surface. Where the Rku value show two cases; spiky
10 20 30 40 50 60 70 80

2Theta (degree)

Fig.4: XRD patterns of ZnFe;Os nanoparticles, PANI,
GO, and prepared nanocomposite.

Surface topology

AFM was used to examine the surface topography of
the prepared nanocomposite, PANI, and ZnFe;Os
nanoparticles. The ZnFe;O, nanoparticles in Fig. 5(a)
are characterized as having a granular shape and a
fairly uniform distribution. The irregularity of the

nature (Rku>3) shows in AFM image of zinc ferrite,
and bumpy nature (Rku<3) shows in PANI and
prepared nanocomposite [27][28].

NO.| Prepared materials Ra (nm) Rsk Rku
1 ZnFe204 39.876 | 1.917 | 5.677
2 PANI 134 0.666 | 2.527
3 ZnFe204/PANI/GO 64.686 | 0.0041 | 2.348
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Fig. 5: The AFM images of (a) Zinc ferrite, (b) PANI, and
(c) ZnFe204-PANI-GO nanocomposite.

Surface morphology

In the study of nanocomposites, there is a great deal
of interest in the research of the size, mixing state of
the components, aggregation state of the nanofiller,
and morphology. As seen in Fig. 6, filed emission
scanning electron microscopy was used to study the
surface morphology of nanocomposites (FE-SEM).
Fig. 6(a) shows the spherical shape of ZnFe;O,
nanoparticles  that are randomly scattered
throughout the region in the form of gatherings and
are less than 100 nm in size. Furthermore, a small
fraction of nanoparticles was observed to be
agglomerated. Because nanomaterials have high

Fig.6: (a) ZnFezO4 (b) PANI,(c) GO, and (i

The elemental analyses

The elemental analyzes are shown in Fig. 7(a) by
energy dispersive spectroscopy (EDS), where the
ZnFe;04-PANI-GO nanocomposite mainly consists
of the elements Zn, Fe, O, C, N, S, and Cl which were
confirmed by element mapping. Moreover, Fig. 7(b)
shows that the above-mentioned elements were
homogeneously dispersed on the surface of the
nanocomposite [32][13], which indicates that the
nanocomposite has been well mixed to form a three-
dimensional network structure by elements
mapping. The reason for the appearance of the
elements sulfur and chlorine in the nanocomposite is
the result of the polymerization of aniline doped with
HCl and (NH4),S:0s as oxidant oxidation
polymerization introduce into the nanocomposite
[19].
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surface energies, pore-free crystallites are present on
the surface as a result of the agglomeration of small
particles [17]. Additionally, Due to the usage of high
temperatures (600 °C) to finish the process of Crystal
growth of zinc ferrite, the calcination process also has
a significant impact on the aggregation of primary
particles, and it is also challenging to avoid this
phenomenon. It was discovered that the zinc ferrite's
typical size range was (65-75nm) [29]. While the pure
PANI has a wires-like fiber network structure
(nanorod) with a rough surface as shown in Fig. 6(b).
Fiber chains range in length from 200 to 500 nm [10].
Fig. 6(c) shows the surface morphology of GO
sheets. Structural degradation is noticed in the GO
nanosheets. GO nanosheets consist of randomly
aggregated in large form and long graphene oxide
nanostructured sheets and stacked, and also
observed Several morphologies and different
microstructural  [30]. The ZnFe204-PANI-GO
nanocomposite is shown in Fig. 6(d). PANI,GO, and
ZnFe204 ternary nanomaterials are wrapped
together to form a porous nanostructure [31], which
has been confirmed in Fig. (7) for EDS & elemental
mapping images.

BN R a| Pmm gl cecoon |

Inlol2 (fal.2

Flg 7: EDS (a) correspondlng to the FESEM and (b)
element mapping of Zn, Fe, O, C, N, S, and Cl for
ZnFe;04-PANI-GO nanocomposite.



HIV Nursing 2023; 23(1): 463-474

Surface area and porosity

The nitrogen adsorption-desorption isotherms of
synthetic nanocomposite determined by the BET
with the Pore size distribution established by the BJH
are shown in Fig. 8. According to the International
Union of Pure and Applied Chemistry's (IUPAC)
suggested classification, the isotherms can be
categorized as type IV , which denotes monolayer
adsorption followed by multilayer formation and
capillary condensation to mesoporous
nanocomposite [33].

According to the pore configuration, the hysteresis
loops can be characterized as type H3 hysteresis
loops, which indicate narrow slit-shaped pores that
are typically linked to sheet-like particles with non-
rigid aggregates [34]. This outcome is consistent with
their morphology (Fig. 6). The results of the surface
area analysis (BET) are presented in Table 3, where
the dispersed, nonporous, or total pore volume of

. . Surface  |Total poreVolume average pore
preparedmaterials | Isotherm type | Hysteresis loop eier) el diameter(nm)
ZnFe204/PANI/GO 4 H3 14.4579 0.037079 10.25853
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pores less than 98.7808 nm and the diameter of

mesoporous materials were both greater than 2 nm.

Based on the average pore diameter, the results

indicate that nanocomposite can be classed as

mesoporous (10.25853 nm) [10].
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Fig. 8: (a) BET isotherms of Nitrogen adsorption-
desorption of ZnFe>;0s-PANI-GO nanocomposite and
(b} BJH pore size distribution curve.

Magnetic Analysis

The  commonly  used  vibrating  sample
magnetometer (VSM) is a technique for determining
whether an adsorbent is of magnetic nature. The
saturation magnetization of ZnFe,0s-PANI-GO
nanocomposite is 0.176 emu g in a magnetic field
of 1000 gauss, as shown in Fig. 9, which is less than
pure ZnFe;O4 nanoparticles in previous literature
[20]. The sample's magnetization curve resultantly
displays hysteresis with weak ferromagnetic
behavior. Additionally, spinel ferrite (ZnFe;O,) makes
up a small percentage of PANI, which is clearly
visible in Fig. 10 for TGA images. Therefore, the
saturation magnetization value of the ZnFe,O,-PANI-
GO nanocomposite will be decreased [32].
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Fig. 9: VSM analysis of ZnFe204-PANI-GO
nanocomposite.

Thermal Analysis

Fig. 10 shows the results of the Thermogravimetric
analysis of the ZnFe204 nanoparticles and
ZnFe204-PANI-GO nanocomposite. At
temperatures between 40 and 800 °C the ZnFe204
nanoparticles' TGA curve exhibits one step of weight
loss resulting from moisture expulsion (physically
adsorbed water), which is indicative of the synthesis
of pure ZnFe204 nanoparticles [35]. While the TGA
curve of the ZF-PANI-GO nanocomposite, the

thermal degradation behavior reveals two steps from
weight loss; The first step indicates moisture
expulsion in the temperature range of 40 to 150 °C.
The second step from weight loss in the temperature
range of 220-590 °C, may be a result of wrapping the
nanomaterials together causing a reduction in the
hydrogen bonds between the polymer chains
(shifting of -NH groups that are evident in FT-IR) that
leads to the degradation of the polymeric chain and

its decomposition at first, followed by the
decomposition of GO [13][36].
100 .
. \7_‘1_\"‘-\\
= 504
20 |
T8 280 skt w80 she el rho | seo

Temperature (°C)
Fig. 10: TGA curves of ZnFe204 nanoparticles and
prepared nanocomposite.

3.2. Effect of Contact Time and Adsorption
Kinetics

The optimal equilibrium time to remove a specific
concentration of the adsorbed dyes MG and OG by
a nanocomposite surface was studied at a
temperature of 25°C, a pH of 7, a constant weight of
the composite of 0.01g, and at concentrations of 50
ppm and 30 ppm of both dyes OG and MG,
respectively, for different time periods ranging from
(5-120min). And through Fig. 11(a), the results
demonstrated that the time needed to reach the
equilibrium state for the OG and MG dyes was 80
min, as the amount of adsorbed dyes dramatically
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increases and quickly during the first minutes of the
adsorption process, after that increase will be
gradual until the time needed for equilibrium, the
presence of a significant number of active centers at
the start of the adsorption process that is vacant and
enough for the adsorption of dyes is the cause of the
fast increase in the amount of adsorbed dyes.
Following that, all surface active centers were
occupied by dye molecule, which made the
adsorption process slower and more challenging
[37]. The study of adsorption kinetics is significant for
pinpointing the time period of the adsorption
process as well as the extent to which it affects how
efficient adsorption is, and whether the adsorption
rate rises or falls over time. Kinetic models were used
to analyze the experimental data to investigate how
the adsorbent nanocomposite's surface affects the
rate of adsorption. The pseudo-first-order model and
the pseudo-second-order model are the two model
that describe the adsorption process the most
frequently. Following are the two models are
expressed in the following equations:

Model of pseudo-first-order (linear from):

In(ge — q¢) = Inge — kqt (4)
Model of pseudo-second-order (linear form):

t 1 1

+ = t(5)
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Where ge and gt are the amounts of OG and MG
adsorbed at equilibrium (mg/g) and at (t) time, k1 is
the overall rate constant of pseudo-first-order
kinetics (mg /(min. g)), and k2 is the pseudo-second-
order rate constant (mg/ (g .min)).

As shown in Fig. 11(b) and (c) of the pseudo-first-
order and pseudo-second-order models, the results
explain that the adsorption process of OG and MG
dyes on the nanocomposite surface follows the
pseudo-second-order model through the correlation
coefficients and kinetic constants calculated for both
models in Table 4 [37][38].
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Fig. 11: The removal(%)} and kinetics graphs models: (a)
the removal (%) (b) pseudo-first-order and pseudo-

second-order models of (c).
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First order Second order
Dye | geexp(mg/g) ki (min" mg g7) Qe cal (Mg/Q) R? k2 (min. g/mg) Qe cal (Mg/q) R?
oG 24.9415 0.0648 6.1836 0.8997 0.0223 25.4453 0.9994
MG 14.163 0.0412 8.2128 0.9569 0.0114 15.361 0.9986

3.3. Adsorbent dosage

Various weight were taken from the nanocomposite
ranging from (0.005-0.05g), and 10 ml of dye
solution at a concentration of 50 ppm of OG and 30
ppm of MG dye were added to the prepared weight
at room temperature. It was observed that the
adsorption process increases with the increase in the
weight of the adsorbent material and that the reason
for this is due to the increase in the active groups
through which adsorption occurs. Though the
adsorption process necessitates a balance between
the adsorbent and adsorbate for all of the active
centers of the adsorbate to be occupied and this, in
turn, makes the adsorption process stable on the
surface, the amount of adsorbent will reach its
highest value after that, the significant increase in the
weight of the adsorbent surface results in an unstable
spread of the amount of the adsorbate molecules
compared to the adsorbent surface, and this causes
the adsorbed material's dissolution energy to
overcome the surface's adsorption energy, which in
turn causes reduced of the adsorbate molecules on
the surface of the adsorbent [38][39]. The dosages
utilized for all following trials were those that
achieved the maximum removal of the MG dye
(0.05g) and the best removal of the OG dye (0.03g).
Fig. 12. Explains the impact of various weights on the
adsorption process.
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3.4. Adsorption isotherm studies

By stabilizing the conditions from a temperature of
25°C, a pH of 7, and concentrations of 50 ppm and
30 ppm of both OG and MG dye, respectively, an
isotherm study was carried out to determine the
adsorption of the dyes on the surface of the
nanocomposite.
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80 4

70 4

60 -

Removal (%)

50 A

40 1
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30
—=—0G

20

o 0.01 0.02 0.03 0.04

0.06
Mass (g)
Fig. 12: Impact of various weight on the adsorption
process.

Fig. 13 shows the analysis of the results of the
adsorption process according to the theoretical basis
of Giles’s classification of adsorption isotherms. The
analysis of the results reveals that the adsorption of
OG and MG dye corresponds to the L4 class, or so-
called Langmuir type 4 adsorption, in which the
adsorption is single-layer and the orientation of the
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adsorbed molecules is horizontal on the adsorbent
surface [40]. The most common adsorption
properties of the adsorbent are described by the
Freundlich, Langmuir, and Timken isothermal
equation models as follows [41]:
Model of Freundlich isotherm:

logq = logK¢ + /5 (logCe) (6)
Model of Langmuir isotherm:
Ce _ Ley 1

de - dm KLdm (7)
Model of Timken isotherm:

de = B;InKt + B;InC, (8)

Where g. = the amount of OG and MG adsorbed
(mg/g) at C. (equilibrium state), K¢ and 1/n are
Freundlich isotherm constant and intensity of
adsorption, respectively. qm and K. are Langmuir
constants related to the maximum efficiency of
adsorption and energy of adsorption, respectively.
B1=RT/b, Where (T) is the temperature (at K) and (R)
is the ideal gas constant (J/(mol. K)) while (b)
indicates the Timken constant.

According to Table (5) and Fig. 14, the Langmuir
isotherm exhibits a better fit for the adsorption of
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OG and MG dyes than the two models proposed by
Freundlich and Timken, as noted by the correlation
coefficient (R?) values of 0.9925 and 0.9973,
respectively. The compatibility of the Langmuir
isotherm with the adsorption process data suggests
that the adsorbing surface is homogeneous and that
the active centers are of equivalent energy, and a
single molecular layer of the adsorbed dye is then
generated on the surface of the nanocomposite [42].
] 1

a b

Qe (mesa)
Qe (mesa)

Ce{mg] Ce mg]

Fig. 13. Adsorption isotherm (a) OG dye (b) MG dye.
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Fig. 14. Plot for adsorption (a, b) Langmuir model, (c, d) Freundlich model, and (e, f) Timken model of OG and MG

dyes, respectively.

Langmuir isotherm Freundlich isotherm Temkin isotherm
Ka (L.mg-1) | gm (mg/g) R2 KF (mg/g (L/mg)1/n) n R2 KT (L.g-1) B R2
OG 0.3272 16.1812 0.9925 5.374 3.2446 | 0.9731 6.9322 2.7559 | 0.9516
MG 5.2153 9.1743 0.9973 6.736 6.0423 | 0.9774 | 2882.243 | 0.876 | 0.9226

3.5. Initial pH effect

As shown in Fig. 15, with the stability of conditions
like temperature, each dye's concentration,

equilibrium time and the weight of the adsorbent
surface for each dye, the effect of pH on the
adsorption process of OG and MG dues were
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studied on the surface of the adsorbent
nanocomposite ZF-PANI-GO at specific pH values
within the ranges (2,6,11).

In order to comprehend the adsorption phenomena,
it is imperative to take note of the variables that
influence the solution-adsorbent interface. Because
it significantly affects both the surface properties of
the adsorbent and the ionization state of the
adsorbate molecules in solution, the solution pH is
well-known as a significant parameter in the
adsorption phenomenon [43]. The point of zero
charge (PZC) of PANI has a substantial impact on the
nanocomposite (pH PZC=7.5) of PANI. And because
the proportion of the PANI matrix in the
nanocomposite is high, therefore the ZF-PANI-GO
surface's charge will be positively charged when the
pH is below ZPC and negatively charged when the
pH is above ZPC [44]. Because the OG dye molecule
has pKa wvalue of 1 and 115 for the
deprotonation/ionization of the sulfate and hydroxyl
groups, respectively, the adsorption of OG dye
increases at pH = 2 and then progressively drops
until it reaches pH = 10. Since the surface charge is
positive of the adsorbent as a result of protonation
in an acidic medium and the OG dye is a strongly
negatively charged dye at an acidity greater than 1,
an electrostatic attraction takes place between them.
On the contrary, as the concentration of H+ ions
decreases, the force of attraction also reduced (at
increasing pH) At pH = 10, deprotonation of the
polymer chain's nitrogen atoms and competitive
interactions between the alkaline solution's OH- ions
and the OG dye molecule's anions could reduce the
dye's ability to bind to surfaces [45]. While the
absorption of MG dye gradually rises as pH increases
from 2.0 to 10.0, the cause is attributed to the
gradual reduction of protonation on the adsorbed
surface and the appearance of the electron pair on
the nitrogen atom, which results in the occurrence of
electrostatic attraction with the positive dye [41].
However, the adsorption appeared effective at all pH
ranges, suggesting that electrostatic interactions
were not the sole kind of interactions involved in the
adsorption process. Van der Waal forces, hydrogen
bonds, and the interaction between hydrophobic
molecules all exist prevalent [46].
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Fig. 15: The effect of pH on the adsorption of OG and
MG dyes.

3.6. Thermodynamics

In this study, the parameters of thermodynamic
functions were obtained to describe how OG and
MG dyes adsorb on the produced composite's
surface. By measuring the change in entropy (AS°),
change in energy (AG®), and change in enthalpy
(AH®) it is possible to determine the forces
controlling the adsorption process, whether they be
chemical or physical, as well as the direction of the
reaction. Thermodynamic functions are crucial for
understanding the adsorption process because they
provide a good description of the nature of the
regularity of the dye molecules resulting from
molecular interactions. From the following
equations, AG® , AH® , and AS® can be calculated
[47]:
AG° = —RT InK (9)
AG®° = AH° — TAS° (10)
From equations (9) and (10), to get equation (11)
InK = == — =2 (11)

The values of (AS°/R) and (-AH°/R) were calculated
using the intercept and slope of the linear plots. MG
dye and OG dye are shown in Fig. 16. The values of
the thermodynamic functions for the adsorption of
OG and MG dyes are shown in Table (6), and the
spontaneous nature of the adsorption process was
indicated by the negative value of free energy (AG®).
The OG and MG dye adsorption process is
exothermic, as shown by the negative value of
enthalpy (AH°), which means that the mutual
interaction between the dye molecules and the
adsorbent surface will diminish. Furthermore, the
bonds which been formed between the active
centers of the adsorbent surface and the dye
molecules are separated and shattered with the
temperature rise [48].

Dye AH°(KJ.mol-1) AG° (J.mol-1) AS° (J.mol-1.K-1)
OG -9965.2 -2924.1 -23.47
MG -31360.4 -9701.09 -74.02
3 - 4. 4. Conclusion
13 ¥ =1198.6x-2.8225 =3772x-8.9027
< 1 « 1 VM In this research, ZnFe204 nanoparticles were
o " p synthesized using an ultrasound- assisted Co-
o precipitation method and ZnFe204-PANI-GO
0s : nanocomposite was synthesized by in situ oxidative
0.0031 0.0032 0.0033 0.0034 0.0035 0.0036 0.0031 0.0032 0.0033 0.0034 0.0035 0.0038 . . . .
u i polymerization to form a three-dimensional network

Fig. 16: Van't Hoff plots for the adsorption of (a) OG
dye and (b) MG dye onto the surface of the prepared
nanocomposite.
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structure. XRD, EDS & elemental mapping, FE-SEM,
BET & BJH, FT-IR, AFM, and TGA ware used to
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characterize the nanocomposite of (ZnFe204-PANI-
GO). The resultant nanocomposite was used to
remove Orange G dye and Malachite green dye from
an aqueous solution. The removal efficiency of OG
and MG reached a maximum at pH 2 and 10,
respectively, while the adsorption rate rose
significantly when the dosage of adsorbent was
increased to both two dyes. The results indicated for
both the two dyes that the adsorption process
followed a pseudo-second-order model and that
provided a better explanation of the kinetic
adsorption. The adsorption behavior and the
equilibrium data were represented by the Langmuir
isotherm model.  The  ZnFe204-PANI-GO
nanocomposite used for OG and MG adsorption was
exothermic and spontaneous, according to the
thermodynamic study.
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